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1. Introduction

In 1951, a new compound containing iron and
two cyclopentadienide ligands was reported.}? Al-
though even the first reports noted its high and
unexpected stability, the correct structure was only
soon afterward suggested independently by Wilkin-
son® and Fischer.* Owing to the resemblance of its
reactivity to that of benzene, the name ferrocene (1)
was coined for the new compound by Woodward.? The
term “sandwich compound” for this compound is
today universally accepted for a much wider class of
compounds. The discovery of ferrocene and elucida-
tion of its remarkable structure is arguably the
starting point for modern organometallic chemistry.
In recent years, bioorganometallic chemistry has
developed as a rapidly growing and maturing
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area which links classical organometallic chemis-
try to biology, medicine, and molecular biotechnol-

ogy.b~

The stability of the ferrocenyl group in aqueous,
aerobic media, the accessibility of a large variety of
derivatives, and its favorable electrochemical proper-
ties have made ferrocene and its derivatives very
popular molecules for biological applications and for
conjugation with biomolecules. This review covers
bioconjugates of ferrocene with amino acids and
peptides (section 2), proteins (section 3), DNA, RNA,
and PNA (section 4), carbohydrates (section 5), and
hormones and others (section 6). We have mostly
limited our discussion to conjugates in which fer-
rocene is covalently bonded to the biomolecule, and
their application. Applications in which free ferrocene
serves a biological purpose, for example, as an
electron mediator between enzymes and an electrode,
are not considered. Also, we do not discuss the
physiological properties of ferrocene or its derivatives.
Medicinal applications of ferrocene derivatives are
also not covered comprehensively in this review.
Ferrocene itself exhibits interesting properties as
an anti-aenemic or cytotoxic agent.®!® Neuse and
co-workers found greatly enhanced activity of cyto-
toxic metal compounds including ferrocene when
these were bound to polymers as prodrugs.'>'2 Con-
jugates of ferrocene with well-known drugs were
reported, for example, with antibiotics such as
penicillins and cephalosporins.’32% In addition,
structural variations of established drugs with
the ferrocenyl moiety were reported, such as ferro-
cenyl aspirin,?*26 the anti-malarial drugs chloro-
quine (termed ferroquine), quinine, mefloquine, and
artemisinin,?’~3? and the anti-cancer drug tamixofen
to give ferrocifen.40~42

This review covers the literature from 1957, when
Schlogl reported the first ferrocenyl amino acids,*?
through the beginning of 2004. There is no previous
review that we are aware of which covers the topic
of this article in a concise manner. A book by Togni
on ferrocene chemistry does not touch biological
aspects.** Bergs, Severin, and Beck have published
a fairly comprehensive article on bioorganometallic
derivatives of amino acids and peptides.*> Ryabov has
reviewed the interaction of organometallic com-
pounds with enzymes and proteins.*® Very recently,
Salmain and Jaouen published a review on the co-
valent labeling of proteins with organometallic com-
plexes.*” In a series of annual surveys on ferrocene
in the Journal of Organometallic Chemistry,*3=55 one
chapter was usually devoted to biological applications
of this particular organometallic compound. Two
older reviews on the biological chemistry of metal-
locenes have appeared.%-%7 More specialized reviews
cover related aspects of ferrocene chemistry, such as,
for instance, applications of the compound in glucose
biosensors®® and bioelectronics.??7° Very recently, an
excellent Russian review on ferrocene-containing
nucleic acids was published.”™
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2. Conjugates of Ferrocene with Amino Acids
and Peptides

2.1. Unnatural Amino Acids Containing a
Ferrocenyl Side Chain

2.1.1. Ferrocenylalanine and Conjugates Thereof

The first two ferrocene amino acid analogues were
reported by Schlogl as early 1957, only six years after
the initial reports on the synthesis of ferrocene.!2
These analogues constitute (1) DL-ferrocenylalanine
(DL-Fer, 2)437273 and (2) DL-ferrocenylphenylalanine
(3)*3 (Scheme 1). The latter has never been used after

Scheme 1. Molecular Structure of
Ferrocenylalanine (2) and
Ferrocenylphenylalanine (3)
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its initial report, whereas ferrocenylalanine has been
subject of extensive research. A few decades later,
several other reports appeared on the (stereoselec-
tive) synthesis of this amino acid.” "7 Two strategies
have been adapted to obtain ferrocenyl-
alanine in enantiomerically pure form: either via
resolution of the racemic mixture or via stereospecific
synthesis. Resolving the racemic mixture can be
achieved by (1) fractional crystallization of the dia-
stereomeric brucine salt’ or (2) kinetic resolution by
stereoselective deacylation of the acylated racemate
using the enzyme acylase.”” Ferrocenylalanine can
be stereospecifically synthesized with up to 94% ee
via asymmetric hydrogenation of the corresponding
Z-configured dehydro acyl derivatives 4 (Scheme 2),
to give N-acetyl-protected L-2 (5) followed by depro-
tection.” Another elegant method for obtaining enan-
tiomerically pure Boc-protected ferrocenylalanine 6
consists of a Pd(0)-catalyzed cross-coupling between
1-iodoferrocene (7) and the serine-derived organozinc
reagent 8 (Scheme 2).7

A variety of peptides that contain ferrocenylalanine
as an unnatural amino acid have been synthesized.
This group of compounds can be divided into two
classes, depending on their degree of relevance to
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biologically occurring peptides. Biologically irrelevant
peptides that have been prepared constitute cyclo-
(p-ferrocenylalanyl-L-prolyl), cyclo(L-ferrocenylalanyl-
L-prolyl),’”® and polypeptides containing repeating
L-Fer-[Glu(OBzl)l, or L-Fery-[Glu(OBzl)]4 units.”” The
other class comprises modified biogenic peptides in
which ferrocenylalanine has been specifically substi-
tuted for a phenylalanine residue. Compared to Phe,
the cylindrically shaped Fer is much more bulky and
lipophilic. Owing to these differences, results from
binding assays for the modified peptide in comparison
to those for the natural peptide could reveal impor-
tant information about substrate—receptor interac-
tions.

The first biogenic peptide that was modified with
Fer is the pentapeptide [Leu®]-enkephalin, which has
primary structure H-Tyr-Gly-Gly-Phe-Leu-OH (9,
Scheme 3). [Leu®]-Enkephalin was first isolated as a

Scheme 3. Amino Acid Sequence of [Leu®]-Enke-
phalin (9) and [Fer?, Leu®]-Enkephalin (10)

H-Tyr-Gly-Gly-Phe-Leu-OH

[Leu®]-Enkephalin (9)

H-Tyr-Gly-Gly-Fer-Leu-OH
[Fer*, Leu®]-Enkephalin (10)

mixture with its position 5 methionine analogue
([Met5]-enkephalin) by Hughes et al. from pig
brain in 1975.7 The enkephalins are neuropep-
tides with an action similar to that of morphine,
exhibiting high affinity for the opioid receptor. These
pentapeptides were detected in various human tis-
sues, such as the human brain, in human spinal fluid,
and in blood plasma.”™ Three reports on the synthesis
of [Fer?, Leu®]-enkephalin, in which the phenylala-
nine residue in position 4 has been replaced by
ferrocenylalanine (10, Scheme 3), appeared more or
less simultaneously in the literature.®9-82 The com-
pounds were synthesized on a solid support, by
employing classical Merrifield solid phase peptide
synthesis techniques. Diastereomerically pure [D-Fer?]-
and [L-Fer]-enkephalins were obtained either by
HPLC purification of the racemic [DL-Fer?, Leu®]-
enkephalin mixture®? or by performing the solid-
phase peptide synthesis with enantiomerically pure
L-Fer and D-Fer.®! Either diastereomer displays a
much reduced affinity for the enkephalin receptor

Scheme 2. Two Methods for Obtaining Enantiomerically Pure Ferrocenylalanine (2)
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compared to [Leu®]-enkephalin,382 although both are
significantly more potent than many other posititon
4 analogues.’? Interestingly, the [D-Fer?]-diastereo-
mer was significantly more potent than the L-ana-
logue.5082

Substance P (SP, 11) is an undecapeptide, belong-
ing to the class of tachykinins, with two consecutive
Phe residues in positions 7 and 8 (Scheme 4). The

Scheme 4. Primary Structure for Substance P (SP,
11) and Ferrocenylalanine Derivatives 12—14
Thereof

H-Arg-Pro-Lys-Pro-GIn-Gin-X-Y-Gly-Leu-Met-NH,

X=Phe, Y=Phe : SP (11)
X=Fer, Y=Phe : [Fer’]-SP (12)
X=Phe, Y=Fer : [Fer®]-SP (13)

X=Fer, Y=Ille : [Fer’, lle’-SP (14)
peptide was first discovered by von Euler and Gad-
dum in 1931,% but it took another four decades before
its amino acid sequence was determined by Chang
et al.#-8 SP is involved in several important physio-
logical processes, such as contraction of the smooth
muscles, pain transmission, and activation of the
immune system.®” Tartar and co-workers synthesized
the following three Fer-modified SP-derivatives: [DL-
Fer]-SP (12), [DL-Fer®]-SP (13), and [DL-Fer’, Ilef]-
SP (14).88 As discussed above for enkephalin, one or
both Phe residues were replaced by Fer. Racemic Fer
was used for the syntheses, resulting in diastereo-
meric mixtures, which could not be resolved by
preparative HPLC. Results from binding assays show
a decreased activity of the ferrocenylalanine substi-
tuted peptides compared to native SP in the following
oder: [DL-Fer®]-SP (2 x 1072 with respect to SP) >
[DL-Fer”]-SP (3 x 1073 relative to SP) > [DL-Fer’, Ilef]-
SP (6 x 107* compared to SP).%8

The same group also prepared ferrocenylalanine
Bradykinin analogues (Scheme 5).88 The nonapeptide

Scheme 5. Amino Acid Sequence of Bradykinin
(BK, 15) and Ferrocenylalanine Analogues 16
and 17

H-Arg-Pro-Pro-Gly-X-Ser-Pro-Y-Arg-OH

X=Phe, Y=Phe : BK (15)
X=Fer, Y=Phe : [Fer’]-BK (16)
X=Phe, Y=Fer : [Fer]|-BK (17)

Bradykinin (BK, 15) is a tissue hormone involved in
the blood clotting process. When the hormone is
released from the precursor kininogen, it effects a
lowering of the blood pressure via dilation of the
blood vessels.?%% Either of the position 5 or 8 Phe
residues has been substituted by DL-Fer, resulting in
conjugates 16 and 17 shown in Scheme 5. Although
separation of the diastereomers was accomplished by
HPLC, it was not possible to assign their absolute
configuration. Binding studies revealed a significant
decrease of activity upon substitution of Phe by Fer.
The two diastereomers of [Fer®]-BK (16) and [Fer®]-
BK (17) showed activities relative to native BK of 7
x 1072 and 3.5 x 1072, and 1.8 x 1072 and 1.7 x 1072
respectively. These results show the same trend as
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those obtained by Couture and co-workers, who found
that introduction of the bulky amino acid carbora-
nylalanine in position 8 had a larger impact on the
activity than carboranylalanine substitution of the
position 5 Phe residue.”®? Considering the low
activities of the diastereomeric [Fer]-BK analogues,
it appears that the ferrocenyl moiety poorly interacts
with the receptor.

The family of angiotensin II (AT II) related com-
pounds has attracted the attention of Tartar and co-
workers as well. Angiotensin II, an octapeptide hav-
ing a phenylalanine in position 8, strongly increases
blood pressure in mammals (18, Scheme 6).9% Several

Scheme 6. Primary Structure of Angiotensin II
(AT II, 18) and Derivatives 19 and 20 Thereof (Sar
= N-Methylglycine)

H-Asp-Arg-Val-Tyr-lle-His-Pro-Phe-OH

AT Il (18)
H-Sar-Arg-Val-Tyr-lle-His-Pro-X-OH

X=Phe : [Sar'l-ATIl (19)
X=Fer : [Sar',Fer®-AT Il (20)

angiotensin II derivatives have found medicinal ap-
plications, such as the agonist [Asn!, Val®]-AT II (Hy-
pertensin), which has been used to normalize blood
pressure as quickly as possible after a shock or col-
lapse. The antagonist [Sar!, Val®]-AT II (Saralasin),
on the other hand, has been used for the diagnosis
of AT II-dependent forms of hypertonia. Ferrocenyl-
alanine-modified [Sar!]-angiotensin II {[Sar!, Fer®]-
AT II, (20)} has been prepared, as shown in Scheme
6.94% The synthesis of 20 was performed with DL-
Fer, and the diastereomers were separated by HPLC
for physiological testing only. Either diastereomer
showed approximately 1% activity relative to [Sar!]-
AT II (19) in an assay with rabbit aorta strips.?* The
diastereomeric mixture of 20 showed an activity of
6.1% relative to [Sar']-AT II (19) in a binding assay
to purified bovine adrenocortical membranes.%
Chymotrypsin hydrolysis investigations were per-
formed on the peptides H-Lys-Gly-Phe-GIn-Gly-OH
(21) and H-Lys-Gly-Fer-GIn-Gly-OH (22).88 Chymo-
trypsin belongs, together with trypsin and elastase,
to the class of serine proteases and is present in the
human pancreas. The high selectivity of the enzyme
chymotrypsin for the scission of peptidic bonds next
to the aromatic amino acids Phe, Trp, and Tyr can
be rationalized by the X-ray crystal structure of
bovine chymotrypsin.?%°7 Upon the action of chymo-
trypsin, the Phe-containing pentapeptide 21 was
hydrolyzed (K, = 3.85 mM), whereas the Fer-
congener 22 was not hydrolyzed at all. Interestingly,
the analogue 23 containing the unnatural amino acid
cymantrenylalanine (cymantrene = Mn(Cp)(CO)s)
was hydrolyzed, albeit with lower affinity than the
Phe derivative (K, = 37 mM, but unchanged Vy,.x).58
The amino acid ferrocenylalanine (Fer, 2) alone
also has been subjected to biological tests. In a
bacterial growth assay with the phenylalanine re-
quiring bacterium Leuconostoc mesenteroides, DL-Fer
was tested for its ability to (1) support bacterial
growth in the absence of Phe and (2) inhibit bacterial
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Scheme 7. Molecular Structure of
1,1'-Ferrocenylbisalanine (24)

H,N

—CO,H

Fe
-
CO,H
HsN
24

Scheme 8. Synthesis of an Optically Pure
1,1'-Ferrocenylbisalanine Derivative 27 Containing
a Free Amino and a Free Carboxylic Acid Moiety

MeO,C MeO,C
NHCBz NH,
Fe H,, Pd / C (5%), MeOH Fo
»=—CO,Bn =CO,H
BocHN BocHN
26 27

growth in the presence of Phe. DL-Fer did not support
growth of L. mesenteroides in the absence of Phe, nor
was it able to inhibit the growth of this bacterium in
the presence of Phe.?®% Furthermore, DL-Fer was
tested for toxicity against Chinese hamster ovarian
(CHO) cells.” Only at relatively high concentrations
of 0.45 mM or higher, was DL-Fer toxic against CHO
cells. DL-Fer was also tested for its function to serve
as a substrate or inhibitor of phenylalanine hydroxyl-
ase and aromatic L-amino acid decarboxylase. For
phenylalanine hydroxylase, DL-Fer was a noncom-
petitive inhibitor (K; = 0.89 mM) with respect to
L-Phe and a mixed inhibitor with respect to the
cofactor (DMPH,).98% pr-Fer was found to be a
competitive inhibitor (K; = 7.2 mM) of aromatic
L-amino acid decarboxylase with respect to phenyl-
alanine.

2.1.2. 1,1'-Ferrocenylbisalanine and Its Conjugates

In addition to ferrocenylalanine, also the difunc-
tionalized derivative 1,1'-ferrocenylbisalanine (24,
Scheme 7) has been reported.’*19071% The methods
for obtaining 24 in optically pure form are identical
to those for ferrocenylalanine: (1) Pd(0)-catalyzed
cross-coupling of 1,1'-diiodoferrocene (25) with the
serine-derived organozinc reagent 8 shown in Scheme
27 and (2) asymmetric hydrogenation of suitable bis-
didehydro amino acid derivatives.1®1710¢ With the
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latter method, an enantiomeric excess higher than
99% could be achieved.!%%10¢ Via a sophisticated
synthetic route, Frejd and co-workers synthesized an
enantiomerically pure 1,1'-ferrocenylbisalanine de-
rivative 26 that contains orthogonal protecting groups
(Scheme 8).102-104,106

Optically pure 26 was conveniently transformed by
hydrogenation into S,S-27, having a free amino group
and a free carboxylic acid moiety (Scheme 8). When
27 was reacted with the peptide coupling reagent
PyAOP, a mixture of the 1,1'-ferrocenophane lactam
28 and two macrocyclic peptides (dimer 29 and trimer
30) was obtained (Scheme 9).1% The exact ratio
between these compounds depends strongly on the
reaction conditions.

Frejd and co-workers used lactam 28 as a struc-
tural H-Phe-Phe-OH mimetic and incorporated it into
a peptide.’®® This resulted in a conjugate 31, which
was expected to function as a structural mimic of
substance P (Scheme 10). However, CD spectroscopic

Scheme 10. Structural Mimic of Substance P, with
the 1,1'-Ferrocenophane Serving as a Substitute
for the Dipeptide Phe-Phe
(0]
NH O

H-Arg-Pro-Lys-Pro-GIn-GIn~I[:li Gly-Leu-Met-NH,

31 Fe

studies indicated that the constraints imposed by the
1,1'-ferrocenophane prohibited the peptide to adopt
the characteristic a-helical secondary structure found
for native SP in a biomimetic SDS (sodium n-dodecyl
sulfate) micellar environment. According to the au-
thors, the results from biological activity tests of this
SP mimic will be published in due course.'%® The
outcome of these tests will be interesting, especially
in comparison to the activities determined for the
Fer-SP analogues described above.88

In another interesting paper, Frejd and co-workers
prepared a [Leu®]-enkephalin mimetic in which the
H-Tyr-Gly-Gly-Phe subunit has been replaced by a
Gly-Gly looped 1,1'-ferrocenylbisalanine residue (32,
Scheme 11).1% The ferrocene rings of this constrained
compound constitute a substitute for the aromatic
phenol (Tyr) and phenyl (Phe) rings. NMR spectro-
scopic studies revealed this conjugate to possess a
hydrogen bond between the Fer CO group and the

Scheme 9. Lactamization of 27 to Yield Macrocycles 28—30
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Scheme 11. Structural Mimic of [Leu®]-Enkephalin
(9) with the 1,1'-Ferrocenophane

aly(2) o
aly(3)

0 Hyo Fe(4) for Phe

gf "

NH moiety of the other Fer ring. This conformation
represents a model for native [Leu®]-enkephalin in
the single-bend conformation, which is stabilized by
a 5-turn.1°719 Unfortunately, binding studies of this
compound to the opioid receptor have as yet not been
reported.

Fe(1) for Tyr

2.1.3. Other Ferrocenyl-Based Amino Acids

At this stage, it should be noted that several other
ferrocenylalanine analogues have been reported.
These include 1,2-ferrocenylbisalanine 33,1 which
was readily obtained as the bis(N-formyl) derivative
but decomposed upon deprotection (Scheme 12). The
p-amino acids ferrocenyl-$-alanine (34) and 1,1'-
ferrocenylbis-f3-alanine (35) could be synthesized in
enantiomerically pure form (Scheme 12).1%° No at-
tempts were made to hydrolyze the methyl esters and
obtain the free amino acids. Furthermore, some
derivatives have been synthesized which formally
have an amino acid type structure: 1,1'-ferrocenyl-
bisglycine,'? ferrocenylenebisvaline,''! and a 1,1'-
functionalized ferrocene with N,N-dibenzylalanine-
like moieties.!!?

The synthesis of the simplest ferrocene-containing
amino acid 1'-aminoferrocene-1-carboxylic acid (36a,
Fca, R = R’ = H, Scheme 12) has been reported. A
first preparation by lithiation of 1'-amino-1-bromo-
ferrocene, followed by quenching with solid carbon
dioxide, did not yield pure 36a.1'3 At about the same
time, a synthesis which yielded 36a in rather low
yield was published,* along with a careful structural
comparison of derivatives of 36a in the solid state
and in solution. The synthesis was recently improved
by Heinze and Schlenker.'® Rapi¢ and co-workers
were able to obtain this very interesting compound
starting from ferrocene-1,1'-dicarboxylic acid along
with several protected derivatives.!'® Several pro-
tected derivatives of 36 were also prepared (Scheme
12). The X-ray single-crystal structures of the N-
acetyl methyl ester 36b (R = Me, R' = Ac, Ac-Fca-
OMe)''7 and the N-Boc-protected 36¢c (R = H, R' =
Boc, Boc-Fca-OH) were published.!® Starting from

Scheme 12. Ferrocene-Based Amino Acids
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36b, a number of amino acid and peptide derivatives
were prepared in which 36 serves as one amino acid.
These peptides show interesting intramolecular hy-
drogen bonds. In collaboration with Rapié’s group, we
have published the first oligopeptide derivative of
36.119 Figure 1 shows an ORTEP plot of the com-

Figure 1. Solid-state structure of the tetrapeptide Boc-
Ala-Fca-Ala-Ala-OMe 37 containing the unnatural 1'-
aminoferrocene-1-carboxylic acid (Fca).11®

pound Boc-Ala-Fca-Ala-Ala-OMe (37), which is for-
mally a tetrapeptide. Peptide 37 was prepared in
solution by modified peptide coupling reactions and
purified by thin-layer chromatography. The config-
uration of the peptide strands is stabilized by two
intramolecular hydrogen bonds, which enforce a
P-helical conformation at the metallocene. As shown
by CD spectroscopy, this conformation is preserved
in solution and very stable indeed. In contrast to the
compounds discussed in section 2.2.2 below, peptides
such as 37 extending from the C- and N-termini of
36 form antiparallel sheets. As such, 36a is not just
an organometallic amino acid but also the first “real”
organometallic turn mimetic.

Other organometallic amino acids such as 38a and
39a (R = R’ = H in both cases) were reported by the
same group.'?® Both compounds were prepared in
several steps and could be comprehensively charac-
terized. The X-ray single-crystal structures of 38b (R
= Me, R’ = Ac) and 39d (R = Me, R' = Boc) were
reported, along with the preparation of several other
derivatives with varying protecting groups. These
compounds should prove to be flexible building blocks
for peptides with a ferrocenyl unit incorporated into
the peptide chain.

CO,R
NH,
NHCHO @1 S, ScoRr @—(CHz)m CO.R
Fe COR COMe g 2 Fe
&> NHcHO (cb) ©\<_ @—NHR' @—(CH% NHR'
CO,Me
33 (R=Et H) 34 35 36 38(m=0,n=3)
39(m=3,n=0)

R =H, Me; R'=H, Ac, Boc, Z
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2.2. Amide Formation with Ferrocenecarboxylic
Acid Derivatives

The most extensively explored way to couple the
ferrocene moiety to amino acids and peptides is via
amide formation between ferrocenecarboxylic acid
(40) and the terminal amino group. The first amino
acid and dipeptide derivatives of this kind, Fc-CO-
Gly-OMe, Fe-CO-Gly-OH, and Fe-CO-Gly-Leu-OEt,
were reported by Schlogl as early as 1957.43 To make
coupling of a carboxylic acid with an amino group
possible under mild conditions at room temperature,
the acid needs to be activated. There are three
strategies to activate this carboxylic acid (Scheme
13): (1) transformation into the acid chloride 41 with

Scheme 13. Synthetic Possibilities to Obtain
Ferrocene Carboxylic Amide Derivatives of Amino
Acids and Peptides
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oxaloyl chloride or thionyl chloride,*312! (2) transfor-
mation of the acid 40 into the succinimid 42 or
benzotriazole ester 43, with the use of DCC or EDC
in conjunction with N-hydroxysuccinimid (HOSu) or
1-hydroxybenzotriazole (HOBt),?2 or (3) activation of
the acid in situ by HBTU or TBTU.? From a
practical point of view, the third method is preferred
because of the following reasons: (1) it is a one-pot
procedure, with the activation occurring in situ after
mixing the carboxylic acid and amine components
with TBTU or HBTU in the presence of a base like
NEts; (2) the coupling requires short reaction times
of <45 min; (3) it is not necessary to use dry solvents;
commercial grade solvents, preferably DMF or MeCN,
can be employed; and (4) the side-products originat-
ing from the coupling reagents can be readily re-
moved by an appropriate extractive workup, yielding
products of good purity without further purifica-
tion.!2312¢ Beck and co-workers reported another
interesting method to transform ferrocenoylamino
acids into the corresponding dipeptide derivatives via
oxazolone formation with the use of a carbodiimide.!??

2.2.1. Amides from Ferrocenecarboxylic Acid

Up to now, a large amount of monosubstituted
ferrocenoylamino acid and peptide conjugates of
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defined molecular structure are known; an overview
is given in Table 1. Several of these derivatives have
been structurally characterized by X-ray crystal-
lography (see Table 1). In the solid state, hydrogen
bond interactions are a dominant feature, and zig-
zag,26.127 gheetlike,'?® and helical packing arrange-
ments!2%123 have been observed. In solution, most of
these derivatives do not appear to have an ordered
structure. Exceptions, however, are Fc-CO-Pro-Pro-
Phe-OH and Fc-CO-(Pro),-OBn with x = 2—4, com-
pounds reported by Kraatz and co-workers.'?® The
former, an ORTEP plot of which is depicted in Figure
2, reveals a structural motif characteristic for a

Figure 2. ORTEP plot of the Fe-CO—Pro-Pro-Phe-OH.
Reprinted (with modifications) with permission from ref
129. Copyright 1999 Elsevier.

p-turn in proteins. The two Pro residues are con-
nected in a cis-fashion, and a strong hydrogen bond
is present between the proton on the Phe amide
nitrogen atom N3 and the ferrocenyl O atom (N---O
contact = 2.853 A). NMR spectroscopic investigations
confirm that the observed solid-state conformation
is maintained in MeCN-d3 solution.!2?

