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Abstract 

This thesis describes mechanistic investigations into Mn(I)-mediated C–H bond 

activation and functionalisation processes, with an additional focus on the factors 

influencing the reactivity of the manganese complexes. Initially, an investigation into 

Mn(I)-catalysed C–H bond alkenylation of 2-phenylpyridines was performed, utilising 

the distinct IR bands of the manganese carbonyl species to monitor the catalyst in situ 

(Chapter 2). The mechanistic studies allowed for a comprehensive reaction mechanism 

to be derived, where pre-catalyst activation was found to be substrate-dependent, 

leading to two distinct pathways. Furthermore, two new catalytic cycles (involving 

protonation by the 2-phenylpyridine and water) were discovered, in addition to the 

confirmation of the previously proposed cycle. 

Time-Resolved InfraRed (TRIR) spectroscopy provided an opportunity to study the 

processes underpinning C–C bond formation in further detail, observing short-lived 

(0.5 ps – 1 ms) reaction intermediates and their respective kinetic behaviour (Chapter 

3). Photochemical initiation led to the utilisation of a range of manganese complexes 

and unsaturated substrates. The uni- and bimolecular behaviour of the intermediates 

and their kinetics were probed from experiments diluted in toluene. 

Carboxylic acid additives were employed to increase the efficiency of Mn(I)-catalysis 

using terminal alkynes, while inhibiting reactions with acrylates (Chapter 4). 

Mechanistic studies revealed that a change in catalyst resting-state explains the 

different effects. TRIR spectroscopy allowed for the observation of the protonation by 

carboxylic acids, leading to an observation of the steps underpinning the 

CMD/AMLA-6 mechanism.  

Investigation into the fluorine-induced regioselectivity of Mn(I)-mediated C–H bond 

functionalisation of 2-phenylpyridines showed that the cyclomanganation reaction is 

kinetically driven and irreversible. Addition of benzoic acid led to a reversible 

mechanism, where the regioselectivity is thermodynamically controlled. It was 

additionally revealed that the regioselectivity likely arises from the relative 

thermodynamic stability of the manganacycles, where the trend follows the order: 

ortho>meta>para (with respect to the fluorine substituent).
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Chapter 1: Introduction 

1.1 Manganese Catalysis 

Transition metal-mediated reactions has been an important tool for synthetic chemists 

for more than half a century. Nobel prizes has been awarded for this in 2010 (Pd-

catalysed cross-coupling), 2005 (olefin metathesis), 2001 (asymmetric hydrogenation) 

and 1973 (sandwich compounds).1 Though most major synthetic discoveries has been 

made using platinum group metals (PGMs), there is a large potential of more abundant 

and sustainable first row transition metals. Metals such as Mn,2 Fe,3 Cu,4 Ni5 and Co6 

has among other examples been successfully utilised in a wide-range of organic 

transformations both as alternatives to PGMs and as replacements. 

Many studies have been conducted into the reactivity of manganese for use in catalytic 

reactions, with the development of Jacobsen’s catalyst for enantioselective 

epoxidation being one of the most well-known examples.7 Manganese-complexes 

have also been utilised in radical cyclisations, C–H bond oxidations, halogenations 

etc., where the large number of oxidation states for Mn (−3 to +7) partially enables its 

diverse reactivity.2, 8 A recent discovery has been reported by Chirik, Knowles and co-

workers on the generation of ammonia from a Mn(V)-nitride complex, mediated by 

photoredox catalysts in the presence of light.9 This represents an intriguing possibility 

of a new methodology for the synthesis of ammonia and shows that an excited 

photoredox catalysts can interact with the manganese centre to promote further 

reactivity.  

C–H bond functionalisation have over the past 2 decades become one of the most 

studied type of transition metal mediated processes.10 It provides a large upside over 

processes such as traditional cross-coupling reactions, due to in general being more 

atom economic, generating less waste and being more cost effective. As for Mn-

catalysis in general, there are many reported Mn-catalysed C–H bond functionalisation 

methodologies.2 The direct amination of benzylic C–H bonds using iminoiodinanes 

and Mn(III)-catalyst 3, is an example which has recently been reported by White and 

co-workers (Scheme 1).11 This methodology provides an opportunity to directly and 

selectively form C–N bonds from benzylic C–H bonds, in the presence of other C–H 

bonds.  
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Scheme 1. Mn-catalysed amination of benzylic C–H bonds, reported by White and co-workers.11  

 

1.2 Stoichiometric Mn(I)-Mediated C–H Bond 

Functionalisation 

The reactivity of manganese carbonyl complexes has been studied extensively since 

the 1950s. There have been numerous studies conducted into from the reactivity of 

manganese anions, hydrides, halides, etc., with a wide range of different functional 

groups, in order to probe reactions such as C–H/F bond activation and C–Mn/C bond 

formation.12 The reactions most relevant to the work presented within this thesis are 

ortho-directed cyclomanganation reactions of ligands containing suitable directing 

groups. 

Bruce and co-workers reported the ortho-directed cyclometallation of azobenzene 5 

using MnMe(CO)5 6 in 1970 (Scheme 2)13 and this is commonly considered to be the 

first reported cyclomanganation reaction.14 However, the resulting manganacycle 7 

was reported by Heck two year earlier, where it was synthesised through reaction of 

manganese-anion 8 with azobenzene-containing palladacycle 9.15 As Heck’s 

methodology did not involve Mn-mediated C–H bond activation, it is understandable 

that Bruce and co-workers are considered to have reported the first cyclomanganation. 

Neither studies probed further reactivity of the newly formed C–Mn bond, but Bruce 

and co-workers showed that Mn(I)-alkyl species can generate manganacycles directly 

from a sp2-hybradised C–H bond in a regioselective fashion.  
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Scheme 2. First reported cyclomanganation reactions of azobenzene to manganacycle 7. (a) Synthesis 

reported by Bruce and co-workers, using 6 as the manganese precursor.13 (a) Synthesis reported by 

Heck, using 8 as the manganese precursor.15 

The directing groups and C–H bonds on the ligand (to be cyclomanganated) has widely 

varied, with exotic examples such as triphenylphosphine/arsine oxides, sulfides and 

selenides reported (Figure 1).16 N-containing directing groups are most commonly 

utilised, with examples including amines,17 imines18, 19 and N-heterocycles.14, 17 The 

other main type of directing groups employed are the oxygen-containing derivatives, 

such as aldehydes,20 ketones20, 21 and amides.20, 22 One of the main challenges of 

utilising the manganacycles in catalysis is to find a balance between the binding 

affinity and lability of the ligand, which allows for both binding of the substrate and 

release of the product post-functionalisation. Therefore, it is likely that several of the 

reported ligands are unsuitable for effective utilisation in catalysis, as the binding 

affinity will differ. 

 
Figure 1. Examples of reported manganacycles; 10,23 11,17 12,17 13,20 14,19 15,17 16,24 1725 and 18.26 
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Interestingly, benzylic C–H bonds have also been activated to form the corresponding 

manganacycles,19 though no catalytic utilisation has been found thus far. This is 

unexpected as Mn-alkyl species with no directing group (such as MnBn(CO)5 19 and 

MnMe(CO)5 6) can perform a range of reactions.12, 14 The stability of the benzylic 

manganacycles or preference for side-reactions could explain the lack of desired 

reactivity.  

Even though no utilisation of the manganese complexes in catalytic reactions was 

reported prior to this millennium, there were studies conducted investigating the 

reactivity of the manganacycles towards various reagents. Liebeskind and co-workers 

reported the first insertion of an internal alkyne into a C–Mn bond, when reacting 

diphenylacetylene 21 with acetophenone-derived manganacycle 20 (Scheme 3).27 

Trimethylamine N-oxide initiated CO-loss, which allowed for the alkyne to coordinate 

and react to form cyclopentadiene 22. The formation of 22 should proceed via the 

generation of a 7-membered insertion complex (such as examples shown in Figure 2), 

which can subsequently rearrange to form the cyclopentadiene derivative. The 

reactivity of unsaturated substrates with C–Mn bonds was previously reported by 

Wilford et al., studying the insertion of tetrafluoroethylene into the C–Mn bond of 

MnPh(CO)5.
28 

 
Scheme 3. Stoichiometric reactions between manganacycles with unsaturated substrates. (a) Reaction 

between diphenylacetylene and acetophenone-derived manganacycle 20, reported by Liebeskind and 

co-workers.27 (b) Reaction of methyl acrylate with sulfur-containing manganacycle 23, reported by 

Nicholson and co-workers.29 

Nicholson and co-workers have also conducted studies into the reactivity of 

manganacyclic C–Mn bonds, where the reaction of methyl acrylate with 

triphenylphosphine sulfide derived Mn-complex 23 (Scheme 3) is highly relevant to 

the work presented within this thesis.29 The new C–C bond of alkyl product 25 is likely 
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formed according to the same C–Mn insertion mechanism as for Libeskind and co-

workers. However, an extra hydrogen has been added to the product in this example. 

This means that one reagent in solution can transfer a proton, which is unexpected due 

to the relatively low acidity of the C–H bonds in solution. Other unexpected results on 

the insertion reactions with acrylates and alkenes, had already been reported by 

Nicholson and co-workers.30 When studying the insertion on cyclomanganated 

chalcones, surprising hydrogen-transfer and cyclisations were reported for the 

acrylates and alkenes respectively.  

Nicholson and co-workers synthesised 7-membered insertion complexes, to support 

the proposed mechanism of C–C bond formation (Figure 2). Triphenylphosphite 

derived complex 26 was generated by reaction of the 5-membered manganacycle with 

diphenylacetylene 21. The successful synthesis of the 7-membered insertion complex 

highlights the relative stability of the complexes derived from internal alkynes, as no 

examples formed from terminal alkynes has been reported.16 The reaction of dimethyl 

acetylenedicarboxylate with triphenylphosphine sulfide complex 23, generated 7-

membered insertion-complex 27. Unexpectedly, decarboxylation occurred to generate 

an alkene-proton on the carbon bonded to the arene.29 It is unclear if the 

decarboxylation took place before or after the C–C bond formation. The final example 

was reported Suarez and co-workers, where an imidazole-containing manganacycle 

was treated with 21 to form insertion-complex 28 (Figure 2).31 This is the most 

relevant example for the subsequently developed catalytic reactions, where N-

heterocycles are commonly employed.32 The characterisation of the 7-memerbed 

insertion complexes supports the proposed mechanism of C–C bond formation in the 

catalytic reactions. Though, no mechanism investigations were performed to elucidate 

a more detailed mechanism of C–C bond formation. 

 
Figure 2. 7-membered manganacycles 26,16 2729 and 28,31 generated by stoichiometric reaction with 

internal alkynes. 
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1.3 Mn(I)-Catalysed C–H Bond Functionalisation 

Even though the synthesis of manganese(I)-carbonyl complexes have been known for 

many decades and their reactivity has been probed, it was not until 2007 when 

Kuninobu and co-workers reported the first synthetic methodology using catalytic 

amounts of manganese (Scheme 4).33 They employed MnBr(CO)5 31 as the Mn-

precursor to activate the ortho C–H bond of 2-arylimidazoles, which subsequently 

reacted with aldehydes to form the corresponding alcohols. The initial reaction was 

however stoichiometric in manganese unless triethylsilane was added, which 

generated the silyl ether product and made the reaction catalytic in Mn. The high 

temperature (115 °C) and long reaction time (24 hours) are problematic aspects of this 

methodology, but it still highlights that Mn(I)-carbonyl catalysed C–H bond 

functionalisation is possible. 

 
Scheme 4. Mn(I)-catalysed C–H bond functionalisation of 2-arylimidazoles with aldehydes, reported 

by Kuninobu and co-workers.33 

Despite Kuninobu‘s publication, it took 6 years until the next reported example of a 

Mn(I)-catalysed reaction, when Wang and co-workers reported the C–H bond 

alkenylation of 2-phenylpyridines to yield the corresponding styrene derivatives 

(Scheme 5).34 31 was used once more as pre-catalyst and an amine base additive was 

required to generate alkene product 35, as the C–H bond activation of 2-

phenylpyridine 33 did not occur in the absence of base. The reaction tolerated a range 

of different 2-phenylpyridines and terminal alkynes, generating the corresponding 

alkene products in good yields. However, internal alkynes were found to be inactive 

and did not generate any of the desired alkene product under the reaction conditions. 

This inactivity could arise from the relatively high stability of the 7-membered 

insertion-complexes for internal compared to terminal alkynes.31 An initial 

mechanistic investigation was conducted by Wang and co-workers, and it was 

combined with computational studies to generate a proposed mechanism, which is 

discussed in chapter 2. 
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Scheme 5. Mn(I)-catalysed C–H bond alkenylation reaction, reported by Wang and co-workers.34 

After their initial report, Wang and co-workers have expanded their contribution to the 

Mn(I)-catalysis field by subsequently reporting a range of new synthetic 

methodologies.35 The most relevant to the work presented within this thesis is the 

reactions employing acrylates as the unsaturated substrate (Scheme 6),36 which 

provided for a catalytic adaptation of the previously mentioned reactions of 

manganacycles with acrylates (Scheme 3). The desired alkyl products were generated 

in high yields, with 31 and Cy2NH employed as pre-catalyst and base additive 

respectively. Interestingly, the ratio of unsaturated substrate to 2-phenylpyridine 33 

differs from the alkenylation-methodology (1:2),34 where the acrylates (1.5:1) are in 

excess. From preliminary mechanistic studies it was suggested that the conjugate acid 

of the amine base is responsible for the proton transfer event, which is surprising given 

the relatively low acidity of the ammonium protons.  

1-(2-pyridyl)indoles have become commonly utilised in Mn(I)-catalysed C–H bond 

functionalisation due to their perceived increased reactivity32 and one important 

example relating to this thesis is the reaction with isocyanates, which was reported by 

Ackermann and co-workers (Scheme 6).37 The aminocarbonylation did not require any 

base additives, which was a difference to most other methodologies. This suggested 

that the isocyanate can act a base in the reaction, as no other significant alterations are 

made compared to other similar examples. It was also unclear how the proton transfer 

occurred and it was suggested HBr is responsible, though it is unlikely to be generated 

with many potential N-containing bases present in solution.  
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Scheme 6. Mn(I)-catalysed C–H bond functionalisation reactions of 2-pyridylarenes. (a) Reaction with 

acrylate 24, reported by Wang and co-workers.36 (b) Reaction with isocyanate 38, reported by 

Ackermann and co-workers.37 

Many other Mn(I)-catalysed C–H bond functionalisation reactions have been reported 

by a range of research groups (see examples in Figure 3), where the methodologies 

have a few common features.32, 38 The formation of the new C–C/X bond have 

continuously been proposed to proceed through insertion into a C–Mn bond to form a 

7-membered insertion complex. Separately form the reactions involving insertion into 

a C–Mn bond, there have been a range of other reactions catalysed by Mn(I)-carbonyl 

complexes.2 Hydrosilylation,39 direct arylation40 and alkyne trimerization41 are 

examples showing the versatility of the manganese-complexes.  

MnBr(CO)5 31 or Mn2(CO)10 40 have been utilised as pre-catalyst in the majority of 

the reported methodologies and there have been surprisingly few studies conducted 

into the thermal C–H bond activation mechanism for either manganese complex. This 

have likely influenced the suggested mechanism of pre-catalyst activation, where a 

manganacycle is commonly proposed to be generated directly from the pre-catalyst, 

even though this has mainly been observed for Mn-alkyl species.  
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Figure 3. Examples of reported products formed by Mn(I)-catalysed C–H bond functionalisation; 41,42 

42,42 43,43 44,44 45,45 46,46 47,47 4848 and 49.49 Red bonds highlight the C–C/N bond formation mediated 

by the manganese. 

Lynam, Fairlamb and co-workers have provided further mechanistic insight to Mn(I)-

catalysed C–H bond functionalisation, when they characterised 2-pyrone derived 7-

membered insertion complex 54 (Scheme 7).50 The catalytic reaction between 

phenylacetylene 34 and 2-pyridyl-2-pyrones was found not to generate any of the 

desired alkene-product. Nevertheless, insertion-complex 54 was synthesised from the 

corresponding 5-membered manganacycle 50 using UV-light to dissociate one CO-

ligand, to allow for coordination of 34. Low temperatures hindered further reactivity, 

while reductive elimination to form 53 took place at room temperature. High 

temperatures were however required to produce 53 in the absence of UV-irradiation, 

highlighting that thermal CO-loss from the 5-membered manganacycle is difficult. It 

also shows that reductive elimination is preferred over protonation for the 2-pyrone 

system, which has also been utilised in the C–H bond functionalisation of an imine 

derivative.49 

The desired alkene product 52 was generated (28%) if the reaction was performed in 

neat 34, with the rest of the manganacycle forming unusual products from Diels-Alder 

reactions taking place with the excess alkyne. It seemed as the Diels-Alder reactions 

occurred on reductive elimination complex 53, though a separate reaction of 53 in 34 

was not performed to confirm this. Another unexpected product synthesised was 
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bicyclic product 55, which was formed from a second insertion of 34 on the 7-

membered insertion complex. This was only observed for a manganacycle with 

methoxy-substituted pyridine group (51), but the equivalent reactivity had previously 

been utilised by Lei, Li and co-workers while functionalising indoles.51  

 
Scheme 7. Reactivity of cyclomanganated 4-(2-pyridyl)-2-pyrones with phenylacetylene, reported by 

Lynam, Fairlamb and co-workers.50 

 

1.4 Alternative Synthesis of Styrene Derivatives 

The functionalised styrene derivatives generated by Wang and co-workers34 (Scheme 

5) are the main type of products studied within this thesis. Styrene derivatives are 

important in a wide variety of application, where the main usage is in the synthesis of 

various polymers such as polystyrene, synthetic rubbers and medical grade resins.52 

Functionalisation of the styrene building blocks may allow for the generation of new 

polymers and materials with novel properties. Another use of styrene is as a starting 

material in further small molecule modifications, such as for example in transition 

metal mediated C–H bond alkylation,53 hydrogenation54 and cross-coupling 

reactions.55 Styrene is also used as a building block in many common organic 

reactions, where examples range between hydroboration,56 epoxidation57 and 

halogenation reactions.58 The styrene moiety can also be found in many natural 

products and drug molecules, such as in Naftifine59 (antifungal drug) and Bexarotene60 

(for treating cutaneous T cell lymphoma). The natural products and drugs containing 
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styrene derivatives are mostly highly functionalised, which are therefore more 

challenging to synthesise than styrene. 

Currently, commercial synthesis of styrene proceeds via multiple step pathways, such 

as initial Friedel-Crafts alkylation with subsequent dehydrogenation, yielding large 

excess of halogenated waste and often requiring higher reaction temperatures.61 

Additionally, there are many reported transition metal mediated methodologies to 

synthesise functionalised styrene derivatives, which forms the same C–C bond as in 

Wang and co-workers Mn(I)-example (Scheme 5). The Pd-catalysed Heck cross-

coupling reaction is one of the most common examples used for this transformation, 

requiring the coupling of an alkene with a halogenated arene.55 As well as the Friedel-

Crafts alkylation, the Heck cross-coupling generates stoichiometric amounts of 

undesirable halogenated waste material. The main advantages of this approach, 

compared to Wang’s methodology, is the generally low catalyst-loadings required 

(with examples using < 0.1 mol% Pd)62 and high functional group tolerance.55 

However, the disadvantages include the undesired waste generation, poor atom 

economy and generally slightly higher reaction temperatures than that of the Mn(I)-

catalysis.55 

In addition to the examples using pre-functionalised arenes, there are a large amount 

of reported methodologies forming the same C–C bond via C–H bond 

functionalisation, using transition metals such as Ru, Rh, Pd, Pt and Co.63 Fujiwara 

and co-workers reported in 2000 a mild alkenylation of benzenes using alkynes and 

Pd(OAc)2 as the pre-catalyst.64 As was the case with the Heck cross-coupling, 

Fujuwara’s methodology employs low catalyst loadings (0.02-1 mol%), with the lower 

amounts reaching similar yields after extended reaction times. In addition to the low 

reaction temperatures (25 °C), the functionalisation of an aryl C–H bond without the 

need for a directing group provides further advantages to the Mn(I)-catalysis of Wang 

and co-workers. Though, the usage of halogenated solvent (CH2Cl2), extended reaction 

time (with low catalyst loading) and difficulty in selectively activating a desired C–H 

bond are problematic when compared to the manganese catalysed methodology. 

Another example of the direct functionalisation of a benzene C–H bond with ethylene 

to form styrene has been reported by Gunnoe and co-workers, where they used a 

diazobutadiene-containing Rh-catalyst.61 This process requires the use of 

stoichiometric copper oxidant and high reaction temperatures (≤ 200 °C). The Rh-
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catalyst is however used in very low amounts (1 × 10-3 mol%) and can produce the 

styrene in excellent yields (95%). 

 
Scheme 8. Examples of transition metal-catalysed synthesis of functionalised styrene derivatives, using 

C–H bond functionalisation. (a) Pd-catalysed synthesis of styrene derivatives, reported by Fujiwara and 

co-workers.64 (b) Rh-catalysed synthesis of styrene derivatives, reported by Ellman and co-worker.65 

(c) Ru-catalysed synthesis of styrene derivatives, reported by Zhang and co-workers.66 (d) Mn-catalysed 

synthesis of styrene derivatives, reported by Wang and co-workers.34 

There are also many examples of producing styrene derivatives using directing groups 

on the arene, and a few reports used the 2-phenylpyridine starting material as the case 

was in the Mn(I)-catalysis.63 A report by Ellman and co-worker uses Rh-catalysis to 

couple 2-phenylpyridines with vinyl acetates at temperatures comparable to the Mn(I)-

catalysis (65–100 °C).65 The relatively high catalyst loadings (10 mol% Rh) and large 

amounts of silver additives (20 mol%) are problematic when compared to Wang’s 

protocol,34 using the same catalyst loading of Mn and an amine base additive. Zhang 

and co-workers have developed a Ru-catalysed methodology in forming alkenylated 

2-phenylpyridines by coupling the same reagents as in Wang’s Mn(I)-example.66 The 

reaction used half the catalyst loading (5 mol%), but required higher reaction 

temperatures (150 °C) and an extra additive (benzoyl peroxide). Otherwise the 

reactions are comparable with similar yields and reaction times (6 hours). There are 

additionally several reported methodologies where the same C–C bond formation is 

made as the work mentioned above, but the directing group used (often containing N–

H bonds) allows for a subsequent C–N bond to be formed.67-70 
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As previously shown, there are many methodologies reported for the synthesis of 

styrene derivatives in addition to the Mn(I)-catalysed example by Wang and co-

workers.34 There are advantages and disadvantages with all pathways, whether it is the 

reaction temperature, catalyst loading, use of additives or excess generation of waste 

material. Therefore, a methodology is best chosen based upon the priority of conditions 

for a particular process, where for example catalyst recyclability and functional group 

tolerance may be of high importance. However, Wang’s methodology has the potential 

to be a competitive process as it uses an abundance earth metal which has a large 

potential as catalyst for organic transformations2 and proceeds under relatively mild 

reaction conditions.63 The process also generates relatively low amounts of 

halogenated waste (compared to when using halogenated arenes as substrates) and is 

atom economic when formally no additional atoms are found in the final product 

(besides from the two starting material). The lack of catalyst recyclability of the Mn-

catalyst is problematic for the process efficiency, which also is the case for the high 

amounts of catalyst employed (10 mol%). A full analysis of all aspects of the reaction 

(cost efficiency, environmental impact, etc.) is required for the comparison to other 

methodologies to be made, and it should be noted that some aspects (for example 

availability of starting material or catalyst) may change with increased demand and 

this should also be taken into account.  

The environmental impact the process is one of the most important aspects which 

needs to be considered in deciding on the suitability of employing a particular 

methodology. This is highly difficult to evaluate as a vast range of factors has an 

impact on the environment. For example, the catalyst mining, synthesis, recyclability, 

efficiency and toxicity of metal species in waste/products are all important when 

comparing transition metal catalysts. In the case of Wang’s Mn(I)-catalysis, the use of 

toxic CO-ligands on large scale can be problematic when considering the safety 

aspects and the lack of catalyst recovery requires the pre-catalyst to be synthesised 

before each use. These problems can however be solved with design of improved pre-

catalysts, which can be recycled and uses less toxic ligands. Detailed analysis for all 

reagents and solvents used in the process is required for the full environmental impact 

to be assessed and therefore to be compared to other competitive methodologies.  
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1.5 Mechanisms of C–H Bond Activation 

There are several reaction mechanisms for transition metal mediated C–H bond 

activation, of which oxidative addition, electrophilic substitution and σ-bond 

metathesis are the main subdivisions.71 The specific mechanism is not well defined for 

these descriptions and they mainly describe the overarching transformation that has 

taken place. σ-Complex Assisted Metathesis (σ-CAM) and Concerted Metallation-

Deprotonation (CMD) or Ambiphilic Metal Ligand Activation (AMLA) are the 

mechanisms most applicable to the work presented within this thesis.  

σ-Bond metathesis reactions have been known for many decades and the involvement 

of σ-complexes in the mechanism have been proposed for some examples.72 However, 

the mechanism which now is referred to as σ-CAM was not proposed until the early 

2000s by Sabo-Etienne, Perutz and co-workers.73, 74 The σ-CAM mechanism for C–H 

bond activation starts with an initial σ-coordination of the C–H bond to form the 

corresponding σ-complex (Scheme 9). Thereafter, the hydrogen is transferred in a 

concerted fashion to the proton-acceptor, as the new C–M bond is generated. The new 

σ-complex generated can subsequently dissociate from the metal to complete the C–H 

bond activation step. The steps involved in the mechanism are reversible and the 

relative strength of the X–H bonds determines which M–X species is generated in the 

reaction.  

 
Scheme 9. General schematic view of transition metal mediated C–H bond activation according to the 

σ-CAM mechanism.74 

The CMD and AMLA mechanisms were developed at a similar time as the σ-CAM 

mechanism, by Fagnou and co-workers (CMD)75 and Davies, Macgregor and co-

workers (AMLA).76 The mechanisms are highly similar in practice and have been 

extensively studied,71, 77 as well as proposed being involved in many transition metal 

catalysed C–H bond functionalisation reactions.78 For the AMLA mechanism, a 

number following “AMLA” denotes the number of atoms involved in the transition 

state, with 6 being the most common number.  

An almost identical mechanism to the CMD/AMLA-6 was reported by Ryabov on the 

cyclopalladation of benzylamines using palladium acetate, with the main difference of 

a proposed positive charge on the arene in the transition state (Wheland intermediate), 
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suggesting that an initial electrophilic addition is favourable.79 Later computational 

studies by Davies, Macgregor and co-worker elucidated a similar mechanism (Scheme 

10).76 An agostic-interaction to the C–H bond was important in lowering its acidity, 

making CMD/AMLA more favourable than an initial electrophilic addition, before the 

acetate-ligand deprotonates the benzylamine in a concerted fashion. The newly formed 

acetic acid-complex is lower in energy than the starting acetate-species, meaning that 

the reverse reaction was unlikely to occur.  

 
Scheme 10. Computationally determined CMD/AMLA-6 mechanism for the acetate-assisted 

cyclopalladation of benzylamines, reported by Davies, Macgregor and co-worker.76 

The CMD/AMLA mechanism can be employed on a wide-range of substrates and does 

not require, for example, cyclometallation to occur nor the presence of specific ligands. 

It has commonly been proposed in direct arylation of both electron-rich/poor arenes 

and heterocycles.77, 80 There are many similarities between the σ-CAM and 

CMD/AMLA mechanisms, with both mechanisms including a concreted proton-

transfer step to form a new C–M bond. Both processes are also reversible in principle 

and the relative stability of the complexes and X–H bonds determines if the desired 

C–H bond activation will take place of not.  

 

1.6 Project Aims and Objectives 

The aim of this project is to develop a deeper understanding of the mechanism and 

underlying properties of Mn(I)-catalysed C–H bond functionalisation, and to use the 

findings in increasing the reaction efficiency. The following objectives were employed 

to achieve the aim of the project: 

I. The utilisation of the distinct IR bands of the manganese-carbonyl complexes 

and other techniques, to elucidate a full reaction mechanism for Mn(I)-

catalysed C–H bond alkenylation.  

II. Exploit the photochemical properties of the manganese-carbonyl complexes in 

studying the C–C bond formation using time-resolved spectroscopy.  
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III. Investigate the effect of the conjugate acid and other acid additives in the 

Mn(I)-catalysed C–H bond functionalisation, using in situ and ex situ analytical 

techniques.  

IV. Examine fluorine-induced regioselectivity in Mn(I)-mediated C–H bond 

functionalisation, using 19F NMR and time-resolved spectroscopic techniques.  
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Chapter 2: Mechanism of Mn(I)-Catalysed C–H 

Bond Alkenylation 

2.1 Background 

2.1.1 Proposed Reaction Mechanisms 

The synthetic methodology reported by Wang and co-workers in 2013 on the Mn(I)-

catalysed C–H bond alkenylation reactions34 (Scheme 11, see Chapter 1.3) is truly 

ground breaking for utilising an earth-abundant transition metal catalyst in performing 

this challenging chemical transformation, which most commonly employs platinum 

group metals (see more detail in Chapter 1.4). However, the mechanistic understanding 

of this reaction is limited, and current knowledge is based on insufficient experimental 

evidence and DFT-studies. Following this work by Wang, the many other research 

teams (e.g. Ackermann, Glorius, Kuninobu, Lynam-Fairlamb, etc.) undertaking the 

remaining synthetic challenges in this field have been basing their methodology 

development and proposed mechanisms on this assumed knowledge. The issues with 

this approach are obvious and without further mechanistic work to support or disprove 

the current mechanisms, there is a good chance that many synthetic methodologies and 

improvements goes undiscovered.  

 

Scheme 11. Mn(I)-catalysed C–H bond alkenylation reaction to be studied within this chapter, reported 

by Wang and co-workers.34 

In order for the remaining mechanistic challenges to be correctly elucidated, a detailed 

assessment of Wang’s proposed mechanism34 is required. Initially, the base-assisted 

activation of MnBr(CO)5 31 was supported by the stoichiometric preparation (31% 

yield of isolated product) of Mn(ppy)(CO)4 10 from 31 (1 eq.), 33 (1 eq.) and Cy2NH 

(1 eq.), while the corresponding reaction with the terminal alkyne to form Mn(κ1-

CCTol)(CO)5 60 did not yield any observable product.  
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Compound 60 was obtainable in 55% yield, when 31 (1 eq.) and tolyl-alkyne 61 (1 

eq.) was reacted in the presence of n-BuLi (1 eq.). However, this does not definitively 

exclude the manganese from initially reacting with the terminal alkyne, as the 

deprotonation mechanism for the different bases could differ. Whether loss of a CO-

ligand is involved will have a major impact on the efficiency of reaction, depending of 

the ease of the subsequent recombination. The low efficiency of the cyclomanganation 

step (31%) also raises questions, as it suggests that the majority of the manganese is 

lost in the pre-catalyst activation pathway and the reaction is only promoted by ~ 3 

mol% Mn (of the total 10 mol% Mn available). Still, 10 was found to be a capable pre-

catalyst, while generating the organic product in 9% lower yield than under the 

standard reaction conditions. The lower catalytic competence, combined with the 

seemingly low amount of 10 formed in solution (~ 3 mol%) highlight the questions 

about 10 being a reaction intermediate, due to the seeming negative reaction order in 

10.  

The proposed mechanism suggests that after pre-catalyst activation, the C–C bond 

formation takes place. This is projected to proceed through CO-dissociation, alkyne 

coordination to the Mn and subsequent insertion into the C–Mn bond to form a 7-

membered manganacycle. The pathway is supported by literature examples of 7-

membered manganacyle derivatives reported by Nicholson16 (phosphite directing 

group) and Suárez31 (imidazole directing group), where internal alkynes was used. No 

terminal alkyne complexes have been reported to this date. The efficient reaction of 

internal alkynes compared to the terminal analogues naturally poses the question of 

why the internal alkynes do not afford alkene product under seemingly standard 

reaction conditions.  

Wang and co-workers did attempt to synthesise the 7-membered manganacycle using 

61, but instead found the unexpected formation of a doubly alkenylated 2-

phenylpyridine compound isolated in 29% yield. An alkyne-assisted protonation 

pathway followed by Mn-alkynyl assisted C–H bond activation was suggested for the 

catalytic cycle. 60 was employed as a pre-catalyst to probe the proposed reaction 

mechanism. The reaction was found to yield relatively low amount of the mono-alkene 

product (63% yield of isolated product), when taking into account that the amount of 

active manganese should be about three times higher than in the standard reaction 

(note: assumed from the inefficient pre-catalyst activation). No kinetic or other 
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mechanistic studies were conducted, which are clearly needed in order for the validity 

of the proposed protonation mechanism to be probed and alternative identified. 

 
Scheme 12. Summary of proposed reaction mechanism by Wang and co-workers,34 highlighting the 

issues and remaining challenges of understanding the full mechanism. Key; green = in support of 

mechanism, red = in disagreement with mechanism. 

Deuterium-labelling studies were used to provide support for the mechanism. These 

studies indicated extensive scrambling of deuterium between the organic fragments. 

The incorporation of deuterium into both alkene positions, under standard reaction 

conditions was in accordance with the proposed mechanism, due to the alkyne C–H 

being repeatedly broken and reformed during the reaction. However, the extent of D-
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incorporation was lower than expected (i.e. 50% ought to be achievable if one substrate 

is deuterated), suggesting a more complex mechanism. The system thus experienced 

extensive H-scrambling, highlighting the importance of further experiments, including 

appropriate control reactions being required for accurate conclusions to be drawn. 

DFT-calculations were conducted to validate the proposed mechanism enabling 

further details about the various steps for the catalytic cycle(s) which had not been 

discovered. For example, it was found that the base-assisted cyclomanganation likely 

proceeded through a CMD mechanism, while the on-cycle C–H bond activation pass 

via a CMD/AMLA-4 pathway. The overall mechanism was supported by the DFT 

calculations, even if it should be noted that the common depiction of 16-electron 

manganese complexes with vacant coordination sites is slightly alarming. Even the 

presumptive resting state of the catalysis 66 (Mn-alkynyl complex with N-bound 33) 

is one of these manganese complexes, and similar complexes have not been isolated 

to prove their competency as valid reaction intermediates.  

Overall, there is a need for further experimental evidence for the mechanistic 

hypotheses underpinning this promising synthetic methodology. Obtaining such data 

by direct means is highly desired. In particular, the pre-catalyst activation, protonation, 

C–H bond activation and catalyst degradation pathways are of interest due to their high 

importance to the mechanism and efficiency of the reaction. The nature of the catalyst 

resting state is also of interest because of its impact on the rate of reaction and catalyst 

degradation, providing an obvious focal point for condition improvements. 

Additionally, the difference in reactivity between internal and terminal alkynes 

requires rational explanation, to aid in potential reaction improvements and translation 

of mechanistic understanding to other relevant systems. Finally, whether the apparent 

complexity of the reaction (i.e. derived from the D-labelling experiments) stems from 

a complicated reaction mechanism or innocent C–H bond scrambling should by default 

be determined if the full reaction mechanism has been determined. 

 

2.1.2 Use of In Operando IR Monitoring in Mechanistic Studies 

In operando (in situ) reaction monitoring techniques are some of the most important 

analytical techniques in the reaction mechanism elucidation of transition metal 

catalysed processes.81 The direct observation of intermediates, as well as the 



Chapter 2: Mechanism of Mn(I)-Catalysed C–H Bond Alkenylation 

55 

 

acquisition of reliable kinetic information, are of high importance for mechanistic 

investigations. Infrared (IR) spectroscopy provides excellent complementarity to other 

techniques, due to high peak-specificity and good correlation to bond strengths and 

electronic effects. In situ IR spectroscopic techniques have been used extensively in 

heterogeneous catalysis, while still being widely applicable to homogeneous 

systems.81 IR spectroscopic analysis allows for both reaction kinetics and catalyst 

intermediate characterisation to be obtained in the same experiment with little to no 

manipulation of experimental data. It can also be employed on a wide range of 

timescales from hours or days to ultra-fast picosecond timescale.82 

In situ IR spectroscopy has been an instrumental technique in the development of the 

RPKA (Reaction Progress Kinetic Analysis) methodology, reported by Blackmond in 

2005.83 The RPKA method creates a standard procedure of how to conduct 

mechanistic investigations, which can be used as an alternative to the procedures used 

within this thesis. Through the analysis of in situ generated kinetic data in a stepwise 

manner, the mechanism can be elucidated with minimal redundant experiments 

performed. 

An example of the use of in situ IR spectroscopic reaction monitoring in the deduction 

of a complicated transition metal mediated reaction mechanism, is the work by Bray 

et al. on the Pd-catalysed cyanation of 4-bromo-2-pyridone 67 to form 4-cyano-2-

pyridone 68 (Scheme 13).84 In this study the C=O stretching mode of the 2-pyridone 

ring system provide an excellent IR spectroscopic handle for the in operando 

monitoring of the reaction progress. This allowed for a wide range of conditions to be 

screened so that reagent orders, catalyst heterogeneity, catalyst efficiency (TOF and 

TON), could be determined. The data obtained was combined into a full reaction 

mechanism where there are both hetero- and homogeneous catalytic cycles taking 

place and water concentration was found to be the crucial factor in the determination 

of which cycle is active in the reaction. 
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Scheme 13. (a) Reaction scheme of the Pd-catalysed cyanation of N-benzyl-4-bromo-6-methyl-2-

pyidone reported by Bray et al.84 (b) Simplified reaction mechanism highlighting impact of water 

concentration. 

In the study reported by O’Brien and co-workers in 2011 on the asymmetric Pd-

catalysed α-arylation of N-Boc pyrrolidone, several long-lived intermediates were 

observed and the kinetics of their formation and depletion could be obtained using in 

operando IR spectroscopy (Scheme 14).85 After the initial addition of s-BuLi, the 

lithiated pyrrolidine intermediate could be seen forming more quickly than expected 

(complete within 60 minutes) in accordance with previous methodologies. Thereafter, 

several zincated species were observed, following addition of ZnCl2 to the solution 

and heating to 20 °C. The final Negishi cross-coupling step with bromobenzene could 

also be monitored, where the product formation was observed without any Pd-

intermediates appearing in the IR spectra. This still shows that in situ IR spectroscopic 

analysis can allow for the observation of several different reaction intermediates and 

kinetic information for their formation and depletion. 
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Scheme 14. (a) Reaction scheme of the asymmetric Pd-catalysed Negishi cross-coupling reaction 

reported by O’Brien and co-workers.85 (b) Reaction intermediates observed by in operando IR 

spectroscopy. 

A study by Lei and co-workers employed in situ IR spectroscopy for the direct 

observation of key intermediates in the copper-catalysed arylation of β-diketones.86 

This study found [Cu(acac)2]
– to be the active catalyst in the system through its 

presence in the IR spectra. This finding was further supported by additional 

experimental data and DFT-calculations. Off-cycle Cu-species could also be observed 

and characterised through this study.  

In situ IR spectroscopic analysis for the study of reaction mechanisms has also been 

utilised in metal carbonyl catalysed reactions, with the hydroformylation of alkenes 

being a good example. Both Co and Rh have been utilised as catalysts for this reaction, 

however, the Co derivative was the first transition metal-catalysed transformation 

employed on an industrial scale in 1938.87 Even as early as 1974, Whyman employed 

in situ IR spectroscopy to observe reaction intermediates, such as HCo(CO)3(PBu3), 

from the distinct IR bands exhibited by metal carbonyl complexes.88, 89 Many 

subsequent IR spectroscopic studies have been performed through the years, leading 

to the formulation of the currently accepted reaction mechanism of cobalt-catalysed 

hydroformylation reactions (Scheme 15).90 Similar in situ IR spectroscopic studies 

have also been performed on the analogous rhodium system, with some early work by 

Garland and co-workers.91 
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Scheme 15. (a) General reaction scheme for cobalt-catalysed hydroformylation of alkenes. (b) 

Generally accepted mechanism of the hydroformylation of alkenes.90 

Another catalytically relevant study into metal carbonyl systems can be found in early 

work by Eischens et al. in 1954, on the chemisorption of CO gas onto Cu, Pt, Pd and 

Ni surfaces.92 The IR spectra for the various materials showed how the CO absorbs to 

the surface and the various C–M bond strengths is inferred from the respective band 

locations. 

 

2.2 IR Monitoring of Mn(I)-Catalysed C–H Alkenylation  

2.2.1 Investigation under Standard Reaction Conditions 

To investigate the mechanism of Mn(I)-catalysed C–H alkenylation, in operando IR 

monitoring (ReactIRTM) was chosen as a suitable technique for this purpose. Metal 

carbonyls are well-known for their strong and distinct signals in the IR spectrum, 

where the peak location has been widely utilized to observe and rational steric and 

electronic effects on metal centres.93 Therefore, the predicted changes to the 

manganese catalyst should be observable by IR spectroscopy, in a more clear and 

distinct fashion than alternative techniques such as NMR spectroscopy, mass 

spectrometry or UV/Vis spectroscopy. Organic fragments may also be observable by 

the in operando IR technique, meaning that there is potential for direct monitoring of 

the reaction kinetics without the need for external sampling.  
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When monitoring the changes to the IR bands in the metal carbonyl region using in 

operando IR spectroscopy, bands were mainly attributed to common species by 

comparing kinetic traces of peaks and time of appearance and/or disappearance (when 

kinetic traces were not obtainable due to spectral overlap). Unknown species in the 

solution were assigned by comparison to the IR spectrum of a structurally similar 

species or the predicted IR spectrum by DFT calculations (performed by Dr Jason M. 

Lynam) or group theory. The kinetic trace of a species in combination with the 

knowledge of other reaction intermediates in the solution also supported these 

assignments.  

Initially, the coupling of 2-phenylpyridine 33 (2 eq.) and phenylacetylene 34 (1 eq.), 

using MnBr(CO)5 31 (10 mol%) as pre-catalyst and Cy2NH (20 mol%) as additive, 

was investigated (Scheme 11). The reaction was monitored using a Mettler-Toledo 

ReactIRTM instrument (IC10) with Si probe (1 min collection interval, ± 4 cm−1 peak 

resolution), at 100 °C under an argon atmosphere. n-Bu2O was chosen as a solvent 

substitute for Et2O (due to safety concerns arising from the high reaction temperature), 

while the reaction was performed in wet solvent, as the reaction conversion had proven 

unaffected by surplus water (76% conversion to 35). The reaction solvent was heated 

to reaction temperature under the argon atmosphere (added through deoxygenating via 

balloon) without any of the reagents, for the collection an appropriate solvent reference 

to be possible. Thereafter, the reagents were added in the order 33, 34, Cy2NH and 31, 

to avoid any unwanted degradation or reactions taking place with the manganese 

catalyst before reaction monitoring is initiated. These reaction conditions are hereafter 

referred to as the standard conditions. 

 
Figure 4. Picture and schematic view of in operando IR spectroscopic monitoring setup. 
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The reaction initiates immediately after the addition of the 31, where an increase in 

temperature (typically 1–3 °C, observed by internal thermocouple) and gas evolution 

can be observed. Within the metal carbonyl region (2150–1850 cm-1) there are several 

new manganese-carbonyl containing species formed within the first minute of the 

reaction (Figure 5). From the kinetic trace, 31 (band at 2054 cm-1) remains in the 

reaction mixture for three minutes, showing that the manganese pre-catalyst is rapidly 

consumed and is as expected not a resting state of the catalysis.  

Kinetic information of the formation of 35 could be obtained using ex situ 1H NMR 

spectroscopic analysis, where aliquots were immediately cooled, diluted in CDCl3 and 

filtered through a Celite® pad before recording the NMR spectra. Reaction progress 

can also be directly obtained from the IR spectra, but due to poor resolution the NMR 

spectroscopic assay was chosen for kinetic analysis. 35 can be seen forming in an 

exponential fashion in a reaction that lasts for about 30 minutes before tailing off (k = 

1.8 ± 0.4 × 10-3 s-1 at 100 °C), which may be due to the extensive catalyst degradation 

observed. The rate throughout the reaction was also obtained, where a typical curve 

can be seen of the rate decreasing as the reaction progressed, arising from a 

combination of both lower substrate and catalyst concentrations. Of the newly formed 

complexes in the reaction, there is one tetracarbonyl manganese species which show 

high similarity to 10. However, closer inspection of the spectrum reveals that there is 

a slight difference between these two species and the new complex 71 (bands at 2071, 

1987 (br) and 1943 cm-1 compared to 2078, 1996, 1982 and 1941 cm-1 for 10) is most 

likely a manganacycle of high structural similarity to 10. This species is consumed at 

k = 1.9 ± 0.2 × 10-3 s-1 (at 100 °C), which is concomitant with the formation of the 

organic product 35 (k = 1.8 ± 0.4 × 10-3 s-1 at 100 °C), indicating that 71 is the identity 

of the catalyst resting state. Further experiments are however required for that to be 

confirmed. 

The inability to observe 10 in solution may arise from it being transient in the reaction 

and consumed at too high a rate, making it undetectable on the timescale of the 

experiment (1 min). It could alternatively indicate a different pre-catalyst activation 

pathway, which does not involve the formation of 10. Such an mechanism is not 

unlikely due to the relatively high thermal stability of the tetracarbonyl manganacycle 

(10 can be prepared in refluxing hydrocarbon solvents, such as toluene, petrol, hexane 

and heptane)23, 94, combined with the fast reaction time of about 30 minutes. 
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Figure 5. In operando IR study of the reaction between 34 and 33 using 31 as pre-catalyst with Cy2NH 

as additive. (a) IR spectra of the reaction in the metal carbonyl region at various timepoints and a 

reference spectrum of 10. Key; blue circle = 10, green circle = 31, red circle = 71, grey cross = unknown 

Mn-carbonyl species and gold star/diamond = Mn degradation complex. Reaction conditions (in order 

of addition); n-Bu2O (10 ml), 33 (8.32 mmol, 2 eq.), 34 (4.16 mmol, 1 eq.), Cy2NH (0.83 mmol, 20 

mol%) and 31 (0.42 mmol, 10 mol%) at 100 °C under argon atmosphere. (b) Kinetic plot of the 

formation of alkene product 35 (black squares, determined by ex situ 1H NMR spectroscopy) and the 

formation and depletion of 31 (green circles, band at 2054 cm-1) and 71 (red circles, band at 2071 cm-

1), extracted from (a). (c) Comparison between in situ IR spectra at 30 minutes and two different Mn-

hydroxyl clusters. (d) Change of rate of reaction over time using a 4-point smoothening function. 

There are two tricarbonyl manganese species with large absorption coefficients 

appearing during the reaction as the other species deplete, strongly suggesting that 

these complexes are a result of catalyst degradation. Tricarbonyl manganese-hydroxyl 

clusters has been reported by Clerk and Zaworotko95 and exhibit strikingly similar IR 
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bands to the degradation complexes in this reaction. To probe the validity of this 

tentative assignment, two Mn-hydroxyl clusters [(Mn(µ-OH)(CO)3)4] 72 and [Mn7(µ3-

OH)8(CO)18] 73 were synthesised.95 IR spectra of the clusters in n-Bu2O were recorded 

at the reaction temperature and compared to a late timepoint spectrum of the reaction 

(30 min). This proved that there is a good similarity between the clusters (72 = 2012 

and 1900 cm-1, 73 = 2016 and 1906 cm-1) and the degradation complexes (2013 and 

1915 cm-1 for the main species), though they are not the same species. 72 and 73 also 

proved not to be catalytically competent and did not produce any 35 under the reaction 

conditions. 

Carbonyl-containing Ru-alkynyl clusters have been reported by Low and co-workers, 

which was synthesised by reaction with terminal alkynes96. It is possible that similar 

Mn-alkynyl clusters might be formed in the Mn(I)-catalysis as well, as Mn-alkynyl 

species are proposed to be key intermediates in Wang’s mechanism. However, 

attempts to isolate and further characterise the degradation complexes proved 

unfruitful. Due to the reasons mentioned vide supra, it is highly likely that the 

complexes are a variety of manganese-tricarbonyl clusters of which both Mn-hydroxyl 

and Mn-alkynyl derivatives are possible. The broadness of the peaks supports that a 

mixture of species might be formed in the solution.  

 

2.2.2 Determination of Reaction Order in Reagents 

To obtain further information of the Mn(I)-catalysed C–H bond alkenenylation, the 

reaction order of the reagents was determined. If the previously proposed mechanism 

is correct, then the reaction should most likely be first-order in alkyne 34 as only one 

alkyne is involved in any one step (in some steps there are both an alkyne and newly 

formed alkene), except from the product liberation. 33 will be zero-order, unless the 

product liberation is rate-determining as it will be first-order in that instance. There 

should finally be a zero-order dependence of Cy2NH due to it only being involved in 

initial catalyst activation, not proposed to be involved in the generation of product. 

The reaction order in catalyst would be difficult to obtain, due to the extensive catalyst 

deactivation evident throughout the duration of the reaction. Therefore, no order in 

MnBr(CO)5 was determined. 
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Initially, the order in 2-phenylpyridine 33 was determined through the use of an excess 

of alkyne 34 (6 eq.) to obtain pseudo-first order reaction conditions (Figure 6). A 

higher equivalence of alkyne could not be employed due to the corresponding loss of 

solvent. Observed rate constants (kobs) was used as a measure of reaction rates and was 

determined by 1H NMR spectroscopic analysis. After varying the equivalence of 33 

between 1 and 3, a reaction order of 0.87 ± 0.06 was obtained. It is an unexpected 

order, which leads to the creation of two alternative explanations. The determination 

of the order could be inaccurate and the reaction is in reality first order, but that is 

significantly outside the error of the experiment and is therefore unlikely. 

Alternatively, the reaction is more complicated than previously envisaged and contain 

two or more competing mechanisms, which utilise 33 in different amounts. 

 

 
Figure 6. (a) Reaction order determination for 33 using an excess 34 (6 eq.) and amount of 33 was 

varied between 1–3 eq. The linear fit gave an order of 0.32 ± 0.03 (R2 = 0.98). (b) Reaction order 

determination for 34 using an excess 33 (4 eq.) and amount of 34 was varied between 0.5–2 eq. The 

linear fit gave an order of 0.87 ± 0.06 (R2 = 0.99). 

In the determination of the reaction order in alkyne 34, an excess of 33 (4 eq.) was 

used to obtain pseudo-first order conditions (Figure 6). Again, using a larger excess 

of 33 was not possible due to the corresponding solvent loss. The equivalence of 

alkyne was varied between 0.5 and 2 to give an order in 34 of 0.32 ± 0.03, further 

supporting the hypothesis of two or more competing reaction mechanisms. A partial 

reaction order can arise from heterogeneous catalysis, in which, for example, 

nanoparticular metal catalysts are generated in situ.84 However, this is unlikely in this 
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case and it is more than likely that the reaction is more complicated than previously 

thought.  

The final reagent for which the reaction order can determined is the amine base 

Cy2NH, which was varied between 5 and 80 mol%, at the same time as the substrate 

concentrations remains as in the standard conditions (1 eq. 34 and 2 eq. 33). 

Interestingly, a simple linear dependence of ln(kobs) over ln([Cy2NH]) was not obtained 

in this study (Figure 7). The rate increases with increasing [Cy2NH] at low 

concentration, while a rate-independence of [Cy2NH] was found at higher 

concentrations. This can be more clearly seen in the plot of kobs vs. Cy2NH:31 ratio, 

where 20 mol% (Cy2NH:31 = 2) of the base is optimal for the reaction. The unusual 

shape of the curve again suggests that there is a more complicated reaction mechanism 

than was previously proposed. Alternatively, it could mean that the pre-catalyst 

activation pathway is interfering with the monitoring of the rate of reaction, through 

being slow compared to the active catalysis. 

 

 
Figure 7. (a) Reaction order determination for Cy2NH under standard reaction conditions. (b) Effect of 

the base to manganese ratio, where a 2:1 ratio is found to give the optimal reaction rate. 

In summary, it has been determined that the reaction order in reagents 33, 34 and 

Cy2NH, are all complicated, inferring the operation of a complex mechanism, perhaps 

involving multiple mechanisms taking place. Critically, the pre-catalyst activation 



Chapter 2: Mechanism of Mn(I)-Catalysed C–H Bond Alkenylation 

65 

 

could be interfering in the order determination. Thus, further experimental evidence is 

required for more precise elucidation of the reaction mechanism operative under 

standard conditions. 

 

2.2.3 Variation of Manganese Pre-Catalyst 

In an attempt to avoid the pre-catalyst activation step, the reaction was performed using 

10 as pre-catalyst (Figure 8). This study should provide additional evidence for the 

validity of 10 being an intermediate in the entrance into the catalytic cycle. Despite the 

low yielding cyclomanganation step starting from 31 and Cy2NH (31% as shown by 

Wang and co-workers34), 10 mol% pre-catalyst loading was employed to allow for 

direct comparison to the standard conditions.  

Complex 10 could be seen depleting throughout the reaction between 33 (2 eq.) and 

34 (1 eq.), using 10 (10 mol%) as pre-catalyst (Figure 8). This outcome suggests it is 

unlikely as an intermediate in the standard reaction, as it cannot be observed under 

those conditions. Nevertheless, the amount of 10 depletes at a rate of 5.4 ± 0.5 10-3 s-1 

(at 100 °C), which coincides with the appearance of 71 (k = 6.1 ± 0.8 10-3 s-1 at 100 

°C). Once more, the consumption of 71 (k = 1.1 ± 0.1 10-3 s-1 at 100 °C) matches the 

rate of product 35 generation (k = 1.2 ± 0.3 10-3 s-1 at 100 °C). It becomes obvious that 

10 is the pre-catalyst and 71 the catalyst resting state in this reaction. 

The rate of formation of 71 is clearly slower in this reaction (k = 6.1 ± 0.8 10-3 s-1 at 

100 °C) than starting from 31 and Cy2NH, which is too fast for the rate to be accurately 

determined. This creates a paradox if the proposed mechanism is correct, as 10 cannot 

react slower than 31, if 10 is formed as an intermediate in the activation of 31. The 

generation of 35 is also slightly slower using 10 (kobs = 2.6 ± 0.3 × 10-4 mol dm-3 s-1 at 

100 °C for 31 and kobs = 1.8 ± 0.1 × 10-4 mol dm-3 s-1 at 100 °C for 10), which is 

unexpected for the above-mentioned reason of the inefficient cyclomanganation 

reaction to form 10. The rate of product formation throughout the reaction follows a 

similar trend as observed for 31, where it decays over time as the reagents are 

consumed. 
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Figure 8. In operando IR study of the reaction between 34 and 33 using 10 as pre-catalyst. (a) IR spectra 

of the reaction in the metal carbonyl region at various timepoints. Key; blue circle = 10, red circle = 71, 

grey cross = unknown Mn-carbonyl species and gold star/diamond = Mn degradation complexes. 

Reaction conditions (in order of addition); n-Bu2O (10 ml), 33 (8.32 mmol, 2 eq.), 34 (4.16 mmol, 1 

eq.) and 10 (0.42 mmol, 10 mol%) at 100 °C under argon atmosphere. (b) Kinetic plot of the formation 

of alkene product 35 (black squares, determined by ex situ 1H NMR spectroscopy), the depletion of 10 

(blue circles, band at 2078 cm-1) and the formation and depletion of 71 (red circles, band at 2071 cm-1), 

extracted from (a). (c) Comparison between measured and simulated masses obtained from LIFDI-MS 

analysis. (d) Change of rate of reaction over time using a 4-point smoothening function. 

An attempt to find the identity of 71 was conducted using mass spectrometry and 

LIFDI-ionisation (LIFDI-MS), which is a mild technique well suited for the 

observation of transition metal complexes. In the LIFDI-MS spectrum a species 

corresponding to the tetracarbonyl version of the 7-membered insertion complex (peak 
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at 423.03 m/z) is observed, which is formed after C–C bond formation and 

recombination with the displaced CO-ligand. The tricarbonyl derivative can also be 

seen, but in a less intense peak. It is easy to envisage that 71 is the species observed in 

the LIFDI-MS, due to the IR bands expected to be very similar to 10 and the tricarbonyl 

derivative being an anticipated intermediate in the reaction. If the protonation is slow 

and C–C bond formation is fast, it is not unlikely that the spare CO in solution can 

coordinate to the manganese. The binding of CO should be more favourable than π-

coordination to an alkyne and was calculated to be 79 kJ mol-1 stronger (all DFT-

calculations in this chapter was performed by Dr Jason M. Lynam).  

The degradation species which was present in the reaction using 31 and Cy2NH was 

formed in this reaction as well (distinct peaks at 2015 and 1993 cm-1), though in 

different amounts. This suggests that the active catalysis proceeds through the same 

mechanism(s) independent of pre-catalyst, while the preference of a specific 

mechanism or degradation pathway is affected by the reaction conditions employed. 

The presence of Cy2NH and HBr-derived compounds may be the reason for this 

observed difference. There is also a previously unobserved band appearing at 1821 

cm-1 in the reaction employing 10 as pre-catalyst, likely corresponding to a degradation 

species unobtainable from 31 for the reasons mentioned above. 

