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Abstract  

 

N-Alkylation of amines with alcohols mediated by borrowing hydrogen is a useful 

synthetic tool for the preparation of functionalised amines. Specifically, alcohols can be 

temporarily converted into carbonyl compounds by the metal-catalysed removal of 

hydrogen. The carbonyl compounds are more reactive than the precursor alcohols and 

can react in situ with amines to give imines. The metal catalyst returns the borrowed 

hydrogen to the imines, giving the alkylated amines.  

 

Chapter 1 outlines the potential for the atom-efficient hydrogen borrowing processes, 

giving an overview of the main transformations that can be carried out using this 

interesting methodology. A preliminary investigation of the reaction mechanism gave us 

useful information for the synthesis of more robust catalysts for these processes. 

 

As a result, a new family of rhodium and iridium complexes was synthesised, which 

contained a modified Cp* ligand bearing an amine on the tethered chain. Two iridium 

catalysts were found to be the most active among our family of monomeric complexes. 

More than 20 substrates containing aryl, heteroaryl and alkyl groups were prepared in 

62-99% yields; among them, primary and secondary alcohols and primary and secondary 

amines have been used. Furthermore, a broad range of functional groups were tolerated, 

such as halides, nitriles, ethers, esters, amides, sulphonamides and carbamates. 

Furthermore, the development of a recyclable rhodium complex and a chiral iridium 

catalyst were attempted. 

 

To conclude, Chapter 5 describes the catalytic activities of three dicationic monomers. 

The N-alkylation of amines on water was explored. The procedure works well for a range 

of substituted alcohols and amines; in total, 10 compounds have been isolated in good to 

excellent yield (> 69%). 
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Chapter 1. Introduction  

 

1.1 Alkylation of Amines with Alcohols promoted by Hydrogen Borrowing 

 

The chemistry of amines, amides and other nitrogen-containing compounds plays a 

central role in organic synthesis. A great number of natural, pharmaceutical and 

agrochemical compounds have a C-N bond and for this reason, several methods have 

been developed to prepare them. Particularly, we focus our attention on the synthesis of 

amines. There are numerous reactions which give amines as products, including reductive 

amination processes from carbonyl groups and amination of aryl halides.1 Among all the 

reactions to make amines that are carried out efficaciously in the pharmaceutical industry, 

N-alkylation processes using alkyl halides or tosylates are the most used (36%), followed 

by reductive amination (20%) and N-alkylation of amides and reduction (10%).2 

Nucleophilic substitutions (SN2) are still widely used, even though alkylating reagents are 

often genotoxic and the requirement that only a minute level of genotoxic impurities are 

permitted in drug candidates discourages these substitutions late in the synthesis.2 The 

reduction of amines and amides is often carried out using flammable or toxic reducing 

reagents, such as lithium aluminium hydride, borane or sodium cyanoborohydride, which 

also lead to complex work-up procedures and to the generation of a high level of waste.2 

The following example shows some of the difficulties found in scaling up these processes. 

Lotrafiban, SB-214857-A, was a potential drug candidate molecule which acted as a 

non-peptidic glycoprotein IIb/IIIa receptor antagonist to prevent platelet aggregation and 

thrombus formation (Figure 1).3 

 

Figure 1 
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The development of this drug halted during phase III clinical trials, but by that stage 

several routes have been developed to manufacture the drug in multi-ton scale.2 The 

intermediate N-methylaminomethylnitrobenzene 3 was initially prepared starting from 

2-nitrobenzyl alcohol by bromination using concentrated hydrobromic acid and a 

nucleophilic substitution with aqueous methylamine (Figure 2). The methylamine was 

used in excess to avoid the formation of the dialkylated product 4.3  

 

Figure 2 

 

Since these reaction conditions were quite harsh and the intermediate 2 was lachrymatory 

and not thermally stable, further optimisations were necessary in order to improve the 

sustainability of this process. Thus, 2-nitrobenzyl bromide 2 was replaced with the 

corresponding mesylate 5. Even though the reaction conditions were milder, the mesylate 

was not isolated and it was added directly to a large excess of methylamine to synthesise 

3 (Figure 3).3 

 

Figure 3 

 

 

The optimisation of the reaction conditions led to preparation of 3 in high yield (92% over 

two steps) and the formation of the dialkylated amine 4 was reduced down to 3-5% yield. 

However, compounds 5 and 2 were less stable and less safe to handle than the 

corresponding benzyl alcohol 1 and the amine had to be used in large excess 

(9 equivalents) to avoid the overalkylated product 4. Besides, a stoichiometric amount of 

waste was formed both in the first and second step of the synthesis (respectively, 

triethylammonium chloride and methanesulfonic acid), which underlines the low atom 

efficiency of such processes.  
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In the last few years, the rise of green chemistry has highlighted the need to develop 

strategies that increase the sustainability of such processes.4 One of these strategies 

replaces highly reactive reagents such as alkyl halides or tosylates with less reactive 

reagents such as alcohols, ROH. Effectively, the use of alcohols as alkylating agents is 

beneficial as these reagents are readily available, highly stable, low in toxicity, easily 

stored, low in cost and relatively high in atom efficiency.5 

Generally, alcohols are not used as alkylating reagents because the hydroxyl group is not 

a good leaving group. However, they can be activated by catalytic dehydrogenative 

oxidation to generate in situ a more reactive carbonyl species, which can react as an 

electrophilic or a nucleophilic species.6 If the carbonyl compound or its derivative is 

subsequently reduced under the reaction conditions, this protocol is known as a hydrogen 

autotransfer process7,8,9 or borrowing hydrogen.10 The additional reactivity of the ketone 

is exploited by imine formation and reduction to an amine, alkene formation and 

reduction to a C-C bond and enolisation, electrophilic trapping and reduction to a 

functionalised alcohol.6  

The general mechanism for the first pathway, which leads to carbon-nitrogen 

bond-formation reactions, is shown in Figure 4.  

 

Figure 4 

 

 

The first step is the abstraction of hydrogen from the starting alcohol by a catalyst to form 

the corresponding carbonyl compound. The following step is a condensation reaction 

between the new carbonyl compound and the amine, which leads to imine or iminium 

formation. Finally, the abstracted hydrogen is returned and incorporated into the final 

product. The atom efficiency of such process is really high as the only by-product is water. 

The other two reaction pathways lead to the formation of new C-C bonds. In the first case, 
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the carbonyl compound generated from the dehydrogenation of the alcohol reacts in a 

Wittig reaction to give an alkene, which is then reduced in situ to the corresponding 

alkane (Figure 5).10  

 

Figure 5 

 

 

In the last pathway, the alcohols are functionalised in the ɓ-position (Figure 6). 

Effectively, the oxidation to a carbonyl compound provides an opportunity to access 

enol/enolate chemistry, which can react with an electrophile. Again, the abstracted 

hydrogen is incorporated into the final product to afford the ɓ-substituted alcohol.    

 

Figure 6 

 
 

 

Within this introduction, we will cover the synthesis of alkylated amines mediated by 

borrowing hydrogen, as shown in the general mechanism reported in Figure 4. 
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1.2 History 

 

In the literature, both heterogeneous and homogeneous catalysts have been reported to 

promote this reaction.1,4 Heterogeneous catalysts have some advantages over 

homogeneous ones, such as their greater ease of recovery from the reaction mixture. 

However, high pressures and temperatures are often required and, therefore, the use of 

homogeneous catalysts frequently allows reactions to occur at a lower temperature and 

with higher selectivity than heterogeneous catalysts.  

Grigg and co-workers reported the first hydrogen borrowing reaction via homogeneous 

catalysis in 1981.11 The authors achieved the N-alkylation of amines by alcohols using 

both metal halide-triphenylphosphine mixtures, to generate metal-phosphine complexes 

in situ, and preformed metal-phosphine catalysts. Iridium, ruthenium and rhodium 

complexes have been examined and the best results were obtained with the preformed 

rhodium-phosphine complex RhH(PPh3)4 (Scheme 1). The substrate scope was quite 

limited because, since the alcohols were used in large excess, only relatively volatile 

alcohols were used. 

 
Scheme 1 

 
 

Since this first example reported by Grigg et al., great efforts have been made to develop 

better catalysts for the alkylation of amines. Several other complexes were synthesised 

and tested in hydrogen borrowing reactions. The catalysts which gave the best activities 

and yields can be divided into two main families. The first one is ruthenium-based; some 

of the results obtained with these catalysts are reported in the next section. The second 

main class contains an iridium atom as the metal centre and we will focus on this family 

in Section 1.4.  
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1.3 Ruthenium-catalysed N-Alkylation with Alcohols 

 

In 1982, only one year after Griggôs paper,11 Murahashi and co-workers demonstrated 

that aliphatic amines were competent substrates for N-alkylation with alcohols using a 

[RuH2(PPh3)4] catalyst (Scheme 2).12  

 
Scheme 2 

 
 

Aryl amines did not work in this catalytic system; nevertheless, the authors managed to  

successfully use aminoarenes in good yields using a similar catalyst, [RuCl2(PPh3)3], as 

shown in a representative example in Scheme 3.4  

 
Scheme 3 

 
 

The substrate scope in these two examples was still quite limited and the reaction 

conditions were harsh, requiring a high temperature (180 °C).  

The group of Watanabe demonstrated that different ruthenium catalysts show widely 

varying selectivity in N-alkylation reactions. Indeed, depending on the complex employed 

and the conditions used, both mono- and dialkylated amines could be prepared. For 

instance, ruthenium complex [Ru(cod)(cot)] was the most selective for monoalkylation 

of heteroaromatic amines, whereas the previous catalyst [RuCl2(PPh3)3] promoted the 

formation of tertiary amines (Scheme 4).13 

 
Scheme 4 
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Watanabe identified this reactivity as an advantage of the alcohol activation strategy: 

choosing the right catalyst, the secondary amine formed by alkylation of a primary amine 

did not react further, particularly using non-polar solvents.2 The synthesis of secondary 

amines via alkylation using halide or tosylate is difficult because over-alkylated 

by-products are often observed.  

More recently, better catalytic systems have been reported. Williams and co-workers 

demonstrated that [Ru(p-cymene)Cl2]2, activated by the addition of either 

bis(diphenylphosphino)ferrocene (dppf) or DPEphos, was an active catalyst system for 

the alkylation of amines by primary alcohols, as shown in Scheme 5.14,15 The addition of 

an additive was paramount to achieve good yield, because, when [Ru(p-cymene)Cl2]2 was 

used alone as the catalyst, the N-alkylation proceeded slowly. 

 

Scheme 5 

 

 

This catalytic system showed a quite broad tolerance of functional groups but 

unfortunately, it did not work when secondary alcohols were used as the substrate. 

N-Alkylation with secondary alcohols is more difficult than with primary alcohols 

because ketones are poorer electrophiles than aldehydes, in spite of the oxidation potential 

of secondary alcohols making dehydrogenation of these more favourable than primary 

alcohols.4  

Beller and co-workers further improved this family of ruthenium complexes, reporting 

that [Ru3(CO)12] promotes the N-alkylation of primary and secondary amines using both 

primary and secondary alcohols.16,17 To obtain higher yields, a phosphine ligand was 

added in a catalytic amount; good results were obtained using both 

tri(o-tolyl)-phosphine16 and 2-(dicyclohexylphosphanyl)pyrrole 12 (Scheme 6).17      
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Scheme 6 

 
 

Beller and co-workers also demonstrated the applicability of this catalytic system, which 

was able to promote the selective monoalkylation of vicinal diols with secondary amines 

and anilines. This system was selective for amination at primary hydroxyl groups or 

sterically less hindered secondary hydroxyl groups (Scheme 7).18  

 

Scheme 7 

 
 

1.4 Iridium -catalysed N-Alkylation with Alcohols 

 

In the literature, iridium complexes have been reported to catalyse different reactions, 

such as carbon-carbon forming reactions, as well as isomerisation and hydrogen 

autotransfer reactions.19,20 In the last two decades, iridium catalysts were also applied in 

hydrogen borrowing, showing a great activity and generally achieving higher yields than 

those obtained with ruthenium complexes. The iridium complex most widely used for this 

reaction is the dimeric ɖ5-(pentamethylcyclopentadienyl)iridium(III) dichloride 

[Cp*IrCl 2]2, which was largely studied by Yamaguchi and co-workers.19,21,22,23 This 

iridium dimer has been efficaciously used in the N-alkylation of primary and secondary 

amines as well as in the multialkylation of ammonium salts, as shown in Scheme 8. 

Primary and secondary alcohols could be used, through with bulky substrates the catalyst 

loading was increased up to 5 mol% of iridium in order to obtain the products in high 

yield. The functional groups that could be tolerated were quite broad and included both 

electron-withdrawing and electron-donating groups, such as ethers, esters, halogens, nitro 

and nitrile groups. 
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Scheme 8 

 

 

Recently, the first kilogram-scale application of this technology was reported in the 

synthesis of a GlyT1 inhibitor.24 Using [Cp*IrCl2]2, the reaction was optimised to isolate 

compound 15 in high yield using a catalyst loading lower than 0.05 mol% of iridium 

(Scheme 9).  

 

Scheme 9 

 
 

Other iridium complexes have showed a better activity in protic solvents, such as water 

and t-amyl alcohol. 

One of the first examples was the dimer [Cp*IrI2]2, (SCRAM), which gave good yields 

in water and proceeded without adding base.25,26 Williams and co-workers have 

demonstrated the applicability of the amine alkylation chemistry using SCRAM to the 

synthesis of pharmaceutically relevant compounds. Fentanyl, which is an analgesic with 

100x greater potency than morphine, was synthesised in 68% yield (Scheme 10). Both of 

the starting materials are commercially available.26 
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Scheme 10 

 
 

Williams and co-workers reported that SCRAM could be used not only in water, but also 

in ionic liquids. During their exploration of the substrate scope, it was found that tertiary 

amines were synthesised with higher yields in ionic liquids than in water, as shown in a 

representative example in Scheme 11.26 

 

Scheme 11 

 

 

Recently, a monomeric iridium catalyst 22 has showed high activity in the N-alkylation 

reaction using water as the solvent (Scheme 12).27 The substrate scope was broad; 

however, a high concentration is required (7 M) in order to achieve high yields and 

secondary alcohols could efficaciously be used only for the alkylation of primary amines. 

 
Scheme 12 

 

The groups of Peris28,29 and Crabtree30 tried to improve the activity of the catalysts used 

in borrowing hydrogen synthesising new iridium complexes containing N-heterocyclic 

carbenes (NHCs) (Figure 7). This class of ligands had previously led to significant 

advances in several catalytic reactions, such as the metathesis of olefins and Pd-catalysed 

cross-coupling reactions.31 The yields obtained with these catalysts were comparable to 

results obtained with [Cp*IrCl2]2, but the substrate scope was more limited.  
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Figure 7 

 
 

The catalyst 23 was the first example of this class of compounds and it has been used to 

alkylate anilines with primary alcohols isolating the products in moderate yield 

(6 examples, 47-85% yield).28 The similar iridium complex 24 showed a slightly better 

activity in the alkylation of primary amines with primary and secondary alcohols. The 

substrate scope was again quite limited and the alcohol was often used in excess in order 

to obtain good yields and decent selectivity (7 examples, 35-95% yield).29 Finally, the 

iridium complex 25 promoted N-alkylation of aliphatic and aromatic primary amines with 

an equimolecular amount of a primary alcohol. Again, the substrate scope was quite 

limited (6 examples, 25-98% yield).30  

Interestingly, Andersson and co-workers demonstrated that NHCs could be efficaciously 

used in borrowing hydrogen, reporting the first iridium-catalysed N-alkylation of anilines 

at room temperature.32 A cationic iridium complex containing a bidentate 

NHC-phosphine ligand and BArF (BArF: tetrakis(3,5-bis(trifluoromethyl)phenyl)borate) 

as the counterion was used as a catalyst, as shown in Scheme 13.  

 

Scheme 13 

 

 

Catalyst 26 promoted the reaction in good yield (63-93%) at room temperature, either 

using diglyme as the solvent or neat. The long reaction time, 48 hours, could be decreased 

to 24 hours by increasing the temperature to 50 °C, achieving comparable yields. 

Unfortunately, the substrate scope was quite limited. Only primary alcohols have been 
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used and, among them, benzyl alcohols worked better than aliphatic substrates, for which 

the catalyst loading had to be increased to 1.5 mol% of iridium. Additionally, the amine 

tolerance was also quite poor and only anilines afforded the corresponding products in 

good yield. However, this was the first example in which hydrogen borrowing reactions 

were carried out at room temperature.  

Recently, Limbach and co-workers reported a new family of iridium complexes active in 

hydrogen borrowing. They prepared five different complexes containing five different 

aminoacidate ligands. The best results were achieved when the complex was coordinated 

to a prolinate, as shown in Scheme 14.33 

 

Scheme 14 

 

 

Complex 27 generally promoted the reaction in good yield (72-98%) for a broad range of 

substrates. Interestingly, comparable yields were achieved both in toluene and in water 

and therefore, the catalyst could be used efficaciously in non-polar and polar solvents. 

