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Abstract

The preparation of the new ferrocenoyl histidyl conjugates N-Fc-His-OMe (2) and N-Fc-His(o -N -Fc)-OMe (3) and of a simple

ferrocenoyl imidazole conjugate Fc-Im (4) is reported together with their spectroscopic and electrochemical characterization. The

electrochemistry of 3 exhibits two fully reversible one-electron oxidations, which are due to the stepwise oxidation of the two

ferrocenoyl groups. The crystal structure of 3 shows the difference in the chemical environment of the two Fc groups, one being

attached to the a-N and one being attached to the o -N of the imidazole of histidine. There is no discernible intermolecular

interaction present in the crystal structure.
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1. Introduction

The design of novel biomaterials has generated

significant interest in the synthesis and properties of

redox active systems having the redox active organome-

tallic ferrocene function attached to a biological mole-

cule. Potential application of such bioconjugates include

biomolecular sensing and switching devices [1]. The

ferrocene group can be readily incorporated into a

biomolecule, such as a peptide or DNA [2]. In case of

ferrocene-labeled peptides, the individual bioconjugates

often assemble to give supramolecular systems that

show various degrees of inter- and intramolecular

hydrogen bonding [3.4]. For example, 1,1?-disubstituted

ferrocene-peptide derivatives can act as templates to

generate highly ordered electroactive chiral helicates, in

which intramolecular but interchain H-bonding between

the podand chiral peptide substituents on the two Cp

rings of the ferrocene group is responsible for the

formation of the supramolecular assembly [3]. In other

cases, intermolecular H-bonding gives rise to helical

three-dimensional superstructures [4]. Importantly, fer-

rocene-peptide bioconjugates are able to respond to the

structural changes that will take place upon substrate

binding to the peptide portion of the molecule [5]. Up to

this point this research has mainly focused on interac-
tions involving Fe-peptides with other peptides or

neutral molecules.

In metallo-proteins, the imidazole group of histidine

is often found as a ligand coordinating to metal ions

such as Zn2�, Fe2�, Cu2� and others [6]. Until now,

there has been no report of ferrocene-histidine conju-

gates, which may offer the potential for the development

of metal specific probes. In this paper, we give a full
account of the preparation and characterization of the

first histidine-ferrocene conjugates.

2. Results and discussion

Compounds 2 and 3 are obtained by the reaction of

the active ester Fc-OBt (1) with H-His-OMe �/HCl in

dichloromethane in the presence of triethylamine as

shown in Scheme 1. The reaction results in the forma-
tion of two major products. Compound 2 represents the

expected N -Fc-His-OMe conjugate, having the Fc

group attached to the a-amino group, whereas com-
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pound 3 has an additional Fc label at the o -N of the

imidazole group.

The 1H-NMR spectra of compounds 2 and 3 allow a

clear identification. The spectrum of compound 2 shows

the presence of a single Fc group, with signals at d 4.75

for the two ortho-H of the substituted Cp ring of the Fc

group, a signal at d 4.34 for the two meta-H, and a

singlet at d 4.21 for the 5H of the unsubstituted Cp ring.

In contrast, the 1H-NMR spectrum of compound 3

shows the presence of two Fc groups. The a-H of

compound 2 is observed at d 4.88, whereas that of

compound 3 is slightly shifted downfield to d 4.97.

Similarly, the 13C-NMR shows the presence of an

additional third signal in the carbonyl region for

compound 3 (d 172.4, 170.8, 169.0), while for com-

pound 2 only two signals are observed (d 172.6 and

171.6).

A comparision of the IR spectra of compounds 2 and

3 with that of ferrocenoyl imidazole (4) allows the

unequivocal assignment of the carbonyl bands. Com-

pound 4 exhibits a single Amide I band at 1695 cm�1.

For compound 2, two bands are observed at 1708 and at

1642 cm�1 for the methylester and amide stretch,

respectively. Both bands compare well with those

observed for other Fc-amino acids and peptides [5]. As

expected, compounds 3 exhibit an additional band at

1692 cm�1 assigned to the amide of the additional Fc

group attached to the o -N of the histidine imidazole.

