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Abstract

The new o-alkynyl iron(II) complex Cp(CO),Fe-C=C-(2-C,H;S) was synthesized with application of several known
approaches based on the transition metal (Pd/Cu—, Au—, Cu— and Pd-) catalyzed Fe—C coupling reactions of 2-ethynylth-
iophene or 2-[(trimethylsilyl)ethynyl]thiophene with cyclopentadienyliron dicarbonyl iodide. The yield of the complex in
these reactions was found to strongly depend on the catalyst used. The conditions, catalysts, and reagents that provide the
highest yields of the desired 2-thienylethynyl iron complex were determined. The complex was characterized by IR, 'H and
13C NMR spectroscopy. The molecular structure of Cp(CO),Fe-C=C-(2-C,H;S) established by X-ray diffraction analysis
exhibits a three-leg piano stool geometry. The redox properties of the new complex were studied.

Introduction

Transition metal complexes featuring o-alkynyl, polyy-
nyl, and polyyndiyl ligands have been widely established
as promising building blocks for the design of materi-
als possessing optical nonlinearity, light-emitting ability,
and electrical conductivity [1-4]. There is also interest in
their application in synthetic chemistry [5, 6] and proton
reduction catalysis [7, 8]. Therefore, a variety of synthetic
approaches to transition metal acetylides are known [9].
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Apparently, the most valuable and reliable methods for their
synthesis, are based on the ability of some transition metal
complexes to catalyze M—C coupling reactions between a
metal halide complex and a terminal alkyne [10-13]. In this
work we tested the other known Cu—, Au—, Pd/Cu—, and
Pd-catalyzed conditions in reactions of 2-ethynylthiophene
and 2-[(trimethylsilyl)ethynyl]thiophene with Cp(CO),Fel
in order to develop a route to dicarbonyl(2-thienylethynyl)
(n’-cyclopentadienyl)iron complex Cp(CO),Fe-C=C-(2-
C,H;S) (1). We also report here on spectroscopic, structural
and electrochemical characteristics of the complex obtained.

Results and discussion

Our search of conditions for the catalytic preparation of
Cp(CO),Fe-C=C-(2-C4H;S) (1) started with the method-
ology developed by Bruce [12, 14] for the synthesis of a
series of transition metal polyyne and polyyndiyl complexes,
where Cul and diethylamine were successfully exploited as a
catalyst and a base, respectively. Unfortunately, the reaction
of cyclopentadienyliron dicarbonyl iodide (FpI) with 2-ethy-
nylthiophene under these conditions gave only traces of the
target complex 1 (Table 1, entry 1). Therefore, we also tested
the gold(I) catalyzed coupling, which was shown to be appli-
cable to the preparation of Cp(CO),Fe—C=C-Ph [15]. The
coupling between H-C=C-(2-C,H;S) and FpI under (PPh;)
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Table 1 Conditions for the synthesis of Cp(CO),Fe-C=C-(2-C,H,S) (1)*

cat., base Q _ s

S
OC“F‘e_I + XT<\J T’ OC\\‘.'I:e — \ |
CcO CcO
#  Alkyne Catalyst Base/Solvent Temp Time Conv.?, (%) Yield,
(%)
1 Fp,
1 X=H(1.5equiv) Cul 10 mol% Et,NH (4 mL); CHCl; (8 mL) 60°C 2h 6 4 -
2 (PPh3)AuCl (10 mol%) NEt; (2 equiv); CHCl; (3 mL) 60°C 2h 32 29 —
3 PdCL,(NCMe), 2.5 mol%; Cul 5 mol% iPerH (4 mL); THF (8 mL) 24°C 05h 85 81 2
4 NEt; (3 mL); THF (6 mL) 24°C 05h 37 34 2
5 DBU (1.5 equiv); THF (10 mL) 24°C 0.5h 28 23 4
6 iPerH (4 mL); THF (8 mL) 24°C 12h 88 12 7
7 PdCL,(NCMe), 10 mol% iPerH (3 mL); THF (6 mL) 24°C 1h 29 14 13
8 X=Si(Me); (1.5 equiv) PdCl,(NCMe), 10 mol% TBAF (1.5 equiv); THF (10 mL) 60°C 1h 78 53 23
9 PdC1,(NCMe), 10 mol%; Cul 20 mol% TBAF (1.5 equiv); THF (10mL) 60°C 1h 78 54 21
10 PdCL,(NCMe), 10 mol% TBAF (1.5 equiv); THF S5 mL) 60°C 12h 81 - 12

2All reactions were carried out using 1 equiv. Cp(CO),Fel

bConversion was calculated from the amount of unreacted Cp(CO),Fel recovered by column chromatography

AuCl catalysis took place, however, resulting in only 29%
yield of the target complex Cp(CO),Fe-C=C-(2-C,H;S) (1)
(Table 1, entry 2).

