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ABSTRACT:

The synthesis of novel cyrhetrenyl hydrazones of general formula [Re{(h5-C5H4)eC(R1) Y4
NNHR2}(CO)3] {with R1 ¥ H and R2 ¥4 4-NO2eC6H4 (4a), C6HS (4b) or H (4c) or R1 ¥ Me and R2
Y4 4-NO2eC6H4 (5a), C6H5 (5b) or H (5¢)} is described. Compounds 4ae4c and Sae5c were
characterized by mass spectrometry and IR spectroscopy. 1H and 13C{1H} NMR studies revealed that
4aedc and Sae5c adopt the anti-(E) configuration in solution. X-ray crystal structures of compounds 4a
and 5c¢ confirmed the transarrangement of the cyrhetrenyl “Re(h5-C5H4)(CO)3” and the -NHR2
moieties and the existence of strong hydrogen bonds involving the eNHe unit. Molecular Orbital
calculations at a DFT level have also been carried out in order to rationalize the influence of the nature
of the substituent R3 of [R3CH "4 NNH(4-NO2eC6H4)] (R3 Y4 ferrocenyl, (3a), cyrhetrenyl (4a), phenyl
(6a) or cymantrenyl (7a) on the electronic delocalization, the nucleophilicity of the imine carbon, the
polarizability and hyperpolarizability of these compounds, and computational studies using time-
dependent density functional (TD-DFT) calculations have also been carried out in order to assign the

bands detected in their electronic spectra and to explain the effect produced by the solvent.
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1. INTRODUCTION

Sandwiches and three legged half-sandwich organometallic compounds have been studied since long
ago, but nowadays constitute a very attractive area of research [ 1e4]. Compounds of this kind with
additional eC(R1) ¥ Ne or eC(R1) ¥4 NNHR2 groups attached to the rings are specially relevant for
different reasons. These include their utility as precursors in organic, inorganic and organometallic
synthesis (especially as metallo-ligands to achieve polymetallic derivatives), their interesting (chemical,
photochemical, electrochemical) properties as well as their applications in a variety of fields [1e4]. For
instance, ferrocenylimines [5,6], oximes [7], azines and azoderivatives [8], thiosemicarbazones [9] or, to
a lesser extent, monohydrazones [Fe(h5-C5HS5){(h5-C5H4) eC(R1) ¥4 NeNHR2] (R1 %4 H (1) or Me (2),
Fig. 1) or the 1,10-dihydrazones (3) [10,11], are valuable as ligands in coordination and organometallic
chemistry (i.e. to achieve cyclometallated compounds) [5,10]. Furthermore, mono- and disubstituted
ferrocenyl hydrazones (1e3 in Fig. 1) with large non-linear optical (NLO) properties have also been
reported [12].

On the other hand, the chemistry of cyrhetrene, [Re(h5-C5H5)(CO)3] (the typical example of a three
legged half-sandwich rhenium complex), has undergone a rapid development in the last decade [13e15].
Functionalization of the ring or exchange of the CO groups by other mono or bidentate ligands have
allowed to prepare a variety of new cyrhetrene derivatives. Most of them exhibit interesting properties,
reactivity, (i.e. as metallo-ligands) and biological or catalytic activity [13e15]. Cyrhetrenylimines [6,14],
amines [14a] and thiosemicarbazones [9a] have been described in the late years and their properties,
applications and activities have been compared with those of their corresponding ferrocenyl analogues
[6€9].

Despite the spectacular progress on the design and development of: a) organometallic compounds
containing redox active centres [1-4,5a,5b] and b) new hydrazones as stimuli responsive molecules [16],
cyrhetrenyl derivatives of the type [Re{(h5-C5H4) C(R1) %2 NNHR2}(CO)3] are extremely scarce; as
far as we know, that shown in Fig. 1, is the sole example [17]. Moreover, unsubstituted [Re {(h5-
C5H4)eC(R1) Y4 NNH2}(CO)3] compounds still remain unknown. In view of this and our interest to
compare electronic effects of cyrhetrenyl and ferrocenyl moiety [5-7a,9a,10-11,14,15], here we present
six new cyrhetrene derivatives of general formula [Re{(h5-C5H4)eC(R1) Ya NNHR2}(CO)3] with R1 %4
H (4) orMe (5) and R2 ¥4 4-NO2eC6H4 (a), C6HS5 (b) or H(c). It should be noted that those with phenyl
rings (4ae4b and 5ae5b) could be visualized as derived from compounds 1 and 2, respectively (Fig. 1)

by replacement of the “Fe(hS-C5HS5)” unit by the “Re(CO)3” moiety.
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2. RESULTS AND DISCUSSION