MnBn(CO)5 19 is a well-known precursor for cyclomanganation reactions14 and is 

therefore much more likely to form 10 as a reaction intermediate compared to 31. 71 

is observed forming (k = 5.4 ± 1.6 10-3 s-1 at 100 °C) as 19 is consumed (k = 6.1 ± 0.4 

10-3 s-1 at 100 °C), in the reaction between 33 (2 eq.) and 34 (1 eq.). Once more, no 

formation of any intermediate species, such as 10, is observed in the solution (Figure 

9). It is of note that the rate of formation of 71 is within error for both 19 and 10 (k = 

5.4 ± 1.6 10-3 s-1 at 100 °C and 6.1 ± 0.8 10-3 s-1 at 100 °C respectively), with 31 being 

faster (formation complete within 3 minutes). At first glance this might indicate that 

the reaction proceeds via 10, but cyclomangantion using MnBn(CO)5 to form 10 

usually takes several hours to complete, so it would be unlikely that this step would 

not affect the rate of the process. Interestingly, for the rate of depletion of 71, 19 (k = 

1.5 ± 0.2 10-3 s-1 at 100 °C) is in the middle between 31 (k = 1.9 ± 0.2 × 10-3 s-1 at 100 

°C) and 10 (k = 1.1 ± 0.1 10-3 s-1 at 100 °C), highlighting that 31 and Cy2NH provide 

a more efficient catalyst system. 



Chapter 2: Mechanism of Mn(I)-Catalysed C–H Bond Alkenylation 

68 

 

 

 
Figure 9. In operando IR study of the reaction between 34 and 33 using 19 as pre-catalyst. (a) IR spectra 

of the reaction in the metal carbonyl region at various timepoints. Key; cyan circle = 19, red circle = 71, 

grey diamond = unknown Mn-carbonyl species and gold star/diamond = Mn degradation complexes. 

Reaction conditions (in order of addition); n-Bu2O (10 ml), 33 (8.32 mmol, 2 eq.), 34 (4.16 mmol, 1 

eq.) and 19 (0.42 mmol, 10 mol%) at 100 °C under argon atmosphere. (b) Kinetic plot of the depletion 

of 19 (cyan circles, band at 2109 cm-1) and the formation and depletion of 71 (band at 2071 cm-1) from 

the different pre-catalysts (red circles = 19, green hollow circles = 31 and blue hollow circles = 10). 

The catalyst degradation complexes discussed vide supra are once again generated in 

this reaction, together with the unknown species at 1821 cm-1. This further supports a 

similarity in mechanism to that of using 10 as pre-catalyst. However, the ratio between 

the different species is different and the observed similarity is much more likely to 

arise from the lack of Cy2NH and “HBr” in solution than pre-catalyst activation 

proceeding via a common pathway. 

One further pre-catalyst was tested in the reaction, Mn2(CO)10 40 is widely used as 

pre-catalyst in Mn(I)-catalysed C–H bond functionalisation35 and also for the 

alkenylation reaction yielding 58% of 35.34 Only 22% conversion was observed in the 

reaction between 33 (2 eq.) and 34 (1 eq.) using 40 (10 mol%) as pre-catalyst and 

Cy2NH (20 mol%) as additive, suggesting a more water sensitive reaction than 

observed with the other pre-catalysts. No new manganese carbonyl containing species 

could be observed in the IR spectra and the product formation show a linear zero-order 

curve. This is unexpected and indicates that the reaction mechanism is different for 
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this complex than the others, possibly involving manganese-radicals. However, this 

warrants further investigation for any conclusions to be drawn. 

 

2.3 Investigation of Pre-Catalyst Activation Pathway 

2.3.1 Selective Monitoring of Pre-Catalyst Activation 

Either the generation of 71 from 31, or the subsequent formation of the organic product 

35, is higher in energy, demanding the high reaction temperatures employed in the 

reaction. Even though 71 is observed as a reaction intermediate, one must take into 

account the many turnovers a catalyst must make in the reaction. The temperature was 

lowered to investigate if 71 could be selectively synthesised and potentially isolated. 

The initial temperature was set to 40 °C and was thereafter increased by increments of 

10 °C. At 40 °C no formation of 71 could be observed, while a slow generation 

occurred at 50 °C and a relatively quick transformation occurred at 60 °C. 71 remained 

in solution for a significant duration of time at 60 °C without noticeable degradation 

taking place, leading to future investigations being performed at 60 °C. It should be 

noted that efforts to isolate 71 from the reaction solution proved challenging and no 

successful attempts were made. 

The reaction between 33 (2 eq.) and 34 (1 eq.) using 31 as precursor (10 mol%) with 

Cy2NH (20 mol%), starting at 60 °C under an argon atmosphere (Figure 10), showed 

the aforementioned 71 forming and remaining in solution. Through crude 1H NMR 

spectroscopy a similar compound to the organic product 35 could be seen at 8% 

conversion, containing an alkene proton (7.04 ppm) close to the position of 35 (7.07 

ppm). The rate of formation of 71 (k = 3.6 ± 0.8 × 10-3 s-1 at 60 °C) matches the 

depletion of 31 (k = 3.4 ± 0.7 × 10-3 s-1 at 60 °C) and no transient intermediates could 

be observed. The lack of observation of 10 in solution further invalidates 10 being a 

reaction intermediate, in particularly as the rate of formation and depletion of 10 

cannot be quicker at 60 °C than 100 °C which would be necessary if it is an 

unobservable intermediate. There are degradation complexes formed in the solution as 

well, which grows in as the reaction progresses. 
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Figure 10. In operando IR study of the reaction between 34 and 33 under standard reaction conditions 

at 60 °C. (a) IR spectra of the reaction in the metal carbonyl region at various timepoints. Key; green 

circle = 31, red circle = 71, grey cross = unknown Mn-carbonyl species and gold star/diamond = Mn 

degradation complexes. Reaction conditions (in order of addition); n-Bu2O (10 ml), 33 (8.32 mmol, 2 

eq.), 34 (4.16 mmol, 1 eq.), Cy2NH (0.83 mmol, 20 mol%) and 31 (0.42 mmol, 10 mol%) at 60 °C under 

argon atmosphere. Propionic acid (1.25 mmol, 0.3 eq.) was added after 30 minutes. (b) Kinetic plot of 

the formation of the depletion of 31 (green circles, band at 2054 cm-1) and the formation and depletion 

of 71 (red circles, band at 2071 cm-1), extracted from (a). 

If 71 is the tetracarbonyl derivative of 7-membered insertion complex 64, then it is 

likely to be sensitive to acid additives. The addition of propionic acid (3 eq. with 

respect to Mn) led to rapid decomposition of 71 and formation of 35 at 5% conversion, 

further supporting the assignment of 71 being the tetracarbonyl insertion complex post 

C–C bond formation. The 8% conversion to the insertion complex is much cleaner 

than the cyclomanganation methodology with Cy2NH as previously shown by Wang 

and co-workers,34 providing a rational for the efficient catalysis taking place under the 

standard reaction conditions.  

Reagents were removed from the reaction in order to further probe the precise 

mechanism of pre-catalyst activation. Firstly, the reaction was performed without 

Cy2NH, using 33 (2 eq.), 34 (1 eq.) and 31 (10 mol%) at 60 °C (Figure 11). As 

expected, no formation of 71 took place while 31 was seen slowly degrading, leading 

to the addition of Cy2NH (20 mol%) after 25 minutes. No kinetic information could 

be obtained for this slow degradation due to the addition of the amine base before the 
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degradation of 31 was complete. The base additive did allow for the generation of 71, 

which formed at the same rate as previously seen under the standard conditions at 60 

°C (k = 4.2 ± 0.7 × 10-3 s-1 at 60 °C and k = 3.6 ± 0.8 × 10-3 s-1 at 60 °C respectively). 

This experiment highlights the proposed necessity of the base additive in the pre-

catalyst activation step.  

 

 
Figure 11. In operando IR study of the reaction between 34 and 33 using 31 as Mn-precursor and no 

base additive at 60 °C. (a) IR spectra of the reaction in the metal carbonyl region at various timepoints. 

Key; green circle = 31, red circle = 71, grey cross = unknown Mn-carbonyl species and gold 

star/diamond = Mn degradation complexes. Reaction conditions (in order of addition); n-Bu2O (10 ml), 

33 (8.32 mmol, 2 eq.), 34 (4.16 mmol, 1 eq.) and 31 (0.42 mmol, 10 mol%) at 60 °C under argon 

atmosphere. Cy2NH (0.83 mmol, 20 mol%) was added after 25 minutes. (b) Kinetic plot of the formation 

of the depletion of 31 (green circles, band at 2054 cm-1) and the formation and depletion of 71 (red 

circles, band at 2071 cm-1), extracted from (a). 

Next the alkyne 34 was removed from the solution (Figure 12) to force the reaction to 

proceed through the formation of 10, in addition to rationalise the reportedly low 

efficiency of this step.34 Apart from the manganacycle, a degradation complex (bands 

at 2025 and 1918 (br) cm-1) is formed, which grows over time in a much slower fashion 

than 10, indicating it is formed post cyclomanganation or in a separate process 

altogether. In a separate experiment it was found that this species is generated from 

simply heating of 10 in n-Bu2O. 
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Figure 12. In operando IR study of the reaction without 34, using 31 as Mn-precursor at 60 °C. (a) IR 

spectra of the reaction in the metal carbonyl region at various timepoints. Key; green circle = 31, blue 

circle = 10, red circle = 71 and grey triangle = unknown Mn-carbonyl species. Reaction conditions (in 

order of addition); n-Bu2O (10 ml), 33 (8.32 mmol, 2 eq.), Cy2NH (0.83 mmol, 20 mol%) and 31 (0.42 

mmol, 10 mol%) at 60 °C under argon atmosphere. 34 (4.16 mmol, 1 eq.) was added after 10 hours. (b) 

Kinetic plot of the formation of the depletion of 31 (green circles, band at 2054 cm-1), the formation of 

the depletion of 10 (blue circles, band at 2078 cm-1) and the formation and depletion of 71 (red circles, 

band at 2071 cm-1), extracted from (a). 

The rate of cyclomanganation (k = 3.2 ± 0.8 × 10-3 s-1 at 60 °C) is roughly the same as 

the rate of formation of 71 with 34 present (k = 3.6 ± 0.8 × 10-3 s-1 at 60 °C). The rate 

of C–C bond formation from 10 has already been established to be slow (k = 1.8 ± 0.4 

× 10-3 s-1 at 100 °C) relative to the cyclomanganation, but 34 (1 eq.) was still added to 

this reaction from which the rate could be determined at 60 °C. At this temperature the 

rate of 71 formation was found to be k = 1.25 ± 0.06 × 10-4 s-1 (at 60 °C), meaning that 

10 would be observed under the standard reaction if it is an intermediate in the pre-

catalyst activation. However, it does not elucidate whether the manganese initially 

reacts with 34 or 33. 

The reaction was thereafter performed in the absence of 33 at 60 °C (Figure 13), where 

neither 71 nor 10 can be formed. 31 was found to still be consumed at a fast rate (k = 

5.4 ± 0.3 × 10-3 s-1 at 60 °C), which is twice that of reaction with 33 instead of the 

alkyne (k = 2.9 ± 0.4 × 10-3 s-1 at 60 °C). This shows that even though the pyridyl 33 

is expected to be a better ligand, the alkyne 34 is seemingly reacting faster with the 
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manganese, also despite 33 being in excess (2:1). The degradation complexes observed 

in the reaction are those found under the standard reaction conditions at 60 °C, and 

kinetic traces shows that they are formed directly from 31 with no observable transient 

intermediates. 

 

 
Figure 13. In operando IR study of the reaction without 33, using 31 as Mn-precursor at 60 °C. (a) IR 

spectra of the reaction in the metal carbonyl region at various timepoints. Key; green circle = 31, grey 

cross = unknown Mn-carbonyl species and gold star/diamond = Mn degradation complexes. Reaction 

conditions (in order of addition); n-Bu2O (10 ml), 34 (4.16 mmol, 1 eq.), Cy2NH (0.83 mmol, 20 mol%) 

and 31 (0.42 mmol, 10 mol%) at 60 °C under argon atmosphere. (b) Kinetic plot of the formation of the 

depletion of 31 (green circles, band at 2054 cm-1) and the formation of two new manganese species 

(grey crosses, band at 2044 cm-1 and gold stars, band at 2022 cm-1), extracted from (a). 

The reaction was performed without both substrates to probe the interaction between 

the base and manganese, coupled with an attempt to detect further reaction 

intermediates (Figure 14). In this reaction using 31 and Cy2NH under catalytic 

conditions at 60 °C, it was found that 31 is consumed much slower (k = 4.9 ± 0.2 × 10-

4 s-1 at 60 °C) than in previous reactions (k = 5.4 ± 0.3 × 10-3 s-1 at 60 °C with 34 added 

and k = 2.9 ± 0.4 × 10-3 s-1 at 60 °C with 33 added). This shows that a substrate (34 or 

33) in combination with Cy2NH is required for rapid reaction with 31, as removing the 

substrates or the base significantly slows down the pre-catalyst consumption.  

When the spectra obtained from the various reactions is compared (Figure 14), the 

reaction without the alkyne 34 is distinctly different in the degradation complexes 

formed. Only the reaction without 33 allows for the formation of the same species as 
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observed in the standard reaction at 60 °C, supporting the activation pathway 

proceeding through initial reaction with the alkyne. 

 

 
Figure 14. In operando IR study of the reaction without 34 and 33 using 31 as Mn-precursor at 60 °C. 

(a) IR spectra of the reaction in the metal carbonyl region at various timepoints. Key; green circle = 31 

and grey triangle = unknown Mn-carbonyl species. Reaction conditions (in order of addition); n-Bu2O 

(10 ml), Cy2NH (0.83 mmol, 20 mol%) and 31 (0.42 mmol, 10 mol%) at 60 °C under argon atmosphere. 

(b) Comparison of the IR spectra taken at 15 minutes under various reaction conditions. 

In addition, the manganese is clearly not able to activate either of the C–H bonds 

without additives. This likely arise due to limitations of the σ-CAM mechanism, where 

the bromide is a poor proton acceptor. The energy of the H–Br σ-complex is, for 

example, predicted (by DFT-calculations) to be 163 kJ mol-1 higher than the 

corresponding H–Bn complex, leading to an unfavourable reaction. In the reaction 

conducted without exogenous base CO is released from 31 allowing for the 

coordination of a substrate which cannot react further, except for in degradation 

pathways. The lack of observation of [MnBr(substrate)(CO)4] intermediates, joint with 

the slow manganese degradation suggest that the substrate binding is reversible with 

an opportunity to degrade. Cy2NH should also be able to reversibly coordinate to form 

a [MnBr(Cy2NH)(CO)4] species in the same manner as for 33 and 34.  

Pentacarbonyl Mn-alkynyl complex 60 was synthesised to probe the activation 

pathway proceeding through initial reaction with the alkyne. Therefore, the reaction 

between 33 (2 eq.) and 34 (1 eq.) was performed using 60 (10 mol%) as precursor 

(Figure 15), with no base required due to the initial C–H activation already taken 



Chapter 2: Mechanism of Mn(I)-Catalysed C–H Bond Alkenylation 

75 

 

place. 60 was found to be remarkably stable as 71 is formed slowly over the course of 

3 hours (k = 2.3 ± 1.3 × 10-4 s-1 at 60 °C compared to k = 3.6 ± 0.8 × 10-3 s-1 at 60 °C 

starting from 31). The slow reaction rate must arise from the high stability of the pre-

catalyst, as the degradation processes are also slow. Therefore, the initial CO-loss is 

likely rate determining and no useful kinetic information can be obtained from this 

experiment. Due to the small amount of 71 in solution, acetic acid was added to 

confirm the presence of the complex.  

 

 
Figure 15. In operando IR study of the reaction between 34 and 33 using 60 as Mn-precursor at 60 °C. 

(a) IR spectra of the reaction in the metal carbonyl region at various timepoints. Key; dark grey circle 

= 60, red circle = 71 and gold star/diamond = Mn degradation complexes. Reaction conditions (in order 

of addition); n-Bu2O (10 ml), 33 (8.32 mmol, 2 eq.), 34 (4.16 mmol, 1 eq.) and 60 (0.42 mmol, 10 

mol%) at 60 °C under argon atmosphere. Acetic acid (4.16 mmol, 1 eq.) was added after 4.5 hours. (b) 

Kinetic plot of the depletion of 60 (dark grey circles, band at 2138 cm-1) and the formation and depletion 

of 71 (red circles, band at 2071 cm-1), extracted from (a). 

The thermal degradation of the pre-catalyst 31 in n-Bu2O at 100 °C was also 

investigated (Figure 16). The reaction revealed an interesting observation, where a 

clean spectrum of Mn2(CO)10 40 was obtained within an hour of heating. 31 quickly 

reacted to form two new species within 4 minutes, one is an unknown tricarbonyl 

complex at 2028 and 1940 cm-1. The other complex is a tetracarbonyl species at 2101, 

2046, 2015 and 1981 cm-1, which correlate well to the literature values for the dimer 

[Mn(μ2-Br)(CO)4]2 74 (2099, 2042, 2011, 1975 cm-1).97 This dimeric manganese 
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complex is synthesised through the simple heating of 31 in hydrocarbon solvent, which 

supports the structural assignment of 74. 

 

 
Figure 16. In operando IR study of the heating 31 in n-Bu2O at 60 °C. (a) IR spectra of the reaction in 

the metal carbonyl region at various timepoints. Key; green circle = 31, orange circle = 74 and purple 

circle = 40. Reaction conditions (in order of addition); n-Bu2O (10 ml) and 31 (0.42 mmol, 1 eq.) at 60 

°C under argon atmosphere. (b) Kinetic plot of the depletion of 31 (green circles, band at 2154 cm-1), 

the formation and depletion of 74 (orange circles, band at 2102 cm-1) and the formation of 40 (purple 

circles, band at 2013 cm-1), extracted from (a). 

Species 74 can thereafter react further in the ultimate formation of Mn2(CO)10 40. Due 

to the substantial spectral overlap between 74 and 40 no kinetic information of 40 

formation can be obtained. The observed formation of the manganese-dimer shows the 

reason for why 40 is formed under these conditions. The consumption of 74 

presumably leads to the degradation of a significant portion of the manganese, possibly 

through the formation of MnBr2 or MnO2. There is a requirement of surplus CO, which 

is why a plausible version of the reaction can be described as; 2[MnBr(CO)4]2 → 

2MnBr2 + Mn2(CO)10 + 6CO. Further studies are required to determine the exact 

mechanism of this process. 

 

2.3.2 Deuterium-Labelling Experiments 

To supplement the investigation, vide supra, deuterium-labelling studies were 

conducted under the reaction conditions at 60 °C. If the pre-catalyst activation 

proceeds via initial cyclomangnation of 33, then there should be no kinetic isotope 

effect (KIE) nor deuterium-erosion in 35 (after addition of acid) if 34-D is used in the 
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reaction. However, the opposite is true if the reaction proceeds through reaction with 

the alkyne first. The reversed trend to 34-D is expected when 33-D5 is used. 

Initially, the reaction using 33 (2 eq.), 31 (10 mol%) and Cy2NH (20 mol%) was treated 

with 34-D (1 eq., 96% D) in n-Bu2O at 60 °C under an argon atmosphere (Figure 17). 

As expected, 71 is seen forming in the IR spectra, concomitantly with the anticipated 

manganese complexes formed by degradation. The rate of formation was found to be 

identical with the reaction using 34-H, which infers a KIE of 1. At first glance this is 

in support of the previously proposed mechanism, where the alkyne C–H bond is not 

broken until the protonation step of the catalytic cycle. Even though that is true, a KIE 

for the Mn-alkynyl pathway might not be expected either. The KIE arises from the 

H/D-effects on the rate determining step of the reaction, which for an Mn-alkynyl 

pathway is likely taking place after the initial activation of the alkyne C–H bond 

(following initial alkyne-manganese coordination). Therefore, a distinct differentiation 

between the two different activation pathways cannot be determined based on the KIE 

obtained. 

After the completion of the reaction and addition of AcOH (1 eq.), the organic product 

35 was isolated by flash column chromatography to determine the amount of 

deuterium-incorporation into the two alkene positions. It can be seen that there is 76% 

deuterium at the C1 position, where either 0 or 100% was expected (0% for initial 

reaction with 34, and 100% with 33). The alkyne-exchange in the π-coordinated 

complex Mn(ppy)(34)(CO)3 63 (which is formed as an intermediate regardless of 

activation pathway) can explain the unexpected D-incorporation. If exchange is rapid, 

a substantial amount of deuterium in the product is expected. A small amount of 

deuterium (8%) can be observed in the C2-position and 2H NMR spectroscopy was 

additionally recorded to confirm the observed deuterium-incorporation.  
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Figure 17. In operando IR study of the reaction between 34-D and 33 under standard reaction conditions 

at 60 °C. (a) IR spectra of the reaction in the metal carbonyl region at various timepoints. Key; green 

circle = 31, red circle = 71, grey cross = unknown Mn-carbonyl species, black circle = unknown Mn-

carbonyl species and gold star/diamond = Mn degradation complexes. Reaction conditions (in order of 

addition); n-Bu2O (10 ml), 33 (8.32 mmol, 2 eq.), 34-D (4.16 mmol, 1 eq.), Cy2NH (0.83 mmol, 20 

mol%) and 31 (0.42 mmol, 10 mol%) at 60 °C under argon atmosphere. Acetic acid (4.16 mmol, 1 eq.) 

was added after 30 minutes. (b) Kinetic plot of the formation of the depletion of 31 (green circles, band 

at 2054 cm-1) and the formation and depletion of 71 from both 34-D (red circles, band at 2071 cm-1), 

extracted from (a), and 34 (hollow red circles). 

When the reaction using 34 (1 eq.), 31 (10 mol%) and Cy2NH (20 mol%) in n-Bu2O 

at 60 °C under an argon atmosphere was treated with 33-D5 (2 eq., >99% D), 71 was 

found to form in smaller amounts than previously observed (Figure 18). A KIE of 1.29 

± 0.16 was obtained, possibly indicating a secondary KIE in this system where the C–

H bond is not broken in the rate determining step yet still has an impact. However, it 

could also suggest a very small primary KIE, as values around 1.3 has previously been 

used to rationalise both primary and secondary KIEs.98, 99 The CO-loss from 63 is 

likely either the rate determining (which might be affected by the H/D-exchange 

leading to a secondary effect) or a competitive step (lowering the value of the primary 

KIE) in the Mn-alkynyl pathway. Further mechanistic evidence is required to 

determine if the effect is primary or secondary. Nevertheless, this supports of an 

activation pathway which proceeds via initial reaction with the alkyne, as it is likely 

that the cyclomanganation of 33 would have a much larger primary KIE.  
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Following the addition of acetic acid and isolation of 35, no deuterium incorporation 

was observed at the C2-position. The 37% incorporation observed could on the other 

hand be seen at the C1-position, again differing from the predicted 0 or 100% (0% for 

initial reaction with 33, and 100% with 34). The exchange of alkyne-ligand on 63 could 

again explain this observation. The differential between predicted and measure D-

incorporation in the two experiments are similar (76 and 63%), consistent with a 

mechanism that is affected by alkyne exchange from the surrounding solution. It could 

also be possible that the lower than expected deuterium incorporation could arise from 

a D/H-exchange taking place before the alkyne reacting with the manganese. Taken 

together, the deuterium-labelling experiments are still in support of the mechanism 

with initial reaction with the alkyne to proceed via a Mn-alkynyl complex. 

 

 
Figure 18. In operando IR study of the reaction between 34 and 33-D5 under standard reaction 

conditions at 60 °C. (a) IR spectra of the reaction in the metal carbonyl region at various timepoints. 

Key; green circle = 31, red circle = 71, grey cross = unknown Mn-carbonyl species and gold 

star/diamond = Mn degradation complexes. Reaction conditions (in order of addition); n-Bu2O (10 ml), 

33-D5 (8.32 mmol, 2 eq.), 34 (4.16 mmol, 1 eq.), Cy2NH (0.83 mmol, 20 mol%) and 31 (0.42 mmol, 10 

mol%) at 60 °C under argon atmosphere. Acetic acid (4.16 mmol, 1 eq.) was added after 30 minutes. 

(b) Kinetic plot of the formation of the depletion of 31 (green circles, band at 2054 cm-1) and the 

formation and depletion of 71 from both 33-D5 (red circles, band at 2071 cm-1), extracted from (a), and 

33 (hollow red circles). 
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2.4 Investigation of Protonation Pathways 

2.4.1 Examination through Stoichiometric Reactions  

Following the pre-catalyst activation investigation, the focus shifted towards the 

catalytic cycle itself. The reaction step involving the depletion of the rate determining 

state is a suitable starting point for the investigation into the mechanism of catalysis. 

The protonation pathway has therefore been studied, and the identity of the proton 

source requires identification and verification. A relatively straight-forward way to test 

the viability of various substrates as the proton source, was to perform stoichiometric 

(with respect to Mn) reactions and thereby limiting the manganese to less than one 

turnover. Variations in reagent amounts should affect product generation and thereby 

the ability of a substrate to perform the protonation can be elucidated. The reactions 

were also run using 10 as the Mn-precursor to avoid implications of pre-catalyst 

activation and the compulsory addition of 33. 

Initially, the reaction between 10 (1 eq.) and 34 (1 eq.) was performed in n-Bu2O at 

100 °C under an argon atmosphere, where the conversion was determined by ex situ 

1H NMR spectroscopic analysis of the crude reaction mixture after 30 minutes (Figure 

19). If the alkyne is responsible for the protonation, then 50% conversion to 35 would 

be the maximum for this reaction. However, only 7% of 35 was observed, while full 

consumption of 10 has occurred and the remaining 2-phenylpyridine was found in two 

unknown compounds and free 33. First is the doubly-alkenylated 2-phenylpyridine 76, 

which was isolated by flash column chromatography (in a separate experiment) and is 

the result from the manganese enabling a further turnover. Compound 76 was formed 

with 5% conversion in this reaction.  

The second unknown compound exhibited four highly distinct peaks in the 1H NMR 

spectra (6.57, 5.70, 4.16 and 3.23 ppm), which are even more shielded than the 

observed alkene proton (6.88 ppm). Distinct IR CO-stretching bands were also 

observed by analysis of the crude reaction mixture (1983 and 1896 cm-1), suggesting 

the presence of a “Mn(CO)3” moiety. This compound (75) was isolated as a brown 

solid through crystallisation from CH2Cl2/pentane, where both the 1H NMR and IR 

stretching bands were retained. After obtaining supporting characterisation data (13C 

NMR spectroscopy, ESI-mass spectrometry and melting point), 75 was assigned as 

being the reductive elimination complex formed from the tricarbonyl insertion 
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complex 77. A manganese-tricarbonyl anion is still coordinated to the pyridinium 

cation generated from the reductive elimination, rationalising the large shielding of the 

pyridinium protons in the 1H NMR spectrum.  

Next, the equivalents of 34 was increased to assess the viability of the terminal alkyne 

as a proton source to be probed. Performing the reaction using two equivalents of the 

alkyne allowed for a slight increase in the generation of 35 to 12% conversion, while 

the amount of 76 significantly increased to 25%. The amount of the reductive 

elimination product 75 did decrease to 64%, arising from the protonation taking place 

more readily. When the equivalents were increased to four, the observed trend 

continued where 35 (17%) and 76 (51%) both boasted higher conversions. The 

conversion to 75 thus significantly decreased to 32%, leading to 76 being the major 

product of the reaction. 

 

 
Figure 19. The effect of increasing amount of 34 in the stoichiometric reaction between 10 and 34. 

Reaction conditions; 10 (0.025 mmol, 1 eq.), 34 (0.025–0.100 mmol, 1–4 eq.) and n-Bu2O (0.6 ml) at 

100 °C under argon atmosphere for 30 minutes.  

The trend emerging is one where the alkyne can perform the proton transfer to form 

the desired organic product 35. However, the formation of 17% 35 using four 
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equivalents of alkyne is inadequate for 34 to solely be responsible for the protonation. 

The large amount of double-alkene product 76 formed under these conditions further 

supports the analysis, as none can be seen under catalytic conditions. There must be 

something in the solution which hinders the reaction from forming 76. Species 33 

could be responsible and can accelerate product liberation through competitive binding 

to the manganese. The reductive elimination complex 75 only appears to be formed 

when there is a small amount of accessible proton source in solution, making the 

reductive elimination pathway competitive. 

To study the viability of 2-phenylpyridine 33 as a proton source, the reaction was 

performed using 10 (1 eq.), 34 (1 eq.) and 33 (1.15 eq., determined by 1H NMR 

spectroscopy) in n-Bu2O at 100 °C under an argon atmosphere (Figure 20). The 

generation of 35 significantly increased to 59% conversion in this reaction, signalling 

a large impact of 33 on the efficiency of the protonation step. 53% of 75 was generated 

and the total conversion was over 100% due to the limitation of the experiment set by 

the one equivalent of 34 used. No doubly-alkenylated compound 76 could be seen, 

partially explaining the large increase in 35 formation. 

It is unclear if the positive effect of 33 on the reaction arises from the protonation event 

itself or from the product liberation step. To deconvolute this, pyridine (1 eq.) replaced 

33 as an additive, achieving 22% of 35 and 68% of 75. Again, no formation of 76 was 

observed, leading to the conclusion that the 2-phenylpyridine has a large impact on 

both steps within the mechanism. The large increase in 35 formation is mostly due to 

its proton transfer capability, while the lack of 76 generation must arise from the 

product liberation ability. 

The final proton source to be tested was H2O, due to its presence in the wet reaction 

solvent and relatively acidic protons compared to 34 and 33. Running the reaction 

between 10 (1 eq.) and 34 (1 eq.) with additional H2O (10 eq.) added leads to a large 

increase in 35 formation (42%). 76 is still formed (9%) in the reaction, while the 

reductive elimination product 75 is only generated in 44% conversion. This result 

confirms that water is capable of performing the protonation in the reaction, while 

finding the competitive coordination in the product liberation step difficult. 
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Figure 20. The effect of external additives in the stoichiometric reaction between 10 and 34. Reaction 

conditions; 10 (0.025 mmol, 1 eq.), 34 (0.025 mmol, 1 eq.), n-Bu2O (0.6 ml) and H2O (0.25 mmol, 10 

eq.) or 33 (0.029 mmol, 1.15 eq.) or pyridine (0.025 mmol, 1 eq.) at 100 °C under argon for 30 minutes. 

 

2.4.2 Deuterium-Labelling Studies 

To confirm the ability of the three reagents (34, 33 and H2O) to act as acids in the 

reaction, deuterium-labelling experiments were conducted. Employing deuterated 

additives allows for the monitoring of the deuterium incorporation into the relevant 

alkene position, and thereby providing supportive evidence for the different 

protonation pathways.  

Initially, the reaction between 10 (1 eq.) and 34-D (4 eq., 96% D) was performed in n-

Bu2O at 100 °C (Scheme 16). The organic products formed post-protonation (35 and 

76) were isolated by flash column chromatography and characterised with 1H and 2H 

NMR spectroscopy. The generation of 35 mirrored the result seen using 34 (17 and 

21% respectively), while formation of 76 was lowered to 29% (51% using 34) and 75 

increased to 50% conversion (32% using 34). This shift in observed conversion might 
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arise from the deuterated analogue finding the protonation step more difficult than the 

protio-derivative. This infers that 75 becomes favoured as the reductive elimination is 

more competitive in this reaction. Comparing the rates of protonation and reductive 

elimination can allow for the confirmation of this hypothesis. 

 
Scheme 16. Stoichiometric reaction between 10 and 34-D and observation of the deuterium-

incorporation into the organic products. 

The deuterium-incorporation into 35 and 76 was monitored and a mixture of deuterated 

alkene-positions were observed. In 35 60% D was found in the C2-position, supporting 

the capability of 34 to perform protonation in the reaction. Unexpectedly, there was 

65% D observed at the C1-position, which indicated a reversibility of the protonation 

step. This reversibility allows for the subsequent C–H bond activation to take place on 

both the alkene (reversed protonation) and on the arene (towards double alkenylation), 

leading to H/D exchange to take place. A similar deuterium distribution was observed 

in 76 (67% D in C1 and 54% D C2), arising for the reasons stated above.  

Utilising 33-D5 (1 eq.) in the reaction between 10 (1 eq.) and 34 (1 eq.), afforded a 

similar amount of 76 (60%, 53% using 33) and 75 (2%, 0% using 33). The amount of 

the desired alkene product 35 was however significantly lowered to 29% (59% using 

33). This reduction is likely the result of a KIE, which makes protonation more 

challenging for the substrate. 
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Figure 21. Stoichiometric reaction between 10, 34 and 33-D5 and determination of the deuterium-

incorporation into the organic products by ESI-MS. 

The monitoring of D-incorporation becomes challenging due to the large amount of 

aromatic C–D bonds in the product. Therefore ESI-MS was utilised to perform this 

task, where a plot of the relative abundance (%) of the possible isomers can be obtained 

from the peak intensities. In this plot the most abundant configuration contains no 

deuterium atoms (m/z 257.1204, 48% abundance, 14% conversion), whereas the 

desired product with one deuterium is present in 17% abundance (5% conversion). The 

products containing four (m/z 261.1456) and five (m/z 262.1518) deuterium atoms 

exhibit a similar trend (17 and 12% abundance, 5 and 3% conversion, respectively), 

where the extra deuterium originate from 33-D5 being incorporated into the reaction. 

The deuterium-labelling observed is supportive of the ability of 33 to perform the 

protonation step in the reaction, while the competition by 34 and H2O most likely is 

responsible for the reduced incorporation observed. 

The final additive to be tested was H2O, whereas D2O (10 eq.) was added to the 

reaction between 10 (1 eq.) and 34 (1 eq.) at 100 °C (Scheme 17). This reaction showed 

large similarities to the protio-version, for the generation of 35 (52%, 42% using H2O), 
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76 (8%, 9% using H2O) and 75 (40%, 44% using H2O). The deuterium-labelling 

resulted as expected in no incorporation into the C1-position and a large amount in the 

C2-position (83%). This is in strong support of water being involved in the protonation 

step within the catalysis. 

 
Scheme 17. Stoichiometric reaction between 10, 34 and H2O and determination of the deuterium-

incorporation into the organic products. 

 

2.4.3 Computational Studies  

The involvement of three different proton sources in the reaction, automatically creates 

three different catalytic cycles. It is highly unlikely that these cycles converge before 

the common alkyne-coordinated Mn(κ2-ppy)(34)(CO)3 is formed. It is difficult to 

experimentally determine the full catalytic cycles due to the lack of observable 

intermediates and direct kinetic information. The mechanism of the catalytic cycles 

involving 34, 33 and H2O were instead investigated using DFT-calculations. The 

computational approach may allow for the exclusion of certain reaction pathways 

(with experimental support) while providing supporting evidence for others, even 

though caution should be taken with the application of gas-phase calculations to 

solution-phase reactions. The validity of the computational model used is discussed in 

Chapter 3.3.1. 

The catalytic cycle resulting from protonation by the terminal alkyne was investigated 

using 10 as a reference point (Scheme 18). The C–C bond is initially formed through 

the predicted pathway reported by Wang,34 where initial alkyne-coordination is 

followed by insertion into the C–Mn bond. After the formation of the 7-membered 

insertion complex, the tetracarbonyl version 71 is significantly lower in energy than 

tricarbonyl 77 (ΔG = -51 and -16 kJ mol-1 respectively) This shows why 71 is observed 

as the catalyst resting state. Nevertheless, 77 arises from the calculations as being the 

divergence point, where the catalyst can proceed through either protonation, reductive 

elimination or double insertion, i.e. where the fate of the products formed is decided. 
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Using 34 as the substrate leads to a high energy transition state TS77-75 (ΔG = +106 kJ 

mol-1) and product 75 (ΔG = +67 kJ mol-1) for the reductive elimination pathway. This 

is significantly larger than the highest energy transition state TS79-65 (ΔG = +80 kJ 

mol-1) in the protonation pathway by the terminal alkyne, highlighting why forcing 

stoichiometric reaction conditions are required for 75 to be generated. 

The protonation pathway for 34 (from 77) starts with formation of the alkyne-bound 

complex 78 (ΔG = +46 kJ mol-1), before rearrangement to bind as a σ-complex to the 

terminal C–H bond in complex 79 (ΔG = +69 kJ mol-1) occurs. This place the proton 

in position to be transferred across the C–Mn bond through transition state TS79-65 (ΔG 

= +80 kJ mol-1). The energy suggested by theory explains the high temperatures 

required for the protonation to proceed experimentally. The proton-transfer finally 

generate Mn-alkynyl species 65, with product 35 still κ2-bound to the manganese. 65 

is lower in energy (ΔG = -49 kJ mol-1) by 33 kJ mol-1 than 77, suggesting protonation 

could be irreversible. However, the similar energy of TS77-75 to the required input 

energy needed to reverse the protonation (ΔG = 122 and 129 kJ mol-1 respectively) 

shows that proton transfer can be reversed in the reaction.  

The protonation step by 33 is initiated by the N-coordination of the 2-phenylpyridine 

to form complex 80 (ΔG = +18 kJ mol-1). Thereafter the rearrangement to form a σ-

complex to an ortho C–H bond in 81 (ΔG = +51 kJ mol-1) occurs, before the subsequent 

proton transfer event takes place via transition state TS81-82 (ΔG = +84 kJ mol-1). After 

protonation the alkene product 35 is still bound as a σ-complex in 82 (ΔG = -19 kJ 

mol-1), which is replaced by a low energy π-complex 83 (ΔG = -16 kJ mol-1). The final 

complex to be formed in these calculations is the N-bound complex (ΔG = -54 kJ mol-

1) and as expected is the thermodynamically most favourable configuration. The 

relatively high energy of 82 suggests that this process is reversible as the activation 

barrier for reverse proton transfer is 3 kJ mol-1 lower in energy. 
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Scheme 18. DFT-calculated protonation pathways for 34, 33 and H2O. Calculations were performed at 

the (RI-)BP86/SV(P) level. Energies are zero-point energy-corrected energies (top) and Gibbs energies 

at 298 K (bottom) in kJ mol-1. (a) C–C bond formation step from 10 and 34, followed by all three 

possible protonation pathways and structures relating to 34. A comparison to the reductive elimination 

pathway for 34 is also included. (b) Structures relating to the protonation pathway mediated by 33. (c) 

Structures relating to the protonation pathway mediated by H2O. 

H2O is also found to be an efficient ligand in initial binding to the manganese to form 

O-bound complex 84 (ΔG = +28 kJ mol-1). No rearrangement is required for the proton 

transfer, thus the process proceeds through high energy transition state TS84-85 (ΔG = 

+112 kJ mol-1) to form hydroxyl-complex 85 (ΔG = -8 kJ mol-1). The high energy 

transition state is problematic for this pathway to be competitive, but it is still possible 

that it occurs when enough water is present in solution. The process should also be 

reversible as the reverse proton transfer is 8 kJ mol-1 lower in energy. 

 

2.5 Reaction with Internal Alkyne 

The ability of 33 and H2O to perform the protonation in the reaction raises questions 

about why the internal alkynes are not productive in the formation of the alkene 

product 89. Whether the lack of reactivity arises from inability to take part in the proton 

transfer step (accepting the proton from 33 or H2O), inhibition of the manganese 
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catalyst or inability for the pre-catalyst activation step to proceed, will have a large 

impact on the understanding of the catalytic system. Therefore, studies into this 

“unreactive” system were conducted. 

The reaction between 33 (2 eq.) and diphenylacetylene 21 (1 eq.) was performed under 

the standard reaction conditions using 31 (10 mol%) as pre-catalyst (Figure 22). 

Species 31 was again rapidly consumed in the reaction (< 3 min) and replaced by a 

few new species, of which one is a transient unknown tricarbonyl manganese complex 

(band at 1991, 1907 and 1897 cm-1). 10 can, as expected, be observed in the reaction 

(distinct peak at 2078 cm-1) next to a species which resembles 71. This species was 

tentatively assigned as tetracarbonyl insertion complex 91, formed post C–C bond 

formation with 21 (distinct band at 2069 cm-1). These two manganese complexes 

exhibit similar reaction rates, in the rapid formation and subsequent depletion on 10–

20 minute timescale, from which a new tricarbonyl complex 86 is generated. There 

was still a minor species remaining after the reaction was seemingly complete but has 

transformed into 86 after several hours, rendering only 86 present in the IR spectrum. 

 

 
Figure 22. In operando IR study of the reaction between 33 and 21 using 31 as pre-catalyst with Cy2NH 

as additive. (a) IR spectra of the reaction in the metal carbonyl region at various timepoints. Key; blue 

circle = 10, green circle = 31, red circle = 91, hollow black circles = 86 and grey cross/hash = unknown 

Mn-carbonyl species. Reaction conditions (in order of addition); n-Bu2O (10 ml), 33 (8.32 mmol, 2 eq.), 

21 (4.16 mmol, 1 eq.), Cy2NH (0.83 mmol, 20 mol%) and 31 (0.42 mmol, 10 mol%) at 100 °C under 
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argon atmosphere. (b) Kinetic plot of the formation of reductive elimination product 86 (hollow black 

circles, band at 1897 cm-1) and the formation and depletion of 10 (blue circles, band at 2078 cm-1) and 

71 (red circles, band at 2071 cm-1), extracted from (a). 

This new tricarbonyl complex 86 show a large resemblance to the reductive 

elimination complex for the terminal alkyne and was successfully isolated by 

crystallisation from CH2Cl2/pentane. It was found to be stable where strong acid (HCl) 

or silica gel was required for degradation of the complex. The distinctive 1H NMR 

spectroscopic peaks for the pyridinium-protons are present and an X-ray structure was 

solved for this complex (Figure 23), where it was confirmed that the manganese 

tricarbonyl anion has emerged as coordinated to the pyridinium ring. Mn–C bond 

distances confirms that the four C–H atoms in the pyridinium are coordinated to the 

manganese. This Mn-coordination allows for the planar pyridinium ring to distort and 

form a boat-conformation, suggesting a loss of aromaticity.  

 
Figure 23. X-ray crystallographic structure of reductive elimination complex 86. 

The rate of consumption of the manganese intermediates provide insight into the 

relative ease of the reductive elimination process. The slower rate of decay and 

linearity for 10 (k = 2.0 ± 0.4 × 10-3 s-1 at 100 °C) compared to 91 (k = 5.1 ± 0.6 × 10-

3 s-1 at 100 °C), indicates that the reductive elimination proceeds at a slightly quicker 

rate than the C–C bond formation. Therefore, the consumption of 10 (CO-loss) 

becomes rate determining for the formation of the reductive elimination complex (k = 

2.4 ± 0.1 × 10-3 s-1 at 100 °C). 

Additionally, DFT-calculations were employed to explore the rationale behind the 

preference for reductive elimination over any protonation pathways. Starting from the 

tricarbonyl manganese insertion complex, the transition state for reductive elimination 
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and protonation by 2-phenylpyridine 33 (+123 kJ mol-1 and +104 kJ mol-1 

respectively) were found to be highly similar as when using terminal alkyne 34 

(Scheme 18). Therefore, no insight into why the reductive elimination is favoured for 

the internal alkyne were obtainable through the DFT-calculations.  

The reaction was repeated using 10 (10 mol%) as the pre-catalyst and no amine base 

additive was employed (Figure 24). The cleanliness of the IR spectrum recorded is 

quite striking, where only 10, 91 and 86 can be observed, suggesting complete 

conversion with respect to manganese. The rate of formation of 86 (k = 2.4 ± 0.1 × 

10-3 s-1 at 100 °C) is identical (within error) to the reaction starting from 31 (k = 2.4 ± 

0.1 × 10-3 s-1 at 100 °C). This result supports the rapid base-assisted cyclomanganation 

pathway to form 10 from 31, proceeding via tetracarbonyl manganese intermediates, 

suggesting that 10 is a reaction intermediate rather than an off-cycle species. This also 

highlights that 10 should be observed in the reactions using the terminal alkynes, if the 

pre-catalyst activation pathway proceeds through this manganacycle.  

 

 
Figure 24. In operando IR study of the reaction between 33 and 21 using 10 as pre-catalyst. (a) IR 

spectra of the reaction in the metal carbonyl region at various timepoints. Key; blue circle = 10, red 

circle = 91 and hollow black circles = 86. Reaction conditions (in order of addition); n-Bu2O (10 ml), 

33 (8.32 mmol, 2 eq.), 21 (4.16 mmol, 1 eq.) and 10 (0.42 mmol, 10 mol%) at 100 °C under argon 

atmosphere. (b) Kinetic plot of the formation of reductive elimination product 86 for both precursors 

10 (hollow black circles, band at 1897 cm-1) and 31 (hollow green circles). 
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Monitoring the reaction between 33 (2 eq.) and 21 (1 eq.) at 60 °C using 31 (10 mol%) 

and Cy2NH (20 mol%), produced a significantly slower reaction profile (reaction 

complete after ~ 5 hours) but the reductive elimination product 86 was still produced. 

This shows that the reductive elimination for internal alkynes is even more favourable 

and readily accessible than the protonation and reductive elimination pathways for the 

terminal alkynes. Small amounts of new degradation complexes could be observed at 

longer times, most likely arising due to the slow C–C bond formation. These are not 

common with those observed for the terminal alkyne under the same reaction 

conditions. 

 

 
Figure 25. Stoichiometric reaction between 10 and 21 at 100 °C in n-Bu2O, monitored by in situ 1H 

NMR spectroscopy. (a) Unlocked 1H NMR spectra in the aromatic region through the reaction progress. 

(b) Kinetic trace for the depletion of 10 (blue circles) and formation of 86 (hollow black circles), 

extracted from (a). 

The C–C bond formation step was also monitored using in situ NMR spectroscopy, 

where a Young’s tap NMR tube containing the reaction mixture was inserted into the 

NMR spectrometer and heated to 100 °C. Recording 1H NMR spectra every 5 minutes 

allowed for the observation of the reductive elimination product 86 forming (Figure 

25). The kinetic curve halts at 62%, which is likely caused by the lack of stirring in 

solution. More important is the lack of paramagnetic manganese species generated. 
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These complexes are readily formed under standard reaction conditions and this 

experiment shows that the pre-catalyst activation and protonation pathways are most 

likely the cause for these species forming, with only minor loss of resolution within 

the 1H NMR spectrum occurring.  

 

2.6 Formulation of a Full Reaction Mechanism 

2.6.1 Analysis of Results 

The various parts of the reaction mechanism have been investigated in this study and 

links to the previously proposed mechanism have been made, leading to both 

supporting and contradictive results. The outcomes from these experiments can be 

compiled in the generation of a full reaction mechanism for the Mn(I)-catalysed C–H 

bond alkenylation, using both terminal and internal alkynes.  

Firstly, understanding the pre-catalyst activation pathway is important for future pre-

catalyst development, among other reasons. Wang and co-workers proposed a pre-

catalyst activation that proceeds through initial C–H bond activation of the 2-

phenylpyridine 33.34 This proposal has been widely accepted as a general pre-catalyst 

activation pathway in the Mn(I)-catalysed C–H bond functionalisation field.32 The 

main supporting experimental data for this pathway is the ability of 33 to 

cyclomanganate in the presence of amine base Cy2NH to form Mn(ppy)(CO)4 10.  

The existence of a base-mediated cyclomanganation step was confirmed in this study, 

where the in operando IR spectroscopic data show a rapid (k = 3.2 ± 0.8 × 10-3 s-1, at 

60 °C) C–H bond activation step. However, the addition of phenylacetylene 34 to this 

solution resulted in sluggish (k = 1.25 ± 0.06 × 10-4 s-1, at 60 °C) C–C bond formation. 

For obvious reasons this raises doubts in the validity of this being the pre-catalyst 

activation pathway in this reaction, when the initial C–C bond formation with all 

reagents present is significantly quicker (k = 3.6 ± 0.8 × 10-3 s-1, at 60 °C). Additional 

doubts arise from the lack of 10 observed in the standard reaction at both 60 and 100 

°C, while showing the formation and depletion of 7-membered insertion complex and 

resting state 71 instead.  

As a rationale for the slow C–C bond formation, questions might arise about the 

reaction proceeding directly to a tricarbonyl manganese species instead of the 
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tetracarbonyl 10. However, DFT-calculations support a mechanism proceeding via a 

tetracarbonyl pathway, which does not require a second CO-loss from the precursor 

MnBr(CO)5 31. Additionally, in the event of a Mn(ppy)(S)(CO)3 species forming in 

the reaction, there will be a competition between 34 (C–C bond formation) and CO 

(10 formation) for the substitution of the solvent ligand. CO is a much stronger ligand 

than both 34 and the internal alkyne 21, which are predicted (through DFT-

calculations) to be much weaker ligands than CO (+79 and +81 kJ mol-1 respectively). 

This means that even if a tricarbonyl cyclomanganation mechanism is correct, the 

formation of 10 would still occur and it should be observed in many of the reactions 

conducted. 

 
Scheme 19. Simplified pre-catalyst activation pathways identified in this study. 

An alternative pre-catalyst activation pathway must be occurring, where either Cy2NH 

and/or 34 are involved from the start. The reaction between 31 and Cy2NH at 60 °C 

disproved the initial formation of a manganese-amine complex, due to a slow reaction 

(consumption of 31; k = 4.9 ± 0.2 × 10-4 s-1 at 60 °C) between the two reagents being 

observed, forming species that are not observable under the standard conditions at the 

same temperature. The reaction under standard conditions at 60 °C, withholding the 
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base-additive, proved that Cy2NH is required in the initial pre-catalyst activation. This 

means that the combination between terminal alkyne 34 and Cy2NH is most likely 

responsible for the rapid pre-catalyst activation.  

Performing the standard reaction at 60 °C in the absence of 33 leads to the rapid 

consumption of 31, even faster than with 33 in the solution (k = 5.4 ± 0.3 × 10-3 s-1 at 

60 °C and k = 3.4 ± 0.7 × 10-3 s-1 at 60 °C respectively). The process is also quicker 

than the base-assisted cyclomanganation of 33 (k = 3.2 ± 0.8 × 10-3 s-1 at 60 °C), which 

explains why the pre-catalyst activation pathway proceeds via initial reaction with the 

terminal alkyne. The degradation species observed in this reaction match those seen 

under the standard conditions, further supporting reaction with 34 being the initial pre-

catalyst activation step. The slower rate under standard conditions indicates that the 

initial substrate binding is reversible, as 33 is expected to bind better than 34 and is 

additionally in excess (2:1). As the subsequent C–H bond activation is evidently faster 

for the terminal alkyne than the 2-phenylpyridine, a preference for a pathway involving 

the formation of Mn-alkynyl species is evident. Interestingly, none of the manganese 

species appear to proceed via the cyclomanganation pathway as even small amounts 

of 10 or corresponding degradation complexes should be observed in the various 

experiments performed. 

Potentially impacting the initial C–H bond activation, is the unexpected deuterium-

labelling studies performed for the pre-catalyst activation pathway where loss/gain on 

the C1 alkene position took place. These reactions suggests that C–H bond activation 

might be reversible but likely not readily, due to the intermolecular nature and low 

acidity of the conjugate ammonium acid. However, this cannot be completely excluded 

without further examination. A more probable explanation of the unexpected results is 

the possible exchange of alkyne ligand from the alkyne-coordinated complex 63 

formed after the second C–H bond activation. Nonetheless, these results do not support 

the cyclomanganation activation pathway, as no H/D-erosion should be observed 

regardless of potential alkyne-exchange processes. 

Under the standard reaction conditions at 100 °C, 10 can, as expected, not be observed. 

Instead 71 forms and disappears as the reaction progresses, exhibiting the same 

behaviour as the reaction at 60 °C but at a faster rate. The reaction utilising 10 as pre-

catalyst with no base additive showed a significantly slower rate of formation and 
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depletion of 71, again supporting the Mn-alkynyl activation pathway. Even the known 

cyclomanganation precursor MnBn(CO)5 19 is found to proceed via the alternative 

activation pathway, though in a slightly slower fashion. These results show that the 

mechanistic interpretation made at 60 °C holds true even at higher reaction 

temperatures.  

As a final comment on the pre-catalyst activation pathway, it should be mentioned that 

the involvement of a Mn-alkynyl pathway is not necessarily thermodynamically 

preferred, but the preference arises instead from the process being kinetically driven. 

There is a narrow difference between the two pathways, which means that small 

alterations to the substrates may have a large impact on the pre-catalyst activation.  

The reaction with internal alkyne 21 under the standard reaction conditions is found to 

proceed with 10 being a reaction intermediate to eventually form the reductive 

elimination product 86 (Scheme 19). In this reaction there is no choice of pre-catalyst 

activation pathway and the only accessible version is utilised. In the reaction, both 10 

and 91 are observed forming and disappearing as the reaction progresses, with slower 

rate of depletion for 10 (k = 2.0 ± 0.4 × 10-3 s-1 at 100 °C for 10 and k = 5.1 ± 0. 6 × 

10-3 s-1 at 100 °C for 91). This means that the reductive elimination and C–C bond 

formation is of similar rate, with the former being slightly faster. The overall reaction 

time of roughly 20 minutes shows that a reaction progressing through the initial 

cyclomanganation pathway does not necessarily need to exhibit a significantly slower 

reaction rate.  

The reaction using 10 as the pre-catalyst exhibit nearly identical formation of 86, 

highlighting the C–C bond formation being much slower than the initial C–H bond 

activation for this pathway. This again supports that 10 should have been observed in 

the reactions with the terminal alkyne, if this was a true reaction intermediate in those 

cases.  
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Scheme 20. Reaction pathway for internal alkynes. 

Through both the experimental results mentioned above and supplementary DFT-

calculations, the rational for the internal alkyne being unproductive in the desired 

alkenylation reaction is due to the strong preference for the reductive elimination 

(Scheme 20). The reductive elimination is energetically favourable compared to the 

protonation pathways, which combined with the process being intramolecular makes 

the protonation pathways inaccessible using any reagents in this methodology (see 

progress made in Chapter 4). In contrast, the reductive elimination for the terminal 

alkyne is substantially higher in energy than the protonation pathways and is only 

accessible under forcing stoichiometric conditions.  

The mechanism of the C–C bond formation step, preceding any protonation or 

reductive elimination pathways, is thought to proceed via the previously proposed 

mechanism,34 where the alkyne is π-coordinated to a “Mn(κ2-ppy)(CO)3” moiety 

before inserting in a concerted fashion into the C–Mn bond. This directly generates 

the tricarbonyl manganese insertion complex, which rapidly converts to the 

tetracarbonyl resting state in 71 or 91. DFT-calculations support this mechanism, in 

addition to the extensive studies on these and related C–C bond formations discussed 

in Chapter 3.  
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The second of the main alterations to Wang’s proposed mechanism34 (in addition to 

the pre-catalyst activation pathway) is the addition of two further catalytic cycles. 

Through stoichiometric reactions between manganacycle 10 and terminal alkyne 34, 

the protonation pathway by the alkyne was validated, though the observed efficiency 

was found to be lower than expected if it is the sole acid in the reaction. The addition 

of 33 and H2O (in separate experiments) showed that both 2-phenylpyridine and water 

are more than capable to perform the protonation step (Scheme 21). These results were 

supported by deuterium labelling-experiments, where the incorporation of deuterium 

into the C2 alkene position occurred using deuterated additives. Computational studies 

were also employed and revealed that all three pathways are achievable in the reaction, 

with the protonation by water being higher in energy than the other two.   

It is clear from these results that there are three distinct protonation pathways in the 

reaction, yet the ability of these to proceed through a subsequent C–H activation step 

is not necessarily certain. It does appear from the results that the alkyne is able to 

complete the catalytic cycle, due to the large formation of the double alkene product 

76 under stoichiometric conditions. The C–H bond activation step results directly from 

the proton transfer for 33, while the ability of the water (Mn-OH species) to perform 

this task is not confirmed. However, it is easily envisaged that the resulting Mn-

hydroxyl complex formed post protonation can perform the C–H bond activation. This 

needs further experimental support, such as isolation and testing of one of the Mn-OH 

intermediates, to allow for the confirmation of this reaction pathway. The invalidation 

of this mechanism is, however, not possible for the same reasons stated. 

The presence of three different catalytic cycles explains the reaction orders for 33 (0.87 

± 0.06) and 34 (0.32 ± 0.03). The quantities of each reagent required differs in each of 

the catalytic cycles, leading to complex orders as a result. If the cycles were to be 

investigated individually, the preference for each cycle can be linked back to the order 

obtained, requiring further studies to be performed. 
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Scheme 21. Simplified scheme of the possible protonation pathways in the Mn(I)-catalysed C–H 

alkenylation reaction. 

