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Abstract

The reaction between 2,5-bis(trimethylsilylethynyl)thiophene and Co,(CO)g or Co,(CO)4(X), (X = dppa, dppm), gave rise to the
formation of substituted ethynylcobalt complexes containing one or two Co,(CO)s or Co,(CO)4(X) units, 2-[Cox(CO)4(X){ -1
(SiMe3)C,}]-5-(MesSiC=C)C4H,S (X =2CO (1), dppa (3) or dppm (4)) and 2,5-[Cox(CO)4(X){>-n>-SiMesC,},CaHoS
(X =2CO (2), dppa (5) or dppm (6)). Desilylation of the non-metallated and metallated alkynes in 3, 4 and 6 occurred on treatment
with KOH and tetrabutylammonium fluoride to give 2-[Cos(CO)a(p-X){2-n>SiMe;C}]-5-(C=CH)C4H,S (X = dppa (7), dppm
(8)) and 2,5-[C0,(CO)4(n-dppm){ -1 *-HC,}1,C4H,S (9), respectively. Crystals of 6 suitable for single-crystal X-ray diffraction were
grown and the molecular structure of this compound is discussed. A comparative electrochemical study of all these complexes is
presented by means of the cyclic and square-wave voltammetry techniques.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The chemistry of alkynes coordinated to transition
metals has been extensively studied and is well estab-
lished [1]. The interest in this kind of complexes is due,
in part, to the stabilising influence of the metal on reac-
tive unsaturated carbon chains and polycarbon ligands
[1,2] and, on the other hand, to their potential optoelec-
tronic properties as non-linear optical and electrolumi-
nescent materials [3], or as ‘“molecular” wires [4,5].
Thus alkynyl or polyynediyl bridging ligands have been
shown to be especially efficient in allowing the passage
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of electronic effects between redox active centres [6-8]
and therefore the electronic properties can be modified
by changing both, metal fragments and/or alkyne lig-
ands [9]. The electronic communication through such
potential molecular wires is often evaluated by studying
the redox response of electroactive groups [10].

In recent studies we have observed that complexes
where the redox centres are either Co,(CO)s or Co,
(CO)4dppm linked by 1,3,5-tris(trimethylsilylethy-
nyl)benzene [7] and 1,4-bis(trimethylsilyl)butadiyne [8]
ligands show electronic communication between the me-
tal centres. In order to study the ability of the metals to
participate in  delocalisation we have now investigated
the electronic communication between Co,(COg), Co,
(CO)4dppm and Co,(CO)4dppa moicties linked by
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2,5-bis(trimethylsilylethynyl)thiophene. We report here
the synthesis, characterization and the redox properties
of these compounds.

2. Experimental
2.1. Reagents and general techniques

All manipulations were carried out by using standard
Schlenk vacuum-line and syringe techniques under an
atmosphere of oxygen-free Ar. All solvents for synthetic
use were reagent grade. Diethyl ether, hexane and tetra-
hydrofurane (THF) were dried and distilled over sodium
in the presence of benzophenone under an Ar atmosphere.
Also under Ar, CH,Cl, was dried and distilled over CaH,.
Methanol was stored over molecular sieves (4 A) under
Ar. All solvents were bubbled with Ar for 1 h after distil-
lation and then stored under Ar or degassed by means of
at least three freeze-pump-thaw cycles after distillation
and before use. Column chromatography was performed
by using silica gel 100 (Fluka) and preparative TLC on
20 x 20 cm glass plates coated with silica gel (SDS 60—
17 pm, 0.25 mm thick). MesSiC=CH (TMSA),
2,5-dibromothiophene, Co,(CO);, KOH (Fluka),
1,2-bis(diphenylphosphino)methane (dppm), Cul and a
solution 1.0 M of tetrabutylammonium fluoride (TBAF)
in THF (Aldrich) were used as received. Trimethylamine
N-oxide (Aldrich) was sublimed prior to use and stored
under Ar. The compounds 1,2-bis(diphenylphosph-
ino)amine (dppa) [11], Cox(CO)¢(dppm) [12], Co,
(CO)g(dppa)[13,14], PA(PPh;3)4[15] and 2,5-bis(trimethyl-
silylethynyl)thiophene [16] were prepared according to
the literature and characterized by their IR and NMR
spectra. The 'H, B¢, 3'p, proton-decoupled 3'p NMR
spectra and HMQC (heteronuclear multiple quantum
correlation) and HMBC (heteronuclear multiple bond
correlation) experiments were recorded on a Bruker
AMX-300 and 500 instrument. Chemical shifts were
measured relative either to an internal reference of tetra-
methylsilane or to residual protons of the solvents. The
coupling constant errors are 0.5 Hz. Infrared spectra
were measured on a Perkin-Elmer 1650 infrared spec-
trometer. Elemental analyses were performed by the
Mycroanalytical Laboratory of the University Autono-
ma of Madrid on a Perkin—Elmer 240 B microanalyser.
Electronic spectra were recorded on a Unicam UV 4
UV-Vis spectrophotometer. Mass spectra were measured
on a VG-Autospec mass spectrometer for FAB by the
Mass Laboratory of the University Autonoma of Madrid.
Electrochemical measurements were carried out with a
computer driven Par Mo. 273 electrochemistry system
in a three electrode cell under N, atmosphere in anhy-
drous deoxygenated solvents (CH,Cl, and THF) contain-
ing 0.2 M tetrabutylammonium hexafluorophosphate
(TBAPF) as supporting electrolyte. Cyclic and square-

wave voltammetry (CV and SWV, respectively) studies
were made in a three-electrode system. Polycrystalline
Pt (0.05 cm?) or glassy carbon were used as working elec-
trodes; the counter electrode was a Pt gauze and the refer-
ence electrode was a silver wire quasi-reference electrode.
Decamethylferrocene (Fc*) was used as internal stand-
ard, and all potentials in this work are referred to the
Fc**/Fc* couple. Under the actual experimental condi-
tions, E}, of the ferrocene couple (Fc*/Fc) was +0.44 V
vs. Fc**/Fc* in THF solution and +0.55 V vs. Fc**/Fc*
in CH,Cl, solution.

2.2. Synthesis of 2-[C02(C0)5{,ng-l’]Z-SiM€3C2}]-5-
(MesSiC=C)C,H,S (1) and 2,5-[Cos(CO)s{usn’-
SiMe;C,} [,C4HS (2)

To a solution of 2,5-bis(trimethylsilylethynyl)thio-
phene (0.60 g, 2.16 mmol) in hexane (100 mL) was added
1.5 equiv. of Co,(CO)g. The reaction was monitored by
FT-IR and '"H NMR. After the mixture was stirred for
1 h at room temperature, the solvent was removed under
vacuum and the residue was eluted with hexane on a silica
column to afford 1 (52% yield) and 2 (42% yield) as an
unstable dark red and green solid, respectively. 2 has also
been obtained as an only product in high yield (97%) from
2,5-bis(trimethylsilylethynyl)thiophene (0.30 g, 1.08
mmol) and 2 equiv. of Co,(CO)g and subsequent chroma-
tography with hexane on a silica column.

(1) IR (hexane, cm ™ '): ve—e 2151.1 (vw); veo 2088.2
(m), 2054.6 (s), 2028.0 (vs). '"H NMR (300 MHz, CDCl;,
ppm): & 7.11 (d, Hy, Jyu =39 Hz); 7.09 (d, Hs,
Jun = 3.9 Hz); 0.39 (s, 9H, —CSiMejs); 0.24 (s, 9H,
=CSiMe;). '"H NMR (300 MHz, CD,Cl,, ppm): o
7.13 (d, H4, JHH =38 HZ), 7.11 (d, H5, JHH =38 HZ),
0.40 (s, 9H, —CSiMe;); 0.24 (s, 9H, =CSiMe;). '*C
NMR (125 MHz, CDCl;, ppm): § 199.3 (m, CO);
143.5 (s, C3); 133.7 (s, Cs); 128.8 (s, Cy); 123.6 (s, Cy);
100.5 (s, Cg); 97.2 (s, Cq); 93.3 (s br, C,); 81.1 (s br,
Cy); 0.62 (s, —-CSiMe3); —0.28 (s, =CSiMe3). UV-V
(CH,Cly, nm): Aayx 568, 446 (sh) and 230. MS (FAB™,
mlz): 534.0 [M™ — COl].