The X-ray crystal structure of Fe-CO-(Pro),-OBn
is shown in Figure 3.12° The amide bonds between

Figure 3. ORTEP plot of Fc-CO(-Pro)s~-OBn. Reprinted
(with modifications) with permission from ref 129. Copy-
right 1999 Elsevier.

the Pro residues are trans-configured, and the com-
pound has a left-handed helical conformation char-
acteristic of polyproline II.13%131 X_ray crystal struc-
tures of the related compounds Fe-CO-(Pro)s-OBn
and Fc-CO-(Pro),-OBn also show a left-handed helical
orientation, with trans-configured proline linkages.?°
NMR spectroscopic investigations revealed that the
solid-state conformation of these proline compounds
is maintained in CDCl; and MeCN-d3; no cross-peaks
indicative of cis-proline linkages were observed in the
NOESY NMR spectra.
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Table 1. Overview of the Reported Ferrocenoylamino Acid and Peptide Derivatives

compound ref compound ref
Ferrocenoylamino Acid Derivatives
Fc-CO-Gly-OMe 144¢ Fc-CO-Ala-OMe 125
Fc-CO-Gly-OEt 43,122,125 Fc-CO-Ala-OEt 125
Fc-CO-Gly-OBn 145 Fc-CO-Ala-OBn 122¢
Fc-CO-Gly-OH 43,125 Fc-CO-Ala-OH 125
Fc-CO-Gly-OSu 1460¢ Fc-CO-Asp-OH 136¢
Fc-CO-Cys(SBn)-OMe 122¢ Fc-CO-Asp(OBn)-OBn 136
Fe-CO-Met-OEt 147 Fe-CO-Pro-OH 148, 129
Fc-CO-Pro-OBn 122 Fc-CO-Pro-OMe 121
Fc-CO-Phe-OMe 125, 121, 123, 149¢ Fc-CO-Phe-OH 125, 148
Fc-CO-Phe-OtBu 146 Fc-CO-Phe-OBn 122
Fc-CO-Tyr-OBn 122 Fc-CO-Val-OMe 121, 150¢
Fc-CO-pL-Leu-OH? 148 Fc-CO-pL-Val-OH 148
Fe-CO-Lys(N.-CO-Fe)OH? 148 Fc-CO-Glu(OBn)-OBn 122¢
Fe-CO-His-OMe 151 Fc-CO-His(N.-CO-Fc¢)-OMe 151
[Fe-CO-Gly-NHCH,S], 133 [Fc-CO-Pro-NHC.H4S]o 132
[Fe-CO-Ala-NHC,H,S]» 152¢
Ferrocenoyl Dipeptide Derivatives
Fc-CO-Gly-Gly-OEt 125, 134, 128 Fc-CO-Gly-Gly-OMe 149¢
Fc-CO-Gly-Ala-OMe 125 Fc-CO-Gly-Pro-OEt 153
Fc-CO-Ala-Ala-OBn 134, 128 Fc-CO-Ala-Ala-OMe 125
Fe-CO-Ala-Pro-OEt 126,* 127, 154 Fe-CO-Ala-Phe-OEt 149¢
Fc-CO-Ala-Phe-OMe 123 Fc-CO-Asp(OBn)-Asp(OBn)-OBn 136
Fc-CO-Asp(OBn)-Glu(OEt)-OEt 136 Fc-CO-Asp(OBn)-Cys(SBn)-OMe 136
Fc-CO-Leu-Phe-OMe 134, 128 Fc-CO-Pro-Gly-OEt 153
Fc-CO-Pro-Pro-OBn 129 Fc-CO-Gly-Leu-OEt 43
Fc-CO-Ala-Pro-NHPy®¢/ 155 Fc-CO-Phe-Phe-OMe 128, 149¢
Fc-CO-Phe-Leu-OBn 149¢ Fc-CO-Phe-Ser-OEt 149¢
Fc-CO-Val-Phe-OMe 128 Fc-CO-Val-Val-OMe 128
Fc-CO-Leu-Leu-OEt 149¢ Fc-CO-Leu-Leu-OMe 128
[Fc-CO-Pro-Pro-NHC.H4S]o 132
Ferrocenoyl Tri-, Tetra-, and Oligopeptide Derivatives
Fc-CO-Pro-Pro-Pro-OBn 129 Fc-CO-Pro-Pro-Phe-OH 129
Fc-CO-Gly-Phe-Leu-OH¢ 148 Fc-CO-Pro-Pro-Pro-OBn 129
Fc-CO-Gly-Gly-Tyr(OBn)-Arg(NOz)-OMe 156 Fc-CO-Gly-Gly-Tyr(OBn)-Arg(NOy)-OH 156
Fc-CO-Gly-Gly-Tyr-Arg-OH 156 Fc-CO-(substance P) 1408
Fc-CO-Pro-Gln-Phe-Phe-Gly-Leu-Met-NHs* 148" [Fc-CO-(Pro),-NHC.H,S]» 132¢
Fe-CO-(Gly)»-NHC,H4SH 157 [Fc-CO-(Pro-Pro-Gly),-NHC,H,4S]» 152¢/

@ X-ray crystal structure presented in this reference. ® OSu = succinimidyl. ¢ Not well characterized. ¢ Racemic mixture used.
¢ NHPy = amide of 2-aminopyridine. / Also the complexation of PdCl; to the pyridine nitrogen atoms has been reported in this
paper. £ Substance P is an undecapeptide (see Schemes 4 and 15). # This is the 4—11 amino acid fragment of substance P. i x =

3-6.7y =1-3.

Galka and Kraatz also reported a series of disul-
fide-bridged prolyl cystamine ferrocenoyl compounds
of the general formula Fe(CsH4-CO-(Pro),-NHCoH4S)s,
with n = 0—6.132 Self-assembled monolayers on a gold
electrode were prepared from these compounds, and
the electron-transfer properties between the ferro-
cenoyl moiety and the surface of the gold microelec-
trode were investigated. A through-bond mechanism
of the electron-transfer process is suggested on the
basis of a significant deviation from Marcus-type
behavior, although kgt shows a distance dependence.

Kraatz et al. also prepared the glycyl cystamine
derivative Fe(CsH4-CO-Gly-NHC2H,S),.1%3 This com-
pound crystallizes in a supramolecular helical as-
sembly consisting of two different helices. In two
papers, the same group studied the interaction of
several ferrocenoyldipeptides (Fc-CO-Glys-OEt, Fe-
CO-Alas-OBn, Fc-CO-Phee-OMe, Fe-CO-Leus-OMe,
Fc-CO-Val,-OMe, Fe-CO-Leu-Phe-OMe, and Fe-CO-
Val-Phe-OMe) with 3-aminopyrazole (Apzl), 3-amino-
5-methylpyrazole (3-AMP), and 3-trifluoroacetylamido-
5-methylpyrazole (3-TFAc-AMP).134128 In solution,
these compounds were found to form 1:1 associates
stabilized by three hydrogen bonds, as shown sche-

matically for 45 in Scheme 14. From the results of

Scheme 14. Hydrogen Bond Interaction between
Fc-CO-Alay-OBn and 3-Amino-5-methylpyrazole
(3-AMP) in Solution
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"H NMR titration experiments, the binding constants
between these pyrazole derivatives and the dipep-
tides in CDCl; were determined to range from 8 to
27 M. These values correspond to moderate binding
energies of 5—7 kJ mol ! In solvents of higher
polarity such as MeCN-d3 and acetone-dg, the binding
constants were found to be <5 M1,

Recently, Kraatz presented an overview of his
extensive work on ferrocenoylpeptides.'®> The elec-
trochemical properties of ferrocenoylpeptides were
also discussed in that account. Redox potential
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determinations on ferrocenoylamino acids and fer-
rocenoylpeptides performed by different groups were
compared. However, the outcome and conclusions
should be taken with the appropriate care because
each group references their redox potential in a
different way. Kraatz defines FcH/FcH™ as +450 mV
versus SCE,!22 whereas the Hirao group measures
the redox potential versus Ag/Ag" and determined
the FcH/FcH™ couple in an external measurement to
be +0.51 V.127 This underlines the need for a consis-
tent method to solve this general problem, and we
suggest to use the FcH/FcH" couple as an internal
standard, that is, adding a small amount of ferrocene
at the end of each electrochemical investigation to
determine the exact redox potential under the condi-
tions used.!?® This gives very reliable values relative
to FcH/FcH" which are easily reproducible and
independent of solvent, experimental setup, and
conditions. This procedure is also recommended by
IUPAC.

An interesting result that is certainly reliable is
the observed redox potential shift of the Fc/Fc*
transition toward less positive potentials when the
attached peptide becomes more helical. On going
from Fc-CO-Pro-OH to Fe-CO-Pros-OBn, a decrease
of the redox potential of about 30 mV occurs.2%135 In
another interesting paper, Kraatz and co-workers
measured the redox potential of ferrocenoyl dipep-
tides in a large variety of solvents, concluding that
the redox potential could be correlated with the
hydrogen donor ability o of the Kamlet—Taft formal-
ism,136

The peptide derivatives Fc-CO-Phe-OMe (46) and
Fc-CO-Ala-Phe-OMe (47) were subjected to 5"Fe
Moéssbauer spectroscopic investigations.'?? The values
for the isomer shift and quadrupole splitting are in
the range reported for several other ferrocene deriva-
tives that have electron-withdrawing substituents on
the Cp ring!®7138 and resemble those of ferrocene—
peptide nucleic acid (PNA) derivatives.'?® The peptide
fragment appears to have little influence on the
electric field gradient of the iron nucleus.

The peptide derivatives presented thus far in this
section have all been synthesized via peptide syn-
thesis methods in solution. However, a ferrocenoyl-
labeled derivative 48 of the undecapeptide substance
P has been prepared via classical Merrifield solid-
phase synthesis methods (Scheme 15).14° In contrast

Scheme 15. Structure of the Ferrocenyl Substance

P Conjugate 48 Obtained via Merrifield

Solid-Phase Synthesis
Arg-Pro-Lys-Pro-GIn-GiIn-Phe-Phe-Gly-Leu-Met-NH,

Fe O
48

to the ferrocenylalanine derivatives presented in
section 2.1 (Scheme 4), no serious oxidation or
decomposition was observed upon cleavage of the
ferrocenoyl conjugate 48 from the resin with HF. The
higher robustness of 48 has been attributed to the
increase in oxidation potential of the ferrocene moi-
ety, on account of the electron density withdrawing
effect of the amide. Interestingly, the spasmogenic
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potency of 48 was identical within the experimental
error to that of native SP (0.93 + 0.10 relative to
native SP), determined by a guinea pig ileum assay.

At this stage, it should be noted that a 21-mer
helical peptide containing six ferrocenoyl groups
attached to lysine-N.amino groups has been pre-
pared.*1142 The idea behind the synthesis of the
conjugate was to spectroscopically investigate whether
the conformation of the parent peptide is preserved
upon derivatization. The spectroscopic results showed
the conjugate to adapt a helical conformation similar
to that of the unmodified peptide. Another paper
reported on the reaction of a L-lysine polymer of MW
126.2 kDa with 41.13 In this case, the conjugate was
obtained with 6% of the lysine residues carrying a
ferrocenoyl tag. In the same paper, a 52.1 kDa lysine
copolymer, having the amino acid molar ratio Lys/
Ala/Glu/Tyr of 34:45:14:7, was reacted with 41. This
resulted in derivatization of 14% of the lysine NHp
groups. These two water-soluble ferrocenoyl polymers
were used for the construction of an amperometric
glucose-sensing electrode, by immobilizing them to-
gether with the enzyme glucose oxidase (GOD) on the
surface of a glassy carbon electrode.

2.2.2. Amides from Ferrocene-1,1'-dicarboxylic Acid

In addition to monosubstituted amino acid deriva-
tives, a large number of 1,1'-disubstituted amino acid
derivatives have been prepared. An overview of these
is given in Table 2. In 1996, Herrick et al. found that
compounds of general formula Fe(C;H4;-CO-Aaa-
OMe),, with Aaa other than Pro, have an ordered
structure in CH,Cly; and CHCl; (49, Scheme 16).121

Scheme 16. Ordered Conformation Observed for
Fe(C5H4-CO-Aaa-OMe)2 in CHzClg and CHCI3
Solution

This ordered structure is comprised of two sym-
metrically equivalent hydrogen bonds between the
amide NH and the methyl ester carbonyl oxygen
atom of another strand. From the rationale of the
poor hydrogen bond acceptor properties of methyl
ester carbonyl groups, this conformation appeared at
first somewhat doubtful to us. However, we were able
to confirm that the phenylalanine derivative Fe(CsHy-
CO-Phe-OMe); (50) indeed adapts such a conforma-
tion in CHyCl; and CHCIl3.123 In contrast, the ana-
logous (charged) cobaltocenium compound was found
to exist as a mixture of this hydrogen-bonded con-
formation and a non-hydrogen-bonded form at room
temperature in CH2Cl; and CHCls. This was con-
cluded from the presence of two C=O stretching
vibrations in the solution IR spectrum in CHyCl; at
3365 and 3404 cm™! (cf. the ferrocene analogue
displays only one stretching vibration in CHyCl, at
3380 cm™1).
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Table 2. Overview of the Reported 1,1'-Bisamino Acid and 1,1'-Bispeptide Derivatives

compound ref compound ref
1,1'-Bisamino Acid Ferrocene Derivatives
Fe(CsH4-CO-Gly-OEt), 173%f Fe(CsH4-CO-Gly-OH)s 173/
Fe(CsH4-CO-Gly-NHy)s 1580 Fe(CsH4-CO-Pro-OMe), 121, 168°
Fe(CsH4-CO-Pro-OBn)s 168 Fe(CsH4-CO-Phe-OMe)s 121, 123°
Fe(CsH4-CO-Val-OMe)q 148, 150° Fe(CsH4-CO-Cys(SEt)-OMe). 164, 165
Fe(CsH4-CO-Gly-NHC2H4S)q 166° Fe(CsH4-CO-Ala-NHCoH,S). 166
Fe(C5H4-CO-Val-NHC2H4S)2 166 Fe(C5H4-CO-Leu-NHCZH4S)2 166
1,1'-Bispeptide Ferrocene Derivatives

Fe(CsH4-CO-Gly-Gly-OMe)s 125 Fe(CsH4-CO-Gly-Ala-OMe). 125
Fe(CsH4-CO-Gly-Leu-OEt)s 126,0 154 Fe(CsH4-CO-Gly-Phe-OMe)q 125
Fe(CsH4-CO-Gly-Pro-OEt)e 153 Fe(CsH4-CO-Gly-Phe-OEt). 154
Fe(Cs;H4-CO-Ala-Pro-OEt)s 126,0 127, 154 Fe(CsH4-CO-D-Ala-D-Pro-OEt), 154
Fe(CsH4-CO-Ala-Pro-OMe), 127° Fe(CsH4-CO-Ala-Pro-OPr), 127°
Fe(CsH4-CO-Ala-Pro-OBn)s 127° Fe(CsH4-CO-Pro-Gly-OEt), 153
Fe(Cs;H4-CO-Ala-Phe-OMe), 123 Fe(CsH4-CO-Pro-Pro-OBn), 168¢
Fe(CsH4-CO-Ala-Pro-NHPy), 16004 Fe(CsH,4-CO-Ala-Pro-NHPy),PdCl, 16004
Fe(CsH4-CO-Ala-Pro-NHPy)s-CA 161%¢ Fe(CsH4-CO-Pros-OBn)s 168¢
Fe(CsH4-CO-Pros-OBn)e 168¢ Boc-NHCH;CH:NHCO-(CsHy)Fe(CsHy)- 174¢

CO-Ala-(Leu-Aib)s-lipoamide

@ Not well characterized. ® X-ray crystal structure reported in this reference. ¢ Also the derivative Fe(C5H4-CO-Pros-OBn)(CsH,-
CO-OBt) is isolated from the same reaction. ? NHPy = amide of 2-aminopyridine. ¢ CA = (1R,3S)-camphoric acid; Aib =
aminoisobutyric acid, also known as dimethylglycine; lipoamide = amide of lipoamine. / Those two compounds were recently
comprehensively characterized by Kraatz and co-workers, including X-ray single-crystal structures.!”

Interestingly, the ordered conformation shown for
49 in Scheme 16 is observed for the valine derivative
Fe(CsH4-CO-Val-OMe)s (51) in the crystalline state,
although the hydrogen bond interactions are quite
weak (N+-+O contacts of 3.25 A).150 In contrast, the
bulkier Phe-OMe derivative 50 has a different con-
formation in the solid state (see Figure 4), although

Figure 4. Solid-state structure of Fe(CsH4-CO-Phe-OMe),
(50). Reprinted (with modifications) with permission from
ref 123. Copyright 2003 The Royal Society of Chemistry.

it adapts the conformation shown in Scheme 16 in
solution. In the solid state, 50 forms one intramo-
lecular hydrogen bond and an intermolecular one,
assembling in a right-handed helix.'?® Perhaps the
difference between 50 and 51 is due to T-stacking of
the aromatic rings in the former.

The difference in hydrogen bond acceptor strengths
between amide carbonyl moieties and ester carbonyl
groups is nicely illustrated by the X-ray crystal
structures of 51 and Fe(CsH4-CO-Gly-NHy); (52).150.158
Both display the ordered conformation with the two
symmetrical hydrogen bonds, but the N---O contacts

are considerably shorter for the glycinamide com-
pound 52 compared to the valine methyl ester 51
(2.88 vs 3.25 A).

In addition to the 1,1'-disubstituted amino acid
derivatives, also compounds have been prepared in
which each Cp ring is substituted by a dipeptide
ester; an overview of these is given in Table 2. Hirao
and co-workers were the first to report and to
investigate compounds of general composition Fe-
(CsH4-CO-Ala-Pro-OR); (53), with (R = Me (a), Et (b),
n-Pr (e), Bn (d)).126127 As a representative example,
the X-ray crystal structure of 53a is depicted in
Figure 5.127 The structure reveals an ordered confor-

Figure 5. Solid-state structure of Fe(CsH4-CO-Ala-Pro-
OMe); (53a). Reprinted (with modifications) with permis-
sion from ref 127. Copyright 1999 Elsevier.

mation related to 49 shown in Scheme 16, having
intramolecular hydrogen bonds between the Ala-NH
and the Ala-CO of another strand, with N---O con-
tacts of 2.91 and 3.04 A.
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All these derivatives with varying R groups display
a similar type of ordered structure in the solid state
as well as in solution, even in polar media, such as
MeCN and CDCls/DMSO-dg (9:1 v/v) mixtures. This
was derived by combining the results from NMR, IR,
and CD spectroscopic investigations.'?” In Figure 6,
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Figure 6. CD spectra of Fe(CsHy-CO-Ala-Pr—OR). (53)
(with R = Et, 1; Me, 2; n-Pr, 3; and Bn, 4) and Fc-CO-Ala-
Pro-OEt (5) in MeCN (0.1 mM). Reprinted with permission
from ref 127. Copyright 1999 Elsevier.

the CD spectra of Fc-CO-Ala-Pro-OEt (54) and 53a—d
in MeCN are shown.'?” The Cotton effects owing to
the ferrocene chromophore are of much higher in-
tensity for the 1,1'-disubstituted compounds 53 than
for the monosubstituted ferrocenoyl derivative 54,
which confirms that the former group of compounds
has an ordered structure. Hirao and co-workers
prepared and structurally characterized the D-amino
acid-containing compound Fe(C;H4-CO-D-Ala-D-Pro-
OEt),.1?* The fact that this compound is in an
enantiomeric relationship to Fe(C;H4-CO-Ala-Pro-
OEt); (53b) has been nicely illustrated by CD spec-
troscopy: Cotton effects of identical intensity, but
opposite sign, were observed.

It is noteworthy that the compound Fe(C;H4-CO-
Gly-Pro-OEt)s (55) has the same type of arrangement
as the above-mentioned Ala-Pro derivatives 53 in the
solid state as well as in solution.!® In addition to the
compounds 53 and 55, which possess one NH group
per peptide strand, peptide derivatives with two NH
amide moieties have been prepared. These include
Fe(CsH4-CO-Gly-Leu-OEt), (56), Fe(CsH4-CO-Gly-
Phe-OEt); (57),'%* and Fe(Cs;H;-CO-Ala-Phe-OMe),
(58).123 The amide NH moieties of the second amino
acid are not orientated in such a way to allow the
formation of intramolecular hydrogen bonds. Instead,
these NH groups are involved in intermolecular
hydrogen bond interactions in the solid state, result-
ing in supramolecular assemblies. X-ray crystal-
lographic analysis revealed 56 to assemble in a
chainlike arrangement throughout the lattice.!>* Both
57 and 58, on the other hand, were found to form
14-membered hydrogen-bonded rings, as depicted in
Figure 7 for the latter.123154
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Figure 7. Solid-state structure of Fe(CsH4-CO-Ala-Phe-
OMe); (58), depicting the 14-membered hydrogen-bonded
ring. Reprinted (with modifications) with permission from
ref 123. Copyright 2003 The Royal Society of Chemistry.

To some extent, the structures discussed above
resemble turn structures in peptides. A typical pep-
tide turn structure is depicted in Scheme 17. Ring

Scheme 17. Intramolecular Hydrogen Bonds in 50
and 58 in Comparison to Naturally Occurring
Peptide Turn Structures (Top)
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constraints by hydrogen bonds define y-turns (7-mem-
bered ring) or -turns (10-membered ring), whereas
13-membered rings are present in a-helices. Before
and after the turn, the peptide extends as antiparallel
strands, often in f-sheets. In all peptide derivatives
of ferrocene-1,1'-dicarboxylic acid a parallel orienta-
tion of the peptide strands is enforced. Although
these compounds may not be regarded as true 5-turn
mimetics,'?! topological similarities remain. On the
basis of this consideration, we have suggested a
nomenclature for such parallel turn mimetics,'?? and
this nomenclature is exemplified by the solid-state
structures of 50 and 58 (Scheme 17). For 50, an
8-membered ring is formed across the hydrogen bond
(H—N—Cc—0—Ccp-ipss—Fe—Ccp-ipso—Cc=0—0). The hy-
drogen bond is formed between the i (C=0) and i +
2 (NH) amino acids. This type of turn we denote
pseudo-y, (p for parallel). If a similar formalism is
applied, 58 forms 11l-membered rings across the
intramolecular hydrogen bond between amino acids
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Scheme 18. Two 1,1'-Ferrocene Peptide
Derivatives That Do Not Form Intramolecular
Hydrogen Bonds in Solution
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i and i + 3, and this we denote a pseudo-f, turn.
Because of the approximate Cy symmetry of this
molecule, the same rules apply to both Cp rings and
their substituents.

The strength of the hydrogen bonds in CH2Cl; and
CHCI; solutions of 58 was investigated in relation
to that of its positively charged cobaltocenium de-
rivative 59.123 It appears that the hydrogen bonding
interactions for the cobaltocenium derivative 59 are
slightly stronger than those for the ferrocene com-
pound 58. However, the differences are small and
sensitive to experimental conditions. Especially the
presence of traces of water has a significant influence
on the hydrogen bonding properties.