The final part of the mechanism that has been studied is the catalyst degradation 

process, which previously has not been investigated in detail. It was found that the 

degradation species in the reaction show large similarities in the IR stretching bands 

to the Mn-hydroxyl clusters. Such species were independently synthesised and 

compared to the reaction solution. The clusters can easily be envisaged forming as 

side-products from the H2O catalytic cycle, but could alternatively form by from 

interference of water in the other cycles. The broadness of the bands indicates a 

mixture of Mn-hydroxyl cluster species being present, which is expected due to a 

number of different configurations being possible. They are also not formed until the 

protonation pathways are accessible, as the reactions at 60 °C showed no formation of 

these species. Of note is the lack of isolated and characterised species from the 

reaction, meaning that the presence of the proposed clusters cannot be definitively 

proven. However, the resemblance of the IR bands and the formation as a result from 

the catalytic cycles, is enough for a tentative assignment of these degraded catalyst 

species being Mn-hydroxyl clusters. 
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As mentioned, these Mn-hydroxyl clusters are not formed at lower reaction 

temperatures, with new species being observed instead. Through the exclusion of 

reagents from the standard reaction at 60 °C, it could be seen that they are not formed 

when reacting with 2-phenylpyridine 33 in the absence of the alkyne. Additionally, 

they were not formed under standard reaction conditions for the internal alkyne at 60 

°C, but only when the terminal alkyne and Cy2NH was present. This suggests that 

these species are formed from the initial C–H bond activation step of the terminal 

alkyne and is likely arising from the degradation of the alkynyl-complex 

Mn(S)(34)(CO)4 87. Mn-alkynyl clusters are likely the endpoint in these degradation 

pathways and similar compounds are known for other transition metals, supporting a 

tentative assignment of these as Mn-clusters. They should also be formed under the 

standard reaction conditions as 87 is an intermediate in the terminal alkyne catalytic 

cycle. 

 

2.6.2 Description of Mechanism 

The reaction between 33 (2 eq.) and 34 (1 eq.) employing Cy2NH (20 mol%) and 31 

(10 mol%) as the pre-catalyst must start with a CO-loss to form a solvated 

MnBr(S)(CO)4 species 92, which may thereafter proceed through three different 

pathways (Scheme 22). Any of 33, 34 or Cy2NH can coordinate to the manganese, 

where Cy2NH is unproductive and will cause degradation to occur but is present in 

relatively small quantities. The coordination should be reversible and can thereby 

allow for the terminal alkyne to preferentially react, even though the coordination 

should favour the 2-phenylpyridine.  

In Pathway A, the initial C–H activation of the terminal alkyne (not accessible for 

internal alkynes) proceed via a alkyne-coordinated MnBr(34)(CO)4 complex 93, 

where the acidity of the terminal C–H bond should be significantly increased. Cy2NH 

aids in the deprotonation of this species to form Mn-alkynyl complex 87, which leads 

to the formal loss of [Cy2NH2]Br 62. 87 is likely prone to degradation to form Mn-

alkynyl clusters, but may also N-coordinate a 2-phenylpyridine ligand to form complex 

Mn(34)(33)(CO)4 94. From this tetracarbonyl species, CO-loss is required before the 

ortho-C–H bond (on 33) can coordinate via a σ-complex. The proton is thereafter 

transferred to the alkyne through the σ-CAM mechanism to form species 63, where 
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the alkyne is coordinated to the manganese and the 2-phenylpyridine is 

cyclomanganated. This species marks completion of the pre-catalyst activation via 

Pathway A and can proceed to react further. 

In contrast, Pathway B proceed by initial coordination of the 2-phenylpyridine to form 

MnBr(33)(CO)4 95, which requires Cy2NH to perform the C–H bond activation and in 

the process release the bromide, formally generating 62. The C–H activation proceeds 

concerted via a CMD-type mechanism to eventually form Mn(ppy)(CO)4 10. This 

reaction intermediate can thereafter release one of its CO-ligands and π-coordinate an 

alkyne to form species 63, converging the two pre-catalyst activation pathways. It 

should be noted that the terminal alkynes show a preference for Pathway A, exhibiting 

favourable rates. The internal alkynes cannot proceed via this pathway and are thereby 

limited to the slower Pathway B. 

Following formation of intermediate 63, the alkyne can insert into the C–Mn bond to 

generate tricarbonyl insertion-complex 77, which is in equilibrium with the 

tetracarbonyl derivative 71. The latter species is the energetically more favourable 

configuration and is the off-cycle resting state of the catalysis. For further reaction 

steps to proceed, one of the CO-ligands must be lost for a vacant coordination site and 

a reactive 16-electron complex to be generated.  

There are four possibilities in which 77 can react further (excluding CO-coordination), 

deriving from three different protonation pathways and catalytic cycles. Firstly, 77 can 

react with another terminal alkyne, in which the alkyne π-coordinate (78) then form a 

σ-complex (79) to the terminal C–H bond. This σ-complex can transfer its proton in a 

reversible fashion to the alkynyl-ligand, generating the alkene- and alkynyl-bound 

manganese complex 65 (cycle 1). Following release of the organic alkene product a 

solvent molecule can coordinate to generate species 87, from which the C–H bond 

activation will proceed via the same mechanism as pre-catalyst activation Pathway A. 
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Scheme 22. Reaction mechanism of Mn(I)-catalysed C–H alkenylation. 

The second catalytic cycle (cycle 2) involves initial reaction with 2-phenylpyridine, 

where the N-coordinated complex 80 is formed, before rearranging to the σ-complex 

81. After the proton has been transferred to the alkynyl-ligand, the “new” 2-

phenylpyridine has become cyclomanganated. Product release, followed by 

coordination of an alkyne is only required to regenerate 63, completing the catalytic 

cycle. 
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The third cycle (cycle 3) is that of H2O, in which the water coordinate to 77 forming 

complex 84. The reversible proton transfer thereafter takes place generating complex 

85, where the alkene product still is coordinated to the manganese. After product 

release and 2-phenylpyridine coordination, the N-bound σ-complex 96 can transfer a 

proton to the hydroxyl-ligand, forming water and facilitating cyclomanganation of the 

2-phenylpyridine. All these tricarbonyl water/hydroxyl-complexes are prone to 

degradation to form Mn-hydroxyl clusters. Following ligand exchange between the 

water and an alkyne, 63 is regenerated and the cycle is completed. 

The final reaction pathway of 77 is the reductive elimination to form the corresponding 

tricyclic pyridinium complex with a manganese-tricarbonyl anion still coordinated. 

This pathway is the preferred pathway for internal alkynes, outcompeting the above-

mentioned catalytic cycles. The reductive elimination for the terminal alkynes is only 

accessible through limiting the rate of protonation, rendering the reductive elimination 

competitive. 

In conclusion, the remaining mechanistic challenges identified for Mn(I)-catalysed C–

H alkenylation have been met. Through this study different substrate-controlled pre-

catalyst activation pathways has been observed. Direct experimental evidence to 

support the proposed catalytic cycle, in addition to two new catalytic cycles has been 

obtained. All of the catalytic cycles are unfavourable for the internal alkynes and 

reductive elimination is preferred. The observation of several reversible reaction steps 

explains the observed deuterium-scrambling in this complex catalyst system. 
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Chapter 3: Direct Observation of C–C Bond 

Formation and Related Processes 

3.1 Background 

3.1.1 Time-Resolved InfraRed (TRIR) Spectroscopy  

Time-resolved infrared (TRIR) spectroscopy is a powerful analytical technique that 

allows for the monitoring of physical, chemical and biological processes taking place 

on as low as sub-picosecond timescale.100 IR spectroscopy is highly suitable for ultra-

fast measurements due to its high temporal resolution, which is much greater than, for 

example NMR spectroscopy. Additionally, metal carbonyls are good reporters due to 

their high intensity and discrete vibrational transitions in a region (2150-1800 cm.1) 

removed from most other measured IR bands.  

One of the challenges in ultra-fast time-resolved spectroscopy is the precision in time 

determination and the initiation of the process to be observed. Using photolysis to 

initiate the reaction is advantageous due to the ease in controlling the sample 

irradiation and high precision lasers are often used in “pump-probe” experimental 

setups.100 Irradiation can induce a range of processes due to the reactivity of the 

generated excited state, such as non-dissociative fluorescence or phosphorescence and 

ligand dissociation to promote further reactivity. The pump pulse (often UV/Vis) is 

used to excite or activate the sample to be studied and the probe pulse observes the 

changes in the IR spectrum. By varying the delay between these two beams, the 

evolution of the sample over a number of timescales can be monitored.  

A further challenge is vibrational relaxation or cooling, which poses a large problem 

for femtosecond TRIR experiments due to resulting in extensive peak-broadening. 

Transition metal complexes typically cool on picosecond timescales and this effect 

arises from the excited state complex being vibrationally “hot”, where the molecule 

occupying many different vibrational states.101 Due to the vibrational energy well 

being anharmonic and the energy differences between the lower vibrational states is 

higher than higher energy states, the IR bands typically shifts to higher wavenumbers 

and sharpen as they cool. The excess energy is mostly transferred to the surrounding 

solvent and ends with all the vibrationally excited molecules in their ground state. The 

nature of the complex and solvent used affects the rate of relaxation and therefore the 
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earliest times when useful TRIR spectroscopic data can be obtained for other 

processes. For example, HCl in xenon relaxes on second timescale102 and for transition 

metal complex W(CO)6 it takes less than 1 nanosecond to cool.103  

 
Figure 26. Basic concept of time-resolved infrared (TRIR) spectroscopy. 

There are alternative techniques more suitable for the monitoring of processes on 

femtosecond timescales, such as transient-absorpotion (TA) spectroscopy and laser 

mass spectrometry.104 Both techniques are not affected by vibrational cooling or other 

disruptive events taking place at short times. They can provide information on 

electronic transitions and chemical composition, though there are limitation which 

does not exist with IR spectroscopy. For example, there are issues with resolution in 

UV/Vis-spectroscopy and the lack of structural information that can be obtained from 

either technique. Therefore, a mixture of these techniques provides a powerful method 

for the observation of chemical processes taking place on short timescales. 

The range of pump-probe delays that can be observed in a single experiment is another 

issue in TRIR spectroscopy. Time-delays above nanoseconds are often achieved using 

electronic delays,105 while shorter times require high-precision optical delay lines.106 

There are several examples of instrumental setups that can achieve both of these types 

of delays in the same experiment,107-110 with Time-Resolved Multiple Probe 

Spectroscopy (TRMPS) being the most relevant example to the work presented within 

this thesis.82, 111 The operation of TRMPS functions via a “pump-probe-probe-probe…” 

configuration, where the initial pump beam is followed by several probe beams (with 

distinct time-delays between them) before the next pump beam arrives. This means 

that an optical delay line can adjust and achieve the short timescale data, while the 

electronic delay attains the longer times (Figure 27).  
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Figure 27. Simplified schematic view of time-resolved multiple probe spectroscopy (TRMPS), where 

each coloured line represents a measured IR spectrum. 

The times achievable by TRMPS stretches over 9 orders of magnitude, which is greater 

than other reported TRIR systems.82 There have been several studies utilising 

TRMPS112-114 and one example that Towrie and co-workers have used to illustrate its 

proficiency, is the UV-photolysis of W(CO)6 in heptane.111 In this experiment, CO-

dissociation from W(CO)6 took place on sub-picosecond timescale and was too fast to 

be observed. However, the vibrational cooling of the corresponding heptane-

coordinated complex, W(CO)5(heptane), took place over long picoseconds. This 

complex remained stable in solution before being replaced by water, to generate 

W(CO)5(H2O) over the first hundred microseconds. The full range of times achievable 

with TRMPS was required for the two processes to be observed in the same experiment. 

TRIR spectroscopy has also been utilised to study more catalytically relevant systems, 

such as in the formation of rhenium σ-complexes, an observation which is of high 

importance for the σ-CAM mechanism. George and co-workers have using TRIR 

spectroscopy studied examples of Re(η5-C5H5)(CO)2(R) (R = Me, Et, heptane) σ-

complexes, generated by UV-photolysis of Re(η5-C5H5)(CO)3 98 (Scheme 23).115, 116 

These complexes were found to be relatively stable, but a rapid return to the starting 

complex was observed in the presence of excess CO. It was also observed in a 

subsequent study that the initial binding to the rhenium consisted of an equilibrium 

between the σ-complex and the corresponding alkyl hydride complex.117 The latter 

complex must be formed via a reversible oxidative addition and induces a shift to 

higher wavenumber of the rhenium-carbonyl bands in the IR spectra.  
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Scheme 23. Agostic rhenium-alkyl complexes observed using TRIR spectroscopy, reported by 

Calladine et al.118 

In 2010 Calladine et al. reported that σ-complexes could be selectively generated if 

the rhenium precursor was changed to Re(η5-1,2-C5H3(
tBu)2)(CO)2(N2) 100 (Scheme 

23).118 Initial photolysis induce the release of the N2-ligand, with the CO-ligands 

remining bound throughout the experiments. The relatively poor binding ability of N2, 

combined with the vast excess of the alkyl solvent, lead to the formation of the desired 

σ-complex. The change of the Cp-ligand increased the lifetime of the σ-complexes, 

which meant that they could be characterised by NMR spectroscopy. The high stability 

of the σ-complex may explain why the oxidative addition across the C–H bond is not 

observed for this system. 

The mechanism of the hydrogenation of norbornadiene (NBD) to form norbornene 

(NBN), catalysed by chromium, tungsten and molybdenum carbonyl complexes has 

been studied by Poliakoff and co-workers (Scheme 24). TRIR spectroscopy was used 

as a key technique in this study.119, 120 Norbornene is useful in catalysis, not at least as 

an additive in the Pd-catalysed Catellani reaction.121 Poliakoff and co-workers 

managed to show that NBD-coordinated metal-dihydrogen complexes are formed 

from UV-irradiation of M(NBD)(CO)4. The H2 is bonded in a nonclassical manner (σ-

complex) and the complexes are stable if produced at –90 °C, but degrade at higher 

temperatures. 
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Scheme 24. Simplified mechanism proposed by Poliakoff and co-workers on the transition metal-

catalysed hydrogenation of norbornadiene, which TRIR spectroscopy was an instrumental part in the 

investigation.119, 120 

Using TRIR spectroscopy, Poliakoff and co-workers probed the kinetics of the 

processes taking place following photolysis of the M(NBD)(CO)4 complexes. Times 

from microseconds was measured giving the kinetic trace of the solvated 

Mn(NBD)(CO)3(S) forming. The subsequent substitution by another NBD-ligand was 

shown to be a part of the catalytic cycle. Additionally, the hydrogenation step is 

thought to proceed from a σ-complex bound H2 complex in a concerted fashion, where 

the mer- or fac-binding to the metal determines whether the desired norbornene (mer) 

or undesired nortricyclene (fac) is generated.  

TRIR spectroscopy has also been used in the monitoring of the light-induced C–H 

activation step performed by Rh-carbodiimide complexes, reported by George and co-

workers (Scheme 25).122 After initial excitation of Tp*Rh(CNMe)(carbodiimide) 102 

(Tp* = tris(3,5-dimethyl-1-pyrazolyl)borate), the carbodiimide ligand was released 

and the alkyl solvent coordinated through hydrogen-bonding interactions (103). In 

heptane, this complex was found to deplete on longer picosecond timescales as an 

transient alkane-intermediate 104 was formed. The oxidative addition across the C–H 

bond thereafter took place to generate Tp*Rh(CNMe)(H)(C7H15) 105. The rate of this 

transformation was found to depend on both the length of the alkyl chain and on the 

co-ligand, where CO exhibit quicker rates than isocyanides. Computational studies 

were employed to support and expand on the TRIR spectroscopic results and they 

combined to give a full reaction mechanism of C–H activation by the rhodium-

complex. 
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Scheme 25. Photochemical, Rh-mediated terminal C–H activation of heptane, reported by George and 

co-workers.122 

The photochemistry of Cr(bpy)(CO)4 106 has been extensively studied and is of highly 

importance to the work within this thesis, as it is isoelectronic and structurally similar 

to the Mn(I)-complexes. Vlček and co-workers have shown through TRIR and TA 

spectroscopy (Scheme 26) that two triplet excited states (MLCT) are formed from an 

initially generated singlet excited state (MLCT).123, 124 The formation of these two 

triplet states takes place on mid to longer femtosecond timescale,125 while the recovery 

to the ground state occurs over short to mid picoseconds.  

It is possible for CO-dissociation to also occur form the singlet excited state due to 

decreased  fac-C–Cr bond strength126 and solvents such as CH2Cl2 has been observed 

coordinating to the chromium-centre on sub-picosecond timescales.123 Even though 

CO-loss is a minor process in this particular system, it is typically the major process 

for metal-carbonyl complexes.127 Low-lying vacant orbitals of the bpy-ligand provides 

a more favourable formation of the non-dissociative excited states, rather than the CO-

dissociative states which most commonly the lowest-lying orbitals for metal-carbonyl 

complexes.128 
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Scheme 26. Reaction pathways following UV-irradiation of 106, reported by Vlček and co-workers.123, 

124  

 

3.1.2 TRIR Spectroscopic Studies of Manganaese-Complexes 

Photodissociation of carbonyl ligands on Mn(I)-complexes has been investigated using 

TRIR spectroscopy by Aucott et al.,129, 130 where solvent-substitution on 

Mn(ppy)(CO)4 10 was the focus. It was known from previous work that near-UV light 

(355 nm) is suitable for CO-dissociation, as this complex has been investigated as a 

potential carbon-monoxide-releasing molecule (photo-CO-RM).131  

The photodissociation occurs via an initial excitation to form a singlet excited state via 

a metal-to-ligand charge transfer (MLCT, Scheme 27). This short-lived complex was 

not observed in any of the TRIR experiments and therefore is concluded to have a 

lifetime shorter than 0.5 picoseconds. Nevertheless, the excited manganacycle has two 

different pathways through which it can react, where the first is a spin-orbit coupling 

pathway to form a triplet excited state. The relaxation of the triplet excited state is slow 

due to the spin-forbidden transition and can therefore be observed in the experiments. 

However, for 10 it is formed as a major species in solution, while for other 

manganacycles it is generated in larger quantities. For example, for an azobenzene-

derived manganacycle, the triplet excited state is the dominant pathway and vastly 

outcompetes any CO-dissociative processes.129 
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Scheme 27. Initial reaction pathways of Mn(ppy)(CO)4 10 following irradiation (355 nm), reported by 

Aucott et al.130  

The second reaction pathway from the singlet excited state is dissociation of a facial 

CO-ligand to form a 16-electron complex with a vacant coordination site on the 

manganese. This complex is highly reactive, and the lifetime is again too short for it 

to be observed via TRIR spectroscopy. Instead the manganese binds to the solvent in 

which the experiment is performed, to form a more stable 18-electron complex 

(Scheme 27). The mode of binding differs depending on the solvent and the CO 

dissociated is always axial. 

When the photolysis experiment was performed in MeCN, only one species could be 

observed in the TRIR spectroscopic data (Scheme 28). This species was assigned to 

be N-coordinated MeCN-complex 115 and is remarkably stable, as it remains for 

several hours in solution (measured by separate in operando IR spectroscopy).129  

The binding mode differs in other heteroatom-containing solvents such as THF, where 

initially σ-complex 112 is formed (Scheme 28). The regioselectivity of the THF-

coordination could not be determined. The σ-complex was observed to rearrange 

(several 10s of ps) to the more stable O-bound species 113, where no further 

transformations could be observed on the timescale of the experiment (< 1 ms). n-

Bu2O was found to react in a similar fashion as THF, initially forming σ-complex 110, 

which rearranges on longer picosecond timescales to form the stable O-bound complex 

111. DMSO is expected at first glance to behave similar to THF or n-Bu2O, as it 

contains C–H bonds that can form σ-complexes and an oxygen atom which can form 
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a more stable configuration. The experiment in DMSO did find an initial σ-complex 

in 107, which formed both S- and O-bound complexes 109 or 108. Due to there being 

no change in concentration for neither complex after their formation, it was concluded 

that the binding is irreversible over the timescale studied.   

 
Scheme 28. Reactivity of Mn(ppy)(CO)4 10 in various solvents after 355 nm irradiation, reported by 

Aucott et al.129 

A larger difference in reactivity was found when the photolysis was performed in 

hydrocarbon solvents, toluene and heptane. In heptane, an initial C–H σ-complex 116 

was formed and was thought to be a mixture of regioisomers. As expected, these 

complexes are not stable and water is observed to substitute the heptane to bind to the 

manganese. This complex (97) remained in solution for the remainder of the 

experiment. This highlights the kinetically controlled initial binding, while 

thermodynamics determines the configuration of longer-lived species. The experiment 

in toluene proceeds similarly to heptane but is initially coordinated through a π-

coordination to the arene, before forming 97. The final solvent of interest is DCM, 

where Cl-coordinated complex 114 is formed at early times and is thereafter followed 

by the generation of 97.  

Another example of TRIR being utilised to study the photochemistry of Mn(I)-

complexes was reported by Ford and co-worker (Scheme 29), on the near UV 

photolysis of manganese-acyl complex 118.132 Irradiation of 118 using 355 nm light 

is known to yield MnMe(CO)5 6, resulting from the reverse of the migrationary 

insertion reaction, which commonly is used to synthesise the manganese acyl 

precursor. However, the mechanism of this reaction is not clear and therefore TRIR 

was utilised to study this system.  
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Scheme 29. Solvent dependence in the methyl migration from Mn-acyl complex 118 upon 355 nm 

irradiation, reported by Ford and co-workers.132 

The TRIR studies found a solvent dependent reaction mechanism, where non-polar 

hydrocarbon solvents do not coordinate to the manganese after the initial CO-loss. It 

is however highly likely that an initial solvent-binding occur, as the first obtained 

timepoint was after ~150 ns in this reaction setup. Nevertheless, the first observed 

species was the bridged acyl-complex 120, where the oxygen is coordinated to the Mn-

centre. Thereafter, the methyl migration occurs slowly and time-resolved optical 

(TRO) spectroscopy was required for the kinetics to be monitored. 

In polar solvents, such as THF, the solvent-coordination outcompetes the acyl-bridged 

complex and therefore the solvent-adduct was observed in these TRIR experiments. 

This could also arise from the THF-complex being stable enough not to readily lose 

its solvent-ligand. The rate of methyl migration was surprisingly found to be only 

slightly dependent on the solvent used. For example, cyclohexane and THF exhibit the 

same rate of migration (k = 9.0 ± 0.9 s-1 and k = 9.3 ± 1.9 s-1
 respectively). 

The photochemistry of Mn2(CO)10 40 has undergone thorough investigations and is 

has been shown that there are two competitive pathways upon photolysis. The 

preference of each pathway depends on the wavelength of light used. The first pathway 

is the CO-dissociation from 40 to form Mn2(CO)9 122, with bridging carbonyl 
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ligands.133, 134 The second pathway is the Mn–Mn bond cleavage of 40, which 

generates two •Mn(CO)5 124 radicals.135 

It has been found that a wavelength around the λmax (345 nm),136 generates both species 

simultaneously. Flash photolysis experiment,135 TRIR spectroscopy,137 transient-

absorption (TA) spectroscopy136, 138, 139 and ultra-fast mass spectrometry140 have been 

used to probe this dynamic behaviour. The rates for these two processes compared to 

the rate of recombination has been measured and has resulted in more detailed 

mechanistic understanding of the two processes.  

 
Scheme 30. Wavelength dependence on the ratio of 122 and 124 formation and their subsequent 

reactivity.  

Owrutsky and co-workers found through TRIR spectroscopic studies using 400 nm 

light, that 124 is almost exclusively formed under these conditions.141 They also found 

that the radical species is relatively stable and does not deplete within the 500 ps 

window of their experimental setup.  

CO-dissociation becomes more favoured the lower wavelength used, as seen by Weitz 

and co-workers. They used 351, 248 and 193 nm light to excite 40 in the gas-phase.137 

It should be noted that they believe that most of the radical 124 is formed from internal 

excitation, meaning that only CO-dissociation occurs in higher energy light. It has been 

shown through TRIR spectroscopy and photolysis at 310 nm, that CO-dissociation to 

give 122 is the sole process taking place when performed in solution.142 Treatment of 

122 with ligands, such as a phosphines or pyridines, yielded Mn2(CO)9L complexes 

(L = phosphine or pyridine).133, 143 The formation of Mn2(CO)9(py) can directly be 

observed by TRIR spectroscopy from photolysis of 40 in pyridine.142 The addition of 

a second photolysis pump at 532 nm (with 30 us delay after initial 355 nm irradiation) 

following generation of Mn2(CO)9 122, yields another CO-dissociation to form 

Mn2(CO)8 123.144 
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3.2 Instrumentation  

TRIR spectroscopy can be employed in several different experimental setups, as done 

in the examples discussed previously. In this study, Time-Resolved Multiple Probe 

Spectroscopy (TRMPS) is used to achieve timepoints from sub-picosecond to 

millisecond timescales. Many different wavelengths of the pump (to irradiate sample) 

can be achieved, but mostly 355 or 400 nm was used. The choice of wavelength was 

based on the absorption band of the CO-dissociative UV/Vis-band for the individual 

manganese-complexes studied. The tuning of the laser pulse is performed by an optical 

parametric amplifier (OPA). Infrared light was used in the probe beam, to generate in 

situ IR spectra of the solution at desired timepoints. The infrared beam is split into 

two, with one being the reference beam to allow for correcting for variations in the 

laser pulse intensity between different datapoints (Scheme 31).  

To avoid photolysis of photoproducts, the concentration of the manganese-complexes 

must be sufficiently low, while still being high enough to give sharp spectra with good 

signal-to-noise ratio. For the same reason, the reaction mixture must also be flowed 

through the IR cell, which is continuously rastered. The flow is generated by a 

peristaltic pump and the solution is recycled from the solution reservoir to the cell and 

back (Scheme 31). All reactions are performed under ambient conditions, unless 

otherwise stated.  

 
Scheme 31. Schematic view of the experimental setup for TRIR Spectroscopy. 

The timing of the pump and probe beams are controlled by both electronic and optical 

delays, where the optical delays are responsible for shorter sub-nanosecond times and 

the electronic delays achieve the microsecond times. A combination of the two delays 

are used for nanosecond timescales. The main difference between the two 

experimental setups used within this thesis (ULTRA A and LIFEtime) is the length 
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between each pump and probe in the “pump-probe-probe-probe...” sequence, 

mentioned earlier. The pump for both setups runs at a 1 kHz repetition rate, arriving 

every 1 millisecond. For ULTRA A, the repetition rate of the probe is 10 kHz, meaning 

that the probe arrives every 100 microseconds (10 probes per pump). In the LIFEtime 

setup, the repetition rate is much higher (100 kHz), leading to repeated delays every 

10 microseconds. This repetition results in clustering of datapoints appearing in the 

kinetic trace at longer times. A noise pattern can often be observed in the clustered 

data points, which arises from a timing issue with the optical delay line between each 

probe beam (in the “pump-probe-probe-probe...” sequence). The noise pattern is larger 

when monitoring weak IR bands. The IR spectra reported are difference spectra 

obtained by subtraction of a background spectra recorded, leading to lost species being 

negative and newly formed species positive in the change of absorbance.  

As a result of different laser pulse lengths being used for the experimental setups, the 

spectral window that can be monitored is smaller for LIFEtime (180 fs pulse length 

gives ~250 cm–1 spectral window) than for ULTRA A (40 fs pulse length gives ~500 

cm–1 spectral window). This does in some cases lead to a second experiment being 

required when not all IR bands of interest can be collected. In both cases, two detectors 

(measuring the IR spectrum in pixels) are used for the experiment and an overlap 

between them ensures that an accurate IR spectrum is generated. Known calibration 

samples (such as W(CO)6, 1,4-dioxane, polystyrene and/or known bleach bands in the 

experiment) were used to determine the wavenumber for each pixel recorded.  

 

3.3 Monitoring C–C Bond Formation using Phenylacetylene  

3.3.1 C–C Bond Formation in Neat Alkyne 

TRIR spectroscopy is a highly suitable technique for the monitoring of the Mn(I)-

catalysed C–H bond functionalisation processes studied within this thesis. As 

previously mentioned (Chapter 3.1.2), 10 and other Mn(I)-carbonyl complexes tend to 

strongly prefer CO-loss to non-dissociative pathways upon irradiation of UV-light. As 

mentioned in Chapter 2.6, CO-dissociation is key in most steps within both the pre-

catalyst activation and catalytic cycles of the Mn(I)-catalysis, providing a good 

opportunity to use TRIR spectroscopy to study the reaction mechanism in further 

detail. 
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There are at least some steps involved in the pre-catalyst activation pathway which 

require heat and rely on Mn–Br (rather than Mn–CO) bond cleavage. Hence, 

MnBr(CO)5 31 is not a suitable starting point for monitoring the catalysis. Instead 10 

was identified as a near ideal starting point, as the conditions under which CO-

dissociation is achieved are known and this process leads directly into the catalytic 

cycles. Even if 10 is not a reaction intermediate in the catalysis using terminal alkynes, 

the “Mn(ppy)(CO)3” moiety generated is. Replacing the solvent in the photolysis 

experiments previously discussed with a terminal alkyne such as phenylacetylene 34, 

should result in CO-dissociation, alkyne coordination with the potential to observe the 

C–C bond formation. Kinetic information and observation of further reaction 

intermediates may be obtained for this reaction as well.  

 
Figure 28. UV/Vis spectrum of 10 in toluene (8 × 10–5 mol dm–3). 

From previous experiments129 it has been found that a manganese concentration of 

1.5–2.0 × 10-3 mol dm-3 is optimal for strong IR bands to be obtained and for other 

processes such as photolysis of photoproducts not to occur. 355 nm light was chosen 

as it has previously been shown that it allows for close to selective CO-dissociation in 

the photolysis of 1, with little to no triplet excited state formation.129 Higher (400 nm) 

and lower wavelengths (310 nm) generated weaker signals in the IR spectra and thus 

355 nm light was utilised in these experiment. Therefore, a solution of 10 (1.84 × 10-3 
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mol dm-3) in neat phenylacetylene was photolysed using 355 nm light in the ULTRA 

A experimental setup (Figure 29). As expected, there are bleaches (2067, 1988, 1973 

and 1933 cm-1) present at even the shortest time (500 fs) and remaining throughout the 

duration of the experiment (1 ms). These bands correspond to the loss of 10 following 

photolysis. The bleaches appear to recover at longer times, but does so in the same 

fashion as the positive bands and this effect arise for several reasons. For example the 

physical removal of sample (by the flow) from the detection spot lowers the observed 

peak intensity and this can be adjusted for by normalisation.82 

 

 
Figure 29. TRIR study of the photolysis of 10 in neat 34 ([10] = 1.84 × 10-3 mol dm-3), showing the 

formation of various species after irradiation. (a) IR spectra of the reaction showing the metal carbonyl 

region at various timepoints. Negative bleach bands correspond to the loss of 10 after irradiation. The 

green triangle at 1912 cm-1 marks a broad signal corresponding to two overlapping IR bands. (b) Kinetic 
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plot of the formation of 77 (black squares, band at 1896 cm-1) and depletion of 63 (red circles, band at 

1941 cm-1), extracted from (a). (c) Comparison of IR spectra recorded 10 ps after irradiation (in separate 

experiments) of 10 in 34, toluene and styrene. (d) Comparison of IR spectra recorded 1 ns after 

irradiation (in separate experiments) of 10 in 34 and styrene.  

At picosecond timescales a species, 125, was observed in the IR spectra with positive 

bands at 2006 and 1912 (br) cm-1. These bands sharpen over the early picoseconds, 

which most likely due to vibrational cooling and is on the same timescale as previously 

observed for this manganacycle.130 The bands also slightly shift to higher 

wavenumbers due to the Mn–CO bond becoming slightly stronger as the complex 

relaxes, reflecting the anharmonic nature of the vibrational energy well. 

To determine how 34 have bound to the manganese, control reactions in neat toluene 

and styrene was performed. Styrene should behave in a similar manner to 34, when it 

comes to the mode of binding to the manganese. It can be seen that the complexes 

formed at early times (10 ps) in all three experiments are highly similar (Table 1). 

Toluene has already been shown to bind through the π-system129, 130 and it is therefore 

likely that 34 and styrene does so as well. Additionally, a σ-complex should shift the 

IR bands as seen for solvents such as THF or heptane (Table 1). DFT-predicted (all 

DFT-calculations in this chapter were performed by Dr Jason M. Lynam) IR 

frequencies support the assignment of 125 being an arene-bound phenylacetylene-

complex. It is therefore concluded that the initial binding of 34 after CO-dissociation 

proceed via a kinetically selective arene-coordination. It should be noted that the 

predicted IR bands were normalised according to the equation 0.7333x + 567.5 (x = 

IR band to be normalised), which was obtained from a linear regression of a 

combination of all predicted and experimental IR frequencies. 

125 transforms into a new species 63 (bands at 2009, 1944 and 1912 cm-1) within the 

first nanosecond of the experiment, where the rate was determined using an 

exponential growth function (krearr = 3.8 ± 0.7 × 109 s-1 at room temperature). The new 

species should be a more thermodynamically stable complex and therefore it is not 

believed to be a σ-complex. There are instead two main alternatives for the identity of 

63, either an alkyne-coordinated complex or the 7-membered manganacycle 77, where 

the C–C bond formation has occurred. When comparing the IR bands of 63 with the 

bands in styrene at 1 nanosecond, a near identical fit is observed (2006, 1943 and 1911 

cm-1). The band at 1944 cm-1 is highly distinct and has not been observed with any 

solvents previously used with this manganacycle.129 The large shift of the bands to 
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higher wavenumber is consistent with this assignment due to the π-accepting nature of 

the alkyne-ligand, which reduces back-bonding to the carbonyl ligands. This shift is 

also consistent with the DFT-predicted IR bands, and therefore 63 was assigned as an 

alkyne-coordinated complex. 

Table 1. Observed (o) and predicted (p) IR bands for the various intermediates formed during photolysis 

of 10 in 34 and other relevant solvents. Calculations were performed at the (RI-)BP86/SV(P) level. 

Entry Substrate Aro  

/ cm-1 

Arp  

/ cm-1 

Alkyneo 

/ cm-1 

Alkynep 

/ cm-1 

Insertiono 

/ cm-1 

Insertionp 

/ cm-1 

1 PhC2H 34 2006, 

1912 

(br) 

1996, 

1915, 

1893 

2009, 

1944, 

1912 

2010, 

1941, 

1915 

2008, 

1922, 

1899 

2003, 

1925, 

1893 

 

2 Styrene 2003, 

1910 

(br) 

1995, 

1912, 

1892 

2006, 

1943, 

1911 

2006, 

1935, 

1902 

N/A N/A 

3 Toluene 2004, 

1907 

(br) 

1992, 

1910, 

1880 

N/A N/A N/A N/A 

4 THF 

(agostic) 

2011, 

1912 

(br) 

1998, 

1914, 

1889 

N/A N/A N/A N/A 

5 Heptane 

(agostic) 

2019, 

1933, 

1923 

2005, 

1921, 

1899 

N/A N/A N/A N/A 

 

Over the next few hundreds of nanoseconds, the bands for 63 can be seen being 

replaced by a new complex (2008, 1912 and 1899 cm-1, kinsert = 1.35 ± 0.09 × 105 s-1 

at room temperature) which remains in solution for the remainder of the experiment, 

without any detected degradation. This new species exhibits a shift in the IR bands 

back to lower wavenumbers, corresponding to the loss of the alkyne-coordination. The 

insertion of the alkyne into the Mn–C bond is the most obvious reaction that may have 

taken place and the DFT-predicted bands are in agreement with an assignment of 

complex 77. There are no similar IR bands reported for similar complexes, inferring 
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that a direct comparison of IR bands is not possible in this case. Nevertheless, this 

experiment has shown that the C–C bond formation and reaction intermediates 

proposed for Mn(I)-catalysed C–H bond functionalisation can be observed using TRIR 

spectroscopy.  

The validity of the computational model utilised was also investigated, in order to 

confirm accuracy of the predicted IR bands, structure shapes and their respective 

energies. Firstly, the computationally predicted bond lengths were compared 

experimental values (obtained from X-ray crystallographic strucutres) for three 

different 2-arylpyridine-derivatives (Table 2). A good correlation was observed 

between the predicted and observed data, indicating a good accuracy of the 

computational model in predicting the structures of the types of molecules used within 

this thesis. Secondly, the predicted and experimental (more detail in Chapter 3.7.2) 

energy barriers of C–C bond formation were compared between three 2-arylpyridine-

complexes 10, pyrone-derivative 50 and pyridone-derivative 129 (more details about 

the C–C bond formation step for 50 and 129 are described in Chapter 3.4). It was found 

that the experimental values (10 = 44 kJ mol-1, 50 = 39 kJ mol-1, 129 = 34 kJ mol-1) 

were larger than the predicted values (10 = 34 kJ mol-1, 50 = 26 kJ mol-1, 129 = 20 kJ 

mol-1), but the very similar change in energy between the different complexes (for both 

values) shows a good correlation between the computational model and the predicted 

energies of the structures. Finally, the consistent correlation between the predicted and 

observed IR bands (for example those shown in Table 1) supports a good accuracy of 

the computational model to predict the IR bands of the types of structures used within 

this thesis. Due to the structural similarity between the structures calculated in this 

chapter and those in Chapter 2, the same assessment of the validity of the 

computational approach is applicable there. If calculations were to be performed on 

other structures than the manganese-complexes, a new evaluation of the validity of the 

computational model is required.  
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Table 2. Predicted (p) and observed (o) bond lengths for three different 2-arylpyridine derived 

complexes. Calculations were performed at the (RI-)BP86/SV(P) level. Observed bond lengths were 

obtained from X-ray crystallographic structures of 10,145 pyrone-derivative 50,50 and indole-derivative 

130.146 

Entry Complex Mn–COax / Å Mn–COeq / Å Mn–CAr / Å Mn–Npy / Å 

1 10o 1.845(18) 1.809(2) 2.066(16) 2.066(15) 

2 10p 1.842 1.797 2.069 2.164 

3 50o 1.866(3) 1.817(3) 2.042(2) 2.065(19) 

4 50p 1.844 1.820 2.047 2.091 

5 130o 1.841(19) 1.807(17) 2.014(17) 2.058(14) 

6 130p 1.847 1.801 2.025 2.087 

 

 

3.3.2 C–C Bond Formation in Toluene Solution 

The observation made above of the various intermediates involved in the C–C bond 

formation is of high value and provide direct information of the various reaction steps. 

However, the neat alkyne solvent used does not accurately mirror the catalysis, nor 

does it allow for substantial changes to the reaction conditions to further investigate 

the reactivity of the various intermediates. Therefore, it is desired to perform the 

reaction in a co-solvent, which ideally should not be interfering with the desired 

reaction. Toluene was chosen as solvent due to its similarity to 34 and poor binding 

affinity to the manganese, as seen by the prompt substitution by water.  

A TRIR-experiment was conducted with 355 nm irradiation of 10 and 34 dissolved in 

toluene ([10] = 1.70 × 10-3 mol dm-3 and [34] = 0.05 mol dm-3), where the alkyne is 

present in excess (30 equivalents, Figure 30). Initially, a species with IR bands at 2004 

and 1907 (br) cm-1 is formed, which cannot be distinguished between the toluene or 

34 arene-bound complexes due to their spectral similarity. The 200-fold excess of 

toluene to 34 in the reaction makes it highly likely that the species formed consist 

mostly of toluene-coordinated complex 117. The rate of depletion of this species (ksub 

= 3.9 ± 0.6 × 106 s-1 at room temperature) is three orders of magnitude slower than that 

in neat alkyne (krearr = 3.8 ± 0.7 × 109 s-1 at room temperature), further supporting the 

assignment of 117 being the initial reaction intermediate.  
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Figure 30. TRIR study of the photolysis of 10 and 34 in toluene ([10] = 1.70 × 10-3 mol dm-3 and [34] 

= 0.05 mol dm-3), showing the formation of various species after irradiation. (a) IR spectra of the 

reaction showing the metal carbonyl region at various timepoints. Negative bleach bands correspond to 

the loss of 10 after irradiation. (b) Kinetic plot of the formation of 77 (black squares, band at 1899 cm-

1) and depletion of 63 (red circles, band at 1940 cm-1), extracted from (a). 

117 is replaced by alkyne-complex 63, which subsequently inserts into the C–Mn bond 

on a microsecond timescale. The IR bands for both intermediates are virtually identical 

to the species observed in neat 34. The rate of insertion (kinsert = 1.7 ± 0.3 × 105 s-1 at 

room temperature) is statistically identical to the rate in neat alkyne (kinsert = 1.35 ± 

0.09 × 105 s-1 at room temperature), which is consistent with a unimolecular 

mechanism for this reaction step. The kinetic trace of the formation and decay of 63 

could be fitted to an exponential growth and decay function, while the growth of 77 

was fitted once more to an exponential growth function. The observation of the 

insertion under dilute and more catalytically relevant conditions, provide relevant 

information about the overall reaction mechanism. For example, the C–C bond 

formation is very rapid (assuming no interference of other species in solution) 

following initial CO-loss and supports the observation of this step not being rate-

determining in the catalytic cycles.   

The amount of 34 was varied (0.02–0.92 mol dm-3) to probe the concentration 

dependence on the rates of substitution and insertion (Figure 31). Increasing [34] leads 

to a linear enhancement on the rate of substitution, due to the mechanism being 
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bimolecular. This means that a higher concentration of substrate is more competitive 

in binding to the manganese, leading to the increased rate. The rate of insertion on the 

other hand remains constant with increased [34], confirming the unimolecular nature 

of this step. Increasing the amount of substrate does not change the rate, as the substrate 

is already bound to the metal and therefore cannot be impacted by external influence 

under these conditions.  

 
Figure 31. Concentration dependence of 34 on the rate of substitution (ksub, red circles) and insertion 

(kinsert, black squares) in the photolysis of 10 in 34/toluene solution ([10] = 1.89 × 10-3 mol dm-3 and 

[34] = 0.02–0.92 mol dm-3). Slope of linear regression for ksub = 3.32 ± 0.54 × 107 (R2 = 0.91) and kinsert 

= 1.56 ± 0.96 × 104 (R2 = 0.40). 

The selective generation of the tricarbonyl insertion complex 77, provide an 

opportunity to form alkenylated 2-phenylpyridine 35. The only step remaining is the 

protonation, which can be aided by addition of acid additives. Initially, 10 (1 eq.) and 

34 (2 eq.) was irradiated with 400 nm light for 3 hours, using a 5 W LED light source 

on a continuous 2 minutes on/off cycle (Table 3). Surprisingly, 35 could be detected 

in the crude reaction mixture (21%), showing that the reagents are capable of 

performing the protonation even at room temperature. The reaction was performed in 

n-Bu2O, which shows that the strongly coordinating solvent still allows for alkyne 

coordination and subsequent insertion into the Mn–C bond. A control reaction was 

performed without the photolysis, showing no formation of 35. 
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Table 3. Condition screening in the light-induced formation of alkene 35 from 10 and 34.  

 

Entry Additive Solvent Time / h Conversion / %1 

1 None n-Bu2O 3 21 

2 PhCO2H n-Bu2O 3 59 

3 PhCO2H n-Bu2O 16 67 

4 PhCO2H n-Bu2O 48 81 

5 EtCO2H n-Bu2O 3 45 

6 PhCO2H Toluene 3 50 

72 PhCO2H n-Bu2O 3 0 

1Determined by 1H NMR spectroscopy. 2Reaction performed without irradiation. 

The conversion to 35 was, as expected, improved by the addition of an equivalent of 

benzoic acid (59%). Change to propionic acid did not improve the efficiency of the 

reaction (45%) nor did substitution of the solvent to toluene (50%). Increasing the 

duration of the reaction leads to an enhancement in the observed conversion to 35, 

where both 16 and 48 hours exhibited increasing product formation to 67% and 81% 

respectively. This shows that 35 can be generated in good conversion under mild 

reaction conditions. Though the reaction is stoichiometric rather than catalytic, it still 

shows the possibility to utilise photochemical initiation to enhance the efficiency of 

the Mn(I)-catalysis. Further studies are required to fully utilise this concept in the 

development of a synthetically useful protocol for mild Mn(I)-catalysed C–H bond 

functionalisation.  

 

3.3.3 C–C Bond Formation Under Catalytic Conditions 

The ability to monitor the C–C bond formation step diluted in toluene provided an 

opportunity to probe the reaction intermediates and their respective kinetic traces. The 

intention of this experiment was to determine the exact speciation under catalytic 

conditions. 2-phenylpyridine 33 is required in the solution to achieve this but 
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understanding the interaction between the pyridine and the manganese is important, 

before 34 is added to the solution. 

An TRIR-experiment was performed using 355 nm light of 10 and 33 in toluene 

(Figure 32, [10] = 1.94 × 10-3 mol dm-3 and [33] = 0.23 mol dm-3). This allows the 

corresponding IR bands to be obtained of N-bound 2-phenylpyridine-complex 126, 

which is expected to be the lowest energy conformation of the product. First, toluene-

complex 117 was formed (2005 and 1909 (br) cm-1), before being replaced by a new 

species at 1996, 1904 and 1887 cm-1. This new species is different from water-complex 

97 (2003, 1905 and 1893 cm-1) and exhibits two orders of magnitude faster rate of 

formation (ksub = 1.2 ± 0.2 × 107 s-1 at room temperature), leading to the assignment of 

this species being expected complex 126. 

 

 
Figure 32. TRIR study of the photolysis of 10 and 33 in toluene ([10] = 1.94 × 10-3 mol dm-3 and [33] 

= 0.23 mol dm-3), showing the formation of various species after irradiation. (a) IR spectra of the 

reaction showing the metal carbonyl region at various timepoints. Negative bleach bands correspond to 

the loss of 10 after irradiation. (b) Kinetic plot of the formation of 126 (brown diamonds, band at 1996 

cm-1) and depletion of 117 (blue triangles, band at 2005 cm-1), extracted from (a). 

Phenylacetylene 34 was added to the reaction in equimolar amounts to 33, to probe the 

effect of the pyridine on the binding affinity and influence on C–C bond formation 

(Figure 33). Toluene-complex 117 (2005 and 1908 (br) cm-1) was seen being replaced 

by both 126 (1996, 1904 and 1887 cm-1) and 63 (2010 and 1944 cm-1) over the first 
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100 nanoseconds, exhibiting similar rate of formation (ksub = 2.0 ± 0.4 × 107 s-1 at room 

temperature for 126 and 3.6 ± 0.6 × 107 s-1 at room temperature for 63). In the proposed 

parallel reaction pathway, the rate of formation of both complexes should be the same, 

but the rates might have been altered by other factors, such as different interaction with 

water in the toluene. Higher quality data may aid to definitively determine that this 

step is a parallel reaction. Furthermore, the exact ratio of the two complexes cannot be 

determined without their respective absorption coefficients.  

Thereafter, 63 proceeds through the C–C bond formation step to form insertion 

complex 77 and the rate (kinsert = 2.0 ± 0.3 × 105 s-1 at room temperature) is similar to 

the previously obtained rates for this transformation. 126 was observed in the solution 

for the remainder of the experiment, without any new species detected. The extended 

kinetic traces (Figure 160) also does not show any formation of new species, though it 

seems as the complex disappears after 0.5 ms. This effect resulted from a combination 

of reasons such as that the sample had flowed away from the laser beam and that the 

reference spectrum was recorded at the end of the experiment, both lowering the signal 

strength and increasing the signal to noise ratio. Since no new species is observed and 

the kinetic traces does not show interconversion of 126 to insertion complex 77, it is 

concluded that 126 is formed in the reaction and remains unreacted on the timescale 

of this experiment.  

The reaction was repeated under conditions in which the ratios of a catalytic reaction 

was mirrored (10 = 0.1 eq., 34 = 1 eq., 33 = 2 eq.). The C–C bond formation could be 

observed taking place in this reaction, but more 126 is generated than in the previous 

experiment, limiting the quality of the kinetic information that can be gained from this 

experiment. It does still show direct evidence that the proposed mechanism of C–C 

bond formation in the Mn(I)-catalysed C–H bond alkenylation is possible and proceeds 

under catalytic conditions. There is an interference on the efficiency of the reaction 

step by the 2-phenylpyridine, but this will likely not pose a problem for the overall 

reaction as exchange with the alkyne is likely taking place on longer timescales at a 

sufficiently high rate. 
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Figure 33. TRIR study of the photolysis of 10, 34 and 33 in toluene ([10] = 1.94 × 10-3 mol dm-3, [34] 

= 0.23 mol dm-3 and [33] = 0.23 mol dm-3), showing the formation of various species after irradiation. 

(a) IR spectra of the reaction showing the metal carbonyl region at various timepoints. Negative bleach 

bands correspond to the loss of 10 after irradiation. (b) Kinetic plot of the formation of 126 (brown 

diamonds, band at 1996 cm-1) and 63 (red circles, band at 1943 cm-1), extracted from (a). 

 

3.4 Effect of Changing Manganacycle  

3.4.1 C–C Bond Formation with 2-Arylpyridine Complexes  

Modifications of the 2-phenylpyridine ligand was made to probe the generality and 

factors affecting C–C bond formation. Initially, the phenyl group was exchanged for 

heterocyclic systems, such as the 2-pyrone (50) and 2-pyridone (129, synthesised by 

Francis Clarke) derivatives. These heterocycles have already been reported affecting 

the reactivity under the Mn(I)-catalysed C–H bond alkenylation conditions, with 

neither derivative generating the desired alkene-product.50, 147 Furthermore, Lynam, 

Fairlamb and co-workers have photochemically produced and characterised the 

corresponding tricarbonyl insertion complex 54 for the 2-pyrone system,50 showing 

that the C–C bond formation should be observable with TRIR spectroscopy. 

To monitor the reported C–C bond formation, 2-pyrone-derivative 50 were photolysed 

in neat 34 ([50] = 1.81 × 10-3 mol dm-3) using the ULTRA A experimental setup 

(Figure 34). The arene-bound complex 127 (2011, 1931 and 1913 cm-1) was observed 

from the earliest timepoints and show a shift to higher wavenumbers, compared to the 
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corresponding complex for 10 (2006 and 1912 (br) cm-1). It was thereafter replaced by 

alkyne-complex 128 (2014, 1961 and 1925 cm-1) at a comparable rate to 10 (krearr = 

3.0 ± 0.6 × 109 s-1 at room temperature for 128 and krearr = 3.8 ± 0.7 × 109 s-1 at room 

temperature for 10). The subsequent insertion step to form 7-membered insertion 

complex 54 (2008, 1932 and 1908), was marked by the shift back to lower 

wavenumbers. The rate of insertion is almost an order of magnitude faster for the 2-

pyrone-derivative (kinsert = 1.04 ± 0.02 × 106 s-1 at room temperature) than for 10 (kinsert 

= 1.35 ± 0.09 × 105 s-1 at room temperature).  

 

 
Figure 34. TRIR study of the photolysis of 50 in neat 34 ([50] = 1.81 × 10-3 mol dm-3), showing the 

formation of various species after irradiation. (a) IR spectra of the reaction showing the metal carbonyl 

region at various timepoints. Negative bleach bands correspond to the loss of 50 after irradiation. (b) 

Kinetic plot of the formation and depletion of 128 (red circles, bleach band at 1948 cm-1) and 54 (black 

squares, band at 1908 cm-1), extracted from (a). 

The ligand was changed to 2-pyridone-derivative 129 and the TRIR experiment was 

repeated ([129] = 1.78 × 10-3 mol dm-3). The arene- and alkyne-bound complexes were 

formed as expected, but the rate of rearrangement (krearr = 2.0 ± 0.5 × 1010 s-1 at room 

temperature) is an order of magnitude faster than observed for the other two 

complexes. This suggests that either the arene-complex is destabilised, or the alkyne-

complex is further stabilised compared to the other two systems studied.  

The rate of insertion into the C–Mn bond forming the corresponding insertion-complex 

(2003, 1925 and 1900 cm-1, kinsert = 7.5 ± 1.3 × 106 s-1 at room temperature) is even 
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faster for the 2-pyridone-derivative than for 50. This means that the obtained rate of 

insertion follows the trend; 2-pyridone > 2-pyrone > phenyl (Table 4). This was 

supported by DFT-calculations, where the calculated energy barriers follow the same 

trend. 

Table 4. Observed IR bands of alkyne and insertion complexes, with corresponding rates of formation 

for TRIR experiments of various 2-arylpyridine complexes in neat 34 ([Complex] = 1.78–2.22 × 10-3 

mol dm-3). 

 

Entry Complex Alkyne / 

cm-1 

krearr / 1010  

s-1 

Insertion / 

cm-1 

kinsert / 105 s-1 

1 10 2009, 1944 

and 1912 

0.38 ± 0.07 2008, 1922 

and 1899 

1.35 ± 0.09 

2 50  2014, 1961 

and 1925 

0.30 ± 0.06 2008, 1932 

and 1908 

10.43 ± 0.15 

3 129  2011, 1949 

and 1919 

2.03 ± 0.50 2003, 1925 

and 1900 

74.60 ± 12.8 

4 130  2017, 1931 

and 1922 

5.87 ± 0.96 2010 and 

1909 (br) 

0.20 ± 0.01 

 

Lastly, pyridyl-indole complex 130 (synthesised by Stephanie Meyer) was employed 

as it has been widely utilised in Mn(I)-catalysed C–H bond functionalisation.32 The 

TRIR experiment with 130 in neat 34 ([130] = 2.22 × 10-3 mol dm-3), allows for a 

direct comparison of the reactivity between the indole- and phenyl-derivatives. The 

rearrangement from the initial arene-complex (2015 and 1920 (br) cm-1) to the 

corresponding alkyne-complex (2017, 1931 and 1922 cm-1) took place at the fastest 

rate (krearr = 5.9 ± 0.9 × 1010 s-1 at room temperature) of all substrates studied. Thus, 

indicating that the arene-complex is less stable or the activation barrier is lower 

compared to the other manganacycles.  

Interestingly, the rate of insertion (kinsert = 2.00 ± 0.08 × 104 s-1 at room temperature) 

to form the 7-membered insertion-complex (2010 and 1909 (br) cm-1) is significantly 
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slower than for the other derivatives, with 129 exhibiting more than 350 times higher 

rate. It seems as a slower rate of insertion is indicative of a more suitable substrate for 

the Mn(I)-catalysis. Studies into the other steps of the catalytic cycles are required to 

accurately determine the rationale behind this trend. 

3.4.2 Modifying the Directing Group 

The second modifiable segment of the 2-phenylpyridine ligand is the pyridine 

directing group. As previously mentioned, there are other reported directing group that 

has been employed in Mn(I)-catalysed C–H bond functionalisation, but these are 

limited to groups such as N-heterocycles, imines and carbonyls.32 The number of 

viable directing groups for cyclomanganation are greater than those reported under 

catalytic conditions.32, 148 It is unclear from where this difference arises and warrants 

further investigation. 

In Wang and co-workers report of the Mn(I)-catalysed C–H bond alkenylation, the 

pyridine directing group was substituted in several different positions.34 However, the 

lack of substitution at the 6-position is striking, especially with the unusual reactivity 

exhibited by 6-subsituted pyridyl-pyrones, as reported by Lynam, Fairlamb and co-

workers.50 Therefore, two different 6-substituted 2-phenylpyridines, 2-methoxy-6-

phenylpyridine 131 and 2,6-diphenylpyridine 132, were further investigated. It was 

noticed that reacting either ligand (2 eq.) with 34 (1 eq.) in the presence of 31 (10 

mol%) and Cy2NH (20 mol%) in n-Bu2O at 80 °C, did not generate the desired alkene-

product. The corresponding 5-membered manganacycles 133 and 134 could, however, 

be synthesised via stoichiometric reaction with MnBn(CO)5 1.  

TRIR spectroscopy can be used to show whether the C–C bond formation step is 

responsible for the lack of productivity under catalytic conditions. Separate 

experiments were performed between 133/134 and 34, diluted in toluene ([133] = 2.01 

× 10-3 mol dm-3, [134] = 1.78 × 10-3 mol dm-3 and [34] = 0.23 mol dm-3) with 355 nm 

irradiation (Table 5). Both complexes showed initial formation of the toluene-bound 

arene-complex (2009, 1911 and 1897 cm-1 for 133 and 2010, 1914 and 1897 cm-1 for 

134), which was confirmed by separate experiments in toluene. 

The subsequent formation of the alkyne-bound complexes (2015, 1941 and 1907 cm-1 

for 133 and 2012, 1941 and 1908 cm-1 for 134) exhibited an interesting trend in the 

rate of substitution, where the rate increases with larger steric bulk of the substituent. 
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It is likely that steric clashes between the bound solvent and the 6-substituent arise. 

This is based on a model in which the loss of solvent is rate controlling, leading to a 

faster rate of toluene dissociation.  

Table 5. Observed IR bands of alkyne and insertion complexes, with corresponding rates of formation 

for TRIR experiments of 6-substituted 2-phenylpyridine complexes with 34 in toluene ([Complex] = 

1.78–2.01 × 10-3 mol dm-3 and [34] = 0.23 mol dm-3). 

