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ABSTRACT: trans-Fe(depe),I, (depe =1,2-bis(diethyl- @ © 0 ©
phosphino)ethane) was employed to stepwise incorporate - (: = i s, C mha :: e
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Fe(II) centers into a rigid-rod butadiyne based $,10,15,20-
tetraferratetracosa-1,3,6,8,11,13,16,18,21,23-decayne. The iter-
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ative synthesis first connects two Fe(II) centers via a central
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butadiynediyl ligand to provide I-Fe(depe),-C,-Fe(depe),-I
(2), then extends the system by substituting the terminal “*= . .
halides of 2 to yield Me;SiC,-Fe(depe),-C,-Fe(depe),- woa——pr——pr——pas = am =  npwe—pr—— o s
C,SiMe, (3). Further modification of the termini gives the ¥ ¢ @ @ © 0 0 ©
deprotected and stannylated compounds RC,-Fe(depe),-C,-

Fe(depe),-C,R (4 and 5; R = H, Sn(CH,);, respectively). Transmetalation with two more mononuclear units furnishes the
homometallic tetranuclear compound I-Fe(depe),-C,-Fe(depe),-C,-Fe(depe),-C,-Fe(depe),-1 (6), to which two more
butadiynyl units were attached to give Me;SiC,-Fe(depe),-C,-Fe(depe),-C,-Fe(depe),-C4-Fe(depe),-C,SiMe; (7). All
compounds were characterized by NMR, IR, and Raman spectroscopies and by elemental analyses. X-ray diffraction studies
were carried out on the dinuclear complexes revealing highly symmetrical rigid-rod structures. Cyclic voltammetric studies
showed that compounds 2—7 undergo reversible and well-defined oxidations with high K_ values indicating thermodynamically
stable mixed valence species. While the number of the oxidation waves of compounds 2, 6, and 7 are equivalent to the number of
metal centers, the dinuclear complexes 3, 4, and S exhibit three reversible oxidation waves, one at significantly more positive
potential. Two redox waves were attributed to the oxidation of the metal centers, while the remaining one is due to the oxidation
of the butadiynediyl ligand. The electronic properties of complexes 2, 3, and 7 were investigated by spectroelectrochemical
measurements.

Bl INTRODUCTION based on electron hopping by providing defined donor—acceptor
sites, thus enhancing the overall conductivity.®

Transition metal polycarbyl complexes of the type L,,M-(C,)-
ML,, have received considerable attention in recent years due to
their potential as molecular wires.”~'* Electronic delocalization
over the length of the unsaturated carbon bridge could be probed
by using spectroelectrochemical methods.'>'® Investigations of
this kind were mainly focused on molecules of the type
(Cp*)(PP)M-C,-M(PP)(Cp*) (Cp*= n>-CsMes, P = mono-
dentate phosphine ligand or PP = bidentate phosphine ligand, C,
= organic bridging ligand),"""” which might be called dinuclear
stopper-type as they do not possess end groups that allow their
connection to electrodes or further extension of the conjugated
system. Intrinsically open dinuclear systems of the type X-
(PP)M-C,-M(PP)-X (X = halide) are known, but are quite
rare.'®~*" The construction of terminally open, metal-containing
analogues of higher nuclearities as genuine representatives of the
relay approach is synthetically challenging and was up to date
only reported for three C,C¢H,C, bridged trinuclear ruthe-

Molecular-scale electronics seeks to assemble appropriate
molecular components for exerting specific functions in
molecular electronic devices.”” One of the basic functions
required for many types of electronic devices on the molecular
level is based on the design of 7-conjugated rigid-rod molecules,
so-called “molecular wires”, that are able to transport electric
charge over distances of several nanometres.> The electron
transport through single molecules and ultimately the relation-
ship between molecular structure and electric or electronic
properties is as yet not fully understood.* Nevertheless,
conjugated organic moieties, especially those consisting of sp-
hybridized carbon atoms, constitute materials that accomplish
high electron transfer rates, since they provide well-defined, fully
conjugated, rigid-rod structures with strongly delocalized frontier
orbitals.” Tunnelling-based charge transfer rates of purely
organic “conducting” systems are known to decay exponentially
with the distance until, at certain length, the tunnelling turns into
a multistep hopping having a nonexponential distance depend-

ence.%” As has been exemplified by terpyridine-based frame-
works, the so-called “relay approach”, that is the insertion of Received: January 4, 2013
metal centers into rigid-rod architectures, promotes transport Published: February 13, 2013
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nium”*~>* and iron®® complexes, a mixed ditungsten diiron

tetranuclear complex where a central ditungsten ethynylbis-
(carbyne) fragment was capped with terminal butadiynyl iron
moieties,”® as well as a series of Cg bridged platinum complexes.”'

It was demonstrated for dinuclear stopper type molecules that
the chemical reversibility of the redox process is highest for C,
bridged complexes and decreases rapidly with increasing chain
lengths or when other forms of sp/sp® type bridges are
employed.”” Consequently, the electronically versatile butadiy-
nediyl fragment*®*” is an ideal linker for the construction of
relay-type conducting molecular entities. Also, among the
stopper-type molecules, Lapinte and co-workers showed that
butadiynediyl bridged diiron complexes have outstanding
electrochemical properties,®”>" especially with regard to the
high stabilization of the various oxidized forms®* and the high
metal character of the delocalized HOMOs in all accessible
oxidation states.**

In this context we targeted the stepwise incorporation of four
Fe(II) centers into a pentakis(butadiynediyl)-based framework
to obtain a linear homometallic tetranuclear species. Such
architecture is, to the best of our knowledge, unprecedented.
Electron-donating bidentate diphosphine ligands occupying the
equatorial positions were employed to ensure trans configuration
of the rigid-rod butadiynediyl units and favorable redox
properties. As the chosen iron fragments possess potentially
open terminal binding sites, smaller dinuclear units could be used
as building blocks and elaborated into larger rigid-rod entities
containing up to four metal atoms and five C, ligands.