(2) IR (hexane, cm™'): veo 2086.0 (m), 2055.0 (s),
2027.8 (vs). "H NMR (300 MHz, CDCls, ppm): § 7.15
(s, Haa); 0.40 (s, 18H, 2 -SiMe;). >C NMR (125
MHz, CDCl;, ppm): 6 199.8 (m, CO); 142.8 (s, Cs3);
130.7 (s, C447); 94.1 (s br, Cy); 81.5 (s br, Cy1-); 1.04
(s, 2 —SiMe;). UV-Vis (CH,Cl,, nm): Ay 595, 450
(sh) and 229. MS (FAB™, m/z): 820.0 [M" — CO].

2.3. Synthesis of 2-[Co>(CO) 4( u-X) {uo-n*-SiMe;C-} ]-
5-(Me3SiC=C)C,H,S. X =dppa (3) and X = dppm (4)

2.3.1. Method A
A solution of 1 (0.50 g, 0.89 mmol) and 0.89 mmol of
dppa or dppm in hexane (100 mL) was prepared.
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Trimethylamine N-oxide (0.20 g, 1.78 mmol) was added
and the reaction mixture, monitored by FT-IR, was stir-
red at 40 °C for 3 days. After the solvent was removed
under vacuum, the product was purified by thin-layer
chromatography (TLC) using hexane/CH,Cl, (3:1) or
by hexane-packed silica column (200 g) using the same
eluent to afford the stable red solids 3 (65% yield) or 4
(70% yield), respectively.

2.3.2. Method B

A suspension of Co,(CO)g(dppa) or Co,(CO)¢(dppm)
(1.95 mmol) in hexane (50 mL) was added to a solution
of 2,5-bis(trimethylsilylethynyl)thiophene (0.54 g, 1.95
mmol) in the same solvent. The reaction mixture was
stirred at 65 °C for 15 days. Complex 3 or 4 were iso-
lated in 28% and 33% yields, respectively, in the same
manner used in Method A.

(3) IR (CH5Cly, em™"): vy 3321.8 (W); veec 2137.2
(W); veo 2025.5 (8), 1997.9 (vs), 1971.5 (s), 1957.4 (sh).
'"H NMR (300 MHz, CDCls, ppm): & 7.42-7.28 (m,
20H, Ph); 6.60 (d, Hs, Jyg = 3.8 Hz); 5.87 (d, Hy,
Juu = 3.8 Hz); 3.95 (t, -NH, Jpy = 6.4 Hz); 0.37 (s,
9H, —CSiMe;); 0.24 (s, 9H, =CSiMes). *C NMR (125
MHz, CDCl;, ppm): ¢ 206.3 (m, CO); 203.2 (m, CO);
148.5 (t, Jcp = 4.3 Hz, Cs3); 142.0 (t, Jcp =22.2 Hz, i-
Ph); 139.0 (t, Jcp = 23.2 Hz, i-Ph); 133.2 (s, Cs); 131.0
(t, Jcp = 6.8 Hz, 0-Ph); 130.6 (t, Jcp = 6.7 Hz, 0-Ph);
130.3 (s, p-Ph); 130.1 (s, p-Ph); 128.8 (t, Jcp = 4.9 Hz,
m-Ph); 128.7 (t, Jcp =4.9 Hz, m-Ph); 128.5 (s, Cy);
120.7 (s, C¢); 98.9 (s) and 98.6 (s), (C=C); 92.1 (m,
C,); 91.1 (m, Cy); 1.42 (s, —CSiMes); 0.37 (s, =CSiMe;y).
3'P NMR (121 MHz, CDCls, ppm): 6 91.7 (s br, 2P,
dppa). UV-Vis (CH,Cl,, nm): Ag. 552 and 229. MS
(FAB™, ml/z): 863.0 [M" — CO]; 807.0 [M" — 3CO];
779.0 [M™ — 4CO]. Anal. Calc. for C4,H404C0,SP,.
SirN: C, 56.67; H, 4.59; N, 1.59. Found: C, 56.52; H,
4.63; N, 1.53%.

4) IR (CH,Cly, ecm™Y): vec 2137.7 (W); veo 2021.3
(s), 1995.2 (vs), 1967.9 (s), 1948.7 (sh). '"H NMR (300
MHz, CDCl;, ppm): 7.32-6.98 (m, 20H, Ph); 6.96 (d,
H5, JHH =37 HZ), 6.46 (d, H4, JHH =37 HZ), 3.60 (dt,
Juu = 13.1 Hz, Jpyg =10.5 Hz, 1H, ABXY, -CH,-);
3.37 (dt, Jyg = 13.2 Hz, Jpy = 10.3 Hz, 1H, ABXY,
—CH»-); 0.36 (s, 9H, —CSiMe3); 0.26 (s, 9H, =CSiMes).
13C NMR (125 MHz, CDCls, ppm): § 206.9 (m, CO);
202.2 (m, CO); 150.7 (t, Jcp=3.8 Hz, C3); 138.5 (t,
Jop =24.1 Hz, i-Ph); 134.6 (t, Jcp = 17.2 Hz, i-Ph);
133.2 (s, Cs); 132.6 (t, Jcp = 6.3 Hz, 0-Ph); 130.6 (t,
Jep = 5.9 Hz, 0-Ph); 129.8 (s, p-Ph); 129.3 (s, p-Ph);
128.5 (t, Jcp = 4.6 Hz, m-Ph); 128.0 (t, Jcp = 4.7 Hz, m-
Ph); 126.0 (s, Cy); 121.0 (s, Cg); 98.7 (s) and 98.2 (s),
(C=C); 93.1 (m, Cy,); 89.9 (m, Cy); 36.5 (t, Jcp = 20.3
Hz, -CH,-); 0.82 (s, —CSiMes); 0.00 (s, =CSiMe;). *'P
NMR (121 MHz, CDCls, ppm): 6 35.0 (s br, 2P, dppm).
UV-V (CH,Cl,, nm): Apax 544 and 230. MS (FAB™, m/z):
891.0 [M™]; 863.0 [M* — COJ; 835.0 [M™ — 2CO]; 807.0

[M" —3COJ]; 779.0 [M'—4CO]. Anal. Calc. for
C43H4204C025P25izl C, 5822, H, 4.72. Found: C,
57.97; H, 4.74%.

2.4.  Synthesis of 2,5-[Cos(CO)y(u-X) {uo-n’-Si-
Me;C5} ,C,HLS. X =dppa (5) and X = dppm (6)

The same procedure as described above was followed
in the preparation of these compounds. For the Method
A from 2 (0.40 g, 0.47 mmol), dppa or dppm (0.94
mmol) and trimethylamine N-oxide (0.21 g, 1.88 mmol).
For the Method B from 2,5-bis(trimethylsilylethy-
nyl)thiophene (0.20 g, 0.72 mmol) and the derivative
Co,(CO)¢(dppa) or Cor(CO)g(dppm) (1.44 mmol). After
the solvent was removed under vacuum, the product was
purified by thin-layer chromatography (TLC) using hex-
ane/CH,Cl, (3:1) or by hexane-packed silica column
(200 g) using the same eluent to afford the stable green
solids 5 (60% and 25% yields for the Methods A and
B, respectively) or 6 (65% and 30% yields for the Meth-
ods A and B, respectively).

