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Summary 

 

A series of Fischer mono- and biscarbene complexes of the type [MLn{C=(XR)R'}] was 

synthesized and characterized.  The redox behavior of the complexes was studied by different 

techniques, including cyclic voltammetry, spectroelectrochemistry, ESR and computational 

methods.  Different transition metals (M) and carbene substituents (XR, R') were employed to 

compare both the effect of the central metal atom as well as the carbene substituent. 

 Thienyl, furyl and ferrocenyl chromium(0) mono- and biscarbene complexes with ethoxy and 

amino substituents were electrochemically studied in CH2Cl2.  Results were mutually 

consistent with computational data showing that the carbene double bond of all complexes is 

reduced pseudo reversibly to an anion radical, -Cr-C•.  The Cr centers are oxidized in two 

successive one electron transfer steps to Cr(II) via the Cr(I) intermediate.  For all ferrocenyl 

carbene complexes the Fe(II) is oxidized after the first oxidation of Cr.  It was found that with 

respect to the aryl substituents the donating effect decreases from Fc>Fu>Th.  Stabilization 

from the XR substituent, where XR = NHR, also resulted in lower redox potentials compared 

to their OEt analogues. 

The inclusion of ferrocene in the carbene substituent was done, as its redox activity and 

increased donating effect are well known.  Mono- and biscarbene complexes with ethoxy and 

amino substituents of both chromium and tungsten were electrochemically studied.  Again 

experimental data were supported by computational studies.  Similar to the ethoxy chromium 

complexes, reduction of the W=C fragment to -W-C• was observed.  However oxidation of the 

Fc group occurred first before the electrochemically irreversible oxidation process for W(0) 

involving a three electron-mediated process as seen in chronocoulometric analyses.  The 

tungsten oxidation was restricted to a W0/II, consistent with computational studies, by the use 

of the electrolyte [NnBu4][B(C6F5)4].  The short-lived W(II) species were calculated to be 

stabilized by agostic CH···W interactions, similar to the chromium analogues.  To extend 

linkers between the metal-carbene termini and investigate metal-metal interaction, 

biferrocenyl and 2,5-thienylbiferrocenyl tungsten(0) mono-and biscarbene complexes were 

synthesized and studied by spectroelectrochemistry.  A metal-metal charge transfer transition 
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between the tungsten carbonyl increment and the biferrocenyl / 2,5-thienylbiferrocenyl unit 

was confirmed by infrared spectroelectrochemical studies.  The electronic interaction in the 

corresponding cationic species can be described as weakly coupled class II systems according 

to Robin and Day. 

The cymantrenyl moiety, Mn(η5-C5H4)(CO)3, provides an interesting alternative to ferrocene 

as an organometallic molecular tag, however the instability of the radical cation impairs its 

use.  Improved stability of the cation, monitored by electrochemical measurements, was 

accomplished by substituting a carbonyl with a ferrocenyl Fischer carbene ligand resulting in 

Mn(I) oxidation occuring at lower potentials than ferrocenyl oxidation.  These uncommon 

Fischer carbene complexes is the first organometallic multi-tags reported.  The mono cationic 

species, [CpMn(CO)2{=C(OEt)Fc}][PF6], could be isolated and characterized with ESR 

analysis.   

Finally, transmetallation from the tungsten(0) Fischer carbene complexes yielded examples of 

rare acyclic alkoxy- and aminocarbene complexes of gold(I).  Single x-ray structures for all 

complexes could be obtained including the novel ferrocenophane dinuclear biscarbene Au(I) 

complex.  All structures display unsupported aurophilic interactions, while the bridging 

biscarbene shows a semi-supported Au-Au interaction.  In the case of the furanyl/thienyl 

methoxy monocarbene complexes, extended Au-Au interactions result in oligomeric 

structures.  Although this study is of a fundamental nature, it is imperative for the 

understanding and design of gold compounds with specific applications.  
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         ___   CHAPTER 1 

Introduction 

 

1.1  BACKGROUND 

Since the first Fischer carbene complex of the type [(CO)5M=C(XR)R'] was synthesized by 

Fischer and Maasböl in 1964,
1
 these complexes have received much attention in terms of 

synthesis and application.  The metal carbon double bond in this type of carbene complexes 

allows for a carbene carbon centre with unique electrophilic properties. Consequently, 

applications of Fischer carbene complexes have evolved around the reactivity of the M=C 

bond or the carbene bonded heteroatom. As such, Fischer carbenes (both as active and 

auxiliary ligands) have found application in organic synthesis and catalysis.
2
  The Dötz 

benzannulation is an example of CO substitution
3a

 which is essential for most subsequent 

conversions and Aumann reaction procedure is an example of α-deprotonation and 

consequences thereof.
3b

  

The roles of the carbene carbon substituents have been well-studied by means of 

computational tools.
4
  The heteroatom (X) has been investigated in terms of its donor/acceptor 

properties, steric and electronic effects in stabilizing the singlet carbene carbon.
4
  

Alternatively, the aryl substituents (R') can be incorporated into the π-delocalized network 

surrounding the carbene carbon and can also act as either electron withdrawing or donating 

(Fig. 1.1).
5
  

These modulable properties of Fischer carbenes paves the way for the design of complexes to target 

specific applications.  It is therefore important to investigate new and innovative methods to study 

these properties. 
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10 

 

 

Figure 1.1 Stabilization of the carbene carbon by the carbene substituents (ferrocenyl serves as an 

example of an aryl group = R'; heteroatom = X; alkyl group =  R) 

 

1.2  ELECTROCHEMISTRY OF GROUP VI TRANSITION METAL FISCHER 

CARBENE COMPLEXES 

Electrochemistry is a neglected but very useful tool for investigating different carbene 

substituent effects, if the central transition metal moiety is a redox-active centre
6
 In a series of 

complexes [M(CO)5=C(XR)R'] with different R, X and R' groups, the ease of oxidation of the 

redox-active centre can be established and even quantified by relating the formal reduction 

potential, E
o
', of the redox centre with the Gordy scale group electronegativity, χR, of R' 

groups in the complex.
7
 

1.2.1  Fischer carbene complexes: group VI carbene metal as only redox centre 

Electrochemical studies of Fischer carbene complexes (Figure 1.2) are scarce and available 

reports were concentrated mainly on their reduction.  Molecular orbital (MO) calculations 

showed that the LUMO is localized on the carbene ligand
6b

 and that the first reduction 

resulted in a carbene radical.  Thus, the reduction centre was found on the carbene moiety and 

included the Ccarbene-N bond in the case of amino carbene complexes.
8
 Recent studies on 

chromium(0) and tungsten(0) carbene complexes showed that reduction of the carbene does 

not depend on the nature of the central metal, but rather on the carbene ligand substituents.
9
  

On the other hand the first oxidation of these complexes was localized on the central metal 

atom and oxidation potentials were dependent on the nature of the ligands coordinated to the 

metal: decrease in oxidation potential was observed when a strong π-accepting (eg. CO 
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11 

 

ligand) was replaced with a mild π-accepting ligand (eg. C=C ligand).
7
   The oxidation 

potential related to the first oxidation of Cr(0) to Cr(I) was found at significantly lower 

potentials compared to the potential of W(0) to W(I). However, the second oxidation was 

found to be independent of the type of metal as the potentials were found to be almost the 

same.
6a,c,10

  The first oxidation products seemed stable for the chromium derivatives, but not 

for the tungsten ones and this feature might be better understood when looking at the 

respective electronic structure of the two metals (Cr = [Ar] 3d
5
 4s

1
 and W = [Xe] 4f

14
 5d

4
 6s

2
).  

The peak current densities for tungsten were double compared to that of chromium, which 

might indicate that the first oxidation of tungsten was directly followed by the second and this 

would also explain the irreversible nature of this process.  In the case of chromium a 

reversible one electron oxidation process was mostly observed.  In general if the alkoxy 

substituent was replaced with an amino group, the first oxidation was facilitated and reduction 

potentials occured at more negative values.
11

 Tungsten and molybdenum showed greater 

tendency for seven-coordination compared to chromium and consequently any cation formed 

would be more reactive toward nucleophilic attack.
12

   

 

Figure 1.2  Examples of mono-metallic Fischer carbene complexes: 1
10e

 and 2
13

 

1.2.2  Fischer carbene complexes: bi- to multi-metal complexes containing a group 6 metal.  

Transition metal moieties used in the design of these complexes are not limited to the carbene 

metal fragment alone.  Additional transition metal (TM) centra can be incorporated through 

carbene substituents containing such a centre, for example ferrocene (Fc) as an aryl (R') 

substituent bonded directly to the carbene carbon or titanocene chloride (R = TiCp2Cl) 

bonded to the carbene heteroatom (X).
14

  Using a ferrocenyl group as a redox-active label or 

tag in complexes may be beneficial for a number of reasons.  The electron-donating 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



12 

 

characteristics of the ferrocenyl group,
15

 the electron-withdrawing properties of the oxidized 

ferrocenium species
16

 and the electrochemical reversible nature of the Fc/Fc
+
 couple

17
 are but 

some of the reasons why ferrocene derivatives are applied in molecular sensors,
18

 energy 

transfer processes
19

 and cancer therapy.
20

  Ferrocenyl carbene complexes of group 6 transition 

metals have been studied for the electronic effects of the ferrocenyl substituent on the carbene 

ligand as part of an investigation into the properties of carbonyl carbene groups.
 21

 Ferrocene 

provides the same degree of stability to adjacent electron deficient centra compared to amino 

substituents.
22

  The redox behavior of metal carbene complexes are greatly influenced when 

additional metal centra are introduced.
23

  

 

Figure 1.3  Examples of multi-metal carbene complexes: 3
24

, 4
25

, 5
16

 and 6
17

  

If a linker, for example a polyene, was used to separate a ferrocenyl fragment from a metal 

carbonyl carbene complex, redox potentials decreased with increase in length of the linker.  

This might indicate some electronic transfer between the terminal moieties (Fig. 1.3, 3).
27

  

The oxidation potential of the Fe
+2

/Fe
+3

 in half sandwich complexes of iron (CpFe(CO)2Y') 

(Fig. 1.3, 4) was found in the range of 0.68-0.75V and varied with different Y' substituents.
26

  

When an alkoxy Fischer carbene substituent was added on the ring, this potential decreased 

by approximately 0.1V and even more so when the alkoxy group was substituted with an 

amino group.
27

  No oxidation potential was observed for the chromium moiety.  This was also 

the case when two CpFe(CO)2 fragments were linked together by a C-3 alkane chain having 

chromium Fischer carbene substituents on the rings.  Although the oxidation potential of the 

complex was significantly lower, only one oxidation process was observed regardless of the 

four redox metals available in the complex.   
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Chromium Fischer carbene complexes with metal containing substituents on the carbene 

carbon (Fig. 1.3, 5 and 6) showed oxidation processes for each redox centre in the complexes 

except for the titanocene chloride moiety.
16

  The oxidation potential for the Cr(CO)5 in the 

studied series of complexes decreased with increasing donating ability of the R and R' 

substituents.  The oxidation potential of the ferrocenyl couple Fe
+2

/Fe
+3

 observed did not vary 

significantly with varying substituents.  A relative consistent potential was also observed for 

Cr(CO)3 fragment for these chromium carbene complexes. 

Caution should be exercised when assigning redox processes in these multi-metal carbene 

complexes as it becomes increasingly difficult with increasing number of redox centra.  One 

should also consider the fact that the metal centra involved are not restricted to localized 

behavior as the HOMO of such complexes might not only be located on a specific redox 

centre, for eg. ferrocene.
28

 Significant differences for a single process can be observed by 

using different electrolytes, electrodes, solvent window, temperature, time, etc. (as mentioned 

in the above example of Cr(CO)6) and results should at least be supported by molecular 

orbital analysis or DFT calculations. 

1.2.3  Application: Electron Transfer 

Electron transfer (ET) in Fischer carbene complexes has, to date, received little attention.  

This might be attributed to current developing methods to study ET in organometallic 

complexes.  One method employed to study ET in a series of carbene complexes was ESI-

MS.  The series of complexes consisted of donating (Fc) and acceptor (Co(CO)6) moieties as 

well as conjugated biscarbenes.
29

  Signs of ET was observed in complexes where a ferrocenyl 

substituent was linked with a M(CO)5 fragment via a π-system (Fig. 1.3, 3).  However, the 

conjugated biscarbenes acted as two separate monocarbenes while the last example containing 

a Co(CO)6 moiety prevented any ET due to its electron sink character. 

Another, more recent, method employed in studying electron transfer in organometallic 

complexes is spectroelectrochemistry. For these studies, the complexes usually contain a well-

studied organometallic tag, such as ferrocene.
7,19,30

 After a reversible oxidation process is 

observed during cyclic voltammetry of a specific complex, the complex can be studied by in 

situ UV/vis-near-IR spectroscopy.  Spectroelectrochemical studies are carried out by a 
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stepwise increase of the potential which allows the in situ generation of mixed-valent species 

of the complex.  The increase and decrease of absorption bands are monitored.  These include 

ligand to metal charge transfer (LMCT), intervalent charge transfer (IVCT) and ligand field 

(LF) transitions.
31

  Electronic communication is confirmed with the presence of an IVCT 

absorption and electrostatic communication is confirmed with the absence thereof.
30

  Electron 

transfer studies employing spectroelectrochemistry have never been used to study Fischer 

carbenes.
14,32

 However, investigation of targeted ferrocenyl compounds has recently been 

reported.   In a study regarding diferrocenylthiophenes it was found that the mono oxidized 

species of 2,5-diferrocenylthiophene had the greatest interaction.
20b

 

Electrochemistry in combination with spectroelectrochemistry is a much more comprehensive 

technique to study metal-metal communication in multi-metal complexes and UV-vis-NIR 

investigations are efficient in establishing charge transfer transitions between the separated 

metal entities.
20b,33

   

 

1.3  ELECTROCHEMISTRY AND ORGANOMETALLIC MUTI-TAGS 

As mentioned in the above section, a ferrocenyl moiety is a well-studied molecular label, but 

is not the only label available in organometallic electrochemistry.  The electron withdrawing 

and IR-active carbonyl groups of a cymantrenyl moiety, Mn(η
5
-C5H4)(CO)3,

34
 provides and 

interesting and different alternative.  Application in the reduction process of this half-

sandwich transition metal compound was found in cymantrenyl-labeled bovine serum 

albumin for immunoassays.
35

 Application of its anodic chemistry is currently lacking but 

actively investigated.  It has been found that the [MnCp(CO)3]
0/+1

 was at least partially 

reversible.
36

 Recently, MnCp(CO)3 has been covalently linked to an electrode through an 

ethynyl linkage and studied.
37

 After removal of one electron in the presence of P(OMe)3, the 

irreversible cymantrene wave disappeared and was replaced by two reversible waves 

attributed to the mono- and disubstituted phosphine derivatives.  The drawback in the use of 

this fragment as an organometallic tag can be attributed to its instability of the radical cation 

compared to the ferrocenium ion.  Stabilizing this species by, for example, substituting a 
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highly π-accepting ligand (CO) with a less π-accepting ligand (phosphine), it becomes a more 

attractive molecular label or organometallic tag.
38

   

Examples of Fischer carbene complexes employing CpMn(CO)3 as the metal carbonyl reagent 

are not as common as group 6 Fischer carbenes, and only alkoxy derivatives are known.
32a,39

 

In addition, the electrochemical behavior of these types of group 7 Fischer carbenes have not 

been reported yet.  

 

1.4  GOING FOR GOLD 

The first gold carbene complexes were reported in the early 1970’s by F. Bonati and G. 

Minghetti.
40

  Since then, new methods for these complexes have been developed and 

preparation focused on specific applications, such as catalysis.   

 

Figure 1.4  Examples of different types of gold(I) catalysts 

Figure 1.4 illustrates some recent examples of different gold(I) carbenes complexes used in 

catalysis.  Their use, reactivity and exceptional properties are summarized as follows: 

• Compound 7 represents the well-studied N-heterocyclic carbene (NHC) gold(I) 

complexes used in a variety of organic transformations, hydroamination, 

cycloisomerizations, etc.
41

 In a recent study by Urbano et al. catalytic studies in 
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activation of alkynes, allenes and alkenes were performed.
42

  It was found that the 

NHC-Au(III)Br3 complex was more effective as a pre-catalyst in contrast to the NHC-

Au(I)Cl compound.   

• The second type of catalyst represented by complex 8 is referred to as acyclic diamino 

carbene (ADC) gold (I) complexes.  These proved to be just as effective (or even more 

so) in 1,6-enyne cyclizations as its NHC analogue.
43

  Both the NHC and ADC gold(I) 

type catalysts were more efficient than their phosphine analogues.  In some cases 

dinuclear NHC complexes of gold(I) have proven to be better catalysts than their 

mono-nuclear analogues.  A study by Wang et al. found an enantiomeric excess of up 

to 91% during the asymmetric transformation of propargyl esters versus the 0-7% 

obtained with the mono-nuclear analogues.
 44

 

• The very sterically demanding acyclic aminooxycarbene (AAOC), 9, showed high 

efficiency in the intramolecular hydroaminiation of different alkenyl ureas.
45

  The 

reaction rates found proved even beter than the rates found for acyclic diaminocarbene 

(ADC) Au(I) catalysts. 

• Cyclic alkyl amino carbene (CAAC) complexes of gold (I) (eg. 10) were employed in 

hydroamination of alkynes and allenes with ammonia.
46

  Some drawbacks were that 

elevated temperatures were needed and during catalysis and that the complex 

underwent a dismutation into the catalytic inactive biscarbene Au(I) complex.  

Electrochemical interest is found in these complexes due to its ability to stabilize 

electron-rich gold(0) centres.
47

  A reversible one electron reduction was observed for 

the specific CAAC biscarbene complexes of gold(I) to gold(0).  Surprisingly, when 

cathodic chemistry was performed on the mono-carbene complex, the dimer, a 

dinuclear biscarbene of gold(0), was isolated! 

• Development in the CAAC complexes resulted in the anti-Bredt N-heterocyclic 

carbene gold(I) complex, 11.
48

  It resembled a CAAC more than an NHC complex due 

to its strong σ-donor and π-acceptor properties.  The advantages above CAACs are 

that it allows for room temperature hydroamination of terminal alkynes with hydrazine 

and also, no formation of the inactive biscarbene complex was observed. 
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Examples of Fischer carbene complexes of gold are very limited
49

 and electrochemistry 

hereof are currently non-existent.   As stated by Raubenheimer in a 2012 review,
50

 the 

possibility of employing acyclic Fischer carbene complexes hold promise for catalytic 

applications.  However, examples of more fundamental studies on the synthesis and structure 

of Fischer carbene complexes are still required to characterize their properties, eg. known 

relativistic effects such as Au-Au interactions,
51

 and their reactivity and catalytic activity in 

for example hydroamination reactions. 

 

1.5   AIM OF THIS STUDY 

• Electrochemical investigation and molecular orbital analysis of simple Fischer 

carbenes of the group VI transition metals will be employed to characterize the 

substituent effect in these complexes (Chapter 2-5). 

• One or two redox-active ferrocenyl substituents will be incorporated in Fischer 

carbene complexes followed by electrochemical and spectroelectrochemical studies to 

investigate metal-metal interactions between the metal carbonyl and ferrocenyl 

moieties (Chapter 6-7). 

• Synthesis and isolation of chemically oxidized species will be attempted. 

• Above mentioned synthesis and investigation methods will be applied to cymantrenyl 

carbene complexes to design organometallic multi-tags (Chapter 8). 

• Synthesis of (hetero)aryl gold(I) Fischer carbene complexes by transmetallation will 

be performed with the aim to investigate the Au
I
/Au

III
 species electrochemically 

(Chapter 9). 

1.6   ORGANIZATION OF THESIS 

This thesis is written and put together in the format of publications.  Some results, although 

relevant to each other, were published in more than one publication, illustrating the different 

outcomes as it became clearer to the authors.  Subsequent chapters were presented in terms of 

different compounds and techniques used (see 1.5). 
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          ___  CHAPTER 2 

 

Electrochemical illumination of thienyl and 

ferrocenyl chromium(0) Fischer carbene complexes 

 

This chapter was published in Dalton Transactions.  The format reflects the style set by the 
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ABSTRACT 

A series of ferrocenyl and thienyl mono- and biscarbene chromium(0) complexes 1 - 6 were 

synthesised. The complexes were characterised both spectroscopically and electrochemically, 

and the single crystal X-ray structure of 3 was determined. Electrochemical measurements in 

CH2Cl2 revealed that the carbene double bon of 1-6 is reduced to an anion radical, 
-
Cr-C

•
 at 

formal reduction potentials <-1.7 V vs. FcH/FcH
+
.  A computational study on 1,3 and 4 

(B3LYP/def2-SVP level) is consistent with electrochemical results in showing that 

electrochemically generated chromium(I) species may be further electrochemically irreversibly 

oxidised to chromium(II) at Epa > 0.95 V.  The reactivity towards follow-up chemical reactions 

of the anodically produced Cr(II) species is much higher than the reactivity of the cathodically 

produced radical anions as the latter was still observably reoxidised to the parent Cr=C species at 

fast scan rates.  The ferrocenyl group is oxidised electrochemically reversibly to ferrocenium at 

larger potentials than the electrochemically reversible ocidation of the Cr(0) centre to Cr(I).  That 

all redox centres in 1-6 are involved in one electron transfer steps was confirmed by comparing 

the ferrocenyl voltammetric wave with those of the other redox centres in linear sweep 

voltammetric experiments.  The ferrocenyl group was electrochemically shown to stabilize the 

Cr=C centre almost as much as the NHBu, and much more than the ethoxy and thienyl groups.   

 

2.1  INTRODUCTION 

The applications of Fischer carbene complexes of the type [MLn{C=(XR)R′}] as active or 

auxiliary ligands in organic synthesis and catalysis evolve around the reactivity of the metal-

carbon double bond or the carbene-bonded heteroatom X.
1
 Alternatively, modification of 

conjugated carbene substituents R′ allows for tailored organic synthesis (Fig. 2.1). 

Theoretical calculations have focused on the donor/acceptor nature of the heteroatom X on the 

carbene substituent,
2
 or on the steric and electronic effects of the heteroatom on the carbene 

ligand.
3
 Only a few studies on the use of electrochemistry as an elucidative tool for the 

abovementioned properties have been reported.
4
 In general, electrochemical properties of 

electro-active compounds, A-R, can be utilised to establish the relative ease by which a redox-

active centre, A, may be oxidised (or reduced) in a series of differently R-substituted 
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compounds.
5
 The electron-donating or electron-withdrawing properties of different R-groups in a 

series of compounds may be quantified by relating the formal reduction potential, E
o′

, of a redox 

centre in the compounds with the Gordy scale group electronegativity, χR, of R groups of the 

molecules.
6
 Recently, a renewal of interest in the redox behaviour of Group VI Fischer carbene 

complexes has been seen.
7
 This is a result of their promising application as, for example, 

electrochemical probes.
8 

 

 

 

 

 

 

Fig. 2.1  Two of the many canonical forms that explains the stabilisation of carbenes by a 

ferrocenyl group. 

 

In this paper, we report the synthesis, characterisation and results of an electrochemical 

investigation of 2-thienyl (Th) ethoxy- and two new aminocarbene complexes, as well as the 

corresponding 2,5-thiendiyl (Th′) biscarbene complexes of chromium(0).
9
 The choice of planar, 

aromatic and electron-rich thiophene as a carbene substituent was based on its ability to be 

incorporated into the π-delocalised network surrounding the carbene carbon atom, acting as an 

electron donating substituent for the electrophilic carbene carbon.  

In addition, the chromium ferrocenyl (Fc) ethoxycarbene complex [Cr(CO)5{C(OEt)Fc}] (1)
10

 

and the analogous biscarbene complex with bridging 1,1′-ferrocendiyl (Fc′) 

[(CO)5Cr{C(OEt)(Fc′)C(OEt)}Cr(CO)5] (2)
11

 were also studied to verify the number of electrons 

that was transferred in each redox observed. Ferrocene-containing complexes are studied due to 

the well characterised electrochemical reversible one-electron transfer behaviour of the 

ferrocenyl group,
12

 the ease by which it can be derivatised,
13

 and its strong electron-donating 

properties
14

 that may provide significant stabilisation of adjacent electron deficient centres.
15
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2.2  EXPERIMENTAL 

   

General 

All operations were carried out under an inert atmosphere of nitrogen or argon gas using 

standard Schlenk techniques.  Solvents were dried by refluxing on sodium metal (hexane, thf and 

diethylether) or over phosphorous pentoxide (CH2Cl2) and then distilled under nitrogen prior to 

use.  Chemicals were used without further purification unless stated otherwise.  Triethyloxonium 

tetrafluoroborate (Et3OBF4) was synthesized according to literature procedures.
16

  Purification 

with column chromatography was done using silica gel 60 (0.0063 – 0.200mm) as 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 NMR spectra at 125.75 MHz.  The signal of the solvent 

was used as reference:  
1
H CDCl3 at 7.24ppm and 

13
C CDCl3 at 77.00ppm. .  IR spectra were 

recorded on a Perkin-Elmer Spectrum RXI FT-IR spectrophotometer in hexane as solvent. Only 

the vibration bands in the carbonyl-stretching region (ca. 1600-2200 cm
-1

) were recorded. 

 

Synthesis of carbene complexes 1 - 6 

Ethoxycarbene complexes 1,
17

  2,
11 

3,
18

 and 5
19

 were prepared (Scheme 2.1) according to 

published procedures; spectroscopic characterisation data are as follows: 

  [Cr(CO)5{C(OEt)Fc}] (1) 

Yield 79%, dark red crystals, NMR (CDCl3) 
1
H: 4.99 (q, J=7.1Hz, 2H, CH2), 4.93 (br, 2H, Fc-

Hα), 4.71 (br, 2H, Fc-Hß), 4.16 (s, 5H, Fc-Cp), 1.55 (t, J=7.1Hz, 3H, CH3);  
13

C : 329.7 (Ccarbene), 

223.0 (COtrans), 217.3 (COcis), 93.6 (Fc-Cipso), 75.5(OCH2), 74.5 (Fc-Cα), 72.3 (Fc-Cß), 70.6 (Fc-

Cp), 15.5 (CH3).  IR ν(CO) (hexane): 2056 m (A′′1), 1977 vw (B), 1949 s (A′1), 1938 vs (E). 

 [(CO)5Cr{C(OEt)(Fc′)C(OEt)}Cr(CO)5] (2) 

Yield (68%), red-black solid, NMR (CDCl3) 
1
H: 5.07 (q, J=7.1Hz, 4H, CH2), 5.00 (dd, J=2.3, 

1.9Hz,  4H, Fc′-Hα,α′), 4.73 (dd, J=2.3, 1.9Hz, 4H, Fc′-Hβ,β′), 1.63 (t, J=7.0, 6H, CH3); 
13

C: 306.2 

(Ccarbene), 223.6(COtrans), 217.1 (COcis), 99.2 (Fc′-Cipso), 76.2 (Fc′-Cα,α′), 72.7 (Fc′-Cβ,β′) 77.4  

(CH2), 15.5 (CH3). IR ν(CO) (hexane): 2054 m (A′′1), 1979 sh (B), 1938 vs (A′1 overlap E). 
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Scheme 2.1  Reagents and conditions: (a) (i) 1eq 
t
BuLi, thf, -78°C; (ii) 1eq [Cr(CO)6], thf, -

50°C; (iii) 1.3eq Et3OBF4, CH2Cl2, -30°C; (b) (i) 2.2eq 
n
BuLi, TMEDA, hexane, 60°C; (ii) 2eq 

[Cr(CO)6], thf, -50°C; (iii) 2.5eq Et3OBF4, CH2Cl2, -30°C; (c) (i) 1eq 
n
BuLi, thf, -78°C; (ii) 1eq 

[Cr(CO)6], thf, -50°C; (iii) 1.3eq Et3OBF4, CH2Cl2, -30°C; (d) 1.1eq NH2Bu, Et2O, rt; (e) (i) 

2.2eq 
n
BuLi, thf, -78°C; (ii) 2eq [Cr(CO)6], thf, -50°C; (iii) 2.5eq Et3OBF4, CH2Cl2, -30°C; (f) ) 

2.2eq NH2Bu, Et2O, rt. 

 

 [Cr(CO)5{C(OEt)Th}] (3) 

Yield (83%), red solid, NMR (CDCl3) 
1
H: 8.24 (dd, J=4.1, 0.7Hz,  1H, Th-Hα), 7.68 (dd, J=5.0, 

0.7Hz, 1H, Th-Hγ), 7.20 (dd, J=5.0, 4.1Hz, 1H, Th-Hβ), 5.17 (q, J=7.0, 2H, CH2), 1.69 (t, J=7.0, 

3H, CH3); 
13

C: 316.4 (Ccarbene), 223.2(COtrans), 217.0 (COcis), 155.4 (Th-Cipso), 141.1 (Th-Cα), 

134.8 (Th-Cγ), 129.0 (Th-Cβ) 76.0  (CH2), 15.2 (CH3). IR ν(CO) (hexane): 2058 m (A′′1), 1983 

vw (B), 1957 s (A′1), 1946 vs (E). 
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 [(CO)5Cr{C(OEt)(Th′)C(OEt)}Cr(CO)5] (5) 

Yield 75%, purple crystals, NMR (CDCl3) 
1
H: 8.06 (s, 2H, Th-Hα,α’), 5.21 (q, 2H, J=7.2, CH2), 

1.69 (t, 3H, J=7.1, CH3); 
13

C: 321.9 (Ccarbene), 223.7(COtrans), 216.5 (COcis), 157.7 (Th′-Cipso), 

137.1 (Th′-Cα,α’), 77.4 (CH2), 15.2 (CH3).  IR ν(CO) (hexane): 2054 m (A′′1), 1987 vw (B), 1964 

s (A′1), 1953 vs (E). 

 Synthesis of [Cr(CO)5{C(NHBu)Th}] (4) 

Complex 3 (2 mmol, 0.66g) was dissolved in ether and n-butylamine (2.2 mmol, 0.22 mL) was 

added at room temperature.  A rapid colour change from red to yellow was observed.  Volatiles 

were removed by reduced pressure and column chromatography was performed using a 1:1 

hexane/CH2Cl2 eluent mixture. A duplication of the NMR data sets (
1
H and 

13
C) indicates the 

formation of syn- and anti-isomers, in a ratio of 1:1.3, respectively. Yield 0.63g (88%), yellow 

crystals Yield 0.63g (88%) yellow crystals. For syn-isomer: NMR (CDCl3) 
1
H: 8.85 (s, 1H, NH), 

7.44 (d, J = 5.0Hz, 1H, Th-Hα), 7.04 (d, J = 3.0 Hz, 1H, Th-Hγ), 6.80 (d, J = 3.0Hz, 1H, Th-Hβ),  

3.48 (dt, J = 5.0, 4.9Hz, 2H, NCH2), 1.67 (m, 2H, CH2CH2 ), 1.38 (m, 2H, CH2CH2 ),  0.92 (t, J 

= 7.4Hz, 3H, CH3 );  For anti-isomer: NMR (CDCl3) 
1
H: 8.54 (s, 1H, NH), 7.44 (d, J = 5.0Hz, 

1H, Th-Hα), 7.36 (d, J = 3.4 Hz, 1H, Th-Hγ), 7.08 (dd, J =3.4, 3.0Hz, 1H, Th-Hβ),  4.09 (dt, J = 

5.1, 5.0Hz, 2H, NCH2), 1.81 (m, 2H, CH2CH2 ), 1.54 (m, 2H, CH2CH2 ),  1.02 (t, J = 7.3Hz, 3H, 

CH3 );  For syn-isomer; 
13

C: 271.9(Ccarbene), 222.9(COtrans), 217.1(COcis), 148.8(Cipso), 137.3(Th-

Cα), 127.2(Th-Cγ) , 122.5(Th-Cβ), 51.3(NCH2), 31.6(CH2CH2), 19.6(CH2CH2), 13.5(CH3). For 

anti-isomer; 
13

C: 260.9(Ccarbene), 223.1(COtrans), 217.4(COcis), 155.6(Cipso) , 138.5(Th-Cα), 

128.3(Th-Cγ) , 126.7(Th-Cβ), 53.3(NCH2), 31.8(CH2CH2), 20.00(CH2CH2), 13.7(CH3).   IR 

ν(CO) (hexane): 2056 m (A′′1), 1977 vw (B), 1918 s (A′1), 1942, 1934 vs (E).  Anal. calc. for  

CrC14H13NO5S: C, 46.79; H, 3.65. Found: C, 47.47; H, 3.87. 

 

 Synthesis of [(CO)5Cr{C(NHBu)(Th′)C(NHBu)}] (6) 

 Complex 5 (2 mmol, 1.16 g) was dissolved in ether and n-butylamine (4.2 mmol, 0.42 mL) was 

added at room temperature.  The colour changed from purple to deep yellow and volatiles 

removed under reduced pressure. Column chromatography was performed using a 1:1 

hexane/CH2Cl2 solvent mixture.  Yield 0.95g (75%), dark yellow crystals. A mixture of 3 

isomers was obtained, which could not be separated. Significant overlap of the resonances in the 
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1
H NMR spectrum was observed, and the data reported were integrated over the collective region 

for each chemical shift. The 
13

C NMR shifts were assigned from 2D NMR experiments and 

relative intensities, and the syn,syn-, anti,anti- and syn,anti-isomers could be distinguished. NMR 

(CDCl3) 
1
H: 8.80, 8.64, 8.50, 8.35 (s, 2H, NH), 7.87, 7.84, 7.70, 7.69 (2H, Th-Hα,α’  4.13-3.79, 

3.58-3.34 (m, 4H, NCH2), 1.82-1.55 (m, 4H, CH2CH2 ), 1.40-1.22 (m, 4H, CH2CH2 ),  0.95-0.84 

(m, 6H, CH3 ); ). For syn,syn-isomer; 
13

C: 268.8 (Ccarbene), 223.2(COtrans), 217.5(COcis), 

155.2(Cipso), 133.2(Th′-Cα,α′), 53.1(NCH2), 31.6(CH2CH2), 22.7(CH2CH2), 14.1(CH3). For 

anti,anti-isomer; 
13

C: 258.1 (Ccarbene),  223.0(COtrans), 217.5(COcis), 153.5(Cipso), 137.8(Th′-Cα,α′), 

51.3(NCH2), 33.3(CH2CH2), 22.1(CH2CH2), 13.7(CH3 For syn,anti-isomer; 
13

C: 261.3, 

261.0(Ccarbene),  222.7, 222.5(COtrans), 217.2, 217.2(COcis), 160.4, 160.4(Cipso), 137.2, 137.1(Th′-

Cα,α′), 53.4, 53.3(NCH2), 34.7, 33.6(CH2CH2), 22.2, 22.1(CH2CH2), 13.8, 13.7(CH3). IR ν(CO) 

(hexane): 2054 m (A′′1), 1975 w (B), 1918 s (A′1), 1935 vs (E).  Anal. calc. for  Cr2 

C24H22N2O10S: C, 45.42; H, 3.50. Found: C, 45.57; H, 3.45. 

 

Crystal structure determination 

The crystal data collection and refinement details for complex 3 are summarized in Table 2.3, 

and the Ortep/PovRay (Fig. 2.2).
20

 The X-ray crystal structure analysis was performed using data 

collected at 23°C on a Bruker kappa duo diffractometer with a PROTON CMOS detector and 

APEX2 control software
21

 using QUAZAR-multilayer-optics-monochromated, Mo-Kα radiation 

by means of a combination of  φ and ω scans. Data reduction was performed using SAINT
21

 and 

the intensities were corrected for absorption using SADABS.
21

 The structures were solved by 

direct methods using SHELXTS
22

 and refined by full-matrix least squares using SHELXTL
22

 

and SHELXL-97.
22

 In the structure refinements all hydrogen atoms were added in calculated 

positions and treated as riding on the atom to which they are attached. All non-hydrogen atoms 

were refined with anisotropic displacement parameters, all isotropic displacement parameters for 

hydrogen atoms were calculated as X × Ueq of the atom to which they are attached, X = 1.5 for 

the methyl hydrogens and 1.2 for all other hydrogens. 
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Table 2.1  Crystal, data collection and refinement data for complex 3  

Identification code  BvdWCrThOEt 

Chemical formula  C12H8CrO6S 

Formula weight  332.25 

Temperature  296(2) K 

Wavelength  0.71073 Å 

Crystal size  0.118 x 0.177 x 0.179 mm 

Crystal habit  dark orange hexagonal-prism 

Crystal system  Monoclinic 

Space group P21/m 

Unit cell dimensions  a = 9.5803(6) Å  α = 90° 

 b = 7.6532(5) Å  β = 98.737(3)° 

 c = 9.6551(6) Å  γ = 90° 

Volume  699.70(8) Å
3
 

Z  4 

Density (calculated)  1.577 g/cm
3
 

Absorption coefficient  0.986 mm
-1

 

F(000)  336 

Theta range for data 

collection  

2.13 to 26.13° 

Index ranges  -11 ≤ h ≤ 11, -9 ≤ k ≤ 9, -11 ≤ l ≤ 11 

Reflections collected  20399 

Independent reflections  1497 [Rint = 0.0433] 

Completeness to θ = 26.13°  99.8% 

Absorption correction  multi-scan 

Tmin, Tmax 0.677, 0.745 

Structure solution technique  direct methods 

Structure solution program  SHELXS-97 

Refinement method  Full-matrix least-squares on F
2
 

Refinement program  SHELXL-97 

Function minimized  Σ w(Fo
2
 - Fc

2
)

2
 

Data / restraints / parameters  1497 / 0 / 122 

Goodness-of-fit on F
2
  1.199 

∆/σmax  0.000 

Final R indices all data R1 = 0.0861, wR2 = 0.2371 

1330 data; I > 2σ(I) R1 = 0.0787, wR2 = 0.2325 

Weighting scheme  w = 1/[σ
2
(Fo

2
)+(0.0878P)

2
+3.5878P] 

 where P = (Fo
2
+2Fc

2
)/3 

Largest diff. peak and hole  0.850 and -0.570 eÅ
-3

 

R.M.S. deviation from mean  0.122 eÅ
-3
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Fig. 2.2  An Ortep/PovRay
20

 drawing of the structure of 3 showing the atom numbering scheme. 

Only the  major orientation of the thienyl-ethoxy-carbene ligand is shown. ADPs are shown at 

the 50% probability level. 

 

 

 

 

Fig. 2.3 Cyclic voltammograms of 1 in CH2Cl2/0.1 mol dm
-3

 [N(
n
Bu)4][PF6] on a glassy carbon-

working electrode at scan rates of  100 (smallest currents), 200, 300, 400 and 500 mV/s.  

Decamethylferrocene, Fc*, was used as internal standard.  Peak A is ascribed to a new species 

that is generated during Cr=C reduction (peak 1) because if scans are initiated at -1 V, peak A is 

absent during the initial cycle. 
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Electrochemistry 

Cyclic voltammograms (CV’s), square wave voltammograms (SW’s) and linear sweep 

voltammograms (LSV’s) were recorded on a Princeton Applied Research PARSTAT 2273 

voltammograph running PowerSuite (Version 2.58).  All experiments were performed in a dry 

three-electrode cell. A platinum wire was used as auxiliary electrode while a glassy carbon 

working electrode (surface area 3.14 mm
2
) was utilized after polishing on a Buhler polishing mat 

first with 1 micron and then with ¼ micron diamond paste.  A silver wire was used as pseudo 

internal reference under an argon atmosphere inside an M Braun Lab Master SP glovebox filled 

with high purity argon (H2O and O2 < 5 ppm).  All electrode potentials are reported using the 

potential of the ferrocene/ferrocenium redox couple [FcH/FcH
+
] (FcH = (η

5
-C5H5)2Fe, E

o′

 = 0.00 

V) as reference.
23

  However, decamethyl ferrocene, Fc*, was used as internal standard to prevent 

signal overlap with ferrocenyl of 1 and 2.  Decamethylferrocene has a potential of -550 mV 

versus free ferrocene with ∆E = 72 mV and ipc/ipa = 1 under the conditions employed.
24

   Analyte 

solutions (0.5 mmol dm
-3

) were prepared in dry CH2Cl2 in the presence of 0.1 mol dm
-3

 

[(
n
Bu4)N][PF6]. Analyses were performed at 20 

o
C. Data were exported to a spread sheet 

program for manipulation and diagram preparation (Fig. 2.3-2.5). 

 

Computational details 

Geometry optimizations without symmetry constraints were carried out using the Gaussian09 

suite of programs.
25

 Electron correlation was partially taken into account using the hybrid 

functional denoted as B3LYP
26

 (and uB3LYP for radical cations) in combination with double-ζ 

quality plus polarization def-SVP
27

 basis set for all atoms (this level is denoted B3LYP/def2-

SVP). Calculation of the vibrational frequencies
28

 at the optimized geometries showed that the 

compounds are minima on the potential energy surface.  
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Fig. 2.4   Cyclic voltammograms of 0.5 mmol dm
-3

 solutions of 1−−−−6 in CH2Cl2/0.1 mol dm
-3

 

[N(
n
Bu)4][PF6] on a glassy carbon-working electrode at a scan rate of 400 mV/s.  

Decamethylferrocene, Fc*, was used as internal standard.  For 5 ([5] = 0.25 mmol dm
-3

 for better 

clarity) linear sweep (LSV, 2 mV/s; currents are enhanced
 
5 times for clarity) and square wave 

voltammograms (SW, 20 Hz; currents are enhanced 2 times) are also shown.  
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Fig. 2.5 Bottom: Cyclic voltammograms of 2 in CH2Cl2/0.1 mol dm
-3

 [N(
n
Bu)4][PF6] on a glassy 

carbon-working electrode at scan rates of  100 (smallest currents), 200, 300, 400 and 500 mV/s.  

Decamethylferrocene, Fc*, was used as internal standard.   Resolved waves 1a and 1b are 

associated with the oxidation of the two Cr(0) species. Top:  When the reversal anodic potential 

is chosen to be sufficiently small to eliminate wave Fc, electrode deposition as indicated by the 

large cathodic currents in the bottom CV’s were not observed.  LSV measurements showed 

waves 1a, 1b and Fc are involved in the same number (one) of electrons being transferred. 
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2.3  RESULTS AND DISCUSSION 

 

Synthesis 

 

Four ethoxycarbene complexes, 1 - 3, and 5, as well as two new aminocarbene complexes 4 and 

6 were synthesised according to Scheme 1.  The classical Fischer carbene route using Group VI 

metal carbonyls was employed for the preparation of the ethoxycarbene complexes 1, 2, 3 and 5: 

attack of a lithiated substrate on a carbonyl ligand of [Cr(CO)6] forms the metal acylate, which, 

after alkylation with an oxonium salt, yields the corresponding ethoxycarbene complexes. 

Synthesis of aminocarbene complexes 4 and 6 were achieved by aminolysis
29

 of complexes 3 

and 5, to liberate the new aminocarbene complexes 4 and 6 in 88 and 75% respectively. 

Compounds were purified by column chromatography to give the products as dark red (ethoxy 

derivatives) or yellow solids.   

All neat compounds were stable in the absence of oxygen and could be stored for months in the 

cold under argon.  Electrochemical evidence indicated that in CH3CN or CH2Cl2 solutions, they 

decomposed to an observable extent within ca. 30 minutes.   This is slow enough to allow 

spectroscopic and electrochemical measurements. 

 

Single crystal X-ray structure for 3 

 

The molecular structure of 3 has crystallographic mirror symmetry with the thienyl-ethoxy-

carbene ligand, the Cr atom and the carbonyl trans to the carbene all lying in the mirror plane. 

The carbene ligand is disordered with the two orientations in a ratio of  0.526(8) : 0.474(8), each 

rotated by 180º from the other about the Cr—Ccarbene bond.  The Cr—Ccarbene and Ccarbene—O 

bond distances of 2.077(9) and 1.333(11) Å respectively are comparable to the ranges of Cr—

Ccarbene bond distances, 2.05(1) – 2.081(4) Å and Ccarbene—O bond distances, 1.317(5) – 1.33(1) 

Å for a number of chromium-ethoxy-carbene-sububstituted thienyl structures reported 

previously.
11,30 
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Spectroscopy 

 

Electronic effects of the carbene substituents can be followed in solution by both NMR and IR 

spectroscopy. Since Hα (see atom numbering in Scheme 2.1) is the position closest to the site of 

coordination of the carbene carbon atom, the chemical shift of this proton is influenced most and 

is a sensitive probe for electronic ring substituent involvement. Significant downfield shifts of 

Hα were observed in the 
1
H NMR spectra for 1 – 6 (see Table 2.1), compared to free ferrocene 

(4.19 ppm) and thiophene (7.20 ppm). This is consistent with the electron-withdrawing effect of 

the metal carbonyl fragment bonded to the carbene ligand, comparable, for example, to an ester 

functionality,
31

 as well as the π-delocalization of the (hetero)aryl rings towards stabilizing the 

electrophilic carbene carbon atom (Fig. 2.1). Less ring-involvement of the thienyl substituent is 

seen for both aminocarbene complexes 4 and 6, as reflected by the higher field Hα  resonances. 

For 4 and 6, a duplication of all the resonances is also observed in both the 
1
H and 

13
C spectra. 

This duplication is due to the formation of two different isomers of 4, rotamers A (anti-

configuration) and C (syn-configuration) (Scheme 2.2) with restricted rotation around the 

Ccarbene-N bond.
32

 For 6, up to three different isomers could be distinguished via NMR 

spectroscopy. These were ascribed to three different biscarbene complex isomers; in one case, a 

syn,syn-configuration for both carbene ligands, ( syn,syn-isomer, Experimental section), another 

where both carbene ligands have anti-configuration (anti,anti-isomer, Experimental section), and 

finally, the biscarbene complex featuring one carbene ligand with syn-, the other ligand with 

anti-configuration (syn,anti-isomer, Experimental section). The syn,anti-isomer displays two sets 

of signals for  all observed signals, corresponding to the presence of two different carbene 

ligands within the molecule.  Increased electron donation from the nitrogen lone pair towards the 

carbene carbon atom results in a Ccarbene-N bond order greater than one. The bonding situation is 

best described as an intermediate between the zwitterionic isomers A, C and the neutral carbene 

B. The carbene carbon resonances obtained from the 
13

C NMR spectra reflect this marked 

contribution from the carbene heteroatom substituent, -OEt vs –NHBu. In the case of 4 and 6, 

upfield shifts for the carbene carbon atom (271.9, 260.9ppm for 4, and 268.8, 261.3, 261.0 and 

258.1, respectively, for the three isomers of 6), compared to 3 and 5 (316.4 and 321.9ppm, 

respectively). 
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Scheme 2.2   Stabilisation of aminocarbene complex B by formation of the mesomeric zwitter 

ionic species A and C, see text. 

 

The infrared spectra of all complexes clearly displayed the expected band pattern associated with 

the carbonyl stretches of a [Cr(CO)5L] system,
33

 and no duplication of carbonyl frequencies was 

observed for the syn- and anti-isomers of 4 and 6, as the carbonyls are fairly insensitive to 

changes of substituents of ligands.
28

 In the case of 3, the IR spectrum measured shows the lifting 

of the degeneracy of the E-band that appears as two separate signals. In 2, overlapping of the 

signals associated with the A′1 and the E-modes occur. The A′′1 mode defines the symmetric 

stretch of the CO ligands in the equatorial plane, and is mostly unaffected by the π-acceptor 

ability of the ligand L; stretching frequencies vary between 2054 – 2058 cm
-1

 (see Table 2.1). 

The A′1 mode in the pseudo-C4v local symmetry represents the mode with the greatest 

Table 2.2  Selected 
1
H and 

13
C NMR resonance data and IR ν(CO) stretching frequencies for 1 – 6.  

Complex Hαααα δδδδ 
1
H 

(ppm) 

Ccarbene δδδδ 
13

C, 

(ppm) 

A1′′′′′′′′ νννν(CO), (cm
-1

)  A1′′′′ νννν(CO), (cm
-1

) 

1 4.93 329.7 2056 1949 

2 5.00 306.2 2054 1938  

(overlap E) 

3 8.24 316.4 2058 1957 

4 7.44, 7.44 271.9, 260.9 2056 1917 

5 8.06 321.9 2054 1964 

6 7.87, 7.84, 7.70, 

7.69 

268.8, 261.3, 

261.0, 258.1 

2054 1918 
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contribution to the stretching of the C-O bond trans to L, and is most affected by changes in the 

electronic environment caused by the carbene ligand.
29 

For aminocarbene complexes 4 and 6, 

nitrogen lone pair stabilisation causes a marked decrease in chromium π-backbonding towards 

the carbene ligand. This is demonstrated by the occurrence of the A′1-band at lower 

wavenumbers (Table 2.1), at frequencies lower than even the E-band. 

 

Electrochemistry and molecular orbital analyses 

 

Cyclic voltammetry (CV), linear sweep voltammetry (LSV), and Osteryoung square-wave 

voltammetry (SW) were conducted on 1 – 6 in dry, oxygen-free CH2Cl2 utilizing 0.1 mol dm
-3

 

[N(
n
Bu)4][PF6] as supporting electrolyte.  Data for cyclic voltammetry experiments are 

summarized in Table 2.2, CV’s are shown in Fig. 2.3-2.5. 

