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Abstract  

Photoactivated catalysts for the hydrosilylation of silanes and alkenes offer spatial and temporal 

control in manufacturing processes that require silicone curing. This thesis presents the 

development of a series of Pt(II) (salicylaldimine)(phenylpyridine) [Pt(sal)(ppy)] complexes as 

photoactivated hydrosilylation catalysts.  

Chapter two outlines the rationale behind the design and synthesis of the [Pt(sal)(ppy)]  

complexes 1a–1g as latent precatalysts for photoactivated hydrosilylation. The key spectroscopic 

and structural features are presented to link the molecular structure to the catalytic 

performance.  

Chapter three presents the development of a model hydrosilylation reaction that serves as a 

platform for probing reaction kinetics and mechanistic details using in situ 1H NMR spectroscopy. 

The utilisation of complexes 1a–1g as precatalysts in the model reaction under both thermal and 

photoactivated conditions is explored, and the structure of the phenylpyridine and 

salicylaldimine ligands is correlated with the catalytic activity. Many of these precatalysts were 

found to show excellent thermal latency and rapid (10 s) activation upon exposure to UV-light. 

Through a systematic examination of different alkene substrates, this chapter also elucidates the 

impact of substrate structure on the catalytic activity and selectivity when using precatalyst 1b. 

This chapter concludes by showcasing the ability of several precatalysts to cure the industrially 

used siloxane polymer substrates, highlighting their practical application. 

In chapter four, the mechanistic intricacies of photoactivated hydrosilylation reactions using 

precatalysts 1a and 1b are investigated. Through a combination of poisoning experiments, kinetic 

studies, isotope labelling experiments and kinetic modelling, a mechanism is proposed based on 

an active homogeneous catalyst where reductive elimination is the turnover limiting step.  

Chapter five outlines the key conclusions and potential directions for further exploration, and 

chapter six contains all experimental information.
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Chapter 1 – Introduction 

 

1.1 Preamble  
 

This doctoral thesis presents the research findings from a PhD project which has been carried 

out in collaboration with Johnson Matthey. The overarching aim of this research is to develop 

platinum-based catalysts for use in the photoactivated hydrosilylation reaction. Following the 

details of the synthesis and characterisation of a series of Pt(II) complexes as photoactivated 

hydrosilylation precatalysts (chapter two), a detailed kinetic and mechanistic study (chapters 

three and four) will be presented. In this context, this first chapter describes the general 

background of the hydrosilylation reaction, focussing in particular on the commercial importance 

of hydrosilylation, the mechanistic pathways that have been proposed and the development of 

photoactivated hydrosilylation catalysts.  

 

1.2 The hydrosilylation reaction  
 

Hydrosilylation is an important addition reaction of an Si–H bond across unsaturated organic 

moieties, such as alkenes and alkynes, to form organofunctional silanes and silicones (Scheme 

1.1). The reaction is characterized by its excellent atom-efficiency and broad substrate scope, 

making it a fundamental transformation for both industrial processes and academic research.1,2 

Commercially, hydrosilylation reactions are employed in the production of functional 

polymers3,4,5 and for applications such as silicone release coatings, baby bottle teats and 

automotive gaskets.6,7,8,9 

 

Scheme 1.1. The hydrosilylation reaction. 
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The first hydrosilylation reaction was reported in 1947, where n-octyltrichlorosilane was 

prepared from oct-1-ene and trichlorosilane in the presence of diacetyl peroxide (Scheme 1.2).10 

This reaction pathway relies on the decomposition of the peroxide to act as a radical initiator, 

enabling a free radical chain mechanism. Despite good yields of product being obtained, certain 

disadvantages are resident in the use of peroxides to facilitate hydrosilylation reactions, 

including many substrates being unable to tolerate the forcing reaction conditions. It is not 

surprising then, that these methods find little use in the industries of today.  

 

Scheme 1.2. The hydrosilylation reaction between oct-1-ene and trichlorosilane using 

diacetylperoxide as the catalyst. 

 

In 1953, a catalyst composed of platinum supported on charcoal was found to be effective in 

catalysing hydrosilylation reactions under much milder conditions and with lower amounts of 

catalyst.11 This early recognition of the ability of platinum to activate Si–H bonds preceded the 

breakthrough of Speier’s pioneering work in 1957, when he introduced H2PtCl6·6H2O (i-1) as a 

very effective hydrosilylation catalyst (Scheme 1.3).12,13 Catalyst loadings for i-1 can drop as low 

as 10-5–10-8 moles catalyst per mole of substrate (10-3–10-6 mol%).14 In spite of the high cost of 

platinum, i-1 is used on a large scale for industrial hydrosilylation, owing to its extremely high 

turnover number (TON) and turnover frequency (TOF).1  

 

Scheme 1.3. The hydrosilylation reaction between pent-1-ene and trichlorosilane using Speier’s 

catalyst. 
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However, i-1 presents several limitations, namely long induction periods and poor selectivity 

when using internal alkenes. For example, pent-2-ene is isomerised to the terminal alkene prior 

to hydrosilylation, which affords 1-silylpentene in high yields.15 Furthermore, when used on a 

large scale, in situ reduction of hexachloroplatinic acid to give the active platinum(0) catalyst can 

be unpredictable, which after the long induction period can lead to a sudden and potentially 

dangerous exotherm.16 The dissipation of heat is ineffective in large scale reactors and the 

sudden exotherm can result in thermal degradation of the active catalyst or potential 

explosions.17 

Such drawbacks provided the impetus to further develop different platinum-based 

hydrosilylation catalysts and this was achieved by Karstedt utilising a platinum(0) complex with 

1,1,3,3,-tetramethyl-1,3-divinyldisiloxane as a ligand (i-2) (Figure 1.1).18 This catalyst 

demonstrated a tremendous improvement in reactivity compared to any other previously 

reported catalyst and turnover rates of millions / hour are often seen for the hydrosilylation of 

olefins.2 Owing to its higher activity, greater selectivity towards hydrosilylation products and 

much shorter induction period, i-2 largely replaced i-1 for large scale industrial processes such 

as the crosslinking of silicon rubber, and it remains the benchmark system for new hydrosilylation 

catalysts today.4  

 

Figure 1.1. Karstedt’s catalyst (i-2).18  

 

In spite of i-2 being the most versatile and established catalyst for hydrosilylation, it also presents 

some limitations, including alkene isomerisation and the reduction of alkenes to alkanes. The 

divinylsiloxane ligand is also labile and leads to facile decomposition to platinum colloids upon 
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prolonged storage or during catalysis, which can lead to discolouration of end products.19 

Induction periods are still observed using i-2 because the supporting vinylsiloxane ligands often 

bind more strongly to platinum than the unsaturated substrate. It has been reported that during 

the induction period, the supporting vinylsiloxane ligands are removed by ligand exchange or 

hydrosilylation.2 Another issue is that i-2 is only commercially available as a highly diluted 

solution since it forms platinum black in the absence of excess olefin stabiliser. This renders it 

unsuitable for typical laboratory experiments that underpin kinetic and mechanistic 

investigations, such as characterisation or isolation of intermediates.  

These drawbacks spurred research into the development of new hydrosilylation precatalysts 

with improved stability. To circumvent the issue of ligand lability leading to colloid formation, 

Marko and coworkers employed robust σ-donor ligands and prepared platinum(0) complexes 

bearing an imidazolyl carbene ligand and a single divinylsiloxane (complexes i-3–i-5) (Figure 

1.2).20  

 

Figure 1.2. Marko’s catalysts (i-3–i-5) bearing imidazolyl carbene ligands.  

 

Despite i-5 being slightly less reactive than Karstedt’s catalyst in the model hydrosilylation 

reaction between oct-1-ene and hexamethylsiloxymethylsilane using a catalyst loading of 30 

ppm, the amount of undesired side products was greatly reduced, and no colloidal platinum was 

observed (Scheme 1.4).20 It is noteworthy that i-5 is completely regioselective in the model 

reaction, forming only the anti-Markonikov hydrosilylation product (i-6) in 96% yield, in contrast 

to Karstedt’s catalyst which formed 78% i-6, along with 15% isomerised product and 7% reduced 
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alkene. The hydrosilylation of the epoxide using i-5 afforded the anti-Markovnikov product (i-7) 

in >95% yield, in contrast to Karstedt’s catalyst which formed i-7 in <50% yield, along with >35% 

decomposition material resulting from the opening / polymerisation of the sensitive epoxide 

function.  In addition to improved stability during catalysis, Marko’s complexes also offer bench 

stability and remarkable selectivity to a wide range of functional groups such as alcohols, silyl 

ethers and ketones.4 This success prompted the development of a large variety of N-heterocyclic 

carbene (NHC) based platinum precatalysts with more sterically encumbering NHC ligands and 

different alkene co-ligands.21,22  

 

Scheme 1.4. Regio- and chemoselectivity of hydrosilylation reactions using i-5 compared to 

Karstedt’s catalyst (i-2).20 

 

More recently, Gessner and coworkers reported a variety of divinyldisiloxane platinum(0) 

complexes with ylide-functionalised phosphines (i-9–i-12) (Scheme 1.5).23 These complexes are 

air and moisture stable and do not require storage with excess alkene as a stabiliser, which 

represents a significant advantage over Karstedt’s catalyst. In a model reaction between 

hexamethylsiloxymethylsilane and oct-1-ene at 50 ppm catalyst loading, complexes i-9–i-12 

showed excellent selectivity toward the anti-Markovnikov product (i-8), comparable with 
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Karstedt’s catalyst. Furthermore, all of these complexes were effective in catalysing the 

hydrosilylation reaction of a variety of substrates at catalyst loadings between 50–200 ppm, 

including norbornene and vinyl epoxides. A further advantage of complexes i-9–i-12 is that they 

are effective hydrosilylation catalysts at 40 °C, as many other catalysts require heating to 

temperatures >80 °C to effect hydrosilylation.1  

 

Scheme 1.5. The hydrosilylation reaction between hexamethylsiloxymethylsilane and oct-1-ene 

catalysed by divinyldisiloxane platinum(0) complexes (i-9–i-12) with ylide-functionalised 

phosphines. The table shows the percentage conversion of substrates to the anti-Markovnikov 

product (i-8). 

 

To date, the catalytic activity of platinum-based systems is unparalleled which renders them first 

choice for industrial hydrosilylation.1 However, the high cost and diminishing reserves of noble 

metal catalysts has prompted extensive research into using earth-abundant transition metal-

based catalysts.3 There is a wealth of literature detailing the studies of complexes based on 

nickel,24,25 iron26 and cobalt27,28 that find use as hydrosilylation catalysts. It is worth noting that, 

generally, first-row transition metals have been reported to be poor hydrosilylation catalysts 

compared to their platinum analogues. For example, the nickel equivalent of Karstedt’s catalyst 

was prepared, and the dominant reaction was dehydrogenative silylation of alkenes leading to 

unsaturated products, with hydrosilylation being a secondary pathway.29 Nevertheless, research 
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efforts in recent years have led to the development of nickel-based hydrosilylation catalysts with 

improved activity.25, 30  

A noteworthy example of a recent nickel catalysed hydrosilylation was reported by Shimada and 

coworkers in 2015.25 In this work, a series of (salicylaldiminato)methylnickel complexes (i-13–i-

16) were prepared as hydrosilylation catalysts, as show in Figure 1.3. These complexes were 

tested in a model hydrosilylation reaction between diethylsilane and oct-1-ene (Scheme 1.6). 

Complexes i-13a and i-13b showed very high activity and good selectivity toward the 

monohydrosilylation product. The relatively lower activities of complexes i-14 and i-15 were 

attributed to the bulky aryl substituent on the imino-N atom in i-14 and the strongly coordinating 

4-dimethylaminopyridine in i-15. It was found that complex i-16 was unreactive even at elevated 

temperatures. Despite previous nickel complexes suffering from limited substrate scope and 

improper reaction selectivity when employed as hydrosilylation catalysts, Shimada 

demonstrated that these complexes were also applicable for the hydrosilylation  of amino- and 

sulfur-functionalised alkenes. This work, along with other studies, offers promise for the 

development of commercially viable non-precious metal catalysts for hydrosilylation.31,32  

 

Figure 1.3. Series of (salicylaldiminato)methylnickel complexes (i-13–i-16) as hydrosilylation 

catalysts.25 
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Scheme 1.6. The hydrosilylation reaction between diethylsilane and oct-1-ene catalysed by i-13–

i-16. The table shows the percentage conversion to the single (i-17) and double (i-18) 

hydrosilylation products. 

 

One major challenge in transition metal catalysed hydrosilylation today is that it is often 

accompanied by side-reactions such as olefin isomerisation, oligomerisation, polymerisation, 

hydrogenation, dehydrogenative silyation as well as dehydrogenative silane oligomerisation 

(Scheme 1.7).7 There is significant cost associated with these side-reactions commercially, as the 

desired products have to be separated from the co-products. Furthermore, the side-reactions 

observed are dependent on the identity of the catalyst as well as the substrates and reaction 

conditions. As such, studies have been devoted to understanding the mechanisms for 

hydrosilylation, in order to minimise by-products and design systems with high activity and 

selectivity. Another important question is whether catalysis occurs homogeneously or 

heterogeneously, especially in light of the fact that several examples of immobilised platinum 

nanoparticles on supports have proved to be excellent hydrosilylation catalysts.8 Addressing 

these major questions is important as it helps to refine catalysts, reduce loadings, and mitigate 

against excessive residual catalyst in the product.  
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Scheme 1.7. Common side-reactions accompanying hydrosilylation. 

 

1.2.1 The Chalk-Harrod mechanism for hydrosilylation  

 

The Chalk-Harrod mechanism was proposed in 1965 and continues to be the most commonly 

accepted mechanism for platinum-catalysed hydrosilylation (Scheme 1.8).33  This proceeds via 

oxidative addition (step I) of the Si–H bond to a catalytically active transition metal centre, to 

give a metal silyl hydride intermediate (i-19). This is then followed by olefin coordination (step II 

to form i-20) and migratory insertion (step III) of the olefin into the Pt–H bond to yield a metal 

alkyl silyl intermediate (i-21). Rate-determining and irreversible reductive elimination of the alkyl 

and silyl groups (step IV) to form the organosilane product (i-22) completes the cycle and 

regenerates the active catalyst. Insertion of the coordinated olefin into the Pt–H bond rather 

than the Pt–Si bond has been inferred from a variety of experimental observations and also 

theoretical studies.34,35 Most hydrosilylation reactions that have employed Karstedt’s or Speier’s 

catalyst generate exclusively the product of anti-Markovnikov addition (i-22). In order to form i-

22, olefin insertion into the Pt–H bond occurs to generate the terminally-bound alkyl complex (i-

21). Complementary isotope labelling studies have shown rapid deuterium / hydrogen 
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scrambling into the olefin substrate, which provides further evidence for the rapid and reversible 

migratory insertion of olefins into the Pt–H bond prior to reductive elimination.36  

 

Scheme 1.8. Proposed mechanism for hydrosilylation by Chalk and Harrod in 1965.33 

 

Despite the hydrosilylation reaction having been practised in industry for almost sixty years, 

development of the steps involved in the catalytic cycle have been laborious and slow, which is 

attributed to the elusive nature of highly active intermediates. Nonetheless, there are many 

studies that have corroborated the mechanism proposed in 1965, for which a few selected 

examples are presented. Lewis and Stein proposed that the active catalyst is a homogeneous 

platinum complex when using Karstedt’s precatalyst, on the basis that platinum colloids were 

not observed during catalysis and mercury did not inhibit the reaction, although it is a known 

poison for heterogeneous catalysts.19 Employing Crabtree’s and Anton’s37 method of using the 

bulky and tub-shaped dibenzo[a,e]cyclooctatetraene (DBCOT) ligand to bind with and sterically 
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encumber transition metal complexes, Osborn showed that their Karstedt-based catalyst 

systems were significantly inhibited by DBCOT, but not by mercury.38 Moreover, Lewis reported 

the presence of  intermediates with both Pt–C and Pt–Si bonds during catalysis, via extended X-

ray absorption fine structure (EXAFS) analysis. It was postulated that the absence of Pt–Pt bonds 

during the most active period of catalysis was evidence that only mononuclear Pt species are 

catalytically active. All of these observations are consistent with the mechanism put forward by 

Chalk and Harrod in 1965.33  

More recently, Kühn and colleagues revisited the Chalk-Harrod mechanism in an extensive study 

using Karstedt’s catalyst.2  It has been generally accepted that internal double bonds are far less 

reactive toward hydrosilylation than terminal olefins because of steric hinderance. However, this 

has not accounted for the reluctance of cyclohexene to undergo hydrosilylation whilst the same 

reaction using norbornene proceeds readily under mild conditions.39,40 To shine light on this 

concept, Kühn and co-workers conducted a series of 2H-labelling experiments to pinpoint the 

rate-limiting steps of hydrosilylation reaction (Scheme 1.9). Interestingly, they found that when 

monitoring the 2H NMR of the reaction between trichlorosilane and 1,2-dideuterocyclohexene in 

the presence of Karstedt’s catalyst, the double bond scrambles around the C6 cycle. This 

demonstrates that there is successful insertion of cyclohexene into the Pt–H bond (shown by 

step III in Scheme 1.10) and is supportive of the reductive elimination of product being the rate 

limiting step. 

 

Scheme 1.9. Deuterium scrambling in cyclohexene in the hydrosilylation reaction with 

trichlorosilane using Karstedt’s catalyst.2  
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Scheme 1.10. Catalytic cycle for the hydrosilylation of cyclohexene as proposed by Kühn and 

colleagues.2 

 

A separate experiment by Kühn using deuterated trichlorosilane and oct-1-ene as substrates 

illustrated that there was no scrambling of deuterium about the olefinic positions, but only at 

the C2 position of the hydrosilylation product (i-23) and the terminal CH3 group of the 

isomerization product (i-24) (Scheme 1.11). The fact that no scrambling of deuterium into the 

olefinic methylene groups of oct-1-ene (i-25 and i-26) was observed demonstrates that that the 

migratory insertion step cannot truly be reversible in this particular set-up.  

 

 

Scheme 1.11. Deuterium scrambling products observed in the hydrosilylation reaction between 

deuterated trichlorosilane and oct-1-ene, using Karstedt’s catalyst.2  



Chapter 1 

Page | 47  

 

That olefin insertion into the Pt–H bond cannot be considered reversible is contradictory to the 

Chalk–Harrod mechanism.33 Therefore, as a modification to this long-established mechanism, 

Kühn proposed that the insertion step is succeeded by two alternative competing reactions, 

hydrosilylation or isomerisation (Scheme 1.12). Depending on the overall energy profiles, the 

intermediate present following olefin coordination  will either isomerise to afford deuterated 

olefin (steps IIIIS, IVIS and VIS), or undergo migratory insertion and reductive elimination (steps 

IIIHS and IVHS) to yield hydrosilylation product. In this case, it seems that cyclohexene proceeds 

via the isomerisation route whilst oct-1-ene favours the hydrosilylation route.   

 

 

Scheme 1.12. Kühn’s revised Chalk–Harrod mechanism accounting for the product distribution 

observed when using deuterated substrates.2 After decoordination of the isomerisation product 

(VIS), the corresponding platinum hydride rather than the deuteride would be formed (omitted 

for clarity). 

 

To further consolidate their proposal that insertion of the olefin into the Pt–H bond is not truly 

reversible, Kühn and co-workers demonstrated a primary kinetic isotope effect in the 

hydrosilylation reactions of both norbornene and oct-1-ene with H/DSiCl3. The values obtained 

were kH/kD = 2.4 (1) (norbornene) and 3.9 (4) (oct-1-ene) which was consistent with the values 
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reported by Pregosin (kH/kD = 3.6 (2)) for the hydrosilylation of styrene with triethylsilane using 

cis-[PtCl2(PhCH = CH2)2] as the catalyst.41 The observed primary kinetic isotope effect is indicative 

of Pt–H or Si–H bond breakage prior to or during the rate-limiting step. Despite Lewis, Stein and 

co-workers19 attributing the isotope effect using Karstedt’s catalyst to the Si–H bond breaking 

prior to or during the rate limiting step, Kühn proposed that the observed isotope effect should 

be interpreted as characteristic of the rate-limiting nature of the migratory insertion step.2 This 

was on the basis that oxidative addition of SiR3–H to Karstedt’s 16 valence electron (VE) complex 

should occur readily to yield the 18 VE Pt (II) complex [Pt(H)(SiR3)(olefin)3]. In addition to this, 

the fact that 1,2-dideuterocyclohexene was isomerized only after the addition of 

silane corroborates this notion that formation of the active catalyst involves a facile addition of 

silane to platinum. Taken together with the previous literature which supports a rapid reaction 

of Karstedt’s catalyst with hydrosilane,9,42 this eliminates oxidative addition of SiR3–H to platinum 

as the rate determining step of the reaction. It was thus concluded that the true rate-limiting 

step is migratory insertion of the olefin into the Pt–H bond. Kühn and co-workers further verified 

that the insertion step was rate limiting by showing that the resting state in situ was a platinum 

hydride (deuteride) species. A Pt–2H species was observed by exposing Karstedt’s catalyst to 5 

equiv. of norbornene or oct-1-ene, respectively and 10 equiv. of deuterated trichlorosilane, 

before inserting into a spectrometer cooled to 193 K. The signals of the platinum deuterides 

were observed at δ = −26.3 ppm (oct-1-ene) and −29.3 ppm (norbornene), which are in the 

expected range for Pt–2H groups.43 Overall, Kühn’s important revisions of the Chalk–Harrod 

mechanism are 1) the introduction of a separate bypath for the isomerisation of terminal olefins 

and 2) the assignment of the rate determining step to the insertion of the olefin into the Pt–H 

bond. It is important to note that this conclusion applies to the combination of substrates studied 

and may not hold for all substrates or all catalysts. 
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1.2.2 The modified Chalk-Harrod mechanism for hydrosilylation 

 

Wrighton et al. were the first to propose a modification of the Chalk–Harrod mechanism, on the 

basis of the observation of vinylsilanes in hydrosilylation catalysed by Fe(CO)5 (Scheme 1.13).44 

They postulated that migratory insertion of the olefin into the M–H bond could be slower than 

migratory insertion into the M–Si bond. Wrighton found that upon excitation of the Fe(CO)5 

complex, pent-1-ene and triethylsilane were converted to a mixture of alkane, alkylsilane and 

vinylsilane products. Wrighton’s modified mechanism provides a plausible pathway for the 

formation of vinylsilanes, which are not accounted for in the original Chalk–Harrod mechanism.33 

 

Scheme 1.13. The modified Chalk–Harrod mechanism proposed by Wrighton in 1981.  
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In the modified Chalk–Harrod mechanism, it is proposed that the formation of the Si–C bond is 

a result of olefin insertion into the M–Si bond of i-27 rather than the M–H bond. Subsequent C–

H reductive elimination from i-28 (step IV) yields the hydrosilylation product (i-29). Alternatively, 

β-hydride elimination from i-28 produces a vinylsilane (i-30) and a dihydride (i-31) that reacts 

with further alkene to form an alkane (i-32). Braunstein and Knorr noted that olefin insertion 

into an M–Si bond can be viewed as silyl group migration onto a coordinated olefin.45  

 

1.2.3 The Seitz–Wrighton mechanism for hydrosilylation 

 

Seitz and Wrighton later provided more evidence for silyl group migration in the photoactivated 

hydrosilylation of alkenes.46 Upon near-UV photolysis of Co(CO)4SiEt3 (i-33) in a matrix of either 

ethene or methylcyclohexane at 77 K, a CO ligand is lost to yield the coordinatively unsaturated 

16 electron Co(CO)3SiEt3 complex (i-34) (Scheme 1.14). This is succeeded by the coordination of 

ethene (step I) to form Co(CO)3(CH2=CH2)(SiR3) (i-35), as observed by 1H NMR spectroscopy. The 

next step is insertion of ethene (step II) into the Co–Si bond, to form i-36. Subsequent β-hydride 

elimination from i-36 yields vinyl(triethyl)silane (i-37), which was detected in the reaction 

mixture by gas chromatography. This accounts for the observation of vinylsilane products, which 

are common by-products in hydrosilylation reactions and are not accounted for in the Chalk–

Harrod mechanism.33 This result is also consistent with the finding that photolysis of Co(CO)4SiEt3 

in the presence of pent-1-ene yields triethyl(pentenyl)silane.47 Oxidative addition of silane to i-

36 (step III) to form i-38, followed by reductive elimination of the C–H bond (step IV) completes 

the hydrosilylation cycle.  



Chapter 1 

Page | 51  

 

 

Scheme 1.14. Proposed mechanism for hydrosilylation by Seitz and Wrighton in 1988. 

 

 To obtain evidence for the oxidative addition and reductive elimination steps, Seitz and 

Wrighton utilised Co(CO)4Me as a model compound for Co(CO)3CH2CH2SiR3 and assumed thermal 

loss of CO. The proposed intermediate, Co(CO)3Me, reacts with silane to give 

Co(CO)3(Me)(SiMe3)H (i-39) and subsequent reductive elimination of the alkyl and hydrido 

ligands yields methane (i-40) and Co(CO)3SiMe3 (i-41) (Scheme 1.15). If this reaction was 
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proceeding according to the Chalk–Harrod mechanism, there would be reductive elimination of 

the silyl and alkyl ligands to afford SiMe4 and Co(CO)3H. That only CH4 and Co(CO)3SiMe3 were 

evident by 1H NMR and FTIR spectroscopy respectively, is not consistent with the reaction 

operating via the Chalk–Harrod mechanism.  

 

Scheme 1.15. Reductive elimination of the alkyl and hydrido ligands from Co(CO)3MeSiMe3H (i-

39). 

 

1.2.4  The Two-Silicon mechanism for hydrosilylation  

 

Duckett and Perutz later demonstrated that silyl migration was operative in their rhodium 

catalysed hydrosilylation using {RhCp} fragments.48 Upon photolysis of the rhodium(I) complex 

CpRh(C2H4) (i-42) in the presence of R3SiH (R = Me, Et), the rhodium(III) complex 

CpRh(C2H4)(SiR3)(H) (i-43) is formed (Scheme 1.16).49 This complex bears all the necessary ligands 

to probe the intermediates postulated by the Chalk–Harrod mechanism, and it was also found 

to be catalytically active in hydrosilylation reactions.33 However, the fact that i-43 is observed 

renders it implausible as a key, on-cycle intermediate. Duckett and Perutz instead proposed that 

the active catalytic species in their system is CpRh(C2H5)(SiR3) (i-44), which forms by a [1,3]-H 

shift from i-43. Ethene attack on i-44 yields CpRh(C2H4)(SiR3)Et (i-45) which then undergoes a 

[1,3]-silyl shift to form CpRh(CH2CH2SiEt3)Et (i-46). Addition of Et3SiH to i-46 yields a complex 

containing two silicon atoms, CpRh(CH2CH3SiEt3)Et(SiEt3)H (i-47). This species, formally in 

oxidation state V, but possibly containing an RhSiH or RhCH 3-center bond could then undergo 

reductive elimination to form the hydrosilylation product and reform the original intermediate 

(i-44). 



Chapter 1 

Page | 53  

 

 

Scheme 1.16. Two silicon cycle for hydrosilylation, proposed by Duckett and Perutz in 1992.  

 

 The hydrosilylation of C2D4 with Et3SiH using CpRh(C2H4)(SiEt3)H failed to produce significant 

quantities of CpRh(C2D4)(SiEt3)H, which suggests that the ethyl group in the active species is a 

spectator ligand. The silyl group in CpRh(C2H4)(SiR3)H does however play a part in hydrosilylation 

as hydrosilylation of ethene with HSiR’3 afforded CpRh(C2H4)(SiR’3)H. To demonstrate that this 

does not proceed via reductive elimination of SiR3H followed by oxidative addition of SiR’3H to 

the rhodium centre, a control experiment was conducted. In this experiment, it was shown that 

the hydrosilylation of ethene and HSi[CH2CH(CH3)2]3 with CpRh(C2H4)(SiMe3)H produced 30% 

CpRh(C2H4){Si[CH2CH(CH3)2]3}H after 7 days whereas a mixture of HSi[CH2CH(CH3)2]3 and 

CpRh(C2H4)(SiMe3)H produced only 10% CpRh(C2H4){Si[CH2CH(CH3)2]3}H after 9 days. 
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The formation of the rhodium (V) intermediate in this mechanism was deemed plausible as there 

have been many examples of rhodium complexes in different oxidation states that act as 

hydrosilylation catalysts, for example Cp*Rh(SiEt3)2(H)2.50 Overall, this study revealed that the 

Chalk–Harrod mechanism or its variant does not apply to the CpRh(C2H4)(SiR3)(H) complex (i-43). 

In the Chalk–Harrod mechanism, the alkene and silane ligands are replaced once for every 

turnover, yet the isotope labelling experiments in this study show conclusive evidence that the 

ethene ligand is not replaced. Rather, this postulated mechanism is more akin to that proposed 

by Seitz and Wrighton that also involves two silicon atoms in one intermediate (i-38).46 Various 

studies of rhodium51, iridium52, iron44 and cobalt53-catalysed hydrosilylation reactions have 

supported Duckett and Perutz’s and Wrighton’s mechanistic proposals.  

 

1.2.5  Hydrosilylation reactions involving colloidal platinum 

 

Boardman demonstrated that upon photolysis of CpPtMe3 (i-48), an active species was 

generated which rapidly catalysed the hydrosilylation reaction between 1-octene and 

HMe2SiOSiMe3 (Scheme 1.17).54 The product was formed in essentially quantitative yield. No 

reaction was observed for the same sample held at room temperature for 20 days in the dark.  

 

Scheme 1.17. The photoactivated hydrosilylation reaction catalysed by CpPtMe3 (i-48). 
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The active catalyst was proposed to be a heterogenous platinum colloid as the mercury drop test 

showed a characteristic deactivation of the catalyst, whilst addition of DBCOT had no effect. 

Analysis of the reaction mixture post-photolysis by TEM confirmed the presence of platinum 

colloids that were 10–25 Å in size. Boardman also found that upon photolysis of i-48 in the 

presence of a silane, HMe2SiOSiMe3, the bis(silyl) hydride species, CpPt(SiMe2OSiMe3)2H (i-49) 

was formed (Scheme 1.18). Under photolysis conditions, the activity of i-49 was found to be 

significantly lower than i-48 in the hydrosilylation reaction between 1-octene and 

HMe2SiOSiMe2OSiMe3. In the dark, however, i-49 initiated this same reaction and full conversion 

to the hydrosilylation product was achieved in 40 hours whereas no reaction was observed for i-

48 on the same time scale. Thus, Boardman concluded that i-49 was not an intermediate in the 

conversion of i-48 to the active species under photolysis conditions. Analysis of the reaction 

mixture by gas chromatography–mass spectrometry after irradiating i-48 in the presence of 

HMe2SiOSiMe3 led to Boardman’s mechanistic proposal for platinum colloid formation (Scheme 

1.19).  

 

Scheme 1.18. Photolysis of CpPtMe3 (i-48) in the presence of HMe2SiOSiMe3 to form the bis(silyl) 

hydride species (i-49). 
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Scheme 1.19. Boardman’s mechanistic proposal for platinum colloid formation.54 

 

The absence of methylcyclopentadiene and any cyclopentadienylsiloxanes in the gas 

chromatography-mass spectrometry (GC-MS) analysis of the reaction mixture ruled out the 

platinum(II) intermediates CpPtMe (i-50) and CpPt(SiMe2OSiMe3) (i-51), as well as the possible 

platinum(IV) intermediate CpPtMe2(SiMe2OSiMe3) (i-52) as direct colloid precursors (). Overall 

Boardman concluded that the silyl methyl hydride complex CpPtMe(SiR3)H (i-53) is the critical 

intermediate which is partitioned under the reaction conditions between colloidal platinum and 

a bis(silyl)platinum hydride such as i-49. 

 



Chapter 1 

Page | 57  

 

1.3  Silane activation  
 

The activation of silanes by transition metal centres to form metal hydride silyl species has been 

widely studied since they have been postulated as key intermediates for hydrosilylation. The 

traditional pathway towards silane activation is oxidative addition of an Si–H bond from a 

hydrosilane to a metal centre. Examples have been shown for almost all of the transition metals 

since the seminal works of Schubert and Kubas.55,56,57  

 

1.3.1 Comparison between C–H and Si–H activation 

 

The interaction of hydrosilanes with transition metals can occur under mild conditions for 

platinum species, especially when compared with C–H activation. This is attributed to the weaker 

sp3-Si–H bond compared with the stronger sp3-C–H bond, and the formation of a stronger Pt–Si 

bond compared with the Pt–C bond. Sakaki showed through ab initio calculations that Si–H 

oxidative addition of SiH4 to Pt(PH3)2 is thermodynamically favourable compared to C–H 

oxidative addition of CH4 to Pt(PH3)2, since the former process is exothermic whilst the latter is 

endothermic (ΔH = −110.5 vs. 27.2 kJ mol- 1).
58 This process is also kinetically favoured as the 

calculated activation barrier for SiH4 addition to Pt(PH3)2 is much smaller than that for CH4 

addition to Pt(PH3)2 (ΔH‡ = 2.9 vs. 120 kJ mol-1).  It is worth noting however, that Si–H bond 

strengths can vary substantially with substituents. To exemplify, the following values were 

reported for HSiR3: 74.6, 96.8 and 100 kcal/mol for R = Me, OEt and F, respectively. Sakaki 

concluded that ultimately, the driving force for Si–H activation arises from the formation of a Pt–

SiH3 bond, D(Pt–SiH3)calc. = 257.3 kJ mol-1, which is stronger than the Pt–CH3 bond, D(Pt–CH3)calc. 

= 166.1 kJ mol-1. 

Puddephatt utilised differential scanning calorimetry (DSC) to provide the first experimental 

estimation of Pt–Si bond energy.59 For PtIMe2(SiMe3)(bpy) (bpy = 2,2'-bipyridine), the estimated 
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Pt–Si bond energy was found to be D(Pt–SiMe3)calc. = 233 ± 14 kJ mol-1. Bond energies for Pt–Me 

bonds were also calculated by Puddephatt using DSC and values of 137 and 129 kJ mol-1 were 

found for cis-PtMe4(MeCN)2 and cis-PtMe4(2,6-Me2C6H3NC)2, respectively.60  

Overall, the ab initio calculations by Sakaki and the experimental observations by Puddephatt 

revealed that the Pt–Si bond is roughly 100 kJ mol-1 stronger than the Pt–C bond, with a 

dependence on the substituent R.  

 

1.3.2  Bonding in metal silyl hydride and η2–silane complexes  

 

Classically, a hydrosilane will react with a metal centre via oxidative addition to give a complex 

with two-centre, two-electron, M–SiR3 and M–H bonds.  These likely proceed via a three-centre, 

two electron intermediate. Such interactions can be referred to as σ-complexes. Synergic 

bonding can take place in this pathway: the Si–H σ-bonding orbital can interact with the metal 

d-orbital, and the metal dπ-orbital can interact with the Si–H σ*-antibonding orbital (Figure 1.4). 

Sufficient contribution from π-backbonding will result in a full oxidative addition. The σ donor 

and σ*-acceptor ability of the Si–H bond can be modified by changing the substituents on the Si 

atom. 

 

Figure 1.4. Bonding interaction of Si–H with metals. 

 

An η2-Si–H bonded complex can be considered as an arrested state in the course of the oxidative 

addition pathway, and there are many examples of isolated silane σ-complexes. Schubert 
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characterised a substantial series of complexes that showed a 3-centre 2-electron bonding 

interaction by neutron diffraction.61,62 He proposed that a Si–H bond length of 2.00 Å defines the 

limit of any appreciable interaction between silicon and hydrogen. The Si–H bond length is 

expected to be elongated relative to the free silane (~1.48 Å, sum of the van der Waals radii 3.10 

Å) when the oxidative addition is incomplete. Schubert demonstrated through the 

[(C5H4Me)Mn(CO)2(H-SiR3)] series that the coupling constant (J(Si,H)) can be used as an indicator 

of the extent of Si–H activation. When the silicon is directly bonded to the hydride, J(Si,H) is 

expected to be around 200 Hz, but when there is no bonding between the silicon atom and the 

hydride, 2J(Si,H) is expected to be in the range of 3.5 – 20 Hz.63 A weakening of the bond would 

mean that J(Si,H) lies somewhere between the two. For example, J(Si,H) for [(η5-

C5H4Me)Mn(CO)2(H–SiHPh2)] is 63.5 Hz, whereas for [(η5-C5H4Me)Mn(CO)2(H–SiCl3)], J(Si,H) is 

54.8 Hz. This difference can be attributed to the more electronegative chlorine substituent on 

the silicon promoting more back-donation from the metal into the Si–H σ* orbital, thereby 

decreasing the Si–H bond order. Schubert also demonstrated that changing a substituent on the 

metal itself has much the same effect - [(η5-C5H4Me)Mn(CO)(PMe3)(H)SiCl3)] has an even lower 

J(SiMnH) value of 20 Hz. This can be explained by the more electron donating substituent 

imparting more electron density onto the metal centre and increasing the extent of back-

donation to the Si–H σ* antibonding orbital, thereby weakening the Si–H bond. It was concluded 

that oxidative addition in this complex must be very advanced or even complete. Data from 

molecular orbital calculations support this idea.62 

 

1.3.3 Si–H activation by metal nanoparticles  

 

The role of platinum nanoparticles as active species for hydrosilylation catalysis has been a topic 

of controversy over the past 40 years.64 For example, in their extensive study, Lewis and 

colleagues initially proposed that platinum nanoparticles were formed using Karstedt’s catalyst 
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for the hydrosilylation of alkenes, and that they likely played an important role in the catalytic 

reaction.65,66 After a follow-up study however, Lewis proposed that mononuclear Pt(0) species 

were the real active species, and that the formation of platinum nanoparticles was the result of 

the aggregation of these unprotected species.19 A few years later, Finney and Finke discussed the 

controversial nature of the active species in hydrosilylation catalysed by Pt(COD)Cl2, and 

concluded that further mechanistic studies were needed to confirm either a homogeneous or 

heterogeneous catalyst.67  

In spite of the controversy, evidence has shown that platinum nanoparticles can promote Si–H 

activation in hydrosilylation via a heterogenous process, where bond activation occurs at the 

surface of the nanoparticle.64 One of the first examples of pre-formed platinum nanoparticles for 

hydrosilylation was presented by Brook and coworkers in 1997, who designed a heterogenous 

platinum catalyst by reacting Karstedt’s catalyst with silica particles modified with a 

hydridosilsesquioxane layer (Scheme 1.20).68 Analysis by TEM showed that the platinum 

nanoparticles were uniformly distributed on the silica surface and had an average diameter of 2 

nm. It was proposed that the hydridosilsesquioxane layer acts as an anchor for the platinum 

catalyst, as well as a protective steric barrier to prevent platinum aggregation. This supported 

catalyst successfully catalysed the hydrosilylation reaction of alkenes and alkynes and was also 

demonstrated to be rechargeable without significant loss of activity. Several other examples of 

platinum nanoparticles have been reported to be catalytically active for alkene 

hydrosilylation.69,70  

 

Scheme 1.20. The hydrosilylation reaction catalysed by a heterogeneous catalyst. 
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Overall, the development of catalysts based on metal nanoparticles has not been as extensively 

explored as homogeneous systems, because of their generally lower activity compared to the 

latter, which is often the consequence of clustering of nanoparticles to give catalytically less 

active bulk metal.1 Industrially, the turnover number (TON) for hydrosilylation with homogenous 

catalysts are on the order of 106 h-1
, and only recently have similar values been achieved by 

nanoparticles. Thieuleux and coworkers synthesised platinum nanoparticles by decomposing 

Pt(dba)2 (dba = dibenzylideneacetone), or Karstedt’s catalyst in the presence of n-octylsilane or 

polymethylhydrosiloxane (PMHS) under 4 bars of hydrogen as a reducing agent.8 The platinum 

colloids were analysed by TEM and determined to have a mean diameter between 1.6 and 1.7 

nm. In the hydrosilylation reaction between oct-1-ene and PMHS, the platinum colloids showed 

comparable activity to Karstedt’s catalyst, as well as yielding a similar percentage of olefin 

isomerisation, as measured by 1H NMR spectroscopy (Scheme 1.21). 

 

Scheme 1.21. The hydrosilylation reaction between PMHS and oct-1-ene catalysed by platinum 

nanoparticles. The table shows the percentage conversion to the hydrosilylation product as well 

as the percentage of oct-1-ene isomerisation. 

 

These results demonstrate that stabilised nanoparticles can achieve activities comparable to 

Karstedt’s catalyst and are not simply a consequence of catalyst deactivation. Such systems may 

then offer a potential substitute for the homogeneous processes that take place industrially, as 

they show recyclability and often enhance the purity of final products when the nanoparticles 
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are immobilised on solid supports, and therefore do not end up in the final product. It is still not 

entirely clear however, whether Si–H bond activation takes place exclusively at the surface of the 

nanoparticles, or if  platinum leached homogeneous species are the real active catalysts, so 

further mechanistic studies are needed.  

 

1.4  Photoactivated catalysts for hydrosilylation 
 

Despite a wealth of study on catalysis in the hydrosilylation reaction, the overwhelming bulk of 

published work has dealt with processes that occur without external activation, i.e. under so-

called “thermal” conditions. Relatively few examples of UV-activated catalysts have been 

disclosed.3,5,46,48,71,72 One major challenge in making silicone polymers by hydrosilylation is the 

design of catalytic systems that exhibit near-zero rates under ambient conditions, but very fast 

rates during the curing step, otherwise known as latency.73 This is useful for processes that 

require temporal and spatial control, such as the production of cross-linked silicones with 

complex shapes, as the catalyst and formulation can be preloaded into a mould and the cross-

linking process is only initiated upon exposure to heat or UV-light.73 The development of latent 

catalysts would also simplify the manufacturing process, since addition-curing silicone 

formulations are usually handled as two-component systems consisting of the polyvinylsiloxane 

plus catalyst and the separate hydrosiloxane.74 The ability to store all the components together 

in a one-pot formulation that can then be externally activated would present a significant 

advantage to the whole process, from manufacturing and packaging to mixing. Several strategies 

have been employed to achieve these targets, including the use of catalyst inhibitors, catalyst 

encapsulants and dormant precatalysts that require heat or light triggering, and this is discussed 

in more detail in chapter three.1,5 All of these methods present their own drawbacks, but light-

triggered catalysts hold promise as the required curing temperature for curing cross-linked 

silicones can often be quite low (<100 °C), so heat-triggered catalysts are not always suitable. 

This has prompted recent interest to design a new suite of platinum catalysts with tuneable 
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ligand sets that show essentially no hydrosilylation activity under ambient conditions and high 

curing rates upon UV-triggering.75  

Two general approaches have been exploited in the development of generating photoactivated 

hydrosilylation catalysts.76 The first is via photodecomposition / photoreduction of platinum(II) 

and platinum(IV) precursors to give catalytically active platinum(0) species.77,78 ,79 The second is 

ligand photodissociation from a coordinatively saturated platinum(0) complex.71 The former 

route offers more promise in the way of exploiting a latency period, as ligand dissociation can 

also occur in the absence of irradiation, making it very challenging to design catalysts that have 

sufficient stability in the dark but also give prompt curing times. Some catalysts require 

continuous irradiation to promote turnover (photocatalysis), whilst others only require a short 

burst of irradiation and then proceed to promote turnover under thermal conditions 

(photoactivated catalysis).5,72 

 

1.4.1  Oxalate complexes 

 

It has been recognised that upon UV-irradiation of transition-metal oxalate complexes, 

irreversible fragmentation of the oxalate dianion occurs to give two molecules of carbon dioxide, 

with concomitant transfer of two electrons to two metal centers.80 A well-studied and 

representative example is [Co(C2O4)3]3-, where photolysis leads to the reduction of two metal 

centres and the formation of Co(II) (Scheme 1.22).  

 

 

Scheme 1.22. UV-irradiation of transition-metal oxalate complexes. 
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Trogler and co-workers proposed that photochemical reductive elimination of the oxalate ligand 

from Pt(C2O4)L2 (L = triarylphosphine or trialkyl-) forms PtL2, a highly reactive Pt(0) 14-electron 

fragment, along with two molecules of carbon dioxide (Scheme 1.23).77,81   

 

 

Scheme 1.23. Photochemical reductive elimination of the oxalate ligand from Pt(PEt3)2(C2O4) (i-

54). 

 

The 14-electron fragment was not observed directly, but its presence was inferred from the 

reaction of Pt(PEt3)2(C2O4) (i-54) with ethene, to yield Pt(PEt3)2(C2H4). Trogler postulated that 

upon photolysis of i-54, rapid transfer of two electrons from the oxalate ligand to the platinum 

occurs. Transfer of two electrons leads to the stable Pt(0) oxidation state, rather than the 

unstable Pt(I) oxidation state which would occur if only one electron was transferred to the 

metal.  

Shortly after the initial report, Trogler covalently linked the photoactive i-54 complex to a silica 

support (i-55) and demonstrated that it was effective as a hydrosilylation catalyst (Figure 1.5).77 

 

 

Figure 1.5. Complex i-54 linked to a silica support to form i-55. 
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Unsurprisingly, Trogler found marked differences between the unsupported (i-54) and supported 

(i-55) bis(phosphine)platinum oxalates as hydrosilylation catalysts. In the photoactivated 

hydrosilylation reaction between MeCl2Si–H and hept-1-ene (irradiating the catalyst plus one 

substrate then adding the partner substrate post-irradiation), i-55 showed no induction period, 

and a linear formation of product with time. In contrast, photoactivation of i-54 in the same 

reaction showed a long induction period, followed by a rapid reaction. Moreover, addition of 

mercury to i-55 had no effect on the catalytic activity, and an excess of olefin or the presence of 

a coordinating solvent was inhibitory for catalysis. The effect of mercury or coordinating solvent 

on i-54 was unfortunately not disclosed. Trogler argued that the difference in kinetics for i-54 

could be attributed to the tendency of Pt(0) phosphine complexes to react with silanes and form 

catalytically inactive cluster compounds.82 According to Trogler, metal cluster formation was not 

possible with i-55, and hydrosilylation proceeds on monomeric active sites on the silica support.  

