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ABSTRACT: Several new redox-active Fe(κ2-dppe)(η5-C5Me5) arylace-
tylide complexes featuring pendant ethynyl (Fe(κ2-dppe)(η5-C5Me5)-
[{CC(1,4-C6H4)}nCCH] (1b−d; n = 1−3), Fe(κ2-dppe)(η5-
C5Me5)[CC(1,3-C6H4)CCH] (2)) or ethenyl (Fe(κ2-dppe)(η5-
C5Me5)[CC(1,4-C6H4)CHCH2] (3)) groups have been synthesized
and characterized under their Fe(II) and Fe(III) states. In contrast to the
known ethynyl Fe(III) complex [Fe(κ2-dppe)(η5-C5Me5)(CCH)][PF6]
(1a[PF6]), most of the new Fe(III) derivatives turned out to be kinetically
stable in solution. A consistent picture of the electronic structure of the
latter complexes in both redox states emerged from experimental data and
DFT calculations. This study revealed that beyond the first 1,4-phenylene ring, modification or extension of the carbon-rich
linker using (4-phenylene)ethynylene spacers will have only a minor influence on their electronic properties in their ground state,
while still maintaining some (weak) electronic interaction along the carbon-rich backbone.

■ INTRODUCTION

Functional molecular materials are playing an ever-increasing
role in the fabrication of smart integrated devices that can
perform inter alia logic operations.1−3 In this respect, the
modification of conducting surfaces at the molecular level with
redox-active “building blocks” constitutes a powerful approach,
particularly when the goal is to obtain integrated systems
devoted to information storage or transfer.4−6 In parallel with
these studies, several families of redox-active carbon-rich group
8 σ-alkynyl complexes have been identified as interesting
candidates for reversible charge storage at the molecular level7,8

and were shown to present promising prospects for the
elaboration of molecular-based electro-switchable devices.9,10

Semiconducting surfaces, such as doped silicon, are attractive
for the elaboration of molecular-scale devices, since “π-
conjugation” between the redox tag and the surface can in
principle be maintained when the grafting is conducted from an
alkyne-terminated molecular precursor and oxide-free hydro-
gen-terminated silicon (Si−H) surfaces.11,12 To our knowledge,
while such silicon-based interfaces derivatized with various
types of redox-active centers, such as ferrocene13−15 and metal-
complexed porphyrins,1,2,4,16 have recently attracted sustained
attention, the interfacial electron-transfer kinetics have not yet
been thoroughly investigated with metal alkynyl-based
monolayers.5,6,14,17 In order to learn how the nature and
length of the spacer influence the interfacial electron-exchange

process, we decided to study the electron-transfer between the
“Fe(κ2-dppe)(η5-C5Me5)” end group (dppe = 1,2-bis-
(diphenylphosphino)ethane) and the underlying Si surface
when anchored with various types of spacers. To this aim, the
series of mononuclear complexes Fe(κ2-dppe)(η5-C5Me5)
[{CC(1,4-C6H4)}nCCH] (1a−d; n = 0−3), Fe(κ2-dppe)-
(η5-C5Me5)[CC(1,3-C6H4)CCH] (2), and Fe(κ2-dppe)-
(η5-C5Me5)[CC(1,4-C6H4)CHCH2] (3) featuring (poly)-
phenyleneethynylene ligands of various lengths and topologies
terminated by linking end groups was targeted (Scheme 1).
Indeed, as previously communicated,17 1b−d will lead to the
corresponding monolayers when reacted with Si−H surfaces
using the UV-activated hydrosilylation reaction initially
developed by Chidsey and co-workers for phenylacetylene or
styrene,18 while 2 and 3 should react similarly. Then, in order
to be able to optimize this photochemical grafting step, we have
also conducted a thorough experimental and theoretical study
on these derivatives in order to see how a change in the
connectivity of the terminal group on the aryl ring (meta vs
para), a change in the terminal group nature (ethynyl vs
ethenyl), or simply the extension of the 1,4-phenylene
ethynylene spacer would affect the terminal group involved in
the photochemical grafting reaction. In particular, extension of
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the carbon-rich linker will result in a narrowing of the gap
between the occupied and empty molecular orbitals centered
on the (poly)phenylene ethynylene chain, and this phenom-
enon might significantly affect both the reactivity and the
stability of the terminal functional group. Their electron-
transfer properties within the monolayers should also be
modified. Finally, the kinetic stability of the corresponding
Fe(III) complexes might turn out to be an important issue,
given that oxidation reactions might take place at the Si−H
interface during the grafting process18b along with the fact that
the shorter of these compounds (1a[PF6]) is known to
spontaneously dimerize in solution.19

We therefore report in this paper (i) the synthesis of the
phenylene ethynylene mononuclear Fe(II) precursors 1b−d, 2,
and 3, featuring a pendant ethynyl or ethenyl group, (ii) the
characterization of their corresponding Fe(III) radical cations
(1b−d[PF6], 2[PF6], 3[PF6]), and (iii) DFT computations on
several of these compounds to better understand their reactivity
toward the photochemical grafting reaction. The preparation
and characterization of the corresponding hybrid molecule/Si
interfaces as well as the measurements of the interfacial
electron-transfer kinetics will be reported in a subsequent
paper.20

■ RESULTS

Synthesis and Characterization of Fe(II) Complexes
with Pendant Ethynyl and Ethenyl Groups. Among the
ethynyl-terminated mononuclear organoiron complexes that
were targeted for the grafting on Si−H surfaces only 1a19,21 and
1b22 had been reported. The new compounds 1c−d, 2, and 3
were obtained by similar reactions, starting from the
corresponding ethynyl precursors and the iron(II) chloride
complex 4,23 in two steps, following a well-established protocol
(Scheme 2).24 Several of the alkynes required for these
syntheses have been previously reported.25,26 All were newly
synthesized (Supporting Information) and reacted with the
Fe(II) chloride precursor 4. The synthesis proceeds in two

steps via vinylidene intermediates that were deprotonated
immediately after isolation with either t-BuOK or 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU). Deprotonation of
trimethylsilyl-protected vinylidene complexes with t-BuOK
resulted in the simultaneous removal of the silyl protective
group, whereas the use of DBU allowed for the clean isolation
of the silyl-terminated compounds (5a−c). The trimethylsilyl
protective group in 5a−c was subsequently removed with
potassium carbonate following standard procedures.27 Com-
plexes 1b and 1c were also accessed from the triisopropylsilyl-
protected complexes (5′b and 5′c) after desilylation using tetra-
n-butylammonium fluoride (TBAF). The latter approach
turned out to be less productive than the former one and
requires harsher deprotection conditions. In line with a
previous study,22 trimethylsilyl complexes (5a−c) appear to
be better precursors of the corresponding ethynyl derivatives
than triisopropyl derivatives (5′a,b).
The synthesis of the ethenyl complex 3 was achieved from

the known organoiron Fe(II) aldehyde complex precursor 728

in one step, by reaction with a phosphonium salt in a Wittig-
type reaction (Scheme 3).29

The new Fe(II) complexes were fully characterized by MS,
IR (in solution and solid state), and NMR spectroscopies. In
addition, the solid-state structures of 1b,c, 2, and 3 and of the
silyl precursors 5a and 6 were obtained by X-ray diffraction
(vide inf ra). 31P{1H} NMR constitutes a good handle to probe
the purity of the various products by observation of a unique
singlet near 101 ppm for the chemically equivalent phosphine
atoms of the dppe ligand of each compound. However this
signal appears to be poorly sensitive to bridge extension in 1b−

Scheme 1. Targeted Organoiron(II) Complexes: 1a−d, 2, and 3 ([Fe] = Fe(κ2-dppe)(η5-C5Me5))

Scheme 2. Synthesis of 1b−d and 2

Scheme 3. Synthesis of 3
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d. 1H NMR is also poorly informative on the chemical
modifications taking place on the bridge within 1a−d, apart
from evidencing the increasing number of aromatic signals. In
contrast, 13C NMR allows for the clear detection of the
additional alkyne signals (near 90 ppm) when proceeding from
1a to 1d, while the α-alkynyl carbon atom comes out each time
around 146 ppm for all of these compounds.22,30,31

The IR spectra clearly reveal an increasing number of νCC
modes upon bridge extension between 1b and 1c (Table 1) or

5a and 5b series. In all complexes, except for 1a, the νCC
mode corresponding to the alkynyl bonds ligated to the Fe(II)
center is observed around 2040 cm−1, while those correspond-
ing to the terminal alkyne bond appear as very weak
absorptions near 2105 or 2155 cm−1, depending on whether
the alkyne is ligated to H or SiMe3, respectively. The additional
mode corresponding to the central alkyne in 1c or 5b is
observed near 2210 cm−1.32 Interestingly, further progression
from 1c to 1d or 5b to 5c does not lead to any significant
change in the νCC range. Most likely, the additional νCC
mode expected is superimposed to the internal mode near 2210
cm−1, as suggested by the DFT calculations (vide inf ra).
Congruent with this hypothesis, a shoulder is observed on this
absorption peak near 2210 cm−1 in the Raman spectrum, which
could correspond to the expected additional mode (see
Supporting Information). Finally, for 3, the additional
stretching mode observed near 1620 cm−1 and not observed
for the other Fe(II) complexes is tentatively attributed to the
νCHCH2 mode.
Cyclic Voltammetry. Cyclic voltammograms of the

mononuclear compounds 1b−d, 2, and 3 were done in
dichloromethane medium. A single reversible one-electron
system was observed for all complexes (Table 2), correspond-
ing to the metal-centered oxidation Fe(II)/Fe(III).8 Compared
to the phenylethynyl complex Fe(κ2-dppe)(η5-C5Me5)(C
CPh) (8), the oxidation process occurs at lower potential for

1b−d and 3 and at higher potential for 2. In line with previous
observations,22,30 this trend correlates well with the electronic
effect of the substituent on the first ring. Indeed, based on the
redox potentials, we find the following order: p-CCH > p-
CCSiMe3 (∼p-CCAr) > m-CCH > m-CCSiMe3 > H
> p-CHCH2, which qualitatively fits with the electron-
withdrawing character of the latter, according to the Hammett
electronic substituent parameter scale (when available).34

Notably, these values also indicate that beyond the second
ring further extension of the arylethynyl ligand does not affect
significantly the metal-centered oxidation redox potential, since
1c and 1d display the same value within experimental
uncertainties.

