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Abstract 
 

This thesis is concerned with the use of fluorophosphite ligands in rhodium-catalysed 

hydroformylation. Work has been carried out to synthesise two novel fluorophosphites, L6 and L7 

(shown in Figure 1), via a new synthetic method, and computational work has been executed to map 

the free energy surfaces of the species in the hydroformylation cycle with two known fluorophosphites. 

This work aims to enhance the understanding of fluorophosphites in terms of their electronic and steric 

effects upon changing the backbone with the goal to put these fluorophosphites to the test in a catalytic 

run in the laboratory. 

 
The new cyclic fluorophosphites formed contained 6-membered dioxaphosphacycles and were derived 

from naphthalene-1,8-diol. Upon protection of the alcohol groups, lithiation reactions with n-BuLi 

were used for substitution at the ortho position with phenyl groups by Suzuki coupling of 

phenylboronic acid. Following deprotection, the fluorophosphite group was incorporated into the 

molecule by reaction with PCl3 and then SbF3. The resulting 31P and 13F NMR spectra of compounds 

L2, L6 and L7 revealed the peaks to lie close to each other, representing the similarity of the electronic 

properties of the compounds despite the change in steric effects. 

 
The computational work focused on modelling the catalytic cycle of a rhodium-catalysed 

hydroformylation reaction using fluorophosphite ligands. P(OMe)2F, L5, was chosen as a simple 

fluorophosphite ligand to help gain an insight into the general trends in free energy observed in a 

hydroformylation cycle. Then, a model fluorophosphite L2 (Fig. 1) was used to observe the differences 

in the trends when a dioxaphosphacyclic ligand was used. The key reflections were that the free energy 

barriers were closer in energy in comparison to the simpler ligand, showing that phosphite ligand 

exchange with CO is more likely to occur for L2. 

 

 

 
 

Figure 1 Fluorophosphite ligands explored in this thesis. 
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Lastly, 52 fluorophosphites were added to the Ligand Knowledge Base (LKB) by calculating a range 

of steric and electronic parameters. This ligand set consisted of a range of 5- to 8-membered 

dioxaphosphacycles with varying substituents at the ortho-position. These ligands were found to lie in 

a space on the map previously unoccupied by other ligands in the database due to the electron-poor 

phosphorus atom. These results can be used as a guide in further research as to which ligands could 

have similar properties and to help decide which ligands to explore further. 
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Complexes of many transition metals are known to catalyse hydroformylation, but the ones giving the 

most active catalysts are those of cobalt, rhodium, palladium, or platinum.1 
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Figure 2 General cycle for hydroformylation with a rhodium catalyst and ethene. 
 

In Figure 2, a generic rhodium complex has been used to represent the catalyst and ethene as the olefin 

substrate for simplicity. The hydrido dicarbonyl complex (I) is a well-known saturated 18-electron 

complex which adopts a trigonal bipyramidal structure with the hydride ligand in the axial position to 

reduce the steric effects of the bulkier ligands.20 This is validated by in situ high-pressure 1H NMR 

investigations as reported by Dwyer et al. whereby the hydride resonances of a 5-coordinate species 

like species I were given as two doublets, with the largest signal representing the hydride in the axial 

position.21 An equatorial CO ligand can dissociate from species I to form the reactive 16-electron 

square planar species II; this step results in an increase in free energy as supported by the research of 

Sparta et al..22, 23 

 
Sparta et al. conducted a density functional theory investigation of the hydroformylation of ethylene 

for a selection of phosphorus ligands with a range of electronic and steric properties in monoligated 

rhodium carbonyl catalysts, HRh(CO)3L. The selected ligands included phosphites (where L = 
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ligands like PPh3 are used whereas for the less electron-donating ligands like phosphites the 

hydrogenolysis step is rate-determining.23 

 
If instead of ethene we were to use a longer-chain olefin, such as propene, the migratory insertion of 

the alkene can result in the formation of either the linear or the branched [RRhLn(CO)m] species, and 

this forms the foundation of the research on the regioselectivity of different rhodium catalysts.1 Once 

the alkene is coordinated to the metal, the hydrogen atom attached to the metal can be transferred to 

the alkene in one of two ways: it can either undergo a Markovnikov-type addition where the hydride 

is transferred to the internal carbon to yield the branched product, or it can be subjected to the anti- 

