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Abstract

This thesis describes introducing F-, C- and Si-based groups into the backbone of a
pincer ligand and studying what effect this has on the geometry and onward reactivity
on the metal pincer complex. The groups chosen were F, CF3, CHs, SiHs, 'Bu and
trimehtylsilane (TMS). Attempts to synthesise the F- and CFs- substituted ruthenium
pincer complexes were unsuccessful due to protonation of the dearomatized
intermediate pincer complex. However, NMR and ESI-MS data did show evidence of
the desired products as a result of F and CFs addition, but these products could not
be isolated. This shows an alternative method to synthesising asymmetric pincer
complexes is possible. Alkylating agents were also used however unfortunately similar
results were obtained. Geometry optimisations of the substituted metal pincer
complexes (metals studied = Ru, Fe and Mg) using DFT theory showed that the
introduction of these groups has a minor influence on the structure of the complex.
However, on changing the nature of the metal centre to a group Il metal (magnesium),
significant distortion of the complex is observed. Computational calculations
investigating proton transfer to the dearomatized complex with a substituent in the
ligand backbone showed that by changing the nature of the group from electron-
withdrawing (CFs) to electron-donating (Bu), proton transfer to the dearomatized
complex became more facile. This study showed that by introducing substituents into

the ligand backbone the reactivity of a pincer complex can be manipulated



Table of Contents

ADSTIACT ...ttt b ettt n et 2
LIST OF FIQUIES ..ttt sttt b bt b e sa b et e et et eaeeneebeneenen 5
LIST OF SCREMES ...ttt b e b b ettt et ebeebe b nes 7
LIST OF TADIES ..ttt sttt ebe b e s 9
ACKNOWIEAGEMENTS ...ttt et e s e st e ebe e besbeessebesssestesraensesteeseens 10
AULNOT DECIAIATION.c..viuitiiitiietee bbbttt bbb e 11
L NEEOTUCTION ettt sttt et a e bbb e st et et e e eseebeebesnesbeneen 12
1.1 FOrmation Of C-F BONGS ....cooiiiiiieeeeecee ettt 12
1.1.1 Nucleophilic Transition Metal Mediated Fluorination..........ccccceeveveiveceneeeeceeneene, 12
1.1.2 Transition Metal-Mediated Electrophilic Fluorination. ........ccccceeeveiieceneeeeceeeene, 18
1.1.3 Outer-Sphere Electrophilic FIUOINAtioN ........cccocieievicieeceeeeeeeseee e 22
1.2 Introduction t0 PINCEer LigandS ....cccooiviriiiieieiiieieeierte ettt ettt 23
1.2.1 Modification of PINCEr LIGandS ......c.coevieiriririnenesieeeeeeese st 24
1.2.2 Reactivity of PINCEr COMPIEXES ..ottt 32
2. AIIMIS Lt h b b h bbb bbbttt n et b e 39
3. RESUILS ANd DISCUSSION ...cuiiiiiitiiiieieeteet ettt sttt beebe e b e 40
3.1 Synthesis of Precursors and RU(BYPNP) COMPIEX ...ceueueveuererrririeireieneseeseeseeseseens 40
3.1.1 Synthesis and Characterisation of [RUHCI(CO)(PPh3)s] (1) .cccceeerieveereneeierieneens 40
3.1.2 Synthesis and Characterisation of BUPNP (2). .....cccoeeeiereeeeeeeeeeeeeeeeee e 42
3.1.3 Synthesis and Characterisation of [RUHCI(CO)("BYPNP)] (3). .cevveveverererererererernen. 45
3.2 Deprotonation and Subsequent Fluorination Reactions of 3.......ccccevvveeviveccienneene, 47
3.2.1 Fluorination With SelIeCtfIUOT ........ccciiiiiiiiiccc e 49
3.2.2 Fluorination with N-fluorobenzenesulfonimide (NFSI)........cocoveeiiieneieneececeens 52
3.2.3 Reaction with Umemoto’s Reagent .................cooioiiiiiiiiiniieeeeeeee e 56
3.2.4 Reaction With BromoetRane.........ccoociviiriinicicecce e 59
3.2.5 Reaction With TMS-OTT.....cccciiiiiiiicceeeeee et 61
3.3 Computational EXPEriMENTS ....cociiiieieierieere sttt s re e e sre s 64
3.3.1 Geometry OPtiMISAtIONS ...cc.oiieieeieee ettt sttt eeseeeneens 64
3.3.2 Carbonyl StretChing FrEQUENCY ....cccooieeieieeeeeeeee ettt 73
3.3.31S0deSMIC CalCUIALIONS ....cc.ooviiiiicec e 78
4. Conclusions and FULUIE WOTK ...ttt 82
LT g o L=T T 0= =T RSP 83
5.1 General CONSIARIALIONS .......coiviriiieieieieee ettt be s ne e 83



5.2 Synthesis of [RUHCI(CO)(PPR3)3] ...cooueirieirieirieirieeseiseee et 84

5.3 Synthesis of 2,6-bis((di-tert-butylphosphino)methyl)pyridine (‘B'PNP).................. 84
5.4 Synthesis of [RUHCI(CO)(BUPNP)] ...cviiiiiriririririsisiei ettt seees 85
5.5 SYNthesis Of LIHMDS ..ottt e 85
5.6 Fluorination of [RUHCI(CO)(BUPNP).......ceeieeeeeceeeeteteeeeeteteee et 86
5.7 Trifluoromethylation of [RUHCI(CO)(®BUPNP)....cvoueuiieieteieeereteteeeeeetee e 86
5.8 Reaction of [RUHCI(CO)("®"PNP) with bromoethane ..., 86
5.9 Reaction of [RUHCI(CO)("BUPNP)] With TMS-OTf......cccceeereeereeeeseeeeesees s 86
6. ADDIEVIALIONS ..ottt e 88
7 RETEIBINCES. ...ttt bbbttt bt 89



List of Figures

Figure 1.1. tBuBrettPhos supporting ligand. ............cccooeeeeiiiiiiiiiiii e 14
Figure 1.2 Structure used for halide exchange...........ccccccoviviiiiiiiie 15
Figure 1.3 Supporting ligand used in fluorination of acyclic allylic halides................ 17
Figure 1.4 Electrophilic fluorinating reagents. .........cccoooeeeviiiiiiiiiiiie e 19

Figure 1.5 Examples of previously synthesised Ls, L2X and LXz pincer ligands....... 24

Figure 1.6 General structure of pincer COMPIEX. ........ccoevvviiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeee 24
Figure 1.7 BPY-PNN lIgand .........coooiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeee et 27
Figure 1.8 Structure of PNS and PNO pincer ligands............ccccceeiiiieeeiiiiiiiciieeeeee, 28
Figure 1.9 Structure of PNP ligand with -NH- linker groups. .........cccccevvvvviviiiienieeenn. 30
Figure 1.10 Structures of previously synthesised Si-containing pincer ligands. ....... 32
Figure 1.11 Examples of bond activation using dearomatized pincer complex. ....... 33

Figure 1.12 Dimeric complex formed upon treatment of PNS complex with base.... 35

Figure 1.13 Fe-PONOP complexes used in the hydrogenation of aldehydes. ......... 37
Figure 3.1 'H NMR spectrum of [RuHCI(CO)(PPhs)s] showing hydride signal. ........ 41
Figure 3.2 3P NMR spectrum of [RUHCI(CO)(PPh3)a]. ......cccoouvieiiiieiiiiee e 41
Figure 3.3 1P NMR spectrum of crude BUPNP. ..........cccoeeiiieiie e 43
Figure 3.4 31P{*H} spectrum of purified 2. ...........ccceeeviiiii i, 44
Figure 3.5 TH NMR SPECIIUM OF 2. ....cooiiiiiiiiicciie e 44
Figure 3.6 3'P{1H} NMR spectrum of recrystallised 3. .........ccccceevevvieeeiiiiieeeee e 46
Figure 3.7 TH NMR SPECIUM Of 3. ..oiiiiiiii et e e nnane e 47
Figure 3.8 3P{*H} NMR spectrum of 3 after addition of LIHMDS. ...............c..ccu..... 48
Figure 3.9 1°F NMR spectrum of product obtained from fluorination reaction........... 50

Figure 3.10 3'P{*H} NMR spectra showing starting complex 3 (top) and the product

obtained after addition of selectfluor (DOttOM). ............uuuiiiiiiiiiiiiiiiis 51
Figure 3.11 *°F NMR of product obtained after addition of NFSI................cccccve.ne. 53
Figure 3.12 Structure of fluorotrimethylsilane. ...............coiiii i, 53
Figure 3.13 3'P{*H} NMR spectra of product after addition of NFSI. ..............cc........ 54
Figure 3.14 °F NMR of optimised fluorination reaction.............c.cceeeririieiiesieannnnn 55



Figure 3.15 3'P{*H} NMR spectrum of product for optimised fluorination reaction. .. 56
Figure 3.16 3!P{*H} NMR spectrum of product after addition of Umemoto Reagent. 57

Figure 3.17 *°F NMR spectrum after addition of Umemoto Reagent........................ 58
Figure 3.18 3'P{*H} NMR spectrum of solution after bromoethane addition. ............ 60
Figure 3.19 *H NMR spectrum after bromoethane addition................ccccecveevieennnnne. 61
Figure 3.20 3!P{*H} NMR spectrum after addition of TMS-OTfto 4............cccvvennnne. 62
Figure 3.21 *H NMR spectrum taken after addition of TMS-OTfto 4. ............ccuu..... 63
Figure 3.22 Structures of Ru pincer complexes investigated. ...........cccccvvvvviineeennn. 65

Figure 3.23 Structures of ruthenium complexes showing increased steric bulk around
the METAl CENIIE. ...eee et e e e e e e e s 66
Figure 3.24 Iron Pincer complexes investigated. E denotes the electrophilic group
=T [0 =T o 68
Figure 3.25 Structure of Magnesium pincer complexes investigated. ............c......... 70
Figure 3.26 Graph showing the calculated vco for Fe and Ru pincer complexes..... 74

Figure 3.27 Ru pincer complexes with electrophile added in backbone and

corresponding CO stretching freQUENCY. ........coiiieeiiiiiece e, 75
Figure 3.28 Graph showing calculated vco values for the dearomatized Ru/Fe pincer
COIMPIEXES. i e 76
Figure 3.29 Isodesmic reaction used for reactivity studies. ............ccccevvvvvivivieneneenn. 78

Figure 3.30 Steric maps for TMS substituted complexes. The left region depicts the
side to which the proton attaches. ...............uuiiiiiiiiiiiii e 81



List of Schemes

Scheme 1.1 Reaction scheme for fluorination of aryl triflates.................ccccccvvnnnnnnns 14
Scheme 1.2 Reaction scheme showing formation of aryl fluoride via Cu'/Cu" catalytic

00X [ PP 15
Scheme 1.3 Catalytic synthesis of allylic fluoride. .............ccccoooiiiiiiiiiiii e, 16
Scheme 1.4 Fluorination of allylic halides. ... 17
Scheme 1.5 Selective fluorination of allylic chloride. ............cccoooiiiiiiiiiiis 18
Scheme 1.6 Palladium catalysed fluorination of 8-methylquinoline.......................... 19
Scheme 1.7 Ortho-fluorination of a benzylamine. .............ccccoooiiiiiiiiiiii e, 20
Scheme 1.8 Fluorination of adamantane..................euuviiiiimiiiiiiiiiiiiiii. 20
Scheme 1.9 Scheme showing the fluorination of an aryl stannane. ......................... 21
Scheme 1.10 Formation of C-F bond and onward reactivity. .............cccccuveeenennnnnnnes 22
Scheme 1.11 Synthesis of a fluoroalkyne. ..., 23
Scheme 1.12 Reported synthetic route to '‘Bu-PNP ligand. ............ccccccceeiiiiiieiinnnnnn, 26
Scheme 1.13 Synthetic route t0 PNN. .........uuuiiiiiiiiiiiiiiiiiiiieeees 27
Scheme 1.14 Synthesis of the PONOP ligand. ............ccccooiiiiiiiiiiiiiiiiiiiiiiiiiiiines 29
Scheme 1.15 Improved synthesis of PONOP ligand. ...........cccooooeeiiiiiiiiiiiiiie e, 29
Scheme 1.16 Synthesis of asymmetric PNINN ligand. ..........cccoceeivviiiieeiiiiieeeeee, 30
Scheme 1.17 Synthetic route to PBP ligand..............ccccciiiiiiiiiiiiiiiiiiiiiiiiiis 31
Scheme 1.18 Catalytic dehydrogenation of alcohols to form esters...........cccc......... 34

Scheme 1.19 Deprotonation and concomitant dearomatization of PNP complex. ... 34
Scheme 1.20 Transfer hydrogenation of ketones..............cccoeeiiiiiiiiiiiiiciiin e, 35
Scheme 1.21 Catalytic cycle for the dehydrogenation of formic acid. ...................... 37
Scheme 1.22 Hydrogenation of aldehydes catalysed by an Fe-PONOP complex. .. 38

Scheme 3.1 Synthetic route to [RUHCI(CO)(PPh3)3]. .....uuuuueriiiiiiiiiiiiiiiiiiiiiiiiiiiiiinnns 40
Scheme 3.2 Synthetic route to ligand precursor, BUPNP..........ccccccociveiiiee e, 42
Scheme 3.3 Synthetic route to [RUHCI(CO)(BUPNP)]..cceeeeiiiiiiiiieeeee e 45
Scheme 3.4 Synthetic route to of fluorinated pincer complex, 5, via Metal-ligand
Cooperation mechanism (MLC). ... e e 48
Scheme 3.5 Synthetic route showing formation of 5. ...........cccccciiiiiiiiiiiiiiies 49



Scheme 3.6 Reaction scheme showing formation of protonated species (4a) over

fluOrNAtEd SPECIES (5). .oeiieeeeiiiiiiiie ettt e e e e e e e e enananas 52
Scheme 3.7 Proposed synthesis of Trifluoromethylated complex (6)....................... 57
Scheme 3.8 Proposed synthesis of ethane substituted complex. ........cccccooeeeevveenns 59
Scheme 3.9 Synthesis of TMS substituted COMPIEX. ............uuueiviiiiiiiiiiiiiiiiiiiiiiiinnns 62



List of Tables

Table 3.1 Metal-ligand bond lengths for RU(®BY“PNP) complexes. ........ccccceeevvcvveeeennn. 65
Table 3.2 Metal-ligand bond angles. ... 67
Table 3.3 Metal-ligand bond lengths for the optimised structures of Iron pincer
(070 0] 01 1=t (SR 68
Table 3.4 Metal-ligand bond angles for Fe pincer complexes. .........cccooeeeevvvveivvnnnnnn. 70
Table 3.5 Measured metal-ligand bond lengths for Mg pincer complexes................ 71
Table 3.6 Measured metal-ligand bond angles for Mg pincer complexes................. 72
Table 3.7 Calculated AG ValUES. .........coooeieiee 79



Acknowledgements

Firstly, I would like to thank my supervisors, Jason and John, for their constant support
and advice throughout my time at the University of York. | would also like to thank
Heather Fish for support with the NMR facilities and Karl Heaton for providing all mass
spectrometry data. I'd like to thank the wider JMS/JML group for their guidance
throughout the year and making the lab a friendly place to work. Finally, | would like to

thank my mam for her constant support and encouragement.

