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A series of ionic pseudo-octahedral trans-hydrido(nitrile)-
iron(II) complexes with the general formula [Fe(H)(dppe)2(4-
NCR)][PF6] [dppe = 1,2-bis(diphenylphosphanyl)ethane; R =
acceptor-substituted conjugated ligand] have been synthe-
sised by chloride abstraction from the starting compound
trans-[FeHCl(dppe)2] and fully characterised. First hyperpo-
larisabilities (β) have been determined by hyper-Rayleigh
scattering (HRS) at the fundamental wavelength of 1072 nm
and the high near-resonant values obtained (up to 1130×10–

30 esu) are interpreted in terms of the two-level model (TLM)
and are correlated with IR and NMR spectroscopic data.
Wavelength-dependent HRS has been performed in the

Introduction

Organometallic molecules have been extensively studied
in the search for new materials with enhanced second-order
nonlinear optical (NLO) properties.[1–7] Because of their
large first hyperpolarisabilities (β), fast response times and
architectural flexibility, they have many potential applica-
tions in photonic devices such as frequency doublers, pho-
tonic switches and electro-optic modulators.[8] Many studies
have focused on organic and organometallic molecules
composed of a highly polarisable π-conjugated backbone
with an electron-donor (D) and an -acceptor (A) group at-
tached to opposite ends. In this way a so called asymmetric
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1072–1580 nm range for two of the compounds, namely
[Fe(H)(dppe)2{4-NC(CH)(CH)C6H4NO2}][PF6] and [Fe(H)-
(dppe)2{4-NCC6H4(CH)(CH)C6H4NO2}][PF6]. These results
clearly show the two-photon resonance but also the short-
comings of the TLM when it comes to deriving reliable static
β values. A structural study of the compound [Fe(H)(dppe)2-
(4-NCC6H4NO2)][PF6] by X-ray diffraction shows that it crys-
tallises in the centrosymmetric monoclinic space group
P21/n, with four molecules in the unit cell and a pairwise
antiparallel alignment of the dipoles.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

“push-pull” or D-π-A system is created, which can be used
to obtain a macroscopically non-centrosymmetric medium
with a large second-order nonlinear susceptibility.[3] In the
search for better donor and acceptor groups, it appeared
that an organometallic moiety could serve as a very efficient
alternative electron-donor group to the traditional, purely
organic, push-pull system.[1,2,5–7,9] In these systems, the
characteristic charge transfer from metal to ligand (MLCT)
could be the origin of a large charge separation over the
long conjugated ligand, which can be tuned to optimise the
molecular nonlinear optical properties. We have previously
reported hyper-Rayleigh scattering (HRS) results for such a
systematically varied series of ionic organometallic com-
plexes, consisting of a transition metal centre coordinated
by an η5-monocyclopentadienyl ring, a bidentate phos-
phane ligand and a conjugated nitrile ligand.[10–12] By com-
paring complexes with electron-donor and -acceptor substi-
tuted ligands we found that the ruthenium and especially
the iron fragments could be used as very efficient electron-
donor groups.

In order to further enhance the NLO response new struc-
tural changes are now implemented. First of all, the donor
fragment is modified by replacing the η5-monocyclopentad-
ienyl ring by a second bidentate phosphane ligand [1,2-
bis(diphenylphosphanyl)ethane, Ph2P(CH2)2PPh2, dppe]
and a hydride, which leads to a pseudo-octahedral coordi-
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nation at the transition metal. This coordination creates
new possibilities for fine-tuning the molecular structure
since an extra ligand can be bound to the metal trans to the
conjugated ligand. Because of the pseudo-octahedral coor-
dination it also becomes possible to use these complexes
as a building block for highly branched macromolecules or
metallodendrimers,[13,14] which have promising applications
in nonlinear optics. A series of pseudo-octahedral ruthe-
nium acetylide compounds[15] exhibits even higher β val-
ues[16] than the analogous cyclopentadienyl compounds
studied before,[17] although they are about equally resonant.
Therefore, in this work, the favourable iron centre is com-
bined with the pseudo-octahedral surrounding and with a
nitrile linkage in order to obtain very high hyperpolarisabil-
ities together with extensive molecular versatility. Apart
from the improvement of the metallic electron donor, we
have also looked for a more efficient acceptor by introduc-
ing a second nitro group at the conjugated backbone. Fi-
nally, the conjugated backbone itself, which connects the
electron-acceptor and -donor groups, is also varied in both
length and structure to further optimise the hyperpolaris-
ability.

Results and Discussion

Preparation of the Pseudo-Octahedral Iron(II) Dppe
Derivatives

The complexes of general formula [Fe(H)(dppe)2(4-
NCR)][PF6] were prepared following a general procedure
that involves chloride abstraction from the starting com-
pound trans-[FeHCl(dppe)2] by TlPF6, in the presence of a
slight excess of the corresponding nitrile chromophores (see
Scheme 1). The reactions were carried out in CH2Cl2 or

Scheme 1. Synthesis of complexes 1–6 (showing the numbering scheme for NMR spectral assignments).
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THF by stirring at room temperature for several hours. Af-
ter work-up, the compounds were obtained in moderate to
high yields (37–71%).

Characterisation of the New Complexes [Fe(H)(dppe)2-
(4-NCR)][PF6]

All of the trans-hydrido(nitrile)iron() complexes were
obtained as deep-red or purple crystals with the exception
of [Fe(H)(dppe)2{2,4-NCC6H3(NO2)2}][PF6] (4), which is
dark green. They are fairly air stable in the solid state
towards oxidation, but less stable in solution. They are solu-
ble in polar solvents and insoluble in less polar and apolar
organic solvents. The complexes were characterised by a
combination of IR and 1H, 13C and 31P NMR spectroscopy,
and elemental analysis.

The solid-state IR spectra (KBr pellets) of complexes 1–
6 present a large number of bands due to the presence of
the various co-ligands. They exhibit strong ν(NC) bands in
the range 2138–2185 cm–1 (see Table 1) at lower wave-
numbers than those observed for the corresponding unco-
ordinated nitriles. Thus, on coordination of the nitrile to
the metal fragment, the NC stretching band shifts by 33 to
101 cm–1 to lower frequency. This weakening of the NC
bond is consistent with a π back-donation interaction
dπ(Fe)–π*(NC), which makes the metal group a more effec-
tive donor. This shift is found to be much higher in the
present complexes than in the cyclopentadienyl com-
pounds,[10] where shifts of up to 35 cm–1 were obtained. The
π back-donation is enhanced by the interaction between the
electron-donating metal moiety and the electron-accepting
nitro group through the conjugated chain, as desired for a
large first hyperpolarisability. In agreement with this in-
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Table 1. The experimental hyperpolarisabilities, βzzz, measured by HRS at λ = 1072 nm in chloroform, together with optical and spectro-
scopic data. λmax is the spectral position of the lowest energy transition; εmax is the corresponding extinction coefficient.

