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a b s t r a c t

This review covers comprehensively the authors work during the present decade based on the chemistry
of ionic organometallic hydrazines formulated as [(�5-Cp′)Fe(�6-Ar-NHNH2)]+PF6

− (Cp′ = C5H5, C5Me5;
Ar = aryl), that could be considered as a new generation of hydrazines owing to the changes provoked
by the coordination of the 12-electron Cp′Fe+ fragment both in the electronic properties of the aromatic
ring and in the hydrazine group. The reactivity of this new class of hydrazine is obviously centered,
as in the classic Fischer’s organohydrazines, Ar-NHNH2, on the –NHNH2 functional unit which is able
to react with aldehydes, RCH( O) (R = alkyl, aryl, ferrocenyl (Fc)) and ketones, RR′C O (R = alkyl, aryl;
R′ = alkyl, aryl, Fc), to afford ionic organometallic hydrazones. Likewise, the mixed-sandwich hydrazine
precursors react with �-diketones Me–C( O)–CH2–C( O)–Me to afford ionic organometallic pyrazoles,
Nonlinear optics
Charge-transfer hybrids

and with cis-dioxo-molybdenum complexes, e.g. [MoO2(S2CNEt2)2], to afford ionic organometallic mono-
organodiazenido complexes in which the two metal centers are connected by a �,�6:�1-aryldiazenido
bridge. While some ionic hydrazones exhibit NLO properties, the ionic organodiazenido hybrid complexes
exhibit charge-transfer features.
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. Introduction

The study of substituted organic hydrazines can be traced back
o 1875s with the first synthesis and characterization of phenyl-
ydrazine (C6H5-NHNH2) [1], by Emil Fischer, who was awarded
he Nobel Prize for Chemistry in 1902 [2]. Since then, a large num-
er of contributions on the synthesis, reactivity and applications
f new members of this important family of aromatic dinitrogen-
ontaining compounds has appeared. As a result, the synthesis
f hydrazones, osazones, indoles, pyrazoles, thiosemicarbazides,
yridazines, etc., are well known in organic chemistry, and pub-

ications account for this spectacular development [3,4]. Likewise,
ver the last four decades, extensive research has also been per-
ormed on reactions of hydrazine or substituted hydrazines with
ransition-metal complexes, particularly the complexes of early or

iddle transition metals for which various coordination modes are
bserved (Fig. 1A–C) [5], to elucidate how the nitrogen–nitrogen
ond is cleaved by a transition-metal complex [6–11]. For this
urpose, chemists have synthesized and characterized a large num-
er of organodinitrogen transition-metal complexes containing
iazene (HNNH) [12–14], diazenido (NNR), hydrazido(2-) (NNRR′)
nd hydrazido(1-) (NHNRR′) [15–31] ligands, which have been
onsidered as probable intermediate species in the mechanism of
he enzymatic or industrial N2 to NH3 conversion [32–35]. Those
igands are closely related to hydrazine coordinated to transition-

etal-assisted nitrogen–nitrogen bond cleavage. This chemistry of
odel coordination compounds with the prospect of catalytically

onverting dinitrogen to ammonia at room temperature and ambi-
nt pressure, such as in biological nitrogen fixation systems, still
emains a real challenge, but these results fall outside the scope of
his review and are regularly discussed in the literature [36–45].

On the other hand, �-complexation of aromatics to
lectron-withdrawing transition-metal moieties such as
ricarbonylchromium, tricarbonylmanganese, cyclopentadienyl-
ron/ruthenium and pentamethylcyclopentadienyliron/ruthenium
ubunits, alters their chemical reactivity and provides a variety of
ynthetically useful organic transformations through nucleophilic
dditions/substitutions, and benzylic deprotonation, affording
unctionalized ligands which can then be conveniently recovered
s free arenes upon thermal, photochemical, oxidative or reduc-
ive removal of the metal [46–53]. In this respect, the synthesis of

rganometallic hydrazines where the phenyl group of a classic aro-
atic hydrazine is linked to the iron atom of a 12-electron cationic

(�5-Cp′)Fe]+ arenophile, Cp′ = C5H5 (Cp) or C5Me5 (Cp*), in a hex-
hapto fashion (Fig. 1D), represents an exceptional opportunity to

Fig. 1. Possible bonding modes of arylhydrazine to transition metals.
Scheme 1. Preparation of the cationic organometallic hydrazines [I]+–[VII]+.

re-create, in the field of coordination chemistry, the chemistry of
this important class of compounds. This comprehensive review
surveys the work that we have carried out during the present
decade based on arylhydrazine cyclopentadienyliron complexes.
We will begin with the preparation, spectroscopic and structural
properties of this new class of ionic mixed-sandwich derivatives
(Section 2), followed by the synthesis and physico-chemical
properties of their derivatized organometallic hydrazone (Section
3) and pyrazole (Section 4) counterparts, while Section 5 will
deal with organometallic–inorganic diazenido hybrid complexes
resulting from reactions between organoiron hydrazine precursors
and cis-dioxo molybdenum species.

2. Organometallic hydrazines

2.1. Synthesis

The first cationic organometallic hydrazine, formulated as
[(�5-Cp)Fe(�6-RC6H4-NHNH2)]+ (R = H [I]+) was prepared as its
picrate salt in 1982 by Neto and Miller [54]. This explosive and
light-sensitive compound was subsequently and conveniently con-
verted to its much safer tetrafluoroborate counterpart. Later, other
members of this new family were reported, particularly those
where R = 4-Me [II]+ [55]; 2-Cl [III]+ [56]; 3-Me [IV]+ [57,58]; 4-
MeO [V]+ [57,58]; 4-Cl [VI]+ [59]. In 2007, our group reported
a new organometallic hydrazine, the pentamethylated analogue
of the parent [I]+, formulated as [(�5-Cp*)Fe(�6-C6H5-NHNH2)]+

[VII]+ [60]. The cationic organometallic hydrazines [I]+–[VI]+ are
readily prepared by [(�5-Cp)Fe]+-induced nucleophilic aromatic
substitution [50–53] of the chloroarene of the corresponding start-
ing material [(�5-Cp)Fe(�6-R-C6H4-Cl)]+ with hydrazine hydrate,
NH2NH2·H2O (Scheme 1). The synthesis of [VII]+ required the
use of the fluorine atom as the arene substituent in the complex
[(�5-Cp*)Fe(�6-C6H5-F)]+ [60,61], in which this halogen is a better
leaving group than chlorine in [(�5-Cp*)Fe(�6-C6H5-Cl)]+, in order
to compensate the decreased positive charge on the arene ligand
in the Cp* series compared to the Cp series. While the synthesis
of [I]+ was carried out in EtOH, those of [II]+–[VII]+ were accom-
plished in dichloromethane (CH2Cl2). From the experimental point
of view, the best conditions established in our laboratories in order
to reach the highest yields have been: (i) the use of a hydrazine
hydrate/precursor molar ratio of 6–12:1 and (ii) a reaction time
of 15 h at room temperature. These complexes have indeed been
synthesized under extremely mild conditions and isolated as their
hexafluorophosphate (PF6

−) salts as yellow-orange photosensitive,
though air and thermally stable, microcrystalline solids in yields
ranging from 26 to 66%.

2.2. Spectroscopy

The spectroscopic properties of the organometallic hydrazines

discussed here are very similar to one another. Indeed, the solid
(KBr) IR spectra of compounds I–VII exhibit two broad weak to
medium absorption bands at ca. 3416–3444 and 3374–3383 cm−1

assigned to the stretching mode of the N–H bond and to the
overlapped asymmetric and symmetric stretching modes of the
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erminal NH2 group, respectively. Likewise, at 1554–1560 cm−1 a
harp medium to strong band corresponding to the deformation
ode of the NH2 group was also observed. In addition, the two

haracteristic intense vibration modes of the PF6
− anion appeared

t 840–830 and 558 cm−1, respectively.
The 1H NMR spectra, recorded in acetone-d6 at 297 K, show

inglets at ca. 5.0 ppm for the cyclopentadienyl protons of the
ationic organometallic hydrazines [I]+–[VI]+ and at 1.97 ppm for
he methyl protons of the �5-Cp* ligand of [VII]+, indicating that
ach nucleophilic substitution reaction leads to a unique product.
n the seven cases, the –NH–NH2 protons exhibit two resonances
n the integral signal ratio 2:1 at 2.96–3.04, 8.60–8.89 ppm ranges
nd 4.44, 7.35 ppm for [I]+–[VI]+ and [VII]+, respectively. The high
eld resonances are attributed to the NH2 protons, while the

ow field ones correspond to the benzylic NH protons due to the
lectron-withdrawing properties of the [(�5-Cp′)Fe]+ cationic moi-
ty linked to the phenyl ring. The NH signal of [VII]+ is upfield
hifted by 1.40–1.44 ppm compared to those of its Cp counter-
arts, thus, nicely illustrating the increased electronic density onto
he arene ring upon coordination to the [(�5-Cp*)Fe]+ arenophile.
n the 13C{1H} NMR spectra, besides all the expected peaks, the
rene carbons bearing the –NH–NH2 group resonate in the range
10–120 ppm as slightly broadened signals.