10



Author Declaration

| declare that this thesis is presentation of original work and | am the sole author. This
work has not been previously presented for an award at this, or any other, University.

All sources are acknowledged as references.

11



1.Introduction

1.1 Formation of C-F Bonds

The selective fluorination of C-H bonds is a transformation that has been heavily
studied owing in part to the various properties fluorine can impart on a molecule, many
of which are of particular interest to both the pharmaceutical and agrochemical
industries. However, the selective formation of C-F bonds presents a significant
synthetic challenge due to the properties possessed by fluorine and the experimental
conditions required such as high temperatures and reagents that have been shown to
be difficult to handle. The discovery of catalytic methodologies for the mild and
selective formation of C-F bonds along with the development of mild fluorinating
agents (nucleophilic and electrophilic) led to an increased interest in the field and
significant advances have been made over the last 20 years. This section will describe
briefly previous reported methods for C-F bond formation mediated by transition
metals. The examples given will show how problems previously encountered with C-
F bond formation such as selectivity have been overcome and how these methods
have evolved over time. The synthetic methods that are focused on are those using
nucleophilic and electrophilic fluorine sources. A novel fluorination mechanism, outer-
sphere electrophilic fluorination (OSEF) will also be outlined. OSEF is of particular
importance to this project as this work aims to demonstrate the ability to directly form
a new C-F bond in the backbone of a pincer ligand, building on previous work carried
out with the OSEF mechanism.

1.1.1 Nucleophilic Transition Metal Mediated Fluorination

In nucleophilic fluorination reactions alkali-metal salts, such as potassium fluoride
(KF) and silver fluoride (AgF), are often employed as sources of fluorine. However,

nucleophilic fluorination presents several challenges that must be overcome to
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achieve selective fluorination in a reasonable yield. Examples of these include the high
basicity of the fluoride anion which can lead to unwanted side reactions, the
requirement for aprotic solvents to ensure the nucleophilicity of F is not hindered by
hydrogen-bond interactions and also the alkali-metal salts used as fluoride sources
suffer from poor solubility and so additives such as crown ethers are required to
improve solubility.* Despite the significant challenges presented in nucleophilic
fluorination synthetic routes to allylic fluorides, aryl fluorides and fluorohydrins have

been developed.?-*

The synthesis of aryl fluorides is an important transformation, due to their importance
in the pharmaceutical industry. Although work had been carried out using electrophilic
fluorine sources to form aryl fluorides, up until 2009 no method existed for transition
metal-catalysed aryl fluorination.” Buchwald et al. were the first to outline the catalytic
formation of aryl fluorides using a nucleophilic fluorine source. Their paper describes
the conversion of aryl triflates to the corresponding aryl fluoride via reductive
elimination from a Pd(Il) complex.* Catalytic cycles involving reductive elimination to
form Ar-F have proven difficult to design, due to the high barrier for formation of Ar-F
from a Pd"-F intermediate and also due to the basicity of the fluoride anion, side
reactions are often seen involving the supporting ligands. To overcome this Buchwald
et al. used a monophosphine ligand, ‘BuBrettPhos (Figure 1.1), as this had been
shown to aid reductive elimination in previous work carried out by the same group
investigating aryl aminations.* This ligand helps to stabilise the intermediate aryl-Pd'-

F species.
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OMe

MeO P(tBus)

iPr iPr

iPr

Figure 1.1. 'BuBrettPhos supporting ligand.

In test reactions where this supporting ligand was employed, the yield of fluorinated
product increased from 30% to 79% using CsF as the fluoride source and a palladium

catalyst as shown in scheme 1.1.

tBuBrettPhos 3 mol %

OTf  [PdCl(cinnamyl)], 2 mol % F
| N CsF 2.0 eq. | N
Rl_ > R|_
Z tol, 110°C, 18h F

Scheme 1.1 Reaction scheme for fluorination of aryl triflates.

These conditions gave substantial substrate scope with both hindered and electron-
deficient aryl triflates being successfully converted to the corresponding aryl fluorides.
Ribas et al. had previously demonstrated halide exchange mediated by a Cu'/Cu"
catalytic cycle and following on from Buchwald’s work showing that Ar-F formation is
possible via reductive elimination, Ribas and his group looked to extend their halide
exchange mechanism to fluorine.® Initially they carried out a stoichiometric reaction
with Aryl-Cu''-Cl and AgF to determine if the desired fluorinated product could be
formed. This reaction yielded the aryl-fluoride product in up to 90% yield. Given the
relative success of this reaction the catalytic fluoride insertion into the structure shown

in figure 1.2 using AgF was investigated.
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S22

H--N X N=-H

‘W,N\QA

CH-

Figure 1.2 Structure used for halide exchange.

Catalytic fluoride insertion at first was difficult as the yields of fluorinated product
obtained were around 40%, with the main by-product of the reaction being due to
intramolecular aryl-amine coupling. This suggested decomposition of the aryl-Cu''-X
intermediate species. However, with slow addition of AgF the yield of the fluorinated
product was now 76% with 20% yield of coupling side product. The formation of the
coupling side product was believed to be due to deprotonation of the secondary
amines present in the structure shown in figure 1.2. To prevent deprotonation of these
amine sites and instead promote halide exchange with fluoride, methyl substituted
amines were used and in doing this quantitative yield of the fluorinated product was
obtained (Scheme 1.2).3

Cu(CH3CN)4OTf 10 mol%
AgF 2.0eq.

H,C—N X  N—CHj ~ Hse C—N F  N—CH;,
CH4CN, RT, 4h

Scheme 1.2 Reaction scheme showing formation of aryl fluoride via Cu'/Cu"
catalytic cycle.

Whilst the formation of aryl-fluoride bonds had been heavily investigated, one area

that had so far received little attention was the formation of aliphatic C-F bonds. One
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of the early papers describing aliphatic C-F formation was by Doyle and Katcher in
2010 which described the enantioselective formation of allylic fluorides using a
palladium catalyst.® Initially in their experiments a Pd" allyl intermediate was reacted
with sources of F to determine the feasibility of this reaction. When CsF and KF were
used a diene side product was the dominant product, owing to the high basicity of the
fluoride. However, when less basic fluoride sources were used such as AgF the allylic
fluoride product was obtained with minimal side product formation. Having shown that
this reaction was viable a catalytic method was then developed. The catalytic reaction

for the desired allylic fluoride product can be seen in scheme 1.3.

Pd,(dba); 5 mol%
(R,R)-L1 10 mol%

CI/II’@ AgF 1.1 eq. Flll’@
THF, RT, 24h

X X

Scheme 1.3 Catalytic synthesis of allylic fluoride.

In this reaction the Pd(0) catalyst and substrate combine to form an intermediate
analogous to the one used in the reaction described in scheme 1.2. A hypothesis
proposed in this paper was that from this intermediate AgCl is eliminated which helps
to drive the formation of the new C-F bond.® Investigations into the scope of this
reaction showed that it tolerated a wide range of functional groups particularly fluoride-
sensitive functional groups such as silyl ethers and alcohols. Both functional groups
gave good yield of desired product and showed good enantioselectivity with yields
>80% and ee values again >80%. This work was then extended by the same group
however acyclic allylic halides were investigated to determine if they underwent
fluorination.8 The purpose of this research was to extend the work carried out
previously to acyclic substrates. In a test reaction a simple acyclic chloride was used
in the presence of AgF and PPhs as a supporting ligand. The desired fluorination

product was observed and the presence of PPhs increased the regioselectivity with a
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6:1 ratio of branched:linear product.

F

Pdy(dba); 5 mol% /\@)\/
PPhs 10 mol% BnO 5 Branched

AgF 3.0 eq.

3 tol, RT, 48h BnO/\®3/\/\F Linear

Scheme 1.4 Fluorination of allylic halides.

Although the use of PPhs allowed for selectivity toward the branched configuration
improvements could still be made. To improve the regioselectivity of the reaction
further bidentate phosphine ligands bearing large bite angles were investigated as it
had been shown that as the bite angle increased the regioselectivity of the reaction
also increased. A variation of the Trost ligand shown in figure 1.3 was used in the
fluorination of cyclic allylic fluorides as this gave high regioselectivity with a product
ratio of 20:1 (branched: linear).

0 5:2 o)

NH HN

CO PPh, Ph,P QO

Figure 1.3 Supporting ligand used in fluorination of acyclic allylic halides.

Although the ability to achieve high regioselectivity with this reaction had been
demonstrated the enantioselectivity of the reaction was still low compared to the

values achieved with cyclic substrates.>® To increase the ee of these reactions a-
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branched allylic chlorides and those bearing heteroatom substituents were used. By
introducing substituents with greater electronic and steric influence the
enantioselectivity of the reaction increased with >90% ee being achieved with each
reaction. This method shows a synthetic route to form an aliphatic C-F bond with both

high regio- and enantioselectivity.

Pdy(dba); 5 mol%

(RR):-L2 10 mol% F
RWC AgF 3.0 eq. R\H\/
| >
o tol, RT, 48h &

Scheme 1.5 Selective fluorination of allylic chloride.

1.1.2 Transition Metal-Mediated Electrophilic Fluorination.

For many years the formation of C-F bonds using an electrophilic fluorine source was
a difficult transformation to achieve, as reagents such as hypofluorites and XeF2were
needed. These are difficult to use due to high reactivity and tolerance toward sensitive
functional groups.® However, electrophilic fluorination underwent a renaissance with
the introduction of mild, bench-stable reagents such as N-fluorobis(phenyl)sulfonimide
(NFSI), Selectfluor and 2,4,6-trimethylpyridinium tetrafluoroborate (FTMP). These
reagents allowed for transition metal catalysed electrophilic fluorination reactions to
be carried out under mild conditions, which allows for a large substrate scope as a
wider range of functional groups can be tolerated and also with good

selectivity.7:17.18,9-16
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/—CI 0 0
[l [l
S—N—S
2BF 4 [l I [l +/
/ ° ° | BF,
Selectfluor NFSI FTMP

Figure 1.4 Electrophilic fluorinating reagents.

The first example of a palladium-catalysed C-F bond formation was reported by
Sanford et al. in 2006.” This paper described the fluorination of 8-methylquinoline,
which was selected as it had been used in previous research into palladium catalysed
C-H activation, the palladium catalyst used was Pd(OAc)2. The mechanism proposed
in this paper for the fluorination of 8-methylquinoline follows the same route as for the
nucleophilic reactions described above with a Pd" intermediate formed, followed by

reductive elimination of the fluorinated species.’

10 mol % Pd(OAc),
||F+|| |

H F

Scheme 1.6 Palladium catalysed fluorination of 8-methylquinoline.

Various electrophilic fluorine sources were investigated for the reaction shown in
scheme 1.6 such as NFSI, FTMP and selectfluor (figure 1.4). Modest yields of the
fluorinated product were obtained with FTMP giving the greatest yield of 36%. This
yield was dramatically increased with the addition of microwave heating with FTMP
now giving a yield of 75%. This work was built upon by Yu et al. in 2009 who
demonstrated the Pd(OTf)2.2H20 catalysed formation of on aryl-F bond without the

need for microwave irradiation. Although no microwave irradiation was required, N-
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methylpyrrolidinone (NMP) was required to obtain reasonable yields of the desired
fluorinated product.®

NHTf NHTf
Pd(OTf),.2H,0 10 mol %
FTMP 1.5 - 3.0 eq
| N NMP 0.5 eq. _ T
R—- - R~
= = .

Scheme 1.7 Ortho-fluorination of a benzylamine.

The reaction shown in scheme 1.7 gave the desired fluorinated product in yields of up
to 88% however if NMP was not added to the reaction then the yield decreased
significantly to approximately 5%. A range of electron withdrawing and donating
substituents were tested in this scheme and all gave the monofluorinated product in

varying yields.

Although palladium-based catalysts have received much attention, other transition
metals have shown ability to mediate/catalyse the formation of C-F bonds, an example
of this is copper.t?>~14 The selective fluorination of adamantane has been demonstrated
utilising a copper bis(imine) catalyst, other additives were used to aid fluorination

which can be seen in scheme 1.8.13

Copper catalyst 10 mol% F
KB(CeFs)s 10 mol%
Selectfluor 2.2 eq.

—N N—-
Catalyst= Ph cd Ph

Scheme 1.8 Fluorination of adamantane.
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Initially the reaction shown in scheme 1.8 was carried out using the copper iodide salt
and selectfluor. While this reaction did form the fluorinated adamantane species no
appreciable yield of the product was obtained. To increase the yield of the fluorinated
product KB(CeFs)a was added to enhance solubility and the bis(imine) ligand shown in
scheme 1.8 was introduced to improve the efficiency of the metal catalyst. With the
addition of the ligand and KB(CeFs)s4 the yield of the desired fluorinated product
increased from 18% to 75% showing a dramatic increase. Although the adamantane
reaction showed success attempts to extend the scope of this reaction to aliphatic and
benzylic substrates were unsuccessful with only trace amounts of the fluorinated
products detected.’®* Another example of a copper catalyst being employed in
electrophilic fluorination is in the fluorination of aryl stannanes and aryl
trifluoroborates.'? A paper by Sanford et al. in 2013 showed how aryl fluorides could
be formed from the corresponding stannane and borane analogues under mild
conditions. In this work (‘BuCN)2CuOTf was employed as a catalyst alongside FTMP
as the fluorine source. A combination of an aryl stannane, the copper catalyst and
FTMP formed the aryl fluoride in a low yield of 6% with the major by-product in the
reaction due to coupling of the aryl stannane. To prevent this and to push fluorination,
FTMP was added to the copper catalyst to oxidise it followed by addition of the
stannane, this intermediate then reductively eliminates the aryl fluoride. This step-by-

step process increased the yield to 74%.