2.1. Synthesis and solution studies

The new cyrhetrenyl hydrazones [Re {(h5-C5H4) eC(R1) % NeNHR2}(CO)3] (4a, 4b, 5a and 5b) were
prepared by adaptation of the procedures reported for their ferrocenyl analogues (1 or 2 in Fig. 1) [12a];
while compounds 4¢ and 5c (with R2 % H) were obtained following the method described for 1,10-
diacetylferrocene dihydrazone [10c]. In all cases, the processes are based on condensation reactions
between formyl- (for 4ae4c) or acetyl- (for 5Sae5c) cyrhetrene and the corresponding hydrazine in
anhydrous methanol (Scheme 1). The new compounds, that were isolated as yellow (4ae4c, 5a and Sc¢)
or red (5b) crystalline solids after crystallization from CH2Cl2/hexane mixtures, exhibit high solubility
in CH2CI2 and CHCI3, and they are practically insoluble in hexane. It should be noted that 4c¢ is less
stable (in solution as well as in the solid state) than 4a, 4b and 5ae5c and itwas characterized
immediately after its isolation.

Compounds 4ae4c and SaeSc were characterized by electron impact (EI) mass spectrometry, infrared
spectroscopy and NMR studies. Their MS spectra showed peaks due to the molecular cations [M]p and
those arising from the successive dissociation of the remaining CO ligands. IR spectra of 4ae4c and
S5aeSc in CH2CI2 showed the following common features: a) two intense bands at 2023 and 1929 cm 1,
that are characteristic of the asymmetric (nas) and symmetric (ns) stretchings of the terminal CO ligands
of cyrhetrene derivatives [9a,14,15], and b) an intense and sharp absorption (at around 1600 cm 1) in
the same range as observed for ferrocenyl hydrazones [Fe(h5-C5HS){(h5-C5H4)eC(R1) ¥4 NeNHR2]
with R1 % H (1) or Me (2) [10e12], that has been assigned to the stretching of the functional > C]Ne.

It is well-known that hydrazones may adopt two different forms (E- or Z-) [6,18] in the solid state and
also in solution. 1H and 13C{1H} NMR spectra of 4ac4c and Sae5c showed only one set of resonances,
thus suggesting that only one of the two isomers was present in CDCI3 solution at room temperature (we
will return to this point later on).

Proton-NMR spectra of 4ae4c and Sae5c showed two triplets of identical intensities assigned to the pairs
of protons (H2, HS5) and (H3, H4) of the “Re(h5-C5H4)” moiety and an additional singlet, in the range
7.3 <d < 8.0 ppm for 4ae4c, or at around 1.9 ppm (for Sae5c), due to the 1H nuclei of the R1 units (H
and Me, respectively). The resonance of the eNHe proton appeared as a broad singlet for 4c and 5c (at
5.26 and 5.48 ppm); while for 4a, 4b, Sa and 5b this signal was much narrower and low-field shifted.
Additional resonances due to the aromatic protons of the phenyl rings of 4aeb and Saeb were also
observed.

Comparison of 1H NMR data of compounds 4a and 4b and those of their analogues: [Fe(h5-CSHS5){(h5-
C5H4)eC(H) 4 NeNHR2] with R2 ¥4 4-NO2eC6H4 (1a) or C6HS (1b) [10a,b] reveal that the
replacement of the ferrocenyl unit in la (or 1b) by the cyrhetrenyl array to give 4a (or 4b) produces an

upfield shift of ca. 0.25 ppm of the singlet due to the eCH]Ne proton; while the resonance eNHe proton
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follows the opposite trend [9a]. Thus suggesting that the nature of the organometallic framework
modifies the degree of electronic delocalization on the “eC(R1) %4 NeNHe” unit.

13C{1H} NMR spectra of 4ae4c and Sae5c exhibited the following common signals: a) two singlets in
the low field area, of which that at d z 194 ppm, is due to the terminal CO ligands, and the other to imine
carbon, and b) a set of three resonances, two of them in the range 81 < d < 87 ppm that correspond to the
pairs (C2,C5) and (C3,C4) of the C5H4 unit, while the third one that appeared at lower-fields and
exhibited lower intensity, is attributed to the C1 carbon atom. For compounds 5ae5c the resonance of the
methylic protons occurred at higher fields and for 4a, 4b, 5a and 5b the group of resonances between
110 and 145 ppm were assigned to the phenyl rings.

As mentioned in previous section with reference to the presence only one of two isomers, the [IHe1H]-
NOESY experiments were performed in CDCI3 at 298 K. In the spectra of 4a and 5a (Figs. S1 and S2)
moderate cross-peaks were observed between the amine-NH region (d 7.98 for 4a, d 7.66 for 5a) and the
resonances the protons of the R1 unit (d 7.45 for 4a, d 2.02 for 5a). This is only possible if the
cyrhetrenyl and the eNHR2 groups are in a transarrangement (E-form). Since NMR studies revealed that
compounds 4b, 4¢, Sb and 5c showed a similar behaviour in solution, we assumed that they also adopted

the E form. Compounds 4a and 5¢ were also characterized by X-ray diffraction.

