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The synthesis of chiral molecules is of great importance to the pharmaceutical, agrochemical, flavour and fragrance industries. The use of organo-iridium complexes has gained a reputation for its great utility in key enantioselective synthetic procedures. Prime examples include the catalytic reduction of carbonyls and imines; iridium-catalysed allylic substitution and catalysed enantioselective hydrogenation of unsaturated carboxylic acids. Important aspects in these processes are the reaction conditions such as the catalyst loading, metal-ion ligands, the substrate, solvent and the reaction times - all of which can affect the degree of enantioselectivity. Understanding the mechanisms of these reactions through kinetic and other studies makes a vital contribution to improving catalytic efficiency. Asymmetric transfer hydrogenation (ATH) is a prime example of a process that offers operational simplicity and has seen a surge in extensive mechanistic investigations encompassing both theoretical and experimental aspects. 
This work offers new insights into the reaction mechanism of organo-iridium (III) catalysed ATH of imines, particularly that of α-fluorinated imines. The enantioselectivity of ATH has been previously noted to be a result of enantiomer formation following either zero or first-order kinetics. However, for the amine enantiomer formed with zero-order kinetics the consecutive introduction of fluorine α to the C=N bond leads to a decrease in nitrogen basicity, increasing the rate of product release as well as an increase in the electrophilicity of the carbon, facilitating nucleophilic attack. A result of changing the rate limiting step is that the reaction mechanism then proceeds to follow first-order kinetics in the formation of the enantiomeric products, with the almost complete removal of enantioselectivity. The strong electron withdrawing properties of fluorine retard the imine nitrogen’s basicity, consecutive fluorination results in a lowering of the concentration of protonated imine under the reaction conditions, confirming that the iminium ion is the reactive species in this process.
An expansion of the work on ATH is offered in the study of the acidity of the carbon acids which act as ligands for iridium. The catalytic species harbours a η6 pentamethylcyclopentadienyl ligand, forming multi-centred bonds to the metal centre; offering both stability, steric protection and significant electron density contribution to the metal centre. In order to estimate the importance of the basicity of this ligand on catalytic activity, the non-aromatic substituted cyclopentadienes were subjected to deuterium exchange, by exposing the Cp* ligand to NaOD in a DMSO-d6/D2O (9:1 v/v %) co-solvent system. The observed pseudo first-order rate constants for H/D exchange are then used to reveal relative acidities of a family of Cp* derivatives. Carboxy tetramethylcyclopentadiene undergoes H/D exchange by intramolecular general base catalysed removal of the acidic proton by the carboxylate anion. Additionally, the synthesis, characterisation and subsequent deuterium exchange experiments of an amido Cp* is discussed, showing sequential 1,5-sigmatropic rearrangements.
In an attempt to expand the library of synthetic methodologies for biologically active organo-iridium complexes, a microwave assisted method was developed. The newly furnished complexes feature a variety of Cp* tethered glucose units in an effort to enhance transport and recognition with regards to cell surface interactions. These derivatives were tested for anti-bacterial and anti-cancer activity.


Summary
Chapter 1
A brief overview of the importance of chirality in nature, highlighting the behavioural features of different enantiomers on biological systems and their mode of action. The section focusses primarily on enantioselective methods for chiral amine synthesis specifically those encompassing organo-iridium mediated catalytic systems for the transformation of prochiral imines into their corresponding amino products with a special consideration of the kinetic studies undertaken to unravelling the mechanistic proposals of transfer hydrogenation (TH). An emerging field in organometallic chemistry is also briefly covered; the application of organometallic species as potential anti-cancer and anti-microbial agents. 
Chapter 2
Of the countless methods discussed in chapter 1, asymmetric transfer hydrogenation (ATH) of imines has rarely been explored with regards to the mechanism. The preparation of α-fluorinated dihydroisoquinolines (DHIQ) is reported, coupled with a comprehensive kinetic study of imine to enantiomeric product formation. The substrates are further explored with regards to their physicochemical properties under the reaction conditions of ATH in which an organo-iridium complex (IrCp*-I-(R,R)-TsDPEN) mediates imine to amine transformation in the presence of a 5:2 HCO2H/Et3N molar ratio of this azeotropic mixture. 
Chapter 3
As one of the prime ligands in the catalytic species, the aromatic pentamethylcyclopentadienyl exerts strong electron donating properties on the metal centre, the actions of which can impact the bond strength of intermediary species such as Ir-H, Ir-Imine and Ir-Amine bonds. The corresponding non-aromatic counterpart (Cp*H) is in effect a carbon acid, which upon treatment with a base generates the aromatic ligand. The synthesis and structural determination of Cp* derivatives is reported. Hydrogen/deuterium exchange of Cp* derivatives (Cp*CONMe2, Cp*CO2H and Cp*CF3) is investigated, herein the relative acidities of these derivatives is explored. 
Chapter 4
In an effort to expand the library of biologically relevant complexes, the introduction of recognition motifs such as glucose is explored. In a further elaboration of the Cp* motif, the synthesis of novel glucose tethered ligands is reported with subsequent biological testing against cancer cell lines and bacterial species. The synthesis of organo-iridium complexes is for the most part undertaken under reflux conditions, the work in this section covers an alternative method - microwave assisted synthesis of organoiridium complexes.
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	1,3-(Dimethyl-1,3-propanediyl)bis[diphenylphosphine]

	BINAP
	2,2′-bis(diphenylphosphino)-1,1′-binaphthyl

	Cp*
	1,2,3,4,5-Pentamethylcyclopentadiene

	COD
	Cyclooctadiene 

	Cy
	Cymene

	D2O 
	Deuterium oxide

	DHIQ
	Dihydroisoquinolines

	DARA
	Direct asymmetric reductive amination

	DCM
	Dichloromethane

	DFT
	Density functional theory

	DMSO-d6
	Hexadeuterodimethyl sulfoxide

	DKR
	Dynamic kinetic resolution

	EDG
	Electron donating group

	ee
	Enantiomeric excess

	En
	Ethylenediamine

	Et3N
	Triethylamine 

	Et2O
	Diethyl ether

	EWG
	Electron withdrawing group

	FGI
	Functional group interconversion

	ΔΔGⱡ
	Free energies of activation

	GABA
	Gamma aminobutyric acid

	GC
	Gas chromatography

	GC-MS
	Gas chromatography mass spectrometry

	HPLC
	High pressure liquid chromatography

	HSQC
	Heteronuclear single quantum correlation

	IC50
	half maximal inhibitory concentration

	iPrOH
	Isopropyl alcohol

	LC-HRMS
	Liquid chromatography - high resolution mass spectrometry

	kcat
	Catalytic rate constant

	kobs
	observed pseudo first or zero order rate constant

	KOH
	Potassium hydroxide

	KR
	Kinetic resolution

	MeCN
	Acetonitrile

	MgSO4
	Magnesium sulphate

	Mol%
	(Moles of reagent or catalyst/ moles of substrate)*100

	MPV
	Meerwein–Ponndorf–Verley

	NH4Cl
	Ammonium chloride

	NaBH4
	Sodium borohydride 
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[bookmark: _Toc28286059][bookmark: _Toc29309102][bookmark: _Toc31057577]1.1 Three-dimensional molecular geometry in biologically active molecules.
At its most fundamental level, the principle systematic workings of life’s mechanical workhorses revolve around a dual recognition and response network. The evolutionary complexity of biological macromolecules such as enzymes, receptors and transporters exemplify this crucial element of biochemical processes in their interactions with endogenous and exogenous ligands. However, a preference is noted in most of biology to guest structure geometry in achieving optimum interactions with target macromolecules which are responsible for authorising biological responses. This preference excels in the form of chirality; the geometric property of a rigid object of not being superimposable with its mirror image, a determining factor in accomplishing maximum stimulation of a given target macromolecule. 
This spatial arrangement of substituents around a stereogenic centre in chiral compounds serves as a principle requirement for biological processes such as absorption, metabolism and elimination, thus correct architecture is essential in guest molecules as this will inevitably affect the substrate’s ability to form stable complexes with the binding pocket and thus prevent free rotation and other movements of the enantiomer - resulting in increased chiral recognition at the complementary active site.1, 2 
The specific three-dimensional structure is important in fitting into the active site by aligning the substrate to form vital bonding interactions such as ionic bonding, hydrogen bonding and Van der Waals (VDW) interactions. Though possessing exactly the same substituents, the inactive enantiomer is unable to align itself in the same fashion, subsequently, this has further complications in the metabolic profile of the different enantiomers, occasionally leading to binding at different sites, which in many cases leads to undesirable effects.3
The actions of different enantiomers in achieving desirable effects at the active site created by protein domains have several biological implications as demonstrated by the beneficial bronchodilating effects of (R)-salbutamol which are not observed with (S)-salbutamol, which proceeds via a different pathway and has been implicated in causing hyperkalemia, a condition resulting from elevated potassium levels as well as encouraging pro-inflammatory properties (Scheme 1).4 Stereo-selective pharmacokinetics of chloroquine reveal other fundamental pharmacological properties which are affected by chirality such as protein binding, with (S)-chloroquine showing enhanced binding to the globular serum albumin protein in comparison to the (R)-enantiomer. Other pharmacokinetic properties such as elimination also display stereo-specificity, with the (R)-enantiomer exhibiting longer terminal elimination half-life than (S)-chloroquine.5 Stereo-selective binding has also been implicated in the action of the anti-epileptic medication vigabatrin, with S(+)-vigabatrin irreversibly inhibiting gamma aminobutyric acid (GABA) transaminase. Enantiomer distribution upon administration offers some insights into the different pathways of this anti-epileptic drug, with higher concentrations of the R(-)- enantiomer being observed in serum after single or multiple doses.6,7,8
Surface proteins such as the efflux transporter P-glycoprotein function to pump xenobiotic substances out of cells, a primitive defence mechanism against harmful exogenous substances. This transporter is tangential in drug absorption, distribution and excretion and has been noted to be upregulated stereo-specifically by (R)-cetirizine while the (S)-enantiomer down-regulates it (Scheme 1).
Whereas some foreign substances mimic endogenous compounds, and in some cases show better activity, the reduced folate carrier protein shows a stereospecific preference for the naturally occurring (6S) stereoisomer of 5-formyl tetrahydrofolate (leucovorin) (Scheme 1).9
These dual recognition-response networks can be hijacked by mimicry substances as exemplified by the high mobility of methylmercury in the body. Upon ingestion, methylmercury is readily distributed throughout the body, exerting selective brain toxicity. Though transport of substances into the brain tissue is a highly governed process, largely due to the blood brain barrier which selectively transports only essential nutrients to the brain; methylmercury exhibits enhanced binding affinity to small molecular weight thiol compounds, one of which is the amino acid cysteine. The resultant complex (MeHg-L-Cys) closely resembles methionine, a feat that enables pervasive crossing into the blood brain barrier via neutral amino acid carriers. The transporter demonstrates a preference for the L form of this complex which significantly exceeds that of its D counterpart (methyl mercury-D-cysteine), appearing in brain tissue within 5 minutes of intravenous administration.10,11
Chirality has also been noted to play an instrumental role in forming stable metallo-DNA adducts. For instance, the bifunctional lesions in cis-DNA are more stable with the organometallic therapeutic agent cisplatin, the action of which is not observed with the isomeric partner, trans-platin. The geometric arrangement of ligands in the trans analogue lead to stereo-chemical limitations which impede intrastrand trans-DNA adduct formation between adjacent base residues.12,13,14
This appreciation of chirality’s crucial role in pharmaco- kinetics and dynamics was a prerequisite to the FDA’s 1992 “development of new stereoisomeric drugs” manifesto and set forth guidelines for the development of chiral drugs or chiral switching of existing ones in an effort to mitigate drug toxicity. As of 2006, the approval rate of chiral drugs by the FDA has increased to over 80% in comparison to the 1990’s. 75% of these approved drugs are now marketed as single enantiomers and this has several advantages such as more selective pharmacodynamics profiles, potential for improved therapeutic indices, less complex pharmacokinetic profiles and reduced potential for complex drug interactions.


Scheme 1. Pharmacologically relevant examples exhibiting stereospecific biological activity.
Pharmaceutical companies that had drugs approved and marketed as racemates or mixtures of stereoisomers benefited from “chiral switches” as they could extend the patent life of their products. The favourable clinical profiles for single enantiomeric compounds led to successful chiral switches of some important drugs such as esomeprozole, levofloxacin, and escitalopram, which are now marketed as single enantiomers. Enantioselective synthesis of anti-retroviral analogues such as abacavir, didanosine, lamivudine, stavudine, vidarabine, zidovudine, etc. to obtain single isomers led to improvements in the activity of these compounds due to the ring substitutions mimicking the 2R,5R architecture of naturally occurring nucleosides (adenosine, cytidine, guanosine, thymidine, etc.) (Scheme 2).


Scheme 2. Anti-retroviral compounds synthesised stereo-specifically to mimic endogenous nucleosides and examples of successful chiral switches (Escitalopram, Levofloxacin and Esomeprazole).
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As the majority of enantioselective transformations of any reactant to product is facilitated by formation of some intermediate, assuming [I] is constant under steady state conditions, herein the rate formation of I = rate of breakdown of I, such that k1[R] = (k2+k-1) [I]. 


The concentration of the intermediate [I] can therefore be expressed as:


The rate of the reaction is determined by k2[I] as expressed below:


However, in consideration of the rate constants, if k-1>>k2 i.e the rate of breakdown of the intermediate to revert back to the reactants is greater than product formation, the rate can be expressed as:


In this expression k2 is the rate limiting step (RLS), here the breakdown of the intermediate will dictate the rate of the reaction. 
Conversely, if k2>>k-1, such that the breakdown of the intermediate to form the corresponding product is greater than the rate constant encompassing intermediate to reactants, k1 becomes the RLS such that: 
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Aside from chiral switches, preparation of chiral compounds in a selective fashion such that the enantiomers are produced in unequal amounts, defined as enantioselective synthesis has dominated the vast majority of industrially relevant processes. In order to determine the enantio-purity of a chiral product, the degree to which one enantiomer dominates is usually expressed as the percent enantiomeric excess (% ee), herein the R and S represent the % or fraction in a given chiral mixture as shown below:
% ee = ((R – S) x 100)/ (R + S) 
Another expression suffices to indicate the fraction of the major component, as exemplified with the S enantiomer below:
% S = 50 + ee/2
The scrutiny surrounding the use of  % ee as led to a number of publications which reference the enantio-purity as an enantiomeric ratio (er); defined as the ratio of the percent of one enantiomer in a mixture relative to the other, for example a mixture containing 80% (S) and 20% (R) can be expressed as S:R of 8:2.15
Later sections will highlight some examples of enantioselective processes, however, it should be noted that enantioselective transformations are usually accomplished under conditions of kinetic control, wherein a prochiral unit (A) is converted to the corresponding products BR and BS, each exhibiting different rates of formation, with rate constants kR and kS, respectively (eq. 1). Eq.2 describes the ratio of the products (BR/BS), indicating the difference in the free energies of activation (ΔΔGⱡ) for the formation of BR and BS whereas the relationship between % ee and kR/kS is given in eq. (3).


Reactions involving nucleophilic addition to an electrophilic prochiral substrate mediated by a catalyst demonstrate the relative differences in free energies of activation as addition can occur to si or re faces of the substrate, subsequently leading to different free energies for the pro-R and pro-S transition states (ΔΔG⧧). Enantioselectivity is therefore a result of the difference in these free energy states, with a larger difference in the TS states resulting in higher % ee. As exemplified in Table 1, a ΔΔGⱡ of 9.7 kJ.mol-1 at 298K gives an enantiomer ratio of 50:1 and an ee of 96.1%.




Table 1. The ratio of rate constants kR/kS for enantiomer formation and corresponding %ee and differences in free energies of activation for eq. (1).
	kR/kS
	% ee
	ΔΔG‡  (kJ.mol-1)

	2
	33.3
	1.7

	5
	66.6
	4.0

	10
	81.8
	5.7

	25
	92.3
	8.0

	50
	96.1
	9.7

	100
	98.0
	11.4

	1000
	99.8
	17.1



As the reaction proceeds the changes in concentration of the prochiral substrate and enantiomeric products BR and BS  (eq.1) with time can be expressed as shown by eqs. (4) – (6).



Fundamental to the above expressions is an assumption that formation of these enantiomers follows the same kinetic order i.e. both are formed via a first or second-order process. Later chapters however, highlight that this is not necessarily the case, meaning enantiomer formation can proceed via two distinct pathways, each following different kinetic orders of formation.
[bookmark: _Toc28286062][bookmark: _Toc29309105][bookmark: _Toc31057580]1.2 Chiral Amines 
One of the clusters of chiral compounds that are well represented in organic chemistry are chiral amines; prestigious constituents of many pharmacologically active natural and synthetic compounds both in industry and academia. These amino motifs possessing a stereogenic centre at the position α - to the amino group are important in agrochemical targets, resolving agents in kinetic resolution (KR) processes, chiral auxiliaries in total synthesis and have also being highly utilised as ligands in various asymmetric transformations.16 The library encompassing chiral amines with regards to pharmacologically relevant examples is vast as demonstrated below (Scheme 3).


Scheme 3. Examples of pharmacologically active chiral amines. 

The examples presented above exhibit two generic structural features whereby the nitrogen can be termed primary (1ᴼ), secondary (2ᴼ), tertiary (3ᴼ) or even quaternary (4ᴼ) depending on the number of substituents. Secondly, the α-stereogenic carbon, by necessity, can only be secondary or tertiary. It is also important to note that some compounds contain “masked” chiral amines in the form of amides. Though well represented, the introduction of this chiral amine motif into any compound is normally not an easy feat, requiring complete, chemo-, regio-, diastereo-, and enantio-selectivity depending on the substrate.
The importance of chiral amines has induced a large number of investigations, each exploiting different approaches in accessing this basic structure. This has subsequently allowed for the rise in different methods and concepts for detailed understandings in reaction mechanisms as well as being instrumental in improving industrial processes.

[bookmark: _Toc28286063][bookmark: _Toc29309106][bookmark: _Toc31057581]1.2.1 Preparatory methods of chiral amines.
1.2.1.0 1,2-nucleophilic additions to ketimines 
Among the established methods in preparation of chiral amines is the 1,2 nucleophilic addition to ketimines 1, providing a variety of chiral amines 2. For instance, the use of NaBH4  affords amines in a non-selective fashion, due to the non-discriminatory addition of hydride to the re and si face of the imine. Also, due to the poor electrophilic nature of the carbon centre, a number of side reactions can occur which results in poor selectivity, such as α-deprotonation 1a and reduction 1b. The possibility of side reactions can of course be circumvented by controlling nucleophilic addition in a stereoselective fashion using catalysts, ligands, Lewis acids or by auxiliary control. As in Brook’s17 work, conversion of the imine to the trimethylsilyl triflate analogue prevents α-deprotonation due to the increased electrophilicity of the carbon with subsequent deprotection affording the desired amino product.


Scheme 4. 1,2 nucleophilic addition to ketimines 1, with possible side reactions. 

Though efficient in affording amines, the primitive 1,2 addition has slowly been abandoned in favour of more versatile synthetic methodologies which offer both enantioselectivity and high yields, with the three main approaches being kinetic resolution (KR) of racemates, chiral pool approach and enantioselective conversion of prochiral substrates to afford enantiopure compounds. 
1.2.1.1 Kinetic resolution (KR) and Dynamic Kinetic Resolution (DKR)
Kinetic resolution of racemates is perhaps the most common industrial alternative and has long being employed since the introduction of resolution with tartaric acid by Louis Pasteur - this process enables the transformation of two enantiomeric products at different rates by employing a chiral resolving agent, herein, one of the enantiomers is transformed into the diastereoisomeric form whilst the other remains unchanged.18,19 . However, although KR is a good approach when enantiomers are required (for example in the industrial production of feedstock amines), in a context where only one enantiomer is needed, KR suffers from poor recovery which does not exceed 50%.20 
The shortcomings of KR have however given rise to a revision of the process into the development of dynamic kinetic resolution (DKR) which combines the resolution capability of (KR) with an in-situ equilibration or racemisation of the chirally labile substrate. For example, a combination of an organometallic catalyst, capable of racemising the enantiomers and an enzyme that’s able to acylate the desired enantiomer enables a theoretical yield of 100% based on the racemic substrate.20,21,22,23 
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(a) Kinetic resolution (KR)                                                   (b) Dynamic kinetic resolution (DKR)
Scheme 5. Differences between kinetic resolution (KR) and dynamic kinetic resolution (DKR).23
1.2.1.2 Chiral pool 
To circumvent the introduction of chirality via organic transformations, the use of naturally occurring chiral starting materials provides another alternative in the preparation of complex compounds. The chiral pool approach utilises naturally occurring starting materials with the appropriate stereogenic centres already in place. This method is highly attractive in total synthesis of diverse and complex scaffolds in establishing essential stereocenters as depicted in the synthesis of yingzhaosu A 8 and (S)-vigabatrin 14 (Scheme 6). Naturally occurring chiral molecules are inexpensive and range from carbohydrates, amino acids16 terpenes, alkaloids and hydroxyacids. However, the technique is limited by possibility of interconversion of stereocenters in some products and sometimes by a lack of starting materials for some other complex targets. This can sometimes be overcome by functional group interconversion (FGI) or use of a protecting group to retain the correct stereochemistry after subsequent transformations. 

 
Scheme 6. Chiral starting materials from natural sources with examples of yingzhaosu A 8 24,25 synthesis from (S)-limonene 3 as the chiral starting material and synthesis of (S)-vigabatrin 14 from (R)-methionine 9.
1.2.1.3 Asymmetric Hydrogenation
One of the most efficient enantioselective methodologies currently in use is asymmetric synthesis, specifically transfer hydrogenation (TH), defined as the process of hydrogen transfer from H2 to a prochiral substrate in an enantioselective fashion, mediated by a catalyst. The protocol has been long utilised and its popularity has seen the development of catalytic systems for valuable organic transformations, exhibiting high yielding potential coupled with high % ee.26,16 The methodology employs various platinum group metals, with the most representative examples being ruthenium, rhodium and iridium species. TH includes countless examples presented in the literature detailing the efficiency and stereo-selectivity of this process, with classic hydride sources including formates, silanes, dihydropyridines and iso-propanol. As this thesis concerns organo-iridium complexes the following section will be focused on iridium based asymmetric hydrogenation systems which have provided excellent industrial and academic relevant examples, a few of which are discussed. 
[bookmark: _Toc28286064][bookmark: _Toc29309107][bookmark: _Toc31057582]1.3 Historical Background
The early stages of homogenous iridium catalysis suffered from the fruitful embryonic exploration of organometallic chemistry, presumably due to the lack of special applicable properties in this cluster of platinum group metals. Among his noteworthy contributions to organometallic chemistry, Vaska27 prepared several neutral  iridium octahedral Ir(III) species 16-16d (Scheme 7)  by reacting the unsaturated Ir(I) unit  with a number of A-B molecules in an oxidative addition process; a formal two electron transfer from Ir to A-B. The addition of diatomic units provided an opportunity for the addition of H2; the formal addition of which is not an easy feat with the H-H dissociation energy being 436 kJ.mol-1. Achieving this at ambient temperature would of course serve as the platform for homogeneous transfer hydrogenation catalysis.28 




Scheme 7. Oxidative addition of A-B to Ir(I) (15) species to generate the octahedral Ir(III) species (15b).


Subsequent investigations of H2 addition to the Ir(I) complex afforded the oxidative product Ir(III)H2Cl(PPh3)3; an extremely stable complex. Later discoveries would however indicate the importance of unstable intermediates required in the success of any catalytic protocol, a feature not exhibited by early generation isolable Ir(III) complexes. Vacation of a coordination site functions as the secondary factor in achieving efficient catalysis and indeed serves as a pre-requisite for a catalytic cycle. However, the heightened stability exhibited by the Ir(III) oxidative product prevented this process, due to an increment in bond strength on going from the second to the third row of the periodic table. 


Scheme 8. COD displacement by solvent molecules.


Being members of the platinum-group metals, rhodium and iridium have for a long time shared an exchange of principles with advances in one area being transferred to the respective counterpart. Accordingly, Schrock and Osborn observed in-situ 1,5-cyclooctadiene (COD) ligand displacement in the rhodium complex (Rh(cod)(PPh3)2 17 by solvent molecules (Scheme 8). This discovery was significant as it meant ligand dissociation was not only restricted to PPh3 ligands29 but also that other ligands could be in cooperated, among which are those possessing chiral motifs. Among the early generation catalysts to emerge from this period was Crabtree’s catalyst 19; an effective alkene hydrogenation catalyst (Scheme 9)30, which saw utility in the hydrogenation of steroids such as 20, affording the corresponding products  in yields of 70-100%.31


Scheme 9. Hydrogenation of steroid 20 with [Ir(cod)L(py)]PF6.

The hydrogenation of alkene substrates harbouring OH groups exhibited enhanced selectivity due in part to the stereo-controlling effects exerted by the OH group32, as demonstrated in the reduction of terpinen-4-ol33 22 (Scheme 10) with a 99.9:0.1 ratio observed in the isomeric alkane product. 


Scheme 10. Terpinen-4-ol hydrogenation with Ir catalyst 19.

Evidence for the OH stereo-controlling effect was provided by subjecting Ir+H2S2L2 to the sterically hindered bicyclic endo-5-norbornen-2-ol 25 to afford the stable isolable complex 26 which confirmed binding of the OH to the Ir centre due to the sensitive nature of the Ir-H chemical shift to trans ligands (Scheme 11). The proposed intermediate from 19 was not observed by 1H NMR as this was too unstable (Scheme 10).34 


Scheme 11 Proposed structure for the stable intermediate 26.


[bookmark: _Toc28286065][bookmark: _Toc29309108][bookmark: _Toc31057583]1.3.1 Early generation ligands
Iridium based organometallic complexes display various oxidation states, with highly coloured salt solutions. Based on its electronic configuration ([Xe]4f145d76s2), the t2g6 associated large crystal field stabilisation energy yields three important oxidation states (OS), among which is +3 (d6), +1 (d8), and the +4 state (d5). Neutral Ir(III) and neutral and cationic Ir(I) complexes represent the three clusters of iridium OS states which serve as the most important catalyst classes for enantioselective reactions, displaying divergent mechanistic pathways towards the transformation of prochiral imines substrates.
Noyori35 (asymmetric transfer hydrogenation), Knowles (L-DOPA synthesis), and Sharpless36 (Sharpless epoxidation) shared the 2001 Nobel prize for their contribution to enantioselective  reactions. Of significance was the use of chiral directing ligands which afforded products in high yields and high ee’s. Though countless ligands had been developed prior to this, Noyori’s BINAP (2,2′-bis(diphenylphosphino)-1,1′-binaphthyl) ligand 27 exhibited enhanced selectivity in the reduction of allylic and homoallylic alcohols (Scheme 12).37,38,39 The stereo-configuration of the respective ligand employed provides a rich chiral architectural environment, as demonstrated in Sharpless’s epoxidation whereby the (S,S)-DET leads to si attack and (R,R)-DET leads to attack on the re face, affording the respective epoxide selectively (Scheme 12 bottom); with further transformation of the epoxide leading to important functional groups such as diols, aminoalcohols and ethers.40,36 Similar to Noyori’s system, this protocol has a wide substrate scope and has been noted to provide products with >90 % ee.



[image: The Sharpless epoxidation]
Scheme 12. Noyori’s BINAP ligand 27 in stereo-directing binding to the Ru dihydride to afford chiral product 29 and Sharpless epoxidation ligands (-) and (+)-diethyltartrat used to direct addition to the si and re face respectively.

The development of a family of chloroacetanilides, among which was metolachlor, a herbicide usually deployed in maize agriculture indicated that the (1S)-enantiomer was the active component, therefore enantioselective preparation of this compound was crucial. Rhodium had gained a reputation for affording high yields and % ee in early generation hydrogenation reactions and thus induced the development a crop of phosphine based ligands (32-38) for this process; however, the modest yields obtained where not applicable on an industrial scale. Attempts with iridium complexes decorated with a BDPP 40 ligand gave 84% ee; however, the catalytic species underwent irreversible complex dimerisation 43 (Scheme 13).41 




Scheme 13. The crop of ligands synthesised for reduction of the imine (30) and catalyst deactivation via active complex 43 dimerisation.

By subjecting Noyori’s BINAP ligand to modifications with a ferrocene backbone, the resultant derivative (R,R)- f-binaphane 55 offers enhanced flexibility due to the low rotation barrier, therefore allowing binding of sterically hindered imine substrates 4442 .Additionally, this electron-donating ligand increases the strong electron back-donating ability from an Ir complex to the imine substrate (Scheme 14).


Scheme 14. Asymmetric hydrogenation of 44 using 55.
[bookmark: _Toc28286066][bookmark: _Toc29309109][bookmark: _Toc31057584]1.3.2 Neutral Iridium (I) catalysts
Among the traditional precursors for Ir complexes used to afford neutral complexes for asymmetric hydrogenation processes, Bis(1,5-cyclooctadiene) di-iridium(I) dichloride 47 harbours labile COD ligands that under certain reaction conditions can be replaced with rich chiral architecture as displayed in the examples below (Scheme 13).


Scheme 15. Ligand examples with [Ir(cod)Cl2]2 serving as the precursor. RED ( Diphosphino ligands), BLACK (Phosphino oxide) GREEN (phosphine phosphoramidite P-N ligands), and BLUE (Diphosphonite ligands).

[bookmark: _Toc28286067][bookmark: _Toc29309110][bookmark: _Toc31057585]1.3.3 Ligands for Cationic iridium (I) complexes 
Phosphinooxazoline (PHOX) ligands  laid the foundation for cationic Ir(I) hydrogenation complexes43, however their utility was not restricted to iridium catalysis with examples presented in Pd-catalysed allylic substitution44, allylic amination 45,46 and the Heck reaction.47 The introduction of this prominent ligand 66 was significant as it demonstrated that the inclusion of a chiral ligand into an iridium complex improved enantioselectivity 68 (89% ee), a feat which would lead to a new directive in enantioselective hydrogenation  (Scheme 16).48


Scheme 16. ATH of the imine 67.

It should be noted that up until the introduction of Pfaltz’s PHOX based catalyst, Buchwald and Willoughby’s titanocene catalyst 69 was regarded as one of the most active catalytic species for hydrogenation, particularly that of unfunctionalised tri-substituted olefins. This protocol involving fast 1,2 insertion step, to form a titanium amide intermediate, followed by slow reaction of the amide complex with hydrogen to produce the amine and regenerate the titanium hydride served as one of the most efficient methodologies for the preparation of chiral amines (Scheme 17).49


Scheme 17. Titanocene mediated hydrogenation of imines.
An extension of cationic Ir(I) complexes used for asymmetric hydrogenation are shown in Scheme 18. 



Scheme 18. Cationic Ir(I) complexes for asymmetric hydrogenation.
[bookmark: _Toc28286068][bookmark: _Toc29309111][bookmark: _Toc31057586]1.3.4 Ligands for neutral Iridium(III) complexes 
Neutral Ir(III) complexes are among the under-represented groups in iridium catalysis (Scheme 19); having found limited application in the reduction of imines. Among the few examples presented in literature, the cationic dinuclear Ir(III) complex 8050,51 exhibits enhanced activity of challenging substrates (quinolines, and quinoxalines). Monosulfonylated diamine based Ir(III) species 78 have also found use in the reduction of quinolones with yields of 95% (94-99 % ee).52 Derivitaisation of this ligand to afford the cyclohexan-1,2-diamine analogue 79 extends the substrate scope to cover N-benzyl imines, albeit with lower enantioselectivity(39-78%).53


Scheme 19. Ir(III) complexes for asymmetric hydrogenation.




[bookmark: _Toc28286069][bookmark: _Toc29309112][bookmark: _Toc31057587]1.4 Asymmetric Transfer Hydrogenation and Reduction 


Scheme 20. Noyori’s Ru system for the ATH of 6,7-dimethoxy-1-methyl-dihydroisoquinoline.
Though asymmetric hydrogenation processes had provided applicable examples for industrially relevant processes, employing alternative hydrogen sources presented an attractive alternative in affording chiral amines. Japanese chemist and indeed the father of asymmetric transfer hydrogenation Ryōji Noyori, presented a system that utilises stable organic hydrogen donors in conjunction with suitably designed chiral Ru(II) complexes 81; capable of efficient catalysed reduction of imines with a well-behaving formic acid-triethylamine mixture under mild conditions (Scheme 20). In view of the less hazardous properties of the reducing agent, employing alternative hydride sources such as formic acid and iPrOH offer operational simplicity resulting in increased isolated yields and ee.35 
The technology had initially been applied to the ATH of ketones, however, a new directive allowed for application to one of the most challenging substrates in the form of imines. Initial investigations on the substrate 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline 82 to afford the corresponding salsolidine aminic product 83 was best effected with a 5:2 formic acid-triethylamine azeotropic mixture in acetonitrile containing (S,S)-81 at 28 °C (S/C ) 200, 3 hrs), leading to (R)-83 in 95% ee and in >99% yield. Of significance in affecting the rate and enantioselectivity was the presence of the η6-arene and 1,2-diamine ligands. With regards to the chiral unit (TsDPEN), the enantioselectivity was highly influenced by the presence of the NH2 moiety as substitution at this position as in the N(CH3)2 analogue resulted in no reactivity. The structure of the Ar group and the substitution pattern of this η6-arene ligand may be fine-tuned depending on the imine substrates.
Early mechanistic proposals by Noyori’s group highlighted the formal discrimination of hydride addition in the stereo-determining hydrogen-transfer step, with the Ru-H exhibiting enantio-face preference at the sp2 carbon of the cyclic imine which subsequently led to the generation of the stereogenic sp3 carbon (Scheme 20). The catalytic protocol, employing an azeotropic mixture (HCO2H:Et3N 5:2) proved to be useful in the reduction of cyclic imines with impressive ee values ranging from 90-97%. Under these reaction conditions the Ru complex exhibits enhanced activity in the reduction of imines compared to that of ketones.




[bookmark: _Toc28286070][bookmark: _Toc29309113][bookmark: _Toc31057588]1.4.1 Metal-bifunctional catalysis
Metal-bifunctional catalysis (Scheme 21) describes the transformation of a prochiral substrate by a catalytic species harbouring a hydride at the metal centre and a proton donating group on a ligand that is part of the complex a. This form of catalysis is initiated by complexation of a hydrogen donor (H2 or DH2= formic acid/ or iPrOH) b, which transfers a proton to the basic site and a hydride to the metal centre, followed by transfer of H- and H+ to the prochiral substrate c, which can proceed via a concerted or stepwise pathway depending on the substrate. The metal bound product is then protonated, with subsequent elimination regenerating the active species a.54 


Scheme 21. Fundamental features of metal-bifunctional catalysis.
1.4.1.1 Shvo’s catalyst
Shvo’s catalyst55 laid the platform for bifunctional catalysis, this was  the first example of  bifunctional reduction which implicated ligand participation in the catalytic cycle (Scheme 22). The Ru0 complex 84 binds H2, facilitated by the pseudo aromatic ligand to generate 85, subsequently yielding the active catalytic species 86, which transfers hydride from the metal centre, accompanied by proton transfer from a ligand bound to the substrate 87. The product exhibits hydrogen bonding as in 87a and product coordination 87b, intermediates which precede product release to regenerate 84. The applicability of this catalyst ranges from hydrogenation of C=O, C=C, and C=N bonds as well as dehydrogenation processes. 



Scheme 22. The mechanism of imine hydrogenation with Shvo’s catalyst.
1.4.1.2 Noyori’s catalyst 
A decade later Noyori would extend this by the introduction of a novel diamine ligand which also demonstrated this bifunctionality (Scheme 23).35 In this protocol, the dimeric unit 88 dissociates into its monomeric species which engage the TsDPEN ligand 89, generating an 18 electron pre-catalyst 90; hydride transfer from formic acid mediated by Et3N yields the active species 91, which in a stereo-selective fashion transfers H- and H+ to the prochiral imine substrate 92, with subsequent product release generating the 16 electron species 94; formate then transfers a hydride to this species thus the cycle begins again. Both Noyori and Shvo’s systems exhibit outer-sphere mechanistic pathways with the 18e- species.


Scheme 23. Noyori’s ATH of imines using Ru (II) catalyst. 
1.4.1.3 Examples of metal bifunctional catalysts 
The unusual nature of these systems encouraged the development of related complexes containing a ligand harbouring an ionisable proton donating group, among which ruthenium (95-98) and iridium (99-103) based complexes were developed both for industrial and academic research purposes (Scheme 24).56,57,58,59 It should be noted that the presence of this protic hydrogen on the ligand is imperative as its absence results in no reduction of the prochiral substrate.60,61 




Scheme 24. Iridium and ruthenium metal-bifunctional prototypes with ionisable groups (M/OH, M/NH, and M/CH).

1.4.1.4 Enantioselectivity in metal bifunctional catalysis 
Of particular interest in the Noyori metal-bifunctional system is the origin of selectivity regarding imine ATH. In comparison to ketones, the ATH of imines is rather unusual as it results in chiral amines with opposite stereochemistry to that observed with ketones, such that the R,R-TsDPEN ligand yields the (S)-amine predominantly. Wills et al.62,63 have pioneered this field and have proposed various transition states that could result in the correct product being obtained (Scheme 25). The suggestions are based on interactions that lead to the substrate adopting configurations that allow for ATH to occur in a manner that could explain the resultant chirality observed in the product generated.


Scheme 25. Possible interactions leading to enantioselective reduction accounting for the enantiomer obtained.
Ratovelomanana-Vidal et al.64 conducted an extension of this system by expanding the substrate scope. The study reveals that steric rather than electronic effects could be invoked to explain the remarkable influence on selectivity, as revealed by comparison of the enantiomeric excesses obtained when the reaction was carried out with dihydroisoquinoline (DHIQ) substrates bearing halogenic substituents on the ortho position. In this proposal, the protonated imine 104 orientates itself via CH-π interaction with the arene ligand of the complex together with hydrogen bonding to the tosyl group, thus allowing exclusive hydride transfer to the si face, yielding the (R)-amine as the major product as observed experimentally (Scheme 26). The two favourable interactions stabilise the TS and are noted to be crucial for enantio-control. 


Scheme 26. Hydride transfer to the si face of the imine, highlighting possible interactions that stabilise the structure. 
The chiral directing effects of the TsDPEN ligand stimulated innovative derivatisation of this moiety to encourage further enantiomeric influence of the ligand on reduction of prochiral imine substrates, as presented in Czarnocki’s protocol (Scheme 27), a family of TsDPEN ligands based on (R)-(+)-limonene 105 proved to be effective in the ATH of aromatic endocyclic imines 106.65


Scheme 27. Limonene derived TSDPEN ligand in the ATH of endocyclic imines.
Other platinum group metals have also been exploited with TsDPEN (Scheme 27) as demonstrated in the Cp*-half sandwich iridium complexes 108, a highly active catalyst employed in direct asymmetric reductive amination (DARA) of various aliphatic ketones.66 Similar half-sandwich Ir(III) complexes 109  featuring a cyclohexan-1,2-diamine based monosulfonylated diamine derivative have also been reported for the reduction of aryl methyl N-benzyl imines (Scheme 27).53


Scheme 27. A family of complexes based on TSDPEN derivatives.
The initial development of homogenous catalytic systems in the 1960s was heavily centred on rhodium and iridium, an era which saw the discovery of the versatile pentamethylcyclopentadienyl anion as a stable and robust ligand for iridium and rhodium (Cp*Ir, Cp*Rh) catalysts for organic chemistry transformations. Avecia® would later on introduce the isoelectronic 108 and 110 catalysts harbouring the TsDPEN ligand for the ATH of ketones and imines (Scheme 28).


Scheme 28. Noyori’s ruthenium based complex 90 and iso-electronic rhodium 110 and iridium 108 ATH catalysts, highlighting charge contribution from the ligands surrounding the metal centre.

The versatility demonstrated by the Cp* ligands in engaging different metal ions has enhanced its reputation in organometallic chemistry. The following section will explore some of the chemistry related to this ligand. 

[bookmark: _Toc28286071][bookmark: _Toc29309114][bookmark: _Toc31057589]1.5 Cp and Cp* chemistry 
[bookmark: _Toc28286072][bookmark: _Toc29309115][bookmark: _Toc31057590]1.5.1 Cyclopentadienyl structural considerations 
The cyclopentadienyl (Cp) ion 111 is a versatile mono-anionic ligand; with demonstrated capability in stabilising metals in a variety of oxidation states.67 Metal-ions can engage with 111 as a 6-electron π-donor.68 The Cp ligand exhibits various structural binding modes generally described by its hapticity (ηn )-a representation of the number of ligand atoms that are bonded to the metal; whereby n represents the contiguous number of atoms bonded to the metal. In comparison to transition metal complexes in which symmetrical π bonding of C5 ring predominates 111d, those of the main group elements show a variety of hapticities varying from the symmetrical η5 through to the “slipped” ηx structures (x = 3-1 111a-111c) to purely σ bound ligands (Eqn 7).69,70,71,72,73
Ring slippages can result from haptotropic shifts, a phenomenon whereby an increment in the metal electron count as a result of the addition of a ligand or electrochemical reduction results in geometrical rearrangements of π ligand complexes.74 These rearrangements serve as pathways for generating vacant coordinating sites in 18 electron complexes thus facilitating ligand association and substitution (Eqn 8).67,75


The η1-Cp 111a structure is ubiquitous in complexes where CO ligands are sufficiently firmly bound75 as exemplified by 113 (η5-Cp)Fe(CO)2(η1 -Cp)  in Eqn 9.76  The η1-Cp demonstrates an important fluxional behaviour associated with Cp ligands - a succession of sequential 1,2 sigmatropic shifts   hindering adoption of the η5 binding mode.77 The aromatic penta-hapto (η5) form with essentially equal C-C distances is the preferred notation when describing binding of the Cp ligands. The notation may be misleading as in the crystal such a ligand adopts a preferential conformation relative to the other ligands. In solution, Cp ligands are not static and have been noted to rotate rapidly around the M-Cp(centroid) vector. With very few exceptions the rotational barrier of a C5H5 ring is very small, of the order ~ 2kJ/mol, so that even on cooling to very low temperatures all Cp-hydrogen atoms are equivalent in the NMR spectrum (Eqn 9).78 Certain complexes have been known to undergo various fluxional rearrangements processes as shown in Eqn 10; electron-deficient, monomeric titanocenes 114-114b display a variety of hapticities, namely: η5-Cp rotation, η1/ η5 hapticity interchange, and sigmatropic shifts over the η1-Cp rings.79,80,81


Tri-hapto-Cp groups are rare and the η3 -Cp adopts a folded conformation so that the uncomplexed C=C group can bend away from the metal.75 Type η3 binding mode is best demonstrated by η5 > η3 ring slippage as in a classic case where CO uptake by Cp2W(CO) 115 to give Cp2W(CO)2 115a results in competition for coordination between the Cp and the other ligands (Eqn 11).78
In most cases, the Cp and its substituted relatives are robust, chemically inert spectator ligands and do not participate in formation and cleavage of chemical bonds directly. Though prevalent in early generation transition metal complexes, the dissociation of Cp ligands is frequent for sensitive metallocenes, and its incorporation leads to facile decomposition pathways under the reaction conditions involved. A key feature regarding the reactivity of Cp ligands, of sensitive organometallic complexes, lies in the nature of their coordination sphere, which may be tuned to adjust their reactivity by steric and electronic effects as well as co-ligands. 
[bookmark: _Toc28286073][bookmark: _Toc29309116][bookmark: _Toc31057591]1.5.2 Pentamethylcyclopentadienyl anion (Cp*)
1,2,3,4,5-Pentamethylcyclopentadienyl (Cp*) 112 is the permethylated derivative of Cp, harbouring similar chemistry but also displaying unique features that lead to striking changes in metal complexes’ chemistry when compared with the unmethylated compound.82,83,67 The associated changes include increased electron density and donor strength of the permethylated ring as well as increased stability of the resultant complex due in part to the exertion of a greater steric effect than the cyclopentadienyl ligand.67 The electronic/steric modifications result in dramatic changes in structure, reactivity and catalytic stability.
Cp ring “slippage” creates a vacant orbital at the metal centre, making possible a low-energy associative reaction path in complexes bearing Cp ligands. The creation of new vacant coordination sites is of significance in catalytic processes, the creation of which is greatly influenced by the substituents in the Cp ligand. Introduction of more electron density on the metal by addition of five methyl groups to the Cp ring as indicated by the increase in pKa by 8 units in DMSO, slows down bonding rearrangements, subsequently altering associative substitution processes. Basolo and co-workers84,67,85 initiated much of the earlier studies of Cp modification, specifically the effect of replacing Cp in Rh(η5-C5H5(CO)2  112 with Cp* to give the corresponding (Rh(η5-C5(CH3)5(CO)2 ) analogue used in subsequent nucleophilic substitution reactions.86 A thorough kinetic study confirmed that the Rh complexes undergo substitution readily by a second-order process, suggesting an associative mechanism - with initial ligand association 112b being the rate-limiting step. The slower reaction observed with the permethylated derivative led the group to conclude that permethylation slows down ring slippage, presumably by retarding η3-allyl-ene bonding rearrangements. Addition of L to 18e- Rh is fundamentally no different from SN2 mechanisms i.e. 18-20e- formally.