Pseudo-octahedral compounds η5-Monocyclopentadienyl compounds[12]

[Fe(H)(dppe)2(p-NC-R)]+ [PF6]– (for R see Scheme 1)
Complexes 1 2 3 4 5 6 7 (p-NC-R = L1) 8 (p-NC-R = L2)

λmax (nm) 546 549 485 723 505 503 460 484
εmax (L mol–1 cm–1) 7700 8800 8300 8300 10300 10700 6000 8700
βcomplex

zzz (10–30 esu) 700 860 800 435 1130 1026 395[a] 570[a]

βligand
zzz (10–30esu) 4.4[a,b] – 33 5.6 41 47

ν(C�N)[c] (cm–1) 2177 2174 2185 2138 2182 2183 2205 2205
∆ν(C�N)[c] (cm–1) –56 -43 –33 –101 –40 –39 –35 –15
ν(Fe–H)[c] (cm–1) 1870 1853 1888 1891 1891 1896 – –
δ(1Hhydride)[d] (ppm) –17.48 –18.03 –18.83 –14.60 –18.67 –18.54 – –
δ(1Har)[d]* (ppm) 6.73 5.65 6.76 5.43 6.77 6.79 6.97[e] 5.95[e]

∆δ(1Har)[d] (ppm) –1.17 –0.43 –0.94 –2.78 –0.96 –1.11 –1.16[e] –0.64[e]

δ(31Pdppe)[d] (ppm) 83.34 83.80 83.74 81.00 83.48 83.45 98.09[f] 97.64[f]

[a] At 1064 nm. [b] In methanol.[10] [c] KBr pellets, some bands are very weak. [d] CD2Cl2, room temperature. [e] (CD3)2CO, room tem-
perature. [f] CDCl3, room temperature; * H adjacent to NC group.

terpretation, the shifts are dependent on the number of ni-
tro groups present at the nitrile ligand and on the distance
between the NC and NO2 groups. Thus, the highest shift is
found for 4 due to the presence of two strongly electron-
withdrawing nitro groups separated by only a short, well-
conjugated link from the donor group. The trend in the
values indicates that removal of electron density from the
nitrile linkage becomes less marked on chain lengthening.
For the dinitro derivatives (compounds 5 and 6), the posi-
tion of the ν(NC) absorption seems to be independent of
the type of conjugated bridge between the aromatic rings.
The ν(Fe–H) bands are very weak, with high frequencies in
the range 1853–1896 cm–1, consistent with a strongly bound
hydride trans to an aromatic nitrile.[18,19]

The 1H NMR spectra of the compounds were obtained
in CD2Cl2 solutions. The chemical shifts of the dppe pro-
tons are within the range of other octahedral iron() com-
plexes with coordinated nitriles and are almost constant in
all compounds synthesised. The hydride is observed upfield
of the TMS signal (δ = –14.6 to –18.8 ppm) (see Table 1) as
a quintuplet due to coupling with the phosphorus atoms of
the dppe units, thus showing that all phosphorus atoms are
equivalent, in an equatorial position, with a trans orienta-
tion between the hydride and the nitrile ligands. The posi-
tion of the hydride signal is affected by the nitrile ligand
and it also seems to be dependent on the distance between
the NC and NO2 groups, with short distances changing the
signal to less-negative chemical shifts. This observation is
consistent with a hydride ligand coordinated trans to a good
π-acceptor like the nitrile ligands, as reported before.[20]

Upon coordination of the nitrile ligand, the chemical shifts
of the aromatic ortho protons (relative to the nitrile group)
can be used to assess the electron-donating capabilities of
the metal centre (see, for instance, refs.[11,12,21]) and have
been shown to be correlated with high molecular hyperpo-
larisabilities β. An upfield shift of the ortho protons, corre-
sponding to a stronger shielding effect, indeed indicates a
back-donation from the metal centre to the nitrile ligand
and suggests a more efficient donor and/or a stronger ac-
ceptor group. For the present complexes all the ortho pro-
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tons or the Hβ (in compound 2) are shielded, with upfield
shifts between 0.43 and 2.78 ppm, with the highest shift
found for the ortho proton of complex 4. These shifts are
much higher than those measured in our previous studies
of the cyclopentadienyl compounds (0.05–1.2 ppm),[11,12,21]

which makes the high β values obtained comprehensible
(see Table 1).

The compounds were also characterised by 13C NMR
spectroscopy in [D2]dichloromethane. The deviations in the
chemical shifts of the carbon atoms are small and in agree-
ment with the data observed in the 1H NMR spectra. The
31P{1H} NMR spectra of these compounds show a single
sharp signal in the range δ = 81–84 ppm, attributed to the
phosphorus atoms of the dppe ligand, which confirms that
all the complexes adopt an exclusively trans configuration
in solution. These data are also consistent with the expected
deshielding effect upon coordination of the phosphane,
since free dppe shows a singlet at δ = –12.1 ppm in the same
solvent.

X-ray Structural Determination of [Fe(H)(dppe)2-
(4-NCC6H4NO2)][PF6] (1)

Recrystallisation of compound [Fe(H)(dppe)2(4-
NCC6H4NO2)][PF6] (1) by slow diffusion of diethyl ether
into a dichloromethane solution gave crystals suitable for
X-ray diffraction studies. The crystals belong to the mono-
clinic system (space group P21/n), with four molecules in
the unit cell. The structural studies confirm the presence of
1+ cations, hexafluorophosphate anions and a crystallisa-
tion solvent molecule of dichloromethane. The molecular
structure of the cation is shown in Figure 1 (obtained with
ORTEP-3[22]), along with the atom-numbering scheme. Se-
lected bond lengths and angles are given in Table 2.

Complex 1 presents a distorted octahedral coordination
geometry with the atoms coordinated to Fe displaying bond
angles close to 90° (see Table 2). The X-ray structure con-
firms the trans position of the nitrile and hydride ligands,
which define a vertical axis, with the two bidentate phos-
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Figure 1. Molecular structure of the cation [Fe(H)(dppe)2(4-
NCC6H4NO2)]+ with 40% probability thermal ellipsoids, showing
the labelling scheme (the hydrogen atoms, except the hydride, have
been omitted for clarity).

Table 2. Selected bond lengths [Å], angles [°] and torsion angles [°]
for [Fe(H)(dppe)2(4-NCC6H4NO2)][PF6] (1).

