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This work reports on the synthesis of a wide range of ferro-
cenyl-substituted amino acids and peptides in excellent
yield. Conjugation is established via copper-catalyzed 1,3-
dipolar cycloaddition. Two complementary strategies were
employed for conjugation, one involving cycloaddition of
amino acid derived azides with ethynyl ferrocene 1 and the
other involves cycloaddition between amino acid derived al-
kynes with ferrocene-derived azides 2 and 3. Labeling of
amino acids at multiple sites with ferrocene is discussed. A

Introduction

The robustness of ferrocene under aerobic conditions, the
easy access to many of its derivatives and their favorable
electrochemical properties have made ferrocene a favorite
molecule for conjugation on to biomolecules like amino ac-
ids, peptides, proteins, carbohydrates, DNA and RNA.[1] In
general, their increased biological activity in comparison
with the unconjugated biomolecules has been well docu-
mented in the literature.[1] Labeling biomolecules with fer-
rocene is helpful for their electrochemical detection,[2] for
immunoassays[3] or for spectroscopic techniques like IR[4]

and optical spectroscopy.[5] A number of ferrocene-derived
peptides were used as electrochemical probes.[6] Many bio-
logically important oligopeptides like [Leu5]-enkephalin,[7]

bradykinin,[8] angiostatin II[9] were labeled with ferrocene
either by replacing the parent amino acid of the peptide
with ferrocene-derived amino acids or by covalent attach-
ment of ferrocene derivatives onto the peptides via known
methodologies and their activity was studied. In his pion-
eering review,[1a] Metzler-Nolte has compiled various meth-
ods available in the literature for covalently binding ferro-
cene on to biomolecules and their applications. Metzler-
Nolte et al. have documented in three different re-
ports[10a–10c] the palladium-catalysed Sonogashira coupling
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new route to 1,1�-unsymmetrically substituted ferrocene con-
jugates is reported. A novel ferrocenophane 19 is accessed
via bimolecular condensation of amino acid derived bis-
alkyne 9b with the azide 2. The electrochemical behavior of
some selected ferrocene conjugates has been studied by cy-
clic voltammetry.

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

scheme for the synthesis of ferrocene-labeled amino acids
and peptides. Some of their coupling products were insepa-
rable from the impurities and hence, analytically pure sam-
ples could not be obtained. Additionally, their method was
limited to mono-substituted ferrocene derivatives and side
chains of various amino acids were not used for labeling.
While this manuscript was under preparation, Metzler-
Nolte et al. reported the spectroscopic and electrochemical
studies of ferrocene–amino acid conjugates using click
chemistry. They used azidoferrocene and 1,1�-diazidoferro-
cene for labeling.[10d] Reported methods for labeling amino
acids and peptides are specific to either N[1a,11] or C[12] ter-
minus or side chains.[13] To explore the area of bioorgano-
metallic chemistry further, new ways which are more gene-
ral are necessary. Copper(I)-catalysed Huisgen reaction be-
tween a terminal alkyne and an azide which furnishes a 1,4-
substituted triazole derivative has proven to be a powerful
tool for the synthesis of conjugates.[14] Herein, we report on
the selective functionalization of amino acids and peptides
with ferrocene using 1-ethynylferrocene (1) and the azides
2, 3 (see Scheme 1) as ferrocene labels. The electrochemical
behavior of a few representative ferrocene conjugates was
studied by using cyclic voltammetry. Towards this goal two
complementary strategies were designed. The first one in-

Scheme 1. Ferrocene derivatives employed for labeling.
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Scheme 2. General scheme for the synthesis of ferrocene conjugates 5a–f derived from 1.

Scheme 3. General scheme for the synthesis of ferrocene conjugates 7a–g derived from 2.

volves labeling of the amino acid/peptide derived azides at
various positions with ethynyl ferrocene 1 (Scheme 2). The
second strategy involves labeling the amino acid/peptide de-
rived terminal alkynes with azides 2 and 3 to furnish mono-
valent and divalent ferrocene conjugates, respectively
(Scheme 3).