Four redox processes are identifiable.  These are (a) the reduction of the carbene double bond; 

peaks for this process are labelled I throughout in Fig.’s 2.3 − 2.5, (b) oxidation of the Cr(0) 

centre to Cr(I) is observed at peak 1, (c) oxidation of the ferrocenyl group in 1 and 2 (peak Fc), 

and (d) oxidation of electrochemically generated Cr(I) centre to Cr(II).   The latter redox process 

is labelled as peak 2 in Table 2.2 and Fig. 2.4.   Molecular orbital calculations (see below) 

proved peak 2 is associated with the Cr
I/II

 couple and not with oxidation of the :OEt or :NHBu 

groups.  Central to this electrochemical study is the ferrocenyl oxidation of 1 and 2 (Fig. 2.3-

2.5).  The ferrocenyl group is well established as a moiety that undergoes electrochemical and 

chemical reversible one electron oxidation.   Electrochemical and chemical reversible redox 

process are characterised by ∆E = Epa − Epc = 59 mV and ipc/ipa = 1.
34

  For 1, the ferrocenyl-based 

redox process is observed at 0.700 V vs. the free FcH/FcH
+
 couple and exhibits ∆E = 89 mV and 

ipc/ipa = 1 (Table 2.2).  The observed E
o′

=0.700 V is a large shift to positive potentials from 0 V, 

and illustrates the electrophilic nature of the chromium carbene system.
10

 It is important to note 

that peak 1 in the CV of 1 at E
o′

=0.289 V is not associated with the ferrocenyl couple, but rather 

with Cr(0) oxidation to Cr(I); this will be discussed below. The ferrocenyl wave of 2 is observed 

at E
 o′

 = 730 mV, but this redox process leads to adsorption and decomposition, Fig. 2.4 and 2.5, 

implying Epc and current ratios are not reliable.   However the LSV applicable to the oxidation of 

the ferrocenyl group and the two Cr(0) centres (waves 1a, 1b and Fc, Fig. 2.5) were still 

consistent with three separate 1-electron transfer processes.   
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Table 2.3  Cyclic voltammetry data of 0.5 mmol dm-

3 solutions of 1 – 6 in CH2Cl2 containing 0.1 mol dm-

3 [N(nBu)4][PF6] as supporting electrolyte at a scan 

rate of 100 mV s-1 and 20 oC.   Potentials are relative 

to the FcH/FcH+ couple.    

Complex

 

Peak no. Eo′′′′/V, 

∆∆∆∆E/mV 

 

ipa/µµµµA , ipc/ipa 

1  

 

I(=) 

1(Cr0/I) 

(Fc) 

2(CrI/II) 

-2.148, 111 

 0.289, 102 

 0.700, 89 

    - a   ,   - a 

3.20 b, 0.41 

3.48, 0.89 

3.29, 0.85 

   - a  ,   - a 

2  

 

I(=) 

1a(Cr0/I) 

1b(Cr0/I) 

(Fc) 

2(CrI/II) 

-1.845, 104 

 0.499, 83 

0.650, 80 

 0.730, 97 

    - a   ,   - a 

3.81 b, 0.39 

3.71, 0.73 

3.51, 0.23 

3.78, < 0.1 

   - a  ,   - a 

3 I(=) 

1(Cr0/I) 

2(CrI/II) 

-1.762,   98 

  0.565,   85 

    - a   ,   - a 

3.71 b, 0.43 

3.98, 0.88 

   - a  ,   - a 

4         

 

I(=) 

1a(Cr0/I) 

1b(Cr0/I) 

2(CrI/II) 

-2.232,  132 

  0.258,  

242 

  0.435c,   - c 

  0.951c,   - c 

3.21 b,  0.11 

1.83,  0.80 

1.75,   - c 

7.02,   - c 

5         

 

D(=) 

I(=) 

1(Cr0/I) 

2(CrI/II) 

-2.091,   88 

-1.845,  232 

  0.576,  68 

  1.098d,  - d 

1.89 b,  0.59 

0.68b,  0.78 

0.81,    0.81 

2.50d,  - d 

6        

 

I(=) 

1(Cr0/I) 

2(CrI/II) 

    - a   ,   - a 

0.399,   138 

 1.150d,   - d 

   - a  ,   - a 

4.81, 0.69 

 7.42d,   - d 

                a no peak detected within the potential window 

of the solvent;   b ipc and ipa/ipc values to maintain the 

current ratio convention of iforward scan/ireverse scan; 
c

Estimated Epa; resolution not good enough to 

estimate Epc;  
d Epa value, no Epc detected. 
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Having confirmed the one-electron transfer nature of the ferrocenyl group in 1,  all the other 

redox processes in 1−6 can now be interpreted in terms of the number of electrons that is 

transferred during their redox cycles. Alkene reduction occurs at far negative potentials and in 

aprotic solvents results in the generation of a radical anion of considerable instability during a 

one-electron transfer process.
35  

Follow-up chemical reactions destroy this electrochemically 

generated species quickly. Unconjugated alkenes often are reduced at such negative potentials 

that they cannot be studied in convenient electrochemical solvents; for them reduction often 

takes place at potentials outside the solvent potential window.
31

   Conjugated alkenes are reduced 

at slightly larger potentials; reduction in aprotic media may be observed in the vicinity of -2 V 

vs. FcH/FcH
+
.
31

 The carbene double bond, Cr=C, of the present series of compounds benefits 

from the presence of the electron-donating thienyl or ferrocenyl group which allows for 

conjugation (Fig. 2.1). Reduction of the Cr=C double bond in 1 − 5 was observed at potentials 

less than −1.76 V vs FcH/FcH
+
 (Table 2.2, wave I).  That the Cr=C double bond reduction 

represents a one-electron reduction follows from comparing the ipc value of peak I of 1 (Table 

2.2 and Fig. 2.3) with the ipa value of the ferrocenyl, i.e. wave Fc. Since they are striving to the 

same value (ca. 3.34 µA), and since the ferrocenyl couple represents a one-electron transfer 

process, wave I must also represent a one-electron reduction process to initially generate 
−

Cr-C
•

, 

not only in 1, but also in the other carbene complexes of this study.  This assignment is possible 

because it is known that the LUMO is mainly carbene-ligand based,
17

 and single electron transfer 

reactions followed by ESI-MS have also indicated the formation of such 
–
Cr-C

•

 species.
36

   Since 

the orbitals associated with carbenes are delocalized over metal, carbon, and heteroatom, one can 

envisage the 
−

Cr-C
•

 species as being stabilised by distributing charge and radical all over the 

ligand system.    

Cr=C reduction is electrochemically quasi reversible because ∆E for this process is substantially 

larger than 59 mV (Table 2.2).  It is also only partially chemically reversible because the ipa/ipc 

current ratios for 1−5 (Table 2.2) deviate more than 40% from unity.   This low current ratio is 

consistent with the high reactivity that is associated with carbon radicals, here 
−

Cr-C
•

, as 

described before.
31

  The ferrocenyl group stabilized the Cr=C bond much more towards 

reduction than the thienyl group as the Cr=C bond of 1 was reduced at a potential 386 mV more 

negative than the carbene double bond of 3.   Strikingly, stabilisation towards reduction of the 
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Cr=C bond with a ferrocenyl group is almost as effective as stabilisation with an amine because 

the peak I E
o′

 value of 4 is only 84 mV more negative than that of 1, but 470 mV more negative 

than that of 3 (Table 2.2).   

The biscarbene complexes 2 and 5 exhibited Cr=C reduction at potentials 303 mV more positive 

than 1. This move towards higher potentials is consistent with the extended conjugation paths 

present in the bis-compounds.
31

  The CV of the biscarbene complex 5 exhibits two reduction 

waves labelled I and D (Fig.  2.4).   The first, wave I, is assigned to the simultaneous reduction 

of both the Cr=C bonds as the LSV (Fig. 2.4) shows it involves transfer of two electrons, one for 

each double bond.   For reference purposes at this stage it is sufficient to observe peak 1 also 

represents 2x1e
−

 transfer processes, 1 e
−

 for each of the Cr(0) processes.  The second reduction 

wave, wave D, is attributed to electrode processes of decomposition products
31

 of 5 because the 

LSV shows that six electrons in total is associated with this redox process. Complex 2 was too 

unstable for LSV measurement because of decomposition on LSV timescale at large negative 

potentials.  However, the ipc value of wave I for 2 , if one allows for limited decomposition of the 

Cr=C double bond, and compares it with the ipa values of waves 1a, 1b and Fc, is consistent with 

two overlapping one-electron Cr=C reductions.    The biscarbene 6 showed no Cr=C reductions 

(Table 2.2) within the usable potential window of CH2Cl2.   This is expected since one NHBu 

group shifted peak I of 4 at -2.232 V to potentials 470 mV more negative compared to peak I of 

3.  This is already almost at the limit of the potential window that CH2Cl2 allows.  Since 6 

possesses two NHBu groups, an additional shift to more negative potentials is expected which 

would result in wave I not being detectable in the workable potential window of CH2Cl2.  

Oxidation of the Cr(0) centre itself is associated with peak 1 in Fig. 2.3 − 2.5 and Table 2.2.   

Once again, by comparing peak currents of wave 1 and wave Fc for 1 it is clear that Cr(0) 

oxidation involves a one-electron transfer process to generate Cr(I).   To decide whether Cr(0) or 

ferrocenyl oxidation takes place first, from an electrochemical point of view, comparison of the 

position of wave 1 in 1 with those of amino carbenes  4 and 6, Fig. 2.3, is appropriate.  It is clear 

that Cr oxidation waves are in all three cases in the same potential range.   The ferrocenyl group 

is therefor expected to be associated with the wave at larger potentials, that is wave Fc for 1. This 

conclusion is mutually consistent with the result obtained by molecular orbital calculations. 

Density functional theory (DFT) calculations at the B3LYP/def2-SVP
37

 level show that the 

HOMO of complexes 1, 3 and 4 is mainly located at the chromium(0) atom (Fig. 2.6),
2d,38 

thus 
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confirming that the first oxidation process in all complexes can be attributed to the Cr(0) to Cr(I) 

oxidation. Interestingly, the energy order of the HOMO’s (3 = -5.96 eV > 1 = -5.84 eV > 4 = -

5.70 eV, see Fig. 2.6) agrees with the trend the measured wave 1 electrochemical potentials 

suggests in that a more stabilized HOMO results in a more difficult oxidation process (3, 

E
o′

=0.565 V > 1, E
o′

=0.289 V > 4, E
o′

=0.258 V, see Table 2.2).   

Electrochemical evidence also imply that Cr(0) oxidation occurs before ferrocenyl oxidation in 

the biscarbene complex 2. Fig. 2.4, bottom, shows the CV’s of 2 where oxidation peaks 1a, 1b 

and Fc are all three observed.   Importantly, each of these waves represents a one-electron 

transfer process as highlighted by the LSV (Fig. 5).   After the third oxidation though (i.e. after 

wave Fc), the complex decomposes on LSV time scale.  In contrast, on CV time scale, the 

observed larger-than-expected peak cathodic currents are consistent with electrode deposition of 

the oxidised substrate.   That electrode deposition takes place after the third (ferrocenyl) 

oxidation to generate 2
3+

 was confirmed by repeating CV experiments utilising a reversal 

potential small enough to exclude wave Fc.   This resulted in waves 1a and 1b having the normal 

CV shape.  Waves 1a and 1b are associated with two consecutive and partially resolved one-

electron Cr(0) oxidations because they are both observed at potentials smaller than the 

ferrococenyl oxidation of 1, Table 2.2.   This excludes the possibility of either of these waves to 

be associated with the oxidation of the ferrocenyl group.  After both Cr(0) centres have been 

oxidised to liberate a more electron-deficient and therefore more electron-withdrawing species, 

2
2+

, than the mother compound 2, the oxidation of the ferrocenyl group of 2 is observed at a 

larger potential (30 mV larger) than that of 1.  Because the ferrocenyl group is oxidised in a one-

electron transfer step, it follows that the Cr(0) centres are also oxidised in a one-electron transfer 

step as confirmed by LSV measurements.   That wave 1 could be resolved into two components 

1a and 1b is not unusual.  Different formal reduction potentials for symmetrical complexes in 

which mixed-valent redox-active intermediates are generated (here, for example 2
+
 and 2

2+
 

respectively) are well known in systems that allow through-bond electronic communication 

between these molecular fragments.
39

   Since a similar split of wave 1 into two components was 

not observed for the thiophene biscarbene derivative 5, it is concluded that the ferrocenyl group 

is more effective in allowing through-bond electronic communication between molecular 

fragments than a thienyl group. 

Chromium oxidation in the ethoxy derivatives 1- 3 and 5 are, like ferrocenyl oxidation, 
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electrochemical and chemical reversible on CV time scale as ∆E deviated within acceptable 

limits from the theoretical value of 59 mV and because peak current ratios for these compounds 

approached unity, Table 2.2.    

The aminobutyl derivatives 4 and 6 exhibit electrochemically irreversible Cr(0) oxidations by 

virtue of ∆E values exceeding 130 mV under our conditions.  Chemical reversibility as identified 

by peak current ratios approaching 1 is achieved when the reversal anodic potential is small 

enough to exclude wave 2.  The CV of amino carbene 4 hinted that the Cr(0) oxidation peak, 

peak 1, may also split into two very poorly resolved components, 1a and 1b (Fig. 2.4).  This may 

be indicative of the presence of two Cr(0) species of sufficient stability and long enough 

existence time to allow detection on CV timescale.   Aminocarbene complexes have high 

stability due to the existence of the zwitterionic stabilised form as shown in Scheme 2.2.   CV 

peak 1a is consistent with forms A and C and peak 1b with form B.   Although it was possible to 

distinguish between A and C spectroscopically, it is unlikely that electrochemical techniques can 

distinguish between forms A and C of Scheme 2.2.   Electrochemical observation of two 

components of a slow equilibrium is not unknown.   A similar situation arose with metallocene-

containg β-diketones, where the kinetics between keto and enol forms was slow enough to allow 

detection of both equilibrium components, and to determine the rate of keto to enol conversion 

and vice versa.
40

   No evidence of peak 1 splitting into two components could be observed for the 

biscarbene 6 implying peaks 1a and 1b in this case may simply be so close to each other that they 

are unresolved.
41

   

The last electrochemical process that was observed (peak 2 in Fig. 2.3 and 2.4 and Table 2.2) in 

1 − 6 is the oxidation of the electrochemically generated Cr(I) centre to generate a Cr(II) species 

(Scheme 2.3).   This electrochemical process is not assigned to oxidation of the : OEt group of 1 

- 3 and 5 or the :NHBu group of 4 and 6 because DFT calculations showed the spin densities of 

the electrochemically generated radical cations formed during the oxidation of Cr(0) are situated 

on the newly formed Cr(I) centre and not the hetero atoms (Fig. 2.6).  Cr(I) oxidation of the 

monocarbenes 1 and 3 fell outside the potential window of  the solvent, CH2Cl2, but wave 2 in 

the CV of the bis-complex 5 is consistent with two Cr(I) centres being irreversibly oxidised (Fig. 

2.4) at ca. 1.1 V.  The LSV suggests that the number of electrons that are transferred at this wave 

is the same as for wave 1, that is two electrons.   In contrast, the CV itself (Fig. 2.4, Table 2.2) 

show ipa, wave 2 to be almost double that of ipa, wave 1.   However, wave 2 is so close to the edge of 
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the potential window of the solvent, that the observed peak anodic current for wave 2 of 5 may 

well include the beginning of solvent degradation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.6 Computed HOMO’s of complexes 1, 3 and 4 (top) and spin densities of the 

corresponding radical cations (bottom). Numbers in brackets indicate the computed Mulliken-

spin densities. All data have been computed at the B3LYP/def2-SVP level. 

 

 

Scheme 2.3 Electrochemical reactions associated with 1, 3 and 4.   The radical anions and Cr(II)-

containing cations that are generated during the final electrochemical reduction or oxidation step 

undergoes further chemical reactions.   The biscarbene complexes undergo the same reaction 

sequences except that a second radical anion and Cr(II)-containing cation also forms at potentials 

close to the edges of the solvent, dichloromethane.   Two Cr(0) oxidations was also observed in 

the biscarbene compounds.   
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The aminocarbene complexes 4 and 6 also exhibit wave 2 (Fig. 2.4), showing Cr(I) oxidation is 

irreversible, and occurring at slightly lower potentials than in the ethoxycarbene complexes 

(Table 2.2). The irreversible nature of these oxidations illustrates the high reactivity of the Cr(II) 

species that form during the oxidation.   They chemically react to form new species on time 

scales faster than that of cyclic voltammetry.  This contrasts the lower reactivity of the radical 

anions, 
−

Cr-C
•

, which did not react chemically fast enough to escape detection of 

electrochemical reoxidation to the mother Cr=C species at fast scan rates (wave I, Fig 2.4).  

Fig. 2.6 gathers the computed spin density of the neutral complexes 1, 3  and 4 as well as the 

spin density of the corresponding radical cations formed by one-electron oxidation of these 

complexes to generate 1
•+

, 3
•+

 and 4
•+

. Whereas the unpaired electron is located on the 

chromium atom in complexes 1, 3 and 4 as well as on 3
•+

 and 4
•+

, it is located on the iron atom 

in the ferrocenyl-substituted radical cation 1
•+

. This suggests that the oxidation associated with 

peak 2 in the CV’s of Fig. 2.4 can be assigned to the oxidation of Cr(I) to Cr(II) in compounds 3 

and 4, while the oxidation associated with wave Fc of complex 1 (Fig. 2.3) should be a 

ferrocenyl-based process.   

 

2.4  CONCLUSION 

 

The novel mono- and bisaminocarbene complexes 4 and 6 were prepared by aminolysis of the 

ethoxy(thienyl) chromium(0) precursors 3 and 5. Ferrocenyl mono- and bisethoxychromium(0) 

carbene complexes 1 and 2 were also synthesised and characterised spectroscopically. An 

electrochemical investigation of these complexes in CH2Cl2 showed the carbene double bond, 

Cr=C, of 1 −−−− 6 are reduced to an anion radical, 
−

Cr-C
•

, at large  negative potentials.  

Electrochemical measurements and DFT calculations were mutually consistent in showing Cr(0) 

oxidation to Cr(I) occurs before ferrocenyl oxidation, and that the electrochemically generated 

Cr(I) centre can undergo a second irreversible oxidation to generate Cr(II) at large positive 

potentials.   No oxidation of the hetero atoms in the OEt or NHBu groups could be detected.   

Cr(II) oxidation for 1 and 3 as well as Cr=C reduction for 6 fell outside the solvent potential 

window.  

The reactivity towards follow-up chemical reactions of the anodically produced Cr(II) centres is 

much higher than the reactivity of the cathodically produced radical anions as the latter was still 
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observably reoxidised to the parent Cr=C species at fast scan rates.  The former showed no 

indication of any reductive regeneration, even at fast scan rates.   The ferrocenyl group is 

oxidised electrochemically reversible to ferrocenium at larger potentials than the 

electrochemically reversible oxidation of the Cr(0) centre to Cr(I). All redox active groups in 1 − 

6 were involved in one-electron transfer steps. The ferrocenyl group was electrochemically 

shown to stabilise the Cr=C centre almost as much as the NHBu, and much more than the ethoxy 

and thienyl groups.  Poorly resolved peak splitting of the Cr(0) oxidation of 4 into components a 

and b is consistent with the parent aminocarbene being in slow equilibrium with the zwitter ionic 

species [(OC)5Cr
−

−C=(N
+
BuH)Th].  An electrochemical scheme is proposed to account for all 

observed electrochemical steps. 
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ABSTRACT 

A series of ten ferrocenyl, furyl and thienyl mono- and biscarbene chromium(0) complexes were 

synthesized and characterized spectroscopically and electrochemically. The single crystal 

structure of the biscarbene complex [(CO)5Cr=C(OEt)-Fu'- (OEt)C=Cr(CO)5] (4a) was 

determined: C20H12Cr2O13; triclinic; P1̄; a = 6.2838(5), b = 12.6526(9), c = 29.1888(19) Å, α = 

89.575(2), β = 88.030(2), γ = 87.423(2)°; Z = 4. Results from an electrochemical study in CH2Cl2 

were mutually consistent with a computational study in showing that the carbene double bond of 

1 - 6 is reduced to an anion radical, -Cr-C• at formal reduction potentials < -1.7 V vs. FcH/FcH+. 

The Cr centers are oxidized in two successive one electron transfer steps to Cr(II) via the Cr(I) 

intermediate. Only Cr(I) oxidation is electrochemically irreversible. Dicationic Cr(II) species 

formed upon two consecutive one-electron oxidation processes are characterized by a peculiar 

bonding situation as they are stabilized by genuine CH···Cr agostic interactions. With respect to 

aryl substituents, carbene redox processes occurred at the lowest potentials for ferrocene 

derivatives followed by furan complexes. Redox process in the thiophene derivatives occurred at 

the highest potentials. This result is mutually consistent with a 
13

C NMR study that showed the 

Cr=C functionality of furyl complexes were more shielded than thienyl complexes. The NHBu 

carbene substituent resulted in carbene complexes showing redox processes at substantially 

lower redox potentials than carbenes having OEt substituents. 

 

3.1  INTRODUCTION 

The very first metal carbene complex of the type [(OC)5M=C(XR)R']  (M = Group 6 transition 

metal) reported by Fischer et al. contained an aromatic phenyl substituent (R') on the carbene 

carbon atom.
1  

The structural data published shortly thereafter illustrated the role of the 

heteroatom X lone-pair in stabilizing the singlet carbene carbon, in conjunction with the metal’s 

synergic d(t2g)-p π-interaction with the carbene carbon atom.
2
 This bonding situation has been 

extensively studied also by means of computational tools.
3
 On the other hand, the aryl 

substituent, R', can be incorporated into the π-delocalized network surrounding the carbene 
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carbon and can act as either an electron withdrawing or electron donating substituent. The 

general structural motif of employing heteroaromatic compounds as conjugated spacer units in 

mono- and biscarbene complexes has long been of interest in our laboratories.
4
  In the design of 

complexes specifically tailored for electronic transfer processes within the molecule, and their 

regioselective reactions, the incorporation of the carbene ligands renders communication 

possible from one terminal metal to the other metal fragment via the π-frame of the molecule 

(Figure 3.1).
5
   

The use of electrochemistry as a tool for the illumination of such intramolecular electronic 

communication wherever a convenient redox-active moiety is present is well established.
6 

We 

have recently reported an electrochemical investigation of thienyl mono- and biscarbene 

complexes of chromium(0).
7 

We have shown that the Cr center of the carbene ligands undergoes 

electrochemical reversible one–electron oxidation to Cr(I) and thereafter it may be irreversibly 

oxidized in a one electron transfer process to Cr(II). The carbene formal double bond Cr=C may 

be reduced to 
-
Cr-C•. That each process represents a one electron transfer process was confirmed 

by comparing the intensity of each wave with the intensity of the ferrocenyl group of 

[(OC)5Cr=C(OEt)Fc], 1, and [(OC)5Cr=C(OEt)-Fc'-(OEt)C=Cr(CO)5], 2, with linear sweep 

voltammetric (LSV) techniques and also by comparing ipc and ipa currents (c = cathodic and a = 

anodic, p = peak) in all cyclic voltammograms (CV’s). The LSV studies were hampered by the 

lack of stability of the oxidized and reduced products, in that the compounds decomposed within 

80 seconds of oxidation. On the cathodic (reducing) cycles, decomposition times were even 

faster. For this reason, ipc and ipa currents were used to interpret reversibility. Older studies of 

Fischer carbene complexes detail especially Cr(0) oxidation studies.
8
  The revival in the interest 

of the electrochemical behavior of Fischer carbene complexes
9
 can be attributed to the many 

applications of the redox activity of these complexes, including their use in organic synthesis and 

catalytic transformations,
10 

and as electrochemical probes.
11 

 

 

 

 

Figure 3.1 Stabilization of biscarbene complexes with heteroaryl spacer moieties. 
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The carbene substituents XR and R' control the electrophilicity of the complex,
12 

although for 

the heteroaryl substituents R', stabilization of the carbene carbon atom occurs by both the 

conjugative release of electrons as well as specific π → p donation.
3(d),13

  Modification of the 

steric and electronic nature of the carbene ligand can therefore be effected by both the 

heteroatom and the heteroaryl substituents. To enable us to establish especially electrochemical 

changes that are introduced by the heteroaryl substituent we report here the synthesis, 

characterization and electrochemical properties of 2-furyl (Fu) monocarbene and 2,5-furadiyl 

(Fu') complexes with both the known alkoxy- and the new amino-substituted carbene carbon 

atoms.
14  

 By comparing the results with those of the 2-thienyl (Th) and 2,5-thiendiyl (Th') 

biscarbene complexes of chromium(0) which we reported earlier this year,
7
 we could establish a 

trend regarding the effects ring-heteroatom (O vs S), and carbene-heteroatom (O vs N), as well as 

the effect a second metal carbene moiety (mono- vs biscarbene ligands) has on the redox activity 

of this series of (hetero)aryl Fischer carbene complexes of chromium(0). The electrochemical 

results are supported by theoretical calculations which allow us to gain more insight into the 

nature of the species involved in the electrochemical processes. The single crystal X-Ray 

structure of the biscarbene furan-containing complex [(CO)5Cr=C(OEt)-Fu'-(OEt)C=Cr(CO)5] 

(4a) is also described.  

 

3.2  SYNTHESIS AND CHARACTERIZATION 

The ethoxycarbene complexes were prepared by reaction of mono- or dilithiated (hetero)arene 

(ferrocene, furan or thiophene) with 1 or 2 eq. of [Cr(CO)6], followed by alkylation with 10% 

excess Et3OBF4
15

 to yield the ethoxy monocarbene complexes 1
16

 and 3
17

, or biscarbene 

complexes 2
18 

and 4,
4(e),(f)

 respectively (see Scheme 3.1).  
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Scheme 3.1.  Synthesis of chromium(0) heteroaryl mono- and biscarbene complexes    

 

 

 

 

 

 

 

 

 

 

Aminolysis
19

 of the ethoxycarbene complexes with n-butylamine was performed by addition of 

2.2 mmol or 4.2 mmol NH2Bu to a solution of 3 (2 mmol) or 4 (2 mmol), respectively, in 20 mL 

diethyl ether at room temperature. Stirring was maintained for 30 min, whereafter the solvent 

was removed under reduced pressure. Column chromatography with eluent hexane:CH2Cl2 (1:1) 

yielded the new furyl and thienyl aminocarbene products 5a, 5b
7
 (monocarbene complexes), 6a 

and 6b
7
 (biscarbene complexes), respectively (Scheme 3.1). For the monocarbene complex 5a, 

NMR spectroscopy revealed the duplication of all resonances, due to the formation of both the 

syn and anti-isomers (see Figure 3.2),
20

 in a ratio of approximately 1:1. Trace amounts of isomers 

were observed for biscarbene complex 6a, but only one configuration could be isolated and 

characterized. All neat compounds were stable in the absence of oxygen and could be stored for 

months at -4°C under argon.  Electrochemical evidence indicated that in CH3CN or CH2Cl2 

solutions, they decomposed to an observable extent within ca. 30 minutes at room temperature. 

This is slow enough to allow spectroscopic and electrochemical measurements. 
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Figure 3.2. Syn- and anti-configuration of zwitterionic rotamers of aminocarbene complexes, 

with atom numbering system employed for NMR characterization. 

 

Coordination of the metal-carbene moiety causes a deshielding of the α and β-protons in the 
1
H 

NMR, effected by the partial positive charges afforded on these protons caused by π-resonance 

effects. However, unlike for the thienyl carbene complexes (3b – 6b), Hα of the furyl carbene 

complexes (3a – 6a) cannot be employed as a probe for electronic ring substituent involvement 

due to their upfield shift compared to Hγ (see Experimental Section). The atypical assignment of 

the furyl ring proton chemical shifts is based on assignments following predicted shifts for ester 

derivatives.
5(e),21

 The resonances for the Hγ chemical shifts do reflect the decreased electron 

donation from the furyl rings for the aminocarbene complexes (5a, 7.67 and 7.44 ppm; 6a, 7.13 

ppm) compared to the ethoxy-analogues (3a, 7.82 ppm; 4a, 7.22 ppm). The formation of both 

syn- and anti-rotamers across the restricted Ccarbene –N bond was observed by the duplication of 

all NMR signals of 5a in a ratio of 1:0.95 (syn:anti) (see Figure 3.1).
22 

 For the biscarbene 

complex 6a, although three possible isomers exist (syn,syn; anti,anti or syn,anti), only one 

isomer could be observed but could not be unambiguously assigned as either the syn,syn- or 

anti,anti- configuration. Significant upfield shifts of the carbene carbon 
13

C NMR resonances of 

the aminocarbene complexes (5a, 243, 250 ppm; 6a, 250 ppm) reflect the increased Ccarbene-N 

bond order and resultant less electrophilic carbene carbon atoms compared to 3a (311 ppm) and 

4a (313 ppm). This corresponds to the expected decrease in the trans-CO stretching frequency 

(A1' band)
23

 of 5a and 6a (1910, 1916 cm
-1

, respectively) compared to that observed for 3a and 

4a (1960, 1962 cm
-1

, respectively). 

Comparison of ring-heteroatom effect on the 
13

C NMR shifts of the carbene carbon atom 

reveals that furyl-substituted aminocarbene ligands (5a, 6a) are more shielded (243, 250 ppm, 
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respectively) than the thienyl-substituted complexes 5b and 6b (258 – 272 ppm). A smaller effect 

is observed when comparing thienyl ethoxycarbene ligands (3b, 316 ppm; 4b, 322 ppm) with the 

furyl amino-analogues (3a, 311 ppm; 4a, 313 ppm).  

 

3.3 X-RAY STRUCTURAL STUDY 

Complex 4a crystallizes with two molecules in the asymmetric unit. Crystallographic data are 

given in Table 3.1. The molecular structure of molecule 1 is shown in Figure 3.3.  The structures 

of both molecules are similar and are also similar to that of the methoxy-carbene analogue.24  

Selected geometric parameters (mainly about the carbene C atoms) are given in Table 3.2. A 

trans conformation of Oalkoxy and Ofuran about the Ccarbene–Cfuran bond is electronically favored in 

alkoxy-furan-carbene complexes, however, in mono-furan biscarbene complexes a trans - trans 

conformation cannot be adopted as this would bring the two Cr(CO)5 moieties too close to one 

another and thus a cis - trans conformation is adopted. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 An Ortep/PovRay25 drawing of the structure of molecule 1 of 4a showing the atom 
numbering scheme. For the atom numbering scheme of molecule 2, add 20 to each of the 
numbers shown.  ADPs are shown at the 50% probability level.   
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Table 3.1 Crystallographic Data for 4a. 

chemical formula: 

C20H12Cr2O13 

formula weight: 564.30 

a = 6.2838(5) Å  space group P1̄ (No. 2) 

b = 12.6526(9) Å T = -123 °C 

c = 29.1888(19) Å  λ = 0.71073 Å 

α = 89.575(2)° Dcalcd = 1.168 g cm
-3

.  

β = 88.030(2)° µ = 1.005 mm
-1

 

γ =  87.423(2)° R = 0.0757 (all), 0.0478 (I > 

2σI) 

V = 2316.9(3) Å
3
 Rw = 0.0858 (all), 0.0786 (I > 

2σI) 

Z = 4   

R = Σ | |Fo| – |Fc| | / Σ |Fo|     Rw = { Σ [ w(Fo
2
–Fc

2
)
2
 ] / Σ [ w(Fo

2
)
2
 ] }

1/2
 

w=1/[σ
2
(Fo

2
)+(0.0292P)2+2.2628P]    where P=[Max(Fo

2
,0)+2Fc

2
]/3 
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Table 3.2 Selected geometric parameters for 4a. (Å,°) 

Cr-Ccarbonyl 
a
 1.889(3)  Cr-Ccarbonyl 

b
 1.904(9) 

Cr1-C6 2.036(3)  Cr21-C26 2.049(3) 

Cr2-C14 2.035(3)  Cr22-C34 2.038(3) 

C6-O6 1.325(3)  C26-O26 1.317(3) 

C6-C17 1.460(4)  C26-C37 1.463(4) 

C14-O14 1.330(4)  C34-O34 1.326(4) 

C14-C20 1.461(4)  C34-C40 1.464(4) 

Cr1-C6-O6 131.0(2)  Cr21-C26-O26 131.4(2) 

Cr1-C6-C17 123.7(2)  Cr21-C26-C37 123.1(2) 

O6-C6-C17 105.3(2)  O26-C26-C37 105.4(2) 

Cr2-C14-O14 132.5(2)  Cr22-C34-O34 132.3(2) 

Cr2-C14-C20 124.0(2)  Cr22-C34-C40 123.8(2) 

O14-C14-C20 103.4(3)  O34-C34-C20 103.9(2) 

O6-C6-C17-

O15 

-5.3(3)  O26-C26-C37-

O35 

-3.3(3) 

O14-C14-C20-

O15 

-

174.5(2) 

 O34-C34-C40-

O35 

-

174.4(3) 

a
 mean bond distance for carbonyls trans to a carbene.  

b
 mean bond distance for carbonyls cis 

to a carbene. 

 

3.4  ELECTROCHEMISTRY  

Cyclic voltammetry (CV), linear sweep voltammetry (LSV), and Osteryoung square-wave 

voltammetry (SW) were conducted on 0.5 mmol.dm
-3

 solutions of  1 – 6 in dry, oxygen-free 

CH2Cl2 utilizing 0.1 mol.dm
-3

 [N(nBu)4][PF6] as supporting electrolyte.  Data are summarized in 
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Table 3.3, CV’s are shown in Figures 3.4 and 3.5 while Figure 3.6 summarizes potential shifts 

due to changes in aryl, OEt or NHBu carbene substituent. 

Three carbene-based redox processes were observed.  These are: 

(a) the one-electron reduction of the carbene double bond; peaks for this process are labelled I 

throughout in Figures 3.4 and 4.5 and Table 3.3, 

(b) oxidation of the Cr(0) centre to Cr(I) is associated with peak 1, and 

(c) peaks labelled 2 are associated with the one-electron oxidation of the electrochemically 

generated Cr(I) centre to Cr(II).    

One-electron oxidation of the ferrocenyl group in 1 and 2 (peak Fc in Table 3.3 and Figure 

3.4), is observed after Cr(0) oxidation but before Cr(I) and have been thoroughly described in 

our previous report.
7
 It should be noted that it is very difficult to separate redox events that take 

place at closely overlapping potentials by electrochemical techniques, as discussed in detail by 

Taube et al.
26

 

Reduction in aprotic solvents of alkenes
27 

in general and the carbene double bond, Cr=C, in 

particular
7
 are known to occur at far negative applied potentials.  During a one-electron transfer 

process a radical anion of considerable instability is generated; follow-up chemical reactions 

destroy this electrochemically generated species quickly.
7
    

Electrochemical reversible one-electron transfer processes are characterized by ∆Ep = 59 mV 

and peak current ratios approaching 1.
28

 All ethoxy mono- and biscarbene complexes 

[(OC)5Cr=C(OEt)Ar] and [(OC)5Cr=C(OEt)-Ar'-(OEt)C=Cr(CO5)] 1, 2 (Ar = Fc), 3a, 4a (Ar = 

Fu) and 3b and 4b (Ar = Th), exhibited  pseudo electrochemical reversible one-electron 

reduction (∆Ep = Epa - Epc > 88 mV, 0.39 < ipa/ipc < 0.73) of the  Cr=C functionality to 
-
Cr-C• at 

E
o'
 < -1.762 V vs. FcH/FcH

+
.   The assignment of 

-
Cr-C• as reduction product is mutually 

consistent with the computational studies described below, and also with single electron transfer 

reactions followed by ESI-MS that indicated the formation of such species.
29

 For the NHBu 

mono- [(OC)5Cr=C(NHBu)Ar] and biscarbene [(OC)5Cr=C(NHBu)-Ar'-(NHBu)C=Cr(CO)5] 

complexes 5a, 6a (Ar = Fu), 5b and 6b (Ar = Th), only 5b exhibited partial chemical 

reversibility during Cr=C reduction (ipa/ipc = 0.11, Table 3.3, Figure 3.5). The other complexes 

exhibited electrochemical and chemical irreversible behavior for this process with ipa/ipc = 0. 

Potentials were, however, independent of scan rate between 100 and 500 mV.s
-1 

(Figure 3.6). We 
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conclude the reduced -Cr-C• species of the NHBu derivatives are much more reactive than their 

OEt counter parts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Cyclic voltammograms of 0.5 mmol.dm-3 solutions of monocarbenes 3a, 3b, 5a, 

5b[(OC)5Cr=C(Ar)X] and biscarbenes 4a, 4b, 6a and 6b [(OC)5Cr=C(X)-Ar′-(X)C=Cr(CO)5] in 
CH2Cl2/0.1 mol.dm-3 [N(nBu)4][PF6] on a glassy carbon-working electrode at a scan rate of 400 
mV/s.  Decamethylferrocene, Fc*, was used as internal standard.  For 4a, 5b, 6a and 6b, 
concentrations were 0.25 mmol.dm-3 for better clarity.  Peaks labelled “D” represent 

decomposition processes of electrochemically generated −Cr-C• radical anions at the redox 
process labelled “I”. 
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Table 3.3. Cyclic voltammetry data of 0.5 mmol.dm
-3

 solutions of the monocarbene 

[(OC)5Cr=C(Ar)(X)] and biscarbene complexes [(OC)5Cr=C(X)-Ar'-(X)C=Cr(CO)5] in 

CH2Cl2, containing 0.1 mol.dm
-3

 [N(nBu)4][PF6] as supporting electrolyte at a scan rate of 

100 mV.s
-1 

and 20 
o
C.   Potentials are relative to the FcH/FcH

+
 couple.     

ComplexPeak no. E
o′

/V, ∆E/mV ipa/µA , 

ipc/ipa 

1   

Ar = Fc 

X = OEt  

I(=) 

1(Cr
0/I

) 

(Fc) 

2(Cr
I/II

) 

-2.148, 111  

 0.289, 102 

 0.700, 89 

    - 
a
   ,   - 

a
 

3.20
 b

, 

0.41 

3.48, 0.89 

3.29, 0.85 

   - 
a
  ,   - 

a
 

2  

Ar′ = Fc′ 

X = OEt 

I(=) 

1a(Cr
0/I

) 

1b(Cr
0/I

) 

(Fc) 

2(Cr
I/II

) 

-1.845, 104  

 0.499, 83 

0.650, 80 

 0.730, 97 

    - 
a
   ,   - 

a
 

3.81
 b

, 

0.39 

3.71, 0.73 

3.51, 0.23 

3.78, < 0.1 

   - 
a
  ,   - 

a
 

3a 

Ar = Fu 

X = OEt 

I(=) 

1(Cr
0/I

) 

2(Cr
I/II

) 

-1.883,   120  

  0.498,   129 

    - 
a
   ,   - 

a
 

3.54
 b

, 

0.59 

3.75, 0.89 

   - 
a
  ,   - 

a 

3b 

Ar = Th 

X = OEt 

I(=) 

1(Cr
0/I

) 

2(Cr
I/II

) 

-1.762,   98  

  0.565,   85 

    - 
a
   ,   - 

a
 

3.71
 b

, 

0.43 

3.98, 0.88 

   - 
a
  ,   - 

a 

4a 

Ar′ = 

Fu′ 

X = OEt 

D(=)
h 

I(=) 

1(Cr
0/1

) 

1(Cr
I/II

) 

-2.075,   110  

-1.772,     65 

  0.565,     62  

  1.100
d
,    - 

d 

3.31
 b

,  

0.73 

0.89
b
,  

0.73 

1.21,    

0.74 

2.93
d
,     -

d 
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4b 

Ar′ = 

Th′ 

X = OEt 

 

D(=)
h 

I(=) 

1(Cr
0/1

) 

1(Cr
I/II

) 

-2.091,    88  

-1.765,  232 

  0.576,   68  

  1.098
d
,  - 

d 

1.89
 b

,  

0.59 

0.68
b
,  

0.78 

0.81,    

0.81 

2.50
d
,      -

d 

5a   

Ar = Fu 

X = 

NHBu 

I(=) 

1a(Cr
0/I

) 

1b(Cr
0/I

) 

2(Cr
I/II

) 

-2.398
e
,   - 

e
   

  0.340,   68 

  0.402,   98 

    - 
a
   ,   - 

a
 

3.26
 b

,     - 

1.94, 0.91
f 

2.86, 0.87
f 

   - 
a
  ,   - 

a 

5b   

Ar = Th 

X = 

NHBu 

I(=) 

1a(Cr
0/I

) 

1b(Cr
0/I

) 

2(Cr
I/II

) 

-2.232,  132  

  0.258,  242 

  0.435
c
,   - 

c 

  0.951
c
,   - 

c 

3.21
 b

,  

0.11 

1.83,  0.80 

1.75,   - 
c 

7.02,   - 
c 

6a 

Ar′ = 

Fu′ 

X = 

NHBu 

I(=)
g 

1(Cr
0/I

) 

1(Cr
I/II

) 

-2.057 
e
, - 

e
    

  0.430,  90  

  - 
a
   ,   - 

a 

0.90
 b

,       

- 

1.43 ,   

0.77 

- 
a
   ,   - 

a 

6b   

Ar′ = 

Th′ 

X = 

NHBu 

I(=) 

1(Cr
0/I

) 

2(Cr
I/II

) 

    - 
a
   ,   - 

a 

0.399,   138  

 1.150
d
,   - 

d 

   - 
a
  ,   - 

a 

4.81, 0.69 

 7.42
d
,   - 

d 

(a) No peak detected within the  solvent potential window;  (b) ipc and ipa/ipc values to maintain 

the current ratio convention of iforward scan/ireverse scan; (c) Estimated Epa; poor resolution disallowed 
estimates of Epc or  ipa/ipc;  (d) Epa value, no Epc detected.  (e) Epc value, no Epa detected.  (f) 

Estimations only.  (g) Prior to peak I, a small peak was detected at -1.778 V, ipc = 0.33 µA.   This 

current is so small that it is not regarded as part of the system. (h) Peaks labeled “D” represent 

decomposition processes of  −Cr-C· radical anions that were generated at the redox process 

labelled “I”. 
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Figure 3.7 shows the computed frontier molecular orbitals of 3a.30 The HOMO is located in a d 

atomic orbital of the chromium atom whereas the LUMO is mainly centered in the pz atomic 

orbital of the carbene carbon atom. Therefore, it should be expected that the one-electron 

reduction process should lead to the radical anion 3a•- whose unpaired electron remains mainly 

located on the pz orbital of the carbene carbon atom. Indeed, the computed spin density on 3a•- 

indicates a value of 0.60 e on the carbene carbon atom thus confirming the assignment of –Cr-C• 

as reduction product. Similar LUMO’s were observed for the rest of the mono- and biscarbene 

complexes. 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Cyclic voltammograms of 5a, (0.5 mol.dm-3, [(OC)5Cr=C(NHBu)Fu]) in CH2Cl2/0.1 
mol.dm-3 [N(nBu)4][PF6] on a glassy carbon-working electrode at scan rates of  100 (smallest 
currents), 200, 300, 400 and 500 mV/s.  Decamethylferrocene, Fc*, was used as internal 
standard.  The Cr0/1 couple at peak 1 splits into two components a and b, as highlighted by the 
SW at 20 Hz. 

 

The carbene double bond, Cr=C, of the present series of compounds benefits from the presence 

of the electron-donating furyl, thienyl or ferrocenyl group which allows for conjugation (Figure 
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3.1). Conjugated substituents that have different electron donating capabilities are known to alter 

the redox potential of a redox active species: the more electron-donating a substituent is, the 

more the redox potential shifts to smaller values.
31 

Non-conjugated substituents also influence 

the redox potentials of a redox active species but to a much lesser degree.   It was found that if a 

substituent functionality is separated by an alkyl chain of more than four isolating (i.e. non-

conjugated) carbon atoms from the redox active site, the redox active site is essentially not 

influenced by the substituent functionality.
32

 The influence of three different conjugated aryl 

groups, ferrocenyl, furyl and thienyl, as well as OEt and NHBu functionalities on the potential of 

Cr=C reduction is highlighted in this study. 

One-electron Cr=C reduction to 
-
Cr-C• for the ethoxy monocarbenes [(OC)5Cr=C(OEt)Ar] 

were observed  at -2.148 V vs. FcH/FcH
+
 for 1 (Ar = Fc), -1.883 for 3a (Ar = Fu) and -1.762 V 

for 3b (Ar = Th; ∆E
o'
 = E

o
'Th,3b - E

o
'Fu,3a = 121 mV; Figures 3.4 and 3.6, Table 3.3). These 

observed redox potentials show how aryl groups with different electron-donating capabilities 

influence E
o
'.   The strong electron-donating capability of the ferrocenyl group is known,

33
 and 

from the above potentials it is evident that the observed electron-donating capability of the furyl 

group in the chromium-ethoxy carbenes is less than that of ferrocenyl, while thienyl is the 

weakest electron-donating aryl group in the present series of compounds. The observed 

electrochemical trend nicely correlates with the computed energy of the corresponding LUMO: -

2.12 eV (Ar = Fc) > -2.52 eV (Ar = Fu) > -2.69 eV (Ar = Th) which shows that a less stabilized 

(i.e. less negative) LUMO is translated into a higher reduction potentials. In addition, this result 

supports the finding of the 
13

C NMR study discussed above, showing that the Cr=C functionality 

of furyl complexes were more shielded than thienyl complexes.    
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Figure 3.6 Redox potential changes for the Cr=C/−Cr-C•, Cr0/I and CrI/II couples as a function of 

aryl (Ar or Ar′ = Fc or Fc′, Fu or Fu′, Th or Th′),  or X = OEt or NHBu substituents in 
monocarbenes [(OC)5Cr=C(X)Ar] 1, 3a, 3b, 5a and 5b as well as the biscarbenes 

[(OC)5Cr=C(X)-Ar′-(X)C=Cr(CO)5] 2, 4a, 4b, 6a and 6b.   Cr=C reduction for 6b fell outside 
the solvent potential window, as did Cr(I) oxidation to Cr(II) for 1, 3a, 5a, 5b and 6a.   During 
Cr(0) oxidation of 5a, 5b and  2, two poorly resolved redox processes were observed.    
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              HOMO (3a)                     LUMO (3a)                               3a·- 

Figure 3.7 Frontier Molecular Orbitals of 3a and computed spin density on 3a·-.  

 

Upon changing the OEt substituent to NHBu to give [(OC)5Cr=C(NHBu)Ar], the same trend 

was observed in that 5b (Ar = Th) is also reduced at an Epc 105 mV larger than 5a (Ar = Fu).   

(There was no Epa observed for 5a implying ∆Eo' could not be calculated). Both the NHBu and 

OEt groups are directly bonded to the Cr=C centre and, like the aryl groups, also allow for 

conjugation (Figures 3.1 and 3.2). The NHBu group shifted the formal reduction potential of the 

Cr=C species with ∆Epc = Epc,Fu-OEt,3a - Epc,Fu-NHBu,5a =  -1823 – (-2398) = 575 mV and ∆Eo' = 

Eo'Th-OEt,3b - E
o'Th-NHBu,5b = 470 mV to more negative potentials than those observed for OEt 

derivatives, in agreement with the computed less negative LUMO energies (-2.16 and -2.20 eV 

for 5a and 5b, respectively).   Clearly, from these large shifts to more negative potentials, the 

NHBu group is more successful in donating electrons to the Cr=C redox centre (Figure 3.2) than 

the OEt functionality, which agrees with the well-known higher donor-ability of nitrogen atoms 

compared to the more electronegative oxygen atoms.    

The changes in Cr=C reduction potential as a function of Ar, OEt or NHBu for the biscarbenes 

was not as large, but in essence the same general directional changes in potentials were observed.   

The observed shifts in potentials as a function of aryl, OEt and NHBu functionalities are 

summarized in Figure 3.6.   The only biscarbene Cr=C reduction that could not be interpreted 

within this context was 6b since this redox process (Epc < -2.4 V) fell outside the potential 

window of the solvent CH2Cl2. 

