
Preliminary communication / Communication

Labelling of biologically active molecules
with a cyclohexadiene tricarbonyl iron unit

Mahieddine Mokhtari a, Abdelhamid Mousser a, Michèle Salmain b,*, Gérard Jaouen b

a Département de chimie, faculté des sciences, université Mentouri–Constantine, route de Ain-El-Bey, 25000 Constantine, Algeria
b Laboratoire de chimie organométallique, École nationale supérieure de chimie de Paris, (UMR CNRS 7576),

11, rue Pierre-et-Marie-Curie, 75231 Paris cedex 05, France

Received 8 March 2004; accepted after revision 1 September 2004

Abstract

Tricarbonyl cyclohexa-1,3-diene iron(0) derivatives of two biologically active molecules, N-acetyl cysteine and N-acetyl
histamine and of a primary amine, n-butylamine, have been prepared by reaction of [tricarbonyl (1-4-g-5-N-pyridiniocyclohexa-
1,3-diene) iron] tetrafluoroborate, a precursor of the highly reactive cation [Fe(CO)3(1-5-g-C6H7)](+), and characterized spec-
troscopically. Kinetic studies revealed that the reaction of N-acetyl histamine and n-butylamine was much faster than the reac-
tion of N-acetyl cysteine. Acid/base titration of metal-carbonyl labelled histamine was achieved by IR spectroscopy and revealed
that the imidazole ring substituted by the metal-carbonyl unit was slightly more basic than the parent compound. To cite this
article: M. Mokhtari et al., C. R. Chimie 8 (2005).
© 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Marquage de molécules biologiquement actives avec une unité cyclohexadiène tricarbonyle fer. Des dérivés tricarbo-
nyle cyclohexa-1,3-diène fer(0) de deux molécules biologiquement actives, la N-acétyl cystéine et la N-acétyl histamine ainsi
que d’une amine primaire, la n-butylamine, ont été préparés par réaction du composé [tricarbonyle (1-4-g-5-N-pyridinium-
cyclohexa-1,3-diène) fer] tétrafluoroborate, un précurseur du cation très réactif [Fe(CO)3(1-5-g-C6H7)](+), et caractérisés par
des méthodes spectrales. Des études cinétiques ont révélé que la réaction de la N-acétyl histamine et la n-butylamine est beau-
coup plus rapide que celle de la N-acétyl cystéine. Le titrage acido-basique du dérivé d’histamine marqué par une sonde métal-
carbonyle a été conduit par spectroscopie IR et a révélé que le cycle imidazole substitué par l’unité métal carbonyle est légère-
ment plus basique que le composé parent. Pour citer cet article : M. Mokhtari et al., C. R. Chimie 8 (2005).
© 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Transition-metal-carbonyl complexes, because of
their unique spectroscopic properties in the mid-IR
range, are now established as useful bioprobes for stud-
ies involving high-affinity biological recognition phe-
nomena, such as oestrogen receptorology [1], immu-
noanalysis [2] and other ligand/protein interactions [3].

These complexes, together with the metal-carbonyl
labelled biomolecules, display several characteristic
and intense absorption bands in the 1800–2150 cm–1

region, associated to the m(CO) modes of the carbonyl
ligands. The number of m(CO) bands depends on the
local symmetry of the metal carbonyl unit, whereas
their position relies on their chemical and molecular
environment (organic ligand, solvent [4], pH [5]...).

Several strategies have been exploited to introduce
metal-carbonyl groups onto poly-functional biomol-
ecules, including proteins. Most of them rely on elec-
trophilic markers that tag nucleophilic functions
(amines, thiols) borne by the biomolecule [6]. One of
these strategies takes advantage of the highly electro-
philic character of cation [tricarbonyl(1-5-g-cyclo-
hexadienyl)iron](+) that is known to react with O-, N-
and S-nucleophiles together with aromatic nucleo-
philes to yield the tricarbonyl (1-4-g-cyclohexa-1,3-
diene) iron 5-substituted adducts [7]. This approach
has been followed to label flavonoids [3], and several
peptides [8,9]. This latter synthesis was done in water
buffered at neutral pH and was shown to occur selec-
tively at the cysteine residue or at the histidine residue
in the absence of cysteine.

Compound [tricarbonyl (1-4-g-5-N-pyridiniocyclo-
hexa-1,3-diene) iron] tetrafluoroborate, 1, was shown
to be a more convenient alternative to introduce a
tricarbonyl (cyclohexa-1,3-diene) iron unit onto pro-
teins in aqueous medium, pyridine being a good leav-
ing group [10,11]. We undertook to study the reaction
of 1 with two N-nucleophiles, i.e. Nx-acetyl histamine
and n-butylamine and one S-nucleophile, i.e. N-acetyl
cysteine (Fig. 1) and characterized the adducts by spec-
tral and elemental analysis.

