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Abstract 

The first part of this thesis describes the intermolecular hydroalkoxylation of terminal 

alkynes catalysed by [Rh(CO)2Phdpm] (18), affording enol ethers with high yield and 

selectivity. The reactions proceed with optimum conversion and selectivity in the absence of 

moisture and oxygen and tolerate a range of substituted aryl and allyl acetylene substrates, 

but do not proceed with internal alkynes. The redox behaviour of complexes 18 and 

[Rh(CO)2bpm]BArF
4 (19), probed using cyclic voltammetry, indicate the reaction may proceed 

via formation of a vinylidene intermediate. 

In the second part, two novel bimetallic complexes with heteroditopic ligands (16 with 

bpm/mim motifs; 17 with dpm/mim motifs) were synthesised and characterised. These were 

tested as catalysts for the intermolecular hydroalkoxylation of phenylacetylene with 

methanol, and the intramolecular dihydroalkoxylation of alkyne diols 11 and 23. Compared 

to analogous monometallic complexes, 17 exhibited cooperative rate enhancement in the 

intermolecular hydroalkoxylation reaction; and both 16 and 17 displayed rate inhibition in 

the intramolecular dihydroalkoxylation. The redox potentials of 16 and 17, and 10 were 

compared to those of 18, 19 and [Rh(CO)2Phmim]BArF
4 (13a). Evidence supports a rate 

limiting vinylidene formation step for the intermolecular hydroalkoxylation reaction. 
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1 Introduction 

The aim of this project is to discover novel, effective monometallic and bimetallic catalysts 

for homogeneous C-X bond formation reactions. In the case of bimetallic catalysts, the aim is 

also to better understand the role of electronic communication between the metal centre 

pair during catalysis, as bimetallic complexes have been shown to enhance C-X bond 

formation more effectively than monometallic complexes and the mechanism is not fully 

understood. 

1.1 Catalysis 

Catalysis is integral to the industries that support our society,1 playing a central role in many 

different processes ranging from fuel processing to the production of bulk and fine 

chemicals, agrochemicals and pharmaceuticals.1-2 According to IUPAC (International Union of 

Pure and Applied Chemistry), the process of catalysis involves adding a substance that 

“increases the rate of a reaction without modifying the overall standard Gibbs energy change 

in the reaction”, where the substance (catalyst) is not consumed during the reaction.3 On the 

addition of a very small quantity of catalyst, the efficiency of chemical reactions can be 

greatly enhanced. Catalysts provide alternative reaction pathways of lower activation energy 

to achieve an overall chemical transformation, and/or lower time demand of chemical 

reactions, thereby decreasing waste generation.2a, 4 

The major challenges of catalysis today include the discovery of catalysts that give high levels 

of product selectivity (enantio-, diastereo-, regio- and chemo-), and the ability to design 

catalysts to target specific chemical transformations.5 Catalysts can promote single-step 

direct bond formation in addition to tandem catalytic processes, reducing the number of 

synthetic steps and improving the overall atom economy of reactions.6 The benefits of 

catalysts are especially attractive as resources become scarcer or new feedstocks become 

available.7 

1.2 Transition Metal Complexes in Homogeneous Catalysis 

The defining feature of homogeneous catalysis is that the catalyst is in the same phase as 

the reactants, most commonly the solution phase.2b, 5 Examples of homogeneous catalysts 

include metallic complexes, Lewis acids and bases, ionic liquids, organic and inorganic 

compounds.8 This project will focus on homogeneous organometallic complexes, defined as 

complexes containing metal-carbon bonds. 

Gold#_ENREF_4


2 
 

Homogeneous catalysts generally exhibit higher catalytic activity and product selectivity than 

heterogeneous catalysts, and require milder reaction conditions.9 They are applied in some 

of the most important processes in the chemical industry.1 Classic examples include 

hydroformylation of ethylene to form butyraldehyde, the Monsanto process to produce 

acetic acid, and the use of Ziegler-Natta type catalysts for terminal alkene polymerisation.2, 5, 

9 The products of these processes are important bulk chemicals that can be used in further 

preparation of specialised chemicals.  

The role of homogeneous catalysis is of particular importance in pharmaceutical chemistry, 

as chiral centres are often introduced into the products and homogeneous catalysis can 

achieve high levels of enantioselectivity.10 Examples include asymmetric hydrogenation, 

oxidation (e.g. epoxidation), metathesis, and cross-coupling reactions.11  

The many combinations of metals and ligands available render organometallic complexes 

among the most versatile classes of catalyst.2b, 5, 12 The metal centres employed are often 

d-block metals due to the excellent catalytic abilities and plentiful options of metals, 

coordination geometries and oxidation states available. The choice of the corresponding 

oxidation state and coordination geometry dictates the type of reaction that can be 

efficiently catalysed by a given complex. Late transition metals, such as Rh, have been 

extensively studied and will be the focus of this project. Complexes containing Group 9 & 10 

metals have the ability to undergo two electron redox processes, which is important in 

catalytic cycles that involve oxidative additions and reductive eliminations.12 The electronic 

properties and accessibility of the metal centres can be fine-tuned by varying the  

ligands.5, 10, 13 Depending on the metal-ligand bonding and the ligand substituents, the Lewis 

acidity or electrophilicity of the metal centre can be tailored to favour the interaction with 

target substrates.14 The orientation and the chirality of the ligand may restrict the 

intermediate conformation and lead to selective product formation.15 

In addition to the range of catalysts available, homogeneous catalysis is also attractive 

because the reaction intermediates can be characterised by spectroscopic methods. This can 

facilitate mechanism elucidation, which can in turn lead to the improvement of catalyst 

design.16 The structure of reaction intermediates reveals valuable information, about 

catalyst-substrate interactions and the key steps that determine product selectivity. The 

chemical and structural dynamics of these intermediate complexes can be monitored using 
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variable temperature NMR spectroscopy.16a This technique can be coupled with isotopic 

labelling to observe changes in the conformation of specific ligands about the metal 

centre(s) even for short lived intermediate species. 

Information about the redox behaviour and the metal-ligand interaction can also be 

obtained by means of electrochemistry and spectroscopy, providing a better understanding 

and prediction of metal catalyst reactivity.17 The use of electrochemical techniques such as 

cyclic voltammetry is particularly relevant for investigating electronic communication 

between the metal centres(s) of a bimetallic complex and/or other parts of the complex, as 

well as elucidating the reaction mechanism.18 The evidence of electronic coupling of the 

metals in of bimetallic complexes can be found in a straightforward manner by inspection of 

the voltammograms. 

1.2.1 C-X Bond Forming Reactions 

Attention in recent years has been directed at improving the atom economy of chemical 

processes and circumventing multiple, arduous purification steps.6b Direct bond formation 

and substrate activation are straightforward strategies to construct complex architecture in 

the target compounds, and catalysed one-pot, multistep chemical transformations have 

become an important and popular area of research.19 

The catalysis scope of this project is directed towards C-X bond formation, where X can be a 

heteroatom such as O, N or S. Developing highly efficient synthetic approaches to C-X bond 

formation reactions would have a significant impact on reducing the often lengthy synthetic 

pathways for the synthesis of biologically active molecules.6c, 20 

The reactions that will be the focus of this project are the catalysed intermolecular 

hydroalkoxylation and intramolecular dihydroalkoxylation reactions (Scheme 1). In these 

cases, new C-O bonds are formed to afford enol ether and spiroketal products respectively. 

 

Scheme 1a) Intermolecular hydroalkoxylation of phenylacetylene with methanol to afford enol ethers. b) 

Dihydroalkoxylation of 2-(5-hydroxypent-1-ynyl)-benzyl alcohol to produce spiroketals. 
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1.3 Bimetallic Catalysts and Cooperativity 

A variety of bimetallic catalysts have been reported to efficiently catalyse chemical 

transformations, and these bimetallic complexes can exhibit synergistic effects such that 

they catalyse reactions more efficiently than their analogous monometallic counterparts.13b, 

21 The two metal centres of bimetallic complexes can be attached to separated binding sites 

tethered to the same scaffold (also known as bridging scaffold, Figure 1a), or connected by 

bridging atoms, or directly bonded to each other.  

This project focuses on bimetallic complexes built on a bridging scaffold (Figure 1a). Their 

catalytic properties can be fine-tuned by varying the steric demand or the rigidity of the 

ligand system, including the scaffold. Connecting the metal centres with a bridging scaffold 

greatly reduces the likelihood of the bimetallic complex fragmenting into monometallic 

species during catalysis, unlike bimetallic complexes with bridging atoms or direct metal-

metal bonds. Fragmentation of the complex removes the advantages of the bimetallic 

catalysts.21e 

 

Figure 1a) Metals attached to separate ligands on the same scaffold. b) Different modes of bimetallic cooperativity: i) 

substrate molecule coordinated to both metals simultaneously; ii) the coordinated metal stabilised by the second metal 

centre of the same complex. iii) two substrate molecules coordinated to a metal centre each, creating a high local 

concentration of activated substrates. 

In comparison with their monometallic analogues, bimetallic catalysts can exhibit enhanced 

catalytic activity21b, 22 and/or product selectivity.21d-g This phenomenon has generally become 

known as “bimetallic cooperativity”,23 as the two metals are believed to participate in the 

catalysis event in a synergistic manner. The transition state of catalysed chemical reactions 

using bimetallic catalysts (Figure 1b) may involve the substrate bound to both metals, one 

substrate molecule bound to a metal and the structure stabilised by the second metal, or 

two separate substrate molecules bound to a metal each.8e The key in the enhancement of 

catalysis using these modes of bimetallic cooperativity is believed to be the close proximity 
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of the two metal centres. The optimum metal-metal separation is proposed to be 3.5-6 Å for 

a pronounced bimetallic cooperativity of single-step reactions.24 

1.3.1 Electronic Interactions in Bimetallic Complexes 

It is thought that by tethering two metal centres to a highly conjugated ligand scaffold, or by 

allowing two metal centres to interact through space, the electronic structure and the redox 

properties of the metals could be altered to favour specific catalysed chemical reactions. 

While the role of intermetallic electronic communication in bimetallic cooperativity is not 

well understood, examples of changes in the redox behaviour of one metal in the presence 

of a second metal have been reported.18, 23 

In the preparation of bimetallic complexes, Peris and co-workers25 showed that the 

heterobimetallic Ir(III)/Ru(II) complex 1 (Figure 2) exhibits different redox potentials than the 

diiridium and diruthenium analogues 2a and 2b. These different redox potentials were 

attributed to electronic communication between the two metals in the bimetallic complex, 

mediated by the 1,2,4-triazole-diylidene ligand. 

 

Figure 2 A bimetallic Ir(III)/Ru(II) complex prepared by Peris and co-workers (1), and its diiridium and diruthenium 

analogues 2a and 2b. 

Complex 1 displayed reversible redox processes at 1.29 and 1.35 V, which were intermediate 

between those exhibited by complexes 2a (1.34 and 1.46 V) and the irreversible oxidation of 

2b at 1.15 V. The shifted oxidation potentials in 1 compared to 2a and 2b indicate the Ir 

metal and the ruthenium metal in complex 1 are coupled electronically. 

Complexes 1, 2a and 2b were used to catalyse the Oppenauer oxidation of 1-phenylethanol. 

The Ir(III)/Ru(II) complex 1 was found to achieve a product yield in between those of the 

analogous bimetallic complexes 2a and 2b. This trend correlates to their oxidation potentials 

recorded in electrochemical studies. 

1.3.2 Spatial Dependence of Intermetallic Interactions in Bimetallic Complexes 

While the direct correlation of electronic coupling and observed bimetallic cooperativity has 

not been well investigated to date, the superior catalytic activity and product selectivity of 
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bimetallic catalysts over analogous monometallic species have been found to be closely 

related to the spatial proximity of the metal centres.8e, 13b, 21a, 21d, 21f 

Stanley et al. were able to catalyse the hydroformylation of 1-hexene (Scheme 2a) with 

excellent product selectivity and conversion using the dirhodium catalyst 3, which was 600 

times more efficient than the monometallic “half unit”, and 9 – 14 times more selective to 

the linear product.21a 

 

Scheme 2a) Hydroformylation of 1-hexene in the presence of carbon monoxide, hydrogen and catalyst. b) Dirhodium 

catalysts for hydroformylation (3-5) and a proposed reaction intermediate (6) for the hydroformylation reaction. 

To illustrate the importance of the short Rh···Rh distance, Stanley and co-workers repeated 

the experiment using complexes with longer linking spacers (4 and 5). The Rh···Rh separation 

and structural flexibility were greater in complexes 4 and 5 than those in 3, and the 

substrate conversion dramatically decreased when using catalyst 4 or 5. Based on in situ 

spectroscopic studies, a catalytic cycle was proposed that involves the formation of a 

dicationic Rh(II) dimer 6 as the catalytically active species (Scheme 2b). The Rh(II) oxidation 

state of dimer 6 and the dicationic character reduce the degree of π-backbonding to the CO 

co-ligand, thereby increasing the its lability and creating a vacant site for incoming 

substrates. This was not observed for complexes 4 and 5 which have well separated rhodium 

centres that disfavour the formation of the Rh(II) dimer. The CO co-ligand remain bound to 

the rhodium metals in complexes 4 and 5 due to the strongly donating phosphorus ligand 

and the relatively electron rich Rh(I) centre, and reduces the efficiency of the catalyst. 
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1.3.3 Tandem Reaction – Dihydroalkoxylation Reaction 

Bimetallic complexes are being investigated as useful catalysts for tandem, one-pot 

reactions which can generate more complicated structures in one step, leading to a more 

atom economical reaction.26 

Messerle et al. have investigated a range of mono- and bimetallic Rh(I) and Ir(I) complexes 

containing bidentate N-donor ligands as catalysts for C-O bond forming reactions, in 

particular the dihydroalkoxylation reaction of alkyne diols.21b, 22, 27 Rh(I) complexes 

containing the bis(1-pyrazolyl)methane (bpm) moiety (Scheme 3b) were found to be 

excellent catalysts for the intramolecular dihydroalkoxylation of alkyne diols to form 

spiroketals. On comparing the activities of catalysts 7, 8, 9, and 10 for the 

dihydroalkoxylation reaction of 11 (Scheme 3a), it was apparent that the bimetallic catalysts 

8, 9, and 10 are more efficient at catalysing the dihydroalkoxylation reaction than the 

monometallic analogue 7. The catalytic efficiency was found to increase as the Rh centres 

come closer in space.22, 27b 

In an attempt to better understand the structure-activity relationship of the bimetallic 

catalysts 8, 9, and 10, their structural conformations were modelled using DFT 

calculations.21c These studies revealed a large degree of variability in the metal-metal 

distances due to the rotation of the substituent complexes about the bpm-arene bonds and 

also conformational changes within the six-membered metallacycles. Owing to this 

structural flexibility in these bimetallic complexes, the intermetallic distances are poorly 

defined and a direct correlation between the reactivity and metal-metal separation could 

not be drawn. 
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Scheme 3a) Intramolecular dihydroalkoxylation of alkyne diol to furnish spiroketal products. b) Mono- and dirhodium 

complexes that were used as catalysts for the dihydroalkoxylation reaction. 

To reduce this fluxionality and bring the metal centres closer together, complexes containing 

the (1-methylimidazolyl)imine (mim) motifs were synthesised (12-15, Scheme 4b) and tested 

as catalysts for the dihydroalkoxylation reaction of 11.21b The structure of the imine-

imidazole ligand when bound to a metal is a flat 5-membered metallacycle with a rigid 

geometry, with less conformational freedom than present in the bpm ligand system, as well 

as better alignment of the Rh metals with shorter intermetallic distances. Catalyst 12 

displayed the greatest bimetallic enhancement compared to other bimetallic catalysts, 8-10, 

and 14-15, and the turnover frequency (ToF) was observed to be 6800 times greater for the 

dihydroalkoxylation of alkyne diol 11 than that using the monometallic analogue 13. 

Increasing the intermetallic distance (14) or the flexibility of the ligand backbone (15) 

resulted in significantly reduced catalytic activity. 
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Scheme 4a) Dihydroalkoxylation reaction of 11. b) (1-methylimidazolyl)-N-phenyl-imine (Phmim) complexes and derivatives 

that were used as catalysts. 

The investigation of the bimetallic complexes 12, 14, and 15 led to the conclusion that the 

enhancement in catalytic efficiency is very sensitive to the intermetallic distances. It is 

possible that the second metal centre stabilises the reaction intermediate better on using 

complexes 12, 14, and 15 than is achieved for complexes 8-10, where the Rh···Rh distances 

are poorly defined. However, the ligand scaffold linking the two metals in complex 12 is 

conjugated from one metal to the other, thus it is possible that electronic influence through 

bond coupling plays a role here. 

