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Abstract

A series of novel pentamethylated sandwich complexes based on the [Cp*Fe(n®-C¢Hs)]" core (Cp* = n°-CsMes) has been prepared.
The new organometallic n-conjugated push—pull chromophores [Cp'Fe(n®-CsHs)-NHN=CHR]*PF, (R = 24,6-Me;CsH,, 4; (n°-
CsHs)Fe(n>-CsH,), 5) were prepared through condensations between the organometallic hydrazine precursor [Cp*Fe(nS-
C¢HsNHNH,)]*PF, (3), and either the mesitaldehyde or the ferrocenecarboxaldehyde, respectively. Their original design combines
the cationic mixed sandwich acceptor (A) associated with an organic or organometallic donor (D) through the asymmetric hydrazone
spacer -NH-N=CH-. The mesityl ring of 4 has been complexed by the arenophile Cp*Ru*, leading to the first n%n°%coordinated dinu-
cleating hydrazone complex, [Cp*Fe(nﬁ-CsHS)-NHN=CH-{(116-2,4,6-Me3C6H2)RuCp*}]2+ [PF;], (6). Both the mono- and dinuclear
hydrazones were stereoselectively obtained as their trans-isomers about the N=C double bond. All the new compounds were thoroughly
characterized by a combination of elemental analysis and spectroscopic techniques (‘H and '*C NMR, IR and UV-Vis). In addition, the
solid-state structure of the organometallic hydrazine precursor 3 has been determined by X-ray diffraction study. Spectroscopic and elec-
trochemical data of the organometallic hydrazones 4 and 5 clearly indicate a mutual donor—acceptor electronic influence resulting from
conjugation between the end groups through the entire hydrazone backbone. Compounds 4 and 5 are strongly polarized D-n—A systems
exhibiting low-lying intramolecular charge transfer bands in their electronic absorption spectra and enhanced second-order NLO prop-
erties (1f3), as measured by EFISH technique at 1.907 um.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Metallocene and related half and mixed sandwich com-
plexes have been at the vanguard of organometallic chem-
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istry for over 50 years possessing a myriad of uses and
applications encompassing synthetic, catalytic, medicinal,
and materials science [1-3]. Among those, the cationic
isolobal electron-acceptor counterpart of ferrocene, the
mixed sandwich derivative [CpFe(n’-arene)]” (Cp =n’-
CsHs), have also long been of interest due to their impor-
tant position in the development of metal-assisted organic
synthesis [4], organometallic polymers [5], and as organo-
metallic route to dendrimers using the CpFe' induced
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polyfunctionalization of polymethylbenzenes [6]. More-
over, their interesting redox properties [7] allow studies of
electronic communication between ligand-bridged metals
[8]. In comparison, the analogous chemistry of substituted
pentamethyl counterparts [Cp*Fe(n6-arene)]+ (Cp* =n°-
CsMes), which have been known for 25 years remained
limited [9]. The presence of five methyl substituents on
the ancillary Cs-rings increases stability, solubility, and
lowers oxidation potential, due to the amplified donor
capacity of the Cp” ligand [10]. Taking advantage of these
favorable stereoelectronic properties, Astruc and co-work-
ers isolated and studied a number of oxidation states of
redox cascades both in mono- [11] and bis-sandwich com-
plexes [8], as well as a polycationic metallodendrimer with
24 [Cp*Fe(n’-C¢Hs)]" termini [12].

In the last few years, we have been interested in mono-
and dinuclear dipolar hydrazone D-n—A type organome-
tallic chromophores, in which the electron-withdrawing
cationic organometallic fragment [CpFe(n%arene)]" (A)
is connected to a potent donating organic [13-15] or ferr-
ocenyl [16-18] subunits (D) by the asymmetric —NR-
N=CR- (R =H, Me) hydrazone conjugated bridge (n),
and shown that in such D-n—A type systems an electronic
cooperativity between the electron-donating and electron-
accepting termini takes place through the entire hydrazone
skeleton. Very recently, we used the powerful electron-
withdrawing ability of this cationic mixed sandwich to
prepare dipolar organometallic chromophores to achieve
second-order nonlinear optical (NLO) responses [19].
However, the CpFe(n’-arene)]" salts are light sensitive,
resulting in the decoordination of the CpFe" moiety [20],
thus, in some instances, hampering NLO measurements
[21]. To circumvent this problem, and at the same time pre-
pare chromophores suitable for molecular materials with
NLO properties, the CpFe™ moiety has been substituted
for its pentamethylated counterpart, thus generating an
electron-withdrawing fragment, [Cp*Fe(n’-aryl)]", which
is stable under visible light irradiation [9,22]. The present
contribution focuses on (i) the preparation and full spectro-
scopic characterization of two new organoiron(Il) hydra-
zone D-m—A type systems using this pentamethylated
cationic fragment as acceptor group, A, whereas the donor
groups, D, are the mesityl groups, in the case of the mesit-

R

aldehyde hydrazone 4, and the ferrocenyl unit, CpFe(n’-
CsHy), in the case of the formylferrocene hydrazone 5,
the structural formulae of 4 and 5 are given in Scheme 3,
(ii) their electrochemical behavior, and (iii) their nonlinear
properties with the determination of pp, by the
electric-field-induced-second-harmonic (EFISH) genera-
tion technique. The crystal and molecular structure of the
organometallic hydrazine precursor [Cp*Fe(n®-CsHs)
NHNH,|*PF; (3), as well as the synthesis and character-
ization of the dicationic heterobimetallic hydrazone,
[Cp Fe{u,n®: n®-(CsHs)-NHN=CH(2,4,6-Me;C¢H,)}-
RuCp*]H(PFg ), (6), are also reported.

