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ABSTRACT: A series of mono(#’-cyclopentadienyl)metal-
(II) complexes with nitro-substituted thienyl acetylide ligands
of general formula [M(1’-CsH;)(L)(C=C{C,H,S},NO,)]
(M = Fe, L = K>-DPPE, n = 1, 2; M = Ru, L= ¥*-DPPE, 2 PPh,,
n=1,2; M =Nij, L = PPhy, n = 1, 2) has been synthesized and
fully characterized by NMR, FT-IR, and UV—Vis spectrosco-
py. The electrochemical behavior of the complexes was
explored by cyclic voltammetry. Quadratic hyperpolarizabilities
(p) of the complexes have been determined by hyper-Rayleigh
scattering (HRS) measurements at 1500 nm. The effect of
donor abilities of different organometallic fragments on the
quadratic hyperpolarizabilities was studied and correlated with
spectroscopic and electrochemical data. Density functional

M = Fe, Ru or Ni; 1 or 2 thienyl rings; R=Ph; R'=Ph, -CH,-
1500 .30
B,= 80-224 x 10 esu

theory (DFT) and time-dependent DFT (TDDFT) calculations were employed to get a better understanding of the second-
order nonlinear optical properties in these complexes. In this series, the complexity of the push—pull systems is revealed; even so,
several trends in the second-order hyperpolarizability can still be recognized. In particular, the overall data seem to indicate that
the existence of other electronic transitions in addition to the main MLCT clearly controls the effectiveness of the organometallic
donor ability on the second-order NLO properties of these push—pull systems.

B INTRODUCTION

Organometallic compounds have given rise to a great deal of
interest owing to their application in the field of nonlinear
optics (NLO).'™"! Organometallic complexes (and organic
molecules) have been shown as potential alternatives to the
traditional inorganics due to fast and large NLO response, high
optical damage thresholds, and structural diversity. In
comparison to organic chromophores, organometallics can
offer additional flexibility due to the presence of metal—ligand
charge transfer excitations, usually at low energy and of high
intensity, which are tunable due to the diversity of metal
centers, oxidation states, ligand environments, and coordination
geometries.

In order to obtain high second-order responses (molecular
quadratic hyperpolarizability, 8), strongly asymmetric systems
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are needed. These systems can be obtained by combining a 7-
conjugated chain with electron donor and/or acceptor groups
(D-7-A) in which metal centers can behave either as acceptor
or donor groups by simply varying the metal and/or its
oxidation state. During the last two decades, it has been found
that high § values could be found for molecules in which the
metal center is coplanar with the z-conjugated chain.
Concerning this feature, systematic studies were made by our
group and others on mono(7’-cyclopentadienyl)metal and
pseudo-octahedral complexes with benzene- or thiophene-
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Scheme 1. Synthesis and Atom Labeling of the Fe(II), Ru(II), and Ni(II) Complexes
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based conjugated chains, coordinated to the metal centers
through nitrile or acetylide linkages.”'*™**

In many cases, the structure—NLO activity trends were
revealed to be similar to those observed in organic compounds:
i.e, nonlinearities can be enhanced by either increasing the
conjugation length and ease of the electronic delocalization of
the hyperpolarizable chromophore or increasing the strength of
donor or acceptor groups. For example, very efficient NLO
responses were found when strong electron donors such as
readily oxidizable 18-electron iron(II) and ruthenium(II)
organometallic moieties were coupled with strong electron
acceptors such as a nitro group.””>"** In addition, compounds
derived from metal half-sandwich moieties possessing benze-
noid acetylide ligands revealed better NLO properties than the
nitrile analogues, probably due to more favorable metal—ligand
cou4plzi(§1 42t5hrough enhanced metal to ligand 7 back-bond-
ing. """

However, some aspects of the relationship between structural
features and NLO activity in these systems remain unclear.
Replacing phenyl rings with heterocycles improves the ease of
delocalization, thus yielding a good basis for high second-order
NLO responses, as already proven in organic chromo-

hores®® ™ and in a series of mono(;*-cyclopentadienyl)-
p I -cyclop y
ruthenium(II) thiophene acetylide®® and mono(7°-
cyclopentadienyl)iron(II) thiophene nitrile'® complexes. How-
ever, the effect on the optical nonlinearities was found to be not
easily understandable. For instance, quadratic nonlinearities on
metal acetylides were found to be’ (i) not consistently
increased on replacment of phenyl by a pyridyl ring, (ii)
decreased on incorporation of a furanyl ring, and (jii) almost
independent of the relative location of the thienyl and phenyl
rings in two-ring acetylide ligands. The effect of increasing the
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conjugation length of the chromophores also showed contra-
dictory results. For benzene-based acetylides an increase in ff,,,
value was found (f.,,, taking into account the dispersion effects
using a two-level model, TLM*®) upon an increase in chain
length, in spite of some saturation of the f,, signal for long
chains.”"? In the case of benzene-based nitrile metal complexes,
an attempt to increase the observed intrinsic quadratic
hyperpolarizability by replacing a phenyl with a biphenyl unit
was unsuccessful due to the significant torsion angle in the
latter ligand, which leads to the conjugation breaking.*"'” The
higher quadratic hyperpolarizability obtained when the
conjugation length is increased without affecting planarity by
insertion of a vinylene unit further supported this assumption.
In the case of metal complexes presenting oligo-thiophene
chromophores, our studies on mono(7*-cyclopentadienyl)iron-
(I1) nitrile compounds showed some constancy of f3.,,, values
upon chain lengthening due to a compromise between the
conjugation length and the metal to ligand charge transfer.'® In
addition, B values do not increase regularly upon chain
lengthening on (porphinato)zinc(II) thiophene acetylides.
The effect of different coligands on quadratic hyperpolariz-
abilities has been also studied. In fact, different coligands can
modify donor strength of the organometallic moieties. For
example, replacing two CO ligands by DPPE results in a
significant increase in the quadratic hyperpolarizability of
mono(77>-cyclopentadienyl)iron(II) benzene acetylides,” while
subtle variations in the hyperpolarizability are observed on
replacing DPPE by (+)-DIOP in related mono(7°-
cyclopentadienyl)iron(1I) nitriles'” or on replacing DPPE by
DPPM or two PPh; ligands in pseudo-octahedral acetylide
cornplexes.7 However, when TLM is taken into account, the
effect of replacing DPPE (f,,,, = 161 X 107 esu) by two PPh,
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(Boorr = 96 X 1073 esu) or PMe; (B0, = 38 X 107" esu) on the
quadratic hyperpolarizability of mono(#*-cyclopentadienyl)-
ruthenium(II) acetylides cannot be underestimated.

The effect of metal variation on quadratic hyperpolariz-
abilities needs also some attention. For mono(#°-
cyclopentadienyl)metal complexes, for example, studies suggest
a trend on quadratic nonlinearity as #(Ni) < #(Fe) < #(Ru) for
benzene acetylides having one aryl ring.””*'™>*> When the
dispersion effects are taken into account using the TLM, the
corresponding corrected f values for ruthenium complexes
were revealed clearly to be larger than those found for iron and
Ni complexes: Beon(Ni) < foon(Fe) < Ben(Ru).” For the
corresponding nitrile derivatives, however, both f and g,
values for iron are clearly higher than those found for
ruthenium and nickel complexes, thus leading to Ni < Ru <
Fe.?! For the compounds presenting two benzene rings in the
conjugated system, the limited data available for direct
comparison seem to indicate that both f and S, follow the
same trend (Ni < Ru < Fe),”*! but further studies will be
necessary to confirm these results.

In our continuing effort to establish detailed structure—NLO
activity correlations and to complement the previously reported
studies on mono(#n°-cyclopentadienyl)metal(IT) complexes
presenting benzene- or thiophene-based conjugated chromo-
phores, it seems that it is of importance to further study the
quadratic hyperpolarizability of these systems incorporating
acetylide thiophene chromophores. Our goal is to contribute to
the clarification of the aforementioned issues with particular
relevance for the role of different organometallic donor
moieties, on the quadratic hyperpolarizabilities. Thus, we
report herein the syntheses of a series of mono(7’-
cyclopentadienyl)metal(II) complexes with nitro-substituted
thienyl acetylide ligands of general formula [M(7*-CsHs)(L)-
(C=C{C,H,S},NO,)] (M = Fe, L = K¥*DPPE, n=1,2; M =
Ru, L = K-DPPE, 2 PPhy, n = 1,2; M = Ni, L = PPh, n = 1, 2).
Spectroscopic and electrochemical data and theoretical
calculations on model complexes using DFT and TDDFT are
used to explain the experimental quadratic hyperpolarizabilities
of these compounds. Measurements of these properties were
carried out by HRS at the fundamental wavelength of 1500 nm
to avoid superposition of the UV—vis absorptions and the
second harmonic signal to ensure more reliable analysis of the
results on the basis of the well-known two-level model.

B RESULTS AND DISCUSSION

Synthesis and Spectroscopic Studies. Trimethyl((S-
nitrothiophen-2-yl)ethynyl)silane (1) and trimethyl((5'-nitro-
2,2'-bithiophen-5-yl)ethynyl)silane (2) ligands were obtained
in good yields by Sonogashira cross-coupling of ethynyltrime-
thylsilane with the corresponding nitro-thiophene bromides.
Subsequent removal of the trimethylsilyl protecting group with
base afforded 2-ethynyl-S-nitrothiophene (1’) and 5-ethynyl-5'-
nitro-2,2’-bithiophene (2').

The acetylide complexes were prepared in good yields (54—
80%) using the synthetic methodologies successfully utilized for
the preparation of iron(II),* ruthenium(II),>* and nickel(11)*?
c-arylacetylides (Scheme 1). Reaction of [Fe(y’-CsHy)-
(DPPE)I] with 1’ and 2’ in refluxing methanol, in the presence
of NH,PF, afforded iron vinylidene complexes, which were
deprotonated in situ using sodium methoxide to give the o-
acetylide products. The vinylidene route has been widely used
in the preparation of ruthenium alkynyls with NLO properties.”
However, we adopted the method of Xia and Selegue,34 in
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which the deprotection of the trimethylsilyl alkynes 1 and 2
with KF in methanol in the presence of the organo-ruthenium
chloride gave the ruthenium alkynyls in a single step. Finally,
the nickel derivatives were obtained by transmetalation
reactions catalyzed by copper(I) iodide of the suitable terminal
alkyne 1’ or 2’ with [Ni(77°-CsH;) (PPh;)Cl], in the presence of
triethylamine. The compounds are fairly stable toward
oxidation in air and to moisture both in the solid state and in
solution and were characterized by IR and 'H, *C, and *'P
NMR spectroscopy and satisfactory microanalyses.

For all compounds, a characteristic “(C=C) band in the IR
spectrum was found in the range 2005-2074 cm™'. A
significant low-energy shift was observed in this band upon
coordination of the ethynyl ligands, in particular for iron and
ruthenium complexes (Table 1). The negative shifts have been
related to enhanced 7 back-donation from the metal d orbitals
to the 7* orbital of the C=C group, which leads to a decrease
in the C=C bond order. It is well accepted that z back-
bonding has a synergic effect with the dominant ¢ bond with
the reinforcement of the binding. This z-back-bonding effect
was found to be relatively small in comparison to the M—C ¢
bond by theoretical calculations on similar mono(#*-cyclo-
pentadienyl)-derived molecules® and should be also the case in
the compounds studied in this work. In the present study, the
observed negative shifts show the expected trend, considering
the 7z-donor ability of the organometallic fragment ([Fe] >
[Ru] > [Ni]). In addition, the thiophene chain lengthening
leads to a less effective 7 back-donation interaction and no
significant differences are observed for Ru complexes by the
presence of different phosphane coligands. The magnitude of
the & back-donation interaction is higher for the compounds
studied in this work in comparison to related thiophene
nitrile’®'® and benzene acetylide*”>**>3*3¢ complexes.

'H and "*C NMR resonances for the cyclopentadienyl ring
are in the range usually observed for neutral iron(II),>***?
ruthenium(I1),**>>** and nickel(11)**3%*° complexes and are
relatively insensitive to the chain lengthening of the acetylide
ligand. Considering the thiophene ligand protons, an overall
shielding effect upon coordination was observed, especially for
the H4 protons (see Scheme 1 for numbering), indicating an
electronic flow toward the aromatic ligand due to 7 back-
donation involving the metal center. The shifts in the
resonances are consistent with the possibility of some
contribution of an allenylidene form in solution. *C NMR
data show an expected deshielding on the C=C carbons (C1
and C2) upon coordination, whereas for the ring carbons more
significant changes were observed for those in the ring adjacent
to the acetylide group, in agreement with the trends observed
in the "H NMR spectra. *'P resonances for the phosphane
coligands are in the range usually observed for mono(i*-
cyclopentadienyl)iron(II), -ruthenium(II) and -nickel(II) com-
plexes and are relatively insensitive to the chain lengthening of
the acetylide ligand.

