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The synthesis of 3,4-diferrocenyl-substituted pyrroles of the
type 3,4-Fc2-cC4H2NR [Fc = Fe(η5-C5H4)(η5-C5H5); R = Ph
(3a), SO2-4-MeC6H4 (Ts) (3b), SiiPr3 (3c)], 3,4-(FcC�C)2-
cC4H2NR [R = Ph (4a), Ts (4b)], and 3-Br-4-FcC�C-cC4H2NR
[R = Ph (7a), Ts (7b)] from 3,4-Br2-cC4H2NR [R = Ph (2a), Ts
(2b), SiiPr3 (2c)] is discussed. The molecular structures of
3a,b, 5, 4b, and 7b in the solid state are reported and show
that the formal double bonds in the heterocyclic core are

Introduction

Recent investigations on diverse isomeric ferrocenyl-
functionalized five-membered heterocycles including
furan,[1,2] thiophene,[1,2] pyrrole,[1,2] phosphole,[3a] and male-
imides,[3b,3c] as well as titana-[4] and zircona-cycles[5] as
model compounds to explain the electronic communication
across π-conjugated linking units in redox-active organome-
tallic molecules have been performed, since these species
can be understood as building blocks for electronic
wires.[6,7] The 2,5-functionalization is the most investigated
substitution pattern for heterocyclic compounds,[2,3,7–9]

which is explainable by their straightforward accessibility.
Super-crowded tetraferrocenyl five-membered heterocycles
of thiophene and NR-pyrroles (R = Me, Ph) with their
ferrocenyl substituents possess four reversible Fc/Fc+ redox
events, thus indicating that all ferrocenyl groups can be oxi-
dized separately. The electrochemical and spectroelectro-
chemical (UV/Vis-NIR, IR spectroscopy) properties of
these species were studied.[3,10] In particular, the electronic
communication between the redox-active ferrocenyls, de-
pending on the different substitution pattern, has been in-
vestigated on the example of thiophene-bridged systems. It
was found that the degree of intermetallic interaction de-
creases from the 2,5- to the 2,3-, 2,4-, and 3,4-functionaliza-
tion.[11] Nevertheless, the differences, especially within the
electrochemical data, between the different substitution pat-
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rather localized relative to pyrrole itself. The investigations
with (spectro)electrochemical methods reveal the different
capabilities for the formation of mixed-valent species and al-
lows the classification of 3a,b as class II systems, whereas
compounds that feature electron-withdrawing –C�C– units
(4a,b) can be assigned to class I systems according to Robin
and Day.

terns are rather low, as the variety in resonance stabilization
is compensated by the different electrostatic repulsion ener-
gies for the individual isomers.

(Spectro)electrochemical measurements within a series of
furan-, thiophene-, pyrrole-, and phosphole-based ferro-
cenyl-functionalized systems confirmed that electron-rich
heterocycles, such as methyl- and phenylpyrroles are best
suited to promote electron transfer through the conjugated
π system.[6,10] In this respect, we herein present the synthe-
sis, characterization, and (spectro)electrochemical behavior
of novel 3,4-functionalized 3,4-Fc2-cC4H2NR [Fc = Fe(η5-
C5H4)(η5-C5H5); R = Ph, Ts, SiiPr3] and 3,4-(FcC�C)2-
cC4H2NR (R = Ph, Ts), as these molecules exhibit both the
less favored 3,4-substitution and the advantageous electron-
rich pyrrole core. In addition, it could be demonstrated that
the electronic behavior of the pyrrole unit itself is highly
dependent on the electron-withdrawing or electron-donat-
ing character of the substituent R at nitrogen.[10] To con-
firm this influence in 3,4-substituted isomers, the phenyl
and the electron-withdrawing tosyl functionality have been
introduced.

Results and Discussion

Synthesis and Characterization

N-Substituted pyrroles 2–7 (Schemes 1 and 2) have been
investigated to examine their steric and electronic proper-
ties. Therefore, 3,4-dibromopyrroles 3,4-Br2-cC4H2NR [R =
Ph (2a), SO2-4-MeC6H4 (Ts) (2b), SiiPr3 (2c)] were synthe-
sized from cC4H4NR [R = Ph (1a), Ts (1b), SiiPr3 (1c)] by
using different bromination reactions as outlined in
Scheme 1.[12–14] For sterically less-demanding N-substitu-
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Scheme 1. Synthesis of 3,4-diferrocenyl-substituted pyrroles 3a,b, 4a,b, and 5, respectively. (a) R = Ph: (1) NBS, tetrahydrofuran (THF),
–80 °C; (2) TsOH, acetonitrile, toluene, 0�25 °C, 16 h. (b) R = Ts: Br2, AcOH, reflux, 90 min. (c) R = TIPS: NBS, THF, –80 °C.
(d) (1) FcZnCl, –80 °C; (2) 1–0.25 mol-% [{Pd[CH2C(CH3)2P(tC4H9)2](μ-Cl)}2], 60 °C, 2a–c. (e) [CuI], NH(iPr)2, THF, PPh3, 1 mol-%
[PdCl2(PPh3)2], FcC�CH, 72 h, 65 °C.

ents like the phenyl and tosyl group, respectively, treatment
with either N-bromosuccinimide (NBS; synthesis of 2a) or
bromine (synthesis of 2b) gave at first the respective 2,5-
dibromo derivative 2,5-Br-cC4H2NR, which subsequently
rearranges under acidic conditions to produce the thermo-
dynamically more stable 3,4-isomers 2a and 2b, respectively
(Scheme 1).[13] However, the sterically demanding SiiPr3

(TIPS) protecting group shields the 2,5-position of the pyr-
role and hence selectively directs the substituents into the
3- and 4-positions even at –78 °C. It should be noted that
higher yields can be obtained when working in the absence
of light.[12,14] The introduction of either ferrocenyl or ferro-
cenylethynyl substituents is possible by palladium-catalyzed
C–C cross-coupling reactions.[9,15] Treatment of 2a–c with
FcZnCl[9] using the Negishi coupling protocol in the pres-
ence of catalytic amounts of [{Pd[CH2C(CH3)2P(tC4H9)2]-
(μ-Cl)}2] afforded the 3,4-diferrocenyl-substituted pyrroles
3a and 3b as depicted in Scheme 1. Unfortunately, the
TIPS-protected pyrrole 2c did not convert to 3c under the
relatively high reaction temperatures as well as the basic
reaction conditions applied, which is in accordance with
other reported reactions using 2c as the starting material.[16]

After column chromatography only a small amount (�1%;
Exp. Sect.) of a soluble material could be recovered. Mass
spectrometric studies showed the molecular-ion peak corre-
sponding to Fc2-cC4H2N-TIPS+. Nevertheless, by hand-
picking, single crystals could be separated, which enabled
us to carry out a single-crystal X-ray structure determi-
nation that demonstrated the formation of the constitution
isomer 2,3-diferrocenylpyrrole N-TIPS (5) (Scheme 1). The
formation of 5 from 2c can be explained by a metal–halo-
gen exchange reaction during the catalytic process.[17]

For the synthesis of the respective ferrocenylethynyl-
functionalized compounds 7a and 7b (Scheme 2), the Sono-
gashira C–C cross-coupling protocol was applied.[15] Thus,
the reaction of pyrroles 2a and 2b with FcC�CH gave the
bis(ferrocenylalkynyl)-substituted pyrroles 4a and 4b, which
could be separated after appropriate workup in yields be-
tween 18–27% (Scheme 1; Exp. Sect.). However, during the
synthesis of 4a,b, the mono-ferrocenylethynyl-substituted
compounds 3-Br-4-FcC�C-cC4H2NR [R = Ph (7a), Ts
(7b)] were additionally formed. Hence, purification methods
including column chromatography and crystallization pro-
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Scheme 2. Synthesis of 3,4-diferrocenylethynyl-substituted pyrroles
4a and 4b and the mono-ferrocenylethynyl-substituted pyrroles 7a
and 7b. (a) TsOH, toluene/acetonitrile (ratio 1:1, v/v), 0 °C�25 °C.
(b) FcC�CH, 1 mol-% [PdCl2(PPh3)2], THF, NH(iPr)2, 65 °C,
72 h.

cedures had to be carried out (see the Exp. Sect.). This de-
cisively lowered the yield of the main products 4a,b. It
should be noted that using different stoichiometries or tem-
peratures did not significantly influence the ratio of the
product formation.