2. Results and discussion
2.1. Synthesis and characterization

We initially investigated ligand exchange reactions
between Cp*Fe(CO),Br and p-dichlorobenzene in order
to prepare the mixed sandwich [Cp“Fe(n’-p-Cl,
CeH,4)]"PF, (1). The dichlorobenzene has been chosen
because in the final dipolar hydrazone product, the remain-
ing electron-withdrawing chloro substituent should partly
compensate the electron-donating ability of the Cp”* ligand.
One can then expect the [Cp*Fe(n’-p-CIC¢H,)]" fragment
to behave as a [CpFe(n®-aryl)]" unit in term of electron
accepting capability. The ligand exchange reaction has
been carried out under conditions analogous to those used
for the synthesis of [Cp*Fe(n’-alkylarene)]” complexes
(Scheme 1) [9], taking into account the improved condi-
tions reported by Pearson and Xiao in the preparation of
the unsubstituted Cp counterpart [23]. Despite these exper-
imental precautions, the yields remained surprisingly very
low, reaching only 11% in the better case. The 'H NMR
spectrum of 1 showed two resonances at é = 1.88 and
6.32 ppm, assigned to the Cp" and arene protons, respec-
tively, with relative intensity 15:4. The corresponding
BC{™H} NMR spectrum presented the four singlets attrib-
uted to the four different types of carbon nuclei. The cyclo-
voltammogram of 1 displayed two irreversible reduction
waves at —1.74 and —1.87 V vs. [szFe]0/+, the more ano-
dic one being attributable to a dechlorination reaction
[24,25]. These redox potentials are indeed comparable to

Fe,, +
/ //////
ocC ‘ //Br
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o
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Scheme 1.
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the —1.41 V/SCE reported for [CpFe(n®-Ce¢He)™ [7.26].
This remains, however, a crude estimation of the elec-
tron-withdrawing ability.

As it became clear that compound 1 could not be used as
a viable starting material, we turned our attention to the
fluorobenzene mixed sandwich [Cp“Fe(n®-C¢HsF)|"PF,
(2). It is easily accessible, followed a described procedure
[27], by ligand substitution between Cp*Fe(CO),Br and
the fluorobenzene in the presence of AlCI;. This reaction
was carried out at reflux of the fluorobenzene (85 °C) over-
night (Scheme 1). Compound 2 was isolated in 26% yield as
air and thermally stable green microcrystals. In the 'H
NMR spectrum of 2, the characteristic sharp singlet of
the Cp”* protons appeared at § =2.05 ppm, a downfield
shift presumably provoked by the presence of the elec-
tron-withdrawing fluorine atom onto the arene ring. The
peculiar feature in the '>*C{'H} spectrum is the three Jc ¢
coupling constants of 269.0, 20.8, and 7.0 Hz between the
YF nucleus and the ipso-, ortho-, and meta-"*C nuclei of
the Cg-ring, respectively. Interestingly, for both com-
pounds 1 and 2, elemental and spectroscopic data (see Sec-
tion 4) clearly indicate that no dehalogenation has taken
place during the ligand exchange reactions [4,28,29].

The new ionic organometallic hydrazines [Cp*Fe
(n®-C¢Hs)NHNH,|"PF, (3) was synthetized by reacting
the fluoroarene precursor 2 with 12 equiv of hydrazine
hydrate, NH>,NH, - H>O (Scheme 2), according to the pro-
cedure we have reported for its unsubstituted Cp analogue
[15]. Compound 3 was isolated in 60% yield as air and ther-
mally stable yellow solid. Despite the decreased positive
charge on the arene ligand compared to the Cp series, 3
is easily available by Cp*Fe " induced nucleophilic aromatic
substitution of the fluorobenzene [6]. No doubt that the
excellent leaving group property of the fluoride ion favors
this reaction.

The -NHNH, substituent was clearly identified in the
IR spectrum of 3 with (i) two broad weak and medium
absorption bands at 3417 and 3381 cm ™ 'attributed to the
stretching mode of the N-H bond and to the asymmetric
and symmetric stretching modes of the terminal NH,
group, and (ii) with a sharp strong band at 1548 cm™! cor-
responding to the deformation mode of the NH, group. In
addition, the two intense vibration modes of the PF anion
appeared at 839 and 558 cm™!, respectively. In the 'H
NMR spectrum of 3, the sharp singlet integrating for
I5H at 0 =1.97 ppm was unambiguously attributed to

|+ NH,NH-H,0 .

Fe PFe o Fe PFg
CH,Cly, 15h, 20°C
2 3

Scheme 2.

the Cp* protons, indicating that the reaction went to com-
pletion. The -NHNH, group is clearly identified by the
broad resonances at 6 =4.44 and 7.35 ppm integrating
for 2H and 1H, respectively. It is worth noting that the
NH signal is upfield shifted by 1.40 ppm in 3 compared
to its Cp counterpart, thus, nicely illustrating the increased
electronic density onto the arene ring upon coordination to
the Cp*Fe' moiety. The *C{'H} NMR spectrum showed
all the expected signals with the carbon bearing the hydraz-
ido group resonating at 6 = 120.6 ppm. A single crystal dif-
fraction study also confirmed the proposed formulation
(vide infra).

The new mono- and binuclear chromophores 4 and 5
were successfully prepared by a condensation reaction of
the ionic organometallic hydrazine precursor [Cp*Fe
(n®-CsHs)NHNH,|"PF, (3) with the mesitaldehyde and
the ferrocenecarboxaldehyde, respectively, in ethanol solu-
tion (Scheme 3). The two complexes were isolated as
orange microcrystalline solids, in 75% and 68% yields,
respectively. Both the mono- and binuclear species display
good thermal stability in air. Both 4 and 5 exhibit, in com-
mon polar organic solvents, a good solubility, but are
insoluble in diethylether, hydrocarbons, and water. Their
structures were inferred from satisfactory elemental analy-
sis, NMR ('H and '*C), IR and UV-Vis spectroscopy.

In the solid-state IR spectra of compounds 4 and 5, the
v(N-H) stretching vibrations of the terminal NH, group of
precursor 3 have vanished, and they now exhibit the three
typical features we have previously observed for mono- and
binuclear organometallic hydrazones in the Cp series
[13,18]. Those are: (i) a medium v(N-H) stretching vibra-
tion at 3329 and 3322 cm ™' and (ii) a sharp intense band
at 1558 and 1555cm™' attributed to the asymmetric
v(C=N) stretching vibration, for 4 and 5, respectively,
and (iii) two very strong v(PF¢) ad o(P-F) bands at 838
and 557cm ™!, respectively, for the two complexes.