Bond lengths [Å] Angles [°]

Fe(1)–H(1) 1.45(5) Fe(1)–N(1)–C(1) 174.2(5)
Fe(1)–N(1) 1.880(5) N(1)–C(1)–C(2) 175.4(7)
N(1)–C(1) 1.162(7) C(1)–C(2)–C(3) 119.9(6)
C(1)–C(2) 1.429(8) C(5)–N(2)–O(1) 118.3(8)
N(2)–C(5) 1.485(9) C(5)–N(2)–O(2) 117.8(7)
N(2)–O(1) 1.211(9) O(1)–N(2)–O(2) 123.9(7)
N(2)–O(2) 1.225(9) H(1)–Fe(1)–P(1) 93(2)
C(Ar)–C(Ar) 1.363–1.388 P(1)–Fe(1)–N(1) 87.78(14)
Fe(1)–P(1) 2.274(2) H(1)–Fe(1)–P(2) 84(2)
Fe(1)–P(2) 2.256(2) P(2)–Fe(1)–N(1) 97.57(15)
Fe(1)–P(3) 2.276(2) H(1)–Fe(1)–P(3) 87(2)
Fe(1)–P(4) 2.226(2) P(3)–Fe(1)–N(1) 92.37(14)

H(1)–Fe(1)–P(4) 81(2)

Torsion angles [°]

Fe(1)–N(1)–C(1)–C(2) 29(11) P(4)–Fe(1)–N(1) 96.99(15)
N(1)–C(1)–C(2)–C(3) –38(8) P(1)–Fe(1)–P(2) 83.15(7)
C(2)–C(7)–C(6)–C(5) –0.2(12) P(1)–Fe(1)–P(4) 96.44(7)
C(2)–C(3)–C(4)–C(5) 1.9(11) P(3)–Fe(1)–P(2) 97.22(7)
C(7)–C(6)–C(5)–N(2) 177.5(7) P(3)–Fe(1)–P(4) 83.14(7)
C(6)–C(5)–N(2)–O(1) 11.4(8) P(1)–Fe(1)–P(3) 179.57(8)
C(6)–C(5)–N(2)–O(2) 10.2(11) P(4)–Fe(1)–P(2) 165.41(7)
C(4)–C(5)–N(2)–O(1) 10.7(10) H(1)–Fe(1)–N(1) 178(2)
C(4)–C(5)–N(2)–O(2) 9.4(8)

phane ligands occupying the equatorial plane. The four
phosphorus atoms (P1–P4) are roughly coplanar, with an
average atomic displacement of 0.1407(6) Å with the Fe
atom lying within the plane.

The investigation of the Fe–N and Fe–H bond lengths is
of particular interest as they can often indicate the presence

Table 3. Structural data for pseudo-octahedral iron derivatives containing hydride and nitrile ligands.

Compound Fe–H [Å] Fe–N [Å] N�C [Å] Reference

[Fe(H)(dppe)2(NC–SCH3)][CF3SO3] 1.45(3) 1.916(2) 1.153(3) [23]

[Fe(H)(dppe)2(NC–NH2)][BF4] 1.59(9) 1.95(1) 1.15(2) [19]

[Fe(H)(depe)2(NC–CHCOOEt)] 1.50(6) 1.945(4) 1.167(6) [24]

[Fe(H)(dppe)2(NC–CH3)][BPh4] 1.50(2) 1.933(2) 1.141(3) [18]

[Fe(H)(dppe)2(NC–CH2CH2OMe)][BPh4] 1.44(2) 1.930(2) 1.149(2) [18]

[Fe(H)(dppm)2(NC–CH3)][BF4] 1.35(6) 1.927(4) 1.137(6) [20]

[Fe(H)(dppe)2(NC–C6H4NO2)][PF6] (1) 1.45(5) 1.880(5) 1.162(7) this work
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of a d-p π overlap in the Fe–N bond. The hydride could be
located and reasonably isotropically refined with an Fe–H
bond length of 1.45(5) Å, which is in the lower range of the
values observed in similar compounds, as can be seen in
Table 3 (hydride structures in refs.[18–20,23,24]). The Fe–N
bond length [1.880(5) Å] is slightly shorter than those ob-
served in these compounds, while the N�C bond length
[1.162(7) Å] is relatively longer (see Table 3). These observa-
tions, as well as the Fe(1)–N(1)–C(1) and N(1)–C(1)–C(2)
bonding angles of 174.2(5)° and 175.4(7)°, respectively, con-
firm the existence of Fe�N π back-donation. The distances
and angles within the benzonitrile group, in particular the
absence of any obvious bond-length alternation, are consis-
tent with the retention of aromaticity. The nitro group is
slightly twisted relative to the aromatic ring plane, charac-
terised by Car–Car–N–O torsion angles of around 10°.

The dppe chelate ring is not planar but exhibits an enve-
lope conformation, i.e. the atoms Fe, P1, P2 and C(231) are
essentially coplanar while atom C(131), the “flap” atom of
the envelope, lies more than 0.73 Å away from this plane.
The same applies to the other phosphane. The non-planar-
ity of this conformation diminishes the contacts between
the chelate phenyl groups and the nitrile ligand.

The compound displays a pseudo-fourfold rotation axis
through H–Fe–N, relating the P atoms, which is almost per-
pendicular to the equatorial plane [87.6(5)°]. This equiva-
lency of the P atoms agrees with the NMR spectroscopic
data of the compounds, which show a quintuplet for the H
ligand in their 1H NMR spectra and a singlet for the four
P atoms in their 31P{1H} NMR spectra. These results show
that these molecules maintain in the solid state the general
structure found in solution.

In the crystal packing, the molecules of compound 1
form pseudo-dimers with an antiparallel alignment due to
a Car–H···O(1)nitrile hydrogen-bond interaction [D–A =
2.58(2) Å], thus cancelling their NLO responses in the crys-
talline state (Figure 2, a). Each constituent of this dimer is
part of a chain in which the molecules are aligned due to
the other Car–H···O(2)nitrile hydrogen-bond interaction [D–
A = 2.58(2) Å] and also through the PF6 anion, with C–
H···F interactions [C123–H···F5 = 2.67(2), C7–H···F2 =
2.51(2), C212–H···F2 = 2.30(2), C246–H···F4 = 2.54(2),
C226–H···F4 = 2.58(2), C341–H···F1 = 2.50(2) Å], which
arrange the molecules in a straight line (along a). Overall,
as can be seen in Figure 2 (b), the crystal structure is
formed by alternating chains of molecules aligned in oppo-
site directions. It can also be seen that, in each chain, the
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Figure 2. a) View of the antiparallel dimer; b) view of the crystal arrangement showing the alternating chains of cations aligned in
opposite directions (solvent molecules have been omitted for clarity).

PF6 anion occupies the “open space” to form an anion
channel along c.