Cr(0) oxidation to Cr(I) is observed in the potential range 0.289 < Eo' < 0.650 V (Table 3.3). As 

shown in Figure 3.7, the HOMO of furyl complex 3a is mainly located at the chromium(0) 
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atom.34 Similar HOMO’s were observed for the rest of the complexes. Thus, the first oxidation 

process in all complexes may be attributed to the one-electron oxidation of Cr(0) to Cr(I) which 

leads to a radical cation where the unpaired electron is located in the transition metal atom (see 

also Figure 3.8).  For the biscarbene complexes 2, 4 and 6 the oxidation of the two Cr(0) centers 

takes place at such closely overlapping potentials that, with the exception 2 (Table 3.3), they 

could not be resolved.   Hence in the computational discussion of 4a below, this oxidation was 

modeled as a process in which two electrons was transferred simultaneously.   The Cr0/1  redox 

couple has better ∆Ep values than Cr=C reduction with the ethoxy biscarbenes 4a (Ar = Fu) and 

4b (Ar = Th) as well as the amino monocarbene 5a showing ∆Ep < 69 mV, but by and large this 

couple was also electrochemically pseudo reversible. Peak current ratios were better than 0.69 

for almost all mono- and bis-Fu and Th complexes. The monomeric Fu and Th NHBu complexes 

5a and 5b showed splitting of the Cr0/1 couple into poorly resolved components a and b (Figures 

3.5 and 3.6, Table 3.3), which is consistent with the rotamers shown in Figure 3.2. From NMR 

measurements, see above, the syn and anti zwitterionic rotamers are present in an approximate 

ratio of 1:1.   The oxidation of one of the zwitterionic rotamers of 5a and 5b is associated with 

one of the two Cr0/1 peaks, while the other Cr0/1 peak may be associated with the other 

zwitterionic species shown in Figure 3.2.     

 

Figure 3.8 Species formed upon electrochemical oxidation processes of complexes 3a (a) and 4a 
(b). Bond lengths are given in angstroms. 
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As with reduction wave I, the potentials associated with Cr(0) oxidation of 

[(OC)5Cr=C(NHBu)Ar] for the Ar = Fc complex 1 (0.289 V) and the two NHBu complexes 5a 

and 5b were the lowest (Figure 3.6, Table 3.3).   The ethoxy-furan carbene 3a exhibited a Cr(0) 

oxidation potential 209 mV more positive than 1 (compared to the 265 mV more positive 

potential observed for Cr=C reduction) while the thienyl derivative is, as with Cr=C reduction, 

oxidized at the largest potential.  ∆E
o'
 = E

o
'Th,3b - E

o'
Fu,3a was 67 mV for wave 1 while for Cr=C 

reduction the corresponding potential shift was 121 mV.   The thienyl butylamino derivative 5b 

also undergoes Cr(0) oxidation at a formal oxidation potential 33 mV more positive (wave 1b) 

than the furan derivative 5a. Again, a clear correlation between the observed first oxidation 

potential and the computed HOMO energies can be found: -5.70 eV (5b) <-5.84 eV (1) < -5.94 

(3a) < -5.96 eV (3b), thus showing that a more stabilized HOMO (i.e. more negative) is 

translated into a higher oxidation potential. In comparison to the OEt substituent, the NHBu 

functionality shifted the formal oxidation potential of the Cr(0) species with ∆E
o
'Cr0/1 = E

o
'Fu-OEt,3a 

- E
o
'Fu-NHBu,5a = 96 mV  and ∆E

o
' = E

o
'Th-OEt,3b - Eo'Th-NHBu,5b = 130 mV (utilising wave 1b for 5a 

and 5b) to more negative potentials (Table 3.3, Figure 3.6).   Although this shift is less than that 

observed for Cr=C reduction, the shift was in the same direction and thus mutually consistent 

with the conclusion that the NHBu group are more successful in donating electrons to the Cr=C 

redox center than the OEt functionality.    

Finally, at the positive edge of the potential window of CH2Cl2, we could observe a second, 

irreversible (ipc = 0) oxidation process for 3b, 4a, 4b and 6a.  For all other complexes this redox 

process fell outside the workable potential window of CH2Cl2. This second observed oxidation 

process at wave 2 (Figure 3.4) belongs to Cr(I) oxidation to Cr(II) because the unpaired electron 

in the corresponding radical cation is located in the metal atom (see Figure 3.8a). As the Cr
I/II 

couple is electrochemical irreversible, and because the observed, quite similar, Epa values (Figure 

3.6) are so close to the edge of the solvent potential window, it was not possible to interpret any 

potential changes as a function of carbene substituents.   The complete irreversibility of the Cr
I/II

 

couple with ipc/ipa = 0 (wave 2, Figure 3.4, Table 3.3) contrasts the Cr=C reduction (wave I) 

which exhibited in most cases nonzero ipa/ipc ratios. This highlights that the electrochemically 

generated Cr(II) species is much more reactive than the electrochemically generated 
-
Cr-C• 

species, and destructs on a much faster timescale. 
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The latter result prompted us to analyze the nature of the dicationic species formed upon the 

second electrochemical oxidation process in detail. As is readily seen in Figure 3.8a, dicationic 

complex 3a
2+

 exhibits an unusual structure which is markedly different to the structures of 3a 

and the radical cation 3a·
+
. Indeed, a hydrogen atom of the ethoxy moiety is found close to the 

chromium atom (Cr···H distance of 2.080 Å), pointing to a possible C-H agostic interaction.     

To gain more insight into the bonding situation of 3a
2+

, we also analyzed the C-H···Cr 

interaction with the help of the Atom in Molecules (AIM)
35 

and Natural Bond Orbital (NBO)
36

 

methods. The laplacian distribution of 3a
2+

 in the Cr···H-C plane (Figure 3.9a) clearly reveals 

the occurrence of a bond critical point located at midpoint between the transition metal and the 

hydrogen atom, which is associated with a bond path running between the corresponding two 

atoms. This proves the existence of a direct interaction between both atoms. Moreover, the 

computed value of 0.035 e.Å
-3

 for the electron density at the bond critical point, is in the range 

expected for CH agostic interactions.
37 

This is further supported by the NBO method which 

locates a stabilizing electronic donation from the doubly occupied σ(C-H) molecular orbital to 

the vacant d atomic orbital of the chromium (associated second-order perturbation energy of -

36.7 kcal/mol, see Figure 3.9b). The presence of the vacant orbital is, of course, a direct 

consequence of the oxidation process which eliminates the two electrons present in the HOMO 

of 3a (located in the chromium atom). The special bonding situation of 3a
2+

 seems to be general 

as a similar structure was found for the tetracationic species 4a
4+

 formed upon two consecutive 

two-electron oxidation processes from 4a via the open-shell singlet species 4a
2+

 (see Figures 

3.8b and 3.9c). 

Finally, with respect to the furyl- and thienyl-containing butylamino monocarbene complexes 

5a and 5b, Scheme 3.2 highlights the electrochemical pathway of the observed redox processes. 

The ethoxy monocarbene complexes undergo essentially the same processes while for the 

biscarbenes complexes a second 
-
Cr-C• radical anion, Cr(0) and Cr(I) oxidation at overlapping 

potentials with the first processes at waves I, 1 and 2 (Figure 3.4) also forms.  
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(a) (b) 

  

(c) 

Figure 3.9 Contour line diagrams ∇2
ρ(r) for complexes 3a2+ (a) and 4a4+ (c) in the Cr−H−C 

plane. Solid lines indicate areas of charge concentration (∇2
ρ(r) < 0) while dashed lines show 

areas of charge depletion (∇2
ρ(r) > 0). The solid lines connecting the atomic nuclei are the bond 

paths while the small red spheres indicate the corresponding bond critical points. The solid lines 
separating the atomic basins indicate the zero-flux surfaces crossing the molecular plane. (b) 

NBO orbitals associated with the σ(C-H) → d(Cr) agostic interaction. 
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Scheme 3.2  Electrochemical reactions associated with 5a (Ar = Fu) and 5b (Ar= Th).  Both 

the final reduction product possessing the  
−−−−Cr-C

•••• radical anion and the final oxidation 

product possessing the Cr(II) centre are highly reactive and undergo further chemical 

decomposition reactions. 

 

 

 

 

 

 

 

3.5 CONCLUSION 

New furyl mono- and bis-butylaminocarbene chromium complexes [(CO)5Cr=C(NHBu)Fu], 

5a and [(CO)5Cr=C(NHBu)-Fu'-(NHBu)C=Cr(CO)5], 6a, were prepared from  the ethoxy 

precursors.   The formation of both syn- and anti-rotamers across the restricted Ccarbene –N bond 

was observed by the duplication of all 
1
H NMR signals of 5a in a ratio of 1:0.95 (syn:anti).   

Ferrocenyl and thienyl derivatives were also prepared, and the structure of 4a [(CO)5Cr=C(OEt)-

Fu'-(OEt)C=Cr(CO)5] was solved.  From an electrochemical study it was found that the carbene 

functionality of all ferrocenyl substituted complexes were most electron-rich but that the Cr=C 

functionality of thienyl complexes were most electron-poor. This result is mutually consistent 

with a 
13

C NMR study that showed the Cr=C functionality of furyl complexes were more 

shielded than thienyl complexes. Three carbene-based redox processes were observed: 

electrochemical pseudo reversible reduction of Cr=C to 
-
Cr-C• at far negative (< 1.7 V vs 

FcH/FcH
+
) potentials, electrochemical pseudo reversible oxidation of Cr(0) to Cr(I) at 0.29-0.65 

V and irreversible oxidation of Cr(I) to Cr(II) at the positive edge of the solvent (CH2Cl2) 

potential window. The ferrocenyl group is oxidized at potentials between that of the Cr
0/I 

and 

Cr
I/II

 couple. These redox assignments were mutually consistent with the computational data 

obtained at the DFT level, which suggest a peculiar bonding situation in the species formed upon 

the second oxidation process (i.e. stabilized by CH···Cr agostic interactions).   Poorly resolved 
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peak splitting of the Cr(0) oxidation of the zwitterionic species [(OC)5Cr
−

—C=(N
+
BuH)Ar], Ar 

= Fu or Th into a and b components is consistent with the presence of syn- and anti-rotamers 

across the restricted Ccarbene-N bond. 

 

3.6 EXPERIMENTAL 

General considerations. All operations were carried out under an inert atmosphere of nitrogen 

or argon gas using standard Schlenk techniques.  Solvents were dried by refluxing on sodium 

metal (hexane, thf and diethylether) or over phosphorous pentoxide (CH2Cl2) and then distilled 

under nitrogen prior to use.  Chemicals were used without further purification unless stated 

otherwise.  Triethyloxonium tetrafluoroborate (Et3OBF4) was synthesized according to literature 

procedures.
15

  Purification with column chromatography was done using silica gel 60 (0.0063 – 

0.200mm) as 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 NMR spectra at 125.75 

MHz.  The signal of the solvent was used as reference:  
1
H CDCl3 at 7.24 ppm and 

13
C CDCl3 at 

77.00 ppm. Solution IR spectra were recorded on a Perkin-Elmer Spectrum RXI FT-IR 

spectrophotometer using hexane as solvent. Only the vibration bands in the carbonyl-stretching 

region (ca. 1600 – 2200 cm
-1

) were recorded. Melting points were not recorded due to 

decomposition during heating.  

 

Synthesis of carbene complexes 1- 4. The carbene complexes 1,
16

  2,
18

  3,
17

  4a,
4(e)

 4b,
4(f)

 5b
7
 

and 6b
7
 were prepared according to known literature procedures.  Spectroscopic data for 1, 2, 3b, 

4b, 5b and 6b have been reported in our previous study.
7 

 

[Cr(CO)5{C(OEt)Fu}] 3a
17

 

1
H NMR (CDCl3, δ/ppm): 7.82 (dd, J=1.6, 0.8 Hz, 1H, Fu-Hγ), 6.96 (dd, J=3.6, 0.8 Hz, 1H, Fu-

Hα), 6.56 (dd, J= 3.6, 1.6 Hz, 1H, Fu-Hβ), 5.13 (q, J=7.0 Hz, 2H, OCH2), 1.63 (t, J=7.0 Hz, 3H, 

CH3);  
13

C NMR (CDCl3, δ/ppm) : 311 (Ccarbene), 224 (COtrans), 217 (COcis), 164 (Fu-Cipso), 150 

(Fu-Cγ), 113 (Fu-Cβ), 112 (Fu-Cα), 76 (OCH2), 15 (CH3).  IR (hexane, ν(CO)/cm
-1

): 2061 s (A''1), 

1990 w (B), 1960 s (A'1), 1946 vs (E). 
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 [(CO)5Cr{C(OEt)(Fu')C(OEt)}Cr(CO)5] 4a
4(e)

  

 
1
H NMR (CDCl3, δ/ppm): 7.22 (s, 2H, Fu'-Hα,α'), 5.22 (q, 4H, J=7.0 Hz, OCH2), 1.72 (t, 6H, 

J=7.1 Hz, CH3); 13C NMR (CDCl3, δ/ppm): 313 (Ccarbene), 224 (COtrans), 216 (COcis), 162 (Fu'-

Cipso), 119 (Fu'-Cα,α'), 77 (OCH2), 15 (CH3).  IR (hexane, ν(CO)/cm
-1

): 2054 s (A''1), 1995 w (B), 

1962 s (A'1), 1955 vs (E). 

 

Synthesis of new furyl aminocarbene complexes 5a and 6a. 

 [Cr(CO)5{C(NHBu)Fu}] 5a 

 3a (2 mmol, 0.69 g) was dissolved in ether and n-butylamine (2.2 mmol, 0.22 mL) was added 

at room temperature (rt).  A rapid color change from red to yellow was observed.  Volatiles were 

removed by reduced pressure and purification was done using column chromatography with a 

1:1 hexane/CH2Cl2 solvent mixture.  Two isomers formed and although it could not be separated 

by column chromoatography, two sets of NMR data could be distinguished. Yield 0.55g (85%) 

yellow crystals.   

Syn-isomer: 
1
H NMR (CDCl3, δ/ppm) 9.22 (br, 1H, NH), 7.44 (d, J=1.7 Hz, 1H, Fu-Hγ), 7.09 

(d, J=3.6 Hz, 1H, Fu-Hα), 6.57 (dd, 3.5, 1.9 Hz, 1H, Fu-Hβ), 4.06 (td, 7.2, 6.0 Hz, 2H, NCH2), 

1.80 (m, 2H, CH2CH2), 1.50 (m, 2H, CH2CH2), 0.98 (t, 7.4 Hz, 3H, CH3); 
13

C NMR (CDCl3, 

δ/ppm): 243 (Ccarbene) , 223 (COtrans), 218 (COcis), 157 (Fu-Cipso), 144 (Fu-Cγ), 122 (Fu-Cα), 114 

(Fu-Cβ), 53 (NCH2), 32 (CH2CH2),  20 (CH2CH2), 14 (CH3).  

Anti-isomer: 8.28 (br, 1H, NH), 7.67 (d, J=1.4 Hz, 1H, Fu-Hγ), 7.44 (d, J=3.7 Hz, 1H, Fu-Hα), 

6.59 (dd, 3.6, 1.7 Hz, 1H, Fu-Hβ), 3.70 (td, 7.1, 5.6 Hz, 2H, NCH2), 1.76(m, 2H, CH2CH2), 1.45 

(m, 2H, CH2CH2), 1.01 (t, 7.4 Hz, 3H, CH3). 
13

C NMR (CDCl3, δ/ppm): 250 (Ccarbene), 223 

(COtrans), 218 (COcis), 156 (Fu-Cipso), 146 (Fu-Cγ), 125 (Fu-Cα), 113 (Fu-Cβ), 53 (NCH2), 32 

(CH2CH2), 20 (CH2CH2), 14 (CH3). IR (hexane, ν(CO)/ cm
-1

) 2055 m (A1''), 1971 vw (B), 1910 

m (A1'), 1935 vs (E).  
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[(CO)5Cr{C(NHBu)(Fu')C(NHBu)}Cr(CO)5] 6a 

4a (2 mmol, 1.24 g) was dissolved in ether and n-butylamine (4.2 mmol, 0.42 mL) was added 

at rt.  The colour changed from purple to deep yellow and volatiles were removed under reduced 

pressure.  Yield 0.98g (75%) orange crystals. 

Syn,syn-isomer: 
1
H NMR (CDCl3, δ/ppm): 9.12 (br, 1H, NH), 7.13 (s, 2H, Fu'-Hα,α'), 4.12 (dd, J 

= 7.1, 6.7 Hz, 4H, NCH2), 1.88-1.76 (m, 4H, CH2CH2 ), 1.59-1.48 (m, 4H, CH2CH2 ),  0.91 (t, J 

= 7.3 Hz, 6H, CH3 );  
13

C NMR (CDCl3, δ/ppm): 250 (Ccarbene)  223 (COtrans), 218 (COcis), 

159(Cipso) , 118 (Fu'-Cα,α'), 52 (NCH2), 31 (CH2CH2), 20 (CH2CH2), 14 (CH3).  IR (hexane, 

ν(CO) / cm
-1

): 2053 m (A1''), 1975 vw (B), 1916 m (A1'), 1936 vs (E).  

 

Crystal structure determination 

Data for a dark-purple needle crystal (0.018 x 0.020 x 0.376 mm) of 4a were collected at 150 K 

on a Bruker D8 Venture kappa geometry diffractometer, with duo Iµs sources, a Photon 100 

CMOS detector  and APEX II
38

 control software using Quazar multi-layer optics 

monochromated, Mo-Kα radiation by means of a combination of  φ and ω scans. Data reduction 

was performed using SAINT+
38

 and the intensities were corrected for absorption using 

SADABS.
38

 The structure was solved by intrinsic phasing using SHELXTS
39 

and refined by full-

matrix least squares using SHELXTL
39

 and SHELXL-2012.
39

 In the structure refinement all 

hydrogen atoms were added in calculated positions and treated as riding on the atom to which 

they are attached. All non-hydrogen atoms were refined with anisotropic displacement 

parameters, all isotropic displacement parameters for hydrogen atoms were calculated as X × Ueq 

of the atom to which they are attached, X = 1.5 for the methyl hydrogens and 1.2 for all other 

hydrogens. One methyl group in each molecule (C16, C36) is disordered and two sites were 

refined for each (in both cases with a refined sof ratio of 0.61 : 0.39). The major site for C16 

(C16A) is shown in Figure 3.3. 

 

Electrochemical studies 

Cyclic voltammograms (CV’s), square wave voltammograms (SW’s) and linear sweep 

voltammograms (LSV’s) were recorded on a Princeton Applied Research PARSTAT 2273 
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voltammograph running PowerSuite (Version 2.58) utilizing a standard three-electrode cell in a 

M Braun Lab Master SP glovebox filled with high purity argon (H2O and O2 < 5 ppm). A 

platinum wire auxiliary electrode, a silver wire pseudo internal reference and a glassy carbon 

working electrode (surface area 3.14 mm
2
) was utilized after polishing on a Buhler polishing mat 

first with 1 micron and then with ¼ micron diamond paste.   All electrode potentials are reported 

versus the ferrocene/ferrocenium redox couple (FcH/FcH
+
, FcH = Fe(η5

-C5H5)2, E
o
' = 0.00 V) as 

reference.
40 

However, decamethylferrocene, Fc*, was used as internal standard to prevent signal 

overlap with the ferrocenyl of 1 and 2.  Decamethylferrocene has a potential of -550 mV versus 

free ferrocene with ∆E = 72 mV and ipc/ipa = 1 under the conditions employed.
41

    Analyte 

solutions (0.5 mmol.dm
-3

) were prepared in dry CH2Cl2 in the presence of 0.1 mol.dm
-3

 

[(nBu4)N][PF6]. Analyses were performed at 20 
o
C. Data were exported to a spread sheet 

program for manipulation and diagram preparation. 

 

Computational studies 

Geometry optimizations without symmetry constraints were carried out using the Gaussian09 

suite of programs
42

 at the B3LYP (uB3LYP for open-shell species)
43

 using the double-ζ plus 

polarization def2-SVP
44 

basis set for all atoms. This protocol is denoted B3LYP/def2-SVP. Zero 

point vibrational energy (ZPVE) corrections have been computed at the same level and have not 

been corrected. All species were characterized by frequency calculations, and have a positive 

defined Hessian matrix indicating that they are minima on the potential energy surface. Donor-

acceptor interactions were computed using the natural bond orbital (NBO) method.
34

 The 

energies associated with these two-electron interactions have been computed according to the 

following equation:  

 

where F is the DFT equivalent of the Fock operator and ϕ and ϕ
*
 are two filled and unfilled 

Natural Bond Orbitals having εϕ and εϕ* energies, respectively; nϕ stands for the occupation 

number of the filled orbital. 
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φφφ

εε

φφ

−

−=∆

*

2*

)2(

*

F̂
nE

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



79 

 

The AIM
33

 results described in this work correspond to calculations performed at the 

B3LYP/def2-SVP level on the optimized geometries. The topology of the electron density was 

studied using the AIMAll program package.
45
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          ___  CHAPTER 4 

 

Synthesis and electrochemical investigation of 

ferrocenyl aminocarbene chromium(0) complexes. 
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Supplementary information:  The LSV and CV of complex 2, (Appendix 3a) and Cartesian 

coordinates and energies of all the stationary species discussed in the text are included. 

(Appendix 3b, CD) 
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ABSTRACT 

The series [Fc-(R)C=Cr(CO)5], 1 (R = OEt) and 2 (R = NHBu) as well as [(OC)5Cr=C(R)-Fc'- 

(R)C=Cr(CO)5], 3 (R = OEt) and 4 (R = NHPr) of mono- and biscarbene chromium(0) 

complexes with Fc = Fe
II
(C5H5)(C5H4) for monosubstituted derivatives and Fc′ = Fe

II
(C5H4)2 for 

disubstituted derivatives were synthesized and characterized spectroscopically, electrochemically 

and computationally. Electrochemical studies on the biscarbene complexes 3 and 4 provided 

evidence for electronic interaction between different redox sites, including the Cr-centers. The 

Cr
0/I

 couples are electrochemically reversible with the difference in formal oxidation potentials 

between the “a” and “b” components being ∆E
o
' = E

o
'Cr(0) oxd 1b - E

o
' Cr(0) oxd 1a = 151 and 105 mV 

in 3 and 4 respectively. Computational and electrochemical results were mutually consistent in 

showing unambiguously that the Cr(0) centre is oxidised before the ferrocenyl group in the 

carbene complexes 2, 3 and 4. Electrochemical experiments on the monoethoxy carbene 1 were 

also consistent with this redox sequence of events, but surprisingly, our calculations suggest that 

for 1, the ferrocenyl group is oxidised before Cr(0) oxidation. The ethoxycarbenes 1 and 3 also 

showed a carbene double bond reduction to an anion radical, 
−

Cr=C
•

, while 4 was the only 

derivative to show irreversible Cr(I) oxidation to Cr(II) within the potential window of the 

solvent. 

 

4.1  INTRODUCTION 

The development of bi- and polymetallic complexes with σ,σ-attachments to transition 

metal fragments and containing a π-conjugated bridge has attracted considerable attention in 

recent years. Applied to Fischer carbene complexes, their potential use to obtain bi- or trimetallic 

polyenes that show metal-metal interactions are especially attractive [1]. Such systems may have 

interesting optical and electrochemical properties [2]. Fischer carbene complexes have also been 

extensively studied as catalysts [3], as reactants to facilitate many organic transformations [4], or 

as electrochemical probes [5]. Thermal [3,6] and photochemical transformations [7] have also 

been investigated.    
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Incorporation of the redox-active ferrocenyl group in complexes may be beneficial for a 

number of reasons. The electron-donating [8] characteristics of the ferrocenyl group, the 

electron-withdrawing properties of the oxidized ferrocenium species [9], the high thermal 

stability of both the oxidized and reduced states, and the electrochemical reversible nature of the 

Fc/Fc
+
 couple [10] are but some of the reasons why ferrocene derivatives have been studied as 

molecular sensors [11] and in energy transfer processes [12]. Considering reaction rates, as a part 

of a ligand system it will enhance oxidative addition reactions [13] but retard substitution 

processes [14]. Ferrocene derivatives are also used as high burning rate catalysts in rocket 

propellants [15] and as catalyst in various chemical reactions [16]. A particularly interesting 

application of ferrocene derivatives, which are strongly dependent on fine tuning of the 

ferrocenyl oxidation potential with suitable substituents, lies in the field of cancer therapy [17]. 

Differences in drug activity, catalyst specificity and reaction rates in the above sited applications 

are frequently the result of electronic interactions between the ferrocenyl group and functional 

groups in the substrate. 

Recent reports suggest that any two non-conjugated metal carbene moieties in homo- and 

heterobimetallic biscarbene complexes behave as two independent monocarbene entities with 

separate, localized redox centres [18]. From our recently published results related to an 

electrochemical and theoretical investigation of 2,5-thiendiyl (Th′) and 2,5-furadiyl (Fu′) bis-

heteroaryl carbene chromium(0) complexes [19,20], it is known that no significant electronic 

interaction exists between the two Cr(0) centers of [(CO)5Cr{C(OEt)(Ar′)C(OEt)}Cr(CO)5] with 

Ar′ = Th′ or Fu′. Because of this, the computational study of the recently published Cr(0) 

oxidation to Cr(I) of 2,5-thiendiyl- [19] and 2,5-furadiyl-biscarbene complexes [20] treated these 

redox processes as a two-electron transfer process that comprises of two simultaneously 

occurring but independent one-electron transfer steps, one for each Cr(0) center. However, for 

[(CO)5Cr{C(OEt)(Fc′)C(OEt)}Cr(CO)5], where the 2,5-thiendiyl or 2,5-furadiyl linking aryl unit 

between the two Cr carbene functionalities was replaced by a ferrocen-1,1′-diyl functionality, we 

did observe electrochemical evidence that some interaction may exist between the two Cr(0) 

centers [19], which needs further investigation. We herewith report the synthesis of the two new 

aminocarbene complexes [Cr(CO)5{C(NHBu)Fc}], 2, and 

[(CO)5Cr{C(NHPr)(Fc′)C(NHPr)}Cr(CO)5], 4, from the previously reported ethoxy complexes 
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[Cr(CO)5{C(OEt)Fc}], 1 [21], and [(CO)5Cr{C(OEt)(Fc′)C(OEt)}Cr(CO)5], 3 [22].   Results 

from an electrochemical study on 1 – 4, and new insights from a computational study to 

elucidate the species generated in each redox process, are also presented.  

 

4.2  RESULTS AND DISCUSSION 

Synthesis and spectroscopic characterization of complexes 1 - 4  

The Fischer reaction between ferrocenyllithium [23] and [Cr(CO)6] and subsequent 

alkylation with Et3OBF4 [24] yielded the known complex 1 [Cr(CO)5{C(OEt)Fc}], for which the 

crystal structure has been previously reported [18,25]. 1,1’-Dilithiated ferrocene [26] was reacted 

according to literature procedures with two equivalents of metal carbonyl. The resulting metal 

bisacylate is then quenched with oxonium salt, to yield the known bridging ferrocenyl biscarbene 

complex 3, [(CO)5Cr{C(OEt)(Fc′)C(OEt)}Cr(CO)5] [22]. Considering the ease of dilithiation of 

ferrocene, it is surprising that so few Fischer biscarbene complexes containing a bridging 

ferrocen-1,1'-diyl (Fc') spacer have been reported, and the first crystal structure of this complex 

was only reported in 2008 [22(a)].
 

 

Scheme 4.1 Synthesis of ferrocenyl mono- and biscarbene complexes. Reagents and conditions: 

(a) (i) 1eq [Cr(CO)6], thf, -50°C; (ii) 1.3eq Et3OBF4, CH2Cl2, -30°C; (b) 1eq NH2Bu, Et2O, rt; (c) 

(i) 2eq [Cr(CO)6], thf, -50°C; (ii) 2.5eq Et3OBF4, CH2Cl2, -30°C; (d) 2eq NH2Pr, Et2O, rt.   
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Aminolysis [27] of the ethoxycarbene complexes 1 and 3 was achieved by reaction with 

either n-butylamine or n-propylamine to yield the new complexes  [Cr(CO)5{C(NHBu)Fc}] (2) 

and [(CO)5Cr{C(NHPr)(Fc′)C(NHPr)}Cr(CO)5]  (4), see Scheme 4.1. The shorter-chain n-

propylamino substituent, rather than n-butylamino, was employed for the biscarbene complex in 

an attempt to improve the crystallinity of the complex.  

Notably, only the syn isomer was observed for both the mono- and bisaminocarbene 

complexes 2 and 4, and contrasts the mixture of syn- and anti-isomers around the Ccarbene-N bond 

that was found for 2,5-thiendiyl and 2,5-furadiyl aminocarbene complexes [19,20]. The lack of 

formation of anti-configurational isomers for 3 and 4 can presumably be ascribed to the steric 

bulk of the ferrocenyl carbene substituent. Stabilization of ferrocene-containing carbenes is 

achieved in both the σ (through inductive effects) and the π (through π-resonance effects) modes 

of the bridging ligand [28]. Additionally, aminocarbenes are further stabilized by imine 

formation. Fig. 4.1 demonstrates both stabilization modes.   

 

 

Fig. 4.1 Stabilization modes of the Fischer chromium(0) carbene complexes 1 and/or 2 (XR = 

OEt or NHBu) due to the (a) ferrocenyl and (b) amino substituents. For 2, only the syn rotamer is 

observed. 

In all cases, spectroscopic characterization gave the expected upfield shift of the carbene carbon 

atom in the 
13

C NMR spectra for the aminocarbene ligand compared to the corresponding 

ethoxycarbene ligand, see Table 4.1. This is in accordance with increased heteroatom 

stabilization from the nitrogen carbene substituent (Fig. 4.1(b)). The IR spectra of the carbonyl 
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frequencies also demonstrate decreased π-backbonding required from the central metal atom for 

the aminocarbene complexes, as seen by the lower frequencies of the A'1 mode carbonyl 

vibration (Table 4.1) [27,29]. The most significant observable, however, was the diminished 

electronic ring substituent involvement of the Fc-Cp bound to the Ccarbene atom. Usually, a 

marked downfield shift of Hα of the ring is observed, consistent with the electron-withdrawing 

effect of the metal carbonyl fragment and the π-delocalization of the aryl carbene substituent 

towards stabilizing the electrophilic carbene carbon atom [22,30]. In the case of the 

aminocarbene complexes 2 and 4, the observed Hα 
1
H NMR resonance was consistently shifted 

upfield from the corresponding ethoxycarbene 1 and 3 Hα shifts (Table 4.1), but also found to be 

much closer in value to the Hβ chemical resonances; even overlapping in the case of 4 (δ(Hα,β) = 

4.42 ppm). This evidences considerably less ring-involvement required for the aminocarbene 

complexes. 

 

Table 4.1 Selected 
1
H and 

13
C NMR data and IR ν(CO) stretching frequencies for 1 – 4. 

Complex Hα δ 
1
H (ppm) Hβ δ 

1
H (ppm) Ccarbene δ 

13
C (ppm) A'1 ν(CO) (cm

-1
) 

1 [21]
 

4.93 4.71 329.7 1949 

2 4.42 4.17 270.6 1931 (overlap E) 

3 [22]
 

5.00 4.73 306.7 1938 (overlap E) 

4 4.42 4.42 270.6 1925 (overlap E) 

 

Electrochemistry and computational analyses  

Cyclic voltammetry (CV), linear sweep voltammetry (LSV), and Osteryoung square-wave 

voltammetry (SW) were conducted on 0.5 mmol dm
-3

 solutions of 1 – 4 in dry, oxygen-free 

CH2Cl2 utilizing 0.1 mol dm
-3

 [N(nBu)4][PF6] as supporting electrolyte.  Electrochemical data 

are summarized in Table 4.2, CV’s are shown in Fig.’s 4.4 and 4.5.   

Four redox processes were observed. The first of these is associated with wave I in Fig. 4.4 and 

Table 4.2 and is ascribed to the one-electron reduction of the carbene double bond to 
−

Cr-C• 

[31], as the LUMO (i.e. the orbital accepting the additional electron) is mainly located on the pz 
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atomic orbital of the carbene carbon atom (see Fig. 4.2) [32]. Only the ethoxy derivatives 1 and 3 

showed this redox process at formal reduction potentials E
o′

 = (Epa + Epc)/2 < -1.8 V (Fig. 4.4). 

The electrochemistry of 1 and 3 were described in an earlier communication [19] and we refrain 

from further commenting here on Cr=C reduction. That the new aminocarbene analogues 2 and 4 

do not exhibit this redox process within the solvent potential window of CH2Cl2, but furyl (Fu) 

and thienyl (Th) derivatives do [20], bears testimony to the stronger electron-donating power of 

the ferrocenyl group compared to Fu and Th. Also, the amino-groups of 2 and 4 are much more 

electron-donating than OEt, which results in the stabilizing imine resonance form shown in Fig. 

4.1(b). As a consequence of such donation, the electronic occupation of the “empty” pz atomic 

orbital of the carbene carbon atom is significantly higher in complexes 2 and 4 compared to 1 

and 3. This makes the reduction process far more difficult and therefore, the Cr=C reduction 

potentials appear at more negative values than the lowest potential the solvent, CH2Cl2, can 

accommodate.  

 

 
 

                               LUMO (1)                                LUMO (3) 

 

Fig. 4.2 Computed LUMO of complexes 1 and 3 (isosurface value of 0.045 au).  

 In our recent report [19,20] on the second redox process (wave 1) for 3 we described 

electrochemical evidence that is consistent with both Cr(0) centers being oxidized before the 

ferrocenyl group. We concluded that the monoethoxycarbenederivative 1 should behave 

analogously to 3 and suggested that in 1, Cr(0) is also oxidized before the ferrocenyl centre. This 
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conclusion was thought reasonable because this assignment meant that Cr(0) oxidation in 1 and 3 

differed with only 210 mV and the ferrocenyl waves were only 30 mV apart, see Table 4.2. Our 

present computational study showed that this original assignment on the sequence of redox 

events for the biscarbene 3 was correct, see Fig 4.3. However, from the computational study 

described below, DFT calculations at the B3LYP/def2-SVP level indicate that complex 1 is 

electrochemically oxidized to the radical cation 1·
+
 because of ferrocenyl oxidation, not Cr(0) 

oxidation (see Fig. 4.3, top). The computed spin density of this species indicates that the 

unpaired electron is located at the iron atom (1.27e).   Differently, for biscarbene complex 3, the 

spin density of the corresponding radical cation 3·
+
 is not located at the iron atom but at one of 

the chromium centers (1.17e, Fig. 4.3, bottom). Thus, the oxidation process associated with wave 

1 in the biscarbene complex 3 involves Cr(0) oxidation to Cr(I) rather than ferrocenyl oxidation 

as in its monocarbene counterpart, complex 1. It is clear that for 1, DFT calculations cast a 

different perspective than the results obtained from the experimental electrochemistry. In an 

attempt to validate the B3LYP calculations on carbene complex 1 by using different functionals 

(at the BP86/def2-SVP and OLYP/def2-SVP levels), the computed spin density was found to be 

located ca. 70 % on the Fe(III) center. To judge whether this unexpected sequence of oxidative 

redox events might be endorsed by the electrochemistry, one has to reassign the electrochemical 

observed redox event 1, as an Fe(II) oxidation process and a Cr(0) oxidation to the wave labeled 

Fc.   Such a reassignment would imply that the Fe(II) oxidation processes of 1 and 3 occur at 

potentials 441 mV apart (rather the the 30 mV if the reassignment is not made).   In addition, the 

Cr(0) oxidations of 1and 3 would then be 201 mV apart rather than 210 mV as in the original 

assignment.   Although this large difference in ferrocenyl oxidation potential is not impossible, it 

is very unlikely.  We conclude that the computed sequence of redox processes for 1 is not 

compatible with the electrochemical experimental result. 
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Fig. 4.3 First one-electron oxidation processes of complexes 1, 2 and 3. 

 

In a further attempt to rationalize the unexpected computed sequence of redox events for 1, we 

also computed the first oxidation process for the aminocarbene and biscarbene derivatives 2 and 

3. Our calculations indicate that the corresponding radical cations 2·
+
 and 3·

+
 that formed upon 

1-electron oxidation of complexes 2 and 3 respectively, exhibit a spin density mainly located on 

the chromium atom (see Fig. 4.3). This result shows that the presence of an amino-group directly 

attached to the carbene carbon atom does not modify the computed order of oxidation events of 2 

compared to 3, nor did it contradict the electrochemically determined order of events for 1 – 4; 

the oxidation order was still such that the ferrocenyl center is oxidized after the Cr(0) moiety. An 
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additional computational study on 4 (see further below, Fig. 4.7) confirmed that for this complex, 

Cr(0) oxidation is also preceding Fe(II) oxidation. In the absence of any supportive evidence 

why 1 should exhibit a different sequence of oxidation events than 2 – 4, we conclude that, while 

note should be taken of the computational result of this complex, compound 1 probably also 

undergoes first a Cr(0) oxidation to Cr(1) followed by ferrocenyl oxidation. The reasons why the 

computed results for 1 do not fit this trend are at this stage not clearly understood but they might 

be the result of the delocalization of the unpaired electron within the ferrocenyl fragment.   

To quantify the influence of the NHBu group on the oxidative redox processes of the 

monocarbene 2, it is noted that 2 exhibits the Cr(0) electrochemical reversible oxidation process 

at 0.196 V vs. FcH/FcH
+
 (Table 4.2). This potential is 93 mV lower than for 1, and again reflects 

the stronger electron-donating power of NHBu compared to the OEt group. The Cr(0) centre of 

the NHBu-ferrocenyl complex 2 is oxidized at potentials 144 and 239 mV smaller than those 

observed for the recently reported furyl and thienyl NHBu monocarbene complexes. These 

different potentials as well as those observed for wave I above are indicative of electronic 

interactions between redox-active fragments within the molecules.         

A further key observation in favor of such interactions is associated with the splitting of the 

Cr
0/I

 couple into two definite “a” and “b” components, one for each of the two Cr(0) centers of 

the biscarbene complexes 3 and 4 (Fig. 4.4, middle two CV’s and Fig. 4.5). This is consistent 

with some electronic interaction, which may be electrostatic and/or otherwise, between the two 

separate Cr(0) centers. The separation between Cr(0) formal oxidation potentials for waves 1a 

and 1b of 3 and 4 are ∆E
o′

 = E
o′

Cr(0) oxd 1b - E
o′

Cr(0) oxd 1a = 151 and 105 mV, respectively. In 

contrast, when the Fc′-linking functionality is changed to a 2,5-thiendiyl or 2,5-furadiyl 

functionality, no similar peak splitting for wave 1 was observed [19,20]. Different formal 

reduction potentials, E
o′

, for symmetrical complexes in which mixed-valent intermediates are 

generated (for 3 and 4 this refers to complexes where the Cr(0) center of one of the two carbene 

functionalities was oxidized to a Cr(I) center but not the other) are well known [33,34] in 

systems that allow electron delocalization or where electrostatic interactions are possible. It is 

important to recognize, though, that the electrode potentials of closely-spaced redox events are 

notoriously difficult to assess using CV methods.  Richardson and Taube discussed this in detail 

[35].     
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Table 4.2. Cyclic voltammetry data of 0.5 mmol.dm
-3

 solution of [(OC)5Cr=C(Fc)X] and 

[(OC)5Cr=C(X)-Fc′-(X)C=Cr(CO)5] complexes in CH2Cl2 containing 0.1 mol.dm
-3

 

[N(
n
Bu)4][PF6] as supporting electrolyte at a scan rate of 100 mV s

-1 
and 20 

o
C. Potentials are 

relative to the FcH/FcH
+
 couple.   

 

Complex Peak lable E
o′

/V, ∆E/mV ipa/µA , ipc/ipa 

1   

X = OEt  

I(=) 

1(Cr
0/I

) 

 (Fc) 

2(Cr
I/II

) 

-2.148, 111  

 0.289, 102 

 0.700, 89 

    - 
a
  ,   - 

a
 

3.20
 b

, 0.41 

3.48, 0.89 

3.29, 0.85 

   - 
a
  ,   - 

a
 

2  

X = NHBu 

I(=) 

1(Cr
0/I

) 

(Fc) 

2(Cr
I/II

) 

    - 
a
  ,   - 

a
 

 0.196, 78 

 0.539, 78 

    - 
a
  ,   - 

a
 

   - 
a
  ,   - 

a
  

3.04, 1.00 

2.78, 0.98 

   - 
a
 ,   - 

a
 

3  

X = OEt 

I(=) 

1a(Cr
0/I

) 

1b(Cr
0/I

) 

(Fc) 

2(Cr
I/II

) 

-1.845, 104  

 0.499, 83 

0.650, 80 

 0.730, 97 

    - 
a
  ,   - 

a
 

3.81
 b

, 0.39 

3.71, 0.73 

3.51, 0.23 

3.78, < 0.1 

   - 
a
 ,   - 

a
 

4  

X = NHPr 

I(=) 

1a(Cr
0/I

) 

1b(Cr
0/I

) 

(Fc) 

2(Cr
I/II

) 

    - 
a
  ,   - 

a
 

 0.341 
c
, 76 

 0.446 
c
, 78 

 0.700, 88 

 0.977 
d
,  -  

   - 
a
 ,   - 

a
  

3.79, 0.83 
c 

3.71, 0.63 
c 

3.52, 0.67 
c 

6.66,   -  

 

(a) No peak detected within the solvent potential window;  (b) ipc and ipa/ipc values to 

maintain the current ratio convention of iforward scan/ireverse scan. (c) inaccurate values due to 

poor resolution, especially in the cathodic sweep;  (d) Epa value, no Epc or ipc detected.   
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Fig. 4.4 Cyclic voltammograms of 0.5 mmol.dm-3 solutions of monocarbene [(OC)5Cr=C(Fc)X] 

1 and  2 and biscarbene complexes [(OC)5Cr=C(X)-Fc′-(X)C=Cr(CO)5] 3 and 4 in CH2Cl2/0.1 

mol.dm-3 [N(nBu)4][PF6] on a glassy carbon-working electrode at a scan rate of 200 mV/s.  

Decamethylferrocene, Fc*, was used as internal standard.  For 3, the black scan was reversed at 

880 mV.  This excluded oxidation of the ferrocenyl group and no electrode deposition of the 

substrate on the electrode surface area which led to large cathodic currents at wave 1 as indicated 

by the red CV was observed. 
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For 3, oxidation of both Cr(0) centers (waves 1a and 1b) and the ferrocen-1,1'-diyl group at wave 

Fc leads to electrode deposition of the substrate as indicated by the large cathodic electrode 

currents at wave 1 while recording the red CV of 3 in Fig. 4.4. However, when the reverse 

potential was chosen to be sufficiently small to exclude wave Fc in the CV of 3, the resolved 

oxidations of the two chromium centers at waves 1a and 1b (black CV of 3 in Fig. 4.4) exhibited 

electrochemical reversible behavior with ipc/ipa ratios approaching 1 and ∆Ep about 80 mV at 

slow scan rates (Table 4.2). Ideally, electrochemical reversible one-electron transfer processes 

are characterized by ∆Ep = Epa – Epc = 59 mV and peak current ratios approaching one [36]. For 

4, the resolution between the two Cr(0) oxidations were not as good as for 3, probably as a result 

of the NHPr conjugation as shown in Fig. 4.1(b) dominating over ferrocenyl conjugation with the 

carbene double bond as shown in Fig. 4.1(a). This at the same time must also contribute to the 

absence of noticeable amounts of electrode deposition when the potential was allowed to 

increase enough to oxidize the ferrocenyl group of 4 compared to what was observed for 3, (Fig. 

4.4).  

The third redox process that was observed in 1– 4 is the one-electron oxidation of the 

ferrocenyl group (wave Fc in Fig.’s 4.4 and 4.5). This redox process is also electrochemically 

reversible by virtue of good ∆Ep values at slow scan rates (Table 4.2). Similarly to the 

electrochemistry of 3 (Fig. 4.3) that has been discussed above, we observed by LSV 

measurements on 4 that poorly resolved waves 1a and 1b both involve the same numbers of 

electrons, and also involves the same number of electrons as the Fc wave (Fig. 4.5). Upon 

recognizing that the ferrocenyl group represents a one electron transfer process, it follows that 

the current ratio of (wave 1a + wave 1b):Fc should be 2:1.  
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Figure 4.5 An LSV at 2 mV/s as well as CV’s of 1.0 mmol.dm-3 solutions of the biscarbene 

[(OC)5Cr=C(NHPr)-Fc′-(PrHN)C=Cr(CO)5] 4 in CH2Cl2/0.1 mol.dm-3 [N(nBu)4][PF6] on a 

glassy carbon-working electrode at scan rates of 100 (smallest currents), 200, 300 and 400 mV/s.  

Decamethylferrocene, Fc*, was used as internal standard.   

 

Once the ferrocenyl group has been oxidized to ferrocenium, the group electronegativity of this 

functionality increased from 1.83 to 2.82 on the Gordy scale [8]. This implies that complexes 1 – 

4 are after ferrocenyl oxidation under the influence of an electron-withdrawing substituent 

almost as strong as a CF3 group which has a Gordy scale group electronegativity of 3.01 [37]. It 

is therefore expected that any remaining redox processes will be shifted to much more positive 

potentials. In our previous studies regarding furyl and thienyl complexes, a one-electron Cr(I) 

oxidation to Cr(II) was observed at ca. 1.0 volt vs FcH/FcH
+
. In the present compound series 

only the biscarbene complex [(OC)5Cr=C(NHPr)-Fc′-(PrHN)C=Cr(CO)5], 4, exhibited this redox 

process at Epa = 0.977 V (wave 2 Fig.’s 4.4 and 4.5 and Table 4.2). For compounds 1 - 3, this 

fourth redox process fell outside the potential window of the solvent. That wave 2 was observed 
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for 4 is related to this complex having two amino groups that are involved with stabilization via 

imine formation, Cr
 –

–C=N
+
HPr, compare Fig. 4.1 for 2. As with wave I that moved to lower 

potentials because of this, it is also the case with wave 2. For complex 4 with two amino groups, 

this negative shift was enough to observe wave 2 in its CV. The number of electrons that are 

transferred at the redox process associated with wave 2 should be one for each Cr(I) oxidations, 

but LSV measurements could not confirm this. The complex decomposed on LSV timescale 

(Fig. 4.5). However, upon comparing the ipa current of wave 2 with that of the one-electron 

transfer Fc wave and the two one-electron Cr(0) oxidations (Fig. 4.5, Table 4.1), we conclude 

that the observed current of wave 2 is consistent with two one-electron oxidations occurring 

simultaneously.   

Scheme 4.2 highlights the electrochemical processes associated with 4. Complexes 2 and 

4 undergo essentially the same redox processes, although, of course the monocarbene 2 only 

show one electron transferred at each wave, rather than two, and wave 1 does not have an “a” 

and “b” component. Furthermore, wave I was only detected for ethoxy complexes 1 and 3; for 2 

and 4 this electron transfer process fell outside the potential window of the solvent. With respect 

to wave 2, only compound 4 exhibited Cr(I) oxidation within the potential window of the 

solvent. For 1, 2 and 3, this process occurred at potentials too large to be measurable in CH2Cl2.  

To verify the electrochemical assignment of the sequence of redox events, the above 

described oxidation processes were further studied by computational means utilizing 3 and 4 as 

substrates. As discussed above (Fig. 4.3), the first oxidation reaction of biscarbene complex 3 

leads to the radical cation 3·
+
 where the computed spin density indicates that the unpaired 

electron is mainly located at one of the two chromium centers. Further calculations suggest the 

subsequent second oxidation reaction does not occur at this Cr(I) center leading to the closed-

shell singlet dication 3
+2

(b) (Fig. 4.6). Instead, the open-shell singlet species 3
+2

(a) is formed in 

view of the higher stability computed for this complex (∆E(b-a) = 39.5 kcal/mol). Moreover, the 

computed spin density for the latter dication indicates that the second oxidation process involves 

oxidation of the second Cr(0) centre also to Cr(I) rather than oxidation at the ferrocenyl moiety. 

From the dicationic 3
+2

(a) complex, ferrocenyl oxidation leads to the formation of the tricationic 

species 3·
+3

 where the spin densities are located at the two chromium(I) centers and at the newly 

generated Fe(III) centre (Fig. 4.6).  
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Scheme 4.2  Electrochemical processes associated with 4. Both the final reduction product 

possessing the −Cr-C• radical anions and the final oxidation product possessing the Cr(II) centers 

are highly reactive and may undergo further chemical decomposition reactions.  The formulas do 

not show the imine isomers (Fig. 4.1); only the carbene isomers are depicted. The dominance of 

the imine isomers in carbene structures may well be an important contributing reason why wave 

I is not observed in the potential window of the solvent, CH2Cl2. 

 

 

Fig. 4.6 Oxidation process for complex 3.    

 

[(CO)5Cr
0=C(NHPr)-Fc'-(NHPr)C=Cr0(CO)5]

-1e-

+1e-

wave 1b

-2e- +2e-

wave I

+

-2e-

2+-
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-1e- +1e-

wave 1a

[(CO)5Cr
I=C(NHPr)-Fc'-(NHPr)C=Cr0(CO)5]

+
[(CO)5Cr

I=C(NHPr)-Fc'-(NHPr)C=CrI(CO)5]
+

+1e- -1e-

wave Fc

+
[(CO)5Cr

I=C(NHPr)-Fc'-(NHPr)C=CrI(CO)5]
+ +

[(CO)5Cr
II=C(NHPr)-Fc'-(NHPr)C=CrII(CO)5]

+ 2+
[(CO)5Cr

0 C(NHPr)-Fc'-(NHPr)C Cr0(CO)5]
-

4

4+ 42+

43+

45+42-

within the potential window of the solvent CH2Cl2 wave I

is only observed if NHPr is replaced with OEt as for 3

only 4 shows wave 2 within the

potential window of the solvent CH2Cl2
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As expected, the bis(aminocarbene) complex 4 follows the same sequence of redox events. 