 

1.4.2  Platinum bis(β-diketonates) 

 

Lewis and Salvi were the first to investigate the mechanism of platinum bis(β-diketonates) as 

photoactivated hydrosilylation catalysts in 1995.79 They postulated that short periods of 

irradiation of Pt(acac)2 (acac = acetylacetonate) (i-56) in the presence of either silane or olefin 

resulted in homolysis of the Pt–O bond to form a primary photoproduct (i-57 or i-58), which was 

identified by 1H NMR spectroscopy (Scheme 1.24). Upon termination of irradiation and addition 

of the complementary substrate, the primary photoproduct reverts back to i-56 and no 

hydrosilylation product is formed. This suggests that the primary photoproduct is not the active 

catalyst. Continued irradiation of the primary photoproduct, however, leads to full dissociation 

of one of the acac ligands to give an unsaturated Pt(II) species (i-59 or i-60), which can coordinate 

either two hydrosilanes or two olefins. Subsequent addition of the complementary substrate to 

this secondary photoproduct forms the active homogeneous catalyst (i-61), which in the 
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presence of excess silane or olefin, retains its catalytic activity for several hours. Lewis and Salvi 

found that upon irradiation of i-56 in the absence of silane or olefin, or upon thermal 

decomposition of i-56 in the presence or absence of silane and olefin, a less active heterogenous 

catalyst is formed (i-62). The homogeneous nature of the active species was verified by showing 

that the catalyst formed upon irradiating i-56 in the presence of silane or olefin was poisoned by 

DBCOT but only slightly inhibited by mercury, whereas the same solution but in the absence of 

irradiation and stirred in the dark overnight was completely inhibited by mercury, but unaffected 

by DBCOT.37,83  

 

Scheme 1.24. Formation of active catalysts using Pt(acac)2 (i-56). 
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Subsequently, Neckers showed that upon irradiation of Pt(hfac)2 (hfac = 

hexafluoroacetylacetonate) (i-63) at 350 nm under an atmosphere of excess ethene, the isolable, 

trigonal bipyramidal complex, Pt(hfac)2(η2-C2H4) (i-64) was formed (Scheme 1.25).84 Interestingly, 

Neckers reported that this complex could only be isolated if i-63 was irradiated at 350 nm, as 

irradiation at the shorter wavelength of 300 nm led to initial formation of i-64, followed by rapid 

dissociation of the two hfac ligands. Neckers reported that no photoreaction occurred between 

i-56 and ethene when the mixture was irradiated at 350 nm, and this was attributed to the 

inability of i-56 to form a stable olefin adduct. This is consistent with the observation that i-56 

has higher thermal catalytic activity in the hydrosilylation process than does i-63, as the ability 

of i-63 to form stable olefin adducts attenuates its activity.85 When i-64 was employed as a 

catalyst for the hydrosilylation reaction between triethylsilane and vinylsilane, full conversion to 

the hydrosilylation product was achieved after 2 hours, in the absence of irradiation.  

 

Scheme 1.25. Reaction of Pt(hfac)2 (i-63) in the presence of ethene under UV-irradiation to form 

Pt(hfac)2(η2-C2H4) (i-64). 

 

More recently, Huang and coworkers utilised i-56 as a photocatalyst for the synthesis of 

hyperbranched polycarbosilanes and compared its activity with Karstedt’s catalyst (i-2).86 To 

compare the thermal and photochemical reaction times for the synthesis of polymer, i-56 was 

continuously exposed to UV-light whilst Karstedt’s catalyst was heated to 60 °C, since the latter 

is not amenable to photohydrosilylation (Scheme 1.26). By following the reaction by FT-IR 

spectroscopy, Huang showed that all of the Si–H groups were consumed in 40 min when i-56 was 
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used as the photocatalyst, whereas consumption of the Si–H groups took 6 hours under thermal 

conditions using i-2. The highly branched polycarbosilane was characterised by 1H, 13C and 29Si 

NMR spectroscopy, along with SEC/ MALLS (size exclusion chromatography/ multi angle laser 

light scattering), and Huang concluded that the same branching structure was formed 

irrespective of hydrosilylation via the thermal or photochemical route.  

 

 

Scheme 1.26. Formation of hyperbranched polycarbosilanes using either Karstedt’s catalyst (i-2) 

thermally or Pt(acac)2 (i-56) under photochemical conditions. 

 

1.4.3  Trimethyl(β-dicarbonyl) platinum(IV) complexes 

 

Fouassier and coworkers developed trimethyl(β-dicarbonyl) platinum(IV) (i-65) complexes as 

photocatalysts for the hydrosilylation of silicone polymers (Figure 1.6).78 They were able to 

demonstrate that upon irradiation of these complexes with the substrates, active species were 

generated that rapidly catalysed the hydrosilylation reaction between pentamethyldisiloxane 

and oct-1-ene. Through simultaneous analysis by UV-visible and infrared spectroscopy, Fouassier 

proposed that the active species was homogeneous as during catalysis, two distinct bands 

appeared in the UV-vis spectrum at 272 and 335 nm which corresponded to the photoproduct. 

The disappearance of these bands coincided with the time taken to fully consume the alkene 

and silane substrate. After catalysis, there was evidence of new absorption bands at 400 and 420 



Chapter 1 

Page | 69  

 

nm, consistent with the formation of platinum colloids.87 It was thus concluded that the colloidal 

platinum was not the active species. 

 

Figure 1.6. Dimeric structure of trimethyl(β-dicarbonyl) platinum(IV) (i-65) complexes found to 

be photocatalysts for the hydrosilylation of silicone polymers. 

 

In addition to elucidating the nature of the active species when complexes based on i-65 are 

employed as photocatalysts for hydrosilylation, Fouassier extended the study to demonstrate 

the practicality of these complexes in the hydrosilylation of industrial silicone polymers i-66 and 

i-67 (Figure 1.7). Using the initial rates method on the conversion–time profiles for various 

catalysts, it was elucidated that the hydrosilylation activity was enhanced by electron donating 

groups at the carbonyl C-atom of the β-dicarbonyl ligand. The order of reactivity was reported 

to be i-65a > i-65b > i-65c, i-65d. This was attributed to the increased stability of the light–

promoted catalyst and increased resistance to thermal decomposition to platinum 

nanoparticles.  

 

Figure 1.7. Industrial silicone polymers (i-66 and i-67). 
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1.4.4 Cyclopentadienyl-platinum complexes  

 

Cyclopentadienyl-platinum complexes (i-48) have already been discussed in this chapter as 

photoactivated catalysts for hydrosilylation (section 1.2.5).54 Their highly efficient photochemical 

activity means that they are primed for photohydrosilylation and consequently, they have been 

employed extensively in industry as catalysts in light-curable silicone elastomer compounds for 

applications such as dental impressions and adhesives.5,88,89 It has been reported that the gel-

time (time required to achieve a state in which the formulation no longer flows) under UV-light 

is between 16 and 40 s (Pt at 200 ppm), whilst without irradiation under ambient conditions, the 

gel-time is more than 1550 hours.90 This renders this catalyst the benchmark system with regards 

to exploiting a latency period.  

Marchi and coworkers recently studied (η5-C5H4CH3)PtIV(CH3)3 (i-68) as a photocatalyst for 

hydrosilylation in the presence of 2-chlorothioxanthen-9-one (CTX, i-69) as a photosensitizer 

(Figure 1.8).89 Sensitisers are often employed to either increase the overall rate of the curing 

process at a given wavelength of initiating radiation, by absorbing light energy and transferring 

it to the initiator, or to shift the optimum effective wavelength of the initiating radiation to longer 

wavelengths, for example, into the visible region.91 The hydrosilylation reaction between 

poly(methylhydrogenosilane) (i-70) and vinyldimethylsiloxane (i-71) was studied in the presence 

of 1000 ppm i-68 / i-69 under continuous visible light exposure (380 – 515 nm) and separately 

under continuous UV-light exposure for comparison. It was found that under visible light 

exposure in the absence of i-69, i-68 (1000 ppm) would not activate and there was no 

hydrosilylation product, whereas in the presence of 4000 ppm i-69, 55% conversion to the 

hydrosilylation product was achieved in 400 seconds. By contrast, exposure of the same 

formulation to UV-light resulted in 80% conversion to the hydrosilylation product in 150 seconds. 
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Figure 1.8. Structure of (η5-C5H4CH3)PtIV(CH3)3 (i-68) as a photoactivated hydrosilylation catalyst 

along with the structures of 2-chlorothioxanthen-9-one (i-69) photosensitiser and the industrial 

silicone polymers (i-70 and i-71).   

 

The presence of dark-curing, which is the occurrence of curing after the irradiation source is 

removed, was also evaluated by Marchi and coworkers after 10, 30 and 60 seconds of visible 

light exposure (1000 ppm i-68 / 4000 ppm i-69). After 60 seconds of exposure, the conversion 

increased from 35% to 60% over the course of an hour, demonstrating that the catalyst remained 

active after long periods of time, i.e. a photoactivated catalyst. The thermal stability of the visible 

light cured material was shown by thermogravimetric analysis (TGA) to be comparable to that of 

the UV–cured material, with the main degradation starting at 300 °C and resulting in about 70% 

residue at 800 °C. 

More recently, Xiang et al. investigated the influence of a variety of photosensitisers on 

photoactivated hydrosilylation in the presence of i-68, in an effort to reduce the required catalyst 

loading of platinum for industrial application (Figure 1.9).92 They first studied the reaction 

between i-70 and i-71 under 100 s UV-light exposure (365 nm LED) at different catalyst loadings 

(50 – 400 ppm), and discovered that 400 ppm of i-68 was required to achieve full conversion to 

the hydrosilylation product in 300 seconds post-irradiation.5 At 50 ppm catalyst loading, 

conversion did not exceed 50% at 300 seconds post-irradiation. To study the effect of the 
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photosensitisers, Xiang and coworkers used i-68 at 100 ppm, with 100 s UV-light exposure. The 

study revealed that introduction of naphthalene, fluorene, phenanthrene or pyrene increased 

the catalytic activity up to a point, but then became inhibitory. The incorporation of other 

photosensitisers, biphenyl, anthracene and perylene led to a decrease in catalytic activity. Xiang 

argued that a potential reason for some photosensitisers inhibiting catalysis is due to their 

insolubility in the monomers used for photopolymerisation, meaning that light energy cannot 

effectively be transferred to the catalyst and promote polymerisation.91 In addition, the cured 

samples were analysed in the presence and absence of photosensitiser by photo-differential 

scanning calorimetry (P-DSC), tensile tests and TGA. It was found that the presence of 

naphthalene in the formulation during curing led to an increased photopolymerisation rate (0.15 

vs 0.09 mmol.g-1.s-1), higher tensile strength (0.23 vs 0.17 MPa) and a higher glass transition 

temperature (−115 vs −121 °C). The superior properties were attributed to the higher conversion 

and cross-linking density of the naphthalene-assisted reaction. Overall, this work demonstrated 

the opportunity to fabricate complicated architectures using photolithography in the presence 

of the photoactivated i-68 / naphthalene system.  

 

Figure 1.9. Photosensitisers used to facilitate hydrosilylation. 
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1.5 Summary and outlook  
 

The preceding sections have provided a comprehensive overview of the hydrosilylation reaction 

and outlined its industrial importance for the production of organosilicon compounds. Despite a 

rich history of catalyst development, substrate scope exploration and practical application in 

industry, there are still serious concerns about the exact nature of the hydrosilylation 

mechanism.1 This is largely due to the presence of highly active platinum intermediates in the 

catalytic cycle. Considerable attention has been devoted to understanding the mechanism of 

thermally activated catalysts, whilst kinetic and mechanistic studies of photoactivated 

hydrosilylation reactions have been relatively scarce. Photoactivated catalysts for the 

hydrosilylation of silicone polymers to produce cross-linked silicones are of particular interest as 

they offer spatial and temporal control, as well as the potential for increased shelf-life of pre-

mixed catalyst / substrate mixtures.5,88 Important applications of such catalysts come from the 

production of fast-curing films, and in additive or continuous manufacturing processes. Ideally 

such systems combine high pre-catalyst stability in the silane/vinyl polymer formulation (latency) 

with rapid photoactivation, to afford a catalyst that works at low loadings with fast rates of 

turnover.5 There are currently very few known catalyst systems that harness these features, and 

those that do, i.e. CpPtMe3 or Pt(acac)2 based systems, are either highly toxic or suffer from poor 

solubility in the silicone substrates.85,89 Development of a new series of photoactivated catalysts, 

along with obtaining mechanistic insight, will enable the rational design of improved catalysts 

for photoactivated hydrosilylation, leading to improved catalytic activity and selectivity. This will 

ultimately lead to the development of a diverse array of organosilicon compounds with 

enhanced functionalities. 

The aim of this work is to develop a new series of photoactivated hydrosilylation catalysts that 

overcome the current drawbacks of the existing catalysts. These catalysts will ideally show latent 

reaction kinetics under photohydrosilylation conditions, to make them suitable for the industrial 

requirements. A further aim is to conduct a detailed kinetic and mechanistic study on such 
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complexes to gain insight into the mechanism of photoactivated hydrosilylation reactions, as this 

is an area that has been relatively understudied. It is hoped that this study will shed light on the 

photoactivated hydrosilylation reaction and inspire future investigations that pave the way for 

new advancements in organosilicon chemistry.  
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Chapter 2 – Synthesis, Structure and Characterisation of Pt(II) 

Complexes for Hydrosilylation  
 

2.1 Preamble  
 

As discussed extensively in chapter one, the hydrosilylation reaction is one of the most useful 

catalytic transformations in homogeneous catalysis.1 Organosilicon products derived from olefin 

hydrosilylation are usually added to a diverse range of consumer products, such as car tyres, 

contact lenses, and paints as performance enhancers.3,5,93 Since the first report of the 

hydrosilylation reaction in the academic literature, platinum-based catalysts have been the most 

widely used owing to their high activity, selectivity and tolerance to processing conditions.94 

Karstedt’s catalyst remains the benchmark catalyst in industrial hydrosilylation, due to its 

excellent activity and solubility in many polysiloxane compositions.2,18 In the reaction between 

hexamethylsiloxymethylsilane and oct-1-ene using Karstedt’s catalyst, the turnover frequency 

(TOF) was 5.2 × 106 h−1 and the turnover number (TON) was 0.9 × 106.95 There are, however, 

certain disadvantages associated with using platinum-based catalysts on such a large industrial-

scale process. For example, due to the viscous properties of many organosilicon products, the 

platinum can easily become trapped in the final product and is challenging to recover.3,93 

Combined with the low crustal abundance and high price of this noble metal, there has been a 

long endeavour to develop less expensive catalysts based on more earth abundant metals or 

using lower catalyst loadings of platinum-based systems.1,3 Despite intensive research on lower 

priced transition metals such as cobalt and iron as hydrosilylation catalysts,  platinum-based 

catalysts remain unmatched in catalytic activity and are still therefore first-choice for industrial 

hydrosilylation.3,13,18,20 

The development of a hydrosilylation catalyst that can be switched by external triggers presents 

a huge challenge since many hydrosilylation reactions will proceed spontaneously under ambient 

conditions in the presence of a catalyst.3 For some processes such as additive manufacturing 
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however, it is required to have the catalyst, vinylsiloxane and Si–H functionalised siloxane as a 

one component formulation that is shelf-stable for multiple months.1 For specialised and 

growing demands of some organosilane products such as release liners and adhesives, there is 

a drive to develop systems that are unreactive under ambient conditions but proceed rapidly 

upon exposure to an external trigger. This concept is known as latency and will be explored in 

more detail in chapter three. Thermal triggering of catalysts has so far been the most common 

method employed in industry to exercise precise spatiotemporal control, and this has been 

achieved with the use of catalyst inhibitors and dormant precatalysts.1 Light and UV-irradiation 

also present an attractive stimulus to achieve latency, especially when the required curing 

temperature of the organosilicon compounds is close to room temperature.73 The importance of 

this methodology is shown by the significant number of examples of photo-triggerable 

hydrosilylation catalysts reported in the literature. Unfortunately however, many of these 

catalysts suffer from major drawbacks such as being highly toxic, having poor solubility in the 

polysiloxane substrates or showing low activity upon phototriggering.5,54,79,96,97 

This chapter details a brief overview of important catalysts which have been developed for 

hydrosilylation, with particular emphasis on those used in photoactivated hydrosilylation 

reactions. The rationale behind the use of Pt(II)-salicylaldimine-phenylpyridine complexes, 

Pt(sal)(ppy), the subject of this thesis, as photoactivated hydrosilylation precatalysts is discussed, 

along with details of their synthesis. Subsequently, the spectroscopic and structural properties 

obtained for the Pt(sal)(ppy) complexes are presented. In the following chapters, an in-depth 

kinetic and mechanistic study using the Pt(sal)(ppy) complexes as photoactivated hydrosilylation 

precatalysts will be detailed. 
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2.2 Platinum-based catalysts for hydrosilylation  
 

Among all the metals active in hydrosilylation reactions, platinum is superior in terms of activity 

and selectivity.1 Many catalysts based on other transition metals have been developed for 

hydrosilylation, and different catalysts are employed depending on the desired utilisation.1 

Platinum complexes are most commonly used for the hydrosilylation of alkenes, whilst rhodium 

is more efficient for carbonyl  hydrosilylation (Scheme 2.1).1,98,99,100 Palladium complexes been 

reported to efficiently catalyse the hydrosilylation of conjugated dienes, and iridium is most 

selective for the hydrosilylation of allyl electrophiles.1,7  

 

Scheme 2.1. Hydrosilylation of cyclohexanone with Wilkinson’s catalyst (top), Pd(PPh3)4 

catalysed hydrosilylation of 1,3-pentadiene (middle) and [Ir(COD)Cl]2 catalysed hydrosilylation of 

allyl chloride. 

 

All of these metals are relatively expensive at an average price of $962 (Pt), $1,924 (Pd), $11,366 

(Rh), $3488 (Ir) and $421 (Ru) per troy oz (1 troy oz = 31.1 g) in the past 5 years (Figure 2.1).101 

However, their efficiency is unmatched by more earth-abundant metals, so they are still first 

choice for industrial hydrosilylation.  
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Figure 2.1. Monthly average metal prices between 2019 and 2024 in $ / troy oz (1 troy oz = 31.1 

g). Average prices: Pt, $962.52, Pd, $1,923.79, Rh, $11,366.34, Ir, $3,487.52, Ru, $420.89.101  

 

As discussed in chapter one, there has been significant research effort directed towards 

developing platinum-based hydrosilylation catalysts since Speier’s report in 1957.94 Selected 

examples of important platinum-based complexes that have received special attention for  

hydrosilylation reactions are shown in Figure 2.2. Whilst Speier’s catalyst (2.1) exhibits extremely 

high catalytic activity at low loadings, it shows long induction periods and poor solubility in 

polysiloxane mixtures.93 Furthermore, in situ reduction of hexachloroplatinic acid to the active 

platinum(0) species can be dangerous on a large scale, and effective heat dissipation is 

challenging in large reactors.16 This can lead to thermal degradation of the catalyst or potential 

explosions. Karstedt’s catalyst (2.2) was developed in 1973 and remains the most widely used 

industrial catalyst for the hydrosilylation of alkenes.1,18 This is attributed to its extremely high 

catalytic activity and better solubility in siloxane substrates than 2.1.6 Furthermore, 2.2 does not 

require in situ reduction. Despite 2.2 being the most well-established hydrosilylation catalyst, it 

presents several limitations. For instance, the divinylsiloxane ligand is labile which can lead to 

facile decomposition to platinum colloids upon prolonged storage, and this can lead to 

discolouration in the end products.102,103 These colloids also give rise to unwanted side reactions 

such as alkene hydrogenation and isomerisation, resulting in increased product cost and waste, 
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as distillations are required to achieve the desired purity of the final product.93 Marko and 

colleagues prepared platinum(0) complexes bearing N-heterocyclic carbene (NHC) ligands (2.3) 

in 2002 to address the issue of colloid formation.20  Although these complexes generally show 

lower catalytic activity than 2.2, they offer the advantage of no colloid formation in addition to 

improved stability. The success of these complexes in hydrosilylation prompted the development 

of many metal-based catalysts bearing NHC ligands.20,104 More recently, Nolan reported that 

platinum(II)-thioether-based precatalysts (2.4) were effective in hydrosilylation.105 These 

complexes are easily synthesised, show comparable selectivity to 2.3, and can be used at very 

low catalyst loadings (0.00001 mol%; 100 ppb). Whilst all of these complexes represent 

significant milestones in the advancement of hydrosilylation catalysts, it should be highlighted 

that all complexes require heating, often to temperatures >80 °C,  to achieve good conversions 

to the hydrosilylation products. Platinum-based catalysts that can be activated by irradiation at 

room temperature have been relatively understudied compared with thermally activated 

catalysts, and development of these types of catalysts are needed for new and emerging 

applications in polymer chemistry.3  

 

Figure 2.2. Selected platinum-based thermal hydrosilylation catalysts.13,18,20,105 
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2.3 Light-initiated catalysts for hydrosilylation  
 

The silicones industry consumes 5.6 metric tons of platinum per annum, so intensive research 

efforts have been devoted to developing low-cost transition metal catalysts for hydrosilylation.3,7 

Other motivations to shift towards more earth abundant metals for hydrosilylation are the 

toxicity of heavy metals, and the environmental consequences associated with mining elements 

of scarce abundance in the Earth’s crust.93 One particular field of interest has been the 

development of earth-abundant metal catalysts that are switchable. This means that they should 

be unreactive under ambient conditions but show excellent catalytic activity upon exposure to 

irradiation.1 This is a requirement for certain applications such as the manufacture of release 

coatings, that require the catalyst to be stored with the vinylsiloxane and Si–H functionalised 

siloxane for a number of months. Early approaches towards photoactivated hydrosilylation 

focused on various metal carbonyls such as Cr(CO)6, Mo(CO)6, Fe(CO)5 and Ni(CO)4.96 

Unfortunately however, using these complexes in hydrosilylation led to poor conversions, poor 

selectivity and in some cases, aggregation of the metal. This amounts to increase costs, as 

distillations are then required to purify the final product.93 More recently, Sortais and colleagues 

prepared a series of manganese(I) NHC complexes that were shown to be successful precatalysts 

for the hydrosilylation of various carbonyl compounds under UV irradiation (Figure 2.3).106 All 

complexes 2.5 to 2.10 at 1 mol% loading catalysed the hydrosilylation reaction between Ph2SiH2 

and acetophenone at room temperature under constant UV irradiation (350 nm), and showed 

no activity in the absence of irradiation. There were marked structure / activity relationships 

observed for these complexes. After 2 hours, 2.7 promoted only 10% conversion, whereas 2.8 

and 2.9 had catalysed 97% conversion, demonstrating that the N-mesityl group on the NHC 

ligand promotes higher catalytic activity. Precatalyst 2.9 was then taken forward for 

hydrosilylation reactions between Ph2SiH2 and a variety of aldehydes under constant UV 

irradiation. The reduction of benzaldehyde and its derivatives substituted in the para-position 

by either electron donating groups such as NMe2 or electron withdrawing groups such as CN 
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proceeded within 1 h and very high conversions were achieved (>97%). However, it was found 

that the reduction of meta-fluorobenzaldehyde required 8 h of constant irradiation to achieve a 

similar level of conversion. The substrate scope was also expanded to include a variety of 

ketones, and 2.9 (1 mol%) was proven to successfully catalyse the hydrosilylation reaction 

between Ph2SiH2 and various acetophenone derivatives substituted in the para-position within 

4 h under constant UV irradiation. Less reactive substrates such as acetylferrocene and cyclic 

ketones were included in the substrate scope, and these required 24 h of constant UV irradiation 

to achieve full conversion.  

 

 

Figure 2.3. Manganese(I) NHC complexes as photoactivated hydrosilylation catalysts.106   

 

Kumar and colleagues also prepared a series of cationic iron(II) complexes bearing 

cyclopentadienyl (Cp) and NHC ligands that were shown to be effective catalysts for the 
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hydrosilylation reaction between PhSiH3 and a variety of aldehydes and ketones (Figure 2.4).107 

All complexes (2.11 to 2.15) required activation by constant exposure to visible light ( = 400 – 

700 nm). For the reaction between PhSiH3 and benzaldehyde using the iron complexes (2 mol%) 

at 30 °C, 2.11 yielded 68% conversion after 3 h of reaction time, whereas only 15% and 6% 

conversions were observed when using 2.12 and 2.13. The reactions with the latter two catalysts 

under constant irradiation required 17 h to achieve full conversion. Using 2.14 under the same 

conditions led to 90% conversion within 3 h of reaction time, whereas 2.15 gave only 44% 

conversion. For the reaction between PhSiH3 and acetophenone, it was found that the reaction 

mixtures also required heating to 70 °C for 17 h to achieve good conversions (72 – 98%) in the 

presence of 2.11 – 2.15.  

 

Figure 2.4. Iron(II) NHC complexes as photoactivated hydrosilylation catalysts.107 

 

Despite intensive research efforts to develop more earth-abundant metal catalysts for 

hydrosilylation, platinum-based complexes still dominate the field. The review by Radchenko and 

Ganachaud summarises a variety of light-induced platinum-based hydrosilylation catalysts and 

their applications in the silicone industry.5 As discussed in more detail in chapter one, Trogler 



Chapter 2 

Page | 83  

 

pioneered the first platinum-based photoactivated hydrosilylation catalyst, namely the platinum 

/ oxalate complex, Pt(C2O4)L2 (2.16) (Figure 2.5).81 This was proposed to operate via 

photochemical reductive elimination of the oxalate ligand from 2.16 to form PtL2, a highly 

reactive 14-electron Pt(0) fragment, along with two molecules of carbon dioxide.  Since then,  

platinum-based complexes bearing a variety of ligands have been prepared as photoactivated 

hydrosilylation catalysts, as shown in Figure 2.5. Lewis and Salvi studied Pt bis(β-diketonate) 

complexes (2.17) as photoactivated hydrosilylation catalysts in 1995 and reported that 

irradiation ( < 300 nm) initially yields a highly active homogenous catalyst, which is thermally 

converted to a less active heterogeneous catalyst (see chapter one).79 Boardman first 

investigated the Pt(CpMe)Me3 complex (2.18) in 1992 and proposed that the active species 

generated from this complex is a heterogenous platinum colloid since the active catalyst was 

poisoned by mercury but not inhibited by dibenzo[a,e]cyclooctatetraene.54 Compounds based 

on the 2.17 and 2.18 frameworks have been studied extensively in industry and academia alike 

for their ability to photocure silicone polymers.5 Both classes of complex have been used as 

catalysts to produce silicone products for applications such as silicone gaskets, optical devices 

and light-emitting-diode (LED) encapsulating materials. In 2021 alone, three patent applications 

were published for the use of complexes based on 2.18 in the production of transparent silicone 

resins under UV-triggering conditions.108,109,110 Although these complexes are highly active upon 

activation by UV-irradiation and can be used at very low catalyst loadings (5 ppm), they are very 

volatile and highly toxic. Another class of photoinitiators for hydrosilylation was introduced by 

Fouassier in 1996, where trimethyl(β-dicarbonyl) platinum(IV) complexes (2.19) were found to 

be effective homogeneous catalysts under UV-irradiation ( > 300 nm) for the hydrosilylation 

reaction between pentamethyldisiloxane and oct-1-ene.78 The practicality of these complexes 

was also assessed using industrial silicone polymers and it was reported that catalytic activity 

was enhanced by the presence of electron donating groups at the carbonyl C-atom of the β-

dicarbonyl ligand. A few years later, Neckers showed that upon irradiation of Pt(hfac)2 (hfac = 

hexafluoroacetylacetonate) with 350 nm light under an atmosphere of excess ethene, the isolable 
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trigonal bipyramidal complex, Pt(hfac)2(η2-C2H4) (2.20), was formed.111 This complex successfully 

catalysed the hydrosilylation reaction between triethylsilane and vinylsilane in 2 h, in the 

absence of irradiation. 

 

Figure 2.5. Selected platinum-based photoactivated hydrosilylation catalysts.54,78,79,81,84 

 

The past three decades have seen a further development of platinum-based photoactivated 

hydrosilylation catalysts bearing different ligand sets, as shown in Figure 2.6. Wokaun and 

colleagues studied the Pt(PhNNN(CH2)5Me)4 complex (2.21) in 1996 and showed that upon 

irradiation with 370 nm light, the photolabile ligands decompose which generates a highly 

reactive and coordinatively unsaturated platinum species.97 This species could undergo the 

addition of Si–H fragments, leading to hydrosilylation in the presence of an alkene substrate. 

Skvortsov and colleagues later investigated Pt(L2)Cl2 complexes under thermal and 

photochemical conditions as hydrosilylation catalysts.112 Under thermal conditions (55 °C), the 
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reaction rate decreased in the order cis-[Pt(P(CH3)2Ph)2Cl2] (2.22a) > cis-[Pt(PPh3)2Cl2] (2.22c) > 

cis-[Pt(PBu3)2Cl2] (2.22b) for the reaction between heptamethylvinyltrisiloxane and 

tetramethyldisiloxane. The reaction also had a significant induction period which increased in 

the following ligand order: Ph3P < PhMe2P < Bu3P, in parallel with the σ-donor ability of the 

ligands. Under photochemical conditions ( < 280 nm), significant accelerations in catalytic 

activity were observed. In the case of 2.22a, the reaction took 205 min to reach completion 

under thermal conditions, whereas under photochemical conditions with 1 min irradiation, this 

time was reduced to 139 min. Another notable difference under photochemical conditions was 

that the induction period increased in the order: PhMe2P < Bu3P < < Ph3P. It was found that the 

optimal irradiation time was 1 min, as longer or shorter periods of irradiation resulted in longer 

induction periods. Prolonged irradiation times (80 min) were found to destroy the active catalyst, 

giving rise to inactive forms of the metal complex. In 2013, Ruhland and colleagues developed a 

novel platinum hydrosilylation catalyst that contained the photoactive moiety in the outer ligand 

sphere of the complex (2.23).71 Upon irradiation ( = 300 nm), this moiety reacts irreversibly with 

a part of the inner ligand sphere, releasing a free coordination site and activating the precatalyst. 

This novel concept presented the opportunity to tune the catalytic activity based on the 

structure of the ligands in the outer ligand sphere, and different functional groups exhibited 

different catalytic activity upon irradiation.  
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Figure 2.6. Further developments of platinum-based photoactivated hydrosilylation 

catalysts.71,72,97,112 

 

More recently, Mata and colleagues prepared two platinum pincer complexes that were found 

to be effective catalysts for the hydrosilylation of alkynes under thermal (80 °C) and 

photochemical (440 nm, blue light) conditions (see ).72 For the thermal hydrosilylation reaction 

between 1-phenyl-1-butyne and dimethylphenylsilane, the a/b selectivity observed was 71/29 

and 63/37 for 2.24a and 2.24b, respectively (Figure 2.7). The selectivity was enhanced when 

using visible light (440 nm) to promote catalysis under milder conditions (α/β = 81/19 for 2.24a 

and 2.24b).  
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Figure 2.7. Thermal and photochemical hydrosilylation results under various conditions using 

Mata’s complexes, 2.24a and 2.24b.  

 

Under thermal conditions, a normal isotope effect was observed (kH/kD = 1.2), whilst an inverse 

isotope effect was observed under photochemical conditions (kH/kD = 0.9).72 This led to the 

suggestion that different mechanisms are operating under the different conditions. For the 

thermal reaction, catalysis is proposed to proceed homogeneously via an organometallic silane 

complex, whilst a radical-mediated pathway is suggested for the reaction under photochemical 

conditions (Figure 2.8). First, [(NCN)PtX] (2.25) absorbs blue light to form the triplet state excited 

species, [(NCN)PtX]* (2.26). Then, homolytic splitting of the Pt–X bond forms the radical (2.27), 

which abstracts a hydrogen atom from the Si–H bond to generate a silyl radical along with the 

formation of the hydride complex, [(NCN)PtH] (2.28), through a hydrogen atom transfer (HAT) 

process. Finally, addition of the silyl radical to the alkyne forms a radical vinyl species, which 

undergoes another HAT process to deliver the hydrosilylation products (2.29). Supporting 

evidence for this mechanism was obtained by the observation that trityl tetrafluoroborate, a 

hydride abstractor, completely inhibited the reaction. This provided indirect evidence that 

platinum hydrides were plausible intermediates. Interestingly, continuous irradiation of the 

catalytic reaction was required for productive catalysis under the photochemical conditions, 
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which confirms that light plays a crucial role in the activation step, and throughout the course of 

the reaction. 

 

Figure 2.8. Proposed mechanism for photohydrosilylation using Mata’s complexes.72  

 

As discussed above, there have been many examples of photoactivated catalysts and 

photocatalysis systems for hydrosilylation over the past few decades. The former refers to a 

situation where the photochemical reaction generates an active species that participates in a 

thermal catalytic reaction, whilst the latter refers to a system that requires continuous irradiation 

in order to promote productive catalysis. Despite a whole variety of complexes having been 

explored, there has been relatively limited attention paid to any latency periods prior to UV-

irradiation or indeed a detailed kinetic analysis of the subsequent catalysis. Furthermore, there 

has been relatively little focus on square-planar Pt(II) complexes for the photoactivated 

hydrosilylation of alkenes. The very few studies that are available are often performed under 

conditions that are drastically different than those employed industrially and are also not 

consistent with one another. In the following sections of this chapter, the rationale behind the 
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use of Pt(sal)(ppy) complexes, shown in Figure 2.9, as hydrosilylation precatalysts will be 

discussed. The synthesis of these complexes will also be outlined, along with their spectroscopic 

and structural features. The subsequent chapters will investigate the use of these complexes as 

hydrosilylation precatalysts under thermal and photochemical conditions, and a detailed kinetic 

and mechanistic study will be presented. It is hoped that this study will provide valuable insight 

into platinum mediated photohydrosilylation, as detailed kinetic and mechanistic investigations 

in this area are scarce in the academic and patent literature.  

 

 

Figure 2.9. General structure and advantages of complexes synthesised herein. 

 

2.4 Preparation and characterisation of Pt(ppy)(dmso)Cl complexes 
 

The d8 platinum(II) complexes containing phenylpyridine and Schiff base ligands are good starting 

points for photochemical activation as modulation of the photophysical properties can be fine-

tuned by subtle changes in ligand design.113,114 Cyclometalated complexes based around 

Pt(sal)(ppy) have well established photophysical properties and have been shown to display 

aggregation-induced phosphorescent emission (AIPE).113,114 Furthermore, they are considered to 

have low cytotoxicity and offer potential for hemilabile reactivity profiles through 

decoordination of the imine group.113,115 This is important as the mode of activation for 

photohydrosilylation is anticipated to proceed via decoordination of the imine group in order to 

coordinate the alkene or silane substrate (see Scheme 1.24 in chapter one).79 The Pt(sal)(ppy) 
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complexes are structurally related to the photoactivated hydrosilylation catalysts based on Pt 

bis(β-diketonate) complexes, in that they are Pt(II) complexes with LX-type ligands (Figure 2.9).5 

Many Pt(II) complexes with cyclometalated 2-arylpyridine ligands are known and have been 

intensively studied because of their useful photophysical and photochemical properties, which 

makes them suitable for diverse applications in bioimaging, chemosensors, and photoredox 

catalysis.116,117,118 Despite their anticipated applications in luminescence and intracellular 

temperature imaging, Pt(sal)(ppy) complexes have not before been studied as photoactivated 

hydrosilylation catalysts. The study of these complexes in this field is expected to provide 

valuable insight into the mechanism for photoactivated hydrosilylation. 

The first step in preparing the Pt(sal)(ppy) complexes, 1a–1g, starts with the synthesis of the 

dmso complexes (Scheme 2.2). These steps were carried out under an inert atmosphere despite 

the air stability of the complexes, the main concern being the oxidative and thermal stability of 

the reaction intermediates at elevated temperatures (> 110 °C).119 The N^C-cyclometallating 

ligand was reacted with K2[PtCl4] in wet AcOH for 24 h to afford an insoluble orange precipitate, 

meaning unambiguous identification was not possible. However, based on the fact that N^C-

cyclometallating ligands such as 2-phenylpyridine invariably yield chloro-bridged dimers of the 

form [Pt(N^C)(μ-Cl)]2, the dimer structure shown in Scheme 2.2 seems most likely.119 In fact, this 

low solubility proved to be a problem as subsequent direct reaction with the Schiff base proto 

ligands proceeded to give a complicated mixture of multiple unidentified products. Isolation of 

the desired product, Pt(sal)(ppy), then required purification by column chromatography. 

Nonetheless, this situation could be improved greatly if the dimers were first reacted with dmso 

under reflux for 1–4 h, which led to bridge cleavage and to soluble mononuclear complexes 

bearing dmso as one of the ligands, Pt(N^C)(dmso)Cl. Cleaving of the dimer to form 2-dmso 

required longer reaction times than the corresponding reactions to form 1-dmso and 3-dmso  (4 

h compared to 1 h), which could be attributed to the higher stability of the dimer containing 

benzo[h]quinoline provided by the additional electron delocalisation. All products, 1-dmso, 2-

dmso and 3-dmso, were obtained in moderate to good yields (39–83%) after removal of dmso 
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under reduced pressure and could be then reacted with the Schiff base ligands, L-a–L-i, to afford 

the target Pt(sal)(ppy) complexes cleanly. The details of this step are described in section 2.6. 

Previous studies by Bruce using nuclear Overhauser effect spectroscopy (NOESY) suggest that 

the dmso complexes exist as the isomer where the coordinated dmso is found trans to the 

pyridine nitrogen, as shown in Figure 2.10.120 The molecular structures of 1-dmso and 2-dmso 

have already been reported by Ghedini, which also confirm this isomer and sulfur-coordination 

of dmso.121 

 

Scheme 2.2. Synthetic route towards 1-dmso, 2-dmso and 3-dmso. 

 

 

Figure 2.10. dmso complexes synthesised herein (% yield).121,122 

 

2.4.1 NMR characterisation of Pt(ppy)(dmso)Cl complexes  

 

The three dmso complexes were characterised by NMR / UV-vis spectroscopies and electrospray 

ionisation mass spectrometry, which is detailed in chapter six. The 1H NMR spectrum of 1-dmso 

in d2-dichloromethane is shown in Figure 2.11. A characteristic feature in the 1H NMR spectra of 
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such complexes is very distinctive 195Pt satellites (I = ½, 33.8% natural abundance) associated 

with the proton ortho to nitrogen in the cyclometalated ligand, and also the methyl protons of 

the bound dmso ligand. In the case of 1-dmso, the proton ortho to nitrogen in phenylpyridine 

appears as a doublet [δ 9.61 (d, 1H, 3JH-H = 5.9 Hz, 3JH-Pt = 35.6 Hz)]. The methyl protons of the 

bound dmso ligand in 1-dmso appear as a distinctive singlet [δ 3.60 (s, 6H, 3JH-Pt = 23.4 Hz)]. These 

data are in accordance with the values reported by Ghedini and coworkers for the 1H NMR 

characterisation of 1-dmso.121 The corresponding 1H NMR data for 2-dmso and 3-dmso are 

shown in Table 2.1. Compared to 1-dmso, a slightly downfield resonance is observed for the 

proton ortho to nitrogen in phenylpyridine [δ 9.83 (d, 1H, 3JH-H = 5.5 Hz, 3JH-Pt = 32.9 Hz)] and also 

for the methyl protons of the bound dmso [δ 3.74 (s, 6H, 3JH-Pt = 21.5 Hz)] in the case of 2-dmso. 

This trend is consistent with that reported by Ghedini for this complex.121 Regarding 3-dmso, the 

proton ortho to nitrogen shows a slightly upfield signal compared to 1-dmso [δ 9.56 (d, 1H, 3JH-H 

= 5.9 Hz, 3JH-Pt = 31.3 Hz)], whilst the methyl protons of bound dmso in this compound are 

observed slightly downfield [δ 3.67 (s, 6H, 3JH-Pt = 21.3 Hz)]. These data are consistent with that 

reported by Rourke.122 The minor differences in chemical shift can be attributed to the metal-

chelated ring aromaticity and the extent of π back-bonding from the cyclometalated ligand.122   
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Figure 2.11. 1H NMR spectrum of 1-dmso with insets to show platinum satellites (600 MHz, d2-

dichloromethane, 298 K). 

 

Table 2.1. Selected 1H NMR shifts (ppm) with |1H-1H | and |1H-195Pt | coupling constants (Hz) of 

synthesised dmso complexes measured in d2-dichloromethane at 600 MHz.  

 

a Proton ortho to nitrogen on phenylpyridine. bMethyl protons on dmso.  

 

2.4.2 UV-vis spectroscopic data of Pt(ppy)(dmso)Cl complexes  

 

The UV-Vis absorption spectra of the dmso complexes recorded in CH2Cl2 solutions (1.6 x 10-5 M) 

are shown in Figure 2.12, and the relevant data are listed in Table 2.2. The absorption spectra of 
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all the complexes are similar in overall shape with a relatively wide absorption band. The intense 

absorption bands below 340 nm correspond to the π→π* spin-allowed LC (ligand centred) 

transitions, and the weaker absorption bands at ~340 – 400 nm are attributed to the spin-

allowed MLCT (metal-to-ligand charge transfer) and LLCT (ligand-to-ligand charge transfer) 

transitions.113 Compared to 1-dmso where max = 282 nm and 316 nm, there is a general red-shift 

in the absorption spectrum of 3-dmso, where the corresponding values are max = 298 nm and 

336 nm. This is due to the presence of the electron donating –OMe group on the phenylpyridine 

ligand of 3-dmso. For the MLCT transitions, an obvious red-shift is observed in the absorption 

spectrum of 2-dmso compared to the other two complexes. Indeed max = 395 nm for 2-dmso, 

whilst the corresponding values are max = 328 nm and 381 nm for 1-dmso and 3-dmso, 

respectively. This can be attributed to the extended conjugation present in benzo[h]quinoline 

compared to phenylpyridine, as the former has a reduced energy gap between the ground and 

lowest excited states.123 

 

Figure 2.12. UV–vis absorption spectra of 1-dmso, 2-dmso and 3-dmso in dichloromethane (1.6 

x 10-5 M). 
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Table 2.2. Selected bands and absorption coefficients within the UV–vis spectra of 1-dmso, 2-

dmso and 3-dmso.  

 

 

2.5 Preparation and characterisation of Schiff base ligands  
 

Schiff base ligands have long been studied in the field of coordination chemistry due to their 

facile synthesis, easy availability and tuneable electronic properties.124 These versatile organic 

ligands and their metal complexes have enormous applications in areas such as biology113,114 

materials chemistry125 and the dye industry.126 Coordination of the Schiff base ligands to 

platinum for this study provides a simple and robust method of correlating the structure of the 

ligands with their catalytic activity in hydrosilylation. All Schiff base ligands reported herein are 

known and were synthesised using a literature procedure shown in Scheme 2.3, where an 

ethanol solution of the salicylaldehyde derivative was added to an ethanol solution of the aniline 

derivative and stirred at room temperature for 1 h.127 The mixture was then heated to reflux until 

complete consumption of the starting materials was observed. Subsequently, ethanol was 

removed under reduced pressure and the obtained Schiff bases were purified by dissolving in 

minimal dichloromethane and layering with hexane. These ligands were obtained as yellow or 

orange crystalline solids and were afforded in excellent yields (≥ 90%) (Figure 2.13). 
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Scheme 2.3. General synthesis of Schiff base ligands (L-a–L-i).127 

 

 

Figure 2.13. Schiff base ligands (L-a–L-i) synthesised herein (% yield).128,129,130,131,132 

 

2.5.1 NMR characterisation of Schiff base ligands  

 

The ligands were characterised by NMR / UV-vis spectroscopies and electrospray ionization mass 

spectrometry, as detailed in chapter six. The 1H NMR spectrum for L-a in d2-dichloromethane is 

shown in Figure 2.14. One characteristic signal for L-a is the singlet at δ 12.77 ppm, which 

corresponds to the O–H proton. This chemical shift is typical for the resonance-assisted hydrogen 

bonded proton of O–H···N=C.133 Another characteristic feature of the 1H NMR spectrum obtained 



Chapter 2 

Page | 97  

 

for L-a is the singlet at δ 8.66 ppm, which is attributed to the C=N–H imino proton. The remaining 

aromatic protons for L-a appear in the range δ 7.71–6.97 ppm and the whole spectrum integrates 

to give the expected 10 protons. The characteristic O–H and C=N–H proton signals for ligands L-

a–L-i are provided in Table 2.3. Overall, the variation in substituents on the Schiff base ligands 

has a negligible effect on the chemical shift of the C=N–H proton except for L-f, where the signal 

appears more downfield (δ 8.89 ppm) relative to the other ligands (δ 8.63–8.67 ppm). Regarding 

the chemical shift of the O–H proton, the variation in substituents has a more pronounced effect, 

and the signals for L-c (δ 13.29 ppm), L-d (δ 13.18 ppm) and L-e (δ 13.14 ppm) are observed 

further downfield compared to L-a (δ 12.77 ppm), L-f (δ 12.84 ppm) and L-i (δ 12.70 ppm). 