The second-order NLO response of compound 1 is can-
celled in the solid state because of the pairwise antiparallel
alignment of the chromophores, which results in a centro-
symmetric structure. It has been shown previously that it is
possible to overcome this problem of antiparallel alignment
of neighbouring dipolar molecules by appropriate design of
the molecular shape, in particular by introducing a spacer
group between the successive chromophores.[25,26] In this
approach, the Coulomb interaction becomes equally
favourable for the parallel alignment as for the antiparallel
alignment of the chromophores. The actual crystal struc-
ture formed is then determined by more subtle factors, such
as chirality, hydrogen bonding and steric (van der Waals)
interactions. These considerations are the subject of a pre-
vious paper,[25] where we have shown that this strategy
works for complexes of very similar size and dipole mo-
ment. In fact, an ideal crystal structure with perfectly
aligned chromophores was obtained for two cyclopen-
tadienylruthenium and -iron complexes with chiral co-
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ligands;[25,27] in both cases the analogous complex with an
achiral coligand crystallised centrosymmetrically. While the
condition of proper spacing along the dipolar axis was met
accurately in those Cp complexes,[25] this spacing was hard
to control. In view of these design strategies, the new com-
plexes studied here, besides the obvious possibility to re-
place the dppe co-ligands with chiral phosphanes, have the
additional advantage of an available valence trans to the
nitrile ligand due to their pseudo-octahedral geometry. This
should allow a better control of the spacing (adapted to the
length of the dipolar chromophore) and thus enable op-
timisation of the microscopic and macroscopic NLO prop-
erties.

UV/Visible Studies

The electronic spectra of the compounds and of the un-
coordinated nitrile ligands were recorded for 10–4 to 10–5 

chloroform solutions (Figure 3) in order to identify the M–
L charge transfer and π–π* absorption bands expected in
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Figure 3. Optical absorption spectra of the compounds of Table 1: The nitro complexes (a) with an associated free ligand (c) and the
dinitro complexes (b) with the free ligands (d). The downward arrow indicates the second harmonic wavelength of 536 nm at which most
of the HRS measurements were performed.

these complexes. Additionally, a study of one of the com-
pounds in other solvents was carried out to examine the
solvatochromic effect.

The absorption bands in the 253–376 nm range are asso-
ciated with the π � π* and n � π* transitions in the nitrile
ligands, since they are also observed in this region for the
corresponding free nitriles. Transitions at longer wave-
lengths (500–725 nm) are due to M–L charge transfer in-
volving the FeII centre and the nitro-substituted aromatic
nitrile and are explained by π back-donation involving
dπ(Fe)–π*(NC) orbitals (see Table 1). Dinitro substitution
of the aromatic nitrile, going from 1 to 4, results in a red-
shift of 177 nm for the MLCT band. Chain lengthening
leads to different behaviours for the absorption bands in
the spectra: while the short wavelength absorption band,
associated with the π–π* transition of the conjugated nitrile
ligand (250–375 nm range), displays a red-shift with in-
creasing chain length, as would be expected, a reverse effect
was observed for the lowest energy band. In fact, going
from 1 to 3 (or from 4 to 5) we can observe a blue-shift and
a slight enhancement of the MLCT band. Such a blue-shift
has been observed before for CT transitions in organic[28,29]

and organometallic[30] strong push-pull systems, for which
a lower energy charge-transfer transition is obtained when
the donor and acceptor groups are well-coupled through a
shorter conjugated path.
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Sizable solvent-induced shifts of absorption maxima (sol-
vatochromism) are a measure of the CT character of the
transition (large change in dipole moment ∆µ), and there-
fore have been used as an indication of appreciable qua-
dratic molecular hyperpolarisabilities β.[27] It was therefore
of interest to assess the solvatochromic response of the
MLCT band for the complexes and [Fe(H)(dppe)2(4-
NCC6H4NO2)][PF6] (1) was studied in solvents of different
polarity (chloroform, acetone and DMSO). A positive sol-
vatochromic shift of 21 nm across the range of these sol-
vents was observed, with the lowest energy transition found
in the polar solvent DMSO. This identifies this band as a
CT transition and shows that the dipole moment increases
upon excitation, consistent with a charge transfer from the
metallic donor to the acceptor side of the complex.

Hyper-Rayleigh Scattering Measurements

The experimental resonant hyperpolarisabilities obtained
by hyper-Rayleigh scattering (HRS) at 1072 nm for the
series of compounds studied in this work and the chemical
structures of the acceptor-substituted ligands are summa-
rised in Table 1. In general, high β values are obtained for
the complexes. HRS measurements were also performed on
the free acceptor-substituted nitrile ligands, which exhibit
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very low hyperpolarisabilities, in contrast to the corre-
sponding push-pull systems.

To interpret the nearly resonant β values of the com-
plexes in terms of electronic properties it is useful to con-
sider the two-level model (TLM), which is based on the
assumption that only one excited state [i.e. the charge trans-
fer (CT) state] contributes to the β value. Assuming that the
difference between the dipole moment in the ground and
excited state, ∆µ, and the transition dipole, µeg, are parallel
to each other (along the z-axis), the β tensor only has a
diagonal zzz-component and can be written as[3,31,32]

where fosc is the oscillator strength of the CT transition and
ωeg its frequency. The expression consists of a static value,
β0, multiplied by a wavelength-dependent resonance factor.

Because this model does not take into account the line
broadening of the transition, it cannot be used to describe

Figure 4. Wavelength-dependent HRS data for complexes 2 (top) and 3 (bottom) together with their extinction spectra. The two-level
model (TLM) curves based on the most and least resonant β values are also shown (overlapping for 3). For a clear view of the two-
photon resonance, the experimental hyperpolarisabilities and the TLM curves are displayed at the frequency-doubled wavelength.

Eur. J. Inorg. Chem. 2006, 2175–2185 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2181

the dispersion of β close to resonance. Hence, because most
of the compounds studied in this work have a λmax value
close to the second harmonic wavelength of 536 nm, the
model is not suitable to calculate static β values. To study
the wavelength dependence of β in the NIR, and eventually
derive a more reliable estimate of the static value β0, two of
the compounds (2 and 3) were studied in the 1072–1580 nm
range. These wavelength-dependent HRS data are presented
in Figure 4, where a pronounced resonant enhancement as-
sociated with the low-energy charge-transfer transition can
be seen in both cases.

