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ABSTRACT: The 2,7-fluorenyl-bridged Fg{-CsMes)(x*-dppe)[G=C(2,7-GaHg/Bu,)C=C]Fe(7>-CsMes)(«*-dppe) (a), its ex-
tended analogue Fg¢CsMes)(K*-dppe)[G=C(1,4-GH,)C=C(2,7-GHe/BU,) C=C(1,4-GH.) C=C](17°-CsMes)(K*-dppe) (b) and the
corresponding mononuclear complexes /2&lsMes)(K*-dppe)[G=C(2-CsH+/Bu,)] (2a) and Fef-CoMes)(«*-dppe)[GC(1,4-
CeH,4)C=C(2-C3H+/Buy)] (2b), which model one half of these molecules, havenbsynthesized and characterized in their various
redox states. The molecular wire characteristicthefdinuclear complexes were examined in theireghixalent states, with pro-
gression fromla[PFs] to 1b[PF] resulting in a sharp decrease in electronic dagplThe cubic nonlinear optical properties of
these species were investigated over the visildenaar-IR range, a particular emphasis being sé¢fh@in multiphoton absorption
properties; the complexes are shown to functioredex-switchable nonlinear chromophores at selegtagtlengths, and the more
extended derivatives shown to exhibit the more somg NLO performance.

is most often functionalized at the 2,7-positiorithwnsatu-
INTRODUCTION

rated Teconjugated arms terminated by electron-releasing

L substituents$*?
The 2,7-fluorenyl unit, with its high fluorescengeantum

yield" and large multi-photon absorption cross-sectfonas
identified very early as an outstanding buildingdi for the
construction of molecules for electrofhfé and photonit
applications. For example, this unit has been jpaated in
organic and organometallic (discrete or polymesic)ictures
designed for optoelectroniéspptical limitingd® or bio-

imaging™® In these applications, the central fluorenyl linke

In a continuation of studies aimed at identifyinificgent
organoiron-based molecular wirgd? we considered ex-
ploiting the electron-transfer properties of sucplanar and
conjugated unit in Fe(ll)/Fe(lll) dinuclear mixedalent
(MV) alkynyl complexes featuring “Fet-CsMes)(r7-
dppe)GC-" endgroups, such aka” or 1b* (Chart 1), with

the related mononuclear complex2a-bfPF], (n = 0, 1)
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potentially constituting useful molecular model qhexes to
enhance understanding of the electronic interastimtween
the metal center and the fluorenyl-based alkyrgdnds in a
given redox state. In particular, the comparisonlgPF]
with its known (non-planar) 4,4-biphenyl analogue
(3[PR])* was expected to probe the likely beneficial effect
of planarity of such a central unit in the spacartbe in-
tramolecular electronic delocalization. As alreatiyclosed
in a communicatio® an increase in the electronic coupling
of the redox-active termini actually occurs in preding
from 3[PF] to 1aPFK).
probe the electronic coupling in the extended deire

1b[PFy.

It was now clearly of interest to

ooy~ )-owc ‘PP“Z
ZQPPh .
BU Bu
1a
thF-’/ZPh
Phop £ C COC=C O O CEC‘@C_C_FE‘ ’
2" Bph, . >
BU Bu
1b
B O o OO
e-C= Fe-C=l =i
. PhoP" i
thz/ré‘th 2 pPh, :
B Bu B Bu
2a 2b
% PhZP/ZPh %
JFe-C=C O CEC—F'e‘ 2 vFe’CEC
g fon, \ PP
3 4

Chart 1. Selected Fluorenyl-
Organoiron Complexes.

and Biphenyl-based

Independent of these results, polynuclear orgareihizet
architectures incorporating alkynyl complexes &f rdetal
centers have been shown to possess large cubiean|
optical (NLO) properties, particularly two-photohsarption
(TPA), at specific wavelengti$.The NLO application po-
tential of ¢ metal alkynyl complexes identified in these

earlier studie$® coupled to the electron-releasing capability

previously established for the organoiron “FeCsMes)(/7-
dppe)GC-" group™ encouraged us to study the absorptive
NLO behavior ofla-b in their various redox-states (Chart
1)® Indeed, these Fe(ll) complexes constitute orgataime
lic analogues of known organic fluorene derivatifaac-
tionalized by donor groups in the 2,7-positionst tbéien

possess large TPA cross-sectiohs:?

Furthermore, because such organoiron alkynyl coxaegle
are usually stable (and isolable) in their catiofie(lll)
state!” a redox state in which the electron-releasing pae
the organometallic end-group should be stronglyimished,
we also wondered if redox-tuneable NLO-active males
would result from the combination of this partiqular-
ganometallic fragment and 2,7-diethynylfluorenenikir to
observations with related homometallic and hetetaltie
alkynyl complexed® This is anticipated at wavelengths
where strong TPA occurs because TPA is relatedhéo t
imaginary part of the cubic molecular polarizaRiliag).
and yfmg is usually influenced by a change in the donomeap
bility of the nearby metal center, as can alsoriferied from
the perturbation expression often derived to expyeteq
1) 2 From this expression, one can readily see thaige®
in the linear absorption spectrum (wavelengths akima,
extinction coefficients/oscillator strengths of oipertransfer
bands) brought about by the (reversible) oxidatidnthe
metal center in these compounds should in turnngtyo
modify their cubic NLO properties, particularly atave-

lengths where strong TPA takes place.

yQ "Hge /Ege + ruge Hee' /Ege Ege + :ugez('uee B 'ugg)zlEgeg
D

Several electrochromic metal-alkynyl-functionalizttdore-
nes have been report&dbut few possess electron-rich re-
dox-active metals, and, to the best of our knowdedgpne
thus far incorporate this particular organoiron gnoap?>*
We report herein the synthesis and characterizasfothe
Fe(ll) complexeda-b and2a-b and of their various oxidized
states. We also report studies on the intramole&hgctron-
transfer in the MV complexeka-bPF], studies of the cubic
NLO properties of3, 4 and all new derivatives by Z-scan,
linear optical properties assessed by absorptidneanission
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spectrometry, and DFT studies rationalizing theeeixpental
observations. The results from the present stualiescom-
pared to those for related organometallic strustuamd the
potential of these complexes for electrochemicaltching

of cubic NLO properties is briefly discussed.

RESULTS
MesS hc%@cacc—@n—csc—sm es
§

Bu Bu
5a-b (n=0,1)
KOH [MeOH/THF

Bd ‘Bu
5a’ (n = 0; 94 %)

2 [Fe]Cl | KPFs 5b' (n=1;57 %)
(6) MeOH
® PF&
[Fe\l
HO=Q OOl
H n n C\
BU Bu [}e]
@
{BUOK 1a/b-v[PFg],
THF (n=01)

[Fe]—@C@c%W%@&C—[FE]
n n

Bu Bu
la(n=0; 73 %)
1b (n=1; 64 %)

Scheme 1. Synthesis of the Fe(ll) Complexes la-bdan

2a-b ([Fe] = Fe@®-CsMes)(k2-dppe)).

Synthesis and Characterization of the Fe(ll) Complees.
The target dinuclear Fe(ll) alkynyl complexis-b and2a-b
were synthesized from the organic diyne precursérthe
bridge 6a’-b") and the Fe(ll) chloride precursérfollowing
a classic two step alkyne activation reaction (Guwhd)™*°
The two butyl groups at the 9-position of the fleloe group

were installed to ensure sufficient solubility betresulting

complexes. Mono- and bis-vinylidene complegegb-v and
2a/b-v were formed as intermediates during these synthese
and, in the case dfa-PF], and 2a-[PF], were briefly
characterized by’P NMR spectroscopy. The ligan8s’-b’
and7a’-b’ were generated from their trimethylsilyl-protected
precursors §a-b and 7a-b), which were themselves synthe-
sized in a similar fashion to related compounds anly

characterized (Supporting Informaticiif®

Measm@@c

BU Bu

7a-b (n=0,1)
K,CO3

MeOH/Et,0
n
Bu Bu

[FelCl| KPFq 7a’ (n=0; 78 %)
(6) | MeOH  7b' (n=1;79 %)

(5]
[Fe]
PFg C e
H n
Bu' Bu
tBUOK 2a/b-v[PFg]>
THF (n=0,1)
[Fe]-@c@cx)w
Bd Bu

2a(n=0;53 %)
2b (n=1; 66 %)

The orange/red complexds/b and 2a/b were extensively
characterized! The presence of the triple bond(s) was con-
firmed in all cases by the observation of the cpomding
Vc=c Modes (Table 1). The identity of these stretctmugles
was further confirmed by Raman spectroscopy: becalis
their more pseudo-symmetric environments, inteafialnes
give rise to much stronger signals in the Ramarctsp¢han

terminal alkyne$’ In addition, small red crystals were
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grown from toluene-pentane orglz-pentane mixtures for
la, 2aand2b (Figure 1).

Table 1. IR Data for Selected Complexes in C}&l, Solu-
tions® (cm?).

Cmpd Fe(ll)  Fe(l)/Fe(lll) Fe(lll) Avesc ” Ref.
Vcsc Vcsc Vcec Fe(l)/Fe(lll)
la 2041 2030/1966 1983 -58 this
work
1b 2045 2045/1993 1993 52 this
1954 (sh) 1953 (sh) work
2193° 2195 2194° +1
2a 2041 / 1985 -56 this
work
2b 2045 / 1992 -53 this
2104° 2196° +2 work
3 2051 2043/1979 1991 -60 15
4 2051 / 1991 -61 15

# Solid-stateyc =c values obtained in KBr for these com-

plexes are given in the Experimental SectfoRe(ll) vs.
Fe(lll) vc=c difference (PE counter ion).° Very weak
peak.

Solid-state Structures of 1a, 2a and®b. The solid-state
structures ofla, 2a and2b were determined. The dinuclear
compoundla (Figure 1a) crystallizes in the orthorhombic
symmetry groupP,., With one molecule in the asymmetric
unit and one benzene molecule as solvate (see imgmal
Section). The two butyl chains at the 9 and 9’ paiss of
the fluorenyl group are slightly disordered, bus #ey geo-
metric parameters of the molecule could nevertseles
obtained with good accuracy. The two metal cenfiesture
piano-stool coordination spheres with the usuallengnd
distances for Fe(ll) centef¥?®** The structure of the dinu-
clear complexla possesses a perfectly planar carbon-rich
bridge that adopts a gauche structure relativéngotwo Fe-
Cp* centroid axes in the solid state. This congagith the
previously reported biphenyl analogBéChart 1), in which
the bridge is apparently coplanar and roughly pedpsilar

to the two Fe-Cp* centroidS.The gauche conformation in
lais possibly induced in the solid state by theisteulk of
the two butyl chains at the 9 and 9’ positions. Tlberenyl

bridge imposes an intramolecular Fe-Fe mean distaric

15.9 A, while the through-space Fe-Fe distance thighfive
nearest neighbouring molecules is slightly shoiterthe
crystal (9.2-11.9 A). This intramolecular Fe-Fetalige is an
important structural feature for evaluating thecetanic
coupling Hgerd in
1a[PF.* Overall, these distances are similar to thoseiprev
ously found for3 (16.2 A)*®

the corresponding MV complex

Figure 1. ORTEP representationsiaf (a), 2a (b) and2b (c)

at the 50% probability level. Selected distancesgdd angles
(deg): (a) Fel-(Cp¥nwoia 1.753, Fel-P1 2.1930(12), Fel-P2
2.1977(11), Fel-C37 1.889(4), C37-C38 1.233(5),-C39
1.452(5), P1-Fel-P2 86.19(4), Fel-C37-C38 171.6(3)-
C38-C39 178.1(4), (Cp&huoicFel-C39-C40 -54.5, Fe2-
(CP*)centroid 1.758, Fe2-P3 2.1910(12), Fe2-P4 2.2156(10),
Fe2-C87 1.913(4), C87-C88 1.236(5), C88-C89 1.44%HE&2-
C87-C88 179.8(4), C87-C88-C89 174.3(4), P3-Fe2-P4
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85.60(4), (CpHenroirFe2-C89-C90 -120.8; Fel-

(b)

(CP")eenwod 1.740, Fel-P1 2.1788(15), Fel-P2 2.1874(15),

Fel-C37 1.902(5), C37-C38 1.205(6), C38-C39 1.43R1-
Fel-P2 86.06(6), Fel-C37-C38 179.0(4),
176.0(5), (CPRenrorFe1-C39-C40-66.7; () Fel-(Cp*hnmoi
1.736, Fel-P1 2.1904(6), Fel-P2 2.1725(6),
1.893(2), C37-C38 1.220(3), C38-C39 1.436(3), C4%C
1.444(3), C45-C46 1.194(3), C46-CA7 1.442(3), P1-F2

86.05(2), Fel-C37-C38 179.4(2), C37-C38-C39 173.2(2
(CP")centoirFe1-C39-C40 108.7, C41-C42-C47-C48 -75.5.