1.4 Objectives of this Project 

In recent work developing new highly efficient catalysts for C-X bond formation, a novel Rh(I) 

complex containing the dipyrrinato motif (dpm) with bidentate N donors was found to 

catalyse the intermolecular hydroalkoxylation of alcohols and terminal alkynes.28 Here, the 

reaction conditions for the application of this catalyst to C-O bond formation will be further 

optimised and the substrate scope expanded. A preliminary mechanistic study using cyclic 

voltammetry will also be undertaken. 

Given the high levels of catalytic efficiency achieved using bimetallic complexes with pairs of 

identical metal complexes attached to suitable scaffolds, and the extremely high levels of 

efficiency of Rh(I)-bpm and Rh(I)-mim complexes in catalysing intramolecular 
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dihydroalkoxylation reactions, heteroditopic dirhodium species with two different motifs 

(bpm, mim, and dpm) attached to scaffolds will be synthesised and explored as catalysts in 

the intermolecular hydroalkoxylation and intramolecular dihydroalkoxylation reactions. 

Building upon previous work that has demonstrated electronic communication between 

metal centres in multimetallic systems, it is of particular interest to investigate whether 

electronic communication could be playing a role in the bimetallic cooperativity exhibited by 

bimetallic catalysts 8-10, 12, 14, and 15 and related complexes.21b, 22 This project aims to 

elucidate the role of electron transfer in the bimetallic cooperativity of catalysts with 

conjugated ligand scaffolds. This project will involve: 

i) Optimising the intermolecular hydroalkoxylation reaction between methanol and 

phenylacetylene to form anti-Markovnikov enol ether products, using complex 18 as catalyst 

(Figure 3), and probing the reaction mechanism using cyclic voltammetry. 

ii) The synthesis of novel bimetallic catalysts 16 and 17 containing bpm, mim and dpm 

coordinating groups.  

 

Figure 3 Targeted bimetallic complexes in this project. 

iii) Testing 16 and 17 as catalysts for the dihydroalkoxylation reaction of the alkyne diol 

substrate 11 as well as the hydroalkoxylation of phenylacetylene with methanol. The 

catalytic performance of complexes 16 and 17 will be compared to that of the monometallic 

analogues 18, 19 and 13a to determine if there are any cooperative effects observed on 

using the bimetallic species. 
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iv) Examining the redox behaviour of related bimetallic catalysts, including 10, 12, 16, and 17 

using cyclic voltammetry and attempting to correlate the catalytic data with the 

electrochemical results obtained. 

 

2 Catalysed Intermolecular Hydroalkoxylation Reaction Using a 
Monometallic Rh(I) Catalyst 

Rh(I) and Ir(I) complexes with bidentate N donor ligands are highly efficient catalysts for C-X 

(X = S, N, O) bond formation using substrates with unsaturated C-C bonds.29 When exploring 

Rh(I) complexes with a planar and rigid rhodacycle as potential catalysts for C-X bond 

formation reactions, the (5-phenyldipyrrinato)rhodium dicarbonyl complex 18 was found to 

efficiently catalyse the intermolecular hydroalkoxylation of alcohols and terminal alkynes,28 

yielding enol ethers which can be employed as useful building blocks for cycloaddition, 

cross-coupling, and ring-closing metathesis reactions.30 Similar to the recent progress made 

by Kakiuchi and co-workers on the same reaction using a neutral Rh(I) complex containing N, 

O-donors, complex 18 was found to promote the formation of exclusively the anti-

Markovnikov enol ethers, but with an opposite E:Z ratio.31 This interesting finding prompted 

the further investigation of optimal reaction conditions, substrate scope expansion and 

initial reaction mechanism elucidation presented in this chapter. 

The 5-phenyldipyrrinato ligand (Phdpm) is a bidentate N-donor ligand that may form 

effective organometallic catalysts for a variety of C-X bond forming reactions upon 

complexation with Rh(I) metal. On comparing the structure of complexes formed using the 

Phdpm ligand with those formed using other N,N donor ligands, the rigid, conjugated 

backbone of dpm results in a rhodacycle with a planar geometry, while the bis(pyrazole-1-

yl)methane (bpm) ligand forms flexible, boat-shaped metallacycles.21c, 28 Bearing a negative 

charge, the Phdpm ligand should also be less labile compared to the bpm and (1-

methylimidazolyl)-N-phenyl-imine (Phmim) ligands, due to increased coulombic attraction to 

the positively charged metal. The dipyrrinato Rh(I) complex [Rh(CO)2Phdpm] (18) was 

prepared and tested as a catalyst for the intermolecular hydroalkoxylation of alcohols and 

terminal alkynes. These results provide a benchmark for the comparison to the bimetallic 

complex containing the Rh-dpm motif investigated later in this work. 
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Scheme 5 Synthesis of [Rh(CO)2Phdpm] (18). 

Complex 18 was prepared according to reported procedure (Scheme 5).32 Previous studies 

showed that complex 18 has complementary catalytic activities to [Rh(CO)2bpm][BArF
4] (19) 

and [Rh(CO)2Phmim][BArF
4] (13a, Scheme 6).33 Of the three metal complexes 18, 19, and 

13a, only 18 is efficient as a catalyst for the intermolecular hydroalkoxylation of methanol 

and phenylacetylene to afford anti-Markovnikov enol ether products (Scheme 6a).28, 33 

Complexes 19 and 13a meanwhile are highly efficient at catalysing intramolecular 

dihydroalkoxylation and hydroamination reactions.28, 33 

 

Scheme 6a) Intermolecular hydroalkoxylation of methanol and phenylacetylene using DMA (N,N-dimethylacetamide) as the 

co-solvent. b) Dihydroalkoxylation of alkyne diol to afford 5,6- or 6,5-spiroketals. c) Dihydroalkoxylation of alkyne diol to 

afford 5,5-spiroketal and enol ether products. 

The original work investigating the catalysed intermolecular hydroalkoxylation of 

phenylacetylene with methanol found that use of N,N-dimethylacetamide (DMA) as the co-

solvent led to optimal product yield and selectivity.28, 33 The reaction conditions were further 

optimised and the substrate scope was expanded, and these investigations of the reaction 

scope are included in this work. 
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2.1 Establishing Optimal Conditions 

In the original work optimising co-solvents and conditions,28, 33 reactions were carried out 

under a nitrogen atmosphere. Anhydrous grade alcohols and solvents were sparged with 

nitrogen gas for 10 min before the reactions; while the alkyne substrates were used as 

received. In this work, the effects of increasing the dissolved oxygen and the moisture 

content of the solvent on product yield and selectivity were also investigated (Table 1).  

Table 1 Hydroalkoxylation of phenylacetylene and different alcohols catalysed by complex 18 (ca. 1 mol%).  

 

Entry Alcohol Product Conv. a E/Z ratio b 

1c MeOH 
 

>98% (95%) 7:1 

2c EtOH 

 
>98% (75%) 3:1 

3d 

MeOH 
 

50% 8:1 

4e 57% 2:1 
a
 Isolated yield in parentheses. 

b
 E/Z ratio determined by comparing the ratio of the product alkene resonances (5-7 ppm) 

using 
1
H NMR spectroscopy. 

c
 Results from previous studies.

33
 
d
 MeOH and DMA were aerated prior to reaction. 

e
 Reaction 

mixture was wetted with 10 drops of water. 

DMA and methanol were aerated separately by bubbling compressed air for 10 min before 

mixing with phenylacetylene substrate and catalyst 18. Conversion to the products using 

aerated solvents was monitored by 1H NMR spectroscopy. The hydroalkoxylation using O2 

aerated methanol afforded a substantially lower yield (50%, entry 3) than had been 

observed for methanol and DMA under N2, probably due to deactivation of the catalyst or a 

key reaction intermediate by atmospheric oxygen. A similar selectivity for the E product (E/Z 

ratio = 8:1) was observed in the aerated reaction compared to previous studies (entry 1). 

Addition of water to the reaction mixture resulted in decreased substrate conversion (57%, 

entry 4) and product selectivity (E/Z ratio = 2:1), as well as the formation of trace amounts of 

an aldehyde product. While water can compete against methanol in coordinating to the Rh 

centre, it may also be involved in the reaction mechanism. The reaction intermediate 

originated from water and catalyst 1 may be able to react with methanol too but with an 

elevated energy barrier to both the E and Z enol ether compared to the case without added 

water. As such, conversion to the final products would be slower in the presence of water 
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(hence the lower product yield) and accompanied by a different product distribution at the 

same reaction temperature. These results indicate that the intermolecular hydroalkoxylation 

reaction is best carried out under an inert atmosphere using dry solvents for optimal yield 

and selectivity. 

2.2 Substrate Scope of the Reaction 

A series of readily accessible alkynes were tested as substrates to investigate the effect of 

electron donating/withdrawing groups on phenylacetylene (Table 2). On the introduction of 

either electron donating or withdrawing groups in the para-position of the aryl acetylene, 

the reaction retained high (>98%) levels of conversion (Table 2, entries 1-3). While some 

product selectivity varies amongst these entries, no strong correlation of reaction efficiency 

was made with the nature of the p-substituents. The attachment of inductively electron 

donating methyl groups to both o- and p- positions of the aryl acetylene substantially 

hampered the substrate conversion (Table 2, entry 4). This may be due to the electronic 

effect of the three electron donating methyl groups, or steric hindrance caused by the ortho-

substituted methyl groups.  

Replacement of the aryl ring of phenylacetylene with an alkyl chain resulted in only 14% 

conversion (Table 2, entry 5), but with exclusive formation of the E-enol ether isomer. 

Replacing the saturated alkyl chain with cyclohex-1-enyl substituent also led to the 

formation of only the E isomer but with high product yield (Table 2, entry 6). It was 

speculated that the π systems adjacent to the alkyne in aryl substituted acetylene substrates 

form more conjugated intermediates, and stabilise the intermediate structure with higher 

degree of electron delocalisation (the reaction intermediates are speculated to be vinylidene 

complexes, see Figure 4 and Figure 13). If this holds true, it implies that with a less 

conjugated substrate, the energy barrier to furnish both the E and Z isomers would be 

higher, and the given reaction conditions may not provide enough energy to overcome all 

energy barriers to either of the two products. The formation of the E product alone in the 

case of the allyl substituted acetylene substrate may involve a more stable transition state, 

which may be thermodynamically more favourable and provides a greater driving force for 

the reaction to proceed. 

Reversed product selectivity, favouring the Z-enol ether isomer, was observed when pyridine 

was incorporated instead of a phenyl ring on the acetylene substrate (Table 2, entry 5). 
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While the nitrogen atom is electron withdrawing, it also has a lone pair that can coordinate 

with the rhodium metal. This suggests the pyridine nitrogen on the substrate may direct the 

reaction intermediate to a configuration where the formation of the Z products is more 

energetically favourable than the E product. 

Table 2 Hydroalkoxylation of methanol and various alkyne substrates catalysed by catalyst 18 (ca. 1 mol%) 

 

Entry Substrate Product Conv. a E/Z ratio b 

1 
  

>98% (90%) 4:1 

2 
  

>98% (84%) 5:1 

3 
  

>98% (75%) 6:1 

4 
  

72% (50%) 3:1 

5 
  

14% 
E-isomer 

only 

6 
  

>98% (85%) 
E-isomer 

only 

7 
  

28% 1:3 

8 
  

0% n/a 

9 
 

 

0% n/a 

a
 Isolated yield in parenthesis. 

b
 E/Z ratio determined by comparing the ratio of the alkyne proton resonance (ca. 3 ppm) 

and the product alkene resonances (5-7 ppm) using 
1
H NMR spectroscopy. 

Utilising internal aromatic and aliphatic alkynes did not yield any hydroalkoxylation products 

at all (Table 2, entries 8 & 9). The contrasting results when using terminal and internal alkyne 
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substrates suggests that the reaction catalysed by 18 may proceed through the formation of 

a vinylidene complex intermediate during the reaction mechanism (Figure 4). This is 

consistent with the findings suggested by Kakiuchi et al.31 using a neutral Rh(I) complex with 

N, O-donor ligand and supported by DFT calculations by Wang et al.34 The formation of the 

vinylidene complex requires the terminal alkyne proton to undergo a [1,2]-hydride shift, 

which may in some cases proceed via oxidation addition of the alkynyl C-H bond to the metal 

(Figure 4). The analogous oxidative C-C addition is not likely for internal alkyne substrates.35 

The formation of the vinylidene complex, which resembles a Fischer carbene that donates π-

electrons to the ligand, as well as the oxidative addition step are favoured by more electron 

rich metal centres, and these are possible reasons that catalyst 18 outperforms catalyst 19 in 

the intermolecular hydroalkoxylation of methanol and phenylacetylene. 

 

 

Figure 4 Possible reaction pathways for Rh vinylidene complex formation. 

The difference in yield when using alkyne substrates with unsaturated (Table 1, entries 1-4; 

Table 2, 1-4 & 6) and saturated (Table 2, entry 5) substituents appears to have risen from the 

ability of the substituents to stabilise the key reaction intermediate at first sight. The aryl 

ring adjacent to the alkyne C≡C can stabilise the formation of a vinylidene intermediate with 

a high degree of conjugation. The electron delocalisation about the aryl substituent would 

impart lower orbital energy levels than would be possible with a saturated, non-conjugated 

substituent, and better stabilise the vinylidene intermediate and the final product. 

A study36 on the formation of rhodium vinylidene complexes bearing both alkyl and aryl 

substituents, however, not only showed that the alkyne complex and the hydrido-alkynyl 

complex are almost isoenergetic, the substitution of the phenyl ring with an n-butyl chain 

also raised the rate constant of the interconversion between the alkyne complex and the 

hydrido-alkynyl complex by an order of magnitude; while that of converting the hydrido-

alkynyl to the vinylidene complex was lowered by 3-4 times. As a consequence, complex 18 

and 1-octyne may exist in a dynamic equilibrium of the alkyne complex and the hydrido-
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alkynyl complex, and hinders the conversion to the vinylidene complex in entry 5 (Table 1) 

with a higher energy barrier. 

The low yield and differing selectivity found for the pyridyl substituted alkyne (Table 2, entry 

7) does not share this trend. This may be due to the availability of a lone pair on the nitrogen 

on the pyridine ring, which can coordinate to the rhodium centre, leading to a different 

reaction mechanism; or the pyridyl nitrogen acting as a base to deprotonate the vinylidene 

intermediate and results in a species that exists in equilibrium with the vinylidene. 

2.3 Electrochemical Studies of Complexes [Rh(CO)2Phdpm] (18) and [Rh(CO)2bpm]BarF
4 

(19) 

To gain further insight into the reaction mechanism (see Figure 13 for more detailed possible 

reaction pathways), the redox behaviour of monometallic complexes 18 and 19 was studied 

using cyclic voltammetry (CV) under an inert atmosphere. Scans were started at 0 V versus a 

leakless Ag/AgCl reference electrode with an anodic sweep. At a sweep rate of 100 mV/s, an 

irreversible oxidation peak was observed for 18 at +0.96 V and an irreversible reduction peak 

at -0.88 V; whereas for 19, an irreversible oxidation event occurred at +1.14 V, and no 

reduction took place within the scan window (Figure 5). 

 

Figure 5 Cyclic voltammogram of complex 18 (red) and complex 19 (blue), both 1 mM in 0.1M [Bu4N][PF6]/CH2Cl2 

supporting electrolyte at 100 mV/s. 

By comparison to the CVs of the structurally similar acetylacetone complexes shown in 

Figure 6,37 the anodic peak for 18 at +0.96 V was assigned to be a two electron oxidation 

corresponding to formation of a Rh(III) species. This species undergoes a chemical process, 

and the cathodic peak at -0.88 V was assigned to be the reduction of the chemically formed 



18 
 

Rh(III) species to a +1 oxidation state of the rhodium centre. This conclusion is supported by 

initiating the measurement with a cathodic sweep, whereby the reduction peak at -0.88 V 

was not observable in the first scan (Figure 7). 

 

Figure 6 Complex 18 and structurally similar Rh(I) complexes containing anionic ligands and CO co-ligand. The CVs of the 

latter were reported in literature.
37

 

 

Figure 7 Stacked voltammograms for complex 18. Measurement was initiated with either an anodic sweep (red) or a 

cathodic sweep (black) in 0.1 M [Bu4N][PF6]/DCM, 100 mV/s. 