(5) IR (CH5Cl,, ecm™"): vap 3321.8 (W); veo 2020.8
(s), 1994.0 (vs), 1966.7 (s), 1952.6 (sh). '"H NMR (300
MHz, CDCl;, ppm): 6 7.42-7.14 (m, 40H, Ph); 5.26 (s,
Hy4); 3.95 (t, 2 -NH, Jpy = 6.5 Hz); 0.37 (s, 18H, 2
~SiMes). 3C NMR (125 MHz, CDCls, ppm): 6 206.2
(m, CO); 203.6 (m, CO); 142.8 (m, Cs3); 142.4 (t,
Jep =22.1 Hz, i-Ph); 139.1 (t, Jcp =22.1 Hz, i-Ph);
131.2 (t, Jcp = 6.8 Hz, 0-Ph); 130.6 (t, Jcp = 6.8 Hz, o-
Ph); 130.1 (s, p-Ph); 129.9 (s, p-Ph); 128.8 (t, Jcp = 4.7
Hz, m-Ph); 128.7 (s, C44); 128.5 (t, Jcp = 4.8 Hz, m-
Ph); 92.4 (m, C,5); 89.0 (m, C1/); 1.43 (s, 2 —SiMe;).
3'P NMR (121 MHz, CDCl;, ppm):  92.0 (s br, 4P, 2
dppa). UV-Vis (CH,Cl,, nm): Ay.x 591, 404 and 230.
MS (FAB", miz): 1478.0 [M'—CO]; 1450.1
[M" —2COJ; 1310.2 [M" — 7CO]; 1282.2 [M* — 8CO].
Anal. Calc. for C;0HgOgC04SP4Si-N»: C, 55.69; H,
4.11; N, 1.86. Found: C, 55.82; H, 4.10; N, 1.83%.

(6) IR (CH,Cl,, cm™'): veo 2017.6 (s), 1994.5 (vs),
1965.0 (s), 1945.0 (sh). '"H NMR (300 MHz, CDCl;,
ppm): 6 7.24-6.97 (m, 40H, Ph); 6.56 (s, Hy4); 3.60
(dt, Jug =13.1 Hz, Jpy =10.5 Hz, 2H, ABXY, 2
—CH»-); 3.47 (dt, Jyy = 13.2 Hz, Jpy = 10.3 Hz, 2H,
ABXY, 2 —-CH,-); 0.40 (s, 18H, 2 -SiMes). °C NMR
(125 MHz, CDCl;, ppm): 6 206.8 (m, CO); 202.5 (m,
CO); 145.8 (t, Jcp =2.9 Hz, C53); 138.5 (t, Jep = 24.1
Hz, i-Ph); 134.7 (t, Jcp =17.1 Hz, i-Ph); 132.6 (t,
Jop=6.3 Hz, o0-Ph); 130.7 (t, Jcp=6.1 Hz, o0-Ph);
129.5 (s, p-Ph); 129.2 (s, p-Ph); 128.4 (t, Jcp = 4.6 Hz,
m-Ph); 127.8 (t, Jcp =4.6 Hz, m-Ph); 127.2 (s, C44);
93.5 (t, Jcp:6.5 HZ, Cz’z/); 89.5 (t, Jcp:9.8 HZ,
Ci1); 379 (t, Jep=19.6 Hz, 2 -CHy-); 1.09 (s, 2
~SiMes). *'P NMR (121 MHz, CDCl;, ppm): 5 34.8 (s
br, 4P, 2 dppm). UV-Vis (CH,Cl,, nm): Ayax 577, 403
and 229. MS (FAB”", m/z): 14759 [M" — COJ; 1447.8
[M" — 2COJ; 1419.8 [M* — 3CO]; 1307.9 [M" — 7COJ;
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1279.9 [M* — 8CO]. Anal. Calc. for C;,HO3C04SP,4
Siy: C, 57.59; H, 4.26. Found: C, 57.45; H, 4.28%.

2.5. Synthesis of 2-[Cos(CO)(u-X) {ti-n*:1°—SiMes-
C}]-5-(C=CH)C,H,S X=dppa (7) and X = dppm
(8)

2.5.1. Method A

3 or 4 (0.62 mmol) was dissolved in a MeOH solution
saturated with KOH and the mixture was stirred for
24 h at 25 °C. After that, the solvent was removed under
vacuum and the residue was extracted with several
portions of Et,O and purified by hexane-packed silica
column (200 g) using hexane/CH,Cl, (1:1) as eluent to
afford the unstable red solids 7 (53% yield) or 8 (58%
yield).

2.5.2. Method B

To a solution of 3 or 4 (0.56 mmol) in THF/MeOH
(10:1) was added TBAF (1.15 mL, 1.0 M in THF, 1.15
mmol) and the mixture was stirred for 24 h at room tem-
perature. After the solvent was removed under vacuum,
the product was purified by hexane-packed silica column
using hexane/CH,Cl, (1:1) as eluent to afford 7 or 8 in
18% and 21% yield, respectively.

(7) IR (CH5Cl,, ecm™'): vap 3328.2 (W); v—cp 3305.6
(m); ve=c 2095.9 (vw); vco 2028.7 (s), 2001.6 (vs),
1974.8 (s), 1957.7 (sh). '"H NMR (300 MHz, CDCl;,
ppm): ¢ 7.46-7.28 (m, 20H, Ph); 6.64 (d, Hs, Jyy = 3.9
Hz); 592 (d, Hs, Juu=3.8 Hz);, 3.94 (t, -NH,
Jpu = 6.3 Hz); 3.32 (s, 1H, =CH); 0.37 (s, 9H, -SiMe3).
13C NMR (125 MHz, CDCl;, ppm): d 206.3 (m, CO);
203.2 (m, CO); 149.1 (t, Jcp = 3.8 Hz, Cj); 142.0 (t,
Jcp =21.1 Hz, i-Ph); 139.0 (t, Jcp = 23.0 Hz, i-Ph);
133.5 (s, Cs); 130.9 (t, Jcp = 6.8 Hz, 0-Ph); 130.6 (t,
Jcp = 6.8 Hz, 0-Ph); 130.2 (s, p-Ph); 130.1 (s, p-Ph);
128.8 (t, Jop = 4.8 Hz, m-Ph); 128.7 (t, Jcp = 4.8 Hz,
m-Ph); 128.1 (s, Cy); 119.5 (s, Cg); 91.9 (t, Jcp=11.0
Hz, C;); 91.1 (m, Cy); 81.1 (s, Cg); 78.2 (s, C7); 1.42 (s,
~SiMes). *'P NMR (121 MHz, CDCl;, ppm): 6 91.7 (s
br, 2P, dppa). UV-Vis (CH,Cl,, nm): A 547 (sh)
and 231. MS (FAB™, m/z): 792.1 [M" — COJ; 736.1
[M™ — 3CO]J; 708.1 [M" — 4CO].

(8) IR (CH,Cl,, cm"): ve—p 3300.4 (m); ve—c 2094.9
(VW); veo 2021.7 (s), 1996.1 (vs), 1968.3 (s), 1952.6 (sh).
'"H NMR (300 MHz, CDCl;, ppm): 6 7.32-6.98 (m,
20H, Ph); 7.01 (d, Hs, Jyu =3.7 Hz); 6.51 (d, Hy,
JHH =37 HZ), 3.60 (dt, J]_]H =13.1 HZ, JPH =10.4 HZ,
1H, ABXY, -CHjy); 3.38 (dt, Jyu=13.2 Hgz,
Jpu = 10.3 Hz, 1H, ABXY, -CH,-); 3.37 (s, 1H,
=CH); 0.37 (s, 9H, -SiMe;). >*C NMR (125 MHz,
CDCIl;, ppm): 6 205.9 (m, CO); 201.1 (m, CO); 150.0
(t, Jcp=2.9 Hz, C;); 1374 (t, Jcp =24.1 Hz, i-Ph);
133.5 (t, Jop = 16.9 Hz, i-Ph); 132.5 (s, Cs); 131.6 (t,
Jcp:6.0 Hz, O-Ph); 129.5 (t, Jcp:6.0 Hz, O-Ph);

128.7 (s, p-Ph); 128.3 (s, p-Ph); 127.4 (t, Jcp = 4.6 Hz,
m-Ph); 126.9 (t, Jcp =4.6 Hz, m-Ph); 124.7 (s, Cy);
118.6 (s, Cg); 93.0 (m, Cy); 91.1 (m, Cy); 80.1 (s, Cy);
76.5 (s, C7); 36.1 (m, —CH»-); 0.00 (s, —SiMe;). *'P
NMR (121 MHz, CDCls, ppm): 6 34.9 (s br, 2P, dppm).
UV-Vis (CH,Cl,, nm): Ay 536 (sh) and 231. MS
(FAB*, m/z): 791.1 [M" —COJ; 735.1 [M" — 3COJ;
707.1 [M* — 4CO].