2.2. Description of the crystal structures of compounds 4a and 5c

These structures consist on discrete molecules of [Re{(h5-C5H4) eC(R1) %4 NeNH(R2)}(CO)3] {with
R1 Y4 H and R2 ¥4 4-NO2eC6H4 (in 4a) or R1 ¥4 Me and R2 % H (in 5¢)} with the typical three-ledged
piano-stool structure (Figs. 2 and 3, respectively). In the two cases bond lengths and angles of the
cyrhetrenyl array as well as the distance Re$$$centroid of the “C5H4” ring {hereinafter referred to as
Cg(1)} (Table 1) are similar to those reported for related [Re {(h5-C5H4R3}(CO)3] derivatives
[14,15,19]. As shown in Figs. 2 and 3, the -NHR2 moiety and the (h5-C5H4) unit are in a trans-
arrangement [torsion angles: N2eN1eC6eC5 V4 177.1(6) [ (in 4a) and N2eN1eC9eC8 ¥ 179.1(4) [
(in 5¢)], thus confirming that they also adopt the E form in the solid state.

In 4a, the N1eN2 bond distance [1.368(6) A] is very similar to that reported for R3CH Y
NeNH(4eNO2eC6H4) with R3 ¥ Ph (6a) [20] [1.361(7) A], but in 4a the C6eN1 bond length [1.261(7)
A] is shorter than in 6a [1.286(7) A], thus suggesting that in 4a the >C] Ne bond is stronger than in 6a.
Furthermore, the planes defined by the C5H4 (in 4a) ring and the “C5, C6 and N1” form an angle of
4.70 (in 4a); while in 6a the phenyl and the CipsoeC]Ne atoms are less coplanar [interplanar angle Y
7.80 (in 6a)]. It is well known that for hydrazones R1CH %4 N-NHR2 large angles between main planes
of aromatic (or heteroaromatic) groups of the R1 and R2 substituents are usually accompanied with
large hyperpolarizabilities, which is relevant in view of their potential non-linear optical properties
[16,21]. In PhCH " NeNH(4-NO2eC6H4) (6a) this angle (12.50 ) is slightly greater than in 4a (11.00 )
and, thus the cyrhetrenyl array is expected to produce a decrease in the hyperpolarizability in relation to

that of 6a. In compound [Re {(h5-C5H4) eC(Me) 2 NeNH2}(CO)3] (5¢): a) the N1eN2 bond length is
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practically identical to that of 4a, b) the two bonds of the “Cipso-C=N" unit are a bit larger than in 4a
and, ¢) the imine unit is less co-planar with the C5H4 ring than in 4a [interplanar angles being: 17.9[

(in 5¢) versus 4.70 (in 4a)]. These findings, that are similar to those found in the ferrocenylimines
[Fe(h5-C5HS){(h5-C5H4)eC(R4) Y N(C6HS5)] {R4 Y2 Me or H} [22], suggest that in 4a the electronic
communication between the -NHR2 unit and the cyrhetrenyl array is greater than in Sc (we will return to
this point later on). The assembly of the molecules of 4a and 5c in the crystals are markedly different.
Figs. S3 and S4 (Supplementary Materials) contain schematic views of the connectivity showing the

main intermolecular contacts.

2.3. The study of the influence of the R3 substituent of R3ICH "4 NeNH(4-NO2C6H4) and the solvent on
their electronic spectra

In a first attempt to elucidate the effect produced by the substituent R3 on the properties of the
hydrazones we decided to perform a comparative study of the ultravioletevisible spectra of compounds
R3CH % NeNH(4-NO2C6H4) with R3 % ferrocenyl (3a), cyrhetrenyl (4a) and phenyl (6a). Absorption
spectra of CHCI3 solutions of 3a, 4a and 6a in CHCI3 at 298 K (Table 2 and Fig. 4) showed an intense
band in the range 380e400 nm. Comparison of data reveals that the replacement of the ferrocenyl unit
(in 3a) by the cythenetryl (in 4a) or the phenyl (in 6a) produces a shift of the band to lower wavelengths.
The UVevis spectra of these products in the polar solvents acetone and acetonitrile were practically
identical to those obtained in CHCI3 except for a tiny shift of the band (ca. 5¢10 nm) (Table 2 and Figs
S5eS7). Computational studies (see below) have allowed us to explain these experimental findings and
the origin of this transition. It should be noted that the additional and weaker band observed in the
UVevis. Spectra of 3a in CHCI3, acetone or acetonitrile that appears as a shoulder at around 495

nm(Fig. 4 and Fig. S5), is typical of most ferrocene derivatives.