Markovnikov-type addition where it adds to the terminal carbon atom of the olefin to form the linear 

product (shown in Figure 4).31 

 

 
 
 
 

 

Figure 4 Alkene migration of the alkenyl trigonal bipyramidal species to form the alkyl square planar 

complex via the anti-Markovnikov pathway (A) and the Markovnikov pathway (B).31, 32 

 
If the rhodium precatalyst was supported by mono- or bi-dentate phosphine ligands, the resultant 

square planar complex II can exist as two isomers where vacant sites may be occupied by CO ligands. 

For the monodentate complex, the phosphine ligand can sit cis or trans to the alkyl chain (Figure 5), 

and for the case of the bidentate complex, the phosphine ligands can be located either cis or trans to 

each other.1 
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Figure 6 Hydroformylation cycle involving ethene, a mono-ligated rhodium centre and its possible isomers. 
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Steric effects are also a major factor to consider for the rates and regioselectivity of 

hydroformylation reactions. It is well understood that terminal alkenes undergo 

hydroformylation at much higher rates of reaction than internal alkenes and react up to three 

orders of magnitude more quickly than tri-substituted alkenes due to easier access to the C-C 

double bond involved in the reaction.1, 34 In addition to this, when considering a simple olefin 

starting material, a higher ratio of the linear product is observed when there is a higher degree 

of substitution near the alkene bond due to their high alkene isomerisation rate and increased 

steric effects, without much change to the rate of reaction (see Figure 7).1, 36 This is important 

because the linear aldehyde that forms from an alkene such as propene is usually more valuable 

commercially than the branched aldehyde.37 

 

 

     
 

               

 
 

Figure 7 Comparison of the relative rates and n:i ratios for hydroformylation of varying substituted 

alkenes.1 

 
Even though internal alkenes are thermodynamically more stable than terminal ones, since the 

system is an active isomerisation catalyst, the same mixture of the aldehyde products are often 

formed from any isomer of the starting alkene.37 The catalyst is able to convert efficiently the 

internal alkene, such as but-2-ene, to a mixture of isomers to contain the terminal alkene, then 

the latter is more rapidly converted to the aldehyde product than the internal alkene, as shown 

in Figure 8.37 

 

 

 

 

Figure 8 Isomerisation of but-1-ene to form n-pentanal and 2-methylbutanal.37 











21 

 

 

phosphite ligand has a barrier for this reaction almost as low as the unmodified catalyst.23 By 

changing the organic backbone of the ligand to include bulkier alkyl groups, the n- 

regiodirecting properties of the catalyst can be heightened, enhancing its activity as well as 

being able to contribute to the stability of the ligand to hydrolysis.18 Some phosphites, most 

predominantly aryl phosphites, are readily available to purchase as a result of their use as 

antioxidants to stabilise polymers during storage and fabrication.54 Although phosphites are 

commonly prone to hydrolysis, their favourable activities in hydroformylation and other 

catalyses often make them preferred over phosphines.46, 53, 54 

 

 

 
  

 
 

 

 

 

 
 

 
 

  
 

Figure 14 Classification of various phosphorus(III) ligands.18 
 

A study conducted by Kloß et al. showed the effects of substitution patterns on phosphite 

ligands used in rhodium-catalysed hydroformylation reactions in particular on catalyst activity 

and hydrolytic stability. Twelve related phosphites with substituted benzopinacol backbones 