As shown in Fig. 4.7, the first oxidation process involves the formation of the radical cation 4·
+
 

where the computed spin density indicates that the unpaired electron is mainly located at one of 

the chromium centers (1.17e) thus confirming the Cr(0) to Cr(I) reaction. This species is further 

oxidized to the dication 4
+2

, an open-shell singlet species whose the spin density is located at 

both Cr(I) centers (-1.18 and 1.18e, respectively). Further oxidation of the ferrocenyl group of 4 

produced the corresponding trication 4·
+3

 and quatercation 4
+4

.   

 

Fig. 4.7. Oxidation process for complex 4. 

We conclude results from our computational study involving 3 and 4 nicely replicate the redox 

sequence assignment from the electrochemical analysis described above. 

 

4.3  CONCLUSIONS 

New ferrocenyl mono- and bisaminocarbene chromium complexes [(CO)5Cr=C(NHBu)Fc], 2, 

and [(CO)5Cr=C(NHPr)-Fc'-(NHPr)C=Cr(CO)5], 4, were prepared from their ethoxy precursors.   

From 1H NMR evidence, only the syn-rotamer across the restricted Ccarbene–N bond was formed.    

An electrochemical study revealed four redox processes. Electrochemical reversible to quasi-

reversible reduction of Cr=C to -Cr-C• was only observed for the ethoxy analogues at far 

negative potentials; -2.148 or -1.845 V vs FcH/FcH+ for 1 and 3 respectively.  This redox process 

for the amino derivatives 2 and 4 fell outside the negative potential limit of the solvent.  

Oxidation of Cr(0) to Cr(I) was observed in the 0.196-0.650 V potential range. A striking result 

of this study is the observation of two resolved Cr0/I couples for the ferrocen-1,1'-diyl biscarbene 

complexes 2 and 4. The formal oxidation potentials of these two consecutive Cr(0) oxidations 
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were 105 and 151 mV apart, indication electronic interaction between the Cr(0) centers. The 

ferrocenyl group of 1 – 4 is oxidized at larger potentials (0.539-0.730 V) than that of the Cr
0/I

 

couple. Irreversible oxidation of Cr(I) to Cr(II) at the positive edge of the solvent potential 

window was only observed for 4 at 0.977 V. This redox process fell outside the positive solvent 

potential limit for the other complexes. These redox assignments were mutually consistent with 

the computational results obtained at the DFT level.  

   

4.4  EXPERIMENTAL SECTION 

General Procedures  

All manipulations involving organometallic compounds made use of standard Schlenk 

techniques under inert atmosphere. Solvents were dried over sodium metal (hexane, thf and 

diethylether) and phosphorouspentoxide (CH2Cl2); and distilled under nitrogen gas prior to use. 

All chemicals were used as purchased without further purification unless stated otherwise. 

Triethyloxoniumtetrafluoroborate was prepared according to literature procedures [24]. 

Complexes 1 and 3 were synthesized according to literature procedures [21,22]. Purification of 

complexes was done with column chromatography using silica gel 60 (0.0063-0.200 mm) as the 

stationary phase. NMR spectra were recorded on a Bruker AVANCE 500 spectrometer. 
1
H NMR 

spectra were recorded at 500.139 MHz and 
13

C NMR at 125.75 MHz. The signals of the 

deuterated solvent were used as a reference: 
1
H CDCl3 at 7.24 ppm and C6D6 7.15 ppm; 

13
C 

CDCl3 at 77.00 ppm and C6D6 128.00 ppm. IR spectra were recorded on a Perkin-Elmer 

Spectrum RXI FT-IR spectrophotometer in solvent hexanes. Only the vibration bands in the 

carbonyl-stretching region (ca. 1600-2200 cm
-1

) were recorded.   

Synthesis of complexes 

[Cr(CO)5{C(NHBu)Fc}] (2)   

A diethylether solution of 1 (2 mmol, 0.87g) was stirred at room temperature (rt) and n-

butylamine (2 mmol, 0.20 mL) was added.  The colour changed rapidly from dark red to deep 

yellow. Purification was performed using column chromatography and a 1:1 mixture of 

hexane/CH2Cl2 as eluent. Yield: 0.72g (78%), yellow solid. Anal. Calcd for CrFeC20H19NO5: C, 
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52.08; H, 4.16. Found: C, 52.05; H, 4.10.  
1
HNMR (500 MHz, CDCl3, δ, ppm): 9.48 (s, 1H, 

NH), 4.42 (br, 4H, Hα overlap Hβ), 4.17 (s, 5H, Cp), 4.10-3.96 (m, 2H, NCH2), 1.85 (p, J = 7.5 

Hz, 2H, CH2CH2), 1.57 (s, 2H, CH2CH2), 1.06 (t, J = 7.4 Hz, 3H, CH3). 
13

CNMR (125 MHz, 

CDCl3, δ, ppm): 270.60 (Ccarbene), 223.56 (trans-CO),  217.81 (cis-CO) , 99.55 (Cipso), 70.01 

(Cα), 68.29 (Cβ) , 69.35 (Cp), 52.62 (NCH2), 31.88 (CH2CH2), 20.13 (CH2CH2), 13.80 (CH3). 

FTIR (hexanes, νCO, cm
-1

): 2053 s (A′′1), 1971 w (B), 1931 s (A′1 overlap E).    

 [(CO)5Cr{C(NHPr)(Fc′′′′)C(NHPr)}] (4) 

Complex 3 (2 mmol, 1.27g) was dissolved in diethylether and n-propylamine (2 mmol, 0.16 mL) 

was added at rt. The colour of the solution turned from dark red to deep yellow and volatiles 

were removed by reduced pressure. Purification was performed by employing column 

chromatography with a 1:1 hexane/CH2Cl2 solvent mixture. Yield: 0.96g (68%), deep yellow 

crystals.  Anal. Calcd for Cr2FeC28H24N2O10: C, 56.82; H, 5.08. Found: C, 55.72; H, 4.90. 

1
HNMR (500 MHz, CDCl3, δ,ppm): 9.38 (s, 2H, HN), 4.42 (m, 8H, Hα overlap Hß), 4.01 (m, 4H, 

NCH2), 1.89 (m, 4H, CH2CH3), 1.15 (t, J = 7.4 Hz, 6H, CH3). 
13

CNMR (125 MHz, CDCl3, δ, 

ppm):  270.64(Ccarbene), 223.12 (COtrans), 217.50 (COcis), 101.40 (Cipso), 70.94 (Cα), 68.70 (Cß), 

54.66 (HNCH2), 23.21 (CH2CH3), 11.23 (CH3).  FTIR (hexane, νCO, cm
-1

):  2051 m (A′′1), 1972 

w (B), 1925 vs (A′1 overlap E).   

 

Electrochemistry 

Cyclic voltammograms (CV’s), square wave voltammograms (SW’s) and linear sweep 

voltammograms (LSV’s) were recorded on a Princeton Applied Research PARSTAT 2273 

voltammograph running PowerSuite (Version 2.58) utilizing a standard three-electrode cell in a 

M Braun Lab Master SP glovebox filled with high purity argon (H2O and O2 < 5 ppm) as 

described before [19,20]. All electrode potentials are reported versus the ferrocene/ferrocenium 

redox couple (FcH/FcH
+
, FcH = Fe(η5

-C5H5)2, E
o
' = 0.00 V) [38].

 
However, decamethyl 

ferrocene, Fc*, was used as internal standard to prevent signal overlap with the ferrocenyl of 1 

and 2.  Decamethylferrocene has a potential of -550 mV versus free ferrocene with ∆E = 72 mV 

and ipc/ipa = 1 under the conditions employed [39].     
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Computational details 

Geometry optimizations without symmetry constraints were carried out using the Gaussian09 

suite of programs [40] at the B3LYP (uB3LYP for open-shell species) [41] using the double- 

plus polarization def2-SVP [42]
 
basis set for all atoms. This protocol is denoted B3LYP/def2-

SVP. All species were characterized by frequency calculations, and have a positive defined 

Hessian matrix indicating that they are minima on the potential energy surface. In order to check 

the reliability of the B3LYP results, different functionals (BP86 [43] and OLYP [41(b),44]) were 

used as well.  
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ABSTRACT 

The series [(CO)5W=C(XR)Fc], 1 (XR = OEt) and 3 (XR = NHBu)  as well as  

[(CO)5W=C(XR)-Fc'-(XR)C=W(CO)5], 2 (XR = OEt) and 4 (XR = NHBu) of mono- and 

biscarbene tungsten(0) complexes with Fc = FeII(C5H5)(C5H4) for monosubstituted derivatives 

and Fc = FeII(C5H4)2 for disubstituted derivatives were synthesized and characterized 

spectroscopically. The oxidized ferrocenium complex [1+]•PF6 was also synthesized and 

characterized. Electrochemical and computational studies were mutually consistent in confirming 

the sequence of redox events for the carbene derivatives 1  4 as first a carbene double bond 

reduction to a radical anion, W-C•, at peak cathodic potentials smaller than -2 V, then a 

ferrocenyl group oxidation in the range 0.206 < Eo' < 0.540 V and finally an electrochemically 

irreversible three-electron W(0) oxidation at Epa > 0.540 V vs. FcH/FcH+ in CH2Cl2 / 

[(nBu4)N][PF6]. This contrasts the sequence of oxidation events in ferrocenylcarbene complexes 

of chromium where Cr(0) is first oxidised in a one electron transfer process, then the ferrocenyl 

group, and finally formation of a Cr(II) species. The unpaired electron of the reductively formed 

radical anion is mainly located on the carbene carbon atom. Electronic interactions between two 

carbene double bonds (for biscarbenes 2 and 4) as well as between two W centers (for 4) were 

evident. Differences in redox potentials between the “a” and “b” components of the three-

electron W oxidation of 4 in CH2Cl2 or CH3CN / [(nBu4)N][PF6] are Eo' = Epa W(0) oxd 1b – Epa W(0) 

oxd 1a = ca. 51  and 337 mV respectively. Tungsten oxidation was restricted to a W0/II couple in 

CH2Cl2 / [(nBu4)N][B(C6F5)4]. From the computational results, the short-lived W(II) species 

were observed to be stabilized by agostic CH···W interactions. 

 

5.1  INTRODUCTION 

Based on its reversible electrochemical signature, ferrocene derivatives are researched as 

molecular sensors,1 in energy transfer processes,2 as catalysts3 and even in anticancer research.4 

Fischer carbene complexes are versatile organometallics with valuable applications in organic 

and organometallic synthesis as well as in the fields of bioorganometallics and materials 

chemistry.5 Recently, computational studies especially enhanced the understanding of this group 

of organometallic compounds substantially.6  
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The first examples of ferrocenyl carbene complexes of the group 6 transition metals, 

[(CO)5Cr=C(OR)Fc] (R = Me, Et), were synthesized to study the electronic effects of the 

ferrocenyl substituent on the carbene ligand as part of an investigation into the electron 

withdrawing nature of metal carbonyl carbene groups.7 Early hints of the increased stability and 

chemodirecting steric effect of ferrocenyl carbene complexes were reported by Dötz et al.8 

Reaction of these ferrocenyl carbene complexes with tolane gave unexpected furanoid products 

over the customary Dötz benzannulation that yields chromium-coordinated hydroquinones.9  

Our recent investigation into the electrochemical behavior of Fischer carbene complexes of the 

type [(CO)5Cr=C(XR)Ar] (XR = OEt, NHBu or NHPr; Ar = 2-thienyl (Th), 2-furyl (Fu) or 

ferrocenyl (Fc)), revealed the formation of dicationic Cr(II) species formed upon two 

consecutive one-electron oxidation processes.10 These dicationic carbene complexes are 

characterized by an unusual bonding situation as they are stabilized by CH···Cr agostic 

interactions.11 Strikingly, for the biscarbene complexes [(CO)5Cr=C(OEt)-Fc'-(OEt)C=Cr(CO)5] 

(Fc' = ferrocen-1,1'-diyl), two resolved Cr0/I couples were observed. It was observed that 

intramolecular electronic interactions between the two Cr(0) centers is much more effective in 

biscarbene complexes linked together by a ferrocen-1,1-diyl functionality,12 since the  

biscarbene complexes with 2,5-thiendiyl or 2,5-furadiyl spacers did not display the split of the 

Cr0/I couple into two components. Rather, the redox processes in these heteroaryl biscarbene 

complexes are two-electron transfer processes that comprise two simultaneously occurring but 

independent one-electron transfer steps, one for each Cr(0) center. 

In contrast to our findings that the CrI/0 and CrII/I redox couples in Fischer carbene complexes are 

at potentials that may differ as much as 0.75 V,10,11 tungsten(0) carbene complexes were reported 

to be oxidized to tungsten(II) carbene complexes either by a single two-electron transfer process 

or by two unresolved (overlapping) one electron transfer processes.13 Previous electrochemical 

studies14 on the redox behavior for chromium(0) and tungsten(0) carbene complexes did not 

identify a CrII/I couple, nor did they comment on the now firmly established reduction of the 

chromium carbene double bond, Cr=C to the radical anion Cr-C•.10,11 It is clear that the 

electrochemical behavior of chromium(0) and tungsten(0) Fischer carbene complexes and the 

driving forces behind it may not be so similar as was accepted till now. To probe the differences 

between chromium and tungsten carbenes, including the possibility of metal-metal 
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communication between the tungsten pentacarbonyl termini, we synthesized the ethoxycarbene 

complexes [(CO)5W=C(OEt)Fc] (1),15  [(CO)5W=C(OEt)Fc'(OEt)C=W(CO)5] (2), and the new 

aminocarbene analogues, [(CO)5W=C(NHBu)Fc] (3), and 

[(CO)5W=C(NHPr)Fc(NHPr)C=(CO)5] (4) (Scheme 5.1). In addition, the isolation of the 

monocationic salt, [1+]·PF6, was achieved. An electrochemical analysis, supported by density 

functional theory (DFT) calculations and spectroscopic analyses, are reported and results are 

compared to highlight the differences between Cr and W analogues. 

 

Scheme 5.1 Synthesis of ferrocenyl mono- and biscarbene tungsten complexes; Reagents and 

conditions: (a) (i) 1 eq FcLi (R = H), 1eq [W(CO)6], thf, -50C; (ii) 1.3eq Et3OBF4, CH2Cl2, -

30C; (b) 1.1eq NH2Bu, Et2O, rt; (c) 1eq AgPF6, CH2Cl2, -35C;  (d) (i) 1eq Fc'Li2 (R = Li), 2eq 

[W(CO)6], thf, -50C; (ii) 2.5eq Et3OBF4, CH2Cl2, -30C; (e) 2.2eq NH2Pr, Et2O, rt. 

 

 

5.2  RESULTS AND DISCUSSION 

Synthesis and spectroscopic characterization of complexes 1 - 4.  

Ferrocenyllithium16 was reacted with [W(CO)6] in the classic Fischer route to carbene complexes 

(Scheme 5.1), followed by alkylation with Et3OBF4
17

 to yield the known complex 1 

[(CO)5W=C(OEt)Fc].15 Following the procedure described for the synthesis of the chromium 

analogues, reaction of two equivalents of tungsten carbonyl and 1,1’-dilithioferrocene18 yielded 

the tungsten bisacylate. Quenching of the reaction was achieved with excess of oxonium salt, to 
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yield the novel bridging ferrocen-1,1'-diyl biscarbene complex, 2 

[(CO)5W=C(OEt)Fc(OEt)C=W(CO)5]. Both the monocarbene complex 1 and biscarbene 

complex 2 were aminolysed19 with n-butylamine or n-propylamine, respectively, to yield the new 

complexes [(CO)5W=C(NHBu)Fc] (3) and [(CO)5W=C(NHPr)Fc(NHPr)C=W(CO)5] (4). These 

tungsten carbene complexes displayed NMR and FTIR spectroscopic properties similar to that 

observed for their chromium analogues.10,11 Upfield shifts of the ferrocenyl-Hα in the case of the 

aminocarbene complexes 3 and 4 (4.24 and 4.56 ppm, respectively) compared to the 

ethoxycarbenes 1 and 2 (4.98 and 5.02 ppm, respectively), upfield 13C NMR shifts of the carbene 

carbon resonances of the aminocarbenes compared to the ethoxycarbenes (eg. 3, 249.1 ppm 

compared to 1, 304.3 ppm) and decreased carbonyl stretching frequencies of the overlapping A′1 

and E-modes for the aminocarbenes compared to the ethoxy analogues (3, 1922 cm-1; 4, 1920 

cm-1 vs. 1, 1932 cm-1; 2, 1935 cm-1) are all indicators of the increased donating ability of the 

amino-substituents towards stabilizing the electrophilic carbene carbon atom.19 This is due to the 

contribution of imine formation to the Ccarbene-N bond (Figure 5.1), which results in the 

formation of both syn- and anti-configurational isomers around the abovementioned Ccarbene-N 

bond.10,11 However, as for the Cr-derivatives, the steric bulk of the ferrocenyl carbene substituent 

precludes the formation of both isomers, and only the syn-isomer can be observed by NMR. 20 

  

 

Figure 5.1 Stabilization of Fischer aminocarbene complexes via imine formation. For both 3 and 
4, only the syn rotamer is observed. 

 

During the electrochemical investigation, we observed more positive oxidation potentials for the 

tungsten carbene complexes compared to the chromium analogues, in accordance with the higher 

hyperpolarizability of the tungsten complexes.13 For our bimetallic complexes, however, this 
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meant that in contrast to the chromium ferrocenyl complexes,10 the first oxidation process 

corresponds to the FeII/III couple and not to the tungsten carbonyl moiety (see Electrochemistry 

Section). This encouraged us to perform the chemical oxidation of 1 with AgPF6 (see Scheme 

5.1) to gain insight into the properties of the ferrocenium cation 1+. For the Cr-analogues, 

although this first Cr0/I oxidation proved reversible, the formed chromium +1 cation could not be 

isolated. After the addition of 1 equivalent of AgPF6 to a solution of 1 in CH2Cl2 at -35 °C, an 

immediate color change from red to brown was observed. While the solution was allowed to 

warm to room temperature, IR and NMR data had to be collected for [1+]•PF6 within 10 minutes 

before decomposition of 1+ occurred. Spectroscopically it could be seen (Figure 5.2) that much 

of 1+ reverted back to 1, probably by the capture of an electron from any electron-rich species in 

solution such as the free electron pairs on CO or OEt. To the best of our knowledge, no other 

isolated example of such a chemically oxidized ferrocenium Fischer carbene complex has been 

reported.   

  The IR spectra (Figure 5.2) clearly illustrate the shift of the carbonyl stretching 

frequencies from 1932, 1976 and 2063 cm-1 for 1 to 1953, 1998 and 2074 cm-1 for 1+. The 

magnitude of the wavenumber shifts (21, 22 and 11 cm-1 for the E overlapping with A'1, B and 

A''1 bands respectively), is smaller than the shift of more than 100 cm-1 that is expected for 

oxidation of metal-carbonyl-based W(0) to W(I). Instead, it corresponds to an inductive effect 

accompanying the oxidation of the ferrocenyl Fe(II) substituent to a ferrocenium Fe(III) species. 

During this oxidation, the highly electron donating ferrocenyl group having a group 

electronegativity of Fc = 1.87 converted to an electron-withdrawing ferrocenium species (Fc+ = 

2.82) almost as strong as the CF3 group (CF3 = 3.01).21 This observation is corroborated by the 

electrochemical data presented below. In addition, previous calculations reported the 

stabilization of the partially empty carbene carbon pz atomic orbital by donation from a doubly-

occupied d-orbital of iron.22 Thus, with the removal of an electron from this atomic orbital, the 

donation is lowered, reducing the electron density of the W=C bond. Consequently, the π-

backdonation to the π* orbital of the CO is also reduced with resulting higher C=O bond strength 

and higher CO stretching frequencies. The 1H NMR spectrum recorded did not show any 

ferrocenyl resonances, even when recorded in a spectral window of up to 50 ppm, although the 

ferrocenium chemical shift is reported at δ31 ppm.23 Presumably this can be ascribed to the 

paramagnetic nature of cation 1+. The presence of the PF6 counter anion is confirmed by the 
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The radical anion notation in equation 1 is explained by noting that 2  = [(CO)5(
W-C)(OEt)-

Fc-(OEt)C=W(CO)5]. Different reduction potentials for symmetrical complexes in which 

mixed-valent intermediates are generated (for 2, this refers to 2 ) are well known in systems 

that allow some form of electronic interaction between the redox centers; these may include 

electrostatic or through-bond conjugated paths.26     

In contrast to the OEt derivatives 1 and 2, the new NHBu monocarbene 3 showed no carbene 

reduction within the potential window of the solvent in the presence of [N(nBu)4][PF6]. This 

agrees with the computed energy of the corresponding LUMO (-2.64 and -2.25 eV for 1 and 3, 

respectively) which suggests that the less negative energy of the LUMO of 3 is translated into a 

more negative reduction potential. The biscarbene-NHPr derivative 4, showed a single carbene 

reduction at -2.293 V in the CV at wave I (Figure 5.4), but the current was more than four times 

(3.71/0.90) larger than that expected for a one-electron transfer processes. A one-electron 

transfer process in this system requires ½[i(wave Fc+1a)/4+i(wave 1b)/3] = 0.90 A. The large 

observed current (3.71 A) is thought to be due to significant amounts of substrate being 

deposited on the surface of the electrode during reduction but because this wave is close to the 

potential at which cathodic discharge caused by solvent reduction takes place, the large increase 

in current may also originate from an ErCcat process by which 4 catalyses the reduction of 

CH2Cl2. A repeat experiment utilizing 4 as analyte in CH3CN as solvent (Figure S3, Appendix 

4a, Table 5.1) confirmed the second carbene moiety is reduced at a potential ca. 0.27 V lower 

than the first. This observation also suggests some form of electronic interaction between two 

carbene moieties observed for 2 but completely contrasts the observations described for the 

chromium complex [(CO)5Cr=C(OEt)-Fc-(OEt)C=Cr(CO)5].
10,11 For this analogous Cr carbene 

complex, under the same experimental conditions, no splitting of Cr=C carbene reduction into 

two components “a” and “b” could be detected. Very few studies describe the electrochemical 

reduction of the W=C double bond,14 although the in situ generation of the radical anion by 

chemical single electron transfer agents have been reported.27 Consistent with NHR (R = Bu, Pr) 

being a more powerful electron-donating group than OEt, the NHPr group shifted the wave Ia 

peak cathodic potential, Epc, of the bis W=C species 4 compared to 2 with ΔEpc = Epc, OEt, 2 - Epc, 

NHBu, 4 =  -1.773 – (-2.293) = 0.520 to more negative potentials.  
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The next redox process observed for 1 – 4 is the chemically and electrochemically one-electron 

reversible oxidation of ferrocene which is associated with wave Fc in Figure’s 5.4 – 5.6, and 

Table 5.1. The Fc wave in these CV’s is followed by the W oxidation processes (wave 1) which 

in CH2Cl2 / [(
nBu4)N][PF6] involves a three-electron transfer process (Figure 5.4). This oxidation 

of the ferrocenyl group in tungsten carbenes at lower potentials than that of W oxidation 

contrasts with the behavior of the analogues chromium carbenes [(OC)5Cr=C(Fc)(OEt)] and 

[(OC)5Cr=C(OEt)-Fc'-(OEt)C=Cr(CO)5] where the ferrocenyl group was oxidized after 

oxidation of the Cr(0) center to Cr(I).10,11 The second oxidation of Cr(I) to Cr(II) follows after 

the ferrocenyl oxidation, and also contrasts with the three-electron closely-overlapping W 

oxidation under the same experimental conditions. The resolution between Fc and tungsten 

(wave 1) oxidation processes, expressed as ΔEpa = Epa, W - Epa, Fc, is better in mono- than in 

biscarbene tungsten complexes, and also in OEt than in NHR complexes. For 4, the Fc wave was 

superimposed onto a W-oxidation wave (Figure 5.4).    

An important consequence of the ferrocenyl moiety being oxidized before the W center is that 

when the W center is oxidized, it is under the influence of the ferrocenium species, Fc+, which is 

almost as electron-withdrawing as a CF3 group (Fc = 2.82; CF3 = 3.01).21 This shifts the W 

redox process to more positive potentials than would be expected for other compounds where the 

linking group is not so strongly electron-withdrawing, e.g. for -CH2-. The one-electron 

ferrocenyl oxidation process was useful to identify the number of electrons that is transferred 

during tungsten oxidation. 

Tungsten oxidation is associated with wave 1 in Figures 5.4 – 5.6 and Table 5.1. Since the peak 

anodic current ratio between wave Fc and wave 1 in the CV of 1 was 10.01/3.38 = 2.96 = 3, 

indications are that W(0) is oxidized irreversibly (no ipc detected) in three consecutive and 

overlapping one-electron transfer steps, apparently to a W(III) species (Figure 5.4, Table 5.1). 
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Table 5.1. Cyclic voltammetry data of 0.5 mmol·dm-3 solutions of the monocarbene 
[(OC)5W=C(Fc)(X)] complexes 1 and 3 and biscarbene [(OC)5W=C(X)-Fc'-(X)C=W(CO)5] 
complexes 2 and 4 in CH2Cl2 containing 0.1 mol·dm-3 [N(nBu)4][PF6] or 0.2 mol·dm-3 
[N(nBu)4][B(C6F5)4] as supporting electrolyte at a scan rate of 100 mV s-1 and 20 oC. Potentials 
are relative to the FcH/FcH+ couple.  

Complex Peak no. ipa/A, ipc/ipa 

[N(nBu)4][PF6] 
Eo/V, E/mV 
[N(nBu)4][PF6]

Eo/V, E/mV 
[N(nBu)4][B(C6F5)4] 

ipa/A, ipc/ipa 
[N(nBu)4][B(C6F5)4]

1,    Fc 
X = OEt 
 

I(=) 
(Fc) 
1(W0/III) 
 

3.23,b  0.56 
 3.38,   0.85 
 10.01,   - 
 

-2.076, 63  
 0.285, 90 
 0.809,d    - 
 

-2.119, 100  
 0.307, 82 
 (W0/II)1.105,d,i   -  

7.02,b  0.71 
 5.61   0.93 
 11.58,   - 

2,    Fc' 
X = OEt 
 
 
 
 

Df 
Ib(=) 
Ia(=) 
(Fc) 
1(2xW0/III) 
 

0.76,b    -  
1.64,b    -  
1.73,b  0.40 
1.62,   0.84 
9.56,   0.15 
 

-2.409,c    -   
-2.206,c    -  
-1.773, 67 
 0.510, 86 
 0.766, 142 
 

 
-2.222,c  -  
-1.811, 74 
 0.513, 82 
(2xW0/II) 0.922,i     - 
 

 
2.80,b    -  
3.02,b  0.51 
2.82,   0.64 
(2xW0/II) 
9.99,      - 
 

3,    Fc 
X =NHBu 

I(=) 
(Fc) 
1(W0/III) 
 

  - a  ,   - a 
2.67, 0.88 
7.94, 0.11 

   - a   ,    - a   
0.206,   92 
0.611, 293 

-2.580,c    -   
  0.289, 80  
(W0/II) 0.950,d,i     - 
 

9.71,b    -   
4.23, 0.67  
(W0/II) 
8.10,d    - 
 

4,    Fc' 
X = NHPr 

I(=) 
(Fc)+1a(W

0/1II) 
1b(W

0/III) 
Df 

3.71,b   -  
3.53,     -  
2.76,     -  
0.55,     - 

-2.293,c    -   
0.540,e,h    -  
0.591,d     -  
1.000,d     - 

-2.285,c    -   
(Fc)+1a(W

0/1II) 
0.580,d,e,h  -  
(1b W0/II) 0.792,d,i 
- 
 

6.84 b,   -  
 7.20,     -  
 (2xW0/II) 
5.45,     - 

      
4,g    Fc' 
X = NHPr 
CH3CNg 

Ib(=) 

Ia(=) 
(Fc)+1a(W

0/1II)i 
1b(W

0/III)i 

1.30 b,   -  
 3.38 b,   -  
 3.40,    0.31 
 4.69,    0.21 

-2.458,c   -  
-2.185,c   -  
 0.408, 80  
 0.745, 100 

  

(a) No peak detected within the solvent potential window; (b) ipc and ipa/ipc values to maintain the current ratio 
convention of i(forward scan)/i(reverse scan); (c) Epc value, no Epa detected. (d) Epa value, no Epc detected; (e) 

Estimations only; (f) Peaks labeled “D” represent decomposition processes of either the W-C· radical anions that 
was generated at the redox processes labeled “I” or of W(III) generated at wave “1b”; (g) The supporting electrolyte 
changed to BARF = [NBu4][B(C6F5)4] (0.2 mol·dm-3) or the solvent changed to CH3CN;  (h) a very weak Fc 

reduction peak was observed at Epc = 0.357, ipa = 0.3 A.  In the presence of [NBu4][B(C6F5)4] a much stronger Fc 

reduction wave was observed at Epa = 0.497, ipa = 3.75 A. (i) In the presence of [NBu4][B(C6F5)4] (0.2 mol·dm-3) W 
oxidation is a two-electron transfer process, while in the presence of CH3CN, or  [N(nBu)4][PF6] it is a three-electron 
transfer process. 
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This contrasts a study by Maiorana and co-workers who reported a few years ago that W in 

[(OC)5W=C(CH3)(X)] with X = substituted morpholino and other amine derivatives undergo a 

two-electron oxidation in CH2Cl2 in the presence of 0.1 mol·dm-3 [(nBu4)N][ClO4] as supporting 

electrolyte.13 Figure 5.5 highlights the CV’s of 1 at different scan rates, and more importantly, 

the LSV at 1mV·s-1. The LSV was mutually consistent with CV ipa current ratios between wave 

Fc and wave 1 at scan rates of 100, 200, 300, 400 and 500 mV·s-1 in indicating that the total W 

oxidation involves the flow of three electrons. With our observation of a three-electron transfer 

W oxidation, it follows that in the biscarbene 2, possessing two tungsten centers, a total of six 

electrons being transferred during tungsten oxidation should be observed. This was confirmed by 

the measured ipa values (Figure 5.4, ipa,wave 1/ipa,wave Fc = 9.56/1.62 = 5.90  6, Table 5.1). 

Although the CV of 2 showed electronic interactions between the two carbene double bond 

centers by means of the splitting of wave I into two components “a” and “b”, no resolution 

between the irreversible oxidations of the two W centers of 2 could be detected (Figure 5.4). 

However, a very weak reduction of oxidized W was detected at wave 1r during the cathodic 

sweep, Figure 5.4, Table 5.1. The current was, however, small with ipc/ipa = 0.15; ΔE = 143 mV. 

An LSV of 2 (Figure S1, Appendix 4a) showed that the oxidation of the second tungsten center 

results in a species that is unstable on LSV time scale. Only the first 3-electron oxidation could 

be detected before compound decomposition took place. The peak anodic current of wave 1 in 

the CV of the mono NHBu tungsten carbene 3 also estimates a three electron transfer step during 

W oxidations but the LSV shown in Figure 5.4 highlights new information. On LSV timescale, 

the first two electrons during W oxidation are transferred fast in two unresolved one-electron 

redox processes, but the different slope observed for the third electron that was transferred shows 

this redox step to be slower than the first two electron transfer steps. The LSV splitting of wave 1 

(W-oxidation) into two components “a” (a two electron process) and “b” (a one-electron process) 

for 3 allows for a meaningful comparison with chromium carbene analogues 

[(OC)5Cr=C(XR)(Ar)] and [(OC)5Cr=C(XR)-Ar'-(XR)C=Cr(CO)5] with XR = OEt , NHBu or 

NHPr and Ar or Ar' = thienyl, furyl or ferrocenyl.10,11 In these Cr carbene derivatives, Cr(0) is 

oxidized in two separate one-electron transfer steps and exhibits Epa = Epa,Cr(I/II) - Epa,Cr(0/I) peak 

potential separations larger than 0.5 V.10,11 For the present W-series, indications are that W(0) is 

first oxidized in a two electron step followed by a second one-electron oxidation. In all 
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is known to minimize ion pair formations of the type (cation)+…..[B(C6F5)4] where (cation)+ 

represents any electrochemically generated cation. Such ion pair formations frequently cause 

oxidation potentials of cationic species to move to different values.28 In addition, use of this 

electrolyte allows the observation of unstable intermediate redox states of, for example, the 

ruthenocenium species [RuIII(C5H5)2]
+. 29 Use of other solvents or electrolytes invariably causes 

over oxidation of ruthenocene to a Ru(IV) species.30   

Figure 5.6 shows a CV and LSV’s of 2 utilizing 0.1 mol·dm-3 [(nBu4)N][B(C6F5)4] as supporting 

electrolyte. The first obvious difference is that in CH2Cl2, but in the presence of 

[(nBu4)N][B(C6F5)4] as supporting electrolyte, resolution between the ferrocenyl oxidation and 

the two overlapping W(0) oxidations are markedly increased. The differences in the oxidation 

potentials of these two processes are Eo' = Epa,W(0) oxd, 1 – Epa,Fc oxd = 284 mV in CH2Cl2 

containing [(nBu4)N][PF6] and 368 mV in CH2Cl2 containing [(nBu4)N][B(C6F5)4]. More 

importantly, the LSV as well as ipa current ratios for waves Fc and 1 in the presence of 

[(nBu4)N][B(C6F5)4], shows a two-electron tungsten oxidation, the same as reported by 

Maiorana.13 All the other complexes in the present compound series 1  4 also showed the two-

electron W0/II couple when the supporting electrolyte was [(nBu4)N][B(C6F5)4], see Table 5.1 and 

Figures S3 and S4 (Appendix 4a).   

An additional experiment utilizing CH3CN as solvent was also performed on 4 because the 

coordination power of acetonitrile (Gutmann donor number = 14.1, while for CH2Cl2 it is ranges 

from 0 to 1)31,32 frequently leads to interactions with cationic species. This results in different 

oxidation potentials, or even differences in the number of electrons being transferred during 

redox processes. Such solvent effects are highlighted by the electrochemical oxidation of, for 

example, RhI(-diketonato)(CO)(PPh3)] in a one-electron transfer process to a Rh(II) species in 

CH2Cl2 / [(
nBu4)N][BF4],

33 but in a two-electron transfer process to a Rh(III) species in CH3CN / 

[(nBu4)N][PF6].
34 Potential referencing in different solvents and electrolytes has to be made with 

care. Results in this work are referenced to FcH/FcH+ as required by IUPAC, but the internal 

standard was not free ferrocene to prevent peak overlaps with 1 – 4. Hence decamethylferrocene, 

Fc* was used as internal standard and potentials was thereafter adjusted to be versus FcH/FcH+. 

Under our conditions the formal reduction potential of Fc* vs. FcH/FcH+ is -550 mV in CH2Cl2 / 

[(nBu4)N][PF6], -610 mV in CH2Cl2 / [(nBu4)N][B(C6F5)4] and -510 mV in CH3CN / 
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Scheme 5.2 Electrochemical reactions associated with 2.  Both the final reduction product 

possessing W-C radical anions and the final oxidation product possessing two W(III) centers 
are highly reactive and undergo further chemical decomposition reactions.  

 

The above described redox processes were finally addressed by means of a computational-DFT 

study. As shown in Figure 5.7, complex 1 is electrochemically oxidized to radical cation 1·+. The 

computed spin density of this species indicates that the unpaired electron is located at the iron 

atom (1.26e), thus confirming that the first one-electron oxidation does not involve the tungsten 

center but the Fe(II) to Fe(III) reaction. 

Further chemical reactions

Further chemical reactions

[(OC)5WIII=C(OEt)-Fc'-(OEt)C=WIII(CO)5]
3

-2 (3e-)
wave 1

[(OC)5W0=C(OEt)-Fc'-(OEt)C=W0(CO)5]

[(OC)5W0=C(OEt)-Fc'-(OEt)C=W0(CO)5]

+1e- -1e-

wave Fc

+1e- -1e-

wave Ia

[(OC)5W0 C(OEt)-Fc'-(OEt)C=W0(CO)5]

+1e-

wave Ib

[(OC)5W0 C(OEt)-Fc'-(OEt)C W0(CO)5]

3 +

-

+

+ +

-

-
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Figure 5.7  Computed oxidation process of complex 1 at the B3LYP/def2-SVP level. W···H 
bond distance in 1·+3 is given in angstroms.  

 

Subsequent 2-electron oxidation leads to the trication 1·+3 whose unpaired electron remains at 

the iron atom (computed electron density on Fe of 1.35e). This indicates that the oxidation 

process involves the W(0) to W(II) reaction. As described above, the total three-electron 

tungsten oxidation process ends up with the third and final one-electron oxidation at the tungsten 

center (W(II) to W(III)) to form the corresponding tetracation 1+4. Unfortunately, the structure of 

this open-shell singlet species (whose unpaired electrons are located at the iron and tungsten 

centers) could not be located on the potential energy surface (even using different functionals) 

due to convergence problems.   

The structure of the trication 1·+3 deserves further analysis. As shown in Figure 5.7, a hydrogen 

atom of the ethoxy substituent is found in close proximity to the tungsten atom (W···H distance 

of 2.091 Å), pointing to possible C−H···W agostic interaction. Indeed, the Laplacian distribution 

of 1·+3 in the W···H−C plane (Figure 5.8) clearly reveals the occurrence of a bond critical point 

located between the transition metal and the hydrogen atom, which is associated with a bond 

path running between the corresponding two atoms. This proves the existence of a direct 

interaction between both atoms. Moreover, the computed value of 0.045 e·Å-3 for the electron 

density at the bond critical point, is in the range expected for CH agostic interactions.36 The 

structure of this species resembles that found for oxidised products of related chromium(0) 

carbene complexes upon 2-electron oxidation of the transition metal.11 This peculiar bonding 

-2e-

1.26e

2.091

1

-1e-
(CO)5W

EtO

Fe

1 1 3

1.35e

-1e-

1 3

[(CO)5WIII=C(OEt)Fc(III)]+4
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W=C functionalities were resolved which is indicative of good interactions between the formally 

carbene double bonds. The ferrocenyl group was electrochemically reversibly oxidized before W 

oxidation at potentials 0.206 < Eo' < 0.540 V vs FcH/FcH+. These potentials were continuously 

more than 250 mV smaller than those measured for the analogues Cr compounds. Tungsten(0) 

was oxidized in three consecutive but unresolved one-electron transfer steps to a W(III) species 

in the presence of [N(nBu)4][PF6] as supporting electrolyte, or in CH3CN as solvent. In CH2Cl2 

containing [(nBu4)N][B(C6F5)4] as supporting electrolyte, tungsten(0) oxidation was found to be 

a two-electron transfer process. The structure of this tricationic W(II) species has been 

highlighted with DFT calculations. Complex 4 showed identifiable resolution between the 

oxidation of each W center. This also argued for a weak interaction between the two W centers. 

All redox assignments were mutually consistent with the computational data obtained at the DFT 

level, which suggest a peculiar bonding situation (i.e. stabilized by C−H···W agostic interaction) 

in the tricationic species formed upon the oxidation process which involves the W(0) to W(II) 

reaction. 

5.4  EXPERIMENTAL SECTION 

General Procedures.  

All manipulations involving organometallic compounds made use of standard Schlenk 

techniques under inert atmosphere. Solvents were dried over sodium metal (hexane, thf and 

diethylether) and phosphorouspentoxide (CH2Cl2); and distilled under nitrogen gas prior to use. 

All chemicals were used as purchased without further purification unless stated otherwise.  

Triethyloxoniumtetrafluoroborate was prepared according to literature procedures.17  Purification 

of complexes was done with column chromatography using silica gel 60 (0.0063-0.200 mm) as 

the stationary phase.  NMR spectra were recorded on a Bruker AVANCE 500 spectrometer.  1H 

NMR spectra were recorded at 500.139 MHz and 13C NMR at 125.75 MHz.  The signals of the 

deuterated solvent were used as a reference: 1H CDCl3 at 7.24 ppm and C6D6 at 7.15 ppm; 13C 

CDCl3 at 77.00 ppm and C6D6 128.00 ppm.  IR spectra were recorded on a Perkin-Elmer 

Spectrum RXI FT-IR spectrophotometer in solvent (hexane or DCM) as indicated.  Only the 

vibration bands in the carbonyl-stretching region (ca. 1600-2200 cm-1) were recorded.   
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[(CO)5W=C(OEt)Fc] (1) was prepared according to previously reported methods.15 

[(CO)5W=C(OEt)Fc(OEt)C=W(CO)5] (2) 

Dilithioferrocene was prepared according to literature procedures:16 to a solution of ferrocene (4 

mmol, 0.74g) in hexane was added TMEDA (8.2 mmol, 1.23 mL) and nBuLi in hexane (8.2 

mmol) and stirred while heating to 60°C. After formation of the orange precipitate, the solvent 

was removed via cannula filtration, and the precipitate redissolved in thf. W(CO)6 (8 mmol, 

2.81g) was added at -78°C, and stirred for 1 hour while allowing the reaction mixture to reach 

room temperature. The solvent thf was removed by reduced pressure and Et3OBF4 (8.2 mmol), 

dissolved in CH2Cl2, added at -30°C. After reaction completion, the solvent was evaporated. 

Column chromatography was used for purification and the dark red fraction collected.  Yield: 

2.65g (70%), black red crystals.  Anal. Calcd for W2FeC26H18O12: C, 33.01; H, 1.92.  Found: C, 

31.98; H, 1.88.  1H NMR (CDCl3): δ 5.02 (m, 4H, Hα), 4.89 (q, J = 7.0 Hz, 4H, CH2CH3), 4.81 

(m, 4H, Hß), 1.61 (t, J = 7.1 Hz, 6H, CH2CH3).  13C NMR (CDCl3): δ n.o. (Ccarbene), 201.91 

(trans-CO), 197.58 (cis-CO) , 98.82 (Cipso) , 74.52 (Cα), 69.15 (Cβ) , 77.20 OCH2), 14.12 (CH3). 

IR (νCO, cm-1, CH2Cl2):  2060 m (A′′1), 1978 w (B), 1935 vs (A′1 overlap E).   

[(CO)5W=C(NHBu)Fc] (3)   

A diethylether solution of 1 (2 mmol, 1.13 g) was stirred at room temperature (rt) and n-

butylamine (2 mmol, 0.20 mL) was added.  The color changed rapidly from dark red to deep 

yellow.  Purification was performed using column chromatography and a 1:1 mixture of 

hexane/CH2Cl2 as eluent.  Yield: 0.90g (76%), yellow solid. Anal. Calcd for WFeC20H19NO5: C, 

40.50; H, 3.24.  Found: C, 40.23; H, 3.09. 1H NMR (C6D6): δ 8.91 (s, 1H, NH), 4.24 (br, 2H, 

Hα), 4.02 (br, 2H, Hß), 3.86 (s, 5H, Cp), 3.53 (m, 2H, NCH2), 1.35 (m, 2H, CH2CH2), 1.17 (m, 

2H, CH2CH2), 0.78 (m, 3H, CH3).  13C NMR (C6D6): δ 249.14 (Ccarbene), 203.27 (trans-CO), 

199.27 (cis-CO) , 97.12 (Cipso) , 71.12 (Cα), 69.86 (Cβ overlap Cp), 54.95 (NCH2), 31.54 

(CH2CH2), 20.07 (CH2CH2), 13.72 (CH3). IR (νCO, cm-1, CH2Cl2): 2060 m (A′′1), 1966 w (B), 

1922 vs (A′1 overlap E).   
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 [(CO)5W=C(NHPr)Fc(NHPr)C=W(CO)5] (4) 

Complex 2 (2 mmol, 1.89g) was dissolved in diethylether and n-propylamine (2 mmol, 0.16 mL) 

was added at rt. The color of the solution turned from dark red to deep yellow and volatiles were 

removed by reduced pressure. Purification was performed by employing column 

chromatography with a 1:1 hexane/CH2Cl2 solvent mixture.    

Yield: 1.46g (75%), deep yellow crystals.  Anal. Calcd for W2FeC28H24N2O10: C, 34.59; H, 2.49.  

Found: C, 33.42; H, 2.35.  1H NMR (CDCl3): 8.96 (s, 2H, HN), 4.56 (m, 4H, Hα), 4.48 (m, 4H, 

Hß), 3.88 (m, 4H, NCH2), 1.86 (h, J = 7.4 Hz, 4H, CH2CH3),  1.13 (t, J = 7.4 Hz, 6H, CH3).  
13C 

NMR (CDCl3):  249.58(Ccarbene), 202.81 (COtrans), 198.45 (COcis), 99.19 (Cipso), 72.23 (Cα), 

70.15(Cß), 56.96 (HNCH2), 23.01 (CH2CH3), 11.23 (CH3). IR (νCO, cm-1, CH2Cl2): 2060 m 

(A′′1), 1963 w (B), 1920 vs (A′1 overlap E).   

[(CO)5W=C(OEt)Fc][PF6]  ([1
+]•PF6)   

Complex 1 (0.02g, 0.035 mmol) was dissolved in dichloromethane and cooled to -35oC.  Silver 

hexafluorophosphate (0.009g, 0.035 mmol) was added and the solution changed from red to deep 

brown. The cold bath was removed and the brown solution was stirred at RT for 10 min.  

Cannula filtration was used to separate solids from the solution. 31P NMR (CD2Cl2): δ -149.63 

(h, J = 716.9, 706.7 Hz); 19F NMR (CD2Cl2): δ -85.38 (d, J = 967.0 Hz); IR (νCO, cm-1, CH2Cl2):  

2074 (A1'', m), 1996 (B, w), 1952 (A1' overlap E, vs). 

Electrochemistry 

Cyclic voltammograms (CV’s), square wave voltammograms (SW’s) and linear sweep 

voltammograms (LSV’s) were recorded on a Princeton Applied Research PARSTAT 2273 

voltammograph running PowerSuite (Version 2.58) utilizing a standard three-electrode cell in a 

M Braun Lab Master SP glovebox filled with high purity argon (H2O and O2 < 5 ppm) as 

described before.10,11 To establish whether the electrolyte used, [(nBu4)N][PF6], and also the 

solvent influenced the number of electrons transferred at the tungsten center, 4 was also studied 

in the presence of 0.2 mol dm-3 [(nBu4)N][B(C6F5)4]
37 as supporting electrolyte and in CH3CN as 

solvent. All electrode potentials are reported versus the ferrocene/ferrocenium redox couple 

(FcH/FcH+, FcH = Fe(η5-C5H5)2, E
o' = 0.00 V) as reference.38  However, decamethylferrocene, 
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Fc*, was used as internal standard to prevent signal overlap with the ferrocenyl of 1  4.   

Decamethylferrocene has a formal reduction potential of -550 mV versus free ferrocene with ΔE 

= 72 mV and ipc/ipa = 1 under the prevailing conditions utilizing CH2Cl2 / [(nBu4)N][PF6] as 

solvent / supporting electrolyte.36 In the presence of [(nBu4)N][B(C6F5)4] as electrolyte, the 

decamethylferrocene potential moves to -610 mV versus free ferrocene, while in CH3CN / 

[(nBu4)N][PF6] it moves to -510 mV.36  

Computational details 

Geometry optimizations without symmetry constraints were carried out using the Gaussian09 

suite of programs39 at the B3LYP (uB3LYP for open-shell species)40 using the double-ζ plus 

polarization def2-SVP41 basis set for all atoms. This protocol is denoted B3LYP/def2-SVP. All 

species were characterized by frequency calculations, and have a positive defined Hessian matrix 

indicating that they are minima on the potential energy surface.  

All Atoms in Molecules (AIM)42 results described in this work correspond to calculations 

performed at the B3LYP/6-31G(d)&WTBS level on the optimized geometries obtained at the 

B3LYP/def2-SVP level. The WTBS (well-tempered basis sets)43, used herein to describe Fe and 

W, have been recommended for AIM calculations involving transition metals.44 The topology of 

the ED was conducted using the AIMAll program package. 45 
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          ___  CHAPTER 5 

 

An Electrochemical and computational study of 
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ABSTRACT 

The series [(CO)5W=C(XR)Fc], 1 (XR = OEt) and 3 (XR = NHBu)  as well as  

[(CO)5W=C(XR)-Fc'-(XR)C=W(CO)5], 2 (XR = OEt) and 4 (XR = NHBu) of mono- and 

biscarbene tungsten(0) complexes with Fc = FeII(C5H5)(C5H4) for monosubstituted derivatives 

and Fc = FeII(C5H4)2 for disubstituted derivatives were synthesized and characterized 

spectroscopically. The oxidized ferrocenium complex [1+]•PF6 was also synthesized and 

characterized. Electrochemical and computational studies were mutually consistent in confirming 

the sequence of redox events for the carbene derivatives 1  4 as first a carbene double bond 

reduction to a radical anion, W-C•, at peak cathodic potentials smaller than -2 V, then a 

ferrocenyl group oxidation in the range 0.206 < Eo' < 0.540 V and finally an electrochemically 

irreversible three-electron W(0) oxidation at Epa > 0.540 V vs. FcH/FcH+ in CH2Cl2 / 

[(nBu4)N][PF6]. This contrasts the sequence of oxidation events in ferrocenylcarbene complexes 

of chromium where Cr(0) is first oxidised in a one electron transfer process, then the ferrocenyl 

group, and finally formation of a Cr(II) species. The unpaired electron of the reductively formed 

radical anion is mainly located on the carbene carbon atom. Electronic interactions between two 

carbene double bonds (for biscarbenes 2 and 4) as well as between two W centers (for 4) were 

evident. Differences in redox potentials between the “a” and “b” components of the three-

electron W oxidation of 4 in CH2Cl2 or CH3CN / [(nBu4)N][PF6] are Eo' = Epa W(0) oxd 1b – Epa W(0) 

oxd 1a = ca. 51  and 337 mV respectively. Tungsten oxidation was restricted to a W0/II couple in 

CH2Cl2 / [(nBu4)N][B(C6F5)4]. From the computational results, the short-lived W(II) species 

were observed to be stabilized by agostic CH···W interactions. 