Results and Discussion

Synthesis of Ferrocene Conjugates from Ethynylferrocene (1)

Initially, azides present on N-terminus of various amino
acids 4a–e and peptide 4f were synthesized. For this, methyl
esters of -phenylalanine, valine and aspartic acid were
treated with chloroacetyl chloride to furnish the corre-
sponding chloroacetamides which were treated with NaN3

in DMF to furnish the corresponding azidoacetamides
4a–c.[15a]

When 4a was treated with 1 (1 equiv.) in tBuOH/H2O
(1:1) with CuSO4·5H2O (0.1 equiv.) as catalyst and sodium
ascorbate (0.25 equiv.) as oxidant and was allowed to stir
at room temperature for 4 h furnished the corresponding
conjugate 5a in 95% yield (Table 1). Similarly, 5b and 5c
were synthesized in high yield starting from 4b and 4c
respectively. N-Cbz-protected -alanine and phenylglycine
were coupled with 2-bromoethanol using DCC to synthe-
size bromoethyl esters[15b] of the amino acids which were

Figure 1. Alkynes 6a–g derived from amino acids.
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treated with NaN3 in DMF to furnish C-terminus azides
4d,e which were then treated with 1 in a similar fashion to
furnish alanine and phenyl glycine-conjugated to ferrocene
5d,e via C-terminus as the only products (Table 1). The
azide-containing dipeptide (N3-CH2-CO-Phe-Val-OMe) 4f
was also synthesized and conjugated to 1 to furnish 5f in
excellent yield (93%). The ipso-C on the Cp ring for the
conjugates 5a–f derived from 1 resonated around δ =
75 ppm in 13C NMR spectrum and the hydrogen atom on
triazole ring resonated around δ = 7.5–7.7 ppm in the 1H
NMR spectrum.

Synthesis of Ferrocene Conjugates Derived from 2 and 3

After the successful synthesis of ferrocene conjugates
using 1, the utility of compounds 2 and 3 was explored. For
this suitably protected amino acid derived alkynes 6a–g
were synthesized.

Propargyl carbamates from -methionine and trypto-
phan[15c]6a and b, N-propargyl leucine[15d] 6c, dipeptide
(Poc-phe-val-OMe)[15c] 6g were synthesized for N-terminus
conjugation with 2 and 3 (Figure 1). The propargyl ester of
N-benzoyl--phenylalanine[15e] 6d was synthesized for con-
jugation via C-terminus. The side chains of serine and tyro-
sine were protected as propargyl carbonates 6e,f and were
made viable for conjugation via side chain of amino acids.
This is the first report of conjugation involving side chains
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Table 1. Conjugates 5a–f of amino acid derived azides with 1.

of serine and tyrosine. In this strategy, alkynes of different
types like carbamates 6a,b,g, carbonates 6e and f, alk-
ylamines 6c, ester 6d were used. Initially methionine derived
alkyne 6a was treated with 1 equiv. of azide 1 (Table 2) to
furnish compound 7a in 92% yield.

In a similar fashion, treating alkynes 6b–f with 2 fur-
nished conjugates 7b–f in excellent yield. For the synthesis
of disubstituted conjugates, 6a (1 equiv.) was treated with
azide 3 (0.5 equiv.) in tBuOH/H2O (1:1) and was allowed to
stir at room temperature for 8 h to furnish the conjugate 8a
(90%) which has methionine substituted on both rings of
ferrocene. (Table 2). In a similar fashion, 6b,c and g on reac-
tion with 2 and 3 furnished tryptophan and leucine and
dipeptide-conjugated ferrocenes 7b,c and g, 8b,c and g via
their N-terminus in excellent yield (Table 2). The propargyl
ester 6d was subjected to the click reaction with 2 and 3
to give phenylalanine-conjugated ferrocenes 7d, 8d via C-
terminus. For conjugates synthesized from side chains of
amino acids, serine- and tyrosine-derived carbonates 6e,f
were subjected to click reaction with 2 and 3 to furnish
conjugates 7e,8e and 7f,8f (Table 2). The ipso-C of the Cp
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ring resonated around δ = 80–82 ppm in 13C NMR spec-
trum whereas the triazole hydrogen resonated around δ =
7.4–7.6 ppm in 1H NMR spectrum which is characteristic
of the conjugates derived from 2 and 3.[14f]

Amino Acid Conjugates Containing the Ferrocene Label at
More Than One Site

After the successful synthesis of mono and disubstitued
conjugates of ferrocene 7a–g, 8a–g with amino acids and
peptides via their N/C terminus and side chains, our next
target was to label amino acids with ferrocene at more than
one site. For this purpose, compounds 9a–d were synthe-
sized. Compound 9a which has two azide moieties incorpo-
rated was synthesized from -lysine, while 9b containing
one propargyl carbamate and propargyl ester was derived
from -phenylalanine. Reaction of tyrosine methyl ester
with Poc-Cl (propargyloxycarbonyl chloride) furnished 9c
where the N-terminus is protected as carbamate and the
side-chain phenol is protected as carbonate. Similarly, the
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Table 2. Synthesis of monosubstituted 7a–g and disubstituted conjugates 8a–g from 2 and 3.

di-Poc derivative 9d was synthesized from -cystine. Treat-
ment of 9a with alkyne 1 (2.1 equiv.) under the same cata-
lytic conditions in tBuOH/H2O (1:1) gave the bimetallic
conjugate of lysine 10a in 90% yield (Table 3). Bis-alkynes
derived from phenylalanine, tyrosine and cystine, 9b–d were
treated with azide 2 (2.1 equiv.) to furnish conjugates 10b–
d in excellent yield (Table 3).