2. Experimental part

2.1. Materials

[Tricarbonyl (1-5-g-cyclohexadienyl)iron][BF4] was
synthesized according to an established method [12].

[Tricarbonyl (1-4-g-5-N-pyridiniocyclohexa-1,3-
diene) iron][BF4] 1 was prepared from the former
complex according to a previously published proce-
dure [13]. Nx-acetylhistamine, n-butylamine and
N-acetyl cysteine were purchased from Sigma, Ald-
rich, and Acros, respectively, and used as received.
Reagent-grade acetone (Prolabo) and triethylamine
(Aldrich) were used as received. 1H NMR spectra were
recorded on a FT-spectrometer (Bruker) operating at
200 MHz. IR spectra were recorded on an MB100 FT-
spectrometer (Bomem) equipped with a liquid nitro-
gen cooled MCT detector. Kinetic measurements were
done by injecting the solutions with a micro-syringe in
an ultra-microcavity cell in CaF2 (pathlength = 1 mm)
from Spectratech.

2.2. Methods

2.2.1. Compound 2
Compound 1 (0.77 g; 2 mmol) in acetone (10 ml)

and N-acetyl cysteine (0.326 g ; 2 mmol) in acetone
(10 ml) were mixed under nitrogen and the solution
was stirred at room temperature. After 3 h, the solution
was filtered, then evaporated to dryness under vacuum.
The crude solid residue was dissolved in CH2Cl2,
washed several times with water, and purified by silica
gel column chromatography (eluent: petroleum
ether/diethyl ether 1:1). After workup, compound 2
was obtained in 62% yield as a pale yellow powder.
Melting point: 120–121 °C.

Fig. 1. Synthesis of compounds 2, 3, 4 and 5.
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2.2.2. Compound 3
A solution of compound 1 (0.77 g; 2 mmol) and

n-butylamine (0.197 ml; 2 mmol) in acetone (20 ml)
was stirred under nitrogen at room temperature for 3 h.
The solution was filtered, evaporated to dryness under
vacuum and the solid residue was washed with toluene
to remove pyridine. Compound 3 was purified by crys-
tallisation in acetone / pentane 2 / 1 mixture and ob-
tained in 85% yield as an off-white powder. Melting
point: 141-143°C.

2.2.3. Compound 4
This compound was prepared in an analogous man-

ner as compound 3 and was obtained as a pale yellow
solid in 75% yield. Melting point: 127–128 °C.

2.2.4. Compound 5
To a stirred solution of compound 4 (0.918 g;

2 mmol) in dry MeCN (20 ml) was added triethylamine
(0.278 ml; 2 mmol). After 30 min, the solution was
filtered was evaporated to dryness under vacuum. Puri-
fication was performed as described for 2 and com-
pound 5 was crystallised as a pale yellow solid from an
acetone/pentane 2:1 mixture.

3. Results

The reaction of 1 with a stoichiometric amount of
these molecules at room temperature in acetone
yielded after workup off white to pale yellow powders.
Spectral and elemental analyses are reported in
Table 1.

The IR spectrum of 2, 3, and 4 in KBr pellet dis-
played two or three intense bands in the 1900–
2000 cm–1 region. They were readily assigned to the
stretching vibrations of the carbonyl ligands coordi-
nated to iron. According to group theory, two modes of
vibration are expected for the C3v symmetry, one sym-
metrical mode msym(CO) either called a1 mode and one
asymmetrical mode mas(CO) either called e mode. The
latter one is known to be degenerate and gives some-
times rise to two bands in the case of solid sampling
analysis. Compared to the starting compound 1, no
shift of the a1 mode was observed for compound 3
whereas a shift of 3 and 9 cm–1 downwards was noticed
for compounds 4 and 2, respectively. The presence of
several bands around 1100 cm–1 for compounds 3 and

4 indicated that they were BF4 salts, whereas com-
pound 2, which lacked these bands, was neutral.

1H NMR assignments were done on the basis of a
previously published work on imidazolyl [14] and
amino ester [15] derivatives and were fully consistent
with the formation of 5-S- or 5-N-substituted
cyclohexa-1,3-diene adducts. The chemical shifts of
the protons belonging to the tricarbonyl cyclohexadi-
ene iron unit were similar for compounds 2, 3, and 4,
with protons 6 and 6’ being diastereotopic. The organic
ligand entities experienced more or less large high-
frequency shifts of their protons resonance compared
to the parent compounds. For instance, the two protons
of the imidazole ring of 4 were shifted by 1.4 ppm (Ha)
and 0.74 ppm (Hb) as compared to the parent com-
pound and the two protons of N-acetyl cysteine and
n-butylamine adjacent to the heteroatom were shifted
by 0.64 and 0.50 ppm, respectively.