.3. X-ray molecular structures

The molecular structure of the parent organometallic hydrazine
[58] and its pentamethylated derivative VII [60] have been

etermined by single crystal X-ray diffraction analysis. For the
ake of comparison, the ball-and-stick views of the two cationic
rganometallic moieties [I]+ and [VII]+ are presented in Fig. 2 in
imilar perspectives. Both compounds display the classical sand-
ich structure of the type [(cyclopentadienyl)iron(arene)]+ cation,

dopting the [�5-Fe-�6]+ metallocene-type coordination mode,
ith Fe–Cp and Fe-arene centroid distances of 1.668, 1.552 Å and

.665, 1.555 Å for [I]+ and [VII]+, respectively. The two carbo-
yclic rings are essentially parallel with one another, with in both
ases, a ring centroid-iron-ring centroid angle of 179.4◦ [62]. How-
ver, the distances between the iron center and the arene carbon
earing the –NH–NH2 group are 0.071 and 0.112 Å longer than
he mean value of the other Fe–C bond lengths. This elonga-
ion is a consequence of a partial delocalization of the benzylic
itrogen electron lone-pair toward the cationic mixed-sandwich
oiety, and is reflected by (i) a depyramidalization with idealized

ond angles at this sp2-hybridized nitrogen atom of 119.0(8)◦ and
18.1(2)◦, (ii) a carbon–nitrogen bond distances of 1.333(9) and
.367(4) Å, which are intermediate between a single and double
arbon–nitrogen bond [63], and (iii) a weak cyclohexadienyl-like
haracter of the coordinated phenyl ring with a folding dihedral
ngle of 6.0◦ and 7.4◦ between the plane containing the C–N
ector and that of the remaining pentadienyl framework. The
ubstitution of the bulky electron rich [(�5-Cp)Fe]+ arenophile
or its parent [(�5-Cp*)Fe]+ counterpart has virtually no effect
n the deformation of the phenylhydrazine ligand toward an
minocyclohexadienyl structure. The distortions of the arene lig-
nd in hexahapto coordinated arene complexes are, indeed, mainly
nfluenced by the electronegativity, the inductive and the reso-
ance effects of the arene substituents rather than by the nature
f the 12-electron coordinating organometallic [MLn]0/+ moiety
64–67].
. Organometallic hydrazones

Hydrazones [68] have been intensively investigated mostly
ecause of their potential applications as anticancer, antiviral,
Chart 1.

antibacterial, and antifungal agents [69,70]. These compounds
display a versatile behavior in metal coordination, and their bio-
logical activity is often increased by bonding to transition metals
[71]. On the other hand, hydrazones have been extensively used
by Enders et al. in asymmetric synthesis of chiral organic and
ferrocenyl ketones [72,73]. In addition, due to their chelating
behavior, hydrazones are employed as ligands in metal-catalyzed
allylic substitutions and cross-coupling reactions [74–77]. As well,
organometallic hydrazones are a versatile class of compounds with
several applications. A plethora of such compounds can be found
in the literature and, therefore, we will just mention here four
main categories, supported by few recent references to introduce
the reader to this subject matter. Those are ferrocenylhydrazones
resulting from condensation of substituted hydrazines with formyl-
and acetylferrocenes, Fc–C(R) N–NHR′, where R is H or Me, and R′

is alkyl, aryl, heterocycles or ferrocenoyl [78–81]; organometallic
hydrazones of the type LnM–N(R)–N CR′

2 (M = transition metals,
lanthanides and actinides) formed by insertion of diazoalkanes into
metal–hydrogen or metal–carbon bonds [82–84]; compounds con-
taining the organometallic hydrazone core [M–CH2C(R) N–NMe2]
(M = Al, Zn) [85–87]; and cyclopalladated derivatives where the
hydrazone ligand is linked to the metal center through an ortho-
carbon of a phenyl substituent and a heteroatom of the hydrazone
backbone [88,89]. The first hexahapto coordinated organometallic
hydrazones, formulated as (�6-2-R–C6H4–CH N–NMe2)Cr(CO)3
(R = H, Me, n-Bu), were reported by Kündig et al. [90]. In such
complexes, the hydrazone functionality is attached to the aren-
etricarbonylchromium fragment through the azomethine carbon
atom.

Interestingly, hydrazones that contain the asymmetric trans-
mitter backbone –NHN CR– allow, for a given electron-donating
(D) and electron-withdrawing (A) group, the formation of two dif-
ferent types of compounds: A-NHN CR-D (Type I) and D-NHN CR-
A (Type II) [91,92]. Particularly, Type I hydrazones containing
the 4-nitrophenyl group as acceptor and 4-dimethylaminophenyl,
4-methoxophenyl, 4-bromophenyl or 4-methylphenyl groups as
donors have shown efficient second-order nonlinear activity
[91]. Knowing that the chlorine atom of the chlorobenzene
cyclopentadienyliron complex has a mobility comparable to 2,4-
dinitrochlorobenzene [51,53], it was tempting to explore an
expansion of the important push–pull hydrazone structure into the
third dimension. This can in principle be done by formally attach-
ing the electron-withdrawing [(�5-Cp′)]+ moiety to one arene of the
planar framework by the 3D extension of the mixed-sandwich unit.
Thus, using the organometallic hydrazines depicted in Section 2, we
have replaced one two-dimensional carbocyclic ring by an elec-
tronically related three-dimensional electron-withdrawing robust
metallocene system. Peculiar electronic and structural properties
were, of course, observed for this new family of ionic organometal-
lic hydrazones derivatives.
3.1. Synthesis

Chart 1 shows a representative backbone of the sixty-six dif-
ferent organometallic hydrazones that before we have prepared.
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hey are gathered in Table 1 [57–60,93–102]. Each mononuclear
VIII–XLIII), binuclear (XLIV–LXVII) and trinuclear (LXVIII–LXXIII)
rganometallic hydrazone is depicted according to the nature of
he R, R1, R2, R3 and R4 substituents. The syntheses of these new
rganometallic hydrazones have been carried out by direct con-
ensation reaction of the corresponding organometallic hydrazines
ith different organic or organometallic aldehydes or ketones in

efluxing ethanol, under inert atmosphere (N2). Some drops of
lacial acetic acid or, in some cases, hexafluorophosphoric acid
as added as the catalyst. The hydrazones were always isolated

s orange, yellow, red, yellow-orange or reddish-orange crystalline
olids giving directly or by recrystallization in CH2Cl2, acetonitrile
r a mixture of both solvents, suitable single crystals for X-ray
iffraction studies. In some cases, the formation of single crys-
als was favored by slow diffusion of layered diethyl ether in those
olutions.

.2. Spectroscopy

Let’s first introduce the characteristic IR bands and NMR signals
hat could be considered as probes in the rapid identification of
his type of organometallic hydrazones. Indeed, the most impor-
ant features invariably exhibited by the solid (KBr) IR spectra
103] of this family of organometallic hydrazones, associated
ith the formation of the –NHN C(R3)– functionality, are: (i) the
resence of only the medium and sharp stretching bands corre-
ponding to the N–H group, in the 3392–3289 cm−1 region, and
ii) the appearance of characteristic sharp intense stretching band
n the C N imine group in the 1574–1525 cm−1 region. As for
heir organometallic hydrazine precursors, the PF6

− counter anion
s easily identified by its typical very strong �(PF6) and strong
(P–F) bands observed in the 860–825 and 559–554 cm−1 regions,
espectively. On the other hand, depending on the crystallinity of
he samples, some bands give rise to two stretching vibrations.
or example, the IR spectrum of a crystalline sample of [XLVIII]
hows two N–H stretching frequencies at 3368 and 3322 cm−1,
hereas only one N–H absorption at 3344 cm−1 is observed in

olution at room temperature. The dynamic behavior of this com-
ound was confirmed by variable-temperature NMR experiments
hich allow the determination of two similar activation ener-

ies (�G# = 41 kJ/mol) for the hindered rotation of the cationic
ixed sandwich [(�5-Cp)Fe(�6-C6H5)]+ around the Cphenyl–N bond

nd of the ferrocenyl fragment around the its C5H4–C linkage
o the hydrazone core [59]. These observations are compatible

ith the presence of both syn and anti-rotamers in the crystalline

orm, as it was revealed later on by the X-ray crystal struc-
ure analysis (see Section 3.4). Likewise, the solid IR spectra of
he homotrimetallic compounds LXVIII–LXXI show the splitting
f the �(N C), �(PF6) and �(C–Cl), in the case of [LXIX] [101],
)Fe(�6-C6H5-NHNH2)]+ [VII]+ (right [60]). PF6
− counterions have been omitted for

suggesting the presence of at least two conformers in the solid
state.