The optical absorption spectra of all complexes were
recorded using 1.0 X 107> M solutions in chloroform. The
spectrum for 2aRu typifies the behavior of the compounds
studied in this work (Figure 1), and the optical data are
summarized in Table 2. The main feature of these spectra is the
presence of an intense band in the range 484—613 nm and
bands at higher energy (with peak positions in the range 286—
410 nm), depending on the organometallic fragment and
thiophene chromophore. The band at lower energy has been
attributed, in parent benzene compounds, to a MLCT (metal to
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Table 1. Selected IR and 'H and *C NMR Data®

13C (8/ppm)

'H (6/ppm)

C6
143.34 (—4.41)
127.45 (—9.47)
142.43 (—8.86)
142.39 (—8.90)

Cs
131.67 (2.59)

12842 (~7.15)

C4
125.37 (=7.67)
126.73 (2.63)

125.47 (—6.69)
125.38 (—6.78)
119.66 (—6.43)

126.70 (0.61)

C3
140.05 (11.26)
135.42 (12.39)
140.51 (11.36)
143.00 (13.85)
141.76 (17.43)
146.80 (22.47)
137.65 (8.50)
132.11 (7.78)

Cc2
118.52 (43.39)
115.24 (38.70)
108.76 (33.63)
111.83 (36.70)
127.55 (51.57)
108.43 (32.45)
111.35 (36.22)
110.79 (34.81)

Cl
141.90 (54.45)
142.28 (55.98)
143.36 (57.32)
133.10 (47.06)
14525 (61.16)
14021 (56.12)
115.24 (29.20)
134.46 (50.37)

HS

7.60 (—0.40)
7.17 (—=0.39)
7.53 (-0.27)
7.78 (—0.02)
7.00 (—0.23)
7.19 (=0.04)
7.53 (—0.27)

6.94 (—0.29)
C) (Vcomplex - Vligand) and NMR 'H and "*C resonances of thiophene ligands (5complex — 5ligand) upon coordination to the organometallic fragments are shown in parentheses

H4

5.92 (—1.49)

=C) /cm’
2005 (~96)

v(C

compd
1Fe’

2Fe?

6.00 (—1.44)

2024 (=72)

130.76 (2.64)
131.04 (2.92)
126.90 (—7.30)
127.92 (—6.28)

129.36 (1.24)

5.81 (—1.36)
6.39 (=0.78)
5.63 (~1.58)

2023 (-78)

laRu
1bRu
2aRu

2019 (=82)
2037 (=59)

125.82 (—10.34)
137.94 (1.78)

6.53 (~0.68)
6.17 (~1.00)

2037 (—59)

2bRu

145.30 (—5.99)
130.36 (—5.80)

126.92 (—5.24)
128.98 (2.89)

2074 (—27)

12626 (=7.94)

6.27 (—0.94)

2074 (=22)

“Differences on IR v(C

2Ni

(ligand 1 or 2"). NMR data are given in CDCl; except where otherwise indicated. ’NMR data in d-acetone.
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Figure 1. UV—visible spectrum for 2aRu in chloroform.

Table 2. Optical Spectral Data for Fe, Ru, and Ni Complexes
in Chloroform Solution (ca. 1.0 X 1075 mol dm™3)

compd A/nm (e/10* M™! cm™)
1Fe 578 (1.3), 363 (0.7)

2Fe 613 (1.5), 400 (1.1)

1aRu 517 (2.0), ~320 (sh)

1bRu 536 (2.2), ~310 (sh)

2aRu 566 (2.8), 373 (2.0)

2bRu 580 (2.4), 374 (1.2)

1Ni 484 (0.7),% 404 (0.2),” 286 (0.9)
2Ni 506 (2.3), 410 (sh), 350 (sh)

“Obtained from a fit with multiple Gaussian bands.

ligand charge transfer) transition, whereas the high-energy
bands are ascribed to internal transitions occurring at the
acetylide chromophores and or/organometallic moiety. 0242536
In fact, according to the results of our TDDFT calculations (see
below) the lower energy bands, which are the key for second-
order nonlinear optical properties, can be attributed to MLCT.
The energy and intensity of these bands depend mainly on the
metal and acetylide chromophore chain length and, to a lesser
extent, on the different phosphane coligands in the Ru
complexes. The energy of these bands follows the expected
trend, considering the differences on the electronic properties
of the metal (Ni > Ru > Fe). These energies are lower than
those found in already reported benzene-based iron(II),*°
ruthenium(I1)**** and nickel(11)*? acetylide analogues and
related iron(I1)'® and ruthenium(II)*® nitrile compounds and
are within the range of those observed in a series of ruthenium
acetylides with an end-capping nitro group and thienyl and
benzene entities in the conjugation chain.’> The chain
lengthening of the chromophore led to a bathochromic effect
on these bands for all complexes. This effect is ofoposite of that
already reported for benzene-based iron(1l),” ruthenium-
(I1)**** and nickel(I1)*® acetylide analogues and also for
related iron(11)'® and ruthenium(I1)"® nitrile compounds. This
can be explained by an improved planarity that can be expected
from: (i) the limited steric hindrance of dithienyl in comparison
to the biphenyl moiety and (ii) the higher level of electronic
coupling between the organometallic fragment and the
thiophene chromophores through an acetylide linkage in
comparison to a nitrile bond. Considering point ii, IR data
revealed that the magnitude of 7 back-donation interaction is
stronger for the compounds studied in this work, thus favoring
a more effective conjugation and improved planarity in
comparison to the related thiophene nitrile and benzene-
based acetylide complexes (see above).
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UV/vis absorption spectra were also recorded for all
complexes in other solvents with different polarities (ethyl
ether and DMF), in the wavelength range 200—800 nm, to
examine the solvatochromic behavior of the lowest-energy band

(Table 3). The results showed a bathochromic shift for all

Table 3. Solvatochromic Behavior of the Lowest-Energy
Bands of All Complexes

A/nm
compd Et,0 CHCl, DMF AL (AD/10° cm™)
1Fe 524 578 601 77 (2.4)
2Fe 582 613 631 49 (1.3)
1aRu 484 517 538 54 (2.1)
1bRu 498 536 538 40 (1.5)
2aRu 534 566 577 43 (1.4)
2bRu 554 580 585 31 (1.0)
1Ni 468 484 501 33 (1.4)
2Ni 494 506 510 16 (0.6)

complexes upon increasing solvent polarity. This positive
solvatochromic behavior is characteristic of transitions with an
increase of the dipole moment upon photoexcitation. The
magnitude of this red shift depends on the organometallic
fragment ([Fe] > [Ru] > [Ni]; DPPE > 2 PPh;) and chain
lengthening of the coordinated acetylide ligand ([M]-C=
C{C,H,S},NO,: n = 1 > n = 2). The absolute values of the
solvatochromic shift are almost comparable to those found for
benzene-based acetylide ruthenium(11)**** (35—39 nm)
analogues but are large in comparison to those for benzene-
based iron(I1)*° (13—23 nm) acetylide analogues and also for
related iron(I)'® (23—32 nm) and ruthenium(II)** (14—30
nm) nitrile compounds.

DFT Calculations. Recently, DFT calculations on a series of
mono(1°-cyclopentadienyl)iron(II) and -ruthenium(II) thio-
phene acetylide complexes with general formula M(1*-CH;)-
(H,PCH,CH,PH,)(C=C{C,H,S}Y) (Y = donor and accept-
or groups) have been carried out by our group in order to study
structure—static quadratic hyperpolarizability relationships.*>*°
The results have shown that the traditional qualitative
arguments for enhancing second-order nonlinear optical
responses were applicable to these complexes, thus leading to
the prediction of higher hyperpolarizabilities for M(7*-CsHs)-
(H,PCH,CH,PH,)(C=C{C,H,S}NO,) (M = Fe, Ru), in
which the strong electron donor organometallic fragment was
combined with the better acceptor group NO,. In this work we
extend the DFT study to nickel complexes and to compounds
with two thienyl rings. In addition, the effect of different
phosphane coligands in the Ru complexes was evaluated. As a
compromise between accuracy and computational effort, three
simplifications were used in the calculations: (i) only the first
24 lower excitation states were computed in TDDFT studies,
(ii) dephenylated phosphanes were used, i.e., H,PCH,CH,PH,
instead of DPPE and PHj instead of PPh;, and (iii) isolated
molecules in the gas phase were used (ie, no solvent
corrections were employed). The adequacy of the simplification
(i) was checked by the use of a larger number of excited states
for simulating the electronic spectra of 1a’Ru, and the results
were compared to those obtained with 24 excited states. The
adequacy of the simplifications (ii) and (iii) was checked by a
comparison between the calculated optical data obtained for
the model complexes 1a’Ru and 2a’Ru and real 1aRu and
2aRu with experimental data. All these results are included in

4659

the Supporting Information (Figures S1—SS and Tables S1—
S2). The computed data showed that the use of phenylated
phosphanes and solvated media does not result in a significantly
better match between the calculated and experimental data. In
addition, no differences in the simulated electronic spectra for
the lowest energy bands, which are the important ones for
NLO, were achieved by the use of a larger number of excitation
states in TDDFT studies. Thus, the use of these approx-
imations gives a good description of the experimental results
with significant gain in computational effort.

Figure 2 shows the structure and atom labeling of the model
complexes used in calculations, and Table 4 gives selected

= =

\
HP\\‘.‘M\—CEC@ wM—C=C / |
2\\/pHZ 57 o, e ‘PHz s > NO
M=Fe: 1'Fe M=Fe: 2'Fe / i
M=Ru: 1a'Ru M=Ru: 2a'Ru
; \ C\
HP““.RU\—CEC@ \“‘,RLI—CEC / l
3 o, S no, PN } S | s -
1b'Ru 2b'Ru /
== <
/Ni-(‘EC@ Ni—c=c—
H,P S H,P

NO,
I'Ni

R

; /4 5 S
IMI—CIEC;(SI R=NO; or 7E/>WNOZ
8 9

Figure 2. Structure and atom labeling of the model complexes used in
DFT calculations.

structural data for the optimized structures in the gas phase.
The optimized structures for all complexes are shown in the
Supporting Information (Figures S6—S13).