2.6.  Synthesis
HC,}],CH>S (9)

of  2,5-[Cox(CO)4( p-dppm) {pi>-’-

The same procedure as described above in Method B
was carried out from compound 6 (0.24 g, 0.16 mmol)
and TBAF (1.33 mL, 1.0 M in THF, 1.33 mmol). After
the solvent was removed under vacuum, the product was
purified in the same manner to afford the unstable green
solid 9 (55% yield).

(9) IR (CH,Cl,, cml): veo 2022.3 (s), 1997.3 (vs),
1968.4 (s), 1951.0 (sh). '"H NMR (300 MHz, CDCl;,
ppm): 6 7.42-7.16 (m, 40H, Ph); 7.14 (s, Hy4); 5.78 (1,
2 —-CH, Jpy=6.2 Hz); 3.56 (dt, Jyu=13.1 Hz,
Jpy =10.6 Hz, 2H, ABXY, 2 -CH,-); 3.12 (dt,
JHH =13.2 HZ, JPH =104 HZ, 2H, ABXY, 2 *CHzf).
3C NMR (125 MHz, CDCl;, ppm): 6 205.4 (m, CO);
202.1 (m, CO); 144.5 (t, Jcp = 2.9 Hz, C53/); 136.0 (t,
Jcp =20.0 Hz, i-Ph); 135.2 (t, Jcp = 19.6 Hz, i-Ph);
131.0 (t, Jcp = 6.1 Hz, 0-Ph); 130.5 (t, Jcp = 6.0 Hz, o-
Ph); 128.5 (s br, p-Ph); 1282 (s, Cs4); 127.3 (t,
Jcp = 4.6 Hz, m-Ph); 127.1 (t, Jcp =4.6 Hz, m-Ph);
84.3 (m, C,51); 74.2 (m, Cy1v); 39.9 (t, Jcp = 19.8 Hz, 2
—~CH,-). *'P NMR (121 MHz, CDCl;, ppm): d 43.2 (s
br, 4P, 2 dppm). UV-Vis (CH,Cl,, nm): Ay.x 579, 400
(sh) and 229. MS (FAB™, m/z): 1361.0 [M']; 1333.1
[M" — COJ; 1277.2 [M" — 3COJ; 1137.0 [M™ — 8COl].

2.7. X-ray crystallography

Green crystals of 2,5-[Co,(CO)4(dppm){pr-n>-Si-
Me;C,}],C4H,S, 6, are obtained by recrystallisation of
the complex from CH,Cl,—hexane mixtures. A summary
of selected crystallographic data for 6 is given in Table 3.
Data were collected on a Nonius Kappa CCD diffrac-
tometer using graphite monochromated Mo Ko radia-
tion (A =0.71073 A). A combination of 1° ¢ and w
(with k offsets) scans was used to collect sufficient data.
The data frames were integrated and scaled using the
DENZO-SMN package [17]. The structure was solved
and refined using the sHELXTL/PC V5.1 package [18].
The structure was solved by direct methods and refine-
ment was by full-matrix least-squares on F2 using all
data (negative intensities included). The H atom param-
eters were calculated and atoms were constrained as rid-
ing atoms with U isotropic 20% larger than the
corresponding C-atoms for the phenyl H-atoms and
50% larger for the methyl H-atoms. Anisotropic thermal
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parameters, hydrogen atom parameters and structure
amplitudes are available as supplementary material. Ta-
ble 4 contains selected bond distances and angles. Fig. 2
presents a molecular diagram of 6. CCDC Reference
No. 240985 (compound 6).

3. Results and discussion
3.1. Synthesis and spectroscopic characterization

2,5-Bis(trimethylsilylethynyl)thiophene (L) was ob-
tained in high yield (87%) by coupling reaction of 2,5-
dibromothiophene with TMSA in the presence of
Pd(PPh;), and Cul in triethylamine [16].

Complexes 1 and 2 have been obtained, as red and
green unstable solids, by direct reaction between 2,5-
bis(trimethylsilylethynyl)thiophene (L) and Co,(CO)g
in 1:1.5 and 1:2 ratios, respectively (Scheme 1).

In order to stabilise the dicobalt units by bridging ef-
fect between the two metal atoms, we have prepared
complexes containing dppm or dppa ligands. Phos-
phine-substituted alkyne carbonyl complexes, 2-[Co,
(CO)a(1-X) {12-N?-SiMe;C5}]-5-(MesSiC=C)C4H,S
(X = dppa (3) or dppm (4)) and 2,5-[Cox(CO)4(p-X){po-
N>-SiMe;C»},C4H,S (X = dppa (5) or dppm (6)), can be
prepared by direct reaction between the alkyne and
Co0,(CO)¢(X) (X = dppa or dppm), under thermal condi-
tions in a moderate yield (~30%) or by substitution
reaction of carbonyl ligands in the presence of Me;NO
at the Co,(CO)g units of complexes 1 and 2 (65% yield)
(Scheme 1). This method, used previously in our labora-
tory for the syntheses of organometallic complexes with
P-donor ligands [19], has clear advantages, namely, mild
conditions, short reaction times and higher yields.

The FT-IR spectral changes of these reactions have
been monitored until the ve—=p bands of the parent com-
plex had disappeared. These changes suggest initial for-
mation of monosubstituted intermediate products,
which show five terminal stretching modes vco (2059
(vs), 2024 (vs), 2003 (vs), 1979 (m) and 1959 (m)), in
the characteristic range of analogous compounds where
the ligand occupies an axial site [8,20]. This assumption
is supported by the cleanness of the reactions as evi-
denced by the presence of isosbestic points in the succes-
sive spectra taken during the course of the reactions.
This is followed by loss of CO and formation of the final
product where the two P-atoms are coordinated to the
Co atoms. The *'P NMR data confirm the existence of
these monosubstituted intermediate products; thus the
spectrum presents two signals for both coordinated
modes, monodentate and chelating phosphine (ca.
92.00 ppm (Pcoorq), 43.50 ppm (Pgee) for dppa and ca.
35.00 ppm (Pcoora), —21.81 ppm (Prpee) for dppm).

Desilylation of 3 and 4 could be accomplished by
treatment with BuyNF in THF/MeOH (10:1) (~20%

yield) or with saturated KOH in degassed methanol
(55%) to yield the terminal diyne compounds 7 and 8
as dark red solids. Complex 9 was only obtained when
stronger desilylation conditions were used (BuyNF in
THF/MeOH).

