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The ferrocene peptide conjugates of diarginine (MeO-Fc-
Arg-Arg-NH2) (1) and aspartic acid [Boc-Fca-Asp(OH)-OH]
(2) were found to form a stable 1:1 associate in aqueous solu-
tion. The molecular recognition was achieved through a com-
bination of multipoint hydrogen bonding (H-bonding) sites
and a guanidinium-carboxylate ion pair. The associate stoi-
chiometry was confirmed by using ESI-MS and NMR experi-
ments; the NMR titration curve shows multiple equilibria
with stepwise interconversion from 1:2�1:1 binding ratios,

Introduction

A wide variety of biological phenomena occur through
molecular recognition in aqueous media.[1] Recognition
events such as electrostatic interactions, H-bonding and
hydrophobic forces all contribute to the stability of systems
like (i) the secondary structure of proteins,[2] (ii) protein–
substrate binding,[3] and (iii) protein–protein association for
the formation of large aggregates.[4] These natural systems
provide the inspiration for rational design of synthetic re-
ceptors by providing insight into the binding forces and
conformational features that contribute to the formation of
these associates. Salt bridges are commonly seen in Nature,
where an arginine (Arg)-glutamate (Glu) pair or arginine
(Arg)-aspartate (Asp) pair interacts through their guanid-
inium and carboxylate groups. For example, the binding site
of one epitope of lysozyme reveals a formation of a salt
bridge between the guanidinium of Arg68 with at least one
carboxylate of Glu50 in HyHEL-5.[5] Salt bridges are also
important in the activity of dihydrofolate reductase, RNA
stem loops and zinc finger/DNA complexes.[6] Synthetic re-
ceptors containing a guanidinium-carboxylate H-bonding
motif (see Figure 1) have been studied to provide some in-
sight into the structure and function of such systems.[7]

Our interest in salt bridges stems from our desire to cre-
ate simple biomimics of protein binding domains that guide
the assembly of small peptide conjugates into well defined
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and the electrochemical behaviour of the ferrocenyl groups
(Fc, Fca) confirm the formation of an ion pair. The CD spectra
in the peptide region exhibit a characteristic absorption of a
more ordered structure, while the ferrocene helical chirality
remains intact. The solid-state IR measurements exclude the
involvement of the amide backbone in the interaction.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Figure 1. Schematic representation of a salt bridge formation be-
tween the guanidinium and carboxylate recognition elements of our
molecules, the structure of the diarginine conjugate 1 based on fer-
rocene-1,1�-dicarboxylic acid (Fc), and aspartic acid conjugate 2
based on 1-aminoferrocene-1�-carboxylic acid (Fca), the intramo-
lecular H-bond is shown as broken line.

aggregates.[8] In this paper, we study the recognition be-
tween diarginine and aspartic acid ligands which is medi-
ated by salt bridge formation between the guanidinyl Arg
ligand and carboxylates of Asp ligand, both peptides were
built on ferrocenoyl scaffolds, as shown in Figure 1. The
complementarity of 1 and 2 allows for the possibility of
different binding ratios such as 1:1, 1:2 and 1:3. Disubsti-
tuted ferrocene was chosen as the scaffold to enhance the
rigidity of the interface by intramolecular H-bonding be-
tween the podent substituents on the cyclopentadienyl (Cp)
rings (Figure 1).[9] Moreover, the difference in the electrical
potential between the two ferrocenoyl units provides electri-
cal properties that could be exploited in biologcal electron
transfer (ET) chain reactions and biologcal wires.[10] Unlike
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previous reports on molecular recognition by guanidinium-
carboxylate salts bridges,[7,11] the work documented here is
entirely based on biologically occurring ligands.

We designed a receptor and guest that would interact in
a competitive solvent such as water. The choice of an Arg
containing host arises from its ability to minimize desol-
vation penalties upon formation of a salt bridge,[12] this is
due to the charge being dispersed over the entire guanidi-
nium group when compared to the ammonium group found
in the amino acid lysine. The more rigid Asp was chosen
over the flexible Glu to reduce the possibility of supra-
molecular formation of ill-defined H-bonded bioorganome-
tallic aggregates.