 

Entry Complex Alkyne / 

cm-1 

ksub / 107  

s-1 

Insertion / 

cm-1 

kinsert / 105 

s-1 

1 10 2009, 1944 

and 1912 

0.83 ± 0.36 2008, 1922 

and 1899 

1.47 ± 0.25 

2 133 2015, 1941 

and 1907 

2.74 ± 0.48 2012, 1915 

and 1906 

1.54 ± 0.06 

3 134 2012, 1941 

and 1908 

5.53 ± 0.65 2012, 1915 

and 1908 

1.99 ± 0.13 

 

Despite of the different steric bulk of the substituents, the rate of insertion to form the 

corresponding insertion-complex (2012, 1915 and 1906 cm-1 for 133 and 2012, 1915 

and 1908 cm-1 for 134) remained very similar. This highlights a lack of steric or 

electronic influence of the 6-substituent on this step.  

From these studies it can be concluded that the lack of reactivity observed for 6-

substituted 2-phenylpyridines does not arise from an inability to insert into the C–Mn 

bond. Steric interactions between the 6-substituent and the proton sources during the 

protonation step is a more likely reason behind the lack of reactivity. Further studies 

into the protonation pathways for these substrates are required to be confirmed this.   

The pyridine was changed for an imine directing group to see if there are differences 

in reactivity depending on the type of N-containing directing group. Thus, an TRIR 

spectroscopic experiment was performed between 135 (synthesised by Dr Joshua T. 

W. Bray) in neat 34 ([135] = 2.06 × 10-3 mol dm-3) using 355 photolysis (Figure 35). 
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As expected, arene-bound complex 136 (2007 and 1908 (br) cm-1) is initially formed, 

before rearranging to form alkyne-complex 137 (2009, 1943 and 1908 cm-1), signified 

by the shift to higher wavenumbers. The rate of rearrangement (krearr = 1.4 ± 0.3 × 1010 

s-1 at room temperature) is almost an order of magnitude higher than observed for 10 

(krearr = 3.8 ± 0.7 × 109 s-1 at room temperature). This infers a lower energy barrier 

between the two complexes, which may arise from the arene-complex being more 

unstable.  

 

 
Figure 35. TRIR study of the photolysis of 135 in neat 34 ([135] = 2.06 × 10-3 mol dm-3), showing the 

formation of various species after irradiation. (a) IR spectra of the reaction showing the metal carbonyl 

region at various timepoints. Negative bleach bands correspond to the loss of 135 after irradiation. (b) 

Kinetic plot of the formation and depletion of 137 (red circles, band at 1943 cm-1) and 138 (black 

squares, band at 1998 cm-1), extracted from (a). 

The shift back to lower wavenumbers marks the formation of insertion-complex 138 

(1998 and 1984 (br) cm-1), which remains in solution for the remaining time of the 

experiment. This means that no reductive elimination to form the corresponding 

isoquinoline can be observed on the timescale of the experiment. The rate of insertion 

(kinsert = 2.4 ± 0.2 × 105 s-1) is slightly faster than for 10 (kinsert = 1.35 ± 0.09 × 105 s-1 

at room temperature), again showing that it seems as the rate of insertion is indicative 

on the success of the directing group in catalysis.  

Moving to an acetophenone ligand with a carbonyl directing group, which has been 

successfully used in Mn(I)-catalysed C–H bond functionalisation.45, 149 Acetophenone-
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containing manganacycle 20 was synthesised and employed in an TRIR experiment 

with 34 diluted in toluene ([20] = 1.68 × 10-3 mol dm-3 and [34] = 0.23 mol dm-3) and 

was irradiated using 355 nm light (Figure 36). A similar behaviour was observed for 

this complex as for the other complexes studied, where initially toluene-complex 139 

was formed (2018, 1921 and 1903 cm-1). Thereafter, rearrangement to form alkyne-

complex 140 (2023, 1950 and 1914 cm-1) took place at a comparable rate (ksub = 6 ± 1 

× 106 s-1 at room temperature) to what was observed for 10 (ksub = 3.9 ± 0.6 × 106 s-1 

at room temperature). 

 

 
Figure 36. TRIR study of the photolysis of 20 and 34 in toluene ([20] = 1.68 × 10-3 mol dm-3 and [34] 

= 0.23 mol dm-3), showing the formation of various species after irradiation. (a) IR spectra of the 

reaction showing the metal carbonyl region at various timepoints. Negative bleach bands correspond to 

the loss of 20 after irradiation. (b) Kinetic plot of the formation and depletion of 140 (red circles, band 

at 1950 cm-1) and 141 (black squares, band at 1894 cm-1), extracted from (a). 

Next, the insertion into the C–Mn bond took place to form insertion-complex 141 

(2010, 1906 and 1894 cm-1), where the rate of insertion (kinsert = 1.99 ± 0.03 × 105 s-1 

at room temperature) was comparable to the rate for 10 (kinsert = 1.5 ± 0.3 × 105 s-1 at 

room temperature). This shows that the carbonyl and pyridine directing groups act very 

similar in the C–C bond formation, again indicating that the rate of insertion is not 

very fast for catalytically relevant directing groups.  

Surprisingly, 141 is not observed remaining in solution for the residual time of the 

experiment. Instead, it can be seen depleting to form a new species with IR bands at 

similar wavenumbers (2016 (br) and 1913 (br) cm-1), indicating a further reaction 
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taking place. It is unlikely that coordination of 34 or toluene is taking place as this 

process has not been observed for any other manganacycles. Reductive elimination is 

a more likely process that can take place without the requirement of external influences 

and would lead to the formation of a manganese-tricarbonyl anion. However, this 

anion is unlikely to exhibit similar wavenumbers to 141 and an analogous reaction has 

already been reported generating the cyclopentadiene.27 Therefore, the final step is 

tentatively assigned as being cyclopentadiene 142 (kRE = 1.02 ± 0.03 × 104 s-1 at room 

temperature), formed following nucleophilic attack of the C–Mn onto the carbonyl. 

Probing the concentration dependence of this step can further support this assignment, 

as this reaction should be concentration-independent with respect to all components in 

solution.  

 

3.5 C–C Bond Formation with Other Alkynes 

3.5.1 Probing Substituent Effects 

Exchanging the phenylacetylene for other alkynes allows for investigation into steric 

and electronic effects of the alkyne-substituents. Therefore, cyclohexylacetylene 143 

([143] = 0.23 mol dm-3) was employed in a TRIR experiment with 10 ([10] = 1.89 × 

10-3 mol dm-3), using 355 nm irradiation (Figure 37). The bulkier cyclohexyl 

substituent might influence the rate of formation for some of the intermediates in the 

reaction.  

After the initial formation of toluene-complex 117, the alkyne-coordinated complex 

144 is observed with IR bands (2010, 1944 and 1908 cm-1) similar to the phenyl 

derivative (2009, 1944 and 1912 cm-1). The rate of formation of 144 (ksub = 6 ± 1 × 106 

s-1 at room temperature) is within error the same as for 34 (ksub = 8 ± 4 × 106 s-1 at 

room temperature), indicating that the steric bulk of the substituent on the alkyne plays 

a limited role in the initial binding to the manganese. The rate of insertion on the other 

hand to form insertion complex 145 (2006, 1920 and 1890 cm-1) show a distinct 

dependence on the alkyne-substituent, with phenyl derivative 34 (kinsert = 1.5 ± 0.3 × 

105 s-1 at room temperature) exhibiting an order of magnitude faster rate than 

cyclohexyl derivative 143 (kinsert = 0.13 ± 0.01 × 105 s-1 at room temperature). This 

difference could arise from the steric clashes in the insertion-complex between the 
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bulkier cyclohexyl group and the carbonyl ligands on the manganese, leading to more 

difficult C–Mn bond formation and therefore slower kinetics.  

 

 
Figure 37. TRIR study of the photolysis of 10 and 143 in toluene ([10] = 1.56 × 10-3 mol dm-3 and [143] 

= 0.23 mol dm-3), showing the formation of various species after irradiation. (a) IR spectra of the 

reaction showing the metal carbonyl region at various timepoints. Negative bleach bands correspond to 

the loss of 10 after irradiation. (b) Kinetic plot of the formation of 145 (black squares, band at 1890 cm-

1) and formation and depletion of 144 (red circles, band at 2010 cm-1), extracted from (a). 

Ester-containing terminal alkyne propargyl benzoate 146 has been utilised as a 

substrate in Mn(I)-catalysed C–H alkenylation, as reported by Wang and co-workers.34 

The carbonyl might be able to coordinate to the manganese and thereby influence the 

rate of insertion and coordination modes of the alkyne during the reaction. The reaction 

was performed in neat 146 ([10] = 1.89 × 10-3 mol dm-3) to allow for the observation 

of all the reaction intermediates and their binding to the manganese. 

146 can be seen behaving very similarly to 34 (Table 6), forming the corresponding 

intermediates, with no observation of O-bound species in solution. The rate of 

formation (krearr = 1.1 ± 0.2 × 1010 s-1 at room temperature) of the alkyne-coordinated 

complex (2012, 1947 and 1909 cm-1) is faster than observed for 34 (krearr = 3.8 ± 0.7 × 

109 s-1 at room temperature). This is unexpected due to the initial binding to the arene, 

which is located at a much greater distance away from the terminal alkyne in 146. 

Nevertheless, the rate of insertion is within error the same between the two alkynes, 
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showing that there is limited electronic, steric or coordinating influences by the ester-

containing substituent. 

Table 6. Observed IR bands of alkyne and insertion complexes, with corresponding rates of formation 

for the TRIR experiments with a range of alkynes ([10] = 1.89 × 10-3 mol dm-3 and [Alkyne] = 0.23 mol 

dm-3). 

 

Entry Substrate Alkyne / cm-1 ksub / 106  

s-1 

Insertion / 

cm-1 

kinsert / 105 

s-1 

1 34 2009, 1944 

and 1912 

8.32 ± 3.56 2008, 1922 

and 1899 

1.47 ± 0.25 

2 143 2010, 1944 

and 1908 

6.65 ± 1.15 2006, 1920 

and 1890 

0.13 ± 0.01 

3 1461 2012, 1947 

and 1909  

1.13 ± 0.18 

× 104 

2001, 1903 

and 1892 

1.79 ± 0.49 

4 21 2004, 1943 

and 1912 

11.95 ± 2.08 2003, 1904 

and 1893 

0.57 ± 0.06 

5 147 2006, 1925 

and 1906 

4.36 ± 1.49 Not 

Observed 

Not 

Observed 

1Performed in neat alkyne. 

The internal alkyne diphenylacetylene 21 proceed, as seen previously (Chapter 2), to 

form the new C–C bond under catalytic conditions. Employing it in a TRIR experiment 

allows for the observation of any differences in behaviour to the terminal analogue. 

The experiment was performed diluted in toluene ([10] = 1.89 × 10-3 mol dm-3 and 

[21] = 0.23 mol dm-3) with 355 nm irradiation.  

The formation of the alkyne-bound complex (2004, 1943 and 1912 cm-1) does not 

show much difference in rate of formation between the two alkynes 21 (ksub = 1.1 ± 

0.2 × 107 s-1 at room temperature) and 34 (ksub = 0.8 ± 0.4 × 107 s-1 at room 

temperature), showing a negligible effect on the steric bulk of the substrate. However, 

the rate of insertion differs, where the insertion complex (2003, 1904 and 1893 cm-1) 

is formed at a slower rate for 21 (kinsert = 0.57 ± 0.06 × 105 s-1 at room temperature) 
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than for 34 (kinsert = 1.5 ± 0.3 × 105 s-1 at room temperature), placing 21 in the middle 

between 34 and 143 in rate of insertion.  

The exchange of the phenyl groups on 21 to n-hexyl chains leads to some unexpected 

reactivity (Table 6). The TRIR experiment with dec-5-yne 147 and 10 diluted in 

toluene ([10] = 1.89 × 10-3 mol dm-3 and [147] = 0.23 mol dm-3), showed the formation 

of the corresponding alkyne-complex (2006, 1925 and 1906 cm-1). Thereafter, no other 

species were observed, and the alkyne-complex remained in solution for the remainder 

of the experiment. The insertion should take place at longer times than can be observed 

in the experiment, but it does highlight that the alkyl-chains have strong deactivating 

effects on the rate of C–C bond formation. 

 

3.5.2 Hammett Plot 

To assess electronic effects on the rate of C–C bond formation, a correlation according 

to the Hammett equation (log(kR/kH) = σρ) could be generated, assuming a linear free 

energy relation. The phenylacetylene was para-substituted with a range of different 

substituents for which individual TRIR experiments diluted in toluene with 10 ([10] = 

1.89 × 10-3 mol dm-3 and [Alkyne] = 0.23 mol dm-3) was performed (Figure 38). To 

obtain the results from the Hammett plot, log(kR/kH) (R = NMe2, OMe, F, CO2Me and 

CF3) was plotted against the corresponding σp-values.  

 
Figure 38. Hammett plot based on kinsert for various para-substituted phenylacetylene derivatives 

(HCCC6H4R, R = NMe2, OMe, F, CO2Me and CF3) reacting with 10 ([10] = 1.89 × 10-3 mol dm-3 and 

[Alkyne] = 0.23 mol dm-3). Linear regression without error bars gave a slope of 0.94 ± 0.19 (R2 = 0.89). 
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It can initially be seen that a non-linear trend is generated, with slower rates observed 

for electron-donating substituents. If the fluorine-substituent is considered as an 

outlier, a linear correlation is observed with a slope of 0.92 ± 0.04 (R2 = 1.00). It is, 

however, not clear from the performed experiments if this is the true trend of the 

experiment and more substituents, such as trimethylsilyl or phenyl, with similar σp-

value to F can be employed. The fluorine-substituent being an outlier would be 

consistent with the rates observed for CF3 and CO2Me, as all three exhibit higher rates 

than the standard substrate 34. Nonetheless, it clear that electron-withdrawing 

substituents increases the rate of the C–C bond formation step. 

Large errors can be observed for the slower electron-donating substrates, which is a 

result from the error propagation performed when dividing a smaller value by one 

larger. For example, the rate of insertion (kinsert) for the NMe2-substituted alkyne 

exhibit the second smallest percentage error of all six experiments. It is therefore easily 

envisaged why Hammett plots are often generated without error bars for the individual 

values.150  

The electron-withdrawing substituents should through resonance make the terminal 

carbon of the alkyne more electron deficient, while in turn increasing a partial negative 

charge on the other alkyne-carbon. This should allow the terminal carbon to react more 

efficiently with the electron-rich C–Mn carbon, which should be more electronegative 

than the manganese metal. The other alkyne carbon will as a result interact better with 

the manganese centre. Both of these reasons will make for a more efficient interaction 

with the manganacycle, and thereby increase the rate of reaction which is observed. It 

is possible that the –I and +M effects of fluorine can influence the rate in an unexpected 

manner. The rational for the slower rate of reaction of electron-donating substituents 

are the same as for the higher rate for electron-withdrawing substituents. Thus, the C–

C bond formation is best viewed as nucleophilic attack by the carbon of the 2-ppy 

ligand onto an electrophilic alkyne-bound carbon. 

 

3.6 Reactions with Acrylates and Alkenes 

3.6.1 C–C Bond Formation in Neat Acrylate 

Besides the alkynes, there are many other unsaturated substrates that has been utilised 

in Mn(I)-catalysed C–H bond functionalisation.32 Activated alkenes, such as acrylates, 
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is one example that has been successfully employed.36 The carbonyl group is vital to 

the reactivity and it should be possible using TRIR spectroscopy to probe the 

interactions between the acrylate and the manganese, during the C–C bond formation 

process. Therefore, an experiment was performed using 355 nm irradiation of 10 in 

neat n-butyl acrylate 148 ([10] = 1.79 × 10-3 mol dm-3) using the ULTRA A 

experimental setup (Figure 39).  

At short times (ps) a species at 2007, 1910 and 1894 cm-1 was observed, which show 

large similarities to the IR bands generated in alkane solvents, such as heptane (2019, 

1933 and 1923 cm-1).130 Therefore, it is assigned as being σ-complex 149, where the 

C–H bond to which the manganese is coordinated cannot be precisely determined. 

Over the first nanosecond, 149 depletes and is replaced by two new species, which 

marks a large change from the experiments with terminal alkynes.  

 

 
Figure 39. TRIR study of the photolysis of 10 in neat 148 ([10] = 1.79 × 10-3 mol dm-3), showing the 

formation of various species after irradiation. (a) IR spectra of the reaction showing the metal carbonyl 

region at various timepoints and a comparison to the O-bound ethyl acetate-complex generated in a 

separate experiment (orange circles). Negative bleach bands correspond to the loss of 10 after 
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irradiation. (b) Kinetic plot of the formation of 152 (black squares, band at 2008 cm-1) and depletion of 

150 (orange hexagons, band at 1997 cm-1) and 151 (red circles, band at 2017 cm-1), extracted from (a). 

Dotted lines are kinetic traces obtained from COPASI modelling. 

The first species (1997, 1903 and 1890 cm-1) show remarkable similarities to the O-

bound ethyl acetate complex (1999 and 1896 (br) cm-1), formed following irradiation 

in ethyl acetate solvent (Figure 39). Hence, the manganese is likely coordinated to the 

carbonyl oxygen, generating O-bound complex 150. Only one IR band can be 

distinguished for the second species (2017 cm-1), due to spectral overlap with 150 or 

the bleach bands. The shift to higher wavenumber is consistent with the coordination 

to the alkene, forming alkene-complex 151. The difference in magnitude of the shift 

compared to styrene arise from the acrylate being a better π-acceptor, due to being 

more electron-deficient. The rate of formation of 150 (krearr = 2.9 ± 0.6 × 1010 s-1 at 

room temperature) and 151 (krearr = 2.7 ± 0.8 × 1010 s-1 at room temperature), shows 

that the rearrangement from σ-complex 149 is unselective and binds to both positions 

at the same rate.  

An interesting insight into the initial binding of the acrylate was found based on the 

reaction performed in neat ethyl acrylate. The corresponding species as seen in n-butyl 

acrylate was observed, but the rate of depletion of the initial σ-complex (krearr = 6.0 ± 

0.5 × 1010 s-1 at room temperature and 5.0 ± 0.7 × 1010 s-1 at room temperature) is about 

twice the rate observed in 148. Therefore, it is likely that the manganese binds to the 

end of the alkyl group and chain-walks to form either of the O- or alkene-bound 

complexes. The difference in chain length agrees with the rate-differential observed. 

As the reaction progresses both 150 and 151 are replaced by one single species (2008, 

1920 and 1894 cm-1), taking place over longer microsecond timescales (kinsert = 3.62 ± 

0.01 × 104 s-1 at room temperature). The shift to lower wavenumbers is consistent with 

the insertion into the C–Mn bond to form 7-membered insertion complex 152. This 

does not occur for styrene, further supporting the C–C bond formation taking place. 

DFT-calculated energy barriers agree with the observed reactivity, where there is a 

difference of 14 kJ mol-1 between 148 (41 kJ mol-1) and styrene (55 kJ mol-1).  

How the two complexes 150 and 151 turn into 152 is not clear from the data obtained 

and further kinetic analysis is required. From DFT-calculations is was concluded that 

the C–C bond formation cannot take place straight from O-bound complex 150, while 

it is possible from alkene-complex 151. Kinetic modelling was performed using the 
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COPASI software program, which allows for both parameter estimation (i.e. reaction 

rate) and kinetic simulation (predict kinetic trace based on rate constants). By inserting 

the IR intensities and estimating the various rate constants for several different 

plausible reaction pathways, the most likely mechanism may be identified. The 

goodness of fit was used as a measure of the validity for the different pathways and 

was obtained from the coefficient of variation and standard deviation. The proposed 

mechanisms include various ways that the three complexes, 150, 151 and 152, can be 

related and whether the pathways are reversible or not (Table 7).  

From the parameter estimation, relatively large values of both the coefficient of 

variation and standard deviation are obtained for the mechanisms with reversible 

pathways. Therefore, it is unlikely that any of the steps within the reaction are 

reversible and is consistent with the mechanism of C–C bond formation observed for 

the alkynes. The mechanism where 150 have to generate 151 before the insertion into 

the C–Mn bond can occur, exhibit rate constants with acceptable goodness of fit, 

supporting this proposed mechanism. As a control, the reverse mechanism was 

modelled, with poor goodness of fit as a result. It is therefore concluded from the 

kinetic modelling that O-bound complex 150 has to rearrange to alkene-complex 151, 

before the C–C bond formation step can occur (Figure 39). 

The reaction in neat acrylate was repeated with imine-complex 135 and indole-

complex 130, to observe if the reactivity of 148 is applicable to other substrates. 

Initially, the corresponding σ-complexes are observed forming (2009 and 1907 (br) 

cm-1 for 135 and 2014, 1917 (br) cm-1 for 130) and they are consumed at a similar rate 

(krearr = 1.3 ± 0.6 × 1010 s-1 at room temperature for 135 and krearr = 1.8 ± 0.3 × 1010 s-1 

at room temperature for 130) as 149. The O- (1998, 1899 and 1890 cm-1 for 135 and 

2010 and 1908 (br) cm-1 for 130) and alkene-bound (2019 and 1955 cm-1 for 135 and 

2028 cm-1 for 130) complexes are thereafter generated. In the case of indole derivative 

130, the formation of the insertion complex (2012, 1922 and 1908 cm-1) follows in the 

same manner as seen for 10, with a slower rate of insertion (kinsert = 8.2 ± 0.31× 103 s-1 

at room temperature). This slower rate of insertion is consistent with the trend observed 

for the C–C bond formation using 34 (Table 4). 
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Table 7. Kinetic data obtained from modelling in COPASI for a variety of possible reaction pathways 

in the formation of 152 from 150 and 151. Goodness of the fit was obtained from the coefficient of 

variation (C. V.) and standard deviation.  

 

k kcalc / 104 s-1 C. V. Standard 

Deviation 

k1 2.59 1.98 0.51 

k2 - - - 

k3 2.66 1.60 0.43 

k4 - - - 

 
 

k kcalc / 

104 s-1 

C. V. Standard 

Deviation 

k1 kcalc / 

104 s-1 

C. V. Standard 

Deviation 

k1 4.19 12.29 5.15 k2 1.32 26.04 0.34 

k2 1.51 31.61 4.77 k3 - - - 

k3 2.62 1.64 0.43 k4 - - - 

k4 - - - k5 2.74 1.57 0.43 

  

k kcalc / 

104 s-1 

C. V. Standard 

Deviation 

k kcalc / 

104 s-1 

C. V. Standard 

Deviation 

k1 2.64 1.88 0.50 k1 5.11 9.67 4.94 

k2 - - - k2 2.32 19.62 4.55 

k3 3.90 6.21 2.42 k3 4.22 5.70 2.40 

k4 1.51 18.56 2.81 k4 1.99 14.12 2.82 

 

Interestingly, imine derivative 135 show two new species (2014, 2003 and 1907 (br) 

cm-1) forming following the loss of the alkene-complex. The rate of loss of this species 

should mirror the C–C bond formation (kinsert = 1.32 ± 0.06 × 104 s-1 at room 

temperature) and is similar to the experiment using 10. The identity of the unknown 

species cannot be definitively determined based on this experiment, but can be 
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speculated being the corresponding isoquinoline formed via reductive elimination of 

the insertion complex.   

 

3.6.2 C–C Bond Formation in Toluene Solution 

To probe the effect of solvent on the C–C bond formation, an TRIR experiment was 

performed between 10 and 148 diluted in toluene ([10] = 1.89 × 10-3 mol dm-3 and 

[148] = 0.46 mol dm-3) using the ULTRA A experimental setup (Figure 40). As seen 

in the experiments performed with 34, the only species formed that is different than in 

neat acrylate is the initial formation of toluene-complex 117 (2005 and 1908 (br) cm-

1). Thereafter, O-bound complex 150 (2001, 1903 and 1890 cm-1) and alkene-complex 

151 (2021 cm-1) are generated, but at a reduced rate (ksub = 1.5 ± 0.3 × 107 s-1 at room 

temperature). These complexes disappear at longer times to be replaced by insertion 

complex 152 (2011, 1920 and 1907 cm-1), in the same fashion as observed previously 

(kinsert = 3.1 ± 0.6 × 104 s-1 at room temperature). This shows that the behaviour of the 

acrylate is the same whether it is neat 148 or diluted in toluene, with the initial solvent-

complex being the exception.  

To further probe the various steps and intermediates, several experiments were 

performed at a range of 148 concentrations ([148] = 0.05–0.91 mol dm-3). The 

depletion rate of toluene-complex 117 was found to be dependent on the concentration 

of acrylate, showing a linear increase in rate with higher concentration of 148. This 

arises from the bimolecular nature of this reaction step, as seen for the terminal 

alkynes. As expected, the rate of insertion is independent of acrylate concentration, 

due to the step being unimolecular. The same independence on the rate of loss of O-

bound complex 150 was observed and infers that the rearrangement to form 151 does 

not require exchange with the surrounding solvated acrylate. 
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Figure 40. TRIR study of the photolysis of 10 and 148 in toluene ([10] = 1.89 × 10-3 mol dm-3 and [148] 

= 0.46 mol dm-3), showing the formation of various species after irradiation. (a) IR spectra of the 

reaction showing the metal carbonyl region at various timepoints. Negative bleach bands correspond to 

the loss of 10 after irradiation. (b) Concentration dependence on the rate of loss of 117 (ksub, blue 

triangles), loss of 150 (orange hexagons) and gain of 152 (kinsert, black squares), determined in separate 

experiments. Slope of linear regression for ksub = 3.38 ± 0.27 × 107 (R2 = 0.98), krearr = 0.56 ± 1.01 × 104 

(R2 = 0.07) and kinsert = −3.33 ± 2.68 × 103 (R2 = 0.28). 

33 was added to the experiment with 10 and 148 in toluene ([10] = 1.89 × 10-3 mol 

dm-3, [148] = 1.91 × 10-2 mol dm-3 and [33] = 3.96 × 10-2 mol dm-3), to produce a more 

catalytically relevant reaction mixture (Figure 41). The initial toluene-complex 117 

(2005 and 1908 (br) cm-1) was seen disappearing over the first microsecond, to form 

alkene-complex 151 (2020 cm-1) and N-coordinated 2-phenylpyridine complex 126 

(1996, 1903 and 1888 cm-1). It is possible that O-bound complex 150 is generated, but 

it cannot be observed due to overlap of the bands with 126.  
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Figure 41. TRIR study of the photolysis of 10, 148 and 33 in toluene ([10] = 1.89 × 10-3 mol dm-3, [148] 

= 1.91 × 10-2 mol dm-3 and [33] = 3.96 × 10-2 mol dm-3), showing the formation of various species after 

irradiation. (a) IR spectra of the reaction showing the metal carbonyl region at various timepoints. 

Negative bleach bands correspond to the loss of 10 after irradiation. (b) Kinetic plot of the formation 

and depletion of 151 (red circles, band at 2020 cm-1) and formation of 152 (black squares, band at 2011 

cm-1), extracted from (a). 

151 disappears to form 152 (2011 cm-1) towards the longer microsecond times, 

exhibiting a rate of insertion (kinsert = 2.3 ± 0.4 × 104 s-1 at room temperature) which is 

comparable to the previously observed rates for this step. 126 is observed remaining 

throughout the remainder of the reaction, showing that the exchange of the pyridine-

ligand is not taking place on the timescale of the experiment. Overall, this experiment 

shows that 33 have an impact on the efficiency of the C–C bond formation, but as 

previously stated it is unlikely to be negative for the overall catalytic reaction due to 

the fast rate of this reaction step. 
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3.6.3 Fluorinated alkene 

The higher efficiency of acrylates in the C–C bond formation than the other alkenes 

studied, inspired the utilisation of other alkene substrates. Perfluorinated alkenes, such 

as perfluoro-1-decene 153, has been successfully employed in Mn(I)-catalysed C–H 

bond functionalisation (Scheme 32).151  

 
Scheme 32. Mn(I)-catalysed C–H bond allylation using perfluorinated alkenes, reported by Ackermann 

and co-workers.151 

An TRIR experiment with the ULTRA A setup was performed between 10 and 153, 

diluted in toluene ([10] = 1.94 × 10-3 mol dm-3 and [153] = 0.23 mol dm-3) to probe the 

C–C bond formation for the alkene. After the initial formation of toluene-complex 117, 

a distinct shift of the IR bands to higher wavenumbers marked the formation of alkene-

complex 155 (2028, 1944 and 1891 cm.1). The rate of substitution (ksub = 2.0 ± 0.5 × 

106 s-1 at room temperature) is about an order of magnitude slower than observed in 

the analogous experiment with n-butyl acrylate 148, which could arise from the 

additional carbonyl group on the acrylate increasing the binding affinity. 

The IR bands can be seen on microsecond timescale shifting back to lower 

wavenumbers (2016, 1910 and 1891 cm-1), signifying the C–C bond formation taking 

place to form insertion complex 156. The rate of the insertion (kinsert = 1.3 ± 0.2 × 105 

s-1 at room temperature) is within error the same as observed for 34, which showcases 

the large impact of the fluorine substituents, as styrene cannot be observed forming 

the C–C bond for the duration of the experiment.  

Replacing 153 with 1-decene (0.18 mol dm-3) in the TRIR experiment, lead to a 

reaction where the C–C bond formation was not observed. Instead the alkene-complex 

(2019, 1948 and 1913 cm-1) remained in solution until the end of the experiment. This 

further highlights the large impact of the fluorine-substituents on the reactivity of the 

alkene. 
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Figure 42. TRIR study of the photolysis of 10 and 153 in toluene ([10] = 1.94 × 10-3 mol dm-3 and [153] 

= 0.23 mol dm-3), showing the formation of various species after irradiation. (a) IR spectra of the 

reaction showing the metal carbonyl region at various timepoints. Negative bleach bands correspond to 

the loss of 10 after irradiation. (b) Kinetic plot of the formation and depletion of 155 (red circles, band 

at 2028 cm-1) and formation of 156 (black squares, band at 2016 cm-1), extracted from (a). 

 

3.7 Other Substrates 

3.7.1 Hexyl Isocyanate and Other Carbonyls 

As previously mentioned, there are many other substrates utilised in Mn(I)-catalysed 

C–H bond functionalisation reactions,32 where the C–C bond formation is of interest. 

Isocyanates are examples of substrates utilised in these reactions37 and the many 

heteroatoms raises questions about how they coordinate to the manganese. Therefore, 

an TRIR experiment between hexyl isocyanate 157 and 10 ([10] = 1.79 × 10-3 mol 

dm-3) was monitored using the ULTRA experimental setup (Figure 43). Two different 

species, 158 (2009 and 1910 (br) cm-1) and 159 (2003, 1913 and 1897 cm-1), are 

observed at the earliest times measured. Due to the similarity of the IR bands to the σ-

complex formed in heptane (2019, 1933 and 1923 cm-1), 158 is assigned as being the 

corresponding σ-complex bound to the alkyl-chain. 158 is observed converting into 

159 (krearr = 1.9 ± 0.3 × 1010 s-1 at room temperature) as the experiment progresses and 

only 159 is present in the IR spectrum after 10 nanoseconds. 



Chapter 3: Direct Observation of C–C Bond Formation and Related Processes 

149 

 

159 proceeds to deplete in favour of a new complex, 160 (2001, 1913 and 1897 cm-1), 

which exhibit remarkable similar IR bands to its predecessor. The rate of the 

interconversion cannot be determined due to the large spectral overlap and similar 

intensity of the bands. However, the loss of 160 to form the final complex in the 

reaction (kinsert = 4.34 ± 0.02 × 103 s-1 at room temperature), 161 (2029, 1946 and 1921 

cm-1), which is assigned as the insertion complex formed post C–C bond formation. It 

can be seen that the C–C bond formation for the isocyanate is significantly slower than 

the other substrates investigated, with for example 34 inserting about 30 times faster.  

The assignment of 159 and 160 provides a challenge due to the similar IR bands. 

Nevertheless, the N-bound complex is predicted to be lower in energy than the 

corresponding O-bound complex. Therefore, 159 and 160 are assigned as being the O-

bound and N-bound complex respectively. 

 

 
Figure 43. TRIR study of the photolysis of 10 in neat 157 ([10] = 1.79 × 10-3 mol dm-3), showing the 

formation of various species after irradiation. (a) IR spectra of the reaction showing the metal carbonyl 

region at various timepoints. Negative bleach bands correspond to the loss of 10 after irradiation. (b) 

Kinetic plot of the depletion of 160 (brown diamonds, band at 2001 cm-1) and formation of 161 (black 

squares, band at 2029 cm-1), extracted from (a). 

Another carbonyl species, benzaldehyde was used as simple carbonyls have also been 

used as substrate in Mn(I)-catalysed C–H bond functionalisation.33, 42 An TRIR 

experiment of 10 in neat benzaldehyde ([10] = 1.79 × 10-3 mol dm-3) was performed 

using a 355 nm pump beam. As observed previously, the arene-bound complex (2006 

and 1905 (br) cm-1) was initially observed before rearranging to the O-bound complex 
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(1994, 1905 and 1891 cm-1). It should also be noted that an additional band at 1818 

cm-1 was observed and was assigned as a benzoyl radical, forming as a photoproduct 

of benzaldehyde without the need of any interaction with the manganese.152 The O-

bound complex is present through the remainder of the experiment and the C–C bond 

formation can therefore not be observed for this substrate. This is supported by a 

relatively large predicted barrier of insertion (48 kJ mol-1). It is still possible that the 

benzaldehyde can insert into the C–Mn bond, but the rate of insertion is too slow for 

this to be observed on the timescale of the experiment.  

 

3.7.2 Correlation Between Experimental and Predicted Energy Barriers  

The Eyring equation (Equation 1) allows for quantification of the correlation between 

the rate of reaction and energy barrier of the particular step. Therefore, experimental 

ΔG‡
298-values can be determined directly from the rate of the reactions, while 

computational energy barriers are found using DFT-calculations. For these 

calculations an assumed transmission coefficient of 1 (full conversion across energy 

barrier) was utilised. The experimental and computational values should form a 

straight line if the reactions proceed as predicted, though the values can differ as the 

computational values are obtained in the gas-phase. Solvent was corrected for in the 

calculations with the COSMO dielectric continuum model.153 

𝑘 =  
𝜅𝑘𝐵𝑇

ℎ
𝑒−

Δ𝐺‡

𝑅𝑇  

Equation 1. Eyring equation. 

The computationally predicted ΔG‡
298-values values are found to be lower than the 

experimental values (Figure 44), which has been observed previously and could arise 

due to certain factors being difficult to model.154 Nevertheless, a linear trend is 

observed between the two ΔG‡
298 values for the C–C bond formation, supporting the 

assignment of the process taking place. The trend of pyrones and pyridones reacting 

faster than the phenyl analogue is mirrored in the computational data as well. It can 

also be seen that the substrates that did not insert into the C–Mn bond have a larger 

activation barrier and therefore cannot form the C–C bond on the timescale of the 

experiment. However, this does not determine whether or not the C–C bond formation 

will take place on longer timescales than measured in the experiment.  
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Figure 44. Correlation between the predicted and experimental ΔG‡

298-values for the C–C bond 

formation step studied by TRIR spectroscopy. Calculations were performed at the (RI-)BP86/SV(P) 

level. Slope of linear regression for experimentally determined points was 1.35 ± 0.18 (R2 = 0.93). Red 

dots are not experimentally detected and the predicted rates are extrapolated onto the linear correlation. 
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Chapter 4: Effect of Acid Additives in Mn(I)-

Catalysed C–H Bond Functionalisation 

4.1 Background 

The role of the 2-phenylpyridine, terminal alkyne and manganese catalyst in the Mn(I)-

catalysed C–H bond alkenylation have been described in Chapter 2. The importance 

of the amine base additive in the pre-catalyst activation step was also elucidated, but 

further impacts of the base or its conjugate acid may still be occurring. The extensive 

scrambling of deuterium in D-labelling studies34 and the unusual reaction order in 

Cy2NH (Chapter 2), suggests that the amine may affect the reaction in unexpected 

ways. Additionally, the lower conversion to alkene product 35 observed when starting 

the reactions from Mn(ppy)(CO)4 10 rather than MnBr(CO)5 31 and Cy2NH, indicates 

that it is possible the conjugate acid ([Cy2NH2]Br 62) may influence the reaction. 

Therefore, it is also conceivable that stronger acid additives might have an even more 

pronounced effect on the reaction. 

 
Scheme 33. Highlighting the possible impact on the reactions by the amine base’s conjugate acid or 

other acids, in comparison to previously known enhancers in BPh3
48 and ZnR2

42 additives. 

Acid additives have already found use in Mn(I)-catalysed C–H bond functionalisation 

processes, with the work by Lei, Li and co-workers51 being an excellent example of 

this (Scheme 34). They found that in the C2-selective alkenylation of N-(2-

pyrimidine)indole 162, benzoic acid was required in catalytic amounts (20 mol%) to 

form alkene product 163. Carbazole 164, formed from double insertion of the terminal 

alkyne, was the only isolatable product (18%) in the absence of the acid additive. This 

most likely arise from energetically unfavourable protonation pathways and more 

accessible side-reactions taking place instead. This was observed for internal alkynes 

in Chapter 2.5 and previously for pyridyl-2-pyrone derivatives.50 Interestingly, H2 and 
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styrene are both observed forming in the reaction and 34 still remains as the limiting 

reagent (1.5 eq.), and were not used in excess for optimisation of 164.  

 
Scheme 34. Mn(I)-catalysed C–H bond functionalisation of N-(2-pyrimidine)indole where benzoic acid 

selects between the generation of alkene 163 or carbazole 164,  reported by Lei, Li and co-workers.51 

A similar example of a Mn(I)-catalysed reaction influenced by an acid additive is the 

alkenylation or allenelation of N-(2-pyridyl)indole 37, reported by Ackermann and co-

workers (Scheme 35).155 This methodology was performed in flow, allowing for 

shorter reaction times. Cyclic carbonate-containing terminal alkyne 165 was used as 

unsaturated substrate and 31 as pre-catalyst. With no additives employed, allene 167 

was the major product formed in 63% yield of isolated product, while alkene 166 was 

only found in trace quantities. Not requiring any base additive, this reaction shows a 

distinct difference from similar methodologies, which need base in order for the 

catalyst to be activated.35  Again, the unfavoured protonation pathway led to no 

formation of the alkenylated indole 166 and instead allowed for the generation of 167 

through the extrication of CO. To aid in the protonation step, the addition of acetic 

acid (20 mol%) led to the selective formation of 166 in 95% yield of isolated product. 

 
Scheme 35. Mn(I)-catalysed C–H bond alkenylation and allylation of N-(2-pyridyl)indole performed in 

flow,  reported by Ackermann and co-workers.155 

A manganese-carboxylate species may be formed in the reactions with carboxylic acid 

additives (or if generated in situ), providing a proton transfer step following the 

CMD/AMLA-6 mechanism. The feasibility of C–H bond activation mediated by a 

manganese acetate complex, has been studied by Dang and co-worker.156 They used 
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DFT-calculations to understand the factors controlling a competition between 

hydroarylation and cyclisation, for an Mn(I)-catalysed C–H bond functionalisation 

with NaOAc as base additive, which was reported by Rueping and co-workers 

(Scheme 36).157 Cavallo, Rueping and co-workers had previously shown that the 

activation of MnBr(CO)5 31 to form a manganese-acetate species is possible,158 which 

meant that Dang and co-worker’s calculations started from this point. It was shown 

that the subsequent C–H bond activation of indole 162 proceed via a CMD/AMLA-6 

mechanism, highlighting the feasibility of manganese acetate species being productive 

in the catalysis.  

 
Scheme 36. Mn(I)-catalysed C–H bond functionalisation of N-(2-pyrimidine)indole where the R-group 

selects between an hydroarylation and cyclisation pathway,  reported by Rueping and co-workers.157 

There is a rich enough history of acid additives affecting Mn(I)-catalysed C–H 

functionalisation processes and intrigue in how the amine base (or its conjugate acid) 

may impact the catalytic reactions, for a further investigation to be performed. If the 

full role of the base and/or acid additive can be understood in these reactions, there is 

a large potential of reaction optimisation and new reactivities to be discovered. 

 

4.2 Investigation into the Effect of Acid Additives in Mn(I)-

Catalysed C–H Functionalisation 

4.2.1 Amine-Derived Conjugate Acid Additives in Mn(I)-Catalysis 

Mn(ppy)(CO)4 10, was chosen as pre-catalyst to avoid interference of the initial base-

mediated C–H activation, and thereby allow for a more straightforward investigation 

into the effect of the ammonium conjugate acid on the Mn(I)-catalysis. The reactions 

were performed at 100 °C, under argon atmosphere in microwave vials using the 

standard reaction conditions described in the experimental section (Chapter 7) unless 

otherwise stated. As previously mentioned (Chapter 2.2.3), employing 10 as pre-

catalyst (10 mol%) in the reaction of alkyne 34 (1 eq.) with 2-phenylpyridine 33 (2 
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eq.) with no extra additives, led to a relatively low conversion to alkenylated 2-

phenylpyridine 35 (55%, determined by 1H NMR spectroscopy). This was a reduction 

of 23% compared to the same reaction, using MnBr(CO)5 31 (10 mol%) as the pre-

catalyst and Cy2NH (20 mol%) as base additive. Aside from the pre-catalyst activation 

pathway (Chapter 2.6), the main difference between these two reaction conditions is 

the in situ generation of the conjugate acid of the amine base, which may be 

responsible for the difference in reactivity observed. 

Cy2NH and its conjugate acid derivatives (with varying anion) were screened as 

additives in the C–H bond alkenylation, employing 10 as pre-catalyst (Figure 45). 

Addition of Cy2NH to the reaction did not affect the outcome and yielded 58% 

conversion to 35. This is consistent with the amine base only being required in the 

initial pre-catalyst activation and therefore having no impact on the efficiency of the 

C–H bond activation steps, once the manganese has entered the catalytic cycles. The 

conjugate acid formally generated following initial C–H bond activation, [Cy2NH2]Br 

62, was employed as an additive and the conversion to 35 remained unchanged at 53%. 

The observed lack of reactivity supports 62 not being involved in the protonation of 

the C–Mn bond, which has been proposed and supported by DFT calculations from 

Wang and co-workers.34 Changes in anion to other halides (Cl 171 or I 172) or 

pseudohalide (BF4 173) provided no improvements on the conversion, affording 49% 

(171), 51% (172) and 57% (173) conversion to 35. 
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Figure 45. The effect of base or conjugate acid additives in the reaction between 34 and 33. Reaction 

conditions: 34 (0.25 mmol, 1 eq.), 33 (0.5 mmol, 2 eq.), 10 (0.025 mmol, 10 mol%), additive (0.05 

mmol, 20 mol%) and n-Bu2O (0.6 ml) at 100 °C under argon for 3 h. 1MnBr(CO)5 31 used instead of 

10 as pre-catalyst. 

A more pronounced effect of the ammonium salts was observed with a different 

alkyne, propargyl benzoate 146, which formed alkenylated 2-phenylpyridine 174 

(Figure 46). The reaction of 146 (1 eq.) with 33 (2 eq.), using 10 (10 mol%) as pre-

catalyst afforded a relatively low conversion to product (7%). At first glance this hinted 

towards the manganese being unable to fully proceed through the catalytic cycle to 

complete a turnover, but alternate reasons such as extensive catalyst deactivation could 

also be responsible. Consistent with the reaction using alkyne 34, the reaction 

employing 31 (10 mol%) and Cy2NH (20 mol%) yielded a higher conversion to 174 

at 48%. The addition of Cy2NH (20 mol%) to the reaction using pre-catalyst 10 did 

not affect the conversion to the alkene product (8%). However, the addition of 

conjugate acid 62 resulted in almost an order of magnitude increase in formation of 

174 (63%). This significant boost in product generation, revealed a non-innocent role 

of the ammonium salt in the catalysis for alkyne 146. It is uncertain where this effect 
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arise from, and why there was seemingly no impact of 62 on the reaction using alkyne 

34. 

 

 
Figure 46. The effect of base or conjugate acid additives in the reaction between 146 and 33. Reaction 

conditions: 146 (0.25 mmol, 1 eq.), 33 (0.5 mmol, 2 eq.), 10 (0.025 mmol, 10 mol%), additive (0.05 

mmol, 20 mol%) and n-Bu2O (0.6 ml) at 100 °C under argon for 3 h. 1MnBr(CO)5 31 used instead of 

10 as pre-catalyst. 

To test whether the anion or the ammonium cation is responsible for the enhancing 

effect, [n-Bu4N]Br (TBAB) was used as an additive to remove any impact from the 

protons of the ammonium cation. Surprisingly, the reaction was inhibited and no 

formation of 174 could be observed under these reaction conditions, inferring that the 

positive effect arises from the ammonium cation. At the same time, there was a 

surprising negative impact of the bromine anion in the reaction. If the positive effect 

is linked to the ammonium protons, the removal of these should not have a negative 

impact on the reaction and the conversion to 174 would remain in the higher single 

digits. The formation of [n-Bu4N][MnBr2(CO)4] is one possible rationale for the lack 

of reactivity, and can be synthesised from 31 when reacted with tetraalkylammonium 

bromides.159 Nonetheless, the anion of the conjugate acid was found not to impact the 
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conversion to 174 (Figure 46), using ammonium salts 171 (68%), 172 (63%) and 173 

(67%) as additives. Unexpectedly, the ammonium salt 173 did not change the observed 

conversion (67%), given the lower nucleophilicity of the tetrafluoroborate anion 

compared to the halides. The lack of effect of the anion and reactivity of the TBAB 

suggested that the protons of the ammonium salt were responsible for the positive 

effect, though why this is was still unknown.  

Strangely, MnBn(CO)5 19 exhibited some unexpected results as a pre-catalyst, for 

example, giving the same conversion to 174 (48%) as when using 31 with Cy2NH. As 

19 generates toluene as a by-product from C–H bond activation while entering into the 

catalytic cycles, the conversion to product should have been equal or similar to the 

reaction employing 10 as pre-catalyst (7%). However, a similar impact as previously 

observed on the conversion to 174 occurred when 173 (20 mol%) was added to the 

reaction, which might indicate that the pre-catalyst activation is cleaner for 19 than for 

31. Another interesting result was that the reaction using alkyne 34, generated 49% 

conversion to 35, which is a large decrease compared to the reaction using 31 with 

Cy2NH (76%). 

In the 2014 publication by Wang and co-workers,36 on employing acrylates (activated 

alkenes) in the functionalisation of 2-phenylpyridines, it was suggested that the 

conjugate acid of the amine base (62) was responsible for transferring the proton to 

the 7-membered insertion complex 152. Therefore, it is easily envisaged that the role 

of 62 in the reaction of propargyl benzoate 146 should be reprised when acrylates are 

used. Due to the relatively low volatility (b.p. of 145 °C), n-Butyl acrylate 148 was 

chosen as unsaturated substrate. As with the terminal alkynes, the conversion to 

alkylated 2-phenylpyridine 175 (Figure 47) was lower using 10 (44%) as pre-catalyst 

than with 31 and Cy2NH (79%). When 10 was used in tandem with Cy2NH (20 mol%), 

the conversion remained unchanged at 46%. Surprisingly, the conversion to 175 was 

suppressed by the addition of ammonium salt 62 (27%). Change of halide anion to Cl 

(171) or I (172) did not have a large impact and slightly lowered the observed 

conversion (20% and 19% respectively). However, using the less coordinating 

tetrafluroborate analogue 173 led to only a minor decrease in conversion to 40%, 

indicating that the nucleophilicity or basicity of the anion might be important for 

catalyst inhibition/degradation.  
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Figure 47. The effect of base or conjugate acid additives in the reaction between 148 and 33. Reaction 

conditions: 148 (0.25 mmol, 1 eq.), 33 (0.5 mmol, 2 eq.), 10 (0.025 mmol, 10 mol%), additive (0.05 

mmol, 20 mol%) and n-Bu2O (0.6 ml) at 100 °C under argon for 3 h. 1MnBr(CO)5 31 used instead of 

10 as pre-catalyst. 

 

4.2.2 In Operando IR Studies on the Conjugate Acid Additive Effect for 

Propargyl Benzoate  

To explain the positive (146), negative (148) and negligible (34) effects of the 

conjugate acid additives, in operando IR studies were conducted using a Mettler 

Toledo ReactIR® instrument with Si-probe. As in Chapter 2, the reactions were 

monitored in the metal carbonyl region (2150–1800 cm-1), observing any changes 

occurring during the reaction. Initially, the reaction conditions using no conjugate acid 

additive was studied (using both 31 and 10 as pre-catalysts) for propargyl benzoate 

146, as a benchmark for the reactions with the ammonium salts to be compared with. 

In the reaction (Figure 48) of 146 (1 eq.) and 33 (2 eq.) using 31 (10 mol%) and 

Cy2NH (20 mol%) at 100 °C under an argon atmosphere, a rapid consumption of 31 

was observed (<3 min) without any detection of 10. This is consistent with the 
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alternative pre-catalyst activation pathway for terminal alkynes, proceeding via Mn-

alkynyl complexes (see Chapter 2.6). The formation of a new transient tetracarbonyl 

manganese species was seen in the same position (2071 cm-1) as 7-membered insertion 

complex 71 (2071 cm-1, see chapter 2.2.3), indicating a rapid formation of the 

corresponding 7-membered tetracarbonyl manganese insertion complex for 146. 

Another tetracarbonyl manganese species with observed peaks at 2086, 2039 and 1980 

cm-1, appeared and thereafter disappeared in tandem with the organic product 174 

forming. This species exhibited similar IR spectroscopic bands and reaction kinetics, 

though it was not successfully isolated and identified. An unknown tricarbonyl 

manganese species (2010, 1944 and 1927 cm-1) was also observed forming early in the 

reaction and slowly degraded over time, while still remaining at the end of the reaction. 

There was one major degradation complex seen in this reaction, a tricarbonyl 

manganese species at 2022 and 1906 cm-1 which showed large similarities to the Mn-

hydroxyl clusters in Chapter 2 (2012 and 1900 cm-1 for 72, 2017 and 1905 cm-1 for 

73). 

Changing pre-catalyst in the same reaction to 10 (10 mol%, Figure 49) led to a 

significantly slower consumption of the pre-catalyst than for 31, consistent with the 

results for phenyl acetylene 34 (Chapter 2). Neither the tetracarbonyl manganese 

insertion complex, nor the unknown species (distinct IR band at 2086 cm-1) was 

observed forming in this experiment and instead 10 was seen depleting on the same 

timescale as organic product 174 formed. The lack of accumulation of a 7-membered 

insertion complex was likely a result of the reaction not being catalytic in manganese 

(10% observed conversion to 174), and the rate determining step most likely being the 

thermal CO-loss from 10. Interestingly, the timescale of the reaction was similar for 

both pre-catalysts (~20 min for both 10 and 31), though the rate of product formation 

for 10 was roughly 5 times slower than for 31 (Figure 50). This suggested a role of 

the conjugate acid in allowing for catalyst turnover and thereby enhancement of the 

observed rate of product formation. Two degradation complexes can be observed 

forming as 10 is consumed in the reaction (distinct IR bands at 2014 and 2022 cm-1), 

of which the latter was observed in the reaction using 31 as discussed vide supra.  
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Figure 48. In operando IR study of the reaction between 146 and 33 using 31 as pre-catalyst. (a) IR 

spectra showing the metal carbonyl region at various timepoints. Key; green circle = 31, red circle = 7-

memberd tetracarbonyl manganese insertion complex, red hollow circle = unknown manganese 

carbonyl species, gold star/pentagon = Mn degradation complex, possibly a Mn-hydroxy cluster. (b) 

Kinetic plot of the consumption of 33 (hollow squares, band at 1735 cm-1) and formation of alkenylated 

product 174 (black squares, band at 1726 cm-1). (c) Expansion of the region 2100–2050 cm-1 in (a). Key; 

see (a). (d) Kinetic plot of the formation and consumption of the various manganese species in the region 

2100–2050 cm-1. Key; see (a). Reaction conditions (in order of addition): n-Bu2O (10 ml), 33 (8.32 

mmol, 2 eq.), 146 (4.16 mmol, 1 eq.), Cy2NH (0.83 mmol, 20 mol%) and 31 (0.416 mmol, 10 mol%) at 

100 °C under argon. 
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Figure 49. In operando IR study of the reaction between 146 and 33 using 10 as pre-catalyst 

with/without the addition of 173. (a) IR spectra of the reaction with no additive showing the metal 

carbonyl region at various timepoints. Key; blue circle = 10, gold star/pentagon = Mn degradation 

complex, possibly a Mn-hydroxy cluster. Reaction conditions (in order of addition): n-Bu2O (10 ml), 

33 (8.32 mmol, 2 eq.), 146 (4.16 mmol, 1 eq.) and 10 (0.416 mmol, 10 mol%) at 100 °C under argon. 

(b) Kinetic plot of the formation of alkenylated product 174 (black squares, determined by ex situ 1H 

NMR spectroscopy), formation and depletion of 10 (blue circles, band at 2078 cm-1) and the formation 

of one degradation complex (gold star, band at 2022 cm-1), extracted from (a). (c) IR spectra of the 

reaction with 173 added showing the metal carbonyl region at various timepoints. Key; blue circle = 10, 

gold diamond = Mn degradation complex, possibly a Mn-hydroxy cluster. Reaction conditions (in order 

of addition): n-Bu2O (10 ml), 33 (8.32 mmol, 2 eq.), 146 (4.16 mmol, 1 eq.), 173 (0.83 mmol, 20 mol%) 

and 10 (0.416 mmol, 10 mol%) at 100 °C under argon. (d) Kinetic plot of the formation of alkenylated 

product 174 (black squares, determined by ex situ 1H NMR spectroscopy), formation and depletion of 

10 (blue circles, band at 2078 cm-1) and the formation of both degradation complexes (gold 

diamond/star, band at 2038 and 2022 cm-1 respectively), extracted from (c). 
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When [Cy2NH2]BF4 173 (20 mol%) was added to the reaction using 10 (10 mol%) as 

pre-catalyst (Figure 49), the duration of the reaction remained around 20 minutes in 

length, with the expected increase in product conversion observed. The observed rate 

of product generation (5.2 ± 0.2 × 10-4 mol dm-3 s-1 at 100 °C) increased to an identical 

value (within error) to the reaction utilising 31 and Cy2NH (Figure 50), highlighting 

the impact of the conjugate acid on the rate of reaction. The overall increase in 

conversion to 174 with 10 seemed, to be a result of less manganese being lost through 

the catalyst activation pathway, though with identical reaction mechanism. 

 
Figure 50. Observed rate constants (kobs) for the reaction between 146 and 33 using either 10 or 31 as 

pre-catalysts with/without additives. 

A distinct difference in the formation of the manganese degradation complexes was 

also observed. The previously detected species at 2022 cm-1 was still formed, while 

the complex at 2014 cm-1 did not appear, though it was replaced by a new species at 

2038 cm-1. This is a complex which surprisingly was not observed in the reaction using 

31 and Cy2NH (in which [Cy2NH2]Br 62 should form), leading to the assumption that 

the BF4 anion likely has an effect on the formation of this species. Therefore, it is likely 

that the generation of the species with distinct peaks at 2010, 2014 and 2038 cm-1 was 

determined by the anion in the reaction (Br−, OH− or BF4
−).  

 

4.2.3 In Operando IR Studies on the Conjugate Acid Additive Effect for n-

Butyl Acrylate  

To explain the negative effects of the conjugate acids on the reaction of butyl acrylate 

148 with 33, an investigation into the mechanism of these reactions was conducted. 

Initially, the reaction between n-butyl acrylate 148 (1 eq.) and 34 (1.5 eq.), mediated 

by 31 (10 mol%) and Cy2NH (20 mol%) in n-Bu2O at 100 °C under argon atmosphere 

was studied using in operando IR spectroscopy (Figure 51). 31 was rapidly consumed 
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(~3 min) after initiation of the reaction, which coincided with the formation and 

depletion of a new transient species with a distinct peak at 2093 cm-1. As the two 

manganese carbonyl species disappears, 10 was forming in their place, suggesting that 

the specie at 2093 cm-1 was either an intermediate in the cyclomanganation mechanism 

or an off-cycle complex. A cationic manganese carbonyl complex with a 2-ppy ligand, 

was a species that could be formed following a loss of the bromide and would likely 

be one of the more stable species in the cyclomanganation mechanism. The formation 

of 10 in the reaction provided for a substantial difference in pre-catalyst activation 

mechanism from the terminal alkynes. This suggested that the alkene protons of the 

acrylate were not acidic enough to activate the manganese through a Mn-alkenyl 

complex.  

 

 
Figure 51. In operando IR study of the reaction between 148 and 33 using 31 as pre-catalyst. (a) IR 

spectra showing the metal carbonyl region at various timepoints. Key; green circle = 31, blue circle = 

10, black circle = unknown transient manganese carbonyl species, gold star/diamond = Mn degradation 

complex, possibly a Mn-hydroxy cluster. (b) Kinetic plot at long and short timescales of the formation 

of alkenylated product 175 (black squares, determined by ex situ 1H NMR spectroscopy) and formation 

and depletion of 10 (blue circles, band at 2078 cm-1), 31 (green circles, band at 2054 cm-1) and the 

unknown metal carbonyl species (black circles, band at 2093 cm-1). Reaction conditions (in order of 

addition): n-Bu2O (10 ml), 33 (15.0 mmol, 1.5 eq.), 148 (10.0 mmol, 1 eq.), Cy2NH (2.0 mmol, 20 

mol%) and 31 (1.0 mmol, 10 mol%) at 100 °C under argon. 