The calculated angles and bond lengths are consistent with
experimental crystal data for related mono(7°-
cyclopentadienyl)metal o-arylacetylides. For instance, the
calculated M—Cp, M—C1, and C1-C2 bond lengths and
M-CI1-C2 and P-M~—C1 bond angles are within or close to
the range of experimental reported values for iron (Fe—Cp,
2.060—2.122 A; Fe—Cl, 1.856—1.910 A; C1—C2, 1.202—1.236
A; Fe—C1-C2, 177.0-178.7°; P—Fe—Cl, 85.1—-85.5°),2%%
ruthenium (Ru—Cp, 2.222—2.260 A; Ru—Cl, 1.974—2.017 A;
C1-C2, 1.214-1.232 A; Ru—C1—-C2, 173.7—178.0°; P—Ru—
Cl1, 85.9-90.8°),>>**253 and nickel (Ni—Cp, 2.063—2.146 A;
Ni—Cl, 1.840—1.856 A; C1—C2, 1.191-1.209 A; Ni—C1-C2,
173.9—177.7°)® complexes. The calculations predict a decrease
of the C1—C2 bond order and a decrease of the C2—C3 bond
length of the acetylide ligands upon coordination, which is
consistent with a metal to ligand 7 back-donation interaction
that was observed experimentally (see above). It is interesting
to note that, in spite of some overestimation of #(C=C), DFT
calculations predict the experimental trend on the magnitude of
the metal to ligand #-back-donation interaction when they
consider the effect of different metal and chain lengthening of
the acetylide chromophores. The concept of bond length

dx.doi.org/10.1021/0m4001204 | Organometallics 2014, 33, 4655—4671
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Table 4. Selected Calculated Structural Data for the Fe, Ru, and Ni Model Complexes

compd

M—de
M-P°
M-C1
Cl1-C2
C2-C3
BLA

M-C1-C2
C1-C2—C3
P-M—-CV
P1-M-P2
P1-M—Cp®
C1-M-Cp
Dh"

1'Fe”

2.128
2297
1.898
1.237 (1.211)
1.393 (1.406)
0.022 (0.037)

179.3
179.9 (179.4)
86.8
86.3
129.1
124.6

2072 (—67)

2'Fe 1a’Ru® 1b'Ru 2a’'Ru

Bond Lengths (A)°

2.128 2.264 2.258 2.263

2295 2.391 2.400 2.391

1.901 1.998 2.001 2.001

1.237 (1.212) 1236 (1.211) 1235 (1.211) 1236 (1.212)

1.394 (1.405) 1.392 (1.406)  1.393 (1.406) 1392 (1.405)

0.031 (0.042) 0.019 (0.037)  0.021 (0.037)  0.029 (0.042)
Bond Angles (deg)®

179.2 179.6 179.2 179.9

179.4 (179.5) 1794 (179.4) 179.3 (179.4) 179.8 (179.5)

86.6 84.8 85.0 84.7

86.3 83.5 92.7 83.5

129.2 1312 127.7 1312

124.7 1252 125.0 125.1

—179.7 (=179.9) 179.9 (=179.9)
v(C=C) (em™)’

2071 (—63) 2074 (—65) 2081 (—58) 2072 (—62)

2b’'Ru

2257
2.400
2.004
1.235 (1.212)
1.393 (1.405)
0.030 (0.042)

178.6

179.6 (179.5)
84.6

9.7

127.9

124.8

179.7 (—=179.9)

2078 (—56)

1'Ni

2.154
2.260
1.853
1.230 (1.211)
1.398 (1.406)
0.027 (0.037)

1782
179.6 (179.4)
90.3
137.1

132.3

2116 (-23)

2'Ni

2.154
2258
1.854
1.230 (1.212)
1.398 (1.405)
0.035 (0.042)

178.6
179.9 (179.5)
90.3

137.3
132.1
—179.5 (=179.9)

2114 (—20)

“Bond lengths and angles taken from ref 23. “Bond lengths and angles taken from ref 40. “Calculated bond lengths and angles of thiophene ligands
HC=C{C,H,S},-NO, are shown in parentheses. dAverage M—C(Cp). “Average M—P1/P2 (M = Fe, Ru) bond lengths. ’Average P1/P2—M—C1
(M = Fe, Ru) bond angles. $Average P1/P2—M—Cp (M = Fe, Ru) bond angles. "Dihedral angle (C5—C6—C7—C8). Differences in calculated
v(C=C) (vcomplex - Vugand) upon coordination to the organometallic fragments are shown in parentheses.

Table 5. Optical Data for 1’ and 2’ and the Studied Model Fe(II), Ru(II), and Ni(II) Complexes Obtained by Using TDDFT

Calculations
A a
compd (r?rq;l)
1’ 346
2/ 410
281
1'Fe’ 578
363
2'Fe 613
400
1a’Ru® 517
320
1b'Ru 536
310
2a’'Ru 566
373
2b'Ru 580
374
1'Ni 484
404
286
2/Ni 506
410
350

Aot
(mgn

341
429
316
468
452
321
559
378
470
451
310
473
446
308
304
568
380
582
378
372

438
350
252
521
S10

410
351

f attribution? character of the CT*
0356 H — L (97) C=C (58), T1 (42) - NO, (100)
0.648 H — L (99) C=C (33), T1 (67) — T2 (18), NO, (82)

0.115 H-1 - L (37), H — L+1 (53)
0390 H — L (75), H-1 — L+3 (10)

C=C (14), T1 (79), T2 (7) — NO, (100)
Fe (39), C=C (25), T1 (30), Cp (6) = NO, (87), P (13)

0.080 H-1 — L+3 (40), H-1 —» L+2 (18), H —» L (20) Fe (57), Cp (3), C=C (40) — NO, (27), P (67), T1 (6)
0.106 H-3-L (92) Fe (75), Cp (15), C=C (10) — NO, (83), T1 (17)
0.710 H-L (98) Fe (36), C=C (37), Cp (5), T1 (20), P (2) = NO, (61), T2 (39)

0242 H-3 - L (33), H — L+1 (46)
0355 H — L (72), H > L+1 (24)
0.172 H — L (24), H - L+1 (67)
0.102 H-4 —» L (21), H-3 —» L (74)

Fe (47), C=C (47), Cp (6) — NO, (58), T2 (26), P (16)
Ru (46), C=C (54) — T1 (5), NO, (77), P (18)

T1 (40), C=C (60) — Cp (27), NO, (17), P (56)

Ru (56), P (2), T1 (23), Cp (19) — NO, (100)

0091 H - L (21),H - L+1 (71)

0472 H — L (77), H = L+1 (20)

0.050 H-4 — L (72), H3 - L (24)

0.060 H-4— L (17),H-3 - L (19), H-3 > L+1 (17)
0.760 H — L (99)

0.158 H-3 — L (38), H — L+2 (30), H — L+3 (10)
0.773 H — L (99)

0.103 H-2 > L (75)

0221 H-3 > L (49), H » L+2 (44)

0395 H — L (96)

0.183 H-1 = L (92)

0.160 H-12 = L+1 (10), H-7 = L+1 (42)
0273 H — L (36), H-1 — L+1 (20)
0.364 H-4 — L+1 (16), H » L (57)

0.141 H-1 - L (95)
0172 H — L+2 (81)

T1 (43), C=C (57) = Ru (9), Cp (33), NO, (11), P (47)

Ru (41), C=C (59) — T1 (5), NO, (82), P (10), Cp (3)

Ru (16), T1 (80), Cp (4) — NO, (86), C=C (12), P (2)

Ru (43), C=C (6), T1 (48), Cp (3) — NO, (76), P (24)

Ru (32), Cp (7), C=C (38), T1 (20), P (3) — T2 (39), NO, (61)
Ru (54), Cp (8), C=C (38) — T1 (3), T2 (26), NO, (55), P (16)
Ru (30), Cp (S), C=C (39), T1 (24), P (2) — T2 (38), NO, (62)
Ru (64), Cp (18), C=C (13), P (5) = T1 (9), T2 (32), NO, (59)
RLE (5)3), Cp (12), C=C (29), P (6) — T1 (14), T2 (31), NO,

55

Ni (34), Cp (41), C=C (25) — T1 (26), NO, (74)

Ni (37), P (2), Cp (50), C=C (11) — T1 (25), NO, (75)

NO, (26), Cp (44), C=C (30) — Ni (33), P (60), T1 (7)

T1 (77), C=C (23) - P (36), Cp (9), NO, (55)

Ni( 6(2;;), Cp (3), C=C (24), T1 (49) — P (15), T2 (24), NO,
1

Ni (38), P (1), Cp (57), C=C (4) — T1 (8), T2 (39), NO, (53)
Ni (26), Cp (28), C=C (46) — T1 (16), T2 (24), NO, (60)

“Experimental data. bAbsorption wavelength of the main transitions. “Oscillator strength. 9 Abbreviations: H, HOMO; L, LUMO. The percentage of
the contribution is shown in parentheses. “Based on the represented molecule fragments (overall percentage of the charge transfer given in
parentheses). Abbreviations: Cp, cyclopentadienyl; C=C, acetylide group; T, thiophene rings (T1, close to C=C; T2, close to NO,); P, phosphane
coligands. fReference 23. Reference 40.
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alternation (BLA), defined as the difference between the
average carbon—carbon adjacent bond lengths along a
conjugated backbone, was found to be an important parameter
that can be correlated with the optical nonlinearities of organic
and organometallic/coordination complexes.“_43 The calcu-
lated BLA parameter for the model complexes indicates a
relative enhanced contribution of the allenylidene form in the
organometallic compounds in comparison to the ethynyl
ligands, in particular for Ru and Fe complexes:

[M]-C=C-th—-NO, < [M]"=C=C=th=NO,"~

The contribution of the allenylidene form in the ground state
has already been suggested by NMR spectroscopic data (see
above). The overall data suggest an enhanced ground-state
polarization due to an increasing of the donor—acceptor
strength, ie., the better Ru(Il) and Fe(Il) electron-donor
organometallic moiety (compared to H in acetylide ligands)
can form a very effective push—pull system in combination with
acceptor nitro substituent in the thiophene acetylide
chromophore.

In order to achieve a deep knowledge of the relevant
electronic transitions involved, which can be helpful in the
further discussion of the experimental first hyperpolarizabilities,
we performed TDDFT calculations in the model complexes
(TDDFT calculations of thiophene ligands HC=C-
{C,H,S},NO, are also included for comparison). The energies,
oscillator strengths, and compositions of the main electronic
transitions, in terms of the contributions of groups of atoms
involved, are given in Table S. The results show that, in general,
TDDEFT calculations overestimate the energy of the ET's for the
studied complexes, in particular for 1'Fe, in comparison to
experimental data. However, a reasonable accuracy was
obtained for HC=C{C,H,S},NO, ligands and for complexes
with two thienyl rings. In spite of the differences in the ET
energies, TDDFT calculations reproduce the number of ET
bands in the experimental UV—vis spectra. As an example, the
calculated spectrum for 2a’Ru, which can be compared to the
experimental spectrum for 2aRu (Figure 1), is given in the
Supporting Information (Figure S14).

The analysis of the orbitals mainly involved in the ETs of the
studied model complexes, depicted in Figures 3 and 4, together
with the TDDFT data given in Table S, allows us to predict
reliable assignments of the bands observed in UV-—vis
experimental spectra of the corresponding synthesized
complexes (Table 2).

First, we will consider the attribution of the higher energy
bands for the complexes, in the range A 286—410 nm. On the
basis of the DFT calculations on the model 1'Fe, 1a’'Ru, 1b'Ru,
and 1'Ni complexes, the CT processes observed experimentally
in the corresponding synthesized complexes with one
thiophene ring, 1Fe, laRu, 1bRu, and INi, seem to be
somewhat complex. For 1Fe this band seems to clearly be a
MLCT, for 1aRu some contribution of an intraligand CT is
predicted, in addition to the MLCT, for 1bRu an internal
electronic charge transfer occurring at the organometallic
moiety could also contribute to this band, in addition to MLCT
and ILCT character, and finally for INi the experimental band
at 4 404 nm can be clearly assigned to MLCT and the band at 4
286 nm can be assigned mainly to internal transitions occurring
at the organometallic moiety together with some LMCT
contribution. Considering the complexes with two thiophene
rings, the experimental high-energy bands for 2bRu and 2Ni
can be assigned to purely MLCT (on the basis of the DFT
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Figure 3. Representation of the main orbitals involved in electronic
transitions of the complexes 1'Fe, 1a’Ru, 1b'Ru, and 1'Ni.
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Figure 4. Representation of the main orbitals involved in electronic
transitions of the complexes 2'Fe, 2a’Ru, 2b'Ru, and 2'Ni.

calculations on the model complexes 2b'Ru and 2’'Nj,
respectively), whereas for 2Fe and 2aRu the theoretical
calculations on the corresponding models 2'Fe and 2a’Ru
predict some contribution of internal charge transfer occurring
at the organometallic moiety, in addition to the MLCT
character.