Results and Discussion

The ferrocene conjugates, 1 and 2 were prepared accord-
ing to Scheme 1. The Fc-conjugate 1 was prepared by solid-
phase peptide synthesis (SPPS) using Fmoc-Arg(Pfb)-OH,
Fmoc = 9-fluorenylmethyloxycarbonyl, Pfb = 2,2,4,6,7-
pentamethyldihydrobenzofuran-5-sulfonyl. The consecutive
coupling of the two Arg residues and the N-terminal amino
group of the diarginine to 1�-methoxycarbonylferrocene-1-
carboxylic acid (1,n�-MeO-Fc-OH) was carried out using
HBTU (O-benzotriazol-1-yl-N,N,N�,N�-tetramethyluron-
ium hexafluorophosphate). Cleavage from the resin was ac-
complished using concentrated trifluoroacetic acid (TFA)
with concurrent removal of Arg side-chain protecting
groups. Instead of isolating the free carboxylate peptide, the
C-terminal was amidated (Pal resin) as this prevents self-
association and increases the overall aqueous solubility. The
final step involved neutralizing the solution and precipitat-
ing compound 1 as an orange powder in an overall yield of
23%. The synthesis of 2 involved the coupling of 1�-(tert-
butoxycarbonylamino)ferrocene-1-carboxylic acid (1,n�-
Boc-Fca-OH) with H-Asp(OMe)-OMe using HBTU em-
ploying a solution-phase method. The basic ester hydrolysis
of the two methyl ester groups affords the free acid 2 as an
orange powder in 58% yield.

An equimolar mixture of the conjugates 1 and 2 were
dissolved in a 1:1 (v/v) methanol/water solution, the re-
sulting solution was dried to give 1·2 in quantitative yield.
The original orange colour of 1 and 2 was maintained in
the 1·2 associate, which is attributed to a d–d transition in
the ferrocene with a λmax = 444 nm (see Figure S7b in the
Supporting Information). The ferrocene conjugates 1 and 2
are water-soluble while in contrast, the associate 1·2 exhib-
its a limited solubility in water. The structures of 1, 2 and
1·2 were confirmed by 1H NMR, 13C NMR, 2D NMR, FT-
IR, ESI-MS and UV(CD) spectroscopic methods. The 1H
NMR assignments of 1 and 2 were made on the basis of
chemical shift and comparison with similar compounds
(Figure S1, S2 Supporting Information). The 1H and 13C
NMR signals produced by the cyclopentadienyl (Cp) pro-
tons of Fc and Fca moieties follow the typical signal pattern
of an asymmetrical-disubstituted ferrocene (intensity ratio
2:2:2:2), where the set of ortho proton signals are further
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Scheme 1. Synthesis of the self-recognizing compounds 1 and 2: (i)
20% piperidine in DMF, (ii) Fmoc-Arg(Pfb)-OH, HBTU, DMF,
(iii) MeO-Fc-OH, HBTU, DMF, (iv) cleavage from resin
95:2.5:1.5:1(v/v) TFA/TIS/phenol/H2O, (v) HBTU, CH2Cl2 (vi)
NaOH, MeOH.

downfield compared to the meta proton signals (see Exp.
Section). The 1H NMR spectrum of 1·2 in [D6]DMSO is
shown in Figure S3 (Supporting Information). The Cp pro-
tons of the two components (Fc and Fca) overlap with the
αCH protons of the peptide conjugates, 3.9–5.0 ppm. The
NH protons of the amides and those of the Arg side chains
span the region of 6.0–9.5 ppm. The 2D NMR experiments
have shown weak correlations between the protons (COSY)
as well as protons with carbon atoms (HSQC and HMBC)
for the NH protons in 1 and 2 conjugates, surprisingly the
associate 1·2 has shown a strong cross peaks in the COSY
spectrum for the NH protons of the guanidinum groups at
δ = 6.7 and 7.1 ppm (Figure S3 Supporting Information),
this pattern of proton coupling would be expected for sym-
metrical end-on interaction (see Figure 1) of the carboxyl-
ate oxygen atoms with NH guanidinyl protons.[13] It was
difficult to obtain reliable elemental analytical data presum-
ably due to the associated water molecules within the solid
of 1, 2 and their associate 1·2.

The ESI-MS spectrum of 1·2 (positive ion detection
mode) was obtained from an aqueous acetone solution. The
resulting spectrum, shown in Figure 2, reveals a molecular
ion peak representing the [1·2 + H]+ complex at m/z =
1060.3. This is an indication of a 1:1 associate formation
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in solution. High complex aggregates of 1 and 2 were not
observed in the ESI-MS spectrum (Figure S4, Supporting
Information). Molecular ion peaks corresponding to the
monomers [1 + H]+ and [2 + Na]+ were also observed at
m/z = 600.2 and 483.1, respectively.

Figure 2. Typical ESI-MS spectrum of a 1:1 associate of 1·2 in a
H2O/acetone solution, where the peak corresponding to [1·2 + H]+

occurs at 1060.3 while the monomers [2 + Na]+ and [1 + H]+ pro-
duce peaks at 600.2 and 483.1, respectively.