Interestingly, for 3 the band assigned to the ester stretch

is significantly shifted as compared to 2 and is observed

at 1739 cm�1. Clearly binding of the additional Fc

group to the o -N of the histidine imidazole has an

influence on the Fc group attached to the a-N of His.

The UV�/vis spectrum of 2 shows a single absorption at

lmax�/435 nm, whereas for 3 the Fc absorption is red-

shifted with a lmax of 460 nm, which is identical to the

maximum of Fc-imidazole 4. In order to evaluate if the

two Fc groups in compound 3 are electronically

coupled, we investigated the solution electrochemistry

of compounds 2�/4 in acetonitrile solution by cyclic

voltammetry (CV). Fig. 1 shows the cyclic voltammo-

grams of the di-Fc compound 3 and the mono-Fc

compounds 2 and 4 recorded under identical conditions.

All compounds exhibit fully reversible redox properties

as judged from the separation of cathodic and anodic

wave and the ratio of the peak currents. The results are

summarized in Table 1. Compound 3 exhibits two fully

reversible one-electron oxidation waves at 638(2) and at

Scheme 1. Synthesis of N-Fc-His-OMe (2), N-Fc-His(o -N -Fc)-OMe (3), and Fc-Im (4): (i) H-His-OMe �/2HCl, CH2Cl2, Et3N; (ii) imidazole, CH2Cl2,

Et3N.

Fig. 1. Cyclic voltammograms of compounds 2�/4 recorded at 100 m

Vs�1 in acetonitrile containing 0.1 M TBAP as supporting electrolyte.

The concentration of compounds 2�/4 was 1 mM. The potential is

reported vs. the potential of a Ag/AgCl reference electrode. N-Fc-His-

OMe (2): (c), N- Fc-His(o -N -Fc)-OMe (3): (a), Fc-Im (4) (b).
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762(4) mV (vs. Ag/AgCl). A comparison with com-

pounds 2 and 4 allows the assignment of the two waves

to the individual redox groups. The redox event at a

half-wave potential of 638(2) mV is assigned to the Fc

group attached to the a-N of His and the second wave at

E1/2�/762(3) mV is assigned to the Fc attached to the e-

N of the imidazole group. By comparison compound 2

gives a single wave at E1/2�/630(2) mV and compound 4

exhibits a wave at E1/2�/768(1) mV. Importantly, the

two redox events observed in compound 3 are only

slightly shifted from the position of the mono-Fc

systems, indicating that possible coupling between the

two redox centers is only small.

In order to confirm the structure of compound 3 as

having two Fc groups, one attached to the a-N and one

to the e-N of the imidazole of the His group, we

crystallized compound 3 from CH2Cl2 solution giving

orange prismatic crystals, allowing its structural inves-

tigation by X-ray crystallography. A structural repre-

sentation of compound 3 is shown in Fig. 2 and clearly

shows the presence of two Fc groups in the

molecule */ one at the a-amino terminus and one at

the o -N of imidazole group. The orientation of the two
Fc group is such that two H atoms of the Fc(2) point to

the face of the unsubstituted Cp ring of Fc(1). The

distance between the H of Fc(2) and the face of the Cp

ring of Fc(1) are about 3.5 Å. Such interaction have

been observed before in aromatic systems [7]. The

packing diagram shows the absence of strong intermo-

lecular H-bonding interactions involving the amide N�/

H, which are often found for Fc-amino acids and
peptides in solution and the solid state. The Cp�/CO

lengths in 3 are significantly different between the two

chemically and electrochemically different Fc groups.

The Fc-group attached to the a-N of His exhibits a Fc�/

CO distance of 1.489(3) Å, whereas the second Fc

group, which is attached to the o-N of the imidazole

group, shows a significantly shorter Fc�/CO bond

distance of 1.475(4) Å, potentially reflecting a greater
electronic interaction of the Cp and imidazole group.

However, both bond distances are well within the

parameters for Fc-amides [8]. The amide group of

Fc(2) shows a significant twist with regards to the Fc

group of 28.18 and of 9.58 with regards to the imidazole

group. The angle between the Cp, the amide, and the

imidazole does not prevent electronic coupling between

the amide, the Cp, and the imidazole. It is interesting to
note that the Cp and imidazole groups are not co-planar

(twist of 36.58). The two Cp rings of Fc(2) are co-planar

(bent of 2.68), as are the two Cp rings of Fc(1) (bent of

2.18).
However, the Cp/amide twist is less pronounced for

Fc(1) attached to the a-N of histidine (11.88). In general,

amide/Cp twists for Fc-amino acids and peptides are

about 5�/208. However, in some cases strong intermole-
cular interactions may be responsible for slightly larger

twists.