All these compounds have been characterized by ana-

lytical and spectroscopic data (IR, 'H, "H{*'P}, 1°C, *'P
NMR, MS and X-ray crystallography), details of which
are given in Section 2. The IR spectra of 1 and 2 exhibit
three strong absorptions in the carbonyl stretching re-
gion at 2088-2028 cm ™ '; in dppm and dppa substituted
complexes 3-9 these absorptions lie at lower frequencies
2029-1945 cm ™' and the spectral patterns are similar to
those observed for previously reported cobalt-alkyne
and cobalt-substituted-alkyne complexes [1c-1f,2¢,7,8].
Complexes 1, 3, 4, 7 and 8 contain uncomplexed C=C
triple bonds which give a ve—c weak absorption be-
tween 2151 and 2095 cm ™! (as expected the ve—c values
of 7 and 8 are lower than 1, 3 and 4). In addition, desil-
ylateld compounds 7 and 8 exhibit a v—c y at ca. 3300
cm .
The NMR spectroscopic data ("H, *'P and '*C) for
complexes 1-9 are consistent with overall geometry
established in the solid state for complex 6 (Fig. 1), with
the IR spectroscopy studies and with the proposed
structures (Scheme 1).

In 'H NMR spectra, the chemical shifts for the SiMe;
and C=CH protons are found to be very sensitive to co-
balt complexation on the adjacent alkyne bond. As ex-
pected, the NMR spectra show a significant downfield
shift for SiMes and terminal protons in the Co,-func-
tionalized complexes 1-9 by ca. 0.15 and 2.5 ppm with
respect to the free ligand, respectively, in accordance
with the reduction in the C=C triple-bond character
[21]. In addition, the chemical shifts of the thiophene
proton signals were consistent with the incorporation
of 1 and 2 Co,(CO)s or Cor(CO)y(X) (X =dppa or
dppm) units (see Section 2, Table 1). For all dppm-com-
plexes the diastereotopic protons of -CH,— group are
coupled with the two P-atoms, thus they appear as dou-
ble triplet (Table 1, Fig. 1). For complex 9, which con-
tains a terminal alkyne proton, the —CH signal is
coupled with the two chemically equivalent P-atoms
and it appears as triplet with "H—>'P coupling constant
of J=6.2 Hz as in similar compounds [22]. The set of
proton NMR signals, for all complexes, in the range ¢
5.3-7.5 ppm evidences the presence of aromatic rings
of the ligands (phenyl and thiophene).

The *'P spectra, at room temperature, of all com-
pounds 3-9 always show a broad singlet that is shifted
to higher frequencies (ca. 35 and 92 ppm for dppm
and dppa complex, respectively) with respect to the free
ligands because of the coordination.

The '*C NMR chemical shifts of the carbonyls in all
the complexes appear as one or two signals at around ¢
199 ppm or ¢ 202 and 206 ppm, respectively, suggesting
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1.5 eq. Coy(CO)g N\

VN% hexane,25 °C, 1h ]/O\
Me;Si
L

5 4

_ Co(CO), |
?7 R 2<C0)3 2 eq. Coy(CO)g
1
MesSi SiMes
1 97 %
Method A Method B
dppa or dppm Co2(CO)s(dppa)
Method A 60 - 65 % MesNO or
dppa or dppm ’ 25-30%
65-70% hexane, 40°C, 3 days Co2(CO)6(dppm)
Me;NO hexane
hexane, 40°C, 3 days 65°C, 15 days
Co(CO),
(o), -
Y
MesSi SiMes
X=NH (dppa) (5) or X= CH, (dppm) (6)  28-33 %
Co(CO). [ /
o), M
I

SiMes
X =NH (dppa)(3) or X = CH, (dppm) (4)

Method A |  Method B

KOH / MeOH, 25°C, 24h

53 -58 % 18 -21 %

SiMe;

X =NH (dppa) (7) or X =CH,(dppm)(8)

TBAF/ THF(10) : MeOH (1),25°C,24h

55 % TBAF/THF : MeO(10:1),25°C,24h

Scheme 1.

that they are rapidly interchanging on the NMR scale.
The '*C NMR resonances of the free and coordinated
acetylene units were casily observed, and the chemical
shifts of the carbon atoms are in the range of analogous
complexes (0 74-100 ppm) [1d,2c]. Thiophene carbons
appear between 6 118-150 ppm (Table 2). The unambig-
uous assignment (see Section 2) of all carbon atoms has
been carried out by using heteronuclear two-dimen-
sional correlation spectroscopy (HMBC and HMQC).
All compounds gave satisfactory mass spectral data,
thus the positive FAB mass spectra show the respective
molecular ions or M™ — CO, as well as peaks corre-
sponding to the consecutive loss of the CO ligands.
The UV-Vis spectra of all complexes exhibit low
intensity absorption bands with A, between 536 and

595 nm attributed to the d—d transitions. For complexes
2,5, 6 and 9, the presence of the second Co,(CO)g or
Co0,(CO)4X (X = dppa or dppm) unit resulted in a red
shift in these absorption bands. In addition an intense
absorption is observed at ca. 230 nm attributed to n—
7* transition associated with the aromatic group.

3.2. X-ray crystallography

The single-crystal X-ray structure of complex 6 con-
firms the structure presented in Scheme 1. Complex 6
consists of a disubstituted thiophene ring with two bime-
tallic Co units at the 2 and 5 positions. Each bimetallic Co
moiety has two terminal CO ligands on the Co atoms,
bridging dppm ligands and bridging trimethylsilylethynyl
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(a) JH-H
(b)
Jp-H
[ I T [T T [T T \ \ \ \
3.80 3.70 3.60 3.50 3.40 3.30 3.10
ppm
Fig. 1. (a) 'H{>!P} NMR (CDCl;) and (b) 'H NMR (CDCls)spectra for complex 4.
Table 1
Values of & (‘H NMR, CDCl;, ppm) to the compounds 1-9 and 2,5-bis(trimethylsilylethynyl)thiophene (L)
H, Hs or Hy —-C=CH -C-CH —C=CSiMej3 —C-CSiMe; >NH >CH,
L 7.04 (s) =H, 0.24 (s)
7.06 (s)* =H, - - 0.24 (s)* - - -
7.11 (d) 7.09 (d) 0.24 (s) 0.39 (s)
1 JHH =39 Hz JHH =39 Hz - — - -
7.13 (d)* 7.11 (d)* 0.24 (s)* 0.40 (s)*
Juu = 3.8 Hz Jun = 3.8 Hz
2 7.15 (s) =H,y - - - 0.40 (s) - -
3 5.87 (d) 6.60 (d) - - 0.24 (s) 0.37 (s) 395 (v -
Juu = 3.8 Hz Juu = 3.8 Hz Jpu = 6.4 Hz
4 6.46 (d) 6.96 (d) - - 0.26 (s) 0.36 (s) - 3.60 (dt)
JHH =3.7Hz JHH =3.7Hz 3.37 (dt)
5 5.26 (s) =H, - - - 0.37 (s) 395(v) -
JPH =6.5 Hz
6 6.56 (s) =H,4 - - - 0.40 (s) - 3.60 (dt)
3.47 (dt)
7 5.92 (d) 6.64 (d) 3.32(s) - - 0.37 (s) 3.94 (t) -
JHH =3.8 Hz JHH =39 Hz JpH =6.3 Hz
8 6.51 (d) 7.01 (d) 3.37 (s) - - 0.37 (s) - 3.60 (dt)
Jun =3.7 Hz Jun = 3.7 Hz 3.38 (dt)
9 7.14 (s) =H, - 5.78 (1) - - - 3.56 (dt)
Jpy = 6.2 Hz 3.12 (dt)