Surprisingly, no species corresponding to a 7-membered insertion complex was 

observed in the reaction. Two degradation species (2025 and 2038 cm-1) can be seen 

forming as 10 depletes and these complexes are strikingly similar to those formed 
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when ammonium salt 173 (20 mol%) was added to the reaction using alkyne 146 (1 

eq., Figure 49). This indicated that degradation species were highly similar and does 

not involve the unsaturated substrate in their structure. The linear depletion of 10 may 

arise from the high concentration of the reaction and relatively low solubility of the 

manganese complex, which combined with the decreased rate of reaction over time, 

could lead to increased degradation of the manganese. The lack of other active 

manganese complexes observed in solution suggests that 10 is an off-cycle resting 

state of the reaction, which is in contrast to the terminal alkynes where the 7-membered 

tetracarbonyl insertion complex is the resting state of catalysis.  

The organic product 175 formed as 10 was consumed and stopped forming when only 

degradation complexes remained in the metal carbonyl region of the IR spectrum. The 

duration of the reactions employing 148 was significantly longer than for the terminal 

alkynes (~20 times).  

Following the understanding that 10 is the catalyst resting state when using acrylate 

148, the reaction was performed using 10 (10 mol%) as pre-catalyst with a 1:2 ratio of 

148 to 33, in order to simulate the experiments with and without conjugate acid 

additives added (Figure 52). In the reaction with no additive, a similar behaviour of 

10 was observed (as with an excess of the acrylate), with a linear depletion as the 

reaction progressed. Apart from 10, the two degradation complexes seen under 

standard conditions (using 31 and Cy2NH) were observed forming as the only new 

manganese carbonyl species in solution.  The similarity between the reactions using 

10 or 31 as pre-catalysts, provide further evidence of the catalyst activation pathway 

under these conditions proceed through an initial C–H bond activation on 2-

phenylpyridine 33 to generate 10.  

Addition of 62 (20 mol%) to the reaction changed the IR profile significantly (Figure 

52). Firstly, the organic carbonyl stretches at 1732 cm-1 (148) and 1742 cm-1 (175), 

allowed for the monitoring of product formation directly from the IR spectra. The 

observed rate of reaction was almost halved when 62 was added (kobs = 0.82 ± 0.04 × 

10-4 mol dm-3 s-1 at 100 °C with 62 and kobs = 1.34 ± 0.04 × 10-4 mol dm-3 s-1 at 100 °C 

with no 62 added), consistent with the lower conversion to product 174. Both rates of 

product formation were similar to the rate observed for the reaction with alkyne 146, 

using 10 as pre-catalyst (kobs = 0.99 ± 0.06 × 10-4 mol dm-3 s-1 at 100 °C), which 
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suggested that CO-dissociation from 10 was rate determining under these reaction 

conditions.  

 

 
Figure 52. In operando IR study of the reaction between 148 and 33 using 10 as pre-catalyst 

with/without the addition of 62. (a) IR spectra of the reaction with no additive showing the metal 

carbonyl region at various timepoints. Key; blue circle = 10, gold star/diamond = Mn degradation 

complex, possibly a Mn-hydroxy cluster. Reaction conditions (in order of addition): n-Bu2O (10 ml), 

33 (8.32 mmol, 2 eq.), 148 (4.16 mmol, 1 eq.) and 10 (0.416 mmol, 10 mol%) at 100 °C under argon. 

(b) Kinetic plot of the formation of alkenylated product 175 (black squares, band at 1742 cm-1), 

formation and depletion of 10 (blue circles, band at 2078 cm-1), extracted from (a). (c) IR spectra of the 

reaction with 62 added showing the metal carbonyl region at various timepoints. Key; blue circle = 10, 

purple circle = 40. Reaction conditions (in order of addition): n-Bu2O (10 ml), 33 (8.32 mmol, 2 eq.), 

148 (4.16 mmol, 1 eq.), 62 (0.83 mmol, 20 mol%) and 10 (0.416 mmol, 10 mol%) at 100 °C under 

argon. (d) Kinetic plot of the formation of alkenylated product 175 (black squares, determined by ex 

situ 1H NMR spectroscopy), formation and depletion of 10 (blue circles, band at 2078 cm-1) and the 

formation and depletion of 40 (purple circles, band at 2047 cm-1), extracted from (c). 
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Secondly, the previously described degradation complexes were not seen in any larger 

amounts, and a new species was instead formed at 2047 and 2013 cm-1, corresponding 

to Mn2(CO)10 40. The shape of the depletion of 10 also changed to form an exponential 

decay over time, which coincided with the formation of 40. This likely means that 40 

was formed as a result from protiodemetallation of 10, generating free 33 and a new 

manganese species that is more prone to further degradation to eventually form 40.  

The formation of 40, combined with 10 being the catalyst resting state, therefore 

explains why the addition of [Cy2NH2]X (X = Cl, Br or I) had a negative impact on 

the catalysis, in comparison to the terminal alkynes. The higher undesirable acid 

sensitivity of the catalyst resting state, led to a more extensive decomposition of the 

manganese than observed for the terminal alkynes. This takes place while not 

generating any of the desired product, which generated the negative effect observed. 

It is not clear from the studies conducted why the catalyst resting state differs between 

the substrates and further investigations are required for this to be determined. 

 

4.2.4 Scope of Acid Additives in Mn(I)-Catalysed C–H Bond 

Functionalisation 

The nature of the acid additive utilised in the C–H bond functionalisation discussed 

vide supra might impact on lowering catalyst degradation, and possibly aid in the 

protonation step of the 7-membered insertion complexes in the catalytic cycles. To test 

this hypothesis, strong acids HX (where X = Cl, Br, I or BF4) were added (20 mol%) 

to the reaction mediated by 10 (10 mol%, Figure 53). Addition of HCl led to no 

enhancement in the formation of 174 (5% conversion), while the stronger acids HBr 

and HI resulted in inhibition the catalysis and only trace 174 was observed (≤ 1%). 

The lack of reactivity of the halogen derivatives likely stem from protiodemetallation 

readily occurring on the manganacycles (such as 10), resulting in the formation of 

manganese tetracarbonyl halides which require base additives to active the C–H bonds 

in solution. However, the positive acid effect returned when HBF4•OEt2 was 

employed, affording 62% conversion to 174. The non-coordinating nature of the BF4 

anion presumably prohibits the formation of manganese boron containing compounds, 

and instead allow for the suppression of catalyst degradation pathways as seen for the 

conjugate acid additives.  
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Figure 53. 131 used instead of 10 as pre-catalyst. (a) The effect of strong acid additives in the reaction 

between 146 and 33. Reaction conditions: 146 (0.25 mmol, 1 eq.), 33 (0.5 mmol, 2 eq.), 10 (0.025 mmol, 

10 mol%), additive (0.05 mmol, 20 mol%) and n-Bu2O (0.6 ml) at 100 °C under argon for 3 h. (b) The 

effect of carboxylic acid additives in the reaction between 146 and 33 using either 31 or 10 as pre-

catalyst.  

Establishing that there is a limit on the nucleophilicity of the conjugate base to the acid 

additive, carboxylic acid additives were explored. A manganese carbonyl acetate 

species should be able to readily activate C–H bonds,156 which means that 

hypothetically the carboxylic proton source could aid the reaction in three main modes 

of action;  

1. The inhibition of catalyst degradation pathways, prolonging the catalyst 

lifetime. 

2. The protonation step of the catalysis, increasing rate of reaction.  

3. Mediating the subsequent C–H activation step post-protonation.  

Performing the reaction with 10 (10 mol%) and EtCO2H (20 mol%), added to the 

reaction of propargyl benzoate 146 (1 eq.) with 33 (2 eq.), significantly enhanced the 

conversion to 174 (82% compared to 7% without additive). Since both acetate and 

amine bases are active under catalytic reactions,34 the addition of propionic acid to the 

reaction employing 31 and Cy2NH should not inhibit the initial C–H activation. 

Performing the reaction using 31 (10 mol%) with both Cy2NH (20 mol%) and 

propionic acid (20 mol%) added, still yielded the product 174 in high conversion 

(78%).  
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The exploration of the effect of propionic acid in the catalysis was expanded to phenyl 

acetylene 34 and butyl acrylate 148. The formation of product 35 was enhanced to 

95% in the reaction using 10, which is an improvement of 40% to the reaction with no 

additives added. The same trend was seen in the system using 31 and Cy2NH (89%), 

both results marking a discrepancy from the earlier trend observed for the conjugate 

acid additives (which showed no impact on the catalysis with 34). 148 did however 

continue the previous trend, in which the acid additives have a negative impact on the 

catalysis. Addition of propionic acid to the reactions employing either 10 or 31 (with 

Cy2NH) as pre-catalysts, had a large negative impact yielding the product 175 in 26% 

and 17% respectively.   

 
Scheme 37. Synthesis of alkenylated 2-phenylpyridines unachievable using standard reaction 

conditions. (a) Reaction between 21 and 33 with propionic acid added, generating the alkene product 

89. (b) Reaction between 34 and 176 with propionic acid added, generating the alkene product 52.  

The positive effects of the addition of propionic acid on the alkyne substrates, and its 

potential to aid in the protonation of unreactive (under standard conditions) 7-

membered insertion complexes, led to attempts to perform the alkenylation reaction 

using an internal alkyne and a previously unreactive (toward protonation pathways) 2-

pyridyl-2-pyrone derivate (Scheme 37). For the reaction between 33 (2 eq.) and 

diphenylacetylene 21 (1 eq.), using 31 (10 mol%) and Cy2NH (20 mol%) in n-Bu2O 

at 100 °C under argon atmosphere, the addition of propionic acid (20 mol%) gave 20% 

yield of the isolated product 89. Another positive impact of propionic acid (20 mol%) 

was observed in the reaction using 2-(2-pyridyl)-6-methyl-2-pyrone 176 (2 eq.) with 

34 (1 eq.) using 31 (10 mol%) and Cy2NH (20 mol%), where alkenylated 2-pyrone 52 
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was isolated in 43% yield. Despite the low to modest yields observed, this was still an 

example of synthetic methodology improvement, which was only possible through the 

understanding of the reaction mechanism. 

 

4.2.5 Development of “On-Water” Reaction Conditions 

Following the positive impact of the acid additives and the viable protonation ability 

of H2O (see Chapter 2.6), it was thought that water might have a similar influence on 

the reactions as the acids. To probe this, a reaction of 146 (1 eq.) and 33 (2 eq.) in 

water at 100 °C was performed using MnBn(CO)5 19 (10 mol%) as pre-catalyst, to 

avoid the use of the amine base additive (Figure 54). This methodology led to good 

yield (69%) of isolated 174. An inert atmosphere was not necessary, and it was found 

that the reaction can proceed under ambient air. The addition of propionic acid (20 

mol%) to this reaction did not influence the yield (70%), which still is a 22% 

improvement over the procedure using inert atmosphere and organic solvent (n-Bu2O). 

When the manganese pre-catalyst were changed to MnBr(CO)5 31 (10 mol%), the 

reaction yield remained fairly high at 53%, and did not require any addition of external 

base additives. The lack of need for base additives might arise from the in situ 

formation of a MnOH(CO)4X (where X = CO, H2O, 33, 146 or formation of a dimeric 

complex) species, which is more active towards C–H bond activation. Propionic acid 

(20 mol%) had a slight positive impact on raising the yield of isolated product to 61%.  

To test whether the reactions vide supra are influenced by the solvation in the water, 

or if the reactions are in effect being run in neat substrates, the solubility of the reagents 

in water was tested. Small amounts of the reagents were transferred into an NMR tube 

before D2O was added. Thereafter, 1H NMR was recorded at 25, 40, 50, 60, 70, 80 and 

90 °C to observe if the reagent is soluble in water, as it should appear in the NMR 

spectra. None of 146, 34, 33 and 10 were found to be soluble in D2O, strongly 

suggesting that the reaction is being run neat. However, when the reaction between 

146 (1 eq.) and 33 (2 eq.), with 10 (10 mol%) added was performed without any solvent 

added (both 146 and 33 are liquids) the reaction only gave 30% conversion. The low 

conversion to 174 suggests that there might be an influence of either the excess water 

that will be present, or that the water at the solvent interfaces might be more activated 

to aid in the protonation step. The “on-water” effect has previously been reported by 
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Sharpless and co-workers in the preparation of 1,2-diazetidines, where low solubility 

of the reagents significantly enhanced the rate of product formation (even compared 

reaction in neat substrates).160 

 

 
Figure 54. 1Bu2O used as solvent instead of H2O. The effect of using H2O as solvent in the reaction 

between various unsaturated substrates and 33. Reaction conditions: unsaturated substrate (0.25 mmol, 

1 eq.), 33 (0.5 mmol, 2 eq.), [Mn] (0.025 mmol, 10 mol%), additive (0.05 mmol, 20 mol%) and H2O 

(0.6 ml) at 100 °C under air for 3 h. 

Unexpectedly, the yield of the reactions employing 34 as the unsaturated substrate and 

31 or 19 as pre-catalysts only reached 36% and 34% respectively. This constitutes a 

lowering of the yield by 42% for 31, compared to the reaction in organic solvent and 

under inert atmosphere. The negative effect could be a result from a different 

composition of the solvent interface or that the reaction using 34 is more sensitive to 

degradation into manganese hydroxyl-clusters. As expected, low conversion to 

product was observed when the reaction was performed with acrylate 148, only 

generating the product 175 in 3% and 8% respectively for 31 and 19 as pre-catalysts. 
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Scheme 38. Effect of changing the unsaturated substrate to alkynes structurally similar to propargyl 

benzoate, in the reaction employing H2O as solvent. 

To probe the applicability of the propargyl benzoate substrate 146, similar substrates 

were employed (Scheme 38). Unfortunately, the use of acid chloride derived, 

propargyl chloroformate 177, yielded no formation of the desired alkenylated product. 

No product formation could also be seen for the sulfonate derived propargyl 

benzenesulfonate 178 and the imidazole containing propargyl 1H-imidazole-1-

carboxylate 179. The lack of reactivity in structurally similar systems to propargyl 

benzoate suggest that there is an issue with them being more water soluble or that the 

positive effect for 146 is of a remarkably high substrate specificity.  

 

4.3 Monitoring Protonation Mechanism using Time-

Resolved IR Spectroscopy 

4.3.1 Protonation Mechanism on Tetracarbonyl Manganese 2-

Phenylpyridines 

To study the mechanism of protonation by the carboxylic acid additives in further 

detail than in Chapter 4.2, Time-Resolved Infra-Red (TRIR) spectroscopy was 

identified as a suitable technique. As a proof of concept, the protiodemetallation of 

Mn(ppy)(CO)4 10 by acetic acid to form free 2-phenylpyridine was studied (Scheme 

39). The photolysis of 10 using 355 nm light should dissociate one CO-ligand to give 

a fac-[Mn(ppy)(CO)3L] (Chapter 3), where L is an acetic acid ligand if performed in 

neat substrate. The initial coordination should take place on sub-picosecond timescale 

as previously observed for other substrates (Chapter 3). The mode of binding will 

likely proceed through the most kinetically favoured configuration, before the first 

timepoint is obtained (0.5 ps). The subsequent rearrangement to form a more 

energetically favourable structure (provided the kinetically and thermodynamically 



Chapter 4: Effect of Acid Additives in Mn(I)-Catalysed C–H Bond Functionalisation 

173 

 

preferred structures are different) should take place within the observable time window 

(0.5 ps – 1 ms). If one of the formed configurations place the OH group in a suitable 

position to interact with the C–Mn, the proton transfer event might also be detected in 

the experiment. 

 
Scheme 39. Proposed mode of action for the acid degradation of Mn(ppy)(CO)4 10 under photolysis 

conditions. 

To probe the hypothesis, 10 was dissolved in acetic acid (1.74 × 10-3 mol dm-3), 

irradiated using 355 nm light and probed using TRIR spectroscopy (LIFEtime 

experimental setup, Figure 55). Initially, a σ-complex bound acetic acid complex 183 

(bands at 2012 and 1911 cm-1) was assigned, due to the similarity to other complexes, 

such as σ-complex bound ethyl acrylate species (bands at 2011, 1914 and 1897 cm-1, 

Chapter 3.6.1). This complex rapidly rearranged to form a new species 184 (bands at 

2003 and 1903 cm-1) over the first few 10’s of picoseconds (k1 = 5.2 ± 0.7 × 1010 s-1 at 

room temperature). The bands were similar to the O-bound ethyl acetate complex 

(bands at 2001, 1904 and 1895 cm-1), leading to the assignment of 184 as the O-bound 

acetic acid complex, where the OH is uncoordinated. The similar rate of formation of 

the O-bound species for both AcOH and EtOAc (5.2 ± 0.7 × 1010 s-1 at room 

temperature and 8 ± 1 × 1010 s-1 at room temperature respectively) also supported the 

structural assignment.  

A new tricarbonyl manganese species 185 (bands at 2011 and 1892 cm-1) formed and 

remained in solution during the depletion of 184 (k2 = 1.3 ± 0.1 × 108 s-1 at room 

temperature). Unfortunately, no kinetic trace for 185 could be obtained due to spectral 

overlap. The reason for the low amounts of 185 formed was the rapid consumption to 

form tricarbonyl manganese complex 186 (bands at 2041, 1947 and 1925 cm-1, k3 = 

1.3 ± 0.1 × 108 s-1 at room temperature). The long lifetime of the final photoproduct 

186, in combination with the large shift in the IR frequencies, led to an assignment of 

this being the acetate-bound complex formed following proton transfer. Seeing that 
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184 and 186 were the expected structures pre- and post-protonation, joint with the 

rapid rate of consumption of 185, infers that 185 was an intermediate either 

immediately prior or after the protonation event. The proton transfer event and 

subsequent rearrangement to generate 186 should be relatively quick, meaning that 

185 most likely was an intermediate pre-protonation. On this basis, 185 was tentatively 

assigned to be a complex where the H is hydrogen-bonded to the C-Mn.  

 

 
Figure 55. TRIR study of the photolysis of 10 in neat acetic acid (1.74 × 10-3 mol dm-3), showing the 

formation of the various species in solution after irradiation. (a) IR spectra of the reaction showing the 

metal carbonyl region at various timepoints. Negative bleach bands correspond the loss of 10 after 

irradiation. (b) Kinetic plot of the formation of 186 (black circles, band at 2041 cm-1), formation and 

depletion of 184 (blue circles, band at 2003 cm-1), extracted from (a). 

The full mechanism of the proton transfer event was evaluated using DFT-calculations 

(all DFT-calculations in this chapter was performed by Dr. Jason M. Lynam, Scheme 

40), showing that the process most likely proceeded from hydrogen-bonded complex 

185, supporting the structural assignment made previously. This complex transferred 

the proton to the C–Mn, where the low-lying transition state 187 (ΔG‡ = +14 kJ mol-

1) explained the rapid reaction rate. Following the completed proton transfer, the 

resulting σ-complex 188 was isomerised to form the observed manganese acetate 

tricarbonyl species 186. 186 was significantly lower in energy than 185 (24 kJ mol-1), 

clarifying why the equilibrium favours 186. 
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Scheme 40. DFT-calculated (performed by Dr. Jason M. Lynam) mechanism for the protonation of 10 

by acetic acid. Energies are free energies in kJ mol-1 at 298 K. Calculations were performed at the 

(RI-)BP86/SV(P) level. 

The bond lengths of the DFT-calculated structures were examined to gain information 

into the nature of the various bonds, in particular the C–O bonds as they experience 

significant changes during the proton transfer (Table 8). It can be seen that there was 

a clear C=O and C–OH bond division for both complex 184 (O1 1.23 = Å and O2 = 

1.35 Å) and 185 (O1–C2 = 1.24 Å and O2–C2 = 1.32 Å), where the hydrogen was still 

formally bound to the oxygen and provided no distortion to the expected bonding in 

the acetic acid molecule. Transition state 187 did however show that the bond lengths 

for both C–O bonds were the same (O1–C2 = 1.27 Å and O2–C2 = 1.28 Å) and therefore 

should be depicted as being conjugated as in an κ1-acetate type complex. Following 

proton transfer, the C–O bond lengths went back to being different (O1–C2 = 1.30 Å 

and O2–C2 = 1.24 Å), this time with the former hydroxy C–O bond being of the double 

bond character. A conjugate system is regained after the rearrangement to form the 

final acetate bound complex 186 (O1–C2 = 1.28 Å and O2–C2 = 1.28 Å). 
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Table 8. Key DFT-calculated bond lengths of intermediates involved in protonation of 10 by acetic 

acid. Calculations were performed at the (RI-)BP86/SV(P) level. 

Entry Bond 184 / Å 185 / Å 187 / Å 188 / Å 186 / Å 

1 C1–Mn 2.05 2.07 2.19 2.44 3.55 

2 O1–Mn 2.12 2.13 2.08  2.02 2.09 

3 C2–O1 1.23 1.24 1.27 1.30 1.28 

4 C2–O2 1.35 1.32 1.28 1.24 1.28 

5 O2–H 0.98 1.03 1.28 1.93 2.13 

6 C1–H 5.18 1.84 1.37 1.14 1.10 

 

The protiodemetallation of 10 by AcOH was performed at half the concentration of 

manganese, to ensure the correct assignment of 186 and to make sure it was not a 

manganese acetate tricarbonyl dimer ([Mn(κ1-OAc)(CO)3]2). The rate of proton 

transfer (k3) should be first order in manganese (the limiting reagent), due to the 

pseudo-first order conditions under which the reaction is run. The observed rate for the 

reaction at half concentration did show a decrease in k3 (1.5 ± 0.3 × 108 s-1 at room 

temperature compared to 1.3 ± 0.1 × 108 s-1 at room temperature, under standard 

concentration), corresponding to the reaction being first order in manganese. Due to k3 

being relatively fast, the rate of dimerization must be faster than the diffusion 

controlled rate. 

Two acids, propionic acid (EtCO2H) and butyric acid (n-PrCO2H), with varied alkyl 

chain length were employed instead of AcOH, as they should exhibit similar acidity 

(Table 9). The rate of the initial rearrangement (k1) was similar for all the acids, with 

slightly lowered rates as the chain length increased. This could arise from the 

manganese initially binding to a terminal C–H bond, before chain walking towards the 

carbonyl oxygen as seen in neat acrylates (see Chapter 3.6.1). There was however a 

large difference in behaviour in the formation of the hydrogen-bonded complex, where 

propionic acid rearranged more than an order of magnitude faster than acetic acid (k2 

= 3.6 ± 1.0 × 109 s-1 at room temperature and 0.13 ± 0.01 × 109 s-1 at room temperature 

respectively). Where this difference originated from is unclear and requires further 

studies to be determined. The value of k2 for butyric acid could not be determined due 

to spectral overlap. The rate of the final proton transfer step showed a linear increase 

with increasing alkyl chain length with a range of rates between 1.27–3.12 s-1. It is 
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unclear where this slight increase in rate could arise from, but it is possible that a longer 

chain somehow through steric effects lowers the activation barrier for this step.  

Table 9. Rates of the protonation steps (of 10) at room temperature by carboxylic acids with varying 

chain length. 

Entry Acid k1 / 1010 s-1 k2 / 109 s-1 k3 / 108 s-1 

1 Acetic acid 5.2 ± 0.7 0.13 ± 0.01 1.3 ± 0.1 

2 Propionic acid 5 ± 2 3.6 ± 1.0 2.5 ± 0.5 

3 Butyric acid 3 ± 1 –1 3.1 ± 0.6 

 1Not obtainable due to spectral overlap. 

 

4.3.2 Kinetic Isotope and Ligand Effects on Protonation Mechanism 

The experiment in neat AcOH was repeated with AcOD, in order for the kinetic isotope 

effect (KIE) of the various steps to be determined (Figure 56). Firstly, no 

spectroscopic information could be obtained above 1970 cm-1 due to the absorbance 

of AcOD, and the KIE for the first two steps (k1 and k2) was not be determined due to 

spectral overlap. A large KIE of 5.8 ± 1.0 was observed for the proton transfer (k3 = 

2.2 ± 0.3 s-1 at room temperature in AcOD), indicating that the O–H bond is broken in 

this step. The information gained from the KIE experiment further supported that for 

the first time the direct observation of the relevant intermediates and kinetic 

information had been obtained of a proton transfer process, in accordance with the 

CMD/AMLA-6 mechanism. The observations also support the assignment of 185 

being the H-bonded complex pre-protonation, as its depletion should involve O–H 

bond breakage.  
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Figure 56. Kinetic trace of k3 in the TRIR monitored protiodemetallation of 10 with AcOH (closed 

black circles) and AcOD (open black circles). 

The photolysis experiment in neat AcOH was expanded to include other 

manganacycles to investigate if the protiodemetallation mechanism were generally 

applicable or specific for the 2-phenylpyridine derivative (Table 10). Surprisingly, 

changing the phenyl group to a 2-pyrone (50) or 2-pyridone (129), led to a substantially 

lower rate of protonation by almost two orders of magnitude (3.4 ± 0.6 × 106 s-1 at 

room temperature and 4.8 ± 0.7 × 106 s-1 at room temperature respectively). This 

impact on changing the arene was inconsistent with the expected trend of rates (129 > 

50 > 10), based on the relative nucleophilicity of the arene, as previously observed for 

the insertion of alkyne 34 into the C–Mn bond (Chapter 3.4.1). It should be noted that 

129 reacted faster than 50, following the trend of the insertion chemistry. This suggests 

that the phenyl ring somehow reacted differently than the other two ring systems. It is 

also possible that the additional heteroatoms present in 50 and 129 provide an 

interfering effect on the proton transfer event, possibly through H-bond acceptance. 

Kinetic information on the formation of the species preceding proton transfer was not 

obtained due to spectral overlap, rendering it difficult to precisely determine the reason 

for the unexpected behaviour. The large KIEs observed (5.6 ± 1.6 and 4.1 ± 0.7 for 50 

and 129 respectively) and large similarity of IR stretching band (distinctive peak at 

2041 and 2042 cm-1 for 50 and 129 respectively), confirmed that the H-transfer 

(through a CMD/AMLA-6 mechanism) to form the expected manganese acetate 

tricarbonyl complex, was the final step for 50 and 129 as well. 
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Table 10. Rates of protonation at room temperature in neat AcOH obtained for various manganacycles. 

 

Entry Complex k1 / 1010 s-1 k2 / 108 s-1 k3 / 107 s-1 KIE (k3) 

1 10 5.2 ± 0.7 1.3 ± 0.1 13 ± 1 5.8 ± 1.0 

2 50 –1 –1 0.34 ± 0.06 5.6 ± 1.6 

3 129 –1 –1 0.48 ± 0.07 4.1 ± 0.7 

4 130 0.12 ± 0.02 7 ± 2 9 ± 3 3.4 ± 1.4 

5 135 5 ± 1 –1 28 ± 3 4.1 ± 0.7 

1Not obtainable due to spectral overlap. 

N-(2-pyridyl)indole 130 demonstrated a similar reactivity as previously observed for 

the insertion of 34 into the C–Mn bond (see Chapter 3.4.1), where the crucial C–Mn 

bond breaking step is slower than for 10 (k3 = 9 ± 3 × 107 s-1 at room temperature and 

1.3 ± 0.1 × 108 s-1 at room temperature respectively, Table 10). The initial 

rearrangement of the σ-complex bound species to form the O-bound complex (with 

free OH), was again slower for indole 130 than for the phenyl derivative (k1 = 1.2 ± 

0.2 × 109 s-1 at room temperature and 5.2 ± 0.7 × 1010 s-1 at room temperature 

respectively). Surprisingly, the rearrangement to form the hydrogen-bonded complex 

was quicker for the indole (k2 = 7 ± 2 × 108 s-1 at room temperature, compared to 1.3 

± 0.1 × 108 s-1 at room temperature for 10), which combined with the slow proton 

transfer suggested a significant stabilisation of the hydrogen-bonded intermediate. The 

kinetic isotope effect was also slightly lower at 3.4 ± 1.4, while still being large enough 

to show that O–H bond breakage took place in the final step.  

The usage of imine containing manganacycle 135 led to a strong resemblance in 

behaviour to 10 (Table 10). The initial rearrangement step (k1) was virtually identical 

(5 ± 1 × 1010 at room temperature, compared to 5.2 ± 0.7 × 1010 s-1 at room temperature 

for 10) and the final proton transfer step was slightly quicker for 135 (2.8 ± 0.4 × 108 

at room temperature compared to 1.3 ± 0.1 × 108 s-1 at room temperature for 10). This 

was consistent with both pyridines and imines exhibiting similar catalytic activity. 

Kinetic information for the rearrangement to form the hydrogen-bonded complex was 
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not obtainable due to spectral overlap. The KIE of 4.1 ± 0.7 was slightly lower than 

for 10 and might arise from the reasons discussed above for the indole derivative 130. 

4.3.3 Protonation Mechanism in Toluene Solution 

To simulate a more catalytically relevant environment, the protonation of 10 by AcOH 

was performed in toluene solution ([10] = 1.89 × 10-3 mol dm-3, [AcOH] = 0.79 mol 

dm-3 (418 eq. with respect to Mn), Figure 57). A toluene complex should form at early 

times, before the acetic acid can substitute for Mn-binding. The number of steps of the 

protonation (k1–k3) that is observable will, depend on how long it takes for the acetic 

acid to substitute the toluene.  

 

 
Figure 57. TRIR study of the photolysis of 10 in AcOH/toluene solution ([10] = 1.89 × 10-3 mol dm-3, 

[AcOH] = 0.79 mol dm-3), showing the formation of the various species in solution after irradiation. (a) 

IR spectra of the reaction showing the metal carbonyl region at various timepoints. Negative bleach 

bands correspond the loss of 10 after irradiation. (b) Kinetic plot of the formation of 186 (black circles, 

band at 2041 cm-1) and depletion of 117 (green triangles, band at 2008 cm-1), extracted from (a). 

Initially, toluene-bound complex 117 was observed (bands at 2008 and 1909 cm-1). 

Towards longer nanosecond timescales, this complex was replaced by the acetate-

bound tricarbonyl manganese complex 186 (bands at 2036, 1942 and 1922 cm-1). This 

demonstrated that the substitution was slow compared to the rearrangement steps 

observed in neat AcOH, which is why the other short-lived intermediates was not 
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detected. The substitution being rate determining was reflected in the rate of formation 

of 186 (k4 = 1.27 ± 0.09 × 107 s-1 at room temperature), which was an order of 

magnitude slower than in neat AcOH (k4 = 1.3 ± 0.1 × 108 s-1 at room temperature). 

The fingerprint region (1450-1800 cm-1) were also monitored to observe the organic 

carbonyl stretches. A bleach band corresponding to the loss of AcOH was seen 

growing over time. This band could not be detected in neat AcOH due to saturation of 

the bleach band. Unfortunately, no IR bands were observed for the acetate-bound 

species 186. 

The slow substitution of the toluene-ligand in the experiment, relative to the 

protonation event itself means that there should be a concentration dependence of 

acetic acid on the rate of formation of 186 (k4). In order to probe this, the concentration 

of AcOH in solution was varied (0.04–0.79 mol dm-3) and resulted in the expected rate 

increase of 186 formation with increasing [AcOH] (Figure 58). Firstly, the increasing 

rate of k4 with higher [AcOH] suggested that the rate determining step of k4 was the 

substitution of toluene by acetic acid, which means that further details of the proton 

transfer step was not obtainable. The graph obtained may show a slight curvature, 

which could indicate that AcOH is not rate determining at very high acid 

concentrations. However, it was difficult to distinguish this from the expected linear 

plot using this data and experiments at higher [AcOH] could aid in the determination 

of the curvature of the plot. If the plot was assumed to be linear, the second order rate 

constant for the reaction could be determined (by a linear regression of k4 vs. [AcOH]) 

to be 1.7 ± 0.2 × 107 mol-1 dm3 s-1 (at room temperature). No solid acid additives were 

used to obtain further information about substituent effects (on for example benzoic 

acids) or KIE determination, as the relevant data could only be obtained in neat (liquid) 

acids. 
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Figure 58. Dependence of acetic acid concentration in toluene on the rate of formation of 186 from the 

photolysis of 10. Slope of linear regression is 1.71 ± 0.22 × 107 (R2 = 0.95) and error bars are the 95% 

confidence limits from the exponential growth fit of the formation of 186. 

 

4.3.4 Protonation Following C–C Bond Formation 

The ability to observe 186 post proton transfer, inspired attempts to directly monitor 

the protonation mechanism taking place in the alkenylation reactions with carboxylic 

acid additives vide supra. Therefore, an experiment with carefully chosen 

concentrations of both a terminal alkyne and acetic acid in a toluene solution should 

theoretically contain (at different times) intermediates of all three substrates. Initially, 

a toluene-bound complex should form before being substituted by either of the two 

substrates. 186 is formed in the case of acetic acid binding, while 7-membered 

insertion complex 77 will be generated if the alkyne binds first. In the latter case, acetic 

acid can still perform the protonation step on the 77, generating the organic alkene 

product 35. 

As it was envisaged that an improper substrate ratio might lead to undesired 

protonation directly of 10 (leading to formation of 186), the TRIR experiment was 

performed using a large excess of 34 (compared to AcOH) diluted in toluene ([10] = 

1.90 × 10-3 mol dm-3, [34] = 1.37 mol dm-3 and [AcOH] = 0.06 mol dm-3, Figure 59). 

A ratio of 22:1 (34/AcOH) ensured that the manganese initially proceeds via C–Mn 
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insertion of the alkyne, before protonation can take place. Firstly, the formation of 

toluene-bound complex 117 (bands at 2010 and 1896 cm-1) was observed, followed by 

the substitution by 34 to form the alkyne-bound complex 63 (bands at 2016, 1937 and 

1900 cm-1). After subsequent insertion into the C–Mn bond to form insertion complex 

77 (bands at 2015, 1913 and 1883 cm-1) a new complex (189) displaying a large shift 

in the manganese carbonyl bands (2040, 1936 and 1909 cm-1) was observed. This new 

species was generated on the longer microsecond timescale (t1/2 ≈ 100 µs, k7 = 9.90 ± 

0.06 × 103 s-1 at room temperature) and was assigned to be the desired “Mn(κ2-

OAc)(CO)3” moiety to which the organic fragment 35 still is N-bound to the metal 

centre, due to its spectral similarity to 186 (2036, 1942 and 1922 cm-1).  

The process of monitoring the solvent coordination, substitution by 34, C–C bond 

formation and proton transfer from AcOH, all in one experiment, pushed the limit of 

what is currently possible using TRIR spectroscopy, with the entire experimental time 

range being required for this task.  

 

 
Figure 59. TRIR study of the photolysis of 10 in AcOH/34/toluene solution ([10] = 1.90 × 10-3 mol dm-

3, [34] = 1.37 mol dm-3 and [AcOH] = 0.06 mol dm-3), showing the formation of the various species in 

solution after irradiation. (a) IR spectra of the reaction showing the metal carbonyl region at various 

timepoints. Negative bleach bands correspond the loss of 10 after irradiation. (b) Kinetic plot of the 

formation of 189 (black squares, band at 2040 cm-1) and depletion of 77 (purple squares, band at 2015 

cm-1), extracted from (a). 

The concentration dependence of the different substrates was investigated to further 

support the proposed line of events (Figure 60). The rate of protonation (k7) remained 
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unchanged when the concentration of 34 was varied (0.46–2.28 mol dm-3) with 

constant [AcOH] (6.26 × 10-2 mol dm-3), indicating a zero-order dependence of 34. 

This supported the proposed mechanism, as there should be no involvement of 34 in 

the final step. A linear increase in the observed rate (k7) was found when the acetic 

acid concentration was varied (6.26–62.56 × 10-3 mol dm-3) and [34] kept constant 

(1.37 mol dm-3). This trend provided confirmation for the proposed mechanism, where 

the proton transfer itself was not observed, and the substitution by the AcOH was 

instead rate determining. From this data a second order rate constant of k = 1.5 ± 0.1 

× 105 mol-1 dm3 s-1 (at room temperature) could be determined. 

 
Figure 60. Substrate concentration impact on the rate of protonation (k7), following C–C bond 

formation (at room temperature). (a) Rate of protonation on varying [AcOH], with constant [34] (1.37 

mol dm-3) and [10] (1.90 × 10-3 mol dm-3). Slope of linear regression is 1.46 ± 0.07 × 105 (R2 = 0.99). 

(b) Rate of protonation on varying [34], with constant [AcOH] (6.26 × 10-3 mol dm-3) and [10] (1.90 × 

10-3 mol dm-3). Slope of linear regression is 4.60 ± 0.92 × 102 (R2 = 0.89). 

The direct observation of the protonation mechanism for AcOH and lack thereof for 

the other catalytically relevant substrates (33, terminal alkynes, H2O, acrylates etc.), 

supported a mode of action of the carboxylic acid additives in Mn(I)-catalysed C–H 

bond functionalisation, which consisted of protonation assistance, followed by a C–H 

activation step proceeding through a CMD/AMLA-6 mechanism. 
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Chapter 5: Fluorine-Induced Regioselectivity in 

C–Mn and C–C Bond Formation 

5.1 Background 

The generation of highly regioselective reactions poses one of the major challenges in 

transition metal catalysed C–H bond functionalisation processes, especially if utilised 

in complicated target molecule synthesis, where issues are bound to arise. There are 

currently many strategies to solve this problem, with one of the most common being 

the incorporation of metal directing groups. In the case of functionalisation of sp2-

hybridised C–H bonds, containing ortho-directing groups (as studied within this 

thesis), the main regioselectivity issue that may arise is when using meta-substituted 

substrates. This reaction can provide two different products, through ortho (Co) or para 

(Cp) C–H bond functionalisation (with respect to the meta-substituent). 

Fluorine has been utilised as a non-coordinating directing group, where the 

electronegative nature of the fluorine atom was originally used as an explanation for 

the observed effects. However, studies by Eisenstein, Clot, Perutz and co-workers 

revealed that the C–M bond strength is strongly affected by the fluorine substituent 

(Figure 61). In a pair of studies on light-induced C–H bond activation of 

fluorobenzene by a rhenium-carbonyl complex, the C–Re bond strength was correlated 

to the observed regioselectivity of the reaction.161, 162 It was found that the most 

energetically beneficial position was ortho to the fluorine (192), while the meta-

position (191) was slightly more stable than the para-position (190).  

 
Figure 61. Relative stability of the various regioisomers formed from the Re-mediated C–H bond 

activation of fluorobenzene, reported by Eisenstein, Perutz and co-workers.161 

The stability of the corresponding radical species (from C–Re bond breakage) was 

used as rational for the observed trend in C–Re bond strengthens, as the reverse 

stability trend was observed compared to the rhenium-complexes vide supra. 

Additionally, it was found that the stronger C–H bond is preferentially broken due to 
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the stronger C–Re bond formed. It was found that with additional ortho-fluorine 

substituents, the bond dissociation energy is increased and so is therefore the stability 

of the Re-complexes. The investigation of the ortho-fluorine effect has subsequently 

been studied further and been expanded to other transition metals.163 

The preference for C–H bond activation ortho to fluorine on fluorobenzenes have been 

further investigated by Jones, Perutz and co-workers, studying formation of rhodium-

arene complexes (Scheme 41).164 Interestingly, the reaction between 1,3-

difluorobenzene 193 and non-fluorinated rhodium-arene complex 194 at an elevated 

temperature (67 °C), allowed for arene-substitution to generate fluoro-arene 

complexes 195 and 196 in a 5:1 ratio. Complex 195 had one ortho- and one para-

fluorine substituent, while 196 had two meta-fluorine substituents, neither being the 

expected product (197) with two ortho-fluorine substituents. However, increasing the 

temperature (to 78 °C) led to the expected formation of 197, suggesting a discrepancy 

between the kinetic and thermodynamic products. It seemed as that the weaker C–H 

bonds are initially activated, before slowly equilibrating to the more 

thermodynamically stable isomer in 197. 

 
Scheme 41. Kinetic and thermodynamic control on the fluorine-induced regioselectivity of rhodium-

mediated C–H bond activation of fluorobenzenes, reported by Jones, Perutz and co-workers.164 

The observed regioselectivity in the rhenium-example above, have been exploited by 

Fagnou and co-workers in the Pd-catalysed C–H bond arylation of 193 (Scheme 42). 

In this reaction the thermodynamically preferred product 199 (with two ortho-fluorine 

substituents) was formed in high yield (85%), while no mono-arylation at any of the 
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other positions was observed. Eisenstein, Perutz and co-workers have subsequently 

showed via DFT-calculations that the ortho-fluorine substituent lowers the activation 

barriers for C–H bond activation,165 which was predicted to proceed via a CMD 

mechanism.80   

 
Scheme 42. Fluorine-induced regioselectivity in the Pd-catalysed C–H bond arylation of 

fluorobenzenes, reported by Fagnou and co-workers.75 

The ortho-fluorine effect has additionally been observed in the formation of Mn(I)-

complexes containing a second, more traditional, directing group. As previously 

mentioned, the most effective manner in studying this effect is in the stoichiometric 

generation of the cyclometallated complexes. Studies into the regioselectivity of 

cyclomangnation reactions have been performed by various research teams since the 

1970s, and fluorine has been found to exhibit the reversed preference to that of most 

other substituents.  

Bruce et al. studied the MnMe(CO)5 6 mediated cyclomanganation of substituted 

azobenzenes and monitored the regioselectivity of the reactions (Table 11).166 They 

compared the observed regioselectivity with that seen for the equivalent 

cyclopalladation. The utilisation of phenyl (on the non-substituted arene) derivatives 

led to extensive C–H bond activation on the phenyl-ring and secondary competition 

processes, which complicated the translation into useful regioselectivity data. 

Therefore, the results obtained using pentafluorophenyl-substituted derivatives gave 

more direct insight into the regioselectivity, as no C–F bond activation was observed.  
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Table 11. Selected examples of the regioselectivity in the cyclomanganation of substituted 

azobenzenes, reported by Bruce et al.166 

 

Entry Substrate R M Co / % Cp / % 

1 201 F Mn(CO)4 100 (203) 0 (207) 

2 201 F Pd(η5-C5H5) 1 (204) 99 (208) 

3 202 Me Mn(CO)4 0 (205) 100 (209) 

4 202 Me Pd(η5-C5H5) 0 (206) 100 (210) 

 

It was found in meta-fluorinated derivative 201 that the manganese has an intrinsic 

preference for the Co-position, leading to the exclusive formation of the Co-complex 

203 quantitatively. The opposite selectivity was observed for the cyclopalladation, 

forming Cp-complex 208 in vast excess to Co-complex 204 (99% and 1% respectively). 

The palladium continued to be selective for the Cp-position, when employing the 

methyl-substituted derivate 202, forming 210 quantitatively. The manganese also 

exhibited a preference for the Cp-position, in stark contrast to the fluorinated substrate. 

Cp-complex 209 was found as the sole product in the reaction, with no observable 

degradation taking place. A trend emerging from this study is that the manganese 

prefers electron-poor C–H bonds, while palladium activates electron-rich C–H bonds. 

This is likely due to a difference in mechanism of cyclometallation. 

Liebeskind et al. conducted an investigation into the regioselectivity of 

cyclomangnation of meta-substituted acetophenones (Table 12).27 A wide range of 

substituents were employed and an interesting trend of the halogens was observed. 

Fluorine showed a large preference for the Co-position (as seen above), generating a 

4.5:1 ratio of Co/Cp (218/225). Change to chlorine, essentially removed any 

regioselectivity, while bromine made the Cp-complex the major product in the reaction 
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(0.69:1, Co/Cp). This observation leads to the speculation that higher electronegativity 

induces a selectivity for the Co-position. 

Table 12. Regioselectivity in the cyclomanganation of substituted acetophenones, reported by 

Liebeskind et al.27 

 
Entry Substrate R Co / % Cp / % Co/Cp 

1 211 F 70 (218) 16 (225) 4.54:1 

2 212 Cl 44 (219) 42 (226) 1.05:1 

3 213 Br 27 (220) 38 (227) 0.69:1 

4 214 Me 0 (221) 77 (228) 0:1 

5 215 OMe 63 (222) 31 (229) 2.07:1 

6 216 CF3 0 (223) 85 (230) 0:1 

7 217 CN 0 (224) 11 (231) 0:1 

 

The same effect of a methyl-substituent, as seen by Bruce et al.,166 was observed in 

the selective generation of Cp-complex 228, presumably arising from the previously 

mentioned reasons. Methoxy-substituents returned the ortho-selectivity to the system, 

forming 222 in a 2.07:1 ratio to Cp-complex 229. This trend was also observed by 

Kaesz and co-workers,21 though they did not investigate any fluorine-substituents. The 

final two substituents investigated by Liebekind et al. were trifluoromethyl and cyano 

groups, both exhibiting complete selectivity for their respective Cp-complexes. 

Pfeffer et al. reported that the aromatic substituent influences the regioselectivity of 

the cyclomanganation for benzyl amines (Table 13), without fluorine being 

employed.17 Performing the reaction between 19 and 3,4-dimethylbenzyl-N,N-

dimethylamine 232, a preference for Cp-complex 232 was observed at a 2:1 ratio to 

the Co-complex 234. Changing the methyl for a methoxy substituent led to a reversal 

in regioselectivity, making Co-complex 235 the major complex in the reaction (3:1 

ratio to the Cp-complex 237). The observed regioselectivity was found to be 
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independent of the reaction time, suggesting that either the reaction is irreversible, very 

fast or the kinetic and thermodynamic preference is identical. 

Table 13. Regioselectivity in the cyclomanganation of substituted benzyl amines, reported by Pfeffer 

et al.17 

 

Entry Substrate R Co / % Cp / % Co/Cp 

1 232 Me 29 (234) 59 (236) 1:2 

2 233 OMe 52 (235) 17 (237) 3:1 

 

A similar substituent effect relating to regioselectivity has been reported by Rourke 

and co-workers, specifically in the cyclomanganation of meta-substituted imine-

containing benzenes.167 Again, no fluorinated substrates were employed, but the same 

preference of the Co-complex (2.6:1, Co/Cp) was observed with a methoxy-substituent. 

Using a nitro-substituent led to a reversal in regioselectivity, with a 1:5.5 ratio (Co/Cp). 

Additionally, it was found that the electron-donating methoxy-substituent, increases 

the reaction rate, while the electron-withdrawing nitro-substituent had a negative 

impact. 

The observation of a strong influence of fluorine substituents on the resulting 

regioselectivity has also been made by Bishop and Jordan (working within the 

Fairlamb research group) when studying the cyclomanganation by MnBn(CO)5 19 of 

fluorinated benzylamine derivatives (Table 14), building on the work by Pfeffer et 

al.168, 169 It was found that the generated manganacycles could be isolated and show a 

relatively strong preference for the Co-position (>90%). Unfortunately, the 

regioisomers could not be separated, while X-ray crystallographic structures was 

obtained for three Co-complexes. The efficiency of the reactions was moderate with 

the yield of the isolated complexes ranging from 50–65%.   
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Table 14. Regioselectivity in the cyclomanganation of fluorinated benzylamine derivatives by 

Jordan.169  

 
Entry Ligand R2 Fn Yield1 / % Co/Cp 

1 238 Me2 3 55 9:1 

(242/246) 

2 239 Me2 3,4 52 99:1 

(243/247) 

3 240 
 

3 62 93:7 

(244/248) 

4 241 
 

3,4 53 92:8 

(245/249) 

1Yield of isolated product. 

Through reaction pathways determined by theory (using DFT-calculations), it was 

speculated that the Cp-complexes should be kinetically preferred, exhibiting a lower 

energy barrier of formation. In contrast, the Co-complexes is more thermodynamically 

stable and therefore becomes the major product in the reaction. This contradicted the 

result on similar benzylamine derivatives reported by Pfeffer et al.,17 discussed above. 

To probe this hypothesis, initial kinetic studies were conducted by Clarke, but the data 

obtained from these studies was not sufficient to confirm or contradict the initial 

reversible formation of the Cp-complexes.147 

The regioselectivity of the corresponding cyclopalladation has also been investigated 

by Milani et al., where the ortho-position is disfavoured.170 Utilisation of Li2PdCl4 as 

the Pd-source, leads to the selective formation of dinuclear Cp-complex 252. However, 

using palladium acetate yielded no selectivity and the two regioisomeric complexes 

251 and 253 formed in equal amounts. The mechanism of C–H bond activation was 

different for the two Pd-precursors, where SEAr (Li2PdCl4) and CMD (Pd3(OAc)6) 

were the two mechanisms. The competition between a favourable ortho-fluorine 

substituent for the CMD mechanism and unfavourable lone pair interaction with the 

bridging ligands, was seen as the primary reason for the observed regioselectivity. 
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Table 15. Regioselectivity in the cyclopalladation of fluorinated benzylamine derivatives, reported by 

Milani et al.170 

 
Entry [Pd] Solvent Co / % Cp / % 

1 1/3 Pd3(OAc)6 MeCN 40 (250) 36 (252) 

2 Li2PdCl4 MeOH 0 (251) 76 (253) 

 

The cyclomanganation of meta-fluorinated 2-phenylpyridine derivatives has been 

studied by Clarke (working in the Fairlamb research group).147 Through a solvent 

screen it was found that the efficiency and regioselectivity of the reaction was highly 

dependent on the reaction solvent (Figure 62). It was the catalytically relevant and 

utilised solvents (toluene and DCE) which gave the highest conversions at 91% and 

97% respectively. The regioselectivity was also consistent between the two solvents 

at a 3.3:1 ratio of 255/256 (Co/Cp). Lower boiling point hydrocarbon solvents such as 

heptane and hexane yielded lesser quantities of the manganacycles but exhibit a large 

difference in the observed regioselectivity. Methanol was shown, as expected, not to 

be an efficient solvent for the reaction (11% conversion to 255), but exclusively forms 

Co-complex 255.  

The regioisomers could not be separated by flash column chromatography and 

characterised in isolation, but the reactions in toluene and DCE revealed enticing 

opportunities for the reaction kinetics to be monitored. The large amount of 256 could 

either arise from a slow reversibility of the Cp-Mn bond formation or from the reaction 

being less thermodynamically biased for the Co-complex 255. Further studies are 

required for this to be determined. 
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Figure 62. Solvent screen for the cyclomanganation of fluorinated 2-phenylpyridines by Clarke.147 

 

5.2 Regioselectivity in C–Mn Bond Formation 

5.2.1 Isolation and Characterisation of Regioisomers 

The preliminary focus of this study was to repeat the reactions on the 2-phenylpyridine 

manganese complexes (255 and 256), initially performed by Clarke, so that kinetic 

information for the cyclomanganation processes could be obtained. However, before 

this could be done the relevant complexes should preferably be isolated and properly 

characterised. Two different fluorinated 2-phenylpyridines, 254 and 257, were chosen 

to be studied and synthesised using a Suzuki-Miyaura cross-coupling methodology. 

Reacting 257 (1 eq.) with 19 (1 eq.) in toluene (dry and deoxygenated) at 80 °C, 

yielded the manganacycles cleanly from the starting material (determined by 19F NMR 

spectroscopy). The two manganese complexes 258 and 259 could be separated by flash 

column chromatography despite of small separation of Rf-values, though at relatively 
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low yields (40 and 30% respectively). The remaining material was collected as co-

eluted fractions, with the majority consisting of 258. Repeating the reaction with the 

difluorinated compound 254 showed a similar behaviour, with 255 and 256 being 

isolated in low yields (34 and 17% respectively) and most material co-eluted.  

 
Scheme 43. Synthesis of the fluorinated manganacycles studied from meta-fluorinated substrates 257 

and 254. 

Similar IR stretching bands were exhibited by all of the manganese complexes (Table 

16), highlighting the minor effect of the fluorine substituents on the electron-richness 

of the metal centre. This was also consistent with the C–Mn bond lengths observed 

from the X-ray crystallographic structures obtained for 255, 258 and 259, which does 

not change for any of the manganacycles. The bond angles and Mn–CO bond lengths 

were also constant between the different manganese complexes and overall showed a 

remarkable similarity in the apparent nature of the ‘Mn(CO)4’ moiety.  

To be used as a control substrate, Cm-complex 261 was synthesised in good yield 

(96%) from the para-fluorinated 2-phenylpyridine 260. Interestingly, if the reaction 

was performed in refluxing hexane, the product could be obtained by filtration due to 

not being soluble in the solvent and precipitating out of the solution. Again, no large 

differences could be seen within the metal carbonyl bands in the IR spectrum, while a 

single crystal X-ray structure was not obtained for this manganese complex (261).  
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Table 16. Key characterisation data for the various manganacycles synthesised. 

Enty Complex IR1 / cm-1 19F-NMR2 C–Mn / Å 

1 258 2081, 1995 

(br), 1942 

−86.3 2.0557(18) 

2 259 2077, 1992 

(br), 1934 

−121.4 2.0510(17) 

3 255 2084, 1999 

(br), 1946 

−112.4,  

−135.5 

2.0501(12) 

4 256 2080, 1996 

(br), 1938 

−137.1,  

−146.3 

Not Obtained 

5 261 2078, 1994 

(br), 1936 

−110.9 Not Obtained 

1Metal carbonyl bands only. 2Reported in parts per million (ppm). 4Determined by single crystal X-ray 

crystallographic diffraction methods. 

The lack of electronic differences at the metal centres, was at first glance incompatible 

with the observed regioselectivity of these cyclomanganation reactions. However, the 

differential may instead arise from electronic changes on the ligand rather than the 

metal, in turn creating a change in selectivity. The 19F NMR signals showed a 

difference between the regioisomeric manganese complexes, where the more fluorine 

signals exhibit a shielding trend of 259>260>258. It was highly likely that another 

effect was behind the observed regioselectivity, as electronic changes to the phenyl-

ring should affect the C–Mn bond length and the metal carbonyl bands, even if only 

marginally. 

 

5.2.2 In Situ Monitoring of Standard Cyclomanganation Reaction 

19F NMR spectroscopy was identified as a suitable technique to monitor the reaction 

kinetics for the cyclomanganation reactions due to the distinct fluorine signals 

corresponding to the complexes, making it easy to separate the information for both 

regioisomers. In operando IR spectroscopy used throughout this thesis, was not 

appropriate as the regioisomers exhibit similar IR stretching bands, which will create 

large spectral overlap and difficulties in deconvolution of the data in the metal 

carbonyl region.  
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The reactions were performed in a Young’s tap NMR tube (inside the NMR 

spectrometer), to avoid temperature fluctuations, minimise human error and ease the 

handling of the reaction. The concentration of the reaction was kept constant to the 

previous work at 0.05 mol dm-3. The reagents were added under N2, at room 

temperature and the toluene was dry and deoxygenated. A room temperature 19F NMR 

spectrum was recorded to obtain the zero-time, before the spectrometer was heated to 

80 °C. The time started after the addition of the NMR sample to the spectrometer, once 

at temperature. 19F NMR spectra was recorded every 5 minutes for the duration of the 

experiment, unless otherwise stated. PhCF3 was selected as an internal standard, as it 

does not influence the reaction nor overlap with any of the observed peaks required 

for analysis in these experiments.  

Initially, the reaction between 257 (1 eq.) and 19 (1 eq.) was performed at 80 °C in 

toluene under a nitrogen atmosphere (Figure 63). As expected, the reaction preferably 

generated the Co-product 258 in a 2.89:1 ratio, in a reaction where both products can 

be seen forming over ca. 20 hours. No transient intermediates could be observed in the 

19F NMR spectra. The rate of reaction slows down as the reaction proceeds in a typical 

non-linear fashion, while the ratio between the two regioisomers remains constant 

throughout the reaction for both substrates.  
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Figure 63. In situ 19F NMR spectroscopic monitoring of the cyclomanganation of 257. (a) Kinetic plot 

of the reaction between 257 (1 eq.) and 19 (1 eq.) in toluene at 80 °C, using PhCF3 as internal standard. 

(b) Kinetic plot of the reaction between 257 (1.5 eq.) and 19 (1 eq.) in toluene at 80 °C, using PhCF3 as 

internal standard. Red line (258) and black line (259) are the reaction profile in (a). 

The kinetic data supported the expected parallel formation of the two products as the 

observed rate of formation of 258 and 259 were highly similar (kobs = 5.09 ± 0.04 × 

10-5 s-1 at 80 °C (formation of 258) and kobs = 5.78 ± 0.07 × 10-5 s-1 at 80 °C (formation 

of 259)), especially when compared to the final product ratio. The different amount 

formed of each product arises from the rate constants being different for the two 

parallel steps and further studies are required to determine the rate constants of each 

step. The observed rate of two parallel reactions (starting from the same starting 

material) should be identical to the rate observed for loss of the starting material171 and 

the rate of loss of 257 (kobs = 5.20 ± 0.07 × 10-5 s-1 at 80 °C) were similar, further 

supporting the presence of a parallel reaction pathway. 

To probe if the lack of observable reversibility in this system arises from the lack of 

non-bound 257, the reaction was performed under the same conditions using an excess 

of 257 (1.5 eq., Figure 63). A highly similar reaction profile to when using 1 

equivalent of 257 was observed and indicated a zero-order dependence in the 2-

phenylpyridine (257). The initial activation of the manganese (possibly CO-loss from 
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19) was likely the rate determining process of the reaction and therefore the reaction 

rate was set independently of the ligand.  

