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   Those who have handled sciences have been either men of 

experiment or men of dogmas.The men of experiment are like the ant, they 
only collect and use; the reasoners resemble spiders, who make cobwebs 
out of their own substance. But the bee takes a middle course: it gathers its 
material from the flowers of the garden and of the field, but transforms and 
digests it by a power of its own. Not unlike this is the true business of 
philosophy; for it neither relies solely or chiefly on the powers of the mind, 
nor does it take the matter which it gathers from natural history and 
mechanical experiments and lay it up in the memory whole, as it finds it, but 
lays it up in the understanding altered and digested. Therefore from a 
closer and purer league between these two faculties, the experimental and 
the rational, much may be hoped. 

 
 

 
 

 
- Francis Bacon (1561 –1626) 
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1.1 What is Green Chemistry? 

 

Green chemistry is development of products and processes that 

reduce or eliminate the use and generation of harmful substances and reduce 

the production of waste in the form of energy and feedstocks.1  

The foundation of green chemistry are the “The twelve principles of 

green chemistry” shown below.  This set of goals is used to aid in the 

development of cleaner chemical processes.  Though ideally a new process 

would incorporate all 12 principles, in reality it may only be possible to 

optimize a few.  

 

The twelve principles of green chemistry1 

1. Prevent waste 

2. Design safer chemicals and products 

3. Design less hazardous chemical syntheses 

4. Use renewable feedstocks 

5. Use catalysts, not stoichiometric reagents    

6. Avoid chemical derivatives    

7. Maximize atom economy    

8. Use safer solvents and reaction conditions    

9. Increase energy efficiency   

10. Design chemicals and products to degrade after use   

11. Analyze in real time to prevent pollution   

12. Minimize the potential for accidents  
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Moving beyond yield and selectivity as a judge for the success of a 

given reaction or process the twelve principles of green chemistry act as a 

framework for the development of sustainable processes.  A sustainable 

process is one which meets the needs of the present without compromising 

the ability of future generations to meet their own needs.2  For a given 

process to be sustainable, environmental, societal and economic factors must 

be considered.  Much of the success of green chemistry is due to not only the 

reduced environmental damage made by innovations in the area, but also 

improvements in profit margins and brand recognition for companies which 

embrace these technologies.  The development of classical process 

development to include the concept of design within a framework of green 

chemistry is shown in figure 1.1. 

inflow of funding,
political and 
social pressure

new ideas

all known reactions 
and possible 
pathways

Framework of green 
chemistry function as 
a trap to further remove 
environmentally harmful 
and inefficent processes

condenser functions to allow only those 
processs that work past - classically those 
which pass this stage would be 
considered successful

Optimized, efficent,
cost effective clean 
synthesis or processes

heat is the energy of researchers 
brute force in trying various pathways

 

Figure 1.1 Chemical Process Design: A Conceptual Apparatus 
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Design principles can be grouped into the three main areas of 

sustainability:  

1) Conservation of physical resources can be thought of as enhancing the 

economics of a given process.  Physical resources can be chemical 

feedstocks, energy or transportation.  Designing processes to reduce waste 

(1), to use catalysts (5), avoid chemical derivatives (6), maximize atom 

economy (7) and increase energy efficiency (9) not only benefit the 

environment but also the financial bottom line of companies.  Many industrial 

processes have been developed with these ideas in mind before the 

emergence of green chemistry.   

2) Development of safer chemicals, solvents, reaction conditions and 

products (2+8), and design for degradation after use (10) as well as the use of 

renewable feedstocks (4) and minimizing the potential for accidents (12) 

benefit the social component of the sustainability equation.  Safer products 

less mean risk to the public, while the use of renewable feedstocks develops 

emerging economies and can facilitate economic growth in rural areas.   

3) Environmental protection concerns are taken into consideration in all 

principles however principles dedicated solely to these include the analysis in 

real time to prevent pollution (11).  Of the principles this can be the hardest to 

implement in emerging markets without government regulations. 

Without directives and enforcements from governments, treating 

chemicals to render them less hazardous or disposing of chemicals properly 

can often be difficult to implement especially in emerging economies where 

the environmental impact of a given process is of secondary concern due to 

the incredible economic and social benefits to be gained.  The use of green 
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chemistry in the design phase of a given process is essential for ensuring 

clean technologies that can be successfully introduced in these markets.  The 

principles, though through, are not all encompassing.  Other considerations 

must be taken into account and are further discussed in sections 1.2.2 and 

1.2.3. 

 

1.2 Green Chemistry Metrics 

 

Green chemistry metrics are how the relative “green-ness” of a process 

is determined.  It is important to stress the use of the word relative in this 

sentence.  Green processes do not eliminate all waste, but strive to minimize 

it. Synthetic methods should be designed to maximize the incorporation of all 

materials used in the process into the final product. 

 

1.2.1 Mass Based Green Chemistry Metrics 

 

The state of the art is currently choosing among options, with green 

chemistry metrics being a tool used to aid in this decision.  Among the first 

green chemistry metrics the E factor developed by Roger Sheldon remains 

one of the most commonly applied in industrial calculations due to ease of use 

and flexibility in application to multi-step reactions.  The E-factor gives a direct 

ratio of total waste relative to product based on mass (equation 1.1).  The 

smaller the E-factor the greener a chemical process is said to be.3 Other 

metrics based on mass include the effective mass yield, the reaction mass 
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efficiency and the carbon efficiency, are calculated using in equations 1.2-

1.4.4   

 

Equ.1.1 

E-Factor = Total Waste (kg) / Product (kg) 

Equ. 1.2 

Reaction Mass Efficiency = Mass of product x 100 / Mass of Reagents 

Equ.1.3 

Effective Mass Yield (%) = Mass of Products x 100 / Mass of Non-Benign 

Reagents 

Equ. 1.4 

Carbon Efficiency (%) = Amount of Carbon in Product x 100 / Total Carbon 

Present in Reactants. 

Equ. 1.5 

Atom economy = molecular weight of product/ sum of the molecular weights 

of all substances produced in the stoichiometric equation for the reaction 

involved 

 

Atom economy (equation 1.5) can be particularly useful for evaluation 

of chemical processes at a molecular level. The goal of atom economy is to 

incorporate as many of the atoms of the reactants as possible into the desired 

products.5b 
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1.2.2 Life Cycle Analysis 

 

Although mass based green chemistry metrics are a good place to 

begin when evaluating a given system, they are far from providing a definitive 

guide for the selection of green processes.  Many of the metrics fail to 

incorporate the solvents or catalysts used and perhaps most importantly the 

energy consumption.  It is at the discretion of the researcher to decide how 

benign a given reactant is in the case of effective mass yield percentage and 

as with all statistics and lampposts there is the temptation to use them for 

support rather than illumination, depending on the situation. To address these 

concerns the concept of Life Cycle Analysis is used.  Though problems of the 

definition of hazards resulting from given reactants remain, especially in the 

case of novel multi-step reactions the life cycle analysis serves to assess the 

environmental impact of a given product or process throughout its lifespan.  It 

is a tool used to compare the environmental performance of products and 

processes enabling developers to choose the least damaging option.6 

As life cycle analysis involves complex and multi-component 

evaluations, entire teams of scientists and engineers with a variety of skill sets 

and backgrounds are required for accurate assessments. They are highly 

dependent on the basis set used, which are often greatly influenced by 

funding agencies.7   

 

 

 

 



8 

1.3 Concluding remarks 

 

Section 2.1 and 2.2 discuss collaboration with Alexandra Rost of the 

Kühn Group.  The excellent infrastructure and availability of a microwave 

reactor facilitated evaluation of the use of microwave technology as a method 

for rapid screening of NHC irridium catalysts for hydroborylation reactions 

done in cooperation with Christoph Rentzch outlined in section 2.3.  The core 

of the synthetic work undertaken, on the synthesis of carbocyclic carbene 

complexes is outlined in section 3. Catalytic evaluations, in cooperation with 

Christian Taubman, Dr. O. Schuster, and the group of Prof. L. Goossen at the 

University of Kaiserslautern can be found in section 4.   

In part due to the nature of research in the area of green chemistry, but 

also due to the exceptionally varied research interests and stimulating 

collaborative environment found within the Herrmann research group work 

undertaken in the course of this thesis spans a large variety of research 

topics. In the global economy, innovation not regulation will be the key to the 

successful implementation of more sustainable processes.  The objective of 

this thesis was to explore preliminary steps which provide a foundation for 

sustainable systems using the key principles of chemistry. 
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2 Evaluation of Chemical Processes within a Framework of Green 
 
Chemistry 
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2.1 Overview 

 

Previously reported synthetic pathways used in the synthesis of MTO require 

the use of highly toxic tin containing methylating agents. A more environmentally 

sound tin free synthetic route to the versatile catalyst MTO has been developed, 

using the principles of green chemistry (section 2.2). 

An improved, environmentally sound three-component system, 

MTO/H2O2/LiBr, used to prepare biodegradable oxidized starch super absorbers is 

reported in section 2.3. In contrast to previous strategies, a highly acidic reaction 

media is avoided, thus limiting product depolymerisation to a low level. This section 

presents an optimized catalytic approach to make carboxy starch, which reduces 

overall reaction costs, and produces less harmful waste. An environmentally benign, 

catalytic oxidation process applying the three-component system MTO/H2O2/LiBr to 

prepare biodegradable oxidized starch super absorbers with high water absorption 

capacity has been developed. 

In section 2.4 a different catalyst is described, bridged and unbridged N-

heterocyclic carbene (NHC) ligands were metalated with [Ir(COD)Cl]2 to yield the 

iridium(I) mono- and biscarbene complexes [Ir(COD)NHC(Cl)] and [Ir(COD)(NHC)2][X] 

(X: I, PF6, BF4, CF3COO, OTf). These were tested in the C-H borylation reaction of 

aromatic carbons with bis(pinacolato)diboron (B2pin2) and pinacolborane (HBpin). The 

use of microwave technology in this study not only facilitates a time efficient screening 

of a wide range of influences such as !-donor strength of the ligand and structural 

motif as well as the effects of the counter ion, but also provides an energy efficient 

heating source. Catalyst 6TFA, which features a chelating NHC ligand, proved to be the 

most effective catalyst and further investigations with this complex in the borylation of 
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mono- and disubstituted benzene derivatives exploring chemo- and regioselectivity 

were undertaken. 

 

2.2 Methyltrioxorhenium revisited: evaluation of an improved synthesis for a 

versatile catalyst 33b 

 

Replacement of stoichiometric reagents with catalytic reagents is one of the 

founding principles of green chemistry.1  Though catalysts lower the energy of 

activation, providing a more efficient energetic pathway to a given chemical target 

without being consumed in the reaction, they are often transition metal complexes, 

which are made using toxic and carcinogenic reagents and can require rigorous 

energy intensive procedures to prepare. 

Methyltrioxorhenium (MTO) has been studied extensively in industry and 

academia due to the numerous reactions it is capable of catalyzing.8 Previously 

reported synthetic routes to MTO require the use of tetramethyltin or related 

derivatives, which are highly toxic.9-13 Industrial application of MTO is limited by the 

expensive and complex safety precautions required for synthesis and purification 

using tetramethyltin as a reagent. Recently an improved synthesis of MTO has been 

described.14 In the following section the advantages of this synthetic route to MTO 

are elucidated in more detail using the principles of green chemistry as a guide, and 

its potential impact on the applications of MTO are discussed.  

The preparation of alkylrhenium(VII) oxides via bis(alkyl) zinc precursors has 

been reported,15 however in the presence of dimethylzinc, Re2O7 and related Re(VII) 

precursor compounds are easily reduced.11,15 By substitution of bis(alkyl) zinc 
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precursors with methyl zinc acetate,16 we have observed a clean methylation, without 

any reduction of Re(VII) (scheme 2.1). 

 

 
 

Re

O CH3

O

O O
O

[CH3ZnOOCCH3] Re
O O

O

CH3

[Zn(OOCCH3)2]++

 
 
Scheme 2.1 Synthesis of MTO starting from perrhenylacetate and methylzinc 
acetate 
 

 

The common synthesis of [CH3ZnOC( O)CH3] is described in scheme 2.2. 

Methylzinc acetate can also be synthesized from inexpensive shelf chemicals and 

zinc acetate, the side product of the MTO synthesis.14  

 

[CH3ZnOOCCH3] +[Zn(CH3)2] + CH3COOH CH4 
Equ. 2.2 
 

[CH3ZnOOCH2CH3] ++[Zn(OOCCH3)2] 1/3 [Al(CH3)3] 1/3 [Al(OOCCH3)3]  
Equ. 2.3 
 
Scheme 2.2 Synthesis of methylzinc acetate 

 
Re2O7 is dissolved in acetonitrile to form perrhenylacetate upon treatment with 

acetic anhydride. The methylating reagent, [Zn(MeOAc)], is then added slowly at –10 

°C. For purification, the resulting solution is separated from the precipitated zinc 

acetate and the solvent is removed. The crude product is extracted with n-pentane 

and sublimated to yield pure MTO. The use of [Zn(OOCCH3)2] not only reduces the 

cost of [CH3ZnOOCCH3] production, but also eliminates the need to employ 

pyrophoric dimethzlyinc and uses one of the waste products from CH3ReO3 as a feed 

stock, as shown in scheme 2.3. 
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Scheme 2.3 

 

Table 2.1 lists the development of production costs for MTO from the original 

synthesis published in 1979,9d to the new synthesis.11-12  Since the first report, the 

total cost of production on a laboratory scale has reduced from ~. 834 g–1 to ~. 42 

/g–1. 

 

 

Table 2.1 Costs for common laboratory scale production of MTO (10 g Re2O7 scale)  
 

 

Route for MTO synthesis 
 

Price of MTO/  
g–1  

Me6Re2O3 or Me3ReO2 with air9d 833.92 
Re2O7 with Me4Sn11 73.07 
(CF3CO)2O with Bu3SnMe12 49.69 
Ca(ReO4)2 with Me4Sn13 49.99 
Ag(ReO4) with Me4Sn13 66.90 
Using MeZnOAc synthesised from Me2Zn 46.00 
Using MeZnOAc synthesised from Al(CH3)3 41.75 
Using MeZnOAc synthesised from Al(CH3)3 + recycling of waste 
Zn(OAc)2 

41.71 
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This method also offers an improved atom economy (ca. 46%) compared to 

the currently most widespread lab scale synthesis for the production of MTO (Table 

2.2). 

 

Table 2.2 Atom economy by the production of MTO [M (MTO)/M (waste products) × 

100, where M is the molecular weight]  

 
 
Route for MTO synthesis 

 
A.E. (%) 

Me6Re2O3 or Me3ReO2 with air9d 49.73 
Re2O7 with Me4Sn11 37.57 
(CF3CO)2O with Bu3SnMe12 38.21 
Ca(ReO4)2 with Me4Sn13 43.11 
Ag(ReO4) with Me4Sn13 38.58 
Using MeZnOAc synthesised from Me2Zn 46.09 

 
 

This synthetic method provides a convenient route to the homologues 

CH3ReO3 and C2H5ReO3 to give 85% and 60% yields, respectively. 

As previously mentioned, the precipitated zinc acetate can be recycled. 

However direct (via Al(CH3)3) or catalytic (by in situ generation of [CH3ZnOOCCH3] 

alkylation would be ideal since derivatization would be eliminated or reduced, this is 

not possible due the decomposition of rhenium oxides in the presence of Al(CH3)3. 

Reaction conditions described are optimized for minimum use of solvent and 

are as close to ambient conditions as possible to reduce the amount of waste 

generated and energy consumed, respectively. The use of auxillary substances were 

eliminated entirely in the purification and recovery of CH3ReO3, as this complex is 

isolated by sublimation. 
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Over the last 20 years significant improvements with respect to efficiency, 

cost, and environmental friendliness have been made with respect to the synthesis of 

the extremely versatile catalyst MTO. In particular, the most recent improvements of 

the synthesis represent a milestone in the context of the principles of green 

chemistry. Not only was it possible to eliminate the use of the hazardous 

tetramethyltin and related compounds, but the atom economy of the overall synthesis 

was also further improved. Nevertheless, many areas for optimization still remain. 

Further efforts to make the synthesis even more environmentally benign are currently 

being undertake, including the substitution of acetonitrile as a reaction solvent and 

catalyst immobilization to reduce the use of solvents and auxiliary substances in 

catalyst recovery. 

 
 
2.3 Super absorbers from renewable feedstock by catalytic oxidation235 

 

For the last century the primary feedstocks for chemical industry have been 

crude oil and natural gas. Due to the constant increase in costs for oil, and the 

current economic and environmental impact of the utilization of this resource, there 

exists a social and environmental pressure to develop renewable, economic and 

environmentally sound products which optimize the use of this feedstock, or if 

possible replace it. A switch from non-renewable, fossil resources to renewable raw 

materials, such as carbohydrates derived from biomass, is a necessary step to the 

development of a sustainable chemical industry. Materials produced from renewable 

feedstocks which are biocompatible, biodegradable, CO2-neutral and less toxic, leave 

a smaller “environmental footprint” than many crude oil derived products.8 

One renewable feedstock material which can be exploited is starch, one of the most 

abundant and versatile biopolymers. Super absorbers produced from starch19 are 
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quickly replacing synthetic polyacrylate-based super absorbents20 which have poor 

biodegradability.21 Examples for applications are self-tightening plastic fabrics used in 

concrete construction works, which make use of the pressure resulting from swelling 

upon contact with water, or these found in sanitary bags for infants.19 For technical 

applications, the use of durable polymers may be necessary, however there is an 

ever increasing demand for super absorbing commodity products for medical or 

sanitary applications with short product lifetime requiring a quick and safe product 

decomposition after use.19c There is, accordingly, a clear need for a biodegradable 

and economical super absorber generated from starch. 

Several industrial methods for the manufacture of oxidized starch are known. 

A common process used to oxidize starch applies TEMPO mediated oxidation with 

sodium hypochlorite, which generates stoichiometric amounts of sodium chloride as 

waste product.22 An alternative method is the application of in situ-generated nitrogen 

oxides which, however, produces nitric oxides and nitrogen containing salts.23 Finally 

an oxidizing system based on the catalyst methyltrioxorhenium (MTO)24 was 

reported.17 The three-component system MTO/H2O2/HBr in acetic acid catalyzes the 

selective oxidation of the C6 hydroxy methyl group yielding the corresponding 

carboxylic acid.  

In this section an optimized catalytic approach using MTO to produce carboxy 

starch is discussed, which reduces overall reaction cost and produces less harmful 

waste.  

There are a few limitations for the three-component system MTO/H2O2/HBr in 

acetic acid including the use of HBr as co-catalyst and acetic acid as solvent.17 Many 

areas for improvement of this system still remain. Due to its multifunctionality, starch 

requires mild reaction conditions in polar aqueous solvents.25 The replacement of 

highly corrosive HBr by another source of bromide, e.g. an alkaline metal salt, which 
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would not be as problematic and harmful as HBr is desirable.26 Lower operating costs 

are  expected as the reaction mixture is less corrosive, and reactors, pipes and waste 

streams should be less damaging to the reactor which will require less up keep. The 

use of HBr is also undesirable as starch is not stable in the presence of strong acids.  

Glycosidic bonds undergo hydrolysis, and therefore the ability of the resultant 

products to absorb water decreases.27 However, the addition of bromide is necessary 

as it accelerates the catalytic oxidation by the factor of 1000.28 A less acidic medium 

is preferred to prevent the depolymerisation of starch in an acidic medium and the 

subsequent loss of water absorption capacity.27,23c,d  

The success of a given oxidation reaction is quantified by the degree of 

oxidation determined by a German industrial standard DIN EN ISO 11214, which 

uses titration.29 The water absorption is distinguished by TA- (total absorbency) and 

CRET-values (absorbency after centrifugation) determined by a previously reported 

literature method.30 

 

2.3.1 Alternative Bromide Sources 

 

Several alternative sources of bromide listed in table 2.3 were tested.  
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Table 2.3 Oxidation of potato starch in the presence of alternative bromide 

sources with the three-component system MTO/H2O2/Br-. 

 

Bromide  TA CRET Degree of Oxidation 
[%] 

HBr 3.0 2.4 18.9 
LiBr 6.2 4.5 12.1 
NaBr 6.0 4.4 11.8 
KBr 6.3 4.3 12.4 

 

As expected, when HBr is used as co-catalyst the degree of oxidation is 

significantly higher than for the cases of the bromide salts. However, water 

absorption of the resultant product is lower because of the hydrolysis of the glycosidic 

bonds. All alkaline metal salts show comparable results. They achieve lower degrees 

of oxidation than HBr but the water absorption of resultant polymers is double. As a 

result, it is reasonable to propose alkaline bromides to be used as a replacement for 

the highly corrosive HBr in the described catalytic system. The solubility in polar 

aqueous solvents of the alkaline bromides declines with molar mass. Therefore the 

use of LiBr, with the best solubility (177 g per 100 mL H2O), is most favourable for an 

optimized system. However, Li ions, which are not removed at water treatment 

stations, have physiological effects (e.g. as antidepressants), thus this bromide 

source can be replace by the economical more advantageous NaBr with a slightly 

lower oxidation performance.  

 

2.3.2 Acidity 

 

As described above, the application of 100 % acetic acid is detrimental to 

water absorption of the oxidation product. A neutral medium is optimal to minimize 

depolymerisation. However, the stability of the catalyst decreases with increasing 
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hydroxide concentration. In the presence of [OH]-, MTO and the catalytic active 

species (the mono- and bisperoxo complex derived from MTO), are deactivated to 

yield methanol and catalytic inactive perrhenate (see Equ (2.4-2.6)).31 

 
CH3ReO3 + [HO2] CH3OH + [ReO4]- -

 
Equ  2.4 

 

CH3Re(O2)2O CH3ReO3 + OOH-[OH-]
 

Equ 2.5 
 
CH3Re(O2)O2 + [OH] CH3OH + [ReO4]- -  
Equ 2.6 
 

In the presence of hydrogen peroxide, the deactivation occurs more readily 

due to the formation of the hydroperoxide anion from hydrogen peroxide present in 

aqueous solutions as hydroperoxide is a better nucleophile. 

 

H2O2 + H2O [HO2] + [H3O]- +  
Equ 2.7 
 

 

In this equilibrium (Equ. 2.7), the concentration of hydroperoxide can be 

lowered by an increase of the pH of the solution which would lead to significantly 

slowed deactivation. Various mixtures of water and acetic acid were tested to 

establish optimum solvent acidity for the oxidation of starch. The results are shown in 

Table 2.4. 
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Table 2.4 Oxidation of potato starch with the three-component system 

MTO/H2O2/Br- using different mixtures of water and acetic acid as solvent. 

 

Solvent TA CRET Degree of Oxidation 
[%] 

0 % HAc/100 % H2O 2.9 2.1 1.3 
25 % HAc/75 % H2O 3.3 2.7 3.4 
50 % HAc/50 % H2O 7.1 5.9 10.3 
75 % HAc/25 % H2O 6.4 5.2 11.6 
100 % HAc/0 % H2O 6.2 4.5 12.1 

 

By using pure acetic acid as solvent, the highest degree of oxidation is 

achieved (12.1 %). However, the water absorption of the product measured by TA- 

and CRET-values is not optimal due to the depolymerisation of the product in acidic 

conditions. The water absorption is highest when a 50/50 % acetic acid/water mixture 

is used. When the ratio of acid vs water decreases, catalyst deactivation is of greater 

impact than product depolymerisation, and both the degree of oxidation and the 

water absorption are very low. The 50/50 % acetic acid/water mixture appears to be a 

good balance between catalyst stability and substrate hydrolysis. 

 

2.3.3 Addition rate of hydrogen peroxide 

 

Another way to influence the equilibrium of the formation of hydroperoxide (Eq. 

2.7) is by varying the rate of hydrogen peroxide addition. When the oxidant is added 

slowly, its concentration is low and therefore the concentration of hydroperoxide 

decreases based on the shown equilibrium. The speed of addition was controlled by 

a pump with variable solution additon velocity (1-0.05 eq./min). The results are shown 

in Table 2.5. 
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Table 2.5  Oxidation of potato starch applying various speeds of addition of 

hydrogen peroxide with the three-component system MTO/H2O2/Br-. 

 

Addition speed of H2O2 
[eq./min] 

TA CRET Degree of Oxidation 
[%] 

0.05 8.5 6.8 23.3 
0.1 7.4 5.4 17.9 
0.5 5.3 3.9 6.6 
1 3.4 2.7 2.3 

 

Applying the slowest rate of H2O2 addition, 0.05 eq./min, the highest degree of 

oxidation and the best water absorption of the resultant product is observed. 

Increasing the rate leads to lower water absorption and oxidation. According to Eq. 

2.7 the concentration of the hydroperoxide ion, which is responsible for the 

deactivation of MTO, can be minimized based on Le Chatelier’s principle. The only 

disadvantage is that the slowest rate of addition extends the total reaction time from 

one to two hours. 

 

2.3.4 Comparison of the catalytic route with industrial methods 

 

The oxidation of starch with the three-component system MTO/H2O3/Br- under 

optimized conditions (see above) was compared with the two common industrial 

processes for the production of carboxy starch. The industrial processes, oxidation 

with in situ-generated nitrogen oxides23 (A) and TEMPO mediated oxidation by 

sodium hypochlorite22 (B) along with our optimized stratagy (C) are shown in 

(scheme 2.4). 

 



 22

O O
O

HO OH

H2C

OH

NaNO2

NaNO3

H3PO4

O O
O

HO OH

HOOC

O O
O

HO OH

H2C

OH

O O
O

HO OH

HOOC

NaOCl

TEMPO (0.75 mol%)

NaBr (10 mol%)

H2O

0 °C

O O
O

HO OH

H2C

OH

O O
O

HO OH

HOOC

H2O2 

MTO (2 mol%)

LiBr (10 mol%)

HAc/H2O

(A)

(B)

(C)

 

Scheme 2.4 Processes yielding carboxy starch: (A) oxidation with in situ-generated 

nitrogen oxides23; (B) TEMPO mediated oxidation by sodium hypochlorite22; (C) 

oxidation applying the optimized three-component system MTO/H2O2/Br-. 