The organometallic analog of the Sonogashira cross-
coupling was successfully applied by the Oshima team
for the preparation of series of os-alkynyliron complexes
Cp(CO),Fe—C=C-Ar [11]. Indeed, the reaction of cyclo-
pentadienyliron dicarbonyl iodide with 2-ethynylthiophene
under Oshima conditions (2.5 mol% of PdCl,(NCMe),,
5 mol% of Cul, a 1:2 mixture of diisopropylamine/THF,
room temperature) provided the highest yield (81%) of the
complex Cp(CO),Fe-C=C-(2-C,H;S) (1) (Table 1, entry 3).
The nature of the base used in this reaction was found to be
important for achieving high yield of 1 under these condi-
tions. For example, the replacement of diisopropylamine
by triethylamine or 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) afforded at most 34 and 23% of 1 under the other-
wise identical conditions. A decrease in the yield of 1 was
also observed when the reaction was performed without Cul
(Table 1, entry 6).

A moderate (53%) yield of the complex 1 was achieved
in the coupling of Cp(CO),Fel and 2-[(trimethylsilyl)ethy-
nyl]thiophene at 60 °C using 10 mol% of PdCl,(NCMe),
(Table 1, entry 8). Previously, a synthetic applicability of
this approach under Pd/Cu-catalyzed conditions was also
demonstrated by the Oshima group [11]. However, the pres-
ence of Cul as a cocatalyst in our case did not affect the yield
of the product. Thus, this reaction can be considered as an
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organometallic analog of the Hiyama coupling, where the
anionic pentacoordinated silicon moiety should participate
in the transfer of 2-thienylacetylide, instead of Cu-acetylide
[16].

It should be noted that the Pd/Cu— and Pd-catalyzed cou-
pling reactions of 2-ethynylthiophene and 2-[(trimethylsi-
lyDethynyl]thiophene with Cp(CO),Fel gave 1 along with
the dimerization product [Cp(CO),Fe], (Fp,), the amount
of which was relatively high in Pd-catalyzed conditions,
but decreased under Pd/Cu-catalyzed conditions. Moreo-
ver, complex 1 proved unstable in the reactions mixtures.
For example, the reaction of Fpl with H-C=C-(2-C,H;S)
in the diisopropylamine/THF mixture for 12 h afforded 1 in
unexpectedly low yield (12%) (Table 1, entry 6), despite its
formation in the beginning of the reaction as indicated by
IR spectroscopy and TLC. At the same time, in the reaction
between Fpl and (CH;);Si—C=C-(2-CH;S) no traces of the
complex were detected in the reaction mixture after 12 h
(Table 1, entry 10). The formation and following decom-
position of 1 upon prolonged reaction time is also indicated
by a consumption of Cp(CO),Fel which remains almost the
same as in the analogous reactions, performed for shorter
time (entries 3 and 6, Table 1).

Complex Cp(CO),Fe-C=C-(2-C,H;S) (1) was isolated
as a brown-yellow, moderately air-stable solid. It was
characterized by elemental analysis, IR, 'H and '3C NMR
spectroscopy (see Experimental). The IR and NMR spectro-
scopic data obtained are similar to those found for analogous
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Fig. 1 Molecular structure of Cp(CO),Fe-C=C-(2-C,H;S) (1). Only
one position of the disordered thiophene ring is shown. All hydrogen
atoms are omitted for clarity

cyclopentadienyliron dicarbonyl complexes with different
o-alkynyl ligands [11, 17, 18].

The molecular structure of the complex 1 was established
by X-ray diffraction study (Fig. 1). The metal center in 1
has a pseudo-octahedral geometry, the coordination environ-
ment of iron(II) atom is occupied by the n’-cyclopentadienyl
ring, two terminal CO groups and by the o-alkynyl ligand.
The values of single Fe—C8 and triple C8—C9 bond lengths
(1.921 and 1.196 A, respectively) are in line with those of
the previously reported Cp(CO),Fe—C=C-R complexes
[19-22]. The main feature of the complex 1 is the disorder-
ing of the thiophene ring over two symmetrical positions
with a 1:1 occupancy ratio by a 180° rotation of it around
C9-C10 bond. Such disorder is frequently observed for com-
plexes bearing thiophene rings and, unfortunately, precludes
the determination of the bond distances and angles in this
ring [23-25].