The TLM curves based on the most resonant (1072 nm)
and the least resonant β value (1540 nm, shown for 2 only)
are also plotted in Figure 4. For compound 3, which is not
extremely resonant, the TLM curve going through the
1072 nm value appears to give quite a good description of
the dispersion of β, and the obtained static value of
115×10–30 esu seems adequate. In fact, this curve is (coinci-
dentally) overlapping with the one based on the 1580 nm
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value, which leads to practically the same β0 value
(113×10–30 esu). Compound 2, on the other hand, is closer
to resonance and it is clearly seen that the undamped TLM
is totally inadequate to derive the static value from β at
1072 nm. The dispersion is very poorly modelled and a far
too low β0 would be obtained using only this resonant
value. However, using only the least resonant β (at 1540 nm)
shows that the TLM gives a good description of the long
wavelength tail of the dispersion curve and yields a more
reliable static β0 (163×10–30 esu). So, this wavelength-de-
pendent HRS study clearly shows that the TLM cannot be
used to calculate β0 from strongly resonant hyperpolaris-
abilities and therefore, in the following discussion, we will
use the TLM for only qualitative comparisons between the
different structural variations. One way to improve on this
model is to introduce an ad hoc damping factor, Γ, into the
expression of β but, unfortunately, some additional compli-
cations arise in this procedure. Firstly, it is not clear
whether such a damping factor (i.e. a homogeneous line-
broadening) can also be used to properly describe the actual
linewidth, which is largely due to inhomogeneous broaden-
ing and vibronic coupling, and secondly, there is a possible
red-shift between the absorption and the β maximum, as
reported by Wang et al.[33] Therefore, more extended wave-
length-dependent HRS measurements are needed to decide
between different possible models.[31,34–37]

The first structural variation which will be discussed is
the replacement of the η5-monocyclopentadienyl ring at the
organometallic donor fragment by a second bidentate phos-
phane (dppe) ligand to create a pseudo-octahedral sur-
rounding of the iron moiety. Comparing 1 with 7 and 2
with 8 (see Table 1) we can see that in both cases the intro-
duction of the second dppe ligand results in a red-shift of
the CT band and an increase of the extinction coefficient,
εmax, which results in an increase of the resonant β value,
in agreement with the two-level model. From IR measure-
ments a significant shift to lower ν(N�C) values was ob-
served upon coordination (∆νNC = –56 cm–1 for 1 and
–43 cm–1 for 2; see Table 1). This points to a stronger π
back-donation and hence a higher donor efficiency in the
pseudo-octahedral cases 1 and 2 as compared to the analo-
gous cyclopentadienyl compounds 7 and 8, where a shift of
only –35 and –15 cm–1 was found, respectively.[12] This is
indeed supported by the higher static value of
163×10–30 esu obtained for the pseudo-octahedral com-
pound 2 than the β0 of 112×10–30 esu for the analogous
cyclopentadienyl complex 8.[12] So, in conclusion, based on
the spectroscopic measurements and the increase of the
static β value it appears that the pseudo-octahedral sur-
rounding yields a more efficient electron donor.

A second strategy we used to optimise the push-pull sys-
tem was to also increase the strength of the electron-with-
drawing moiety by introducing an extra nitro group at the
ortho position of the last phenyl ring of the conjugated
backbone. Comparing compounds 1 and 4 and 3 and 5 we
can see that in both cases the introduction of the second
nitro group results in a shift of the CT band to higher wave-
lengths and an increase of the extinction coefficient. It ap-
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pears that introducing the second nitro group results in a
more efficient electron-withdrawing moiety, thereby lower-
ing the energy of the CT transition. The energy shift makes
the longer compound 5 more resonant than compound 3,
while for the shorter compound 4, the shift is much more
drastic and results in a CT band in the NIR, beyond reso-
nance. However, compound 4 has a remarkably high β
value, taking into account that it is farther from resonance,
so it probably has a higher static value β0 than compound
1.

The smaller red-shift observed for the longer compounds
(3 and 5) can be understood by considering that the second
nitro group was introduced on the second phenyl ring, far-
ther from the donor metal fragment, leading to a less effec-
tive D–A interaction through the π back-donation effect.

The third degree of freedom which can be used to optim-
ise the molecular β value is the structure and length of the
conjugated backbone connecting the electron donor and ac-
ceptor. It is well known that β increases sharply with conju-
gation length, therefore we extended the conjugated back-
bone of both the nitro (1, 2 and 3) and the dinitro com-
pounds (4 and 5). A very surprising result is that, for both
forms, the CT band shifts to higher energy for the longer
compounds. As we mentioned previously, this can be ex-
plained by a better interaction of the donor with the ac-
ceptor through the shorter conjugated path, leading to a
very low energy CT transition. However, the longer com-
pound 2 yields a larger β than the shorter one 1, which
in this case is compatible with the difference in extinction
coefficients, εmax. This trend is continued for the even longer
compound 3. Indeed, comparing compounds 2 and 3 we
see that although compound 3 is much less resonant and
has about the same extinction coefficient, it still has a com-
parable β value to compound 2. This points to a large static
β value for compound 3 as a consequence of a large dipole
moment difference, according to the two-level model. In the
case of the dinitro compounds the difference between the β
values of the shorter compound 4 and the longer one 5
can be explained in terms of resonant enhancement and
difference between extinction coefficients.

Finally, the structural change of introducing one hydra-
zone spacer (–C=N–NH) between the two phenyl rings
forming the backbone on going from compound 5 to 6
seems to have virtually no effect on the β values; ν(N�C),
δ1Hhydride

and δ31Pdppe
(see Table 1) also remain unchanged,

and only ν(Fe–H) is slightly higher. Neither the spectral po-
sition of the CT band nor the extinction coefficient is modi-
fied significantly so it seems that the D–A interaction is
barely changed by this last modification.

In conclusion, a series of hydrido(nitrile)iron() com-
plexes have been synthesised that show improved molecular
NLO properties, which we ascribe to an improved donor
character of the pseudo-octahedral organometallic moiety.
The NLO push-pull system was further improved by in-
creasing the conjugation length and by double nitro substi-
tution to form a better electron-accepting moiety. Wave-
length-dependent HRS measurements, performed for the
first time on organometallic NLO chromophores, show the
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effect of two-photon resonance enhancement and demon-
strate that for highly resonant cases the TLM is inadequate
and therefore wavelength-dependent measurements are
needed to model the dispersion of β. The X-ray structure
of [Fe(H)(dppe)2(4-NCC6H4NO2)][PF6] (1) showed that the
NLO response is cancelled at the macroscopic level for this
compound by a pairwise antiparallel orientation of the
complexes. However, the pseudo-octahedral coordination
appears to be very suitable for a more systematic implemen-
tation of the previously demonstrated[25,27] design strategies
(replacement of dppe by chiral phosphanes and inclusion
of appropriate spacing groups along the dipolar axis) to
promote a favourable non-centrosymmetric crystal struc-
ture.

Experimental Section
General Procedures: All preparations were carried out under vac-
uum or nitrogen using standard Schlenk techniques. The solvents
were dried before use following published methods.[38] The starting
material [FeHCl(dppe)2] was synthesised according to a published
method.[39] The aromatic nitrile ligands 4-nitrobenzonitrile and 2,4-
dinitrobenzonitrile were purchased from Sigma–Aldrich and used
as received. Ligands (E)-4-[2-(4-nitrophenyl)ethenyl]benzonitrile,[40]

(E)-3-(4-nitrophenyl)acrylonitrile,[41] 4-[N-(2,4-dinitrophenyl)hy-
drazonomethyl]benzonitrile[42] and (E)-4-[2-(2,4-dinitrophenyl)eth-
enyl]benzonitrile[43] were prepared following the literature pro-
cedures.