Primary amines worked better than secondary ones and the reactions could be run at lower 

temperature with these substrates (95 °C instead of 130 °C). Several substituents could 

be tolerated and again, they included aromatic and aliphatic groups, halogens, esters and 

ethers. However, the functional group tolerance was not as broad as that observed 

previously by the group of Fujita and some electron-withdrawing groups (e.g. nitro and 

nitrile groups) were not reported in the paper among the substrates.22 Additionally, bulky 

amines such as tert-butylamine and cyclohexylamine did not work and the corresponding 

products were obtained in poor yield.  
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1.5 Mechanistic studies for the alkylation of amines catalysed by [Cp*IrCl2]2 

 

The catalyst which gives the best functional group tolerance and the highest yields is the 

iridium dimer [Cp*IrCl2]2, which is also the most widely used catalyst for the outlined 

hydrogen borrowing processes. Therefore, efforts were made to study the reaction 

mechanism using this complex. Yamaguchi and co-workers performed some experiments 

to understand if the synthesis of the imine was metal-assisted (Scheme 15).22 In a first 

experiment, the reaction of aniline 6 with benzaldehyde 28 in the presence of a hydrogen 

donor (2-propanol) gave N-benzylaniline 29 in 76% yield, whereas, in a second reaction, 

benzylideneaniline 30 with 2-propanol gave only a trace amount of N-benzylaniline 29. 

These results suggest that uncoordinated imine could not be transfer hydrogenated by the 

present catalytic system; therefore, the formation of benzylideneaniline 30 has to occur 

in the coordination sphere of iridium to give N-benzylaniline 29. 

 
Scheme 15 

 
 

Furthermore, when a chiral secondary alcohol was used as a substrate with an amine, the 

racemic alkylated amine was obtained, in agreement with in situ generation of a carbonyl 

during alcohol activation. 

On the basis of these results, the authors proposed the following possible mechanism for 

the iridium-catalysed N-alkylation of primary amines with primary and secondary 

alcohols, shown in Figure 8.22 
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Figure 8 

 
 

 

The first step (a) would involve the formation of alkoxo-iridium species coordinated with 

an amine. The second step (b) would occur to afford an iridium hydride species 

coordinated with the aldehyde, followed by the imine condensation in the coordination 

sphere of iridium (step (c)), forming an imine-coordinated iridium-hydride intermediate. 

Step (d) would be the reduction of the C=N double bond of the imine by the coordinated 

hydride. The last step would be the amide-alkoxide exchange with the release of the 

product (step (e)). Finally, coordination of the amine would occur to regenerate the 

catalytically active species (step (f)). In this cycle, catalytic intermediates would be 

trivalent iridium species, in accord with the previous literature.22 

A possible mechanism for the iridium-catalysed N-alkylation of secondary amines with 

primary and secondary alcohols is shown in Figure 9. The proposed steps are similar to 

those reported previously for the primary amine mechanism: the oxidation of the alcohol 

gives the corresponding carbonyl group (step (h)), which is followed by a condensation 

between a secondary amine and the aldehyde (or ketone) affording an iridium-hydride 

species coordinated by an iminium ion (step (i)). The final steps are the reduction of the 
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C=N double bond with the coordinated hydride (step (j)), the release of the product (step 

(k)) and the regeneration of the active catalytic species (step (l)).22 

 

Figure 9 

 
 

 

 

Three mechanistic investigations have been performed on the alkylation of amines with 

primary alcohols catalysed by the dimer [Cp*IrCl2]2. The first one was proposed by 

Crabtree and co-workers34, the second one by Madsen et al.35 and the last one by Zhao et 

al.36 Crabtreeôs work, performed using density functional theory (DFT) calculations, was 

based on postulating that [Cp*Ir(CO3)] was the active catalyst generated in situ from 

potassium carbonate and the dimer [Cp*IrCl2]2. This study showed that the calculated 

reaction energetic barriers were consistent with the experimental requirements of elevated 

temperatures. Three different complexes could be formed in situ and they have been 

explored in their calculation: the neutral monomer [Cp*IrCl2] and the two complexes 

coordinating respectively an amine or a carbonate. The presence of a carbonate as an 

ancillary ligand has been found to decrease the energetic barrier in different steps. It 

participated in the alcohol dehydrogenation by removing the proton and, in the last step, 
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it donated the proton for the reduction of imine. Furthermore, the proposed mechanism 

of reaction was composed of three multistep processes: the first was the iridium-catalysed 

oxidation of the alcohol, the second was the nucleophilic addition of the amine to the 

formed aldehydes, and the third was the iridium-catalysed reduction of the imine to the 

final amine. The amine dissociation from the metal centre was a highly energetic step; 

therefore a high temperature had to be used to overcome this barrier. Furthermore, the 

dehydrogenation of the alcohol via proton transfer had a lower energetic barrier than the 

related one with the amine; this was related to the weaker Ir-O -́bond in the alkoxy 

intermediate relative to the Ir-N -́bond in an amido intermediate. Moreover, the imine is 

more easily hydrogenated to the secondary amine than the aldehyde and these preferences 

contribute to favouring the overall reaction pathway. Figure 10 shows the proposed 

mechanism.  

 

Figure 10 

 

 

Madsen and co-workers proposed a different catalytic cycle, based on a combination of 

experimental and computational studies.35 A Hammett study with para-substituted benzyl 

alcohols gave a good ů correlation with the standard values; it showed that neither radicals 

nor cations were involved in the RDS and the negative slope indicated that a small 

positive charge was built up in the dehydrogenation process. A different Hammett study 

using para-substituted anilines was carried out to analyse the imine reduction step. The 

best correlation was achieved using the standard ů values and the negative slope indicated 

that, also in this step, a small positive charge was built up in the transition state. The 

authors proposed that the rate-determining step could be either the formation of the 

carbonyl group in the dehydrogenation step, the nucleophilic addition to form the 
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hemiaminal or the elimination of water, which was different from the results reported by 

Crabtree, which suggested that the rate determining step was the amino dissociation from 

the metal centre.34 Combining these results with others achieved by computational 

studies, the catalytic cycle shown in Figure 11 was proposed. The group of Madsen 

proposed a metal-amine coordination, instead of a metal-carbonate coordination and the 

following metal-catalysed steps: the synthesis of the hemiaminal, the dehydration to 

achieve the imine and the last reductive step to obtain the amine.35  

 

Figure 11 

 

 

The group of Madsen also reported that this reaction was first order with respect to the 

alcohol and to the amine, achieving a global second order reaction. Besides, the kinetic 

isotope effect (kH/kD) was found to be 2.48 when it has been calculated using 

[1ô,1ô-2H2] benzyl alcohol in competition with p-methoxybenzyl alcohol and 1.94 using 

[1ô,1ô-2H2] benzyl alcohol in competition with p-chlorobenzyl alcohol. Since the kH/kD is 

greater than one, the isotope effect is normal; besides, these values are typical for a 

primary KIE, in which the bond is broken in the rate determining step, but there would 

also be a stabilisation of the formed hydride.35,37 These results confirm their previous 

hypothesis, for which the rate-determining step could be either the formation of the 
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carbonyl group, the nucleophilic addition to form the hemiaminal or the elimination of 

water.35  

Recently, Zhao and co-workers have proposed a third mechanism, based on DFT 

calculations for the reaction between benzyl alcohol and aniline.36 Inner and outer sphere 

coordination pathways were considered for the first time during the calculations; Figure 

12 reports the favoured catalytic pathway that the authors proposed. Two different inner 

sphere pathway were suggested as favoured, one for the oxidation of the alcohol and the 

second for the imine reduction.  

 

Figure 12 

 

The first step of the catalytic cycle was the formation of the active iridium species A, in 

which one of the chloride ligands has been formally displaced by PhNHī. Proton transfer 

between the alcohol and the amine led to the formation of B, which then underwent 

dehydrogenation to form the aldehyde. The free energy barrier of activation for the ɓ-H 
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elimination was high, which accounts for the high temperature required to obtain an 

acceptable reaction rate. They proposed that the formation of the imine was not metal 

templated. The iridium-hydride species E was then able to hydrogenate the imine to the 

corresponding amine. Finally, the authors proposed the proton transfer pathway from H 

to J was catalysed by potassium carbonate, which acted as a proton donor. This inner 

sphere hydrogen transfer pathway gave the lowest Gibbs free energy and the lowest 

enthalpy among all the other energy profiles considered. The final steps of the proposed 

catalytic cycle were the dissociation of the amine and the formation of the active catalyst 

A. The authors also suggested that the imine reduction was the driving force of the 

reaction.36  

 

1.6 N-Alkylation by Alcohols Catalysed by other Metal Complexes 

 

Recently, efforts were made to develop new hydrogen borrowing processes using cheap 

and readily available metals, such as iron and copper, which were highly attractive 

alternatives for expensive and often toxic heavy metals.38 Thus, new cheaper catalysts 

have been used to promote the N-alkylation reaction using alcohols as a source of 

electrophiles. Copper(II) acetate with 1 equivalent of base (potassium tert-butoxide or 

potassium hydroxide) was found to be an efficient catalyst for the N-alkylation reaction 

in high yield. Scheme 16 shows the general methodology.  

 

Scheme 16 

 

 

This process showed some drawbacks, even though copper acetate was a cheap and 

environmental friendly catalyst: it was active only with electron-poor aromatic and 

heteroaromatic amines and primary alcohols, such as benzyl alcohol and derivatives. 

When aliphatic alcohols were used, the yields were really poor (7-40%). Interestingly, 

halogens were not tolerated because the dehalogenation reaction occurred.  

The same group also proposed another methodology using palladium(II) acetate to 

promote this reaction. However, substrates and conditions of reactions were similar to 
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those showed in Scheme 16 with copper(II) acetate: best results were achieved with 

benzyl alcohol and derivatives, aromatic and heteroaromatic amines and 1 equivalent of 

base (Scheme 17).39  The yields were moderate when aliphatic alcohols were used and the 

reaction did not work with secondary alcohols, such as 2-octanol. Additionally, starting 

with halogenated benzyl alcohols, the dehalogenation process occurred as a side reaction.  

 

Scheme 17 

 

 

Recently, Seayad and co-workers reported a new palladium-catalysed hydrogen 

borrowing process using palladium dichloride and an additive (dppe or Xantphos).40 This 

methodology was more general than the previous one and aliphatic amines and alcohols 

were also well tolerated (Scheme 18). Increasing the temperature to 150 °C and the 

reaction time to 48 hours, secondary alcohols could also be tolerated and they afforded 

the corresponding products in good yields.  

 

Scheme 18 

 

 

Finally, the groups of Feringa41 and Wills42 independently reported the first two 

iron-catalysed N-alkylation of amines with alcohols mediated by hydrogen borrowing. 

The iron catalysts that these groups used were similar; however, the Knölker complex 31 

used by Feringa et al. showed greater activity, higher yields and a broader substrate scope 

than the Schrauzer iron complex 32 used by Wills and co-workers (Scheme 19a and 

Scheme 19b respectively). Iron catalyst 31 generally worked with both aromatic and 

aliphatic amines, whereas complex 32 tolerated only derivatives of anilines. 

Unfortunately, in both the systems, amines bearing electron-withdrawing groups did not 
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work and iodoaniline gave a poor yield. However, substrates bearing electron-rich groups 

afforded the corresponding products in excellent yields. Interestingly, the reaction 

between aniline and benzyl alcohol gave a better yield using the Schrauzer catalyst 32. 

 

Scheme 19 

 

The mechanism for the activation of the two catalysts was similar; herein in Scheme 20 

it is reported for complex 31.  

 

Scheme 20 

 

 

An oxidant (Me3NO) was necessary to remove one CO from the air-stable complex 31 to 

form the active species 33. The oxidation of the alcohol gave the formation of the reduced 

iron catalyst 34, which could use the ñborrowedò hydrogen to reduce the imine to the 

amine and reform the active species 33.41 
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1.7 Formation of N-Heterocycles 

 

Ruthenium and iridium catalysts were also effective in the synthesis of valuable 

N-heterocyclic compounds. Effectively, borrowing hydrogen was a very attractive 

method for the synthesis of N-heterocyclic compounds in one step, without generation of 

harmful by-products. Herein, the main chemical transformations to make N-heterocycles 

using borrowing hydrogen are reported.  

The [Cp*IrCl 2]2/K2CO3 system was found to be effective to catalyse intramolecular and 

intermolecular N-heterocyclization; some examples of this kind of reaction are shown in 

Scheme 21.19,43 Previous ruthenium-catalysed systems required high reaction 

temperatures (> 150 °C) and applicable substrates were rather limited,1,6,44 whereas this 

iridium catalytic system had advantages in terms of reaction conditions, as well as in the 

versatility of the substrates. 

  

Scheme 21 

 
 

 
 

Using a similar catalytic system, Madsen and co-workers reported the synthesis of various 

piperazines, starting from a variety of diols and diamines (Scheme 22).45 

 

Scheme 22 
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Several other groups have reported that other catalysts could promote this type of reaction 

in high yields, such as the groups of Bruneau,46 Fujita27 and Limbach.33  

 

N-Heteroaromatic compounds could also be synthesised by hydrogen borrowing and in 

the literature some examples were reported to prepare indoles, benzimidazoles, pyrroles 

and quinolines. The general proposed pathway was initiated by a borrowing hydrogen 

process, followed by a second oxidation, which gave the aromatic N-heterocycles.  

Cho and co-workers reported the synthesis of quinolines using 2-aminobenzyl alcohol 

and a secondary alcohol. 1-Dodecene was the hydrogen acceptor, which would promote 

the initial oxidation of the alcohols (Scheme 23).47 

 
Scheme 23 

 
 

 

A similar reaction was also reported by Ishii and co-workers, who reported that such 

quinolones could also be synthesised using [Ir(cod)Cl]2 and a phosphine ligand.48  

Recent work by the groups of Williams and Marsden employed [Ru(PPh3)(CO)H2] and 

Xantphos for the synthesis of benzimidazoles via N-alkylation. The hydrogen borrowing 

steps gave dihydrobenzimidazoles, which could then be oxidised to give the 

corresponding products. The addition of piperidinium acetate 36 may promote addition 

of o-aminoaniline to the intermediate aldehyde, forming the temporary iminium ion, 

whereas 37 acts as a proton acceptor (Scheme 24).49  
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Scheme 24 

 
 

The same groups also reported a similar hydrogen borrowing process to make 

benzoxazoles, in a procedure catalysed by [Cp*IrI2]2. Using this catalytic system, the 

presence of styrene as a sacrificial hydrogen acceptor was not necessary and good yields 

were also achieved in its absence. The authors suggested that the aromatisation step would 

be mediated by the loss of hydrogen from the intermediate dihydrobenzoxazole. Scheme 

25 shows the general procedure for this process. Yields were generally good, although 

electron-deficient and aliphatic aldehydes gave the products only in moderate yields. 

 

Scheme 25 

 

 

Iridium dimer [Cp*IrCl2]2 also promoted this type of reaction and several indoles were 

obtained in good yields (Scheme 26).50 

 
Scheme 26 
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Interestingly, the authors observed that, increasing the length of the alcohol chain, the 

second oxidation step did not occur. Thus, tetrahydroquinolines were obtained in 

moderate to high yield, instead of quinolines or dihydroquinolines, as shown previously 

in Scheme 21.50 

Benzoquinolines and benzoindoles could be prepared in moderate to excellent yield using 

a catalyst generated in situ with a combination of nearly equimolecular amounts of 

iridium trichloride and 2,2ô-bis(diphenylphosphano)-1,1ô-binaphthyl (BINAP) (Scheme 

27). The reaction was faster in the presence of air and was not affected by substitution on 

the starting amine.51 

 
Scheme 27 

 
 

 

A plausible mechanism for these reactions is reported in Figure 13, in which the iridium 

complex catalysed the direct intramolecular cyclisation between the aldehyde and the 

naphthalamine, followed by the aromatisation step.   
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Figure 13 

 

 

 

Finally, during their study on the synthesis of quinolines catalysed by iridium complexes, 

Ishii and co-workers also found that [IrCl(cod)]2 promoted the reaction between an 

aliphatic amino alcohol and a ketone to form a pyrrole.48 Beller and co-workers developed 

this idea reporting a ruthenium-catalysed three-component synthesis of pyrroles, which 

afforded a broad range of multiply substituted heterocycles in moderate to high yield 

(Scheme 28). A broad range of substituents was tolerated, including electron-withdrawing 

and electron-donating groups on aromatic and aliphatic substituents. 

 
Scheme 28 

 

 

1.8 N-Alkylation of Amides, Carbamates and Sufonamides with Alcohols 

 

A few of the ruthenium and iridium complexes reported previously could also be used in 

the N-alkylation of amides, carbamates and sulphonamides with alcohols. The isolated 

yields were generally modest due to the poorer nucleophilicity and therefore, lower 

reactivity of the amide. This different reactivity of amides is due to the delocalisation of 
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the nitrogenôs lone pair into the ́  system, which makes amides less nucleophilic than 

amines.  

The iridium catalyst [Cp*IrCl2]2 could also be used in the N-alkylation of carbamates and 

amides. The reaction of a carbamate with an excess amount of primary alcohol 

(4 equivalents) gave the carbamic derivatives in moderate to good yield (Scheme 29a). 