SnBu3
7 :: F
t FTMP F
(BUCN),CuOTf ————— > 'Cu(li)-F* ——————>
F

Scheme 1.9 Scheme showing the fluorination of an aryl stannane.

After showing that aryl stannanes could be used to afford aryl fluorides, aryl boron
species were then investigated. The same approach as for aryl stannanes was
employed (scheme 1.9). The boron species gave low yields between 1 and 7% with
the greatest yield obtained when trifluoroborate was used as a reagent however the

yields were improved to approximately 60% when MeCN was used as a solvent in
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place of EtOAc.?

1.1.3 Outer-Sphere Electrophilic Fluorination

While the methods described in the previous sections show success in the selective
formation of C-F bonds, transition metal-mediated fluorination reactions still present
various challenges. Nucleophilic fluorination reactions, for example, suffer from the
basicity of F- which can result in the formation of side products. In electrophilic
reactions directing groups and pre-activated substrates are required to form the
fluorinated product with any degree of selectivity and in reasonable yields. In 2015 a
paper described a novel fluorination mechanism, outer-sphere electrophilic
fluorination (OSEF), which required no functionalisation of substrates or additives.!®
The reaction described in this paper shows the selective alkyl fluorination of a vinyl
group and importantly the fluorinated species is retained within the coordination
sphere of the metal allowing for its further reactivity to be studied as shown in scheme
1.10.

l
+Ru

\\\\‘ N "\"RU
PhsP / \ +[FTMP][BF,]  Ph,p™ /\ F +FTMPIBF]  php™ /
> ,
/ N / e -[HTMP][BF 4] /
/ T_{
— —

Scheme 1.10 Formation of C-F bond and onward reactivity.

Mechanistic investigations via NMR spectroscopy showed no evidence of an
intermediate species like in previous transition metal mediated fluorination reactions
(M-F species) suggesting that the fluorine directly attaches to the fluorinated position.
OSEF has also been used to allow the synthesis and characterisation of highly
reactive compounds.?° In this reaction a metal alkynyl complex was fluorinated to form

the intermediate cationic vinylidene complex which was then deprotonated to yield the
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desired fluoroalkyne. The fluoroalkyne was found to be stable over an extended period

of time.20

PhaP, @B N(SOPh);] @p,/

PhoPa NFSI  _ PhoPelich wF LiIHMDS PhyPa*

=S S5 wil

Scheme 1.11 Synthesis of a fluoroalkyne.

The fluoroalkynyl is an example of only a handful of C(sp)-F bonds owing to their high
reactivity and at room temperature dimerization can occur. Fluorinated alkynes show
a particular increased reactivity compared to the hydrogen substituted analogue as
the dimerization transition state is at low energy and the dimerization product is
thermodynamically more stable than the terminal alkyne and so this route is preferred.
However, no dimerization in this example was observed. Having shown that OSEF is
an effective mechanism for forming C-F bonds, this research project is looking to

extend this mechanism to pincer complexes.

1.2 Introduction to Pincer Ligands

Pincer ligands have become ubiquitous in organometallic chemistry in recent years
with several reviews detailing their use in synthesis, bond activation and catalysis.?*~
24 Pincer ligands can be defined as tridentate ligands that upon coordination to the
metal centre give a well-defined meridional geometry and based on their donor
character to the metal centre can be classified into three groups: neutral Ls,
monoanionic L2X and dianionic LXz (rare).?? The ability of the pincer ligand to stabilise
metal centres and the flexibility it offers makes the corresponding complexes highly
desirable in various organic transformations and bond functionalisations. A property

of pyridine-based pincer ligands that makes them highly desirable is the aromatisation-
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dearomatisation mechanism. In this mechanism the benzylic arm of the ligand is
deprotonated along with dearomatisation of the central pyridine ring. The oxidation
state of the metal remains the same as the central N atom is now an amide donor to
the metal. Upon reaction with a substrate the aromatised complex is reformed.
Another appealing property of pincer ligand is that the ligand can be easily modified to
give different steric/electronic properties to enhance the catalytic activity of the pincer
complex. This section will outline the common modifications made to pincer ligands

and the subsequent effect this can have on the reactivity on the metal complex.

X X
| = =
N N
P(‘Bu,) P(‘Bu,) PCy, PCy, SiHMe, SiHMe,
L, L,X LX,

Figure 1.5 Examples of previously synthesised Lz, L2X and LXz2 pincer ligands.?>-?7

1.2.1 Modification of Pincer Ligands

Modification of pincer ligands, whether it be the central donor atom, linker groups or
flanking groups is a simple method to influence the steric and electronic properties of
the metal complex which in-turn has an effect on the reactivity. Figure 1.6 shows the

general structure of a metal complex with a coordinated pincer ligand.

[

/
B C B
| | |
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Figure 1.6 General structure of pincer complex.
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Modification of ‘A’ by introducing new donor atoms such as P,N or S affects the steric
bulk around the metal centre for example '‘Bu groups give greater steric hindrance
around the metal centre compared to Etz or even H in some examples. The nature of
these groups also impacts the donor nature of ‘A’. By employing different ‘A’ groups
an asymmetric pincer complex such as PNN can be synthesised and this technique
has been shown to greatly increase the catalytic activity of a complex. Modification of
position ‘B’ impacts the reactivity of the complex, as if atoms such as oxygen are used
in place of -CH2- groups this means the metal-ligand cooperation mechanism via
dearomatisation-aromatisation cannot take place and so a different method of
reactivity is observed. Asymmetric pincer ligands with different substituents at the ‘B’
position are rare due to synthetic difficulties with some synthetic routes containing 10
or more steps. The final modification that can be made to pincer ligands is to change
the central donor atom. A common example of this is replacing nitrogen with carbon,
main group elements such as boron and silicon have also been used as donor atoms.
Using carbon as the central donor atom offers unique reactivity as these complexes
do not undergo dearomatisation-aromatisation unlike the nitrogen-based complexes,
boron and silicon are interesting examples as boron is a greater s-donor compared
with nitrogen or carbon. Silicon forms strong bonds with metals allowing the
stabilisation of reactive intermediates.

(i) Modification of Flanking groups

Modification of the flanking group is done at the beginning of the synthesis through
careful choice of reagent. The highly electron donating PNP ligand reported by Milstein
et al. uses chloromethyl di-substituted pyridine which is then treated with the desired
phosphine species, in this case di-tert butyl phosphine, to yield the 'Bu-PNP ligand.?®
A slightly modified route to the 'Bu-PNP ligand was reported in 2018 in which di-
substituted 2,6-lutidene is deprotonated at both methyl groups followed by addition of

di-tert butyl chlorophosphine.?® Through modification of either of the synthetic routes
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described above PNP type ligands bearing different R groups on the phosphines can
be produced by choice of the phosphine reagent added. For example in place of di-
tert butyl phosphine to give 'Bu-PNP, diisopropylphosphine or diphenylphosphine can
be used to yield the iPr-PNP and Ph-PNP ligands respectively.3031.32

= f — =
N HPBu, \ NEt; . N
Cl Cl P('B B P(‘Bu) P(‘Bu)
H/@(G) U2) H/g( U2) 2 2
C)
Cl ol

Scheme 1.12 Reported synthetic route to ‘Bu-PNP ligand.

The synthesis of the unsymmetrical ligand PNN where one phosphorus donor is
replaced with a nitrogen with two ethyl groups attached has been described.*
Replacing the phosphorus to form the PNN ligand has been shown to have a
significant catalytic benefit which will be discussed in section 1.2.2. The synthesis of
the PNN ligand begins with 2,6-bis(chloromethyl)pyridine and this was treated with
NBS and AIBN to form 2-bromomethyl-6-methylpyridine to which diethylamine was
added to form the intermediate species shown in scheme 1.13. The methyl group of
the intermediate species was deprotonated with "BuLi followed by addition of the
phosphine species, di-tertbutylchlorophosphine to yield the PNN ligand after extraction
and purification.®° It is clear that the synthesis of the unsymmetrical ligand PNN is
significantly more complicated compared with the synthesis of the PNP species

described above.

26



Isolated Intermediate

1.NBS
A
| N 2. AIBN N HNEt;
> _—
= — N/
N CCly, Reflux N THF
Br NEt,
"BuLi
N X
| P(Bu,)Cl
=
N S) N/
P(Buy) NEt, L2 NEt,

Scheme 1.13 Synthetic route to PNN.

Another PNN ligand has been described in the literature, however, in this case the

ligand is based on bipyridine.33:34

. _N P(‘Bu,)

Figure 1.7 BPy-PNN ligand

The ligand shown in figure 1.7 was synthesised by adapting the procedure for the PNP
ligand synthesis shown in scheme 1.12.33 Whereas 2,6-lutidene was used for the PNP
synthesis in this case the chloromethyl substituted bipyridine species was used, to
which di-tert butlyphosphine was added to form the phosphonium salt which was
deprotonated with triethylamine to form the BPy-PNN ligand. Although phosphorus
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and nitrogen-based groups dominate pincer ligand chemistry there are also examples
of other elements being used such as sulfur and oxygen.3%:36

| X
—
N
P(‘Bu,) S(‘Bu) P('Bu,) OMe
PNS PCO

Figure 1.8 Structure of PNS and PCO pincer ligands.

The synthesis of the PNS ligand uses 2,6-bis(chloromethyl)pyridine which was reacted
with LiP'Bu2(BH3) to form a phosphine-substituted species. Addition of sodium 2-
methyl-2-propanethiolate resulted in substitution of the remaining chlorine with an
S'Bu group. The final step was the removal of the borane group from the phosphine
species and this was done by refluxing in diethylamine to afford the PNS ligand shown
in figure 1.8.%° The synthesis of the PCO ligand begins with 1,3-bis(bromomethyl)-
2,4,6-trimethylbenzene to which sodium methoxide is added to give the methoxy
intermediate, di-tert-butylphosphine was then added to give the phosphonium salt as
seen in previous ligand syntheses and after workup the desired PCO species was
formed. Like with the synthesis of the PNN ligand, PNS and PCO require more steps
to give the desired product compared with the PNP ligand which is only a two-step
process with an easier workup and purification process.

(i) Modification of Ligand Backbone

Modifying the ligand backbone by changing the linker groups has also been
investigated, as this influences the reactivity of the metal complex in catalysis and
bond activation. Examples of ligands with modified ligand backbones include the
PONOP ligand in which the -CHz- groups in the backbone are replaced by ether
oxygen atoms and also the use of -NR- groups.3"~*! Whereas the modification of the
donor groups is dependent on the reagent (PR2/NR2) in the case of changing the
atoms linking the ancillary ligands with either the pyridine/benzene donor group is

dependent on the precursor used for the reaction. The synthesis of the PONOP ligand
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was first reported by Milstein and co-workers in 2009 using 2,6-dihydroxypyridine
hydrochloride as a precursor compared to the chloromethyl disubstituted pyridine used
for the PNP and PNN ligands.?®3°% The hydroxypyridine species was treated with
tetramethylethylenediamine (TMEDA) and trimethylamine (TEA) followed by addition
of the required phosphine species, in this example diisopropylphosphine and di-tert
butylphosphine were used to yield either the iPr-PONOP or 'Bu-PONOP species

respectively.3®

1. TMEDA, TEA
XX 2. P(iPry) | N
| _ > _—
HO” "N TOH THF o N0
PR PR
R =iPr, or Bu,

Scheme 1.14 Synthesis of the PONOP ligand.

Bernskoetter et al. reported a different synthetic route to the one shown above, all
reagents used in the reaction were the same apart from TMEDA which was not added
instead the length of time the reaction was stirred for was increased to one week.
While this did yield the PONOP complex it showed a significantly reduced yield (57 %)
compared to the procedure reported by the Milstein group (76 %).*> By combining
elements of each of the synthetic routes to the PONOP ligand described above, Kundu
et al. combined all reagents in a one-pot synthesis (TMEDA, TEA and phosphine
reagent) and left the reaction to stir for one week which after purification gave an 85%

yield and an improved purity.*3

TMEDA, TEA
| A P(‘Bu,)Cl N | A
— o —
HO N OH THF, 75°C, 1 week ? N ?
P('Buy) P('Buy)

Scheme 1.15 Improved synthesis of PONOP ligand.
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Pincer ligands bearing amine groups in place of -CHz or -O- in the ligand backbone
have also been synthesised employing similar syntheses to the ones seen for the PNP
and PONORP ligands.3%-414445 The first example of these ligands to be synthesised
using -NH- groups was reported by Benito-Garragori et al. in 2006 based on
diaminopyridine.3” The synthesis is relatively straightforward by treatment of
diaminopyridine with the required chlorophosphine species in the presence of either
NEts or "BulLi to yield the desired ligand shown in figure 1.9.

HN N NH

PR> PR,

Figure 1.9 Structure of PNP ligand with -NH- linker groups.