Table 17. Observed rate constants (kobs) at 80 °C for the cyclomanganation of fluorinated 2-

phenylpyridines (Ligand).  

Entry Ligand (eq.) kobs(o) / 10-5 

s-1 

kobs(p) / 10-5 

s-1 

kobs(SM) / 10-5 

s-1 

Co/Cp
 

1 257 (1) 5.1 ± 0.6 5.6 ± 0.1 5.20 ± 0.07 2.89 

2 257 (1.5) 5.24 ± 0.06 6.0 ± 0.1 5.44 ± 0.07 2.63 

3 254 (1) 5.94 ± 0.08 6.15 ± 0.02 5.92 ± 0.09 2.28 

4 254 (2) 5.88 ± 0.05 6.3 ± 0.1 6.24 ± 0.06 2.45 

5 260 (1) 6.361 ± 0.07 N/A 6.36 ± 0.07 N/A 

1 Only one rate obtainable (km). 

The behaviour observed for 257 was repeated for the reactions employing 254 (Figure 

64), but with a small difference in the Co/Cp ratio. Again, the observed rates of both 

products were similar to the loss of starting material (Table 17), in line with two 

parallel reactions pathways. The addition of an extra equivalent of 254 gave a similar 

profile, but with a difference at the end of the reactions. This was likely due to slightly 

too much manganese starting material being added to the reaction with additional 254. 

The reaction was performed for a prolonged time (40 hours) and it could be seen that 

a very slow interconversion between the two regioisomeric isomers occurred, for 

which residual water in the solvent was likely responsible for. Preliminary studies 

highlight that performing the reaction in wet solvent increases the extent of 

regioisomeric interconversion taking place over longer reaction times. The overall rate 

of reaction was similar between the mono- and di-fluorinated substrates (257 and 254), 

which is consistent with the ligand not being a part of the rate determining step of the 

reaction. 
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Figure 64. In situ 19F NMR spectroscopic monitoring of the cyclomanganation of 254. (a) Kinetic plot 

of the reaction between 254 (1 eq.) and 19 (1 eq.) in toluene at 80 °C, using PhCF3 as internal standard. 

(b) Kinetic plot of the reaction between 254 (2 eq.) and 19 (1 eq.) in toluene at 80 °C, using PhCF3 as 

internal standard. Red line (255) and black line (256) are the reaction profile in (a). 

The cyclomanganation of meta-fluorinated substrate 260 was also monitored at 80 °C 

under a nitrogen atmosphere. The observed rate of this process were similar to the rates 

for both other ligands (254 and 257) in previous experiments (Table 17). Again, no 

transient reaction intermediates could be observed in these data. 
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Figure 65. Kinetic plot from the in situ 19F NMR spectroscopic monitoring of the reaction between 260 

(1 eq.) and 19 (1 eq.) in toluene at 80 °C, using PhCF3 as internal standard. 

 

5.2.3 Impact of Acid Additives on Regioselectivity 

Carboxylic acids were identified as suitable additives to further probe the reaction 

mechanism, due to the experimental evidence hinting towards an irreversible 

mechanism (see further discussion in Chapter 5.2.4). Several carboxylic acid additives 

have been successfully employed in proton transfer steps within this thesis (see 

Chapter 2 and 4), including the protonation of Mn(ppy)(CO)4 10 via a CMD/AMLA-

6 pathway. The protonation mechanism of 10 should be reversible (as seen in the 

productive catalysis with acid additives), meaning that acid additives should make the 

regioselectivity thermodynamically determined and should only require catalytic 

amount of acid employed. Therefore, the Co/Cp ratio ought to change with the addition 

of acid, as an irreversible reaction is kinetically driven and is highly unlikely to be 

identical to the thermodynamic selectivity. 

To the reaction between 257 (1 eq.) and 19 (1 eq.) at 80 °C in toluene under a nitrogen 

atmosphere, was added benzoic acid (0.1 eq.) and was monitored using in situ 19F 
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NMR spectroscopic analysis (Figure 66). A pronounced difference in the kinetic 

traces after addition of the acid was observed, with Co-complex 258 becoming the 

dominant product generated, at a 16.90:1 ratio (258/259). There was also unreacted 

starting material 257 left in solution at the end of the reaction.  

 

 
Figure 66. In situ 19F NMR spectroscopic monitoring of the effect of benzoic acid on the observed 

regioselectivity of the cyclomanganation reaction of 257. (a) Kinetic plot of the reaction between 257 

(1 eq.), 19 (1 eq.) and benzoic acid (0.1 eq.) in toluene at 80 °C, using PhCF3 as internal standard. Red 

line (258) and black line (259) are the reaction profile with no acid added. (b) Kinetic plot of the reaction 

between 254 (2 eq.), 19 (1 eq.) and benzoic acid (0.1 eq.) in toluene at 80 °C, using PhCF3 as internal 

standard. Red line (255) and black line (256) are the reaction profile with no acid added. 

The same effect was observed for the difluorinated substrate 254 (1 eq.) after addition 

of benzoic acid (Figure 66) and Co-complex 255 forms at 29 times higher amount that 

Cp-complex 256. The determined regioselectivity in the reactions employing acid 

additives contain a large uncertainty due to the minor amounts of the Cp-complexes 

(259 and 256) formed, which means that small errors in the Cp-integrals translates to 

large errors in the calculated selectivity. The trend of the Co-complexes being strongly 

preferred under these conditions, was nonetheless trustworthy. 

Comparing the reaction rates with and without acid additives, showed that the 

observed rate for the loss of starting material (257 and 254) increased by a factor of 

1.6 (257) and 2.3 (254) with 0.1 equivalence benzoic acid added (Table 18). The rate 
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of formation for the Cp-complexes (259 and 256) showed larger discrepancies from 

the other rates (starting material and Co-complexes) than without any additives, which 

most likely arises due to the very small quantities formed.  

Table 18. Observed rate constants (kobs) at 80 °C for the cyclomanganation of fluorinated 2-

phenylpyridines (Ligand) with acid additives. All reactions are performed using one equivalent of the 

ligand and manganese precursor 19. 

Entry Ligand Additive 

(eq.) 

kobs(o) / 10-4 

s-1 

kobs(p) / 10-5 

s-1 

kobs(SM) / 10-4 

s-1 

Co/Cp
 

1 257 None 0.51 ± 0.06 5.55 ± 0.10 0.52 ± 0.07 2.89 

2 257 PhCO2H  

(0.1) 

0.81 ± 0.01 1.51 ± 0.07 0.83 ± 0.01 16.90 

3 257 4-F-

PhCO2H 

(0.5) 

1.5 ± 0.2 1.75 ± 0.12 1.5 ± 0.1 21.46 

4 257 4-F-

PhCO2H 

(1)1 

23 ± 1 42 ± 14 20 ± 2 23.87 

5 254 None 0.59 ± 0.01 0.62 ± 0.01 0.59 ± 0.01 2.28 

6 254 PhCO2H  

(0.1) 

1.33 ± 0.01 2.5 ± 0.2 1.34 ± 0.01 29.21 

1Pre-heated for 2.25 hours. 

It can be envisaged that the benzoic acid could protiodemetallate the benzyl group, 

generating toluene and a Mn(I)-benzoate carbonyl complex. Therefore, 4-fluoro-

benzoic acid was employed, as the fluorine-handle should allow for the observation of 

these complexes. A larger amount of the acid than the 0.1 equivalence used previously, 

was preferred to make detection of new species easier.  

The reaction between 257 (1 eq.), 19 (1 eq.) and 4-fluoro-benzoic acid (0.5 eq.) at 80 

°C in toluene under a nitrogen atmosphere was monitored by in situ 19F NMR 

spectroscopy (Figure 67). Once more, a fast reaction profile was observed, with a 

large selectivity for 258 over 259 (21.46:1). More of the free ligand 257 could be 

observed (28%) than in previous reactions. Interestingly, the fluorine peak for 4-

fluoro-benzoic acid was observed splitting to form a new species, with a significant 

amount of the benzoic acid remaining. The new peak was seen drifting downfield as 
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the reaction progresses, widening in the process, which could barely be detected upon 

reaction completion. 

 

 
Figure 67. In situ 19F NMR spectroscopic monitoring of the effect of 4-fluoro-benzoic acid on the 

observed regioselectivity of the cyclomanganation reaction of 257. (a) 19F NMR spectra of the reaction 

between 257 (1 eq.), 19 (1 eq.) and 4-fluoro-benzoic acid (0.5 eq.) in toluene at 80 °C, using PhCF3 as 

internal standard. Key; purple circle = 4-fluorobenzoic acid and purple star = unknown 4-fluoro-benzoic 

acid derived compound. (b) Kinetic plot of 257 derived products (258 and 259), extracted from (a). (c) 
19F NMR spectra of the reaction employing 2.25 hours pre-stirring between 19 (1 eq.) and 4-fluoro-

benzoic acid (1 eq.) in toluene at 80 °C using PhCF3 as internal standard, before 257 (1 eq.) was added 

to the reaction. Key; purple circle = 4-fluorobenzoic acid, purple star = unknown 4-fluoro-benzoic acid 

derived compound also observed in (a) and purple diamond/cross = unknown 4-fluoro-benzoic acid 

derived compounds not previously observed. (d) Kinetic plot of 257 derived products (258 and 259) 

after addition of 257, extracted from (c).  
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Compound 19 (1 eq.) and 4-fluoro-benzoic acid (1 eq.) was pre-heated at 80 °C in 

toluene under a nitrogen atmosphere for 2.25 hours (Figure 67) to further probe any 

initial reactions taking place between the manganese complex 19 and the benzoic acid. 

It was seen in the 19F NMR spectra that the unknown species formed previously was 

present and again drifted downfield as time progressed. Addition of 257 (1 eq.) after 

2.25 hours led to a significant change in the 19F NMR spectrum. A species around the 

location of the unknown split peak was formed, which was either the same complex 

behaving differently upon addition of the ligand or a new complex altogether. The 

latter was more likely as it was seen shifting upfield (relative to its starting position) 

as the reaction progressed. There were several new species generated following 

addition of 257, where a short-lived species at −106.5 ppm and another longer-lived 

compound at −111.8 ppm was observed. Attempts to isolate and further characterise 

any of these species formed in the reaction between 19 and the benzoic acid were 

unsuccessful.  

The formation of 258 was again much preferred over 259, with only trace amounts 

being formed of the later. The rate of 258 formation increased by an order of magnitude 

through pre-heating and increased amount of acid added. However, the total amount 

of manganacycle (258 and 259) formed was reduced compared to the other reactions, 

with 70% of 257 remaining in solution.  

To further probe the reversibility induced by the acid additive, 259 (1 eq.) was initially 

heated at 80 °C in toluene under a nitrogen atmosphere for 4.25 hours (Figure 68). 

This experiment showcased the high thermal stability of 259, with only trace amounts 

degrading, likely due to trace water in the solvent. Benzoic acid (0.5 eq.) was added 

after 4.25 hours and subsequent interconversion to 258 was observed. Interestingly, 

257 was initially generated after the addition of the acid, before the observation of 258. 

The amount of 257 remained constant and was consistent with the amount of acid 

present, while the rest of the ligand resided in 258.  
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Figure 68. In situ 19F NMR spectroscopic monitoring of the thermal stability of 259 and the effect of 

addition of benzoic acid. (a) Kinetic plot of the heating of 257 (1 eq.) in toluene at 80 °C using PhCF3 

as internal standard, with benzoic acid (0.5 eq.) added after 4.25 hours. (b) Kinetic plot of the first 60 

minutes after addition of benzoic acid (0.5 eq.). 

Further experimental evidence is required to support a mechanistic proposal into the 

mechanism of the reversibility induced by acid additives. Therefore, a reaction 

between 257 (1 eq.) and 19 (1 eq.) was initially performed at 80 °C in toluene under a 

nitrogen atmosphere (Figure 69), which generated a mixture of both 258 and 259, as 

previously observed. Thereafter, 260 (0.55 eq.) and benzoic acid (0.5 eq.) was added 

to the reaction mixture, leading to a rapid depletion of both 258 and 259. The quantity 

of 258 stabilised over time and remained as the major complex, while both 257 and 

261 appeared in the solution.  

To probe whether the reaction system was in an equilibrium, 3.7 equivalents of 260 

was added to the solution after 21.5 hours reaction time. This resulted in making 261 

the major Mn-species in solution and lowered the amount of 258 by the corresponding 

amount. The ratio between 258 and 261 provides information into the relative 

thermodynamic stability of the complexes, assuming the system was in an equilibrium. 

After the first addition of 260 (0.55 eq.), the ratio of 257/260 (counting both bound 

and unbound ligand) was 1.8:1, while the ratio of 258/261 at equilibrium was 2.6:1. 
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Following the second addition of 260 (3.7 eq.), the ratios changed to 0.235:1 (257/260) 

and 0.375:1 (258/261). In both cases 259 was only present in trace quantities. 

 

 
Figure 69. Kinetic plot from the in situ 19F NMR spectroscopic monitoring of the cyclomanganation of 

257 (1 eq.) with 19 (1 eq.) in toluene at 80 °C using PhCF3 as internal standard, with benzoic acid (0.5 

eq.) and 260 (0.55 eq.) added after 17 hours. Further 260 (3.7 eq.) was added after 21.5 hours. 260 was 

omitted from the plot for clarity reasons. 

 

5.2.4 Mechanistic Implications of Acid Additives 

The results observed in this study were not enough to identify all of the species 

involved in the reactions, but still it gave some important insights into the key steps of 

the mechanism of cyclomanganation (Scheme 44). The cyclomanganation of 257 by 

19 without acid additives exhibited a rate-independence in 257 and no reaction 

intermediates containing 257 could be observed. This suggested both that the reaction 

order in 257 is zero and that that the activation of the manganese from 19 is rate-

determining, presumably through initial thermal CO-loss. A stable intermediate 

containing 257 (that would likely be observable) must be formed for 257 to be involved 
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in the rate determining step of the reaction, while still exhibiting a zero-order 

dependence.  

The most convincing result to support an irreversible cyclomanganation mechanism 

(in addition to the effect of benzoic acid added) arises from the heating of Cp-complex 

259 (Figure 68). This experiment shows that 259 is thermally stable and should have 

interconverted to 258 in about a 3:1 ratio (258/259) if the reaction is reversible. 

Therefore, it can be concluded that the standard cyclomanganation of 257/254 was 

irreversible and that the observed regioselectivity must be kinetically determined. This 

meant that Co-complexes were kinetically preferred over Cp-complexes, which was 

opposite to that hypothesised for the analogous benzylamines.168 

The addition of sub-stoichiometric amounts of benzoic acid to the reaction drastically 

changed the observed regioselectivity to produce only trace quantities of the Co-

complex. This effect can either arise from the reaction becoming reversible with the 

addition of the acid additive, or from the rate of cyclomanganation (ko and kp) being 

significantly altered by the acid additive.  

The rate of the overall reaction also increased by 1.6 (257) and 2.3 (254) times 

compared to the reaction without benzoic acid. The acid should have no influence on 

the rate if it only impacts the actual cyclomanganation step, meaning that the acid must 

interact with the manganese in the activation step. The large increased rate observed 

when pre-stirring 19 with 4-fluoro-benzoic acid, further supports this proposal. If a 

Mn-benzoate complex was generated from the protiodemetallation of the benzyl 

ligand (to form toluene), the mechanism is expected to proceed via a CMD/AMLA-6 

mechanism, which therefore seems to be faster than the σ-CAM mechanism without 

additives. 

The utilisation of 4-fluorobenzoic acid (0.5 eq.) led to the formation of a new species 

from the benzoic acid (in the 19F NMR spectra) during the cyclomanganation of 257. 

The formation of this species during pre-heating of the benzoic acid with 19, supports 

an interaction of the acid with the manganese pre-reaction with the 2-phenylpyridine 

and might influence the rate of cyclomanganation (ko and kp). The extent of the 

interaction may be limited, as a large quantity of the benzoic acid remained unreacted 

at the end of the pre-stir. The identity of the generated species remains unknown due 

to unsuccessful isolation attempts and identification using other techniques. However, 
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the low amounts formed of the new species can be explained by it being highly air and 

moisture sensitive, but this would require the benzoic acid to be regenerated following 

degradation. 

 
Scheme 44. Mechanistic impact of carboxylic acid additives on the cyclomanganation of fluorinated 2-

phenylpyridines.  

In addition to the reactions employing 4-fluorobenzoic acid suggesting at least a partial 

interaction between the acid and the manganese, it seems as the rate of 

cyclomanganation is increased with the addition. The extent of the impact is however 

difficult to determine in a reversible process and the experiment in which 259 is treated 

with benzoic acid (0.5 eq., Figure 68) strongly support the reaction being reversible 

in the presence of the acid.  

The constant concentration of non-coordinated ligand 257, following benzoic acid 

addition, is a common feature of all the reactions employing the acid additive. It 

suggests that the reaction is in an equilibrium between the two manganacycles (258 

and 259) and 257, as at equilibrium the quantity of each Mn-complex is determined by 

its relative thermodynamic stability. This means that if a Mn-benzoate complex 

generated (from protiodemetallation of a manganacycle) is stable enough, it should be 

present in solution and thus uncoordinated 257 as well. Complete consumption of 257 

was observed with no addition of acid, while addition of 0.1 equivalents (benzoic acid) 

showed 5% of 257 remaining in solution. Thus, addition of 0.5 and 1 equivalents of 4-

fluorobenzoic acid exhibited 28% and 70% respectively of 257 at the end of the 

reaction; the latter reaction may be lowered due to increased degradation. The 
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correlation between larger amount of acid used leading to more 257 observed at the 

end of the reaction, is consistent with the proposed mechanism. 

The formation of uncoordinated 257 before 258, after the addition of the benzoic acid 

to the reaction with 259 (Figure 68), have implications for the mechanism to 

interconvert between the species. Even though the protiodemetallation step likely 

proceeds via an intramolecular CMD/AMLA-6 mechanism, the initial presence of 

non-coordinated ligand suggest that the mechanism overall is intermolecular. This 

could arise from formation of a Mn(257)(benzoate)(CO)3 complex after protonation 

post factum, which can easily be envisaged to substitute the 257-ligand at a faster rate 

than the coordination and subsequent activation of the C–H bond. Therefore, non-

coordinated 257 was generated at a faster rate initially than 258. However, no further 

257 should be formed after reaching its equilibrium concentration, explaining the 

constant concentration of 257 in solution after ~10 minutes.  

Another experiment that supports an intermolecular reaction mechanism is the 

addition of benzoic acid and 260 to the completed cyclomanganation of 257 (Figure 

69). The subsequent formation of 261 must proceed via an intermolecular mechanism, 

but this does not infer anything about the mechanism of interconversion between 258 

and 259. This experiment provides additional evidence for the reaction being 

reversible in the formation of the manganacycles, as the reaction consumes both Co- 

and Cp-complexes.  

The competitive formation of the three manganacycles (258, 259 and 261) in this 

experiment (Figure 69) provide insight into the relative thermodynamic stability 

between the complexes. Cp-complex 259 is clearly the least stable complex due to the 

minor amounts generated under reversible and thermodynamic conditions. Co-

complex 258 can be seen being formed preferable over the Cm-complex 261 after the 

first addition of 260, as the ratio of 258/261 (2.6:1, counting both bound and unbound 

ligand for 261) is larger than 257/260 (1.8:1, counting both bound and unbound ligand 

for 260). The same trend can be seen after the second addition of 260 as well, with the 

ratios being 0.375:1 (258/261) and 0.235:1 (257/260). Therefore, 257 can be 

concluded being 1.4–1.6 times more stable than 261 and the general stability trend of 

the complexes emerges as Co > Cm >> Cp. 
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5.3 Regioselectivity in Catalytically Relevant Systems 

5.3.1 In Operando IR Monitoring of Catalytic Reaction  

It was desired to apply the gained mechanistic knowledge in improving the 

regioselectivity of Mn-mediated C–H bond activation of fluorinated 2-phenylpyridines 

into more synthetically useful systems, such as the alkenylation reaction reported by 

Wang and co-workers34 discussed in previous chapters. In that report, 257 was 

employed as a substrate, solely yielding Co-product 262 (60%). The selective 

generation of 257 suggested a reversibility in the C–H bond activation step, unless the 

regioselectivity in C–H bond activation is intrinsically different than that observed for 

the cyclomanganation reactions.  

To find a rational for the reported regioselectivity, an investigation into the mechanism 

is warranted. Initially the reaction between 257 (2 eq.) and 34 (1 eq.), mediated by 31 

(10 mol%) and Cy2NH (20 mol%) in dry and deoxygenated toluene under a nitrogen 

atmosphere, was performed to enable isolation of the organic products. Compound 262 

was, as expected, found as the major reaction product, with 68% yield of isolated 

product, following flash chromatography. Unexpectedly, the other regioisomeric 

alkene 263 (Cp) was isolated as a minor product (9% yield of isolated product). The 

appearance of the Cp-product 263 may stem from the different solvent used (Et2O vs. 

toluene) or from simply not being identified previously.  

 
Scheme 45. Mn(I)-catalysed C–H bond alkenylation of fluorinated 2-phenylpyridine 257. 

Nevertheless, the reaction clearly generated both regioisomers and was therefore 

monitored by in operando IR spectroscopy (Figure 70), coupled with ex situ 19F NMR 

spectroscopy. The latter technique allowed for the observation of the various species 

containing the 2-phenylpyridine moiety and can be correlated with the IR 

spectroscopic data to aid in assignment of the IR stretching bands and separation of 

Co- and Cp-species. The ex situ samples were stored and recorded under an inert 

nitrogen atmosphere, to avoid any degradation of oxygen sensitive species.  
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Both organic products, 262 and 263, can be monitored using 19F NMR spectroscopy 

and therefore kinetic information for the regioselectivity could be obtained, as seen 

previously for the cyclomanganation reactions. Co-product 262 was strongly preferred 

in the reaction generating a 9.24:1 ratio of Co/Cp. The reaction profile for both products 

was normalised by division of the concentration by the final concentration ([X]/[X]∞), 

producing a graph which allowed for the direct comparison of the reaction profile of 

the two regioisomeric products. The corresponding curves for both 262 and 263 were 

identical, suggesting that the observed preference of 262 formation is intrinsic of the 

reaction and does not arise from secondary isomerisation processes. An IR 

deformation band (970 cm-1) correlating to the alkene product forming, was observed 

growing during the reaction and shows the same normalised reaction profile as both 

the regioisomers. It should be noted that it is not clear from the obtained data whether 

the C–H bond activation is reversible or not under catalytic conditions, and further 

studies are required for this to be conclusively determined.  

Compound 31 together with a new tetracarbonyl manganese complex (bands at 2071, 

1982 (br) and 1943 cm-1) was observed in the IR spectrum after 1 minute. The latter 

species was assigned as being the 7-membered tetracarbonyl manganese insertion 

complex 264, due to high similarity to the non-fluorinated derivative 71 (bands at 

2071, 1987 (br) and 1943 cm-1). Interestingly, an induction period of a few minutes 

could be observed in the formation of both alkene products (262 and 263). The 

induction period was concomitant with the formation of 264 and another unknown 

Mn-carbonyl species (identified at 2043 cm-1), which was visible in larger amounts 

after 5 minutes. This unknown species was thereafter consumed in the reaction and the 

IR stretching band depletes concomitant with organic product formation (262 and 

263).  
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Figure 70. In operando IR and ex situ 19F NMR study of the reaction between 34 and 257 using 31 as 

pre-catalyst with Cy2NH as additive (Scheme 45). (a) IR spectra of the reaction in the metal carbonyl 

region at various timepoints. Key; pale blue circle = 31, red circle = 7-membered tetracarbonyl 

manganese insertion complex 264, blue circle = 258, purple circle = 40, dark yellow circle = unknown 

Mn-carbonyl species and gold star/diamond = Mn degradation complex. Reaction conditions (in order 

of addition); Toluene (10 ml), 257 (8.32 mmol, 2 eq.), 34 (4.16 mmol, 1 eq.), Cy2NH (0.83 mmol, 20 

mol%) and 31 (0.42 mmol, 10 mol%) at 80 °C under nitrogen atmosphere. (b) Change in the rate of 

formation of alkene product 262 (determined by ex situ 19F NMR spectroscopy) over the course of the 

reaction. (c) Kinetic plot of the formation of alkene products 262 (blue squares, determined by ex situ 
19F NMR spectroscopy) and 263 (orange squares, determined by ex situ 19F NMR spectroscopy), 

coupled with the depletion of 257 (grey squares, determined by ex situ 19F NMR spectroscopy). (d) 

Normalised reaction progress for 262 (for key see (c)), 263 (for key see (c)) and the IR observed product 

generation (black circles, band at 970 cm-1). (e) Formation and depletion of the unknown Mn-carbonyl 

species (dark yellow circles, band at 2043 cm-1) and 40 (purple circles, band at 2047 cm-1), with the 

formation of alkene products (black circles, band at 970 cm-1). (f) Formation and depletion of 7-

membered tetracarbonyl manganese insertion complex 264 (red circles, band at 2071 cm-1 and black/red 

squares, determined by ex situ 19F NMR spectroscopy) and the formation of 258 (blue circles, band at 

2084 cm-1 and black/blue squares, determined by ex situ 19F NMR spectroscopy). 
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264 was tentatively assigned in the 19F NMR spectra (−115 ppm) due to the high 

similarity of the behaviour of this peak to the reaction profile obtained from the IR 

spectroscopy. This was likely the Co-derivative due to the strong preference of the Co-

species in the reaction. Tetracarbonyl manganese insertion complex 264 remained 

present in the reaction solution to the end of productive catalysis, whereas the unknown 

species (2043 cm-1) disappeared. Afterwards, 264 was rapidly consumed as the 

reaction had presumably consumed all the alkyne, with the manganese only being able 

to proceed through one final protonation process. This resulted in the formation of 258, 

as seen in both the IR and 19F NMR spectroscopic data, further highlighting the high 

Co-selectivity in the system as no 259 could be observed. Additionally, this result is in 

agreement with the mechanism proposed in Chapter 2, since only 257 or H2O can be 

responsible for the final protonation step in this reaction. The alkyne 34 cannot perform 

the final protonation step, due to the subsequent insertion into the C–Mn bond should 

still take place in this case.  

The lack of observation of a catalyst resting state in the formation of 263, indicate a 

more rapid reaction for the Co-derivatives. The cyclomanganation step likely sets the 

regioselectivity of the reaction, as this is similar to that of the stoichiometric reactions. 

It remains unclear whether the reaction step is reversible and why the Cp-product 263 

forms in relatively high amounts, compared to the selectivity of cyclomanganation at 

the end of the reaction. A reversible formation of the 5-membered manganacycles (258 

and 259) could lead to a misleading selectivity, where the regioselectivity under 

productive catalysis is different than under stoichiometric conditions (as under the 

final catalyst turnover). 

Interestingly, a new peak was observed forming during the reaction at 2047 cm-1, 

which is of high similarity to Mn2(CO)10 40 and was therefore tentatively assigned as 

this complex. The other IR bands for 40 could not be deconvoluted due to extensive 

spectral overlap. 40 was seen increasing until the completion of the catalysis, at which 

point its depletion was noted. Further studies are required to determine if 40 is a part 

of the catalysis, a degradation species or takes part in a different process. 

Catalyst degradation manganese complexes appeared alongside the productive 

catalysis. These manganese complexes (with two distinct bands at 2017 and 2004 cm-1) 

show a large similarity to the reaction using non-fluorinated 33 (2020 and 2006 cm-1 



Chapter 5: Fluorine-Induced Regioselectivity in C–Mn and C–C Bond Formation 

214 

 

at 60 °C in n-Bu2O) and was therefore assigned to be the corresponding species. 

Isolation or further characterisation of the degradation complexes is required, but it 

seemed from the similarity of the IR stretching bands that the 2-phenylpyridine ligand 

was not incorporated into the complexes. This is in support of the assignment of these 

complexes being various Mn-hydroxyl and Mn-alkynyl clusters. 

 

5.3.2 Rate of C–C Bond Formation for Regioisomeric Manganacycles 

Cyclomanganation reactions has mainly been utilised in the investigation into the 

fluorine-induced regioselectivity to this point. In principle, the C–Mn bond breakage 

can reveal as much information about the regioselectivity as the bond formation 

process, where the relative thermodynamic stability of the Co-, Cm- and Cp-complexes 

has already been determined for monosubstituted manganacycles. The differences in 

thermodynamic stability should translate into the rate of C–C bond formation, where 

the least stable complex reacts fastest due to a more reactive C–Mn bond.  

TRIR spectroscopy provide, as seen previously (Chapter 3), the ability to obtain rates 

of C–C bond formation without interference of other reaction steps. Therefore, 258 

was photolysed in neat 34 ([258] = 1.89 × 10-3 mol dm-3) using a 355 nm pump to 

release one of the CO-ligands and initiate the C–C bond formation process (Figure 

71). The reaction proceeded in the same manner as for the non-fluorinated substrate 

10. Initially, the arene-bound complex 265 was observed (2016 and 1915 (br) cm-1), 

followed by the alkyne-coordinated species 266 (2018, 1955 and 1923 cm-1), which 

subsequently inserted into the C–Mn bond to form insertion complex 267 (2013, 1924 

and 1897 cm-1). The experiments employing the other four manganacycles (259, 255, 

256 and 261) within this work proceeded via the same line of events (Table 19). All 

the TRIR experiment within this chapter was performed using the LIFEtime 

experimental setup. 
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Figure 71. TRIR study of the photolysis of 258 in neat 34 ([258] = 1.75 × 10-3 mol dm-3), showing the 

formation of the various species in solution after irradiation. (a) IR spectra of the reaction showing the 

metal carbonyl region at various timepoints. Negative bleach bands correspond the loss of 258 after 

irradiation. (b) Kinetic plot of the formation of 267 (black circles, band at 1897 cm-1) and depletion of 

266 (red circles, band at 1955 cm-1), extracted from (a). 

Unexpectedly, a new species with an IR stretching band at 2002 cm-1 was seen forming 

at longer times in the reactions. The location of the new species was roughly the same 

in all the experiments and formed in larger quantities for the Cp-complexes than for 

the Co-derivatives. The band was overlapping with the bleach band, as was confirmed 

by subtraction of the bleaches. The formation of the unknown species occurred 

alongside the insertion step and the rate of formation seemed to change according to 

changes in kinsert. Therefore, it was unlikely that the unknown species was formed from 

the insertion complex, unless the two species was in an equilibrium with each other. 

The larger amounts formed for the Cp-complexes suggested that the ortho-fluorine 

effect affects the rate of formation of the unknown species, more than the rate of C–C 

bond formation. The identity of the unknown species requires further studies to be 

accurately determined. 

Large changes in the rate of insertion into the C–Mn bond (kinsert) were observed 

between the different substrates (Table 19). Firstly, a clear dependence on the amount 

of fluorine substituents in the system was found, where non-fluorinated derivative 10 
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(kinsert = 1.35 ± 0.09 105 s-1 at room temperature) showed more than twice as high rate 

compared to Cp-complex 259 (kinsert = 5.7 ± 0.2 104 s-1 at room temperature, second 

fastest substrate), who in turn is faster than difluorinated complex 256 (kinsert = 1.86 ± 

0.05 104 s-1 at room temperature). A similar dependence was observed for the Co-

complexes, though it should be noted that an excessive 15-point smoothening function 

was required to obtain the rate of insertion for 255.  

Table 19. TRIR spectroscopic data and rate constants obtained (at room temperature) from the 

photolysis of the manganacycles in neat 34. 

Entry Complex Arene / 

cm-1 

Alkyne / 

cm-1 

krearr / 

109 s-1 

Insertion 

/ cm-1 

kinsert / 

104 s-1 

1 10 2006 and 

1912 (br)  

2009, 

1944 and 

1912 

3.8 ± 0.7 2008, 

1922 and 

1899 

13.5 ± 

0.9 

2 258 2016 and 

1915 (br) 

2018, 

1955 and 

1923 

3.0 ± 0.31 2013, 

1924 and 

1897 

2.21 ± 

0.04 

3 255 2019 and 

1918 (br) 

2020, 

1968 and 

1925 

1.7 ± 0.61 2021, 

1925 and 

1897 

0.36 ± 

0.012 

4 261 2011 and 

1913 (br) 

2014, 

1950 and 

1916 

2.3 ± 0.51 2012, 

1923 

 and 1898 

3.5 ± 0.1 

5 259 2009 and 

1910 (br) 

2013, 

1948 and 

1912  

2.9 ± 0.41 2011, 

1920 and 

1897 

5.7 ± 0.2 

6 256 2012 and 

1915 (br) 

2015, 

1953 and 

1917 

1.7 ± 0.41 2013, 

1921 and 

1895 

1.86 ± 

0.051 

1Data treated with a 6-point smoothening function. 2Data treated with a 15-point smoothening function. 

The position of the fluorine on the arene (with respect to the manganese) had an impact 

on the rate of C–C bond formation, where Cp (259, kinsert = 5.7 ± 0.2 104 s-1 at room 

temperature) was faster than Cm (261, kinsert = 3.5 ± 0.1 104 s-1 at room temperature) 

and Co was the slowest (258, kinsert = 2.21 ± 0.04 104 s-1 at room temperature). These 

rates support the previously determined thermodynamic stability trend of the 
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manganese complexes (258, 259 and 261, Chapter 5.2.4) and was consistent with an 

ortho-fluorine effect, where the Co-position is stabilised and Cp-position destabilised 

(relative to the Cm-complex). 261 inserted 1.59 ± 0.03 times faster than 258, matching 

the previously determined thermodynamic stability of Co being 1.4–1.6 more stable 

than Cp.  

Table 20. Reaction scheme of the photolysis of the manganacycles in toluene, with TRIR spectroscopic 

data and rate constants obtained (at room temperature). 

 

Entry Complex Tol / cm-1 Water / cm-1 ksub / 105 s-1 

1 10 2004 and 1907 

(br) 

2003, 1905 

and 1893 

2.1 ± 0.4 

2 258 2015, 1929 

and 1909 

2012, 1920 

and 1896 

1.58 ± 0.04 

3 255 2018, 1933 

and 1914 

2015, 1923 

and 1901 

1.14 ± 0.04 

4 261 2009 and 1912 

(br) 

2006, 1906 

and 1893 

1.27 ± 0.03 

5 259 2008 and 1909 

(br) 

2005, 1906 

and 1893 

2.4 ± 0.2 

6 256 2008 and 1915 

(br)  

2008, 1909 

and 1898 

0.96 ± 0.03 

 

To further validate the experimental results in neat 34 and to observe the rate of 

insertion in more catalytically relevant system, it was desired to perform the reactions 

diluted in toluene. Firstly, the manganacycles were irradiated in toluene to obtain the 

location of the IR bands for the toluene-adduct and observe its behaviour (Table 20). 

The complexes behaved in a similar manner to that of 10 in the initial formation of 

toluene-complex 268, followed by the substitution by water from the surrounding 

solvent. The rate of this process was not dependent on the position or amount of 
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fluorine-substituents and the rate of substitution was generally in the rage of ksub = 1–

2.5 × 105 s-1 (at room temperature).  

 

 
Figure 72. TRIR study of the photolysis of 258 in 34/toluene solution ([258] = 1.75 × 10-3 mol dm-3 

and [34] = 0.27 mol dm-3), showing the formation of the various species in solution after irradiation. (a) 

IR spectra of the reaction showing the metal carbonyl region at various timepoints. Negative bleach 

bands correspond the loss of 258 after irradiation. (b) Kinetic plot of the formation of 267 (black circles, 

band at 1901 cm-1) and depletion of 266 (red circles, band at 1954 cm-1), extracted from (a). 

Alkyne 34 was added to the toluene solution ([34] = 0.27 mol dm-3) and the TRIR 

spectroscopic experiments repeated (Figure 72). The expected initial formation of 

toluene-complex 268 was observed, from which the substitution by 34 took place to 

form alkyne-complex 266 instead. No dependence on the fluorine-substituents was 

observed (Table 21) and all substrates proceeded through the subsequent insertion 

step. The rate of insertion followed the same trend observed in neat alkyne, where the 

rate decreases with more fluorine-substituents. The impact of regioselectivity 

continued, with Cp-complex 259 reacting the fastest. 261 inserted 1.72 ± 0.03 times 

faster than 258, again supporting the relative thermodynamic stability of the 

complexes. The experiments also showed that Co-complex 258 inserts 3.21 ± 0.06 

times faster than Cp-complex 259. This should correlate to the relative stability of the 

complexes, though it was smaller than what is observed for the stoichiometric 

cyclomanganation reactions previously studied. 
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Table 21. TRIR spectroscopic data and rate constants obtained (at room temperature) from the 

photolysis of the manganacycles in 34/toluene solution ([34] = 0.27 mol dm-3).  

Entry Complex Tol / cm-

1 

Alkyne / 

cm-1 

ksub / 107 

s-1 

Insertion 

/ cm-1 

kinsert / 

104 s-1 

1 101 2004 and 

1907 (br)  

2008, 

1940 and 

1909 

0.39 ± 

0.06 

2006, 

1917 and 

1990 

16 ± 3 

2 258 2015, 

1929 and 

1909 

2020, 

1954 and 

1925 

1.1 ± 0.1 2013, 

1930 and 

1901 

2.39 ± 

0.05 

3 255 2017, 

1932 and 

1914 

2022, 

1963 and 

1928 

0.5 ± 0.1 2016, 

1931 and 

1903 

0.72 ± 

0.022,3 

4 261 2009 and 

1912 (br)  

2015, 

1950 and 

1918 

0.71 ± 

0.09 

2012, 

1929 and 

1902 

4.10 ± 

0.08 

5 259 2008 and 

1909 (br)  

2013, 

1946 and 

1916 

1.0 ± 0.2 2012, 

1927 and 

1900 

7.7 ± 0.4 

6 256 2011 and 

1914 (br)  

2016, 

1951 and 

1919 

6.3 ± 0.8 2014, 

1929 and 

1902 

1.88 ± 

0.044 

1[34] = 0.05 mol dm-3. 2Data treated with a 15-point smoothening function. 3Determined using loss of 

alkyne-complex. 4Data treated with a 6-point smoothening function. 
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Chapter 6: Conclusions and Future Work 

6.1 Conclusions 

The research presented within this thesis has focused on understanding the mechanism 

and properties influencing the reactivity of Mn(I)-mediated C–H bond 

functionalisation. IR spectroscopy has proven to be invaluable in the monitoring of the 

reactions, which has been performed on timescales from pico- to kiloseconds. In 

particular, the utilisation of TRIR spectroscopy in the direct observation of 

intermediates and kinetics of individual steps within the catalytic cycle, is something 

that has not previously been reported in the literature.  

A more traditional mechanistic investigation was performed into Mn(I)-catalysed C–

H bond alkenylations (Scheme 46), where in operando IR spectroscopy was used as 

the main analytical technique. It allowed for the direct monitoring of the longer-lived 

manganese species in solution and thereby elucidation of the pre-catalyst activation 

pathways. It was found that pre-catalyst activation is substrate-dependent, with 

internal alkynes proceeding via the previously proposed mechanism of initial 

formation of manganacycle 10.34 However, terminal alkynes proceeded via initial C–

H bond breakage of the alkynyl-hydrogen to form a manganese alkynyl-complex. This 

complex can thereafter cyclomanganate the 2-phenylpyridine ligand, allowing entry 

into the catalytic cycles without generating 10. The higher rate of reaction of 31 with 

the alkyne compared to the 2-phenylpyridine is presumably the reason for terminal 

alkynes preferring the latter mechanism. 

 
Scheme 46. Mn(I)-catalysed C–H bond alkenylation reaction studied within this chapter, originally 

reported by Wang and co-workers.34 

The protonation pathways to generate alkene product 35 from 7-membered manganese 

insertion complex 77, were probed using stoichiometric reactions starting from 10, 

where the amount of alkyne and additives were varied. Through these studies it was 

found that the alkyne, 2-phenylpyridine and water are all capable of performing the 
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proton transfer event. This added to the proposed mechanism by Wang and co-

workers, which was limited to the process involving the terminal alkyne as the proton 

source.34 DFT-calculations showed that these reaction pathways are all preferential 

compared to reductive elimination or double insertion. This was not the case for 

internal alkynes as the reductive elimination is dominant and the corresponding 

pyridinium salt was cleanly generated, which highlighted why these substrates was 

reported as inactive under catalytic conditions.34  

The C–C bond formation step of the mechanism was studied using TRIR spectroscopy 

and photochemical initiation (Scheme 47). Photolysis of 10 dissociated one of the CO-

ligands and allowed for the binding of the alkyne-substrate. It was found that 

phenylacetylene 34 prefers initial π-coordination to the phenyl ring (125) and was 

observed at the earliest timescales (0.5 ps). On nanosecond timescale, a rearrangement 

took place to form alkyne-complex 63, which thereafter transformed into insertion-

complex 77 over microsecond times, confirming the proposed reaction pathway for 

C–C bond formation.34 The experiment was repeated in toluene solution, where the 

main difference was the initial formation of a toluene-bound complex, replacing 

complex 125. The rate constants of the steps could be obtained and through changing 

the concentration of 34, it was found that the substitution of toluene was dependent on 

[34]. The rate of insertion was however independent on the alkyne concentration, due 

to this step being unimolecular.  

 
Scheme 47. Reaction mechanism of C–C bond formation in neat 34, deduced by TRIR spectroscopy. 

Further experiments were performed to probe the reactivity of both the manganacycle 

and unsaturated substrate. Electronic differences on the phenyl ring of 34 did affect 

the rate of insertion, while trend emerged in which slower rates of C–C bond formation 

were observed for the manganacycles mainly used in catalytic methodologies.32 Steric 

bulk on the 2-phenylpyridine ligand did not seem to affect the rate of insertion, though 

in some cases the rate of rearrangement to the alkyne-complex was impacted. Moving 

to acrylates as the unsaturated substrate led to the observation of two separate reaction 
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pathways, in the formation of O- and alkene-bound complexes. Both pathways 

converged into the alkene-complex which could insert into the C–Mn bond, suggesting 

that in general, the addition of heteroatoms to the unsaturated substrate does not affect 

the ability to insert into the C–Mn bond. Unproductive substrates in the Mn(I)-

catalysis, such as styrene36 and benzaldehyde,42 could be seen forming their respective 

alkene- and O-bound complexes. These complexes did not insert to form the new C–

C bond, providing a rationale for their lack of reactivity under catalytic conditions. 

Additionally, the rate of insertion could be directly correlated to the DFT-calculated 

energy barriers for the respective C–C bond formation steps, which showed that DFT-

calculations can accurately determine if an insertion into the C–Mn bond will occur. 

These studies show in conclusion that TRIR spectroscopy is a highly suitable 

technique to study the nature of the short-lived intermediates involved in the C–C bond 

formation. 

Carboxylic acid additives, such as propionic acid, has been shown within this thesis to 

have a major impact on the efficiency of the Mn(I)-catalysis studied. It was found that 

for terminal alkynes 34 and 146 it had a positive effect, almost doubling the conversion 

to alkene product 174. The rationale for this positive effect is the effective protonation 

of C–Mn bonds by the carboxylic acid, which was studied using TRIR spectroscopy. 

It was found that the acetic acid performs the proton transfer via the CMD/AMLA-6 

mechanism, the intermediates and kinetics of which could be observed (Scheme 48). 

This was the first time that the short-lived intermediates in this process have been 

directly observed and provided experimental evidence to support the previously 

observed effects of carboxylic acid additives.51, 155, 157 

 
Scheme 48. CMD/AMLA-6 mechanism of C–H bond formation in neat acetic acid, deduced by TRIR 

spectroscopy.  

The acid additives had a surprisingly negative effect of the reactions employing 

acrylates as substrates, lowering the conversion to product significantly. This effect 

arises as the resting state of catalysis was 10, which was different to the reactions using 

terminal alkynes. Complex 10 degraded to catalytically inactive species if treated with 
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acid additives, leading to the lower conversions observed. This highlights the 

importance of mechanistic understanding, as seemingly similar reactions (with 

terminal alkynes and acrylates) can differ in critical ways. Nevertheless, the acid 

additives could be employed in the successful synthesis of alkene-products 89 and 52, 

which cannot be generated using the standard reaction conditions as these 

intermediates are prone to reductive elimination.  

Finally, the fluorine-induced regioselectivity on the Mn(I)-mediated C–H bond 

activation and functionalisation has been studied using 19F NMR and TRIR 

spectroscopy. It was found through stoichiometric cyclomanganation reactions of two 

different fluorinated 2-phenylpyridines, 257 and 254, that the ortho-position (Co) was 

preferred in both cases. Due to the standard cyclomanganation reaction (with no 

additives) being irreversible it was concluded that this selectivity is kinetically 

determined. Benzoic acid generated a reversible reaction, where the selectivity became 

determined thermodynamically. Through competition experiments of 258 and 259 

with Cm-complex 258, it was found that the relative stability of the complexes follows 

a trend of; Co > Cm > Cp. TRIR spectroscopic experiments were employed and the rates 

of insertion (kinsert) supported the relative stability trend of the manganacycles, as the 

C–Mn bond strength should affect the observed rate. The ortho-selectivity translates 

into the catalysis, where both regioisomermic products were found, contrary to 

previous reports.34  

 

6.2 Future Work 

6.2.1 Further Mechanistic Studies 

The mechanistic studies within this thesis has found several different catalytic cycles 

of Mn(I)-catalysed C–H bond alkenylation, which can be affected by carboxylic acid 

additives. Though comprehensive, this study does not cover all aspects of the reaction 

mechanism, with especially catalyst degradation requiring further studies. The 

mapping of how the catalyst degrades, would allow for the development of methods 

to suppress these pathways and therefore increase the efficiency of the catalysis. 

Additionally, further studies into the double insertion and reductive elimination 

pathways can allow for methods to selectively generate each of the three main products 

in a given reaction system. 
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Investigating a large range of Mn(I)-catalysed C–H bond functionalisation processes 

allows for a database of mechanistic knowledge to be generated. As a result, trends 

emerge and the reactivity of (un)known compounds can be rationalised, new improved 

methodologies can be designed, and current methodologies optimised. The inactivity 

of 6-substituted 2-phenylpyridines in the catalysis can for example be solved and 

complicated systems with multiple functional groups selectively modified. The 

generality of activation pathways for the current and future pre-catalysts can be 

determined and thereby aid in the production of new and improved pre-catalysts. For 

example, the thermal activation of Mn2(CO)10 40 under catalytic conditions is poorly 

understood and studies to explore this reactivity can lead to new reactivity being 

discovered. 

Some of the ultimate aims to perform the reactions without a directing group and to 

functionalise sp3-hybridised C–H bonds, will likely not be achievable without further 

understanding of the underpinning chemistry taking place. New pre-catalysts need to 

be designed, which does not require directing groups and is active enough to 

functionalise an alkyl C–H bond. The knowledge on which this design is based must 

arise from mechanistic understanding of how existing and future manganese 

complexes react. 

 

6.2.2 TRIR Spectroscopy 

There are a lot of room for expansion of the TRIR spectroscopic studies of manganese-

carbonyl complexes. Many of the reported Mn(I)-catalysed C–H bond 

functionalisation processes have not been studied within this thesis. The properties 

underlying the C–C and C–X bond formation steps are important and by probing this 

step for a wider range of substrates, a more complete understanding can be obtained. 

Trends of reactivity and understanding of why some substrates are not viable for use 

in catalytic reactions, can be achieved through this expanded study.  

New reactivity of the manganese-complexes can also be probed using TRIR-

spectroscopy, where for example the selective CO-loss or radical formation from 

Mn2(CO)10 40 can be studied in the reaction with new substrates, which could lead to 

new synthetically useful reactions. The formation of triplet excited states can also be 

exploited using this analytical technique, where the lifetime of the excited state can be 
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monitored. If a suitable long-lived triplet excited state is generated, its reactivity can 

be probed, and new synthetic procedures can be developed. Photoredox catalysis is a 

potential field of interest for the non-dissociative excited state chemistry.  

This technique could also be exploited in the monitoring of other transition metal 

mediated transformations which are initiated by light. One of the main issues with 

many of the photochemically initiated reactions are that they do not contain good IR 

reporter groups and it may therefore be difficult to correctly identify intermediates 

forming in the reaction. The most obvious type of chemistry that can be monitored 

using TRIR spectroscopy is transition metal mediated photoredox catalysis, of which 

there have been a plethora of synthetic work reported in the past decade.172 Monitoring 

of ruthenium or iridium 2,2-bipyridine complexes reacting with organic substrates 

upon irradiation can prove a powerful tool for the investigation of the mechanisms of 

these reactions. This type of studies has been conducted by Orr-Ewing and co-workers 

using organic photoredox catalysts.173 There are additional transition metal catalysed 

reactions that can be investigated, such as Fe-catalysed amination of benzylic alcohols. 

The Fe-catalysts contain suitable IR active CO-ligands and the reactions has been 

shown to be photochemically initiated.174  

 

6.2.3 Catalyst Design 

The pre-catalysts utilised in Mn(I)-catalysed C–H bond functionalisation has to this 

point been limited to simple manganese carbonyl complexes, such as MnBr(CO)5 31 

and Mn2(CO)10 40. This is a surprisingly small diversity, if compared to more 

established transition metal-mediated reactions, such as for example Pd-catalysed 

cross-coupling reactions.1  

There are other Mn(I)-carbonyl complexes reported which provide an interesting 

starting ground for the development of new pre-catalysts. For example, 2,2-bipyridine 

and phosphine ligands has often been coordinated to Mn(I)-centres, which has been 

used in for example CO2-reduction chemistry.175 Cyclic and acyclic pentadienyl 

manganese tricarbonyl complexes176 also provide an interesting alternative, contingent 

on the ability to dissociate the pentadienyl-ligand.  

The most promising class of manganese-precursors are the N-heterocyclic carbene 

(NHC) containing Mn(I)-complexes. There a few reported manganese tricarbonyl 
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complexes with bidentate NHC-ligands.177 The ease of modification of the steric and 

electronic properties of the NHC-ligands are the main attractive element for the 

utilisation of them in catalysis. Monodentate ligands are likely more useful, to avoid 

too strong coordination to be manganese and thereby hindering the catalysis from 

taking place.  

A final way that new pre-catalysts can be generated is by the removal of the carbonyl-

ligands. The synthesis of 40 is usually performed under high temperature and pressure 

of carbon monoxide, though it is possible to generate it at ambient pressure from 

Cp’Mn(CO)3 (MMT).178 Therefore, a new synthesis to avoid the use of the toxic CO-

gas and harsh reaction conditions is desired and could possibly be achieved using 

electrochemical synthesis. The main issue with replacing the CO-ligands is the high 

oxidation potential of CO compared to most other ligands.179 Therefore, it is difficult 

to keep the manganese from oxidising and is the major challenge to be overcome for 

this to be successful.  

 

6.2.4 Ortho-Fluorine Effect 

Further investigation into the ortho-fluorine effect observed within this thesis, can 

allow for the underlying rationale behind the effect to be determined. That the effect 

is kinetically determined under standard conditions has been concluded, but why the 

thermodynamically preferred product also is kinetically preferred is still unknown. 

Additionally, the exact reasons why the C–Mn bond is seemingly stronger for the 

ortho-complex is also undetermined and further computational and experimental 

studies could shed light on this issue. The understanding of these issues can also allow 

for the rationale behind the selectivity observed for other substituents, such as methyl 

and methoxy. In addition, through understanding the factors governing the 

regioselectivity, the observed kinetic selectivity could potentially be reversed. This 

could have a major impact on the C–H bond functionalisation reactions, as the minor 

product could be generated in greater amounts and thereby improving the usefulness 

of the methodology. 
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Chapter 7: Experimental 

7.1 General Experimental Information 

Solvents and Reagents  

Commercially sourced reagents were purchased from Acros Organics, Alfa Aesar, 

Fluorochem, or Sigma-Aldrich and used as received unless otherwise stated. 

Dicyclohexylamine was deoxygenated with N2 under sonication and stored in a solvent 

ampule under N2. Dry THF, CH2Cl2, hexane, toluene and MeCN were obtained from 

a Pure Solv MD-7 solvent system and stored under nitrogen. THF was also degassed 

by bubbling N2 through the solvent under sonication. Petroleum ether refers to the 

fraction of petroleum that is collected at 40−60 °C. Reactions requiring anhydrous 

conditions were carried out using Schlenk techniques (high vacuum, liquid nitrogen 

trap on a standard in-house built dual line). Room-temperature upper and lower limits 

are stated as 13−25 °C, but typically 21 °C was recorded. 

Compound 129 and 130 were synthesised by Francis Clarke and Stephanie Meyer 

respectively.146 Compound 135 was synthesised by Dr Joshua Bray and 

characterisation data were in accordance with the literature.49 

 

Chromatography 

Thin-layer chromatography (TLC) was carried out using Merck 5554 aluminum-

backed silica plates (silica gel 60 F254), and spots were visualized using UV light (254 

nm). Where necessary, plates were stained and heated with potassium permanganate, 

anisaldehyde, or vanillin as appropriate. Retention factors (Rf) are reported along with 

the solvent system used in parenthesis. Flash column chromatography was performed 

according to the method reported by Still et al.180 using Fluorochem silica gel 60 

(particle size 40−63 μm) and a solvent system as stated in the text. 

 

Melting Points 

Melting points were recorded using a Stuart digital SMP3 machine using a temperature 

ramp of 3 °C min-1. 
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Infrared Spectroscopy 

Infrared spectra were obtained using a Unicam Research Series FTIR (KBr IR) or a 

Bruker APLHA-Platinum FTIR Spectrometer with a platinum−diamond ATR 

sampling module. Where indicated, reactions were monitored in situ using a Mettler 

Toledo ReactIR ic10 with a K6 conduit SiComp (silicon) probe and MCT detector. 

 

Time-Resolved Infrared Spectroscopy (ULTRA A) 

The Time-Resolved Infrared (TRIR) Spectroscopic experiments were performed at the 

Central Laser Facility (Science & Technology Facilities Council (STFC), Rutherford 

Appleton Laboratories, Oxfordshire, UK) using the Time-Resolved Multiple Probe 

Spectroscopy (TRMPS) at the ULTRA facility. The experiments were driven by a 10 

kHz repetition rate Ti:Sapphire amplifier (Thales) as a probe source, producing 40 fs 

pulses at 800 nm. The Ti:Sapphire laser output was used to pump an Optical 

Parametric Amplifier (OPA, TOPAS; Light Conversion Ltd.) followed by an AgGaS 

‘Difference-frequency mixing’ stage, which produced a tuneable mid-infrared probe 

beam of ~500 cm-1 useable bandwidth. The IR probe beam was split to form reference 

and probe beams, which were passed through spectrographs onto Mercury Cadmium 

Telluride (MCT) array detectors (InfraRed Associates). The probe beam spot size at 

sample was around 80 µm × 80 µm. High speed data acquisition systems (Quantum 

Detectors) allowed 10 kHz acquisition and processing of the probe and reference 

pulses to generate a pump-on/pump-off IR absorption difference signal. The excitation 

source for the TRIR experiments was the output of the 1 kHz Ti:Sapphire amplifier 

(Spectra-Physics Spitfire XP; 100 fs pulse length) equipped with another TOPAS 

OPA. The pulse energy at the sample was attenuated down to 1 µJ and forced down to 

a spot size around 150 µm × 150 µm. Both ULTRA and Spitfire amplifiers were 

optically synchronised by sharing the same seed from a 68 MHz Ti:Sapphire oscillator. 

The seed beam was delayed with an optical delay line before the 1 kHz amplifier to 

accommodate for the 100 fs – 14.7 ns time delays between the pump and probe. For 

times beyond 14.7 ns and up to 100 µs, subsequent seed pulses were selected from the 

68 MHz seed pulse train accompanied by the appropriate setting of the optical delay 

line. The polarization of the excitation beam at sample was set to 54.7° with respect to 

the probe.  
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Data was collected using pump-probe delays ranging from 0.5 ps to 850 µs. Data was 

acquired with the pump laser on (pump-on) and also under essentially identical 

conditions with the pump laser off (pump-off). Subtraction of the pump-off data from 

the pump-on data allowed for removal of electrical noise.  

 

Time-Resolved Infrared Spectroscopy (LIFEtime) 

The Time-Resolved Infrared (TRIR) Spectroscopic experiments were performed at the 

Central Laser Facility (Science & Technology Facilities Council (STFC), Rutherford 

Appleton Laboratories, Oxfordshire, UK) using the Time-Resolved Multiple Probe 

Spectroscopy (TRMPS) at the ULTRA facility. The experiments were driven by a 100 

kHz repetition rate Yb:KGW amplifier (Pharos) as pump source, producing 260 fs 

pulses at 1030 nm. The laser output was used to pump a BBO-based 515 nm pumped 

Optical Parametric Amplifier (OPA). The pump beam was collimated, travelled along 

a programmable optical delay line (0-16 ns 1200 mm long double pass), then focused 

onto the sample. The probe beam sources from a 100 kHz repetition rate YB:KGW 

amplifier(Pharos) producing 6W, 180 fs pulses at 1030 nm, driving two 3 W 

BBO/KTA based OPAs. The two Pharos sources shared an 80 MHz oscillator, 

allowing pump-probe delay steps of 12.5 ns. The probe beam was split to provide 

probe and reference pulses. The probe beams were collimated, synchronised by a fixed 

optical delay, and focused by a gold parabolic mirror onto the sample. The probe beam 

spot size at sample was around 180 µm × 180 µm. The three beams were overlapped 

on the sample using a 50 µm pinhole. The probe beams were measured by two separate 

128-element detectors. To go beyond 12.5 ns, subsequent seed pulses can be selected 

from the 80 MHz oscillator.  