 

The evaluation of these different routes, by TA and CRET values, to oxidize 

starch are shown in table 2.6. 

 

Table 2.6 Results of the oxidation of potato starch applying routes (A)-(C). 

 

Oxidation method TA CRET Degree of Oxidation 
[%] 

Route A: in situ-generated nitrogen 
oxides 

3.7 2.2 36.8 

Route B: TEMPO/NaBr/NaOCl 8.2 7.1 27.7 
Route C: catalytic three-component 
system MTO/H2O3/Br- 

8.5 6.8 23.3 

 

The highest degree of oxidation, 36.8 %, is achieved using in situ-generated 

nitrogen oxides as an oxidant. However, the ability of water absorption of the 
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resultant product is bad (reflected in low TA- and CRET-values) due to 

depolymerisation in the highly acidic reaction medium. The catalytic three-component 

system (C) and the oxidation process applying TEMPO and NaOCl (B) are 

comparable: (B) gives better yields, (C) results in a slightly better water absorption 

capacity. 

The three-component system MTO/H2O2/Br- is a significantly improved 

alternative method for the production of super absorber compared to those currently 

in use. The optimized system is composed of 2 mol% MTO, 10 mol% LiBr and 300 

mol% H2O2 with 50 % acetic acid as solvent. Efforts significantly improve the ability of 

water absorption of resulting super absorbers, the degree of oxidation, however, 

differs only marginally. The TA-values are increased from 3.6 to 8.5 by a factor of 2.4, 

the CRET-value increases from 2.4 to 6.8 by a factor 2.8 and the degree of oxidation 

is improved from 18.9 % to 23.3 %. The highly corrosive bromide source HBr is 

successfully replaced by less problematic LiBr. The amount of the oxidant hydrogen 

peroxide required is reduced from 400 mol% to 300 mol% yielding better oxidation 

results. A 1:1 mixture of acetic acid and water was shown to be a good compromise 

between enhancing the stability of the catalyst MTO and limiting the hydrolysis of the 

substrate starch. In addition, the solvent is more environmentally benign as a result of 

using less acetic acid because less base is required for the neutralization of the 

waste water before it is purified in the sewage treatment plant. If hydrogen peroxide 

is added slowly the concentration of the hydroperoxide ion decreases significantly 

and therefore the deactivation of the catalyst is again minimized. The optimal rate for 

the addition of the oxidant was found to be 0.05 eq./min. 

In comparison to the two industrial methods for the manufacture of carboxy 

starch described above, the three-component system MTO/H2O2/Br- is more 

environmentally sound. The atom efficiency32 (A.E. = M(product)/M(starting material) 
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+ M(stoichiometric reagents)) of the oxidation with in situ generated nitrogen oxides 

is 56 %. In spite of a high degree of oxidation of the resultant carboxy starch, the 

water absorption is very low (TA = 3.7, CRET = 2.2) because depolymerisation of the 

starch occurs under acidic conditions. The stochiometic use of inorganic oxidants is 

not optimal as large amounts of nitric oxides (NOx) and inorganic nitrogen salts are 

generated as waste products. The oxidation process applying TEMPO and sodium 

hypochlorite has a atom efficiency32 of 57 %, a comparable water absorption and 

degree of oxidation as the three-component system. However, stochiometic amounts 

of sodium chloride are produced as a waste product and as a consequence of a side 

reaction, chlorinated starch derivatives22 are generated as by-products decreasing 

the biodegradability of the resultant material. The atom efficiency32 for the oxidation 

of starch applying the optimized three-component system MTO/H2O2/Br- is 77 %. 

This method is selective, environmentally benign and sustainable, because no by-

products occur and the green oxidant hydrogen peroxide is used which only generate 

reducing the waste.  

A selective oxidation process for the generation of a super absorber from 

biomass using the key principles of green chemistry, catalysis and the utilization of 

renewable resources, is described in section 2.3. By balancing the social, 

environmental and economic impact of a variety of possible alterations to the catalytic 

process a balance has been met that provides an economic and environmentally 

more advantageous process. The selective oxidation, applying the newly developed 

three-component system MTO/H2O2/Br-, has been shown to be a convenient method 

for the manufacture of carboxy starch with mild reaction conditions that are not only 

environmentally sound but also cost-effective. With regard to the recently reported tin 

free synthesis of MTO33 the above described method is superior to the hitherto 

industrial important processes applying TEMPO/NaOCl22 or in situ generated 
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nitrogen oxides.23 Nevertheless, many areas for optimization still remain. The amount 

of the rhenium catalyst used in the reaction is high, because part of it is lost by 

deactivation of the active Re(VII) centres as perrhenate by hydroxide ions in the 

aqueous reaction medium. However, the inactive perrhenate can be easily 

recovered.34 Thus, the valuable catalyst, which now is available by an improved, cost 

efficient and new synthetic route,33 can be recycled with near quantitative yields.  The 

resulting product is advantageous compared to conventional polyacrylate-based 

super absorbents, and although they display lower water absorption, super 

absorbents made with oxidized starch are completely biodegradable.  

 

2.4 Iridium Complexes of N-Heterocyclic Carbenes in C-H-Borylation using 

Energy Efficient Microwave Technology: Influence of Structure, Ligand Donor 

Strength and Counter Ion on Catalytic Activity236  

 

The selective transition metal catalyzed functionalization of “unreactive” C-H 

bonds remains a challenge in present day organometallic chemistry.35 Since first 

reports by Chatt36 in 1965 on the C-H activation of aliphatic and aromatic 

hydrocarbons mediated by ruthenium complexes, various transition metal complexes 

have been tested for activity in this reaction.35,37 To date, only a few systems have 

been reported to catalytically facilitate C!H activation.35-41  

Among catalytic transformations, the C!H borylation reaction proves to be a 

powerful tool for the direct synthesis of valuable alkyl or aryl boronic acid esters.41 

Boronic acid esters are employed as starting materials for the Suzuki-Miyaura 

reaction42 and are readily transformed into functionalized amines or hydrocarbons 

such as alkenes and alcohols.43 As a result, boronic acid ester derivatives are of high 

interest for the synthetic organic chemistry and recently several research groups 
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have investigated rhenium, iridium, rhodium and ruthenium catalyzed C!H borylation 

of aliphatic and aromatic hydrocarbons.44-56 The most active catalyst system reported 

for the C!H borylation of aromatic compounds with B2pin2 and  HBpin is derived from 

[Ir(COD)(OMe)]2 and 4,4’di-tert.-butyl-2,2’-bipyridine which can proceed in inert 

solvents (scheme 2.5)48 and is tolerant to a wide range of functional groups.42,49 In 

contrast, catalysts derived from iridium precursors [Ir(COD)(X)]2 (X = Cl, OAc) 

displayed a significantly lower activity.42a Intramolecular C!H activation with Iridium-

NHC-complexes has already been documented57 and encouraged us to explore 

iridium biscarbene complexes as catalysts for the catalytic C!H borylation. 
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Scheme 2.5 C!H-Borylation of hydrocarbons 
 

Over the past 18 years the use of N-heterocyclic carbenes as ligands for 

catalysts has brought about a renaissance in organometallic chemistry.47b,c These 

ligands have proven to be far more than simple well bound phosphine replacements, 

and substitution within and about the ring have resulted in a wide range of complexes 

that are not only highly stable but also catalytically active.58 In recent years we57,59,60 

and others61,62 have prepared a wide variety of iridium NHC complexes, and 

investigated the catalytic utility of these systems. In the following section a 



 27

comparative study of various NHC iridium catalysts in the C!H borylation reaction is 

presented.  By studying complexes which vary in the ligands steric and electronic 

properties as well as complex counter ion, the influence in catalysis of alterations on 

the basic motif were elucidated.  Microwave conditions are known to accelerate the 

reaction progress through rapid heating. Moreover the reaction media is heated 

directly reducing decomposition via wall effects, and as such we decided to employ 

the microwave for our investigations.63 To the best of our knowledge this is the first 

example of a catalytic C!H borylation under microwave conditions. 

 

2.4.1 Preparation of bis-NHC complexes of iridium(I) 

 

Synthesis of cationic iridium bis-NHC complexes (Scheme 2.6, 1 to 9) was 

performed according the alkoxide route shown in Scheme 2.7.57 The iridium 

precursor [Ir(COD)OEt]2, was prepared in situ from [Ir(COD)Cl]2 by reaction with 

NaOEt in ethanol at ambient temperature.  Reaction with the azolium salt precursor 

(NHC*HX’) in the presence of NaI resulted in the formation of the iridium biscarbene 

iodides, which were converted to the triflate, hexafluorophosphate, tetrafluoroborate 

and trifluoroacetate iridium complexes by salt metatheses reaction with the 

corresponding silver salts.  
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Scheme 2.6 Bis-NHC catalysts of iridium(I) for the C-H borylation reaction 
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Scheme 2.7 Alkoxide route for the preparation of iridium NHC complexes 

 

Isolation of 5I was not possible due to decomposition during purification.  

Crabtree et al. have previously reported that the presence of halides can result in 

complexes with limited stability, while the use of PF6
- as a counter ion often leads to 

more stable products which can be isolated.64 This proved to be the case with our 
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system, where the in situ counter ion exchange of I- for PF6
-  or  5I employing KPF6 

provides access to 5P, which could be isolated. With the exception of 6OTf (56 %) bis-

NHC complexes with bidentate as well as monodentate ligands were prepared in 

good yields (67 - 81 %). Complexes 5P and 6P were prepared in considerably higher 

yields than with the previously reported silver route,62 showing the alkoxide route to 

be an effective strategy for the preparation of iridium biscarbene complexes. 

NHC complexes 1 - 9 were characterized by 1H- and 13C- NMR spectroscopy 

and FAB/MS, as well as 19F-NMR spectroscopy for the fluorine containing 

compounds. The formation of the Ir!NHC bond is accompanied by loss of the C2 

proton signal in the 1H- NMR spectra at ~ 9.3 - 10.0 ppm and the 13C-NMR spectra 

display signals at 175.9 to 178.2 ppm, in a region where the carbene signals for 

bis(imidazol-2-ylidenes) of Ir(I) would be expected, confirming the formation of Ir!C 

bonds.57 The carbene signals appear low field for the coordinated azolinylidene 

ligands complexes 3TFA, 4TFA (182 ppm, 180 ppm), and this effect is most 

pronounced for the benzimidazol-2-ylidene ligand in 2TFA and 9TFA (187.2 ppm, 

189.1 ppm). The 19F-NMR spectra display fluorine signals for complexes 1TFA - 9TFA (-

72.7 to -75.1 ppm), 1P, 6P (-69.5 to -70.1 ppm), 6B (-147.6 ppm) and 6OTf (-78.2 ppm), 

confirming that the exchange reaction with fluorine containing anions has occurred. 

 

2.4.2 Screening of iridium NHC catalysts in the C-H borylation of benzene 

 

Microwave conditions are known to accelerate the reaction progress through 

rapid heating simultaneously decreasing decomposition of the catalyst due to the 

absence of wall effects. In addition heat loss from the system is minimal with direct 

heating of the reaction media.63 Preliminary experiments at 160 °C gave higher yields 

in a microwave reactor than under conventional heating due to very fast and selective 
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heating of the reaction mixture.  As a result catalyst screening employing microwave 

conditions were used. The C-H borylation was conducted in neat benzene or in 

organic solvents with B2pin2 or HBpin employing 0.5 - 3 mol % catalyst loading, 

thereby exploring the utility of a series of precatalysts (shown in scheme 2.6 and 2.8). 

The catalytic results are summarized in Table 2.7.  
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Scheme 2.8 Monocarbene complex of iridium applied in the C-H borylation reaction 

 

Catalysts 1TFA - 4TFA (Table 2.7; entries 1, 4 ,6 ,7) are listed in order of  

decreasing !-donor strength,60 and the superiority of stronger donating carbene 

ligands in C!H borylation is clearly observed.  The superior product yields of 

chelating bis-NHC catalysts 6TFA and 9TFA (Table 2.7; entries 9, 20), suggest the 

enhancing influence of the bidentate ligand motif.  In addition, a similar !-donor trend 

is observed among these two complexes.   
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Table 2.7 Screening of iridium catalysts in the C!H borylation of benzene 

H
O

B
Ocatalyst, 35 min

MW  300W
+  H2XBpin

 

Entry Catalyst Catalyst mol% X  nbenzene/nXBpin % Yield [a] 

1 1TFA 1.5 H 30/1 48 

2 1TFA 1.5 Bpin 60/1 92 

3 1TFA 0.5 Bpin 60/1 64 

4 2TFA 1.5 H 30/1 32 

5 2TFA 0.5 Bpin 60/1 40 

6 3TFA 1.5 H 30/1 36 

7 4TFA 1.5 H 30/1 12 

8 5P 1.5 H 30/1 <1 

9 6TFA 1.5 H  30/1 89  

10 6TFA 0.5 H  30/1 85  

11[b] 6TFA 0.5 H  4/1 20 

12[c] 6TFA 0.5 H  4/1 0 

13[d] 6TFA 0.5 H  4/1 <1 

14[e] 6TFA 1.5 H  4/1 4 

15[f] 6TFA 1.5 Bpin  4/1 85 

16[f] 6TFA 0.5 H  4/1 27 

17[f] 6TFA 0.5 H  1/1 5 

18 7TFA 1.5 H  30/1 17  

19 8TFA 1.5 H  30/1 40  

20 9TFA 1.5 H 30/1 60 

21[g] 9TFA 1.5 H 30/1 87 

22 10Cl 1.5 H 30/1 <1 

23 11Cl 1.5 H  30/1 9 

24 12Cl 1.5 H 30/1 72 

25 12Cl 3 H 30/1 80 

26 12Cl/PPh3 3 H 30/1 37 

27 12Cl/PCy3 3 H 30/1 22 



 32

28 12Cl/PMe3 3 H 30/1 <1 

29 13Cl 1.5 H 30/1 68 

30 14Cl 1.5 H 30/1 75 

[a] 0.5 - 3.0 mol%; catalyst, yields determined via GC-FID applying dodecane as 

internal standard, 35 min, 300 W, MW; [b] in 1.6 mL dioxane; [c] in 1.6 mL ether, 1h, 

125°C, MW; [d] in 1.6 mL cyclohexane; [e]; in 1.6 mL hexane; [f] in 1.6 mL THF; [g] 

reaction time 1h. 

 

In addition to the effects of !-donor strength, this work also reveals the 

influence of the design motif about the chelating NHC ligands on C!H borylation. 

Among bis-NHC catalysts bearing bidentate imidazol-2-ylidene ligands (6TFA, 9TFA) 

the systems with a propylene bridged moiety produced the highest yields (Table 2.7; 

entries 9, 20). It may be concluded that the more sterically hindered o-xylene and n-

butylene bridges (Table 2.7, entries 18,19) 7TFA, 8TFA hamper the coordination of the 

incoming arene, which has already been found to be rate determining for bipyridine 

iridium catalysts,53 and as a result the reaction rate is reduced.  

Catalysts with bidentate propylene bridged azolylidene ligands result in higher 

yields than their monodentate homologues.  This is observed for 

benzimidazolylidenes (2TFA, 9TFA) as well as for imidazolylidenes (1TFA, 6TFA). We 

propose that this is caused by the greater stability of complexes bearing propylene 

bridged NHC ligands. Decomposition of NHC-complexes may occur through 

reductive elimination of NHC hydride complex intermediates.  The oxidative addition 

of NHC!H reforming the NHC carbene is more likely for chelating complexes 

because of favored intra vs slower inter molecular processes.  Oxidative addition of 

the C2!H bond in imidazolium salts has already been demonstrated by Periana et 

al.65 and C!H borylation with mono-NHC catalysts 10Cl – 14Cl resulted in lower yields 
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than 6TFA due to decomposition, observed by the formation of a black suspension of 

metallic iridium (Table 2.7; entries 22 – 30).  

Near quantitative conversion was observed using 9TFA after 60 minutes reaction time,  

suggesting that the difference in product yield is a result of catalyst activity and not 

decomposition of the catalyst (Table 2.7; entries 9, 20, 21). Catalyst 6TFA also 

facilitates the activation of benzene with catalyst loading as low as 0.5 mol % to near 

quantitative yields within 35 minutes (Table 2.7; entry 10).  
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Figure 2.1 Reaction Progress a) reaction of 1 eq. HBpin b) reaction of 0.5 eq. B2pin2, 

conditions: 30 eq. benzene-d6, 0.5 mol% 6TFA, 125°C, NMR-tube; reaction progress 

is monitored by 1H-NMR spectroscopy; " = 1.10 (CH3, PhBpin), 1.01 (CH3, B2pin2), 

0.98 (CH3, HBpin).
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 Applying 6TFA, the activity of bis-NHC catalysts in various solvents was 

investigated (Table 2.7; entries 11 - 17). The best results were obtained in 

THF (entry 15), however activation in neat benzene proceeds considerably 

faster (entry 10). In a 1:1 mixture of benzene and HBpin in THF, C!H 

borylation activity is greatly reduced. In addition, the reactant also influences 

catalytic activity as the use of B2pin2 resulted in a yield of 85%, in comparison 

to the slower, slightly less reactive HBpin (entries 15, 16).  This trend was also 

observed using 1TFA and 2TFA (Table 2.7, entries 2, 3, 5) as catalysts. The 

difference in catalytic activity is attributed to the difference in bond energy of 

B!B (332 kJ/mol) and B!H (381 kJ/mol).  

Intrigued by these results we investigated kinetics for the activation of 

C6D6 by means of HBpin and B2pin2 comparatively, monitoring the conversion 

and formation of the products by 1H-NMR spectroscopy with conventional 

heating (Fig. 2.1). This investigation demonstrates that B2pin2 undergoes C!H 

borylation more readily, however, an initiation period of approximately one 

hour was observed.  The initiation period of the C!H borylation is attributed to 

the formation of hydrogen while generating NHC boryl complexes of iridium.50 

In the case of B2pin2 the formation of H2 is slowed down as activation of a 

stronger C!H bond (461 kJ/mol) is more difficult than activation of the B!H 

bond (381 KJ/mol).  As a side reaction hydrogenation of the COD ligand was 

observed and formation of the reduction products cyclooctene (COE) and 

cyclooctane were detected via GC-MS analysis of the reaction mixture. In 

accordance with previous suggestions of Hartwig, the initial step of the 

catalytic cycle seems to be the partial dissociation of the olefin ligand.50 The 

monodentate COE is more readily dissociated than the bidentate COD as a 
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result of the chelate effect. Hence, a slower formation of H2 when using B2pin2 

results in slower dissociation of the olefin ligand which in turn leads to slower 

hydrogenation of the COD-ligand. Thus dissociation of the olefin ligand is 

retarded explaining the appearance of an induction period.  

 

Table 2.8 Influence of the counter ions on C!H borylation with cationic 

iridium(I) complexes 

Entry Catalyst Catalyst mol% % Yield [a] pKa- Value[b] 

1 1TFA 1.5 48   0 

2 1I 1.5 <1  -11 

3 1P 1.5 <1  -20 

4 5P 1.5 <1  -20 

5 6TFA 1.5 89   0 

6 6TFA 0.5 85   0 

7 6B 0.5 68  -4.9 

8 6P 1.5 <1  -20 

9 6I 1.5 <1  -11 

11 6OTf 1.5 <1 -14 

[a] 1eq.  HBpin, 30 eq.  benzene, 0.5 - 1.5 mol% catalyst, 35 min, 300W, MW, 

yields determined via  GC-FID with dodecane as an internal standard; [b] pKa-

value of the corresponding acid.66 

As mentioned previously, the catalytic potential of mono-NHC 

complexes was also investigated. C-H borylation was unsuccessful applying 

carbonyl complex 10Cl (Table 2.7; entry 22). Though within the family of all 

other studied monocarbene complexes (11Cl, 12Cl, 13Cl, and 14Cl), 

comparable yields were observed with exception of less sterically hindered 

11Cl (Table 2.7; entries 22 vs. 23, 24, 29, 30). The addition of one equivalent 
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phosphine results in a lower product yield, and the addition of P(Me)3 

quenches catalytic activity (Table 2.7; entries 25 – 28). 

For the first time, the use of mono-NHC complexes of Iridium as 

catalysts in the C!H borlyation reaction is examined.  During subsequent 

studies of iridium catalysts 1, 5, and 6 (Table 2.8), we found that the basicity 

of employed counter ions66 is crucial for the catalytic activity. Reactions 

conducted with catalysts containing PF6
-, OTF- and I- as counter ions resulted 

in yields of less than 1 % (Table 2.8, entries 2 - 4, 8 - 11), however,  catalysts 

containing BF4
- and CF3COO- gave good to excellent yields (Table 2.8, 

entries 1, 5 - 7). As such it was possible to demonstrate that catalytic activity 

in the C!H borylation increases with growing basicities of the applied counter 

ions.  

With the most active catalyst 6TFA the selectivity of mono substituted 

aromatic compounds was investigated.  In addition, the relative rates krel, ko, 

km and kp were determined in a competitive reaction of benzene and a 

corresponding aromatic in THF.  Results are shown in table 2.9. 
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Table 2.9 C!H Borylation of  substituted benzene derivatives 

H
0.5 mol% 6TFA

30 min, MW, 180°C
+ H2HBpin

R
Bpin

R  

Entry R Yield (o/m/p) [%][a] krel (ko/km/kp)[b] 

1 Me2N <1 (0/64/35) 0.25 (0/0.15/0.10) 
2 Me 35 (4/64/32) 0.47 (0.02/0.30/0.15) 
3 OMe 47 (5/67/28) 0.52 (0.05/0.33/0.14) 
4 Cl 85 (0/76/24) 3.38 (0/2.54/0.84) 
5 CF3 86 (0/69/31) 3.61 (0/2.42/1.19) 
6 F 90 (17/55/28) 2.89 (0.46/1.59/0.84) 
8[c] I 11 (4) --- 
9[c] Br 25 (1) --- 
    

[a] 0.64 mmol HBpin, 19.2 mmol benzene, 0.5 mol% 6TFA, 30 min, 180°C, 

MW, yields and selectivities determined via GC-FID (using dodecane as an 

internal standard) GC-MS and 13B-NMR; [b] krel = Yaromatic / Ybenzene , 

0.64 mmol HBpin, 2.56 mmol benzene, 2.56 mmol benzene derivative, 0.5 

mol% 6TFA, 1.6 mL THF, 35 min, 300W, yields and selectivities  determined 

by GC-FID (using dodecane as internal standard) GC-MS and 13B-NMR; [c] 

0.64 mmol HBpin, 2.56 mmol aromatic, 1.6 mL THF, 35 min, 300 W, MW; 

yields of byproduct PhBpin in parenthesis; regioselectivity not determined;  

  

 Experiments performed in neat aromatic compounds result in observed 

values for krel conclusively showing that electron withdrawing groups favour 

the formation of the C!H borylation product (Table 2.10; entries 1 - 6). This 

observation is supported by the relative reaction rate krel, which emphasizes 

that the electron withdrawing groups accelerate the reaction progress. The 

activation of iodobenzene and bromobenzene in neat educts failed. However, 

borylation performed in THF employing 4 equivelents HBpin yielded 
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halophenyl boronic acid pinacole ester in small quantities, while activation of 

the C-X bond (X = Br, I) and formation of phenyl boronic acid pinacole ester 

was also observed (Table 2.9; entries 8,9). The reactivity of these substrates 

is attributed to the comparatively low stability of the C!Br (81 kcal/mol) and 

C!I (65 kcal/mol) bond (C!Cl, 96 kcal/mol; C!F 126 kcal/mol).67 

 The regioselectivity is influenced by the steric hindrance of reactant 

substituents. Thus, functionalization is preferred in meta- and para-position, 

while the small fluoro substituent also enables activation of the ortho-postion. 

In addition there is a weak electronic effect that regulates the meta vs. para 

distribution. The C!H acidities are employed to quantify the electronic 

properties of aromatic compounds. In trifluorobenzene, meta and para 

product are formed in a nearly statistic ratio (meta:para is 2:1) due to the 

nearly equal acidity of the meta- and para-position. In contrast activation of 

chlorobenzene preferentially leads to the para-product due to a difference of 

1.6 pKa units (Scheme 2.9). Those results were confirmed by comparison of 

the relative rates km and kp  (Table 2.9, entries 4, 5). 

 
ClCF3

37.5

41.8
43.4

39.7

41.7
41.844.7  

Scheme 2.9 C!H acidities of aromatic compounds34 

 

 The C!H borylation of disubstituted aromatic compounds was conducted 

in neat reactants or inert solvents under microwave conditions confirming 

results found for mono substituted compounds (Table 2.10). In comparison 

with xylene derivatives (Table 2.10; entries 1 - 3) electron withdrawing groups 
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(F, Cl) were found to undergo C!H borylation more readily and increased 

yields were observed (Table 2.10; entries 4 - 9), with the exception of the 1,4-

derivatives.  Reaction of the 1,4-isomers proceeded relatively slowly due to 

the steric hindrance of the substituents in ortho-position (Table 2.10; entries 

3 ,6). Borylation of 1,3- and 1,2-isomers occurred only in meta or para-

position, but not in ortho-position (Table 2.4; entries 1, 2, 4, 5). The 1,3-

difluorobenzene was activated in the normally hampered ortho-position due to 

the low steric impact and high electronegativity of fluoro substituents (Table 

2.10, entry 7). Comparing the reactivity 1,3- and 1,2-isomers of xylene and 

dichlorobenzene derivatives activation of 1,2-isomers resulted in higher yields 

due to the twofold availability of active positions.  In addition, the otherwise 

unreactive catalyst 6I promoted the formation of difluorophenyl boronic acid 

pinacoleester in small quantities (Table 2.10; entry 8). Activation of 4-

fluorobenzonitrile produced high yields due to substitution with strongly 

electron-withdrawing groups. Regioselectivity is determined by the steric 

impact of the substituents, with ortho subsitution (with respect to the fluorine 

group) occurring preferentially. 