While Meltzler-Nolte in his work could not isolate a
doubly labeled ferrocene conjugate of cystine by Sonoga-
shira coupling,[10b] we could easily synthesize 10d in 86%
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yield in high purity under the click chemistry inspired syn-
thesis demonstrating the advantage of our methodology.
Then our attention was directed towards the synthesis of
trimetallic conjugates. For this purpose amino acid deriva-
tives containing three terminal alkynes were synthesized.
Tyrosine was converted into its di-Poc derivative 11 (N-Poc
and O-Poc) using Poc-Cl which was treated with propargyl
bromide to furnish compound 12 (Scheme 4) in 90%
yield. Similarly, compound 13 was prepared in two steps
from lysine. When compound 12 was treated with 2
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Table 3. Synthesis of divalent conjugates from amino acid derived bis-azides 9a and bis-alkynes 9b–d.

(3.3 equiv.) under Sharpless conditions novel trimetallic
compound 12a was obtained in 85% yield after 24 h
(Scheme 5).

Scheme 4. Synthesis of tris-alkyne 12 derived from tyrosine.

This we believe is the first report of an amino acid which
is labeled at multiple sites with ferrocene. The compounds
7f, 10c and 12a form a series of compounds where tyrosine
is labeled with one, two and three ferrocene units respec-
tively. Similarly, compound 13 derived from lysine under
similar conditions furnished 13a in 82% yield (Scheme 6).
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Divergent Syntheses of Dipeptide Ferrocene Conjugate 14c

Previously, in a convergent approach, we have synthe-
sized ferrocene conjugate 7g from dipeptide 6g by click re-
action with ferrocenyl methyl azide 2. Alternatively, we
wished to test whether the free amino acid can be tagged on
to ferrocene and then grow the peptide chain in a divergent
fashion. Accordingly, Poc-protected alanine 14 was treated
with 2(1.0 equiv.) with CuI as catalyst and DIPEA as base
to generate 14a followed by addition of valine methyl ester
14b in to the same pot under peptide coupling conditions
(NMM, HOBt, EDC·HCl, 5 h) afforded dipeptide conju-
gate 14c in 80% yield (Scheme 7).

Synthesis of Novel Unsymmetrical Ferrocene Conjugates 17
and 18

There are no reports in the literature on the synthesis of
unsymmetrical ferrocene conjugates (with different substit-
uents on each ring). Attempted synthesis of unsymmetrical
diglyco-ferrocene conjugates by Casas-Solvas using a dif-
ferent approach failed.[14f] We anticipated that our ap-
proach via click chemistry can overcome that problem.

In order to achieve this, Poc-protected phenylalanine
methyl ester 16 was treated with azide 3 (5 equiv.) under
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Scheme 5. Synthesis of the tris-labeled conjugate 12a derived from tyrosine.

Scheme 6. Synthesis of tris-labeled conjugate 13a derived from -lysine.

Scheme 7. Synthesis of ferrocene-labeled dipeptide 14c in a divergent manner.

Scheme 8. Monosubstituted ferrocene conjugate of phenylalanine 15 from bis-azide 3.

Sharpless conditions to furnish the monosubstituted deriva-
tive 15 in excellent yield (Scheme 8). When this compound
was subjected to click reaction with Poc-protected trypto-
phan 6b (1 equiv.) we could isolate the unsymmetrically
substituted conjugate 17 in excellent yield (Scheme 9). In
compound 17, both the amino acids were conjugated via
their N-termini which can be considered as two parallel
strands grown on ferrocene having carboxylic groups at the
end.

To synthesize conjugates containing antiparallel strands
on ferrocene, compound 15 was treated with N-benzoyl
propargyl ester 6d (1 equiv.) under click chemistry condi-
tions to yield compound 18 in excellent yield (Scheme 10).
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Finally, we tested whether the reaction of azide 3 with
bis-alkyne 9b derived from phenylalanine could furnish a
chiral macrocycle. Accordingly, when this reaction was per-
formed under normal dilution only traces of ferroceno-
phane 19 was obtained, but under high dilution conditions,
the novel macrocyclic ferrocenophane 19 was obtained in
20% yield (Scheme 11).