It can be noted that complex 18 oxidises at a potential that is 180 mV less positive than that 

of complex 19. This indicates the electron density at the Rh(I) centre in complex 18 is higher 

and can be more easily removed, consistent with the use of an anionic dpm ligand compared 

to a neutral bpm ligand. This could imply the energy required to oxidise the rhodium centre 

of complex 18 is lower than that of complex 19, or reflect the more pronounced donor 

ability of the anionic dpm ligand than the neutral bpm ligand. The formation of a vinylidene 

complex during the reaction mechanism would be favoured by coupling the electron 

accepting properties of vinylidene ligands as conjugated systems and the use of a metal 

centre with higher electron density. Should the intermolecular hydroalkoxylation of alcohols 

and alkynes involve the formation of a vinylidene complex, and commonly via the oxidative 
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addition route for rhodium complexes where the Rh(III) species could be better stabilised by 

a stronger donor ligand, the energy requirement for using complex 18 would therefore be 

lower than that of using complex 19, consistent with the catalysis results obtained. 

2.4 Summary for Chapter 2 

In summary, complex 18 was found to efficiently catalyse the intermolecular 

hydroalkoxylation of a series of alcohols and alkynes. Following on from the co-solvent 

screening conducted in previous work,28, 33 the presence of oxygen and moisture in the co-

solvent was found to subdue the product yield for this reaction significantly. The catalytic 

efficiency of 18 was retained with a range of different alkyne substrates. E-substituted enol 

ethers were selectively formed, in contrast to results reported using a structurally similar 

Rh(I) catalyst bearing an anionic ligand. The use of an aliphatic terminal alkyne substrate led 

to poorer yield, which is believed to be a result of a dynamic equilibrium of the alkyne 

complex and the hydrido-alkynyl complex, but exclusively the E product. This may be 

because the E product is thermodynamically more stable than the Z product and provides a 

larger driving force for the reaction, and/or the formation of the E product goes through a 

more accessible transition state and is thus more kinetically favourable in the current 

system34. Interestingly, no hydroalkoxylation product was formed when internal alkynes 

were employed as substrates. It is postulated therefore that the reaction mechanism 

proceeds via the formation of a vinylidene complex involving a [1,2]-hydride shift. Cyclic 

voltammetry experiments reveal that complex 18 can be irreversibly oxidised at less extreme 

potentials compared to complex 19, implying that complex 18 could form a more stable 

intermediate should it go through a change of oxidation state. 

 

3 Heteroditopic Ligands and Their Dirhodium Complexes: Synthesis and 
Catalysis 

Bimetallic complexes where the two metal centres are held in close proximity by the ligand 

scaffold have been shown to be superior catalysts to their monometallic analogues for 

selected transformations.21a, 21b, 21e, 22 In the Messerle laboratory, a range of dirhodium 

complexes containing the bpm and mim motifs (Figure 8a) have been found to catalyse the 

dihydroalkoxylation of alkyne diols more efficiently than either the monometallic analogues 

or a mixture of the monometallic counterparts.22 The two rhodium centres of the bimetallic 

complex are thought to work in a cooperative manner during the transformation.21b, 21c, 22 
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The exact mechanism for this cooperativity, however, is currently not known. A possible 

mode of cooperativity is the electronic communication between the two rhodium centres 

via the ligand scaffold. A range of bimetallic complexes were developed here by 

incorporating the bpm, dpm and mim motifs on a phenyl ring scaffold to yield the 

corresponding ditopic ligands and dirhodium complexes (16 & 17, Figure 8b). The efficiency 

of the new complexes with these heteroditopic ligands as catalysts for the 

dihydroalkoxylation reaction was the initial goal of this work. Understanding the nature of 

electronic communication between the two metal centres and the effect on the reactivity of 

these metals was the next main target. Cyclic voltammetry was utilised for electrochemical 

studies in this chapter. 

 

Figure 8a) bpm, mim and dpm ligand motifs bound to Rh(I) centre. b) Dirhodium complexes incorporating the bpm, mim 

and dpm moieties. 

3.1 Synthesis of [Rh2(CO)4(o-bpm/mim)][BArF
4]2 (16) 

Following on from previous work,33 in which the ditopic o-bpm/mim ligand (26) and the 

dirhodium 1,5-cyclooctadiene (COD) complex [Rh2(COD)2(o-bpm/mim)][BArF
4]2 (27) (Scheme 

7) were synthesised and fully characterised, the corresponding dirhodium carbonyl complex  

[Rh2(CO)4(o-bpm/mim)][BArF
4]2 (16) was successfully prepared via two different routes. 

3.1.1 Route A Towards Complex 16 

The first route was via the known complex [Rh2(COD)2(o-bpm/mim)][BArF
4]2 (27).33

 On 

stirring a degassed DCM solution of the COD complex 27 under a carbon monoxide 

atmosphere, a colour change from dark red to clear yellow was observed. The dried crude 

product was triturated with n-hexane to afford a maroon solid. The 1H NMR spectrum of the 
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complex revealed that COD co-ligands were still bound to some of the Rh centres. To 

overcome this, the yellow DCM solution of 27 was cannulated into CO-saturated n-hexane, 

from which dicarbonyl complex 16 precipitated as a yellow solid. The free COD remained in 

the solution phase, thereby preventing complex 16 from reverting back to the COD complex 

27. The resultant precipitate was isolated as a light brown powder in 44% yield. 

 

Scheme 7 Synthesis of [Rh2(CO)4(o-bpm/mim)][BAr
F

4]2 (16) and [Rh2(COD)2(o-bpm/mim)][BAr
F

4]2 (27) from ligand 26. 

3.1.2 Route B Towards Complex 16 

It was found that complex 16 could also be prepared by using [Rh(CO)2Cl]2 as the rhodium 

precursor. Ligand 26 was treated with [Rh(CO)2Cl]2 and subsequently NaBArF
4, the 

supernatant was filtered off and triturated with hexane to yield 16 as a light brown powder 

in 48% yield. 

Complex 16 was fully characterised using mass spectrometry, elemental analysis, and 1D and 

2D NMR spectroscopy. 

3.1.3 NMR Characterisation of Complex 16 

The 1H NMR spectrum of 16 exhibited broad resonances between 6 and 9 ppm at 298 K. 

Upon lowering the temperature to 243 K, these broad resonances resolved into multiple 

sharp signals (Figure 9a), which suggested that complex 16 undergoes a dynamic structural 

exchange process at a rate comparable to the NMR timescale at 298 K. 

Examination of the number of proton resonances in the spectrum of 16 at 243 K, and their 

relative integrations, revealed that two sets of resonances appeared to be present. 2D NMR 
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showed that the two sets of resonances correlate to each other by conformational exchange. 

This indicates that the NMR spectrum of 16 contains the resonances of two conformers of 16. 

 

  

Figure 9a) Stacked VT 
1
H NMR spectra of complex 16 taken in CD2Cl2. b) HSQC spectrum of complex 16 at 243 K, in the 

bis(pyrazolyl)methane methylene region, showing the correlation of between the carbon-13 and proton resonances at 

position 2’ in complex 16. c) NOESY spectrum of complex 16 at 243 K showing correlation between the H2’ resonances of 

two different conformers of complex 16 (labelled a & b). 

In the 70-80 ppm region of the 13C{1H} spectrum in the 1H-13C HSQC spectrum of 16, which 

contains only the 13C resonances due to the bis(pyrazolyl)methane carbons of the bpm 

moieties, two H2’-C2’ correlations were identified (Figure 9b) which confirmed that there 

are two conformations in solution (labelled a and b). The 1H-1H NOESY spectrum (Figure 9c) 

contained an exchange correlation resonance between the two 1H resonances of H2’a and 

H2’b, indicating that the two protons are exchanging at 243 K. 

It is interesting to note that all cross peaks in the 2D 1H-1H NOESY spectrum were in the 

same phase as the diagonal. This was likely a result of the relatively slow tumbling of 

complex 16 and increased viscosity of DMC-d2 at 243 K, which led to a longer correlation 
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time and favoured zero quantum transitions over double quantum transitions. Thus, a 

negative nOe enhancement was imparted to the cross peaks which in turn adopted a 

negative sign, just as those due to conformational exchange as well as the diagonal. 

3.2 Synthesis of o-dpmH/mim (32) 

After the success in synthesising [Rh2(CO)4(o-bpm/mim)][BArF
4]2, (16), effort was directed 

towards the preparation of pro-ligand o-dpmH/mim (32) and the dirhodium(I) complex 

[Rh2(CO)4(o-dpm/mim)]BArF
4 (17). Rh(I) complexes of both dpm and mim ligands are 

effective catalysts for C-X bond formation.21b, 22, 28 Each of the rhodacycles in the Rh(I)-dpm 

and Rh(I)-mim moieties are planar and rigid. The planarity of each monomeric Rh unit of the 

bimetallic complex 17 should allow an alignment of the Rh centres, with close proximity and 

well defined intermetallic distances. Thus bimetallic complex 17 incorporating the Rh(I)-dpm 

and Rh(I)-mim motifs could also display bimetallic cooperativity and efficiently catalyse C-X 

bond forming reactions and display bimetallic cooperativity. 

3.2.1 Route A Towards o-dpmH/mim (32)  

It was demonstrated in previous work that oxidation of o-dpmH3-aniline, 28, with one 

equivalent of p-chloranil and purification on a silica column afforded 29 in good yield (65%, 

Scheme 8, Route A).33 In this work, subsequent condensation of 29 with carbaldehyde 30 

was carried out in refluxing toluene. The 1H NMR spectrum of the crude product showed 

80% conversion to 32, along with other unidentifiable side products. Fewer side reactions 

were observed when using iPrOH as the solvent, with 70% consumption of the starting 

materials, and in refluxing THF, a conversion of 58% was achieved without side reactions.  
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Scheme 8 The preparation of pro-ligand 32 from ligand precursor 28 via two synthetic pathways. 

Attempted recrystallisation of the crude product was carried out using boiling toluene. 

However, this treatment left behind a black solid that was insoluble in both polar and non-

polar solvents, and it was speculated that at high temperatures polymerisation and/or the 

decomposition of the pyrrole containing compound 32 occurs. Subsequent attempts to 

isolate 32 with two-solvent recrystallisation at room temperature were hampered by the 

similar solubility of 29 and 32 in n-hexane as well as polar solvents. It was also found that 32 

did not elute on a silica TLC plate regardless of the eluent polarity. Gravity chromatography 

using neutral alumina as the stationary phase furnished a mixture of 29 and 32, which could 

not be separated by varying the eluent system.  

3.2.2 Route B Towards o-dpmH/mim (32) 

Route B is an alternative route to the preparation of o-dpmH/mim (32). The condensation of 

the second imidazole donor 30 with 28 was attempted prior to the oxidation of the C(sp3)-

C(pyrrole) bond. Refluxing 28 with 30 in THF resulted in 90% conversion to 31, which was 

chromatographed on silica gel to obtain analytically pure 31 with 66% yield (Scheme 8, 

Route B). Acid catalysed hydrolysis on the silica column was suppressed by pre-treating the 

silica gel with Et3N. Compound 31 was then oxidised by p-chloranil in THF to furnish 32, 

which was then be separated successfully from tetrachlorohydroquinone by column 

chromatography using alumina.38 
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3.3 Synthesis of [Rh2(COD)2(o-dpm/mim)]BArF
4 (33) and [Rh2(CO)4(o-dpm/mim)]BArF

4 
(17) 

In an analogous fashion to the synthesis of 16 above, complex 17 was synthesised via the 

formation of the COD complex 33 and subsequent carbonylation of the complex (Scheme 9, 

Route A), and also directly using a rhodium carbonyl precursor (Scheme 9, Route B). 

In route A, pro-ligand 32 was deprotonated by Et3N prior to complexation with rhodium 

metal. The resultant Et3N·HCl salt, could be neither removed completely by precipitation and 

filtration, nor separated by recrystallisation of complex 33. As an alternative to using Et3N, 

an excess of K2CO3 was used as a base, which was filtered off easily along with KHCO3 and 

KCl salts. Carbonylation of 33 to afford 17 was attempted by bubbling CO(g) through a stirred 

DCM solution of 33. A 1H NMR spectrum showed that product 17 contained traces of 

unreacted 33 when obtained via this route. 

To obtain analytically pure 17, [Rh(CO)2Cl]2 was used in Route B as the rhodium precursor 

and K2CO3 as base. Clean complex 17 was prepared directly from 32 as a fine dark purple/red 

powder via this route. 

 

Scheme 9 Synthesis of complex 17 and complex 33 from pro-ligand 32. 

Complex 17 was characterised using 1D and 2D 1H and 13C NMR spectroscopy, as well as 

elemental analysis and mass spectrometry. Similar to the spectra for complex 16, two sets of 

resonances were observed in the 1H and 13C NMR spectra of 17 (Figure 10) and these two 

sets of resonances were attributed to conformational exchange. Upon inspecting the 2D 

NOESY spectrum, cross peaks due to through space correlation and conformational 
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exchange could be distinguished by their relative phases. H4’ was found to correlate to both 

H6 and H7 by polarisation transfer, whereas the cross peaks at (8.49 ppm, 7.97 ppm) and 

(8.08 ppm, 7.79 ppm) were due to the exchange of pairs of resonances (H7a, H7b) and (H6’b, 

H6’a) as the two conformers interconvert. 

 

Figure 10 2D NOESY spectrum for complex 17 taken at 298 K in CD2Cl2. Both nOe cross peaks (green) and dynamic exchange 

cross peaks (blue) are present, indicating nOe transfer between closely situated protons as well as conformational exchange 

of complex 17. 

3.4 Catalysed C-O Bond Formation  

After the successful preparation of bimetallic complexes 16 and 17, the catalytic efficiency of 

these complexes for the intermolecular hydroalkoxylation and the intramolecular 

dihydroalkoxylation reactions was investigated, and compared to that of the analogous 

monometallic complexes 18 (Rh(I)-dpm), 19 (Rh(I)-bpm), and 13a (Rh(I)-mim). 

Electrochemical studies of the mono- and bimetallic complexes (18, 19 & 13a; 16 & 17) were 

undertaken using cyclic voltammetry (CV) in an attempt to establish their redox potentials, 

and ultimately correlate this with the performance of the complexes as catalysts and 

establish whether there is a relationship between the redox behaviour of the complexes and 

bimetallic cooperativity. 

In Chapter 2, the intermolecular hydroalkoxylation of alcohols and terminal alkynes was 

shown to be efficiently catalysed by complex 18, which is the monometallic complex of the 

anionic Phdpm ligand. It was postulated that this reaction benefits from the ability of 

complex 18 to undergo oxidative addition of the terminal alkyne, and thus access the key 
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intermediate more easily. In earlier work,33 complex 18 was also used to catalyse the 

intramolecular dihydroalkoxylation of alkyne diol 11, although this occurred in a more 

sluggish manner than on using the efficient catalysts 19 and 13a. As such, the bimetallic 

complexes 17 (which contains the Rh(I)-dpm moiety found in 18) and 16 (which contains the 

Rh(I)-bpm moiety found in 19) have the potential to be efficient catalysts for both the 

intermolecular hydroalkoxylation of terminals alkynes with alcohols, and for the 

intramolecular dihydroalkoxylation of alkyne diols. The second Rh centre present in the 

bimetallic complexes could act as a directing group for the nucleophilic, alcoholic attack on 

the Rh-alkyne derivative,39 or impart electronic influence upon the neighbouring Rh reaction 

site through space or via the highly conjugated ligand scaffold. Either of these possible 

modes of interaction between the two rhodium metals in complexes 16 and 17 could result 

in bimetallic cooperativity in enhancing the catalysed C-O bond forming reactions. 

3.4.1 Catalysed Intermolecular Hydroalkoxylation 

Bimetallic complexes 16 and 17 with heteroditopic ligands were tested as catalysts for the 

intermolecular hydroalkoxylation between methanol and phenylacetylene, and the results 

are summarised in Figure 11. 