As expected from previous work [13-18], both the
mono- and binuclear organoiron hydrazones 4 and 5 are
stereoselectively formed as the sterically less hindered
trans-isomer (about the N=C double bond) as indicated
by the unique set of signals in their "H and '*C NMR spec-
tra (see Section 4). The sandwich moiety [Cp*Fe(n®-
C¢Hs—)]" is clearly identified by the characteristic sharp
singlet and the upfield multiplet of the Cp* and phenyl
proton resonances observed at 6 ca. 2.0 and 5.9 ppm,
respectively. The hydrazone spacer is characterized by the
low field imine and acidic benzylic N-H protons which res-
onate at 6 = 8.57 and 8.03 ppm and 9.87 and 9.69 ppm for
4 and 5, respectively. The latter signals are strongly upfield
shifted compared to the N-H signal in 3 (6 = 7.35 ppm),
indicating depyramidalization of the nitrogen atom with
partial delocalization of the positive charge and concom-
mittent cyclohexadienyl character at the coordinated Cg-
ring [13,18]. In addition, the peaks corresponding to the
donor terminus protons, mesityl for 4 and ferrocenyl for
5, appeared with the integral ratio 3:6:2 and 5:2:2,
respectively.
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Consistent with the proposed structure, the '*C NMR
spectra of complexes 4 and 5 exhibited all the expected res-
onance signals. The two carbon atoms linked to a nitrogen
atom appear at lower field, the imine carbon at d ca. 145 and
the coordinated C;,,, at ca. 120 ppm. For both complexes,
this latter resonance splits into two peaks separated by
0.1 ppm. This could result from a possible equilibrium
between a m°-aminoarene and a n’-iminocyclohexadienyl
coordination modes to the Cp*Fe™ moiety, as supported
by theoretical work [11] and previous solid-state studies
[13-18,30]. In compound 4, the carbon atoms of the coordi-
nated Cg-ring are upfield shifted relative to those of the free
mesityl ring.

Complexation of the mesityl ring in 4 by the Cp*Ru™
arenophile [31], followed by benzylic C—H bond activation
[32] and subsequent bond formation, could lead to sophis-
ticated molecules [33] incorporating the organoiron(II)
hydrazones at the periphery. Accordingly, 4 was reacted
with [Cp"Ru(NCCH;),]"PF, overnight at room tempera-
ture followed by 2 h at reflux in CH,Cl, to give the dicat-
ionic heterobimetallic complex 6 as an orange yellow solid
in 59% yield (Scheme 4). Compound 6 is soluble in common
polar organic solvents, and as a solid, is stable in air. This
iron-ruthenium complex 6 represents the first example of
a n°%n®coordinated binucleating hydrazone ligand.

Compound 6 was characterized by elemental analysis
and by standard spectroscopic techniques (see Section 4).

As expected, the solid-state IR spectrum of 6 is essentially
identical to those of 4 and 5, with a weak v(NH), a medium
v(C=N), and two very strong v(PFg) and o(P-F) vibrations
at 3325, 1559, 840, and 558 cm ™!, respectively. The assign-
ment of the '"H and '>*C NMR signals of 6 was performed
with the aid of 2-D homo- and heteronuclear correlation
spectroscopy. A comparison of the 'H and '*C NMR spec-
tra of 4 and 6 clearly indicates the effect of the coordination
of the Cp*Ru™ fragment to the mesityl ring. Whereas in the
"H NMR spectrum of 4 the resonance signals of the methyl
and aromatic protons appeared at 2.32, 2.56, and
7.00 ppm, in the "H NMR spectrum of 6 their correspond-
ing signals are found at 2.29, 2.48, and 6.03 ppm, respec-
tively. This upfield shift of the Ce-ring carbon signals is
also observed in the '*C NMR spectrum of 6:
91.0<6 <1009 ppm wvs. 128.9<6<139.5 for the free
ligand in 4. Such upfield "H and '*C resonance shifts, as
well as those observed above for 1-5, have been reported
for many other mn’-arene metal complexes and are
explained by charge transfer between the arene and metal
complex that results in a net reduction in C-C bond orders
[34]. Another interesting feature of the presence of a second
acceptor fragment in the molecule is the downfield shift of
the benzylic N-H proton signal (6 = 10.19 vs. 9.87 in 4), as
a consequence of the mutual electronic influence of the
mixed sandwich termini through the conjugated hydrazone
bridge.
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2.2. X-ray crystallographic studies

Single crystals of [Cp'Fe(n°-CsHs)NHNH,]*PF, (3)
suitable for X-ray analysis were grown by slow diffusion
of diethyl ether into a concentrated CH,Cl, solution at
room temperature. Data from the structural study are pre-
sented in Section 4.8, selected bond lengths for the cationic
organometallic unit are presented in Table 1. An ORTEP
view of the cation, with atom numbering, is shown in
Fig. 1. Compound 3 crystallizes in the monoclinic space
group P2,/n with four molecules in the unit cell. The iron
atom is coordinated to the pentamethylcyclopentadienyl
ring at a ring centroid-iron distance of 1.665 A, and to
the phenyl ring of the hydrazine ligand at a ring cen-
troid-iron distance of 1.555 A. The two carbocyclic rings
are essentially parallel with one another, and the ring cen-
troid-iron-ring centroid angle is of 179.4°. These metrical
parameters together with those listed in Table 1 are very
similar to those we have already reported for the parent
compound [CpFe(n®-CsHs)NHNH,|*PF; [15] and mono-
nuclear organoiron(Il) hydrazone complexes [13-15], and
are typical of n°-Fe-n® metallocene-type coordination [35].

On the other hand, one of the most remarkable devia-
tion observed in the molecular parameters of complex 3
(Table 1) correspond to the Fe(1)-C(15) bond length,
2.194(3) A, which is ca. 0.112 A longer than the mean value

Table 1 .
Selected bond lengths (A) and angles (°) for [Cp'Fe(n®-CgHs)-
NHNH,|*PF, (3)

Distances

Fe(1)-C(15) 2.194(3) C(15)-N(1) 1.367(4)
Fe(1)-C(11-16), 2.082 N(1)-N(2) 1.413(4)
N(2)-H(2a) 0.88(4) N(2)-H(2b) 0.85(4)
Fe(1)-Cpinr 1.665 Fe(1)-Phent 1.555
Angles

C(15)-N(1)-N(2) 118.1(2) C(14)-C(15)-C(16) 118.3(3)
N(1)-N(2)-H(2a) 112(3) N(1)-N(2)-H(2b) 107(4)

H(2a)-N(2)-H(2b) 111(4) Cpént—Fe(1)-Phent 179.4
Abbreviations: Cp* = C5(CH3z)s, Ph = C¢Hs, CNT = centroid.