He et al. reported the synthesis of an asymmetric pincer ligand with one arm of the
ligand bearing an -NH- group.** The synthetic route is similar to that described for the
PNN ligand above as in this reaction a similar species as the isolated intermediate in
scheme 1.14 is used, however, the methyl group is replaced with an amino group. The
intermediate species is treated with P('Bu2)Cl, NEts and "BuLi (scheme 1.16).4

N NEts, P(‘Bu,)CI AN
"Bui |
= ~
H,NT N H'Tl N
NEt, P(‘Buy) NEt,

\

Scheme 1.16 Synthesis of asymmetric PNPNN ligand.
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(iii) Modification of Central Donor Atom

Modification of the central donor atom is a straight-forward process as this can be
changed through selection of the starting material. For example, nitrogen-donor
ligands such as PNP and PNN are based on disubstituted pyridines and carbon donor
ligands such as PCP are derived from disubstituted benzenes.*®4’ However pincer
ligands with boron- and silicon-based species as the central donor atom have been
investigated owing to their unique properties compared with nitrogen and carbon.*-51
Boron is a stronger o-donor than carbon and nitrogen and so has stronger electron
releasing properties, which can be beneficial in organic transformations and bond
functionalisations making pincer ligands containing a central boron an appealing
prospect. The first example of a tridentate boryl ligand was reported by Segawa et al.
in 2009. The hydroborane pincer ligand was formed by the reaction of di-
tertbutylphosphine with a diamine to form the diphosphine substituted species shown
in scheme 1.17. The intermediate was treated with an excess BHs3.SMe2 to give a

phosphine-boron compound which was treated with n-Pr2NH to give the PBP ligand.*®

rP('Buz)
i)BH3.SMe,

NH NH
©: 2 P(Buy)Cl E:[ ii) nPr,NH
NH, NH NN

Scheme 1.17 Synthetic route to PBP ligand.

The introduction of a silicon-based group is also interesting as Si-M are
characteristically strong which can aid in the stabilisation of reactive intermediates
formed in a catalytic cycle. In 2001 Stradiotto et al. reported the synthesis of a silane
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pincer ligand formed by the reaction between methyldichlorosilane and 8-
lithioguinoline.*® Another class of Si pincer ligands have also been reported by the
Milstein group. The PSIP ligand was synthesised by the lithiation of di-isopropyl(ortho-
bromophenyl)phosphine with ‘BuLi and the resultant product coupled with SiCls
followed by a reduction of the intermediate with LiAlH4 to yield the PSiP ligand.5?

!
We
G
\ /N 7

P(iPr;) P(iPry)

Tilley 2001 Milstein 2008

Figure 1.10 Structures of previously synthesised Si-containing pincer ligands.

1.2.2 Reactivity of Pincer Complexes

In 2005 Zhang et al. published a paper in which they were attempting to form a Ru(0)
PNN complex from the corresponding Ru(ll) species by treatment with a base, what
they discovered is rather than form the Ru(0) species the benzylic arm is
deprotonated, which results in dearomatization of the central pyridine ring. This
dearomatized species has been shown to activate a variety of polar and non-polar
bonds including H-H,3%° H-OH,*2 B-H,%® and N-H,>* upon activation of the bond the six
coordinate aromatized ligand is reformed. The formal oxidation state of the metal
centre remains the same during dearomatisation-aromatisation, as in the
dearomatised complex the central N atom becomes an amide donor to the metal so is

now an L2X type ligand.
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Figure 1.11 Examples of bond activation using a dearomatized pincer complex.

The dearomatized intermediate shown in figure 1.11 has also been used extensively
in catalytic reactions such as hydrogenations, dehydrogenations and catalytic cross
couplings.?330345355-5859An  example of the dearomatization-aromatization
mechanism being used in catalysis is in the dehydrogenative coupling of alcohols to

form esters catalysed by the dearomatized Ru(PNN) complex.3°
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Scheme 1.18 Catalytic dehydrogenation of alcohols to form esters.

The dearomatized PNN complex showed the greatest catalytic activity with the
corresponding ester being obtained in greater than 90% yield compared with 67.2%
when the PNP equivalent was employed as a catalyst. This increase in activity can be
attributed to the hemilabile amine arm, which can dissociate from the metal centre
allowing coordination of the substrate.®° In an attempt to increase the catalytic activity
of the PNP complex -NH- linker groups were employed in place of -CH2- (figure 1.9)
as the -NH- group is more acidic and so dearomatization is favoured. The PNP
complex with -NH- linker groups was employed as a catalyst in the transfer

hydrogenation of ketones.*°

» L
“ ‘BUOK N

HN N NH - HN N
. I | _H | . ; I | _H | ‘
( Buz)P?Rlu—P( Bu,) ( Bu2)P—R|u—P( Bu,)
CcoO CO

Scheme 1.19 Deprotonation and concomitant dearomatization of PNP complex.

34



Both the aromatized and dearomatized complexes were used as catalysts, however,
no reaction was observed for the aromatized complex showing the dearomatized
species is the active catalyst. Cyclohexanone was employed as the substrate and after
16h with the dearomatized complex used as the catalyst full conversion to
cyclohexanol was achieved. Carrying out the reaction at milder temperatures (42°C
from 80°C) also showed full conversion to the alcohol, however, the length of the

reaction had to be increased.4?

O OH catalyst OH O

)k + )\ > )\ " )k
R4 R, R4 R>

80°C, 16h

Scheme 1.20 Transfer hydrogenation of ketones.

While the PNS complex (figure 1.12) is analogous to the PNN and PNP complexes
described previously, upon treatment with '‘BuOK the desired deprotonated species is
not formed but rather a new dimer complex forms in which the central Ru atoms are

bound to the opposite sulfur benzylic arm.3®

Figure 1.12 Dimeric complex formed upon treatment of PNS complex with base.

Any attempts to isolate and characterise the dearomatized the PNS complex were
unsuccessful, as in each case the dimer shown above was observed. It is believed

that the dimer is seen for the PNS complex and not the PNP and PNN complexes due
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to the lack of steric bulk around the S(Bu) group compared with ‘Buz or NEt2. Despite
being unable to isolate the dearomatized complex the aromatized PNS complex was
used as a catalyst in the coupling of amines with alcohols to form amides. A one-pot
synthesis in which the PNS complex, benzylamine, hexanol and base (KMDS) were
all heated at reflux was carried out. Surprisingly, the corresponding amide was formed
in 46% yield, which is similar to that obtained for the dearomatized PNN complex. This
is further evidence that introducing a hemilabile arm like NEt2 or SBu into the pincer

ligand greatly increases the catalytic activity.®®

The dearomatization-aromatization mechanism shown above does not apply to all
pincer complexes, such as benzene-based complexes (PCP) and those with ether -
O- atoms (PONOP) in the ligand backbone or substituted N atoms (-NR-). Although
these complexes cannot undergo dearomatization-aromatization they still display
good catalytic activtity.38455060.61 An example of this is in the dehydrogenation of
formic acid which is catalysed by an Fe pincer complex with -NMe- linker groups in the
ligand backbone. In this example the complex is treated with a base to abstract the
bromide from the metal centre to form the catalytically active coordinatively
unsaturated species which is analogous to the dearomatized complexes. Without the
addition of base no reactivity toward formic acid was observed.5!
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Scheme 1.21 Catalytic cycle for the dehydrogenation of formic acid.

PONOP-based pincer complexes have also been used as catalysts in reactions such
as hydrogenation and transfer hydrogenation. Mazza et al. reported the catalytic use

of a Fe-PONOP complex in the hydrogenation of aldehydes.®°

N N
o) |N/ o o) |N/ o)
(iPrz)I|3—F|é\H F|>(iPr2) (iPrz)I|3—F|é\H Fl’(iPr2)
Brf Ly NCHAC" L

Figure 1.13 Fe-PONOP complexes used in the hydrogenation of aldehydes.

Initially the complexes shown in figure 1.13 were investigated for their ability to activate
hydrogen as previously demonstrated by the dearomatized pincer complexes. Both
complexes were able to activate hydrogen, shown through H/D exchange reactions in
which the hydride is exchanged for deuterium. The Fe-PONOP complexes showed
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reduced activity compared to the dearomatized species as it took 150h for 50%
exchange to be observed, however, this could be reduced to 10 minutes by using das-
methanol as a solvent in place of ds-THF. In the hydrogenation of aldehydes the
complex bearing an acetonitrile ligand showed no activity toward hydrogenation,
however, when the brominated species was employed under a H2 atmosphere with
the aldehyde, the corresponding alcohols were obtained in yields greater than 90%.5°
Aldehydes with electron withdrawing and donating substituents were hydrogenated in
good yields, aliphatic aldehydes were also hydrogenated to alcohols however in

significantly lower yields (approximately 60%).

O catalyst (10 mol %)
> N
R H  MeOH, 24h R OH
8 bar H,

Scheme 1.22 Hydrogenation of aldehydes catalysed by an Fe-PONOP complex.

As shown in this section pincer ligands can be modified by changing the flanking
groups, linker groups and the central donor atom and by doing this a significant effect
on reactivity is seen. However, currently modification of pincer ligands is done through
the design of a synthetic route with careful choice of reagents as described in section
1.2.1. There are very few examples within the literature of substituents being added
into the pincer ligand backbone to form an asymmetric complex and subsequent
characterisation of this complex along with reactivity studies. A potential reason for
this could be due to the fact that modification of the pincer ligand at the central donor
atom or the flanking groups is more achievable experimentally as asymmetric
complexes have proven to be challenging to synthesise. Also, modification of these
groups has been shown extensively to influence the reactivity of the complex and for

this reason this area has been the focus of researchers.
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2. Aims

The aims of this research project were to exploit the dearomatisation-aromatisation
mechanism of a PNP type pincer ligand to successfully synthesise a novel asymmetric
pincer complex containing a C-F bond within the ligand backbone. Thereby extending
the scope of the outer-sphere electrophilic fluorination mechanism. To introduce
carbon- and silicon-based groups into the ligand backbone and fully characterise the
newly synthesised complexes. The purpose of introducing these groups into the ligand
backbone is to improve the known synthetic procedures for asymmetric pincer
complexes as outlined in section 1.2.1. To interrogate the structure of these complexes
to determine what affect the introduction of these groups has on the geometry of the
coordinated ligands around the metal centre. To investigate the onward reactivity of
the resultant complexes by assessing their ability to act as a base and how this can
be improved by careful choice of either fluorine-, carbon- or silicon-based groups. By
assessing the onward reactivity of these modified complexes in a simple proton
transfer reaction, it is hoped that this will demonstrate the potential to improve the
catalytic performance of a pincer complex through careful choice of substituent

introduced into the ligand backbone.
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3. Results and Discussion

3.1 Synthesis of Precursors and Ru(®"PNP) Complex

3.1.1 Synthesis and Characterisation of [RuHCI(CO)(PPhs)s] (1).

The synthetic route to the ruthenium precursor complex, [RUHCI(CO)(PPhs)s] was
adapted from a previously reported literature procedure.®?> Scheme 3.1 shows the

synthetic route to complex 1.

PPh, 6 eq. PPhs
Formaldehyde Hi,, ‘ €O
RUC|3.XH20 > ,'Ru“
n-propanol, reflux Ph3P/ ‘ \CI
PPhs

1

Scheme 3.1 Synthetic route to [RUHCI(CO)(PPhz)3].

The desired product was afforded by heating RuCls.xH20 at reflux with 6 eq. of
triphenylphosphine in n-propanol. Formaldehyde was used as a solvent and acted as
a carbonyl source and a reductant. The product obtained was characterised using *H
and 3P NMR spectroscopy and used without any further purification. The 'H NMR
spectrum displayed a characteristic hydride signal at -7.20 ppm with a doublet coupling
constant of 103.63 Hz and a triplet coupling constant of 21.67 Hz which is in agreement

with previously reported literature data.®?
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Figure 3.1 'H NMR spectrum of [RuHCI(CO)(PPhs)s] showing hydride signal.

A 31P{*H} NMR spectrum was also recorded and is shown in figure 3.2. A signal was
observed at 39.96 ppm with an integration of 2 and a second at 13.04 ppm with an
integration of 1 and these values agree with previously unpublished work. The impurity

observed at approximately 29 ppm can be assigned to triphenylphosphine oxide.
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Figure 3.2 31P{*H} NMR spectrum of [RuHCI(CO)(PPhz)3].
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3.1.2 Synthesis and Characterisation of BUPNP (2).

The synthesis of the ligand precursor B'PNP was adapted from a previously reported
literature procedure.?® The ligand precursor, B'PNP (2), was prepared by adding 2
equivalents of "BuLi to 2,6-dimethylpyridine to deprotonate the two methyl arms and
form the intermediate species shown in scheme 3.2. Di-tert-butyl-chlorophosphine
was then added to yield 2,6-bis((di-tert-butylphopshino)methyl)pyridine (BuPNP), 2.

P(Bu), P(‘Bu),

N - N - N
N "BuLi 2 eq. RN P('Bu),Cl 2 eq. DN

4 7  Z

Intermediate

Scheme 3.2 Synthetic route to ligand precursor, BUPNP.

'H and 3!P{*H} NMR spectroscopy were used to analyse the crude product before any
purification had been carried out. Figure 3.3 shows the 3P spectrum of crude 2. As
both phosphorus nuclei within 2 are equivalent only one resonance should be
observed. The spectrum shows the expected singlet at 36.1 ppm however an
additional resonance can be observed at 164.7 ppm which suggests that unreacted

P(‘Buz)Cl is present in the crude product.
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Figure 3.3 31P{1H} NMR spectrum of crude BUPNP. D2 - dichloromethane was used
as the NMR solvent.

In order to purify the crude 2 it was first washed with ice cold pentane to remove any
unreacted P('Bu)2Cl and then recrystallised from hot diethyl ether to give off white
needle-like crystals which were analysed again using 'H and 3!P{*H} NMR
spectroscopy. The 3P{1H} spectrum of purified 2 now only showed a singlet resonance

at 36.1 ppm, as expected, and is agreement with data from the literature (Figure 3.4).28
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Figure 3.4 31P{1H} spectrum of purified 2.

The H spectrum of 2 is also in good agreement with the literature and is shown in

figure 3.5.
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Figure 3.5 'H NMR spectrum of 2.
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The spectrum shows a doublet at 1.1 ppm which was assigned to the identical t-butyl
groups as shown through the integration value of 36. The doublet (10.99 Hz) splitting
pattern is due to 3J coupling to the phosphorus atom. The signal for the two -CH2
groups in the ligand backbone can also be seen as a doublet resonance at 2.94 ppm
and the splitting shows coupling between the -CH proton and phosphorus. The
aromatic region is also well-defined shows expected signals, doublet and triplet at 7.14

ppm and 7.42 ppm respectively with the correct integration.

3.1.3 Synthesis and Characterisation of [RuUHCI(CO)(*®“PNP)] (3).

The synthesis of the desired pincer complex, 3, was adapted from a previously
reported literature procedure.?® Complex 3 was synthesised by adding the ligand ,2,

to the complex ,1, in THF and heating for four hours at 65°C (Scheme 3.3).