The mononuclear complex@a-b (Figures 1b-c) crystallize
in the monoclinic groups R/A and C2/c, respectively, with
2b possessing one disordered toluene solvate in shm-a
metric unit (Experimental Section). The bond disesand
angles are again as expected for piano-stool Fa(ill-
kynyl moieties and similar to those previously atvse for4
(Chart 1)**?2°A conformation where the first aryl group is
approximately “parallel” to the meansKes plane is ob-
served with the alkynyl ligand &b, but the fluorenyl mean
plane lies nearly perpendicular to it, with a C442aC47-
C48 torsion angle of -75.5°; such a twisted confaian is
likely induced by cell packing so as to minimizergt inter-

actions.

Cyclic Voltammetry Studies. Cyclic voltammograms (CVs)
were recorded fota-b and2a-b (Table 2). While the CV of
2a in CH,CI, reveals a chemically reversible one-electron
process at - 0.17 V, the CV & exhibits two weakly sepa-
rated waves at ca. -0.11 and -0.2%4/SCE, corresponding
to the stepwise Fe(ll)/Fe(lll) oxidations of each- o
ganometallic endgroup. These systems appear chigmica
reversible at a scan rate of 0.1 V/s, the separdigiween
the redox potentials (114 3 mV) being accurately derived
by fitting the voltammograms at various scanningess

(Supporting Information).

(RT/F)logK.) = AE® )

As previously discusse€dbased on eq. 2, this corresponds to
a thermodynamic equilibrium constard.Y of 76 ¢ 8) for
the comproportionation reaction between the honeoual
Fe(ll)/Fe(ll) @) and Fe(lll)/Fe(lll) speciesl[PF;],) at 25 °C
(Scheme 2§°* This indicates that the MV compléa[PF]

Fel-C37

will not exist in a “pure” state in solution at ambt tem-

perature, but will always equilibrate with non-rigiile

C37-C38-C39amounts of its homovalent “parentda and 1a[PFg],. In

contrast, the two one-electron metal-centered tixida of
1b are not resolved in the CV, occurring at a sinlarential
value to that of the mononuclear compix(-0.12 V). This
demonstrates that theb/1b?* comproportionation equilib-
rium constant is lower than fata™ and lies closer to the
value corresponding to a statistical distributioe. K, = 4)*
In addition to these chemically reversible metaiteesd
processes, an irreversible process is observedIngay or
1.4 V for 1a/2a or 1b/2b, respectively, likelycorresponding

to the oxidation of the fluorene grotip.

Table 2. Electrochemical Data for Complexes 1a-b &a-b.

Cmpd E® (AE,?) AE° idia Ref.

la -0.11 (0.06f¢  o0.11¢ 1 1€
-0.22 (0.06§'° 1

2a -0.17 (0.08) / 1 this work

1b -0.12 (0.08) <0.06 1 this work

2b -0.12 (0.08) / 1 this work

3 -0.11 (006 0.06 1 1
-0.17 (0.06§'° 1

4 -0.16 (0.07) / 1 1

All E° values are in V vs. SCE. Conditions (unigsged
otherwise): CHCI, solvent, 0.1 M [NByJ[PF¢] support-
ing electrolyte, 20 °C, Pt electrode, sweep rate \0.s".
Ferrocene/ferrocenium (FcH/FCBl was used as an in-
ternal reference for potential measuremefitBifference
between cathodic and anodic peak potentialau elec-
trode instead of Pt, sweep rate 0.2 V. § Values ex-

tracted by simulatiorf. 84 mV in aceton¥,

Synthesis and Characterization of the Corresponding
Fe(lll) Complexes. The Fe(lll) complexeda-bPF], and
2a-hPF;] were isolated following chemical oxidation with
one and two equivalents of ferrocenium hexafluoosph
phate, respectively (Scheme 2). They were chaiaeteby
infrared, NMR and ESR spectroscopy, while cyclidtam-
metry confirmed the parentage of the neutral corgda-b
and2a-b.



[F e]—C=C@7CEC EC—©>—csc—[Fe]
n n
la-b

Bu Bu
5.
CH,Cly [Fe(n>-CsHs)][PFel
(2eq.)
@PFe@ PF6@®
[Fe]—CEC‘@—CEC 0.0 csc—C}}»mc—[Fe]
n n
Bu Bu

1a[PFgl, (n =0; 80 %)
1b[PFs], (n=1; 56 %)

[]{M@}

BU Bu 2ab

5
CH,Cl [Fe(n>-CsHs)2][PFé]
(1eq)
o PES
tFe} C=c—©>—c=c 2a[PFg] (n = 0: 67 %)
n S 2b[PFg] (n = 1; 41 %)

Scheme 2. Comproportionation Reactions between
la/lb and 1a[PR]./1b[PFg], (Inset) and Synthesis of the
Fe(lll) Complexes la-b[PR], and 2a-b[PR] ([Fe] =

Fe(/°-CsMes)(k>-dppe)).

Table 3. ESR Spectra for Compounds in Frozen
CH.CI,/1,2-C,H,CI, Solutions at 80 K.
Cmpd O O O Ag Ref.
1a 2.380 2035 1.984 0.397 1
12 2.25 this work
2.426° 2.035° 1.981°

2a 2.425 2.034 1.980 0.445 this work

1b* 2.410 2.025 1.980 0.430

1 2.23

26 2.473 2.029 1.973 0.500 this work

3 2.035 18

4 2.439 2.032 1.975 0.464 ®

2 Signal for pure solid sample d&* (no signal corre-
sponding to a hypothetical forbiddetmg = 2 transition
detected around g = 4.5).

As expected for these Fe(lll) complexes, a singhakv_c
band is observed in each case in the 1980-1895 ramge

(Table 1)* The presence of one unpaired electroBarb’ is

[Fe]—C=C =C| =C =C—fFe]
- O
BU Bu

la(n=0)/1b (n=1)

+
- {<>~c M e >}f -
[Fe—C=C =C =C =C
) A S o

Bu Bu
1a?* (n=0)/1b% (n=1)

KCH CH,Cl,

®
2 [Fe]‘C%‘@—C% =C4©>—CEC—[F9]
n n
Bd Bu

la* (n=0)/1b* (n=1)

supported by a rhombic ESR signature (Table 3)sistent
with ESR signatures previously obtained for relafedqlll)
radicals, such asi{PF].">* Similar to observations for
3[PF),, the ESR signatures of the dinuclear complebaés
and 1b*" were more difficult to detect. Broad featureless
signals were observed possibly because of a fastrehic

relaxation due to spin-spin interactions in sucadicals'®

The'H NMR spectra ofla-bi[PFs], and2a-b[PFs] were also
recorded and, based on previous work with relatedva-

tives232

are diagnostic of Fe(lll) complexes (See Support-
ing Information). An assignment for nearly all thibserved
signals could be proposed féa [PR], and 2a[PF;]. The
shifts in opposite directions for neighbouring prog on the
fluorene group are indicative of opposite spin @erss lo-
cated on the corresponding carbon atoms, consistéht
spin delocalization/polarization taking place thghuthe e
manifold®*** For2a[PFy], relative tola[PF], the protons the
fluorenyl group are significantly less shifted, stmtent with
a less marked spin delocalization/polarization ba &ro-
matic ring of the alkynyl ligand that is more remdtom the
metal center. Nevertheless, these fluorenyl protexyeri-

ence a significantly larger paramagnetic contrifmutio their
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chemical shifts than the corresponding nucleidjRF],*
presumably as a result of the planarity of thermg! group
facilitating greater spin delocalization/polarizativia ther-
manifold compared to that experienced by the nqiacar
4.,4’-biphenyl spacer iA[PFy].

Comparison of the chemical shifts observed forfingrenyl
protons in1lgPF], and 2gPF] reveals that the protons of
1a[PFs], appear significantly less shifted than those of
28[PF], indicating the possible existence of an antderr
magnetic exchange interaction taking place betwten
remote Fe(lll) endgroups.The existence of intramolecular
antiferromagnetic coupling is also suggested byt¢nepera-
ture dependence of tHel NMR shifts of the fluorenyl pro-
tons of 1a[PFg], (Supporting Information); while the chemi-
cal shifts can be linearly fitted vs. 1/T (iri"K a very slight
curvature is apparent on the corresponding pldiss i also
consistent with the magnetization curve obtainedmfr
SQUID measurements on solid sampleslefPF],. The
data can be fitted to a Curie-Weiss law in the upeepera-
ture range with a thermal variation of thg.T product al-
most constant~0.82 cni K mol™) and coinciding with the
spin-only value expected for two uncoupled spins ‘3. At
temperatures lower than 50 Ky,.T decreases slightly on
cooling, a behavior characteristic of an antiferagmetic
interaction between unpaired spins. The latter lmarmod-
elled by a Weiss constant of 67 K (ca. 47 An aver-
aged antiferromagnetic coupling constant of ca. eb®*
(taken over 8 neighbouring Fe(lll) centers) coroegpng to
a singlet-triplet gap of ca. 24 ¢éhtan be deduced from this
constant forla[PF], in the solid staté®

Absorption Spectroscopy.The UV-Vis-near-IR absorption
spectra ofla-b™ and2a-b™ (n = 0, 1) were recorded in
dichloromethane (Table 4). For the Fe(ll) complexine
broad absorption band observed at lowest energyth@n
range 400-470 nm) results in the orange colourhefe
compounds (Figure 2). TD-DFT computations indiciust
this band largely results from metal-to-ligand deatransfer
(MLCT), as previously proposed for the related 4,4’

biphenyl analogues3(and4) of 1a and2a.'® Consistent with

this involvement of the metal center, this bandasfound in
the absorption spectra of the corresponding orgalkiynes
(Table 4) or (trialkylsilyl)alkynes (Supporting mimation).
The MLCT absorption folla is bathochromically shifted by
46 nm (2530 c) relative to that oRa, in line with the
slight increase im-manifold contributing to a decrease in the
energy gap between the corresponding MOs (see RET-C
lations). Also consistent with the extension of the
manifold, the spectra of the compounds with extdnde
bridgeslb and2b possess MLCT transitions at lower energy
than those of their shorter counterpats and 2a. This
MLCT absorption is bathochromically shifted féab com-
pared ta2b, albeit by a smaller energy (ca. 20 nm or 954 cm
Y than betweeria and2a. A similar trend is observed for the
next-higher-energy intense absorption band (ne®-33D
nm: 27000-31000 ci), which, according to calculations,
corresponds to a more marked ligand-centred (L@jastter

of 1 — Tt type on the fluorenyl fragment. This LC transition
appears only as a shoulder in the spectra of tladlesncom-
plexesla and2a. Consistent with this assignment, a transi-
tion is present at very similar energies in thecpeof the

free liganda’-b’ and7a’-b’.

120000 -
90000
£
L
S 60000 -
w
30000 -
0 . ‘
250 850 1000

Figure 2. UV-Vis-NIR spectra fota-b and2a-b in dichloro-
methane at 300 K.



Table 4. Absorption and Emission Data for the Fe()/Fe(lll) Complexes 1a-8™, 2a-0", 3™ and 4" (n = 0, 1) in CHCl,.