 Analogous to Hartwigs53 studies the !-coordination of the aromatic 

compound on an iridium(III) centre is proposed to be the limiting step in the 

catalytic cycle. This is confirmed by high yields observed in the presence of 

strong "-donor ligands and electron-withdrawing substituents located on the 

aromatic ring, as both effects favour the formation of arene complexes.69 
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Table 2.10 C!H borylation of disubstituted benzene derivatives 

Entry Aromatic Catalyst mol% % Yield [a] 

1 1,2-xylene 1.5 51 

2 1,3-xylene 1.5 28 

3 1,4-xylene 1.5 21 

4 1,2-dichlorobenzene 1.5 81 

5 1,3-dichlorbenzene 1.5 59 

6 1,4-dichlorobenzene 1.5 21 

7[b] 1,3-difluorobenzene 0.5 84 

 

8[c] 1,3-difluorobenzene 0.5 7   
 

9[d] 4-fluorobenzonitrile 0.5 81    
 

[a] 0.64 mmol HBpin, 19.2 mmol aromatic, 0.5 - 1.5 mol% 6TFA, 30 min, 

180°C, MW, yields and selectivities determined via GC-FID (using dodecane 

as internal standard), GC-MS and 13B-NMR; [b] 0.64 mmol HBpin, 2.56 mmol 

aromatic, 1.6 mL THF, 2 % C-F activation; [c] 6I; [d] 0.32 mmol HBpin, 

1.28 mmol 4-fluorobenzonitrile, 0.4 mL hexane, 4 % double borylation; 

regioselectivity determined via F-NMR 

Recently Periana and coworkers described C!H activation of benzene 

at Ir(III) or Pt(II) to proceed via an #1-aryl intermediate, where the 

deprotonation step is mediated by a basic ligand.70 We therefore postulate 
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that the reaction proceeds via an #1-aryl intermediate in which deprotonation 

of the benzene derivative is mediated by an anionic CF3COO- ligand. The 

primary kinetic isotope effect of 3.0 ± 0.1 determined in a mixture of benzene 

and deuterated benzene is attributed to the increased energy level of the #1-

aryl intermediate formed with deuterated aromatics resulting in a slower 

reaction rate. This isotope effect could also be indicative of an oxidative 

addition mechanism. However, recently Milstein has demonstrated that the 

stereo selectivity for C!H activation of benzene derivatives mediated by 

iridium(I) pincer complexes, which occurs by an oxidative addition pathway, is 

directed by electronic effects to give ortho- substituted products.71 In contrast, 

the NHC complexes of iridium were shown to activate selectively in sterically 

unhindered meta- or para- positions, thereby confirming that acidity is the 

determining factor for selectivity in the system described.   

Catalytic examinations using the energy efficient microwave as a 

heating source to screen a large family of in part highly active iridium catalysts 

bearing NHC moieties have been performed, in the atom efficient neat 

systems.  The iridium(I) bis-NHC catalyst 6TFA  is shown to be particularly 

active.  By varying different ligands and counter ions, the basicity of the 

counter ion proved to be the most important feature of the complex design 

motif.  For the first time, the use of iridium mono-NHC catalysts in the C!H 

borylation is reported, however, the lower stability of these complexes, when 

compared to bis-NHC complexes, leads to decreased product yields. The 

influence of the counter ion, the ligand, the observed regioselectivity and 

chemoselectivity as well as the kinetic studies indicate a mechanism 

proceeding via an #1-aryl intermediate with the formation of #2-arene 
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intermediate as rate determining side reaction.  Further work should focus on 

the immobilization of systems based on the iridium complexes studied to take 

full advantage of the microwave heating method and facilitate catalyst product 

separation in solventless systems.   
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3 Carbocyclic Carbenes: Explorations in Synthesis and Complex    
 
Design for Catalysis 
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3.1 Overview 

 

The goal of my work in this area was to explore synthetic strategies for 

the production of novel complexes bearing carbocyclic carbenes and evaluate 

their catalytic activity. A systematic overview of carbocyclic carbene 

complexes including synthetic methods employed for preparation (section 

3.3), unique structure and bonding features (section 3.4) as well as reactivity 

(section 3.5) from initial discovery in the late 1960s to present provides a 

basis to discuss novel synthetic attempts.  The most common synthetic 

strategies (subsections 3.3.1-3.3.5) were evaluated in attempts at substituted 

seven-membered carbocyclic carbene systems which are outlined at the end 

of each subsection.  The information given in this section is essential for the 

evaluation of catalysts described in section 4. 
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3.2 Introduction 

 

In 1968 the first metal complexes with N-heterocyclic carbene ligands 

were reported.73,74 From this time many complexes of transition metals both in 

low and high oxidation states as well as main group metals bearing such 

ligands were synthesized and characterized.75,76 These singlet carbenes gain 

stability from electron donation by adjacent heteroatoms into the vacant p 

orbital of the carbene carbon atom. This electron donation causes the 

nucleophilic character of N-heterocyclic carbenes, which act as typical !-

donor ligands comparable to phosphines or amines in metal coordination 

chemistry.77 

The exploration of carbocyclic carbenes began with the early work of 

W. M. Jones and coworkers, who, in 1967, showed for the first time that 

carbocyclic carbenes (cyclopropenylidene and cycloheptatrienylidene) can be 

stabilized by integration of the vacant p-orbital of the carbene into the p-

electron system of an aromatic carbocycle and exist in a singlet configuration 

with nucleophilic behavior of the carbene.78 This fundamental work inspired 

our efforts to use such carbenes without stabilizing heteroatoms as ligands in 

metal complexes comparable to N-heterocyclic carbene ligands. The first 

transition metal complexes with a carbocyclic 2-p electron carbene was 

synthesized in 1968 and 1970.79,80 Since then, numerous articles have been 

published reporting the coordination of this ligand system to different metal 

centers, with variation of substituents at the cyclopropene ring, and alternative 

preparation methods for cyclopropenylidene complexes. Though relatively 

unexplored as a ligand class, work by G. Bertrand and coworkers, in which 
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they succeeded in synthesizing a stable free cyclopropenylidene and the 

corresponding lithium adduct has stimulated research in this area.81,82 

In 1978 the first transition metal complexes with the homologous 

carbocyclic 6-p electron carbene cycloheptatrienylidene (CHT) were 

described by W. M. Jones.83 During the following 20 years the exploration was 

pushed forward exclusively by the group of W. M. Jones including the 

discovery, that the ligand C7H6 may exist in two different bonding modes, a 

carbene (cycloheptatrienylidene) or an allene (cycloheptatetraene) structure, 

depending on the electron configuration of the transition metal. Later on, other 

groups got involved in this work, primarily focusing on heterobimetallic 

complexes, in which the cycloheptatrienylidene simultaneously serves as an 

!-ligand comparable to Cp. 

During the last three years carbocyclic carbenes have gained 

importance as ancillary ligands in palladium precatalysts for coupling 

reactions. Apart from these cyclopropenylidene and cycloheptatrienylidene 

complexes several reports concerning metal complexes bearing four or five-

membered carbocyclic carbene ligands have been published. These ligands 

obviously lack an aromatic ring system and are therefore not as nucleophilic 

as carbenes based on an aromatic ring system, however, some of their metal 

complexes, especially ruthenium indenylidene complexes have been applied 

to metathesis reactions as active carbenes in the last ten years. 

 Selected known aromatic carbocyclic carbene palladium and platinum 

complexes, along with selected data are listed in table 3.1.   
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Table 3.1 Known aromatic carbocyclic carbene palladium and platinum 

complexes with selected data 

Compound 
Method of 

Preparation 
(% yield) 

Selected data Ref. 

[(i-PrC)2C)PdCl2]2 3.3.4 (45) orange; mp (°C) 164; 13Ccarbene 181.2 
ppm; EA (CHN). 146 

[(i-PrC)2C)PdBr2]2 3.3.4 (95) orange; mp (°C) 172; EA (CH). 146 

[(t-BuC)2C)PdCl2]2 3.3.4 (60) orange; mp (°C) 233 (dec.); 13Ccarbene 
183.1 ppm; EA (CH). 146, 147 

[(PhC)2C)PdCl2]2 3.3.4 (51) yellow powder; 13Ccarbene 174 ppm; EA 
(CHPd). 84, 149 

[(MesC)2C)PdCl2]2 3.3.4 (68) 

yellow-orange powder; 13Ccarbene 182.9 
ppm; EA (CHPd). 

M-Ccarbene 
[Å]= monoclinic 

(a)1.919(4) 
(b) 1.908(4) 

1.921(4) 
triclinic 

1.907 (7) 
1.910(7) 

149 

[(NapC)2C)PdCl2]2 3.3.4 (34) yellow powder; 13Ccarbene not observed; 
EA (CHPd). 149 

[(Me2NC)2C)PdCl2]2 3.3.4 (44) red/orange crystals; mp (°C) 210 
(dec.); IR; UV/Vis; EA (CHN). 148 

[(i-Pr2NC)2C)PdCl2]2 3.3.4 (44) reddish brown; mp (°C) 240 (dec.); IR 
(KBr) 1856, 1500 cm-1. 85, 147 

[(i-Pr2NC)2C)PdI2]2 3.3.4 (55) reddish brown; mp (°C) 264 (dec.); IR 
(KBr) 1853, 1496 cm-1; EA (CHN). 85 

[((i-PrC)2C)PdCl2(Pn-Bu3)] 3.3.4 (69) colorless; mp (°C) 153;  13Ccarbene 205.7 
ppm; EA (CH). 86, 146 

[trans-(i-Pr2C)2C)PdCl(Pn-
Bu3)2]ClO4 

3.3.4in HClO4 

(aq) 

colorless; mp (°C) 151; 13Ccarbene 205.4 
ppm. 86, 146 

[((t-BuC)2C)PdCl2(Pn-Bu3)] 3.3.4 (75) colorless; mp (°C) 153 (dec.); 13Ccarbene 
205.2 ppm; EA (CH). 86, 146 

[((t-BuC)2C)PdCl2(NCCH3)] 3.3.4 (75) orange; mp (°C) 183 (dec.); EA 
(CHN). 146 

[((t-BuC)2C)PdCl2(Py)] 3.3.4 (82) 
yellow; mp (°C) 82/150; IR (nujol) n 

1604, 1345, 346, 328 cm-1; 1H; 
EA(CHN) 

146, 147 

Pd
Cl

N
Cl

t-Bu

t-Bu  
3.3.4 mp (°C) 147-148; IR (nujol) n 1618, 

1350 cm-1; 1H; EA (CHClN). 147 

Pd
Cl

N
Cl

t-Bu

t-Bu

CN

 
3.3.4 

mp (°C) 128-129; IR(nujol) n 2230, 
1612, 1344, 348, 330 cm-1; 1H; EA 

(CHClN). 
147 

[((t-BuC)2C)PdCl2(OS(CH3)2)] 3.3.4 (67) yellow; mp (°C) 202 (dec.); EA (CH). 146 

Pd

t-Bu
ClO4

-

Cl
P(n-Bu)3

P(n-Bu)3t-Bu  

3.3.4 in HClO4 

(aq) (68) 
colorless; mp (°C) 164; 13Ccarbene 205.8 

ppm; EA (CH). 86, 

[((PhC)2C)PdCl2(Pn-Bu3)] 3.3.4 13Ccarbene 195.3 ppm. 86 

cis-[((PhC)2C)PdCl2(PCy3)] 3.3.4 (93) 

yellow powder; mp (°C) 205 (dec.); 
13Ccarbene 197.7 ppm; 31P; MS-FAB; EA 

(CHPd). M-Ccarbene 
[Å]= 1.931(4) 

79, 149 

cis-[((PhC)2C)PdCl2(PPh3)] 3.3.4 (91) yellow powder; mp (°C) 185 (dec.); 79, 149, 
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13Ccarbene 196.1 ppm, 31P; MS-FAB; EA 
(CHPd). M-Ccarbene 

[Å]= 1.945(2) 

188, 189 

[((PhC)2C)PdCl2(OEt)] 3.3.4 no details 79 
[((PhC)2C)PdCl2(OS(CH3)2)] 3.3.4 no details 79 
[((PhC)2C)PdCl2(CNCH3)] 3.3.4 no details 79 

[((PhC)2C)PdCl2(Py)] 3.3.4 no details 79 
[trans-(Ph2C)2C)PdCl(Pn-

Bu3)2]ClO4 

3.3.4 in 
HClO4(aq) 

13Ccarbene 195.2 ppm; EA (CH). 86, 146 

cis and trans–
[((MesC)2C)PdCl2(Pcy3)] 

3.3.4 (93) 
yellowish powder, 2 isomers; mp (°C) 
200 (dec.); 13Ccarbene 209.2 ppm (trans), 
13Ccarbene 202.4 ppm (cis), 31P; MS-FAB 

86, 146 

cis-[((NapC)2C)PdCl2(PCy3)] 3.3.4 (81) 
yellow green microcrystaline powder; 

mp (°C) 205 (dec.); 13Ccarbene 200.3 
ppm, 31P; MS-FAB 

149 

cis-[((Me2NC)2C)PdCl2(Pn-
Bu3)] 

3.3.4 (85) 

white crystals; mp (°C) 172; IR (KBr)!n 
2960, 2935, 2875, 1903, 1557, 1419, 
1409, 1378, 1211 cm-1; 13Ccarbene 125 
ppm; UV/Vis; EA (CHN). M-Ccarbene 

[Å]= 1.961(3) 

86, 148 

[trans-(Me2NC)2C)PdCl(Pn-
Bu3)2]ClO4 

3.3.4 in HClO4 

(aq) 

13Ccarbene 122.0 ppm; EA (CHN). 86, 146 

[trans-(Et2NC)2C)PdCl(Pn-
Bu3)2]ClO4 

3.3.4 in HClO4 

(aq) 

white; mp (°C) 78; 13Ccarbene 122.0 
ppm; EA (CHN). 86, 146 

cis-[(i-Pr2NC)2C)PdCl2(Pn-
Bu3)] 

3.3.4 (78) 
orange/white; mp (°C) 208; IR (KBr)!n 
1858, 1487 cm-1; 13Ccarbene 128.4 ppm; 

EA (CHN). 
85, 86 

[Cis-(i-Pr2NC)2C)PdI2(Pn-Bu3)] 3.3.4 (60) orange; mp (°C) 145; IR (KBr)!n 1848, 
1486 cm-1; EA (CHN). 85 

[trans-(i-Pr2NC)2C)PdCl(Pn-
Bu3)2]ClO4 

 

Cycloaddition 
of alkynes to 
vinylidene 
complexes 

(67) 

colorless/white; mp (°C) 120; IR (KBr) 
vCO 1855, 1492 cm-1; 13Ccarbene 125.6 

ppm; EA (CHN). 
85, 86 

[trans-(i-Pr2NC)2C)PdBr(Pn-
Bu3)2]ClO4 

 
3.3.1 (53) colorless; mp (°C) 220 (dec.); IR (KBr) 

vCO 1855, 1495 cm-1; EA (CHN). 85 

[trans-(i-Pr2NC)2C)PdI(Pn-
Bu3)2]ClO4 

 
3.3.1 (49) colorless; mp (°C) 210 (dec.); IR 

(KBr)!n 1850, 1492 cm-1; EA (CHN). 85 

trans-[(i-Pr2NC)2C)PdCl2Py] 3.3.4 
mp (°C) 276 (dec.); IR (KBr), FIR 
(nujol)!n 1851, 1500,1332, 337, cm-

1;1H; EA (CHClN). 
147 

Pd
Cl

N
Cl

(i-Pr)2N

(i-Pr)2N  
3.3.4 

mp (°C) 276 (dec.); IR (KBr), FIR 
(nujol)!n 1853, 1498, 1328 cm-1; 1H; EA 

(CHClN). 
147 

Pd
Cl

N
Cl

(i-Pr)2N

(i-Pr)2N

CN

 
3.3.4 

mp (°C) 274 (dec.); IR (KBr), FIR 
(nujol)!n 2225, 1848, 1498, 1322, 330, 

cm-1, 1H; EA (CHClN). 
147 

cis-[(i-Pr2NC)2C)2PdMe2] 3.3.2 (89) 
mp(°C): 107 (dec), X-ray, colorless 
blocky crystals, 13Ccarbene:165.5 ppm, 

TOF HRMS 
97 

[(i-Pr2NC)2C)PtI2]2 3.3.4 (18) reddish brown; mp (°C) 226 (dec); IR 
(KBr) vCO 1846, 1484 cm-1; EA (CHN). 85 

cis-[(t-BuC)2C)PtCl2] 
Reaction of 

ethoxylithioethyle
ne followed by 
alkylation (33) 

white crystals; mp (°C) 263 (dec.); IR 
(KBr) vCO 2950, 1474, 1370, 1330, 

1230, 1176 cm-1; 13Ccarbene 178.8 ppm; 
EA (CHCl). 

193 

cis-[(t-BuC)2C)PtCl4] 3.3.4 (19) yellow crystals; mp (°C) 218 (dec.); 
IR(KBr)vCO:2950,1480, 1328,1226, 193 
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1220 cm-1; 13Ccarbene 166.6 ppm; EA 
(CHCl). 

[(t-BuC)2C)PtCl2(PBu3)] 3.3.4 (22) 
white crystals; mp (°C) 147; IR (KBr) 
vCO1960, 2925, 2875, 1485, 1466 cm-1; 

13Ccarbene 192.5 ppm; EA (CHPCl). 
193 

trans-[(i-Pr2NC)2C)2PtCl2] 
Reaction of 

ethoxylithioethyle
ne followed by 
alkylation (4) 

white crystals; mp (°C) >300 (dec.); 
IR(KBr)vCO:2975, 2935, 2880, 1854, 
1490, 1467, 1378,1337 cm-1; 13Ccarbene 

136.0; EA (CHNCl). 

193 

cis-[(i-Pr2NC)2C)2PtI2] 
Reaction of 

ethoxylithioethyle
ne followed by 

alkylation (>20) 

yellow crystals; mp (°C) >300 (dec.); 
IR (KBr) vCO 2950, 1840, 1328,1160 

cm-1; EA (CHNI). 
193 

trans-[(i-Pr2NC)2C)2PtI2] 3.3.4 (>20) 
yellow crystals; mp (°C) >300 (dec.); 
IR (KBr) vCO 2950, 1840, 1328,1160 

cm-1; 13Ccarbene 131.8 ppm; EA (CHNI). 
193 

[trans-(t-
BuC)2C)PtCl(PBu3)2]ClO4 

3.3.4+ KClO4 
(66) 

IR (KBr) vCO 2960, 2925, 2875, 1480, 
1467 cm-1; 13Ccarbene 194.98 ppm; EA 

(CHNP). 
193 

[trans-(i-Pr2NC)2C)PtCl(Pn-
Bu3)2]ClO4 

 
3.3.1 (55) colorless/ white; mp (°C) 225; IR 

(KBr) vCO 1862, 1494 cm-1; EA (CHN). 85, 86 

[trans-(i-Pr2NC)2C)PtBr(Pn-
Bu3)2]ClO4 

 
3.3.1 (48) 

colorless/ pale yellow; mp (°C) 
247/154; IR (KBr) vCO 1856, 1490 cm-

1; EA (CHN). 
85, 86 

[trans-(i-Pr2NC)2C)PtI(Pn-
Bu3)2]ClO4 

 
3.3.1 (46) colorless; mp (°C) 255; IR (KBr) vCO 

1855, 1490 cm-1; EA (CHN). 85 

Pd Pd
Cl

Cl
Cl

Cl

 

3.3.1 (64) 
orange crystal, air stable; mp (°C) 150-
160 (dec.); IR (nujol) vPd-Cl 346, 313, 

383 cm-1; EA (CHPd). 
115 

Pd Pd
Br

Br
Br

Br

 

3.3.1 (97) 

bright orange crystals, air stable; mp 
(°C) 179-184 (dec.); IR (nujol) vPd-Br 

250, 178, 161 cm-1; 1H, 13Ccarbene 217.5 
ppm; EA (CHPd). 

 

87, 115, 
117 

Pd
PPh3

Cl Cl  
3.3.1 (93) 

yellow crystals, air stable; 1H, 31P; MS-
FAB; EA (CHPd). M-Ccarbene 

[Å]= 1.968(2) 
87, 117 

Pd
PCy3

Cl Cl  
3.3.1 1H, 31P, MS-FAB; EA (CHPd). 87 

Pd
Cl

Cl
N

 
3.3.1 (51) yellow crystals; 1H, 13C, 13Ccarbene not 

detected; EA (CHNPd). 117 

Pd
PPh3

Br Br  
3.3.1 

1H, 31P; MS-FAB; EA (CHPd). M-
Ccarbene [Å] =1.983(3) 87 

PdO O
N t-Bu

Me
O 2  

Synthesis from 
aromatic nitrone 
precursors (82) 

pale yellow solid, air stable, mixture of 
two diastereomers (trainsoid/cisoid 
10:1); mp (°C) 213 (dec.); 1H, 13C 
(carbene not assigned); EA (CHN). 

121 

 

The successful routes reported for the synthesis of platinum and 

palladium complexes are given in 3.3.1 and 3.3.4. Using this work as a basis 
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for elucidating successful clean synthetic pathways to carbocyclic carbene 

complexes, different possible pathways were tested.  To date, several 

carbocyclic carbene complexes have been prepared, yet, only three 

dibenzosubstituted complexes have been reported shown in table 3.2.  All of 

these were prepared via the diazo route further discussed in section 3.5. 
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 Table 3.2 
 

Compound 
Method of 
Preparation 
(% yield) 

Selected data Ref. 

Cr(CO)5  

3.3.5 (67) 

black solid; dec. > -20 °C; IR (hexane) vCO 2068, 
1987, 1958 cm-1; 1H, 13Ccarbene 404.24 ppm, 
13CCOcis 214.53 ppm, 13CCOtrans 237.37 ppm; HR-
MS. 

113, 114 

Mn
OC

OC

 

3.3.5 (82) 
brown needles, air stable ; mp (°C) 134-135; IR 
(C6H14) vCO 1994, 1934 cm-1; 1H, 13Ccarbene 351.15 
ppm; MS-EI; EA (CHMn). 

112 

Mn
CO

OC

 

3.3.5 (84) dark green oil, air sensitive; IR (C6H14) vCO 1991, 
1932 cm-1; 1H; MS-EI; EA (CHMn). 112 

 

The following section, 3.3 - 3.5, includes a literature survey of 

synthetically sucessfull stratagies used in the synthesis of various carbocyclic 

carbene complexes along with how these were applied in the attempted 

synthesis of a substituted carbocyclic carbene complex.  In addition, section 

3.4, describing structure and bonding of previously reported carbocyclic 

carbene complexes has been included to provide a basis for discussion of 

structural influences of substitution of the carbocyclic carbene moiety. 

Reported reactivity is also summarized in section 3.5 to provide insight with 

regards to the catalytic activity of these complexes in catalysis, further 

explored in section 4.   
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3. 3 Synthetic Strategies 

 

3.3.1 Synthesis via reaction of salts 

 

Rees and coworkers were able to prepare molybdenum and chromium 

diphenylcyclopropenylidenpentacarbonyl complexes by reaction of 3-ethoxy-

1,2-diphenylcyclopropenylium tetrafluoroborate (Scheme 3.1).93 

 

Ph

Ph

OEt

BF4
-

+ Na2M(CO)5 M(CO)5

Ph

Ph
M = Cr, Mo  

Scheme 3.1 

 

Deprotonation of bis[di(R-1-phenylethyl)amino]cyclopropenylium 

tetrafluoroborate in the presence of a strong base with Ag2O yields the 

corresponding chiral dicarbene silver(I) tetrafluoroborate complex in moderate 

yields (67%) (Scheme 3.2).94 Silver carbene complexes have been shown to 

be very useful carbene transfer agents, and this strategy may be of use in 

preparation of complexes bearing highly reactive carbocyclic carbenes which 

are inaccessible by other synthetic routes. 
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N

N

H

BF4

Me

Me
Me

Me Ph

Ph

Ph

Ph
N

N

Me

Me
Me

Me Ph

Ph

Ph

Ph

N

N

Me

Me
Me

MePh

Ph

Ph

Ph

Ag

BF4

Ag2O

CH2Cl2

 

Scheme 3.2 

 

Yoshida and coworkers have described the reaction of 

diaminocyclopropenium perchlorates with mercury acetate yielding the 

corresponding diaminocyclopropenylidene mercury complexes shown in 

Scheme 3.3.95 

 

Hg

Hg(OAc)2

H

(i-Pr)2N

(i-Pr)2N
ClO4

-
H

N

N ClO4
-

t-Bu
Me

t-Bu
Me

(i-Pr)2N N(i-Pr)2

N(i-Pr)2(i-Pr)2N

Hg

N N

NN t-But-Bu
Me Me

t-Bu
MeMe

t-Bu

2ClO4
- 2ClO4

-

 

Scheme 3.3 

 

Cyclopropenylidene complexes of germanium, tin and lead could be 

prepared by reaction of a cyclopropenium salt with n-BuLi, leading to 

cyclopropene lithium adducts, and subsequent reaction with group 14 

bisamides (Scheme 3.4).96 
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Cl

(i-Pr)2N

(i-Pr)2N CF3SO3
-

1) n-BuLi
2) E[N(SiMe3)2]2

E = Ge, Pb

1) SnCl, 2) Na[N(SiMe3)2]

(i-Pr)2N

(i-Pr)2N

E
N(SiMe3)2

N(SiMe3)2

E = Ge, Sn, Pb

 

Scheme 3.4 

 

Based on these reports synthesis of the cycloheptatriene and 

dibenzocycloheptatrienylidene silver and mercury complexes from the 

corresponding tetrafluoroborate salts were attempted in hopes that the 

resultant complexes could be used as carbene transfer agents.  The 

dibenzocycloheptatrienylidene salt was prepared by the reaction shown in 

scheme 3.5, and the unsubstituted tetrafluoroborate salt was purchased and 

used as received.  

 

OH Cl H
SOCl2
ref lux

AgBF4

PhNO2
Toluene

BF4

 

Scheme 3.5 

 

Attempts to synthesize the corresponding silver carbene complex were 

based on previous reports.95 The previously reported reaction of the 

tetrafluoroborate of both salts with Ag2O did not afford the desired products.   