[bookmark: _Toc28286074][bookmark: _Toc29309117][bookmark: _Toc31057592]1.5.3 The acidic nature of cyclopentadiene ligands 
The ionisation of any CH containing organic compound by a base with appropriate strength results in generation of the corresponding carbanion - a negatively charged species in which the charge is totally or partially localised on one or more carbon atoms (Scheme 29). This property of CH-bonds gives rise to a great variety of organic reactions in which proton abstraction is the rate limiting step, such as the base-catalysed bromination of ketones. This fact holds true for Cp and its relatives which are carbon acids (CH-acids). 


Scheme 29 Base catalysed carbon acid dissociation. 
The relative acidities of carbon CH and nitrogen NH compounds were extensively studied by Bordwell and his co-workers.82,87,88 The study undertaken in DMSO, generated acidities of some Cp derivatives including the effects of methylation (Scheme 30). 

The relationship between the acidities of 116 (Cp), 117 (In) and 118 (Fl) demonstrates some key fundamental principles of carbanion stabilisation. The fusion of a benzene ring to Cp affords indene and addition of another benzene ring leads to fluorene. The pKa values increase in the order Cp (18.0) indene (20.1) fluorene (22.6) in DMSO87 a feature that may be attributed to the corresponding decrease in aromatic stabilisation energy in the anions (Cp- > In- > Fl- ). 


Scheme 30 Relative acidities of carbon acids and their methylated derivatives. 
The lower pKa of Cp (18.0) in comparison to Cp*(26.1) indicates that the resultant conjugate base (Cp-) will be less basic than that of Cp*. The large increase in basicity of the pentamethylcyclopentadienide ion contributes to its beneficial properties compared with Cp ligands.  It is never straightforward to interpret the reasons for changes in the pKa of carbon acids, for example methylation of Cp to give Cp* presumably stabilises Cp* through hyperconjugation which makes a greater contribution to increasing its pKa rather than destabilisation of the carbanion. Nonetheless, the Cp* carbanion is more basic than the Cp anion.
Though fundamental, previous studies in this area did not address the effect of introduction of electron-withdrawing (EWG) and electron-donating groups (EDG) on the acidity of substituted Cp* moieties. Introduction of an EWG group on the Cp* ligand will presumably impart its characteristics on the metal centre harbouring this ligand; decreasing its pKa, giving a less basic carbanion and increasing the positive charge density on the metal centre, hence lowering the dissociative ability of the metal hydride. Similarly, the introduction of an EDG will increase the electron density on the metal centre, facilitating hydride transfer from the metal-hydride.
Of course, any influence of carbon basicity on the activity of Ir-Cp complexes will depend on the rate-limiting step which may or may not involve hydride transfer. If binding of the substrate or product directly to the metal-ion is involved in the transition state, then the effect of carbon basicity may have a different effect.
The pKa of carbon acids can be calculated from their respective deprotonation rate constants based on their rates of H/D exchange. This calculation involves making the usual assumption that deuteration of the intermediate carbanion k2 is diffusion controlled with a rate constant of 109 M-1 s-1.89  Standard analysis of rate data reveals the rate constant for the rate-limiting step k1. 


	kobsd = k1 [-OD]

	The observed rate constant (kobs=k1[-OD]) is the pseudo-first order rate constant and outlines the rate determining step of this reaction.

	

	kobs depends on the concentration of base and k-OD is the corresponding second order rate constant for the deuteroxide ion catalysed formation of the carbanion intermediate. From Scheme 29 when deutroxide ion is the base:

	  

	K is a function of the dissociation constant of the carbon acid, KaCH , and the autoprotolysis constant of water, Kw, thus K=Ka/Kw, the acidity constants of the carbon acids may therefore be determined this way, provided that Kw is known under the reaction conditions.

	kr or k-1 referred to as the diffusion controlled rate constant is a known value and describes the diffusional encounter of two species which react spontaneously.



In this way the influence of substituents on the Cp* ligand can be studied to give some relative acidity values. The study of ligands that have significant influence on the electron density of the metal ion enables further understanding of mechanistic pathways as the rate of a reaction can be affected by substitution patterns on the Cp* ligand, consequently impacting association and dissociation of substrates and products respectively. The understanding of organometallic mechanisms is indeed crucial and as demonstrated in previous sections leads to improvements in catalytic efficiency for industrially relevant processes. The extensive coverage of hydrogenation processes detailed previously have led to some fundamental principles as a result of mechanistic proposals for a range of the catalytic species discussed. The following is a brief overview of some of the current understanding of these transformations to date.
[bookmark: _Toc28286075][bookmark: _Toc29309118][bookmark: _Toc31057593]1.6 Mechanisms of Transfer hydrogenation and reduction
Various mechanistic pathways encompassing hydrogenation enantioselective synthesis have been proposed, demonstrating numerous factors which contribute to elucidation of the final mechanistic proposals. In principle, an Ir catalytic mechanism (Scheme 31) involves an activated catalyst (Ircatact) which engages the substrate to form an Ircat.substrate complex. The complex formation, be it intramolecular or intermolecular subsequently allows for a reaction to occur via formation of an unstable intermediate which eventually leads to product formation (Ircat.product complex), the bound product is then released to regenerate the catalyst ([Ircatact] + [product])). With these ground rules in place, any proposal put forward will need to address the structure of the active catalyst (Ircatact) , consideration of substrate binding (Ircat.substrate) i.e. does the substrate binding occur via intermolecular or intramolecular bonding? and if so how substantial is the binding in enabling H transfer to the prochiral substrate, a consideration of possible intermediary species ([Ir*substrate]int), rate-determining steps of the cycle and subsequent  catalyst regeneration ([Ircatact] + [product]).


Scheme 31. Possible pathway for the Iridium catalysed reactions.
The formal binding of the substrate to the activated catalyst to generate the Ircat.substrate complex or the resultant intermediary species involves very weak or even strong binding interactions which may result in accumulation of the respective species, thus representing the major Ir complex under the reaction conditions. This accumulation may lead to saturation kinetics whereby the rate is independent of substrate concentration i.e. zero-order in substrate, representative of a rate-limiting step involving the Ircat.substrate complex, intermediate or product or regeneration of the catalytic species. Reactions exhibiting strong coordination of the substrate have a quantifiable binding constant, however, it should be noted that this constant represents universal binding constants of all Ir-bound species, therefore is not exclusively representative of KS e.g. accumulation of the Ir*SX species may represent the major Ir species present under steady-state conditions.
Having provided an extensive assortment of the applicability of homogenous iridium catalysts in enantioselective transformations of imines, the following section will focus on the mechanistic aspects of these transformations. 
[bookmark: _Toc28286076][bookmark: _Toc29309119][bookmark: _Toc31057594]1.6.1 Sources of H+ and H- in hydrogenation reduction protocols  
Fundamental to any hydrogenation-reduction protocol catalysed by Ir complexes is the formal activation of hydrogen donors and subsequent transfer of the resultant organo-iridium hydridic species to a prochiral substrate. Primary cataloguing suffices in the form of the hydrogen source, which can be molecular hydrogen (H2) or hydride donors (DH2) such as formic acid or iso-propanol (i-PrOH) (Scheme 32). Of chief significance is the generation of a metal-hydride; serving as the active species, characteristics of which are best described as a polarised covalent bond rather than a pure ionic interaction.


Scheme 32. Activation modes of H2 and H transfer from a sacrificial DH2 donor.
Organo-iridium species are among a number of organometallic complexes that display two fundamental processes for H2 activation. Under certain reaction conditions H2 cleavage can proceed via a heterolytic process [Scheme 32 (a)], generating a hydridic species by oxidative addition; the formal transfer of two electrons from the unsaturated 18e- Ir(I) complex to hydrogen, resulting in formation of the saturated 16e- species ([Ir(III]), harbouring two metal hydrides. The attractiveness of this system is primarily due to the cleavage of H2 under mild conditions; a feat that deserves accolades, given the bond dissociation energy of H2 (437 kJ. mol-1).90
A complementary process resulting in no change of oxidation state in the metal centre is described by homolytic cleavage, the second process of hydrogen cleavage (Scheme 32 (b)) involving hydride transfer to the unsaturated Ir(I) centre and proton abstraction to give a mono-hydride species.91 
The elementary descriptors can be further split into families accounting for intramolecular or intermolecular processes; a subsidiary process facilitated by action of an external base.92
In an attempt to extinguish the use of hazardous molecular H2 which requires specialised expensive facilities for its handling, the unorthodox ATH process employs a sacrificial DH2 donor [Scheme 32 (c)]; capable of transferring two hydrogen atoms to a catalyst species, demonstrating superior operational simplicity.93



Scheme 33. Classification of mechanistic pathways for hydrogen transfer.

Among the fundamentally accepted mechanisms of transfer hydrogenation are direct hydrogen transfer (Scheme 33a) and hydridic routes, with inner sphere (b) and outer-sphere (c) branches.
Direct hydrogen transfer 
Though restricted to ketone hydrogenation, the Meerwein–Ponndorf–Verley (MPV) reduction exemplifies one of the important processes in hydrogenation processes for main group elements; the transfer of hydrogen from a sacrificial donor (iPrOH) to an acceptor (ketone) is mediated by the metal centre which functions to increase intimate interactions between the donor and acceptor; the close proximity of the  donor and acceptor encourages interactions, which result in a concerted six-membered transition state, subsequently leading to the chiral product.
Hydridic route 
The majority of transition metals exhibit hydridic mechanistic pathways, as exemplified by Bäckvall’s ruthenium dihydridic species [RuCl2(PPh3)3] in the transfer hydrogenation of ketones in conjunction with NaOH.94 The group’s  early exploratory investigations would indeed implicate propan-2-ol as a vital component in the dramatic increase in catalytic activity; with employment of an excess amount of this element being observed to be essential in achieving high conversions in the face of unfavourable equilibrium. Subsequent investigations would however indicate that without NaOH addition or other bases such as K2CO3, no transfer hydrogenation occurred. 
[bookmark: _Toc28286077][bookmark: _Toc29309120][bookmark: _Toc31057595]1.6.2 Substrate considerations 
Carbonyl (C=O) and imine (C=N) bonds represent the major classes of substrates capable of engaging the activated Ircat complex (es) in hydrogenation protocols. The formal hydrogen addition to these substrates proceeds in the form of proton and hydride transfers (Scheme 34). The aforementioned factors are indeed instrumental in defining the adopted mechanistic pathway, which will of course be determined either by concerted or stepwise addition of the protic or hydric species; subsequently leading to the question of which step comes first?
Carbonyls are strongly polarised and exhibit weak binding to the metal centre, characteristics which make them ideal substrates for hydrogenation protocols. The weak binding of this substrate is crucial as strong binding would impede H2 activation, which itself exhibits weak binding. Imines however, are not very polarised and the residential N lone pair displays strong binding for the metal centre, the actions of which can halt catalytic activity. Subjecting the imine to prior protonation arrests this possibility but also increases the polarisation of the C=N bond, thus making the electrophilic carbon more receptive to the hydride ion (H-) via a nucleophilic addition process.95
Several proposals have been put forward that suggest an alternative pathway in which the addition of hydride to the carbon centre (C=N) as in neutral imines generates a negatively charged species.96 As the majority of hydrogenation protocols are undertaken in non-aqueous solvents (e.g. DCM and MeCN), the formation of these unstable nitrogen anions would require enormous stabilisation. The aforementioned proposal reasons that the metal centre is capable of stabilising this negative charge, however it should be noted that H+ is more effective than even multiply charged metal-ions.


Scheme 34. Addition of H- and H+ across a C=X bond.
As mentioned earlier, the initial assembly of the substrate and the activated Ir complex in the form of the Ircat.substrate complex has several contributing factors. The characteristics of the substrate will determine the pathway adopted in the coordination sphere, be it direct binding (inner-sphere) (Scheme 33b) to the metal centre or indirect binding (outer-sphere) via ligand-substrate interactions (Scheme 33c).
Inner-sphere(IS) mechanisms
As previously described IS mechanisms involve the direct binding of the substrate to the metal-ion which leads to subsequent substrate insertion into the metal-hydride bond, upon delivery of the hydride to the substrate, elimination of the product follows with H2 oxidation allowing for the catalyst regeneration.97,98
Outer-sphere(OS) mechanisms
The characteristic intermolecular interactions between the substrate and the catalytic species observed in OS mechanisms (Scheme 33c) highlights the relative differences to that of IS mechanisms. Crucial to this proposal is appreciation that hydride and proton transfer can occur either through a step-wise or concerted manner to the unbound substrate. This divergence allows for sub-level classification in the form of bifunctional and ionic mechanisms. 
Bifunctional catalysis (Scheme 21) has been covered previously (see Section 1.4.1). This outer-sphere mechanistic subsidiary is based on mechanisms that are facilitated by the action of a metal hydride and that of a ligand harbouring a protic source, which proceed to deliver these species in a concerted fashion.35,99 100,101,102,95,103
The stepwise transfer addition of H+ and H- to a prochiral substrate is described by ionic mechanisms.101 For instance the prior protonation of imines mitigates direct binding to the metal-ion, thus resulting in an outer sphere mechanistic pathway involving hydride transfer to the electrophilic carbon.104,60,105
The field encompassing imine asymmetric transfer hydrogenation has not been extensively studied and as a result the majority of mechanistic proposals are provided by DFT studies and experimental observations, which often rely more on conjecture than hard experimental evidence. 
[bookmark: _Toc28286078][bookmark: _Toc29309121][bookmark: _Toc31057596]1.6.3 ATH mechanistic proposals 
Ketone and imine ATH mechanistic protocols share some common features, as the field of ketone mechanistic investigations has been extensively studied three main pathways have been proposed for those mediated by iridium catalysts (Scheme 35). Similar to the MPV pathway, a sacrificial DH2 donor and the substrate are held in a well organised six-membered TS, the metal’s ability to enhance the electrophilic nature of the C=O substrate allows for concerted delivery of hydrogen from the donor to the acceptor, thus yielding the product in high yields and % ee (Scheme 35 a).106,107 Computational studies have provided evidence for some iridium catalysts that carry out hydrogenation via this route, which is unique as it does not involve a metal hydride .108


Scheme 35. Mechanisms for the ATH of ketones.
Extensive kinetic studies by Bäckvall100,94 highlighted that two hydridic pathways could result from interactions of the metal ion and the hydrogen donor.97 This cataloguing was a result of deuterium labelling experiments that indicated monohydride and dihydride pathways (Scheme 35 b). Ir(I) complexes have been noted to proceed via the monohydride pathway (Scheme 35bii); mediated by a species that is generated by hydride abstraction from the α-C-H of the donor. The metal monohydride complex is then able to deliver this hydride to a prochiral substrate in a strained four membered TS, thus affording the alkoxy complex which engages a donor molecule resulting in product release. It should be noted that this is an inner-sphere mechanism.109 Dihydridic species on the other hand arise from abstraction of both the O-H and α-C-H hydrogens and do not involve direct binding of the substrate but rather proceed via an outer-sphere pathway. In their early exploratory studies, Bäckvall et al.94 noted that though one hydrogen is obtained from the O-H and another from α-C-H, upon formation of the dihydridic species, these become equivalent, thus losing their identity.
Delivery of hydrogen in a concerted fashion is described by pathway (C) (Scheme 35c)- metal-ligand bifunctional catalysis which has been covered previously (see Section 1.4.1).60,61 The lack of imine ATH mechanistic investigations provides an exciting opportunity to further explore this protocol.  
[bookmark: _Toc28286079][bookmark: _Toc29309122][bookmark: _Toc31057597]1.6.4 ATH of Imines
The significant difference between imines, alkenes and ketones is the basicity of the substrate and due to the nitrogen lone pair, which in turn impacts on the mechanistic pathways adopted. In terms of reactive catalytic species formed in any hydrogenation protocol, one of the most important intermediates formed is the hydride species and subsequently whether hydride or proton transfer occurs first. The reaction conditions are obviously important and for Ir(III) catalysis where formic acid or iPrOH are the source of the hydride, then for imines it is reasonable to assume that protonation of the substrate occurs first. Initial protonation significantly activates the functionality by increasing electrophilicity of the carbon hence facilitating hydride transfer which occurs subsequently.
Even with Ir(I) catalysed reduction of imines with molecular hydrogen, it seems likely that the reaction involves rapid, reversible protonation of the substrate, followed by hydride transfer from the metal. A kinetic study on the hydrogenation of C=N substrates with piano-stool ruthenium hydride complexes demonstrated that hydride transfer from the transition metal to the pre-formed iminium ion is the enantioselectivity-determining step with transfer of hydride being the slow step in the reaction.110,111,112,97 This ionic hydrogenation reaction mechanism allows for selective reduction of polar C=X double bonds over C=C ones, with selectivity and rate all appearing to depend on hydride transfer as the key step.97,113 


Scheme 36. ATH of acyclic imines with cyclometalated 127.
An outer-sphere mechanism for the iridacycle mediated hydrogenation of simple imines has been proposed (Scheme 36) is initiated by chloride dissociation affording the catalytic species 126. The next step is hydride abstraction from the coordinated formate 127, releasing CO2 and generating the hydridic species 128, subsequently transferring a hydride-ion to the protonated imine substrate 129. Kinetic measurements showed that the hydrogenation is second order in HCO2H concentration, first order in catalyst and zero order in imine. Using DCO2D in place of HCO2H yielded a kH/kD of 1.9, supporting Ir-hydride formation from formate being the turnover-limiting step. Hydrogen bonding of MeOH to the formate anion stabilises the ion pair.114
One of the most recent contributions to this field was uncovering the unusual enantiomeric excess profiles for the respective product amines obtained from 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline 132 using an Ir(III) catalyst in DCM or MeCN.115 
As discussed in early sections, enantioselectivity is achieved due to the differences in the free energies of the transition states for the respective enantiomers, each exhibiting different rates of formation, with rate constants kR and kS, respectively. With regards to this organo-iridium ATH protocol, enantioselectivity is presumably obtained due to the different kinetic orders of formation. 


Scheme 37. Kinetic and mechanistic considerations for the formation of (R ο) and (S x) amine with (R) following zero-order kinetics and (S)-amine following first-order kinetics.

Initially the reaction gives predominantly the R-enantiomer, which however then decreases significantly during the reaction. The enantioselectivity of the reduction is solvent dependent, with faster rates in dichloromethane but greater enantioselectivity in acetonitrile. The changes in ee as the reaction proceeds is a result of the rate of formation of the R-enantiomer following observed pseudo first order kinetics whereas that for the S-enantiomer is pseudo zero order 132. Consequently, the rate of formation of the R-enantiomer decreases as the concentration of imine decreases whereas that for (S)-enantiomer remains constant and so the relative rates of formation of the two enantiomers changes with time as the reaction proceeds. Changing the ligand to (S,S)-TsDPEN inverts the kinetic orders so that the (R)-amine product is formed by zero-order kinetics. 
Formation of the (S)-amine product involves its rate-limiting dissociation from the catalyst giving rise to zero-order kinetics 132. The rate-limiting step for formation of the R-amine is hydride transfer 131a so exhibiting normal first-order kinetics. The formation of (S)-amine is independent of imine concentration. Alternatively, they may be two distinct catalytic species, each responsible for the formation of the respective enantiomers. The two catalytic processes, each responsible for the formation of the respective enantiomers. The two catalytic processes have different rate limiting steps such that the rate of the (S)-amine is independent of the concentration of imine.
This catalogue of mechanistic studies represents a small cluster of organometallic transformations which is an ever-growing field and has also seen novel approaches such as computational studies being applied in a pursuit to unravel more detailed understanding of these mechanisms. The applicability of organometallic complexes has been expanded to encompass biological agents, in this endeavour, complexes that have been traditionally employed as catalysts have been subjected to modifications that have led to a library of complexes exhibiting noteworthy activity. The following section details advances in this field. 

[bookmark: _Toc28286080][bookmark: _Toc29309123][bookmark: _Toc31057598]1.7 Biologically relevant organo-iridium complexes 
In seeking alternative chemical therapeutics, the discovery of cisplatin paved the way for platinum-based anti-neoplastic metallo-drugs. The compound was initially described by Michele Pyerone in 1845116 but wasn’t licensed for medical use until 1979. The complex was active towards a number of cancers among which were testicular, ovarian, cervical, bladder, esophageal, lung, mesothelioma, and brain cancers. However, associated with its efficiency were a number of side effects among which were severe nephrotoxicity and teratogenicity, thus limiting its application. In an effort to mitigate this, a plethora of cisplatin analogues were developed, however today only two analogues are currently in clinical use (carboplatin and oxaliplatin).
 In recent years, complexes that were initially utilised for their catalytic potential have found application as chemical therapeutic agents which for the most part target DNA, leading to structural modifications that initiate apoptosis. This new directive is a result of exploratory investigations that after an appreciation of the plethora of diverse architecture that can be introduced around the metal-ion, provide more opportunities to derivatise ligands to afford superior complexes that exhibit enhanced activity in comparison to their organic counterparts.  Complexes based on other platinum group metals (Ru, Rh and Ir) exhibit similar rates of ligand exchange in aqueous media to that of cisplatin but more importantly reduced toxicity, thus inducing an increase in the repertoire of complexes in this arsenal of medicinal chemistry.117
[bookmark: _Toc28286081][bookmark: _Toc29309124][bookmark: _Toc31057599]1.7.1 Anti-cancer mechanisms of organometallic species 
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Scheme 38. Proposed mechanism for DNA interaction with cisplatin and its analogues.

As cisplatin requires “activation” post administration, it is in principle a prodrug in which hydrolysis of the Pt-Cl bond yields the active Pt-OH2 species. High extracellular chloride (Cl-) concentration (105 mM), means the parent Pt(NH3)2Cl2 is the dominant form and is able to cross the phospholipid bilayer intact, which upon entry into the cytoplasmic matrix undergoes Cl/H2O exchange to yield the active component Pt(NH3)2(H2O)2 due to the lower Cl- concentration (23 mM) which is even lower in the cell nucleus (4 mM) (Scheme 38).118,119 The resultant aqua complex (Pt(NH3)2(H2O)2) preferentially binds to N-heterocyclic bases on DNA, specifically guanine residues (N7 position) due to the easy displacement of H2O. Subsequently resulting in cross-linking; in an effort to mitigate this damage to DNA, repair mechanisms are activated, however, the efficient cross linking introduced by cisplatin can impede this process, a prerequisite for apoptosis. Binding to other bases such as purine has also been observed and results in structural changes to DNA due to formation of 1,2-instrastrand crosslinks.120,121
The interest in other organo-platinum group compounds offers slight deviations in the mechanism of action relative to that of cisplatin based complexes. Sadler et al. have investigated several Ru species and noted formation of monofunctional adducts with DNA, demonstrating increased difficulty for their repair in comparison to that of cisplatin.122,123,124 Among this class of RuII complexes is Ru-η6 cymene-(Cl)]þ (en = ethylenediamine) 136, furnished with a stabilising hydrophobic arene ligand which exhibits increased cytotoxicity, with further derivitaisation of this ligand providing highly hydrophobic faces that facilitate passage across the phospholipid bilayer.122,125,126,127 The inclusion of these planar units in the complex are envisaged to cause further distortion of DNA due to their intercalating potential. 
Similar to cisplatin, the initial M-X bond hydrolysis yields the active Ru−OH2 species 136a, which is stable over a range of pHs, but above certain pHs (pH = pKa) the less active Ru−OH species predominates 136b. The strong bonding capability of the hydroxide means it is less labile than H2O and is not easily displaced as a result. Sadler’s studies confirm that at physiological pH (7.2−7.4) the Ru−OH2 species dominates, however above this pH range rapid hydrolysis may occur, thus the active species is not able to reach its intended target.126 This rapid hydrolysis is impeded similarly to cisplatin where the difference in extra- and intracellular Cl- ions concentration enables the complex to enter the cell intact.
Additional mechanisms accompanying Ru complexes have been catalogued and include the inhibition of microtubule polymerisation, an increase in Ca2+ levels, which subsequently disrupts the integrity of the membrane, disrupting the action of proteins involved in cell maintenance, inhibiting lactate production, which is implicated in the Warburg effect.120,128,129,130


Scheme 39. Anti-cancer arene (η6) RuII ethylenediamine complexes (134-137) bearing a Ru-Cl reactive site which is hydrolysed to generate the active aqua complex which depending on the pKa can undergo further modification to generate the hydroxo complex (inactive form).

Of chief significance to any member of this class of complexes is the nature of the M-X (M=metal, X= leaving group) bond. Sadler et al. have noted a correlation between cytotoxicity and the leaving group with regards to [Ru-η6 cymene-( en)X]n+ complexes, with high activity observed when X is a halide due to the readily displacement of this ligand in aqueous media but almost no activity when X is pyridine.131
Whereas arene ligands have been widely employed in Ru complexes, η5-cyclopentadienyl (Cp-) ligands have also been employed in various organometallic complexes as the main organic component including titanocene based complexes 137 and 138 (Scheme 40). Among the examples are ferrocene Cp units have been modified with pharmacologically active units such as tamoxifen in ferrocifen 139 and chloroquine in ferroquine 140, and have exhibited marked anti-cancer and antimalarial activity, respectively.132 The Cp- ligand has however found limited application in organometallic complexes of biological relevance due to being readily protonated which results in displacement from the metal-ion to yield the non-aromatic counterpart (Cp). 


Scheme 40. η5-cyclopentadienyl (Cp-) based biologically active complexes.
Organo-iridium complexes have not, however, experienced this detailed probing and indeed very few examples are presented in literature. In a further extension of their work on Ru complexes, Sadler’s group presented a series of iridium complexes (Scheme 42) harbouring the more stable pentamethylcyclopentadiene ligand 141; with derivatisation with phenyl 142 and biphenyl 143 motifs increasing cytotoxicity in the order Cp*(>100 μM)> Cpxph (15.86 μM)> Cpxbiph (0.57 μM) against A2780 human ovarian cells. This activity correlated with the increase in hydrophobicity of the complexes which enhance cellular uptake and rates of formation of the corresponding aqua complexes, with the phenyl derivative having a half-life (t1/2) of >1 minute and that of the biphenyl being 3.8 minutes at 37 ᴼC.133,134 The presence of the permethylated Cp* ligand has been implicated in facilitating hydrolysis due to strong electron donating properties inherent to this structure which influences chloride departure. 


Scheme 42. Cp* derived anti-cancer complexes. 
More recently Sadler et al. have provided evidence for an alternative pathway for complex 144 and 145; extremely potent complexes with mean 1C50 values of <1 μM against colorectal cell line COLO205. This new proposal for complex 144 and 145 involves rapid generation of reactive oxygen species (ROS)135, exhibiting enhanced selectivity for cancer cells which rely on ROS due to their defective mitochondria.136,137,138 Other groups have also reported organo-iridium induced ROS in cells with complexes baring BINAP 146, with promising activity towards HeLa and A549  cancer cells139, and a dual mechanism involving nuclear DNA damage and simultaneous ROS production with a complex featuring an N,N-chelating ligand 147.138


Scheme 43. An expansion of Sadler’s complexes with BINAP and N,N ligands.
Cp* derivatisation by introducing a hydrophobic tether as in Blacker’s example140 shows promising results with these organo complexes when tested against HT-29, A2780 and cisplatin -resistant A2780cis cancer cell lines (Scheme 44). Whereas previous Cp* derived complexes show increased cytotoxicity via consecutive introduction of phenyl units, in this work, the increase in the tether length also has the same effect (148-150). Interestingly, the introduction of bidentate ligands has no effect on activity and indeed the simple IrCl2 centre is in fact more active, which given their similarity to cisplatin can be envisaged to proceed through a similar pathway as that described earlier. 


Scheme 44. Ir Cp* tethered OH complexes as active anti-cancer agents.
[bookmark: _Toc28286082][bookmark: _Toc29309125][bookmark: _Toc31057600]Summary 
Iridium has had a significant impact in hydrogenation processes and given its early years has grown to a level that can rival some giants of organometallic chemistry. Iridium catalysed imine enantioselective processes indeed have progressed significantly and highlight the prominent role of ligand design in affecting the rate of the reaction as well as enantioselectivity. Of importance in these processes is an understanding of the mechanistic pathways adopted and factors which can affect this. A further extension of the applicability that has recently emerged is synthesis of biologically active organo-iridium complexes, with some examples exhibiting superior activity when compared with cisplatin. The field of organo-iridium transformations continues to grow and implementation of novel approaches in understanding mechanisms is at the forefront of this progress.
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Asymmetric Transfer Hydrogenation (ATH) of a novel series of fluorinated imines: Synthesis, kinetics and pKa determination.



“A mechanism is a theory deduced from the available experimental data. The experimental results are facts; the mechanism is conjecture based on those facts.”
Lowry & Richardson 








Overview
The organo-iridium complex of the class IrCp*H-(R,R) TsDPEN 1 is an effective catalytic species in the asymmetric transfer hydrogenation (ATH) of imine substrates in combination with an azeotropic mixture of HCO2H/Et3N in a 5:2 molar ratio in acetonitrile or dichloromethane. A previous report on the kinetic profiles for the formation of the respective enantiomers however shows unusual kinetic profiles.1 The catalyst 1 is initially selective for the formation of the (S)-amine, however, as the reactions proceeds the ee decreases exponentially and upon close analysis of the formation of the two enantiomeric products a distinct first-order formation of (S) and zero-order formation of (R) is observed. This difference in selectivity is attributed to the formation of the two enantiomeric products having different rate limiting steps (RLS) (Scheme 1), with hydride transfer to the iminium substrate being the RLS in the formation of the (S)-enantiomer and dissociation of the product amine being the RLS for the (R)-enantiomer.
The following chapter details a comprehensive study of the effect of changing substituents in the imine substrates and the catalytic species on ATH. It was anticipated that subjecting imines with fluorinated substituents (4 and 5) to ATH would affect the degree of protonation, a fundamental feature in imine ATH, and the electrophilicity of the imine carbon as well as binding of the amine to the iridium catalyst and consequently may change the rate-limiting step so the kinetic order for the formation of both enantiomers is the same. Herein are details of the synthesis, kinetics and pKa determination of a novel series of fluorinated substrates and of modification of the pentamethylcyclopentadiene ligand to afford the amido IrCp*CONMe2-H-(R,R) TsDPEN catalyst.


Scheme 1. Formation of the two enantiomeric amine products. 




AIMS
In order to further our understanding of this catalytic reduction process using Ir(III), our interest focused on substrate and catalyst modifications. To address this, a study of the factors that influence binding and dissociation of the substrate and product respectively served as the main objective of this project, specifically electron density manipulations of the C=N functionality. The 6,7-dimethoxy-1-methyl-3, 4-dihydroisoquinoline 4a as well as its unsubstituted derivative 5 have been synthesised and subjected to ATH with 1 and 2. Due to the assumed importance of prior protonation of the imine substrates, it was envisaged that the addition of fluorine atoms at the position alpha to the carbon of the imine would have a large effect on the amount of iminium present and on the rate of dissociation of the product amine from the metal-complex and thus will provide more information on the role of protonation in this system as well as the mechanistic pathways for the formation of the respective enantiomeric amine products.  













[bookmark: _Toc28286085][bookmark: _Toc29309128][bookmark: _Toc31057603]2.1 Challenges in Imine ATH 
Though offering operational simplicity in the catalytic hydrogenation of C=X (X = C, O, N) bonds to obtain enantio-pure products, hydrogenation potential has been noted to decrease as X varies from C (alkenes) to O (ketones/ aldehydes) and to N (ketimines/aldimines). Several factors contribute to the difficulty of imine ATH such as:
· The small energy barrier for isomerisation between acyclic imine E and Z isomers can hinder reduction.2,3
· Imines with alkyl substituents can undergo imine-enamine tautomerisation, the rate of which can affect hydrogenation.4
· In comparison to C=O bonds, the LUMO orbital in the C=N bond is higher, making reduction more difficult.5
· Relatively speaking net hydrogenation of alkenes (~130 kJ/mol-1) represents a much higher thermodynamic gain than that of C=N or C=O bonds (~60 kJ/mol-1).6 
· Side on η2 binding mode as in alkenes allows for effective overlap of the orbitals with the metal centre. However, imines and ketones possess lone pairs on N or O respectively, i.e. they exhibit primarily η1 binding to the metal catalyst, giving a less effective orbital overlap.
· Imines (C=N) are inherently not very reactive and so in ATH they require protonation by a Lewis acid to promote nucleophilic attack.
· Under acidic conditions the C=N moiety is prone to hydrolysis. 
· As well as requiring activation via protonation, imine reactivity is highly influenced by substituents on the nitrogen and this limits the substrate scope. 
· Competitive coordination of the hydrogenation products follows a similar pattern to reactivity (C-N > C-OH > C-C), the amine product can act as a strong ligand subsequently poisoning the catalyst.7

As mentioned above, imine substrates have been envisaged to proceed through an ionic pathway, in this respect the imine substrate requires prior protonation to form the activated iminium substrate.8  The iminium ion is more reactive due to the increased polarisation of the C=N bond. Ketonic substrates do not require protonation as the C=O bond is considerably polarised and undergoes ATH smoothly. Subjection of imine substrates 7 to the hydride-catalytic species gave no conversion (Scheme 2) and thus has presented further evidence for the requirement of imine protonation prior to reduction as in the absence of acid the imine substrate is not reduced however, addition of an acid results in reduction of the substrate. 


Scheme 2. Attempted Imine and ketone reduction with 6.

Whereas formic acid alone is employed in ATH of ketones, formic acid/triethylamine is used for ATH of imines and thus one can conclude that the activation barrier is too high without acidic activation of the imine. Et3N is essential to form the formate anion which is then able to donate a hydride ion to the intermediate 16 electron catalytic species, generating the active 18 electron species which is then able to deliver this hydride in an enantioselective fashion to the prochiral substrate.
The ATH of imines has not been extensively explored therefore a lot of gaps in knowledge still remain with regards to the mechanism. Considering that the electronic density of the substrate C=N bond is a key determining factor in reduction and selectivity, the majority of the substrates subjected to this catalytic protocol highlights that the majority of subjects are centred on substrates that feature an aromatic ring adjacent to the C=N or C=O bond respectively, in order to facilitate a CH/π interaction between the catalytic species and the substrate. In this regard, the most common imine substrates for ATH include dihydroisoquinoline (DHIQ) derivatives (cyclic imines) and acyclic imines (Scheme 3). 


Scheme 3. Usual substrates for ATH. 
A brief summary of substrates from literature is detailed in Table 2.1 


 R.  H, 5 MeO, 6-MeO, 7-MeO, 6, 7-(DiMeO) 2
	
	Ar-substitution 


	Substrate
	(o) ortho-
	(m) meta-
	(p) para-

	1
	Me
	Me
	-

	2
	Me
	-
	Me

	3
	F
	-
	-

	4
	Cl
	-
	-

	5
	-
	Cl
	-

	6
	Br
	-
	-

	7
	-
	Br
	-

	8
	I
	-
	-

	9
	OMe
	-
	-

	10
	-
	-
	OMe



Table 2.1. Substrates featured in literature for ATH
Though % conversion and ees of imine to amine have been reported for the majority of these substrates, thorough kinetic studies revealing the mechanistic complexity of imine reduction in this catalytic system has not been provided.  Surprisingly, alteration of the C=N electron density has not been fully addressed, thus this provided an opportunity to investigate the mechanism of the reduction.

[bookmark: _Toc28286086][bookmark: _Toc29309129][bookmark: _Toc31057604]2.2 Results and Discussion 
The following section describes the synthesis, pKa determination and the ATH of the fluorinated substrates. Furthermore, a brief account is given on the synthesis of the substituted Cp* amide ligand.
[bookmark: _Toc28286087][bookmark: _Toc29309130][bookmark: _Toc31057605]2.2.1 Substrate modification – Protocol for the synthesis of novel fluorinated imines
Among the most common methods for accessing dihydroisoquinolines, the Bischler-Napieralski reaction allows for efficient synthesis of this substrate in high yields, via initial dehydration of the amide (Scheme 4a). The use of POCl3 promotes the loss of the carbonyl by formation of imidoyl phosphates in which phosphate is a good leaving group. Ring closure is promoted by an activated arene.9 A potential problem with the procedure however is the possibility of styrene formation via elimination of the nitrilium moiety. Though utilised in the synthesis of 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline, the protocol was not successful in accessing the fluorinated imines. The amide starting material was retained and no cyclisation was observed. A modified procedure by Larsen10 proceeding via an N-acyliminium intermediate so that elimination of the amide group as the nitrile is avoided, also resulted in no reaction for the fluorinated substrates (Scheme 4b).
However, the use of trifluoromethanesulfonic anhydride (Tf2O) in the presence of 2-chloropyridine results in electrophilic activation of N-alkylamides leading to a short-lived, highly electrophilic nitrilium ion (or pyridinium adduct) that is trapped by an arene ring (Scheme 4c). Movassaghi and Hill’s procedure enabled access to six novel fluorinated imines in good yields (>70%).11


Scheme 4. Synthetic routes for dihydroisoquinolines.
[bookmark: _Toc28286088][bookmark: _Toc29309131][bookmark: _Toc31057606]2.3 pKa determination of fluorinated Imines 
[bookmark: _Toc28286089][bookmark: _Toc29309132][bookmark: _Toc31057607]2.3.1 Effect of fluorine on pKa of imines and amines
Being the most electronegative element in the periodic table, the effect of fluorine introduction at the α-position of DHIQs was envisaged to produce a unique inductive effect on the neighbouring C=N bond. One of the important inductive changes that occur is exemplified in the pKa values of carboxylic acids, alcohols or protonated amines. With regards to simple organic carboxylic acids, the pKa decreases with progressive introduction of fluorine (Figure 2.3.1).


Figure 2.3.1. A plot of σi (measure of inductive effect of substituent) vs pKa in water at 25 ᴼC indicating the effect of successive fluorination on the pKas of acetic acid derivatives (CH3CO2H 4.76, CH2FCO2H 2.59, CHF2CO2H, 1.33, CF3CO2H, 0.52).

Introduction of fluorine(s) into organic amines decreases their amine basicity (increase pKb or decrease pKa of conjugate acids) (Figure 2.3.2). The pKa values of substituted ethylaminium ions decrease linearly upon successive fluorine substitution: CH3CH2NH3+ (pKa=10.70), CH2FCH2NH3+ (pKa=9.00), CHF2CH2NH3+ (pKa=7.30), and CF3CH2NH3+ (pKa=5.70) .12 


Figure 2.3.2. pKas of β -fluorinated ethylamines in water at 25 ᴼC vs σi (CH3CH2NH2, pKa =10.97, CH2FCH2NH2, pKa =9.00, CHF2CH2NH2, pKa =7.52, and CF3CH2NH2, pKa =5.81) 

Determination of the dihydroisoquinoline pKas in water was undertaken by measuring changes in the UV spectra as a function of pH. The pKa’s of the fluorinated imines as a result decreased with consecutive introduction of fluorine at the alpha position due to the pattern observed in (Figure 2.3.1) and (2.3.2). Presented in (Scheme 5) are the pKa values of the imines studied in this report. Hammett plots of pKa against σι yielded rho (ρ) values of (-19.0) and (-18.0) for the 6,7-dimethoxy and the unsubstituted DHIQs respectively. In comparison, the ethylaminium series exhibit a lower value ( ρi = −13.5), presumably due to the differences caused by the change from unsaturated (C=N) to saturated (C–N) systems.
69





Scheme 5. pKas of the imine subjects in water.
* pKas of dihydroisoquinolines were determined by UV-Vis spectrophotometry by Moataz Ahmed MSc. as part of an independent project.
          
Scheme 6. pKa vs inductive sigma constant (σi) [HLT] for unsubstituted and 6,7-dimethoxy-substituted fluorinated imines. 
*(σi – inductive sigma constant) HLT- Hansch, Leo and Taft (HLT)-[CH3 0.01, CH2F 0.15, CHF2 0.29, CF3 0.38]  Ref.13;12
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[bookmark: _Toc28286090][bookmark: _Toc29309133][bookmark: _Toc31057608]2.3.2 1H NMR protonation of the dimethoxy series under ATH reaction conditions
Due to the importance of prior protonation of imines in hydrogenation protocols, the consecutive introduction of fluorine α to the proximal C=N lowers the basicity of the imine, therefore as more fluorines are introduced the amount of protonated species decreases. ATH employs an excess of formic acid (0.6M), instrumental in substrate activation as well as reduction. Under these reaction conditions, the amount of protonated species prior to reduction can be estimated.
ATH of the imines proceeds as follows: a preformed solution of IrCp*I-(R, R) TsDPEN [1.0 x10-3 M] is introduced to a stirring imine [0.1M] solution in MeCN at 28 °C. Introduction of the azeotropic mixture (HCO2H 0.6M: Et3N 0.24M]) then follows, resulting in reduction of the imine.
Triethylamine is essential for catalyst activation and in the catalytic system exists as a triethylammonium formate ion pair; thus only [0.36M] formic acid exists in its free form. Of this free formic acid, up to [0.1M] is used in the formation of the iminium or aminium ions with another [0.1M] fraction being consumed in the subsequent reduction of the substrate, leaving at least 0.16M at the end of the reaction (Scheme 7). Excluding the amount consumed in reduction [0.1M], the amount of free formic in the system at the start of the reaction is therefore [0.36M]. Using this rational, subjecting the imine substrates [0.1M] to [0.36M] formic acid in acetonitrile-D3 reveals the amount of protonated species prior to reduction.


Scheme 7. Molar considerations of substrates in ATH of imines following the consumption of formic acid during the ATH of imines.
The following investigations focus on 1H NMR titration experiments whereby the imine substrates [0.1M] are treated with formic acid and trifluoroacetic acid (TFA) respectively. TFA was used to achieve full protonation of the imine, thus providing a marker that addition of 0.36M of formic acid could be measured against. 
2.3.2.1. 6, 7-dimethoxy-1-methyl-3, 4-dihydroisoquinolines derivatives 




Figure 2.3.2.1. % Protonation of 1- substituted 6,7-dimethoxy-3,4-dihydroisoquinolines using formic acid in acetonitrile-D3 as determined by 1H NMR (● 6,7-dimethoxy-3,4-dihydroisoquinoline, ●1-(fluoromethyl)-6,7-dimethoxy-3,4-dihydroisoquinoline, ●1-(difluoromethyl)-6,7-dimethoxy-3,4-dihydroisoquinoline).