The association properties of 1 and 2 were also studied
using a 1H NMR titration in a 1:4 (v/v) H2O/[D6]DMSO
solution. Incremental addition of 2 to a solution of 1 re-
sulted in a titration curve with a final binding ratio of 1:1.
However, the data could not be fit to a simple 1:1 binding
model because the titration curve “stalls” in the region of
0.5 equiv. of 2. After this point the chemical shift continues
to change until saturation is reached at approximately one
equivalent of 2 added, as shown in Figure 3. This suggests
the system is undergoing multiple equilibria, where an ini-
tial binding ratio of 1:2 for 1 and 2 is observed followed by
a 1:1 binding stoichiometry. The binding stoichiometry was
further confirmed by a Job plot obtained from the titration
data (Figure S5, Supporting Information),[14d] similar find-
ings where reported by Diederich et al. for the binding be-
tween dicarboxylates with cleft-type diamidinium recep-
tors.[14] The presence of water has led to a significant signal
broadening of the (NH) peaks in which it precluded a de-
tailed analysis of the binding process. It was clear that dis-
tinct changes in chemical shift values were observed for a
number of protons signal, in particular, those at 7.9 ppm
(∆δ = 0.45).

The most likely binding arrangements for a 1:1 binding
ratio of 1·2 are proposed in Figure 4. Associate A involves
the carboxylates of Asp interacting with the side arms of
the Arg residues, or to the terminal Arg residue as seen in
associate B. The third possible mode involves binding of the
Asp carboxylates to the amide backbone of 1 through H-
bonds only (associate C). Unfortunately, no exact determi-
nation of the actual associate structure in solution was pos-
sible as no NOE (nuclear Overhauser effect) signals could
be detected in the NMR spectroscopy.
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Figure 3. The change in chemical shift (δ) observed upon addition
of 2 (167 m) to a solution of 1 (34 m) in a 1:4 (v/v) H2O/[D6]-
DMSO solution during a 1H NMR titration.

Figure 4. Proposed interactions for a 1:1 binding ratio of 1 and 2
where A shows a cleft binding containing two salt bridges, B has
one salt bridge and C associates through multiple H-bonds to the
amide backbone.

The solid-state FT-IR spectrum of 1·2 (Figure S6, Sup-
porting Information) is roughly a composite absorption
curve of conjugate 1 and 2 (Figure S6b) in which the ab-
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sorption bands in the amide regions I and II are practically
superimposable. The amide I band which arises from a υC=O

stretching vibration with minor contribution from the C–
N stretching is known to be sensitive to H-bonding. Upon
interaction with H-bond donor groups, the υC=O stretching
undergoes a shift to lower wavenumbers.[15] The spectra
shown in Figure S6b demonstrate that the band due to the
peptide carbonyl compounds are virtually unchanged. It is
likely that the association of 1 and 2 does not involve the
amide backbone (associate C in Figure 4).

The CD spectra of 1 and 2 in the “far-UV” region show
peak minima at 217 and 214 nm, respectively. This is attrib-
uted to the absorption of the amide bond (n�π*) in -
amino acids (Figure 5).[16] A 1:1 mixture of 1 and 2 pro-
duces a new peak minimum at 221 nm showing a bathoch-
romic shift of the amide-bond absorption. This suggests a
change in the dihedral angles of the peptide backbone upon
association. The CD signal of the ferrocene groups in the
1·2 associate and its monomers (1 and 2) does not show a
change in position or helicity (λmax = 560 nm, P-helical) see
Scheme 1. However the signal intensity of 1·2 is approxi-
mately the sum of the spectra of 1 and 2 in the ferrocene
region (Figure S7 in Supporting Information).

Figure 5. The CD spectra in the “far-UV” region for 1 m of 1
(----), 2 (···) and 1·2 (___) in water, show minima at 217, 214 and
221 nm, respectively.

An explanation for our observation could be that the as-
sociation does not disrupt the intramolecular interactions
within the Fc-conjugates and a reorientation of the peptide
backbone is required to achieve the favoured geometry of
the binding interface. Hirao et al. have observed a similar
effect when PdII coordinates to the pyridine nitrogen of Fc-
[Ala-Pro-NHPy]2, a red shift in the absorption is observed
in the peptide region.[17] This was rationalized by a reorien-
tation of the Pro amino acid allowing the formation of a
compact structure, as clearly shown in the crystal structure
of the Fc-[Ala-Pro-NHPyPdII]2 complex. Unfortunately,
this result does not provide a clear picture of which associ-
ates, A or B (Figure 4), has a higher contribution to the 1:1
binding in 1·2.