 Further following Yoshida’s strategy the carbenim tetrafloroborate salts 

were reacted with [Hg(OAc)2].  Preliminary tests replicating original reaction 

conditions in DMSO only afforded the ketone precursor which is why 
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acetonitrile was used as a solvent.  In acetonitrile, a colorchange from 

colorless to yellow was observed when stirring the salt and mercury 

precursor.  However, upon taking the mixture to dryness decomposition 

occurred and the formation of elemental mercury was observed.  A small 

scale 13C-NMR reaction was preformed in deuterated acetonitrile and did not 

show any evidence for the formation of a carbocyclic carbene.  This does not 

rule out the generation of a carbocyclic carbene complex, only that such a 

species was not detected by 13C NMR spectroscopy which is possible for 

such complexes.  

 It is known that NHC metal complexes can be synthesized via the in 

situ generation of silver carbene complexes which then participate in a 

transmetallation reaction upon exposure to metal complexes such as 

[Rh(COD)Cl2].  In order to transfer this reaction stratagy to the synthesis of 

carbocyclic carbene complexes a dichloromethane solution of 

tetrafluoroborate salt of unsubstituted CHT and Ag2O, that was stirred in the 

presence of molecular sieves, and then added to [Rh(COD)Cl2 ] or 

[Ir(COD)Cl2].  Both experiments did not yield the target Rh or Ir carbene 

complexes. 
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3.3.2 Synthesis via reaction of metal complexes with a stable free 

carbocyclic carbene 

 

After their breakthrough isolation of free 

bis(diisopropylamino)cyclopropenylidene,82 Bertrand and coworkers expanded 

their investigations into the reactivity of the free carbene for synthetic 

strategies based on ligand association/displacement reactions with metal 

complexes bearing labile ligands to yield novel cyclopropenylidene complexes 

(Scheme 3.6).  

They have shown that the isolated carbene is able to displace bridging 

halogeno complexes as well as displace phosphine ligands, yielding 

mononuclear carbocyclic carbene complexes. Reaction of the free carbene 

with [Pd(TMEDA)Me2], [Ni(COD)2] or [Rh(COD)Cl2]2 results in the formation of 

mononuclear biscarbene complexes due to the restricted steric bulk of the 

cyclopropenylidene carbene moiety.97 Although this synthetic strategy is 

limited to relatively stable diaminocarbenes, it is a diverse route which should 

spark renewed interest in these ligand systems. 
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Scheme 3.6 

 

It is supposed that the formation of the free carbenes and in situ 

trapping with a transmetallation agent may not be possible for the carbocyclic 

carbenes investigated herein in contrast to the relatively stable nitrogen 

substituted carbocyclic carbenes studied by Bertrand.97 
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3.3.3 Synthesis via deoxygenation, desulfurization and deselenization 

 

Cyclopropenethiones and cyclopropeneselones have been shown to 

provide access to cyclopropenylidene complexes via desulphurization and 

deselenization by reflux in toluene in the presence of group 6 metal 

hexacarbonyl complexes (Scheme 3.7). Through this method Yoshida and 

coworkers were able to prepare metal complexes with a range of carbocyclic 

carbenes bearing nitrogen, sulphur and aromatic substituents.86 

 

X

R

R'

M(CO)5

R

R'

3 M(CO)6
toluene
reflux

X = S, Se
M = Cr, Mo, W
R, R' = Me2N, i-Pr2N, t -BuS, Ph  

Scheme 3.7 

 

Deoxygenation via oxygen transfer from cyclopropenone into an iron-

zirconium bond to yield a bimetallic oxygen-bridged cyclopropenylidene 

complex (Scheme 3.8) was reported by Gade and coworkers. The reaction 

was shown to be a cooperative reaction of two complementary metal 

complexes as attempts to deoxygenate cyclopropenones by monometallic 

iron half-sandwich complexes did not yield carbene complexes but 

metallacyclopenta-2,5-diones instead.101 Therefore this exceptionally 

attractive synthetic route based on readily available precursors, is limited to 

bimetallic systems of this type. 
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O

Ph

Ph

Fe
COOC

[Zr]
Fe
CO

[Zr]
O

O

Ph

Ph

[Zr]= Zr
N N

N
SiMe2Me2Si R

RR
R=

F

F

F

Me2Si

 

Scheme 3.8 

 

Based on the promising report of Yosihida et al. about the accesibility 

via thiones, dibenzosubsituted cycoloheptathione was prepared using 

Lawsons reagent (LR) (scheme 3.9).  The utility of this route was tested for 

our systems using the knowledge that the chromium pentacarbonyl 

dibenzocyclohepatriene complex is one of the few previously reported 

dibenzo carbenes and decomposition and detection parameters of our target 

were already known.113, 114    The 13C NMR spectra for a J-Young scale 

reaction of chromium pentacarbonyl and dibenzocycloheptathione at < -65 ºC 

were recorded after 1,4 and 6 hours of reaction time.  Although gas evolution 

was observed by a change in pressure over the course of the reaction, a 

signal for the expected carbene was not observed.   

 

O S
LR

toluene

 

Scheme 3.9 
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3.3.4 Synthesis via oxidative addition  

 

Dimeric cyclopropenylidene complexes of several transition metals are 

readily accessible through the oxidative addition of geminal 

dihalocyclopropenes to metals such as palladium (Scheme 3.10).84-86 The 

halogen bridge of the dinuclear complex can easily be cleaved through 

displacement by neutral donor ligands (L) such as pyridine, DMSO or 

phosphines affording the mononuclear complex.79 The in situ formation of 

such complexes with labile ligands turned out to be useful in the preparation 

of catalysts bearing the cyclopropenylidene (C3) moiety and was employed in 

screening of catalytic precursors which may be difficult to isolate.87 

Ph

Ph

Cl
Cl

Pd(0)
Pd Pd

Cl

ClCl

Cl

Ph

Ph Ph

Ph

1/2
L

Pd

Ph Ph

Cl L
Cl  

Scheme 3.10 

 

In addition, transition metal complexes in low oxidation states such as 

carbonylmetallates of Cr, Mo, W and Mn have been shown to readily react 

with geminal dichlorocyclopropenes to form carbene complexes according to 

Scheme 3.11.80,86,88-91 Anionic iron(0) silyl complexes also react in this 

manner.91 
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Mn

Ph

Ph

Cl
Cl

Ph

Ph

Cl
Cl

+ Na2Cr(CO)5

SiMePh2

- 2 NaCl

- NaCl

- ClSiMePh2
OC

OC

Na

+ Mn
OC

OC

Ph

Ph

Cr(CO)5

Ph

Ph

 

Scheme 3.11 

 

As reported by W. M. Jones, reductive decomposition occurs when 

dihalogenocycloheptatrienes react with carbonyl metallates or other low valent 

metal precursors.53 In contrast to this behavior, the straightforward oxidative 

addition of 7,7’-dichloro or dibromocycloheptatriene to highly dispersed 

palladium metal leads to the formation of dimeric dihalogeno-CHT-

palladium(II) complexes in very good yields. In the first reaction step an "3-

allyl palladium complex forms which was isolated and characterized.128 After 

heating this complex rearragens to yield the carbene complex (Scheme 

3.12).128  As dihalogenocycloheptatrienes dissociate in polar solvents, the 

initial absorption of halogenide anions on the surface of the metal particles is 

assumed.129-131 
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X

X

Pd

X

X

X

Pd

X

Pd
X

X
Pd

X

X

PR3

"

Pd(0)

Pd

X

PR3

X  

Scheme 3.12 

 

The reaction sequence is in agreement with W. M. Jones’ suggestion 

that the cycloheptatriene must be fixed to the metal before its conversion into 

a carbene ligand. In addition to soluble Pd black, Pd(0) sources such as 

Pd(dba)2 have also been used successfully as metal precursors in the 

preparation of CHT-Pd complexes by oxidative addition of 7,7’-

dihalogenocycloheptatrienes.87 

 Synthesis via oxidative addition proved to be successful for the 

preparation of the bimetallic dibenzocycloheptatriene carbene palladium 

complex shown in scheme 3.13.  Upon mixing the palladium precursor in THF 

with dichlorodibenzocycloheptatriene at -40 ºC, a dark red precipitate forms.  

After stirring the reaction mixture for several hours and allowing it to slowly 

warm to room temperature, the solution was decanted and the precipitate 

washed with THF and dried to afford a dark red powder.  Whereas this 

powder was insoluble in THF, toluene, benzene, hexane, chloroform and 

dichloromethane it decomposed in DMSO showing the characteristic carbonyl 

carbon signal for the retrosynthetic ketone precursor.  Upon addition of 

acetonitrile the resulting mononuclear complex (scheme 3.13) was formed as 

a bright red precipitate.  The compound was characterized by elemental 
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analysis only as it was not soluble enough to obtain an adequate 13C-NMR 

spectra.    

 

Cl

Cl

Pd(dba)2
Pd

Cl

Cl

Cl
Pd

Cl
NCCH3

Pd
Cl

Cl

NCCH3

PPh3

PdCl2(PPh3)2

PPh3

 

Scheme 3.13 

 

The synthesis of a metallic dimer or a mononuclear precursor 

containing a labile ligand such as acetonitrile which can be easily displaced is 

particularly attractive as in situ catalyst formation is possible upon the addition 

of a phosphine.  However, due to very limited solubility, addition of phosphine 

(always in great excess), resulted in the formation of [PCl2(PPh3)2] as the only 

product in solution.  

As insolubility was seen to severly hinder synthetic efforts and would 

also be a problem for catalytic evaluations, attempts to interrupt possible 

aromatic stacking which could occur in the solid state and prevent the 

compound from disolving were undertaken.  Methylsubstituted deriatives 

shown in scheme 3.14 were synthesized.  It is interesting to note that the 

deprotection (step 5), can be avoided and the desired product can be 

prepared directly from the protected compound.  The reaction of the 

dichlorocompound with the [Pd(dba)2] yielded the dimeric complex however 
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this resultant product was even less soluble in acetonitrile.  Elemental 

analysis yielded carbon and hydrogen contents lower than expected which is 

probably due to the presence of Pd(0). 

 

O

Cl

Cl

O
Br2

AcOH
O

Br

Br

NaOH
MeOH

Br
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MeO

OMe O

O

1) Mg

p-TosOH
2) MeI

O

O

PCl5
POCl3

PCl5, POCl3 O

HCl

 

Scheme 3.14 

 

 

 

 

 

 

 

 

 



66 

3.3.5 Synthesis via diazo precursors 

 

Early investigations by W. M. Jones into the utility of diazo precursors 

only showed decomposition of troponetosylhydrazone in the presence of 

suitable transition metal precursors, but no evidence of the formation of 

carbene complexes. Later, W. A. Herrmann and K. M. Dötz succeeded in 

preparing dibenzannelated cycloheptatrienylidene complexes by the reaction 

of 5-diazo-5H-dibenzo[a,d]cycloheptene with manganese125 and chromium 

precursors126-127 bearing weakly bound ligands (Scheme 3.15). 

 

N2

MnOC
CO

Cr(CO)5
(COE)Cr(CO)5

CpMn(CO)2THF

 

Scheme 3.15 

 

It was shown that a carbene ligand can be transferred to coordinatively 

unsaturated metal centers by diazo compounds.  The reaction of 

diazoalkanes with appropriate metal precursors such as [Cr(CO)5(COE)], 

[(Cp)Mn(CO)2(THF)], [RuCl2(PPh3)3], [RhCl2(C2H4)(Sbi-Pr3)2], and 

[Pd(PPh3)2(C2H4)] according to Scheme 3.16 proved to be a versatile method 

for the preparation of metal complexes with cyclopentadienylidene,139 

fluorenylidene,126,127,140,142 and dibenzocycloheptenylidene.125-127, 143 
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RhCl
L

L

N2

-N2 -
RhCl
L

L

L = Sb(i-Pr)3  

Scheme 3.16 

 

Christian Taubmann, was able to prepare the mononuclear complex 

[PdCl2(PPh3)(L)] (L= dibenzocycloheptatriene) by the synthesis shown in 

scheme 3.17.  Selection of the appropriate solvent and the order of reactant 

addition was crutial to successful synthesis.  The addition of triphenyl 

phosphine before the addition of the diazocompound inhibited the formation of 

the diphenyldichloropalladium complex discussed in the previous section.  

The diazocompound was added to a solution of metal precursor and triphenyl 

phosphine in THF at -78 ºC, which was allowed to warm to 25 ºC. The 

resulting red powder was shown to decompose in DMSO as well as DMF, it 

was insoluble in aromatic and hydrocarbon solvents and chloroform and only 

slightly soluble in dichloromethane. The product was identified via X-ray 

crystallography and FAB/MS.   

PdCl2(COD)
1) 1 eq. PPh3

2)

N2

Pd
PPh3

Cl Cl

 

Scheme 3.17 
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To learn more about the bonding properties of mononuclear complexes 

bearing the dibenzoCHT ligand attempts were made to synthesize group six 

carbonyl complexes, and study the resulting carbonyl streching frequecies.   

Preliminary efforts were loosely based on the work of Dötz, previously 

discussed within this section.  The diazo compound was reacted with 

[W(CO)5L] where L = THF, O(CH2CH3)2, Py or 2-Pic at  reaction temperature 

from -80, -60, -40, 0, 25 ºC.(scheme 3.18) However all synthetic attempts led 

to the production of the azine in addition to the carbene dimer and 

decomposition of the tungsten complexes to afford tungsten hexa- and penta-

carbonyl. IR carbonyl streatching frequencies and 13C-NMR signals were used 

to identify metal carbonyl complexes and organic decomposition products, 

respectively.  

 

N2

[W(CO)5L]

L = THF, O(CH2CH3),
Py, 2-Pic

N

2

+ [W(CO)6] + [W(CO)5]

+

 

Scheme 3.18 

 

The diazo compound was shown to be realatively stable in solution, 

however, when added to a solution containing a tungsten metal precursor, it 

decomposed within 10 minutes.  To find out if a carbene intermediate forms a 

witting type reaction was preformed with [W(CO)4(2-Pic)2] and benzaldehyde, 

but no carbene trapping was observed (scheme 3.19).  It can be concluded 
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that the decomposition of the diazo precursor is caused by end-on 

coordination or that the carbene species is too short lived to be trapped by 

this method.   

 

 

Scheme 3.19 

 

N2

W(CO)4(2-Pic)2

O

not observed
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3.4 Structure and bonding 

 

In the following section to give an overview of general trends of metal 

complexes bearing carbocyclic carbenes, including the effects of metal 

substitution and substitution patterns of these ligands. Moreover, complexes 

with particularly interesting properties will be included and discussed though 

deeper insights are often restricted due to limited data. For structural 

information on complexes not mentioned in this section please refer to 

summary tables 3.1 and 3.2, which include selected structural details and 

relevant references for carbocyclic carbene complexes. 

 

3.4.1 Cyclopropenylidene complexes 

 

With transition metal complexes from group 6 to group 12, the 

cyclopropenylidene carbene is the most versatile of this ligand class. There 

are several binding modes of this ligand to transition metal atoms, shown in 

scheme 3.20. Donation from an electron rich substituent R can result in the 

shortening of the R–C3 bond as shown in resonance structure D and 

contributes to the kinetic stability.86, 133 
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Scheme 3.20 

 

Though general trends are observed upon metal substitution when 

moving down a period, or across a row, the complex’s properties are most 

effected by varying the substituents on the carbocyclic carbene. 

 

3.4.1.1 Cyclopropenylidene complexes of group 6 transition metals 

 

The first major evaluation of this class of complexes was undertaken by 

Yoshida, who reported several metal complexes bearing the 

cyclopropenylidene moiety and provided a thorough discussion outlining the 

role and effects of substituents attached to the three-membered ring. In these 

studies, Yoshida used in situ IR techniques to examine group 6 carbonyl 

complexes. Complexes bearing cyclopropenylidene ligands with two amino 

substituents show the most  !-donor/least !-acceptor ability and those 

containing two phenyl groups show the least !-donor/most !-acceptor ability 

for chromium and molybdenum pentacarbonyl complexes. Relative strengths 

are shown in Scheme 3.21 based on the frequencies of the CO stretching A1a 
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bands. They state that the extended Hückel HOMO-LUMO gap for the free 

carbene is largest for ring systems substituted with electron donating 

substituents which act to shift the structure from a B to A, C or D depending 

on the extent of electron donation (scheme 3.20).86 Confirming this work 

Scherer and coworkers recently evaluated cyclopropenylidene ligands using 

an experimental charge density approach including analysis of the topology of 

the Laplacian of the electron density distribution and the out of plane atomic 

quadrupole moments. They classify the alkyl and amino substituents as !-

donors with the latter showing greater stabilization of the cyclopropenium 

system through electron donation from the amino substituents.142 

 

Least # donating
Most $ accepting

Most # donating
Least $ accepting

Ph Ph

M(CO)5

(t-Bu)S S(t-Bu)

M(CO)5

Me2N S(t-Bu)

M(CO)5

Me2N NMe2

M(CO)5

 

 

Scheme 3.21 

 

The first mononuclear cyclopropenylidene metal complex which could 

be structurally characterized by X-ray crystallography, was 

[(CO)5Cr(C(CPh)2)]. This complex exhibits a typical octahedral geometry of a 

substituted group 6 pentacarbonyl complex with the plane of the C3 ring at a 

45° degree angle to the equatorial complex plane and the C2 and C3 carbons 

of the ring staggered between the carbonyl ligands in the equatorial position.  

One of the phenyl ring substituents is in plane with the three-membered ring 

and the other is twisted out of plane by 7.5°. The authors suggest twisting is 

due to repulsions between the phenyl ortho-hydrogens and the C1–Cr bond 
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(distance of 2.0437 ± 0.0004 Å). The C2–C3 bond (1.3577(5) Å) is shorter 

than the C1–C2 (1.4076(5) Å) and the C1–C3 (1.4085(5) Å) bond.142, 143 

Substitution of phenyl for an electron rich substituent results in 

stabilization of the group 6 pentacarbonyl carbene complexes. The bis-ethoxy 

substituted Cr compound has been prepared and structurally characterized. 

The C2–O and C3–O bond lengths are shorter compared to the C(Et)–O bond 

lengths (1.300(5) Å vs. 1.472(5) Å), suggesting electron donation from the 

oxygen atoms which act to stabilize the ring system. The C1–C2 and C1–C3 

bond lengths are longer than the C2–C3 bond length (1.4010(8) Å vs. 

1.337(7) Å).92 

This trend of stabilization is also observed for amino substituents. In 

the tungsten pentacarbonyl bis(diisopropylamino)cyclopropenylidene 

complex, the nucleophilic carbene is a strong !-donor and the W-C1 distance 

of 2.238(5) Å is comparable to that of the analogous unsaturated NHC 

complex. The C1–C2 and C1–C3 bond lengths are 1.376(7) Å and 1.373(7) Å, 

whereas the C2–C3 bond length is shorter (1.360(7) Å) .144 Reported M–C 

bond lengths for group 6 metal carbonyl complexes are listed in Table 3.3. 
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Table 3.3 

Structure M-C1 bond length 

/ Å 

C1-C2/C1-C3 

bond length / Å 

C2-C3 bond 

length / Å 

Cr(CO)2

Ph

Ph

 

1.956(4) 1.414(5)/1.416(5) 1.326(5) 

Cr(CO)5

Ph

Ph  

2.05(1) 1.39(1)/1.40(1) 1.35(1) 

Cr(CO)5

EtO

EtO  

2.010(7) 1.410(8)/1.410(8) 1.337(7) 

Cr(CO)5

EtO

Me2N  

2.068(2) 1.360(3)/1.342(2) 1.350(3) 

Cr(CO)5

Me2N

Et2N  

2.086(1) 1.393(2)/1.393(2) 1.367(2) 

W(CO)5

(i-Pr)2N

(i-Pr)2N  

2.238(5) 1.376(7)/1.373(7) 1.360(7) 

 

In addition to IR and crystallographic studies, 17O-NMR spectroscopy 

performed by Kawada and coworkers has been shown to also be an effective 

probe to study M-CCO bonds in pentacarbonyl carbene complexes including 

the cyclopropenylidene moiety. However, the amount of sample required 

(200-300 mg) is prohibitive for routine analysis.145 
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3.4.1.2 Cyclopropenylidene complexes of group 7 and 9 transition 

metals 

 

The manganese complex [(MeCp)Mn(CO)2(C(CPh)2)] has been 

structurally characterized by X-ray crystallography. While one phenyl 

substituent is coplanar with the C3 ring, the other is twisted by 11°. The Mn-C1 

bond length is 1.896(4) Å and the C1–C2, C1–C3 and C2–C3 distances are 

1.424(6) Å, 1.424(6) Å, and 1.349(6) Å, respectively.91 

Both mono and biscarbene complexes of rhodium have been prepared 

by Bertrand and coworkers. The mononuclear complex, trans-

[RhCl(PPh3)2(C(CN(i-Pr)2)2)] is of distorted square planar geometry with the 

plane of the C3 ring perpendicular to the coordination plane of the complex. 

The observed Rh–C1 bond length is 2.411(3) Å and C1–C2, C1–C3, and C2–

C3 bond lengths are 1.352(16) Å, 1.390(16) Å and 1.378(17) Å, respectively. 

This  represents a deviation from expected bond lengths since the C2–C3 

distance is expected to be shorter than the C1,C2/C3 distances and is most 

likely due to steric conditions enforced by the phosphine ligands.  Within the 

Rh(0) biscarbene complex, [(C(CN(iPr)2)2)2Rh(COD)] the Rh–C1 bond lengths 

of 2.028(6) Å, and the C1–C2, C1–C3, C2–C3 bond lengths of 1.380(9) Å, 

1.389(9) Å and 1.368(9) Å are found within the expected range.97 
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3.4.1.3 Cyclopropenylidene complexes of group 10 transition metals 

 

Mononuclear carbene complexes of palladium of the type 

[(Carbene)MX2PR3] adopt square planar geometry with the plane of the 

carbene ligand ring perpendicular to the coordination plane of the complex. 

This was established by early work in the research group of Yoshida who 

used IR and 13C- NMR spectroscopy as previously discussed in this section.85, 

86, 146, 147 The structure has been confirmed by X-ray crystallography.148, 149 

Listed in Table 3.4 are the lengths of C–C bonds in the 

diphenylcyclopropenylidene ligands of palladium complexes, which suggest a 

high degree of # delocalization about the ring though the C2–C3 bond is 

typically shorter. A similar geometry is observed for the 

diaminocyclopropenylidene complex, [PdCl2P(n-Bu)3(C(C(NMe2)2)2)], reported 

by Ibers et al.148  For this complex, sp2 hybridization of the nitrogen atoms is 

observed resulting in a coplanar position to the C3 ring. In addition, a relatively 

short C–N bond length of 1.320(4) Å is observed, giving further evidence of 

electron donation to maximize the complex’s stability through charge 

separation for complexes bearing amino substituted cyclopropenylidene 

ligands.148 It is noteworthy that for the C(C(NR2)2)2 complex, the C–C bond 

lengths about the C3 ring are almost equivalent and the Pd–Cltrans bond length 

longer suggesting that the carbene in this system is not as strong of a #-

acceptor as C(CPh2)2, which is in agreement with observations in the 

chromium carbonyl systems discussed earlier.87, 148 
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Table 3.4 

Structure Pd-C1 C1-C2 C1-C3 C2-C3 Pd-Cltrans Pd-Clcis 

Pd
Cl

Cl
PPh3

Ph

Ph  

 

1.945(2) 1.377(4) 1.381(3) 1.363(3) 2.3444(8) 2.3620(8) 

Pd
Cl

Cl
PCy3

Ph

Ph  

 

1.931(4) 1.380(5) 1.366(5) 1.333(6) 2.3439(10) 2.3615(10) 

Me2N

Me2N

Pd Cl
Cl

P(n-Bu)3
 

 

1.961(3) 1.385(5) 1.380(4) 1.384(5) 2.361(1) 2.385(1) 

 

 The only example of a crystallographically characterized dimeric 

chloro-bridged cyclopropenylidene palladium complex is [PdCl2(C(CMes)2)]2 

which has been reported by W. A. Herrmann and coworkers. Mesitylene 

substituents bound to the carbocyclic carbene ring are not coplanar to it. This 

disruption in conjugation results in the remarkable solubility of this complex, in 

contrast to [PdCl2(C(CPh)2)]2 and [PdCl2(C(CNap)2)]2. The Pd-C1 bond 

lengths are slightly shorter than those found in the corresponding 

mononuclear phosphine substituted carbene complexes (0.01 to 0.05 Å 

shorter).149 

Bertrand and coworkers were able to synthesize the biscarbene 

palladium complex [Pd(C(C(NMe2)2)2Me2], via the free carbene route 

introduced in chapter 3.3.2 . The carbene complex geometry is distorted 

square-planar with the C3 rings twisted, but not perpendicular to the 

coordination plane of the molecule, presumably due to steric hindrance of the 

amino substituents. The Pd-C1 bond lengths are 2.0242(13) Å and 2.0306(12) 
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Å. As expected the bond lengths for  bond lengths for C1–C2 and C1–C3 

(1.3903(19) Å, 1.3923(18) Å) are longer than for the  C2–C3 bond (1.3708(19) 

Å ).97 

 

3.4.1.4 Cyclopropenylidene complexes of group 11 and group 14 

elements 

 

A chiral bis(diamino)cyclopropenylidene complex of silver has been 

reported by Tamm et al.94  It crystallizes with two crystallographically 

independent bis-carbene-silver cations of almost linear shape (C-Ag-C 

angles: 172.1(2)° and 175.3(2)°). The planes of the two cyclopropenylidene 

moieties in each cation are twisted from coplanarity (torsion angles: 62.6° and 

37.3°). In comparison to the free carbene, which was isolated and 

characterized by the same group, the coordinated carbene exhibits shorter N–

Cring bonds and longer C–C bonds. Whether or not the stereochemistry of the 

cyclopropenylidene moiety is conserved upon further transmetallation, for 

which this complex would be well-suited, remains to be seen.94 

Not limited to transition metal complexes, the cyclopropenylidene 

moiety has also been observed and characterized as a ligand in a series of 

group 14 complexes of the type [((i-Pr2NC)2C)M(N(SiMe3)2)2], where M = Ge, 

Sn, Pb. A lengthening of the M-C bond from 2.085(3) Å to 2.303(9) Å to 

2.423(8) Å is observed for M = Ge, Sn and Pb, respectively.96 
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3.4.2 CHT and CHTE complexes 

 

The monocyclic C7H6 intermediate can exist in two valence isomeric 

structures: a carbene form A (cycloheptatrienylidene, CHT) and a twisted 

allene form B (cycloheptatetraene, CHTE) shown in Figure 3.1. The latter 

appears to be the ground state.150, 151 

 

HH

A B  

Figure 3.1  

 

3.4.2.1 Allene complexes 

 

The CHTE ligand structure so far has been observed in some Pt(0) 

complexes.  Due to a d10 -configuration the Pd(0) lack a low energy LUMO 

with a1 symmetry that could be used to form a "-bond to a carbene carbon.123 

An X-ray crystal structure analysis of [("2-CHT)Pt(PPh3)2] has been reported: 

the Pt atom is asymmetrically bound to carbon and phosphorous atoms.152 

The Pt–C1 is shorter than the Pt–C2 bond length, with C1 exerting a slightly 

stronger trans-influence than C2 due to higher electron density # bond around 

it. The Pt atom is situated in the plane of coordination which forms an angle of 

131.5° with the planes of the allene moiety C1–C2–C3–C7.153 The molecule 

shows no fluxionality at room temperature. As determined by spin saturation 

transfer experiments an activation enthalpy of 26.8 kcal/mol is required for the 

platinum to move between the double bonds (C1–C2 / C2–C3) following an 
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intermolecular mechanism superimposed on a lower energy intramolecular 

process. The same minimum enthalpy is neccessary for the conversion into 

its valence isomeric carbene form.165 An acceleration of the fluxional process 

was observed after addition of a "6-bound Mo(CO)3 moiety to the heptatriene 

array as in ["6-("2-CHT)Pt(PPh3)2]Mo(CO)3  with simultaneous movement of Pt 

and Mo(CO)3 along the allene double bonds and the heptatriene system 

respectively at 20 °C.154 Mono- and dibenzanellated cycloheptatetraenes do 

not differ from the parent ring in forming the allene complexes with Pt(0); their 

structure has not been resolved by X-ray structure analysis, but has been 

sufficiently elucidated by spectroscopic methods.122 According to MO 

calculations,  benzannelation at the C7H6 ring increases the energy separation 

between the allene and the carbene form.104  Correspondingly, by 

rearrangement of a metastable dibenzonorcaradiene complex of tungsten the 

tungsten-dibenzocycloheptatetraene complex is formed and not the 

alternative cycloheptatrienylidene complex.124 The structure of this allene 

complex was confirmed by single-crystal X-ray analysis. The molecule adopts 

a pseudo tetragonal pyramidal configuration and its metal-allene array is quite 

similar to that of the platinum cycloheptatetraene complex [("2-CHT)Pt(PPh3)2] 

and to that of an cycloheptatrienylidene iron complex.106 
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3.4.2.2 Carbene complexes 

 

Among all other complexes of W, Fe, Ru, Pd, Pt and Ir with C7H6 

ligands and their benzannelated analogues hitherto described the carbene 

structure (CHT) of the carbocyclic ligand is the preferred coordination mode. 