On the other hand, all the organoiron hydrazones listed in
Table 1 are stereoselectively formed at the sterically less hindered
trans-isomer about the N C double bond, as indicated by the
unique set of signals in their 1H and 13C NMR spectra for which the
stereochemistry and assignments were performed with the aid
of NOE experiments and 2D homo- and heteronuclear correlation
spectroscopy, respectively. For instance, the Cp and Cp* protons
of the sandwich moiety [(�5-Cp′)Fe(�6-R-C6H4)]+ resonate as
sharp singlets at 5.11–5.24 and 1.93–1.98 ppm, respectively, the
former signals being slightly downfield shifted compared to those
of their corresponding hydrazine precursors. In the case of bi-
and trinuclear hydrazones capped with a terminal 1-ferrocenyl
subunit, the Cp proton resonances of the unsubstituted ring
are observed as sharp singlets in the 4.03–4.43 ppm range. The
hydrazonedyil spacer –NH–N CH– is clearly identified by the
low field azomethine N CH and acidic benzylic N–H [94] protons
which show up as slightly broadened peaks at 7.80–8.60 ppm,
respectively. The latter resonances are again ostensibly downfield
shifted compared to the N–H signals in their hydrazine counter-
part, indicating depyramidalization of the nitrogen atom with
a greater partial delocalization of the positive charge along the
conjugated hydrazone backbone and concomitant cyclohexadi-
enyl character at the coordinated C6-ring. Note that the highest
value (ıN–H = 10.20) is observed for the dicationic derivative
[LXVII]2+ where a second acceptor fragment ([(�5-Cp*)Ru]+) is
present in the molecule [60]. In addition, the low field position
of the acidic benzylic NH signal may also be attributed to its
participation in various types of hydrogen bonding (see Section
3.5). Finally, for the series of binuclear hydrazones LII–LV, a very
good correlation is obtained with 1H NMR chemical shifts of the
benzylic N–H proton resonances (Fig. 3), using the classic Ham-
mett �p set of parameters [68,104] (Eq. (1); R = 0.997). The positive
slope indicates that electron-withdrawing substituents induce a
marked deshielding of the corresponding 1H NMR shift. The more
electron-withdrawing the 4-R1 substituent (more positive the �p

parameter) the more shifted is the NH proton resonance [99]. Such
a correlation was also reported by Nesmeyanov and co-workers
for substituted [(�5-Cp)Fe(�6-p-XC6H4Me)]+PF6

− derivatives
[105].

ıN–H(ppm) = 0.47�p + 8.90 (1)

Besides the expected characteristic sharp singlet resonances of

the Cp or Cp* ligand of the mixed sandwich [(Cp′)Fe(RC6H4–)]+, the
proton decoupled 13C NMR spectra of the studied organometal-
lic hydrazones exhibit broader peaks of the two carbons linked
to a nitrogen atom. The imine carbon appears at ca. 145 ppm and
the coordinated Cipso at ca. 120 ppm, in accordance with a multi-
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Table 1
List of prepared organometallic hydrazones, isolated as their PF6

− salts.

Compound R R1 R2 R3 R4 Ref.

VIII H H H Me Me [57,58]
IX H 2-Cl H Me Me [57,58]
X H 4-Me H Me Me [57,58]
XI H 4-OMe H Me Me [57,58]
XII H H H Me C6H4-4-Me [93]
XIII H H H Me C6H4-4-OMe [93]
XIV H H H Me C6H4-4-NMe2 [93]
XV H 2-Cl H Me C6H4-4-Me [93]
XVI H 2-Cl H Me C6H4-4-OMe [93]
XVII H 2-Cl H Me C6H4-4-NMe2 [93]
XVIII H 2-Me H Me C6H4-4-Me [93]
XIX H 2-Me H Me C6H4-4-OMe [93]
XX H 2-Me H Me C6H4-4-NMe2 [93]
XXI H 2-OMe H Me C6H4-4-Me [93]
XXII H 2-OMe H Me C6H4-4-OMe [93]
XXIII H 2-OMe H Me C6H4-4-NMe2 [93]
XXIV H H H H C6H5 [94]
XXV H H H H C6H4-4-Me [94]
XXVI H H H H C6H4-4-OMe [94]
XXVII H H H H C6H4-4-NMe2 [94]
XXVIII H 2-Cl H H C6H4-4-Me [94]
XXIX H 2-Cl H H C6H4-4-OMe [94]
XXX H 2-Cl H H C6H4-4-NMe2 [94]
XXXI H 2-Me H H C6H4-4-Me [94]
XXXII H 2-Me H H C6H4-4-OMe [94]
XXXIII H 2-Me H H C6H4-4-NMe2 [94]
XXXIV H 2-OMe H H C6H4-4-Me [94]
XXXV H 2-OMe H H C6H4-4-OMe [94]
XXXVI H 2-OMe H H C6H4-4-NMe2 [94]
XXXVII H H Me H C6H4-4-Me [94]
XXXVIII H H Me H C6H4-4-OMe [94]
XXXIX H H Me H C6H4-4-NMe2 [94,95]
XL H 4-Me H H a [96]
XLI H 4-Me H H b [96]
XLII H 4-Me H H c [96]
XLIII Me H H H 2,4,6-Me3C6H2 [60]
XLIV H H H H Fc [57,59]
XLV H 4-Cl H H Fc [59]
XLVI H 4-Me H H Fc [57,59]
XLVII H 4-OMe H H Fc [57,59]
XLVIII H H H Me Fc [59]
XLIV H 4-Me H Me Fc [59]
L H 4-OMe H Me Fc [59]
LI H 4-Me H (C6H4)-4-Me Fc [98]
LII H H H Me CH CH-Fc [99]
LIII H 4-Cl H Me CH CH-Fc [99]
LIV H 4-Me H Me CH CH-Fc [99]
LV H 4-OMe H Me CH CH-Fc [99]
LVI H H H H C6H4-4-CH CH-Fc [100]
LVII H 4-Cl H H C6H4-4-CH CH-Fc [100]
LVIII H 4-Me H H C6H4-4-CH CH-Fc [100]
LIX H 4-OMe H H C6H4-4-CH CH-Fc [100]
LX H H H H Fç-CH CH-C6H4-4-NO2 [101]
LXI H 4-Cl H H Fç-CH CH-C6H4-4-NO2 [101]
LXII H 4-Me H H Fç-CH CH-C6H4-4-NO2 [101]
LXIII H 4-OMe H H Fç-CH CH-C6H4-4-NO2 [101]
LXIV H 4-Me H H Fç-CH CH-C6H4-4-CN [101]
LXV H 4-Me H H Fç-CH CH-C6H4-4-Me [101]
LXVI Me H H H Fc [60]
LXVII Me H H H {(�6-2,4,6-Me3C6H2)RuCp*}+ [60]
LXVIII H H H H Fç-CH N-NH-{(�6-C6H5)FeCp}+ [101]
LXIX H 4-Cl H H Fç-CH N-NH-{(�6-4-ClC6H4)FeCp}+ [101]
LXX H 4-Me H H Fç-CH N-NH-{(�6-4-MeC6H4)FeCp}+ [101]
LXXI H 4-OMe H H Fç-CH N-NH-{(�6-4-MeOC6H4)FeCp}+ [101]
LXXII H 4-Me H H Fç-CH CH-Fc [102]

A = 1,1′-
t

p
r
r
i
a

LXXIII H 4-OMe H H

bbreviations: Cp = �5-C5H5; Cp* = �5-C5Me5; Fc = 1-ferrocenyl, CpFe(�5-C5H4); Fç
ert-butyl-4-H-chromen-4-ylidene; c = (2Z)-4,6-diphenyl-2H-pyran-2-ylidene.
ly bonded carbon–nitrogen bond. In some instances, this latter
esonance splits into two peaks separated by 0.1 ppm. This could
esult from an equilibrium between a �6-aminoarene and a �5-
minocyclohexadienyl coordination modes (see Section 3.6) [106],
s supported by theoretical work [107].
Fç-CH CH-Fc [102]

ferrocenediyl, Fe(�5-C5H4)2; a = 2,6-di-tert-butyl-4H-pyran-4-ylidene; b = (4E)-2-
3.3. Linear and nonlinear optical properties

The UV–vis spectra of the majority of the organometallic hydra-
zones presented in Table 1, have been registered in CH2Cl2 (ε = 8.90)
and DMSO (ε = 47.6). They display a relatively intense band,
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Table 2
Bathochromic shifts as function of the acceptor strength of the appended R4 groupa.