The electrochemical properties of the conjugates 1, 2 and
1·2 were investigated using cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) using a glassy carbon
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working electrode and Pt wire as the counter electrode in an
aqueous solution of 1 m of the conjugates with NaClO4 as
the supporting electrolyte. A summary of the results is
shown in Table 1. The Fc-conjugate 1 displays a quasi-re-
versible redox wave centred at E1/2 = 437 mV (vs. Ag/AgCl),
characteristic of an electrochemical step-chemical step (EC)
mechanism [Figure 6, a) dashed curve]. The irreversible na-
ture of this oxidation process presumably arises from an
interaction between the lone pair on the nitrogens of the
Arg ligands and the positively charged ferrocenium unit.
This assumption is supported by the observation of a more
reversible redox process of 1 which appears in the voltam-
mogram of the complex 1·2, vida supra. Similar electro-
chemical findings reported by Beer et al. have been ob-
served for a ferrocene guanidinium receptors.[18] The Fca-
conjugate 2 exhibits a one electron oxidation to the corre-
sponding ferrocenium mono-cation 2+ at E1/2 = 175 mV
[Figure 6, a) dotted curve]. The CV responses observed
using scan rates ranging from 25 to 200 mV shows a quasi-
reversible electrochemical process, the peak current ipa in-
creases linearly as function of ν–1/2 and the peak-to-peak
separation remains constant with a current ratio close to
unity (Table 1). The conjugates 1 and 2 contain two non-
equivalent redox centres, this is clearly seen by the well sep-
arated redox waves. It is worth mentioning that the conju-
gates 1 and 2 are both shifted cathodically compared to the
parent ferrocene units 1,n�-MeO-Fc-OH and 1,n�-Boc-Fca-
OH, respectively due to a peptide effect (Table 1).[19]

Table 1. Electrochemical parameters for the conjugates 1, 2 and 1·2
and the parent Fc and Fca units, detailing the shift and reversibility
of the ferrocene potential as well as the change in the diffusion
coefficient taken at 23 �1 °C.

Compound Epa
[a] Epc

[a] ∆E[b] E1/2
[c] ipa/ipc Do

[d]

1 518(13) 356(12) 162 437 1.056 0.27
2 200(3) 150(4) 50 175 1.162 2.44
1·2 521(7) 488(4) 33 505 0.780 6.78

164(8) 150(9) 14 157 0.960 2.44
MeO-Fc-OH 625(16) 513(12) 112 569 1.500 6.05
Boc-Fca-OH 319(5) 250(3) 69 285 1.600 0.65

[a] Epa, Epc measurements in millivolts, standard deviations are in
parenthesis. [b] ∆E = Epa – Epc. [c] E1/2 = (Epa + Epc)/2. [d]
Do �10–6 in cm2 s–1 determined using Randles–Sevcik equation, ip
= 0.4463nFAC*(nFυDo/RT)1/2.

The complex 1·2 displays two separate redox waves [Fig-
ure 6, a) solid curve] where the more cathodic peak is as-
cribed to the redox process of the electron rich Fca unit of
2. The more anodic peak is ascribed to the redox reaction
of the electron deficient Fc unit of 1. CV responses with
scan rates ranging from 25 to 200 mV exhibit two quasi-
reversible electrochemical processes characteristic of a
bound form of 1·2. The higher current intensity of 1 in the
associated complex is due to a change in the overall revers-
ibility of the system. An increase in the diffusion coefficient
Do of 1 was observed upon association (Table 1 and Figure
S8 in Supporting Information), which is most likely due to
the formation of the charged species 1·2+. Such a difference
in the diffusion coefficient between free and associated spe-
cies has been observed in ferrocyanide inclusion complexes
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Figure 6. Typical CVs. (a) and DPVs. (b) of 1 �10–2 m of 1 (----), 2 (···) and 1·2 (___) in 1.0 m aqueous solution of NaClO4, glassy
carbon as working electrode, Pt wire as counter electrode and Ag/AgCl as reference electrode. CVs. were recorded at 0.1 Vs–1, DPVs.
were recorded at amplitude: 0.05 V, pulse width: 0.05 s and a pulse period: 0.2 s at 23 � 1 °C.

of cyclodextrin and polyamine macrocycles.[20] The DPV
experiments of the oxidation of 1, 2 and 1·2 [Figure 6, b)]
confirm the “shifting behaviour” of the ferrocene centres in
1·2,[21] with a modest cathodic shift of the Fca group
(∆E1/2 = –18 mV). This negative shift is most likely due to
an effective electric field stabilization of the positively
charged Fca+ in 1·2 by the carboxylate anion residues near
the salt bridge interface (∆∆G = –1.27 kJmol–1).[21]

The fact that oxidation of 2 in the 1:1 adduct 1·2 be-
comes easier upon association is consistent with a proton-
transfer reaction.[22] This is in line with results obtained by
Rotello et al. on stabilization of ferrocenium state in ferro-
cenecarboxylic acid by salt bridge formation with benzami-
dine.[22a] The redox behaviour of the more positive potential
Fc unit has shifted anodically upon binding (∆E1/2 =
68 mV) [Figure 6, b)]. This could be rationalized by the con-
formational preorganization of the peptide backbone dur-
ing the binding process vide infra, which transferred to the
Fc-moiety and translated as an increase in the oxidation
potential,[19] as well as to the formation of positive charge
at the interface. The redox signatures of Fc and Fca in the
1·2 associate did not reveal a strong electronic coupling be-
tween the ferrocene centres as proved by the observation of
CV waves corresponding to the redox process of the indi-
vidual ferrocene centres. This is assuming hints of “com-
munication” between non-equivalent redox centres appear
as a single redox wave signalled by a larger ∆Ep value.[23]