 

Figure 2.14. 1H NMR spectrum of L-a (600 MHz, d2-dichloromethane, 298 K).  
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Table 2.3. Selected 1H NMR shifts (ppm) of synthesised Schiff base ligands (L-a–L-i) measured in 

d2-dichloromethane at 600 MHz. 

 

 

2.5.2 UV-vis spectroscopic data of Schiff base ligands  

 

The UV-vis absorption spectra for ligands L-a–Li recorded in CH2Cl2 solutions (1.6 x 10-5 M) are 

shown in Figure 2.15, and the relevant data are listed in Table 2.4. All ligands exhibit UV-visible 

absorption peaks between 230 and 380 nm which are assigned to π→π* transitions in the 

aromatic rings and n→π* transitions in the –HC=N– groups, as informed by previous studies.133 

The introduction of the iPr group onto the aniline component of the Schiff base ligand (L-c 

compared to L-a) has a negligible effect on the absorption spectra of the ligands. However, the 

ligands bearing –CF3 (L-a) and –F (L-f) groups show a lower absorption than the unsubstituted 

ligand (L-d). Interestingly, the introduction of the –OMe group onto the o-hydroxybenzaldehyde 

group of the Schiff base ligand caused an obvious red-shift of the absorption spectrum compared 

to that of L-d, where max values for the n→π* transitions  were observed at 376 nm and 340 

nm, respectively. A similar effect was observed for L-e where the presence of three –OMe groups 

on the aniline group caused a red-shift in the absorption spectrum compared to L-d (max = 352 

and 340 nm for L-e and L-d, respectively).  
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Figure 2.15. UV–Vis absorption spectra and absorption coefficients of Schiff base ligands (L-a–L-

i) in dichloromethane (1.6 x 10-5 M).  

 

Table 2.4. Selected absorption bands within the UV–vis spectra of Schiff base ligands (L-a–L-i). 

 

 

2.6 Preparation and Characterisation of Pt(sal)(ppy) complexes  
 

As discussed in section 2.4, complexes based on the Pt(sal)(ppy) framework have well 

established photophysical properties and they have been used in previous studies for 

bioimaging.113 For this study, the introduction of various functional groups onto the Schiff base 

and phenylpyridine moieties is expected to give rise to different catalytic activities in 

hydrosilylation. This is because different photoactivation efficiencies are expected from different 
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complexes. The ability to correlate the structure of the ligands with the catalytic performance in 

photohydrosilylation may provide mechanistic insight – an area which has thus far been 

overlooked.  

The synthesis of all the Pt(sal)(ppy) complexes, 1a–1i, was performed according to the same 

procedure that was modified from the literature (Scheme 2.4).113 A solution of the 

Pt(N^C)(dmso)Cl precursor, 3 equiv. of the Schiff base ligand and 10 equiv. of Na2CO3 in 2-

methoxyethanol was heated to reflux overnight. The solvent was then removed under reduced 

pressure and hexane was added gradually to give an orange or red precipitate that was 

subsequently filtered and washed with water. Subsequent freeze-drying followed by 

recrystallisation by slow diffusion of hexane into a dichloromethane solution of the complexes 

resulted in the formation of 1a–1i as orange solids in moderate yields (27–54%) (Figure 2.16). 

Complexes 1b113 and 1d114 have been previously reported, whilst 1a, 1c, 1e, 1f, 1g, 1h and 1i are 

new. All complexes were synthesised from the Pt(N^C)(dmso)Cl precursor rather than directly 

from the insoluble [Pt(N^C)(μ-Cl)]2 dimer, as this afforded a cleaner product that could be 

purified by a simple recrystallisation. The product obtained from reacting [Pt(N^C)(μ-Cl)]2 

directly with the Schiff base proto ligand required purification by column chromatography.  

 

Scheme 2.4. General synthesis of Pt(sal)(ppy) complexes (1a–1i). 
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Figure 2.16. Pt(sal)(ppy) complexes (1a–1i) synthesised herein (% yield).113,114 

 

2.6.1 NMR characterisation of Pt(sal)(ppy) complexes  

 

The Pt(sal)(ppy) complexes 1a–1i were characterised by NMR / UV-vis spectroscopies, elemental 

analysis, and electrospray ionization mass spectrometry, as detailed in chapter six. The 1H NMR 

spectrum for complex 1a, stacked with the corresponding free Schiff base ligand, L-a, is shown 

in Figure 2.17. Confirmation that L-a has coordinated to platinum is evidenced by the 

disappearance of the –OH signal from the free ligand, and by the appearance of 195Pt satellites (I 

= ½, 33.8% natural abundance) associated with the proton ortho to nitrogen in the 

cyclometalated ligand, and also with the imine proton. The proton ortho to nitrogen in 1a 
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appears as a doublet [δ 9.42 (d, 1H, 3JH-H = 5.8 Hz, 3JH-Pt = 33.2 Hz)], whilst the imine proton is 

observed as a sharp singlet [δ 8.25 (s, 1H, 3JH-Pt = 70.6 Hz)]. This signal is shifted upfield relative 

to the free ligand [δ 8.66 (s, 1H)] upon coordination to platinum. The signal for the three protons 

of the –OMe group also appears as a sharp singlet [δ 3.23 (s, 3H)]. Overall, the spectrum 

integrates to give the expected 19 protons. 

 

Figure 2.17. 1H NMR spectra of 1a (top) with insets to show platinum satellites and L-a (bottom) 

(600 MHz, d2-dichloromethane, 298 K). 

 

The 1H NMR spectra of all complexes show the signals from the bound Schiff base ligand 

frequently overlapped in the aromatic region with those of the phenylpyridine or 

benzo[h]quinoline backbone, which was also observed with the palladium analogues of these 

complexes.134 However the distinctive signals due to the proton ortho to nitrogen in the 

cyclometalated ligand and the imine proton are present in all complexes and are listed in Table 

2.5, along with their coupling constants. All protons ortho to nitrogen in the cyclometalated 

ligand are observed between δ 9.42 – 9.76, with 3JH-Pt varying slightly between 33.2 – 35.5 Hz, 

where the most upfield signal is observed in 1a, and the most downfield signal is observed for 
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1g. This can be attributed to the metal-chelated ring aromaticity and the π backbonding of the 

cyclometalated ligand. The greater extent of electron delocalisation in benzo[h]quinoline 

compared to phenylpyridine and 4-methoxyphenylpyridine results in the signal being observed 

further downfield. Introducing various functional groups onto the complexes has a negligible 

effect on the chemical shift of the imine proton, as it is observed for all complexes between δ 

8.19 – 8.35, with 3JH-Pt  varying between 70.5 – 76.5 Hz. In complex 1g, the signal for the imine 

proton overlaps with other proton signals in the aromatic region, so accurate measurement of 

the coupling constant for the platinum satellites is not possible.  

 

Table 2.5. Selected 1H NMR shifts (ppm) with |1H-1H | and |1H-195Pt | coupling constants (Hz) of 

synthesised Pt(sal)(ppy) complexes (1a–1i) measured in d2-dichloromethane at 600 MHz.  

 

aProton ortho to nitrogen on the phenylpyridine. bImine proton. cDistinct chemical shift not 

assigned due to signal overlap. dCoupling constant not measured due to signal overlap. 

 

In the 13C{1H} NMR spectra of complexes 1a, 1b and 1f, coupling to 19F (I = ½, 100% natural 

abundance) is observed. The 13C{1H} NMR spectrum for complex 1a is shown in Figure 2.18, and 
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the corresponding data for 1b and 1f is detailed in chapter six. The carbon in position 1 is 

observed as a quartet due to coupling with the fluorines in the –CF3 group [δ 129.9 (q, 1C, 2JC-F = 

32.3 Hz)], and the two carbons in position 2 are also observed as a quartet [δ 126.8 (q, 2C, 3JC-F = 

3.8 Hz)]. An additional quartet is observed for the carbon of the –CF3 group [δ 121.8 (q, 1C, 1JC-F 

= 273.1 Hz)], though this is not shown in Figure 2.18. The magnitude of the JC–F couplings is within 

the expected range for this complex, whilst coupling to 195Pt was not observed in this spectrum 

due to noise in the baseline.123 

 

Figure 2.18. 13C{1H} NMR spectrum of 1a with insets to show 13C–19F coupling (151 MHz, d2-

dichloromethane, 298 K). 

 

2.6.2 UV-vis spectroscopic data of Pt(sal)(ppy) complexes  

 

The UV-vis absorption spectra for complexes 1a–1i recorded in CH2Cl2 solutions (1.6 x 10-5 M) are 

shown in Figure 2.19, and the detailed electronic absorption data are listed in Table 2.6. The 

absorption spectra of all the complexes are similar in shape with a relatively wide absorption 

band. Intense absorption bands below 300 nm correspond to the π→π* spin-allowed LC (ligand 
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centred) transitions, as informed by previous studies.113 The weaker absorption bands at ~350–

400 nm are assigned to the spin-allowed MLCT (metal-to-ligand charge transfer) and LLCT 

(ligand-to-ligand charge transfer) transitions, in accordance with previously reported data.113 The 

weak absorption peaks above 400 nm are assigned to MLCT and LC transitions. The introduction 

of the –OMe group on the phenylpyridine ligand (1a compared to 1b) has a negligible effect on 

the absorption spectra of the complexes. However, replacement of the phenylpyridine ligand by 

benzo[h]quinoline shows an obvious red-shift in the absorption spectrum. Indeed, complex 1d 

shows peaks at max 228 nm and 266 nm for the LC transitions, whilst the corresponding values 

are max 240 nm and 288 nm for complex 1g. This can be attributed to the extended conjugation 

present in benzo[h]quinoline compared with phenylpyridine, as the former has a reduced energy 

gap between the ground and lowest excited states.123 Compared to complexes 1e and 1h, 1i 

shows an additional spin forbidden transition at max 476 nm, which demonstrates that 

introducing the –OMe onto the o-hydroxybenzaldehyde group of the Schiff base ligand has a 

more pronounced effect on the absorption spectra than introducing this group on the aniline 

group or phenylpyridine ligand. The differences in the absorption spectra of complexes 1b, 1c 

and 1d are negligible which demonstrates that electron-withdrawing (1a) or electron donating 

(1c) substituents do not exert a strong influence on the electronic transitions in these complexes.   
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Figure 2.19. UV–Vis absorption spectra of Pt(sal)(ppy) complexes (1a–1i) in dichloromethane 

(1.6 x 10-5 M).  
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Table 2.6. Selected absorption bands and absorption coefficients within the UV–vis spectra of 

Pt(sal)(ppy) complexes (1a–1i).  

 

 

2.6.3 Crystal structures of Pt(sal)(ppy) complexes  

 

Crystals suitable for diffraction were obtained for complexes 1a, 1b, 1f and 1g by slow diffusion 

of hexane into a dichloromethane solution of the complex. The collection and refinement of this 

data was performed by Joe Goodall. The structures are shown in Figure 2.20 and the relevant 

bond lengths and angles are reported in Table 2.7. Determination of the molecular structures by 

X-ray analysis revealed an N,N-trans arrangement of the ligands in all complexes. This 

arrangement has also been prevalent over the N,N-cis arrangement in related complexes 

reported in the literature.114,134 The NMR data are consistent with the obtained crystal structures. 

The complexes adopt a slightly distorted square-planar structure, and this is indicated by the 

torsion angle between the arylpyridine and Schiff base ligand planes. The distortion is most 

pronounced in complex 1b (16.64°) and is also quite significant in complex 1g (14.95°). This twist 
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in the ligands may be due to a steric clash between the N–Ar group and the phenylpyridine 

ligand, and it is much less pronounced, but still significant, in complexes 1a and 1f where the 

torsion angles are 12.07° and 12.75°, respectively. 

Compared to 1a, 1b and 1f, complex 1g has a larger N1–Pt–N2 angle of 177.0(2)°. The molecular 

structure of 1d, which is the same complex except for benzo[h]quinoline being replaced by 

phenylpyridine, was reported by Huang.114 This work reports an N1–Pt–N2 bond angle of 

174.81(19)° for 1d. The N1–Pt–O1 bond angle is also smaller in 1g (87.8(3)°) compared to 1b 

(89.19(7)°), 1f (89.29(11)°) and 1d (89.92(18)°), which demonstrates the influence of additional 

ring strain.  

Between complex 1a and 1b, there are no significant differences in the bond parameters which 

demonstrates that the –OMe group on phenylpyridine does not exert a strong influence on the 

ring conformation. The one notable difference is a slightly narrower N1–Pt–O1 bond angle of 

88.01(8)° in 1a compared to 1b, where the corresponding angle in 1b is 89.19(7)°. 

Overall, the analysis of bond angles and lengths revealed no significant differences between the 

complexes. However, it is anticipated that a greater insight into the mode of activation of these 

complexes for photohydrosilylation may enable a link to be established between the structure 

of the complex and the catalytic performance. For example, if the catalyst is activated by 

decoordination of the imine group followed by coordination of the alkene or silane substrate, 

the extent of distortion from the square-planar geometry may prove to be significant.  
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Figure 2.20. Crystallographically determined structures of 1a, 1b, 1f and 1i. Ellipsoids are shown 

at the 50% probability level and hydrogen atoms are omitted for clarity. 
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Table 2.7. Selected bond distances and bond angles for Pt(sal)(ppy) complexes 1a, 1b, 1f and 1g. 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

aC7 is C11 in 1g. bangle between phenylpyridine and Schiff base ligand planes.  

 

2.7 Summary and Conclusions  
 

In this chapter, a series of Pt(ppy)(dmso)Cl complexes (1–3-dmso) have been synthesised as 

precursors for the target Pt(sal)(ppy) (1a–1i) complexes. These complexes were characterised by  

NMR and UV-vis spectroscopies along with electrospray ionisation mass spectrometry, and the 

obtained data are in full accord with that reported in the literature (see chapter six).121,122 In line 

with the literature reported procedure, attempts were made to synthesise the Pt(sal)(ppy) (1a–

1i) complexes directly from the [Pt(N^C)(μ-Cl)]2 dimers, but it was found that this led to a 

complicated mix of products and required purification by column chromatography.113,114 The 

method developed herein affords 1a to 1i in similar yields (27–54%), and the complexes were 
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found to be analytically pure after recrystallisation by slow diffusion of hexane into a 

dichloromethane solution of the complex (see chapter six).  

The library of Pt(sal)(ppy) complexes (1a–1i) were targeted and synthesised, owing to their well-

established photophysical properties and modular nature, which allows for variation in the steric 

and electronic influence of the ligand.113,114 These complexes were characterised by NMR and 

UV-vis spectroscopies, elemental analysis, electrospray ionisation mass spectrometry and in 

some cases, X-ray diffraction (see chapter six). Analysis of the UV-vis spectroscopic data revealed 

that all the Pt(sal)(ppy) complexes (1a–1i) exhibit relatively wide absorption bands between 

220–480 nm, which renders them primed for photoactivation. It was found that replacing the 

phenylpyridine ligand with benzo[h]quinoline (1d compared to 1g) caused an obvious red-shift 

in the absorption spectrum, due to the extended conjugation present in the benzo[h]quinoline 

system. With the support of previous literature, it is anticipated that the mode of action of the 

Pt(sal)(ppy) complexes is through hemilabile reactivity profiles by decoordination of the imine.115 

As such, it could be envisioned that 1g would exhibit faster catalytic activity in hydrosilylation 

than complexes containing a phenylpyridine ligand, as the larger steric clash observed with 

benzo[h]quinoline as the cyclometalated ligand may facilitate more facile decoordination or loss 

of the salicylaldimine ligand. The extended conjugation present in 1g relative to 1d also manifests 

as a further downfield shift for the proton ortho to nitrogen in phenylpyridine (δ 9.54 and δ 9.76 

for 1d and 1g, respectively), and a longer N1–Pt–N2 bond angle (174.81(19)° and 177.0(2)° for 

1d and 1g, respectively).114 Regarding complexes 1a and 1b, the differences in the NMR and UV-

vis data are negligible. The slightly shorter N1–Pt–O1 bond angle of 88.01(8)° in 1a compared to 

1b (89.19(7)°) may prove to impact on the catalytic performance in hydrosilylation.  

For the reasons outlined above, the synthesised and characterised Pt(sal)(ppy) complexes (1a–

1i) where the ligands contain a variety of functional groups are expected to exhibit a range of 

reactivity in the hydrosilylation of alkenes. Two major advantages of these complexes are that 

the ligands can be easily tuned in a modular way with commercially available starting materials, 

and they do not require handling in a glovebox. Chapter 3 discusses investigations into the 
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performance of 1a–1i as precatalysts in the hydrosilylation reaction under thermal and 

photoactivated conditions, with the aim of correlating the structure of the complexes (1a–1i) 

with the catalytic activity. It is hoped that this study will reveal insight into the kinetics and 

mechanism of the photoactivated hydrosilylation reaction, as research in this area has been 

relatively scarce.  
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Chapter 3 – Reactivity of the Pt(sal)(ppy) Complexes in Thermal 

and Photoactivated Hydrosilylation Reactions  
 

3.1 Preamble  
 

In chapter two, the synthesis and characterisation of a series of Pt(sal)(ppy) complexes was 

reported. The modularity of these systems presents the opportunity to correlate the structure 

of the ligands with the activity and selectivity of these complexes in their use as precatalysts in 

hydrosilylation reactions. This chapter details the development of a model reaction which was 

then used to benchmark the efficacy of precatalysts 1a–1i in thermal and photoactivated 

hydrosilylation reactions. As part of this process, the optimisation of a robust QNMR 

(Quantitative Nuclear Magnetic Resonance) set-up was developed, which was used to monitor 

the temporal evolution of catalysis in-situ. This method has allowed for a detailed kinetic study 

of precatalysts 1a–1i, along with a comparison of their performance in hydrosilylation reactions 

under thermal and photoactivated conditions. In addition, the substrate scope is explored by 

employing a variety of alkene substrates. Lastly, the thermal stability of several precatalysts (1a, 

1b, 1d and 1i) is presented, along with their ability to photolytically promote the curing of 

commercially relevant substrate formulations. 

 

3.2 Latent reaction kinetics 
 

Whilst fast and immediate catalytic activity is preferrable in many processes, hydrosilylation on 

an industrial scale often requires catalyst latency.1,73,135 In general, catalytic hydrosilylation is a 

fast reaction that proceeds rapidly at elevated temperatures in the presence of a catalyst, 

vinylsiloxane and Si–H functionalised siloxane.4 For example, Karstedt’s catalyst proceeds 

without an observable induction period.1,18 Because of this, two-component mixtures are often 

prepared to prevent premature cross-linking, where one component contains the catalyst and 
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the vinylsiloxane, and the other contains the Si–H functionalised siloxane. These mixtures are 

ideally shelf-stable when separated from one another but cure rapidly upon mixing. However, 

for some cured silicone products such as release coatings, high production speeds are needed.6,93 

To eliminate the extra time required for mixing, a one-component mixture consisting of the 

catalyst, vinylsiloxane and Si–H functionalised siloxane is ideal for such applications. The major 

problem with one-component systems is that they lead to premature cross-linking, where 

silicone polymers block machine parts and equipment has to be frequently shut down for 

cleaning. As such, the ability to fine-tune the activation kinetics for one-component systems 

would allow for control over the curing times, ideally where there should be no, or very little, 

catalytic activity under ambient conditions, but rapid curing upon energy input. Towards this 

purpose, switchable catalysts that are triggered by thermal activation or UV-irradiation have 

been developed.  

One method that has been used to achieve latent reaction kinetics under thermal conditions is 

the use of catalyst inhibitors.136 These act by inhibiting the low temperature activity of the 

(generally) platinum catalyst, whilst maintaining the high curing speed at elevated temperatures. 

In order to prevent premature cross-linking, the selected inhibitor needs to have a low vapour 

pressure to mitigate against deleterious evaporation at ambient temperature. The most 

frequently employed inhibitors are maleates, fumarates and β-alkynoles (Figure 3.1).137,138,139 

 

 

Figure 3.1. Commonly used inhibitors to achieve latent reaction kinetics in the hydrosilylation 

reaction. 
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It was initially accepted that inhibitors block the hydrosilylation reaction by binding to the metal 

centre, and then releasing the active catalyst under elevated temperatures.6,138 However, recent 

computational studies revealed that the commonly used inhibitors would not be soluble in 

polysiloxane substrates.139 It was thus proposed that the presence of inhibitors causes the 

formation of a second micro-phase, where the platinum catalyst is physically separated from the 

substrates. Elevating the temperature results in vaporisation of the inhibitor, releasing the active 

catalyst to allow for rapid curing. This means that shelf-stability and curing rates are highly 

dependent on the inhibitor’s vapor pressure. As such, low boiling maleates can be combined 

with higher boiling phosphites to extend the shelf-stability but still allow for rapid curing upon 

thermal triggering.1,140  

Dormant platinum complexes bearing relatively strong binding ligands have also been exploited 

to achieve latent reaction kinetics as they show no hydrosilylation activity under ambient 

conditions, but rapidly catalyse the reaction upon thermal triggering.1 These complexes do not 

require an inhibitor. Dauth and colleagues reported that platinum complexes bearing triazene 

(3.1) and triazeneoxide (3.2) ligands allow for good shelf-stability and cure rapidly upon heating 

> 50°C (Figure 3.2).141 Platinum bisalkynyl complexes reported by Fehn (3.3 and 3.4) have also 

proven to be catalytically inactive until thermal triggering at temperatures > 40 °C.142 

Calculations using density functional theory (DFT) have shown that the key activation step for 

converting such platinum bisalkynyl precatalysts into the active catalyst is oxidative addition of 

the Si–H bond to form the platinum bisalkynyl silyl hydride.135 The activation energy of this 

process can be fine-tuned by modifying the R substituent in the alkynyl groups, which means 

these systems are industrially applicable to a variety of siloxane substrate systems. More 

recently, Girolami reported a series of platinum di-ω-alkenyl complexes (3.5 and 3.6) that show 

no reactivity in hydrosilylation reactions for several hours under ambient conditions, but have 

rapid catalytic activity when heated to 50 °C.73 As detailed in Scheme 3.1, the latent reaction 

kinetics are attributed to the slow dissociation of the bound COD ligand from 3.6a, which forms 

the highly reactive Pt(II) ω-alkenyl intermediate, 3.7. This species undergoes oxidative addition 
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of HSiR3 to form 3.8. Reductive elimination of the ligands from 3.8 forms the Pt(0) species, 3.9, 

which is converted to the active species 3.10, following oxidative addition of HSiR3. Under 

ambient conditions, dissociation of COD is very slow, which gives the latent reaction kinetics, but 

the rate increases exponentially at higher temperatures. The Pt(0) species 3.9 is suggested to be 

a molecular Karstedt-like species, and it was proposed that the exact resting state of the Pt0 

species depends on the nature of the substrates used, as different alkenes have different binding 

strengths.2 This concept was introduced by Kühn who suggested that strongly binding alkenes 

such as norbornadiene forms Pt(alkene)3 as the active species, whilst weaker binding alkenes 

such as oct-1-ene form Pt(alkene)2(SiR3)H as the active species (Pt(II)). This concept is  explored 

in more detail in chapter four.  

 

 

Figure 3.2. Selected examples of dormant platinum complexes used to exploit latent reaction 

kinetics. 
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Scheme 3.1. Proposed mechanism for conversion of the platinum di-ω-alkenyl complex into the 

active catalyst.73 

 

Photogenerated catalysts which are formed upon light triggering of a catalyst precursor have 

also been explored as a means of achieving latent reaction kinetics.1,5 The advantages of such 

systems are that they potentially have good shelf-stabilities as one-component systems under 

ambient conditions, and rapid curing can be achieved upon UV-triggering. This is an ideal method 

for mixtures containing heat-sensitive substrates. As discussed in detail in chapter one, 

photoactivatable hydrosilylation has been achieved by combining platinum complexes with 

photosensitisers such as naphthalene and pyrene.143 The most well-studied photoactivated 

hydrosilylation catalysts are those based on the CpPtMe3 framework, and they have been used 

extensively in industry for applications such as release liners, dental impressions and sealing 

compounds.78,88 Boardman proposed that the active species generated from this complex is a 

heterogeneous platinum colloid (see chapter one Scheme 1.19).54 However, these complexes are 

very volatile and highly toxic, so they are being phased out from use.144 Alternative classes of 

complexes that have been reported to have excellent catalytic activity upon triggering with UV-

light have been discussed in depth in chapter two (Figure 2.5 and Figure 2.6).78,97,111,112 
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Despite the reports of several platinum complexes finding use in photoactivated hydrosilylation 

reactions, there has been relatively little attention paid to any latency periods prior to UV-

irradiation, or detailed kinetic analysis of the subsequent catalysis. However, given the potential 

of photoactivated catalysts to provide latent reaction kinetics for one-component formulations, 

it is paramount that further studies on photocatalysed hydrosilylation reactions are conducted. 

Furthermore, complexes that have significantly lower toxicity that the benchmark photoactived 

hydrosilylation catalyst, CpPtMe3, are needed. Developments in this area would simplify the 

manufacturing process and ensure high production speeds of high value silicone products such 

as release coatings, dental impressions, and adhesives.  

The ideal kinetic profile for making cross-linked silicones by hydrosilylation is near-zero rates of 

catalysis under ambient conditions, but rapid reaction rates upon thermal or UV-triggering, as 

shown by diagram 1 in Figure 3.3. However, it is very challenging to design catalysts that behave 

in this way, as some complexes may show no activity under thermal conditions, but still react 

very slowly upon triggering with UV-light (2). Alternatively, some complexes are highly reactive 

thermally (3 and 4), which does not allow exploitation of a latency period.  
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Figure 3.3. Characteristic concentration-time profiles showing ideal latent reaction kinetics upon 

UV-triggering (1) and non-ideal reaction kinetics (2 – 4).  

 

3.3 Reaction monitoring by NMR spectroscopy  
 

Solution phase NMR spectroscopy is a powerful technique which has long been used to monitor 

chemical reactions.145 The quantitative capability of the technique provides a platform for 

interrogating reaction mechanisms, as selectivity, side products and reaction rates can be 

determined under suitable conditions. Moreover, the concentrations of substrates, 

intermediates and products during a reaction can be monitored over time. Whilst many other 

techniques offer advantages such as rapid data acquisition (UV-Vis or IR spectroscopy) and 

extremely high sensitivity and dynamic range (mass-spectrometry), often the acquired data are 

not representative of the ‘normal’ reaction conditions. Reaction monitoring by NMR 
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spectroscopy, however, is possible under conditions that replicate the real experimental 

conditions, and it is therefore a highly valuable tool for studying a wide range of organic and 

inorganic reaction mechanisms. In order to effectively monitor reactions and obtain mechanistic 

insight, a number of practicalities need to be considered and are discussed below.  

 

I. Internal standard  

It is common practice to employ an internal standard when relying on NMR to obtain accurate 

concentrations of substrates and products, to eliminate any instrumental variability.145,146,147 A 

suitable internal standard must have low volatility to prevent its loss over the course of the 

reaction, and similar or lower longitudinal relaxation (T1) rates compared with the other analytes. 

For reaction mixtures containing multiple substrates, the delay needs to be 5 times the longest 

T1 value so that all spins approach ≥ 99.3% equilibrium before the next 90° pulse. If this condition 

is not met, it leads to significant integration errors. The internal standard must also have a well 

resolved peak that does not overlap with any signals from the substrates or products that grow 

in over the course of the reaction. Most importantly, the internal standard must be inert under 

the reaction conditions, to other species in the analyte mix and also to external stimuli such as 

heat or light. Commonly used internal standards are mesitylene, fluorobenzene and 

dibromomethane.148,149,150 

 

II. Continuous in-situ reaction monitoring  

In-situ reaction monitoring describes an experiment that is conducted entirely within one NMR 

tube.151,152 This is in contrast to ex-situ monitoring, where the reaction is conducted as it would 

be under standard laboratory conditions, and aliquots of the reaction mixture are taken over 

suitable time points and analysed by NMR.153 In both cases, there is a time delay between 

starting the reaction (t0) and the acquisition of the first NMR spectrum, which is referred to as 

the ‘dead time’. In-situ reaction monitoring for a kinetic study is only suitable if there is sufficient 
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access to an NMR spectrometer.145 The most significant difference with in-situ monitoring 

compared to ex-situ monitoring is that reactions in NMR tubes cannot be stirred and thus rely 

on diffusion for mixing.154 The major benefit of continuous in-situ reaction monitoring is that 

reactions can be monitored over minutes, hours, or days, with excellent control over the reaction 

temperature, and after the initial set-up, the experimentalist is not required. Most spectrometers 

can be programmed to automatically acquire a series of spectra at defined intervals so the NMR 

tube can be left in the spectrometer until the desired extent of completion is reached. 

 

III. Acquisition parameters  

Prior to the acquisition of a series of individual NMR spectra at varying time points over the 

course of a reaction, several acquisition parameters need to be considered to ensure accurate 

quantitative analysis.145 The general workflow is: preparing the sample, inserting it into the 

spectrometer, allowing the sample to equilibrate to the set temperature, setting acquisition 

parameters, tuning the probe, locking to the solvent, shimming, and collecting data. Well-

resolved peaks are important for accurate quantitation, and this can be achieved by good 

shimming. This process minimises field inhomogeneity by adjusting the current in shim coils 

around the probe and ensures that sharp signals are generated. It is also important that the 

spectral width is sufficiently wide that all species in the reaction mixture are captured. The 

acquisition time plays a key role in the acquirement of quantifiable data, and it should be set to 

maximise the signal to noise ratio. Setting an appropriate relaxation delay (i.e., 5 x the slowest 

T1) leads to a suitable acquisition time.  

 

IV. Quantitation by integration  

In an NMR spectrum, chemically distinct spins give rise to signals whose area is directionally 

proportional to the number of nuclei.145 This means that concentrations of substrates and 

products in the reaction mixture can be determined over time. It is important that the chosen 
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substrates have distinct chemical shifts from one another, as spectral congestion due to 

overlapping signals does not allow for accurate quantification of substrate and product 

concentration. Quantitative NMR can be conducted using relative or absolute methods.147 In the 

relative quantitation method, the integrals of signals are compared with one another to 

determine the ratio of different compounds. The ratios are calculated using Equation 3.1, where 

M, I and N are molar ratio, integral and number of nuclei respectively.  

 

Equation 3.1. Calculation to determine relative ratios of analytes by NMR.  

 

For absolute quantitation, a compound of known concentration is needed.145 This is often the 

internal standard, as it is at fixed concentration and the number of nuclei contributing to each 

signal is known.  The absolute values of concentration of the analytes can be determined using 

Equation 3.2, where C, I, and N are concentration, signal integral and number of nuclei 

respectively.  

 

Equation 3.2. Calculation to determine absolute concentration of analytes by NMR. 

 

When using NMR integrals to determine the concentration of analytes, it is imperative that the 

integral regions are consistent throughout the series of spectra. This means that satellite peaks 

are consistently included or excluded from the integration region, and that the same proportion 

of each peak of interest is covered.  

 



Chapter 3 

Page | 123  

 

3.4 Optimised model hydrosilylation reaction 
 

At the onset of the kinetic studies reported in this thesis, a model reaction was chosen with a set 

of conditions that would allow for detailed and meaningful comparisons of the performance of 

precatalysts 1a–1i in hydrosilylation reactions under thermal and photoactivated conditions. The 

hydrosilylation of vinyltrimethylsilane (VTMS) by hexamethylsiloxymethylsilane (MD’M) in d2-

dichloromethane in the presence of 0.0025 M precatalyst at room temperature was optimised 

as the model reaction. All reactions performed under ‘thermal conditions’ were conducted at 

room temperature (298 K) under ambient conditions, in the absence of irradiation (Scheme 3.2, 

top). For the reactions under photoactivated conditions, the reaction mixture was monitored 

under thermal conditions for ~1 h to assess the latency period, before being irradiated outside 

of the NMR spectrometer for either 10, 60 or 120 s on a bespoke 365 nm LED array (Scheme 3.2, 

bottom). The sample was then returned to the spectrometer post-irradiation. Mesitylene was 

added as an internal standard to account for variation in the absolute integrals between 

individual spectra in the data set. This internal standard was found to be unreactive under the 

reaction conditions and the signal for the methyl groups (δ 2.29) is sufficiently distinct from the 

MD’M, VTMS and precatalyst signals.  

 

Scheme 3.2. Model hydrosilylation reaction used for kinetic studies under thermal (top) and 

photoactivated (bottom) conditions. 
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The use of this reaction and specific conditions was motivated by the following reasons:  

 

I. After initial optimisation, the catalyst loading of 0.25 mol% (0.0025 M) was chosen to 

give a reaction time for all precatalysts on the order of 0.15 – 22.4 h, a timeframe which 

enables a sufficient number of data points for a satisfactory kinetic analysis by QNMR. 

As the precatalysts and hydrosilylation substrates are soluble in dichloromethane, this 

solvent was chosen for the model reaction. Furthermore, dichloromethane is used to 

dissolve the precatalysts before their addition to the commercial polymer substrates in 

the commercial set-up (see section 3.9), so this solvent was chosen to closely mimic the 

industrial process.  

 

II. MD’M was chosen as the silane substrate as it bears a structural resemblance to the 

commercially used hydrosiloxane polymer. In addition to this, there have been many 

reports of MD’M being used as the silane substrate in the academic and patent 

literature, which allows for comparison of the system developed here with previously 

reported systems.73,105 The 1H NMR spectrum of MD’M is shown in Figure 3.4 and the 

three distinct resonances at δ 4.63, 0.13 and 0.11 correspond to the Si–H, Si(CH3)3 and 

Si–CH3 protons, respectively. The peaks at δ 4.63 and 0.13 are accompanied by 29Si 

satellites (I = ½, 4.7% natural abundance) which measure 1JH-Si = 236.2 and 5JH-Si =  6.9 Hz, 

respectively. The coupling for the quartet observed at δ 4.63 measures 3JH-H = 1.5 Hz. 

Another set of 29Si satellites is observed around the peak at δ 0.11, which measures 2JH-Si 

= 117.9 Hz.  
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Figure 3.4. 1H NMR spectrum of MD’M (600 MHz, d2-dichloromethane, 298 K).  

 

III. The choice of VTMS as the alkene substrate was guided by its inability to undergo alkene 

isomerisation. Whilst isomerisation is an important side reaction in hydrosilylation as it 

facilitates mechanistic understanding, the purpose of this present study is to assess the 

efficacy of precatalysts 1a–1i in hydrosilylation reactions under thermal and 

photoactivated conditions.7,19Alkene isomerisation leads to unnecessary complexity in 

the 1H NMR spectra, making it more challenging to accurately quantify concentrations 

of substrates and products over time.145 The 1H NMR spectrum of VTMS is shown in 

Figure 3.5 with distinct resonances at δ 6.18, 5.93 and 5.68 for the C=C–H protons and a 

singlet at δ 0.08 which corresponds to the Si(CH3)3 protons. The peak at δ 0.08 is 

accompanied by 29Si satellites (2JH-Si = 118.7 Hz ) which is in the expected range for this 

substrate.155 The C=C–H protons were assigned by measuring the geminal coupling (2JH-H 

= 3.8 Hz), vicinal trans (3JH-H = 20.8 Hz) and vicinal cis (3JH-H = 14.8 Hz) coupling. 
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Figure 3.5. 1H NMR spectrum of VTMS (600 MHz, d2-dichloromethane, 298 K). 

 

IV. This reaction proceeds cleanly to afford the anti-Markovnikov (beta) hydrosilylation 

product, which can easily be distinguished in the 1H and 29Si NMR spectra. No difference 

in selectivity was observed between the thermal and photoactivated reaction 

conditions. Representative spectra from using precatalyst 1b under photoactivated 

conditions are shown in Figure 3.6 and Figure 3.7. The signals centred at δ 0.42, 0.13, 

0.04 and 0.01 in the 1H NMR spectrum correspond to the Si–CH2–CH2–Si , 2 x Si(CH3)3, 

Si–CH3 and Si(CH3)3 protons of the beta product, respectively. The signal observed at δ 

2.28 corresponds to the 3 x CH3 protons of mesitylene (internal standard). In the 29Si 

NMR spectrum, the three signals are observed at δ 6.9, 3.1 and −20.7, corresponding to 

the beta product. This assignment was facilitated by a 29Si–1H HMBC experiment (Figure 

3.8). This spectrum shows the correlation between the 29Si signal at δ 6.9 (3) with the 18 

Si–(CH3)3 protons of the beta product. The 29Si signal at δ 3.1 (1) correlates with the Si–

CH2–CH2–Si protons as well as the Si(CH3)3 protons of the beta product. Lastly the most 
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upfield 29Si signal for the beta product at δ −20.7 (2) correlates with the Si–CH2–CH2 and 

Si–CH3 protons.  No overlapping signals with the substrates at any time-point over the 

course of the reaction are observed. This allows for the clear and unambiguous 

determination, and quantification, of products and substrates.  

 

 

Figure 3.6. Representative 1H NMR spectrum of the beta product formed in the photoactivated 

hydrosilylation reaction between MD’M and VTMS when using precatalyst 1b (600 MHz, d2-

dichloromethane, 298 K). Reaction conditions (0.93 M MD’M and 0.93 M VTMS, left for ~1 h 

thermally, then irradiated for 120 s).  
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Figure 3.7. 29Si NMR spectra of VTMS (bottom), MD’M (middle) and beta product (top) formed 

in the photoactivated hydrosilylation reaction between MD’M and VTMS when using precatalyst 

1b (119.2 MHz, d2-dichloromethane, 298 K). Reaction conditions (0.93 M MD’M and 0.93 M 

VTMS, left for ~1 h thermally, then irradiated for 120 s).   
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Figure 3.8. 29Si-1H HMBC spectrum of the beta product formed in the photoactivated 

hydrosilylation reaction between MD’M and VTMS when using precatalyst 1b (119.2, 600.1 MHz, 

d2-dichloromethane, 298 K). Reaction conditions (0.93 M MD’M and 0.93 M VTMS, left for ~1 h 

thermally, then irradiated for 120 s).   

 

V. For all experiments conducted under photoactivated conditions, an in-house designed 

and constructed 365 nm LED array was used (Figure 3.9). Four LEDs (each 1.36 W) are 

mounted in a cuboid made of aluminium and are arranged pointing towards one another 

so that the beams are orthogonal to the axis of the NMR tube. Four omnidirectional 

heatsinks are attached to the cuboid to facilitate the dissipation of heat. To ensure 

sufficient beam spread, the beam is centred 20 mm above the base of the NMR tube. A 

3D-printed top cover has a hole drilled in of suitable size for the NMR tube (5 mm) and 

another hole to allow for tubing connected to the compressed air to dissipate extra heat 

and allow for temperature control. The benefits of this 365 nm LED array are that there 

is no ozone generation, no required warm up times and the power supply can be 

switched on and off with the associated timer unit. This allows for excellent control over 
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irradiation times and ensures accurate data collection. The absorption coefficients at 365 

nm for precatalysts 1a – 1i are listed in Table 3.1. 

 

Figure 3.9. 365 nm LED array used in all photoactivated kinetic studies. Left – arrangement of 

LEDs. Right – NMR tube inserted into the LED array which is connected to the compressed air 

for temperature control, and a timer to set the irradiation time. 

 

Table 3.1. Absorption coefficients at 365 nm in the UV-vis spectra of precatalysts 1a–1i. 

 

 

3.5  Optimised set-up for reaction monitoring by NMR spectroscopy 
 

As shown in Figure 3.10, the chemical shifts of the mesitylene (CH3)3 (δ 2.29), Si–H (δ 4.63), 

olefinic CH (δ 6.18) and beta product Si–CH2–CH2–Si (δ 0.42) resonances are sufficiently distinct 
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from one another over the course of the reaction. This means that the same integral regions of 

each peak can be covered and ensures accurate quantitative analysis. Detailed optimisation of 

the NMR acquisition parameters resulted in using a long relaxation delay of 45 s, as 29Si nuclei 

are characterised by very long T1 relaxation times and therefore long delays between scans are 

required to allow for full relaxation.156 Using a relaxation delay of 20 s resulted in the 

concentrations of MD’M and VTMS being underestimated.  

 

Figure 3.10. Representative stacked 1H NMR spectra of the in-situ thermal hydrosilylation 

reaction between MD’M and VTMS over time to show distinctive signals of MD’M, VTMS, 

mesitylene and the beta product. The inset shows the ethylene signals of the beta product (600 

MHz, d2-dichloromethane, 298 K). Reaction conditions (0.93 M MD’M and 0.93 M VTMS).      
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3.6 Performance of Pt(sal)(ppy) complexes in thermal and photoactivated 
hydrosilylation reactions 

 

3.6.1 Precatalyst 1a 

 

To assess and compare the catalytic activity of precatalysts 1a–1i in the model hydrosilylation 

reaction, a series of NMR experiments were conducted. For each experiment, the precatalyst 

(0.0025 M) was loaded into a J. Young’s NMR tube, and to it was added d2-dichloromethane, 

along with MD’M (0.8 – 1.0 M), VTMS (0.8 – 1.0 M) and mesitylene (0.10 M) from a stock 

solution. The sample was inserted into the NMR spectrometer and an array of ~20 1H NMR 

spectra was acquired to determine the thermal latency period over ~1 h. The sample was then 

removed from the spectrometer and irradiated using the bespoke 365 nm LED for either 10, 60 

or 120 s before being returned to the spectrometer (note that this step is omitted for 

experiments conducted under thermal conditions). An array of 10 – 100 1H NMR spectra was 

acquired with appropriate delays between each acquisition (depending on the catalytic activity) 

and the concentrations of MD’M, VTMS and beta product were calculated using the absolute 

quantitation method (see Equation 3.2). The absolute NMR integrals of the Si–H (δ 4.63), olefinic 

CH (δ 6.18) and Si–CH2–CH2–Si (δ 0.42) resonances were compared with the (CH3)3 (δ 2.29) 

resonance of the internal standard. The kinetics were probed using the initial rates method, 

monitoring the rate of beta product formation over the first 3 – 5 data points after catalytic 

activity had been established. For the thermal profiles with an associated induction period, the 

initial rate was measured after the induction period, at the maximum rate of turnover. Errors 

were calculated using the linear regression model (LINEST) in Microsoft Excel. The reported 

errors are the estimated standard error from the model. For each figure in this section, silane 

refers to MD’M. The concentration-time profiles along with the table of initial rates for the model 

reactions conducted in the presence of precatalyst 1a are shown in Figure 3.11.  
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Figure 3.11. Left – concentration-time profile of MD’M and VTMS consumption and beta product 

formation during the thermal hydrosilylation reaction using 1a as a precatalyst. Right – 

concentration-time profile of beta product formation during the photoactivated hydrosilylation 

reaction using 1a as a precatalyst, with 10, 60 and 120 s irradiation. Reaction conditions as 

detailed in section 3.6. All photoactivated plots are time-shifted to 5000 s to show the same 

latency period. The table shows the initial rates extracted from the first five data points after 

catalytic activity has been established.   

 

The thermal reaction is characterised by a sigmoidal profile, with a pseudo-zero order regime at 

maximum rate of turnover, which represents a process that converts the precatalyst into the 

active catalyst. The precatalyst has an associated induction period of 5.0 x 103 s (1.4 h). An 

expansion of the latent period for the thermal reaction is detailed in the appendix. Under the 

photoactivation regime, a latency period is confirmed followed by a burst of catalytic activity 

upon irradiation. That turnover continues after the irradiation is stopped identifies the active 

species generated from precatalyst 1a as a photoactivated catalyst, as it does not require 

continuous irradiation to effect turnover (photocatalysis). Under thermal conditions, the 

reaction requires 8.06 x 104 s (22.4 h) to reach completion, compared with 1.7 x 104 s (4.7 h), 9.3 

x 103 s (2.6 h) and 5.6 x 103 s (1.5 h) under photoactivated conditions at the 10, 60 and 120 s 



Chapter 3 

Page | 134  

 

irradiation times, respectively (excluding the ~1 h latency period). Correspondingly, compared 

with the initial rate measured under thermal conditions, the rates are 8, 20 and 33 x faster under 

the photoactivation conditions at the 10, 60 and 120 s irradiation times, respectively. Longer 

irradiation times are consistent with an augmented initial rate which suggests that more active 

catalyst is generated at the longer irradiation times. However, in the 1H NMR spectrum at the 

end of catalysis, the distinctive signals due to the precatalyst at δ 9.42 (proton ortho to nitrogen 

in phenylpyridine) and 8.25 (imine proton) are still observed and integrate to show that the 

precatalyst is essentially unchanged (Figure 3.12). No new signals are observed in the 1H NMR 

spectrum which would be indicative of a new species or decomposition. This suggests that only 

a very small amount (less than 5%) of the precatalyst is activated. This means that it is not 

possible to quantify how much active catalyst is generated from the precatalyst at the different 

irradiation times using NMR. Nonetheless, 1a is a competent hydrosilylation precatalyst that is 

inactive under thermal conditions for ~1.4 h but promotes fast turnover upon irradiation.  
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Figure 3.12. In-situ 1H NMR spectra of the photoactivated hydrosilylation reaction between 

MD’M and VTMS using 1a as a precatalyst (400 MHz). Reaction conditions (0.0025 M 1a, 1.0 M 

MD’M, 1.0 M VTMS in d2-dichloromethane, 120 s irradiation with 365 nm LED, 298 K). The 

bottom spectrum is the reaction mixture at the start of catalysis and the top spectrum is at the 

end of catalysis. The inset shows that there is no observable change in the catalyst after 

hydrosilylation. 

 

3.6.2 Precatalyst 1b  

 

In a similar series of experiments, precatalyst 1b was employed in the model reaction to 

determine its efficacy as a latent, photoactivated hydrosilylation precatalyst. The concentration-

time profiles for the experiments conducted under thermal and photoactivated conditions and 

the table of initial rates are shown in Figure 3.13. 