4 CD,ClL.
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Table 2
Values of 6 (13C NMR, CDCls, ppm) to the compounds 1-9 and 2,5-bis(trimethylsilylethynyl)thiophene (L)
C] Cz C3 C 4 C5 or C4' C(, or C3' C7 or C 2/ Cg or C]'
L 99.7 (s) 97.0 (s) 124.5 (s) 132.1 (s) =C, =C, =G, =C,
1 81.1 (s br) 93.3 (s br) 143.5 (s) 128.8 (s) 133.7 (s) 123.6 (s) 97.2 (s) 100.5 (s)
2 81.5 (s br) 94.1 (s br) 142.8 (s) 130.7 (s) =C, =C, =C, =C,
3 91.1 (m) 92.1 (m) 148.5 (1) 128.5 (s) 133.2 (s) 120.7 (s) 98.9 (s)
Jep =43 Hz 98.6 (s)
4 89.9 (m) 93.1 (m) 150.7 () 126.0 (s) 133.2 (s) 121.0 (s) 98.7 (s)
Jep = 3.8 Hz 98.2 (s)
5 89.0 (m) 92.4 (m) 142.8 (m) 128.7 (s) =C, =C, =C, =C,
6 89.5 (¢) 93.5 (t) 145.8 (1) 127.2 (s) =C, =C, =C, =C,
Jcp =9.8 Hz JCP =6.5 Hz JCP =29 Hz
7 91.1 (m) 91.9 () 149.1 (1) 128.1 (s) 133.5 (s) 119.5 (s) 78.2 (s) 81.1 (s)
Jcpz 11.0 Hz Jcp=3.8 Hz
8 91.1 (m) 93.0 (m) 150.0 (t) 124.7 (s) 132.5 (s) 118.6 (s) 76.5 (s) 80.1 (s)
Jep=2.9 Hz
9 74.2 (m) 84.3 (m) 144.5 (t) 128.2 (s) =C, =C, =G, =C,
JCP =29 Hz
ligands. The geometric parameters for 6 have been sum- Table 3
marized in Table 3. Table 4 contains selected bond dis- Crystal data and structure refinement for compound 6
tances and angles, Fig. 2 presents a view of the Empirical formula C73HesCl3Co405P4SSi,
molecule with the atom-labelling scheme and Fig. 3 is Formula weight 1624.44
h ded 6 Temperature 297(2) Ka
the extende structure? 0 . o Wavelength 0.71073 A
Complex 6 crystallizes in the monoclinic space group Crystal system P2()e
P2,/c, with one molecule in the asymmetric unit. The Space group Monoclinic
structure also contains one molecule of chloroform that Unit cell dimensions .
is grossly disordered, which could not be modeled satis- Z 3;‘9‘23% :
factorily. The contribution from this solvent molecule . 52:5016(8) A
was removed from the observed data using SQUEEZE o 90°
in the software program PLATON, but the atom count B 91.441(9)°
from the CHCIs is included in the empirical formula v 90° -
[23]. Although the complex does not contain any crystal- ; 3029'6(2) A
lographic symmetry, the mole.:cule is symmetric about a Dt 1.344 Mg/m’
mirror plane through the thiophene moiety, the bond Absorption coefficient 1.096 mm~"
lengths are sufficiently comparable such that discussion F(000) 3320
. . : 3
will be confined to one half of the molecule. A highly Crystal size ‘ 0.10x0.07 % 0.04 mm
distorted tetrahedron is formed by the coordination of 0 range for data collection 0.78-25.79
. . . . Index ranges —14<h<14, -15< k<15,
the dicobalt units with the ethynyl carbons, with a _e3< <62
Co(1)-Co(2) bond length of 2.504(1) A, and the average Reflections collected 49454
Co-C bond length was determined to be 1.971(1) A. Independent reflections 14832 [Riy = 0.0728]
Co—Co distances Completeness to 0 = 25.79° 96.0%

Comparable of 2.4892(4) and
2.4906(4) A are reported for the related compound
{(Coz(CO)4dppm)(u2-n2-SiMe3C2)}Z(SiMe3CEC)(1 ,3,5-
Ce¢H3) [7]. The distance between the two Co, moieties
was found to be 8.26 A, which was calculated by placing
a centroid between Co(l) and Co(2), and similarly
Co(3) and Co(4), and then determining the distance

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F2

Final R indices [/ > 2a(])]

R indices (all data)

Largest diff. peak and hole

0.9575 and 0.8983

Full-matrix least-squares on F~
14832/0/826

0.947

R; =0.0716, wR, =0.1797

R, =0.1254, wR, = 0.2009
0.630 and —0.581 ¢ A3
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Table 4 .
Selected bond distances (A) and angles (°) for 6

Co(1)-Co(2) 2.504(1)  Co(3)-Co(4) 2.493(1)
Co(1)-C(6) 1.958(6)  Co(3)-C(40) 1.978(6)
Co(1)-C(5) 1.993(5)  Co(3)-C(39) 2.006(5)
Co(1)-C(7) 1.75509)  Co(3)-C(41) 1.765(7)
Co(1)-C(8) 1.792(7)  Co(3)-C(42) 1.786(8)
Co(2)-C(5) 1.949(5)  Co(4)-C(39) 1.945(5)
Co(2)-C(6) 1.985(6)  Co(4)-C(40) 1.973(5)
Co(2)-C(9) 1.791(7)  Co(4)-C(43) 1.768(8)
Co(2)-C(10) 1.778(8)  Co(4)-C(44) 1.804(7)
Co(1)-P(1) 2.2272)  Co(3)-P(3) 2.222(2)
Co(2)-P(2) 2211(2)  Co(4)-P(4) 2.220(2)
Si(1)-C(6) 1.857(6)  Si(2)-C(40) 1.834(6)
C(7)-Co(1)-C(8) 101.23)  C@1)-Co(3)-C@2)  101.3(3)
C(7)-Co(1)-C(6) 101.93)  C@1)-Co(3)-C(40)  103.0(3)
C(8)-Co(1)-C(6) 103.3(3)  C(42)-Co(3)-C(40)  99.9(3)
C(7)-Co(1)-C(5) 101.3(3)  C@41)-Co(3)-C(39)  103.0(3)
C(8)-Co(1)-C(5) 140.13)  C@42)-Co(3)-C(39)  137.23)
C(6)-Co(1)-C(5) 39.7(2) C(40)-Co(3)-C(39)  40.4(2)
C(7)-Co(1)-P(1) 97.5(2) C(41)-Co(3)-P(3) 97.5(2)
C(8)-Co(1)-P(1) 105.82)  C(42)-Co(3)-P(3) 110.2(2)
C(6)-Co(1)-P(1) 140.8(2)  C(40)-Co(3)-P(3) 139.2(2)
C(5)-Co(1)-P(1) 103.32)  C(39)-Co(3)-P(3) 100.9(2)
C(7)-Co(1)-Co(2) 149.6(2)  C(41)-Co(3)-Co(4)  151.0(2)
C(8)-Co(1)-Co(2) 99.0(2) C(42)-Co(3)-Co(4)  96.3(3)
C(6)-Co(1)-Co(2) 51.1(2) C(40)-Co(3)-Co(4)  50.8(2)
C(5)-Co(1)-Co(2) 49.8(2) C(39)-Co(3)-Co(4)  49.8(1)
P(1)-Co(1)-Co(2) 98.48(6)  P(3)-Co(3)-Co(4) 97.88(5)
C(10)-Co(2)-C(9) 101.1(3)  C@43)-Co(4)-C(44)  100.1(3)
C(10)-Co(2)-C(5) 97.6(3) C(43)-Co(4)-C(39)  97.5(3)
C(9)-Co(2)-C(5) 140.13)  C(44)-Co(4)-C(39)  143.8(3)
C(10)-Co(2)-C(6) 105.03)  C(43)-Co(4)-C(40) 101.9(3)
C(9)-Co(2)-C(6) 100.93)  C(44)-Co(4)-C(40)  104.0(3)
C(5)-Co(2)-C(6) 39.8(2) C(39)-Co(4)-C(40)  41.1(2)
C(10)-Co(2)-P(2) 98.5(2) C(43)-Co(4)-P(4) 99.8(2)
C(9)-Co(2)-P(2) 107.3(2)  C(44)-Co(4)-P(4) 106.1(2)
C(5)-Co(2)-P(2) 104.42)  C(39)-Co(4)-P(4) 101.7(2)
C(6)-Co(2)-P(2) 138.8(2)  C(40)-Co(4)-P(4) 138.8(2)
C(10)-Co(2)-Co(1)  148.7(2)  C(43)-Co(4)-Co(3)  148.4(2)
C(9)-Co(2)-Co(1) 102.32)  C(44)-Co(4)-Co(3)  102.3(3)
C(5)-Co(2)-Co(1) 51.3(2) C(39)-Co(4)-Co(3)  52.0(2)
C(6)-Co(2)-Co(1) 50.1(2) C(40)-Co(4)-Co(3)  51.0(2)
P(2)-Co(2)-Co(1) 94.14(5)  P(4)-Co(4)-Co(3) 95.15(5)
P(1)-C(14)-P(2) 110.03)  P(1)-C(14)-P(2) 110.0(3)
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between the two centroids which spans across the
thiophene ring.