(Figure 15) were synthesised and were then tested in the hydroformylation of isomeric n- 

octenes to evaluate the rate of hydrolysis by in situ NMR spectroscopy.46 They found that 

substituents in the ortho-position, especially tert-butyl and phenyl groups, enhanced the 

stability of the ligand towards hydrolysis while still attaining high activity and 

regioselectivity.46 The hydrolytic stability of phosphites is a key property that must be 

considered in industry since water will inevitably be formed as a by-product of the aldol 

condensation of the aldehyde product.46 In addition to this, regioselectivity was also scrutinised 

with the use of the different phosphites, and the trend observed was that those that produced 

low activities tended to exhibit high n-selectivities, all of which were the most sterically 
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from the project point on the best fit line to the origin.103, 104 PCA allows for the reduction of 

the dimensionality of the data set while retaining its information content since such results can 

extend beyond the three-dimensions that we can visualise.105 The main idea for PCA is to 

capture as much of the variance in the data set as possible in the first principal component, 

PC1.105, 106 Then, as much of the remaining variance as possible is described by subsequent 

components on the condition that all PCs are orthogonal to each other. It is well-established 

that each variable represents a principal component, therefore if we look at the data collected 

for the LKB-P, 28 descriptors are collected for each ligand and it is impossible to understand 

data that is in 28 dimensions.103 Therefore, the most informative view of the variance in the 

data set is represented by the first two PCs. To tell which PCs capture the most variance, Scree 

plots are used to plot the amount of variance, also known as eigenvalues, attributable to each 

of the PCs in order of magnitude from highest to lowest which helps to visualise the relative 

importance of the PCs.104, 106 Whichever two PCs have the largest eigenvalues are then selected 

for the 2-dimensional PCA plot as shown in Figure 21 with the results by Durand et al., and 

the scatter graph that is produced as a result can be used to reveal groupings of individuals that 

are perhaps not obvious in the original data.103, 106 With regards to research presented in this 

thesis, PCA plots like the ones created by Fey et al. provide a great insight into phosphorus 

donor and other type ligands which have similar electronic and steric parameters that might 

have been difficult to visualise without the calculation of such descriptors. Therefore, these 

results can then inform synthetic chemists which ligands may exhibit similar behaviour in 

catalytic systems. 
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Figure 21 An example of a Principal component score plot (PC1 vs PC2) for ligands in LKB-P as 
presented by Durand et al..96 PABC ligands indicate three different substituent groups. There are 631 

ligands, and ca. 58% of the variation in the data is captured. 
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Figure 23 D2O quench of compound 1. 
 
 

 
 
 
 
 
 
 
 

 

                          

 

 
Figure 24 1H NMR spectra of the deuterium derivative 2 (green) and of compound 1 (red) in 

chloroform-d. 

 
The source of bromine was varied to see if results could be obtained that were similar to the 

literature. 1,2-dibromoethane is a readily available simple compound. It has also been used in 

DoM reactions by Niimi et al. in conjunction with n-butyllithium to successfully produce the 

ortho-brominated compound as shown by Figure 25. Unfortunately, it did not prove effective 

in the bromination of compound 1.110 

 

 
Figure 25 Synthesis of the brominated naphthalene ring as presented by Niimi et al.110 

 
Bromine and N-bromosuccinimide (NBS) were also trialled due to their strong brominating 

abilities, but neither produced any desired product either.111, 112 The final reagent that was tried 
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was 1,2-dibromotetrachloroethane which is ostensibly the most chemically similar compound 

to the original reagent 1,2-dibromotetrafluoroethane that was used.66 There are many reactions 

that use this brominating agent in DoM reactions involving naphthalene-based compounds with 

yields from 82% upwards as shown in Figure 26.113-116 The use of 1,2- 

dibromotetrachloroethane in this investigation resulted in the highest yield of the brominated 

derivative observed at 10% which was not as successful as the literature, but it did allow for 

the product to be characterised. 