2.4. Computational studies on the influence of the R3 substituent of R3CH % NeNH(4-NO2C6H4) on
the properties of the compounds

It is well-known that hydrazones are valuable reagents in synthetic chemistry. In this field most of the
reactions involve the imine carbon and its nucleophilicity [16,18]. In view of this and in order to
compare the effect produced by the substituents R3 (ferrocenyl, cyrhetrenyl or phenyl) of R3CH Y4
NeNH(4-NO2C6H4) on: a) the nucleophilicity of the imine carbon, b) the electronic delocalization
between the R3 substituent and the 4-nitrophenyl ring and, ¢) the properties of these compounds, we
also undertook DFT calculations of hydrazones 3a, 4a and 6a. For comparison purposes the cymantrene
derivative (7a) with R3 % Mn(h5-C5H4)(CO)3 was also included.

All the calculations were carried out using the B3LYP hybrid functional [24] and the LANL2DZ basis
set [25] implemented in the Gaussian09 program [26]. Geometries of compounds 3a, 4ac7a were
optimised without imposing any restriction. Final atomic coordinates for the optimized geometries are

included as supplementary information, (Tables S1¢S4). Bond lengths and angles of the optimised
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geometry of 4a and 6a were consistent with those obtained from the X-ray studies (the differences did
not clearly exceed 3s) and those of 3a fall in the range reported for related ferrocenyl Schiff bases [19].
Afterwards, molecular orbital (MO) calculations of the optimized geometries were carried out.
Comparison of the calculated HOMO - LUMO energy gaps (DE 4 ELUMO EHOMO) (Table S5)
reveals that DE increases as follows: 3a < 6a<4al 7a. Thus showing that the ferrocenyl (in 3a) or the
“M(h5-C5H4)(CO)3” unit (in 4a and 7a)} produce opposite effects on the energy gap when compared
the phenyl derivative (6a).

As shown in Fig. 5 for the four compounds HOMO (and also LUMO) are similar; however, a careful
analysis of their compositions reveal significant variations in the contributions of the main fragments
[R3, eCH]NeNHe and the 4-nitrophenyl group (Table S5]. For 4a, 6a and 7a, the contributions of the 4-
nitrophenyl group and the R3 substituent are very similar, but in 6a the hydrazone has a greater
contribution than in 4a and 7a. For 3a, the relative weight of the nitrophenyl (18%) groups is
significantly smaller than in 4a, 7a and 6a, and the participation of ferrocenyl group reaches the 47%. A
parallel situation arises from the comparison of the LUMO orbitals, for 3a the contribution of the 4-
NO2eC6H4 (82%) is higher than in 4a, 6a and 7a (Table S5).

Comparative analyses of the charge distribution on the 4-nitrophenyl group, shows that the ferrocene
derivative (3a) concentrates electron density (that is, larger negative charge) in the eNO2 group (Table
S6), but it decreases for 4a, 6a and 7a derivatives. In addition, the charge of the imine carbon increases
according to the trend 4all 6all 7a < 3a. This finding indicates the replacement of the cyrhetrenyl,
cymantrenyl or phenyl groups by a ferrocenyl unit produces a significant change in the nucleophilicity
of this carbon which is relevant in view of their reactivity and potential utility in synthesis [16,18].

As mentioned above, it is well-known that hydrazones are also attractive to achieve non linear optic
(NLO) systems [12,16,18,21]. In these cases, the analysis of the effect of an external electric field on the
permanent dipole moment is a valuable tool to understand their potential NLO properties. When small
modification of the dipole moment is expected, a linear model considering the polarizability is used,
which is equivalent to apply the harmonic approximation. Since the nature of the NLO response follows
from the periodic vibration, we have also calculated static (u % 0) and frequency-dependent (u %4 0.1)
vacuum polarizabilities of the four hydrazones. The results (Table S7), reveal that isotropic
polarizabilities increase according to the sequence 6a < 3a < 7a< 4a.

On the other hand, the inclusion of an anharmonic correction related to the second order term allows the
determination of the hyperpolarizability, a third order tensor divided into tensorial components. A strong
hyperpolarizability results in a large second order NLO response. According to our calculations (Table
S8), hyperpolarizabilities are higher in the plane containing the aromatic rings. This fact can be
adscribed to the easier flow of electrons along the p system. Also, changes in the substituent R3 result in
significant variations of the hyperpolarizability. In particular, for compounds 3a, 4a and 7a, where the
imine carbon is attached to the CSH4 ring, the first hyperpolarizability follows the trend 6a < 7a «< 3a.

This is consistent with the differences in the relative orientation of the rings (Table S9). The non-
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planarity of the aromatic system results in a breakage of the p system that lowers the hyperpolarizability.
On these basis, compound 3a, appears to be the best candidate for a large NLO response.

On the other hand and in order to elucidate the origin of the intense band detected in the UVevis spectra
of compounds 3a, 4a and 6a in the range 380 nme410 nm, we decided to undertake a study based on the
time-dependent DFT (TD-DFT) methodology [27] to achieve the assignment of the bands detected in
the UVevis. spectra of hydrazones 3a, 4a and 6a. For comparison purposes, we also included compound
7a. After the optimization of the geometries (see above), the excitation energies and the corresponding
oscillator strengths were calculated.