Synthesis and Characterization of Corresponding
Fe(III) Complexes. In accordance with the previous cyclic
voltammetry (CV) studies, the corresponding Fe(III) com-
plexes could be synthesized and isolated after chemical
oxidation using ferrocenium hexafluorophosphate (Scheme
4). The completion of the reaction was apparent from the
combined CV and IR spectra of the various products isolated.
Thus, the CVs of 1b,c[PF6], 2[PF6], and 3[PF6] remain
identical to that of the starting Fe(II) complexes, indicating the
absence of decomposition or formation of new electroactive
side-products during the measurement time, while the IR
showed a clear shift toward lower wavenumbers of the
diagnostic νCCFe stretching mode (Table 1), as expected
from previous investigations.33,35 Note that 1d[PF6] decom-
poses in solution at ambient temperature. This Fe(III) species
could therefore not be isolated in a pure state and was only
transiently characterized when generated in solution, exhibiting
spectroscopic signatures consistent with these obtained for the
shorter analogues 1b,c[PF6]. The νCCFe shift reveals a
weakening of the alkynyl bond order upon oxidation. However,
its value for 1b, 2, and 3 is not simple to determine with
accuracy, due to the existence of Fermi coupling.32,33 Overall,
the shift amounts to ca. 50 cm−1 for 1c and 1d, which
corresponds to that observed for the phenylalkynyl complex 8,
and seems poorly affected when going from 1b[PF6] to
1d[PF6]. Relatively, the energies of the other νCC modes of
these complexes and of the νCHCH2 mode in 3 are almost not
affected by oxidation, further suggesting that the electronic hole
is mainly metal-centered in these complexes and not
delocalized beyond the first phenyl ring of the bridge. Thus,

Table 1. Experimental (in CH2Cl2) and Computed (in
Parentheses) IR νCC Frequencies (cm−1) for Selected
Fe(κ2-dppe)(η5-C5Me5)(R) Complexes

Fe(II) Fe(III) ΔνCC
a

compd R νCC νCC Fe(II)/Fe(III)

1a CCH 1910b

1b CC(1,4-C6H4)
CCH

2049/2030c,d

(2066)
1994 (1996) −36 (−70)

2100 (2125e) 2100 (2136) 0 (+11)

1c {CC(1,4-
C6H4)}2CCH

2043 (2067) 1992 (2011) −51 (−56)
2107 (2132e) 2105 (2137) −2 (+5)

2206 (2220) 2210 (2208) +4 (−15)
1d {CC(1,4-

C6H4)}3CCH
2043 (2112) 1988 (2009) −55 (3)

2107e (2117e) 2105 (2133) −2 (+21)

2205
(2249/2267e)

2210
(2200/2221)

+5 (−28)

2 CC(1,3-C6H4)
CCH

2058f /
2042 (2071)

2009 (2006) −33 (−65)

2105 (2135) 2109 (2148) +4 (+13)

3 CC(1,4-C6H4)
CHCH2

2055/2035d

(2066)
1990 (1995) −45 (−71)

8 CCPhg 2053 2021/1988b −32
aMinimum Fe(II) vs Fe(III) νCC difference (±4 cm−1; PF6

−

counterion). bSimilar in CH2Cl2 to that in KBr pellets.19 cSee also
ref 22. dTwo bands were observed for the Fe(III) parents, presumably
due to Fermi coupling.33 eVery weak. fShoulder. gSee ref 24.

Table 2. Electrochemical Data for Selected Fe(κ2-dppe)(η5-
C5Me5)(R) Complexes

compd R E° [ΔEp] (V)
a,b E° [ΔEp] (V)b,c

1b CC(1,4-C6H4)CCH −0.11 [0.08]d −0.11 [0.08]
1c {CC(1,4-C6H4)}2CCH −0.12 [0.08] −0.11 [0.07]
1d {CC(1,4-C6H4)}3CCH −0.12 [0.08] −0.11 [0.06]
2 CC(1,3-C6H4)CCH −0.13 [0.09] −0.12 [0.07]
3 CC(1,4-C6H4)CHCH2 −0.16 [0.07] −0.15 [0.07]
5b CC(1,4-C6H4)CCTMS −0.12 [0.08]e

6 CC(1,3-C6H4)CCTMS −0.14 [0.09]
8 CCPh −0.15 [0.08]f −0.14 [0.08]g

aConditions: CH2Cl2 solvent, 0.1 M [Bu4N][PF6] supporting
electrolyte, 20 °C, Pt electrode, 0.1 V s−1. bThe ratio between the
anodic and cathodic peak current intensities was unity in each case
(Ipa/Ipc = 1). cConditions: CH3CN solvent, 0.1 M [Bu4N][ClO4]
supporting electrolyte, 20 °C, Pt electrode, 0.1 V s−1. dPotential
difference between the anodic and cathodic peaks. eFrom ref 22. fFrom
ref 35. gSee ref 30.
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for the ethynyl-terminated complexes, oxidation leads to a
νC−H mode at slightly lower energies for 1b[PF6] (Δν = 19
cm−1) and 1c[PF6] (Δν = 26 cm−1) than for the Fe(II) parent
compounds, but not for 1d[PF6] and 2[PF6]. Notably, the
νCCH mode is significantly less intense than the internal and
alkynyl νCC stretches in compounds 1b−d and 3.
The strong metallo-centered character of these Fe(III)

radicals is also evidenced by their rhombic electron spin
resonance (ESR) signatures at ca. 70 K, which exhibit only
marginal changes in anisotropy (Δg) or mean g value (⟨g⟩)
between 1b−d[PF6], 2[PF6], and 3[PF6] (Table 3). Thus,
among the Fe(III) para-ethynyl/ethenyl complexes (1b−
d[PF6] and 3[PF6]) or silyl-protected precursors (5a−
c[PF6]), extension of the conjugation pathway has apparently

only a marginal effect on the radical delocalization. As
previously shown with other such arylalkynyl compounds,35

the ESR anisotropy (Δg) is often indicative of the electron-
attracting influence of the substituent on the ring. Presently,
comparison between the Δg values obtained for 1b[PF6] and
2[PF6] or for 5b[PF6] and 6[PF6] suggests that an alkyne
group is less electron withdrawing when located in the meta
position than in the para position on the first aryl ring. Actually,
the values found for the meta derivatives compare within
experimental uncertainties with that obtained for the
compound 8[PF6], possessing an unsubstituted phenyl
ring.35,36 Likewise, comparison between the anisotropy of
1b[PF6] and 3[PF6] suggests that the vinyl group is a slightly
more electron-releasing group than the ethynyl group and even

Scheme 4. Synthesis of 1b−d[PF6], 2[PF6], and 3[PF6]

Table 3. Experimental and Computed (in Parentheses) ESR Spectroscopic Data for Selected [Fe(κ2-dppe)(η5-C5Me5)(R)][PF6]
Complexesa,b

compd R g1 g2 g3 Δg ⟨g⟩

1b[PF6] CC(1,4-C6H4)CCH 1.972 (1.978) 2.031 (2.032) 2.481 (2.259) 0.509 (0.281) 2.161 (2.090)
1c[PF6] {CC(1,4-C6H4)}2CCH 1.977 (1.985) 2.033 (2.026) 2.472 (2.197) 0.495 (0.212) 2.160 (2.069)
1d[PF6]

c {CC(1,4-C6H4)}3CCH 1.975 (1.982) 2.032 (2.022) 2.459 (2.214) 0.484 (0.232) 2.155 (2.073)
2[PF6] CC(1,3-C6H4)CCH 1.979 (1.971) 2.034 (2.029) 2.473 (2.305) 0.494 (0.334) 2.162 (2.102)
3[PF6] CC(1,4-C6H4)CHCH2 1.978 (1.976) 2.030 (2.028) 2.428 (2.263) 0.450 (0.287) 2.145 (2.089)
5a[PF6] CC(1,4-C6H4)CCTMS 1.975 2.032 2.478 0.503 2.161
5b[PF6] {CC(1,4-C6H4)}2CCTMS 1.974 2.032 2.476 0.502 2.160
5c[PF6] {CC(1,4-C6H4)}3CCTMS 1.974 2.031 2.482 0.508 2.162
5′a[PF6] CC(1,4-C6H4)CCTIPS 1.975 2.028 2.455 0.480 2.152
5′c[PF6] {CC(1,4-C6H4)}2CCTIPS 1.976 2.034 2.481 0.505 2.163
6[PF6] CC(1,3-C6H4)CCTMS 1.978 2.035 2.466 0.488 2.159
8[PF6]

d CCPh 1.975 2.033 2.464 0.489 2.157
aAt ca. 70 K in CH2Cl2/1,2-C2H4Cl2 (1:1) glass.

bg values ±0.005. cNot pure: other minor species also present. dSee ref 35.
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Figure 1. 1H NMR spectra of 2[PF6] (a) and 1b[PF6] (b) in CD2Cl2 at 20 °C with proposed assignment according to Chart 1 for selected protons.

Table 4. Observed 1H NMR Shifts (δ ± 0.1 ppm) Recorded for Selected Protons of the [Fe(κ2-dppe)(η5-C5Me5)(R)][PF6]
Complexes at 20 °C in CD2Cl2

a

R dppe C5Me5

compd R H1 H2 H3 H4 H5 H6 H7 HAr CH2 HCp*

1b[PF6] CC(1,4-C6H4)CCH −20.1 30.4 −39.6 7.9−1.3 −2.8 −10.3
1c[PF6] {CC(1,4-C6H4)}2CCH 0.9 31.3 −41.8 9.3 3.6b 7.9−1.7 −2.8 −10.3
1d[PF6] {CC(1,4-C6H4)}3CCH 2.5c 31.6 −42.4 9.5 3.6b,c n.a.d n.a.d 7.9−1.7c −2.8 −10.3
2[PF6] CC(1,3-C6H4)CCH 8.9 −36.7 27.8 −38.2 7.9−1.6 −2.7 −10.5
3[PF6] CC(1,4-C6H4)CHCH2 −24.6 −22.3 28.1 32.5 −46.6 10.0−2.0 −2.9 −10.3
8[PF6]

e CC(C6H5) −41.7e 29.2e −41.7e 7.9−1.8 −2.8 −10.5
aProposed assignment according to Chart 1 (CHDCl2 taken at 5.35 ppm). bPartly hidden behind another signal. cTentative assignment. dNot
assigned. eSee ref 38.