The coordination geometry of each Co is similar to a
pyramid with a pentagonal-shaped base, where the Co is
in the centre of the pyramid. The distortion of the pyr-
amid is due to the constrained tetrahedron comprised
of Co(1)-Co(2)-C(5)-C(6), as well as the bridging of
the dppm ligand. The carbonyl moieties coordinate to
the Co atoms in the least sterically hindered sites, thus
making up the pyramid. The apex of the pyramid is
one of the carbonyl groups, and the base is comprised
of the other carbonyl group, one of the phosphorus
atoms of the dppm ligand, the two ethynyl carbons,
and the other Co atom. The bond lengths of the apex
carbonyls to the Co atoms, C(8)-Co(l) and C(9)-
Co(2), are 1.792(7) and 1.791(7) A, respectively. These
bond lengths are not statistically different from the base
carbonyls to Co atoms, which are 1.755(9) and 1.778(8)
A, for C(7)-Co(1) and C(10)-Co(2), respectively. The
dihedral angle comprised of Co(2)-C(5)-C(6)-Co(1)
was determined to be —84.9(2)°, whereas the dihedral
angle comprised of C(5)-Co(2)-Co(1)-C(6) was deter-
mined to be —52.2(3)°. The analogous dihedral angle
of P(2)-Co(2)-Co(1)-P(1) was determined to be
—4.90(6)°, thus suggesting a greater strain on the dico-
balt units by the coordination of the ethynyl carbons
compared to the bridging of the dppm ligand. The bite
angle of the dppm ligand was found to be 110.0(3)°,
which is consistent to analogous bite angles of dppm
on Co—Co complexes [24]. The C(5)-C(6) bond length
of the bridging ethynyl ligand is 1.341(7) A, which is
consistent with reported dicobalt ethynyl complexes
[25].

The bond lengths of the Co atoms to the phosphorus
atoms of the dppm ligand are 2.227(2) A and 2.211(2) A
for Co(1)-P(1) and Co(2)-P(2), respectively. The Co-P
bond lengths of the same dppm are statistically different;
however, no chemical significance is ascribed to the

’;Il; (53)

g ARSI
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2 F\C163)
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!7 Cl64)
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Fig. 2. ORTEP diagram of 6, with 35% ellipsoids. Hydrogen atoms have been removed for clarity.



A. Arnanz et al. | Journal of Organometallic Chemistry 689 (2004) 3218-3231 3227

Fig. 3. Extended structure of 6 showing cavities where the contribution from grossly disordered chloroform solvent molecules occupied.

difference. The phenyl rings on the dppm ligand are ori-
ented in a fashion such that the rings twist in the same
direction with respect to each other in order to minimize
steric crowding. The average carbonyl C=O bond
length was determined to be 1.138(2) A, where all of
the bond lengths were sufficiently similar (differences be-
tween the bond lengths were below 1¢). The thiophene
ring is essentially planar with a root mean square devia-
tion of 0.0032 A. There does not appear to be any intra-
molecular hydrogen bonding within the molecule.

3.3. Electrochemical studies

Table 5 summarizes data of Ej/, for the electrochem-
ical oxidation and reduction of compounds 1-9. The lig-
and L does not present any oxidation or reduction peaks
in the potential range between —1.8 V and +1.6 V vs.
Fc**/Fc* (Fc* = decamethylferrocene) in CH,Cl, and
THF solution.

3.3.1. Electrochemistry of 1-2

The cyclic and square-wave voltammetry (CV and
SWV, respectively) in CH,Cl, solution of the Co,
(CO)C, derivative 1 at room temperature show a

completely irreversible reduction wave at £, = —1.05 V
vs. Fc*"/Fc* (SWV) and at E,.=—1.14 V (CV, at a
sweep rate v=0.1 Vs '). Upon scan reversal in CV,
no coupled anodic peak is observed, but a new irrevers-
ible peak at +0.12 V appears. This behaviour resembles
other related Co,(CO)¢(alkyne) derivatives [6d,7,8,26—
29] and indicates that a monoelectronic reduction proc-
ess is followed by the fast decomposition of the radical
anion 17 in a variety of fragments (EC mechanism)
including Co(CO),~, which is oxidised at 0.12 V. At
—30 °C, the chemical disintegration of 1~ is much
slower, as the CV shows a quasi-reversible reduction
wave (ipa/ipe =~ 0.6 at 0.1 Vs~', Ejp=-1.01 V) and
the diminution of the peak at 0.12 V; however, other
new small anodic peaks can be observed at —0.61 and
—0.44 V (Fig. 4(a)).

The oxidation of 1 in CH,Cl, is chemically irreversi-
ble at room temperature and at 0.1 Vs~ (Epa =1.27V)
but, as the sweep rate increases, a coupled cathodic
peak can be gradually observed, indicative of an EC
process (ipc/ipa = 0.55 at 2 'V s7"). Accordingly, sweeps
at —30 °C (Fig. 4(b)) show a partially chemically revers-
ible wave (ipe/ipa ~ 0.55 at 0.1 V's~'). The chemical reac-
tion following the oxidation to 17 leads to a strong

Table 5
Electrochemical data for 1-9?
E,; for reduction AEy); (red) E,, for oxidation AEy); (ox)
1 —1.01° 1.23°
2 —0.97°% —1.08° 0.11° 1.13%; 1.37° 0.24
3 —1.51° 0.61 (0.61)
4 —1.58° (—1.65) 0.67 (0.66)
5 —1.55% —1.67° (—1.68°); (—1.84%) 0.12° (0.16°) 0.47; 0.76 (0.44); (0.72) 0.29 (0.28)
6 —1.55% —1.68° 0.13° 0.54, 0.83 0.29
7 —1.50 0.63
8 —1.53° 0.69
9 —1.53% —1.66° 0.13° 0.50; 0.70 0.20

2 In V vs. Fc**/Fc* in CH,Cl, solution (values in italics are in THF solution). Data are taken from CV and SWV at 25 °C unless otherwise stated.

® From CV and SWV at —30 °C.
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Fig. 4. Cyclic voltammograms for the reduction (a) and oxidation (b)
of a solution of 1 in CH,Cl, containing 0.2 M TBAPFg at 0.1 Vs~!
and —30 °C. Glassy carbon working electrode.

contamination of the electrode surface (Pt and glassy
carbon) by an adsorbed substance that is reduced in a
subsequent negative cycle at ca. —0.7 V. The result of
this reduction is a new adsorbed product that is oxidized
at ca. 0.55 V. This behaviour has also been found in this
laboratory with other related derivatives, like x-[Co,
(CO)6{pr-n*-SiMe3Ca}-p-(MesSIC=C)C4H,S,  (x =2,
3 and y=4; x =2 and y = 3) and even the simple Co,
(CO)6{p-n>-SiMesC,H} [30]. The product of the reduc-
tion at ca. —0.7 V must be adsorbed cobalt (0), which is
desorbed by oxidation at ca. +0.55 V, as the same
anodic desorption peak is obtained from a solution of
CoCl, after its reduction.