P('Bu,) P('Bu,) = ‘
| N\ (1) 1eq \N
= 0 |)H
THF, 85°C. 4h  (13,,)p——RU——P('Buy)
oo

3

Scheme 3.3 Synthetic route to [RUHCI(CO)(B"PNP)].

Purification of 3 was achieved through slow diffusion of pentane into a THF solution of
the complex. Figure 3.6 shows the 3P{*H} NMR spectrum of purified 3.
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Figure 3.6 *'P{*H} NMR spectrum of recrystallised 3.

Figure 3.6 shows that full conversion of the precursors (1 and 2) to the desired product
3 has been achieved as no signal corresponding to these compounds can be seen in
the spectrum. The spectrum shows a single resonance that would be expected for
complex 3. The signal appears as a doublet at 88.8 ppm however in the literature this
is reported as a singlet, a reason for this could be due to the hydride signal being

outside of the *H decoupling region (0-10 ppm).
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Figure 3.7 'H NMR spectrum of 3.

The *H NMR spectrum shown in figure 3.7 confirms the formation of 3 as several
characteristic signals can be identified. The spectrum shows the hydride signal as a
triplet at -15.1 ppm which is shifted downfield from -7.2 ppm in the complex precursor
(1). Due to the meridonal coordination of the PNP ligand and a lack of a plane of
symmetry between P, N and P the tert-butyl protons aswell as the methylene protons
of the benzylic arm are inequivalent. This can be seen in the *H NMR spectrum as the
methylene protons appear as roofed doublets at 3.35 and 3.88 ppm. However the tert-
butyl protons are observed as two singlets at 1.42 and 1.20 ppm. The aromatic protons

in the pyridine ring can be seen at 7.20 and 7.51 ppm.

3.2 Deprotonation and Subsequent Fluorination Reactions of 3

As described in section 1.2.2., pyridine-based pincer ligands have the ability to
undergo a metal-ligand cooperation mechanism via dearomatisation-aromatisation of
the central pyridine ring.245354 By deprotonating the methylene arm of the pincer ligand
backbone a five coordinate unsaturated intermediate is formed which can then react

with a variety of substrates.
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Scheme 3.4 Synthetic route to of fluorinated pincer complex, 5, via Metal-ligand
Cooperation mechanism (MLC).

The first step of this process as shown in Scheme 3.4 is the formation of the
dearomatized intermediate formed through deprotonation of the methylene arm using
LIHMDS. Upon addition of a solution of LIHMDS in THF to a solution of 3, an instant
colour change from yellow to dark green was observed. A sample of the solution was

removed, and a 3'P{*H} NMR spectrum was recorded to confirm the formation of 4
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_ 79972
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Figure 3.8 31P{1H} NMR spectrum of 3 after addition of LIHMDS.

The NMR spectrum shown in Figure 3.8 shows full conversion of 3 to 4 instantly upon
addition of LIHMDS as no signal can be seen at approximately 89 ppm. The NMR
spectrum shows an AB system of doublet of doublets, 2Jpp = 217.54 Hz, indicative of
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two inequivalent trans phosphorus nuclei. Coupling between the phosphorus nuclei
and the hydride is observed as the hydride signal lies outside of the decoupling region.
With confirmation that the dearomatized species had been formed an electrophile was
then added. Deprotonation and subsequent addition of the electrophile was carried

out in situ due to sensitivity of the dearomatized complex toward moisture.

3.2.1 Fluorination with Selectfluor

Scheme 3.5 Synthetic route showing formation of 5.

The first step is to deprotonate the methylene arm of the pincer ligand as shown in
scheme 3.4. This was done by cooling the solution of 3 in THF and the base solution
(LIHMDS in THF) using a salt-ice bath. Upon addition of the base solution to the
complex solution a distinct colour change from yellow to dark green was observed and
this is a good indication that deprotonation of 3 has occurred to give the dearomatized
intermediate species, 4, as shown in scheme 3.4. Once the colour change from yellow
to dark green had been observed indicating formation of 4 one equivalent of selectfluor
was immediately added and left to stir for 30 mins after which time the solution was
concentrated under vacuum and analysed using 'H, °F and 3P{!H} NMR

spectroscopy.
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Figure 3.9 1°F NMR spectrum of product obtained from fluorination reaction.

The 1°F NMR spectrum shown in figure 3.9 shows no evidence of the formation of the
fluorinated pincer complex (5). The resonance shown in the spectrum at -153.7 ppm
was assigned to the tetrafluoroborate (BF4") counterion which is present in selectfluor.
Further experiments using selectfluor yielded similar results. A major indication from
the 31P{*H} spectrum that a fluorine atom has been added in the ligand backbone is
that in forming the fluorinated complex the two phosphines are now inequivalent.
Therefore two resonances should be observed with a coupling between 200-300 Hz

as this is charasteristic for a complex containing trans phosphorus atoms.
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Figure 3.10 3'P{*H} NMR spectra showing starting complex 3 (top) and the product
obtained after addition of selectfluor (bottom).

The spectra shown in figure 3.10 show that fluorination of the pincer ligand backbone
has not been achieved. The bottom spectrum shows that the deprotonated complex
has been protonated as the signal at 88.9 ppm can be assigned to the pincer complex
3 as shown in the top spectrum. The singlet at approximately 40 ppm has not been
identified. Mass spectrometry data also confirms the formation of 4a due to the

presence of a peak at m/z = 526.19 which is the mass of the reprotonated complex.
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Scheme 3.6 Reaction scheme showing formation of protonated species (4a) over

3.2.2 Fluorination with N-fluorobenzenesulfonimide (NFSI)

fluorinated species (5).

The procedure for the deprotonation and subsequent fluorination using NFSI was

carried out using the same method as described for selectfluor. NFSI does not suffer

with the same poor solubility as selectfluor so reaction processes can be seen through
NMR spectroscopy (*H, °F and 3'P{*H}).

Initially reactions with NFSI were unsuccessful as the main product formed was

identified as the protonated complex (4a) as shown in scheme 3.6 and no evidence

for the formation of 5 was observed.
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Figure 3.11 1°F NMR of product obtained after addition of NFSI.

The °F NMR spectrum in figure 3.11 shows no formation of 5 as the only visible
resonances are a singlet at 74.3 ppm which can be assigned to the fluorinating agent
NFSI and a multiplet at 157.8 ppm. The multiplet was assigned to fluorotrimethylsilane
showing an interaction between NFSI and LIHMDS. This species has been previously
been reported in the literature with a chemical shift of -159 ppm which is a slight
deviation from the chemical shift seen in figure 3.11 however this signal can be

assigned to fluorotrimethylsilane on the basis of its multiplicity.®3

/

F—Si—
Figure 3.12 Structure of fluorotrimethylsilane.

As expected, the 3'P{'H} spectra also showed no signals of significant interest with
the main resonance being that for the protonated complex 4a (87.9 ppm). Various

signals were also observed in the range of 0-70 ppm. The spectrum was compared to
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that for the Milstein’s hydroxo complex which was formed from the activation of water
as it was assumed that formation of the protonated complex was due to water present
in the system. No similarities could be drawn between the 3P spectrum for Milstein’s

hydroxo complex and the spectrum obtained from the fluorination reaction.

106 100 9 90 8 80 75 70 66 60 55 50 45 40 35 30 25 20 15 10 ppm

Figure 3.13 3'P{*H} NMR spectra of product after addition of NFSI.

To optimise the reaction to prevent formation of the protonated complex and see
formation of 5, THF was used with a water content less than 10 ppm and the reaction
was carried out at lower temperatures as this has previously shown success in
favouring fluorination.?°
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Figure 3.14 1°F NMR of optimised fluorination reaction.

Figure 3.14 shows the formation of new fluorinated species not observed in previous
reactions suggesting the presence of water was hindering the reaction also no signal
is seen for the fluorotrimethylsilane. The ESI-MS showed formation of the protonated
complex (m/z =526.19) alongside evidence of fluorination (m/z = 544.18) and also the
product of the addition of two fluorine atoms (m/z = 562.17). It was assumed that the
mono-fluorination product in which the fluorine is added at the deprotonated benzylic
arm, complex 5, is responsible for the multiplets seen at -186 and -191.6 ppm (Figure
3.14) as noted in work carried out previously.®* However, no evidence for the for the
formation of the desired product, 5, can be seen in the 3P{*H} NMR spectrum (Figure
3.15). The reason for this could be due to a low concentration of 5 formed in the
reaction and so the signals expected for 5 cannot be observed. Carrying out the
reaction using a higher quantity of starting material (complex 4) may resolve this issue.
Due to the appearance of the signals no coupling data could be extracted however if
the fluorine was added at the benzylic arm in the pincer ligand a value of approximately
30 Hz in the **F{*H} spectrum would be expected showing the fluorine is coupling to
the phosphorus centre. The 31P{1H} spectrum showed a singlet at 87.5 ppm which can

be assigned to 4a and no other resonances were observed. The position to which the
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fluorine attaches cannot be defined however as the NMR spectra correspond with
previous unpublished work a tentative assignment can be given to fluorination of the

benzylic arm to form 5.%4
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Figure 3.15 3'P{*H} NMR spectrum of product for optimised fluorination reaction.

The ESI-MS data and the spectrum shown in figure 3.15 suggests there is competition
between the formation 4a and 5 however 4a is favoured as this is seen as the major
product. A doublet is seen at -120.7ppm with a coupling constant of J = 8.65 Hz and
a singlet at 125.3 ppm which could potentially be a result of fluorination of the pyridine
ring as a previously reported example in which the pyridine ring was disubstituted in

the meta position gave a chemical shift of -125 ppm.®>

3.2.3 Reaction with Umemoto’s Reagent

Umemoto’s reagent was used as an electrophilic source of a trifluoromethyl group.
The reaction was carried out in a similar way as the fluorination reactions, LIHMDS in
THF was added to a solution of 3 in THF and a colour change to yellow was observed
indicating deprotonation. A colour change from yellow to green was previously

described for this reaction as outlined previously (see page 49). One equivalent of
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Umemoto reagent was immediately added and the solution concentrated under
reduced pressure, a sample was taken and 3'P{!H} and °F NMR spectra were

recorded.
B S ’
Umemoto Reagent 1 eq. | — CF3
N7 - N H
; I H 1 o | _H
(BUz)P—Rlu—F’(BUz) THF, 0°C (’Buz)P—R’lu—P(’Buz)
coO CcO
4 6

Scheme 3.7 Proposed synthesis of Trifluoromethylated complex (6)
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Figure 3.16 3P{*H} NMR spectrum of product after addition of Umemoto Reagent.

The NMR spectrum in figure 3.16 shows no evidence for the formation of 6 as only a
single resonance is observed at 87.5 ppm which can be assigned to 4a. However, the
ESI-MS does show the presence of a product with a trifluoromethyl group (m/z =

594.18) added and unlike in the fluorination reaction no evidence of bis-
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trifluoromethylation, again the major product seen in the ESI-MS is 4a. Upon addition
of Umemoto reagent two new signals can now be seen in the 1°F NMR spectrum.

o
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Figure 3.17 1°F NMR spectrum after addition of Umemoto Reagent.

The °F NMR spectrum shows a resonance at -156.9 ppm which can be assigned to
the tetrafluoroborate anion and the resonance at -160.6 indicates the formation of
fluorotrimethylsilane which was not observed for the fluorination reactions. The signals
at approximately -80 ppm are of interest as these are within the expected range for a
trifluoromethyl group. The identity of the signals is unclear as to whether it is a doublet
or two singlets, if it is infact a doublet with a coupling of J = 78.9 Hz then as no peaks
with a similar coupling constant are seen in the 3'P{*H} NMR spectrum and no *H NMR
spectrum was collected due to running the NMR in protonated solvent then no atom
can be assigned to which the group is coupling to. Due to the lack of information from
the NMR spectra obtained and with no crystal structure of the product the position to
which the CFs group is attached cannot be accurately determined.
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3.2.4 Reaction with Bromoethane

Having investigated the addition of fluorine-containing electrophiles, bromoethane was
selected as an electrophilic source of an alkyl group. The reaction was performed in
the same manner as the fluorination and trifluoromethylations however for the addition
of bromoethane one equivalent of AQOTf was added to improve the reactivity of the
alkylating agent. 3'P{*H} and 'H NMR spectra were recorded of the solution using a

ds-benzene capillary to provide a lock.

| N CH5CH,Br | N | oTt]
AgOTf 1 eq. =
NT > N H
. lH 1 . l_H 1
(Buz)P—Rlu—P( Bu,) THF, 0°C (Buz)P—Rlu—P( Bu,)
(610) (610)
4 7

Scheme 3.8 Proposed synthesis of ethane substituted complex.

Along with the relevant NMR data an ESI-MS was also collected for the solution after
addition of bromoethane and silver triflate and the results from this show no formation

of 7 with the dominant product being the protonated complex 4a (m/z = 526.19).
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Figure 3.18 3'P{*H} NMR spectrum of solution after bromoethane addition.

The spectrum in figure 3.18 displays a peak at 80.2 ppm which can be assigned to the
protonated complex 4a and as expected from the ESI-MS data no evidence for the
formation of the desired product 7. The singlet at 65.5 ppm could be an indication of
an increase in moisture present in the system as this was previously seen in 31P{H}

spectra recorded for the initial fluorination reactions which were unsuccessful due to
the presence of moisture.
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Figure 3.19 'H NMR spectrum after bromoethane addition.

The H spectrum is interesting as the the only resonances that are visible are two
triplets at 3.86 ppm and 2.02 ppm which can be assigned to THF. All other resonances
corresponding to the starting material, 4, can no longer be seen such as the
disappearance of the hydride signal at approximately -15 ppm.

3.2.5 Reaction with TMS-OTf

Trimethylsilyl triflate was used an electrophilic source of TMS and the reaction was
carried out using a similar method as that for bromoethane however instead of AQOTf
being used in this case CsF was used as an additive to increase the reactivity of the

trimethylsilyl group by forming CsOTH.
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Scheme 3.9 Synthesis of TMS substituted complex.

Initial addition of TMS-OTf showed no colour change to the dearomatized complex
solution however when CsF was added an immediate colur change was observed from
dark green to yellow as seen in the fluorination and trifluoromethylation reactions.
31P{*H} and *H NMR were taken of the yellow solution alongside ESI-MS.