This has been confirmed single-crystal X-ray structural analysis for several 

examples of this type of complexes.  In no case has the conversion from an 

allene-type C7H6 complex to the isomeric carbene complex and reverse been 

observed. Aromaticity of the tropylium resonance form in the seven-

membered ring and low-lying vacant !-orbitals on the metal atoms are 

important features which enable the formation of a !-bond between the 

carbene carbon and the metal atom in these complexes.105 In this aspect CHT 

complexes may also be described as substituted tropylium salts which is 

elucidated in the following passages.  

 

3.4.2.2.1 CHT complexes of group 6 and group 7 transition metals 

 

The tungsten complex [(C7H6)W(CO)5] is one of the first described CHT 

complexes, but was not yet structurally characterized by X-ray diffraction. The 

high dipole moment of 7.7± 0.2 D, however, is conclusive evidence for a 

dipolar character due to substantial contribution from a resonance form with 

positive charge at the carbene ring shown in Figure 3.2. 
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W(CO)5
 

Figure 3.2 

 

Less M-Ccarbene #-backbonding than in other pentacarbonyl tungsten 

carbene complexes is deduced by comparison of the CO-stretching force 

constants.83, 88 

In the pentacarbonyl-chromium complex113, 114 and the 

cyclopentadienyl-dicarbonyl-manganese complexes112 bearing the 

dibenzannelated carbene, the coordinated carbene may be formally 

considered as a CHT complex. The free dibenzannelated carbene shows a 

triplet ground state 103 and reacts as an electrophilic carbenes, in contrast to 

CHT. Correspondingly, this carbene which adopts a nonplanar seven-

membered central carbocycle155, 157 behaves as a diphenylcarbene ligand. 

The M-Ccarbene in complexes exhibit an unprecedented downfield shift in 13C 

NMR, which together with very high CO-stretching frequencies suggests 

strong M-Ccarbene #-back-bonding as observed for analogous diphenylcarbene 

complexes. The analogous metal complexes with a -CH2-CH2- backbone in 

the seven-membered ring of the tricyclic ligand show very similar 

spectroscopic data (13C-NMR and IR). 
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3.4.2.2.2 CHT complexes of group 8 transition metals. 

 

The molecular structures of the cationic CHT-iron complexes (entry 3 

and 5 of table 3.5)106,158 have been resolved by single crystal X-ray analysis. 

In both pseudotetrahedral molecules the CHT rings as well as the annelated 

benzene ring in entry 5 are planar. The C–C distances in the C7 rings do not 

differ significantly with mean values of 1.49 ± 0.03 Å (entry 3) and 1.39 ± 0.02 

Å (entry 5), and are in agreement with the average C–C distances in the 

phenyltropylium ion (1.39 ± 0.08 Å). Moreover, the mean values for the 

internal angles of the seven-membered rings in entry 3 and 5 (129 ± 3° and 

129 ± 4°, respectively) are consistent with the idealized value (128.6°) for a 

regular heptagon. These structural features indicate that aromaticity of the 

CHT rings in the discribed complexes has been maintained and the carbene 

ligands principally act as !-donors. 

The Ccarbene-resonance signal in the 13C-NMR spectrum is shifted 

significantly to high field compared to most transition metal carbene 

complexes which also confirms the above described structure since 

incorporation of the carbene carbon into a tropylium ring should increase the 

separation of the HOMO (!-bond) and the LUMO and delocalize the latter into 

the ring which reduces the paramagnetic contribution to the chemical shift.104 

Hence, there is sufficient evidence from crystallographic (p-# acceptor orbitals 

of CHT suitably oriented to backbond with filled 1a´d-# orbitals of Fe) and 

spectroscopic data that d #–p # backbonding is not completely absent.158 It is 

suggested to be significant in the parent CHT complex (entry 3) and less in 

the benzannelated analogue (entry 5). 
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Table 3.5 

Compound Entry 13Ccarbene 13CCO /IR vco Additional notes Ref. 

Mn
OC

OC

 

1 351.15 ppm -/ 1994, 1934 
cm-1 (hexane) 

Brown needles, air 
stable, mp 134-135 

112 

Mn
CO

OC

 

2 - -/ 1991, 1932 
cm-1 (hexane)  

Dark green oil, air 
sensitive 

112 

Fe
OC

OC

PF6

 

3 242.3 ppm -/ 2045, 1996 
cm-1 (CH2Cl2)  

Yellow orange solid, 
airstable mp 180-

181(dec) 

83, 103, 
106, 
157 

Fe
OC

OC

PF6

 

4 265.9 ppm 2045, 2000 cm-1 
(CH2Cl2) /- 

Red brown solid, air 
stable, mp 177-

178(dec) 

103, 
106, 
157 

Fe
OC

OC

PF6

 

5 201.0 ppm -/ 2037, 1992 
cm-1 (CH2Cl2)  

Violet solid stable, 
mp 176-177 (dec) 

106, 
157 

Fe
(n-Bu)3P

OC

PF6

 

6 278.8 ppm 217.5 ppm/1920 
cm-1 (neat) 

Purple plates, air 
stable in crystal 

from, slowly 
decompose in 

solution, 

103 

Fe
(n-Bu)3P

OC

PF6

 

7 - - Blue purple solid, air 
sensitive, 

decomposes at 
room temperature 

103 

Fe
OC

OC

BF4

Cr(CO)3  

8 159.1ppm 235.1ppm(Cr-
CO), 217.5, 

216.7ppm(Fe-
CO)/ 2025, 
1972, 1958, 

1893, 1860 cm-
1 (CH2Cl2) 

- 107, 
108 

Ru
Cp

Ph3P
PPh3

Ph

CO2Me

CF3COO-

 

9 213.6 ppm - Orange 100 

Ru
Cp

Ph3P
PPh3

Ph

CN

CF3COO-

 

10 213.0 ppm; - orange, sensitive to 
ether 100 

Ru
OC

OC

PF6

 

11 223.56 ppm 198.66 ppm/ 
2020, 1980cm-1 

(CDCl3) 

Brown solid, air 
stable, mp(C) 180-

181 

104 

Ru
OC

OC

PF6

 

12 244.75 ppm -/- Yellow brown solid, 
(impure) 

104 

Ru
OC

OC

PF6

 

13 186.63 ppm 200.27ppm/- Yellow brown solid 
(impure) 

104 
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Ru
(n-Bu)3P

OC

PF6

 

14 256.2ppm 179.0 ppm/ 
2020,1980 cm-1 

Red solid mp 110-
111 

104 

cis-((i-Pr2NC)2C)RhCl(CO)2 15 141.2 ppm. -/(CH2Cl2)$ 2070, 
1992 cm-1 mp (°C) 95 97 

cis-((i-Pr2NC)2C)RhCl(PPh3)2 16 138.2 ppm. - 

observed as an 
intermediate in the 

formation of the 
analogous trans 

complex 

97 

trans-((i-Pr2NC)2C)RhCl(PPh3)2 17 139.8 ppm - orange; mp (°C) 218 
(dec.) 97 

 

The ruthenium complexes 11, 12, and 13 (table 3.5) of the type [("-

CHT)("5-C5H5)Ru(CO)2]+ have not been characterized by X-ray analysis,104 

but 1H-and 13C-NMR data unequivocally confirm their nature as carbene !-

ligands, analogous to the above mentioned iron complexes 3, 4, and 5. The 

barrier of rotation about the metal-CHT bond of the phosphine-substituted 

ruthenium complex  14 was found to be lower than that of the corresponding 

iron complex entry 6. This indicates that going from iron to ruthenium reduced 

steric constraint must be more important than increased backbonding.104 
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3.4.2.2.3 CHT complexes of group 9 transition metals 

 

A bis(phosphinomethyl) substituted CHT-pincer ligand is coordinated to 

iridium complex and the solid state structure has been deduced by X-ray 

crystal structure analysis.110 The coordination sphere of the iridium center is 

best described as a distorted octahedron with the phosphine ligands bent 

away from the chloro ligand. As in all other hitherto known CHT complexes 

the seven-membered ring is almost planar due to an aromatic 6# electron 

arrangement delocalized over all seven ring carbon atoms. This delocalization 

is reflected by the C–C bond lengths in the carbocycle (mean value: 1.40 ± 

0.02 Å), whose distribution is in accordance with values obtained by DFT 

calculations of a CHT fragment in the closed-shell singlet state.150 The crystal 

structure data match well with those obtained by DFT quantum chemical 

calculations (B3LYP). Differences in the coordination geometry around the 

iridium center are attributed to packing effects in the crystalline state.150 
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3.2.2.4 CHT complexes of group 10 transition metals 

 

Structural data in the solid state are available for palladium-CHT 

complexes [(CHT)PdCl2(PPh3)] and [(CHT)PdCl2(PCy3)].87,115 Both 

compounds exhibit a square planar geometry in cis-configuration with nearly 

identical C–C bond lengths in the seven-membered ring (mean values 1.39 ± 

0.01 Å), suggesting extensive 6# delocalization as observed for all CHT 

complexes mentioned in this article. The Pd–Ccarbene distances are within the 

same range observed for analogous Pd-NHC complexes. A substantially 

lower #-acceptor character of the CHT ligand compared to 

cyclopropenylidene ligands, even to the strong donating 2,3-

diaminocyclopropenylidene, can be concluded from a considerably shorter 

Pd–Cltrans bond in [(CHT)PdCl2(PPh3)]  relative to the corresponding 

palladium-cyclopropenylidene complexes. Accordingly, as compared to the 

latter, [(CHT)PdCl2(PPh3)] exhibits a slightly longer Pd–Ccarbene distance 

(1.986 vs. 1.945 Å).149  

Arguments for the preferred carbene structure of the cationic platinum-

CHT complex [(CHT)PtBr(PPh3)2]BF4 in solution are based on the absence of 

evidence of fluxionality at room temperature and the similarity of the 1H- and 

13C- NMR spectra to those of the iron and ruthenium complexes entry 3 and 

11 in table 3.5. Also notable is that the Ccarbene resonance (% = 210.5 ppm) is 

significantly shifted to lower field compared to that of the central carbon of an 

allene complex (e.g. % = 150.1 ppm for a 1,2-cycloheptadiene-iron complex). 

An orbital interaction diagram shows good overlap between the 2a1 LUMO of 

Pt(II) and the a1 HOMO of the carbene. The coupling constant, 1JPt-C of 

Ccarbene (969 Hz) is comparable with those of other Pt(II) carbene 
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complexes.105 In the solid state the molecule adopts a square planar 

geometry with phosphines trans to each other and a planar CHT ligand, which 

is oriented almost perpendicular to the coordination plane. Dependent on the 

solvent, it crystallizes either in the monoclinic or in the orthorhombic crystal 

system. While Pt-Ccarbene distances in both crystal systems are in good 

agreement with each other, there are significant differences between the Br–

Pt–Ccarbene angles and the position of the CHT plane relative to the 

coordination plane.105 

The palladium complexes containing a six-membered congener ligand 

of CHT exist as a mixture of two diastereoisomers of the dinuclear molecule, 

with the C2-symmetric transoid form as the major isomer (shown in Figure 

3.3). 
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Me
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Figure 3.3 

 

In contrast to solution the complex crystallizes as a single 

diastereoisomer in the transoid form. The nitrogen atom adopts a nearly 

planar geometry. Bond lengths at the benzylic carbon (C–C: 1.44 Å, C=N: 

1.29 Å) and bond distances in the benzene ring are highly indicative of a 

zwitterionic iminium resonance form with a major contribution of the structure 

shown in Figure 3.4.121 
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Figure 3.4 

 
 
3.5 Properties and reactions 
 
 

3.5.1 Cyclopropenylidene complexes 

 

3.5.1.1 Ring insertion to the cyclopropenylidene carbene moiety 

 

Rees and coworkers were the first to report ring insertion reactions for 

cyclopropenylidene complexes.93  By addition of equimolar amounts of 

pyridinium ylides to diphenylcyclopropenylidene pentacarbonyl complexes 

they were able to synthesize a series of chromium and molybdenum pyran-2-

ylidene complexes (Scheme 3.22).180 
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A similar ring insertion was observed by Hegedus and coworkers with 

[((EtOC)2C)Cr(CO)5], which undergoes reaction with a pyridinium ylide 

yielding a mixture of  the corresponding pyran-2-ylidene complex as a minor 

product (23%) and a product resulting from displacement of an ethoxy group 

by the ylide moiety (Scheme 3.23).92 
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Scheme 3.23 

 

The different behavior of phenyl and ethoxy-substituted 

cyclopropenylidene ligands in the reaction with pyridinium ylides is ascribed to 

the poor lability of a phenyl group in comparison to an ethoxy group. 
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3.5.1.2 Substitution of ethoxy groups present in the cyclopropenylidene 

ligand 

 

The substitution of functional groups bound to the cyclopropenylidene 

ring was explored by de Meijere and coworkers who showed that the reaction 

of aminoalkoxycyclopropenylidene chromium complexes with dialkylamines 

yields dialkylamino-substituted cyclopropenylidene pentacarbonyl chromium 

complexes in excellent yields (Scheme 3.24).181 
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Divergent from the reaction described in scheme 3.23 

[M((EtOC)2C)(CO)5] and pyridiniumylid react at moderate conditions to yield 

the ylide substituted derivative, but not an additional pyran-2-ylidene complex 

(Scheme 3.25).92 
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Scheme 3.25 

 

Substitution of one or both ethoxy groups for methyl groups in 

[(diethoxycyclopropenylidene)Mo(CO)5] by reaction with methyllithium 
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(Scheme 3.26) was reportet by Hegedus and coworkers. The products were 

characterized by NMR and IR spectroscopy.92 
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Scheme 3.26 

 

3.5.1.3 Reactions at the metal center 

 

The substitution of the halogeno ligands in a dinuclear carbene 

complex has also been shown to be possible. Chlorine was replaced with 

bromine by the reaction of binuclear chloro complexes with KBr in acetone 

(Scheme 3.27).196 
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Scheme 3.27 

 

3.5.1.4 Generation of retrosynthetic products in the presence of an 

electrophile 

 

In the presence of an electrophile such as I2, S8, or H+ cationic 

cyclopropenylidene mercury complexes, studied by Yoshida et al., were found 
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to decompose yielding the retrosynthetic cyclopropenium salts or 

cyclopropenethiones (Scheme 3.24).95 
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Scheme 3.28 

 

3.5.2 C7H6 complexes 

 

3.5.2.1 Allene complexes 

 

The platinum-allene complex A, shown in figure 3.5, can be prepared 

by the reaction of [Pt(PPh3)3] and an excess of in situ generated 

biscycloheptatriene.   The same reaction was observed with the analogous 

benzannelated ligand, which yielded the corresponding complex B.123 

 

Pt
Ph3P PPh3

Pt
Ph3P PPh3

A B  

Figure 3.5 

 



94 

Addition of [("6-p-xylene)Mo(CO)3] dissolved in THF to the allene 

complex A or B yields the heterobimetallic complex illustrated in figure 3.6, 

which, in contrast to the thermally stable parent mononuclear platinum 

complex A or B decomposes slowly at room temperature. 123 
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Figure 3.6 

 

3.5.2.2 Carbene complexes 

 

The pentacarbonyltungsten-CHT complex is much more reactive than 

the analogous cyclopropenylidene complex. In contrast to the latter it rapidly 

undergoes decomposition when it is refluxed in heptane (under formation of 

heptafulvalene), and reacts with dry HCl in CH2Cl2. The solutions are also 

sensitive to air and light, and reacts with DMSO to form  tropone.88 This 

greater reactivity of the CHT complex has been ascribed to easier loss of CO 

from the W(CO)5 moiety due to stronger W&carbene d#–p#-backbonding in 

the CHT complex than in the corresponding cyclopropenylidene complex.88 

However, this suggestion is not supported by later studies on palladium 

complexes, according to which the #-acceptor character of the CHT ligand is 

substantially lower compared to that of cyclopropenylidene ligands .149 
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Differences in reactivity appear less pronounced between CHT and 

cyclopropenylidene complexes of palladium and platinum. The dinuclear 

halogeno-bridged CHT-Pd(II) complexes as well as their cyclopropenylidene 

analogues readily react with donor ligands such as phosphines or acetonitrile 

to give the mononuclear donorsubstituted CHT complexes. All these 

compounds are thermally stable and inert against air at room 

temperature.87,115,118 However, their reaction with DMSO leads to substitution 

of the CHT ligand and its conversion to tropone.149 

Reactions at the CHT ligand without breaking the metal–carbene bond 

have been reported for the CHT pincer complex of iridium shown in scheme 

3.29. As a consequence of the positively charged seven-membered ring the 

hydrogen atoms on the methylene bridges to the phosphine groups become 

acidic and can be deprotonated yielding a neutral cycloheptatrienyl pincer 

complex of Ir(III) (A) with an extension of the #-system into one of the 

phosphine bridges (Scheme 3.29). 
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Treatment of the deprotonated product B with a second equivalent of 

base removes HCl from the iridium center forming the Ir(I) complex C in a 

reversible reaction. Addition of excess HCl to B restores the CHT complex D, 

differing from the initial complex only by the counterion.110 

A further reaction at the CHT ligand of the iridium complex occurs upon 

addition of [("6-p-xylene)Mo(CO)3], yielding the heterobimetallic complex 

shown in figure 3.7 with a Mo(CO)3 moiety which is "6- coordinated to by the 

tropylium ring.110 
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Figure 3.7 

 

With the exception of the above mentioned iridium-pincer complex 

none of the hitherto reported CHT complexes contain a substituted 

cycloheptatrienylidene ligand. However, several examples of metal complexes 

with the benzannelated CHT ligands E, F and G (Figure 3.8) have been 

described. 

 

E F G  

Figure 3.8 
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Comparing the iron complexes – entries 4, 5 and 7, and the ruthenium 

complexes, 12 and 13  of table 3.5 containing the benzannelated ligands E 

and F with their analogous nonannelated CHT complexes 3, 6 and 11, no 

significant difference in the chemical and spectroscopical properties is 

observed. Chemical shifts for the metal-bound carbene carbon observed in 

the 13C-NMR spectrum and barriers of rotation about the M C bond in these 

complexes indicate slightly stronger M-C d#-p#-backbonding to the 

benzannelated ligand E than to the monocyclic cycloheptatrienylidene. The 

benzannelated carbene F on the other hand is an even better  #-acceptor 

than E.103, 104 

The reactivity of all hitherto described metal complexes containing the 

dibenzannelated cycloheptatrienylidene G reflect the electrophilic character of 

this carbene ligand (different from the nonannelated and benzannelated 

congeners E and F). They undergo insertion reactions into the metal-carbene 

bond similar to complexes with diphenylcarbene and other “Schrock-type” 

carbenes. The dicarbonyl ("5-cyclopentadienyl)manganese complexes are 

reacted to yield "2-ketene complexes by high pressure carbonylation (Scheme 

3.30).155 
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The pentacarbonylchromium complex reacts with nucleophilic alkynes 

such as ynamines under formation of unsaturated aminocarbene complexes 

(Scheme 3.31).113,114 
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Scheme 3.31 

 

Unfortunately no analogous metal complexes of the same type, both 

with the tricyclic carbene G and with the monobenzannelated CHTs E and F, 

are known for detailed comparative studies of their ligand properties.  
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3.6 Concluding remarks 

 

This section highlights the wide range of carbocyclic complexesthat 

have been prepared and studied regarding their structure and reactivity. Due 

to their strong !-donor property they are expected to replace simple 

phosphine ligands similar to the work that has been done for N-heterocyclic 

carbene ligands. In the case of cyclopropenylidenes a large variety of 

substituents at the carbocycle is available to influence the metal ligand bond 

and consequently reactivity of the complexes. However, their ability to alter 

the steric environment around the metal center is limited due to the position of 

the substituents at the back of the cyclopropene ring pointing away from the 

metal center. The cycloheptatrienylidene motif would be better suited for 

tailored ligands since the steric environment around the metal atom as well as 

the electronic properties can be controlled by introducing substituents into the 

2- and 7- positions. These alterations should expand the utility of such 

complexes for special applications e.g. in homogeneous catalysis. The range 

of substituted CHT ligands is currently rather limited.  Therefore the focus in 

this field should be on the synthesis of CHT derivatives. In addition, new 

generally more facile methods to prepare CHT metal complexes are 

necessary, though the free carbene route could be challenging to apply to 

CHT systems due to the high dimerization tendency of free cycloheptatriene. 

Furthermore, modern computational studies investigating the influence of 

substituents and benzannelation at the cycloheptatriene moiety on the M-C 

bond and the properties of resulting CHT metal complexes would be helpful. 

Recent computational studies190 on the feasibility of silicon and germanium 
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analogues of cyclopropenylidene suggest that these species could be viable 

targets to expand the class of isoelectronic complexes. 
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4 Catalysis: an Inherently Green Chemical Process  
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4.1 Overview 

  

Extending the catalytic applications of carbocyclic carbenes was a 

focus of this section.  Palladium complexes bearing cycloheptatrienylidene 

carbene ligands were tested and shown to be effective catalysts for CN 

coupling.  Catalytic performance, was directly compared to the analogous 2,3-

diphenyl cyclopropenylidene complexes.  Though the three- and seven-  

membered carbocyclic carbene catalysts are less active or stable than 

analogous NHC complexes for C!N coupling, these investigations not only 

provide comparative data but also useful insight into this relatively unexplored 

ligand class.  Investigations of catalytic C!N coupling reactions were 

extended to include non-classical NHC complexes.  Furthermore, the catalytic 

applicability of carbocyclic carbene complexes was expanded to include 

Cu/Pd-catalyzed decarboxylative coupling.  Preliminary tests show that the 

ligand has an influence on catalysis, however extreme reaction conditions 

lead to rapid catalyst deactivation.   
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4.2 Carbocyclic carbenes in catalysis 

 

Early research of carbocyclic carbene complexes focused primarily on 

synthesis, structure and reactivity. The application of these compounds in 

homogeneous catalysis was of minor interest and limited to a few highly 

sophisticated reactions and catalyst systems. However, in part due to a recent 

focus on catalysis and in part due to environmental and economic pressures 

catalysis has taken center stage in the past 10 years.  Of particular note are 

Grubbs type ruthenium catalysts bearing the novel structural motif of a 

carbocyclic indenylidene ligand, which have spawned an entire family of 

metathesis catalysts.  Also of interest are palladium catalysts supported by 

carbocyclic carbene ligands used in the extensively active field of C!C and 

C!N coupling reactions. 

 

4.2.1 Isomerization of quadricyclane to norbornadiene 

 

The first application of a carbocyclic carbene ligand in catalysis was 

reported by Yoshida et al. in 1988.147 Interested in molecular energy storage 

processes, they found that cyclopropenylidene palladium complexes were 

able to catalyze the exothermic valence isomerization of quadricyclane to 

norbornadiene (Scheme 4.1).  Complexes were shown not only to exhibit 

comparably high activities with respect to di-m-chloro-

bis(norbornadiene)dirhodium(I), but also to be stable in air. 