B SYNTHESIS AND CHARACTERIZATION OF THE DI-
AND TETRANUCLEAR COMPLEXES

Synthetic access to dinuclear iron complexes of the general type
(Cp*)(PP)Fe-C,-Fe(PP)(Cp*) can generally be accomplished
via the reaction of a mononuclear fragment of the type
(Cp*)(PP)FeCl with silylated alkynes in the presence of
MeOH and a fluoride source yielding either directly the targeted
dinuclear complex”” or a mononuclear vinylidene complex that
can be subjected to oxidative homocoupling.>*** Attempts to
employ these conditions to prepare a butadiynediyl-bridged
dinuclear iron complex with terminal chloro substituents of the
type CI(PP),Fe-C,-Fe(PP),Cl turned out to be unsuccessful,
yielding an interesting non-rigid-rod trinuclear complex
instead.”® Remarkably, only a few examples of dinuclear
complexes of the type X(PP),Fe-C,-Fe(PP),X (X = halide,
CH,;) with modifiable end groups are described in the
literature,”>”* but as yet they are bridged by bis(ethynyl)-
arylene spacers and their synthetic access is based on complex
and not generally applicable routes.'”****

One should also note that in complexes of the type trans-
Fe(PP),Cl, (PP = 1,2-bis(dimethylphosphino)ethane, 1,2-
bis(diethylphosphino)ethane, 1,2-bis(diisopropylphosphino)-
ethane) the bidentate phosphine ligands can reversibly
dissociate.”® While this characteristic property allows substitu-
tion reactions on the metal center,***" it simultaneously limits
the synthetic options for assembling oligonuclear rigid-rod
moieties with two bridging ligands in trans position™® as targeted
for this work. Although the lability of a bidentate phosphine
ligand increases with the sterical demand,* we still chose the
depe (depe =1,2-bis(diethylphosphino)ethane) ligand over the
less bulky methyl-substituted dmpe (dmpe =1,2-bis-
(dimethylphosphino)ethane) to maintain a reasonable solubility
of the targeted di- and tetranuclear compounds. Instead of the
mononuclear dichloro compound, the corresponding diido

4052

complex trans-Fe(depe),I, was chosen as starting material,
since the iodides are more reactive and furthermore known to
dissociate readily.”” Also, the lower solubility of the diiodo
complex was perceived to be advantageous for the purification of
the targeted compounds as it allows a facile separation of the
mononuclear precursor. On the basis of earlier work from our
group>®* we aimed at utilizing transmetalation reactions for the
stepwise construction of a tetrairon chain.

As shown in Scheme 1, transmetalating two units of the
mononuclear precursor trans-Fe(depe),L,** (1) with Me;Sn—
C=C—C=C—SnMe," in refluxing tetrahydrofuran gave the
butadiyne-bridged dinuclear complex 2 as a burgundy red solid of
low solubility in good yield (88%). The *'P{'H} NMR of 2
showed a singlet at 69.8 ppm for the eight equivalent P atoms,
which is shifted slightly downfield compared to the mononuclear
precursor (8§ = 65.9 ppm). The shift can be attributed to the
introduction of the carbon-rich C, bridging ligand, which, in a
resonance form best described as a butadiynediyl, reduces the
electron density at the metal center, thus leading to an increased
o-donation of the equatorial ligands toward the iron. The
BC{'H} NMR spectrum of 2 did not exhibit signals relating to
sp-hybridized carbon atoms. As indicated by NMR studies at 193
K, this is not caused by a fluxional behavior as for instance found
in the case of [CpFe(dppe)],(u-C,)*® but originates from the
low solubility of compound 2. A second transmetalation process
to substitute the terminal iodides in 2 was not successful even in
the presence of catalytic amounts of Cu(1).*

Related to the reactions of (Cp*)(PP)FeCl and trans-
Fe(PP),Cl, cores with lithium-acetylide*” and sodium-acety-
lide®”*® reagents, the targeted elongation was finally achieved by
substitution of the terminal iodo l'igands with a freshly prepared
Li—C=C—C=C—SiMe,/LiBr 8 reagent in toluene. Com-
pared to the diiodo precursor 2, the yellow compound 3 with two
terminal C,TMS (TMS = trimethylsilyl, SiMe;) ligands was
found to be highly soluble in nonpolar organic solvents, even in
pentane. The increased solubility allowed full characterization by
'H, BC{'H}, *'P{'H}, and ¥Si{’"H} NMR spectroscopies. The
resonances for the SiMe; groups were observed at 0.17 ppm in
the '"H NMR, at —21.8 ppm in the *Si{'H} NMR, and at 1.39
ppm in the *C{'"H} NMR spectra. Besides the expected signals
for the primary and secondary carbon atoms of the phosphine
ligands and the SiMe; groups, the C{'H} NMR spectrum
showed six signals of sp-hybridized carbon atoms. This is
consistent with the centrosymmetric structure of 3 with one
central butadiynediyl and two terminal butadiynyl ligands. Each
signal corresponds to two chemically and magnetically
equivalent carbon atoms. The signals of the carbon atoms in a-
position to the iron centers split into multiplets due to the
coupling with the four equatorial P atoms. The *'P{'H} NMR
spectrum exhibited a singlet at 76.3 ppm, which is markedly
shifted downfield compared to 2 due to the influence of two
additional butadiynyl units.

