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ABSTRACT  

A series of thiophene tungsten Fischer carbene complexes of type [(CO)5W=C(OMe)R] (1, R = 

2-Th; 3, R = fcthFc) and [(CO)5W=C(OMe)-R'-(OMe)C=W(CO)5] (2, R' = th; 5, R' = fcthfc) was 

synthesized for investigating low energy charge transfer interactions between the carbene 

substituents and the transition metal carbonyl fragment incorporating the thiophene heterocyclic 

system (Th = Thienyl; th = 2,5-thiendiyl; Fc = ferrocenyl; fc = 1,1’-ferrocenediyl). 

Electrochemical investigations were carried out on these complexes to get a closer insight into 

the electronic properties of 1, 2, 4 and 5. They reveal reversible one-electron redox events for the 
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ferrocenyl moieties. Moreover, typical electrode reactions could be found for the carbene 

reductions itself and for the tungsten carbonyl oxidation processes. However, for the thiophene 

complex 2 two well-separated one-electron reduction events were observed. During the UV-Vis-

NIR spectroelectrochemical investigations typical low energy absorptions for the mixed-valent 

α,α’-diferrocenyl thiophene increment were found, as well as high energy NIR absorptions, 

which were attributed to metal-metal charge transfer transition between the tungsten carbonyl 

increment and the ferrocenyl units in the corresponding species. Further infrared 

spectroelectrochemical studies reveal that the electronic interactions in the corresponding 

cationic species can be described with weakly coupled class II systems according to Robin and 

Day. 

Keywords: 

Spectroelectrochemistry; metal-metal interaction; ferrocenyl; 2,5-diferrocenylthiophene; 

tungsten Fischer carbene complexes 

 

1.  Introduction                                                                                                                                     

In recent years, the application of Fischer carbene complexes has expanded from catalysis, 

auxiliary ligands and application in organic chemistry to electronic probes and potential 

molecular wires [1]. These applications have mostly evolved around the M=C carbene double 

bond but interest in the electrochemical properties of carbene complexes was the prelude to new 

applications, especially in the field of catalysis [2]. Fischer carbene complexes are excellent 

candidates for electrochemical studies as redox centers, can be extended from mono- to 
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polymetallic [3], and organic or organometallic π-conjugated linkers can be used to separate 

transition metal moieties [4]. Combining the properties of Fischer carbenes with π-conjugated 

bridges could result in the design of new push-pull systems with novel non-linear optical (NLO) 

character. In our recent papers we paid attention to metal-metal interactions in Fischer carbenes 

on ferrocenyl and biferrocenyl tungsten alkylidene complexes [5]. UV-Vis-NIR 

spectroelectrochemical investigations revealed a high energy NIR absorption which was 

attributed to a metal-metal charge transfer transition (MMCT) between the tungsten and 

ferrocenyl/biferrocenyl moieties. Within this context, the use of redox active metal-based temini 

offers the possibility to design new materials, such as semiconducting polymers and molecular 

wires. 

In this study we describe synthesis and characterization of tungsten thienyl and 2,5-

diferrocenylthiophenes mono- and biscarbene Fischer complexes (Scheme 1). Electrochemical 

and spectroelectrochemical properties were investigated. 

 

2.  Results and Discussion  

2.1  Synthesis and spectroscopic characterization  

The tungsten Fischer carbene complexes 1, 2, 4 and 5 were prepared employing the classical 

Fischer carbene synthesis: W(CO)6 was reacted with relevant lithiated species of thiophene, 2,5-

dibromothiophene (2,5-ThBr2) and 2,5-di(1’-bromoferrocenyl)thiophene (3) to form the 

respective metal acylates. After alkylation with methyl trifluoromethanesulfonate (MeOTf), 

neutral complexes were isolated as red/purple – dark brown solids. Complex 1 was previously 

synthesized and spectroscopically characterized, but single crystal x-ray diffraction data were not 
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reported [6]. The ethoxy-analogue of compound 1 has also recently been electrochemically 

characterized [7]. 

 

Scheme 1.  Atom numbering scheme used for the series of complexes studied. Reaction 

conditions: (a) (i) R = H, thf, -80 
o
C, 

n
BuLi; (ii) W(CO)6, -50 

o
C; (iii) CH2Cl2, -50 

o
C, MeOTf. 

(b) (i) R = Br, thf, -40 
o
C, 

n
BuLi; (ii) W(CO)6, -40 

o
C; (iii) CH2Cl2, -30 

o
C, MeOTf. (c) (i) thf, 

FcBr2, -100 
o
C, 

n
BuLi; (ii) ZnCl2·2thf, 0 

o
C; (iii) 2,5-ThBr2, [Pd], 55 

o
C. (d) (i) thf, -40 

o
C, 

n
BuLi; (ii) W(CO)6, -40 

o
C; (iii) CH2Cl2, -30 

o
C, MeOTf. 

 

Lithiated thienyl/biferrocenylthiophenes were generated in situ from respective brominated 

precursors by lithiation or lithium-bromine exchange reactions according to literature procedures 

[8]. Purification of these complexes was done by column chromatography. Compounds 1, 2, 4 

and 5 are stable toward moisture and air in the solid state and in solution. Compound 3 was 

synthesized by employing the palladium-promoted Negishi C,C cross-coupling protocol [9] 

using 1,1’-dibromoferrocene and 2,5-dibromothiophene. The catalyst used was 

[Pd(CH2CMe2P
t
Bu2)(μ-Cl)] [10]. 
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Table 1. Selected NMR data and the infrared ν(CO) stretching frequencies (A1'') of Fischer 

carbenes 1, 2, 4 and 5. 