Reaction of compound 4 with triethylamine yielded
a new compound named 5 as a pale yellow powder. Its
IR spectrum still displayed several m(CO) bands and
the position of the a1 mode shifted by 6 cm–1 down-
wards as compared to compound 4. Moreover, no
bands appeared in 1100 cm–1 region, indicating that
this compound was neutral. On the basis of previously
published results [13,14] and on its 1H NMR spectrum
(low frequency shift of H5′ resonance) we assigned
compound 5 to the deprotonation product of 4. Inter-
estingly, all the protons’ peaks of the histamine moiety
shifted back to the position of the parent compound
peaks.

A single signal for proton H5′ indicated that a single
stereoisomer was formed by reaction of the N- and
S-nucleophiles. On the basis of the small coupling
constant between protons H5′ and H6, an exo configu-
ration was assigned to the bioorganic moieties attached
to carbon 5. This also indicates that the mechanism of
reaction proceeds via dissociation of the labile pyri-
dine group and addition of the nucleophile via the
cationic intermediate [(1-5-g-C6H7)Fe(CO)3]+ rather
that by nucleophilic substitution at carbon 5 (Fig. 2).
To confirm this hypothesis, the reaction of N-acetyl
cysteine with 1 was monitored by IR spectroscopy in
acetonitrile (Fig. 3).

In the absence of nucleophile, compound 1 exhib-
ited two m(CO) bands at 2059 ± 1 cm–1 (a1 mode) and
1989 ± 1 cm–1 (e mode). An additional weaker band at
2114 cm–1 was also observed (Fig. 2) and assigned to
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Table 1
Spectral and elemental analysis of compounds 2, 3, 4, and 5

Compound Yield 1H NMR (acetone-d6) d (ppm) IR (KBr) m (cm–1) Anal.

2

62% 7.24, 1H, br s, NH
5.53, 1H, t 4.8 Hz, H2

5.44, 1H, d 5.7 Hz, H3

4.53, 1H, m, Ha

3.30, 2H, m, H5’ and H1

3.11, 1H, m, H4

2.99, 1H, dd 4.8 and 13.8 Hz, Hb

2.75, 1H, dd 7.2 and 13.8 Hz, Hb

2.19, 1H, ddd 3.6 and 10.5 and 15 Hz,
H6’

1.83, 3H, s, CH3

1.46, 1H, d 15.6 Hz, H6

3340 m(N–H)
2043, 1974 m(C≡O)
1719 m(C=O) acid
1599 Amide I
1541 Amide II

Calcd for
C14H15FeN3O6S :
C 44.07, H 3.93, N
3.67.
Found : C 44.22, H
4.25, N 3.45

3

85% 5.84, 1H, t 5.9 Hz, H2

5.78, 1H, t 4.8 Hz, H3

4.01, 1H, dt 10.5 and 3.6 Hz, H5’

3.26-3.15, 4H, m, Ha, H1 and H4

2.49, 1H, ddd 4 and 10.7 and 15.8 Hz,
H6’

1.90, 1H, d 16.5 Hz, H6

1.72, 2H, quintuplet 7.6 Hz, Hß

1.40, 2H, sextuplet 7.6 Hz, Hc

0.91, 3H, t 7.2 Hz, CH3

3432, m(N–H)
2057, 1986, 1972 m(C≡O)
1123, 1084, 1037 m(B–F)

Calcd for
C13H18BF4FeNO3 :
C 41.23, H 4.75, N
3.70.
Found : C 41.08, H
4.92, N 3.65.

4

75% 8.99, 1H, s, Ha

7.54, 1H, s, Hb

5.96, 1H, t 4.8 Hz, H2

5.87, 1H, t 5.2 Hz, H3

5.19, 1H, dt 11.2 and 2.9 Hz, H5’

3.46, 2H, m, CH2NH
3.22, 1H, m, H4

3.22, 1H, t 4.6 Hz, H1

3.01, 2H, t 6.3 Hz, CH2

2.73, 1H, ddd 3.7 and 11.1 and
15.6 Hz, H6’

1.86-1.88, 4H, H6 and CH3

3419, 3260 m(N–H)
3019, 2855 m(C–H)
2053, 1982 m(C≡O)
1647 Amide I
1541 Amide II
1124, 1084, 1038 m(B–F)