In view of the second-order NLO properties it is important
to consider the lower energy charge transfer excitations in some
detail. For the synthesized Fe and Ru complexes with one
thiophene ring, 1Fe, 1aRu, and 1bRu, the experimental broad
absorption band could be due to the existence of two CT
contributions closer in energy, as predicted by TDDFT
calculations (468 and 452 nm for 1'Fe, 470 and 451 nm for
1'Ru, and 473 and 446 nm for 1b’'Ru). This band can be
viewed mainly as MLCT from the organometallic moiety to the
NO, group, as expected considering the donor and acceptor
character of the organometallic fragments and the nitro group,
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respectively. In addition, the thiophene ring linked to the
acetylide group (labeled T1 in Table S) acts as a donor during
charge transfer, as in the HC=C{C,H,S}NO, ligand, and thus
some contribution of ILCT character is observed. For these
compounds, an electronic charge transfer within the organo-
metallic fragment could also contribute to this band. In fact,
TDDFT calculations revealed that the phosphane coligand also
increases its electronic density during the excitation. For Ru
complexes, in addition to the phosphane coligands, the Cp ring
also slightly participates in this charge transfer process. In either
case, the electronic transfer from the organometallic moiety to
the acceptor NO, group during excitation is dominant for all
complexes (ca. 60—80%). In contrast to that found for Fe and
Ru complexes, in the synthesized nickel compound 1Ni only
one excitation is predicted, according to the calculations on the
model complex 1'Ni. This band can be assigned clearly to a
MLCT, since the TDDFT results show that both NO, and the
thiophene ring increase their electronic density during the
transfer and the phosphane coligand seems not to participate in
the process. In addition, the Cp ring has an active involvement
as a donor in this electronic transition. Opposite to what was
found for the synthesized 1Fe, 1aRu, and 1bRu, in the case of
complexes with two thiophene rings, and according to the
calculations in the model complexes 2'Fe, 2a'Ru, 2b'Ru, only
one excitation is predicted and no contribution of the
phosphane coligands and/or Cp ring as acceptors during the
electronic transitions is observed. To a moderate extent,
phosphane coligands and the Cp ring in fact act as electron
donors during the CT process instead of electron acceptors.
Thus, the experimental band for these complexes can be viewed
to have higher MLCT character, in comparison to those for the
1Fe, laRu, and 1bRu counterparts, in addition to the
contribution of some internal electronic density transfer within
the acetylide chromophore. The MLCT character is the result
of a CT from the “CpM(PP)(C=C)” fragment to the T2-NO,
moiety and contributes ca. of 80% to the overall charge transfer
process. The remaining charge transfer has an intraligand
component and, as for the synthesized 1Fe, 1aRu, and 1bRu,
corresponds to the transfer of electronic density from the
thiophene ring T1 (see Table S) to the T2-NO, moiety. This
ILCT contribution resembles the character of the CT occurring
at the ligand HC=C{C,H,S},NO,, according to the TDDFT
calculations. In the case of the ligand, T1 strongly decreases its
electronic density during the excitation (Table S). For the
complexes, however, the participation of T1 is reduced at the
expense of the organometallic moiety that plays an important
role as a donor on the overall charge transfer process. In the
case of the synthesized complex 2Ni, the experimental
absorption band (4 506 nm) can consist of two CT
contributions closer in energy, as predicted by TDDFT
calculations on the model complex 2'Ni (521 and 510 nm).
The CT process is somewhat complex, but the overall behavior
resembles that found for 1Fe, 1aRu, and 1bRu: i.e., in addition
to the MLCT and ILCT character, an electronic charge transfer
to the phosphane coligand could also contribute to this band.
In either case, the electronic transfer to the T2-NO, moiety
during excitation is dominant for this complex (ca. 75%).
However, in comparison to what was found for 1Fe, 1aRu, and
1bRu, a major contribution of a charge transfer occurring at the
acetylide chromophore (ca. 60%) is predicted for 2Ni,
according to the theoretical calculations on the model 2'Ni
complex. Finally, as expected, the overall CT observed on the
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complexes with two thiophene rings led to an increase of the
electronic density mainly at the nitro group (ca. 60%).

The TDDFT data show that the chain lengthening of the
chromophore led to a bathochromic effect on the calculated
low-energy ETs for all of the model complexes (see Table S),
thus reproducing the experimental data (Table 2). An analysis
of the energies of the frontier orbitals of the model complexes
(Figure S) shows that the introduction of a second thiophene
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Figure S. Energy levels of selected orbitals for the model complexes.

ring causes an increase of the energy of HOMOs and a decrease
in the energy of LUMOs, leading to the expected reduction of
the HOMO—-LUMO gap and the observed bathochromic
effect. The major contribution to the reduced HOMO—-LUMO
gap for iron and ruthenium complexes is due to the stabilization
of LUMOs, whereas that for nickel is the destabilization of the
HOMO. The overall result is an improved reduction effect on
the HOMO—-LUMO gap for the iron and ruthenium
complexes in comparison to the nickel complexes.
Electrochemical Studies. In order to get an insight on the
electron richness of the organometallic fragment and the
coordinated chromophores, the electrochemical behavior of all
complexes was studied by cyclic voltammetry in dichloro-
methane and acetonitrile, between the limits imposed by the
solvents. As an example, the electrochemical response for 1bRu
in dichloromethane is shown in Figure 6, and the most relevant
data for redox changes exhibited by all the complexes in

0.5 0
E vs SCE (V)

0.5 -1

Figure 6. Cyclic voltamogramm of 1bRu (—) showing the isolated
oxidative process (---) in dichloromethane (scan rate 200 mV s™*).
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dichloromethane and acetonitrile at a scan rate of 200 mV s~}
are summarized in Tables 6 and 7, respectively.

Table 6. Cyclic Voltammetric Data for Compounds 1Fe,
1aRu, 1bRu, 1Ni, 2Fe, 2aRu, 2bRy, and 2Ni in CH,CL,*

compd E, (V) E, (V) Ei (V) En—E(mV) iy,
1Fe 1.59
0.25 0.33 0.29 80 1.0
—-1.0 —-1.10
2Fe 1.60
0.10 0.20 0.15 100 1.0
—1.08 —0.94 140
1aRu 1.28
0.55 0.64 0.59 100 0.3
—1.09
—-1.33 -1.13
1bRu 1.29
0.58 0.67 0.63 90 0.5
—1.06
—-1.24 —-1.10 140
2aRu 1.10
0.38 0.48 0.43 100 0.5
—-1.07
2bRu 1.12
0.42 0.52 0.47 100 0.6
—1.08
INi 0.86
-117° -0.99"
2Ni 0.78
—-1.07

2All values vs SCE (v = 200 mV s~!). “Small waves.

Table 7. Cyclic Voltammetric Data for Compounds 1Fe, 1Nj,
2Fe, and 2Ni in NCMe*

compd E, V) E, (W% Eyp (V) Ep — Epe (mV) el
1Fe 0.20 0.28 0.24 80 1.0
—0.99
—-1.19 —-1.09 —-1.14 100 0.9?
2Fe 0.07 0.16 0.12 90 1.0
—0.77
-1.0 -0.88 140
INi 0.73
—0.52
—1.08 —0.99 -1.03 120 0.6°
2Ni 0.72
—0.53
—1.09 —0.97 -1.03 120 0.8°

“All values vs SCE (v = 200 mV s™). bipa/ipc

The main electrochemical behavior in dichloromethane is
characterized by the presence of one oxidation process, whose
reversibility depends on the organometallic fragment, and one
irreversible reductive process. In general, the oxidation process
is usually viewed as essentially involving the M"/M™ couple,
but in the present case it is also associated with the acetylide
ligand. In fact, according to our DFT calculations the mixing of
the metal and acetylide frontier orbitals leads to HOMOs with
both metal-centered and acetylide ligand contributions (Figures
3 and 4). These results are in accordance with the behavior
found for several arylalkynyl complexes that have shown a
significant participation of the acetylide ligand in the oxidation
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process.**~* The data are consistent with an oxidation process
sensitive to the variation of the organometallic moiety and the
chain lengthening of the acetylide ligand. The relative oxidation
potentials for iron (E,;, = 0.15—0.29 V), ruthenium (E,/, =
0.43—0.63 V), and nickel (EPa =0.78—0.86 V) complexes are in
agreement with the expected ease of oxidation of the
organometallic moiety ([Fe] > [Ru] > [Ni]), considering
their electronic properties. In the case of ruthenium complexes,
replacing 2 PPh; by DPPE gives an expected decrease of the
oxidation potential (40 mV), in accordance with the relative
donor strength of the phosphane coligands. The chain
lengthening of the acetylide ligand leads to a significant
decrease in oxidation potentials, with the most significant
variation (140 mV) being for iron complexes. This trend is
analogous to that observed for the related benzene-based
acetylide iron(11),%° ruthenium(II),>** and nickel(11)** com-
plexes and also for analogous iron(I1)'® and ruthenium(11)"*
nitrile compounds. These results confirm the evidence of the
spectroscopic data discussed above: namely, the magnitude of
the metal to ligand 7 back-donation, which was found to
decrease as the chain lengthening increases. The reversibility of
the oxidation process depends on the organometallic moiety: it
is reversible or quasi-reversible for iron and ruthenium
complexes and irreversible for nickel complexes. In the case
of ruthenium complexes, the i,/i,, ratio (in the range 0.3—0.6)
suggests some instability of the 17e species [Ru (17°-CsHj)-
(PP)(C=C{C,H,S},NO,)]* at the electrode surface (Figure
6). Scan rate studies showed that the process became more
reversible when the scan direction was immediately reversed
after the oxidation potential for high scan rates (1000 mV s™").
In contrast, for the lower scan rate (S0 mV s™') the process
became more irreversible (see the Supporting Information,
Figure S1S5). This behavior can be associated with the
formation of an unstable oxidized ruthenium species followed
by fast decomposition. At higher scan rates, the scan direction
was reversed before an appreciable amount of decomposition
occurred. Furthermore, experiments performed at —20 °C also
showed some improvement in the reversibility, the values of the
ipc/ip, ratio being augmented to 0.5—0.8 (see the Supporting
Information, Figure S16), which suggests that the lower
temperature diminishes the kinetics of the decomposition
process.

As mentioned above, all complexes show one redox process,
in the range of —1.01 to —1.20 V, which can be assigned mainly
to reduction at the nitro group of the coordinated acetylide. In
fact, according to the DFT calculations discussed above, the
LUMOs of the model complexes are mainly located at this
group (Figures 3 and 4). It is well-known that HOMO—-LUMO
gaps from electrochemical data can be correlated with optical
properties.”* > In the present study, care should be taken in
the quantitative correlation between HOMO—-LUMO gaps
from electrochemical data and optical properties due to the
quasi-reversible/irreversible nature of the redox processes.
However, a trend seems to be found between the HOMO—
LUMO gap and the lowest-energy band observed in UV—vis
spectra: the sequence of nickel, ruthenium, and iron complexes
and chain lengthening of the acetylide ligands leads to a
decrease in the HOMO—-LUMO gap.

In addition to the oxidation and reduction processes
discussed above, one irreversible oxidation, with E,, = 1.59—
1.60 V (for iron complexes) and E,, = 1.10~1.29 V (for
ruthenium complexes) is also observed, probably due to an
additional oxidation at the thiophene moiety. For compound
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1bRu a small irreversible cathodic wave, with Eye=ca =05V,
is also present and is attributed to decomposition products
originating at higher oxidation potentials. In fact, this process
vanishes when the direction of the cyclic voltammogram scan is
moved toward negative potentials before proceeding to the
oxidation of the complex (see the Supporting Information,
Figure S17).

The electrochemical experiments in acetonitrile showed the
same general behavior that was observed in dichloromethane.
The ruthenium complexes, however, decompose in this solvent
in the presence of the supporting electrolyte, and no results are
available for these complexes. The redox processes assigned to
reduction of the coordinated acetylide ligands, in the range
—0.95 to —1.14 V, became more reversible for iron and nickel
complexes. No significant changes were observed in the
reversibility of the oxidation process. For the studied
complexes, the oxidation potential is lower in acetonitrile,
which reflects a relative destabilization of the HOMOs in
comparison to that observed in dichloromethane. On the other
hand, reduction potentials are shifted to lower negative values
in acetonitrile, which reveals the stabilization of the LUMOs.
The overall result is that HOMO—LUMO gaps are lower in
acetonitrile in comparison to those observed in dichloro-
methane. This trend seems to agree with the solvatochromic
behavior of the lower-energy bands in UV—vis spectra (see
above), where a bathochromic shift upon an increase in the
polarity of the solvent was found.

Quadratic Hyperpolarizabilities. Experimental data for
all complexes at 1500 nm obtained by hyper-Rayleigh scattering
and two-level-model (TLM) corrected values are collected in
Table 8, together with data for the previously reported
benzene-based iron (1), ruthenium(II), and nickel(II) acetylide
complexes and also for analogous iron(II) nitrile compounds
for comparison. Relevant experimental spectroscopic data and
static quadratic hyperpolarizabilities calculated by DFT on our
chosen model complexes were also included.