The reduction of 2, which contains two equivalent
C,Co0,(CO)g redox centres, is irreversible at 25 °C
(Epe =—1.05 V at 0.1 Vs~!), but two distinct peaks
are observed in SWV. At —30 °C, CV shows two peaks
with coupled anodic ones, indicating enhanced chemical
reversibility. Therefore, the stability of the 27 anion ob-
tained in the first reduction process is much higher than
that observed in other related complexes [29-32], but
equivalent to that found in this laboratory for {(Co,
(CO)6)2-M-SiMe3Ca}5(SiMesC=C)(1,3,5-C¢H3)  [7].
The CV oxidation of 2 in CH,Cl, leads to two quasi-re-
versible waves at 25 °C which are almost completely
reversible at —30 °C. Table 5 assembles E|,, values.

It is noteworthy that very few studies can be found in
the literature on the oxidation of Co,(CO)g(alkyne)
derivatives. Wong et al. [le] reported the reduction of
the complex 5,5'-[{C0(CO)¢} {1-n*-SiMe;C,}]»-2,2'-
(C4H,S), in CH,Cl,, which takes place irreversibly at
—1.58 V wvs. the ferrocene (Fc) couple (—1.03 V wvs.
Fc**/Fc*, see Section 2) at room temperature. They ob-
served an anodic peak at 0.71 V vs. Fc'/Fc (1.26 V vs.
Fc**/Fc*) which was assigned to the oxidation of
[Co(CO)47] resulting from the decomposition of the
electrogenerated monoanion. However, this potential
value is far too positive for [Co(CO)4 ]; when CV is per-

formed to a solution of Co,(CO)g in CH,Cl,, an irre-
versible reduction peak is observed at —0.52 V and,
upon scan reversal, [Co(CO), ] oxidation takes place
at +0.12 V (measurement in our laboratory). Further-
more, Wong et al. performed experiments at —78 °C,
where the chemical reaction following reduction of their
complex was completely quenched and, correspond-
ingly, found two reversible reduction peaks. In this latter
case, they still found the oxidation peak, now at +0.66 V
vs. Fc*/Fc (1.21 V vs. Fc**/Fc*). All this data indicate
that the anodic peak corresponds to the oxidation of
the original complex 5,5-[{C0(CO)¢} {-1>-Si-
Me;Cs,1]>-2,2'-(C4H5S),, which takes place at a potential
value quite similar to 2.

Jung et al. [6d] have studied some closely related com-
plexes, 2,5-[Co(CO)6{1>-1*-RC5}]>(C4HS) (R = n-bu-
tyl, phenyl), but only at room temperature, where they
found irreversible waves both for reduction and oxida-
tion. The potential values reported are consistent with
our data for 2.

The appearance of two different reduction and oxida-
tion peaks for 2 and not of a single bielectronic wave in
each case indicates the existence of interaction between
the redox centres through the thiophene ligand. The sep-
aration between the different peaks (AE;),) is a measure
of the magnitude of this effect and, for 2 corresponds to
class II systems in the Hush—-R obin—Day classification of
mixed-valence compounds (systems with low-moderate
electronic delocalization) [5d,33].

3.3.2. Electrochemistry of 3—9

The coordination of dppm or dppa phosphorous lig-
ands to the Co,C, core increases its electron density and
facilitates oxidation, whereas it is necessary to apply
potentials 0.5 — 0.6 V more negative than in 1-2 to
achieve reduction. The chelating phosphine ligands also
contribute to the stabilization of the Co-Co bond,
increasing the lifetimes of the radical anions and cations.

In the room temperature CV and SWV oxidation of
3,4, 7 and 8, one chemically reversible wave is obtained
with i,./ip, = 1 in the 0.02-10 V s~! range of CV sweep
rates (Fig. 5, Table 5). Thus, 3", 4%, 7" and 8" are chem-
ically stable under the actual conditions of the experi-
ment. Ej, in CH,Cl, is ca. 0.62 V and ca. 0.56 V less
positive than for 1 for the dppa- and dppm-substituted
complexes, respectively. This 0.06 V difference between
the derivatives of the two different phosphine ligands
has also been observed for Co,(CO)4L(1y-1>-Mes-
SiC,C=CSiMes;), where L is dppa or dppm [8].

The CV and SWYV reduction of 3, 4, 7 and 8 at 25 °C
takes place at a very negative potential, and a single,
partially chemically reversible peak is obtained in
CH,CI, (Fig. 6(a)). ipa/ipe increases with v at room tem-
perature, whereas almost complete chemical reversibility
is attained at —30 °C (for 3, i,./i,c = 1 even at a sweep
rate as slow as 0.02 Vs~ !, Fig. 6(b)), indicating that
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Fig. 5. Cyclic (—) and square wave (——-) voltammograms for the
oxidation of 7 in CH,Cl, containing 0.2 M TBAPFy at 25 °C. CV:
v=0.1 Vs~'. SWV: scan increment = 2 mV, SW amplitude = 25 mV;
frequency = 60 Hz. Pt working electrode.
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Fig. 6. Cyclic voltammograms for the reduction of 3 in CH,Cl,
containing 0.2 M TBAPF4 at 0.1 Vs~'. (a) At room temperature on a
Pt working electrode; 0.2 V s (==-), 0.5 Vs~ (—). (b) At =30 °C on
a glassy carbon working electrode; 0.02 Vs™! (- - =), 0.05 Vs~! (—),

the stabilising effect of the chelating dppm and dppa lig-
ands makes the fragmentation of 37, 47, 7~ and 8~
much slower than for the parent 17. The reduction of
complex 4 was also performed in THF solution; in this
solvent, complete chemical reversibility is observed at

25°Ceven at v = 0.1 Vs~ '. The shift in £/, upon dppm
or dppa coordination (between 0.50 and 0.57 V, see Ta-
ble 5) and the increased lifetime of the radical anions are
consistent with reported data [31,34,35]. It is noteworthy
that the dppa derivatives 3 and 7 which, as above men-
tioned, are easier to oxidize, also have the less negative
reduction potentials. This behaviour was also observed
for related compounds [8].

The electrochemical oxidation of 5, 6 and 9 shows
two sequential reversible waves at 25 °C both in CV
(ipalipe = 1 in the 0.02-10 Vs~' range) and SWV (Fig.
7). Correspondingly, the CV and SWV reduction of 5
and 6 displays two distinct waves at —30 °C, which
are completely reversible at this low temperature (Fig.
8). On the other hand, for the reduction of 9 two peaks
are only distinguished in SWV at —30 °C (an irreversible
complex peak is observed in CV). E,, values are assem-
bled in Table 5.

Current (LA)

0.0 0.5 1.0
Potential (V vs Fc**/Fc*)

Fig. 7. Cyclic (—) and square wave (——-) voltammograms for the
oxidation of 5 in CH,Cl, containing 0.2 M TBAPF at 25 °C. CV:
v=0.1 Vs~'. SWV: scan increment = 2 mV, SW amplitude = 25 mV;
frequency = 30 Hz. Pt working electrode.

Current (LA)

-2.0 -1.5 -1.0
Potential (V vs Fc*+/Fc*)

Fig. 8. Cyclic (—) and square wave (——-) voltammograms for the
reduction of 5 in CH,Cl, containing 0.2 M TBAPF¢ at —30 °C. CV:
v=0.1 Vs~ '. SWV: scan increment = 2 mV, SW amplitude = 25 mV;
frequency = 30 Hz. Glassy carbon working electrode.
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From the oxidation waves, AE, is 0.29 Vin 5 and 6
and 0.20 V in 9, a bigger value than that obtained from
the reduction processes (AEj, =0.12-0.13 V). Differ-
ences in AE;, for oxidations and reductions are not
unusual [31,36], as different MOs are involved in each
process and through-bond interactions dominate
through-space ones in these systems with a n-delocalised
spacer [10f]. Both AE}), are in the range corresponding
to class II mixed-valence compounds, and it can be con-
cluded that there is low-moderate interaction between
the two equivalent organometallic redox centres in 5, 6
and 9.
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