The TMS groups were removed under mild conditions
employing TBAF in THF (containing 5% H,0) at room
temperature. The resulting C,H derivative 4 was characterized by
'H, BC{'H}, and *P{'H} NMR spectroscopies. It could be
stannylated by using NEt,SnMe;* in refluxing THF to give the
trimethyltin capped species 5. Both complexes were obtained in
reasonably high yields (76% and 89%, respectively).

As for compounds 2 and 3, no column chromatography was
needed to obtain the compounds in an analytically pure state.
The deprotection and subsequent stannylation of the terminal
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Scheme 1. Stepwise Synthesis of the Tetraferra—Tetracosa—
Decayne Complex 7
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butadiynyl functions has only minor influence on the physical
properties.

Similar to the SiMe; protected 3, compounds 4 and 5 were
yellow solids and highly soluble compared to the diiodo

precursor 2, although 4 was not soluble in pentane. The
3P{'"H} NMR spectra of both the deprotected and the
stannylated diiron complexes displayed singlets at 76.2 or 76.1
ppm, respectively. The "*C{'H} NMR spectra showed six signals
related to a total of 12 sp-hybridized carbon atoms confirming
the centrosymmetry of these rigid-rod molecules. The quintets
expected for the carbon atoms in a-position to the iron centers
are clearly distinguishable in the spectra of 4, whereas in the
BC{'H} NMR spectrum of the SnMe;-substituted complex §
only multiplets could be observed for the corresponding signals.
The acetylenic proton of 4 was observed as a singlet at 1.26 ppm
in the "H NMR spectrum in C¢Dy, whereas it coincides with the
signals of the methyl groups in THF-dg. The SnMe; group of §
gave rise to a singlet at 0.06 ppm in the 'H NMR spectrum, at
—36.3 ppm in the *Sn{'H} and at —7.47 ppm in the *C{'H}
NMR spectra. Both the 'H and the *C{'H} signals show tin
satellites as expected for the SnMe; functional group. Additional
two-dimensional NMR spectra of complexes 2, 3, and 4 are
displayed in the Supporting Information (see Figures S1—S7).

Transmetalation of § with two more mononuclear trans-
Fe(depe),], units in toluene (see Scheme 1) resulted in the pale
red tetranuclear compound 6, where four Fe(Il) centers are
bridged by three butadiynediyl units. The short reaction time of
15 min at 80 °C demonstrated an enhanced reactivity of the
terminal C,SnMe; moiety of § in comparison with the Me;Sn—
C=C—C=C—SnMe; reagent used for the first trans-
metalation. Similar to the dinuclear diiodo complex 2, the
tetranuclear diiodo complex 6 is poorly soluble, thus limiting the
possibilities to characterize this complex by NMR spectroscopy.
Two singlets with equivalent integrals appeared in the *'P{'H}
NMR spectrum, one at 68.3 ppm, in good agreement with the
chemical shift of the dinuclear diiodo complex 2 (68.3 ppm), and
the other resonance at 77.6 ppm, shifted slightly downfield in
comparison with the signals of the three dinuclear C,R-
disubstituted compounds (76.3, 76.2, 76.1 ppm for R = SiMe,,
H, SnMej, respectively).

Substitution of the iodo ligands of 6 with Li—C=C—C=
C—SiMe;/LiBr gave the targeted compound 7, which was
isolated as a dark yellow solid. In the *'P{"H} NMR spectrum the
signal of the outer Fe(depe), centers was found to be shifted
downfield to 77.5 ppm, as it is also seen in the other cases of
replacement of the iodo ligands with butadiynyl units. Similarly,
the *'P{'"H} NMR signal of the inner Fe(depe), entities showed
a small shift to 79.3 ppm compared to 77.6 ppm in 6. Complex 7
contains a centrosymmetric chain of 20 sp-hybridized carbon
atoms. As expected, the *C{'H} NMR spectrum exhibits 10
signals for all 20 carbon atoms. Four of these signals correspond
to carbon atoms that are directly bonded to the iron centers and
are split into multiplets due to the coupling with the P atoms of
the depe ligands, while the remaining six signals are singlets.

The SiMej; functional group was observed as a singlet at 0.18
ppm in the "H NMR, at —22.1 ppm in the *’Si{'"H} NMR and at
1.43 ppm in the C{'H} NMR spectra. Like the dinuclear
molecules 2—S5, both tetranuclear complexes 6 and 7 were
obtained in relatively high yields of 87% and 71%, respectively.
Additionally, two-dimensional NMR spectra of complex 7
confirmed its structure (see the Supporting Information, Figures
S8—S11).

B STRUCTURAL STUDIES

Single crystals of compounds 2—5 were obtained and provide
detailed structural information on all four dinuclear species. X-
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ray diffraction analysis of compound 2 (see Figure 1, Table 1 and
Table S1 in the Supporting Information) showed a highly

Figure 1. Molecular structures of 2 (top), 3 (upper middle), 4 (lower
middle), and § (bottom). Ellipsoids are set at the 30% probability level.
Solvent molecules and selected hydrogen atoms are omitted for clarity.
See Table 1 for selected bond lengths, distances, and angles.

symmetric molecule possessing an inversion center located
between Cy and Cy' and revealed pseudo-octahedral geometries
of the iron centers (see Figure 2 for the labeling of selected
atoms).