The presence of a base accelerated the reaction, with sodium acetate being the most 

effective and the optimal temperature was 130 °C. Using the same conditions, the 

N-alkylation of benzamide and acetamide was achieved in moderate to good yield 

(Scheme 29b).52 

 
Scheme 29 

 
 

Since either amides or carbamates were not good nucleophiles on the nitrogen, the 

catalyst loading used was higher and the yields lower than those obtained previously in 

the alkylation of amines. Besides, the substrate scope was not as broad and 

electron-withdrawing groups were not tolerated.  

Fujita and co-workers demonstrated that the iridium complex [Cp*IrCl2]2 in the presence 

of potassium tert-butoxide could alkylate sulphonamides, as shown in Scheme 30.53 Since 

sulphonamides were more nucleophilic than amides, the yields were generally high and, 

indeed, more bulky secondary alcohols and both electron-withdrawing and 

electron-donating groups were tolerated.   

 

Scheme 30 
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1.9 N-Alkylation of Amines with Alcohols affording Chiral Compounds 

 

Chiral amines are common moieties in pharmaceutical and agrochemical chemistry and 

several compounds are sold as a single enantiomer.54,55 Starting with a chiral catalyst or 

a chiral auxiliary, borrowing hydrogen could potentially be used to make enantioenriched 

amines. Effectively, starting with a secondary alcohol, a stereogenic centre can be formed, 

with the advantage of obtaining an enantioenriched molecule from a racemic alcohol 

(Scheme 31). 

 

Scheme 31 

 

 

Asymmetric hydrogen transfer was used with excellent results for the asymmetric 

reduction of ketones56,57 and imines.58,59 However, to the best of our knowledge, there are 

only a few examples in the literature of the asymmetric alkylation of amines with 

alcohols, reflecting the difficulty involved in the design of catalysts which could promote 

the asymmetric N-alkylation of amines with alcohols.  

Fujita and co-workers reported the first asymmetric alkylation, taking advantage of using 

the chiral amine 38, which acted as a chiral auxiliary. The reaction, exemplified by 

piperidines, is reported in Scheme 32.43 The existing stereocentre determined the 

prevalent formation of the trans compund, 40.  

 

Scheme 32 
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These workers noticed that a small amount of racemisation of the auxiliary also occurred 

during the reaction, which could be due to isomerisation of the imine or iminium 

intermediate, as shown in Scheme 33.43 

 

Scheme 33 

 

  

Developing a similar idea, Guan and co-workers obtained the alkylation of sulfinylamines 

in the reaction between a chiral sulfinylamine and alcohols in good to excellent 

diastereomeric excess, as shown in Scheme 34. The reaction worked better when one of 

the groups on the alcohol was aromatic and the other aliphatic because the hydrogenation 

of sulfinylimines proceeds with lowered diastereocontrol when the ɓ-substituents are 

similar in size.60 

 

Scheme 34 

 

 

Recently, Zhao and co-workers have reported the first asymmetric synthesis of 

enantioenriched amines starting with a chiral catalyst.61 A screen of the conditions 

determined that the best results were obtained in a cooperative catalysis with the 

Noyori-type iridium catalyst 42 and the chiral phosphoric acid 43. The 

matched/mismatched relationship between the iridium complex and the BINOL 

phosphoric acid was found to be significant to achieve good enantiomeric excesses and 

the combination of (S,S)-42 and (R)-43 gave the optimal results. The scope was quite 

general for the racemic alcohols and anilines (Scheme 35). Unfortunately, this catalytic 

system could not be applied with other amines because they afforded the corresponding 

compounds in low yield and poor enantiomeric excess.   
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Scheme 35 

 

 

Finally, this group has further applied this methodology achieving the first dynamic 

kinetic asymmetric amination with alcohols. Starting with a mixture of four 

diasteroisomers, the authors managed to optimise the conditions to obtain the Ŭ-branched 

amines in excellent diasteroselectivity and enantioselectivity (Scheme 36).62 

 

Scheme 36 

 

 

The mechanism of the reaction is reported in Figure 14.  
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Figure 14 

 

 

The first step was the oxidation of the alcohol to the ketone, which was followed by the 

condensation to the imine catalysed by the chiral phosphoric acid 44 (HX*). The two 

enantiomeric imines were in equilibrium via the enamine. One of the two enantiomers 

was hydrogenated faster than the other by the iridium catalyst, which led to product 

formation in excellent diastereoselectivity and enantioselectivity.62 

 

1.10 Project Aims 

 

The work outlined above illustrates the potential for atom-efficient hydrogen borrowing 

processes which allow for the synthesis of amines and other C-N compounds starting with 

less reactive substrates than those traditionally used. Iridium and ruthenium complexes 

promote the N-alkylation by alcohols, generally with good results. The application of 

iridium catalysts is more recent than the use of ruthenium; nevertheless, several 

complexes have been synthesized and tested and the N-alkylation has often been achieved 

in high yields. This kind of reaction has great potential; however, this methodology 

suffers from a number of drawbacks, such as when a secondary alcohol is used as a 

substrate. In this case, the reaction is slow and the amount of catalyst has to be increased 

by up to 5 mol% Ir.22 Effectively, the N-alkylation of secondary alcohols is more difficult 

than that of primary alcohols because ketones are poorer electrophiles than aldehydes.63  
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This project aims to develop new robust catalysts for the formation of 

pharmaceutically-relevant amines using the hydrogen borrowing methodology. 

The development of new complexes will be focused on several aspects, such as:  

- the synthesis of more active catalysts, which could improve the catalyst loading 

and the reaction rate, particularly when the substrates have a great steric bulk; 

- the synthesis of catalysts which are active not only in toluene, but also in a variety 

of more polar solvents;  

- the development of new more efficient enantioselective methodologies to prepare 

chiral amines starting with racemic alcohols (Scheme 31). 
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Chapter 2. Initial Attempts to Study the Reaction Mechanism  

 

 

2.1 Evaluation of the Active Iridium Catalyst: Amine-Coordination or 

Carbonate-Coordination 

 

The work outlined in the introduction shows that the hydrogen borrowing process 

promoted by [Cp*IrCl2]2 is a well-known methodology in the literature which has great 

potential.1,4,63 Recently, the first reported industrial optimisation using [Cp*IrCl2]2 was 

also achieved in high yield and with a catalyst loading lower than 0.05 mol% iridium.24 

However, this process has some drawbacks, e.g. high catalyst loading, high concentration 

in non-polar solvents and slow reaction rates with bulky substrates,22 that could 

potentially be resolved if the mechanism of the reaction was completely understood. For 

instance, it is not clear what role the base plays in these reactions. Three different 

mechanisms have been proposed to explain the catalytic cycle of [Cp*IrCl2]2, achieving 

completely different conclusions about the active coordination of the catalyst and the 

rate-determining step of the reaction.34,35,36 Our initial efforts were focused on 

understanding the reaction mechanism, particularly regarding the coordination of the 

active iridium species in the reaction. The knowledge of which molecules are coordinated 

to the metal would give us useful information to design a more active and robust iridium 

complex, bearing a more functional ligand than the Cp* alone. Therefore, our first 

attempts were orientated towards understanding the role of the base in the catalytic cycle 

and to establish the rate-determining step in the reaction mechanism. Initially, the 

procedure described by Fujita and co-workers was tested (Scheme 37) to evaluate the 

reaction conditions, the reactivity of the iridium dimer [Cp*IrCl2]2 and the reaction 

mechanism.22  

 

Scheme 37 

 

 

Our first effort was to develop a reliable and consistent methodology to follow the kinetics 

by gas chromatography (GC). Hence, the reaction between 1 equivalent of benzyl alcohol 
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20 and 1 equivalent of piperidine 45 was chosen as a model reaction because it proceeded 

with high yield and no significant synthesis of by-products (Scheme 38). 

 

Scheme 38 

 

 

n-Decane was chosen as internal standard, because it did not react under the reaction 

conditions and it gave a sharp and distinct peak in the GC chromatogram. To verify the 

reliability of the process and, therefore, to evaluate the error correlated to the 

methodology chosen, the reaction shown in Graph 1 has been carried out three times, 

maintaining constant concentration, but changing the amounts of starting materials. We 

sought to use a procedure in which we limited the human error, thus sodium bicarbonate, 

which was used in catalytic amount in the reaction shown in Scheme 38, was not added 

in the current experiment. Graph 1 shows the results from each these three experiments: 

Graph 1A shows the yield vs. time and Graph 1B the median values with the relevant 

error bars. The error increased slightly after 6 hours, when the reaction rate began to 

decrease. Nevertheless, errors were found to be very small in the first hours, confirming 

the consistency of this procedure. Additionally, conversions after 24 hours were also 

calculated by analysis of the 1H-NMR spectra of the reaction mixtures (65-71% 

conversion) and they were comparable with those calculated by GC analysis. At the 

beginning of the reactions, we could approximate that the kinetics were in pseudo-first 

order with respect to benzyl alcohol. For this experiment, we analysed the kinetics 

achieved in the first 120 minutes of the reaction. Graph 1C shows the logarithms of the 

concentration of benzyl alcohol vs. time; the relevant equations gave an approximation 

of the rate constants.  

 
Graph 1 
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Equation y = a + b*x

Weight No Weighting

Residual Sum 
of Squares

0.00379 0.00348 5.62831E-5

Pearson's r -0.96209 -0.9686 -0.99921

Adj. R-Square 0.90703 0.92273 0.99804

Value Standard Error

ln[BnOH] Intercept -0.23808 0.02026

ln[BnOH] Slope -0.00212 3.00697E-4

ln[BnOH] 2 Intercept -0.16347 0.01942

ln[BnOH] 2 Slope -0.00225 2.88274E-4

ln[BnOH] 3 Intercept -0.3428 0.00247

ln[BnOH] 3 Slope -0.00185 3.66405E-5

 

 

The slopes of the linear fits were found to have close values (k = ī0.0021 ± 0.0002), 

which confirmed the reliability of this procedure.   

After developing a consistent methodology to analyse data, the effect of sodium hydrogen 

carbonate on the catalyst was studied. Three different iridium coordination modes, mainly 

based on computational studies, have been proposed in the literature to generate the active 

catalyst; one considering metal-carbonate coordination (Figure 10)34, the second 

considering metal-amine coordination (Figure 11)35 and the third considering both 

metal-amine coordination for the oxidation step and metal-carbonate coordination for the 

reduction step (Figure 12).36 

A reaction was carried out using the conditions reported above with an addition of 2 mol% 

of sodium hydrogen carbonate to compare the observed rate constants, as shown in Graph 

2. ñRun without NaHCO3ò and ñln[BnOH]ò refer to the reaction carried out without any 

base (Graph 1), whereas ñRun with NaHCO3ò and ñln[BnOH] with NaHCO3ò refer to the 

current experiment. Graph 2A shows the yield vs. time and Graph 2B shows the logarithm 

of the concentration of benzyl alcohol vs. time. 
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Graph 2 
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Equation y = a + b*x

Weight No Weightin

Residual Sum of 
Squares

6.02057E-5 0.00153

Pearson's r -0.99916 -0.9804

Adj. R-Square 0.9979 0.95162

Value Standard Err

ln[BnOH] Intercept -0.3435 0.00254

ln[BnOH] Slope -0.0018 3.77118E-5

ln[BnOH] with N Intercept -0.4032 0.01281

ln[BnOH] with N Slope -0.0018 1.90106E-4

 

 

Even though a substoichiometric amount of base was reported in the literature to be 

fundamental to obtain higher yields,21,22,43 in our system the addition of sodium hydrogen 

carbonate did not change the activity of the dimer [Cp*IrCl2]2. Both the conversion 

profiles and the rate constants show the same pathway, which suggests that, under these 

conditions, the preferred coordination mode is the amine-iridium coordination, instead of 

the carbonate-metal complex. Therefore, the catalyst could generate the active form in 

the absence of potassium carbonate or sodium hydrogen carbonate, supporting Madsenôs 

proposal of amine-coordination.35 Thus the following experiments were carried out in the 

absence of any base. 
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2.2 Determination of the Reaction Order: Amine 

 

To establish if the rate-determining step was the oxidation of the alcohol (k1), the 

formation of the imine (k2) or the hydrogenation to amine (k3) (Scheme 39), attempts were 

made to study the global reaction order, beginning with the evaluation of the reaction 

order in the amine.  

 

Scheme 39 

 

 

Several reactions were carried out in pseudo-first order conditions maintaining the 

alcohol in large excess, using respectively 10, 12, 15 and 20 equivalents of benzyl alcohol 

for 1 equivalent of 4-phenylpiperidine. Piperidine was changed to 4-phenylpiperidine to 

have a better separation and a sharper peak in the GC chromatogram. The observed rate 

constants, which were calculated plotting the logarithm of the amine concentration vs. 

time, were plotted versus the concentration of the amine, obtaining that the rate constant 

depended linearly with the concentration: the reaction is therefore first order with respect 

to the amine (Graph 3). 

 

Graph 3 
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Adj. R-Square 0.9613

Value Standard Error

kobs Intercept 6.57713E-4 9.88079E-5

kobs Slope 0.00514 5.91047E-4
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2.3 Determination of the Reaction Order: Alcohol 

 

To determine the reaction order with respect to the alcohol, our first attempt was to 

maintain the amine in large excess (10 equivalents of 4-phenylpiperidine for 1 equivalent 

of benzyl alcohol) to have pseudo-first order conditions respect to the alcohol. However, 

plotting the yield profile of 48 vs. time, we found that an excess of amine in the reaction 

inhibited the activity of the catalyst, obtaining 48 in less than 10% yield after 150 minutes. 

We also tried to add the amine when the reaction was already at reflux, instead of at room 

temperature, without achieving a better conversion. Graph 4 shows the results, comparing 

these two yield pathways with the one achieved in the previous section. Effectively, when 

benzyl alcohol was used in excess, product 48 was achieved in 80% yield after the same 

reaction time.  

 

Graph 4 
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The excess of amine poisoned the catalyst, because it presumably generated a new iridium 

species which was very stable and, therefore, inactive. These results suggest that the 

amine-metal coordination is more favourable than the alcohol-metal coordination. 

Effectively, the reaction with an excess of benzyl alcohol gave a faster reaction rate than 

using the starting materials in a 1 : 1 ratio.  
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The results shown in Graph 4 could not be used to evaluate the reaction order with respect 

to the alcohol. We changed the approach and, using 1 equivalent of the amine and 1 

equivalent of the alcohol, we analysed the data obtained between 0 and 5% yield to have 

pseudo-first order conditions with respect to the starting materials. For this reaction, we 

analysed the kinetics achieved in the first minutes. Several reactions have been carried 

out, changing the concentration of the benzyl alcohol. The relative observed rate constants 

have been calculated plotting the logarithm of the benzyl alcohol concentration vs. time. 

Graph 5 plots the observed rate constants vs. the concentration of the benzyl alcohol; the 

reaction is first order with respect to the alcohol, achieving a global second order reaction.  

 

Graph 5 
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Equation y = a + b*x

Weight No Weighting

Residual Sum of 
Squares

1.3539E-7

Pearson's r 0.98435

Adj. R-Square 0.9586

Value Standard Error

kobs Intercept -5.11663E-4 2.09971E-4

kobs Slope 0.0039 4.03551E-4

 

 

Whilst we were working on this chemistry, Madsen and co-workers published their paper 

in which they affirmed this reaction is in first order with respect to the alcohol and to the 

amine, achieving a global second order reaction.35 Our results suggest that, in the catalytic 

cycle, both the amine and the alcohol are involved in the rate-determining step, which 

confirms their conclusions.  
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2.4 Determination of the Reaction Order: Catalyst 

 

The last part of this preliminary study concerned the reaction order in the catalyst. Several 

reactions were carried out changing the amount of catalyst used, but maintaining a 

constant concentration of alcohol 20 and amine 47. Again, we analysed the data obtained 

between 0 and 10% yield to have pseudo-first order conditions with respect to the starting 

materials. The observed rate constants have been calculated plotting the logarithm of the 

benzyl alcohol concentration vs. time. Graph 6 shows the observed rate constants vs. the 

catalyst loading.   

 

Graph 6 

 

 

0 5 10 15

0.000

0.002

0.004

0.006

k
o
b
s

Catalyst loading (mol % Ir)

Graph 6

 

 

The reaction rates did not show a linear pathway with an increasing amount of catalyst 

used. These results could be explained by considering the dimer-monomer equilibrium 

shown in Scheme 40. Recently, Madsen and co-workers have calculated computationally 

the energy related to the dimer-monomer equilibrium: when the reaction was at reflux in 

toluene (110 °C), a small amount of the active monomeric 16-electron complex was 

favoured by entropy, even if the dimer is the most stable complex.35 
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Scheme 40 

 

 

Our results suggest that the amount of the active species [Cp*IrCl2] in the reaction does 

not increase linearly with the catalyst loading. Instead, its concentration in the reaction 

mixture is proportional to the square root of the concentration of [Cp*IrCl2]2. The 

observed rate constants shown in Graph 6 depend on the amount of the [Cp*IrCl2] in the 

reaction and therefore, since the two iridium species [Cp*IrCl 2] and [Cp*IrCl2]2 deviate 

from linearity, the observed rate constants are not in linear dependence with the catalyst 

loading. 