Compd. 
Hα δ

a 

1
H [ppm] 

Ccarbene δ
a 

13
C{

1
H} [ppm] 

A1
''
ν(CO)

b 

[cm
-1

] 

1 8.17 293.39 2069 

2 7.95 296.50 2062 

4 4.93 307.75 2062 

5 4.93 308.47 2060 

a
 CDCl3. 

b
 CH2Cl2. 

The electronic effects of the carbene substituents in the named compounds can be followed in 

solution by both NMR and IR spectroscopy. The proton α to the carbene substituent in thienyl 

and ferrocenethiophenes experiences the greatest deshielding (Table 1) and corresponds well to 

the substituent effect of, for example, an ester functionality instead of a metal carbonyl fragment 

[11]. Stabilization of the electrophilic carbene carbon also occurs in a similar way as with the 

ester analogues: via π-delocalisation of the heteroaryl ring. As expected, this effect is also seen in 

the A1'' CO stretching frequency which decreases as electron density donation from the 

heteroatom increases [12]. Due to the relative insensitivity of the carbonyl stretching frequencies 

toward the changes on the carbene substituents [13], little difference is observed in the measured 

IR frequencies for this series of complexes.  

2.2  Electrochemistry  

The electrochemical studies of complexes 1, 2, 4 and 5 were carried out under an argon 

atmosphere in dichloromethane solutions containing [N
n
Bu4][B(C6F5)4] (0.1 M) as supporting 

electrolyte. An OTTLE [14] (Optically Transparent Thin Layer Electrochemistry) cell was used 

during the spectroelectrochemical investigations (Experimental Section).  
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During the electrochemical study of 1, two significant redox events could be detected. A 

reduction process at Epc = -1745 mV, which is associated with the reduction of the carbene center 

itself, and a tungsten carbonyl oxidation reaction at Epa = 820 mV (Table 2 and Fig. 1). Similar 

observations were made for other Fischer carbene complexes previously [5-7]. Furthermore, a 

second tungsten carbene moiety on the thiophene system (2) results in a more anodic, 

irreversible tungsten oxidation process starting from Epa = 850 mV (Table 2 and Fig. 1). In 

contrast, two reversible [15] one-electron reduction events could be detected for 2 at E
0’ 

= -1320 

mV and -1060 mV, wherein the generation of the monoanion takes place around 600 mV more 

anodic as observed for 1 (Table 2, Fig. 1). The corresponding redox separation (∆E
0’

 = 260 mV) 

suggests an interaction of the Fischer carbene moieties in 2
-
 over the thiophene bridge (vide 

infra).  

A combination of the 2,5-diferrocenyl thiophene [16] system with one carbene fragment (4) 

results also in a significant anodic shift for the first ferrocenyl redox process compared to the 

2,5-diferrocenyl thiophene [16].
  

The second iron-based oxidation process for 4 could be 

observed at 420 mV, further increasing of the potential leads to the typical irreversible tungsten 

carbonyl oxidation process around 1100 mV vs FcH/FcH
+
 (Table 2, Fig. 1).  
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Fig. 1. Cyclic voltammograms of Fischer type carbenes 1 (left top), 2 (right top), 4 (left bottom) 

and 5 (right bottom). Scan rate: 100 mVs
-1

 (full range cyclic voltammograms of 2 and 5 at 300 

mVs
-1

) in dichloromethane solutions (1.0 mmol
.
L

-1
) at 25 °C, supporting electrolyte 

[N
n
Bu4][B(C6F5)4] (0.1 mol

.
L

-1
). In case of the full range cyclic voltammograms the initial cycle 

is shown, arrows indicate the potential direction. For cyclic voltammetry data see Table 2. 

 

The generation of 4
-
 could be detected at Epc ≈ -210 mV. In case of the biscarbene 5, the first 

ferrocenyl based redox event was observed at E
0’ 

= 230 mV, approximately 220 mV more anodic 

as detected for the corresponding 4/4
+
 redox event, but even slightly more cathodic as for the 

previously described ferrocenyl tungsten Fischer carbene system [5]. The redox potential of the 

5
+
/5

2+
 process was determined to E

0’ 
= 475 mV vs FcH/FcH

+
. Hence, the corresponding redox 

separation is very similar as observed for the 2,5-diferrocenyl thiophene system itself under 

comparable conditions (Table 2, Fig. 1) [16].  
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Table 2. Cyclic voltammetry data (potentials vs FcH/FcH
+
) of 1.0 mmol

.
L

-1
 solutions of 1, 2, 4 

and 5 in dry dichloromethane containing 0.1 mol
.
L

-1
 of [N

n
Bu4][B(C6F5)4] as supporting 

electrolyte at 25 °C. 

    

KC  

[10
4
]

c
 

Compd. 

E
0’
/∆Ep/∆E

0’
 [mV]

f 

Wave (no.) 

(1) (2) (3) (4) 
 

 

1 

 

-1710/80  

(0.33
c
, -1665

d
, -

1745
e
) 

 

775/95  

(0.31
b
, 820

d
, 

725
e
) 

 

 

 

 
 

2 
-1320/65  

(0.90
b
) 

-1060/60/260 

(0.95
b
) 

850
a,d

/ -     2.5 

4 
-2095

a,e
/ - 

(0.49
a,c

) 

10/70 

(1.00
b
) 

420/70/410 

(0.97
b
) 

1135
d
/ - 858.8 

5 
-2095

a,e
/ - 

(0.44
a,c

) 

230/65 

(0.97
b
)
 

475/70/245 

(0.97
b
) 

1135
a,d

/ -    1.4 

 

 
a
 300 mVs

-1
. 

b
 ipc/ipa. 

c
 ipa/ipc. 

d
 Epa. 

e
 Epc. 

f
 E

0’
: Formal potential. ∆Ep: Difference between the 

oxidation (Epa) and reduction (Epc) peak potential) [18]. ∆E
0’

: Redox separation (∆E
0’

 = E
0’

(2) - 

E
0’

(1)). 
c
 KC: Comproportionation constant  (   ( 

     

  )). 