R4 Fç-CH CH-C6H4-4-Me (LXV) Fç-CH N-NH-{(�6-4-MeC6H4)FeCp}+ (LXX) FçCH CH-C6H4-4-CN (LXIV) Fç-CH CH-C6H4-4-NO2 (LXII)

�HEB/nmb 302 309 311 321
� /nmc 453 473 478 492
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diffraction studies. For the sake of comparison, ball-and-stick views
LEB

a Fç = 1,1′-ferrocenediyl [(�5-C5H4)2Fe].
b HEB = high-energy band.
c LEB = low-energy band.

nvolving �–�* transitions, centered between 250 and 400 nm, in
ddition to a less intensity feature in the longer wavelength region,
esponsible for the yellow to red color, and involving both the lig-
nd and the metal center, having charge-transfer (CT) character.
hese CT bands exhibit a significant solvatochromism, very fre-
uently bathochromic shifts, when the solvent polarity is increased,
haracteristic of a large dipole moment change between the ground
nd the excited state. However, in the case of the trimetallic hydra-
ones bearing two cationic mixed-sandwich units (LXVIII–LXXI), a
egative solvatochromism, i.e. a hypsochromic (blue) shifts vary-

ng between −2 and −54 nm is observed with increasing solvent
olarity [101], indicating a reduction in the dipole moment upon
lectronic excitation. The energy and intensity of the CT transitions
re also influenced by the nature of the ancillary ligands. Thus,
lowering of the energy of the �* orbital of the ligand, results

n bathochromic shifts in their absorption maxima [108,109]. In
act, this is what we observe in the series of the four compounds
LXII, LXIV, LXV and LXX) containing the same cationic core [(�5-
p)Fe(�6-4-MeC6H4–NHN CH–)]+, and with R4 substituents of
arious electron-accepting ability (Table 1). In this family, the two
T transitions are progressively shifted to longer wavelengths as
he acceptor strength of the pendant group increases (Table 2)
101]. Similar trends have also been observed for other families of
errocenyl p-cyanophenylethenyl and phenylethynyl compounds
110,111], as well as for cationic organoiron polymers containing
zo dye-functionalized side chains [112].

The absorption bands are red-shifted with increasing the con-
ugated chain length between the donor and acceptor termini [99].
his is clearly illustrated in Fig. 4, by comparing the electronic
pectral data of two series of binuclear organometallic hydrazones:

LVIII–L with those of LII, LIV and LV, respectively (Table 1). For

he three former compounds the bridge consists of the methy-
ated hydrazonediyl –NH–N C(Me)–, while it was increased by a
E)–CH CH– unit for the three latter ones. Both high- and low-
nergy bands are, indeed, bathochromically shifted of 2363, 4273,

ig. 3. Plot of the N–H 1H NMR chemical shifts (ppm) vs. �p substituent parameters
or complexes LII–LV. Reprinted with permission of Elsevier B.V. (Ref. [99]).
1973 cm−1 and 1175, 2060, 2696 cm−1 for R1 = H, Me, and OMe,
respectively. These values are of the same magnitude as those
reported for many other ferrocenyl series comprising the polyenic
bridges [108,109,113], therefore, justifying the interest of our
asymmetric hydrazonediyl spacer in the design of organometallic
push–pull materials.

The second-order nonlinear optical (NLO) properties of hydra-
zone complexes derived from 2,4,6-trimethylbenzaldehyde XLIII
and ferrocencarboxaldehyde LXVI [60], and those derived from
the �- and �-pyranylidenacetaldehydes, XL, XLI and XLII
[96], have been investigated using the Electric-Field-Induced-
Second-Harmonic (EFISH) generation technique at 1.91 �m. These
cationic chromophores exhibit reasonable �� values in the
80–270 × 10−48 esu range, although these values remain signif-
icantly weaker than those reported for extended �-conjugated
organic hydrazone molecules (�� = 100–640 × 10−48 esu) bearing
strong acceptor nitro-phenyl end groups [114]. However, the
cationic [(�5-Cp)Fe(�6-arene)]+ moiety that can easily be func-
tionalized owing to the [(�5-Cp)Fe]+-induced transformations at
the coordinated arene ring [50–53], remains a potential interest-
ing building block in molecular engineering of compounds with
quadratic NLO properties [115].

3.4. X-ray molecular structures

Among the organometallic hydrazones listed in Table 1, the crys-
tal structures of six mononuclear (X, XXI, XXV, XXXVIII, XXXIX,
XLI), five binuclear (XLVII, XLVIII, LI, LVIII, LXV) and two trinu-
clear (LXXI, LXXII) derivatives were solved by single crystal X-ray
of the cationic organometallic entity of a representative com-
pound of each category ([X]+, [XLVII]+ and [LXXII]+) with the
atom-labeling schemes, are illustrated in Fig. 5. As noted above
in Section 2.3 for the organometallic hydrazine precursors, the

Fig. 4. UV–vis spectra of compounds XLIX (dashed line) and LIV (full line) demon-
strating the effect of the conjugated bridge on absorption maxima [99].
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Fig. 5. Ball-and-stick views of [(�5-Cp)Fe(�6-C6H5-NHN CMe2)]+ [X]+ (top
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58]) [(�5-Cp)Fe{�6-4-MeOC6H4-NHN CH-(�5-C5H4)Fe(�5-Cp)}]+ [XLVII]+ (mid-
le [97]), and [(�5-Cp)Fe{�6-4-MeC6H4-NHN CH-(�5-C5H4)Fe(�5-C5H4)-CH CH-
�5-C5H4)Fe(�5-Cp)}]+ [LXXII]+ (bottom [102]). PF6

− counterion has been omitted
or clarity.

ixed-sandwich moieties adopt the same typical �5-Fe-�6 met-
llocene coordination mode. The carboxylic rings are essentially
arallel with one another, with ring centroid-iron-ring centroid
ngles of 177.2–179.0◦, and Fe–Cp and Fe-arene centroid dis-

ances of 1.640–1.675 and 1.544–1.580 Å, respectively. Similarly,
e observe the concomitant lengthening of the Fe–Cipso bond dis-

ances, ranging from 2.138 to 2.201 Å, and the shortening of the
xocyclic C–N bond lengths (1.336–1.380 Å), leading to a slight
minium-cyclohexadienyl character of the coordinated C6 ring with
ry Reviews 254 (2010) 765–780 771

puckering angles of 3.10–10.3◦. Those structural observations are
common characteristics of hexahapto coordinated aromatic rings
containing benzylic heteroatom [64–67] that have been theoreti-
cally rationalized by Saillard and co-workers [107]. Moreover, the
conjugated hydrazonediyl transmitter backbone –N(R2)–N C(R3)–
displays a zigzag conformation with bond angles close to
120◦ at N(R2), imine nitrogen and azomethine carbon atoms,
respectively.

The most peculiar feature of the crystallographic study came out
with the structure of the cationic binuclear derivative [XLVIII]+ in
which the R3 substituent of the hydrazonediyl bridge is a methyl
group. Indeed, the crystal structure shows the presence of both
syn- and anti-rotamer, that is with the two iron atoms on the
same and opposite faces of the dinucleating hydrazonato ligand,
respectively, in the same asymmetric crystalline unit (Fig. 6) [59].
The syn/anti interconversion occurs by rotation of either the [(�5-
Cp)Fe(�6-C6H5)–]+ fragment around the Cphenyl–N(R2) bond, or
of the ferrocenyl unit about its Cipso–C(R3) linkage, in line with
both the presence of two �(N–H) stretches in the solid state IR
spectrum and the two rotational barriers observed in the variable-
temperature NMR studies (see Section 3.2). In addition, theoretical
investigations have shown that the two rotamers are close in
energy, the anti-isomer being more stable than the syn one by only
0.12 eV [59]. To the best of our knowledge [XLVIII]+ is the first bis-
sandwich complex showing this peculiar arrangement in the solid
state. For instance, the sterically less encumbered anti-isomer is
the unique one found in the solid state for bis-[(�5-Cp′)Fe]+ com-
plexes of fulvalene [116,117] and polyarene [118,119]. This is also
the case for all the structurally characterized binuclear (XLVII, LVIII,
LXV) and trinuclear (LXXII) organometallic hydrazones with the
unsubstituted spacer (R3 = H). However, the symmetrical trimetal-
lic hydrazone [LXXI]+ escapes to this rule as it adopts the syn
conformation with a Fe–Fe–Fe angle of 180◦ [101]. By contrast,
only the syn-isomer occurs for [LI]+ having the bulky p-tolyl sub-
stituent [98]. This unexpected behavior could presumably result
from packing force effect in order to accommodate both sterically
demanding p-tolyl and 1-ferrocenyl substituents at the azomethine
carbon atom.

Several other structural peculiarities can be outlined. For
instance, in the mononuclear series XXI, XXV, XXXVIII, XXXIX and
XLI, the coordinated and free aromatic rings are virtually copla-
nar (dihedral angles ranging from 3.2◦ to 15.6◦), thus creating a
favorable orientation to the delocalization of the �-electron system
along the entire hydrazone skeleton from the donor to the accep-
tor termini. It is also worth noting the “hinge-like” behavior of the
1,1′-ferrocenediyl subunit with the opening of the dihedral angle,
made by the centroids of the coordinated C6-ring, the two C5H4
rings and the remaining aromatic ring, from 21.3◦ for [LXV]+ [101],
to 53.9◦ for [LXXII]+ [102] to 180◦ for [LXXI]+ [101]. Finally, dif-
ferent kinds of hydrogen bond interactions were observed. So, the
benzylic N–H group are involved in two types of hydrogen bonding:
(i) intramolecularly with the oxygen atom of the ortho-methoxo-
substituent (N· · ·O separation of 2.627(4) Å) in compound [XXI]+

[93], and (ii) in a strong interaction with a fluorine atom of the
PF6

− counter anion in both the binuclear LVIII [100] and trinuclear
LXXII [102] derivatives with identical F· · ·H separations of 2.20 Å.
Moreover, in both complexes LXXII and XXXIX [95], the PF6

− anion
is also weakly coupled to the organometallic cation through hydro-
gen bond interactions between fluorine atoms and coordinated C–H
aromatic groups, thus forming infinite zigzag chains in the lat-
ter case (Fig. 7). Complex XXXIX exhibits also a more surprising

intramolecular hydrogen bond that implies an ortho C–H group of
the coordinated C6H5 ring and the imine nitrogen atom, with C· · ·N
and H· · ·N separations of 2.683 and 2.36 Å, respectively [95]. This
results in the closure of the HC-C-N(Me)-N· · · five-membered ring
(Fig. 8).
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Fig. 6. Ball-and-stick views of anti-rotamer (left) and syn-rotamer (right) of [(�5-Cp)Fe{�
been omitted for clarity.