The introduction of the bridging butadiynediyl ligand causes a
contraction of the average Fe—P distance to 2.2469(6) A
compared to 2.309 A in the mononuclear diiodo precursor,*
which is consistent with an increase of o-donation from the
phosphine ligands to the iron centers. The length of the Fe—I
bond remains at 2.7070(4) A. The Fe—C, bond is 1.889(2) A,
which agrees well with reported Fe—C(sp) bond lengths,**”**
while the C,—Cjy (1.229(3) A) and Cz—Cy (1.380(5) A)
bonds are in the range of C=C and C—C bond lengths
expected for a 1,3-butadiynediyl bridge.”® The Fe—Fe distance is
7.6038(8) A and is thus between the reported values of
[CPFe(dPPe)](I{'C4)SO and [(7°-CsMes)(CO),Fe,] (ﬂ'c4)51 of
7.564 and 7.653 A, respectively. The Fe—C,—Fe axis in 2 shows a
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Table 1. Selected Bond Lengths [A], Nonbonding Distances
[A], and Angles [deg] of Compounds 2—5°

2 3 4 5
Fe—C, 1.889(2) 1.919(3) 1.916(6) 1.924(7)
Ca—Cy 1.229(3) 1.216(5) 1.221(9) 1.223(9)
Cy—Cy 1.380(5) 1.389(7) 1.379(13) 1.381(12)
Fe—I 2.7070(4)

Fe—C¢ 1.907(3) 1.907(7) 1.908(6)
Cc—Cp 1.226(5) 1.220(9) 1.228(8)
Cp—Cg 1.371(5) 1.374(10) 1.371(9)
Cg—Cp 1.218(5) 1.181(10) 1.208(9)
Fe—P? 2.2469(6) 2.2292(12) 2.2250(9) 2.233(7)
Fe—Fe’ 7.6038(8) 7.6525(8) 7.6515(12) 7.6590(9)
Cp—Cpr 19.048(5) 19.015(12) 19.035(9)
Fe—C,—Cy 173.8(2) 178.3(3) 180 175.9(7)
C,—Cp—Cy 179.3(4) 178.4(4) 180 178.5(7)
Fe—Cc—Cp 178.2(4) 180 177.8(7)
Cc—Cp—Cpg 175.6(4) 180 176.3(7)
Cp—Cp—Cr 178.0(5) 180 177.9(9)

“Please refer to Figure 2 for the labeling. bAverage bond length.

@

Figure 2. Labeling of selected atoms of the dinuclear complexes 3—35.
The atoms of complex 2 are labeled congruently.

slight deviation from linearity (173.8(2)° for Fe—C,—Cy and
179.3(4)° for C4—Cy—Cy), which is commonly observed in
L,M—(C,)—ML,, type complexes and mostly attributed to
crystal packing effects.””>

X-ray diffraction analyses of the three C,R-disubstituted
compounds (see Figure 1 for R = SiMe;, H, and SnMe;,
respectively) showed structures with rigid-rod RC,-{Fe}-C,-
{Fe}-C,R backbones. Compared to the diiodo complex 2, the
Fe—Fe distance is clearly elongated (7.6525(8), 7.6515(12), and
7.6590(9) A for R = SiMe;, H, and SnMe,, respectively) and
assumes a value close to that of 7.653 A found for [(°-
CiMe;)(CO),Fe,](u-C,).>" This can be attributed to the even
more pronounced butadiynediyl character of the bridge, marked
by a slight contraction of the C,—Cj triple bonds (see Figure 2
for the labeling of selected atoms), which is overcompensated by
elongations of the Fe—C, and Cz—Cjy single bonds (see Table
1).

The symmetry of the structures is reduced compared to 2, as
the phosphine ligands are more staggered and, in case of 3 and §,
the trimethylsilyl and trimethylstannyl groups capping the
terminal butadiynyl ligands bend slightly out of plane. High
symmetry is nevertheless retained for all three dinuclear C,R
substituted complexes. In particular, the C,-Fe-C,-Fe-C, back-
bone displays a rigid linearity with angles in the range of 175°—
180° (see Table 1) and significantly less distortion than the
dinuclear tungsten complexes described earlier.'®*® The average
Fe—P distance shows further contraction from the dinuclear
diiodo 2 (2.2469(6) A) to the C,TMS capped compound 3
(2.2292(12) A). This is consistent with a further decrease of the
electron density of the metal centers due to the introduction of
additional butadiynyl ligands and a resulting increase of the o-
donation of the phosphine ligands. Changes in the substitution of
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the terminal Cg in the series from 2 to 5 have only a minor
influence on the Fe—P distances (2.2250(9) and 2.233(7) A on
average for 4 and §, respectively). Further details on all structures
are provided in the Supporting Information (Tables S1 and S2
and crystallographic information files).