Earlier studies on related benzene-based iron(II),*°
ruthenium(11)**** and nickel(I[)** acetylide complexes re-
ported S values measured at 1064 nm that showed substantial
resonance enhancement, due to the existence of an optical
transition in the visible range, very close to the second
harmonic at 532 nm. It is well-known that for a reliable
comparison of f between different molecules, and for a
comparison with theoretical values, it is important to correctly
account for these resonance effects and extrapolate  to the
static first hyperpolarizability. The simple two-level model
(TLM)? is widely used in the literature for this purpose but
ignores any kind of line-broadening mechanisms and is not
applicable near resonance,'®>* which points out the importance
of an appropriate theoretical # dispersion model for a reliable
extrapolation. Recently, a practical model for first hyper-
polarizability dispersion, accounting for both homogeneous and
inhomogeneous broadening effects, was proposed on the basis
of the relation between absorption and HRS spectra from
tunable wavelength HRS measurements.>*

Considering the 4, for the compounds studied in this work,
very high resonance enhancements could be expected for f
measurements at 1064 nm. Therefore, to avoid this situation,
our HRS measurements here presented were performed at the
higher fundamental wavelength of 1500 nm to avoid super-
position of the UV—vis absorptions and the second harmonic
signal (750 nm), thus leading to more reasonable results
according to the TLM analysis. The use of the TLM formalism
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Table 8. Quadratic Hyperpolarizabilities and Relevant
Spectroscopic Data

Aex, (nm) (&
(10* M
compd” em™)) p Ber® B ref
1Fe 578 (1.3) 232 80 97"
2Fe 613 (1.5) 434 120 325§
[Fe](C=C-ph-NO,) 504 (0.8) 1160° 92¢ 20
[Fe](C=C-(ph),- 479 (0.5) 1150° 174° 20
0,
[Fe](N=C-th- 579 (sh) 2554 974 16
NO,)*PF,
[Fe](N=C-(th),- 535 (sh) 1774 82 16
NO,)*PF,
1aRu 517 (2.0) 326 151 99
1bRu 536 (2.2) 192 82 96
2aRu 566 (2.8) 506 187 356
2bRu 580 (2.4) 655 24 321
[Ru](C=C-ph-NO,) 460 (1.1)° 468¢ 96°° 25
[Ru](C=C-(ph),- 448 (1.6)° S609°  134°¢ 25
NO,) ,
[Ru](C=C-ph-(E)- 533 (24) 2044 1384 22
CH=CH-th-NO,)
[Ru](C=C-th-(E)- 522 (3.4) 333%  163% 22
CH=CH-ph-NO,)
[Ru](C=C-ph- C= 505 (2.0) 210% 109 22
C-th-NO,)
[Ru](C=C-(th-(E)- 536 (4.5) 419%  195% 22
CH=CH),ph-
NO,)
INi 484 (0.7), 331 173 81
404 (0.2)
2Ni 506 (2.3) 363 175 242
[Ni](C=CC4H,NO,) 439 (0.9)° 2219 59%¢ 33
[Ni](C= 413 (1.6)° 193¢ 65 33
C{C6H4}2NOZ)

All measurements were performed in CHCI; solution except where
otherwise indicated. The /3 values are expressed in units of 107 esu
and were measured at 1500 nm (f5o) except where otherwise
indicated (experimental error 15%). “Abbreviations: [Fe],
CpFeDPPE; [Ru], CpRu(PPh,),; [Nil], CpNiPPhy; ph, C4H,; th,
C,H,S. b8 corrected for resonance enhancement using the two-level
model with B, = A1 = (2me/Arirs)*][1 = (Anay/A1rs)’] (damping
factors not included). “figg4- %ﬂISSO' “In THF. ?in CH,Cl,. $Static
quadratic hyperpolarizability of the model complexes calculated by
DFT (the f tensor components are shown in the Supporting
Information). Reference 23. ‘Reference 40.

for the compounds studied in this work should be questioned
at this point. This model assumes that for the contribution to
only one excited state is coupled strongly enough to the ground
state by the applied electric field, and only one tensor
component dominates the second-order NLO response (ie.,
an unidirectional charge-transfer transition). The computed
values of static hyperpolarizabilities of our model complexes
show that f; is clearly dominated by the tensor component
along the charge transfer axis, f3,,, (the § tensor components
are shown in the Supporting Information, Table S3). However,
as discussed above, the low-energy bands of 1Fe, 1aRu, 1bRu,
and 2Ni are quite broad, revealing the existence of two CT
contributions close in energy, as predicted by the TDDFT
calculations in the corresponding model complexes. In addition,
non-negligible contributions to the optical nonlinearity could
be present for all complexes originating in the higher energy
bands in the range 304—410 nm. In fact, our TDDFT
calculations showed that these bands can also be assigned
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mainly to MLCT transitions, with the expected large change in
dipole moment upon excitation (see Table S). Thus, the TLM
formalism should be used with caution for our studied
complexes, in particular for 1Fe, laRu, 1bRu, and 2Ni.
Probably, a description of S using the dispersion model
proposed by Campo et al.>* mentioned above could be an
improvement to consider in future work.

Our first hyperpolarizability results show that 3., follows the
trend 1Fe =~ 1bRu < laRu = 1Ni for the complexes with one
thiophene ring. This trend is somewhat surprising, in particular
for INi. Indeed, studies on related benzene-based iron(II),*
ruthenium(11)**** and nickel(I1)** acetylide complexes sug-
gested that the more easily oxidizable iron and ruthenium
complexes lead to higher quadratic hyperpolarizabilities. The
corrected hyperpolarizability for 1Ni is almost 3 times that of
[Ni(1*-CH;) (PPh;) (C=CC¢H,NO,)], and the correspond-
ing values of 1Fe and 1bRu, whose relative magnitudes are
within the experimental error, are comparable to those found
for related benzene-based iron(Il) and ruthenium(II) acetylide
complexes and an iron thiophene nitrile derivative (see Table
8). According to TLM we would be expect a greater second-
order NLO response for iron and ruthenium complexes, since
they have higher oscillator strength at the main MLCT bands
(1Fe, Ay, 578 nm; 1bRu, A, 536 nm; 1aRu, A, 517 nm; 1Nj,
Aep 484 and 404 nm). Furthermore, according to the
solvatochromic results a larger change in the dipole moment
is also expected for the iron and ruthenium complexes (1Fe,
1bRu, and 1aRu). Therefore, this apparently contradictory
trend was analyzed in light of TDDFT calculations. For 1Fe,
laRu, and 1bRu, the experimental broad absorption band
could be due to the existence of two CT contributions closer in
energy, as predicted by TDDFT calculations (Table S). In
addition to the main HOMO—-LUMO character of the overall
CT process, also some contribution of a HOMO-1 to LUMO
+3 transition (for 1'Fe) and HOMO to LUMO+1 transition
(for 1a’Ru and 1b'Ru) could be present in the broad band
observed in the experimental spectra. In the case of 1'Fe this
charge transfer is within the organometallic fragment, while for
la’Ru and 1b'Ru the charge transfer has mainly LMCT
character, as can be seen in the representation of the involved
orbitals (Figure 3). The resulting CT process is, thus,
somewhat complex and these additional transitions would
weaken the charge transfer efficiency from the metal donor
fragment to the NO, acceptor group (a better CT efficiency
would be expected for a purely MLCT process). For 1Ni a very
broad and complex experimental band was observed with A
centered at 484 and 404 nm (Table 2). According to the
TDDEFT calculations on the model complex 1'Ni, the lowest-
energy band (4 484 nm) and second band (4 404 nm) can be
attributed respectively to the single transitons HOMO —
LUMO and HOMO-1 = LUMO, both clearly with a MLCT
character (see Table S and Figure 3). Since they are relatively
closer in energy, probably these two bands contribute to the
observed hyperpolarizability for 1INi and the purely MLCT
processes certainly lead to improved CT efliciency. Thus, the
improved CT efficiency expected for 1Nj, in comparison to that
found for ruthenium and iron complexes, could help to explain
the overall trend on the quadratic hyperpolarizabilities for the
complexes with one thiophene ring.

The chain lengthening of the acetylide chromophores, with
the introduction of one thiophene ring, leads to higher
quadratic hyperpolarizabilities for all the complexes. The f,.,
values are in the range of those observed in a series of
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ruthenium acetylides with an end-capping nitro group and
thienyl and benzene entities in the conjugation chain®* and
benzene-based ruthenium® and iron*® acetylide complexes
(Table 8). Our results also show that iron and ruthenium
complexes are more sensitive to the extension of the aromatic
system than the nickel analogues. This result agrees with the
trend found for the relative influence of the chain lengthening
of the acetylide ligand on the degree of 7z back-donation
interaction (IR data), the bathochromic effect of the low-energy
transition bands (UV-—vis data), and oxidation potentials
(electrochemical data). Thus, for the same organometallic
fragment, higher hyperpolarizabilities are associated with
complexes having higher electron density at the organometallic
moiety and low-energy transition bands. In addition, a
hyperchromic effect is observed for these bands, which could
also contribute to the enhanced hyperpolarizabilities. Consid-
ering the relative magnitude of the quadratic hyperpolariz-
abilities for compounds with two thiophene rings, the data
show that # and f,,, follow respectively the trends 2Ni < 2Fe <
2aRu < 2bRu and 2Fe < 2Ni ~ 2aRu ~ 2bRu. However,
considering that S, values of 2aRu, 2bRu, and 2Ni are almost
within the experimental error, a coherent analysis of the results
is not straightforward. Some evidence pointed out by
theoretical calculations could give an insight into the behavior
of quadratic hyperpolarizabilities presented by the complexes
with two thiophene rings. For 2Fe, 2aRu, and 2bRu the lowest-
energy band, observed in UV—vis spectra, can be attributed to a
single transition (HOMO — LUMO) with a pure MLCT
character (see Table S and Figure 4), according to our TDDFT
calculations for the respective model complexes 2'Fe, 2a’Ru,
and 2b’'Ru. For this reason, the use of the TLM formalism
seems to be reasonable for these complexes. In spite of the
expected small change in the dipole moment upon excitation
(according to the solvatochromic results) and the higher energy
of the main bands in the UV—vis spectra of ruthenium
complexes (/1eXP 566—580 nm) in comparison to the iron
compound (A, 616 nm), the quadratic hyperpolarizabilities for
ruthenium complexes are higher. Probably the relative intensity
of these bands also plays an important role. In fact, a larger
oscillator strength was found for 2aRu and 2bRu (& = 2.8 X 10*
and 2.4 X 10* M™' cm™), respectively) in comparison to 2Fe
(1.5 x 10* M™! ecm™"). Accordingly, 2bRu has also a higher
quadratic hyperpolarizability than 2aRu. As discussed for the
complexes with one thiophene ring, we cannot exclude the
possibility of a contribution to the overall hyperpolarizability of
the higher energy band observed in experimental UV—vis
spectra for the complexes with two thiophene rings (1 373—410
nm). It is interesting to note that, according to the TDDFT
calculations on the model complexes, this band for 2aRu could
have a contribution of charge transfer within the organometallic
fragment, since the phosphane coligand increases its electronic
density upon excitation (Table $; A, 380 nm). This can lead to
some hampering effect on the overall hyperpolarizability in
comparison to that found for 2bRu. According to theoretical
calculations on the model complex 2b'Ru, a charge transfer
within the organometallic fragment seems to be absent, which
could result in an overall efficiency for this complex in
comparison to that found for 2aRu. Remarkably, 2bRu presents
a value of the corrected hyperpolarizability (.., = 224 X 107
esu) that places this complex in the range found for the best
values of B, reported in the literature for an organometallic
compound with quadratic hyperpolarizabilities measured at
1500 nm.*””?' In the case of 2Ni the use of TLM analysis is
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also deceiving, since our TDDFT calculations on the model
complex 2'Ni (Table 5) predicted a contribution of two
electronic transitions closer in energy to the experimental
lowest energy band. In addition to the HOMO — LUMO
transition, the contribution of the HOMO-1, HOMO-4, and
LUMO+1 orbitals to the charge transfer could lead to a
hampering effect on the overall hyperpolarizability, since these
orbitals are mainly centered at the organometallic fragment
(Figure 4). In comparison to the behavior found for 1Ni, where
a high quadratic hyperpolarizability was found, this hampering
effect could explain the small increase in B (and almost
unchanged f.,.) with the chain lengthening of the acetylide
chromophore for this organometallic moiety.

In our previous studies on oligo-thiophene nitrile iron
complexes the resonant quadratic hyperpolarizabilities were
found to increase with the chain lengthening of the
chromophore.16 The corrected values, however, were found
to be practically independent of the number of thiophene units
in the conjugated ligand. This constancy upon chain length-
ening was explained in terms of a competition between the
growing conjugation length, which tends to raise f, and a
decrease of the CT efficiency, having a ff lowering effect. In the
case of the present thiophene acetylide complexes a better CT
efficiency seems to be obtained upon chain lengthening. In fact,
as was discussed, TDDFT calculations on the model complexes
have shown that relevant optical transitions have clearly MLCT
character and a large amount of charge is transferred from the
organometallic moiety to the chromophore, in particular for the
acceptor NO, group, which largely increases its electronic
density upon excitation.