Conclusions

The ferrocene conjugates of diarginine 1 and aspartic
acid 2 form a stable 1:1 complex in aqueous solution. The
1H NMR titration experiment and the electrochemical mea-
surements showed that the peptide portions of conjugates 1
and 2 are associated through H-bonding and ionic interac-
tions. This interaction involves the reorganization of the
peptide backbone as seen from the CD spectrum. However,
the FTIR measurements suggest that the peptide backbone
is not part of the interaction; these results form the basis
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for more detailed study into the structures of larger bioor-
ganometallic architectures with potential for detection of
biorecognition events.

Experimental Section
General: Ferrocene derivatives (1,n�-MeO-Fc-OH and 1,n�-Boc-
Fca-OH) were prepared by standard procedures.[24] H2N-As-
p(OMe)-OMe·HCl was prepared by standard procedure from H2N-
Asp(OH)-OH and thionyl chloride.[25] H2N-Asp(OH)-OH, Fmoc-
Arg(pfb)-OH, HBTU, HOBt·H2O (1-hydroxybenzotriazole mono-
hydrate) and PAL resin [loading: 0.5 mmol/g, cross linking: 1% di-
vinylbenzene (DVB)] were obtained from Advanced ChemTech.
TFA, sodium sulfate anhydrous (Na2SO4), sodium hydrogen car-
bonate (NaHCO3), triisopropylsilane (TIS) and thionyl chloride
were used as received from VWR. Sodium perchlorate anhydrous
was purchased from Alfa Aesar (ACS grade). CH2Cl2 (BDH, ACS
grade) used for synthesis was dried (CaH2) and distilled prior to
use. Methanol (CH3OH), acetone (CH3)2CO, hexane, ethyl acetate,
chloroform, piperidine, diisopropylethylamine (DIPEA) and di-
methylformamide (DMF) (BDH, ACS grade) were used as re-
ceived. All syntheses were carried out in air unless otherwise stated.
The column chromatography used a column of width 2.7 cm (ID)
and 45 cm in length and was packed with 230–400 mesh silica gel
(EM, Science). The TLC was run using aluminum plates coated
with silica gel 60 F254 (EM, Science). D2O, [D6]acetone, [D6]-
DMSO and CDCl3 (Sigma–Aldrich) were stored over molecular
sieves (8–12 mesh; 4 Å effective pore size; Fisher) under inert atmo-
sphere. Mass spectroscopy was carried out on Finnigan MAT 8200
(HRESI, HREI). UV/Vis spectra were recorded with Varian UV/
Vis spectrometers.

NMR spectra were recorded with a Varian INOVA 600 MHz spec-
trometer using a 5 mm z-gradient triple resonance inverse HCX
probe, operating at 600.23 MHz (1H) and 150.78 MHz (13C). Peak
positions (δ) in both 1H and (13C) NMR spectra are reported in
ppm relative to TMS, and coupling constants (J) are given in Hz.
The 1H NMR spectra are recoded with a 45° pulse angle, spectral
width 9590 Hz and 128 scans and referenced to the non-deuterio
impurity present in CDCl3 at δ = 7.26 and in [D6]DMSO at δ =
2.48 ppm. 13C NMR spectra are recorded with a 90° pulse angle
and 2 s relaxation delay, a spectral width 9590 Hz and referenced
to the CDCl3 signal at δ = 77.23 or [D6]DMSO signal at δ =
40.2 ppm. 1H NMR experiment used the excitation sculpting tech-
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nique for water suppression. For the titration experiments: NMR
tubes were charged with (10 mg, 0.02 mmol, 1 equiv.) of 1 at a con-
centration of 34 m in 0.5 mL of 20 % H2O/[D6]DMSO, the NMR
tube was capped with septum, shaken vigorously and then injected
into the spectrometer. After shimming of the magnetic field, an
initial spectrum was collected, then 10 µL aliquots of H2O/[D6]-
DMSO stock solution of conjugate 2 (0.154, 3.34 �10–4 mmol,
20 equiv.) was added via a microsyringe (10 µL, Hamilton), the
solution was then mixed by vortex, and injected into the spectrome-
ter, the sample was reshimmed and was allowed to come to equilib-
rium before the next spectrum was collected. Each titration experi-
ment was repeated at least 3 times under identical conditions.