The ESI-MS showed formation of the protonated complex 4a (m/z = 526.19) as the
major product with no evidence for the presence of the desired species 8. This is
reflected in the 3P{*H} NMR as shown in figure 3.20 as the signal for the protonated
complex is observed at 89.4 ppm reinforcing the data from the ESI-MS that no
conversion from 4 to complex 8 took place. Like with the 3P NMR for bromoethane

shown in figure 3.18 a singlet is seen at 66.4 ppm and cannot be confidently assigned.
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Figure 3.20 3'P{1H} NMR spectrum after addition of TMS-OTf to 4.

62



The 'H NMR spectrum shown in figure 3.21, like with the *H NMR spectrum obtained
for the bromoethane reaction (figure 3.19), shows only the resonances corresponding

to THF with no others being visible to draw any conclusion from.

Figure 3.21 'H NMR spectrum taken after addition of TMS-OTf to 4.

This section therefore has demonstrated that addition of F and CF3z into the complex
structure is achievable based on ESI-MS and NMR data however the exact position
to which the electrophile attaches cannot be confidently assigned. Further work is
required for the synthesis of the alkyl substituted complexes as there was no evidence
for the formation of 7 or 8. This further work could include investigating different salts
to help form the more reactive electrophile to drive the formation of the desired product.
In all the reactions shown above the major product was the reprotonated complex, 4a,
indicating that protonation of the dearomatized complex is more facile. These findings
are similar to those of previously unpublished material which concluded that although
F and CFs addition was shown the exact position was unidentified and again the major

product identified within the mass spec data was the reprotonated species.%*

63



3.3 Computational Experiments

In order to build upon the synthetic work described above, computational experiments
were carried out on a series of metal (Ru, Fe and Mg) pincer complexes bearing
various fluorine-, carbon- and silicon-based electrophiles to further understand the
effect of introducing electron donating/withdrawing groups into the ligand backbone
and also to see the effect of electrophiles containing fluorine (F, CF3s) compared to
those with hydrogens (H, CHs,). Both the aromatized and dearomatized complexes
were investigated. Geometry optimisations were carried out and from this key bond
lengths and angles can be compared to those previously reported in the literature. Due
to the presence of a metal carbonyl this allows for the electronic effect of these
electrophiles on the metal centre to be studied through changes to the predicted
vibrational modes. Reactivity studies were also carried out by assessing the ability of
the dearomatized complex to act as a base with each electrophile in the ligand
backbone compared with hydrogen. Optimised structures from which bond lengths
and angles were measured were all calculated at the (RI-)BP86/SV(P) level. This
methodology was selected as it has previously been applied to similar systems.®

3.3.1 Geometry Optimisations

Ruthenium Pincer Complexes

Ruthenium pincer complexes have been heavily studied and so this provides a large
library of structures to which the complexes investigated in this study can be
compared. The lengths of metal-ligand bonds and the corresponding bond angles for

each electrophile can be seen in table 3.1.
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Figure 3.22 Structures of Ru pincer complexes investigated.

9a 9b
Bond Length (A) Bond Length (A)
Electrophil Electrophil

o | RuH | RPL | RuP2 | RN | (B | RuH | RuPL | RuP2 | RuN
H 1.563 2.365 2.360 2.174 - 1.566 2.374 2.348 2.155

F 1.562 2.367 2.361 2.168 F 1.566 2.378 2.348 2.153
CFs 1.563 2.359 2.372 2.161 CFs 1.567 2.378 2.348 2.150
CHs 1.566 2.359 2.374 2.167 CHs 1.567 2.372 2.347 2.148
SiH3; 1.565 2.357 2.374 2.164 SiHs; 1.567 2.373 2.350 2.150
‘Bu 1.562 2.370 2.377 2.168 '‘Bu 1.568 2.392 2.342 2.132
TMS 1.564 2.358 2.376 2.164 TMS 1.568 2.376 2.346 2.138

Table 3.1 Metal-ligand bond lengths for Ru(®“PNP) complexes calculated at the
BP86 level of theory.

As shown in table 3.1 no significant effect is seen on the length of the metal—hydride
bond with the introduction of a group into the ligand backbone with all reported values
between 1.562 A and 1.566 A. A slight increase in the Ru-H bond length for the
dearomatized complex is seen however this is only an increase of 0.002 A — 0.006 A.
Previously reported ruthenium pincer complexes bearing a hydride ligand gave bond
lengths in the region of 1.5 — 1.6 A which the values shown in the table above are in
agreement with. However, the PONOP complex in which the -CH2- groups in the ligand
backbone are replaced with ether -O- atoms shows an increase in the Ru-H bond
length to 1.72 A.2530.33.38 The Ru-P bond lengths (P1 phosphine is that bonded to the
carbon to which the electrophile attaches) particularly the P1 bond length, show only

minimal changes with the introduction of a group into the ligand backbone in a similar
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manner to the hydride bond. In the aromatized complexes the F and H substituted
complexes gave Ru-P1 bond lengths of 2.367 A and 2.365 A respectively and a
reduction in length is seen for the remaining groups with 9a-'‘Bu being the exception.
This increase in Ru-P1 bond length is also seen in the dearomatized complex. In 9a
as, bulkier substituents are introduced into the ligand backbone the length of the Ru-
P2 bond can be seen to increase in length (9a-H = 2.360 A, 9a-CFs = 2.372 A and 9a-
'Bu = 2.377 A). This increase in the length of the Ru-P2 bond could be due to the
increased steric bulk around the metal centre as the groups in the ligand backbone

causes rearrangement of the tert-butyl groups closer to the metal centre.

Ru-H Ru-CH; Ru-tBu

Figure 3.23 Structures of ruthenium complexes showing increased steric bulk
around the metal centre.

This increase in the length of the Ru-P2 bond is not observed for the dearomatized
ruthenium complexes as all the bond lengths sit between 2.342 A and 2.350 A. This
could be due to a reduced steric influence of the P1 tert butyl groups as little
rearrangement is required to accommodate the substituted electrophile in the ligand
backbone.
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Bond angles around the metal centre were also measured to see if any change in
geometry is seen when an electrophile is introduced into the system.

9a 9%
Bond Angle (°) Bond Angle (°)

Electrophile | P2-Ru- | N-Ru- | N-Ru- | Electrophile | P2-Ru- | N-Ru- | N-Ru-

(E) P1 CO H (E) P1 CO H
H 165.33 | 176.50 | 89.85 - 163.93 | 178.83 | 91.46
F 165.69 | 176.39 | 89.63 F 164.56 | 178.64 | 91.23
CF3 167.16 | 176.90 | 95.09 CFs 165.19 | 177.45 | 89.87
CHs 166.10 | 179.07 | 93.33 CHs 164.03 | 178.44 | 90.77
SiH3 166.20 | 179.10 | 93.37 SiHs 164.36 | 178.19 | 90.55
'‘Bu 165.41 | 176.92 | 95.89 '‘Bu 165.02 | 176.92 | 89.62
TMS 165.41 | 178.75 | 94.26 TMS 164.57 | 178.09 | 90.45

Table 3.2 Metal-ligand bond angles.

The optimised structures obtained (examples shown in figure 3.23) for both the
aromatized and dearomatized complexes show they adopt a distorted square
pyramidal geometry in which the -CO ligand is trans to the pyridine nitrogen,
demonstrated by the N-Ru-CO bond angles in table 3 with near linear values. The
hydride ligand is cis to the pyridine nitrogen with bond N-Ru-H bond angles being
between 89°-95° and 89°-91° for the aromatized and dearomatized complexes

respectively

Iron Pincer Complexes

To further expand this work, the effect of changing the metal centre on metal-ligand
bond lengths/angles was investigated. Iron was selected as it lies in the same group
as ruthenium and so no changes to the coordinating ligands are required and there

are a variety of examples of iron pincer complexes that can be found within the
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literature which allows for comparisons to be drawn between this work and that

previously reported (spin unrestricted calculations were used for the iron complexes).

10a

10b

E = H, F, CF3, CHj;, SiH;, Bu,

T™MS

Figure 3.24 Iron Pincer complexes investigated. E denotes the electrophilic group

added.
10a 10b
Bond Length (A) Bond Length (A)
Electrophile Electrophile
(E) Fe-H Fe-P1 | Fe-P2 Fe-N (E) Fe-H Fe-P1 | Fe-P2 Fe-N
H 1473 | 2242 | 2.234 | 2.029 H 1477 | 2.254 | 2.216 | 2.009
F 1.472 | 2.244 | 2.236 | 2.019 F 1477 | 2257 | 2.218 | 2.004
CFs 1472 | 2226 | 2.256 | 2.015 CFs 1476 | 2.261 | 2.220 | 2.007
CHs 1476 | 2229 | 2.254 | 2.022 CHs 1478 | 2.254 | 2.217 | 2.000
SiHs 1475 | 2225 | 2.254 | 2.016 SiH3 1477 | 2.254 | 2.219 | 2.004
‘Bu 1.472 | 2.238 | 2.259 | 2.021 '‘Bu 1477 | 2.269 | 2.218 1.993
TMS 1473 | 2.226 | 2.256 | 2.018 TMS 1477 | 2.256 | 2.218 1.993

Table 3.3 Metal-ligand bond lengths for the optimised structures of Iron pincer
complexes.

Table 3.3 shows the metal-ligand bond lengths for a series of Iron pincer complexes

with various electrophiles in the ligand backbone. The data for the Fe-H bond length
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shows that changing the nature of the electrophile added into the ligand backbone has
a minimal effect as the bond length shows little deviation, a trend that was also seen
for the ruthenium pincer complexes investigated. For example, in 10a the Fe-H bond
length is in the range of 1.472 — 1.476 A and for 10b 1.476 — 1.478 A. Previously
reported lron pincer complexes with a hydride bound to the metal centre report a
consistent Fe-H bond length of 1.42 A.31.56.66 The complexes in this study show slight
elongation of the Fe-H bond compared to those previously reported In the literature
with no substituent added at the a-carbon relative to the phosphine atom. The Fe-P
bond lengths follow a similar trend to that seen for the ruthenium complexes in that for
the aromatized iron complexes the H and F substituted complexes gave similar Fe-P1
bond lengths with values of 2.242 A and 2.244 A respectively, for the remaining
complexes all Fe-P1 lengths were within the range of 2.225 A — 2.229 A excluding the
‘Bu substituted complex which again gave an elongated bond at 2.238 A. Also, as with
the ruthenium the species, the iron complexes show that with the introduction of bulkier
substituents into the ligand backbone an elongation of Fe-P2 bond is observed owing
to steric hindrance between the tert-butyl groups of the two phosphine centres.
Previously reported iron pincer complexes gave Fe-P bond lengths in the range of

2.17 A — 2.24 A which the values shown in table 3 are in good agreement with 325556

As with the ruthenium pincer complexes the iron species also adopt a distorted square
pyramidal geometry with the -CO ligand trans to the pyridyl nitrogen and the hydride
cis, this is reflected in the bond angles shown in the table below. Like with the
analogous ruthenium complexes, table 3.4 shows that the metal-ligand bond angles
in 10a/10b show little change with the introduction of each electrophile. Examples of
previously reported iron pincer complexes within the literature gave sub-linear P-Fe-P
bond angles with values of 163.75°%, 164.46°%” and 167.59°%4. These bond angles
show a slight reduction compared with those in table 3.4. The N-Fe-CO bond angles
are within the range of 174.63° - 178.88° in 10a and 175.80°-179.10° in 10b. These

values are in agreement with those found in the literature (175.79°6, 179.44°60),
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10a 10b
Bond Angle (° Bond Angle (°)
Electrophile Electrophile N-Fe-

(E) P2-Fe-P1 | N-Fe-CO | N-Fe-H (E) P2-Fe-P1 CO N-Fe-H
H 170.84 174.63 90.12 - 169.78 178.59 92.68
F 171.01 175.27 90.35 F 170.49 179.10 93.10

CFs 172.64 177.50 94.74 CFs 170.77 176.89 90.75

CHs 171.87 177.50 92.17 CHs 169.76 178.34 92.12

SiH3 171.99 177.96 92.67 SiHs 170.07 177.80 91.62

'‘Bu 171.09 177.98 95.32 '‘Bu 170.29 175.80 89.65

TMS 171.29 178.88 93.84 TMS 170.17 177.87 91.50

Table 3.4 Metal-ligand bond angles for Fe pincer complexes.

Magnesium Pincer Complexes

As transition metals (Fe and Ru) have been investigated, the metal centre was

changed to a non-transition metal, in this case magnesium, to determine what

differences are observed in the structure of the resulting complexes. However, no

examples of previously synthesised and characterised magnesium pincer complexes

can be found within the literature which means no comparisons can be made. Table

3.5 shows the measured metal-ligand bond lengths for the investigated complexes.

X
|
N H
| H
(‘Buy,)P——Mg——P(‘Buy)
Cl
11a

©
| X
E

N7

| H
(‘Buy)P——Mg——P(Bus)

ClI
11b

E = H, F, CF3, CHj, SiH3,Bu

and TMS

Figure 3.25 Structure of Magnesium pincer complexes investigated.

70




lla 11b
Bond Length (A) Bond Length (A)
Electrophile Electrophile
(E) Mg-H | Mg-P1 | Mg-P2 | Mg-N (E) Mg-H | Mg-P1 Mg-P2 | Mg-N
H 1.777 | 2.694 2.696 | 2.494 - 1.808 2.686 2.742 2.326
F 1.774 | 2.718 2.695 | 2.493 F 1.803 2.738 2.772 2.274
CF3 1.766 | 2.746 2773 | 2.475 CFs 1.794 2.640 2.744 2.330
CHs 1.773 | 2.714 2.755 | 2.508 CHs 1.807 2.659 2.740 2.310
SiH3 1.770 | 2.725 2.757 | 2.500 SiH3 1.804 2.661 2.741 2.322
‘Bu 1.770 | 2.709 2.772 | 2.460 ‘Bu 1.794 2.678 2.897 2.220
TMS 1.772 | 2.710 2.763 | 2.488 TMS 1.807 2.668 2.756 2.295

Table 3.5 Measured metal-ligand bond lengths for Mg pincer complexes.