C10 i
@ Fe1
i
C13
ci2 g c14 Hza
<
1 N2
C15
N1
Cc11 % B
C16

H2b

Fig. 1. Molecular structure and atom numbering scheme for 3. Hydrogen
atoms (except those of the NH, group) and the PF counterion have been
omitted for clarity. Displacement ellipsoids are at the 50% probability
level.

of the other five Fe(1)-C(Cg4-ring) bond lengths (2.082 A).
This elongation is a consequence of a partial delocalization
of the benzylic nitrogen electron lone-pair toward the cat-
ionic mixed sandwich moiety, and is reflected by (i) a depy-
ramidalization of the N(1) atom with idealized bond angles
at this sp>-hybridized nitrogen atom (C(15)-N(1)-
N(2) =118.1(2)°), (i) a C(15)-N(1) bond length of
1.367(4) A which is intermediate between a single and a
double carbon-nitrogen bond [35], and (iii) a weak cyclo-
hexadienyl character of the coordinated phenyl ring with
a folding dihedral angle of 7.4° about the C(14)---C(16)
axis. The substitution of the CpFe" for its pentamethylated
analogue has virtually no effect on the deformation of the
phenylhydrazine ligand toward an iminocyclohexadienyl
structure. In the unsubstituted counterpart [CpFe
(nﬁ-C6H5)NHNH2]+Plfg , the Fe-C,,;, and C,,;,—N(1) are
2.146(6) and 1.333(9) A, respectively, whereas the folding
dihedral angle of the C¢-ring is 6.0(5)° [15]. The distortions
of the arene ligand in hexahapto coordinated arene
complexes are, indeed, mainly influenced by the electroneg-
ativity, the inductive and the resonance effects of the arene
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Table 2

Electrochemical data® for 3-6

Compounds Epe (V)° Eys (AE) [V (mV)] Epa (V)
3 —-1.79 - 1.13

4 —1.78 — 1.18

5 —1.82 0.57 (78) 1.23

6 —-1.91, -2.29 — 1.51, 1.71
CpyFe - 0.46 (70) -

% Recorded in acetonitrile at 293 K with a vitreous carbon working
electrode, with 0.1 M n-BusN*PF; as supporting electrolyte; all potentials
are vs. Ag/AgCl; scan rate = 0.1 V/s.

® Peak potential of the irreversible wave corresponding to the reduction
of the [Cp*Fe(n’-C¢Hs)" fragment.

¢ Peak-to-peak separation between the resolved reduction and oxidation
wave maxima.

4 Peak potential of the irreversible wave corresponding to the oxidation
of the [Cp*Fe(n°-C¢Hs)]" fragment.

substituents rather than by the nature of the 12-electron
coordinating organometallic moiety ML, [13-19,21,36-41].

2.3. Electrochemical studies

Cyclovoltammograms were recorded for the four com-
plexes 3-6 at 20 °C in acetonitrile (see Section 4.1 for exper-
imental details). Values of the reduction and oxidation
potentials and information concerning the reversibilities
are gathered in Table 2. The irreversible reduction wave
of 3-5 and the first one of 6, corresponds to the single-elec-
tron reduction of the d°, Fe(Il), 18-clectron complexes to
the unstable d’, Fe(I), 19-electron species [7,9]. The redox
potentials are in the expected range for pentamethylated
iron sandwiches [7,9,11]. Interestingly, the peak potential
of 5 1s 40 mV more cathodic than that of 4, which indicates
that the electronic releasing effect of the ferrocenyl frag-
ments on the sandwich iron center is somewhat greater
than that of the mesityl subunit. Additionally, the cyclovol-

I {uA)

-30 4

-60 P S — . g
22 2.0 18 16 14 12 1.0

E(V)
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tammogram of compound 6 exhibited the irreversible
reduction wave of the [Cp*Ru(n’-mesityl)]" entity, at a
very negative potential (E,. = —2.29 V), more cathodic
than that of the iron mixed sandwich terminus [42,43].

The compounds 3-5 show one irreversible oxidation
wave in their cyclovoltammograms, whereas the heterobi-
nuclear hydrazone 6 exhibits two irreversible oxidation
processes, the most anodic one being attributed to the
Ru(II)/Ru(IIl) couple [42,43]. The potential values listed
in Table 2 are in agreement with those previously reported
for  methylated  derivatives, [Cp'Fe(n®-C¢Mes_,H,
NHR')]*PF; (Cp'=Cp, Cp*; R'=H, n-Pr; n=0, 4)
[11]. The lowering of the oxidation potentials of 3-6 thus,
the observation of the waves, results from the permethyla-
tion of the cyclopentadienyl ring. Such an oxidation wave
has never been observed for any analogous organometallic
hydrazones in the unsubstituted Cp series [13-18]. DFT
calculations have shown that the HOMO of a complexed
aniline has a large contribution from the HOMO of the free
amine [11]. Therefore, it is likely that the oxidation of the
complexes 3-6 involves removal of one electron from the
HOMO which has also significant nitrogen lone-pair
character.

Interestingly, complexation of the mesityl ring by the
cationic arenophile Cp*Ru® in 6 dramatically affects
the oxidation potential of the iron sandwich center. The
Fe(II)/Fe(III) couple is, indeed, anodically shifted by
330 mV on going from 4 to 6. This suggests that a strong
electronic interaction took place between the two metal
centers through the entire hydrazone skeleton. This is also
in line with the "H NMR observations (see above).