 

5.1  INTRODUCTION 

Based on its reversible electrochemical signature, ferrocene derivatives are researched as 

molecular sensors,1 in energy transfer processes,2 as catalysts3 and even in anticancer research.4 

Fischer carbene complexes are versatile organometallics with valuable applications in organic 

and organometallic synthesis as well as in the fields of bioorganometallics and materials 

chemistry.5 Recently, computational studies especially enhanced the understanding of this group 

of organometallic compounds substantially.6  
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The first examples of ferrocenyl carbene complexes of the group 6 transition metals, 

[(CO)5Cr=C(OR)Fc] (R = Me, Et), were synthesized to study the electronic effects of the 

ferrocenyl substituent on the carbene ligand as part of an investigation into the electron 

withdrawing nature of metal carbonyl carbene groups.7 Early hints of the increased stability and 

chemodirecting steric effect of ferrocenyl carbene complexes were reported by Dötz et al.8 

Reaction of these ferrocenyl carbene complexes with tolane gave unexpected furanoid products 

over the customary Dötz benzannulation that yields chromium-coordinated hydroquinones.9  

Our recent investigation into the electrochemical behavior of Fischer carbene complexes of the 

type [(CO)5Cr=C(XR)Ar] (XR = OEt, NHBu or NHPr; Ar = 2-thienyl (Th), 2-furyl (Fu) or 

ferrocenyl (Fc)), revealed the formation of dicationic Cr(II) species formed upon two 

consecutive one-electron oxidation processes.10 These dicationic carbene complexes are 

characterized by an unusual bonding situation as they are stabilized by CH···Cr agostic 

interactions.11 Strikingly, for the biscarbene complexes [(CO)5Cr=C(OEt)-Fc'-(OEt)C=Cr(CO)5] 

(Fc' = ferrocen-1,1'-diyl), two resolved Cr0/I couples were observed. It was observed that 

intramolecular electronic interactions between the two Cr(0) centers is much more effective in 

biscarbene complexes linked together by a ferrocen-1,1-diyl functionality,12 since the  

biscarbene complexes with 2,5-thiendiyl or 2,5-furadiyl spacers did not display the split of the 

Cr0/I couple into two components. Rather, the redox processes in these heteroaryl biscarbene 

complexes are two-electron transfer processes that comprise two simultaneously occurring but 

independent one-electron transfer steps, one for each Cr(0) center. 

In contrast to our findings that the CrI/0 and CrII/I redox couples in Fischer carbene complexes are 

at potentials that may differ as much as 0.75 V,10,11 tungsten(0) carbene complexes were reported 

to be oxidized to tungsten(II) carbene complexes either by a single two-electron transfer process 

or by two unresolved (overlapping) one electron transfer processes.13 Previous electrochemical 

studies14 on the redox behavior for chromium(0) and tungsten(0) carbene complexes did not 

identify a CrII/I couple, nor did they comment on the now firmly established reduction of the 

chromium carbene double bond, Cr=C to the radical anion Cr-C•.10,11 It is clear that the 

electrochemical behavior of chromium(0) and tungsten(0) Fischer carbene complexes and the 

driving forces behind it may not be so similar as was accepted till now. To probe the differences 

between chromium and tungsten carbenes, including the possibility of metal-metal 
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communication between the tungsten pentacarbonyl termini, we synthesized the ethoxycarbene 

complexes [(CO)5W=C(OEt)Fc] (1),15  [(CO)5W=C(OEt)Fc'(OEt)C=W(CO)5] (2), and the new 

aminocarbene analogues, [(CO)5W=C(NHBu)Fc] (3), and 

[(CO)5W=C(NHPr)Fc(NHPr)C=(CO)5] (4) (Scheme 5.1). In addition, the isolation of the 

monocationic salt, [1+]·PF6, was achieved. An electrochemical analysis, supported by density 

functional theory (DFT) calculations and spectroscopic analyses, are reported and results are 

compared to highlight the differences between Cr and W analogues. 

 

Scheme 5.1 Synthesis of ferrocenyl mono- and biscarbene tungsten complexes; Reagents and 

conditions: (a) (i) 1 eq FcLi (R = H), 1eq [W(CO)6], thf, -50C; (ii) 1.3eq Et3OBF4, CH2Cl2, -

30C; (b) 1.1eq NH2Bu, Et2O, rt; (c) 1eq AgPF6, CH2Cl2, -35C;  (d) (i) 1eq Fc'Li2 (R = Li), 2eq 

[W(CO)6], thf, -50C; (ii) 2.5eq Et3OBF4, CH2Cl2, -30C; (e) 2.2eq NH2Pr, Et2O, rt. 

 

 

5.2  RESULTS AND DISCUSSION 

Synthesis and spectroscopic characterization of complexes 1 - 4.  

Ferrocenyllithium16 was reacted with [W(CO)6] in the classic Fischer route to carbene complexes 

(Scheme 5.1), followed by alkylation with Et3OBF4
17

 to yield the known complex 1 

[(CO)5W=C(OEt)Fc].15 Following the procedure described for the synthesis of the chromium 

analogues, reaction of two equivalents of tungsten carbonyl and 1,1’-dilithioferrocene18 yielded 

the tungsten bisacylate. Quenching of the reaction was achieved with excess of oxonium salt, to 
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yield the novel bridging ferrocen-1,1'-diyl biscarbene complex, 2 

[(CO)5W=C(OEt)Fc(OEt)C=W(CO)5]. Both the monocarbene complex 1 and biscarbene 

complex 2 were aminolysed19 with n-butylamine or n-propylamine, respectively, to yield the new 

complexes [(CO)5W=C(NHBu)Fc] (3) and [(CO)5W=C(NHPr)Fc(NHPr)C=W(CO)5] (4). These 

tungsten carbene complexes displayed NMR and FTIR spectroscopic properties similar to that 

observed for their chromium analogues.10,11 Upfield shifts of the ferrocenyl-Hα in the case of the 

aminocarbene complexes 3 and 4 (4.24 and 4.56 ppm, respectively) compared to the 

ethoxycarbenes 1 and 2 (4.98 and 5.02 ppm, respectively), upfield 13C NMR shifts of the carbene 

carbon resonances of the aminocarbenes compared to the ethoxycarbenes (eg. 3, 249.1 ppm 

compared to 1, 304.3 ppm) and decreased carbonyl stretching frequencies of the overlapping A′1 

and E-modes for the aminocarbenes compared to the ethoxy analogues (3, 1922 cm-1; 4, 1920 

cm-1 vs. 1, 1932 cm-1; 2, 1935 cm-1) are all indicators of the increased donating ability of the 

amino-substituents towards stabilizing the electrophilic carbene carbon atom.19 This is due to the 

contribution of imine formation to the Ccarbene-N bond (Figure 5.1), which results in the 

formation of both syn- and anti-configurational isomers around the abovementioned Ccarbene-N 

bond.10,11 However, as for the Cr-derivatives, the steric bulk of the ferrocenyl carbene substituent 

precludes the formation of both isomers, and only the syn-isomer can be observed by NMR. 20 

  

 

Figure 5.1 Stabilization of Fischer aminocarbene complexes via imine formation. For both 3 and 
4, only the syn rotamer is observed. 

 

During the electrochemical investigation, we observed more positive oxidation potentials for the 

tungsten carbene complexes compared to the chromium analogues, in accordance with the higher 

hyperpolarizability of the tungsten complexes.13 For our bimetallic complexes, however, this 
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meant that in contrast to the chromium ferrocenyl complexes,10 the first oxidation process 

corresponds to the FeII/III couple and not to the tungsten carbonyl moiety (see Electrochemistry 

Section). This encouraged us to perform the chemical oxidation of 1 with AgPF6 (see Scheme 

5.1) to gain insight into the properties of the ferrocenium cation 1+. For the Cr-analogues, 

although this first Cr0/I oxidation proved reversible, the formed chromium +1 cation could not be 

isolated. After the addition of 1 equivalent of AgPF6 to a solution of 1 in CH2Cl2 at -35 °C, an 

immediate color change from red to brown was observed. While the solution was allowed to 

warm to room temperature, IR and NMR data had to be collected for [1+]•PF6 within 10 minutes 

before decomposition of 1+ occurred. Spectroscopically it could be seen (Figure 5.2) that much 

of 1+ reverted back to 1, probably by the capture of an electron from any electron-rich species in 

solution such as the free electron pairs on CO or OEt. To the best of our knowledge, no other 

isolated example of such a chemically oxidized ferrocenium Fischer carbene complex has been 

reported.   

  The IR spectra (Figure 5.2) clearly illustrate the shift of the carbonyl stretching 

frequencies from 1932, 1976 and 2063 cm-1 for 1 to 1953, 1998 and 2074 cm-1 for 1+. The 

magnitude of the wavenumber shifts (21, 22 and 11 cm-1 for the E overlapping with A'1, B and 

A''1 bands respectively), is smaller than the shift of more than 100 cm-1 that is expected for 

oxidation of metal-carbonyl-based W(0) to W(I). Instead, it corresponds to an inductive effect 

accompanying the oxidation of the ferrocenyl Fe(II) substituent to a ferrocenium Fe(III) species. 

During this oxidation, the highly electron donating ferrocenyl group having a group 

electronegativity of Fc = 1.87 converted to an electron-withdrawing ferrocenium species (Fc+ = 

2.82) almost as strong as the CF3 group (CF3 = 3.01).21 This observation is corroborated by the 

electrochemical data presented below. In addition, previous calculations reported the 

stabilization of the partially empty carbene carbon pz atomic orbital by donation from a doubly-

occupied d-orbital of iron.22 Thus, with the removal of an electron from this atomic orbital, the 

donation is lowered, reducing the electron density of the W=C bond. Consequently, the π-

backdonation to the π* orbital of the CO is also reduced with resulting higher C=O bond strength 

and higher CO stretching frequencies. The 1H NMR spectrum recorded did not show any 

ferrocenyl resonances, even when recorded in a spectral window of up to 50 ppm, although the 

ferrocenium chemical shift is reported at δ31 ppm.23 Presumably this can be ascribed to the 

paramagnetic nature of cation 1+. The presence of the PF6 counter anion is confirmed by the 
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The radical anion notation in equation 1 is explained by noting that 2  = [(CO)5(
W-C)(OEt)-

Fc-(OEt)C=W(CO)5]. Different reduction potentials for symmetrical complexes in which 

mixed-valent intermediates are generated (for 2, this refers to 2 ) are well known in systems 

that allow some form of electronic interaction between the redox centers; these may include 

electrostatic or through-bond conjugated paths.26     

In contrast to the OEt derivatives 1 and 2, the new NHBu monocarbene 3 showed no carbene 

reduction within the potential window of the solvent in the presence of [N(nBu)4][PF6]. This 

agrees with the computed energy of the corresponding LUMO (-2.64 and -2.25 eV for 1 and 3, 

respectively) which suggests that the less negative energy of the LUMO of 3 is translated into a 

more negative reduction potential. The biscarbene-NHPr derivative 4, showed a single carbene 

reduction at -2.293 V in the CV at wave I (Figure 5.4), but the current was more than four times 

(3.71/0.90) larger than that expected for a one-electron transfer processes. A one-electron 

transfer process in this system requires ½[i(wave Fc+1a)/4+i(wave 1b)/3] = 0.90 A. The large 

observed current (3.71 A) is thought to be due to significant amounts of substrate being 

deposited on the surface of the electrode during reduction but because this wave is close to the 

potential at which cathodic discharge caused by solvent reduction takes place, the large increase 

in current may also originate from an ErCcat process by which 4 catalyses the reduction of 

CH2Cl2. A repeat experiment utilizing 4 as analyte in CH3CN as solvent (Figure S3, Appendix 

4a, Table 5.1) confirmed the second carbene moiety is reduced at a potential ca. 0.27 V lower 

than the first. This observation also suggests some form of electronic interaction between two 

carbene moieties observed for 2 but completely contrasts the observations described for the 

chromium complex [(CO)5Cr=C(OEt)-Fc-(OEt)C=Cr(CO)5].
10,11 For this analogous Cr carbene 

complex, under the same experimental conditions, no splitting of Cr=C carbene reduction into 

two components “a” and “b” could be detected. Very few studies describe the electrochemical 

reduction of the W=C double bond,14 although the in situ generation of the radical anion by 

chemical single electron transfer agents have been reported.27 Consistent with NHR (R = Bu, Pr) 

being a more powerful electron-donating group than OEt, the NHPr group shifted the wave Ia 

peak cathodic potential, Epc, of the bis W=C species 4 compared to 2 with ΔEpc = Epc, OEt, 2 - Epc, 

NHBu, 4 =  -1.773 – (-2.293) = 0.520 to more negative potentials.  
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The next redox process observed for 1 – 4 is the chemically and electrochemically one-electron 

reversible oxidation of ferrocene which is associated with wave Fc in Figure’s 5.4 – 5.6, and 

Table 5.1. The Fc wave in these CV’s is followed by the W oxidation processes (wave 1) which 

in CH2Cl2 / [(
nBu4)N][PF6] involves a three-electron transfer process (Figure 5.4). This oxidation 

of the ferrocenyl group in tungsten carbenes at lower potentials than that of W oxidation 

contrasts with the behavior of the analogues chromium carbenes [(OC)5Cr=C(Fc)(OEt)] and 

[(OC)5Cr=C(OEt)-Fc'-(OEt)C=Cr(CO)5] where the ferrocenyl group was oxidized after 

oxidation of the Cr(0) center to Cr(I).10,11 The second oxidation of Cr(I) to Cr(II) follows after 

the ferrocenyl oxidation, and also contrasts with the three-electron closely-overlapping W 

oxidation under the same experimental conditions. The resolution between Fc and tungsten 

(wave 1) oxidation processes, expressed as ΔEpa = Epa, W - Epa, Fc, is better in mono- than in 

biscarbene tungsten complexes, and also in OEt than in NHR complexes. For 4, the Fc wave was 

superimposed onto a W-oxidation wave (Figure 5.4).    

An important consequence of the ferrocenyl moiety being oxidized before the W center is that 

when the W center is oxidized, it is under the influence of the ferrocenium species, Fc+, which is 

almost as electron-withdrawing as a CF3 group (Fc = 2.82; CF3 = 3.01).21 This shifts the W 

redox process to more positive potentials than would be expected for other compounds where the 

linking group is not so strongly electron-withdrawing, e.g. for -CH2-. The one-electron 

ferrocenyl oxidation process was useful to identify the number of electrons that is transferred 

during tungsten oxidation. 

Tungsten oxidation is associated with wave 1 in Figures 5.4 – 5.6 and Table 5.1. Since the peak 

anodic current ratio between wave Fc and wave 1 in the CV of 1 was 10.01/3.38 = 2.96 = 3, 

indications are that W(0) is oxidized irreversibly (no ipc detected) in three consecutive and 

overlapping one-electron transfer steps, apparently to a W(III) species (Figure 5.4, Table 5.1). 
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Table 5.1. Cyclic voltammetry data of 0.5 mmol·dm-3 solutions of the monocarbene 
[(OC)5W=C(Fc)(X)] complexes 1 and 3 and biscarbene [(OC)5W=C(X)-Fc'-(X)C=W(CO)5] 
complexes 2 and 4 in CH2Cl2 containing 0.1 mol·dm-3 [N(nBu)4][PF6] or 0.2 mol·dm-3 
[N(nBu)4][B(C6F5)4] as supporting electrolyte at a scan rate of 100 mV s-1 and 20 oC. Potentials 
are relative to the FcH/FcH+ couple.  

Complex Peak no. ipa/A, ipc/ipa 

[N(nBu)4][PF6] 
Eo/V, E/mV 
[N(nBu)4][PF6]

Eo/V, E/mV 
[N(nBu)4][B(C6F5)4] 

ipa/A, ipc/ipa 
[N(nBu)4][B(C6F5)4]

1,    Fc 
X = OEt 
 

I(=) 
(Fc) 
1(W0/III) 
 

3.23,b  0.56 
 3.38,   0.85 
 10.01,   - 
 

-2.076, 63  
 0.285, 90 
 0.809,d    - 
 

-2.119, 100  
 0.307, 82 
 (W0/II)1.105,d,i   -  

7.02,b  0.71 
 5.61   0.93 
 11.58,   - 

2,    Fc' 
X = OEt 
 
 
 
 

Df 
Ib(=) 
Ia(=) 
(Fc) 
1(2xW0/III) 
 

0.76,b    -  
1.64,b    -  
1.73,b  0.40 
1.62,   0.84 
9.56,   0.15 
 

-2.409,c    -   
-2.206,c    -  
-1.773, 67 
 0.510, 86 
 0.766, 142 
 

 
-2.222,c  -  
-1.811, 74 
 0.513, 82 
(2xW0/II) 0.922,i     - 
 

 
2.80,b    -  
3.02,b  0.51 
2.82,   0.64 
(2xW0/II) 
9.99,      - 
 

3,    Fc 
X =NHBu 

I(=) 
(Fc) 
1(W0/III) 
 

  - a  ,   - a 
2.67, 0.88 
7.94, 0.11 

   - a   ,    - a   
0.206,   92 
0.611, 293 

-2.580,c    -   
  0.289, 80  
(W0/II) 0.950,d,i     - 
 

9.71,b    -   
4.23, 0.67  
(W0/II) 
8.10,d    - 
 

4,    Fc' 
X = NHPr 

I(=) 
(Fc)+1a(W

0/1II) 
1b(W

0/III) 
Df 

3.71,b   -  
3.53,     -  
2.76,     -  
0.55,     - 

-2.293,c    -   
0.540,e,h    -  
0.591,d     -  
1.000,d     - 

-2.285,c    -   
(Fc)+1a(W

0/1II) 
0.580,d,e,h  -  
(1b W0/II) 0.792,d,i 
- 
 

6.84 b,   -  
 7.20,     -  
 (2xW0/II) 
5.45,     - 

      
4,g    Fc' 
X = NHPr 
CH3CNg 

Ib(=) 

Ia(=) 
(Fc)+1a(W

0/1II)i 
1b(W

0/III)i 

1.30 b,   -  
 3.38 b,   -  
 3.40,    0.31 
 4.69,    0.21 

-2.458,c   -  
-2.185,c   -  
 0.408, 80  
 0.745, 100 

  

(a) No peak detected within the solvent potential window; (b) ipc and ipa/ipc values to maintain the current ratio 
convention of i(forward scan)/i(reverse scan); (c) Epc value, no Epa detected. (d) Epa value, no Epc detected; (e) 

Estimations only; (f) Peaks labeled “D” represent decomposition processes of either the W-C· radical anions that 
was generated at the redox processes labeled “I” or of W(III) generated at wave “1b”; (g) The supporting electrolyte 
changed to BARF = [NBu4][B(C6F5)4] (0.2 mol·dm-3) or the solvent changed to CH3CN;  (h) a very weak Fc 

reduction peak was observed at Epc = 0.357, ipa = 0.3 A.  In the presence of [NBu4][B(C6F5)4] a much stronger Fc 

reduction wave was observed at Epa = 0.497, ipa = 3.75 A. (i) In the presence of [NBu4][B(C6F5)4] (0.2 mol·dm-3) W 
oxidation is a two-electron transfer process, while in the presence of CH3CN, or  [N(nBu)4][PF6] it is a three-electron 
transfer process. 
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This contrasts a study by Maiorana and co-workers who reported a few years ago that W in 

[(OC)5W=C(CH3)(X)] with X = substituted morpholino and other amine derivatives undergo a 

two-electron oxidation in CH2Cl2 in the presence of 0.1 mol·dm-3 [(nBu4)N][ClO4] as supporting 

electrolyte.13 Figure 5.5 highlights the CV’s of 1 at different scan rates, and more importantly, 

the LSV at 1mV·s-1. The LSV was mutually consistent with CV ipa current ratios between wave 

Fc and wave 1 at scan rates of 100, 200, 300, 400 and 500 mV·s-1 in indicating that the total W 

oxidation involves the flow of three electrons. With our observation of a three-electron transfer 

W oxidation, it follows that in the biscarbene 2, possessing two tungsten centers, a total of six 

electrons being transferred during tungsten oxidation should be observed. This was confirmed by 

the measured ipa values (Figure 5.4, ipa,wave 1/ipa,wave Fc = 9.56/1.62 = 5.90  6, Table 5.1). 

Although the CV of 2 showed electronic interactions between the two carbene double bond 

centers by means of the splitting of wave I into two components “a” and “b”, no resolution 

between the irreversible oxidations of the two W centers of 2 could be detected (Figure 5.4). 

However, a very weak reduction of oxidized W was detected at wave 1r during the cathodic 

sweep, Figure 5.4, Table 5.1. The current was, however, small with ipc/ipa = 0.15; ΔE = 143 mV. 

An LSV of 2 (Figure S1, Appendix 4a) showed that the oxidation of the second tungsten center 

results in a species that is unstable on LSV time scale. Only the first 3-electron oxidation could 

be detected before compound decomposition took place. The peak anodic current of wave 1 in 

the CV of the mono NHBu tungsten carbene 3 also estimates a three electron transfer step during 

W oxidations but the LSV shown in Figure 5.4 highlights new information. On LSV timescale, 

the first two electrons during W oxidation are transferred fast in two unresolved one-electron 

redox processes, but the different slope observed for the third electron that was transferred shows 

this redox step to be slower than the first two electron transfer steps. The LSV splitting of wave 1 

(W-oxidation) into two components “a” (a two electron process) and “b” (a one-electron process) 

for 3 allows for a meaningful comparison with chromium carbene analogues 

[(OC)5Cr=C(XR)(Ar)] and [(OC)5Cr=C(XR)-Ar'-(XR)C=Cr(CO)5] with XR = OEt , NHBu or 

NHPr and Ar or Ar' = thienyl, furyl or ferrocenyl.10,11 In these Cr carbene derivatives, Cr(0) is 

oxidized in two separate one-electron transfer steps and exhibits Epa = Epa,Cr(I/II) - Epa,Cr(0/I) peak 

potential separations larger than 0.5 V.10,11 For the present W-series, indications are that W(0) is 

first oxidized in a two electron step followed by a second one-electron oxidation. In all 
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is known to minimize ion pair formations of the type (cation)+…..[B(C6F5)4] where (cation)+ 

represents any electrochemically generated cation. Such ion pair formations frequently cause 

oxidation potentials of cationic species to move to different values.28 In addition, use of this 

electrolyte allows the observation of unstable intermediate redox states of, for example, the 

ruthenocenium species [RuIII(C5H5)2]
+. 29 Use of other solvents or electrolytes invariably causes 

over oxidation of ruthenocene to a Ru(IV) species.30   

Figure 5.6 shows a CV and LSV’s of 2 utilizing 0.1 mol·dm-3 [(nBu4)N][B(C6F5)4] as supporting 

electrolyte. The first obvious difference is that in CH2Cl2, but in the presence of 

[(nBu4)N][B(C6F5)4] as supporting electrolyte, resolution between the ferrocenyl oxidation and 

the two overlapping W(0) oxidations are markedly increased. The differences in the oxidation 

potentials of these two processes are Eo' = Epa,W(0) oxd, 1 – Epa,Fc oxd = 284 mV in CH2Cl2 

containing [(nBu4)N][PF6] and 368 mV in CH2Cl2 containing [(nBu4)N][B(C6F5)4]. More 

importantly, the LSV as well as ipa current ratios for waves Fc and 1 in the presence of 

[(nBu4)N][B(C6F5)4], shows a two-electron tungsten oxidation, the same as reported by 

Maiorana.13 All the other complexes in the present compound series 1  4 also showed the two-

electron W0/II couple when the supporting electrolyte was [(nBu4)N][B(C6F5)4], see Table 5.1 and 

Figures S3 and S4 (Appendix 4a).   

An additional experiment utilizing CH3CN as solvent was also performed on 4 because the 

coordination power of acetonitrile (Gutmann donor number = 14.1, while for CH2Cl2 it is ranges 

from 0 to 1)31,32 frequently leads to interactions with cationic species. This results in different 

oxidation potentials, or even differences in the number of electrons being transferred during 

redox processes. Such solvent effects are highlighted by the electrochemical oxidation of, for 

example, RhI(-diketonato)(CO)(PPh3)] in a one-electron transfer process to a Rh(II) species in 

CH2Cl2 / [(
nBu4)N][BF4],

33 but in a two-electron transfer process to a Rh(III) species in CH3CN / 

[(nBu4)N][PF6].
34 Potential referencing in different solvents and electrolytes has to be made with 

care. Results in this work are referenced to FcH/FcH+ as required by IUPAC, but the internal 

standard was not free ferrocene to prevent peak overlaps with 1 – 4. Hence decamethylferrocene, 

Fc* was used as internal standard and potentials was thereafter adjusted to be versus FcH/FcH+. 

Under our conditions the formal reduction potential of Fc* vs. FcH/FcH+ is -550 mV in CH2Cl2 / 

[(nBu4)N][PF6], -610 mV in CH2Cl2 / [(nBu4)N][B(C6F5)4] and -510 mV in CH3CN / 
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Scheme 5.2 Electrochemical reactions associated with 2.  Both the final reduction product 

possessing W-C radical anions and the final oxidation product possessing two W(III) centers 
are highly reactive and undergo further chemical decomposition reactions.  

 

The above described redox processes were finally addressed by means of a computational-DFT 

study. As shown in Figure 5.7, complex 1 is electrochemically oxidized to radical cation 1·+. The 

computed spin density of this species indicates that the unpaired electron is located at the iron 

atom (1.26e), thus confirming that the first one-electron oxidation does not involve the tungsten 

center but the Fe(II) to Fe(III) reaction. 

Further chemical reactions

Further chemical reactions

[(OC)5WIII=C(OEt)-Fc'-(OEt)C=WIII(CO)5]
3

-2 (3e-)
wave 1

[(OC)5W0=C(OEt)-Fc'-(OEt)C=W0(CO)5]

[(OC)5W0=C(OEt)-Fc'-(OEt)C=W0(CO)5]

+1e- -1e-

wave Fc

+1e- -1e-

wave Ia

[(OC)5W0 C(OEt)-Fc'-(OEt)C=W0(CO)5]

+1e-

wave Ib

[(OC)5W0 C(OEt)-Fc'-(OEt)C W0(CO)5]

3 +

-

+

+ +

-

-
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Figure 5.7  Computed oxidation process of complex 1 at the B3LYP/def2-SVP level. W···H 
bond distance in 1·+3 is given in angstroms.  

 

Subsequent 2-electron oxidation leads to the trication 1·+3 whose unpaired electron remains at 

the iron atom (computed electron density on Fe of 1.35e). This indicates that the oxidation 

process involves the W(0) to W(II) reaction. As described above, the total three-electron 

tungsten oxidation process ends up with the third and final one-electron oxidation at the tungsten 

center (W(II) to W(III)) to form the corresponding tetracation 1+4. Unfortunately, the structure of 

this open-shell singlet species (whose unpaired electrons are located at the iron and tungsten 

centers) could not be located on the potential energy surface (even using different functionals) 

due to convergence problems.   

The structure of the trication 1·+3 deserves further analysis. As shown in Figure 5.7, a hydrogen 

atom of the ethoxy substituent is found in close proximity to the tungsten atom (W···H distance 

of 2.091 Å), pointing to possible C−H···W agostic interaction. Indeed, the Laplacian distribution 

of 1·+3 in the W···H−C plane (Figure 5.8) clearly reveals the occurrence of a bond critical point 

located between the transition metal and the hydrogen atom, which is associated with a bond 

path running between the corresponding two atoms. This proves the existence of a direct 

interaction between both atoms. Moreover, the computed value of 0.045 e·Å-3 for the electron 

density at the bond critical point, is in the range expected for CH agostic interactions.36 The 

structure of this species resembles that found for oxidised products of related chromium(0) 

carbene complexes upon 2-electron oxidation of the transition metal.11 This peculiar bonding 

-2e-

1.26e

2.091

1

-1e-
(CO)5W

EtO

Fe

1 1 3

1.35e

-1e-

1 3

[(CO)5WIII=C(OEt)Fc(III)]+4
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W=C functionalities were resolved which is indicative of good interactions between the formally 

carbene double bonds. The ferrocenyl group was electrochemically reversibly oxidized before W 

oxidation at potentials 0.206 < Eo' < 0.540 V vs FcH/FcH+. These potentials were continuously 

more than 250 mV smaller than those measured for the analogues Cr compounds. Tungsten(0) 

was oxidized in three consecutive but unresolved one-electron transfer steps to a W(III) species 

in the presence of [N(nBu)4][PF6] as supporting electrolyte, or in CH3CN as solvent. In CH2Cl2 

containing [(nBu4)N][B(C6F5)4] as supporting electrolyte, tungsten(0) oxidation was found to be 

a two-electron transfer process. The structure of this tricationic W(II) species has been 

highlighted with DFT calculations. Complex 4 showed identifiable resolution between the 

oxidation of each W center. This also argued for a weak interaction between the two W centers. 

All redox assignments were mutually consistent with the computational data obtained at the DFT 

level, which suggest a peculiar bonding situation (i.e. stabilized by C−H···W agostic interaction) 

in the tricationic species formed upon the oxidation process which involves the W(0) to W(II) 

reaction. 

5.4  EXPERIMENTAL SECTION 

General Procedures.  

All manipulations involving organometallic compounds made use of standard Schlenk 

techniques under inert atmosphere. Solvents were dried over sodium metal (hexane, thf and 

diethylether) and phosphorouspentoxide (CH2Cl2); and distilled under nitrogen gas prior to use. 

All chemicals were used as purchased without further purification unless stated otherwise.  

Triethyloxoniumtetrafluoroborate was prepared according to literature procedures.17  Purification 

of complexes was done with column chromatography using silica gel 60 (0.0063-0.200 mm) as 

the stationary phase.  NMR spectra were recorded on a Bruker AVANCE 500 spectrometer.  1H 

NMR spectra were recorded at 500.139 MHz and 13C NMR at 125.75 MHz.  The signals of the 

deuterated solvent were used as a reference: 1H CDCl3 at 7.24 ppm and C6D6 at 7.15 ppm; 13C 

CDCl3 at 77.00 ppm and C6D6 128.00 ppm.  IR spectra were recorded on a Perkin-Elmer 

Spectrum RXI FT-IR spectrophotometer in solvent (hexane or DCM) as indicated.  Only the 

vibration bands in the carbonyl-stretching region (ca. 1600-2200 cm-1) were recorded.   
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[(CO)5W=C(OEt)Fc] (1) was prepared according to previously reported methods.15 

[(CO)5W=C(OEt)Fc(OEt)C=W(CO)5] (2) 

Dilithioferrocene was prepared according to literature procedures:16 to a solution of ferrocene (4 

mmol, 0.74g) in hexane was added TMEDA (8.2 mmol, 1.23 mL) and nBuLi in hexane (8.2 

mmol) and stirred while heating to 60°C. After formation of the orange precipitate, the solvent 

was removed via cannula filtration, and the precipitate redissolved in thf. W(CO)6 (8 mmol, 

2.81g) was added at -78°C, and stirred for 1 hour while allowing the reaction mixture to reach 

room temperature. The solvent thf was removed by reduced pressure and Et3OBF4 (8.2 mmol), 

dissolved in CH2Cl2, added at -30°C. After reaction completion, the solvent was evaporated. 

Column chromatography was used for purification and the dark red fraction collected.  Yield: 

2.65g (70%), black red crystals.  Anal. Calcd for W2FeC26H18O12: C, 33.01; H, 1.92.  Found: C, 

31.98; H, 1.88.  1H NMR (CDCl3): δ 5.02 (m, 4H, Hα), 4.89 (q, J = 7.0 Hz, 4H, CH2CH3), 4.81 

(m, 4H, Hß), 1.61 (t, J = 7.1 Hz, 6H, CH2CH3).  13C NMR (CDCl3): δ n.o. (Ccarbene), 201.91 

(trans-CO), 197.58 (cis-CO) , 98.82 (Cipso) , 74.52 (Cα), 69.15 (Cβ) , 77.20 OCH2), 14.12 (CH3). 

IR (νCO, cm-1, CH2Cl2):  2060 m (A′′1), 1978 w (B), 1935 vs (A′1 overlap E).   

[(CO)5W=C(NHBu)Fc] (3)   

A diethylether solution of 1 (2 mmol, 1.13 g) was stirred at room temperature (rt) and n-

butylamine (2 mmol, 0.20 mL) was added.  The color changed rapidly from dark red to deep 

yellow.  Purification was performed using column chromatography and a 1:1 mixture of 

hexane/CH2Cl2 as eluent.  Yield: 0.90g (76%), yellow solid. Anal. Calcd for WFeC20H19NO5: C, 

40.50; H, 3.24.  Found: C, 40.23; H, 3.09. 1H NMR (C6D6): δ 8.91 (s, 1H, NH), 4.24 (br, 2H, 

Hα), 4.02 (br, 2H, Hß), 3.86 (s, 5H, Cp), 3.53 (m, 2H, NCH2), 1.35 (m, 2H, CH2CH2), 1.17 (m, 

2H, CH2CH2), 0.78 (m, 3H, CH3).  13C NMR (C6D6): δ 249.14 (Ccarbene), 203.27 (trans-CO), 

199.27 (cis-CO) , 97.12 (Cipso) , 71.12 (Cα), 69.86 (Cβ overlap Cp), 54.95 (NCH2), 31.54 

(CH2CH2), 20.07 (CH2CH2), 13.72 (CH3). IR (νCO, cm-1, CH2Cl2): 2060 m (A′′1), 1966 w (B), 

1922 vs (A′1 overlap E).   
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 [(CO)5W=C(NHPr)Fc(NHPr)C=W(CO)5] (4) 

Complex 2 (2 mmol, 1.89g) was dissolved in diethylether and n-propylamine (2 mmol, 0.16 mL) 

was added at rt. The color of the solution turned from dark red to deep yellow and volatiles were 

removed by reduced pressure. Purification was performed by employing column 

chromatography with a 1:1 hexane/CH2Cl2 solvent mixture.    

Yield: 1.46g (75%), deep yellow crystals.  Anal. Calcd for W2FeC28H24N2O10: C, 34.59; H, 2.49.  

Found: C, 33.42; H, 2.35.  1H NMR (CDCl3): 8.96 (s, 2H, HN), 4.56 (m, 4H, Hα), 4.48 (m, 4H, 

Hß), 3.88 (m, 4H, NCH2), 1.86 (h, J = 7.4 Hz, 4H, CH2CH3),  1.13 (t, J = 7.4 Hz, 6H, CH3).  
13C 

NMR (CDCl3):  249.58(Ccarbene), 202.81 (COtrans), 198.45 (COcis), 99.19 (Cipso), 72.23 (Cα), 

70.15(Cß), 56.96 (HNCH2), 23.01 (CH2CH3), 11.23 (CH3). IR (νCO, cm-1, CH2Cl2): 2060 m 

(A′′1), 1963 w (B), 1920 vs (A′1 overlap E).   

[(CO)5W=C(OEt)Fc][PF6]  ([1
+]•PF6)   

Complex 1 (0.02g, 0.035 mmol) was dissolved in dichloromethane and cooled to -35oC.  Silver 

hexafluorophosphate (0.009g, 0.035 mmol) was added and the solution changed from red to deep 

brown. The cold bath was removed and the brown solution was stirred at RT for 10 min.  

Cannula filtration was used to separate solids from the solution. 31P NMR (CD2Cl2): δ -149.63 

(h, J = 716.9, 706.7 Hz); 19F NMR (CD2Cl2): δ -85.38 (d, J = 967.0 Hz); IR (νCO, cm-1, CH2Cl2):  

2074 (A1'', m), 1996 (B, w), 1952 (A1' overlap E, vs). 

Electrochemistry 

Cyclic voltammograms (CV’s), square wave voltammograms (SW’s) and linear sweep 

voltammograms (LSV’s) were recorded on a Princeton Applied Research PARSTAT 2273 

voltammograph running PowerSuite (Version 2.58) utilizing a standard three-electrode cell in a 

M Braun Lab Master SP glovebox filled with high purity argon (H2O and O2 < 5 ppm) as 

described before.10,11 To establish whether the electrolyte used, [(nBu4)N][PF6], and also the 

solvent influenced the number of electrons transferred at the tungsten center, 4 was also studied 

in the presence of 0.2 mol dm-3 [(nBu4)N][B(C6F5)4]
37 as supporting electrolyte and in CH3CN as 

solvent. All electrode potentials are reported versus the ferrocene/ferrocenium redox couple 

(FcH/FcH+, FcH = Fe(η5-C5H5)2, E
o' = 0.00 V) as reference.38  However, decamethylferrocene, 
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Fc*, was used as internal standard to prevent signal overlap with the ferrocenyl of 1  4.   

Decamethylferrocene has a formal reduction potential of -550 mV versus free ferrocene with ΔE 

= 72 mV and ipc/ipa = 1 under the prevailing conditions utilizing CH2Cl2 / [(nBu4)N][PF6] as 

solvent / supporting electrolyte.36 In the presence of [(nBu4)N][B(C6F5)4] as electrolyte, the 

decamethylferrocene potential moves to -610 mV versus free ferrocene, while in CH3CN / 

[(nBu4)N][PF6] it moves to -510 mV.36  

Computational details 

Geometry optimizations without symmetry constraints were carried out using the Gaussian09 

suite of programs39 at the B3LYP (uB3LYP for open-shell species)40 using the double-ζ plus 

polarization def2-SVP41 basis set for all atoms. This protocol is denoted B3LYP/def2-SVP. All 

species were characterized by frequency calculations, and have a positive defined Hessian matrix 

indicating that they are minima on the potential energy surface.  

All Atoms in Molecules (AIM)42 results described in this work correspond to calculations 

performed at the B3LYP/6-31G(d)&WTBS level on the optimized geometries obtained at the 

B3LYP/def2-SVP level. The WTBS (well-tempered basis sets)43, used herein to describe Fe and 

W, have been recommended for AIM calculations involving transition metals.44 The topology of 

the ED was conducted using the AIMAll program package. 45 
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          ___  CHAPTER 6 
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ABSTRACT 

A series of ferrocenyl (Fc = ferrocenyl; fc = ferrocen-1,1'-diyl) and biferrocenyl (Bfc = 1',1''-

biferrocenyl; bfc = 1',1''-biferrocen-1,1'''diyl) mono- and biscarbene tungsten(0) complexes of the 

type [(CO)5W=C(OMe)R] (1, R = Fc; 3, R = Bfc) and [(CO)5W=C(OMe)-R'-(OMe)C=W(CO)5] 

(2, R' = fc; 4, R' = bfc) were synthesized according to the classical synthetic methodology by 

reacting W(CO)6 with LiR (R = Fc, fc, bfc), followed by a subsequent alkylation using methyl 

trifluoromethanesulfonate. Electrochemical investigations were carried out on these complexes 

to get a closer insight into the electronic properties of 1 - 4. The ferrocenyl and biferrocenyl 

moieties in 1 – 4 show reversible one electron redox events. It was further found that the Fischer 

carbene unit is reducible in an electrochemical one electron transfer process. For the tungsten 

carbonyl moieties, irreversible oxidation processes were found. In addition, charge transfer 

studies were performed on 1 - 4 by the use of in situ UV-Vis-NIR and infrared 

spectroelectrochemical techniques. During the UV-Vis-NIR investigations typical low energy 

transitions for the mixed-valent biferrocenyl unit were found. A further observed high energy 

NIR absorption is attributed to a metal-metal charge transfer transition between the tungsten 

carbonyl fragment and the ferrocenyl/biferrocenyl group in the corresponding oxidized state, 

which can be described as class II systems according to Robin and Day. This assignment was 

verified by infrared spectroelectrochemical studies and is reported herein for the first time. The 

electrochemical investigations are supported by DFT calculations.  The structural properties of 1 

- 4 in the solid state were investigated by single-crystal X-ray diffraction studies showing no 

substituent effects on bond lengths and angles. The biferrocenyl derivatives exhibit syn-

conformation of the ferrocenyl and carbene building blocks. 

 

6.1  INTRODUCTION  

Since the first synthesis of transition metal alkyidene complexes of type (CO)5M=C(OMe)R (M 

= Cr, W) by Fischer and Maasböl in the early-1960s, this family of compounds received 

popularity, as they are fascinating molecules and powerful tools in organic and organometallic 

chemistry.
1
 The Dötz benzannulation reaction and the Aumann reaction procedure, a simple 

approach for metallaolefins, are examples of their varied application in chemistry.
2
 By 

incorporating a ferrocenyl substituent with known applications in molecular sensors,
3
 energy 
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transfer processes
4
 and anti-cancer drugs,

5
 the application of Fischer carbene complexes could be 

extended beyond their traditional use as ligands employed for organic transformations
6
 and as 

auxiliary ligands in catalysis,
7
 to design new push-pull systems with interesting non-linear 

optical (NLO) properties.
8 

It is well known that the ferrocenyl moiety as a redox-active group displays high stability in the 

neutral as well as oxidized state during one-electron transfer processes.
9
 Such ferrocenyl systems 

are ideal for studying electronic interactions by applying electrochemical and 

spectroelectrochemical techniques; these are efficient instruments to investigate charge transfer 

transitions between the separated metal entities.
10

 This phenomenon is almost unexplored in 

Fischer carbene complexes.
11

 Moreover, studies in general concerning ferrocenyl- and 

biferrocenyl-functionalized Fischer carbene complexes are limited in the literature.
12,13

  

We report herein the synthesis and characterization of a series of ferrocenyl (1, 2) and 

biferrocenyl (3, 4) tungsten(0) Fischer carbene complexes. Concerning the investigation of 

charge transfer transitions between the metallocenyl increments and the Fischer carbene units, 

the electrochemical and spectroelectrochemical properties of these species are discussed. These 

investigations are supported by computational studies. 

 

 
Scheme 6.1. Reaction conditions: (a) (i) tetrahydrofuran (thf), -80 

o
C, 1.06 eq 

t
BuLi, 1 eq 

W(CO)6; (ii) dichloromethane (CH2Cl2), -50 
o
C, 3 eq MeOTf. (b) (i)  n-hexane, 2 eq 

n
BuLi/TMEDA (1:1); (ii) thf, -60 

o
C, 2 eq W(CO)6; (iii) CH2Cl2, -30 

o
C, 6 eq MeOTf. (c) (i)  thf, 

-40 
o
C, 2.0 eq 

n
BuLi; (ii) 2 eq W(CO)6; (iii) CH2Cl2, -30 

o
C, 6 eq MeOTf. 
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6.2  RESULTS AND DISCUSSION 

Synthesis and Characterization. The tungsten Fischer carbene complexes 1 – 4 were prepared 

using the classical Fischer carbene synthetic methodology in which W(CO)6 was reacted with 

LiR (R = Fc, fc, bfc; Fc = ferrocenyl, fc = ferrocen-1,1'-diyl, bfc = 1',1''-biferrocen-1,1'''diyl) to 

form the corresponding metal acylate, followed by a subsequent alkylation via addition of methyl 

trifluoromethanesulfonate (MeOTf) (Scheme 6.1, Experimental Section). Complex 1 has been 

previously prepared,
14

 although single x-ray diffraction data have not been reported. 

The lithiated ferrocenyl/biferrocenyl species were generated in situ from ferrocene or 

dibromobiferrocene by lithiation or lithium-bromine exchange reaction according to literature 

procedures (Scheme 6.1). 
15,16

 After purification by column chromatography, complexes 1 - 4 

could be isolated as deep red to dark maroon solids and are very stable in the solid state as well 

as in solution toward moisture and air.  

Complexes 1 - 4 were characterized by elemental analysis, IR and NMR (
1
H, 

13
C{

1
H}) 

spectroscopy, X-ray diffraction and mass spectrometry. Electronic effects of the carbene 

substituents can be followed in solution by IR and especially NMR spectroscopy. The electron 

withdrawing effect of the pentacarbonyl metal carbene moiety leads to a significant downfield 

shift of the resonances for the Hα protons (Figure 6.1) in 1 – 4 (4.80 – 5.00 ppm), compared to 

the value for ferrocene (4.15 ppm).
17

 This is attributed to the π-delocalization of the aryl group in 

stabilizing the electrophilic carbene carbon atom, in addition to its inductive donating effect 

(Figure 6.1).  

 

Figure 6.1. Stabilization of Fischer carbene complexes with a ferrocenyl group. 
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Figure 6.2 Cyclic voltammograms of Fischer carbenes 1 (left top), 2 (left bottom), 3 (right top) 

and 4 (right bottom). Scan rate: 100 mVs
-1

 in dichloromethane solutions (1.0 mmol
.
L

-1
) at 25 °C, 

supporting electrolyte [N
n
Bu4][B(C6F5)4] (0.1 M). In case of the full range cyclic 

voltammograms the initial cycle is shown. For cyclic voltammetry data see Table 6.2. 

 

A comparison of the Hα 
1
H NMR signals between complexes 1 – 4 as well as the ν(CO) 

stretching frequencies (A1") reveal no significant differences, due to similarity of the carbene 

complexes (Table 6.1). 
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Table 6.1 Selected NMR data and the infrared ν(CO) stretching frequencies (A1
"
) of Fischer 

carbenes 1 – 4 (Figure SI-5, Appendix 5). 

Compd. 

Hα δ  

1
H [ppm] 

Ccarbene δ 

13
C{

1
H} [ppm] 

A1''ν(CO) 

[cm
-1

] 

1 4.99 307.73 2063 

2 5.01 310.72 2063 

3 4.83 307.36 2062 

4 4.83 308.72 2062 

 

Electrochemistry and Molecular Orbital Analysis. The electrochemical studies of Fischer 

carbene complexes 1 – 4 were carried out under an argon atmosphere in dichloromethane 

solutions containing [N
n
Bu4][B(C6F5)4] (0.1 M) as supporting electrolyte and were supported by 

DFT calculations (computational details are given in the Experimental Section). 

Spectroelectrochemical investigations of 1 - 4 were carried out using an OTTLE
18

 (= Optically 

Transparent Thin Layer Electrochemistry) cell (Experimental Section). 

 

During the electrochemical studies of 1, three significant redox events could be observed. One 

reversible event was detected for 1 at E
0'
 = 300 mV, similar as detected previously,

11 
which can 

be assigned to the ferrocenyl/ferrocenium (Fc/Fc
+
) redox process (Table 6.2, Figures 6.2 and SI-

1). The significant anodic shift of this redox event, relative to ferrocene, demonstrates the 

electron withdrawing effect of the Fischer carbene moiety. Computational studies were carried 

out to verify the nature of the observed redox processes. The solvent effects on the ionization 

energies were taken into account with the conductor like screening model (COSMO) using ε = ∞ 

(Table 6.3, Figure 6.3). 

As a result from the DFT calculations, the oxidation potential for the first oxidation in 1 was 

calculated to 0.3 V (Table 6.3). Considering the moderate level of theory, the theoretical value is 

in good agreement compared with the experimental value (Eox-onset = 0.22 V) as well as with 
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other considerations regarding a correlation between the electrochemical measurement and 

ionization energies.
19 

Table 6.2 Cyclic voltammetry data (potentials vs FcH/FcH
+
) of 1.0 mmol

.
L

-1
 solutions of 1 – 4 

in dry dichloromethane containing [N
n
Bu4][B(C6F5)4] (0.1 M) as supporting electrolyte at 25 °C. 

a
 ipa/ipc. 

b
 ∆Epc. 

 

 
     

Compd. 

Epa/Epc/∆Ep/E
0’

/∆E
0’

 [mV] (ipc/ipa) 

 

Wave (no.) 

(1) (2) (3) (4) (5) 
 

 

1 

 

-2053/-

2133/80/          

-2093 

(0.46)
a
 

 

266/334/6

8/ 300 

(0.95) 

 

1125/ - 

 

 

 

 

2 - /-2124 
- /-1823/ 

301
b
 

554/484/7

0/   519 

(0.99) 

989/ - 
1086

/ - 

3 

-2072/-

2166/94/ -

2119 

(0.54)
a 

20/-

48/68/-14 

(0.98) 

671/604/6

7/ 637/651 

(0.98) 

1161/ -  

4 - /-2213 
- /-2100/ 

113
b 

261/191/7

0/   226 

(0.99) 

750/679/7

1/ 715/489 

(0.98) 

1127

/ - 
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Furthermore, the spin density distribution of 1
+
 offers a localization (Mulliken spin density of 

1.25) around the iron center and thus verifies the assignment to a Fc/Fc
+
 redox event (vide supra, 

Figure 6.3).  