Electrochemical Characterization

A representative set of molecules was characterized elec-
trochemically and their structure–redox activity relation-
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Scheme 9. Synthesis of unsymmetrical parallel-stranded ferrocene conjugate 17 from 15.

Scheme 10. Synthesis of unsymmetrical, antiparallel-stranded ferrocene conjugate 18.

Scheme 11. Novel ferrocenophane 19 from bis-azide 3 and bis-alkyne 9b.

ship was studied. Compounds 7b, 8b, 7f, 10c, 12a, 5f and 7g
were studied using cyclic voltammetry. The voltammograms
were recorded for the above-mentioned compounds in
CH3CN (5 mL), with Bu4NPF6 as the supporting electro-
lyte (0.2 ) and an analyte concentration of 1 m.

The working electrode was a gold disc, the counter elec-
trode was a large-area Pt foil, and the reference electrode
was Ag/AgCl/0.1  Bu4NPF6 in acetonitrile. The measure-
ments revealed a one-electron, fully reversible behavior for
the ferrocenyl group for all the compounds. The voltammo-
gram of 8b showed higher redox potential than that of 7b
(Figure 2) due to the presence of substitution on both the
rings. It was expected that the CV of compound 10c, might
show two peaks for the two ferrocene moieties while com-

Figure 2. Cyclic voltammogram of 7b and 8b on a gold electrode
in CH3CN containing Bu4NPF6 at a scan rate of 20 mV/s.
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pound 12a might reveal three peaks due to three ferrocene
moieties present. However, the voltammograms (Figure 3)
revealed only increase in currents going from 7f to 12a cor-
responding to the increased redox concentration but did not
show different peaks. We attribute this to the similar elec-
tronic environment of ferrocene moieties in the molecules
though they are chemically different.

Figure 3. Cyclic voltammogram of 7f, 10c, 12a on a gold electrode
at a scan rate of 20 mV/s.

The final set of molecules tested by us comprises of sim-
ilar dipeptide conjugates 5f and 7g that were synthesized via
complementary strategies. The CV’s (Figure 4) reveal that
ferrocene conjugate 5f has a lower redox potential than 7g
indicating the presence of higher electron density on the
iron in 5f than 7g. The 13C NMR data of these compounds
also confirmed this observation. The ipso-C atom in 5f gave
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a signal at δ = 75 ppm in 13C NMR whereas in 7g it ap-
peared at δ = 81 ppm again confirming the high electron
density on the Cp ring in 5f and in turn on the iron atom.
The formal potentials (E°f) and peak separation values
(Ep

anodic – Ep
cathodic) for the ferrocene conjugates are listed

in Table 4. The ∆E(a–c) (Ep
anodic – Ep

cathodic) is almost the
same for all the compounds (70 mV) indicating a good elec-
trochemical reversibility under the conditions employed.

Figure 4. Cyclic voltammogramms of 5f and 7g on a gold electrode
at a scan rate of 20 mV/s.

Table 4. E°f (midpoint of oxidation and reduction peaks) and the
difference between the anodic and cathodic peak potentials
∆E(a–c) for the compounds listed above.

Conclusions

We have synthesized a number of ferrocenyl-substituted
amino acids and peptides (“conjugates”) employing 1,3-di-
polar cacloaddition with diverse alkynes and azides derived
from amino acids and peptides. Two complementary strate-
gies were employed for their synthesis. Using ferrocene-de-
rived bis-azide 3 conjugates containing substituents in the
both rings were obtained. Novel bimetallic and trimetallic
conjugates were also synthesized in very good yield. In a
novel strategy, unsymmetrically substituted conjugates 17
and 18 were easily accessed. We have also shown the versa-
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tility of our methodology by synthesizing dipeptide 14c in
a divergent manner. Finally, the novel ferrocenophane 19
was synthesized from the bis-azide 3 and bis-alkyne 9b via
bimolecular condensation. A few selected ferrocene conju-
gates were characterized electrochemically.

Experimental Section
General Procedure for the Synthesis of Monovalent Ferrocene Conju-
gates 5a–f, 7a–g, 17, 18: To a well-stirred solution of azide (1 mmol)
and alkyne 1 (1 mmol) in tBuOH/H2O (1:1) (8 mL) CuSO4·5H2O
(0.025 g, 0.1 mmol) was added followed by sodium ascorbate
(0.040 g, 0.2 mmol). The reaction mixture was stirred for respective
time at room temperature. Ethyl acetate (30 mL) was added into the
reaction mixture, washed with brine (15 mL) and filtered through
anhydrous sodium sulfate. After evaporation of ethyl acetate, the
crude product was purified by flash chromatography on silica gel.