 

Figure 11 Intermolecular hydroalkoxylation of methanol and phenylacetylene using catalysts 13a, 18, 19, 16 and 17 in DMA 

(N,N-dimethylacetamide), using 1 mol% rhodium loading, at 25
o
C over 24 h. Conversion was determined after 24 h by 

comparing the integral ratio of the alkyne proton resonance (ca. 3 ppm) and the product alkene resonances (5-7 ppm) using 

1
H NMR spectroscopy; E/Z ratios were determined by comparing the intensity of E and Z alkene resonances. *Results from 

previous studies.
33
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Complex 16, containing both the bpm (of 19) and mim (of 13a) motifs, was found to be 

inefficient in catalysing the hydroalkoxylation of phenylacetylene with methanol. No 

conversion of phenylacetylene to the desired enol ether was observed by 1H NMR 

spectroscopy. Similar results were observed using the monometallic complexes 19 and 13a 

with the bpm and mim ligands respectively. The incorporation of a second Rh centre in 

complex 16 did not enhance the reactivity of Rh(I) for catalysing this reaction, as both 

rhodium metals remained inactive. 

On testing the efficiency of the bimetallic complex 17, which contains both the dpm (of 18) 

and the mim (of 13a) ligands, as a catalyst for the hydroalkoxylation of methanol and 

phenylacetylene a 35% substrate conversion to the target enol ether products was observed, 

with an E:Z ratio of 1.83:1. Both the substrate conversion and the product selectivity when 

using the bimetallic complex 17 were found to be intermediate between those achieved 

using the monometallic complexes 18 and 13a, suggesting a cooperative but inhibiting effect 

imposed by the Rh(I)-mim component of the bimetallic catalyst 17. 

As a control experiment, the intermolecular hydroalkoxylation reaction was also carried out 

using 0.5 mol% of monometallic complex 18 with the Phdpm ligand, and 0.5 mol% of the 

monometallic complex 13a with the Phmim ligand in one pot. A 100% conversion to the 

desired enol ethers was achieved in 24 h, with an E:Z ratio of 5.6:1. The substrate conversion 

of this experiment was comparable to that achieved using complex 18 alone. The slightly 

lower selectivity in the mixed-catalyst reaction suggests that complex 13a may be asserting 

an influence while the reaction was primarily catalysed by complex 18, although it was 

inactive on its own. 

3.4.2 Catalysed Intramolecular Dihydroalkoxylation  

The direct formation of spiroketals from readily accessible functional groups such as alkynes 

and alcohols is an attractive synthetic approach, since the traditional preparation involves 

multiple synthetic steps and harsh conditions.40 Therefore, transition metal catalysed 

spiroketal formation in one pot has been an interest of investigation.16a, 21b, 21c, 22, 27b, 41 

The bimetallic complexes 16 and 17 were tested as catalysts for the dihydroalkoxylation of 

alkyne diols 11 to form the corresponding spiroketals 22a and 22b; and 23 to form spiroketal 

24 and a cyclic enol ether by-product 25 in one pot, and the results are summarised in Table 

3 and Figure 12.  
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Table 3 Conversion of alkyne diols (11 & 23) to regioisomeric spiroketal products (22a, 22b & 24) and the monocyclised 

product 25, using catalysts 16 and 17, at 1 mol% rhodium loading. 

 

 

Entry Substrate Product Catalysta Time (h)b ToF (h-1)c Ratioe 

1 

11 

22a 

+ 

22b 

16 0.44 900 0.55: 1 

2 17 0.39 1833 0.84:1 

327b 19 0.22 961 0.7: 1 

442 13a 7.3 24 n/a 

533 18 
40% conv. in 3 h, 

ToF n/a 
0.52: 1 

6 

23 

24 

+ 

25 

16 0.57d 1125 1.3: 1 

7 17 0.56d 963 1.4: 1 

827b 19 0.09 1121 1.8: 1 
a
 0.5 mol% for 16 and 17, and 1 mol% for 19 and 2 mol% of 18 and 13a. 

b
 Time required to reach 98% conversion. 

c
 Turnover 

frequency (ToF) is calculated as the amount of product/mole of catalyst/hour at the point of 50% conversion. 
d
 Time 

required to reach 97% conversion. 
e
 Ratio of 22a: 22b or 24: 25 determined by integration of 

1
H NMR signal intensities. 

Complex 17 catalysed the conversion of 11 to 22a and 22b (Table 3, entry 2) with 98% 

conversion in 0.39 h (ToF 1833 h-1) and a product ratio of 0.84: 1. The time required for 17 to 

promote quantitative (98%) conversion of 11 was significantly less than that required for 

either of the monometallic counterparts 13a and 18 (Table 3, entry 4 & 5; Figure 12a). This 

indicates that there is a cooperative bimetallic effect present when using complex 17 as a 

catalyst. Also noteworthy is the similarity in the required time for 16 and 17 to achieve 98% 

conversion, suggesting the difference in nature of the Rh(I)-dpm and Rh(I)-bpm centres has 

little bearing on the intramolecular reaction mechanism in this case. 

Complex 16 efficiently catalysed the dihydroalkoxylation of alkyne diol 11 to give the 

spiroketal products 22a and 22b (Table 3, entry 1), with 98% conversion achieved in 0.44 h 

and a turnover frequency (ToF) of 900 h-1. The formation of spiroketal 22a was less favoured 

comparing to that of 22b, with a product ratio of 0.55: 1. The time for bimetallic complex 16 
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to reach 98% consumption of substrate was intermediate between the two component 

monometallic analogues, 19 and 13a (Figure 12a), requiring twice as long to achieve 98% 

conversion compared to component complex 19 (Table 3, entry 3), but was more than 

sixteen times faster than complex 13a (Table 3, entry 4). This demonstrates the two metals 

in complex 16 work in a synergistic manner during catalysis, such that one of the rhodium 

centres may be acting as a cooperative inhibitor.  

For the dihydroalkoxylation of alkyne diol 23, complex 16 with the dpm and mim 

components efficiently catalyses conversion to a mixture of 5,5-spiroketal product 24 and 

the monocyclised product 25, achieving 97% conversion of 23 in 0.57 h with a ToF of 1125 

 h-1 (Table 3, entry 6; Figure 12b). On comparing the catalytic activity of 16 to that of the 

monometallic complex 19 for this reaction, it was found that complex 16 took about six 

times longer to achieve quantitative conversion than 19. This observation is similar to the 

case of the dihydroalkoxylation of alkyne diol 11.  

Using complex 17 with dpm and mim components as catalyst for the dihydroalkoxylation of 

alkyne diol 23 led to a similar outcome to complex 16 for this reaction (Table 3, entry 7; 

Figure 12b), with 97% substrate conversion achieved in 0.56 h and a ToF of 963 h-1. This 

suggests that the Rh(I)-bpm motif of complex 16 and the Rh(I)-dpm motif of complex 17 may 

not have any bearing on the mechanism for this reaction either. 

3.5 Electrochemical Studies 

The elucidation of reaction mechanisms provides essential information for appropriate 

catalyst modification and can lead to improved catalytic performance. This section describes 

the electrochemical studies of monometallic complexes [Rh(CO)2Phdpm] (18), 

[Rh(CO)2bpm]BArF
4 (19), [Rh(CO)2Phmim]BArF

4 (13a), and bimetallic complexes [Rh2(CO)4(o-

bpm/mim)][BArF
4]2 (16) and [Rh2(CO)4(o-dpm/mim)]BArF

4 (17). These results were then used 

to speculate the mechanism involved for the catalysed hydroalkoxylation reactions of 

phenylacetylene with methanol, or alkyne diol 11 using complexes 13a, 18, 19, 16 or 17 

examined previously. 
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Figure 12a) Reaction profiles of dihydroalkoxylation of 2-(5-hydroxypent-1-ynyl)benzyl alcohol (11) to give spiroketals 22a 

and 22b in C2D2Cl4 at 100 
o
C using individual catalysts, 0.5 mol% [Rh2(CO)4(o-bpm/mim)][BAr

F
4]2 (16), 0.5 mol% [Rh2(CO)4(o-

dpm/mim)]BAr
F

4 (17), 2 mol% [Rh(CO)2dpm] (18), and 1 mol% [Rh(CO)2bpm]BAr
F

4 (19). b) Reaction profiles of 

dihydroalkoxylation of 2-(4-hydroxypent-1-ynyl)benzyl alcohol (23) to give spiroketal 24 and enol ether 25 in C2D2Cl4 at 100 

o
C using individual catalysts, 0.5 mol% [Rh2(CO)4(o-bpm/mim)][BAr

F
4]2 (16), 0.5 mol% [Rh2(CO)4(o-dpm/mim)]BAr

F
4 (17), and 

1 mol% [Rh(CO)2bpm]BAr
F

4 (19). 

a) 

b) 
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Transition metal (TM) catalysed addition of oxygen nucleophiles to C≡C bonds is proposed to 

follow one of two mechanistic pathways (Figure 13).29a, 43 The first pathway (Mechanism A, 

Figure 13) involves the electrophilic activation of the alkyne by π-coordination to the metal 

centre of the TM complex. The metal centre acts as a Lewis acid and renders the 

coordinated C≡C bond prone to nucleophilic attack by the OH moiety. The second pathway 

(Mechanism B, Figure 13) also proceeds via formation of the π complex, which then 

rearranges to a vinylidene intermediate. The vinylidene may form via a direct [1,2]-hydride 

shift step, or oxidative addition of the terminal C-H bond to the metal centre followed by a 

[1,3]-hydride shift for d8 metal systems such as Rh(I) (Section 2.2, Figure 4).35 

Hydroalkoxylation reactions of internal alkynes catalysed by Rh(I) pr Ir(I) complexes are 

known to favour Mechanism A, as internal alkynes do not readily undergo oxidative addition 

in the presence of a metal catalyst.16a, 35, 41 

 

Figure 13 Proposed mechanisms for C-O bond formation by the addition of oxygen nucleophile to C≡C bond. Mechanism A: 

direct addition of oxygen nucleophile to the metal-alkyne π-complex. Mechanism B: oxidative C-H insertion, followed by the 

formation of a vinylidene intermediate and then the attack of oxygen nucleophile. 

The redox potentials measured for Rh(I) complexes 13a, 18, 19, 16 and 17 can reflect the 

ease of which they may undergo oxidative addition. A more large and positive oxidation 

potential corresponds to a system where higher energies are required to abstract an 

electron from the metal complex. A very low or largely negative oxidation potential in turn 

corresponds to a complex that can easily oxidise and may be inclined to form a vinylidene 

intermediate during the hydroalkoxylation reactions (Mechanism B, Figure 13). The 
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oxidation potentials may also reflect the donor ability—which is crucial for stabilising high 

valence metal ions—of the N,N bidentate ligands in complexes 13a, 18, 19, 16 and 17, and 

that the electron density of the Rh(I) centres and the ease of their oxidation may not be the 

sole possible cause of the different catalytic efficiencies of complexes 13a, 18, 19, 16 and 17. 

The redox potentials of the bimetallic complexes 16 and 17, and those of the corresponding 

component monometallic analogues 18, 19, & 13a were studied using cyclic voltammetry. 

Full scans of the solvent accessible window are shown in Figure 14 and Figure 15 for 

complexes 16, 13a, and 19, and for complexes 17, 13a, and 18 respectively, and the results 

are summarised in Table 4. All voltammograms exhibited one irreversible oxidation peak on 

the forward scan. This does not correspond to a ligand based oxidation (see Appendix B for 

ligand voltammograms), and can be assigned to the RhI/RhIII oxidation by comparison to the 

cyclic voltammograms reported for other Rh(I) complexes.37, 44 On the reverse scan, all 

complexes (except 19) also show an irreversible reduction at potentials ca. 2 V more 

negative than the RhI/RhIII process. This was attributed to the reduction of a RhIII chemical 

reaction product derived from the oxidised species in the initial RhI/RhIII process (i.e. an ECE 

process).37a 

Table 4 Electrochemical oxidation and reduction data for complexes 16-19 & 13a. Measurements were undertaken in 0.1 M 

[Bu4N][PF6]/CH2Cl2 using a leakless Ag/AgCl reference electrode at 298 K (which comes at -0.625 V vs. Fc/Fc
+
). All potentials 

were measured at a constant sweep rate of 100 mV/s and are reported relative to the Fc/Fc
+
 couple. 

Complex Epa (Rh) (V)* Epc (Rh) (V)* Epc (ligand) (V) 

 

0.98 -1.01 -1.43 

 

1.01 -1.10 -1.77 

[Rh(CO)2Phdpm] (18) 0.96 -0.88 n/a 

[Rh(CO)2bpm]BArF
4 (19) 1.14 n/a n/a 

[Rh(CO)2Phmim]BArF
4 (13a) 1.05 -1.04 -1.75 

* Epa and Epc stand for peak oxidation/anodic potential and peak reduction/cathodic potential respectively. 
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Figure 14 shows the cyclic voltammograms of bimetallic complex 16, and the component 

monometallic complexes 19 & 13a. Complex 16 exhibits an irreversible oxidation process 

(RhI/RhIII) at 0.98 V against Fc/Fc+. On the reverse scan, a small reduction peak was observed 

at -1.01 V and assigned to the reduction of the reacted oxidation product, and a ligand based 

reduction event at -1.43 V. Similarly, the monometallic complex 13a exhibited an irreversible 

RhI/RhIII oxidation at 1.05 V, an irreversible RhIII/RhI reduction at -1.04 V and a ligand centred 

reduction at -1.75 V. For complex 19, the RhI/RhIII oxidation occurred at 1.14 V, and no 

reduction events were observed within the scan window.  

  

Figure 14 Cyclic voltammograms of complexes 16, 13a and 19. at 100 mV/s. Measurements were conducted in 0.1 M 

[Bu4N][PF6]/CH2Cl2 vs. a leakless Ag/AgCl reference electrode at 298 K. Scans were initiated in the positive direction. 

Figure 15 shows the cyclic voltammograms of bimetallic complex 17, and monometallic 

counterparts 18 and 13a. Complex 17 underwent an irreversible oxidation process (RhI/RhIII) 

at 1.01 V vs. Fc/Fc+, an irreversible reduction process at -1.10 V, and an irreversible ligand 

centred reduction at -1.77 V. Complex 18 showed an irreversible oxidation peak due to 

RhI/RhIII process at 0.96 V, and an irreversible reduction peak due to the reduction of a Rh(III) 

species at -0.88 V. 
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Figure 15 Cyclic voltammograms of complexes 17, 13a and 18 at 100 mV/s. Measurements were conducted in 0.1 M 

[Bu4N][PF6]/CH2Cl2 vs. a leakless Ag/AgCl reference electrode at 298 K. Scans were initiated in the positive direction. 

3.5.1 Comparison of Bimetallic Complex 16 with Monometallic Complexes 19 and 13a 

The Epa(RhI/RhIII) of 16 is 70 mV lower than that of 13a, and about 160 mV lower than that of 

complex 19. The incorporation of a second metal centre to form the bimetallic complex 16 

lowered the peak oxidation potential compared to the component complexes 13a and 19, 

however only a single oxidation event is observed for the bimetallic complex, so it is not 

possible to draw conclusion about electronic coupling between the Rh centres. The oxidation 

peak of the bimetallic complex 16 is significantly broader than those displayed by the 

component monometallic counterparts 19 and 13a. This may result from the overlapping of 

two oxidation peaks due to the two different monomeric Rh(I) moieties in complex 16.  

To determine if there is any electronic communication between the metal centres, 

additional experiments are required in addition to electrochemical techniques such as IR and 

NIR which can also provide information on whether there is any intermetallic 

communication between the metal centres. 

The relative oxidation potentials of 16, 13a and 19 do not match the relative catalytic 

efficiency using these complexes to catalyse the intramolecular hydroalkoxylation reaction 

of alkyne diol 11. These metal complexes have catalytic efficiencies in an increasing order of 

13a<16<19. This suggests that the cooperative rate inhibition observed for complex 16 in 

this reaction is independent of the oxidation potential of the complex.  



36 
 

The key steps of the possible mechanisms for this reaction (Figure 13) involve direct 

nucleophilic attack on the metal-alkyne π-complex (Mechanism A), or the formation of a 

vinylidene complex that requires an increase in oxidation state of the rhodium centre 

(Mechanism B). The ability of the Rh(I) centre to undergo oxidation in Mechanism B will 

influence the reaction rate constant (k) of this step. In the event that this oxidative addition 

step is rate determining for the catalysed hydroalkoxylation the catalytic activities of 

complexes 16, 19, and 13a would therefore correlate with the respective oxidation 

potentials (the differences in electron densities and/or donor ability of the ligands reflected 

in the oxidation potentials). As the trend in Epa(RhI/RhIII) for complexes 16, 13a and 19 does 

not match that in their relative catalytic efficiency in the intramolecular dihydroalkoxylation 

reaction of alkyne diol 11, the rate limiting steps of this reaction using complexes 16, 19 and 

13a as catalysts are unlikely to be oxidative addition. This is in line with a previously 

proposed mechanism (Mechanism A, Figure 13) for the catalysed dihydroalkoxylation of 

alkynes.16a, 41 

The Epa(RhI/RhIII) of complexes 16, 19 and 13a are 50 – 180 mV higher than that of complex 

18 (Table 4), which indicates the RhI/RhIII oxidation in these three complexes is more 

energetically demanding. Should the catalysed intermolecular hydroalkoxylation reaction of 

phenylacetylene with methanol proceed via a rate limiting oxidative addition step (e.g. 

formation of a vinylidene reaction intermediate), the poor electron density at the respective 

Rh(I) centres may explain the inactivity of complexes 16, 19 and 13a in catalysing this 

reaction.  