The 5"Fe Mossbauer spectroscopic parameters of 50
and 58 were compared to those of ferrocene (1),'° 46,
and 47.123 The isomer shifts for these compounds are
very similar, whereas the values for the quadrupole
splitting (AEq) were found to vary in the following
order: FcH (AEq = 2.42 mm s 1)138159 > ferrocenoyl
derivatives 46 and 47 (AEq = 2.32 mm s™!) > 1,1'-di-
substituted derivatives 50 and 58 (AEq = 2.27 mm s™).
It has been observed before that AEq decreases when
a Cp ring of ferrocene is substituted with an electron-
withdrawing substituent, and even more when such
a substituent is present on either Cp ring.'37

Hirao and co-workers prepared the compound Fe-
(C5H4-CO-Ala-Pro-NHPy), (59) (NHPy is the amide
of 2-aminopyridine) and subsequently transformed
it into the ¢rans-PdCly complex 60, with the pyridine
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nitrogen atoms coordinated to the Pd atom.'®® X-ray
crystal structures for both compounds were reported;
the one for 60 is reproduced in Figure 8. Both com-

Figure 8. X-ray single-crystal structure for the PdCl,
complex 60. Reprinted with permission from ref 160.
Copyright 2001 The American Chemical Society.

pounds 59 and 60 adapt the “usual” ordered confor-
mation in the solid state as well as in solution, with
the Ala-NH group being involved in intramolecular
hydrogen interactions with the Ala-CO moiety of
another strand. In fact, coordination of the pyridine
rings to the Pd atom stabilizes the intramolecular
hydrogen bonds significantly, in solution as well as
in the solid state. In another paper, Hirao and
Moriuchi prepared and structurally characterized the
adduct of 59 with (1R,3S)-camphoric acid.’®! Re-
cently, Hirao and Moriuchi presented an account on
some of their results on ferrocenoylpeptides in the
Japanese language.!62

An important point is that an ordered structure
will only occur if the terminal amino groups of the
amino acids and/or peptides form amides with a
carboxylic acid that is directly attached to the Cp
ring. The groups of Hirao and Beck prepared com-
pounds 61 and 62 with a different longer linker
(Scheme 18), and they found that these do not exhibit
an intramolecular hydrogen-bonded conformation in
solution.154.163

Han et al. prepared macrocyclic compounds from
ferrocene-1,1'-dicarboxylic acid chloride (63) and
pseudo-cystine derivatives with various linkers be-
tween the sulfur atoms.'®* The synthesis yielded 1,1'-
ferrocenophane derivatives 64 as well as cyclodimers
65 (Scheme 19). The redox potential for the Fe(CsH,-

Scheme 19. Synthesis of Cysteine-Bridged Pseudo-1,1'-ferrocenyl Dipeptides
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R)o/Fe(CsH4-R)2t couple of the 1,1'-ferrocenophane
derivatives 64 is dependent on the nature of the
anion. In particular, the addition of fluoride resulted
in a pronounced redox potential shift of about 120—
150 mV to more positive values. From the occurrence
of this shift of the redox potential, it is anticipated
that halide ions occupy a position in the binding
pocket of the 1,1'-ferrocenophane. The binding is sta-
bilized by hydrogen bonds to the two NH moieties
and, in the case of the ferrocenium redox state, by
an additional electrostatic interaction between the
halide and the iron atom. In a subsequent report,%®
cystine and cystine di- and tripeptides ((AA),-Cys)s
(AA = Gly, Ala, Leu, Met, Pro; n = 0, 1, 2) were syn-
thesized and reacted with 63 to form ferrocenophanes
with a cavity of different size. Into this cavity, alka-
line and alkaline earth cations could bind. CD spec-
trosocpy and cyclic voltammetry were used to deter-
mine binding constants. For one derivative, high
binding affinity for Mg?* and Ca?", along with a high
preference for Ca?" over K*, was observed, which was
even better than the values for the natural ionophore
valinomycin. Recently, other macrocyclic amino acid
cystamine derivatives Fe(Cs;H4-CO-AA-NHCHS).
were reported (AA = Ala, Val, Leu).'%® These com-
pounds show strong intramolecular hydrogen bond-
ing and structures related to 49, as discussed above.
Their electrochemical properties were also investi-
gated in solution as well as immobilized on Au
electrodes.1¢”

Recently, Kraatz and co-workers prepared com-
pounds of the general formula Fe(CsH4-CO-Pro,-
OBn),, with n = 1—4.168 As observed for the mono-
substituted compounds Fc-CO-Pro,-OBn,'?° the proline
chains of the 1,1'-disubstituted compounds display
the left-handed helical arrangement characteristic for
polyproline II. For the compound Fe(Cs;H4-CO-(Pro)e-
OBn)s, the ordered conformation adapted by the other
1,1'-disubstituted derivatives presented above is not
observed, because the Pro—amide linkages lack NH
moieties. The redox potential for the Fe(CsHy-R)o/Fe-
(CsH4-R)2™ couple was found to shift to a small extent
to less positive values in going from Fe(CsH4-CO-Pro-
OBn); to Fe(CsH4-CO-Pros-OBn)s, a trend similarly
observed for the monosubstituted derivatives Fc-CO-
(Pro),-OBn.'??

Interestingly, it was reported that the synthesis of
Fe(CsH4-CO-Pro,-OBn)e with n = 2, 3, or 4 yielded a
second class of compounds, that is, the “incomplete”
substituted derivatives Fe(CsH4-CO-Pro,-OBn)(CsHs-
CO-OBt).1%8 In a subsequent paper, Kraatz and co-
workers reacted the “incomplete substituted” deriva-
tives with n = 3 and 4 with a pepstatin analogue to
obtain the conjugates 66 shown in Scheme 20.16°

Scheme 20. Structure of the 1-Oligopropyl-1'-pep-
statin Fereocene Derivatives 66
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Pepstatin is a potent naturally occurring inhibitor of
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aspartate proteases, including HIV-1 protease and
pepsin.1707172 Current work to test whether these
derivatives have the ability to inhibit aspartate
proteases is in progress, according to ref 169.

2.3. Imine and Amine Formation with
Ferrocenecarbaldehyde

2.3.1. Imines from Ferrocenecarbaldehyde

Imines from ferrocenecarbaldehyde (67) and amino
acids or amino acid esters can be prepared in an easy
way (68, Scheme 21). Various solvents have been

Scheme 21. General Synthesis of Imines 68 from
Amino Acids and Ferrocenecarbaldehyde 67
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used for this synthetic transformation, such as Et-
OH,'76 MeOH,'”” or CHCl5.178 The reactions are per-
formed either at room temperature!” or at slightly
elevated temperatures, ranging from 60 to 80 °C.177178
However, one report appeared in the literature in
which this type of imines was obtained under solvent-
free conditions at room temperature.'’” An overview
of the constitution of the reported imines between 67
and amino acids or amino acid esters is given in Table
3.

Table 3. Constitution of the Reported Imines 68 from
67 and Amino Acid Derivatives®

compound ref compound ref

Fc-C=N(Gly-OH) 176, 177 Fc-C=N(Gly-OEt) 176, 177
Fc-C=N(pL-Ala-OH) 176 Fc-C=N(Ala-OH) 177
Fce-C=N(Ala-OMe) 179 Fe-C=N(pL-Ala-OEt) 176
Fc-C=N(Ala-OEt) 179 Fc-C=N(B-Ala-OH) 176
Fc-C=N(DpL-Val-OH) 176 Fc-C=N(Val-OH) 177
Fc-C=N(DL-Val-OEt) 176 Fc-C=N(pL-Leu-OH) 176
Fe-C=N(Leu-OH) 177 Fc-C=N(Leu-OMe) 178
Fe-C=N(Leu-OEt) 176 Fc-C=N(pL-Ile-OH) 176
Fc-C=N(Ile-OMe) 179 Fc-C=N(pL-Asp-OH) 176
Fe-C=N(Glu-OH) 176 Fc-C=N(Phe-OMe) 178
Fe-C=N(pL-Tyr-OH) 176 Fc-C=N(Tyr-OH) 176
Fce-C=N(Met-OH) 176,178 Fc-C=N(Arg-OH) 176
Fc-C=N(His-OMe) 179 Fc-C=N(Ser-OMe) 179
Fe-C=N(Lys(N=C- 179 [Fe-C=N(Cys(S-)- 176
Fc)-OMe) OH)lq

@ These imines are quite stable compounds in the absence
of aqueous acids. They can be reduced with NaBH, or Ho/Pd
to yield the more stable secondary amine derivatives, which
will be described in section 2.3.2.

Amino acid ferrocenylimines have been used as
ligands for transition metal ions. Beck and co-
workers prepared Pd(II) complexes with imines from
67 and the amino acids Ala, Gly, Val, and Leu as
ligands.'”” The compostion of the isolated complexes
depends on the Pd(II) salt and the type of amino acid
derivative, as illustrated in Scheme 22. With
NagPdCly and imines from 67 and the free carboxylic
acid of Ala, Leu, and Val, mononuclear complexes
with a ligand/Pd ratio of 2:1 were obtained (69). On
the other hand, the reaction of PdCly with the
corresponding ferrocene imine glycine derivative 70
yielded the dinuclear chloro-bridged Pd(II) complex
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Scheme 22. Pd Complexes from Ferrocene Imino
Acids
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71. The reaction of Pd(OAc), with the imines between
67 and H-Gly-OMe and H—Ala-OMe resulted in
isolation of acetato-bridged species 72, in which
ortho-palladation of the ferrocenyl-Cp ring has oc-
curred. Several of these complexes, including an
ortho-palladated derivative, have been structurally
characterized by X-ray crystallography. In summary,
two types of chelating modes have been observed, the
normal N, O coordination mode (69 and 71) and also
the unusual C, N bidentate mode (72).

In a later paper, Beck and co-workers prepared
imines from tri-, tetra-, and hexasubstituted ben-
zenes with p-ethynylphenylalanine methyl ester.!8°
As a representative example, the molecular structure
of the hexaferrocene derivative 73 is depicted in
Scheme 23.

The same 21-mer peptide, which was derivatized
with ferrocenecarboxylic acid (40) (see section 2.2.1),
was also reacted with ferrocenecarbaldehyde (67).
Also in this case, the six lysine side chain NH; groups
were labeled and the resulting conjugate was found
to adapt a similar helical conformation.!41-142

2.3.2. Ferrocenylmethylamines via Reduction of the
Imines

Ferrocenylmethylamine derivatives 74 have been
prepared via reduction of the imines from ferrocene-
carbaldehyde (67) and amino acids with NaBH,4 or
Ho/Pd. Alternatively, these amines can be synthe-
sized directly in a one-pot procedure from 67, the
amino acid derivative, and the appropriate reducing
reagent (Scheme 24). Up to now, a considerable
number of Fem derivatives have been reported, as
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Scheme 23. Structure of the “Star-Shaped” Hexa-
kis(ferrocene imino acid) Benzene Derivative 73
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Scheme 24. Formation of Ferrocenylmethyl (Fem)
Amino Acids 74
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Table 4. Overview of the Reported Fem Amino Acid
Derivatives

compound ref compound ref
Fem-Gly-OH (75a) 182 Fem-Gly-OMe (75b) 182
Fem-Ala-OH (78) 177,182 Fem-Ala-OMe 182
Fem-Pro-OH (77) 177 Fem-Met-OMe 178
Fem-Phe-OMe 178 Fem-Phe-OH (84) 178, 182
Fem-Phe-O’Bu 182 Fem-Leu-O’Bu 182
Fem-Leu-OMe 178 Fem-Val-O’Bu 178

Fems-Gly-OMe (76) 181

shown in Table 4. Some of these compounds, in
particular the glycine derivative Fem-Gly-OH (75a,
Fem = ferrocenylmethyl), found application in pep-
tide synthesis as lipophilic amino acid residues, with
masked amide moieties. This is treated in section
2.5.1. In a stoichiometric reaction, small amounts of
the bimetallic compound (Fem).Gly-OMe (76) were
isolated in addition to the expected mono-Fem de-
rivative Fem-Gly-OMe (75b).18!

Beck and co-workers used Fem-Pro-OH (77) and
Fem-Ala-OH (78) as ligands for Pd(IT).1"7 The reaction
of NayPdCly with 77 and 78 yielded two different
types of complexes (Scheme 25). With 77, the tri-
metallic (1Pd and 2Fe) compound 79 with a ligand
versus Pd ratio of 2:1 was obtained. Under identical
conditions, the synthesis with 78 resulted in isolation
of the dimeric bis-u-chloro Pd(II) complex 80.

Metzler-Nolte and co-workers explored the peptide-
coupling chemistry of Fem-amino acid derivatives.
Coupling of amino acids and peptides to the C-
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Scheme 25. Pd Complexes from Ferrocenylmethyl
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terminus of Fem-amino acid esters proceeds readily
after hydrolysis of the ester functionality and sub-
sequent HBTU activation.17®183,184 In contrast, HBTU
activated N-protected amino acids showed no reactiv-
ity toward the secondary amino group of Fem-Phe-
OMe (Scheme 26). This can probably be attributed
to steric effects, because Fem-benzylamine (81a) and
Fem-methylbenzylamine (81b) react smoothly with
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HBTU-activated amino acids to yield derivatives 82a
and 82b, respectively.l7®183.18 1 T eu, as well as L- and
D-Ala, was successfully used for this coupling reac-
tion. NMR investigations in combination with mo-
lecular modeling were used to elucidate the structure
of these conjugates in solution and explain the
differences in reactivity.!”®

These ferrocenylbenzylamine derivatives can be
applied as an anchoring group for the C-terminus of
amino acids and peptides.!®® In that respect, the
labeling is complementary to 40, which can serve as
a marker for the N-terminus of peptides and amino
acids. Starting from the Fem dipeptide derivative 83,
various interesting bimetallic derivatives such as 85
and 86 have been prepared in the Metzler-Nolte
group as well (Scheme 27).178183

2.4. Other Attachment Methods
2.4.1. Sonogashira Coupling

The Sonogashira reaction is a Pd-catalyzed cross-
coupling of a terminal alkyne with a halogen-
substituted aromatic ring, according to Scheme
28.186-188 Although a number of variations have
been published recently, including Cu-free examples,

Scheme 26. Difference in Reactivity of the Secondary Amino Group of Fem Amino Acid Esters and Amines
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Scheme 28. Sonogashira Coupling
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the most common catalyst system is still the combi-
nation of PACIy(PPhjs)e and Cul. The reaction requires
anaerobic conditions, but solvent mixtures containing
up to a few percent of water are tolerated, thus
making the use of commercial undried solvents
possible. The Metzler-Nolte group has developed a
practical and flexible method for labeling the C- or
N-terminus of amino acids and peptides, consisting
of a two-step procedure.’®¥~191 Two similar synthetic
routes to attach a marker to the C-terminus have
been explored, as shown in Scheme 29.

The first step for introducing a label on the C-
terminus consists of functionalizing a Boc-protected
amino acid or Boc-protected dipeptide at its C-
terminus by amide formation with propargylamines
87 (R = H (a), Et (b)) or with p-iodoaniline (88). The
synthesis starts with the preparation of amides 89
and 90 from ferrocenecarboxylic acid (40) and 88 or
87, respectively. These amides are prepared via
standard solution-phase peptide synthesis methods,
by employing isobutylchloroformiate and N-methyl-
morpholine.!®? In the second step, the Sonogashira
coupling is performed, yielding the ferrocene-func-
tionalized amino acids and peptides such as 91 and
92. The ferrocene diethylpropargylamide derivative
90b proved to be superior to the ferrocene propar-
gylamide congener 90a because of its significantly
enhanced solubility and more facile purification of
conjugates such as 92b.

This method is not restricted to C-terminus label-
ing, but via a slight modification it can be adapted
for the introduction of a marker on the N-terminus,
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as shown in Scheme 30. The amide of p-iodobenzoic
acid and H-Leu-OMe was reacted with 90b under
identical Sonogashira coupling conditions, yielding
the N-terminally labeled compound 93.19°

This two-step labeling procedure is very attractive
for several reasons. First of all, both steps, amide
formation and Sonogashira coupling, proceed in good
yields, ranging from 70 to 95%. Second, commercial
reagent-grade solvents can be employed for either
step. Only for the Sonogashira coupling step is the
use of deoxygenated solvents required. Third, the
method is versatile and of wide scope, as it tolerates
a variety of functional groups, such as alcohols (Ser),
thioethers (Met), esters, and amides.!®!

2.4.2. Other Methods for Labeling the C-Terminus

In addition to the Sonogashira procedure, several
other methods for the derivatization of the C-termi-
nus have been developed. One of these, amide forma-
tion between Fem-benzylamine or Fem-methylben-
zylamine and the C-terminus carboxylic acid, has
already been presented in section 2.3.2. Other meth-
ods include ester or anhydride formation, and ex-
amples will be given below.

Eisenthal and co-workers prepared two ferrocenoyl
derivatives 94 of the channel-forming peptide alame-
thicin (ALM).1% One of the derivatives (94a) was
prepared from 40, whereas the other (94b) was
synthesized from ferrocene-1,1'-dicarboxylic acid.
Therefore, the compounds differ in the unconjugated
Cp ring; 94a has a Cp ring, whereas 94b has a
7-CsHy-COOH moiety (Scheme 31). In both cases, the
ferrocenoyl moieties were linked via ester formation
to the C-terminus of the 20-mer peptide in solution.
Alamethicin is a channel forming peptide, produced
by the fungus Trichoderma viride, and belongs to the
class of peptaibols. Alamethicin self-associates in
lipid bilayers, in this way forming voltage-dependent

Scheme 29. Two Methods for Labeling the C-Terminus of Peptides by Sonogashira Coupling
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Scheme 30. Scheme for Labeling the N-Terminus of Amino Acids and Peptides by Sonogashira Coupling
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Scheme 31. Structures of Two Alamethicin Ferrocene Derivatives 94¢
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@ Note that the ferrocenoyl group is bound to the C-terminus of the peptide.
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ion channels.194~197

In the reduced (neutral) form, both ferrocenoyl
alamethicin derivatives 94 are shown to form voltage-
dependent channels in planar lipid bilayers at posi-
tive potentials, with conductance properties similar
to unmodified alamethicin. While in the lipid bilayer
form, oxidation of 94b results in a shorter lived
channel whereas the oxidation of 94a causes a time-
dependent elimination of channel openings, which
can be restored by increasing the trans-bilayer
potential. Pretreatment of the ferrocenoyl peptides
with oxidizing agents alters their single-channel
properties in a qualitatively similar manner.

Although the following example is not strictly a
labeling method for the C-terminus, it is presented
at this stage because attachment of the marker re-
sembles the previous example. Toniolo, Maggini and
co-workers prepared a nonapeptide with a 3;-helical
conformation, in which two tyrosine phenol rings
were esterified with ferrocenecarboxylic acid.!98-200
These synthetic helical peptides were shown to have
a hydrophobic binding cavity, which can serve as an
efficient host for [60] fullerene.

2.4.3. Other Methods for Labeling the N-Terminus

An unconventional procedure for labeling the N-
terminus of amino acids has been developed by
Jaouen and co-workers.?’! The method consists of the
synthesis of a pyrilium salt from lithioferrocene (95)
and 2,6-dimethyl-y-pyrone (96) and subsequent acidi-
fication (Scheme 32). This pyrilium salt 97 reacts

Scheme 32. Reaction of a Ferrocenyl Pyrilium
Salt with f-Alanine
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with amines, in this case (-alanine, to yield pyri-
dinium salt 98. To the best of our knowledge, this
method has not been adapted for the introduction of
a ferrocene tag to larger biomolecules.

Gallagher et al. prepared the benzoic acid deriva-
tive p-Fc-CsHy4-CO2H and coupled it to alanine via
amide formation.2?2 This method is related to deriva-
tization with ferrocene carboxylic acid, treated in
section 2.2.1.

In two papers and a patent, Eckert and Koller
described a variety of ferrocene compounds for de-
rivatization of the N-terminus of amino acids and the
lysine-NH; moieties of the protein BSA.146:203.204 The
objective was to investigate which of the reagents was
best suited for labeling purposes and subsequent
electrochemical detection of the conjugates by HPLC-
ECD (high performance liquid chromatography with
electrochemical detection). Among the naturally oc-
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curring amino acids, only methionine, tyrosine, and
tryptophane show a little electrochemical activity, but
their redox potential is too high for good selectivity
(> +0.5 V vs FcH/FcH').20%5-210 Introduction of a
ferrocene moiety will lower the redox potential for
detection by at least a few hundred millivolts, the
exact value depending on the functionality that is
directly attached to the Cp ring. The decrease of the
redox potential will result in a substantially in-
creased selectivity.

Reagents for HPLC-ECD derivatization that were
investigated by Eckert and Koller include, for ex-
ample, Fc-SO,-Cl (99), Fc-CO-Cl (41), ferrocenecar-
boxylic acid anhydride (100), ferrocenepropionic acid
anhydride (101), and ferrocenylmethyl isocyanate
(102). Of these derivatives, 101 was found to be best
suited on the basis of labeling results and the
sensitivity for electrochemical detection of the cor-
responding conjugates.?®® However, some results in
the literature are contradictive, because Koppang et
al. found 99 and 41 to be good derivatization reagents
for HPLC-ECD,*® whereas Eckert and Koller found
these to be unsuitable.?’? In a related paper, Shimada
et al. compared ferrocenyl isothiocyanate and ferro-
cenylethyl isothiocyanate for glycine and 4-aminobu-
tyric acid labeling.?!! The latter displayed higher
reactivity and more favorable electrochemical proper-
ties and was adapted for 4-aminobutyric acid deter-
mination in biological samples by HPLC-ECD.

2.4.4. Labels for the Thiol Group in Cysteine

The labeling methods treated thus far in this re-
view are suitable for the derivatization of amino and
carboxylic acid moieties of peptides and amino acids.
However, selective labels for the sulthydryl group of
cysteine have also been reported.?2~21 For the label-
ing of glutathione 103, both ferrocenylethyl maleim-
ide (104) and ferrocenyl iodoacetamide (105) (Scheme
33) turned out to be very effective to yield 106 and
107, respectively.?12214 A related maleimide deriva-
tive has also been used to label the hexapeptide Ac-
Arg-Arg-Ala-Ser-Leu-Cys-OH.2!3 This labeled hexapep-
tide was applied for the detection of serine phosphor-
ylation by protein kinase A via electrochemical
methods. The use of 104 for the labeling of Cys
residues in proteins such as cytochrome P450 is
described in section 3.1.3. Ferrocenyl iodoacetamide
(105) has also been used for the labeling of BSA (seee
section 3.2.2) and a 5'-thiolated oligonucleotide (see
also section 4).21*

It should be noted that the reagents Fe-HgCl (108)
and ferrocenoylchloro acetamide (109) (Fc-CO-NH-
CHyCl) have been used for the introduction of a
ferrocene-based marker on Cys-SH groups in pro-
teins. Relevant examples will be presented in section
3. In section 2.5.1, the use of the ferrocenylmethyl
rest as a protecting group for the cysteine SH moiety
during peptide synthesis is presented.

2.4.5. Miscellaneous

Microcystins are a class of low-molecular-weight
cyclic peptide hepatoxins. These microcystins are
produced by cyanobacteria (blue-green algae) in
eutropic lakes and drinking water reservoirs, par-
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Scheme 33. Two Ferrocene Reagents for Labeling Glutathione 103
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ticularly in global regions that are hot and relatively
dry, such as China, Australia, and South Africa.?!?
Because these substances are hazardous to human
beings, cattle, and wildlife, it is important to develop
methods for rapid detection of these toxins. Lo, Lam,
and co-workers very recently developed an elegant
method that makes the detection of a particular
microcystin, namely microcystin-LR, possible via a
quick electrochemical measurement.?!® This method
is based on the specific derivatization of the exocyclic
double bond of the a,8-unsaturated carbonyl moiety
of microcystin-LR (110) with ferrocenylhexanethiol
(111) (Scheme 34) and the subsequent electrochemi-

Scheme 34. Derivatization of Microcystin 110 with
6-Ferrocenylhexanethiol 111
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cal detection of the Fc/Fct moiety in the ferrocene-
tagged conjugate 112. The limit of detection was
found to be ~18 ng, which is in the range of other
common detection methods, such as thin-layer chro-
matography and HPLC with UV detection. It must
be noted that much lower levels of microcystins can
be detected with more expensive methods, such as
fluorescence spectroscopy and HPLC-MS. The elec-
trochemical method, however, is quick, specific, and
inexpensive.
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2.5. Application of Ferrocene Compounds in
Peptide Synthesis

2.5.1. The Ferrocenylmethyl (Fem) Group as a Protecting
Group

Eckert and co-workers introduced the ferrocenyl-
methyl (Fem) group as a lipophilic rest to mask the
highly polar glycine amide moiety during peptide
synthesis in solution.'8.182217 This Fem moiety
(Scheme 35) can be introduced on glycine via imine

Scheme 35. The Ferrocenylmethyl (Fem) Group 75
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formation with ferrocenecarbaldehyde, followed by
reduction to yield 75 (see section 2.3). Peptide coup-
ling of this modified glycine residue to other amino
acids or peptide fragments proceeds readily by em-
ploying the standard carbodiimide method used for
peptide synthesis in solution.?!®21 The advantages
of employing this masked glycine derivative for
peptide synthesis in solution are as follows: (1) The
intermediates and products show increased solubility
in apolar organic solvents as a consequence of the
lipophilic Fem rest. This results in complete reactions
and improved yields. In addition, the chromato-
graphic purification over silica is facilitated, since the
products can be eluted with ethyl acetate/hexane
rather than with more polar MeOH/CHCI3 mixtures.
(2) The ferrocene chromophore of the intermediates
and products facilitates product identification and
isolation during chromatographic purification. (3) The
growing peptide is stable against racemization during
the coupling steps, when it is assembled in stepwise
fashion starting from the C-terminus. Cleavage of the
Fem group is postponed until the desired amino acid
sequence has been obtained. Removal of the Fem
group is accomplished by treatment with TFA/S-
thionaphthol in CHyCl; at room temperature for 2—4
h.181.182.217 Under these conditions, Boc and tert-butyl
protecting groups are simultaneously cleaved. The
usefulness of Fem-Gly derivatives for peptide syn-
thesis in solution is illustrated by the successful
synthesis of [Leu®]-enkephalin and H-(Gly)s-OH.18!
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Scheme 36. Adaption of the Fem Group for the Preparation of Masked Asparagine Residues
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Scheme 37. Two Types of Four-Component Coupling (4-CC) Reactions
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The Fem group can also be adapted for the syn-
thesis of masked asparagine residues from aspartic
acid. The strategy of this elegant method is outlined
in Scheme 36. TCBoc-protected aspartic acid 113 is
reacted with ferrocenylmethylamine (114) in DMF
in the presence of 2-morpholinoethyl isocyanide
(MEI).2'" This yields 73% of the desired S-isomer 115,
together with 23% of the a-isomer 116 as a by-
product, after purification by column chromatogra-
phy. The -isomer 115 can be used as an Asn building
block in peptide synthesis. Similar to the Fem-Gly
derivative, the reaction of the S-isomer with TFA/S-
thionaphthol in CHyCl; liberates the asparagine. The
usefulness of this Asn-protected residue in combina-
tion with the Fem-Gly derivative was demonstrated
for the synthesis of the 24—31 octapeptide sequence
of human-$-endorphin.?”