 

A partial reversible reduction event could be detected in the cathodic end of the 

electrochemical window with an ipc value nearly twice as large as observed for the 5/5
+
 process 

(Table 2, Fig.’s 1 and S-1) [17]. Thus, the reduction events of the Fischer carbene centers in 5 

occur very close together. This fact suggests only a very weak interaction between the Fischer 

carbene increments. Similar findings were made for ferrocenediyl and biferrocenediyl biscarbene 

complexes recently [5]. The tungsten carbonyl oxidation electrode reactions of 5 were detected 

in the same potential range as observed for ferrocenyl thiophene 4 (Table 2, Fig. 1). 
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In order to get a closer insight into the oxidation process of 2, 4 and 5 spectroelectrochemical 

studies were carried out by a stepwise increase of the potential vs Ag/AgCl in an OTTLE [14] 

cell using a 0.1 M dichloromethane solution of [N
n
Bu4][B(C6F5)4] as supporting electrolyte. This 

procedure allows for the in situ generation of intervalent species such as 2
n-

, 4
n+

 and 5
n+ 

(n = 1, 

2). Within the deconvolution procedure of NIR absorptions, transitions with Gaussian shapes 

were taken to get fits good enough to allow an almost exact overlay of the sum of the spectral 

components with the experimental spectra. 

   All neutral Fischer carbene complexes do not display, as expected, any absorptions in the 

NIR range (Fig.’s 3, 4 and S-2). For calculation of the theoretical bandwidth at half height 

(Δν1/2(theo)) in asymmetric systems, the energy gap between the diabatic states (ΔG
0
) could be 

estimated, using the difference in oxidation potentials of the two redox sites [19]. Regarding this, 

the oxidation potential of (CO)5W=C(OMe)Me [20] as well as the formal potential of the Fc/Fc
+
 

redox process of (CO)5W=C(OMe)Fc [5]
Error! Bookmark not defined.

 were used (Table 3). Within the 

UV-Vis-NIR spectroelectrochemical investigations of 2 no noteworthy absorptions could be 

recorded in the NIR range (Fig. S-2). However, the strong UV-Vis absorptions of 2 around 340 

nm and 550 nm decreases if reduction takes place and new absorption bands especially between 

580 nm and 800 nm could be observed. Further reduction leads to a vanishing of the latter 

absorptions (Fig. S-2).  
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Fig. 2.  Infrared spectra of 2, 4 and 5 at rising potentials (top: -200 to -750 mV; middle: -100 to 

650 mV; bottom: -100 to 710 mV). All potentials vs Ag/AgCl at 25 °C in dichloromethane on 5 

mM analyte solutions, supporting electrolyte [N
n
Bu4][B(C6F5)4] (0.1 M). Arrows indicate 

increasing or decreasing as well as shifting absorptions. 

 

During the infrared spectroelectrochemistry of 2, significant changes in ν(CO) stretching 

frequecies could be detected during the successive in situ generation of 2
-
 (Fig. 2). Thus, the 

absorption of the original A1'' mode, at 2062 cm
-1

 decreases together with an rising absorption 

band at 2045 cm
-1

 (Fig. 2). This suggests a significant interaction between the two Fischer 
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carbene increments over the thiophene connectivity within the infrared timescale. Furthermore, 

the ν(CO) stretching frequencies of 2 at 1947 cm
-1

 shift formal to 1920 cm
-1

 upon generation of 

the monoanion (Fig. 2).  

Further reduction to 2
2-

 leads to a decrease of the A1'' ν(CO) stretching frequencies in 

combination with a formal splitting of the band at 1920 cm
-1

 to 1928 cm
-1

 and 1905 cm
-1

 (Fig. 2). 

However, under our conditions a slow decomposition process could be observed during the 

generation of 2
2-

 (see also Fig. S-2) and hence the corresponding absorption behavior should be 

handled with caution. During the infrared spectroelectrochemical study of ferrocenyl thiophene 

4, ν(CO) stretching frequencies were observed at 2063 cm
-1

 and 1930 cm
-1

 (Fig. 2). 

Upon increasing the potential, the original absorptions shift only slightly to higher 

wavenumbers during the generation of 4
+
 (2064 cm

-1
 and 1932 cm

-1
, Fig. 2). This observation 

reveals that the first oxidation is mostly based on the non-substituted ferrocenyl unit and the 

interaction with the Fischer carbene moiety is nearly negligible. Further increasing the potential 

leads to a decrease of the latter bands and ν(CO) stretching frequencies at 2075 cm
-1

 and 1953 

cm
-1

 were for 4
2+

. Within this regard, the shift in ν(CO) stretching frequencies upon generation 

of 4
2+

 is comparable with the corresponding behavior of the ferrocenyl tungsten Fischer carbene 

complex, (CO)5W=C(OMe)Fc, itself during the Fc/Fc
+
 redox process [5]. Thus, the interaction 

between the ferrocenyl unit and the Fischer carbene moiety should be very similar in both cases. 

Regarding this, UV-Vis-NIR spectroelectrochemical studies of 4 were carried out. Thus, during 

the oxidation process of 4 typical absorptions in the UV-Vis region of inner ferrocenyl 

transitions (π-π
*
 and MLCT/d-d) were observed (Fig. 3) [21]. Upon generation of 4

+
 three main 

absorptions could be detected in the NIR range. A high energy near infrared absorption was 

observed around 10500 cm
-1

 which is assigned to a ligand to metal charge transfer (LMCT) 
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transition, similar as observed for the monocationic intermediate of 2,5-diferrocenyl thiophene as 

well as for other ferrocenyl-substituted heterocycles [16,22,23]. An observation of an absorption, 

caused by an ferrocenyl-tungsten interaction (MMCT), is not expected and can be excluded for 

4
+
, due to the very small shift in ν(CO) stretching frequencies (vide supra). Furthermore, the 

relative strong absorption at 6600 cm
-1

 is assigned to an intervalence charge transfer (IVCT) 

between the iron centers in 4
+
 (Table 3).  