Organometallic compounds 3, 4, and 7 are orange solid
materials, which are stable to air and moisture for months.
They are soluble in most common organic solvents includ-
ing toluene, dichloromethane, THF, and boiling n-hexane.
They have been characterized by elemental analysis, IR,
and NMR (1H, 13C{1H}) spectroscopy, and ESI-TOF mass
spectrometry (see the Exp. Sect.). The electrochemical and
spectroelectrochemical properties of 3a,b and 4a,b were de-
termined by cyclic voltammetry (CV), square-wave voltam-
metry (SWV), and in situ UV/Vis-NIR as well as IR spec-
troscopy.

The 1H NMR spectra of 3a,b, 4b, and 7b display one
sharp singlet for the η5-bonded cyclopentadienyl groups
C5H5 and two pseudotriplets (3,4JH,H = 1.9 Hz) for the pro-
tons of the respective C5H4 ligands as characteristic for an
AA�XX� spin system.[18] The α-hydrogen atoms at the pyr-
role core give rise to one singlet for the symmetrical func-
tionalized species at δ = 7.18 ppm for 3a and 4a, δ =
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Figure 1. ORTEP diagram (50% probability level) of the molecular structure of 3a (left) and 3b (right) with the atom-numbering scheme.
Hydrogen atoms have been omitted for clarity. Selected bond lengths [Å], angles [°], and torsion angles [°]: Compound 3a: C1–C2 1.375(5),
C2–C3 1.441(5), C3–C4 1.370(5), average N–C 1.37(10), C2–C5 1.455(5), C3–C15 1.474(5), D1–Fe1 1.6565(5), D2–Fe1 1.6497(6), D3–
Fe2 1.6567(6), D4–Fe2 1.6574(6), N1–C25 1.426(5); C4–N1–C1 107.9(3), D1–Fe1–D2 177.88(4), D3–Fe2–D4 176.89(4), C26–C25–N1–C1
–147.5(4), C1–C2–C5–C6 151.2(4), C4–C3–C15–C16 65.4(5), C5–D1–D2–C10 2.4(3), C15–D3–D4–C20 –10.9(3), average Fe–Fe 6.0287.
Compound 3b: C1–C2 1.371(3), C2–C3 1.458(3), C3–C4 1.356(3), average N–C 1.389(6), N1–S1 1.662(2), C2–C12 1.458(3), C3–C22
1.473(3), D1–Fe1 1.643(2), D2–Fe1 1.652(2), D3–Fe2 1.652(2), D4–Fe2 1.653(2), Fe1–Fe2 6.0313(9); C4–N1–C1 108.99(19), C1–C2–C12
124.3(2), C4–C3–C22 124.8(2), D1–Fe1–D2 177.61(2), D3–Fe2–D4 178.15(2), C1–N1–S1–C5 –76.13(21), C4–C3–C22–C23 76.51(32),
C1–C2–C12–C13 –19.0(4), C12–D1–D2–C17 6.11(17), C22–D3–D4–C27 –25.22(16). D1 and D3 denote the centroid of C5H4; D2 and
D4 denote the centroid of C5H5.

7.12 ppm for 3b, and δ = 7.27 ppm for 4b as well as two
doublets for the unsymmetrical systems at δ = 7.07 and
7.24 ppm for 7a and δ = 7.16 and 7.28 ppm for 7b. This
indicates that the substituents R at the nitrogen atom do
have a direct influence on the chemical shift of the α pro-
tons. In addition, with the electron-withdrawing groups
–C�C– and Br in positions 3 and 4, the signal is either
shifted to higher (3b) or lower (4b) field. The shift of the
C5H5 ring protons is also primarily influenced by the sub-
stituents in the 3- and 4-position.

The IR spectra of 4 and 7 show a characteristic ν(C�C)

absorption at 2208 (4a), 2215 (4b), 2240 (7a), and 2223 cm–1

(7b) for the ferrocenylethynyl units, which is typical for this
type of building block.[19]

The molecular structures of 3a,b, 4b, 5, and 7b in the
solid state have been determined by single-crystal X-ray dif-
fraction analysis (Figures 1, 2, and 3).

Suitable crystals were obtained either by slow diffusion
of methanol into a solution of the respective organometallic
compound in dichloromethane or by crystallization from n-
hexane solutions at low temperature (see the Exp. Sect.). In
addition, the structures of pyrroles 1b, 2b, and 2c[12] in the
solid state are given in Figures S7–S9 of the Supporting In-
formation. Important bond lengths [Å], bond angles [°],
and torsion angles [°] are summarized in the captions of
Figures 1, 2, and 3. For crystal and structure refinement
data, see the Supporting Information.

Compounds 3b, 4b, and 7b crystallize in the triclinic
space group P1̄ with one crystallographically independent
molecule in the asymmetric unit, whereas 3a and 5 crys-
tallize in the monoclinic space groups P2/c (3a) or P21/n (5)
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Figure 2. ORTEP diagram (50% probability level) of the molecular
structure of 5 with the atom-numbering scheme. All hydrogen
atoms have been omitted for clarity. Selected bond lengths [Å],
angles [°], and torsion angles [°]: C1–N1 1.424(4), C1–C2 1.378(5),
C2–C3 1.428(5), C3–C4 1.352(5), C4–N1 1.387(4), N1–Si1
1.794(3), C1–C14 1.477(5), C2–C24 1.473(5), D1–Fe1 1.6487(5),
D2–Fe1 1.6484(5), D3–Fe2 1.6384(5), D4–Fe2 1.6416(5); N1–C1–
C14 118.5(3), C3–C2–C24 122.1(3), C1–N1–C4 106.0(3), D1–Fe1–
D2 177.03(3), D3–Fe2–D4 178.79(3), N1–C1–C14–C15 47.44(5),
C3–C2–C24–C25 –23.8(5), C14–D1–D2–C19 1.1(3), C24–D3–D4–
C30 –8.0(3); average Fe–Fe 5.6709. D1 and D3 denote the centroid
of C5H4; D2 and D4 denote the centroid of C5H5.

with two (3a) or three (5) crystallographically independent
molecules in the asymmetric unit. 3,4-Diferrocenyl-substi-



www.eurjic.org FULL PAPER

Figure 3. ORTEP diagram (50% probability level) of the molecular structure of 4b (left) and 7b (right) with the atom-numbering scheme.
All hydrogen atoms have been omitted for clarity. Selected bond lengths [Å], angles [°], and torsion angles [°]: Compound 4b: C1–C2
1.370(3), C2–C3 1.446(3), C3–C4 1.367(3), average N–C 1.387(6), N1–S1 1.6722(17), C2–C5 1.422(3), C3–C17 1.437(3), C5–C6 1.210(3),
C6–C7 1.417(3), C17–C18 1.194(3), C18–C19 1.419(3). D1–Fe1 1.6444(3), D2–Fe1 1.6450(3), D3–Fe2 1.6446(3), D4–Fe2 1.6536(3), Fe1–
Fe2 7.2153(5), C2–C5–C6 177.7(2), C5–C6–C7 179.6(3), C4–N1–C1 108.99(19), C3–C17–C18 177.5(2), C17–C18–C19 175.4(2), D1–Fe1–
D2 179.01(2), D3–Fe2–D4 178.74(2), C1–N1–S1–C29 –83.45(18), C12–D1–D2–C17 –3.10(14), C19–D3–D4–C24 –9.18(14). Compound
7b: C1–C2 1.354(3), C2–C3 1.436(3), C3–C4 1.368(3), C2–Br1 1.868(2), C3–C5 1.436(3), C5–C6 1.188(3), C6–C7 1.432(3), average N–C
1.393(6), N1–S1 1.6769(19), D1–Fe1 1.6433(4), D2–Fe1 1.6489(4), C4–N1–C1 109.56(18), C6–C5–C3 176.3(3), C5–C6–C7 177.7(2), D1–
Fe1–D2 179.26(2), C1–N1–S1–C17 80.3(2), C7–D1–D2–C12 2.46(16) [D1 (and D3) denotes the centroid of C5H4; D2 (and D4) denotes
the centroid of C5H5].