Cmpd Absorption: Ama/nm (102 gin M2 cm) Aem [Aed 2 Inm @Bum Ref.

la 264 (sh, 35.5), 304 (sh, 27.5), 450 (37.4) 332 [296] 0.7% this work
~ 510 [440] /°

1 270 (sh, 37.4), 344 (27.7), 496 (8.9), 630 (3.0R, {13.7), 820 (sh, 10.7), 1844 (0.4) 333 [294] %.0 this work

2a 278 (sh, 33.4), 296 (sh, 30.0), 404 (20.0) 334 [291] 0.4% this work
507 [403] 0.2%

2a" 280 (36.9), 327 (sh, 26.5), 406 (8.3), 466 (462} (sh, 1.9), 764 (8.1), 1824 (0.18) 332 [291] %.8 this work

1b 269 (sh, 59.1), 358 (73.2), 468 (45.0) 383 [357] <299 this work

1b? 266 (66.0), 374 (101.0), 464 (sh, 14.8), 758 (10.856 (0.33) 411 [380] <159’ this work

2b 276 (sh, 32.8), 322 (36.9), 380 (14.0), 448 (19.0) 367 [323f 0.1% this work

2b* 290 (29.3), 346 (48.0), 454 (7.9), 756 (5.6),18BA7) / / this work

3 275 (sh, 42.9), 432 (40.2) 352 [290] 13% this work and

3 278 (sh, 50.4), 334 (sh, 33.0), 464 (sh, 6.8),(@2), 726 (8.4), 1834 (0.13) ND ND¢ 1

4 275 (sh, 34.1), 401 (17.5) 324 [274] 1.4 % this work and
428 [388] 0.1%

4 280 (sh, 88.2), 370 (sh, 7.2), 440 (sh, 3.0), &3)( 710 (4.1), 1800 (0.08) ND ND¢ 18

58’ 292 (sh, 26.8), 303 (35.8), 317 (sh, 31.0), 329048 333, 349 [303] 76 % this work®

5b’ 237 (39.6), 267 (36.1), 364 (97.3) 390, 411 [364] 78 % this work

72 292 (sh, 34.8), 305 (24.8), 317 (36.5) 319, 331 [292] 58 % this work

70 311 (sh, 32.7), 331 (53.5), 352 (54.6) 380 [331] 58 % this work

8 288 (37.9) 324, 339 [288] 78 % this work

of 273 (30.2) 322 [273] 35% this work

2 Emission [excitation] wavelength&®.m ~ 0. ¢ Traces of fluorescent organic impurities possibtgsent.? Not deter-

mined.® See alsé®.  See Chart 2.

120000 - visible range, with maxima in the 750-800 nm rarzgel

most likely corresponding to LMCT bantfsThese spectra
90000 - resemble those previously reported 8PF;], and4[PF)."*
In contrast to the corresponding Fe(ll) complexdsich are

60000 - silent in the near-IR range, a weak absorptioreieated for

g (M1t.cm?)

the Fe(lll) complexes near 1850 nm correspondingato
(SOMO-n) to SOMO formally forbidden ligand-field )L

transition (ge' — de).>?° As before, a shift to lower energy

30000 -

N : is observed for all these absorption bands upogrpssing
250 400 550 700 850 1000

A (nm) from monocations to dications, the shift being lesarked

for the extended compounds. Transitions are, incjpie,

Figure 3. UV-Vis-NIR absorption spectra faa-bPF], and doubly degenerate in the dications when there wseak or

2a-b[PFg] complexes in dichloromethane at 300 K. negligible electronic coupling between the corresting

chromophores. As a result, they exhibit a roughbting in

The UV-Vis-near-IR spectra of the correspondingliBe( intensity in proceeding tab** from the mononuclear com-
complex (di)cationsla®, 1b*, 2a" and 2b* were also re- plex 2b*. The fluorene-based IL transitions observed at 358
corded (Table 4 and Figure 3). The dark blue/getour of and 380 nm forlb and 2b undergo a bathochromic shift
these compounds originates from several absorptiorise upon oxidation.
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Figure 4. UV-Vis emission spectra faa-b and 2a-b com-
plexes in dichloromethane at 300 K.

Luminescence StudiesUpon excitation in the 285-360 nm
range in CHCI, solutions at ambient temperatures, all the
synthesized fluorenyl-containing Fe(ll) and Fe(ldpm-
plexes were found to luminesce in a narrow spectage
located in the blue region around 310-380 nm (FEgdy).
The fluorescence yields are significantly lowerrthhose of
their purely organic fluorenyl alkyne precursorsigforting
information); the yields fola-b[PF], and2a-bPF], (n = 0,
1) are all < 2%, whereas yields above 70% were ddion
alkyne precursor§a’ and5b’, and above 55% fora’ and
7b'.

Several points can be made regarding these orgdallime
luminophores. First, upon excitation of the Fe@dmplexes
in their fluorene-based LC state, some luminescenig-
nates from this state or from a closely lying exditstate.
This luminescence does not originate from the Iowasg
excited state. Indeed, according to their absanjmectra, at
least one other state (MLCT) is present at lowegrgies
(Table 4) and, upon excitation into the MLCT bariccom-
pounds such a%a or 2a, only a very weak luminescence of
uncertain origin can be detected near 500 #y,(< 0.2 %).
A similar behaviour is found for the 4,4’-biphercgmplexes
3 and4 relative to their organic precursd@sand9. Second,
while the organic luminophore3a-b’ and 5a-b’ exhibit a
clear vibronic structure for their fluorene-base@ ktate’”’

this vibronic structure is far less marked in thaission

spectra of the corresponding complexes. In cont@aghe
organics, no clear shift in the band envelope efgémission
is apparent across the various alkynyl complexegandless
of the nature of the alkynyl ligands or their oxida state.
Finally, oxidation of the Fe(ll) center(s) appegar(@ only
marginally affect the luminescence of the compoubadh
and 2a-b; a broad emission near 330 nm is found in each
case, with comparable fluorescence yields withipegexnen-
tal uncertainties. This emission occurs at an anevgll
above the lowest-lying excited state of the varidieglll)
complexes, but the luminescence of these LMCT stztald

not be probed due to instrumental limitations.

8 9

Chart 2. Biphenyl-based Fluorophores in Table 4

Synthesis and Characterization of the Corresponding
Mixed-Valent Fe(ll)/Fe(lll) Complexes. In order to obtain
some information about the properties of the MV ptexres
1a" and1b’, we have attempted to characterize both species
in situ. The former MV complex was produced by mixing
equimolar mixtures of its neutral and dicationiaeyds in
dichloromethane (Scheme ¥)while the latter MV complex
was generated by reacting the Fe(ll) dinuclear pssr 1b
with one equivalent of ferricenium hexafluorophosigh
[FCcH][PF]. According to theK, values determined from CV,
1a[PFs] should be formed in 81 % vyield in solution along
with 9.5 % oflaand 9.5 % ofLa[PF], while 1b[PFs] should
be present in the medium in nearly statistical prapns (50
%) in equilibrium with the starting complebb (25 %) and
the corresponding dicatidtb[PFs], (25 %). In the latter case
one equivalent of ferrocene is also present innteglium
(note that in the spectra obtained, ferrocene @adnsid-
ered as being almost spectroscopically silent én40-2500

nm rang&).

ESR spectra have been obtained likewise from frezdn-
tions in CHCI,/1.2-GH,CI, mixtures at 80 K. The signa-
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tures of both the MV complexes and the dicationseveb-
served by ESR (Table 3). Consistent with the stilocaliza-
tion of the unpaired electrons at the mcenters, a rhombic
spectrum was obtained in each case, with a sligbther
anisotropy £g) than was seen for the corresponding o-
nuclear Fe(lll) model complexeza-b[PF¢]. Among piano-
stool alkynyl complexes, #se signatures ¢ typical of a

delocalized cationic largely-Fe(lll)-ceméel radical”®

(@) (b)

1a[PFgh

1alPFy] 1b[PF,]

2260 2150 2050 1950 1850
|
cm-t cmt

2200 2100 2000 1800 1800

Figure 5. Infrared spectra (KBr windowhowing theve—cee
modes of the pure dications, thie comproportionation ix-
tures and of the pure neutral complexeslichloromethan:
for 1a (a) andlb (b). In the latter case, arres indicate the
very weak absorptiorcorresponding to thénternal ve_c

stretch.

The localization of the valency is also evidencad the
infrared spectrum recorded fd[PF;] in solution, which
reveals two new stronge.cc bandg overlapping the cce-
sponding modes dfa and1a[PF], (Figure5a). Forlb[PF],
the absorptions apparently overlap with thoselb and
1b[PF], since no new absorptiorppear in thccompropor-
tionation mixture (Figure I9). In both caseshese absorp-
tions, typical of Fe(ll) and Fe(lllalkynyls, evidence the
presence of distinct and localized redox sitela[PFs;] and
1b[PFs].** Consistentvith the voltammetri study, these data

establish both mixed-valent compounaseither class-I or

class-Il MV compoundsn the classification of Robin ar
42,43

Day

6000

4000 8000 12000
cm-
200
E
S 100
=
0 rl g -
4000 8000 12000

cm

Figure 6. Near-IR spectrabtainedfor the comproportiona-
tion mixtures of la/1gPF], (a) and 1b/1HPFK], (b) in
CH,CI, and proposed denvolutiors (Sub-bands A-B: see
text). The contribution of the corresponding dicas are
also shown (curve€). The sum ofhe various contributions
(A, B and C) is shown as the rdotted line. A constant
background ofca. 50 M".c™ has been substracted from
spectrum (b) over the complete spectral range mapemsatt

for diffusion effects.

As expected, the reactianixtures containing the MV com-
plexeslaPFs] and 1b[PF] afford absorption spectra resem-
bling the mean spectruof thethose of the parent homova-
lent complexes in the UVis rang. However, in the case of
1a[PFy], clear differences can be seen fthe most intense
transitions, which ppear slightl shifted relative to those
detected for purda and1gPFg],, in line with the presence
of a new species in the aiem presenting a lower symmel
than its homovalent parents. Furthermoin the near-IR
range, an intense amgwabsorption is detected at 1970
nm (or 5075 cil) thatwas absent fopure solutions ofla
and 1a[PF], (Figure 6a).As mentioned previouslyla is

silent in this spectral range, wherelaPF], possesses only
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a very weak absorption near 1844 nm (5423"cuorre-
sponding to a forbidden ligand field (LF) transitfd?® In
contrast, for the comproportionation mixture comitag
1b[PF], the comparably much weaker absorption detected i
the near-IR range (Figure 6b) strongly resemblas fibund
for 1b[PRs], near 1866 nm (5459 ¢h

The broad absorption detected at ca. 5000 (2800 nm) for

1a[PFs] was thus considered to be an intervalence charge

transfer (IVCT) band diagnostic of this MV compléxow-
ever, considering the energy.(, = 4995 crit) of the maxi-
mum, the halfwidth [¢;,2)ex, > 6000 crf] and also the (non-
Gaussian) shape of this band (Figure 6a), it cacoote-
spond to a single intervalence charge transfer {IVGand
(see eq. 2) but most likely results from severartapping
bands. As detailed previousfy,it was deconvoluted into
several Gaussian sub-bands (Table 5). The specinalibu-
tion of 1a[PFg], (C) which is present in the medium (9.5 %)
has a negligible contribution on the overall bahdpe. An-
other contribution (A) stems from a similar LF tsi#tion at
the Fe(lll) site of the MV completaPF]. During the de-
convolution process, this weak contribution was uated
with a comparable halfwidth to that of the LF alpimn of
1a[PFg], and its energy was kept close to it. As for Cs thi
sub-band (A) should not strongly influence the bahape of
the near-IR transition detected for the MV compl&kree
additional and much more intense contributions veeresid-
ered to properly reproduce the observed band stiagB;).
Such sub-bands are reminiscent of those proposedanriR
band deconvolutions of the related organoiron MVivde
tives 3[PFs].">** For pseudo-octahedral MV complexes pos-
sessing an unpaired electron in the metal d sulideslose
in energy to the HOMO-1/HOMO-2 levels, and withizas
able metal-metal interaction mediated by the brigdigand,
these sub-bands possibly correspond to the sodignt-a
IVCT and two interconfigurational transitiohs’® Thus, the
most intense sub-band at lowest energy) (B proposed to
correspond to the IVCT transition. Consistent witiis hy-
pothesis, this sub-band (along with &d B) is hypsochro-
mically shifted when the dichloromethane solvernejslaced
by a solvent with a higher dielectric constant sastacetone

or acetonitrile (Figure 7). This observation allous to re-

fine further the classification of thea[PF;] as a class-lIIA

MV complex.