The Fem rest has also been used as a protecting
group for the cysteine thiol functionality.?2%221 The
compound H-Cys(S-Fem)-OH can be conveniently
prepared by reacting cysteine with ferrocenylmetha-
nol in aqueous acetone in the presence of a catalytic
amount of acid. This side-chain-protected cysteine
can be transformed into the N-terminus Boc- or
Fmoc-protected derivatives. These, in turn, are useful
building blocks for peptide synthesis, as demon-
strated by the synthesis of glutathione 103. After
complete assembly of the peptide, the ferrocenyl-
methyl moiety can be cleaved by TFA or by soft heavy
metal ions, such as Ag* or Hg?*t 220221

2.5.2. Peptide Synthesis via Four-Component Reactions
with Ferrocene Alkylamines

The four component condensation (4-CC) of isocya-
nides (also called isonitriles), discovered by Ugi in
the late 1950s,2?2 provides an alternative to the
classical methods for the synthesis of peptides in

PN-CO-NH-P®

cleavable fragment combined peptide

R4

|
pM-CO-N-GH-CO-NH-pC R

|
R ——  pN-CO-N-CH-CO-NH-p°®

cleavable rest assembled peptide

solution.??37228 The conventional methods are char-
acterized by the reaction of a C-terminally protected
amino acid or peptide with an N-terminally protected
amino acid or peptide in the presence of a coupling
reagent, such as isobutylchloroformiate or a carbo-
diimide derivative.218219,229

The four-component condensations proceed in a
different way, and can be subdivided into two cat-
egories, according to Scheme 37.2397235 In the first
method, two peptide fragments, one of them having
an unprotected carboxylic acid group and the other
having a free amino moiety, are reacted with an
isocyanide and an aldehyde. This leads to formation
of an unstable a-adduct, which spontaneously rear-
ranges to form a tertiary amide. The groups R!' and
R? are usually chosen such that the fragment R-NH-
CO-CH-R? is easily cleaved under acidolytic condi-
tions. The result in this case is the coupling of the
two peptide or amino acid fragments (Scheme 37,
top).

In the other method, an N-protected peptide or
amino acid, a (chiral) primary amine, an aldehyde,
and an isocyanide—peptide fragment are combined
to yield, also in this case via spontaneous rearrange-
ment of an unstable a-adduct, a compound in which
a new peptide segment has formed (Scheme 37,
bottom). When ammonia or achiral primary amines
are used, the newly formed amino acid residue is
either achiral or racemic.2367240 If the newly formed
peptide segment should correspond to a chiral amino
acid, it is necessary to use a chiral primary amine
as a chiral inducer. Chiral a-ferrocenylalkylamines,
in particular compound 117 shown in Scheme 38,
have found widespread application in these stereo-
selective four-component condensations.?4'~248 This is
because (1) they were shown to have strong asym-
metric inducing power and (2) they were cleaved
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Scheme 38. Particularly Powerful
Ferrocene-Based Chiral Inducer (117) for
Stereoselective 4-CC Reactions
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easily under acidolytic conditions. In fact, the chiral
primary amine 117 can be regenerated from the
peptide 118 by a series of steps, as shown in Scheme
39.245,249.250 No racemization occurs because the ro-

Scheme 39. Cleavage of the Ferrocenylalkyl Frag-
ment and Regeneration of the Chiral Amine 117
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tational barrier of the cation 119 is high and the
nucleophile (NHj3) can only attack the cation from the
upper side of the ferrocene due to steric reasons.
As a proof of concept, stereoselective 4-CC employ-
ing chiral ferrocenylalkylamines has been used to
synthesize tetravaline and glutathione 103 of high
enantiomeric purity.243244248 In two related patents,
it was reported that stereoselective 3-CC with isobu-
tyraldehyde-N-o-ferrocenylethylamine as one of the
components yields N-acyl-a-amino acid amides and
peptides after TFA cleavage.?51-252 These compounds
were claimed to be useful as paint and varnish
thickeners and as plastisizers for poly(vinyl chloride).
Ratajczyak and Czech used a chiral ferrocenyl-
amine for stereoselective alanine synthesis, as shown
in Scheme 40. The chiral amine 120 was reacted with

Scheme 40. Synthesis of S-Alanine from Pyruvic
Acid and (S)-Ferrocenylethylamine (120)
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pyruvic acid (121) followed by hydrogenation in situ
to yield 122, and in the next step, the amino acid was
cleaved from the ferrocenylamine with thioglycolic
acid.?? The thereby formed ferrocenylthioglycolic acid
(123) can be transformed into the S-configured amine
120 by reaction with HgCls; in aqueous NHj, a
procedure previously published by Ratajczak.249-250
Depending on the chirality of the amine, either D- or
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L-alanine is obtained with an enantiomeric excess
ranging from 53 to 60%.

3. Conjugates of Ferrocene with Proteins

Salmain and Jaouen recently published a review
article on the side-chain-selective and covalent label-
ing of proteins with transition organometallic com-
plexes.*’” Their article focuses on organometallic
labels different from ferrocene and their side chain
selectivity.

3.1. Redox Proteins

3.1.1. Glucose Oxidase (GOD)

Glucose oxidase (GOD) from Aspergillus niger is a
150—180 kD dimeric glycoprotein, with the carbohy-
drate part of the enzyme constituting about 16—24%
of the molecular weight.?54255 Furthermore, the en-
zyme contains two tightly bound FAD cofactors,
which are essential for activity.?5® Dissociation of the
two subunits only occurs under strongly denaturing
conditions (SDS) and is accompanied by the loss of
the FAD cofactors.?’” The primary amino acid se-
quence for the 583 amino acid protein has been deter-
mined from the cloned Aspergillus niger gene,?58259
and the crystal structure of the partially deglycosyl-
ated enzyme has been resolved to 2.3 A resolu-
tion.269.261 The enzyme contains 32 reactive NH;
groups, that is 15 lysine residues per monomer and
a N-terminal amino group.258:259,262

Glucose oxidase oxidizes -D-glucose to 6-D-gluco-
lactone via a two-electron process (see eq 1). The FAD
cofactor serves as the electron donor and is reduced
to FADH,. In a next step, FADH, is regenerated by
oxidation with dioxygen, which leads to H2O2 forma-
tion (eq 2).

GOD(FAD) + 3-p-glucose —
GOD(FADH,) + 6-D-glucolactone (1)

GOD(FADH,) + O, — GOD(FAD) + H,0, (2)

GOD(FADH,) + 2Fc-R" —
GOD(FAD) + 2Fc-R + 2H' (3)

Monitoring of the glucose level in blood is impor-
tant for people suffering from diabetes. Therefore,
there is a need for reliable and quick determination
of glucose in solution. The development of such sensor
devices has recently been reviewed by Wang.%® The
groups of Hill, Heller, and Bartlett independently
reported on the labeling of glucose oxidase with
ferrocene derivatives in 1986 and 1987.263-265 Several
additional reports by the groups of Bartlett,?6¢
Heller,267270 and others?™-27* followed in the next
decade. The compounds ferrocenecarboxylic acid (40)
and ferrocenylacetic acid (124) were mainly employed
as labeling reagents, in combination with the activat-
ing reagent EDC. The coupling reactions were per-
formed under various conditions, resulting in conju-
gates with varying Fc-to-GOD ratios; an overview is
given in Table 5. The labeling results in the literature
are somewhat contradictive, because derivatization
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Table 5. Overview of GOD Derivatization with Various Ferrocene Derivatives

entry number  ferrocene derivative  coupling reagent denaturing conditions Fc¢/GOD ratio ref
1 Fc-COOH (40) IBCF none 8 263
2 Fe-COOH (40) EDC none 8.5 274
3 Fc-COOH (40) EDC 3M urea 12+1 265, 267, 268, 270
4 Fc-COOH (40) EDC 3M urea 13 264, 266
5 Fc-COOH (40) EDC 3M urea 3.6,8.5,13,29 + 3¢ 272
6 Fe-COOH (40) EDC 3M urea 18.2 274
7 Fc-COOH (40) EDC 3M urea 9.2 278, 279
8 Fc-COOH (40) EDC 400 MPa 7.4 274
9 Fc-COOH (40) EDC/HOSu none 5+1,12¢ 272
10 Fc-COOH (40) EDC/HOSu none® 5 271
11 Fe(CsH4-COOH), EDC/HOSu none 7.5 272
12 Fc-CH,-COOH (124) EDC 3M urea 13+1 267, 268, 270
13 Fc-CH,-COOH (124) EDC 3M urea 22 264, 266
14 Fe-CHe-COOH (124) EDC/HOSu none 10 272
15 Fc-(CHy)3-COOH EDC 3M urea 29 264
16 Fc-CHg-caproic acid® EDC/HOSu none 21 273, 284
17 Fc-CHs-caproic acid® EDC/HOSu none 24 285, 286, 287
18 Fc-CHO (67) NaBH none 4.2 274
19 Fc-CHO (67) NaBH,? 3M urea 8.1 274
20 Fc-CHO (67) NaBH,¢ none 27.5 274

@ Various concentrations of the ferrocene carboxylic acids resulted in conjugates with different F¢/GOD ratios. ® Performed in
inverse micelles of the protein in a HyO/MeCN ratio of 1:75. ¢ Fe-CHy-NH-(CHs)5-COOH. ¢ NaBH, is not a coupling reagent but
a reducing reagent to transform the labile imine into a secondary amine.

under apparently identical conditions, but performed
by different groups, leads to conjugates with different
Fc-to-GOD ratio. This is exemplified by mutually
comparing entries 3—7 as well as entries 12 and 13
in Table 5. In addition, the derivatization of GOD
with ferrocenecaproic acid by Willner, Katz, and co-
workers lead to conjugates with ferrocene: protein
ratio of 21 or 24 (entries 16 and 17). In other reports
the ferrocene/protein ratio was not given.%-27

The objective behind the derivatization was to
make direct electrochemical communication possible
between glucose oxidase and the electrode. The redox
center of the enzyme, along with the FAD cofactor,
is buried deeply in the core of the enzyme, with the
surrounding part of the protein serving as a thick
electrically insulating shell. By binding ferrocenyl
residues covalently to the enzyme, electron transfer
between the FAD cofactor and the electrode can take
place via the ferrocene moieties. In fact, (substituted)
ferrocenium ions Fe-R*, which form by oxidation of
the ferrocene group, can accept electrons from FADH,
and serve as a substitute for dioxygen (eq 3). Unlike
dioxygen, ferrocene is only undergoing a one-electron
transfer; regeneration of FAD from FADH; is thus a
stepwise process.

For the derivatization, it was found that denatur-
ing the protein in the presence of 3 M urea resulted
in a significant loss of activity of the reconstituted
enzyme, even when no ferrocenyl carboxylic acid
derivative was added.?"1272 More suitable conditions
for obtaining conjugates with higher enzyme activity
comprise activation of the carboxylic acid groups of
the labeling reagent with EDC and HOSu, without
addition of urea. Labeling of GOD with ferrocenyl-
acetic acid (124) turned out to be more favorable with
respect to derivatization with ferrocenecarboxylic
acid (40), because the resulting conjugates exhibited
higher enzyme activity.

However, for the construction of reagent-less glu-
cose sensors, these conjugates with good enzyme
activity did not exhibit satisfying properties. First of

all, repeated electrochemical cycles were shown to
bring about a gradual decrease in the peak current,
which can be interpreted by slow decomposition of
the covalently attached redox centers. The second
unsatisfying fact was revealed by the work by
Mikkelsen, English, and co-workers, who determined
the rates for intramolecular electron transfer for
some of the conjugates listed in Table 5.272 Despite
the difference in the number of attached ferrocene
moieties, the values for electron transfer between the
conjugates and the electrode span a narrow range
between 0.16 and 0.90 s™'. This suggests that the
location of the ferrocenyl groups rather than the
number of bound ferrocenyl moieties is rate-deter-
mining,?”? in accordance with the Marcus theory of
electron transfer.2’62”7 An analysis of the—at that
time recently determined—crystal structure of GOD
showed that the separations between the lysines and
the FAD cofactor were all >23 A.?61 These two
drawbacks make clear that an alternative approach
is necessary towards electrochemically wired GOD
derivatives with excellent mediation between the
FAD cofactor and the electrode.

Heller and co-workers tried to improve the elec-
tronic communication between the FAD cofactor and
the electrode by using ferrocenyl derivatives with a
long alkyl chain as labeling reagents, and in addition,
these were attached to the carbohydrate part instead
of the protein part of the enzyme.?% In the first step,
GOD was oxidized with NalO, to yield an average of
6.4 aldehyde groups on the outer surface of the
enzyme. Subsequently, aminoferrocenyl residues 125
with differing spacer lengths were tethered to the
aldehyde groups via imine formation and subsequent
NaBHj reduction (Scheme 41). By coulometric analy-
sis, the number of introduced ferrocene moieties was
estimated to be around 1 for each derivative.

The length of the spacer turned out to play a crucial
role for the mechanism of electric communication
between the enzyme and the electrode. When at-
tached to longer chains of more than 10 bonds, the
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Scheme 41. Modification of Glucose Oxidase on
the Peripheral Carbohydrate Part of the Enzyme
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ferrocenyl moiety can penetrate the enzyme to a
sufficient depth to allow fast intramolecular electron
transfer between the flavin centers and the electrode.
When attached to short chains of less than 5 bonds,
on the other hand, the electron-transfer process was
primarily intermolecular, with another modified GOD
molecule acting as a conventional diffusing mediator
(see Figure 9).26° The results obtained with short

INTRAMOLECULAR ELECTRON
TRANSFER

/0 INTERMOLECULAR
KH ELECTRON TRANSFER

Figure 9. Two different mechanisms of electron transfer
between ferrocene and FADH, in ferrocene-modified GOD
(intramolecular and intermolecular). Reprinted with per-
mission from ref 269. Copyright 1991 The American
Chemical Society.

chains are consistent with those obtained by deriva-
tization with various (short-chain) carboxylic acid
derivatives presented above.

A few years later, Karube et al. also introduced
aldehyde groups on the sugar residues of GOD and,
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subsequently, connected ferrocenyl moieties on adipic
acid hydrazide spacers to the enzyme.28728 Also in
these cases, direct electrical communication between
the enzyme and the electrode took place. In addition,
a mixture of the modified GOD derivative with
organic solvent was used as the ink component for
the screen-printing technique.

Katz, Willner, and co-workers divised a different
strategy to decrease the distance between the FAD
cofactor and the redox active ferrocene moiety. In-
stead of attaching ferrocene moieties randomly on the
periphery of the enzyme, they reconstituted GOD
from apo-GOD in the presence of a semisynthetic
FAD cofactor 126 to which a tail bearing a ferrocenyl
moiety is tethered.?81282 The modified cofactor is
depicted in Scheme 42. By performing electrochemi-

Scheme 42. Molecular Structure of the
Ferrocenyl-Modified FAD Cofactor 126
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cal and kinetic analyses, the rate for electron transfer
between the modified enzyme and the electrode was
found to be 40 s71.282 This value is about 45 times
higher than the highest observed rate constant for
GOD randomly substituted on the periphery with
ferrocene moieties (¢ = 0.9 s71). In conclusion, the
enzyme reconstituted with the ferrocenyl-modified
FAD cofactor exhibits superior electrical communica-
tion with respect to the randomly derivatized conju-
gates.

Chen et al. modified GOD on the gene level in order
to attach a Lysyo tail via a (Ser-Gly)s peptide linker
to the C-terminus and expressed the recombinant
protein in the yeast Pichia pastroris.?®3 Because
translation proceeds from the N-terminus to the
C-terminus, it was anticipated that the Lysjo tail
would not be buried in the core of enzyme. In
addition, the X-ray crystal structure of native GOD
showed the C-terminus to be located at the surface
of the wild-type (wt) protein, whereas the N-terminus
is buried deeply in the core of the protein.?6! More-
over, the added Lys residues are hydrophilic and
should prefer a position on the surface over a position
in the hydrophobic core of the protein. Indeed, these
lysine-N H; moieties were found to be accessible for
labeling. After derivatization with 40 and EDC in 2
M urea, the modified Lys;p-GOD derivative displayed
90% activity relative to wt GOD. Furthermore, the
Lys10-GOD-Fc conjugate was found to have a better
electrical availability and a higher lifetime than the
ferrocenyl-conjugated GOD controls lacking the Lys;g
tail.2ss
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The group of Katz and Willner adapted modified
GOD to probe antigen—antibody associations at the
interfaces of the monolayer and the electrode
and developed amperometric immunosensor elec-
trodes.69:273,275,284=287 The field of bioelectronics has
been reviewed by this group.”-288

Aizawa et al. prepared GOD derivatives that were
conjugated with both ferrocenyl moieties and digox-
in.28? The authors used two different procedures for
ferrocenyl labeling: (1) the Fc-COOH/EDC protocol
and (2) labeling via imine formation with Fc-CHO
and subsequent NaBH, reduction. Conjugates with
various Fc/digoxin/GOD ratios were prepared, and
these were adapted in a homogeneous electroenzy-
matic immunoassay.

3.1.2. b-Amino Acid Oxidase (DAAO)

D-Amino acid oxidase (DAAOQO) was one of the first
flavoproteins to be discovered in the 1930s.290-291 The
enzyme is found in numerous organisms, such as
yeast, insects, birds, and mammals.?2 It catalyzes
the oxidative deamination of D-amino acids according
to the following equations (eqs 4—6) with the help of
a FAD cofactor.

DAAO(FAD) + H,N—CHR—COOH —
DAAO(FADH,) + HN=CR—COOH (4)

HN=CHR—COOH + H,0 — R—C(0O)—COOH (5)
DAAO(FADH,) + O, — DAAO(FAD) + H,0, (6)

In the first step, the amino acid is reduced to an
imine (eq 4), which subsequently hydrolyzes to yield
a keto ester (eq 5). Similar to the regeneration of
glucose oxidase, FADHj, is regenerated by dioxygen
to return the DAAO in the FAD state (eq 6).

In vitro, DAAO is reactive toward a wide range of
neutral and basic D-amino acids, but the highest
reactivity is displayed toward amino acids that
possess a hydrophobic side chain. The amino acids
D-aspartic acid and D-glutamic acid are not substrates
for DAAO, but these are instead oxidatively deami-
nated by D-aspartate oxidase. An excellent review on
all aspects of DAAO recently appeared in the litera-
ture.2%3

D-Amino acid oxidase from pig kidney (pkDAAO)
was the first DAAO to be obtained in pure form in
1973.2%4 About 15—20 years later, the isolation and
purification of DAAO from the yeasts Rhodoturula
gracilis (rgDAAO) and Trigonopsis variabilis (tvD-
AAO) were reported.?952% The enzyme pkDAAO is a
monomeric 347 amino acid protein, containing one
FAD cofactor, with a molecular mass of 39.6 kDa. The
rgDAAOQ is a homodimeric enzyme of approximately
80 kDa, with each monomer consisting of 368 amino
acids. Furthermore, the rgDAAO contains a noncon-
valently bound FAD cofactor.?®” Protein X-ray crystal
structures of pkDAAQO?%392 and rgDAAQ3%3:3%4 have
been reported.

Heller and Degani could bind 3 £ 1 ferrocenoyl
moieties on pkDAAO by reaction with 40 in the
presence of the coupling reagent EDC and 3 M
urea.?67268 The resulting conjugate showed about 25%
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activity relative to the native enzyme. Katz, Willner,
and co-workers reconstituted apo-pkDAAO in the
presence of the ferrocenyl-modified cofactor 126. The
reconstituted enzyme was reported to display only
about 20% of activity relative to the native pkDAAQ.2!
For both conjugates, it was demonstrated that direct
electrochemical communication took place between
the electrode and the modified enzyme. The addition
of D-alanine to either conjugate resulted in an elec-
trochemical response, with the magnitude of the
current depending on the concentration of D-alanine.
In fact, a linear relationship was observed between
the D-alanine concentration and the current, thus
making the use of the modified enzymes in ampero-
metric D-amino acid sensors possible,?67.268.281

3.1.3. Cytochrome P450.4r,

Cytochrome P450.., (CyP450.,) from the soil
bacterium Pseudomonas putida is a monooxygenase
with a molecular mass of 45 kD, which catalyzes the
stereospecific hydroxylation of camphor 127 to 5-exo-
hydroxycamphor (128) (Scheme 43).2% For this trans-

Scheme 43. Stereospecific Hydroxylation of
Camphor 127 by Cytotyrone P450..,
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camphor (127)

formation, it relies on two redox partners that
transfer electrons from NADH to CyP450..,, namely
putidaredoxin, a redoxin with an FeySe:Cysy struc-
tural motif, and putidaredoxin reductase. Like all
members of the CyP450 family, CyP450..,, contains
a heme subunit, with the iron atom being coordinated
by a planar tetradentate heme ligand and by a
cysteinato-S atom. A variety of crystal structures of
CyP450.,, have been reported by Poulos and co-
workers, including the substrate-free enzyme306307
and the enzyme complexed with its natural sub-
strate camphor®®® and with several other substrate
analogues.?9%310 In addition, crystal structures of
CyP450.., inhibited by carbon monoxide®'! as well
as by several other inhibitors have been reported.3!%313
The electrochemical and spectroscopic properties of
CyP450.., have been extensively studied, and they
were correlated with the results from protein X-ray
crystallography.314

In a series of papers, Hill, Di Gleria, Wong, and
co-workers prepared cytochrome P450..,, derivatives
modified with ferrocenyl maleimide residues.?12-315:316
The maleimide moiety has a high affinity and selec-
tivity for the sulfhydryl group of cysteine (see section
2.4.4). The highlight of these papers is undoubtedly
the protein X-ray single-crystal structure at 2.2 A
resolution of the CyP450.,,(C334A) mutant to which
two ferrocenylethyl maleimide (104) groups were
covalently attached.?' The exposed Cys334, which
is at the surface of the wt protein, was altered to an
alanine via site-directed mutagenesis to prevent
dimerization of the enzyme via disulfide formation.
The overall structure of the modified enzyme is
depicted in Figure 10.
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Figure 10. Protein X-ray single-crystal structure at 2.2
A resolution of the CyP450.,,(C334A) mutant with two
ferrocene groups covalently attached. One ferrocene group
is located close to the hemin group in the center of the
enzyme, while the other ferrocene is on the outside of the
enzyme (bottom left). Graphics created from PDB entry
1GJM using WebLab Viewer Lite Vers. 3.2 on a Macintosh
G4 Powerbook Computer.

This X-ray crystal structure analysis revealed that
one of the ferrocenylethyl maleimide groups is teth-
ered to Cysl136 on the periphery of the enzyme,
whereas the other maleimide moiety is covalently
linked to Cys85, occupying a position in the binding
pocket of the enzyme. The Cys85-bound ferrocenyl
moiety turned out to be an irreversible inhibitor of
the enzyme. By UV spectroscopy, it was shown that
camphor is displaced from the binding pocket during
the derivatization reaction of the enzyme camphor
complex with 104. UV spectroscopic results also
indicated the simultaneous binding of a sixth ligand,
most likely a water molecule, to the heme iron atom
during the derivatization procedure. This is consis-
tent with the results from X-ray crystallography,
which show the binding of an aqua ligand to the
heme iron atom. The binding of camphor is inhibited
as a result of the occupation of the active site by the
relatively bulky Cys85-bound ferrocenyl group. The
heme iron atom, however, is still accessible for small
molecules such as carbon monoxide. This could by
verified by the appearance of a band at 448 nm in
the UV spectrum upon reduction of the enzyme and
exposure to CO. This Soret band is characteristic for
the Fe(II) carbonmonoxy form of the enzyme.31*

Another mutant of CyP450..,, was prepared via
site-directed mutagenesis.?'é All of the surface cys-
teines (Cysh8, Cys85, Cys136, and Cys334) were
changed to alanines, and in addition, lysine 344 on
the periphery of the enzyme was changed into a
cysteine. Subsequently, this K344C mutant was
modified with N-ferrocenyl maleimide (note that this
is a different maleimide derivative from the one used
for the protein modification mentioned above). In
contrast to the doubly labeled enzyme presented
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above, this conjugate was found to exhibit about 80%
activity compared to wt CyP450..1, as determined by
NADH turnover rates.?16

At this stage it should be noted that attempts have
been made to modify bakers’ yeast CyP450 with
chloromercuriferrocene (108).317-31° Instead of at-
tachment of the ferrocenylmercury group to Cys102,
a protein monomer modified at Cys102 with a HgCI*
and a protein dimer, in which a Hg atom bridges the
thiolate groups of two Cys102 residues, formed.

3.1.4. Horseradish Peroxidase

Horseradish peroxidase (HRP) is a monomeric
heme-containig glycoprotein, consisting of 308 amino
acid residues.??? The activity of the enzyme relies on
the presence of Ca?" ions, which regulate the struc-
ture of the protein.?21322 The X-ray crystal structure
of recombinant HRP determined at 2.15 A resolution
was recently reported.??® The enzyme reacts with
alkylperoxides in the following manner, according to
a modified ping-pong mechanism (eqs 7—9).