tuted pyrroles contain one orthogonally positioned [3a,
69.04(14)°; 3b, 77.98(9)°, 4b, 82.25(7)°, 7b, 83.55(10)°] and
one rather coplanar-oriented ferrocenyl unit [3a, 27.5(2)°;
3b, 19.85(14)°, 4b, 11.73(14)°]. In the 2,3-disubstituted com-
pound 5, the steric interaction of the ferrocenyl substituents
with the N-triisopropylsilyl moieties results in a torsion an-
gle of 47.44(5)°. The substituent in position 3 is rotated by
26.44(19)° from coplanarity with the five-membered N-het-
erocyclic core. The torsion angles of the ferrocenyls them-
selves are rather staggered [3b, –25.22(16)°] or deviate
slightly from an eclipsed conformation (Figures 1, 2, and
3). With regard to the iron–iron distances, the values in-
crease from the 2,3-substituted compound 5 (average of
three molecules: 5.67 Å) through the 3,4-diferrocenyl-sub-
stituted pyrroles 3a and 3b (3a, 6.03 Å; 3b, 6.03 Å) to 4b
(7.22 Å) with two additional ethynyl moieties.

The aromaticity of the pyrroles can be compared by cal-
culating the τ parameter, which describes the difference be-
tween carbon–carbon single and carbon–carbon double
bonds (Table 1).[9,20]

In comparison to tetraferrocenylpyrrole[2] (TFP) and un-
substituted 1H-pyrrole, which show high τ parameters and
thus a high aromaticity,[2,20] all reported ferrocenyl(ethynyl)-
substituted molecules possess a larger bond length alter-
nation (Table 1). For all newly prepared compounds within
this study, the C1–C2 and C3–C4 distances are significantly
decreased relative to TFP with the exception of 3a (Table 1).
Interestingly, the C2–C3 as well as the C–N distances are
almost entirely unaffected. Only for unsymmetric 5 is the
C1–N1 bond length increased owing to a steric interaction
with the N-triisopropylsilyl moiety.
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Table 1. Selected bond lengths [Å] and τ parameters of 2,3,4,5-tet-
raferrocenyl-N-phenylpyrrole (TFP) for comparison with 3a,b, 4b,
5, and 7b.

τ[a] N1–C1 N1–C4 C1–C2 C2–C3 C3–C4

TFP 0.832 1.393(3) 1.394(3) 1.400(3) 1.435(3) 1.386(3)
3a 0.678 1.374(5) 1.375(5) 1.375(5) 1.441(5) 1.370(5)
3b 0.575 1.391(3) 1.387(3) 1.371(3) 1.458(3) 1.356(3)
4b 0.628 1.384(3) 1.389(3) 1.370(3) 1.446(3) 1.367(3)
5 0.757 1.424(4) 1.387(4) 1.378(5) 1.428(5) 1.352(5)
7b 0.667 1.396(3) 1.389(3) 1.354(3) 1.436(3) 1.368(3)

[a] τ(1H-pyrrole) = 0.830.[2,20]

(Spectro)Electrochemical Studies

The redox properties of 3a,b, 4a,b, and 7b were deter-
mined by CV, SWV (Figure 4) and in situ UV/Vis-NIR and
IR spectroscopy (Figure 5 and Figures S1–S5 in the Sup-
porting Information). Solutions of the analyte
(1.0 mmol L–1) in dichloromethane with [NnBu4][B(C6F5)4]
(0.1 molL–1)[9,21–23,24] as supporting electrolyte were used.
The data of the CV measurements have been recorded at a
scan rate of 100 mVs–1 and are summarized in Table 2.

All redox potentials are referenced to the FcH/FcH+ re-
dox couple [E°� = 0.00 mV, FcH = Fe(η5-C5H5)2].[25]

Figure 4 shows the cyclic and square-wave voltammo-
grams of 3a,b, 4a,b, and 7b. For 3a,b two reversible redox
events that correspond to the two ferrocenyl sandwich units
were detected. Owing to the electron-withdrawing character
of the tosyl substituent in 3b, the electron density in the
pyrrole core is less than in 3a, which is reflected by the
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Figure 4. Voltammograms of solutions of 1.0 mmolL–1 of 3a,b, 4a,b, and 7b in dichloromethane at 25 °C. Supporting electrolyte
[N(nBu)4][B(C6F5)4] (0.1 molL–1). Left: Cyclic voltammograms (scan rate: 100 mVs–1). Right: Square-wave voltammograms (scan rate:
1 mVs–1).

Figure 5. UV/Vis-NIR spectra of 3a at rising potentials versus Ag/AgCl: –200–300 mV (left), 300–1000 mV (right). Inset: Deconvolution
of the NIR absorptions at 300 mV of in situ generated 3a+ using three Gaussian-shaped bands. Measurement conditions: 25 °C, dichloro-
methane, 0.1 mol L–1 [NnBu4][B(C6F5)4] as supporting electrolyte.

Table 2. Cyclic voltammetry data of 3a,b, 4a,b, and 7b.[a]

E1°� [mV][b] E2°� [mV][b] ΔE°�
(ΔEp [mV])[c] (ΔEp [mV])[c] [mV][d]

3a –150 (72) 135 (74) 285
3b 40 (70) 295 (66) 255
4a 105 (146) – 110[e]

4b 140 (132) – 95[e]

7b 80 (69) – –

[a] Potentials versus FcH/FcH+ (scan rate 100 mVs–1) at a glassy-
carbon electrode of 1.0 mmolL–1 solutions of the analytes in
dichloromethane that contained 0.1 molL–1 of [NnBu4][B(C6F5)4]
as supporting electrolyte at 25 °C. [b] E°� = formal potential.
[c] ΔEp = difference between the oxidation and the reduction poten-
tial. [d] ΔE°� = potential difference between the two ferrocenyl-re-
lated redox processes. [e] Determined using deconvolution of the
redox separation of the oxidation potentials in SWV (Figure 4) and
the method of Richardson and Taube.[24]

higher E1°� value [–150 (3a), 40 mV (3b); Table 2]. The
lower electron density in the heterocyclic unit relative to 3a
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leads to a smaller redox separation (ΔE°� = 255 mV) for 3b.
A similar behavior has been observed for other ferrocenyl-
functionalized five-membered heterocycles.[6] When the
iron–iron distance is increased by additional –C�C– link-
ing units, as given in 4a,b, the redox separation decreases
significantly. The cyclic voltammogram (Figure 4) shows
two individual one-electron processes for the oxidation of
both ferrocenyl termini, which take place in a close poten-
tial range. Considering the redox processes as single revers-
ible wave, high ΔEp values [146 (4a), 132 mV (4b)] were de-
termined, which suggests two individual one-electron
events. The deconvolution of the square-wave voltammo-
grams gives a small redox separation of ΔE°� = 110 (4a) and
95 mV (4b), respectively. Richardson and Taube presented
another method in which the ΔE°� value can be estimated
by calculation of the signal width at half of the maximum
current within the square-wave voltammogram.[24] The ap-
plication of both methods gives similar redox splittings be-
tween the individual ferrocenyl-related oxidation processes.
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As expected, complex 7b shows only one reversible redox
process at E1°� = 80 mV for the oxidation of the single
metal center.

Comparison of 3a with 2,5-diferrocenyl-N-phenylpyr-
role[6,9] {ΔE°� = 450 mV, [N(nBu)4][B(C6F5)4] as supporting
electrolyte} indicates that the position of the ferrocenyl sub-
stituents at the five-membered heterocyclic core has a
strong influence on the redox separation and electronic cou-
pling, respectively. Owing to the ferrocenyls in position 3
and 4 (3a), an oxidation of the ferrocenyl ligands at more
anodic potentials is typical. The redox separation itself can
be divided into different contributing factors: the electro-
static contribution (ΔEe), the synergistic contribution (ΔEs),
the statistical contribution (36 mV), and the contribution
caused by resonance stabilization (ΔEr) of which only the
latter is related to electron-transfer interactions [Equa-
tion (1)].