Compound 5a: Yellow gum, yield 95% (0.448 g). 1H NMR
(300 MHz, CDCl3): δ = 7.52 (s, 1 H), 7.27–7.19 (m, 3 H), 7.0 (d, J
= 6.8 Hz, 2 H), 6.5 (br. s, 1 H), 5.01 (dd, J1 = 22.4, J2 = 16.4 Hz,
2 H), 4.71 (dd, J1 = 13.6, J2 = 6.8 Hz, 1 H), 4.74 (s, 1 H), 4.71 (s,
1 H), 4.33 (s, 2 H), 4.07 (s, 5 H), 3.71 (s, 3 H), 3.14 (dd, J1 = 14,
J2 = 8 Hz, 1 H), 3.02 (dd, J1 = 14, J2 = 6.8 Hz, 1 H) ppm. 13C
NMR (75 MHz, CDCl3): δ = 171.1, 164.9, 147.6, 135.2, 129.1,
128.7, 127.3, 120.1, 74.7, 69.6, 68.8, 66.7, 66.6, 53.3, 52.7, 52.5, 37.5
ppm. IR (neat): ν̃ = 3642, 3289, 2953, 1744, 1693, 1540, 1219, 736
cm–1. HRMS: m/z: calcd. for C24H24FeN4O3 [M + Na+]: 495.1095;
found 495.1084. [α]D23 = 35.0 (c = 2, CHCl3).

General Procedure for the Synthesis of Disubstituted Ferrocene Con-
jugates 8a–g: To a well-stirred solution of (1,1�-ferrocenediyl)di-
methyl diazide (3) (0.5 mmol) and amino acid derived alkyne
(1 mmol) in tBuOH/H2O (1:1) (8 mL) CuSO4·5H2O (0.025 g,
0.1 mmol) was added followed by sodium ascorbate (0.040 g,
0.2 mmol). The reaction mixture was stirred for required time at
room temperature. Ethyl acetate (40 mL) was added into the reac-
tion mixture and was washed with brine (15 mL) and filtered
through anhydrous sodium sulfate. After evaporation of ethyl ace-
tate, the crude product was purified by flash chromatography on
silica gel.

Compound 8a: Yellow gum, yield 90% (0.354 g). 1H NMR
(400 MHz, CDCl3): δ = 7.61 (s, 2 H), 5.82 (d, J = 6.8 Hz, 2 H),
5.19 (s, 4 H), 5.18 (s, 4 H), 4.45 (dd, J1 = 12.8, J2 = 7.6 Hz, 2 H),
4.24–4.21 (m, 8 H), 3.72 (s, 6 H), 2.5 (t, J = 7.2 Hz, 4 H), 2.16–
1.89 (m, 10 H) ppm. 13C NMR (100 MHz, CDCl3): δ = 172.3,
155.7, 143, 123.4, 82.3, 69.7, 69.6, 69.5, 58.2, 52.9, 52.4, 49.3, 31.5,
29.8, 15.3 ppm. IR (neat): ν̃ = 3327, 2923, 1721, 1531, 1439, 1201,
1048 cm–1. HRMS: m/z: calcd. for C32H42FeN8O8S2 [M + Na+]:
809.1814; found 809.1801. [α]D23 = 14.0 (c = 2, CHCl3).

General Procedure for the Synthesis of Divalent Conjugates 10b–d
Derived from Amino Acid Derived Bis-Alkynes 9b–d: To a well-
stirred solution of azide 2 (1.05 mmol) and amino acid derived bis-
alkyne (0.5 mmol) in tBuOH/H2O (1:1) (12 mL) CuSO4·5H2O
(0.025 g) was added followed by sodium ascorbate (0.040 mg). The
reaction mixture was stirred for required time. Ethyl acetate
(50 mL) was added into the reaction mixture and was washed with
brine (25 mL) and filtered through anhydrous sodium sulfate. After
evaporation of ethyl acetate, the crude product was purified by
flash chromatography on silica gel.