The DFT approach has been increasingly used to calculate
static quadratic hyperpolarizabilities of organometallic com-
plexes.> ™ In recent studies we calculated the static quadratic
hyperpolarizabilities of 1'Fe** and la’Ru* using the DFT/
B3LYP level of theory, and now we have extended these
calculations to the remaining model complexes using the same
level of theory for comparison. We are not as interested in
comparing the absolute values of calculated hyperpolarizabil-
ities to the experimental values, only in the observed trends,
since several approximations were used (model phosphane
coligands, isolated molecules in the gas phase (cf. experimental
data obtained in solution), calculated static-frequency quadratic
hyperpolarizability, /3, vs experimental f35o,). In comparison to
experimental data, the accuracy of calculated hyperpolariz-
abilities using the same level of theory depends on the studied
molecules. For instance, DFT/B3LYP was found to reproduce
reasonably well experimental quadratic hyperpolarizabilities for
iron and ruthenium sesquifulvalene complexes®® but can
significantly overestimate or underestimate quadratic hyper-
polarizabilities of ferrocenyl derivatives.>> Also, it is well-known
that calculated hyperpolarizabilities strongly depend on the
level of theory used.”**** The results show that the calculated
By overestimates the experimental S, values in most cases
(only for 1aRu and 1Ni was an underestimation observed). It is
difficult to compare the trend found experimentally to that
observed from computed values, due to the fact that several
compounds have experimental quadratic hyperpolarizabilities
falling within the experimental error. The computed hyper-
polarizabilities increase ca. 3.0—3.6 times upon chain length-
ening of the acetylide chromophore, whereas experimentally
this enhancing effect is slightly smaller (up to ca. 2.7 times),
probably due to the overestimation of quadratic hyper-
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polarizabilities from DFT calculations in complexes with
extended 7-conjugated systems.”’

B CONCLUSIONS

A series of mono(7°-cyclopentadienyl)iron(II), -ruthenium(II)
and -nickel(Il) complexes with nitro-substituted thienyl
acetylide ligands has been synthesized and fully characterized.
The spectroscopic and cyclic voltammetric data suggest an
improved coupling between the organometallic fragment and
the conjugated thienyl acetylide ligands, in comparison to the
previously reported parent benzene-based acetylides and
thiophene nitrile complexes. TDDFT studies on model
complexes allowed us to achieve a deep knowledge of the
relevant electronic transitions involved, which was very helpful
in the discussion of the experimental quadratic hyper-
polarizabilities. These properties have been determined by
HRS measurements at 1500 nm. It is well recognized that, as a
general behavior, better electron donor/acceptors and chain
lengthening of the conjugated chromophore in push—pull
systems should lead to higher quadratic hyperpolarizabilities.
However a complexity in the push—pull systems based on
organometallic donor moieties was found in the present study.
The results seem to indicate that the effectiveness of an
organometallic donor on the second-order NLO properties
depends on the chain lengthening of the conjugated
chromophore: the nickel organometallic fragment originates
an enhanced effect on the magnitude of quadratic hyper-
polarizability for short-length acetylide chromophores, whereas
iron and ruthenium have comparatively higher NLO merit for
long-length chromophores. In other words, iron and ruthenium
complexes seem to be more sensitive to the extension of the
aromatic system than the nickel analogues. In particular, the
existence of other electronic transitions in addition to the main
MLCT can clearly control the effectiveness of the organo-
metallic donors on the second-order NLO properties of these
push—pull systems. This leads to a somewhat surprisingly high
quadratic hyperpolarizability for 1Ni in comparison with 1Fe,
1aRu, and 1bRu in spite of the better donor properties of iron
and ruthenium organometallic moieties. [Ru(7°-CsHj)-
(PPh;),(C=C{C,H,S},NO,)] presents a value of the
corrected hyperpolarizability (224 X 107 esu) which places
this complex in the range found for the best values of .,
reported in the literature.

B EXPERIMENTAL SECTION

General Procedures. Syntheses were carried out under a nitrogen
atmosphere using standard Schlenk techniques, and the solvents used
were dried by standard methods.®’ Commercial reagents were used
without further purification, except for copper iodide, which was dried
and kept under nitrogen. Starting materials were prepared by following
the methods described in the literature: [Ru(#°-CsH;)(PPh;),Cl] and
[Ru(7*-CsH;) (DPPE)CI],** [Fe(r*-CsHs) (DPPE)I], ™ [Ni(3°-CsH)-
(PPh;)CI].% 2-(5-Bromothiophen-2-yl)-5-nitrothiophene was pre-
pared by bromination of 2-nitro-S-(thiophen-2-yl)thiophene with
NBS according to the general method described in the literature.%* 2-
Nitro-S-(thiophen-2-yl)thiophene was prepared by nitration of 2,2’-
bithiophene with Claycop according to general procedures.® The
syntheses of trimethyl((S-nitrothiophen-2-yl)ethynyl)silane (1),** 2-
ethynyl-5-nitrothiophene (1'),** trimethyl((5"-nitro-2,2’-bithiophen-5-
yl)ethynyl)silane (2),*° S-ethynyl-S’-nitro-2,2’-bithi0fhene (2"),%° and
Ru(#°-C5Hs) (PPh,),(C=C{C,H,S}NO,) (1bRu)** were previously
reported. In this work we used some modifications for the preparation
of 1, 1, 2, and 2’ (see details below): trimethyl((S-nitrothiophen-2-
yl)ethynyl)silane (1) was prepared using Pd(PPh;),Cl, as precatalyst
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instead of Pd(OAc),/PPhy;** trimethyl((5'-nitro-2,2'-bithiophen-5-
yl)ethynyl)silane (2) was prepared from the bromo-substituted
precursor instead of the reported iodo derivative®® using standard
procedures; a different deprotection procedure for the trimethylsilane
group was used for obtaining 2-ethynyl-S-nitrothiophene (1')** and 5-
ethynyl-5/-nitro-2,2"-bithiophene (2').*° 'H, *C, and 3P NMR
spectra were recorded on a Bruker Avance 400 spectrometer at
probe temperature using CDCly or (CD;),CO as solvents. The 'H
and *C chemical shifts (s, singlet; d, doublet; t, triplet; m, multiplet
for 'H) are reported in parts per million (ppm) downfield from the
residual solvent peak, and the *'P NMR spectra are reported in ppm
downfield from the external standard 85% H;PO,. Coupling constants
are reported in Hz. Spectral assignments follow the numbering scheme
shown in Scheme 1 and are attributed using HMBC, HMQC, and
COSY NMR techniques. FT-IR spectra were recorded with a Perkin-
Elmer Paragon 1000 PC spectrophotometer as dry KBr pellets (only
significant bands are cited). UV—vis spectra were recorded with a
Termo Electron, Nicolet Evolution 300 instrument, in dried solvents
in the range of 200—1000 nm. Elemental analyses were obtained at our
laboratories (Laboratério de Analises, Instituto Superior Técnico),
using a Fisons Instruments EA1108 system. Data acquisition,
integration, and handling were performed using a PC with the
software package EAGER-200 (Carlo Erba Instruments).

Synthesis of Me;SiC=C{C,H,S}INO, (1). 5-Bromo-2-nitrothio-
phene (1.0 g; S mmol) was dissolved in THF (10 mL). Pd(PPh;),Cl,
(0.07 g, 0.10 mmol), Cul (0.019 g, 0.10 mmol), and NEt; (1.2 g, 7.9
mmol) were added. A solution of ethynyltrimethylsilane (0.55 g, 5.5
mmol) in THF (20 mL) was added dropwise, and the mixture was
stirred for 2 h. The resultant dark brown suspension was filtered, and
the solid was washed with dichloromethane (10 mL). The combined
THF and dichloromethane solvents were evaporated under vacuum,
and the resultant brown residue was then chromatographed on silica
gel. Elution with petroleum ether 40—60/Et,O (9/1) gave a yellow
band from which microcrystalline trimethyl((S-nitrothiophen-2-yl)-
ethynyl)silane was isolated in 76% yield (0.856 g). v(KBr)/cm™:
13455 and 1523s (NO,), 2141m (C=C). 'H NMR (CDCL,): §/ppm
0.28 (s, 9H, CH,), 7.11 (d, 1H, [y = 4.0 Hz, H4), 7.78 (d, 1H, ¥y
= 4.4 Hz, HS). 3C NMR (CDCLy): §/ppm 0.21 (CH,), 95.36 (C2),
105.42 (C1), 128.32 (CS), 130.61 (C3), 131.54 (C4), 150.76 (C6).
UV—vis (CHCL): A,,/nm (¢/10* M™' em™) 356 (1.1).

Synthesis of HC=C{C,H,S}NO, (1’). Compound 1 (0.338 g, 1.5
mmol) was dissolved in methanol (10 mL). Ammonium fluoride
(0.061 g, 1.65 mmol) was added. After the mixture was stirred at room
temperature for 2 h, the solvent was removed under vacuum to give a
brown residue. The solid was washed with petroleum ether 40—60 and
the solvent evaporated to give the desired product as a light yellow
microcrystalline powder in 72% yield (0.165 g). v(KBr)/cm™": 1341s
and 1528s (NO,), 210lm (C=C). '"H NMR (CDCl;): §/ppm 3.57
(s, IH, C=CH), 7.17 (d, 1H, 3Jyy = 4.0 Hz, H4), 7.80 (d, 1H, *Jyyy =
4.0 Hz, H5). '"H NMR ((CD;),CO): &/ppm 4.47 (s, I1H, C=CH)),
7.41 (d, 1H, ¥Jqy = 4.0 Hz, H4), 8.00 (d, 1H, ¥4 = 4.0 Hz, HS). *C
NMR (CDCly): §/ppm 75.13 (C2), 86.04 (C1), 128.12 (CS), 129.15
(C3), 132.17 (C4), 151.29 (C6). *C NMR ((CD;),CO): §/ppm
74.48 (C2), 87.45 (C1), 128.79 (C3), 129.08 (CS), 133.04 (C4),
147.75 (C6). UV—vis (CHCL,): A,../nm (/10 M~ cm™) 346 (0.8).

Synthesis of Me;SiC=C{C,4H,S},NO, (2). 2-(5-Bromothiophen-
2-yl)-S-nitrothiophene (0.14 g, 0.5 mmol) was dissolved in THF (§
mL). Pd(PPh;),Cl, (0.017 g, 0.025 mmol), Cul (0.008 g, 0.04 mmol),
and NEt; (0.3 mL, 1.98 mmol) were added. A solution of
ethynyltrimethylsilane (0.1 g, 1.0 mmol) in THF (10 mL) was
added dropwise, and the mixture was stirred overnight. The solvent
was evaporated under vacuum, and the resultant brown residue was
then chromatographed on silica gel. Elution with petroleum ether 40—
60/Et,0 (9/1) gave an orange band from which trimethyl((S’-nitro-
2,2’-bithiophen-S-yl)ethynyl)silane was isolated as an orange powder
in 70% yield (0.108 g). v(KBr)/cm™: 1327s and 1515s (NO,), 2141m
(C=C). 'H NMR (CDCl,): 6/ppm 0.27 (s, 9H, CH,), 7.08 (d, 1H,
qu = 4.4 Hz, H8), 7.18 (d, 1H, *Jyy = 4.0 Hz, H4), 7.20 (d, 1H, ¥4y
= 3.6 Hz, HS), 7.85 (d, 1H, ¥ = 4.4 Hz, H9). *C NMR (CDCl,):
&/ppm 0.15 (CH;), 96.36 (C2), 102.55 (Cl1), 122.84 (C8), 125.68
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(C6), 126.65 (C5), 129.71 (C9), 133.71 (C4), 135.77 (C3), 144.08
(C7), 149.73 (C10). UV—vis (CHCL,): 4,,,./nm (&/10* M™! cm™)
416 (2.2).