ΔE°� = ΔEe + ΔEs + 36 mV + ΔEr (1)

For a series of 2,5-diferrocenyl-functionalized five-mem-
bered heterocycles,[2,6] it could be shown that under the ap-
plied measurement conditions the sum of the electrostatic
contribution (ΔEe), the synergistic contribution (ΔEs), and
the statistical contribution (36 mV) has been determined to
209 mV, whereas the resonance stabilization energy depends
on the corresponding heterocycle.[6] It can be assumed that
within the five-membered heterocyclic molecules with ferro-
cenyl groups in the 3,4-position, the electrostatic contri-
bution is larger than for the appropriate 2,5-isomers owing
to the spatial proximity of the redox-active termini. On the
example of diferrocenyl thiophenes (2,5- and 3,4-position),
it was shown that the larger electrostatic term partially
compensates the lower resonance stabilization to result in
similar ΔE°� values for both isomers (3,4-diferrocenyl thio-
phene, ΔE°� = 244 mV; 2,5-diferrocenyl thiophene, ΔE°� =
260 mV).[6,11] Nevertheless, the electron-transfer interaction
observed within the 2,5-diferrocenyl-N-phenylpyrrole is
much larger relative to the respective thiophene analogue.[2]

The drop within the redox separation from 450 mV for the
2,5-isomer towards 285 mV for the 3,4-isomer (3a) (Fig-
ure 4) emphasizes that the electronic interaction also de-
creases by a great amount.

By using only electrochemical measurements, it cannot
be estimated if electron transfer is present in the mixed-
valent molecules 3a,b+ and 4a,b+ or if the redox splitting
is caused solely by electrostatic repulsion of the individual
ferrocenium units. To gain a deeper insight into the elec-
tronic properties of the individual oxidation states of the
latter compounds, in situ spectroelectrochemical UV/Vis-
NIR and IR measurements were carried out. Spectroelec-
trochemical studies were performed by a stepwise increase
of the potential (step heights: 15, 25, 50, or 100 mV) from
–200 to 1000 mV versus Ag/AgCl in an optically trans-
parent thin-layer electrochemistry (OTTLE) cell[26] by using
solutions of 3a,b and 4a,b (0.005 mol L–1) in dichlorometh-
ane that contained [NnBu4][B(C6F5)4] (0.1 mol L–1) as elec-
trolyte at 25 °C. During this procedure, 3a,b and 4a,b were
oxidized to the mixed-valent species 3a,b+ and 4a,b+ and
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finally to dicationic 3a,b2+ and 4a,b2+, respectively (Fig-
ure 5 and Figures S1–S5 in the Supporting Information).
For 3a, within successive oxidation, increasing absorptions
at the edge of the UV/Vis (980 nm) and NIR (2310 nm)
region could be observed, which can be assigned to ligand-
to-metal charge transfer (LMCT), involving the pyrrolic
spacer unit,[21] and ligand-field (LF) transitions (Figure 5).
The forbidden metal-centered ligand-field (LF) electronic
transition usually occurs at approximately 4000 cm–1 with a
very low intensity (generally close to 100 Lmol–1 cm–1) (Fig-
ure 5).[27,28] The LMCT and LF transition can be described
very well by Gaussian-shaped functions by using the
method of deconvolution (Figure 5). Considering that the
experimental graph is described by two Gauss functions
(Table 3), the extinction should tend to zero in the region
between 5000 and 7000 cm–1. However, the experimental
curve has an extinction of εmax = 95 Lmol–1 cm–1 within
this part, which prompted us to apply a third Gaussian-
shaped function to the simulation.

Table 3. NIR data of 3a+ and 3b+.[a]

Transition ν̃max εmax Δν1/2

[cm–1] (L mol–1 cm–1) [cm–1]

3a+ LF[b] 4290 100 1025
IVCT 6285 95 4165
LMCT 10090 1620 2270

3b+ LF[b] 4170 65 2255
IVCT 7210 65 4115
LMCT 11720 680 2615

[a] In dry dichloromethane containing 0.1 molL–1 of
[NnBu4][B(C6F5)4] as supporting electrolyte at 25 °C. [b] Ligand-
field transition.

The new band shows typical characteristics of an inter-
valence charge-transfer (IVCT) transition for the mixed-
valent species 3a+ with a very small extinction (εmax =
95 L mol–1 cm–1, ν̃max = 6285 cm–1, Δν1/2 = 4165 cm–1). The
obtained values should be handled with care, as the simula-
tion of this band is solely based on the extinction within
this region, which causes the Δν1/2 in particular to be sus-
ceptible to errors. The band-shape analysis of the absorp-
tion in the NIR region of compound 3b leads to a very
broad IVCT band with low intensity (Table 3, Figure S1 in
the Supporting Information). Nevertheless, the predictions
of small intramolecular interactions in 3a,b discussed
within the electrochemical section (see above) are validated
by these results. A low contribution of resonance stabiliza-
tion energy causes a small and broad IVCT excitation. With
this in mind, 3,4-diferrocenyl-N-phenylpyrrole (3a) and 3,4-
diferrocenyl-N-tosylpyrrole (3b) could be classified as weak
coupled class II systems according to Robin and Day.[29]

Hence spectroelectrochemical investigations show the influ-
ence of the position of ferrocenyl groups on the intervalence
charge transfer through the N-phenylpyrrole, thus demon-
strating that the 2,5-position is more suitable to facilitate
electron transfer.[25,28,30]

Molecules 4a,b show similar but weaker absorptions for
the LMCT [970 (4a), 860 nm (4b)] and LF [2425 (4a),
2500 nm (4b)] transitions (Figures S2–S3 in the Supporting
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Information). The absorptions in the UV/Vis region (250–
750 nm) include the π–π* of the pyrrole as well as the d–d
transitions of the Fc substituents.[31] With the decon-
volution method no IVCT transitions could be found. The
additional –C�C– spacer unit between the Fc and the pyr-
role does not permit an electron transfer between the two
metals over the pyrrole core in the mixed-valent species in
4a,b. The spectroelectrochemical investigations confirm the
results of the electrochemical measurements, and the redox
separations [ΔE°� = 110 (4a), 95 mV (4b)] are mainly caused
by synergistic and statistical contributions as well as electro-
static repulsion. Hence 4a,b can be assigned to class I sys-
tems according to Robin and Day.[29]

The –C�C– units in 4a and 4b allow further investiga-
tion by using in situ IR spectroelectrochemistry. Whereas
measurements in KBr revealed weak –C�C– stretching vi-
brations at 2208 (4a) and 2215 cm–1 (4b), the less sensitive
measurement conditions within an OTTLE cell[30] did not
allow the detection of these bands. During the oxidation
process of 4a (from –200 to 575 mV) the characteristic
ν(C�C) vibration develops at 2195 cm–1 owing to the in situ
generation of mixed-valent 4a+ (Table 4, Figure S4 in the
Supporting Information). The intensity of this absorption
decreases upon further oxidation (4a+ � 4a2+) and is shifted
to 2175 cm–1. Within the successive oxidation of 4b an IR
band at 2208 cm–1 could be observed. With rising potential
a gradual increase of the intensity of this band was found,
which is attributed to the low thermal stability of 4b+,
thereby resulting in the successive formation of 4b2+. These
results correspond well with the UV/Vis-NIR measure-
ments as they underpin the difference in the stability of 4a+

and 4b+, respectively.

Table 4. Spectroelectrochemical IR data for 4an+ and 4bn+ (n = 0,
1, 2).

νC�C [cm–1] νC�C [cm–1] νC�C [cm–1]
(n = 0)[a] (n = 1) (n = 2)

4an+ 2208 2195 2175
4bn+ 2215 – 2208

[a] Data collected from IR measurements (KBr) at ambient tem-
perature.