Fig. 7. Hydrogen bonding interactions in [(�5-Cp)Fe{�6-C6H5-N(Me)N CH-C6H4-
4-NMe2}][PF6], XXXIX [95].

Fig. 8. Ball-and-stick view of the �5-iminocyclohexadienyl/�6-zwitterionic hybrid
[(�5-Cp)Fe(�6-C6H5-N-N CH-C6H4-4-NMe2)] [106]. Solvating CH2Cl2 is omitted for
clarity.
6-C6H5-NHN C(Me)-(�5-C5H4)Fe(�5-Cp)}]+ [XLVIII]+ [59]. PF6
− counterions have

3.5. Reactivity

The activation of benzylic C–H bond in cationic arene-
cyclopentadienyliron(II) complexes and subsequent bond forma-
tion of the resulting neutral cyclohexadienyl species with various
elements is a well-established general and useful procedure for
effecting modifications on the structure of the arene ligands
[50–53]. This activation results from the enhancement of the acid-
ity of the benzylic protons in the cationic complex [120]. Similarly,
benzylic N–H activation also occurs at aminoarene ligand coor-
dinated to the [(�5-Cp)Fe]+ fragment to yield the corresponding
imine complex, and subsequent treatment with an excess of alky-
lating reagents give rise to formation of new N–C bonds [121–124].
Accordingly, the N-methylated (R2 = Me) hydrazone derivatives
[XXXVII]+, [XXXVIII]+ and [XXXIX]+, were synthesized from their
respective unsubstituted (R2 = H) precursors [XXV]+, [XXVI]+ and
[XXVII]+, in a one-pot two-step sequence (Scheme 2) [94]. The red
zwitterionic intermediate is first generated at low temperature in
dry tetrahydrofuran by deprotonating the benzylic N–H group with
n-butyllithium, and then quenched with iodomethane to provide
the final N-methylated organometallic hydrazones. They were iso-
lated as air and thermally stable orange-red crystalline solids in
yields ranging from 53 to 66%, and unambiguously characterized
by 1H NMR spectroscopy showing the appearance of a new sin-
glet of the N-methyl proton resonance in the 3.53–3.73 ppm region.
Moreover, complexes XXXVIII and XXXIX were authenticated by
X-ray diffraction study [94,95]. Next, introduction of functional
group following the [(�5-Cp′)Fe]+-mediated benzylic deprotona-
tion/alkylation sequence to such electroactive complexes would be
of great interest in that, for instance, it could allow their transfor-
mation into precursors using covalent coupling, to obtain robust
molecular arrays on a substrate.

Interestingly, the structure of the dark-red neutral intermedi-
ates is best described as a hybrid of �5-iminocyclohexadienyl and
�6-zwitterionic hydrazonyl complexes. Indeed, the X-ray crystal
structure analysis of the air and moisture sensitive complex [(�5-
Cp)Fe(�6-C6H5–N–N CH–C6H4–4-NMe2)] (Fig. 8), isolated upon
deprotonation of [XXVII]+ with potassium tert-butoxide, shows
a long Fe–Cipso bond length of 2.303(13) Å and a doubly-bonded
exocyclic C–N bond of 1.309(13) Å, resulting in a cyclohexadi-

enyl folding angle of 12.5◦ [106]. This value is roughly two-fold
greater than those measured for the cationic organometallic hydra-
zone species. In agreement with the X-ray data, the computed
Fe–Cipso Mülliken overlap population (+0.007 vs. +0.107 for the
average value of the five other Fe–C bonds) suggests an almost
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Scheme 2. Synthesis of the cationic N-methylated mononuclear orga

on-bonding interaction. The capacity change is also evidenced in
olution by NMR spectroscopy. For instance, the 13C signal of the
pso carbon shifts slightly downfield from 121.3 ppm in [XXVII]+

o 128.9 ppm in the neutral compound. Such change supports a
witterionic-type structure rather than a cyclohexadienyl one, for
hich a more downfield shift is expected. Astruc et al. reported

n genuine cyclohexadienyl derivatives [(�5-Cp)Fe(�5-C6Me5 X)]
X = CH2, NH, C ) for which the decoordinated carbon appears in
he range 145–156 ppm [123,125,126]. The bonding situation we
ncountered with the neutral hydrazonyl complexes is, in fact,
eminiscent of that observed by Johnson and Treichel for [(�5-
p)Fe(�-fluorenyl)] [127].

.6. Electrochemical properties

The [(�5-Cp)Fe(�6-arene)]+ complexes are well known for their
nteresting redox properties [128], the functions and applications of
heir reduced and oxidized forms [129], and their use for studying
lectronic communication between ligand-bridged metals [130].
s all the organometallic hydrazones depicted in Table 1 pos-
ess this redox active mixed-sandwich subunit, and in order to
et a deeper insight into the mutual donor–acceptor interaction,
e decided to examine the electronic influence of the various

4 substituents (see Table 1) through the hydrazonediyl skeleton
N(R2)–N C(R3)–, and of the methylation of the benzylic nitrogen
s well as the azomethine carbon atoms, using electrochemistry.
n particular, one can scrutinize these influences in terms of ther-

odynamics via the redox potentials and the stability of the
9-electron reduced redox state through the shapes of the cyclo-
oltammetry waves.

All the mono-, bi- and trinuclear hydrazones studied undergo a
ne-electron irreversible reduction process centered at the mixed-
andwich moiety, corresponding to the single-electron reduction
f the 3d6, FeII, 18-electron complexes to the unstable 3d7, FeI,
9-electron species [128]. As well, the reduction potentials of the
on N-methylated hydrazone derivatives (R2 = H) are ca. 0.6 V more

athodic (Table 3) than those of their N-methylated analogues
R2 = Me). This unexpected behavior arises from the reduction of
he in situ generated neutral zwitterionic species (see the preced-
ng Section), as it was checked by recording cyclic voltammograms
f freshly prepared solutions of their deprotonated precursors [94].

Table 3
Comparison (R2 = H vs. R2 = Me) of cyclic voltammetry data for related m

R4 Compd. (R2 = H) Epc (V

C6H4-4-Me XXV −1.91
C6H4-4-OMe XXVI −1.93
C6H4-4-NMe2 XXVII −1.95

a Recorded in DMF at 298K with a vitreous carbon working electrode,
All potentials are quoted vs. Ag/AgCl [131].

b Irreversible wave corresponding to the FeII/FeI couple.
tallic hydrazones [XXXVII]+, [XXXVIII]+ and [XXXIX]+ (see Ref. [94]).

Then, addition of iodomethane allows the recovery of the cyclo-
voltammograms of their corresponding cationic N-methylated
hydrazone counterparts (Table 3). On the other hand, substitution
of the 4-Me group for 4-OMe and 4-NMe2 of the R4 substituent
in the three series of compounds XXV–XXVII, XXXVII–XXXIX and
XII–XIV (Tables 3 and 4) causes a progressive displacement of the
redox potentials of 40, 50 and 40 mV, respectively, toward more
cathodic values (Me < MeO < NMe2) [93,94]. This clearly indicates
a significant electronic interaction between the electron donat-
ing and accepting termini through the –N(R2)–N CC(R3)–C6H4–
spacer, for these series of mononuclear hydrazones. One can also
note that substitution at the azomethine carbon (R3 = Me) rather
than at the benzylic nitrogen (R2 = Me) renders the reduction
more difficult by 50–100 mV (Table 4). Finally, the cyclovoltam-
mograms of the three organometallic hydrazones capped with
the pentamethylcyclopentadienyl ligand, XLIII, LXVI and LXVII
(Table 1) [60], present the same one-electron irreversible reduc-
tion process as their unsubstituted Cp counterparts, with redox
potentials cathodically shifted by ca. 0.3 V. More interestingly, they
also show a single-electron irreversible oxidation wave at 1.18,
1.23 and 1.51 V vs. Ag/AgCl (ferrocene as internal standard [131]),
respectively (Fig. 9). Such a behavior has never been observed for
any analogous organometallic hydrazones in the unsubstituted Cp
series. The lowering of the oxidation potentials of XLIII, LXVI and
LXVII thus, the observation of the oxidation waves, results from
the permethylation of the cyclopentadienyl ring and its subsequent
amplified donor capacity [107].