HRP + R-0-O-H — HRP-O(state 27) + ROH (7)

HRP-O(state 2") + D_, —
HRP-O(state 17) + D (8)

HRP-O(state 17) + D, ,, — HRP + D+ H,0 (9)

For HRP, only a narrow range of molecules can act
as an oxidant, whereas a large variety of enzymes or
molecules can act as the reductant (Di.q). Equations
8 and 9 are one-electron reductions for HRP-O, and
several ferrocene derivatives have been shown to be
very suitable electron-donor substrates D,eq.3247328

Tsai and Cass prepared HRP derivatives with a
ferrocenyl moiety covalently attached to oxidized
mannose residues of the main carbohydrate chain.3?°
The strategy for the modification is outlined in
Scheme 44. First, aldehyde groups are generated by
NalO, oxidation of the terminal mannose moieties.
Next, imines are formed between the aldehyde and
the ferrocenylamine (129), followed by reduction with
NaBH3CN to yield the corresponding secondary
amine HRP conjugate 130. The kinetic parameters
for this HRP—ferrocene conjugate are, in the case of
Hy0; as the substrate, in the same range as those
for unmodified HRP. With linoleic hydroperoxide as
the substrate, however, differences between fer-
rocene-modified HRP and wt HRP were observed.
The modified enzyme shows a significantly lower
apparent K,, value and a significantly higher appar-
ent Viax compared to the native enzyme. An explana-
tion for the difference could be that the surface of
the modified enzyme is more lypophilic than that of
the unmodified enzyme. An enzyme electrode was
constructed by absorbing the ferrocene HRP conju-
gate on a printed carbon electrode. This enzyme
electrode was suitable for determination of HyO9 in
the range 1—50 umol/L and quantification of linoleic
hydroperoxide in the range 5—100 yumol/L.

Ryabov and co-workers used a different method to
introduce an electrochemically active ferrocene moi-
ety to HRP.33° This strategy consists of derivatization
of hemin chloride with ferrocenylmethylamine (114),
by using EDC/HOSu as the coupling reagent mixture
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Scheme 44. Modification of the Mannose Side Chain
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Scheme 45. Synthesis of Ferrocenyl—Hemin Chloride Conjugates 131-133

@\/NHZ

EDC/HOSu DMF

e

HO,C CO.H

/

<

131

(see Scheme 45). In addition to two different isomeric
monosubstituted derivatives 131 and 132, also the
disubstituted conjugate 133 was obtained. The mono-
and disubstituted compounds could be separated by
column chromatography, but separation of the two
different monosubstituted positional isomers 131 and
132 was not possible. Reconstitution of apo-HRP in
the presence of either the mixture of 131 and 132 or
133 alone yielded a catalytically active enzyme only
with the mixture of the monosubstituted (131/132)
hemin cloride derivatives. Kinetic measurements on
ABTS (2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic
acid)) as a substrate revealed that 131/132 reconsti-
tuted HRP displayed the same Michaelis constant as
native HRP. This indicates that substrate binding is
not influenced by the presence of mono-ferrocenyl-
modified heme. The V,, value for HRP reconstituted
with 131/132 is about one-third of the V,, value for
native HRP, which means that the catalytic activity
of the modified enzyme is about 33% of that of the
native HRP. When water-soluble ferrocene deriva-
tives serve as electron donors, two differences be-
tween HRP containing 131/132 and native HRP are
observed: (1) a change in the rate law and (2) an ap-
parent increase in catalytic activity for HRP recon-
stituted with 131/132. Results from molecular model-
ing, by starting from the X-ray crystal structure of
recombinant HRP,%23 showed that the ferrocenyl rest
is likely situated on the surface of the active site. It
is believed that a more hydrophobic binding pocket
is created on the modified enzyme, contributed by the
ferrocenyl rest and the phenyl rings of two phenyl-
alanine residues. This might explain the altered kine-
tics of the modified enzyme compared to native HRP
in the case of ferrocene compounds serving as elec-
tron donors.

CO,H  HO.C ; éi ;—:
H 2! o2

/

/
Fe Fé Fe

&< DY

132 133

3.2. Nonredox Proteins

The first reports of synthetic polypeptides and
proteins being labeled with the ferrocene moiety date
back to the years 1966 and 1967.331733¢ Ag labeling
reagents, ferrocenylmethyl isothiocyanate,?31-333 fer-
rocenylpropionic acid with carbodiimide as the acti-
vating reagent,?3? and ferrocenesulfonyl chloride (Fc-
S0,-C1)33* were used.

In 1967, a new type of reagent, namely p-ferroce-
nylphenyl isothiocyanate and its carboxylic acid
derivative 3-carboxy-4-ferrocenylphenyl isothiocyan-
ate (CFPI, 134, Scheme 46), was introduced for

Scheme 46. Labeling of Immunoglobulin G with
CFPI (134)

S
O () @yly()
——————— Fe

o= CoH

conjugation with primary amino groups.?3>-337 These
compounds were applied for histochemical purposes;
that is, the covalently bound ferrocene moiety was
visualized and located via fluorescence microscopy or,
more efficiently, via electron microscopical methods.
The usefulness of this technique was first demon-
strated by labeling various tissues, such as the
placenta,338-34! and several proteins.?40~342 Thereaf-
ter, in particular the more polar carboxy derivative
CFPI found application for the labeling of immuno-
globulins, which will be treated in the next section.

3.2.1. Immunoglobulins

The labeling of antibodies, in particular IgG im-
munoglobulins, with CFPI has been reported in a



5956 Chemical Reviews, 2004, Vol. 104, No. 12

Scheme 47. Structure of the Poly(ethylene glycol)
Linkers Attached to IgG Immunoglobulins
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series of papers by Franz, Wildfiihr, Wagner, and co-
workers in the late 1960s and early 1970s (Scheme
46).3427348 The CFPI-labeled immunoglobulins were
used for immunohistochemical investigations or, in
other words, the electron microscopical visualization
of hapten (or antigen) sites. In a series of papers, the
concept of this immunohistochemical method, in
combination with a detailed description on how
labeling of immunoglobulins could be achieved, was
presented.?47-348344¢ In subsequent papers, CFPI-
labeled immunoglobulins were adapted for the local-
ization and visualization of (1) cell wall antigens, in
this case the M protein, in the bacterium Streptococ-
cus pyogenes,*3 (2) surface antigens on the parasite
Toxoplasma gondii,?*® and (3) GRAFFI-virus-induced
surface antigens in rat GRAFFI leukemia cells. In
these three cases, the CFPI immunoglobulins could
be satisfactorily visualized when they were bound to
the antigen.34?

In addition to derivatization with CFPI, examples
of immunoglobulin labeling with the reagents chlo-
romercuriferrocene (108),319349 ferrocenecarboxylic
acid (40),3507356 ferrocenylacetic acid (124),%*” and
ferrocenecarbaldehyde (67)%°® have also been re-
ported. Yasuda attached 67 to amino groups of the
immunoglobulin via imine formation and subsequent
NaBH, reduction to yield antibodies labeled with the
Fem group.?>® However, these labeled immunoglobu-
lins were not well characterized and their properties
were not determined.

In another paper by Yasuda and Yamamoto, fer-
rocene labels were introduced in an indirect manner
on the immunoglobulin, by using ovalbumin as a
ferrocene-label-carrying molecule (see also section
3.2.3).3%° First, hen’s egg ovalbumin was reacted with
N-acetylhomocystein thiolactone, which resulted in
amide formation between protein NHs groups and the
C-terminus of the N-acetylcystein. In this way, about
nine new sulfthydryl groups were introduced on the
protein ovalbumin. Subsequently, ferrocene moieties
were covalently attached through Fe-Hg-S bond
formation of chloromercuriferrocene (Fc-HgCl, 108)
with sulthydryl groups. Next, aldehyde groups were
introduced on the carbohydrate part of the ovalbumin
derivative via reaction with NalOy. In the last step,
the ovalbumin—HgFc conjugate was covalently at-
tached to immunoglobulins via imine formation,
followed by reduction with NaBH,.
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Only in the past decade, ferrocenecarboxylic acid
(40) and ferrocenylacetic acid (124) have been used
to label various immunoglobulins after activation of
the carboxylic acid with EDC or related reagents.350-357
These conjugates were used for immunoassays with
electrochemical detection either following capillary
electrophoresis or immobilized on gold surfaces. For
instance, histamine concentrations between 200 and
2000 ng/mL could be reliably determined within 2
min from whole blood samples using a microfabri-
cated on-chip multichannel matrix column device.?%*

In a series of interesting papers, Moiroux and co-
workers labeled IgG immunoglobulins with PEG-Fc
molecules to yield conjugate 135 (Scheme 47).359-361
The ferrocene-containing chain of 135 with average
weight M = 3400 is very flexible. They assembled
layers of modified IgG molecules and anti-IgG anti-
bodies on electrodes and determined several physical
properties, such as the diffusion of the redox probes
and the dynamics of the chain.

Signal amplification was achieved in an ampero-
metric immunosensors by Yasuzawa and co-workers.
The anti-transferrin antibody 15C2H3 was labeled
with a conducting ferrocene-containing polymer 136
(HO-poly-Fc, Scheme 48). This polymer is coupled to
amino groups of the immobilized antibody, and a
quantitative analysis of transferrin is carried out by
measuring the electrooxidation current of ferrocene,
which is proportional to the transferrin concentra-
tion.

3.2.2. Bovine Serum Albumin (BSA)

Bovine serum albumin (BSA) is a protein with a
molecular weight of 66.7 kD, consisting of 607 amino
acids, of which 57 are lysine residues.?%? The first
report of it being labeled with a ferrocene derivative
appeared in the literature in 1969.363 Schlogl et al.
reacted BSA with ferrocene imidocarboxylic acid
ethyl ester (137) (Scheme 49), resulting in a conjugate

Scheme 49. Labeling of BSA with
Ferrocenylimidocarboxylic Acid Ethyl Ester (137)

EtO —NH
| |
—NH2 + AN — HN  Fe
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that, according to the authors, contained approxi-
mately 60 ferrocenyl groups. This value should be
taken with appropriate care, because it has been
determined by gravimetry and not by more accurate
techniques such as atomic absorption spectrometry
(AAS) or spectrophotometry.?%* As a matter of fact,
BSA contains only 57 lysine amino groups.362

Scheme 48. Synthesis of a Ferrocene Polymer Anti-transferrin Antibody
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136 (HO-poly-Fc)

(Antibody), 15C2H3
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In two papers, Mizutani and Asai introduced Fem
groups on the N, atom of the lysines, via the reaction
with ferrocenecarbaldehyde (67) followed by NaBH,4
reduction.?6®3%¢ Under denaturing conditions in the
presence of 6 M urea, about 40 of the 57 lysine N,
atoms were derivatized, whereas, without added
urea, only 20 Fem rests were introduced.?%® These
ferrocenyl—BSA conjugates were applied as efficient
diffusing macromolecular mediators between the
enzyme glucose oxidase and the electrode.

Shinohara and co-workers reacted BSA with fer-
rocenylpropionic acid in the presence of EDC, which
resulted in formation of two types of conjugates:
proteins that possessed either 23 or 5 ferrocenyl
rests.367 The authors showed these conjugates to be
efficient macromolecular mediators between the en-
zyme fructose dehydrogenase and an electrode. The
conjugate with higher ferrocene/BSA ratio was found
to be more effective, which was explained by the
higher numer of redox centers attached.

In an interesting paper, Kunugi et al. explored the
reaction of BSA with 67 followed by NaBH, reduction
under different conditions. They investigated the
differences between the denaturation of the protein
via high pressure (500 MPa) or via urea concentra-
tions ranging from 3 to 6 M during the labeling
process. Conjugates with higher ferrocene/BSA ratio
were obtained by applying a 500 MPa pressure.
However, the conjugates prepared via denaturation
with urea were better mediators between GOD and
the electrode, despite the lower number of ferrocenyl
rests attached.?’

Aizawa and co-workers prepared ferrocene and
digoxin double-conjugated BSA derivatives for ap-
plication in a homogeneous electrochemical immu-
noassay.?®® In total, 39 Fem groups and 8 digoxin
molecules were connected to BSA via imine formation
and subsequent NaBH, reduction. This derivative
was used as a multisite hapten for digoxin antibodies.
Binding of the digoxin antibodies results in a de-
crease of the electrochemical activity of the BSA
derivative. This is caused by the diminished electro-
chemical availability of the ferrocene rests, since the
bulky antibodies shield the ferrocene moieties. The
measured peak height currents are inversely related
to the concentration of antibodies, in this way allow-
ing the quantification of the antibodies.

Lo and co-workers have also used ferrocenyl
iodoacetamide (105) for the labeling of sulfhydryl-
modified BSA .24 Before reaction with 105, BSA was
treated with N-succinimidyl-S-acetylthioacetate to
increase the number of free thiol groups. After the
labeling, the ferrocene-to-BSA ratio was about 40:1,
as estimated from UV absorbance spectra.

3.2.3. Various Proteins

The first report of a protein, in this case ovalbumin,
labeled with the ferrocene rest dates back to 1967.334
Ovalbumin, the main protein of egg white, is a gly-
coprotein with a molecular mass of 45 kD.3%° The pri-
mary amino acid sequence of hen ovalbumin has 385
residues, of which 20 are lysines,?"%37! and the N-
terminus of the protein is acetylated.?”? The crystal
structure of uncleaved ovalbumin was determined at
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Scheme 50. Ferrocenyl Biotin Conjugate 138
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1.95 A resolution.?” In a short communication, Peter-
lik reported the reaction of ferrocenesulfonyl chloride
with ovalbumin to yield conjugates in which on
average 8.6 of the total 20 lysines were derivatized.33
The protein papain found in unripe fruit (papayas)
of the tree Carica papaya belongs to the class of
cysteine proteinases.?™ This protein consists of a
single chain of 212 amino acids, of which 7 are
cysteines.?”377 The X-ray crystal structure of the
protein revealed that 6 of these cysteines form
disulfides, whereas Cys25 is located in the active
site.3”® This Cys25 is essential for enzyme activity.3"
Douglas and co-workers performed experiments to
investigate whether chloroacteylferrocene (41) or
chloromercuriferrocene (108) could irreversibly in-
activate papain.?™ The latter reagent turned out to
be completely unsuitable, whereas 41 rapidly inac-
tivates papain. Kinetic experiments indicated that
the inhibition occurs via a two-stage process, involv-
ing initial complexation of 41 by the enzyme, followed
by covalent attachment via thioether formation.
The tetrameric proteins avidin (from egg white)
and streptavidin (from the bacterium Streptomyces
avidinii) are remarkable for their ability to bind up
to four molecules of biotin with high affinity (Kq =
10715 M for avidin and Kyq = 1071 M for streptavi-
din).38%381 Although these proteins are genetically
remote, their primary structures are rather similar3?
and the conserved amino acid residues are mostly
confined to six homologous segments.?8338%¢ Protein
crystal structures have been reported of avidin385-386
and streptavidin3872%8 with and without bound biotin.
Padeste and co-workers coupled the ferrocene
moiety on a flexible spacer via an amide linkage to
avidin as well as to streptavidin, by applying EDC
as the coupling reagent.?®¥3% By controlling the
reaction conditions, avidin and streptavidin conju-
gates with Fe/protein ratios varying from 3 to 30 (for
avidin) and from 3 to 16 (for streptavidin) were
obtained.?¥3% The derivatization procedure did not
alter the biotin-binding capabilities of the enzyme
significantly. These ferrocenyl—avidin conjugates
were used to construct an enzyme-based biotin sensor
by immobilizing them on an electrode.38®
In another paper, Mosbach and Schuhmann fol-
lowed a different approach toward an affinity-based
biotin sensor, by making use of the biotin—strepta-
vidin system. Instead of derivatizing the enzyme,
they prepared a ferrocene—biotin conjugate 138
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(Scheme 50).3°1 The affinity assay was based on the
fact that the measured current for a microelectrode
is correlated to the diffusion coefficient of the redox
species. Binding of the electroactive conjugate 138
to streptavidin results in a change of the diffusion
coefficient of the electroactive label on account of the
increase in molecular mass. Suggestions for signal
amplification were given in this paper, and the
generality of the idea was demonstrated.

Khodonov and co-workers prepared a ferrocenyl
analogue of retinal 139 and tested its interaction with
bacteriorhodopsin (BR) from Halobacterium sali-
narum (Scheme 51).392 Bacteriorhodopsin, discovered

Scheme 51. Ferrocenyl Retinal Conjugate 139
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in 1971 by Oesterhelt and Stoekenius,??® is a mem-
brane protein. Its protein component, called bacter-
ioopsin, consitutes a single polypeptide chain of 247
amino acids, with a lysine in position 216. The chro-
mophore retinal is attached via an imine linkage to
Lys216, with the aldimine fragment being protona-
ted.394739% Compound 189 was reacted with bacter-
ioopsin apomembranes, and a stable pigment formed
slowly. UV—vis investigations showed that the Ay
of the 139 reconstituted bacterioopsin is nearly the
same as that for the native BR (492 vs 483 nm,
respectively).

4. Conjugates of Ferrocene with DNA, RNA, and
PNA

Compared to the ferrocene derivatives of amino
acids and proteins described in section 2, this is a
relatively young and less explored field in the bioor-
ganometallic chemistry of ferrocene. It is interesting
to note, however, that most of the chemistry and
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applications of ferrocene are rather similar. Imine
and amide formation with ferrocenecarbaldehyde (67)
or ferrocenecarboxylic acid (40), respectively, as well
as Sonogashira coupling are the preferred methods
for covalent attachment of ferrocene to (oligo)nucle-
otides. A potentially very promising application is
simple and inexpensive gene sensors.?*’” For such
devices, electrochemically active DNA derivatives for
sequence-specific detection of DNA oligomers are
required. Unsurprisingly, most efforts are concen-
trating on ferrocene derivatives for this purpose. As
will be discussed later (section 4.3), a variety of de-
tection schemes are conceivable and there does not
seem to be a gold standard yet. Grinstaff and co-
workers have summarized metallo-oligodeoxynucle-
otides??® and recent developments in redox probes for
DNA. 3% The subject of this section has recently been
reviewed.”

4.1. Ferrocene Derivatives of Nucleobases,
Nucleosides, and Nucleotides

The first work on ferrocene derivatives of nucleo-
sides is only about 10 years old.*®® Moreover, this
work by a French group has not been cited frequently
again, but obviously, some “first” or “unprecedented”
claims in later papers are unjustified. Gautheron and
co-workers used a variety of different Pd-catalyzed
C—C coupling reactions to synthesize ferrocene nu-
cleosides and derivatives thereof.“?° The reaction of
unprotected 5-chloromercury-uridine with ethenyl-
ferrocene yields, under Pd catalysis and after reduc-
tive workup, a mixture of ferrocenyluridine deriva-
tives. A cleaner reaction was observed with TMS-
protected 5-iodouridine, 8-bromoadenosine, and 2'-
desoxyuridine using the zirconylated compound
Cp2Zr(C1)CH=CH—FCc (derived from ethynylferrocene
and Schwartz’s reagent Cp2Zr(C1)H) and (C¢H5CN)o-
PdCl; as a catalyst. After workup with aqueous Me-
OH, the unprotected uridine, 2'-desoxyuridine, and
adenosine derivatives 140—142 were obtained in good
yield (Scheme 52). A reaction is also possible with

Scheme 52. Pd-Catalyzed Synthesis of Ferrocenylated Nucleosides®
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Scheme 53. Sonogashira Coupling for Ferrocenylated Nucleosides

Fc
0 1. Fc-CaCH (143), 0 0
HNJ]/I (PhsP),PdCl, (cat.) HNJE%@ NEt A i |
O)\N 2. MeOH, H,0 oél\N Fe oél\N
A R = A
R=H 144 147
Ribose 145 148
Deoxyribose 146 149
NH, NH,
z N 2 N
N
NKJI S—Br  1.Fc-C=CH, | Y=<
NS NS
N~ N (PhgP),PdCl, (cat.) N~ N Eo
Me3SiO HO
0 2. MeOH 0 <
MegSIO  OSiMeg OH OH 150
HCI, CHCI,
NH,
2 N
Nk M=
NS
N~ N Eo
153
(0] 0 Fc
| FZ
BnN BnN
A | 1. Fe-C=CH, A |
0“>N (PhsP)4Pd (cat.), 0“ N
BnO Cul, NEt;, DMF BnO
o o
OBn OBn OBn OBn
151 152

ethynylferrocene (143) itself and 5-iodouracil, iodo-
uridine, 2-desoxyiodouridine, and bromoadenosine
(Sonogashira coupling),!8¢ yielding the substituted
nucleobase 5-ethynylferrocenyluracil (144), 5-ethynyl-
ferrocenyluridine (145), and 5-ethynylferrocenyldes-
oxyuridine (146) as well as the ethynylferrocenylad-
enosine (150) (Scheme 53). The 5-ethynyluracil de-
rivatives can be cyclized in the presence of base, for
example, NEts, yielding ferrocenyl derivatives 147—
149. These authors find that is not a metal-catalyzed
reaction because the cyclization reaction takes place
by simply heating ethynylferrocenyluracil in DMF in
the presence of base.??® The same observation was
made later by Yu et al., and a mechanism has been
suggested.*°! However, in a very recent publication,
the presence of Cul was claimed to be essential in
order for substantial amounts of 147 to be formed.*0?
Two additional unexpected side products were found,
all of which formed exclusively from 144. An im-
proved mechanism has been suggested which satis-
factorily explains the range of products observed so
far. In line with this, the protected nucleoside 151,
in which cyclization is not possible, yields the Sono-
gashira product 152 in 79% yield. Related cyclization
reactions with purely organic substrates have previ-
ously been reported in the literature.*%3~4%¢ The
ferrocenyl substituent stabilizes a positive charge on
the directly bound ethynyl carbon atom,*” thus
facilitating an attack of the nucleophilic oxygen atom
to form the five-membered ring. Houlton and co-

workers also reinvestigated this cyclization reac-
tion.*%8 They reported crystal structures of protected
derivatives of 146 and 149. The formation of cycliza-
tion product 149 could be completely suppressed by
running the Sonogashira reaction at room tempera-
ture for 4 h. Under these conditions, 5'-DMT-
protected 146 could be isolated in 75% yield. Inter-
estingly, a substantial amount of cyclization product
was found after ODN synthesis on solid support and
cleavage, even under very mild conditions using so-
called ULTRAMILD phosphoramidites and 0.05 M
methanolic KoCO; for deprotection.*® This result
does indeed question the necessity of Cul in the
cyclization reaction. Cleavage of the anomeric bond
in the ferrocenyl adenosine derivative 150 could be
affected by a solution of anhydrous HCI gas in
chloroform to yield the ethynylferrocenyladenine
(153).4% In the course of this reaction, the typical blue
color of ferrocenium cations was observed but the
ethynylferrocenyladenine was recovered in good yield
after workup. Finally, the cytotoxicity of selected
compounds has been tested by a simple cell prolifera-
tion assay, but only modest effects were observed.*%°

Another approach to metal nucleobase derivatives
was published by Houlton’s group.4%410 Trimethyl-
(ferrocenylmethyl)ammonium iodide (154) was used
as a convenient source of the ferrocenylmethyl cation
in the reaction with variuos nucleobases and nucleo-



5960 Chemical Reviews, 2004, Vol. 104, No. 12

base derivatives. A complete series of cytosine, thy-
mine, uracil, guanine, and adenine derivatives was
obtained and comprehensively characterized, also by
X-ray analysis. In general, the presence of the lipo-
philic ferrocenylmethyl moiety makes those com-
pounds less hydrophilic. Some of the compounds show
interesting intermolecular hydrogen bonding pat-
terns in the solid state, as revealed by X-ray single-
crystal analyses. A representative example is shown
in Scheme 54 for the case of 9-ferrocenylmethyl-
adenine (155).4° The first preparation of this com-

Scheme 54. Synthesis of 155
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pound was reported in 1980 by Chen, who actually
obtained a mixture of 155 along with the isomeric
Nb-ferrocenylmethyladenine and 7-ferrocenylmethyl-
adenine.*!! The crystal structure of 155 reveals a
combination of hydrogen bonding to Watson—Crick
as well as Hoogsteen sites (Figure 11).

Figure 11. X-ray single-crystal structure analysis of 155.
Hydrogen bonds between the adenine rings are formed
using Watson—Crick (two hydrogen bonds, central) and
Hoogsteen sites (peripheral, one hydrogen bond each).
Reprinted with permission from ref 409. Copyright 1996
The Royal Society of Chemistry.

An interesting application of hydrogen bonding
involving nucleobases was reported recently. The
distance between the Cp rings in ferrocene is about
3.5 A. This corresponds almost exactly to the distance
between stacked bases in dsDNA. Using this prin-
ciple, a receptor 156 for the dinucleotide TpT was
synthesized by Sonogashira coupling of 1,1'-diiodo-
ferrocene (157) with 2 equiv of 2,6-diamido-4-ethyn-
ylpyridine (158) (Scheme 55).412 An association con-
stant of 156 (R = COMe) with a lipophilic TpT
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analogue of about 1.2 x 10% L/mol was calculated in
CHCIs. Moreover, an induced CD signal was observed
resulting from absorptions of the ferrocene moiety.
Because the receptor 156 is achiral, this induced CD
signal can only be explained by a twisted orientation
of the two Cp rings as a consequence of strong
hydrogen bonding to the chiral TpT molecule. This
situation resembles the work of Hirao, where hydro-
gen bonds between adjacent amino acids and peptides
were forcing the substituted Cp rings on ferrocene
into a fixed position, thus introducing an element of
helical chirality.®* Likewise, an induced CD was
observed in both cases. The selectivity of the TpT
receptor 156 over other mononucleotides or dinucleo-
tides was also high. From a mixture of all conceivable
mono- and dinucleotides, only TpT was extracted by
the molecular receptor 156 (R = CO"Bu).412 Although
it is not clear how this principle can be extended to
longer oligonucleotides, such selective receptors may
certainly play a role in identification and purification
of oligonucleotides in the future.