Circular dichroism (CD) spectra were carried out with a JASCO J-
810 spectropolarimeter. The spectra are an average of six accumula-
tions between 600 to 200 nm in Millipore water at 22 �1 °C. The
spectra were further smoothed using means-movement algorithm
with convolution width of 25-point supplied with JASCO software.
Ellipticity was reported as the Molar ellipticity (θ, in deg cm2 mol–1)
and calculated as θ = θobs/10lc, where θobs is the ellipticity measured
in millidegrees, c is the concentration of the sample in mol/liter
(1 m of each 1, 2 and 1·2), l is the optical path length of the cell
in centimeters. Wavelength scans were performed in a 0.1 mm CD
quartz glass cuvette.

Fourier-Transform Infrared Spectroscopy (FTIR) spectra were re-
coded with Impact 400 FT-IR spectrophotometer (Nicolet Analyti-
cal Instrument) at 2.0 cm–1 resolution at ambient temperature,
using a KBr disc. The KBr pellets were prepared using a peptide
ferrocene conjugate to KBr weight ratio of approximately 5:100.
One thousand scans were averaged for data recorded from 400–
4000 cm–1; a background spectrum was collected on a dry KBr
disc. To eliminate spectral contributions due to atmospheric water
vapour, the KBr salt was dried in oven at 110 °C, the prepared KBr
pellets were dried in a vacuum dissector, and finally the spectrome-
ter was purged with dry N2 upon data collection.

All electrochemical experiments were carried out at room tempera-
ture (23 �1 °C) using a CHI 660b voltammetric analyzer. A three-
electrode cell system consisting of a glassy carbon (BAS 3.0 mm
diameter) working electrode, a Pt wire as the counter electrode and
Ag/AgCl (3.0  KCl) as the reference electrode was used for the
CV and DPV experiments. The carbon electrode was cleaned by
polishing on micro-cloth pads with Al2O3 slurry (0.3 µm) and then
using Al2O3 slurry (0.05 µm). The polished electrode was sonicated
and rinsed with copious amount of Millipore water followed by
washing with ethanol, drying with a Kimwipe. The background
solutions (1.0 m sodium perchlorate, NaClO3) were tested before
use to ensure reproducibility of the working electrode.[26] 0.01 m

solutions of MeO-Fc-OH, Boc-Fca-OH, 1, 2 and 1·2 were prepared
in 1.0 m aqueous solution of NaClO3. The solutions were de-
gassed with argon for 2 min to ensure the complete removal of
oxygen. The scan rate for DPV was 25 mVs–1. iR compensation
was applied to all the voltammetric measurements. For the determi-
nation of the diffusion coefficients Do, experiments were run at
scan rates 25, 50, 100, 150, 200 mVs–1. The experiments were re-
peated at least 10 times to get statistical values for E1/2.

Synthesis of MeO-Fc-Arg-Arg-NH2 (1): The ferrocene bioconjugate
was synthesized using standard SPPS and Fmoc strategy at room
temperature. The resin (260 mg, 1.30 mmol) was loaded in a 10 mL
syringe and was left to swell in DMF for 1 h prior to use. Removal
of Fmoc group was achieved using 20% piperidine in DMF over
20 min. Peptide assembly was performed with three fold excess of
the Arg amino acid (2563 mg, 3.90 mmol), with 1 min preactivation
with HBTU (1438 mg, 3.90 mmol), HOBt (540 mg, 3.90 mmol) and
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DIPEA (0.76 mL, 4.50 mmol). Coupling of the MeO-Fc-OH
(410 mg, 1.40 mmol) was performed using the same coupling pro-
tocol, after each coupling step the resin was washed with DMF
(3�5 mL) and CH2Cl2 (3 �5 mL), the coupling efficiency was
monitored by the ninhydrin test. Upon the successful coupling of
the ferrocene group to the peptide, the resin changed colour from
off white to dark red, the resin was washed and the Fc-conjugate
1 was cleaved from the resin using a mixture of TFA, TIS, phenol
and H2O (95:2.5:1.5:1) for 1 h at room temperature. After cleavage
the red colour solution was filtered and the peptide was precipi-
tated by addition of cold diethyl ether (Et2O). The mixture was
centrifuged and the precipitate was washed with cold Et2O and
dried under N2; yield 0.18 mg, 23%. UV/Vis (H2O): λ = 444 nm
(152 –1 cm–1). 1H NMR (600.23 MHz, [D6]DMSO, 23 °C): δ =
10.91 (m, 2 H, η1NH-Arg), 9.23 (br. m, 4 H, η2NH2 Arg), 8.22
(m, 1 H, εNH Arg), 8.14 (m, 3 H, εNH Arg/CONH2) 7.86 (m, 1
H, NH Arg), 7.56 (m, 1 H, NH Arg), 4.71 (m, 1 H, αH Arg), 4.60
(s, 2 H, CHo Cp), 4.22 (br. s, 4 H, CHo and CHm Cp), 4.15 (m, 1
H, αCH Arg), 3.85 (br. s, 2 H, CHm Cp), 3.65 (s, 3 H, CH3O), 3.21
(m, 2 H, δCHs Arg), 3.04 (m, 2 H, δCHs Arg), 2.34 (m, 2 H, βCHs
Arg), 1.97 (m, 2 H, βCHs Arg), 1.34 (m, 4 H, γCHs Arg) ppm. 13C
NMR (150.78 MHz, [D6]DMSO, 23 °C): δ = 173.0, 172.6, 172.5
(C=Oamide), 171.1 (C=Oester), 71.8, 71.7, 71.3, 71.0, 70.0 (C Cp),
53.4 (C CH3O), 48.1, 42.7, 42.5 (αCH Arg), 34.3, 33.9, 31.1, 30.7,
28.6 28.5, 25.6, 23.1 (CH2 Arg) ppm. IR (KBr): ν̃ = 3167 (br.,
NHamideA), 1744 (s, C=Oester), 1699, 1684 (vs., C=Ocarboxyl), 1670,
1653, 1638 (vs., C=OamideI), 1624, 1618 [s, CN(H)], 1557, 1541,
1522, 1508 (s, C=OamideII) cm–1. Pos. ESI-MS (1:1 CH3OH/H2O):
m/z = 600.234 [M + H]+; C25H37FeN9O5 requires 599.464.