Conclusion

The 3,4-ferrocenyl-substituted pyrroles 3,4-Fc2-c-
C4H2NR [Fc = Fe(η5-C5H4)(η5-C5H5); R = Ph (3a), Ts
(3b), SiiPr3 (3c)] and the 3,4-bis(ferrocenylethynyl)-substi-
tuted pyrroles 3,4-(FcC�C)2-cC4H2NR [R = Ph (4a), Ts
(4b)] were synthesized from the corresponding dibromo spe-
cies 3,4-Br2-cC4H2NR [R = Ph (2a), Ts (2b), SiiPr3 (2c)]
using either Negishi (using FcZnCl chloride as reagent), or
Sonogashira (with FcC�CH) C–C cross-coupling proto-
cols. The structures of 3a,b, 4b, 5, and 7b in the solid state
were determined by single-crystal X-ray structure analysis.
In contrast to unsubstituted pyrroles, 2,5-substituted, and
oligo-pyrroles,[2,21] the newly synthesized 3,4-diferrocenyl-
and 3,4-diferrocenylethynyl-substituted pyrroles showed a
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low degree of delocalization between the formal C–C
double and C–C single bonds. The redox properties of 3a,b,
4a,b, and 7b using different (spectro)electrochemical meth-
ods were studied. Whereas the difference in the redox split-
ting between the appropriate 2,5- and 3,4-isomers is quite
low for diferrocenyl thiophenes (2,5-isomer, 260 mV; 3,4-
isomer, 244 mV),[6,11] within the appropriate diferrocenyl-
substituted pyrroles, the ΔE°� values are highly dependent
on the substitution pattern (2,5-isomer, 450 mV; 3,4-isomer,
285 mV). Furthermore, the substituent on the nitrogen
atom also influences ΔE°�, as the electron-withdrawing to-
syl functionality leads to a decreased redox splitting of
255 mV. Spectroelectrochemical investigation on 3a,b and
4a,b showed that intervalence charge transfer is only ob-
served for 3a,b, thereby allowing its classification as a class
II system, whereas 4a,b can be assigned to class I systems
according to Robin and Day.[29]

Experimental Section
General: All reactions were carried out under an atmosphere of
nitrogen using standard Schlenk techniques. THF and n-hexane
were purified by distillation from sodium/benzophenone ketyl. Di-
ethyl ether was purified by distillation from sodium. Dichlorometh-
ane, N,N-dimethylformamide, N,N-diisopropylamine, and acetoni-
trile were purified by distillation from calcium hydride.

Reagents: nBuLi (2.5 m solution in n-hexane), tBuLi (1.6 m solution
in n-pentane), triisopropylsilyl chloride, ferrocene, KOtBu, N-phen-
ylpyrrole, N-bromosuccinimide, 4-methylbenzenesulfonic acid, 4-
methylbenzenesulfonyl chloride, triphenylphosphane, and cop-
per(I) iodide were purchased from commercial suppliers and used
without further purification. Ethynylferrocene,[32] 1-tosyl-1H-pyr-
role (1b),[33] N-TIPS-pyrrole (1c),[12] 3,4-dibromo-N-phenylpyrrole
(2a),[13] 2,5-dibromo-N-phenylpyrrole (6a),[34] and [N(nBu)4]-
[B(C6F5)4][22] were prepared according to published procedures.
[ZnCl2·2thf] was obtained by drying ZnCl2 with thionyl dichloride
and the addition of THF. The palladium catalyst [{Pd[CH2C(CH3)2-
P(tC4H9)2](μ-Cl)}2] was synthesized according to Clark et al.,[35]

and [PdCl2(PPh3)2] was synthesized according to Miyaura et al.[36]

Instruments: 1H (500.3 MHz), 13C{1H} (125.8 MHz), and 29Si{1H}
(99.4 MHz) NMR spectra were recorded with a Bruker Avance III
500 spectrometer operating at 298 K in the Fourier transform
mode. Chemical shifts are reported in δ [ppm] using deuterated
solvent residues as internal standard ([D1]chloroform: 1H at δ =
7.26 ppm and 13C{1H} at δ = 77.00 ppm). Infrared spectra were
recorded with an FTIR Nicolet IR 200 instrument. The melting
points of analytically pure samples (sealed in nitrogen-purged capil-
laries) were determined with a Gallenkamp MFB 595 010 M melt-
ing point apparatus. Microanalyses were performed with a Thermo
FLASHEA 1112 Series instrument. Spectroelectrochemical mea-
surements were carried out in an OTTLE cell[26] (quartz windows
for UV/Vis-NIR; CaF2 windows for IR) from solutions in dichloro-
methane that contained 0.1 molL–1 of [NnBu4][B(C6F5)4] as sup-
porting electrolyte with a Varian Cary 5000 spectrometer. High-
resolution mass spectra were performed with a micrOTOF QII
Bruker Daltonite workstation.

Electrochemistry: Measurements on 1.0 mmolL–1 solutions of the
analytes in dry air-free dichloromethane that contained 0.1 molL–1

of [NnBu4][B(C6F5)4] as supporting electrolyte were conducted un-
der a blanket of purified argon at 25 °C with a Radiometer Voltalap
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PGZ 100 electrochemical workstation interfaced with a personal
computer. A three-electrode cell, which utilized a Pt auxiliary elec-
trode, a glassy carbon working electrode (surface area 0.031 cm2),
and an Ag/Ag+ (0.01 molL–1 [AgNO3]) reference electrode
mounted on a Luggin capillary. The working electrode was pre-
treated by polishing on a Buehler microcloth first with a 1 μm and
then with a 1/4 μm diamond paste. The reference electrode was
constructed from a silver wire inserted into a solution of
0.01 molL–1 [AgNO3] and 0.1 mol L–1 [NnBu4][B(C6F5)4] in aceto-
nitrile in a Luggin capillary with a vycor tip. This Luggin capillary
was inserted into a second Luggin capillary with a vycor tip filled
with a 0.1 molL–1 [NnBu4][B(C6F5)4] solution in dichlorometh-
ane.[9,23] Successive experiments under the same experimental con-
ditions showed that all formal reduction and oxidation potentials
were reproducible within �5 mV. Experimentally, the potentials
were referenced against an Ag/Ag+ reference electrode, but the re-
sults are presented referenced against ferrocene as an internal stan-
dard as required by IUPAC.[25] When decamethylferrocene was
used as an internal standard, the experimentally measured poten-
tial was converted into E°� versus FcH/FcH+ by the addition of
–0.61 V.[37] Data were then manipulated on a Microsoft Excel work-
sheet to set the formal reduction potentials of the FcH/FcH+ cou-
ple to E°� = 0.0 V. The cyclic voltammograms were taken after typi-
cal two scans and are considered to be steady-state cyclic voltam-
mograms in which the event pattern does not differ from the initial
sweep. To demonstrate that the compounds undergo no electro-
chemically induced polymerization reaction during the (spectro)-
electrochemical measurements, 3a was recorded for 20 cycles (Fig-
ure S6 in the Supporting Information).

Single-Crystal X-ray Diffraction Analysis: Data were collected with
an Oxford Gemini S diffractometer using graphite-monochro-
matized Mo-Kα radiation (λ = 0.71073 Å) (2b, 2c, 3b, 4b, 5, and
7b) or Cu-Kα radiation (λ = 1.54184 Å) (3a). The molecular struc-
tures were solved by direct methods using SHELXS-97[38] and re-
fined by full-matrix least-squares procedures on F2 using
SHELXL-97.[39] All non-hydrogen atoms were refined anisotropi-
cally and a riding model was employed in the treatment of the
hydrogen atom positions.

1-Tosyl-1H-pyrrole (1b): The title compound was synthesized ac-
cording to literature methods.[12] Complementary to the physical
data published there, we add the following crystal data: Suitable
single crystals of 1b were obtained by diffusion of methanol into a
solution of 1b in dichloromethane at ambient temperature.
C11H11NO2S, Mr = 221.27 gmol–1, 0.40�0.20�0.08 mm, ortho-
rhombic, Pna21, λ = 0.71073 Å, a = 19.8405(8) Å, b = 7.5428(3) Å,
c = 28.2109(10) Å, V = 4221.8(3) Å3, Z = 16, ρcalcd. = 1.392 gcm–3,
μ = 0.284 mm–1, T = 100(2) K, Θ range = 2.98–25.50°, reflections
collected 26192, independent 7587 (Rint = 0.0647), R1 = 0.0412,
wR2 = 0.0710 [I�2σ(I)].