The results obtained from calculations in gas phase, CHCI3 and acetone reveal that the absorption band
at around 400 nm arises from a combination of several transitions, of which those with greater
contribution are presented in Table 3. For compounds 4a and 6a, the main contribution arises from
HOMO / LUMO transition (Table 3 and Fig. 5); but for 3a and 7a, the observed band results from the
combination of several transitions. One of them is the HOMO/LUMO, but now its relative weight is
clearly smaller than for 4a and 6a. Additional transitions occurring in the same energy range, but with
smaller contributions than are presented in Table 3. These studies also revealed that when CHCI3 is
replaced by acetone the band shifts to higher wavelengths (Fig. S8 Table S10) in good agreement with
the experimental results (Table 2). The computational analysis of the results obtained for 3a also
confirmed the existence of a d-d transition of the Fe (II) centre at ca. 495¢500 nmthat agrees with the

shoulder observed in the UVevis. spectra of compound 3a (Fig. 4 and Fig. S5).
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3. CONCLUSIONS

We have prepared and characterized six novel cyrhetrenyl hydrazones [Re{(h5-C5H4)eC(R1) Y4
NNHR2}(CO)3] {R1 % H (4) orMe (5) and R2 ¥4 4-NO2eC6H4 (a), C6HS5 (b) or H (c)}. NMR studies
and the crystal structures of 4a and 5c confirm that the organometallic framework and the amine
nitrogen are in a trans-arrangement (Eform). It should be noted that Re(I) compounds similar to those
presented here were not known before, except for [Re{(h5-C5H4) eCH]NNH][(2,4-
NO2)2C6H3]}(CO)3] (Fig. 1) that was described in 1981. Moreover, the comparison of the results
obtained from theoretical studies undertaken for hydrazones [R3CH Y4 NNH(4-NO2eC6H4)] {with R3
Y4 ferrocenyl (3a), cyrhetrenyl (4a), cymantrenyl (7a) or phenyl (6a)} have allowed us to explain the
effect produced by the R3 groups on: a) the HOMO and LUMO orbitals and the energy gap, b) the
charge distribution and the nucleophilicity of the imine carbon, and c) their polarizabilities and
hiperpolarizabilities.

Computational studies undertaken using TD-DFT methodology reveal a reasonable agreement between
the experimental and calculated UVevis. spectra and have allowed the assignment of the main
absorptions and to explain the effect produced by the substituent R3 on their absorption spectra in two

different solvents (CHCI13 and acetone).
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4. EXPERIMENTAL SECTION

4.1. Experimental details

Reactions were performed under a nitrogen atmosphere using standard Schlenk techniques. 4-
Nitrophenylhydrazine (98%), phenylhydrazine (98%) and hydrazine monohydrate (65%) were obtained
from Aldrich and used as received, and compounds [Re(h5-C5H4C(O)R1)(CO)3] (R1 % H or Me) were
prepared as described before [14b,c]. Solvents (CH2CI2, MeOH, EtOH and hexane) were obtained from
commercial sources and purified following standard methods [28]. Electron impact (EI) mass
spectrawere obtained on a Shimadzu GC-MS spectrometer (70 eV) at the Laboratorio de Servicios
Analiticos, (Pontificia Universidad Catll olica de Valparaiso). Infrared spectra were recorded in CH2CI2
solution using NaCl cells and a PerkineElmer - 1605 FT-IR spectrophotometer. Ultravioletevisible
spectra of compounds 3a, 4a and 6a in CHCI3 (99.4%); acetone (99.5%) or acetonitrile (99.9%) were
recordered at 298 K with a SHIMADZU UV-1800 spectrophotometer. 1H and 13C{1H} NMR spectra
were registered at 298 K on a Bruker AVANCE 400 III and Bruker Fourier 300 spectrometers using
CDCI3 as a solvent. The chemical shifts are referenced to the residual deuterated solvent peaks.
Chemical shifts (d) are given in ppm, and the coupling constants (J) in Hz. In the characterization
section of compounds 4aec and Saec the assignment of NMR data correspond to the labelling pattern
presented in Scheme 1. [Abbreviations for the multiplicities of the signals detected in 1H NMR: s
(singlet), d (doublet), t (triplet), m (multiplet) and br.s (broad singlet)].