Table 2.3.1. % Protonated of 1-substituted 6,7-dimethoxy-3,4-DHIQs (4a-4d) with 3.6 eq. formic acid in acetonitrile-D3.
	1-substnt
	pKa 
iminium ion 
(H2O)
	% 
protonated in ACN with 3.6 eq. HCO2H

	CH3
	9.01
	97

	CH2F
	6.68
	55

	CHF2
	3.95
	6.5

	CF3
	1.95
	< 1










The protonation experiments confirm the strong electron withdrawing properties of fluorine alpha to the C=N moiety (Figure 2.3.2.1). Whereas 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline 4a exhibits near full protonation with 3.6 eq of formic acid (FA) as in the catalytic protocol, that of the monofluoro derivative is much lower (55%) with a more pronounced effect being observed with the difluoro (6. 5%) and even lower with the trifluoro analogue (<1%) (Table 2.3.1) even with a stronger acid (TFA). 6 equivalents of FA achieve full protonation of 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline (Figure 2.3.2.1), a feat that was observed with 1 eq. of TFA. Relatively, the monofluoro analogue with 6 eq. is slightly lower (78%) and even lower with the difluoro analogue (12%).

Although the protonation follows the order (CH3>CFH2>CF2H>CF3), consecutive fluorine introduction significantly enhances the electrophilicity of the carbon, making it more receptive to the hydride ion attack. Therefore, the order of electrophilicity of the carbon would be envisaged to show a reversal to that observed in protonation order such that (CF3> CF2H> CFH2 > CH3) represents the order of electrophilicity of the imine carbon. Subsequently, even though under the reaction conditions presented the fluorinated iminium substrates are in lower amounts, the respective species would be expected to be considerably more active due to the increased C=N bond polarisation and thus may exhibit faster reaction rates than the parent compound. 

Having unravelled the amount of protonation in the catalytic system with regards to the substrates, ATH of these newly furnished analogues would reveal the rate of reduction but more importantly the rate of formation of the respective enantiomeric products and would also confirm the importance of prior protonation of the substrates. It has been previously reported14 that ATH can occur via the imine as the active species therefore the trifluoro analogue with <1% protonation would confirm whether reduction is possible with no protonation. The question then stands as to which factor is important, enhanced electrophilicty or prior protonation.





[bookmark: _Toc28286091][bookmark: _Toc29309134][bookmark: _Toc31057609]2.4 ATH with IrCp*(R, R) TsDPEN -Dimethoxy series	
The following section details the ATH of 1-substituted 6,7-dimethoxy-3,4-dihydroisoquinolines (Scheme 8) with the organo-iridium (1) [IrCp*I- (R, R) TsDPEN] catalyst. The study encompasses the rate of conversion of imine to amine, as well as analysis of enantiomeric formation and determination of the kinetic order of formation to determine the rate constants. For the purpose of this study the ligand employed was (R, R)-1,2-Diphenyl-N’-tosylethane-1,2- diamine [(R, R)-TsDPEN].



Scheme 8. General reaction scheme for ATH of dimethoxy fluorinated imines.
The kinetic data is presented as follows:
Conversion profile 
This is a profile of imine to amine conversion in terms of concentration of 4a-c.
Enantiomer formation
The profile follows the formation of (R) and (S)-enantiomers.
Integrated rate laws
Zero order
These plots concern the order of formation of the respective enantiomer. Where necessary, those enantiomers formed by zero-order kinetics, a plot of [Conc] vs time gives a straight line with a slope corresponding to –k with units (M s-1). 
First order
First order plots are obtained from a plot of Ln(P-Pinf) vs time, where P is the product concentration at time t and Pinf is the infinity value. This plot yields a negative straight line with a slope of –k with units (s-1).
Catalytic rate constant (kcat) 
The corresponding higher order catalytic rate constants kcat are obtained by dividing the rate constants by the concentration of catalyst.
[bookmark: _Toc28286092][bookmark: _Toc29309135][bookmark: _Toc31057610]2.4.1 ATH of 6, 7-Dimethoxy-1-methyl-3, 4-dihydroisoquinoline 
The cyclic 3,4-dihydroisoquinoline scaffold serves as a major substrate for ATH, the 6,7-dimethoxy derivative 4a particularly, has been extensively studied  in organometallic enantioselective synthesis of amines by several groups.15-16 With regards to unravelling respective enantiomeric formation, it has been recently reported that the formation of the enantiomeric products proceeds via different rate limiting steps. Using IrCp*-I- (S,S) TsDPEN, the % ee decreases exponentially; the dominant cause being that the formation of  (R)-enantiomer follows first-order kinetics whereas that of the (S)-enantiomer is zero-order. For the purpose of this study ATH of 6,7-dimethoxy-1-methyl-3,4-DHIQ (Scheme 9) and the unsubstituted analogue 1-methyl-3,4-DHIQ compounds serve as reference points to compare the reactivity with that of the fluorinated derivatives (4b,4c,4d]). 


 
Scheme 9. ATH of 6,7-Dimethoxy-1-methyl-3,4-dihydrosisoquinoline. 
REACTION CONDITIONS: Imine (6,7-Dimethoxy -3,4-dihydroisoquinoline) [0.1M], Catalyst [1.0x10-3M], HCO2H [0.6M] and Et3N [0.24M], MeCN, 28°C


Figure 2.4.1. ATH of 6,7-Dimethoxy-1-methyl-3,4-DHIQ 4a (●) [0.1M] in acetonitrile at 28°C with IrCp*I-(R,R) TsDPEN - [1x10-3M] and HCO2H [0.6 M] and Et3N [0.24M].
In line with previous observations, using the R, R-TsDPEN ligand, conversion of the imine is complete within 80 minutes (Figure 2.4.1) with the % ee also showing a similar pattern to that observed in the original report17, starting off at ~62%, with extrapolation indicating an initial ee of 78% and dropping to ~18% at the end of the reaction (Figure 2.4.2). 17,18

Figure 2.4.2. Exponential decrease in % ee for the ATH of 6,7-Dimethoxy-1-methyl-3,4 dihydroisoquinoline.


As previously reported this exponential decrease in % ee is attributed to different kinetic orders of formation for the two enantiomeric products and upon analysis of the enantiomeric formation profiles from this ATH employing R, R-TsDPEN, a similar pattern is observed. However, whereas previously S, S-TsDPEN afforded (R)-amine via first order kinetics and (S)-amine via zero order kinetics, R, R-TsDPEN reverses this order (Figure 2.4.3).


Figure 2.4.3. Formation of (S●)- 6,7-dimethoxy-1-methyl-1,2,3,4-tetrahydroisoquinoline via first order indicating a dependence on imine concentration and (R●)-enantiomer via zero order which is independent of concentration of imine (*Note-the lines through the first and zero order plots have been inserted as a guide to emphasise the first and zero order characteristics of the plot.

In order to obtain the first order rate constant for (S)-amine formation, the data from (Figure 2.4.3) was used to generate a linear plot (Figure 2.4.4) of Ln(Sinf-S) v time, thus generating a kobs of 7.46x10-2 min-1.

Figure 2.4.4. A linear plot of Ln(S-Sinf) vs time to obtain the first order rate constant for (S)-6,7-dimethoxy-1-methyl-1,2,3,4-tetrahydroisoquinoline enantiomer formation (*Note-the line through the data points has been inserted as a guide to emphasise the first order characteristics of the plot).

Zero-order formation of (R)-Amine is independent of concentration thus the linear part of the profile can be used to generate the rate constant which for the formation of the (R)-Amine is 1.12x10-3 M min-1.


Figure 2.4.5. A plot of (R)-6,7-dimethoxy-1-methyl-1,2,3,4-tetrahydroisoquinoline enantiomer vs time indicating the zero order formation of the product (*Note-the line through the data points has been inserted as a guide to emphasise the zero order characteristics of the plot).



Figure 2.4.3a. Rate of initial formation of the (S●)-amine via first-order and (R●)-enantiomer via zero-order between 0-15 mins (*Note-the line through the data points has been inserted as a guide to emphasise the linearity of the plots).

Figure 2.4.3b. Change in the rate of formation of the (S●)-amine via first-order and (R●)-enantiomer via zero-order between 20-35 mins (*Note-the line through the data points has been inserted as a guide to emphasise the linearity of the plots).

The rate of formation of the (S)-amine is at least double that for the (R)-amine over the first 10 mins. (Figure 2.4.3a), however as indicated (Figure 2.4.3b) this selectivity decreases as the reaction proceeds, favouring the formation of the (R)-amine. 






	
Table 2.4.1. A summary of the rate constants obtained from the ATH of 6,7-Dimethoxy-1-methyl-3,4-dihydrosisoquinoline.

	Rate constants
	(S)-Amine 
	(R)-Amine 

	kobs
	1.24 x 10-3 s-1
	1.90 x 10-5 M s-1

	kcat
	1.24 M-1 s-1
	1.90 x 10-2 s-1

	kobscorr
	1.29 x 10-3 s-1
	1.92 x 10-5  M s-1

	kcatcorr
	1.29 M-1 s-1
	1.92 x 10-2 s-1




● Abbreviations || kobs- Enantiomer formation observed pseudo first or zero order rate constant | kcat- the second-or first order catalytic rate constant obtained by dividing the observed rate constant by the concentration of catalyst | kobscorr-enantiomer formation corrected rate constant for the fact that the imine is not fully protonated under the reaction conditions  [ kobs /fraction protonated with 3.6eq formic acid] | kcatcorr -catalytic rate constant for enantiomer formation corrected for full protonation of  the imine

Reactions encompassing zero-order kinetics as in the formation of (R)-amine are independent of substrate concentration, thus increasing the concentration has no effect on the rate of the reaction. This observation can be attributed to tight binding of the product amine to the catalyst, giving rise to saturation of the catalyst, thus increasing the concentration of the substrate imine has no effect on rate because the catalyst is held up in a [Ir-(R)-amine] complex. This rational accounts for product dissociation being the rate limiting step in (R)-amine formation.  The rate law describing this is given as:
[A]t  = -kt + [A]0
Where [A]t is the concentration of reactant at time t and [A]0 being the initial concentration.
The formation of the corresponding (S)-amine proceeds through weaker catalyst binding of imine and amine and so exhibits ‘below saturation’ first order kinetics. The first order rate of formation of the (S)- amine occurs with rate-limiting hydride transfer from the iridium hydride to the iminium ion (k2), as confirmed by a kH/kD kinetic isotope effect (Scheme 10).17



Scheme 10. Proposed mechanism for the enantioselective reduction of imines as depicted with 6,7-dimethoxy-1-methyl-1,2,3,4-tetrahydroisoquinoline with IrCp*I- (R, R) TsDPEN in the presence of HCO2H:Et3N (5:2) in acetonitrile at 28 ᴼC, indicating the different rate limiting steps for formation of (R) and (S)- 6,7-dimethoxy-1-methyl-1,2,3,4-tetrahydroisoquinoline.

Catalyst regeneration offers an alternative explanation for the observed difference in the enantiomeric orders of formation, a feature that has not been exploited previously. In order to generate the active hydridic species, formate has to be delivered to the “achiral” metal centre, a process which can result in two diastereomeric catalytic species, each responsible for the separate formation of each enantiomer (Scheme 10a). The two catalytic processes have different rate limiting steps or equilibria such that the rate of formation of the (R)-amine is independent of the concentration of imine. 


Scheme 10a. Catalyst regeneration with formate resulting in possibly two diastereoisomeric species.

With regards to the dissociation of the product amine, catalytic modifications such as the introduction of EWG and EDGs could impact this process whereby introduction of an electron withdrawing group on the Cp* ligand impacts dissociation of the product, making the process more difficult but conversely making association of the substrate tighter. These manipulations in the substrate imine by the introduction of EWG/EDG groups to the proximal C=N bond could also affect the rate of dissociation such that EWGs will reduce the basicity of the nitrogen thus affecting both prior protonation and carbon electrophilicity and amine basicity (Scheme 11).


Scheme 11. Catalytic and substrate modifications undertaken in this work.

In this regard the six novel fluorinated imines were subjected to ATH with IrCp*-I-R,R-TsDPEN in order to unravel the differences in reactivity, to study enantiomeric formation and to compare the selectivity with that observed with the 6,7-dimethoxy-1-methyl-3,4-DHIQ. Additionally, the synthesis of a novel dimer harbouring an EDG [ IrCp*I2-CONMe2]2   was also investigated. Presented below is a detailed study of the fluorinated imines ATH with IrCp*I-(R, R) TsDPEN and IrCp*CONMe2- (R, R) TsDPEN as well as a detailed analysis of enantiomer formation.
[bookmark: _Toc28286093][bookmark: _Toc29309136][bookmark: _Toc31057611]2.4.2 ATH of 1-(fluoromethyl)-6,7-dimethoxy-3, 4-dihydroisoquinoline 



REACTION CONDITIONS: Imine (1-fluoromethyl-6,7-dimethoxy -3,4-dihydroisoquinoline) [0.1M], Catalyst [5.0x10-4M], HCO2H [0.6M] and Et3N [0.24M], MeCN, 28°C

Whereas 6,7-dimethoxy-1-methyl-3,4-DHIQ 4a with a pKa of 9.01 was reduced in ~80 mins (Figure 2.4.1), the monofluoro derivative 4b (pKa 6.68) shows enhanced reactivity, achieving reduction in 14 mins with half the catalyst loading (Figure 2.4.6). The enhanced reactivity can be attributed to the significant increase in the electrophilicity of the C=N carbon due to the introduction of the fluorine. Though the monofluoro iminium as shown by 1H NMR protonation experiments (Section 2.3.2) indicates only 55% protonation under the reaction conditions, it is evident that this species is more receptive to the hydride, thus resulting in faster hydride transfer.


Figure 2.4.6. A plot of reactant and product (●) concentration as a function of time for the ATH of 1-fluoromethyl-6,7-dimethoxy-3,4-dihydroisoquinoline (●) [0.1M] with IrCp*I-(R,R) TsDPEN [5.0 x 10-4M] in ACN at 28°C with HCO2H/TEA (5:2) molar ratio.

Analysis of the respective enantiomeric formation confirms the catalyst’s selectivity for (S)-amine formation, however formation of both enantiomers now follow first order kinetics (Figure 2.4.7), an indication of a change in the rate limiting step for the (R)-amine. Whereas in the parent compound, formation of (R)-amine shows zero order kinetics with dissociation being the RLS, the decreased basicity of the monofluoro amine results in an increase in the rate of dissociation such that k3>k-2 (Scheme 1), thus changing the rate limiting step to k2. 


Figure 2.4.7. Formation of (R●) and (S●)-1-(fluoromethyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline enantiomers with IrCp*I-(R,R) TsDPEN [5.0 x 10-4M] in ACN at 28°C with HCO2H/TEA (5:2) molar ratio.

The first order rate constants (Figure 2.4.7a) reveal a value of 4.61 x 10-3 s-1 for (S)-amine formation in comparison to 3.45 x 10-3  s-1 for the (R)-amine. Further data treatment to determine the higher order rate constants is presented in Table 2.4.2.

         
Figure 2.4.7a. Linear plots of ln(P -Pinf) vs time to obtain the first order rate constants for the formation of (S)- 1-(fluoromethyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline  (left) and (R)-amine (right) (*Note-the line through the data points have been inserted as a guide to emphasise the linearity of the plots)..
Table 2.4.2. A summary of the calculations undertaken to obtain the rate constants for ATH of 1-fluoromethyl-6,7-dimethoxy -3,4-dihydroisoquinoline.

	Rate constants
	(S)-Amine 
	(R)-Amine 

	kobs
	4.61 x 10-3 s-1
	3.45 x 10-3  s-1

	kcat
	9.21  M-1 s-1
	6.90 M-1 s-1

	kobscorr
	8.38 x 10-3 s-1
	6.27 x 10-3   s-1

	kcatcorr
	16.8 M-1 s-1
	12.6 M-1 s-1

	% ee
	14.4
	




● Abbreviations || kobs- Enantiomer formation observed pseudo first or zero order rate constant | kcat- the second-or first order catalytic rate constant obtained by dividing the observed rate constant by the concentration of catalyst | kobscorr-enantiomer formation corrected rate constant for the fact that the imine is not fully protonated under the reaction conditions  [ kobs /fraction protonated with 3.6eq formic acid] | kcatcorr -catalytic rate constant for enantiomer formation corrected for full protonation of  the imine
[bookmark: _Toc28286094][bookmark: _Toc29309137][bookmark: _Toc31057612]2.4.3 ATH of 1-(difluoromethyl)-6,7-dimethoxy-3,4-dihydroisoquinoline 



REACTION CONDITIONS: Imine (1-difluoromethyl-6,7-dimethoxy -3,4-dihydroisoquinoline) [0.1M], Catalyst [5.0x10-4]/M, HCO2H [0.6M] and Et3N [0.24M], MeCN, 28°C

In comparison to the parent compound (pKa 9.01) and the monofluoro derivative (pKa 6.68), the introduction of a second fluorine decreases the pKa of the iminium ion in water to 3.95; severely reducing the basicity of the nitrogen thus making it more difficult to protonate. The ATH of the difluoro analogue 4c shows greater activity compared to 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline (Figure 2.4.8). However, the reactivity of the difluoro derivative is 10-fold slower than that of the monofluoro, reflecting that under these reaction conditions the reactive difluoro iminium species is in low amounts (6.5% compared with 3.6 eq formic acid). Though the carbon electrophilicity increases significantly, resulting in a more reactive species, protonation is the dominant factor in achieving ATH.


Figure 2.4.8. A plot of reactant (●) and product (●) concentration as a function of time for the 1-(difluoromethyl)-6,7-dimethoxy-3,4-dihydroisoquinoline (●) [0.1M] ATH with IrCp*I-(R,R) TsDPEN (5.0x10-4M) in acetonitrile with  HCO2H/ TEA (5:2).

The first order formation of both enantiomeric products is also maintained with the difluoro analogue (Figure 2.4.9); further evidence for the change in RLS for the fluorinated imine reduction. 


Figure 2.4.9. A plot of concentration of (R) and (S) vs time indicating the rate of formation for (S●)- and (R●)-1-(difluoromethyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline enantiomers.

Whereas with the monofluoro analogue selectivity was observed in the formation of the (S)-amine, the difluoro imine exhibits marginal selectivity, within experimental error, in the formation of the respective enantiomers (Figure 2.5.0), with ee < 2%

Figure 2.5.0. A plot of ln(P -Pinf) vs time which allows for calculation of the rate constants for the first order formation of (S ●)- and (R●)-1-(difluoromethyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline enantiomers (*Note-the line through the data points has been inserted as a guide to emphasise the linearity of the plots)..

Table 2.4.3. Summary of the rate constants for the ATH of 1-(difluoromethyl)-6,7-dimethoxy-3,4-dihydroisoquinoline using IrCp* catalyst.

	Rate constants
	(S)-Amine 
	(R)-Amine 

	kobs
	4.05 x 10-4 s-1
	3.90 x 10-4  s-1

	kcat
	0.81  M-1 s-1
	0.78 M-1 s-1

	kobscorr
	6.23 x 10-3 s-1
	6.00 x 10-3   s-1

	kcatcorr
	12.5 M-1 s-1
	12.0 M-1 s-1

	% ee
	1.9%
	




● Abbreviations || kobs- Enantiomer formation observed pseudo first or zero order rate constant | kcat- the second-or first order catalytic rate constant obtained by dividing the observed rate constant by the concentration of catalyst | kobscorr-enantiomer formation corrected rate constant for the fact that the imine is not fully protonated under the reaction conditions  [ kobs /fraction protonated with 3.6eq formic acid] | kcatcorr -catalytic rate constant for enantiomer formation corrected for full protonation of  the imine

[bookmark: _Toc28286095][bookmark: _Toc29309138][bookmark: _Toc31057613]2.4.4 ATH of 1-(trifluoromethyl)-6,7-dimethoxy-3,4-dihydroisoquinoline 


REACTION CONDITIONS: Imine (1-trifluoromethyl-6,7-dimethoxy -3,4-dihydroisoquinoline) [0.1M], Catalyst [5x10-3M], HCO2H [0.6M] and Et3N [0.24M], MeCN, 28°C

Harbouring the most electrophilic carbon, the trifluoro derivative 4d was expected to show enhanced activity if the free imine was the reactive species. Subjecting the imine to the reaction conditions however showed no reduction even with a higher catalyst loading (5 mol%) and prolonged reaction times (7 days); thus providing further evidence for the need of prior imine protonation before reduction. The reduced pKa means a decrease in the basicity of this imine and under the reaction conditions there is <1% of the active species which results in significantly lower amount or no reduction. This therefore confirmed that the reactive species in imine ATH is the protonated form, the iminium ion.
2.4.4.1 Attempted ATH of the trifluoromethyl derivative with TFA 
In order to achieve reduction with the trifluoro analogue it was envisaged that employing a stronger acid may lead to protonation of the imine, subsequently activating it for reduction (Scheme 12). TFA was added to the stirring solution of the imine [0.1M] in acetonitrile at 28 °C, this was then followed by the introduction of the dimer [IrCp*I2]2 and R, R-TsDPEN ligand. The reagents were allowed to stir for 5 minutes before the introduction of the azeotropic mixture (HCO2H/Et3N 5:2). The reaction was monitored for 60 hrs, however no ATH was observed. 


Scheme 12. Attempted ATH with TFA.

The experimental design was aimed at activating the imine substrate, however, an  investigation of ion-pair formation using 1H NMR indicates that the TFA forms an ion pair with Et3N and in turn protonates the formate ion, rendering its capability to transfer hydrogen to the 16e- species (Scheme 13).


Scheme 13. Inactivation of formate ion by TFA.

TFA with an aqueous pKa of 0.23 is able to protonate formic acid (pKa 3.77) more than the imine substrate (pKa 1.95). Conversely, if the iminium is formed, it is also capable of protonating the formate ion, hence it would primarily exist as the free imine in the system. This would inhibit hydride transfer from the formate to the iridium pre-catalyst hence no ATH is observed when a stronger acid is employed.


[bookmark: _Toc28286096][bookmark: _Toc29309139][bookmark: _Toc31057614]2.5 ATH with IrCp*CONMe2(R,R)-TsDPEN-Dimethoxy series
[bookmark: _Toc28286097][bookmark: _Toc29309140][bookmark: _Toc31057615]2.5.0 Catalyst modifications - preparation of Cp*amide dimer 
To extend this study, the catalytic species itself was modified by introduction of an amide moiety on the Cp* ligand.  The synthesis follows a double addition of a lithiated alkene species 11 to an oxamate, followed by a Nazarov cyclisation to generate three regioisomers 13a-c which, upon treatment with n-BuLi, generate the anionic form of the ligand which coordinates to the metal centre in an η6 fashion thus generating the IrCp*CONMe2-COD complex 14. Dimerisation is mediated by displacement of the COD ligands by iodide ions to generate the dimeric species 15 (Scheme 14). It is important to note that once in solution this dimer, dissociates into its monomeric form thus allowing the R,R-TsDPEN ligand to coordinate and generate the 18e- pre-catalyst.

 
Scheme 14. Synthesis of [IrCp*CONMe2]2 ( NOTE:The synthetic procedure was developed by Dr. Gemma Sweeney).

(a) KOH (8.42g, 0.129 mol) dissolved in ethylene glycol (27mL), meso-2,3-Dibromobutane 10 (12.5mL, 0.10 mol), ethylene glycol, distillation, 2hrs, 11, 9.6g, 71% (b) Li (granular) [1.13g, 0.161 mol], anhydrous Et2O, 11( 9.6g, 0.071 mol), -20 °C-0 °C, 2hrs, (b.) Ester (4.84g, 0.033 mol) in Et2O (7mL), -40°C, O/N, 12 (5.2g,70%) (c.) 12 (5.2g, 0.025 mol), dry DCM (100 mL), MeSO3H (19.9g, 0.206 mol) r.t, 30s, 13, 1.6g, 33% 19  (d.) Cp*CONMe2 regioisomers (0.50g, 2.59 mmol), dry THF (20 mL), under N2, -78°C, [Ir(cod)Cl]2 (0.80g, 1.19 mmol), O/N, 14 (0.63g, 54%). (e.) (1, 5-cyclooctadiene) (η5-N, N, -2,3,4,5-hexamethylcyclopenta-2,4-dienyl carboxamide) iridium (2.00g, 4.05 mmol), DCM, r.t, under Ar, I2 (2.06g, 8.12mmol) in DCM (30mL), 450C, 8 hrs, 15, (2.31g,89%) 
[bookmark: _Toc28286098][bookmark: _Toc29309141][bookmark: _Toc31057616]2.5.1 Physical properties of the modified catalyst 
2.5.1.1 Infra-red spectra of IrCp*CONMe2-I-TsDPEN (R, R) precursors 
The change in the I.R absorbance of the C=O was analysed on going from the uncyclised product 12 to the dimer 15, indicating significant changes in bond strength/electron density between the acyclic and the cyclic anionic forms 13i. Subtle changes in the I.R absorbances were observed between the COD complex 14 and the dimer 15 (Scheme 15). 


Scheme 15. I.R absorbances of the carbonyl group indicating the difference in the uncyclised product 12, cyclised form 13, anionic species 13i, COD complex organo-iridium species 14 and the dimeric unit 15.
2.5.1.2 DFT study of Cp*CONMe2 ligand
In collaboration with Jiri Hanusek, DFT calculations of the amido-ligand were undertaken and they confirmed that while the starting compound (neutral form) 13 has a dihedral angle between the cyclopentadiene ring and carbonyl group of about 90°, in its anionic form 13i the angle is about 30°. However, this angle still prevents effective overlap between HOMO-s of pentamethylcyclopentadiene ring and the carbonyl group (Scheme 16). Transmission of electrons from the ring is therefore negligible which is also seen from the very small difference (only 0.08) between the (Mulliken) negative charge on carbonyl oxygen in the neutral form and the anion form. The study was important in identifying that the extent of resonance between the Cp anion and the carbonyl is negligible.








	Neutral form:


	[image: ]
	[image: ]

	Geometry: dihedral angle 90°
	HOMO

	
Anion:
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	Geometry: dihedral angle 30°
		HOMO

	
	


Scheme 16. DFT calculations of the neutral and anionic form of the Cp*CONMe2 ligand.
* Quantum calculations were performed using Gaussian at the DFT (B3LYP / 6-311+G**) level by Jiri Hanusek

[bookmark: _Toc28286099][bookmark: _Toc29309142][bookmark: _Toc31057617]2.5.2 ATH of fluorinated imines with IrCp*CONMe2- (R, R) TsDPEN -Dimethoxy series



Having investigated the effect of fluorine introduction to the proximal C=N in the substrate, attention turned to investigating the effect that the amide has on the activity of the catalyst. Introduction of an EWG on the ligand was envisaged to have significant effects on the electronic properties of the metal centre by reducing electron density from the metal centre, thus making substrate association easier but conversely decreasing the dissociation of the amine products. 
[bookmark: _Toc28286100][bookmark: _Toc29309143][bookmark: _Toc31057618]2.5.3 ATH of 6,7-Dimethoxy-1-methyl-3,4-dihydroisoquinoline 




REACTION CONDITIONS: Imine (6,7-dimethoxy-1-methyl -3,4-dihydroisoquinoline) [0.1M], Catalyst [1.0x10-3M], HCO2H [0.6M]and Et3N [0.24M], MeCN, 28°C

Whereas with IrCp* 1 conversion of the methyl analogue was achieved in 80 mins with 1 x 10-3M catalyst, the amido counterpart (IrCp*CONMe2) 2 exhibits reduced activity, being 30-fold slower (Figure 2.5.1). The fact that the overall reactivity is reduced indicates that the rate of reduction to give both amine enantiomers is decreased.


Scheme 17. IrCp*CONMe2-Amine complex indicating the possible bond between the Ir complex and the amine nitrogen.


Figure 2.5.1. A plot of ATH of 6,7-Dimethoxy-1-methyl-3,4-DHIQ (●) [0.1M] in acetonitrile at 28°C with IrCp*CONMe2-I-(R,R) TsDPEN - [1.0 x 10-3 M] and HCO2H/Et3N (5:2) indicating the formation of product and disappearance of reactant.

Interestingly, a similar decrease in % ee was also observed with the new catalytic species (Figure 2.5.2). With the same difference in kinetic order being observed whereby formation of the (S)-amine follows first order kinetics and that of (R)-amine following zero order kinetics. However, there was a small increase in selectivity with a maximum % ee at zero being 86% for Cp*CONMe2 (Figure 2.5.2) and 78% for the Cp* catalyst.


Figure 2.5.2. Change in % ee in the ATH of 6,7-dimethoxy-1-methyl-3,4-DHIQ with IrCp*CONMe2-I-(R,R) TsDPEN (1.0 x 10-3M) % ee (*Extrapolation of the % ee curve to zero indicates an initial ee of 86%) (*Note-the line through the data points has been inserted as a guide to emphasise the origin of the extrapolated line).



Figure 2.5.3. Formation of (S●)-6,7-dimethoxy-1-methyl-1,2,3,4-tetrahydroisoquinoline via first order kinetics and (R●)-enantiomer via zero order kinetics with IrCp*CONMe2 catalyst.
A linear plot of Ln(S-Sinf) vs time yields a rate constant of 3.68 x 10-5 s-1 for the formation of the (S)-amine (Figure 2.5.4). It is interesting to note that the amido-IrCp* catalyst shows slightly better selectivity than IrCp* albeit still forming the enantiomers via zero and first order reactions (Figure 2.5.3a).

Figure 2.5.3a. Rate of formation of the (S●)-amine via first order and (R●)-enantiomer via zero order kinetics with IrCp*CONMe2.catalyst over 2.5-7 hrs indicating the high % ee observed in the early stages of the transformation (*Note-the line through the data points has been inserted as a guide to emphasise the linearity of the plots)..

The high % ee observed at the start of the reaction is indicated by the difference in the formation of the (S)-amine and (R)-amine, with the rate of formation for the (S)-amine being at least 1.75 times greater than its counterpart (Figure 2.5.3a).

Figure 2.5.4. A linear plot of Ln (Sinf-S) vs time to obtain the first order rate constant for (S)-6,7-dimethoxy-1-methyl-1,2,3,4-tetrahydroisoquinoline enantiomer formation with IrCp*CONMe2 catalyst. (*Note-the line through the data points has been inserted as a guide to emphasise the linearity of the plots).

Zero order formation of the (R)-amine does not require further data treatment as a plot of Concentration against time yields a rate constant of 2.00 x10-3 M h-1 (Figure 2.5.5).


Figure 2.5.5. A plot of the zero order formation of (R)-6,7-dimethoxy-1-methyl-1,2,3,4-tetrahydroisoquinoline enantiomer with IrCp*CONMe2 catalyst. (*Note-the line through the data points has been inserted as a guide to emphasise the linearity of the plots).

Table 2.5.3. Summary of the rate constants for the ATH of 6,7-dimethoxy-1-methyl -3,4-dihydroisoquinoline using the IrCp*CONMe2 catalyst
	Rate constants
	(S)-amine 
	(R)-amine

	kobs
	3.68 x 10-5 s-1
	5.56 x 10-7 M s-1

	kcat
	3.68 x 10-2 M-1 s-1
	5.56 x 10-4 s-1

	kobscorr
	3.80 x 10-5 s-1
	5.73 x 10-7  M s-1

	kcatcorr Cp*amide
	3.80 x 10-2 M-1 s-1
	5.73 x 10-4   s-1

	kcatcorr Cp*
	1.29 M-1 s-1
	1.92 x 10-2 s-1




● Abbreviations || kobs- Enantiomer formation observed pseudo first or zero order rate constant | kcat- the second-or first order catalytic rate constant obtained by dividing the observed rate constant by the concentration of catalyst | kobscorr-enantiomer formation corrected rate constant for the fact that the imine is not fully protonated under the reaction conditions  [ kobs /fraction protonated with 3.6eq formic acid] | kcatcorr -catalytic rate constant for enantiomer formation corrected for full protonation of  the imine 

The catalytic efficiency of Cp*CONMe2 compared with the Cp* catalyst is 34 fold less for both (S)-and (R) amine formation.


[bookmark: _Toc28286101][bookmark: _Toc29309144][bookmark: _Toc31057619]2.5.4 ATH of 1-(fluoromethyl)-6,7-dimethoxy-3,4-dihydroisoquinoline using Cp*CONMe2 catalyst

 
REACTION CONDITIONS: Imine (1-fluoromethyl-6,7-dimethoxy -3,4-dihydroisoquinoline) [0.1M], Catalyst [5.0 x 10-4 M], HCO2H [0.6 M] and Et3N [0.24M], MeCN, 28°C

The monofluoro analogue 4b displays enhanced activity when compared with the methyl derivative 4a (Figure 2.5.6), similar to that observed with the IrCp* catalyst 1. Interestingly however, the first order formation of both enantiomeric products is now observed with the amido-catalyst (Figure 2.5.7), similar to the change noted with the IrCp* catalyst on going to the ATH of the mono fluorinated imine. 

Figure 2.5.6. ATH of 1-(fluoromethyl)-6,7-dimethoxy-3,4-dihydroisoquinoline (●) [0.1M] with IrCp*CONMe2-I-(R,R) TsDPEN [5.00 x 10-4 M] in acetonitrile with a HCO2H [0.6 M] and Et3N [0.24M] azeotropic mixture.

Though not as active as IrCp* 1, the amido analogue catalyst 3 shows better selectivity in the formation of the (S)-enantiomer (Figure 2.5.7) even though formation of the (S)- and (R)-amines are both first order there is a small preference for the formation of the (S)- enantiomer with an ee of 8 %.


Figure 2.5.7. Formation of (S●) and (R●)-1-(fluoromethyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline enantiomers with IrCp*CONMe2 catalyst in acetonitrile with a HCO2H [0.6 M] and Et3N [0.24M] azeotropic mixture.

Subsequent data treatment to obtain the first order rate constants (Figure 2.5.8) reveals that the (S)-amine has a rate constant of 2.87 x 10-4 s-1 and that for the (R)-amine is 2.45 x 10-4 s-1. The reaction summary is provided in Table 2.5.4 indicating the catalytic rate constants.


Figure 2.5.8. Linear plot for the formation of (S●)- and (R●)-1-(fluoromethyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline enantiomers – infinity value to obtain the first order rate constants for their formation with the IrCp*CONMe2 catalyst.







Table 2.5.4. Summary of the rate constants for the ATH of 6,7-dimethoxy-1-fluoromethyl -3,4-dihydroisoquinoline using the IrCp*CONMe2 catalyst.
	Rate constants
	(S)-amine
	(R)-amine

	kobs
	2.87 x 10-4 s-1
	2.45 x 10-4  s-1

	kcat
	0.57 M-1 s-1
	0.49  M-1 s-1

	kobscorr
	5.20 x 10-4 s-1
	4.46 x 10-4   s-1

	kcatcorr
	1.04 M-1s-1
	0.89 M-1  s-1

	% ee Cp*CONMe2
	7.8 %
	

	% ee Cp*
	14.4 %
	




● Abbreviations || kobs- Enantiomer formation observed pseudo first or zero order rate constant | kcat- the second-or first order catalytic rate constant obtained by dividing the observed rate constant by the concentration of catalyst | kobscorr-enantiomer formation corrected rate constant for the fact that the imine is not fully protonated under the reaction conditions  [ kobs /fraction protonated with 3.6eq formic acid] | kcatcorr -catalytic rate constant for enantiomer formation corrected for full protonation of  the imine 

The catalytic efficiency for Cp*CONMe2 compared with IrCp* is 15 fold less for the formation of both monofluoro enantiomers, about half of that seen for the reduction of 6,7-1-methyl-3,4-DHIQ.
[bookmark: _Toc28286102][bookmark: _Toc29309145][bookmark: _Toc31057620]2.5.5 ATH of 1-(difluoromethyl)-6,7-dimethoxy-3,4-dihydroisoquinoline 




REACTION CONDITIONS: Imine (1-fluoromethyl-6,7-dimethoxy -3,4-dihydroisoquinoline) [0.1M], Catalyst [5.0 x10-4 M], HCO2H [0.6M] and Et3N [0.24M], MeCN, 28°C

Formation of the corresponding difluoro amine product 4ci also showed lower activity using the amido-catalytic species 2 (Figure 2.5.9). As was observed with its monofluoro counterpart 4b, ATH of the difluoro substrate 4c followed first order formation for both the enantiomeric amine products (Figure 2.6.0). 


Figure 2.5.9. ATH of 1-difluoromethyl-6,7-Dimethoxy-3,4-dihydroisoquinoline (●) [0.1M] with IrCp*CONMe2-I-(R,R)TsDPEN [5.0x10-4M] in acetonitrile at 28 °C with a HCO2H [0.6 M] and Et3N [0.24M] azeotropic mixture.

Whereas no selectivity was observed with IrCp* in the formation of the difluoro amines, the amido species shows some selectivity of nearly 10% ee (Figure 2.6.0). Due to the reduced electron density at the metal centre as a result of the electron-withdrawing amido Cp* making the iridium centre more electron deficient this may lead to stronger binding interaction with the imine and differential binding in the diastereomeric complexes of the two enantiomers being formed.


Figure 2.6.0. Formation of (S●) and (R●) -1-(difluoromethyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline enantiomers using the IrCp*CONMe2 catalyst.

With regards to the enantiomeric formation, slightly better selectivity is observed initially, however as the reaction proceeds the formation of the enantiomeric products is much closer (Figure 2.6.1).


Figure 2.6.1. Linear plot for the formation of (S●) and (R●)-1-(difluoromethyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline enantiomers to obtain the first order rate constants using the IrCp*CONMe2 catalyst. (*Note-the line through the data points has been inserted as a guide to emphasise the linearity of the plots).

Table 2.5.5. Summary of the rate constants for the ATH of 6,7-dimethoxy-1-difluoromethyl -3,4-dihydroisoquinoline using the IrCp*CONMe2 catalyst
	Rate constants
	(S)-Amine
	(R)-Amine

	kobs
	3.60 x 10-4 s-1
	3.03 x 10-4  s-1

	kcat
	0.72 M-1 s-1
	0.61 M-1 s-1

	kobscorr
	5.54 x 10-3 s-1
	4.66 x 10-3  s-1

	kcatcorr
	11.08 M-1 s-1
	9.31  M-1 s-1

	% ee Cp*CONMe2
	8.7
	

	% ee Cp*
	1.9
	




● Abbreviations || kobs- Enantiomer formation observed pseudo first or zero order rate constant | kcat- the second-or first order catalytic rate constant obtained by dividing the observed rate constant by the concentration of catalyst | kobscorr-enantiomer formation corrected rate constant for the fact that the imine is not fully protonated under the reaction conditions  [ kobs /fraction protonated with 3.6eq formic acid] | kcatcorr -catalytic rate constant for enantiomer formation corrected for full protonation of  the imine.

Interestingly, the relative catalytic efficiencies of the Cp*CONMe2 and Cp* in the reduction of difluoromethyl DHIQ are now similar however, % ee decreases significantly when compared to that of IrCp* (Table 2.5.5).
[bookmark: _Toc28286103][bookmark: _Toc29309146][bookmark: _Toc31057621]2.5.6 ATH of 1-(trifluoromethyl)-6,7-dimethoxy-3,4-dihydroisoquinoline 
	



REACTION CONDITIONS: Imine (1-trifluoromethyl-6,7-dimethoxy -3,4-dihydroisoquinoline) [0.1M], Catalyst [5.0x10-3M], HCO2H [0.6M] and Et3N [0.24M], MeCN, 28°C



As observed previously with the IrCp* catalyst, the trifluoro analogue 4d was not reduced under the reaction conditions, even with a higher catalyst loading.
In summary, the first order kinetic formation of both of the fluorinated enantiomeric products is observed even with the amido complex. This is attributed to the sharp decrease of the basicity of the fluorinated imines as a result of consecutive introduction of fluorine atoms α to the C=N bond. The increased electrophilicity of the imine carbon is advantageous in achieving faster rates of nucleophilic hydride attack with respect to the mono and difluoro analogues. If this was the only important factor the rate would be expected to increase (see Scheme 18), with increased fluorination but the observed reduced activity confirms the dominating effect of prior protonation. 



Scheme 18. Opposing effects of fluorination on the electrophilicity of the imine carbon and the degree of protonation.

The observed rate constants (kobs) follow an unusual pattern as the rates formation of the amine products of 6,7-dimethoxy-1-methyl-3,4-DHIQ 4ai are slower than those for the monofluoro 4bi and difluoro derivatives 4ci but the monofluoro substituted DHIQ is faster than that for the difluoro DHIQ. This is a result of the dependence of the rate on the amount of protonated imine species present under the reaction conditions. 
Given there are 3.6 eq. of free formic in the catalytic system, the % protonated decreases from 97% (CH3) > 55% (CH2F) > 6.5% (CHF2) > < 1% (CF3). However, if the imines were fully protonated under the reactions conditions, a “corrected” catalytic rate constant (kcatcorr) can be generated from the catalytic rate constants obtained (kcat) from the above study. The formation of the amine products corresponds to a higher kcatcorr   upon successive introduction of fluorine as shown in (Figure 2.6.2). The kcatcorr values also indicate the preferential formation of the (S)-amine with the IrCp* catalyst, with the selectivity being higher for the monofluoro whereas for the Cp*CONMe2 selectivity is greatest for the difluoro analogue.


Figure 2.6.2. Corrected catalytic rate constants (kcatcorr) for (S)-amine formation with IrCp* (■) and IrCp*CONMe2 (●) catalysts.

The corresponding rate constants for the mono- and di-fluoro amine formation with IrCp* and IrCp*CONMe2 catalysts are given below.


Table 2.5.6. Summary data set of the experiments undertaken with IrCp*I-(R, R) TsDPEN in acetonitrile with a 5:2 HCO2H/Et3N azeotropic mixture at 28°C.



	R
	pKa
	% Protonated in MeCN
	(S)kobs (s-1)
	(S)kcat (M-1s-1)
	(S)kobscorr(s-1)
	(S)kcatcorr (M-1s-1)

	CH3
	9.01
	97%
	1.24 x 10-3
	1.24
	1.29 x 10-3
	1.29

	CH2F
	6.68
	55%
	4.61 x 10-3
	9.21
	8.38 x 10-3
	16.8

	CHF2
	3.95
	6.5%
	4.05 x 10-4
	0.81
	6.23 x 10-3
	12.5

	CF3
	1.95
	-
	-
	-
	-
	-



	R
	pKa
	% Protonated in MeCN
	(R)kobs
	(R )kcat 
	(R)kobscorr
	(R )kcatcorr 

	CH3
	9.01
	97%
	1.90 x 10-5 M s-1
	1.90 x 10-2 s-1
	1.92 x 10-5 M s-1
	1.92 x 10-2 s-1

	CH2F
	6.68
	55%
	3.45 x 10-3 s-1
	6.90 M-1s-1
	6.27 x 10-3  s-1
	12.6 M-1s-1

	CHF2
	3.95
	6.5%
	3.90 x 10-4 s-1
	0.78 M-1s-1
	6.00 x 10-3 s-1
	12.0 M-1s-1

	CF3
	1.95
	-
	-
	-
	-
	-





● Abbreviations || kobs- Enantiomer formation observed pseudo first or zero order rate constant | kcat- the second-or first order catalytic rate constant obtained by dividing the observed rate constant by the concentration of catalyst | kobscorr-enantiomer formation corrected rate constant for the fact that the imine is not fully protonated under the reaction conditions  [ kobs /fraction protonated with 3.6eq formic acid] | kcatcorr -catalytic rate constant for enantiomer formation corrected for full protonation of  the imine. 




Table 2.5.7. Summary data set of the experiments undertaken with IrCp*CONMe2-I-(R, R) TsDPEN in acetonitrile with a 5:2 HCO2H/Et3N azeotropic mixture at 28°C.