 

Table 3. NIR data of 4
 
and 5 (2 mM) in dry dichloromethane containing [N

n
Bu4][B(C6F5)4] 

(0.1 M) as supporting electrolyte at 25 °C. 

    

Compd. Transition νmax [cm
-1

] Δν1/2 [cm
-1

] Δν1/2(theo) [cm
-1

]
a 

4
+ 

LMCT 

IVCT 

LF 

 

10460 

6600 

5140 

4080 

3280 

3220 

720 

730 

 

3100
b,e 

 

 

4
2+ 

LMCT 

MMCT 

LF 

10800 

7220 

3950 

n. a. 

3130 

1240 

 

1750
b,d 

 

5
+ 

LMCT/MMCT 

IVCT 

 

9170 

4660 

3610 

2920 

4200 

900 

2750
b,d 

3280
c 

 

5
2+ 

LMCT 

MMCT 

LF 

10200 

6970 

4000 

n. a. 

3800 

1000 

 

1572
b,d 

 

a
 Δν1/2(theo) = (2310λ)

1/2
. 

b
 λ = νmax – ΔG

0
. 

c
 λ = νmax. 

d
 ΔG

0
 = 5900 cm

-1
. 

e
 ΔG

0
 = 2420 cm

-1
 

 

The significant blue shift of the latter transition together with the significant smaller bandwidth 

at half height, as we would observe for a symmetrical system in the same energy range, 
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compared with the corresponding absorption of the monocationic 2,5-diferrocenyl thiophene [16] 

is caused by the asymmetry in 4 (4
+
, Table 3). Due to the fact that delocalization is not favored in 

asymmetrical systems and together with the estimation of the corresponding theoretical 

bandwidth at half height for such species, the metal-metal interaction in 4
+
 can be assigned to a 

class II system according to Robin and Day [24].  

 

 

Fig. 3. UV-Vis/NIR spectra of 4 (2 mM) at rising potentials. Left top: -100 to 390 mV. Left 

bottom: 390 to 525 mV (red line represents rereduction to the neutral species). Right top: 

deconvolution of NIR absorptions at 390 mV, using five distinct overlapping transitions with 

Gaussian shapes (dashed line indicates IVCT absorptions, dotted line corresponds to absorptions 

caused by interactions between ligand and metal, dotted dashed line represents ligand field 

transitions).Right bottom: deconvolution of NIR absorptions at 525 mV, using three distinct 

overlapping transitions with Gaussian shapes (dashed line indicates MMCT absorptions, dotted 

line corresponds to absorptions caused by interactions between ligand and metal, dotted dashed 

line represents ligand field transitions). All potentials vs Ag/AgCl at 25 °C in dichloromethane, 

supporting electrolyte [N
n
Bu4][B(C6F5)4] (0.1 M). Arrows indicate increasing or decreasing as 

well as shifting absorptions. 
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The low energy absorption at 4080 cm
-1

, which is too intense for an ligand field transition, is 

often ascribed to a further LMCT/IC [25] absorption, since the experimental determined 

bandwidth at half height would be too small as expected from the hush theory, however Tuczek 

et al. have proposed an IVCT character for such absorptions in intervalent non-bridged 

biferrocene species, similar as common accepted for bifulvalene diiron systems (Table 3, Fig. 3) 

[26,27].  

Further increasing of the potential leads to a decrease of the low energy absorptions upon 

generation of 4
2+

 together with an in-creasing LMCT absorption band around 11000 cm
-1

. An 

absorption band at 7220 cm
-1

 could be assigned to a MMCT between ferrocenyl unit and its 

tungsten Fischer carbene substituent, similar as observed for the corresponding ferrocenyl and 

biferrocenyl systems previously [5]. The weak absorption at ca. 4000 cm
-1

 is ascribed to a formal 

forbidden ligand field transitions [16,23,28].  A second tungsten Fischer complex fragment on 

the α,α’-diferrocenyl thiophene building block (5) leads to three NIR absorptions for 5
+
 at 9170 

cm
-1

, around 4700 cm
-1

 and at 3610 cm
-1

 (Table 3, Fig. 4). The latter transition can again be 

assigned to a low energy LMCT/IC (vide supra). The more intense absorption at 4660 cm
-1

 is 

described with the well-known formal iron-iron inter valence charge transfer, similar as observed 

previously [16,23]. A comparison of the corresponding bandwidth at half height with the 

theoretical value reveals also a class II assignment, according to Robin and Day (Table 3, Fig. 4) 

[24]. The third near infrared transition around 9200 cm
-1

 for 5
+
 could be ascribed with an LMCT 

transition (vide supra) between the thiophene core and the ferrocenyls, however it can also be an 

combination together with a ferrocenyl-tungsten MMCT transition (Table 3 and Fig. 4).  
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Fig. 4. UV-Vis/NIR spectra of 5 (2 mM) at rising potentials. Left top: -100 to 670 mV. Left 

bottom: 670 to 710 mV (red line represents rereduction to the neutral species). Right top: 

deconvolution of NIR absorptions at 670 mV, using four distinct overlapping transitions with 

Gaussian shapes (dashed line indicates IVCT absorptions, dotted line corresponds to absorptions 

caused by interactions between ligand and metal).Right bottom: deconvolution of NIR 

absorptions at 710 mV, using three distinct overlapping transitions with Gaussian shapes (dashed 

line indicates MMCT absorptions, dotted line corresponds to absorptions caused by interactions 

between ligand and metal, dotted dashed line represents ligand field transitions). All potentials vs 

Ag/AgCl at 25 °C in dichloromethane, supporting electrolyte [N
n
Bu4][B(C6F5)4] (0.1 M). Arrows 

indicate increasing or decreasing as well as shifting absorptions. 