Chart 1. Labeling of Selected Protons of 1b−d[PF6], 2[PF6], 3[PF6], and 8[PF6] ([Fe] = Fe(κ2-dppe)(η5-C5Me5))
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slightly more than a hydrogen atom when compared to the Δg
obtained for 8[PF6].
These Fe(III) compounds were also characterized by 1H

NMR (Figure 1). All, except 1d[PF6], for which not all signals
could be identified due to its kinetic instability in solution, gave
rise to well-resolved spectra characteristic of a single Fe(III)
metallo-centered radical.8,37 The shift of their protons was
identified by analogy with those of related complexes, by
integration, and whenever possible by polarization transfer
experiments. Most often, this led to an unambiguous
assignment of all the observed signals.38 The NMR shifts of
the dppe and C5Me5 protons were very constant from one
complex to the other among 1b,c[PF6], 2[PF6], and 3[PF6],
most of the changes taking place for the protons of the
arylethynyl ligand. The shifts of these 1H NMR signals (Table
4), which mostly depend on the so-called contact contribution,
reflect the changes in spin delocalization along the backbone of
the unsaturated carbon-rich ligand.39,40 First, based on the
DFT-computed spin densities (vide inf ra), their sign reflects the
spin alternation of the vicinal carbon atoms, in line with a spin
delocalization/polarization taking place mostly in the π-
manifold. This is plainly illustrated by the shift of the terminal
ethynyl proton, which was identified by 1H−13C HSQC
correlation experiments for 1b[PF6] (see Supporting Informa-
tion). The latter comes out at −20.1 ppm. For 2[PF6], it is
found at the positive value 8.9 ppm. Such a reversal of the sign
of the observed shift can be expected based on the meta vs para

substitution on the aryl ring and is actually also supported by
the DFT-computed carbon-based spin densities (see below).41

The protons of the second aromatic ring in 1c[PF6] are much
less shifted than those of the first ring and apparently even less
than for the third ring in 1d[PF6], which is consistent with no
significant spin density being delocalized beyond the second
ring in these compounds. This statement can also be deduced
from the ethynyl proton shifts which appear at 20.1 ppm for
1b[PF6] and at 0.9 ppm for 1c[PF6]. These observations are in
line with the dominantly metal-centered nature of these
radicals, a statement already inferred from ESR experiments,
but also apparent from IR measurements. Finally, the ethenyl
protons H1 and H2 in 3[PF6] are slightly more shielded than
the ethynyl one (H1) in 1b[PF6], in line with the slightly higher
spin density found on the former substituent by DFT (see
later).

Crystallography. Figure 2 depicts the solid-state structures
of Fe(II) complexes 1b and 1c. The structures of the Fe(II)
and Fe(III) meta-substituted compounds 2 and 2[PF6] and of
the ethenyl-terminated Fe(II) complex 3 are shown in Figures
3 and 4, respectively. Those of the triisopropylsilyl-protected
precursor of 1b (5′a) and of the trimethylsilyl-protected
precursor of 2 (6) are given in the Supporting Information.
Compounds 1b and 5′c have been characterized previously, but
their solid-state structures have not been reported,22 while the
structure of 1c has been previously reported in a
communication.17 In the present case, the structural data for

Figure 2. Thermal ellipsoid plots (ORTEP) of the two ethynyl complexes 1b (a) and 1c (b) at the 50% probability level. Hydrogen atoms and
solvent molecules have been omitted for clarity.

Figure 3. Thermal ellipsoid plots (ORTEP) of the Fe(II) and Fe(III) ethynyl complexes 2 (a) and 2[PF6] (b) at the 50% probability level.
Hydrogen atoms have been omitted for clarity.
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1b,c, 2, and 3 provide us with a mean to evaluate their spatial
extension, which constitutes important information for
estimating the surface area occupied by these molecules once
grafted on Si−H surfaces. All these compounds crystallize in
monoclinic or triclinic systems in centrosymmetric space
groups (Supporting Information, Table S1). Both distance
and angle values are expected for Fe(II) piano-stool complexes
(Supporting Information, Table S2),22,24,28,30,35,42 while a slight
but characteristic lengthening of the Fe−C and Fe−P bonds
and a concomitant shortening of the Fe−C37 bond are
observed for the Fe(III) complex 2[PF6].

35,38,41,43 Among the
Fe(II) species, the terminal ethynyl bonds in 1b, 1c, and 2 are
always slightly shorter (ca. 1.18 Å) than the internal ones (ca.
1.22 Å), while the ethenyl bond in 3 (1.312(3) Å) is
significantly longer and close to typical values encountered
for organic molecules (1.321 Å).44 In contrast to related alkynyl
complexes featuring extended ligands,46 these compounds
roughly preserve their “rigid rod structure” in the solid state,
with only a slight S-shaped deviation from linearity taking place
for 1c. This characteristic deviation46 as well as the non-
coplanarity between the two phenyl rings of the arylalkynyl
ligand (torsion angle of 36.1° between them) is most likely
induced by the packing rather than by intramolecular effects.30

Packing is certainly also at the origin of the unusual C45−
C36−Si1 angle of 168.2° (significantly different from 180°)
observed for 5′a. For the ethenyl complex 3, the coplanarity of
the ethenyl group and the adjacent phenyl ring, which allows
maximizing their π overlap, can apparently be accommodated
by packing forces.

UV−Visible Absorption Spectroscopy. The UV−vis
spectra of these compounds were recorded in their various
redox states (Table 5). In line with previous studies on the
electrochromism of related iron alkynyl complexes,32,47 Fe(II)
derivatives exhibit an orange color resulting from the presence
of an allowed MLCT (ε ≥ 8000 M−1 cm−1) absorption in the
blue edge of the visible spectrum,30 while Fe(III) complexes are
dark brown-colored due to the apparence of an LMCT
absorption at lower energy, near 700 nm (ε ≤ 7000 M−1 cm−1),
resulting from the reversal of polarity taking place upon
oxidation (Figure 5a,b).35 In the 1b-d/3 series, but also in 1b−
d[PF6]/3[PF6], the extension of the π-system on the alkynyl
ligand induces a slight bathochromic shift of these transitions
relative to those of the phenylethynyl complexes 8/8[PF6] (see
also Computational Details).35 A similar feature is also
observed in the Fe(II) trimethylsilyl-protected complexes 5a−
c (Supporting Information). As expected, the introduction of
an ethynyl group in a nonconjugated (meta) position of the
arylethynyl ligand has a weaker effect than in para position. The
hypsochromic shift of the MLCT of 2 relative to 1b can be
attributed to the loss of conjugation between the organoiron
center and the terminal ethynyl group located in meta position
in 2. Notably, compared to 1b, a slightly lower bathochromic
shift is observed for 3, which has an ethenyl group appended in
para position, in line with the better electron-releasing
capability of the vinyl substituent compared to the ethynyl
one, also revealed by electrochemistry.
Likewise, for the Fe(III) complexes, the LMCT band of

3[PF6] shows up at slightly lower energies than for 1b[PF6]
and 2[PF6], in line with a little more pronounced electron-
releasing character for the para-vinyl group relative to para- and
meta-ethynyl substituents, while marginal differences between
LMCT bands are stated between 1c[PF6] and 1d[PF6].

35 In
addition, for the Fe(III) radical cations (Figure 5b), forbidden

Figure 4. Thermal ellipsoid plots (ORTEP) of the ethenyl complex 3
at the 50% probability level. Hydrogen atoms have been omitted for
clarity.

Table 5. UV−Vis Spectroscopy Data for Selected [Fe(dppe)(η5-C5Me5)(R)]
n+ Complexes in CH2Cl2 (n = 0, 1)a

compd R absorptions in nm [10−3ε in M−1 cm−1] ref

1a CCH 264 [15.1, sh], 402 [1.8, sh], 500 [0.6, sh] this work
1b CC(1,4-C6H4)CCH 268 [37.2], 412 [16.8] this work
1b[PF6] 266 [29.9], 331 [16.6, sh], 428 [5.1, sh], 495 [2.6, sh], 593 [1.4], 704 [1.7], 1863 [0.10] this work
1c {CC(1,4-C6H4)}2C

CH
270 [37.2], 318 [32.2], 436 [19.7] this work

1c[PF6] 328 [38.1, sh], 336 [37.2, sh], 407 [8.4, sh], 500 [2.6, sh], 626 [1.3], 735 [2.6], 1864 [0.15] this work
1d {CC(1,4-C6H4)}3C

CH
337 [47.1], 476 [9.2] this work

1d[PF6]
a 338 [69.7, sh], 358 [56.2, sh], 442 [6.8, sh], 738 [3.6], 1864 [0.12] this work

2 CC(1,3-C6H4)CCH 358 [8.6], 398 [sh, 6.1] this work
2[PF6] 275 [30.7, sh], 384 [4.0, sh], 571 [2.4], 655 [2.8], 1864 [0.12] this work
3 CC(1,4-C6H4)CH

CH2

274 [24.3], 406 [13.1] this work

3[PF6] 268 [36.3], 352 [9.8, sh], 412 [3.6, sh], 472 [2.5], 612 [1.5, sh], 726 [2.9], 1827 [0.10] this work
8 CCPh 277 [sh, 14.5], 350 [13.6] 30
8[PF6] 261 [32.6, sh], 280 [27.4, sh], 301 [18.8, sh], 342 [5.9, sh], 379 [3.6, sh], 575 [2.3, sh], 662 [3.1], 1846

[0.09]
35

aData should be analyzed with caution due to the instability established for this particular Fe(III) compound in solution; sh = shoulder.

Organometallics Article

dx.doi.org/10.1021/om400515g | Organometallics 2013, 32, 4366−43814372



bands at lower energy (ε ≈ 100 M−1 cm−1) corresponding to
forbidden d−d excitations are also observed near 1900 nm.35

DFT Calculations. Density-functional theory (DFT)
calculations were carried out on compounds 1b−d, 2, and 3
and their radical cations in order to analyze and compare their
electronic structure and the ensuing physical properties (see the
Experimental Section for computational details).48 Their
structural arrangements were first optimized and compared
(Supporting Information, Table S3). Computed data match
reasonably well with the available experimental values
(Supporting Information, Table S4), with the largest bond

length deviations found for the Fe−Cp* (centroid) (<0.05 Å)
and Fe−P distances (<0.03 Å). As often observed for this kind
of acetylide metal complex, the computed CC distances are
slightly overestimated by 0.02−0.03 Å on average, with respect
to the experimental ones, in 1b and 1c. As expected, the
extension of the unsaturated bridge (CCPh)n from n = 1
(1b) to 3 (1d) hardly affects the Fe−P(dppe) and Fe−Cp*
(centroid) bond lengths. Similar to experiment, the computed
inner CC distances (close to the metal center) are ca. 0.03 Å
longer than the outer ones. Computed bond distances for 1d,

Figure 5. UV−vis spectra of 1b−d, 2, and 3 (a) and 1b−d[PF6], 2[PF6], and 3[PF6] (b) complexes in CH2Cl2. Scaled-up visible region for the
Fe(III) complexes (c).