	X
	pKa
	% Protonated in MeCN
	(S)kobs(s-1)
	(S)kcat (M-1s-1)
	(S)kobscorr(s-1)
	(S)kcatcorr (M-1s-1)

	CH3
	9.01
	97%
	3.68 x 10-5
	3.68 x 10-2
	3.79 x 10-5 s-1
	3.80 x 10-2 

	CH2F
	6.68
	55%
	2.87 x 10-4
	0.57
	5.20 x 10-4 s-1
	1.04

	CHF2
	3.95
	6.5%
	3.60 x 10-4
	0.72
	5.54 x 10-3 s-1
	11.1

	CF3
	1.95
	-
	-
	-
	-
	 -



	X
	pKa
	% Protonated in MeCN
	(R)kobs
	(R )kcat
	(R)kobscorr
	(R )kcatcorr 

	CH3
	9.01
	97%
	5.56 x 10-7 M s-1
	5.56 x 10-4 s-1
	5.73 x 10-7 M s-1
	5.73 x 10-4 s-1

	CH2F
	6.68
	55%
	2.45 x 10-4 s-1
	0.49 M-1 s-1
	4.46 x 10-4 s-1
	0.89 M-1 s-1

	CHF2
	3.95
	6.5%
	3.03 x 10-4 s-1
	0.61 M-1 s-1
	4.66 x 10-3 s-1
	9.31 M-1 s-1

	CF3
	1.95
	-
	-
	 -
	-
	-





● Abbreviations || kobs- Enantiomer formation observed pseudo first or zero order rate constant | kcat- the second-or first order catalytic rate constant obtained by dividing the observed rate constant by the concentration of catalyst | kobscorr-enantiomer formation corrected rate constant for the fact that the imine is not fully protonated under the reaction conditions  [ kobs /fraction protonated with 3.6eq formic acid] | kcatcorr -catalytic rate constant for enantiomer formation corrected for full protonation of  the imine


[bookmark: _Toc28286104][bookmark: _Toc29309147][bookmark: _Toc31057622]2.6 1H NMR Protonation Experiments of 1-Methyl DHIQ Imines 
In a similar study to that detailed in (Section 2.3.2) the unsubstituted 3,4-dihydroisoquinolines (5a-5d) were subjected to protonation experiments (Figure 2.6.3), in order to ascertain the amount of protonated species present under the reaction conditions. 




Figure 2.6.3. % Protonation of 1- substituted 3,4-dihydroisoquinolines using formic acid in acetonitrile-D3 as determined by 1H NMR (● 1-methyl-3,4-dihydroisoquinoline, ●1-(fluoromethyl) -3,4-dihydroisoquinoline, ●1-(difluoromethyl) -3,4-dihydroisoquinoline).

Similarly, to the dimethoxy derivatives, successive introduction of fluorine severely decreases the amount of protonated species in solution with 3.6 eq of formic acid (Table 2.6.1). Whereas near to full protonation is observed with the parent compound, that of the trifluoro analogue 5d is noted to be <1%, indicating the strong withdrawing properties of this CF3 moiety. That of the difluoro analogue 5c (2.9%) is noticeably lower than its dimethoxy counterpart 4c (6.5%). Whereas the dimethoxy monofluoro analogue is 55% protonated with 3.6eq, 1-(fluoromethyl)-3,4-dihydroisoquinoline is slightly lower with only 47.5% protonated with 3.6eq of FA.



Table 2.6.1. % protonated of 1-substituted 3,4-dihydroisoquinolines with 3.6eq of formic acid in MeCN-d3 as determined by 1H NMR.

	1-substnt
	pKa iminium ion 
(H2O)
	%
protonated in ACN with 3.6 eq. HCO2H

	CH3
	8.33
	96.5

	CH2F
	6.19
	47.5

	CHF2
	3.03
	2.9

	CF3
	1.90
	< 1







. 






















Figure 2.6.4. pKa as a function of substitution pattern on α-position of the unsubstituted fluorinated dihydroisoquinolines.

Similarly, to the dimethoxy derivatives the unsubstituted fluorinated imines also follow an analogous pattern whereby consecutive addition of fluorines at the alpha position results in the lowering of the pKa (Figure 2.6.4). Introduction of fluorine at this position draws electron density away from the nitrogen thus lowering its basicity hence lowering its protonation capability.











[bookmark: _Toc28286105][bookmark: _Toc29309148][bookmark: _Toc31057623]2.7 ATH with IrCp*I- (R, R) TsDPEN- UNSUBSTITUTED series
A similar study to that undertaken in 2.4 was carried out on the unsubstituted partners of the fluorinated series 5b-5d. The unsubstituted imines were subjected to the same study to ascertain the difference in conversion rate, selectivity and rate of formation of the respective amine products. The following section concerns the ATH of these unsubstituted fluorinated dihydroisoquinolines with IrCp*I- (R, R) TsDPEN.



[bookmark: _Toc28286106][bookmark: _Toc29309149][bookmark: _Toc31057624]2.7.1 ATH of 1-methyl-3,4-dihydroisoquinoline 



REACTION CONDITIONS: Imine (1-methyl-3,4-dihydroisoquinoline) [0.1M], Catalyst [1.00x10-3M], HCO2H [0.6M] and Et3N [0.24M], MeCN, 28°C



Figure 2.6.5. ATH of 1-methyl-3,4-dihydroisoquinoline (●) [0.1M] with IrCp*I-(R,R)TsDPEN [1.0x10-3M] in acetonitrile at 28 °C with a 5:2 azeotropic mixture.

1-methyl-3,4-dihydroisoquinoline (5a) ATH with IrCp*I- (R, R) TsDPEN shows greater activity than its dimethoxy derivative (Figure 2.6.5), with the reaction being complete in 30 mins compared with 80 mins for the dimethoxy DHIQ. This feat can be attributed to the methoxy groups in the parent compound 4a which increase basicity via conjugation (Scheme 19), making this imine more basic. Consequently, this also results in a less electrophilic carbon, hence the lowered observed conversion of the dimethoxy analogue.




Scheme 19. Electron distribution to the nitrogen in the dimethoxy derivative via conjugation.

1-methyl-3,4-DHIQ (5a) shows the same formation kinetics of the respective enantiomers (Figure 2.6.6) with the (S)-amine following first order kinetics and the (R)-amine following zero order kinetics as its parent compound.



Figure 2.6.6. Formation of (S●) and (R●)-1-methyl-1,2,3,4-tetrahydroisoquinoline enantiomers indicating the first order formation of the (S)-enantiomer and zero order formation of the (R)-enantiomer.

The formation of the (S)-amine follows first order kinetics, a plot of Ln(S-Sinf) v time yields a rate constant of 1.20 x 10-3 s-1 (Figure 2.6.7). With respect to the (R)-amine, a plot of [concentration] v time yields a rate constant of 2.5 x 10-5 M s-1 (Figure 2.6.8). 



Figure 2.6.7. A linear plot of ln (S-Sinf) vs time to obtain the first order rate constant for (S)-1-methyl-1,2,3,4-tetrahydroisoquinoline enantiomer formation. (*Note-the line through the data points has been inserted as a guide to emphasise the linearity of the plots).



Figure 2.6.8. A plot of concentration vs time depicting the formation of the (R)-amine via Zero order kinetics (*Note- the most linear part of the plot has been measured with an intercept of -0.004 on the y axis as to reflect the line of best fit for this graph.

Table 2.7.1. Summary of the rate constants for the ATH of 1-methyl -3,4-dihydroisoquinoline using the IrCp*. catalyst.
	Rate constants
	(S)-Amine
	(R)-Amine

	kobs
	1.20 x 10-3 s-1
	2.50 x 10-5  M s-1

	kcat
	1.20  M-1 s-1
	2.50 x 10-2 s-1

	kobscorr
	1.25 x 10-3 s-1
	2.59 x 10-5 M  s-1

	kcatcorr
	1.25 M-1 s-1
	2.59 x 10-2 s-1



2.7.1.1 An investigation of possible catalyst inactivation
With regards to competitive coordination, the product amine possesses a lone pair which is capable of coordinating to the catalytic species, potentially “poisoning” the catalyst over time.7 To investigate this, the 1-methyl-3,4-dihydroisoquinoline 5a was subjected to reduction to determine if the catalyst was still active after ATH. In order to determine this, a fresh aliquot of imine [0.1M] was added to the reaction mixture (Figure 2.6.9) followed by further addition of the azeotropic mixture. It is clear from the results obtained that the catalyst is still active and there is no subsequent catalytic poisoning from the amine product. 

Figure 2.6.9. ATH experiment of 1-methyl-3,4-dihydroisoquinoline [0.1M] with IrCp*I-(R,R)TsDPEN [1.00 x 10-3M] in acetonitrile at 28 °C with a 5:2 azeotropic mixture, followed by a further introduction of imine substrate.

The order of formation of the respective enantiomeric amine products however is still maintained, with the (S)-amine following first order formation and the (R)-amine following zero-order kinetics (Figure 2.7.0) even after further addition of the fresh aliquot of imine.


Figure 2.7.0. Formation of (R) and (S)-1-methyl-3,4-tetrahydroisoquinoline amines with IrCp*I-(R,R)TsDPEN [1.00 x 10-3M] indicating the maintenance of the first order formation of the (S)-amine and zero-order formation of the (R)-enantiomer.
[bookmark: _Toc28286107][bookmark: _Toc29309150][bookmark: _Toc31057625]2.7.2 ATH of 1-fluoromethyl-3, 4-dihydroisoquinoline 


REACTION CONDITIONS: Imine (1-fluoromethyl-3,4-dihydroisoquinoline) [0.1M], Catalyst [5.00x10-4]/M, HCO2H [0.6M] and Et3N [0.24M], MeCN, 28°C


Figure 2.7.1. ATH of 1-fluoromethyl-3,4-dihydroisoquinoline (●) with IrCp*I-(R,R) TsDPEN [5.00 x 10-3M] in acetonitrile at 28 °C with a 5:2 azeotropic mixture.

Similar to 1-(fluoromethyl)-6,7-dimethoxy-3,4-dihydroisoquinoline, 1-monofluoro-3,4-DHIQ 5b exhibits enhanced activity compared with IrCp*I-(R, R) TsDPEN with a 0.5 mol% catalyst the reaction is complete within 12 minutes (Figure 2.7.1). Both enantiomeric products are also formed with first order kinetics (Figure 2.7.2), but with no significant selectivity.


Figure 2.7.2. Formation of (R●) and (S●)-1-(fluoromethyl)-1,2,3,4-tetrahydroisoquinoline enantiomers with IrCp*I-(R,R) TsDPEN [5.00 x10-3M] in acetonitrile at 28 °C with a 5:2 azeotropic mixture.


First order data treatment of the results from Figure 2.7.2 yields a rate constant of 0.280 min-1 for (S)-amine formation and 0.276 min-1 for the formation of the (R)-amine (Figure 2.7.3).


Figure 2.7.3. Linear plot for the formation of (S●) and (R●)-1-(fluoromethyl)-,2,3,4-tetrahydroisoquinoline enantiomers to obtain the first order rate constants. (*Note-the line through the data points has been inserted as a guide to emphasise the linearity of the plots).

Table 2.7.2. Summary of the rate constants for the ATH of 1-fluoromethyl -3,4-dihydroisoquinoline using the IrCp* catalyst.
	Rate constants
	(S)-Amine
	(R)-Amine

	kobs
	4.67 x 10-3 s-1
	4.61 x 10-3   s-1

	kcat
	9.33 M-1 s-1
	9.21 M-1 s-1

	kobscorr
	9.82 x 10-3 s-1
	9.70 x 10-3 s-1

	kcat corr
	19.64 M-1 s-1
	19.40  M-1 s-1
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REACTION CONDITIONS: Imine (1-difluoromethyl-3,4-dihydroisoquinoline) [0.1M], Catalyst [3.00x10-2M], HCO2H [0.6M] and Et3N [0.24M], MeCN, 28°C


Figure 2.7.4. ATH of 1-difluoromethyl-3,4-dihydroisoquinoline (●) with IrCp*I-(R,R)TsDPEN  [3.00 x 10-2M] in acetonitrile at 28 °C with a 5:2 azeotropic mixture.

*NOTE: The experiment with 1 mol% was too slow for a proper kinetic study thus the catalyst loading was increased to 3 mol% 

The ATH of the difluoro analogue 5c showed significant activity with a 3 mol% catalyst loading giving about 70% reaction within the first 20 minutes. However, after this time the reaction proceeded very slowly (Figure 2.7.4). 



Figure 2.7.5. Formation of (S●) and (R●)-1-(difluoromethyl)-1,2,3,4-tetrahydroisoquinoline enantiomers.

Although initially the rate of formation of (S)-amine is faster than that for the (R)-amine, after about 40 mins, the rate of formation of the (R)-amine overtakes that of the (S)-amine. The second order kinetics (Figure 2.7.5) can be attributed to 3.0 x 10-2 M of the catalyst and 2.87 x 10-2 M of the active iminium ion species as determined by 1H NMR. To further investigate the initial faster rate of formation of the product amine, the imine concentration was increased 10 fold to 1.0 M but the catalyst concentration was kept at 3.0 x 10-2 M. The reaction with 1M imine shows an unusual pattern, the reduction is initially fast but almost ceases to exist after 100 mins.



Scheme 20. A consideration of the amount of formic acid consumed in the protonation and reduction of 1-(difluoromethyl)-3,4-DHIQ under the reaction conditions.

A consideration of the difluoro system with regards to protonation of the substrate and product provides some explanation for the peculiar kinetics observed. With a pKa of 3.03 for 5c, the pKa of the corresponding aminium ion will be ~6-7, so although at the start of the reaction there is 0.36M formic acid, a small amount is consumed to give 2.87 x 10-3 M of the iminium species, leaving 0.33M of formic acid (Scheme 20). However, this amount decreases as a result of reduction and, due to the more basic amine product, this amount decreases even further so that at the end of the reaction there would only be 0.16M formic acid in the system, assuming 70% protonation of the amine. In other words, the amount of formic acid decreases during the reaction due to both reduction and protonation of the amine product which is more basic than the imine reactant.
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REACTION CONDITIONS: Imine (1-trifluoromethyl-3,4-dihydroisoquinoline) [0.1M], Catalyst [5.00x10-2]/M, HCO2H [0.6M] and Et3N [0.24M], MeCN, 28°C

There was no reaction observed for this trifluoromethyl derivative after 7 days. Due to the unreactivity of the CF3 analogue 5d this provides further evidence for the importance of protonation in this catalytic system, hence confirming that the iminium rather than the imine is the active species under these reaction conditions.

[bookmark: _Toc28286110][bookmark: _Toc29309153][bookmark: _Toc31057628]2.8 ATH with IrCp*CONMe2- (R, R) TsDPEN-UNSUBSTITUTED series




As was the case with the dimethoxy derivatives the unsubstituted imines were also subjected to ATH with the amide catalyst with the same reactions conditions (imine concentration, azeotropic mixture, solvent and temperature). The following section details the kinetic profiles from this catalytic study. 
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REACTION CONDITIONS: Imine (1-methyl-3,4-dihydroisoquinoline) [0.1M], Catalyst [1.00x10-3 M], HCO2H [0.6M] and Et3N [0.24M], MeCN, 28°C



Figure 2.7.6. ATH of 1-methyl-3,4-dihydroisoquinoline (0.10 M) with IrCp*CONMe2-(R,R) TsDPEN [ 1.00 x 10-3 M] in ACN (28°C).
With regards to the ATH with the amido-organo-iridium complex 2 the reaction proceeds at a slower rate (Figure 2.7.6) than the analogous reaction using the Cp* catalyst, taking >24hrs to be complete. The rate of formation of the two enantiomeric amine products follows the first order formation of the (S)-enantiomer and zero order formation of the (R)-enantiomer (2.7.7).


Figure 2.7.7. Formation of (S●)-and (R●)-1-methyl-1,2,3,4-tetrahydroisoquinoline enantiomers.



Figure 2.7.7a A plot of concentration vs time indicating the difference in the rate of formation of (S●)-and (R●)-1-methyl-1,2,3,4-tetrahydroisoquinoline enantiomers in the first 60 mins with IrCp*CONMe2 in the presence of HCO2H/Et3N (5:2) in acetonitrile at 28 ᴼC.

This appears to be an induction period for formation of the (R)-amine with only 0.002M product i.e. 2% reaction formed after 3 hours compared with 0.04 M (S)-amine i.e. 40% reaction. However, once steady state is achieved there is 0.005M (R)-amine formed over a 3-hour period
 


Figure 2.7.8. Linear plot to obtain the rate constant for zero order formation of the (R)-amine (* Note-The rate constant as indicated by the trendline has been measured from ~90-500 mins in order to obtain most linear part of the graph).

The zero order formation of the (R)-amine is maintained, albeit being slower than with the IrCp* catalyst 1 (Figure 2.7.8). The formation of the (S)-amine is significantly higher with the IrCp* catalyst (Figure 2.7.9). The amido catalyst shows reduced activity, a feat that can be attributed to the strong withdrawing properties of the amide on the Cp* ligand reducing electron density on the iridium centre, thus making substrate association easier but product dissociation more difficult.  



Figure 2.7.9. Linear plot to obtain the rate constant for the first order formation of the (S)-amine. (*Note-the line through the data points has been inserted as a guide to emphasise the linearity of the plots).







Table 2.8.1. Summary of the rate constants for the ATH of 1-methyl -3,4-dihydroisoquinoline using the IrCp*CONMe2 catalyst.

	Rate constants
	(R)-Amine
	(S)-Amine

	kobs
	1.00 x 10-6 s-1
	1.33 x 10-6 M s-1

	kcat
	1.00 x 10-3 M-1 s-1
	1.33 x 10-3  s-1

	kobscorr
	1.04 x 10-6 s-1
	1.38 x 10-6 M s-1

	kcatcorr
	1.04 x 10-3 M-1 s-1
	1.38 x 10-3 s-1

	Cp*  kcatcorr
	1.25
	2.59 x 10-2
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REACTION CONDITIONS: Imine (1-fluoromethyl-3,4-dihydroisoquinoline) [0.1M], Catalyst [1.0 x 10-3]/M, HCO2H [0.6M] and Et3N [0.24M], MeCN, 28°C.


Figure 2.8.0. ATH of 1-(fluoromethyl)-3,4-dihydroisoquinoline (●) with IrCp*CONMe2-(R,R)TsDPEN (R,R) [ 1.0x10-3M] in ACN (28°C).

Although the monofluoro dihydroisoquinoline 5b reacts faster than its methyl derivative 4b when compared with the different catalyst, itis at least 10 times slower (Figure 2.8.0). This lowering in the conversion rate can be attributed to the amide catalyst and the effect the substitution has on the metal centre as observed with all the imines that have been treated with this catalyst. 


Figure 2.8.1. Formation of (R●) and (S●)-1-(fluoromethyl)-1,2,3,4-tetrahydroisoquinoline enantiomers.


The first order formation of both enantiomeric products is maintained with the amido-catalyst, thus confirming the change in the RLS (Figure 2.8.1), suggested previously based on the reduction of the dimethoxy series. 



Figure 2.8.2.  First order formation of (S)-amine.

 
Figure 2.8.3.  First order formation of (R)-amine.

(*Note-the line through the data points has been inserted as a guide to emphasise the linearity of the plots).

The rate of formation of the individual enantiomer i.e. amine products gives the corresponding pseudo first-order rate constants (Figure 2.8.2 and 2.8.3) for the ATH of the fluorinated imines. 

Table 2.8.2. Summary of the rate constants for the ATH of 1-fluoromethyl -3,4-dihydroisoquinoline using the IrCp*CONMe2 catalyst
	Rate constant
	(S)-Amine
	(R)-Amine

	kobs
	6.30 x 10-4 s-1
	5.75 x 10-4 s-1

	kcat
	0.63 M-1 s-1
	0.58 M-1 s-1

	kobscorr
	1.33 x 10-3 s-1
	1.21 x 10-3  s-1

	kcat corr
	1.33 M-1 s-1
	1.21 M-1 s-1


[bookmark: _Toc28286113][bookmark: _Toc29309156][bookmark: _Toc31057631]2.8.3 ATH of 1-(difluoromethyl)-3,4-dihydroisoquinoline 


 
REACTION CONDITIONS: Imine (1-difluoromethyl-3,4-dihydroisoquinoline) [0.1M], Catalyst [3.0x10-2M], HCO2H [0.6M] and Et3N [0.24M], MeCN, 28°C

ATH of the difluoro analogue 5c follows a second order process, which is noted to cease after 0.02M formation of the amine (Figure 2.8.4). As discussed earlier this is probably due to the reduction in formic acid concentration due to protonation of the amine product which is more basic than the imine reactant.


Figure 2.8.4. ATH of 1-difluoromethyl-3,4-dihydroisoquinoline (0.1M) with IrCp*CONMe2-R,R-TsDPEN (3.00 x 10-2 M) in MeCN at 28ᴼC with HCO2H/TEA azeotropic mixture.


Figure 2.8.5. Formation of (S●) and (R●)- 1-difluoromethyl-1,2,3,4-tetrahydroisoquinoline enantiomers depicting the fast initial formation of the corresponding products.
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REACTION CONDITIONS: Imine (1-trifluoromethyl-3,4-dihydroisoquinoline) [0.1M]/M, Catalyst [5.0x10-2M], HCO2H [0.6M] and Et3N [0.24M], MeCN, 28°C

An attempted ATH with the trifluoro dihydroisoquinoline 5d showed no reduction even with a higher catalyst loading and a longer kinetic profiling (2 weeks). From the studies presented in the substituted series, the unsubstituted fluorinated imines also demonstrated this need for protonation prior to undergoing ATH with our reported reaction conditions.	

As indicated by the pKa values obtained for the 1-substituted DHIQ imines (CH3 8.33, CH2F 6.19, CHF2 3.03), the introduction of fluorine also has an effect on their reduction with Ir catalysts. The selectivity provides some interesting information with 1-methyl-3,4-DHIQ following two different kinetic orders of formation; the fluorinated imines all follow first order formation. More interesting with the difluoro amine products it is clear that as the reaction nears completion the catalyst starts to favour the formation of (R)-enantiomer even though the ligand (R, R-TsDPEN) is initially more selective for the formation of the (S)-enantiomer. The manipulation of the electronics of the C=N functionality has changed the rate limiting step of the fluorinated series. The first order kinetics can be attributed to hydride transfer from the catalyst to the iminium ion being the RLS of the reaction.   Whereas the zero order formation of (R)-enantiomer has been attributed to zero order saturation kinetics with rate limiting dissociation of the product amine from the catalyst. Reduction of the fluorinated DHIQs with the catalyst produces both enantiomeric products through first order kinetics. The corrected rate constants presented are calculated for a reaction in which the imines are fully protonated and what effect this would have on rate constants. From the tables presented below the rate of ATH would follow the pattern displayed in Scheme 21.



Scheme 21. Hypothetical rate of ATH if the imines were fully protonated.

The corresponding iminiums of the imines presented in the scheme above would produce increasingly active species from CH3 < CFH2 < CF2H < CF3. In this hypothetical protocol, the imines would possess two complementary properties. For instance, in the CF3 analogue, the carbon’s electrophilicity has been increased considerably due to the electron withdrawing properties of the fluorines thus making it more susceptible to hydride transfer; the nitrogen being protonated would also increase the polarisation of the bond thus the reaction would proceed much faster than our experimental observations.
In this regard, the corrected catalytic rate constants (kcatcorr) provide evidence for this prediction as shown in (Figure 2.8.5). With the IrCp*CONMe2 catalyst there is an increase in the rate constants with consecutive introduction of fluorine. However, there is a decrease in selectivity from the unsubstituted derivative to the monofluoro which then almost soon ceases to exist in consideration of the difluoro analogue.
The studies presented above in both the dimethoxy and the unsubstituted series indicate not only the importance of protonation but also highlight that in our reported reactions conditions the extent of protonation is highly dependent on the number of fluorines introduced at the alpha position. 





Table 2.8.4. ATH of unsubstituted imines with IrCp*I-(R, R) TsDPEN in acetonitrile with a 5:2 (HCO2H/TEA) azeotropic mixture at 28°C.




	Imine
	pKa
	% Protonated in acetonitrile
	(S)kobs(s-1)
	(S)kcat (M-1s-1)
	(S)kobscorr(s-1)
	(S)kcatcorr (M-1s-1)

	CH3
	8.33
	96.5%
	1.20 x 10-3
	1.20
	1.25 x 10-3
	1.25

	CH2F
	6.19
	47.5%
	4.67 x 10-3
	9.33
	9.82 x 10-3
	19.6

	CHF2
	3.03
	2.87%
	-
	-
	-
	-

	CF3
	1.90
	-
	-
	-
	-
	-



	Imine
	pKa
	% Protonated in acetonitrile
	(R)kobs
	(R)kcat 
	(R)kobscorr
	(R)kcatcorr 

	CH3
	8.33
	96.5%
	2.50 x 10-5 M s-1
	2.50 x 10-2 s-1
	2.60 x 10-5 M s-1
	2.59x 10-2 s-1

	CH2F
	6.19
	47.5%
	4.61 x 10-3 s-1
	9.21 M-1s-1
	9.70 x 10-3 s-1
	19.4 M-1s-1

	CHF2
	3.03
	2.87%
	-
	-
	-
	-

	CF3
	1.90
	-
	-
	-
	-
	-



● Abbreviations || kobs- Enantiomer formation observed pseudo first or zero order rate constant | kcat- the second-or first order catalytic rate constant obtained by dividing the observed rate constant by the concentration of catalyst | kobscorr-enantiomer formation corrected rate constant for the fact that the imine is not fully protonated under the reaction conditions  [ kobs /fraction protonated with 3.6eq formic acid] | kcatcorr -catalytic rate constant for enantiomer formation corrected for full protonation of  the imine 


Table 2.8.5. ATH of unsubstituted imines with IrCp*CONMe2-I-(R, R) TsDPEN in acetonitrile with a 5:2 (HCO2H/TEA) azeotropic mixture at 28°C.



	Imine
	pKa
	% Protonated in acetonitrile
	(S)kobs(s-1)
	(S)kcat(M-1s-1)
	(S)kobscorr(s-1)
	(S)kcatcorr (M-1s-1)

	CH3
	8.33
	96.5%
	1.33 x 10-6
	1.33 x 10-3
	1.38 x 10-3
	1.38 x 10-3

	CH2F
	6.19
	47.5%
	6.30 x 10-4
	0.63
	1.33 x 10-3
	1.33

	CHF2
	3.03
	2.87%
	-
	-
	-
	-

	CF3
	1.9
	-
	-
	-
	-
	-



	Imine
	pKa
	% Protonated in acetonitrile
	(R)kobs
	(R)kcat 
	(R)kobscorr
	(R)kcatcorr 

	CH3
	8.33
	96.5%
	1.00 x 10-6 M s-1
	1.00 x 10-3 s-1
	1.04 x 10-6 M s-1
	1.04 x 10-3s-1

	CH2F
	6.19
	47.5%
	5.75 x 10-4 s-1
	0.58 M-1s-1
	1.21 x 10-3 s-1
	1.21 M-1s-1

	CHF2
	3.03
	2.87%
	-
	-
	-
	-

	CF3
	1.9
	-
	-
	-
	-
	-



● Abbreviations || kobs- Enantiomer formation observed pseudo first or zero order rate constant | kcat- the second-or first order catalytic rate constant obtained by dividing the observed rate constant by the concentration of catalyst | kobscorr-enantiomer formation corrected rate constant for the fact that the imine is not fully protonated under the reaction conditions  [ kobs /fraction protonated with 3.6eq formic acid] | kcatcorr -catalytic rate constant for enantiomer formation corrected for full protonation of  the imine









[bookmark: _Toc28286115][bookmark: _Toc29309158][bookmark: _Toc31057633]Conclusion
The ionic pathway has been proposed as the mechanism of ATH of imines with experimental data proving that protonation is paramount for ATH. Whereas other groups have focused on utilising different Lewis acids to protonate imine substrates and subjecting them to ATH, herein we have presented a comprehensive investigation on manipulation of the electronics of the C=N functionality. The novel fluorinated imines have enabled alteration of the RLS of the reaction by changing the kinetic order from zero and first order to first order overall. With regards to the enantioselective reduction of the parent compounds with IrCp*-I-R,R-TsDPEN and IrCp*CONMe2-I-R,R-TsDPEN , the first order formation of the (S)-amine and zero order formation of the (R)-amine is maintained, leading to an exponential decrease in %ee. This difference in kinetic order is due to different rate-limiting steps, a phenomenon which ceases to exist in the reduction of the fluorinated imines, both for the 6,7-dimethoxy and unsubstituted series. The electron-withdrawing substituents change the rate-limiting dissociation of the (R)-amine product from the Ir(III), resulting in both enantiomeric products forming via the same kinetic order; subsequently leading to complete removal of the enantioselectivity of the reduction. As confirmed by the 1H NMR experiments, consecutive introduction of fluorine α to the C=N makes protonation increasingly difficult but subsequently enhances the carbon electrophilicity making it more receptive to the hydride. The relative rates obtained from both catalysts’ reduction of the fluorinated series of the imines presented in this study demonstrate that the iminium is the reactive species under these reaction conditions.
2.9 Chapter 2 future works 
As the substrate modifications in this chapter have been made with fluorine substituents on the alpha position, future work is needed to investigate the effect of derivatising the α-position with chloro and bromo substituents as this would allow for a direct comparison of how the change in rate of reduction is affected by other halogen substituents.


In accordance with ATH with IrCp*CONMe2, the corresponding derivatives should also be subjected to kinetic studies to ascertain the difference in rates of reduction.
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[bookmark: _Toc28286118][bookmark: _Toc29309161][bookmark: _Toc31057636]General procedure for ATH of Imines 
The dimer ([IrCp*Cl2]2 or [IrCp*CONMe2Cl2]2) was added to a 10mL vial and washed in with acetonitrile (1mL), this was then sonicated for 1 minute before the addition of R, R-TsDPEN and this was washed in with (1mL) acetonitrile. The imine was introduced in one portion to the preformed catalyst as a 2mL solution. This was allowed to stir for 5 minutes before the introduction of the azeotropic mixture (HCO2H/Et3N) in (1.78mL) acetonitrile. The reaction was sampled at different time points by extraction of a 50µL into a biphasic 2M NaOH/DCM (1:1) solution to quench the reaction. The aqueous layer was removed, and the organic was dried with Na2SO4 and added to a GC vial.
*All ATH data reported was obtained from GC-FID analysis. The peak areas for the imine and the amine product were used to determine the percentage conversion.
[bookmark: _Toc28286119][bookmark: _Toc29309162][bookmark: _Toc31057637]General procedure for 1H NMR protonation experiments 
The imine (0.1M) in acetonitrile-D3 was subjected to 0.05eq additions of formic and trifluoroacetic acid respectively. The methylene signals’ (C=N-CH2) chemical shift was used to determine the amount of protonation due to the close proximity to the C=N bond. As shown in the example below the free imine (6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline) is in neat acetonitrile-D3 and as consecutive additions of acid are made the signals shift until a point of no more shift which indicates full protonation. This was converted to a percentage, enabling determination of the extent of protonation in our reported conditions. 
[image: ]

[bookmark: _Toc28286120][bookmark: _Toc29309163][bookmark: _Toc31057638]General procedure for H/D exchange experiments 
NaOD 40% w/v (7.17µL) was weighed into a 7mL vial, followed by the addition of D2O (5.59mL), this was stirred for 5 mins before the addition of acetonitrile (1.856mL), followed by further stirring (5mins). The stock solution was made by dissolving 0.1 mmol of the respective Cp* in 10mL (1000ppm), of this was taken 544µL and this was added to the stirring solution. The reaction was then monitored by GC-FID over 6 hours with constant sampling. 500µL of the reaction sample was taken and quenched into DCM; the organic was extracted and dried with Na2SO4 before being dispensed into a GC vial. 


1H NMR (300 MHz, CDCl3, 25 o C, TMS): δ= 7.43 (d, J= 8.1 Hz, 2H), 7.17-7.10 (m, 3H), 6.93-6.81 (m, 7H), 6.66 (d, J = 7.2 Hz, 2H), 4.49 (t, J = 12.0 Hz, 1H), 4.29 (d, J = 10.5 Hz, 1H), 4.04 (d, J = 8.4 Hz, 1H), 3.72-3.63 (m, 1H), 2.23 (s, 3H), 1.84 (s, 15H);  13C NMR (75 MHz, CDCl3, 25 oC, TMS): δ = 140.6, 139.5, 139.0, 138.7, 128.8, 128.7, 128.6, 128.5, 127.9, 127.2, 127.0, 126.6, 85.7, 74.0, 69.6, 21.3, 9.7
[bookmark: _Toc28286121][bookmark: _Toc29309164][bookmark: _Toc31057639]General procedure for acylation of phenylethylamine 


To a stirring solution of phenylethylamine (1eq) and triethylamine (1.2 eq) in DCM (3M based on amine) at 0ᵒC was added the anhydride (1.2 eq) solution in DCM (3.96 M based on anhydride) over an hour using a syringe pump. After completion of the addition, the reaction was then allowed to stir at r.t for 20 h. The resulting reaction mixture was poured into a separating funnel and washed with 1M NaOH (2 x 20 mL) and with 1M HCl (2 x 10 mL), dried with anhydrous Na2SO4, filtered and dried in vacuo to afford the respective amide.


N-Phenylacetamide
1H NMR (400 MHz, CDCl3) 𝛿 7.55-7.52 (d, 1H, J=6.72 Hz), 7.4-7.36 (t, 1H, J=6.03 Hz), 7.34-7.3 (t, 1H, J=7.06 Hz), 7.25-7.22 (d, 1H, J=6.85 Hz), 3.53-3.5 (t, 2H, J=7.56 Hz), 3.38 (brs), 2.64-2.6 (t, 2H, J=7.67 Hz), 2.3 (s, 3H).13C NMR (400 MHz, CDCl3) 𝛿 163.3 (C=O), 137.4 (qC), 131 (Ar), 129.5 (Ar), 129.0(Ar), 128.7 (Ar), 127.4 (Ar), 125.9 (Ar), 46.6(CH2-N), 25.9 (CH2-Ar), 23(CH3) HRMS (m/z) calculated for C10H13NO+ [M+H] + : 163.0997, found :164.1086 Mp : 54.1°C.


2-fluoro-N-phenethylacetamine
* NOTE: The monofluoro amide derivative was prepared by an alternative route that employs sodium methoxide as a catalyst.
A mixture of sodium methoxide (5 mol% based on ester), ethyl fluoroacetate (1g, 9.2 mmol, 1eq), phenylethylamine (1.5g, 12.25 mmol, 1.3 eq), and toluene (3mL) was heated at 50ᵒC for 20 hours under argon. The resulting mixture was quenched with aqueous saturated NH4Cl, dried with Na2SO4, filtered and dried in vacuo to afford 2-fluoro-N-phenethylacetamide as a white solid. 1H NMR (400 MHz, CDCl3) 𝛿 7.35-7.31 (t, 2H, J= 7.02 Hz), 7.26-7.24 (d, 1H, J= 4.94 Hz), 7.21-7.20(d, 2H, J=6.89 Hz), 6.32(brs, 2H), 4.83 (s, 1H), 4.71(s, 1H), 3.63-3.58 (q, 2H, CH2-N, J= 6.92 Hz), 2.88-2.84 (t, 2H, CH2-Ar, J=7.11 Hz). 13C NMR (400 MHz, CDCl3) 𝛿 167.6 (C=O), 138.32 (qC), 128.75 (Ar), 128.71 (Ar), 126.7 (Ar), 125.9 (Ar), 81.2 (CFH2), 40 (CH2-N), 35.6 (CH2-Ar), 19F NMR (400 MHz, CDCl3): δ -224.63 (-) -224.8 (t, CF, J= 3.17) HRMS (m/z) calculated for C10H12FNO+ [M+H] + : 181.0903, found: 182.0987. Mp: 63.4°C.



2,2-Difluoro-N-phenethylacetamide

1H NMR (400 MHz, CDCl3) 𝛿 7,34-7.31 (t, 2H, J=7.58 Hz), 7.26-7.23 (d, 1H, J=6.26 Hz), 7.2-7.18 (d, 2H, J=7.58 Hz), 6.4 (brs), 5.99-5.71 (t, 1H, J=54.73 Hz), 3.62-3.57 (q, 2H, J=7.00 Hz), 2.88-2.85 (t, 2H, J=7.08 Hz). 13C NMR (400 MHz, CDCl3) 𝛿 162.8 (C=O), 139.34 (qC), 129.0 (Ar), 128.8 (Ar), 126.6 (Ar), 111.4 (Ar), 108 (Ar), 106 (Ar), 40.3 (Ar), 35.1 (Ar)19F NMR (400 MHz, CDCl3): δ -125.7 (-) 125.9 (d, 2F, CF2H, J=53.76) HRMS (m/z) calculated for C10H11F2NO+ [M+H] +: 199.0809, found: 200.0890.


2,2,2-Trifluoro-N-phenethylacetamide
1H NMR (400 MHz, CDCl3) 𝛿 7.36-7.32 (t, 2H, J=7.28 Hz), 7.26-7.25 (d, 1H, J=4.37 Hz), 7.2-7.18 (d, 2H, J=7.28 Hz), 6.33 (brs), 3.65- 3.6 (q, 2H, J= 6.80 Hz), 2.9-2.87 (t, 2H, J=7.07 Hz). 13C NMR (400 MHz, CDCl3) 𝛿 156.7 (C=O), 156.4(CF3), 139.0 (qC), 129.1 (Ar), 128.8 (Ar), 126.7 (Ar), 55.36 (CH2-N), 51.0 (CH2-Ar). 19F NMR (400 MHz, CDCl3): δ -74.5 (s, CF3). I.R 3290.7, 3031.4, 2952.3, 2173.2, 1698.1, 1148.7, 748.6. HRMS (m/z) calculated for C10H10F3NO+ [M+H] +: 217.0714, found: 218.0798. Mp: 58.0°C


3,4-dimethoxyphenylethylamine
*NOTE: Product cannot be purchased from vendors without a license due to its potential use as a precursor to amphetamine based psychoactive substances.
To a stirring solution of 2-(3, 4-dimethoxyphenyl) acetonitrile (4.5g, 25.3 mmol) in dry THF (50mL) at r.t. was added borane in THF (50 mL, 1M sol., 50 mmol) and this was stirred at 55ᵒC for 16h. The mixture was then cooled to 0ᵒC and quenched by the slow addition of water (5mL), followed by the addition of conc. HCl (25mL). After stirring at r.t for an hour, the mixture was diluted with water (125mL) and made alkaline (pH 9) by addition of NaOH (12.5g). The mixture was extracted with DCM (3x) and the organic layers were washed with water (50mL), brine (50mL), dried (Na2SO4), filtered and dried in vacuo. The crude oil was purified by flash chromatography (DCM/MeOH/ conc. NH4OH-90/9/1) to afford 3, 4-dimethoxyphenethylamine as a colourless oil, 4.3g, 93%.
1H NMR (400 MHz, CDCl3) 𝛿 6.82-6.8 (d, 1H, J=8.02), 6.75-6.72 (d, 2H, J=9.05), 3.88-3.86, (d, 6H, J=6.2), 2.96-2.92 (t, 2H, J=6.7,) 2.71-2.68 (t, 2H, J=6.83), 1.4 (brs)


N-(3,4-dimethoxyphenethyl) acetamide
1H NMR (400 MHz, CDCl3) 𝛿 6.86-6.84 (d, 1H, J= 8.23 Hz), 6.79-6.78 (d, 1H, J= 1.91 Hz), 6.71 (d, 1H, J=8.23 Hz), 3.73- 3.7 (d, 6H, 2x OMe, J= 10.52), 3.36 (brs), 3.24-3.2 (q, 2H, J= 7.07), 2.64- 2.6 (t, 2H, J= 7.8), 1.78 (s, 3H).13C NMR (400 MHz, CDCl3) 𝛿 169.5 (C=O), 149 (qC), 147.6 (qC), 132.4 (qC), 120 (qC), 112 .9 (Ar), 112.3 (Ar), 55.9 (OCH3), 55.8 (OCH3), 26.2 (CH2-N), 23 (CH2-Ar). HRMS (m/z) calculated for C12H17NO3+ [M+H] + : 223.1209, found: 224.1291. Mp: 101.9°C


N-(3,4-dimethoxyphenethyl)-2-fluoroacetamide
Sodium methoxide (5 mol%) was added to a stirring solution of ethyl fluoroacetate (1 g, 9.2 mmol, 1eq) and phenylethylamine (2.2 g, 12.25 mmol, 1.3 eq) in toluene (3mL) and this heated at 50ᵒC for 20h under Argon. The resulting mixture was quenched with aqueous saturated NH4Cl, dried (Na2SO4), filtered and dried in vacuo to afford 2-fluoro-N-phenethylacetamide as a white solid, 2.5g, 84.7%.
1H NMR (400 MHz, CDCl3) 𝛿 6.83-6.81 (d, 1H, J= 8.12), 6.76-6.72 (m, 2H), 6.34, (brs NH), 4.84(s, CFH), 4.72 (s, CFH), 3.88-3.87 (d, OMe x 2 J= 2.85), 3.61-3.56 (q, CH2N J=6.9), 2.82-2.79 (t, Benzylic CH2, J= 7.14). 13C NMR (400 MHz, CDCl3) 𝛿 167.41 (C=O), 149.08 (Ar-O), 147.82 (Ar-O), 130.78 (qC), 120.62 (Ar), 111.76 (Ar), 111.38(Ar), 81.2 (CH3O), 79.35 (CH3O), 55.92 (CH2N), 40.07 (Ar-CH2), 35.2 (CH2F). 19F NMR (400 MHz, CDCl3): δ -224.56 (-) -224.7 (ddd, CH2F, J= 3.29) I.R 3321.1, 2939.1, 2841.4, 1651.8, 761.9. Mp: 89.9°C


N-(3,4-dimethoxyphenethyl)-2,2-difluoroacetamide
Yield 90 % 1H NMR (400 MHz, CDCl3) 𝛿 6.84-6.82 (d, 1H, J= 8.16), 6.74-6.7 (m, 2H), 6.35 (brs) 6-0-5.7 (t, CF2H, J= 54.4), 3.87 (s, CH3O x 2, 6H), 3.6-3.55 (q, CH2-NH J=6.7), 2.83-2.8 (t, CH2-Ar J= 6.92). 13C NMR (400 MHz, CDCl3) 𝛿 162.5 (C=O), 149.16 (Ar-O), 147.94 (Ar-O), 130.36 (CF2H), 120.63 (Ar), 111.79 (Ar), 111.46 (Ar), 55.9 (CH3O), 55.84 (CH3O), 40.56 (CH2N), 34.8 (CH2-Ar). 19F NMR (400 MHz, CDCl3): δ -126.13 (-) -126.3 (CF2H, J= 55.02). HRMS (m/z) calculated for C12H15F2NO3+ [M+H] +: 259.1020, found: 260.1098. Mp: 63.4°C



N-(3,4-dimethoxyphenethyl)-2,2,2-trifluoroacetamide
Yield 92%. 1H NMR (400 MHz, CDCl3) 𝛿 6.84-6.82 (d, 1H, J= 8.01), 6.74-6.69(m, 2H), 6.5 (brs, 2H), 3.87 (s, 2 x OMe, 6H), 3.61-3.56 (q, CH2-N, J= 6.57), 2.85-2.81 (t, CH2-Ar, 2H J=7.00). 13C NMR (400 MHz, CDCl3) 𝛿 157.3 (C=O), 149.2 (qC), 148 (qC), 130 (Ar), 120 (Ar), 117.2 (CF3), 111.7(Ar), 111.5 (Ar), 55.9 (OCH3), 55.8 (OCH3), 41.15 (CH2-N), 34.5 (CH2-Ar). 19F NMR (400 MHz, CDCl3): δ -76 (s, CF3). I.R 3317.9, 2998.8, 2945.1, 2839.8, 1697.6, 761.9, 695.1. HRMS (m/z) calculated for C12H14F3NO3+ [M+H] +: 277.0926, found: 278.1016. Mp: 84.5°C


6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline
N-(3, 4-dimethoxyphenethyl) acetamide (20.0g, 95.6 mmol), was suspended in O-xylene (200mL), in a 500mL flask equipped with a reflux condenser and a dropping funnel and this was cooled in an ice bath. To the stirring solution POCl3 (41.8 mL, 73.3 mol) was added dropwise, with the reaction cooling in ice. The POCl3 had only partially dissolved by the time the addition was complete. The reaction was then heated to reflux. On heating the POCl3 dissolved to give a yellow brown solution, which darkened in colour over time and after 3hrs the reaction was a deep orange oil. The reaction was then allowed to cool overnight. The cooled reaction mixture was poured into ice-water and extracted with EtOAc (2 x 200mL). The aqueous layer was basified with solid NaOH pellets to pH 11 and this was extracted with EtOAc (2 x 100mL), dried with Na2SO4 and dried in vacuo to afford 1-methyl-3, 4-dihydroisoquinoline as a white solid, 12.5g, 90 %.
1H NMR (400 MHz, CDCl3) 𝛿 6.99 (s, 1H), 6.69 (s, 1H), 3.92-3.91 (d, 6H 2 x CH3O, J=3.23), 3.65- 3.61 ( t, 2H, J= 7.64), 2.65-2.62 ( t, 2H, J=7.66), 2.36 (s, 3H ). 13C NMR (400 MHz, CDCl3) 𝛿 163.7 (C=N), 150.8 (qC), 147.4 (qC), 131 (qC), 122.5(qC), 110 (Ar), 109 (Ar), 56.2 (CH3O), 55.9 (CH3O), 47.0(CH2-N), 25.7 (CH2-Ar) . I.R 2941.7, 2923.5, 2836.4, 2158.5, 2015.8, 1625.2, 854.9
General procedure for cyclisation of fluorinated amides
Under a N2 atmosphere the amide (1 eq), 2-chloropyridine (1.2eq) and anhydrous DCM (0.03M based on the respective amide) were mixed in a two-necked round bottom flask equipped with a condenser and a stirring bar. The solution was cooled to -78ᵒC (dry ice/acetone bath) and then trifluoromethanesulfonic anhydride (1.1 eq) was added dropwise over 10 minutes. After completion of the addition the mixture was allowed to warm to 0ᵒC in an ice-water bath. After stirring at 0 C for one hour the mixture was warmed to 45ᵒC and stirring was continued for 48h. The reaction mixture was cooled to room temperature before triethylamine (3 eq) was introduced carefully. The dark red solution was washed with brine, dried over Na2SO4 and concentrated in vacuo to obtain the crude product, which was purified by flash chromatography to give the corresponding imine. 