Compound 159, which has planar chirality, repre-
sents a different approach to metallocene derivatives
of nucleobases. 159 was synthesized regio- and
stereospecifically by an eight-step procedure starting
from ferrocenecarbaldehyde (67) protected with a
chiral auxiliary.*!® The key intermediate 1-amino-2-
cyanoferrocene (160) is cyclized with trimethylortho-
formate and p-toluenesulfonic acid, followed by treat-
ment with a solution of NHs in MeOH to yield 159
(Scheme 56). This compound represents an electro-

Scheme 56. Synthesis of 159
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chemically active adenine analogue, in which the
electroactive metallocene is actually part of the
nucleobase itself. Whether such metallocene nucleo-
base derivatives might find any application remains
to be seen.

4.2. Solid-Phase DNA Synthesis with
Ferrocenylated Nucleotides

As pointed out before, the main interest in fer-
rocene oligonucleotide derivatives is for electrochemi-
cal DNA sensors. Therefore, most of the literature
covers ferrocenyl oligomer synthesis under the aspect
of electrochemical detection. However, a few papers

Scheme 55. Synthesis of a Molecular Receptor for the Dinucleotide TpT
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Table 6. List of Melting Temperatures of Ferrocenylated ODNs with Complementary DNA

place of
entry  length of substitution

no. oligomer sequence with Fe Tn/°C ATw/°C ref

1 17 5'-CTFG CTA GAG ATT TTT AC-3’ base 52.2 (compl DNA) —-0.4 414
48.3 (compl RNA) -7.7

2 17 5'-CTG CTA GAG ATT¥ TTT AC-3’ base 38.5 (compl DNA) -14.1 414
41.3 (compl RNA) —14.7

3 16 5'-TGC TAF<C AAA CTG TTG A-3' base 43.2 -7.6 419

4 16 5'-TGC TAC AFAA CTG TTG A-3' base 41.8 -9.0 419

5 16 5'-TGC TAC AAAF¢ CTG TTG A-3' base 42.4 -84 419

6 16 5'-TGC TAC AAA CTG TU¥ G A-3' base 49.6 —-1.2 418, 419

7 16 5'-TGC TAC AAA CU¥G TTG A-3' base 48.2 -2.6 418,419

8 12 5'-TGC TAC AAA CUFG-3' base 42.6 +1.2 418

9 15 5'-ATC UFGA GTC CAT GGT-3' base 48.0 (A opposite UF°) —5.7 401
56.5 (G opposite UF°) —4.2

10 15 5'-AAF<C AF<GA GTC CAT GGT-3' 2' 51.3 +0.1 452

11 15 5'-ACFcA CFTA GAG CCA GCT-3' 2' 57.4 -0.9 452

12 15 5'-ACA CTA GAG CF<CA GCT-3' 2' 58.7 +0.4 452

13 15 5'-ACFcA CFTA GAG CCA GCT-3' 3 53.7 —4.6 452

14 15 5'-ACA CTA GAG CF<CA GCT-3' 3 54.2 —4.1 452

15 15 5'-AAF<C AFcGA GTC CAT GGT-3' 2! 51.3 +0.1 454
50.5 (different Fc -0.7

derivative)
16 37¢ 5'-CAA CGT CCG AGC AGT ACA TFTFG base 75 —4 423

ACA GAC T*AA GGA GCTFe T¥e-3'

@ Values depend on oligomer concentration, added salts, salt concentrations, and melting schemes employed. In some cases but
not all, multiple measurements were carried out and errors were given or estimated. Please refer to the original literature for
those details. ® AT}, is against a perfect match (T, (ferrocenylated nucleotide) — T'(unmodified nucleotide)). Only the site of labeling
with ferrocene is indicated; different labels were used (see text and schemes). ¢ The complementary strand was a 40-mer with an

additional AGC triplet at the 3' end.

deal with synthetic aspects alone, and these are
covered in this section.

In one instance, Mitsunobu reaction of ferrocenyl-
methanol with 5'-0-(4,4'-dimethoxytriphenylmethyl)-
3'-O-acetylthymidine yields the coupling product 161,
which was readily converted to the phosphoramidite
162 (Scheme 57). Purified 162 was used as a building

Scheme 57. Ferrocenylated T Monomers 161 and
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@ Compound 162 could be used as a modified T monomer in
automated oligonucleotide synthesis.

block in automated oligonucleotide synthesis of DNA
16-mers and 17-mers.*!* Four different metalated
oligomers were synthesized, differing in the position
of the metal label. A series of melting studies with
complementary DNA and RNA strands were per-
formed. In all cases, a drastic reduction in the
stability of the duplices was observed except when
the metalated T was almost terminal in a B-DNA
duplex (entry 1 in Table 6). Even the formation of
triple helices was observed with the third strand
bearing the metalated T. CD spectroscopic studies
and CD melting point studies were further used to
supplement structural information on the duplices

and triplices formed in this study. This work repre-
sents the most comprehensive study to date on the
influence of the site of ferrocene substitution on the
stability and structure of DNA-RNA duplices, ds-
DNA, and triplex formation.

Ferrocenecarboxylic acid (40) has been attached to
the amine group of a 5'-terminal hexylamine of
ODNs. In 1991, the purpose of these conjugates was
to use stable isotopes of iron for multiplexed detection
of nucleotides of different sequence by resonance
ionization spectroscopy (RIS), either induced by ion
sputtering (sputter-initiated RIS or SIRIS) or laser
desorption (laser atomization RIS or LARIS).415-417
This idea is somehow related to the very first metallo
immuno assays on ferrocenyl derivatives of steroids
reported by Cais, in which AAS detection was used
(see section 6.1.1). Although the method worked with
high spatial resolution on electrophoresis gels and
the sensitivity was comparable to autoradiography
with 32P, its use is very limited. A relatively high
background of **Fe was found in other carriers such
as Nylon membranes, making the use of ®"Fe neces-
sary for good sensitivity.*'® Second, a sophisticated
and expensive device for detection is necessary.
Finally, the advent of DNA chips has largely over-
come the need for multiplexed analysis in traditional
sequencing.

In most other work, ferrocenylated nucleotides
were synthesized by Sonogashira coupling of ethy-
nylferrocene (143) or related ferrocene derivatives
with an ethynyl group to iodo-U or bromo-A. Two
synthetic strategies have been followed, either trans-
formation of ferrocenylated nucleotides into phos-
phoramidites and subjection to automated oligomer
synthesis or derivatization with ethynylferrocene
after assembly of the oligomer. Metzler-Nolte et al.
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have found that ferrocenecarboxylic acid propargyl-
amides 90 are particularly suitable ferrocene deriva-
tives for Sonogashira coupling on amino acids and
peptides (see Scheme 29 above). In addition, these
compounds are conveniently prepared on a large
scale, and the X-ray crystal structure of 90b has been
reported.’®® Compound 90a was used by Grinstaff et
al. for the labeling of nucleotides by Sonogashira
coupling.398418419 These authors reported improved
yields and purity of the conjugates if the derivatiza-
tion is carried out on the column, rather than in
solution after cleavage of the oligonucleotide. Similar
findings were made for labeling of DNA by Sono-
gashira coupling with a tris(bipyridine)Ru propar-
gylamine derivative.2%42! In their work, Grinstaff et
al. found that the structure of dsDNA at room
temperature is not significantly altered by incorpora-
tion of a ethynylferrocenyl-A or -U, regardless of the
position of the label. On the other hand, a decrease
in melting temperature of up to 9 °C (from 50.8 to
41.8 °C for a 16-mer) is observed if an A in the middle
of one strand is substituted by ferrocene. Again, the
effect is smaller if U is substituted and if the label is
close to the end of the duplex.*!®

During their efforts to incorporate ethynylferrocene
directly into U monomers by Sonogashira coupling,
Yu and co-workers observed the same cyclization re-
action in the presence of DIPEA that had already
been reported by Gautheron and co-workers.400401
Both isomers 146 and 149 (see Scheme 53 above)
could be separated, transformed into phosphoramid-
ites, and used as building blocks in automated DNA
oligomer synthesis. On the other hand, standard
DNA deprotection/coupling requires basic conditions,
and cleavage of (ferrocenylated) ODNs from the solid
support is achieved by concentrated NHs. It is, there-
fore, not surprising that only the cyclized ferroce-
nyl-U (149) is found in ODNs, regardless of the start-
ing material, and this point is indeed convincingly
demonstrated in this paper. However, another aspect
of this work really is surprising. A number of hybrid-
ization experiments with 15-mer ODNs were carried
out using ferrocenyl-U in the fourth position.*’! If
(cyclized) Fc-U is opposite to A, Ty, is 48.0 °C and
the decrease in melting temperature ATy, is —5.7 °C
compared to a perfect match. However, if G is placed
opposite to Fc-U, the melting temperature is 56.5 °C,
which is even higher than that of the perfect A—T
match just mentioned. On the other hand, AT, for a
perfect G—C match is —4.2 °C, which seems a
reasonable number. It can be concluded that cyclized
Fc-U behaves more like dC and prefers to hybridize
to G instead of A. This is an important finding
because it underscores the necessity for comprehen-
sive studies. A ferrocenyl nucleobase derivative—or
indeed, any modified nucleobase—may alter the
properties of that nucleobase to such an extent that
it actually resembles a different base. As yet, in-depth
investigations along these considerations are lacking
altogether for ferrocenyl-modified ODNs.

In all cases reported so far, including the ones in
the following section (section 4.3), the ferrocene label
is introduced either on the monomer stage, by a
metal-catalyzed reaction (Sonogashira), or after as-
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sembly of the oligomer sequence at the 5' end. An
interesting alternative for the labeling of the 3' end
of a oligonucleotide was presented by Anne and co-
workers. These authors used the dideoxynucleotide
triphosphate Fc-ddUTP (163) (Scheme 58) in an

Scheme 58. Ferrocenylated UTP Derivatives That
Have Been Used in Enzymatic Oligonucleotide
Modification Reactions
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enzymatic reaction to extend the 3' terminus of an
oligonucleotide.*?? The building block 163 was pre-
pared from 5-iodouridine and a ferrocenyl alkyne,
followed by several standard organic synthesis steps
in an overall yield of about 10%. The enzyme termi-
nal deoxynucleotidyl transferase (TDT) was then
used to extend 5'-(dT);o at the 3' end. Rapid and
quantitative transformation was observed by HPLC
with a 10-fold excess of Fe-ddUTP. Wlassoff and King
have tested two ferrocene dUTP derivatives 164a and
164b as substrates for common DNA polymerases
(Scheme 58).4%3 Interestingly, only 164a was a good
substrate, whereas the slightly longer 164b is very
poorly incorporated. These authors also convincingly
demonstrated the higher sensitivity of electrochemi-
cal vesus UV detection for HPLC analysis of ferro-
cenylated ODNs.4%?

A general approach for introducing a label such as
ferrocene has been published by Saito.*?* The alde-
hyde-containing universal base 3-formylindole 2'-de-
oxynucleoside is introduced in an ODN during solid-
phase synthesis at any desired position. The ODN is
then treated with a hydrazine or ferrocene carbohy-
drazide to yield the postsynthetically modified fer-
rocene ODN. Unfortunately, no additional data, for
example, melting temperatures with complementary
DNA or electrochemical characterization, were pre-
sented. On the other hand, this approach is quite
universal and certainly deserves further attention.

4.2.1. Analysis of Duplex Stability with Ferrocenylated
Oligomers

The paradigm of molecular biology states that the
genetic information of any organism is stored in the
DNA of that organism.*?> This DNA is a heteroduplex
(double-stranded DNA, dsDNA) consisting of two
nonidentical DNA single strands (ssDNA) which are
complementary. Complementarity is achieved by
pairing of opposite bases through hydrogen bonds.
Perfect pairing is achieved in the so-called canonical
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base pairs, that is, G—=C and A—T (or A—U in the
cases of a DNA-RNA duplex). In an ideal double he-
lix, those pairs form three (G—C) or two (A—T)
hydrogen bonds, a situation which is called Watson—
Crick base pairing. Normally, even short (>15 bases)
strands of dsDNA wind up in a helix. The thermal
stability of such a helical dsDNA can be estimated
by measuring its melting temperature (T},). The melt-
ing temperature is defined as the temperature at
which a (short) piece of dsDNA is half dissociated into
ssDNA. The experiment is most easily performed in
a UV—vis spectrometer by monitoring the change in
the absorption at 260 nm with temperature. There
is a lower absorption for dsSDNA than ssDNA at this
wavelength, as a consequence of duplex formation.
In a well-behaved duplex, a sigmoidal shape of the
absorption versus temperature curve is observed be-
cause duplex scission and formation is a highly co-
operative process.*?® The melting temperature is eas-
ily extracted from this curve (UV—T),,) and gives an
indication about the stability of the duplex. This sta-
bility is usually lowered by introducing a mismatch
into the duplex, for example, replacing a C in one
strand with T, thus leading to a less stable nonca-
nonical G—T base pair, instead of the canonical G—C.

All published melting temperatures for duplex
stability with ferrocenylated oligomers are summar-
ized in Table 6. Although these data were collect-
ed by different groups under slightly different condi-
tions, a few trends can be deduced. Substitution of
the base (entries 3—9) as well as substitution at the
3' position (entries 13 and 14) does impair base pair-
ing significantly and leads to a marked decrease in
duplex stability. It should be noted, however, that
substitution at the base has been achieved by Mit-
sunobu reaction (entries 1 and 2) or Sonogashira
coupling (entries 3—8) in all cases reported so far.
With this chemistry, only T, U, and A were substi-
tuted, and thus, this conclusion is strictly true only
for A—T/U base pairing. Substitution at the 2' posi-
tion (e.g. ferrocenylated RNA analogues, entries 10—
12 and 15) does not seem to affect base pairing or
duplex stability. If A and U Sonogashira coupling
products are compared (entries 3—5 vs 6—8), the
decrease in duplex stability is far more pronounced
if an A is substituted with a ferrocene derivative.
Finally, the Mitsunobu substitution products (entries
1 and 2) decrease duplex stability drastically in both
dsDNA and DNA-RNA duplices if the ferrocene is
placed in the middle of the helix. On the other hand,
if ferrocene is placed close to one end of the helix,
the observed effect is strongly dependent on the type
of helix formed (entry 1). If a B-type helix is formed
(as in dsDNA), the duplex stability is hardly influ-
enced by the ferrocene substituent. On the other
hand, in an A-type helix (as in a DNA-RNA duplex),
the ferrocene substitutent is apparently less well
accommodated and a marked decrease in stability is
found. A very interesting case is entry 9, in that
ferrocenylated U does interact much better with an
opposite G than with the “correct” Watson—Crick
partner A. On the other hand, in both cases, there is
a comparable decrease in stability of about 5 °C as
compared to the case of the perfect match with un-
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substituted bases. A destabilization of similar mag-
nitude is expected as the result of a single base
mismatch.

4.3. Applications of Ferrocene-Labeled DNA
Oligomers as Gene Sensors with Electrochemical
Detection

The interaction, or hybridization, of two comple-
mentary oligonucleotide strands usually takes place
in a strictly sequence-specific manner, that is for
DNA in pairs of G—C and A—T (or A—U in the case
of RNA). A so-called gene sensor capitalizes on this
specific interaction. Strand I, the probe, with known
sequence, interacts with strand II, the unknown
oligonucleotide or sample. In an ideal world, a signal
is generated if and only if strands I and II are exactly
complementary. This “digital” answer is hardly ever
achieved. In the real world, the kinetics of hybridiza-
tion are an issue, as well as the sensitivity of the
system to one or more mismatches. A variety of dif-
ferent signals are feasible and have been tested. The
most common means of detection today is fluores-
cence, owing to its high sensitivity and ease of han-
dling both chemically as a label to DNA or RNA and
spectroscopically. Electrochemical detection offers an
alternative means of detection which can also be
highly sensitive and easy to handle. Compared to
fluorescence spectroscopy, electrochemical detection
is probably more robust and less prone to errors.
Finally, electrochemical sensors can be built much
smaller than a fluorescence spectrometer and at far
lower cost. For all these reasons, there is a high in-
terest in electrochemical DNA sensors.?®” Several
reviews in recent years discussed individual aspects
of electrochemical DNA sensors such as miniaturiza-
tion, surfaces, and detection methods.*267430 The high
potential in this area has attracted several compa-
hies, 431432

In DNA or RNA oligomers, the guanine nucleo-
bases may be electrochemically oxidized. This fact
has indeed been exploited for so-called “indicatorless”
electrochemical DNA hybridization sensors on carbon
paste electrodes.*?3 Obviously, this approach requires
a guanine-free immobilized “capture strand”. In
addition, a relatively high potential is required and
this oxidation reaction may easily be irreversible.
Given the favorable electrochemical properties of
ferrocene and derivatives, it is hardly surprising that
labeling of oligonucleotides with ferrocene is the focus
of attention in the field of electrochemical gene
sensors. Ferrocene has been attached via a flexible
linker to the 5’ end of a DNA oligomer, as exemplified
for the ferrocenylated (dT);2 ODN 165 in Scheme 59.

Scheme 59. Structure of a Ferrocene-Labeled
(dT);2 ODN 165
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This electrochemically active probe DNA is hybrid-
ized to the complementary DNA, and the conjugate
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can now be detected electrochemically, for example,
by HPLC-ECD.*34437 This technique is related to the
work of Eckert et al., who used ferrocene labels to
make peptides amendable to the highly sensitive
electrochemical detection in HPLC.146293 In the HPLC-
ECD system, Takenaka et al. achieved a sensitivity
of down to 1 fmol of DNA under favorable conditions
when a ferrocenylated Tis-mer was hybridized with
an excess of poly(dA).*3* In a more realistic case, the
same probe was hybridized with a plasmid containing
a choline transporter gene (CTG) fragment of 3693
bp. The CTG promoter region contains one Ajs
sequence, and the whole CTG fragment was detected
at a minimal concentration of 20 fmol. A better
sensitivity was achieved using a ferrocenylated mixed
sequence 20-mer as the probe,*3* and this difference
was attributed to the higher melting temperature of
duplices containing the longer probe. On the other
hand, a higher melting temperature might imply a
decreased mismatch sensitivity, but this aspect was
unfortunately not investigated. The thermodynamics
of triplex formation with a ferrocenylated ODN have
been studied in detail.*3” A huge enthalpic gain upon
triplex formation is largely canceled by entropic
effects, resulting in a gain of free energy of 2—3 kcal
mol™!, compared to triplex formation with an un-
modified ODN. A similar enthalpy—entropy compen-
sation has been observed before in unmodified ODN
triplices, suggesting that triplex formation with a
ferrocenylated ODN is governed by the same major
influences as with unmodified ODNs and that there
is no unusual ferrocene-specific effect, at least in
these systems. Finally, electrochemical data for the
ferrocene moiety in the triplex are very favorable.
There is only a slight sequence dependence of the
redox potential of ~30 mV. Detection in this triple-
helix HPLC-ECD setup is possible at the femto-
mole level, which compares favorably to the sensitiv-
ity of radioisotopic or enzyme-linked colorimetric
assays.*37438 In later work, the stability and structure
of a 16-mer DNA triplex containing a 3-N-Fem-
thymidine residue in the third strand have been
compared with an unmodified triplex of the same
sequence by differential scanning calorimetry, CD
spectroscopy, and molecular modeling. In this case,
the ferrocene nucleotide does not disrupt the global
geometry of the triplex but lowers the apparent pK,
value of neighboring cytosines by making them more
accessible to the solvent.3?

The sensitivity of the HPLC-ECD system can be
further enhanced if the sample DNA is amplified by
PCR with the use of a ferrocenylated ODN primer.44°
Two DNA fragments (a 0.97 kb DNA fragment from
the oncogene v-myc and a 0.51 kb fragment from exon
48 of the human dystrophin gene) were PCR ampli-
fied using ferrocene-modified and unmodified primers
of 25 bp and 26 bp length. In both cases, correct PCR
products were obtained and the efficiency of ampli-
fication with the ferrocenylated primers was about
half of that of the unmodified primers. Under low
numbers of PCR cycles, DNA amplification proceeds
exponentially. Thus, a quantitative response was
observed over at least 2 orders of magnitude, and as
little as 0.1 fmol of oncogene v-myc DNA was detected
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reliably. This experiment suggests that ferrocenyl-
ated primers can be used for quantitative PCR
analysis coupled with HPLC-ECD. An additional
advantage of this method is the fact that no reference
is required, in contrast to conventional quantitative
PCR, in which the sample and a reference DNA are
coamplified in one vial.

Excellent sensitivity is also achieved by coupling
capillary gel electrophoresis (CGE) to electrochemical
detection and using ferrocenylated ODNSs.43° This
technique has been pioneered by Kuhr and co-
workers.#41442 Sinusoidal voltammetric (SV) detection
was recommended for selective identification of the
DNA amplification products following PCR.44%442 This
technique has also been proposed for electrochemical
detetction of native amino acids and peptides.**3 A
strategy for so-called “four colour DNA sequencing”
has been developed by this group.*4! As an example,
the T3 PCR primer was covalently 5'-modified with
four different ferrocene derivatives 166—169 (Scheme
60). Their redox potentials span a range of 230 mV,

Scheme 60. Four Ferrocenylated A Monomers
with Different Redox Potentials: E; (CV with 1
V/s, vs Ag/AgCl) = 39 mV (166), 73 mV (167), 202 mV
(168), and 268 mV (169)
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but the minimal difference between 166 and 167 is
only 34 mV. This difference, which would be difficult
to differentiate reliably in a normal CV, is readily
discernible by SV. When coupled to CGE separation,
the discriminating power of the technique was shown
to be applicable to “low-resolution” DNA sequenc-
ing.*4! By combining the single base PCR extension
technique of a ferrocenylated primer with CGE and
electrochemical detection, a novel system for single
nucleotide polymorphism (SNP) analysis was estab-
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Scheme 61. A 5'-Ferrocenylated Phosphoramidite (170), a 5'-Ferrocenylated Thymine Monomer (171), a
5'-Ferrocenylated (dT);4 ODN (172), and a 5'-Ferrocenylated Thymine Monomer with a 3'-Thiol Group for

Immobilization on a Au Surface (173)
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lished. The unextended 20-mer primer could be
separated from the 21-mer extension product, thus
demonstrating a single-base resolution separation of
a DNA oligomer with electrochemical detection.4?

The development of chip technology has revolu-
tionized genetic analysis. On one chip, a large num-
ber of ODNs with different sequences (typically thou-
sands, but chip densities up to millions of ODN per
cm? have been achieved) are immobilized in a spa-
tially addressable manner. Complementary DNA or
RNA sequences from a sample bind to these ODNs,
and a signal is generated at an exactly defined place.
Again, fluorescence spectroscopy is the main tech-
nique for the readout of this signal. The detection of
hybridization events in a chip format in combination
with electrochemical techniques is particularly el-
egant because the surface of an electrode may directly
serve as the chip on which ODNs are immobilized.
Clearly, no further equipment (like a laser and CCD
camera for fluorescence excitation and detection) is
required.

Letsinger et al. were the first to immobilize ferro-
cenylated ODNs in a self-assembled redox-active
monolayer on a Au surface.*** 6-Hydroxyhexylfer-
rocene was reacted with -cyanoethyl-IV,IN-diiospro-
pylchlorophosphoramidite to yield the corresponding
ferrocenyl amidite 170, which was coupled to thymi-
dine modified CPG. In addition to the monomer 171,
a 5'-ferrocenylated (dT)4 ODN 172 was synthesized,
as well as a ferrocenylated thymidine monomer with
a 3'-thiol group (173, Scheme 61). Compound 173 was
adsorbed on the surface of Au electrodes as a mono-
layer. The CV of an Au substrate modified in this
manner exhibited a reversible wave at slightly more
positive potential than was observed for 171 in
solution. In addition to applications as electrochemi-
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cal DNA sensors, such self-assembled DNA mono-
layers with electrochemically active groups may
provide information on the mechanism of electron
transfer through DNA as well as on the flexibility of
short DNA. Kraatz and co-workers used differences
in the ferrocene redox potential and kgr values to
differentiate between different modes of electron
transfer between a Au electrode and ferrocene-
labeled dsDNA, in particular intrastrand ET versus
interstrand crossing mechanisms.**? In a later paper,
the properties of ferrocene-labeled ssDNA adsorbed
on Au electrodes were studied.**® When ssDNA with
a ferrocenyl probe is bound to an Au electrode, it may
be expected to adopt an unordered coil conformation.
If, on the other hand, a complementary ODN is
added, the coil will open up and the DNA double helix
will form. These conformational changes result in
changes in the mobility of the ferrocenyl reporter
group, which in turn changes its electron-transfer
properties, as shown by Anne et al. in a very
interesting recent publication.4” In fact, this concept
is similar to the so-called molecular beacons or “light-
up” probes, in which the fluorescence from a probe
is switched off by a nearby quencher. Upon binding
of the complementary ODN, probe and quencher are
spatially separated and a fluorescence signal can be
picked up. This principle has been translated into a
DNA detection system in which the probe is an
immobilized, ferrocene-labeled ODN.%48 Upon binding
of a complementary ODN, the distance between the
ferrocene and the Au surface is significantly altered
and the peak current decreases. This system shows
aremarkable linear range over 5 orders of magnitude
with target DNA concentrations as low as 10 pM. In
contrast to the molecular beacons with fluorescent
detection described above, this is rather a “light-off”
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device. Unfortunately, such systems are more sus-
ceptible to false-positive responses. In addition, pi-
comolar sensitivity is in most cases not enough for
direct detection of pathogen DNA without amplifica-
tion. This limitation may be overcome by PCR amp-
lification, in addition to the use of labels with dif-
ferent redox potentials, as discussed above, that will
allow for differentiation between real-positive and
spurious signals. As exemplified by these very first
reports in this field, there is clearly a high potential
for synthetic organometallic chemistry combined with
techniques commonly used in molecular biology. An-
other recent example for a “light-off” probe demon-
strates that further improvements in handling of
electrochemical DNA detection are possible by using
double-stranded probes and a competitive hybridiza-
tion assay.**? In this case, very good sensitivity (sub-
nanomolar) and mismatch sensitivity is achieved by
liberating a ferrocenylated DNA strand from the
electrode surface without the need for additional
washing steps.