(Vi)iheo = (2310Upap ™2 3)
Heere= (2.06.1F/0rerd (Enax VnaxAVi) 2 (4)

The sub-bands BB; were considered to have similar half-
widths in the deconvolution procedidfewith 11, con-
strained to remain close to the theoretical valggligted by
Hush theory (eq 3’ A reasonable fit can be obtained by
this approach (Figure 6a), yielding a sensible ganization
energy for the IVCT 4 = 4670 cni; vy, = 3050 cnit; £ =
6050 M'.cmi?) and sensible transition energies for the two
interconfigurational processes, Bind B (7140 cmi and
10100 crif).”® A related deconvolution is proposed when

acetone is used as solvéht.

Table 5. Deconvolution of the Near-IR IVCT Band inSolu-
tion and Here derivation for 1a[PFg].

Solvant  Band Vinax i emt’ (Vi2exp dlfeFE (Wodtheo  Hrere

e nudamy @ @ @) e

CH.CI, A 5570 (170) 1500 / 3590 /
B1 4670 (6050) 3050 15.9 3280 380

B, 7140 (3770) 3050 / 4060 /

Bs 10120 (1490) 3050 / 4830 /

Acetone A 5570 (180) 1500 / 3660 /
B1 6790 (6940) 3830 15.9 3960 550

B, 9190 (3830) 3830 / 4610 /

Bs 12110 (1750) 3830 / 5290 /

2 Values + 25 cnl. ® Values+ 10 M*.cm®. ¢ Evaluated
from X-ray structure ot. ¢ Calculated following equation

3. ® Calculated following equation.4

Normalized
Absorbance

700 1500 2300

A(nm)

Figure 7. Equimolar Mixture ola and 1gPF], in Acetone
(Plain Dark Line)and in CHCI, (Dotted Grey Line).
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Using the classic Hush equation (eq. 4Hq¢. value of ca.
380 cm' was derived fofla[PFs] from the energy, intensity
and halfwidth of the sub-band C (IVCT). Followingianilar
procedure, a significantly larger electronic congliHgere =
520 cni') was found in acetone, in spite of the lower sitgbi
previously evidenced for the MV complex in thatvsoit.
Albeit unexpected, this improvement of the elecicarou-
pling (+45 %) which follows the increase in the paiaof
the solvent resembles that (+25 %) previously seéh w
3[PF6].15’49

For an extended MV complex suchdg§PF], a less intense
and more Gaussian-shaped IVCT transition is exgectee

to the unlikely presence of interconfigurationansitions in
less coupled MV complexés. Furthermore, its energy
should likely be above 6200 émcorresponding to the reor-
ganization energy of the single IVCT process det:dor
3[PFR."® In this respect, the weak absorption detected at
5340 cni (1873 nm; 160 M.cmi') after substracting the
contribution of 1b[PF:], generated in the medium by the
comproportionation equilibrium (Scheme 2) certaiobyre-
sponds to the LF absorption centred on the Fegltd for
1b[PF]. However, no other Gaussian absorption banddiabl
to be an intervalence charge transfer (IVCT) bandiéarly
apparent in the 7000-10000 Crapectral range. Actually, the
diffusive nature of the concentrated (>°1®) samples
induces a background absorption which severely tioaips
the accurate modelization of weak bands. A singlead
Gaussian band (B) @, = 11600 crit ((Vi)exp = 5100 crit
and ¢ = 45 M*.cm™®) would apparently improve the fit (Fig-
ure 6b),>! but such a transition does unlikely correspond to
the sought IVCT process, since its energy appegrdigh
for being the reorganization energy of FeCsMes)(x*-
dppe) fragmentS’ In addition, its strong overlap with the
intense MLCT bands oflb[PF;] and 1b[PF], render the
actual existence of such a contribution questiaablore
complex (multi-band) fitting schemes are thus respliito
find IVCT band(s) at lower energies, but their iptetation

is also more difficult. Anyway, all these fits gi&/CT

bands corresponding to much weaker electronic aogsl

than forla[PF] and the MV compleX b[PFs] can be confi-
dently classified as a weakly coupled class-Il ¢ass-I

when no IVCT is considered).

Nonlinear Optical Properties. We next determined the
cubic hyperpolarizabilities of several of the mailes by Z-
scan, using femtosecond laser pulses at variouisleimic
wavelengths between 550 and 1600 nm and as sduition
dichloromethane (as well as THF fba-2g (Figure 8, Table

6 and Supporting Information). Photochemical change
(color changes of the solution under the laser heaare
seen to occur foRa at incident wavelengths less than or
equal to 600 nm. This problem was rectified by rieimz the
solutions and reducing both input power and saropfeen-
tration. Other compounds did not exhibit such obsipho-
tochemical effects2b” was found to be unstable over a time
span of several days, the dark gr&ehsolution returning to
the yellow of2b over this period. Samples Bb" were there-
fore remade every day, and appeared to maintainittieg-

rity over the length of a day.

As seen in Table 1, large differences arose betiewval-
ues of the NLO parameters determined for dichlotbaree
and THF solutions of the compounds for which batlvents
were used. These differences appear too large texbe
plained by the presence of two-photon solvatochsomif
and it is possible that additional mechanisms atflinear
absorption are operative in dichloromethane satgtion
addition to the simple TPA phenomenon, e.g. thegihion
by long-lived species formed due to photocheminataibil-
ity of the compounds although, as mentioned abptieto-
chemical changes were only noted far (and only at short
wavelengths with high incident light power and ocemitated
solutions). The interpretation of the absolute galwf the
TPA cross-sections must therefore be cautiouswitatthis
in mind the spectral features and the trends ofigls of the
parameters between various structures may be ahlyhe
cross-sections listed below are those determinedthe

dichloromethane solutions.

The plots of the real and imaginary partsydbr 1a and1b

show strong dispersion in similar regions: 520-54,
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around 620 nm, and 740-760 nm (see Figure 8léoand
Table 1 forla and1b). Since the 520-540 nm region coin-
cides with some (weak fdra and strong in the case tb)
linear absorption, the dominant effects in thisigegare
likely due to excited-state absorption which mayesqr,
depending on the values of the absorption crossesscof
the ground and excited state, as saturable absor{$iA) or
reverse saturable absorption (RSA), the formerihepdo
negative contributions to the effectiyg, and the latter to
positive ones. In contrast, the 620 nm peal/pfland thus
the peak of the effective TPA cross-section) calesiwith
twice thedna value of a (possibly alkyne ligand-centred)
~ m transition inla, which is shifted bathochromically with
Tebridge extension on proceeding 1b (Figure 9) to coin-
cide well with the 720 nm TPA band; tmebridge lengthen-
ing here appears to increase TPA cross-sectiore-foid.
This absorption seems to dominate a small localimmax at
760 nm (2900 GM), which may have similar charatiethe
maximum at 740 nm (2600 GM) seen in tteeplot. Oxida-
tion of both species (to generdte’* and1b™) affords spe-
cies with linear absorption bands at ca. 760 nmgsiog a
broad saturable absorption effect at these waviienand
resulting in a negative effective TPA cross-sectidine
redox properties of the molecule can therefore deduo
“switch” the sign of the nonlinear absorption ire ttegion of
the TPA maxima of the neutral complexes. Oxidatibria
also affords a UV-Vis absorption band at 350 nmyaae-
length which corresponds roughly to the TPA maximseen
at 660 nm.

Complexes2a and 2a” are (conceptually) fragments @&
and 1&" and exhibit similar effects on the effective TPA
cross-sections following oxidation2a has smaller TPA
cross-section values and a maximum at the sameleveyth,
740 nm, as its bimetallic counterpart. The wavelerd its
TPA cross-section peak corresponds closely to tvtiee
wavelength of optical absorption maximum in the Wig-
spectrum. The linear optical absorption spectrum2af
reveals that this oxidized species is less abs@rpti ca. 450
nm, with a corresponding absence of SA behaviowaate-

lengths in the range 500-560 nm, as observeddarSimi-

larly, 2b is a fragment oflb and has a similar TPA cross-
section spectrumwith peaks at 540, 700, and 760 nm, al-
though maximal values are roughly one fifth of thagni-
tude of the bimetallic complex. Problems were emtered
with highly colouredb’ in fitting the closed-aperture Z-scan
traces in the wavelength range 660-800 nm, acoogritr
the large errors in the., values. The TPA cross-section
values for1b®* are lower than those for its mono-cationic
analogue2b’, probably as a result of the effect of the broader
linear absorption bands seen in the 500-660 nnomeddoth
complex (di)cations exhibit SA in the range 640-30®
coincident with the longer wavelength TPA maximufrire

non-oxidized species.

500 -

-500 |-

-1000

-1500

y (10 esu)

-2000

-2500

-3000

-3500 L L L
500 1000 1500

Wavelength (nm)

Figure 8. Cubic hyperpolarizabilities determined fd in
dichloromethane at 300 K by open and closed-ape#uscan
measurements.

The biphenyl analogues of the fluorenyl completasand
2a (namely3 and4) both exhibit peaks in the UV/Vis spectra
at 580 nm and 700/720 nr&/4). Again, the bimetallic com-
plex @) has larger nonlinear absorption cross-sections th
its monometallic counterpart, as observed withghevious
compounds. TPA maxima appear at shorter wavelertigéms
for the fluorenyl-containing analogues. The diozx&tl spe-
cies, 3[PF],, also exhibits blue-shifted TPA cross-section
peaks/troughs, with a maximum at 540 nm (660 nni &)

and a minimum around 700 nm (760 nm fef").
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Table 6. Nonlinear Optical Data at Wavelengths of pparent TPA Extrema in CH,Cl, (unless otherwise indicated).

A (nm) Yre (1034 esu) Yim (10° esu) ¥ (10* esu) 0, (GM)

18" 740 -60+ 10 16+5 62+ 10 390+ 25
1d 740 -59+ 37 26+6 62+ 37 680+ 120
la 540 700+ 63 110+ 13 710+ 64 5800+ 810
620 78+ 16 110+ 13 130+ 20 4300+ 520

740 -110+ 10 81+ 12 140+ 15 2300+ 310

1" 520 -1500+ 300 -33+10 1500+ 300 -1900% 670
660 -530+ 26 76+ 12 540+ 29 2700+ 440

760 -500+ 24 91+ 16 510+ 29 -2500% 430

1000 28+ 40 29+ 12 40+ 42 450+ 180

1b 560 -2400+ 676 -210+ 65 2400+ 680 -10000+ 3200
620 -680+ 78 310+ 56 750+ 96 13000+ 2300

720 -320+ 16 160+ 22 360+ 27 4900+ 650

760 260+ 10 110+ 17 280+ 20 2900+ 480

950 83+ 40 34+ 10 90+ 41 590+ 180

1b% 540 -960+ 37 30+5 960+ 37 -1600% 260
700 -240+ 51 -36+6 240+ 51 -1200% 220

850 -73+ 40 25+5 77+ 40 530+ 110

1000 75+ 50 -20+8 78+ 51 310+ 120

2" 740 -49+ 15 3+10 49+18 95+ 10
2d 740 -25+ 15 14+ 2 28+ 15 330+ 50
2a 620 170 15 64+ 11 180+ 19 2600+ 430
740 -160+ 17 84+ 16 180+ 25 2400+ 470

2a" 540 -2800+ 50 21+6 2800+ 50 1100+ 290
640 -48+9 18+3 51+9 700+ 120

760 -99+ 10 -11+2 100+ 10 -300+ 45

950 3+1 16+5 16+ 6 280+ 92

2b 540 -520+ 20 34+5 520+ 20 -1800% 270
580 -260% 20 36+6 270+ 20 16004 270

700 -85+ 10 31+5 90+ 11 1700+ 33

760 -87+9 14+2 88+9 370+ 60

2b* 600 -1400+ 17 140+ 16 1400+ 24 6000 2000
760 -1200% 32 -250+ 76 1200+ 330 -6700+ 2100

900 542 33+6 33+6 620+ 110

3 580 -520+ 40 210+ 27 560+ 50 9900+ 1200
700 -140+ 15 130+ 25 200+ 27 4200+ 750

760 -150+ 7 39+8 155+ 10 1000+ 170

3 540 -430+ 25 30+6 430+ 24 1600+ 340
700 -420+ 47 -28+ 6 430+ 48 -920+ 200

950 22+ 24 30+8 37+25 520+ 140

4 580 -200+ 50 27+8 200+ 50 730+ 200
720 -250+ 60 23+7 260+ 60 670+ 230

2 Determined in THF? Data obtained at Wroclaw University of Technologil.other date were obtained at the Australian

National University.
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Figure 9. Apparent two-photon absorption crossisest(in
Goppert-Mayer units) forlb (a) and1b®* (b) in dichloro-
methane at 300 K by open-aperture Z-scan measutsnidre
TPA spectral data are overlaid by the one-photcsoigdtion
spectrum (black) and the one-photon absorption tepac
plotted at 2 (red).