Compound 10b: Yellow gum, yield 88% (0.338 g). 1H NMR
(400 MHz, CDCl3): δ = 7.46 (s, 1 H), 7.38 (s, 1 H), 7.15 (d, J =
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4 Hz, 2 H), 6.97–6.95 (m, 2 H), 5.27 (s, 2 H), 5.26 (s, 2 H), 5.17 (s,
2 H), 5.11 (s, 2 H), 4.56 (dd, J1 = 13.6, J2 = 6 Hz, 1 H), 4.28–4.16
(m, 18 H), 3.02–2.96 (m, 2 H) ppm. 13C NMR (100 MHz, CDCl3):
δ = 171.1, 155.3, 142.9, 141.8, 135.3, 129.1, 128.4, 126.9, 123.2,
122.9, 80.7, 80.4, 69.1, 69.0, 68.9, 68.8 (2 C), 58.4, 58.3, 54.7, 50.0,
49.9, 37.8 ppm. IR (neat): ν̃ = 3420, 2926, 2248, 1722, 1515, 1049,
732 cm–1. HRMS: m/z: calcd. for C38H37Fe2N7O4[M + Na+]:
790.1504; found 790.1565. [α]D23 = 4 (c = 1.0, CHCl3).

General Procedure for the Synthesis of Trivalent Ferrocene Conju-
gates 12a, 13a: To a well-stirred solution of amino acid derived tris-
alkyne 12 (1 mmol) and ferrocenylmethyl azide 2 (0.795 g,
3.3 mmol) in tBuOH/H2O (1:1) (14 mL) CuSO4·5H2O (0.063 g,
0.25 mmol) was added followed by sodium ascorbate (0.099 g,
0.5 mmol). The reaction mixture was stirred for 24 h. Ethyl acetate
(50 mL) was added into the reaction mixture and was washed with
brine (25 mL) and filtered through anhydrous sodium sulfate. After
evaporation of ethyl acetate, the crude product was purified by
flash chromatography on silica gel.

Compound 12a: Yellow gum, yield 85% (1.001 g). 1H NMR
(400 MHz, CDCl3): δ = 7.59 (s, 1 H), 7.47 (s, 1 H), 7.39 (s, 1 H),
6.96 (d, J = 8.8 Hz, 2 H), 6.92 (d, J = 8.4 Hz, 2 H), 5.32 (s, 2 H),
5.29 (s, 2 H), 5.26 (s, 4 H), 5.17–5.11 (m, 4 H), 4.55 (dd, J1 = 13.5,
J2 = 5.7 Hz, 1 H), 4.28–4.16 (m, 27 H), 3.02–2.98 (m, 2 H) ppm.
13C NMR (100 MHz, CDCl3): δ = 170.9, 155.3, 153.4, 149.9, 142.8,
141.7, 141.4, 133.4, 130.3, 123.4 (2 C), 122.9, 120.9, 80.7, 80.5, 80.4,
69.1 (2 C), 69.0, 68.9 (2 C), 68.8 (2 C), 61.5, 58.5, 58.3, 54.6, 50.1,
50.0, 49.9, 37.2 ppm. IR (neat): ν̃ = 3343, 2935, 1734, 1515, 1246,
1048, 824, 731 cm–1. HRMS: m/z: calcd. for C53H51Fe3N10O7[M +
Na+]: 1129.1810; found 1129.1868. [α]D23 = –2.0 (c = 2, CHCl3).

Electrochemical Measurements: Cyclic voltammetric experiments
were carried out using EG&G 273A (PAR USA) electrochemical
system. De-aerated CH3CN containing 0.2  Bu4NPF6 was used
as the electrolyte. The concentration of analytes was kept at 1 m.
The working electrode was gold disc, the counter electrode was a
large area Pt foil, and the reference electrode was Ag/AgCl/0.1 

Bu4NPF6 in acetonitrile. The working electrode was carefully pol-
ished with basic Al2O3/water slurry, washed with methanol and
sonicated in H2O/MeOH-CH3CN (1:1):1 mixture for 15 min. The
working electrode was subsequently dipped into hot “piranha”
solution for a few seconds, washed well with doubly distilled water,
followed by electrochemical cycling in 0.5  H2SO4 between 0.2 V
and 1.5 V vs. SCE until reproducible voltammogramms were ob-
tained. The analytes were subsequently introduced and the voltam-
mogramms were recorded at 20 mV/s scan rate. The reference elec-
trode is calibrated against ferrocene/ferrocenium redox couple (Fc/
Fc+) in the same supporting electrolyte. The formal potential of
ferrocene/ferrocenium redox couple is 0.412 V (vs. Ag/AgCl/0.1 

Bu4NPF6) in the solvent used for present studies (acetonitrile). Ac-
cordingly all the potential values in the voltammograms are given
with respect to ferrocene/ferrocenium couple.

Supporting Information (see also the footnote on the first page of
this article): Spectroscopic and analytical data of all the new com-
pounds.