3. Conclusions

We have investigated the reactivity of Fc-OBt (1) with

H-His-OMe allowing the isolation of two previously

unknown ferrocenoyl histidine conjugates of N-Fc-His-
OMe (2) and N-Fc-His(o -N -Fc)-OMe (3). The electro-

chemistry of compound 3 shows a large difference

between the two redox potentials of the two Fc groups.

The Fc group attached to the o -N of the imidazole is

much more difficult to oxidize giving a E1/2 of 762(4)

mV (vs. Ag/AgCl). This represents only a small shift

compared to E1/2 of Fc-Im at 768(1) mV, indicating that,

if at all, only a small interaction appears to exist between
the two Fc electrophores. The crystal structure of 3

confirms the proposed structure with Fc(1) being

attached to the a-N of His and Fc(2) being attached

Table 1

Electrochemical properties of N -Fc-His-OMe (2), N -Fc-His(o -N -Fc)-

OMe (3), and Fc-Im (4) at 100 mV s�1 in acetonitrile containing 0.1 M

TBAP as supporting electrolyte at 20(2) 8C

Compound E1/2 (mV) DE (mV) ipa/ipc

N-Fc-His-OMe (2) 630(2) 65(3) 1.04

N-Fc-His(o -N -Fc)-OMe (3) 638(2) 60(2) 1.11

762(4) 61(5) 1.04

Fc-Im (4) 768(1) 66(2) 1.11

A Glassy carbon electrode was employed as the working electrode,

together with a platinum counter electrode and a Ag/AgCl reference

electrode.

Fig. 2. ORTEP drawing of N- Fc-His(o -N -Fc)-OMe (3) shown with

30% probability ellipsoids. All hydrogen atoms are omitted for clarity.

Selected bond distances and angles: O(1)�/C(1)�/1.226(3) Å, O(2)�/

C(7)�/1.204(3) Å, N(1)-C(1)�/1.343(3) Å, N(1)�/C(2)�/1.446(3) Å,

N(3)�/C(7)�/1.412(3) Å, C(1)�/C(10)�/1.489(3) Å, C(3)�/C(4)�/

1.506(3) Å, C(4)�/C(5)�/1.343(3) Å, C(7)�/C(20)�/1.475(4) Å, N(1)�/

C(1)�/C(10)�/114.9(2)8, N(3)�/C(7)�/C(20)�/118.8(2)8, N(3)�/C(7)�/

C(20)�/118.8(2)8.
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to the o -N of the imidazole group of His. Compound 2 is

of future interest since it has an available coordination

site available for metal coordination. Although only a

small interaction appears to exist in the di-Fc compound
3, we are hopeful that coordination of metal centers to

the imidazole ring in compound 2 will result in changes

of the redox potential of the Fc reporter of 2. We will

report about these investigations in due course.

4. Experimental

4.1. General

Ferrocenoylbenzotriazole ester (FcOBt) was prepared

as described earlier [2g]. H-His-OMe �/2HCl (Aldrich)

was used as received. CH2Cl2 was dried over CaH2 and

distilled under nitrogen prior to use. Et3N (Aldrich) was

used without any further purification. 1H were recorded

at 300.135 and 75.478 MHz, respectively on a Bruker

AMX 300 NMR spectrometer. 13C spectra were re-
corded on a Bruker FBR 500 MHz spectrometer at

125.797 MHz. All chemical shifts (d ) are reported in

ppm and coupling constants (J ) in Hz. CDCl3 (Aldrich)

used for NMR spectroscopy was stored over molecular

sieves (8�/12 mesh; 4 Å effective pore size; Fisher). 1H-

NMR shift are referenced to the non-deutero impurity

in CDCl3 (d 7.24) and are reported relative to tetra-

methylsilane (d 0.00). Assignments in the 1H and
13C{1H}-NMR were made using J-modulation and
1H�/

1H COSY experiments. All measurements were

carried out at 293 K unless otherwise specified. Mass

spectrometry was carried out on a VG analytical 70/20

VSE instrument.