 

Table 6.3 Calculated ionization energies and oxidation/reduction potentials of 1 (computational 

details are given in the Experimental Section). 
a
 The ionization energy of ferrocene was calculated to 4.3 eV (414.9 kJ/mol). 

 

   

Compd. 

B3LYP 

Ionization Energy 

[kJ/mol] 

Incremental 

Ionization Energy 

[kJ/mol] 

E vs FcH/FcH
+
 

[V]
a 

 

1
- 

-273.7   

1
 0.0 273.7 -1.5 

1
+ 447.0 447.0 0.3 

1
2+ 988.6 541.6 1.3 

1
3+ 1632.8 644.2 2.4 

 

Further increasing the potential leads to an irreversible oxidation process at Epa = 1.13 V, which 

is associated with an oxidation of the tungsten carbonyl moiety (Figures 6.2 and SI-1(Appendix 

5)). The peak current for this oxidation was observed as 2.5 times higher as for the ferrocenyl 

unit, similar as observed previously.
20,21

 If an one step electrochemical process is assumed, the 

observed current reveals a two electron oxidation process, according to the Randles-Sevcik 

equation. However, the large differences between the calculated oxidation potentials (Table 6.3) 

suggest well-separated oxidation events during the generation of the oligocationic species. To 

determine the flown charge equivalents, chronocoulometric measurements were carried out. 

Assuming a reversible one electron redox event for the Fc/Fc
+
 couple (1 eq), the charge 

equivalents can be determined from the slope of the Anson plot, charge (Q) vs square root of 

time (t
1/2

), with the Anson equation.
22

 For the tungsten oxidation a value of 2.9 eq was obtained 

and suggests an electrode mediated successive three electron oxidation process, formal from 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



150 

 

W(0) to W(III). Nevertheless, such results should be handled with caution, due to irreversibility 

of the oxidation process.  

Furthermore, a partial reversible reduction (Figures 6.2 and SI-1 (Appendix 5)) could be found in 

the cathodic end of the electrochemical window at Epc = –2.09 V (theoretical value: E = -1.5 V, 

Table 6.3). This redox process is associated to a carbene center reduction/reoxidation process 

(Table 6.2, Figure 6.2).
23

 

 

Figure 6.3 Computed spin density plots of 1
-
 (A), 1

+
 (B) and 1

2+
 (C). For computational details 

see Experimental Section. Numbers in brackets indicate the computed Mulliken spin densities.  

 

The cyclic voltammetric as well as the chronocoulometric (1.1 eq) studies suggest a one electron 

redox process. From the spin density distribution in Figure 6.3 (A) localization around the 

carbene carbon can be seen. 

A further tungsten carbene substituent on the ferrocenyl unit (complex 2) leads to an anodic 

shifting of the Fc/Fc
+ 

redox process to E
0' 

= 519 mV. Within this context, the first carbene 

reduction should be easier than in 1 and was observed 170 mV less cathodic compared to the 

carbene reduction in the ferrocenyl monocarbene complex (Table 6.2, Figure 6.2). A second 

carbene reduction could be found at Epc = –2.12 V, 300 mV more cathodic as the generation of 1
-
 

(Table 6.2, Figures 6.2 and SI-2 (Appendix 5)). The observation of two separated carbene 

reduction events leads to the conclusion that the first reduction process has an influence on the 

second, depending on the bridging unit (in comparison with 4, vide infra). A similar observation 

was made during the oxidation events of the tungsten centers, two separated peaks at Epa = 0.99 

V and 1.09 V were found (Table 6.2). However, the oxidation potential of the 1
st
 process was 

found more cathodic as observed for 1. 
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Table 6.4 NIR data of 1
 
– 4 in dry dichloromethane containing [N

n
Bu4][B(C6F5)4] (0.1 M) as 

supporting electrolyte at 25 °C. 

 
a
 λ = νmax – ∆G

0
. 

b
 λ = νmax. 

c
 ∆G

0
 = 5900 cm

-1
. 

d
 ∆G

0
 = 2420 cm

-1
. 

 

    

Compd. Transition 
νmax [cm

-1
] 

(εmax [Lmol
-1

cm
-1

]) 
∆ν1/2 [cm

-1
] 
∆ν1/2(theo) [cm

-1
] 

{∆ν1/2(theo) = (2310λ)
1/2

}
a 

 

1
+ 

 

MMCT 

LF 

 

9270  (340) 

3930   (50) 

 

4660 

1280 

 

2790
c
 (4630

b
)
 

 

2
+ 

MMCT 

LF 

8000  (470) 

3670   (70) 

5070 

1010 

2200
c
 (4300

b
) 

 

3
+ 

MMCT 

IVCT 

IBT 

8930   (65) 

5580  (930) 

3790  (340) 

2510 

3640 

 820 

2650
c
 

2700
d
 (3590

b
) 

1780
d 

3
2+ 

MMCT 

LF 

8190  (280) 

3510  (120) 

4860 

1590 

2300
c 
(4140

b
)
 

 

4
+ 

MMCT 

IVCT 

IBT 

8870  (500) 

4320 (1290) 

3320  (720) 

3170 

3720 

 900 

2620
c 

3160
b 

2770
b 

4
2+ 

MMCT 

LF 

7870  (570) 

3600  (200) 

9030 

 700 

2133
b 

(4260
b
)
 

 

 

In the case of the biferrocenyl Fischer carbene complex 3, one redox event was detected at Epc = 

–2.12 V and is also assigned to the carbene reduction electrode reaction (vide supra). For the 

biferrocenyl unit itself, two well separated (∆E
0' 

= 651 mV) reversible one electron redox events 

at E
0’ 

= -14 mV and 637 mV were found (Table 6.2, Figure 6.2). A comparison of the first Bfc 

redox process with the corresponding event in biferrocene itself reveals an anodic shift of 

approx. 110 mV for the 3/3
+
 redox couple, only one third as observed for the corresponding 

process in 1.
23

 Thus, the influence of the tungsten carbene moiety on the first biferrocenyl redox 

process in 3 is significantly lower as on the ferrocenyl redox event in 1.  
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In addition, an oxidation peak at Epa = 1.16 V was noticed and is assigned to the irreversible 

tungsten carbonyl oxidation (vide supra, Table 6.2, Figure 6.2). The electrochemical 

investigation of the biferrocenyl carbene complex 4 revealed two carbene reduction processes 

with a smaller separation (∆Epc = 113 mV) as observed for 2, due to the larger biferrocenyl 

bridge between the Fischer carbene units (vide supra). For the biferrocenyl increment, two 

reversible redox events were observed, which are separated by ∆E
0'
 = 489 mV. Hence ∆E

0' 
was 

observed as smaller as detected for biferrocene (∆E
0'
 = 530 mV) under similar experimental 

conditions.
24

 A comparison of formal potentials from the first biferrocenyl redox processes of 

compounds 3 and 4 shows again the anodic potential shift, due to the installation of a second 

Fischer carbene substituent. Finally, the irreversible oxidation of the tungsten carbonyl fragments 

was found at ∆Epa = 1.13 V, even slightly more cathodic than for 3.  

In order to get more insight into the oxidation process of 1 - 4 spectroelectrochemical studies 

were carried out by an stepwise increase of the potential vs Ag/AgCl in an OTTLE cell (= 

Optically Transparent Thin Layer Electrochemistry)
18

 using a 0.1 M dichloromethane solution of 

[N
n
Bu4][B(C6F5)4] as supporting electrolyte. This procedure allows the in situ generation of 

mixed-valent species such as 1
+
, 2

+
, 3

n+
 and 4

n+ 
(n = 1, 2). If deconvolution of NIR absorptions 

was used, 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. The 

corresponding UV-Vis spectra are presented in Appendix 5 (Figures SI-3, SI-6 to SI-8). For 

calculation of the theoretical bandwidth at half height (∆ν1/2(theo)) in asymmetric systems, the 

energy gap between the diabatic states (∆G
0
) could be estimated, using the difference in 

oxidation potentials of the two redox sites. Regarding this, the oxidation potential of 

(CO)5W=C(OMe)Me
20

 as well as the formal potential of the 1/1
+
 redox process were used (Table 

6.4). Furthermore, an experimental ∆ν1/2 value equal or larger as the theoretical width for 

symmetrical systems verifies clearly a class II assignment according to Robin and Day, since 

theoretical ∆ν1/2 values for asymmetrical systems are generally smaller as the corresponding 

widths for the symmetrical case.
25 

 

During the oxidation of 1 typical absorptions in the UV-Vis region of inner ferrocenyl transitions 

(π-π*
 and MLCT/d-d) were observed (Appendix 5).

26
 Upon successive increasing the potential, 
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two main absorptions at 9270 cm
-1

 and 3930 cm
-1

 could be detected in the NIR range during the 

generation of 1
+
 (in comparison with FcH

+
, Table 6.4 and Figure 6.4).

27
 The latter very weak 

absorption is attributed to an iron-based forbidden ligand field (LF) transition as described 

previously.
9f,10b,28

 The weak high energy NIR absorption band around 9300 cm
-1

 can be assigned 

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

the ferrocenium unit. To verify an interaction between the tungsten and the ferrocenyl building 

blocks, infrared spectroelectrochemical measurements monitoring the shift of ν(CO) stretching 

frequencies during the oxidation process were carried out (Figures 6.5 and SI-4 (Appendix 5)). 

 

Figure 6.4 UV-Vis/NIR spectra of 1 at rising potentials (0 to 700 mV). Top: 500 – 3000 nm. 

Bottom: deconvolution of NIR absorptions at 700 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. 

For carbene 1, absorptions could be found at 1930 cm
-1

 and 2063 cm
-1

, respectively 

(Experimental Section). Upon generation of the monocationic species 1
+
 a decrease of these 
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bands takes place together with an increase of absorptions at 1953 cm
-1

 and 2076 cm
-1

, 

respectively (Figure 6.5). The limited shift of the W(CO)5 carbonyl stretching frequencies on 

oxidation is the result of conjugative and inductive effects that operate in stabilizing the positive 

charge on the iron nucleus by the metal carbene. Hence, a reduced back bonding behavior to the 

carbonyl carbon atoms leads to an increasing of the CO bond strengths and results in larger 

stretching frequencies (Figure 6.5). The observed carbonyl stretching  frequencies are in good 

agreement with the calculated infrared spectra for 1 and the corresponding monocation (Figure 

SI-4 (Appendix 5)), whereas the difference between the two observed frequencies (2063 cm
-1

 

and 2076 cm
-1

) for the total symmetrical carbonyl stretching mode (A1", vide supra, Figure SI-5 

(Appendix 5)) during the oxidation of 1 (∆ν = 13 cm
-1

) differs only slightly from the 

corresponding value for the predicted vibrations of 1 and 1
+
 (∆ν = 19 cm

-1
, Figure SI-4 

(Appendix 5)). Furthermore, the small magnitude of the carbonyl band shifts, compared to shifts 

of more than 100 cm
-1 

for metal carbonyl-based oxidation, indicates an iron based oxidation 

process. Moreover, the existence of the initial A1
"
 ν(CO) stretching frequencies at 1953 cm

-1
 as 

well as 2076 cm
-1

 in the final spectra (bold line, Figure 5, top left) clarifies the valence trapped 

situation in 1
+
. Calculation of the spin density distribution for 1

+
 confirms this conclusion 

(Figure 6.3). Thus, the interaction between the ferrocenyl unit and the tungsten carbene 

increment can be described with a weakly coupled class II system according to Robin and Day.
25

  

The absorption behavior of 2
+
 during the oxidation of molecule 2 is similar to the corresponding 

Fischer monocarbene complex 1 (Table 6.4, Figure SI-6 (Appendix 5)). Absorptions at 3670 cm
-

1
 and 8000 cm

-1
 could be noticed and are assigned to ligand field transition and an electronic 

interaction between the tungsten carbene units and the iron center, too (MMCT, vide supra). The 

latter transition was observed as more intense as the corresponding absorption for 1
+
, due to the 

2
nd

 Fischer carbene substituent on the ferrocenyl moiety. During the infrared 

spectroelectrochemical investigations of 2, a double band (1935 cm
-1

 and 1958 cm
-1

) as well as a 

broad absorption at 2071 cm
-1

, the carbonyl stretching frequency (A1", vide supra), could be 

found upon generation of 2
+
 (Figure 6.4). However, the width of the latter band suggests a 

superposition of two absorptions close together (Figure 6.5) and would be consistent with a class 

II electronic coupling behavior according to Robin and Day (vide supra).
25

 A comparison 

between the observed (∆ν1/2) and the calculated band width at half height (∆ν1/2(theo)) of the 

MMCT absorption supports this classification (Table 6.4).
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An enhancement of ferrocenyl complex 1 to a biferrocenyl Fischer carbene complex 3 leads to 

an occurrence of two (Figure SI-7, Appendix 5) absorptions in the NIR range during the 

generation of cation 3
+
. Characteristic for biferrocenyl systems is the observation of an inter 

valence charge transfer (IVCT) band close together with another absorption on the low energy 

side of the ICVT absorption (Table 6.4, Figure SI-7 (Appendix 5)). Tuczek et al. attributed this 

intrabiferrocenyl transition (IBT), around 3800 cm
-1

 for 3
+
, to a further intervalence charge 

transfer transition.
27,30

 However, the latter absorption is very narrow compared to the 

corresponding value of ∆ν1/2(theo) (Table 6.4, Figure SI-7 (Appendix 5)). An assignment to a 

LMCT or a charge transfer assisted ligand field transition is also not uncommon.
26,31

 

Furthermore, a similar absorption band, which was found for 1
+
 and 2

+
, attributed to an 

electronic interaction between the tungsten carbonyl moiety and the iron center, is observed as 

very weak or negligible (Table 6.4, Figure SI-7 (Appendix 5)). The infrared 

spectroelectrochemical investigations of 3 support this observation, since upon formation of 3
+
 

the initial ν(CO) frequencies (1930 cm
-1

 and 2061 cm
-1

) shift only a few wavenumbers to higher 

energies (1935 cm
-1

 and 2065 cm
-1

, Figure 6.5). Thus, in combination with the electrochemical 

results, the first oxidation in 3 takes primarily place at the terminal ferrocenyl unit. During the 

generation of 3
2+

 the low energy absorptions in the NIR range disappear and further transitions 

could be detected at 3510 cm
-1

 (LF) and around 8200 cm
-1

 (Table 6.4, Figure SI-7 (Appendix 5)). 

The latter transition is also associated to a metal-metal charge transfer between the tungsten 

increment and the Bfc unit. The corresponding infrared absorption behavior during the formation 

of 3
2+

 verifies this conclusion, similar as observed for 1
+
 (vide supra, Figure 6.5). 
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Figure 6.5 Infrared spectra of 1 - 4 at rising potentials (left top: -200 to 950 mV; right top: -200 

to 1350 mV; left bottom:   -100 to 1350 mV; right bottom: -100 to 1600 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. 
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Figure 6.6 UV-Vis/NIR spectra of 4 at rising potentials (left: -100 to 600 mV; right: 600 to 1050 

mV). Top: 500 – 3000 nm. Bottom (left): deconvolution of NIR absorptions at 600 mV using 

four distinct overlapping transitions with Gaussian shapes. Bottom (right): deconvolution of NIR 

absorptions at 1050 mV, using three distinct overlapping transitions with Gaussian shapes 

(dashed line indicates IVCT (grey) or MMCT (black) absorptions, dotted line corresponds to 

absorptions caused by interactions between ligand and metal (black) as well as intrabiferrocenyl 

transitions (IBT, grey), 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 absorption.  
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A second tungsten Fischer complex fragment on the biferrocenyl building block leads to three 

NIR absorptions for monocationic 4
+
 (Table 6.4, Figure 6.6). The two transitions at lower 

energies are typical for such mixed-valent biferrocenyl species (vide supra). The intensities are 

higher as observed for 3
+
 but weaker than for symmetrical electron donor substituted 

biferrocenyl systems.
32

 The third absorption around 8900 cm
-1

 can be assigned again 

to a MMCT transition, caused by an electronic interaction between the tungsten unit and the 

ferrocenyl group in 4
+
. Within the infrared spectroelectrochemical studies of 4, a shifting of the 

initial ν(CO) stretching frequencies from 1930 cm
-1

 and 2063 cm
-1

 to formal 1941 cm
-1

 and 2065 

cm
-1

 is characteristic, whereas an increase of a shoulder at 2071 cm
-1

 could be observed (Figure 

6.5). This suggests a main localization of positive charge in the biferrocenyl fragment within the 

infrared timescale corresponding to a weakly coupled class II system according to Robin and 

Day.
25

 Further oxidation to dicationic 4
2+

 leads to absorptions at 1945 cm
-1

 and a double band 

around 2070 cm
-1

 (A1", 2063 cm
-1

 and 2071 cm
-1

) offering the valence trapped behavior between 

the biferrocenyl bridge and both tungsten Fischer carbene fragments (vide supra). This is 

consistent with the detection of an increasing NIR absorption at 7870 cm
-1

 (MMCT) upon 

decreasing of the low energy transitions, caused from intra biferrocenyl electronic interactions, 

during the formation of 4
2+

 (Table 6.3, Figure 6.6). Finally, a low intense ligand field transition 

could be observed at 3600 cm
-1

, similar as described previously (vide supra, Table 6.4 and 

Figure 6.6).
9f,10b,28
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Crystallography. The molecular structures of 1
11,26

 and 2 – 4 in the solid state have been 

determined by single-crystal X-ray diffraction analysis. 

 

 

 

 

Figure 6.7 Single crystal X-ray structure analysis of 1 with the atom numbering scheme. 

Ellipsoids represent 50 % probability levels. Hydrogen atoms are omitted for clarity. Selected 

bond lengths (Å), angles (°), and torsion angles (°): W1–C1 1.981(14), W1-C6 2.211(13), C6-O6 

1.339(15), C6-C8 1.458(19), D1–Fe1 1.652(19), D2–Fe1 1.656(17), O6-C6-W1 128.33(92), C8-

C6-W1 126.39(93), O6-C6-C8 105.24(11), D1–Fe1–D2 176.77(18), C8–D1–D2–C13 –

13.31(10), W1–C6–O6–C7 –1.67(19), C8–C6–O6–C7 –179.67(12), O6–C6–W1–C2 –46.63(13), 

C8–C6–W1–C2 –130.97(12), O6–C6–C8–C9 –178.96(14), W1–C6–C8–C9 3.00(21). D1: C8–

C9–C10–C11–C12, D2: C13–C14–C15–C16–C17. 
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Figure 6.8 Single crystal X-ray structure analysis of 2 with the atom numbering scheme. 

Equivalent atoms are generated by the following symmetry operation: –x+1, y, –z+3/2. 

Ellipsoids represent 50 % probability levels. Disordered and hydrogen atoms are omitted for 

clarity. Selected bond lengths (Å), angles (°), and torsion angles (°): W1–C1 1.987(11), W1-C6 

2.204(99), C6-O6 1.353(12), C6-C8 1.443(12), D1–Fe1 1.657, O6-C6-W1 127.84(57), C8-C6-

W1 125.54(61), O6-C6-C8 106.49(81), D1–Fe1–D1_$1 176.95(12), C8–D1–D1_$1–C12_$1 

3.69(63), W1–C6–O6–C7 –4.45(12), C8–C6–O6–C7 171.66(95), O6–C6–W1–C2 44.08(61), 

C8–C6–W1–C2 –131.33(54), O6–C6–C8–C9 174.36(61), W1–C6–C8–C9 –9.41(91). D1: C8–

C9–C10–C11–C12. 
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Figure 6.9 Single crystal X-ray structure analysis of 3 with the atom numbering scheme. 

Ellipsoids represent 50 % probability levels. Hydrogen atoms are omitted for clarity. Selected 

bond lengths (Å), angles (°), and torsion angles (°): W1–C1 2.034(56), W1-C6 2.207(49), C6-O6 

1.335(51), C6-C8 1.457(71), D1–Fe1 1.653(7), D2–Fe1 1.662(7), O6-C6-W1 129.14(37), C8-

C6-W1 123.69(31), O6-C6-C8 106.83(41), D1–Fe1–D2 176.25(5), C8–D1–D2–C13 –21.58(31), 

C18–D3–D4–C23 –0.27(33), D3–Fe2 1.6426(7), D4–Fe2 1.695(7), D3–Fe2–D4 166.47(5), W1–

C6–O6–C7 6.92(58), C8–C6–O6–C7 –179.65(37), O6–C6–W1–C2 47.81(40), C8–C6–W1–C2 –

124.63(38), O6–C6–C8–C9 172.42(41), W1–C6–C8–C9 –13.70(65), D1: C8–C9–C10–C11–

C12, D2: C13–C14–C15–C16–C17, D3: C18–C19–C20–C21–C22, D4: C23–C24–C25–C26–

C27. 
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Figure 6.10 Single crystal X-ray structure analysis of 4 with the atom numbering scheme. 

Equivalent atoms are generated by the following symmetry operation: –x+2, –y, –z. Ellipsoids 

represent 50 % probability levels. Hydrogen atoms are omitted for clarity. Selected bond lengths 

(Å), angles (°), and torsion angles (°): W1–C1 2.022(37), W1-C6 2.217(31), C6-O6 1.317(38), 

C6-C8 1.456(44), D1–Fe1 1.649(5), D2–Fe1 1.658(5), O6-C6-W1 128.60(22), C8-C6-W1 

123.87(23), O6-C6-C8 107.22(27), D1–Fe1–D2 175.72(4), C8–D1–D2–C13 22.60(22), W1–C6–

O6–C7 –5.69(40), C8–C6–O6–C7 –179.39(26), O6–C6–W1–C2 –44.36(28), C8–C6–W1–C2 

128.38(25), O6–C6–C8–C9 6.14(41), W1–C6–C8–C9 –167.93(23), D1: C8–C9–C10–C11–C12, 

D2: C13–C14–C15–C16–C17. 

 

Suitable single crystals of 1 - 4 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 

Figures 6.7 – 6.10. The appropriate complexes crystallize in the orthorhombic space groups 

Pca21 (1) and Pbcn (2), the triclinic space group P–1 (3) and the monoclinic space group P21/n 

(4) with one (1), a half (2,4) and four (3) molecules in the asymmetric unit.  
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Regarding the numerous solid state structures of Fischer carbene complexes, only six group VI 

alkoxyferrocenyl-substituted derivatives have been reported so far, whereby just one contains 

tungsten.
12c, 13b, 33

 

In a comparison of the angles and bond distances (Figures 6.7 – 6.10) at the trigonal-planar 

carbene carbon, no further differences, not for the ferrocenyl unit nor for the biferrocenyls can be 

identified. W1–C1 distances are equal for all four complexes and coincide with the 

corresponding ethoxy-substituted derivative of 1.
33

 The free electron pairs at O6 are always 

directed to the ferrocenyl moiety of the molecules, due to the electronic interaction with the 

carbonyl groups.
34

 Thus, to avoid electronic interactions, the bonded methyl group C6 shields the 

oxygen atom O6. The carbene carbon and the C5H4 plane of the ferrocenyl moieties extend their 

π-system by arranging almost coplanar to each other. The highest deviations of the 

corresponding O6–C6–C8–C9 torsion angles can be found for one molecule in the asymmetric 

unit of 3 (10.99(39) °). Additionally, this plane shows a staggered orientation related to the 

carbonyl groups. The highest deviations from an ideally assumed angle (45 °) can be found in 

carbene 3, which shows differences of 5.43(40) ° and 10.37(38) ° for the representing torsion 

angle O6–C6–W1–C2 and O6–C6–W1–C2, respectively. 

For the biferrocenyl complexes 3 and 4, both ferrocenyl units are antiparallel oriented with 

nearly coplanar C5H4 rings (highest deviation: 17.73(25) ° for 3 and 0.00(24) ° for 4, 

respectively). Interestingly, carbene fragments are disposed synclinal and synperiplanar to the 

ferrocenyl substituent. This conformation strongly depends on the rotation of the 

cyclopentadienyl rings. Fischer carbenes 1 and 4 exhibit rather eclipsed than staggered torsion 

angles (–13.31(101) ° for 1 and 22.60(22) ° for 4). In contrast, complex 2 with two tungsten 

carbene building blocks nearly shows an eclipsed conformation (3.69(63) °) for both C5H4 rings, 

whereby both fragments show synclinal orientation. The same conformation can also be found 

for the corresponding chromium complex with 
n
propoxy substituents.

12
 Torsion angles of both 

entities in the biferrocenyl unit of complex 3 are summarized in Table 6.5 showing great 

differences between the molecules (Table 6.5, A - D) of the asymmetric unit for the 1,1'-

disubstituted moiety. Molecules B and C exhibit a nearly synclinal orientation, whereas A and D 

rather are arranged synperiplanar. However, all monosubsituted ferrocenyl fragments are 

synperiplanar oriented with small deviations for molecule B and D (Table 6.5). 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



164 

 

Table 6.5 Torsion angles (°) for 3. 

   

Molecule C8–CT1–CT2–C13 C18–CT3–CT4–C23 

A –21.61(29) –0.70(31) 

B 62.44(34) –14.08(42) 

C –61.49(32) –4.27(39) 

D 15.65(29) –16.22(29) 

 

 

6.3  CONCLUSION 

Within this study, a series of ferrocenyl (Fc = ferrocenyl; fc = ferrocen-1,1'-diyl) and 

biferrocenyl Bfc = 1',1''-biferrocenyl; bfc = 1',1''-biferrocen-1,1'''diyl) tungsten Fischer carbene 

complexes, of type [(CO)5W=C(OMe)R] (1, R = Fc; 3, R = Bfc) and [(CO)5W=C(OMe)-R'-

(OMe)C=W(CO)5] (2, R' = fc; 4, R' = bfc), is reported with the aim of investigating low energy 

charge transfer transitions between the carbene substituents and the transition metal carbonyl 

fragment. For this reason, ferrocenyl and biferrocenyl mono- and bismethoxycarbene tungsten(0) 

complexes 1 – 4 were prepared and characterized spectroscopically in solution. Furthermore, the 

structural properties of 1 - 4 in the solid state were investigated by single-crystal X-ray 

diffraction studies whereby the biferrocenyl derivatives 3 and 4 exhibit a syn-conformation of 

ferrocenyl and carbene moiety. The results reveal no substituent effects in the bond-lengths and 

angles.  

The electrochemical studies reveal reversible one electron redox events for the 

ferrocenyl/biferrocenyl moieties. Moreover, an electrochemical one electron transfer reaction 

could be found for the reduction of the Fischer carbene units. For the tungsten carbonyl moieties, 

irreversible oxidation processes could be detected. During the UV-Vis-NIR 

spectroelectrochemical investigations typical low energy absorptions for the mixed-valent 

biferrocenyl unit were found. A further observed high energy NIR absorption was attributed to a 

metal-metal charge transfer transition between the tungsten carbonyl increment and the 
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ferrocenyl/biferrocenyl unit in the corresponding oxidized state and is reported herein for the 

first time. Finally, verification was made within infrared spectroelectrochemical studies by which 

the electronic interactions in the corresponding cationic species can be described with weakly 

coupled class II systems according to Robin and Day. 

 

6.4  EXPERIMENTAL SECTION 

General Information 

All operations were carried out under an inert atmosphere of nitrogen or argon gas using 

standard Schlenk techniques. Solvents were dried by refluxing over sodium metal (n-hexane and 

tetrahydrofuran) or phosphorous pentoxide (dichloromethane) and were distilled under nitrogen 

prior to use. Chemicals were used without further purification unless stated elsewhere. 

Dibromobiferrocene was synthesized according to a literature procedure.
15

 Tetra-n-

butylammonium tetrakis(pentafluorophenyl)borate was prepared by metathesis of lithium 

tetrakis(pentafluorophenyl)borate etherate (Boulder Scientific) with tetra-n-butylammonium 

bromide according the a published procedure.
35

 Purification with column chromatography was 

done using Silica gel 60 (0.0063 – 0.200mm) as stationary phase. A Bruker AVANCE 500 

spectrometer was used for NMR recordings. 
1
H NMR spectra were recorded at 500.30 MHz and 

13
C{

1
H} NMR spectra at 125.80 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. Infrared spectra were obtained with a 

Thermo Nicolet 200 FT-IR spectrometer using a NaCl cell and dichloromethane as solvent. Only 

the vibration bands in the carbonyl stretching region (1600 - 2200 cm
-1

) were recorded. The 

melting points were determined using a Gallenkamp MFB 595 010 M melting point apparatus. 

Microanalyses were performed by using a Thermo FLASHEA 1112 Series instrument. High-

resolution mass spectra were recorded with a Bruker micrOTOF QII with an Apollo II ESI 

source. 
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Synthesis of Fischer carbene complexes 1 – 4 

[(CO)5W=C(OMe)Fc] (1) 

Ferrocene (3.0 mmol, 0.56 g) was monolithiated according to a literature procedure in 

tetrahydrofuran (thf) with 
t
BuLi (3.2 mmol).

14
 The solution was cooled to -80 

o
C and W(CO)6 

(3.0 mmol, 1.06 g) was added in a single portion. The color of the solution turned deep red upon 

addition. The reaction mixture was stirred isotherm for 30 min and then allowed to reach room 

temperature within 1 h. The solvent was changed to dichloromethane (CH2Cl2), cooled to -50 
o
C 

and methyl trifluoromethanesulfonate (9.9 mmol, 1.09 mL) added.  The reaction mixture was 

removed from the cold bath and stirred overnight at ambient 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. Yield 1.44g (87%), dark 

red crystals. Anal. Calcd. for C17H12FeO6W (551.98): C, 36.99; H, 2.20; found C, 36.94; H, 2.12. 

Mp: 153°C. NMR (CDCl3) 
1
H: 4.99 (m, 2H, Hα), 4.84 (m, 2H, Hß), 4.27 (s, 5H, Cp), 4.53 (s, 3H, 

CH3). 
13

C{
1
H}: 307.73(Ccarbene), 202.34(Ctrans), 198.03(Ccis), 95.23(Cipso), 75.06(Cα), 73.25(Cß), 

70.80(Cp), 68.60(CH3). IR ν(CO) (n-hexane): 2063 m (A′′1), 1974 w (B), 1946 s (A′1), 1935 vs 

(E). FAB-MS [m/z]: 551.95 [M
+
]. 

 

[{(CO)5W=C(OMe)}2fc] (2) 

Dilithiation of ferrocene (3.0 mmol, 0.56 g) was done according to methods previously reported 

with an 1:1 
n
BuLi/TMEDA solution in n-hexane (6.5 mmol) overnight at ambient temperature. 

Afterward, the solvent was removed by filtration via cannula and the remaining dilithioferrocene 

was redissolved in tetrahydrofuran. The resulting solution was cooled to -60 
o
C and W(CO)6 (6.0 

mmol, 2.11 g) was added in a single portion. After 1 h of isothermal stirring the solution was 

warmed up to room temperature within 60 min. All volatiles were removed, the residue was 

redissolved in CH2Cl2 and methyl trifluoromethanesulfonate (20.0 mmol, 2.41 mL) was added at 

-30 
o
C after which the reaction solution darkened. The resulting mixture was stirred overnight at 

ambient temperature. Purification of the crude product was performed by column 

chromatography using n-hexane as initial eluent. The polarity of the eluent was increased by 

adding small portions of dichloromethane. Yield 1.51g (85%), dark purple solid. Anal. Calcd. for 

C24H14FeO12W2 (917.91): C, 31.40; H, 1.54; found C, 30.92; H, 1.42. Mp: 195°C. NMR (CDCl3) 
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1
H: 5.01 (m, 4H, Hα), 4.82 (m, 4H, Hß), 4.54 (s, 6H, CH3). 

13
C{

1
H}: 310.72 (Ccarbene), 202.07 

(Ctrans), 197.66 (Ccis), 96.07 (Cipso), 76.58 (Cα), 74.93 (Cß), 69.09 (CH3). IR ν(CO) (n-hexane): 

2063 m (A′′1), 1974 w (B), 1940 vs (A′1 overlap E). FAB-MS [m/z]: 917.89 [M+]. 

 

[(CO)5W=C(OMe)Bfc] (3) and [{(CO)5W=C(OMe)}2Bfc] (4) 

Dibromobiferrocene
14,15

 (3.0 mmol, 1.58 g) was dissolved in 50 mL of tetrahydrofuran and 

n
BuLi (6.0 mmol) was added slowly at -40 

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

mmol, 2.11 g) was added in a single portion. The solution was kept at -40 °C for an additional 

hour and then allowed to reach room temperature within 1 h. Afterward, the solvent was changed 

to dichloromethane and methyl trifluoromethanesulfonate (20.0 mmol, 2.41 mL) was added at -

30 
o
C. The reaction mixture was removed from the cold bath and stirred overnight at ambient 

temperature. Purification of the product was performed by column chromatography using n-

hexane as initial eluent. The polarity of the eluent was increased by adding small portions of 

dichloromethane. Complexes 3 and 4 were purified and separated with column chromatography 

and gradient elution. 

Compound 3: Yield 0.96g (40%), red brown crystals. Anal. Calcd. for C27H20Fe2O6W (736.01): 

C, 44.06; H, 2.74; found C, 43.95; H, 2.68. Mp: 166°C. NMR (CDCl3) 
1
H: 4.83 (m, 2H, Hipso1α), 

4.64 (m, 2H, Hipso1ß), 4.47 (m, 2H, Hipso2α), 4.32 (m, 2H, Hipso2ß), 4.27 (m, 2H, Hipso3α), 4.26 (m, 

2H, Hipso3ß), 3.97 (s, 5H, Cp), 4.24 (s, 3H, CH3).  
13

C{
1
H}: 307.36(Ccarbene), 202.48(Ctrans), 

198.13(Ccis), 95.96(Cipso1),88.24 (Cipso2), 80.67 (Cipso3), 75.06 (Cipso1α), 73.25(Cipso1ß), 70.17 

(Cipso2α), 68.47(Cipso2ß), 68.12 (Cipso3α), 66.46(Cipso3ß), 69.43(Cp), 53.47(CH3).  IR ν(CO) (n-

hexane): 2062 m (A′′1), 1972 w (B), 1943 s (A′1), 1932 vs (E). FAB-MS [m/z]: 735.95 [M+]. 

Compound 4: Yield 0.99g (30%), dark brown crystals. Anal. Calcd. for C36H26Fe2O12W2 

(1101.94): C, 37.06; H, 2.02; found C, 37.08; H, 2.05. Mp: 232°C (decomp.). NMR (CDCl3) 
1
H: 

4.83 (m, 4H, Hipso1α), 4.62 (m, 4H, Hipso1ß), 4.44 (m, 4H, Hipso2α), 4.32 (m, 4H, Hipso2ß), 4.30 (s, 

6H, CH3). 
13

C{
1
H}: 308.72(Ccarbene), 202.29(Ctrans), 198.03(Ccis), 96.05(Cipso1),84.98 (Cipso2), 

75.98 (Cipso1α), 74.12(Cipso1ß), 70.70 (Cipso2α), 68.43(Cipso2ß), 67.97(CH3). IR ν(CO) (n-hexane): 

2062 m (A′′1), 1972 w (B), 1943 s (A′1), 1932 vs (E).  FAB-MS [m/z]: 1101.88 [M+]. 
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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.
35

 Furthermore, an OTTLE (= Optically Transparent Thin Layer 

Electrochemistry) 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.
18

 

For voltammetry, a three electrode cell with a platinum 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 

dichloromethane. 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 (E1/2 = 0.0 V) as required by IUPAC.

36  
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.

37
 The cyclovoltammograms were 

taken after typical two scans and are considered to be steady state cyclovoltammograms, in 

which the signal pattern differs not from the initial sweep. Finally, the experimental data were 

processed on Microsoft Excel worksheets. 

Computational Details. All quantum chemical calculations were performed with 

TURBOMOLE 6.3.1.
38

 After the initial guess the Kohn-Sham equations were converged in the 

small def-SV(P)
39

 basis set using a damping factor of 20 and Fermi smearing. After this step a 

geometry optimization was performed. Next the structures were optimized at the PB86/def2-

TZVP
38,40

 level of theory using the m5 grid. In all calculations density fitting was applied.
41

 The 

final stationary points were characterized by analyzing the hessian matrix.
42

 The final energy 

evaluations were performed with the B3LYP
39,43

 hybrid functional in combination with the def2-

TZVP basis set. To include the solvent effects the COSMO
44

 solvation model with ε = ∞ was 
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applied. The reported relative energies include the zero point energy correction from the gas 

phase at the BP86/def2-TZVP level of theory. 

 

Single-Crystal X-ray Diffraction Analysis. Crystal data for 1 – 4 are summarized in Table SI-1 

(Appendix 5). 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 F2 using SHELXL-97.
45,46

 All non-

hydrogen atoms were refined anisotropically and a riding model was employed in the refinement 

of the hydrogen atom positions.  

Crystallographic data (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-949877 (1), 949876 (2), 949878 (3) and 949875 (4) (Fax: +44-1223-336-033; 

E-Mail: deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk). 
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          ___  CHAPTER 7 

 

(Spectro)electrochemical Investigations on 

(Ferrocenyl)thiophenes modified by Tungsten Fischer 

Carbenes.    
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Supporting Information. UV-Vis/NIR spectra in dichloromethane and crystal structure details 

for 1 - 4 as well as calculated infrared spectra of 1 and 1
+
 are given. This material is available 

free of charge via the Internet at http://pubs.acs.org.  (Appendix 6) 
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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  for a closer insight into the electronic properties of 1, 2, 4 and 5. They 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 thiophene complex 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.  

 

7.1  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 centra can be extended from mono- to 

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 interaction in Fischer carbenes 

on ferrocenyl and biferrocenyl tungsten alkylidene complexes.
5
 UV-Vis-NIR 
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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 (Th) novel and 2,5-

diferrocenylthiophenes mono- and biscarbene Fischer complexes (Scheme 7.1). Electrochemical 

and spectroelectrochemical properties were investigated. 

 

7.2 RESULTS AND DISCUSSION 

Synthesis and 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 Th, 2,5-dibromothiophene (2,5-ThBr2) and 2,5-di(1’-

bromoferrocenyl)thiophene (Fc2Th'Br2) 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 x-ray diffraction data was not reported.
6
  The ethoxy-analogue of compound 1 has also 

recently been electrochemically characterized.
7
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Scheme 7.1 Atom numbering system used for the series of complexes studied. Reaction 

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

nBuLi; (ii) W(CO)6, -50
oC; (iii) dcm, -50

o
C, MeOTf. (b) (i) 

R = Br, thf, -40
o
C, 

nBuLi; (ii) W(CO)6, -40
oC; (iii) dcm, -30

o
C, MeOTf. (c) (i) thf, FcBr2, -

100
o
C, 

nBuLi; (ii) ZnCl2·2thf, 0
oC; (iii) 2,5-ThBr2, [Pd], 55

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

o
C, 

nBuLi; (ii) 

W(CO)6, -40
oC; (iii) dcm, -30

o
C, MeOTf. 

 

Lithiated thienyl/biferrocenylthiophenes were generated in situ from respective brominated 

precursors by lithiation or lithium-bromine exchange reaction according to literature procedures.
8
 

Purification of these complexes was done by column chromatography and were very stable 

toward moisture and air in the solid state and in solution. Compound 3 were synthesized by 

employing the palladium-promoted Negishi C-C cross-coupling protocol
9
 using 

dibromoferrocene (FcBr2) and 2,5-dibromothiophene. The catalyst used was 

[Pd(CH2CMe2P
t
Bu2)(µ-Cl).

10
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Table 7.1 Selected NMR data and the infrared ν(CO) stretching frequencies (A1'') of Fischer 

carbenes 1, 2, 4, 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 

Solvent used: a) CDCl3  b) dichloromethane 

 

The electronic effects of the carbene substituents in the compounds synthesized 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 7.1) 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 trans-CO stretching frequency which decreases as stabilization from the heteroatom 

increases.
12

 Due to the relative insensitivity of the carbonyl stretches toward the changes on the 

carbene substituents,
13

 little difference is observed in the measured IR frequencies for these 

series of complexes.  

 

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 = -1746 mV, which is associated with the reduction of the carbene center 

itself, and a tungsten carbonyl oxidation reaction at Epa = 819 mV (Table 7.2 and Figure 7.1). 

Similar observations were made for other Fischer carbene complexes previously.
5
 Furthermore, a 

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

irreversible tungsten oxidation process starting from Epa = 851 mV (Table 7.2 and Figure 7.1). In 

contrast to the latter electrode reaction, two reversible one-electron reduction events could be 

detected for 2 at E
0’ 

= -1319 mV and -1061 mV, in which the generation of the monoanion takes 

place around 600 mV more anodic as observed for molecule 1 (Table 7.2, Figure 7.1). The 

corresponding redox separation (∆E
0’

 = 258 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
15

 system with one carbene fragment (4) results 

also in a significant anodic shift for the first ferrocenyl redox process compared the 2,5-

diferrocenyl thiophene.
15

 The second iron based oxidation process for compound 4 could be 

observed at 419 mV, further increasing of the potential leads to the typical irreversible tungsten 

carbonyl oxidation process around 1100 mV vs FcH/FcH
+
 (Table 7.2 and Figure 7.1). The 

generation of 4
-
 could be detected at Epc ≈ -2.1 V. In case of the biscarbene 5, the first ferrocenyl 

redox event was observed at E
0’ 

= 230 mV, approximately 0.22 V more anodic as detected for the 

corresponding 4/4
+
 redox process, 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’ 

= 473 mV vs FcH/FcH
+
. Hence, the corresponding redox separation is only 

slightly lower as observed for the 2,5-diferrocenyl thiophene system itself under similar 

conditions (Table 7.2 and Figure 7.1).
15

 Furthermore, the reduction events of the Fischer carbene 

centers as well as the tungsten carbonyl electrode reactions of molecule 5 were detected in the 

same potential range as observed for ferrocenyl thiophene 4 (Table 7.2, Figure 7.1). 

In order to get more insight into the oxidation process of 2, 4 and 5 spectroelectrochemical 

studies were carried out by an stepwise increase of the potential vs Ag/AgCl in an OTTLE cell (= 

Optically Transparent Thin Layer Electrochemistry)
14

 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). If deconvolution of NIR absorptions was 
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used, 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.

 

Table 7.2 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. 
a
 300 mVs

-1
 

    

Compd. 

Epa/Epc/∆Ep/E
0’

/∆E
0’

 [mV] 

Wave (no.) 

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

 

1 

 

-1666/-

1746/78/ 

-1707 

 

819/726/93/  

773 

 

 

 

 

2 
-1286/-1351/ 

65/-1319 

-1030/-1091/61  

-1061/258 
851

a
/ -  

4 - /-2093
 

44/-26/70/9 
453/385/68/ 

419/410 
1134/ - 

5 - /-2095
a 

263/198/65/230
 

507/438/69/  

473/243 
1134

a
/ - 
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Figure 7.1 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 

[NnBu4][B(C6F5)4] (0.1 mol
.L-1). In case of the full range cyclic voltammograms the initial cycle 

is shown. For cyclic voltammetry data see Table 7.2.  

 

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

range. The corresponding UV-Vis/NIR spectra 4 and 5 are presented in the Supporting 

Information (Figures SI-1 and SI-2, Appendix 6). For calculation of the theoretical bandwidth at 

half height (∆ν1/2(theo)) in asymmetric systems, the energy gap between the diabatic states (∆G
0) 

could be estimated, using the difference in oxidation potentials of the two redox sites. Regarding 

this, the oxidation potential of (CO)5W=C(OMe)Me
16 as well as the formal potential of the 

Fc/Fc+ redox process of (CO)5W=C(OMe)Fc
5 were used (Table 7.3).  

Within the UV-Vis/NIR spectroelectrochemical investigations of 2 no noteworthy absorptions 

could be recorded in the NIR range. In contrast, significant changes in ν(CO) stretching 

frequencies could be detected during the successive in situ generation of 2- (Figure 7.2). Thus, 
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the absorption of the original A1'' mode, at 2062 cm
-1

 decreases together with an rising 

absorption band at 2045 cm
-1

 (Figure 7.2). This suggests a significant interaction between the 

two Fischer carbene increments over the thiophene bridge 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 (Figure 7.2). 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

 (Figure 7.2). However, under our conditions a slow decomposition 

process could be observed during the generation of 2
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

 

(Figure 7.2). 

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
, Figure 7.2). 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 absorption bands and ν(CO) stretching frequencies at 2075 cm
-1

 and 1953 

cm
-1

 could be detected for the dication of 4. Within this regard, shift in ν(CO) stretching 

frequencies upon generation of 4
2+

 is comparable with the corresponding behavior of the 

ferrocenyl tungsten Fischer carbene complex 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 (Figure SI-1, Appendix 6).

17
 Upon 

generation of 4
+
 three main absorptions could be detected in the NIR range. A high energy near 

infrared absorptions was observed around 10500 cm
-1

 and is assigned to a ligand to metal charge 

transfer (LMCT) transition, similar as observed for the monocationic intermediate of 2,5-

diferrocenyl thiophene as well as for other ferrocenyl substituted heterocycles.
15,18

 An 

observation of an absorption, caused by an ferrocenyl-tungsten interaction (MMCT), is not 

expected and can be excluded for 4
+
, due to very small shift in ν(CO) stretching frequencies 
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(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 7.3).  

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, 

compared with the corresponding absorption of the monocationic 2,5-diferrocenyl thiophene is 

caused by the asymmetry in 4 (4
+
, Table 7.3). From the fact that delocalization is not favored in 

asymmetrical systems, and together with the estimation of the corresponding theoretical value of 

the 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.
19

 The low energy absorption which was detected at 

4080 cm
-1

, which is too intense for an ligand field transition, is often ascribed to a further LMCT 

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 7.3, Figure SI-1 (Appendix 6)).
20

 

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

generation of 4
2+

 together with an increasing LMCT absorption band around 11000 cm
-1

. 

Furthermore, an absorption band at 7220 cm
-1

 could be detected and 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 around 

4000 cm
-1

 is ascribed to formal forbidden ligand field transitions.
15,21

 

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 

7.3, Figure SI-2(Appendix 6)). The latter transition is assigned again to a low energy 

LMCT/IVCT (vide supra). The more intense absorption at 4660 cm
-1

 is described with the well-

known iron-iron inter valence charge transfer similar as observed previously.
15

 A comparison of 

the corresponding bandwidth at half height with the theoretical value reveals also a class II 

assignment, according to Robin and Day.
19

 The third near infrared transition around 9200 cm
-1

 

for 5
+
 could 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 7.3 and Figure SI-2 (Appendix 6)). 
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Figure 7.2 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 [NnBu4][B(C6F5)4] (0.1 M). Arrows indicate 

increasing or decreasing as well as shifting absorptions. 

 

During the successive generation of the 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 
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trapped situation in 5
+
 (Figure 7.2). Upon oxidation of 5

+
, the low NIR absorptions decreases and 

the high energy absorption bands around 1000 nm become more intense (Table 7.3, Figure SI-2 

(Appendix 6)). Furthermore, absorption bands at 6970  cm
-1

 (MMCT) and around 4000 cm
-1

 

(LF) could be detected (Table 7.3 and Figure SI-2 (Appendix 6)). However, a slow 

decomposition of 5
2+

 could be observed during the spectroelectrochemical measurements, thus 

the corresponding absorption behavior should be handled with caution. 

 

Table 7.3 NIR data of 4
 
and 5 in dry dichloromethane containing [N

n
Bu4][B(C6F5)4] (0.1 M) as 

supporting electrolyte at 25 °C. 

a
 ∆ν1/2(theo) = (2310λ)

1/2
. 

b
 λ = νmax – ∆G

0
. 

c
 λ = νmax. 

d
 ∆G

0
 = 5900 cm

-1
. 

e
 ∆G

0
 = 2420 cm

-1
.  

    

Compd. Transition 
νmax  

[cm
-1

] 

∆ν1/2 

[cm
-1

] 

∆ν1/2(theo) 

[cm
-1

]
a 

 

4
+ 

 

LMCT 

IVCT 

LF 

LMCT/IVCT 

 

10460 

6600 

5140 

4080 

 

3280 

3220 

720 

730 

 

 

3100
e 

 

 

4
2+ 

LMCT 

MMCT 

LF 

10800 

7220 

3950 

n. a. 

3130 

1240 

 

1750
d 

 

5
+ 

LMCT/MMCT 

IVCT 

LMCT/IVCT 

9170 

4660 

3610 

2920 

4200 

900 

2750
d 

3280
c 

 

5
2+ 

LMCT 

MMCT 

LF 

10200 

6970 

4000 

n. a. 

3800 

1000 

 

1572
d 
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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.
5
 Hence, a 

class II assignment according to Robin and Day should be also valid.
19 

 

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 Figures 7.3 – 7.5.  

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 in 5 

is refined disordered on two positions with an occupation of 50 % for each orientation and is 

omitted for clarity in Figure 7.5. 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 obtains a planar conformation between carbene and 

thiophene π-system (O6–C6–C8–C9 –170.9(4) °).  