3,4-Dibromo-1-tosyl-1H-pyrrole (2b): Molecule 2b was synthesized
according to the literature[12] with the following details: A solution
of bromine (7.4 mL, 0.14 mol) in acetic acid (80 mL) was added
over 30 min to a solution of 1b (13.5 g, 0.06 mmol) in acetic acid
(200 mL). The mixture was heated to reflux for 90 min. After all
volatiles were removed under reduced pressure, a dark oil was ob-
tained, which was filtered through silica using dichloromethane as
the eluent. Afterwards, all volatiles were removed under vacuum
and a dark solid was obtained. This was further purified by column
chromatography (column size: 4�14 cm, silica) by using an n-hex-
ane/toluene mixture with a ratio of 3:1 (v/v) as eluent (Rf = 0.32).
The analytical data are in agreement with the data given in the
literature.[12] Yield 4.93 g (13.0 mmol, 21% based on 1b). 1H NMR
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(CDCl3): δ = 2.44 (s, 3 H, CH3), 7.18 (s, 2 H, 2/5-H), 7.30–7.36 (m,
2 H, C6H4/o-CH3), 7.75–7.77 (m, 2 H, C6H4/m-CH3) ppm. 13C{1H}
NMR (CDCl3): δ = 21.7 (CH3), 105.3 (C-3/4), 120.0 (C-2/5), 127.2
(C6H4/m-CH3), 130.3 (C6H4/o-CH3), 134.9 (C–S), 146.0 (C–CH3)
ppm.

Crystal Data for 2b: Suitable single crystals of 2b were obtained by
diffusion of methanol into a solution of 2b in dichloromethane at
ambient temperature. C11H9Br2NO2S, Mr = 379.07 g mol–1,
0.45�0.35�0.35 mm, orthorhombic, P212121, λ = 0.71073 Å, a =
6.4496(3) Å, b = 13.3649(6) Å, c = 14.8341(6) Å, V =
1278.67(10) Å3, Z = 4, ρcalcd. = 1.969 gcm–3, μ = 6.491 mm–1, T =
100(2) K, Θ range = 3.14–25.49°, reflections collected 5039, inde-
pendent 2327 (Rint = 0.0274), R1 = 0.0322, wR2 = 0.0738 [I�2σ(I)].

3,4-Dibromo-1-(triisopropylsilyl)-1H-pyrrole (2c): The title com-
pound was prepared according to the literature[12] with the follow-
ing details: THF was cooled to –80 °C and 1c (2.89 g, 12.9 mmol)
was added in a single portion. In the absence of light, NBS (4.60 g,
25.8 mmol) was added in a single portion, and the reaction mixture
was stirred for 2 h at this temperature. After warming to ambient
temperature, the solvent was removed under reduced pressure. Puri-
fication was realized by column chromatography (column size:
4�17 cm, silica) in the absence of light by using n-hexane as eluent
to afford 2c (Rf = 0.46) as a colorless oil. The analytical data are
in agreement with the literature.[12] Yield 3.97 g (10.4 mmol, 81%
based on 1c). 1H NMR (CDCl3): δ = 1.09 (d, 3JH,H = 7.5 Hz, 18
H, CH3), 1.40 (sept, 3JH,H = 7.5 Hz, 3 H, CH), 6.72 (s, 2 H, 2/5-
H) ppm. 13C{1H} NMR (CDCl3): δ = 11.4 (CH), 17.6 (CH3), 101.0
(C-3/4), 123.7 (C-2/5) ppm.

Crystal Data for 2c: Suitable single crystals of 2c were obtained by
cooling a solution of 2c in n-hexane to –30 °C. C13H23Br2NSi, Mr

= 381.23 gmol–1, 0.40 �0.30�0.20 mm, triclinic, P1̄, λ =
0.71073 Å, a = 8.5693(8) Å, b = 9.5882(12) Å, c = 10.6196(14) Å,
α = 78.462(11)°, β = 79.889(10)°, γ = 71.630(10)°, V =
805.39(16) Å3, Z = 2, ρcalcd. = 1.572 gcm–3, μ = 5.089 mm–1, T =
100(2) K, Θ range = 3.01–25.07°, reflections collected 5480, inde-
pendent 2830 (Rint = 0.0266), R1 = 0.0443, wR2 = 0.1170 [I�2σ(I)].

General Procedure: Synthesis of 3,4-diferrocenyl Pyrroles 3a,b and
5: Ferrocene and KOtBu (0.125 equiv.) were dissolved in THF
(20 mL) and the respective solution was cooled to –80 °C. tert-But-
yllithium (2 equiv., 1.6 m in n-pentane) was added dropwise with a
syringe and the reaction solution was stirred for 1 h. Afterwards,
[ZnCl2·2thf] (1 equiv.) was added in a single portion. The reaction
mixture was stirred for an additional 30 min at 0 °C. Afterwards,
0.25 mol-% of [{Pd(CH2C(CH3)2P(tC4H9)2)(μ-Cl)}2] and bromo-
pyrroles 2a–c were added in a single portion, then stirring was con-
tinued overnight at 60–70 °C. The crude product was worked up
by column chromatography with either silica or alumina by using
different solvent mixtures (see below). All volatiles were removed
under reduced pressure.

3,4-Diferrocenyl-N-phenylpyrrole (3a): Ferrocene (0.278 g,
1.49 mmol), KOtBu (0.125 equiv., 22.6 mg, 0.2 mmol), tert-butyl-
lithium (2 equiv., 1.86 mL, 2.98 mmol), [ZnCl2·2thf] (1.0 equiv.,
0.42 mg, 1.49 mmol), 2a (1/3 equiv., 0.15 g, 0.5 mmol), and
[{Pd(CH2C(CH3)2P(tC4H9)2)(μ-Cl)}2] (0.25 mol-%, 0.85 mg,
0.001 mmol) were used in the reaction. As eluent for column
chromatography (column size: 1.5�10 cm; alumina pretreated with
triethylamine) an n-hexane/diethyl ether mixture (10:1 v/v) was
used. Compound 3a was obtained as a pale orange solid, yield
0.111 g (0.217 mmol, 87% on the basis of 2a), m.p. 183 °C. 1H
NMR (CDCl3): δ = 4.09 (s, 10 H, C5H5), 4.18 (pt, JH,H = 1.8 Hz,
4 H, C5H4), 4.33 (pt, JH,H = 1.8 Hz, 4 H, C5H4), 7.18 (s, 2 H, 2/5-
H), 7.19 (m, 1 H, p-C6H5), 7.47 (m, 4 H, C6H5) ppm. 13C{1H}
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NMR (CDCl3): δ = 67.48 (C5H4), 69.21 (C5H4), 69.34 (C5H5),
81.83 (Ci–C5H4), 118.24 (C-2/5), 120.13 (C6H5), 122.80 (C-3/4),
125.62 (C6H5), 129.80 (C6H5), 140.59 (Ci–C6H5) ppm. IR (KBr): ν̃
= 757 (s, γo.o.p. = C–H), 1065 (m, νC–N), 1498 (s, νC=C), 1595 (m,
νC=C), 3091 (w, νC–H) cm–1. HRMS (ESI-TOF): calcd. for
C30H25NFe2 511.0681; found 511.0691 [M]+. C30H25Fe2N
(511.22 gmol–1): calcd. C 70.48, H 4.93, N 2.74; found C 70.54, H
4.91, N 2.71.

Crystal Data for 3a: Single crystals of 3a were obtained by diffusion
of toluene into a solution of 3a in dichloromethane at 25 °C.
C30H25Fe2N, Mr = 511.21 gmol–1, 0.28� 0.12�0.03 mm, mono-
clinic, P2/c, λ = 1.54184 Å, a = 26.7104(16) Å, b = 6.1920(4) Å, c

= 27.9684(14) Å, β = 108.587(6)°, V = 4384.4(4) Å3, Z = 8, ρcalcd. =
1.549 gcm–3, μ = 10.745 mm–1, T = 100 K, Θ range = 3.23–64.08°,
reflections collected 13430, independent 7109 (Rint = 0.0419), R1 =
0.0513, wR2 = 0.1251 [I�2σ(I)].