 

 



104 

R = t-Bu, (i-Pr)2N
X = H, CH3, CN

Cl
Pd
Cl

N X

R

R

 

Scheme 4.1 

 

A detailed mechanistic study revealed that the catalytically active 

species is formed by dissociation of the weakly coordinated pyridine 

derivative.107 The polymerization reaction was monitored by 1H- and 29Si-NMR 

spectroscopy and the formation of a regioregular cyclic polymer was 

concluded. By MALDI-TOF mass spectrometry of the isolated polymeric 

material molecular peaks for oligomers between n = 5 and n = 23 were 

detected. A similar reactivity is suggested for the vanadium analogue.107 For 

catalysts shown in scheme 4.1, the electronic nature of the carbene ligand 

(governed by the tertiary butyl or the diisopropylamino substituents) as well as 

the !-donor strength of the leaving ligand were shown to affect the rate of 

reaction. A very similar concept was recently introduced with the PEPPSI 

(PEPPSI = pyridine-enhanced precatalyst preparation, stabilization and 

initiation) by M. G. Organ and co-workers for NHC palladium catalysts, this 

appears to be an early and overlooked application of this concept.183-185 
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4.2.2 Olefin metathesis 

 

A derivative of the Grubbs family of catalysts, the stable ruthenium-

indenylidene complex A, originally regarded as allenylidene species, has 

been used to spawn a novel class of metathesis precatalysts shown in figure 

4.1. Offering several benefits like the ease of access, improved activity and 

stability as well as functional group tolerance the congeners B to F can be 

regarded as valuable extension of established alkylidene-based catalyst 

systems. 
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These catalysts are useful for a wide range of polymerization reactions 

including ring-opening metathesis polymerization, ROMP; atom-transfer 

radical polymerization, ATRP), ring closing reactions (RCM) and olefin cross 

metathesis reactions. They have also been shown to exhibit catalytic activity 

in non-metathesis reactions, specifically, in nucleophilic additions and 

hydrosilylations of alkynes.176,186,187 

 

4.2.3 Cross coupling reactions 

 

First applications investigated by our group were the unsubstituted, 

carbocyclic carbene cycloheptatrienylidene (CHT) as a supporting ligand in 

palladium catalyzed C!C coupling reactions in 2006 highlighted the utility of 

this ligand concept.115 The activities found were comparable with or even 

superior to well-established NHC systems. The complex [cis-

(CHT)(PPh3)PdCl2] produced good results in numerous variants of Heck and 

Suzuki coupling reactions.  With only 10-4 mol% of this molecularly defined 

precatalyst p-bromoacetophenone and n-butyl acrylate were reported to 

undergo C!C coupling at 145 °C, with turn over numbers (TON) of the order 

of 106 with turn over frequencies (TOF) of »103 h-1.115 Biphenyl was obtained 

quantitatively from bromobenzene and phenylboronic acid at 130°C (10-3 mol 

% Pd) with TON in the order of 104 to 106. With higher catalyst loadings 

chloroarenes could also be coupled efficiently.115 In addition the CHT-

supported system did not suffer from an induction period. D. F. Wass et al. 

found high activities in Heck and Suzuki reactions for the 2,3-
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diphenylcyclopropenylidene ligand.188 However, only conversions, that is the 

loss of reactants were reported. 

A more detailed study of Suzuki coupling reactions including a direct 

comparison of catalysts containing the CHT ligand or 2,3-

diarylcyclopropenylidene ligand in our group revealed the superior role of the 

CHT complexes. Faster initiation in line with generally higher yields was 

observed. A variation of the aryl substituents of the cyclopropenylidene ligand 

had only little influence on the catalytic activity.149 The hitherto highest 

efficiencies involving a carbocyclic carbene complex were reported by Yao et 

al. for Heck reactions of aryl bromides who used palladium precatalysts 

bearing the bidentate six-membered anionic carbene ligand shown figure 4.2. 

For example, using a very low catalyst loading of 8×10-5 mol% based on 

palladium the deactivated substrate p-bromoanisole with styrene could be 

coupled with a TON greater than 900 000. However, high temperatures (140 

to 160 °C) and long reaction times (20 to 169 h) are required. For chloro 

arenes a significant loss in activity was observed.121 
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4.2.3.1  Carbocyclic Carbene Ligands in Palladium catalyzed C,N-

coupling reaction 

 

Since the pioneering work of Hartwig and Buchwald palladium 

catalyzed aromatic amination reactions have become a powerful tool for the 

synthesis of a great variety of products ranging from laboratory to industrial 

scale.219,220 In general the palladium metal centers are supported and 

controlled by strong donor ligands during these reactions. It is noteworthy and 

probably intrinsic for these systems that ligand free catalysis is intensely 

discussed for C-C coupling, but not yet for C-N coupling reactions.221 The 

most common ligand systems comprise a wide range of phosphines, including 

phosphapalladacycles, and N-heterocyclic carbenes (NHC).223 

Through the  research with and beyond NHCs in organometallic 

chemistry and catalysis our group has established that the simple carbocyclic 

carbene, cycloheptatrienylidene (CHT), is comparable and in some cases 

even superior as a supporting ligand in catalysis in comparison to well-

established NHC systems.115,117 This observation was unforeseen and seems 

even more astonishing when one takes into account that transition metal 

complexes of both NHCs and carbocyclic carbenes have the same 

origins,74,79,80 though the latter were treated as laboratory curiosities for 

decades.85,86,104,105,148,193,223 C. Taubmann has described the first application 

of this ligand class first with the example of the corresponding palladium 

complexes in Heck and Suzuki coupling reactions. 

Expanding efforts to explore and optimize this new class of catalysts 

also included the analogous palladium complexes bearing the smallest 
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possible carbocyclic carbene ligand cyclopropenylidene.149,188 The three-

membered ring systems resulted in inferior observed catalytic activity in C-C 

coupling, especially for deactivated chloro arenes. Hence work was focused 

on the seven-membered ring system and in this communication reported a 

further utility of the CHT ligand as well as the direct comparison to the 2,3-

diphenylcyclopropenylidene ligand,189 here, in C-N coupling catalysis. 

A series of dinuclear halo-bridged carbocyclic carbene palladium (II) 

complexes 1, 2, and 5 and the deduced mononuclear compounds 3a, 3b, 4, 

and  6 bearing a carbocyclic carbene and a phosphine ligand (Figure 4.5) 

were used for the evaluation of the catalytic activity for Hartwig-Buchwald 

amination reactions.  

 

 

 

Figure 4.5. Palladium precatalysts supported by carbocyclic carbene 

ligands. 

The synthesis of the cyclopropenylidene Pd(II) complex 5 was possible 

through straightforward addition to the molecularly defined soluble palladium 

source, [Pd(dba)2] as reported by Wass et al.189 instead of palladium black. 

This variation proved useful in the synthesis of the seven-membered ring 

complexes and provided near quantitative yields for the complex 
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bis[dibromo(cycloheptatrienylidene)palladium(II)] 2.  Though this reaction is 

attractive from a yield perspective, the poor atom economy (M(Pd(dba)2) = 

575.0 g/mol vs. M(Pd) = 106.4 g/mol), high price as well as air sensitivity of 

this molecularly defined precursor must be seen as major drawbacks to the 

use of this method. Areas for optimization exist in recycling of the dba ligand 

as well as exploration of other molecularly defined systems for synthesis. 

Catalytic studies were extended to include the bromo derivatives 2 and 

4, with particular attention to the effects of structural differences on catalytic 

functionalities. Similar metal carbene bond lengths were observed by x-ray 

diffraction, which were within the expected range typical for NHC-Pd 

complexes (Table 4.1).  The considerable trans-influence of the CHT ligand 

indicated by a longer Pd-Br2 bond length compared to Pd-Br1 bond (" = 

0.017 Å)  in 4 is a further hint for the strong !-donor and poor #-acceptor 

character of this carbene ligand. Nearly identical C-C bond lengths (1.39 ± 

0.02 Å) in the seven-membered ring suggest extensive 6p #-delocalization 

including the carbene p orbital in the bromo derivative.  
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Table 4.1 Selected bond lengths [Å] and angles [°] of the CHT palladium 

complexes [cis-Pd(CHT)X2(PPh3)] (X = Br, Cl) 87 

 

X Cl Br 

Pd-C1 1.968(2) 1.983(3) 

Pd-X1 2.3697(6) 2.4895(5) 

Pd-X2 2.3884(7) 2.5064(4) 

Pd-P 2.2483(6) 2.2575(9) 

X1-Pd-X2 91.83(2) 92.38(2) 

X1-Pd-P 175.89(2) 175.15(3) 

X1-Pd-C1 85.14(7) 84.78(11) 

X2-Pd-P 92.27(2) 92.42(3) 

X2-Pd-C1 174.55(6) 174.63(9) 

P-Pd-C1 90.76(7) 90.38(11) 

 

A similar stabilization for the three-membered ring system (2p-e--

aromaticity) proposed by Wass et al.189 was recently discounted by an 

experimental charge-density approach for free as well as coordinated 

cyclopropenylidene carbenes by Scherer et al..142 A higher #-acceptor 

capability relative to N-heterocyclic carbenes was shown.  

For the catalytic evaluation established standard protocols188,189 were 

followed to facilitate the comparison of the results obtained. An extended 

phosphine screening  was undertaken with compound 1 (Table 4.2) as this in-

situ method provides an efficient and valuable probe for identifying catalytic 

systems which warrant further study. The halo-bridged complexes 1, 2, and  5 

are known to be easily cleaved by phosphines yielding the catalytically 

relevant precatalysts.  It was found that for the coupling of the activated 

bromo substrate p-bromo benzotrifluoride with morpholine at elevated 
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temperatures the CHT complex is active with a variety of phosphines tested 

(Table 4.2, entries 2-7). For the corresponding chloro substrate distinct 

differences were observed. Appreciable yields could only be obtained with the 

more basic alkyl phosphines such as PCy3 and PtBu3 (Table 4.2, entries 13 

and 14). It is notworthy that the phophine with the largest cone angle, PMes3, 

seemed not to be compatible with the CHT ligand and yielded the same poor 

results as the phosphine-free runs (Table 2, entries 1, 5, 8 and 12) showing 

the crucial role of a second suitable donor ligand attached to the palladium 

metal center and ruling out the influence of the cone angle on catalytic 

activity. Comparing GC-based conversions and yields in terms of catalyst 

selectivity for several runs more than 30 % higher conversion than yield was 

observed due to side reactions (Table 4.2, e.g. entries 6 and 13). This shows 

that employing only conversion as a measure for catalyst activity is in a way 

misleading and reporting the yield is of great importance.188  Subsequent 

screening experiments, delivered superior results using the CHT complexes 

compared to preliminary data published by Wass et al. for the 2,3-

diphenylcyclopropenylidene system (with the exception of entry 1 table 

4.2).188 
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Table 4.2 Phosphine Screening 

 

N OF3C X H N OF3C
1

PR3

+
 

run a phosphine X conversionb  /%   yieldc/% 
1 none Br 35  19 
2 P(p-F-Ph)3 Br 100  69 
3 PPh3 Br 100  70 
4 P(o-Tol)3 Br 100  90 
5 PMes3 Br 37  20 
6 PCy3 Br 100  68 
7 PtBu3 Br 100  100  
8 none Cl 5  1 
9 P(p-F-Ph)3 Cl 1  1  
10 PPh3 Cl 1  1  
11 P(o-Tol)3 Cl 10  5 
12 PMes3 Cl 8  3 
13 PCy3 Cl 100  64 
14 PtBu3 Cl 100  98 

 

a conditions: 1.0 mmol of aryl halide, 1.2 mmol of morpholine, 1.4 mmol of 

NaOtBu, 2.0 mol % of 1, 1.0 equiv of phosphine, 8 ml toluene, 100 °C, 18 h.b 

GC conversion based on aryl halide with n-eicosane as the internal standard. 

c GC yield with n-eicosane as the internal standard. 

 

Various substrates were screened to find an optimized system as a 

comparable standard.  Results are summarized in table 4.3 together with 

results obtained by Wass who performed a similar screening reactions for the 

three membered ring system.188 
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Table 4.3 

R1 NR2R3R1 X + HNR2R3

2 mol % cat
NaOtBu
toluene/100 °C
18 h  

Entry Catalyst 
 

R1 

 
X 
 

R2, R3 

 
yield/% 

 
yield using 5 

1% 88 
1 
 

3a CF3 
 

Br 
 

-CH2CH2OCH2CH2- 
 

70 
 

63 
 

2 
 

3a 
 

H 
 

Br 
 

-CH2CH2OCH2CH2- 
 

75 
 

64 
 

3 
 

3a 
 

Me 
 

Br 
 

-CH2CH2OCH2CH2- 
 

60 
 

50 
 

4 
 

3a 
 

MeO 
 

Br 
 

-CH2CH2OCH2CH2- 
 

31 
 

23 
 

5 
 

6 
 

MeO 
 

Br 
 

-CH2CH2OCH2CH2- 
 

30 
 

 

6 
 

3a 
 

CF3 
 

Br 
 

H, 2-C6H4(Me) 
 

 20 
 

7 
 

3a 
 

CF3 
 

Br 
 

H, 2,4,6-C6H2(Me)3 
 

 51 
 

8 
 

3a 
 

CF3 
 

Br 
 

C6H5, C6H5 
 

 100 
 

9 
 

3a 
 

CF3 
 

Br 
 

C6H5, Me 
 

 45 
 

10 
 

1 + PtBu3 
 

MeO 
 

Cl 
 

-CH2CH2OCH2CH2- 
 

1 
 

 

11 
 

5 + PtBu3 
 

MeO 
 

Cl 
 

-CH2CH2OCH2CH2- 
 

100 
 

 

12 
 

(PhCN)2PdCl
2 

+ 2 eq PtBu3 
 

MeO 
 

Cl 
 

-CH2CH2OCH2CH2- 
 

31 
 

 
 

13 
 

(PhCN)2PdCl
2 

+ 1 eq PtBu3 
 

MeO 
 

Cl 
 

-CH2CH2OCH2CH2- 
 

50 
 

 

 

Bearing in mind the strong influence of the participating phosphine, 

further investigations as to the effects of aryl halide deactivation, catalyst 

loading, temperature, base, etc. were undertaken (Table 4.4). Similar yields 

were observed for application of an in-situ mixture in comparison to the 

isolated precatalyst suggesting the same active species is present in both 

(Table 4.2, entry 3 vs. Table 4.4, entry 1). The amination of chloro arenes is 

possible with precatalyst 3b. However, the efficiency is dominated by the 
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degree of substrate activation (Table 4.4, entries 5-7). This clearly 

demonstrates the limitations of catalyst 3b, whilst emphasizing the importance 

of the PtBu3 in this catalytic system. A significant loss of activity was also 

observed by decreasing the catalyst concentration from 2 to 0.5 % (Table 4.4, 

entries 9, 11 and 12).  

An excess of phosphine is rather detrimental to the system as reported before 

(Table 4.4, entry 22).224  The use of the stronger base KOtBu instead of 

NaOtBu only resulted in slightly higher yields (Table 4.4, entries 1 and 9).   A 

carbene-free palladium source was employed to reassure the important role 

of the carbocyclic carbene ligand (Table 4.4, entry 22). 

As previously mentioned the role of the halogen attached to the 

palladium was elucidated by parallel screening of the halo-bridged complexes 

1 and 2 and the mononuclear complexes 3a and 4. Both, 1 and 2 in 

combination with PtBu3 are able to aminate even deactivated chloro-arenes in 

excellent yields (Table 4.4, 18 and 19). In comparison to its chloro derivative 

compound 4 generated significantly higher yields in the coupling p-bromo 

anisole (Table 4.4, entries 2 and 8). Moreover, higher performance at 

moderate temperatures could be observed (Table 4.4, entries 14 and 15). 

Though for the room temperature coupling of deactivated chloro arenes, e.g. 

p-chloro anisole (Table 4.4, entry 21) catalyzed by our CHT-system further 

optimization is needed in order to be competitive with other highly active 

catalysts.225 

As observed in the phosphine screening experiments (Table 4.2) the 

CHT system turned out to be superior to the 2,3-cyclopropenylidene system 
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both employed as isolated mixed carbene phosphine complexes (Table 4.4, 

entries 1-4) and when prepared in-situ (Table 4. 4, entries 18 and 20).  
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Table 4.3 C-N Coupling screening reactions 
 

 

 

Entry cat. mol 
% 
Pd 

T/°C base R X yieldb/%

1 3a 2.0 100 NaOtBu F3C Br 70 
2 3a 2.0 100 NaOtBu MeO Br 31 
3 5 2 100 NaOtBu F3C Br 63 
4  5 2 100 NaOtBu MeO Br 23 
5 3b 2.0 100 NaOtBu F3C Cl 66 
6 3b 2.0 100 NaOtBu H Cl 41 
7 3b 2.0 100 NaOtBu MeO Cl 12 
8 4 2.0 100 NaOtBu MeO Br 62 
9 3a 2.0 100 KOtBu F3C Br 77 
10 4 2.0 100 KOtBu F3C Br 81 
11 3a 1.0 100 KOtBu F3C Br 78 
12 3a 0.5 100 KOtBu F3C Br 37 
13 3a 2.0 75 KOtBu F3C Br 79 
14 3a 2.0 50 KOtBu F3C Br 50 
15 4 2.0 50 KOtBu F3C Br 81 
16 1 c 2.0 50 KOtBu F3C Br 100 
17 5 c 2.0 50 KOtBu F3C Br 100 
18 1 c 2.0 100 NaOtBu MeO Cl 100 
19 2 c 2.0 100 NaOtBu MeO Cl 94 
20 5 c 2.0 100 NaOtBu MeO Cl 86 
21 2 c 2.0 r.t. KOtBu MeO Cl 11 
22 Pd(PhCN)2Cl2 c 2.0 100 NaOtBu MeO Cl 50 
23 Pd(PhCN)2Cl2 d 2.0 100 NaOtBu MeO Cl 31 
 

a conditions: 1.0 mmol of aryl halide, 1.2 mmol of morpholine, 1.4 mmol of 

base, 8 ml toluene, 18 h. b GC yield with n-eicosane as the internal standard. c 

in situ with 1.0 equiv PtBu3.d in situ with 2.0 equiv PtBu3. 
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Carbocyclic carbene supported palladium precatalysts do not exhibit an 

induction period.115,117,149,188,189 These findings were confirmed for C-N 

coupling catalysis – even at room temperature. It was surprising that even for 

the strongly activated substrate p-bromo benzotrifluoride a remarkable 

advantage of the CHT system in comparison to the 2,3-

diphenylcyclopropenylidene system could be observed (Figure 4.6).  

Quantitative yield was reached after 10 minutes whereas with the 

diphenylcyclopropenylidene system a yield of not higher than 70 % could be 

obtained. 

 

Figure 4.6. Yield vs. time plot at room temperature for the coupling of p-bromo 

benzotrifluoride (1.0 mmol) with morpholine (1.2 mmol) catalyzed by 1 (__$__) 

and 5 (--%--) in situ with 1.0 equiv PtBu3 (other conditions: 2 mol % Pd, 1.4 

mmol NaOtBu, 8 ml toluene; GC yield with n-eicosane as the internal 

standard). 
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 Dibenzylsubstiuted catalysts (figure 4.7) were tested at optimized 

conditions for activity as catalysts in C!N coupling.  The results, which are 

summarized in table 4.4, show that these compounds are ineffective coupling 

catalysts under the tested conditions. Their poor performance is attributed in 

part to the extremely poor solubility of the precatalysts.  It was hoped, that the 

solubility would improve by the introduction of a methyl group to the carbene 

moiety which might help to disturb possible #- stacking interactions, however 

this complex was also insoluble and as such further catalytic experiments with 

this family of compounds were performed.   

 

 

Pd(NCCH3)2Cl2 Pd Pd
Cl
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Figure 4.7  
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Table 4.4  Preliminary Testing of Subsituted Carbocyclic Carbene 

Complexes 

 

 

 
 

Vial a 
 

X 
 

R 
 

Phosphine Catalyst 
 

Yield % b 

1 Br F3C PPh3 7 4 
2 Br F3C PtBu3 7 10 
3 Cl MeO PPh3 7 0 
4 Br F3C PPh3 8 9 
5 Br F3C PtBu3 8 7 
6 Cl MeO PPh3 8 0 
7 Br F3C - 9 8 
8 Cl MeO - 9 0 
9 Br F3C PPh3 10 6 
10 Br F3C PtBu3 10 8 
11 Cl MeO PPh3 10 0 

a conditions: 1.0 mmol of aryl halide, 1.2 mmol of morpholine, 1.4 mmol of 

NaOtBu, 2.0 mol % of Pd, 1.0 equiv of phosphine, 8 ml toluene, 100 °C, 18 h.b 

GC conversion based on aryl halide with n-eicosane as the internal standard. 

GC yield with n-eicosane as the internal standard. 

 

4.2.3.1.1 Conclusion and outlook 

Carbocyclic carbene palladium complexes show high activity in 

Hartwig-Buchwald amination reactions. In each particular screening 

experiment the CHT supported palladium precatalysts formed in combination 

with a phosphine ligand proved to be more catalytically active than the related 

2,3-diphenylcyclopropenylidene systems. Both isolated mononuclear 

complexes [cis-(CHT)(PPh3)PdX2] (X = Cl, Br) exhibit very similar structural 

features in the solid state, however, the catalytic activity of the bromo 
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derivative is significantly higher. Dibenzylsubstituted CHT ligand systems 

were shown to be ineffective catalysts for C!N coupling under the conditions 

tested. Work will continue to modify the CHT ligand electronically as well as 

sterically, and to elucidate the role of the carbocyclic carbene ligand in the 

catalytic cycle. Due to physical properties of carbocyclic carbenes, specifically 

insolubility, there is a tremendous opportunity for catalyst immobilization.  

Relative insolubility of the complex in benzene, toluene, and THF would mean 

minimal catalyst leaching.  Another area for further exploration is the 

immobilization of carbocyclic carbene complexes for use in heterogeneous or 

capture release homogeneous catalysis.  By virtue of the poor solubility of the 

precatalytic complex catalyst leaching would be expected to be minimal.  

Preliminary work on utilizing the clevage of the dinuclear complex with an 

immobilized phosphine source such as triphenyl phosphine polystyrene is 

underway. It is belived that the classical homogeneous phosphines, such as 

triphenyl phosphine or tricyclohexylphosphine, are directly replaced with a 

phosphine immobilized on a support.  Future collaborations with solid state 

chemists are required for the characterization of the compound produced.  It 

is expected that during the catalysis the complex should dissociate, and be 

free to take part in reactions in the homogeneous phase. After productive 

catalysis the electronically unsaturated catalyst should return to the starting 

heterogeneous resting state, in a mechanism that may be called “capture-

release” system.  Studies of these systems and the possibility of catalyst 

recovery are expected to further expand the utility of this ligand class.  
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4.2.4.3  C!N Coupling with Non-Classical N-Heterocyclic Carbene 

Complexes 

 

In collaboration with Dr. O. Schuster, a highly variable family of 

pyridynlidenes were for activity in C-C cross coupling catalysis. The results of 

this study of highly variable remote N-heterocyclic carbene palladium family 

shown in figure 4.8 were subsequently presented in combination with Dr. 

Schusters work in the area of C-C coupling.226 

 Reaction screenings were carried out with catalyst 3e at various 

temperatures   with various time probes (10 minutes to 214 hours) to find 

conditions where yield and conversion were good but not optimal.  The 

rational behind this was the influences of proximity of the #-electron donor 

and substitutions at the carbene moiety as well as of the counter ion could be 

monitored.   The C!N screening reactions were preformed at 40 "C and 80 "C 

and results are summarized in tables 4.5. 
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Figure 4.8 

 

            Effects of varying the position of the nitrogen group (entries 5-7, 17-

19), changing of counter ion (entries 1,7,15,19), substituting of the carbene 

ring (entries 7-9,19-21),  substitution of the carbene ring at the nitrogen 

(entries 11-13, 23-25) had no visible effect on observed yield or conversion.  

Addition of one phenyl ring (1b and 1d vs 1a) appears to reduce yield, 

presumably because of a less stable carbene bond as electron density would 

accumulate at to the substituent ring via aromatic stabilization.  Substitution of 
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two phenyl rings (1c) appears to result in slightly better yields than the 

monosubstituted complexes possibly through aromatic delocalization allowing 

for more electron density at the N-heterocyclic carbene moiety(entries 1-4).  

Higher reaction temperatures do not appear to increase yield greatly, but to 

increase side reactions, observed in a loss of substrate with no gain in yield 

(entrys 1-14 vs 15-26).   Catalysis occurred in sealed airtight reaction vesels  

and therefore loss of substrate via evaporation can be excluded.   

 To gain further insight into the effects of reaction time on conversion of 

starting material and product yield a time vs reaction study (at 40 ºC using 

catalyst 3e, 1.0 mmol of aryl halide (X: Br, R: CF3), 1.2 mmol of morpholine, 

1.4 mmol of NaOtBu, 2.0 mol % of Pd, toluene, GC conversion based on aryl 

halide with n-eicosane as the internal standard. GC yield with n-eicosane as 

the internal standard) shown in figure 4.9, was undertaken.  The rate of 

conversion is fastest for the first 110 hours and slows down greatly thereafter 

suggesting catalyst deactivation. The generation of side products, observed 

by a decrease in product and reactant, also appears to reach a maximum at 

this point.    
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Table 4.5  

 

Entry 
 
temperature/ C cat. % aryl halide % yield 

% product and starting 
material 

1 40 1a 14 69 83 
2 40 1b 32 54 86 
3 40 1c 28 58 86 
4 40 1d 29 51 80 
5 40 2a 28 60 88 
6 40 2b 23 58 81 
7 40 2c 16 62 78 
8 40 2d 35 52 86 
9 40 2e 19 60 79 
10 40 3a 26 53 79 
11 40 3b 26 60 85 
12 40 3c 27 54 81 
13 40 3d 23 58 81 
14 40 3e 36 50 86 
15 80 1a 8 64 72 
16 80 1b 2 57 58 
17 80 2a 3 59 62 
18 80 2b 2 61 63 
19 80 2c 2 61 63 
20 80 2d 2 65 67 
21 80 2e 2 64 65 
22 80 3a 8 68 70 
23 80 3b 2 63 65 
24 80 3c 3 63 66 
25 80 3d 2 60 62 
26 80 3e 2 67 70 

 

conditions: 1.0 mmol of aryl halide(X: Br, R: CF3), 1.2 mmol of morpholine, 1.4 

mmol of NaOtBu, 2.0 mol % of Pd, toluene, 210 h. GC conversion based on 

aryl halide with n-eicosane as the internal standard. GC yield with n-eicosane 

as the internal standard. 
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Figure 4.9 
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4.2.4  Decarboxylative biaryl synthesis  

 

 In the search to expand the catalytic utility of carbocyclic carbene 

complexes an approach similar to that of early researchers in the area of 

NHCs was used.  Specifically, literature was surveyed for catalytic reactions in 

which phosphine or NHC complexes were used as catalysts.  It is a simple, 

yet powerful approach.  Two catalytic transformations were identified to be 

particularly attractive were alpha-keto arylation and decarboxilative biaryl 

synthesis. 