A slightly different approach to an immobilized
electrochemical gene sensor was published by Thara
and co-workers, using a three-ODN system,*° later
termed “sandwich assay” (Figure 12).4%¢ First, an

immobilized ODN

boie
7
L\ _,— target DNA

\ggferrocenyl ODN
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Figure 12. Principle of the “sandwich assay” for electro-
chemical DNA sensors. Reprinted with permission from ref
450. Copyright 1997 The Royal Society of Chemistry.

no reaction

de ODN layer

ODN capture probe is immobilized on an Au electrode
surface, in this case by five successive phosphorothio-
ate units. The target DNA binds to the immobilized
capture probe if the complementary sequence is
present. In addition, the target DNA carries a binding
sequence (here a (dA);2) for the ferrocenylated signal-
ing probe DNA 165. The ferrocenylated (dT);2 probe
165 hybridizes with the poly-A sequence of the target
DNA. If the target DNA also binds to the immobilized
capture probe ODN, the ferrocene is brought close
to the electrode and a significant anodic peak due to
oxidation of the ferocene is observed in the DPV of
the system. If G is replaced with C, generating a
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single CC mismatch in the target DNA sequence,
binding to the immobilized probe becomes much
weaker. As a result, fewer ferrocene molecules are
held in the vicinity of the electrode, and consequently,
only a very small anodic peak was observed in the
DPV.%0 This system was later characterized in detail,
including a thorough analysis of the ODN-modified
surface by IR spectroscopy and a quartz crystal
microbalance (QCM) study.*?!

This detection scheme was more recently refined
by Yu and co-workers. In contrast to most other
groups, who used 5'-terminal substitution of nucle-
otides with ferrocene, these workers synthesized 2'-
ferrocenyl nucleotides such as 174 and 175 (Scheme
62).452 These compounds are the first ferrocenyl-RNA

Scheme 62. Three Electronically Active
2'-Modified Phosphoramidite Nucleotides 174—176
and an Electrochemically Active Threading
Intercalator 177 Proposed by Takenaka
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derivatives, and as such, they are more versatile
chemically because they may be incorporated into an
oligonucleotide strand at any position and even ODNs
with multiple ferrocenyl incorporation are feasible.
Whereas the synthesis of the adenosine derivative
174 was straightforward and the corresponding phos-
phoramidite could be obtained in reasonable yield,
the cytidine derivative 175 was obtained together
with the 3'-ferrocenylated isomer in a 2:1 ratio. How-
ever, both isomers could be separated on silica in the
form of their 5'-DMT derivatives. These protected
phosphoramidites can be directly used in solid-phase
DNA synthesis. In thermal melting studies of mixed-
sequence 15-mer ODNs, replacement of either A with
174 or C with 175 did not produce a significant effect
on the melting temperature of the duplices. However,
if the 2'-ferrocenylated 175 was replaced with its 3'
isomer, the melting temperature of the duplices
decreased by ~4 °C, comparable to introduction of a
single GG mismatch at the same position. The CV of
a 15-mer ODN containing 174 showed a reversible
wave virtually at the same position as that for a
water-soluble ethylferrocene derivative under the
same experimental conditions. Recently, the develop-
ment of a versatile platform for molecular diagnostics
on microarrays based on this chemistry was de-
scribed in more detail.*>® A sandwich assay format
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was used in which the DNA capture probe was
immobilized in a self-assembled monolayer (SAM) on
a gold electrode. Electrochemically active signaling
probes containing 2'-ferrocenylated adenosine were
employed and held in close proximity of the SAM
upon concomitant binding to the unlabeled target
DNA. The system has been successfully tested for
sequence-specific electrochemical detection of PCR-
amplified DNA without the need for further purifica-
tion. The usefulness was further demonstrated by
SNP analysis and gene expression monitoring with
these simple and relatively inexpensive microarray
systems.*53 Also, an application for the screening for
point mutations in a gene associated with hereditary
hemochromatosis has been described.*32

To alter the electrochemical properties of DNA
oligomers in dependence of the DNA sequence, a
second A monomer 176 with a different ferrocene
derivative attached to the 2' position was prepared
(Scheme 62).45* The difference of the redox potentials
of 174 and 176 is 170 mV as a consequence of the
dimethyl carboxamide group in the latter. Sequence-
dependent electrochemical detection now works as
follows. A capture probe (23-mer ODN) is immobi-
lized on a Au surface. The target ODN is known to
contain the sequence complementary to the capture
probe and binds with high affinity. Finally, the
signaling probe binds to another part of the target
ODN. Two different 16-mer ODN signaling probes I
and IT were used which are extended with three
molecules of 174 or 176, respectively, at the 5' end.
In addition, both signaling probes differ in sequence
only in one base. Depending on the exact sequence
of the target DNA, one probe will bind preferentially,
bringing different ferrocene derivatives with different
redox potentials close to the surface. This difference
is easily detected by alternating current voltammetry
(ACV). This scheme uses similar ferrocene probes to
those of the work of Kuhr discussed above and clearly
holds a lot of promise, although the difference in
stability (melting temperature) was not reported, nor
was any further mismatch sensitivity investigated.

In a recent interesting publication, the extension
of such detection systems to RNA has been de-
scribed.*® The electrochemically active RNA mono-
mer 164c (Scheme 58) was synthesized and fully
characterized. 164c¢ could be incorporated into RNA
oligomers in place of U by two different RNA poly-
merases. Increasing the 164¢/U ratio indeed pro-
duced more heavily labeled transcripts, as shown by
gel electrophoresis and an increased area-under-the-
curve in SWV of the RNA transcripts. These fer-
rocene-labeled RNA oligomers could be immobilized
on Au electrodes (SAM), and the system was suc-
cessfully used for the electrochemical detection of
very small amounts of RNA. An electrochemical “two-
colour” assay is proposed by using 164c-modified
RNA oligomers along with anthraquinone-labeled
UTP monomers.*5?

Another interesting aspect is the detection of DNA
damage by hybridization of a ferrocenylated probe
ODN with immobilized ODNs on a graphite elec-
trode.*® The amount of hybridized probe DNA is
determined as the anodic peak current of ferrocene
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by differential pulse voltammetry (DPV). If the
sample DNA is deliberately damaged, for example,
by the action of hydroxyl radicals, less probe DNA
binds and a smaller signal is detected. This experi-
mental setup was then used to assess the protection
efficiency of various hydroxyl radical scavengers, and
the results were found to correlate well with the
literature. In their work on sequence-specific DNA
detection, Fang et al. used the same linker as
Takenaka for covalent attachment of ferrocene to the
5" end of DNA oligomers. However, ferrocene was
attached via an imine bond rather than as the
amide.*” As an alternative to Au or graphite elec-
trodes, Fang’s group has proposed the use of glassy
carbon electrodes which were coated with a chitosan
oligomer film.*® This positively charged polymer
forms very stable complexes with negatively charged
DNA. Still the DNA hybridizes with a complementary
ODN probe, which carries a ferrocene label, leading
to an electrochemical signal. A linear relation of the
anodic peak current to the amount of immobilized
DNA over more than 2 orders of magnitude was
measured. Interestingly, this paper also reports the
reaction of the primary amino group of an amino-
ferrocene derivative with the terminal phosphate
group of an ODN after activation with imidazole and
EDC.%® For future applications, the linker may be
improved toward better electron-transfer properties,
as shown by Creager and co-workers.*5® Also, silicon
may turn out to be an attractive alternative to Au
also for electrochemical DNA devices.*° For instance,
Si/SiOy surfaces can be modified with covalently
linked oligonucleotides via amino- or glycidoxysilane
linkers.61462 The hybridization event may be mea-
sured by changes in the impedance. A direct readout
of the T\, value for dsDNA is also possible with such
a device.*%3 Wayner and co-workers have published
work on the covalent modification of Si surfaces by
direct silicon—carbon bond formation.464465

Finally, attempts have been made to do electro-
chemical DNA detection without having to use metal-
modified ODNSs.436 This can be achieved by immobi-
lizing the capture ODN on an electrode, allowing it
to hybridize with the target DNA, and then adding
an electrocactive compound that will interact pref-
erentially with dsDNA. Quite a number of compounds
have been used for detection, including Co complexes,
ethidium bromide, and intercalating drugs such as
daunorubicin. Takenaka’s group has successfully
used ferrocene-modified naphthalenediimide (177) as
a threading intercalator (Scheme 62).466-468 This
system is chemically very robust and highly sensitive,
reaching a detection limit of 10 zmol DNA with
DPV .46 The sensitivity of the system could be en-
hanced by coupling it to an enzymatic reaction like
the glucose oxidation using glucose oxidase (GOD).468
Furthermore, the system has the potential of direct
mismatch detection by determining the number of
intercalated molecules or the rate of electron trans-
fer.*¢” In a perfect match situation, one molecule of
177 is intercalated between every second base. It is
assumed that this number will decrease if the local
geometry is perturbed by a single base mismatch and
less electrons will be transferred less fast as a
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consequence. Evidently, this system needs careful
calibration and probably optimization for every single
application. On the other hand, it is versatile in the
sense that one and the same simple electroactive
probe (177) is used for every ODN sequence to be
investigated, making the synthesis of ferrocene-
labeled ODNs—with all maybe unexpected problems—
unnecessary. An application that enables the rapid
analysis of heterozygous deficiency of the human
lipoprotein lipase gene has been reported.46®

4.4. Ferrocene Derivatives of PNA Monomers and
Oligomers

Peptide nucleic acids (PNAs) are a class of DNA
analogues in which the ribose phosphate ester back-
bone is replaced by a pseudo-peptide backbone.*70472
The nucleobases are linked to this backbone via a
carboxymethylene linker.7347* PNAs bind to comple-
mentary DNA or RNA oligomers according to Wat-
son—Crick rules with high stability*"®48 and have
found applications in molecular biology and as anti-
sense agents.*71472481 The Metzler-Nolte group has
prepared the first organometallic derivatives of PNA
monomers. The ferroceneamine derivative 81a has
been used for the reaction with the C-terminus of a
number of amino acid and peptide derivatives (see
section 2.3.2). Similarly, the T-PNA ferrocene deriva-
tive 178 (Scheme 63) has been prepared. The N-Fmoc

Scheme 63. Ferrocene Derivatives of PNA
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protecting group can be readily removed under mild
conditions, and coupling to a second T-PNA monomer
is possible, yielding the ferrocenylated PNA dimer
179. Ferrocenecarboxylic acid (40) could also be
coupled to the amino group of PNA monomers using
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HBTU as the coupling agent to give compounds 180
(T) and 181 (Z-protected C).13° The activation barrier
AG¥ for the rotation about the tertiary amide bond
has been determined for the ferrocenylated T-PNA
monomer 180 to be 75 + 0.5 kJ mol~!. For 180, a
T—T self-association constant Krr = 2.5 + 0.2 M!
has been measured by 'H NMR dilution experiments
in CDCls. In comparison, the association constant kar
for the regular A—T Watson—Crick base pair was
found to be 78 & 9 M! (in dry CDCl3) by the same
experimental technique, using 180 and tris(isopro-
pyladenosine as a soluble adenine derivative. These
values are also the only association constants for
PNA monomers in the literature. Within the experi-
mental limits, these values correspond well to litera-
ture values, indicating (a) that there is no additional
stabilization or destabilization to base pairing of the
PNA amide backbone and (b) that Watson—Crick
base pairing is not impaired by the metallocene at
the N-terminus.

The first bimetallic derivative of PNA monomers
was prepared in the Metzler-Nolte group in the form
of 183. This compound was prepared by coordination
of the Pt(PPhjs); fragment to the ferrocenyl T-PNA
alkyne 182. Like all PNA monomers and single-
stranded oligomers, compound 183 exists as a mix-
ture of cis-/trans-isomers at the tertiary amide bond.
In addition, it shows characteristic NMR signals as
a consequence of coupling to two inequivalent 3'P
nuclei and the Pt nucleus. Finally, ferrocene was also
incorporated into PNA oligomers by solid-phase pep-
tide synthesis.*®? The PNA heptamer Fmoc-tggatcg-
Gly was prepared on solid support by standard Fmoc
PNA synthesis methods. After deprotection of the last
Fmoc group, the heptamer was reacted with activated
ferrocenecarboxylic acid on the resin. Cleavage from
the resin was achieved by methanolic ammonia with
simultaneous removal of the exocyclic protecting
groups. Only one main product was observed in re-
verse phase HPLC of the crude reaction product
(>90%). The conjugate Fc-CO-tggateg-Gly-NH, (184)
was purified by preparative HPLC and shown to have
the correct mass by MS. Compared to a tris(bipyri-
dyl)Ru and an acetyl derivative of the same sequence,
184 was by far the least hydrophilic derivative and
consequently not very soluble in aqueous solvents.

5. Conjugates of Ferrocene with Carbohydrates

With only very few exceptions, all ferrocene sugar
derivatives reported so far are either ferrocenyl-
methyl derivatives or esters, thioesters, or amides
obtained from ferrocenecarboxylic acid. 1,1'-Disub-
stituted ferrocene derivatives are almost exclusively
derivatives of ferrocene-1,1'-dicarboxylic acid. Typical
reactions were the same as those for derivatives
described in previous sections, that is, alkylation with
trimethylferrocenylmethylammonium iodide (154),
Schiff base formation with ferrocenecarbaldehyde
(67) followed by reduction to the amine, and reaction
with activated ferrocene(di)carboxylic acid.

5.1. Carbohydrate Derivatives of Monosubstituted

Ferrocene

Table 7 summarizes most of the simple monosub-
stituted ferrocene derivatives described so far. The
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Table 7. Carbohydrate Derivatives of Ferrocene
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classification structure sugar derivative ref
O-alkylated OR 185a: R = Ac B-D-glucopyranose 483,484
RO 2 o 185b: R=H
RO N
OR Fc
R=Ac, H
OR 186:R=H B-D-glucopyranose 4383
el
RO
OR Fc
RO OR 187a:R = Ac B-D-galactopyranose 485
Q o 187b: R =H
RO N—F¢
OR
R=Ac,H
o O/—Fc 188 o-D-galactopyranose 487
XN
(0]
/%O
N-alkylated OR 189a: R = Ac B-D-glucosamide 487
(o] R =
Rgmm 189b: R=H (189b only)
N=
R=AcH Fe
OR 190a: R = Ac B-D-glucosamide 489, 487
RO~ 2 or 190b: R = H (190a only)
HN—,
R=Ac,H ¢
OR 191a: R = Ac B-D-glucosamide 489, 487
RO%OR 191b: R=H (191a only)
RO
N
Fe—/ _\Fc
R=Ac, H
OR 192a:R = Ac B-D-glucopyranosylamine 489
O H
RO 192b:R=H
A
OR Fc
R=Ac, H
OR (Fc 193a:R = Ac B-D-glucopyranosylamine 489
o
RO 193b: R=H
% N— 3b
OR Fc
R=Ac, H
ro OR OR fe 194a: R = Ac B-D-galacto-B-D-glucopyranosylamine 489
%O 0 194b: R=H
RO RO N—
OR OR Fc
R=Ac, H
S-alkylated OR 195a: R = Ac B-D-thioglucopyranose 487, 486
o
RO 195b: R=H 195b onl
Rms_\p ( 2
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classification  structure sugar derivative ref
anomeric C OCH,Ph 196 deoxy-B-D-glucopyranose 491
substituted PhCH,0O Q Fe
PhCH,O
OCH,Ph
Others OR 197 B-D-thioglucopyranose (twice) 486, 487
OR
RO Q et
RO s N
or N
0
Fc
OR 198:n=2 B-D-glucopyranose 488
o] | i =
Rgo OWN\/FC 199:n=3
OR n 200:n=5
n=2235 CR= R =
R = CH,Ph (a), H (b), Ac (c) a: R=CH,Ph, b: R=TH,
¢: R =Ac (only for 198)
Ester ><0 201 o-D-glucofuranose 487
O:Ltfo
Fc ‘Q(\)
o) Oj;
OH 202 B-D-glucopyranose 498
o}
HO
Hmw
O
o=<(
Fc
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o}
HO
Fc mOR
hig OH
(e}
OH 204 B-D-glucopyranose 498
(o]
HO
Fc\n/;m/OR
O
Fc
Amide OR' 205a:R=R'=Ac B-D-glucosamide 487  (205a),
Q R=R'=
Rgo OR 205b: R=R'=H 493  (205b
NH 206:R =H,R' = PO,H and 206)
Fc
_<O
R,R'=Ac
R,R'=H
R'=H, R'= POH
Thioester OR 207a:R = Ac B-D-thioglucopyranose 486, 487, 492
(o] O
RO 07b: R =
OR Fc
R=Ac, H
1,1'-Diamide OR 208: R = Ac B-D-glucosamide (twice) 487
(o]
RO
RMOR
HN
o
HN

Py
Oox
(o]
(@)
o
Py
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classification  structure sugar derivative ref
1,1'-Thioester OR 209: R =Ac B-D-thioglucopyranose (twice) 486, 487, 492
RO
OR o Fe
RO Q S)\—@b
RO
OR R=Ac

very first sugar derivatives of ferrocene were reported
in 1961,%8 only one decade after the discovery of
ferrocene itself and four years after the first report
on ferrocenylamino acid derivatives. Compound 185b
was prepared from hydroxymethylferrocene and
2,3,4,6-tetra-O-acetyl-o-D-glucopyranosyl bromide in
the presence of AgO and CaSQOy, followed by base
hydrolysis of the acetyl protecting groups. This
compound was used in a kinetic investigation of
hydrolysis of the glucosidic bond and compared to
186, which does not yield the relatively stable ferro-
cenylmethyl cation.4?"483 However, the results of this
study were later corrected.*®* Similarly, kinetic re-
sults from hydrolysis of the galactose derivative 187b
helped to shed light on the mechanism of the enzyme
B-galactosidase.*®®

In a comprehensive preparative study, Adam and
Hall reported the synthesis of a wide variety of
ferrocene sugar derivatives by different methods.86:487
Glucosamine derivatives 190a were obtained by
Schiff base formation of 189a with ferrocenecarbal-
dehyde (67),%87 followed by reduction.*®® From this
reaction, the N,N-bis(Fem) derivative 191a could also
be isolated.*®® The formation of 191a parallels the
isolation of (Fem);Gly-OMe (76) mentioned in section
2.3.2. The same compounds were also readily pre-
pared by reaction of glucosamine with ferrocenyl-
methyl tosylate.*8” Indeed, this reagent proved to be
superior to trimethylferrocenylmethylammonium
iodide (154) in that higher yields of the desired
products were obtained under milder conditions. For
example, the thiosugar derivative 195a was obtained
in 2 days at room temperature in enantiomerically
pure form, whereas reaction with 154 required reflux
in acetonitrile with anhydrous NasCOs, leading to
isomerization at the anomeric carbon atom (o/f =
2:3). The glucopyranosylamine derivatives 192a—
194a were obtained by reaction of glucopyranosy-
lamine with 154 under retention of the stereochem-
istry at the anomeric carbon atom.*® Careful hydroly-
sis yielded the unprotected sugars 192b—194b. Com-
pounds 190a and 191a could be deacetylated to yield
190b and 191b by treatment with Amberlite IRA 400
(OH) resin in methanol. In their earlier study, Adam
and Hall were unable to obtain the deprotected
derivatives without decomposition.*8” Only the rela-
tively stable thiosugar derivative 195b could previ-
ously be deacetylated with NaOMe in methanol. The
preparation of three imino sugar derivatives from
ferrocene was also reported by Schneider and Wenzel
in 1979 (of glucosamine, galactosamine, and man-
nosamine).*?® Catalytic hydrogenation in ethanol in

the presence of PtOs; reduced not only the C=N
double bond but also the amino sugar aldehyde
group, yielding ferrocenylmethyl derivatives of amino
sorbit, amino dulcit, and amino mannit. However, no
further characterization apart from MS data was
reported.*%

Another class of water-soluble ferrocenecarbohy-
drate conjugates was reported recently by Robinson
and co-workers. They prepared benzyl derivatives
198a—200a, which could be deprotected by careful
catalytic hydrogenation, yielding the fully unpro-
tected 198b—200b.*%8 Compound 198b was also
prepared by a simpler route via the acetylated
derivative 198¢, which was successfully deacetylated
using the IRA 400 (OH) resin. The anomerically pure
p-D-glucopyranosyl derivative 196 was obtained in a
C—C bond-forming reaction in 31% yield via the
Friedel—Crafts alkylation reaction from an anomeric
mixture (a/f = 4:1) of benzyl-protected 1-O-acetyl-
D-glucopyranose.*’! In the same reaction, thiophene
and benzene gave yields of 62% and 23%, respec-
tively, as would be predicted from simple consider-
ations of electron density of the aromatic ring.

Most acetylated derivatives listed in Table 7 were
reported by Adam and Hall (201, 205a, 207—209; but
see also chapter 5.2 for ester derivatives of ferrocene-
1,1'-dicarboxylic acid).486487.492 In all preparations,
ferrocene(di)carboxylic acid chloride was used and
ferrocenecarboxylic acid anhydride was frequently
observed as a byproduct. Only the deprotected 207b
could be obtained without decomposition. In a recent
paper, Kraatz et al. reported the synthesis of 205b
and 206 directly from the activated ferrocenecar-
boxylic acid benzotriazol (43) and the unprotected
glucosamine and glucosamido-2'-phosphate. This pa-
per also reports the synthesis of 5'-ferrocenoylami-
doadenosine (210); see Scheme 64.4%% These water-

Scheme 64. 5'-Ferrocenylamidoadenosine 210
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soluble ferrocene derivatives were subjected to
electrochemical studies in aqueous solution at dif-
ferent pH values. The oxidation of 205b is fully
reversible between pH 2 and pH 9. At pH 12,
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Scheme 65. Synthesis of 2,3-(Ferrocene-1,1'-dicarbonyl)-O-o-D-glucopyranoside (212) and Derivatives
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however, the oxidation becomes irreversible and a
mechanism of decomposition is proposed.