4.2. Synthesis of the compounds

[Re{(h5-C5H4)eC(R1) ¥4 NeNH(4-NO2eC6H4)}(CO)3] with R1 % H (4a) or Me (5a). Hydrazones 4a
and 5a were prepared as described for the analogous ferrocenyl hydrazones [12a], except for the
following experimental conditions: a) the reactions were performed under N2 atmosphere, b) the
corresponding [Re{(h5- C5SH4C(O)R1}(CO)3] derivative [125 mg, 0.34 mmol (for R1 ¥ H) or 163 mg,
0.43 mmol (for R1 % Me)] was treated with the stoichiometric amount of 4-nitrophenylhydrazine and
anhydrous ethanol (8 mL) was used as solvent, c) the reaction mixture was stirred for 2 h in the presence
of molecular sieves and d) the solid formed after this period was collected by filtration, washed with
three portions of 5 mL of cold ethanol and the solvent was removed in a rotary evaporator. Compounds
4a and 5a were isolated as yellow solids. Yields: 62% (105 mg, 0.21 mmol) for 4a and 75% (165 mg,
0.32 mmol) for 5a.Characterization data for 4a:MS (based on 187Re) m/z: 499 [M]p; 471 [M  CO]p;
443 [M  2COJ]pand 415[M 3CO]p; IR data (CH2CI2, cm 1): 2025 (s) n(CO); 1930 (vs), n(CO)
and 1598 (w), n(>C]Ne). |H NMR data (400 MHz, CDCI3): d 5.40 (t, 2H, 3JH,H Y4 2.3, H3 and H4);
5.82 (t, 2H, 3JH,H 4 2.3, H2 and HS); 7.04 (d, 2H, 3JH,H 4 8.2, 2Hb); 7.45 (s, 1H, eCH]Ne); 7.98 (s,
1H, eNHe) and 8.17 (d, 2H, 3JH,H % 8.2, 2Ha). 13C{1H} NMR data (CDCI3): d 84.9 (C2 and C5);
85.6 (C3 and C4); 102.1 (C1); 113.2 (Ca); 127.4 (Cb); 134.1 (Cg); 150.0 (>C]Ne), 194.4 (CO) the
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resonance due to the quaternary Cipso carbon was not observed. For 5a: MS (based on 187Re) m/ z: 513
[M]p; 485 [M  CO]p; 457 [M  2CO]pand 429 [M  3CO]p; IR data (CH2CI2, cm 1): 2024 (s),
n(CO); 1929 (vs), n(CO) and 1601 (w), n(>C]Ne). 1H NMR data (300 MHz, CDCI3): d 2.02 (s, 3H,
Me); 5.39 (t, 2H, 3JH,H % 2.3, H3 and H4); 5.82 (t, 2H, 3JH,H % 2.3, H2 and HS5); 7.10 (d, 2H, 3JH,H
Y 8.2, 2Hb); 7.66 (s, 1H, eNHe) and 8.18 (d, 2H, 3JH,H % 8.2, 2Ha). 13C{1H} NMR data (CDCI3): d
31.6 (Me); 82.9 (C2 and C5); 84.4 (C3 and C4); 104.4 (C1); 112.3 (Ca); 126.1 (Cb); 138.7 (Cg); 140.9
(Cipso); 149.1 (>C]Ne) and 193.4 (CO).

[Re{(h5-C5H4)eC(R1) % NeNH(C6HS5)}(CO)3] with R1 % H (4b) or Me (5b). The synthesis of these
products was carried out following the same procedure as described above for 4a and 5a, [Re {(h5-
C5H4C(O)R1}(CO)3] derivative [100 mg, 0.275 mmol (for R1 % H) or 100 mg, 0.28 mmol (for R1 %
Me)], but replacing the 4- nitrophenylhydrazine by the stoichiometric amount of phenylhydrazine [27.2
mL, (0.275 mmol) and 27.7 mL, (0.28 mmol) for 4b and 5b, respectively]. After work-up, the desired
compounds were isolated as yellow (4b) and red (5b) solids. These products were afterwards
recrystallized in a CH2Cl2/hexane (1:5) mixture at 18 [ C. Yields: 78% (95 mg, 0.21 mmol) for 4b,
and 86% (110 mg, 0.24 mmol) for 5b. Characterization data for 4b: MS (based on 187Re) m/z: 454
[M]p; 426 M CO]p; 398 [M  2CO]pand 370 [M  3CO]p; IR data (CH2CI2, cm 1): 2024 (s),
n(CO); 1929 (vs), n(CO) and 1599 (w), n(>C]Ne). 1H NMR data (400 MHz, CDCI3): d 5.34 (t, 2H,
3JH,H % 2.3, H3 and H4); 5.75 (t, 2H, 3JH,H ¥4 2.3, H2 and H5); 6.84 (m, 3H, 2Hb and Hg); 7.02 (m,
2H, 2Ha); 7.37 (s, 1H, eCH] Ne) and 7.56 (s, 1H, eNHe). 13C{1H} NMR data (CDCI3): d 82.5 (C2 and
C5); 83.9 (C3 and C4); 102.4 (C1); 112.9 (Ca); 120.7 (Cg); 128.2 (Cipso); 129.3 (Cb); 143.9 (eCH]Ne)
and 193.7 (CO). For 5b: MS (based on 187Re) m/z: 468 [M]p; 440 [M  CO]p; 412 [M  2CO]p and
384 [M  3CO]Jp; IR data (CH2CI2, cm 1): 2022 (s), n(CO); 1924 (vs), n(CO) and 1597 (w),
n(>C]Ne). I1H NMR data (400 MHz, CDCI3): d 1.97 (s, 3H, Me); 5.35 (t, 2H, 3JH,H % 2.3, H3 and H4);
5.75 (t, 2H, 3JH,H % 2.3, H2 and HS5); 6.87 (m, 3H, 2Hb and Hg); 7.09 (m, 2H, 2Ha); and 7.25 (s, 1H,
eNHe). 13C{1H} NMR data (CDCI3): d 30.1 (Me); 81.9 (C2 and C5); 84.0 (C3 and C4); 101.8 (C1);
113.4 (Ca); 120.5 (Cg); 129.4 (Cb); 144.5 (>C]Ne) and 194.0 (CO); the resonance due to the quaternary
Cipso carbon was not observed.