3.5.2 Comparison of Bimetallic Complex 17 and Monometallic Complexes 18 and 13a 

The peak anodic potential of bimetallic complex 17 is about 40 mV lower than that of 

complex 13a, and about 50 mV higher than that of complex 18. Only a single oxidation peak 

was observed for 17 and it cannot be concluded if electronic coupling between the rhodium 

metals exists in complex 17. 

If the reaction involves a rate limiting oxidative addition step, the catalytic efficiency of 17 is 

expected to lie between those of 13a and 18. This is indeed the case observed for the 

intermolecular hydroalkoxylation of methanol and phenylacetylene, where complex 13a was 

inactive, however the monometallic complex 18 achieved 100% conversion in 24 h, and the 

bimetallic complex 17 reached 35% conversion in the same time frame (Section 3.4.1, Figure 
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11). The more positive oxidation potential of the bimetallic complex 17, relative to that of 18, 

correlates with the poor catalytic activity of the former for the catalysed hydroalkoxylation 

of phenylacetylene with methanol, and therefore suggests that oxidative addition may be 

rate determining. 

The broadness of the oxidation wave of complex 17 is similar to that of 13a. However the 

former has a greater peak current intensity than the oxidation wave of 13a, which may 

result from two superimposed oxidation peaks due to the two Rh(I) centres in 17. The peak 

current intensity is also dependent on the amount of rhodium metals present (1 mM analyte 

solutions were used for mono- and bimetallic complexes), or the diffusion of the complexes 

under investigation from the bulk of solution to the electrode surface (i.e. diffusion 

controlled current) but this requires more in-depth studies with varied scan rates.37a, 45 All of 

the speculated causes of the broad oxidation wave observed for complex 17 are possible 

because the π-system of the monomeric Rh(I)-dpm and Rh(I)-mim motifs in 17 may both 

interact with that of the phenylene scaffold, or overlap well with each other owing to their 

proximity and rigid, planar structure, and allow the rhodium metals to assert a mutual 

electronic influence. The complexes 17 and 13a also differ significantly in molecular size, and 

as a result they may diffuse through the solvent at different rates and influence the 

respective current intensities observed. 

3.5.3 Comparison between Bimetallic Complexes 16 and 17 

Figure 16 shows the offset cyclic voltammograms of bimetallic complexes 16 and 17. The 

two complexes have similar Epa(RhI/RhIII) values, which do not correlate to their catalytic 

efficiency in the intermolecular hydroalkoxylation reaction. This appears at odds with a 

catalytic mechanism for the intermolecular hydroalkoxylation of methanol and 

phenylacetylene (by complexes 18 and 17) which may involve the formation of a vinylidene 

intermediate through oxidative addition of phenylacetylene to the rhodium metal. Marcé et 

al. showed that intermediates formed via an oxidative addition reaction of cationic Rh(I) 

complexes are less stable than those produced from neutral Rh(I) complexes. As a result 

cationic Rh(III) species produced by such oxidative addition process are prone to revert to 

the initial cationic Rh(I) form.46 This could explain the inactivity of bimetallic complex 16 

(with bpm and mim motifs) in catalysing the intermolecular hydroalkoxylation of methanol 

and phenylacetylene, even though it can be oxidised at a similar potential to 17. 
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Figure 16 Cyclic voltammograms of complexes 16 and 17 at 100 mV/s. Measurements were conducted in 0.1 M 

[Bu4N][PF6]/CH2Cl2 vs. a leakless Ag/AgCl reference electrode at 298 K. Scans were initiated in the positive direction. 

3.5.4 CV Studies on Bimetallic Complex 10 

Figure 17 shows the cyclic voltammograms of [Rh2(CO)4](Lant)][BArF
4]2 (10), the 

corresponding free ligand 34, and the precursor [Rh(CO)2Cl]2. Complex 10 was shown to be 

highly efficient in catalysing the intramolecular dihydroalkoxylation of 11 and 23 in previous 

studies in the Messerle group.22 

  

Figure 17 Cyclic voltammograms of complex 10, ligand 34 and [Rh(CO)2Cl]2 at 100 mV/s. Measurements were conducted in 

0.1 M [Bu4N][PF6]/CH2Cl2 vs. a leakless Ag/AgCl reference electrode at 298 K. Scans were initiated in the positive direction. 

Complex 10 undergoes an irreversible oxidation process at 1.33 V vs. Fc/Fc+ and an 

irreversible reduction process at -1.97 V. The free ligand 34 exhibited three oxidation peaks 
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at 1.05, 1.29 and 1.71 V respectively, and they are all irreversible. [Rh(CO)2Cl]2 displayed an 

irreversible oxidation peak at 0.78 V. 

On comparing the three cyclic voltammograms of 10, 34 and [Rh(CO)2Cl]2 in Figure 17, the 

oxidation of complex 10 at 1.34 V more closely resembles that of the ligand, so was assigned 

to a ligand based process. This is dissimilar to the case for the monometallic analogue 19 

which has a metal centred oxidation potential at 1.14 V (ca. 190 mV lower than 10), and the 

origin of the oxidation event displayed by complex 10 in the scan window is therefore 

different to those of the other rhodium complexes under investigation in this work. 

The origin of these oxidation processes, as well as differences in the oxidation potentials 

between complexes 10 and 19, suggest that the rhodium metals in 10 are more electron-

deficient. Therefore, electrophilic activation of a C≡C bond by the rhodium in complex 10 

may be more favourable than in 19, explaining why the catalytic activity of complex 10 

surpasses 19. 

3.5.5 Correlation of Electrochemical Studies with Catalysis Results 

The redox potentials of bimetallic complexes 16 and 17 were probed using cyclic 

voltammetry and compared to those of their monometallic analogues 18, 19, & 13a. All 

observed oxidation peaks were assigned to the RhI/RhIII process. 

The trend in oxidation potentials of complexes 16, 13 & 19 does not correlate with the 

relative performances of these three complexes as catalysts in the intramolecular 

dihydroalkoxylation reaction, suggesting that the intramolecular dihydroalkoxylation under 

study does not involve rate-determining oxidation addition steps. The broad current wave 

exhibited by complex 16 may be caused by two closely situated oxidation peaks due to each 

of the monomeric Rh(I) centres. The origin of cooperative inhibition when catalysing the 

intramolecular hydroalkoxylation displayed by complex 16 could not be elucidated by cyclic 

voltammetry. 

The oxidation potential of 17 was shown to be intermediate between those of complexes 13 

and 18, a similar trend to that observed for their relative catalytic efficiency in the 

intermolecular hydroalkoxylation of methanol and phenylacetylene. This indicates that the 

reaction involves a rate limiting oxidative addition step and supports the notion that 

intermolecular hydroalkoxylation using 17 and 18 as catalysts proceeds via the formation of 
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vinylidene intermediate through oxidative addition of phenylacetylene to the rhodium 

metals. 

The comparable peak oxidation potentials of 16 and 17 suggest both complexes should 

undergo oxidative addition with similar energy barriers. The differing activity observed for 

catalysing the intermolecular hydroalkoxylation reaction may therefore be because of the 

Rh(III) species formed upon oxidative addition of phenylacetylene to the rhodium can only 

be stabilised by the anionic dpm motif, but not the mim or bpm donors. 

3.6 Summary for Chapter 3 

This chapter describes the synthesis and characterisation of two novel bimetallic complexes: 

[Rh2(CO)4(o-bpm/mim)][BArF
4]2 (16) and [Rh2(CO)4(o-dpm/mim)]BArF

4 (17). These two 

bimetallic complexes were tested as catalysts for the intermolecular hydroalkoxylation of 

methanol and phenylacetylene, and the intramolecular dihydroalkoxylation reactions of 

alkyne diol 11 and 23. 

Bimetallic complex 17 displayed significant rate enhancement in catalysing the 

dihydroalkoxylation of 11 compared to its component monometallic complexes 

[Rh(CO)2Phmim]BArF
4 (13a) and [Rh(CO)2Phdpm] (18). Complex 17 also displayed 

cooperative inhibition in the intermolecular hydroalkoxylation of methanol and 

phenylacetylene. 

Bimetallic complex 16 showed cooperative inhibition in the dihydroalkoxylation of alkyne 

diol 11, with a reaction rate slower than the monometallic counterpart 19 but quicker than 

13a. Similar to its monometallic analogues 13a and 19, bimetallic complex 16 was inactive in 

promoting the intermolecular hydroalkoxylation of methanol and phenylacetylene. 

The redox potentials of bimetallic complexes 16 and 17 were investigated using cyclic 

voltammetry. The shifts in the peak oxidation potentials observed for bimetallic complexes 

16 and 17 comparing to their monometallic counterparts 13a, 18 and 19 may result from 

using different ligand systems or the metal, and it is inconclusive whether intermetallic 

communication is present in these bimetallic complexes. We also cannot rule out that the 

close proximity of the second metal complex in the bimetallic system may change the 

reactivity of the complex due to the steric bulk. 
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The oxidation potentials of complexes 13a, 17, and 18 mirror the trend in the efficiency of 

substrate conversion observed for the intermolecular hydroalkoxylation reaction of 

methanol and phenylacetylene. Complex 13a has the most positive oxidation potential and 

was inactive as a catalyst for the intermolecular hydroalkoxylation of methanol and 

phenylacetylene. Complex 17 achieved 35% substrate conversion and has an intermediate 

oxidation potential between those of 13a and 18, whereas complex 18 has the least positive 

oxidation potential and promoted 100% substrate conversion. This suggests that oxidative 

addition steps may be involved in the reaction mechanism for the intermolecular 

hydroalkoxylation of alcohols and terminal alkynes catalysed by 13a, 17 or 18. 

The redox potentials of complexes 16 and 17 do not correlate with their performance as 

catalysts in the intramolecular dihydroalkoxylation of alkyne diol 11, suggesting that 

oxidative addition is unlikely to be involved in the rate limiting step of the reaction 

mechanism, which is consistent with the previously proposed reaction mechanism, which 

proceeded via electrophilic activation of the alkyne moiety by the metal centre. 

4 Conclusions and Future Work 

4.1 Conclusions for This Thesis 

The first half of this work describes the application of a neutral monorhodium complex 

[Rh(CO)2Phdpm] (18) as catalyst for the intermolecular hydroalkoxylation of alcohols and 

terminal alkynes. The product enol ethers were obtained in high yield and with high 

selectivity. Complementary to a reported neutral monorhodium complex bearing N,O-

donor,31 complex 18 formed E-substituted enol ethers as the major product. Optimal results 

were obtained when the reactions were undertaken under inert atmosphere and in dry 

solvents. The reaction was found to tolerate a range of terminal alkyne substrates bearing 

different electron-donating and withdrawing groups without compromising the product 

yield significantly. Internal alkynes were tested as substrates and reactions did not proceed. 

The redox potentials of monometallic complex 18 (with dpm motif), and another two 

cationic monometallic complexes 19 (with bpm motif) and 13a (with mim motif) were 

probed using cyclic voltammetry. The oxidation peaks observed for complexes 18, 19, and 

13a were assigned to the RhI/RhIII process. Complex 18 was found to oxidise at a less positive 

potential than 19 and 13a. This correlates with the higher efficiency of 18 in catalysing the 

intermolecular hydroalkoxylation reaction, and the inactivity of 19 and 13a as catalysts. A 

reaction mechanism was proposed, which involves oxidative addition of terminal alkyne 
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substrates to the Rh(I) centre of complex 18, followed by isomerisation of the hydrido-

alkynyl rhodium complex to a vinylidene intermediate, or formation of the vinylidene 

intermediate directly from the metal-alkyne π-complex by [1,2]-hydride transfer. 

The second half of this project describes the synthesis and characterisation of two novel 

bimetallic complexes 16 and 17 with heteroditopic N-donor ligands, their application in 

catalysing the addition of alcohol nucleophiles across a C≡C bond and initial mechanistic 

studies using cyclic voltammetry. The dirhodium complexes 16 (with a bpm/mim 

heteroditopic ligand) and 17 (with a dpm/mim heteroditopic ligand) were prepared and 

characterised using 1D and 2D NMR spectroscopy, mass spectrometry and elemental 

analysis. The bimetallic complexes 16 and 17 were tested as catalysts for the intermolecular 

hydroalkoxylation of methanol and phenylacetylene, and for the intramolecular 

dihydroalkoxylation of alkyne diols 11 and 23. A significant bimetallic reaction rate 

enhancement was observed for complex 17 for the intramolecular dihydroalkoxylation of 

alkyne diol 11, compared to the rates of catalysis obtained using the component 

monometallic complexes 18 and 13a. Cooperative rate inhibition was observed on using 

complex 17 for the intermolecular hydroalkoxylation reaction and on using complex 16 for 

the intramolecular dihydroalkoxylation of alkyne diols. 

The origin of bimetallic cooperativity observed for complexes 16 and 17, with heteroditopic 

N-donor ligands, and homobimetallic complex 1022 was investigated, and mechanistic 

deductions were made based on the electrochemical studies and the catalysis results 

(Section 3.4 and 3.5). The redox potentials of the bimetallic complexes 16, 17 and 10 were 

recorded using cyclic voltammetry and compared to those of the component monometallic 

complexes 18 (with Phdpm ligand), 19 (with bpm ligand) and 13a (with Phmim ligand), 

however the presence of intermetallic communication between the rhodium could not be 

concluded in these bimetallic complexes. The trend in the peak oxidation potentials of 

bimetallic complexes 16, 17 and monometallic complexes 18, 19 and 13a does not correlate 

with the variation in catalytic efficiency for the intramolecular dihydroalkoxylation of alkyne 

diol 11 (Table 5), indicating that the intramolecular dihydroalkoxylation of alkyne diol 1 

catalysed by complexes 16 and 17 is unlikely to have a rate-limiting oxidative addition step. 

This finding is consistent with a previously proposed mechanism for rhodium catalysed 

dihydroalkoxylation of alkyne diols,16a, 41 and means that the bimetallic rate enhancement or 
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inhibition are not a result of electronic communication between the rhodium metals in these 

bimetallic complexes. 

Table 5 Summary of trends observed for mono- and bimetallic complexes as catalysts for C-O bond formation and in 

electrochemical studies. 

Oxidation 

Potentials 
(from least positive) 18 < 16 < 17 < 13a < 19 

Reaction 
Intramolecular Dihydroalkoxylation of 

alkyne diol 11 

Intermolecular Hydroalkoxylation of 

phenylacetylene with MeOH 

Catalytic 

Efficiency 

(from least efficient) 

18 < 13a < 17 < 16 < 19 

(from least efficient)  

13a < 17 < 18 

 

On the contrary, the catalytic efficiency for the intermolecular hydroalkoxylation reaction of 

methanol and phenylacetylene was higher for complexes 13a, 17 and 18 as the oxidation 

potentials become less positive. This supports the hypothesis that the intermolecular 

hydroalkoxylation has a rate limiting oxidative addition step. 

The electrochemical oxidation observed for complex 10 in the scan window was attributed 

to a ligand centred oxidation. It was postulated that the rhodium centres in complex 10 are 

electron deficient and the complex acts as a stronger Lewis acid for the electrophilic 

activation of alkyne C≡C bond than the monometallic counterpart 19, but the validity of this 

statement should be verified using other spectroscopic techniques and computational 

studies as well. 

4.2 Future Work 

Having established that 16 and 17 exhibit a cooperative, bimetallic effect in the 

intermolecular hydroalkoxylation and intramolecular dihydroalkoxylation, and the role of 

electronic communications between the two metal centres in this bimetallic cooperativity, a 

full reaction mechanism elucidation for the intermolecular hydroalkoxylation would be 

worthy of investigation. Starting from the monometallic systems using complex 18, 19 and 

13a the reaction intermediates may be isolated or observed in situ by reacting complex 18 

with an alkyne substrate. Structural information of regarding the intermediates could be 

obtained using NMR spectroscopy and potentially X-ray crystallography. Labelling studies, 

such as using CH3OD, CD3OH and deuterium-labelled phenylacetylene, can be used to trace 
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where individual deuterium atoms end up in the product, and infer the interactions between 

the alcohol and the alkyne substrates. Plausible catalytic cycles could then be further 

substantiated, and each individual step of the proposed cycles verified with the aid of 

computational chemistry. Elucidation of the reaction mechanism would be significantly 

helpful in designing and modifying the bimetallic complexes. 