Besides the FeII/FeI redox process centered at the mixed-
sandwich subunit, cyclovoltammograms of all the homobimetallic
hydrazone complexes studied display also a reversible one-
electron oxidation wave (Fig. 9). This anodic event is centered at
the 1-ferrocenyl end group (XLIV–LXIX and LXVI) or at the 1,1′-
ferrocenediyl spacer (LX–LXV), and corresponds to the generation
of the dicationic FeII–FeIII mixed valence species. In all the cases,
the half-wave potentials (E1/2) values of the reversible one-electron
oxidations are positively shifted with respect to that of free fer-

rocene, thus illustrating the electron-withdrawing properties of the
cationic [(�5-Cp′)Fe(�6-4-RC6H4-)]+ entity. A more positive oxida-
tion potential indicates that the ferrocenyl unit is more difficult
to oxidize, i.e. less electron rich. This anodic difference (�E1/2)
ranges from almost 0 for LIV, LV and LVII [99,100], to +221 mV

ononuclear compoundsa.

)b Compd. (R2 = Me) Epc (V)b

XXXVII −1.35
XXXVIII −1.38
XXXIX −1.40

0.1 M n-Bu4
+PF6

− as supporting electrolyte, scan rate 100 mVs−1.
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Table 4
Comparison (R2 = Me vs. R3 = Me) of cyclic voltammetry data for related mononuclear compoundsa.

R4 Compd. (R2 = Me) Epc (V)b Compd. (R3 = Me) Epc (V)b

C6H4-4-Me XXXVII −1.38 XII −1.48
C6H4-4-OMe XXXVIII −1.42 XIII −1.50
C6H4-4-NMe2 XXXIX −1.47 XIV −1.52

a Recorded in acetonitrile at 298 K with a vitreous carbon working electrode, 0.1 M n-Bu4
+PF6

− as supporting electrolyte, scan rate
100 mV s−1. All potentials are quoted vs. Ag/AgCl [131].

b Irreversible wave corresponding to the FeII/FeI couple.
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ig. 9. Cyclic voltammograms of the homobimetallic hydrazone LXVI recorded in
eference Cp2Fe0/+ [131]. (a) Reduction of the [(�5-Cp*)Fe(�6-C6H5)]+ fragment; (b
6H5)]+ fragment.

or LXIV [101]. As expected, the greatest �E1/2 values are observed
or the four bis-substituted complexes (LX–LXIII) with appended
lectron-withdrawing para-nitrostyril group. Compare for exam-
le, the �E1/2 values of complexes XLIV and LX in Table 5 where are

isted the �E1/2 values of the six [(�5-Cp′)Fe(�6-C6H5)]+ containing
inuclear hydrazones.

Two comments can be made from the data gathered in Table 5.
irst, despite the strong electron donating effect brought about
y the five methyl substituents of the cyclopentadienyl ring in
XVI, the positive anodic shift is only 50 mV weaker than that
easured for the parent homobimetallic complex XLIV, whereas

ubstitution of the hydrazonediyl spacer at the azomethine car-
on (R3 = Me) in XLVIII has a greater impact as the �E1/2 drops
y 70 mV. Second, comparison of the �E1/2 values of the four
omobimetallic compounds XLIV, XLVIII, LII and LVI, in which
he through-bond Fe· · ·Fe distances range between 9.72 Å (XLVIII
59]) and 18.12 Å (LVI [100]), clearly shows that chain lengthen-
ng promotes a significant decrease in the oxidation potentials.

hese cathodic shifts, decreasing from 160 to 38 mV, might
esult from the stabilization of the positive charge of the oxi-
ized species along the �-conjugated dinucleating ligand. These
lectrochemical findings are in perfect agreement with the elec-

able 5
E1/2 vs. ferrocenium/ferrocene couple for [(�5-Cp′)Fe(�6-C6H5)]+ containing bin-

clear hydrazonesa.

Compound �E1/2 (mV) Compound �E1/2 (mV)

XLIV 160 LX 176
XLVIII 90 LII 73
LXVI 110 LVI 38

a �E1/2 = E1/2(compound) − E1/2(ferrocene), see also text.
N/0.1 M nBu4N+PF6
− , T = 293 K, v = 0.1 V s−1, reference electrode Ag/AgCl, internal

ation and reduction of the 1-ferrocenyl unit; (c) oxidation of the [(�5-Cp*)Fe(�6-

tronic spectral data described in Section 3.3, with the gradual
bathochromic shifts of the maximum of the high- and low-energy
bands from 314 to 368 nm, and from 451 to 474 nm, respectively,
on passing from the shortest (XLIV) to the longest (LVI) chro-
mophores.

The cyclovoltammograms of the symmetric homotrimetallic
hydrazones (LVIII–LXXI) display the same two major features
already observed for the binuclear counterparts: (i) an irreversible
two-electron redox process assigned to Fe-centered reduction at
the mixed-sandwich fragments, and (ii) a reversible single-electron
oxidation wave corresponding to the bridging 1,1′-ferrocenediyl
unit [101]. The largest �E1/2 value (225 mV) is measured for LXIX,
presumably due to the enhanced electron-accepting nature of the
cationic 4-chloro mixed-sandwich unit. On the other hand, two
oxidation waves are observed for the trimetallic hydrazones LXXII
and LXXIII, both having the 1-ferrocenyl and the 1,1′-ferrocenediyl
connected by a trans-HC CH linkage [102]. The first oxidation in
each case corresponds to oxidation of the more electron-releasing
terminal 1-ferrocenyl unit, and the second wave, the most anodic
one, corresponds to the oxidation of the central 1,1′-ferrocenylene
spacer. This cyclovoltammogram wave splitting suggests that there
is some significant electronic communication between the iron
centers of the ferrocenyl groups through the trans-ethenediyl core
in these two complexes [132]. Thus, comproportionation constants
Kc of 4075 and 7038 were computed for LXXII and LXXIII, respec-
tively [102].

In summary, these electrochemical data suggest that the LUMO

of all the organometallic hydrazones examined is determined by
the cationic mixed-sandwich, and that the nature of the HOMO
is dominated by the neutral donating ferrocenyl units, in accor-
dance with theoretical investigations [59]. Moreover, the mutual
electronic influence of electron donating and accepting termini is
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cheme 3. Synthesis of the cationic organometallic pyrazoles [LXXIV]+ and [LXXV]+

see Ref. [139]).

arranted by the hydrazonediyl spacer –N(R2)–N C(R3)–, and as
result, they behave as donor-acceptor couples.

. Organometallic pyrazoles

Pyrazoles [68] have been studied for over a century as an
mportant class of heterocyclic compounds and still continue to
ttract considerable attention due to their wide range of biologi-
al, medicinal and anticancer activities [133,134]. In recent years,
ubstantial effort has been devoted to the design and synthesis of
ew ferrocenyl-substituted pyrazole derivatives [135], with expec-
ation of enhanced or unexpected biological activity which is absent
r less manifest in the parent molecule [136–138]. In this context,
aving in hands the organometallic hydrazines depicted in Sec-
ion 2, it was interesting to design new organometallic pyrazole
erivatives in which the heterocyclic ring is bonded to the cationic
rganoiron mixed-sandwich fragment through a carbon–nitrogen
inkage [139]. Moreover, the salt form of such compounds could be
n important factor in terms of biological activity considering its
olubility in water.

.1. Synthesis and spectroscopy

The organoiron mixed-sandwich substituted 3,5-
imethylpyrazole complexes LXXIV and LXXV are
traightforwardly synthesized by a 1:1 cyclocondensation reac-
ion of 2,4-pentanedione with the corresponding organometallic
ydrazines II and VII, respectively (Scheme 3). LXXIV and LXXV
re air and thermally stable compounds that are isolated as red
range and yellow-orange analytically pure microcrystalline solid
n 76 and 70% yields, respectively [138].

The spectroscopic properties of both compounds LXXIV and
XXV exhibit similar features indicating analogous molecular
tructures. For instance, in their solid (KBr) IR spectra the pyra-
ole stretches appear in the expected region at 1570–1480 cm−1, in
ddition to the typical strong bands observed for the PF6

− counter
nion at 832 and 558 cm−1. Their electronic spectra are character-
stic of [(�5-Cp′)Fe(�6-arene)]+ complexes, with the visible band
esponsible of their color centered at ca. 395 nm being broadened
y overlapping with d–d transitions of the organometallic frag-
ent [140,141]. Additionally, both LXXIV and LXXV give rise to

he expected simple 1H NMR spectra consisting, besides the classi-
al resonances of the mixed-sandwich cores, of two well-separated
inglets for the methyl substituents and one resonance for the CHpz

nit of the pyrazol-1-yl pendant group.

.2. X-ray molecular structures

The structures of both complexes LXXIV and LXXV were

lso authenticated by single crystal X-ray diffraction analysis
139]. For the sake of comparison, ball-and-stick views of the
ationic organometallic pyrazole entities [LXXIV]+ and [LXXV]+

re presented in similar perspectives in Fig. 10. As expected
rom spectroscopic data discussed above, both organometallic
ry Reviews 254 (2010) 765–780 775

cations present similar structural parameters. The most notice-
able difference lies in their molecular conformations. In fact, the
phenyl and the pyrazol-1-yl rings are twisted about the exocyclic
carbon–nitrogen bond, making a dihedral angle of 38.3(4)◦ and
25.3(7)◦, respectively. Interestingly, both the carbon and nitrogen
atoms are hybridized sp2 but are connected through a single bond
(dC–N = 1.409(4) and 1.405(6) Å, respectively), which allows unre-
strained rotation in solution. These C–N bond lengths are 0.1 Å
larger than that measured for the deprotonated hydrazone complex
(see Section 3.5).