Calcd for
C16H18BF4FeN3O4 :
C 41.86, H 3.92, N
9,16.
Found : C 40.96, H
4.15, N 8.91

5

41% 7.50, 1H, s, Ha

6.85, 1H, s, Hb

5.90, 1H, t, 4.6 Hz, H2

5.76, 1H, t 4.6 Hz, H3

4.80, 1H, dt 10.9 and 3.0 Hz, H5’

3.36, 2H, m, CH2NH
3.24, 1H, t 4.8 Hz, H4

3.14, 1H, t 4.8 Hz, H1

2.57, 3H, m, H6’ and CH2

1.83, 3H, s, CH3

1.71, 1H, d 11 Hz, H6

3427, 3255 m(N–H)
3054, 3024, 2854 m(C–H)
2047, 1980, 1943 m(C≡O)
1672 Amide I
1566 Amide II

Calcd. for
C16H17FeN3O4

C 51.78, H 4.58, N
11.32.
Found : C 51.60, H
4.86, N 11.14.
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the a1 mode of cation [(C6H7)Fe(CO)3]+ resulting from
the partial dissociation of pyridine, in agreement with
the equilibrium nature of the reaction of this cation
with N-nucleophiles [14]. Upon addition of one
equivalent of N-acetyl cysteine, the intensity of these
three bands was seen to gradually decrease. Concomi-
tantly, another set of two bands at 2046 and 1971 cm–1

gradually appeared, corresponding to the formation of
compound 3. Curve fitting was applied to the a1 mode
band to extract quantitative data. A kinetic analysis of
the data revealed that the reaction followed a second
order law with a rate constant k of 6 M–1 s–1. The
rate-determining step seems therefore to be the addi-
tion of the nucleophile to the cationic intermediate,
whereas dissociation of pyridine and deprotonation
were probably much faster (k1 >> k2). By comparison,
the reactions of compound 1 with Nx-acetyl histamine
and n-butylamine were too fast to be monitored by IR
spectroscopy. The complete replacement of pyridine
by Nx-acetyl histamine and n-butylamine is in good
agreement with the quantitative nucleophilicity order
previously reported [14].

The behaviour of compound 4 in water at pH rang-
ing from 5.3 to 10.8 was studied by IR spectroscopy
(Fig. 4).

At pH 5.3, a set of two m(CO) bands was observed at
2058 and 1990 cm–1, readily assigned to the protonated

form 4. A weak band at 2116 cm–1 was also observed,
indicative of a partial dissociation of N-acetyl hista-
mine. Upon increase of the pH, a shift of the two bands
towards the low wavenumbers was observed that was
attributed to deprotonation of 4 to yield 5 (2048 and
1979 cm–1) together with the complete disappearance
of cation [(C6H7)Fe(CO)3]+. Interestingly, the pKa of
this acid/base equilibrium was found roughly around
8.2, as estimated from the set of IR spectra. This value
is different from that of the parent compound N-acetyl

Fig. 2. Mechanism of reaction of 1 with N-acetyl cysteine.

Fig. 3. Kinetics of reaction of 1 with N-acetyl cysteine in acetonitrile
(concentration = 0.001 M). IR spectra recorded in an ultra-
microcavity cell in CaF2 (pathlength = 1 mm) at intervals of 30 s.

Fig. 4. IR spectra of 4 in solution in 0.2-M phosphate buffer pH 5.3 to
7.9 and in 0.1-M carbonate buffer pH 8.3 to 10.1 recorded after
deposition of 5 µl of aqueous solutions (concentration = 0.001 M)
onto 6 mm diameter nitrocellulose discs and drying in air.
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histamine (pKa = 6.9). Thus, compound 5 is a slightly
stronger base than N-acetyl histamine.

In conclusion, we have prepared and characterized
cyclohexadiene tricarbonyl iron derivatives of two bio-
logically active molecules, N-acetyl cysteine and
N-acetyl histamine and a primary amine by reaction
of [tricarbonyl (1-4-g-5-N-pyridiniocyclohexa-1,3-
diene) iron] tetrafluoroborate, a g4 precursor of the
highly reactive cation [Fe(CO)3(1-5-g-C6H7)](+). Ki-
netic studies revealed that the reaction of N-acetyl
histamine and n-butylamine was much faster than the
reaction of N-acetyl cysteine. Finally, the behaviour of
the N-acetyl histamine derivative in aqueous medium
as monitored by IR spectroscopy revealed that this
complex was stable above pH 5 and became deproto-
nated above pH 8.
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