Data were collected using pump-probe delays ranging from 1 ps to 988.5 µs. 

 

Nuclear Magnetic Resonance Spectroscopy 

NMR spectra were obtained in the solvent indicated using a JEOL ECX400 or JEOL 

ECS400 spectrometer (400, 128, 101 and 376 MHz for 1H, 11B, 13C and 19F 

respectively) or a Bruker 500 (500, 125 and 470 MHz for 1H, 13C and 19F respectively). 

Chemical shifts are reported in parts per million and were referenced to the residual 
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non-deuterated solvent of the deuterated solvent used (CHCl3 TMH = 7.26 and TMC 

= 77.16 (CDCl3), CDHCl2 TMH = 5.31 and TMC = 54.0 (CD2Cl2), 
1H and 13C, 

respectively). Spectra were typically run at a temperature of 298 (for CDCl3) or 295 K 

(for CD2Cl2). All 13C NMR spectra were obtained with 1H decoupling. NMR spectra 

were processed using MestReNova software (versions 11.0.3-18688, 2017 and 12.0.3-

21384, 2018). For the 1H NMR spectra, the resolution varies from 0.15 to 0.5 Hz; the 

coupling constants have been quoted to ±0.5 Hz in all cases for consistency. 1H NMR 

chemical shifts are reported to two decimal places, and 13C NMR chemical shifts are 

reported to one decimal place. 

 

Mass Spectrometry 

Electrospray ionisation (ESI) mass spectrometry (MS) spectra were measured using a 

Bruker Daltronics micrOTOF MS, Agilent series 1200LC with electrospray ionization 

(ESI and APCI) or on a Thermo LCQ using electrospray ionization, with <5 ppm error 

recorded for all HRMS samples. Liquid induction field desorption ionisation (LIFDI) 

and electron impact (EI) mass spectrometry was carried out using a Waters GCT 

Premier MS Agilent 7890A GC. Mass spectral data are quoted as the mass to charge 

ratio (m/z) in Daltons along with the relative peak height in brackets (base peak = 100). 

High resolution mass spectra (HRMS) are reported with <5 ppm error. 

 

7.2 General Procedures 

7.2.1 Synthetic Procedures 

General Procedure A: Mn(I)-Catalysed C–H Bond Alkenylation/Alkylation 

Adapted from literature procedure.34 To a microwave vial equipped with a stirrer bar 

were added the manganese complex, 2-phenylpyridine, the unsaturated substrate and 

any supplementary additives. n-Bu2O (2.4 ml mmol-1) was then added, and the solution 

deoxygenated with argon balloon before heating to the desired temperature. After the 

reaction completion and subsequent cooling, the crude material was purified by flash 

column chromatography to afford the product. 
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General Procedure B: Photochemical Alkenylation of 2-Phenylpyridine 

To a microwave vial equipped with a stirrer bar was added Mn(ppy)(CO)4, 

phenylacetylene, any additives and n-Bu2O (1 ml mmol-1). The reaction mixture was 

irradiated at 400 nm using a 5 W LED light source for 3 hours (at 2 minutes intervals 

on/off). The solution was thereafter filtered through Celite®, diluted with CH2Cl2 (200 

ml mmol-1) and washed with saturated aqueous NaHCO3 (150 ml mmol-1). The organic 

layer was dried over MgSO4 and the solvent removed in vacuo. A crude 1H NMR 

spectrum was recorded for the conversion to product and the crude material was, if 

desired, purified by flash column chromatography. 

  

General Procedure C: Synthesis of 5-Membered Manganacycles  

Adapted from literature procedure.181 To a Schlenk tube under nitrogen was added 

MnBn(CO)5 (1 eq.), ligand to be cyclomanganated (1 eq.) and dry deoxygenated 

solvent. The reaction mixture was excluded from light and heated to reflux for 6-24 

hours, until completion of the reaction given from monitoring by IR. When the reaction 

was complete, the reaction mixture was allowed to cool to room temperature and was 

filtered through cotton wool. CH2Cl2 was used to rinse the flask and cotton wool, 

before the solvent was removed under reduced pressure. The crude material was 

purified by flash column chromatography to afford the product. If significant amounts 

of silicon grease or oil was present, the material was dissolved in acetonitrile and 

washed with a small amount of hexane, before the acetonitrile layer was removed 

under reduced pressure. 

 

General Procedure D: Synthesis of Dicyclohexylammonium Salts 

To a 25 ml round bottomed flash equipped with stirrer bar was added 

dicyclohexylamine (1 eq.) and Et2O (2 ml mmol-1). The relevant acid (1 eq.) was 

thereafter added dropwise at room temperature and the reaction mixture was stirred 

for 30 minutes. After the reaction time the solid precipitate was collected by filtration 

and washed with Et2O to afford the product. 
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General Procedure E: Suzuki-Miyaura Cross-Coupling Protocol 

Adapted from literature procedure.181 To a Schlenk tube under nitrogen was added the 

arylbromine (1.0 eq.), aryl boronic acid (1.5 eq.), Pd3(OAc)6 (0.5–2 mol% with respect 

to Pd), K3PO4 (2 eq.) and deoxygenated ethylene glycol (6 ml mmol-1). The reaction 

was heated to 80 °C for 150 min or 16 hours and was thereafter allowed to cool to 

room temperature. Water (7.5 ml mmol-1) and saturated brine (7.5 ml mmol-1) was 

added and the product was extracted using CH2Cl2 (4 × 10 ml mmol-1). The CH2Cl2 

layers was dried over MgSO4 and the solvent was removed under reduced pressure. 

The crude material was purified using flash column chromatography to yield the 

product. 

 

General Procedure F: Mn(I)-Catalysed C–H Bond Alkenylation/Alkylation “On-

Water”  

To a pressure tube equipped with a stirrer bar were added the manganese complex, 2-

phenylpyridine, the unsaturated substrate and any supplementary additives. H2O (2.4 

ml mmol-1) was then added and the solution was heated to 100 °C for 3 hours. The 

solution was subsequently cooled and the crude material purified by flash column 

chromatography to afford the product.  

 

7.2.2 Standard Mn(I)-Catalysed C–H Bond Functionalisation for 

Screening 

Adapted from a literature procedure.34 To a microwave vial equipped with a stirrer bar 

were added the manganese complex, 2-phenylpyridine, unsaturated substrate and any 

supplementary additives. n-Bu2O (1 eq. = 0.025 mol dm-3) was then added, and the 

solution deoxygenated with argon balloon before heating to the desired temperature. 

After the reaction completion and subsequent cooling, a crude 1H NMR spectrum was 

recorded to give the conversion to product. 
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7.2.3 In Operando IR Spectroscopic Measurements 

Reactions under Argon Atmosphere 

A 100 ml three necked round-bottomed flask equipped with a stirrer bar was attached 

to the ReactIR silicon-tipped ATR-IR probe. A background spectrum was collected 

and n-Bu2O (10 ml) was added before septa were attached to the side joints. Thereafter, 

an internal thermocouple was attached through a septum, and the solvent was 

deoxygenated with argon balloon. After the temperature had reached a steady level, a 

solvent background spectrum was recorded to be used as a reference for the 

experiment. 

The sample measurements were thereafter started, and the desired amount of 2-

phenylpyridine, the unsaturated substrate and any additives were added sequentially. 

Enough time for the IR bands to stabilise was ensured between each addition. Liquid 

reagents were added through a septum, while solids were added by rapid removal and 

replacement of the septum. The manganese complex was added as the final reagent by 

rapid removal and replacement of the septum, and the sides of the flask were washed 

with the reaction solution. IR spectra were recorded every 1 min, and specific peaks in 

the metal carbonyl region (∼2150−1800 cm-1; peak resolution = ± 4 cm-1) were picked 

and monitored on an individual experiment basis. The data was exported into a 

Microsoft Excel document, where the relevant processing was performed. Graph plots 

were generated and curve fitting performed using OriginPro 2017 (SR2, b9.4.2.380) 

or 2018b (SR2, b9.5.5.409) software. 

When ex situ 1H NMR monitoring was necessary, aliquots of the reaction mixture were 

taken at appropriate time intervals. The aliquots were filtered through a Pasteur pipet 

(with cotton wool and Celite® filter pad) into an NMR tube. A 1H NMR spectrum was 

recorded of the sample to provide the conversion to product, which could be cross-

correlated with the changes recorded by IR spectroscopic analysis. If samples for 

LIFDI-MS were required, an appropriate amount of the reaction solution was taken 

and the LIFDI-MS spectrum was recorded as soon as possible.  

When using deuterated substrates, the crude reaction mixture was purified by flash 

column chromatography to afford the desired product. Deuterium-incorporation was 

determined using both 1H and 2H NMR spectroscopy.  
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Reactions under Nitrogen Atmosphere 

A 100 ml three necked round-bottomed flask equipped with a stirrer bar was attached 

to the ReactIR silicon-tipped ATR-IR probe and Schlenk line. The flask was evacuated 

and backfilled with nitrogen three times, before an atmosphere background spectrum 

was collected. Dry deoxygenated toluene (10 ml) was added through a septum with an 

internal thermocouple was attached. After the temperature had reached a steady level, 

a solvent background spectrum was recorded to be used as a reference for the 

experiment. 

The sample measurements were thereafter started, and the desired amount of any 

reagents and additives were added sequentially. Enough time for the IR bands to 

stabilise was ensured between each addition. Liquid reagents were added through a 

septum, while solids were added by rapid removal and replacement of the septum. The 

manganese complex was added as the final reagent by rapid removal and replacement 

of the septum, and the sides of the flask were washed with the reaction solution. IR 

spectra were recorded every 1 min, and specific peaks in the metal carbonyl region 

(∼2150−1800 cm-1; peak resolution = ± 4 cm-1) were picked and monitored on an 

individual experiment basis. The data was exported into a Microsoft Excel document, 

where the relevant processing was performed. Graph plots were generated and curve 

fitting performed using OriginPro 2017 (SR2, b9.4.2.380) or 2018b (SR2, b9.5.5.409) 

software. 

When ex situ 19F NMR monitoring was necessary, aliquots of the reaction mixture 

were taken at appropriate time intervals. The aliquots were added to a Young’s tap 

NMR tube under N2 atmosphere and diluted with dry deoxygenated toluene. A 19F 

NMR spectrum was recorded of the sample to provide the conversion to the products, 

which could be cross-correlated with the changes recorded by IR spectroscopic 

analysis.  

 

7.2.4 Thermal Stoichiometric Alkenylation Reactions 

To a microwave vial equipped with a stir bar was added Mn(ppy)(CO)4 (8 mg, 0.025 

mmol, 1 eq.). As required by the individual experiment, phenylacetylene (0.025−0.100 

mmol, 1−4 eq.), 2-phenylpyridine (0.029 mmol, 1.15 eq.) and pyridine (0.025 mmol, 

1 eq.) was added as stock solutions in n-Bu2O. H2O was added with syringe (5 µl, 0.25 
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mmol, 10 eq.) and a total volume of 0.6 ml n-Bu2O was ensured for the experiment. 

The solution was deoxygenated by argon balloon before heating at 100 °C for 30 min. 

After cooling the solvent was removed in vacuo, and a 1H NMR spectrum was 

recorded of the crude material to determine the crude conversion to the product. 

When using deuterated substrates, the crude reaction mixture was purified by flash 

column chromatography to afford the desired product. Deuterium-incorporation was 

determined using both 1H and 2H NMR spectroscopy.  

 

7.2.5 In Situ 19F NMR Measurements 

To a Schlenk tube under N2 was added the fluorinated 2-phenylpyridine, the 

manganese complex and any additives (1 eq. = 0.115 mmol). PhCF3 (0.023 mmol, 0.2 

eq.) was used as internal standard and added as a stock solution (0.2 ml) in dry 

deoxygenated toluene. Toluene (2.0 ml) was added to the solution and 0.6 ml of the 

solution was transferred to a Young’s tap NMR tube under N2 atmosphere. A room 

temperature 19F NMR spectrum was recorded as a zero-point for the experiment. 

Thereafter, the NMR tube was removed from the spectrometer and the temperature 

increased to the chosen level. The start of the experiment is defined as when the NMR 

tube was added to the spectrometer after reaching temperature. 19F NMR spectra was 

recorded at appropriate intervals for the duration of the reaction. If an additive was 

added during the reaction, the NMR was removed from the spectrometer and the 

additive added at room temperature under N2 atmosphere. The NMR was thereafter 

added to the spectrometer, which was kept at temperature.  

 

7.2.6 Time-Resolved IR Spectroscopic Measurements 

This procedure applies to both the ULTRA A and LIFEtime experimental setups. 

Solutions of the manganese complexes were prepared at concentrations around 15–25 

× 10-3 mol dm-3. The solution was flowed (and recycled) through a Harrick cell 

constantly using tubing, a peristaltic pump and a solution reservoir. Experiments were 

performed under air unless otherwise stated. 

The resulting data from the experiments were manipulated by subtracting the reference 

data to obtain a difference spectrum, followed by a first- or second-order polynomial 
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fitting to the baseline (performed in the ULTRA View version 2 software). The data 

were then exported as a comma-separated variable file and imported into OriginPro 

2017 (SR2, b9.4.2.380) or 2018b (SR2, b9.5.5.409). Spectral calibration was 

performed with suitable standard, such as 190 µm polystyrene, 1,4-dioxane or by using 

the known positions of the bleach bands. This allowed for detector pixels to be 

allocated to specific frequencies. The overlap in frequencies were removed manually. 

The data was thereafter analysed as desired in OriginPro 2017 (SR2, b9.4.2.380) or 

2018b (SR2, b9.5.5.409). The peak values reported are the experimentally obtained 

values and are not deconvoluted to remove overlap with other peaks. Kinetic data were 

analysed using the expgro, expdec and expgrowdec functions within Origin and errors 

were reported as 95% confidence intervals. 

 

7.2.7 Kinetic Modelling with COPASI 

Kinetic modelling was performed with the COPASI 4.16 software program (Build 

104).  

IR spectroscopic intensities were taken from the baseline-corrected TRIR data and 

iterated against the proposed kinetic model (Chapter 3.6.1), to obtain the estimated rate 

constants. The model was performed with pump-probe delays of 1 to 50 μs. Initial 

concentrations were taken from the t = 1 μs spectrum and initial rate parameters were 

obtained from approximate first order fits. No constraints were applied to the 

subsequent estimation of the rate constants. Goodness of fit was obtained from the 

coefficient of variation and standard deviation. 

To obtain a visual fit of the modelled rate constants, the IR spectroscopic intensities 

were scaled to account for the difference in response factor of the IR bands for the 

complexes. The data were thereafter modelled in COPASI with the desired model, 

using the estimated rate constants, to produce a calculated fit of the data which can be 

compared to the experimentally obtained IR spectroscopic intensities. 

 

7.2.8 Computational Chemistry 

All calculations were performed using the TURBOMOLE version 6.4 package using 

the resolution of identity (RI) approximation.182-189 
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The initial optimizations were performed at the (RI-)BP86/SV(P) level and was 

followed by frequency calculations at the same level. The transition states were located 

by performing an initial constrained minimisation (by freezing internal coordinates 

that change most during the reaction) of a structure close to the anticipated transition 

state. This was followed by a frequency calculation to identify the transition vector to 

follow during a subsequent transition state optimisation. Thereafter, a final frequency 

calculation was performed on the optimised transition state structure. All minima were 

confirmed as such by the absence of imaginary frequencies and all transition states 

were identified by the presence of only one imaginary frequency. Dynamic reaction 

coordinate analysis confirmed that the transition states were connected to the 

appropriate minima. Single-point calculations on the (RI-)BP86/SV(P)-optimised 

geometries were performed using the hybrid PBE0 functional and the flexible def2-

TZVPP basis set. The (RI-)PBE0/def2-TZVPP self-consistent field energies were 

corrected for their zero point energies, thermal energies and entropies (obtained form 

the (RI-)BP86/SV(P)-level frequency calculations). No symmetry constraints were 

applied during the optimisation. Solvent corrections were applied with the COSMO 

dielectric continuum model153 and dispersion effects modelled with Grimme’s D3 

method.190, 191 

The calculated values for the IR bands were normalised to obtain more accurate and 

comparable (to experimental values) peak locations. Therefore, the calculated vales 

were plotted against the observed values for the same IR bands, giving rise to a linear 

trend increasing with increasing wavenumbers. A linear regression afforded the 

relationship between the calculated and experimental values to be 0.7333x + 567.5. 

The normalised values of the IR bands were obtained by inserting the calculated IR 

values into the equation above as x. 

   

7.3 Synthetic Procedures and Compound Data 

Laboratory notebook references are given for the individual experiments throughout 

this section, from which the synthetic procedure is given. Where a known compound 

is prepared using literature procedure, a literature reference is placed next to the 

compound name. If known, compounds are compared to literature analytical data and 

referenced accordingly. 
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Tetracarbonyl (2-(phenyl-κ,C2-pyridine-κ,N) manganese(I) (10)  

 

Synthesised using general procedure C from MnBn(CO)5 (2.50 g, 9.15 mmol, 1 eq.), 

2-phenylpyridine (1.33 ml, 1.45 g, 9.15 mmol, 1 eq.) and hexane (60 ml). Purification 

by flash column chromatography (petrol/CH2Cl2, 8:2, v/v) to afford a yellow 

crystalline solid (2.37 g, 81%). 

Mp 114–115 °C (lit181 114 °C); Rf 0.26 (petrol/CH2Cl2, 8:2, v/v); 1H NMR (500 MHz, 

CDCl3, δ): 8.00 (d, J = 7.5 Hz, 1H), 7.89 (d, J = 8.0 Hz, 1H), 7.84–7.74 (m, 2H), 7.29 

(dd, J = 7.5, 7.5 Hz, 1H), 7.19 (dd, J = 7.5, 7.5 Hz, 1H), 7.12 (dd, J = 6.5, 6.5 Hz, 1H); 

13C NMR (126 MHz, CDCl3, δ): 220.2, 214.3, 214.1, 174.9, 166.5, 154.0, 146.3, 

141.8, 137.9, 130.4, 124.2, 124.1, 122.5, 119.4; LIFDI-MS m/z (ion, %): 321 ([M]+, 

100); IR (n-Bu2O, solution, cm−1): 2075, 1992, 1978, 1937, 1604, 1579, 1479. 

The analytical data obtained were in accordance with the literature.181 

Lab book reference number: LAH-5-230, LAH-6-360 

 

Benzyl pentacarbonyl manganese(I) (19)  

 

Adapted from literature procedure.181 To a Schlenk tube under nitrogen was added 

mercury (12 ml). Sodium metal (1.18 g, 42.8 mmol, 4 eq.) was added in small pieces 

with high stirring to allow dissolution. In a separate Schlenk tube under nitrogen was 

added Mn2(CO)10 (4.16 g, 10.7 mmol, 1 eq.), followed by dry deoxygenated THF (80 

ml). The THF solution was then transferred by cannula to the sodium amalgam, which 

was stirred for a further 3 hours. Benzyl chloride (2.47 ml, 2.71 g, 21.4 mmol, 2 eq.) 

was added to a separate Schlenk tube under nitrogen and placed in an ice bath. The 

Schlenk tube was put under vacuum with stirring for 30 seconds, before being 
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backfilled with nitrogen. At room temperature, the THF solution was transferred by 

cannula filtration to the benzyl chloride and stirred for 20 hours. The solution was 

thereafter filtered through a bed of Celite® and washed with Et2O. The crude material 

was loaded onto silica gel and purified by flash column chromatography (petrol). 

Benzyl chloride impurities was removed under reduced pressure at 35 °C to yield a 

pale green crystalline solid (4.11 g, 67%).  

Mp 114–115 °C (lit181 40 °C); Rf 0.33 (petrol); 1H NMR (500 MHz, CDCl3, δ): 7.24–

7.12 (m, 4H), 7.05–6.94 (m, 1H); 13C NMR (126 MHz, CDCl3, δ): 212.4, 210.0, 151.9, 

128.8, 126.0, 123.6, 11.3; LIFDI-MS m/z (ion, %) 286 [M]+; IR (CH2Cl2, solution, 

cm−1): 2940, 2874, 2857, 2107, 2011, 1990, 1598, 1489, 1124. 

The analytical data obtained were in accordance with the literature.181 

Lab book reference number: LAH-6-343 

 

Tetracarbonyl (2-(acetyl-κ,O)benzene-κ,C2) manganese(I) (20) 

 

Synthesised using general procedure C from MnBn(CO)5 (143 mg, 0.5 mmol, 1 eq.), 

acetophenone (58 µl, 0.5 mmol, 1 eq.) and hexane (10 ml). The crude material was 

purified by flash column chromatography (petrol/CH2Cl2, 9:1, v/v) to afford a yellow 

solid (79 mg, 55%). 

Mp 116–117 °C dec; Rf 0.24 (petrol/CH2Cl2, 9:1, v/v); 1H NMR (500 MHz, CDCl3, δ): 

7.40 (d, J = 7.5, 1H), 7.15 (d, J = 7.5 Hz, 2H), 6.72 (dd, J = 7.5, 7.5 Hz, 1H), 6.48 (dd, 

J = 7.5, 7.5 Hz, 1H); 13C NMR (126 MHz, CDCl3, δ): 220.4, 215.9, 212.2, 210.8, 

192.8, 144.7, 140.9, 133.2, 131.0, 123.2, 23.9; LIFDI-MS m/z (ion, %): 286 ([M]+, 

100); LIFDI-HRMS m/z: 285.96780 [M]+ (calculated for C12H7NO5Mn 285.96685); 

IR (CH2Cl2 solution, cm−1): 2082, 1993, 1938, 1581, 1539, 1442, 1370, 1323. 

The analytical data obtained were in accordance with the literature.149 

Lab book reference number: LAH-12-923 
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2-(Pentadeuteriophenyl)pyridine (33-d5)  

 

Adapted from literature procedure.34 Synthesis of phenylboronic ester-d5: To a 

Schlenk tube under nitrogen was added bromobenzene-d5 (3.2 ml, 30 mmol, 1 eq.) and 

dry deoxygenated THF (120 ml). n-BuLi (2.5 M in hexanes, 14.4 ml, 36 mmol, 1.2 

eq.) was added dropwise at −78°, and the solution was stirred for 1 hour. B(OMe)3 (8.7 

ml, 78 mmol, 2.6 eq.) was added, and the resulting mixture was stirred for a further 

hour, after warming to room temperature. The solution was acidified using HCl (10% 

v/v in H2O) and extracted with Et2O, and the organic layer was dried over MgSO4, 

filtered, and concentrated in vacuo to give an off-white solid used without further 

purification. 

To a Schlenk tube under nitrogen containing a stirred solution of the phenylboronic 

ester-d5 (3.9 g, 25 mmol, 1.3 eq.), Pd(PPh3)4 (699 mg, 0.6 mmol, 3.2 mol%), and 

Na2CO3 (15 g, 186 mmol, 5.6 eq.) in dry deoxygenated toluene (72 ml), water (72 ml), 

and EtOH (14 ml), was added 2-bromopyridine (1.8 ml, 19 mmol, 1 eq.). The reaction 

mixture was refluxed for 20 hours before cooling to room temperature. Water was 

added and extracted with EtOAc. The organic layer was dried over MgSO4, filtered, 

and concentrated in vacuo. The crude material was purified by flash column 

chromatography (petrol/EtOAc, 9:1, v/v) to yield a pale yellow liquid (2.84 g, 92%). 

Rf 0.21 (petrol/EtOAc, 9:1, v/v); 1H NMR (400 MHz, CDCl3, δ): 8.70 (ddd, J = 5.0, 

1.5, 1.5 Hz, 1H), 7.79−7.69 (m, 2H), 7.23 (ddd, J = 7.0, 5.0, 2.0 Hz, 1H); 13C NMR 

(101 MHz, CDCl3, δ): 157.6, 149.8, 139.3, 136.9, 128.5 (m, 2H coupling), 126.6 (m, 

2H coupling), 122.2, 120.7; ESI-MS m/z (ion, %): 161 ([M+H]+, 100); ESI-HRMS m/z: 

161.1119 [M+H]+ (calculated for C11H5D5N 161.1122); IR (neat, ATR, cm−1): 3052, 

3012, 1595, 1569, 1470, 1433, 1382, 1332, 1300, 1246, 1153, 1098, 1055, 1015, 988, 

908, 832, 820, 799, 750, 731, 642, 606, 552. 

The analytical data obtained were in accordance with the literature.34 
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Lab book reference number: LAH-11-759 

 

1-Deuterio(phenyl)acetylene (34-d)  

 

Adapted from literature procedure.192 To a Schlenk tube under nitrogen were added 

phenylacetylene (2.75 ml, 25 mmol, 1 eq.), K2CO3 (5.18 g, 37.5 mmol, 1.5 eq.) and 

dry deoxygenated MeCN (60 ml). The solution was stirred at room temperature for 30 

minutes before D2O (11.30 ml, 625 mmol, 25 eq.) was added and stirred for a further 

hour. The reaction mixture was diluted with CH2Cl2 (60 ml), the organic layer was 

collected and dried over MgSO4 and filtered followed by concentration in vacuo. The 

crude material was purified by distillation to yield a colourless liquid (1.14 g, 44%). 

1H NMR (400 MHz, CDCl3, δ): 7.53−7.48 (m, 2H), 7.38−7.29 (m, 3H), 3.08 (s, 96% 

D-incorporation); 13C NMR (101 MHz, CDCl3, δ): 132.3, 128.9, 128.4, 122.2, 83.3 

(m, 2H coupling), 77.03 (m, 2H coupling); EI-GC-MS m/z (ion): 103 ([C8H5D]+); EI-

HRMS m/z: 103.0529 [C8H5D]+ (calculated for C8H5D 103.0532); IR (neat, ATR, 

cm−1): 3080, 3058, 2583, 1487, 1443, 1070, 1025, 917, 754, 689, 530, 483. 

The analytical data obtained were in accordance with the literature.192 

Lab book reference number: LAH-10-736 

 

(E)-2-(2-Styrylphenyl)-pyridine (35)  

 

Method A: Synthesised using general procedure A from MnBr(CO)5 (14 mg, 0.05 

mmol, 10 mol%), Cy2NH (20 μl, 18 mg, 0.10 mmol, 20 mol%), 2-phenylpyridine (0.14 

ml, 0.16 g, 1.00 mmol, 2 eq.) and phenylacetylene (54 μl, 0.05 g, 0.50 mmol, 1 eq.). 
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Purification by flash column chromatography (petrol/Et2O, 8:2, v/v) to afford a sticky 

oil (0.10 g, 79%). 

Method B: Synthesised using general procedure B from Mn(ppy)(CO)4 (32 mg, 0.1 

mmol, 1 eq.), benzoic acid (12 mg, 0.1 mmol, 1 eq.) and phenylacetylene (22 μl, 20 

mg, 0.2 mmol, 2 eq.). Purification by flash column chromatography (petrol/Et2O, 7:3, 

v/v) to afford a sticky oil (14 mg, 53%). 

Method C: Synthesised using general procedure F from MnBn(CO)5 (7 mg, 0.025 

mmol, 10 mol%), 2-phenylpyridine (70 µl, 76 mg, 0.5 mmol, 2 eq.) and 

phenylacetylene (27 μl, 25 mg, 0.25 mmol, 1 eq.). Purification by flash column 

chromatography (hexane/Et2O, 7:3, v/v) to afford a sticky oil (27 mg, 34%). 

Rf 0.12 (petrol/Et2O, 8:2, v/v); 1H NMR (500 MHz, CDCl3, δ): 8.76 (ddd, J = 5.0, 2.0, 

1.0 Hz, 1H), 7.79−7.72 (m, 2H), 7.57 (dd, J = 7.5, 1.5 Hz, 1H), 7.50−7.35 (m, 5H), 

7.35−7.20 (m, 5H), 7.07 (d, J = 16.0 Hz, 1H); 13C NMR (125 MHz, CDCl3, δ): 159.0, 

149.7, 139.7, 137.7, 136.1, 135.8, 130.4, 130.2, 128.8, 128.7, 127.8, 127.7, 127.7, 

126.7, 126.4, 125.2, 122.0; ESI-MS m/z (ion, %): 258 ([M+H]+, 100); ESI-HRMS m/z: 

258.1277 [M+H]+ (calculated for C19H16N 258.1277); IR (neat, ATR, cm−1) 3056, 

3024, 1583, 1494, 1459, 1423, 1150, 1022, 960, 795, 749, 728, 690, 644, 616, 517. 

The analytical data obtained were in accordance with the literature.34 

Lab book reference number: LAH-8-548, LAH-9-624, LAH-8-531 

 

Pyridyl pyrone tetracarbonyl (50)  

 

Synthesised using general procedure C from MnBn(CO)5 (145 mg, 0.53 mmol, 1 eq.), 

4-(2-pyridyl)-6-methyl-2-pyrone (100 mg, 0.53 mmol, 1 eq.) and hexane (10 ml). The 

crude material was purified by flash column chromatography (petrol/EtOAc, 7:3, v/v) 

to afford a yellow powder (32 mg, 71%). 
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Mp 168 °C dec (lit50 155–156 °C); Rf 0.15 (petrol/EtOAc, 7:3, v/v); 1H NMR (500 

MHz, CDCl3, δ): 8.85 (d, J = 5.5, 1H), 7.90 (ddd, J = 8.0, 8.0, 1.5 Hz, 1H), 7.72 (d, J 

= 8.0, Hz, 1H), 7.30 (ddd, J = 7.5, 5.5, 1.5 Hz, 1H), 6.27 (s, 1H), 2.30 (s, 3H); 13C 

NMR (126 MHz, CDCl3, δ): 217.1, 214.5, 211.9, 168.7, 164.2, 164.0, 158.6, 156.4, 

154.7, 138.4, 124.5, 121.8, 99.5, 20.0; LIFDI-MS m/z (ion, %): 353 ([M]+, 100); 

LIFDI-HRMS m/z: 352.97208 [M]+ (calculated for C15H8NO6Mn 352.97266); IR 

(CH2Cl2 solution, cm−1): 2082, 1995, 1947, 1689, 1635, 1272. 

The analytical data obtained were in accordance with the literature.50 

Lab book reference number: LAH-7-372 

 

6-Methyl-3-[(E)-2-phenylethenyl]-4-(pyridin-2-yl)-2H-pyran-2-one 

(52)  

 

Synthesised using general procedure A from MnBr(CO)5 (7 mg, 0.025 mmol, 10 

mol%), 4-(2-pyridyl)-6-methyl-2-pyrone (47 mg, 0.25 mmol, 1 eq.), phenylacetylene 

(27 μl, 25 mg, 0.25 mmol, 1 eq.), dicyclohexylamine (10 μl, 9 mg, 0.05 mmol, 10 

mol%) and EtCO2H (4 µl, 0.05 mmol, 20 mol%). The crude material was purified by 

flash column chromatography (petrol/toluene/EtOAc, 5.5:3:1.5, v/v) to afford a yellow 

solid (31 mg, 43%). 

Rf 0.10 (petrol/toluene/EtOAc, 5.5:3:1.5, v/v); 1H NMR (500 MHz, CDCl3, δ): 8.79 

(ddd, J = 5.0, 1.5, 1.0 Hz, 1H), 7.91 (d, J = 16.0 Hz, 1H), 7.80 (td, J = 7.5, 2.0 Hz, 

1H), 7.49 (d, J = 8.0 Hz, 1H), 7.37 (ddd, J = 7.5, 5.0, 1.0 Hz, 1H), 7.35-7.32 (m, 2H), 

7.31-7.25 (m, 2H), 7.24-7.19 (m, 1H), 6.90 (d, J = 16.0 Hz, 1H), 6.32 (s, 1H), 2.32 (s, 

3H); 13C NMR (125 MHz, CDCl3, δ): 162.2, 159.3, 155.5, 150.4, 150.1, 137.9, 136.5, 

135.3, 128.7, 128.0, 126.9, 125.2, 123.8, 120.7, 118.1, 106.5, 20.0; ESI-MS m/z (ion, 

%): 290 ([M+H]+, 68), 312 ([M+Na]+, 100); ESI-HRMS m/z: 290.1176 [M+H]+ 

(calculated for C18H22NO2 290.1176); IR (solid-state, ATR, cm-1): 3052, 2922, 2854, 



Chapter 7: Experimental 

244 

 

1703, 1630, 1583, 1514, 1488, 1465, 1430, 1384, 1345, 1327, 1304, 1234, 1202, 1152, 

1045, 1026, 988, 959, 882, 835, 797, 745, 673, 617, 580, 506. 

The analytical data obtained were in accordance with the literature.50 

Lab book reference number: LAH-11-826 

 

(p-Tolylacetylide) pentacarbonyl manganese(I) (60)  

 

Adapted from literature procedure.34 To a Schlenk tube under nitrogen were added 1-

ethynyl-4-methylbenzene (0.57 ml, 4.5 mmol, 1 eq.) and THF (30 ml). n-BuLi (2.5 M 

in hexanes, 1.80 ml, 4.5 mmol, 1 eq.) was added dropwise to the solution at −78 °C 

and stirred for 30 minutes. A solution of MnBr(CO)5 (1.24 g, 4.5 mmol, 1 eq.) in THF 

(60 ml) was added slowly via cannula and stirred at −78 °C for a further hour. The 

reaction mixture was warmed to room temperature, poured into water (45 ml) and 

extracted with CH2Cl2 (3 × 60 ml). The combined organic layers were dried over 

MgSO4, filtered, and concentrated in vacuo. The crude material was purified by flash 

column chromatography (hexane/EtOAc, 99:1, v/v) to afford a yellow solid. The solid 

was dissolved in hexane and stirred over activated carbon for 10 minutes. Filtration 

through Celite® and concentration in vacuo yielded a white crystalline solid (0.45 g, 

32%). 

Mp 111–113 °C; Rf 0.19 (hexane/EtOAc, 99:1, v/v); 1H NMR (500 MHz, CD2Cl2, δ): 

7.24−7.20 (m, 2H), 7.05 (d, J = 9.0 Hz, 1H), 2.31 (s, 3H); 13C NMR (126 MHz, 

CD2Cl2, δ): 208.4, 207.6, 136.6, 131.6, 129.3, 124.7, 117.0, 89.2, 21.6; LIFDI-MS m/z 

(ion, %): 310 ([M]+, 100); IR (CH2Cl2, solution, cm−1): 3006, 2136, 2110, 2040, 2010, 

1739, 1436, 1366, 1273, 1217. 

The analytical data obtained were in accordance with the literature.34 

Lab book reference number: LAH-11-835, LAH-12-842 
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Dicyclohexylammonium bromide (62)  

 

Synthesised using general procedure D from dicyclohexylamine (2.20 ml, 11.00 

mmol, 1 eq.) and hydrobromic acid (48% in H2O, 1.24 ml, 11.00 mmol, 1 eq.) to afford 

a white solid (2.13 g, 74%). 

Mp 325–327 °C dec; 1H NMR (400 MHz, CDCl3, δ): 8.62 (s, 2H), 3.17 (t, J = 10.5 

Hz, 2H), 2.24 (d, J = 12.5 Hz, 4H), 1.90–1.71 (m, 8H), 1.70–1.59 (m, 3H), 1.33–1.16 

(m, 6H); 13C NMR (101 MHz, CDCl3, δ): 54.3, 29.3, 24.9, 24.9; ESI-MS m/z (ion, %): 

182 ([M]+, 100); ESI-HRMS m/z: 182.1903 [M]+ (calc. for C12H24N 182.1903); IR 

(solid-state, ATR, cm-1): 2929, 2854, 2801, 2757, 2520, 2421, 2358, 1460, 1347, 1312, 

1050, 1034, 919, 895, 857. 

Lab book reference number: LAH-5-240 

 

[(Mn(µ-OH)(CO)3)4] (72)  

 

Adapted from literature procedure.95 To a 50 ml round-bottom flask under ambient 

conditions was added Mn2(CO)10 (195 mg, 0.5 mmol, 1 eq.), trimethylamine N-oxide 

(333 mg, 3 mmol, 6 eq.) and THF (10 ml). The solution was stirred for 18 hours at 

room temperature, before the solvent was removed in vacuo. The crude material was 

recrystallized from hot toluene to yield a yellow powder (39 mg, 25%).  

IR (KBr-disc, cm−1): 3628, 3583, 3361, 2038, 2017, 1935, 1909, 1878, 1480, 1241, 

951, 766, 645. 

The analytical data obtained were in accordance with the literature.95 

Lab book reference number: LAH-7-416 
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[Mn7(µ3-OH)8(CO)18] (73)  

 

Adapted from literature procedure.95 To a 50 ml round-bottom flask under ambient 

conditions was added Mn2(CO)10 (195 mg, 0.5 mmol, 1 eq.), trimethylamine N-oxide 

(333 mg, 3 mmol, 6 eq.), benzophenone (78 mg, 0.4 mmol, 0.8 eq.) and THF (10 ml). 

The solution was stirred for 18 hours at room temperature, before the solvent was 

removed in vacuo. The crude material was recrystallized from CHCl3/hexane to yield 

a yellow powder (98 mg, 67%).  

IR (KBr-disc, cm−1): 3632, 3269, 2041, 2021, 1908, 1479, 952, 765, 691, 645, 513. 

The analytical data obtained were in accordance with the literature.95 

Lab book reference number: LAH-7-417 

 

Reductive Elimination Product from PhC2H (75)  

 

To a microwave vial equipped with a stirrer bar was added Mn(ppy)(CO)4 (32 mg, 0.1 

mmol, 1 eq.) and phenylacetylene (11 μl, 10 mg, 0.1 mmol, 1 eq.) was added as a stock 

solution in n-Bu2O (3 ml, 0.042 mol dm−1). The solution was deoxygenated with an 

argon balloon before heating to 100 °C for 30 min. After cooling, the solvent was 
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removed under reduced pressure and the product crystallized from CH2Cl2/pentane to 

afford the title compound as a brown solid (22 mg, 56%). 

Mp 180−182 °C; 1H NMR (500 MHz, CD2Cl2, δ): 8.01 (d, J = 8.5 Hz, 1H), 7.72 (dd, 

J = 7.5, 7.5 Hz, 1H), 7.61 (d, J = 8.0 Hz, 1H), 7.59−7.44 (m, 6H), 6.88 (s, 1H), 6.57 

(s, 1H), 5.70 (s, 1H), 4.16 (d, J = 4.5 Hz, 1H), 3.23 (d, J = 5.5 Hz, 1H); 13C NMR (125 

MHz, CD2Cl2, δ): 167.9, 142.6, 135.5, 133.8, 133.7, 130.3, 129.7, 129.5, 129.4, 127.9, 

126.0, 123.4, 118.3, 91.5, 78.8, 72.8, 50.4; ESI-MS m/z (ion, %): 256 ([M+H]+, 100); 

ESI-HRMS m/z: 256.1121 [M+H]+ (calculated for C19H14N 256.1121); IR (CH2Cl2 

solution, cm−1) 1983, 1896, 1627, 1561, 1499, 1276, 1257. 

Lab book reference number: LAH-11-791 

2-(2,6-Di(E)-2-(2-styrylphenyl))pyridine (76) 

 

To a microwave vial equipped with stirrer bar were added Mn(ppy)(CO)4 (32 mg, 0.1 

mmol, 1 eq.) and phenylacetylene (44 μl, 0.4 mmol, 4 eq.). n-Bu2O (2.4 ml) was then 

added, and the solution was deoxygenated using an argon balloon before heating to 

100 °C for 30 minutes. After cooling, the crude material was purified by flash column 

chromatography (petrol/Et2O, 8:2, v/v) to afford a yellow solid (8 mg, 22%). 

Rf 0.20 (petrol/Et2O, 8:2, v/v); 1H NMR (500 MHz, CD2Cl2, δ): 8.79 (ddd, J = 5.0, 2.0, 

1.0 Hz, 1H), 7.81 (ddd, J = 7.5, 7.5, 2.0 Hz, 1H), 7.73 (d, J = 8.0 Hz, 2H), 7.47 (dd, J 

= 8.0 Hz, 1H), 7.37 (ddd, J = 7.5, 5.0, 1.0 Hz, 1H), 7.33 (d, J = 7.5 Hz, 1H), 7.31−7.24 

(m, 8H), 7.24−7.17 (m, 2H), 7.01 (d, J = 16.0 Hz, 2H), 6.76 (d, J = 16.0 Hz); 13C NMR 

(125 MHz, CD2Cl2, δ): 158.6, 150.2, 139.6, 137.9, 137.0, 136.6, 130.5, 129.1, 129.0, 

128.2, 127.5, 127.0, 126.9, 125.2, 122.8; ESI-MS m/z (ion, %): 360 ([M+H]+, 100), 

382 ([M+Na]+, 4); ESI-HRMS m/z: 360.1746 [M+H]+ (calculated for C27H22N 

360.1747); IR (solid-state, ATR, cm−1): 3056, 3025, 2956, 2015, 1928, 1584, 1561, 

1494, 1473, 1449, 1419, 1274, 1228, 1178, 1147, 1072, 1022, 958, 787, 748, 732, 689, 

619. 

The analytical data obtained were in accordance with the literature.193 
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Lab book reference number: LAH-11-792 

 

Reductive Elimination Product from PhCCPh (86)  

 

To a microwave vial equipped with a stirrer bar were added Mn(ppy)(CO)4 (32 mg, 

0.1 mmol, 1 eq.) and diphenylacetylene (17 mg, 0.1 mmol, 1 eq.). n-Bu2O (3 ml) was 

then added, and the solution was deoxygenated using an argon balloon before heating 

to 100 °C for 30 minutes. After cooling, the solvent was removed under reduced 

pressure and the product crystallized from CH2Cl2/pentane to afford the title 

compound as a brown solid (41 mg, 86%). 

Mp 202−204 °C; 1H NMR (500 MHz, CD2Cl2, δ): 8.01 (d, J = 8.5 Hz, 1H), 7.72 (dd, 

J = 7.5, 7.5 Hz, 1H), 7.61 (d, J = 8.0 Hz, 1H), 7.59−7.44 (m, 6H), 6.88 (s, 1H), 6.57 

(s, 1H), 5.70 (s, 1H), 4.16 (d, J = 4.5 Hz, 1H), 3.23 (d, J = 5.5 Hz, 1H); 13C NMR (125 

MHz, CD2Cl2, δ): 167.9, 142.6, 135.5, 133.8, 133.7, 130.3, 129.7, 129.5, 129.4, 127.9, 

126.0, 123.4, 118.3, 91.5, 78.8, 72.8, 50.4; ESI-MS m/z (ion, %): 332 ([M+H]+, 100); 

ESI-HRMS m/z: 332.1428 [M+H]+ (calculated for C25H18N 332.1434); IR (CH2Cl2 

solution, cm−1): 1982, 1894, 1614, 1561, 1504, 1426, 1274. 

Lab book reference number: LAH-11-790 

 

 (E)-2-(2-(1,2-Diphenylvinyl)phenyl)pyridine (89)  
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Synthesised using general procedure A from MnBr(CO)5 (7 mg, 0.025 mmol, 10 

mol%), 2-phenylpyridine (70 µl, 76 mg, 0.5 mmol, 2 eq.), diphenylacetylene (45 mg, 

0.25 mmol, 1 eq.), dicyclohexylamine (10 μl, 9 mg, 0.05 mmol, 10 mol%) and EtCO2H 

(4 µl, 0.05 mmol, 20 mol%). The crude material was purified by flash column 

chromatography (petrol/EtOAc, 8:2, v/v) to afford a white solid (17 mg, 20%). 

Rf 0.09 (petrol/EtOAc, 8:2, v/v); 1H NMR (500 MHz, CDCl3, δ): 8.46 (d, J = 5.0 Hz, 

1H), 7.52-7.47 (m, 1H), 7.46-7.39 (m, 4H), 7.31 (d, J = 8.0 Hz, 1H), 7.14-7.07 (m, 

3H), 7.06-6.96 (m, 6H), 6.94-6.89 (m, 2H), 6.66 (s, 1H); 13C NMR (125 MHz, CDCl3, 

δ): 159.8, 149.1, 143.6, 142.6, 140.6, 140.4, 137.7, 135.5, 131.2, 131.0, 130.4, 129.4, 

128.3, 128.0, 127.9, 127.8, 126.9, 126.8, 124.5, 121.3; ESI-MS m/z (ion, %): 334 

([M+H]+, 100); ESI-HRMS m/z: 334.1587 [M+H]+ (calculated for C18H22NO2 

334.1590); IR (solid-state, ATR, cm-1): 3051, 3021, 1585, 1557, 1489, 1459, 1442, 

1421, 1295, 1179, 1151, 1073, 1059, 1028, 990, 946, 914, 878, 793, 782, 743, 715, 

697, 615, 591, 546, 513, 497. 

The analytical data obtained were in accordance with the literature.194 

Lab book reference number: LAH-11-801 

 

2-Methoxy-6-phenylpyridine (131)  

 

Synthesised using general procedure E from 2-bromo-6-methoxypyridine (2.5 ml, 3.76 

g, 20.0 mmol, 1 eq.), phenylboronic acid (3.66 g, 30.0 mmol, 1.5 eq.) and Pd3(OAc)6 

(23 mg, 0.03 mmol, 0.5 mol% with respect to Pd). The crude material was purified by 

flash column chromatography (petrol/Et2O, 97.5:2.5, v/v) to afford a colourless oil 

(2.69 g, 73%). 

Rf 0.28 (petrol/Et2O, 97.5:2.5, v/v); 1H NMR (400 MHz, CDCl3, δ): 8.07–8.03 (m, 2H), 

7.63 (dd, J = 8.0, 7.5 Hz, 1H), 7.49–7.44 (m, 2H), 7.42–7.37 (m, 1H), 7.35 (dd, J = 

7.5, 0.5 Hz, 1H), 6.70 (dd, J = 8.0, 0.5 Hz, 1H), 4.05 (s, 3H); 13C NMR (101 MHz, 
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CDCl3, δ): 163.9, 154.8, 139.3, 139.2, 129.0, 128.7, 126.8, 112.9, 109.4, 53.4; ESI–

MS m/z (ion, %): 186 ([M+H]+, 100); ESI–HRMS m/z: 186.0910 (calc. for C12H12NO 

186.0913); IR (liquid–state): 3062, 2946, 2848, 1599, 1574, 1465, 1448, 1429, 1405, 

1324, 1289, 1251, 1178, 1151, 1077, 1031, 1018, 986, 920, 878, 805, 760, 691, 659, 

622, 607. 

The analytical data obtained were in accordance with the literature.195 

Lab book reference number: LAH-3-1, LAH-4-117 

 

 

2,6-Diphenylpyridine (132)  

 

Synthesised using general procedure E from 2,6-dibromopyridine (2.37 g, 10.0 mmol, 

1 eq.), phenylboronic acid (2.28 g, 15.0 mmol, 1.5 eq.) and Pd3(OAc)6 (12 mg, 0.02 

mmol, 0.5 mol% with respect to Pd). The crude material was purified by flash column 

chromatography (petrol/Et2O, 9:1, v/v) to afford a white solid (1.63 g, 93%). 

Rf 0.33 (petrol/Et2O, 9:1, v/v); 1H NMR (400 MHz, CDCl3, δ): 8.18–8.14 (m, 4H), 7.83 

(dd, J = 8.5, 7.0 Hz, 1H), 7.70 (d, J = 7.5 Hz, 2H), 7.54–7.48 (m, 4H), 7.46–7.41 (m, 

2H); 13C NMR (101 MHz, CDCl3, δ): 157.0, 139.6, 137.6, 129.1, 128.8, 127.1, 118.8; 

ESI–MS m/z (ion, %): 232 ([M+H]+, 100), 254 ([M+Na]+, 3); ESI–HRMS m/z: 

232.1118 [M+H]+ (calc. for C17H13N 232.1121); IR (liquid–state): 3053, 3035, 1597, 

1563, 1491, 1450, 1436, 1390, 1314, 1257, 1186, 1167, 1157, 1102, 1074, 1025, 987, 

973, 924, 821, 775, 753, 739, 696, 626, 611. 

The analytical data obtained were in accordance with the literature.195 

Lab book reference number: LAH-3-11 
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Tetracarbonyl (2-methoxy-6-(phenyl-κ,C2)-pyridine-κ,N) 

manganese(I) (133)  

 

Synthesised using general procedure C from MnBn(CO)5 (2.50 g, 9.15 mmol, 1 eq.), 

2-methoxy-6-phenylpyridine (33 mg, 0.18 mmol, 1 eq.) and hexane (2.5 ml). The 

crude material was purified by flash column chromatography (petrol/Et2O, 9:1, v/v) to 

afford a yellow solid (38 mg, 60%). 

Mp 118–120 °C dec; Rf 0.02 (petrol/Et2O, 9:1, v/v); 1H NMR (500 MHz, CDCl3, δ): 

8.03 (d, J = 7.5 Hz, 1H), 7.81–7.73 (m, 2H), 7.54 (d, J = 8.0 Hz, 1H), 7.29–7.23 (m, 

1H), 7.15 (dd, J = 7.5, 7.5, 1H), 6.58 (d, J = 8.0 Hz, 1H), 4.04 (s, 3H); 13C NMR (126 

MHz, CDCl3, δ): 222.0, 214.8, 214.3, 175.9, 166.5, 166.2, 147.0, 130.0, 124.7, 123.8, 

112.2, 102.6, 60.0; LIFDI-MS m/z (ion, %): 351 ([M]+, 100); IR (CH2Cl2 solution, 

cm−1): 2072, 1983, 1931, 1181, 1132, 1096, 1054, 1028, 1017, 1001. 

Lab book reference number: LAH-3-7 

 

Tetracarbonyl (2-(phenyl-κ,C2)-6-phenylpyridine-κ,N) manganese(I) 

(134) 

 

Synthesised using general procedure C from MnBn(CO)5 (72 mg, 0.25 mmol, 1 eq.), 

2,6-diphenylpyridine (58 mg, 0.25 mmol, 1 eq.) and hexane (5 ml). The crude material 

was purified by flash column chromatography (petrol/EtOAc, 9:1, v/v) to afford a 

yellow solid (56 mg, 57%). 
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Mp 132–133 °C dec; Rf 0.24 (petrol/EtOAc, 9:1, v/v); 1H NMR (500 MHz, CDCl3, δ): 

8.01 (dd, J = 7.5, 1.5 Hz, 1H), 7.94 (dd, J = 8.0, 1.5 Hz, 1H), 7.85–7.79 (m, 2H), 7.56–

7.51 (m, 3H), 7.43–7.39 (m, 2H), 7.29 (td, J = 7.5, 1.5 Hz, 1H), 7.20 (td, J = 7.5, 1.5 

Hz, 1H), 7.29 (dd, J = 7.5, 1.5 Hz, 1H); 13C NMR (126 MHz, CDCl3, δ): 221.6, 214.6, 

209.2, 175.0, 166.8, 165.6, 147.3, 143.7, 141.5, 137.5, 130.1, 129.7, 128.9, 128.7, 

125.0, 124.0, 124.0, 117.9; LIFDI-MS m/z (ion, %): 397 ([M]+, 100); LIFDI-HRMS 

m/z: 397.01389 [M]+ (calculated for C21H12NO4Mn 397.01413); IR (CH2Cl2 solution, 

cm−1): 2072, 1985, 1933, 1215, 1180. 

Lab book reference number: LAH-12-922 

 

Dicyclohexylammonium chloride (171)  

 

Synthesised using general procedure D from dicyclohexylamine (0.43 ml, 2.50 mmol, 

1 eq.) and hydrochloric acid (37% in H2O, 0.20 ml, 2.50 mmol, 1 eq.) to afford a white 

solid (0.54 g, quant.). 

Mp 337–340 °C dec; 1H NMR (400 MHz, CDCl3, δ): 9.06 (s, 2H), 3.06 (t, J = 11.5 

Hz, 2H), 2.20 (d, J = 12.0 Hz, 4H), 1.89–1.76 (m, 5H), 1.76–1.59 (m, 6H), 1.32–1.15 

(m, 6H); 13C NMR (101 MHz, CDCl3, δ): 53.8, 29.3, 25.0, 24.9; ESI-MS m/z (ion, %): 

182 ([M]+, 100); ESI-HRMS m/z: 182.1907 [M]+ (calculated for C12H24N 182.1903); 

IR (solid-state, ATR, cm-1): 2931, 2856, 2790, 2754, 2726, 2702, 2526, 2427, 2380, 

1581, 1490, 1386, 1313, 1055, 1034, 965, 918, 894, 862. 

Lab book reference number: LAH-5-247 

 

Dicyclohexylammonium iodide (172)  

 



Chapter 7: Experimental 

253 

 

Synthesised using general procedure D from dicyclohexylamine (0.43 ml, 2.50 mmol, 

1 eq.) and hydroiodic acid (57% in H2O, 0.20 ml, 2.50 mmol, 1 eq.) to afford a white 

solid (0.59 g, 79%). 

Mp 326–329 °C dec; 1H NMR (400 MHz, CDCl3, δ): 8.08 (s, 2H), 3.34 (tt, J = 12.0, 

4.0 Hz, 2H), 2.29 (d, J = 11.0 Hz, 4H), 1.94–1.80 (m, 8H), 1.68 (d, J = 6,0 Hz, 2H), 

1.34–1.18 (m, 7H); 13C NMR (101 MHz, CDCl3, δ): 54.8, 29.2, 24.9, 24.8; ESI-MS 

m/z (ion, %): 182 ([M]+, 100); ESI-HRMS m/z: 182.1908 [M]+ (calculated for C12H24N 

182.1903); IR (solid-state, ATR, cm-1): 2933, 2857, 2823, 2730, 2514, 2412, 1571, 

1450, 1388, 1314, 1160, 1032, 968, 850. 

Lab book reference number: LAH-5-248 

Dicyclohexylammonium tetrafluoroborate (173)  

 

Synthesised using general procedure D with dicyclohexylamine (0.43 ml, 2.50 mmol, 

1 eq.), tetrafluoroboric acid (48% in H2O, 0.70 ml, 2.50 mmol, 1 eq.) to afford a white 

solid (0.45 g, 67%). 

Mp 341–344 °C dec; 1H NMR (400 MHz, CDCl3, δ): 6.53 (m, 1H), 3.12 (tt, J = 11.5, 

4.0 Hz, 2H), 2.06 (d, J = 12.5 Hz, 4H), 1.92–1.80 (m, 4H), 1.71–1.63 (m, 2H), 1.55–

1.40 (m, 4H), 1.35–1.16 (m, 7H); 13C NMR (101 MHz, CDCl3, δ): 54.8, 29.2, 24.7, 

24.7; 11B NMR (128 MHz, CDCl3, δ): −2.1; 19F NMR (376 MHz, CDCl3, δ): −146.3, 

−146.3; ESI-MS m/z (ion, %): 182 ([M]+, 100); ESI-HRMS m/z: 182.1901 [M]+ 

(calculated for C12H24N 182.1903); IR (solid-state, ATR, cm-1): 3175, 3126, 2938, 

2861, 1601, 1456, 1389, 1315, 1096, 1002, 850, 767. 

Lab book reference number: LAH-5-246 

 

(E)-3-(2-(Pyridine-2-yl)phenyl)allyl benzoate (174)  
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Method A: Synthesised using general procedure A from MnBr(CO)5 (7 mg, 0.025 

mmol, 10 mol%), Cy2NH (10 μl, 9 mg, 0.05 mmol, 20 mol%), 2-phenylpyridine (70 

µl, 76 mg, 0.5 mmol, 2 eq.) and propargyl benzoate (36 µl, 0.25 mmol, 1 eq.). The 

crude material was purified by flash column chromatography (hexane/Et2O, 6:4, v/v) 

to afford a sticky oil (33 mg, 42%). 

Method B: Synthesised using general procedure F from MnBn(CO)5 (7 mg, 0.025 

mmol, 10 mol%), 2-phenylpyridine (70 µl, 76 mg, 0.5 mmol, 2 eq.) and propargyl 

benzoate (36 µl, 40 mg, 0.25 mmol, 1 eq.). Purification by flash column 

chromatography (hexane/Et2O, 7:3, v/v) to afford a sticky oil (35 mg, 70%). 