Furthermore, comparing the third-order NLO dataawtsd
for 1a/1a”" and 3a/3a”" or for 2a and4 at the wavelength of
the first MLCT band, the values are nearly the same within
the binuclear and mononuclear sets of complexaseter,
the effective TPA cross-sections found for the fémyl-
containing complexes are always significantly largen
magnitude than those found for the correspondipipényl
ones. The incorporation of fluorenyl units therefaed-
shifts and increases the magnitude of two-phot@omdtion
effects in these molecules.In general, several gitgp
structure relationships can be derived by this ystwehile
being mindful of the error margins and the uncaties

concerning the solvent effects on the effective TétAss-

sections. Firstly, oxidation/reduction of these ponnds can
be used to switch between SA and TPA behavior iaioe
wavelengths. Secondly, compounds with two metatezan
andr-bridge extension have larger TPA cross-sectiond, a
at red-shifted wavelengths. Thirdly, replacing lepi by
fluorenyl also shifts the TPA maxima bathochromical
although values at the short wavelengths are daméed in

magnitude.

DFT Calculations. Calculations onC,-symmetric 1a-Me,
1b-Me and on Cssymmetric models2a-Me and 2b-Me,
which differ fromla-b and2a-b by replacement of the dppe
ligands by dmpm (bis(dimethylphosphino)methane) #red
n-butyl groups on the fluorenyl unit by methyl grayphave
been performed. After structural optimization (Somimg
Information), the calculations reveal that the elcéer of the
frontier molecular orbitals (FMO) of the shortda¢Me and
2a-Me) and longer 1b-Me and 2b-Me) complexes are in
general very similar, a reduction in the HOMO-LUMf@p
being seen in each case upon proceeding from thmomoe
clear to the dinuclear complex (Figures 10 and Edy. all
complexes,
(HOMO, HOMO-1 and HOMO-2) are strongly localized on

the organoiron endgroups and nearby alkynyl fragmen

the three highest-energy occupied dsbita

while the LUMO in general possesses a strong flugre
character. Thus, the assignment of the first oliadastep as
mostly metal-localized is appropriate. Close coriguer of
the dinuclear and mononuclear complexes reveals eka
tending the alkynyl ligand results in a decrease tiod
HOMO-LUMO gap, as expected from the extended camjug
tion within the extended alkynyl ligands. A notibéa fea-
ture here is the appearance of two new alkynylniiga
centred vacant MOs between the LUMO and the metsét
LUMO+1 upon proceeding frorha-Me to 1b-Me (and from
2a-Me to 2b-Me), which indicates a slight change in the

empty FMOs for the longer derivatives.

TD-DFT calculations were performed on the Fe(llymeo
plexes in order to gain some insight into the retof the

allowed low-energy transitions in the visible rar{@able 7).
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Table 7. Observed and Calculated Optical Transitios for 1a-Me, 1b-Me, 2a-Me and 2b-Me.

Cmpd

Vmaxa [éj b

(Exp)

Vima” [f]°

(Calc)

Composition

(Weight %)

Major Assignment

2a-Me

2b-Me

la-Me

1b-Me

24752 [0.20]
33783 [0.30]
22321 [0.19]
26316 [0.14]
31056 [0.37]
36232 [0.33]
22222 [0.37]
32895 [0.27]

21367 [0.45]

27933 [0.73]

37175 [0.59]

20717 [0.12]
30916 [0.11]
25492 [0.22]
29910 [0.16]
30113 [0.09]
35254 [0.07]
19734 [0.26]
30131 [0.12]

24917 [0.44]

27662 [0.08]

35252 [0.10]

48a% 49a" (92%)
47a% 49a" (53%)
113a 115a’ (53%)
56a3 58a" (48%)
54a% 58a" (62%)
1118 115a’ (48%)
85a 86a" (69%)
83as 86a" (48%)

101a% 104a"(20%)
184a'— 188a’ (15%)
101a% 104a" (66%)

180a 189a’ (18%)
180a'— 188a’ (16%)
181a'— 188a’ (15%)

Feu (37%) + Fgy,(6%)+ nCa+ mcoph — T phrio

Feu, (17%) + Fgy, (7%)+ Tpnro — T phrio
Fe2(50%) +7cz — T capn
Tc2* TphFie— T c2+ T phFiuo
Fg,(13%) + Fay, (11%) +mco+ miep — T2t T phrivo
Tepr+ Moo +pn — T copn

F&; (18% + 15%) 4nco+ Tpneivo— T c2+ T phriuo

F&:(17% + 11%) #mpnriio— T c2+ T phriuo

* *
Ticz2F TphFiuo— T c2 + T PhFiuo
*
Feyzzt T2 — ™ copn

* *
ezt TphFiuo— T c2 + T PhFIuo

*
Féixy + Tcopn + Ticpr — T coph
Feixy* Tcopn+ Tepr — T copn

*
Feixy+ Feioyot Ticopn + Teps — T copn

2 Calculated (forla-Me, 1b-Me, 2a-Me and 2b-Me) and observed (fota-b and2a-b) Ve in cni.? Extinction coefficient

in 10° M cm™. ¢ Calculated oscillator strength.
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Figure 12. Plots of the frontier molecular orbittds 1b-Me (a)
and 2b-Me (b) primarily involved in the second allowed trans

tions.Contour values are + 0.03 (e/bdff.

Two strongly allowed transitions are found for thenonu-
clear complex2a-Me, the lowest energy corresponding to
the LUMO ~ HOMO transition with a dominant MLCT
character  riorene <« Ore), @nd the second-lowest-energy to
a LUMO ~ HOMO-5 transition with a strong LC character
(T*Fworene « Ore) predominantly centered on the fluorene
fragment. Fo2b-Me, the same picture holds except that the
MLCT transition at lowest energy changes slighthy aor-
responds now to a charge transfer towards the phizms

of the organic bridge rather than toward the flagtdrag-
ment (™p, — d=e) While a second allowed transition toward
the fluorenyl fragment takes place at higher endfjgure
12). However, contrary to experimental observatiothe
first transition is now computed to experience aebshift
relative to that irRa-Me. For the dinuclear complexéa-Me
and 1b-Me, related allowed transitions are found with the
same dominant character but at a slightly lowergnéan

in the corresponding mononuclear complexes, in Virii

the slight bathochromic shift experimentally obsetv

DISCUSSION

Intramolecular Electron-Transfer in the Mixed-Valent
Organoiron Complexes 1a[Pk] and 1b[PFj]. As previ-
ously showr? 1aPFs] is a better molecular wire than
3[PFy," as evidenced by the larger electronic coupling de-
duced for the former complex from the intervalenbarge-
transfer bandHrere = 380 ¢t vs. Heere = 145 crf, respec-
tively). This can be attributed to the planaritytbé central
2,9-fluorenyl group inlaPF] compared to the non-planar
4.4’-biphenyl unit in3[PF;]. The structural planarity of the
central spacer certainly results in a slightly metectron-
releasing character for the coplanar 2-fluorenylecoom-
pared to the 4-biphenyl core, as evidenced by #uox
potentials of the corresponding mononuclear congi®a
and7 (Table 2; the metal-centered oxidation is sliglethgsier

in 2a than in4). Furthermore, the rigid and planar structure
of the former likely promotes enhanced electromiteriac-
tions between the redox-active endgroupsdjiPFs] relative

to those in3[PFK]. This feature, further supported by the
larger spin polarization of the aryl group evidehdsy H
NMR for 2a[PF] relative to4[PF], is probably at the origin
of the larger electronic coupling and of the largedox
splitting (AE° = 110vs. 60 mV) in1a[PF]. As a result, this
MV complex is class-IIB?***" whereas3[PF] certainly

belongs to the class-IIX.

Thus, in spite of the loss of axial symmetry of thg-
fluorene spacewhich might have been at the origin of det-
rimental quantum interferences compared to the-4,4
biphenyl spaceF we have established that the 2,7-fluorenyl
spacer significantly improves the electronic comioation
between the Jf*-CsMes)(K*-dppe)Fe@C]™ (n = 0, 1) redox
active endgroups in the corresponding MV complex. |
dichloromethane, when compared3{@F], this translates to

a large improvement in stability constaki) of 1aPF] in
the comproportionation equilibrium (Scheme 2), anda
smaller improvement (2.6 fold) in the electronicupbing
between the redox endgroups, leading to the obsenvaf

interconfigurational IVCT bands, as previously albed
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with the class-1IB MV compleX O[PFy], (Chart 3)*> From

the Heere value(s), the end-to-end electron transfer is now
clearly adiabatic forlalPFs] (Heere > 200 cni),* and is
much faster than in the class-IIA MV analogGfPF].
Along the same lines, an enlarged intramoleculdifearo-
magnetic interaction between the unpaired spirseen by
SQUID and'H NMR measurements fata[PFg],. The for-
mer has increased by an order of magnitude relativibat
previously found for the dicatioB[PFy], (- Jrere< 1 cm’),®
which is also likely to be attributable to the ented elec-

tronic communication mediated by the 2,7-fluoresyyhcer.

However, further symmetric extension of the unsatd
spacer, in progressing froha[PF;] to 1b[PF], does not
preserve a large electronic coupling between theital
organoiron endgroups, as revealed by the difficutigenti-
fying a sensible IVCT transition for this MV comglén the
near-IR rangé® The strongly decreased electronic interac-
tion 1b[PF] is confirmed by CV, for which the absence of
any sizeable extra stability for the MV complexpatent,
resulting in aK; value close to the statistical limitb can

therefore be regarded as a class-1 or borderliagsdliclass-
42,43

IIA MV complex.
/% th?/ZPh
Fe—C=C c=c-F¢ 2
PhoP" |
QPF’hz %
Fe—c=C
Ph,P*

QPPhZ

i)

_ \PPh
e 07O P& 12-X
1

Chart 3. Selected Organoiron Complexes

Fluorescence Trapping with Organoiron Chromophores
la-b and 2a-b.When [Fef’-CsMes)(£*-dppe)]”* (n = 0, 1)
endgroups are appended to (2-ethynyl)fluorenyl ¢®- 2

bis(ethynyl)fluorenyl ligands, which are otherwisewerful

organic luminophores, an efficient quenching of ltiheines-
cence takes place, regardless of the oxidatior sihtthe
organoiron endgroups. The weak luminescence detdote
either the Fe(ll) or Fe(lll) complexes near 330 dogs not
originate from their lowest-lying excited state,t lpossibly
from a fluorene-based LC state. Such an emissiom fa
higher excited state localized on the organic cluginore
has previously been observed in related compl&éshe
lack of sensitivity of this emission toward struetumodifi-
cations is consistent with the strong localizatainthis ex-
cited state on the fluorenyl fragment, as suggebie®FT

calculations.