[Re{(h5-C5H4)eC(R1) %4 NeNH2}(CO)3] with R1 % H (4c) or Me (5¢). The corresponding [Re(hS5-
C5H4C(O)R1)(CO)3] compound {with R1 2 H (100 mg, 0.27 mmol) (for 4c) or Me (100 mg; 0.26
mmol) (for 5¢)} was dissolved in anhydrous methanol (12 mL) and treated with an excess of hydrazine
monohydrate (140 mL, 2.7 mmol). The reaction mixture was stirred under N2 atmosphere for 2 h (for
4¢) or 18 h (for 5¢). Then, the solvent was evaporated to dryness under vacuum. The residue was
dissolved in 10 mL of CH2CI2, transferred to an extraction funnel, and treated with 30 mL of water to
remove the excess of hydrazine. Finally, the organic extract was collected, dried over Na2S04 and
solution was concentrated to dryness on a rotary evaporator giving yellow solids. They were later on
recrystallized in CH2C12/hexane mixtures [(1:5) (for 4¢) or (1:3) (for 5¢)] at 180 C. (Yields: 69% (70
mg, 0.19 mmol) for 4¢c and 69% (70 mg, 0.18 mmol) for Sc. Characterization data for 4c: MS (based on
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187Re) m/z: 378 [M]p; 350 [M  CO]Jp; 322 [M 2CO]p and 294 [M  3CO]p; IR data (CH2CI2,
cm 1): 2024 (s), n(CO); 1920 (vs), n(CO); 1603 (w), n(>C]Ne). |H NMR data (400 MHz, CDCI3): d
5.31 (t,2H, 3JH,H Y4 2.3, H3 and H4); 5.48 (br.s, 2H, NH2); 5.66 (t, 2H, 3JH,H %4 2.3, H2 and HS5); 7.34
(s, 1H, eCH]Ne). 13C{1H} NMR data (CDCI3): d 84.8 (C2 and C5); 86.4 (C32 and C4); 95.8 (C1);
154.8 (eCH]Ne) and 192.5 (CO). For 5¢: MS (based on 187Re) m/z: 392 [M]p; 364 [M  CO]p; 336 [M
2CO]p; 308 [M  3CO] p; IR data (CH2CI2, cm 1): 2021 (s), n(CO); 1925 (vs), n(CO) and 1608
(w), n(>C]Ne). 1H NMR data (400 MHz, CDCI3): d 1.86 (s, 3H, Me); 5.26 (br.s, 2H, NH2); 5.32 (t, 2H,
3JH,H %4 2.3, H3 and H4); 5.66 (t, 2H, 3JH,H Y4 2.3, H2 and H5). 13C{1H} NMR data (CDCI3): d 12.2
(Me); 81.9 (C2 and C5); 84.0 (C3 and C4); 106.8 (C1); 139.7 (>C]Ne) and 193.9 (CO).

4.3. Crystal structure determinations

A prismatic crystal of 4a or 5c (sizes in Table 4)was selected. The former was mounted on a MAR345
diffractometer with an image plate detector. Unit-cell parameters (Table 4) were determined from 255
reflections (3] < q <310 ) and refined by least-squares method. Intensities were collected with graphite
monochromatized Mo Ka radiation.

For 4a, 11801 reflections were measured in the range 1.780 [ ql 30.300 , of which 3765 were non-
equivalent by symmetry {Rint (on I) %4 0.0488} and 3192 reflections were assumed as observed
applying the condition I > 2s(I). Lorentz-polarization and absorption corrections were made. The
structure was solved by Direct methods, using SHELXS computer program [29] and refined by
fullmatrix least-squares method with SHELX97 computer program [30] using 11801 reflections, (very
negative intensities were not assumed). The function minimized was S w | [Fo|2 - |Fc|2 |2, where w Y4
[s2() p (0.0556P)2 b 0.5148P] 1, and P % (|Fo|2 b 2 |Fc|2)/3, £, O and f00 were taken from
International Tables of X-Ray Crystallography [31]. All H atoms were computed and refined, using a
riding model, with an isotropic temperature factor equal to 1.2 times the equivalent temperature factor of
the atom linked.