IR spectra were recorded for KBr pellets on a Perkin–Elmer Para-
gon 1000 PC FT-IR or a Bio-Rad Excalibur FTS 3000MX spectro-
photometer; only the significant bands are cited. 1H, 13C and 31P
NMR spectra were recorded for [D2]dichloromethane solutions
with a Varian Unity 300 spectrometer at probe temperature, using
SiMe4 as internal reference (1H and 13C NMR chemical shifts) and
85% H3PO4 as external reference for 31P NMR chemical shifts.
Spectral assignments follow the numbering scheme given in
Scheme 1. The UV/Vis spectra were recorded with a Shimadzu
1603 spectrophotometer for 10–4 or 10–5  solutions in several sol-
vents. Elemental analyses were performed at the Laboratório de
Análises of the Instituto Superior Técnico, using a Fisons Instru-
ments EA1108 system, with data acquisition, integration and hand-
ling performed with a PC and the software package Eager-200
(Carlo Erba Instruments). Melting points were measured with a
Leica Galen III melting point apparatus and are not corrected.

General Procedure for the Synthesis of the Pseudo-Octahedral
Iron(II) Derivatives: A slight excess of the nitrile chromophore (1.1–
1.2 equiv.) and TlPF6 (1.1–1.2 equiv.) were added to a solution of
[Fe(H)(Cl)(dppe)2] (0.68–1.01 mmol) in dichloromethane (THF for
compound 1). The mixture was then stirred at room temperature
for 2–4 h (18 h for compounds 1 and 6). A colour change was ob-
served with simultaneous precipitation of thallium chloride. After
filtration, the solvents were evaporated under vacuum to dryness
and the residues were washed several times with diethyl ether to
remove the excess of nitrile. Recrystallisation from dichlorometh-
ane/diethyl ether afforded powder or crystalline samples of the pure
compounds.

[Fe(H)(dppe)2(4-NCC6H4NO2)][PF6] (1): Yield: 97 mg (37%), pur-
ple crystals; m.p. 132.7–134.2 °C. IR (KBr): ν̃max = 2177 cm–1 (s)
(CN), 1870 (w) (Fe–H), 1516 (m) and 1338 (s) (NO2), 838 (s)
(PF6

–). 1H NMR (300 MHz, CD2Cl2): δ = –17.48 (quint, 2JH,P =
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47.6 Hz, 1 H, FeH), 2.13 (s, 4 H, PCH2), 2.59 (s, 4 H, PCH2), 6.73
(d, J = 8.4 Hz, 2 H, H2,H6), 6.77 (s, 8 H, PPh-Hortho), 7.07 (t, J =
7.5 Hz, 8 H, PPh-Hmeta), 7.18 (t, J = 7.5 Hz, 8 H, PPh-Hmeta), 7.27–
7.36 (m, 8 H, PPh-Hpara), 7.47 (s, 8 H, PPh-Hortho), 8.18 (d, J =
8.4 Hz, 2 H, H3,H5) ppm. 13C{1H} NMR (CD2Cl2): δ = 32.54 (qt,
1JC,P = 11.4 Hz, PCH2), 118.81 (C1), 123.11 (NC), 124.56 (C3,C5),
128.35 and 129.11 (PPh-Cmeta), 130.46 and 130.60 (PPh-Cpara),
132.70 (PPh-Cortho), 132.97 (C2,C6), 133.38 (PPh-Cortho), 134.64
(m, PPh-Cipso), 149.24 (C4) ppm. 31P{1H} NMR (CD2Cl2): δ =
–143.50 (sept, 1JP,F = 709.2 Hz, PF6), 83.34 (s, dppe) ppm.
C59H53F6FeN2O2P5·1/2CH2Cl2 (1190.3) calcd. C 60.09, H 4.58, N
2.36; found C 60.31, H 4.64, N 2.27. UV (CHCl3): λmax (ε) =
265 nm (49937 –1 cm–1), 546 (7706); [(CH3)2CO]: 535 (8155);
(DMSO): 266 (73979), 556 (11263).

[Fe(H)(dppe)2{(E)-4-NCCH=CHC6H4NO2}][PF6] (2): Yield,
380 mg (48%), purple solid; m.p. 134.2–135.7 °C. IR (KBr): ν̃max

= 2174 cm–1 (s) (CN), 1853 (w) (Fe–H), 1515 (m) and 1339 (s)
(NO2), 839 (s) (PF6

–). 1H NMR (300 MHz, CD2Cl2): δ = –18.03
(quint, 2JH,P = 46.8 Hz, 1 H, FeH), 2.12 (s, 4 H, PCH2), 2.61 (s, 4
H, PCH2), 5.65 (d, J = 15.9 Hz, 1 H, H8), 6.22 (d, J = 15.9 Hz, 1
H, H7), 6.76 (s, 8 H, PPh-Hortho), 7.17 (t, J = 6.6 Hz, 16 H, PPh-
Hmeta), 7.26–7.37 (m, 8 H, PPh-Hpara), 7.49 (s, 10 H, PPh-Hortho

and H2,H6), 8.26 (d, J = 7.5 Hz, 2 H, H3,H5) ppm. 13C{1H} NMR
(CD2Cl2): δ = 32.80 (t, 1JC,P = 12.0 Hz, PCH2), 101.10 (C8), 124.58
(NC), 124.69 (C3,C5), 128.12 (C2,C6), 128.23 and 128.90 (PPh-
Cmeta), 130.22 and 130.45 (PPh-Cpara), 132.79 and 133.43 (PPh-
Cortho), 134.07 and 135.07 (m, PPh-Cipso), 139.83 (C1), 146.73 (C7),
148.16 (C4) ppm. 31P{1H} NMR (CD2Cl2): δ = –143.50 (quint,
1JP,F = 710.1 Hz, PF6), 83.80 (s, dppe) ppm. C61H55F6FeN2O2P5

(1172.8) calcd. C 62.47, H 4.73, N 2.39; found. C 62.88, H 4.70, N
2.73. UV (CHCl3): λmax (ε) = 265 nm (48916 –1 cm–1), 297 (27695),
549 (8762).