As previously seen with both the iron and ruthenium complexes the Mg-H bond shows
minimal change in the aromatized complex with the introduction of an electrophile with
reported values, excluding 11a-CFs, in the range of 1.770 — 1.777 A. This difference
in bond lengths in 11a-CFs is odd as for both the iron and ruthenium species no
significant change of the M-H bond length was observed upon changing the
electrophile within the backbone. The same applies for the Mg-P1 bond. This
difference is difficult to rationalise as it is unlikely due to steric effects as this has been
shown to have a minimal impact for bulkier electrophiles in all complexes investigated.
The same trend is observed also for the dearomatized complex however a slight
elongation of the Mg-H bond is seen with the majority of values in the range of 1.803
— 1.808 A with the exception of 11b-CF3 and 11b-Bu which both gave the Mg-H bond
length of 1.794 A. A significant difference with the magnesium complexes compared
with the iron and ruthenium species is the elongation of the Mg-P bonds by
approximately 0.5 A indicating the reduced donor ability of phosphorus to magnesium
compared with ruthenium and iron. The Mg-P2 bond length follows the same trend as
observed for Ru and Fe which is that as bulkier substituents are introduced into the
ligand backbone the length of the Mg-P2 bond increases (11a-H = 2.696 A, 11a-CHs
=2.755 A, 11a-'Bu = 2.772 A). The Mg-P1 bond lengths in both the iron and ruthenium

complexes above showed minimal change with each electrophile however in the
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corresponding magnesium complexes the Mg-P1 varies for each electrophile with no
discernible trend for both the aromatized and dearomatized species.

While the Ru and Fe based-pincer complexes adopted a distorted square pyramidal
geometry, the magnesium complexes are arranged in a trigonal bipyramidal geometry
as shown in the figure below. A noticeable difference in the magnesium complexes is
that the chloride ligand is cis to the pyridine nitrogen compared to the trans carbonyl
and this is shown in table 6 as the N-Mg-Cl show a significant reduction in linearity
and also the change in electrophile appears to have a significant effect on not only this
angle but the other metal-ligand bond angles also. For example, the N-Mg-Cl bond
angle in the aromatized complex gave values of 141.55° and 141.28° for the H and F
substituted complexes respectively showing a large difference from the expected 120°
with the remaining complexes in the range of 112.16°-124.37°. The P-Mg-P bond
angle also shows deviation away from the near linear values obtained for the iron and
ruthenium complexes with values in the region of 130°-160° and each electrophile

investigated appears to impact this bond angle which was not observed for iron and

ruthenium.
1la 11b
Bond Angle (° Bond Angle (°
Electrophile Electrophile

(E) P2-Mg-P1 | N-Mg-Cl | N-Mg-H (E) P2-Mg-P1 | N-Mg-Cl | N-Mg-H

H 138.71 141.55 90.44 - 149.81 128.40 109.33

F 139.25 141.28 90.09 F 152.32 121.43 114.13
CFs 151.48 112.16 117.72 CFs 141.21 140.61 99.29
CHs 145.47 124.37 106.82 CHs 149.15 130.54 107.45
SiH3 146.58 122.94 108.96 SiH3 149.15 130.51 106.73
‘Bu 149.57 119.40 113.82 ‘Bu 156.62 120.79 110.03
TMS 147.14 122.43 110.78 TMS 151.50 128.37 107.36

Table 3.6 Measured metal-ligand bond angles for Mg pincer complexes.
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In summary the optimised structures detailed in this section appear to show that by
introducing a new group into the ligand backbone a minimal effect on the metal-ligand
bond lengths is seen along with no change in the geometry of the complex. However,
when the nature of the metal centre is changed from a transition metal (Ru, Fe) to a
group Il metal (magnesium) the structures show elongated metal-ligand bond lengths

and a significantly distorted geometry.

3.3.2 Carbonyl Stretching Frequency

As both the ruthenium and iron species shown previously contain a metal-carbonyl
bond this allows for the calculated stretching frequency of the carbonyl to be used as
a probe for the electron density of the metal centre. The carbonyl-metal bond can
undergo back-bonding due to the carbonyl carbon possessing low lying orbitals of 1
symmetry which allows for an interaction with filled metal d-orbitals. This process relies
largely on the electron density of the metal atom and so the carbonyl stretching
frequency is a good indication of the effect that introducing substituents into the ligand
backbone has on the electronic properties of the metal. A reduction in vco for example
would suggest an increase in back-bonding which results in population of the
antibonding CO orbital and so the CO bond order is reduced giving a lower stretching
frequency and the opposite is true if an increase in vco is observed. Due to the
geometry the pincer complexes studied adopt the CO ligand is placed trans to the
pyridine nitrogen and so the trans effect between these two ligands will also have an
impact on the CO stretching frequency. Figure 3.26 shows the calculated CO

stretching frequency of 10a/b for all electrophiles.
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Figure 3.26 Graph showing the calculated vco for the aromatized Fe and Ru pincer
complexes.

The graph in figure 3.26 shows that no significant change is seen in the vco upon
changing the electrophile within the ligand backbone (9a/10a all carbonyl stretching
frequencies are within a 10 cm™* window (9a = 1980 — 1990 cm™, 10a = 1960 — 1970
cm). However, figure 3.26 does show that the complexes containing electrophiles
that are more electron-donating in nature reported a reduced vco value compared with
those bearing substituents that are more electron-withdrawing. As can be observed in
figure 3.26 when F and CFs are added into the ligand backbone a slight increase is
seen compared to the value for H and then with the introduction of CHs and SiHs the
vco value decreases and with '‘Bu and TMS a further reduction is seen (Figure 3.27),

this can be applied to both the ruthenium and iron species.
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Figure 3.27 Ru pincer complexes with electrophile added in backbone and
corresponding CO stretching frequency.

Examples within the literature show that by changing the linker atom a shift in the
reported vco values is observed. For example, a Ru(P"PNP) complex gave a stretching
frequency of 1903 cm*, however, when the -CH2- groups within the ligand backbone
are replaced with ether -O- atoms to give the PONOP complex the measured
stretching frequency increases to 1932 cm™. This indicates that 1 back-bonding is
reduced in the PONOP complex compared with the analogous PNP.3 Previously
reported Ru and Fe pincer complexes also display a significant difference between the
reported vco values with the Fe complexes giving lower stretching frequencies as
observed in this work.2333.38.52.55.56 The measured metal-carbon bond lengths can also
give some insight into the extent of back-bonding between the metal and carbonyl
carbon and hence the CO stretching frequency. The metal-carbon bond lengths show
minimal change with the addition of each electrophile as the data shown in figure 3.26
would suggest as only small changes are seen in for the CO stretching frequency
values. In the ruthenium species all M-C bond lengths are within the range of 1.848 —
1.854 A with the shorter bond lengths assigned to 9a-'Bu and 9a-TMS and the longest
bond length can be assigned to 9a-F which corresponds with the data in figure 3.26.
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The iron pincer complexes report a reduction in CO stretching frequency for all
electrophiles by approximately 20 cm! with all stretching frequencies between 1960
cm and 1970 cm™. This reduction in wavenumber would suggest that back-bonding
between Fe and CO is greater than between Ru and CO. This is reflected in the
measured Fe-carbon bond lengths which too show a reduction in length compared to
the ruthenium species with all Fe-C bond lengths within the range 1.724 — 1.272A
showing a reduction of approximately 0.1 A for each electrophile. A reason for this
could be Fe(ll) is smaller than Ru(ll). As outlined above the shorter M-C bond length
for the Iron species may indicate an increase in back-bonding which in-turn weakens
the CO bond and so a reduction in stretching frequency is observed. Like with the
ruthenium species when electrophile was added into the backbone that is more
electron-donating in nature a reduction in vco was seen (10a-H = 1965.47 cm, 10a-
CH3 =1962.73 cm, 10a-TMS = 1960.37 cm™).

The carbonyl stretching frequency for the dearomatized complexes (9b/10b) were also

calculated and can be seen in figure 3.28.
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1930 —8—Ru
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1915
1910

1905
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Figure 3.28 Graph showing calculated vco values for the dearomatized Ru/Fe pincer
complexes.
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Figure 3.28 shows that the dearomatized complexes (9b/10b) gave significantly
reduced wavenumbers (approximately 40 cm) for both metal centres with the
ruthenium values now between 1934 — 1946 cm™ and iron 1912 — 1925 cm-*. This
reduction would suggest that in the dearomatized complex the electron density of the
metal centre is greater meaning increased back-bonding. This is evidenced by the
measured M-C bond lengths which show a slight reduction. The reduction in stretching
frequency could also be due to the reduction in charge of the dearomatized complexes
(neutral) compared to the aromatized counterparts (cationic). The CO stretching
frequency is reduced in the neutral dearomatized complex compared with the cationic
aromatized complex as back donation is increased due to stronger overlap between
the metal and carbon orbitals which results in a lower stretching frequency.

The CO stretching frequency for both the ruthenium and iron species shows an
increase for F and CFs compared with H. For example, 9b-H gave a stretching
frequency of 1943.23 cm, in 9b-F this value was 1945.79 cm and then in 9b-CFs3 a
further increase is seen to 1946.37 cm™. A reason for this observed change could be
that the substituents have an influence on the donor ability of the P1 atom to the metal
centre which would affect the electron density of the metal centre. However, as shown
in table 3.1 and 3.3 no significant change in the length of M-P1 bond is seen and the
subtle differences do not correlate with the changes in CO stretching frequency. In
the dearomatized complexes unlike in the aromatized complexes when silicon-based
electrophiles are added to the ligand backbone an increase in stretching frequency is
observed compared to the carbon electrophiles. 9b-CHs gave a CO stretching
frequency of 1940.62 cm* and 9b-SiH3 1943.98 cm™. A similar change is seen in the
iron complex as 10b-CHs gave a CO stretching frequency of 1919.48 cm and 10b-
SiHsz 1923.24 cm showing an increase albeit by only approximately 4 cm. This
change in the dearomatized complexes could be due to the increased donor ability of
the pyridyl nitrogen to the central metal compared with the aromatized complexes and
in the silicon substituted species this donor ability is reduced compared the carbon
based electrophiles resulting in an increase in stretching frequency. This increase can
also be seen between the 'Bu and TMS species. In the aromatized species however
CHs/SiH3 and 'Bu/TMS both gave similar stretching frequencies.
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3.3.3 Isodesmic Calculations

In order to probe the reactivity of the pincer complexes bearing different electrophiles
in the ligand backbone further an isodesmic reaction (figure 21) was used to assess
the ability of the dearomatized complex to act as a base and to determine how each
electrophile affects this ability and also what affect if any changing the metal centre

has.

A B C D
M =Ru,Fe;L=CO E1=H
Mg;L=Cl E2 = H, F, CF3, CHg, SiHs, tBu, TMS

Figure 3.29 Isodesmic reaction used for reactivity studies.

As shown in figure 3.29 the ability of B to act as a base to form the aromatized complex
C was investigated and the energy change associated with this transformation (AG)
was calculated for each metal centre (Ru/Fe/Mg) and all electrophiles. When E2 = H
the calculated AG value is equal to 0 kJ mol? due to the species on both sides of the
equation being the same. This allows for the electrophiles shown in figure 3.29 to be

directly compared to H in affecting the ability of B to accept a proton.

78



Gibbs Energy (AG/kJ mol™)
E2 Ru Fe Mg
H 0 0 0
F 5 7 10
CF3 68 76 o7
CHa 16 21 13
SiHs 34 43 48
‘Bu -12 -14 -36
TMS 5 5 5

Table 3.7 Calculated AG values for proton transfer between the aromatized and
dearomatized complex (Shown in figure 3.29).

As expected, the calculated AG values show significant deviation from the value for H
(0 kd mol?) for each electrophile and the same trend is seen in that the CFs complex
is the least favourable and 'Bu complex being the most favourable
(CF3>SiH3>CH3s>F>TMS>Bu). The high electronegativity of the CFs group
dramatically reduces the ability of the complex to act as a base as the trifluoromethyl
group draws electron density away from the carbon centre to which the proton is
attached and so a high AG value is obtained. However, when the fluorine atoms are
substituted for hydrogens to give the more electron donating methyl-substituted
complex a significant reduction by approximately -50 kJ mol* is observed (Ru-CF3 AG
= +67.91 kJ mol?, Ru-CHs AG = +16.42 kJ mol?) indicating that the ability of the
complex to act as a base can be improved through careful selection of the substituent
group attached at the methylene carbon. This is further shown when a methyl group
is replaced with a tert-butyl group as in doing this the AG value further decreases for
example AG (Fe-CHs) = +20.58 kJ mol* and in Fe-'Bu the AG value is now -13.59 kJ
mol*. Table 3.7 also shows that when silicon-based electrophiles are used in place of
the corresponding carbon-based groups proton transfer to the dearomatized complex
becomes less favourable as for Ru-CHsz AG = 16.42 kJ mol* and Ru-SiH3z AG = +33.55
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kJ mol* showing an increase for the silicon-based group. From the data in table 3.7 it
can be seen that for all of the metal centres investigated by substituting H for a tert-
butyl group in the dearomatized complex proton transfer is more favourable compared
with the other electrophiles used as when E2 = 'Bu the calculated AG value = -12.44
kJ mol* (Ru), -13.59 kJ mol* (Fe) and when the nature of the metal centre is changed
from a non-transition metal a significantly lower AG value is obtained, Mg-‘Bu AG = -
36.01 kJ mol?t. Despite the results in table 3.7 indicating that by changing the
electrophile proton transfer can become more favourable, the reactions still gave a
positive AG value showing an unfavourable reaction with only the 'Bu substituted
complexes showing a favourable proton transfer. Unfavourable proton transfer is
natural in the complexes with electron withdrawing substituents (F, CF3) however
weak electron donating groups gave similar results suggesting there is another factor
influencing the reactivity at this site.