4.2. Reaction of FcOBt with H-His-OMe �/2HCl

Et3N (3 ml) was added to a suspension of H-His-

OMe �/2HCl (0.26 g, 1.05 mmol) in CH2Cl2 (10 ml). After

10 min the mixture was added to a solution of FcOBt

(0.35 g, 1 mmol) in CH2Cl2 (25 ml) and was stirred for

16 h at room temperature. The mixture was then

extracted with aqueous solutions of 10% citric acid,

saturated NaHCO3 and distilled water, respectively. The

remaining organic phase was dried over anhydrous
MgSO4, filtered and evaporated in vacuo leaving a

reddish solid which, purification by flash column

chromatography containing a solvent mixture of ace-

tone/hexane (2:3) yielded two products N-Fc-His-OMe

(Rf�/0.04, 13%) (2) N-Fc-His(o -N -Fc)-OMe (3) (Rf�/

0.43, 23%) as the major products.

4.3. Characterization of N-Fc-His-OMe (2)

UV�/vis (lmax in nm, o in mol�1 l cm�1): 437 (135).

IR (KBr, cm�1): 1708 (C�/O, ester), 1642 (C�/O, amide).

1H-NMR (CDCl3, d ): 7.77 (1H, d, JHH�/5.5 Hz, NH

Im), 7.64 (1H, s, Ha Im), 6.94 (1H, s, Hc Im), 4.88 (1H,

m, Ha), 4.75 (2H, m, Ho Cp), 4.34 (2H, d, JHH�/1.5 Hz,

Hm Cp), 4.21 (5H, s, Hu Cp), 3.71 (3H, s, His-CH3), 3.16
(2H, m, Cb). 13C-NMR (CDCl3, d ): 172.6 (C�/O His-

CO2Me), 171.6 (C�/O NHCO Fc-His), 135.7 (C1 Im),

135.5 (C3 Im), 115.7 (C2 Im), 75.6 (Ci Cp), 71.0 (Cm Cp),

70.2 (Cu Cp), 68.9 (Co Cp), 68.7 (Co Cp), 53.2 (CH3

His), 52.7 (Ca His), 29.3 (Cb His). HRMS (FAB,

glycerol�/PEG) m/z Calc. for C18H19N3O3Fe [M�/

1]�: 382.0854, found: 382.0859.

4.4. Characterization of N-Fc-His(o-N-Fc)-OMe (3)

UV�/vis (lmax in nm, o in mol�1 l cm�1): 460 (640).

IR (KBr, cm�1): 1739 (C�/O, ester), 1692 (C�/O, amide,

imidazole), 1640 (C�/O, amide).1H-NMR (CDCl3, d):

8.35 (1H, s, Ha Im), 7.50 (1H, s, Hb Im), 7.47 (1H, s, NH

NHCO), 4.97 (1H, m, Ha), 4.92 (2H, br. s, Ho Cp Fc-

Im), 4.76 (2H, dd, JHH�/14, 1.6 Hz, Ho Cp Fc-His),

4.64 (2H, t, JHH�/1.9 Hz, Hm Cp Fc-Im), 4.35 (2H, t,
JHH�/1.8 Hz, Hm Cp Fc-His), 4.26 (5H, s, Hu Cp Fc-

Im), 4.24 (5H, s, Hu Cp Fc-His), 3.76 (3H, s, His-CH3),

3.18 (2H, m, Hb). 13C-NMR (CDCl3, d ): 172.4 (C�/O

His-CO2Me), 170.8 (C�/O of Fc at o -N Im), 169.0 (C�/O

NHCO Fc-His), 139.4 (C1 Im), 137.4 (C3 Im), 115.6 (C2

Im), 72.4 (Ci Cp Fc His), 72.0 (Ci Cp Fc-His), 71.0 (Cu

Cp Fc-Im), 70.2 (Ci Cp Fc-His), 69.0 (Cm Cp Fc-Im),

68.5 (Cm Cp Fc-His), 59.0 (Ca NHCO), 52.8 (Co Cp Fc-
Im), 52.4 (Co Cp Fc-His), 24.2 (CH3), 20.0 (Cb). HRMS

(FAB, NBA�/PEGH) m/z Calc. for C29H27N3O4Fe2

[M�/1]�: 594.0779, found: 594.0769.