   As alpha-keto arylation testing was carried out by Ms. Kevsa Mantas.  

Work undertaken evaluating the decarboxylative biaryl synthesis was 

performed, following a very kind invitation of Prof. Dr. Lukas Goossen, at the 

University of Kaiserslautern.   

    The Goossen group has established decarboylative cross coupling as an 

alternative to classical C-C bond formation reactions which is advantageous 

as it avoids the use of expensive and sensitive organometallic reagents such 

as organoboron, tin, zinc, copper, silicon and magnesium.226-231  This 

approach was first successful for the reaction of aromatic carboxylates and 

aryl halides.232 The involved chemical transformation is attractive from a green 

chemistry point of view because of the lower cost and facile handling of the 

carboxylative substrates.233   

The proposed mechanism is shown in scheme 4.2.234  Goossen and 

coworkers were able to show by mechanistic studies, that catalysis is limited 

by thermodynamically unfavorable exchange of a halide for non ortho- 
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substituted benzoate derivatives at the copper center.234 To overcome this the 

use of aryl triflates were used in the place of arylhalides as carboxylates are 

more able to compete against the poorly corrdinating triflate ions for meta- 

and para- substituted benzoate derivatives. 233 

 

[Cu]-Ar

[Cu]X

CO2

O

O

Ar
[Cu]

O

O

Ar

L2Pd
X

Ar'
Ar'X

[L2Pd]

L2Pd
Ar

Ar'

ArAr'  

 

Scheme 4.2 234 

 

 Carbocyclic carbene and remote N-heterocyclic carbene complexes 

shown in figure 4.10, were tested in dicarboxylative synthesis using both 

arylbromides and aryl triflates as coupling partners.   
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Figure 4.10 

 

In order to first establish catalytic utility of the complexes depicted in 

figure 4.10, the cross-coupling between 4-bromotoluene and potassium 2-

nitrobenzoate was tested as a model reaction.  Based on this reaction a 

phosphine screening was preformed and various combinations of palladium 

salts and ligands were systematically tested.  These preliminary tests 

revealed that the investigated Pd complexes are efficient precatalysts for the 

decarboxylative biaryl synthesis and the results are summarized in table 4.6. 
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Table 4.6  

NO2
CO2K

+
Br

NO2Cu cat, Pd cat

N-ligand, Phosphine
 

Entry Pd-source Phosphine Yield/% 
1 Pd(acac)2 - 74 
2 Pd(acac)2 4 mol% P(p-tol)3 57 
3 PdBr2 - 65 
4 PdCl2 - 0 
5 1 6 mol% P(p-tol)3  72 
6 1 4 mol% P(p-tol)3 71 
7 1 2 mol% P(p-tol)3 47 
8 1 - 76 
9 2 6 mol% P(p-tol)3  78 
10 2 4 mol% P(p-tol)3 60 
11 2 2 mol% P(p-tol)3 51 
12 2 - 41 
13 3 - 75 
14 3 2 mol% PPh3 58 
15 4 - 70 
16 4 2 mol% PPh3  69 

 

Reaction conditions: 1.00 mmol potassium 2-nitrobenzoate, 2.00 mmol 

4-methylphenyl trifluoromethanesulfonate, 2.5 mol% CuI, 5 mol% 1,10-

phenanthroline, 2 mol% Pd-source, 4 mL NMP, 170 °C, 1 h. Conversions 

were determined by GC analysis using n-tetradecane as internal standard. 

 

In the absence of phosphine, the activity of [(CHT)PdBr2]2 (entry 8) was 

comparable to the conversion achieved with the corresponding PdBr2 (entry 

3), suggesting the retrosynthetic formation of the unsubstiuted precursor.  

Complex 2, [(CPE)PdCl2]2 (entry 12), gave superior yields compared to the 

unsubsituted PdCl2 (entry 4). Similarly promising results were observed for the 

non-classical N-heterocyclic carbene complexes 3 and 4 (entry 13 and 15).  
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Single turnovers were observed when the reaction was carried out with 

a non-activated carboxylic acid. This result was not surprising as copper-

catalyzed protodecarboxylations of non-ortho-substituted benzoic acids are 

diminished by the addition of potassium halide formed in the decarboxylative 

cross-coupling as previously reported by Goossen and coworkers.233  As 

such, studies were then extended to include the use of aryl triflates as 

halogen free coupling partners.  The use of aryl triflates is not only 

advantageous from a green chemistry point of view because of the lower cost 

and facile handling of the carboxylative substrates as previously mentioned 

but also in that reactions occur without the addition of excess phosphine.233 

The presence of excess phosphine accelerates decomposition of complex 1 

and results in the formation of the [PdCl2(PR3)2] and can retard the 

decarboxylation of non-activated carboxylates.  

Selected results from screening experiments are summarized in Table 

4.7. Preliminary experiments were focused on the coupling of 4-tolyltriflate 

with potassium 2-nitrobenzoate. When the carbocyclic carbene ligands are 

used, a 1:2 ratio (Pd:P) is required to achieve a similar activity to the standard 

bifunctional system (entries 1, 9 and 15) as would be expected for the in situ 

formation of the mononuclear catalytic precursor. This was not required for 

catalysts 3 and 4 as they are pre-formed and already bear a dissociating 

phosphine ligand (entries 17 and 19).   
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Table 4.7 

NO2
CO2K

+
TfO

NO2Cu cat, Pd cat

N-ligand, Phosphine
 

Entry Pd-source Phosphine Yield/% 
1 2 mol% PdI2 3 mol% Tol-Binap 74 
2 2 mol% PdI2 6 mol% P(p-tol)3 83 
3 2 mol% PdI2 4 mol% P(p-tol)3 72 
4 2 mol% PdI2 2 mol% P(p-tol)3 16 
5 2 mol% PdBr2 4 mol% P(p-tol)3 59 
6 2 mol% PdBr2 2 mol% P(p-tol)3 10 
7 1 mol% 1 - 19 
8 1 mol% 1 6 mol% P(p-tol)3 81 
9 1 mol% 1 4 mol% P(p-tol)3 78 
10 1 mol% 1 2 mol% P(p-tol)3 48 
11 2 mol% PdCl2 4 mol% P(p-tol)3 35 
12 2 mol% PdCl2 2 mol% P(p-tol)3 19 
13 1 mol% 2 - 9 
14 1 mol% 2 6 mol% P(p-tol)3 81 
15 1 mol% 2 4 mol% P(p-tol)3 78 
16 1 mol% 2 2 mol% P(p-tol)3 33 
17 2 mol% 3 - 77 
18 1 mol% 3 2 mol%  PPh3 71 
19 2 mol% 4 - 76 
20 2 mol% 4 2 mol%  PPh3 66 
 

Reaction conditions: 1.00 mmol potassium 2-nitrobenzoate, 2.00 mmol 

4-methylphenyl trifluoromethanesulfonate, 2.5 mol% Cu2O, 5 mol% 1,10-

phenanthroline, 2 mol% Pd-source, 4 mL NMP, 170 °C, 1 h. Conversions 

were determined by GC analysis using n-tetradecane as internal standard. 

 

Decarboxylative biaryl synthesis with meta- and para-substituted 

carboxylic acids are shown in tables 4.8 and 4.9, respectively.  
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Table 4.8 Decarboxylative biaryl synthesis with non-ortho carboxylic acids. 

CO2K
+

TfO

Cu cat, Pd cat

N-ligand, Phosphine

O2N
O2N

 

Entry Pd-source Phosphine  Yield/
% 

1 3 mol% PdI2 4.5 mol% R-tol-BINAP 55 
2 3 mol% PdI2 6 mol% P(p-tol)3 29 
3 3 mol% PdI2 3 mol% P(p-tol)3 23 
4 3 mol% PdBr2 6 mol% P(p-tol)3 24 
5 3 mol% PdBr2 3 mol% P(p-tol)3 35 
6 3 mol% PdCl2 6 mol% P(p-tol)3 42 
6 1.5 mol% 1 6 mol% P(p-tol)3 53 
7 1.5 mol% 2 6 mol% P(p-tol)3 47 
8 3 mol% 3 - 40 
9 3 mol% 3 6 mol% P(p-tol)3 48 
10 3 mol% 4 - 47 
11 3 mol% 4 6 mol% P(p-tol)3 50 

 

Reaction conditions: 1.00 mmol potassium 3-nitrobenzoate, 2.00 mmol 

4-methylphenyl trifluoromethanesulfonate, 7.5 mol% Cu2O, 15 mol% 1,10-

phenanthroline, 3 mol% Pd-source, 8 mL NMP, 170 ºC, 16 h. Conversions 

were determined by GC analysis using n-tetradecane as internal standard. 

Reactions run at 0.25 mmol-scale. 
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Table 4.9 Decarboxylative biaryl synthesis with non-ortho carboxylic acids. 

CO2K
+

TfO

Cu cat, Pd cat

N-ligand, PhosphineO2N
O2N  

Entry Pd-source Phosphine (eq) Yield/% 
1 3 mol% PdI2 4.5 mol% R-tol-BINAP 55 
2 1.5 mol% 1 6 mol% P(p-tol)3 24 
3 1.5 mol% 2 6 mol% P(p-tol)3 41 
4 3 mol% 3 - 35 
5 3 mol% 3 6 mol% P(p-tol)3 30 
6 3 mol% 4 - 37 
7 3 mol% 4 6 mol% P(p-tol)3 37 
 

Reaction conditions: 1.00 mmol potassium 4-nitrobenzoate, 2.00 mmol 

4-methylphenyl trifluoromethanesulfonate, 7.5 mol% Cu2O, 15 mol% 1,10-

phenanthroline, 3 mol% Pd-source, 8 mL NMP, 170 °C, 16 h. Conversions 

were determined by GC analysis using n-tetradecane as internal standard. 

 

4.2.4.1 Conclusions and outlook 

 

In summary, the concept of using a carbocyclic carbene ligand for 

palladium as demonstrated here could open a new opportunity for the 

development of a novel Pd-catalyst for the Cu/Pd-catalyzed decarboxylative 

coupling.   Though preliminary results are promising several challenges 

remain.  Of particular concern is the rather excessive temperature required for 

catalysis.  Trial reactions performed at lower temperatures were unsuccessful 

as the copper co-catalyst requires these extreme temperatures.  Carbocyclic 

carbene complexes may be too fragile for these conditions, however, if a 

copper catalyst with a lower temperature of activation can be found, 
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carboxylic carbene complexes may be ideal for this reaction.  In this regard, 

work is currently under way with Yang Li and more weakly dissociating copper 

catalysts have been sent to Kaiserslautern for testing.  Another area for 

optimization of this reaction would be in providing a vented reaction vessel.  If 

the reaction temperature can be lowered, below the boiling point of the 

reactants, an open or vented vessel may provide enhanced yields in that the 

extrusion of CO2 will be more facile, shifting reaction equilibrium to the 

products side of the reaction by Le Chatelier’s principle.   
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5 Summary 
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This thesis is divided in to two main parts.  Evaluation of existing 

catalytic reactions within a framework of green chemistry for the MTO and 

iridium NHC complexes is found section 2. The second part, covered in 

sections 3 and 4, focus on carbocyclic carbene synthesis and application of 

carbocyclic and non-classical N-heterocyclic carbene complexes in C-N cross 

coupling reactions and decarboylative byaryl synthesis, respectively. 

In section 2.2, a tin free synthetic method to MTO, a valuable oxidation 

catalyst, was evaluated with green chemistry metrics and shown to be a more 

environmentally sound route (figure 5.1).33b  

 

 

Figure 5.1 

 

Chapter 2.3 describes the evaluation of the three-component system, 

MTO/H2O2/LiBr, used to prepare biodegradable oxidized starch super 

absorbers. In contrast to previous systems, a highly acidic reaction medium is 

avoided, thus limiting product depolymerisation to a low level. An optimized 

catalytic approach to make carboxy starch, which reduces overall reaction 

cost, and produces less harmful waste was elucidated and examined using 

the principles of green chemistry. An environmentally benign, catalytic 
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oxidation process, applying the three-component system MTO/H2O2/LiBr to 

prepare biodegradable oxidized starch super absorbers with high water 

absorption capacity, was shown to be a more sustainable alternative to 

previously reported methods.235 

The catalytic properties of the bridged and unbridged NHC complexes 

[Ir(COD)NHC(Cl)] and [Ir(COD)(NHC)2][X] (X: I, PF6, BF4, CF3COO, OTf) in 

C!H borylation reactions were evaluated in section 2.4.  The C!H borylation of 

aromatic carbons with bis(pinacolato)diboron and pinacolborane were 

preformed with microwave technology which was shown to facilitate a time 

efficient screening of a wide range of influences such as ligand !-donor 

strength and structural motif as well as the effects of the complex counter ion 

and furthermore provide an energy efficient heating source. A catalyst featuring 

a chelating NHC ligand, proved to be the most effective catalyst and further 

investigations with this complex in the borylation of mono- and disubstituted 

benzene derivatives exploring chemo- and regioselectivity were undertaken.236 

In the second part of my thesis, a search for efficient synthetic 

strategies to generate novel carbocyclic carbene complexes for catalysis was 

undertaken (section 3.3).  A systematic overview of carbocyclic carbene 

complexes from the synthetic methods employed for preparation, unique 

structure and bonding features to reactivity provides a basis to discuss 

synthetic attempts.  Synthesis of the dinuclear palladium complex [PdCl2(L)] 2 

(L = dibenzocycloheptenylidene), shown in figure 5.2 was successful via 

oxidative addition to Pd(0). As a result of extremely poor solubility further 

synthetic attempts employing this complex as a precursor to prepare 

mononuclear palladium compounds with the addition of a phosphine proved 
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unsuccessful and resulted in the production of  [PdCl2(PPh3)2]. Upon addition 

to acetonitile the mononuclear compound is formed, but adding phosphine 

again resulted in the formation of [PdCl2(PPh3)2].   To enhance solubility, 

possibly limited by "-stacking of the aromatic system in the solid state, a 

methyl substituted benzosubstituted seven membered carbocyclic carbene 

complex, also shown in figure 5.3, was synthesized. Unfortunately, solubility 

and decomposition pathways for this system were shown to be analogous to 

that of the unsubstituted system and these novel complexes were only studied 

briefly in catalysis as the limited solubility resulted in next to no catalytic 

activity.  

 

ClCl

Pd

Cl

Cl

Cl
Pd

Cl
NCCH3

PdCl Cl

NCCH3

PPh3[PdCl2(PPh3)2]

PPh3

Pd(0)

 

Figure 5.2 

 

Extending the catalytic applications of carbocyclic carbenes, palladium 

complexes bearing cycloheptatrienylidene carbene ligands were shown to be 

effective catalysts for C!N coupling (section 4.2.3.1).  Catalytic performance, 

was directly compared to the analogous 2,3-diphenyl cyclopropenylidene 
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complexes.  Though the three- and seven- membered carbocyclic carbene 

systems were shown to be less active or stable than analogous NHC 

complexes for C!N coupling, these investigations provide useful insight in and 

comparative data about this relatively unexplored ligand class (figure 5.3).87 

The seven-membered ring complexes were shown to be more catalytically 

active with the exception of the dibenzosubstituted cycloheptatriene carbene 

complexes.   

 

Figure 5.3. Yield vs. time plot at room temperature for the coupling of p-bromo 

benzotrifluoride (1.0 mmol) with morpholine (1.2 mmol) catalyzed by 1 (__#__) 

and 5 (--$--) in situ with 1.0 equiv PtBu3 (other conditions: 2 mol % Pd, 1.4 

mmol NaOtBu, 8 ml toluene; GC yield with n-eicosane as the internal 

standard). 
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Investigations of catalyzed C!N coupling reactions were also extended 

to include non-classical NHC systems.237 Remote N-heterocyclic carbene 

palladium complexes were shown to be effective C!N coupling catalysts, 

however there were no observed effects upon varying the proximity of the "–

electron donor, substitution at the carbene moiety or when changing the 

complex counter ion (section 4.2.4.3). 

The catalytic applicability of carbocyclic carbene and remote N-

heterocyclic carbene palladium complexes were further expanded to include 

Cu/Pd-catalyzed decarboxylative coupling (section 4.2.4, Figure 5.4). 

Although preliminary catalytic results are promising, the stability of the 

carbene must be enhanced, possibly through alternative substitution, or 

reaction conditions must be modified for this system to be worthwhile, more 

weekly dissociating copper catalysts have been sent to collaborators and 

testing is ongoing.   
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Figure 5.4 
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6  Experimental 
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6.1 Methods and Handling of Chemicals 

 

Synthesis, storage and characterization of air and moisture sensitive 

compounds were preformed under an argon atmosphere using standard 

Schlenk techniques or a glove box.  Distillation, sublimation, and removal of 

volatiles were preformed under vacuum generated by an oil pump (0.1 mbar).   

Solvents were dried using an alumina/copper-based solvent purification 

system or standard procedures and stored over molecular sieves.  Solvents 

used in reactions where carbocyclic or free carbene generation was expected 

were distilled just before use.  Solvents used in catalytic testing were distilled 

24 hours before use.  Deuterated solvents used in NMR scale reactions were 

dried over NaK and distilled prior to use.  

Preparative flash chromatography was preformed using 30 to 100 fold 

excess on silica gel 60 (Merck) or with basic alumina (Aldrich), with a 1.3 bar 

overpressure where noted.  All other materials used were obtained from 

commercial sources and used as delivered unless otherwise noted.   

 

6.2 Techniques Used for Characterization 

 

6.2.1 Elemental analysis 

 

 Elemental analyses were carried out in the microanalytical laboratory of 

the Anorganisch-chemisches Institut at the Technischen Universitaet 

Muenchen. 

 



 144

6.2.2  Gas Chromatography Mass Spectrometry 

 

 A Varian CP-3800 gas chromatograph coupled with a mass 

spectrometer (electron impact source, 70 eV), GC/MS, was used for 

identification of organic products as well as inorganic decomposition products.  

A VF-5mf (length 30m, inner diameter 0.25 mm, film thickness 0.25 !m) 

column was used to facilitate separation, helium was employed as the carrier 

gas, and injection port temperature split injector flow, and temperature ramp 

were varied to optimize peak separation with a minimum run time.  Resulting 

mass spectra were matched to the information contained in the instrument 

spectral library to elucidate molecules present in the reaction mixture.  A 

GC/MS/MS was carried out under similar conditions on a Varian CP-3800 

1200L quadrupole MS/MS in parent-daughter mode to further identify organic 

molecules. 

 

6.2.3 Gas Chromatography Flame Ionization Detection 

 

 A Varian CP-3800 gas chromatograph coupled with a flame ionization 

detector was used for quantification of organic products and reactants in 

catalytic tests. A VF-5mf (length: 30m, inner diameter: 0.25 mm, film 

thickness: 0.25 !m) column was used to facilitate separation, helium was 

employed as a carrier gas, and injection port temperature split injector flow, 

and temperature ramp were varied to optimize peak separation with a 

minimum run time were kept consistent among comparative runs. 
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6.2.4 Infrared spectroscopy 

 

 Infrared spectra were recorded on a JASKO FT/IR4000 spectrometer, 

bands were reported in wavenumbers (cm-1).  Samples of isolated air and 

water stable compounds were measured as KBr pellets or made up in a 

solvent and a dilute solution was evaporated on a thin film of Teflon.  IR 

spectra of these compounds as well as more sensitive compounds were also 

run in solution using a KBr plate solution cell in various solvents.    

 

6.2.5 Mass spectrometry 

 

 Mass spectra preformed by the laboratory of the Anorganisch-

chemische Institut at the Technischen Universitaet Muenchen were measured 

on either a Finnigan MAT-90 or MAT-331.  Ionisation techniques used 

included electron impact (70 electron volts), chemical ionization (with 

isobutene reaction gas, in both positive and negative ion mode) as well as fast 

atom bombardment (with 4-nitrobenzylalcohol).  Mass spectra are presented 

in the standard form, m/z (percent intensity relative to the base peak). 

 

6.2.6 Melting point 

 

 A Reichter Thermovar (Type 300429) instrument was used for the 

determination of melting points. 
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6.2.7 Nuclear magnetic resonance spectroscopy 

 

 Nuclear magnetic resonance (NMR) were recorded on a Jeol-JNM-GX-

270, Jeol-JNM-GX-400 or a Bruker AMX-400 spectrometer operating on the 

frequencies shown in table 6.1. Residual solvent signals for  acetonitrile 

(1.94/118.1), benzene (7.15/128), chloroform (7.25/77.2), dichloromethane 

(5.31/53.80) and dimethylsulfoxide (2.5/39.52) were used as internal 

standards for 1H/13C-NMR.  Aqueous H3PO4 (85%) was used as an external 

standard to reference the 31P-spectra.   

 

Table 6.1. Operating frequencies of NMR spectrometers used 

NMR 1H/MHz 13C/ MHz 31P/ MHz 

Bruker AMX-400 400.13 100.61 161.98 

Jeol-JNM-GX-270 270.16 67.93 109.37 

Jeol-JNM-GX-400 399.80 100.51 161.83 

 

 Chemical shifts, ", are given in ppm relative to the operating frequency 

of the spectrometer used.  Hyperfine splitting is described as singlet (s), 

doublet (d), triplet (t), quartet (q), quintet (p), septet (sept), multiplet (m), broad 

signal (br) and coupling constants are given in Hz. 

 

6.2.8 Thermogravimetric mass spectrometry 

 

 Thermogravimetric mass spectrometry (TG-MS) were preformed on a 

Netzsch TG209 system using ~10 mg sample heated at a ramp of 10 K per 

minute under argon from 35 #C to a maximum of 1000 #C.   
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6.2.9 Thin layer chromatography 

 

Thin layer chromatrography was used to track the progress of air and 

moisture stable organic targets.  Aluminum plates Merck coated with silica 60 

F254 were used and a UV lamp (254 nm) or iodine vapors were employed to 

identify spots.   

 

6.2.10   X-ray analysis 

 

X-ray analysis were carried out by Dr. E. Herdtweck in the 

Anorganisch-chemische Institut at the Technischen Universitaet Muenchen. 

The single-crystal X-ray diffraction experiment was performed using a Bruker 

APEX2 diffractometer equipped with a Mo-anode (Mo-K! radiation: "= 7.1073 

Å). 
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6.3 Working Procedures  

 

6.3.1 Calculation of Atom Economy 

 

Atom Economy = Molecular Weight of Products

Molecular Weight of Reactants
*100%

For:

O(ReO3)2

1) O(F3CO)2

2) 2 Sn(CH3)4
2 ReO3CH3 + 2 (CH3)3SnOCOCF3

Atom Economy =

mw (1/2 O(ReO3)2)+ mw (1/2 O(F3CO)2 )+ mw(Sn(CH3)4)

*100%
mw(ReO3CH3)

(1/2*485.88) + (1/2*185.98 )+ (180.00)
*100%735.84=

= 37.5 %  

Care was taken to minimize unnecessary consumption of reagents, 

solvents, energy and consumables.  Column purification was avoided in favor 

of other purification techniques such as sublimation when everpossible.  In 

addition the deprotection of 10-methyl-5H-dibenzo[a,d]cyclohepten-5-acetal in 

the synthesis of 5,5-dichloro-10-methyl-5H-dibenzo[a,d]cycloheptene (further 

discussed in section 6.3.2 ) was avoided entirely.   

 

6.4  Synthesis of ligand precursors and organometallic compounds 

  

Most compounds were synthesized via modified literature procedures 

as shown in table 6.2.   
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Table 6.2 Summary table of ligand precursors and organometallic 

compounds 

Compound 
number 

Name Modified 
from 

reference 
6.4.1 Dibenzo[a,d]cyclohepten-5-yl-chloride 238 
6.4.2 5H-Dibenzo[a,d]tropylium tetrafluoroborate 238 
6.4.3 10,11-Dibromo-10,11-dihydro-5H-

dibenzo[a,d]cyclohepten-5-one 
239 

6.4.4 10-bromo-5H-dibenzo[a,d]cyclohepten-5-one 239 
6.4.5 10,10,11-Dibromo-11-hydro-5H-

dibenzo[a,d]cyclohepten-5-one 
239 

6.4.6 10,11-Dibromo-5H-dibenzo[a,d]cyclohepten-5-
one 

239 

6.4.7 10-Bromo-5H-dibenzo[a,d]cyclohepten-5-acetal 240 
6.4.8 10-Methyl-5H-dibenzo[a,d]cyclohepten-5-acetal 240 
6.4.9 10-Methyl-5H-dibenzo[a,d]cyclohepten-5-one 240 
6.4.10 7,7-Dichlorocycloheptatriene 242 
6.4.11  5,5-Dichloro-5H-dibenzo[a,d]cycloheptene 243 
6.4.13 
  

5-Thioxo-10,11-dihydro-5H-
dibenzo[a,d]cycloheptene 

241 

6.4.14 Pentacarbonyl(tetrahydrofuran)tungsten   244 
6.4.15  Pentacarbonyl(cyclooctene)tungsten 245 
6.4.16  Pentacarbonyl(diethylether)tungsten 246 
6.4.17 Pentacarbonyl(pyridine)tungsten  

 
247,248 

6.4.18  Pentacarbonyl(2-picoline)tungsten  247,248 

6.4.19 
  

Tetracarbonyl di(pyridine)tungsten 
 

247,248 

6.4.20 
  

Tetracarbonyl di(2-picoline)tungsten 
 

247 

6.4.21  Tetracarbonyl di(2-picoline)molybdenum 247 

6.4.22  bis-Dichlorocycloheptatrienylidenepalladium 
 

115 

6.4.23 bis-(Dichloro(5H-dibenzo[a,d] 
cycloheptenylidene)palladium) 
 

115 

6.4.24 bis-(Dichloro(10-methyl-5H- 
dibenzo[a,d]cycloheptenylidene) palladium) 

115 
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6.4.1 Dibenzo[a,d]cyclohepten-5-yl-chloride238 

 

OH Cl

SOCl2
$

 

 

2.0 g ( 9.6 mmol ) of dibenzo[a,d]cyclohepten-5-ol was dissolved in 10 

mL of SOCl3. This mixture was refluxed for 15 minutes at 75 ºC, and the 

solvent removed at reduced pressure.  The resulting off white residue was 

trituated with 12 mL CCl4 yielding the pure colorless product as a precipitate.  