For the Fe(ll) complexes, we have experimentalliates
lished that the lowest (MLCT) excited states aré Inmi-
nescent. A reductive trapping of the fluorene-basecited
state could thus be at the origin of the lumineseajquench-
ing process® as previously proposed with closely related
compounds!*® However, the comparable efficiency of the
fluorescence-quenching process subsequent to @idat
suggests that another mechanism must also betiveefar
these complexes in their Fe(lll) state. While arndative
trapping process or an energy transfer processrebwee
low lying MLCT state might be proposétfurther studies
are needed to shed sufficient light on the actugbping
mechanism operative in these organometallic chrémoigs.
Overall, these results are reminiscent of obsarmatimade
on 9-ethynylanthracenyl and Fe(ll/lll) complexesisasll

or 12X (X = H, Br, CN; Chart 3§’ In contrast to related
dyads incorporating [Fef-CsMes)(x*-dppe)GC]™ end-
groups, the luminescence of the chromophore appetule
the alkynyl bridge inla-b and2a-b cannot be significantly
switched by changing the oxidation state of theanojon

moiety>®

Redox-dependant Cubic NLO Properties of the Organei
ron Chromophores la-b, 2a-b, 3 and 4As is usually ob-
served for such electron-rici-thetal alkynyl complexes, the
real part of the cubic molecular polarizability doates the
modulus ofy® It is overall negative in the visible range with

the sign invariant between the different oxidatstates of a
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given compound’ In contrast, the imaginary pat,( of the (380 GM at 735 nm) (Chart 4), and a linear absorpti
present complexes can be positive or negativegn, sie- maximum at shorter wavelength$eatures likely resulting

pending on the wavelength and on the oxidationestat from non-planarity of this chromophore. Among plana

probed; these compounds can therefore give riseattiedly chromophores, dinuclear chromophotesb, with a pseudo-
different nonlinear absorption responses at specifave- quadrupolar structure, are better two-photon aleserthan
lengths as a function of oxidation state. If thdraffects are their purely “dipolar” counterpart?a-b, consistent with
minimized, as is the case for low repetition ramtosecond common observatiorfs. Sizeable positive values of the
laser measurements, the value of the imaginary glag imaginary part of the cubic molecular polarisabiliy;,) are
reflects the underlying electronic phenomena indubgy seen for these compounds in a spectral range vtheyeare
nonlinear absorption processes such as SA, RSAP&’T not absorbing.

These data can therefore be used to derive theinitae. In the corresponding Fe(lll) complexes, a strongdVpeak

Negative ), values correspond to SA processes, while posi- is usually present at the red edge of the visiategge (Table
tive values may correspond to RSA or TPA proceskes.  4)* Absorption of incident light followed by a SA pess

general, positivegs, values seen in the spectral regions with takes place, resulting in a negative “apparent” Malie and

no one-photon absorption should reflect underlyifigA a negativey;, value in this spectral region. Similar to obser-
phenomena while RSA may be present where one-photon vations with related homometalf&®® or heterometall®
absorption becomes important; “effective” TPA valusan alkynyl complexes of @metal centers, oxidation provides a
be quoted in both cases. simple means to dramatically alter the cubic absarp O
For the Fe(ll) mononuclear complexes, the energyhef and NLO behaviour of these complexes in the 7004800
excited state populated by the apparent TPA proaeksy- spectral range, the effect being largest with thereed
est energy does not coincide with that of the ldwgisg compoundlb. This constitutes the second example where a
MLCT state but is blue-shifted. Calculations indéc#hat it strong redox-switching is evidenced in this spéctrage for
corresponds to an excited state with a larger éegad — Tt homometallic Fe(ll) complexés.In the present case, ex-
character. The energy of this TPA peak Ztrmatches that tending the carbon-rich spacer has a positive effacthis

of the fluorene-based LC state. The same trendatsm be particular property.

observed for the corresponding dinuclear complexes,
given the exclusion rule between one-photon andphaton

absorption processes in centrosymmetric chromoghare

match between these states is expected for thecldaru

complexe$? Similar to many purely organic fluorenes, the 13

Fe(ll) complexesla-b exhibit significant TPA in the 700-

800 nm range. The organoiron complexes appear hibiex PhoN 0.0 NPh;
most often (much) larger cross-sections than oogahro- CioHa{"  CioHz
mophores of comparable length, even in THF where no 14

underlying photochemistry can be suspected to itwré.

For instance, TPA cross-sections of 1200 GM atmtsand HexoN . = . . - . NHex;

130 GM at 600 nm (Chart 4) have been reported &and
14, respectively:'* Likewise to what has been previously
stated for the organoiron complexts, 2a, 3 and 4, the Chart 4. Example of Organic Biphotonic Absorbers

15

biphenyl analoguel5 also has a lower TPA cross-section
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A beneficial effect of these redox-active organpideriva-
tives over the organoruthenium ones is that thengbell
complexes are kinetically more stable. Thus, thélllfe
derivatives can be chemically isolated which istuatly
impossible with their Ru(lll) counterpartSthe Fe(lll) com-
plex cations can be electrochemically generateth ftbeir
Fe(ll) precursors at a more moderate potentialdwametry
in the OTTLE cell.

CONCLUSION

We have reported herein the synthesis of a sefieew
mono- and dinuclear organoiron fluorenylalkynyl giexes
in their Fe(ll)/Fe(lll) oxidation states and invigsited their

redox and optical properties.

As assessed from studies of the intermoleculartrelec
transfer properties of the dinuclear complexeshigirt MV
state, the shorter compléxd[PF;] was shown to be a much

more efficient molecular wire than the known 4,#ptenyl

analogue 3[PF]). This improvement can be traced to the

planarity of the central aromatic unit, which isnmauited to

convey electronic interactions between the termimatal

centers through thermanifold of the carbon-rich spacer.

Similar investigations orlb[PF;] revealed that symmetric
extension of the central bridge by two 4-phenylathnits
does not preserve a sufficiently strong metal-meledtronic
coupling to allow unambiguous detection of the IVansi-
tion. Accordingly, no extra stability is seen ftietextended

MV complex.

In studies of the optical properties of these redctwve
organometallic chromophores, we have observed angtr
qguenching of their fluorene-based luminescence, clwhi
occurs regardless of the oxidation state of thamogetallic
termini, negating their potential use as redox-chdble

luminophores. However, Z-scan measurements ol@rga

wavelength range (400-1600 nm) have revealed dizeab

cubic molecular polarizabilities in the visible rexg for these
species. The two-photon absorption properties ef ftho-
rene-containing ligands are preserved in these oangs,

which exhibit significantly larger apparent TPA sgo

sections in CECI, than purely organic derivatives of similar
size. This enhancement might be attributed to teegnce of
the electron-releasing organometallic capping gsoig@tur-
ing polarizable metal centers. The dinuclear complsuare
more active than the mononuclear complexes, &bds
much more active thaha, presumably due to its more ex-
tendedremanifold. The planarity of the central 2,7-fluorene
unit has certainly also a beneficial effect on THA cross-
sections at the wavelength of the first transitigth a large
fluorene character, as revealed by the comparisitim tive

4,4-biphenyl analogue3 and4.

We have reported the second example of homobirtetall
organoiron complexes functioning as redox-switchabl
nonlinear electrochromes, and thereby revealed thaen-
tial for controlling the cubic NLO responségain, this
remarkable behaviour results from the combinedcefté a
strong two-photon absorption for the Fe(ll) comekexand
from SA occurring in the same spectral range fer ¢brre-
sponding Fe(lll) complexes. The latter is triggetsd the
appearance of a strong (LMCT) absorption upon diida
Furthermore, compared to the known ruthenium-based
logues operative in the same wavelength rangegthesy
derivatives afford the advantage of being redoxedveible at
lower applied potentials in the OTTLE cell, and iking

increased kinetic stability in their oxidized state

EXPERIMENTAL SECTION

General Data All manipulations were carried out under an
atmosphere of inert argon. Solvents and reageets wsed
as follows: MeOH, distilled from MgOMe; THF, & andn-
pentane, distilled from Na/benzophenone;,CH distilled
from CaH and purged with Ar, opened/stored under Ar.
High field NMR spectra experiments were performedao
multinuclear Bruker 500 MHz, 300 MHz or 200 MHz in-
strument. Chemical shifts are given in parts peHioni
(ppm) relative to tetramethylsilane (TMS) f&f and **C
NMR spectra and external;PlO, for *'P NMR spectra. Ex-
perimental details regarding measurements on paetia

Fe(lll) complexes can be found in previous contiitms>*>*
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Transmittance-FTIR spectra were recorded using ukdsr
IFS28 spectrometer (400-4000 YmRaman spectra of the
solid samples were obtained by diffuse scatteringttoe
same apparatus and recorded in the 100-3300 mmge
(Stokes emission) with a laser excitation sourc@0&4 nm
(25 mW) and a quartz separator with a FRA 106 detec
UV-Visible spectra were recorded using a Cary 58ppara-
tus in the 200-2500 nm range. Fluorescence spedcira
recorded using a FLS 920 Edinburgh Instrument spplb-
tometer. MS analyses were performed at the "CeRee
gional de Mesures Physiques de I'Ouest" (CRMPOyétni
sity of Rennes) on a high resolution MS/MS ZABSj&aF
Micromass Spectrometer. Elemental analyses were per
formed at CRMPO. The single-crystal X-ray diffracti
studies were carried out at the "Centre de Diftrawétrie X"
(UMR CNRS 6226, University of Rennes).

Unless specified, all reagents were of commergiatig. The
synthesis of the organic alkyne precurssasb’, and7a’-b’
is given as Supporting Information. Compoud@s and7a’
were also recently synthesized via other synthetic
approached’ 4-Ethynylbiphenyl 8), 4,4-diethynylbiphenyl

(9) and Fef*-CsMes)(«*-dppe)Cl 6) were prepared accord-

ing to published proceduré®

Synthesis of FefP-CsMes)(#-dppe)C=C(2,7-
C1aHe/Bu,)C=C-Fe(-CsMes)(K-dppe)  (1a). Fe(7-
CsMes)(K*-dppe)Cl 6, 842 mg, 1.35 mmol, 2.0 eq), 2,7-
diethynyl-9,9-dibutyl-#-fluorene 6a’, 220 mg, 0.67 mmol,
1.0 eq) and KP§FH273 mg, 1.4 mmol, 2.2 eq) were dissolved
in MeOH (30 mL) in a Schlenk tube. The solution was
stirred and heated to 35 °C for 12 h. The browrpsnsion
was allowed to settle and was filtered. The sefid washed
with deoxygenated MeOH (2 x 10 mL) at 0 °C and awotied
with CH,Cl,. The solvent was removed and the solid was
dried under vacuum to afford a brown solid whictswaar-
acterized by NMR as the bis-vinylidene complex [Pe(
CsMes)(«*-dppe)C=CH(2,7-GH¢/Bu,)HC=CFe (-
CsMes)(K-dppe)l(Pk). (1la-PR],; 834 mg, 61 %). IR
(KBr, cm'): v = 1623 (s, Fe=C=C); 1600 (s, Cs{
*P{*H} NMR (81 MHz, CDCL): 6= 89.1 (S,Pyppd, -143.1

(hept,'Jp e = 713 Hz, PF). 'H NMR (200 MHz, CDC)): &
= 7.60-7.10 (M, 42HHe, and Hengppds 6.48 (S, 2HHey),
6.23 (d, 2H 334 = 8 Hz,Hg), 5.26 (M, 2H, =€), 3.10 (m,
4H, CHygppd, 2.51 (M, 4H, Elygppd, 1.77 (M, 4H, Elyp,),
1.60 (s, 30H, €CHy)s), 1.10 (M, 4H, Elyg,), 0.75-0.50 (m,
10H, H,ptCHzpy)- 'BUOK (202 mg, 1.6 mmol, 2.5 eq) in
THF (30 mL) was added to this solid. The solutioasw
stirred for 2 h and the solvent was removed. Adtdraction
with toluene and evaporation of the solvent, thkdswas
washed with pentane (2 x 10 mL) and MeOH (10 mL) at
°C, to afford the desired complé®a as an orange solid (734
mg, 73 %). Anal. Calc for §HipPsFe: C, 77.49 H, 6.48;
Found: C, 7751, H 6.86. MS (ESI) m/z calc.
CoH10PsFe, (M™): 1502.5631; found: 1502.5641. IR (KBr,
cm?): v = 2043 (s, Fe€C); 1600 (s, C=,). Raman (neat,
cmb): v = 2049 (m, Fe€C), 1597 (vs, C=&.). *'P NMR (81
MHz, CiDg): 3= 100.7 (SPappd- "H NMR (200 MHz, GDy):
J=8.10 (M, 8HHoqppd, 7.53 (d, 2H Iy = 7.6 Hz,Hgy),
7.30-6.95 (M, 36HHg, andHypd, 2.68 (M, 4H Herappd,
2.05 (M, 4H, @lyp,), 1.82 (M, 4H, Huoed, 1.57 (s, 30H,
C5(CH5)s), 1.19 (m, 4H, Elyg), 1.03 (m, 4H, Elyg,), 0.70
(t, 6H, %Jyn = 6.8 Hz, Glyp). “C{'"H} NMR (125 MHz,
CeDe): 5= 151.4 (sCry,), 140.8 & 138.8 (MCpp.gppd, 138.1
(s, Cru), 136.9 (t2Jcp = 40 Hz, FE€=C), 135.5 & 135.1 (m,
Coniappds 130.2 (5Cry), 130.0 (s,CHry), 129.8 & 129.6 (s,
Conappds 128.1 (M, Copappd, 125.5 (M, CHg), 122.6 (s,
FeC=C), 119.8 (s,CHr), 88.5 (5,Cs(CHa)s), 55.3 (S,Cru),
41.7 (5,CHy.5.), 31.8 (M,CHygppd, 28.5 (S,CHae), 24.4 (s,
CHyey), 14.8 (SCHagy), 11.2 (5, GCHy)s).

for

(NB. Possible ®*C NMR assignment as deduced from

corresponding mononuclear complex).