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 gauche 

conformation for 1,1’-substituted fragments.  
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Figure 7.3 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) 

 

The substituents at the carbene carbon C6 influence the W1–C6 distance. Electron rich 

metallocenyl moieties extend 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 compound 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 extended to 1.725(5) Å, whereas to 

the non-substituted C11 is 1.678(5) Å.   
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Figure 7.4 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–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). 
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Figure 7.5 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. 

 

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) °). 
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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).  

 

7.3 CONCLUSION 

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’-

diferrocenyl thiophene complexes 1, 2, 4 and 5 were prepared and characterized 

spectroscopically in solution. The structural properties of 1, 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.
19

  

 

7.4 EXPERIMENTAL SECTION 

General. Inert Schlenk techniques were employed in all operations and syntheses were done 

under argon or nitrogen.  Solvents were distilled over sodium/benzophenone (hexane, 

tetrahydrofuran(thf)) or phosphorpentoxide (dichloromethane (dcm)) and collected under 

nitrogen or argon gas.  Chemicals were used as purchased without any further purification unless 
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stated otherwise.  Purification with column chromatography was done using silica gel 60 

(0.0063–0.200 mm) as 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 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 

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 (ca. 1600–2200 cm
−1

) were recorded.   

Synthesis of complex 1 

To a thf solution of thiophene (3 mmol, 0.24 mL), 
n
BuLi (3.3 mmol) was slowly added at -

80
o
C.  After 1hr the cold bath was removed and the reaction mixture allowed to reach room 

temperature (rt).  It was cooled to -50
o
C and W(CO)6 (3 mmol, 1.06g) was added in solid form.  

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

temperature for 30 min after which it was stirred for an additional hr at rt.  Volatiles were 

removed by reduced pressure and the residue redissolved in DCM.  Again it was cooled to -50
o
C 

and methyl trifluorosulfonate (9.9 mmol, 1.09 mL) after which the solution darkened.  The 

mixture was removed from the cold bath and stirred overnight at rt.  Purification of the product 

was performed by using column chromatography and hexane as initial eluent.  The polarity of 

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

Anal. Calcd. for WC11H6O6S (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: 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). Crystal data for 1. Suitable single crystals of 1 were 

obtained by solution containing 1 at ambient temperature. C11H6O6SW, Mr = 450.07 g·mol
-1

, 

crystal dimension 0.20 x 0.20 x 0.10 mm, monoclinic, P21/n, λ = 0.71073 Å, a = 10.9273(5) Å, b 

= 11.1569(3) Å, c = 11.7633(4) Å, β = 116.617(5) °, V = 1282.13(8) Å
3
, Z = 4, ρcalcd = 2.332 

g·cm
-3

, µ = 9.190 mm
-1

, T = 100(2) K, Θ range = 3.42 – 25.25 °, reflections collected 8217, 

independent 2309 (Rint = 0.0316), R1 = 0.0215, wR2 = 0.0494 [I ≥ 2σ(I)].  
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Synthesis of complex 2 

2,5-dibromothiophene (3 mmol, 0.34 mL) was added to 50 mL thf in a Schlenk and 
n
BuLi (7 

mmol) was slowly added at -40
o
C.  The reaction mixture was left to stir for 30 min in the cold 

after which W(CO)6 (6 mmol, 2.11g) was added in solid form.  The solution was kept at cold 

temperature for 1hr and then allowed to reach rt for an additional hr.  The solvent was removed 

and the residue redissolved in dcm.  Methyl trifluorosulfonate (20 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 rt.  Purification of the product was performed by using column 

chromatography and hexane as initial eluent.  The polarity of the eluent was increased by adding 

small portions of dcm.  Yield 1.51g (55%), purple solid.  Anal. Calcd. for W2C18H8O12S 

(917.91): C:23.55%; H:0.88%. Found: C:23.43%; H:0.73%. Mp: 264
o
C (decomp.).  NMR 

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

13
C: 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). 

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

Dibromoferrocene (Br2Fc') (5.1g, 14.8 mmol) was dissolved in thf and cooled to -100
o
C.  

n
BuLi 

(6 mL, 14.8 mmol) was slowly added and the mixture left to stir at this temperature for 45min.  

Dry ZnCl2·2thf (4.2g, 15 mmol) was added in solid form and the reaction was kept at 0
o
C for 30 

min.  2,5-dibromothiophene (0.83 mL, 6.45 mmol) and [Pd(CH2CMe2P
t
Bu2)(µ-Cl)]2 (0.025g, 

0.25% to Br2Fc') was added to the solution.  The reaction mixture was heated to 55
o
C and stirred 

for 36 hrs at this temperature.  After cooling the mixture to ambient temperature, the product was 

adsorped on aluminiumoxide (alox) then purified using column chromatography with alox and a 

4:1 hexane/toluene mixture.  Yield 1.60g (43%), dark orange solid.  Anal. Calcd. for 

Fe2C24H18Br2 (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: 139.49(Thipso), 123.42(Thα), 82.52(Fcipso2), 78.97(Fcipso), 72.22(Fcα2), 71.28(Fcß2), 

69.23(Fcα), 68.97(Fcß). 
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Synthesis of complex 4 and 5 

FcTh'Br2 (3 mmol, 0.34 mL) was dissolved in 50 mL thf and 
n
BuLi (7 mmol) was slowly added 

at -40
o
C.  The reaction mixture was left to stir for 30 min in the cold after which W(CO)6 (6 

mmol, 2.11g) was added in solid form.  The solution was kept at cold temperature for 1hr and 

then allowed to reach rt for an additional hr.  The solvent was removed and the residue 

redissolved in DCM.  Methyl trifluorosulfonate (20 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 rt.  Purification of the product was performed by using column chromatography and hexane as 

initial eluent.  The polarity of the eluent was increased by adding small portions of dcm.  

Compound 4 eluted first as a dark-red fraction followed by compound 5 (brown-red). 

Compound 4:  Yield 0.96g (40%), red brown crystals.  Anal. Calcd. for WFe2C27H20O6 

(736.01): 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, Thα), 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: 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), 74.85(Cα2), 71.20(Cß2), 70.15(Cα), 68.93(CH3), 68.67(Cß), 

66.83(Cp).  IR(dcm) ν(cm
-1

): 2062 (m), 1971 (w), 1929 (vs, br). Crystal data for 4. Suitable 

single crystals of 4 were obtained by solution containing 4 at ambient temperature. 

C31H22Fe2O6SW, Mr = 818.10 g·mol
-1

, crystal dimension 0.40 x 0.20 x 0.04 mm, monoclinic, 

P21/n, λ = 1.54184 Å, a = 14.3408(5) Å, b = 7.4003(2) Å, c = 26.4417(11) Å, β = 91.874(3) °, V 

= 2804.66(17) Å
3
, Z = 4, ρcalcd = 1.937 g·cm

-3
, µ = 16.672 mm

-1
, T = 105.00(10) K, Θ range = 

3.34 – 66.00 °, reflections collected 13589, independent 4860 (Rint = 0.0387), R1 = 0.0423, wR2 = 

0.1138 [I ≥ 2σ(I)].  

 

Compound 5:  Yield 0.99g (30%), dark brown crystals.  Anal. Calcd. for W2Fe2C36H26O12 

(1101.94): 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: 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).  
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IR(dcm) ν(cm
-1

): 2060 (m), 1972 (w), 1929 (vs, br). Crystal data for 5. Suitable single crystals 

of 5 were obtained by solution containing 5 at ambient temperature. C38H24Fe2O12SW2, Mr = 

1184.03 g·mol
-1

, crystal dimension 0.20 x 0.20 x 0.20 mm, triclinic, P–1, λ = 0.71073 Å, a = 

6.9273(4) Å, b = 10.4607(8) Å, c = 13.1390(13) Å, α = 96.050(7) °, β = 105.079(7) °, γ = 

99.971(6) °, V = 894.04(12) Å
3
, Z = 1, ρcalcd = 2.199 g·cm

-3
, µ = 7.332 mm

-1
, T = 103.3(2) K, Θ 

range = 3.08 – 25.49 °, reflections collected 10980, independent 3307 (Rint = 0.0418), R1 = 

0.0366, wR2 = 0.1008 [I ≥ 2σ(I)].  

 

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.
22

 Furthermore, an OTTLE (= Optically Transparent Thin Layer 

Electrochemistry) 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 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 

dichloromethane. 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 (E1/2 = 0.0 V) as required by IUPAC.

23  
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.

24
 The cyclovoltammograms were 

taken after typical two scans and are considered to be steady state cyclovoltammograms, in 

which the signal pattern differs not from the initial sweep. Finally, the experimental data were 

processed on Microsoft Excel worksheets. 
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Single-Crystal X-ray Diffraction Analysis. Crystal data for 1, 4 and 5 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 F2 using SHELXL-97.
25

 All non-hydrogen atoms were refined anisotropically and 

a riding model was employed in the refinement of the hydrogen atom positions.  

Crystallographic data (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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          ___  CHAPTER 8 

 

Redox behavior of cymantrene Fischer carbene 

complexes in designing organometallic multi-tags.  
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ABSTRACT 

A series of group 7 Fischer carbene complexes of the type [Cp(CO)2Mn
I
=C(OEt)Ar] (Cp = 

cyclopentadienyl with Ar = Th = thienyl (1a), Fu = furyl (2a), or Fc = ferrocenyl (3a)) and 

biscarbene complexes [Cp(CO)2Mn=C(OEt)-Ar'-(OEt)C=Mn(CO)2Cp]with Ar' = Th' = 2,5-

thienylene (1b), Fu' = 2,5-furylene (2b) or 1,1'-ferrocendiyl (Fc') (3b) were synthesized and 

characterized. Chemical oxidation of [Cp(CO)2Mn=C(OEt)Fc] (3a) and isolation of the oxidised 

species [3a][PF6] possessing a Mn(II) centre proved possible below -30
o
C in dichloromethane 

solution. The ESR spectrum of the transiently stable radical cation, [3a][PF6], confirmed the 

presence of a low-spin Mn(II) centre characterized by a rhombic g-tensor (gx=1.975, gy=2.007, 

gz=2.130) in frozen dichloromethane at 77K with 
55

Mn hyperfine coupling constants A1, A2 and 

A3 of 115,33 and 43G, respectively.  Electrochemical studies demonstrated the influence of the 

Ar substituent on the oxidation potential. All complexes showed redox potentials of carbene 

double bond reduction and Mn(I) oxidation were dependent on the type of Ar group, but only 3b 

showed resolved oxidations for the two Mn(I) centres. Surprisingly, Mn(I) oxidation occurs at 

lower potentials than ferrocenyl oxidation.  Density functional theory (DFT) calculations were 

carried out to delineate the nature of species involved in the oxidation and reduction processes 

and clearly confirm that oxidation of Mn(I) is favoured over that of ferrocene. 

 

8.1  INTRODUCTION 

 

Organometallic molecular tags or labels employed to manipulate chemical and analytical 

properties of chemical targets mostly contain an electron-donating ferrocenyl moiety which 

provides a neat reversible one-electron oxidation process.
[1]

 The anodic electrochemistry of the 

ferrocenyl group leads to diverse applications including cancer therapy,
[2]

 molecular sensors,
[3]

 

and energy transfer processes.
[4]

 The electron-withdrawing properties and IR-active carbonyl 
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groups of a cymantrenyl moiety, Mn(η
5
-C5H4)(CO)3,

[5]
 make this organometallic compound an 

interesting and significantly different alternative as a molecular tag, although its redox chemistry 

has been underutilized.
[6]

 Despite the use of cymantrenyl cathodic chemistry for 

immunoassays,
[7]

 applications of cymantrenyl anodic chemistry are hitherto lacking.  This dearth 

can be attributed not only to the high oxidation potential of the cymantrene unit (ca. 0.9 V vs 

ferrocene) as a result of the effect of the π-accepting carbonyl groups
[8]

 but also to the instability 

of the radical cation which is still poorly understood. This paper addresses the first of these 

points by substituting one carbonyl ligand with a less π-accepting ligand, namely a heteroatom-

substituted carbene ligand. Studies of triphenylphosphine-substituted cymantrenyl complexes 

showed that the thermodynamic and kinetic stabilities of the cationic complexes are greatly 

enhanced.
[9]

 The effect of employing Fischer carbenes as weaker π-acceptors than carbonyls is 

herein imposed by synthesizing a series of cymantrene Fischer alkoxycarbene complexes 

containing heteroaryl (thienyl (Th) or furyl (Fu)) substituents. Both the mono- and the biscarbene 

complexes with bridging 2,5-thienylene (Th') or 2,5-furylene (Fu') carbene substituents, were 

prepared. Fischer carbene complexes of the type [(CO)5M=C(X)R] (M = group 6 transition 

metal) are very well studied
[10]

 and the electrochemical activity of these group 6 carbene 

complexes have recently been thoroughly investigated.
[11]

 In contrast, examples of the group 7 

type, [Cp(CO)2Mn=C(X)R],
[12]

 are not as common, and reports on their redox behaviour are 

scarce.
[13]

 Fine-tuning of the steric and electronic properties of the carbene moiety can be 

effected by modulation of the carbene substituents (X=heteroatom substituent, R=aryl 

substituent).
[14]

 The introduction of a metal-containing substituent, such as ferrocenyl, opens the 

door for the design of organometallic multi-tag complexes. To this end, mono-and biscarbene 

ferrocenyl complexes were also synthesized.  Electrochemical, ESR and molecular orbital 

investigations of these complexes as examples of possible anodic redox multi-tags are reported 

herein.  
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8.2  RESULTS AND DISCUSSION 

 

Synthesis 

 

A series of cyclopentadienyl dicarbonyl manganese carbene complexes was synthesised 

according to the classical procedure reported by E. O. Fischer and Maasböl.
[15]

 Lithiation of the 

(hetero)arene precursors yielded a mixture of both the mono- and dilithiated (hetero)arene. The 

reaction mixture was reacted with 2 equivalents of CpMn(CO)3 to produce the corresponding 

metal acylate and dimetal bisacylate  complexes, which, after alkylation with Meerwein’s 

reagent,
[16]

 yielded both the neutral ethoxy-monocarbene and biscarbene complexes (Scheme 

8.1). 

 

Scheme 8.1. Reagents and conditions: (a) (i) 2 eq CpMn(CO)3, thf, -60
o
C; (ii) excess Et3OBF4, 

CH2Cl2, -40
o
C. (b) (i) 2 eq CpMn(CO)3, thf, -50

o
C; (iii) excess Et3OBF4, CH2Cl2, -40

o
C.  
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Chemical oxidation of the Mn(I) centre of 3a was achieved by the use of AgPF6
[17]

 (Scheme 8.2) 

to yield the radical Mn(II) species [3a][PF6]. All neutral compounds were purified by column 

chromatography to give products as dark yellow to brown (Th, Fu) or dark red to maroon (Fc) 

solids. Complexes (except 2b
[18]

 and [3a][PF6]) were stable in the absence of oxygen and could 

be stored for months under argon in the cold, however decomposition could be detected after 30 

min in C6D6 and CH2Cl2 during electrochemical studies, but allowed enough time for 

electrochemical and spectroscopic studies to be completed.  

 

 

Scheme 8.2  Reagents and conditions: (a) 1 eq AgPF6, CH2Cl2, -35
o
C 

Spectroscopy 

By employing NMR and IR spectroscopy, electronic effects of the carbene substituents could be followed (Table 

8.1). Both the α and ß protons in the 
1
H NMR are deshielded as a result of π-resonance stabilization effects due to 

the coordination of the metal-carbene moiety. For the thienyl and ferrocenyl complexes (1a, 1b, 3a and 3b) the Hα is 

used as a probe as it is most sensitive towards electronic ring substituent involvement. However, for furyl complexes 

(2a and 2b) the Hɣ resonances are used as a probe as these proton shifts show a more downfield shift compared to 

the Hα. The assignment of the thienyl and furyl ring proton chemical shifts is based on assignments following 

predicted shifts for ester derivatives.
[19]

 No usable NMR spectra could be obtained for the paramagnetic [3a][PF6]. 

The expected band pattern
[20]

 associated with the carbonyl stretches of a [CpMn(CO)2L] system could be observed 

in the infrared spectra of all complexes, with very similar stretching frequencies (Table 8.1). The wavenumbers 

observed for complex [3a][PF6] (Figure 8.1) show a significant shift of the carbonyl stretching mode bands to 

higher frequency, consistent with coordination to a Mn(II) ion and diminished metal-to-ligand π-backdonation due 

to the higher metal oxidation state and reduced d-electron density.  Furthermore, the bands fall well within the 

expected range for the one-electron oxidation of a “piano-stool” complex. Thus, the average shift of 116 cm
-1

 from 

that of neutral 3a compares favourably with that previously reported for cationic cymantrene complexes (~115 cm
-

1
).

[6] 
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Table 8.1 Selected NMR and IR spectroscopic data 

Complex 

Hprobe 

(
1
H NMR, ppm)

[a]
 

Ccarbene 

(
13

C NMR, ppm)
[a]

 

IR 

(cm
-1

)
[b]

 

1a 6.93 319 1936, 1872 

1b 7.52 319 1948, 1896 

2a 6.71 309 1942, 1876 

2b 6.84 306 1935, 1886 

3a 4.83 328 1938, 1862 

3b 4.92 336 1927, 1858 

[3a][PF6] - - 2024, 1978 

[a] Spectra recorded in solvent C6D6. [b] Spectra recorded in solvent CH2Cl2. 

The DFT-calculated IR spectra for 3a and 3a
•+

 (Figure 8.1) reproduced the key carbonyl band 

shifts upon oxidation of 3a in the experimental spectrum to within 11 and 16 cm
–1

 for the 

antisymmetric and symmetric stretching modes, respectively. Moreover, the calculated peak 

separation between the two CO modes for the Mn(I) complex (68 cm
–1

, 3a) and Mn(II) complex 

(70 cm
–1

, 3a
•+

) fell within 6 wavenumbers of the experimental peak separation. Note that the 

absolute frequencies of the calculated peaks are not expected to correlate exactly with those 

measured experimentally due to intrinsic limitations in the calculation method.
[21]

 That said, a 

scaling factor of 0.961 for the carbonyl frequencies calculated at the HSEH1PBE/6-311+g(d,p) 

level of theory (in CH2Cl2) would bring the theoretical spectra into the correct frequency range 

for direct comparisons with the experimental spectra to be made. The DFT-calculated Mn(I/II) 

coordination geometries (Figure 8.1) are in excellent agreement with the X-ray data reported for 

the neutral and oxidized forms of the cymantrene derivative Mn(η
5
-C5H4NH2)(CO)3.

[6]
 For 

example, the Mn–CO distances average 1.80(1) Å in the experimental structure (the data do not 

allow a distinction between Mn
I
 and Mn

II
 to be made). In the simulated structures of 3a and 3a

•+
, 

the Mn–CO bonds contract from 1.83(1) Å to 1.77(1) Å upon oxidation of the metal. The Mn=C 
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bond shows a similar contraction from 1.98 to 1.91 Å with the change in oxidation state of the 

manganese ion. 

 

Figure 8.1 IR spectrum of the neutral and oxidized complex of 3a 

Electrochemistry  

 

Cyclic voltammetry (CV), linear sweep voltammetry (LSV), and Osteryoung square wave 

voltammetry (SW) were conducted on 1 – 3
[18]

 in CH2Cl2 utilizing 0.1 mol·dm
-3

 [N(
n
Bu)4][PF6] 

as supporting electrolyte in a glove box having oxygen and moisture levels less than 5 ppm. 
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CV’s are shown in Figures 8.2 and 8.4 while data are summarized in Table 8.2. 

As was the case with previously reported chromium
[22]

 and tungsten
[23]

 Fischer ethoxycarbene 

complexes, [(CO)5M=C(OEt)Ar] with M = Cr(0) or W(0), reduction of the Cp(CO)2 Mn
I
=C 

carbene double bond to a 
–
Mn

I
=C• species is observed at low potentials (< -2.0 V vs FcH/FcH

+
, 

wave I, Figure 8.2 and Table 8.2). However, in the Cr and W systems, the metals were in the 

zero oxidation state. In the present series of compounds, Mn is in the +1 oxidation state. Our 

computational results
[24] 

are mutually consistent with the electrochemistry in showing that this 

reduction is not a Mn(I) reduction to Mn(0). Figure 8.3 shows the computed frontier molecular 

orbitals of complex 2a, where the carbene ligand adopts a vertical coordination mode and the 

ethoxy-group is oriented towards the carbonyl ligands (in the so-called anti-conformation). This 

conformation is reported to be the most stable conformation in similar manganese(I)- 

alkoxycarbene complexes.
[25]

 The LUMO is mainly centered in the pz atomic orbital of the 

carbene carbon atom. Therefore, it should be expected that the one-electron reduction process 

should lead to the radical anion 2a
•-
 whose unpaired electron remains mainly located on the pz 

orbital of the carbene carbon atom. Indeed, the computed spin density on 2a
•-
 indicates a value of 

0.55e on the carbene carbon atom thus confirming the assignment of 
–
Mn=C• as reduction 

product (Figure 8.3). Similar LUMO’s were observed for the rest of the mono- and biscarbene 

complexes considered in this study. The carbene double bond of 1 (Ar = Th) and 2 (Ar = Fu) is 

reduced at potentials at least 300 mV smaller (more negative) than the Cr(0) analogues.
[22]

 This 

implies that compared to Cr
0
(CO)5, the CpMn

I
(CO)2 fragment is more electron-donating despite 

the metal being in the +1 oxidation state. As a consequence, the electrophilic nature of the 

carbene carbon atom is reduced in these group 7 Fischer carbene complexes as confirmed by the 

computed higher pz occupation of the carbene carbon atom of 2a (0.74 e) compared to its Cr(0)-

carbene counterpart (0.63e), which is translated into a more difficult reduction. For Ar = Fc, 

reduction of the M=C double bond was only observed for the biscarbene complex 3b. Repeated 

experiments with 3a failed to show the carbene reduction within the allowed potential window of 

CH2Cl2. This finding correlates with the computed energy of the corresponding LUMO’s (3b: -

1.88 eV < 2a: -1.83 eV < 3a: -1.64 eV) which indicates that the reduction process should be 

much easier for complexes 3b and 2a than for 3a, as experimentally observed (see Table 8.2). 

The spread of reduction potentials of wave I in the range -2.334 < E
o' 

< -2.065 V (E
o'

3a fell 

outside the lower limit of this range) is indicative of good electrochemical interaction between  
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Figure 8.2. CV’s of 0.5 mmol·dm
-3

 solutions of monocarbenes 1a (green, top), 2a (Mauve, 2
nd

 from top) and 3a 

(brown, third from the top) and biscarbene complexes [Cp(CO)2Mn=C(OEt)-Ar'-(OEt)C=Mn(CO)2Cp] 1b (black 2
nd

 

from bottom) and 3b (red, bottom) in CH2Cl2 containing 0.1 mol·dm
-3

 [N(
n
Bu)4][PF6] as supporting electrolyte at a 

scan rate of 100 mV s
-1 

and 20 
o
C. Fc* = decamethylferrocene = internal standard. Under these conditions, each Mn 

center is involved in a one-electron transfer redox process. 
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Figure 8.3. Computed frontiers orbitals of 2a (top) and spin density of radical anion 2a
•-
. 

the Ar=Fu, Th or Fc group and the Mn
I
=C  moieties in 1–3.   Free ferrocene and cymantrene 

each display a one-electron oxidation with E
o
 = ½(Epa + Epc) of cymantrene 0.92 V vs. 

FcH/FcH
+
;
[6]

 electrochemical and chemical reversibility of the cymantrenyl moiety is not as good 

as with the ferrocenyl fragment.
[6,17,26,27]

 Electrochemical reversibility is associated with E = Epa 

– Epc = 59 mV and ipc/ipa = 1.
[27]

 Surprisingly, in the present carbene derivatised cymantrene 

series of compounds, Mn oxidation was found to occur at potentials comparable to free 

ferrocene. In particular, for 3a and 3b, results from the present electrochemical, computational 

and ESR study (see below) were mutually consistent in showing that Mn
I
 is oxidised before Ar = 

ferrocenyl at wave 1 in the potential range -0.106 < E
o 

< 0.086V. For the biscarbene complex 

[Cp(CO)2Mn=C(OEt)-Ar'-(OEt)C=Mn(CO)2Cp], Ar'= Fc', relaying of the electrostatic effects of 

the mixed-valent intermediate [Cp(CO)2Mn
II
=C(OEt)-Ar'-(OEt)C=Mn

I
(CO)2Cp] manifested in 

in the splitting of the oxidation peak in two components, waves 1a and 1b in Figure 8.2.   
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Table 8.2. Cyclic voltammetry data of 0.5 mmol·dm
-3

 solutions of [Cp(CO)2Mn=C(OEt)]Ar and 

[Cp(CO)2Mn=C(OEt)-Ar'-(OEt)C=Mn(CO)2Cp]  complexes 1 – 3 in CH2Cl2 containing 0.1 

mol·dm
-3

 [N(
n
Bu)4][PF6] as supporting electrolyte at a scan rate of 100 mV s

-1 
and 20 

o
C. 

Potentials are relative to the FcH/FcH
+
 couple.    

Complex Peaks obs. E
o'

/V,  E/mV 

 

ip/μA,  ipc/ipa 

 

1a Ar=Th I (carbene) 

1 (Mn) 

-2.065, 76 

0.015, 73 

1.60, 0.73
a
 

5.82, 0.87 

1b Ar'=Th' 

(bis derivative) 

I (carbene) 

1a,b (Mn) 

-2.211, 246 

0.083, 214 

18.7, 0.10
 a
 

5.82, 0.87 

2a Ar=Fu I (carbene) 

1 (Mn) 

2 (OEt) 

-2.334,  -
b
 

0.086, 92 

1.166, - 

1.44,  - 
b
 

1.40, 0.91 

4.12,   - 

3a Ar=Fc I (carbene) 

1 (Mn) 

Fc 

-   ,   - 
c
 

-0.106, 96 

0.442, 92 

-   ,   - 
c
 

2.02, 0.91 

1.91, 0.92 

3b Ar'=Fc' 

(bis derivative) 

I (carbene) 

1a (Mn) 

1b (Mn) 

Fc' 

-2.235, 116 

-0.074, 82 

0.055, 86 

0.714, 113 

 

7.85, 0.28 
a
 

5.62, 0.92 

5.42, 0.93 

5.23, 1.38
d
 

[a] ipa/ipa. [b] No ipa
 
detected. [c] peak fell outside the solvent potential window. [d] ipc

 
larger than 

expected, probably due to product adsorption on the electrode surface.   

The above described results show that the present cymantrene-carbene derivatives behave very 

different compared to the previously studied group 6 Cr
0
(CO)5 and W

0
(CO)5 Fischer carbene 

complexes. Differences in [L
1
L

2
M=C(OEt)-Ar] complexes  (and by implication also the 

biscarbene analogues) may be summarised as follows:  

a) For L
1
L

2
M = (CO)5Cr

0
, Cr(0) is first oxidised electrochemically reversibly to Cr(I) at E

o
 

= 0.29 V, then Ar = Fc is oxidised electrochemically reversibly to Fc
+
 at E

o
 = 0.70 V and 

finally Cr(I) is oxidised electrochemically irreversibly to Cr(II) at E
o
 > 1.15 V. For Ar = Fu or 

Th chromium carbene analogues, the irreversible Cr
I/II

 couple is between 0.95 and 1.15 V (See 
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Figure S1).
[20]

      

b) For L
1
L

2
M = (CO)5W

0
, Ar = Fc is first oxidised electrochemically reversibly (see Figure 

S1) to Fc
+
 at E

o
 = 0.29 - 0.31 V depending on what electrolyte is used. W(0) is irreversibly 

oxidised to W(II) at Epa = 1.11 V in two overlapping one-electron transfer steps in the presence 

of [N(
n
Bu)4][B(C6F5)4] as supporting electrolyte, but to W(III) in three near-overlapping one-

electron transfer steps at 0.81 V in the presence of [N(
n
Bu)4][PF6] as supporting electrolyte.

[23]
  

c) For L
1
L

2
M = Cp(CO)2Mn

I
, compound 3a, Mn(I) is first oxidised electrochemically 

reversibly to Mn(II) at E
o
 = -0.106 V (E = 96 mV), and then Ar = Fc is oxidised 

electrochemically reversibly to Fc
+
 at E

o
 = 0.442 V (E = 92 mV, Table 8.2). Although strictly 

speaking E = 59 mV is diagnostic of electrochemical reversibility,
[28]

 electrochemical 

reversible redox processes of the ferrocenyl group is universally accepted. Since E for the Fc 

and Mn redox processes are for all practical purposes identical, we conclude that 

electrochemical reversibility of the cymantrenyl group is comparable with that of a ferrocenyl 

group in the present series of group 7 Fisher carbene complexes. 

d) Only complex 2a (Ar = Fu) showed an additional oxidative process at Epa = 1.166 V. In 

analogy to the Cr
I/II

 and W
0/III

 couples, we believe that this may be an irreversible Mn
II/III

 

couple. However, all other complexes failed to show this redox process within the potential 

window of the solvent. 

e) In terms of chemical reversibility, carbene reduction was almost irreversible with ipa/ipc 

very small (0 – 0.73; Table 8.2), but Mn(I) reductions was better than 85 % and in some cases 

approached 93 % (Table 8.2). Interestingly though, on LSV time scale, the ferrocenyl 

complexes showed the oxidised species [Cp(OC)2Mn
II
=C(OEt)(Fc

+
)], 3a

2+
, began to 

decompose notably before the LSV experiment is completed (Figure 8.4). 

f) Wave Fc for 3b, [Cp(CO)2Mn
I
=C(OEt)-Fc'-(OEt)C=Mn

I
(CO)2Cp], does not exhibit the 

usual ideal CV shape. The cathodic peak is much sharper than expected. A similar observation 

was made for [(CO)5Cr=C(OEt)-Fc'-(OEt)C=Cr(CO)5]
[19]

 but ipc/ipa for the manganese 

derivative was better (1.38 versus >10). The unusually large ipc value for wave Fc in 3b is 

attributed to electrode deposition of 3b
3+

, the fully oxidised product (Scheme 8.3) onto the 

active surface of the electrode.  
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Figure 8.4 CV’s of 0.5 mmol·dm
-3

 solutions of the [(Cp)(OC)2Mn=C(Fc)(OEt)], 3a, in CH2Cl2 containing 

0.1 mol·dm
-3

 [N(
n
Bu)4][PF6] as supporting electrolyte at a scan rate of 100 (smallest currents), 200, 300, 

400 and 500 mV·s
-1 

and 20 
o
C. The blue arrows on the CV‘s shows the Mn center is involved in the same 

number of electrons being transferred as the ferrocenyl group, that is, it involves a one-electron transfer 

process. The LSV shows that the doubly oxidised 3a is unstable on LSV time scale (1 mV·s
-1

; currents 

were enlarged three fold for clarity): the compound begins to decompose notably after 0.7 electrons have 

flown during Fc oxidation. Fc* = decamethylferrocene.   

Scheme 8.3 highlights the proposed electrochemical pathway of the observed redox processes of 

3b. The other ethoxybiscarbene complexes undergo essentially the same processes although 

wave 1 is not resolved into two separate one-electron transfer processes, and the ferrocenyl wave 

is absent.  
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Scheme 8.3  Electrochemical reactions associated with 3b.  

 

DFT simulations-redox chemistry 

In order to gain more insight into the oxidation processes and the nature of the species involved, 

a Density Functional Theory (DFT) study was carried out.
[24]

 We first focused on the oxidation 

process of complex 2a. As depicted in Figure 8.3, the HOMO of 2a (i.e. the orbital from which 

the electron is released) is mainly located on a doubly occupied d atomic orbital of the 

manganese atom. This orbital nicely represents the π-backdonation of the transition metal to the 

vacant pz atomic orbital of the carbene carbon atom. Therefore, the one-electron oxidation should 

lead to a radical cation where the unpaired electron is mainly located at the manganese. The 

computed spin density on 2a
•+

 indicates a value of 1.21e on the transition metal atom thus 

confirming the assignment of Cp(CO)2Mn
II•

=C(OEt)Fu as oxidation product (Figure 8.5a).  

 

 

 

 

    (a) 
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(b) 

 

Figure 8.5 (a) Oxidation process of complex 2a. (b) Contour line diagrams 
2
(r) for comple 

2a
2+

 in the Mn−H−C plane. The solid lines connecting the atomic nuclei are the bond paths while 

the small red spheres indicate the corresponding bond critical points.  

The second oxidation process was tentatively assigned to the formation of the corresponding 

Mn(III) dication 2a
2+

 (see above). Our calculations nicely agree with this assignment and reveals 

that the dication 2a
2+

 presents a peculiar bonding situation which is markedly different to the 

structures of 2a and the radical cation 2a·
+
. As a consequence of the oxidation process which 

eliminates the two electrons of the HOMO of 2a (located at the manganese), the transition metal 

is prone to accept more electron density from the carbene ligand. Indeed, a clear C···H agnostic 
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interaction is present in 2a
2+

 as confirmed by the computed short Mn···HC distance of 1.919 Å 

(Figure 8.5a). Additionally, the Atoms in Molecules (AIM) method further supports the 

existence of this agostic interaction. As seen in Figure 8.5b, the Laplacian distribution of 2a
2+

 in 

the Mn-H-C plane clearly reveals the occurrence of a bond critical point located between the 

transition metal and the hydrogen atom, which is associated with a bond path running between 

these two atoms. Moreover, the computed value of 0.038 e.Å
-3

 for the electron density at the 

bond critical point, is in the range expected for CH agostic interactions.
[28]

 The bonding situation 

of 2a
2+

 resembles that found for related pentacarbonylchromium(0) and tungsten(0) carbene 

complexes formed upon 2-electron oxidation of the transition metal,
[22,23] 

which indicates that 

this bonding situation seems to be general for oxidized Fischer carbene complexes regardless of 

the transition metal and associated ligands. 

     

We then considered the oxidation processes of the ferrocenyl substituted carbene complexes 3a 

and 3b. Analogously to 2a, the one-electron oxidation of 3a leads to the formation of the radical 

cation 3a
•+

 whose unpaired electron is mainly located at the manganese (computed spin density 

of 1.21 e). This result confirms the above electrochemical conclusion that the manganese is 

oxidized before the iron atom and is consistent with the ESR spectrum of 3a
•+

. Subsequent one-

electron oxidation may lead to two different species, namely the open-shell singlet complex 

formed upon oxidation of the Fe(II) to Fe(III) or, alternatively, the closed-shell singlet involving 

the oxidation of the Mn(II) to Mn(III). Our calculations reveal that the former species is 26.4 

kcal/mol more stable than the latter, thus suggesting that the dication 3a
+2

 presents two unpaired 

electrons (computed spin densities of -1.26 and 1.30 for Mn and Fe, respectively, see Figure 

8.6a). A similar behaviour can be found in biscarbene complexes 3b. As readily seen in Figure 

8.6b, the first one-electron oxidation involves the Mn(I) to Mn(II) reaction to produce the radical 

cation 3b
•+

. This process is followed by the oxidation of the other manganese centre to produce 

the open-shell singlet 3b
+2

. Finally, the Fe(II) to Fe(III) oxidation occurs to form complex 3b
•+3

 

in which each metal bears an unpaired electron. Therefore, our calculations fully support the 

electrochemically pathway proposed in Scheme 8.3.  
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Figure 8.6 Oxidation processes of complexes 3a (a) and 3b (b). Spin densities were computed at 

the B3LYP/def2-SVP level.for Mn and Fe, respectively, see Figure 8.6a).  

ESR spectroscopy 

Lastly, we carried out an ESR analysis of the chemically oxidised product [3a][PF6] to 

experimentally support the above computational assignment of the radical cation as a 

Cp(CO)2Mn
II
•–C species. Briefly, [3a][PF6] was generated by AgPF6-mediated oxidation of 3a 

at –41 °C in CH2Cl2 (Scheme 8.2); transfer of the solution to a gas-tight ESR tube after 7 min 

followed by immediately recording the X-band ESR spectrum at 77 K permitted observation of a 

clean spectrum of the transiently stable radical cation (Figure 8.7). (Note that a sample removed 

from the reaction vessel after 35 min afforded only a low-resolution, low-intensity ESR spectrum 

indicative of time-dependent decay of [3a][PF6] to one or more ESR-silent species in solution.) 
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The ESR spectrum of 3a
•+

 is characterized by a rhombic g-tensor with the components gz = 

2.130, gy = 2.007, and gx = 1.975. Each g-component is, furthermore, split into six lines as a 

result of hyperfine coupling to the 
55

Mn nucleus (I = 5/2, 100%). While the hyperfine coupling 

clearly confirms oxidation of Mn(I) (diamagnetic low-spin d
6
) to Mn(II) (S = ½ d

5
), the ensuing 

peak overlap significantly complicates interpretation of the derivative spectrum and creates 

difficulties not only when attempting to locate the g-tensor components, but also when 

attempting to delineate the hyperfine coupling constants (A-values). We found that 

deconvolution of the ESR absorption spectrum (Figure 8.7a) into a summation of Voigt 

functions
[30]

 partly simplified the task of locating the g-tensor components and measuring the 

hyperfine coupling constants from the experimental spectrum. As is customary in 

spectroscopy,
[30]

 we chose to fit the data with a summation of Voigt functions as these functions 

represent a convolution of Gaussian and Lorentzian line shapes, have a sound theoretical basis, 

and are well-suited to analysing spectroscopic absorption bands in which both lifetime 

broadening (e.g. due to spin-lattice relaxation) as well as Doppler, instrumental, and proximity 

line broadening are present to varying extents. This requires that the derivative ESR spectrum be 

fit in its integrated form (i.e. absorption spectrum, Figure 8.7a). In systems with rhombic g-

tensors and no hyperfine coupling [e.g. low-spin Fe(III)] spectral deconvolution of the absorption 

trace is straightforward; the situation is, however, more complex in the case of low-spin Mn(II) 

due to each g-tensor component affording six absorption lines. 

Given the above limitations expected for spectral deconvolution of the ESR absorption spectrum 

of a low-spin Mn(II) ion, precise location of gy is nevertheless straightforward and simply 

achieved using Hmax for the most intense component peak (3352 G) in the absorption spectrum 

(Figure 8.7a). Location of gx and gz is more difficult especially since the Voigt functions 

themselves are of variable band width and, in some cases, represent more than one overlapped 

peak. For gz, the position of this tensor component is expected to be at the centre of gravity of the 

six independent equal-intensity lines into which the signal splits by virtue of hyperfine coupling 

to 
55

Mn. Only the three low-field hyperfine lines are in fact easily discerned. That said, the 

experimental anisotropic hyperfine coupling constant A1 (115 G) may be used to locate gz since it 

is at precisely 2.5A1 to higher magnetic field from the lowest-field line in the spectrum. 

Unfortunately locating gx is significantly more problematic. Our best estimate using an 
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Figure 8.7. (a) ESR absorption spectrum of [3a][PF6] recorded in CH2Cl2 at 77 K shortly after oxidation of 3a with 

AgPF6.  The spectral envelope is deconvoluted into a series of Voigt functions; the sum of these, F(x), fits the 

experimental spectrum with a correlation coefficient of 0.9999.  The raw spectral data are shown without 

background subtraction; the first (2816 G) and last three (≥ 3596 G) bands simply mathc the background and may be 

ignored.  The upper inset shows the weighted fit residueals for the spectral region containing useful spectroscopic 

information; the right inset lists the Hmax values for the Voigt components. (b) Derivative mode ESR spectrum (12 

scans) of [3a][PF6] with assigned g-tensor components.  Data acquisition: frequency, 9.421260 GHz; attenuation, 

20.0 dB; power, 2.00 mW; modulation amplitude, 2.00 G (modulation frequency 100.00 kHz); time constant, 81.92 

ms; conversion time, 38.00 ms; sweep width, 1200 G (centre field = 3300 G); data resolution, 2400 points. 
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analysis of the Voigt components in conjunction with the value of A3 measured as indicated in 

Figure 8.7b places gx at 3428 G (i.e., gx = 1.975). From the Voigt functions in Figure 8.7a, the 

anisotropic hyperfine coupling constants A2 and A3 measure 33 and 43 G, respectively. Note that 

measurement of A3 from either the absorption or derivative spectrum is complicated somewhat 

by the fact that the peak expected between the indicted pair of lines is unresolved (as a result of 

overlap). (The spacing 2A3 is, however, well-resolved and simple to measure.) 

 While useful, peak deconvolution of the ESR absorption spectrum is subject to significant 

uncertainty, particularly in the lower magnetic field range, contingent upon the lower intensity of 

the spectral envelope. The estimate of A1 in Figure 8.7a [82(23) G] is therefore the least accurate 

of the three hyperefine coupling constants—in contrast to the situation when analyzing the first 

derivative of the spectral envelope. We therefore feel that for [3a][PF6] it is not only practically 

sound, but indeed preferable, to use the value of A1 determined from analysis of the derivative 

trace (i.e. A1 = 115 G, Figure 8.7b). 

 A key question that emerged during analysis of the ESR spectrum of [3a][PF6] concerned 

assignment of the g-tensor components as gx, gy, or gz. Experimental assignment of the g-tensor 

components requires determination of the tensor axes relative to the molecular framework, which 

requires a large face-indexed crystal, the X-ray crystal structure, and analysis of the ESR 

spectrum as a function of the orientation of the crystal in the applied magnetic field. In the 

absence of a suitable single crystal, we resorted to calculating the g-tensor and anisotropic spin-

dipole couplings for 3a
•+

 using a suitable hybrid DFT functional and several basis sets both in 

vacuo and in a CH2Cl2 solvent continuum. The g-values calculated with the all-electron basis set 

6- 311g(d,p)
[31]

 (Table 8.3) are remarkably independent of the presence or absence of diffuse 

functions or solvent and are in excellent agreement with the experimental values. Furthermore, 

the calculated g-shifts relative to the free electron g-value allow unambiguous assignment of the 

experimental g-values as depicted in Figure 7b. The g-values calculated using the effective core 

potential (ECP) basis set SDD
[32]

 are also in good agreement with the experimental values; only 

gz deviates by more than 20,000 ppm from the experimental value. Because of the generally 

good precision in the simulation data we can determine the mean calculated g-values using all of 

the available data for 3a
•+

: gx = 1.998(1), gy = 2.03(1), and gz = 2.13(5).  
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Table 8.3. DFT-calculated parameters for 3a
•+

 as a function of basis set type.
[a]

 

 

6-311+g(d,p) 

DCM PCM 

6-311+g(d,p) 

 

6-311g(d,p) 

 

SDD 

 

g-tensor x-shift –4632.9 –5018 –4510.8 –2850 

g-tensor y-shift 31090.6 31140 33090.8 9549.2 

g-tensor z-shift 149600.2 151317.5 148546.9 57350 

gx calc. 1.998 1.997 1.998 1.999 

gy calc. 2.033 2.033 2.035 2.012 

gz calc. 2.152 2.154 2.151 2.060 

giso calc. 2.061 2.061 2.061 2.024 

Spin density 1.17 1.09 1.14 1.29 

IFCC / G –40.28 –41.33 –40.07 –0.01 

A1 / G –71.104 –77.409 –76.83 –75.29 

A2 / G 22.278 36.133 30.636 35.728 

A3 / G 48.826 41.276 46.194 39.565 

4s 0.357 0.353 0.346 0.318 

4px 0.348 0.329 0.021 0.317 

4py 0.356 0.342 0.024 0.324 

[a] Units and abbreviations: DCM PCM, dichloromethane polarization continuum model; g-

shifts relative to ge for the free electron are in ppm; spin (Mulliken) and electron densities (NBO 

3.0
[33]

) are given in electron charge units and are listed for the Mn(II) ion only; IFCC, isotropic 

Fermi contact coupling for Mn; An are the anisotropic spin-dipole coupling constants for Mn 

(where n is the principal axis system component). 

 

 

 The unpaired spin densities on the Mn(II) ion of 3a
•+

 range from 1.09–1.29 e depending on the 

basis set used and are consistent with the value of 1.21 e calculated at the B3LYP/def2-SVP 

level of theory (vide supra). The calculated anisotropic spin-dipole couplings in Table 3 vary 

somewhat more with the basis set and/or the presence of solvent. The mean calculated 

anisotropic spin-dipole coupling constants are: A1 = –75(3) G, A2 = 31(6) G, and A3 = 44(4) G. 

From the experimental ESR spectrum of 3a
•+

, we were able to reliably measure A2 (33 G) and A3 
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(43 G), but not A1. The value of A1 determined from the derivative trace (115 G) clearly deviates 

significantly from the calculated value of A1. That said, determination of A1 from the Voigt 

functions below 3150 G in Figure 7a yields an estimated mean A1 value of 82(23) G—somewhat 

closer to the DFT-calculated value, but subject to substantial uncertainty. Significantly, the 

relative absolute magnitudes of the experimental and DFT-calculated hyperfine coupling 

constants follow the same order (A2 < A3 << |A1|), which affirms the approach we have used for 

assignment of the experimental ESR spectrum of [3a][PF6]. 

 Importantly, replacement of one of the three CO ligands in cymantrene, Mn(Cp)(CO)3, with a 

carbene ligand in the present case of 3a
•+

 lowers the symmetry of the g-tensor from tetragonal to 

rhombic. A switch in the g-tensor anisotropy may thus be used to detect the substitution of a 

carbonyl ligand in Mn(II) cymantrene derivatives (at least for carbenes). With the exception of 

the rhombic g-tensor, the magnitudes of the key ESR spectral parameters for 3a
•+

 are broadly in 

accord with the tetragonal g- and A-tensor components reported previously for Mn(Cp
γ
)(CO)3 

derivatives, where γ is a substituent on the Cp ligand.
[6]

 These latter tricarbonyl complexes have 

g- and A-values in the following ranges: g  2.12–2.21, g  2.01–2.08, A  65–79 G, and A  

30–50 G.
[6]

  

 

8.3 CONCLUSION 

 

Mono- and biscarbene cymantrene derivatives [Cp(CO)2Mn
I
=C(OEt)Ar] 1a (Ar = Th), 2a (Ar = 

Fu), 3a (Ar = Fc) and [Cp(CO)2Mn
I
=C(OEt)-Ar'-(OEt)C=Mn

I
(CO)2Cp] with Ar' = Th' (1b), Ar' 

= Fu' (2b) and Ar' = Fc' (1b)    were prepared via the classical Fischer route.  Chemical oxidation 

of 3a with AgPF6 permitted isolation of transiently stable [Cp(CO)2Mn
II
=C(OEt)Fc][PF6], 

[3a][PF6]. From an FTIR study, the > 110 cm
-1

 shift of the carbonyl stretching frequencies for 

[3a][PF6] relative to neutral 3a indicates that the oxidation is that of the metal carbonyl moiety, 

as opposed to Fe
II
/Fe

III
 oxidation of the ferrocenyl substituent.   An electrochemical study on 1 – 

3 confirmed that Mn(I) is oxidized before the ferrocenyl group, and that both these oxidations 

involve an one-electron transfer process.   Complex 3b showed clear splitting of the Mn(I) 

oxidation into “a” and “b” components but 1b  and 2b did not.   This is consistent with Ar' =  Fc' 

being more effective in transmitting electrostatic interactions between cymantrenyl moieties than 

Ar' =  Fu' or Th'.  Poorly chemical reversible reduction of Mn=C to 
–
Mn

I
-C• was observed at far 
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negative potentials (< -2.065 V vs FcH/FcH
+
). DFT calculations showed that the mono- and 

biscarbene complexes containing one or two Mn(I) ions always undergo one-electron oxidation 

of manganese before the onset of ligand or ferrocene oxidation. This reflects localization of the 

HOMO on the Mn=C group of the cymantrene unit. Our interpretation of the electrochemical 

and DFT data was tested experimentally using ESR spectroscopy to probe 3a
•+

 produced by 

direct chemical oxidation of 3a. The ESR spectrum revealed a rhombic g-tensor for an S = ½ 

Mn(II) ion with 
55

Mn hyperfine coupling constants in accord with those observed for 

[Mn(Cp
γ
)(CO)3]

+
 derivatives. The rhombic g-tensor for 3a

•+
 evidently reflects reduced symmetry 

at the metal centre consistent with replacement of one cymantrene CO ligand by the 

Mn=C(OEt)Fc carbene moiety. 

 

8.4  EXPERIMENTAL SECTION 

 

General 

All operations were carried out under an inert atmosphere of nitrogen or argon gas using 

standard Schlenk techniques. Solvents were dried by refluxing on sodium metal (hexane, 

tetrahydrofuran and diethylether) or over phosphorous pentoxide (CH2Cl2) and then distilled 

under nitrogen prior to use. Chemicals were used without further purification unless stated 

otherwise. Triethyloxonium tetrafluoroborate (Et3OBF4) was synthesized according to literature 

procedures.
[15]

  Purification with column chromatography was done using silica gel 60 (0.0063–

0.200 mm) as 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 NMR spectra at 125.75 

MHz. The signal of the solvent was used as reference: 
1
H CDCl3 at 7.24 ppm; C6D6 at 7.16 ppm 

and 
13

C CDCl3 at 77.00 ppm; C6D6 at 128.06 ppm. IR spectra were recorded on a Perkin-Elmer 

Spectrum RXI FT-IR spectrophotometer in CH2Cl2 as solvent. Only the vibration bands in the 

carbonyl-stretching region (ca. 1600–2200 cm
−1

) were recorded.  
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Synthesis 

Synthesis and characterization of 1b,
[12c]

 3a
[28, 12d]

 and 3b
[27, 12d]

 have been reported earlier.  