 

2.5 Conclusions 

 

The results described above suggest that a monomeric complex could be potentially more 

active than the dimeric [Cp*IrCl2]2, because it should not need pre-activation to generate 

the active monomeric 16-electron complex. Additionally, the active catalytic species does 

not contain a carbonate in its coordination sphere, but an amine. These observations 

suggest that an amine could be an interesting functional group to include in the design of 

new catalysts, since the amine-metal coordination is particularly favoured over the other 

possible ligands that could be considered, e.g. alcohol or carbonate. With the synthesis of 

more efficient catalysts which do not need the energy necessary to break the dimer in two 

monomers, it would be possible to decrease the high temperatures and the high catalyst 

loadings generally required in the hydrogen borrowing methodology.  
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Chapter 3. Synthesis of New Complexes 

 

 

3.1 Introduction 

 

Our kinetic studies reported in the previous chapter showed that a monomeric complex 

could potentially be more active than the dimer [Cp*IrCl2]2. We decided to focus on the 

development of complexes using two metals: rhodium and iridium. This choice was based 

on the knowledge that both rhodium and iridium complexes have been reported to 

catalyse hydrogen borrowing reactions.1,4 Besides, these two metals have several features 

in common: all the compounds of Rh(III) and Ir(III) are diamagnetic and low-spin and 

both metals have a great affinity for ammonia and amines. Both rhodium trichloride 

hydrate and iridium trichloride hydrate provide a convenient starting point for the 

preparation of complexes.64 Furthermore, even if rhodium complexes generally show 

worse activities for hydrogen borrowing reactions than iridium catalysts, they are easier 

to synthesise, since the formation of iridium complexes is generally slow.65 Therefore, 

the synthesis of the designed catalysts could be attempted starting with rhodium 

trichloride hydrate, followed by the optimisation of the methodology to make the 

corresponding iridium complexes. 

Since our previous results suggest that the active catalyst contains an amine in its 

coordination sphere, our aim was to prepare complexes which contained a coordinated 

amine as a ligand. The importance of the N-H functional group in organometallics is also 

well known in the literature and it often recurs in metal-catalysed reactions.66 Effectively, 

the amine moieties can serve as coordination groups, hydrogen bonding donors, hydrogen 

bonding acceptors and proton sources and they are chemically stable and easily 

introduced to the ligands. The N-H functional group is largely used in symmetric and 

asymmetric hydrogen transfer. One of the first asymmetric examples was reported by 

Noyori in 1995 (Scheme 41).67 
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Scheme 41 

 

Two different families of ligands have been designed, both containing a coordinated 

amine. The first family has a bidentate ligand coordinated to the metal centre in a 

Noyori-type complex. Recently, Limbach and co-workers showed that similar complexes 

can be used efficaciously in the N-alkylation processes, as shown in Scheme 42.33 A 

family of complexes was prepared containing aminoacidate ligands like 27, which 

promoted the hydrogen borrowing reactions in good to excellent yields (72-98%).  

 

Scheme 42 

 

 

In the second family of complexes that could be designed, the aromatic ring was derived 

introducing a tethered chain which contained the amine group. Wills and co-workers have 

prepared a new family of ruthenium tethered catalysts, which have shown excellent 

activities in asymmetric transfer hydrogenation of ketones (Scheme 43).68 

 

Scheme 43 

 

 

The introduction of the tethered amine provided extra stability and a significant increase 

of the reaction rate related to the ñuntetheredò Noyori-type catalyst.69 This latter 
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modification is really interesting, because we could potentially prepare more active 

catalysts and increase the stability of the complexes simply introducing a tethered chain 

in the Cp* ring. Thus, a new family of monomers was designed, as shown in Figure 15; 

the general structure of the ligand contains a Cp* group which has been modified with a 

side chain bearing an amine group. 

 

Figure 15 

 

 

The designed structure represented above shows a great number of possible 

modifications, such as the length of the chain and the substituents on the nitrogen, which 

could permit us to compare the structure of the complexes vs. their activity in hydrogen 

borrowing processes. Since they are monomeric complexes, they should not need 

pre-activation from the dimer dissociation and the amine could act as an internal base. 

Additionally, the nitrogen in the amine could favour the monomeric structure, due to the 

great affinity between iridium or rhodium and nitrogen.  

 

3.2 Synthesis of New Monomeric Rhodium(III) Catalysts 

 

We started the synthesis of a series of ligands varying the length of the side chain to 

evaluate its role in the catalytic activity of the complex. Three different ligand precursors 

have been synthesised using similar procedures: the first one containing a (CH2)2NHBoc 

unit (ligand 54, Scheme 44), the second one containing a (CH2)3NHBoc unit (ligand 57, 

Scheme 44) and the third one containing a (CH2)4NHBoc unit (ligand 60, Scheme 44). 

These ligand precursors, which were obtained as a mixture of geometric isomers, have 

been prepared by double alkenylation of the N-Boc protected amine 53 or amides 56 and 

59 with 2-lithium-2-butene. This procedure was used in the literature to synthesise the 

diene 57 in good yield, as reported by Ito et al.70 Herein, it was efficaciously applied to 

synthesise dienes varying the length of the side chain. The organolithium reagent 

2-lithium-2-butene was generated in situ by the reaction between lithium wire and 
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2-bromo-2-butene, used as a mixture of cis and trans isomers;70 its ratio was not reported 

by the suppliers. 

 

Scheme 44 

 

 

 

 

 

Three different isomers could be achieved, as shown in Figure 16: the trans-trans isomer, 

the trans-cis isomer and the cis-cis isomer. The dienes were generally purified by flash 

chromatography, isolating them in a mixture of 1 : 1 : 0 ratio.  

 

Figure 16 

 

 

Two rhodium complexes containing a modified Cp* ligand bearing an amine in the side 

chain were already reported in the literature by Ito et al.70 Complex 64 was synthesised 

in good yield starting from the ligand precursor 61, which was prepared from 

tetramethylcyclopentenone in three steps, following a procedure reported by Teuben and 

co-workers71 (Scheme 45). 
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Scheme 45 

 

 

Complex 67 was also reported in the literature by Ito et al. and it was synthesised from 

the ligand precursor 57 in three steps, as shown in Scheme 46.70 Diene 57 was prepared 

using the same procedure reported in Scheme 44. 

 

Scheme 46 
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Disappointingly, several attempts to synthesise the ligand precursor 65 failed in our 

hands. The NMR spectra of the crude reaction mixtures showed that the signals of diene 

57 disappeared, but only a mixture of by-products was obtained.  

Therefore, we sought a different procedure to synthesise our complexes. Ito et al. reported 

in the literature that rhodium and iridium dimers could be synthesised in situ starting from 

modified dienes in moderate to excellent yields, as shown in Scheme 47.72  

 

Scheme 47 

 

 

Following this general procedure, rhodium trichloride hydrate and diene 57 were 

dissolved in dry methanol and the mixture was heated at reflux overnight (Scheme 48). 

Unexpectedly, in addition to dimer 68 isolated in 25% yield and characterised by NMR 

spectroscopy and HRMS, a 36% yield of monomer 67 was purified by flash 

chromatography.  

 

Scheme 48 

 

 

The structure of compound 67 was confirmed by X-ray crystallography, after growing 

red diffraction-quality crystals by slow recrystallization from dichloromethane (Figure 

17). The complex crystallised monoclinic, space group P21/n. The hydrogen atoms have 

been omitted for clarity. Displacement ellipsoids are at the 50% probability level. 

 



48 

 

Figure 17 

 

Molecular structure of complex 67 

 

 

Table 1 reports the relevant bond lengths and angles for this complex.  

 

Table 1 

Bond and Angle Length (Å) and Angle (°) 

Range Cq(ring)-Rh1  2.142(3) to 2.196(3) 

C1-Rh1 2.142(3) 

Ring centroid-Rh1 1.781 

N1-Rh1 2.139(3) 

Cl1-Rh1 2.439(1) 

Cl2-Rh1 2.441(1) 

N1-Rh1-C1 94.54(10) 

        

The maximum difference in the bond lengths between the carbons of the ring and the 

metal is 0.054 Å, with the bond between the carbon in the tethered chain (C1) and 

rhodium being the shortest (2.142(3) Å). The length between the ring centroid and the 

metal is 1.781 Å. 

The yield for the synthesis of complex 67 reported in the literature was higher (Scheme 

46); however, to the best of our knowledge, the development of a procedure to synthesise 

the Cp*-derived ligand in situ and, at the same time, deprotect the N-Boc amine to directly 

isolate monomeric complex 67 is new.  
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The same procedure described in Scheme 48 has been used to synthesise complexes 64 

and 69. Rhodium complex 64 was isolated after purification by flash chromatography in 

10% yield (Scheme 49) and it was analysed by NMR spectroscopy and HRMS. 

 

Scheme 49 

 

 

When we attempted the same procedure starting with rhodium trichloride hydrate and the 

homologated diene 60 in dry methanol, we did not manage to directly isolate complex 69, 

but instead we achieved a 34% yield of the dimer 70 (Scheme 50). Complex 70 was 

characterised by NMR spectroscopy, comparing the signals with similar dimers reported 

in the literature.70 

 

Scheme 50 

 

 

The treatment of dimer 70 with 2 equivalents of potassium tert-butoxide in dry DCM 

gave complex 69 in modest yield (Scheme 51), which was not stable. The structure of the 
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complex was confirmed by 1H-NMR and HRMS; however, upon the removal of the 

solvent decomposed 69 to give an insoluble orange by-product.    

 

Scheme 51 

 

 

Among the dienes tried, 57 gave the highest yield in the synthesis of the corresponding 

rhodium complex. These results suggest that the length of three carbon chain would be 

optimal, because the complex 67 was isolated with the highest yield. The side chain of 

diene 54 is probably too short to give an easily formed monomer. Ito et al. reported that 

the conformational constraints of the cyclopentadienyl ligand is bigger in complex 64 

than in 67.70 On the contrary, the chain in diene 60 is probably too lengthy to afford a 

stable monomer, 69. Effectively, the dimer 70 was the only product isolated from the 

reaction shown in Scheme 50, which demonstrates that the N-Boc deprotection occurred, 

but a dimeric structure was more favoured than the monomeric one. The treatment of 70 

with a strong base gave the monomer 69, but it was unstable and it decomposed 

spontaneously to give an insoluble by-product. As a result of these considerations, the 

length of diene 57 (three carbon chain) was chosen for further modifications of the amine 

and the halide ligands. 

 

3.3 Modification of Rhodium(III) Complex 67: Secondary Amine 

 

The structure of catalyst 67 is interesting because it contains a primary amine in the side 

chain. The possibility to synthesise active catalysts with a secondary or a tertiary amine 

is intriguing because it would open the potential modifications of the catalysts, 

developing supported catalysts or introducing asymmetric centres for enantioselective 

alkylation. 
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We synthesised a diene containing an N-Boc protected secondary amine as shown in 

Scheme 52, starting from the commercially available 4-(methylamino)butyric acid 71 in 

three steps. 

 

Scheme 52 

 

The procedure described in Scheme 48 has been applied here to synthesise monomer 75 

starting from 2 equivalents of diene 74 and 1 equivalent of rhodium trichloride hydrate in 

methanol (Scheme 53).  

  

Scheme 53 

 

 

 

The structure of complex 75 has been confirmed by X-ray crystallography, after growing 

red diffraction-quality crystals by recrystallization from dichloromethane-hexane 

(v/v = 1/2) (Figure 18). The complex crystallised monoclinic, space group P21/n. The 

hydrogen atoms, except those on the protic amine, have been omitted for clarity. 

Displacement ellipsoids are at the 50% probability level. 
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Figure 18 

            

Molecular structure of complex 75 

 

Table 2 reports the relevant bond lengths and angles for this complex. 

 
Table 2 

Bond and Angle Length (Å) and Angle (°) 

Range Cq(ring)-Rh1 2.149(2) to 2.209(2)  

C5-Rh1 2.161(2)  

Ring centroid-Rh1 1.791 

N1-Rh1 2.171(2)  

Cl1-Rh1 2.454(5)  

Cl2-Rh1 2.448(5)  

N1-Rh1-C5 92.97(6) 

 

The bond lengths and angles of complex 75 were compared with those of monomer 67. 

The length of the C5-Rh bond and the length between the ring centroid and the metal are 

slightly greater in 75 than in 67 (respectively, 2.161(2) Å and 1.791 Å for 75 and 2.142(3) 

Å and 1.781 Å for 67). The angle between N1-Rh-C5 is slightly more acute in 75 than in 

67. Additionally, the length of the nitrogen-rhodium bond is greater in complex 75 

(2.171(2) Å) than in 67 (2.139(3) Å), suggesting that this bond is weaker with a secondary 

amine in the side chain.  

The 1H-NMR analyses of complex 75 showed that the protons of the side chain and of 

the methyl groups in the ring became diastereotopic, due to the asymmetric centre on the 

coordinated nitrogen. Figure 19 shows the 1H-NMR spectra of complexes 75 and 67 for 

comparison. 
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Figure 19 

     

 

   

The 1H-NMR spectra were recorded in deuterated chloroform using a 500 MHz Bruker spectrometer. 
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Firstly, the hydrogens of the two side chains were compared. The two hydrogens next to 

nitrogen (H3 in the Figure) and the two next to them (H2 in the Figure) in complex 75 are 

diastereotopic with four distinct signals for the four hydrogens. In comparison, the same 

four hydrogens in complex 67 (H2 and H3 in the Figure) occur in two homotopic pairs 

and only two signals are observed. The signals of the methyl groups in the Cp* were also 

compared. Complex 75 has four different signals, showing that the Cp*-derived ring is 

also diastereotopic, while 67 has only two signals. Finally, the methyl group attached to 

the nitrogen in complex 75 is a doublet in the spectrum, because it is coupled to the 

hydrogen on the coordinated amine.  

 

3.4 Modification of Rhodium(III) Complex 67: Tertiary Amine 

 

Some examples in which a tertiary amine is coordinated to the metal are reported in the 

literature; usually two methyl groups have been used as substituents on the amine.70,73 To 

conclude the screening of our family of amine-modified Cp* ligands, we synthesised 

diene 78 starting with a nucleophilic substitution between dimethylamine and ethyl 

4-bromobutanoate 76 in toluene, followed by the double alkenylation of 77 by the 

organolithium generated in situ in the reaction between lithium wire and 

2-bromo-2-butene, used as a mixture of cis and trans isomers (Scheme 54).  

 

Scheme 54 

 

 

Unfortunately, the reaction between diene 78 and rhodium trichloride hydrate in methanol 

did not afford complex 79 (Scheme 55), suggesting that the N-Boc deprotection was a 

fundamental step for the synthesis of this family of monomers. 
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Scheme 55 

 

 

With the idea of synthesising rhodium(III) dimer 81 and then closing the structure to form 

the corresponding monomer 79, we treated ligand 78 with 2.0 M hydrogen chloride in 

ether to give the hydrochloride salt 80 as an unresolved mixture of three isomers, 

following the general procedure reported by Ito and co-workers (Scheme 56).70 

 

Scheme 56 

 

 

The reaction between rhodium trichloride hydrate and ligand precursor 80 in dry 

methanol gave rhodium(III) dimer 81 in 40% yield (Scheme 57).  

 

Scheme 57 

 

 

This complex was characterised by NMR spectroscopy, comparing the signals with 

similar dimers reported in the literature70 and by HRMS. 

The rhodium dimer 81 was converted into the desired monomer 79 in moderate yield 

using 2 equivalents of potassium tert-butoxide in dichloromethane, as shown in Scheme 

58.70 
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Scheme 58 

 

 

The structure has been confirmed by X-ray crystallography, after growing orange 

diffraction-quality block crystals from dichloromethane-hexane (v/v = 1/2) (Figure 20).  

 

Figure 20 

           

Molecular structure of complex 79 

 

 

The complex crystallised orthorhombic, space group Pca21. The hydrogen atoms have 

been omitted for clarity. Displacement ellipsoids are at the 50% probability level. 

Table 3 reports the relevant bond lengths and angles for this complex. The characteristic 

bond lengths and angles of complex 79 were compared with those reported previously for 

67 and 75. The maximum difference in the bond lengths between the carbons in the ring 

and the rhodium is smaller than those previously observed (0.023 Å for 79 instead of 

0.054 Å for 67 and 0.060 Å for 75), suggesting that the presence of a tertiary amine gives 

an almost symmetry of coordination between the Cp*-derived ring and the metal. The 

length between the carbon in the tethered chain (C6) and rhodium is the shortest among 

the five carbon-rhodium bonds, like in complex 67. Additionally, the bond length 
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between nitrogen and rhodium is greater (2.196(4) Å for 79, 2.171(2) Å for 75 and 

2.139(3) Å for 67), indicating that the weakest rhodium-nitrogen bond is the one with a 

tertiary amine in the side chain.  