Chapter 3 

Page | 136  

 

 

Figure 3.13. Left – concentration-time profile of MD’M and VTMS consumption and beta product 

formation during the thermal hydrosilylation reaction using 1b as a precatalyst. Right – 

concentration-time profile of beta product formation during the photoactivated hydrosilylation 

reaction using 1b as a precatalyst, with 10, 60 and 120 s irradiation. Reaction conditions as 

detailed in section 3.6. All photoactivated plots are time-shifted to 4000 s to show the same 

latency period. The table shows the initial rates extracted from the first five data points after 

catalytic activity has been established.  

 

Concordant with that observed when 1a was used as the precatalyst, 1b successfully catalyses 

the model reaction under thermal and photoactivated conditions, and also shows latent reaction 

kinetics. The shape of the temporal profiles also resemble that observed for precatalyst 1a, 

signalling a similar activation process for both precatalysts. The associated induction period for 

1b however is significantly longer than for 1a (2.8 vs 1.4 h), which is conducive to good latent 

catalytic behaviour. The reaction takes 7.96 x 104 s (22.1 h) to reach completion under the 

thermal conditions, compared to 1.0 x 104 s (2.9 h), 9.3 x 103 s (2.6 h) and 4.4 x 103 s (1.2 h), at 

the 10, 60 and 120 s irradiation times, respectively (excluding the ~1 h latency period). 

Photoactivation at the 10, 60 and 120 s irradiation times concurs with a 6, 18 and 54-fold rate 

increase respectively, compared to the rate of the thermally activated precatalyst. Overall, the 



Chapter 3 

Page | 137  

 

reaction times are marginally faster for precatalyst 1b than 1a under the thermal and 

photoactivation conditions, which suggests a more efficient photoactivation mechanism for 1b. 

 

3.6.3 Precatalyst 1c 

 

In order to elucidate the impact of the alkyl group on the Schiff base ligand, precatalyst 1c was 

used in the model reaction under thermal conditions and at 10 and 120 s irradiation under 

photoactivation conditions (Figure 3.14).  

 

Figure 3.14. Left – concentration-time profile of MD’M and VTMS consumption and beta product 

formation during the thermal hydrosilylation reaction using 1c as a precatalyst. Right – 

concentration-time profile of beta product formation during the photoactivated hydrosilylation 

reaction using 1c as a precatalyst, with 10 and 120 s irradiation. Reaction conditions as detailed 

in section 3.6. Photoactivated plots are time-shifted to 3700 s to show the same latency period. 

The table shows the initial rates extracted from the first five data points after catalytic activity 

has been established.  

 

In contrast to that observed when precatalysts 1a and 1b were used in the model reaction, 

precatalyst 1c does not exhibit latent catalytic behaviour. The thermal profile follows an apparent 

zero-order regime over the course of the reaction, which requires 6.4 x 103 s (1.8 h) to reach 
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completion. After irradiating precatalyst 1c for 10 and 120 s, the reaction is complete after 7.6 x 

102 s (0.21 h) and 5.4 x 102 s (0.15 h) respectively, but ~18% conversion had already been reached 

pre-irradiation. Measurement of the initial rate was not possible due to the very high catalytic 

activity observed for precatalyst 1c under the photoactivation conditions. Replacement of the –

CF3 functionality (1a and 1b) by the –CH(CH3)2 group (1c) serves to accelerate the catalytic 

activity under thermal and photoactivation conditions, but the absence of a latency period for 

precatalyst 1c is not conducive to the industrial requirements.  

 

3.6.4 Precatalyst 1d 

 

After assessing the impact of the ligands bearing electron withdrawing (–CF3) and electron 

donating (–CH(CH3)2) groups on catalysis, the effect of using an unsubstituted precatalyst was 

probed. The concentration-time profiles acquired for using precatalyst 1d in the model thermal 

and photoactivated reactions are shown in Figure 3.15.  

 

Figure 3.15. Left – concentration-time profile of MD’M and VTMS consumption and beta product 

formation during the thermal hydrosilylation reaction using 1d as a precatalyst. Right – 

concentration-time profile of MD’M and VTMS consumption and beta product formation during 

the photoactivated hydrosilylation reaction using 1d as a precatalyst, with 10 s irradiation. 

Reaction conditions as detailed in section 3.6. The table shows the initial rates extracted from 

the first five data points after catalytic activity has been established. 
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Under the thermal conditions, an apparent zero-order reaction profile is observed, where 

catalytic turnover is evident from the first measurement at 6.5 x 102 s. This translates to a very 

short induction period (5.8 x 102 s, 0.16 h) using the method of Morris (i.e. the time taken for 1% 

conversion to occur), and completion of the reaction requires 1.6 x 104 s (4.5 h).157 Following the 

10 s irradiation period in the photoactivated experiment, full conversion is achieved after 1.4 x 

103 s (0.38 h), although the reaction had reached ~12% conversion before being irradiated. 

Nonetheless, a significant rate acceleration of 15 x that observed in the thermal reaction is 

obtained after only 10 s irradiation. This demonstrates that precatalyst 1d is rapidly converted 

into the active species upon irradiation. Compared to precatalyst 1b under thermal and 

photoactivated conditions (which has an induction period of 1.0 x 104 s (2.8 h)), much faster 

catalytic activity is observed when using the unsubstituted 1d, but this precatalyst has a 

significantly reduced induction period, and therefore poor latency. Precatalyst 1c reacts even 

faster than 1d in the model reactions, but with an even shorter induction period (4.7 x 102 s, 0.13 

h). This example serves to illustrate the challenges associated with designing precatalysts that 

show good thermal latency but fast catalytic activity upon irradiation with UV-light. 

 

3.6.5 Precatalyst 1e 

 

To determine how the rate of hydrosilylation is influenced by the presence of three –OCH3 groups 

on the Schiff base ligand of the precatalyst, 1e was employed in the model reaction and 

monitored under thermal and photoactivated conditions (Figure 3.16).  
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Figure 3.16. Left – concentration-time profile of MD’M and VTMS consumption and beta product 

formation during the thermal hydrosilylation reaction using 1e as a precatalyst. Right – 

concentration-time profile of MD’M and VTMS consumption and beta product formation during 

the photoactivated hydrosilylation reaction using 1e as a precatalyst, with 10 s irradiation. 

Reaction conditions as detailed in section 3.6. The table shows the initial rates extracted from 

the first five data points after catalytic activity has been established.  

 

A short (1.6 x 103 s, 0.45 h) induction period is observed in the thermal reaction using precatalyst 

1e, presumably during which the precatalyst activates. This is proceeded by a faster burst of 

catalytic activity which follows a zero-order regime and requires 2.0 x 104 s (5.6 h) to afford full 

conversion. Under photoactivated conditions, a very small amount of beta product is formed 

before irradiation (~5%), followed by rapid and full conversion to the beta product after only 10 

s irradiation (initial rate not measured due to insufficient number of data points). This signals 

that the –OCH3 groups facilitate the latent catalytic behaviour under thermal conditions, whilst 

promoting fast conversion to the active catalyst upon irradiation. 
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3.6.6 Precatalyst 1f  

 

The impact of the Schiff base ligand on the precatalyst having two electron withdrawing –F 

groups was probed in the model reaction using precatalyst 1f. The concentration-time profiles 

for the reactions under thermal and photoactivated conditions are shown in Figure 3.17. Note 

that the initial portion of the thermal experiment was not monitored due to technical issues with 

the spectrometer.  

 

Figure 3.17. Left – concentration-time profile of MD’M and VTMS consumption and beta product 

formation during the thermal hydrosilylation reaction using 1f as a precatalyst. Right – 

concentration-time profile of MD’M and VTMS consumption and beta product formation during 

the photoactivated hydrosilylation reaction using 1f as a precatalyst, with 120 s irradiation. 

Reaction conditions as detailed in section 3.6. The table shows the initial rates extracted from 

the first five data points after catalytic activity has been established.  

 

The reaction requires 2.0 x 104 s (5.5 h) to reach full conversion under thermal conditions, and 

catalytic activity is apparent from the first measurement. This manifests as 11% conversion after 

~1 h in the thermal regime. Despite the non-ideal latent reaction kinetics, rapid and full 

conversion to the beta product is observed from the first measurement following the irradiation 

period under the photoactivation conditions. Compared to precatalyst 1b which has the electron 
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withdrawing –CF3 group on the Schiff base ligand, precatalyst 1f exhibits faster catalytic activity 

under the thermal and photoactivation conditions. This demonstrates that the strong electron 

withdrawing group in the para- position of the aniline component of the Schiff base ligand exerts 

a more inhibitory effect on catalysis than –F groups in the ortho- positions. This could also 

suggest that –F groups promote catalysis.  

 

3.6.7 Precatalyst 1g  

 

The phenylpyridine ligand in the precatalyst was replaced by the bulkier cyclometalated ligand, 

benzo[h]quinoline, and the effect of this ligand substitution on the model reaction was studied. 

The concentration-time profiles for the reactions conducted under the thermal and 

photoactivated regimes in the presence of precatalyst 1g are detailed in Figure 3.18.  

 

Figure 3.18. Left – concentration-time profile of MD’M and VTMS consumption and beta product 

formation during the thermal hydrosilylation reaction using 1g as a precatalyst. Right – 

concentration-time profile of MD’M and VTMS consumption and beta product formation during 

the photoactivated hydrosilylation reaction using 1g as a precatalyst, with 120 s irradiation. 

Reaction conditions as detailed in section 3.6. The table shows the initial rates extracted from 

the first five data points after catalytic activity has been established.  
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The thermal temporal profile is characterised by a short (1.2 x 103 s, 0.34 h) induction period 

during which the precatalyst activates, followed by an apparent zero-order regime at maximum 

turnover. Compared with precatalyst 1d, the initial rate using 1g is 1.1 x faster under the thermal 

conditions, demonstrating that the additional steric encumbrance introduced by the 

benzo[h]quinoline ligand is beneficial for catalysis. Precatalyst 1g also offers a longer latency 

period than 1d (0.34 vs 0.16 h). Overall, the reaction using precatalyst 1g requires 1.5 x 104 (4.2 

h) to achieve full conversion, compared with 1.6 x 104 s (4.5 h) using precatalyst 1d. In the 

experiment conducted under photoactivation conditions, 5% conversion to the beta product has 

occurred prior to irradiation, but full conversion is realised 7.9 x 102 s after irradiation for 120 s.  

 

3.6.8 Precatalyst 1h   

 

As discussed above, the use of precatalyst 1a in the model photoactivated reaction afforded a 

good latency period but did not promote the fastest turnover upon irradiation. To determine 

whether the –OCH3 group on the phenylpyridine ligand or –CF3 group on the Schiff base ligand 

exerted a more decisive effect on the reaction kinetics, 1h was employed in the model reaction. 

This precatalyst has the –OCH3 group on the phenylpyridine ligand but does not have the –CF3 

group on the Schiff base, thus facilitating a direct comparison of the catalytic activity to 

precatalyst 1a. The concentration-time profiles for the thermal and photoactivated experiments, 

along with the table of initial rates are shown in Figure 3.19.  
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Figure 3.19. Left – concentration-time profile of MD’M and VTMS consumption and beta product 

formation during the thermal hydrosilylation reaction using 1h as a precatalyst. Right – 

concentration-time profile of MD’M and VTMS consumption and beta product formation during 

the photoactivated hydrosilylation reaction using 1h as a precatalyst, with 10 s irradiation. 

Reaction conditions as detailed in section 3.6. The table shows the initial rates extracted from 

the first five data points after catalytic activity has been established.  

 

In a similar fashion to when precatalyst 1a was employed in the model thermal reaction, a 

sigmoidal shape is observed for the temporal profile of beta product formation when 1h is used 

as the precatalyst. There is an associated induction period (1.3 x 103 s, 0.35 h) followed by an 

apparent zero order regime at maximum rate of turnover. The reaction takes 3.78 x 104 s (10.5 

h) to reach completion, which represents a 2-fold acceleration in rate compared to the same 

reaction conducted using precatalyst 1a. A notable difference in the photoactivated experiment 

using 1h is that 11% conversion to the beta product has occurred prior to irradiation, compared 

to no conversion at this time point using 1a. This demonstrates that the –CF3 group on the Schiff 

base ligand exerts a strong influence in making the precatalyst react very slowly under thermal 

conditions, thus providing good latency periods. Despite the poor latent behaviour observed for 

1h, photoactivation results in a significant rate acceleration (17-fold for 10 s irradiation) 
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compared with the thermally activated precatalyst. Full conversion to the beta product is 

achieved 2.1 x 103 s (0.6 h) after the irradiation period. 

 

3.6.9 Precatalyst 1i  

 

To probe the effect of introducing the –OCH3 group on the salicylaldehyde component of the 

Schiff base ligand on catalytic performance, precatalyst 1i was used in the model thermal and 

photoactivated hydrosilylation reactions. The concentration-time profiles for the thermal 

reaction, photoactivated reaction (with 10 s irradiation) and table of initial rates are shown in 

Figure 3.20.  

 

Figure 3.20. Left – concentration-time profile of MD’M and VTMS consumption and beta product 

formation during the thermal hydrosilylation reaction using 1i as a precatalyst. Right – 

concentration-time profile of MD’M and VTMS consumption and beta product formation during 

the photoactivated hydrosilylation reaction using 1i as a precatalyst, with 10 s irradiation. 

Reaction conditions as detailed in section 3.6. The table shows the initial rates extracted from 

the first five data points after catalytic activity has been established.  

 

Under thermal conditions, the reaction has an associated induction period (3.71 x 103 s, 1.03 h) 

followed by an apparent zero order regime at maximum rate of turnover. Full conversion is 
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achieved after 2.9 x 104 s (8.0 h) in the thermal reaction, compared with 5.6 x 103 s (1.6 h) in the 

photoactivated reaction after 10 s irradiation. Irradiating the sample for 10 s results in a rate that 

is 5 x faster than that observed in the thermal regime, and this precatalyst also has a good latency 

period under the conditions studied. Compared to using precatalyst 1h in the model reaction 

(where the –OCH3 group is on the phenylpyridine ligand), 1i offers better latent reaction kinetics, 

but the rate of conversion to the beta product following irradiation is 4 x slower than that when 

using 1h.  

 

3.6.10 Summary of precatalyst screening  

 

All precatalysts (1a–1i) used in this study have proven to be photoactivated, as significant 

accelerations in rate are observed following the irradiation period and turnover continues after 

the irradiation source is removed. Furthermore, all precatalysts promote complete turnover for 

hydrosilylation, and furnish exclusively the product of anti-Markovnikov addition in the model 

reaction. No difference in selectivity is observed under thermal or photoactivated conditions. 

Consideration of the concentration-time profiles, however, shows very different rates of reaction 

and reaction profiles, as summarised in Table 3.2. Under thermal conditions, a sigmoidal profile, 

with an associated induction period and a pseudo-zero order regime at maximum rate of 

turnover, is observed for many of the precatalysts (e.g. 1a, 1b, 1e, 1g, 1h, 1i). However, other 

precatalysts (e.g. 1c and 1d) show much shorter induction periods and apparent zero-order 

reaction profiles that operate over nearly all of the reaction profile. The time measured to 

completion under thermal conditions varies from 1.8 h (1c) to 22.4 h (1a). Under photoactivated 

conditions, the time measured to completion varies from 0.15 h (1c) to 4.7 h (1a). While 

induction periods and sigmoidal profiles can signal the formation of a colloidal catalyst, they can 

also be consistent with a process that converts a homogenous precatalyst into an active 
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homogenous catalyst. The determination of the active species using precatalyst 1b is discussed 

in Chapter 4.  

Whilst a direct trend between the structures of the precatalyst and their activity in 

hydrosilylation cannot be established, there are some noteworthy observations. For example, in 

the model thermal reaction, 1d has a shorter induction period than 1g (5.8 x 102 s compared to 

1.2 x 103 s), but 1g promotes faster turnover overall (1.6 x 104 s for 1d and 1.5 x 104 s for 1g). This 

might suggest that the benzo[h]quinoline ligand is more suited than phenylpyridine for providing 

latent reaction kinetics, due to its higher stability. Comparing 1h and 1i in the thermal reaction, 

where the –OCH3 group is on the phenylpyridine ligand and salicylaldimine ligand respectively, 

1i has a longer induction period (1.2 x 103 s for 1h and 3.7 x 103 s for 1i), and also promotes faster 

turnover overall (3.7 x 104 s for 1h and 2.8 x 104 s for 1i). In the photoactivated model reaction 

however, 1h promotes turnover much faster than 1i with 10 s irradiation (2.1 x 103 s for 1h and 

5.6 x 103 s for 1i). This suggests that substitution of the –OCH3 group on the salicylaldimine ligand 

offers better thermal stability, but introduction of this group on the phenylpyridine moiety gives 

rise to enhanced photoactivation efficiencies. Precatalyst 1c promotes faster turnover than 1d in 

both the thermal (6.4 x 103 s for 1c compared to 1.6 x 104 s for 1d) and photoactivated (7.6 x 102 

s 1c compared to 1.4 x 103 s 1d) model reactions, which suggests that introduction of an alkyl 

group onto the salicylaldimine ligand is conducive to enhanced photoactivation efficiencies. 

Comparing 1a and 1b, the reaction times are overall faster under thermal and photoactivated 

conditions for 1b, and 1b offers a longer induction period (5.0 x 103 s for 1a compared to 1.0 x 

104 s for 1b). As discussed in chapter 2, 1b has a larger steric clash between the phenylpyridine 

and salicylaldimine ligand planes than 1a (12.07° for 1a and 16.64° for 1b), so this arrangement 

may provide enhanced thermal stability and better photoactivation efficiencies. This is perhaps 

due to more facile loss of the salicylaldimine ligand in 1b to coordinate a silane or alkene 

substrate. 
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Table 3.2. Comparison of precatalyst performance in the model hydrosilylation reaction between 

MD’M and VTMS under thermal and photoactivated conditions. Reaction conditions (0.0025 M 

precatalyst, 0.8 – 1.0 M MD’M, 0.8 – 1.0 M VTMS in d2-dichloromethane). 

 

a The precatalyst loading is 0.0025 M in all cases. b The induction period is estimated as the time 

taken for greater than 1% conversion, as an indication of the catalyst latency. c The method of 

Morris was used to estimate the induction period.157 d Time to reach full conversion excludes the 

~1 h latency period. e 18% conversion reached before the irradiation period. f 12% conversion 

reached before the irradiation period. g 5% conversion reached before the irradiation period. h 

11 % conversion reached before the irradiation period. i 5% conversion reached before the 

irradiation period. j 11% conversion reached before the irradiation period.  

 

3.7 Effect of varying the catalyst loading  
 

One major challenge in making cross-linked silicones by hydrosilylation on an industrial scale is 

designing catalyst systems that show latent reaction kinetics at very low (< 50 ppm) catalyst 

loadings. This is a requirement to reduce the cost and also because the catalysts cannot generally 

be recovered after curing, so this helps to reduce the use of this precious metal and minimise 

discolouration in the end products. In 2007 alone, it was estimated that 5.6 tonnes of platinum 
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were used for silicone cross-linking.158  To examine the efficacy of precatalyst 1b under conditions 

more likely to be employed commercially, the model reaction was conducted at a variety of 

catalyst loadings (0.0025 – 0.25 mol%) under photoactivated conditions. This corresponds to 

0.000025 M – 0.0025 M, or 14 – 1400 ppm. This precatalyst was chosen due to its good thermal 

latency. For each experiment, the reaction was monitored thermally for ~1 h to show the latency 

period, before being irradiated for 120 s. This irradiation time was chosen as it was anticipated 

that longer (> 24 h) reaction times would be required at such low loadings, so longer irradiation 

periods would increase the rate of conversion. The concentration-time profiles for the formation 

of the beta product are shown in Figure 3.21.  

 

Figure 3.21. Concentration-time profiles of beta product formation during the photoactivated 

hydrosilylation reaction using 1b as a precatalyst at varied loadings with 120 s irradiation. 

Reaction conditions (0.0025, 0.025 and 0.25 mol% 1b, 0.93 M MD’M and 0.93 M VTMS in d2-

dichloromethane). All plots are time-shifted to 4600 s to show the same latency period.  

 

Dropping the catalyst loading had the expected effect of overall slower conversion to the 

hydrosilylation product. The times taken to achieve full conversion are 5.47 x 104 s (15.2 h), 

1.1 x 104 s (3.1 h) and 4.4 x 103 s (1.2 h) at the 0.0025, 0.025 and 0.25 mol% catalyst loadings, 

respectively (excluding the ~1 h latency period). That photoactivated hydrosilylation still 

proceeds at the lowest catalyst loading (0.0025 mol%, 0.000025 M), and that there is a thermal 

latency period, suggests that precatalyst 1b would be suitable for use in the commercial systems. 
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The kinetics of this series of experiments were probed using the initial rates method as detailed 

in Table 3.3.  

Table 3.3. Initial rates extracted from the first five data points following irradiation in the 

photoactivated hydrosilylation reaction between MD’M and VTMS using precatalyst 1b at varied 

loadings (0.0025 mol% – 0.25 mol%) with 120 s irradiation. 

 

 

Compared with the initial rate measured at the 0.0025 mol% catalyst loading, the rates are 2.8 

and 7.3 x faster at the 0.025 and 0.25 mol% loadings, respectively. This shows that an increase 

in catalyst loading does not result in a proportionally increased initial rate. This could be 

attributed to a light-path effect, where higher loadings result in more absorption of UV-light and 

less irradiation of the NMR tube. Using the Beer-Lambert law for a 1 mm pathlength and the 

molar absorption coefficient at 365 nm (1.3 x 104 dm3 mol-1 cm-1), the absorptions are 3.3 x 10-2, 

3.3 x 10-1 and 3.3 at the 0.000025, 0.00025 and 0.0025 mol% catalyst loadings, respectively.  

 As discussed previously, it is anticipated that less than 5% of the precatalyst is activated, as the 

distinctive signals due to the precatalyst are unchanged in the 1H NMR spectrum at the end of 

catalysis (see Figure 3.12) . This means that the precatalyst could potentially be used at much 

lower catalyst loadings, and still effect hydrosilylation. Irradiation for 600 s at 0.0025 mol% 

catalyst loading leads to a rate closer to that achieved at 0.25 mol% catalyst loading with 120 s 

irradiation ((1.98 ± 0.03) x 10-4 mol dm-3 s-1), demonstrating that longer irradiation times could 

offset the need for higher catalyst loadings (Figure 3.22). Nolan and coworkers recently reported 

[Pt(DMS)2Cl2] as an effective hydrosilylation catalysts at 0.001 mol% (10 ppm), though this 

complex required heating to 80 °C to become active.159 This catalyst was reported to achieve 

turnover numbers (ToN) of 6.4 – 6.6 x 106 and turnover frequencies (ToF) in the range of  2.7 – 
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2.8 x 105 h−1. At the 600 s irradiation time using precatalyst 1b, the ToNapp = 4.0 x 104 and the 

ToFapp = 2.7 x 104 h-1. While these ToN and ToF do not match some of the very best reported for 

other Pt-based hydrosilylation catalysts by at least an order of magnitude, the air stability, 

operation at room temperature, and photoactivated nature of precatalyst 1b at low catalyst 

loadings represents a step forward in reducing the amount of platinum consumed in the silicone 

industry.  

 

Figure 3.22. Concentration-time profiles of beta product formation during the photoactivated 

hydrosilylation reaction using 1b as a precatalyst at 0.0025 mol% with 120 and 600 s irradiation, 

and at 0.25 mol% with 120 s irradiation. Reaction conditions (0.0025 and 0.25 mol% 1b, 0.93 M 

MD’M and 0.93 M VTMS in d2-dichloromethane). All plots are time-shifted to show the same 

latency period.  

 

Attempts were made to determine the order in catalyst at 120 s irradiation using the initial rates 

method in Microsoft Excel, but the rate-concentration profiles did not return a satisfactory fit. 

This attests to the complexity of the kinetics involved in hydrosilylation reactions, which has 

presented challenges to researchers in the field for decades. The order in substrates for the 

model reaction is discussed in detail in Chapter 4.  
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3.8 Substrate scope using precatalyst 1b  
 

 

After showing the successful hydrosilylation of VTMS by MD’M under the model reaction 

conditions using precatalyst 1b, the substrate scope was expanded to include a variety of 

alkenes. Platinum based catalysts have been extensively used for the hydrosilylation of alkenes 

under thermal conditions but have far less been applied under photoactivated conditions.1 For 

this study, the model photoactivated hydrosilylation reaction was replicated (as described in 

section 3.6) but VTMS was replaced by a variety of alkene substrates. In each case, the reaction 

was monitored thermally for ~1 h to determine the latency period, before being irradiated for 

120 s. The results of this study, detailing the selectivity, reaction times and ToFapp are summarised 

in Table 3.4. 
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Table 3.4. Comparisons of selectivity and ToFapp using precatalyst 1b in the photoactivated 

hydrosilylation reaction of MD’M with a variety of alkenes. Reaction conditions (0.0025 M 1b, 

0.8 – 1.2 M MD’M and 0.8 – 1.2 M alkene in d2-dichloromethane, left for ~1 h thermally, then 

irradiated for 120 s).  

 

a Products determined by signals in 1H NMR spectra. b Selectivity determined by relative integrals 

in 1H NMR spectra. c Time taken to achieve full conversion (excluding the latency period). d 9% 

isomerisation products also observed. e Reaction not monitored to completion. 

 

Successful hydrosilylation was achieved for a wide variety of alkene substrates when using 

precatalyst 1b under photoactivated conditions. For all alkene substrates except 3-Buten-2-one, 

the main product conforms to the anti-Markonikov rule and yields the beta product. The 3-
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Buten-2-one substrate displays complete chemoselectivity in favour of the hydrosilylation of the 

terminal alkene, rather than the ketone, but is more selective towards the alpha (Markovnikov) 

product. As discussed previously, using VTMS as the alkene selectively yields the beta 

hydrosilylation product, whilst vinyltrimethoxysilane (VTMOS) also undergoes Markovnikov 

hydrosilylation to afford 10% alpha product. Both styrene substrates also furnish the alpha 

product when used in the model reaction. When oct-1-ene is employed as the alkene substrate, 

the beta product is formed as well as 9% isomerisation products. Compared with the model 

reaction using VTMS, the reaction proceeds slower in the presence of all the other studied 

alkenes, except oct-1-ene. The NMR spectra and concentration-time profiles for each substrate 

are discussed in more detail below.  

 

3.8.1 Vinyltrimethoxysilane  

 

In contrast to the model reaction between MD’M and VTMS, the reaction with VTMOS  furnishes 

the Markovnikov (alpha) product as well as the anti-Markovnikov (beta) product, as detected by 

1H NMR spectroscopy. In the 1H NMR spectrum at the end of catalysis, the three singlets at δ 

3.54, 0.11 and 0.03 correspond to the Si–(OCH3)3, 2 x Si–(CH3)3 and Si–CH3 protons of the beta 

product, respectively (Figure 3.23). These signals integrate to the expected ratios of 9:18:3. The 

complex multiplet centred at δ 0.51 is assigned to the Si–CH2–CH2–Si protons of the beta 

product, which integrates to 4 protons. The doublet observed at δ 1.05 corresponds to the CH3 

protons of the alpha product, and it is not possible to distinguish any other resonances in the 1H 

NMR spectrum that correspond to this product due to signal overlap with the beta product. This 

signal integrates to 0.34 (for 3 protons), compared to 4.00 (for four protons) in the beta product, 

meaning that the selectivity at full conversion is 90% beta and 10% alpha product. It is important 

to note that the calculated selectivity in this case is a close approximation, as all signals for the 

beta product are coincident with other signals of the alpha product (see discussion below).  
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Figure 3.23. 1H NMR spectrum of the alpha and beta products formed in the photoactivated 

hydrosilylation reaction of MD’M and VTMOS using precatalyst 1b (400 MHz, d2-

dichloromethane, 298 K). Reaction conditions (0.0025 M 1b, 1.0 M MD’M, 1.0 M VTMOS, left 

for ~1 h thermally then irradiated for 120 s).   

 

The corresponding 29Si NMR spectrum at the end of catalysis shows three distinct resonances for 

the beta product at δ 7.2, −21.5 and −41.5, all of which are singlets (Figure 3.24). For the alpha 

product, there are two distinct resonances at δ −23.1 and −42.5, but the other expected 

resonance is masked by the signal of the beta product at δ 7.2. All of the new signals are at 

distinct chemical shifts from the starting materials (δ 9.4 and −36.5 for MD’M, and −55.4 for 

VTMOS). The assignment of the hydrosilylation products was facilitated by the acquirement of 

the 29Si–1H HMBC spectrum (Figure 3.25). This spectrum shows the correlation between the 29Si 

signal at δ 7.2 (3) with the 18 Si–(CH3)3 protons of the beta product. The 29Si signal at δ −21.5 (2) 

correlates with the Si–CH2–CH2–Si protons, as well as the Si–CH3 protons of the beta product. 

The most upfield 29Si signal for the beta product at δ −41.5 (1) correlates with the Si–CH2–CH2–

Si and Si–(OCH3)3 protons. For the alpha product, the 29Si resonance at δ 7.2 (C) correlates with 
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the 18 Si–(CH3)3 protons, and this signal overlaps with the corresponding resonance of the beta 

product. The 29Si resonance at δ −23.1 (B) correlates with the CH3 and Si–CH3 protons of the 

alpha product. Lastly, the most upfield 29Si resonance at δ −42.5 (A) correlates with the Si–

(OCH3)3 and CH3 protons.  

 

Figure 3.24. 29Si NMR spectra of VTMOS (bottom), MD’M (middle) and alpha and beta products 

(top) formed in the photoactivated hydrosilylation reaction between MD’M and VTMOS using 

precatalyst 1b (119.2 MHz, d2-dichloromethane, 298 K). Reaction conditions (0.0025 M 1b, 1.0 

M MD’M and 1.0 M VTMOS, left for ~1 h thermally, then irradiated for 120 s).  
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Figure 3.25. 29Si-1H HMBC spectrum of the alpha and beta products formed in the photoactivated 

hydrosilylation reaction between MD’M and VTMOS using precatalyst 1b (119.2, 600.1 MHz, d2-

dichloromethane, 298 K). Reaction conditions (0.0025 M 1b, 1.0 M MD’M and 1.0 M VTMOS, 

left for ~1 h thermally, then irradiated for 120 s).   

 

With VTMOS as the alkene substrate, the concentration-time profile for the formation of the 

beta product has a sigmoidal shape (Figure 3.26). The sample was monitored for ca. 1 h to show 

the thermal latency, and then irradiated for 120 s. The initial rate measured after the irradiation 

period (8.8 ± 0.3) x 10-6 mol dm-3 s-1) is slower than the rate measured after 3.0 x 104 s (2.09 ± 

0.06) x 10-5 mol dm-3 s-1). Compared to the rate of beta product formation, the alpha product 

forms at a rate that is 3.5 and 6.2 x slower before and after 3.0 x 104 s, respectively. Using VTMOS 

as the alkene substrate also leads to an initial rate that is 59.4 x slower compared to using VTMS, 

and the reaction requires 5.52 x 104 s (15.3 h) to reach completion. With VTMS, the reaction 

requires 4.4 x 103 s (1.2 h) to reach completion, which demonstrates that  the –OCH3 groups are 

inhibitory for catalysis in the model reaction.  

 



Chapter 3 

Page | 158  

 

 

Figure 3.26. Left – concentration-time profile of MD’M and VTMOS consumption and alpha and 

beta product formation during the photoactivated hydrosilylation reaction using 1b as a 

precatalyst. Right – linear fits for the alpha and beta products for the first 5 data points following 

irradiation to determine the initial rates. Reaction conditions (0.0025 M 1b, 1.1 M MD’M and 1.1 

M VTMOS in d2-dichloromethane, left for ~1 h thermally then irradiated for 120 s). The table 

shows the initial rates for alpha and beta product formation.  

 

3.8.2 3-Buten-2-one  

 

To determine whether hydrosilylation of the alkene or ketone functionality was favoured, 3-

Buten-2-one was employed in the model reaction. Interestingly, a reverse in selectivity was 

observed for this substrate as the predominant reaction is the formation of the alpha product, 

as shown in the 1H NMR spectrum at the end of catalysis (Figure 3.27). Also noteworthy is that 

complete chemoselectivity in favour of hydrosilylation of the alkene rather than the ketone is 

observed for this substrate. The alpha product was identified by the 1H NMR resonances at δ 

4.77, 1.74, 1.54 and 0.13, which correspond to the C–H, CH3–C=O, CH3 and Si(CH3)3 protons, 

respectively. These protons also integrate to the expected 1:3:3:18 ratio. The beta product was 

identified by the 1H NMR resonances at δ 2.43, 1.80, 1.03 and 0.10, which correspond to the CH2, 

CH3, Si–CH2 and Si(CH3)3 protons, respectively. It is worth noting that the integral of the Si(CH3)3 

protons is an overestimate due to signal overlap with the starting materials.  
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Figure 3.27. 1H NMR spectrum of the alpha and beta products formed in the photoactivated 

hydrosilylation reaction of MD’M and 3-Buten-2-one using precatalyst 1b (400 MHz, d2-

dichloromethane, 298 K). Reaction conditions (0.0025 M 1b, 1.2 M MD’M, 1.2 M 3-Buten-2-one, 

left for ~1 h thermally then irradiated for 120 s).  

 

With 3-Buten-2-one as the substrate, latent reaction kinetics are observed over the monitored 

period (~1 h), as shown in the concentration-time profile (Figure 3.28). Following the irradiation 

period, the reaction requires 1.3 x 104 s (3.5 h) to achieve full conversion. The initial rate 

measured for the formation of the alpha product is 8.8 x faster than that for the beta product, 

and overall, this reaction proceeds much slower than when VTMS is used as the alkene substrate 

in the model reaction.  
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Figure 3.28. Left – concentration-time profile of MD’M and 3-Buten-2-one consumption and 

alpha and beta product formation during the photoactivated hydrosilylation reaction using 1b as 

a precatalyst. Right – linear fits for the alpha and beta products for the first 5 data points 

following irradiation to determine the initial rates. Reaction conditions (0.0025 M 1b, 1.2 M 

MD’M and 1.2 M 3-Buten-2-one in d2-dichloromethane, left for ~1 h thermally then irradiated 

for 120 s). The table shows the initial rates for alpha and beta product formation.  

 

3.8.3 Styrene  

 

The hydrosilylation of styrene by MD’M using precatalyst 1b was also successful under the model 

reaction conditions, affording both the alpha and beta products. The predominant reaction is 

the formation of the beta product, which was identified by the 1H NMR resonances at δ 2.74, 

0.93 and 0.22, and correspond to the CH2, CH2 and Si(CH3)3 protons, respectively (Figure 3.29). 

These peaks also integrate to the expected ratio of protons (2:2:18). Assignment of the aromatic 

and Si–CH3 protons was not possible due to signal overlap with the starting materials. The alpha 

product was identified by the 1H NMR resonances at δ 2.18, 1.43 and 0.23, which correspond to 

the C–H, CH3 and Si(CH3)3 protons, respectively. These analytical data match the values reported 

in the literature.160 
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Figure 3.29. 1H NMR spectrum of the alpha and beta products formed in the photoactivated 

hydrosilylation reaction of MD’M and styrene using precatalyst 1b (400 MHz, d2-

dichloromethane, 298 K). Reaction conditions (0.0025 M 1b, 1.2 M MD’M, 1.2 M styrene, left 

for ~1 h thermally then irradiated for 120 s).  

 

Nolan reported that using [Pt(DMS)2Cl2] (50 ppm) as the catalyst for the hydrosilylation of 

styrene by MD’M afforded 85% beta product and 16% alpha product.159 The reaction required 

4.8 x 103 s (1.3 h) to reach completion when conducted neat (no solvent) at 80 °C. When using 

precatalyst 1b for the hydrosilylation of styrene by MD’M, there is no reaction under thermal 

conditions in the monitored latency period (~1 h), and full conversion to the hydrosilylation 

products is observed 2.0 x 104 s (5.6 h) after irradiation (Figure 3.30). The beta product forms at 

a rate that is 3.9 x faster than that observed for forming the alpha product, which results in 78% 

beta and 22% alpha product after full conversion. Compared to when VTMS is used as the alkene 

substrate under the same conditions, the reaction using styrene proceeds at a rate that is 9 x 

slower. This could be due to styrene binding more strongly to the Pt centre, in line with Kühn’s 
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observations that if the alkene binds too strongly, the reactivity suffers.2 This concept is explored 

in more detail in chapter four. Despite the higher catalyst loading and longer reaction times 

compared to the system reported by Nolan, the photoactivated nature of precatalyst 1b at room 

temperature may render it suitable for use in the commercial systems.  

 

Figure 3.30. Left – concentration-time profile of MD’M and styrene consumption and alpha and 

beta product formation during the photoactivated hydrosilylation reaction using 1b as a 

precatalyst. Right – linear fits for the alpha and beta products for the first 5 data points following 

irradiation to determine the initial rates. Reaction conditions (0.0025 M 1b, 1.2 M MD’M and 1.2 

M styrene in d2-dichloromethane, left for ~1 h thermally then irradiated for 120 s). The table 

shows the initial rates for alpha and beta product formation.  

 

3.8.4 4-methoxystyrene  

 

4-methoxystyrene was next employed as the alkene substrate in the model reaction, to probe 

how the introduction of the –OCH3 group onto styrene effects catalytic activity and selectivity. 

As shown by the 1H NMR spectrum at the end of catalysis (Figure 3.31), the reaction furnishes a 

mix of the alpha and beta products. The beta product was identified by the 1H NMR resonances 

at δ 3.80, 2.65, 0.86 and 0.18 which correspond to the OCH3, CH2, CH2 and Si(CH3)3 protons, 

respectively. These peaks also integrate to the expected ratios of 3:2:2:18. Assignment of the 

aromatic and Si–CH3 protons was not possible due to signal overlap with the starting materials. 
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The alpha product was identified by the 1H NMR resonances at δ 3.83, 2.09, 1.36 and 0.11 which 

correspond to the OCH3, C–H, CH3 and Si(CH3)3 protons, respectively. These analytical data match 

the values reported in the literature.160 

 

 

Figure 3.31. 1H NMR spectrum of the alpha and beta products formed in the photoactivated 

hydrosilylation reaction of MD’M and 4-methoxystyrene using precatalyst 1b (400 MHz, d2-

dichloromethane, 298 K). Reaction conditions (0.0025 M 1b, 0.93 M MD’M, 0.93 M 4-

methoxystyrene, left for ~1 h thermally then irradiated for 120 s).  

 

As shown in the concentration-time profile in Figure 3.32, the reaction was stopped at 7.2 x 104 

s (20 h), before complete conversion was achieved. Latent reaction kinetics were observed in the 

presence of this substrate, but the catalytic activity is significantly attenuated compared with the 

corresponding reactions using VTMS or styrene as the alkene substrate. Indeed, the measured 

initial rate for beta product formation is 9.2 x slower when 4-methoxystyrene is used, compared 

to that measured for styrene. The beta product forms at a rate that is 2.6 x faster than the alpha 
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product, and a higher selectivity for the beta product is observed compared to when styrene is 

used as the alkene substrate (87% vs 78%).  

 

Figure 3.32. Left – concentration-time profile of MD’M and 4-methoxystyrene consumption and 

alpha and beta product formation during the photoactivated hydrosilylation reaction using 1b as 

a precatalyst. Right – linear fits for the alpha and beta products for the first 5 data points 

following irradiation to determine the initial rates. Reaction conditions (0.0025 M 1b, 0.93 M 

MD’M and 0.93 M 4-methoxystyrene in d2-dichloromethane, left for ~1 h thermally then 

irradiated for 120 s). The table shows the initial rates for alpha and beta product formation.  

 

3.8.5 Oct-1-ene  

 

Oct-1-ene has been employed as a model alkene substrate for many hydrosilylation reactions 

conducted under thermal conditions.2,20,105 To assess its catalytic performance and proneness to 

isomerisation under photoactivation conditions, oct-1-ene was employed in the model reaction 

using precatalyst 1b. As shown in the 1H NMR spectrum taken at the end of catalysis (Figure 

3.33), this reaction affords 91% beta product as well as 9% isomeric alkenes. The beta product 

was identified by the 1H NMR resonances at δ 1.31, 0.91, 0.49, 0.12 and 0.03 which correspond 

to the CH2, CH3, Si–CH2, Si–(CH3)3 and Si–CH3 protons, respectively. These signals integrate to the 
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expected ratios of 12:3:2:18:3 and match the values reported in the literature.105, 159 The isomeric 

alkene or mixture of isomers could not be identified due to similar chemical shifts observed for 

cis- and trans-oct-2-ene.20  

 

 

Figure 3.33. 1H NMR spectrum of the beta and isomerisation products formed in the in-situ 

hydrosilylation reaction of MD’M and oct-1-ene using precatalyst 1b (400 MHz, d2-

dichloromethane, 298 K). Reaction conditions (0.0025 M 1b, 1.1 M MD’M, 1.1 M oct-1-ene, left 

for ~1 h thermally then irradiated for 120 s).  

 

The corresponding 29Si NMR spectrum at the end of catalysis verifies that the reaction between 

MD’M and oct-1-ene only affords the beta product (δ 6.8 and −21.2) and isomeric alkenes, as 

there is no evidence of the alpha product or dehydrocondensation adduct (Figure 3.34). Marko 

and colleagues found that the hydrosilylation reaction between MD’M and oct-1-ene using 
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Karstedt’s catalyst (30 ppm) at 72°C required 30 minutes to reach 80% yield of beta product.20 

This was, however, accompanied by the formation of isomeric alkenes, the hydrogenated alkene 

and the dehydrocondensation adduct (up to 20%). More recently, Nolan and colleagues found 

that the [Pt(DMS)2Cl2] complex (0.0001 mol%) could be used to catalyse the hydrosilylation 

reaction between MD’M and oct-1-ene, and 96% yield of beta product was obtained in 90 

minutes.159 Although this system could be used at very low catalyst loadings, it required heating 

to 80 °C. Precatalyst 1b offers the advantage that it can be photoactivated to effect 

hydrosilylation, with relatively good selectivity towards the beta product.  

 

Figure 3.34. 29Si NMR spectra of MD’M (bottom) and beta product (top) formed in the 

hydrosilylation reaction between MD’M and oct-1-ene using precatalyst 1b (119.2 MHz, d2-

dichloromethane, 298 K). 

 

A further advantage of using precatalyst 1b is that it shows good latent reaction kinetics under 

the model reaction conditions, as shown in Figure 3.35. The concentration-time profile for beta 

product formation (after irradiation) is characterised by a significant induction period, followed 

by an acceleration in catalytic activity. This profile is similar to that observed by Marko, where 
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platinum(0)–carbene catalysts (30 ppm) were employed in the hydrosilylation reaction between 

MD’M and oct-1-ene.104 Marko reported that this reaction, conducted in xylene at 72 °C, 

required ~2 h to achieve full conversion to the beta product, and <2% of isomerisation products 

were detected. When using precatalyst 1b under photoactivated conditions, this reaction 

requires 3.9 x 103 s (1.1 h) to reach completion (excluding the ~1 h latency period). Consideration 

of the initial rates shows that this reaction proceeds at a rate that is 1.5 x slower than when 

VTMS is used as the alkene substrate under the same conditions. The temporal profile also shows 

that isomerisation occurs at the same time as the formation of beta product. That the 

isomerisation products are still present at the end of catalysis suggests that they do not undergo 

the reverse isomerisation reaction to the terminal alkene, which means that they also do not 

undergo hydrosilylation.  

 

Figure 3.35. Left – concentration-time profile of MD’M and oct-1-ene consumption and beta and 

isomerisation product formation during the photoactivated hydrosilylation reaction using 1b as 

a precatalyst. Right – linear fits for the beta and isomerisation products for the first 4 data points 

following irradiation to determine the initial rates. Reaction conditions (0.0025 M 1b, 1.1 M 

MD’M and 1.1 M oct-1-ene in d2-dichloromethane, left for ~1 h thermally then irradiated for 120 

s). The table shows the initial rates for beta and isomerisation product formation.  
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3.8.6 Substrates inert to hydrosilylation in the model system  

 

The scope of the catalytic system was also expanded to include internal alkenes and acetone, as 

these substrates are generally known to be far less reactive toward hydrosilylation than terminal 

alkenes under thermal conditions.1 The in-situ 1H NMR experiment was conducted under the 

same conditions as described in section 3.6 (0.0025 M 1b, 0.8 – 1.4 M MD’M, 0.8 – 1.4 M alkene 

in d2-dichloromethane, 120 s irradiation), but VTMS was substituted for either cyclohexene, 

norbornadiene, trans-2-octene or acetone. As shown in Figure 3.36, cyclohexene, 

norbornadiene, trans-2-octene and acetone are inert to hydrosilylation under the conditions 

employed in the model reaction.  

 

Figure 3.36. Concentration-time profiles of MD’M and inert alkenes in the photoactivated 

hydrosilylation reaction. Reaction conditions (0.0025 M 1b, 0.8 – 1.4 M MD’M and 0.8 – 1.4 M 

alkene in d2-dichloromethane, left for ~1 h thermally then irradiated for 120 s).  

 

Kühn and colleagues also reported that cyclohexene was unreactive in the hydrosilylation 

reaction with HSiCl3, using Karstedt’s catalyst (125 ppm) at 60°C.2 Hydrosilylation has been 

reported to depend on the ability of the alkene to coordinate to the Pt centre, and Kühn showed 
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that cyclohexene coordinated weakly compared to more reactive alkene substrates such as oct-

1-ene. These results might imply that precatalyst 1b does not bind cyclohexene strongly enough 

to effect hydrosilylation activity. Other studies have shown that hydrosilylation of cyclohexene is 

possible using Speier’s catalyst under much more drastic conditions such as in sealed ampoules 

or autoclaves, with long reaction times (>20 h).161  

Marko and colleagues found trans-2-octene to be inert in the hydrosilylation reaction with 

MD’M using a platinum-carbene catalyst at 30 ppm.104 This system was heated to 72 °C in xylene 

and still afforded no hydrosilylation products, which highlights the reluctance of this substrate 

to undergo hydrosilylation.  