Novel complexes 1a, 2a and 2b were prepared in an adapted version of previously reported 

method.
[23]   

 

Synthesis of  [Cp(CO)2Mn=C(OEt)Th] (1a) and  [Cp(CO)2Mn=C(OEt)Th'(OEt)C=Mn(CO)2Cp] 

(1b).   

2-Bromothiophene (2 mmol, 0.2 mL) was dissolved in 30 mL thf and cooled to -70
o
C.  One 

equivalent LDA (2 mmol) was added and the solution stirred for 15 minutes at low temperature.  

CpMn(CO)3 (2 mmol, 0.40g) was added in one portion and stirred for 15 minutes after which the 

cold bath was removed and the mixture allowed to stir for an additional 1hr.  The reaction 

mixture was then cooled to -60
o
C and nBuLi (1.5M, 2 mmol, 1.3 mL) was slowly added.  After 

30 minutes another equivalent of CpMn(CO)3 (2 mmol, 0.40g) was added and allowed to stir for 

15 min in the cold.  The bath was removed and the mixture stirred for 1 hr at room temperature.  

The solvent was changed to CH2Cl2 and the reaction cooled to -40
o
C after which 2 equivalents of 

Et3OBF4 with 10% excess (4.4 mmol) dissolved in CH2Cl2 was added.  After 15 min in the cold 

bath the mixture was allowed to reach RT over an hour.  Purification with column 

chromatography on silica and gradient eluation starting with 1:4 CH2Cl2/Hexane solution 

afforded the ochre coloured monocarbene (1a) and the maroon coloured biscarbene (1b) 

complexes.   

For 1a:  Yield 45% (0.28g), dark yellow crystals.  Anal. calcd. for MnC14H13O3S (316.28), 

C:53.16, H:4.15; Found C:53.18, H:4.16.   
1
H NMR (C6D6, δ/ppm): 7.80 (br, 1H, Th-Hα), 6.93 

(br, 1H, Th-Hɣ), 6.96 (br, 1H, Th-Hß), 4.75 (br, 2H, CH2), 4.14 (br, 5H, Cp), 1.19 (br, 3H, CH3);  

13
C NMR (C6D6, δ/ppm): 319.46 (Ccarbene), 231.19 (CO), 156.74 (Thipso), 136.60 (Th-Cɣ), 136.30 

(Th-Cα), 130.78 (Th-Cß), 83.97 (Cp), 73.99 (CH2), 15.11 (CH3). IR (CH2Cl2, ν(CO)/cm
-1

): 1936, 

1872. 
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Synthesis of  [Cp(CO)2Mn=C(OEt)Fu] (2a) and  [Cp(CO)2Mn=C(OEt)Fu'(OEt)C=Mn(CO)2Cp] 

(2b) 

Furan (2.7 mmol, 0.2 mL) was dissolved in 50 mL thf and cooled to -20
o
C.  nBuLi (1.5M, 1.8 

mL) was added slowly to the stirring solution which was then left to react in the cold for 30 min.  

It was then cooled further to -40
o
C and CpMn(CO)3 (2.7 mmol, 0.55g) was added in one portion.  

The cold bath was removed after 15 min and the mixture left to stir at rt for 1 hr.  The reaction 

was cooled again to -78
o
C and LDA (0.18M, 15 mL) was added and the reaction stirred for 1 hr.  

It was warmed to -40
o
C and CpMn(CO)3 (2.7 mmol, 0.55g) was added.  After stirring for 1 hr at 

rt the acylate was quenched with Et3OBF4 (0.54M, 12 mL) at -20
o
C in CH2Cl2and stirred for 

another hour at rt.  Purification was performed by column chromatography on silica and gradient 

eluation starting with 1:4 CH2Cl2/Hexane solution. The brown coloured monocarbene (2a) and 

the maroon coloured biscarbene (2b) complexes were collected.   

For 2a:  Yield 56% (0.48g), dark yellow crystals.   Anal. calcd. for MnC14H13O4 (316.21), 

C:53.16, H:4.15; Found C:53.21, H:4.20.   
1
H NMR (C6D6, δ/ppm): 6.71 (br, 2H, Fu-Hɣ), 6.71 

(br, 1H, Fu-Hα), 5.97 (br, 1H, Fu-Hß), 4.75 (br, 2H, CH2), 4.38 (br, 5H, Cp), 1.21 (br, 3H, CH3);  

13
C NMR (C6D6, δ/ppm): 309.31 (Ccarbene), 232.22 (CO), 164.49 (Fuipso), 145.20 (Th-Cɣ), 112.03 

(Fu-Cα), 111.50 (Fu-Cß), 84.27 (Cp), 73.20 (CH2), 15.27 (CH3). IR (CH2Cl2, ν(CO)/cm
-1

): 1942, 

1876.  

For 2b:  Yield 32% (0.44g), maroon crystals.  Anal. calcd. for Mn2C24H22O8 (548.38), C:52.56, 

H:4.05; Found C:52.59, H:4.07.   
1
H NMR (C6D6, δ/ppm): 6.84 (br, 2H, Fu-H), 4.77 (br, 4H, 

CH2), 4.41 (br, 10H, Cp), 1.25 (br, 6H, CH3);  
13

C NMR (C6D6, δ/ppm): 306.82 (Ccarbene), 232.32 

(CO), 161.57 (Fuipso), 116.57 (Fu), 85.84 (Cp), 73.35 (CH2), 15.40 (CH3). IR (CH2Cl2, 

ν(CO)/cm
-1

): 1935, 1886. 
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Synthesis of  [Cp(CO)2Mn=C(OEt)Fc][PF6] ([3a]PF6]).
 
 

Compound 3a (0.006g, 0.01 mmol) was dissolved in CH2Cl2 and cooled to -35
o
C.  AgPF6 

(0.003g, 0.01 mmol) was added in one portion after which the colour changed rapidly from dark 

red to brown.  The solution was filtered using canula filtration.   

For [3a]PF6]:  Yield 78% (0.006g), dark brown salt.   IR (CH2Cl2, ν(CO)/cm
-1

): 2042, 1978. 

 

Electrochemistry  

 

Cyclic voltammograms (CV’s), square wave voltammograms (SW’s) and linear sweep 

voltammograms (LSV’s) were recorded on a Princeton Applied Research PARSTAT 2273 

voltammograph running PowerSuite (Version 2.58). All experiments were performed in a dry 

three-electrode cell. A platinum wire was used as auxiliary electrode while a glassy carbon 

working electrode (surface area 3.14 mm
2
) was utilized after polishing on a Buhler polishing mat 

first with 1 micron and then with 1/4 micron diamond paste. A silver wire was used as pseudo 

internal reference under an argon atmosphere inside an M Braun Lab Master SP glovebox filled 

with high purity argon (H2O and O2 < 5 ppm). All electrode potentials are reported using the 

potential of the ferrocene/ferrocenium redox couple [FcH/FcH
+
] (FcH = (η

5
-C5H5)2Fe, E°′ = 0.00 

V) as reference.
[34]

 However, decamethyl ferrocene, Fc*, was used as internal standard to prevent 

signal overlap with the ferrocenyl of 3. Decamethylferrocene has a potential of −550 mV versus 

free ferrocene with ΔE = 72 mV and ipc/ipa = 0.99 under the conditions employed.
[26]

 Analyte 

solutions (0.5 mmol dm
−3

) were prepared in dry CH2Cl2 in the presence of 0.1 mol dm
−3

 

[(
n
Bu4)N][PF6]. Analyses were performed at 20 °C. Data were exported to a spread sheet 

program for manipulation and diagram preparation. 

 

ESR spectroscopy 

 

The cation radical [3a][PF6] was generated as follows for ESR spectroscopy. Solid compound 3a 

(0.060 g, 0.10 mmol) and solid AgPF6 (0.030 g, 0.10 mmol) were placed together in a dry 

Schlenk tube under nitrogen at –41 °C in an acetonitrile/liquid nitrogen slush bath. After thermal 
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equilibration, 10 mL of dry CH2Cl2 that had been pre-cooled to –41 °C was added to the solids 

via cannula transfer from a reservoir flask under nitrogen. The solution immediately changed 

from orange-brown to deep red and was mixed by swirling for ca. 6 min at –41 °C before 

transferring a ca. 600-μL aliquot of the reaction mixture by cannula filtration into a gas-tight 

ESR tube suspended in the slush bath at –41 °C. The sample aliquot was immediately flash-

frozen in liquid nitrogen and then transferred to a liquid nitrogen-containing quartz finger dewar 

mounted in the sample slot of the microwave resonator of a Bruker EMX-plus X-band ESR 

spectrometer operating at a frequency of 9.421260 GHz. The final spectrum was obtained from 

12 scans over the spectral range 2700–3900 G using the data acquisition parameters indicated in 

Figure 7. The spectral data in derivative mode were first filtered (boxcar averaging with a 7 point 

window and 9
th

 order polynomial filter) and then resolution-enhanced (line-broadening function 

= 0.200 G) for the final plot. The ESR absorption spectrum (raw data) was deconvoluted into a 

series of constituent Voigt functions using FitYk 0.9.8
[35]

 in order to facilitate g-value 

assignments. The fit parameters are given in the Supporting Information. 

 

Molecular simulations 

 

Geometry optimizations without symmetry constraints were carried out using the Gaussian09 

suite of programs.
[36]

 Electron correlation was partially taken into account using the hybrid 

functional denoted as B3LYP (and uB3LYP for radical cations and open-shell species)
[37]

 in 

combination with double-ζ quality plus polarization def2-SVP
[38]

 basis set for all atoms (this 

level is denoted B3LYP/def2-SVP). Calculation of the vibrational frequencies
[39]

 at the 

optimized geometries showed that the compounds are minima on the potential energy surface. 

The AIM
[40]

 results described in this work correspond to calculations performed at the 

B3LYP/def2-SVP level on the optimized geometry of 2a
+2

. The topology of the electron density 

was studied using the AIMAll program package.
[31]

 

DFT simulations for analysis of the ESR spectrum of 3a
•+

, specifically determination of the g- 

and A-tensors, were performed with an unrestricted wave function using the full Heyd-Scuseria-

Ernzerhof hybrid functional HSEH1PBE
[42]

 and three basis sets: the effective core potential basis 

set SDD
[32]

 and the all-electron basis sets 6-311g(d,p)
[31]

 or 6-311+g(d,p). We also determined 
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the electronic structure of 3a
•+

 in CH2Cl2 (polarization continuum model, PCM). The geometries 

of all structures were fully optimized; no negative eigenvalues were calculated in any of the post-

optimization frequency jobs. 
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analytical data; data tables for single crystal X-ray structural analysis; Computational details 

and Cartesian coordinates and energies for the optimised compounds 2 and 6. CCDC 

numbers for complexes 1 – 6: 962460, 962459, 962461, 963795, 962458 and 962457. See 

Appendix 8. 
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ABSTRACT 

The synthesis and structure of rare acyclic alkoxy- and aminocarbene complexes of 

gold(I) are reported, including a novel ferrocenophane dinuclear biscarbene complex. 

X-Ray diffraction analyses and DFT calculations reveal that these complexes are 

stabilized by genuine aurophilic interactions. 

 

9.1  COMMUNICATION 

 

Interest in the structure of molecular gold complexes increased rapidly since 1970 due to 

the unexpected observation of intra- and intermolecular attractive forces between two 

linear gold(I) atoms.
1
 Although the interaction between positively charged gold cations 

should result in a remarkable Coulomb repulsion, a good number of complexes with intra- 

and intermolecular equilibrium distances in the range from 2.50-3.50Å has been 

reported.
2 

This phenomenon, referred to as aurophilicity, opened a new arena for the 

structural engineering of gold compounds.
3
 Aurophilic bonding can be classified in three 

categories: unsupported, semi-supported and fully supported interactions.
2

 Au···Au 

interactions can be separated by one (semi-supported) or two (fully supported) multi-

atomic bridges. In the absence of such a bridge, interactions are unsupported. As stated by 

Gorin and Toste, the integration of theoretical and synthetic studies of Au(I) is required 

for deeper understanding of the fundamental properties of gold complexes in order to 

illuminate further avenues for study.
4
 Due to the unprecedented success of Au-N-

heterocyclic carbenes, as well as acyclic diaminocarbene complexes in the field of 

homogeneous catalysts for organic transformations, the structures of a variety of 

‘prototypes’ have been determined.
5
 However, examples of Fischer-type (i.e. mono-

heteroatom substituted) acyclic gold(I) carbene complexes are not common.
6
 Moreover, 

the presence of aurophilic interactions in these complexes remains scarcely explored so 

far. For these reasons, we report herein a series of novel acyclic Fischer-type Au(I) 

carbene complexes which exhibit genuine aurophilic interactions as clearly confirmed by 

X-Ray diffraction and computational studies. 
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Following the reaction conditions reported by Raubenheimer and co-workers,
6e

 heteroaryl 

gold(I) chloro-monocarbene complexes 1-5 were synthesized by direct transmetallation
7
 

from their tungsten(0) analogues
8
 in good to excellent yields using ClAu(tht) (tht = 

tetrahydrothiophene) in tetrahydrofuran (THF) at -5
o
C. Not unexpectedly, the 

13
C NMR 

spectra of the gold(I) complexes generally displayed an upfield shift of the carbene 

carbon atom of ca. 50 ppm compared to the tungsten pentacarbonyl analogues (see 

Appendix 8). Interestingly, the carbon resonances for the rest of the atoms in the 

complexes, as well as the proton shifts, are shifted downfield, indicative of greater ring- 

and heteroatom involvement towards the stabilization of the electrophilic carbene carbon 

atom. 

 

 

Scheme 9.1 Preparation of complexes 1-6.  

Crystals were obtained by layering a THF solution of the complex with hexane at 5
o
C. 

The Au-Ccarbene bond distances in the complexes 1-5 (Figure 9.1) fall within the typical 

range of an sp
2
-hybridized carbon atom bonded to a gold centre trans to a chlorine atom 

(1.96-2.02Å).
6e,f,9

 Similar to the M-Ccarbene bond lengths observed for their group 6 

Fischer carbene counterparts,
10

 the carbon-gold bond distances in the methoxycarbene 

complexes are slightly shorter as compared to the amine-stabilized carbenes. This is due 

to the well-known higher π-donor ability of the nitrogen atom compared to oxygen. In all 

the complexes, the gold atom is linearly coordinated with the C-Au-Cl bond angle 

varying between 173º and 179º. Moreover, the alkoxy group of complexes 1, 2, 5 and 6 

adopts the so-called anti-conformation,
11

 where the methyl group is oriented towards the 

transition metal analogously to group 6 Fischer alkoxycarbene complexes.  
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Apart from that, an important feature is exhibited by complexes 1-5 in the solid state, 

namely they present, with the adjacent molecule,
12

 Au···Au distances in the range from 

3.093 to 3.307 Å. This agrees with the classification of unsupported Au-Au interaction for 

these species.
2
 In complexes 1 and 2 each gold centre participates in two such interactions 

(as indicated in Figure 9.1) thus infinite chains of linked molecules are formed. Taking 

into account this finding, we decided to prepare the novel ferrocenophane dinuclear 

biscarbene complex 6 (see Scheme 9.1), where the ferrocen-1,1'-diyl bridge should 

enforce a closer proximity between the gold atoms. Indeed, for complex 6, a shorter 

Au···Au distance was found in the solid state (3.035 Å, Figure 9.1), thus confirming the 

semi-supported type of aurophilic interaction for this complex.  

 

From the above structural study, it becomes clear that these novel gold(I) carbene 

complexes are stabilized by aurophilic interactions. To gain more insight into the nature 

of the Au···Au interaction in these species, Density Functional Theory (DFT) calculations 

were carried out using the dispersion-corrected M06 functional (M06/def2-TZVP level)
13

 

on the unsupported and semi-supported complexes 2 and 6.
14

 As shown in Figure 2, the 

computed Au···Au distance for complex 2 in the gas-phase (3.319 Å) concurs very well 

with the experimental distance in the solid state (3.307 Å). However, the agreement is not 

that good for complex 6, very likely due to packing forces in the solid state. Despite this, 

the computed Au···Au distance in the latter compound is clearly shorter than in complex 

2, as a consequence of the semi-supported Au-Au interaction in this species. 

The nature of the Au···Au bonding in complexes 2 and 6 was analysed with the help of 

the Atoms in Molecules (AIM) and Natural Bond Orbital (NBO) methods.
13

 As depicted 

in Figure 9.3, the AIM method clearly reveals for both compounds the occurrence of a 

bond critical point (BCP) located at the midpoint between the two gold(I) atoms which is 

associated with a bond path running between these two atoms. These topological analyses 

therefore confirm the existence of an interaction between the Au(I) atoms. The computed 

electron density (ρ) and ellipticity (ε) values at the Au···Au BCP’s are similar in both 

complexes (ρ = 0.014 e Å
−3

 , ε = 0.029 vs ρ = 0.013 e Å
−3

 , ε = 0.028 for 6 and 2, 

respectively) thus indicating a similar type of interaction. In addition, the corresponding  
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Fig. 9.1 Ortep/PovRay diagrams of 1-6 with adp ellipsoids shown at the 50% probability 

level. For 3, a third molecule has been omitted. Au···Au interactions (Å): 1  3.28083(11); 

2  3.3073(2); 3  3.2179(7); 4  3.0925(2); 5  3.2885(2); 6  3.0354(10). Au–Ccarbene bond 

distances (Å): 1  1.970(4); 2  1.974(3); 3  1.985(6), 1.984(5); 4  1.979(3), 1.977(3); 

5  1.977(3); 6  1.970(7), 1.960(6). 
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Fig. 9.2 Optimized (M06/def2-TZVP level) structures of complexes 2 and 6. Bond 

distances are given in angstroms. 

 

 

Fig. 9.3 AIM analyses of complexes 2 and 6. BCP’s are shown as green spheres. 

Au-Au Wiberg Bond Index (0.14 and 0.15 for 2 and 6, respectively) are also similar and 

comparable to the values found for related (NHC)AuCl dimers.
15

 

Interestingly, the Second Order Perturbation Theory (SOPT) of the NBO method 

indicates that the aurophilic interaction is characterized by the donation of electron 

density from a doubly occupied d atomic orbital of one Au(I) to an empty p atomic orbital 

of the adjacent metal (see Figure 4). The associated SOPT energy computed for 2 and 6 is 

quite remarkable (ΔE
(2)

 = -9.4 and -9.3 kcal/mol, respectively), thus reflecting the 

importance of these aurophilic interactions in the global stabilization of the novel Fischer 

type Au(I)-carbene complexes described herein. 
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Fig. 9.4 NBO-molecular orbitals responsible for the Au···Au interaction in complex 

6 (isosurface value of 0.035 au). 

 

In summary, uncommen examples of Fischer-type gold(I) carbene complexes are prepared by 

direct transmetallation reaction from their correponding tungsten(0) carbene complexes and 

ClAu(thf). By means of X-ray diffraction analyses and DFT calculations, stabilizing aurophilic 

interactions in Fischer-type carbene complexes are characterized for the first time. Indeed, the 

Au···Au interaction allows the preparation of the first Fischer-type ferrocenophane biscarbene 

complex containing two Au(I) atoms. Futher work aimed at the preparation and reactivity of 

related (semi)supported carbene complexes exhibiting aurophilic interactions is in progress in 

our laboratories.  
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          ___  CHAPTER 10 

                                                                   Conclusions 

 

A series of Fischer mono- and biscarbene complexes of group 6 (Cr, W) and 7 (Mn) transition 

metals was synthesized and characterized spectroscopically. Both the carbene heteroatom 

substituent (alkoxy, amino) and the (hetero)aryl substituent (thienyl, furyl and ferrocenyl) 

were varied,  and the redox behavior of the complexes was studied by electrochemical 

techniques.  

The sequence of the successive electron transfer steps was established for both the chromium 

and tungsten complexes, and the influence of both the central metal and carbene substituents 

determined. Tungsten ferrocenyl complexes, in contrast to the chromium analogues, display 

ferrocenyl oxidation before the electrochemically irreversible oxidation process for W(0) 

involving a three electron-mediated process occurs. The experimental results were confirmed 

by computational data showing that the carbene double bond of all selected complexes is 

reduced pseudo-reversibly to form anion radicals.  Crystal structure data obtained for the 

chromium thienyl ethoxy monocarbene showed mirror symmetry with the carbene ligand.  Its 

biscarbene analogue crystallizes with two molecules in the asymmetric unit.  Reactive 

cationic species, in certain examples, were shown by DFT molecular orbital calculations and 

NBO as well as AIM analyses, to be stabilized by agostic CH···M interactions for both 

chromium and tungsten complexes.   

 The ferrocenyl substituents were extended to form multi-metal carbene complexes, by 

utilizing the precursors biferrocene and the novel dibromobiferrocenyl thiophene. These 

precursors were lithiated, and according to the classical Fischer route, reacted with tungsten 

hexacarbonyl to yield novel tri- and tetrametallic mono- and biscarbene complexes. Crystal 

structure data was obtained for tungsten mono- and biferrocene complexes as well as for the 

ferrocenyl substituted thiophenes.  All these structures include mono- and bis-carbenes.  

Metal-metal charge transfer between terminal tungsten carbene fragments was confirmed for 

the first time by infrared spectroelectrochemical studies.   
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Group 7 carbene complexes are not as common as their group 6 analogues, due to their 

limited application in organic synthesis and catalysis. However, the use of substituted 

cymantrene (CpMn(CO)2L) as an organometallic molecular tag holds promise. The use of 

unfunctionalized cymantrene is impaired by the instability of its radical cation.  Improved 

stability, monitored by electrochemical measurements, was accomplished by the introduction 

of a (hetero)aryl Fischer carbene moiety to yield the first organometallic multi-tags. Chemical 

oxidation of the ferrocenyl cymantrene monocarbene was performed, and the mono-cationic 

radical could be isolated and characterized with ESR analysis. Oxidation of Mn(I) to Mn(II) 

was confirmed by ESR, and an FTIR spectrum of the isolated salt was obtained. 

Finally, transmetallation from various tungsten(0) Fischer carbene complexes yielded 

examples of rare acyclic alkoxy- and aminocarbene complexes of gold(I).  Single crystal X-

ray structures of all complexes, including a novel ferrocenophane dinuclear biscarbene Au(I) 

complex, displayed aurophilic interactions which were quantified by DFT calculations. Both 

unsupported and semi-supported Au‒Au interactions were chartacterized. 

 

FUTURE PERSPECTIVES 

 The applications of Fischer carbene complexes in synthesis and catalysis have mostly 

focused on simple monocarbene monometal systems. Examples of assemblies of 

multi-carbene or multi-metal carbene systems are rare, but the inclusion of metal-

carbene units into macromolecular assemblies or networks offer the opportunity of 

diverse properties and features. Especially important in such macromolecular 

organometallic assemblies (eg. metallomesogens and dendrimers) is the study of 

electron transfer for application in structured organised materials.  

 Studies of neglected unstable organometallic tags should be rejuvenated in the attempt 

to stabilize them by employing new substituents (other than phosphine derivatives).  

The use of organometallic multi-tags provides the opportunity of fine-tuning the steric 

and electronic properties of said tags as per requirement. 

 Gold complexes containing Fischer carbene carbene ligands represent in effect acyclic 

(oxy or amino) (alkoxy) carbene (AOAC or AAAC) complexes.  Based on the success 
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of gold(I) carbene complexes in a variety of homogeneous catalytic processes, these 

less common type of gold(I) carbene complexes (mentioned above) should be tested 

for reactivity in the search for new and improved catalysts. Also, due to the increased 

reactivity sometimes seen for gold(III) complexes, an extension of this study should 

include electrochemical oxidation of gold(I) to gold(III), as well as the oxidative 

addition reaction of halides to yield gold(III) Fischer carbene complexes for further 

investigation.  
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         ___   APPENDIX 3a 

                             Supporting Information: Chapter 4 

 

 

 

 

Appendix. Supplementary Material 

Synthesis and electrochemical investigation of ferrocenyl aminocarbene chromium(0) 

complexes. 
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Fig. 1S.  An LSV at 2 mV/s as well as CV’s of 0.5  mmol dm
-3

 solutions of [(OC)5Cr=C(NHPr)-Fc], 2, in 

CH2Cl2/0.1 mol dm
-3

 [N(
n
Bu)4][PF6] on a glassy carbon-working electrode at scan rates of 100 (smallest 

currents), 200, 300, 400 and 500 mV/s.  Decamethylferrocene, Fc*, was used as internal standard.   

 

Cartesian coordinates (in Å) and total energies (in a. u., zero-point vibrational energy included) 

of all the stationary points discussed in the text. All calculations have been performed at the 

B3LYP/def2-SVP level. (See Appendix 3b, CD) 
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         ___   APPENDIX 5 

                             Supporting Information: Chapter 6 

 

 

Metal-Metal Interaction in Fischer Carbene Complexes – A Study on Ferrocenyl and 

Biferrocenyl Tungsten Alkylidene Complexes 
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Content. 

 

Figure SI-1.  Cyclic voltammograms (multi scan) of 1. 

Figure SI-2.  Cyclic voltammogram (multi scan) of 2. 

Figure SI-3.  UV-Vis spectra of 1 at rising potentials. 

Figure SI-4.   Calculated ν(CO) stretching frequencies of 1 and 1
+
.  

Figure SI-5.   Visualization of calculated ν(CO) vibration mode for 1 at 2045 cm
-1

. 

Figure SI-6.  UV-Vis/NIR spectra of 2 at rising potentials. 

Figure SI-7.  UV-Vis/NIR spectra of 3 at rising potentials. 

Figure SI-8.  UV-Vis spectra of 4 at rising potentials. 

Table SI-1.    Data Collection and Crystal Structure Details for 1–4. 
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References 

 

Figure SI-1. Cyclic voltammograms (multi scan) of 1. Scan rates: 100 mVs
-1

 (top) and 500 

mV
-1 

(bottom) in dichloromethane solutions (1.0 mmol.L-1) at 25 °C, supporting electrolyte 

[N
n
Bu4][B(C6F5)4] (0.1 M). 

 

 

 

 

Figure SI-2. Cyclic voltammogram (multi scan) of 2. Scan rate: 100 mVs
-1

 in 

dichloromethane solutions (1.0 mmol.L-1) at 25 °C, supporting electrolyte [N
n
Bu4][B(C6F5)4] 

(0.1 M). 

 

 

 

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



256 

 

 

 

Figure SI-3. UV-Vis spectra of 1 at rising potentials (0 to 700 mV). 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. 

 

 

 

 

 

Figure SI-4. Calculated ν(CO) stretching frequencies of 1 and 1
+
. Computational details are 

given in the Experimental Section. 
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Figure SI-5. Visualization of calculated ν(CO) vibration mode for 1 at 2045 cm
-1 

(A1
"
, Figure 

SI-2). 

 

 

 

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



258 

 

 

 

 

 

Figure SI-6. UV-Vis/NIR spectra of 2 at rising potentials (-100 to 1000 mV). Top:  300 – 800 

nm. Middle: 500 – 3000 nm. Bottom: deconvolution of NIR absorptions at 1000 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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Figure SI-7. UV-Vis/NIR spectra of 3 at rising potentials (left: -100 to 400 mV; right: 400 to 

1000 mV). Top:  300 – 800 nm. Middle: 500 – 3000 nm. Bottom (left): deconvolution of NIR 

absorptions at 400 mV, using three distinct overlapping transitions with Gaussian shapes. 

Bottom (right): deconvolution of NIR absorptions at 1000 mV, using three distinct 

overlapping transitions with Gaussian shapes (dashed line indicates IVCT (grey) or MMCT 

(black) absorptions, dotted line corresponds to absorptions caused by interactions between 

ligand and metal (black) as well as intrabiferrocenyl transitions (IBT, grey), 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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Figure SI-8. UV-Vis spectra of 4 at rising potentials (left: -100 to 600 mV; right: 600 to 1050 

mV). 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. 

 

 

Table SI-1. Data Collection and Crystal Structure Details for 1 – 4. 

 
1 2 3 4 

Chemical formula 
C17H12FeO6

W 

C24H14FeO12W

2 
C27H20Fe2O6W 

C34H22Fe2O12W

2 

Formula weight 551.97 917.90 735.98 1101.92 

Crystal system, 

space group 

orthorhombic

, 

Pca21 

orthorhombic, 

Pbcn 

triclinic, 

P–1 

monoclinic, 

P21/n 

a [Å] 20.2216(14) 13.5817(8) 7.2565(3) 10.4968(3) 

b [Å] 6.9527(5) 14.2798(8) 22.2626(7) 13.1509(3) 

c [Å] 11.7231(9) 13.2044(6) 31.8703(10) 11.9019(3) 

α, β, γ [°] 
 

 

105.358(3), 

95.673(3), 

98.626(3) 

97.546(2) 

V [Å
3
]
 

1648.2(2) 2560.9(2) 4856.5(3) 1628.74(7) 

ρcalc. [g cm
-3

] 2.224 2.381 2.013 2.247 

F(000) 1048 1712 2848 0.71073 A 

Crystal dimensions [mm] 0.4 x 0.2 x 0.4 x 0.4 x 0.40 x 0.28 x 0.40 x 0.40 x 
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0.05 0.01 0.02 0.40 

Z 4 4 8 2 

Max., min. transmission 1.000, 0.592 1.000, 0.386 0.890, 0.200 0.1426, 0.1426 

µ [mm
-1

] 7.884 9.585 5.946 7.979 

 [°] 3.10–25.25 3.09–25.23 2.90–25.25 3.10–25.24 

Index ranges –24 ≤ h ≤ 20 –10 ≤ h ≤ 16 –8 ≤ h ≤ 8 –12 ≤ h ≤ 12 

 
–5 ≤ k ≤ 8 –17 ≤ k ≤ 17 –26 ≤ k ≤ 26 –15 ≤ k ≤ 15 

 
–13 ≤ l ≤ 14 –15 ≤ l ≤ 15 –38 ≤ l ≤ 38 –11 ≤ l ≤ 14 

Total/unique reflections 6596/2749 8750/2302 45035/17555 11708/2938 

Completeness to F² 98.5 % 99.2 % 99.7 % 99.2 % 

Data/restraints/parameters 
2749/371/22

7 
2302/308/182 

17555/466/129

7 
2938/121/226 

Rint 0.0510 0.0726 0.0405 0.0332 

R1, wR2, [I ≥ 2 (I)] 
0.0519, 

0.1287 
0.0564, 0.1372 0.0356, 0.0760 0.0184, 0.0414 

R1, wR2 (all data) 
0.0581, 

0.1337 
0.0673, 0.1457 0.0463, 0.0802 0.0204, 0.0422 

Goodness-of-fit (S) on F
2 

 1.061 1.049 1.033 1.075 

Largest diff. peak and hole 

[e Å
-3

] 

4.828, –

1.400 
2.760, –1.980 2.662, –1.273 0.562, –0.487 

Absolute structure parameter
1
: 0.30(2) for 1. 
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Content. 

 

Figure SI-1.  UV-Vis/NIR spectra of 4 at rising potentials. 

Figure SI-2.  UV-Vis/NIR spectra of 5 at rising potentials. 
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Figure SI-1. UV-Vis/NIR spectra of 4 at rising potentials. Left top: -100 to 390 mV. Left 

bottom: 390 to 525 mV. 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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Figure SI-2. UV-Vis/NIR spectra of 5 at rising potentials. Left top: -100 to 670 mV. Left 

bottom: 670 to 710 mV. 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. 
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1.  General information 

All operations were carried out under an inert atmosphere of nitrogen or argon gas using 

standard Schlenk techniques.  Solvents were dried by refluxing on sodium metal (hexane, thf 

and diethylether) or over phosphorous pentoxide (CH2Cl2) and then distilled under nitrogen 

prior to use.  Chemicals were used without further purification unless stated otherwise.  

Tetrahydrothiophenechloroaurate was synthesised according to literature procedures.1 A 

Bruker AVANCE 500 spectrometer was used for NMR recordings.  1H NMR spectra were 

recorded at 500.319 MHz and 13C NMR spectra at 125.75 MHz.  The signal of the solvent 

was used as reference: 1H CDCl3 at 7.26 ppm; CD2Cl2 at 5.32 ppm; 13C CDCl3 at 77.16 ppm; 

CD2Cl2 at 53.84 ppm.  Mass spectrometry was done using a SYNAPT® G2 High Definition MS™ 

System from Waters.  Crystal structure data collections for complexes 1, 2, 3, 5 and 6 were 

performed using a Bruker diffractometer with a sealed tube Mo source, graphite 

monochromator and an APEX-II CCD detector and for complex 4 using a Bruker kappa 

geometry diffractometer with an IμS micro focus Mo source with focusing Montel optics and 

a Photon 100 CMOS detector.  Data reduction was performed using Bruker SAINT and 

absorption corrections / scaling using Bruker SADABS (TWINABS for complex 1). The 

structures were solved using Bruker SHELXTS and refined using SHELXTL (and Shelxl-

2013 for complex 4). 

2. Synthesis of complexes 

Precursor complexes for transmetallation were synthesized using the classical Fischer 

carbene route2 and have previously been reported. 3,4,5 

General method for preparation of gold(I) Fischer carbene complexes via transmetallation 

from their tungsten(0)carbene analogues6: 2 mmol of the corresponding Fischer carbene 

complex was dissolved in thf and cooled to -5oC after which 2 mmol of ClAu(tht) was added 

in one portion (4 mmol for biscarbene complexes). After one hour, the reaction mixture was 

filtered using canula filtration and the target complex crystallized from this solution using thf 

and hexane at 5oC. 
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[ClAu=C(OMe)Th] (1) 

 

0.9g (2 mmol) of [(CO)5W=C(OMe)Th] used as precursor complex. Yield: (84%, 0.6g), red crystals.  
1H NMR (CD2Cl2): δ 8.60 (br, 2H, Hα), 8.35 (d, J = 4.6 Hz, 2H, Hɣ), 7.38 (dd, J = 4.8, 4.2 Hz, 2H, 

Hß), 4.78 (s, 3H, CH3); 
13C NMR (CD2Cl2): 248.42(Ccarb), 152.73 (Cα),n.o. (Cipso), 145.56 (Cɣ), 131.07 

(Cß), 70.80 (CH3).  FAB-HRMS calcd for AuC6H6OSCl [M-Cl]+: m/z 323.16; found, 322.98. 

[ClAu=C(OMe)Fu] (2) 

 

0.9g (2 mmol) of [(CO)5W=C(OMe)Fu] employed as precursor complex. Yield: (77%, 0.53g), red 

crystals.  1H NMR (CDCl3): δ8.25 (d, J = 3.8 Hz, 2H, Hɣ), 8.04 (br, 2H, Hα), 6.82 (dd, J = 3.9, 1.6 Hz, 

2H, Hß), 4.79 (s, 3H, CH3); 
13C NMR (CDCl3): 237.46 (Ccarb), 158.43 (Cɣ), 154.09 (Cα), 142.17 (Cß), 

116.42 (Cipso), 70.99 (CH3).  FAB-HRMS calcd for AuC6H6O2Cl [M-Cl]+: m/z 307.09; found, 307.03. 

[ClAu=C(NH2)Th] (3) 

 

0.9g (2 mmol) of [(CO)5W=C(NH2)Th] used as starting material. Yield: (98%, 0.67g), light yellow 

crystals.  1H NMR (CD2Cl2): δ9.12 (br, 1H, Hsyn), 8.50 (br, 1H, Hanti), 8.09 (dd, J = 3.9, 1.2 Hz, 2H, 

Hα), 8.02 (dd, J = 5.0, 1.2 Hz, 2H, Hɣ), 7.32 (dd, J = 5.0, 3.9 Hz, 2H, Hß); 
13C NMR (CD2Cl2): 197.93 

(Ccarb), 139.27 (Cα), 138.21 (Cɣ), 130.15 (Cß).  FAB-HRMS calcd for AuC5H5NSCl [M-Cl]+: m/z 

308.14; found, 307.98. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



268 

 

[ClAu=C(NH2)Fu] (4) 

 

0.84g (2 mmol) of [(CO)5W=C(NH2)Fu] used as precursor complex. Yield: (92%, 0.60g), light 

yellow crystals.  1H NMR (CD2Cl2): δ9.94 (br, 1H, Hsyn), 9.19 (br, 1H, Hanti), 7.78 (br, 2H, Hɣ), 7.59 

(d, J = 3.6 Hz, 2H, Hα), 6.64 (dd, J = 3.6, 1.7 Hz, 2H, Hß); 
13C NMR (CD2Cl2): n.o. (Ccarb), 155.38 

(Cipso), 149.48 (Cɣ), 131.64 (Cα), 114.58 (Cß).  FAB-HRMS calcd for AuC5H5NOCl [M-Cl]+: 

m/z292.07; found, 292.00. 

[ClAu=C(OMe)Fc] (5) 

 

1.1g (2 mmol) of [(CO)5W=C(OMe)Fc] employed as starting material. Yield: (64%, 0.59g), yellow 

crystals.1H NMR (CD2Cl2): δ5.21 (br, 2H, Hα), 5.07 (br, 2H, Hß), 4.51 (s, 3H, CH3), 4.50 (s, 5H, Cp); 
13C NMR (CD2Cl2): n.o. (Ccarb), 87.02 (Cα), 79.82 (Cß), 72.10 (CH3).  FAB-HRMS calcd for 

AuFeC12H12OCl [M-Cl-CH3+CH3CN]+: m/z451.06; found, 451.79. 

[ClAu=C(OMe)Fc(OMe)C=AuCl] (6) 

 

1.5g (2 mmol) of [(CO)5W=C(OMe)-Fc'-(OMe)C=W(CO)5], used as precursor complex. Yield: 

(71%, 1.04g), light brown crystals.  1H NMR (CD2Cl2): δ5.29 (br, 2H, Hα), 5.10 (br, 2H, Hß), 4.82 (s, 

3H, CH3); 
13C NMR (CD2Cl2): n.o. (Ccarb), 97.79 (Cipso),87.36 (Cα), 80.68 (Cß)76.37 (CH3).  FAB-

HRMS calcd for Au2FeC14H14O2Cl2 [M+H-2Cl]+: m/z 665.08; found, 664.98. 
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3. Crystallographic data 

Table 1a.  Crystal data and structure refinement for complexes 1 - 3. 

 1 2 3 

Empirical formula  C6H6AuClOS C6H6AuClO2 C5H5AuClNS 

Formula weight  358.60 342.53 343.59 

Temperature (K) 100(2) 100(2) 100(2) 

Wavelength (Å) 0.71073 0.71073 0.71073 

Crystal system  Monoclinic Orthorhombic Triclinic 

Space group  P21/c Pbca P1̄ 

Unit cell dimensions a(Å) 9.4467(3) 11.6474(6) 10.054(3) 

 b(Å) 9.4467(3) 6.5160(3) 10.469(3) 

 c(Å) 6.5606(2) 19.9970(10) 13.322(4) 

 °) 90 90 73.798(5) 

 °) 68.2817(13) 90 73.987(5) 

 °) 90 90 61.977(5) 

Volume (Å3) 833.04(4) 1517.66(13) 1171.2(5) 

Z 4 8 6 

Density (calculated) (g/cm3) 2.859 2.998 2.923 

Absorption coefficient (mm-1) 18.158 19.670 19.360 

F(000) 648 1232 924 

Crystal size (mm3) 0.47 x 0.13 x 0.03 0.25 x 0.05 x 0.02 0.26 x 0.02 x 0.02 

Θ range for data collection (º) 2.16 – 34.72 2.04 – 30.52 1.62 – 30.50 

Index ranges h -14 – 13 -16 – 16 -14 – 14 

 k 0 – 21 -9 – 9 -14 – 14 

 l 0 – 10 -28–27 -18 – 18 

Reflections collected 3023 21813 18555 

Independent reflections 3023 2255 6883 

R(int) 0.0000 0.0356 0.0352 

Θ(full) (º) 30.50 30.52 30.50 

Completeness to Θ(full) (%) 98.7 97.3 96.4 

Absorption correction multi-scan multi-scan multi-scan 

Max. & min. transmission 0.1149 & 0.0362 0.9525 & 0.5785 0.2740 & 0.1598 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3023 / 72 / 109 2255 / 0 / 92 6883 / 0 / 286 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



270 

 

Goodness-of-fit on F2 1.073 1.051 1.028 

R indices [I>2σ(I)] R1 0.0231 0.0169 0.0276 

 wR2 0.0611 0.0262 0.0533 

R indices (all data) R1 0.0365 0.0249 0.0414 

 wR2 0.0649 0.0278 0.0569 

Largest diff. peak & hole (e.Å-3) 1.323 & -1.268 0.745 & -0.868 1.433 & -0.926 
 

Table 1b.  Crystal data and structure refinement for complexes 4 - 6. 

 4 5 6 

Empirical formula  C10H10Au2Cl2N2O2 C12H12AuClFeO C14H14Au2Cl2FeO2 

Formula weight  655.03 460.49 734.94 

Temperature (K) 150(2) 100(2) 100(2) 

Wavelength (Å) 0.71073 0.71073 0.71073 

Crystal system  Triclinic Orthorhombic Triclinic 

Space group  P1̄ Pbcn P1̄ 

Unit cell dimensions a(Å) 8.7646(3) 18.3338(3) 6.867(3) 

 b(Å) 9.3480(3) 9.7882(2) 9.991(4) 

 c(Å) 9.5155(3) 13.3550(2) 12.498(5) 

 °) 82.3723(14) 90 101.711(5) 

 °) 68.2817(13) 90 91.574(5) 

 °) 85.2985(15) 90 108.988(5) 

Volume (Å3) 717.41(4) 2396.62(7) 789.9(5) 

Z 2 8 2 

Density (calculated) (g/cm3) 3.032 2.552 3.090 

Absorption coefficient (mm-1) 20.792 13.635 19.770 

F(000) 584 1712 664 

Crystal size (mm3) 0.325 x 0.156 x 0.068 0.15 x 0.09 x 0.06 0.08 x 0.07 x 0.03 

Θ range for data collection (º) 2.199 – 33.139 2.22 – 36.40 1.67 – 28.42 

Index ranges h -13 – 13 -26 – 30 -9 – 9 

 k -14 – 14 -16 – 16 -13 – 13 

 l -14 – 14 -22 – 19 -16 – 16 

Reflections collected 39322 43609 9970 

Independent reflections 5472 5477 3926 

R(int) 0.0506 0.0481 0.0273 
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Θ(full) (º) 33.139 30.499 28.42 

Completeness to Θ(full) (%) 100.0 99.9 98.7 

Absorption correction multi-scan multi-scan multi-scan 

Max. & min. transmission 0.7484 & 0.2550 0.3065 & 0.1987 0.2627 & 0.1660 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5472 / 0 / 175 5477 / 0 / 146 3926 / 0 / 192 

Goodness-of-fit on F2 1.087 1.007 1.105 

R indices [I>2σ(I)] R1 0.0246 0.0265 0.0260 

 wR2 0.0622 0.0384 0.0542 

R indices (all data) R1 0.0279 0.0520 0.0391 

 wR2  0.0637 0.0425 0.0575 

Largest diff. peak & hole (e.Å-3) 3.377 & -1.602 0.933 & -1.141 2.226 & -1.138 
 

The structure of complexes 1-6 were determined by single crystal x-ray diffraction analysis.  The 

thiophene moieties in 1 and 3 were found to be disordered by a rotation of approximately 180o about 

the Cring–Ccarbene bonds with ratios of the orientation with S approximately trans to X to that 

approximately cis to X about Cring–Ccarbene bond of 0.909 : 0.091 for 1 (X = O) and 0.745 : 0.255 for 3 

(X = N).  In the asymmetric unit cell of the crystal structure of 3 there are 3 molecules of the complex 

of which just two have an aurophilic interaction. 

4. Computational data 

Computational Details 

All the calculations reported in this paper were obtained with the GAUSSIAN 09 suite of programs.7 

The geometries of complexes 2 and 6 were optimized at the metahydrid M06 functional8 using the 

triple- valence plus polarization basis set def2-TZVP9 for all atoms. This protocol is denoted 

M06/def2-TZVP. Both complexes were characterized by frequency calculations,10 and have a positive 

defined Hessian matrix indicating that they are minima on the potential energy surface.  

 Donor-acceptor interactions have been computed using the natural bond orbital (NBO) method.11 

The energies associated with these two-electron interactions have been computed according to the 

following equation: 


 






*

2*
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*

F̂
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where F̂  is the DFT equivalent of the Fock operator and  and � are two filled and unfilled Natural 

Bond Orbitals having   and 
*  energies, respectively; n� stands for the occupation number of the 

filled orbital. 

 All AIM results described in this work correspond to calculations performed at the M06/6-

31G(d)/WTBS(for Au) level on the optimized geometries obtained at the M06/def2-TZVP level. The 

WTBS (well-tempered basis sets)12 have been recommended for AIM calculations involving 

transition metals.13 The topology of the ED was conducted using the AIMAll program package.14 

Cartesian coordinates (in Å) and total energies (in a. u., non corrected zero-point vibrational energies 

included) of all the stationary points discussed in the text. All calculations have been performed at the 

M06/def2-TZVP + ZPVE level of theory.  

 

2: E= -1956.921904 

 
Cl       2.474597000      0.832710000     -2.376430000 
O        0.039296000      2.200837000      2.034530000 
C        1.404238000      2.112500000      2.476445000 
H        1.699299000      1.061039000      2.529097000 
H        1.428395000      2.569677000      3.462203000 
H        2.047303000      2.653129000      1.781655000 
O       -2.524378000      2.380258000      1.496808000 
C       -2.291877000      1.948551000     -0.680940000 
H       -1.823734000      1.712005000     -1.624851000 
C       -3.722010000      2.452960000      0.918446000 
C       -3.650045000      2.197994000     -0.417155000 
H       -4.470745000      2.197473000     -1.115175000 
Au       1.050951000      1.404200000     -0.652640000 
C       -1.628645000      2.070525000      0.512162000 
C       -0.238681000      1.950174000      0.800496000 
H       -4.550217000      2.697795000      1.565670000 
Cl       2.064525000     -1.432712000      2.415479000 
C        0.778175000     -2.358419000     -2.476313000 
H        1.266447000     -3.030042000     -1.769858000 
H        0.695243000     -2.820553000     -3.456673000 
H        1.322444000     -1.412531000     -2.538103000 
C       -2.800955000     -1.331635000      0.653562000 
H       -2.302449000     -1.235526000      1.606633000 
C       -4.290659000     -1.453717000     -0.966221000 
C       -4.176586000     -1.248800000      0.375018000 
H       -4.982123000     -1.068908000      1.067480000 
H       -5.145441000     -1.482493000     -1.624477000 
Au       0.574125000     -1.605591000      0.662221000 
C       -0.790493000     -1.803473000     -0.811239000 
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C       -2.171192000     -1.585564000     -0.536921000 
O       -3.103038000     -1.656251000     -1.534364000 
O       -0.569144000     -2.104565000     -2.045516000 
 
 

6: E= -1969.885921 
 
C       -0.426321000      1.499019000     -1.137117000 
Au       1.110858000     -1.626058000     -0.159064000 
Au       1.110660000      1.626157000      0.159059000 
Fe      -2.854235000     -0.000074000      0.000066000 
Cl       2.764642000     -1.791355000     -1.758722000 
C       -3.585824000      1.785544000      0.741686000 
H       -4.182768000      1.878252000      1.636154000 
Cl       2.764373000      1.791499000      1.758785000 
O       -0.351306000     -1.292862000      2.408929000 
O       -0.351419000      1.292783000     -2.408957000 
C       -2.181653000      1.811441000      0.681316000 
H       -1.493181000      1.944490000      1.504267000 
C       -1.793877000      1.605020000     -0.684253000 
C       -2.992227000     -1.438297000      1.451100000 
H       -3.034203000     -1.233669000      2.509646000 
C       -0.426164000     -1.499048000      1.137077000 
C       -1.793707000     -1.605158000      0.684200000 
C       -4.086038000     -1.553463000      0.569466000 
H       -5.126855000     -1.444924000      0.835888000 
C       -2.992375000      1.437930000     -1.451140000 
H       -3.034325000      1.233133000     -2.509655000 
C       -2.181442000     -1.811451000     -0.681381000 
H       -1.492949000     -1.944307000     -1.504346000 
C       -3.585607000     -1.785711000     -0.741761000 
H       -4.182526000     -1.878355000     -1.636253000 
C       -4.086225000      1.553059000     -0.569538000 
H       -5.127024000      1.444343000     -0.835959000 
C        0.942645000      1.147531000     -3.021391000 
H        1.595479000      1.953601000     -2.686282000 
H        0.774105000      1.204721000     -4.093659000 
H        1.374823000      0.181902000     -2.745844000 
C        0.942736000     -1.147538000      3.021399000 
H        1.595591000     -1.953634000      2.686395000 
H        0.774142000     -1.204648000      4.093662000 
H        1.374914000     -0.181922000      2.745811000 
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