Synthesis of HC=C{C,H,S},NO, (2’). Compound 2 (0.25 g, 0.8
mmol) was dissolved in methanol (70 mL). Ammonium fluoride
(0.033 g, 0.88 mmol) was added. After the mixture was stirred at room
temperature for 2 h, an orange solid precipitated. After 3 h of
additional stirring, the solvent was removed under vacuum to give an
orange solid. The solid was washed with dichloromethane and the
solvent evaporated to give the desired product as a light orange solid in
77% yield (0.145 g). v(KBr)/cm™: 1325s and 1511s (NO,), 2096m
(C=C). 'H NMR (CDCl,): §/ppm 3.50 (s, 1H, CH), 7.09 (d, 1H,
i = 44 Hz, H8), 7.21 (d, 1H, *Jigy; = 4.0 Hz, H4), 7.23 (d, 1H, ¥y
40 Hz, H5), 785 (d, 1H, *yy = 40 Hz, H9). 'H NMR
((CD;),CO): 6/ppm 4.27 (s, 1H, CH), 7.39 (d, 1H, *Jyy = 4.0 Hz,
H4), 7.44 (d, 1H, *Jy = 4.0 Hz, H8), 7.56 (d, 1H, *J;15; = 4.0 Hz, HS),
8.03 (d, 1H, = 4.0 Hz, H9). ®C NMR (CDCl;): 6/ppm 75.98
(C2), 84.09 (C1), 123.01 (C8), 124.33 (C3), 126.09 (C4), 129.61
(C9), 134.20 (CS), 136.16 (C6), 143.74 (C7), not attributed (C10).
13C NMR ((CD,),CO): 5/ppm 76.54 (C2), 86.30 (C1), 123.03 (C3),
124.10 (C4), 128.09 (C8), 131.30 (C9), 135.57 (CS), 136.92 (C6),
143.18 (C7), 150.81 (C10). UV—vis (CHCL;): A,./nm (£/10* M™!
cm™') 410 (1.3).

Synthesis of Fe(*-CsH;)(DPPE)(C=C{C,H,SINO,) (1Fe). To a
suspension of Fe(i7*-CH;) (DPPE)I (0.40 g, 0.62 mmol) and 1’ (0.11
g, 0.65 mmol) in methanol (30 mL) was added NH,PF, (0.11 g, 0.68
mmol), and the mixture was refluxed for 2 h and then cooled. A
solution of NaOMe in methanol (7.4 mL, 0.1 M) was added, and the
mixture was stirred for 1 h at room temperature. The solvent was
removed under vacuum, and the resultant solid residue was then
chromatographed on flash silica gel. Elution with n-hexane/Et,O (1/1)
gave a dark blue band from which the desired compound was isolated
as a dark blue solid in 76% yield (0.32 g). (KBr)/cm™": 1421s and
12925 (NO,), 2005m (C=C). 'H NMR ((CD3),CO): §/ppm 2.51
(m, 2H, CH,-DPPE), 2.63 (m, 2H, CH,-DPPE), 4.39 (s, SH, C;Hy),
592 (d, 1H, ¥y = 4.6 Hz, H4), 7.60 (d, 1H, *Jyy = 4.6 Hz, HS),
7.34—7.44 and 7.90 (m, 20H, H-Ph). 3C NMR ((CD,),CO): §/ppm
30.41 (CHZ-DPPE), 81.24 (s, CsHy), 118.52 (C2), 125.37 (C4),
128.68 (t, YJcp = 9.0 Hz, C_o-Ph), 129.13 (t, ¥Jcp = 8.1 Hz, C_po-
Ph) 13040 (s, Cpi-Ph), 131.67 (CS), 131.69 (s, C,ore-Ph), 132.51 (4,
*Jcp = 8.8 Hz, C,..-Ph), 13424 (t, *Jcp = 8.8 Hz, C,.,-Ph), 136.45 (4,
"Jep = 13.6 Hz, C;,-Ph), 138.18 (t, 'Jcp = 14.9 Hz, C;p-Ph), 140.05
(C3), 141.90 (t, ¥Jep = 285 Hz, Cl), 14334 (C6). *'P NMR
((CDy),CO): 6/ppm 103.93 (s, 2P-DPPE). UV—vis (CHCL,): A,/
nm (¢/10* M~ cm™) 578 (1.3). Anal. Calcd for C,H;,FeNO,P,S: C,
66.18; H, 4.65; N, 2.09; S, 4.78. Found: C, 65.80; H, 5.00; N, 1.99; S,
5.00.

Synthesis of Fe(1°-CsHs)(DPPE)(C=C{C,H,S},NO,) (2Fe). To a
suspension of Fe(i>-CsH;) (DPPE)I (0.40 g, 0.62 mmol) and 2’ (0.16
g, 0.68 mmol) in methanol (S0 mL) was added NH,PF, (0.11 g, 0.68
mmol), and the mixture was refluxed for 3 h and then cooled. A
solution of NaOMe in methanol (7.4 mL, 0.1 M) was added, and the
mixture was stirred for 1 h at room temperature. The solvent was
removed under vacuum, and the resultant solid residue was then flash
chromatographed on silica gel. Elution with n-hexane/Et,O (2/3) gave
a dark blue band from which the desired compound was isolated as a
blue-purple solid in 78% yield (0.36 g). v(KBr)/cm™": 1422s and
1298s (NO,), 2024m (C=C). 'H NMR ((CD;),CO): §/ppm 2.45
(m, 2H, CH,-DPPE), 2.62 (m, 2H, CH,-DPPE), 4.31 (s, SH, C,H,),
6.00 (d, 1H, 3Jyy = 3.9 Hz, H4), 6.99 (d, 1H, ¥J,34 = 4.4 Hz, H8), 7.17
(d, 1H, *Juy= 3.9 Hz, H5), 7.88 (d, 1H, *Jyyy = 3.9 Hz, H9), 7.33—7.46
and 7.94 (m, 20H, H-Ph). ®C NMR ((CD,),CO): §/ppm 29.84
(CH,-DPPE), 80.41 (s, C{Hy), 115.24 (C2), 121.26 (C8), 126.73
(c4), 127.45 (C6), 128.42 (CS), 128.46 (t, ¥Jcp = 9.0 Hz, Cypi-Ph),
128.89 (t, YJop = 9.0 Hz, mho-Ph), 129.84 (s, C,,,-Ph), 130.07 (s,

CpaPh), 131.56 (C9), 132.47 (t, *Jcp = 8.5 Hz, CpoPh), 134.29 (1,
Ycp = 8.6 Hz, Cppey-Ph), 135.42 (C3), 13834 (¢, Jp = 49.5 Hz, Cypo-
Ph), 142.28 (t, ¥Jcp = 31.3 Hz, C1), 147.36 (C7), 152.41 (C10). 3'P
NMR ((CD;),CO): 8/ppm 104.5 (s, 2P-DPPE). UV—vis (CHC,):
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Amax/nm (/104 M™! cm™') 613 (1.5). Anal. Caled for
C,Hy;FeNO,P,S,: C, 65.34; H, 4.41; N, 1.86; S, 8.51. Found: C,
64.80; H, 4.40; N, 1.90; S, 9.00.

Synthesis of Ru(;>-CsHs)(DPPE)(C=C{C,H,SINO,) (1aRu). To
a suspension of Ru(i*-CsHs)(DPPE)CI (0.30 g, 0.5 mmol) and 1
(0.13 g, 0.58 mmol) in methanol (30 mL) was added KF (0.045 g,
0.75 mmol), and the mixture was refluxed for 4 h. The solvent was
removed under vacuum, and the resultant solid residue was then flash
chromatographed on silica gel. Elution with n-hexane/Et,O (1/1) gave
a purple band, from which the desired compound was isolated as a
purple solid in 70% yield (0.25 g). v(KBr)/cm™: 1297s and 1419s
(NO,), 2023m (C=C). 'H NMR (CDCL): 5/ppm 2.33 (m, 2H,
CH,-DPPE), 2.58 (m, 2H, CH,-DPPE), 4.84 (s, SH, C;H;), 5.81 (d,
1H, ¥y = 44 Hz, H4), 7.53 (d, 1H, ¥y = 4.4 Hz, HS), 7.30—7.42
and 7.80 (m, 20H, H-Ph). 3C NMR (CDCL,): 5/ppm 28.26 (t, ‘Jcp =
472, CH,-DPPE), 83.05 (s, CsHs), 108.76 (C2), 125.47 (C4), 127.96
(t, ¥Jcp = 27.2 Hz, C,o-Ph), 128.13 (t, 3Jp = 25.0 Hz, C,,,-Ph),
129.33 (s, CprePh), 129.80 (5, C,pr-Ph), 130.76 (CS), 13141 (t, *Jcp
= 28.8 Hz, C,uo-Ph), 133.38 (t, YJp = 27.6 Hz, C-Ph), not
attributed (Cyy,,-Ph), 140.51 (C3), 142.43 (C6), 143.36 (t, *Jcp = 21.0
Hz, C1). P NMR (CDCL): 6/ppm 84.62 (s, 2P-DPPE). UV—vis
(CHCL): Ap/nm (¢/10* M™' ecm™) 517 (2.0). Anal. Caled for
CyHyNO,P,RuS: C, 62.00; H, 4.36; N, 1.95; S, 4.47. Found: C,
62.12; H, 4.60; N, 1.90; S, 4.30.

Synthesis of Ru(°-CsHs)(DPPE)(C=C{C,H,S},NO,) (2aRu).
Ru(n>-CsH;) (DPPE)CI (0.15 g, 0.25 mmol) and 2 (0.08 g 026
mmol) were suspended in methanol (40 mL), and a few drops of
dichloromethane were added to ensure complete solubilization. After
the mixture was stirred at room temperature for 2.5 h and refluxed for
an additional 3.5 h, TIPF, (0.09 g, 0.27 mmol) was added and,
immediately, the yellow vinylidene derivative [Ru(s7°-CsH;)(DPPE)-
(=C=CH{C,H,S},NO,)][PFq] precipitated. The solid was filtered,
washed with diethyl ether, and dried under vacuum. Subsequent
redissolution in methanol (30 mL) with $% acetone and addition of
sodium methoxide (0.016 g 0.3 mmol) afforded a dark purple
solution. The mixture was stirred for 1 h at room temperature. The
solvents were removed under vacuum, and the resultant solid residue
was then flash chromatographed on silica gel. Elution with n-hexane/
Et,0 (1/1) gave a purple band, from which the desired compound was
isolated as a purple solid in 72% yield (0.14 g). v(KBr)/cm™": 1291s
and 1412s (NO,), 2037m (C=C). '"H NMR (CDCl,): §/ppm 2.26
(m, 2H, CH,-DPPE), 2.68 (m, 2H, CH,-DPPE), 4.83 (s, SH, C;Hy),
5.63 (d, 1H, 3Jyy = 3.9 Hz, H4), 6.81 (d, 1H, *Jyy = 4.5 Hz, H8), 7.00
(d, 1H, 3Jyy = 3.9 Hz, H5), 7.76 (d, 1H, ¥y = 4.5 Hz, H9), 7.32—
7.34 and 7.56 (m, 20H, H-Ph). '*C NMR (CDCl;): §/ppm 27.69 (t,
Yep = 50.0 Hz, CH,-DPPE), 83.78 (s, CsHs), 119.17 (C8), 119.66
(C4), 125.82 (C6), 127.55 (C2), 127.79 (t, 3Jcp = 17.4 Hz, C,,.,-Ph),
128.01 (t, *Jcp = 18.5 Hz, Cpe,-Ph), 129.07 (s, C,,ri-Ph), 126.90 (C3),
129.11 (s, Cpop-Ph), 130.81 (C9), 132.13 (t, *Jcp = 20.0 Hz, Coppo-
Ph), 132.26 (t, YJcp = 19.1 Hz, C,4,,-Ph), 13841 (t, }Jcp = 85.9 Hz,
Cipso-Ph), 141.28 (C7), 141.76 (C3), 145.25 (t, )Jcp = 105.6 Hz, C1),
149.57 (C10). 3P NMR (CDCly): §/ppm 85.33 (s, 2P-DPPE). UV—
vis (CHCL): A,,/nm (¢/10* M™! ecm™) 566 (2.8). Anal. Calcd for
C,Hy;NO,P,RuS,: C, 61.64; H, 4.16; N, 1.75; S, 8.03. Found: C,
61.20; H, 4.30; N, 1.70; S, 8.00.