Acknowledgments

V. S. S. thanks the Council of Scientific and Industrial Research,
New Delhi for a senior research fellowship and S. C. N. thanks the
Department of Science and Technology, New Delhi for the JC Bose
National Fellowship.

www.eurjoc.org © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2009, 2120–21292128

[1] a) D. R. Van Staveren, N. Metzler-Nolte, Chem. Rev. 2004, 104,
5931–5985 and references therein; b) N. Metzler-Nolte, Angew.
Chem. Int. Ed. 2001, 40, 1040–1044.

[2] a) D. H. Farkas, Clin. Chem. 2001, 47, 1872–1872; b) T. S. Zat-
sepin, S. Y. Andreev, T. Hianik, T. S. Oretskaya, Russ. Chem.
Rev. 2003, 72, 537–554; c) J. Wang, Electroanalysis 2001, 13,
983–988.

[3] a) M. Cais, E. Slovin, L. Snarsky, J. Organomet. Chem. 1978,
160, 223–230; b) M. Cais, S. Dani, Y. Eden, O. Gandolfi, M.
Horn, E. E. Isaacs, Y. Josephy, Y. Saar, E. Slovin, L. Snarsky,
Nature 1977, 270, 535–536; c) N. J. Forrow, N. C. Foulds, J. E.
Frew, J. T. Law, Bioconjugate Chem. 2004, 15, 137–144.

[4] a) M. Salmain, A. Vessieres, P. Brossier, I. S. Butler, G. Jaouen,
J. Immunol. Methods 1992, 148, 65–75; b) A. Vessieres, M. Sal-
main, P. Brossier, G. Jaouen, J. Pharm. Biomed. Anal. 1999, 21,
625–633.

[5] a) G. Guillena, G. Rodriguez, M. Albrecht, G. Van Koten,
Chem. Eur. J. 2002, 8, 5368–5376; b) G. Guillena, K. M.
Halkes, G. Rodriguez, G. D. Batema, G. Van Koten, J. P. Kam-
erling, Org. Lett. 2003, 5, 2021–2022; c) M. Albrecht, G. Vank-
oten, Angew. Chem. Int. Ed. 2001, 40, 3750–3781.

[6] a) M. M. Galka, H. B. Kraatz, ChemPhysChem 2002, 3, 356–
359; b) K. Plumb, H. B. Kraatz, Bioconjugate Chem. 2003, 14,
601–606; c) I. Bediako-Amoa, T. C. Sutherland, C. Z. Li, R.
Silrova, H. B. Kraatz, J. Phys. Chem. B 2004, 108, 704–714.

[7] a) E. Cuignet, C. Sergheraert, A. Tartar, M. J. Dautrevaux, J.
Organomet. Chem. 1980, 195, 325–329; b) R. Epton, G. Marr,
G. A. Willmore, D. Hudson, P. H. Snell, C. R. Snell, Int. J.
Biol. Macromol. 1981, 3, 395–396; c) E. Cuignet, M. Dautre-
vaux, C. Sergheraert, A. Tartar, B. Attali, J. Cros, Eur. J. Med.
Chem. 1982, 17, 203–206.

[8] a) J. C. Brunet, E. Cuignet, M. Dautrevaux, A. Demarly, H.
Gras, P. Marcinal, C. Sergheraert, A. Tartar, J. C. Vanvoorde,
M. Vanpoucke, in: Peptides 1980. Proceedings of the Sixteenth
European Peptide Symposium (Ed.: K. Brunfeldt), Scriptor,
Copenhagen, 1981, 603–607; b) R. Couture, J. N. Drouin, O.
Leukart, D. Regoli, Can. J. Physiol. Pharmacol. 1979, 57, 1437–
1442; c) R. Couture, A. Fournier, J. Magnan, S. St-Pierre, D.
Regoli, Can. J. Physiol. Pharmacol. 1979, 57, 1427–1436.

[9] a) P. Maes, A. Ricouart, E. Escher, A. Tartar, C. Sergheraert,
Collect. Czech. Chem. Commun. 1988, 53, 2914–2919; b) A.
Tartar, A. Demarly, C. Serghgeraert, E. Escher, in: Proceedings
of the 8th American Symposium (Eds.: V. J. Hruby, D. H. Rich),
Pierce Chemical, Rockford, IL, 1983, 377.