Rf 0.12 (hexane/Et2O, 6:4, v/v); 1H NMR (500 MHz, CDCl3, δ): 8.70 (ddd, J = 5.0, 2.0, 

1.0 Hz, 1H), 8.05-8.00 (m, 2H), 7.71 (ddd, J = 7.5, 7.5, 2.0 Hz, 1H), 7.69-7.65 (m, 

1H), 7.58-7.53 (m, 1H), 7.52-7.49 (m, 1H), 7.45-7.35 (m, 5H), 7.27-7.22 (m, 1H), 6.89 

(d, J = 16.0 Hz, 1H), 6.37 (dt, J = 16.0, 6.0 Hz, 1H), 4.93 (dd, J = 6.0, 1.5 Hz, 2H); 

13C NMR (126 MHz, CDCl3, δ): 166.4, 158.8, 149.5, 139.7, 136.2, 134.7, 133.1, 132.5, 

130.3, 130.2, 129.8, 128.7, 128.5, 128.2, 126.6, 125.0, 124.7, 122.0, 65.6; ESI-MS m/z 

(ion, %): 316 ([M]+, 100); ESI-HRMS m/z: 316.1336 [M]+ (calculated for C21H18NO2 

316.1332); IR (solid-state, ATR, cm-1): 1715, 1584, 1570, 1425, 1376, 1265, 1175, 

1106, 1069, 1024, 963, 795, 749, 708. 

The analytical data obtained were in accordance with the literature.34 

Lab book reference number: LAH-8-553, LAH-8-535 

 

n-Butyl-3-(2-(pyridine-2-yl)phenyl)propanoate (175)  
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Method A: Synthesised using general procedure A from MnBr(CO)5 (7 mg, 0.025 

mmol, 10 mol%), Cy2NH (10 μl, 9 mg, 0.05 mmol, 20 mol%), 2-phenylpyridine (70 

µl, 76 mg, 0.5 mmol, 2 eq.) and n-butyl acrylate (36 µl, 0.25 mmol, 1 eq.). The crude 

material was purified by flash column chromatography (petrol/EtOAc, 8.5:1.5, v/v) to 

afford a sticky oil (0.39 g, 55%). 

Method B: Synthesised using general procedure F from MnBn(CO)5 (7 mg, 0.025 

mmol, 10 mol%), 2-phenylpyridine (70 µl, 76 mg, 0.5 mmol, 2 eq.) and n-butyl 

acrylate (36 µl, 0.25 mmol, 1 eq.). Purification by flash column chromatography 

(petrol/EtOAc, 8.5:1.5, v/v) to afford a sticky oil (6 mg, 8%). 

Rf 0.19 (petrol/EtOAc, 8.5:1.5, v/v); 1H NMR (500 MHz, CDCl3, δ): 8.67 (ddd, J = 

5.0, 2.0, 1.0 Hz, 1H), 7.75 (ddd, J = 7.5, 7.5, 2.0 Hz, 1H), 7.40 (ddd, J = 8.0, 1.0, 1.0 

Hz, 1H), 7.36–7.24 (m, 5H), 4.01 (t, J = 6.5 Hz, 2H), 3.07–3.02 (m, 2H), 2.55–2.50 

(m, 2H), 1.57–1.51 (m, 2H), 1.35–1.27 (m, 2H), 0.90 (t, J = 7.5 Hz, 3H); 13C NMR 

(125 MHz, CDCl3, δ): 173.3, 160.1, 149.3, 140.6, 138.8, 136.5, 130.0, 129.9, 128.6, 

126.5, 124.1, 121.9, 64.3, 35.9, 30.8, 28.7, 19.2, 13.8; ESI-MS m/z (ion, %): 284 

([M+H]+, 100); ESI-HRMS m/z: 284.1650 [M+H]+ (calculated for C18H22NO2 

284.1645); IR (solid-state, ATR, cm-1): 3350, 3056, 2957, 2930, 2872, 1729, 1650, 

1586, 1518, 1470, 1426, 1387, 1306, 1230, 1176, 1113, 1025, 949, 814, 749, 696, 636, 

502. 

The analytical data obtained were in accordance with the literature.36 

Lab book reference number: LAH-8-550, LAH-8-544 

 

4-(2-pyridyl)-6-methyl-2-pyrone (176)50  

 

To a Schlenk tube under nitrogen were added 2-bromopyridine (0.52 ml, 0.87 g, 5.30 

mmol, 1 eq.) and dry deoxygenated THF (28 ml), before being cooled to −78 °C. n-

BuLi (1.5 M in hexanes, 3.0 ml, 5.83 mmol, 1.05 eq.) was added dropwise and stirred 
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for 30 minutes. In a separate Schlenk tube, ZnCl2 (0.80 g, 5.83 mmol, 1.1 eq.) was 

placed under vacuum at cooled to −78 °C. The THF solution was transferred by 

cannula to the ZnCl2 and stirred for 30 minutes while warming to room temperature. 

The reaction mixture was thereafter transferred by cannula to a separate Schlenk tube 

containing 4-bromo-6-methyl-2-pyrone (1.0 g, 5.30 mmol, 1 eq.) and Pd(PPh3)4 (306 

mg, 0.27 mmol, 5 mol%) in dry deoxygenated THF (28 ml). The solution was stirred 

for 1 hour at 50 °C, before being quenched with saturated aqueous NH4Cl (100 ml). 

The mixture was extracted with EtOAc (4 × 100 ml). The organic layers were 

combined, dried over MgSO4, filtered and concentrated in vacuo. The crude material 

was purified by flash column chromatography (petrol/EtOAc, 6.5:3.5, v/v) to yield an 

off-white solid (0.79 g, 80%). 

Rf 0.09 (petrol/EtOAc, 6.5:3.5, v/v); 1H NMR (500 MHz, CDCl3, δ): 8.73 (ddd, J = 

5.0, 2.0, 1.0 Hz, 1H), 7.82 (ddd, J = 7.5, 7.5, 2.0 Hz, 1H), 7.74 (ddd, J = 8.0, 1.0, 1.0 

Hz, 1H), 7.38 (ddd, J = 7.5, 5.0, 1.0 Hz, 1H), 6.82 (d, J = 1.5 Hz, 1H), 6.68 (d, J = 1.5 

Hz, 1H), 2.34 (s, 3H); 13C NMR (126 MHz, CDCl3, δ): 163.8, 162.5, 153.7, 152.6, 

150.2, 125.0, 121.6, 109.2, 102.4, 20.3; ESI-MS m/z (ion, %): 188 ([M+H]+, 66), 210 

([M+Na]+, 100); ESI-HRMS m/z: 188.0704 [M+H]+ (calculated for C11H10NO2 

188.0706); IR (solid-state, ATR, cm-1): 3066, 2994, 2847, 1737, 1709, 1635, 1550, 

1468, 1452, 1433, 1385, 1315, 1287, 1252, 1196, 1160, 1139, 1098, 1061, 1019, 992, 

894, 876, 841, 785, 745, 724, 677, 621. 

Lab book reference number: LAH-8-536, LAH-11-797 

 

2-(3,4-Difluorophenyl)pyridine (254) 

 

Synthesised using general procedure E from 2-bromopyridine (2.8 ml, 4.64 g, 29 

mmol, 1 eq.), 3,4-difluorophenyl boronic acid (7.00 g, 44 mmol, 1.5 eq.) and 

Pd3(OAc)6 (196 mg, 0.3 mmol, 3 mol% with respect to Pd). The crude material was 



Chapter 7: Experimental 

257 

 

purified by flash column chromatography (petrol/EtOAc, 8:2, v/v) to afford a white 

solid (4.23 g, 76%). 

Rf 0.23 (petrol/EtOAc, 8:2, v/v); 1H NMR (500 MHz, CDCl3, δ): 8.71–8.64 (m, 1H), 

7.92–7.83 (m, 1H), 7.79–7.69 (m, 2H), 7.67 (d, J = 7.5 Hz, 1H), 7.29–7.20 (m, 2H); 

13C NMR (126 MHz, CDCl3, δ): 155.3, 151.4 (dd, J = 245.0, 8.0 Hz), 150.8 (dd, J = 

251.5, 16.0 Hz), 149.9, 137.1, 136.6 (dd, J = 3.5, 5.5 Hz), 122.9 (dd, J = 3.5, 6.5 Hz), 

122.7, 120.3, 117.6 (d, J = 17.5 Hz), 116.1 (d, J = 18.5 Hz); 19F NMR (470 MHz, 

CDCl3, δ): −137.4, −137.7; ESI-MS m/z (ion, %): 192 ([M+H]+, 100); ESI-HRMS 

192.0623 [M+H]+ (calculated for C11H8F2N 192.0619); IR (solid-state, ATR, cm-1): 

3080, 3052, 3010, 1616, 1583, 1590, 1524, 1464, 1449, 1412, 1311, 1276, 1210, 1184, 

1161, 1124, 1055, 1029, 990, 942, 903, 887, 820, 771, 739, 719, 629. 

The analytical data obtained were in accordance with the literature.196 

Lab book reference number: LAH-12-886 

 

Tetracarbonyl (2-(2,3-difluorophenyl-κ,C6-pyridine-κ,N) 

manganese(I) (255) 

 

Synthesised using general procedure C from MnBn(CO)5 (500 mg, 1.75 mmol, 1 eq.), 

2-(3,4-difluorophenyl)pyridine (335 mg, 1.75 mmol, 1 eq.) and toluene (30 ml) at 80 

°C. The crude material was purified by flash column chromatography (petrol/1,2- 

dichloroethane, 94:6, v/v and petrol/EtOAc/toluene, 85:7.5:7.5, v/v) to afford a yellow 

solid (0.23 g, 34%). 

Mp 187–188 °C; Rf 0.17 (petrol/EtOAc/toluene, 85:7.5:7.5, v/v); 1H NMR (500 MHz, 

CD2Cl2, δ): 8.76–8.72 (m, 1H), 7.88–7.82 (m, 2H), 7.64 (dd, J = 8.5, 4.0 Hz, 1H), 7.18 

(ddd, J = 6.5, 5.5, 2.0 Hz, 1H), 7.00 (ddd, J = 10.0, 8.5, 8.0 Hz, 1H); 13C NMR (126 

MHz, CD2Cl2, δ): 218.7, 214.9, 213.0, 165.7, 160.6 (d, J = 45.5z Hz), 157.8 (dd, J = 
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230.5, 10.0 Hz), 154.6, 151.0 (dd, J = 256.5, 20.5), 143.8 (dd, J = 15.5, 3.5 Hz), 138.8, 

123.4, 121.2 (dd, J = 6.0, 2.5 Hz), 120.3, 114.1 (d, J = 19.5 Hz); 19F NMR (470 MHz, 

CD2Cl2, δ): −112.4, −135.5; LIFDI-MS m/z (ion, %): 357 ([M]+, 100); LIFDI-HRMS 

m/z: 356.96505 [M]+ (calculated for C15H6NO4F2Mn 356.96399); IR (CH2Cl2 solution, 

cm−1): 2084, 1999, 1946, 1597, 1462, 1441, 1385, 1272, 1258, 1162, 1123, 1079. 

Lab book reference number: LAH-12-893(-2) 

 

Tetracarbonyl (2-(3,4-difluorophenyl-κ,C6-pyridine-κ,N) 

manganese(I) (256) 

 

Synthesised using general procedure C from MnBn(CO)5 (500 mg, 1.75 mmol, 1 eq.), 

2-(3,4-difluorophenyl)pyridine (335 mg, 1.75 mmol, 1 eq.) and toluene (30 ml) at 80 

°C. The crude material was purified by flash column chromatography (petrol/1,2- 

dichloroethane, 94:6, v/v) to afford a yellow solid (0.10 g, 17%). 

Mp 154–156 °C; Rf 0.17 (petrol/1,2-dichloroethane, 94:6, v/v); 1H NMR (500 MHz, 

CD2Cl2, δ): 8.72 (ddd, J = 5.5, 1.5, 1.0 Hz, 1H), 7.86 (ddd, J = 8.0, 7.5, 1.5 Hz, 1H), 

7.77 (d, J = 8.0 Hz, 1H), 7.70 (dd, J = 10.0, 8.5 Hz, 1H), 7.65 (dd, J = 12.0, 7.5 Hz, 

1H), 7.18 (ddd, J = 7.0, 5.5, 1.5 Hz, 1H); 13C NMR (126 MHz, CD2Cl2, δ): 220.3, 

214.3, 213.7, 171.4, 165.1 (dd, J = 4.5, 1.0 Hz), 154.7, 152.06 (dd, J = 256.5, 12.0 Hz), 

149.2 (dd, J = 241.5, 14.0 Hz), 142.5 (dd, J = 5.0, 3.5 Hz), 138.9, 128.4 (d, J = 13.5 

Hz), 123.4, 120.1, 113.2 (d, J = 17.5 Hz); 19F NMR (470 MHz, CD2Cl2, δ): −137.1, 

−146.3; LIFDI-MS m/z (ion, %): 357 ([M]+, 100); LIFDI-HRMS m/z: 356.96442 [M]+ 

(calculated for C15H6NO4F2Mn 356.96399); IR (CH2Cl2 solution, cm−1): 2080, 1996, 

1938, 1605, 1588, 1561, 1474, 1434, 1391, 1316, 1287, 1266, 1221, 1162. 

Lab book reference number: LAH-12-893(-1) 
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2-(3-Fluorophenyl)pyridine (257) 

 

Synthesised using general procedure E from 2-bromopyridine (3.81 ml, 6.31 g, 40 

mmol, 1 eq.), 3-fluorophenylboronic acid (8.40 g, 60 mmol, 1.5 eq.) and Pd3(OAc)6 

(269 mg, 0.4 mmol, 3 mol% with respect to Pd). The crude material was purified by 

flash column chromatography (petrol/EtOAc, 8:2, v/v) to afford a pale yellow liquid 

(5.12 g, 74%). 

Rf 0.12 (petrol/Et2O, 8:2, v/v); 1H NMR (400 MHz, CDCl3, δ): 8.69 (ddd, J = 5.0, 2.0, 

1.0 Hz, 1H), 7.79–7.67 (m, 4H), 7.46–7.39 (m, 1H), 7.27–7.22 (m, 1H), 7.13–7.07 (m, 

1H); 13C NMR (101 MHz, CDCl3, δ): 163.4 (d, J = 245.5 Hz), 156.2 (d, J = 3.0 Hz), 

149.9, 141.8 (d, J = 7.5 Hz), 137.0, 130.2 (d, J = 8.0 Hz), 122.8, 122.5 (d, J = 3.0 Hz), 

120.7, 115.9 (d, J = 21.5 Hz), 114.0 (d, J = 22.5 Hz); 19F NMR (376 MHz, CDCl3, δ): 

−112.8; ESI-MS m/z (ion, %): 174 ([M+H]+, 100); ESI-HRMS 174.0711 [M+H]+ 

(calculated for C11H9FN 174.0714); IR (solid-state, ATR, cm-1): 3072, 3008, 1608, 

1582, 1567, 1492, 1472, 1454, 1418, 1304, 1284, 1262, 1188, 1150, 1096, 1076, 991, 

882, 766, 744, 725, 685, 639, 614, 601. 

The analytical data obtained were in accordance with the literature.197 

Lab book reference number: LAH-12-887 

 

Tetracarbonyl (2-(2-fluorophenyl-κ,C6-pyridine-κ,N) manganese(I) 

(258) 
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Synthesised using general procedure C from MnBn(CO)5 (500 mg, 1.75 mmol, 1 eq.), 

2-(3-fluorophenyl)pyridine (303 mg, 1.75 mmol, 1 eq.) and toluene (30 ml) at 80 °C. 

The crude material was purified by flash column chromatography (petrol/EtOAc, 9:1, 

v/v) to afford a yellow solid (0.26 g, 40%). 

Mp 154–155 °C; Rf 0.23 (petrol/Et2O, 9:1, v/v); 1H NMR (500 MHz, CDCl3, δ): 8.77 

(d, J = 5.5 Hz, 1H), 7.90 (d, J = 8.0 Hz, 1H), 7.84–7.79 (m, 1H), 7.63 (d, J = 7.5 Hz, 

1H), 7.21–7.13 (m, 2H), 7.03 (dd, J = 8.0, 6.5 Hz, 1H); 13C NMR (126 MHz, CDCl3, 

δ): 218.4, 214.7, 212.8, 171.4 (d, J = 233.0 Hz), 166.2, 156.2 (d, J = 49.5 Hz), 154.1, 

148.7 (d, J = 17.0 Hz), 138.1, 126.1 (d, J = 7.5 Hz), 123.0, 120.3 (d, J = 2.5 Hz), 120.0, 

116.1 (d, J = 31.0 Hz); 19F NMR (470 MHz, CDCl3, δ): −86.3; LIFDI-MS m/z (ion, 

%): 339 ([M]+, 100); LIFDI-HRMS m/z: 338.97418 [M]+ (calculated for 

C15H7NO4FMn 338.97341); IR (CH2Cl2 solution, cm−1): 2081, 1995, 1942, 1605, 

1567, 1484, 1439, 1400, 1315, 1302, 1265, 1257, 1211, 1172, 1084, 1015. 

Lab book reference number: LAH-12-894(-1) 

 

Tetracarbonyl (2-(4-fluorophenyl-κ,C2-pyridine-κ,N) manganese(I) 

(259) 

 

Synthesised using general procedure C from MnBn(CO)5 (500 mg, 1.75 mmol, 1 eq.), 

2-(3-fluorophenyl)pyridine (303 mg, 1.75 mmol, 1 eq.) and toluene (30 ml) at 80 °C. 

The crude material was purified by flash column chromatography (petrol/EtOAc, 9:1, 

v/v) to afford a yellow solid (0.20 g, 30%). 

Mp 159–161 °C; Rf 0.30 (petrol/Et2O, 9:1, v/v); 1H NMR (500 MHz, CDCl3, δ): 8.74 

(ddd, J = 5.5, 1.0, 1.0 Hz, 1H), 7.89–7.80 (m, 3H), 7.49 (dd, J = 10.5, 2.5 Hz, 1H), 

7.16 (ddd, J = 6.5, 5.5, 2.5 Hz, 1H), 7.07 (ddd, J = 9.5, 8.0, 2.5 Hz, 1H); 13C NMR 

(126 MHz, CDCl3, δ): 220.1, 214.0, 213.7, 167.3 (d, J = 2.5 Hz), 165.6 (d, J = 4.5 Hz), 

162.1 (d, J = 240.0 Hz), 154.2, 146.7 (d, J = 6.0 Hz), 142.1 (d, J = 6.5 Hz), 138.2, 
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123.0, 119.7, 117.9 (d, J = 19.5 Hz), 111.1 (d, J = 21.0 Hz); 19F NMR (470 MHz, 

CDCl3, δ): −121.4; LIFDI-MS m/z (ion, %): 339 ([M]+, 100); LIFDI-HRMS m/z: 

338.97398 [M]+ (calculated for C15H7NO4FMn 338.97341); IR (CH2Cl2 solution, 

cm−1): 2077, 1992, 1934, 1603, 1560, 1480, 1463, 1427, 1314, 1271, 1257, 1229, 1188, 

1160, 1014. 

Lab book reference number: LAH-12-894(-2) 

 

2-(4-Fluorophenyl)pyridine (260) 

 

Synthesised using general procedure E from 2-bromopyridine (0.91 ml, 1.51 g, 9.5 

mmol, 1 eq.), 4-fluorophenylboronic acid (2.00 g, 14.3 mmol, 1.5 eq.). The crude 

material was purified by flash column chromatography (petrol/EtOAc, 8:2, v/v) to 

afford a white solid (1.51 g, 92%). 

Rf 0.26 (petrol/Et2O, 8:2, v/v); 1H NMR (400 MHz, CDCl3, δ): 8.67 (ddd, J = 5.0, 2.0, 

1.0 Hz, 1H), 8.00–7.95 (m, 2H), 7.77–7.72 (m, 1H), 7.68 (dt, J = 8.0, 1.0 Hz, 1H), 7.22 

(ddd, J = 7.5, 5.0, 1.0 Hz, 1H), 7.19–7.12 (m, 2H); 13C NMR (101 MHz, CDCl3, δ): 

163.6 (d, J = 248.5 Hz), 156.6, 149.8, 137.0, 135.7 (d, J = 3.0 Hz), 128.8 (d, J = 8.5 

Hz), 122.2, 120.4, 115.8 (d, J = 21.5 Hz); 19F NMR (376 MHz, CDCl3, δ): −113.1; 

ESI-MS m/z (ion, %): 174 ([M+H]+, 100); ESI-HRMS 174.0713 [M+H]+ (calculated 

for C11H9N 174.0714); IR (solid-state, ATR, cm-1): 3054, 3011, 1597, 1583, 1567, 

1509, 1463, 1432, 1298, 1267, 1217, 1161, 1152, 1099, 1058, 1009, 989, 973, 844, 

826, 771, 736, 705, 637, 618. 

The analytical data obtained were in accordance with the literature.198 

Lab book reference number: LAH-12-897 
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Tetracarbonyl (2-(3-fluorophenyl-κ,C6-pyridine-κ,N) manganese(I) 

(261) 

 

Synthesised using general procedure C from MnBn(CO)5 (286 mg, 1.0 mmol, 1 eq.), 

2-(4-fluorophenyl)pyridine (173 mg, 1.0 mmol, 1 eq.) and toluene (15 ml) at 80 °C. 

The crude material was purified by flash column chromatography (petrol/EtOAc, 

85:15, v/v) to afford a yellow solid (0.32 g, 96%). 

Mp 157–158 °C; Rf 0.27 (petrol/EtOAc, 85:15, v/v); 1H NMR (500 MHz, CDCl3, δ): 

8.69 (dd, J = 5.5, 1.5 Hz, 1H), 7.82–7.78 (m, 2H), 7.76 (ddd, J = 8.5, 5.0, 1.5 Hz, 1H), 

7.69 (ddd, J = 8.5, 2.5, 1.5 Hz, 1H), 7.14–7.08 (m, 1H), 6.88-6.82 (m, 1H); 13C NMR 

(126 MHz, CDCl3, δ): 219.8, 214.1, 213.4, 179.5 (d, J = 4.0 Hz), 165.5, 163.8 (d, J = 

256.0 Hz), 154.0, 142.2 (d, J = 2.5 Hz), 138.1, 127.0 (d, J = 17.5 Hz), 125.4 (d, J = 

8.5 Hz), 122.3, 119.3, 111.5 (d, J = 23.0 Hz); 19F NMR (470 MHz, CDCl3, δ): −110.9; 

LIFDI-MS m/z (ion, %): 339 ([M]+, 100); LIFDI-HRMS m/z: 338.97310 [M]+ 

(calculated for C15H7NO4FMn 338.97341); IR (CH2Cl2 solution, cm−1): 2078, 1994, 

1936, 1605, 1587, 1571, 1557, 1481, 1465, 1432, 1314, 1194, 1163. 

Lab book reference number: LAH-12-907 

 

(E)-2-(2-Styryl-3-fluorophenyl)-pyridine (262)  

 

Adapted from literature procedure.34 To a Schlenk tube under nitrogen were added 

MnBr(CO)5 (14 mg, 0.05 mmol, 10 mol%), Cy2NH (20 μl, 18 mg, 0.10 mmol, 20 

mol%), 2-(3-fluorophenyl)pyridine (145 µl, 173 mg, 1.00 mmol, 2 eq.), 
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phenylacetylene (54 μl, 51 mg, 0.50 mmol, 1 eq.) and dry deoxygenated toluene (1.2 

ml). The reaction solution was heated at 80 °C for 6 hours, before the solvent was 

removed in vacuo. The crude material was purified by flash column chromatography 

(toluene/CH2Cl2, 9:1, v/v) to yield the product as a sticky oil (91 mg, 66%).  

Rf 0.12 (hexane/EtOAc, 95:5, v/v); 1H NMR (500 MHz, CDCl3, δ): 8.74 (ddd, J = 5.0, 

2.0, 1.0 Hz, 1H), 7.74 (td, J = 7.5, 2.0 Hz, 1H), 7.45 (d, J = 8.0 Hz, 1H), 7.35–7.27 (m, 

7H), 7.25–7.21 (m, 1H), 7.21–7.13 (m, 1H), 7.11 (d, J = 18.0 Hz, 1H), 6.94 (d, J = 

16.5 Hz, 1H); 13C NMR (126 MHz, CDCl3, δ): 161.2 (d, J = 249.5 Hz), 158.4 (d, J = 

3.0 Hz), 149.8, 142.2 (d, J = 3.5 Hz), 137.8, 136.2, 135.2 (d, J = 11.5), 128.7, 128.2 

(d, J = 9.5 Hz), 127.9, 126.7, 126.2 (d, J = 3.0 Hz), 125.3, 123.9 (d, J = 12.5 Hz), 

122.4, 121.2, 116.15 (d, J = 23.5 Hz); 19F NMR (470 MHz, CDCl3, δ): −114.8; ESI-

MS m/z (ion, %): 276 ([M+H]+, 100); ESI-HRMS m/z: 276.1178 [M+H]+ (calculated 

for C19H15FN 276.1183); IR (neat, ATR, cm−1): 3057 , 3025, 1584, 1561, 1495, 1478, 

1451, 1424, 1306, 1291, 1241, 1212, 1150, 1090, 1072, 1047, 991, 965, 916, 842, 803, 

774, 750, 712, 689, 649, 625. 

The analytical data obtained were in accordance with the literature.34 

Lab book reference number: LAH-12-911 

 

(E)-2-(3-Fluoro-6-styrylphenyl)-pyridine (263)  

 

Adapted from literature procedure.34 To a Schlenk tube under nitrogen were added 

MnBr(CO)5 (14 mg, 0.05 mmol, 10 mol%), Cy2NH (20 μl, 18 mg, 0.10 mmol, 20 

mol%), 2-(3-fluorophenyl)pyridine (145 µl, 173 mg, 1.00 mmol, 2 eq.), 

phenylacetylene (54 μl, 51 mg, 0.50 mmol, 1 eq.) and dry deoxygenated toluene (1.2 

ml). The reaction solution was heated at 80 °C for 6 hours, before the solvent was 

removed in vacuo. The crude material was purified by flash column chromatography 

(hexane/EtOAc, 97.5:2.5, v/v) to yield the product as a sticky oil (13 mg, 9%).  
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Rf 0.23 (hexane/EtOAc, 95:5, v/v); 1H NMR (500 MHz, CDCl3, δ): 8.76 (d, J = 4.0 Hz, 

1H), 7.80–7.69 (m, 2H), 7.46 (d, J = 8.0 Hz, 1H), 7.38 (d, J = 7.0 Hz, 2H), 7.34–7.27 

(m, 4H), 7.25–7.21 (m, 1H), 7.20–7.10 (m, 2H), 6.99 (d, J = 16.0 Hz, 1H); 13C NMR 

(126 MHz, CDCl3, δ): 162.3 (d, J = 247.5 Hz), 157.8 (d, J = 2.0 Hz), 149.9, 141.4 (d, 

J = 7.5 Hz), 137.6, 136.3, 132.1 (d, J = 3.5 Hz), 130.2 (d, J = 1.5 Hz), 128.8, 128.3 (d, 

J = 8.0 Hz), 127.8, 126.7, 125.1, 122.5, 117.0 (d, J = 22.5 Hz), 115.9 (d, J = 21.5 Hz); 

19F NMR (470 MHz, CDCl3, δ): −114.5; ESI-MS m/z (ion, %): 276 ([M+H]+, 100); 

ESI-HRMS m/z: 276.1183 [M+H]+ (calculated for C19H15FN 276.1183); IR (neat, 

ATR, cm−1): 3057, 2926, 2853, 1582, 1564, 1496, 1462, 1427, 1306, 1286, 1246, 1196, 

1175, 991, 961, 904, 876, 812, 785, 748, 721, 690, 648, 618, 601. 

The analytical data obtained were in accordance with the literature.199 

Lab book reference number: LAH-13-970 



Appendix 1: Published Papers  

265 

 

Appendix 1: Published Papers 

The following section contains, in chronological order, papers which have been 

published in connection with the work described within this thesis. 

1. Hammarback, L. A.; Clark, I. P.; Sazanovich, I.; Towrie, M.; Robinson, A.; 

Clarke, F.; Meyer, S.; Fairlamb, I. J. S.; Lynam, J. M. Mapping out the key 

carbon-carbon bond forming steps in manganese-catalysed C–H 

functionalisation. Nat. Catal. 2018, 1, 830-840. 

2. Hammarback, L. A.; Robinson, A.; Lynam, J. M.; Fairlamb, I. J. S. Mechanistic 

Insight into Catalytic Redox-Neutral C–H Bond Activation Involving 

Manganese(I) Carbonyls: Catalyst Activation, Turnover, and Deactivation 

Pathways Reveal an Intricate Network of Steps. J. Am. Chem. Soc. 2019, 141, 

2316-2328. 

3. Hammarback, L. A.; Robinson, A.; Lynam, J. M.; Fairlamb, I. J. S. Delineating 

the critical role of acid additives in Mn-catalysed C–H bond functionalisation 

processes. Chem. Commun. 2019, 55, 3211-3214. 
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Appendix 2: Monitoring Manganese Radicals 

using TRIR Spectroscopy 

Appendix 2.1 Reaction With Photoredox Catalyst 

Mn2(CO)10 40 offer a good opportunity to probe additional manganese carbonyl-

containing reaction systems to those discussed vide supra. The utilisation of this 

complex as a photo-initiator/catalyst in organic synthesis (in addition to being a 

thermal catalyst for C–H functionalisation), provide further incentive to understand 

and exploit its photochemical reactivity.200, 201 As mentioned in Chapter 3.1.2, the 

initial photochemistry of 40 is well studied and radical 124 can be selectively 

generated using 400 nm light.141 However, the understanding of the reactivity of 124 

on ultra-fast timescales is limited and warrants further investigation.  

A TRIR experiment using the LIFEtime experimental setup was conducted with 400 

nm irradiation of 40 in MeCN ([40] = 1.33 × 10-3 mol dm-3), to confirm the formation 

of the desired manganese radical (Figure 73). Initially, the bleaches corresponding to 

40 and a broad band at 1984 cm-1 were observed, where the later compare well with 

the literature value for 124 (1984 cm-1).141  After 100 nanoseconds this complex 

depletes and was not present in the IR spectrum following 30–40 microseconds (k = 

2.6 ± 0.2 × 105 s-1 at room temperature). The newly formed species was assigned as 

being the cationic tri-carbonyl-tris-acetonitrile complex 270 and the IR bands (2053 

and 1960 cm-1) agree with those found in the literature (2057 and 1959 cm-1).202 

It has been proposed that it is the manganese radical 124 that is responsible for many 

of the photochemically initiated reactions with 40.201 Compounds who can interact 

with the manganese radical should increase the rate of consumption of 124, regardless 

if it is forming the same end product (270) or another complex. The focus within this 

study is to explore new reactivities of 124, rather than probing proposed reaction 

mechanisms. It has been found that many additives, such as alkenes, alkynes, and 

peroxides, does not react with 124.203 
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Figure 73. TRIR study of the photolysis of 40 in MeCN ([40] = 1.33 × 10-3 mol dm-3). (a) IR spectra of 

the reaction showing the metal carbonyl region at various timepoints. Negative bleach bands 

corresponds to the loss of 40 after irradiation. (b) Kinetic plot of the formation of 270 (black squares, 

band at 2053 cm-1) and depletion of 124 (purple circles, band at 1984 cm-1), extracted from (a). 

The emergence of photoredox-catalysis has allowed for extensive utilisation of 

ruthenium and iridium complexes in organic synthesis under photolysis conditions.172 

Their respective excited states are simultaneously very strong oxidants and reductants, 

leading to their wide-spread use. It was envisaged that the simultaneous irradiation of 

40 and [Ru(bpy)3](PF6)2 271 should lead to the formation of 124 and an excited 

ruthenium complex. The ruthenium should be able to extract an electron from the 

manganese radical to promote further reactions. Therefore, an additional light source 

was fitted to the setup and the IR cell was continuously irradiated by 450 nm light, to 

excite the ruthenium. It was subsequently found that this setup was unnecessary, as the 

experiment proceeded identical with and without 450 nm irradiation, presumably due 

to the 400 nm pump beam exciting the tail of the UV-band for 271. 

Nevertheless, irradiating a 1.1:1 solution of 40 and 271 in MeCN ([40] = 1.37 × 10-3 

mol dm-3 and [271] = 1.21 × 10-3 mol dm-3), leads to the formation of 124 followed by 

270 (Figure 74), the same as observed without ruthenium. The rate of formation of 

270 is slightly slower at k = 1.54 ± 0.07 × 105 s-1 (k = 2.6 ± 0.2 × 105 s-1 at room 

temperature without Ru) but compare better with the loss of 124 (kdec = 1.52 ± 0.03 × 

105 s-1 at room temperature without ruthenium). Decreasing the amount of 271 added, 

lowers the rate of formation of 270 (for example; k = 0.29 ± 0.01 × 105 s-1 (at room 

temperature) at [271] = 0.30 × 10-3 mol dm-3) and thereby increases the lifetime of the 
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radical. This means that the ruthenium can have a negative impact on the reaction and 

somehow hinders the radical from reacting to form 270. It is unclear how this effect 

arises and requires further studies to be determined.   

 

 
Figure 74. Impact of 271 on the rate of formation of cationic complex 270 from radical 124 ([40] = 

1.37 × 10-3 mol dm-3 and [271] = 0–6.01 × 10-3 mol dm-3). (a) Change in the rate of formation of 270 

with increasing amounts of 271 added. (b) Reaction order determination for 271 where the slope of the 

linear regression was 1.35 ± 0.23 (R2 = 0.92). 

Increasing the quantity of ruthenium in the reaction above one equivalent, increased 

the rate of 270 formation (for example; k = 2.5 ± 0.5 × 106 s-1 (at room temperature) at 

[271] = 6.03 × 10-3 mol dm-3). The reaction order in 271 was determined by varying 

the concentration of the ruthenium species in the experiment. The order was found to 

be 1.35 ± 0.23, which was not within error of being first order. However, there may be 

experimental errors, such as decreased light absorbance by the manganese with 

increasing ruthenium concentration, which skews the rate determination. 

Supplementary experiments determining the amount of manganese which is excited 

by the light in each of the reactions may give insight into the validity of the order 

determination. Radical recombination to regenerate 40, is another process that may be 

taking place in these reactions and thereby inducing a competition with the reaction of 

the excited ruthenium species. 

A final experiment using 271 was performed, where the concentration of 271 was kept 

constant and the manganese concentration was increased by a factor of 1.5 ([40] = 2.05 

× 10-3 mol dm-3 and [271] = 6.01 × 10-3 mol dm-3). The resulting rate of formation of 
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270 (k = 1.8 ± 0.3 × 106 s-1 at room temperature) was slightly lower, but within error 

of the corresponding reaction at the lower manganese concentration (k = 2.5 ± 0.5 × 

106 s-1 at room temperature). This showed a zero order dependence in manganese, 

suggesting that the reaction mechanism does not involve any interaction between two 

manganese radicals. 271 on the other hand was most likely excited by the 400 nm light, 

after which it efficiently extracts the electron from 124, giving rise to its dependence 

on the reaction rate.  

 

Appendix 2.2 Reactions with Aryl Diazonium Salts 

Aryl diazonium salts are highly reactive and have been successfully utilised in a wide-

range of transition metal catalysed transformations.204, 205 One manganese-mediated 

(Cp’Mn(CO)3) protocol employing aryl diazonium salts has been reported, in which 

the diazonium salt was coupled to arenes via C–H bond functionalisation.40 40 was 

also found to be proficient as pre-catalyst under blue light irradiation, suggesting an 

initial formation of 124. Therefore, it is not unlikely that the diazonium can interact 

with 124 to initiate that particular catalytic reaction.  

An experiment was performed with 400 nm photolysis of a solution of 40 and 

[PhN2]BF4 272 in MeCN ([40] = 1.33 × 10-3 mol dm-3 and [272] = 7.12 × 10-2 mol dm-

3), to probe the interaction between 124 and the diazonium salt (Figure 75). The 

tetrafluoroborate anion was employed for safety reasons, as it is significantly more 

stable than the halide derivates.206 Initially, 124 was observed in the IR spectra and 

was replaced by a new Mn-carbonyl species (2080 cm-1) over the first few 

microseconds (k = 8.6 ± 0.3 × 105 s-1 at room temperature). The band location of this 

species correlate well with literature values207 for [Mn(CO)5(NCMe)]+ 273, where the 

band around 2047 cm-1 could not be observed, due to overlapping with the bleach band. 

Lowering the amount of 272 used five times ([272] = 1.40 × 10-2 mol dm-3), reduced 

the rate of formation for 273 (k = 1.8 ± 0.2 × 105 s-1 at room temperature) to become 

even slower than the formation of 270 without any additives (k = 2.6 ± 0.2 × 105 s-1 at 

room temperature).  
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Figure 75. TRIR study of the photolysis of 40 and 272 in MeCN ([40] = 1.33 × 10-3 mol dm-3 and [272] 

= 7.12 × 10-2 mol dm-3). (a) IR spectra of the reaction showing the metal carbonyl region at various 

timepoints. Negative bleach bands correspond to the loss of 40 after irradiation. (b) Kinetic plot of the 

formation of 273 (black circles, band at 2080 cm-1) and depletion of 124 (purple circles, band at 1984 

cm-1), extracted from (a). 

In a separate experiment 40 and 272 was irradiated at 400 nm in 2-minute intervals for 

an hour. 273 was isolated by crystallisation in CH2Cl2/pentane from the reaction 

mixture and a clean IR spectrum was recorded (2162, 2075 and 2050 cm-1). This 

highlights that the manganese-complex is capable to activate aryl diazonium salts. The 

extra electron should most likely break the C–N2 bond to generate N2 and a benzene 

radical. 

In an attempt to probe and utilise the formed aryl radical, B2pin2 was employed to 

quench the radical and generate the corresponding aryl-Bpin. It has been subsequently 

found that the borylated arene (Ph-Bpin) can be generated from a reaction between 

272 (1 eq.) and B2pin2 (3 eq.) with 40 (4 mol%) in MeCN. The solution was irradiated 

with 450 nm light at room temperature and generate 96% yield of isolated product 

(reaction performed by Dr James D. Firth). This was an improvement on the current 

methodology40 and further exploration of this chemistry is currently taking place. 
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Appendix 3: X-Ray Diffraction Data 

Crystallographic data for compound 86 

 
Figure 76. Single crystal X-ray diffraction structure of 86. Thermal ellipsoids shown with 50% 

probability and hydrogen atoms removed for clarity. Selected bond lengths (Å): C1-C2: 1.446(4); C1-

Mn1: 2.091(3); C1-N1: 1.476(3); C2-C3: 1.382(4); C2-Mn1: 2.095(3); C3-C4: 1.445(4); C3-Mn1: 

2.083(3); C4-C5: 1.442(4); C4-Mn1: 2.162(3); C5-N1: 1.342(3); C12-C13: 1.372(4); C13-N1: 1.387(4); 

C26-Mn1: 1.804(3); C27-Mn1: 1.161(3); C28-Mn1: 1.798(3). Selected bond angles (°): C2-C1-N1: 

115.7(2); C3-C2-C1: 113.1(3); N1-C5-C4: 155.5(2); C12-C13-N1: 119.7(2); O1-C26-Mn1: 178.5(3); 

C1-Mn1-C2: 40.41(11); C1-Mn1-C4: 74.07(11); C3-Mn1-C2: 38.63(11); C26-Mn1-C1: 97.38(13); 

C27-Mn1-C1: 96.86(12); C28-Mn1-C1: 163.33(13). 

 

Table 22. Crystal data and structure refinement for compound 86. 

Identification code  ijsf1809  

Empirical formula  C28H18MnNO3  

Formula weight  471.37  

Temperature/K  109.95(10)  

Crystal system  orthorhombic  

Space group  Pbca  

a/Å  19.1024(2)  

b/Å  7.84458(12)  

c/Å  32.2257(5)  

α/°  90  

β/°  90  

γ/°  90  

Volume/Å3  4829.03(12)  

Z  8  
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ρcalcg/cm3  1.297  

μ/mm-1  4.674  

F(000)  1936.0  

Crystal size/mm3  0.275 × 0.226 × 0.02  

Radiation  CuKα (λ = 1.54184)  

2Θ range for data collection/°  7.178 to 134.13  

Index ranges  -22 ≤ h ≤ 22, -6 ≤ k ≤ 9, -38 ≤ l ≤ 28  

Reflections collected  9268  

Independent reflections  4294 [Rint = 0.0312, Rsigma = 0.0438]  

Data/restraints/parameters  4294/0/298  

Goodness-of-fit on F2  1.038  

Final R indexes [I>=2σ (I)]  R1 = 0.0457, wR2 = 0.1022  

Final R indexes [all data]  R1 = 0.0637, wR2 = 0.1095  

Largest diff. peak/hole / e Å-3  0.50/-0.38  

a Refinement Special Details: The crystal contained disordered solvent for which a suitable discrete 

atom model could not be obtained therefore a solvent mask was used.  There were 4 solvent voids per 

unit cell each with a volume of Ca 200 A^3 containing an estimated 51 electrons.  This is consistent 

with there being approximately one DCM or pentane per void. 

 

Crystallographic data for compound 255 

 

Figure 77. Single crystal X-ray diffraction structure of 255. Thermal ellipsoids shown with 50% 

probability and hydrogen atoms removed for clarity. Selected bond lengths (Å): C1–Mn1: 1.8334(14); 

C2–Mn1: 1.8565(15); C3–Mn1: 1.8027(14); C11–Mn1: 2.0501(12); N1–Mn1: 2.0747(11). Selected 

bond angles (°): O2–C2–Mn1: 175.33(11); C1–Mn1–C11: 173.09(6); C3–Mn1–N1: 175.13(5); C11–

Mn1–N1: 79.32(5). 
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Table 23. Crystal data and structure refinement for compound 255. 

Identification code  ijsf1706a  

Empirical formula  C15H6F2MnNO4  

Formula weight  357.15  

Temperature/K  110.00(14)  

Crystal system  monoclinic  

Space group  P21/c  

a/Å  10.96431(17)  

b/Å  10.28440(11)  

c/Å  12.84430(19)  

α/°  90  

β/°  112.5266(18)  

γ/°  90  

Volume/Å3  1337.83(4)  

Z  4  

ρcalcg/cm3  1.773  

μ/mm-1  1.031  

F(000)  712.0  

Crystal size/mm3  0.297 × 0.279 × 0.185  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection/°  6.868 to 60.062  

Index ranges  -15 ≤ h ≤ 15, -14 ≤ k ≤ 14, -18 ≤ l ≤ 

18  

Reflections collected  19351  

Independent reflections  3911 [Rint = 0.0287, Rsigma = 0.0206]  

Data/restraints/parameters  3911/0/208  

Goodness-of-fit on F2  0.979  

Final R indexes [I>=2σ (I)]  R1 = 0.0276, wR2 = 0.1097  

Final R indexes [all data]  R1 = 0.0313, wR2 = 0.1170  

Largest diff. peak/hole / e Å-3  0.35/-0.52  
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Crystallographic data for compound 258 

 

Figure 78. Single crystal X-ray diffraction structure of 258. Thermal ellipsoids shown with 50% 

probability and hydrogen atoms removed for clarity. Selected bond lengths (Å): C1–Mn1: 1.855(2); 

C2–Mn1: 1.807(2); C3–Mn1: 1.832(2); C5–Mn1: 2.0557(18); N1–Mn1: 2.0749(16). Selected bond 

angles (°): O1–C1–Mn1: 175.39(17); C2–Mn1–N1: 175.81(8); C3–Mn1–C5: 173.60(8); C5–Mn1–N1: 

79.39(7). 

 

Table 24. Crystal data and structure refinement for compound 258. 

Identification code  ijsf1906  

Empirical formula  C15H7FMnNO4  

Formula weight  339.16  

Temperature/K  110.05(10)  

Crystal system  monoclinic  

Space group  P21/c  

a/Å  10.8244(3)  

b/Å  10.2702(3)  

c/Å  12.9672(4)  

α/°  90  

β/°  111.698(4)  

γ/°  90  

Volume/Å3  1339.39(7)  

Z  4  

ρcalcg/cm3  1.682  
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μ/mm-1  8.314  

F(000)  680.0  

Crystal size/mm3  0.179 × 0.139 × 0.102  

Radiation  CuKα (λ = 1.54184)  

2Θ range for data collection/°  8.792 to 134.156  

Index ranges  -12 ≤ h ≤ 12, -12 ≤ k ≤ 12, -11 ≤ l ≤ 

15  

Reflections collected  4710  

Independent reflections  2388 [Rint = 0.0215, Rsigma = 0.0301]  

Data/restraints/parameters  2388/0/199  

Goodness-of-fit on F2  1.021  

Final R indexes [I>=2σ (I)]  R1 = 0.0262, wR2 = 0.0628  

Final R indexes [all data]  R1 = 0.0311, wR2 = 0.0654  

Largest diff. peak/hole / e Å-3  0.25/-0.26  

 

 

Crystallographic data for compound 259 

 

Figure 79. Single crystal X-ray diffraction structure of 259. Thermal ellipsoids shown with 50% 

probability and hydrogen atoms removed for clarity. Selected bond lengths (Å): C1–Mn1: 1.8607(19); 

C2–Mn1: 1.8032(18); C3–Mn1: 1.8342(18); C5–Mn1: 2.0510(17); N1–Mn1: 2.0688(14). Selected 

bond angles (°): O1–C1–Mn1: 175.98(17); C2–Mn1–N1: 173.57(7); C3–Mn1–C5: 175.10(7); C5–

Mn1–N1: 79.93(7).  
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Table 25. Crystal data and structure refinement for compound 259. 

Identification code  ijsf1907  

Empirical formula  C15H7FMnNO4  

Formula weight  339.16  

Temperature/K  110.00(14)  

Crystal system  triclinic  

Space group  P-1  

a/Å  6.9560(3)  

b/Å  10.2256(5)  

c/Å  19.9590(8)  

α/°  82.017(4)  

β/°  87.388(4)  

γ/°  72.478(4)  

Volume/Å3  1340.66(11)  

Z  4  

ρcalcg/cm3  1.680  

μ/mm-1  8.306  

F(000)  680.0  

Crystal size/mm3  0.116 × 0.052 × 0.026  

Radiation  CuKα (λ = 1.54184)  

2Θ range for data collection/°  8.948 to 134.124  

Index ranges  -8 ≤ h ≤ 8, -12 ≤ k ≤ 10, -21 ≤ l ≤ 23  

Reflections collected  8464  

Independent reflections  4798 [Rint = 0.0154, Rsigma = 0.0265]  

Data/restraints/parameters  4798/0/397  

Goodness-of-fit on F2  1.057  

Final R indexes [I>=2σ (I)]  R1 = 0.0239, wR2 = 0.0626  

Final R indexes [all data]  R1 = 0.0290, wR2 = 0.0647  

Largest diff. peak/hole / e Å-3  0.29/-0.33  
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Appendix 4: NMR Spectra 

 

Figure 80. 1H NMR spectrum of 10 (500 MHz, CDCl3). 

 

 

Figure 81. 13C NMR spectrum of 10 (126 MHz, CDCl3). 
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Figure 82. 1H NMR spectrum of 19 (500 MHz, CDCl3). 

 

 

Figure 83. 13C NMR spectrum of 19 (126 MHz, CDCl3). 
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Figure 84. 1H NMR spectrum of 20 (500 MHz, CDCl3). 

 

 

Figure 85. 13C NMR spectrum of 20 (126 MHz, CDCl3). 
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Figure 86. 1H NMR spectrum of 33-d5 (400 MHz, CDCl3). 

 

 

Figure 87. 13C NMR spectrum of 33-d5 (101 MHz, CDCl3). 
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Figure 88. 1H NMR spectrum of 34-d (400 MHz, CDCl3). 

 

 

Figure 89. 13C NMR spectrum of 34-d (101 MHz, CDCl3). 
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Figure 90. 1H NMR spectrum of 35 (500 MHz, CDCl3). 

 

 

Figure 91. 13C NMR spectrum of 35 (126 MHz, CDCl3). 
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Figure 92. 1H NMR spectrum of 50 (500 MHz, CDCl3). 

 

 

Figure 93. 13C NMR spectrum of 50 (126 MHz, CDCl3). 
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Figure 94. 1H NMR spectrum of 52 (500 MHz, CDCl3). 

 

 

Figure 95. 13C NMR spectrum of 52 (126 MHz, CDCl3). 
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Figure 96. 1H NMR spectrum of 60 (500 MHz, CD2Cl2). 

 

 

Figure 97. 13C NMR spectrum of 60 (126 MHz, CD2Cl2). 
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Figure 98. 1H NMR spectrum of 62 (400 MHz, CDCl3). 

 

 

Figure 99. 13C NMR spectrum of 62 (101 MHz, CDCl3). 
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Figure 100. 1H NMR spectrum of 75 (500 MHz, CD2Cl2). 

 

 

Figure 101. 13C NMR spectrum of 75 (126 MHz, CD2Cl2). 
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Figure 102. 1H NMR spectrum of 76 (500 MHz, CD2Cl2). 

 

 

Figure 103. 13C NMR spectrum of 76 (126 MHz, CD2Cl2). 
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Figure 104. 1H NMR spectrum of 86 (500 MHz, CD2Cl2). 

 

 

Figure 105. 13C NMR spectrum of 86 (126 MHz, CD2Cl2). 
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Figure 106. 1H NMR spectrum of 89 (500 MHz, CDCl3). 

 

 

Figure 107. 13C NMR spectrum of 89 (126 MHz, CDCl3). 
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Figure 108. 1H NMR spectrum of 131 (400 MHz, CDCl3). 

 

 

Figure 109. 13C NMR spectrum of 131 (101 MHz, CDCl3). 
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Figure 110. 1H NMR spectrum of 132 (400 MHz, CDCl3). 

 

 

Figure 111. 13C NMR spectrum of 132 (101 MHz, CDCl3). 
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Figure 112. 1H NMR spectrum of 133 (500 MHz, CDCl3). 

 

 

Figure 113. 13C NMR spectrum of 133 (126 MHz, CDCl3). 
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Figure 114. 1H NMR spectrum of 134 (500 MHz, CDCl3). 

 

 

Figure 115. 13C NMR spectrum of 134 (126 MHz, CDCl3). 
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Figure 116. 1H NMR spectrum of 171 (400 MHz, CDCl3). 

 

 

Figure 117. 13C NMR spectrum of 171 (101 MHz, CDCl3). 
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Figure 118. 1H NMR spectrum of 172 (400 MHz, CDCl3). 

 

 

Figure 119. 13C NMR spectrum of 172 (101 MHz, CDCl3). 
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Figure 120. 1H NMR spectrum of 173 (400 MHz, CDCl3). 

 

 

 

Figure 121. 13C NMR spectrum of 173 (101 MHz, CDCl3). 
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Figure 122. 11B NMR spectrum of 173 (128 MHz, CDCl3). 

 

 

Figure 123. 19F NMR spectrum of 173 (376 MHz, CDCl3). 
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Figure 124. 1H NMR spectrum of 174 (500 MHz, CDCl3). 

 

 

Figure 125. 13C NMR spectrum of 174 (126 MHz, CDCl3). 
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Figure 126. 1H NMR spectrum of 175 (500 MHz, CDCl3). 

 

 

Figure 127. 13C NMR spectrum of 175 (126 MHz, CDCl3). 
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Figure 128. 1H NMR spectrum of 176 (500 MHz, CDCl3). 

 

 

Figure 129. 13C NMR spectrum of 176 (126 MHz, CDCl3). 
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Figure 130. 1H NMR spectrum of 254 (500 MHz, CDCl3). 

 

 

Figure 131. 13C NMR spectrum of 254 (126 MHz, CDCl3). 
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Figure 132. 19F NMR spectrum of 254 (470 MHz, CDCl3). 

 

 

Figure 133. 1H NMR spectrum of 255 (500 MHz, CDCl3). 
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Figure 134. 13C NMR spectrum of 255 (126 MHz, CDCl3). 

 

 

Figure 135. 19F NMR spectrum of 255 (470 MHz, CDCl3). 
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Figure 136. 1H NMR spectrum of 256 (500 MHz, CD2Cl2). 

 

 

Figure 137. 13C NMR spectrum of 256 (126 MHz, CD2Cl2). 
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Figure 138. 19F NMR spectrum of 256 (470 MHz, CD2Cl2). 

 

 

Figure 139. 1H NMR spectrum of 257 (400 MHz, CDCl3). 
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Figure 140. 13C NMR spectrum of 257 (101 MHz, CDCl3). 

 

 

Figure 141. 19F NMR spectrum of 257 (376 MHz, CDCl3). 

 



Appendix 4: NMR Spectra 

336 

 

 

Figure 142. 1H NMR spectrum of 258 (500 MHz, CDCl3). 

 

 

Figure 143. 13C NMR spectrum of 258 (126 MHz, CDCl3). 
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Figure 144. 19F NMR spectrum of 258 (470 MHz, CDCl3). 

 

 

Figure 145. 1H NMR spectrum of 259 (500 MHz, CDCl3). 
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Figure 146. 13C NMR spectrum of 259 (126 MHz, CDCl3). 

 

 

Figure 147. 19F NMR spectrum of 259 (470 MHz, CDCl3). 
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Figure 148. 1H NMR spectrum of 260 (400 MHz, CDCl3). 

 

 

Figure 149. 13C NMR spectrum of 260 (101 MHz, CDCl3). 
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Figure 150. 19F NMR spectrum of 260 (376 MHz, CDCl3). 

 

 

Figure 151. 1H NMR spectrum of 261 (500 MHz, CDCl3). 
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Figure 152. 13C NMR spectrum of 261 (126 MHz, CDCl3). 

 

 

Figure 153. 19F NMR spectrum of 261 (470 MHz, CDCl3). 
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Figure 154. 1H NMR spectrum of 262 (500 MHz, CDCl3). 

 

 

Figure 155. 13C NMR spectrum of 262 (126 MHz, CDCl3). 
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Figure 156. 19F NMR spectrum of 262 (470 MHz, CDCl3). 

 

 

Figure 157. 1H NMR spectrum of 263 (500 MHz, CDCl3). 
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Figure 158. 13C NMR spectrum of 263 (126 MHz, CDCl3). 

 

 

Figure 159. 19F NMR spectrum of 263 (470 MHz, CDCl3). 
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Appendix 5: TRIR Kinetics at Extended Times 

 

 

Figure 160. TRIR study of the photolysis of 10, 34 and 33 in toluene ([10] = 1.94 × 10–3 mol dm–3, [34] 

= 0.23 mol dm–3), showing the extended kinetic traces (of 63 (red circles, band at 1943 cm-1) and 126 

(brown diamonds, band at 1996 cm-1)) of those shown in Figure 33. The data has been route mean 

square corrected and is smoothened by a 5-point smoothening function. 
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Appendix 6: List of Main Compound Structures 

 

Figure 161. List of main compound structures. 
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Abbreviations 

Ac  acetyl 

AMLA  ambiphilic metal-ligand activation 

aq.  aqueous  

Ar  arene 

ATR  attenuated total reflectance 

Bn  benyl 

Boc  tert-butoxycarbonyl 

b.p.  boiling point 

bpy  2,2’-bipyridine 

br  broad 

Bu  butyl 

C  Celcius 

ca.  circa 

CLF  Central Laser Facility 

CMD  concerted metalation deprotonation 

CO-RM  carbon monoxide releasing molecule 

Cy  cyclohexyl 

Cp  cyclopentadienyl 

Cp’  methylcyclopentadienyl 

CV  coefficient of variation 

DCE  1,2-dichloroethane 

DCM  dichloromethane 

dec.   decomposition 
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DFT  density functional theory 

DMA  dimethylacetamide 

DMSO  dimethylsulfoxide 

EI  electron ionisation 

ESI  electrospray ionisation  

Et  ethyl 

fac  facial 

FT  Fourier transform 

GC  gas chromatography 

HR  high resolution 

Hz  hertz 

i-  iso- 

IR  infrared 

L  ligand 

LIFDI  liquid introduced field desorption ionisation 

lit.  literature 

m-  meta- 

M  mol dm-3 or metal 

[M]  metal 

Me  methyl 

mer  meridional 

MHz  megahertz 

Mp  melting point 

MS  mass spectrometry 



Abbreviations 
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Mw  molecular weight 

N/A  not applicable 

NBD  norbornadiene 

NBN  norbornene 

NMR  nuclear magnetic resonance 

NTC  nortricyclene 

o-  ortho- 

OPA  optical parametric amplifier 

p-  para- 

Ph  phenyl 

phen  phenanthroline 

pin  pinacol ester 

PMP  para-methoxyphenyl 

ppm  parts per million 

Pr  propyl 

py  pyridine 

ppy  2-phenylpyridyl 

Rf  retention factor 

rt  at ambient temperature 

SM  starting material 

t-  tertiary 

TA  transient absorbance 

TBAB  tetra butyl ammonium bromide 

Tces  2,2,2-trichloroethoxysulfonyl 



Abbreviations 
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THF  tetrahydrofuran 

TLC  thin layer chromatography 

TOF  turnover frequency 

TON  turnover number 

Tol  tolyl 

Tp*  tris(3,5-dimethyl-1-pyrazolyl)borate 

TRIR  time-resolved infrared 

TRMPS  time-resolved multiple probe spectroscopy 

TRO  time-resolved optical 

UV  ultraviolet 

Vis  visible 

w.r.t.  with respect to 
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