1-methyl-3,4-dihydroisoquinoline
72%, yellow oil. 1H NMR (CDCl3, 400 MHz): δ 7.48 (d, 1H, J = 7.2 Hz), 7.29-7.38 (m, 2H), 7.18 (d, 1H, J = 7.6 Hz), 3.67 (td, 2H, J = 7.6 Hz, J2 = 1.2 Hz), 2.71 (d, 2H, J = 7.4 Hz), 2.40 (s, 3H). 13C NMR (CDCl3, 400 MHz): δ 164.5, 137.4, 130.7, 129.5, 127.4, 126.9, 125.4, 46.8, 26.0, 23.2.


1-(fluoromethyl)-3,4-dihydroisoquinoline
1H NMR (400 MHz, CDCl3) 𝛿 7.52-7.5 (d, 1H, J= 7.71), 7.41-7.36 (t, 1H, J= 8.04) 7.33-7.29(t, 1H, J= 7.71), 7.22-7.2(d, 1H, J=7.04), 5.41 (s, 1H, CFH2), 5.29 (s, 1H, CFH2), 3.8-3.75(m, 2H), 2.77-2.73 (t, 2H, J= 7.91). 13C NMR (400 MHz, CDCl3) 𝛿 164.6 (C=N), 137.8 (qC), 134.4 (qC), 130.9 (Ar-C), 127.8 (Ar-C), 127.8 (Ar-C), 124.4 (Ar) , 89.3(CFH2), 46.4 (CH2-N), 25.8 (CH2-Ar). 19F NMR (400 MHz, CDCl3): δ -220.9 (-) -221.24 (3x q, CFH2, J= 3.46)


1-(difluoromethyl)-3,4-dihydroisoquinoline
The resulting brown oil was purified by flash chromatography (50:1 Hex/EtOAc) to afford 1-(difluoromethyl)-3, 4-dihydroisoquinoline as a colourless oil, 1.2g, 63.2%.
1H NMR (400 MHz, CDCl3) 𝛿 7.77-7.76 (d, 1H, J= 7.85), 7.43-7.40 (t, 1H, J= 7.47) 7.34-7.30(t, 1H, J= 7.66), 7.22-7.2(d, 1H, J=7.48), 6.41-6.14 (t, 1H, CF2H, J=54.47), 3.83-3.79 (m, 2H, CH2-N), 2.77-2.73(t, 2H, CH2-Ar, J= 7.8). 13C NMR (400 MHz, CDCl3) 𝛿 160.3 (C=N), 138.7 (qC), 137.7 (qC), 131 (Ar-C), 127.8 (Ar-C), 127.12 (Ar-C), 124.5 (CF2H), 124.2 (Ar-C), 47.1 (CH2-N), 25.4 (CH2-Ar). 19F NMR (400 MHz, CDCl3): δ -116.5 (-) -116.7 (2x q, CF2H, J= 3.05). I.R 2951.9, 2849.4, 1636.8, 1602.2, 780.0, 706.1


1-(trifluoromethyl)-3,4-dihydroisoquinoline
1H NMR (400 MHz, CDCl3) 𝛿 7.62-7.6(d, 1H, J=8.2), 7.47-7.43 (t, 1H, J=7.5), 7.4-7.33 (t,1H, J= 7.92), 7.26-7.23 (d, 1H, J=7.34),3.93-3.9(m, 2H, CH2-N),2.82-2.78(t, 2H, CH2-Ar, J=8.18)13C NMR (400 MHz, CDCl3) 𝛿 155.85 (C=N), 149.8 (qC), 138.7 (qC), 137.7 (Ar), 132.1 (Ar), 127.9 (Ar), 127.3 (Ar), 118.8 (CF3), 47.12 (CH2N), 25.3 (CH2-Ar) 19F NMR (400 MHz, CDCl3): δ -67 (-) -68 (q, CF3, J= 1.72) I.R 2955.9, 1638.9, 1574.4, 1117.1, 779.3


1-(fluoromethyl)-6,7-dimethoxy-3,4-dihydroisoquinoline
Orange solid, Yield 67%. 1H NMR (400 MHz, CDCl3) 𝛿 7.07 (s, 1H), 6.72 (s, 1H), 5.38 (s, CH2F, 1H), 5.26 (s, CH2F, 1H), 3.93-3.91 (d, 2 x OMe, 6H J=7.78), 3.76-3.72 (m, CH2-N), 2.7-2.66 (t, CH2-Ar, 2H, J= 7.95) 13C NMR (400 MHz, CDCl3) 𝛿 161.94 (C=N), 151.34 (qC), 147.6 (qC), 131.5 (qC), 119.76 (qC), 110 (Ar), 108 (Ar), 85.8 (CF), 56.2 (OMe), 56 (OMe), 47.2 (N-CH2), 25.3 (Ar-CH2)19F NMR (400 MHz, CDCl3): δ -219.5-219.82 (3x sextet, CFH2, J= 3.85) I.R 2966.3, 2943.2, 2837.6, 1603.3, 1146.9, 731.0


1-(difluoromethyl)-6,7-dimethoxy-3,4-dihydroisoquinoline
White solid, Yield 75% . 1H NMR (400 MHz, CDCl3) 𝛿 7.27 (s, 1H), 6.72 (s, 1H), 6.37-6.1 (t, CF2H, J=54.53), 3.93-3.91 (d, 2 x OMe, 6H, J= 8.34), 3.8-3.74 (m-CH2-N, 2H), 2.72-2.68 (t, CH2-Ar, 2H, J= 7.97). 13C NMR (400 MHz, CDCl3) 𝛿 159.7 (C=N), 151.7 (qC), 147.51 (qC), 131.8 (qC), 119.5 (qC), 117 (CF2H), 114 (Ar), 110.36 (Ar), 56.1 (OMe), 55.97 (OMe), 47.17 (N-CH2), 25.2 (Ar-CH2). 19F NMR (400 MHz, CDCl3): δ -116-116.16 (d, CF2H, J=53.7). I.R 2981.0, 2939.4, 2363.2, 1995.2, 1604.1 750.5       


1-methyl-1,2,3,4-tetrahydroisoquinoline
1H NMR (CDCl3, 400 MHz) δ (ppm):  7.08- 7.15 (m, 4H), 4.09-4.14 (q, J = 6.8 Hz, 1H), 3.26-3.30 (m, 1H), 3.03-3.05 (m, 1H), 2.81-2.91 (m, 1H), 2.72-2.76 (m, 1H), 1.94 (br, 1H), 1.46 (d, J = 6.8 Hz, 3H) 13C NMR (CDCl3, 400 MHz) δ (ppm): 140.45, 134.73, 129.17, 125.90, 125.85(2C), 51.52, 41.73, 29.97,22.65


1-(difluoromethyl)-1,2,3,4-tetrahydroisoquinoline
1H NMR (CDCl3, 400 MHz) δ (ppm):  7.19- 7.1(m, 4H), 4.74-4.51(m,2H), 4.39-4.32 (m,1H), 3.28-3.22(m,1H), 3.09-3.04(m,1H), 2.85-2.83(m,2H) 13C NMR (CDCl3, 400 MHz) δ (ppm):136.02(qC), 132.63(qC), 129.64(CH2F), 126.98(ar CH), 126.64(ar CH), 126.44(ar CH),125.96 (ar CH), 55.5(C-CHF2), 39.68(CH2-N), 30.97(CH2-Ar)


6,7-dimethoxy-1-methyl-1,2,3,4-tetrahydroisoquinoline
1H NMR (400 MHz, CDCl3) 𝛿 6.62 (s,1H), 6.56 (s,1H), 4.07-4.03 (q, J=6.75, 1H), 3.85 (s,3H), 3.84 (s,3H), 3.28-3.22 (m,1H), 3.03-2.96 (m,1H), 2.83-2.75 (m,1H), 2.68-2.62 (m,1H), 2.02 (brs,1H),1.45-1.43 (d, J=6.67Hz, 3H) 13C NMR (400 MHz, CDCl3) 𝛿 147.31(qC), 147.23(qC), 132.30(qC), 126.74(qC), 111.72(ar. C-H), 108.99(ar. C-H), 55.993(OCH3), 55.86(OCH3), 41.77(CH2-N), 30.96(Ar-CH2), 29.47(CH3)


1-(fluoromethyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline
1H NMR (400 MHz, CDCl3) 𝛿  6.61 (s,1H), 6.59 (s,1H), 4.69-4.61 (sextet, J=13.81,1H,CH2F), 4.69-4.61 (sextet, J=13.81,1H,CH2F), 4.57-4.49 (sextet, J=13.77,1H, CH2F), 4.29-4.22 (m,1H), 3.85(s,3H, OCH3), 3.84 (s,3H,OCH3), 3.24-3.18(m,1H), 3.06-3.01 (m,1H), 2.76-2.69 (m, 2H) 13C NMR (400 MHz, CDCl3) 𝛿  148.02 (qC), 147.02(qC), 128.29(qC), 124.61(CH2F), 124.54(qC), 112.02(ar C-H), 109.37(ar C-H), 86.02(C-CH2F), 56.03 (OCH3), 55.84(OCH3), 39.67(CH2-N), 30.96(Ar-CH2)


1-(difluoromethyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline
1H NMR (400 MHz, CDCl3) 𝛿 6.78 (s,1H), 6.62 (s,1H), 5.97-5.67 (m,1H), 4.17-4.10 (sextet, J=11.64,1H), 3.23-3.17 (m,1H), 3.07-3.01 (m,1H), 2.76-2.73 (t, J=5.85, 2H),1.81 (brs,1H, NH)13C NMR (400 MHz, CDCl3) 𝛿   148.40(qC), 147.22(qC), 128(qC), 121.93(CHF2), 119.66 (ar CH), 117.22(ar CH), 56.88(C-CHF2), 56.67 (OCH3), 56.46 (OCH3), 40.43(CH2-N), 30.97 (Ar-CH2)


(E)-2-bromo-but-2-ene
Potassium hydroxide pellets (86%, 8.42g, 0.129mol) were dissolved in ethylene glycol (27mL) and added dropwise, over a period of 45 minutes, to a solution of meso-2,3-dibromobutane (12.5mL, 0.10mol) in ethylene glycol (16.5mL) which had been heated to 115˚C under nitrogen. The pale yellow solution deepened in colour during the addition and became golden. The product was collected by distillation as a colourless liquid (9.6g, 71%), and was dried over CaCl2, filtered, and used immediately without purification, to prevent any isomerisation. The product identity was confirmed by GCMS.


(E)-2-((E)-but-2-en-2-yl)-2-hydroxy-N, N-3-trimethylpent-3-enamide 
Lithium granules (1.13g, 0.161mol) were suspended in dry diethyl ether (50mL) under argon. The flask was cooled to 0˚C in an ice/salt bath and E-2-bromo-but-2-ene (9.6g, 0.071mol), as a solution in diethyl ether (7mL), was introduced drop-wise, with stirring, over 30 minutes. The reaction mixture became cloudy and this was accompanied by a slight temperature rise. The temperature was kept below 20˚C. The grey reaction mixture was stirred for 90 minutes at 0˚C, before being cooled further to -40˚C in a cardice/MeCN bath. Ethyl-N, N-dimethyl oxamate (4.84g, 0.033mol), as a solution in diethyl ether (7mL) was introduced, drop-wise with stirring, over 30 minutes. With the addition of each drop, a yellow colouration was observed, which disappeared on stirring. The reaction mixture was allowed to warm to room temperature overnight.
The green suspension was filtered to remove excess lithium, and the yellow filtrate was quenched by the addition of 2N HCl (ca. 100mL). The layers were separated, and the aqueous layer extracted with diethyl ether (3x 50mL). The combined organics were washed with aq. sat. NaHCO3 (50mL), ultra-pure water (50mL), and brine (50mL). The yellow organic layer was dried (MgSO4), filtered, and the solvent removed in vacuo to leave the crude product as an orange liquid (5.2g, 70%). This was used without purification.



N, N, -2,3,4,5-hexamethylcyclopenta-2,4-diene carboxamide 
 (E)-2-((E)-but-2-en-2-yl)-2-hydroxy-N, N-3-trimethylpent-3-enamide (5.2g, 0.025mol) was dissolved in dichloromethane (100mL) under argon, and stirred at room temperature. Methane sulphonic acid (19.9g, 0.206mol) was added, in one portion, which caused the colour of the reaction mixture to change from yellow to orange. After 30 seconds, the reaction was quenched by the addition of ultra-pure water (100mL). The layers were separated, and the aqueous layer extracted with CH2Cl2 (3x 100mL). The combined organics were washed with aq. sat. NaHCO3 (100mL), ultra-pure water (100mL), and brine (100mL), dried (MgSO4), filtered, and the solvent removed in vacuo to leave an orange liquid (3.89g). Flash column chromatography on silica, eluting with 0-20% ethyl acetate in hexane (gradient elution) gave the product as a yellow liquid (1.6g, 33%): IR (neat) 1621, 1443, 1392, 1054 cm-1; 1H NMR (400MHz, CDCl3, mixture of regioisomers) : δ 3.07 (s, NCH3), 3.02 (m, CH), 2.94 (m, NCH3), 2.93 (m, NCH3), 2.65 (m, CH), 1.86 (s, CH3), 1.85 (s, CH3), 1.82 (s, CH3), 1.78 (s, CH3), 1.76 (s, CH3), 1.08 (d, J= 3.86Hz, CHCH3), 1.07 (d, J= 3.86Hz, CHCH3); δ  13C NMR (CDCl3, mixture of regioisomers): δ 169.87 and 169.49 (C=O), 142.75, 142.50, 142.28, 141.46, 140.04, 139.62, 137.22, 136.58, 136.48, 133.34, 130.82 and 130.68 (C=C), 52.25, 52.05 and 50.43 (CCH), 37.82, 37.78, 34.20 and 34.13 (NCH3), 13.82, 13.45, 13.39, 13.11, 12.73, 11.71, 11.54, 11.07 and 10.71 (CH3); GCMS: m/z 193.


(1,5-cyclooctadiene) (η5-N, N, -2,3,4,5-hexamethylcyclopenta-2,4-dienyl carboxamide) iridium
N, N, -2,3,4,5-hexamethylcyclopenta-2,4-diene carboxamide (0.50g, 2.59mmol) was dissolved in freshly distilled THF (20mL) under nitrogen and cooled to -780C. nButyl lithium (1.58mL of 1.8M solution in hexanes, 1.1eq.) was introduced, drop-wise with stirring, over a period of 10 minutes. The resultant deep orange solution was stirred at -780C for a further 20 minutes before bis-(1,5-cyclooctadiene) diiridium(I) dichloride (0.80g, 1.19mmol, 0.46 eq.) was introduced, as a solid, in one portion. The reaction mixture was allowed to stir overnight, warming to room temperature. The solvent was removed under reduced pressure and the resultant orange oil was adsorbed on to silica. Flash column chromatography, eluting with 0-25% ethyl acetate/hexane (gradient elution) gave the product as an off-white solid (0.63g, 54%): IR (solid) 1634, 1449, 1397, 1377, 1172, 1104, 1038 cm-1; 1H NMR (400MHz, CDCl3): δ 2.95-3.01 (10H, br. s., HC=C of cod and NCH3), 2.04-2.07 (4H, m, CH2 of cod), 1.90 (6H, s, CH3), 1.77-1.85 (4H, m, CH2 of cod), 1.68 (6H, br.s, CH3); 13C NMR (400MHz, CDCl3): δ 166.83 (C=O), 90.83 (Cp’-C), 54.97 (C=CH of cod), 33.74 (CH2 of cod), 9.46 (CH3). 9.26 (CH3); HRMS Calcd for C40H60N2O2Ir2Na (2M+Na) + 1005.3759, found 1005.3746.


Di-μ-iodo-(η5-N, N, -2,3,4,5-hexamethylcyclopenta-2,4-dienyl carboxamide) iridium(III) iodide dimer
To a solution of (1,5-cyclooctadiene) (η5-N, N, -2,3,4,5-hexamethylcyclopenta-2,4-dienyl carboxamide) iridium (2.00g, 4.05mmol) in CH2Cl2 (100mL), at room temperature under argon, was added solution of iodine (2.06g, 8.12mmol, 2.0eq.) in CH2Cl2 (30mL) in a drop-wise fashion. The colour of the reaction mixture changed from orange to deep red/purple during the addition. The reaction mixture was stirred at room temperature for one hour and then heated to 450C for 8 hours. After cooling overnight, the solvent was removed in vacuo to leave a deep red solid, which was triturated with diethyl ether and collected by filtration (2.31g, 89%). IR (solid) 1647, 1443, 1398, 1373 cm-1; 1H NMR (500MHz, 343K, DMSO) 2.94 (6H, s, N(CH3)2), 1.96 (6H, s, 2x CH3), 1.94 (6H, s, 2x CH3); 13C NMR (500MHz, DMSO): δ 161.66 (C=O), 99.25 (Cp’-C), 93.35 (Cp’-C), 62.99 (Cp’-C), 34.95 (N(CH3)2), 10.83 (2x CH3), 10.22 (2x CH3); HRMS Calcd for C24H36I3Ir2N2O2 (M-I) + 1146.9123, found  1146.909

[bookmark: _Toc29309165][bookmark: _Toc28286122]




[bookmark: _Toc31057640]Chapter 3

Synthesis and structure analysis of substituted Cp* ligands and the determination of their relative acidities using rates of H/D exchange.


[bookmark: _Toc28286123][bookmark: _Toc29309166][bookmark: _Toc31057641]Overview
The organo-iridium complex 1 (X=H) is an effective catalyst in the asymmetric transfer hydrogenation (ATH) of imine substrates in the presence of an azeotropic mixture of HCO2H/ Et3N (5:2 molar ratio) in acetonitrile or dichloromethane. 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline 4a has been routinely used as the subject of ATH investigations, however, the synthesis of the fluorinated imines 4b-d and 5b-d allowed for the manipulation of the electron density of the C=N functionality and provided some interesting observations such as the effect fluorination has on the pKa, amount of protonated species under the reaction conditions (Chapter 2), as well as new insights in our understanding of the catalytic species with regards to changing the rate limiting step from k2 to k3, as depicted in Scheme 1[C].


[bookmark: _Ref15402117]Scheme 1. The catalytic cycle for asymmetric transfer hydrogenation of substrate class 4b-d and 5b-d [B] with catalyst 1-3 [A].
Having studied the kinetics of hydrogenation of these fluorinated substrates, the focus shifted to studying the catalytic species. As one of the central ligands in our catalysts, the pentamethylcyclopentadienyl anion (Cp*) 6a forms strong 6-electron multi-centred bonds to the metal centre, with permethylation increasing electron density as well as providing steric protection of the metal centre. Therefore, the Cp* ligand has a significant electronic impact on the central metal ion. The precursor to this anion is the non-aromatic counterpart 6, which when treated with base generates the aromatic 6π electron anionic ligand 6a - capable of binding in a η5 fashion to the iridium centre. 
Introduction of an electron withdrawing (EWG) or donating group (EDG) to this Cp* ligand is anticipated to influence the electron density on the iridium atom and hence affect catalytic performance.  As depicted in Scheme 1b, greater electron density on the metal centre as a result of the introduction of an EDG would presumably make the Ir less positive leading to easier bond breaking II (Ir-H) [Scheme 1]. Conversely, an EWG would decrease electron density on the Ir centre, thus making the metal centre more positive which will then have a greater affinity for the hydride making the process of hydride transfer much harder.
The non-aromatic precursor 6 and its derivatives are in effect carbon acids, and previously the pKa of both cyclopentadiene (Cp, 18.0) and Cp* (6, 26.1) have been determined in DMSO by Bordwell.1 pKa determination of the substituted Cp* derivatives should provide information regarding the basicity of the ligand and in turn an indication of its effect on the species’ catalytic performance (IrCp*, IrCp*CF3 and IrCp*CONMe2).



Scheme 1b. Pentamethylcyclopentadienyl anion 6a generation, resultant binding mode and its effects on the strength of the Ir-H bond upon introduction of EDG and EWGs respectively. 


[bookmark: _Toc28286124][bookmark: _Toc29309167][bookmark: _Toc31057642]3.1 Synthesis of Cp*CF3 and Cp*CONMe2 
Introduction of the CF3 and CONMe2 moieties on the Cp* ring was carried out following a double addition of a lithiated species, produced from the bromoalkene 8, to ethyl trifluoroacetate or ethyl N, N-dimethyloxamate to afford the trifluoromethyl and amido substituted dienes 9, respectively (Scheme 2). Treatment of the resultant divinyl species with a Lewis acid generates a cation which can undergo a 4π-electrocyclic ring closure to give the product 11 with regards to the amide. The regioselectivity of the reaction is poor and this inevitably results in formation of several regioisomers – all of which can be accounted for by considering the rearrangement of the initial carbocation intermediate 10, followed by ring closure and proton loss to give regioisomer 1 11. Other regioisomers may be formed by protonation of 11 followed by proton loss to afford 12 and 13. Alternatively, sigmatropic rearrangements may generate the various isomers.


Scheme 2. Nazarov 4π-electrocyclic ring closure accounting for the formation of Cp*CONMe2 11-13 and Cp*CF3 14-16 regioisomers.

The general procedure is exemplified by the synthesis of Cp*CONMe2 as follows: (a) KOH (8.42g, 0.129 mol) dissolved in ethylene glycol (27 mL) was added dropwise to meso-2,3-dibromobutane  (12.5mL, 0.10 mol) in ethylene glycol (50 mL), distillation, 2hrs, 8, 9.6g, 71% (b) Li (granular) [1.13g, 0.161 mol], anhydrous Et2O, 8 ( 9.6g, 0.071 mol), -20 °C-0 °C, 2hrs (b.) Ester (4.84g, 0.033 mol) in Et2O (7 mL), -40°C, O/N, 9 (5.2g,70%) (c.) 9 (5.2g, 0.025 mol), dry DCM (100 mL), MeSO3H (19.9g, 0.206 mol) r.t, 30s, 11-13, 1.6g, 33%.2

The parent compound pentamethylcyclopentadiene (Cp*) is commercially available and the CF3 derivative is a known compound 2 and, dehydration of 9b with a Lewis acid results in symmetry-allowed cyclisation yielding 14, 15 and 16 as a mixture of double-bond isomers.3 The major challenge with regards to the Cp*CONMe2 derivative was to identify which, if any, of these regioisomers are formed. Finally, it had been determined whether the ratios of the regioisomers vary with the substituent. This was resolved using a combination of NMR, IR, mass spectral data and H/D-exchange experiments.
In the amide substituted Cp*, there is the possibility of obtaining different conformational isomers for each of the regioisomers due to the rotation around the Cp*-C=O bond and O=C-N bond as depicted in Scheme 3. Conformational analysis was thus taken into consideration as the functionality has the potential to exist as discrete conformers corresponding to local minima on the energy surface. As part of this work, and in collaboration with Jiri Hanusek, a series of DFT calculations were undertaken to determine the stability of the different regioisomers. The schematic below details the results of the DFT calculations for the conformers that would be expected based on the products from Scheme 2.
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Scheme 3. DFT calculations for regioisomer 11-13, detailing the difference in energy between the conformational isomers of each respective regioisomer.
The DFT calculations looked at three distinct regioisomers and their conformations. For regioisomer 1 11, conformers 11a and 11b are close in energy, thus at room temperature the structure can be expected to exist as indistinguishable rotamers. However, analysis of 12a and 12b reveals that the most stable conformer is 12b with the carbonyl oxygen being syn to the adjacent C-H and is nearly 15 kJ mol-1 more stable than the anti-conformer 12a with the carbonyl oxygen anti to the C-H. Regioisomer 13 also shows smaller but significant energy differences between two conformers but now with the syn C=O and C-H being more stable than the anti-conformer. It was therefore anticipated that 1H NMR spectra may be complicated by not only the different regioisomers but also distinguishable conformers.
Armed with this knowledge, the Cp*CONMe2 product was analysed by 1H and 13C NMR in the solvents CDCl3 and DMSO-d6. 
[bookmark: _Toc28286125][bookmark: _Toc29309168][bookmark: _Toc31057643]3.2 Analysis of the products generated from the synthesis of Cp*CONMe2 
[bookmark: _Toc28286126][bookmark: _Toc29309169][bookmark: _Toc31057644]3.2.1 1H NMR of Cp*CONMe2 in CDCl3
The generation of three possible regioisomers that results from the cyclisation are expected to give different NMR spectra based on their environment and symmetry; as, predicted by ChemDraw shown below (Figure 3.2.1). The actual 1H NMR in CDCl3 indicated 11 and 13 to be the major regioisomers present due to the presence of the methyl signals between 1.07-1.08 ppm for both isomers the methyl appears as a doublet. Due to the coupling of the MeC-H proton to the adjacent methyl in these 2 structures one would expect this proton to appear as a quartet. However, the signal at 2.63-2.68 ppm appears to resemble a quintet rather than a quartet- this was an early indication of the presence of conformational isomers. There was no detectable regioisomer 12 present with the amide at the saturated sp3 carbon; the 1H NMR of 12 would be expected to show a singlet for C-H and only long-range couplings for this and the ring methyls (Figure 3.2.2).


[image: ]
Figure 3.2.1. ChemDraw predicted 1H NMR chemical shifts (ppm) of Cp*CONMe2 regioisomers in CDCl3. 
[image: ]
Figure 3.2.2. 1H NMR (600MHz) of Cp*CONMe2 in CDCl3 with special attention to the doublet at1.08 ppm and the apparent quintet at 2.65 ppm.
3.2.1.1 HSQC of Cp*CONMe2 in CDCl3
Heteronuclear single quantum correlation (HSQC) NMR experiments generate a two-dimensional spectrum with one axis for proton (1H) and the other for a heteronucleus, usually 13C signals. The spectrum contains a peak for each unique proton attached to 13C and provides correlations between each carbon and its attached protons. In our case it was important in highlighting the presence of three MeC-H signals, one at 3.20 ppm and two overlapping signals at 2.63 ppm. Interestingly, two of these signals were closer in chemical shift (Figure 3.2.3). The presence of three carbons indicated the similarity between two of the structures while the other carbon is shifted to a lower ppm (upfield). The would-be quintet also revealed that it was in fact the result of two overlapping signals (structures 2 and 3). 

[image: ]
Figure 3.2.3. HSQC in CDCl3 focusing on the 3 C-H signals of Cp*CONMe2.

In order to determine solvent effects on the 1H NMR spectra, Cp*CONMe2 was run in DMSO-d6.


[bookmark: _Toc28286127][bookmark: _Toc29309170][bookmark: _Toc31057645]3.2.2 1H NMR of Cp*CONMe2 in DMSO-d6
Whereas in the 1H NMR of Cp*CONMe2 in CDCl3 there appeared to be two overlapping doublets at ~1.08 ppm, in DMSO-d6 (Figure 3.2.4) the signals were shifted to show three well resolved doublets between 0.96-1.04 ppm, all having the same coupling constant (7.78 Hz). The overlapping quartet seen in CDCl3 (Figure 3.2.2) were also resolved in DMSO-d6 showing two distinct quartets.


[image: ] 
Figure 3.2.4. 1H NMR of Cp*CONMe2 in DMSO-d6. 

The three methyl doublets appeared with different integrated ratios and so from analysis of the integrals for the corresponding protons in the C-H signals (2.63 ppm, 2.70 ppm and 3.01 ppm) the ratios of the three structures could be estimated (Table 3.2.2).
Table 3.2.2. Ratios of the three structures based on integrations of the C-H signals from (Figure 3.2.4) (Similar ratios were obtained using other signals.).
	Chemical shift (ppm)
	%

	Structure 1 (3.02)
	37

	Structure 2 (2.71)
	29

	Structure 3 (2.63)
	34



The methyl signals of the CONMe2 in DMSO-d6 appear at 2.85-2.95 ppm as at least 4 discrete peaks corresponding to the distinguishable cis and trans methyls attached around the conformationally restricted C-N bond, due to amide resonance.
3.2.2.1 HSQC of Cp*CONMe2 in DMSO-d6
The 1H NMR provided an indication of the possible presence of three structures, and this was confirmed in the 13C and 2D NMR spectra with three Me-C-H signals being observed, analysis of the spectra allowed identification of the carbons the respective H’s were bonded. The HSQC spectra confirmed that there are in fact three Me-C-H signals (Figure 3.2.5) as was the case in the CDCl3 spectrum.
[image: ]
Figure 3.2.5. HSQC of Cp*CONMe2 in DMSO-d6 showing the 3 Me-C-H signals. Structure 1(3.01 ppm), structure 2 (2.70 ppm) and structure 3 (2.63 ppm). 







3.2.2.2 COSY of Cp*CONMe2 in DMSO-d6
COSY is a 2D NMR experiment used to identify spins which are coupled to each other. The 2D spectrum that results from the COSY NMR experiment shows the resonance frequencies for each 1H along both axes. COSY spectra show two types of peaks - diagonal ones have the same frequency coordinate on each axis while cross peaks have different values for each frequency coordinate and appear off the diagonal. Diagonal peaks correspond to the peaks in a 1D-NMR experiment, while the cross peaks indicate couplings between pairs of nuclei similar to multiplet splitting couplings in 1D-NMR. In order to gain a better insight into the coupling patterns in the structures, 2D NMR in the form of COSY (Figure 3.2.6) was undertaken of Cp*CONMe2 in DMSO-d6.

. 
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Figure 3.2.6. COSY of Cp*CONMe2 in DMSO-d6 (structure 1-red, structure 2-dark blue and structure 3- light blue).

The doublets between 0.9-1.1 ppm are all coupled to their respective protons as detailed by the colour coded figure 3.2.6. From this experiment two of the signals were similar due to the proximity of the quartets between 2.6-2.72 ppm. Apart from this, both signals are coupled to the stand-alone methyl signal at 1.65 ppm. Information from other high resolution 2D NMR experiments such as HSQC, TOCSY, NOESY, ROESY and HMBC provided enough evidence for the generation of the following figure (Figure 3.2.7) to identify the three structures observed in the 1H NMR spectrum (Figure 3.2.4).

[image: ]
Figure 3.2.7. Coupling of structures 1-3 based on 2D NMR plots with the colour coding described in Table 3.2.3.

Table 3.2.3. A combination of information from 2D NMR experiments in correlating signal coupling patterns based on Figure 3.2.4.

	Structure
	Colours
	MeCH (ppm)
	C-H (ppm)
	Ring Methyls (ppm)
	NMe’s (ppm)

	1
	Red
	0.96-0.97 (d)
	3.02 (q)
	1.81 and 1.75
	2.90

	2
	Orange
	1.00-1.01 (d)
	2.68-2.72 (q)
	1.65, 177 and 1.79
	2.84 and 2.85

	3
	Black
	1.03-1.04 (d)
	2.61-2.65 (q)
	1.65, 1.77 and 1.79
	2.84 and 2.85



From Figure 3.2.7 it is evident that structure 2 and 3 are coupled to similar ring methyls as well as having similar NMe2 signals. This was significant in the investigation as a better understanding in the structural features of the three structures was unravelled. In comparison, structure one has different features, the ring methyls are distinct from structure 2 and 3 but moreover the the cis and trans-NMe’s appear as a singlet- an indicative feature of a regioisomer where rotamers were interconverting rapidly. 
Based on the evidence gathered from the experiments detailed above it is thus reasonable to conclude that the identity of structure 1 is 3-Cp*CONMe2 11, structure 2 is syn 2-Cp*CONMe2 13a, whereby the amide C=O is on the “same side” as the Me, and structure 3 is anti 2-Cp*CONMe2 13b where the amide NMe2 is on the “same side” as Me, as depicted below:



[bookmark: _Toc28286128][bookmark: _Toc29309171][bookmark: _Toc31057646]
3.3 Cp*CONMe2 structural validation using DFT Calculations
As discussed earlier DFT calculations indicated the relative energies of the various regioisomers and their rotational conformations are drawn below. 
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Scheme 4. DFT calculations of the relative spacial arrangements of the regioisomers of Cp*CONMe2 in the gas phase.

Looking at regioisomer 12 several points are of interest. Firstly, according to the DFT calculations (see section 2.5.1.2), the amide is not coplanar with the ring even in the carbanion, presumably due to significant steric hindrance between the amide CONMe2 and the cyclopentadiene methyls preventing delocalisation. Secondly in the neutral Cp*CONMe2 there are two energy minima separated by 14.9 kJ mol-1; indicative of a large barrier between them inhibiting rotation about the cyclopentadiene ring C bond to CONMe2. In 11 there is little difference in the energies of the two conformers (Scheme 4).
 Regioisomer 13 also shows an energy difference between the two conformers and the energy barrier between them is calculated to be 66.6 kJ mol-1. It is not unreasonable to propose that structures two and three correspond to the same regioisomer 3 13 but with distinct and separable conformers.
Regioisomer 12 is not obtained in this synthesis probably because the intramolecular electrocyclization favours the conjugated products 11 and 13, although the DFT calculations suggested 12b is the most thermodynamically stable isomer, indicating perhaps that the synthesis is under kinetic control.
Due to the small difference in ΔΔG as a result of interconversion between the syn (11b- 6.3 kJ mol-1) and anti (11a- 6.2 kJ mol-1) conformers, this regioisomer can be assumed to have rapidly interconverting rotational isomers, and the 1H NMR would therefore show only two Me signals corresponding to the normal cis and trans geometric isomers of the CONMe2 amide functionality due to resonance causing a significant barrier to rotation about the C-N bond (Scheme 5).


Scheme 5. Cis and Trans forms of Cp*CONMe2.
However, for syn 2-Cp*CONMe2 13a and anti 2-Cp*CONMe2 13b, possibly 4 1H NMR NMe signals could be expected. In addition to separate signals for the normal cis and trans geometric isomers of CONMe2 there would be different signals for the two conformational isomers due to the difference in energy on going from the conformer with the carbonyl O ‘syn’ to the adjacent CH (13b-1.5 kJ mol-1) and that ‘anti’ (13a-5.7 kJ mol-1). With a ΔΔG difference of 4.2 kJ mol-1 this regioisomer exists as two conformations which are not readily interconvertible on the NMR time scale- this would explain the observed 3 doublets for Me-CH signals. 13a and 13b are indeed relatively close in terms of chemical shift and in the presence of base would be envisaged to undergo H/D exchange at similar rates to give the respective corresponding C-D signals. 






[bookmark: _Toc28286129][bookmark: _Toc29309172][bookmark: _Toc31057647]3.3.1 I. R. spectra of Cp*CONMe2 
As further evidence for the presence of 2 regioisomers but one with two distinct conformers, an I.R. study was undertaken. syn 2-Cp*CONMe2 13a and anti 2-Cp*CONMe2 13b would be expected to have very similar absorbances with regards to the carbonyl frequency. As is evidenced by the spectra, there are three signals observed in the C=O region with two of these having similar wavenumbers, further indicating the similarity of 2 of the structures (Figure 3.2.4). 

[image: ]

Figure 3.2.4. I.R of Cp*CONMe2.
	Absorption (cm-1)
	Appearance 
	Group 

	2961.4
	Weak, broad
	C-H

	2912.9
	Weak, broad
	C-H

	2855.4
	Weak, broad
	C-H

	1260.4
	
	C-N stretch

	1650.7
	
	(C=O) = amide

	1621.9
	
	(C=O) = amide

	1612.0
	
	(C=O) = amide






[bookmark: _Toc28286130][bookmark: _Toc29309173][bookmark: _Toc31057648]3.3.2 LC-MS spectra of Cp*CONMe2 isomers
When the Cp*CONMe2 sample was analysed by LC-HRMS the sample indicated the presence of 3 compounds all corresponding to the mass of the protonated form Cp*CONMe2 (194.1537) with a mass error of 1.04 ppm. Interestingly, two of the peaks were in much higher abundance in comparison to the peak at 11.08 mins- which was also evidenced by the 1H NMR ratios (Figure 3.2.4).
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a- 10.891 mins
[image: ]
b-10.969 mins
[image: ]
c-11.08 mins
[image: ]
The sodium adducts are identical for syn 2-Cp*CONMe2 13a and anti 2-Cp*CONMe2 13b, compatible with them having the same chemical structures with distinguishable conformers whereas 11 had a distinct fragmentation pattern indicating a different structure. 
[bookmark: _Toc28286131][bookmark: _Toc29309174][bookmark: _Toc31057649]3.3.3 High temperature 1H NMR studies of Cp*CONMe2 in DMSO-d6
With regards to the conformational isomers syn 2-Cp*CONMe2 13a and anti 2-Cp*CONMe2 13b, higher temperatures could allow rotational equilibration by providing sufficient energy to overcome the rotation barrier between the syn and the anti-form. Indeed, if the two structures were the result of restricted rotation, increasing the temperature should lead to the two NMe2 1H NMR signals from the respective conformers coalescing to give a mixture of 11 and 13c (Scheme 6). 


Scheme 6. NMe2 signal (13a and 13b) temperature mediated coalescence. 
At 25°C (Figure 3.2.5) the 1H NMR indicated the presence of three signals corresponding to 11, syn 2-Cp*CONMe2 13a and anti 2-Cp*CONMe2 13b NMe2 signals. The two peaks at 2.92 ppm corresponds to the cis and trans Me of CONMe2 11, while the signals between 2.85 and 2.84 ppm correspond to the geometric and rotational isomers of 13a and 13b. The three doublets at ~1 ppm correspond to the three distinct ring methyls CH3-CH coupled to the methyne H of 11, 13a and 13b. Also in accordance with 11 the Me-CH doublet remains unchanged throughout the temperature range. 
[image: ]
Figure 3.2.5. 1H NMR temperature profile of Cp*CONMe2 in DMSO-d6 showing the Me-C-H signals between 0.9-1.1 ppm and the Me-C-H signals between 2.63-2.72 ppm with progressive heating of the NMR sample.
The temperature profile revealed that at 50 °C the signals at 2.84-2.85 ppm begin to merge and at 70 °C complete coalescence was achieved, an indication of the equilibration of the isomers on the 1H NMR time scale. This was further evidenced by the two doublets at ~1 ppm corresponding to syn 2-Cp*CONMe2 13a and anti 2-Cp*CONMe2 13b also merging as the temperature approached 70 °C. A result of overcoming the conformational restriction is that the syn and anti rotamers are in rapid equilibrium on the NMR time scale. 
On cooling to room temperature, the integrated ratios of the signals drastically changed from the original ones as shown in Figure 3.2.6. 3-Cp*CONMe2 11 increased by ~ 40% while syn 2-Cp*CONMe2 13a and anti 2-Cp*CONMe2 13b dropped by 34% and 21% respectively. 

[image: ] 

Figure 3.2.6. Structural ratios before and after heating to 70 °C -1H NMR of 0.1M of Cp*CONMe2 in DMSO-d6 was run at room temperature and the sample was progressively heated to 70 °C and allowed to cool to room temperature after which the second scan was taken.

It is interesting to note that the integrals for syn 2-Cp*CONMe2 13a and anti 2-Cp*CONMe2 13b decreased in a similar fashion, reinforcing the conclusion that these two structures are rotational isomers of the same regioisomer. The combined total of this decrease of syn 2-Cp*CONMe2 13a and anti 2-Cp*CONMe2 13b (~45%) was matched by a successive increase in 11-an indication of syn 2-Cp*CONMe2 13a and anti 2-Cp*CONMe2 13b undergoing a process that subsequently led to the formation of 11. 
Cyclopentadiene (Cp) is a molecule which can undergo 1,5 sigmatropic rearrangements, systematised by Woodward-Hoffmann rules of orbital symmetry.4 The process is defined by the migration of a σ-bond, flanked by one or more π-electron systems, to a new position from its original bonded loci, in an uncatalysed intramolecular process. 
13a and 13b similarly to cyclopentadiene can presumably undergo a thermally driven merry-go-round process whereby the hydrogen atom is always associated with the same face of the π-system, and the transition state possesses a plane of symmetry. This shift to the same surface of the conjugated system is termed a supra-facial shift with passing of the migrating hydrogen to the bottom face being referred to as the antara-facial shift as depicted in Scheme 7.


Scheme 7. 1, 5-sigmatropic hydrogen shift of 13a and 13b accounting for the increment in 11.

13a and 13b are set up to undergo this intramolecular process. The rearrangement seems to be thermally driven as this is not observed at room temperature. An alternative description of these rearrangements is proton migration around the aromatic cyclopentadiene anion ring. It is interesting and perhaps surprising to note that there still no observable presence of 1-Cp*CONMe2 12, despite being predicted by DFT calculations to be the most stable regioisomer.


[bookmark: _Toc28286132][bookmark: _Toc29309175][bookmark: _Toc31057650]3.4 General structural considerations of Cp*CF3 
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]The trifluoromethyl (CF3) group is a strongly electron-withdrawing group (EWG) and when added to Cp* lowers both the HOMO and LUMO energy levels, while exerting relatively little steric effect in the Cp* ligand.5 With an EWG effect which raises the inner shell electron binding energy of a complexed transition metal by approximately 0.35eV, the electron-withdrawing effect of one CF3 group should cancel out the electron-donating effect of four methyl groups if the electronic effects of substituents on the ring are additive.2 1,2,3,4-Tetramethyl-5-(trifluoromethyl) cyclopenta-1,3-diene (Cp*CF3) has been studied extensively by Gassman et al.2,6 with detailed examinations of the through-bond electron donation properties of the CF3 moiety on the overall catalytic performance of various organometallic species.7,8 Synthetic protocols concerning the preparation of this ligand all report the resultant carbocation 10a undergoing symmetry-allowed cyclisation to yield Cp*CF3 as a mixture of double bond isomers.2,7 It was thus envisaged that the most likely regioisomers were 14, 15, and 16 (Scheme 8).