4.5. Synthesis of Fc-Im (4)

Et3N (1 ml) was added to a solution of imidazole

(0.082 g, 1.2 mmol) in CH2Cl2 (5 ml) and the mixture
was then added to a solution of FcOBt (0.347 mg, 1

mmol) in CH2Cl2 (25 ml). After stirring for 16 h at room

temperature. The reaction mixture was extracted, dried

and evaporated as described above to give a reddish

solid. Purification by flash column chromatography

containing a solvent mixture of acetone/CH2Cl2 (1:5)

gave the desired product Fc-Im (4) (Rf�/0.44, 66%). IR

(KBr, cm�1): 1695 (C�/O, amide imidazole). UV�/vis
(lmax in nm, o in mol�1 l cm�1): 460 (805). 1H-NMR

(CDCl3): 8.40 (1H, s, Ha Im), 7.67 (1H, s, Hc Im), 7.13

(1H, s, Hb Im), 4.93 (2H, t, JHH�/2.1 Hz, Ho Cp), 4.65

(2H, t, JHH�/2.1 Hz, Hm Cp), 4.28 (5H, s, Hu Cp).

4.6. Electrochemical studies

All electrochemical experiments were carried out
using a CV-50W Voltammetric Analyzer (BAS) at

room temperature (20(2) 8C). No special precautions

were taken to exclude oxygen. All CV were recorded in
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freshly distilled acetonitrile (dired over CaH2). Tetra-

butylammonium perchlorate (TBAP) was used as sup-

porting electrolyte (0.1 M). For the CV studies a glassy

carbon working electrode (BAS, diameter 2 mm) and a

platinum wire counter electrode were used. The glassy

carbon working electrode was polished with 3 mm
followed by 1 mm, then 0.5 mm alumina prior to use to

remove any surface contaminants, which was followed

by ultrasonication in distilled water to remove excess

alumina. The reference electrode was a Ag/AgCl elec-

trode (BAS). iR compensation was applied to all

experiments. Solvent backgrounds were collected before

each set of experiments and then subtracted from the

spectra. The analyte concentration in all cases was 1
mM. Experiments were repeated at least 5 times with

freshly prepared solutions of the analyte.

4.7. X-ray crystallography

Orange crystals of 3 were obtained by layering a

solution of 3 in CH2Cl2 with n-hexane. A prismatic

crystal was mounted on a glass fiber using epoxy resin.

The data set was collected on a Siemens SMART CCD

diffractometer MoKa radiation (graphite monochro-
mated). The structure of 3 was solved by direct methods

using the SHELXTL [9]. All non-hydrogen atoms were

refined anisotropically using full-matrix least squares to

give the final R values of R�/0.0300 and wR�/0.0680

for 5182 observed reflections (I �/2s (I )). All crystal-

lographic details have been summarized in Table 2.

5. Supplemental material

Crystallographic data excluding structure factors
have been deposited at the Cambridge Crystallographic

Data Centre (CCDC 203143). This material can be

obtained upon request to CCDC, 12 Union Road,

Cambridge, CB2 1EZ, UK (http://www.ccdc.cam.ac.uk;

email: deposit@ccdc.cam.ac.uk).
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V (Å3) 2534.9(4)

Z 4

Dcalc (g m�3) 1.554

Absorption coefficient (mm�1) 1.187

F (0 0 0) 1224

Crystal size (mm) 0.55�/0.19�/0.12

u range for data collection (8) 1.74�/26.38

Limiting indices �/7B/h B/7,

�/23B/k B/23,

�/28B/l B/29

Reflections collected 14667

Independent reflections 5182

Data/restraints/parameters 5182/0/343

GooF (F2) 1.077

Final R indices [I �/2s (I )] R�/0.0300, wR�/0.0680

R indices (all data) R�/0.0337, wR�/0.0694

Abs. structure parameter 0.000(13)

Largest diff. peak and hole (eÅ�3) 0.48 and �/0.21
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