Figure 6. DFT molecular orbital diagrams of the [Fe(κ2-dppe)(η5-C5Me5){CC(1,4-C6H4)}nCCH] para complexes (n = 1 (1b), 2 (1c), 3
(1d)), [Fe(κ2-dppe)(η5-C5Me5){CC(1,3-C6H4)}CCH] meta complex (2), and [Fe(κ2-dppe)(η5-C5Me5){CC(1,3-C6H4)}CHCH2] (3).
The Fe (left)/carbon-chain (right) percentage contributions are given in italics.
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not measured experimentally, are reasonably similar to those
computed for 1b and 1c.
Upon oxidation, a substantial lengthening of the Fe−P bond

lengths (ca. 0.06 Å) and, to a lesser extent, of the Fe−Cp*
(centroid) along with a slight Fe−CC (ca. 0.03 Å)
contraction is noted. A slight lengthening of the inner CC
distances is computed. Surprisingly enough, no geometrical
change is noted for the outer CC upon oxidation. These
structural modifications are in line with those previously
observed for related systems.35,38,41 They can easily be
understood by examining the HOMOs of those systems (see
the molecular orbital diagrams in Figure 6). Indeed, the
HOMO of 1b−d, 2, and 3 is π in character, heavily localized on
the Fe center and on the adjacent ethynyl group and, to a lesser
extent, on the next phenyl ring (Figure 7). It is, in turn, mainly
Fe−C37 antibonding and C37−C38 bonding in character.
Consequently, oxidation of these systems leads to some
shortening of Fe−C37 and a slight lengthening of C37−C38

(vide supra). This HOMO is part of the “t2g” set expected for
these 18-electron pseudo-octahedral complexes (Figure 7).
Being strongly metallic in character, only very small energy
stabilization occurs upon elongation of the carbon chain.
Although the Koopmans approximation49 is not valid within

the DFT approach, the changes of the first adiabatic ionization
potentials (IP) in the series are susceptible to be correlated to
the energies of the HOMOs (which are close in energy, vide
supra) if the electronic and geometric reorganizations upon
oxidation are moderate. Indeed, IPs computed without or with
solvent (dichloromethane) effect are almost equal (ca. 5.25 and
4.65 eV, respectively). This is in agreement with the
experimental oxidation potentials of species 1b−d, which are
comparable.
The LUMO of 1b, 2, and 3 and the LUMO+1 of 1c and 1d

are strongly localized on the Fe(κ2-dppe)(η5-C5Me5) moiety.
On the other hand, the LUMO of 1c and 1d is mainly localized
on the carbon chain, specifically on the outer part (Figure 7).
Indeed, the antibonding character of these π*-orbitals
diminishes with the lengthening of the carbon chain inducing
a gradual energy stabilization. Consequently, the HOMO−
LUMO energy gap decreases from 1b (1.79 eV) to 1c (1.52
eV) to 1d (1.18 eV). As expected, the HOMO−LUMO gap of
2 (1.78 eV) and 3 (1.77 eV) is close to that of 1b.
The energies of the vibrational frequencies of the ethynyl

CC vibrators were computed for these compounds and their
radical cations. Overall, they compare very well with the
experimental values (Table 1). As experimentally observed for
all the neutral compounds, the ethynyl bond neighboring the
Fe center vibrates at somewhat smaller energy than the outer
ones. No change in energy is observed for this vibrator upon
chain lengthening. However, the vibrational energy decreases
by ca. 50 cm−1 upon oxidation (Table 1). Comparably, the
energy of the other ethynyl groups remains nearly unchanged at
ca. 2100−2200 cm−1. This is in agreement with the nodal
properties of the HOMOs, partially depopulated upon
oxidation, which are hardly localized on these CC groups
(vide supra).
Mulliken atomic spin densities were computed for the

monocationic species 1b−d+, 2+, and 3+ to evaluate the
delocalization of the unpaired electron in these complexes
(Supporting Information, Table S5). Results are graphically
represented in Figure 8. The spin density distribution tracks
close to the HOMO spatial distribution of the neutral
complexes, which is, indeed, partially depopulated. It is mostly
localized on the iron and adjacent ethynyl group for each
system (Figure 7). Indeed, for all complexes, most of the spin
density is found on the metal center (ca. 0.70 electron) and to a
lesser extent on the inner CC group (ca. 0.35 electron). A
slight spin-density decrease on the metal is noticed upon chain
lengthening for the benefit of the adjacent ethynyl group of the
chain itself. It is noteworthy that the spin density is somewhat
more distributed over the whole backbone for 1b+, 2+, and 3+.
It appears that regardless of the redox state (n = 0 or 1) of

1b−dn+, 2n+, and 3n+, their MOs which are heavily localized on
the terminal alkyne or alkene moieties will strongly resemble
those observed for the purely organic molecules in which the
organometallic [Fe(κ2-dppe)(η5-C5Me5)(CC)]n+ capping
groups have been replaced by a hydrogen or by a moderately
electron-releasing substituent (such as a methoxy group),
especially when the phenylene-ethynyl chain is extended. Thus,
based on the assumption that the photochemical initiation
previously used primarily involves homolysis of surface Si−H

Figure 7. Plots of the HOMO and LUMO for the complexes 1b−d, 2,
and 3. Contour values are ±0.03 (e/Bohr3)1/2. The energy is given in
parentheses.
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bonds,18b the reactivity of 1b−d, 2, and 3 should resemble that
of the purely organic analogues, which is indeed observed.17

EPR properties of the optimized 1b−d+, 2+, and 3+

complexes were also computed. The resulting g-tensor
components are given in Table 3 for a comparison with
experimental values. The agreement between the computed and
experimental anisotropies Δg is moderately satisfactory, with
the computed ones being somewhat smaller than the
experimental ones. However, these computations were done
on a single conformation,38,50 while the effect of the
surrounding medium was not taken into consideration. With
those restrictions in mind, the overall trend can be considered
to be comparable to that experimentally observed and also in
agreement with the computed spatial distribution of the spin
density. Extension of the carbon chain hardly affects the spin
density distribution of these monocationic species. This
contrasts with metal-polyynyl complexes, which show much
more pronounced delocalization of the spin density over the
carbon chain.50

Finally, the TD-DFT-calculated energies of the lowest
allowed electronic excitations of the neutral complexes 1b−d
were also computed (Supporting Information, Tables S6 and
S7). As observed experimentally, a substantial red shift of the
lowest excitation energies is noted upon lengthening of the
carbon chain (418, 486, and 527 nm for 1b, 1c, and 1d,
respectively). These excitations mostly involve HOMO−
LUMO transitions. Accordingly, with the energy of the
HOMO hardly changing and that of the LUMO decreasing
upon chain lengthening, some bathochromic shift is observed.
The first lowest excitation energies were also computed for the
cationic complexes 1b+−d+. Interestingly, very weak excitations
are found in the NIR region (1825, 1833, and 1897 nm for 1b+,
1c+, and 1d+, respectively), which compare very well with the
very low-energy bands of ca. 1865 nm measured experimen-
tally. As expected, they involve metal d−d transitions. Very
weak electronic excitations are computed around 600 nm for all
the cations (see Table S7). They might correspond to weak
bands experimentally observed somewhat red-shifted around
700 nm (see above). They mostly involve ligand-to-metal and/
or metal-ligand-to-metal transitions.

■ DISCUSSION

Both the spectroscopic results and the DFT calculations
confirm that the isolated ethynyl- or ethenyl-terminated
compounds 1b−d, 2, and 3 exhibit the classical features of
Fe(II) arylalkynyl complexes,30 with a dominantly metal-
centered HOMO. Spectroscopy (NMR and IR) and
computations on 1b−d reveal that the terminal alkyne (or
alkene) group in these organometallic complexes is not very
different from those connected to purely organic aromatic
scaffolds, especially for compounds featuring extended phenyl-
ene-ethynylene spacers, due to the strong localization of the
HOMO on the Fe(II) fragment. For instance, based on its
characteristic νCC stretching mode, the terminal alkynyl group
appears not to be significantly affected in solution by the
structural changes within 1b,c or 2. Changes observed
experimentally are much less than those computed and remain
close to the experimental uncertainty. Also, the Fe(II/III)
oxidation potential appears to be only weakly dependent on the
substitution pattern of the closest phenylene ring of the carbon-
rich spacer, in line with an even weaker interaction with the
terminal group in the longer compounds. However, the
characteristic bathochromic shifts of their MLCT transitions
in the UV−visible range reveal that some electronic
communication is nevertheless present along the metal and
phenylene ethynylene backbone in these Fe(II) compounds.
Upon oxidation, the νCC stretching mode of the terminal

alkyne appears also to not be significantly affected. ESR reveals
a dominantly metal-centered rhombic radical, the anisotropy of
which is primarily determined by the substitution pattern of the
closest phenylene ring of the carbon-rich spacer. In this respect,
the 1H NMR of the Fe(III) complexes is more informative. It
reveals that while sizable spin delocalization takes place on the
first phenylene unit and also on the second C2 unit, this
phenomenon drastically drops when further progressing along
the carbon-rich chain. The magnitude (and sign) of the spin
present on the second C2 unit clearly depends on the topology
of the first ring (para > meta) and on its nature (ethenyl >
ethynyl). However, on the basis of the relative isotropic shifts of
the protons of these units, it remains lower than in the first
phenylene ring. The unpaired spin present on the terminal C2
unit of all compounds should therefore not exceed a few
percent, in line with the available DFT computations.38 Thus,
in contrast to their shorter homologue 1a+, which presents a
much larger spin density on the β-ethynyl carbon and promptly
dimerizes upon oxidation,19,51 1b,c+ are kinetically much more
stable in solution. The gain in kinetic stability observed for
1b,c[PF6], 2[PF6], and 3[PF6] over 1a[PF6] certainly results
from the presence of an aryl ring in the β-position to the metal
which sterically shields the reactive β-carbon atom, thereby
preventing coupling at this position and inhibiting further spin
delocalization along the carbon-rich ligand.51 Note that in spite
of a very small spin density on the terminal alkynyl unit,
1d[PF6] slowly undergoes degradation in solution, even in the
absence of oxygen.52 In this case, a larger portion of the 1,4-
phenylene-ethnylene chain is exposed to the reaction medium.
The decomposition stated for 1d[PF6] might therefore be
attributed to the occurrence of a radical coupling process taking
place at other positions. Thus, except for 1d, the stability of
1b−d, 2, or 3 should not be a determining issue during the
grafting reaction, even if partial oxidation takes place on the Si−
H surface or within the monolayer,18b provided the reaction is
conducted under an inert atmosphere.