[Fe(H)(dppe)2{(E)-4-NCC6H4CH=CH-4-C6H4NO2}][PF6] (3):
Yield: 900 mg (71%), dark-red solid; m.p. 145.1–145.9 °C. IR
(KBr): ν̃max = 2185 cm–1 (w) (NC), 1888 (w) (Fe–H), 1510 (m) and
1339 (s) (NO2), 830 (s) (PF6

–). 1H NMR (300 MHz, CD2Cl2): δ =
–18.83 (quint, 2JH,P = 47.0 Hz, 1 H, FeH), 2.12 (s, 4 H, PCH2),
2.55 (s, 4 H, P–CH2), 6.76 (d, J = 8.1 Hz, 2 H, H2,H6), 6.85 (s, 8
H, PPh-Cortho), 7.09 (t, J = 7.5 Hz, 8 H, PPh-Cmeta), 7.16 (t, J =
7.5 Hz, 8 H, PPh-Cmeta), 7.25–7.36 (m, 10 H, PPh-Cpara, H7 and
H8), 7.45 (s, 8 H, PPh-Cortho), 7.57 (d, J = 8.4 Hz, 2 H, H3,H5),
7.74 (d, J = 9.0 Hz, 2 H, H10,H14), 8.27 (d, J = 9.0 Hz, 2 H,
H11,H13) ppm; some signals are obscured by the para aromatic
protons of dppe. 13C{1H} NMR (CD2Cl2): δ = 32.47 (t, J =
12.2 Hz, PCH2), 111.95 (C1), 124.24 (C11,C13), 126.43 (NC),
127.66 (C10,C14), 127.91 (C3,C5), 128.05 and 128.85 (PPh-Cmeta),
129.98 (C7), 130.12 (PPh-Cpara), 131.35 (C8), 132.34 (C2,C6),
132.65 and 133.20 (PPh-Cortho), 133.97 and 134.95 (m, PPh-Cipso),
140.79 (C4), 142.97 (C9), 147.45 (C12) ppm. 31P{1H} NMR
(CD2Cl2): δ = –143.47 (sept, 1JP,F = 708.6 Hz, PF6), 84.71 (s, dppe)
ppm. C67H59F6FeN2O2P5·CH2Cl2 (1257.7) calcd. C 60.78, H 4.64,
N 2.31; found C 60.71, H 4.96, N 1.99. UV (CHCl3): λmax (ε) =
266 nm (34316 –1 cm–1), 346 (51278), 485 (8255).

[Fe(H)(dppe)2{2,4-NCC6H3(NO2)2}][PF6] (4): Yield: 386 mg (48%),
dark-green solid; m.p. 144.4 °C (dec.). IR (KBr): ν̃max = 2138 cm–1

(m) (NC), 1891 (w) (Fe–H), 1527 (m) and 1338 (d) (NO2), 839 (s)
(PF6

–). 1H NMR (300 MHz, CD2Cl2): δ = –14.60 (quint, 2JH,P =
48.5 Hz, 1 H, FeH), 2.31 (s, 4 H, PCH2), 2.88 (s, 4 H, PCH2), 5.43
(d, JH6,H5 = 9.0 Hz, 1 H, H6), 6.72 (s, 8 H, PPh-Cortho), 6.99 (t, J
= 7.5 Hz, 8 H, PPh-Cmeta), 7.16–7.25 (m, 12 H, PPh-Cmeta and PPh-
Cpara), 7.30 (t, J = 6.9 Hz, 4 H, PPh-Cpara), 7.43 (s, 8 H, PPh-Cortho),
7.90 (dd, JH5,H6 = 8.4, 4JH5,H3 = 2.4 Hz, 1 H, H5), 8.99 (d, 4JH3,H5
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= 2.4 Hz, 1 H, H3) ppm. 13C{1H} NMR (CD2Cl2): δ = 32.95 (s,
PCH2), 113.97 (C1), 118.70 (NC), 121.66 (C3), 127.50 (C5), 128.40
and 129.16 (PPh-Cmeta), 130.66 and 130.85 (PPh-Cpara), 132.76 and
133.44 (PPh-Cortho), 134.38 (m, PPh-Cipso), 138.07 (C6), 146.78 and
147.24 (C2 and C4) ppm. 31P{1H} NMR (300 MHz, CD2Cl2): δ
= –143.50 (sept, 1JP,F = 708.9 Hz, PF6), 81.00 (s, dppe) ppm.
C59H52F6FeN3O4P5·1/2CH2Cl2 (1237.7) calcd. C 57.90, H 4.33, N
3.40; found C 57.46, H 4.47, N 3.36. UV (CHCl3): λmax (ε) =
254 nm (shoulder), 266 (shoulder), 723 (8274 –1 cm–1).

[Fe(H)(dppe)2{(E)-4-NCC6H4CH=CH-2,4-C6H3(NO2)2}][PF6] (5):
Yield: 444 mg (51%), purple solid; m.p. 161.9–163.6 °C. IR (KBr):
ν̃max = 2182 cm–1 (w) (NC), 1891 (w) (Fe–H), 1528 (m) and 1345
(m) (NO2), 840 (s) (PF6

–). 1H NMR (300 MHz, CD2Cl2): δ =
–18.67 (quint, 2JH,P = 47.4 Hz, 1 H, FeH), 2.11 (s, 4 H, PCH2),
2.55 (s, 4 H, PCH2), 6.77 (d, J = 7.8 Hz, 2 H, H2,H6), 6.83 (s, 8
H, PPh-Cortho), 7.09 (t, J = 7.5 Hz, 8 H, PPh-Cmeta), 7.16 (t, J =
7.2 Hz, 8 H, PPh-Cmeta), 7.28 (t, J = 7.5 Hz, 4 H, PPh-Cpara), 7.35
(t, J = 7.2 Hz, 4 H, PPh-Cpara), 7.46 (s, 8 H, PPh-Cortho), 7.60 (d,
J = 7.5 Hz, 2 H, H3,H5), 7.73 (d, J = 15.3 Hz, 1 H, H8), 8.08 (d,
J = 8.7 Hz, 1 H, H14), 8.52 (dd, JH13,H14 = 8.7, 4JH13,H11 = 1.8 Hz,
1 H, H13), 8.86 (d, JH11,H13 = 2.4 Hz, 1 H, H11) ppm; the signal
for H7 is obscured by the para aromatic protons of dppe. 13C{1H}
NMR (CD2Cl2): δ = 32.60 (t, 1JC,P = 11.7 Hz, PCH2), 113.07 (C1),
120.97 (C11), 125.42 (C8), 126.28 (NC), 127.98 (C13), 128.28 (PPh-
Cmeta), 128.33 (C3,C5), 129.01 (PPh-Cmeta), 130.24 (C14), 130.37
and 130.44 (PPh-Cpara), 132.44 (C2,C6), 132.83 and 133.42 (PPh-
Cortho), 134.14 and 135.14 (2 m, PPh-Cipso), 135.76 (C7), 138.24
(C4), 140.05 (C9), 147.29 and 148.04 (C10 and C12) ppm. 31P{1H}
NMR (CD2Cl2): δ = –143.73 (quint, 1JP,F = 708.0 Hz, PF6), 83.48
(s, dppe) ppm. C67H58F6FeN3O4P5 (1293.9) calcd. C 62.19, H 4.52,
N 3.25; found C 61.98, H 4.33, N 3.23. UV (CHCl3): λmax (ε) =
265 nm (50967 –1 cm–1), 349 (26449), 505 (10348).