  

Table 3 

Bond and Angle Length (Å) and Angle (°) 

Range Cq(ring)-Rh1 2.140(5) to 2.167(5)  

C6-Rh1 2.140(5)  

Ring centroid-Rh1 1.772 

N1-Rh1 2.196(4)  

Cl1-Rh1 2.417(2)  

Cl2-Rh1 2.422(1)  

N1-Rh1-C9 95.11(18) 

  

Finally, to analyse the effect of a bigger substituent on the tertiary amine coordinated to 

the metal, diene 83 was synthesised using a synthetic route which was similar to the one 

shown previously (Scheme 59). 

 

Scheme 59 

 

Similarly to what was observed previously in the synthesis of complex 79, the reaction 

between diene 83 and rhodium trichloride hydrate did not afford complex 84 (Scheme 

60). 
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Scheme 60 

 

 

With the idea of synthesising rhodium(III) dimer 86 and then closing the structure to form 

the corresponding monomer 84, ligand precursor 85 was synthesised (as an unresolved 

mixture of three isomers) following the general procedure reported by Ito and 

co-workers70 (Scheme 61). This ligand was used in the following reaction without any 

other purification; a small amount was purified by flash chromatography for 

characterisation purposes, isolating the compound as a free amine.  

 

Scheme 61 

 

 

The reaction between rhodium trichloride hydrate and ligand 85 in dry methanol gave 

rhodium(III) dimer 86 in excellent yield, which was characterised by NMR spectroscopy, 

elemental analysis and HRMS (Scheme 62). 

 

Scheme 62 
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Two different procedures were attempted to synthesise monomeric complex 84, the first 

one using potassium tert-butoxide as a base70 and the second one using silver carbonate.72 

Using the first procedure, instead of obtaining complex 84, we found a small amount of 

the monomer 87 and unreacted starting material (Scheme 63).  

 

Scheme 63 

 

 

The formation of complex 87 was confirmed by NMR spectroscopy. Figure 21 shows the 

1H-NMR spectrum of monomer 87.  

 

Figure 21 

 

The 1H-NMR spectrum was recorded in deuterated chloroform using a 500 MHz Bruker spectrometer. 

 

The protons next to the nitrogen in the ethyl group (H4 in the Figure) are diastereotopic 

and two signals are observed. The methyl groups in the Cp*-derived ring are also 
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diastereotopic and they appear as four different singlets. This diasterotopicity is due to 

the asymmetric centre on the coordinated nitrogen, similarly to complex 75.  

Since alkyl cations are not generally good leaving groups, the loss of the ethyl group to 

generate 87 was unexpected. The mechanism of this reaction was not certain, but our 

hypothesis is that the first step could be the formation of iminium ion 88 by 

dehydrogenation, followed by the formation of the hemiaminal 90 and its hydrolysis, 

which gave 87 (Scheme 64). 

 

Scheme 64 

 

 

Using the second procedure, we observed only unreacted starting material (Scheme 65). 

 

Scheme 65 

 

 

Unfortunately, these unexpected results suggest that increasing the chain length of the 

substituents on the coordinated tertiary amine, the complex would be prone to lose one of 

the two groups on the nitrogen, generating a tethered chain which contains a secondary 
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amine. This side reaction could potentially be avoided by introducing two 

electron-withdrawing groups on the coordinated amine, which would disfavour the 

formation of the iminium ion, decreasing the rate of this hydrogen transfer side reaction 

(Scheme 66).  

 

Scheme 66 

 

 

 

3.5 Modification of Rhodium(III) Complex 67: Iodide as Halide ligand 

 

After the modification of the length of the side chain and the substituents on the nitrogen 

of catalyst 67, we decided to modify the halide ligand; treatment of 67 with sodium iodide 

in acetone gave the corresponding complex 92 in good yield via a salt metathesis reaction 

(Scheme 67). The complex was characterised by NMR spectroscopy, elemental analysis 

and HRMS.  

 

Scheme 67 

 

 

 

3.6 Modification of Rhodium(III) Complex 67: Dicationic Rhodium Monomer 

 

To complete the possible modifications of complex 67, the cationic version of compound 

67 has been synthesised, treating the complex with 2 equivalents of silver 
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hexafluoroantimonate in acetonitrile. The cationic rhodium(III) complex 93 was isolated 

in 61% yield (Scheme 68).  

 

Scheme 68 

 

 

The monomer 93 was characterised by NMR spectroscopy, elemental analysis and 

HRMS. The structure has also been confirmed by X-ray crystallography, after growing 

diff raction-quality crystals as light orange prisms from slow evaporation of 

acetonitrile-diethyl ether (v/v = 1/2) (Figure 22). The complex crystallised monoclinic, 

space group P21/n. The hydrogen atoms, except those on the protic amine, have been 

omitted for clarity. Displacement ellipsoids are at the 50% probability level. Figure 22 

shows the hydrogen bond between the proton on the coordinated amine and a fluorous 

atom of one hexafluoroantimonate ion. 

 

Figure 22 

         

Molecular structure of complex 93 
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Table 4 reports the relevant bond lengths and angles for this complex.  

 
Table 4 

Bond and Angle Length (Å) and Angle (°) 

Range Cq(ring)-Rh1 2.129(4) to 2.182(4)  

C4-Rh1 2.130(4)  

Ring centroid-Rh1 1.764  

N1-Rh1 2.134(3)  

N2-Rh1 2.094(3)  

N3-Rh1 2.121(3)  

F1-N1 2.969(4)  

N1-Rh1-C4 93.84(13) 

 

The characteristic bond lengths and angles of complex 93 were compared with those of 

neutral monomer 67. The distance between the ring centroid and the metal is shorter in 

complex 93 than in 67 (respectively, 1.764 Å and 1.781 Å). The angle between N1-Rh-C4 

in complex 93 is slightly more acute than the corresponding angle in 67 (93.84(13) for 93 

and 94.54(10) for 67). The distance from the nitrogen in the tethered chain and the metal 

is similar (2.134(3) Å and 2.139(3) Å), whereas the two nitrogens of the acetonitrile form 

a shorter bond with the rhodium than the two chlorides in complex 67 (2.121(3) Å and 

2.094(3) Å instead of 2.439(1) Å and 2.441(1) Å). Since nitrogen is smaller than a 

chloride, it could get closer to the rhodium forming a stronger bond with the metal.  

 

3.7 Modification of Rhodium(III) Complex 67: Synthesis of Monomer containing a 

Fluorous Tag 

 

In the literature, some examples of immobilised fluorous tagged catalysts for 

enantioselective Diels-Alder reactions, asymmetric reduction of ketones and 

cross-coupling reactions are reported.74,75,76 These supported catalysts usually show 

comparable yields to the corresponding free catalysts and they can be easily recovered by 

fluorous solid-phase extraction77 with good purity. After a screening of a few synthetic 

routes to synthesise a diene with a fluorous tag in the side chain, we developed the 

following retrosynthetic approach to synthesise ligand precursor 94 (Scheme 69). The 
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fluorous tag, which is separated from the active centre by a linker, was hypothesised to 

be inert in the catalytic cycle.74  

 

Scheme 69 

 
 

The diene 94 would be synthesised from the ester 95, which could be synthesised from 

the reduction of amide 96. This amide would be synthesised from the condensation 

between 97, which is commercially available, and 98, which could be made following the 

procedure reported in the literature by Smrcina et al.78 Thus, the first step of this route 

was the synthesis of the linker, ether 98, prepared in good yield from a reaction between 

bromoacetic acid and 1H,1H,2H,2H-perfluorodecanol as shown in Scheme 70.  

 

Scheme 70 

 

 

The next step was the synthesis of the amide 96, which was obtained in excellent yield 

from the condensation between 98 and ethyl 4-aminobutanoate hydrochloride 97 (Scheme 

71). 

 

Scheme 71 
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The reduction of the amide in the presence of the ester was more challenging. The first 

attempt was to use the borane·THF complex following the procedure for the selective 

reduction of amides reported by Brown et al.79 Unfortunately, this procedure produced 

amine 99 in very moderate yield (9%). Depending on the equivalents of borane used 

(excess or stoichiometric), the main side products for this reaction were the fully reduced 

compound or the unreacted starting material. The next attempt was to follow the 

procedure reported by Charette and co-workers in which they selectively reduced 

secondary amides in the presence of esters.80 The first step of their procedure was the 

reduction of the amide to the imine using trifluoromethanesulfonic anhydride and 

triethylsilane, followed by the in situ addition of  Hantzschôs ester 100, which gave the 

amine 99 in higher yield (Scheme 72).  

 

Scheme 72 

 

 

The amine was protected with a Boc group in 72% yield (Scheme 73). 

 

Scheme 73 

 

 

Finally, the diene 94 was synthesised by reacting the ester 95 with 4 equivalents of the 

organolithium generated in situ from the reaction between lithium wire and 

2-bromo-2-butene (Scheme 74).  
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Scheme 74 

 

 

For this substrate, the double alkenylation was less efficient, probably because ester 95 

was less reactive than those used previously. Therefore, 4 equivalents of organolithium 

were necessary to afford the product, because only the unreacted starting material was 

observed when 2 equivalents were used.  

The reaction between the diene 94 and rhodium trichloride hydrate gave the 

corresponding monomer 101 in moderate yield. This complex has been characterised by 

NMR spectroscopy and elemental analysis (Scheme 75). 

 

Scheme 75 

 

Figure 23 shows the 1H-NMR spectrum of complex 101. The protons in the side chain 

and next to the nitrogen are diastereotopic, as well as the methyl groups in the 

Cp*-derived ring, which appear as four different singlets. This diasterotopicity is due to 

the asymmetric centre on the coordinated nitrogen, similarly to complex 75.  
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Figure 23 

 

The 1H-NMR spectrum was recorded in deuterated chloroform using a 500 MHz Bruker spectrometer. 

 

3.8 Synthesis of New Monomeric Iridium(III) Complexes 

 

Despite rhodium and iridium complexes having several features in common (all of the 

compounds of Rh(III) and Ir(III) are diamagnetic and low-spin and both of them have a 

great affinity for ammonia and amines), rhodium complexes are easier to synthesise, since 

the formation of the corresponding iridium compounds is usually slow.65 Eppinger and 

co-workers reported the synthesis of rhodium and iridium complexes with a 

functionalised Cp* bearing a pendant primary amine group (Scheme 76).81  

 

Scheme 76 
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However, to the best of our knowledge, there are not examples in the literature of iridium 

complexes with a coordinated amine on the tethered chain of the cyclopentadienyl ligand. 

The first attempt to synthesise 102 using the procedure reported above for the rhodium 

complexes did not afford the desired iridium complex (Scheme 77), but a mixture of 

by-products.  

 

Scheme 77 

 

 

Changing the approach, iridium(III) complex 102 was synthesised in 44% yield by 

heating at 130 °C in a microwave reactor containing 2 equivalents of diene 57 and 1 

equivalent of iridium trichloride hydrate (Scheme 78).  

 

Scheme 78 

 

 

 

The structure of the complex has been confirmed by X-ray analysis, after growing orange 

diffraction-quality crystals by a slow recrystallization from dichloromethane-hexane 

(v/v = 1/3) (Figure 24). The complex crystallised monoclinic, space group P21/n. The 

hydrogen atoms, except those on the protic amine, have been omitted for clarity. 

Displacement ellipsoids are at the 50% probability level. 
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Figure 24 

        

Molecular structure of complex 102 

 

Table 5 reports the relevant bond lengths and angles for this complex. The maximum 

difference in the bond lengths between the carbons of the Cp* and the metal is 0.054 Å, 

with the bond between the carbon in the tethered chain (C4) and iridium being the 

shortest. The length between the ring centroid and the metal is 1.775 Å.  

 

Table 5 

Bond and Angle Length (Å) and Angle (°) 

Range Cq(ring)-Ir1 2.141(3) to 2.195(4)  

C4-Ir1 2.141(3)  

Ring centroid-Ir1 1.775  

N1-Ir1 2.138(3)  

Cl1-Ir1 2.429(1)  

Cl2-Ir1 2.440(9)  

N1-Ir1-C4 95.50(11) 

 

Unfortunately, reactions between the iridium trichloride hydrate and dienes 54 and 60 

using the same microwave conditions did not afford the corresponding complexes, which 

confirms that the length of 57 gave the most easily formed rhodium and iridium 

complexes. 
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3.9 Modification of Iridium(III) Complex 102: Secondary Amine 

 

Using 2 equivalents of 74, iridium(III) complex 103 bearing a secondary amine in the 

side chain could be synthesised in a microwave reactor (Scheme 79). 

 

Scheme 79 

 

 

The structure of this complex has been confirmed by X-ray crystallography, after growing 

yellow diffraction-quality crystals by slow recrystallization from dichloromethane 

(Figure 25). The complex crystallised monoclinic, space group P21/c. The hydrogen 

atoms, except those on the protic amine, have been omitted for clarity. Displacement 

ellipsoids are at the 50% probability level. 

 

Figure 25 

       

Molecular structure of complex 103 

 

 

Table 6 reports the relevant bond lengths and angles for this complex.  
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Table 6 

Bond and Angle Length (Å) and Angle (°) 

Range Cq(ring)-Ir1 2.156(5) to 2.187(7)  

C1-Ir1 2.162(5)  

Ring centroid-Ir1 1.783  

N1-Ir1 2.179(4)  

Cl1-Ir1 2.445(1)  

Cl2-Ir1 2.436(2)  

N1-Ir1-C1 95.15(16) 

 

 

The relevant lengths of bonds and the angles were compared with those reported in Table 

5 for complex 102. Monomer 103 possesses similar bond lengths and angles to 102. The 

main difference is the length of the bond between the nitrogen and the metal, which is 

greater in 103 (respectively, 2.179(4) Å and 2.138(3) Å for 103 and 102), similarly to 

what was observed previously with rhodium complexes 67 and 75. 

Figure 26 shows a comparison of the 1H-NMR spectra of complexes 102 and 103.  

 

Figure 26 
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The 1H-NMR spectra were recorded in deuterated chloroform using a 500 MHz Bruker spectrometer. 

 

The protons of the side chain (H1, H2 and H3 in Figure 26) and of the methyl groups of 

the Cp*-derived ring in the complex 103 are diastereotopic, due to the asymmetric centre 

on the nitrogen, similarly to rhodium complex 75. Again, the methyl group on the amine 

appears as a doublet, because it is coupled to the hydrogen on the coordinated amine. 

 

3.10 Modification of Iridium(III) Complex 102: Tertiary Amine 

 

To complete the synthesis of modified iridium complexes bearing different substituents 

on the coordinated amine, the reaction between iridium trichloride hydrate and 

4 equivalents of diene 80 in dry methanol gave iridium(III) dimer 104 in 93% yield 

(Scheme 80). In this case, the reaction with 2 equivalents of 80 did not afford the desired 

compound and only unreacted starting materials were observed by crude 1H-NMR. 
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Scheme 80 

 

 

Dimer 104 was characterised by NMR spectroscopy, elemental analysis and HRMS. The 

same procedure reported above to synthesise the monomeric rhodium complex 79 was 

used here starting with the iridium dimer 104; its treatment with 2 equivalents of 

potassium tert-butoxide in dichloromethane gave the desired monomer 105 in good yield, 

as shown in Scheme 81. 

 

Scheme 81 

 

 

The structure of 105 has been confirmed by X-ray crystallography, after growing orange 

diffraction-quality crystals by slow recrystallization from dichloromethane-hexane 

(v/v = 1/1) (Figure 27).  

 

Figure 27 

         

Molecular structure of complex 105 
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The complex crystallised orthorhombic, space group Pca21. The hydrogen atoms have 

been omitted for clarity. Displacement ellipsoids are at the 50% probability level. 

Table 7 reports the relevant bond lengths and angles for this complex. The lengths of 

bonds and the angles were compared with those reported in Table 5 and Table 6 for 

complexes 102 and 103. Among these three monomers, 105 contains the longest bond 

length between the nitrogen and the metal (2.196(3) Å), suggesting that the coordination 

between the tertiary amine and the iridium is the weakest among the three. The length 

between the carbon in the tethered chain (C6) and iridium is the shortest among the five 

carbon-iridium bonds (2.142(3) Å), similarly to complex 102. Comparable results have 

been observed among the corresponding three rhodium complexes 67, 75 and 79.  

 
Table 7 

Bond and Angle Length (Å) and Angle (°) 

Range Cq(ring)-Ir1 2.142(3) to 2.165(4)  

C6-Ir1 2.142(3)  

Ring centroid-Ir1 1.768 

N1-Ir1 2.196(3)  

Cl1-Ir1 2.409(1)  

Cl2-Ir1 2.418(1)  

N1-Ir1-C6 95.93(11) 

 

3.11 Modification of Iridium(II I) Complexes 102 and 105: Iodide as Halide Ligand 

 

Following the procedure already presented above, the reaction between complex 102 and 

sodium iodide in acetone gave the corresponding diiodide iridium monomer 106 in good 

yield (Scheme 82). The complex was characterised by NMR spectroscopy, elemental 

analysis and HRMS.  

 

Scheme 82 
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Following the same procedure, the halide ligands of complex 105 have been modified to 

achieve the corresponding diiodide iridium monomer 107 in 96% yield (Scheme 83). 

 

Scheme 83 

 

 

Complex 107 was characterised by NMR spectroscopy, elemental analysis and HRMS.  