Figure 8. Plots of the spatial distribution of the spin density for
compounds 1b−d+, 2+, and 3+. Isocontour values: ±0.003 e/bohr3.
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As expected from previous investigations on arylalkynyl
Fe(III) complexes,35 DFT confirmed that the SOMO was
largely metal-centered in these compounds, even when the aryl
alkynyl ligand is extended. Experimentally, as discussed above,
this translates to a quasi-invariance of the ESR signature (Table
3) and of the Fe(III/II) oxidation potentials (Table 2) of these
compounds when featuring a carbon-rich ligand with two aryl
rings or more, regardless of the exact nature of the terminal
groups on the second ring (CC−Ar, CC−TMS, CC−
TIPS, or CC−H).53 This statement is also substantiated by
the very slight changes in paramagnetic 1H NMR shifts
observed for the protons of the first phenyl ring upon chain
extension, which are much more sensitive probes to changes in
spin density than is ESR anisotropy.38 However, a closer
examination of these signals reveals very slight upfield and
downfield shifts of the ortho and meta hydrogen atoms,
respectively, when proceeding from 1b to 1d, in line with a
concomitant slight enhancement of the spin delocalized from
the metal toward the (poly)arylalkynyl ligand. The latter, also
found in DFT computations, might be at the origin of the
increased kinetic instability of these radicals upon extension of
the carbon-rich linker,51,54 as experimentally stated for 1d[PF6]
in solution. In this connection, the very slight bathochromic
shift experienced by the LMCT transition of 1c,d upon chain
elongation further indicates that only a very weak electronic
interaction takes place between the metallic end group and
phenylethynyl linker for the extended compounds in the
Fe(III) state.

■ CONCLUSION
We have reported here the synthesis and characterization of
new redox-active Fe(II) arylacetylide complexes 1b−d and 2
featuring a pendant ethynyl group, and 3 with a pendant
ethenyl group, as well. As discrete species, the experimental
data and the DFT calculations reveal that beyond the first 1,4-
phenylene ring further extension of the carbon-rich linker
induces only minor changes in their electronic properties in
both redox states. Therefore, as previously observed,20 the
terminal ethynyl or ethenyl group of these compounds should
react similarly to that of a purely organic aromatic styryl or
phenylethynyl derivative, and, at least for 1b−d and 2, only
minor differences in reactivity can be anticipated between them
during the photochemical grafting reaction. The UV−vis
absorption spectra nevertheless reveal the existence of some
electronic interaction along the (poly)phenylene-ethynylene
backbone, by showing a clear bathochromic shift of the MLCT
transition upon chain lengthening. Accordingly, this kind of
conjugated carbon-rich spacer should facilitate the electronic
interaction between the terminal metallic Fe(II) center and the
silicon surface subsequent to grafting. We have also isolated and
characterized each of these electron-rich alkynyl complexes
under their cationic Fe(III) state, and roughly similar
conclusions can be drawn regarding the electronic structure
of the terminal ethynyl or ethenyl group and regarding the
electronic communication through the phenylethynyl linker.
Notably, all these radical cations except 1d[PF6] turned out

to be kinetically stable in solution during periods exceeding
those previously used for performing the grafting reaction. For
the Fe(III) species, this remarkable stability is in line with the
dominant metal-centered nature of these organometallic
radicals. In this respect, the longest derivative (1d[PF6])
among them presents however a slightly higher delocalization
of the electronic vacancy on the carbon-rich ligand, which is

possibly at the origin of its increased reactivity in solution. In all
the other cases, any adventitious oxidation of the Fe(II)
precursor during the photochemical grafting reaction should
not be detrimental to the monolayer formation, provided the
reaction is performed under an inert atmosphere.52 In
accordance with these statements, we will see in a subsequent
paper that these functional compounds can be conveniently
grafted on Si−H surfaces by using a photochemical protocol
operating under rather “mild” conditions.20 In addition, we will
show that the resulting monolayers exhibit remarkable
electronic exchange rates through their covalent interfacial
Si−C bond compared to related organometallic silicon-based
interfaces.

■ EXPERIMENTAL SECTION
General Procedures. All reactions and workup procedures were

carried out under dry, high-purity argon using standard Schlenk
techniques. All solvents were freshly distilled and purged with argon
before use. Infrared spectra were obtained using a Bruker IFS28 FT-IR
spectrometer (400−4000 cm−1) or using a Bruker Optics Vertex 70
FT-IR spectrometer in the transmission mode (100 scans, 2 cm−1

resolution and automatic gain) using a DTGS detector. Raman spectra
of the solid samples were obtained by diffuse scattering on the same
apparatus and recorded in the 100−3500 cm−1 range (Stokes
emission) with a laser excitation source at 1064 nm (25 mW) and a
quartz separator with an FRA 106 detector. NMR spectra were
acquired at 298 K on a Bruker DPX200, a Bruker Ascend 400 MHz
NMR, or a Bruker AVANCE 500, with a 5 mm broadband observe
probe equipped with a z-gradient coil. Experimental details regarding
measurements on paramagnetic Fe(III) complexes can be found in
previous contributions.38,41,55 Chemical shifts are given in ppm and
referenced to the residual nondeuterated solvent signal for 1H and 13C
and external H3PO4 (0.0 ppm) for 31P NMR spectra. Cyclic
voltammograms were recorded in dry CH2Cl2 solutions (containing
0.10 M [n-Bu4N][PF6], purged with argon, and maintained under an
argon atmosphere) using an EG&G-PAR model 263 potentiostat/
galvanostat or using an Autolab electrochemical analyzer (PGSTAT 30
potentiostat/galvanostat from Eco Chemie B.V.) equipped with the
GPES software in a homemade three-electrode Teflon cell. The
working electrode was a Pt disk, the counter electrode a Pt wire, and
the reference electrode a saturated calomel electrode. The FeCp2

0/+

couple (E1/2: 0.46 V, ΔEp = 0.09 V; Ipa/Ipc = 1) was used as an internal
calibrant for the potential measurements.56 Near-IR and UV−visible
spectra were recorded as CH2Cl2 solutions, using a 1 cm long quartz
cell on a Cary 5000 spectrometer. EPR spectra were recorded on a
Bruker EMX-8/2.7 (X-band) spectrometer, at 77 K (liquid nitrogen).
Elemental analysis and high-resolution mass spectra (ESI on
Micromass MS/MS ZABSpec TOF spectrometer) were performed
at the “Centre Regional de Mesures Physiques de l′Ouest” (CRMPO),
Universite ́ de Rennes 1. The complex Fe(κ2-dppe)(η5-C5Me5)(Cl) (4)
was obtained following published procedures.23 Other chemicals were
purchased from commercial suppliers and used as received.

Synthesis of Fe(κ2-dppe)(η5-C5Me5){CC(1,4-C6H4)CCSiMe3}
(5a). A solution of Fe(κ2-dppe)(η5-C5Me5)(Cl) (4; 509 mg, 0.81
mmol), ((4-ethynylphenyl)ethynyl)trimethylsilane (178 mg, 0.90
mmol), and KPF6 (235 mg, 1.28 mmol) in THF (20 mL) and
MeOH (20 mL) was stirred for 16 h. The solvent was removed in
vacuo. The brown solid was extracted with CH2Cl2 (10 mL), n-pentane
(50 mL) was added to the stirred extract, and the crude vinylidene
complex 5a-vin[PF6] was collected as a brown precipitate. 31P{1H}
NMR (CDCl3, 81 MHz): δ 87.6 (s, 2P, dppe), −143.0 (sept, 1P,
PF6

−). 1H NMR (CDCl3, 200 MHz): δ 7.85−7.00 (m, 22H, HAr/dppe),
6.23 (m, 2H, HAr) 5.06 (m, 1H, FeCCH), 3.16 (m, 2H,
CH2/dppe), 2.56 (m, 2H, CH2/dppe), 1.62 (s, 15H, HCp*), 0.28 (s, 9H,
HSiMe3). This crude vinylidene complex was dissolved in THF (20
mL), DBU (0.2 mL, 1.32 mmol) was added, and the mixture was
stirred for 10 min. The solvent was removed in vacuo, yielding the
crude product as a red solid. The product was purified on a short
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column of deactivated silica under an inert atmosphere, eluting with
toluene. The solvent was removed and the orange solid washed with n-
pentane, affording 5a as an orange solid in 84% yield (536 mg, 0.68
mmol). The identity of 5a was confirmed by comparison of
spectroscopic data with literature values.22 UV−vis (CH2Cl2, λmax/
nm [ε/103 M−1 cm−1]): 269 [38.3], 415 [17.1].
Synthesis of Fe(κ2-dppe)(η5-C5Me5){CC(1,4-C6H4)CCSi(iPr)3}

(5′a). A solution of Fe(κ2-dppe)(η5-C5Me5)(Cl) (4; 1.90 g, 3.04
mmol), ((4-ethynylphenyl)ethynyl)triisopropylsilane (859 mg, 3.04
mmol), and NH4PF6 (592 mg, 3.632 mmol) in MeOH (40 mL) was
stirred for 12 h. The solvent was removed in vacuo. The brown solid
was extracted with CH2Cl2 (2 × 30 mL), and diethyl ether (40 mL)
was added to the stirred extract after concentration to ca. 5 mL. The
crude vinylidene complex 5′a-vin[PF6] (2.80 g) was collected as a
brown precipitate. FT-IR (KBr, cm−1): ν 2146 (m, CC), 1620 (s,
FeCCH), 838 (vs, PF6

−). This crude vinylidene complex was
dissolved in THF (50 mL), KOt-Bu (618 mg, 5.507 mmol) was added,
and the mixture was stirred for 60 min. The solvent was removed in
vacuo, yielding the crude product as a red solid. The solvent was
removed and the orange solid washed with n-pentane, affording 5′a as
an orange solid in 88% yield (2.10 g, 2.411 mmol). Anal. Calcd for
C55H64P2SiFe: C, 75.84; H, 7.41. Found: C, 75.81; H, 7.44. The
identity of 5′a was also confirmed by comparison of spectroscopic data
with literature values.22 Crystals of this complex could be grown by
slow evaporation of a diethyl ether solution of the complex. UV−vis
(CH2Cl2, λmax/nm [ε/103 M−1 cm−1]): 280 [35.6], 416 [21.0].
Synthesis of Fe(κ2-dppe)(η5-C5Me5){CC(1,4-C6H4)CCH} (1b).