3,4-Diferrocenyl-1-tosyl-1H-pyrrole (3b): Ferrocene (2.496 g,
13.2 mmol), KOtBu (0.125 equiv., 59 mg, 0.53 mmol), tert-butyl-
lithium (2 equiv., 16.5 mL, 26.4 mmol), [ZnCl2·2thf] (1.0 equiv.,
3.7 g, 13.2 mmol), 2b (1/3 equiv., 2.00 g, 5.28 mmol), and
[{Pd(CH2C(CH3)2P(tC4H9)2)(μ-Cl)}2] (1 mol-%, 36 mg,
0.05 mmol) were used in the reaction. As eluent for column
chromatography (column size: 4�16 cm, alumina) an n-hexane/
toluene mixture (4:1 v/v) was used. Compound 3b was obtained as
an orange solid, yield 0.530 g (0.90 mmol, 17% on the basis of 2b),
m.p. 214 °C. 1H NMR (CDCl3): δ = 2.42 (s, 3 H, CH3), 4.07 (s, 10
H, C5H5), 4.23 (m, 4 H, C5H4), 4.33 (m, 4 H, C5H4), 7.12 (s, 2 H,
2/5-H), 7.33–7.35 (m, 2 H, C6H4/o-CH3), 7.81–7.82 (m, 2 H, C6H4/
m-CH3) ppm. 13C{1H} NMR (CDCl3): δ = 21.6 (CH3), 67.9
(C5H4), 69.3 (C5H4), 69.5 (C5H5), 79.6 (Ci–C5H4), 118.8 (C-2/5),
126.6 (C-3/4), 126.8 (C6H4/m-CH3), 130.0 (C6H4/o-CH3), 136.1 (C-
S), 145.0 (C–CH3) ppm. IR (KBr): ν̃ = 3091 (w, νC–H), 2921 (w,
asνCH3), 2848 (w, sνCH3), 1596 (w), 1492 (w), 1441 (w), 1411 (w),
1370 (s, asνSO2), 1300 (m), 1257 (w), 1187(w) 1172 (s, sνSO2), 1124
(m), 1106 (w), 1090 (w), 1070 (m), 1060 (m), 1001 (w), 968 (w), 889
(w), 816 (m, γFc–H), 806 (m), 781 (m), 702 (w), 673 (m), 610 (m),
587 (m), 539 (m) cm–1. UV/Vis (CHCl3): λ (log ε) = 230 (4.61), 336
(3.19), 446 (2.65) nm. HRMS (ESI-TOF): calcd. for
C31H28Fe2NO2S 589.0427; found 590.0466 [M + H]+.
C31H27Fe2NO2S (589.31 gmol–1): calcd. C 63.18, H 4.62, N 2.38;
found C 63.23, H 4.71, N 2.40.

Crystal Data for 3b: Suitable single crystals of 3b were obtained by
diffusion of methanol into a solution of 3b in dichloromethane at
ambient temperature. C31H27Fe2NO2S, Mr = 589.30 gmol–1,
0.40 �0.40�0.40 mm, triclinic, P1̄, λ = 0.71073 Å, a =
10.4805(9) Å, b = 10.7282(11) Å, c = 12.1127(16) Å, α =
103.238(10)°, β = 92.251(9)°, γ = 108.304(9)°, V = 1249.5(2) Å3, Z

= 2, ρcalcd. = 1.566 gcm–3, μ = 1.276 mm–1, T = 100(2) K, Θ range
= 3.02–25.50°, reflections collected 8015, independent 4620 (Rint =
0.0279), R1 = 0.0345, wR2 = 0.0800 [I�2σ(I)].

2,3-Diferrocenyl-N-phenylpyrrole (5): Ferrrocene (1.7016 g,
9.1 mmol), KOtBu (0.125 equiv., 127 mg, 1.14 mmol), tert-butyl-
lithium (2 equiv., 6.0 mL, 9.6 mmol), [ZnCl2·2thf] (1.0 equiv.,
2.55 g, 9.1 mmol), 2b (1/3 equiv., 1.000 g, 3.05 mmol), and
[{Pd(CH2C(CH3)2P(tC4H9)2)(μ-Cl)}2] (68 mg, 0.1 mmol) were used
in the reaction. Compound 5 was obtained by crystallization from
a solution of 5 in chloroform, whereby a few single crystals formed.
HRMS (ESI-TOF): calcd. for C33H41Fe2NSi 591.1703; found
591.1654 [M]+.

Crystal Data for 5: Suitable single crystals of 5 were obtained by
slow evaporation of a solution of 5 in chloroform at ambient
temperature. C33H41Fe2NSi, Mr = 591.46 gmol–1,
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0.30�0.20�0.20 mm, monoclinic, P21/n, λ = 0.71073 Å, a =
22.5202(8) Å, b = 10.9924(3) Å, c = 34.3380(12) Å, β = 94.221(3)°,
V = 8477.3(5) Å3, Z = 12, ρcalcd. = 1.390 gcm–3, μ = 1.092 mm–1,
T = 100(3) K, Θ range = 3.10–25.25°, reflections collected 41621,
independent 15292 (Rint = 0.0477), R1 = 0.0591, wR2 = 0.1530
[I �2σ(I)].

General Procedure for the Synthesis of 4a,b and 7a,b: For the Sono-
gashira C–C cross-coupling reactions, [CuI] (6 mol-%) and
[PdCl2(PPh3)2] (1 mol-%) were dissolved in NHiPr2 (60 mL) and
the reaction mixture was stirred for 10 min. The orange solution
was treated with 2,5-Br2-cC4H2NR (1 equiv.; R = Ph (2a), SO2-4-
MeC6H4 (2b)], ethynylferrocene (2.1 equiv.), and triphenylphos-
phane (6 mol-%) and was heated to reflux overnight. The reaction
mixture was cooled to ambient temperature and all volatiles were
removed in an oil-pump vacuum. The residue was washed with
diethyl ether, and the solution was filtered through a pad of Celite
to remove the ammonium salt. The Celite was washed with diethyl
ether until the solvent was colorless. The orange filtrate was con-
centrated and purified by column chromatography using either sil-
ica or alumina and different solvent mixtures (see below). All vola-
tiles were removed under reduced pressure.

Data for 3,4-Bis(ferrocenylethynyl)-N-phenylpyrrole (4a) and 3-
Bromo-4-ferrocenylethynyl-N-phenylpyrrole (7a): Compound 2a
(0.352 g, 1.17 mmol), [CuI] (14 mg, 0.07 mmol), [PdCl2(PPh3)2]
(8.4 mg, 0.012 mmol), PPh3 (18.4 mg, 0.07 mmol), and FcC�CH
(2.1 equiv.; 517 mg, 2.46 mol) were used in the reaction. As eluent
for column chromatography (column size 4�14 cm, alumina) an
n-hexane/diethyl ether mixture (10:1 v/v) was used to elute 7a,
whereas with a ratio of 2:1 (v/v), compound 4a could be eluted
as an orange band. After removal of all volatiles under vacuum,
compound 4a could be obtained as orange solid, whereas 7a was
isolated as an red oil.

Compound 4a: Yield 0.177 g (0.316 mmol, 27% on the basis of 2a),
m.p. 145 °C. 1H NMR (CDCl3): δ = 4.09 (s, 10 H, C5H5), 4.18 (pt,
JH,H = 1.8 Hz, 4 H, C5H4), 4.33 (pt, JH,H = 1.8 Hz, 4 H, C5H4),
7.18 (s, 2 H, 2/5-H), 7.19 (m, 1 H, p-C6H5), 7.47 (m, 4 H, C6H5)
ppm. 13C{1H} NMR (CDCl3): δ = 66.09 (C�C), 68.76 (C5H4),
70.26 (C5H5), 71.60 (C5H4), 78.74 (Ci–C5H4), 89.83 (C�C), 110.50
(C-3/4), 120.71 (C6H5), 122.55 (C-2/5), 126.75 (p-C6H5), 129.95
(C6H5), 139.75 (Ci–C6H5) ppm. IR (KBr): ν̃ = 758 (s, γo.o.p. = C–H),
1062 (m, νC–N), 1504 (s, νC=C), 1598 (m, νC=C), 2208 (w, νC�C),
3091 (w, ν=C–H) cm–1. HRMS (ESI-TOF): calcd. for C34H25NFe2

559.0681; found 559.0697 [M]+.