 

3.12 Modification of Iridium(III) Complex 102: Chiral Iridium Complexes 

 

The work presented in this section (3.12) has been carried out in collaboration with 

Ashley Thompson, an MChem project student in our group. After the first synthesis of 

complex 113, Ashley Thompson repeated and optimised the following synthetic route.  

 

The structure of iridium complex 102 is interesting, because a chiral centre on the carbon 

next to the nitrogen could be easily inserted starting with enantiopure amino acids. 

Beginning with N-Boc-L-valine 108, (R)-N-t-butoxycarbonyl-5-isopropyl-2-

pyrrolidinone 111 has been synthesised following the procedure reported in the literature 

by Eissenstat et al.78, as shown in Scheme 84. 

 

Scheme 84 
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Diene 112 was synthesised with a double alkenylation of 111 with 2 equivalents of 

2-lithium-2-butene generated in situ from the reaction between lithium wire and 

2-bromo-2-butene (Scheme 85).  

 

Scheme 85 

 

 

The reaction between 2 equivalents of diene 112 and iridium trichloride hydrate gave the 

corresponding iridium monomer 113 in 27% yield as shown in Scheme 86. This complex 

was characterised by NMR spectroscopy and elemental analysis. 

 

Scheme 86 

 

 

The structure has also been confirmed by X-ray crystallography, after growing yellow 

diffraction-quality prisms by slow recrystallization from dichloromethane-hexane 

(v/v = 1/3) (Figure 28). The complex crystallised orthorhombic, space group Pca21. The 

hydrogen atoms, except those on the protic amine and in the stereocentre, have been 

omitted for clarity. Displacement ellipsoids are at the 50% probability level. 
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Figure 28 

 

Molecular structure of complex 113 

 

Table 8 reports the relevant bond lengths and angles for this complex.  

 

Table 8 

Bond and Angle Length (Å) and Angle (°) 

Range Cq(ring)-Ir1 2.117(6) to 2.175(7)  

C5-Ir1 2.117(6)  

Ring centroid-Ir1 1.761  

N1-Ir1 2.119(5)  

Cl1-Ir1 2.428(2)  

Cl2-Ir1 2.406(2)  

N1-Ir1-C5 94.6(2) 

 

The lengths of the bonds and the angles were compared to those reported previously for 

complex 102. Between these two complexes, 113 possessed the shortest bond length 

between the carbon in the tethered chain (C5) and the iridium (2.117(6) Å for 113 and 

2.141(3) Å for 102). The angle between N1-Ir-C5 in complex 113 was slightly more acute 

than the corresponding one in 102 (respectively, 94.6(2) and 95.50(11) for 113 and 102). 

 

A similar complex was synthesised by Ashley Thompson, starting with the 

N-Boc-prolinal 114. The first steps were a Wittig reaction to isolate the conjugate ester 

116 in 86% yield and the hydrogenation of the double bond, which afforded 117 in 79% 

yield (Scheme 87), following the general procedure reported in the literature.82 
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Scheme 87 

 

 

Diene 118 was synthesised in 69% yield with a double alkenylation of 117 with 2 

equivalents of 2-lithium-2-butene generated in situ from the reaction between lithium 

wire and 2-bromo-2-butene (Scheme 88). 

 

Scheme 88 

 

 

Reaction between 2 equivalents of diene 118 and iridium trichloride hydrate gave the 

corresponding iridium monomer 119 in 38% yield (Scheme 89). This complex was 

isolated as a mixture of two diastereoisomers. 

 

Scheme 89 

 

 

A high temperature 1H-NMR spectrum was run in deuterated acetonitrile to see if these 

two diastereoisomers could be interconverted in solution. Potentially, if one of the two 

was more stable than the other, it would be possible to isolate one pure diastereoisomer 

(Figure 29).  
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Figure 29 

 

 

Disappointingly, the 1H-NMR spectrum did not change, which suggests that the two 

diastereoisomers were not interconverting. Thus, complex 119 was used without any 

other purification as a mixture of two diastereoisomers. 

 

 

3.13 Modification of Iridium(III) Complex 102: Dicationic Iridium Complexes 

 

To complete the possible modifications of complex 102, two dicationic monomers were 

synthesised. In the first example, the same procedure reported above to synthesise the 

dicationic monomeric rhodium complex 93 was used here, treating the complex 102 with 

2 equivalents of silver hexafluoroantimonate in acetonitrile. The cationic iridium(III) 

complex 120 was isolated in 70% yield (Scheme 90).  

 

Scheme 90 

 

 

Compound 120 was characterised by NMR spectroscopy, elemental analysis and HRMS. 

The structure has been also confirmed by X-ray crystallography, after growing 

diffraction-quality crystals as colourless plates from slow evaporation of 

acetonitrile-diethyl ether (v/v = 1/4) (Figure 30). The complex crystallised monoclinic, 

space group P21/n. The hydrogen atoms, except those on the protic amine, and the two 
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counterions have been omitted for clarity. Displacement ellipsoids are at the 50% 

probability level. 

 

 

Figure 30 

                   

Molecular structure of complex 120 

 

Table 9 reports the relevant bond lengths and angles for this complex.  

 
Table 9 

Bond and Angle Length (Å) and Angle (°) 

Range Cq(ring)-Ir1 2.137(4) to 2.181(3)  

C4-Ir1 2.148(4)  

Ring centroid-Ir1 1.773  

N1-Ir1 2.131(3)  

N2-Ir1 2.086(3)  

N3-Ir1 2.068(3)  

N1-Ir1-C4 94.47(13) 

 

The relevant bond lengths and angles of complex 120 were compared with those of 

neutral monomer 102. The distance between the nitrogen in the tethered chain and the 

metal is similar (2.131(3) Å and 2.138(3) Å), whereas the two nitrogens of the acetonitrile 

ligands form shorter bonds with the iridium than the two chlorides in complex 102 

(2.086(3) Å and 2.068(3) Å for 120, 2.429(1) Å and 2.440(9) Å for 102). The angle 

between N1-Ir-C4 is more acute in this dicationic complex than in 102 (respectively, 
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94.47(13) and 95.50(11) for 120 and 102). These results are similar to what was observed 

previously for the corresponding rhodium complexes 67 and 93.  

Finally, iridium monomer 102 was stirred with 1 equivalent of 2,2ô-bipyridyl 121 to give 

the dicationic complex 122 in 94% yield (Scheme 91). 

 

Scheme 91 

 

 

The structure of this complex was characterised by NMR spectroscopy, HRMS and 

elemental analysis. This compound is slightly hygroscopic and the presence of water was 

observed both in the elemental analysis and in the crystal structure. Diffraction-quality 

crystals were grown as yellow prisms from a slow recrystallization in chloroform (Figure 

31).  

 

Figure 31 

       

Molecular structure of complex 122 
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The complex crystallised monoclinic, space group P21/n. The hydrogen atoms, except 

those on the protic amine, and the molecules of water have been omitted for clarity. 

Displacement ellipsoids are at the 50% probability level. The complex crystallised with 

4 molecules of water in the asymmetric unit. Two chlorides were the corresponding 

counterions; one of them formed a hydrogen bond with the primary amine coordinated to 

the metal. Table 10 reports the relevant bond lengths and angles for this complex.  

 
Table 10 

Bond and Angle Length (Å) and Angle (°) 

Range Cq(ring)-Ir1 2.159(5) to 2.182(7)  

C5-Ir1 2.169(5)  

Ring centroid-Ir1 1.791 

N1-Ir1 2.111(5)  

N2-Ir1 2.082(4)  

N3-Ir1 2.090(4)  

N1-Cl2 3.214(5)  

N1-Ir1-C5 93.24(18) 

 

The lengths of bonds and the angles were compared with those reported in Table 5 for 

complex 102. The three atoms of nitrogen in 122 are coordinated to the metal with shorter 

bonds than those observed in 102 between iridium and nitrogen and iridium and chlorides. 

The bond lengths between the carbon in the tethered chain (C5) and the metal, and 

between the ring centroid and the iridium, are greater in complex 122 than in 102 

(respectively, 2.169(5) Å and 1.791 Å for 122, 2.141(3) Å and 1.775 Å for 102). The 

angle between N1-Ir-C5 is more acute in this dicationic complex than in 102 (93.24(18) 

and 95.50(11) for 122 and 102). Comparing the angles of the two dicationic iridium 

complexes 120 and 122, this monomer 122 has the most acute angle (93.24(18)).  

To evaluate if complex 122 reconverted to the dichloride monomer 102 in solution, the 

1H-NMR spectra of complexes 122 and 102 in deuterated methanol were compared 

(Figure 32). The signals of the methyl groups in the Cp* and the protons in the tethered 

chain are significantly different in these two complexes, suggesting that 122 is stable 

when dissolved in methanol and it does not revert to the dichloride monomer 102. 
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Figure 32 

 

 

 

The 1H-NMR spectra were recorded in deuterated methanol using a 500 MHz Bruker spectrometer. 
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3.14 Conclusions 

 

In conclusion, a new synthetic route to prepare in situ a new family of rhodium and 

iridium complexes has been developed. Nine rhodium monomeric complexes have been 

synthesised, of which seven have not been reported in the literature. The structure of four 

of these complexes was also confirmed by X-ray analysis. A family of nine new iridium 

complexes has also been prepared and six structures have been confirmed by X-ray 

analysis. The optimal length of the side chain for these monomers is that with three CH2 

units, which gave the highest yield in their syntheses. Complexes containing primary, 

secondary and tertiary amines have been synthesised with both rhodium and iridium 

metals. This family showed a great stability and, therefore, it has been possible to modify 

the halide ligands. The chlorides have been substituted with two iodides and dicationic 

complexes have been synthesised in good yields. The side chain in the catalysts has been 

modified in two different ways. The first modification was the introduction of a fluorous 

tag chain on the amine. These compounds could generally be recovered by fluorous 

solid-phase extraction.77 The second modification was the introduction of a chiral centre 

in the side chain, starting from commercially available enantiopure amino acid 

derivatives. Two different chiral complexes have been synthesised, one containing a 

primary amine and the second one containing a secondary amine in the side chain. The 

catalytic activity of this family of rhodium and iridium complexes in hydrogen borrowing 

processes is reported in Chapters 4 and 5.  
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Chapter 4. Catalytic Activity of Rhodium and I ridium 

Complexes  

 

 

4.1 Activity of Rhodium Complexes with Respect to Length of Side Chain 

 

After having synthesised the new family of complexes reported in the previous chapter, 

our next task was to test them in the hydrogen borrowing methodology. Our first aim was 

to investigate the effect of varying the length of the side chain in the catalyst activity. 

Using our standard reaction between benzyl alcohol and piperidine, with n-decane as an 

internal standard, 2 mol% of rhodium catalyst and t-amyl alcohol as solvent, the activities 

of complexes 64, 67 and 69 were compared with that shown by the dimer [Cp*RhCl2]2 

(1 mol%, 2 mol% rhodium) (Graph 7).  

 

Graph 7 
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Pleasingly, catalyst 67 showed a faster reaction rate than the dimer [Cp*RhCl2]2, 

achieving a 99% yield after 24 hours. Changing the length of the carbon chain did not 

help the activity of catalysts. Catalysts 64 and 69 were less active than the rhodium(III) 

dimer, achieving only a corresponding 10% and 25% yield after 24 hours. Therefore, the 

length of the side chain plays a relevant role in the activity of the catalysts, as well as in 

the synthesis of the complexes. A length of three CH2 units in the side chain gave the 

optimal activity, whereas increasing or decreasing the number of carbons gave a less 

active complex. Besides, catalyst 67 showed a high level of activity which is not common 

for rhodium(III) complexes.1,4,63 These results are slightly discordant with those reported 

in the literature by Ito et al.70 Effectively, the authors tested both complexes 64 and 67 in 

a transfer hydrogenation reaction between an aldehyde and an amine; the catalyst with 

the best selectivity for the formation of the alkylated amine was 64 (Table 11). On the 

contrary, catalyst 67 gave an almost 1 : 1 mixture of amine : alcohol. 

 

Table 11 

 

Rh complex Conversion (%) amine : alcohol 

64 > 99% 96 : 4 

67 > 99% 56 : 44 

 

 

4.2 Activity of Rhodium Complexes with Respect to the Substitution on Tethered Amine 

 

To evaluate the effect of having a substituent on the coordinated amine, the activities of 

complexes 75 and 79 were tested in our standard reaction between benzyl alcohol and 

piperidine and the results have been compared with the yield pathways achieved using 

complex 67 and rhodium dimer [Cp*RhCl2]2 (Graph 8). The reaction profiles obtained 

using catalysts 67 and 75 were similar, suggesting that the presence of a secondary amine 

in the side chain did not influence the activity of the catalyst. However, a tertiary amine 

on the side chain gave a completely different reaction profile and a lower yield was 
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observed. Effectively, the activity of catalyst 79 was lower than both our catalysts 67 and 

75 and the dimer [Cp*RhCl2]2. 

 

Graph 8 
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A semi-quantitative analysis of the initial rates of these catalysts gave an approximation 

of the observed rate constants. The observed rate constants were calculated plotting the 

logarithm of the benzyl alcohol vs. the time. The initial rates for catalysts 67 and 75 were 

similar (respectively, kobs = ī0.0030 for 67 and kobs = ī0.0027 for 75) and both of them 

were three times as fast as the dimer [Cp*RhCl2]2 (kobs = ī0.0010 for [Cp*RhCl2]2). We 

considered these data as an approximation, because we extrapolated the rate constants 

plotting only the few collected data points which gave a yield between 0 and 15%.  

These results suggest that the presence of at least one hydrogen in the side chain is 

necessary to achieve higher yields and faster reaction rates, confirming the importance of 

the N-H moiety in organometallic catalysis.66 
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4.3 Activity of Rhodium Complexes with Respect to the Halide Ligands 

 

Our next attempt was to evaluate the effect of the halogens on the metal. Thus, the activity 

of diiodide complex 92 has been tested in our standard reaction between benzyl alcohol 

and piperidine in t-amyl alcohol (Graph 9). These results have been compared with the 

reaction profile achieved using the catalyst 67. 

 

Graph 9 
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Graph 9 shows that, after 24 hours, the yield achieved using catalyst 67 is higher (99%) 

than the one obtained using the diiodide complex 92 (50%). Again, a semi-quantitative 

analysis of the initial rates of the two catalysts gave an approximation of the observed 

rate constants. The observed rate constants were calculated plotting the logarithm of the 

benzyl alcohol vs. the time. The initial rate for catalyst 67 was twice as fast as 92 

(respectively, kobs = ī0.0030 for 67 and kobs = ī0.0013 for 92). It was found that the best 

rhodium(III) catalyst in our new family was complex 67, with a (CH2)3NH2 unit in the 

side chain and chlorides as halide ligands, which has been used for further screening. 
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4.4 Solvent Tolerance and Catalyst Loading using Catalyst 67 

 

After the determination of the most active rhodium(III) catalyst among this family, our 

next effort was to evaluate the activity of complex 67 in solvents other than t-amyl 

alcohol. One of the limitations of this methodology is that it is mainly carried out in 

non-polar solvent such as in toluene. When other organic solvents were tried, the yields 

dropped significantly, as reported in the literature by Fujita et al. (Table 12).50  

 

Table 12 

 

 

Entry Solvent Yield 123 (%) 

1 Toluene 90 

2 1,4-Dioxane 50 

3 Acetonitrile 24 

 

Since toluene is a non-polar solvent, polar substrates are usually not soluble in it. Some 

work has been done in this field. Williams and co-workers reported that the iridium dimer 

[Cp*IrI 2]2 (SCRAM) could promote the hydrogen borrowing processes in polar solvents, 

such as water and ionic liquids, as shown previously in Scheme 11.25,26 Limbach and 

co-workers developed and synthesised new half-sandwich complexes that showed a good 

activity both in water and in toluene (Scheme 14).33 However, it would be useful to 

develop new systems that are working not only in toluene and water, but also in other 

organic solvents. Thus, catalyst 67 has been tested in several solvents and the conversions 

achieved have been compared to those obtained using the dimer [Cp*RhCl2]2 (Graph 10).  

 

Graph 10  
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a Conversion estimated by comparing the signal ratios of benzyl alcohol and N-benzylpiperidine in the 

crude 1H-NMR spectrum. 

 

Rhodium catalyst 67 showed great activity in a wide range of solvents. In all the entries, 

the conversions achieved were greater when catalyst 67 was used, which was particularly 

evident in the reactions carried out in THF and acetonitrile. Besides, the possibility to 

achieve good yields in non-polar solvents, such as toluene, and at the same time, in polar 

solvents, such as acetonitrile, t-amyl alcohol, t-butanol and DMF makes this catalyst 

really versatile and adaptable.  

Using catalyst 67, we analysed the catalyst loading for this reaction to evaluate the 

possibility of decreasing the amount of metal used, with economic and environmental 

advantages (Table 13). The results shown in this table suggest that the activity of the 

catalyst depended on the concentration of the reagents. Increasing the concentration, 

higher TONs were observed (entries 5 and 6) and good conversions (> 70%) could be 

achieved with a catalyst loading as low as 1 mol%.   