From 5a: A solution of 5a (512 mg, 0.65 mmol) and K2CO3 (116 mg,
0.84 mmol) in THF (20 mL) and MeOH (20 mL) was stirred for 16
h, and the solvent was removed in vacuo. The product was extracted
with toluene, the solvent was removed, and the orange solid was
washed twice with n-pentane, affording 1b as an orange solid in 85%
yield (394 mg, 0.55 mmol). The identity of 1b was confirmed by
comparison of spectroscopic data with literature values.22 Crystals of
the complex could also be grown by slow evaporation of a benzene
solution of the complex. From 5′a: The complex 5′a (392 mg, 0.450
mmol) was solubilized in THF (30 mL), and 0.9 mL (0.900 mmol) of
a 1 M commercial solution of tetrabutylammonium fluoride (TBAF)
in THF was syringed into the reaction medium, which was stirred for
24 h before the solvent was removed in vacuo. The product was
extracted with toluene, the solvent was concentrated, and the orange
solid was precipitated with n-pentane and washed twice with n-
pentane, affording 1b as an orange solid in 51% yield (165 mg, 0.231
mmol). Raman (neat, cm−1): ν 2097(m, CCH), 2047, 2031(s,
FeCC).
Synthesis of Fe(κ2-dppe)(η5-C5Me5){[CC(1,4-C6H4)]2CCSiMe3}

(5b). A solution of Fe(κ2-dppe)(η5-C5Me5)Cl (4; 630 mg, 1.01 mmol),
((4-((4-ethynylphenyl)ethynyl)phenyl)ethynyl)trimethylsilane (302
mg, 1.01 mmol), and KPF6 (375 mg, 2.03 mmol) in THF (20 mL)
and MeOH (20 mL) was stirred for 16 h. The solvent was removed in
vacuo. The brown solid was extracted with CH2Cl2 and the solvent
removed in vacuo, providing the crude vinylidene complex 5b-vin[PF6]
as a brown precipitate. FT-IR (KBr, cm−1): ν 2210 (w, CC), 2155
(m, CC), 1625 (s, FeCCH), 824 (vs, PF6

−). 31P{1H} NMR
(CDCl3, 81 MHz): δ 86.5 (s, 2P, dppe), −143.0 (sept, 1P, PF6

−). 1H
NMR (CDCl3, 200 MHz): δ 7.95−7.00 (m, 26H, HAr/dppe), 6.29 (m,
2H, HAr) 5.07 (m, 1H, FeCCH), 3.14 (m, 2H, CH2/dppe), 2.55
(m, 2H, CH2/dppe), 1.64 (s, 15H, HCp*), 0.28 (s, 9H, HSiMe3). This
crude vinylidene complex was dissolved in THF (20 mL), DBU (0.3
mL, 2.01 mmol) was added, and the mixture was stirred for 10 min.
The solvent was removed in vacuo, yielding the crude product as a red
solid. The product was purified on a short column of deactivated silica
under an inert atmosphere, eluting with toluene. The solvent was
removed and the red solid washed with n-pentane, affording 5b as an
orange solid in 74% yield (628 mg, 0.75 mmol). HRMS: m/z 886.2968
[M]+•, m/z calcd for [C57H56P2Si

56Fe] 886.29705. FT-IR (KBr,
cm−1): ν 2206 (w, CC), 2155 (w, CC), 2046 (vs, CCFe).
31P{1H} NMR (C6D6, 81 MHz): δ 101.2 (s). 1H NMR (C6D6, 200
MHz): δ 7.95 (m, 4H, Hdppe), 7.52 (m, 2H, HAr), 7.35−6.90 (m, 22H,
HAr/dppe), 2.65 (m, 2H, CH2/dppe), 1.81 (m, 2H, CH2/dppe), 1.52 (s,

15H, HCp*), 0.24 (m, 9H, HSiMe3).
13C{1H} NMR (C6D6, 50 MHz): δ

146.7 (t, 2JP,C = 39 Hz, FeCC), 139.9−128.5 (CAr, CHAr), 124.9
(CAr), 122.7 (CAr), 121.7 (FeCC), 117.1 (CAr), 105.9, 95.9, 94.0,
89.9 (CC), 88.1 (C5(CH3)5), 31.1 (m, CH2), 10.4 (C5(CH3)5), 0.1
(Si(CH3)3)). UV−vis (CH2Cl2, λmax/nm [ε/103 M−1 cm−1]): 316
[40.3], 460 [20.6].

Synthesis of Fe(κ2-dppe)(η5-C5Me5){[CC(1,4-C6H4)]2CCSi(iPr)3}
(5′b). A solution of ((4-((4-ethynylphenyl)ethynyl)phenyl)ethynyl)-
triisopropylsilane (200 mg, 0.522 mmol) in THF (15 mL) was added
to a mixture of Fe(κ2-dppe)(η5-C5Me5)(Cl) (4; 271 mg, 0.435 mmol)
and NH4PF6 (106 mg, 0.652 mmol) in MeOH (30 mL) and was
stirred for 24 h. After evaporation of the solvent, the orange solid was
extracted with CH2Cl2 and filtrated. Concentration of the extract and
precipitation by excess diethyl ether (20 mL) allowed the isolation of
the crude vinylidene complex 5′b-vin[PF6] as an orange solid in 78%
yield (380 mg, 0.340 mmol). FT-IR (KBr, cm−1): ν 2208 (w, CC),
2149 (vs, CC), 1618 (FeCCH), 824(PF6

−). 31P{1H} NMR
(CDCl3, 81 MHz): δ 87.6 (s, 2P, dppe), −143.0 (sept, 1P, PF6

−). 1H
NMR (CDCl3, 200 MHz): δ 7.91−6.80 (m, 26H, HAr/dppe), 6.3 (m,
2H, HAr) 5.09 (m, 1H, FeCCH), 3.11 (m, 2H, CH2/dppe), 2.55
(m, 2H, CH2/dppe), 1.64 (s, 15H, HCp*), 1.20 (s, 3H, Si[CH(CH3)2]),
1.18 (s, 18H, Si[CH(CH3)2]). The vinylidene complex (360 mg, 0.323
mmol) and t-BuOK (72 mg, 0.644 mmol) were dissolved in THF (20
mL) and stirred for 2 h. After evacuation of the solvent, the orange
solid was extracted with toluene (20 mL) and filtrated. The solvent
was evaporated and the orange solid was washed twice with n-pentane,
affording 5′b as an orange solid in 71% yield (323 mg, 0.229 mmol).
Anal. Calcd for C63H468P2SiFe: C, 77.92; H, 7.06. Found: C, 77.72; H,
7.18. HRMS: m/z 970.4230 [M]+, m/z calcd for [C63H68P2Si

56Fe]
970.3914. FT-IR (KBr, cm−1): ν 2205 (w, CC), 2151 (w, CC),
2043 (vs, CCFe). 31P{1H} NMR (C6D6, 81 MHz): δ 101.2 (s). 1H
NMR (C6D6, 200 MHz): δ 7.96 (m, 4H, Hdppe), 7.53(d,

3JH,H = 7.8
Hz, 2H, HAr), 7.35−7.04 (m, 22H, HAr/dppe), 2.61 (m, 2H, CH2/dppe),
1.83 (m, 2H, CH2/dppe), 1.53 (s, 15H, HCp*), 1.21 (m, 21H,
Si[CH(CH3)2]).

13C{1H} NMR (C6D6, 125 MHz): δ 145.4 (t, 2JP,C
= 38 Hz, FeCC,), 141.5−128.5 (CAr, CArH), 122.5 (FeCC), 117.8
(CAr), 108.7, 94.7, 92.9, 90.7 (CC), 88.9 (C5(CH3)5), 31.8 (m,
CH2), 19.7 (Si[CH(CH3)2]), 12.5 (Si[CH(CH3)2]), 11.2 (C5(CH3)5).
UV−vis (CH2Cl2, λmax/nm [ε/103 M−1 cm−1]): 318 [30.3], 456
[17.9]. CV (CH2Cl2, 0.1 M [NBu4][PF6], 20 °C, 0.1 V s−1) E° in V vs
SCE(ΔEp in V, ipa/ipc): −0.12 (0.074, 1.0).

Synthesis of Fe(κ2-dppe)(η5-C5Me5){[CC(1,4-C6H4)]2CCH}
(1c). From 5b: A solution of 5b (620 mg, 0.74 mmol), and K2CO3
(142 mg, 1.03 mmol) in THF (40 mL) and MeOH (30 mL) was
stirred for 16 h, and the solvent was removed in vacuo. The product
was extracted with toluene, the solvent was removed, and the orange
solid was washed twice with n-pentane, affording 1c as an orange solid
in 86% yield (490 mg, 0.64 mmol). From 5′b: TBAF (1 M solution in
THF, 0.041 mL, 0.041 mmol) was added to a solution of 5′b (200 mg,
0.205 mmol) in THF (30 mL), and the reaction mixture was stirred
for 48 h. After evacuation of the solvent, the orange solid was extracted
with toluene (20 mL) and filtrated. The solvent was evaporated under
reduced pressure, and the orange solid was washed twice with n-
pentane, affording 1c as an orange solid in 43% yield (250 mg, 0.092
mmol). Crystals of the complex were grown by slow diffusion of n-
pentane vapors into a toluene solution of the complex. Anal. Calcd for
C54H48P2Fe: C, 79.60; H, 5.94. Found: C, 79.32; H, 6.23. HRMS: m/z
814.2590 [M]+, m/z calcd for [C54H48P2

56Fe] 814.2581. FT-IR (KBr,
cm−1): ν 3280 (w, C−H), 2206 (w, CC), 2106 (vw, CC),
2045 (vs, CCFe). Raman (neat, cm−1): ν 2206 (s, CC), 2107 (w,
CC), 2042 (m, CCFe). 31P{1H} NMR (C6D6, 81 MHz): δ 101.2
(s). 1H NMR (C6D6, 200 MHz): δ 7.95 (m, 4H), 7.55−6.90 (m, 24H,
HAr/dppe), 2.75 (s, 1H, CCH), 2.65 (m, 2H, CH2/dppe), 1.62 (m, 2H,
CH2/dppe), 1.52 (s, 15H, HCp*).

13C{1H} NMR (C6D6, 50 MHz): δ
146.9 (t, 2JP,C = 38 Hz, FeCC), 139.9−128.3 (CAr, CHAr), 125.7
(CAr), 125.1 (CAr), 121.7 (FeCC), 116.9 (CAr), 94.0, 89.8 (CC),
88.9 (C5(CH3)5), 83.8 (CCH), 79.2 (CCH), 31.0 (m, CH2), 10.5
(C5(CH3)5).