In the cyclovoltammogram of the homobimetallic
hydrazone 5 (Fig. 2), the reversible one-electro oxidation
process arises from the oxidation of the monosubstituted
ferrocene unit and corresponds to the generation of the
dicationic Fe(II)/Fe(II) mixed valence species. The E°

b 80 -

60+

40

I {ua)

20

-20

e S e S m s s e s e s
0.0 0.2 04 0.6 0.8 1.0 1.2 14

E(V)

Fig. 2. Cyclic voltammograms of the homobimetallic hydrazone 5 recorded in MeCN/0.1 M n-BusN*PF, at T=293 K and a voltage sweep rate

v =0.1 V/s, reference electrode Ag/AgCl, internal reference szFeo/ -+
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value is 110 mV positively shifted with respect to that of
ferrocene (Table 2), thus featuring the electron-withdraw-
ing properties of the pentamethylated cationic sandwich,
[Cp*Fe(n®-Ce¢Hs)]". A more positive oxidation potential
indicates that the ferrocenyl unit is more difficult to oxidize,
i.e., less electron rich. As expected, owing to the electron-
donating effect of the five methyl substituents, this positive
anodic shift is 50 mV weaker than that measured for the
previously reported unsubstituted counterpart [18]. Finally,
the electrochemical behavior of the homobimetallic hydra-
zone 5 is in agreement with the HOMO being essentially
ferrocene based while the character of the LUMO is dom-
inated by the cationic sandwich moiety, and fully consis-
tent with theoretical results [18].

2.4. Linear and nonlinear optical properties

The UV-Vis spectra of complexes 3-6 are comparable in
that the spectra consist of two intense broad absorption
bands in the visible region (Fig. 3), indicating similar struc-
tural features. As expected, all the absorptions are blue-
shifted upon permethylation of the Cs-ring. Indeed, the
effect of the five electron-donating methyl groups consists
in significant destabilization of the unoccupied ©* orbitals
of the Cs-ring which are involved in the corresponding
transitions. The origin of the high-energy absorption band
in the range 300-350 nm, is assumed to be an intraligand
charge-transfer (ILCT) transition, and the low-energy
absorption band in the region 350-450 nm is assigned to
a donor-to-acceptor charge transfer (DACT) transition
[13,19,21,44]. From deconvolutions of the spectra with
Gaussian curves, these two CT transitions give rise to
two to four absorption bands (Table 3). The data of Table 3
indicate that linear optical properties (i.e., energies and
intensities of the absorption bands corresponding to the
above-mentioned CT transitions) of 3-6 are in agreement
with those reported for other D-n—A systems having the
[CpFe(n®-arene)]" fragment as electron acceptor linked to
an organic or organometallic electron-donating group
[13-19,21]. The broadening of the low-energy band is prob-

Absorbance (au)

T M T M T T T M T M T T T N
250 300 350 400 450 500 550
Wavelength (nm)

Fig. 3. UV-Vis spectrum of the homobimetallic complex hydrazone 5.

Table 3
Electronic absorption and EFISH data

Compounds J/nm (Log &) AJ/nm up x 10~8/esu
CH,Cl, DMSO CH,Cl,
3 258 (4.36) -
322 (3.15) 334 (3.04) +12
406 (2.47) 409 (2.40) +3
4 256 (4.34) 267 + 20
305 (4.24) 309 (4.24) +4
342 (4.24) 347 (4.32) +5
403 (3.22) 402 (3.40) “1
5 254 (4.38) 107 + 20
316 (4.15) 314 (4.12) -2
412(322)  412(3.32) 0
6 257 (4.47) -
208 (4.29) 300 (4.38) +2
338 (4.30) 343 (4.44) +5
402 (3.52) 406 (3.76) +4

ably the result of the overlap of broad d—d visible bands of
the cationic sandwich fragment [9,45]. For the four com-
pounds 3-6, the two characteristic CT bands exhibit weak
bathochromic shifts when the solvent polarity is increased,
indicating increased polarity in the excited state. Note that
the solvent influence is negligible for 5, whereas a red shift
of 23 nm and a hypsochromic shift of —24 nm are observed
for the ILCT and DACT absorptions, respectively, for its
nonmethylated counterpart [18].

The second-order NLO properties of compounds 4 and 5
have been investigated using the electric-field-induced-sec-
ond-harmonic (EFISH) generation technique at 1.91 pum,
which provides information about the scalar product pf
of the vectorial part of the first hyperpolarizability tensor
B and the dipole moment vector p [46-48]. Compounds 4
and 5 exhibited reasonable uf values (Table 3). They are
comparable to the 83, 149 and 154 x 10~ esu values previ-
ously determined for three dipolar organoiron methyle-
nepyran-hydrazone complexes ended with a similar
cationic sandwich acceptor fragment [19]. However, the
up values remain significantly weaker than those reported
for extended m-conjugated organic hydrazone molecules
(1P = 100-640 x 10~ esu) bearing strong acceptor nitro-
phenyl end groups [49]. On the other hand, it is interesting
to note that the pup values of the homobimetallic complex 5
is more than half as large as that of the mononuclear deriv-
ative 4. This weaker value may indicate a possible symme-
trization of the conjugated electronic cloud over the whole
molecule due to possible electronic transfer in the ground
state from ferrocene to the cationic sandwich fragment
(see Section 2.3). This symmetrization could explain the rel-
atively lower pf values for compound 5, in spite of the pres-
ence of the ferrocenyl donor group.

Interestingly, it is noteworthy that, despite the increased
electron donation upon substitution of the permethylated
Cp ligands for its nonmethylated analogue, the cationic
organoiron sandwich remains a strong electron acceptor
terminus that could be used in molecular engineering for
quadratic NLO.
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3. Concluding remarks