Synthesis of Boc-Fca-Asp(OMe)-OMe: A 10 mL solution of H-
Asp(OMe)-OMe (160 mg, 0.79 mmol) was added to a stirred solu-
tion of Boc-Fca-OH (250 mg, 0.70 mmol) in 40 mL CH2Cl2, Et3N
(0.12 mL, 0.89 mmol) and HBTU (310 mg, 0.81 mmol). The mix-
ture was stirred for 12 h at room temperature. The solution was
washed with saturated NaHCO3 solution (2 �50 mL) followed by
10% citric acid solution (1 �50 mL) and finally with distilled water
(1�50 mL). The organic phase was dried with Na2SO4 and the
solvent was removed in vacuo. The final product was obtained
using column chromatography; yield: 250 mg, 73%. Rf (SiO2, hex-
ane/ethyl acetate, 3:1) = 0.31. UV/Vis (CH3OH): λ = 442 nm
(75 –1 cm–1). 1H NMR (600.23 MHz, CDCl3, 23 °C): δ = 6.89 (s,
1 H, NH-Asp), 6.49 (s, 1 H, NH-Boc), 5.06 (m, 1 H, αCH Asp),
4.73 (s, 1 H, CHo Cp), 4.57 (s, 2 H, CHo Cp), 4.45 (s, 1 H, CHo

Cp), 4.37 (s, 2 H, CHm Cp), 4.00 (s, 2 H, CHm Cp), 3.81 (s, 3 H,
CH3O), 3.78 (s, 3 H, CH3O), 3.10 (dd, 2JH,H = 16.9, 3JH,H =
4.92 Hz, 1 H, βCH Asp), 2.95 (dd, 2JH,H = 17.3, 3JH,H = 4.62 Hz,
1 H, βCH Asp), 1.50 (s, 9 H, Boc) ppm. 13C NMR (150.78 MHz,
CDCl3, 23 °C): δ = 172.2, 171.9 (C=Oester), 169.8 (C=OFc), 153.6
(C=Ourethane), 97.4 (Cipso Cp), 80.3 [(CH3)3C Boc], 76.3 (Cipso Cp),
71.6, 69.8, 66.0, 65.8, 62.9, 62.2 (C Cp), 53.1, 52.3 (C CH3O), 48.7
(αCH Asp), 36.6 (βCH2 Asp), 28.5 [(CH3)3C Boc] ppm. IR (KBr):
ν̃ = 3348, 3275 (br. s, NHamide A), 1734 (s, (C=Oester), 1719 (s,
C=Ourethane) 1628 (s, C=Oamide I), 1541 (s, C=Oamide II) cm–1. EI-
MS (CH3OH): m/z = 488.2 [M]+, 388.1 [(M – boc) + H]+.
C22H28FeN2O7 requires 488.3.