Synthesis of Fe(κ2-dppe)(η5-C5Me5){[CC(1,4-C6H4)]3CCSiMe3}
(5c). A solution of Fe(κ2-dppe)(η5-C5Me5) (4; 255 mg, 0.41 mmol),
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((4-((4-((4-ethynylphenyl)ethynyl)phenyl)ethynyl)phenyl)ethynyl)-
trimethylsilane (165 mg, 0.41 mmol), and KPF6 (136 mg, 0.74 mmol)
in THF (30 mL) and MeOH (30 mL) was stirred for 16 h. The
solvent was removed in vacuo, and the brown solid was extracted with
CH2Cl2. The solvent volume was reduced to 10 mL, n-pentane (50
mL) was added to the stirring solution, and the crude vinylidene
complex 5c-vin[PF6] was collected as a brown precipitate. FT-IR
(KBr, cm−1): ν 2205 (w, CC), 2154 (m, CC), 1618 (s, FeC
CH), 839 (vs, PF6

−). 31P{1H} NMR (CDCl3, 81 MHz): δ 87.7 (s, 2P,
dppe), −143.0 (sept., 1P, PF6). 1H NMR (CDCl3, 200 MHz): δ 8.10−
7.10 (m, 30H, HAr/dppe), 6.30 (m, 2H, HAr), 5.10 (m, 1H, FeC
CH), 3.15 (m, 2H, CH2/dppe), 2.65 (m, 2H, CH2/dppe), 1.62 (s, 15H,
C5(CH3)5), 0.30 (s, 9H, Si(CH3)3). This vinylidene complex (367 mg,
0.324 mmol) was dissolved in THF (30 mL), DBU (0.15 mL, 1.0
mmol) was added, and the mixture was stirred for 30 min. The solvent
was removed in vacuo, yielding the crude product as a red solid. The
product was purified on a short column of deactivated silica under an
inert atmosphere, eluting with toluene. The solvent was removed and
the red solid washed twice with n-pentane, affording 5c as an orange
solid in 76% yield (243 mg, 0.246 mmol). HRMS: m/z 986.3276
[M]+, m/z calcd for [C65H60SiP2

56Fe] 986.32835. FT-IR (KBr, cm−1):
ν 2205 (vw, CC), 2156 (w, CCSi), 2043 (s, FeCC). 31P{1H}
NMR (C6D6, 81 MHz): δ 101.0 (s). 1H NMR (C6D6, 200 MHz): δ
7.95 (m, 4H, Hdppe), 7.58−6.95 (m, 28H, HAr/dppe), 2.56 (m, 2H,
CH2/dppe), 1.82 (m, 2H, CH2/dppe), 1.52 (s, 15H, HCp*), 0.25 (m, 9H,
HSiMe3).

13C{1H} NMR (C6D6, 125 MHz): δ 139.2−127.4 (CAr, CHAr),
125.6 124.9, 123.6, 123.5, 122.4 (CAr); 121.7 (FeCC); 116.0 (CAr);
104.8 (CCSi); 96.8 (CCSi); 93.4, 91.5, 90.8, 89.3 (CC); 88.2
(C5(CH3)5); 30.9 (m, CH2); 10.2 (C5(CH3)5); 0.1 (Si(CH3)3)). UV−
vis (CH2Cl2, λmax/nm [ε/103 M−1 cm−1]): 340 [51.8], 476 [8.1].
Synthesis of Fe(κ2-dppe)(η5-C5Me5){[CC(1,4-C6H4)]3CCH}

(1d). A solution of 5c (211 mg, 0.21 mmol) and K2CO3 (62 mg,
0.45 mmol) in THF (40 mL) and MeOH (30 mL) was stirred for 16
h, and the solvent was removed in vacuo. The product was extracted
with toluene, the solvent was removed, and the orange solid was
washed twice with n-pentane, affording 1d as an orange solid in 72%
yield (138 mg, 0.15 mmol). HRMS: m/z 914.2879 [M]+, m/z calcd for
[C62H52P2

56Fe] 914.2894. FT-IR (KBr, cm−1): ν 3280 (w, C−H),
2203 (w, CC), 2107 (vw, CC), 2040 (vs, FeCC). Raman
(neat, cm−1): ν 2207 (s, CC), 2175 (w sh, CC), 2104 (w, C
CH), 2037 (m, FeCC). 31P{1H} NMR (C6D6, 81 MHz): δ 101.2
(s). 1H NMR (CD2Cl2, 200 MHz): δ 7.95 (m, 4H, Hdppe), 7.55−6.90
(m, 19H, HAr/dppe), 3.11 (s, 1H, CCH) 2.56 (m, 2H, CH2/dppe), 1.79
(m, 2H, CH2/dppe), 1.49 (s, 15H, HCp*).

13C{1H} NMR (CD2Cl2, 125
MHz): δ 138.8−127.4 (CAr, CHAr), 123.8 (CAr), 123.4 (CAr), 122.5
(CAr), 122.4 (FeCC), 115.6 (CAr), 91.2−91.1 (CC), 88.3
(C5(CH3)5), 83.4 (CCH), 79.4 (CCH), 30.7 (m, CH2), 10.2
(C5(CH3)5), FeCC not detected.
Synthesis of Fe(κ2-dppe)(η5-C5Me5){CC(1,3-C6H4)CCSiMe3}

(6). A solution of Fe(κ2-dppe)(η5-C5Me5)(Cl) (4; 500 mg, 0.80
mmol), ((3-ethynylphenyl)ethynyl)trimethylsilane (198 mg, 1.00
mmol), and KPF6 (184 mg, 1.00 mmol) in THF (20 mL) and
MeOH (20 mL) was stirred for 16 h. The solvent was removed in
vacuo. The brown solid was extracted with CH2Cl2 and the solvent
removed in vacuo, providing the crude vinylidene complex 6-vin[PF6]
as a brown-orange solid. This crude vinylidene complex was dissolved
in CH2Cl2 (20 mL), DBU (0.24 mL, 1.61 mmol) was added, and the
mixture was stirred for 1 h. The solvent was removed in vacuo, yielding
the crude product as a red solid. The product was purified on a short
column of deactivated silica under an inert atmosphere, eluting with
toluene. The solvent was removed and the red solid washed twice with
n-pentane, affording 6 as an orange solid in 78% yield (490 mg, 0.62
mmol). Crystals of the complex were grown by slow diffusion of n-
pentane vapors in a toluene solution of the complex. Anal. Calcd for
C49H52SiP2Fe: C, 74.80; H, 6.66. Found: C, 75.11; H, 6.87. HRMS:
m/z 786.2653 [M]+, m/z calcd for [C49H52SiP2

56Fe] 786.2663. FT-IR
(KBr, cm−1): ν 2149 (s, CCSi), 2043 (vs, FeCC). 31P{1H} NMR
(C6D6, 81 MHz): δ 101.3 (s). 1H NMR (C6D6, 200 MHz): δ 7.95 (m,
4H, Hdppe), 7.54 (m, 1H, HAr), 7.35−6.90 (m, 19H, HAr/dppe), 2.56 (m,
2H, CH2/dppe), 1.79 (m, 2H, CH2/dppe), 1.49 (s, 15H, HCp*), 0.24 (m,

9H, HSiMe3).
13C{1H} NMR (C6D6, 101 MHz): δ 141.9 (t, 3JC,P = 39

Hz, FeCC), 140.3 and 138.6 (m, CAr/dppe), 135.1 (m, CHAr/dppe),
134.8 (CHAr), 132.3 (CAr), 131.5 (CHAr), 129.9 and 129.7 (CAr/dppe),
129.0 (CHAr), 128.1 (m, CAr/dppe), 127.2 (CHAr), 124.1 (CAr), 120.3
(FeCC), 107.9 (CC), 92.6, (CC), 88.5 (C5(CH3)5), 31.6 (m,
CH2), 11.0 (C5(CH3)5), 0.8 (Si(CH3)3). UV−vis (CH2Cl2, λmax/nm
[ε/103 M−1 cm−1]): 354 [10.3], 406 [sh, 6.2].

Synthesis of Fe(κ2-dppe)(η5-C5Me5)[CC(1,3-C6H4)CCH] (2). A
solution of 6 (420 mg, 0.53 mmol) and K2CO3 (89 mg, 0.64 mmol) in
THF (20 mL) and MeOH (20 mL) was stirred for 16 h. The solvent
was removed in vacuo. The product was purified on a short column of
deactivated silica under an inert atmosphere, eluting with toluene. The
solvent was removed in vacuo and the orange solid was washed with n-
pentane, affording 2 as an orange solid in 94% yield (360 mg, 0.50
mmol). Crystals of the complex were grown by slow evaporation of a
diethyl ether solution of the complex. HRMS: m/z 714.2260 [M]+, m/
z calcd for [C46H44P2

56Fe] 714.2268. FT-IR (KBr, cm−1): ν 3298 (m,
C−H), 2105 (w, CCH), 2044 (vs, FeCC). Raman (neat,
cm−1): ν 2107 (w, CCH), 2044 (vs, FeCC). 31P{1H} NMR
(C6D6, 81 MHz): δ 101.3 (s). 1H NMR (C6D6, 200 MHz): δ 7.96 (m,
4H, Hdppe), 7.54 (m, 1H, HAr), 7.35−6.90 (m, 19H, HAr/dppe), 2.73 (s,
1H, CCH), 2.56 (m, 2H, CH2/dppe), 1.79 (m, 2H, CH2/dppe), 1.50 (s,
15H, HCp*).

13C{1H} NMR (CD2Cl2, 50 MHz): δ 139.5−119.3
(FeCC, CAr, CHArH, FeCC), 88.0 (C5(CH3)5), 84.6(CCH),
76.2 (CCH), 30.8 (m, CH2), 10.2 (C5(CH3)5). UV−vis (CH2Cl2,
λmax/nm [ε/103 M−1 cm−1]): 358 [8.6], 398 [sh, 6.1].

Synthesis of Fe(κ2-dppe)(η5-C5Me5)[CC(1,4-C6H4)CHCH2] (3).
A solution of Ph3PCH3Br (500 mg, 1.40 mmol) in THF (25 mL) was
cooled to 0 °C, and n-BuLi in hexanes (2.0 M solution, 0.7 mL, 1.40
mmol) was added. After 30 min the temperature was lowered to −90
°C, and a solution of 7 (400 mg, 0.56 mmol) in THF (25 mL) was
added. After 30 min at −90 °C the solution was allowed to return to
room temperature and stirred there for 16 h. The solvent was removed
in vacuo. The product was purified on a short column of deactivated
silica under an inert atmosphere, eluting with toluene, and the solvent
was removed in vacuo. The product was washed with n-pentane,
affording 3 as an orange solid in 88% yield (350 mg, 0.49 mmol).
Crystals of the complex could also be grown by slow diffusion of n-
pentane in a CH2Cl2 solution of the complex. Anal. Calcd for
C46H46P2Fe: C, 77.09; H, 6.47. Found: C, 77.09; H, 6.38. HRMS: m/z
716.2420 [M]+, m/z calcd for [C46H46P2

56Fe] 716.2420. FT-IR (KBr,
cm−1): ν 2054, 2036 (vs, FeCC), 1620 (CC). Raman (neat,
cm−1): ν 2053, 2038 (vs, FeCC), 1622 (w, CC). 31P{1H} NMR
(C6D6, 81 MHz): δ 101.4 (s). 1H NMR (C6D6, 200 MHz): δ 8.01 (m,
4H, Hdppe), 7.36−7.04 (m, 20H, HAr/dppe), 6.66 (dd, 1H, CHCH2),
5.59 (dd, 1H, CHCH2), 5.03 (dd, 1H, CHCH2), 2.56 (m, 2H,
CH2/dppe), 1.79 (m, 2H, CH2/dppe), 1.54 (s, 15H, HCp*).

13C{1H} NMR
(CDCl3, 50 MHz): δ 139.6−120.4 (FeCC, CAr, CHAr, Fe−CC,
−CHCH2), 111.0 (−CHCH2), 87.9 (C5(CH3)5), 30.7 (m, CH2),
10.2 (C5(CH3)5.