Scheme 8. Cyclisation of the carbocation 10a to obtain 14 which can undergo protonation /deprotonation resulting in rearrangement to give 15 and 16, all of which upon treatment with base can generate the same anion 16c.

The identity of the double bond isomers formed from the synthesis has not been thoroughly investigated; the general assumption being that the process affords all three isomers 14-16. Normally, this is not an issue because once deprotonated, the different regioisomers, all of which are potential carbon acids, form the same aromatic carbanion Cp*CF3 species 16c. This anionic form is then able to bind in a η5 fashion- exercising a powerful electron-withdrawing effect on the complexed metal centre.6
For the purpose of this study, it was therefore necessary to ascertain which regioisomers were present with the hope of elucidating the requisite structural features to account for subsequent observations in H/D exchange experiments based on the methodology utilised for the Cp*CONMe2 ligand. It was expected that the pKa values of 14, 15 and 16 would be significantly different, with 15 expected to be the most acidic due to the proximity of the electron withdrawing CF3 group to the site of the proton loss. 

[bookmark: _Toc28286133][bookmark: _Toc29309176][bookmark: _Toc31057651]3.4.1 Predicted 1H NMR spectra of Cp*CF3 in CDCl3-ChemDraw modelling
The possibility of three distinct regioisomers of Cp*CF3 in one sample presented several problems with regards to distinguishing between them. It was therefore necessary to implement different analytical techniques, namely 1D and 2D NMR, I.R, GC-MS and LC-HRMS. In an early exploratory study, NMR was chosen for complete structure elucidation of Cp*CF3. In a similar manner, to its amido counterpart (Cp*CONMe2), the Cp*CF3 double bond isomers were modelled in ChemDraw to generate the predicted spectra comprising all three isomers. Though this method does not reflect the ratio of each isomer, it does provide a blueprint for identifying signals. 
[image: ]
Scheme 9. 1H NMR spectra of Cp*CF3 regioisomers modelled in ChemDraw showing the predicted chemical shifts in ppm.

From the modelling (Scheme 9) it is evident that 15 and 16 share some similar chemical shifts, namely the Me-CH acidic proton in 14 and 16 is predicted to be at 3.00 ppm whilst that in 15 is expected to be higher (3.71 ppm). With a nuclear spin of ½, 19F accounts for 100% of naturally occurring fluorine and can couple to H; hence the signal corresponding to the acidic proton in isomers 15 appears as a quartet at 3.71 ppm, a property that is also applicable to the acidic H in 14 and 16 (3.00 ppm). 
The doublet at 0.82 ppm is a result of MeCH coupling in both 14 and 16. The relative position of this Me signal in 16 to the proximal CF3 means the quartet corresponding to the acidic proton will be shifted slightly downfield compared to that in 14. In effect, this difference in the relative position of the acidic protons to the CF3 moiety can be exploited in structure elucidation and used as a criterion to distinguish the most acidic proton from the least acidic. From Scheme 9 it is evident that the most acidic H in 15 (CF3C-H-3.71 ppm) will be shifted downfield the most followed by 16 (CF3C-CHMe) then by 14 (CF3-C=CMeCHMe). From the predicted spectra there is little to differentiate between the methyl (1.76-1.77 ppm), however this information can be obtained from undertaking 2D NMR. 


[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: _Toc28286134][bookmark: _Toc29309177][bookmark: _Toc31057652]3.4.2 1H NMR of Cp*CF3 in CDCl3
The actual 1H NMR spectra of Cp*CF3 reveals some of the predicted signals such as the doublets (1.1-1.19 ppm) and the quartets (2.65-3.01 ppm). The pronounced chemical shift difference of C-H and CH3 signals suggests a method of assigning their relationship with the CF3 moiety.



[image: ]
Figure 3.2.7. 1H NMR of Cp*CF3 in CDCl3.

The doublets between (1.1-1.2 ppm (J=7.81 Hz) and 1.17-1.19 (J=7.45 Hz) correspond to the methyl groups (MeCH) of 14 and 16 and based on the relative position of the respective acidic protons to the CF3 functionality, the doublet at 1.17-1.19 ppm is likely to be that of 16 and the former being that of 14. The quartets at 2.65-2.73 (7.64 Hz) and 2.98- 3.04 (7.87 Hz) are a result of H (MeCH) coupling in 14 and 16 with the quartet at 3.23-3.34 (10.28 Hz) ppm corresponding to CF3CH of 15.





 Based on the C-H integration (Figure 3.2.7) the ratio of the regioisomers was estimated as follows:
	Cp*CF3
	δ C-H (ppm)
	C-H integration
	%

	14 (3-Cp*CF3)
	2.65-2.73
	1.00
	66.2%

	15 (1-Cp*CF3)
	3.23-3.34
	0.10
	6.60%

	16 (2-Cp*CF3)
	2.98-3.04
	0.41
	27.2%



1H NMR unravelled more detail with regards to the sp2 ring methyl signals; a region spanning 1.81-2.09 ppm. Interestingly, the appearance of two quartets between 2.03-2.05 (4.84 Hz) and 2.07-2.09 (3.14 Hz) has not been previously reported, and is presumably due to long range H-F coupling.9
3.4.2.1 HSQC of Cp*CF3 in CDCl3
The application of 2D NMR in the form of HSQC (Figure 3.2.8) confirmed the presence of three C-H signals and complemented the observations reported in 1H NMR [*NOTE: due to the low percentage of 15 in the mixture, the contours in HSQC have been modified to only highlight the most prominent signals.

[image: ]

Figure 3.2.8. HSQC of Cp*CF3 regioisomers in CDCl3.





3.4.2.2 COSY of Cp*CF3 in CDCl3
Whereas HSQC was used to confirm the presence of three sp3 ring C-Hs, COSY was significant in highlighting the coupling of the doublets between 1.1-1.19 ppm with their respective quartets and sp2 signals. Additionally, more distinguishing features were highlighted with regards to the methyl region spanning 1.81-2.09 ppm. The colour coded COSY spectra in Figure 3.2.9 provides evidence for the presence of three structures. The signals at 2.03-2.05 and 2.07-2.09 ppm indicate no coupling to either the doublets or the quartets but based on their integrations the ratio was found to be ~70:30 (%), complementing that observed for the doublets; hence the signal at 2.07-2.09 ppm is part of the same regioisomer as the doublet at 1.1-1.12 ppm.
[image: ]
Figure 3.2.9. COSY of Cp*CF3 in CDCl3.

Following an examination of information from 1D and 2D NMR with ChemDraw serving as guiding tool, a pictorial representation of the couplings was assembled to produce Figure 3.3.0. 







[image: ]
Figure 3.3.0. A combination of 1D and 2D NMR information in assigning coupling of signals in Cp*CF3 mixture.

Based on these observations, 1H NMR in CDCl3 indicated the presence of all three regioisomers with 14 being the most abundant (66.2 %). H/D exchange experiments for Cp* and Cp*CONMe2 had been undertaken in DMSO-d6/D2O mixtures therefore it was necessary for characterisation of Cp*CF3 to be undertaken in DMSO-d6.












[bookmark: _Toc28286135][bookmark: _Toc29309178][bookmark: _Toc31057653]3.4.3 1H NMR of Cp*CF3 in DMSO-d6
1D and 2D NMR in DMSO-d6 was beneficial for structural clarification of the Cp*CONMe2 regioisomers and their respective conformers and provided some interesting observations including evidence for a thermally driven 1,5-sigmatropic rearrangement, a reaction not seen in CDCl3. 



[image: ]
Figure 3.3.1. 1H NMR of Cp*CF3 in DMSO-d6.

The spectra as shown in Figure 3.3.1. features similar signals to those observed in CDCl3 with the only exception being sharper resolution in the methyls bonded to sp2 carbons in the region (1.78-2.05 ppm)-highlighting several overlapping signals.  Analysis of the C-H signals however indicates a significant change in the regiomeric ratio- whereas the % ratio in CDCl3 was 66:7:27 corresponding to 14:15:16 respectively; in DMSO-d6 the analogous composition is 49:22:29. This indicates a solvent dependent interconversion of the regioisomers. In the original protocol by Gassman et al.  a ratio of 5:83:12 of Cp*CF3 in CDCl3 was reported.10


[image: ]
Figure 3.3.2. 1H NMR of Cp*CF3 regioisomers in DMSO-d6 (top)-initial regiomeric composition (bottom)-sample after 30 hrs.

The sample in DMSO-d6 was re-subjected to 1H NMR after 30 hrs upon which complete disappearance of 14 was noted. The 30 hr sample offered some new insights into the properties of Cp*CF3 regioisomers. The presence of 15 and 16 in a ~1:1 ratio which is maintained even after 96 hrs indicates that though the cyclisation affords three regioisomers, subsequent isomerisation of 14 results in what can be assumed to be the thermodynamically stable forms of the ligand (15 and 16).
It is interesting to note that with Cp*CONMe2, 1-Cp*CONMe2 12 was not observed and yet with the CF3 derivative this isomer 15 appears to be one of the most thermodynamically stable. 

[bookmark: _Toc28286136][bookmark: _Toc29309179][bookmark: _Toc31057654]3.5 Rates of Hydrogen/Deuterium exchange of Cp* and Cp* derivatives
[bookmark: _Toc28286137][bookmark: _Toc29309180][bookmark: _Toc31057655]3.5.1 Preliminary studies
In order to establish an appropriate method for determining the relative acidities of the carbon acids it was important to explore the different approaches that could be employed. 1H NMR was chosen as the chief method for the study after exploration with gas-chromatography mass spectrometry (GC-MS) yielded problems with experimental design, primarily due to the instability of the Cp* and Cp*CF3 samples when subjected to GC-MS conditions. As is the case with many organic compounds - many are insoluble in water and so the majority of their pKas are determined in aqueous-organic mixtures.
[bookmark: _Toc28286138][bookmark: _Toc29309181][bookmark: _Toc31057656]3.5.2 Solubility testing 
Early exploratory work investigated the appropriate solvent for H/D exchange, the choice of which was heavily dependent on the solubilities of the ligand and base at different concentrations. The pKa of an acid is heavily influenced by the solvent but the main aim was determination of relative values under the same conditions.
Cp* [0.1M] was found to be soluble in acetonitrile (MeCN), chloroform (CHCl3), dimethylsulfoxide (Me2SO) but not in water (H2O). CHCl3 was not suitable due to its inability to solubilise sodium deuteroxide (NaOD).
Following the initial solubility testing, MeCN and Me2SO were chosen for further study due to their ability to form miscible solutions with D2O and their ability to solubilise NaOD as part of a co-solvent mixture(s). 
3.5.2.1 MeCN-d3/D2O co-solvent 
Acetonitrile-D3 was investigated as a potential co-solvent mixture in combination with D2O.
*NOTE-The co-solvent systems were assessed by NMR and by visual analysis of the sample. 
In 25% MeCN-d3/75% D2O (v/v) 0.1M Cp* was insoluble and produced a turbid solution in 60% MeCN-d3. With 75% MeCN the solution was clear but a lock signal was not attained using 1H NMR. A further problem developed in 90% MeCN as there was no resolution to the peaks. Upon introduction of base (NaOD) complete loss of resolution was observed of the C-H signal to be investigated.
3.5.2.2 DMSO-d6/D2O co-solvent 
Solubility in DMSO-d6/D2O was more promising, as in 25% and 50% v/v DMSO-d6 the Cp* was partially soluble, however, 1H NMR lock and shim signals were not obtained. The best solubility was obtained in 90% DMSO-d6 and this was chosen as the co-solvent for the 1H NMR deuterium exchange experiments.
The identification of the appropriate co-solvent mixture led to the initial 1H NMR deuterium exchange experiment in which a 0.1M Cp* in DMSO-d6/D2O (9:1) was subjected to the addition of NaOD (0.05) M. The fast disappearance (< 5mins) observed for the quartet C-H signal at 2.45 ppm coupled with the transformation of the doublet at >1.0 ppm indicated the exchange of the acidic proton (Scheme 10). 
The pKa of H2O in DMSO is 3211 reflecting the poor ability of DMSO, like all aprotic solvents, to solvate anions. Consequently, the basicity of hydroxide ion in water–DMSO mixtures increases strongly with increasing DMSO content of the mixtures, and this fact has been used to determine the ionization of weakly acidic substrates. The pKa of DMSO in water is 35 which presumably increases in water-DMSO mixtures and so it is unlikely that there are any significant amounts of the DMSO anion in low concentrations of NaOD in these mixtures.

[image: ]
Scheme 10. 1H NMR signal identification of Cp* in DMSO-d6 (upper spectrum) and the spectrum of the deuterated species upon H/D exchange with [0.05M] NaOD (lower spectrum).

In order to derive sufficient information from this H/D exchange experiment, a kinetic study of this exchange process was needed. The rate of exchange followed an observed pseudo-first order reaction (Fig. 3.3.3) and a first order dependence on the concentration of base. 













Figure 3.3.3. H/D exchange of [0.1M] Cp* in 90 % v/v DMSO-d6/D2O with [0.0025M] NaOD at 25 ᵒC.

The exponential decay of the CH integration signals is indicative of a first-order process from which the corresponding rate constant can be obtained (Figure 3.3.4).

Figure 3.3.4. Linear plot to obtain the first order rate constant for deuterium exchange of Cp* with [0.0025M] NaOD.

In order to confirm the first order dependence of the H/D exchange on base concentration the experiment was repeated with 0.005M base (Figure 3.3.5). 



Figure 3.3.5. H/D exchange experiment of [0.1M] Cp* in 90% v/v DMSO-d6/D2O with [0.005M] NaOD at 25 ᵒC.

Figure 3.3.6. Linear plot for the first order deuterium exchange of Cp* with [0.005M] NaOD.

The corresponding second-order rate constant for H/D exchange by OD- is 8.70 +0.40 x 10-2 M-1 s-1 in 90%/10% v/v DMSO-d6/D2O and from this the pKa of the carbon acids could be evaluated if pKw in 90%/10% v/v DMSO-d6/D2O was known. 
The calculation of the pKa value is based on making the usual assumption that protonation of the intermediate carbanion k2 is diffusion controlled with a rate constant of 109 M-1 s-1.12  Standard analysis of rate data reveals the rate constant for the rate-limiting step k1. 


	kobs = k1 [-OD]

	The observed rate constant (kobs=k1[-OD]) is the pseudo-first order rate constant and outlines the rate determining step of this reaction.

	

	kobs depends on the concentration of base, and kOD- is the corresponding second order rate constant for the hydroxide ion catalysed formation of the carbanion intermediate. When deutroxide ion is the base, the second order rate constant is given by the equation above.

	  

	K is a function of the dissociation constant of the carbon acid, KaCH , and the autoprotolysis constant of water, Kw, thus K=KaCH/Kw, the acidity constants of the carbon acids may therefore be determined this way, provided that Kw is known under the reaction conditions.

	kr or k-1 referred to as the diffusion controlled rate constant is a known value and describes the diffusional encounter of two species which react spontaneously.12
pKw in 90%/10% v/v DMSO-d6/D2O at 25 °C according to Cox and Stewart13 is found to be 21.4.The pKa of water in pure DMSO is 32 compared with 15.8 in water.



Table 3.2.5. Determination of Cp* pKa  at 2 different [OD-]/M] using H- acidity function method.
	


	kOD- (M-1 s-1)
	8.70 x 10-2

	kr (M-1 s-1) 
	109 

	K
	8.72 x 10-11

	KaCH
	3.48 x 10-32

	pKw in 90% DMSO13
	10-21.4

	Estimated pKa of Cp*
	31.46



Based on H- values, Hammett suggested a suitable acidity function to measure the relative ability of strongly basic solutions to ionise weak acids. 14,13,15  The strongly basic solutions can be defined as those which ionise acids with an ability equal to or greater than 0.1M aqueous alkali metal hydroxide solutions. The H- acidity function is therefore a measure of the ability of the solution to remove a proton from the acid thus enabling the strength of weak acids to be measured.16
Stewart and co-workers13,15 extensively explored this method and established a water activity (pKaw) table detailing H- values in water-dmso mixtures.13 
From this calculation the pKa of Cp* in 90 %/10 % v/v DMSO-d6/D2O at 25 °C appears to be 31.5 (Table 3.2.5). However, this compares with a pKa of 26.1 in pure DMSO1 whereas it would be expected to be lower than this in 90% v/v DMSO-d6/D2O.13,15
The validity of this method is flawed and this stems from the systematic deviation of H- function from ideal behaviour, and based on our results it seems unlikely that H- functions can be used to give accurate pKas. For this reason, other strategies were pursued in order to generate relative acidities by simply using the kinetic data i.e. the second order rate constant (kOD-) for H/D exchange of Cp* derivatives. 

[bookmark: _Toc28286139][bookmark: _Toc29309182][bookmark: _Toc31057657]3.5.3 Literature data for ionization of Cp* derivatives
Okuyuma et al.17 undertook a study to determine the pKas of Cp derivatives in water by measuring the second order rate constants in which ionisation was determined by UV-Vis spectroscopy  to determine pKas of substituted Cps (Table 3.2.6).

Table 3.2.6. Deprotonation second-order rate constants (kOD-) for Cp substituted acids in water at 25 °C.
	



	X
	pKa
	kOH- (M-1 s-1)
	Log (kOH-)

	NO2
	3.25
	1.5 x 104
	4.176

	CHO
	7.40
	6.8 x 102
	2.833

	CH3CO
	8.84
	2.0 x 102
	2.301

	CH3OCO
	10.35
	1.7 x 102
	2.23



A plot of log (kOH-) against the pKa of the carbon acids yields a negative slope of -0.29 (Figure 3.3.7). It is worth noting that the substituted Cps are all relatively strong acids in comparison to the parent compound (Cp=1818) in DMSO and (1519) in water. Using this pKa of 15 gives an estimated kOH- of 0.68 M-1 s-1 for Cp* in water 

Figure 3.3.7. BrØnsted type plot of the second-order rate constants kOH- for the base catalysed deprotonation of substituted Cp carbon acids (Table 3.2.6) in water at 25 ᴼC against pKa.
An analogous BrØnsted plot in DMSO can be estimated by adding 3 pKa units to the values determined in water and then used to crudely estimate the pKa of Cp* using our kOD- in 90% v/v DMSO-d6/D2O of 8.72 x 10-2 M-1 s-1. For the purpose of this discussion any solvent isotope effects on kinetic and thermodynamic parameters are ignored.  


(●) kOH- (ionisation constants in H2O) (●) kOH- (predicted ionisation constants in DMSO (●) kOD- (H/D exchange in 90% v/v DMSO-d6/D2O) 
Figure 3.3.8. A Brønsted plot of pKa vs Cp acids deprotonation rate constants (Log (kOH-) in H2O (●) at 25 ᴼC with the corresponding linear plot of predicted (Log (kOH-) values in DMSO (●), which were used to crudely predict the pKa of Cp* in 90% v/v DMSO-d6/D2O (●) based on the Log (kOD-) value obtained from H/D exchange. Additionally, based on Cp’s pKa in water (15) and DMSO (18), the plots were used to estimate (Log (kOH-) (●).

As mentioned earlier, the pKa of cyclopentadiene in water (15)19 and DMSO (18)18 is known, as well as that for Cp* in DMSO (26.1)11. The methyl groups in Cp* increase the pKa by 8 units in DMSO. Based on these pKa values, the second order rate constants can be predicted based on Okuyuma’s results, such that the kOH of Cp in water is estimated to be 4.79 M-1 s-1 (Figure 3.3.8). With a ΔpKa of 3 between H2O and DMSO as exemplified by Cp, a parallel plot of log (kOH-) values can be generated and as the pKa of the corresponding permethylated analogue Cp* is known, a crude estimation can be made for its log (kOH=) value which is estimated to be -1.62 M-1 s-1. 
As Cp* is insoluble in H2O, the predicted pKa in water is estimated to be ~23. Based on the kOD- of 8.72 x 10-2  in 90% v/v DMSO-d6/D2O the predicted pKa of Cp* is 21 in water and 24 in DMSO, and presumably in water kOD- would be higher meaning the estimated pKa of Cp* in water is <21. The pKa of carbon acids in DMSO are generally 3 pKa units higher than in water so a pKa of Cp* in 90% v/v DMSO-d6/D2O of < 24 seems reasonable and in agreement with the value of 26.1 in pure DMSO.
This means that to obtain a pKa of < 24, a pKw of ca. 15 would have to be used to interpret our H/D exchange data for the solvent system 90% DMSO-d6/D2O. Whereas the method described earlier used a pKw of 21.4 to give a pKa of 31.5, with this extrapolative value the pKa of Cp* is < 24 (Figure 3.3.8). The activity of –OH is significantly different in neat DMSO and water and classic examples of this include the hydrolysis of esters. The rate of hydrolysis is significantly higher in DMSO than that observed in water, that can be attributed to DMSO’s poor solvation of hydroxide ions - resulting in enhanced activity of -OH. In high DMSO/ water mixtures this phenomenon can give rise to hydrogen bonding between DMSO and water which is much stronger than between water molecules, significantly reducing the concentration of free water that is available to solvate OH-. 
In general, the pKa of carbon acids increase by 0-7 units on transfer from water to DMSO, being at the higher end for carbon acids generating carbanions with the negative charge largely localized on oxygen but being similar for nitriles. So the conclusion from the rates of H/D exchange that the pKa of Cp* is 21 compared with 26.1 in DMSO is not unreasonable.

[bookmark: _Toc28286140][bookmark: _Toc29309183][bookmark: _Toc31057658]3.6 Deuterium exchange of Cp*CONMe2 in 90/10% v/v DMSO-d6/D2O
From the 2D NMR experiments syn 2-Cp*CONMe2 13a and anti 2-Cp*CONMe2 13b shared some common signals. The Cp* derivatives are potential carbon acids and their relative rates of H/D exchange will not only facilitate an estimation of their pKa’s but may also assist with structure elucidation. Measuring the rates of H/D exchange are a common method of determining the pKa of carbon acids.20 The solvent system DMSO/D2O 90%/10% v/v employed for Cp* H/D exchange also met the requirements for monitoring H/D exchange of Cp*CONMe2.
[bookmark: _Toc28286141][bookmark: _Toc29309184][bookmark: _Toc31057659]3.6.1 D2O/Acetonitrile co-solvent in the investigation of deuterium exchange using GC-MS
In the early phase of the project, acetonitrile/D2O mixtures had been investigated as potential solvent mixtures for following deuterium exchange experiments. In this regard, a D2O/ MeCN 70/30 (v/v %) mixture sufficed and GC-MS was chosen as the analytical method to monitor H/D exchange. In principle, the difference in mass between C-H and C-D would enable the rate of exchange to be monitored either by measuring the rate of disappearance of the molecular mass (m) 193.1 or the appearance of mass plus one (m+1) 194.1 (Scheme 11).


Scheme 11. Difference between C-H and C-D in terms of mass.
When the sample was run in DCM on GC-MS, a single peak corresponding to the mass of Cp*CONMe2 (193.1) was observed (Scheme 12). 
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	Cp*CONMe2
	5 mM

	
	Reaction volume
	4 mL

	
	Reaction diluent
	70/30 D2O /MeCN

	
	NaOD
	0.05M (experiment 1)
0.025M (experiment 2)

	
	



Scheme 12. Deuterium exchange of Cp*CONMe2 in D2O / MeCN (70/30 v/v%) with NaOD (0.05M and 0.025M).
The growth in the signal at m/z =194 corresponding to deuterated Cp*CONMe2 was measured as a function of time using 5mM Cp*CONMe2 and 25/50mM NaOD in 70/30% v/v D2O/ACN at 25°C and are shown in the figures below (Figure 3.3.9).
	
	

	
	



*Figure 3.3.9. Rate of H/D exchange of Cp*CONMe2 (5mM) in D2O/MeCN (70/30 %) with NaOD at 2 different concentrations ([0.05M] and [0.025M]) using GC-MS.

The exponential growths of M+1 suggest a pseudo-first order exchange reaction and the corresponding rate constants are first order with regards to NaOD. The corresponding second-order rate constant kOD- in 70/30% v/v D2O/ACN is 3.54 x 10-3 M-1 s-1. The use of GC-MS to follow exchange was abandoned in favour of 1H NMR because the other Cp* derivatives were unstable when subjected to the high temperatures that are used in GC-MS analysis. 
The amount of H/D exchange does not reach 100% and may indicate that one of the regioisomers does not exchange or exchanges much more slowly than the others.
Of the three regioisomers it is anticipated that 12 would be the most acidic carbon acid followed by 13 then 11. Having identified 11, syn 2-Cp*CONMe2-13a and anti 2-Cp*CONMe2 13b as the main components of the synthesised Cp*CONMe2, the next question was which of these structures was capable of H/D exchange. To a sample of Cp* CONMe2 (0.1M) in DMSO-d6/D2O (9/1 % v/v) was added a drop of NaOD to determine which 1H NMR signals exchange. After subjection of the sample to NaOD, 1H NMR showed that two of the signals syn 2-Cp*CONMe2-13a and anti 2-Cp*CONMe2 13b completely disappeared. Disappearance of both quartets at 2.64-2.67 ppm on treatment with NaOD indicated the presence of at least two acidic carbon acids. The peak at 3.02 ppm corresponding to 11 was not removed under these conditions, confirming it to contain the least acidic CH.


[bookmark: _Toc28286142][bookmark: _Toc29309185][bookmark: _Toc31057660]3.6.2 1H NMR rates of deuterium exchange of Cp*CONMe2 in 90%/10% v/v DMSO/D2O 



Figure 3.4.0. H/D exchange of 0.1M Cp*CONMe2 in DMSO-d6/D2O (9:1) with [0.0025M] NaOD 
based on the disappearance of the 1H NMR quartet signals at 2.63 for anti 2-Cp*CONMe2 13b (●) and 2.7 ppm syn 2-Cp*CONMe2 13a (●).
[bookmark: OLE_LINK6][bookmark: OLE_LINK7]The rates of H/D exchange (Figure 3.4.0) follow an exponential decay and the corresponding observed pseudo first-order rate constants were obtained from a plot of Ln [(C-H-C-H ͚ )] against time (Fig. 3.4.1), which in turn show a first-order dependence on base concentration.


Figure 3.4.1. Pseudo first order rates for the disappearance of 1H NMR C-H signals of (●) syn 2-Cp*CONMe2 13a and anti 2-Cp*CONMe2(●) 13b with [0.0025M] NaOD.

The interesting observation is that the rates of exchange of syn 2-Cp*CONMe2 13a and anti 2-Cp*CONMe2 13b are very similar, which would not be expected for significantly different regioisomers of Cp*CONMe2. 

Figure 3.4.2. H/D exchange of syn 2-Cp*CONMe2 (●) 13a and anti 2-Cp*CONMe2 (●) 13b with [0.00125M] NaOD in DMSO/D2O (9:1).

Figure 3.4.3. First order disappearance of C-H signal from (●) 13b and (●) 13a with [0.00125M] NaOD.

[bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK12]Following the 2 experiments with different [-OD], the rate constants were compiled to obtain the second order rate constants which would then be used to determine relative acidities.12
Table 3.2.7. Rate constants for H/D exchange of Cp*CONMe2 as a function of NaOD in 90% v/v DMSO/D2O.
	


	
	NaOD (0.0025 M)
	NaOD (0.00125 M)

	Rate constant 
	syn 2-Cp*CONMe2 13a
	anti 2-Cp*CONMe2 13b
	syn 2-Cp*CONMe2 13a
	anti 2-Cp*CONMe2 13b

	kobs (s-1)
	1.33 x 10-3
	1.58 x 10-3
	5.63 x 10-4
	6.33 x 10-4

	kOD- (M-1 s-1)
	5.33 x 10-1
	6.31 x 10-1
	4.51 x 10-1
	5.07 x 10-1

	Log (kOD-)
	-0.27
	-0.20
	-0.35
	-0.30



*Conditions [Cp*CONMe2] 0.1M, Solvent DMSO-d6/D2O (9:1), NaOD
Using the extrapolation of the plot of log kOH- for CH ionisation as a function of the pKa of substituted cyclopentadienes in water (Figure 3.3.8) to give a crude estimate of the pKa of 2-carboxamide Cp*(13b) in 9:1 v/v DMSO/ D2O predicts a value of approximately 18.4 for both conformers, compared with 21 for Cp*, a decrease in pKa of 2.6 (Figure 4.4.4). Although proton loss from all 3 regioisomers generates the same carbanion, it is expected that 1-Cp*CONMe2 12 would have a substantially lower pKa than 13. Delocalisation of the negative charge from the ring to the amide carbonyl oxygen presumably requires same co-planarity of the amide with the ring which is sterically inhibited. However, inductively the amide would be expected to stabilise the carbanion. 

(●) Log [kOH-](ionisation constants in H2O) (●) Log [kOH-](predicted ionisation constants in DMSO) 
Figure 3.4.4. A Brønsted plot of pKa vs Cp acids deprotonation rate constants (Log (kOH-) in H2O (●) at 25 ᴼC with the corresponding linear plot of predicted (Log (kOH-) values in DMSO (●), which were used to crudely predict the pKa of Cp* (●), syn 2-Cp*CONMe2 13a (●) and anti 2-Cp*CONMe2 13b (●) in 90% v/v DMSO-d6/D2O based on the Log (kOD-) values obtained from H/D exchange. Additionally, based on Cp’s pKa in water (15) and DMSO (18), the plots were used to estimate (Log (kOH-) (●).


[bookmark: _Toc28286143][bookmark: _Toc29309186][bookmark: _Toc31057661]3.7 H/D exchange of Cp*COOH
A carboxylic acid substituent in tetramethylcyclopentadiene was thought to be of interest because of an anionic effect on H/D exchange as well as another ligand for Cp* catalysed reactions. Cp*COOH was prepared by the in-situ generation of anionic 2, 3, 4, 5-tetramethylcyclopentadienyl 15a followed by introduction of CO2 gas into the mixture which yielded 16 as the sole product. This was surprising as the literature reports a synthetic protocol detailing the product as a mixture of 16 and 16a (Scheme 13).21




[image: ]
Scheme 13. Synthesis of Cp*COOH based on the synthetic protocol reported21  (top) with a comparison of the 1H NMR data from the original report and the product obtained from our synthesis (bottom). 

2,3,4,5-Tetramethylcyclopenta-1,3-diene-1-carboxylic acid 16 was treated to the same H/D conditions (0.1M Cp*COOH in 9:1 v/v DMSO-d6/D2O with 0.05M NaOD i.e. only partially neutralising the acid) and the rate of H/D exchange determined by 1H NMR.
The pseudo-first order exponential decay was indicative of a carbon acid that was able to undergo deuterium exchange (Figure 3.4.5). Like the Cp*CONMe2, a plot of Ln [C-H-C-Hinf] vs time (Figure 3.4.6) generated a linear plot from which the pseudo-first order rate constant kobs was obtained as 8.13 x 10-4 s-1.

Figure 3.4.5. 1H NMR H/D exchange of 2-Cp*COOH (●) in DMSO-d6/D2O (9:1 v/v) with [0.05M] NaOD at 25°C based on integration of signal at 3.06 ppm.


 Figure 3.4.6. Linear plot for the first order deuterium exchange of Cp*COOH with [0.05M] NaOD.





Figure 3.4.7. 1H NMR H/D exchange of Cp*COOH (●) in DMSO-d6/D2O (9:1v/v) with [0.025M] NaOD at 25 °C based on integration of signal at 3.06 ppm.


Figure 3.4.8. Linear plot for the first order deuterium exchange of Cp*COOH with [0.025M] NaOD.

Although these kinetic experiments were performed with added base, this was neutralised by the carboxylic acid. The fact that the first-order rate constants are similar with two concentrations of base suggests a pH independent reaction of the carboxylate anion. This is probably due to intramolecular general base catalysed carbanion formation and H/D exchange. This has been previously observed for example in intramolecular general base catalysed enolate anion formation.22 

Table 3.4.8. Pseudo first-order rate constants for the base catalysed H/D exchange of Cp*CO2- in 90/10% v/v DMSO-d6/D2O.
	
	NaOD (0.025M)
	NaOD (0.05M)

	kobs (min-1)
	0.0423
	0.0488

	kobs (s-1)
	7.05 x 10-4
	8.13 x 10-4








It is interesting to note that, in 90/10% v/v DMSO-d6/D2O no exchange was observed, indicating that the Cp*CO2H is unreactive under these conditions, however, once base was introduced the acidic H underwent deuterium exchange, indicating that the base generates the active carboxylate which facilitates the intramolecular general base catalysed carbanion formation and H/D exchange.

[bookmark: _Toc28286144][bookmark: _Toc29309187][bookmark: _Toc31057662]3.8 H/D exchange and isomerisation of Cp*CF3 regioisomers

The Cp*CF3 mixture of regioisomers was subjected to a DMSO-d6/D2O (9:1v/v) solvent mixture in order to determine the extent of isomerisation and any H/D exchange.
In DMSO-d6 it was observed that the Cp*CF3 regioisomers underwent isomerisation at room temperature. By monitoring the respective C-H signals of 14-16 over a 12 hr period, a plot of integration vs time was generated (Figure 3.4.9). A decrease in 14 is successively matched with an increment in both 15 and 16.




Figure 3.4.9. 1H NMR integrated signals of H-C-CX3 (X=H/F) Cp*CF3 regiomeric isomerisation in DMSO-d6 (14 ●, 15 ● and 16 ●) as a function of time.

Interestingly, 19F NMR of the solution suggested the presence of two signals with significant difference in chemical shift. The signal at 3.65-3.73 ppm corresponding to 15 was unchanged- this was the earliest indication of 14 or 16 isomerising to the most stable form which in this case is 15. The same mixture was observed for an extended period at room temperature in which 16 was observed to undergo isomerisation to give 15.

Figure 3.5.0. 1H NMR integrations of the mixture from Figure 3.4.9 showing isomerisation of 16● to 15 ●.
 
From these observations it is evident that 14 undergoes this rearrangement the fastest, followed by 16. Though 15 can be converted to 14, this was not observed which would indicate that 15 is the most stable form of this particular ligand. It is not clear as to why 15 appears to be the most stable isomer given the close proximity of the CF3 moiety as well as the adjacent π-systems. Further investigations are needed in understanding why no deuterium exchange was observed with Cp*CF3.


Scheme 14. Sequential 1,5-sigmatropic rearrangements of Cp*CF3 regioisomers.
[bookmark: _Toc28286145][bookmark: _Toc29309188][bookmark: _Toc31057663]Conclusion
Determination of relative acidities of Cp* derivatives followed a comprehensive investigation not only in understanding their synthesis, and to gain an appreciation for the regiomeric make-up of select ligands, but also the thermal and solvent induced sigmatropic rearrangements; exploration of the different techniques that can be applied in obtaining deprotonation rate constants were also studied. The presence of distinct C-H signals in Cp* derivatives allowed for 1H NMR to be implemented as the technique to generate deprotonation rate constants which were subsequently used to generate relative acidities of Cp*derivatives. Though not quantitative, the significant difference in pKa between Cp* and Cp*CONMe2 suggests why there should be a difference in the rates of asymmetric transfer hydrogenation observed in the previous chapter with the electronic properties of the ligands being very different. The Cp*CO2H was found to undergo an intramolecular general base catalysed process as previously reported.22
In comparison to the H- acidity function method, the Brønsted plot generated from the second order rate constants produces pKa values that would be expected for the Cp* analogues investigated in this solvent mixture. The acidities of Cp substituents are appreciably higher in comparison to their Cp* counterparts. Furthermore, the study provided a method for the determination of pKa values for the Cp*CONMe2 regioisomers and confirms the similarity of the structures indicating the small difference in pKa between the two structures. The Brønsted correlation is in good agreement with the kinetics observed in the previous chapter-with introduction of a CONMe2 group on the Cp* ligand giving a less basic mono-anionic ligand that slows down hydride departure (Ir-H) thus slowing down the rate of transfer hydrogenation to the imine substrate. With regards to the 1-Cp*CF3, it was found to be the most stable isomer and no H/D exchange was observed. 



3.9 Chapter 3 future works 
The current work has focused solely on EWGs and their effect on the electron density of the metal centre, however, derivatising with EDG is envisaged to have the opposite effect, in the fact that the rate of reduction would be expected to increase due an increase in electron density on the Ir centre , therefore making the hydride more “acidic”.
 The Bronsted plot generated in this study used second order rate constants from two different experiments, the second order rate constants for the Cp derivatives were generated from deprotonation experiments whilst the ones in this study are from deuterium exchange experiments. Subjecting the Cp derivatives to deuterium exchange experiments would generate relative second order rate constants which would reflect the difference in the kOD values but would be more reflective of the true plot that would be expected if all second order rate constants were generated from the same experiment, i.e. in 90% DMSO-d6/D2O with varying concentrations of base.






[bookmark: _Toc28286146][bookmark: _Toc29309189][bookmark: _Toc31057664]Experimental 


To a two-necked 100 mL round bottom flask was added meso-2,3-dibromobutane (13. 5mL, 110 mmol) and ethylene glycol (20.0mL). The reaction was set-up for distillation, and the flask was heated to 120 °C upon which 2.84 M KOH was added dropwise over 45 minutes to the refluxing mixture. The product distilled over at 65 °C as a colourless liquid, which was dried with calcium chloride granules to afford 8 (9.79g, 65.8%).
1H NMR (400MHz, CDCl3): δ 5.93-5.84 (septet, 1H, J= 18.48 Hz), 3.11-3.10 (6H, 2 x CH3, J=6.32 Hz). 13C NMR (400MHz, CDCl3): δ 16.25, 32.60, 120.97, 127.85


Lithium granules (1.13g, 0.161 mol) were suspended in dry Et2O (50 mL) under Ar. The flask was cooled to 0 °C in an ice/salt bath and 8 (9.6g, 0.071 mol), as a solution in Et2O (7 mL), was introduced drop-wise, with stirring, over 30 minutes. The reaction mixture became cloudy and this was accompanied by a slight temperature rise. The temperature was kept below 20 °C. The grey reaction mixture was stirred for 90 minutes at 0 °C, before being cooled further to -40 °C in a cardice/MeCN bath. Ethyl-N, N-dimethyl oxamate (4.84g, 0.033 mol), as a solution in dry Et2O (7 mL) was introduced, drop-wise with stirring, over 30 minutes. With the addition of each drop, a yellow colouration was observed, which disappeared on stirring. The reaction mixture was allowed to warm to room temperature overnight. 
The green suspension was filtered to remove excess lithium, and the yellow filtrate was quenched by the addition of 2M HCl (ca. 100mL). The layers were separated, and the aqueous layer extracted with Et2O (3x 50mL). The combined organics were washed with aq. sat. NaHCO3 (50 mL), ultra-pure H2O (50 mL), and brine (50 mL). The yellow organic layer was dried (MgSO4), filtered, and the solvent removed in vacuo to leave the crude product 9a as an orange oil (5.2g, 70%). This was used without purification. 






 (E)-2-((E)-but-2-en-2-yl)-2-hydroxy-N, N-3-trimethylpent-3-enamide 9a (5.2g, 0.025 mol) was dissolved in dichloromethane (100 mL) under Ar, and stirred at room temperature. Methane sulphonic acid (19.9g, 0.206 mol) was added, in one portion, which caused the colour of the reaction mixture to change from yellow to orange. After 30 seconds, the reaction was quenched by the addition of ultra-pure water (100 mL). The layers were separated, and the aqueous layer extracted with DCM (3x 100 mL). The combined organics were washed with aq. sat. NaHCO3 (100 mL), ultra-pure water (100 mL), and brine (100 mL), dried (MgSO4), filtered, and the solvent removed in vacuo to leave an orange liquid (3.89g). Flash column chromatography on silica, eluting with 0-20% ethyl acetate in hexane (gradient elution) gave the product(s) as a yellow liquid as a mixture of double bond isomers 11,12 and 13 (1.6g, 33%): IR (neat) 1621, 1443, 1392, 1054 cm-1; 
1H NMR (400MHz, CDCl3, mixture of regioisomers) 3.17 (m, CH) 3.07 (s, 1 x N (CH3)2, 2.94 (m, N (CH3)2, 2.93 (m, N (CH3)2, 2.63-2.68 (m, 2 x CH), 1.88 (s, CH3), 1.86 (s, CH3), 1.86 (s, CH3), 1.85 (s, CH3), 1.81 (s, CH3), 1.78 (s, CH3), 1.76 (s, CH3), 1.06-1.08 (d, J= 3.86 Hz, CHCH3), 1.07-1.10 (d, J= 3.86 Hz, CHCH3); 13C NMR (CDCl3, mixture of regioisomers): 169.87 and 169.49 (C=O), 142.75, 142.50, 142.28, 141.46, 140.04, 139.62, 137.22, 136.58, 136.48, 133.34, 130.82 and 130.68 (C=C), 52.25, 52.05 and 50.43 (CCH), 37.82, 37.78, 34.20 and 34.13 (NCH3), 13.82, 13.45, 13.39, 13.11, 12.73, 11.71, 11.54, 11.07 and 10.71 (CH3); GCMS: m/z 193.1; HRMS (m/z) calculated C12H19NO [M-H] + :193.1529, found 194.1537













(2E, 5E)-3, 5-dimethyl-4-(trifluoromethyl) hepta-2, 5-dien-4-ol . A suspension of Lithium granules (803 mg, 115.8 mmol) in anhydrous Et2O (50 mL) under an Argon atmosphere was cooled to 0°C in an ice bath. To this suspension, a solution of 8 (4.07g, 30.5 mmol) in 50 mL of anhydrous diethyl ether was added drop-wise over a 45-minute period, while stirring was maintained. This drop-wise addition results in the formation of a cloudy suspension, due to the formation of lithium bromide. (▪ Caution. Some unreacted lithium metal may remain.) After an additional 1.5 hour of stirring at 0 °C, the flask was cooled to – 40 °C (dry ice/acetonitrile bath) and ethyl trifluoroacetate (2.12g, 14.95 mmol) [Fluorochem, 99% purity] was added as a solution in 50 mL of anhydrous diethyl ether over a 45-minute period. Stirring of the reaction mixture was maintained for an additional 1.5 h while allowing the cold bath to warm slowly to 0 °C. The reaction mixture was then quenched by dropwise addition of 30 mL of 2M HCl. The biphasic mixture was then transferred to a separating funnel and the organic layer was extracted. The aqueous layer was then extracted with Et2O (3 x 30 mL), and the combined organic extracts were washed successively with saturated NaHCO3 (50 mL), H2O (50 mL), and brine (50 mL) and dried (Na2SO4) and filtered. The combined organic layers were then dried in vacuo to afford 9b as a colourless oil which was used without further purification 2.2g (71%).