 

During the successive generation of monocationic 5 the ν(CO) stretching frequencies at 1931 

cm
-1

 shifts formally to higher energy at 1937 cm
-1

 together with an occurrence of a double band 

for the A1'' ν(CO) stretching frequencies (2070 cm
-1

 and 2063 cm
-1

), verifying the valence 

trapped situation in 5
+
 (Fig. 2). Upon oxidation of 5

+
, the low NIR absorptions decreases and the 

high energy absorption bands around 1000 nm become more intense (Table 3, Fig. 3). 
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Furthermore, absorption bands at 6970 cm
-1

 (MMCT) and around 4000 cm
-1

 (LF) could be 

detected (Table 3 and Fig. 4). However, a slow decomposition of 5
2+

 could be observed during 

the spectroelectrochemical measurements, thus the corresponding absorption behavior should be 

handled with care. 

In the infrared range, the ν(CO) stretching frequencies at 2070 cm
-1

, 2063 cm
-1

 and 1937 cm
-1

 

decrease upon generation of 5
2+

 together with increasing absorptions at 2075 cm
-1

 and 1953 cm
-1

, 

very similar as observed during the generation of the cation of (CO)5W=C(OMe)Fc.
Error! Bookmark 

not defined.
 Hence, a class II assignment according to Robin and Day should be valid [24].

 

 

2.3 Crystallography 

The molecular structures of 1, 4 and 5 in the solid state have been determined by single-crystal 

X-ray diffraction analysis. Suitable single crystals of 1, 4 and 5 were obtained by slow 

evaporation of a saturated dichloromethane solution of the respective complex layered with n-

hexane at –5 
o
C. The ORTEP diagrams with selected bond lengths (Å), bond angles (°), and 

torsion angles (°) are shown in Fig.’s 5 – 7. Compounds 1, 4 and 5 crystallize in the triclinic 

space group P–1 (5) or in the monoclinic space group P21/n (4,1) with one (4,1) or a half 

molecule (5) in the asymmetric unit. The thiophene heterocycle in 5 is refined disordered on two 

positions with an occupation of 50 % for each orientation and is omitted for clarity in Fig. 5.  

The ferrocenyl containing derivatives 4 and 5 show an almost planar conformation between the 

thiophene and the cyclopentadienyl cycles (5: C14–C13–C18–C19 –16(3) °, 4: C14–C13–C18–

C19 176.6(5) ° and C20–C21–C22–C26 1.1(8) °) and also to the planar carbene substituent (5: 

O6–C6–C8–C9 1.3(9) °, 4: O6–C6–C8–C9 –0.2(6) °). A directly bonded heterocycle (1) also 
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obtains a planar conformation between the carbene and the thiophene π-system (O6–C6–C8–C9 

–170.9(4) °).  

 

 

Fig. 5. ORTEP diagram (50% probability level) of the molecular structure of 1 with the atom-

numbering scheme. All hydrogen atoms have been omitted for clarity. Selected bond distances 

(Å), angles (°), and torsion angles (°): C1−O1 1.140(6), C1–W1 2.030(5), C6–O6 1.330(5), C6–

C8 1.461(6), C6–W1 2.180(5), O6–C7 1.449(5), C8–C9 1.476(6), C9–C10 1.436(6), C10–C11 

1.354(5), C11–S1 1.678(5), C8–S1 1.725(5), O1–C1–W1 177.8(4), O6–C6–C8 105.1(4), O6–

C6–W1 130.1(3), C8–C6–W1 124.8(3), C11–S1–C8 92.1(2), O6–C6–C8–C9 –170.9(4), W1–

C6–C8–C9 11.6(6), C8–C6–O6–C7 179.3(3), O6–C6–W1–C5 –49.7(4) 

 

 

Fig. 6. ORTEP diagram (50% probability level) of the molecular structure of 4 with the atom-

numbering scheme. All hydrogen atoms have been omitted for clarity. Selected bond distances 

(Å), angles (°), and torsion angles (°): C1−O1 1.129(6), C1–W1 2.046(5), C6–W1 2.202(4), C6–
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O6 1.334(5), O6–C7 1.436(6), C6–C8 1.453(6), C13–C18 1.458(7), C18–C19 1.361(7), C19–

C20 1.417(7), C20–C21 1.357(7), C18–S1 1.725(5), C21–S1 1.741(4), C21–C22 1.446(6), D1–

Fe1 1.6467(7), D2–Fe1 1.6558(7), D3–Fe2 1.6328(7), D4–Fe2 1.6425(7), O1–C1–W1 176.6(4), 

O6–C6–C8 105.6(4), O6–C6–W1 128.9(3), C8–C6–W1 125.4(3), C18–S1–C21 92.4(2), D1–

Fe1–D2 177.17(5), D3–Fe2–D4 179.00(5), O6–C6–C8–C9 –0.2(6), W1–C6–O6–C7 1.0(6), 

C14–C13–C18–C19 176.6(5), C20–C21–C22–C26 1.1(8), O6–C6–W1–C2 –41.3(4), C8–D1–

D2–C17 –16.8(3), C8–D1–D2–C13 55.2(3), C22–D3–D4–C27 3.8(4), Fe–Fe 7.4837(10) (D 

denote the centroids of: D1: C8–C12, D2 C13–C17, D3 C22–C26, D4 C27–C31). 