Synthesis of [Fe(κ2-dppe)(η5-C5Me5)(CC(1,4-C6H4)CCH)][PF6]
(1b[PF6]). [Fe(η

5-C5H5)2][PF6] (57 mg, 0.172 mmol) and 1b (130
mg, 0.182 mmol) were dissolved in CH2Cl2 (20 mL) and stirred for 1
h. The solvent volume was reduced to ∼5 mL in vacuo, and n-pentane
was added (40 mL) to give a dark precipitate. Decantation and
subsequent washings with toluene (2 × 5 mL), diethyl ether (2 × 5
mL), and n-pentane (2 × 5 mL) yielded [Fe(κ2-dppe)(η5-C5Me5)-
{CC(1,4-C6H4)CCH}][PF6] (1b[PF6]) (78 mg, 0.091 mmol,
53%). FT-IR (KBr, cm−1): ν 3274 (m, C−H), 2102 (w, CCH),
1994 (s, FeCC). 1H NMR (CD2Cl2, 500 MHz): δ 30.4 (s, H2), 7.9
(s, Hdppe), 7.2 (s, Hdppe), 6.8 (s, Hdppe), 6.2 (s, Hdppe), 3.6 (s, Hdppe), 1.3
(s, Hdppe), −2.8 (s, CH2/dppe), −10.3 (br s, C5(CH3)5), −20.1 (s, C
CH), −39.6 (br s, H3).

Synthesis of [Fe(κ2-dppe)(η5-C5Me5)({CC(1,4-C6H4)}2CCH)]-
[PF6] (1c[PF6]). [Fe(η

5-C5H5)2][PF6] (64 mg, 0.193 mmol) and 1c
(165 mg, 0.203 mmol) were dissolved in CH2Cl2 (20 mL) and stirred
for 1 h. The solvent volume was reduced to ∼5 mL in vacuo, and n-
pentane was added (50 mL) to give a dark precipitate. Decantation
and subsequent washings with toluene (3 × 5 mL), diethyl ether (3 ×
5 mL), and n-pentane (2 × 5 mL) yielded [Fe(κ2-dppe)(η5-
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C5Me5){CC(1,4-C6H4)CC(1,4-C6H4)CCH}][PF6] (1c[PF6])
(123 mg, 0.128 mmol, 66%). FT-IR (KBr, cm−1): ν 3269 (s,C−H),
2207 (w, CC), 2107 (vw, CC−H), 1991 (s, CC−Fe). 1H
NMR (CD2Cl2, 500 MHz): δ 31.3 (s, H2), 9.3 (s, H4), 7.9 (s, Hdppe),
7.2 (s, Hdppe), 6.8 (s, Hdppe), 6.2 (s, Hdppe), 3.6 (s, HAr/dppe + H5), 1.7 (s,
Hdppe), 0.9 (s, CCH), −2.8 (s, CH2/dppe), −10.3 (br s, C5(CH3)5),
−41.8 (br s, H3).
Synthesis of [Fe(κ2-dppe)(η5-C5Me5)({CC(1,4-C6H4)}3CCH)]-

[PF6] (1d[PF6]). [Fe(η
5-C5H5)2][PF6] (33 mg, 0.100 mmol) and 1d

(95 mg, 0.104 mmol) were dissolved in CH2Cl2 (10 mL) and stirred
for 30 mn. The solvent volume was reduced to ∼5 mL in vacuo, and n-
pentane was added (30 mL) to precipitate a dark brown precipitate.
Decantation and subsequent washings with toluene (2 × 5 mL),
diethyl ether (2 × 5 mL), and n-pentane (2 × 5 mL) yielded [Fe(κ2-
dppe)(η5-C5Me5){CC(1,4-C6H4)CC(1,4-C6H4)CC(1,4-
C6H4)CCH}][PF6] (1d[PF6]; 79 mg, 0.070 mmol, 70%). FT-IR
(KBr, cm−1): ν 3275 (s, C−H), 2208 (w, CC), 2105 (vw, C
CH), 1989 (s, CCFe). 1H NMR (CD2Cl2, 500 MHz): δ 31.6 (s,
H2), 9.5 (s, H4), 7.9 (s, Hdppe*), 7.7−6.8 (s, HAr/dppe), 3.6 (s, HAr/dppe +
H6*), 2.5 (s, CCH*), 1.7 (s, Hdppe*), −2.8 (s, CH2/dppe), −10.3 (br
s, C5(CH3)5), −42.4 (br s, H3); “*” indicates a tentative attribution.
Synthesis of [Fe(κ2-dppe)(η5-C5Me5){CC(1,3-C6H4)CCH}][PF6]

(2[PF6]). [Fe(η
5-C5H5)2][PF6] (40 mg, 0.121 mmol) and 2 (90 mg,

0.126 mmol) were dissolved in CH2Cl2 (20 mL) and stirred for 2 h.
The solvent volume was reduced to ∼5 mL in vacuo, and n-pentane
was added (50 mL) to give a red-brown precipitate. Decantation and
subsequent washings with toluene (2 × 5 mL), diethyl ether (2 × 5
mL), and n-pentane (2 × 5 mL) yielded [Fe(κ2-dppe)(η5-C5Me5)-
{CC(1,3-C6H4)CCH}][PF6] (2[PF6]; 74 mg, 0.086 mmol,
71%). Crystals of the complex were grown by slow diffusion of n-
pentane in a CH2Cl2 solution of the complex. FT-IR (KBr, cm−1): ν
3287 (s,C−H), 2008 (w, CCFe). 1H NMR (CD2Cl2, 500 MHz):
δ 27.8 (s, H3), 8.9 (s, CCH), 7.9 (s, Hdppe), 6.9 (s, Hdppe), 6.4 (s,
Hdppe), 6.2 (s, Hdppe), 3.6 (s, Hdppe), 1.6 (s, Hdppe), −2.7 (s, CH2/dppe),
−10.5 (br s, C5(CH3)5), −36.7 (br s, H2), −38.2 (br s, H4 + H4′).
Synthesis of [Fe(κ2-dppe)(η5-C5Me5){CC(1,4-C6H4)CHCH2}]-

[PF6] (3[PF6]). [Fe(η5-C5H5)2][PF6] (55 mg, 0.166 mmol) and 3
(125 mg, 0.174 mmol) were dissolved in CH2Cl2 (20 mL) and stirred
for 2 h. The solvent volume was reduced to ∼5 mL in vacuo, and n-
pentane was added (50 mL) to give a dark brown precipitate.
Decantation and subsequent washings with toluene (2 × 5 mL),
diethyl ether (2 × 5 mL), and n-pentane (2 × 5 mL) yielded [Fe(κ2-
dppe)(η5-C5Me5){CC(1,4-C6H4)CHCH2})][PF6] (3[PF6]; 97
mg, 0.113 mmol, 68%). FT-IR (KBr, cm−1): ν 1992 (w, CCFe),
1595 (w, CCH). 1H NMR (CD2Cl2, 500 MHz): δ 32.5 (s, H3), 28.1
(s, CHCH2), 10.0 (s, Hdppe), 7.2 (s, Hdppe), 6.8 (s, Hdppe), 6.3 (s,
Hdppe), 3.7 (s, Hdppe), 2.0 (s, Hdppe), −2.9 (s, CH2/dppe), −10.3 (br s,
C5(CH3)5), −22.3 (s, CHCH2), −24.6 (s, CHCH2), −46.6 (br s,
H5), −46.6 (br s, HAr).
Solvent-Glass ESR Measurements. A 1−2 mg sample of an

Fe(II) complex was introduced in an ESR tube under an argon-filled
atmosphere along with an excess of [FcH][PF6], and a 1:1 mixture of
degassed dichloromethane/1,2-dichloroethane was transferred to
dissolve the solid. For solvent glass measurements at 77 K, the
solvent mixture was frozen immediately in liquid nitrogen, and the
tubes were sealed and transferred in the ESR cavity.
Computational Details. DFT calculations were carried out on the

1b−d0/+, 20/+, and 30/+ complexes using the Amsterdam Density
Functional (ADF) program.57,58 Electron correlation was treated
within the local density approximation (LDA) in the Vosko−Wilk−
Nusair parametrization.59 Nonlocal corrections were added to the
exchange and correlation energies using the Perdew−Wang 1991
(PW91)60 or revPBE61 functionals. Calculations were performed using
the standard ADF triple-ζ quality basis set for the atom valence shells
augmented with a 2p polarization function for H, a 3d polarization
function for C and P, and a 4p for Fe. Orbitals up to 1s, 2p, and 3p
were kept frozen for C, P, and Fe, respectively. Full geometry
optimizations (assuming C1 symmetry) were carried out on each
complex, using the analytical gradient method implemented by
Versluis and Ziegler.62 The nature of the stationary points after

optimization was checked by calculations of the harmonic vibrational
frequencies using the revPBE functional. Computed EPR properties
were accomplished using the ESR procedure developed by van Lenthe
and co-workers.63 The g-tensor components were obtained using self-
consistent spin-unrestricted DFT calculations after incorporating the
relativistic spin−orbit coupling by first-order perturbation theory from
a ZORA Hamiltonian, using the PW91 functional60 for nonlocal
corrections to the exchange and correlation energies.

Time-dependent density functional theory (TD-DFT) calcula-
tions64 were performed on the optimized structures of neutral and
open-shell systems using the hybrid PBE0 functional65 and taking into
account the solvation effects using the conductor-like screening model
(COSMO)66 with a dielectric constant simulating dichloromethane
solvent. Molecular orbitals and spin densities were plotted with the
ADF-GUI package.58

Crystallography. Crystals of 1b, 1c·C7H8, 2, 2[PF6], 3, 5′a, and 6
were studied on an Oxford Diffraction Xcalibur Saphir 3 with graphite-
monochromatized Mo Kα radiation. The cell parameters were
obtained with Denzo and Scalepack with 10 frames (psi rotation: 1°
per frame).67 The data collection68 details (2θmax, number of frames, Ω
rotation, scan rate, and HKL range) for 1b, 1c·C7H8, 2, 2[PF6], 3, 5′a,
and 6 are given in the Supporting Information (Table S1). Subsequent
data reduction with Denzo and Scalepack67 gave the independent
reflections. The structures were solved with SIR-97, which revealed the
non-hydrogen atoms.69 After anisotropic refinement, the remaining
atoms were found in Fourrier difference maps. The complete
structures were then refined with SHELXL9770 by the full-matrix
least-squares methods against F2. All non-hydrogen atoms were refined
with anisotropic thermal displacement parameters. Hydrogen atoms
were included as a riding model based on the atom to which they are
bonded. Atomic scattering factors were taken from the literature.71

Thermal ellipsoid plots of 1b, 1c, 2, 2[PF6], 3, 5′a, and 6 were realized
with ORTEP.
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