B CYCLIC VOLTAMMETRY

The cyclic voltammogram of 2 in THF/NBu,PF, (see Figure
S$12 in the Supporting Information) exhibited two well-separated
and reversible oxidation waves at E;, = =905 and —362 mV vs
Ag/AgCl (Fc”* used as an external calibrant), marking the
successive oxidation of the two metal centers. The K_ value of 1.9
X 10° (see Table 2) is in a very high range, indicating the large

Table 2. Electrochemical Data of the Dinuclear Complexes®

E ,(0/41)  E,pp(+1/+2) AE E,)»(+2/+3)
compd [mV] [mV] [mV] K. [mV]
2 —-905 —362 543 1.9 x 10°
3 —863 —423 440 3.3 %107 306
4 —880 —421 459 6.9 x 107 316
S —893 —446 447 43 %107 268

“Measurements at room temperature in THF/NBu,PF, (0.1 M) with
an Au working electrode, a Pt counter electrode, and a nonaqueous
reference electrode (Ag/AgCl). Calibrated against Fc”* as an external
calibrant.

thermodynamic stabilization of the mixed valence species. No
further waves were detected showing that the oxidation of the
bridging ligand as described in the literature® lies outside the
accessible solvent range or does not take place as the poorly 7-
donating iodo substituents in trans position to the bridge do not
support this.

Three well-separated and reversible oxidation waves (see
Figure 3, Table 2 and section Spectroelectrochemical Studies)

5
04
-—
—
<
=
-5
-10 T T T T 1
1000 500 0 -500 -1000 -1500
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Figure 3. Cyclic voltammogram for 3 in THF/NBu,PF, (0.1 M) at
room temperature; Au electrode; E vs Fc”* (external).

were observed in the cyclic voltammogram of 3, marking the
successive oxidation of the two metal centers and subsequently
the oxidation of the bridging ligand. While the K_ value for the
radical cation decreased by 2 orders of magnitude when
compared to 2, it is still very high, indicating the high stability
of the mixed valence Fe(II)/Fe(III) form.

The electrochemical properties of compounds 4 and § were
found to be similar to complex 3. Both showed three reversible
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oxidation waves occurring at potentials similar to 3 (see Table 2
and Figures S13 and S14 in the Supporting Information) as well
as K_ values in a similar range. This is in line with our expectations
due to the high structural similarity of complexes 3, 4, and 5.
The cyclic voltammetric study of 6 in CH,Cl,/NBu,PFq (vs
Ag/AgCl, Fc®* used as an external calibrant) exhibited four
individually resolved, reversible oxidation waves (see Figure 4

10

I [MA]

10 4

-15

-20

T T T T )
-1000 -1200 -1400 -1600 -1800

E [mV]

T T T T
-200 -400 -600 -800

Figure 4. Cyclic voltammogram for 6 in CH,Cl,/NBu,PF4 (0.1M) at
room temperature; Au electrode; E vs Fc”* (external).

and Table 3), marking the successive oxidation of all four metal
centers. The oxidations were observed at very negative potentials
with E° = —1434, —1099, —650, and —435 mV. Similar to 6, the
second tetranuclear compound 7 underwent four successive
oxidations in the cyclic voltammogram (see Figure S15 in the
Supporting Information, Table 3, and section Spectroelectro-
chemical Studies), attributable to the stepwise oxidation of the
four metal centers.

Neither complex 6 nor complex 7 exhibited further reversible
oxidation waves within the potential window of the given
electrolyte that could be attributed to redox processes of the
organic units. It has to be noted that the successive oxidations of
the metal centers occur at very negative potentials, while the
oxidation of the carbon-rich bridging ligand of 3, 4, and 5 was
observed at a much more positive potential. The separations of
individual half-wave potentials for both tetranuclear compounds
are not as large as for the dinuclear complexes, but still substantial
and well sufficient to allow a spectroelectrochemical probing of
individual oxidation states.

B SPECTROELECTROCHEMICAL STUDIES

Complexes 2, 3, and 7 were selected for spectroelectrochemical
experiments that aimed at probing the electron delocalization
along the metal—organic 7-conjugated chain through the
changes in the v(C=C) band pattern and intensities upon
stepwise oxidation. Complex 2 features only the internal
butadiynediyl ligand and can thus be used to identify the
vibrational bands of the [{Fe}—C=C—C=C—{Fe}]"" core
without interference of the additional C,R ligands of complexes 3
and 7.

Spectroelectrochemical studies on complex 2 suffered from its
low solubility in the THF/NBu,PF, supporting electrolyte and
its inherent instability in chlorinated solvents, such that the
signal-to-noise ratio of the spectra is rather poor (see Figures S16
and S17 of the Supporting Information).
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Table 3. Electrochemical Data for the Tetranuclear Complexes®

compd E,»(0/+1) [mV] E,,(+1/+2) [mV] AE(; ) [mV] E,)5(+2/43) [mV] AE(3) [mV] E,/,(+3/+4) [mV] AE(34) [mV]
6" —1434 —1099 335 —650 449 —435 215
7¢ —1204 —873 331 —553 320 —421 135

“Measurements performed with an Au working electrode and a Pt counter electrode, and a nonaqueous reference electrode (Ag/AgCl). Calibrated
against Fc”* as an external calibrant. bIn THF/Bu,NPF, (0.1IM) at room temperature. “In CH,Cl,/Bu,NPF, (0.1M) at room temperature.