Synthesis of Fef-CsMes)(#-dppe){C=C(1,4-C;H,)C=C-
(2,7-CigH¢/Bu,)C=C(1,4-CsH ) C=C}Fe(r7-CsMes) (K-

dppe) (1b).Fe(7>-CsMes)(«*-dppe)Cl 6; 648 mg, 1.0 mmol,
2.1 eq), 2,7-bis[(4-ethynylphenyl)ethynyl]-9,9-dipLIH-
fluorene Bb’; 260 mg, 0.49 mmol, 1.0 eq) and KPE91
mg, 1.0 mmol, 2.1 eq) were dissolved in a MeOH/THFE
1) mixture (30 mL) in a Schlenk tube under argohe T

solution was stirred and heated at 45 °C for 12The
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solvents were removed and the solid was quicklyheds
with cooled MeOH and extracted with @El,. The solvent
was removed anBBuOK (135 mg, 1.2 mmol, 2.4 eq) in THF
was added under argon. The solution was stirre® florand
the solvent was removed. After extraction with &la and
partial evaporation of this solvent, the solid vpascipitated
and washed with coole@pentane to afford the title complex
1b as an orange solid (543 mg, 64 %). A sample for
elemental analysis was reprecipitated from chlorofo-
pentane mixtures. Anal. Calc fori@H:0PsF&*CHCI;: C,
75.11 H, 6.14; Found: C, 75.10, H 6.34S (ESI) m/z
851.3129 (M™") calc. for GiH,PsFe: 851.3129 (M.
FT-IR (KBr, cm®): v = 2191 (w, GC), 2044 (s, Fe€C),
1589 (m, C=G,). Raman (neat, ch): v = 2220 (m, sh), 2199
(m, C=C), 2047 (m, Fe€C), 1608 (s, C=g,), 1592 (vs,
C=Cy). *P{*H} NMR (81 MHz, G,Dy): 101.3 (SPyppd- 'H
NMR (200 MHz, GDg): J =7.95 (m, 8H,Hpn.app), 7-69 (S,
2H, Hy,), 7.59 (M, 8HHpr), 7.30 (M, 13HH+CHCly), 7.2-
6.94 (m, 24H,Hy), 2.52 (m, 4H, 4,9, 1.84 (m, 8H,
CHygy + CHygppd, 1.52 (s, 15H, €CHy)s), 0.99 (m, 4H,
CHapy), 0.73 (M, 4H, Elygy), 0.58 (t,°Jyy = 7.1 Hz, 6H,
CHagy). “C{*H} NMR (125 MHz, GDg): J = 1521 (s,
Cruw ), 147.3(t, 2Jop= 37 Hz, FE=C), 141.4 (sCry), 140.0
& 138.6 (2M,Con.appds 135.2 & 135.0 (2MCpp.appd, 133.8 (S,
CHp), 132.9 & 131.0 (25CHpy), 130.0 & 129.9 (25Ceh.
oopds 128.2 (M, Copyappd, 126.3 (S,CHpy), 124.0 (s,Coy),
122.1 (broad s, Fef), 120.9 (SCHry), 117.8 (SCry), 92.6
(s, C=C), 91.7 (s, €C), 88.8(s, Cs(CHy)s), 56.1 (S,Cr),
41.2 (S,CHyg), 31.5 CHaappds 27.0 (5,CHapy), 24.1 (S,
CHygy), 14.6 (s,CH3), 11.0 (s, & CHs)s) [1 Cppnot detected,
Cul.

Synthesis of Feff-CsMes)(K-dppe){C=C(2-C;3H-/Bu,)}
(2a). Fe(>-CsMes)(«*-dppe)Cl 6; 517 mg, 0.83 mmol, 1.0
eq), 2-ethynyl-9,9-dibutyBH-fluorene {a’; 250 mg, 0.83
mmol, 1.0 eq) and KRR168 mg, 0.91 mmol, 1.1 eq) were
dissolved in MeOH (30 mL) in a Schlenk tube. Thiugon
was heated to 35 °C and stirred at this temperditurgé2 h.
The brown suspension was allowed to settle andrédid.
This solid, which was washed with MeOH (10 mL) at®

and dried under vacuum, corresponds to the vinyédeom-
plex  [Fe(;-CsMes)(«*-dppe}{C=CH(2-GsH/BU,)}I[PF ]
(2a-V[PFy). IR (KBr, cm?): v = 1623 (s, Fe=C=C), 1601 (s,
C=Cx), 840 (vs, PF). *P NMR (81 MHz, CDG)): 6= 89.2
(S, Papp, -143.1 (hept;Jpr = 712 Hz, PF). '"H NMR (200
MHz, CDCL): 0= 7.62-7.10 (m, 25HHg, andHgy,), 6.58
(s, 1H,Hgy), 6.29 (d, 1H,3JH,H = 8 Hz,Hg), 5.31 (m, 1H,
=CH), 3.13 (m, 2H, Elygyd, 2.57 (M, 2H, Elygd, 1.90
(m, 4H, Hyp), 1.64 (s, 15H, §CHs)s), 1.10 (m, 4H,
CHay), 0.75-0.60 (m, 10H, B, & CHggy). 'BUOK (113
mg, 0.91 mg, 1.1 eq) and THF (30 mL) were then dddlbe
solution was stirred for 2 h and the solvent wasaeed.
After extraction with toluene and evaporation of golvent,
the solid was washed with pentane (2 x 10 mL) armDM
(10 mL) at 0 °C, to afford the title compl@a as an orange
solid (388 mg, 53 %). Crystals were obtained by vapo
diffusion of n-pentane into a benzene solution of the
compound. Anal. Calc for HgsPoFe: C, 79.54; H, 7.24;
Found: C, 79.31; H, 7.26. MS (ESI) m/z 890.3837"[M
calc. for GgHgsP,Fe: 890.3833 (M). FT-IR (KBr, cml): V=
2049 (s, &C); 1598 (m, C=@,). Raman (neat, cM): v =
2051 (s, Fe€C), 1600 (vs, C=G,). *P{*H} NMR (81 MHz,
CsDg): 0= 101.6 (s, (dppe)Feld NMR (300 MHz, GDy): 0
= 8.19 (M, 4H,Hpnappd, 7.66 (2xd,*Jypn = 7.6 Hz, 2H,
2xHys), 7.47-7.42 (M, 10HH e gppd, 7.40 (M, 1HH:), 7.36
(m, 1H,Hg), 7.33 (s, 1HH,), 7.32 (M, 1HH¢), 7.28 (m, 1H,
H,), 7.28-7.15 (M, 6HHpngppd, 2.77 (M, 2H, Elygpd, 2.14
(t, *Jup = 7.8 Hz,4H, CHypy, Ci), 1.94 (M, 2H, Eloppds
1.56 (s, 15H, §CH,)s), 1.24 (M, 4H, @y, Cig), 0.99 (m,
4H, CHpy Cug), 0.77 (t,%34n = 7.2 Hz, 6H, El;, Cp).
BC{*H} NMR (75 MHz, GDg): 5= 151.6 & 151.4 (SCry),
143.1 (s,.Cry), 140.5 (M,Conppd, 139.4 (°Jcp = 39.2 Hz,
FeC=C), 138.8 (M,Conppd, 137.3 (5,.Cr), 135.5 & 135.1
(M, CHpngppds 131.5 (SCry), 130.1 (SCHgy), 129.9 & 129.8
(S, CHpngppds 128.2 (SCHeniappd, 127.8 (SCHr), 126.8 (s,
CHry), 125.5 (SCHey), 123.6 (sCHry), 122.5 (s, Fe€C),
120.5 (sCHry), 120.1 (SCHry), 88.5 (5Cs(CHa)s), 55.6 (s,
Cr), 41.6 (S,CHap), 31.8 (M, CHagppd, 27.2 (S,CHasy),
24.3 (5,CHygy), 14.8 (SCH3), 11.2 (S, QCHy)s).
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Feff-CsMes)(k-dppe){C=C(1,4-CH,)
C=C(2-C;3H+/Bu,)} (2b). Fe(7°-CsMes)(K*-dppe)Cl 6; 330
0.5 mmol, 1 eq),
dibutyl-9-H-fluorene(7b’; 213 mg, 0.49 mmol, 1.0 eq) and
KPFs (191 mg, 1.0 mmol, 2.0 eq) were dissolved in a0
mixture of MeOH/THF (1 :1) in a Schlenk tube undegon.
The solution was stirred and heated at 45 °C fohl1Zhe

Synthesis  of

mg, 2-(4-ethynylphenyl)ethynyl-9,9

solvents were removed and the solid was quicklyheds
with cooled MeOH and extracted with dichloromethaniee
solvent was removed ar8uOK (135 mg, 1.2 mmol, 2.4 eq)
in THF was added. The solution was stirred for &l the
solvent was removed. After extraction with tolueaed
partial evaporation of this solvent, the solid vgascipitated
and then washed with cooledpentane, to afford the title
complex2b as an orange solid (543 mg, 64 %). Crystals
were obtained by vapor diffusion of methanol intmkene
solution of the compound. Anal. Calc fors;BegPoFe: C,
81.20; H, 6.92; Found : C, 81.20; H, 6.96. MS (EBik
990.4144 (M) calc. for GyHggPFe: 990.4146FT-IR (KBr,
cmb): v = 2193 (w, &C), 2047 (s, Fe€C), 1608 (m,
C=Cx,), 1589 (s, C=&). Raman (neat, cf): v = 2215 (sh,
C=C), 2198 (m, EC), 2045 (m, Fe€C), 1591 (vs, C=g).
*1P{*H} NMR (81 MHz, G;Dg): 8= 101.3 (SPyppd- ‘H NMR
(400 MHz, GDg): J=7.96 (M, 4H, Hpnappd, 7-73 (S, 1H,
Hig), 7.60 (M, 3H, KatHge), 7.52 (m, 1H,Hpy), 7.43 (d,
*Jun = 7.8 Hz, 1H, H), 7.64-7.03 (M, 21HH,,), 2.61 (m,
4H, CHp.gppd, 1.91 (M, 8H, Elyp,+ CHygppd, 1.53 (s, 15H,
Cs(CHa)s), 0.99 (M, 4H, Elyg,), 0.71 (M, 4H, Eyg,), 0.60
(t, *Jyn = 7.1 Hz, 6H, E). “C{'H} NMR (125 MHz,
CeDg): 9= 152.0 (sCr), 151.8 (SCr), 145.2 (t2Jcp= 39
Hz, F&C=C), 141.9 (sCry), 141.9 (5.Cry), 140.2 & 138.4
(2m, CHagappd, 135.2 & 135.0 (2MCHaugppds 132.5 (s,
CHpr), 131.7 (SCHgw), 131.2 (sCHpy), 129.8 & 129.6 (2s,
CHavgppds 129.6 (S,CHey), 128.2 (M, CHagppd, 127.9 (s,
CHry), 126.9 (s,CHmy), 124.0 (5,Cry), 123.7 (S,CHey),
122.3 (broad s, FefT), 121.0 (s,CHpy), 120.8 (S,CHry),
118.3 (s,Cpy), 92.7 (s, C=C), 92.0 (s, C=C), 88.7 (s,
Cs(CHy)s), 56.0 (s,Cr), 41.2 (s,CHapy), 31.7 CHaappd
27.0 (S,CHappy), 24.1 (S,CHyppy), 14.6 (s,CH3), 11.1 (s,
Cs(CH3)s) [1 Cpnot detected, ().