Apart from mechanistic studies, where the interactions between the catalyst and the 

substrate becomes clear and modification of the catalyst as well as the reaction conditions 

can be made accordingly,  the catalyst can also be improved in terms of the attractiveness to 

potential industrial applications. Complexes that are readily characterised and found to be 

efficient homogeneous catalysts (e.g. complex 18 and bimetallic complexes 10) can be 

immobilised on solid supports, becoming a “hybrid” of homogeneous and heterogeneous 

catalysts.47 As such, the specificity of single site catalysts can combine with the easy catalyst 

recovery from the reaction mixture. The reactions catalysed by hybrid catalysts can result in 

more selective product formation than using conventional heterogeneous catalysts, and 

have a lower cost from the smaller amount of metal catalysts required in the long run. 

5 Experimental 

5.1 General Procedure 

All manipulations of metal complexes and air-sensitive reagents were carried out using 

standard Schlenk techniques. Nitrogen gas for Schlenk line operation comes from bulk 

compressed nitrogen (>99.5%) from Air Liquide and BOC Australia. Bulk compressed carbon 

monoxide (>99.5%) was obtained from Air Liquide and BOC Australia. 

Unless otherwise stated, chemicals were purchased from ChemSupply, Alfa Aesar Inc or 

Aldrich Chemical Company Inc, and used as received. Rhodium(III) chloride hydrate was 

purchased from Precious Metals Online P/L and used without further purification. Pyrrole 

was distilled before use. [Rh(μ-Cl)(COD)]2,48 5-phenyldipyrromethane (18a)49 and 

5-phenyldipyrrin (18b)50 were synthesised according to literature procedures. Alkyne diol 

substrates 2-(5-hydroxypent-1-ynyl)benzyl alcohol 11 and 2-(4-hydroxypent-1-ynyl)benzyl 

alcohol 23,51 bpm ligand 35,52 and [Rh(μ-Cl)(CO)2]2
53 were kindly donated by Dr. Mark Gatus 

and Dr. Samantha Binding. The ligand Lant 34 and bimetallic complex [Rh2(CO)4(Lant)][BarF
4]2 

1027b were kindly donated by Dr. Joanne Ho. The ligand o-bpm/mim 32, and precursors 26 
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and 27 were synthesised previously.33 The mim ligand 39 and [Rh(CO)2Phmim]BArF
4 13a 

were synthesised according to reported procedure.21b 

For the purposes of air-sensitive manipulations and preparation of metal complexes, 

solvents were dispensed from a PuraSolv solvent purification system and stored under 

nitrogen or argon atmospheres in glass ampoules fitted with Youngs© Teflon valves. Solvents 

for catalysis were deoxygenated by bubbling N2(g) through them for 10 minutes. 

NMR Spectroscopy 

Air sensitive NMR samples were prepared in an argon filled glove box in an NMR tube fitted 

with a Youngs© Teflon valve. Deuterated solvents for NMR purposes were purchased from 

Cambridge Isotopes and used as received. 

1H NMR spectra were recorded on Bruker DPX300 (fitted with an Autosampler), DPX300, 

DPX400, DMX400, DMX600, and DRX600 spectrometers, operating at 300.17, 300.30, 

399.90, 400.23, 600.13, and 600.18 MHz (1H), and 75.48, 75.49, 100.55, 100.64, 150.90, and 

150.92 MHz (13C) respectively. All spectra were recorded at 298 K unless otherwise stated, 

and chemical shifts (δ) are quoted in ppm. Coupling constants (J) are quoted in Hz and have 

uncertainties of ±0.05 Hz. 1H and 13C NMR chemical shifts were referenced internally to 

residual solvent resonances. The following abbreviations are used to report the multiplicity 

of NMR resonances: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet. Proton and 

carbon resonances were assigned using COSY (Correlation Spectroscopy), NOESY (Nuclear 

Overhauser Effect Spectroscopy), HSQC (1H-13C) (Heteronuclear Single Quantum Coherence), 

and HMBC (1H-13C) (Heteronuclear Multiple Bond Coherence) experiments. All NMR data 

were acquired and processed using TopSpinTM version 3.2 from Bruker NMR software. 

Other characterisation techniques 

IR spectra were recorded on an Agilent Technologies CARY 630 FTIR spectrometer as neat 

samples on a mounted diamond crystal. Elemental analysis was carried out at Chemical 

Analysis Facility, Macquarie University. 

Mass spectra were undertaken at the University of New South Wales using Thermo Fisher 

Scientific LCQ Fleet mass spectrometer. M is defined as the molecular weight of the 

compound of interest or cationic fragment of the complex in question. 
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Electrochemistry 

Cyclic voltammetry (CV) was performed using an Autolab PGSTAT 302N potentiostat (Eco 

Chemie, Netherlands) which was interfaced with a computer running Nova 1.11 software. A 

conventional three-electrode system was employed, in which the glassy carbon working 

electrodes were purchased from CH Instruments Inc. (TX, USA), the platinum rod counter 

electrode from Echo Chemie (Netherlands) and the leakless Ag/AgCl reference electrode 

from eDAQ (Australia). The glassy carbon electrodes were polished sequentially in alumina 

slurry (distilled water suspension of) 1.0, 0.3, and 0.05 µm on micropolishing cloth (Buehler, 

IL, USA), rinsing with distilled water between each step, and dried with compressed air 

before use. 

5 µmol of complexes 10, 13a, 16-19, and ligands 31, 32, 34-36 were each dissolved in 5 mL of 

electrolyte (0.1 M [Bu4N][PF6] in CH2Cl2) to give a 1 mM analyte solution, which was then 

scanned between +2.5 to -1.5 V at 100 mV/s. Measurements began at 0 V with an anodic 

sweep unless otherwise stated. The leakless Ag/AgCl reference electrode was calibrated 

externally to be -0.625 V against the ferrocene/ferrocenium couple in the same supporting 

electrolyte and solvent. 

5.2 Experimental Procedures for Chapter 2 

Preparation of Complex [Rh(CO)2Phdpm] (18) 

Complex 18 was synthesised following a similar procedure to that reported by Yadav et al.32, 

49-50 Detailed experimental procedure was reported in literature.28 

General Procedure for Catalysed Hydroalkoxylation 

Substrate and co-solvent screenings were carried out in the Radleys Discovery Technologies 

Parallel Synthesizer. Alcohol (0.5 mL), co-solvent (0.5 mL), alkyne (0.455 mmol), and catalyst 

(ca. 5.0 µmol, 1.1 mol%) were charged into test tubes with magnetic stirrer bars and placed 

in the Synthesizer. The reaction chamber was carefully evacuated and filled with nitrogen 

gas over 5 cycles, and then heated to 70 oC with stirring for 24 h. Upon cooling to r.t., the 

reaction mixtures were diluted with 1.5 mL with Et2O, and washed with LiCl solution (0.1 M, 

2 × 2 mL). The organic phase was washed with saturated brine solution (3 mL) and dried over 

Na2SO4. The organic solvent was removed in vacuo and the products were analyzed using 1H 

NMR spectroscopy. 
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Scaled up reactions were carried out in Schlenk flasks under a nitrogen atmosphere. 

Reaction mixtures were heated with stirring in a sealed flask at 70 oC for 24 h. Upon cooling 

to r.t., the mixtures were diluted with Et2O (20 mL) and washed with LiCl solution (0.1 M, 2 × 

30 mL). The organic phases were washed with saturated brine solution (30 mL) and dried 

over Na2SO4, then filtered and concentrated in vacuo. The crude products were purified by 

column chromatography using Et3N pre-treated silica gel. Eluent and relevant Rf values are 

reported with the characterisation data below. 

Reagent Quantities and Spectroscopic Data for the Catalysed Hydroalkoxylation Reaction 

Products 

The reagent quantities used for catalysis and 1H NMR data for the products are listed below.  

(2-methoxyethenyl)benzene (21a)31 

MeOH (5.0 mL, 123 mmol), DMA (N,N-dimethylacetamide, 5.0 mL, 54 

mmol), phenylacetylene (0.50 mL, 4.6 mmol) , catalyst 18 (18.9 mg, 49.7 

µmol).  

21a, orange oil (582 mg isolated, 4.35 mmol, 95%, E/Z = 7/1). 1H NMR (300.30 MHz, CDCl3): δ 

3.70 (s, 21H, -OCH3 (E-isomer)), 3.79 (s, 3H, -OCH3 (Z-isomer)), 5.24 (d, 3JH-H = 6.6, 1H, =CH- 

(Z-isomer), 5.83 (d, 3JH-H = 13.2, 7H, =CH- (E-isomer)), 6.15 (d, 3JH-H = 6.6, 1H, =CH- (Z-

isomer)), 7.06 (d, 3JH-H = 13.2, 7H, =CH-(E-isomer)), 7.10-7.36 (m, 40H, ArH), 7. 55-7.62 (m, 

2H,ArH) ppm. Rf = 0.3. Eluent 9.5 Hexane: 0.5 DCM v/v. 

(2-ethoxyethenyl)benzene (21b)31 

EtOH (5.0 mL, 86 mmol), DMA (5.0 mL, 54 mmol), phenylacetylene (0.50 

mL, 4.6 mmol) and catalyst 18 (19.1 mg, 50.3 µmol).  

21b, brown oil (527 mg, 3.55 mmol, 78% isolated yield, E/Z = 3:1). 1H NMR (400.23 MHz, 

CDCl3): δ 1.31-1.40 (m, 12H, -CH3 (E- and Z- isomers)), 3.91 (q, 3JH-H = 7.2, 6H, -CH2- (E-

isomer)), 3.99 (q, 3JH-H = 7.2, -CH2- (Z-isomer)), 5.22 (d, 3JH-H = 6.9, 1H, =CH- (Z-isomer)), 5.85 

(d, 3JH-H = 13.1, 3H, =CH- (E-isomer)), 6.21 (d, 3JH-H = 6.9, 1H, =CH- (Z-isomer)), 6.99 (d, 3JH-H = 

13.1, 3H, =CH- (E-isomer)), 7.10-7.16 (m, 4H, ArH), 7.20-7.32 (m, 15H, ArH), 7.57-7.63 (m, 2H, 

ArH) ppm. Rf = 0.3. Eluent 9.5 Hexane: 0.5 DCM v/v. 

1-(2-methoxyethenyl)-4-methoxybenzene (21c)31 
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MeOH (2.5 mL, 62 mmol), DMA (2.5 mL, 27 mmol), 4ethynylanisole 

(300 mg, 2.27 mmol), and catalyst 18 (9.41 mg, 24.8 µmol). 

21c, orange crystals (339 mg, 2.06 mmol, 90% isolated yield, E/Z = 4/1). 1H NMR (300.30 

MHz, CDCl3) δ 3.66 (s, 12H, -OCH3 (E-isomer)), 3.75 (s, 3H, -OCH3 (Z-isomer)), 3.78-3.79 (m, 

15H, -OCH3 (E- and Z- isomers)), 5.17 (d, 3JH-H = 7.1, 1H, =CH- (Z-isomer), 5.78 (d, 3JH-H = 13.0, 

4H, =CH- (E-isomer)), 6.05 (d, 3JH-H = 7.1, 1H, =CH- (Z-isomer)), 6.78-6.86 (m, 10H, ArH), 6.92 

(d, 3JH-H = 13.0, 4H, =CH- (E-isomer)), 7.12-7.19 (m, 8H, ArH), 7.47-7.54 (m, 2H, ArH) ppm. Rf = 

0.6. Eluent 6 Hexane: 4 DCM v/v. 

1-(2-methoxyethenyl)-4-fluorobenzene (21d)  

MeOH (1.5 mL, 37 mmol), DMA (1.5 mL, 16 mmol), 4-

fluorophenylacetylene (153 µL, 1.34 mmol) and catalyst 18 (5.54 mg, 

14.6 µmol).  

21d, orange oil (170 mg, 1.12 mmol, 84% isolated yield, E/Z = 6/1). 1H NMR (300.30 MHz, 

CDCl3) δ 3.70 (s, 18H, H7(E-isomer)) 3.80 (s, 3H, H7 (Z-isomer)), 5.21 (d, 3JH-H = 7.3, 1H, H5 (Z-

isomer), 5.80 (d, 3JH-H = 13.2, 6H, H5 (E-isomer)), 6.13 (d, 3JH-H = 7.3, 1H, H6 (Z-isomer)), 6.90-

7.04 (m, 20H, H2 (E- & Z-isomer) & H6 (E-isomer)), 7.16-7.23 (m, 12H, H3 (E-isomer)), 7.51-

7.60 (m, 2H, H3 (Z-isomer)). 13C NMR (150.92 MHz, CDCl3) δ 56.68 (s, C7 (E-isomer)), 60.81 (s, 

C7 (Z-isomer)), 104.18 (s, C5 (E-isomer)), 104.74 (s, C5 (Z-isomer)), 115.10 (d, 2JC-F = 21.6, C3 

(Z-isomer)) 115.59 (d, 2JC-F = 21.6, C3(Z-isomer)), 126.57 (d, 3JC-F = 8.13, C2, (E-isomer)), 

129.81 (d, 3JC-F = 7.62, C2, (Z-isomer)), 132.15 (s, C1 (Z-isomer)), 132.50 (s, C1 (E-isomer)), 

147.56 (s, C6 (Z-isomer)), 148.74 (s, C6 (Z-isomer)), 160.99 (d, 1JC-F = 244, C4 (Z-isomer)), 

161.30 (d, 1JC-F = 245, C4 (E-isomer)) ppm. Rf = 0.8. Eluent 1 Hexane: 1 DCM v/v. 

1-(2-methoxyethenyl)-4-methylbenzene (21e)31  

MeOH (2.5 mL, 62 mmol), DMA (2.5 mL, 27 mmol), 4-ethynyltoluene 

(263 mg, 2.26 mmol) and catalyst 18 (9.21 mg, 24.2 µmol).  

21e, orange oil (247 mg, 1.67 mmol, 74% isolated yield, E/Z = 6/1). 1H NMR (300.30 MHz, 

CDCl3) δ 2.31 (s, 21H, ArCH3 (E- & Z-isomer)) 3.68 (s, 18H, -OCH3 (E-isomer)), 3.76 (s, 3H, -

OCH3 (Z-isomer)), 5.20 (d, 3JH-H = 7.0, 1H, =CH- (Z-isomer), 5.80 (d, 3JH-H = 12.9, 6H, =CH- (E-

isomer)), 6.09 (d, 3JH-H = 7.0, 1H, =CH- (Z-isomer)), 7.01 (d, 3JH-H = 12.9, 6H, =CH- (E-
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isomer)),7.04-7.16 (m, 26H, ArH), 7.43-7.51 (m, 2H, ArH) ppm. Rf = 0.48. Eluent 9 Hexane: 1 

DCM v/v. 

2-(2-methoxyethenyl)-1,3,5-trimethylbenzene (21f)  

MeOH (1.5 mL, 37 mmol), DMA (1.5 mL, 16 mmol), 2-ethynyl-1,3,5-

trimethylbenzene (213 µL, 1.36 mmol) and catalyst 18 (5.72 mg, 15.1 

µmol).  

21f, yellow oil (120 mg, 0.680 mmol, 50% isolated yield, E/Z = 3/1). 1H NMR (300.30 MHz, 

CDCl3) δ 2.20-2.33 (m, 36H, H1’, 3’ & 5’ (E- & Z-isomer)), 3.63 (s, 3H, H9 (Z-isomer)), 3.70 (s, 

9H, H9 (E-isomer)), 5.21 (d, 3JH-H = 7.2, 1H, H7 (Z-isomer)), 5.63 (d, 3JH-H = 13.4, 3H, H7 (E-

isomer)), 6.11 (d, 3JH-H = 7.2, 1H, H8 (Z-isomer)), 6.45 (d, 3JH-H = 13.4, 3H, H8 (E-isomer)), 6.83-

6.96 (m, 8H, H4 & 6 (E- & Z-isomer)). 13C NMR (100.55 MHz, CDCl3): δ 20.63 (s, C1’, C3’ (Z-

isomer)), 21.01 (s, C5’ (Z-isomer)), 21.10 (s, C5’ (E-isomer)), 21.31 (s, C1’, C5’ (Z-isomer)), 

56.27 (s, C9 (E-isomer)), 59.74 (s, C9 (Z-isomer)), 101.37 (s, C7 (E-isomer)), 103.72 (s, C7 (Z-

isomer)), 128.05 (s, C4, C6(Z-isomer)), 128.56 (s, C4, C6 (E-isomer)), 130.87 (s, C1, C3 (E-

isomer)), 131.50 (s, C1, C3 (Z-isomer)), 135.57 (s, C5, (E-isomer)), 136.02 (s, C5 (Z-isomer)), 

136.65 (s, C2 (E- & Z- isomer)), 149.57 (s, C8 (Z-isomer)), 150.72 (s, C8 (E-isomer)) ppm. Rf = 

0.7 (E-isomer), 0.6 (Z-isomer) Eluent neat hexane. 