 

 

 

 

 

Fig. 7. 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 distances 

(Å), angles (°), and torsion angles (°): C1−O1 1.139(9), C1–W1 2.030(8), C6–W1 2.222(7), C6–

O6 1.328(8), C6–C8 1.461(9), O6–C7 1.425(8), C13–C18 1.45(2), C18–C19 1.406(19), C18–S1 

1.707(13), C19–C19# 1.367(19), D1–Fe1 1.6552(9), D2–Fe1 1.6990(9), O1–C1–W1 177.0(6), 

C18–S1–C18# 93.3(7), C8–C6–W1 124.9(5), O6–C6–W1 128.5(5), O6–C6–C8 106.3(6), D1–

Fe1–D2 178.76(7), C8–D1–D2–C17 –4(1), C8–D1–D2–C13 67.2(8), C8–C6–O6–C7 178.2(6), 

O6–C6–W1–C2 –41.5(6), O6–C6–C8–C9 1.3(9), C14–C13–C18–C19 –16(3), Fe1–Fe1# 

8.4367(2) (D1 denotes the centroid of C8–C12; D2 denotes the centroid of C13–C17). Symmetry 

operation for the generation of equivalent atoms: –x–1, –y, –z 
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The ferrocenyls themselves are almost eclipsed (5: C8–D1–D2–C17 –4(1) °, 4: C22–D3–D4–

C27 3.8(4) °) or between eclipsed and staggered (4: C8–D1–D2–C17 –16.8(3) °) with a synclinal 

conformation for 1,1’-substituted ferrocenyl fragments. Nevertheless, the substituents at the 

carbene carbon C6 influence the W1–C6 distance. Electron rich metallocenyl moieties lead to an 

extension of the formal double bond to a maximum of 2.222(7) Å (5), whereas the thiophene 

derivative 1 significantly shortens the bond to 2.180(5) Å. In 4 the distances are averaged to 

2.202(4) Å. A further influence to the W1–C1 distance is not detectable. Regarding the bond 

lengths in the thiophene core for unsymmetrical 1, the carbene carbon influences the C–S bonds. 

The bond length from S1 to C8 is 1.725(5) Å, whereas to the non-substituted bond to C11 is 

shortened to 1.678(5) Å. The free electron pairs of O6 are oriented away from the carbonyls for 

all three compounds to avoid an electronic interaction. The steric interaction of the methyl group 

at C7 to the W(CO)5 fragment is prevented by a staggered conformation between two carbonyls 

(5: O6–C6–W1–C2 –41.5(6) °, 4: O6–C6–W1–C2 –41.3(4) °, 1: O6–C6–W1–C5 –49.7(4) °). 

Nevertheless, the W(CO)5 fragment decreases the O6–C6–C8 angle from ideal 120 ° to 106.3(6) 

(5), 105.6(4) (4) and 105.1(4) (1). 

 

3.  Conclusions 

Within this study, a series of thiophene tungsten Fischer carbene complexes of type 

[(CO)5W=C(OMe)R] (1, R = 2-Th; 3, R = fcthFc) and [(CO)5W=C(OMe)-R'-(OMe)C=W(CO)5] 

(2, R' = th; 5, R' = fcthfc) is reported with the aim of investigating low energy charge transfer 

transitions between the carbene substituents and the transition metal carbonyl fragment 

incorporating the thiophene system (Th = Thienyl; th = 2,5-thiendiyl; Fc = ferrocenyl; fc = 1,1’-

ferrocenediyl). For this reason, tungsten Fischer carbene functionalized thiophene and α,α’-
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diferrocenyl thiophene complexes 1, 2, 4 and 5 were prepared and characterized 

spectroscopically in solution. The structural properties of 2, 4 and 5 in the solid state were 

investigated by single-crystal X-ray diffraction studies.  

The electrochemical studies reveal reversible one electron redox events for the ferrocenyl 

moieties. Moreover, typical electrode reactions could be found for the carbene reductions itself 

and for the tungsten carbonyl oxidation processes. However, for the biscarbene 2 two well-

separated one-electron reduction events could be found. During the UV-Vis-NIR 

spectroelectrochemical investigations typical low energy absorptions for the mixed-valent α,α’-

diferrocenyl thiophene increment were found, as well as high energy NIR absorptions which 

were attributed to metal-metal charge transfer transition between the tungsten carbonyl 

increment and the ferrocenyl units in the corresponding species. Further infrared 

spectroelectrochemical studies reveal that the electronic interactions in the corresponding 

cationic species can be described with weakly coupled class II systems according to Robin and 

Day.  

 

4.  Experimental Section 

4.1  General Procedures  

Inert Schlenk techniques were employed in all operations and syntheses were done under argon 

or nitrogen. Solvents were distilled over sodium/benzophenone (n-hexane, tetrahydrofuran (thf)) 

or phosphorpentoxide (dichloromethane (dcm)) and collected under nitrogen or argon gas. 

Chemicals were used as purchased without any further purification unless stated otherwise.  

Purification with column chromatography was done using silica gel 60 (0.0063–0.200 mm) as 
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stationary phase. A Bruker AVANCE 500 spectrometer was used for NMR recordings. 
1
H NMR 

spectra were recorded at 500.139 MHz and 
13

C{
1
H} NMR spectra at 125.75 MHz. The signal of 

the solvent was used as reference: 
1
H CDCl3 at 7.26 ppm and 

13
C{

1
H} CDCl3 at 77.16 ppm. IR 

spectra were recorded on a Perkin-Elmer Spectrum RXI FT-IR spectrophotometer in solvent as 

specified. Only the vibration bands in the carbonyl-stretching region (1600 - 2200 cm
−1

) were 

recorded. 