Preparation of the mixture of double bond isomers of 1,2,3,4-tetramethyl-5-(trifluoromethyl)cyclopenta-1,3-diene (14, 15 and 16). To a stirring solution of 9b (2.12g, 10.63 mmol) in methylene chloride (25 mL) was added methane sulfonic acid (8.48g, 5.73 mL, 88.2 mmol) rapidly. The deep red solution was stirred at ambient temperature for 20 seconds and the reaction mixture was poured into a 100 mL separating funnel containing 50 mL of a crushed ice/water mixture. (NOTE: It is important that this reaction is not prolonged as lengthy reaction times reduce the yield and purity of the target product). The organic layer was separated and the aqueous layer was then extracted with DCM (3 x 50 mL) and the combined organic extracts were washed with NaHCO3 (2 x 50 mL), H2O (2 x 100 mL), and brine (2 x 100 mL), and dried (Na2SO4), filtered and dried in vacuo to give 14, 15 and 16 as a clear, yellow liquid comprising of Cp*CF3 double bond isomers which was purified by column chromatography using CHCl3, 1.2 g, 60%. 
1H NMR 400MHz (CDC13) δ 3.30-3.27 (q, J = 10.27 Hz), 3.01-2.99 (q, J = 7.55 Hz), 2.65-2.71 (q, J = 7.81 Hz), 2.09-2.06 (q, J = 3.10 Hz), 2.05-2.03 (q, J= 4.81 Hz), 1.93 (s), 1.88 (s), 1.80 (s), 1.19-1.17 (d, J = 7.55 Hz), 1.12-1.10 (d, J =7.79 Hz); 13CNMR (CDC13) δ149.51, 147.03, 144.76, 140.53, 140.32, 133.75, 129.26, 128.75, 128.12, 126.54, 124.82, 123.98, 59.30, 53.44, 48.76, 13.73, 13.15, 12.47, 12.08, 11.58, 11.22, 11.13, 11.02, 10.40


2,3,4,5-Tetramethylcyclopenta-1,4(3)-diene-1-carboxylic acid. To a stirring solution of 1,2,3,4-tetramethylcyclopenta-1,3-diene (6.806 g, 55.6 mmol) in dry THF (180 mL) at -20 °C was added 40.6 mL (56.8 mmol) of n-BuLi (solution in hexanes). The stirring mixture was allowed to warm to 25 °C overnight resulting in a thick white suspension which was then cooled to -78 °C. Gaseous CO2 was then bubbled through the suspension for 15 mins and the reaction mixture was allowed to warm to room temperature, while still maintaining CO2 bubbling. The mixture was allowed to stir for an additional 30 min upon which saturated NH4Cl (50 mL) and Et2O(100mL) were added. The organic layer was separated and washed with brine, dried over MgSO4, and evaporated in vacuo. The remaining solid was dissolved in warm diethyl ether, and the product was precipitated with hexanes as a white solid 6.46 g, 67%): 1H-NMR (CDCl3) 400MHz δ 3.09-3.04 (q, J=7.14 Hz, 1H, CH), 2.31-2.30 (d, J =2.28 Hz, 3H, CH3CH), 1.81 and 1.80 (2s, each 3H, CH3), 1.24-1.22(d, J = 7.49 Hz,3H, CH3) signal for COOH not detectable; 13C-NMR (CDCl3) δ 170.6 (COOH), 159.5, 151.3, 135.5, 131.2 (C=C), 49.6 (CHCH3), 14.7, 14.0, 12.4, 10.6 (CH3).
[bookmark: _Toc28286147][bookmark: _Toc29309190][bookmark: _Toc31057665]Deuterium exchange experiment 1H NMR protocol
Stock solution of NaOD (0.05M)
7.02µL of Sodium deuteroxide for NMR 40% w/w in D2O 99+ atom %D (Acros) was added to a GC vial and 193µL of D2O (Sigma Aldrich 99.9 atom %D) was added to this. This afforded a NaOD concentration of 0.05M which was used as the stock solution for the respective deuterium exchange experiments.
[bookmark: _Toc28286148][bookmark: _Toc29309191][bookmark: _Toc31057666]General procedure for 1H NMR H/D exchange experiments
The Cp* (0.1mmol, 15.66µL) is added to a GC-vial and to this is added DMSO-d6 (900µL) [Cambridge isotope laboratories Inc. D, 99%], the resultant mixture was then sonicated for 5 minutes before being transferred to an NMR tube (NOTE: It was important to obtain a spectrum of the sample in neat DMSO-d6 as the integrals from this spectrum were to be used as the “zero” minute sample. D2O (90µL) was then added to the mixture and another spectrum was run after before the addition of base). From the preformed NaOD stock solution the appropriate amount of base is then added to give a final concentration of 0.005M as in this case. 
	
	Cp*
	DMSO-d6
	D2O
	NaOD

	Volume
	15.66µL
	900µL
	100µL
	10µL of stock solution 

	mmol
	0.1
	-
	-
	

	[M]
	0.1
	-
	-
	0.005M


0.1M Cp* in DMSO-d6/D2O (9:1) with 0.005M NaOD
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Microwave assisted synthesis of organo-iridium based bioactive agents 














Overview
The introduction of the platinum anti-proliferative compounds cisplatin, carboplatin, and oxaliplatin represented some of the first organometallic drugs to be used as chemical anti-cancer therapeutics. Cisplatin, serving as an early generation metallo-drug, exhibited high potency against a variety of cancers albeit causing severe side effects such as nephrotoxicity, neurotoxicity, and ototoxicity. However, this was combated by the introduction of carboplatin, a derivative exhibiting improved biocompatibility, though being less active than cisplatin. These early generation complexes consequently laid the foundation for the development of future families of organometallic complexes as biologically active agents. The recent developments in this field have heavily centred on using other platinum group metals and designing novel ligands possessing intricate architecture that enables the metallo-drugs to act via different pathways, in contrast to that undertaken by other drugs. 
The significant rise in the number of cancer cases over the last few decades and antibiotic resistance have highlighted the need for new approaches to be undertaken in chemical therapeutics, this is due in part to the recognition that the majority of compounds in our current arsenal, which have, for many years being effective in treating many diseases are slowly being phased out as microbial species gain the upper hand in the arm’s race by modifying certain aspects of their biochemistry. 
Octahedral iridium (III) complexes are attractive scaffolds in metallo-drug design and indeed have been extensively explored by various groups. This is due to the inertness of the coordinatively saturated bonds with IrIII, serving as stable templates for the design of various complexes and, secondly, IrIII complexes can be accessed from square-planar IrI complexes in stereoselective oxidative addition reactions. 
The Cp* ligand is relatively inert, a feature which has been exploited by Sadler and Blacker independently. In this regard, the two have independently focussed on modifying the ligand by introduction of lipophilic groups such as phenyl groups and by extending alkyl chains in an effort to improving cell permeation. 
Having studied the chemistry of pentamethylcyclopentadiene derivatives, the focus shifted to further elaboration of this ligand with regards to modifications that could enhance their biological activity, specifically those leading to complexes able to act as anti-cancer and anti-microbial agents. As well as developing novel complexes, the project also focussed on utilising a microwave procedure to increase yields and lower reaction times. 







[bookmark: _Toc31057669]4.1 Bio-energetics of cancer cells and the Warburg effect
Fundamentally, the survival of cells is highly dependent on the availability of nutrients in their surroundings, and nutrient uptake is heavily controlled to prevent aberrant individual cell proliferation when nutrient supply heavily exceeds demand to support cell division. Oncogenic mutations, however, have led to mechanisms that overcome this growth factor dependence, thus altering receptor-initiated signalling pathways. Of chief significance, the rate of glycolysis serves as a fundamental process that differs in proliferative and non-proliferative cells, with cancerous cells exhibiting an increased uptake of glucose that exceeds the bio-energetic demands of cell growth and proliferation.1 
[image: ]
Figure 4.1 Oxidative phosphorylation and anaerobic glycolysis as observed in normal cells and aerobic glycolysis in proliferative tissue such as tumours. 

Normal cells primarily rely on mitochondrial oxidative phosphorylation to produce energy in the form of ATP, a highly efficient process. Though rare, under anaerobic conditions differentiated cells can sometimes, produce large amounts of lactate regardless of oxygen availability, a process termed “aerobic glycolysis” (Figure 4.1).1 This phenomenon is most commonly observed in cells exhibiting rapid proliferation, characteristic for cancerous cells. Aerobic glycolysis is indeed a less efficient process, yielding significantly less ATP compared to oxidative phosphorylation, a feature that seems counter intuitive, however, it seems to be extremely valuable due to the generation of supplementary metabolites which are beneficial to rapidly proliferating cells.2,3 This manifestation of aerobic glycolysis is termed the Warburg effect and over the years has been observed as a key metabolic process in a variety of cancers, such as colorectal4, breast5, lung6 cancers and glioblastoma.1,7 
[bookmark: _Toc31057670]4.1.1 Enhancing cell wall permeability of organo-iridium complexes
The majority of reports on organo-iridium complexes of biological importance have for the most part focussed on increasing the hydrophobicity of complexes. In this regard, the introduction of “fatty” chains or hydrophobic groups, as in phenyl substituents, has proved to be successful for Blacker8 and Sadler9 with enhanced activity being observed upon introduction of the aforementioned substituents (Scheme 1). 
However, in consideration of host-guest interactions, epithelial surface adhesion of the guest molecules is fundamental to attaining both recognition and transport across the cell membrane. The cell’s development, maintenance, and host-pathogen interactions are highly dynamic processes, governed by extracellular recognition, signalling, adhesion and finally attachment. Carbohydrates situated on glycolipids on the surface of cells possess encoded biological information that the incoming structure can trigger in order to gain access to the cell interior.10 These pronounced structures harbouring flexible chains and many potential binding sites serve as important mediators in carbohydrate-carbohydrate and carbohydrate-protein interactions and indeed form the basis of a highly governed recognition system.11
The phospholipid bilayer is capable of orientating glycolipid clusters to increase interactions with endogenous and exogenous ligands thus maximising interactions. Due to the rich hydrophobic nature of the bilayer, the lipid part of the structure is deeply embedded in the layer, thus exposing the oligosaccharide appendage, a unique environment for carbohydrate interactions with other molecules. These arrangements of glycolipids serve as key recognition sites capable of mediating transportation of exogenous ligands able to initiate physiological responses once inside the cell. 


Scheme 1. Organo-iridium complexes featuring phenyl substituents and aliphatic tethers, with cytotoxicity increasing with an increase in the hydrophobicity of the Cp* ligand.
[bookmark: _Toc31057671]4.1.2 Bacterial life forms
Rapid proliferation is also a characteristic of microbial forms of life. The evolutionary complexity of these entities has led to metabolic control systems that enable the unicellular organisms to take advantage of environments rich in nutrients, thus leading to enhanced reproduction. This evolutionary trait is a sort of stockpiling of nutrients as nutrient scarcity will eventually lead to death, therefore sourcing essential building blocks while the environment is rich is a prerequisite to producing new cells as fast as possible.
The emergency of antibiotics in the 20th century was and still is crucial in combating a host of infectious diseases and has been invaluable in decreasing mortality rates. However, over the last few decades’ antibiotic resistance has led to early generation antibiotics becoming inactive due to the use and misuse of these agents.12,13,14 As the reality of antibiotic resistance becomes more evident, the development of new compounds and approaches is becoming more crucial to avoid going back to a time when easily treatable ailments resulted in death. 
[bookmark: _Toc29309195][bookmark: _Toc31057672]4.1.3 Synthetic strategy of organo-iridium complexes 
In our devised strategy, the introduction of biologically relevant motifs such as amino acids or carbohydrates could provide enhanced recognition sites, thus improving the IC50 values obtained by the Blacker group.8 To achieve this, the complex design was based on synthesising Cp* ligands with a “tether” as in Blacker’s report, which would enhance the hydrophobic nature of the complex, subsequently, increasing membrane permeability.
The presence of the alcohol at the end of the hydrophobic chain provides an opportunity for derivatisation with sugars and amino acids in an effort to increase recognition. This strategy, though serving primarily as an aid to enhance recognition, was also envisaged to improve selectivity of these complexes in terms of targeting cancerous cells over normal cells. 


Scheme 2. Complex design aimed at enhancing the recognition of organo-iridium complexes in biological systems.

The construction of this complex can be undertaken via different routes, the attempts of which will be covered in later sections.
[bookmark: _Toc29309196][bookmark: _Toc31057673]4.2 Tethered Cp* derivatives
[bookmark: _Toc29309197][bookmark: _Toc31057674]4.2.1 Synthesis of alcohol and amino tethers
Access to substituted Cp* ligands can be undertaken using two different approaches including the lithiation of 2-bromo-2-butene 1 (see Chapter 3.1) to afford 1a, which is then able to undergo a double addition to the appropriate lactone/ester to afford dienes 2a-b, capable of undergoing a Nazarov cyclisation, thus yielding the substituted Cp* ligand 3 as mixture of isomers (Scheme 3). This multi-step synthesis makes this pathway unfavourable, therefore method two, whereby 2,3,4,5-tetramethylcyclopent-2-enone 4 is reacted with an appropriate nucleophile is an attractive alternative. This method can be split into two sub sectors in which organolithium or Grignard reagents are employed respectively. The addition of a nucleophile (–CH2CN) to 4 yields the allyl alcohol intermediate 5 which, upon hydrolysis yields the exocyclic isomer 6, which in solution can undergo isomerisation and is in equilibrium with the endocyclic forms 8, 9, and 10. LiAlH4 facilitated reduction of the nitrile functionality in 6 generates the amine Cp* regioisomer 7 which, when treated with base, generates the aromatic unit 11, capable of binding to the metal centre in a η6  fashion to an Ir source to afford the organo-iridium complex 12.
It should be noted that even with this method, the reaction yields intermediates which are a mixture of isomers among which are exocyclic isomers afforded with organolithium reagents, which makes the 1D and 2D NMR more complex to interpretation, therefore in this work, product confirmation of the isomers was primarily carried out by GC-MS and HRMS. As the diene 2 and Cp* are intermediary species, only 1H NMR data is provided in the experimental section.


Scheme 3. Synthetic strategies employed in accessing Cp* ligands, including double addition of a lithiated species 1a to a lactone to afford the intermediate diene 2 which undergoes acid mediated cyclisation to afford the Cp* derivative 3 and the organolithium nucleophilic mediated access to Cp* ligands, as well as the use of Grignard’s to afford Cp* ligands, indicating the acid mediated microwave complexation to [Ir(cod)Cl2]2.

Though the use of Grignards to synthesise Cp* derivatives requires less steps, it is rarely utilised in the synthesis of Cp* ligands as the Grignards that are commercially available primarily feature alkyl or aryl units with limited examples of units featuring functional groups. Therefore, for the purpose of this study, the lithiation method was chosen in order to access functionalised tethered Cp* units, though the reaction is low yielding. Treating meso-2,3-dibromobutane with KOH yields the cis-bromo-but-2-ene fragment, however the double addition to the lactone/ester leads to the same product (2a and 2b) as would be obtained from the cheaper alternative (2-bromo-2-butene, mixture of cis and trans isomers), for this reason all syntheses of Cp* derivatives in this section were carried out using this material (Sigma-Aldrich, 2-bromo-2-butene, mixture of cis and trans isomers).

	Lactone 
	Tether length [(CH2)n]
	Yield %

	γ-Butyrolactone
	3
	43

	δ-Valerolactone
	4
	55

	ε-Caprolactone
	5
	50

	Pentadecanolide
	14
	56




To a stirred suspension of lithium granules (3.84 eq) in dry Et2O was added 2-bromo-2-butene (mixture of cis and trans isomers) (1 eq) in Et2O at 0 °C. The reaction mixture was then left to stir for 2 hrs in which time a grey solution formed. To this stirring grey solution was added the lactone (0.49 eq) in Et2O dropwise over 20 mins. The reaction mixture was left to stir for 1.5 hrs before filtration of residual lithium. *NOTE: Li was quenched by addition to IPA and slow addition of water after 30 mins of stirring. The resultant solution was then slowly added to saturated NH4Cl. The aqueous layer was washed with Et2O (3 x 50mL) and the combined ether layers were washed with brine, dried over anhydrous Na2SO4, filtered and concentrated to ca. 100ml. 3.2M HCl was added to the concentrated organic solution and the biphasic mixture was allowed to stir for 3 hrs. The organic layer was separated, washed with brine, dried over anhydrous Na2SO4, filtered and dried in vacuo to leave an orange oil which was purified by column chromatography on silica using hexane/EtOAc (10:1) to afford the alcohol product(s) as a yellow oil. 

In order to access tethers of different lengths, a series of lactones harbouring multiple methylene units were employed, such that the Cp* derivatives obtained had 3, 4, 5, and 14 methylene units. These ligands have been previously reported and so only 1H NMR data is provided as this was used to confirm cyclisation. 
Upon obtaining the Cp* derivatives, complexation was undertaken. Blacker et.al 15 had previously reported the synthesis of IrCp*(CH2)nOH complexes (n = 3, 4, 5 and 14) using the conventional refluxing method of IrCl3.3H2O with the given Cp* derivative in MeOH over a 24-48 hr period to obtain the product(s) in high yields. This provided a simple way of accessing the alcohol complexes. In an effort to simplify the synthesis of organometallic complexes, microwave heating was used. Employing hydrogen bonding solvents such as MeOH and EtOH in a closed system is beneficial as these solvents are excellent absorbers of microwave energy. In looking to modify the reaction conditions, Merola16 reported an efficient microwave method to access substituted Ir(III) and Rh(III) complexes and provided over fifteen examples. This method, using [Ir(cod)Cl2]2 as the starting material, proved to be far superior to the conventional refluxing method. It should be noted that the corresponding IrCl3.3H2O starting material is highly hygroscopic, and this is why the more stable [Ir(cod)Cl2]2 complex was chosen.
The microwave reaction is facilitated by the presence of excess HCl, with initial studies by El-Amouri and co-workers providing evidence for the oxidation of [Ir(cod)Cl]2 to IrIII facilitated by HCl, yielding the corresponding dimeric component in high yields.17 Though unorthodox in the preparation of organo-iridium complexes, the presence of HCl results in the formation of [Cp*MC12]2 derivatives, with the intermediary species being a result of an electrophilic two-electron oxidative addition to each metal centre of the starting material ([Ir(cod)Cl]2) to give the intermediate [IrHC12(cod)]2. Evidence for the [IrHCl2(cod)]2 is supported by Crabtree’s initial studies, in which he was able to synthesise and isolate this complex as an off-white solid.18,17,19 The resultant intermediate displays a strong affinity for HCp* ligands  which affords the target compounds in high yields. This method was deployed in the synthesis of IrCp*(CH2)nOH complexes- HCl has the potential to protonate the OH of the non-aromatic Cp*(CH2)nOH to give Cp*(CH2)nOH2+ thus preventing any potential coordination to the metal centre. The analogous IrCl3.3H2O starting material only yielded 33% of the corresponding product after 48 hrs of reflux.  The method provided a strategy to obtain IrCp*(CH)nOH complexes in an efficient and rapid route for high yield (>90%) syntheses.
By combining two elements from the two reports, such that the synthesis of the Cp*(CH2)nOH was undertaken via a Nazarov cyclisation (Scheme 3) and the complexation by the acid mediated microwave reaction, we were able to obtain the alcohol complexes in relatively high yields (>70%). This is the first example of this type of synthesis (Scheme 4). 


Scheme 4. Microwave assisted synthesis of organo-iridium complexes.
[bookmark: _Toc29309198][bookmark: _Toc31057675]4.2.2 Glycosylation via a Koenigs-Knorr reaction
The tethered Cp* alcohols 3 were subjected to a substitution reaction with 1-bromo-α-D-glucose tetraacetate, 2,3,4,6-tetra-O-acetyl-α-D-glucopyranosyl bromide 15. Of the many methods available for this type of coupling, the Koenigs-Knorr reaction (Scheme 5) is perhaps one of the simplest glycosylation reactions and of significance in this transformation is the presence of a promoter and in this work silver carbonate was used. The mechanism follows initial elimination of silver bromide (AgBr) to form an oxocarbenium 15a, with carbonyl attack from the adjacent acetyl to the electrophilic carbon leading to a dioxolaniumnium intermediate 15b. The alcohol has the potential to attack this intermediate from the upper/lower face thus yielding both α and β glycosylated products 16. 




Scheme 5. Koenigs-Knorr reaction, detailing the mechanistic transformation of 15 to afford the acetyl-protected glucose Cp* ligands 16.
Table 4.2.2 Yields for the synthesis of Cp*(CH2)nOAcetylGlc
	Entry
	(n)
	Yield %

	1
	3
	53

	2
	4
	55

	3
	5
	49

	4
	14
	60




To a stirring solution of 1-bromo-α-D-glucose tetraacetate, 2,3,4,6-tetra-O-acetyl-α-D-glucopyranosyl bromide 15 (1eq.) and Cp*(CH2)nOH  (1.2eq.) in DCM was added to Ag2CO3 (2eq.) and pre-dried 4Å molecular sieves. The reaction mixture was covered with tin foil and left to stir O/N. The resultant mixture was filtered through a short pad of Celite®, leaving a yellow solution which was dried in vacuo. The viscous crude product was then purified by flash column chromatography to afford the α and β analogues as viscous oils.20

The reaction was indeed successful in affording the glycosylated Cp* ligands. It should be noted that the reaction yielded four products, this due to the mixture of double bond isomers of the Cp* but also due to α and β-anomeric products. 
In looking to expand the library, other sugar derivatives such as α-D-mannose pentaacetate 17 were employed in a Koenigs-Knorr reaction (Scheme 6). In this endeavour, the Cp*(CH2)AcetylMan analogue was afforded, however, attempts to complex this Cp* derivative yielded no results under the same reaction conditions. 


Scheme 6. Synthesis of α-D-mannose pentaacetate Cp* analogue and attempts to afford the resultant complex.
[bookmark: _Toc29309199][bookmark: _Toc31057676]4.3 Cp*(CH2)nOGlc complexation to form [Cp*(CH2)nOGlcIrCl]2(μ2-Cl)2 
Several synthetic strategies were attempted to obtain the target complexes [Scheme 7]. Though primitive, the synthesis of the glucose tethered analogues followed a simple Koenigs-Knorr reaction and proved to be efficient in obtaining the glycosylated Cp* ligands. For the purpose of this report, only the β-analogues are considered as α-analogues were not explored further.
Complexation of the novel Cp* ligands, could potentially be achieved via several methods. These strategies are explored below.


Scheme 7. Synthetic strategies attempted in an effort to access the deprotected glucose organo-iridium complex.
[bookmark: _Toc29309200][bookmark: _Toc31057677]4.3.1 STRATEGY 1
Upon obtaining the Cp*OAcetyl-Glc tethered motif, a simple NaOMe mediated deprotection was undertaken, in which nucleophilic attack by the methoxide ion (-OMe) affords the alkoxide 16a, which facilitates elimination of the side product, methyl acetate, thus affording the deprotected analogue 17 (Scheme 8). It should be noted that the nucleophilic attack by methoxide is random and does not necessarily show any preference for which OAc is attacked first. Once the deacetylated product was obtained, complexation was attempted with IrCl3.3H2O in order to afford the target complex. 

 
Scheme 8. Zemplén’s deacetylation of the novel Cp*(CH2)nOAcetylGlc to afford the deacetylated analogue.
However, though successful in obtaining the deprotected product, no complexed product was obtained when reacted with IrCl3.3H2O. The reaction was undertaken under normal conditions, whereby the ligand in conjunction with IrCl3.3H2O was refluxed for 48 hrs in MeOH. The microwave strategy was also attempted but yielded no product. Though no conclusive evidence was obtained, the free alcohols have the potential to coordinate to the metal centre thus inhibiting any formation of the product, this could be because the alcohol motifs coordinate to the metal before coordination of the Cp* motif. 
[bookmark: _Toc29309201][bookmark: _Toc31057678]4.3.2 STRATEGY 2
Cp* tethered alcohol Ir complexes had been obtained in high yields using the microwave methodology, it was thus envisaged that the complexed alcohol (IrCp*(CH2)nOHCl)2 14 would easily undergo glycosylation with the acetyl-protected glucose 15 (Scheme 9). Complexes featuring longer tethers such that (CH2)n, n= 4-14 were expected to undergo glycosylation easily as the alcohol functionality is further away from the metal centre.
However, after countless attempts, with different tethered alcohols, only the starting material was obtained. 


Scheme 9. Attempted glycosylation of [IrCp*(CH2)5OHCl2]2 with 1-bromo-α-D-glucose tetraacetate, 2,3,4,6-tetra-O-acetyl-α-D-glucopyranosyl bromide.
[bookmark: _Toc29309202][bookmark: _Toc31057679]4.3.3 STRATEGY 3
With lessons learnt from applying strategy 1; the possibility of alcohol coordination could be prevented by the presence of protecting groups. In this third method, the acetyl protected glucose tethered Cp* 16 was used. In this approach, the Cp*(CH2)nOAcetylGlc derivative 16 was added to a stirring solution of iridium trichloride trihydrate in the presence of NaHCO3 and subjected to a 2 hr microwave programme, yielding the product 18 in low yields. It is important to note that the use of reflux conditions, as is customary for organo-iridium complexes, did not yield the product. 



Scheme 10. Complexation of Cp*(CH2)nOGlc derivatives with IrCl3.3H2O in the presence of NaHCO3 using a microwave reactor in MeOH.
Table 4.3.3 Yields for the synthesis of Cp*(CH2)nOAcetylGlc
	Entry
	(n)
	Yield %

	1
	3
	40

	2
	4
	43

	3
	5
	46

	4
	14
	50




To a 4 mL capacity microwave pressure tube was added the Cp* (1 eq) and IrCl3.3H2O (0.5 eq) in MeOH (2 mL) with NaHCO3 (1.1eq). The reaction was heated to 120 ᴼC at 50W and 10 bar and held for 1 hr with stirring, before being left to cool. The suspension was transferred to a round bottom flask (RBF) and the residue solid in the microwave pressure tube was washed into the RBF with MeOH (25 mL) and the resultant mixture was dried in vacuo to leave a black solid which was purified by column chromatography on silica with toluene/EtOAc (1:1) to afford the respective [IrCp*(CH2)nOGlcCl2]2 complexes as orange solids.

The microwave method in which HCl was employed to facilitate complexation is of course detrimental to the sugar-Cp* analogues as this facilitates acid catalysed hydrolysis of the acetal thus liberating the free sugar and Cp*(CH)nOH. This meant [Ir(cod)Cl]2 could not be used to afford the sugar complexes. It should be noted that this method was more tedious as it required column chromatography of the complexes and the reaction in general was low yielding. 
[bookmark: _Toc29309203][bookmark: _Toc31057680]4.3.4 Deprotection attempts 
Once the acetyl-glucose complex 18 had been obtained, it was vital to deprotect the sugar appendage and in this pursuit, the traditional NaOMe mediated deprotection strategy was utilised. However, this did not yield the deprotected product. NaOMe is usually added in a catalytic amount but as demonstrated from our studies even 10eq was not able to achieve this feat. Attention thus turned to other milder bases such as K2CO3, NaOH and Na2CO3, all of which have been employed in the deprotection of acetyl protected glucans. After countless attempts, no deprotection was observed, this prompted the idea of using microwave heating to achieve this transformation. Though low yielding, the reaction was complete within an hour, thus affording the deprotected glucose Cp* tethered organo-iridium complex 19. 


Scheme 11. Deprotection attempts using different bases.
[bookmark: _Toc29309204][bookmark: _Toc31057681]4.5 Anti-cancer properties of organo-iridium complexes
Upon obtaining a library of organo-iridium complexes featuring tethered recognition sites such as acetyl protected glucose, alcohol and amino groups, the complexes 20-32 were tested against human colorectal adenocarcinoma (HT-29), human ovarian carcinoma (A2780) and cisplatin- resistant human ovarian carcinoma (A2780cis). Complexes 21 and 22 had previously been tested and showed promising IC50s. The cytotoxicity observed was partially due to an increase in length of the aliphatic chain alcohol, with 22 being the most potent of the series, exhibiting activity comparable to that of cisplatin. The activity observed against A2780cis cell line shows the potential of these complexes to circumvent cisplatin resistance in some cancer cells. The two complexes 21 and 22 were synthesised and included in this study as well as cisplatin, serving as reference points for the other complexes. The results provided by Blacker’s group indicated that the alcohol functionality was crucial in controlling the stability of the metal complex once the dimer dissociates during its interaction with cells, a feature that was envisaged to be enhanced by the introduction of multiple OH groups as in glucose.



Scheme 12. Complexes/ compounds submitted for anti-cancer testing.

Accordingly, the alcohol complexes, 20, 21, 22 and the amino analogue 23 were included in this study in order to gain a relative overview of the activity, but also to confirm the results obtained by Blacker. The novel per-acetyl glucose tethered complexes, 24 and 26 were predicted to enhance activity due to the presence of a recognition motif. This approach of including a protected glycan in a metal complex is not new and is exemplified by the gold salt auranofin, a compound that has found use as an anti-rheumatic agent. Recently, auranofin has been recognised as a potent anti-cancer agent, inducing cell apoptosis and inhibiting proliferation and survival of ovarian SKOV3 cancer cell lines. Though the mechanism of action is not fully understood, it has been observed that auranofin upregulates pro-apoptotic genes, thus inducing apoptosis in ovarian cancer cells. 21,22 Aurothioglucose is another example of a gold thioglucose compound that is also used in rheumatoid arthritis. This class of compounds encouraged our endeavour, as aurothioglucose is water soluble but similarly, auranofin can undergo hydrolysis of the acetyl motifs once in biological systems to yield the deprotected analogue which also results in a water soluble compound.  


Scheme 13. Pharmacologically active gold thioglucose compounds. 

Also included in the study were the 6,7-dimethoxy-1-methyl fluorinated 3,4- dihydroisoquinolines 33-36 compounds reported in chapter 2. Dihydroisoquinolines are of particular interest as this class of compounds have for a long time served as active biological agents with examples of being  used as anti-oxidants23, anti-microbials 24,25, anti-HIV26, anti-malarial and anti-diabetic27 agents. However, Solecka et. al provided one of the first examples of anti-cancer properties of this class of compounds.28 The novel series of fluorinated dihydroisoquinolines 33-36 (see Chapter 2) were included in this study to investigate any potential biological activity. 
With help from Emma Pinder, the anticancer cell line testing was undertaken. The majority of the complexes/compounds display >100 µM cytotoxicity which of course is not worthy of further exploration. However, results from this study indicate that the data reported by the Blacker group is much higher in our study with regards to IC50s specifically 22 with reported values of 10.6 + 0.8, 5.2 + 0.2 and 5.3 + 0.1 µM cytotoxicity against HT29, A2780 A2780cis respectively. Though still active, the values from this testing gave values of 63.7, 21.2, and 20.6 µM for the same cancer cell line. Initially, thought of as a discrepancy, this suggestion was confirmed by the results for 21, where the original report details IC50s of 30.0 + 1.0 (HT29), 23.2 + 0.8 (A2780) and, 28.4 + 0.6 µM (A2780cis) but in this study, values >100 µM were recorded against all cell lines employed. These results are a source of concern as on average the IC50s of cisplatin from the original report are much lower than those obtained from this study. 

Table 4.5.1 IC50 values obtained from the anti-cancer testing of the organo iridium complexes and the dihydroisoquinolines.
	
	IC50 (µM)

	Complex
	HT29
	A2780
	CP70

	Cisplatin
	46.38
	14.08
	58.05

	*
	2.5+ 0.1
	0.95+ 0.05
	11.1 + 0.6

	20
	>100
	>100
	>100

	21
	>100
	>100
	>100

	*
	30.0 + 1.0
	23.2 + 0.8
	28.4 + 0.6

	22
	63.72
	21.16
	20.63

	*
	10.6 + 0.8
	5.2 + 0.2
	5.3 + 0.1

	23
	>100
	56.58
	>100

	24
	55.02
	35.74
	34.12

	25
	>100
	65.93
	>100

	26
	-
	-
	-

	27
	>100
	>100
	>100

	28
	>100
	>100
	>100

	29
	>100
	>100
	>100

	30
	>100
	>100
	>100

	31
	>100
	45.36
	63.88

	32
	>100
	>100
	>100

	33
	>100
	>100
	>100

	34
	56.60
	43.47
	53.52

	36
	>100
	>100
	>100



* data from Dalton Trans., 2016,45, 6812-6815





A review of the results for the glycan analogues indicate that 24 displays IC50s of 55.02, 35.74, and 34.12 µM which should be compared to that of cisplatin 46.38 (HT29), 14.08 (A2780), 58.05 (A2780cis). According to this data, the acetyl glucose derivative 24 displays activity that is comparable to cisplatin. Of course this is not conclusive, but highlights that 24 should be considered as a lead compound from which more active analogues could be accessed. The deprotected analogue is less active than its acetyl counterpart but does display activity against A2780. IrCp*(CH2)14OAcetylGlcCl2 26 was predicted to show enhanced activity as it features the longer tether which has been implicated in increasing anti-cancer activity, hydrolysis of the acetyl units should allow access to multiple OHs and in accordance with Blacker’s report these would stabilise the monomeric species more than one OH group. According to our investigations, the complex was found to be insoluble in DMSO and thus no results were obtained. This of course is peculiar as the characterisation of the compound was carried out in CDCl3, which, relative to DMSO, is a poorer solvent for organo-metallic complexes.




Though the majority of the dihydroisoquinolines (DHIQs) tested display IC50s >100 µM, among this cluster, the monofluorinated unit does display activity against the cell lines. The DHIQ scaffold is primarily planar, with two sp3 centres that disturb this planarity, however this compound could potentially act via as an intercalating agent. 



[bookmark: _Toc29309205][bookmark: _Toc31057682]4.6 Anti-microbial properties of organo-iridium complexes
In an effort to extend the biological testing, a select number of complexes were subjected to microbial testing against Staphylococcus aureus and Pseudomonas aeruginosa, representative of Gram positive and Gram negative pathogens respectively. Antimicrobial activity was assessed via a minimum inhibitory concentration (MIC) approach as per Lambert and Pearson .29 This approach is suited to potentially medically relevant drugs since inhibition of microbial growth by a compound will allow for the immune system to respond to an infection whilst avoiding potentially toxic concentrations of compound to the host. 
[image: ]
Figure 4.6.1. Sigmodial plot indicating the three phases of classic microbial growth curve
Under optimal conditions of nutrients, temperature, O2 and CO2, microbial growth follows a sigmoidal pattern (Figure 4.6.1) consisting of a lag phase in which bacteria grow in size but do not multiply, this is then followed by an exponential phase, in which a bacterium multiplies via binary fission, a process in which the parent divides into two identical daughter bacterium, which then proceed to multiply in a similar fashion. Once the nutrients have been exhausted the medium has a constant population of bacteria as exemplified by the stationary phase. In extended periods of incubation, there may also be a death phase in which nutrients are scarce leading to death of organisms. 
A growth curve can be obtained for an organism under certain conditions by the measurement of the change in optical density over time. In the presence of antimicrobial agents, an impact on the growth curve can be observed. This may be present as (i) an elongated lag phase, (ii) a reduced ODmax, or (iii) the absence of entry into exponential phase entirely. All these will impact upon the fractional area (FA) under a growth curve. Within this study, the optical density was determined through the use of a BioscreenC (Growth Curves USA) utilising 100 well plates. Within test wells, organisms were grown in isosensitest broth (Oxoid, US) with a range of concentrations of compound. As a positive control, the same reaction was set up in the absence of compound and as a negative control organisms were omitted from the reaction. The optical density (600nm) was then measured every 20 minutes for 24 hours with incubation at 37°C and shaking for 5 seconds prior to measurement. 
With respect to analysis, the fractional area (FA) under each of the curves was calculated for both test, positive and negative control wells. The FA of the test (minus the negative control) is then divided by the fractional area of the positive control (minus the negative) and plotted against Log10 of the concentration (blue circles, figure). The data set can then be expanded through modelling the data using a modified Gompertz function (Equation 1 as per.29)

This analysis was carried out using Microsoft Excel and the solver function to reduce the sum of error (test-model)2 by adjusting A (lower asymptote of y), B (slope parameter), C (distance between upper and lower asymptote) and M (log concentration of inflexion). An example of the data analysed and placed into the model can be seen in figure.
[image: ]
Figure 4.6.2. Example of test and modelled data, the test fractional areas and Gompertz function derived model data are both plotted against the Log10 of the compound concentration.

The MIC value can then be determined using equation 2, utilising the values derived from the Gompertz function fitting.

                                       
The results obtained indicated that there was no activity against Pseudomonas aeruginosa when compounds 20-24 and 30-32 were tested (table). Activity was however observed against Gram positive Staphylococcus aureus from compounds 20-24 and 30-32. In particular, 31 (0.4 µM) and 32 (2.9 µM) showed the the lowest concentrations to inhibit the growth of this organism. The activity of these complexes is presumably due to the presence of the aromatic substituents, which can be envisaged to increase the hydrophobicity of the complex, thus increasing cell wall permeability. This observation is line with previous reports by Sadler et.al 9 in which anticancer activity increases proportionally with consecutive aromatic substitution on the Cp* such that cytotoxicity follows the order Cp* < Cp*phenyl < Cp*biphenyl. Although the method employed in this preliminary testing was useful in generating some relative MIC values against P.aeruginosa and S.aureus, the glucose complexes 25 and 26 were also tested using this methodology, however, these compounds produced a colouration of the isosensitest broth when mixed, and as such an optical density based approach could not be replicated with these compounds. The subject of future work would involve the production of a suitable methodology to determine the MIC of these compounds.    
Table 4.6.1 MIC values of complexes 20-24 and 30-32 against P.aeruginosa and S.aureus.
	 
	MIC (µM)

	
	Gram +ve
	Gram -ve

	Complex
	P.aeruginosa
	S.aureus

	20
	-
	8.0

	21
	-
	7.3

	23
	-
	8.1

	24
	-
	7.2

	30
	-
	6.8

	31
	-
	0.4

	32
	-
	2.9

	- Denotes no activity



[image: Related image]
Figure.4.6.3. Illustration of the cell wall structural differences of Gram negative and Gram positive bacteria. [*Ref Stanley., C. 2015, Bacteria Gram stains: Gram positive and Gram negative http://stanleyillustration.com/latest-work/2015/2/8/ngoo8tdfmqo4tyh0vksu37vqroxnvs] 
One possible explanation for the activity observed against the two bacteria species may be explained based on cell wall structural differences. The Gram negative P. aeruginosa has a more complex cell wall, and one of the fundamental differences between Gram positive and negative strains of bacteria is the presence of an outer lipid membrane which offers an extra layer of protection but also makes penetration of exogenous ligands harder. As the majority of antibiotics work by disrupting the peptidoglycan (PG) architecture, this is shielded by the outer membrane in Gram negative bacteria and therefore antibiotics which require access to PG and the cell interior to carry out their actions are unable to do so and are therefore rendered inactive. 
The compounds do show promising activity against S.aureus, especially complexes 31 and 32 and represent a new therapeutic approach to combating S.aureus which is resistant to a number of antimicrobials.

[bookmark: _Toc29309206][bookmark: _Toc31057683]Conclusion 

In conclusion, the preliminary biological testing is inconclusive but offers encouraging results as the novel acetyl protected complex (IrCp*(CH2)5OAcetylGlcCl2) does show some activity against HT29, A2780 and A2780cis, and could benefit from thorough testing against other cancer cell lines. With regards to the antimicrobial testing, the organo-iridium complexes show activity against S.aureus, providing an alternative approach in combating Gram positive bacterial infections. The study was important in establishing an efficient method of preparing organo-iridium complexes. The use of a microwave reactor proved efficient in the preparation of the alcohol complexes from [Ir(cod)Cl2]2 and is the first report of this type of synthesis in which HCl is employed. The synthesis of a novel series of glucose based complexes have been reported but more work is needed to improve access to these motifs with regards to reaction conditions as the ones reported in this chapter are for the most part low yielding. 

4.7 Chapter 4 future works 
The project was successful in the fact that the Koenigs-Knorr reaction afforded some examples of Cp* tethered glucose complexes, however, future work could focus on derivatising the Cp* with different sugars, such as mannose and sucrose. Mannose is of interest as it has been reported to be more active against bacterial species, hence this would be an attractive example to increase the scope of the chemistry presented in this chapter. 
The introduction of amino acids is also of interest as certain amino acids have been implicated in playing a crucial role in cancer biosynthesis, for instance glutamine serves as a carbon and nitrogen donor for purine biosynthesis. As amino acids produce derivatives that also support cancer growth and metastatic potential, it is important to consider hijacking this network to enable organo iridium complex to be selectively be taken up.
The majority of the testing carried out with these novel complexes is rudimentary and indeed more detailed investigations of their potential against other gram negative bacteria would reveal their truth potential as alternative antimicrobial agents. 





[bookmark: _Toc29309207][bookmark: _Toc31057684]Experimental 
[bookmark: _Toc29309208][bookmark: _Toc31057685]General procedure for synthesis of Cp*(CH2)nOH

To a stirred suspension of lithium granules (568.3 mmol, 3.84 eq) in dry Et2O was added 2-bromo-2-butene (mixture of cis and trans isomers) (148.14 mmol, 1 eq) in Et2O at 0°C. The reaction mixture was then left to stir for 2 hrs in which time a grey solution formed. To this stirring grey solution was added the lactone (72.6 mmol, 0.49 eq) in Et2O dropwise over 20 mins. The reaction mixture was left to stir for 1.5 hrs before filtration of residual lithium. *NOTE: Li was quenched by addition to IPA and slow addition of water after 30 mins of stirring. The resultant solution was then slowly added to saturated NH4Cl. The aqueous layer was washed with Et2O (3 x 50mL) and the combined ether layers were washed with brine, dried over anhydrous Na2SO4, filtered and concentrated to ca. 100ml.3.2M HCl was added to the concentrated organic solution and the biphasic mixture was allowed to stir for 3 hrs. The organic layer was separated, washed with brine, dried over anhydrous Na2SO4, filtered and dried in vacuo to leave an orange oil which was purified by column chromatography on silica using hexane/EtOAc (10:1) to afford the alcohol product(s) as a yellow oil. 

*NOTE: The synthesis of the Cp* derivatives yields a mixture of regioisomers which makes structural assignment difficult, thus to confirm the products, 1H NMR and GC-MS were employed. The Cp* derivatives are rarely fully characterised as they are used in subsequent reactions without further purification, thus only 1H NMR data was undertaken to confirm cyclisation of the corresponding dienes. 




1H NMR (400MHz, CDCl3): δ 3.65 (t, J= 7.5 Hz, 2H, CH2OH), 2.13-2.50 (m, 2H, CH2CH2CH2OH), 1.57- 1.66 (m, 2H, CH2CH2OH), 1.55 (2 x s, 6H, 2 × CH3), 1.51 (s, 3H, CH3), 0.93 (2 × d, J = 7.0 Hz, 3H, CH3). 



1H NMR (400MHz, CDCl3): δ 3.68-3.55 (t, J=6.30 Hz, 2H, CH2OH), 2.27-2.15 (m, 2H, CH2),1.83 (s,6H, 2 x CH3),1.80 (s,3H, CH3),1.75-1.22 (m, 1.63-1.54 (m, 2H, CH2), 1.38 (m, 5H, 2 × CH2 and allyl CH), 1.05-0.973 (dd, 3H, CH3, J=3.30 Hz), 3H, CH3




1H NMR (400MHz, CDCl3): δ 3.65-3.62 (t, J=6.72 Hz, 2H, CH2OH), 2.25-1.95 (m, 2H, CH2),1.81 (2 x s,6H, 2x CH3),1.78 (s, 3H, CH3), 1.59 (m, 2H, CH2), 1.38 (m, 5H, 2 × CH2 and allyl CH), 1.01 (dd, J=4.04 Hz ), 3H, CH3




1H NMR (400MHz, CDCl3): δ 3.67-3.63 (t, J = 6.79 Hz, 2H, CH2OH), 1.75- 1.67 (m, 2H, CH2), 1.68 (s, 3H, CH3), 1.67 (2 x s, 6H, 2 × CH3), 1.60-1.53 (m, 2H, CH2), 1.50-1.63 (m, 3H, CH2 and allyl CH), 1.38-1.20 (m, 20H, 10 × CH2), 1.00 (2 × d, J =7.6 Hz, 3H, CH3).


1H NMR (400MHz, CDCl3): δ 7.30-7.16 (m, 4H, 4 x Ar-H), 2.97-2.87 (sextet, J=22.81 Hz), 2.03 (s, 6H, 2 x Cp*Me), 1.92 (s, 6H, 2 x Cp*Me), 0.96-0.95 (d, J= 7.82 Hz, 6H, iso-CH3).