(E)-1-methoxy-1-octene (21g)54 

MeOH (5.0 mL, 123 mmol), DMA (5.0 mL, 54 mmol), 1-octyne (0.67 mL, 

4.55 mmol) and catalyst 18 (19.2 mg, 5.05 µmol).  

Product not isolated (14% conv., E-isomer only). 1H NMR (300.30 MHz, CDCl3) δ 0.85-0.95 

(m, -CH3), 1.20-1.40 (m, -CH2-), 1.93 (q, 3JH-H = 6.83, =CHCH2CH2-), 3.52 (s, OCH3), 4.73 (td, 

3JH-H = 12.6, 7.27, -CH2CH=CH-), 6.27 (d, 3JH-H = 12.6, =CHOCH3) ppm. 

1-(methoxyethenyl)cyclohexene (21h)31 

MeOH (1.5 mL, 37 mmol), DMA (1.5 mL, 16 mmol), 1-ethynylcyclohexene 

(160 µL, 1.36 mmol) and catalyst 18 (5.75 mg, 15.1 µmol).  

21h, brown oil with small crystals (160 mg, 1.15 mmol, 85% isolated yield, E-isomer only). 1H 

NMR (300.17 MHz, CDCl3) δ 1.57-1.74 (m, 4H, -CH2-), 2.01-2.19 (m, 4H, -CH2-), 3.60 (s, 3H, -
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OCH3-), 5.52-5.61 (m, 2H, C6H9CH, CH2CH), 6.53 (d, 3JH-H = 13.3, 1H, =CH-) ppm. Rf = 0.5. 

Eluent: neat hexane. 

3-methoxyethenylpyridine (21i)55  

MeOH (1.0 mL, 25 mmol), DMA (1.0 mL, 11 mmol), 3-ethynylpyridine 

(99 mg, 0.91 mmol) and catalyst 18 (3.7 mg, 9.7 µmol) were used.  

21i, brown oil (28% conv., E/Z = 1:3; not isolated). 1H NMR (399.90 MHz, CDCl3): δ 3.72 (s, 

3H, H9 (E-isomer)), 3.82 (s, 9H, H9 (Z-isomer)), 5.20 (d, 3JH-H = 7.6, 3H, H7 (Z-isomer)), 5.76 (d, 

3JH-H = 13.1, 1H, H7 (E-isomer)), 6.26 (d, 3JH-H = 7.6, 3H, H8 (Z-isomer)), 7.08 (d, J = 13.1, 1H, 

H8 (E-isomer)), 7.15-7.23 (m, 4H, H6 (Z-isomer & E-isomer)), 7.51-7.56 (m, 1H, H4 (E-

isomer)), 7.94-8.01 (m, 3H, H4 (Z-isomer)), 8.33-8.39 (m, 4H, H5 (Z-isomer & E-isomer)), 8.48 

(s, 1H, H2 (E-isomer)), 8.67 (s, 3H, H2 (Z-isomer)) ppm. 13C NMR (100.55 MHz, CDCl3) δ 56.79 

(s, C9 (E-isomer)), 61.09 (s, C9 (Z-isomer)), 101.47 (s, C7 (E-isomer)), 102.27 (s, C7 (Z-

isomer)), 123.27(s, C6 (Z-isomer)), 123.53(s, C6 (E-isomer)), 131.47(s, C4 (E-isomer)), 131.84 

(s, C3 (Z-isomer)), 132.27 (s, C3 (E-isomer)), 135.00 (s, C4 (Z-isomer)), 146.70 (s, C5 (Z-

isomer)), 147.01 (s, C5 (E-isomer)), 147.21 (s, C2 (E-isomer)), 149.51 (s, C2 (Z-isomer)) , 

149.93 (s, C8 (Z-isomer)), 150.27 (s, C8 (E-isomer)) ppm. 

1,1’-(1-methoxy-1,2-ethynenediyl)bis-(E/Z)-benzene (21j) 

MeOH (0.5 mL, 12.3 mmol), DMA (0.5 mL, 5.4 mmol), diphenylacetylene (82 

mg, 0.46 mmol) and catalyst 18 (1.7 mg, 4.8 µmol) were used.  

No reaction occurred.  

2-methoxy-2-hexene or 3-methoxy-2-hexene (21k) 

MeOH (1.0 mL, 24.6 mmol), DMA (1.0 mL, 10.8 mmol), 2-hexyne (138 mg, 

0.998 mmol) and catalyst 18 (7.0 mg, 0.018 mmol) were used.  

No reaction occurred.  

5.3 Experimental Procedures for Chapter 3 

Synthesis of o-dpmH3/mim (31)  

Activated 3 Å molecular sieves (ca. 3.5g), 2-(di(1H-pyrrol-2-

yl)methyl)aniline (28, 500 mg, 2.11 mmol) and 1-methyl-2-
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imidazolecarboxaldehyde (30, 232 mg, 2.11 mmol) were added to dry THF (20 mL). The 

mixture was refluxed with stirring under nitrogen overnight. After cooling to r.t., the 

reaction mixture was filtered through a celite pad and the filtrate was concentrated in 

vacuo. The crude product was purified by column chromatography (SiO2 pre-treated with 

Et3N. Eluent 3 EtOAc: 1 Hexane v/v. Rf for 31: 0.3) to yield the product 31 as an off-white 

solid (466 mg, 1.34 mmol, 66%). ESI-MS (ESI+ MeOH), m/z (%, assignment): 330.05 (65%, [M 

+ H]+) amu. 1H NMR (399.90 MHz, CDCl3): δ 3.90 (s, 3H, H9), 5.89 (m, 2H, H4’), 5.97 (s, 1H, 

H2’), 6.12 (m, 2H, H5’), 6.64 (m, 2H, H6’), 6.98 (d, 1H, H10), 7.06 (d, 3JH-H = 7.75, 1H, H3), 

7.17-7.24 (m, 3H, H11, H5, H6), 7.30 (m, 1H, H4), 8.21 (br s, 2H, 2 x NH), 8.40 (s, 1H, H7) 

ppm. 13C{1H}s NMR (100.55 MHz, CDCl3): δ 35.53 (C9), 39.00 (C2’), 107.18 (C4’), 108.51 (C5’), 

116.97 (C6’), 117.87 (C3), 125.74 (C10), 127.17 (C5), 128.48 (C4), 129.42 (C6), 130.36 (C11), 

132.59 (C3’), 136.70 (C11), 143.67 (C8), 149.23 (C2), 151.11 (C7) ppm. Elemental Anal. found: 

C, 69.77; H, 6.09; N, 20.36%; calculated for C20H19N5·H2O: C, 69.14; H, 6.09; N, 20.16% 

Synthesis of o-dpmH/mim (32)  

Activated 3 Å molecular sieves (ca. 3.5g), o-dpmH3/mim (31, 100 

mg, 0.304 mmol) and p-chloranil (75 mg, 0.305 mmol) were added 

to dry THF (20 mL) and the reaction mixture was stirred overnight 

under a nitrogen atmosphere. The mixture was filtered through a celite pad and the solvent 

was removed from the filtrate under reduced pressure. The residue was re-dissolved in a 

minimum amount of DCM, and passed through a neutral alumina plug (ca. 5-7 cm long, 3 cm 

diameter). The yellow band was collected. The solvent was removed in vacuo to yield a 

sticky yellow solid (79.1 mg, 24.2 mmol, 80%). 1H NMR showed that the product contained 

ca. 5% hydrolysed products (29 and 30) and was used in preparation of complexes 17 and 33 

without further purification. ESI-MS (ESI+ MeOH), m/z (%, assignment): 350.42 (100, [M + 

Na]+), 328.50 (24%, [M + H]+) amu. 1H NMR (600.18 MHz, CD2Cl2): δ 3.45 (s, 3H, H9), 6.33 (m, 

2H, H5’), 6.46 (m, 2H, H4’), 6.87 (m, 1H, H10), 7.06 (s, 1H, H11), 7.28 (d, 3JH-H = 8.1, 1H, H3), 

7.34 (t, 3JH-H = 7.1, 1H, H5), 7.43 (d, 3JH-H = 7.3, 1H, H6), 7.54 (t, 3JH-H = 8.1, 1H, H4), 7.57 (s, 

2H, H6’), 8.46 (s, 1H, H7) ppm. 13C{1H} NMR (150.92 MHz, CD2Cl2): δ 35.37 (C9), 117.08 (C3), 

117.86 (C5’), 125.91 (C5), 126.10 (C10), 128.72 (C4’), 130.00 (C11), 130.32 (C4), 131.52 (C6), 

132.86 (C1), 140.37 (C2’), 141.66 (C3’), 143.59 (C8), 143.66 (C6’), 150.50 (C2), 150.95 (C7) 

ppm.  



52 
 

Synthesis of [Rh2(COD)2(o-dpm/mim)]BArF
4 (33)  

Bitopic proligand o-dpmH/mim (32, 38.1 mg, 0.117 mmol) and 

K2CO3 (1.00 g, 7.24 mmol) were added to dry DCM (20 mL) and 

the suspension was stirred for 1 h. [Rh(COD)Cl]2 (57.5 mg, 

0.117 mmol) was then added to the mixture and was stirred for an additional 1 h. NaBArF
4 

(104 mg, 0.117 mmol) was added to the red solution, resulting in a dark red mixture which 

was again stirred for 1 h. The mixture was filtered through glass fibre filter paper and the 

filtrate was concentrated to ca. 5 mL and n-hexane was added dropwise to the solution with 

vigorous stirring until the a maroon oil is formed. The supernatant was filtered off and the 

product was dried in vacuo to yield a dark red solid (47.6 mg, 29.5 µmol, 25%). ESI-MS (ESI+ 

MeOH), m/z (%, assignment): 748.17 (100, [M – BArF
4]+) amu. 1H NMR (600.18 MHz, CD2Cl2, 

253 K): δ 1.83 (m, 4H, COD -CH2-), 2.01 (m, 4H, COD -CH2-), 2.32 (m, 4H, COD -CH2-), 2.54 (m, 

4H, COD -CH2-), 3.56 (s, 3H, H9), 4.29 (m, 4H, COD =CH-), 4.54 (m, 4H, COD =CH-), 6.42 (m, 

4H, H4’/5’/6’), 6.75 (m, 1H, H11), 7.09 (d, 3JH-H = 7.81, 1H, H3), 7.14 (m, 2H, H4’/5’/6’), 7.15 

(m, 1H, H10), 7.41-7.49 (m, 2H, H5, H6), 7.53 (t, 3J3-3 = 7.62, 1H, H4), 7.56 (br s, 4H, BArF
4

- 

Hpara), 7.72 (m, 8H, BArF
4

- Hortho), 7.95 (m, 1H, H7) ppm. 13C{1H} NMR (150.92 MHz, CD2Cl2, 

253 K): δ 30.64 (COD –CH2-), 35.56 (C9), 78.90 (d, 1JC-Rh = 11.9, COD =CH-), 80.02 (d, 1JC-Rh = 

11.9, COD =CH-), 117.87 (BArF
4

- -Cpara), 118.96 (C4’/5’/6’), 121.39 (C3), 124.96 (q, 1JC-F = 

271.1, BArF
4

- -CF3), 127.14 (C10), 127.82 (C5), 129.05 (C11), 129.23 (q, 2JC-F = 39.4, BArF
4

- -

Cmeta), 129.89 (C4), 131.34 (C1), 131.67 (C4’/5’/6’), 132.02 (C6), 135.22 (BArF
4

- -Cortho), 137.77 

(C3’), 142.07 (C2’), 145.63 (C2), 147.28 (C8), 150.00 (C4’/5’/6’), 155.56 (C7), 162.12 (q, 1JC-B = 

49.3, BArF
4

- Cipso) ppm. Elemental Anal. found: C, 50.62; H, 3.18; N, 4.13%; calculated for 

C68H52BF24N5Rh2: C, 50.67; H, 3.25; N, 4.35%  

Synthesis of [Rh2(CO)4(o-dpm/mim)]BArF4 (17)  

Proligand o-dpmH/mim (32, 38.9 mg, 0.119 mmol) and K2CO3 

(1.00 g, 7.24 mmol) were added to dry DCM (20 mL) and the 

suspension was stirred for 1 h. [Rh(μ-Cl)(CO)2]2 (47.0 mg, 0.121 

mmol) was added and the mixture was stirred for an additional 1 h. NaBArF
4 (107 mg, 0.120 

mmol) was subsequently added and the reaction mixture was stirred for another hour. The 

mixture was filtered through glass fibre filter paper and the filtrate was concentrated to ca. 5 

mL. The product was recrystallised by slow addition of n-hexane with vigorous stirring (57.3 

mg, 38.0 µmol, 32%). ESI-MS (ESI+ MeOH), m/z (%, assignment): 615.83 (100, [M – BArF
4 - 
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CO]+) amu. Selected FTIR (solid, ν/CO): 2012.41 (s), 2043.96 (s), 2075.51 (s), 2101.85 (s) cm-1. 

1H NMR (600.13 MHz, CD2Cl2, 253 K): δ 3.59 (s, 3H, H9), 6.54 (m, 2H, H4’), 6.57 (m, 2H, H5’), 

7.18 (s, 1H, H11), 7.25 (s, 1H, H10), 7.48-7.60 (m, 7H, H3,H5, H6, BArF
4

- Hpara), 7.71 (t, 3JH-H = 

8.02 1H, H4), 7.75 (br s, 8H, BArF
4

- Hortho), 7.80 (s, 2H, H6’), 8.00 (m, 1H, H7) 13C{1H} NMR 

(150.90 MHz, CD2Cl2, 253 K): δ 35.69 (C9), 117.55 (BArF
4

- -Cpara), 120.47 (C5’), 121.55 (C3), 

124.53 (q, 1JC-F = 272.7, BArF
4

- -CF3), 128.19 (C10), 128.75 (q, 2JC-F = 32.7e, BArF
4

- Cmeta), 129.05 

(C5), 129.33 (C1), 130.90 (C4), 131.25 (C4’), 131.67 (C6), 133.05 (C11), 134.71 (BArF
4

- -Cortho), 

136.52 (C3’), 140.87 (C2’), 146.67 (C8), 147.51 (C2), 154.58 (C7), 156.85 (C6’), 161.73 (q, 1JC-B 

= 49.3, BArF
4

- Cipso), 181.78 (d, 1JC-Rh = 71.8, CO), 186.02 (d, 1JC-Rh = 68.0, CO) ppm. Elemental 

Anal. found: C, 44.56; H, 1.78; N, 4.74%; calculated for C56H28BF24N5Rh2: C, 44.62; H, 1.87; N, 

4.25% 

Synthesis of [Rh2(CO)4(o-bpm/mim)][BArF
4]2 (16)  

Ligand o-bpm/mim (26, 16.1 mg, 48.6 µmol) and [Rh(μ-

Cl)(CO)2]2 (18.9 mg, 48.6 µmol) were added to dry DCM 

(20 mL) and the solution was stirred for 1 h. NaBArF
4 (86.9 

mg, 97.3 µmol) was then added and the mixture was stirred for another hour. The mixture 

was filtered through glass fibre filter paper and the filtrate concentrated to ca. 5 mL. The 

product was recrystallised by slow addition of nhexane with vigorous stirring until a light 

brown precipitate forms, then triturated with nhexane (2 × 20 mL) to afford a light brown 

powder (55.5 mg, 23.3 µmol, 48%) ESI-MS (ESI+ MeOH), m/z (%, assignment): 434.00 (42, [M 