[10] a) O. Brosch, T. Weyhermuller, N. Metzler-Nolte, Inorg. Chem.
1999, 38, 5308–5313; b) O. Brosch, T. Weyhermuller, N.
Metzler-Nolte, Eur. J. Inorg. Chem. 2000, 323–330; c) U.
Hoffmans, N. Metzler-Nolte, Bioconjugate Chem. 2006, 17,
204–213; d) S. D. Köster, J. Dittrich, G. Gasser, N. Huesken,
I. C. H. Castenada, J. L. Jios, C. O. D. Vedova, N. Metzler-
Nolte, Organometallics 2008, 27, 6326–6332.

[11] a) P. Saweczko, G. D. Enright, H. B. Kraatz, Inorg. Chem. 2001,
40, 4409–4419; b) J. F. Gallagher, P. T. M. Kenny, M. J. Sheehy,
Inorg. Chem. Commun. 1999, 2, 327–330; c) S. Chowdhury, G.
Schatte, H. B. Kraatz, Dalton Trans. 2004, 1726–1730; d) R. S.
Herrick, R. M. Jarret, T. P. Curran, D. R. Dragoli, M. B. Flah-
erty, S. E. Lindyberg, R. A. Slate, L. C. Thornton, Tetrahedron
Lett. 1996, 37, 5289–5292; e) D. R. Van Staveren, T. Weyher-
muller, N. Metzler-Nolte, Dalton Trans. 2003, 210–220; f) A.
Hess, J. Sehnert, T. Weyhermuller, N. Metzler-Nolte, Inorg.
Chem. 2000, 39, 5437–5443; g) K. L. Malisza, S. Top, J. Vaiss-
erman, B. Caro, M. C. Senechal-Tocquer, D. Senechal, J. Y.
Saillard, S. Triki, S. Kahlal, J. F. Britten, M. J. McGlinchey, G.
Jaouen, Organometallics 1995, 14, 5273–5280.

[12] a) A. Hess, O. Brosch, T. Weyhermuller, N. Metzler-Nolte, J.
Organomet. Chem. 1999, 589, 75–84; b) A. D. Ryabov, V. N.
Goral, L. Gorton, E. Csoregi, Chem. Eur. J. 1999, 5, 961–967.

[13] a) K. Di Gleria, H. A. O. Hill, L. L. Wong, FEBS Lett. 1996,
390, 142; b) Y. Katayama, S. Sakakihara, M. Maeda, Anal. Sci.



Ferrocenyl-Substituted Amino Acid or Peptide Conjugates

2001, 17, 17–19; c) K. K. W. Lo, J. S. Y. Lau, D. C. M. Ng, N.
Zhu, J. Chem. Soc., Dalton Trans. 2002, 1753–1756.

[14] a) Q. Wang, T. R. Chan, R. Hilgraf, V. V. Fokin, K. B.
Sharpless, M. G. Finn, J. Am. Chem. Soc. 2003, 125, 3192–
3193; b) A. J. Link, D. A. Tirrell, J. Am. Chem. Soc. 2003, 125,
11164–11165; c) A. E. Speers, B. F. Cravatt, Chem. Biol. 2004,
11, 535–546; d) A. E. Speers, G. C. Adam, B. F. Cravatt, J. Am.
Chem. Soc. 2003, 125, 4686–4687; e) L. V. Lee, M. L. Mitchell,
S. J. Huang, V. V. Fokin, K. B. Sharpless, C. H. Wong, J. Am.
Chem. Soc. 2003, 125, 9588–9589; f) J. M. Casas-Solvas, A.
Vargas-Berenguel, L. F. Capitan-Vallvey, F. Santoyo-Gonzalez,
Org. Lett. 2004, 6, 3687–3690; g) B. H. M. Kuijpers, S.

Eur. J. Org. Chem. 2009, 2120–2129 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 2129

Groothuys, A. R. Keereweer, P. J. L. M. Quaedflieg, R. H.
Blaauw, F. L. Van Delft, F. P. J. T. Rutjes, Org. Lett. 2004, 6,
3123–3126.

[15] a) V. Aucagne, D. A. Leigh, Org. Lett. 2006, 8, 4505–4507; b)
X. Fu, S. Jiang, C. Li, J. Xin, Y. Yang, R. Ji, Bioorg. Med.
Chem. Lett. 2007, 17, 465–470; c) S. Sinha, P. Ilankumaran, S.
Chandrasekaran, Tetrahedron Lett. 1999, 40, 771–774; d) J. H.
Cho, B. M. Kim, Tetrahedron Lett. 2002, 43, 1273–1276; e)
A. L. Castelhano, S. Horne, G. J. Taylor, R. Billedeau, A.
Krantz, Tetrahedron 1988, 44, 5451–5466.

Received: December 19, 2008
Published Online: March 19, 2009