Synthesis of Ru(#*-CsHs)(PPhs),(C=C{C,H,SINO,) (1bRu). To
a solution of Ru(i7°-CsH;) (PPh;),Cl (0.11 g, 0.15 mmol) and 1 (0.036
g, 0.16 mmol) in methanol (30 mL) was added KF (0.022 g, 0.30
mmol), and the mixture was refluxed for 3 h. The solvent was removed
under vacuum, and the resultant solid residue was then flash
chromatographed on silica gel. Elution with n-hexane/Et,0 (1/1)
gave a purple band, from which the desired compound was isolated as
a purple microcrystalline solid in 77% yield (0.10 g). v(KBr)/cm™":
1294s and 1419s (NO,), 2019m (C=C). 'H NMR (CDCl,): §/ppm
4.39 (s, SH, C{Hy), 6.39 (d, 1H, ¥y = 4.2 Hz, H4), 7.78 (d, 1H, ¥y
= 4.2 Hz, HS), 7.12—7.28 (m, 30H, H-PPh;). *C NMR (CDCL,): §/
ppm 86.10 (s, CsHy), 111.83 (C2), 125.38 (C4), 127.54 (t, ¥cp = 20.0
Hz, C,,-PPhs), 12892 (s, C,,,-PPh;), 131.04 (CS), 133.10 (C1),
133.60 (t, *Jcp = 20.0 Hz, Coy,-PPhs), 137.94 (t, 'Jcp = 88.0 Hz, Cyp-
PPh;), 142.39 (C6), 143.00 (C3). *'P NMR (CDCl;): §/ppm 49.94
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(s, 2P-PPh;). UV—vis (CHCL,): 4,,,,/nm (&/10* M~'c m™) 536 (2.2).
Anal. Caled for C,,H;,NO,P,RuS: C, 66.97; H, 4.42; N, 1.66; S, 3.80.
Found: C, 67.00; H, 4.50; N, 1.60; S, 4.00.

Synthesis of Ru(i°-CsHs)(PPhs),(C=C{C,H,S},NO,) (2bRu).
To a suspension of Ru(i*-CsHs)(PPh;),Cl (0.27 g, 0.50 mmol) and
2 (0.17 g, 0.52 mmol) in methanol (30 mL) was added KF (0.14 g, 2.4
mmol), and the mixture was refluxed for 4.5 h. The solvent was
removed under vacuum, and the resultant solid residue was then flash
chromatographed on silica gel. Elution with n-hexane/Et,O (1/1) gave
a dark blue band, from which the desired compound was isolated as a
dark blue solid in 54% yield (0.25 g). v(KBr)/cm™": 1309s and 1431s
(NO,), 2037m (C=C). 'H NMR (CDCL,): 5/ppm 4.36 (s, SH,
CqHy), 6.53 (d, 1H, 3y = 3.9 Hz, H4), 6.90 (d, 1H, *J;y = 4.3 Hz,
HS), 7.13—7.43 (m, 30H, H-PPh,), 7.19 (d, 1H, ¥4 = 3.9 Hz, H5),
7.81 (d, 1H, 35y = 4.3 Hz, H9). 3C NMR (CDCl,): /ppm 85.67 (s,
C.Hy), 108.43 (C2), 120.25 (C8), 126.70 (C4), 127.41 (t, ’Jcp = 17.5
Hz, C,.-PPh3), 127.92 (CS), 128.69 (s, C,,,-PPh;), 13044 (C9),
133.70 (t, ¥Jcp = 19.7 Hz, C,0-PPhy), 135.30 (C7), 137.94 (C6),
138.36 (t, YJcp = 84.4 Hz, C,,-PPh,), 14021 (t, *Jcp = 83.1 Hz, Cl1),
146.80 (C3), 147.37 (C10). *'P NMR (CDCL,): 5/ppm 49.98 (s, 2P-
PPh;). UV—vis (CHCL;): A,./nm (£/10* M~ cm™) 580 (2.4). Anal.
Caled for C4H3NO,P,RuS,: C, 66.22; H, 4.25; N, 1.51; S, 6.93.
Found: C, 66.44; H, 4.24; N, 1.53; S, 6.91.

Synthesis of Ni@°-CsHs)(PPh3)(C=C{C,H,SINO,) (1Ni). Ni(s*-
C;H;)(PPh,)Cl (0.42 g, 1.0 mmol), 1’ (0.17 g, 1.10 mmol), and Cul
(0.015 g, 0.08 mmol) were suspended in NEt;/THF 4/1 (25 mL).
After the mixture was stirred at room temperature for 16 h, the solvent
was removed under vacuum and the resultant solid residue was
extracted with dichloromethane and then flash chromatographed on
silica gel. Elution with n-hexane/Et,O (4/1) gave a red band, from
which the desired compound was isolated as a wine red solid in 80%
yield (0.47 g). v(KBr)/cm™: 1339s and 15165 (NO,), 2074m (C=
C). 'H NMR (CDCl,): §/ppm 5.26 (s, SH, CsHs), 6.17 (d, 1H, *Jyy
= 4.2 Hz, H4), 7.53 (d, 1H, %y = 4.2 Hz, H5), 7.39—7.47 and 7.60—
7.69 (m, 15H, H-PPh,). ®C NMR (CDCL,): 8/ppm 92.98 (s, CsHy),
111.35 (C2), 12692 (C4), 12842 (t, ¥Jcp = 10.5 Hz, C,-PPhy),
130.56 (5, Cpara-PPhy), 129.36 (CS), 115.24 (d, *Jcp = 45.2 Hz, C1),
133.67 (t, )Jcp = 11.1 Hz, Cop,-PPhy), 133.22 (t, 'Jcp = 49.3 Hz, Cyp-
PPh,), 137.65 (C3), 145.30 (C6). *'P NMR (CDCl;): §/ppm 41.65
(s, P-PPh;). UV—vis (CHCL): A,,./nm (&/10* M~! cm™) 484 (0.7).
Anal. Caled for CyoH,,NNiO,PS-1/.CH,CL: C, 63.17; H, 4.07; N,
2.52; S, 5.78. Found: C, 63.00; H, 4.10; N, 2.60; S, 6.00.

Synthesis of Ni(#*-CsHs)(PPh;)(C=C{C,H,S},NO,) (2Ni). Ni(s*-
CsH;)(PPh;)Cl (0.42 g, 1.0 mmol), 2’ (0.26 g, 1.10 mmol), and Cul
(0.015 g, 0.08 mmol) were suspended in NEt;/THF 4/1 (30 mL).
After the mixture was stirred at room temperature for 16 h, the solvent
was removed under vacuum and the resultant solid residue was
extracted with dichloromethane and then flash chromatographed on
silica gel. Elution with n-hexane/Et,0 (1/1) gave a red band, from
which the desired compound was isolated as a dark red solid in 78%
yield (0.48 g). v(KBr)/em™": 1314s and 1517s, 2074m (C=C). 'H
NMR (CDCL): 6/ppm 526 (s, SH, C{H), 627 (d, 1H, ¥y = 42
Hz, H4), 6.80 (d, 1H, ¥y = 4.0 Hz, H8), 6.94 (d, 1H, 3y = 4.2 Hz,
HS), 7.74 (d, 1H, 3Jyy = 4.0 Hz, H9), 7.39—7.49 and 7.62—7.72 (m,
15H, H-PPh;). ®C NMR (CDCL,): §/ppm 92.85 (s, CsHs), 110.79
(C2), 120.98 (C8), 126.26 (C5), 128.33 (t, *Jcp = 10.5 Hz, C, -
PPh;), 128.98 (C4), 130.00 (C9), 130.36 (C6), 130.37 (s, C,e-PPhy),
132.11 (C3), 133.29 (t, Jcp = 49.0 Hz, Cyp,-PPhy), 133.75 (t, *Jcp =
11.0 Hz, Co-PPhy), 134.46 (t, Jop = 21.8 Hz, C1), 14621 (C7),
147.78 (C10). *'P NMR (CDCl,): 6/ppm 41.14 (s, P-PPh,). UV—vis
(CHCL): Apu/nm (e/10* M~ em™) 506 (2.3). Anal. Calcd for
C;;H,,NNiO,PS,-!/,CH,Cl,: C, 62.25; H, 3.85; N, 2.18; S, 10.00.
Found: C, 62.10; H, 3.90; N, 2.20; S, 10.00.

Electrochemical Studies. Electrochemical measurements were
performed on an EG&G Princeton Applied Research potentiostat/
galvanostat Model 273A equipped with Electrochemical PowerSuite
v2.51 software for electrochemical analysis, in anhydrous dichloro-
methane or acetonitrile with tetrabutylammonium hexafluorophos-
phate (0.1 M) as supporting electrolyte. The electrochemical cell was a
homemade three-electrode configuration cell with a platinum-disk
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working electrode (1.0 mm) probed by a Luggin capillary connected
to a silver-wire pseudoreference electrode and a platinum-wire
auxiliary electrode. All of the experiments were performed under a
nitrogen atmosphere at room temperature and in some special cases
also at —20 °C. All of the potentials reported were measured against
the ferrocene/ferrocenium redox couple as internal standard and
normally quoted relative to SCE (using the ferrocenium/ferrocene
redox couple E;;, = 0.46 or 0.40 V versus SCE for dichloromethane or
acetonitrile, respectively®). The electrochemical grade electrolyte was
purchased from Aldrich Chemical Co. and dried under vacuum at 110
°C for 24 h. Reagent grade solvents were dried, purified by standard
procedure,s®’ and distilled under a nitrogen atmosphere before use.
HRS Measurements of the First Hyperpolarizabilities.
measurements were carried out using the harmonic light scattering
technique (also named hyper-Rayleigh) in chloroform solutions. The
1073—107° M solutions of the complexes were placed into a 4 cm long
fluorimetric cell, after being carefully filtered through a 0.2 ym filter in
order to eliminate the white light noise resulting from microburning of
any the remaining dust particles by the incoming laser beam. The
measurements were performed at a fundamental wavelength of 1500
nm as described in ref 67, using a Q-switched Nd:YAG laser operating
in the 10 Hz repetition range. Fluorescence checks were made by
replacement of the interference filter at the entrance of the
photomultiplier tube using filters with the transmittances at 650,
700, and 800 nm. Disperse Red 1 (DR1) was used as an external
standard dissolved in chloroform. The reference hyperpolarizability S
of DRI in CHCI; was measured by comparison of the slopes of I, vs
concentration plot of the standard in CH,Cl, and CHCl;. Using the
hyperpolarizability of DR1 in dichloromethane (fpg;(CH,Cl,) = 70 X
1072 esu®) the hyperpolarizability of DR1 in CHCI, was estimated to
be 80 X 107 esu, which is very close to the published value of 74 X
1073 esu.%” Assuming that the scattering contribution from the solvent
is negligibly small, this external reference method is used to calculate
the f values of complexes according to eq 1, where s is the slope of the
appropriate I, vs concentration plot and f is the orientational
average of the first hyperpolarizability of the reference sample.

Ssample

p=

ﬂreference

(1)

Sreference

DFT Calculations. All calculations were performed at the DFT
level using the Gaussian 09 package.” The hybrid functional
B3LYP’®"" (Becke’s three-parameter functional with Lee—Yang—
Parr exchange correlations) were used for the calculations. As a
compromise between accuracy and computational effort we have
adopted the 6-31G* basis set (for geometry optimizations) and the 6-
31+G* basis set (for the calculation of hyperpolarizabilities) for C, H,
N, O, and H and the LANL2DZ effective core potential basis set for S,
P, Fe, Ry, and Ni’*”® In the case of the hyperpolarizability
calculations the LANL2DZ basis set was also augmented with a
polarization function (exponents of 0.496 and 0.364) and a diffuse
function (e)gponents of 0.0347 and 0.0298) for elements S and P,
respectively.”*7® Geometry optimizations were performed without
any symmetry constraints. In all cases, the Hessian was computed to
confirm the stationary points of the potential energy surfaces (PES) as
true minima. The static first hyperpolarizability, 3, for all compounds
was calculated by means of the analytic gradient methodology adopted
in the Gaussian 09 program package by using the equation

2 2 2
Bo =B+ B+ L

upon calculating the individual static components
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Time-dependent density functional theory (TDDFT was used
to compute the electronic spectra of the studied molecules, applying
the same theory level and basis sets used for the calculation of the

)77,78
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hyperpolarizabilities. The first 24 lower excitation energies were
computed, and the simulated absorption bands were obtained by
convolution of Gaussian functions centered at the calculated excitation
energies using the GaussSum”® (version 2.2.4) software. The
Chemcraft® program (version 1.6) was used for the visualization of
the computed results, including the representation of the geometries
and the orbitals.
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Text, figures, and tables, giving the justification for the use of
the simplifications in DFT calculations, TDDFT calculated
absorption spectrum for 2a’Ru, optimized geometries and
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