A new peak in the 13C-NMR at ! = 92.3 ppm confirms the product synthesis.   

 

Yield: 82% (1.62g, 7.8 mmol) 

 

 

6.4.2 5H-Dibenzo[a,d]tropylium tetrafluoroborate238 

 

Cl Cl

AgBF4

PhNO2

BF4

 

 

0.86 g (4.4 mmol) of AgBF4 was dissolved in 20 mL toluene.  To this 

solution 1.0 g (4.4 mmol) of dibenzo[a,d]cyclohepten-5-yl-chloride in 10 mL of 

PNO2  was added.  The solution changed from colorless to red.  After 3 hours 

of stirring, the red solution was filtered via canula, and recrystalised yielding 
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fine red needles.  Product synthesis was confirmed by 1H- and 13C-NMR 

spectroscopy  which showed chemical shifts similar to the ClO4 analogue. 

 

Yield: 20% ( 0.39 g, 1.1 mmol ) 

 

6.4.3 10,11-Dibromo-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5-one239 

 

O O

Br2

AcOH

Br Br

 

 

 4 mL of bromine in 50 mL of glacial acetic acid was added dropwise to 

a suspension of 5H-dibenzo[a,d]cyclohepten-5-one(10 g, 0.049 mol) in 80 mL 

glacial acetic acid.  The solution was allowed to stir at room temperature over 

night, filtered and the resulting colorless crystals washed with 3 x 15 mL 

diethylether.  The product was confirmed by presence of peaks at 5.79 ppm 

and 52.8 ppm in the 1H- and 13C-NMR, respectively. 

 

Yield: 51% ( 9.46 g, 0.026 mol) 

 

6.4.4 10-bromo-5H-dibenzo[a,d]cyclohepten-5-one239 

 

O O

NaOH

MeOH

BrBr Br
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8 g (0.022 mol) of 10,11-Dibromo-10,11-dihydro-5H-

dibenzo[a,d]cyclohepten-5-one was refluxed in 175 mL methanol with 2.6 g of 

NaOH for 3 hours.  The solution was filtered while hot and then allowed to 

cool to room temperature.  After removing the solvents under reduced 

pressure, the residue was recrystallised from methanol to yield the desired 

ketone.  Successful conversion was confirmed by NMR. 

 

Yield: 82 % (5.12g, 0.018 mol) 

 

 

 

6.4.5 10,10,11-Dibromo-11-hydro-5H-dibenzo[a,d]cyclohepten-5-one239   

 

O O

Br2

AcOH

BrBr BrBr

 

4 mL of bromine in 50 mL of glacial acetic acid was added dropwise to 

a suspension of 10-bromo-5H-dibenzo[a,d]cyclohepten-5-one (10 g, 0.035 

mol ) in 80 mL glacial acetic acid.  The solution was allowed to stir at room 

temperature over night.  After filtration the resulting colorless crystals were 

washed with 3 x 15 mL diethylether.  The synthesis was confirmed by 13C- 

NMR in the appearance of two new peaks at 67.4 and 64.7 ppm 

corresponding to the bromo substituted carbons. 
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Yield: 81% (12.67g, 0.028 mol) 

 

6.4.6  10,11-Dibromo-5H-dibenzo[a,d]cyclohepten-5-one239 

 

O O

NaOH

MeOH

BrBr BrBr
Br

 

 

A mixture of 8 g (0.018 mol) of 10,10,11-tribromo-11-hydro-5H-

dibenzo[a,d]cyclohepten-5-one  and 2.6 g of NaOH was refluxed in 175 mL 

methanol for 3 hours.  The solution was filtered while hot, upon cooling the 

volatiles were removed under reduced pressure and the powder was 

recrystallised from methanol to yield the pure product.  Successful conversion 

was confirmed by NMR. 

 

Yield: 36 % (2.4 g, 0.0065 mol) 

 

6.4.7 10-Bromo-5H-dibenzo[a,d]cyclohepten-5-acetal240 

 

O
p-TosOH

BrBr

HO
OH

O O
 

 

9.0 mL ethelene glycol, and 0.180 g p-toluenesulphonic acid were 

added to a solution of 2.50 g (8.8 mmol) 10-Bromo-5H-
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dibenzo[a,d]cycloheptene-5-one in 180 mL benzene.  The reaction mixture 

was then refluxed, in an apparatus fitted with a dean stark apparatus, for 3 

days, allowed to cool to room temperature, then neutralized with 2.5 mL of 

triethyl amine.  The organic solution was washed with 3 x 50 mL distilled 

water, and the organic products were extracted with 200 mL dichloromethane.  

Combined organic layers were dried over sodium sulphate, filtered and the 

solvent was removed under reduced pressure.  The crude product, an off 

white powder was further purified by sublimation (160 ºC at 0.5 mbar) to yield 

a colourless crystalline product. 13C- and 1H-NMR spectra confirm the 

successful synthesis of the target compound, where 1H NMR of the products 

confirmed the presence of the protecting group (seen in the appearance of a 

new chemical shift at 3.72 ppm and 4.18 ppm) and the disappearance of the 

carbonyl carbon in the 13C-NMR due to the formation of an acetal. 

 

Yield: 50 % (1.43 g, 4.4 mmol ) 

 

6.4.8 10-Methyl-5H-dibenzo[a,d]cyclohepten-5-acetal240 

 

Br

O OO O

1) Mg

2) MeI

 

 

0.4 g of magnesium turnings were placed in a round bottomed Schlenk 

flask and heated whilst stirring for two hours to remove all moisture.  Once the 

flask was cooled the, two crystals of iodine were added and the flask was 
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evacuated and briefly heated.  20 mL of freshly distilled THF were added, 

followed by the dropwise addition of 1.43 g (4.4 mmol) of 10-Bromo-5H-

dibenzo[a,d]cyclohepten-5-acetal in 30 mL THF.  The suspension was stirred 

for a 3 hours at 50 ºC, then filtered, treated with 0.5 methyl iodide and allowed 

to stir overnight.  The solvent was removed under reduced pressure, and the 

residue dissolved in a mixture of 50 mL THF and 50 mL H2O.  After extracting 

the product with 200 mL diethylether, and drying the combined organic layers 

over sodium sulphate, the solvents were removed to yield pale orange 

crystals.  13C-NMR spectra of the product show the incorporation of a methyl 

group in the presence of a new signal at ! = 24.7 ppm. 

 

Yield: 82 % (0.886 g, 3.6 mmol) 

 

6.4.9 10-Methyl-5H-dibenzo[a,d]cyclohepten-5-one240   

 

O O O

HCl

 

 

15 mL 6 M hydrochloric acid   was added to a solution containing 10-

Methyl-5H-dibenzo[a,d]cyclohepten-5-acetal (0.85 g, 3.4 mmol) dissolved in 

30 mL THF.  The mixture was refluxed for 12 hours, allowed to cool to room 

temperature and neutralized with a 20 % aqueous solution of sodium 

hydroxide.  Ethyl acetate was used to extract the product from the aqueous 

phase.  The combined organic layers were dried over sodium sulphate before 
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removal of the solvent under reduced pressure.  The resulting dark brown oil 

was distilled under reduce pressure to yield a very small amount of 10-Methyl-

5H-dibenzo[a,d]cyclohepten-5-one confirmed by 13C-NMR in the observation 

of the carbonyl carbon.  As yield was extremely low, this method was not 

repeated and instead chlorination from the acetal was done directly.   

 

Yield: trace 

 

6.4.10  7,7-Dichlorocycloheptatriene242 

 

O
Cl

Cl

O

Cl

Cl

O

 

 

 This compound was prepared according to literature methods, in 

combination with in house standard operating procedure, communicated by 

Christian Taubmann.  1 mL (1.09 g, 11 mmol) tropone was added dropwise to 

a solution of 1.20 mL (1.77 g, 14 mmol) oxalyl chloride in 20 mL of 

dichloromethane at -50 ºC. The solution was stirred and allowed to warm to 

room temperature over the course of 3 hours.  Removal of the solvent under 

reduced pressure afforded the yellow powder which was further purified by 

recrystallization from dichloromethane/hexanes.   

 

Yield: 47 % (0.82 g, 5.2 mmol) 
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6.4.11  5,5-Dichloro-5H-dibenzo[a,d]cycloheptene243 

 

O
Cl

Cl

PCl5

POCl3

 

 

5.0 g (24 mmol) of 5H-dibenzo[a,d]cyclohepten-5-one and 5.0 g PCl5 

were dissolved in 25 mL POCl3.  The solution was heated at 120 ºC for 4 

hours and then cooled to room temperature.  The solvent was removed to 

minimum volume (~ 3 mL ) and the product precipitated as a white crystalline 

solid upon the addition of petroleum ether and cooling at – 40 ºC overnight.  

Product synthesis was confirmed by 13C-NMR in the disappearance of the 

carbonyl carbon signal and the appearance of a new signal at 67.9 ppm which 

corresponds to the carbon bearing two chlorines.   

 

Yield : 70 % (4.42 g, 17.0 mmol) 

 
 

6.4.12  5,5-Dichloro-10-methyl-5H-dibenzo[a,d]cycloheptene 

 

Cl

Cl

PCl5

POCl3

O

O
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This compound was prepared via the procedure shown above using 

2.0 g (7.5 mmol) of 10-Methyl-5H-dibenzo[a,d]cyclohepten-5-acetal and 2.0 g 

PCl5 and  20 mL POCl3.  Product synthesis was confirmed by 13C-NMR in the 

disappearance of the carbonyl carbon signal, and the lack of protons 

corresponding to the acetal functionality in the 1H-NMR.   

 

Yield : 20% (0.41 g, 1.5 mmol) 

 

6.4.13  5 -Thioxo-10,11-dihydro-5H-dibenzo[a,d]cycloheptene241 
 
 

O S

PS
S

SP
S

O O

 

 

0.5 g of Lawesons reagent was added to a solution containing 5.0 g 

(24 mmol) of dibenzo[a,d]cyclohepten-5-one dissolved in 100 mL toluene.  

This mixture was then refluxed for 4.5 hours changing in colour over the 

course of the reaction from white/colourless to black/green.  After cooling to 

room temperature the precipitate which had formed was filtered and washed 

with 3 x 15 mL hot toluene.   The solvent was removed from the combined 

toluene layers under reduced pressure to yield a green residue which was 

purified via column chromotography (silica gel, CH2Cl3:C6H6).  Product 

synthesis was confirmed by 13C-NMR which showed a loss of the signal for 

the carbonyl and the appearance of a chemical shift at 128.6 ppm. 
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Yield: 18 % (0.971 g, 4.4 mmol) 

 
6.4.14  Pentacarbonyl(tetrahydrofuran)tungsten244   

 

W(CO)6
O

hv
O W(CO)5  

 

2.0 g (5.7 mmol) tungsten hexacarbonyl was added to 500 mL of 

freshly distilled THF in a reaction flask fitted with a mercury lamp.  The 

reaction progress was tract via the carbonyl stretching frequencies.  The 

solution was irradiated for one hour at room temperature. The IR indicated 

complete conversion after one hour with no visible decomposition products 

(observed by IR, Vco/cm-1: 2077(w), 1928(vs), 1890(m)).   

 

Yield: quantitative (2.25g, 5.7 mmol) 

 

6.4.15  Pentacarbonyl(cyclooctene)tungsten245     

 

W(CO)6

hv
W(CO)5

 

 

2.0 g (5.7 mmol) tungsten hexacarbonyl and 1.5 mL cyclooctene (6.0 

mmol) (passed over an Al2O3) were added to 500 mL of freshly distilled 

hexane in a closed reaction flask fitted with a mercury lamp.  The solution was 

cooled with an ice bath and irradiated for four hours.  After irradiation the 

solution was filtered to remove insoluble side products and then cooled to – 
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78 ºC, to afford the pentacarbonyl product (observed by IR, Vco/cm-1: 2078(w), 

1958(vs), 1946(m)) with small amounts of [W(CO)4(COE)2] as impurities.   

 

Yield: 55 % (1.37 g, 3.1 mmol) 

 

 An alternative synthesis, starting from [W(CO)5(THF)] tungsten, was 

the addition of equimolar cyclooctene resulted, but in a mixture of products 

including the retrosynthetic precursor tungsten hexacarbonyl. As such this 

synthetic route was abandoned.  

 

6.4.16  Pentacarbonyl(diethylether)tungsten 246   

 

W(CO)6

hv
W(CO)5O O

 

 

1.0 g (2.9 mmol) tungsten hexacarbonyl was added to 220 mL of 

diethyl ether in a reaction flask fitted with a mercury lamp at -20 ºC. The 

solution was irradiated for eight hours. The IR spectra indicated complete 

conversion after eight hours with no visible decomposition products.  Product 

formation confirmed by IR (observed by IR, Vco/cm-1: 2073(w), 1928(vs), 

1893(m)).   

 

Yield: quantitative (1.13 g, 2.9 mmol) 
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6.4.17  Pentacarbonyl(pyridine)tungsten 247, 248   

 

W(CO)6 W(CO)5
N

N
 

 1.0 g [W(CO)6] (2.9 mmol) was refluxed in 10 mL pyridine. In a closed 

vessel for 2 hours, monitoring the volume of gas evolved the reaction mixture 

changed from colourless to yellow, then to dark red within 30 minutes of 

heating.  The reaction progress was also monitored using infrared 

spectroscopy in the carbonyl stretching region. When one molar equivalent of 

CO gas had been displaced, the reaction was stopped.  Product formation 

confirmed by IrVco/cm-1: 2075(s),1929(vs). 

  

Yield: 78 % (0.91 g, 2.3 mmol) 

 

 

6.4.18  Pentacarbonyl(2-picoline)tungsten 247, 248 

 

W(CO)6 W(CO)5
N

N
 

 

1.0 g (2.9 mmol) [W(CO)6] was refluxed in 10 mL pyridine for 2 hours. 

In a closed vessel, monitoring the volume of gas evolved, the reaction mixture 

changed from clear to yellow, then to dark red within 30 min of heating.  The 

reaction progress was also monitored using infrared spectroscopy in the 

carbonyl stretching region. When one molar equivalent of CO gas had been 
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displaced, the reaction was stopped.  Product formation confirmed by IR, 

Vco/cm-1: 2071(s),1927(vs). 

 

Yield: 76 % ( 0.92 g, 2.2 mmol) 

 

6.4.19  Tetracarbonyl di(pyridine)tungsten247, 248 

W(CO)6 W(CO)4
N

N

N

 

 

 1.0 g (2.9 mmol) [W(CO)6] was refluxed in 10 mL pyridine for 6 hours.  

The reaction mixture changed from colorless to yellow, then to dark red within 

30 minutes of heating.  The reaction progress was monitored using infrared 

spectroscopy in the carbonyl stretching region. Upon completion of the 

reaction, 20 mL of hexane was added, precipitating 

pentacarbonyl(pyridine)tungsten  as orange crystals.  Vco/cm-1: 2008(m), 

1876(s), 1868(sh), 1828(m). 

  

Yield: 78 % (1.03 g, 2.3 mmol) 

 

6.4.20  Tetracarbonyl di(2-picoline)tungsten247 

W(CO)6 W(CO)4
N

N

N
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1.0 g (2.9 mmol) [W(CO)6] was refluxed in 10 mL picoline for 3.5 hours.  

The reaction mixture changed from colorless to yellow, then to dark orange 

within 30 minutes of heating.  The reaction progress was monitored using 

infrared spectroscopy in the carbonyl stretching region. Upon completion of 

the reaction, 20 mL of hexanes were added, precipitating pentacarbonyl(2-

picoline)tungsten  as yellow crystals.  Vco/cm-1: 2006(m), 1870(s), 1870(sh), 

1825(m). Elemental analysis:  actual: 39.86 2.93 5.81 found: 39.68 2.90 5.73 

 

Yield: 70% (0.95g, 2.0 mmol) 

 

6.4.21  Tetracarbonyl di(2-picoline)molybdenum247 

Mo(CO)6 Mo(CO)4
N

N

N

 

 

1.0 g (3.8 mmol) [Mo(CO)6] was refluxed in 10 mL picoline for 3.5 

hours.  The colorless reaction mixture turned from yellow to dark orange 

within 30 minutes of heating  The reaction progress was monitored using 

infrared spectroscopy in the carbonyl stretching region. Upon completion of 

the reaction, 20 mL of hexanes were added, to precipitate pentacarbonyl(2-

picoline)tungsten  as yellow crystals.  Vco/cm-1: 2006(m), 1870(s), 1870(sh), 

1825(m). Elemental analysis: actual 48.06 3.58 7.11 found 47.75 3.55 6.64 

 

Yield:  28 % (0.43 g, 1.1 mmol) 
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6.4.22  bis-Dichlorocycloheptatrienylidenepalladium115 

 

Cl Cl

Pd
Pd(dba)2

Cl

Cl
Cl

Pd

Cl

 

 

60 mg (0.38 mmol) 7,7-Dichlorocycloheptatriene was added to a 

cooled solution of 0.200 g (0.35 mmol) [Pd(dba)2] in toluene at – 60 ºC. The 

solution was allowed to warm to room temperature and stirred overnight.  The 

resulting yellow precipitate was separated from the mother liquor, washed 

with 2 x 5 mL cold toluene and dried under reduced pressure to yield the 

desired product.   

 

Yield: 70 % (0.130 g, 0.24 mmol) 

 

6.4.23  bis-(Dichloro(5H-dibenzo[a,d] cycloheptenylidene) 

palladium)115 

 

 

Cl Cl Pd

Pd(dba)2

ClCl

Cl Pd Cl
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0.085 g (0.32 mmol) 5,5-dichloro-5H-dibenzo[a,d]cycloheptene was added to 

a dark purple solution containing 0.170 g (0.30 mmol) [Pd(dba)2] dissolved in 

10 ml dry benzene.  After stirring for 5 minutes the color of the solution 

changed to dark red/brown and a precipitate formed.  The solution was 

allowed to stir for an additional 12 hours and then the precipitate was 

separated by filtration and washed with 2 x 2mL of benzene and 2 x 2mL of 

diethylether.  After drying on under reduced pressure for 2 hours the sample 

was weighed.  The product was found to be insoluble in hydrocarbon solvents 

as well as dichloromethane and decomposed in DMSO to give the 

retrosynthetic subterone.  Although the product was, slightly soluble in 

acetonitrile, however attempts to obtain an adequate, observing the carbene 

carbon signal, 13C-NMR were not successful.  Values obtained by elemental 

analysis (expected: C: 49.00 H: 2.74 found: C: 46.99 H:2.39) suggest that 

there may be palladium black present in the sample. 

 

Yield: 38 % (0.088g, 0.12 mmol) 

 

6.4.24 bis-(Dichloro(10-methyl-5H-

dibenzo[a,d]cycloheptenylidene) palladium) 115 

Cl Cl Pd

Pd(dba)2

ClCl

Cl Pd Cl
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0.100 g (0.17 mmol) [Pd(dba)2] was dissolved in 10 ml benzene. To this dark 

purple solution, 0.050 g (0.18 mmol) 5,5-dichloro-10-methyl-5H-

dibenzo[a,d]cycloheptene was added, and after stirring for 5 minutes the 

solution turned to a dark red/brown color and a precipitate formed.  The 

solution was allowed to stir for an additional 12 hours and then the precipitate 

was separated by filtration and washed with 2 x 2mL of benzene and 2 x 2mL 

of diethylether.  After drying on the under reduced pressure for 2 hours the 

sample was weighed.  The product was found to be insoluble in hydrocarbon 

solvents as well as dichloromethane and decomposed in DMSO to give the 

retrosynthetic subterone.  The product was also insoluble in acetonitrile.  

 

Yield: 21 % (0.0291 g, 0.04 mmol) 

 

6.4.24 Dichloro(5H-dibenzo[a,d]cycloheptenylidene)acetonitrile 

palladium 

 

Pd ClCl

Cl Pd Cl

H3CCN

Pd ClCl

NCCH3

 

 

0.20 mg (0.028 mmol) bis-(dichloro(5H-dibenzo[a,d] 

cycloheptatrienylidene) palladium) was dissolved in 1 L dry acetonitrile.  Upon 

dissolving the brown powder changed the solution to a pale red color.  After 

filtration via canula, the solvent was removed under reduced pressure yielding 
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a dark red powder.  Synthesis of the product was confirmed by elemental 

analysis (Expected: C:49.4 H:3.21 Found C:49.43 H:3.39) 

 

Yield: 64 % (14.7 mg, 0.036 mmol) 

 

6.4.25 (%4-1,5-Cyclooctadiene)bis(1,3-dimethylbenzimidazol-2-

ylidene)iridium(I) trifluoroacetate 

 

N

N
N

N

Ir
Ir Ir

Et
O

O
Et

+

I

N
N

I H

NaH

N

N
N

N

Ir

F3CCOO

AgOOCCF3

A B  

  

 A solution of sodium hydride (0.6 mmol) in 3 ml EtOH was added drop wise  

to a suspension of [Ir(COD)Cl]2 (0.15 mmol) in 2 mL EtOH and the resulting 

mixture was stirred for 45 minutes. After addition of 1.2 mmol azolium salt the 

suspension was stirred for an additional 12 hours and 1.2 mmol NaI is added. 

After stirring for another 12 h the volatiles were removed under reduced 

pressure and the crude product purified by column chromatography (silica gel, 

4:1 # 2:1 dichloromethane / acetone) to yield product A.  In 5 mL acetonitrile 

0.1 mmol iridium iodide complex A is dissolved and 0.1 mmol of the silver salt 

[AgTFA] is added, resulting in the formation of [AgI]. The resulting suspension 

was stirred for 30 minutes at room temperature and the orange-red product 

solution is filtered off.  Volatiles are removed in vacuum, and the resulting red-

orange viscous oil is redissolved in dichloromethane. The product is 

precipitated with pentane and the resulting orange solid dried under reduced 
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pressure. The product was then recrystallized and characterized 1H-NMR and 

13C-NMR which corresponded to previously reported signals236 for this 

complex and novel X-ray crystallographic findings are shown below. 

 

Yield : 69 % (50 mg, 0.07 mmol) 

 

 

 

Crystal system monoclinic
Space group C2/c 
Cell dimensions  

a (Å) 28.255(4) 
b (Å) 12.725(2) 
c (Å) 16.291(2) 
! (°) 90 
$ (°) 105.067(6)
% (°) 90 
V(Å3) 5655.28 

Calculated density (g/cm3) 1.392 
 

The crystal structure contains a disorder due to the counter ion which could 

not be resolved. Therefore the refinement could not be fully completed. 
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6.5 Standard procedures for catalysis 

 

 For catalytic evaluations, established standard protocols were followed 

to facilitate direct comparison to previously published reports.  All solvents 

were distilled and reaction vessels flame dried and allowed to cool to room 

temperature in an inert atmosphere before use.  

For reactions carried out at TUM, vessels were charged with reactants 

and solvents in the glove box, sealed and transferred out of the box and 

reacted.  Yield vs. time reactions were carried out in Schlenk apparatus and 

samples taken at various time intervals maintaining an inert atmosphere in the 

reaction vessel.  These samples were quenched and immediately placed in 

the – 40 ºC freezer.  After reaction all samples were thawed, worked up and 

tested. 

 Reactions were carried out in various scales and reaction vessels (2 

mL to 20 mL, Schlenk tubes, catalytic carousel reactors, gc vials).  To ensure 

continuity among sample runs (a run is defined as a batch set of reactions 

where in 12 - 16 reactions are preformed at the same time) a standard 

catalyst is used.  This enables the comparison of results and confirms the 

reproducibility of a given set of results ensuring that standard reaction 

conditions have been maintained. To further ensure reproducibility of small 

scale reactions (2 - 5 mL total volume), these reactions were tested in 

triplicate and varrience among these reaction subsets was seen to be not 

greater than ±5 %.   
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6.5.1 C&N-Coupling  

 

 Organometallic palladium precatalysts, base and n-eicosane were 

suspended in dry toluene.  To this mixture the alkyl halide, morpholine, and a 

solution containing the phosphine were added.  The reaction vessel was then 

sealed and transfered out of the glovebox and heated for the given reaction 

time (typically 18 hours) at the given reaction temperature (typically 100 ºC).  

The vessels were then allowed to cool to room temperature and quenched 

with 20 % total volume water (2 mL water would be added to a reaction 

mixture with a total volume of 10 mL).  Reaction vs yield runs were preformed 

in a Schlenk apparatus with the reaction time 0 defined at the point when the 

phosphine had been added. Conversions and yields were determined by 

GC/FID analysis.   

 

6.5.2 Decarboxylative biaryl synthesis 

 

Solid reactants, palladium precatalyst, copper catalysts (Cu2O or CuI), 

potassium nitro benzoate, and phospine ligand were charged into reaction 

vessels.  These vessels were then sealed and evacuated and backfilled with 

inert gas 3 times.  The degassed solvent (NMP) and liquid reagents (aryl 

chloride, or triflate) were added with a positive stream of inert gas and a vent 

to the reaction vessel via syringe.  The reaction vessels were then placed in 

a preheated (typically 170 ºC) aluminum block.  After reaction for specified 

times, the solutions were allowed to cool and to this the n-tetradecane 

standard was added.  Reaction vials were then opened and 2 mL 5 M HCl 
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and 2 mL were added to the mother liquor.  The solution was well mixed and 

the organic phase separated and passed through a small column containing 

cotton, NaHCO3 and MgSO4, then loaded into a GC vial and analysed.   
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