In summary, the series of novel pentamethylated sand-
wich complexes based on the [Cp*Fe(n®-C¢Hs)]" core
was obtained in good yields, except 1, using well known
reactions adapted to each case. Among them, two new
organometallic w-conjugated push—pull chromophores 4
and 5 were prepared through condensations between the
organometallic hydrazine precursor 3, whose crystal struc-
ture has been determined by X-ray analysis, and either the
mesitaldehyde or the ferrocenecarboxaldehyde, respec-
tively. Their original design combines the cationic organo-
metallic acceptor mixed sandwich, [Cp*Fe(n®-C¢Hs)T",
associated with an organic or organometallic donor
through the asymmetric hydrazone spacer -NH-N=—CH-.
Moreover, the mesityl unit of 4 is easily complexed by
the arenophile Cp*Ru", leading to the first n°mn°coordi-
nated dinucleating hydrazone. NMR and electrochemical
data clearly indicate a mutual donor—acceptor electronic
influence resulting from conjugation between the end
groups through the entire hydrazone backbone. As such,
the organometallic hydrazones 4 and 5 can be defined as
Type I nonrod-shaped dipolar chromophores [50,51], and
are proved to favor electronic delocalization along the con-
jugated chain. Finally, the first hyperpolarizability of the
NLO properties of 4 and 5 have been measured by the
EFISH technique. Interestingly, despite the increased elec-
tron donation brings about by the pentamethylation of the
acceptor group, the pp values are very similar to those
determined for nonmethylated analogues [19]. However,
the presence of two absorption bands in the visible region
precludes analysis based only on a simple model, and the-
oretical investigations are needed to provide complemen-
tary information that would enable the interpretation of
the UV-Vis spectra.

4. Experimental
4.1. General data

All operations were performed under inert atmosphere
using standard vacuum/argon line, Schlenk or syringe tech-
niques. Solvents were dried and distilled under argon by
standard methods prior to use. Cp*Fe(CO),Br was pre-
pared according to published procedure [9], and other
chemicals were purchased from commercial sources and
used without further purification. IR spectra were obtained
with a Perkin Elmer Model 1600 FT-IR or a Bruker IFS28
FT spectrophotometers. Electronic spectra were collected
on a Spectronic, Genesys 2, spectrophotometer. '"H and
13C NMR spectra were recorded in acetone-dg at 297 K
on Bruker DPX 200, Advance 300 or Advance 500 instru-
ments. All NMR spectra are reported in ppm (J) relative to
tetramethylsilane, with the residual solvent proton reso-
nance and carbon resonances used as internal standards.
Coupling constants (J) are reported in Hertz (Hz), and
integrations are reported as number of protons. The fol-

lowing abbreviations are used to describe peak patterns:
br = broad, s = singlet, d = doublet, t = triplet, m = multi-
plet. Electrochemical measurements were performed using
a Radiometer Analytical model PGZ 100 All-in-one poten-
tiostat, using a standard three-electrode setup with a vitre-
ous carbon working and platinum wire auxiliary electrodes
and a Ag/AgCl as the reference electrode. Solutions were
1.0 mM in the compound under study and 0.1 M in the
supporting electrolyte n-BusN*PF; . The ferrocene/ferrici-
nium couple was used as an internal reference for the
potential measurements. Ej,, is defined as equal to
(Epa + Epc)/2, where E,, and E,, are the anodic and catho-
dic peak potentials, respectively. Melting points were deter-
mined in evacuated capillaries and were not corrected.
Elemental analyses were conducted on a Thermo-FINNI-
GAN Flash EA 1112 CHNS/O analyzer by the Microana-
Iytical Service of the Centre de Mesures Physiques de
I’Ouest (CRMPO) at the University of Rennes 1, France.

4.2. Synthesis of [Cp"Fe(n’-p-CsH,Cl>) J*PF; (1)

A three necked round bottom flask equipped with a
reflux condenser was purged with argon and charged with
4.0 g (12.2 mmol) of Cp*Fe(CO),Br, 3.3 g (24.4 mmol) of
AICl;, 30 g (0.2 mol) of p-dichlorobenzene and a magnetic
stirbar. The reaction mixture was stirred and heated at
60 °C for 1 h, then 0.22 mL (12.2 mmol) of distilled water
was added and the reaction mixture was heated overnight
(15 h). The reaction mixture was cooled down to 40 °C,
and the hydrolysis was carried out by careful addition of
small portions of degassed ice-water. After phase separa-
tion, the aqueous solution was washed twice with 20 mL
portion diethyl ether. Addition of aqueous NH4OH, until
pH 9 was reached, caused the precipitation of AI(OH)s.
The precipitate was filtered on a Biichner, washed several
times with distilled water and the filtrate acidified with con-
centrated aqueous HCl until pH 7. Addition of an aqueous
solution of NH4PF¢ (1.99 g, 12.2 mmol) precipitated a yel-
low-green solid. This was filtered off, dissolved in acetone
and dried over MgSO,. After filtration, the solvent volume
was reduced, and a green powder was precipitated after
addition of diethyl ether. The solid was then filtered on a
glass frit, washed with diethyl ether and dried under vac-
uum. Recrystallization from dichloromethane/diethyl ether
provided compound 1 as light green microcrystals. Yield:
0.643g (11%). Anal. Calc. for C;¢H9ClF¢FeP
(483.0gm01*1): C, 39.78; H, 3.96. Found: C, 39.80; H,
3.72%. '"H NMR (300.08 MHz): 1.88 (s, 15H, Cs(CHjs)s),
6.32 (s, 4H, C¢H,). *C{'H} NMR (75.46 MHz): 8.29
(s, Cs(CHj3)s), 89.26 (s, Cs(CHj3)s), 94.11 (s, C¢Hy), 106.17
(s, C¢Cly). CV (Pt, CH,Cl,, n-BuyNPFg, 20 °C, v=0.1 V/
s, Evs. CpyFe” ). B, = —1.74 (irrev.), Epy = —1.87 (irrev.).

4.3. Synthesis of [Cp*Fe(n®-CsHsF)|"PF; (2) [27]

A three necked round bottom flask equipped with a
reflux condenser was purged with argon and charged with
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3.748 g (11.5 mmol) of Cp*Fe(CO),Br, 6.10 g (45.6 mmol)
of AICl;, 25 mL of fluorobenzene, and a magnetic stirbar.
The reaction mixture was stirred and refluxed (85 °C) over-
night (12h). Workup as that described above for
compound 1, using in this case 1.874 g (11.5 mmol) of
NH4PFg, afforded compound 2 as green microcrystals.
Yield: 1280g (26%)) Anal. Calc. for C16H20F7FCP
(432.1 gmolfl): C, 44.46, H, 4.86. Found: C, 44.39; H,
4.73%. IR(KBr, cm™'): 3093w w(CH arom), 2963w,
2922w, 2854w v(CH aliph), 1232m vw(CF), 838vs v(PFy),
558s O(P-F). 'H NMR (200 MHz): 2.07 (s, 15H,
Cs(CH3)s), 6.19-6.40 (m, SH, C¢Hs). “C{'H} NMR
(50 MHz): 9.3 (s, Cs(CHs)s), 79.4 (d, 0-C¢Hs, *Je p=
20.8 Hz), 88.9 (s, p-C¢Hs), 89.5 (d, m-C¢Hs, *Jep
=7.0Hz), 92.9 (s5,Cs (CHj)s), 136.6 (d, C;0, Uer=
269.0 Hz).