Synthesis of [Feff-CsMeg)(K-dppe)C=C(2,7-C,sH¢/Buy)-
C=CFe(7-CsMes)(#K-dppe)][PFs,  (1a[PFRy].).
CsMes)(K-dppe)GC(2,7-GHg/BU,) C=CFe(7°-CsMes) (K-

dppe) (La; 200 mg, 0.13 mmol) andr{{-CsHs),Fe][PFR] (88
mg, 0.27 mmol, 2.0 eq) were dissolved in,CH (15 mL) in

Fe(7>-

a Schlenk tube, and the solution was stirred fdr. ZAfter
partial removal of the solvent (tm.5 mL), pentane (60 mL)
was added and the solvents were filtered. The wesidas
then washed with thoroughly deoxygenated toluene @
mL) and pentane (2 mL) at O °C to obtain the titieation
(18[PF),) as a dark green solid (188 mg, 80 %). IR (KBr,
cm'): v = 1980 (s, Fe€C), 1585 (w, C=G), 839 (vs, PF).
'"H NMR (200 MHz, CDCl,): 6= 17.4 (m, 2HHgy), 7.9 (s,
4H, Hpniappds 7-3 (M, 8H Henappd, 6.8 (S, 8HHpnappd, 6.5 (S,
4H, Hpnygppds 4.2 (M, 8HHpngppd, 2.4-0.0 (M, 26 H, By, +
Hendppgs -2.0 (M, 4H, ®ls,), -8.7 (s, 30H, &CH,)s), -33.7
(broad s, 2H, Epy), -38.1 (broad s, 2H, Id:y).

Synthesis of [Fef-CsMes)(#-dppe){C=C(1,4-C;H,)C=C-
(2,7-Cy1H24)C=C(1,4-CeH,) C=CFe(i-CsMes) (K-dppe)]
[PF¢l, (1b[PFg],). 1b (150 mg, 0.09 mmol, 1.0 eq) and 58
mg [Fe®-CsHs),][PFe] (0.18 mmol, 2.0 eq) were dissolved
in deoxygenated C}l, (15 mL) in a Schlenk tube, and the
solution was stirred for 1 h. After partial remowail the
solvent, the residue was precipitated and wash#daebled
toluene (2 x2 mL) andn-pentane (2 2 mL), to obtain the
title dication 1b[PF], as a green solid (100 mg, 56 %). IR
(KBr, cm™): v = 2191(w, C=C), 1988 (s, Fe€C), 1583 (m,
Ar). 'H NMR (200 MHz, CDCL,): 3= 32.1 (4H, Epnapp),
8.6 (d,*Jup = 7.7 H 2H, Hg), 7.9 (broad s, 4Hprappd, 7.6
(broad m, >2H, El4ppd, 7.2 (M, 8H,Hphgppd, 6.9 (s, 8H,
Hphdppes 6.3 (S, 4HHpnappd, 3.9 (s,2H, Hey), 3.7 (s, 10H,
Hew + Hpnigppds 2.1-0.8 (M, 26 H, Busy + Hendppd, -2.8 (S,
4H, (Hygppd, -10.4 (s, 30H, gCHy)s), -43.8 (4H Hppgppe-

Synthesis of [Feff-CsMes)(#-dppe){C=C(2-C;5H-/Buy)}]
[PF¢] (2a[PFg]). 2a (250 mg, 0.28 mmol, 1.0 eq) and [F&(
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CsHs),J[PFs] (88 mg, 0.27 mg, 0.95 eq) were stirred in
CH,Cl, (15 mL) for 2 h at 25 °C in a Schlenk tube. After
partial removal of the solvent (ca. 5 mL), pentaras added
(60 mL) and the solvents were filtered. The residias then
washed with thoroughly deoxygenated toluene (2 rauhdl
pentane (2 mL) at 0 °C, to obtain the title compbefPF]

as a green solid (187 mg, 67 WJS (ESI) m/z 890.3836
(M™*) calc. for GeHgsP>Fe: 890.3833 (M). IR (KBr, cri®): v

= 1989 (m, Fe€C), 1595 (w, C=G), 839 (vs, PF). 'H
NMR (200 MHz, CRCl,): = 32.6 (m, 1H, €ly), 12.6 (s,
1H, CHgy), 11.9 (s, 1H, Egy), 8.0 (M, 2H Henappd, 6.7 (M,
4H, Henappds 6.4 (M, 2H Henigppds 3-8 (M, 4HHprappd, 2.8-
0.0 (m, 22H, @y + Hpndppds -3.2 (M, 2H, Elygped, -6.6
(m, 1H, Mgy, -9.0 (m, 1H, Gy, -10.2 (s, 15H,
Cs(CHy)s), -49.2 (broad s, 1H, Kyy), -53.5 (broad s, 1H,
CHer).

Synthesis of [Feff-CsMes)(#-dppe){C=C(1,4-CH,)C=C-
(2-C13H-/Bu)}I[PF¢] (2b[PFg]). 2b (150 mg, 0.15 mmol, 1.0
eq) and [Fe(®>-CsHs),][PFs (47 mg, 0.14 mmol, 0.95 eq)
were stirred in CKCl, (15 mL) for 1 h at 25 °C in a Schlenk
tube. After partial removal of the solvent, theides was
washed with cooled and deoxygenated toluene @ rwL)
andn-pentane (2 mL), to obtain the title comp@{PF] as
a green solid (70 mg, 41 %). IR (KBmi): v = 2193 (w,
C=C), 1989 (w, Fe€C), 1585 (m, C=@&). 'H NMR (200
MHz, CD.Cly): 6 = 32.4 (s, 2H, Bpy), 9.7 (broad dHg,
Jun ~ 3.8 Hz), 7.8 (), 7.7 (s), 7.5 (M), 7.2 (s), BP 6.3 (3),
3.9 (s), 3.7 (), 3.5(5), 3.2 (), 2.1-0.8 (M3, + Hpnappet
Hew), 2.9 (S, 2H, Elygppd, -10.4 (S, 15H, GCHa)s), -44.3
(broad s, 2H, ).

Luminescence Measurements.Luminescence measure-
ments in solution were performed in dilute deoxyged
solutions (except in the case of ligarsks, 5b’, 8 and 9)
contained in air-tight quartz cells of 1 cm patlgén (ca.
10°° M, optical density < 0.1) at room temperature (298
using an Edinburgh Instruments (FLS920) spectromete
equipped with a 450 W Xenon lamp and a Peltier@®dol
Hamamatsu R928P photomultiplier tube in photon-tiogn

mode. Fully corrected excitation and emission spewatere
obtained with an optical density at,. < 0.1 to minimize
internal absorption. Luminescence quantum yieldsewe
measured according to literature procedtegV-vis ab-
sorption spectra used for the calculation of thmithescence
quantum yields were recorded using a double beagol-

570 spectrometer.

DFT Calculations. Calculations were performed using the
Amsterdam Density Functional (ADF) prografyersion
ADF2012. Scalar relativistic effects were treated the
Zeroth-Order Regular Approximation (ZORA) methddn

all calculations, all-electron Triple Zeta plus &@tation
(TZP) Slater orbital basis sets were used for t@lins. Ge-
ometry optimizations were undertaken with suitaymme-
try constraints using the exchange-correlation (X@)c-
tional and the Generalized Gradient ApproximatiG@GQA)
proposed by Becke and Perdew (BPThe model systems
were simplified by using 1,2-bis(dimethylphosphino)
methane (dmpm) ligands instead of 1,2-bis(diphenyl-
phosphino)ethane (dppe) and methyls instead ofbtitgl
groups. UV-Vis spectra were calculated using tregiSical
Average of Orbital Potentials (SAOP) functiofialith the

same TZP basis sets.

Z-scan Measurements Third-order nonlinear optical prop-
erties were investigated as previously descriBeglt with
some modifications. The laser system consisted Quan-
tronix Integra-C3.5F pumping a Quantronix Palit@-épti-
cal parametric amplifier, tuneable over a wavelenginge
from 500 nm to 2000 nm. The output wavelength was c
firmed by use of an Ocean Optics USB2000+ specti@me
(500-1000 nm) or an Ocean Optics NIR-Quest spe&tem
(1000-1800 nm). The system delivered 130 fs pulite a1
kHz repetition rate. Colored glass filters and aofTdbs
polarizing filter were used to remove unwanted viewgths
and the power adjusted by use of neutral densltgrsi
attenuating it to th@J/pulse range to obtain nonlinear phase
shifts between 0.2 to 1.3 rad. The focal lengththaf lens

used in the experiment was 75 mm, which gave 2pus#0
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beam waists resulting in Rayleigh lengths suffitiefonger
than that of the sample thickness that a “thin-damas-
sumption was justified. Solutions of compounds &3 ‘fe-
ceived” CHCI, (see text), deoxygenated and distilled
CH,Cl,, or deoxygenated and distilled THF, of 0.1 w/w%
concentration in 1 mm glass cells were analyzednfes
travelled down the Z-axis on a Thorlabs motoriz¢éags
between -20 and 20 mm (where 0 was the laser foBaa
were collected by three Thorlabs photodiodes, S00-8m
with Si based detectors, 900-1300 nm with InGaAsaters
and 1300-2000 nm with amplified InGaAs detectorsnim
toring the laser input, the open-aperture signal ame
closed-aperture signal. Data from the detector® et into
three channels of a Tektronix digital oscilloscopellected
with a custom LabVIEW program, and fitted with thetical
traces with a program that used equations deriye8heik-
Bahaeet al”> A sample of the solvemtas run at each wave-
length to account for solvent and cell contributiorthe Z-
scan signals, and the light intensity was deterdhiftem a
Z-scan run on a 3 mm fused silica plate; the redl ianagi-
nary components of the second hyperpolarizabijityof the
materials were calculated assuming additivity & tionlin-
ear contributions of the solvent and the solute thredappli-
cability of the Lorentz local field approximatiofhe values
of the imaginary parts gfwere also converted into values of

the two-photon absorption cross-sectiepns

Crystallography. Data collection of crystals dfasCgHg, 2a
and 2b*C;Hg was performed on an Oxford Diffraction
Xcalibur Sapphire 3 diffractometer at 110 K, 13@Gkd 150
K, respectively, with graphite monochromated Motédia-
tion. The cell parameters (Supporting Informatiomgre
obtained with Denzo and ScalepdtKkrhe data collectiofi
provided reflections from which the independentewfons
were obtained after data reduction using Denzo and
ScalepacK® The structures were solved with SIR-97 which
revealed the non-hydrogen atofisAfter anisotropic re-
finement, the remaining atoms were found in Foudiéfer-
ence maps. The complete structures were then defiith

SHELXL97"® by the full-matrix least-square technique.

Atomic scattering factors were taken from the &tare”®
ORTEP views ofla 2a and 2b were generated with
PLATON98Y
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Redox-active organoiromimetallic complexes containing a 2fltorene unit in the bridge exhil
intramolecular electrodelocalizatiorin their mixed-valent state arsvitchablecubic nonlinear optical
properties. Bridge extensigasults in less efficient molecular wi, but ircreasingl' contrasted nonlin-
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