– 2BArF
4 – Rh - 4CO]+), 462.08 (100, [M – 2BArF

4 – Rh - 3CO]+), 593 (30, [M – 2BArF
4 – 2CO]+) 

amu. Selected FTIR (solid, ν/CO): 2053.41 (s), 2110.75 (s) cm-1. 1H NMR (600.13 MHz, CD2Cl2): 

δ 3.93 (s, 3H, H9), 6.59 (m, 1H, H6), 6.31 (m, 1H, H4’), 6.59 (m, 1H, H6, 6.78 (s, 1H, H4’), 7.22 

(m, 1H, H3), 7.39 (s, 1H, H11), 7.45 (s, 1H, H10), 7.53-7.65 (br s, 9H, H5, BArF
4

- Hpara), 7.67-

7.81 (m, 17H, H4, BArF
4

- Hortho), 7.86 (s, 1H, H3’), 7.89 (s, 1H, H7), 8.03 (s, 1H, H5’), 8.06 (s, 

1H, H2’), 8.13 (s, 1H, H5’), 8.40 (s, 1H, H3’) ppm. 13C{1H} NMR (150.90 MHz, CD2Cl2): δ 36.52 

(C9), 73.25 (C2’), 108.74 (C4’), 110.33 (C4’), 117.67 (BArF
4

- -Cpara), 123.82 (C3), 124.52 (q, 1JC-F 

= 273.9, BArF
4

- -CF3), 124.57 (C1), 128.76 (q, 2JC-F = 32.7, BArF
4

- Cmeta), 128.96 (C6), 130.31 

(C10), 131.14 (C5), 134.43 (C4), 134.73 (BArF
4

- -Cortho), 134.96 (C11), 136.02 (C3’), 136.32 

(C3’), 145.83 (C8), 147.09 (C2), 147.71 (C5’), 148.85 (C5’), 155.06 (C7), 161.77 (q, 1JC-B = 48.2, 

BArF
4

- Cipso), 179.50-182.00 (m, CO) ppm. Elemental Anal. found: C, 43.24; H, 1.52; N, 3.43%; 

calculated for C86H41B2F48N7O4Rh2·0.3C6H14: C, 43.91; H, 1.90; N, 4.08% 
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General Procedure for Catalysed C-O Bond Forming Reactions 

The catalysed dihydroalkoxylation reaction of 2-(5-hydroxypent-1-ynyl)benzyl alcohol (11) 

and 2-(4-hydroxypent-1-ynyl)benzyl alcohol (23) were performed on a small scale in NMR 

tubes fitted with a concentric Teflon Young’s valve. The complex and the substrate were 

weighed into the NMR tube, and the solvent was added under an inert atmosphere 

glovebox. The catalysed reactions were conducted at elevated temperatures either in the 

NMR spectrometer or in an oil bath if prolonged heating was required. The temperature in 

the NMR magnet was calibrated using a digital thermometer connected to a K-type 

thermocouple (NiCr-Ni, mineral insulated), immersed in neat ethylene glycol. The products 

were identified and confirmed by comparing the NMR data with 1H NMR data reported 

previously in the literature.41 

The rate of conversion was determined by integration of the product resonances relative to 

the substrate resonances in the 1H NMR spectra acquired at regular intervals. Quantitative 

conversion (>98%) was taken to be the time where no remaining resonances due to 

substrate were evident in the NMR spectrum. The turnover frequency (ToF) was calculated 

as the number of moles of product(s) produced per mole of catalyst used per hour and was 

calculated at the point of 50% conversion of substrate to product, unless otherwise stated. 

All results for the catalysed reactions, including outcomes of integration, concentration and 

reaction times are reported in full in the Appendices. Relative quantities of catalyst and 

substrate are presented here. 

Catalysed Hydroalkoxylation of Methanol and Phenylacetylene using complexes 16, 17 and 

a mixture of 18/13a. 

Table 6 Quantities of catalyst and phenylacetylene used. 

Entry Catalyst Quant. Of Phenylacetylene Quant. Of Catalyst 

1 16 50 µL 0.46 mmol 5.85 mg 2.46 µmol 

2 17 50 µL 0.46 mmol 3.65 mg 2.42 µmol 

3 
18 

50 µL 0.46 mmol 
0.94 mg 2.5 µmol 

13a 3.11 mg 2.58 µmol 

 

Catalysed Dihydroalkoxylation of Alkyne Diol, 2-(5-hydroxypent-1-ynyl)benzyl alcohol (11) 

using complexes 16 and 17. 
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Table 7 Quantities of catalyst and 2-(5-hydroxypent-1-ynyl)benzyl alcohol (11) used. 

Catalyst Run Quant. Of Diol Quant. Of Catalyst 

16 
1 38.9 mg 205 µmol 2.39 mg 1.01 µmol 
2 38.9 mg 205 µmol 2.36 mg 0.994 µmol 

17 
1 40.4 mg 213 µmol 1.55 mg 1.03 µmol 

2 39.9 mg 210 µmol 1.53 mg 1.02 µmol 

 

Catalysed Dihydroalkoxylation of Alkyne Diol, 2-(4-hydroxypent-1-ynyl)benzyl alcohol (23) 

using complexes 16 and 17. 

Table 8 Quantities of catalyst and 2-(4-hydroxypent-1-ynyl)benzyl alcohol (23) used. 

Catalyst Run Quant. Of Diol Quant. Of Catalyst 

16 
1 36.7 mg 208 µmol 2.37 mg 1.00 µmol 
2 36.1 mg 205 µmol 2.38 mg 1.01 µmol 

17 
1 35.1 mg 199 µmol 1.43 mg 0.949 µmol 

2 36.0 mg 204 µmol 1.45 mg 0.949 µmol 
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Appendix A: Catalysis Data (Chapter 3) 

A1 Catalysed Dihydroalkoxylation of 2-(5-(hydroxymethyl)phenyl)pent-4-yn-1-ol (11) 

 

Entry 1, Table 3; Figure 12a 

 

Time (s) Time (h) Conv. to 22a Conv. to 22b Total Conv. 

10 0.003 3% 4% 8% 

37 0.010 3% 4% 9% 

65 0.018 5% 6% 13% 

93 0.026 7% 7% 17% 

120 0.033 8% 8% 20% 

148 0.041 9% 10% 23% 

176 0.049 10% 11% 26% 

204 0.057 11% 13% 28% 

231 0.064 12% 15% 31% 

259 0.072 13% 16% 34% 

286 0.079 14% 18% 37% 

314 0.087 15% 20% 39% 

347 0.096 16% 22% 42% 

379 0.105 17% 25% 45% 

412 0.114 19% 26% 49% 

445 0.124 20% 29% 52% 

478 0.133 21% 31% 55% 

511 0.142 22% 33% 57% 

543 0.151 22% 35% 60% 

576 0.160 23% 37% 63% 

609 0.169 24% 39% 65% 
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642 0.178 25% 40% 68% 

674 0.187 26% 42% 70% 

707 0.196 27% 43% 72% 

760 0.211 27% 46% 76% 

813 0.226 28% 48% 79% 

865 0.240 29% 50% 82% 

918 0.255 29% 52% 84% 

971 0.270 30% 53% 87% 

1024 0.284 31% 54% 89% 

1076 0.299 31% 55% 90% 

1130 0.314 31% 56% 92% 

1182 0.328 31% 57% 93% 

1235 0.343 30% 58% 94% 

1318 0.366 30% 59% 95% 

1401 0.389 30% 60% 96% 

1484 0.412 30% 60% 97% 

1567 0.435 30% 61% 98% 

1649 0.458 29% 62% 98% 

1732 0.481 29% 62% 98% 

1814 0.504 29% 62% 98% 

1897 0.527 28% 63% 99% 

1980 0.550 28% 62% 99% 

2063 0.573 27% 63% 99% 

2145 0.596 27% 63% 99% 

2228 0.619 28% 62% 99% 

2371 0.659 26% 64% 99% 

2514 0.698 27% 62% 99% 

2656 0.738 25% 64% 99% 

2799 0.778 25% 64% 99% 
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2942 0.817 25% 64% 99% 

3085 0.857 25% 65% 99% 

3228 0.897 26% 64% 99% 

3370 0.936 25% 64% 99% 

 

Entry 2, Table 3; Figure 12a 

 

Time (s) Time (h) Conv. to 22a Conv. to 22b Total Conv. 

10 0.003 1% 2% 3% 

37 0.010 2% 2% 6% 

65 0.018 5% 2% 12% 

93 0.026 8% 3% 20% 

121 0.034 12% 4% 28% 

148 0.041 15% 5% 36% 

176 0.049 18% 5% 43% 

203 0.056 21% 6% 49% 

231 0.064 22% 7% 54% 

259 0.072 25% 7% 59% 

286 0.079 26% 8% 63% 

314 0.087 28% 8% 66% 

347 0.096 29% 9% 70% 

379 0.105 30% 10% 73% 

412 0.114 31% 11% 75% 

444 0.123 32% 11% 78% 

477 0.133 33% 12% 80% 

510 0.142 33% 13% 82% 

543 0.151 34% 14% 83% 



A4 
 

576 0.160 35% 15% 85% 

609 0.169 36% 16% 86% 

641 0.178 36% 17% 87% 

674 0.187 36% 18% 88% 

706 0.196 36% 19% 89% 

759 0.211 37% 21% 91% 

812 0.226 38% 23% 92% 

864 0.240 38% 25% 93% 

917 0.255 38% 27% 94% 

970 0.269 39% 28% 95% 

1022 0.284 39% 30% 95% 

1075 0.299 39% 32% 96% 

1128 0.313 39% 34% 96% 

1180 0.328 39% 36% 97% 

1233 0.343 39% 38% 97% 

1315 0.365 40% 40% 97% 

1398 0.388 40% 42% 98% 

1481 0.411 40% 44% 98% 

1564 0.434 40% 46% 98% 

1646 0.457 40% 48% 99% 

1729 0.480 40% 50% 99% 

1812 0.503 41% 51% 99% 

1894 0.526 41% 52% 99% 

1977 0.549 40% 53% 99% 

2060 0.572 41% 54% 99% 

2142 0.595 40% 55% 99% 

2225 0.618 40% 55% 99% 

2368 0.658 41% 56% 99% 

2510 0.697 40% 57% 99% 
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2653 0.737 41% 57% 99% 

2796 0.777 41% 57% 99% 

2938 0.816 41% 56% 99% 

3081 0.856 40% 58% 99% 

3224 0.896 40% 58% 99% 

3366 0.935 41% 57% 99% 

3509 0.975 41% 57% 99% 

3652 1.014 40% 58% 99% 

3914 1.087 40% 58% 99% 

4177 1.160 40% 58% 99% 

4440 1.233 41% 57% 99% 

4703 1.306 40% 58% 99% 

4965 1.379 40% 58% 99% 

5228 1.452 41% 57% 99% 

5491 1.525 41% 57% 99% 

5754 1.598 40% 58% 99% 

6017 1.671 40% 58% 99% 

6279 1.744 41% 58% 99% 

6782 1.884 40% 58% 99% 

 

A2 Catalysed Dihydroalkoxylation of 2-(4-hydroxypent-1-ynyl)benzyl alcohol (23) 

Entry 6, Table 3; Figure 12b 

 

Time (s) Time (h) Conv. to 24 Conv. to 25 Total Conv. 

13 0.004 0% 0% 0% 

42 0.012 1% 1% 2% 

69 0.019 0% 2% 2% 
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97 0.027 3% 4% 7% 

125 0.035 4% 6% 10% 

153 0.043 9% 8% 17% 

208 0.058 15% 11% 26% 

235 0.065 15% 13% 28% 

263 0.073 18% 16% 34% 

290 0.081 23% 19% 42% 

318 0.088 26% 22% 47% 

350 0.097 28% 25% 53% 

383 0.106 32% 27% 59% 

416 0.116 35% 29% 64% 

448 0.124 36% 31% 67% 

481 0.134 40% 32% 72% 

513 0.143 40% 33% 73% 

546 0.152 43% 34% 77% 

578 0.161 44% 35% 79% 

611 0.170 46% 35% 81% 

643 0.179 46% 36% 82% 

676 0.188 45% 38% 83% 

709 0.197 48% 37% 85% 

761 0.211 48% 38% 86% 

814 0.226 50% 39% 88% 

866 0.241 48% 40% 88% 

919 0.255 51% 40% 91% 

972 0.270 50% 40% 91% 

1024 0.284 50% 42% 92% 

1077 0.299 51% 41% 92% 

1130 0.314 51% 42% 93% 

1183 0.329 51% 42% 93% 
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1235 0.343 53% 42% 95% 

1318 0.366 53% 42% 95% 

1400 0.389 53% 42% 95% 

1483 0.412 53% 43% 96% 

1566 0.435 53% 42% 95% 

1648 0.458 54% 42% 96% 

1731 0.481 53% 42% 95% 

1814 0.504 54% 42% 96% 

1896 0.527 54% 42% 96% 

1979 0.550 55% 42% 96% 

2062 0.573 55% 41% 97% 

App 

Entry 7, Table 3; Figure 12b 

 

Time (s) Time (h) Conv. to 24 Conv. to 25 Total Conv. 

27 0.008 2% 2% 4% 

96 0.027 3% 3% 6% 

124 0.034 4% 4% 8% 

152 0.042 6% 6% 12% 

179 0.050 9% 8% 17% 

207 0.058 13% 10% 23% 

235 0.065 17% 11% 28% 

262 0.073 21% 13% 34% 

290 0.081 24% 14% 38% 

318 0.088 27% 15% 42% 

345 0.096 29% 17% 46% 

373 0.104 30% 18% 49% 
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405 0.113 33% 20% 52% 

438 0.122 35% 20% 56% 

471 0.131 37% 22% 59% 

504 0.140 39% 23% 62% 

537 0.149 41% 23% 64% 

570 0.158 42% 24% 67% 

602 0.167 44% 25% 69% 

636 0.177 45% 26% 71% 

669 0.186 46% 26% 73% 

702 0.195 47% 27% 74% 

734 0.204 48% 27% 76% 

767 0.213 49% 28% 77% 

819 0.228 50% 29% 79% 

872 0.242 52% 29% 81% 

924 0.257 53% 30% 83% 

977 0.271 54% 31% 84% 

1030 0.286 55% 31% 85% 

1082 0.301 55% 31% 87% 

1135 0.315 56% 32% 88% 

1187 0.330 57% 32% 89% 

1240 0.344 58% 32% 90% 

1292 0.359 59% 32% 91% 

1375 0.382 59% 33% 92% 

1458 0.405 60% 33% 93% 

1540 0.428 59% 34% 93% 

1624 0.451 61% 34% 94% 

1709 0.475 61% 34% 95% 

1791 0.498 62% 34% 96% 

1874 0.521 62% 34% 96% 
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1957 0.544 62% 34% 96% 

2044 0.568 62% 35% 97% 

2126 0.591 63% 34% 97% 

2209 0.614 63% 34% 97% 

2293 0.637 63% 34% 97% 

2436 0.677 63% 34% 98% 

2578 0.716 63% 35% 98% 

2721 0.756 63% 35% 98% 

2864 0.796 63% 35% 99% 

3007 0.835 64% 35% 99% 

3150 0.875 64% 35% 99% 

3293 0.915 64% 35% 99% 

3435 0.954 64% 35% 99% 

3578 0.994 64% 35% 99% 

3721 1.034 64% 35% 99% 

3983 1.106 65% 35% 99% 

9882 2.745 67% 32% 99% 
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Appendix B: Stacked Cyclic Voltammograms of Complexes 13a, 19 and 16, the 
Corresponding Free Ligands and [Rh(CO)2Cl]2 

 

Figure 18 Cyclic voltammograms of complex 13a, ligand 36 and [Rh(CO)2Cl]2 at 100 mV/s. Measurements were conducted in 0.1 M 

[Bu4N][PF6]/CH2Cl2 vs. a leakless Ag/AgCl reference electrode at 298 K. Scans were initiated in the positive direction. 

 

Figure 19 Cyclic voltammograms of complex 19, ligand 35 and [Rh(CO)2Cl]2 at 100 mV/s. Measurements were conducted in 0.1 M 

[Bu4N][PF6]/CH2Cl2 vs. a leakless Ag/AgCl reference electrode at 298 K. Scans were initiated in the positive direction. 
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Figure 20 Cyclic voltammograms of complex 16, ligand 26 and [Rh(CO)2Cl]2 at 100 mV/s. Measurements were conducted in 0.1 M 

[Bu4N][PF6]/CH2Cl2 vs. a leakless Ag/AgCl reference electrode at 298 K. Scans were initiated in the positive direction. 
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Appendix C: List of Numbered Compounds 

 