4.2 Synthesis of complex [6]  

To a thf solution of thiophene (3.0 mmol, 0.24 mL), 
n
BuLi (3.3 mmol) was slowly added at -80 

o
C. After 1 h the cold bath was removed and the reaction mixture allowed to reach room 

temperature. It was cooled to -50 
o
C and W(CO)6 (3.0 mmol, 1.06g) was added in a single 

portion. The colour of the solution turned red upon addition. The reation mixture was stirred 

isotherm for 30 min after which it was stirred for an additional hour at rt. Volatiles were removed 

by reduced pressure and the residue redissolved in dcm. Afterwards, the reaction mixture was 

cooled to -50 
o
C and methyl trifluorosulfonate (9.9 mmol, 1.09 mL) was added. The resulting 

dark mixture was stirred overnight at ambient temperature. Purification of the crude product was 

performed by using column chromatography and n-hexane as initial eluent. The polarity of the 

eluent was increased by adding small portions of dichloromethane. Yield 1.23 g (88 %), red 

crystals. Anal. Calcd. for C11H6O6SW (450.08): C: 29.35 %; H: 1.35 %. Found: C: 29.11 %; H: 

1.20 %. Mp: 102 
o
C. NMR (CDCl3) 

1
H: 8.17 (dd, J = 4.0, 1.1 Hz, 1H, Hα), 7.83 (dd, J = 4.9, 1.1 

Hz, 1H, Hɣ), 7.23 (dd, J = 5.0, 4.1 Hz, 1H, Hß), 4.68 (s, 3H, CH3). 
13

C{
1
H}: 293.39 (Ccarbene), 

202.63 (Ctrans), 197.80 (Ccis), 158.45 (Cipso), 141.90 (Cα), 136.33 (Cɣ), 129.20 (Cß), 68.93 (CH3). 

IR (dcm) ν(cm
-1

): 2069 (m), 1988 (w), 1963 (m), 1948 (vs). Suitable single crystals of 1 were 

obtained from a solution of 1 at ambient temperature. 
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4.3  Synthesis of 2 

 2,5-Dibromothiophene (3.0 mmol, 0.34 mL) was added to 50 mL of thf, followed by a slow 

addition of 
n
BuLi (7.0 mmol) at -40 

o
C. After 30 min of isothermal stirring, W(CO)6 (6.0 mmol, 

2.11 g) was added to the reaction mixture in a single portion. The resulting solution was stirred 

isotherm for an additional hour and then allowed to reach room temperature within 60 min. 

Afterwards, solvent was changed dichloromethane and methyl trifluorosulfonate (20.0 mmol, 

2.41 mL) was added at -30 
o
C in a single portion. The dark mixture was removed from the cold 

bath and stirred overnight at ambient temperature. Purification of the crude product was 

performed by column chromatography and n-hexane as initial eluent. The polarity of the eluent 

was increased by adding small portions of dcm. Yield 1.51 g (55 %), purple solid. Anal. Calcd. 

for C18H8O12SW2 (816.05): C: 26.49 %; H: 0.99 %. Found: C: 29.43 %; H: 0.93 %. Mp: 264 
o
C 

(decomp.). NMR (CDCl3) 
1
H: 7.95 (s, 2H, Hα), 4.67 (s, 6H, CH3). 

13
C{

1
H}: 296.50 (Ccarbene), 

202.64 (Ctrans), 196.92 (Ccis), 162.53 (Cipso), 137.26 (Cα), 69.09 (CH3). IR (dcm) ν(cm
-1

): 2062 

(m), 1974 (w), 1948 (vs), 1935 (s). 

4.4 Synthesis of 2,5-di-(1’-bromoferrocenyl)thiophene (3)  

1,1’-Dibromoferrocene (5.1 g, 14.8 mmol) was dissolved in 50 mL of thf and cooled to -100 
o
C. 

n
BuLi (6 mL, 14.8 mmol) was slowly added and the reaction mixture left to stir at this 

temperature for 45 min. Dry [ZnCl2·2thf] (4.2 g, 15.0 mmol) was added in a single portion and 

the resulting preparation was kept at 0
o
C for 30 min. Afterward, 2,5-dibromothiophene (0.83 mL, 

6.45 mmol) and [Pd(CH2CMe2P
t
Bu2)(μ-Cl)]2 (0.025 g, 36.4 μmol) were added to the solution. 

The reaction mixture was heated to 55
o
C and stirred for 36 h at this temperature. After cooling to 

ambient temperature, the crude product was adsorbed on alumina and purified by column 
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chromatography on alumina, using a n-hexane/toluene mixture of ratio 4:1 (v:v) as eluent. Yield 

1.60 g (43 %), dark orange solid. Anal. Calcd. for C24H18Br2Fe2S (609.98): C:47.24 %; H:2.98 

%; Found: C:47.16 %; H: 2.99 %. Mp: 220 
o
C. NMR (CDCl3) 

1
H: 6.90 (s, 2H, Thα), 4.98 (m, 

4H, Hα), 4.35 (m, 4H, Hß), 4.30 (m, 4H, Hα2), 4.06 (m, 4H, Hß2). 
13

C{
1
H}: 139.49 (Thipso), 123.42 

(Thα), 82.52 (Fcipso2), 78.97 (Fcipso), 72.22 (Fcα2), 71.28 (Fcß2), 69.23 (Fcα), 68.97 (Fcß). 

4.5 Synthesis of 4 and 5 

 Compound 3 (3.0 mmol, 0.34 mL) was dissolved in 50 mL of thf and 
n
BuLi (7 mmol) was 

slowly added at -40 
o
C. The reaction mixture was stirred isotherm for 30 min after which 

W(CO)6 (6.0 mmol, 2.11 g) was added in a single portion. The solution was kept at -40 °C for 1 

h and then allowed to reach ambient temperature within 60 min. All volatiles were removed and 

the residue was redissolved in dcm. Methyl trifluorosulfonate (20.0 mmol, 2.41 mL) was added 

at -30
o
C after which the solution darkened. The mixture was removed from the cold bath and 

stirred overnight at room temperature. Purification of the product was performed by using 

column chromatography and n-hexane as initial eluent. The polarity of the eluent was increased 

by adding small portions of CH2Cl2. Compound 4 eluted first as a dark-red fraction followed by 

compound 5 (brown-red). 