5.2. Carbohydrate Derivatives of
Ferrocene-1,1 "-dicarboxylic Acid

5.2.1. Esters

2,3-(Ferrocene-1,1'-dicarbonyl)-O-a-D-glucopyrano-
side (212) has been the key starting material for a
number of derivatives, as summarized in Scheme 65.
Applications as chiral matrixes were evaluated by

Figure 13. X-ray single-crystal structure of 212. Re-
printed from ref 499, by permission of The Royal Society
of Chemistry (RSC) on behalf of the Centre National de la
Recherche Scientifique (CNRS). Copyright 2002.
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Scheme 66. Ferrocenylated Biphenyl (220) and
Binaphthyl (221) Ellagitannin Derivatives
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Itoh and co-workers,*%44% and medicinal applications
were proposed by the groups of Itoh*?"4%¢ and Kep-
pler.4%®

Compound 212 is readily prepared by reaction of
ferrocene-1,1'-dicarboxylic acid chloride (63) with 4,6-
benzylidene-O-methyl-a-D-glucopyranoside (211) to
yield 213, followed by benzylidene deprotection
(Scheme 65).497499 The solid-state structure of this
compound is shown in Figure 13. Reaction of 212
with ferrocene(di)carboxylic acid chloride (41 or 63)
yields 214%% and 215,%% respectively. From 212, the
disaccharides 217 and 218 and the trisaccharide 216
were obtained in about 50% yield.4*® Itoh’s group has
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Scheme 67. Chiral Resolution of Planar Chiral Ferrocene Derivatives via the Sugar Intermediate 223
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also prepared ferrocenoyl derivatives 219—221 of
ellagitannins (Scheme 66),°7 which constitute the
main curative and palliative ingredient in various
traditional herbal medicines. The chiral biphenyl
derivative 220 as well as the binaphthyl derivative
221 were actually synthesized in enantiomerically
pure form.4974% All ferrocene derivatives 212—221 as
well as 202—204 were tested for their antimalarial
activity against a chloroquine-sensitive P. falciparum
strain.**® All compounds were far less active than
quinine, and only (SD)-220 showed an ECs;, value in
the high nanomolar range. Surprisingly, all com-
pounds showed similar antitumor activity against a
mouse mammary tumor cell line with rather high
ECs5 values (around 20 uM). Keppler and co-workers
later found even worse cytotoxic activity for 212 in
four other tumor cell lines.*%

In another interesting application, Itoh’s group has
been able to resolve the racemic mixture of the planar
chiral ferrocene 222 into enantiomerically pure R-222
via the sugar intermediate 223 (Scheme 67).4°* The
absolute configuration of 222 was established by a
combination of computational methods, CD spectro-
scopy, and 'H NOE NMR spectra of the sugar
intermediate 223. Bearing in mind that the protected
sugar 211 is inexpensive and readily available, this
procedure provides a straightforward way to enan-
tiomerically pure planar chiral metallocenes. Enan-
tiomerically pure R-222 has subsequently been turned
into a diboronic acid derivative 224, which was used
for complexing a variety of different sugars (Scheme
68).4% Binding of different sugars with different

Scheme 68. Enantiomerically Pure Ferrocene Di-
boronic Acid Derivative 224 for the Complexation
of Sugars

HN on
N
I ~Me HO
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e
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absolute chirality was monitored by UV—vis and CD
spectroscopy. Although marked changes were ob-
served upon binding, it was unfortunately not pos-
sible to derive simple rules to predict or explain those
spectral changes. On the other hand, preferential
binding for some sugars could be rationalized by
steric crowding using molecular modeling.4%

0
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R-222

5.2.2. Dendrimers

Credi and co-workers have recently published an
extensive study on ferrocene-containing carbohydrate
dendrimers.?® Compounds 225—228 (Scheme 69)

Scheme 69. Ferrocene Carbohydrate Dendrimers
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were prepared by coupling of the ferrocene acid
chlorides to the amino group of the protected sugars.
Deprotection of the benzyl or acetyl derivatives a was
claimed to be quantitative. Electron-transfer reac-
tions of the ferrocene core were thouroughly inves-
tigated for all compounds. The same trends as shown
for many other ferrocene carboxylic acid derivatives
prevail. The potential of the reversible one-electron
oxidation of ferrocene is about 200 mV more positive
for the disubstituted derivatives 226 and 228 com-
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pared to 225 and 227. On the other hand, potentials
for the deprotected compounds b, which were deter-
mined in water, were consistently about 200 mV
more positive than those for protected derivatives a
(measured in acetonitrile). This finding was at-
tributed to a better stabilization of the ferrocenium
ion in the more polar aqueous medium. The disub-
stituted dendrimeric 228 showed a peculiar electro-
chemical behavior which suggests the presence of at
least two species in solution, possibly a cisoid and
transoid form of the substitutents on the two Cp
rings. The luminescence quenching of excited [Ru-
(bpy)s]?" is faster than the diffusion rate constant for
the solvent. This leads to the conclusion that the rate-
limiting step of the quenching process is that within
the encounter complex. The observed increase in the
diffusion-corrected quenching rate k.., for the larger
derivatives 227 and 228 corresponds to the increased
shielding of the ferrocene moiety and is in agreement
with the Dexter mechanism of double electron ex-
change.®®! Only the monosubstituted derivatives
225b and 227b were complexed by $-cyclodextrin (-
CD) in aqueous solution with stability constants £stan
of 2000 £ 200 L mol ! (225b) and 1300 + 200 L mol !
(227b), respectively. These values were determined
electrochemically. A shift to more positive potential
for the one-electron oxidation of ferrocene upon
addition of 5-CD was readily explained by the fact
that the complexed ferrocene derivatives are electro-
chemically inactive and, therefore, the electron-
transfer process must be preceded by decomplexation
from -CD (Figure 14).502503

+0.0 +0.2 +0.4 +0.6
E/V vsSCE
Figure 14. Cyclic voltammogram of 225b in the absence
(full line) and presence (dashed line) of 10 equiv of 5-CD.
1 mM solution in H;O, 0.1 M NaClO,4, glassy carbon

electrode, 100 mV/s. Reprinted with permission from ref
500. Copyright 2002 Wiley-VCH.

5.3. Cyclodextrins

Cyclodextrins be may regarded as sugar derivatives
and have been studied in their interaction with
ferrocene. In ethylene glycol, ferrocene alone was
shown to have an axial position in -CD, whereas an
equatorial position was assumed in the larger cavity
of y-CD, as was suggested by a positive induced CD
band around 450 nm for the inclusion complex Fec-
B-CD and a similar but negative CD band for Fec-y-
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CD (Figure 15).5%* More details, including stability

-
N

fo.]
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0

v-CD + FcH

Figure 15. CD spectra of ferrocene complexed to 5-CD and
y-CD as annotated. Reprinted with permission from ref
504. Copyright 1990 The Royal Society of Chemistry.

constants and thermodynamic parameters in various
solvents, were also obtained by tethering the fer-
rocene moiety covalently to the cyclodextrin core.505-507
Structural details were obtained from molecular
modeling calculations by two groups.?08509

5.4. Other Carbohydrate Derivatives

Ferrocene derivatives have found widespread use
as chiral auxiliaries with applications in asymmetric
catalysis.*4510 Albinati et al. reported the first use of
a ferrocene-based chiral ligand 229 derived from
thioglucose (Scheme 70).511 A Pd(II) allyl complex of

Scheme 70. Ferrocene Sugar Chiral Auxiliary 229
for Pd-Catalyzed Allylic Alkylation

é? 229

229 was used in the enantioselective allylic alkylation
of PhCH=CHCH(OACc)Ph, giving a nonoptimized ee
of 88%. The molecular basis for this enantioselectivity
was readily explained by a crystal structure analysis
of 229.

So far, Vasella’s group has prepared all of the
chemically more unusual ferrocene sugar deriva-
tives that we are aware of?12754 Cyclopenta-
dienyl C-glycosides have been prepared as latent
fulvenes.”? LiAlH, reduction, followed by silyl
ether formation, gave the fully protected cyclopen-
tadienyl mannitols 230a. In a similar fashion, reac-
tion with PhLi, followed by silyl ether formation,
gave 230b. Lithiation of 230, followed by addition
of FeCly or a Cp*Fe synthon, then gave the ferro-
cene derivatives 231a,b and 232. Separation of
the three diastereomers of 231b, which formed in
a nonstatistical ratio, by preparative HPLC af-
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forded these interesting metallocenes in stereo-
chemically pure form (Scheme 71). The configura-

Scheme 71. C-Glycosidic Ferrocenylated
Carbohydrates Prepared by Vasella and
Co-workers
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tion of these stereoisomers was deduced from 'H
NMR data. Related sequences of reactions gave the
two metallocenes 233 and 234 derived fromribose and
arabinose, respectively. It is of interest to note that
stereochemically almost pure compounds 233b were
obtained in THF, in contrast to a low dia-stereomeric
excess for 231b. The stereochemistry at C-1 is
stringently controlled in the phenylated pre-cursors
of 233b and evidently retained by the lithiation/
metathesis reaction sequence. The resultof an X-ray
structure analysis of 234 is shown in Figure 16.

Figure 16. X-ray single- crystal structure of 234. Re-
printed with permission from ref 512. Copyright 1994
Wiley-VCH.

Annulated ferrocene derivatives of carbohydrates
were reported by the same group.?'%514 The dimesy-
late of 1,3,4,6-tetra-O-methyl-D-mannitol 235 reacted
with CpNa to give a spiro[4,4]nona-1,3-diene. Ther-
molysis of this compound afforded three isomeric
tetrahydroindenes, which could be transformed into
the annulated Ce-symmetric ferrocene 236a by lithia-
tion and reaction with FeCl,.? In a related fashion,
236b and ¢ were obtained (Scheme 72).513 C;-Sym-
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Scheme 72. Annulated Ferrocene Carbohydrate
Derivatives 236
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metric annulated ferrocenes were obtained from 2,3:
5,6-di-O-isopropylidene-D-mannitol (237) or the cor-
responding tetra-O-methyl derivative.?!3 In this case,
a mixture of 238, 239, and 240 was obtained with a
slight preference for 238a and 239b, respectively,
over the statistical ratio (Scheme 73). The isopropyl-

Scheme 73. C;-Symmetric Annulated Ferrocene
Carbohydrate Derivatives
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idene derivatives could be deprotected by HCI in
MeOH, yielding 238c—240c. All these deprotected
derivatives were quite soluble in water (at least 100
g/L). 238a was readily converted into the 1,1'-
diiododerivative (238e) via chloromercuration (238d,
Scheme 74). In this paper,®'® the crystal structures

Scheme 74. Derivatization of the Annulated
Ferrocene Carbohydrate Derivative 238a

o} o)
pass ] 5
; R R

R=H (238a) — HgCl (238d) — | (238e)

of 239a, 240a, and 238d were reported along with
thourough NMR characterization of all derivatives.

6. Ferrocene Conjugates with Other Biomolecules

In this chapter, ferrocene conjugates of biomol-
ecules that differ from the classes in the previous
sections are presented. Attention is only given to
biomolecules that are important to mammals, such
as hormones and molecules that are involved in the
metabolism of lipids. We have undertaken no effort
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Table 8. Overview of the Reported Ferrocene 17f-Estradiol Derivatives®

R1 R2 R3 ref
O0—CO—Fc OH H 515
OH O0—CO—Fc H 515, 528
O0—CO—Fc O0—CO—Fc H 528
OH 0—CO—(CH32);—CO—NH—CHz—Fc H 516, 517, 529
OH 0—CO—(CH32);—CO—NH—CHz—Fc 0—CO—(CHz2):—CO—NH—CHz—Fc 517, 529
O—CHy—CO—NH—CHy—Fc OH H 529
O—CHy—CO—NH—CHy—Fc OH OH 529
OH NH—CO—(CH2);—CO—NH—CHy—Fc H 517
OCHs OH¢ N=CH—Fct 530¢
OCHs OH“ NH—CHy—Fc? 530¢

@ The 17a-ferrocenyl and 17a-ferrocenylethynyl derivatives 242 and 248 are not included in this table. ® Also the compound
with the inverted geometry at this carbon atom was reported. ¢ X-ray crystal structure is reported in this reference.

to collect reports on the labeling of biomolecules that
play an important role in lower organisms, such as
plants (e.g. growth regulators) and insects (e.g phero-
mones).

6.1. Ferrocene Conjugates with Hormones

Peptide hormones such as enkephalin have already
been treated in section 2.

6.1.1. Steroid Hormones

The first reports of steroid hormones labeled with
the ferrocene moiety occurred in the literature in
1977515516 Riesselmann and Wenzel esterified fer-
rocene carboxylic acid (40) with the 3-OH group of
estradiol and estrone.’’® Subsequently, metal ex-
change reactions with °*RuCl; afforded the radioac-
tive ruthenocene estradiol and estrone conjugates.
These derivatives were used to study the organ
distribution and clearance properties in mice.

Cais and co-workers prepared ferrocene-labeled
steroid derivatives for immunoassays.?16517 For the
first time, they showed that introduction of a metal
complex on a biomolecule allows the quantification
of unlabeled biomolecules in a competitive assay via
atomic absorption spectroscopy. Their method is
nowadays known under the term metallo immuno
assay. Other metal-specific detection methods, such
as IR spectroscopy (carbonyl metallo immuno assay,
CMIA)?18519 and amperometric detection (see below),
have also been explored.

In particular, the steroid hormone estradiol 241
has been the subject of extensive labeling with the
ferrocene group. An overview of the reported conju-
gates is given in Table 8 (see also Scheme 75). Two

Scheme 75. Estradiol 241 and Substituted
Derivatives Thereof (bottom)

Ry

Figure 17. X-ray single-crystal structure of 242. Re-
printed (with modifications) with permission from ref 521.
Copyright 1994 Elsevier.

very interesting ferrocene conjugates are not included
in this table, namely 17oa-ferrocenyl-175-estradiol
(242)5207522 gnd 17o-ferrocenylethynyl-178-estradiol
(243);723524 gee Scheme 76. The molecular structure

Scheme 76. Molecular Structure of
17a-Ferrocenyl-17f-estradiol (242) and
170-Ferrocenylethynyl-175-estradiol (243)

OH
D
Fe
<
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HO 243

of 242 is depicted in Figure 17. Interestingly, these
conjugates were found to have a relative binding
affinity (RBA) of 8% and 28% to the estrogen o-re-
ceptor (ERa). These values are summarized in Table
9, together with several other mononuclear organo-
metallic estradiol conjugates (Scheme 77). A chinese

Scheme 77. Estradiol Derivatives Tested for
Receptor Binding (Table 9)

OH
A.”R
HO

group has further introduced a 3H radiolabel into
242 525
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Table 9. Relative Binding Affinity (RBA) of Some
Mononuclear Organometallic Estradiol Derivatives to
the ERo Receptor®® (See Scheme 77)

R RBA® ref
Fe 8 531¢
(7-CsH4)Ru(Cp) 2 531¢
=-Fc¢ 28, 374 524¢
(ﬂ—CeH5)CI‘(CO)3 11 532
-=-(57-C¢H;5)Cr(CO)s 24 532
-=-(-CsH4)Mn(CO)3 15 533
-=-(5-CsH4)Re(CO)3 16 533
CHs-(7-CsHy)Mn(CO)3 2.5 533
CHs-(7-CsH4)Re(CO)s3 0.8 533
[(7-CsHy)Ru(Cp*)]OTf 0 532

@ RBA values determined in a competitive radioreceptor
binding assay at 0 °C. ® For examples of estradiol conjugates
with dinuclear organometallic complexes, see refs 534 and 535.
¢ X-ray crystal structure reported. ¢ RBA to the ERS receptor.

The ERa is the first receptor subtype that was
discovered and cloned.??® In 1996, a second estrogen
receptor, termed ERS, was identified and cloned.??”
Thus far, only the affinity of 17a-ferrocenylethynyl-
17-estradiol for the ERS has been determined to be
37% of that of estradiol (Table 9).

Two reports on a different female sexual hormone
estrone 244 appeared in the literature (see Table 10

Table 10. Constitution of the Reported Estrone
Derivatives (Scheme 78)

Ri Rs ref
OH =CH—Fc¢ 523
O—CH,—CO—NH—CH,—Fc H 529

Table 11. Overview of the Reported Ferrocenylated
Cholesterol Derivatives (Scheme 80)

R1 Rz ref
0—-CO-Fc H 528
0O—CO—-CHy—Fc H 538
O0—-CO—(CH2)s—Fc H 538
NH-CHy—Fec H 530
N(Ac)-CHy—Fc H 530
NH-CHy—Fec OH 530

Scheme 78. Estrone 244 and Derivatives (botttom)
(6]

HO
244 o)

Ry

and Scheme 78).523529 In a different paper, Shimada
et al. labeled the position 3 glucoronides of estradiol
and estrogen with the Fem moiety for HPLC-ECD
investigations.53® In a related paper, the group of
Shimada also investigated derivatization of hydroxy-
steroids, such as estrogen and dehydroepiandroster-
one, with various ferrocene reagents.5%7

Only one example of a ferrocene-labeled conjugate
246 of the male sexual hormone testosterone 245 has
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been reported.’'%52% This derivative is shown in
Scheme 79.

Scheme 79. Testosterone 245 and Derivatives
(bottom)

o-R

H (testosterone, 245)

o)
R
R = CO-Fc (246)

A variety of ferrocene cholesterol derivatives have

been prepared. An overview of these is given in Table
11 and Scheme 80. It should be noted that a steroid

Scheme 80. Cholesterol (top) and Derivatives
(bottom, see Table 11)

Ry
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derivative with some resemblance to cholesterol has
been reported quite recently by Coutoli-Argyropoulou
et al. via Sonogashira coupling.40?

In his Ph.D. work, Koller synthesized a variety of
steroid derivatives in which a ferrocene nucleus
served as the A-ring (see Scheme 75).53° Several of
these derivatives were screened for antibacterial and
pepsin-inhibiting activity. At concentrations of 100
ug/mL, all of these compounds exhibited antibacterial
properties, whereas only one was found to display
significant pepsin-inhibiting activity.

6.1.2. Other Hormones

The two related thyroid hormones triiodothyronine
(Ts) and thyroxine (T4) have been labeled with the
ferrocene moiety (Scheme 81). Whereas the former

Scheme 81. Triiodothyronine and Thyroxin
Conjugates

HOOO
NH-R2

R I” HOC

R' = H, R2 = Fc-CO- (247)
R! =1, R? = Fc-CO- (248) or Fc-CH,- (249)

was only labeled with ferrocenecarboxylic acid (40)
to yield 247,353 the latter was labeled with both the
ferrocenoyl moiety, via amide formation with fer-
rocenecarboxylic acid (248),54° and the Fem moiety,
via imine formation with ferrocenecarbaldehyde (67)
and subsequent reduction with NaBH, (249).54! The
T3 and T4 conjugates were employed in amperometric
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immunoassays. The immunosensors constructed with
the T4 ferrocene derivatives allowed a detection limit
for T4 of 15 nM.540.541

6.2. Various Biomolecules

One class of biomolecules that has not been labeled
extensively is molecules involved in the metabolism
of lipids. For example, almost no conjugates of
ferrocene with fatty acids have been reported thus
far. Nambara and co-workers reported the determi-
nation of 10 fatty acids by HPLC-ECD after deriva-
tization with 3-bromoacetyl-1,1'-dimethylferrocene
(250) (Scheme 82).542 The method showed a detection

Scheme 82. A Ferrocene Reagent 250 That Was
Used for the Derivatization of Fatty Acids
o]
HaC
Fe Br
HyC—~g
250

limit as low as 0.5 pmol and was suitable for direct
determination of various fatty acids in human serum.
A conjugate of ferrocene with another constituent of
fats, namely glycerol, has been reported.?4354 Sokolov
and Troitskaya used the dimeric ferrocenyl-organo-
palladium complex 251 to synthesize optically active
glycerol derivatives 252 via a diastereoselective car-
bonylation reaction (Scheme 83). The ferrocenoyl

Scheme 83. Synthesis of Glycerol Derivatives 252
NM62
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group functions in this case as a protecting group
which can be removed by base hydrolysis.

An important molecule for the metabolism of phos-
pholipids is choline. A ferrocenylcholine derivative
has been prepared and tested for its ability to inhibit
the hydrolysis of butyrylcholine by the enzyme horse
serum butyrylcholinesterase.?®® The K; of the ferro-
cenylcholine conjugate was determined to be 9.63 x
107¢ M/L.

In a very recent paper, the synthesis of ferrocene—
theophylline conjugates for use in an electrochemical
immunoassay is described.’*® Such a system was
originally proposed using ferrocene—morphine con-
jugates®” and has subsequently been applied to other
drugs such as lidocaine.?*® Condensation of ferroce-
nylalkyl carboxylic acids with 5,6-diamino-1,3-di-
methyluracil (253) yields ferrocenylalkyltheophylline
conjugates 254 with different alkyl chain lengths
(Scheme 84).54° Functionalization of the unsubsti-
tuted Cp ring is also possible either by Friedel—
Crafts acetylation or by methylation. A Mannich
reaction yields tertiary amino derivatives, although
as a mixture of isomers which could not be readily
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Scheme 84. Ferrocenylalkyl Derivatives of
Theophylline (254)
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separated. The mixture was alkylated to yield more
hydrophilic quarternary ferrocene ammonium salts
with pendant theophylline side chains. The conju-
gates were evaluated in a homogeneous, competitive
immunoassay for theophylline with amperometric
detection.?#® The system was coupled to enzymatic
glucose oxidase/glucose amplification. Unfortunately,
the original system had poor sensitivity in the
clinically relevant range of concentrations. The sen-
sitivity could be improved, however, when the cat-
ionic Mannich conjugates of theophylline were used.

7. Future Perspectives

The work summarized in this article testifies
impressively to the development of the field in the
last 50 years. Chemical synthesis routes have been
devised to create conjugates of ferrocene with all
different kinds of biomolecules, as outlined in the
various sections above. Naturally, much of this
research was driven by chemical curiosity and the
main objective was to “make” the compound or class
of compounds. In addition, much effort has been
devoted to structural and spectroscopic characteriza-
tion.

For future work, we expect to see more functional
characterization of ferrocene bioconjugates, along
with synthetic efforts to arrive at one particular
molecular target with projected properties. Such
compounds should capitalize on the unique properties
of the metallocene core. In terms of structural
properties, this would certainly be the preorganiza-
tion of the cyclopentadienyl rings at a fixed distance,
along with a certain degree of freedom due to the
unhindered rotation of the rings against each other.
This might lead to a situation where a host is bound
to a ferrocene conjugate in an “induced fit”. Such a
situation is analogous to certain proteins, where the
conformation of the protein changes upon ligand
binding and either a reaction or a molecular signal
is initiated. The signal from ferrocene might, for
instance, be a change in electrochemical properties.

The application of the very well behaved redox
chemistry of ferrocene in electrochemical sensor
devices is certainly another area that will blossom.
Ferrocene-modified glucose oxidase has already been
used in commercial instruments for the monitoring
of glucose levels in patients with diabetes. We have
indicated above the use of electrochemical DNA
detection devices, some of which are, in principle,
extendable to a chip-based array format. While
several assay schemes have been explored, more
work is needed until, hopefully, one day a marketable
device emerges. However, this need not be limited
to DNA/RNA detection alone. Many other applica-
tions are conceivable, for example in the detection of
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carbohydrates, proteins, environmental pollutants,
drugs, or other small molecules. We note that there
is vast room for development in those areas.

In addition to sensors, the favorable electrochemi-
cal properties of ferrocene might be exploited for
other applications as well. We could imagine elec-
trochemically switchable ion channels, both as model
systems for natural ion channels and as artificial
nanomolecular devices that regulate transport. Elec-
trochemically triggered reactions are another fasci-
nating area where ferrocene bioconjugates might
have an impact.

This review has not included medicinal applica-
tions of ferrocene. This is, of course, another area of
active research. The key point is to use the specific
and unique properties of ferrocene, rather than create
a “benzene-like” derivative. In this area, a lot of
biological testing has been performed already. Apart
from a few scattered experiments that were indicated
in the respective sections, this is not yet the case for
the bioconjugates treated herein. On the other hand,
it would be interesting to see more biological testing,
for example on ferrocene peptide or ferrocene sugar
conjugates. Unexpected and hopefully unusual activ-
ity may be expected in those areas. It would be highly
gratifying to see a ferrocene-based drug or detection
device on the market one day.
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9. List of Abbreviations

Standard three letter codes for amino acids are
used throughout. Unless specifically noted, stereo-
chemistry implies pure L-amino acids. Peptides are
consistently written from N- to C-terminus in stan-
dard peptide nomenclature. In a peptide, “Gly” cor-
responds to the fragment “HN-CH:-CO”. For ex-
ample, H-Gly-NH; is the carboxamide of glycine
(HoN-CH2-CONHzy), Ac-Gly-Ala-OH is N-acetylated
glycylalanine. According to common convention, the
same four letter code is used for PNA as for DNA,;
small letters, however, indicate PNA oligomers.

A adenine (nucleobase) or adenosine (nucleoside)
AA amino acid

Ala alanine

ALM alamethicin

IBCF

LARIS

Leu

Lys

MEI
ODN
Pac

PEG
Phe
pkDAAO
PNA

Pro

PyAOP
QCM

Chemical Reviews, 2004, Vol. 104, No. 12 5979

asparagine

angiotensin

benzyl

Bradykinin

tert-butoxycarbonyl

bacteriorhodopsin

bovine serum albumin

cytosine (nucleobase) or cytidine (nucleoside)
(1R,3S)-camphoric acid

circular dichroism
3-carboxy-4-ferrocenylphenylisothiocyanate
capillary gel electrophoresis

Chinese hamster ovarian cells

carbonyl metallo immuno assay

cyclopentadienide anion (CsH57)

controlled pore glass

cyclic voltammetry/cyclic voltammogram

cytochrome P450

deoxyadenosine (DNA/RNA monomer)

D-amino acid oxidase

dicyclohexyl carbodiimide

dideoxyuridine triphosphate

N,N'-dimethylaminopyridine

double stranded DNA

deoxythymidine (DNA monomer)

N-(3-dimethylaminopropyl)-N'-ethyl
carbodiimide

enkephalin

estrogen receptor

electron transfer

flavin adenine dinucleotide

ferrocenyl substituent (CpFeCsH,4)

ferrocenylmethyl

ferrocenylalanine

fluorenylmethoxycarbonyl

guanine (nucleobase) or guanosine
(nucleoside)

glutamine

glutamate

glycine

glucose oxidase

O-(1H-benzotriazol-1-yl)-N,N,N',N'-tetra-
methyluronium hexafluorophosphate

1-hydroxybenzotriazole

N-hydroxysuccinimide

high performance (pressure) liquid chromatog-
raphy

high performance (pressure) liquid chromatog-
raphy with electrochemical detection

horseradish peroxidase

isobutyl chloroformate

immunoglobulin

immunoglobulin G

laser atomization resonance ionization
spectroscopy

leucine

lysine

morpholino ethylisocyanide

oligo desoxy nucleotide (DNA oligomer)

phenoxy-acetyl

poly(ethylene glycol)

phenylalanine

pig kidney D-amino acid oxidase

peptide nucleic acid

proline

7-azabenzotriazol-1-yloxytris(pyrrolidino)phos-
phonium hexafluorophosphate

quartz crystal microbalance
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RBA relative binding affinity

rgDAAO D-amino acid oxidase from Rhodoturula gracilis
RIS resonance ionization spectroscopy

Sar sarcosine (N-methylglyine)

SDS sodium n-dodecyl sulfate

SIRIS sputter-initiated resonance ionization spectro-

scopy
SNP single nucleotide polymorphism
SP substance P
ssDNA  single stranded DNA
SV sinusoidal voltammetry
SWV square wave voltammogram
T thymine (nucleobase, only in DNA and PNA, not

RNA) or thymidine (nucleoside)
TBTU  O-(1H-benzotriazol-1-yl)-N,N,N'N'-tetramethyl-
uronium tetrafluoroborate

TCBoc trichloro-tert-butoxycarbonyl

TFA trifluoroacetic acid

T melting temperature (measure of stability of
oligonucleotide duplices)

Tyr tyrosine

U uracil (nucleobase, RNA only) or uridine (nucleo-
side)

UTP uridine triphosphate

Val valine

wt wild-type

Z benzyloxycarbonyl
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