Ferrocenylpyrazoles are known as versatile building blocks
for hydrogen-bonded organometallic supramolecular assemblies
[142], however, no such hydrogen bonds are observed in the crys-
talline packing of both our ionic organoiron pyrazoles. In contrast,
as mentioned for several organometallic hydrazones in Section 3.4,
we observe some weak C–H· · ·F interactions [143], helping to the
arrangement between the cationic mixed-sandwich units and the
hexafluorophosphate ions in the crystal packing [144].

5. Organometallic–inorganic diazenido complexes

As stated in the Introduction of this review, much of the interest
in transition-metal complexes containing organodiazenido ligands
(NNR) [15–31] arises from their potential applications as models
for intermediates in biological and industrial dinitrogen to ammo-
nia conversion [32–35]. Even though different coordination modes
have been observed, in the majority of mononuclear organodi-
azenido complexes, this ligand is �1-bonded to transition-metal
centers through the terminal N atom, giving a near linear M N NR
fragment [30]. Mono- and cis-bis(organodiazenido) complexes are
readily prepared by a “formal” condensation reaction [145,146] of
monosubstituted hydrazines with cis-dioxo transition-metal coor-
dination compounds [28]. In 1994, Hidai et al. reported on a novel
�-�1:�6-coordination mode of aryldiazenido bridge in hetero-
bimetallic complexes of the type LnW(�-�1:�6-N N-C6H4R)MLn

(M = Cr, Fe, Ru) that are obtained upon nucleophilic aromatic
substitution of activated �6-fluoroarene with anionic nitrogen-
or neutral diazenido-tungsten compounds [64]. Interestingly, our
organometallic hydrazines I–VII can also serve as building blocks in
the construction of new inorganic–organometallic hybrid charge-
transfer systems having the �-�1:�6-aryldiazenido dinucleating
ligand, upon condensation with cis-dioxomolybdenum species
[147].

5.1. Synthesis

The heterodimetallic organodiazenido complexes of
general formula [(�5-Cp′)Fe(�-�6:�1-4-RC6H4NN)Mo(�2-
S2CNEt2)3]+PF6

− (LXXVI–LXXIX) are prepared by reacting their
respective organometallic hydrazine precursors [(�5-Cp′)Fe(�6-
4-RC6H4NHNH2)]+PF6

− (I, II, V and VII) with MoO2(S2CNEt2)2
in the presence of one equivalent of sodium diethyldithiocar-
bamato trihydrate in refluxing methanol (Scheme 4). These
heterobimetallic iron-molybdenum complexes are obtained as
reddish-brown microcrystalline diamagnetic solids, consisting
of organometallic and inorganic fragments bridged by an aryl-
diazenido ligand in a �-�6:�1 fashion. As a result, the initial
cis-dioxo molybdenum(VI) precursor is reduced to generate a
molybdenum(IV) center adopting a pentagonal bipyramidal geom-
etry. They were isolated in rather modest yields (23–34%) in the

Cp series (LXXVI–LXXVIII), while complex LXXIX that contains
the Cp* ligand was isolated in very good yield (82%). This presum-
ably arises from an easier partial decoordination of [(�5-Cp)Fe]+

moiety than the bulkier and more electron rich [(�5-Cp*)Fe]+

in a common key intermediate along the reaction pathway.
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Fig. 10. Ball-and-stick views of cationic organometallic pyrazole comple

evertheless, once formed, these four organometallic–inorganic
ybrids are thermally stable (mp > 165 ◦C). In fact, their synthesis is

nvariably accompanied by the simultaneous formation of various
mounts of green mononuclear organodiazenido compounds
�1-4-RC6H4NN)Mo(�2-S2CNEt2)3, of which we structurally
haracterized the 4-methoxo derivative [147].

.2. Spectroscopy

As major features of the solid (KBr) IR spectra of the three
p-containing complexes LXXVI–LXXIX are the two character-

stic prominent absorption bands of the �(N N) mode of the

ryldiazenido or the �(C· · ·N) mode of the diethyldithiocarbamate
igands, in the 1506–1511 and 1433–1463 cm−1 regions [148,149].
he �(N N) stretching vibration for the Cp*-containing derivative
XXIX, splits into two identical strong and sharp bands at 1512

cheme 4. Preparation of the cationic organometallic–inorganic diazenido com-
lexes [LXXVI]+–[LXXIX]+ (see Ref. [147]).
XXIV]+ (left) and [LXXV]+ (right) with the atom-labeling schemes [139].

and 1500 cm−1. Obviously, the spectra show also the two typical
bands of the PF6

− counter anion at ca. 840 and 558 cm−1. On the
other hand, the two most remarkable features observed in the 1H
NMR spectra come from, (i) the upfield shift of the Cp and Cp* pro-
ton resonances by ∼0.2 ppm as the consequence of the attachment
of the strong molybdenum tris-diethyldithiocarbamate electron-
releasing fragment to the organoiron mixed-sandwich unit through
the diazenido bridge, and (ii) the multiplicity pattern of the [Mo(�2-
S2CNEt2)3]+ proton resonances which consists in a triplet at ca.
1.20 ppm and a multiplet centered at ca. 1.25–1.30 ppm (methyl
protons), and a second multiplet at ca. 3.85 ppm (methylene pro-
tons), with the 3:15:12 relative intensity. Such a splitting pattern
ensues from a stereochemically rigid molecule bearing a plane of
symmetry containing the molybdenum center, the diazenido frag-
ment and one dithiocarbamate ligand with a sulfur atom in the
apical position and the other one in the equatorial plane.

The four iron–molybdenum complexes LXXVI–LXXIX exhibit
similar UV–visible spectra, indicating similar structural features.
Four types of absorption bands are observed: two in the UV region
at 244–271 and 295–321 nm, and two others in the visible region,
the first ones at 382–386 nm which are solvent independent and
the second ones at 462–489 nm corresponding to a MoIV → FeII

charge-transfer excitation through the aryldiazenido spacer [147].
The nature of this later band is ascertained by TD-DFT calculations
(solvent effects not considered) performed on the structurally char-
acterized (see below) complex LXXVIII [150]. The less energetic
computed transition (736 nm), corresponding to transitions from
the HOMO to the LUMO and LUMO + 1, can be assigned to the band
observed at ∼475 nm, thus confirming its Mo to Fe charge-transfer
nature. A second computed transition at 669 nm with 60% weaker
oscillator strength corresponds to mixed ligand/Mo charge-transfer
to Fe, and likely contributes also to the band observed at ∼475 nm.
In addition, the absorption bands in the 462–489 nm range show
a negative solvatochromism of 356–1148 cm−1 with increasing
solvent polarity [151], i.e. on moving from CH2Cl2 (� = 8.90) to
DMSO (� = 47.6) [152]. This trend, also observed in the case of the
trimetallic hydrazones (see Section 3.3) [101], indicates a change in
the dipole moment upon excitation from a more charge-localized
ground state, with a high dipole moment, to an excited state
where the positive charge is more delocalized throughout the entire
molecule and the dipole moment is weaker [153].
5.3. Electrochemical behavior

Electrochemical potentials also offer information regarding
donor–acceptor interactions, and we therefore explored, by
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Table 6
Cyclic voltammetry data of the organometallic–inorganic hybrids LXXVI and
LXXIXa.

Compound Epc (V)b E1/2 (�Ep) [V (mV)]c Epa (V)d

LXXVI −1.89 0.41 (100) 1.12
LXXIX −2.12 0.37 (110) 1.15

a Recorded in dichloromethane at 293 K with a Pt working electrode, with 0.1 M
nBu4N+PF6

− as supporting electrolyte; all potentials are vs. [(�5-Cp)2Fe]0/+; scan
rate = 0.1 V s−1.

b Peak potential of the irreversible reduction wave MoIV/MoIII.
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Peak-to-peak separation between the resolved reduction and oxidation wave
axima of the MoIV/MoV process.
d Estimated peak potential of the ill-resolved irreversible wave attributed to elec-

rogenerated unstable trications.

yclic voltammetry, the electronic influence of the acceptor
(�5-Cp′)Fe]+ moiety on the donor [Mo(�2-S2CNEt2)3]+ group
hrough the phenyldiazenido linker, using the parent complex
(�5-Cp)Fe(�-�6:�1-C6H5-N N)Mo(�2-S2CNEt2)3]+ [LXXVI]+ and
ts pentamethylated cyclopentadienyl analogue [LXXIX]+. The
wo compounds exhibit the same three redox events whose
otentials are gathered in Table 6. Interestingly and con-
rary to our expectation based on previous observations in
he organometallic hydrazone series (see Section 3.6), the irre-
ersible wave observed under the cathodic regime corresponds
o the one-electron reduction of the molybdenum(IV) center
ollowed by a Mo–S bond cleavage, as found by DFT calcu-
ations [147]. The reversible redox system centered at 0.41
nd 0.37 V for LXXVI and LXXIX, respectively, is confidently
ttributed to the 4d2 MoIV/4d1 MoV couple, according to our
FT calculations [147] and esr investigations on the mononuclear
etal centered radical cation [(�1-C6H5NN)Mo(�2-S2CNMe2)3]+

154]. Moreover, the strong electronic cooperativity between
he two metal centers is clearly evidenced by the large anodic
hifts of 380 and 340 mV of the MoIV/MoIII redox process of
XXVI and LXXIX, respectively, compared to that measured for
he free mononuclear derivative [(�1-C6H5NN)Mo(�2-S2CNEt2)3]
155].