Synthesis of Boc-Fca-Asp(OH)-OH (2): Boc-Fca-Asp(OMe)-OMe
(630 mg, 1.30 mmol) was dissolved in 10 mL of methanol, NaOH
(120 mg, 3.00 mmol) was added and the solution was kept at room
temperature for 6 h. The solution then was diluted with 50 mL
water, washed with CH2Cl2 to remove the unreacted starting mate-
rial, the solution then neutralized with 1.0  HCl to pH 3.0 and
extracted with ethyl acetate (3 �70 mL). The combined extracts
were dried with Na2SO4 and the solvent was removed in vacuo.
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The desired product was obtained using column chromatography;
yield: 300 mg, 58%; Rf (SiO2, chloroform/methanol/acetic acid,
8.5:1:0.5) = 0.30. UV/Vis (H2O): λ = 442 nm (114 –1 cm–1). 1H
NMR (600.23 MHz, [D6]DMSO, 23 °C): δ = 8.66, 8.48 (br. s, 2 H,
COOH-Asp), 7.11 (s, 1 H, NH Asp), 6.53 (s, 1 H, NH Boc), 4.73
(br. s, 1 H, CHo Cp), 4.53 (br. s, 2 H, CHo Cp and αH Asp), 4.22
(br. s, 2 H, CHo Cp), 3.92 (br. s, 2 H, CHm Cp), 3.46 (br. s, 4 H,
CHm Cp and βH Asp), 1.43 [s, 9 H, (CH3)3C] ppm. 13C NMR
(150.78 MHz, [D6]DMSO, 23 °C): δ = 197.3 (C=Ocarboxyl), 171.0
(C=OFc), 153.1 (C=Ourethane), 97.4 (Cipso Cp), 80.2 [(CH3)3C Boc],
72.1, 66.3, 65.8, 62.0 (C Cp), 48.6 (αCH Asp), 36.6 (βCH2 Asp),
29.0 [(CH3)3C Boc] ppm. IR (KBr): ν̃ = 2400–2248 (br.,
OHcarboxyl), 3117–3182 (br., NHamide A), 1717 (m, C=Ourethane),
1699, 1686 (s, C=Ocarboxyl), 1647 (s, C=Oamide I), 1557 (s,
C=Oamide II) cm–1. Pos. ESI-MS (H2O): m/z = 943.2 [2M + Na]+,
483.1 [M + Na]+, 383.0 [(M – boc) + Na]+. C20H24FeN2O7 requires
460.2.

Synthesis of 1·2: A methanol/water solution (1 mL, 1:1) of 2
(2.3 mg, 5 �10–3 mmol) was added to a methanol/water solution
(1 mL, 1:1) of 1 (3.0 mg, 5 �10–3 mmol) and stirred at room tem-
perature for 2 h. The solvent volume was reduced to 1 mL and the
remaining solution was freeze-dried overnight to yield a pale
orange powder of 1·2 in quantitative yields. UV/Vis (H2O): λ =
444 nm (128 –1 cm–1). 1H NMR (600.23 MHz, [D6]DMSO, 23 °C):
δ = 9.34 (m, 1 H, NH Arg), 7.91 (s, 1 H, NH), 7.15 (m, 2 H, NH
Asp & NH Arg), 6.75 (m, 3 H, NH Arg), 6.37 (s, 2 H, NH Arg),
6.18 (m, 1 H, NH Boc), 4.79 (m, 1 H, αCH), 4.74 (m, 2 H, Cp),
4.61 (m, 2 H, Cp), 4.59 (m, 1 H, αCH), 4.40 (m, 4 H, Cp), 4.23
(m, 4 H, Cp), 3.94 (m, 4 H, Cp), 3.73 (s, 2.58, CH3O), 3.61 (br. s,
4 H, δCH Arg), 2.89 (s, 2 H, βCH), 2.87 (s, 2 H, βCH), 2.73 (s, 2
H, βCH), 2.67 (m, 2 H, βCH), 2.33 (s, 1 H, γCH), 2.85 (br. s, 2 H,
γH), 2.00 (s, 1 H, γCH) 1.97 (s, 1 H, γCH), 1.88 (br. s, 2 H, γCH),
1.43 [s, 9 H, (CH3)3C Boc] ppm. 13C NMR (150.78 MHz, [D6]-
DMSO, 23 °C): δ = 173.3, 173.2, 172.6, 172.5 (C=Oamide), 170.3
(C=Oester), 75.1, 73.2, 73.0, 71.8, 71.7, 71.3, 71.0, 70.0 (C Cp), 53.4
(C CH3O), 49.6, 48.1, 42.5 (αCH Asp and Arg), 34.3, 33.9, 31.1,
30.7, 28.6 28.5, 25.6, 23.1 (CH2 Asp and Arg) ppm. IR (KBr): ν̃ =
3350 (s, Hamide A), 3180 (br. s, NH), 1734 (m, C=Oester), 1717 (m,
C=Ourethane), 1699, 1684 (vs., C=Ocarboxyl), 1674, 1655, 1636 (vs,
C=Oamide I), 1624, 1618 [s, CN(H)], 1557, 1541, 1522, 1508 (vs)
(C=Oamide II) cm–1. Pos. ESI-MS (1:1 acetone/H2O): m/z (%) =
1060.30 [M + H]+. C45H61Fe2N11O12 requires 1059.72.

Supporting Information (see also the footnote on the first page of
this article): NMR spectrum of 1·2 and partial 2D COSY of 1·2 in
the amide region, the extended MS spectrum of 1·2 in the NH
region. IR spectra of 1, 2 and 1·2.
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