 

Table 13 
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Entry [Alcohol]  X mol% Rh Conversion (%)a TON 

1 0.8 M 2.0 mol% 55  27.5 

2 1.4 M 2.0 mol% 90  45 

3 1.4 M 1.5 mol% 85  63 

4 1.4 M 1.0 mol% 61  61 

5 2.2 M 1.0 mol% 70  70 

6 3.3 M 1.0 mol% 73  73 
a Conversion estimated by comparing the signal ratios of benzyl alcohol and N-benzylpiperidine in the 

crude 1H-NMR spectrum. 

 

 

4.5 Activity of Iridium Complexes with Respect to the Substitution on Tethered Amine 

and with Respect to the Halide Ligands 

 

Pleased with these good results, our next effort was to evaluate the activity of the 

corresponding iridium catalysts, particularly with respect to the substituents on the 

coordinated amine, to evaluate their behaviour in the reaction. Catalysts 102, 103 and 105 

were tested in the standard reaction between benzyl alcohol and piperidine in toluene and 

the results have been compared with those achieved with the dimer [Cp*IrCl 2]2 (Graph 

11). The graph reports the average yield of 2 or 3 experiments and error bars show the 

relative statistical errors. Graph 11 shows that our catalyst 102 is more active than the 

iridium dimer [Cp*IrCl2]2; the reaction using 2 mol% of complex 102 was effectively 

concluded after 5 hours, whereas with the dimer only a 72% yield was achieved after 24 

hours. The presence of a secondary amine does not influence the activity of the catalyst, 

which agrees with the results achieved previously with rhodium(III) catalysts. 

Nevertheless, the presence of a tertiary amine in the side chain influences the activity of 

the monomer and the reaction profile obtained using complex 105 shows a pathway which 

is more similar to the one obtained with the dimer [Cp*IrCl2]2 than those achieved with 

catalysts 102 and 103.  
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Graph 11 
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A semi-quantitative analysis of the initial rates of these catalysts gave an approximation 

of the observed rate constants. The observed rate constants were calculated plotting the 

logarithm of the benzyl alcohol vs. the time. The initial rates for catalysts 102 and 103 

were similar (respectively, kobs = ī0.0098 for 102 and kobs = ī0.0088 for 103) and both 

on them were four times as fast as the dimer [Cp*IrCl2]2 and 105 (kobs = ī0.0021 for 

[Cp*IrCl 2]2 and kobs = ī0.0024 for 105). We considered these data as an approximation, 

because we extrapolated the rate constants plotting only the few collected data points 

which gave a yield between 0 and 15%.  

It was found that the presence of one hydrogen on the amine is necessary to achieve high 

yields and fast reaction rates, similarly to the results observed with the corresponding 

rhodium complexes and suggesting a common mechanism impart of the substituents.  

Finally, activities of complexes 106, 102 and [Cp*IrCl2]2 were compared (Graph 12). 

This graph reports the average yield of 2 or 3 experiments and error bars are referred to 

the relative statistical errors. Both catalysts 102 and 106 promoted the hydrogen 

borrowing reactions better than the dimer [Cp*IrCl2]2 and, between them, the best one in 

toluene was complex 102 with chlorides as halide ligands. 
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Graph 12 
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Again, a semi-quantitative analysis of the initial rates of these three catalysts gave an 

approximation of the observed rate constants. The observed rate constants were calculated 

plotting the logarithm of the benzyl alcohol vs. the time. The initial rate for catalyst 102 

was twice as fast as 106 (respectively, kobs = ī0.0098 for 102 and kobs = ī0.0053 for 106). 

These results agree with those observed using the corresponding rhodium catalysts.  

 

4.6 Comparison between Catalysts 67 and 102 

 

To determine if the most active catalyst was the rhodium complex 67 or the iridium 

complex 102, they have been tested in the reaction between benzyl alcohol and piperidine 

using the same solvent system, as shown in Graph 13. Graph 13A reports the results using 

toluene as solvent, while Graph 13B reports the results using t-amyl alcohol.  
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Graph 13 
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Again, a semi-quantitative analysis of the initial rates of these two catalysts gave an 

approximation of the observed rate constants. The observed rate constants were calculated 

plotting the logarithm of the benzyl alcohol vs. the time. The initial rates for catalyst 102 

was faster than 67 both in toluene and t-amyl alcohol (respectively, kobs = ī0.0098 for 

102 and kobs = ī0.0070 for 67 in toluene and kobs = ī0.0044 for 102 and kobs = ī0.0023 

for 67 in t-amyl alcohol). Therefore, complex 102 was chosen for further screening.  

 

4.7 Solvent Tolerance and Catalyst Loading using Catalyst 102 

 

Pleased with these results, our next attempt was to evaluate if the good activity shown 

previously by catalyst 67 in a broad range of solvents was also maintained in complex 

102. Thus, monomer 102 was tested in a variety of solvents, using our standard reaction 

between benzyl alcohol and piperidine. Graph 14 reports four experiments carried out in 

four different solvents, comparing the yield profiles with those obtained using [Cp*IrCl2]2 

as catalyst.  
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Graph 14 
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In all these four experiments, catalyst 102 showed a better activity than [Cp*IrCl2]2 with 

good yields (> 70%) after 24 hours. For instance, our monomer 102 in acetonitrile 

afforded product 46 in 70% yield, whereas the dimer gave only a 10% yield after the same 

reaction time (Graph 14B). Besides, iridium catalyst 102 was active in solvents widely 

used in industry, such as 2-methylTHF and isopropyl acetate (Graph 14A and Graph 14C) 

and, also, in very polar solvents, like DMF (Graph 14D). 

In Graph 15, the yields obtained after 24 hours for a broader range of solvents are 

reported, including those already shown in Graph 14. 

 

Graph 15 
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a Yield calculated by comparing the areas of n-decane and N-benzylpiperidine in the GC chromatogram. 
 

Since n-decane was not soluble in DMSO, the yields for this solvent were calculated by 

1H-NMR spectroscopy using 1,3,5-trimethoxybenzene as internal standard. Interestingly, 

catalyst 102 promoted the reaction with good yields in both non-polar, e.g. toluene, and 

very polar solvents, such as DMF, DMSO and NMP. TBME was the only example in 

which the dimer [Cp*IrCl2]2 gave a higher yield than complex 102. For all the other 

examples, catalyst 102 was more active than [Cp*IrCl2]2 in a broad range of solvents, 

showing a wide tolerance. Additionally, good yields were also achieved at 85 °C, when 

2-methylTHF, acetonitrile and t-butanol were used. This is an interesting result because 

it suggested that the reaction could also work at lower temperatures than those generally 

used. A few attempts to decrease the reaction temperature in these processes have been 

reported in the literature. For instance, Fujita et al. described that the reaction between 

benzyl alcohol and aniline, which gave complete conversion at 110 °C, also proceeded at 

90 °C, but a longer reaction time (40 hours) was required in order to obtain a satisfactory 

yield (Table 14).21  

 

Table 14 
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Entry Temperature Reaction time Yield 29 (%) 

1 110 °C 17 h 100 

2 90 °C 17 h 52 

3 90 °C 40 h 81 

 

Since running the reaction at lower temperatures than the boiling points of solvents would 

be beneficial for industry, our next effort was to run the standard reaction between benzyl 

alcohol, piperidine and 2 mol% of iridium in toluene at temperatures lower than 110 °C, 

as shown in Graph 16. Graph 16A and Graph 16B show the yield profiles achieved using 

respectively catalyst 102 and the dimer [Cp*IrCl2]2. 

 

Graph 16 
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Using our complex 102, the reaction at 95 °C was complete after 24 hours and a 90% GC 

yield was observed after the same reaction time running the reaction at 80 °C, as shown 

in Graph 16A. Comparing the results with Graph 16B, it was possible to observe that the 

monomer 102 was definitely more active than the dimer also at lower temperature. For 

instance, at 80 °C, the dimer afforded the product 46 in 20% yield after 24 hours, showing 

that catalyst 102 could promote the amine alkylation under milder more energy efficient 

conditions than those traditionally used.  

In all the examples reported above, the catalyst loading was 2 mol% of iridium. However, 

decreasing the amount of metal used in the reaction would have economic and 

environmental advantages. Thus, we carried out a few experiments in which the catalyst 
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loading of 102 has been decreased as low as 0.1 mol% of iridium (Graph 17). A complete 

conversion after 24 hours was observed in all the experiments.  

 

Graph 17 
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The reaction profile of the experiment carried out using 0.1 mol% of catalyst suggests the 

presence of an induction period for the first 30 minutes, in which the catalyst did not show 

any activity; effectively, we found the presence of the product in the GC samples only 

after 60 minutes. These results suggest that the rate of the addition of amine could 

influence the activity of the catalyst, in particular when the catalyst loading is as low as 

0.1 mol% of iridium.  

To compare the effect of the catalyst loading using our complex 102 with the results 

achieved with dimer [Cp*IrCl2]2 in Section 2.4, several reactions were carried out 

maintaining the same conditions used previously. Using 1 equivalent of the amine and 1 

equivalent of the alcohol, we analysed the data obtained between 0 and 10% yield to have 

an approximation of pseudo-first order conditions with respect to the staring materials. 

The observed rate constants have been calculated plotting the logarithm of the benzyl 

alcohol vs. the time. Graph 18 plots the observed rate constants vs. the catalyst loading.   
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Graph 18 
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A linear dependence between the rate constant and the catalyst loading was observed, 

suggesting that the reaction rate is now first order in complex 102. The monomer 102 did 

not need the dissociation energy to generate the active catalyst, which instead was 

necessary for the iridium dimer [Cp*IrCl2]2, as shown previously in Section 2.4. 

Therefore, the observed rate constants of the reaction depended linearly with the catalyst 

loading of 102.  

 

4.8 Effects of Water, Bases and Acids in the Catalytic System 

 

To evaluate if the activity of catalyst 102 could be improved by the presence of an 

additive, such as water, a base or an acid, and, at the same time, to study the pH tolerance 

of our family of complexes, several reactions were carried out adding different 

equivalents of water, diisopropylethylamine and acetic acid. Graph 19A and Graph 19B 

show respectively the effect of water and diisopropylethylamine in the reaction. The 

reactions were monitored for 6 hours using the Amigo automated sampling reactor. 
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Graph 19 
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The addition of water in the reaction did not massively change the activity of the iridium 

catalyst. It was found that the addition of 1 equivalent of water, which is the by-product 

of the reaction, did not poison complex 102. Therefore, drying agents (e.g. molecular 

sieves) were not necessary to drive the reaction equilibrium to the right. Additionally, the 

effect of a weak base, such as diisopropylethylamine, was moderate, either using 

substoichiometric or stoichiometric amount of base in respect to the piperidine. The 

highest conversion after 6 hours was achieved on adding one equivalent of base, 

suggesting that it could positively help the catalytic activity of 102. 

Noyori and co-workers showed that strong bases like potassium hydroxide or potassium 

tert-butoxide were necessary to generate the active catalyst. A representative example has 

been previously reported in Scheme 41.67 The mechanism to generate the active 

ruthenium complex has been reported in the literature (Figure 33).56 A strong base was 

necessary for the generation of the 16-electron complex from the precatalyst by a Dcb 

elimination of hydrochloric acid.  
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Figure 33 

 

 

Therefore, the activity of our complexes could be potentially improved by deprotonation 

of the coordinated amine, which would give a reactive 16-electron complex which would 

promptly dehydrogenate the alcohol (Figure 34).  

 

Figure 34 

 

 

Thus, the standard reaction between benzyl alcohol and piperidine was carried out in the 

presence of a substoichiometric amount of potassium hydroxide or tert-butoxide. Graph 

20 reports the yield of the two experiments vs. the time, comparing the yield profiles with 

two other reactions, one carried out without any base and the second carried out with a 

substoichiometric amount of potassium carbonate.  
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Graph 20 
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Unfortunately, both the reactions with potassium hydroxide and tert-butoxide gave very 

poor yields, whereas a weaker base such as potassium carbonate gave a complete 

conversion after 24 hours. These results suggest that a strong base, instead of activating 

the complex, formed a species which is inactive in borrowing hydrogen. Additionally, a 

closer comparison of this last run and the reaction carried out without base showed that 

the latter had a faster reaction rate.  

Furthermore, the effect of acids was studied. Several reactions were carried out adding 

different equivalents of acetic acid (Graph 21A). Graph 21B shows the effects of the 

substoichiometric addition of two different acids, acetic acid and p-toluenesulfonic acid. 

 

Graph 21 
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Interestingly, it was found that the addition of 10 mol% of a weak acid, such as acetic 

acid, slightly improved the activity of catalyst 102, which could be useful in scaling-up 

processes. This substoichiometric amount of acid was paramount to increase the reaction 

rate. However, increasing the amount of acetic acid in the reaction, the activity of complex 

102 decreased. An addition of 25 mol% of acid gave a slower reaction rate than the one 

obtained when no acid was present. When 1 equivalent of acetic acid was added, the GC 

yield of product 46 was slightly more than 50% after 24 hours, whereas the reaction 

carried out with 10 mol% of acid gave complete conversion after the same time. It was 

also found that the pKa of the acid used was fundamental. When a substoichiometric 

amount of strong acid was used, in this case 25 mol% of p-toluenesulfonic acid, the 

reaction rate dropped significantly, giving less than 30% GC yield after 24 hours (Graph 

21B). The presence of acid in the reaction could protonate either the piperidine or the 

coordinated amine in complex 102. In the first case, the protonated amine would become 

non-nucleophilic and, therefore, less reactive. In the second case, the complex would 

change structure, because the protonated amine could not remain coordinated to the metal, 

causing the dropping of reaction rate. 

 

4.9 Substrate Scope using Catalyst 102: Secondary and Tertiary Amines 

 

With an efficient family of catalysts in hand, we sought to extend the substrate scope 

using our best state-of-the-art iridium complex, 102. Preliminary investigations 

commenced with the development and the optimisation of procedures to obtain a good 

selectivity for the synthesis of secondary and tertiary amines. Firstly, we focused on the 

optimisation of the procedure to synthesise selectively secondary amines (Table 15).  
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Table 15 

 

 

Entry Amine equivalents Temperature Ratio 124 : 125 Conversion 124 (%) 

1 1 110 °C 0:100 - 

2 2 110 °C 67:33 64 

3 2 130 °C 100:0 100 
. 

 

It was found that using catalyst 102 only a tertiary amine was observed when 1 equivalent 

of primary amine and 1 equivalent of primary alcohol were used; the amine was alkylated 

twice by two molecules of alcohol (entry 1). Reacting 2 equivalents of amine and 1 

equivalent of alcohol at 110 °C, a mixture of secondary and tertiary amines was isolated 

(entry 2). Fortunately, a good selectivity for the synthesis of the secondary amine 124 was 

achieved when the reactions were carried out using 2 equivalents of amine and 1 

equivalent of alcohol at 130 °C (entry 3). With these optimised conditions in hand, the 

scope was next explored using primary and secondary alcohols (Table 16).  

 

Table 16 

 
 

Entry Alcohol  Catalyst Temperature Isolated Yield (%) 

1a R = Ph, R1 = H  102 130 °C 124, 99 

2 R = Ph, R1 = H 103 110 °C 124, 91 

3a R = (CH2)6CH3, R
1 = H 102 130 °C 126, 81 

4 R = (CH2)6CH3, R
1 = H 103 110 °C 126, 84 

5b R, R1 = (CH2)5  102 110 °C 127, 80 

6b R = Ph, R1 = CH3 102 130 °C 128, 70 
             a 2 equivalents of amine were used; b 2 mol% of iridium were used. 
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The optimised procedure for the synthesis of secondary amines also afforded the product 

126 in high yield (entry 3). In entries 5 and 6, two secondary alcohols have been used as 

substrates and, in both the entries, the amount of complex 102 has been increased to 

2 mol% of iridium in order to achieve a good yield. Interestingly, starting with these two 

secondary alcohols, only the mono-alkylated secondary amines were observed in the 

crude NMR spectra, even though 1 equivalent of amine and 1 equivalent of alcohol were 

used. These results suggested that increasing the steric bulk of the product disfavoured its 

approach to the catalyst for a further alkylation. The same effect was also observed 

increasing the steric bulk on the amine in the tethered chain of the catalyst. Using the 

iridium monomer 103 instead of the catalyst 102, we obtained a complete selectivity for 

the monoalkylated product using only one equivalent of primary amine and one 

equivalent of primary alcohol at 110 °C (entries 2 and 4) with yields comparable to those 

reported in entries 1 and 3. The methyl group on the coordinated amine was probably 

bulky enough to disfavour the approach of the secondary amine near the active site of the 

catalyst.  

The next attempt was to optimise the reaction conditions to obtain a variety of tertiary 

amines. Table 17 reported the results, starting with primary and secondary alcohols and 

with primary and secondary amines.   

 

Table 17 

 

Entry Alcohol Amine Isolated Yield (%) 

1a R = Ph, R1 = H R2 = (CH2)5CH3, R
3 = H 125, 84 

2a R = (CH2)6CH3, R
1 = H R2 = (CH2)5CH3, R

3 = H 129, 68 

3 R = (CH2)6CH3, R
1 = H R2, R3 = (CH2)5   130, 96 

4 R, R1 = (CH2)5  R2, R3 = (CH2)5    131, 77 

5b,c R = Ph, R1 = CH3 R2, R3 = (CH2)5   132, 72 
          a 2 equivalents of alcohol were used; b 2 mol% of iridium were used; c reaction performed at 130 °C. 