The redox properties of Cp(CO),Fe-C=C-(2-C,H;S) (1)
were studied in acetonitrile solutions by dc polarography at
a dropping mercury electrode (DME) and cyclic voltamme-
try (CV) at platinum or glassy carbon (GC) electrodes. The
electrochemical characteristics' of complex 1, and, for com-
parison, of the previously studied ortho-pyridylethynyl iron
complex Cp(CO),Fe-C=C-(2-CsH,N) (2) [26] are given in
Table 2, their cyclic voltammograms at GC electrode are
shown in Fig. 1S (the supplementary materials).

The comparison of the electrochemical data of 1 and 2
(Table 2) clearly shows that their oxidation potentials depend
on the nature of the substituents in the s-alkynyl ligand in
contrast to their reduction potentials. The E;, values of the
oxidation wave of Cp(CO),Fe-C=C-(2-C,H;S) (1) at Pt and
GC electrodes are shifted to the cathode region of the poten-
tials relative to E,, of the oxidation wave of 2 that is consist-
ent with a z-excessive nature of the 2-thienyl substituent in
1 and a z-deficient nature of the 2-pyridyl substituent in 2.
The E,, values of the reduction of complexes 1 and 2 almost
coincide. Thus, one may suggest that: (i) the highest occu-
pied molecular orbitals (HOMO) participating in oxidation
processes are likely to be localized on the 5-alkynyl ligands
of both complexes, which differ in the nature of their hetero-
cyclic nuclei; (ii) the lowest unoccupied molecular orbitals
(LUMO) participating in the reduction processes are likely
to be centered on the [Cp(CO),Fe]-fragment for both com-
plexes. Previously, the similar localizations of HOMO and
LUMO were found for 1,4-dimethoxybutadienediyl-bridged
and butadiynediyl-bridged diiron complexes [Cp (PMe;)
(CO)Fe—C(OCH,;)=CH-CH=C(OCH,)-Fe(PMe,)(CO)Cp]
and [Cp(dppe)Fe-(C=C),-Fe(dppe)Cp ] [27].

Table 2 Electrochemical characteristics of the o-alkynyl iron complexes 1 and 2 (MeCN, 0.1 M [Et,N]BF,, 2 mM, Ag/ 0.1 M AgNO; in MeCN)

Complex Ep, V(n)
Pt GC DME
Ox Red Ox Red Red
Cp(CO),Fe-C=C-(2-C,H,S) (1) 0.60(1) 1.36(1) ~2.09(1) 0.67(1) 1.40(1) —2.16(1)* ~2.26(1)-2.65(1)
Cp(CO),Fe-C=C-(2-CH,N) (2) 0.81 (1) ~2.10(1) 0.87 (1) —2.16 (1)* —225(1)
—2.60 (1)
-295(<1)

n — the number of electrons transferred in a particular electrochemical study (the sign " <" indicates that the wave height of the compound is less

than the height of a one-electron wave)

*The quasi-reversible wave

! Potentials are given versus Ag/0.1 M AgNO; couple in MeCN

(they can be converted to V versus SCE by adding 0.337 V).
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Conclusion

In summary, several approaches based on the Cu—, Au-,
Pd/Cu-, and Pd-catalyzed Fe—C coupling reactions were
tested to synthesize dicarbonyl(2-thienylethynyl)(n°-
cyclopentadienyl)iron complex (1). Although, all methods
employed in the present work gave the target compound
1, the most appropriate one proved the coupling reactions
of Cp(CO),Fel and 2-ethynylthiophene under Pd/Cu-cat-
alyzed conditions. Also, the nature of base appears to be
an important factor for achieving high yield of the target
compound (1), the use of the diisopropylamine provided
the highest (81%) yield of 1. The Pd-catalyzed coupling
reaction of cyclopentadienyliron dicarbonyl iodide with
2-[(trimethylsilyl)ethynyl]thiophene gave only moderate
yields of Cp(CO),Fe-C=C-(2-C,H;S) (1). The coupling of
Cp(CO),Fel with 2-ethynylthiophene under gold-catalyzed
conditions afforded the complex in yield of 34%, while
only traces of 1 were obtained under Cu-catalysis.

The structural and spectroscopic data obtained showed
that the complex 1 is a typical example of dicarbonyl(o-
alkynyl)(n’-cyclopentadienyl)iron complexes. The com-
parison of the electrochemical data of 1 with those of
Cp(CO),Fe—C=C-(2-CsH,N) showed that the oxidation
potential of the complexes depends on the nature of the
substituent in the o-alkynyl ligand and, consequently, this
ligand contributes to the frontier orbitals of the complexes.