[Fe(H)(dppe)2{4-NCC6H4CH=N-NH-2,4-C6H3(NO2)2}][PF6] (6):
Yield: 440 mg (50%), dark-red solid; m.p. 153.5–155.4 °C. IR
(KBr): ν̃max = 3289 cm–1 (w) (N–H), 2183 (w) (NC), 1896 (w) (Fe–
H), 1616 (m) (C=N), 1513 (m) and 1333 (m) (NO2), 841 (s) (PF6

–).
1H NMR (300 MHz, CD2Cl2): δ = –18.54 (quint, 2JH,P = 47.6 Hz,
1 H, FeH), 2.12 (s, 4 H, PCH2), 2.56 (s, 4 H, PCH2), 6.79 (d, J =
9.3 Hz, 2 H, H2,H6), 6.83 (s, 8 H, PPh-Cortho), 7.10 (t, J = 7.8 Hz,
8 H, PPh-Cmeta), 7.17 (t, J = 7.5 Hz, 8 H, PPh-Cmeta), 7.28 (t, J =
7.5 Hz, 4 H, PPh-Cpara), 7.35 (t, J = 7.2 Hz, 4 H, PPh-Cpara), 7.46
(s, 8 H, PPh-Cortho), 7.79 (d, J = 8.4 Hz, 2 H, H3,H5), 8.17 (d, J =
8.7 Hz, 1 H, H13), 8.20 (s, 1 H, H7), 8.44 (dd, JH12,H13 = 9.6,
4JH12,H10 = 2.4 Hz, 1 H, H12), 9.15 (d, JH10,H12 = 2.7 Hz, 1 H,
H10), 11.44 (s, 1 H, NH) ppm. 13C{1H} NMR (CD2Cl2): δ = 32.64
(t, 1JC,P = 12.20 Hz, PCH2), 114.08 (C1), 117.31 (C10), 123.65
(C12), 126.03 (NC), 128.18 (C3,C5), 128.31 and 129.05 (PPh-
Cmeta), 130.40 and 130.48 (PPh-Cpara), 132.41 (C2,C6), 132.84 and
133.43 (PPh-Cortho), 134.14 and 135.12 (2 m, PPh-Cipso), 137.15
(C12), 137.55 (C4), 138.02 (C7), 139.32 (C8), 144.93 and 145.74
(C9 and C11) ppm. 31P{1H} NMR (CD2Cl2): δ = –143.66 (quint,
1JP,F = 707.2 Hz, PF6), 83.45 (s, dppe) ppm.
C66H58F6FeN5O4P5·C4H10O (1309.90) calcd. C 58.77, H 4.93, N
5.35; found C 58.91, H 4.59, N 4.90. UV (CHCl3): λmax (ε) =
266 nm (35898 –1 cm–1), 380 (19559), 503 (10679).

Crystal Structure of 1: C59H53F6FeN2O2P5·CH2Cl2, M = 1231.66,
µ = 4.774 mm–1, ρ = 1410 mgm–3, monoclinic, P21/n, Z = 4, a =
12.48(1), b = 35.599(9), c = 13.243(9) Å, β = 99.49(2)°, V =
5803(6) Å3, from 23 reflections (16.7° � 2θ � 18.9°). Cell dimen-
sions and intensities were measured at 293(2) K with an Enraf–
Nonius TURBOCAD4 diffractometer (Cu rotating anode, λ =
1.54180 Å). As a general procedure, the intensity of three standard
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reflections was measured periodically every 5 h. This procedure did
not reveal any appreciable decay. Using the CAD4 software, data
were corrected for Lorentz and polarisation effects and empirically
for absorption (from Ψ-scan measurements). Data were collected
in the range 3.6° � θ � 67° (–13 � h � 14, 0 � k � 42, 0 � l �

15); 10579 measured reflections, 10140 of which were considered
as observed [|Fo|2 � 3σ(|Fo|2)]; Rint = 0.0503 for equivalent reflec-
tions. The structure was solved by direct methods using SIR97[44]

and refined with SHELXL[45] in the WINGX[46] program package.
Full-matrix least-squares refinement based on F2 gave final values
R = 0.0729, wR2 = 0.1397 for 923 variables and 10140 contributing
reflections. The position of the Fe atom was obtained from a three-
dimensional Patterson synthesis, while all the other non-hydrogen
atoms were located in subsequent difference Fourier maps. The hy-
drogen atoms were inserted in calculated positions and refined iso-
tropically as riding on the parent carbon atom. The final difference
electron density map showed a maximum of 0.558 and a minimum
of –0.695 eÅ–3.
CCDC-286415 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Hyper-Rayleigh Scattering Measurements: First hyperpolarisabili-
ties were determined by means of the hyper-Rayleigh scattering
(HRS) technique.[47,48] The measurements were performed in a new
HRS setup based on an optical parametrical amplifier (OPA)
pumped by a Ti:sapphire regenerative amplifier (pulse width: 2 ps,
repetition rate: 1.5 kHz, average power: ca. 30 mW). The different
fundamental wavelengths used (1072, 1200, 1300, 1440, 1540 and
1580 nm) were obtained by tuning the signal beam of the OPA,
and were chosen carefully to avoid vibrational absorption bands of
chloroform. To prevent dielectric breakdown and self-focusing, the
pulses were focused onto the sample with cylindrical lenses. The
scattered second harmonic light was collected at 90° and detected
with a combination of a spectrograph and an intensified charge
coupled device (ICCD) with red-sensitive photocathode. The ICCD
provides nanosecond-gated parallel detection of a small (ca. 23 nm)
spectral area around the harmonic wavelength. The outer regions
of this range was used to correct the HRS signal for multi-photon
fluorescence, as described before.[4,10] A large photoluminescence
background was only observed for one of the free ligands (L3, see
Table 1), for which the luminescence signal, integrated over the cen-
tral region of 6 nm, was about equal to the actual HRS signal.
HRS measurements were performed in a rectangular fused silica
cell containing a dilute solution of the compound in chloroform.
Concentrations used were of the order of 10–6–10–4  for the com-
plexes and 10–3–10–4  for the free ligands. With these concentra-
tions the absorption of the second harmonic wavelength was kept
well below 10%, so that an accurate correction for this effect could
be carried out. The absorption measurements where performed
with a Varian Cary 5 absorption spectrometer. All hyperpolaris-
abilities were determined by internal reference relative to chloro-
form,[48] as described before.[4,10] Within the assumption of only
one significant diagonal β tensor component along the z-axis (i.e.
the conjugated backbone of the molecule), βzzz values can be calcu-
lated by measuring the HRS signal for a dilute solution with known
concentration of the chromophores and from pure chloroform. The
β value of 0.49×10–30 esu for chloroform, determined with the
EFISHG technique at 1064 nm,[49] was used as internal reference.
The dispersion of the reference value in the explored 1072–1580 nm
range was neglected. An upper limit of 5% to this effect was esti-
mated using the TLM expression with the maximum of the longest
wavelength absorption band of chloroform (143 nm)[50] taken as λeg.
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