To date, little is known about the hydrosilylation of norbornadiene, and a mixture of products is 

often observed when it is used as the alkene substrate.162 Bermeshev and colleagues recently 

reported the successful hydrosilylation of norbornadiene with MD’M using Karstedt’s catalyst 

(0.05 mol%) at 25 °C.163 This reaction required 48 h to achieve full conversion and formed a mix 

of the exo and endo-isomers of mono-silyl-substituted norbornene, as well as the mono-silyl-

substituted nortricyclane (Figure 3.37). The ratio of these products was 32, 48 and 20%, 

respectively. It is anticipated that norbornadiene, an excellent chelating ligand, binds very 

strongly to the metal centre of precatalyst 1b and impedes its catalytic activity.  

 

Figure 3.37. Products formed in the hydrosilylation reaction between MD’M and norbornadiene 

using Karstedt’s catalyst (0.05 mol%).163 

 

For the hydrosilylation of ketones, rhodium-based complexes have been reported to be the most 

successful catalysts.164 The mechanism for ketone hydrosilylation differs from alkene 
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hydrosilylation in the initial stages, due to the different polarities of the double bond. Proposed 

mechanisms suggest that the ketone is bound to the silyl group through the carbonyl oxygen 

atom.165 This is in contrast to alkenes, which are coordinated to the metal centre through a π-

interaction. This difference in mechanism may account for why precatalyst 1b is able to 

successfully catalyse the hydrosilylation of alkenes, but not ketones.  

 

3.8.7 Recharges with inert substrates 

 

In an effort to effect hydrosilylation activity with the inert alkene substrates, a series of recharge 

experiments were conducted. The in-situ 1H NMR experiment was repeated using the same 

conditions as described in section 3.6 (0.0025 M 1b, 0.9 – 1.2 M MD’M, 0.9 – 1.2 M VTMS in d2-

dichloromethane, 120 s irradiation) but stopped after complete conversion of MD’M and VTMS 

was observed.  A batch of 1 MD’M : 1 inert alkene was then added into the reaction mixture. 

The logic behind this series of experiments was that the activation of the precatalyst via a 

reactive substrate could facilitate the hydrosilylation reaction of an otherwise unreactive alkene. 

The concentration-time profile for the model reaction recharged with 1 MD’M : 1 cyclohexene 

is shown in Figure 3.38.  

 

Figure 3.38. Concentration-time profile of MD’M and VTMS consumption and beta product 

formation during the photoactivated hydrosilylation reaction between MD’M and VTMS, 

recharged with MD’M and cyclohexene upon completion. Reaction conditions (0.0025 M 1b, 

0.93 M MD’M, 0.93 M VTMS, irradiated 120 s then recharged with 1.2 M MD’M and 1.2 M 

cyclohexene upon completion.  
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Addition of MD’M and cyclohexene to the catalysis solution post hydrosilylation did not afford 

any hydrosilylation products from cyclohexene. This substrate remains inert, even after 

activating the precatalyst. Based on Kühn’s observations, this implies that the active species 

generated from precatalyst 1b is saturated with VTMS, and cyclohexene cannot displace VTMS 

due to its poorer binding strength.2 

To determine if trans-2-octene could undergo hydrosilylation after the precatalyst was activated, 

the model reaction was conducted and then recharged with 1 MD’M:1 trans-2-octene. The 

concentration-time profile for this experiment is shown in Figure 3.39.  

 

Figure 3.39. Concentration-time profile of MD’M and VTMS consumption and beta product 

formation during the photoactivated hydrosilylation reaction between MD’M and VTMS, 

recharged with MD’M and trans-2-octene upon completion. Reaction conditions (0.0025 M 1b, 

0.93 M MD’M, 0.93 M VTMS, left for ~1 h thermally then irradiated 120 s. Recharged with 0.93 

M MD’M and 0.93 M trans-2-octene upon completion.  

 

Similarly to what was observed when the model reaction was recharged with 1 MD’M : 1 

cyclohexene, no reaction is observed when 1 MD’M:1 trans-2-octene are added to the reaction 

mixture. This shows that the active catalyst generated from 1b in the model reaction using VTMS 

as the alkene substrate is not effective in catalysing the hydrosilylation of trans-2-octene. This 

could be attributed to trans-2-octene having a weaker binding strength than VTMS.  
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In an effort to effect the hydrosilylation of norbornadiene, the model reaction was recharged 

with 1 MD’M:1 norbornadiene after full conversion was achieved. The concentration-time 

profile for this experiment is shown in Figure 3.40.  

 

Figure 3.40. Concentration-time profile of MD’M and VTMS consumption and beta product 

formation during the photoactivated hydrosilylation reaction between MD’M and VTMS, 

recharged with MD’M and norbornadiene upon completion. Reaction conditions (0.0025 M 1b, 

0.93 M MD’M, 0.93 M VTMS, left for ~1 h thermally then irradiated 120 s. Recharged with 0.93 

M MD’M and 0.93 M norbornadiene upon completion.  

 

Unsurprisingly, the recharge experiment did not produce any hydrosilylation products from the 

norbornadiene substrate. However, a slight reduction in the concentrations of MD’M and 

norbornadiene was observed, concomitant with the formation of a distinguishable new signal 

at δ 2.93 in the 1H NMR spectrum. This could be attributed to the formation of either a 

decomposition product, or quadricyclane, which has been reported as a photoisomerisation 

product of norbornadiene.166 However, due to significant signal overlap with the other 

substrates, it is not possible to identify this product.  

The recharge of 1 MD’M:1 VTMS with a batch of the same solution was successful, and this will 

be discussed in chapter four.  
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3.9 Comparison to the commercial catalyst  
 

After verifying the suitability of the precatalysts for photoactivated hydrosilylation in the model 

reaction, they were taken forward for studies using the commercial substrates. All experiments 

discussed below were conducted as part of a placement at Johnson Matthey Technology Centre, 

with the assistance of Dr Samuel Douglas. The commercially used methylhydrosiloxane / 

dimethylsiloxane co-polymer (HMS) and vinyl-terminated polydimethylsiloxane (DMS) 

substrates are shown in Figure 3.41, and were used at a ratio of 6.8 HMS : 100 DMS, in line with 

the established industrial protocol.  

 

Figure 3.41. Structures of commercially used methylhydrosiloxane / dimethylsiloxane co-

polymer (HMS) and vinyl-terminated polydimethylsiloxane (DMS) substrates. 

 

3.9.1 Curing times in commercial substrates  

 

To assess the curing times of precatalysts 1a, 1b, 1d and 1i in the commercial substrates, a series 

of cuvette tests were conducted. In this proof-of-concept study, the precatalyst (50 ppm) was 

dissolved in dichloromethane (100 μL) and added to the HMS / DMS formulation (2 g). The 

mixture was vigorously shaken in a sample vial and then transferred to a cuvette. A stirrer bar 

was added to the cuvette and then the cuvette was positioned on a stirrer set 110 mm away 

from a commercial 300 W Xe arc lamp with a water-cooled chamber, as shown in Figure 3.42. 

The same revolutions per minute were used for all experiments. The lamp was then switched on 

and a timer was started. The curing time was determined by the time needed for the stirrer bar 

to stop stirring, due to increased viscosity of the formulation once cured.  
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Figure 3.42. 300 W Xe arc lamp with water cooled chamber 110 mm away from the cuvette. The 

cuvette contains the catalyst solution and HMS / DMS polymers.  

 

Stirring the solution resulted in the formation of a solid polymeric material, as shown in Figure 

3.43, verifying that the precatalysts are suitable for curing the commercial substrates. The curing 

times and experimental conditions for each precatalyst are detailed in Table 3.5.  

 

Figure 3.43. Inverted cuvette after curing the precatalyst in the HMS / DMS formulation. 
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Table 3.5. Comparisons of the cure times using a variety of precatalysts in the photoactivated 

hydrosilylation reaction of HMS and DMS.  

 

 

Unfortunately, the water-cooled chamber did not provide sufficient cooling to maintain an 

ambient temperature over the course of the reaction, so significant increases in temperature 

were observed in the cuvette (up to 52 °C).  This means that the precatalysts were thermally and 

photochemically activated, so the curing times cannot exclusively be attributed to the 

photoactivated nature of the precatalysts. Nonetheless, the 50 ppm precatalyst loading gives 

curing times for all precatalysts on the order of 4.8 x 102 s (0.13 h) – 2.5 x 103 s (0.69 h). Although 

these curing times are significantly longer than that required for the industry standard  

MeCpPtMe3 (i-68) which only required 1.5 x 102 s to cure, the precatalysts used in this study offer 

advantages such as having a simpler synthetic route and potentially being less toxic.167,168,114 

Precatalysts 1d and 1i cure the HMS / DMS formulation faster than precatalysts 1a and 1b, which 

is in accordance with what was observed in the model reaction in the in-situ 1H NMR studies (see 

Table 3.2). This demonstrates that the model reaction is a suitable system for benchmarking the 

precatalysts and determining their efficacy for industrial applications. The ability of the 

precatalysts to cure the siloxane polymers in a reasonable timeframe, at low catalyst loadings, 

demonstrates their potential to replace the currently used highly toxic commercial catalyst.144,169 
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3.9.2 Thermal stability studies  

 

Differential scanning calorimetry (DSC) was used to assess the thermal stability of the 

precatalysts (50 ppm) in the curable formulation composed of 6.8 HMS:100 DMS. As discussed 

in section 3.2, if the exotherm due to hydrosilylation (cure) occurs at low temperatures, this 

means that the formulation would gel prematurely and the precatalysts would not be suitable 

for industrial processes requiring a latency period. To determine the cure temperatures in the 

presence of precatalysts 1a, 1b, 1d and 1i, a stock solution of the precatalyst (50 ppm) in the 

HMS / DMS (2 g) formulation was prepared and 10 μL of this solution was pipetted onto an 

aluminium sample pan for analysis. The DSC measurement curves for all precatalysts are shown 

in Figure 3.44.  

 

Figure 3.44. Thermal DSC analysis of the cure temperature of 6.8 HMS : 100 DMS in the presence 

of selected precatalysts. 

 

The exotherm is observed as the hydrosilylation (curing) reaction takes place, and in all cases, 

the cure temperature is above 110 °C. The industry standard catalyst (i-68) cures at 156 °C, whilst 

the curing temperatures are 123, 127, 124 and 114 °C for precatalysts 1a, 1b, 1d and 1i, 

respectively. This shows that the curing temperature has a dependence on the nature of the 

catalyst and the structure of the ligands. Precatalyst 1i has the lowest curing temperature, 

whereas 1a, 1b and 1d have slightly higher curing temperatures, which demonstrates that the –



Chapter 3 

Page | 177  

 

OCH3 group on the salicylaldehyde component of the Schiff base ligand leads to a system that is 

slightly less thermally stable. This is in accordance with the reaction times required in the model 

thermal reaction in the in-situ 1H NMR studies (see Table 3.2), where the reaction time is much 

faster for 1i (2.8 x 104 s) than for 1a or 1b (ca. 8.0 x 104 s). This might imply that lower thermal 

stability is conducive to faster catalysis, but this trend does not hold for precatalyst 1d, which 

takes only 1.6 x 104 s to promote full conversion in the model thermal reaction. Despite the 

precatalysts in this study showing slightly lower curing temperatures than i-68, they all cure at 

temperatures much higher than ambient conditions, which is an important characteristic of a 

latent, photoactivated catalyst.  

 

3.10 Conclusions  
 

This chapter has presented the development of a model hydrosilylation reaction between MD’M 

and VTMS, which has been used to assess the efficacy of precatalysts 1a–1i in thermal and 

photoactivated hydrosilylation reactions. All precatalysts were found to effect hydrosilylation 

and afforded the anti-Markovnikov (beta) product exclusively, under thermal and photoactivated 

conditions. For all precatalysts, significant accelerations in rate were observed upon a burst of 

irradiation (10 – 120 s). That continuous irradiation was not required to effect hydrosilylation 

demonstrates the use of 1a–1i as photoactivated hydrosilylation precatalysts. Under thermal 

conditions, a sigmoidal profile, with an associated induction period and a pseudo-zero order 

regime at maximum rate of turnover, is observed for all precatalysts except 1c and 1d. 

Precatalysts 1c and 1d show much shorter induction periods and apparent zero-order reaction 

profiles that operate over nearly all of the reaction profile. The time measured to completion 

under thermal conditions varies from 1.8 h (1c) to 22.4 h (1a). Under photoactivated conditions, 

the time measured to completion varies from 0.15 h (1c) to 4.7 h (1a). Whilst a direct trend has 

not been established, as a bigger library of complexes is required, some key structural features 

of these precatalysts can be related to their catalytic activity. For instance, in the model thermal 
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reaction, 1d has a shorter induction period than 1g (5.8 x 102 s compared to 1.2 x 103 s), but 1g 

promotes faster turnover overall (1.6 x 104 s for 1d and 1.5 x 104 s for 1g). This might suggest 

that the benzo[h]quinoline ligand is more suited than phenylpyridine for providing latent 

reaction kinetics, due to its higher stability. Precatalyst 1c promotes faster turnover than 1d in 

both the thermal (6.4 x 103 s for 1c compared to 1.6 x 104 s for 1d) and photoactivated (7.6 x 102 

s for 1c compared to 1.4 x 103 s for 1d) model reactions, which suggests that introduction of an 

alkyl group onto the salicylaldimine ligand is conducive to enhanced photoactivation efficiencies. 

Precatalysts 1a and 1b show the best latent reaction kinetics and have induction periods of 5.0 

x 103 s and 1.0 x 104 s respectively, and after 120 s irradiation, full conversion to the beta product 

is realised after 5.6 x 103 s and 4.4 x 103 s, respectively. To demonstrate its suitability under 

commercially relevant conditions, precatalyst 1b was also shown to catalyse the model reaction 

at a catalyst loading of 0.0025 mol% (0.000025 M / 14 ppm).  

Owing to its excellent latency and ability to promote hydrosilylation photochemically, precatalyst 

1b was used to expand the alkene substrate scope in the model photoactivated (120 s) reaction. 

This precatalyst successfully catalysed the hydrosilylation reaction between MD’M and VTMOS, 

oct-1-ene, 3-Buten-2-one, styrene and 4-methoxystyrene. For all alkene substrates except 3-

Buten-2-one, the main product conforms to the anti-Markovnikov rule and yields the beta 

product. The 3-Buten-2-one substrate displays complete chemoselectivity in favour of the 

hydrosilylation of the terminal alkene, rather than the ketone, but is more selective towards the 

alpha (Markovnikov) product (93%). Whilst using VTMS as the alkene selectively yields the beta 

hydrosilylation product, VTMOS also undergoes Markovnikov hydrosilylation to afford 10% alpha 

product. Both styrene substrates also furnish the alpha product when used in the model reaction 

(78% for styrene and 87% for 4-methoxystyrene). The observed selectivities are similar to those 

when using [Pt(DMS)2Cl2] as a thermally activated hydrosilylation catalyst.159When oct-1-ene is 

employed as the alkene substrate, the beta product is formed as well as 9% isomerisation 

products. Compared with the model reaction using VTMS, the reaction proceeds more slowly in 

the presence of all the other studied alkenes except oct-1-ene, and 4-methoxystyrene was 
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identified as the slowest reacting substrate (ToFapp < 2.0 x 101 h-1 compared to ToFapp = 3.3 x 102 

h-1 for VTMS). Kühn suggested that the binding strength of alkenes dictates their reactivity in 

hydrosilylation, where substrates that bind too weakly will not undergo hydrosilylation, and the 

reactivity of substrates that bind too strongly will suffer.2 This concept will be explored in more 

detail in chapter four. The hydrosilylation of cyclohexene, norbornadiene, acetone and trans-2-

octene was attempted using precatalyst 1b, but this was unsuccessful in all cases. It was found 

that these substrates would not undergo hydrosilylation even upon the recharge of a catalysis 

run using MD’M and VTMS.  

The final section of this chapter has presented the ability of precatalysts 1a, 1b, 1d and 1i to cure 

the commercially used polysiloxane substrates (HMS and DMS) at commercially relevant catalyst 

loadings (50 ppm). All precatalysts photocured the substrates in a timeframe of 4.8 x 102 – 2.5 x 

103 s. Precatalysts 1d and 1i cured the formulation faster than precatalysts 1a and 1b, which is 

in accordance with that observed in the in-situ 1H NMR studies using the model reaction. The 

thermal stability of these precatalysts in the HMS / DMS formulations was also examined, and 

the cure temperatures were found to be in the range of 114 °C – 127 ° C. This is similar to that 

observed for the industry standard catalyst i-68, which has a cure temperature of 156 °C.  

Having established that precatalyst 1a and 1b show excellent latency and good photoactivation 

efficiencies, they were taken forward for mechanistic studies. The model reaction detailed in this 

chapter serves as a platform from which further mechanistic studies are conducted. Chapter four 

presents a detailed mechanistic study, where the order in substrates is determined and isotope 

labelling experiments are conducted to pinpoint the mechanistic steps. The experimental data is 

also modelled using COPASI, and a mechanism for photoactivated hydrosilylation using 

precatalyst 1b is proposed. This chapter will also detail a series of experiments that were 

conducted to elucidate the nature of the active species formed from precatalyst 1b. It is hoped 

that this study will shed light on photoactivated hydrosilylation reactions and pave the way for 

the development of new catalyst systems that combine the advantages of low toxicity, good 
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solubility in polysiloxane substrates, good latent reaction kinetics and excellent catalytic activity 

upon exposure to UV-light.
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Chapter 4 – Mechanistic Studies on the Hydrosilylation Reaction 

 

4.1 Preamble  
 

In the previous chapter, the results obtained using the Pt(sal)(ppy) complexes 1a to 1i as 

hydrosilylation precatalysts were outlined. The high selectivity observed in the hydrosilylation 

reaction under thermal and photoactivated conditions between MD’M and VTMS, along with 

the latent reaction kinetics and extremely low levels of side reactions compared to other 

platinum catalysts warranted an in-depth mechanistic study on the mode of action of this unique 

class of platinum(II) complexes. In this chapter, our current understanding of the hydrosilylation 

reaction catalysed by Pt(sal)(ppy) complexes is developed through the use of poisoning 

experiments, reaction kinetics, isotope effects and kinetic modelling. For all of these studies, 

precatalysts 1a and 1b were chosen as exemplars. Despite not promoting the fastest turnover of 

all the precatalysts, their reaction times are slow enough to allow a sufficient number of data 

points for a satisfactory kinetic analysis. Furthermore, 1a and 1b offer the best latent reaction 

kinetics under thermal conditions, which is a desirable characteristic of a photoactivated 

hydrosilylation catalyst in industrial processes such as additive manufacturing.5 As outlined in 

Chapter three, the hydrosilylation reaction between MD’M and VTMS in d2-dichloromethane 

using the precatalyst at 0.0025 M was optimised as the model reaction (Figure 4.1). In the 

photoactivated reactions, the sample was irradiated using 365 nm light, whilst this step was 

omitted in the thermal reactions.  

 

Figure 4.1. Model hydrosilylation reaction chosen for the mechanistic study. 
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Distinguishing between metal-complex homogeneous catalysis and metal-particle 

heterogeneous catalysis is not trivial and has attracted much attention in the literature.170 There 

is no single technique that can provide an unambiguous answer as to whether homogeneous or 

heterogeneous catalysis is taking place, so a series of complementary experiments need to be 

conducted when attempting to identify the true nature of the active species. Finke and 

coworkers developed a general approach to address this problem by using a series of physical 

methods and tests involving reaction kinetics, transmission electron microscopy (TEM) imaging, 

light scattering, UV–visible spectroscopy, poisoning experiments, filtration experiments and 

catalyst isolation.170,171 The most relevant tests are discussed in more detail below.  

 

I. Analysis of the reaction kinetics.  

It has been suggested that homogenous catalysis yields reproducible kinetics whereas 

heterogeneous catalysis yields irreproducible kinetics.172 However, there have been 

cases where systems involving nanocluster catalysts have shown highly reproducible 

kinetics, which shows that such a distinction does not apply in all cases.173 Therefore, the 

observation of reproducible reaction kinetics cannot be used to rule out heterogeneous 

catalysis. The observation of a sigmoidal kinetic curve however, has been shown to be 

compelling evidence for the in-situ formation of a heterogeneous catalyst, assuming that 

the reaction products have already been identified as nanoclusters (for example, by 

TEM), or by visual observation of bulk-metal precipitate.174 

 

II. Analysis by TEM. 

Transmission electron microscopy is an incredibly powerful technique for detecting the 

presence of nanoclusters which have either been produced in reaction solutions, or 

deliberately synthesised. This technique is able to detect concentrations of colloidal 

metal as low as ≥10-12 M.170 There is an abundance of literature on TEM being used to 
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characterise the size, shape and interface structure of platinum nanoparticles in the 

hydrosilylation reaction.8,66,175 The major drawback of TEM is that despite its sensitivity, 

it does not provide evidence that the observed nanoclusters are the actual species 

responsible for the catalysis. Separation of the nanoclusters from reaction solutions can 

be very challenging so it is imperative that TEM is used in combination with other tests, 

such as poisoning experiments, when attempting to identify the nature of the active 

species.  

 

III. Analysis by light scattering.  

The presence of metal particles in catalytic solutions can be detected by light 

scattering.176,177,178 This technique can detect particles > 1 nm in diameter and the 

analysis is performed in solution which means metal particles can be detected in-situ.176 

In the same way as TEM however, light scattering cannot ascertain that the detected 

metal particles are the catalytically active species, so this technique must be used in 

combination with poisoning experiments, for example, to determine the true nature of 

the active species. Another issue with this technique is that the presence of dust or 

particles from abrasion of the reactor can lead to “false positives”.172  

 

IV. Mercury poisoning experiments. 

The use of elemental mercury to poison metal-particle heterogeneous catalysts is a well-

practised technique.179,180 The catalytic activity of bulk platinum metal is supressed by 

Hg(0) amalgamating the metal or adsorbing on the metal surface. Crabtree and 

Whitesides showed that whilst Hg(0) can be used as a selective poison for 

heterogeneous catalysts, homogeneous catalysts are unaffected.37,83,178 Lewis and 

coworkers studied the effect of Hg(0) in the hydrosilylation reaction between 

triethoxysilane and VTMS, using either Speier’s catalyst or Pt(COD)Cl2.176  It was shown 
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that pre-reaction of the catalysts with Hg(0) led to complete poisoning and therefore 

inhibition of catalysis, whilst in the absence of Hg(0), the reaction proceeded to give 

hydrosilylation products. These results suggest, in combination with complementary 

TEM images, that the active species for the hydrosilylation reaction in the presence of 

either Speier’s catalyst or Pt(COD)Cl2, is heterogeneous. It is important to note however, 

that pre-reaction of the catalyst with Hg(0) is not the same as adding Hg(0) during 

productive turnover, as Hg(0) may inhibit catalyst formation, rather than supressing the 

actual catalyst. Inhibition by Hg(0) in the photoactivated hydrosilylation reaction using 

CpPtMe3 as the catalyst has also been demonstrated by Boardman (see Chapter One, 

Scheme 1.19).54 

 

V. Fractional poisoning experiments by strongly coordinating ligands.  

Poisoning experiments using strongly coordinating ligands such as CS2, PMe3 and 

thiophene can facilitate the process of distinguishing between homogeneous and 

heterogeneous catalysis.170,173,181 These poisons operate by binding strongly to metal 

centres and blocking access of substrate to the active site. If catalysis is inhibited when 

< 1.0 eq. of selective poison is added per metal centre, then this is good evidence for a 

heterogeneous catalyst. On the contrary, typically > 1.0 eq. of selective poison is required 

to completely halt a reaction that is catalysed by a homogeneous, monometallic 

complex. The rationale behind this is that in a heterogeneous catalyst, only a fraction of 

the metal atoms is on the surface, so < 1.0 eq. of selective poison would be sufficient to 

poison all active surface atoms.  

Crabtree and Anton introduced another homogeneous catalyst poisoning experiment, 

which is the addition of dibenzo[a,e]cyclooctatetraene (DBCOT) to catalytically active 

solutions.37,178 The conformational constraints of this molecule make it an excellent 

chelating ligand for transition metals but severely limit the interactions with metal 
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surfaces. Consequently, the presence of DBCOT should have an inhibitory effect on the 

catalytic activity of a homogenous complex but little effect on a heterogeneous platinum 

colloid. Boardman showed that DBCOT did not act to attenuate catalytic activity in the 

photoactivated hydrosilylation reaction using CpPtMe3 as a precatalyst, which served as 

further evidence of a heterogeneous colloidal catalyst.54  

 

The ability to distinguish homogenous from heterogeneous catalysis is important because the 

nature of the catalyst directly influences the catalytic properties such as the catalytic activity, 

selectivity, lifetime, and recovery. For platinum catalysed hydrosilylation, the line between 

homogeneous and heterogeneous catalysis has long been blurred, and some precatalysts have 

been reported to facilitate reactions homogeneously in one case and heterogeneously in 

another. 54,182,183,184 

There have been several studies that have explored how the coordination strength of the alkene 

exerts a decisive effect on the kinetics of the hydrosilylation reaction in a homogenous process. 

Following Lewis’ conclusions that Karstedt’s catalyst operates via a homogeneous mechanism, 

beginning with the decoordination of the surrounding 1,3-divinyl-1,1,3,3-tetramethyldisiloxane 

(dvtms) ligands prior to reaction of the substrate alkene, Osborn et al. reported an extremely 

active modification of Karstedt’s catalyst by replacing one dvtms ligand with the electron-

withdrawing alkene, methylnaphthoquinone.6,19,38 The presence of this electron deficient alkene 

on platinum is proposed to facilitate the decoordination of the remaining dvtms ligand and 

therefore greatly accelerate the pathway towards the active species. A detailed mechanism was 

not provided but it was proposed that 4.1 is formed from Karstedt’s catalyst by displacement of 

the labile dvtms ligand under catalytic conditions, followed by dissociation of one alkene ligand 

to form the 14 e− Pt0 species 4.2 (Scheme 4.1). This undergoes oxidative addition of silane to 

form 4.3, which upon further loss of alkene and dimerisation forms 4.4. Osborn suggested that 

both monomeric and dimeric species are involved in the catalytic cycle so 4.3 and 4.4 may then 
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lead to hydrosilylation products. Since then, there have been several contributions with these 

types of platinum catalysts.185,186  

 

Scheme 4.1. Proposed mechanism for the observed rate acceleration of Osborn’s catalysts 

compared to Karstedt’s catalyst. 

 

More recently, Kühn and colleagues conducted an in-depth study on how the binding strengths 

of a variety of alkenes impact on the hydrosilylation activity when using Karstedt’s catalyst.2 They 

found that the highest reaction rates were observed when the substrates used prompted ligand 

exchange of dvtms for the respective alkene (Scheme 4.2). Using 195Pt NMR spectroscopy to 

monitor the extent of ligand exchange at 1.0, 5.0 and 50 equiv. of alkene per platinum, it was 

found that no ligand exchange was observed with substrates that exhibited no hydrosilylation 

activity such as cyclohexene and trans-oct-2-ene. On the contrary, the highly reactive oct-1-ene 

was found to replace the bridging dvtms ligand to form 4.5, whilst norbornene was found to 

replace both the bridging and chelating dvtms ligand to form 4.6. It was concluded that 

norbornene binds to Pt several orders of magnitude stronger than oct-1-ene. Despite a certain 

degree of alkene binding affinity to the Pt centre being beneficial for rapid hydrosilylation, Kühn 
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suggested that if the alkene binds too strongly, the reactivity suffers. This was exemplified with 

the use of maleic anhydride as the alkene substrate, which demonstrated full replacement of the 

dvtms ligands at the Pt:alkene ratio of 1:5 yet was not converted at all to hydrosilylation products 

in the catalytic reaction. This builds on the initial studies by Lewis, Osborn and others and 

demonstrates how stabilising the metal centre with ancillary ligands of just the right coordination 

strength is conducive to forming a highly active homogeneous catalyst.6,19,38 

 

Scheme 4.2. Ligand exchange of Karstedt’s catalyst when exposed to olefin substrates.2 

 

Kühn also suggested that the coordination strength of the alkene in question directly determines 

the nature of the active species (Scheme 4.3). At very low alkene concentrations, 4.7 is proposed 

to be the most dominant species, but typically Pt(0) is coordinated by three alkenes (i.e. 4.9). For 

a relatively weakly coordinating alkene such as oct-1-ene, the identity of the active species is 
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thought to resemble 4.8, whereas a strongly coordinating alkene is thought to be more akin to 

4.9 (Scheme 4.3). This is attributed to the fact that if the interaction between the alkene and the 

platinum centre is weak, oxidative addition of SiR3–H with loss of one alkene ligand is more likely. 

The proposed coordination geometries about the platinum centre are typical for Pt(0) complexes 

(Pt(II) for 4.8) and have been previously suggested.19  

 

Scheme 4.3. Different proposed active species depending on the binding strength of the alkene. 

The depicted alkene represents dvtms on Karstedt’s catalyst and the alkene substrate for 

hydrosilylation.2 

 

Mechanistic studies on the platinum catalysed hydrosilylation reaction have suffered on two 

accounts. Firstly, the complexity of the kinetics in this reaction has meant that there is an absence 

of reliable information in this regard.2,41,73,187 Secondly, identification of the nature of the active 

species for a mechanism based on mononuclear species has been incredibly challenging, due to 

the highly reactive and fleeting nature of platinum intermediates at low concentrations. 

Obtaining in-situ evidence of platinum colloids during the catalytically active portion of the 

hydrosilylation reaction also presents challenges. Due to these factors, there has been very few 

detailed kinetic studies where the concentration of substrates and products have been 

monitored over time.2,72,73 This chapter will present a study on the elucidation of the nature of 
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the active catalyst generated from precatalyst 1b, along with a detailed kinetic and mechanistic 

study on the hydrosilylation reaction catalysed by 1a and 1b.  

 

4.2 Identifying the nature of the active species 
 

In  order to explore the nature of the active catalyst derived from using 1b as a precatalyst 

(0.0025 M) in the model hydrosilylation reaction between MD’M (0.8 – 1.0 M) and VTMS (0.8 – 

1.0 M), a series of poisoning experiments was conducted. For each experiment, precatalyst 1b 

was loaded into a J. Young’s NMR tube and to it was added d2-dichloromethane, along with 

MD’M, VTMS and mesitylene as an integration standard from a stock solution. For the 

photoactivated experiments, the sample was inserted into the NMR spectrometer and an array 

of ~20 1H NMR spectra was acquired to show the thermal latency period for ~1 h. The sample 

was then irradiated using the bespoke 365 nm LED for either 10 or 120 s before being inserted 

back into the spectrometer. An array of ~10 1H NMR spectra was acquired, before the relevant 

poison (Hg(0) or DBCOT) was doped in after catalytic activity had been established. The sample 

was returned to the spectrometer and a further array of ~50 1H NMR spectra was acquired. The 

concentration of the beta product was calculated from the concentration of mesitylene and the 

NMR integral of the Si–CH2–CH2–Si (δ 0.42) resonance. The thermal experiments were conducted 

in the same way, with the irradiation step omitted. The kinetics were probed using the initial 

rates method, monitoring the rate of beta product formation over the first 3-5 data points after 

catalytic activity had been established. Errors were calculated using the linear regression model 

(LINEST) in Microsoft Excel. The reported errors are the estimated standard error from the 

model. 

The effect of Hg(0) on the active catalyst under thermal conditions was determined by allowing 

the  reaction to reach ~40% completion, then doping in a drop of Hg(0) and continuing to monitor 



Chapter 4 

Page | 190  

 

the progress of the reaction by 1H NMR spectroscopy (Figure 4.2). Importantly, the NMR tube 

was shaken vigorously when Hg(0) was added, to ensure good mixing. 

 

Figure 4.2. Left – concentration-time profile of beta product formation during the thermal 

hydrosilylation reaction between MD’M and VTMS using 1b as a precatalyst with a drop of Hg(0) 

added after ~20,000 seconds. Right – concentration-time profile of beta product formation in 

the corresponding non-poisoned thermal hydrosilylation reaction overlaid with the poisoned 

experiment. Reaction conditions as detailed in section 4.2.   

 

Evidently, addition of Hg(0) to the reaction mixture at ~20,000 s did not act to modify the active 

catalyst. The rate extracted from the 5 data points prior to the addition of Hg(0) is 2.20 ± 0.08 x 

10-5 mol dm-3 s-1, whilst the rate after the addition is 2.57 ± 0.04 mol dm-3 s-1, which shows 

essentially no change. In the corresponding experiment with no addition of Hg(0) and at the 

same concentration (after ~40% conversion), the rates from the 5 data points before and after 

40% conversion are 2.4 ± 0.1 x 10-5 mol dm-3 s-1 and 2.3 ± 0.2 mol dm-3 s-1, respectively. That there 

is no appreciable change in the rate after the addition of Hg(0) shows that catalytic activity is not 

supressed, which serves as strong evidence for an active catalyst that is homogeneous in nature. 

In a similar fashion, the effect of Hg(0) on the photoactivated catalyst was studied. After addition 

of  MD’M and VTMS to precatalyst 1b in d2-dichloromethane, the sample was monitored for 1 h 

thermally to show the latency period, then irradiated for 10 s to generate the photoactive 

catalyst. Once turnover was established and the reaction reached ~40% conversion, a drop of 

Hg(0) was added to the reaction mixture, and the NMR tube was shaken vigorously. The sample 
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was not exposed to any further irradiation following the addition of Hg(0) and was monitored by 

1H NMR spectroscopy until full conversion was achieved (Figure 4.3).  

 

Figure 4.3. Left – concentration-time profile of beta product formation during the photoactivated 

hydrosilylation reaction between MD’M and VTMS using 1b as a precatalyst with a drop of Hg(0) 

added after 40% conversion. Right – concentration-time profile of beta product formation in the 

corresponding non-poisoned photoactivated hydrosilylation reaction overlaid with the poisoned 

experiment. Substrate concentrations for non-poisoned experiment: 0.86 M MD’M and 0.86 M 

VTMS. Substrate concentrations for poisoned experiment: 0.86 M MD’M and 0.93 M VTMS. 

Plots are time-shifted to 6000 s to show the same latency period. Reaction conditions as detailed 

in section 4.2, with 10 s irradiation.  

 

Concordant with the same experiment conducted under thermal conditions, the addition of 

Hg(0) did not attenuate catalytic activity for the active catalyst generated under photoactivated 

conditions. The rates extracted from the 5 data points before and after the addition of Hg(0) 

(40% conversion) are 5.9 ± 0.1 x 10-5 and 6.0 ± 0.2 x 10-5 mol dm-3 s-1, respectively. These rates 

are consistent with those in the corresponding non-poisoned experiment (5.5 ± 0.2 x 10-5 mol 

dm-3 s-1 and 5.36 ± 0.08 x 10-5 mol dm-3 s-1 before and after 40% conversion, respectively) which 

shows that the photoactived catalyst is essentially unaffected by Hg(0) and is therefore likely to 

be homogeneous.  

As a complementary selective poisoning experiment to the Hg(0) drop test to confirm the 

homogeneous nature of precatalyst 1b under thermal conditions, 0.3 equiv. of DBCOT relative 

to 1b was added to the reaction mixture after productive catalysis had started (~20,000 s, ~30% 

conversion) (Figure 4.4). 
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Figure 4.4. Left – concentration-time profile of beta product formation during the thermal 

hydrosilylation reaction between MD’M and VTMS using 1b as a precatalyst with DBCOT added 

after 20,000 seconds. Right – concentration-time profile of beta product formation in the 

corresponding non-poisoned thermal hydrosilylation reaction overlaid with the poisoned 

experiment. Reaction conditions as detailed in section 4.2. 

 

As was expected, the strongly chelating DBCOT ligand had an inhibitory effect on catalysis. The 

rates extracted from the 5 data points before and after the addition of DBCOT are 2.1 ± 0.1 x 10-

5 and 1.55 ± 0.06 x 10-5 mol dm-3 s-1, respectively. That the rate after adding DBCOT is 1.3 x slower 

than the rate before the addition demonstrates that DBCOT has effectively chelated to the active 

homogeneous catalyst. This results in the reaction not reaching completion in the monitored 

time period. This result further substantiates the fact that the active catalyst generated under 

thermal conditions was unaffected by Hg(0).  

The effect of DBCOT on the active catalyst generated under photoactivated conditions was also 

examined by first monitoring the reaction for 1 h thermally, then irradiating the sample for 10 s 

to generate the active catalyst, followed by addition of 0.3 equiv. of DBCOT after catalytic activity 

had been established (~10,000 s, ~25% conversion) (Figure 4.5).  
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Figure 4.5. Left – concentration-time profile of beta product formation during the photoactivated 

hydrosilylation reaction between MD’M and VTMS using 1b as a precatalyst with DBCOT added 

after 10,000 seconds. Right – concentration-time profile of beta product formation in the 

corresponding non-poisoned photoactivated hydrosilylation reaction overlaid with the poisoned 

experiment. Substrate concentrations for non-poisoned experiment: 0.86 M MD’M and 0.86 M 

VTMS. Substrate concentrations for poisoned experiment: 0.86 M MD’M and 0.93 M VTMS. 

Reaction conditions as detailed in section 4.2, with 10 s irradiation.  

 

The rates before and after the addition of DBCOT are 5.1 ± 0.1 x 10-5 and 1.7 ± 0.3 x 10-5 mol dm-

3 s-1 respectively, which demonstrates a significant reduction in catalytic activity. That the rate 

after the DBCOT addition is 3 x slower than the rate before shows that it has a more pronounced 

effect on the active catalyst generated under photoactivated conditions than that under the 

thermal conditions. The reaction with DBCOT added did not reach completion in the monitored 

time period. 

As discussed in chapter 3 but for precatalyst 1a, though the same principle holds for precatalyst 

1b under thermal and photoactivated conditions, less than 5% of the precatalyst is likely 

converted to the active form. Therefore, 0.3 equiv. of DBCOT relative to the catalyst represents 

a considerable excess of this poison. That DBCOT only strongly attenuates, rather than halts 

catalysis, suggests that DBCOT undergoes reversible exchange at the thermally generated 

precatalyst. Exchange of DBCOT in Pt-complexes has been reported, as has partial suppression 

by DBCOT in Pt-catalysed hydrosilylation.73,79  

The post-catalysis mixture after the sample had been aged (2 h) was analysed by transmission 

electron microscopy (TEM) and dynamic light scattering (DLS). The sample for TEM was prepared 
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by adding a drop of the completed reaction mixture to a TEM grid and then removing the solvent 

under vacuum. The DLS sample was prepared by directly pouring the post-catalysis mixture into 

a cuvette. A bimodal distribution of platinum nanoparticles between 20 – 30 nm  and < 2 nm was 

observed from the TEM and DLS data (Figure 4.6 and Figure 4.7). The formation of inactive, or 

less active platinum nanoparticles with molecular precatalysts has been previously suggested to 

be a result of catalyst deactivation.2,19,79 

 

Figure 4.6. TEM images of the post-catalysis mixture (2 h). Reaction conditions as detailed in 

section 4.2, with 10 s irradiation. 

 

 

Figure 4.7. DLS data of the post-catalysis mixture (2 h). Reaction conditions as detailed in section 

4.2, with 10 s irradiation. 

 

Taken together, the effects of  Hg(0) and DBCOT on the catalytic activity when using 1b as a 

precatalyst are consistent with homogeneous rather than heterogeneous behaviour under the 
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thermal and photoactivated conditions, despite nanoparticles being observed. This can be 

further supported by the fact that no discolouration of the reaction mixture is observed after 

catalysis. When combined, the observations on catalyst latency, photoactivation and 

homogeneity provide a platform to explore the mechanism of the active catalyst, and this is 

discussed below.  

 

4.3 Determining order in silane  
 

4.3.1 Using precatalyst 1a 

 

To probe the effect of the concentration of MD’M on catalysis, photoactivated hydrosilylation 

was conducted using precatalyst 1a (0.0025 M) and varied MD’M concentrations of 0.5 M, 1.0 

M and 2.0 M at three different irradiation times. The VTMS concentration was fixed at 1.0 M. For 

each experiment, 1a was loaded into a J. Young’s NMR tube and to it was added d2-

dichloromethane, along with MD’M, VTMS and mesitylene as an integration standard from a 

stock solution. The sample was inserted into the NMR spectrometer and an array of ~20 1H NMR 

spectra was acquired to show the thermal latency period for ~1 h. The sample was then 

irradiated using the bespoke 365 nm LED for either 10, 60 or 120 s before being inserted back 

into the spectrometer. An array of ~100 1H NMR spectra was acquired and the concentrations of 

MD’M, VTMS and the beta product were calculated from the concentration of the integration 

standard and the NMR integrals of the Si–H (δ 4.63), olefinic CH (δ 6.18) and Si–CH2–CH2–Si (δ 

0.42) resonances. The kinetics were probed using the initial rates method, monitoring the rate 

of beta product formation over the first 3-5 data points following irradiation. Errors were 

calculated using the linear regression model (LINEST) in Microsoft Excel. The reported errors are 

the estimated standard error from the model. For each figure in this section, silane refers to 

MD’M and [sil] and alkene refers to VTMS and [alk]. The times taken to achieve full conversion 
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exclude the latency period. The concentration-time profile along with a table of initial rates for 

the 10 s irradiation time is shown in Figure 4.8.  

 

Figure 4.8. Concentration-time profiles of beta product formation during the photoactivated 

hydrosilylation reaction between MD’M and VTMS using 1a as a precatalyst. Reaction conditions 

as detailed in section 4.3.1, with 10 s irradiation. All plots are time-shifted to 4300 s to show the 

same latency period. The table shows the initial rates extracted from the first 5 data points 

following irradiation. 

 

As shown in the table in Figure 4.8, compared with the initial rate measured at the 0.5 MD’M:1 

VTMS ratio, the rates are 3.4 x and 14.2 x faster at the 1 and 2 MD’M:VTMS ratios, respectively. 

This demonstrates that there is a positive order in silane under photoactivated conditions. 

Correspondingly, the times measured to achieve full conversion are 4.14 x 104 s (11.5 h), 1.7 x 

104 s (4.7 h) and 3.1 x 103s (0.9 h) for the 0.5, 1 and 2 MD’M:1 VTMS ratios, respectively. Using 

the rates for beta product formation, rate-concentration profiles were plotted for half, first and 

second order in silane (Figure 4.9).  
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Figure 4.9. Rate-concentration profiles for half, first and second order in MD’M using the rates 

for beta product formation in the photoactivated hydrosilylation reaction between MD’M and 

VTMS with precatalyst 1a. Reaction conditions as detailed in section 4.3.1, with 10 s irradiation.  

 

It transpires that the reaction is approximately second order in MD’M with a linear fit (R2 = 

0.9997), implying that two MD’M’s are involved during, or prior to the rate determining step. 

This is consistent with the observations of Kühn and colleagues, who noted a second order in 

silane when using Karstedt’s catalyst in the hydrosilylation reaction between HSiCl3 and oct-1-

ene.2  

To determine if this same trend was observed upon exposure to longer irradiation times, the 

same experiment was conducted but the sample was irradiated for 60 s. The concentration-time 

profile along with the table of initial rates is shown in Figure 4.10. 
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Figure 4.10. Concentration-time profiles of beta product formation during the photoactivated 

hydrosilylation reaction between MD’M and VTMS using 1a as a precatalyst. Reaction conditions 

as detailed in section 4.3.1, with 60 s irradiation. All plots are time-shifted to 4000 s to show the 

same latency period. The table shows the initial rates extracted from the first 3 data points 

following irradiation. 

 

Consistent with the trends observed at the 10 s irradiation time, an excess of MD’M serves to 

rapidly increase catalytic activity. The rates measured at the 1 and 2 MD’M:1 VTMS ratios are 

2.5 x and 16.7 x faster respectively, than that measured at the 0.5 MD’M:1 VTMS ratio. 

Importantly, the rate at the 2 MD’M:1 VTMS ratio had already reached 40% conversion by the 

first measurement, and the significant error is due to there being insufficient data points to yield 

a linear fit. The times taken to achieve full conversion to the beta product are 2.1 x 104 s (5.8 h), 

9.3 x 103 s (2.6 h) and 1.7 x 103 s (0.5 h) for the 0.5, 1 and 2 MD’M:VTMS ratios, respectively. 

These times are significantly shorter relative to those in the corresponding experiments at 10 s 

irradiation (see Figure 4.8), which suggests that longer irradiation times promote the generation 

of more of the active catalyst. Concordant with the observations at 10 s irradiation, the rate-

concentration profiles yield an approximate second order relationship with a linear fit with 

respect to the MD’M concentration (R2 = 0.9891) (Figure 4.11). This is supportive evidence of the 
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same active species being generated at both 10 and 60 s irradiation, where the latter produces 

more of it.  

 

Figure 4.11. Rate-concentration profiles for half, first and second order in MD’M using the rates 

for beta product formation in the hydrosilylation reaction between MD’M and VTMS with 

precatalyst 1a. Reaction conditions as detailed in section 4.3.1, with 60 s irradiation.  