Compound 7a: Yield 0.195 g (0.453 mmol, 39% on the basis of 2a).
1H NMR (CDCl3): δ = 4.23 (pt, JH,H = 1.9 Hz, 2 H, C5H4), 4.28
(s, 5 H, C5H5), 4.52 (pt, JH,H = 1.9 Hz, 2 H, C5H4), 7.07 (d, 4JH2,H5

= 2.5 Hz, 1 H, 2-H), 7.24 (d, 4JH5,H2 = 2.5 Hz, 1 H, 5-H), 7.30–
7.35 (m, 3 H, C6H5), 7.45 (m, 2 H, C6H5) ppm. 13C{1H} NMR
(CDCl3): δ = 65.62 (C�C), 68.83 (C5H4), 70.21 (C5H5), 71.66
(C5H4), 77.64 (Ci–C5H4), 90.44 (C�C), 101.96 (C-4), 109.62 (C-3),
119.62 (C-5), 126.83 (C-2), 120.57 (C6H5), 122.65 (p-C6H5), 129.94
(C6H5), 139.68 (Ci–C6H5) ppm. IR (NaCl): ν̃ = 758 (s,
γo.o.p. = C–H), 1023 (m, νC–N), 1495 (s, νC=C), 1598 (m, νC=C), 2240
(w, νC�C), 3097 (w, νC–H) cm–1. HRMS (ESI-TOF): calcd. for
C22H16NFeBr 428.9812; found 428.9798 [M]+.

3,4-Bis(ferrocenylethynyl)-1-tosyl-1H-pyrrole (4b) and 3-Bromo-4-
(ferrocenylethynyl)-1-tosyl-1H-pyrrole (7b): 3,4-Dibromo-N-tosyl-
pyrrole (2b) (860 g, 2.27 mmol), [CuI] (27 mg, 0.14 mmol),
[PdCl2(PPh3)2] (16.1 mg, 0.023 mmol), PPh3 (35.7 mg, 0.14 mmol),
and FcC�CH (2.1 equiv., 1.00 g, 4.77 mol) were used in the reac-
tion. Purification was realized by column chromatography (column
size 4�18 cm, alumina) by using a 1:1 (v/v) toluene/n-hexane mix-
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ture as eluent to obtain first 7b and second 4b. After removal of
all volatile materials, compounds 7b (Rf = 0.67) and 4b (Rf = 0.52)
were isolated as orange solids.

Compound 4b: Yield 0.254 g (0.40 mmol, 18% based on 2b), m.p.
183 °C. 1H NMR (CDCl3): δ = 2.43 (s, 3 H, CH3), 4.21 (pt, JH,H

= 1.8 Hz, 4 H, C5H4), 4.23 (s, 10 H, C5H5), 4.48 (pt, JH,H = 1.8 Hz,
4 H, C5H4), 7.27 (s, 2 H, 2/5-H), 7.32–7.34 (m, 2 H, C6H4/o-CH3),
7.78–7.80 (m, 2 H, C6H4/m-CH3) ppm. 13C{1H} NMR (CDCl3): δ
= 21.7 (CH3), 64.8 (Ci–C5H4), 69.0 (C5H4), 70.1 (C5H5), 71.5
(C5H4), 76.9 (C�C), 91.4 (C�C), 113.2 (C-3/4), 122.6 (C-2/5),
127.2 (C6H4/m-CH3), 130.2 (C6H4/m-CH3), 135.2 (C–S), 145.7 (C–
CH3) ppm. IR (NaCl): ν̃ = 3140 (w, νC–H), 3094 (w, νC–H), 2964
(w, asνCH3), 2923 (w), 2853 (w, asνCH3), 2215 (m, νC�C), 1595 (w),
1448 (w), 1411 (w), 1378 (m, asνSO2), 1319 (m), 1286 (w), 1213 (w),
1190 (m), 1173 (s, sνSO2), 1121 (w), 1105 (w), 1091 (m), 1065 (s),
1027 (m), 1002 (m), 966 (w), 926 (w), 814 (s, γC–H), 761 (w), 702
(m), 671 (m), 585 (s), 534 (m) cm–1. UV/Vis (CHCl3): λ = 231, 279,
445 nm. HRMS (ESI-TOF): calcd. for C35H27Fe2NO2S 637.0457;
found 637.0477 [M]+.

Crystal Data for 4b: Suitable single crystals of 4b were obtained by
the diffusion of methanol into a solution of 4b in dichloromethane
at ambient temperature. C35H27Fe2NO2S, Mr = 637.34 gmol–1,
0.40�0.35 �0.35 mm, triclinic, P1̄, λ = 0.71073 Å, a =
9.3833(5) Å, b = 10.7499(8) Å, c = 14.1386(7) Å, α = 78.728(5)°, β
= 84.988(4)°, γ = 79.113(5)°, V = 1371.56(14) Å3, Z = 2, ρcalcd. =
1.543 gcm–3, μ = 1.169 mm–1, T = 100(2) K, Θ range = 2.94–
25.50°, reflections collected 8951, independent 5061 (Rint = 0.0200),
R1 = 0.0291, wR2 = 0.0707 [I�2σ(I)].

Compound 7b: Yield 0.300 g (0.59 mmol, 26% on the basis of 2b),
m.p. 160 °C. 1H NMR (CDCl3): δ = 2.43 (s, 3 H, CH3), 4.23 (pt,
JH,H = 1.8 Hz, 2 H, C5H4), 4.24 (s, 5 H, C5H5), 4.48 (pt, JH,H =
1.8 Hz, 2 H, C5H4), 7.16 (d, JH,H = 2.5 Hz, 1 H, 5-H), 7.28 (d, JH,H

= 2.5 Hz, 1 H, 2-H), 7.32–7.34 (m, 2 H, C6H4), 7.76–7.78 (m, 2 H,
C6H4) ppm. 13C{1H} NMR (CDCl3): δ = 21.7 (CH3), 64.4 (Ci–
C5H4), 68.9 (C5H4), 70.1 (C5H5), 71.6 (C5H4), 75.8 (C�C), 92.3
(C�C), 105.3 (C-3), 112.9 (C-4), 119.7 (C-5), 122.8 (C-2), 127.2
(C6H4), 130.3 (C6H4), 135.1 (C–S), 145.8 (C–CH3) ppm. IR (NaCl):
ν̃ = 3138 (m, νC–H), 3095 (w, νC–H), 2955 (w, asνCH3), 2923 (w),
2854 (w, sνCH3), 2223 (m, νC�C), 1595 (m), 1555 (w), 1494 (w), 1448
(w), 1379 (s), 1309 (s, asνSO2), 1217 (s), 1189 (s), 1174 (s, sνSO2),
1090 (w), 1074 (s), 1047 (m), 1020 (m), 1002 (w), 960 (m), 916 (w),
813 [m (γ = C–H)], 793 (m), 718 (w), 701 (w), 671 (s), 596 (s), 585
(m), 536 (m) cm–1. UV/Vis (CH2Cl2): λ = 230, 265, 445 nm. HRMS
(ESI-TOF): calcd. for C23H18BrFeNO2S 506.9587; found 506.9610
[M]+.

Crystal Data for 7b: Suitable single crystals of 7b were obtained by
the diffusion of methanol into a solution of 7b in dichloromethane
at ambient temperature. C23H18BrFeNO2S, Mr = 508.20 gmol–1,
0.50�0.40�0.35 mm, triclinic, P1̄, λ = 0.71073 Å, a =
9.6481(12) Å, b = 11.0576(12) Å, c = 11.3090(14) Å, α =
76.213(10)°, β = 65.546(13)°, γ = 69.762(11)°, V = 1024.1(2) Å3, Z

= 2, ρcalcd. = 1.648 gcm–3, μ = 2.809 mm–1, T = 100(2) K, Θ range
= 3.52–25.49°, reflections collected 6964, independent 3799 (Rint =
0.0244), R1 = 0.0277, wR2 = 0.0678 [I� 2σ(I)].

CCDC-967395 (for 2c), -967396 (for 5), -967397 (for 1b), -967398
(for 2b), -967399 (for 3b), -967400 (for 7b), -967401 (for 4b), and
-967402 (for 3a) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Eur. J. Inorg. Chem. 2014, 1051–1061 © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1060

Supporting Information (see footnote on the first page of this arti-
cle): Figures and CIF files giving additional experimental and crys-
tallographic data.
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