Table 4. IR v(C=C) data (in cm™") for the Complexes in Their Various Oxidation States

n=0 n=1 n=2
2" 1951 1972, 1880 not observed
3%t 2157, 2100(sh), 2068, 1967(sh), 1951 2153, 2106, 2080(sh), 1990, 1964, 1955(sh), 1878 2157, 2104, 2080(sh), 2030, 1958(sh), 1937, 1878
7" 2155, 2073, 2043(sh), 1965(sh), 1947, 1924, 1885 2152, 2096(sh), 2085, 2035, 1947(sh), 1930, 1882 2152, 2102, 2075(sh), 2037, 1925, 1882(sh), 1799
“In THF/NBu,PF, (0.2 M) as the supporting electrolyte. In 1,2-C,H,CL,/NBu,BAr*, (BArF, = B{C¢H;(CF;),-3,5},7) (0.1 M) as the supporting
electrolyte.

In contrast to Lapinte’s butadiynediyl-bridged diiron com- Replacement of the terminal iodo ligands by trimethylsilylbu-
plexes with Cp*Fe(LL) half-sandwich type end groups, neutral 2 tadiynyl ones leads to extensive vibrational coupling along the
displays just one C=C IR stretch in its IR spectrum at almost the unsaturated —C,—{Fe}—C,—{Fe}—C,— backbone as can be
same energy as the higher energy band of the Cp*Fe(dppe) inferred from the large number of alkynyl stretching vibrations
analogue.”* We note, however, that similar C,-bridged for neutral 3 that spread over the 2157 to 1951 cm™" range. Upon
diruthenium, diosmium, or dirhenium complexes usually display oxidation to its radical cation in the 1,2-C,H,Cl,/NBu,BAr’,
just one C=C band in their IR spectra'”*>~>" while other rigid- (BArf,” = B{CgH;(CF;),-3,5},") electrolyte, the number of IR
rod like dimetal complexes with the higher local D,;, symmetry of active vibrations further increases (see Table 4 and Figure S).

2 may display no IR-active C=C vibration at all***' By inference from 2”7, the stretches at 1951 cm™" of 3 and at

Upon oxidation, the single (C=C) band of 2 at 1951 am™! 1964 and 1878 cm ™! of 3* can be assigned to vibrational modes of
evolves into a two-band pattern with peaks at 1972 and 1880 the central butadiynediyl ligand. The #(C=C) band positions of
cm™" (see Table 4). One might argue that this observation points that entity thus seem to be only little affected by substitution at
to the loss of a centrosymmetric structure upon oxidation and the trans-disposed terminal ligands. Oxidation of one of the core

hence to a valence-localized structure with discernible Fe(II) and
Fe(I1I) sites on the IR time scale. The observation of a pattern of
two V(C=C) bands for mixed-valent butadiynediyl-bridged
dimetal complexes of Class III with intrinsic charge delocaliza-
tion is, however, not without precedence, in particular in iron
chemistry.”*%> We also note the growth of an intense, broad
near-infrared (NIR) band of electronic origin peaking at 6400
cm™" (1560 nm) (see Figure $16). With reference to the mixed-
valent radical cations of the aforementioned half-sandwich diiron
complexes this band is assigned as the Fe(Il)—Fe(III)
intervalence charge transfer (IVCT) absorption. This IVCT
band is truncated at the low energy side with half widths of 1270
cm™! at higher energy of the maximum and 1020 cm™ at the
lower energy side. Both half-widths are substantially lower than
the value expected of a Class II system, Av, , = (23100,,,,)"/* =
3750 cm ™}, derived from Hush’s theory.“’64 Brunschwig, Creutz,
and Sutin have introduced the I" value with I' = 1 — v, ) j1.a/
V1 /3,calc 38 @ measure of ground state delocalization.%® The value of
0.66 obtained for the half-width at the higher energy realm clearly
exceeds the value of 0.50 delimiting the Class II-III transition
and hence points to extensive charge delocalization in this mixed-
valence species.

Further oxidation at a potential positive of the +/2+ couple
results in a further increase of the intensity of the v(C=C) IR
band at the lower energy and a slight shift to 1883 cm™ as well as
a partial bleaching of the low-energy electronic band. Longer
electrolysis times and a further increase of the applied potential
led to an intensity loss of all vibrations that precludes a firm

assignment of the spectroscopic properties of that species. 2200 2150 2100 2050 2000 1950 1900 1850 1800 cm’
Preliminary studies of chemically oxidized 2* and 2*" showed

that they are ;easonably stable compounds. It was however Figure 5. IR spectroscopic changes during (a) the first and (b) the
observed that 2** is completely insoluble in THF, which could be second oxidation of complex 3 in an OTTLE cell (1,2-C,H,Cl,/
a reason for the observed behavior. NBu,BAr, 0.2 M at room temperature).
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Fe atoms likewise seems to have rather little influence on the
energies of the (C=C) modes of the terminal ligands while
there are changes in terms of relative band intensities. This is
most clearly seen for the prominent band of the butadiynyl
ligands, where the pattern of a high-energy shoulder at 2100
cm™" and a main peak at 2068 cm ™" just inverses upon oxidation
with only slight shifts to result in a strong peak at 2106 cm ™' and a
shoulder at 2080 cm'. We concede, however, that such reasoning
might be too simplistic when considering the strong coupling
between the individual vibrators along the unsaturated TMS—
C,—{Fe}-C,—{Fe}-C,—TMS chain.