 

To assess whether the positive order in silane was also apparent upon even longer exposure to 

UV-light, the corresponding experiments were conducted in the same way but irradiated for 120 

s. In this case, an additional ratio of 0.25 MD’M:1 VTMS was used, as it was anticipated that this 

longer irradiation time would promote faster conversion at the higher MD’M:VTMS ratios, and 

this would not provide a sufficient number of data points from which the initial rates could be 

extracted. The concentration-time profiles and table of initial rates are shown in Figure 4.12.  
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Figure 4.12. Concentration-time profiles of beta product formation during the photoactivated 

hydrosilylation reaction between MD’M and VTMS using 1a as a precatalyst. Reaction conditions 

as detailed in section 4.3.1, with 120 s irradiation. All plots are time-shifted to 4500 s to show 

the same latency period. The table shows the initial rates extracted from the first 3 data points 

following irradiation. 

 

As was observed at the 10 and 60 s irradiation times, an excess of MD’M promotes faster 

catalysis. The  rates measured at the 0.5 and 1 MD’M:1 VTMS ratios are 12.6 and 49.7 x faster 

respectively, than that measured at the 0.25 MD’M:1 VTMS ratio. The times taken to achieve full 

conversion are 3.5 x 104 s (9.8 h), 1.7 x 104 s (4.6 h), 5.6 x 103 s (1.5 h) and 7.7 x 102 s (0.2 h) at 

the 0.25, 0.5, 1 and 2 MD’M:1 VTMS ratios, respectively. Due to the extremely high catalytic 

activity at the 2:1 ratio, it was not possible to measure the initial rate. Nonetheless, it follows 

that a second order relationship with respect to MD’M is observed from the 0.25, 0.5 and 1 

MD’M:1 VTMS ratios (R2 = 0.9985) (Figure 4.13). These data imply that the same active species 

is generated for all three irradiation times.  
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Figure 4.13. Rate-concentration profiles for half, first and second order in MD’M using the rates 

for beta product formation in the hydrosilylation reaction between MD’M and VTMS with 

precatalyst 1a. Reaction conditions as detailed in section 4.3.1, with 120 s irradiation. 

 

4.3.2 Using precatalyst 1b  

 

To determine whether precatalyst 1b follows the same reaction kinetics as 1a, the order in MD’M 

was determined in the same way as described in section 4.3.1, using 1b as the precatalyst 

(0.0025 M). The concentration-time profile along with the table of initial rates for the 10 s 

irradiation time is shown in Figure 4.14.  
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Figure 4.14. Concentration-time profiles of beta product formation during the photoactivated 

hydrosilylation reaction between MD’M and VTMS using 1b as a precatalyst. Reaction conditions 

as detailed in section 4.3.1, with 10 s irradiation. All plots are time-shifted to 3300 s to show the 

same latency period. The table shows the initial rates extracted from the first 5 data points 

following irradiation. 

 

As was demonstrated in the parallel experiments using precatalyst 1a, it is evident that an 

increase in MD’M concentration concurs with an increase in initial rate for beta product 

formation when using precatalyst 1b. The measured initial rate for the 1 and 2 MD’M:1 VTMS 

ratios are 7.8 x and 40.3 x faster than that observed at the 0.5 MD’M:1 VTMS ratio. Concordantly, 

the times taken to achieve full conversion for the 0.5, 1 and 2 MD’M : 1 VTMS ratios are 4.36 x 

104 s (12.1 h), 1.0 x 104 s (2.9 h) and 3.3 x 103 s (0.9 h), respectively. The rate-concentration profile 

illustrates that there is second order with respect to MD’M for a linear fit (R2 = 0.9992), which is 

in good agreement with the results observed using precatalyst 1a under the same conditions 

(Figure 4.15). For the concentration-time profile and table of initial rates for the 60 s irradiation 

time, the reader is referred to the appendix.  
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Figure 4.15. Rate-concentration profiles for half, first and second order in MD’M using the rates 

for beta product formation in the hydrosilylation reaction between MD’M and VTMS with 

precatalyst 1b. Reaction conditions as detailed in section 4.3.1, with 10 s irradiation. 

 

To account for the rapid reaction kinetics observed at excess MD’M to VTMS ratios using 120 s 

irradiation with 1a, the range of concentrations was expanded to provide better data density for 

1b. Examining the effect of initial concentration of MD’M versus initial rate over a 5-fold range 

(0.11 M, 0.22 M, 0.44 M, 0.88 M and 1.76 M) whilst keeping the concentration of VTMS constant 

(0.88 M) led to the concentration-time profiles and table of initial rates detailed in Figure 4.16.  
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Figure 4.16. Concentration-time profiles of beta product formation during the photoactivated 

hydrosilylation reaction between MD’M and VTMS using 1b as a precatalyst. Reaction conditions 

(0.0025 M 1b, 0.11, 0.22, 0.44, 0.88 and 1.76 M MD’M, 0.88 M VTMS in d2-dichloromethane, 

left for ~1 h thermally then irradiated 120 s with 365 nm LED, 298 K). All plots are time-shifted 

to 4200 s to show the same latency period. The table shows the initial rates extracted from the 

first 5 data points following irradiation. 

 

Compared with the 0.125 MD’M:1 VTMS ratio, the measured rates are 3.8, 8.0 and 44.7 x faster 

at the 0.25, 0.5 and 1 MD’M:1 VTMS ratios, respectively. As was observed when using precatalyst 

1a and irradiating for 120 s, the rapid conversion to the beta product following the latency period 

does not allow sufficient data points from which the initial rate can be measured. The times 

taken for full conversion to be achieved are 1.4 x 104 s (3.9 h), 1.0 x 104 s (2.8 h), 6.1 x 103 s (1.7 

h), 4.4 x 103 s (1.2 h) and 6.4 x 102 s (0.2 h) for the 0.125, 0.25, 0.5, 1 and 2 MD’M:1 VTMS ratios, 

respectively. Consistent with that observed when precatalyst 1a was used and at the shorter 

irradiation times for both precatalysts, the rate-concentration profiles yield a good linear fit to 

second order in MD’M (R2 = 0.9911) (Figure 4.17). These results indicate that precatalysts 1a and 

1b follow the same reaction kinetics. They also provide reassurance of linearity in the [MD’M]2 

plots at low concentrations – especially the 0.125 MD’M:1 VTMS concentration regime.  
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Figure 4.17. Rate-concentration profiles for half, first and second order in MD’M using the rates 

for beta product formation in the hydrosilylation reaction between MD’M and VTMS with 

precatalyst 1b. Reaction conditions (0.0025 M 1b, 0.11, 0.22, 0.44, 0.88 and 1.76 M MD’M, 0.88 

M VTMS in d2-dichloromethane, left for ~1 h thermally then irradiated 120 s with 365 nm LED, 

298 K). 

 

4.3.3 Using precatalyst 1b at 0.000025 M  

 

To ascertain that the same reaction kinetics were followed at lower catalyst loadings, the effects 

of varying the initial MD’M concentration over a 3-fold range (0.22 M, 0.44 M and 0.88 M) were 

examined using precatalyst 1b (0.000025 M). As longer reaction times were anticipated due to 

the low loadings, the 120 s irradiation time was selected. The concentration-time profiles and 

table of initial rates are detailed in Figure 4.18.  
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Figure 4.18. Concentration-time profiles of beta product formation during the photoactivated 

hydrosilylation reaction between MD’M and VTMS using 1b as a precatalyst. Reaction conditions 

as detailed in section 4.3.3. All plots are time-shifted to 3600 s to show the same latency period. 

The table shows the initial rates extracted from the first 5 data points following irradiation. 

 

In line with the observations when the precatalyst was used at 0.0025 M, an excess of silane 

results in an augmented initial rate. The measured rates at the 0.5 and 1 MD’M:1 VTMS ratios 

are 3.8 x and 17.5 x faster respectively, than that observed for the 0.25 MD’M:1 VTMS ratio. The 

times taken to achieve full conversion to the beta product are 5.16 x 104 s (14.3 h), 4.72 x 104 s 

(13.1 h) and 4.59 x 104 s (12.8 h) for the 0.25, 0.5 and 1 MD’M:1 VTMS ratios, respectively. It is 

noteworthy that the ratios with excess VTMS, i.e. 0.25 and 0.5 MD’M:1 VTMS, lead to the 

slowest turnover, and these rates could be accelerated using an excess of MD’M. Notably, using 

catalyst loadings 100 x less than the experiments reported above does not concur with a 

measured initial rate that is proportionally lower. Indeed using 0.0025 M precatalyst 1b with 120 

s irradiation, the measured initial rates are 4.5 ± 0.1 x 10-5 mol dm-3 s-1, 9.4 ± 0.2 x 10-5 mol dm-3 

s-1, and 5.2 ± 0.1 x 10-4 mol dm-3 s-1, for the 0.25, 0.5 and 1 MD’M:1 VTMS ratios, respectively 

(see Figure 4.16). This corresponds to rates that are approximately only 10 x slower at the 

respective ratios when using 1b at 0.000025M. Importantly, the rate-concentration profiles 

depicted in Figure 4.19 demonstrate that there is still apparent second order in MD’M with a 
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linear fit (R2 = 0.9992), which suggests no substantive change in the mechanism. Thus, the 

[MD’M]2 relationship holds over two orders of magnitude precatalyst concentration. 

 

Figure 4.19. Rate-concentration profiles for half, first and second order in MD’M using the rates 

for beta product formation in the hydrosilylation reaction between MD’M and VTMS with 

precatalyst 1b. Reaction conditions as detailed in section 4.3.3. 

 

4.3.4 Using precatalyst 1b with vinyltrimethoxysilane as the alkene substrate  

 

In an effort to determine whether the observed reaction kinetics regarding the order with 

respect to MD’M were also observed with different alkene substrates, the effects of varying the 

MD’M concentration over a 4-fold range (0.25 M, 0.5 M, 1.1 M and 2.2 M) with a fixed 

concentration of vinyltrimethoxysilane (VTMOS) (1.1 M) were examined. For all experiments, 

precatalyst 1b was used at 0.0025 M. The concentration-time profiles along with the table of 

initial rates are detailed in Figure 4.20. 

 



Chapter 4 

Page | 208  

 

 

Figure 4.20. Concentration-time profiles of beta product formation during the photoactivated 

hydrosilylation reaction between MD’M and VTMOS using 1b as a precatalyst. Reaction 

conditions as detailed in section 4.3.4, with 120 s irradiation. All plots are time-shifted to 3000 s 

to show the same latency period. The table shows the initial rates extracted from the first 5 data 

points following irradiation. 

 

Following suit with that observed when VTMS was employed as the alkene substrate, an excess 

of MD’M also effects faster catalytic activity in the presence of VTMOS. Compared with the 0.25 

MD’M:1 VTMOS ratio, the measured initial rates are 5.6 x, 22.7 x and 113.7 x faster at the 0.5, 1 

and 2 MD’M:1 VTMOS ratios, respectively. Notably, at the 1 and 2 MD’M:1 VTMS ratios, the 

profile is characterised by slower catalytic activity up to ~50% conversion, followed by a marked 

burst of high catalytic activity. For the 2 MD’M:1 VTMS ratio, the measured rate of the final 3 

data points is 2.40 ± 0.05 x 10-4 mol dm-3 s-1. This represents an increase in the rate by 5.5 x 

compared to the initial rate, which could be attributed to the very low concentrations of VTMOS 

available at this point in the reaction, since high concentrations of alkene have been reported to 

be inhibitory for hydrosilylation catalysis (see later in this chapter).2,188 This also reflects that the 

rate of catalysis increases as the substates become enriched in silane with each turnover. 
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Compared to the corresponding experiments using VTMS, the initial rates show that catalytic 

activity is 116.6 x, 43.3 x and 59.8 x slower when VTMOS is used as the alkene substrate at the 

respective 0.25, 0.5 and 1 MD’M:1 VTMS /  VTMOS ratios (see Figure 4.16). Concordantly, the 

times taken to achieve full conversion with the VTMOS substrate are 5.73 x 104 s (15.9 h) and 

1.6 x 104 s (4.4 h), compared with 4.4 x 103 s (1.2 h) and 6.4 x 102 s (0.2 h) when VTMS is used at 

the 1 and 2 MD’M:1 VTMS / VTMOS ratios, respectively. Due to very low activity, the 

experiments at the 0.25 and 0.5 MD’M:1 VTMS ratios were stopped before full conversion was 

achieved. In spite of the slower reaction kinetics, the rate-concentration profiles still return the 

best linear fit for second order with respect to MD’M (R2 = 0.9979), consistent with that observed 

when VTMS is used as the alkene substrate (Figure 4.21). 

 

 

Figure 4.21. Rate-concentration profiles for half, first and second order in MD’M using the rates 

for beta product formation in the hydrosilylation reaction between MD’M and VTMOS with 

precatalyst 1b. Reaction conditions as detailed in section 4.3.4, with 120 s irradiation.  
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Results from Kühn, Osborn and Elsevier have shown that the nature of the alkene substrate is a 

key factor in determining the stability and the hydrosilylation activity of a variety of Pt(0) 

complexes, including Karstedt’s catalyst.2,38,189 It has become widely accepted from these studies 

that decoordination of an alkene moiety is key for generating the active catalyst. If the same 

principle applies for the active catalyst generated from precatalyst 1b, it would be expected that 

VTMOS has an enhanced coordination ability to the metal centre compared to VTMS. This is due 

to VTMS providing more electron density to the Pt centre than VTMOS, which in turn means 

that VTMS is a poorer π-backbonder than VTMOS (Figure 4.22). Analysis of CO stretches in 

Fe(CO4)(vinylsilane) complexes support this idea.190 The enhanced binding strength of VTMOS 

could account for the lower hydrosilylation activity observed when VTMOS is used as the alkene 

substrate.  

 

Figure 4.22. Bonding of vinylsilanes to metal centres. 

 

4.3.5 Recharging using precatalyst 1a 

 

To ascertain whether the catalyst decomposes during the reaction, and to determine whether 

the photoactivated catalyst remains active without further irradiation, a series of  recharge 

experiments were conducted. The in-situ 1H NMR experiment was repeated using the same 

conditions as described in section 4.3.1 (0.0025 M 1a, 0.25 M, 0.5 M, and 1.0 M MD’M, 1.0 M 

VTMS in d2-dichloromethane) but stopped after complete conversion of MD’M and VTMS was 

observed and then a fresh batch of the same stock solution was added in to the reaction mixture. 
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Importantly, the 120 s irradiation time was selected so that the recharge could be conducted on 

the same day as the first charge (to prevent possible change / decomposition of the catalyst 

overnight) and the sample was only irradiated after the ~1 h latency period with no further 

irradiation upon recharging. The concentration of beta product was monitored by in-situ 1H NMR 

spectroscopy during the entire experiment and the initial rate of the recharge was calculated 

using the first 5 data points following the re-charge (Figure 4.23). 

 

Figure 4.23. Concentration-time profiles of beta product formation during the photoactivated 

hydrosilylation reaction using 1a between MD’M and VTMS with a recharge of the same amount 

of MD’M and VTMS after completion. Reaction conditions as detailed in section 4.3.5. All plots 

are time-shifted to 4200 s to show the same latency period. The table shows the initial rates 

extracted from the first 5 data points following the recharge. 

 

Addition of a successive batch of MD’M (0.25 M 0.5 M or 1.0 M) and VTMS (1.0 M) to the 

catalysis solution post hydrosilylation resulted in full consumption of substrates and conversion 

to the beta product, demonstrating that the catalyst remains active. The initial rates of the 

recharge are 1.3, 2.1 and 2.3 x slower than the first charge at the 0.25, 0.5 and 1 MD’M:VTMS 

ratios, respectively (see Figure 4.12). This could be attributed to the slight dilution of the active 



Chapter 4 

Page | 212  

 

catalyst upon recharging with the stock solution. The formation of catalytically active 

nanoparticles may also become significant upon catalyst aging.  

Attempts were made to plot the initial rate of the recharge against the concentration of the beta 

product, but this did not return an acceptable fit for half, first or second order in MD’M. This 

could be due to a contribution of catalytic activity from nanoparticles, which were observed in 

the post-catalysis mixture by TEM (see Figure 4.6). 

 

4.3.6 Recharging using precatalyst 1b  

 

The series of recharge experiments were also conducted using precatalyst 1b under the same 

conditions  detailed in section 4.3.5, but over a 4-fold concentration range (0.0025 M 1b, 0.125 

M, 0.25 M, 0.5 M and 1.0 M MD’M, 1.0 M VTMS in d2-dichloromethane). Figure 4.24 depicts the 

concentration-time profiles along with the table of initial rates from the recharge.  

 

Figure 4.24. Concentration-time profiles of beta product formation during the photoactivated 

hydrosilylation reaction using 1b between MD’M and VTMS with a recharge of the same amount 

of MD’M and VTMS after completion. Reaction conditions as detailed in section 4.3.6. All plots 

are time-shifted to 3900 s to show the same latency period. The table shows the initial rates 

extracted from the first 5 data points following the recharge. 
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Evidently, the catalyst generated from precatalyst 1b upon irradiation remains active after the 

first batch of MD’M and VTMS have been consumed. The initial rates of the recharges are 1.8, 

1.1 and 1.7 x  slower compared to the first charges at the 0.125, 0.25 and 1 MD’M:1 VTMS ratios, 

respectively (see Figure 4.16). For the 0.5 MD’M:1 VTMS ratio, the initial rate of the recharge is 

1.4 x faster than that which was observed upon the first charge.  

Similar attempts were made to plot the initial rate of the recharge against the concentration of 

the beta product, but this again, did not return an acceptable fit for half, first or second order in 

MD’M. This could be attributed to nanoparticles contributing to the catalytic activity.   

 

4.4 Determining order in alkene  
 

4.4.1 Using precatalyst 1a  

 

To analyse the effect of the concentration of VTMS on the model reaction, parallel experiments 

to those described in section 4.3 were carried out but at a fixed concentration of MD’M (1.0 M) 

and a 3-fold range of VTMS concentrations (0.5 M 1.0 M and 2.0 M) using precatalyst 1a (0.0025 

M). The concentration-time profiles along with the table of initial rates for the 10 s irradiation 

time are detailed in Figure 4.25.  
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Figure 4.25. Concentration-time profiles of beta product formation during the photoactivated 

hydrosilylation reaction between MD’M and VTMS using 1a as a precatalyst. Reaction conditions 

as detailed in section 4.4.1, with 10 s irradiation. All plots are time-shifted to 4500 s to show the 

same latency period. The table shows the initial rates extracted from the first 5 data points 

following irradiation. 

 

It transpires that there is a negative order with respect to VTMS since an excess of this substrate 

returns an inhibitory effect on catalysis. This is the opposite of what was observed when an 

excess of MD’M to VTMS was used. Indeed, the measured rates at the 1 and 2 VTMS:1 MD’M 

ratios are 1.2 and 1.7 x slower respectively, than that observed at the 0.5 VTMS:1 MD’M ratio. 

The effect is, however, much less pronounced than when catalysis is performed in the presence 

of an excess of MD’M. The rate-concentration profiles depicted in Figure 4.26 show that the best 

linear fit is obtained for a first order decay with respect to VTMS (R2 = 0.9988).  

The notion that alkene substrates have an inhibitory effect on hydrosilylation has been recently 

reported by Kühn and colleagues, who demonstrated a negative order with respect to oct-1-ene 

in the hydrosilylation reaction with HSiCl3 using Karstedt’s catalyst.2 Earlier work using Karstedt’s 

catalyst by Stein et al., has also shown that having excess silane accelerates the reaction 

compared to the reaction having equimolar or excess alkene.188 They reported that reaction 
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between MD’M and vinylsilane was conducted at 2:1, 1:1 and 1:2 ratios, and the slowest rate 

was observed for the latter ratio. 

 

Figure 4.26. Rate-concentration profiles for negative first, half, first and second order in VTMS 

using the rates for beta product formation in the hydrosilylation reaction between MD’M and 

VTMS with precatalyst 1a. Reaction conditions as detailed in section 4.4.1, with 10 s irradiation. 

 

To ascertain that an inhibitory effect of VTMS was observed at longer irradiation times, the 

corresponding experiments were conducted under the same conditions, but irradiated for either 

60 or 120 s. The concentration-time profile for the 120 s irradiation time is detailed in Figure 

4.27. For the profiles obtained at 60 s irradiation, the reader is referred to the appendix. 
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Figure 4.27. Concentration-time profiles of beta product formation during the photoactivated 

hydrosilylation reaction between MD’M and VTMS using 1a as a precatalyst. Reaction conditions 

as detailed in section 4.4.1, with 120 s irradiation. All plots are time-shifted to 4500 s to show 

the same latency period. The table shows the initial rates extracted from the first 5 data points 

following irradiation. 

 

In accordance with the trend observed at the 10 s irradiation time, excess VTMS results in 

attenuation of catalytic activity at the 120 s irradiation time. Compared with the initial rate 

measured at the 0.5 MD’M:1 VTMS ratio, the rates are 1.5 and 2.1 x slower at the 1 and 2 VTMS:1 

MD’M ratios, respectively. The rate-concentration profiles deliver the best linear fit for negative 

first order with respect to VTMS (R2 = 0.9992) (Figure 4.28).  
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Figure 4.28. Rate-concentration profiles for negative first, half, first and second order in VTMS 

using the rates for beta product formation in the hydrosilylation reaction between MD’M and 

VTMS with precatalyst 1a. Reaction conditions as detailed in section 4.4.1, with 120 s irradiation.  

 

4.4.2 Using precatalyst 1b 

 

To confirm that VTMS also exerted an inhibitory effect on the active catalyst generated upon 

irradiation of precatalyst 1b, the same experiments as described in section 4.4.1 were performed 

using precatalyst 1b (0.0025 M) with 10 and 120 s irradiation, over a 3-fold concentration range 

(0.44 M, 0.88 M and 1.76 M VTMS). A fixed concentration of MD’M was used (0.88 M). The 

concentration-time profiles for the 10 s irradiation time are shown in Figure 4.29.  
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Figure 4.29. Concentration-time profiles of beta product formation during the photoactivated 

hydrosilylation reaction between MD’M and VTMS using 1b as a precatalyst. Reaction conditions 

as detailed in section 4.4.2, with 10 s irradiation. All plots are time-shifted to 3200 s to show the 

same latency period. The table shows the initial rates extracted from the first 5 data points 

following irradiation. 

 

Evidently the inhibitory effect of VTMS persists with the use of precatalyst 1b. In comparison to 

the 0.5 VTMS:1 MD’M ratio, the rates are 2.0 and 3.2 x slower at the 1 and 2 VTMS:1 MD’M 

ratios, respectively. The best linear fit in the rate-concentration profile concurs with negative first 

order with respect to VTMS (R2 = 0.9929) (Figure 4.30). For the corresponding concentration-

time profile at 120 s irradiation, the reader is referred to the appendix, but a negative order in 

VTMS is also observed at this irradiation time. 
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Figure 4.30. Rate-concentration profiles for negative first, half, first and second order in VTMS 

using the rates for beta product formation in the hydrosilylation reaction between MD’M and 

VTMS with precatalyst 1b. Reaction conditions as detailed in section 4.4.2, with 10 s irradiation.  

 

4.5 Adding substrates before and after irradiation 
 

To probe whether the active catalyst released from precatalyst 1a upon irradiation is formed in 

the absence of the MD’M and VTMS substrates, a simple experiment was conducted where the 

precatalyst was irradiated for 10 s in the absence of MD’M and VTMS, which were then added 

to the reaction mixture post-irradiation. A second aim was to determine which substrate, if any, 

plays a more important role in forming the active catalyst. This was examined by irradiating the 

precatalyst plus one substrate for 10 s with the 365 nm LED, followed by addition of the partner 

substrate post-irradiation. For all experiments in this series, precatalyst 1a was used (0.0025 M) 

and the initial concentrations of MD’M and VTMS were 0.95 – 1.0 M. The concentration of the 

beta product forming over time was monitored by in-situ 1H NMR spectroscopy as depicted in 

Figure 4.31 and the kinetics were probed using the initial rates method, monitoring the rate of 

beta product formation for the first 5 data points after catalytic activity had been established 
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(Table 4.1). Errors were calculated using the linear regression model (LINEST) in Microsoft Excel. 

The reported errors are the estimated standard error from the model. 

 

Figure 4.31. Concentration-time profiles of beta product formation during the photoactivated 

hydrosilylation reaction between MD’M and VTMS using precatalyst 1a. Reaction conditions as 

detailed in section 4.5. Blue: precatalyst 1a irradiated 10 s then added MD’M and VTMS, black: 

precatalyst 1a and MD’M irradiated 10 s then added VTMS, pink: precatalyst 1a, MD’M and 

VTMS irradiated 10 s, purple: precatalyst 1a and VTMS irradiated 10 s then added MD’M.  

 

This series of experiments revealed two very significant findings: 1) both MD’M and VTMS are 

required to form the active catalyst from precatalyst 1a, hence the lack of activity observed after 

~1.7 x 104 s (4.7 h) when the precatalyst is irradiated in the absence of both substrates. 2) Despite 

both being required, VTMS plays a more significant role in forming the active catalyst than 

MD’M. Remarkably, when the precatalyst and VTMS are irradiated together prior to the addition 

of MD’M, the rate is 2.3 x faster than in the complementary experiment where the precatalyst 

and MD’M are irradiated together prior to the addition of VTMS. The significance of having the 

precatalyst irradiated in the presence of both MD’M and VTMS is evidenced by the 3-fold 

increase in rate compared to when only the precatalyst and VTMS are involved in the irradiation 

step.  
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Table 4.1. Initial rates extracted from the first 5 data points following irradiation in the 

hydrosilylation reaction between MD’M and VTMS using 1a as a precatalyst. Reaction conditions 

as detailed in section 4.5.  

 

 

In spite of VTMS exerting an overall inhibitory effect on catalytic activity, it clearly plays a very 

active role in the conversion of the precatalyst to the active catalyst. As discussed in chapter one, 

the complexity of the kinetics of the hydrosilylation reaction coupled with the elusive nature of 

the intermediates has made identification of the active species incredibly difficult for almost sixty 

years. The conclusions reached by Stein, Lewis et al.19, and Roy et al.183, were that the active 

species contained Pt–Si and Pt–alkene bonds (Figure 4.32). More recently, Kühn expanded on 

the principles evoked by this earlier work and suggested that the identity of the active species is 

dependent on the binding strength of the alkene (see Scheme 4.3).2 The results presented here 

using precatalyst 1a are supportive of the active catalyst species bearing a resemblance to either 

of those proposed by Stein, Lewis, Roy and Kühn, although the exact composition and structure 

remain to be resolved. 

 

Figure 4.32. Proposed (generic) structures of the active catalyst species in platinum-catalysed 

hydrosilylation according to the literature.2,19,183 Kühn noted that addition spectator ligands 

should be thought of as part of the species denoted as [Pt]. 
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4.6 Effect of alkene on the active species  
 

The notion that VTMS competes for metal sites with MD’M was suggested by the preceding 

results; therefore, cyclohexene, trans-2-octene and norbornadiene, substrates known to be 

reluctant to undergo hydrosilylation in the model system (see chapter 3), were added to the 

reaction with MD’M and VTMS, to probe their role as inhibitors. For all experiments in this series, 

precatalyst 1b was used (0.0025 M) and the initial concentrations of MD’M and VTMS were 0.8 

– 1.1 M. The relevant alkene was added in at the same time as the MD’M and VMTS (0.15 M 

cyclohexene, 0.09 M trans-2-octene, 0.14 M norbornadiene), and then the sample was inserted 

into the spectrometer for ~1 h to monitor the latency period, before being irradiated for 120 s 

with the 365 nm LED. The sample was then returned to the spectrometer and the concentration 

of beta product forming over time was monitored by in-situ 1H NMR spectroscopy . The kinetics 

were probed using the initial rates method, monitoring the rate of beta product formation for 

the first 5 data points after catalytic activity had been established. Errors were calculated using 

the linear regression model (LINEST) in Microsoft Excel. The reported errors are the estimated 

standard error from the model. The concentration-time profile for the sample with doped-in 

cyclohexene is detailed in Figure 4.33, along with the table of initial rates to compare to the rate 

observed in the absence of cyclohexene.  
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Figure 4.33. Concentration-time profiles of beta product formation and MD’M and VTMS 

consumption during the photoactivated hydrosilylation reaction between MD’M and VTMS with 

cyclohexene doped in. Reaction conditions as detailed in section 4.6. 

 

The addition of 0.15 M cyclohexene proved to dramatically slow down the rate of hydrosilylation, 

but still reached completion. Indeed, the rate is 2.1 x slower than that observed in the absence 

of cyclohexene (5.2 ± 0.1 x 10-4 mol dm-3 s-1 compared to 2.54 ± 0.02 x 10-4 mol dm-3 s-1). 

Furthermore, no hydrosilylation of the cyclohexene substrate is observed. The slower rate 

observed in the presence of cyclohexene could be attributed to this latter substrate competing 

for binding sites on the metal centre. This implies that the active species released from 

precatalyst 1b in the hydrosilylation reaction between MD’M and VTMS has similarities to that 

proposed by Kühn (Figure 4.34).2 
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Figure 4.34. Proposed active species formed from precatalyst 1b in the hydrosilylation reaction 

between MD’M and VTMS. Spectator ligands should be thought of as part of the species denoted 

as [Pt]. 

 

In a similar fashion, 0.09 M trans-2-octene was added into the reaction mixture with MD’M and 

VTMS. The concentration-time profile and table of initial rates are shown in Figure 4.35. 

 

Figure 4.35. Concentration-time profiles of beta product formation and MD’M and VTMS 

consumption during the photoactivated hydrosilylation reaction between MD’M and VTMS with 

trans-2-octene doped in. Reaction conditions as detailed in section 4.6. 

 

In accordance with that observed when cyclohexene was added into the reaction mixture, the 

addition of 0.09 M trans-2-octene proved to slow down catalysis by 2.2 x compared with the 

corresponding experiment in the absence of trans-2-octene (5.2 ± 0.1 x 10-4 mol dm-3 s-1 



Chapter 4 

Page | 225  

 

compared to 2.40 ± 0.03 x 10-4 mol dm-3 s-1). There is also no evidence of any hydrosilylation 

products being formed from the reaction of MD’M with trans-2-octene. This implies that trans-

2-octene has a similar inhibiting effect to cyclohexene that could, in part, be related to the 

binding strength.  

In contrast, the addition of 0.14 M norbornadiene proved to completely halt catalytic activity 

(Figure 4.36). That both cyclohexene and trans-2-octene still permit the successful 

hydrosilylation reaction between MD’M and VTMS, albeit at a slower rate, yet norbornadiene 

does not, suggests that this latter substrate binds much more strongly to the active catalyst 

species than VTMS, and inhibits the binding of VTMS to the metal centre. This is in line with the 

kinetic studies conducted by Kühn, where it was reported from Eyring analysis that the activation 

barriers EA for the dissociation of norbornadiene (EA  = 138.6 ± 7.5 kJ mol-1) were much higher 

than that for oct-1-ene (EA  = 60.2 ± 3.5 kJ mol-1).2 Despite the high activation barrier however, 

Kühn found that Karstedt’s catalyst was still effective at catalysing the hydrosilylation reaction 

between norbornadiene and HSiCl3. The inhibition of catalysis by norbornadiene is similar to 

what was observed when DBCOT was added to the reaction mixture, and inhibition by 

norbornadiene has been reported for other Pt(0)-based pre-catalysts.73 

 

Figure 4.36. Concentration-time profiles of MD’M, VTMS and norbornadiene during the 

attempted photoactivated hydrosilylation reaction between MD’M and VTMS with 

norbornadiene doped in. Reaction conditions as detailed in section 4.6.  
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4.7 2H NMR studies  
 

To identify the rate-limiting factors and pinpoint the crucial steps and barriers of the 

hydrosilylation reaction catalysed by the active species generated from precatalysts 1a and 1b, 

a series of 2H-labelling experiments were conducted. Deuterio MD’M was prepared by adding 

RhCl(PPh3)3 to a THF solution of protio MD’M, which was degassed by three successive freeze-

pump-thaw (FPT) cycles and then charged with D2 (3 bar) and stirred vigorously at 25 °C (Scheme 

4.4). The FPT process was repeated after 2 and 4 h to remove excess HD and the solution was 

each time recharged with D2. The product was obtained via distillation as a colourless liquid in a 

good yield (75%). One distinct 2H signal is observed in the 2H NMR spectrum of deuterio MD’M 

at 298 K in dichloromethane (δ 4.63) which corresponds to the Si–D bond (Figure 4.37). The 1H 

NMR spectrum of deuterio MD’M in d2-dichloromethane shows two distinct signals at δ 0.12 

and δ 0.10 , which correspond to the O–Si–(CH3)3 and D–Si–CH3 protons, respectively (Figure 

4.38). The relative integral of the Si–H bond is 0.02, which demonstrates that MD’M is > 99% 

deuterated in the Si–H position. 

 

 

Scheme 4.4. Synthesis of deuterio MD’M. 
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Figure 4.37. 2H NMR spectrum of deuterio MD’M (92 MHz, dichloromethane, 298 K). 

 

 

 

 

Figure 4.38. 1H NMR spectrum of deuterio MD’M (600 MHz, d2-dichloromethane, 298 K). 
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4.7.1 Thermal hydrosilylation using deuterio MD’M   

 

To examine any isotope effects observed under thermal conditions, the model reaction was 

performed in the presence of deuterio MD’M using precatalyst 1a (0.0025 M) The precatalyst 

was loaded into a J. Young’s NMR tube and to it was added d2-dichloromethane, along with 

deuterio MD’M (1.1 M), VTMS (1.1 M) and mesitylene as an integration standard from a stock 

solution. The sample was inserted into the NMR spectrometer and an array of ~100 1H NMR 

spectra was acquired to monitor the formation of beta product over time. The kinetics were 

probed using the initial rates method, monitoring the rate of beta product formation over the 

first 5 data points after catalytic activity had been established. The concentration-time profile 

along with a table of initial rates for the formation of beta product in the presence of deuterio 

MD’M is shown in Figure 4.39, overlaid with the parallel experiment using protio MD’M.  

 

Figure 4.39. Concentration-time profiles of beta product formation during the thermal 

hydrosilylation reaction between MD’M and VTMS (pink) and deuterio MD’M and VTMS (black) 

using 1a as a precatalyst. Reaction conditions as detailed in section 4.7.1. 

 

For both experiments, the reaction is characterised by the same induction period during which 

the catalyst activates: at ~20,000 s, conversion to the beta product is at 17% and 16% using the 
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deuterio MD’M and protio MD’M, respectively. Interestingly after the induction period, the 

presence of deuterio MD’M leads to an accelerated rate of conversion to the beta product 

relative to the protio MD’M counterpart. Indeed at 40,000 s, full conversion has been achieved 

when deuterio MD’M is used, compared with only 44% conversion in the corresponding 

experiment in the presence of protio MD’M. This result was somewhat surprising, as earlier 

studies by Pregosin have shown a primary kinetic isotope effect (kH/kD = 3.6(2)) in the thermal 

hydrosilylation reaction between Et3Si–H and styrene, when using cis-[PtCl2(PhCH=CH2)2] as the 

precatalyst.41  

If precatalyst 1a proceeds via a Chalk–Harrod type mechanism under thermal conditions (Figure 

4.40), a primary kinetic isotope would be expected and would be indicative of either Si–H/D 

bond breakage (prior to or during the rate-limiting step, step I), or rate-limiting olefin insertion 

into the Pt–H/D bond (step III). Lewis, Stein and coworkers interpreted the primary kinetic 

isotope effect (kH/kD = 1.8) observed in the hydrosilylation of MD’M and 

tris(trimethylsiloxy)vinylsilane using Karstedt’s catalyst to be symptomatic of the Si–H/D bond 

breaking before or during the rate-limiting step, but Kühn and coworkers later argued that the 

primary KIE arises from the rate-limiting nature of the migratory insertion step.2,191 The inverse 

isotope effect observed for the active catalyst generated from using precatalyst 1a under thermal 

conditions (kH/kD = ~ 0.2, calculated from the first 5 data points following the induction period), 

implies that 1a proceeds via a different mechanism under thermal conditions, especially since 

the formation of the active catalyst appears to proceed at a similar rate regardless of using protio 

or deuterio MD’M (similar induction periods).  
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Figure 4.40. Simplified Chalk-Harrod mechanism.33  

 

To determine whether an inverse isotope effect was also observed under thermal conditions 

using precatalyst 1b in the presence of deuterio MD’M, the model reaction was conducted in 

the presence of this precatalyst (0.0025 M 1b, 0.93 deuterio MD’M, 0.93 M VTMS). The 

concentration-time profile for beta product formation along with the table of initial rates for this 

reaction and the corresponding experiment using protio MD’M are shown in Figure 4.41.  
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Figure 4.41. Concentration-time profiles of beta product formation during the thermal 

hydrosilylation reaction between MD’M and VTMS (pink) and deuterio MD’M and VTMS (black) 

using 1b as a precatalyst. Reaction conditions as detailed in section 4.7.1. 

 

In accordance with that observed when using precatalyst 1a, using deuterio MD’M in the model 

reaction results in an accelerated rate of catalytic activity compared to the corresponding 

experiment using protio MD’M. The striking difference, however, is that the induction period 

when using protio MD’M is much longer than that observed when using deuterio MD’M when 

precatalyst 1b is employed. From the initial rate measured after catalytic activity has been 

established, using deuterio MD’M results in rate that is 3.3 x faster than that when protio MD’M 

is used (kH/kD = 0.3). Furthermore, the times taken to achieve full conversion are 2.7 x 104 s (7.4 

h) and 7.96 x 104 s (22.1 h) for using deuterio MD’M and protio MD’M, respectively. This implies 

that when using precatalyst 1b, the isotope effect arises from the formation of the active catalyst 

and also from an on-cycle step in the mechanism. 

To further consolidate mechanistic understanding for the thermal regime, the course of this 

reaction was followed by 2H NMR spectroscopy (Figure 4.42). Over time, the signal at δ 4.63 

corresponding to the Si–D bond gets consumed, simultaneous with the formation of the beta 
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product as evidenced by the ethylene signals at δ 0.42. Superimposing the 1H and 2H NMR 

spectra at the end of catalysis shows that there is no difference in product selectivity regardless 

of whether protio or deuterio MD’M is used (Figure 4.43).  

 

Figure 4.42. In-situ stacked 2H NMR spectra of the thermal hydrosilylation reaction between 

deuterated MD’M and VTMS using 1b as a precatalyst (92 MHz, dichloromethane, 298 K). 

Reaction conditions as detailed in section 4.7.1.  
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Figure 4.43. Overlaid 1H (600 MHz, CD2Cl2, 298 K) and 2H (92 MHz, dichloromethane, 298 K) NMR 

spectra at the end of the thermal hydrosilylation reaction between MD’M and VTMS (light blue) 

and deuterio MD’M and VTMS (dark blue) using 1b as a precatalyst. Reaction conditions as 

detailed in section 4.7.1 

 

4.7.2 Photoactivated hydrosilylation using deuterio MD’M 

 

Having observed a significant albeit inverse isotope effect under thermal conditions, deuterio 

MD’M was also employed in the model reaction under photoactivated conditions using 

precatalyst 1b. The precatalyst was loaded into a J. Young’s NMR tube and to it was added d2-

dichloromethane, along with deuterio MD’M (0.93 M), VTMS (0.93 M) and mesitylene as an 

integration standard from a stock solution. The sample was inserted into the NMR spectrometer 

and an array of ~20 1H NMR spectra was acquired to monitor the latency period. Following this, 

the sample was irradiated for 120 s on the 365 nm LED and returned to the spectrometer. A 

further array of ~20 1H NMR spectra was acquired to monitor the formation of beta product over 

time. The kinetics were probed using the initial rates method, monitoring the rate of beta 

product formation over the first 5 data points after catalytic activity had been established. The 
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concentration-time profile along with a table of initial rates for the formation of beta product in 

the presence of deuterio MD’M is shown in Figure 4.44, overlaid with the parallel experiment 

using protio MD’M.  

 

Figure 4.44. Concentration-time profiles of beta product formation during the photoactivated 

hydrosilylation reaction between MD’M and VTMS (pink) and deuterio MD’M and VTMS (black) 

using 1b as a precatalyst. Reaction conditions as detailed in section 4.7.2. All plots are time-

shifted to 3300 s to show the same latency period. The table shows the initial rates extracted 

from the first 5 data points following irradiation. 

 

Contrary to what was observed under thermal conditions, there is a marked deceleration in 

catalytic activity when using deuterio MD’M compared with protio MD’M under photoactivated 

conditions. The observed isotope effect on the initial rates for product formation is 1.4 ± 0.2. This 

isotope effect is similar to that measured for Karstedt’s catalyst combined with similar substrates 

to those used here (1.8), for which reductive elimination is proposed to the turnover-limiting 

step, that is preceded by Si–H bond breaking.19 However for Karstedt’s catalyst combined with 

chlorosilanes and either norbornene or 1-octene alkene substrates, significantly larger isotope 

effects are measured, of 2.4(1) and 3.9(4) respectively. In these cases, the turnover-limiting step 

is proposed to be migratory insertion of the hydride to the alkene.2 It is worth noting that whilst 
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the observed isotope effects prove useful for understanding the catalytic cycle, the used 

methodology is relatively limited as isotope effects are more accurate when studied for a single 

elementary step rather than a complex reaction system, but the elusive nature of platinum 

intermediates makes this very challenging. Nevertheless, in an effort to decipher more 

mechanistic detail under the photoactivated conditions, the reaction was probed further by in-

situ 2H NMR spectroscopy (Figure 4.45). 

 

Figure 4.45. In-situ stacked 2H NMR spectra of the photoactivated hydrosilylation reaction 

between deuterated MD’M and VTMS using 1b as a precatalyst (92 MHz, dichloromethane, 298 

K). Reaction conditions as detailed in section 4.7.2. 

 

Monitoring the reaction by 2H NMR spectroscopy over time shows the consumption of the Si–D 

bond (δ 4.63) with simultaneous formation of the beta hydrosilylation product (δ 0.42). There is 

also evidence of the alpha product forming in the 2H NMR spectrum, but this integrates to give 

only 1% alpha product compared to 99% beta product. Interestingly, there is also evidence of 

H/D exchange into all three position of free VTMS (δ 6.18, 5.93 and 5.68). At the early stages of 



Chapter 4 

Page | 236  

 

reaction this favours the internal C–H vinyl bond (δ 6.18), but over the course of reaction all the 

vinyl C–H bonds undergo H/D exchange.  

The differences observed under the thermal and photoactivated conditions suggest that the two 

proceed via different mechanisms: i) an inverse isotope effect is observed under thermal 

conditions, in contrast to the primary isotope effect observed under photoactivated conditions. 

ii) There is evidence of deuterium scrambling into all positions of VTMS in the photoactivated 

regime, which is not apparent thermally. iii) Under photoactivated conditions, 1% of alpha 

product is observed in the 2H NMR spectrum (this is absent thermally). This shows that migratory 

insertion into the alpha and beta product occurs, but reductive elimination of the beta product 

is favoured. Despite the differences implied in the mechanism, the active species under both 

regimes is most likely homogeneous in nature since both were fractionally poisoned by DBCOT 

but unaffected by Hg(0).  

The observations under photoactivated conditions support all of the following mechanistic 

conclusions: (i) alkene coordination is reversible, (ii) hydride insertion is reversible, (iii) the overall 

barrier to give the intermediate for the alpha product is higher than that for the beta product, 

(iv) reductive elimination is likely the turnover limiting step.  

 

4.7.2.1 Re-charges  

 

The overall isotope effect of 1.4 likely represents a combination of effects arising from precatalyst 

activation and steps in the catalytic manifold. On the catalytic cycle it is likely that an equilibrium 

isotope effect (EIE) would result from reversible migratory insertion, and possibly reversible Si–

H activation, prior to rate determining reductive elimination. This complexity makes delineating 

the individual contributions challenging. In an effort to elucidate this, a recharge experiment 

using precatalyst 1b (0.0025 M) was conducted where deuterio MD’M (1.0 M) was first used and 

then recharged with protio MD’M (1.0 M). The in-situ 1H NMR experiment was conducted under 
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the same conditions as described in section 4.3.5, using a 1:1 ratio of MD’M and VTMS. 

Importantly, the 120 s irradiation time was selected so that the recharge could be conducted on 

the same day as the first charge (to prevent possible change / decomposition of the catalyst 

overnight), and the sample was only irradiated after the ~1 h latency period (no further 

irradiation upon re-charging). The concentration of beta product was monitored by in-situ 1H 

NMR spectroscopy during the entire experiment and the initial rates were calculated using the 

first 5 data points after catalytic activity had been established (or after the recharge). Figure 4.46 

shows the concentration-time profile for the deuterio MD’M experiment recharged with protio 

MD’M.  

 

Figure 4.46. Concentration-time profiles for beta product formation during the photoactivated 

hydrosilylation reaction between deuterio MD’M and VTMS with a recharge of the same amount 

of protio MD’M and VTMS after completion. The table shows the initial rates extracted from the 

first 5 data points following irradiation, and after the recharge. Reaction conditions as detailed 

in section 4.7.2.1. 

 

The initial rate of the recharge with protio MD’M  is ~1.3 x faster than the first charge with 

deuterio MD’M. As catalyst aging will contribute to a deceleration in rate upon recharge, this 

serves to illustrate that the major contribution to the isotope effect comes from an on-cycle 

process, since the overall observed isotope effect is 1.4, where the difference in rates observed 
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between protio and deuterio MD’M arises in the kinetics after the active catalyst is formed. That 

free deuterated VTMS was observed in the 2H NMR experiments demonstrates that the system 

is in equilibrium to allow for H/D exchange and then alkene loss. This points towards reductive 

elimination being the rate-determining step, and the overall the observed isotope effect is an 

equilibrium isotope effect. 