 

 
Figure 26 Example of the bromination of a MOM-protected phenol with 1,2- 

dibromotetrachloroethane.113 

The next factor to consider was the solvent used based on its polarity. Poirier et al. used THF 

as the solvent, but Bringmann et al. found that by replacing THF with a non-polar and non- 

coordinative solvent, such as pentane, the yield of bromination increased from 43% to 82% as 

shown in Figure 27.116 Despite this promising premise, the use of pentane decreased the yield 

of our desired brominated species to almost undetectable amounts; this failure was likely due 

to compound 1 not dissolving well in pentane, especially at low temperatures. In light of this, 

diethyl ether (Et2O) was then trialled as the solvent since it is more polar than pentane but less 

polar than THF.117 Nevertheless, the yield did not increase with the use of Et2O and therefore 

THF was selected as the preferred solvent. 

 

 

Figure 27 Comparison of the use of THF and n-pentane for the bromination of a MOM-protected 
naphthalene-based compound by Bringmann et al..116 

 
The final condition that was altered was the temperature at which n-BuLi and the brominating 

agent were added. The literature procedure uses -15°C, but other methods of lithiation with n- 

BuLi have used a temperature of -78°C.118 However, a decrease in the temperature in our 

reaction decreased the yield to 2%. 
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The main conclusion that can be drawn from the results is that the highest yield of the 

brominated compound was obtained using the conditions given in Entry 2 of Table 1. The 

product had a characteristic mass spectrum: two peaks were observed by EI for [M]+ at m/z 

326.0 (79Br) and 328.0 (81Br). We have shown that 2-bromo-1,8- 

bis(methoxymethoxy)naphthalene (3) can be formed using a different brominating agent from 

the literature as shown by Figure 28, but in order to proceed with the Suzuki coupling, a higher 

yield of the brominated compound would be necessary to give realistic quantities of the 

diphenylnaphthalene diol.64 

 

 

 
Figure 28 DoM of 1 to form the highest yield of 3 using 1,2-dibromotetrachloroethane. 

 
From a survey of the literature on DoM reactions, it was clear that others have also encountered 

difficulties. Jones et al. reported that attempts to form the bromo compound 3 from the 

corresponding naphthalene diamide via lithiation, and then bromine or 1,2-dibromoethane were 

unsuccessful. They also reported that the bromo compound 3 was formed in a 77% yield from 

the reaction of the silyl compound with Br2 (Figure 29).67 

 

 
Figure 29 ipso-desilylation-bromination of the naphthalene diamide.67 

 
Jones et al. showed that 1-iodo-2,2,2-trifluoroethane reacts with the lithiated species provided 

by reaction with a 1:1 ratio of sec-BuLi and TMEDA to give excellent yields of the 2,7- 

diiodonaphthalene (Figure 30); when I2 was used instead, no desired product was formed.67 

Aryl iodides readily undergo Suzuki couplings, and so the synthesis of the diiodo MOM- 

protected naphthalene became the focus of our research.65, 66, 119 
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yield as shown by Figure 33) and was characterised by 1H and 13C NMR and mass 

spectrometry. 

 

 

 
Figure 33 Suzuki-Miyaura cross-coupling of compound 4. 

 
The two processes shown in Figure 32 and 33 were then repeated with compound 5 to produce 

the monoiodo-monophenyl species 6, followed by the diphenyl species 7. The first was only 

obtained in a 26% yield, but then compound 6 was obtained in a 96% yield (shown by Figure 

34). 

 

 

 
Figure 34 Formation of compounds 5 and 6. 

 
Having been able to isolate both the monophenyl and diphenyl MOM-protected naphthalene, 

there was the potential to form two novel fluorophosphites. Both compounds 5 and 7 were 

deprotected under nitrogen using methanol and concentrated hydrochloric acid to produce the 

corresponding air and moisture-sensitive diols, both in a 99% yield as shown by Figure 35. 

Compound 8 is a new compound and was characterised fully by 1H and 13C NMR and mass 

spectrometry, whereas the spectroscopic data for compound 9 corresponded well with those 

reported in the literature.64 

 

 

 
 

Figure 35 Formation of the monophenyl naphthalenediol 8 and the diphenyl naphthalenediol 9. 
















































































