In summary, these electrochemical data unambiguously con-
rm that the electron-withdrawing ability of the [(�5-Cp)Fe]+

roup is higher than that of [(�5-Cp*)Fe]+ group as the reduction
nd oxidation potentials of complex [LXXVI]+ are more anodic than
hose of complex [LXXIX]+ [140]. These data also demonstrate that
he nature of the HOMO is centered in the [Mo(�2-S2CNEt2)3]+

oiety, whereas the character of the LUMO is determined by the
ationic mixed sandwich [(�5-Cp′)Fe(�6-C6H5)]+, consistent with
he electronic spectral data and MoIV → FeII charge-transfer transi-
ion through the phenyldiazenido ligand.
.4. X-ray molecular structure

The crystalline and molecular structure of the ionic
eterobimetallic diazenido complex [(�5-Cp)Fe(�-�6:�1-4-

able 7
omparison of selected bond lengths (Å) and bond angles (◦) of heterobimetallic aryldiaz

Compound Bond lengths (
M–Cipso C

[(�5-Cp)Fe(�-�6:�1-4-MeOC6H4NN)Mo(�2-S2CNEt2)3]+ [LXXVIII]+ 2.140(7) 1
[(�5-Cp)Fe(�-�6:�1-4-MeC6H4NN)WF(dppe)2]+,a 2.24(1) 1
[(�5-Cp)Ru(�-�6:�1-C6H5NN)W(NCS)(dppe)2]+,a 2.39(2) 1
[(OC)3Cr(�-�6:�1-4-MeO2C-C6H4NN)W(NCS)(dppe)2]a 2.431(5) 1
[(OC)3Cr(�-�6:�1-4-MeO2C-C6H4NN)WF(dppe)2]a 2.50(1) 1
[(�1-4-MeC6H4NN)Mo(-�2-S2CNEt2)3] – 1
[(�1-C6H5NN)Mo(�2-S2CNMe2)3] – 1
[(�1-3-NO2C6H4NN)Mo(�2-S2CNMe2)3] – 1

a dppe = 1,2-bis-diphenylphosphinoethane.
Fig. 11. Ball-and-stick view of the cationic organometallic–inorganic hybrid entity
[LXXVIII]+ with the atom-labelling scheme [147].

MeOC6H4NN)Mo(�2-S2CNEt2)3]+PF6
− (LXXVIII) was definitively

established by X-ray diffraction study [147]. A ball-and-stick view
of its cationic organometallic–inorganic hybrid entity is shown
in Fig. 11. The crystal structure confirms the seven-coordinate
pentagonal bipyramidal geometry of the molybdenum center, with
two [�2-S2CNEt2]− ligands in the equatorial plane and the third
spanning an axial and an equatorial position, and the bridging
coordination mode of the uninegatively charged aryldiazenido lig-
and [30]. This later occupies the remaining axial position through
the terminal nitrogen atom with an almost linear Mo–N–N unit
(171.5(6)◦), while at the same time it is hexahapto coordinated
to the [(�5-Cp)Fe]+ moiety at a ring centroid-iron distance of
1.536 Å.

The mixed-sandwich unit presents the characteristic features
we have already observed for all the structures depicted in this
review. Those are a long Fe–Cipso bond distance and a multiply
bonded exocyclic C–N bond (see Table 7) giving rise to a dihedral
folding angle (6.0(8)◦) of the C6-ring. As alluded in the introduc-
tion of Section 5, Hidai and co-workers have reported on similar
heterobimetallic derivatives having the �-�6:�1-aryldiazenido
bridging ligand [64]. In each of their compounds these authors
observed also a lengthening of the metal–Cipso bond and a
shortening of the exocyclic C–N bond (Table 7). These observa-
tions were rationalized assuming that the aryldiazenido linker
receives an important contribution of the zwitterionic resonance
structure as a consequence of the presence of both the elec-
tron rich [W(dppe)2X]+ fragment (X = F, NCS) and the [MLn]0/+

electron-withdrawing arenophiles (M = Cr, Fe, Ru). Thus, the struc-
ture of complex [LXXVIII]+ as well as that of its congeners
is best described as a partially positively charged molybde-
num center and a cyclohexadienyl-like character of the arene

ring with a partial negative charge. As a result of this elec-
tron delocalization, the bonds of the Mo–N–N–Cipso core of the
heterobimetallic complexes lie somewhat between single- and
double-bonds, whereas in mononuclear diazenido complexes lack-

enido cores and mononuclear related complexes.

Å) Bond angles (◦) Ref.
ipso–N N–N N–M′ M′–N–N N–N–C

.395(10) 1.276(9) 1.773(6) 171.5(6) 118.6(7) [147]

.35(1) 1.32(1) 1.778(8) 164.0(7) 120.6(8) [64]

.40(2) 1.28(1) 1.75(1) 166(1) 122(11) [64]

.366(6) 1.314(5) 1.784(4) 164.9(3) 120.0(4) [64]

.30(2) 1.33(2) 1.80(1) 161(1) 117(1) [64]

.428(5) 1.234(5) 1.782(4) 170.4(3) 118.6(7) [147]

.417(7) 1.233(6) 1.781(4) 171.5(4) 120.5(5) [156]

.410(10) 1.262(9) 1.770(6) 170.6(6) 117.9(7) [156]
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ng the electron-withdrawing arenophile [MLn]0/+, the Cipso–N and
–N bonds conserve their respective single- and double-bond char-
cter (Table 7) [20,23–25,27,30,31,156,157].

. Conclusion and outlook

In this review, we have presented the synthesis, spectro-
copic and structural characterization of a new family of air
nd thermally stable ionic organoiron mixed-sandwiches arylhy-
razine complexes, and demonstrated their multifaceted synthetic
bilities in the preparation of mono-, bi- and trinuclear hydra-
ones, and organometallic pyrazoles upon condensation reactions
ith a wide range of organic and organometallic carbonyl pre-

ursors. Indeed, �-coordination of the aromatic ring of organic
rylhydrazines to the cationic [(�5-Cp′)Fe]+ arenophile offers
n exceptional opportunity to develop and increase the scope
f their chemistry. Moreover, it has been shown that the
rganometallic hydrazines can also serve as building blocks in
he construction of new inorganic–organometallic hybrid charge-
ransfer systems, in which the two metal centers are connected
y the �-�1:�6-aryldiazenido dinucleating ligand, upon conden-
ation with cis-dioxo molybdenum species. The original design
f the new organometallic hydrazones combines the cationic
ixed-sandwich acceptor [(�5-Cp′)Fe(�6-aryl)]+, associated with

n organic or organometallic donor through the asymmetric
ydrazonediyl spacer, –N(R2)–N C(R3)–. As such, these push–pull
omplexes can be defined as Type I non-rod-shaped dipolar
hromophores [91,92], and have proved to favor electronic delocal-
zation along the conjugated chain. These strongly polarised D-�-A
ystems exhibit solvatochromic properties, low-lying intramolec-
lar charge transfer bands in their electronic absorption spectra
nd, for some of them, enhanced second-order NLO responses
��). Theoretical investigations are obviously required before dis-
ussing in more details the electronic structures of the complexes
nd the electronic transitions giving rise to the NLO properties.
uch knowledge would allow further design and synthesis. A
ariety of transformations of an aromatic ligand subsequent to
oordination to the strong electron-withdrawing [(�5-Cp)Fe]+ acti-
ator reflect the powerful use of [(�5-Cp)Fe]+-mediated arene
yntheses [50–53]. In fact, the [(�5-Cp)Fe]+ activation of arylhy-
razones leads to clean benzylic N–H bond deprotonation to give
hermally stable neutral complexes whose structures are inter-

ediate between �5-iminocyclohexadienyl and �6-zwitterionic
orms. Such hydrazonyl compounds that are unknown in organic
hemistry are subsequently methylated. This N–H activation reac-
ion is of great synthetic interest because it allows the formation
f many N-element bonds by smooth reactions of a variety of
lectrophiles with the neutral deprotonated species. Functional-
zation of the neutral hydrazonyl species with organic moieties
nd substrates of biological interest may therefore be envisioned.
urthermore, all the work outlined here paved the way to a
acile access to novel organometallic derivatives. There is no
oubt that the �-complexed hydrazine building blocks can be
ngaged in other condensation reactions with carbonyl contain-
ng reagents to produce, for example, organometallic indoles or
sazones.
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