 

4.8 Proposed mechanism for photoactivated hydrosilylation using COPASI 
 

With the preceding observations of precatalyst activation, overall order in substrates and H/D 

labelling experiments, a reaction mechanism was modelled using COPASI192 – informed by 

previous studies on the mechanism of hydrosilylation using Pt-based catalysts.2,19,73 All data was 

modelled by Professor Andrew Weller. Four independent sets of MD’M:VTMS starting 

concentrations were holistically, and simultaneously modelled against the corresponding 

experimental data after the irradiation period in the photoactivated model reaction. The 

experimental conditions were ~0.5 M to 2 M for MD’M and VTMS and a constant concentration 

of either 1a or 1b (0.0025 M) at the 10 s irradiation time. In the absence of any specific measured 

rate constants, the models only provide overall relative rates rather than absolute values, and 

some consecutive individual steps were telescoped for simplicity and to avoid over-

parameterization. For the same reason, the activation of the precatalyst was not modelled and 

for the on-cycle steps, only the beta product was modelled. The elementary steps of the model, 

with the associated relative equilibria and key intermediates are shown in Scheme 4.5.  
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Scheme 4.5. Simplified catalytic cycle, showing the modelled elementary steps, associated 

intermediates and selected equilibrium constants as simulated using COPASI. The precise 

speciation of the catalyst is undetermined (i.e. oxidation state, charge, and identity of X). 

 

Despite the identity of the active catalyst (A) being unknown, the model captures an endergonic 

alkene dissociation to form B, which undergoes reversible oxidative addition of Si–H to form C. 

Subsequent migratory insertion affords D, followed by turnover-limiting reductive elimination of 

the beta product and rapid alkene coordination to E to return to B. This model also supports the 

proposed isotope effect of 1.4. Notably only one equivalent of silane is added in the catalytic 

cycle (B to C), whilst alkene plays a role as both a substrate (E to B) and an inhibitor (B to A). This 

supports the experimental observations that the alkene plays a dominant role in converting the 

precatalyst to the active catalyst, and that it is inhibitory for catalysis at excess VTMS to MD’M 

concentrations. The fits of the simulated and experimental data for precatalyst 1b are shown in 

Figure 4.47. 
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Figure 4.47. Concentration-time profiles of beta product formation for a variety of starting 

concentrations of MD’M and VTMS (~0.5 M to 2 M) using pre-catalyst 1b (0.0025 M, 10 s 

irradiation time) Open circles = experimental data, solid lines = holistically simulated data derived 

from the catalytic manifold outlined in . Data are time shifted to remove the latent periods prior 

to irradiation.  Inset shows the first 5000 s for experiments with an excess of MD’M that show 

the increase in rate of turnover with time. 

 

Overall, these high-quality fits capture multiple nuances, which provide confidence that 

holistically, this is a reasonable solution for the catalytic manifold. For example, the model 

captures the inhibitory effect of alkene well. When compared to an initial 1:1 ratio of 

MD’M:VTMS, the rate of catalysis at the 0.5:1 ratio (i.e. an excess of alkene) shows a marked 

deceleration with time. This effect can be attributed to the increasing enrichment in VTMS 

relative to MD’M as catalysis proceeds, which in turn inhibits turnover by pushing B towards A 

(Scheme 4.5). The opposite effect is observed when MD’M is in excess at the 2:1 or 1:0.5 ratios 

of MD’M:VTMS. In these cases, as catalysis evolves, the ratio of MD’M / VTMS increases, and 

the inhibitory effect of VTMS becomes weaker. This means that the rate of catalysis increases as 

the substrates become enriched in MD’M with each turnover (see inset). When the ratios are 

balanced and constant throughout the reaction (1:1), an apparent pseudo zero order evolution 

of beta product is observed. Similar kinetic profiles have been discussed in detail for the anion-

initiated trifluoromethylation of ketones using Me3SiCF3. As found in this case, initial rate 
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measurements showed initiator (anion) and ketone to be first order and the Me3SiCF3 

approximately inverse order.149 

During the fitting process it became apparent that a universal solution for the four different sets 

of substrate concentration regimes was not possible using the same catalyst concentration. 

Although the precatalyst concentration was the same (0.0025 M) for all four sets of MD’M:VTMS 

ratios, successful modelling required different effective catalyst concentrations, [cat]effective, as 

shown in Table 4.2. To do this, each individual experiment was manually iterated for different 

[cat]effective and the model was simulated holistically over all four data sets using the same set of 

rate constants. This model also accounts for less than 5% of the active catalyst being formed (i.e. 

[cat]effective= 15 × 10–6 M or lower). The same process was run for pre-catalyst 1a, that resulted in 

a different, but very similar set of [cat]effective for those particular starting substrate concentrations 

(Table 4.3).   

 

Table 4.2. Experimental details of [VTMS] and [MD’M] used for the COPASI model using 

precatalyst 1b, and resulting, iterated, [cat]effective used in the fitting. Conditions as detailed in 

Figure 4.47. 

 

Table 4.3. Experimental details of [VTMS] and [MD’M] used for the COPASI model using 

precatalyst 1a, and resulting, iterated, [cat]effective used in the fitting. Conditions as detailed in 

Figure 4.47. 
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The formation of beta product, using the derived rate constants for precatalyst 1b from the fitting 

of the experimental data, was also simulated for different [cat]effective concentrations using fixed 

[MD’M] and [VTMS] concentrations. This demonstrates that the model provides a linear, first 

order relationship between the simulated rate of turnover and [cat]effective (Figure 4.48). This is 

consistent with the observations of a linear relationship between precatalyst irradiation time (10 

s, 60 s, 120 s) and initial rate of turnover (Figure 4.49). Note that this holds true for all irradiation 

times using precatalyst 1a, but only the 10 s and 60 s irradiation time using precatalyst 1b. An 

explanation for this is provided later in this section.  

 

 

Figure 4.48. COPASI simulated models for the concentration of beta product, using the derived 

rate constants from fitting 1b (Figure 4.49) at three different [cat]effective ● = 1.2×10–5 M; ◼︎ = 

6.0×10–6 M;▲ = 3.0 ×10–6 M; [VTMS] = 0.81 M; [MD’M] = 0.84 M. Simulated post irradiation. 

Inset: (top) expansion of the first 5000 s of simulation, showing the three different starting 

[cat]effective and linear fits. Inset (bottom): relationship between simulated rates and [cat]effective. 
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Figure 4.49. Initial rates, post induction period, versus irradiation time for precatalyst 1a and 1b. 

Reaction conditions as detailed in section 4.3. 

 

For the precatalyst activation step, insight can be obtained by plotting [cat]effective used in the 

successful model against the experimental data of [silane]×[alkene], as this returns a linear 

relationship (Figure 4.50). This diagram also includes the data for pre-catalyst 1a, showing that 

this relationship holds for both systems. This suggests that the amount of precatalyst that is 

converted to active catalyst, i.e. [cat]effective, is dependent on each set of starting substrate 

concentrations, demonstrating that both substrates play a role in pre-catalyst activation and 

productive turnover. This is consistent with the experiments described in section 4.5 (Figure 

4.31), which show that the fastest turnover occurs when both VTMS and MD’M are present 

during pre-catalyst irradiation. 

 

Figure 4.50. Relationship of [VTMS] and [MD’M] to [cat]effective for pre-catalysts 1b (light grey) 

and 1a (dark grey). 
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These results explain the observed second order behaviour in MD’M derived from initial rates in 

the model reaction, as this reflects a precatalyst photoactivation step that is first order in MD’M 

(not modelled), along with first order in MD’M in productive catalysis after photoactivation, i.e. 

overall pseudo [MD’M]2. This explanation of second order for MD’M differs from that proposed 

by Kühn2 and Girolami73 for Karstedt’s catalyst, as they proposed that two equivalents of silane 

were required per catalytic turnover. Attempts were made to model two equivalents of MD’M 

in the catalytic cycle using precatalyst 1b, whilst keeping the concentration of [cat] fixed at 2.5 

×10–6 M, but this did not return an acceptable fit (see appendix). This provides further support 

for a different mechanism being operative herein.  

Although an inverse order in VTMS was observed using the initial rates method, the COPASI 

model suggests an apparent positive order in VTMS that controls precatalyst activation and thus 

[cat]effective. One explanation could be the involvement of a trace activator present in VTMS (such 

as water or alcohol), the concentration of which would scale proportionately with VTMS, and 

that photoactivation is actually zero-order in VTMS. The role of trace contaminants, such as 

water, in modifying catalysis has been previously reported.193,194,195 This hypothesis is also 

consistent with the burst in catalysis measured for different irradiation times, but the same 

MD’M and VTMS concentrations (Figure 4.49), that would result from a small concentration of 

an additional activator that operates under photoactivation conditions in the model reaction. 

That this doesn’t hold for the 120 s irradiation time using precatalyst 1b could be due to a 

different batch of VTMS being used for this experiment.  

Whilst the identity of the active catalyst remains unresolved due to the very low conversion of 

precatalyst conversion, it must be a highly active species that operates at the ppm-levels. A 

tentative mechanism for the generation of the photoactivated catalyst is shown in Scheme 4.6. 

It is proposed that initial activation occurs under photoactivated conditions, likely via 

coordination and activation of MD’M to form intermediate 1. This may be facilitated by ligand 

hemilability. Similar modes of activation that are aided by ligand dissociation have also been 

proposed for the formation of the active catalyst in Pt(acac)2-based photoinitiated 
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systems.79,84,196 The role of the hypothesised trace activator may be to protonate off one, or both, 

of the ligands. No evidence (from 1H NMR studies) is observed for the formation of an alkene 

adduct under the photoactivated conditions, such as reported for the related Pt(hfac)2 complex 

that forms a five coordinate ethene adduct upon irradiation at 350 nm, albeit in the absence of 

silane (see Chapter One, Scheme 1.25).84 The fate of the organic ligands remains unresolved, and 

the challenges associated with determining trace levels of highly active catalyst have been 

discussed for other catalyst systems.197  

 

Scheme 4.6. Suggested mechanism of photoactivation of the precatalysts. X = neutral ligand, 

SiR’3 or another anionic ligand.  

 

The overall mechanism proposed for photoactivated hydrosilylation using the Pt(sal)(ppy) 

complexes is depicted in Scheme 4.7. This mechanism accounts for catalyst activation, the high 

selectivity towards the beta product, as well as combining the mechanistic observations, kinetics 

and COPASI simulations. For the systems under consideration here, the identity of X and the 

oxidation state of the active Pt-species formed in trace quantities remains unresolved. A Pt(0), 
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Pt(alkene)3 species or a Pt(II) species such as [XPt(alkene)2]+ (X = ligand, H, SiR’3) are possibilities. 

Pt(II)/Pt(IV) or Pt(0)/Pt(II) cycles have both been postulated for hydrosilylation.2,73,183 

 

 

Scheme 4.7. Suggested mechanism for photoactivated hydrosilylation. For simplicity, ligand X in 

the active species is assumed to be a neutral ligand, but its identity remains unresolved.  

 

4.9 Conclusions 
 

This chapter has presented a detailed kinetic and mechanistic study utilising precatalysts 1a and 

1b in the photoactivated hydrosilylation reaction between MD’M and VTMS. Selective poisoning 

experiments using Hg(0) and DBCOT in the thermal and photoactivated hydrosilylation reactions 

revealed that the likely active species is homogeneous in nature, as Hg(0) did not impede 

catalytic activity, whilst the addition of DBCOT led to a significant deceleration in the rate of 
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hydrosilylation. The elucidation of a homogeneous active species presented the opportunity to 

explore the kinetic and mechanistic intricacies of photoactivated hydrosilylation using 1a and 1b. 

From the initial rate studies alone, a second order dependence on MD’M and a negative order 

in VTMS was determined for both precatalysts at a range of irradiation times (10 s, 60 s, and 120 

s). For precatalyst 1b, the second order dependence on MD’M also held up at lower 

concentrations of catalyst (0.000025 M), and also when using VTMOS as the alkene substrate, 

suggesting a similar precatalyst activation mechanism for both substrates. Control experiments 

in the presence and absence of either substrate during the irradiation step revealed that optimal 

catalytic turnover was achieved when both substrates were present during irradiation. The 

second fastest turnover was achieved when VTMS was present during irradiation, followed by 

when MD’M was present during irradiation. This highlighted that the generation of the active 

catalyst required both substrates, but the effect of VTMS dominates. The addition of cyclohexene 

and trans-2-octene to the catalysis solution using 1b showed that photoactivated hydrosilylation 

of VTMS still proceeded, albeit at a slower rate, but no hydrosilylation of the cyclohexene or 

trans-2-octene substrates was observed. Addition of norbornadiene however, proved to 

completely shut down the hydrosilylation of VTMS, presumably by binding strongly with the Pt 

centre in a similar fashion to DBCOT. Using deuterated MD’M revealed an inverse isotope effect 

(kH/kD = 0.3) in the model thermal reaction, while an isotope effect of 1.4 was observed under 

photoactivated conditions. The experiment where deuterio MD’M was used first as a substrate 

under photoactivation conditions, and then recharging the system without further irradiation 

revealed that the initial rate of recharge is ~1.3 x faster. This suggested that the isotope effect 

operates mainly in the catalytic manifold, and only a small isotope effect is involved in precatalyst 

activation. Monitoring the 2H NMR spectra during the photoactivated hydrosilylation reaction 

using 1b showed evidence for deuterium scrambling into all the vinyl C–H bonds, as well as 

evidence for the formation of a small amount (<1%) of alpha product.  

These experimental observations culminated in a mechanistic proposal, modelled using COPASI 

by Professor Andrew Weller. While the identity of the active species remains to be resolved, the 
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model is based on the elementary steps of alkene dissociation, oxidative addition of silane, 

migratory insertion, reductive elimination, and subsequent coordination of alkene. Modelling 

the experimental data for 1b on COPASI captured multiple nuances, such as an increased rate 

when the solution becomes enriched in MD’M, and a decelerating effect when the solution 

becomes enriched in VTMS. The model also revealed that different [cat]effective concentrations 

were required to obtain an acceptable fit, and a liner first order relationship was observed for 

the simulated rate of turnover and [cat]effective. This was in accordance with the experimental 

observations of a linear relationship between precatalyst irradiation time and initial rate of 

turnover. Plotting [cat]effective used in the successful model against the experimental data of 

[MD’M]×[VTMS] also returned a linear relationship, suggesting that the amount of precatalyst 

that is converted to active catalyst, i.e. [cat]effective, is dependent on each set of starting substrate 

concentrations, demonstrating that both substrates play a role in precatalyst activation and 

productive turnover. This is consistent with the experiments that showed that optimal turnover 

was achieved when both substrates were present during the irradiation step. These results 

explained the observed second order behaviour in MD’M derived from initial rates in the model 

reaction, as this reflects a precatalyst photoactivation step that is first order in MD’M (not 

modelled), along with first order in MD’M in productive catalysis after photoactivation, i.e. 

overall pseudo [MD’M]2. While a negative order in VTMS was observed using the initial rates 

method, the COPASI model indicated a more nuanced mechanism in which photoactivation is 

zero-order in VTMS. The discrepancy between observed and modelled kinetics implicates the 

role of a trace activator present in VTMS. Overall, the suggested mechanism accounts for catalyst 

activation, the high selectivity towards the beta product, as well as combining the mechanistic 

observations, kinetics and COPASI simulations. The identity of the active species remains to be 

resolved, but a Pt(0) or Pt(alkene)3 species are possibilities.2 This work has revealed deeper 

insight into the mechanism for photoactivated hydrosilylation and will hopefully pave the way 

for further research in the field, with a particular focus on elucidating the exact nature of the 

active species.  
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Chapter 5 – Conclusions and Future Directions  
 

This short section of the thesis provides a comprehensive overview of the key conclusions 

reached in this project, along with suggestions for further lines of inquiry.  

 

5.1 Key Conclusions  
 

This aim of this project was to develop a series of new Pt-based complexes for use in the 

photoactivated hydrosilylation reaction. The current most studied photoactivated 

hydrosilylation catalysts are based on the CpPtMe3 and Pt(β-diketonate) frameworks.5,54,79,84,88 

The former catalysts are acutely toxic and volatile, but more reactive than the latter under 

photohydrosilylation conditions, while the latter suffer from poor solubility in siloxane 

substrates.85,89 The development of further photoactivated hydrosilylation catalysts is of 

particular interest as they offer spatial and temporal control, as well as providing an increased 

shelf-life for premixed precatalyst / substrate mixtures.3,5,72 This is incredibly useful for certain 

applications such as in the production of fast-curing films, and in additive or continuous 

manufacturing processes.5 Despite the considerable maturity of the field, the mechanism of 

hydrosilylation is still not fully understood, and mechanistic studies particularly on 

photoactivated catalysts, have been relatively scarce in the academic and patent literature.2,19,73 

This project was designed to address the current limitations in the field of photoactivated 

hydrosilylation, from precatalyst design, substrate scope exploration, detailed kinetic studies, 

and mechanistic investigations.  

Chapter two presented the synthesis and characterisation of a series of Pt(sal)(ppy) complexes 

as photoactivated precatalysts for hydrosilylation (Figure 5.1). Two major advantages of these 

complexes over the current best-studied photohydrosilylation catalysts are that the ligands can 

be tuned in a modular way via a simple synthetic route, and they do not require handling in a 
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glovebox. Complexes 1b and 1d are known and have well established photophysical properties 

and are considered to have low cytotoxicity.113,114 All the Pt(sal)(ppy) complexes showed 

relatively wide absorption bands between 220 – 480 nm, which rendered them primed for 

photoactivation. They also offer the potential for hemilabile reactivity profiles by decoordination 

of the imine group, which is the current anticipated mode of activation for these complexes.115 

All complexes were characterised by  NMR and UV-vis spectroscopies along with electrospray 

ionisation mass spectrometry and elemental analysis. Crystal structures for precatalysts 1a, 1b, 

1f and 1g were obtained, and these complexes were found to adopt a slightly distorted square-

planar structure. The distortion was found to be most pronounced in precatalyst 1b (16.64°) and 

1g (14.95°), and in combination with the different functional groups, this led to different 

reactivity profiles in the model reaction.   
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Figure 5.1. Pt(sal)(ppy) complexes synthesised herein (1a – 1i) and used as precatalysts for the 

hydrosilylation reaction. 

 

Chapter three presented the development of a model reaction that was used as a platform to 

assess the performance of precatalysts 1a to 1i in thermal and photoactivated hydrosilylation 

reactions. In all cases, the precatalysts were identified to be effective photoactivated catalysts 

with excellent selectivity towards the beta product, as turnover continued after the irradiation 

source was removed. Under thermal conditions, a sigmoidal profile, with an associated induction 

period and a pseudo-zero order regime at maximum rate of turnover, was observed for all 

precatalysts except 1c and 1d. Precatalysts 1c and 1d showed much shorter induction periods 

and apparent zero-order reaction profiles that operated over nearly all of the reaction profile. 

The time measured to completion under thermal conditions varied from 1.8 h (1c) to 22.4 h (1a). 
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Under photoactivated conditions, the time measured to completion varied from 0.15 h (1c) to 

4.7 h (1a). Whilst a direct trend was not established, as a bigger library of complexes is required, 

some key structural features of these precatalysts can be related to their catalytic activity. For 

instance, in the model thermal reaction, 1d had a shorter induction period than 1g (5.8 x 102 s 

compared to 1.2 x 103 s), but 1g promoted faster turnover overall (1.6 x 104 s for 1d and 1.5 x 

104 s for 1g). This might suggest that the benzo[h]quinoline ligand is more suited than 

phenylpyridine for providing latent reaction kinetics, due to its higher stability. Precatalyst 1c 

promoted faster turnover than 1d in both the thermal (6.4 x 103 s for 1c compared to 1.6 x 104 s 

for 1d) and photoactivated (7.6 x 102 s for 1c compared to 1.4 x 103 s for 1d) model reactions, 

which suggests that introduction of an alkyl group onto the salicylaldimine ligand is conducive to 

enhanced photoactivation efficiencies. Precatalysts 1a and 1b showed the best latent reaction 

kinetics and had induction periods of 5.0 x 103 s and 1.0 x 104 s respectively, and after 120 s 

irradiation, full conversion to the beta product was realised after 5.6 x 103 s and 4.4 x 103 s, 

respectively. To demonstrate its suitability under commercially relevant conditions, precatalyst 

1b was also shown to catalyse the model reaction at a catalyst loading of 0.0025 mol% (0.000025 

M / 14 ppm). Precatalyst 1b was also shown to successfully catalyse the photoactivated 

hydrosilylation reactions between MD’M and a variety of alkene substrates, including VTMOS, 

oct-1-ene, 3-Buten-2-one, styrene and 4-methoxystyrene. For all alkene substrates except 3-

Buten-2-one, the main product conformed to the anti-Markovnikov rule and afforded the beta 

product. Using VTMOS, styrene, and 4-methoxystyrene as the alkene substrate also furnished 

the alpha product under the model reaction conditions, in a range of selectivities. When oct-1-

ene was employed as the alkene substrate, the beta product was formed as well as 9% 

isomerisation products. Compared with the model reaction using VTMS, the reaction proceeded 

slower in the presence of all the other studied alkenes except oct-1-ene, and 4-methoxystyrene 

was identified as the slowest reacting substrate (ToFapp < 20 h-1 compared to ToFapp = 333 h-1 for 

VTMS). This chapter concluded by demonstrating the ability of several precatalysts to cure the 

commercially used  polysiloxane substrates (HMS and DMS) at commercially relevant catalyst 
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loadings (50 ppm). All precatalysts photocured the substrates in a timeframe of 4.8 x 102 s – 2.5 

x 103 s. The thermal stability of these precatalysts in the HMS / DMS formulations was also 

examined, and the cure temperatures were found to be in the range of 114 °C – 127 ° C. This is 

similar to that observed for the industry standard catalyst i-68, which has a cure temperature of 

156 °C.  

In chapter four, precatalysts 1a and 1b were taken forward for kinetic and mechanistic studies, 

as despite not promoting the fastest turnover, these complexes showed the best thermal latency. 

The series of poisoning experiments using the long-established Hg(0) drop test and addition of 

DBCOT pointed towards the active species being homogenous in nature.37,83 These results 

prompted a detailed kinetic and mechanistic analysis of the reaction mixtures under 

photohydrosilylation conditions. From the initial rate studies alone, a second order dependence 

on MD’M and a negative order in VTMS was observed for both precatalysts. Control experiments 

in the presence and absence of either substrate during the irradiation step revealed that optimal 

catalytic turnover was achieved when both substrates were present during irradiation. The 

second fastest turnover was achieved when VTMS was present during irradiation, followed by 

when MD’M was present during irradiation. This highlighted that the generation of the active 

catalyst required both substrates, but the effect of VTMS dominated. The use of deuterated 

MD’M in the model photohydrosilylation reaction revealed an isotope effect of ~1.4, which was 

determined to be operating mainly in the catalytic manifold. In light of these results, a 

mechanism was proposed using COPASI by Professor Andrew Weller (Scheme 5.1).192 The 

mechanism accounted for the observed second order behaviour in MD’M derived from initial 

rates in the model reaction, as this reflected a precatalyst photoactivation step that is first order 

in MD’M (not modelled), along with first order in MD’M in productive catalysis after 

photoactivation, i.e. overall pseudo [MD’M]2. The negative order in VTMS was also accounted 

for, as the COPASI model indicated a more nuanced mechanism in which photoactivation is zero-

order in VTMS. The discrepancy between observed and modelled kinetics implicated the role of 

a trace activator present in VTMS.193,194,195 This mechanism also accounted for the high selectivity 
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towards the beta product. Combined, the resulting kinetic and mechanistic observations pointed 

to a catalytic cycle where the turnover limiting step is reductive elimination of the beta product, 

while pre-catalyst activation is dependent on the concentrations of solutions of silane and alkene 

used. The identity of the active species remains to be resolved, but a Pt(0) or Pt(alkene)3 species 

are possibilities and have been previously suggested.2,73 Overall, this work has revealed deeper 

insight into the mechanism for photoactivated hydrosilylation and will hopefully pave the way 

for further research in the field.  

 

Scheme 5.1. Suggested mechanism for photoactivated hydrosilylation. 
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5.2 Future Directions 
 

5.2.1 Combining the precatalyst with inhibitors  

 

As discussed in detail in chapter 3, inhibitors can play a crucial role in extending latency periods 

and providing controlled release of the precatalyst.1 Combining the precatalyst systems 

developed herein with an inhibitor may offer the opportunity to prolong latency periods for 

extended shelf-lives whilst enabling rapid release for on-demand catalysis. Many known 

inhibitors such as maleates and fumarates require heating to be removed, so an ideal system 

would combine the precatalyst with an inhibitor that stabilises the precatalyst and formulation 

but is quickly removed upon exposure to UV-light.  

 

5.2.2 Expanding the substrate scope  

 

Whilst the catalytic activity of precatalyst 1b with a variety of alkenes has been investigated, 

further studies are warranted to systematically investigate the reactivity and selectivity towards 

a broader range of functional groups. This should include alkynes, carbonyls, and conjugated 

dienes.  

 

Figure 5.2. Alternative unsaturated substrates to test in the model reaction based on alkynes, 

carbonyls and conjugated dienes. 
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The compatibility of the catalytic system with a variety of silanes remains to be fully explored. 

Future work should focus on evaluating the activity and selectivity towards various silane 

functionalities, such as alkylsilanes, phenylsilanes and chlorosilanes.  

 

 

Figure 5.3. Alternative silanes to test in the model reaction based on alkylsilanes, phenylsilanes 

and chlorosilanes. 

 

Systematically varying a broader range of substrates will provide insights into the scope and 

limitations of the Pt(sal)(ppy) catalyst systems. Whilst substrate scope has been explored 

extensively in conventional thermal hydrosilylation, harnessing photoactivation may unlock new 

synthetic pathways and enable the efficient synthesis of a diverse array of organosilicon 

compounds with enhanced functionalities.4  

 

5.2.3 Time-resolved spectroscopic methods for identifying the active species  

 

Utilising time-resolved spectroscopic methods to identify the active species during catalysis 

represents a promising avenue for future research.198 As discussed in chapter four, the signal 

integrals corresponding to the precatalyst in the 1H NMR spectrum are unchanged at the end of 

catalysis, and no new signals which may indicate a change or decomposition of the precatalyst 

can be identified. The identification of the active species present in the catalytic cycle of 

hydrosilylation has been a long-standing issue, as these species are highly reactive.2,41 

Techniques such as time-resolved infrared spectroscopy, in collaboration with computational 
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methods, may enable the identification of reactive intermediates present during the catalytic 

cycle. Exploiting these techniques may also allow for identification of the active species that 

forms from the precatalyst and validate the proposed mechanism. The insights gained from this 

research will enable the rational design of improved platinum-based catalysts for photoactivated 

hydrosilylation, leading to improved catalytic activity and selectivity.  
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Chapter 6 – Experimental methods  
 

6.1 General techniques  
 

6.1.1 Nuclear Magnetic Resonance (NMR) spectroscopy  

 

NMR spectra were recorded on a Bruker Avance III 500 MHz NMR spectrometer or a Bruker 

Ultrashield 400 MHz or 600 MHz NMR spectrometer at 298 K unless otherwise specified. 

Residual protio solvent was used as a reference for 1H and 13C{1H} NMR spectra in deuterated 

solvent samples. 19F spectra were externally referenced to CFCl3, and 29Si NMR spectra were 

externally referenced to TMS. All chemical shifts (δ) are quoted in ppm and coupling constants 

(J) in Hz. NMR assignments were aided by 2D spectra (1H,1H-COSY, 1H,13C-HSQC, 1H,13C-HMBC) 

where required. Coupling constants to 195Pt are listed where satellites are observed. The 

satellites are generally quite broad. For the in-situ 1H NMR hydrosilylation experiments, the time 

between FID encodings (d1) was set to 45 s to ensure accurate quantitative analysis. 

 

6.1.2 Ultraviolet–visible spectroscopy  

 

All UV-vis absorption spectra were recorded using an Evolution Array UV-vis spectrophotometer, 

with a window of 190–1100 nm. Data was processed using VISIONcollect software. ‘Background’ 

absorption spectra of the solvents used were subtracted from sample spectra. Herein, the 

wavelengths of maximum absorption (λmax) are given in nm, and molar absorption coefficients 

(ε) are reported in mol-1 dm3 cm-1.  
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6.1.3 Mass spectrometry  

 

Electrospray Ionisation Mass Spectrometry (ESI-MS) was carried out using a Bruker compact® 

Time of Flight mass spectrometer by Mr Karl Heaton at the University of York. All platinum 

complexes are quoted for 195Pt. 

 

6.1.4 Elemental microanalysis  

 

Elemental analyses were conducted by Dr Graeme McAllister and Dr Scott Hicks at the University 

of York, or by Dr Orfhlaith McCullough at London Metropolitan University.  

 

6.1.5 Transmission Electron Microscopy  

 

TEM images we collected at the University of York Jeol Nanocentre using a EOL 2010 TEM 

conventional (2Å) High Resolution TEM. 

 

6.1.6 Differential Scanning Calorimetry  

 

All experiments were carried out on a NETZSCH DSC 204F1 Phoenix. The heating rate for each 

experiment was 5°C min-1 in an open aluminium crucible with the lid (hole) under a nitrogen 

atmosphere with a gas flow of 60 mL min-1. Analysis conditions (DSC): keeping at 30°C for 3 min, 

heating 0→200°C at 5°C min-1, then cooling to room temperature.  
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6.2 UV photoreactor  
 

The UV photoreactor comprised four Osram LZ1-00UV0R LEDs (radiant flux 1.36 W, emission 

centred at 365 nm with full width at half maximum 11 nm) mounted vertically in a square array 

to surround a 5 mm NMR tube at a distance of 8.5 mm.  The angular distribution at half-

maximum radiant flux is ca. 60 degrees. Cooling compressed air was purged through the reactor 

housing, and a thermocouple located close to the NMR tube showed that there was only a 

minimal increase in temperature during photolysis (maximum of 2 °C rise over 160 s). The 

controller provided power and timing control (10–120 s).  

 

6.3 Catalytic procedures  
 

All catalytic procedures were performed under an atmosphere of nitrogen, using standard 

Schlenk line and glove-box techniques, unless otherwise specified. Glassware was oven-dried at 

110 °C overnight and flamed under vacuum prior to use. NMR spectra were acquired on a Bruker 

Ultrashield 400 MHz spectrometer at 298 K. Residual protio solvent was used as reference for 1H 

spectra in deuterated solvent samples. For the in-situ 1H NMR hydrosilylation experiments, the 

time between FID encodings (d1) was set to 45 s to ensure accurate quantitative analysis. 

 

6.3.1 Reagents  

 

Commercially sourced solvents and reagents were purchased from Acros Organics, Alfa Aesar, 

Fisher Scientific, Fluorochem or Sigma-Aldrich and used as received unless otherwise noted. The 

synthesis of the [Pt{NC5H4-6-(4’-R-C6H3)}Cl(κ1-S-dmso)] and Pt(sal)(ppy) complexes was 

performed under a nitrogen atmosphere despite the air stability of the complexes, the main 

concern being the oxidative and thermal stability of reaction intermediates at elevated 

temperatures (< 110 °C). Dichloromethane-d2 (CD2Cl2), hexamethylsiloxymethylsilane (MD’M), 
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vinyltrimethylsilane (VTMS) and mesitylene were dried overnight with CaH2 before vacuum 

transfer and subsequent degassing by three freeze-pump-thaw (FPT) cycles and were stored over 

3 Å molecular sieves. Other substrates used in catalysis were degassed by either purging with 

nitrogen or by three FPT cycles. 

 

6.3.2 Method for in-situ reaction monitoring  

 

All manipulations were performed under a nitrogen atmosphere using standard Schlenk line and 

glove-box techniques. Glassware was oven-dried at 130 °C overnight and flamed under vacuum 

prior to use. NMR tubes for hydrosilylation procedures were wrapped in foil during 

transportation to avoid light activation. The time between FID encodings (d1) was set to 45 s to 

ensure accurate quantitative analysis. To assess and compare the catalytic activity of precatalysts 

1a–1i in the model hydrosilylation reaction, a series of NMR experiments were conducted. For 

each experiment, the precatalyst (0.0025 M) was loaded into a J. Young’s NMR tube and to it was 

added d2-dichloromethane, along with MD’M (0.8 – 1.0 M), VTMS (0.8 – 1.0 M) and mesitylene 

as an internal standard (0.10 M) from a stock solution. The sample was inserted into the NMR 

spectrometer and an array of ~20 1H NMR spectra was acquired to determine the thermal 

latency period over ~1 h. The sample was then removed from the spectrometer and irradiated 

using the bespoke 365 nm LED for either 10, 60 or 120 s before being returned to the 

spectrometer (note that this step is omitted for experiments conducted under thermal 

conditions). An array of 10–100 1H NMR spectra was acquired with appropriate delays between 

each acquisition (depending on the catalytic activity) and the concentrations of MD’M, VTMS 

and beta product were calculated using the absolute quantitation method (Equation 6.1). The 

absolute NMR integrals of the Si–H (δ 4.63), olefinic CH (δ 6.18) and Si–CH2–CH2–Si (δ 0.42) 

resonances were compared with the (CH3)3 (δ 2.29) resonance of the internal standard. The 

kinetics were probed using the initial rates method, monitoring the rate of beta product 
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formation over the first 3 – 5 data points after catalytic activity had been established. For the 

thermal profiles with an associated induction period, the initial rate was measured after the 

induction period, at the maximum rate of turnover. Errors were calculated using the linear 

regression model (LINEST) in Microsoft Excel. The reported errors are the estimated standard 

error from the model.  

 

Equation 6.1. Calculation to determine absolute concentration of analytes by NMR.  

 

6.4 Chapter Two Experimental  
 

6.4.1 Synthesis and characterisation of [Pt{NC5H4-6-(4’-R-C6H3)}Cl(κ1-S-dmso)]  

complexes  

 

All dmso complexes were synthesised in the same way, via a literature reported procedure.122,120  

For 1-dmso, K2PtCl4 (1.00 g, 2.41 mmol) solubilised in the minimum amount of hot water was 

added to a solution of 2-phenylpyridine (0.376 g, 2.42 mmol) in acetic acid (100 mL). The mixture 

was stirred under a nitrogen atmosphere and heated to reflux overnight. The orange precipitate 

was recovered by filtration and washed with water (10 mL) to afford crude [Pt(N^C)(μ-Cl)]2, 

which was used in the next step without further purification. The [Pt(N^C)(μ-Cl)]2 complex (590 

mg, 0.762 mmol) was then dissolved in dmso (10 mL) and heated to reflux with stirring for 1 h 

(4 h for 2-dmso). The solvent was removed in vacuo to afford 1-dmso in good yield (604 mg, 1.30 

mmol, 83%). All complexes are known and the acquired NMR data matches the literature 

reported data.122,121 
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6.4.1.1 1-dmso yield (604 mg, 1.30 mmol, 83%).  

 

 

 

1H NMR (600 MHz, d2-dichloromethane, 298 K): δ 9.61 (d, 1H, 3JH-H = 5.9 Hz, 3JH-Pt = 35.6 Hz, H-

1), 8.30–8.28 (m, 1H, 3JH-Pt = 43.7 Hz, H-10), 7.91 (t, 3JH-H = 7.7 Hz, 1H, H-3), 7.78 (d, 1H, 3JH-H = 8.0 

Hz, H-4), 7.57–7.54 (m, 1H, H-7), 7.27 (t, 1H, 3JH-H = 6.8 Hz, H-2), 7.20–7.17 (m, 2H, H-8/9), 3.60 

(s, 6H, 3JH-Pt = 23.4 Hz, 2 x CH3).  

13C{1H} NMR (151 MHz, d2-dichloromethane, 298 K): δ 166.5 (s, C-5/6/11), 150.5 (s, 2JC-Pt = 25.1 

Hz, C-1), 145.2 (s, C-5/6/11), 141.1 (s, C-5/6/11), 134.6 (s, 2JC-Pt = 50.2 Hz, C-10), 131.0 (s, 2JC-Pt = 

50.2 Hz, C-8/9), 125.6 (s, C-8/9), 124.3 (s, 3JC-Pt = 41.7, C-7), 122.6 (s, 3JC-Pt = 29.3 Hz, C-2), 119.3 

(s, 3JC-Pt = 39.6 Hz, C-4), 47.7 (s, 2JC-Pt = 60.1 Hz, 2 x CH3).  

These NMR data are in accordance with the literature reported data.121 

ESI-MS (CH2Cl2): m/z [M-Cl-]+ 427.0434 (calc. 427.0439) with the correct isotope pattern. 

UV-Vis (CH2Cl2): max/nm [log(e dm3 mol-1 cm-1)] 242 (4.77), 282 (4.55), 316 (4.22), 328 (4.22).  
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6.4.1.2  2-dmso yield (228 mg, 0.47 mmol, 47%).  

 

 

 

1H NMR (600 MHz, d1-chloroform, 298 K): δ 9.83 (d, 1H, 3JH-H = 5.5 Hz, 3JH-Pt = 32.9 Hz, H-1), 8.50 

(d, 1H, 3JH-H = 7.4 Hz, 3JH-Pt = 43.6 Hz, H-12), 8.35–8.33 (m, 1H, H-10), 7.82–7.80 (m 1H, H-7/8), 

7.69–7.67 (m, 1H, H-3), 7.60–7.58 (m, 3H, C-2/7/8/11), 3.74 (s, 6 H, 3JH-Pt = 21.5 Hz, 2 x CH3).  

13C{1H} NMR (151 MHz, d1-chloroform, 298 K): δ 155.1 (s, C-4/5/6/9/13), 149.3 (s, 2JC-Pt = 28.2 

Hz, C-1), 141.0 (s, C-4/5/6/9/13), 139.3 (s, C-10), 138.2 (s, C-4/5/6/9/13), 134.1 (s, C-4/5/6/9/13), 

131.9 (s, 2JC-Pt = 55.5 Hz, C-12), 130.2 (s, C-2/7/8/11), 129.9 (s, C-7/8), 126.9 (s, C-4/5/6/9/13), 

123.7 (s, H-3), 123.0 (s, C-2/7/8/11), 120.9 (s, C-4/5/6/9/13), 47.5 (s, 2JC-Pt = 60.7 Hz, 2 x CH3).  

These NMR data are in accordance with the literature reported data.121 

ESI-MS (CH2Cl2): m/z [M+Na]+ 509.0027 (calc. 509.0025) with the correct isotope pattern.  

UV-Vis (CH2Cl2): max/nm [log(e dm3 mol-1 cm-1)] 228 (4.83), 250 (4.78), 301 (4.39), 395 (3.73).  
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6.4.1.3 3-dmso yield (209 mg, 0.42 mmol, 39%).  

 

 

 

1H NMR (600 MHz, d2-dichloromethane, 298 K): δ 9.56 (d, 1H, 3JH-H = 5.9 Hz, 3JH-Pt = 31.3 Hz, H-

1), 7.92 (d, 1H, 4JH-H = 2.5 Hz, 3JH-Pt = 52.3 Hz, H-10), 7.83 (t, 1H, 3JH-H = 7.8 Hz, H-3), 7.62 (d, 1H, 3JH-

H = 8.2 Hz, H-4), 7.48 (d, 1H, 3JH-H = 8.5 Hz, H-7), 7.16 (t, 1H, 3JH-H = 6.7 Hz, H-2), 6.72 (dd, 3JH-H = 8.5 

Hz, 4JH-H = 2.5 Hz, H-8), 3.83 (s, 3H, –OCH3), 3.67 (s, 6H, 3JH-Pt = 21.3 Hz, 2 x CH3). 

13C{1H} NMR (151 MHz, d2-dichloromethane, 298 K): δ 166.4 (s, C-5), 161.7 (s, C-9), 150.1 (s, 2JC-

Pt = 22.3 Hz, C-1), 143.0 (s, C-6/11), 140.8 (s, C-3), 137.7 (s, C-6/11), 125.7 (s, 3JC-Pt = 49.2 Hz, C-7), 

121.2 (s, 3JC-Pt = 30.0 Hz, C-2), 119.3 (s, JC-Pt = 54.0 Hz, C-10), 118.6 (s, 3JC-Pt = 38.6 Hz, C-4), 111.6 

(s, C-8), 55.9 (s, –OCH3), 47.6 (s, 3JC-Pt = 58.5 Hz, 2 x CH3).  

These NMR data are in accordance with the literature reported data.122 

ESI-MS (CH2Cl2): m/z [M-Cl-]+ 457.0539 (calc. 457.0544) with the correct isotope pattern.   

UV-Vis (CH2Cl2): max/nm [log(e dm3 mol-1 cm-1)] 239 (4.68), 298 (4.59), 336 (4.16), 381 (4.06).  

 

6.4.2 Synthesis and characterisation of Schiff base ligands  

 

All Schiff base ligands L-a to L-i were prepared by the same procedure as reported in the 

literature.127 As an example, For L-a, an ethanol solution (15 mL) of salicylaldehyde (1.34 g, 0.011 

mol) was added to an ethanol solution (15 mL) of 4-(trifluoromethyl)aniline (1.77 g, 0.011 mol) 
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and stirred at room temperature for 1 h. The mixture was then heated to reflux until complete 

consumption of the starting materials was observed. Subsequently, ethanol was removed under 

reduced pressure and crude L-a was purified by dissolving in minimal dichloromethane and 

layering with hexane. The pure material was obtained as a yellow crystalline solid in excellent 

yield (2.77 g, 0.010 mol, 95%). All ligands are known and the acquired analytical data match the 

literature reported data.128,129,130,131,132 

 

6.4.2.1 L-a yield (2.77 g, 0.010 mol, 95%).  

 

 

 

1H NMR (500 MHz, d2-dichloromethane, 298 K): δ 12.77 (s, 1H, OH), 8.66 (s, 1H, H-2), 7.71–7.70 

(m, 2H, H-3), 7.47–7.43 (m, 2H, Ar), 7.42–7.38 (m, 2H, Ar), 7.03–6.97 (m, 2H, Ar). 

13C{1H} NMR (126 MHz, d2-dichloromethane, 298 K): δ 165.4 (s, C-2), 161.8 (s, C-1), 152.4 (s, Ar), 

134.4 (s, Ar), 133.4 (s, Ar), 129.3–128.5 (q, 2JC-F = 32.6 Hz, H-4), 128.1–121.6 (q, 1JC-F = 272.5 Hz, 

C-5), 127.2–127.1 (q, 3JC-F = 3.8 Hz, C-3), 122.1 (s, Ar), 119.9 (s, Ar), 119.6 (s, Ar), 117.7 (s, Ar).  

19F NMR (565 MHz, d2-dichloromethane, 298 K): δ –62.5 (s).  

These NMR data are in accordance with the literature reported data.128 

ESI-MS (CH2Cl2): m/z [M+H]+ 266.0786 (calc. 266.0787). 

UV-Vis (CH2Cl2): max/nm [log(e dm3 mol-1 cm-1)] 232 (4.83), 274 (4.70), 340 (4.57).  
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6.4.2.2 L-c yield (3.37 g, 0.014 mol, 94%).  

 

 

 

1H NMR (600 MHz, d2-dichloromethane, 298 K): δ 13.29 (s, 1H, OH), 8.67 (s, 1H, H-2), 7.43 (dd, 

1H, 3JH-H = 7.7 Hz, 4JH-H = 1.7 Hz, Ar), 7.37 (t, 1H, 3JH-H = 7.7 Hz, Ar), 7.31–7.30 (m, 2H, H-3/4), 7.27–

7.25 (m, 2H, H-3/4), 6.99 (d, 1H, 3JH-H = 8.4 Hz, Ar), 6.95 (t, 1H, 3JH-H = 7.4 Hz, Ar), 2.95 (sept, 1H, 

3JH-H = 6.9 Hz, H-5), 1.28 (d, 6H, 3JH-H = 6.9 Hz, H-6).  

13C{1H} NMR (151 MHz, d2-dichloromethane, 298 K): δ 162.6 (s, C-2), 161.7 (s, C-1), 148.7 (s, Ar), 

146.8 (s, Ar), 133.4 (s, Ar), 132.8 (s, Ar), 128.0 (s, C-3/4), 121.6 (s, C-3/4), 120.0 (s, Ar), 119.5 (s, 

Ar), 117.5 (s, Ar), 34.4 (s, H-5), 24.3 (s, H-6).  

ESI-MS (CH2Cl2): m/z [M+H]+ 240.1380 (calc. 240.1383). 

UV-Vis (CH2Cl2): max/nm [log(e dm3 mol-1 cm-1)] 232 (4.95), 270 (4.73), 308 (4.69), 322 (4.76), 

344 (4.81).  
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6.4.2.3 L-d yield (2.25 g, 0.011 mol, 95%).  

 

 

 

1H NMR (600 MHz, d2-dichloromethane, 298 K): δ 13.18 (s, 1H, OH), 8.67 (s, 1H, H-2), 7.47-7.45 

(m, 3H), 7.40 (1H, t, 3JH-H = 7.6 Hz), 7.33-7.30 (m, 3H), 7.02 (d, 1H, 3JH-H = 8.3 Hz), 6.97 (t, 1H, 3JH-H 

= 7.6 Hz).  

13C{1H} NMR (151 MHz, d2-dichloromethane, 298 K): δ 163.5 (s, C-2), 161.7 (s, C-1), 149.1 (s, Ar), 

133.7 (s, Ar), 133.0 (s, Ar), 130.0 (s, Ar), 127.5 (s, Ar), 121.7 (s, Ar), 119.9 (s, Ar), 119.6 (s, Ar), 

117.6 (s, Ar).  

These NMR data are in accordance with the literature reported data.129 

ESI-MS (CH2Cl2): m/z [M+H]+ 198.0908 (calc. 198.0913). 