4.4. Synthesis of [Cp'Fe(n°-CsHsNHNH) | "PF; (3)

A Schlenk tube was loaded with 220 mg (0.51 mmol) of
compound 2, 0.3ml (6.17 mmol) of hydrazine hydrate
(N,Hy4 - H>O), and 10 mL of CH,Cl,. The reaction mixture
was stirred at room temperature for 15 h. Then, the solu-
tion was evaporated to dryness and the residue redissolved
in CH,Cl,, A 5mL aqueous solution of NH4PFg
(0.5 mmol) was added and the mixture was stirred and neu-
tralized with 10% aqueous HCI. The product was recovered
by extraction with CH,Cl,. The organic extract were com-
bined and dried with MgSQO,. After filtration and upon
removal of most of the CH,Cl, by rotary evaporation,
addition of diethyl ether precipitated the product, which
was filtered off, washed with diethyl ether and dried under
vacuum. Yield: 136 mg (60%) of yellow microcrystals. A
crystal from this crop was used for an X-ray structure
determination. Mp 236°C (dec.). Anal. Calc. for
C1¢Ha3F6FeNLP (444.2 gmol™'): C, 43.26; H, 5.22; N,
6.31. Found: C, 43.24; H, 5.13; N, 6.03%. IR (KBr,
em™'): 3417w, 3381m v(NH), 3091w v(CH arom), 2963w,
2923w, 2855w v(CH aliph), 1548s 6(NH,), 839vs v(PFy),
558s O(PF6). 'H NMR (200 MHz): 1.97 (s, 15H,
Cs(CH3)s), 4.44 (br s, 2H, NH,), 5.55-5.77 (m, 5H,
CeHs), 7.35 (s, 1H, NH). 3C{'"H} NMR (50.3 MHz): 9.8
(S, C5(CH3)5), 72.2 (S, 0-C6H5), 85.5 (S, p-C6H5), 88.8 (S,
C5(CH3)5), 90.2 (S, m-C6H5), 120.6 (S, Cipso)'

4.5. Synthesis of [Cp*Fe(n°-CsHs)-
NHN=CH-(2,4,6-CsHMe;) ]*PF; (4)

A Schlenk tube was charged with 112 mg (0.25 mmol) of
compound 3, 5 ml of ethanol, 0.1 mL (0.69 mmol) of mesit-
aldehyde, several drops of glacial acetic acid and a mag-
netic stirbar. The mixture was stirred and refluxed for
7 h. Then the reaction medium was cooled to room temper-
ature. The orange solid formed was filtered off, washed
twice with 5 mL portion diethyl ether and dried under vac-
uum. Yield: 107 mg (75%) of an orange powder. Mp
225°C  (dec.). Anal. Calc. for CysHs3F¢FeN,P

(574.4gm01_1): C, 54.36; H, 5.79; N, 4.88. Found: C,
54.19; H, 5.91; N, 4.84%. IR (KBr, cm™'): 3329m v(NH),
3094w v(CH arom), 2965w, 2926w w(CH aliph), 1558s
V(C=N), 838vs v(PF), 557s 6(PF). '"H NMR (200 MHz):
1.98 (s, 15H, Cs(CH3)s), 2.32 (s, 3H, 4-Me CgH,Mes),
2.56 (s, 6H, 2,6-Me CgH,Mes), 5.79-5.99 (m, 5H, C¢Hs),
7.00 (s, 2H, C¢H>Mes), 8.57 (br s, 1H, CH), 9.87 (s, 1H,
NH). BC{1H} NMR (50.3 MHz): 9.9 (s, Cs(CH3)s), 21.1
(s, 4-Me CgH,Mes), 22.1 (s, 2,6-Me C¢H,Mes), 71.74 and
71.78 (O-CGHs), 85.6 (S, p-CGHs), 88.9 (S, m-C6H5), 90.8
(s, Cs(CHs3)s), 119.7 and 119.8 (Cpg0, CsHs), 128.9 (s, Cipsor
C6H2MC3), 130.7 (S, 3,5-C6H2MC3), 138.2 (S, 2,6-
C6H2M€3), 139.5 (S, 4-C6H2Me3), 144.8 (S, :CH)

4.6. Synthesis of [Cp*Fe(n°-CsHs)-NHN=CH-(n’-CsH )-
Fe(ﬂj'C5H5)]+PF6_ (5)

A Schlenk tube was charged with 222 mg (0.50mmol) of
compound 3, 114 mg (0.53 mmol) of ferrocenecarboxalde-
hyde, 5 mL of ethanol, several drops of glacial acetic acid
and a magnetic stirbar. The mixture was stirred and
refluxed for 16 h. Workup as that described above for com-
plex 4 provided compound 5 as an orange microcrystalline
powder. Yield: 217 mg (68%); mp 197 °C (dec.). Anal.
Calc. for C,;H;F¢Fe,N,P (640.2gm01*'): C, 50.64; H,
4.88; N, 4.37. Found: C, 50.31; H, 4.86; N, 4.12%. IR
(KBr, cm™'): 3322m vw(NH), 3094w v(CH arom), 2963w,
2922w, 2855w v(CH aliph), 1555s v(C=N), 839vs v(PF),
558s O(PF¢). 'H NMR (300.08 MHz): 1.97 (s, 15H,
Cs(CHa)s), 4.25 (s, 5H, CsHs), 4.46 (t, 2H, *Jy =
1.8 Hz, CsHy), 4.73 (t, 2H, *Jy .y = 1.8 Hz, CsHy), 5.71-
5.89 (m, 5H, CgHs), 8.03 (s, 1H, =CH), 9.69 (s, 1H,
NH). “C{'H} NMR (75.46 MHz): 10.0 (s, Cs(CH3)s),
68.2 (S, C5H4), 69.9 (S, C5H5), 71.0 (S, C5H4), 71.50 and
71.54 (0-C¢Hs), 80.6 (s, Cpy CsHy), 85.4 (s, p-CgHs),
88.8 (s, m-CgHs), 90.7 (s, Cs(CHj3)s), 119.8 and 119.9 (Cy,s,
C¢Hs), 145.2 (s, =CH).