The crystal of 5S¢ was mounted on top of glass fibres in a random orientation. Diffraction data were
collected at 296.15 K on a Bruker D8 QUEST diffractometer equipped with a bidimensional CMOS
Photon100 detector, using graphite monochromated Mo-Ka radiation. The diffraction frames were
integrated using the APEX2 package [32] and were corrected for absorptions with SADABS. Using
OLEX2 as graphical interface, the structure was solved with OLEX2 structure solution program [33] by
charge flipping and refined with the Gauss-Newton refinement package. In this case, non-hydrogen
atoms were refined with anisotropic displacement parameters and H atoms were finally included in their
calculated positions.

The final R(on F) factorwas 0.036 for 4a, and 0.015 for 5¢; wR(on [F|2) ¥4 0.098 (4a) [or 0.044 (5¢)],
and the goodness of fit ¥4 1.141 and 1.396 (for 4a and Sc, respectively). The number of refined
parameters and further details concerning the resolution and refinement of the crystal structures of 4a

and 5c are presented in Table 4.
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4.4. Theoretical studies

Calculations were carried out using the Gaussian09 package [26]. The hybrid density function method
known as B3LYP was applied [24]. Effective core potentials (ECP) were used to represent the
innermost electrons of the transition metal atom (Fe and Re) and the basis set of valence double-z
quality for associated with the pseudopotentials known as LANL2DZ [25]. The basis set for the main
group elements was 6-31G* (C, N, O and H) [34]. All molecular structures were optimized without
symmetry constraints and characterized as minima by vibrational analysis. Polarizabilities and

hyperpolarizabilities were computed using frequency-dependent (u % 0.1 Ha) [35].
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Legends to figures

Figure 1. Representative examples of ferrocenyl and cyrhetrenyl hydrazones described previously

[10,11,17].

Scheme 1. Synthesis of compounds [Re{(h5-C5H4)eC(R1) ¥4 NeNHR2}(CO)3] with R1 % H (4) or Me
(5) and atom numbering system for NMR data.

Figure 2. Hydrogen bonds promoted by the coordinated ethanol molecules in compound 1 (shown as
light blue bonds).

Figure 3. ORTEP plot of the molecular structure of [Re{(h5-C5H4)eC(Me) 2 NNH2}(CO)3] (5¢).

Hydrogen atoms have been omitted for clarity.

Figure 4. UVevisible spectra of compounds R3CH % NeNH(4-NO2C6H4) with R3 Y4 ferrocenyl (3a),
cyrhetrenyl (4a) and phenyl (6a) in CHCI3 at 298 K.

Figure 5. Schematic views of the HOMO and LUMO of compounds R3CH ¥ NNH(4-NO2eC6H4)
with R3 V4 ferrocenyl (3a), cyrhetrenyl (4a), phenyl (6a) or cymantrenyl (7a) and the representation of

the main expected transitions in their absorption spectra.
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604  Table 1 Selected bond lengths (in A) and angles (in deg.) for compounds [Re{(h5-C5H4) eC(H) Y4
605  NeNH(4-NO2eC6H4)}(CO)3], (4a) and [Re{(h5-C5H4)eC(Me) 4 NNH2}(CO)3] (5¢). [Cg(1)
606  represents the centroid of the C5H4 ring].
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Table 2 Experimental Ultravioletevisible spectroscopic data: wavelengths li (in nm), logarithms of the
molar extinction coefficients, log €i (in parenthesis) in chloroform, acetone and acetonitrile, for [R3
CH]NNH(4-NO2eC6H4)] (R3 V4 ferrocenyl, (3a), cyrhetrenyl (4a) or phenyl (6a).
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619  Table 3. Summary of the results obtained from the computational studies showing. Electronic

620 transitions with greater contributions to the absorption band detected in the UVevis spectra of

621  compounds, together with the position of the bands (I, in nm) determined in gas phase, chloroform and
622  acetone hydrazones 3a, 4a, 6a and 7a (the calculated oscillator strengths are given in parenthesis).

623

Crmpd Aesignment Type Gas phass Claradarm Acemine
3 HOMD -« 11D [70E] LT 3ES(0ZE) 219 [ 0L45) 428 (0.349)
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627  Table 4. Summary of crystallographic data and details of the refinement of the crystal structures of
628  compounds [Re{(h5-C5H4)eC(H) ¥ NeNH(4-NO2eC6H4)}(CO)3] (4a) and [Re{(h5-C5H4)eC(Me) V4
629  NeNH2}(CO)3] (5¢).
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