Further oxidation to 3** bleaches the bands at 1990 and 1964
cm™", while the remaining ones experience only small shifts but
larger changes in intensity. Again, this second oxidation process
could not be pursued to full conversion before the onset of
irreversible spectroscopic changes which might again be due to
insufficient solubility of oxidized 3**. This unfortunately
precludes us from assessing the spectroscopic changes associated
with the third oxidation. Similar experiments in the THF/
NBu,PF; electrolyte produced almost identical results for the 3/
3* pair of compounds as in the 1,2-C,H,Cl,/NBu,BAr",
electrolyte (see Figure S18 of the Supporting Information) but
failed to produce reliable results for even 3**. Of note is the
observation of a low-energy electronic band at 6040 cm™" (1655
nm) that grows in during the first oxidation of 3 and bleaches
during the second one. This feature is also seen as a strong band
at 6145 cm™ (1627 nm) in UV/vis/NIR spectroelectrochem-
istry (see Figure 6) with additional shoulders at 7300 and 8064
cm™" (1370 and 1240 nm). The energy of this band falls close to
the equivalent absorption of 2* at 1560 nm (6400 cm™") and is
again assigned as an Fe(II) >Fe(II) IVCT. As for 2* this band is
truncated at the low energy side with half widths of 1510 and

b) 1
16

+ 5 2+

1.4 4

1.2 1

o
[=]

Absorbance

0.8 1
0.6 1
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400 600 800 1000 1200 1400 1600 1800 2000 nm

Figure 6. UV/vis/NIR spectroscopic changes during (a) the first and
(b) the second oxidation of complex 3 in an OTTLE cell (1,2-C,H,CL,/
NBu,BAr, 0.2 M at room temperature).
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1290 cm ™!, respectively, for the high- and low-energy realms of
the peak. The ratio 6 between the observed half-width and the
calculated one of a Class II system is 0.40, which in turn yields aI"
value of 0.60. This value is again larger than the one of 0.50
marking the Class II-III transition. This argues for strong
electronic coupling between the C,-bridged {Fe} sites in 3*.
Other changes in the UV/vis part of the spectrum include the
shift of the original UV band from 341 to 322 nm and the growth
of weaker shoulders at 394 and 420 nm as well as an additional
small peak at 720 nm. On oxidation to the 3** dication the
original NIR absorption is bleached with the concomitant growth
of a new structured band of like absorptivity at 1015 nm and a
shoulder to the blue at 970 nm. For this band we propose 7— 7*-
parentage, most probably with strong ligand-to-metal charge-
transfer contributions. Like bands, albeit usually at lower
energies, are routinely observed for Fe(IIl) alkynyl complexes
including other butadiynediyl—bridged diiron complexes with
half-sandwich-type {Fe} sites.**%>¢

Further elongation of the rigid-rod metal organic z-system to
the tris(butadiynediyl)-bridged tetrairon complex 7 results in a
further increase of the number of IR active modes in the 1965 to
1885 cm™"' range along with a red shift of the prominent C=C
absorption from 1951 to 1924 cm™' (see Figure 7). This is

b)

2200 2100 2000

2000 1900 1800 em”

2100

2200

Figure 7. IR spectroscopic changes during (a) the first and (b) the
second oxidation of complex 7 in the mid-IR in an OTTLE cell (1,2-
C,H,Cl,/NBu,BAr*, 0.2 M at room temperature).

probably the result of further vibrational coupling between the
two central butadiynediyl ligands. Similar to 3, oxidation of 7 to
its radical cation caused a blue shift of the main peak of the bands
assigned to the terminal butadiynyl ligands from 2073 to 2085
cm™" and an intensity increase of the vibrations at 1947 and 1924
cm™’, but hardly any change in their positions. The second
oxidation likewise causes changes in band intensities rather than
band positions with the exception of the growth of an intense
band at 1799 cm™". This feature resembles the low-energy band
formed upon the first oxidation of complexes 2 and 3, yet with a

dx.doi.org/10.1021/ja400078c¢ | J. Am. Chem. Soc. 2013, 135, 4051—4060
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substantial red shift of ca. 80 cm™. Just like 2* and 3*, radical
cation 7* displays a broad, strong NIR absorption at ca. 5500
cm™' (1820 nm, see Figure 8). This band has a rather
symmetrical shape.

T T
2000 2500 nm

T
1500
b) +

+ 5 2+

T T T T y 5
7000 6000 5000 4000 cm’
J T L)

1500 2000 2500 nm

7000 6000 5000 4000 cm”
Figure 8. IR spectroscopic changes during (a) the first and (b) the
second oxidation of complex 7 in the NIR in an OTTLE cell (1,2

C,H,Cl,/NBu,BAr", 0.2 M at room temperature).

As shown in Figure 9, this band is also observed in UV/vis/
NIR spectroelectrochemical experiments and displays a half
width of ca. 1750 cm™", which is again appreciably smaller than
the value of 3565 cm™" derived from the Hush formula for a Class
II system but appreciably larger as for 2* and 3". The calculated I
value of 0.51 places 7" still in the regime of strongly delocalized
systems, yet at the Class II/III borderline. Spectral deconvolution
of the NIR part of the electronic spectrum reveals the presence of
a second, broader NIR band peaking at 6920 cm™' (1445 nm)
with a half-width of 3010 cm™" (see Figure S19 of the Supporting
Information). The calculated " value of 0.25 is typical of an
IVCT transition within a mixed-valent system of Class II
parentage. Other spectroscopic changes along the 7/7+/7**
redox system are similar to complex 3, i.e. some slight shift and
intensity increase of the prominent UV and vis bands and the
growth of a shoulder at 495 nm during the first oxidation and the
development of a structured NIR band with resolved peaks at
977 and 1177 nm upon the second oxidation. Of note is a
moderate red shift of these bands when compared to 3%,
obviously as a consequence of the further extension of the z-
conjugated pathway. At variance with 3**, doubly oxidized 7**
still retains a rather strong NIR band at 5065 cm™ (1970 nm),
that is at a just slightly higher energy as the equivalent IR band of
7.