4.7. Synthesis of [Cp*Fe(n5-CsHs)-NHN=CH-
(n°-2,4,6-CsHMe;)RuCp" " [PF ], (6)

A Schlenck tube was charged with 252 mg (0.5 mmol) of
[Cp"Ru(NCMe),]"PF,, 220 mg (0.5 mmol) of compound
4, 20 mL of freshly distilled CH,Cl,, and a magnetic stir-
bar. The suspension was stirred overnight and then
refluxed for 2 h. After cooling to room temperature, the
solution was filtered by cannula and the product was pre-
cipitated with diethyl ether. The orange-yellow powder
was recrystallized in a CH,Cl,/toluene mixture (1:1). Yield:
283 mg (59%); mp 176°C (dec.). Anal. Calc. for
CsHusF1,FeN,PoRu (955.64 g mol ™ '): C, 45.25; H, 5.06;
N, 2.93. Found: C, 44.90; H, 4.90; N, 2.98%. IR (KBr,
em™Y): 3325w w(NH), 3097vw v(CH arom), 2983w, 2915w
v(CH alif), 1559m v(C=N), 840vs v(PF), 558s 6(PFe). '"H
NMR (500.13 MHz): 193, 195 (2xs, 2x15H,
Cs5(CHs3)s), 2.29 (s, 3H, 4-Me C4H,Mes), 2.48 (s, 6H, 2,6-
Me C¢H,Mes), 5.83 (t, 1H, *Jyy = 5.7 Hz, p-C¢Hs), 5.87
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(br s, 2H, 0-CgHs), 5.99 (br t, 2H, m-CgHs), 6.03 (s, 2H,
C¢H-Mes), 8.28 (br s, 1H, =CH), 10.19 (br s, 1H, NH).
13C NMR (125.77 MHz): 8.94, 9.07 (Cs(CHs)s), 17.07 (4-
Me C¢H>Mes), 17.79 (2,6-Me CsH,Mes), 71.72 (0-CeHs),
85.48 (p-C¢Hs), 88.22 (m-Cg¢Hs), 90.37 (Cs(CHs)s), 91.05
(3,5-C6H2Me3), 93.16 (Cipso C6H2Me3), 94.98 (CS(CHg,)S),
98.76 (2,6-CsH,Mes), 100.92 (4-CsH,Mes), 117.31 (Cppyo
CgHs), 137.68 (=CH).

4.8. X-ray crystal structure determination of
[Cp*Fe(n’-CsHs)NHNH, | "PF, (3)

A yellow prism of complex 3 having dimensions of
0.35%0.25x0.25 mm was mounted with epoxy cement
on the tip of a glass fiber in a random orientation. Data
collection was performed at 110(2) K on a Kappa-CCD
Enraf-Nonius diffractometer equipped with a bidimen-
sional CCD detector, using graphite monochromated
Mo Ka radiation (4 = 0.71073 A). The cell parameters are
obtained with Denzo and Scalepack [52] with 10 frames
(psi rotation: 1° per frame). The data collection [53],
20max = 60°, 1457 frames via 2.0° omega rotation and 7 s
per frame, range HKL: H 0,8; K 0,22; L —20,20, gave
23913 reflections. The data reduction with Denzo and
Scalepack [52] leads to 4158 independent reflections from
which 3747 reflexions with 1> 2.0¢(I). Lorenz and polari-
zation corrections were applied. The space groups was cho-
sen based on the systematic absences in the diffraction data.
The structure was solved using the direct method [54], com-
pleted by subsequent Fourier syntheses, and refined by full
matrix least-squares procedures on reflection intensities
(F?) [55]. The absorption was not corrected. The positions
of the hydrogen atoms of the terminal NH, group was
determined from the electron difference map, and refined.
All nonhydrogen atoms were refined anisotropically.
Hydrogen atoms, with the exception noted, were placed
in their calculated positions, assigned fixed isotropic ther-
mal parameters and allowed to ride on their respective par-
ent atoms. Atomic scattering factors were taken from the
literature [56]. ORTEP views were generated with PLA-
TON-98 [57].

4.8.1. Crystallographic data for 3

C16Ha3FgFeN,P, M, = 444.18 g mol ', monoclinic, P2,/n,
unit cell dimensions: a = 6.8961(1), b=16.9749(3), ¢ =
15.5437(3) A, B=91.4716(7)°, V =1818.95(5) A%, Z =4,
Dee=1.622gem™>, p=0978mm~', F000)=912.
Data/restraints/parameters: 4156/0/242, R/R,, (I> 20
(1)) =0.0470/0.1186, R/R,, (all data)=0.0523/0.1226,
GOF = 1.038, [Ap]min/[Ap max: —0.730/1.186.

4.9. EFISH measurements

The principle of EFISH technique is described else-
where [46,47]. In order to avoid reabsorption of the gen-
erated second harmonics, the data were recorded using
1.907 ym, 10 ns incident laser pulses produced by a

hydrogen Raman shifter pumped by a Nd:YAG laser at
1.06 pm at a 10 Hz repetition rate. The centrosymmetry
of the solution was broken by dipolar orientation of the
chromophores with a high-voltage pulse (8 kV applied
on 3 mm during 1 ps) synchronized with the laser pulse.
The compounds were dissolved in dichloromethane at
various concentrations (10°-10"2mol 1"!) and the solu-
tions were introduced into the measurement cell where
the high-voltage was applied during SHG measurements.
NLO measurements are calibrated with pure dichloro-
methane acting as a reference. Acquisition and data pro-
cessing are performed using a computerized home-made
system.
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graphic data for this paper. These data can be obtained free
of charge via http://www.ccdc.cam.ac.uk/conts/retriev-
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