 

Entries 1 and 2 were performed using 2 equivalents of a primary alcohol to obtain a 

second alkylation of the amine. The reaction between piperidine and n-octanol gave the 

corresponding tertiary amine in excellent yield (entry 3). In entries 4 and 5, the reactions 
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were carried out between a secondary alcohol and a secondary amine isolating the final 

products in good yields. In both the entries, the amount of complex 102 has been increased 

to 2 mol% of iridium in order to isolate the products in better yields.  

 

4.10 Substrate Scope using Catalyst 102: Functional Groups 

 

The scope was next investigated with respect to the functional groups that can be tolerated 

using our family of catalysts. First efforts explored the functional groups tolerated by the 

complexes on the benzene ring of benzylic alcohol. The results are summarised in Table 

18.  

 

Table 18 

 

Entry R  Isolated Yield (%) 

1 4-Br- 133, 99 

2 3-Br- 134, 94 

3 2-Br- 135, 99 

4 4-NO2- 136, 80 

5 4-MeO- 137, 90 

6 4-NH2CO- 138, 56 (71) a 

7 4-CN- 139, 82 

8 4-HO- 140, 62 
                                                         a In brackets, the yield obtained using t-amyl alcohol as solvent. 

 

We demonstrated that, using complex 102, the group tolerance was broad, which included 

halogens (entries 1-3), nitro and nitrile groups (entries 4 and 7), methoxy and phenoxy 

groups (entries 5 and 8) and also primary amides (entry 6). In this last case, a 56% yield 

was achieved using toluene as solvent, possibly due to a poor solubility of the starting 

material amide. However, we managed to increase the yield up to 71% by changing the 

solvent to t-amyl alcohol. Additionally, benzyl alcohols with substituents in the para, 
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meta and ortho positions were well tolerated, as shown in entries 1, 2 and 3. Pleasingly, 

even though nitro and nitrile groups reacted slowly in many catalytic systems, as reported 

for instance by Williams and co-workers15 and by Fujita et al,22 these two functional 

groups were well tolerated in our system and products 136 and 139 were isolated in high 

yields. Besides, nitroarenes could be reduced to the corresponding anilines in hydrogen 

borrowing processes, as reported by the groups of Deng83,84 and Peris.85 On the contrary, 

using our complex 102, the formation of by-products in this reaction was not significant 

and the isolated yield was high. 

We also explored the functional group tolerance on the amines, for which Table 19 

summarises the results obtained.  

 

Table 19 

 

 

Entry Alcohol Amine Catalyst Isolated Yield (%) 

1a,b,c R = (CH2)6CH3, 

R1 = H 
R2 = Bn, R3 = H 102 141, 85 

2a,b,c 
R = (CH2)6CH3, 

R1 = H 
R2 = 4-ClC6H4CH2, R

3 = H 102 142, 74 

3 
R = (CH2)6CH3, 

R1 = H 
R2 = CH(Ph)(CH3), R

3 = H 102 143, 67 

4 R = Ph, R1 = H R2, R3 = ((2-CH3)CH2)5 102 144, 96 

5b,d R = Ph, R1 = H 

R2 = 

CH(CH3)2CH)(COOMe), 

R3 = H, hydrochloride 
102 

145, 72  

(e.e. 76%) 

6b R = Ph, R1 = H 

R2 = 

CH(CH3)2CH)(COOBn), 

R3 = H 
102 

146, 63  

(e.e. 91%) 

7b R = Ph, R1 = H 

R2 = 

CH(CH3)2CH)(COOBn), 

R3 = H 
103 

146, 44  

(e.e. 98%) 
 a 2 equivalents of amine were used; b 2 mol% of Iridium were used; c reaction performed at 130 °C;  

d 1 equivalent of NaHCO3 was used. 
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Three different benzylamines gave the corresponding products in good yields (entries 

1-3). Two equivalents of amine were used in entries 1 and 2 to obtain a good selectivity 

for the monoalkylated product. Amines branching a substituent in the a-position were 

also tolerated (entries 3 and 4). Starting with the amino acid esters, a branched 

functionalised substituent in the a-position was introduced. We were able to use the 

methyl ester of L-valine which gave the alkylated product in 72% yield (entry 5). 

However, a small amount of racemisation occurred and the product 145 was isolated with 

76% e.e. Starting with the benzyl ester of L-valine, product 146 was obtained in a slightly 

lower yield (63%), but the enantiomeric excess was higher (91% e.e.) (entry 6). Using 

catalyst 103, product 146 was isolated in lower yield (44%), but the side reaction of 

racemisation did not occur and the enantiomeric excess at the end of the reaction was 

comparable to the optical purity of the starting material (entry 7). Our hypothesis was that 

the racemisation process could occur during the formation of the imine. The presence of 

an EWG in the ɓ-position made the proton in the Ŭ-position more acidic and prone to 

form the corresponding enolate 147, as shown in Figure 35. Effectively, the racemisation 

was higher when 1 equivalent of sodium hydrogen carbonate was added (entry 5). The 

formation of the enolate would loose the stereogenic information, affording a small 

amount of the racemic amine 148. 

 

Figure 35 

 

 

To demonstrate the possible applications of this methodology using our catalysts, the 

synthesis of some actual pharmaceutical intermediates developed by AstraZeneca was 

attempted using complex 102.  For each reaction, several solvents were screened, which 

included toluene, 1,4-dioxane, acetonitrile, n-butyl acetate, 2-methylTHF and t-amyl 

alcohol. Scheme 92 reported the best optimised conditions for the synthesis of three 

pharmaceutical intermediates.  
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Scheme 92 

 

In the first example (a), the optimised conditions afforded the product 151 from the 

reaction between cyclobutanol 149 and N-Boc-piperazine 150 in 67% yield using 

1.5 mol% of iridium in toluene. In the second example (b), product 154 was isolated in 

68% yield from a reaction between 152 and 153 which were obtained and used without 

any other purification from the AstraZeneca Process R&D Site in Macclesfield. In order 

to obtain this intermediate in satisfactory yield, the catalyst loading was increased to 

2 mol% of iridium and the reaction time was longer (48 hours, instead of 24). In the last 

example (c), the reaction between 4-aminobenzyl alcohol 155 and piperazine 

N-propylsulfonamide 156 gave the product 157 in 83% yield using 1 mol% of catalyst 

102. Interestingly, it was found that, for this substrate, the best solvent was n-butyl acetate 

instead of toluene. These reactions showed that other functional groups were tolerated, 

such as carbamates, sulfonamides, anilines and heteroaromatics.  

To demonstrate that catalyst 102 was more active than the dimer [Cp*IrCl 2]2, we repeated 

a few of the experiments reported above using [Cp*IrCl2]2 instead of 102, using the same 

conditions for each reaction, e.g. the same reaction time and catalyst loading. The results 

are shown in Figure 36. In all the examples, a higher yield was obtained using catalyst 

102 than using the dimer, which confirmed that iridium complex 102 promoted the 

hydrogen borrowing processes better than [Cp*IrCl2]2.  
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Figure 36 

 

 

As described in the introduction, hydrogen borrowing methodology can be used to 

generate N-heterocycles from the reaction of a primary amine with 1,n-diols. Thus, the 

scope was then investigated with respect to the use of diols and benzylamine to synthesise 

N-heterocycles (Table 20). Reactions between benzylamine and three different diols 

(1,4-butanediol, 1,5-pentanediol and 1,6-hexanediol) were explored. Both iridium 

complexes 102 and 103 were tested for these reactions. The corresponding products were 

obtained in moderate yields using both catalyst 102 and 103. For these reactions the best 

catalyst was the iridium complex 103, which could be used at lower temperature (110 °C 

instead of 130 °C) and lower catalyst loading (1.0 mol% instead of 2.0 mol%). 

Additionally, it gave a better yield for two substrates (entries 6 and 8). To complete the 

screening, two other iridium catalysts were tested in the reaction between the 

1,5-pentanediol and benzylamine: our complex 105 and the dimer [Cp*IrCl2]2. Both of 

them afforded product 46 in lower yields than those achieved with 103 (entries 6, 9 and 

10). Again, these results support the importance of the N-H moiety in the catalyst, because 

the catalyst 105, which contains a coordinated tertiary amine in the side chain, gave the 

lowest yield. 
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Table 20 

 

Entry n = Catalyst Catalyst loading Isolated Yield (%) 

1 2 102 2.0 mol% Ir 158, 50b 

2a 2 102 2.0 mol% Ir 158, 69 

3 2 103 1.0 mol% Ir 158, 50 

4a 3 102 2.0 mol% Ir 46, 26 

5a 3 103 2.0 mol% Ir 46, 47b 

6 3 103 1.0 mol% Ir 46, 64  

7a 4 102 2.0 mol% Ir 159, 28  

8 4 103 1.0 mol% Ir 159, 45 

9 3 105 2.0 mol% Ir 46, 15 

10a 3 [Cp*IrCl2]2  2.0 mol% Ir 46, 38 
a Reaction performed at 130 °C; b NMR conversion. 

 

One of the reason for these low yields could be the formation of the lactone in a 

self-condensation of the diol. Thus, 1,5-pentanediol and iridium catalyst 102 were heated 

at 100 °C for two days in deuterated toluene to see if the corresponding lactone was 

observed. NMR analysis of the crude (1H-, 13C- and HMQC NMRs) did not show any 

signals that could come from the lactone 160, but the corresponding hemiacetal 161 was 

obtained in 20% NMR conversion (Scheme 93). 

 

Scheme 93 

 

 

The oxidation of diols to lactones is a well-known reaction; however, the low conversion 

obtained with 102 suggests that our catalyst did not release easily H2 which would have 
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led to the formation of the lactone 160. This lack of reactivity in the oxidation of diols to 

lactones could be an advantage with respect to using other iridium catalysts.20  

 

4.11 Substrate Scope: Racemisation 

 

The small amount of racemisation that occurred in the reactions between the L-valine 

methyl or benzyl ester and benzyl alcohol using catalyst 102 (entries 5 and 6, Table 19) 

suggests that this class of compounds may be active as racemisation catalysts.  

A variety of resolution strategies are reported in the literature to separate two enantiomers, 

which include diastereomeric crystallisations, enzymatic resolutions or chiral 

chromatography. Diastereomeric crystallisations are usually robust and simple to operate, 

but with the disadvantage of low yields (max. 50%).86 Blacker and co-workers reported 

that the iridium dimer [Cp*IrI2]2 (SCRAM) could be an efficient catalyst for the 

racemisation of primary, secondary and tertiary amines.87 Effectively, if the unwanted 

enantiomer undergoes a racemisation reaction, the yield and the productivity of these 

processes will improve (Figure 37).86 

 

Figure 37 

 

 

Amine racemisation processes can be promoted by hydrogen borrowing and the group of 

Professor John Blacker has made a great effort to develop and improve this methodology. 

One of the catalysts that can be used for these reactions is SCRAM, [Cp*IrI2]2; Figure 38 

reports the proposed mechanism for amine racemisation using this catalyst.86 
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Figure 38 

 

 

The first step of the mechanism is the dissociation of the dimer to give a 16-electron 

complex A, which can coordinate the amine to generate species B. The iridium catalyst 

dehydrogenates the amine to form the corresponding iminium (C). The following 

hydrogenation step gives the racemic amine because the catalyst cannot distinguish the 

two enantiotopic faces of the iminium ion (C and D). The final step is the dissociation of 

the amine to regenerate the active monomer A.   

Our aim was to test our complexes in the amine racemisation processes to evaluate their 

activity. To compare the results with those achieved previously with the SCRAM catalyst, 

we chose the reaction shown in Table 21, which was previously optimised by Dr. Jessica 

Breen in the group of Professor John Blacker. (S)-(ī)-N,Ŭ-Dimethylbenzylamine 162 was 

heated at reflux with 4 mol% of catalyst. To analyse the enantiomeric excess at the end 

of the reaction by chiral GC, compound 163 was treated with 2 equivalents of 

trifluoroacetic anhydride, which afforded 164. A few of our catalysts have been tested as 

shown in Table 21.   
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Table 21 

 

Entry Solvent Temperature Catalyst e.e. (%) 

1 Toluene 110 ÁC 102 99% 

2 EtOAc 80 ÁC 102 99% 

3 Toluene 110 ÁC 105 99% 

4 EtOAc 80 ÁC 105 99% 

5 Toluene 110 ÁC 106 99% 

6 EtOAc 80 ÁC 106 99% 

7 Toluene 110 ÁC 107 25% 

8 EtOAc 80 ÁC 107 18% 

9 Toluene 110 ÁC [Cp*IrI 2]2 0% 

10 EtOAc 80 ÁC [Cp*IrI 2]2 0% 

 

Using SCRAM, the racemisation occurred completely and a 0% e.e. was observed in both 

toluene and ethyl acetate (entries 9 and 10). Four other different complexes have been 

tested in both solvents. Iridium catalysts 102 and 106 bearing a primary amine on the 

tethered chain were found to be inactive in this reaction (entries 1 to 4), as well as complex 

105 which contains a tertiary amine (entries 5 and 6). We were pleased to observe that 

the corresponding diiodide catalyst 107 with a tertiary amine on the tethered chain 

afforded compound 164 with enantiomeric excess as low as 25% in toluene and 18% in 

ethyl acetate. Interestingly, the catalyst containing a primary amine in the side chain, 

which was our best catalyst in the alkylation of amine, was not active in this reaction. On 

the contrary, the catalyst bearing a tertiary amine was the most active among our family, 

suggesting that the reaction mechanism for these two complexes is different. The role of 

the halide ligands was also important. The dichloride complex 105 did not racemise the 

amine 162, whereas diiodide catalyst 107, which contains exactly the same tethered chain, 
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afforded the compounds with the lowest e.e. among our monomers. The importance of 

the halide ligands in the amine racemisation processes has already been reported in the 

literature, for instance by Blacker et al.86 Interestingly, catalyst 107 in entries 7 and 8 

could be recovered in quantitative yield after the racemisation reactions by precipitation 

from hexane. Analysis by NMR spectroscopy showed a good purity of the recovered 

complex, meaning that it could potentially be recycled.  

Unfortunately, the dimer [Cp*IrI2]2 was more active than our best catalyst 107 and, using 

the same condition, SCRAM catalyst gave a complete racemisation of the amine. The 

proposed mechanism for the amine racemisation using SCRAM suggests that the amine 

162 coordinates the iridium in the presence of two iodide ligands (species B, Figure 38). 

Therefore, the amine on the tethered chain must dissociate to generate an active site on 

the complex allowing the coordination of the amine 162. A comparison of the X-ray 

structures of 102 and 105 shows that the nitrogen-iridium bond was shorter and, therefore, 

stronger in complex 102 than in 105. Thus, we could assume that the dissociation of the 

coordinated amine would also be faster in 107 than in 106, which supported the difference 

of reactivity observed in Table 21. 

 

4.12 Substrate Scope using Catalyst 102: Amino alcohols 

 

Diamine moieties are present in several biologically active compounds.88 Figure 39 

reports three examples of drugs containing a diamine in their structure.  

 

Figure 39 

 

 

Tamiflu® is a powerful antiviral used to prevent and treat influenza A and influenza B,89 

which has been considered as a front line defence against the avian flu.88 Lorabid® is a 

cephalosporin with antibacterial activity90 and Eloxatin® is a 1,2-diaminoplatinum 

complex which has shown high anticancer activity.91 Thus, the possibility of using amino 

alcohols as starting materials was considered. The final products would contain two 
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nitrogens in the b position to each other that could be functionalised orthogonally. 

Additionally, since the amine racemisation reactions with catalyst 102 did not occur 

easily, it would be potentially possible to obtain enantiopure compounds starting with 

chiral amino alcohols. 

First of all, we sought in the literature to verify that this type of alcohol has not been used 

in hydrogen borrowing before. To the best of our knowledge, only three examples have 

been reported in which amino alcohols have been used in the hydrogen borrowing 

methodology. In the first paper, Williams and co-workers utilised two different amino 

alcohols to synthesise two pharmaceutical compounds in high yield using a ruthenium 

catalyst and dppf as additive (Scheme 94).15 

 

Scheme 94 

 

 

However, the substrate scope was limited and other protecting groups on the amine were 

not reported in this paper.  

In the second example, Kempe and co-workers reported that an iridium(I) catalyst 

generated in situ by mixing [IrCl(cod)]2 and a P,N ligand could promote the N-alkylation 

of aromatic and heteroaromatic amines with amino alcohols. This methodology also 

showed some limitations, because the reaction did not work when secondary alcohols or 

aliphatic amines were used (Scheme 95).92  

 

Scheme 95 

 

 

The authors also observed that the reaction proceeded faster when 2-aminopyridine was 

used, for which they managed to add only 1 mol% of iridium. However, when they used 

3-aminopyridine and 4-aminopyridine, the yields decreased, even if they increased 




































































































































































































