The influence of the steric bulk around the methylene carbon was investigated to see
if this had any effect on the reactivity of the complex, this was done by using the
percentage buried volume model which calculates the bulk of a ligand coordinated to
the metal centre and this value is given as percentage buried (Vebur). As expected, the
complexes in which the more sterically demanding groups (‘Bu/TMS) have been
introduced larger values are obtained however there is little change between each
electrophile although differing values can be seen for each metal centre investigated;
Mg = 55% - 57.4%, Ru = 67.9%-70.7% and Fe = 72.5% - 75.4%. Given the small
change in the sterics of the complex and the large differences between the calculated
AG values it can be assumed that the steric bulk around the carbon to which the proton
attaches has a minimal effect on the ability of the complex to accept a proton at that
position. This is reinforced in the steric maps generated as it shows a large steric bulk
in the ligand backbone particularly with the '‘Bu and TMS which both gave the most

favourable proton transfer.
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-1.50

Figure 3.30 Steric maps for TMS- substituted complexes. The left region depicts the
side to which the proton attaches.

The lack of effect of the steric bulk around the methylene carbon is in part due to the
ability of the tert-butyl groups and the TMS group to rearrange to allow addition of the
proton as shown in the structures above. The effect of this is increased steric bulk

around the metal centre could potentially affect the onward reactivity of the complex.

Having investigated the effect changing the group attached to the methylene carbon
has on the ability of the complex to accept a proton, altering the metal centre from
ruthenium to a first-row transition metal in Iron and then using magnesium (group 2
metal) was investigated to determine what importance the properties of the metal
centre has in this reaction. In the previous sections (3.3.1 and 3.3.2) it was shown that
by introducing different electrophiles into the ligand backbone only minimal effects
were seen at the metal centre. Therefore, it can be assumed that by changing the
metal centre little to no change will be observed between the respective AG values
and table 3.7 demonstrates this although with some exceptions. For the F, CHs, SiH3
and TMS substituted complexes by altering the metal centre a minimal change is
reflected in the calculated AG value for example Ru-CHs AG = +16.42 kJ mol?, Fe-
CH3 AG = +20.58 kJ mol* and Mg-CHs AG = +13.39 kJ mol* which demonstrates that
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although using magnesium gives a lower AG value the difference with the ruthenium
value is only 3 kJ mol* and 7 kJ mol* for the iron species. The 'Bu and CF3 substituted
species however show significant deviation between the metal centres investigated
and in both cases proton transfer is more favourable for the magnesium species as
Mg-Bu AG = -36.01 kJ mol! whereas calculated values of -12.44 kJ mol* and -13.59

kJ mol* were obtained for the corresponding ruthenium and iron species respectively.

4. Conclusions and Future Work

In conclusion addition of F and CFs to a pincer ligand backbone was demonstrated, a
single product could not be isolated and characterised due to the preferred formation
of the reprotonated pincer complex (4a). NMR and ESI-MS confirm addition of the F
and CFs group although the exact position to which the groups are attached cannot
be confidently assigned. Reactions with alkylating agents with the dearomatized pincer
complex gave no promising results. Future research should focus on optimising the
synthesis to favour formation of the electrophile substituted complex over the
reprotonated species. Optimisation of this step should involve efforts to further exclude
moisture from the reaction. Reactions should be repeated using the alkylating agents
described in this thesis however before use these reagents should be dried to reduce
moisture content and distilled before use if necessary. This could not be done for this
work due to time constraints. Having the ability to synthesise the substituted
complexes in good yields will allow for in-depth characterisation and the study of the

onward reactivity of the complex.

Computational work carried out showed that adding a substituent group into the ligand
backbone has no appreciable effect on the geometry of the metal complex. However,
when a non-transition metal is used a significant distortion of the complex is observed.
The magnesium complexes showed distortion from the natural geometries and so
synthesis of these may prove difficult. It has been demonstrated that by altering the
nature of the added electrophile from electron-withdrawing to electron-donating the
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ability of the complex to act as a base can be significantly improved. The calculations
indicate that the tBu and TMS substituted complexes should be used for further
reactivity studies and these gave the most favourable reaction. Future research in this
area could identify a suitable catalytic reaction and investigate whether the substituted

complexes show any catalytic improvements.

5. Experimental

5.1 General Considerations

All manipulations unless otherwise stated were performed under an N2 environment
using standard Schlenk line and glovebox techniques. Hexane, pentane, diethyl ether
and methanol were dried using an innovative technologies anhydrous solvent
engineering system. Tetrahydrofuran was distilled over sodium (under argon) and then
stored over 4A molecular sieves. D2-dichloromethane was dried by stirring over CaH>
before being vacuum distilled onto 3A molecular sieves, degassed by three freeze-
pump-thaw cycles and stored in the glovebox. P(Buz2)Cl was purchased from sigma-
aldrich and distilled under reduced pressure before use. All other chemicals were
purchased from commercial vendors and used as recieved. RuHCI(CO)(PPhs)s,
BUPNP and RuHCI(CO)(*®“PNP) were all synthesised by following previously reported
procedures. NMR spectra were recorded on a JEOL ECS400 with operating
frequencies of 399.78 MHz (*H), 161.83 MHz (3!P) and and 376.17 MHz (*°F). All
chemical shifts are reported in ppm and referenced internally to the residual solvent
peak (d>-DCM = 5.32 ppm, CDCls = 7.26 ppm). Mass spectra were recorded on a
Bruker micrOTOF MS instrument (ESI).

All geometry optimisations were performed at the (RI-) BP86/SVP level of theory
followed by frequency calculations at the same level. All calculations were performed
using the TURBOMOLE package using the resolution of identity (RI) approximation.58-

74 All structures were visualised using Facio and Jmol.”>7® %Vpu values were
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calculated for all complexes using the (RI-) BP86/SVP optimised structures using the
SambVca 2.0 package.”” The sphere radius was set to 3.5A with bondi radii scaled by

1.17 used and mesh spacing for the integration grid was 0.1A.

5.2 Synthesis of [RUHCI(CO)(PPh3)s]

To a 500ml round bottomed flask was added triphenylphosphine (18.96 g, 72.3 mmol,
6.1 eq.) in 100ml n-propanol. The solution was heated until vigorous reflux then
RuCls.XH20 (2.634 g, 11.9 mmol, 1 eq.) in 20ml n-propanol was added down the
condenser. 40 ml formaldehyde was then added immediately after. The educts were
washed with 20 ml n-propanol and the solution was left at reflux for 30 minutes. After
30 minutes the reflux was stopped, and the solution was allowed to cool to room
temperature. The solution was filtered to isolate the solid product which was
subsequently washed alternately with water (4 x 10 ml) and ethanol ( 4 x 10 ml) to
yield a grey-brown product. Yield: 9.29 g, 82%.

1H NMR (400 MHz, CDCls): & = 6.9-7.8 (m, 93H, Ru-(PPhs)a), -7.2 (d, 1H, Ru-H) ppm.
31p NMR (400 MHz, CDCls): & = 39.7 (s, 1P)

5.3 Synthesis of 2,6-bis((di-tert-butylphosphino)methylpyridine
(‘BYPNP)

2,6-lutidene (1.26 ml, 16.23 mmol, 1 eq.) was added to diethyl ether (6 ml) and hexane
(3 ml) in a Schlenk flask. The solution was cooled to 0°C and n-BuLi (8.0 ml, 32.46
mmol, 2 eq.), 2.7M in hexanes, was added dropwise and the solution was now deep
orange in colour. The solution was heated to 40°C and left to stir for 17 hrs. After this
time the solution was cooled to -78°C and di-tert-butylchlorophosphine (4.0 ml, 32.46
mmol, 2 eq.) was added dropwise, a colour change to dark red was observed. The
solution was warmed to room temperature and stirred 1 hour. Methanol (15 ml) was
then added to quench the solution to yield a pale-yellow solution. The solvents were
removed en vacuo to yield an off-white residue. The residue was dissolved in methanol
(15 ml) and hexane (25 ml). The hexane phase was separated from the methanol
phase via cannula. The methanol phase was washed with hexane (10 ml) and the
hexane phase was again separated from the methanol phase via cannula. The
collected hexane phases were concentrated under reduced pressure to give a white
solid. The solid was dissolved in hot diethyl ether (5 ml) and stored in the freezer
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overnight. The solvent was cannula filtered and the white crystalline solid remaining
was dried in vacuo. Yield = 1.09 g, 17%.

'H NMR (400 MHz, CD2Cl2): 6 = 1.09 (d, 3Jn,p = 11.04 Hz, 36H, PBuz), 2.94 (d, 2Jnp
= 3.08 Hz, 4H, PCH), 7.14 (d, 3Jun = 7.62 Hz, 2H, H3/H5), 7.42 (t, 3Jnn = 7.62 Hz, 1H,
H4) ppm.

3P NMR (400 MHz, CD2Cl2): 6 = 36.1 (S) ppm

5.4 Synthesis of [RUHCI(CO)(‘BUPNP)]

To an oven dried Schlenk flask was added [RuHCI(CO)(PPhs)s] (748 mg, 0.79 mmol,
1 eq.) in 10 ml THF. BYPNP (342 mg, 0.79 mmol, 1 eg.) was dissolved in 20 ml THF
and transferred to the complex suspension. The solution was heated to 65°C and
stirred for 3 hrs. Over this time the solution turned dark yellow in colour. After 3 hrs the
solution was allowed to cool to room temperature and the solvent was removed in
vacuo. Pentane (40 ml) was added, and the solution was stored in the freezer
overnight. The solution was filtered to yield a pale-yellow product. Recrystallisation of
the desired product was achieved by using hot THF (10 ml) and rt pentane (30 ml).
Yield = 252 mg, 57%

IH NMR (400 MHz, CD2Clp): & = -15.1 (t, 2Jup = 19.9 Hz, 1H, RuH), 1.20 (t, 3Jup =
6.29 Hz, 18H, PBuup), 1.41 (t, 3Jup = 6.92 Hz, 18H, P'Budown), 3.34 (dt, 2Jnn = 19.9
Hz, 2H, PCHHup), 3.88 (dt, 2Jun = 19.15 Hz, 2H, PCHdownH), 7.19 (d, 3Jun = 7.77 Hz,
2H, H3/HS), 7.51 (t, 3Jun = 7.44 Hz, 1H, H*) ppm.

31p{*H} NMR (400 MHz, CD2Cl): 88.8 (d, 2Jn,p = 17.07 Hz) ppm.

5.5 Synthesis of LIHMDS

To an oven dried Schlenk flask was added HMDS (3.9 ml, 18.6 mmol, 1 eq.) in Et20
(50 ml). The solution was cooled to 0°C and n-BuLi (9.5 ml,), 2.0 M in hexanes, was
added dropwise. The solution was allowed to warm to room temperature and stirred
for a further 4.5 hrs. After 4.5 hrs the solvents were removed under reduced pressure
to yield a white solid. The solid was washed with ice cold hexane (2 x 20 ml) and dried
under vacuum. Yield = 2.04 g, 65.6%.
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5.6 Fluorination of [RUHCI(CO)(‘BYPNP)

A solution of [RUHCI(CO)(®®uPNP)] (50 mg, 0.089 mmol) in THF (5 ml) was cooled to -
10°C. A cooled solution of LIHMDS (15 mg, 0.089 mmol, 1 eq.) in THF was added to
the complex solution and a colour change from yellow to green was observed. At this
point a solution of the chosen fluorinating agent (1 eq.) in THF was added and the
solution was allowed to stir for 1 hour at room temperature. The solvents were
removed in vacuo to yield a green residue. A 3'P{*H} NMR of this residue was taken
in d2-DCM.

5.7 Trifluoromethylation of [RUHCI(CO)(‘BY“PNP)]

A solution of [RUHCI(CO)(®B“PNP)] (50 mg, 0.089 mmol) in THF (5 ml) was cooled to -
10°C. A cooled solution of LIHMDS (15 mg, 0.089 mmol, 1 eq.) in THF was added to
the complex solution and a colour change from yellow to green was observed. At this
point a solution of Umemoto’s reagent (36 mg, 0.089 mmol, 1 eq.) in THF (2 ml) was
added to the complex solution and the resulting solution allowed to stir for 1 hour at
room temperature. The solvents were removed in vacuo to yield a green residue which
was dissolved in d2-DCM and a 3!P{*H} NMR was taken.

5.8 Reaction of [RUHCI(CO)(*BYPNP) with bromoethane

A solution of [RUHCI(CO)(®B“PNP)] (50 mg, 0.089 mmol) in THF (5 ml) was cooled to -
10°C. A cooled solution of LIHMDS (15 mg, 0.089 mmol, 1 eq.) in THF was added to
the complex solution and a colour change from yellow to green was observed. At this
point bromoethane (48 mg, 0.45 mmol, 5 eq.) and AgOTf (115 mg, 0.45 mmol, 5 eq.)
in THF (2 ml) were added to the reaction mixture. The solution was warmed to room
temperature and stirred for 1 hour. A portion of the reaction mixture was removed and
a 3P{*H} and 'H NMR taken.

5.9 Reaction of [RUHCI(CO)(*BYPNP)] with TMS-OTf

A solution of [RUHCI(CO)(®BUPNP)] (50 mg, 0.089 mmol) in THF (5 ml) was cooled to -
10°C. A cooled solution of LIHMDS (15 mg, 0.089 mmol, 1 eq.) in THF was added to
the complex solution and a colour change from yellow to green was observed. At this
point TMS-OTf (40 mg, 0.18 mmol, 2 eq.) and a solution of CsF (27 mg, 0.18 mmol, 2
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eq.) in THF (2 ml). The solution was allowed to stir at room temperature for 1 hour. A
sample of the reaction mixture was removed and a *H and 3!P{*H} NMR taken.
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6. Abbreviations

Bpy
"BuLi
‘Bu

ESI
FTMP
LIHMDS
MS

NEts
NFSI
NMR
OSEF
Ph

ppm

iPr
Selectfluor
NMR Abbreviations
d

dd

t

dt

m

Hz

2,2’-bipyridine
n-Butyllithium
tertiary butyl
Electrospray lonisation
1-Fluoro-2,4,6-trimethylpyridinium tetrafluoroborate
Lithium bis(trimethylsilyl)amide
Mass Spectrometry
Triethylamine
N-Fluorobenzenesulfonimide
Nuclear Magnetic Resonance
Outer-Sphere Electrophilic Fluorination
Phenyl
parts per million

Isopropyl

N-Fluoro-N’-methyl-triethylenediamine bis(tetrafluoroborate)

doublet

doublet of doublets
triplet

doublet of triplets
multiplet

Hertz
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