UV-Vis (CH2Cl2): max/nm [log(e dm3 mol-1 cm-1)] 230 (4.99), 270 (4.80), 302 (4.69), 318 (4.73), 

340 (4.76).  
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6.4.2.4 L-e yield (3.96 g, 0.014 mol, 92%).  

 

 

 

1H NMR (600 MHz, d2-dichloromethane, 298 K): δ 13.14 (s, 1H, OH), 8.66 (s, 1H, H-2), 7.45 (d, 

1H, 3JH-H = 7.6 Hz), 7.38 (t, 1H, 3JH-H = 7.6 Hz), 7.00–7.95 (m, 2H), 6.57 (s, 2H, H-3), 3.88 (s, 6H, 2 x 

OCH3), 3.80 (s, 3H, OCH3).  

13C{1H} NMR (151 MHz, d2-dichloromethane, 298 K): δ 162.5 (s, C-2), 161.6 (s, C-1), 154.5 (s, Ar), 

144.8 (s, Ar), 137.9 (s, Ar), 133.6 (s, Ar), 132.9 (s, Ar), 119.6 (s, Ar), 117.6 (s, Ar), 99.1 (s, C-3), 

93.0 (s, Ar), 61.1 (s, C-5), 56.7 (s, C-4).  

These NMR data are in accordance with the literature reported data.130 

ESI-MS (CH2Cl2): m/z [M+H]+ 288.1231 (calc. 288.1230). 

UV-Vis (CH2Cl2): max/nm [log(e dm3 mol-1 cm-1)] 266 (4.38), 352 (4.51).  
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6.4.2.5 L-f yield (1.56 g, 0.007 mol, 94%).  

 

 

 

1H NMR (600 MHz, d2-dichloromethane, 298 K): δ 12.84 (s, 1H, OH), 8.89 (s, 1H, H-2), 7.44–7.71 

(m, 2H), 7.21–7.16 (m, 1H), 7.06–7.01 (m, 3H), 6.97 (t, 1H, 3JH-H = 7.6 Hz).   

13C{1H} NMR (151 MHz, d2-dichloromethane, 298 K): δ 169.6 (t, 4JC-F = 5.0 Hz, C-2), 162.0 (s, C-

1), 157.4 (d, 1JC-F = 255.5 Hz, C-4), 157.3 (d, 1JC-F = 245.6 Hz, C-5), 134.5 (s, Ar), 133.5 (s, Ar ), 127.3 

(t, 3JC-F = 10.0 Hz, C-8), 126.0 (t, 2JC-F = 12.9 Hz, C-3), 119.8 (s, Ar), 199.7 (s, Ar), 117.9 (s, Ar), 112.7 

(d, 2JC-F = 19.3 Hz, C-6), 112.6 (d, 2JC-F = 19.3 Hz, C-7).  

19F NMR (565 MHz, d2-dichloromethane, 298 K): δ –123.8 (m).  

These NMR data are in accordance with the literature reported data.131 

ESI-MS (CH2Cl2): m/z [M+H]+ 234.0719 (calc. 234.0725). 

UV-Vis (CH2Cl2): max/nm [log(e dm3 mol-1 cm-1)] 230 (4.69), 270 (4.57), 300 (4.46), 316 (4.45), 

344 (4.45).  
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6.4.2.6 L-i yield (2.45 g, 0.012 mol, 90%).  

 

 

 

1H NMR (600 MHz, d2-dichloromethane, 298 K): δ 12.70 (s, 1H, OH), 8.63 (s, 1H, H-3), 7.44 (t, 

2H, 3JH-H = 7.8 Hz), 7.31–7.29 (m, 3H), 7.01–6.99 (m, 1H), 6.94–6.92 (m, 2H), 3.80 (s, 3H, OCH3).  

13C{1H} NMR (151 MHz, d2-dichloromethane, 298 K): δ 163.2 (s, C-3), 155.9 (s, C-1), 152.9 (s, Ar), 

149.2 (s, Ar), 130.0 (s, Ar), 127.5 (s, Ar), 121.7 (s, Ar), 121.0 (s, Ar), 119.5 (s, Ar), 118.4 (s, Ar), 

116.0 (s, Ar), 56.4 (s, C-2).  

These NMR data are in accordance with the literature reported data.132 

ESI-MS (CH2Cl2): m/z [M+H]+ 228.1019 (calc. 228.1025).   

UV-Vis (CH2Cl2): max/nm [log(e dm3 mol-1 cm-1)] 240 (4.63), 274 (4.43), 294 (4.39), 308 (4.38), 

376 (4.26).  
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6.4.3 Synthesis and characterisation of Pt(sal)(ppy) complexes  

 

All Pt(sal)(ppy) complexes were prepared by the same procedure modified from the literature.113 

In the literature procedure, the Pt(sal)(ppy) complexes were synthesised from the [Pt(N^C)(μ-

Cl)]2 complexes directly, but herein the [Pt{NC5H4-6-(4’-R-C6H3)}Cl(κ1-S-dmso)] complexes were 

synthesised first. As an example, for 1a, a solution of 3-dmso (340 mg, 0.69 mmol), 3 equiv. of L-

a (549 mg, 2.07 mmol) and 10 equiv. of Na2CO3 (731 mg, 6.9 mmol) in 2-methoxyethanol (50 mL) 

was heated to reflux for 20 h under a nitrogen atmosphere. The solvent was then removed under 

reduced pressure and hexane (15 mL) was added gradually to give an orange precipitate that 

was subsequently filtered and washed with water (10 mL). Subsequent freeze-drying followed 

by recrystallisation by slow diffusion of hexane into a dichloromethane solution of the complex 

resulted in the formation of 1a in moderate yield (240 mg, 0.37 mmol, 54%). Complexes 1b and 

1d are known, and the acquired analytical data match the literature reported data.113  
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6.4.3.1 1a yield (240 mg, 0.37 mmol, 54%).  

 

 

 

1H NMR (600 MHz, d2-dichloromethane, 298 K): δ 9.42 (d, 1H, 3JH-H = 5.8 Hz, 3JH-Pt = 33.2 Hz, H-

1), 8.25 (s, 1H, 3JH-Pt = 70.6 Hz, H-6), 7.81–7.78 (m, 3H, ppy), 7.71–7.69 (m, 2H, sal), 7.53–7.49 (m, 

2H, sal), 7.36 (d, 1H, 3JH-H = 7.9 Hz, ppy), 7.32 (d, 1H, 3JH-H = 8.5 Hz, ppy), 7.18 (t, 1H, 3JH-H = 6.7 Hz, 

H-2), 7.06 (d, 1H, 3JH-H = 8.6 Hz, sal), 6.61 (t, 1H, 3JH-H = 7.4 Hz, sal), 6.44 (dd, 1H, 3JH-H = 8.5 and 2.5 

Hz, H-5), 5.30 (d, 1H, 3JH-H = 2.5 Hz, H-4), 3.23 (s, 3H, H-3).  

13C{1H} NMR (151 MHz, d2-dichloromethane, 298 K): δ 168.0 (s, ppy), 166.8 (s, sal), 164.5 (s, C-

6), 160.3 (s, ppy), 158.2 (s, ppy), 146.6 (s, ppy), 141.3 (s, ppy), 139.4 (s, ppy), 138.9 (s, ppy), 136.6 

(s, sal), 135.2 (s, sal), 129.9 (q, 2JC-F = 32.3 Hz, C-8), 126.9 (s, sal), 126.8 (q, 3JC-F = 3.8 Hz, C-7), 124.6 

(q, 1JC-F = 273.1 Hz, C-9), 124.9 (s, ppy), 123.3 (s, ppy), 122.3 (s, sal), 120.2 (s, ppy), 118.7 (s, ppy), 

118.2 (s, sal), 116.2 (s, sal), 111.0 (s, sal), 55.2 (s, C-3).  

19F NMR (565 MHz, d2-dichloromethane, 298 K): δ –62.5 (s).  

ESI-MS (CH2Cl2): m/z [M+H]+ 644.1127 (calc. 644.1119) with the correct isotope pattern. 

Elemental analysis found (calc. for C26H19F3N2O2Pt): C 48.77 (48.53) H 3.30 (2.98) N 4.05 (4.35).  

UV-Vis (CH2Cl2): max/nm [log(e dm3 mol-1 cm-1)] 228 (4.66), 268 (4.75), 362 (4.29), 394 (4.07).  
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6.4.3.2 1b yield (64 mg, 0.104 mmol, 48%).  

 

 

 

1H NMR (600 MHz, d2-dichloromethane, 298 K): δ 9.51 (d, 1H, 3JH-H = 5.7 Hz, 3JH-Pt = 33.5 Hz, H-

1), 8.27 (s, 1H, 3JH-Pt = 70.5 Hz, H-4), 7.86 (1H, t, 3JH-H = 7.7 Hz, ppy), 7.74–7.73 (m, 2H, sal), 7.69–

7.66 (m, 3H, 1 ppy + 2 sal), 7.51 (t, 1H, 3JH-H = 7.7 Hz, ppy), 7.41 (d, 1H, 3JH-H = 7.7 Hz, ppy), 7.37 

(d, 1H, 3JH-H = 7.7 Hz, sal), 7.29 (t, 1H, 3JH-H = 5.7 Hz, H-2), 7.07 (m, 1H, ppy), 6.87 (t, 1H, 3JH-H = 7.4 

Hz, sal), 6.62 (t, 1H, 3JH-H = 7.4 Hz, sal), 6.55 (t, 1H, 3JH-H = 7.4 Hz, sal), 5.63 (d, 1H, 3JH-H = 7.8 Hz, 

4JH-Pt = 35.2 Hz, H-3).  

13C{1H} NMR (151 MHz, d2-dichloromethane, 298 K): δ 176.0 (s, ppy), 168.2 (s, ppy), 166.7 (s, C-

4), 164.1 (s, ppy), 152.3 (s, ppy), 158.3 (s, sal), 147.0 (s, ppy), 146.3 (s, sal), 139.6 (s, ppy), 139.1 

(s, ppy), 136.5 (s, ppy), 135.2 (s, ppy), 135.0 (s, sal), 129.8 (s, ppy), 129.6 (s, ppy), 129.0 (s, sal), 

126.6 (q, 3JC-F = 3.7 Hz, C-5), 122.6 (q, 1JC-F = 313.8 Hz, C-6), 123.3 (s, sal), 122.3 (s, sal), 119.4 (s, 

sal), 118.9 (s, sal), 116.2 (s, sal).  

19F NMR (565 MHz, d2-dichloromethane, 298 K): δ –62.5 (s).  

ESI-MS (CH2Cl2): m/z [M+H]+ 614.1005 (calc. 614.0943) with the correct isotope pattern. 

UV-Vis (CH2Cl2): max/nm [log(e dm3 mol-1 cm-1)] 228 (4.55), 264 (4.69), 362 (4.13), 396 (3.86).  

These analytical data are in accordance with the literature reported data.113 
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6.4.3.3 1c yield (154 mg, 0.26 mmol, 27%). 

 

 

 

1H NMR (500 MHz, d2-dichloromethane, 298 K): δ 9.54 (d, 1H, 3JH-H = 6.1 Hz, 3JH-Pt = 33.5 Hz, H-

1), 8.27 (s, 1H, 3JH-Pt = 73.8 Hz, H-3), 7.85 (t, 1H, 3JH-H = 7.7 Hz, ppy), 7.66 (m, 1H, ppy), 7.48 (m, 

3H, 1 ppy + 2 sal), 7.39 (dd, 1H,  JH-H = 7.7 and 1.4 Hz, ppy), 7.36 (dd, 1H, JH-H = 7.9 and 1.7 Hz, 

ppy), 7.28 (m, 3H, 1 ppy + 2 sal), 7.07 (m, 1H, ppy), 6.85 (t, 1H, 3JH-H = 7.4 Hz, sal), 6.59 (t, 1H, 3JH-

H = 7.4 Hz, sal), 6.52 (t, 1H, 3JH-H = 7.7 Hz, sal), 5.60 (d, 1H, 3JH-H = 8.1 Hz, 4JH-Pt = 38.2 Hz, H-2), 2.99 

(sept, 1H, 3JH-H = 6.9 Hz, H-4), 1.30 (d, 6H, 3JH-H = 6.9 Hz, H-5).  

13C{1H} NMR (126 MHz, d2-dichloromethane, 298 K): δ 168.3 (s, ppy), 166.2 (s, ppy), 163.5 (s, C-

3), 153.3 (s, sal), 149.1 (s, sal), 146.9 (s, ppy) 146.2 (s, ppy), 139.5 (s, ppy), 139.4 (s, ppy) 135.8 

(s, sal), 135.2 (s, sal), 135.0 (s, sal), 128.7 (s, sal), 127.2 (s, ppy), 125.9 (s, sal), 123.3 (s, ppy), 123.1 

(s, ppy), 122.9 (s, ppy), 122.4 (s, sal), 121.4 (s, sal), 118.8 (s, ppy), 115.8 (s, sal), 34.4 (s, C-4), 24.5 

(s, C-5).  

ESI-MS (CH2Cl2): m/z [M+H]+ 588.1608 (calc. 588.1609) with the correct isotope pattern. 

The sample is pure to the detection limit of NMR spectroscopy. 

UV-Vis (CH2Cl2): max/nm [log(e dm3 mol-1 cm-1)] 266 (4.54), 310 (4.02), 362 (3.99), 398 (3.76).  
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6.4.3.4 1d yield (365 mg, 0.67 mmol, 48%). 

 

 

 

1H NMR (400 MHz, d2-dichloromethane, 298 K): δ 9.54 (d, 1H, 3JH-H = 6.0 Hz, 3JH-Pt = 34.9 Hz, H-

1), 8.27 (s, 1H, 3JH-Pt = 76.5 Hz, H-3), 7.85 (t, 1H, 3JH-H = 7.8 Hz, ppy), 7.67–7.65 (m, 1H, ppy), 7.58–

7.57 (m, 2H, sal), 7.48 (t, 1H, 3JH-H = 7.7 Hz, ppy), 7.42–7.33 (m, 5H, 2 ppy + 3 sal), 7.28 (t, 1H, 3JH-

H = 6.7 Hz, ppy), 7.07–7.05 (m, 1H, ppy), 6.85 (t, 1H, 3JH-H = 7.4 Hz, sal), 6.60 (t, 1H, 3JH-H = 7.4 Hz, 

sal), 6.54 (t, 1H, 3JH-H = 7.5 Hz, sal), 5.68 (d, 1H, 3JH-H = 7.7 Hz, 4JH-Pt = 35.4 Hz, H-2).  

13C{1H} NMR (151 MHz, d2-dichloromethane, 298 K): δ 168.3 (s, ppy), 166.3 (s, sal), 163.9 (s, C-

3), 155.5 (s, sal), 147.0 (s, ppy), 146.2 (s, ppy), 139.4 (s, ppy), 135.9 (s, ppy), 135.1 (s, sal), 129.4 

(s, sal), 128.9 (s, sal), 127.8 (s, ppy), 126.2 (s, ppy), 123.4 (s, ppy), 123.1 (s, ppy), 123.0 (s, sal), 

122.4 (s, sal), 121.4 (s, ppy), 118.8 (s, ppy), 115.9 (s, sal).  

ESI-MS (CH2Cl2): m/z [M+H]+ 546.1146 (calc. 546.1140) with the correct isotope pattern. 

UV-Vis (CH2Cl2): max/nm [log(e dm3 mol-1 cm-1)] 228 (4.33), 266 (4.45), 308 (3.91), 362 (3.89), 

398 (3.64).  

These analytical data are in accordance with the literature reported data.113 
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6.4.3.5 1e yield (109 mg, 0.17 mmol, 36%).  

 

 

 

1H NMR (600 MHz, d2-dichloromethane, 298 K): δ 9.58 (d, 1H, 3JH-H = 5.7 Hz, 3JH-Pt = 33.7 Hz, H-

1), 8.35 (s, 1H, 3JH-Pt = 71.4 Hz, H-3), 7.85 (t, 1H, 3JH-H = 7.7 Hz, ppy), 7.67–7.66 (m, 1H, ppy), 7.49 

(t, 1H, 3JH-H = 7.7 Hz, ppy), 7.40 (dd, 1H, JH-H = 7.6 and 1.2 Hz, ppy), 7.37 (dd, 1H, JH-H = 7.9 and 1.6 

Hz, ppy), 7.27 (t, 1H, 3JH-H = 6.7 Hz, ppy), 7.06 (d, 1H, 3JH-H = 8.4 Hz, ppy), 6.89 (t, 1H, 3JH-H = 7.4 Hz, 

sal), 6.83 (s, 2H, H-4), 6.65 (t, 1H, 3JH-H = 7.6 Hz, sal), 6.61 (t, 1H, 3JH-H = 7.4 Hz, sal), 5.79 (d, 1H, 

3JH-H = 7.9 Hz, H-2), 3.81 (s, 3H, H-5), 3.76 (s, 6H, H-6).  

13C{1H} NMR (151 MHz, d2-dichloromethane, 298 K): δ 168.4 (s, ppy), 166.3 (s, ppy), 163.2 (s, C-

3), 153.7 (s, sal), 151.2 (s, sal), 146.9 (s, sal), 139.4 (s, ppy), 138.2 (s, ppy), 135.9 (s, ppy), 135.0 

(s, sal), 128.9 (s, sal), 123.3 (s, ppy), 123.1 (s, ppy), 123.0 (s, ppy), 122.2 (s, sal), 121.3 (s, sal), 

119.9 (s, ppy), 118.8 (s, ppy), 118.1 (s, ppy), 115.9 (s, sal), 104.3 (s, sal), 93.0 (s, sal), 61.5 (s, C-

5), 56.9 (s, 2 x C-6).  

ESI-MS (CH2Cl2): m/z [M+H]+ 636.1468 (calc. 636.1457) with the correct isotope pattern. 

The sample is pure to the detection limit of NMR spectroscopy. 

UV-Vis (CH2Cl2): max/nm [log(e dm3 mol-1 cm-1)] 228 (4.45), 264 (4.44), 310 (3.94), 362 (3.92), 

396 (3.67).  
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6.4.3.6 1f yield (136 mg, 0.23 mmol, 54%). 

 

 

 

1H NMR (600 MHz, d2-dichloromethane, 298 K): δ 9.55 (d, 1H, 3JH-H = 5.8 Hz, 3JH-Pt = 35.5 Hz, H-

1), 8.19 (s, 1H, 3JH-Pt = 73.1 Hz, H-3), 7.84 (t, 1H, 3JH-H = 7.7 Hz, ppy), 7.66–7.65 (m, 1H, ppy), 7.56 

(t, 1H, 3JH-H = 7.7 Hz, sal), 7.45 (d, 1H, 3JH-H = 7.7 Hz, ppy), 7.36–7.31 (m, 2H, sal), 7.27 (t, 1H, 3JH-H 

= 6.6 Hz, ppy), 7.11–7.07 (m, 3H, ppy), 6.92 (t, 1H, 3JH-H = 7.4 Hz, sal), 6.65–6.59 (m, 2H, sal), 5.60 

(d, 1H, 3JH-H = 7.9 Hz, 4JH-Pt = 37.2 Hz, H-2).  

13C{1H} NMR (151 MHz, d2-dichloromethane, 298 K): δ 168.1 (s, C-3), 166.7 (d, 3JC-F = 4.8 Hz, sal), 

158.2–156.6 (dd, 2C, 1JC-F = 249.9 and 3JC-F = 3.5 Hz, C-4), 146.9 (s, ppy), 146.7 (s, ppy), 139.4 (s, 

ppy), 137.6 (s, ppy), 136.8 (s, ppy), 135.2 (s, sal), 132.2 (s, sal), 129.0 (s, ppy), 128.6 (t, 2JC-F = 9.6 

Hz, sal), 123.9 (s, ppy), 123.6 (s, ppy), 123.5 (s, sal) 122.0 (s, sal), 121.5 (s, sal), 118.8 (s, ppy), 

116.2 (s, ppy), 112.9 (d, 2JC-F = 19.7 Hz, sal), 112.7 (d, 2JC-F = 19.7 Hz, sal).  

19F NMR (565 MHz, d2-dichloromethane, 298 K): δ –120.1 (dd).  

ESI-MS (CH2Cl2): m/z [M+H]+ 582.0943 (calc. 582.0951) with the correct isotope pattern. 

Elemental analysis found (calc. for C24H16F2N2OPt): C 49.96 (49.57) H 3.09 (2.77) N 4.69 (4.82). 

UV-Vis (CH2Cl2): max/nm [log(e dm3 mol-1 cm-1)] 230 (4.54), 260 (4.67), 300 (4.17), 362 (4.19).  
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6.4.3.7 1g yield (31 mg, 0.055 mmol, 38%). 

 

 

 

1H NMR (600 MHz, d1-chloroform, 298 K): δ 9.76 (d, 1H, 3JH-H = 5.2 Hz, 3JH-Pt = 33.4 Hz, H-1), 8.29–

8.26 (m, 2H, H-4/ ppy), 7.69–7.68 (m, 1H, ppy), 7.62–7.59 (m, 3H, ppy), 7.53–7.50 (m, 2H, ppy), 

7.47–7.44 (2H, t, 3JH-H = 7.6 Hz, sal), 7.39–7.35 (m, 3H, sal), 7.18 (d, 1H, 3JH-H = 8.4 Hz, sal), 6.97 (t, 

1H, 3JH-H = 7.6 Hz, H-3), 6.62 (t, 1H, 3JH-H = 7.4 Hz, sal), 5.65 (d, 1H, 3JH-H = 7.6 Hz, H-2).  

13C{1H} NMR (151 MHz, d1-chloroform, 298 K): δ 165.7 (s, C-4), 163.0 (s, ppy), 157.1 (s, ppy), 

155.4 (s, ppy), 145.6 (s, ppy), 142.7 (s, sal), 137.5 (ppy), 135.6 (s, sal), 135.5 (s, sal), 134.7 (s, sal), 

133.3 (s, sal), 132.1 (s, sal), 129.7 (s, ppy), 129.2 (s, ppy), 127.4 (s, ppy), 126.6 (s, ppy), 125.8 (s, 

ppy), 122.9 (s, sal), 122.7 (s, sal), 121.9 (s, ppy), 121.3 (s, sal), 119.9 (s, ppy), 115.7 (s, sal).  

ESI-MS (CH2Cl2): m/z [M+H]+ 570.1142 (calc. 570.1140) with the correct isotope pattern.  

The sample is pure to the detection limit of NMR spectroscopy. 

UV-Vis (CH2Cl2): max/nm [log(e dm3 mol-1 cm-1)] 240 (4.51), 288 (3.93), 318 (3.92), 344 (3.94), 

364 (3.80), 408 (3.62).  
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6.4.3.8 1h yield (42 mg, 0.073 mmol, 38%).  

 

 

 

1H NMR (600 MHz, d2-dichloromethane, 298 K): δ 9.50 (d, 1H, 3JH-H = 5.7 Hz, 3JH-Pt = 33.2 Hz, H-

1), 8.28 (s, 1H, 3JH-Pt = 70.7 Hz, H-4), 7.78 (t, 1H, 3JH-H = 7.5 Hz, ppy), 7.66 (d, 2H, 3JH-H = 7.6 Hz, sal), 

7.53 (d, 1H, 3JH-H = 7.9 Hz, ppy), 7.47 (t, 1H, 3JH-H = 7.5 Hz, ppy), 7.42 (t, 2H, 3JH-H = 7.3 Hz, sal), 7.35–

7.30 (m, 3H, 1 ppy + 2 sal), 7.18 (1H, t, 3JH-H = 6.3 Hz, ppy), 7.06 (d, 1H, 3JH-H = 8.6 Hz, ppy), 6.60 (t, 

1H, 3JH-H = 7.3 Hz, sal), 6.43 (1H, d, 3JH-H = 8.3 Hz, sal), 5.42 (s, 1H, H-3), 3.24 (s, 3H, H-2).  

13C{1H} NMR (151 MHz, d2-dichloromethane, 298 K): δ 168.1 (s, sal), 166.4 (s, C-4), 164.4 (s, 

ppy), 160.2 (s, ppy), 155.4 (s, sal), 146.6 (s, ppy), 141.7 (s, ppy), 139.3 (s, ppy), 138.8 (s, ppy), 

136.0 (s, ppy), 135.1 (s, sal), 129.6 (s, sal), 128.0 (s, ppy), 126.2 (s, ppy), 124.8 (s, ppy), 123.0 (s, 

sal), 122.5 (s, ppy), 120.1 (s, sal), 118.5 (s, sal), 118.1 (s, sal), 116.0 (s, sal), 111.0 (s, sal), 55.5 (s, 

C-2).  

ESI-MS (CH2Cl2): m/z [M+H]+ 576.1251 (calc. 576.1245) with the correct isotope pattern. 

Elemental analysis found (calc. for C25H20N2O2Pt): C 52.44 (52.17) H 3.21 (3.50) N 4.80 (4.87). 

UV-Vis (CH2Cl2): max/nm [log(e dm3 mol-1 cm-1)] 230 (4.51), 270 (4.63), 360 (4.18), 394 (3.96).  
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6.4.3.9 1i yield (82.5 mg, 0.143 mmol, 44%).  

 

  

 

1H NMR (600 MHz, d2-dichloromethane, 298 K): δ 9.58 (d, 1H, 3JH-H = 5.8 Hz, 3JH-Pt = 33.2 Hz, H-

1), 8.26 (s, 1H, 3JH-Pt = 74.6 Hz, H-4), 7.84 (t, 1H, 3JH-H = 7.8 Hz, ppy), 7.66 (d, 1H, 3JH-H = 7.9 Hz, ppy), 

7.58–7.56 (m, 2H, ppy), 7.42–7.38 (m, 3H, 2 ppy + 1 sal), 7.34–7.32 (m, 1H, sal), 7.27 (t, 1H, 3JH-H 

= 6.7 Hz, ppy), 7.19–7.16 (m, 1H, sal), 7.03–7.00 (m, 1H, sal), 6.85 (t, 1H, 3JH-H = 7.5 Hz, sal), 6.77 

(1H, d, 3JH-H = 3.2 Hz, sal), 6.53 (t, 1H, 3JH-H = 7.5 Hz, sal), 5.68 (d, 1H, 3JH-H = 8.0 Hz, 4JH-Pt = 37.5 Hz, 

H-2), 3.75 (s, 3H, H-3).  

13C{1H} NMR (151 MHz, d2-dichloromethane, 298 K): δ 168.3 (s, ppy), 163.1 (s, C-4) 162.0 (s, sal), 

155.6 (s, sal), 150.2 (s, sal), 146.9 (s, ppy), 146.2 (s, ppy), 139.8 (s, sal), 139.4 (s, ppy), 135.1 (s, 

ppy), 129.3 (s, sal), 128.8 (s, sal), 127.7 (s, ppy), 126.8 (s, sal), 126.3 (s, ppy), 124.1 (s, sal), 123.4 

(s, sal), 123.0 (s, ppy), 121.4 (s, ppy), 120.6 (s, ppy), 118.8 (s, ppy), 113.8 (s, sal), 56.4 (s, C-3).  

ESI-MS (CH2Cl2): m/z [M+H]+ 576.1254 (calc. 576.1245) with the correct isotope pattern. 

Elemental analysis found (calc. for C25H20N2O2Pt): C 52.50 (52.17) H 3.12 (3.50) N 4.81 (4.87).  

UV-Vis (CH2Cl2): max/nm [log(e dm3 mol-1 cm-1)] 230 (4.68), 266 (4.77), 310 (4.25), 366 (4.22), 

408 (4.01), 476 (3.86). 
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6.5 Chapter Three Experimental 
 

6.5.1 Performance of Pt(sal)(ppy) complexes in thermal and photoactivated 

hydrosilylation reactions  

 

Hydrosilylation was conducted as per the standard procedure outlined in section 6.3.2, using 

precatalysts 1a – 1i at 0.0025 M. Each precatalyst was assessed under thermal (no irradiation) 

and photoactivated (10 – 120 s irradiation) conditions.  

 

6.5.2 Substrate scope  

 

Hydrosilylation was conducted as per the standard photoactivated procedure outlined in section 

6.3.2, but VTMS was replaced by a variety of alkene substrates (0.8 – 1.2 M). In each case, the 

reaction was monitored thermally for ~1 h to determine the latency period, and then irradiated 

for 120 s. MD’M and the alkene substrate (vinyltrimethoxysilane, 3-Buten-2-one, styrene, 4-

methoxystyrene, oct-1-ene, cyclohexene, norbornadiene, trans-2-octene or acetone) were used 

in a 1:1 ratio. The selectivity of each substrate was determined by 1H NMR and / or 29Si NMR 

spectroscopy.   

 

Hydrosilylation of vinyltrimethylsilane  

1H NMR (400 MHz, d2-dichloromethane, 298 K): beta product, δ 0.48 – 0.40 (m, 4H, Si–CH2–

CH2–Si), 0.13 (s, 18H, 2 x Si(CH3)3), 0.04 (s, 3H, Si–CH3), 0.01 (s, 9H, Si(CH3)3). These analytical 

data match the values reported in the literature.105 

29Si NMR (119 MHz, d2-dichloromethane, 298 K): beta product, δ 6.9 (s, 2 x Si(CH3)3), 3.1 (s, 

Si(CH3)3), −20.7 (s, Si–CH3).  
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Hydrosilylation of vinyltrimethoxysilane  

1H NMR (400 MHz, d2-dichloromethane, 298 K): beta product, δ 3.54 (s, 9H, Si–(OCH3)3), 0.59 –

0.44 (m, 4H, Si–CH2–CH2–Si), 0.11 (s, 18H, 2 x Si–(CH3)3), 0.03 (s, 3H, Si–CH3). These analytical 

data match the values reported in the literature.199 

1H NMR (400 MHz, d2-dichloromethane, 298 K): alpha product, δ 1.05 (d, 3H, 3JH-H = 7.4 Hz, CH3). 

No other signals can be distinguished due to signal overlap with the beta product. 

29Si NMR (119 MHz, d2-dichloromethane, 298 K): beta product, δ 7.2 (s, 2 x Si–(CH3)3), −21.5 (Si–

CH3), −41.5 (s, Si–(OCH3)3). These analytical data match the values reported in the literature.199 

29Si NMR (119 MHz, d2-dichloromethane, 298 K): alpha product, δ 7.2 (s, 2 x Si–(CH3)3), −23.1 (s, 

Si–CH3), −42.5 (s, Si–(OCH3)3). 

 

Hydrosilylation of oct-1-ene  

1H NMR (400 MHz, d2-dichloromethane, 298 K): beta product, δ 1.33–1.31 (m, 12H, 6 x CH2), 

0.91–0.89 (m, 3H, CH3), 0.51–0.47 (m, 2H, Si–CH2), 0.12 (s, 18H, 2 x Si–(CH3)3), 0.03 (s, 3H, Si–

CH3). These analytical data match the values reported in the literature.105,159  

29Si NMR (119 MHz, d2-dichloromethane, 298 K): beta product, δ 6.8 (s, 2 x Si–(CH3)3), −21.2 (s, 

Si–CH3).   

 

Hydrosilylation of 3-Buten-2-one  

1H NMR (400 MHz, d2-dichloromethane, 298 K): beta product, δ 2.43 (q, 2H, 3JH-H = 7.4 Hz, CH2), 

1.80 (s, 3H, CH3), 1.03 (t, 2H, 3JH-H = 7.4 Hz, Si–CH2), 0.10 (s, 18H, 2 x Si–(CH3)3). 

1H NMR (400 MHz, d2-dichloromethane, 298 K): alpha product, δ 4.77 (q, 1H, 3JH-H = 6.8 Hz, C–

H), 1.74 (s, 1H, CH3–C=O), 1.54 (d, 3H, 3JH-H = 6.8 Hz, CH3) , 0.13 (s, 18H, 2 x Si–(CH3)3). 
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Hydrosilylation of styrene  

1H NMR (400 MHz, d2-dichloromethane, 298 K): beta product selected signals, δ 2.74–2.72 (m, 

2H, CH2), 0.94–0.92 (m, 2H, CH2), 0.22 (s, 18H, 2 x Si–(CH3)3). Not all signals assigned due to 

significant signal overlap with starting materials. These analytical data match the values reported 

in the literature.160 

1H NMR (400 MHz, d2-dichloromethane, 298 K): alpha product selected signals, δ 2.18 (q, 1H, 

3JH-H = 7.4 Hz, C–H), 1.43 (d, 3H, 3JH-H = 7.4 Hz, CH3), 0.23 (s, 18H, 2 x Si–(CH3)3). Not all signals 

assigned due to significant signal overlap with starting materials. 

 

Hydrosilylation of 4-methoxystyrene  

1H NMR (400 MHz, d2-dichloromethane, 298 K): beta product selected signals δ 3.80 (s, 3H, O–

CH3), 2.66–2.63 (m, 2H, CH2), 0.87–0.84 (m, 2H, CH2), 0.18 (s, 18H, 2 x Si–(CH3)3). Not all signals 

assigned due to significant signal overlap with starting materials. These analytical data match the 

values reported in the literature.160 

1H NMR (400 MHz, d2-dichloromethane, 298 K): alpha product selected signals δ 3.83 (s, 3H, O–

CH3) , 2.09 (q, 1H, 3JH-H = 7.5 Hz, C–H), 1.36 (d, 3H, 3JH-H = 7.5 Hz, CH3), 0.11 (s, 18H, 2 x Si–(CH3)3). 

Not all signals assigned due to significant signal overlap with starting materials. 

 

6.5.3 Recharges with inert substrates  

 

Hydrosilylation was conducted as per the standard photoactivated (120 s irradiation) procedure 

outlined in section 6.3.2, but stopped after complete conversion of MD’M and VTMS was 

observed. A batch of MD’M and alkene (cyclohexene, trans-2-octene or norbornadiene) at the 

1:1 ratio was then added to the NMR tube without further irradiation.  
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6.5.4 Curing times in commercial substrates  

 

This set of experiments were conducted as part of a placement at Johnson Matthey Technology 

Centre with the assistance of Dr Samuel Douglas. To assess the curing times of precatalysts 1a, 

1b, 1d and 1i in the commercial substrates, a series of cuvette tests were conducted. In this 

proof-of-concept study, the precatalyst (50 ppm) was dissolved in dichloromethane (100 μL) and 

added to the commercially used methylhydrosiloxane / dimethylsiloxane co-polymer (HMS, 

~1000 g/mol) and vinyl-terminated polydimethylsiloxane (DMS, ~6000 g/mol) substrates at a 

ratio of 6.8 HMS: 100 DMS (2 g total), in line with the established industrial protocol. The mixture 

was vigorously shaken in a sample vial and then transferred to a cuvette. A stirrer bar was added 

to the cuvette and then the cuvette was positioned on a stirrer set 110 mm away from a 

commercial 300 W Xe arc lamp (Oriel instruments model 6259). The lamp was then switched on 

and a timer was started. The curing time was determined by the time needed for the stirrer bar 

to stop stirring, due to the increased viscosity of the formulation once cured. No precautions for 

the ingress of air or water were taken, and the sample was not cooled.  

 

6.5.5 Thermal stability studies  

 

To determine the cure temperatures in the presence of precatalysts 1a, 1b, 1d and 1i, a stock 

solution of the precatalyst (50 ppm) in the HMS/ DMS (2 g) formulation was prepared and 10 μL 

of this solution was pipetted onto an aluminium sample pan for analysis by differential scanning 

calorimetry. The parameters used are detailed in section 6.1.6.  
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6.6 Chapter Four Experimental  
 

6.6.1 Tests for determining the active species 

 

6.6.1.1 Mercury poisoning  

 

Hydrosilylation was conducted as per the standard procedure outlined in section 6.3.2. After 

~40% conversion to the hydrosilylation product, an excess of elemental mercury (ca. 0.05 mL) 

was added to the NMR tube which was shaken vigorously. No inhibition of catalysis was observed 

under thermal or photoactivated conditions, consistent with homogenous catalysis.  

 

6.6.1.2 Dibenzo[a,e]cyclooctatetraene fractional poisoning  

 

Hydrosilylation was conducted as per the standard procedure outlined in section 6.3.2. After 

~30% conversion to the hydrosilylation product, 0.3 equiv. (relative to catalyst) of DBCOT in 0.05 

mL CD2Cl2 was added to the NMR tube. A decrease in catalytic activity was observed under 

thermal and photoactivated conditions, consistent with homogeneous catalysis.  

 

6.6.2 Determining order in silane  

  

Hydrosilylation was conducted as per the standard procedure outlined in section 6.3.2, but using 

a 5-fold range of MD’M concentrations (0.1 – 2.0 M). A fixed VTMS concentration (0.8 – 1.1 M) 

was used.  
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6.6.3 Recharges  

 

Hydrosilylation was conducted as per the standard procedure outlined in section 6.3.2, and 

stopped after full conversion to the hydrosilylation product was observed. A fresh batch of the 

appropriate stock solution was then added into the NMR tube. Importantly, the 120 s irradiation 

time was selected so that the recharge could be conducted on the same day as the first charge 

(to prevent possible change/ decomposition of the catalyst overnight), and the sample was only 

irradiated after the ~1 h latency period (no further irradiation upon recharging).  

 

6.6.4 Determining order in alkene  

 

Hydrosilylation was conducted as per the standard procedure outlined in section 6.3.2, but using 

a 3-fold range of VTMS concentrations (0.5 – 2 M). A fixed MD’M concentration (0.8 – 1.0 M) 

was used. 

 

6.6.5 Adding substrates before and after irradiation 

 

For all experiments in this series, precatalyst 1a was used (0.0025 M) and the initial 

concentrations of MD’M and VTMS were 0.95 – 1.0 M. The experiments were performed as per 

the procedure outlined in section 6.3.2, except the latency period was not monitored and 

substrates were added sequentially as detailed below.  

I. 1a in d2-dichloromethane irradiated 10 s then added MD’M and VTMS.  

II. 1a and MD’M in d2-dichloromethane irradiated 10 s then added VTMS.  

III. 1a and VTMS in d2-dichloromethane irradiated 10 s then added MD’M.  
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6.6.6 Experiments to determine the effect of alkene on the active species  

 

For all experiments in this series, precatalyst 1b was used (0.0025 M) in d2-dichloromethane and 

the initial concentrations of MD’M and VTMS were 0.8 – 1.1 M. The relevant alkene was added 

in at the same time as MD’M and VMTS (0.15 M cyclohexene, 0.09 M trans-2-octene, 0.14 M 

norbornadiene), and then the sample was inserted into the spectrometer for ~1 h to monitor 

the latency period, before being irradiated for 120 s with the 365 nm LED. The sample was then 

returned to the spectrometer and the concentration of beta product forming over time was 

monitored by in-situ 1H NMR spectroscopy . The kinetics were probed using the initial rates 

method, monitoring the rate of beta product formation for the first 5 data points after catalytic 

activity had been established. 

 

6.6.7 Preparation of d1-hexamethylsiloxymethylsilane  

 

Deuterated hexamethylsiloxymethylsilane was prepared in accordance with the literature 

procedure.200 To a solution of hexamethylsiloxymethylsilane (8.0 g, 36 mmol) in THF (10 mL) was 

added Rh(PPh3)3Cl (190 mg, 0.19 mmol). The mixture was degassed by three successive freeze-

pump-thaw (FPT) cycles and then charged with D2 (3 bar) and stirred vigorously at 25 °C. The FPT 

process was repeated after 2 and 4 h to remove excess HD and the solution was each time 

recharged with D2 (3 bar). The product was obtained as a colourless liquid via distillation in good 

yield (6.0 g, 27 mmol, 75%). The 1H and 2H NMR data indicate 99.8% D-incorporation.  
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6.6.8 Hydrosilylation reactions using d1-hexamethylsiloxymethylsilane 

 

Hydrosilylation was conducted as per the standard procedure outlined in section 6.3.2, but using 

d1-hexamethylsiloxymethylsilane (0.9 – 1.1 M) labelled at the Si–D position in place of protio 

hexamethylsiloxymethylsilane. A fixed VTMS concentration was used (0.9 – 1.1 M).  

 

6.6.9 Recharge of the solution using d1-hexamethylsiloxymethylsilane 

 

Hydrosilylation was conducted as per the standard procedure outlined in section 6.3.2, but using 

d1-hexamethylsiloxymethylsilane (1.0 M) labelled at the Si–D position in place of protio 

hexamethylsiloxymethylsilane, and stopped after full conversion to the hydrosilylation product 

was observed. A fresh batch of protio hexamethylsiloxymethylsilane (1.0 M) and 

vinyltrimethylsilane  (1.0 M) from the appropriate stock solution was then added into the NMR 

tube. Importantly, the 120 s irradiation time was selected so that the recharge could be 

conducted on the same day as the first charge (to prevent possible change / decomposition of 

the catalyst overnight), and the sample was only irradiated after the ~1 h latency period (no 

further irradiation upon re-charging).  
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6.7 Crystallographic data  
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Appendix  

 

Figure A.1. Expanded region of the latency period in the thermal hydrosilylation reaction 

detailed in Figure 3.11. 

 

 

Figure A.2. Concentration-time profiles of beta product formation during the photoactivated 

hydrosilylation reaction between MD’M and VTMS using 1b as a precatalyst. Reaction conditions 

as detailed in section 4.3.2, with 60 s irradiation. All plots are time-shifted to 3000 s to show the 

same latency period. The table shows the initial rates extracted from the first 5 data points 

following irradiation. 
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Figure A.3. Concentration-time profiles of beta product formation during the photoactivated 

hydrosilylation reaction between MD’M and VTMS using 1a as a precatalyst. Reaction conditions 

as detailed in section 4.4.1, with 60 s irradiation. All plots are time-shifted to 4500 s to show the 

same latency period. The table shows the initial rates extracted from the first 5 data points 

following irradiation. 

 

 

 

Figure A.4. Rate-concentration profiles for half, first and second order in VTMS using the rates 

for beta product formation in the hydrosilylation reaction between MD’M and VTMS with 

precatalyst 1a. Reaction conditions as detailed in section 4.4.1, with 60 s irradiation. 
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Figure A.5. Concentration-time profiles of beta product formation during the photoactivated 

hydrosilylation reaction between MD’M and VTMS using 1b as a precatalyst. Reaction conditions 

as detailed in section 4.4.2, with 120 s irradiation. All plots are time-shifted to 3200 s to show 

the same latency period. The table shows the initial rates extracted from the first 5 data points 

following irradiation. 
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Figure A.6. COPASI simulated models using the Kühn/Girolami model that requires two 

equivalents of silane to be involved in the catalytic cycle. [cat 1b] = 2.5 x 10–6 M. Concentrations 

as detailed in Figure 4.47. 
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Abbreviations 

 

Å   Angstrom 

acac   acetylacetonate 

AIPE   aggregation-induced phosphorescent emission 

Ar   aryl 

bpy   2,2'-bipyridine 

calc.   calculated  

[cat]   catalyst 

COD   1,5-cyclooctadiene  

COSY   correlation spectroscopy  

Cp   cyclopentadienyl  

CTX    2-chlorothioxanthen-9-one 

Cy   cyclohexyl 

δ   chemical shift in ppm  

d   doublet 

dba   dibenzylideneacetone 

DBCOT   dibenzo[a,e]cyclooctatetraene 

dcm   dichloromethane 

DFT    density functional theory  

DLS   dynamic light scattering 

dms   dimethyl sulphide  

DMS   vinyl-terminated polydimethylsiloxane   

dmso    dimethyl sulfoxide 

DSC   differential scanning calorimetry  

dvtms   1,3-divinyl-1,1,3,3-tetramethyldisiloxane  

EIE   equilibrium isotope effect 

equiv.   equivalents  

ESI-MS   electrospray ionisation mass spectrometry  

Et   ethyl 

EXAFS   extended X-ray absorption fine structure  

FPT   freeze-pump-thaw 

g   gram(s)  

HAT   hydrogen atom transfer 

hfac   hexafluoroacetylacetonate 

HMBC   heteronuclear multiple bond correlation  
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HMS   methylhydrosiloxane / dimethylsiloxane co-polymer 

HSQC   heteronuclear single quantum coherence 

Hz   Hertz  

iPr   isopropyl  

IR   infrared spectroscopy 

J   coupling constant in Hz 

K   Kelvin  

k   rate constant  

KIE   kinetic isotope effect  

LC   ligand centred  

LED   light-emitting diode  

LLCT   ligand-to-ligand charge transfer 

M   mol dm-3 

MALLS   multi angle laser light scattering 

MD’M   hexamethylsiloxymethylsilane  

Me   methyl  

ml   millilitre  

MLCT   metal-to-ligand charge transfer 

mmol   millimole  

μmol   micromole  

mol%   mole percentage  

m/z   mass to charge ratio  

nm   nanometre  

NBD   norbornadiene 

NHC   N-heterocyclic carbene   

NMR   nuclear magnetic resonance  

NOESY   nuclear Overhauser effect spectroscopy 

NTC   nortricyclane 

OEt   ethoxy 

OMe   methoxy 

P-DSC   photo-differential scanning calorimetry  

Ph   phenyl 

PMHS   polymethylhydrosiloxane 

ppb   parts per billion 

ppm   parts per million 

ppy   2-phenylpyridine 

q   quartet 
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QNMR   quantitative nuclear magnetic resonance spectroscopy 

R   generic group 

rt   room temperature 

s   seconds 

sal   salicylaldimine  

SEC   size exclusion chromatography 

sept   septet 

std   standard 

t   triplet  

TEM   transmission electron microscopy  

TGA   thermogravimetric analysis 

THF   tetrahydrofuran 

TOF   turnover frequency 

TON   turnover number  

TOFapp   apparent turnover frequency 

TONapp   apparent turnover number  

UV   ultraviolet 

UV-vis   ultraviolet-visible spectroscopy  

VE   valence electron  

VTMOS   vinyltrimethoxysilane  

VTMS   vinyltrimethylsilane  

W   watt 

°C   degrees Celsius  
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