Compound 4: Yield 0.96 g (40 %), red brown crystals. Anal. Calcd. for C31H22Fe2O6SW 

(818.1): C, 45.51 %; H, 2.72 %; found C, 45.59 %; H, 2.79 %. Mp: 237 °C (decomp.). NMR 

(CDCl3) 
1
H: 6.83 (m, 2H, Th), 4.93 (m, 2H, Hα3), 4.74 (m, 2H, Hß3), 4.66 (m, 2H, Hα2), 4.58 (m, 

2H, Hß2), 4.39(m, 2H, Hα), 4.35 (s, 3H, CH3), 4.31 (m, 2H, Hß), 4.14 (s, 5H, Cp). 
13

C{
1
H}: 

307.75( Ccarbene), 202.59 (Ctrans), 198.18 (Ccis), 142.40 (Thipso), 137.54 (Thα’), 96.18 

(Fcipso3),83.77 (Fcipso2), 80.07 (Fcipso), 77.36 (Cα3), 76.92 (Cß3), 74.8 5(Cα2), 71.20 (Cß2), 70.15 
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(Cα), 68.93 (CH3), 68.67 (Cß), 66.83 (Cp). IR (dcm) ν(cm
-1

): 2062 (m), 1971 (w), 1929 (vs, br). 

Suitable single crystals of 4 were obtained from a solution of 4 at ambient temperature. 

Compound 5: Yield 0.99 g (30 %), dark brown crystals. Anal. Calcd. for C38H24Fe2O12SW2 

(1184.0): C, 38.54 %; H, 2.05 %; found C, 38.57 %; H, 2.06 %. Mp: 248 °C (decomp.). NMR 

(CDCl3) 
1
H: 6.85 (s, 2H, Thα), 4.93 (m, 4H, Hα2), 4.72 (m, 4H, Hß2), 4.67 (m, 4H, Hα), 4.40 (m, 

4H, Hß), 4.32 (s, 6H,CH3). 
13

C{
1
H}: 308.47 (Ccarbene), 202.42 (Ctrans), 198.14 (Ccis), 139.16 

(Thipso), 123.97 (Thα), 96.15 (Fcipso2), 82.99 (Fcipso), 77.34 (Cα2), 76.86 (Cß2), 74.78 (Cα), 71.65 

(Cß), 68.68 (CH3). IR (dcm) ν(cm
-1

): 2060 (m), 1972 (w), 1929 (vs, br). Suitable single crystals 

of 5 were obtained from a solution of 5 at ambient temperature.  

 

4.6   Electrochemistry 

The electrochemical measurements were carried out under an argon atmosphere on 1.0 mmol·L
-1

 

dichloromethane solutions containing 0.1 mol·L
-1

 of [N
n
Bu4][B(C6F5)4] as supporting electrolyte 

utilizing a Voltalab 10 electrochemical laboratory from Radiometer analytical [29]. An OTTLE 

cell placed in a Varian Cary 5000 UV-VIS/NIR absorption spectrometer or in a Thermo Nicolet 

200 FT-IR spectrometer was used in spectroelectrochemical measurements [14]. For 

voltammetry, a three electrode cell with a platinum wire counter electrode, a glassy carbon 

working electrode and a Ag/Ag
+
 reference electrode was used. The working electrode was 

prepared by polishing with a Buehler micro cloth using Buehler diamond pastes with decreasing 

sizes (1 to 0.25 μm). The Ag/Ag
+
 reference electrode was constructed from a silver wire inserted 

into a luggin capillary with a vycor tip containing a solution of 0.01 mol·L
-1

 AgNO3 as well as 

0.1 mol·L
-1

 [N
n
Bu4][B(C6F5)4] in acetonitrile. This luggin capillary was inserted into a second 

luggin capillary with vycor tip filled with a 0.1 mol·L
-1

 [N
n
Bu4][B(C6F5)4] solution in 
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dichloromethane. Cyclic voltammetry was carried out using a scan rate of 100 mVs
-1

. If 

irreversible redox processes were investigated, a scan rate of 300 mVs
-1

 was also applied. 

Successive experiments under the same experimental conditions showed that all formal reduction 

and oxidation potentials were reproducible within 5 mV. Experimentally potentials were 

referenced against a Ag/Ag
+
 reference electrode but the results are presented referenced against 

the FcH/FcH
+
 couple (E

0
’ = 0.0 mV) as required by IUPAC [30].

 
When decamethylferrocene 

was used as an internal standard, the experimentally measured potential was converted in to E vs 

FcH/FcH
+
 by addition of -0.61 V [31]. Cyclic voltammograms were taken after typical two scans 

and are considered to be steady state cyclic voltammograms, in which the signal pattern differs 

not from the initial sweep. Finally, the experimental data were processed on Microsoft Excel 

worksheets. 

4.7 Single-Crystal X-ray Diffraction Analysis  

Data were collected with an Oxford Gemini S diffractometer at 100 K using Mo Kα (λ = 0.71073 

Å) radiation. The structures were solved by direct methods using SHELXS-97 and refined by full 

matrix least-square procedures on F
2
 using SHELXL-97 [32]. All non-hydrogen atoms were 

refined anisotropically and a riding model was employed in the refinement of the hydrogen atom 

positions.  
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Appendix  A.  Supplementary material 

The UV-Vis-NIR spectra of 2, 4 and 5 in dichloromethane as well as a table of crystal data (see 

Table S-1) are available as supplementary material for this paper. Crystallographic data (see 

Table S-1, excluding structure factors) for the structures in this paper have been deposited with 

the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK. 

Copies of the data can be obtained free of charge on quoting the depository numbers CCDC-

969409 (1), 969408 (4) and 969407 (5) (Fax: +44-1223-336-033; e-mail: 

deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk). 
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