Deconvolution of the NIR part of the electronic spectrum of
7** (see Figure S19 of the Supporting Information) provides an
excellent fit to the experimental spectra and indicates that the
low-energy NIR absorption originates from a single absorption
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Figure 9. UV/vis/NIR spectroscopic changes during (a) the first and
(b) the second oxidation of complex 7 in an OTTLE cell (1,2-C,H,Cl,/
NBu,BAr", 0.2 M at room temperature).

with a half-width of 2690 cm™', corresponding to a I value of
0.21.

This finding possibly provides a clue to the sequence of
oxidations within the bis(butadiynediyl)-bridged tetrairon core.
One can reasonably assume that a Fe(depe),-substituted
butadiynyl moiety is more electron rich than a TMS-substituted
one. Hence, one of the inner two {Fe} sites with two attached
—C,—{Fe}—C,—TMS “ligands” is a more likely candidate for the
primary oxidation site. For the TMS—C,—{Fe}—C,—{Fe}*—
C,—{Fe}—C,—{Fe}—C,—TMS system thus formed one might
expect two IVCT transitions from electronically different
neighboring {Fe} sites. This assumes that IVCT from the next-
to-nearest neighbors, ie. from the remote TMS—C,—{Fe}—
moiety, is not observed. The second oxidation could then occur
at either the remaining central or one of the remote terminal
{Fe(depe),bis(butadiynyl)} sites (see Figure 10). Oxidation of
the remaining inner moiety (I in Figure 10) would lead to a
system where only one type of IVCT transition, that is from each
of the outer to the neighboring inner site, is observed.

In that case one would also expect that the remaining IVCT
band is the one displaying the weaker electronic coupling. Both
these expectations match with our experimental observations.
We also note that the appreciably smaller I" value for the IVCT
transition between the inner sites when compared to 2* and 3*
correlates with the likewise smaller AE;,, and K. values for
radical cation 7" when compared to 2* and 3".
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[ TMS—=—=(Fe}]—=——=—(Fe} ——=—={Fe})' ————(Fe} =——=——TMS
[ ™S ——(Fe}y—=——=A(Fe} ——=——=(Fe}) ——=——={Fe}' — ™S
1 TMS—=—="*{Fe}——=——=—(Fe} ——=——=(Fe})—=——=——(Fe}]—=——=——TMS

Figure 10. Possible electronic structures of the dication 7%*.

Considering that the only difference between 2%, 3%, and 7" is
the identity of the peripheral ligand (I, —C,—TMS or —C,—
{Fe}—C,—TMS) and that spatial distances between the {Fe}-
based redox sites in these complexes are virtually identical, the
decrease of the AE, , and K, values is very likely of true electronic
origin as opposed to electrostatic effects, changes in the inductive
effects or magnetic exchange term.®” "% The other possibility is
that the second oxidation involves one of the terminal {Fe} sites.
Electrostatic repulsion between like unipositively charged redox
centers one would make an oxidation of the remote moiety more
teasible than that of the one neighboring the already oxidized site,
thus rendering a dication with two chemically different oxidized
{Fe}* sites (II in Figure 10). In such a case one would expect to
see three IVCT transitions, one arising from charge transfer from
the reduced inner to the oxidized inner, one from the reduced
inner to the oxidized outer, and one from the reduced outer to
the oxidized inner {Fe} moiety. The third, least likely scenario of
the second oxidation involues the outer {Fe} moiety neighboring
the already oxidized inner one (III in Figure 10). Here, one
would also expect to see a single IVCT band, but this time the
one with the stronger coupling. This is, of course, under the
assumption that our assignments of the IVCT transitions of 7"
are correct. Unfortunately, all attempts to assess the higher
oxidized forms of 7 proved to be in vain.

H CONCLUSION

In summary, we have demonstrated that a stepwise construction
of homometallic tetranuclear species starting from a diiron trans
diiodo complex could be achieved proving that long and well-
defined rigid-rod organometallic molecules with tunable redox
properties are accessible via a controlled and iterative synthesis.
To the best of our knowledge this is the first report of a
tetranuclear homometallic species that still has intrinsically open
terminal binding sites. Also, the investigated compounds display
IVCT between the metal centers as well as a high stabilization of
its oxidized forms. Complexes 2, 5, and 6 are excellent starting
materials for even longer scaffolds with even or odd numbers of
metal centers along a fully conjugated rigid-rod like metal—
organic backbone that could pave the way to materials with
unique electronic properties. We also note that the elucidation of
the individual transfer sites in such systems, the interpretation of
vibrational patterns, and the nature of the electronic transitions
becomes a more and more demanding task as the number of
redox sites increases.

B ASSOCIATED CONTENT

© Supporting Information

Experimental details including more detail on NMR spectros-
copy (Figures S1—S11), cyclic voltammetry (Figures $12—S15),
and spectroeletrochemical studies (Figures S16—S19) as well as
summaries of the X-ray diffraction studies (Table SI and S2).
This material is available free of charge via the Internet at http://
pubs.acs.org.
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