Experimental
Materials and methods

All operations and manipulations were carried out under
an argon atmosphere using the Schlenk technique. Sol-
vents (dichloromethane, petroleum ether, ethyl acetate,
hexane, triethylamine) were distilled over appropri-
ate drying agents and stored under argon. THF was
dried by refluxing over sodium/benzophenone ketyl and
freshly distilled prior to use. Neutral silica gel (Silica 60,
0.2-0.5 mm, Macherey—Nagel) was used for column chro-
matography. Tetrabutylammonium fluoride solution (1 M
solution in THF, Aldrich), 1,8-Diazabicyclo[5.4.0]undec-
7-ene (Aldrich), and catalyst Cul (“Vekton-M” Ltd.) were
used as received. PdCIL,(NCMe),, Cp(CO),Fel, (PPh;)
AuCl, 2-ethynylthiophene and 2-[(trimethylsilyl)ethy-
nyl]thiophene were prepared according to the literature
procedures [28—31]. The IR spectra were recorded on a
Shimadzu IRTracer-100 spectrometer (Japan). 'H and 13C
NMR spectra were obtained using NMR spectrometer
AVANCE III 600 (Bruker, Germany). Chemical shifts are
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reported in ppm units referenced to solvent resonances.
The course of reactions was monitored by TLC on silica
gel (Alu foils, Sigma-Aldrich) and IR spectroscopy. The
X-ray data for complex 1 were collected on a Smart Photon
II diffractometer (Bruker AXS, Germany). Crystal data
and X-ray experimental details are given in the supplemen-
tary materials (Table 1S). The polarograms and cyclic vol-
tammograms (CV) were recorded on an IPC-Pro M poten-
tiostat (Volta, Saint-Petersburg, Russia). The experimental
details of the electrochemical measurements are given in
the supplementary materials.

Synthesis

Here, only the synthetic procedure providing the highest
yield of 1 is given; other methods used are described in the
supplementary materials. Cyclopentadienyliron dicarbo-
nyl iodide (302 mg, 0.993 mmol) and 2-ethynylthiophene
(160 mg, 1.481 mmol) were dissolved in a freshly distilled
THF (8 mL), then diisopropylamine (4 mL), PdCl,(NCMe),
(7 mg, 0.027 mmol), and Cul (9 mg, 0.047 mmol) were added.
The resulting mixture was stirred at 24 °C for 30 min, and
then was passed through a pad (0.5 cm) of silica gel by using
ethyl acetate as the eluent. The filtrate was concentrated in
vacuo and chromatographed on silica gel (9 X2 cm). Three
fractions were successively eluted with petroleum ether-
dichloromethane (9:1), (4:1), (1:1) mixtures. The first light-red
fraction gave 4 mg of the dimer [Cp(CO),Fe], (0.011 mmol,
2%). 45 mg (0.148 mmol) of the starting Cp(CO),Fel was
obtained from the second yellow—brown fraction. The target
complex Cp(CO),Fe-C=C-(2-C4H,S) (1) was isolated in 81%
yield (228 mg, 0.803 mmol) as a brown—yellow solid after
evaporation of the solvent from the third dark-yellow frac-
tion. Brown—yellow crystals of dicarbonyl(2-thienylethynyl)
(n°-cyclopentadienyl)iron (1) suitable for X-ray diffraction
study were obtained by fast evaporation of a solution of the
complex in a dichloromethane: hexane mixture=1:2. IR (v/
cm™h): 2100s ©(C=C), 2043vs, 1996vs 1(CO) (CH,Cl,);
2094s v(C=C), 2034vs, 1989vs 1(CO) (KBr). 'H NMR
(CDCl, 25 °C) 6, ppm [J, Hz]: 5.06 (s, 5H, CsH5); 6.85 (s,
1H, H4); 6.92 (br., 1H, H3); 6.93 (br., 1H, H2). 3C NMR
(CDCl,, 25 °C) 8, ppm [J, Hz]: 85.3 (CsHs); 95.2 (=C?); 107.7
(C'=); 122.6 (C2 of C,H,S); 126.1 (C3 of C,H,S); 128.2 (C4
of C,H;S); 128.6 (€, of C,H;S); 212.0 (2Fe—~CO). Anal.
Found: C, 55.1%; H, 2.8%; S, 11.3%. Calc. For C;;HgFeO,S
(284): C, 55.0%; H, 2.8%; S, 11.3%.

Supplementary material
General Information on used reagents and equipment; Gen-

eral procedure for all performed coupling reactions; Analyti-
cal data; Detailed descriptions of X-ray diffraction study;
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TablelS: Crystal data and X-ray experimental details of 1
(CCDC 1996445).
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