1H NMR (400MHz, CDCl3): δ 7.10-7.02 (m, 2H, 2 x Ar-H), 6.86-6.77 (m, 2H, 2 x Ar-H), 2.97-2.69 (m, 2H, CH2-Ar), 2.26-2.08 (m, 2H, CH2-Cp*), 1.66 (2 x s,6H, 2 x Cp*Me), 1.64 (s, 3H, Cp*Me), 1.05-1.03 (d, J=7.02 Hz, 3H, Cp*Me)



1H NMR (400MHz, CDCl3): δ 3.17-3.11 (m, 4H, 2 x CH2), 2.98-2.90 (m, 2H, CH2-Cp*), 2.35, -2.24 (m, 2H, CH2), 2.19-2.11 (m, 2H, CH2),1.81 (2 x s,6H, 2 x Cp*Me), 1.77 (s, 3H, Cp*Me), 1.00-0.96 (t, J=7.27Hz, 3H, CH3)
[bookmark: _Toc29309209][bookmark: _Toc31057686]General procedure for synthesis of Cp*(CH2)nOH complexes 

To a 20 mL capacity microwave pressure tube was added the Cp* (1 eq) and [Ir(cod)Cl2]2 (0.5 eq) in MeOH (6 mL) with 0.5 mL of conc. HCl. The reaction was heated to 120 ᴼC at 50W and 10 bar and held for 1 hr with stirring, before being left to cool. The orange solid was filtered and washed with MeOH (50 mL) to afford the [IrCp*(CH2)nOHCl2]2 complex as an orange solid which did not require further purification.




1H NMR (400MHz, CDCl3): δ 3.36-3.32 (t, J = 6.33 Hz, 2H, CH2OH), 2.22- 2.19 (t, J=7.59, 2H, CH2), 1.71-1.64 (m, 2H, CH2) 1.60 (s, 6H, 2 x CH3), 1.59 (s, 6H, 2 x CH3). 13C NMR (400MHz, CDCl3): δ 87.37, 86.84, 86.49, 62.25 (CH2OH), 27.58 (CH2), 21.14 (CH2), 9.37 (4 x CH3). I.R 3332.8, 2957.3, 2916.2, 2855.5, 1655.5, 1441.0, 1377.7, 1224.5, 1156.3, 1055.3, 912.5, 754.8. HRMS (m/z) calculated C12H19OIrCl2 [M-Na] +: 442.0443, found 465.0334. 




1H NMR (400MHz, CDCl3): δ 3.70-3.66 (t, J = 6.24 Hz, 2H, CH2OH), 2.22- 2.19 (t, J=7.78 Hz, 2H, CH2), 1.63 (s, 6H, 2 x CH3), 1.61 (s, 6H, 2 × CH3), 1.57-1.50 (m, 4H, 2 x CH2). 13C NMR (400MHz, CDCl3): δ 87.46, 86.86, 86.46, 62.25 (CH2OH), 32.49 (CH2), 23.95 (CH2), 23.87 (CH2),9.47 (2 x CH3),9.36 (2 x CH3). I.R 3420.0, 2936.2, 2845.4, 2161.3, 1481.4, 1378.3, 1059.0, 1047.3, 1032.5, 977.1




1H NMR (400MHz, CDCl3): δ 3.65-3.61 (t, J = 6.30 Hz, 2H, CH2OH), 2.17- 2.13 (m, 2H, CH2), 1.60 (s, 6H,2 x CH3), 1.59 (s, 6H, 2 x CH3), 1.57-1.54 (m, 2H, CH2), 1.43-1.40 (m, 4H, 2 x CH2 allyl). 13C NMR (400MHz, CDCl3): δ 87.68, 86.74, 86.43, 62.61 (CH2OH), 32.42 (CH2), 27.50 (CH2), 25.96 (CH2), 24.18 (CH2), 9.47 (2 x CH3), 9.38 (2 x CH3). HRMS (m/z) calculated C14H23OIrCl2 [M-Cl] +: 470.07556, found 435.1088.I.R 3416.7, 2928.4, 2864.7, 1462.6, 1382.0, 1075.7, 1032.0, 993.0




1H NMR (400MHz, CDCl3): δ 3.67-3.62 (t, J = 9.46 Hz, 2H, CH2OH), 2.14- 2.10 (m, 2H, CH2), 1.61 (s, 6H,2 x CH3), 1.59 (s, 6H, 2 x CH3), 1.57-1.53 (m, 2H, CH2), 1.39-1.36 (m, 3H, CH2 and allyl CH), 1.37-1.24 (m, 20H, 10 x CH2). 13C NMR (400MHz, CDCl3): δ 88.22, 86.48, 86.42, 63.10 (CH2OH), 32.82(CH2), 31.92 (CH2), 29.73 (CH2), 29.59 (CH2), 29.55 (CH2), 29.43 (CH2), 29.34 (CH2), 27.66 (CH2), 25.74 (CH2), 24.14 (CH2), 14.12 (CH2), 9.43 (2 x CH3), 9.39 (2 x CH3). HRMS (m/z) calculated C23H41OIrCl2 [M-Cl] +: 596.2164, found 561.2475. I.R 3459.1, 2916.5, 2848.8, 2150.6, 2032.3, 14691.1, 1381.8, 1031.9, 721.7
[bookmark: _Toc29309210][bookmark: _Toc31057687]General procedure for synthesis of Cp*(CH2)nOGlc
To a stirring solution of  2,3,4,6-tetra-o-acetyl--D- glucopyranosyl bromide  (1.0 eq.) and Cp*(CH2)nOH (1.2 eq.) in DCM was added Ag2CO3 (2eq.) and pre-dried 4Å molecular sieves. The reaction mixture was covered with tin foil and left to stir O/N. The resultant mixture was filtered through a short pad of Celite®, leaving a yellow solution which was dried in vacuo. The viscous crude product was then purified by flash column chromatography to afford the α and β analogues as viscous oils.20

   
2, 3, 4, 6-tetra-o-acetyl--D- Glucopyranosyl bromide  (8.00g, 19.46 mmol, 1.0 eq.), Cp*(CH2)3OH (4.21g, 23.36 mmol, 1.0eq.) Ag2CO3 (10.74g, 38.92 mmol, 2eq.) and pre-dried 4Å molecular sieves. (2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-(3-(2,3,4,5-tetramethylcyclopenta-1,3-dien-1-yl)propoxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate, 5.96g, 53%
1H NMR (400MHz, CDCl3): δ H2 , 5.23-5.18 (t, J=9.39Hz, 1H, CH), H3 , 5.11-5.06 (t, J=9.56Hz, 1H, CH), H4 , 5.03-4.97 (m, 1H, CH), H1 , 4.54-4.48 (m, 1H,CH), H6 , 4.28-4.24 (dd, J=4.75Hz, 1H,CH), H6 ,4.14-4.11 (dd, J=2.59Hz, 1H, CH), H7 , 3.90-3.81 (m,1H,CH), H5 ,3.70-3.67 (m,1H, CH), H7 ,3.48-3.41 (m,1H,CH ), 2.63-2.45 (m,1H,Cp*H), 2.43-2.14 (m,1H, Cp*CH2), 2.01 (s,3H,OAc), 2.04 (s,3H,OAc), 2.02 (s,3H,OAc), 2.00 (s,3H,OAc,), 1.81 (s,3H,Cp*Me), 1.80 (s, 3H,Cp*Me), 1.77 (s, 3H,Cp*Me), 1.01-0.9 (m,3H ,Me). 13C NMR (400MHz, CDCl3): δ 170.7 (C=O), 170.34 (C=O), 169.41 (C=O), 169.26 (C=O), 138.46 (Cp*C),138.33 (Cp*C), 135.81(Cp*C), 135.8 (Cp*C), 100.77 (C1), 72.93 (C5), 71.72 (C3), 71.41 (C2), 71.37 (C4), 69.9 (C7), 62.02 (C6), 30.16, (CH2), 29.35 (CH2), 20.67 (O=C=Me), 20.65 (O=C=Me), 20.63 (O=C-Me), 11.86 (Cp*-Me), 11.72 (Cp*-Me), 11.63 (Cp*-Me), 10.60 (Cp*-Me). I.R 2918.5, 2850.1, 1747.2, 1438.1, 1366.3, 1214.0, 1169.6 907.5


2, 3, 4, 6-tetra-o-acetyl--D- Glucopyranosyl bromide  (6.10, 14.84 mmol, 1.0 eq.), Cp*(CH2)4OH (3.46g, 17.81mmol, 1.2 eq.) Ag2CO3 (8.1g, 29.68 mmol, 2eq.) and pre-dried 4Å molecular sieves. (2R,3R,5R,6R)-2-(acetoxymethyl)-6-(4-(2,3,4,5-tetramethylcyclopenta-1,3-dien-1-yl)butoxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate,5.14g, 55%

1H NMR (400MHz, CDCl3): δ H2 ,5.23-5.19 (t, J=9.33 Hz, 1H, CH), H3 ,5.13-5.08 (t, J=9.83 Hz, 1H, CH), H4 ,5.02-4.98(t, J=9.46 Hz, 1H, CH), H1 , 4.51-4.48 (m, 1H,CH), H6 ,4.30-4.26 (dd, J=4.57 Hz, 1H, CH), H6 ,4.16-4.13 (dd, J=2.43 Hz, 1H, CH), H7 ,3.91-3.87 (m, 1H, CH), H5 , 3.72-3.68 (m, 1H, CH), H7 ,3.51-3.46 (m,1H,CH ), 2.60-2.48 (m, 1H, Cp*H), 2.37-2.14 (m, 1H, Cp*CH2), 2.10 (s, 3H, OAc), 2.04 (s, 3H, OAc), 2.02 (s, 3H, OAc), 2.02 (s, 3H, OAc), 1.83 (s, 3H, Cp*Me), 1.78 (m, 6H, 2 x Cp*Mes), 1.70-1.50 (m ,4H, CH2-CH2-CH2-Cp*), 1.02-1.00 (d, J=4.54 Hz, 3H ,Me) . 13C NMR (400MHz, CDCl3): δ 170.74 (C=O), 170.37 (C=O), 169.43 (C=O), 169.31 (C=O), 138.24 (Cp*C), 100.79 (C1), 72.90 (C5), 71.70 (C3), 71.33 (C2), 70.16 (C4), 68.44 (C7), 61.99 (C6), 49.24, 29.24 (CH2), 27.60 (CH2), 20.77 (O=C=Me), 20.65 (O=C=Me), 20.63 (O=C-Me), 11.86 (Cp*-Me), 11.72 (Cp*-Me), 11.63 (Cp*-Me), 11.20 (Cp*-Me). product 1 HRMS (m/z) calculated C27H40O10 [M+Na] +: 524.61, found 547.2518 product 2 HRMS(m/z) calculated C27H40O10 [M+Na] +: 524.2622, found 547.2525


2, 3, 4, 6-tetra-o-acetyl--D- Glucopyranosyl bromide  (17.81, 43.43 mmol, 1.0 eq.), Cp*(CH2)4OH (10.83g, 51.98mmol, 1.2 eq.) Ag2CO3 (28.66g, 103.96 mmol, 2eq.) and pre-dried 4Å molecular sieves. (2R,3R,5R,6R)-2-(acetoxymethyl)-6-((5-(2,3,4,5-tetramethylcyclopenta-1,3-dien-1-yl)pentyl)oxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate,13.70g, 49%
1H NMR (400MHz, CDCl3): δ H2 ,5.22-5.18 (t, J=9.50 Hz, 1H, CH), H3 , 5.11-5.06 (t, J=9.81 Hz, 1H, CH), H4 , 5.00-4.96 (t, J=8.31 Hz, 1H, CH),  H1 , 4.49-4.47 (m, 1H, CH), H6 , 4.28-4.24 (dd, J=4.72 Hz, 1H, CH), H6 , 4.14-4.11 (dd, J=4.85 Hz, 1H, CH), H7 ,3.90-3.81 (m, 1H, CH), H5 ,3.70-3.66 (m, 1H, CH), H7 ,3.50-3.41 (m, 1H, CH ), 2.68-2.45 (m, 1H, Cp*H), 2.34-2.24 (m, 1H, Cp*CH2), 2.08 (s, 3H, OAc), 2.03 (s, 3H, OAc), 2.02 (s, 3H, OAc), 2.00 (s, 3H, OAc), 1.81 (s, 3H, Cp*Me), 1.79 (m, 6H, 2 x Cp*Mes), 1.76 (s, 3H, Cp*Me), 1.59-1.26 (m, 6H, 3 x CH2), 1.00-0.97 (m, 3H ,Me) . 13C NMR (400MHz, CDCl3): δ 170.76 (C=O), 170.38 (C=O), 169.44 (C=O),100.80 (C1), 72.88 (C5), (71.73 (C3), 71.34 (C2), 70.21 (C4), 64.45 (OCH2), 31.6 (CH2-CH2-Cp*), 30.30 (OCH2-CH2), 29.36 (CH2), 25.81 (CH2), 20.77 (O=C=Me), 20.65 (O=C=Me), 20.63 (O=C-Me), 14.11 (Cp*-Me), 11.80 (Cp*-Me), 11.69 (Cp*-Me), 11.64 (Cp*-Me). HRMS (m/z) calculated C28H42O10 [M+H]+;538.2779, found 539.2851


2, 3, 4, 6-tetra-o-acetyl--D- Glucopyranosyl bromide  (6.96g, 16.93 mmol, 1.0 eq.), Cp*(CH2)14OH (6.88g, 20.32 mmol, 1.2 eq.) Ag2CO3 (11.2g, 40.65mmol, 2eq.) and pre-dried 4Å molecular sieves. (2R,3R,5R,6R)-2-(acetoxymethyl)-6-((14-(2,3,4,5-tetramethylcyclopenta-2,4-dien-1-yl)tetradecyl)oxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate,8.30g, 60%
1H NMR (400MHz, CDCl3): δ H2 , 5.24-5.20 (t, J=9.52 Hz, 1H, CH), H3 , 5.13-5.08 (t, J=9.77 Hz, 1H, CH), H4 , 5.01-4.98 (t, J=8.33 Hz, 1H, CH), H1 , 4.51-4.50 (d, J=7.85 Hz, 1H, CH), H6 , 4.30-4.26 (dd, J=4.65 Hz, 1H, CH), H6 , 4.17-4.13 (dd, J=2.18 Hz, 1H, CH), H7 , 3.90-3.85 (m, 1H, CH), H5 , 3.73-3.69 (m, 1H, CH), H7, 3.51-3.45 (m, 1H, CH ), 2.16-2.09 (m, 2H, Cp*CH2), 2.10 (s, 3H, OAc), 2.05 (s, 3H, OAc), 2.04 (s, 3H, OAc), 2.02 (s, 3H, OAc), 1.62 (s, 6H, 2 x Cp*Me), 1.62-1.52 (m, 2H, OCH2), 1.60 (m, 6H, 2 x Cp*Me), 1.35-1.21 (m, 24H, allyl, 12 x CH2), 0.93-0.83 (m, 3H , Me) .13C NMR (400MHz, CDCl3): δ 170.71 (C=O), 170.34 (C=O), 169.41 (C=O), 169.28 (C=O), 100.84 (C1), 86.43 (C5), 72.89 (C3), 71.74 (C2), 71.37 (C4), 70.27 (OCH2), 68.50 (C5-CH2) 62.00, 39.37 (Cp*CH2), 31.93 (Cp*CH2-CH2), 29.70 (CH2), 29.66 (CH2), 29.61 (CH2), 29.48 (CH2), 29.40 (CH2), 29.36 (CH2), 25.82 (CH2), 24.01 (CH2), 23.50, (CH2), 22.69 (O=C-Me), 20.74 (O=C-Me), 20.62 (O=C-Me), 20.60 (O=C-Me), 14.11 (Cp*Me), 9.42 (Cp*Me), 9.37 (Cp*Me). product 1 HRMS (m/z) calculated C37H60O10 [M+Na] +; 664.4187, found 687.4086, product 2 HRMS (m/z) calculated C37H60O10 [M+H] +; 664.4187, found 665.4272
[bookmark: _Toc29309212][bookmark: _Toc31057688]General procedure for synthesis of Cp*(CH2)nacetylOGlc Iridium complexes 
To a 4 mL capacity microwave pressure tube was added the Cp* (1 eq) and IrCl3.3H2O (0.5 eq) in MeOH (2 mL) with NaHCO3 (1.1eq). The reaction was heated to 120 ᴼC at 50W and 10 bar and held for 1 hr with stirring, before being left to cool. The suspension was transferred to a round bottom flask (RBF) and the residue solid in the microwave pressure tube was washed into the RBF with MeOH (25 mL) and the resultant mixture was dried in vacuo to leave a black solid which was purified by column chromatography on silica with toluene/EtOAc (1:1) to afford the respective [IrCp*(CH2)nOGlcCl2]2 complexes as orange solids.


1H NMR (600MHz, CDCl3): δ H2 , 5.20-5.17 (t, J=9.55 Hz, 1H, CH), H3 , 5.07-5.04 (t, J=9.79 Hz, 1H, CH), H4 , 4.92-4.88 (t, J=8.07 Hz, 1H, CH), H1 , 4.48-4.47 (d, J=7.91 Hz, 1H, CH), H6 , 4.27-4.24 (dd, J=4.57 Hz, 1H, CH), H6 , 4.14-4.11 (dd, J=4.57 Hz, 1H, CH), H7 ,3.90-3.87(m, 1H, CH), H5 , 3.71-3.68 (m, 1H, CH), H7 , 3.49-3.45 (m, 1H, CH ), 2.24-2.19 (m, 2H, CH2), 2.17-2.14 (m, 2H, Cp*CH2), 2.09 (s, 3H, OAc), 2.07 (s, 3H, OAc), 2.03 (s, 3H, OAc), 2.00 (s, 3H, OAc), 1.78-1.64 (m, 2H, CH2), 1.60 (s, 3H, Cp*Me), 1.596 (s, 3H,Cp*Me), 1.592 (s, 3H, Cp*Me), 1.56 (s, 3H, Cp*Me). 13C NMR (600MHz, CDCl3): δ 170.66 (C=O), 170.26 (C=O), 169.43 (C=O), 169.31 (C=O), 129.03 (qC), 128.22 (qC), 126.98 (qC), 125.29 (qC), 100.74 (C1), 72.75 (C5), 71.78 (C3), 71.09 (C2), 69.32 (C4), 68.34 (C7), 61.84 (C6), 31.92 (Cp*CH2CH2), 27.60 (Cp*CH2), 22.69 (O=C-Me), 21.19 (O=C-Me), 20.85 (O=C-Me), 20.77 (O=C-Me), 9.43 (Cp*-Me), 9.34 (Cp*-Me), 9.33 (Cp*-Me), 9.23 (Cp*-Me). HRMS (m/z) calculated C26H37O10IrCl2 [M-Cl] +: 772.1394, found 737.1764. I.R 2922.1, 1739.0, 1434.1, 1366.9, 1219.4, 1166.9, 1029.9, 904.4


1H NMR (400MHz, CDCl3): δ H2, 5.23-5.19 (t, J=9.55 Hz, 1H, CH), H3, 5.11-5.07 (t, J=9.77 Hz, 1H, CH), H4 , 4.99-4.95 (t, J= 8.12 Hz, 1H, CH), H1, 4.50-4.48 (d, J=8.04 Hz, 1H, CH), H6 , 4.31-4.26 (dd, J=4.59 Hz, 1H), H6 , 4.17-4.13 (dd, J= 2.35 Hz, 1H, CH), H7, 3.91-3.85 (m, 1H, CH), H5, 3.73-3.69 (m, 1H, CH), H7 , 3.54-3.48 (m, 1H, CH), 2.20-2.16 (m, 2H, Cp*CH2), 2.10 (s, 3H, OAc), 2.04 (s, 3H, OAc), 2.04 (s, 3H, OAc), 2.02 (s, 3H, OAc,), 1.71-1.64 (m, 2H, CH2), 1.65-1.58 (m, 2H, CH2), 1.61 (s, 6H, 2 x Cp*Me), 1.60 (s, 3H, Cp*Me), 1.59 (s, 3H, Cp*Me), 1.51-1.45 (m, 2H, CH2). 13C NMR (400MHz, CDCl3): δ 170.71 (C=O), 170.31 (C=O), 169.45 (C=O), 169.27 (C=O), 100.79 (C1), 72.82 (C5), 71.78 (C3), 71.30 (C2), 69.22 (C4), 68.36 (C7), 61.90 (C6), 29.46 (Cp*CH2CH2), 23.78 (OCH2CH2), 20.83 (Cp*O=C-Me), 20.74 (O=C-Me), 20.64 (O=C-Me), 20.63 (O=C-Me), 9.40 (Cp*Me), 9.41 (Cp*Me), 9.34 (Cp*Me). HRMS (m/z) calculated C27H39O10IrCl2 [M-Cl] +: 786.1550, found 781.1880. I.R 2941.3, 1744.0, 1434.4, 1365.6, 1213.6, 1031.9, 906.0


1H NMR (600MHz, CDCl3): δ H2, 5.14-5.10 (t, J=9.55 Hz, 1H, CH), H3, 5.02-4.99 (t, J=9.83 Hz, 1H, CH), H4 , 4.90-4.87 (t, J= 8.03 Hz, 1H, CH), H1, 4.42-4.40 (d, J=8.07 Hz, 1H, CH), H6 , 4.20-4.17 (dd, J=4.72 Hz, 1H,CH), H6 , 4.07-4.05 (dd, J= 2.44 Hz, 1H, CH), H7, 3.79-3.75 (m, 1H, CH), H5, 3.63-3.60 (m, 1H, CH), H7 , 3.41-3.37 (m, 1H, CH), 2.08-2.05 (m, 2H, Cp*CH2), 2.01 (s, 3H, OAc),1.96 (s, 3H, OAc), 1.95 (s, 3H, OAc),1.93 (s, 3H, OAc), 1.55-1.47 (m, 2H, CH2), 1.52 (s, 6H, 2 x Cp*Me),1.5199 (s, 6H, 2x Cp*Me), 1.36-1.24 (m, 4H, 2 x CH2) . 13C NMR (600MHz, CDCl3): δ 170.70 (C=O), 170.32 (C=O), 169.43 (C=O), 100.71 (C1), 87.64 (qC),86.65 (qC), 86.60 (qC), 86.55 (qC), 86.43 (qC), 72.86 (C5), 71.77 (C3), 71.30 (C2), 69.70 (C4), 68.43 (C7), 61.96 (C6), 53.45, 29.16 (Cp*CH2CH2), 27.40 (GluOCH2CH2), 26.02 (Cp*(CH2)2C), 24.12 (Cp*C), 20.80 (O=C-Me), 20.75 (O=C-Me), 20.64 (O=C-Me), 20.62 (O=C-Me), 9.45 (Cp*Me), 9.44 (Cp*Me), 9.36 (Cp*Me), 9.356 (Cp*Me). I.R 2929.1, 1742.5, 1626.0, 1440.2, 1370.5, 1117.0, 1045.0, 896.4, 735.4. HRMS (m/z) calculated C28H41O10IrCl2 [M+Na] +: 800.1707, found 823.1598. I.R 2933.5, 1743.8, 1432.8, 1365.9, 1214.2, 1031.7, 906.4


1H NMR (400MHz, CDCl3): δ H2, 5.22-5.17 (t, J=9.53 Hz, 1H, CH), H3, 5.10-5.05 (t, J=9.83 Hz, 1H, CH), H4 , 4.99-4.95 (t, J= 8.03 Hz, 1H, CH), H1, 4.50-4.48 (d, J=7.78 Hz, 1H, CH), H6 , 4.28-4.24 (dd, J=4.75 Hz, 1H, CH), H6 , 4.14-4.11 (dd, J= 2.29 Hz, 1H, CH), H7, 3.89-3.83 (m, 1H, CH), H5, 3.70-3.66 (m, 1H, CH),  H7 , 3.50-3.43 (m, 1H, CH), 2.14-2.08 (m, 4H, 2 x CH2), 2.08 (s, 3H, OAc), 2.03 (s, 3H, OAc), 2.01 (s, 3H, OAc), 1.99 (s, 3H, OAc), 1.60 (s, 6H, 2 x Cp*Me), 1.58 (s, 6H, 2 x Cp*Me), 1.39-1.22 (m, 44H, 22 x CH2). 13C NMR (400MHz, CDCl3): δ 170.67 (C=O), 170.30 (C=O), 169.39 (C=O), 169.25 (C=O), 100.81 (C1), 88.17 (qC), 86.44 (qC), 86.38 (qC), 72.86 (C5), 71.71 (C3), 71.39 (C2), 70.24 (C4), 68.47 (C7), 61.99 (C6), 30.90 (CH2), 29.72 (CH2), 29.66 (CH2), 29.60 (CH2), 29.57 (CH2), 29.45 (CH2), 29.36 (CH2), 29.35 (CH2), 29.30 (CH2), 27.63 (CH2), 25.78 (CH2), 24.11 (CH2), 20.72 (O=C-Me), 20.63 (O=C-Me), 20.61 (O=C-Me), 20.58 (O=C-Me), 9.39(Cp*Me), 9.35(Cp*Me). HRMS (m/z) calculated C37H59O10IrCl2 [M-Cl] +: 926.3115, found 891.3412. I.R 2922.5, 2852.5, 1747.8, 1455.7, 1365.3, 1213.9, 1169.4, 1032.1


1H NMR (400 MHz, DMSO-d6): δ 5.04 (brs, 1H, OH), 4.98 (brs, 1H, OH), 4.55 (brs, 1H, OH), 4.09-4.07 (d, J=7.73 Hz, 1H, CH), 3.77-3.72 (m, 1H, CH), 3.64-3.62 (m, 1H, CH), 3.44-3.41 (m, 4 x CH2), 2.14-2.04 (m, 2H, CH2), 1.66 (s, 6H, 2 x Cp*Me), 1.62 (s, 6H, 2 x Cp*Me), 1.54-1.49 (m, 2H, CH2), 1.46-1.36 (m, 4H, 2 x CH2). 13C NMR (400MHz, DMSO-d6): δ 103.36 (C1), 93.34 (Cp*qC), 93.14 (Cp*qC), 93.06 (Cp*qC), 93.06 (Cp*qC), 92.87 (Cp*qC), 77.26 (C5), 77.21 (C3), 73.88 (C2), 70.44 (C4), 68.72 (C7), 61.42 (C6), 29.47 (Cp*CH2CH2), 27.57 (OCH2CH2), 26.03 (CH2), 23.39 (CH2), 8.76 (4 x Cp*Me). I.R 3373.9, 2922.9, 2855.8, 2359.2, 1652.7, 1439.2, 1377.0, 1160.3, 1072.5, 903.9, 731.6. HRMS (m/z) calculated C20H33O6IrCl2 [M-Cl] + 632.1284, found 597.1565
[bookmark: _Toc29309213][bookmark: _Toc31057689]General procedure for microwave assisted synthesis of organo-iridium complexes 
To a 20 mL capacity microwave pressure tube was added the Cp* (1 eq) and [Ir(cod)Cl2]2 (0.5 eq) in MeOH (6 mL) with 0.5 mL of conc. HCl. The reaction was heated to 120 ᴼC at 50W and 10 bar and held for 1 hr with stirring, before being left to cool. The orange solid was filtered and washed with MeOH (50 mL) to afford the [IrCp*RCl2]2 complex as orange solids which did not require further purification.


1H NMR (400 MHz, CDCl3): δ 7.49-7.46 (d, J=8.02 Hz, CH x 2), 7.20-7.19 (d, J=8.02 Hz, CH x 2), 2.94-2.84 (sextet, J=20.94 Hz), 1.71 (s, 6H, 2 x Cp*Me), 1.63 (s, 6H, 2 x Cp*Me), 1.25 (s, 3H, iso-Me), 1.23 (s, 3H, iso-Cp*Me). 


1H NMR (400 MHz, CDCl3): δ 9.93 (brs, OH), 7.03-6.97 (m, 2H, 2 x Ar-H), 6.76-6.74 (d, J=7.49 Hz, 1H, Ar-H), 6.70-6.66 (t, J=7.44 Hz, 1H, Ar-H), 2.70-2.66 (t, J=7.29 Hz, 2H), 2.28-2.25 (t, J=7.38 Hz, 2H), 1.58 (s, 6H, 2 x Cp*CH3), 1.48 (s, 6H, 2 x Cp*CH3). 13C NMR (400 MHz, CDCl3: δ 155.74 (C-OH), 130.90 (qCp*), 127.97 (qAr), 127.00 (ArC-H), 119.35 (ArC-H), 115.35 (ArC-H), 28.39 (Ar-CH2), 24.21 (CH2Cp*), 8.71(2 x Cp*Me), 8.36 (2 x Cp*Me). HRMS (m/z) calculated C17H21OIrCl2 [M-Cl] +: 504.0599, found 469.0913. I.R 3306.3, 1592.6, 1502.0, 1452.5, 1377.4, 1319.0, 1274.8, 1226.5, 1079.2, 1029.2, 933.7, 763.0


1H NMR (400 MHz, CDCl3): δ 7.91 (brs, 3H, NH3+), 2.80-2.70 (m, 2H, CH2-NH3+), 2.08-2.04 (t, J=7.11 Hz, 2H, CH2, Cp*CH2), 1.68 (s, 6H, 2 x Cp*Me), 1.64 (s, 6H, 2 x Cp*Me), 1.60-1.52 (m, 2H, Cp*CH2C), 1.48-1.37 (m, 4H, 2 x CH2). 13C NMR (400 MHz, CDCl3): δ 93.31 (qC), 92.90 (qC), 92.81 (qC), 27.22 (CH2-NH3+), 27.17 (CH2), 26.30 (CH2) 23.25 (Cp*CH2), 8.77 (Cp*Me), 8.75 (Cp*Me). HRMS (m/z) calculated C14H25NIrCl2 470.0994, found 470.0979. I.R 3118.7, 2934.6, 2859.0, 2360.2, 2340.9, 1587.6, 1447.2, 1376.8, 1031.2
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[bookmark: _Toc31057692]APPENDIX 1: X-ray crystallography data of organo iridium species
X-ray crystal structure of IrCp*I-(R,R)-TsDPEN 
[image: ]

	Chemical Formula
	C31H39N2O2S

	Cell lengths
	a 9.3942 b 14.0985(5) c 24.4313(8)

	Cell angles
	α 90 β 90 γ 90

	Cell volume
	3235.78

	Z, Z’
	Z:4 Z’=0

	R-Factor %
	2.54



	Atom 1
	Atom 2
	Bond length

	Ir
	I
	2.7455(5)

	Ir
	N1 (NH2)
	2.121(4)

	Ir 
	N2(NTs)
	2.140(4)

	Ir
	C23(Cp*)
	2.164(6)

	N2
	C8
	1.487(6)

	C8
	C7
	1.531(6)

	C8
	C9
	1.524(7)

	N2
	S1
	1.620(4)



X-ray crystal structure of IrCp*H-(R,R)-TsDPEN 

[image: ]
	Chemical Formula
	

	Cell lengths
	a 1 b 1 c 1

	Cell angles
	α 90 β 90 γ 90

	Cell volume
	1

	Z, Z’
	Z:0 Z’=0

	R-Factor %
	-




	Atom 1
	Atom 2
	Bond length

	Ir
	H59
	1.5962

	Ir
	N2(NTs)
	2.1940

	Ir 
	N3
	2.1619

	N3
	C4
	1.4941

	Ir
	C31
	2.1924

	N2
	S6
	1.6459

	C4
	C7
	1.5189

	H59
	N3
	2.5471



X-ray crystal structure of [IrCp*I2]2 
[image: ]
	Chemical Formula
	C20H30Ir2I4

	Cell lengths
	a 9.2755(7) b 12.2217(11) c 15.8825(12)

	Cell angles
	α 90 β 104.478(2) γ 90

	Cell volume
	1743.3

	Z, Z’
	-

	R-Factor %
	-



	Atom 1
	Atom 2
	Bond length

	Ir
	C4
	2.1716

	Ir
	I
	2.7017

	Ir
	Ir
	4.0836

	I2
	Ir
	2.7134

	C2
	C7
	1.4952



X-ray crystal structure of [IrCp*CONMe2I2]2 
[bookmark: _GoBack][image: ]
[image: ]
	Chemical Formula
	C24H36N2O2Ir2I4

	Cell lengths
	a 12.4183(7) b 8.9853(6) c 20.3328(12)

	Cell angles
	α 90 β 106.109(2) γ 90

	Cell volume
	2179.7

	Z, Z’
	-

	R-Factor %
	-



	Atom 1
	Atom 2
	Bond length

	Ir01
	I003
	2.6981

	Ir01
	1002
	2.7001

	Ir01
	Ir01
	4.0204

	C00B
	C00J
	1.4814

	Ir01
	C00D
	1.4814

	C00J
	O1
	1.1800

	C00J
	N1
	1.3487

	N1
	C00K
	1.4704



pKa	 ρ = -11.3
0.01	0.15	0.28999999999999998	0.38	4.76	2.59	1.33	0.52	σi

pKa


σi	ρ = -13.5
0.01	0.15	0.28999999999999998	0.38	10.97	9	7.52	5.81	σi

pKa


Unsubstituted Imine	ρ = -18.0
0.01	0.15	0.28999999999999998	0.38	8.33	6.19	3.03	1.9	σi


pKa


Substituted Imine	ρ = -19.0
0.01	0.15	0.28999999999999998	0.38	9.01	6.68	3.95	1.95	σi

pKa


1-fluoromethyl-6,7-dimethoxy-3,4-DHIQ	0	0.5	1	1.5	2	2.5	3	4	5	6	0	4.6630236794170932	11.876138433515468	17.231329690346044	27.395264116575646	35.191256830601098	44.408014571949039	61.384335154826907	72.20400728597447	77.923497267759629	1-difluoromethyl-6,7-dimethoxy-3,4-DHIQ	0	0.5	1	1.5	2	3	4	6	0	1.5798462852264126	0.25619128949631853	3.159692570452636	3.885567890691763	5.7216054654143047	7.3014517506405276	11.998292058070128	6,7-dimethoxy-1-methyl-3,4-DHIQ	0	0.5	1	1.5	2	3	4	5	6	0	25.018129079042765	48.005801305293559	71.718636693255974	83.973894126178322	93.183466279912864	94.887599709934676	96.011602610587275	96.011602610587275	Eq. of Formic acid added

% Protonated


[Imine]/M	0	0.5	1	5	7.5	10	15	17.5	20	22.5	25	27.5	30	32.5	35	37.5	40	42.5	45	47.5	50	52.5	55	57.5	65	70	80	0.1	9.7845000000000001E-2	9.6257000000000009E-2	8.1640000000000004E-2	7.4324000000000001E-2	6.5792000000000003E-2	4.8890000000000003E-2	4.5046999999999997E-2	3.8082999999999999E-2	3.3758000000000003E-2	2.8593E-2	2.3300999999999999E-2	1.7751000000000003E-2	1.4754E-2	1.2248E-2	9.2300000000000004E-3	7.1609999999999998E-3	5.8460000000000005E-3	5.2220000000000009E-3	4.5820000000000001E-3	3.7390000000000001E-3	4.2690000000000002E-3	3.388E-3	3.2660000000000002E-3	3.163E-3	3.065E-3	2.0609999999999999E-3	[Amine]/M	0	0.5	1	5	7.5	10	15	17.5	20	22.5	25	27.5	30	32.5	35	37.5	40	42.5	45	47.5	50	52.5	55	57.5	65	70	80	0	2.1050000000000001E-3	3.7429999999999998E-3	1.8360000000000001E-2	2.5675999999999997E-2	3.4208000000000002E-2	5.1110000000000003E-2	5.4953000000000002E-2	6.1917E-2	6.6242000000000009E-2	7.1406999999999998E-2	7.6692999999999997E-2	8.2249000000000003E-2	8.5248999999999991E-2	8.7751999999999997E-2	9.0770000000000003E-2	9.2839000000000005E-2	9.4154000000000002E-2	9.4778000000000001E-2	9.5418000000000003E-2	9.6260999999999999E-2	9.5730999999999997E-2	9.6612000000000003E-2	9.6275000000000013E-2	9.6837000000000006E-2	9.6837000000000006E-2	9.7938999999999998E-2	Time (mins)

Concentration/M


%ee	5	10	15	20	25	30	35	40	45	50	55	60	70	62.063999999999993	47.782000000000004	38.475999999999999	31.957999999999998	27.284000000000006	23.308999999999997	20.884	18.909999999999997	17.858000000000004	17.512	17.632000000000005	17.102000000000004	17.847999999999999	Time (mins)

%ee 


[R-Amine] / M	0	5	10	15	20	25	30	35	40	45	50	55	60	70	0	3.4825248000000001E-3	8.9318889000000005E-3	1.5722458200000001E-2	2.10658032E-2	2.5963247799999999E-2	3.153794E-2	3.4712145000000007E-2	3.7641978E-2	3.89270938E-2	3.9701474400000006E-2	3.9787862399999999E-2	4.0139211600000002E-2	3.9777998400000007E-2	[S-Amine] / M	0	5	10	15	20	25	30	35	40	45	50	55	60	70	0	1.48774752E-2	2.5278111100000004E-2	3.5387541799999998E-2	4.0854196799999999E-2	4.544675220000001E-2	5.0709592499999998E-2	5.3037855000000009E-2	5.5198021999999999E-2	5.5852906200000003E-2	5.6558525600000006E-2	5.6822137600000003E-2	5.6700788400000007E-2	5.7062001600000009E-2	Time (mins)

Concentration/M


ln(Sinf-S)	y = -0.0746x - 2.7519
R² = 0.9853
0	5	10	15	20	25	30	35	40	45	50	55	60	70	-2.8636168549476788	-3.1657017981669293	-3.4487957056053986	-3.8316206793481373	-4.1222623749836718	-4.4554364407561096	-5.0589211521993693	-5.5154424154367758	Time (mins)

Ln(S-Sinf)


[R-Amine] / M	y = 1.12E-03x - 1.89E-03
R² = 9.98E-01
5	10	15	20	25	30	3.4825248000000001E-3	8.9318889000000005E-3	1.5722458200000001E-2	2.10658032E-2	2.5963247799999999E-2	3.153794E-2	Time / mins

(R)-Amine / M


[R-Amine] / M	
0	5	10	15	20	25	30	35	40	45	50	55	60	70	0	3.4825248000000001E-3	8.9318889000000005E-3	1.5722458200000001E-2	[S-Amine] / M	
0	5	10	15	20	25	30	35	40	45	50	55	60	70	0	1.48774752E-2	2.5278111100000004E-2	3.5387541799999998E-2	Time (mins)


Concentration/M




20	25	30	35	2.10658032E-2	2.5963247799999999E-2	3.153794E-2	3.4712145000000007E-2	
20	25	30	35	4.0854196799999999E-2	4.544675220000001E-2	5.0709592499999998E-2	5.3037855000000009E-2	Time (mins)


Concentration/M



[Imine]/M	0	0.16666666666666666	0.5	0.75	1	1.2	1.4	2	2.15	2.2999999999999998	3.3	4.3	5	5.3	6	6.3	7	8	8.5	9	10	11	12	13	14	15	17.5	20	0.1	9.0248000000000009E-2	7.6275000000000009E-2	6.8954000000000001E-2	6.2092000000000001E-2	5.7860000000000002E-2	5.2086E-2	4.6418999999999995E-2	4.4732000000000001E-2	4.1756999999999996E-2	3.3323999999999999E-2	2.7276000000000002E-2	2.4009000000000003E-2	2.2369E-2	1.9559999999999998E-2	1.7651E-2	1.5497E-2	1.2785000000000001E-2	1.1072E-2	9.6629999999999997E-3	7.5709999999999996E-3	5.6020000000000002E-3	4.4189999999999993E-3	2.9390000000000002E-3	2.0670000000000003E-3	1.4419999999999999E-3	6.3500000000000004E-4	0	[Amine]/M	0	0.16666666666666666	0.5	0.75	1	1.2	1.4	2	2.15	2.2999999999999998	3.3	4.3	5	5.3	6	6.3	7	8	8.5	9	10	11	12	13	14	15	17.5	20	0	9.7519999999999985E-3	2.3725000000000003E-2	3.1046000000000001E-2	3.7908000000000004E-2	4.2140999999999998E-2	4.7914000000000005E-2	5.3581000000000004E-2	5.5268000000000005E-2	5.8244000000000004E-2	6.6675999999999999E-2	7.2724999999999998E-2	7.5991000000000003E-2	7.7631000000000006E-2	8.0438999999999997E-2	8.2349000000000006E-2	8.4503000000000009E-2	8.7215000000000001E-2	8.8926999999999992E-2	9.0336999999999987E-2	9.2430000000000012E-2	9.4397999999999996E-2	9.5582E-2	9.7061000000000008E-2	9.7932999999999992E-2	9.8557999999999993E-2	9.9365999999999996E-2	0.1	Time (mins)

Concentration/M


[S-enantiomer]/M	0	0.16666666666666666	0.5	0.75	1	1.2	1.4	2	2.15	2.2999999999999998	3.3	4.3	5	5.3	6	6.3	7	8	8.5	9	10	11	12	13	14	15	17.5	20	0	6.3800000000000003E-3	1.5555999999999999E-2	2.0597999999999998E-2	2.4799000000000002E-2	2.7397999999999999E-2	3.7463999999999997E-2	4.2231999999999999E-2	4.5870000000000001E-2	4.7973999999999996E-2	4.9036999999999997E-2	4.9890000000000004E-2	5.0908000000000002E-2	5.1886000000000002E-2	5.2936000000000004E-2	5.5226999999999998E-2	5.5854999999999995E-2	5.7634999999999999E-2	5.7854999999999997E-2	5.9293999999999999E-2	5.8828000000000005E-2	5.9466999999999999E-2	[R-enantiomer]/M	0	0.16666666666666666	0.5	0.75	1	1.2	1.4	2	2.15	2.2999999999999998	3.3	4.3	5	5.3	6	6.3	7	8	8.5	9	10	11	12	13	14	15	17.5	20	0	3.372E-3	8.1690000000000009E-3	1.0448000000000001E-2	1.3109000000000001E-2	1.4743000000000001E-2	1.6632999999999998E-2	2.4444E-2	2.6855E-2	3.1440999999999997E-2	3.2617E-2	3.4279000000000004E-2	3.5110000000000002E-2	3.6575000000000003E-2	3.6762999999999997E-2	3.7726999999999997E-2	3.7767000000000002E-2	3.9105000000000001E-2	3.9091000000000001E-2	Time (mins)

Concentration /M



Ln(Sinf-S)	y = -0.2764x - 3.0618
R² = 0.9859
0	0.16666666666666666	0.5	0.75	1	1.2	1.4	2	2.15	2.2999999999999998	3.3	4.3	5	5.3	6	6.3	7	8	8.5	9	10	11	12	13	14	15	17.5	20	-2.8303364861829783	-2.9447920414856066	-3.1364436665147428	-3.2598280361996301	-3.3757050889012197	-3.4547563987567185	-3.585889746602112	-3.8383544155029448	-4.0887005198370154	-4.3333888630679871	-4.5081342234764961	-4.6095798944767905	-4.6991512494589855	-4.8177447859530664	-4.946675065137379	-5.1065406509833267	-5.5817418487471748	-5.7641696246712932	Time (mins)

Ln(S-Sinf)


Ln(Rinf-R)	y = -0.207x - 3.336
R² = 0.9917
0	0.16666666666666666	0.5	0.75	1	1.2	1.4	2	2.15	2.2999999999999998	3.3	4.3	5	5.3	6	6.3	7	8	8.5	9	10	-3.1941100442229695	-3.2799271001882988	-3.4162907151098105	-3.4882269406352582	-3.5793436670456344	-3.6397084101074868	-3.7144024113450222	-3.9009347084427257	-4.1008255183217903	-4.2581820076389034	-4.343883424895842	-4.3893332631896547	-4.5607705986914073	-4.6499583687782255	-4.7811916302335664	-5.0020720634357687	-5.1339900731263617	-5.4198072641357475	-5.4631920097382709	Time (mins)

Ln(R -Rinf)


[Imine]/M	0	0.16666666666666666	0.41666666666666669	0.83333333333333337	1	1.2	1.4	2	2.5	3	3.5	4	5	6	7	8	9	10	11	12	13	14	15	16	17.079999999999998	19	20	22.5	25	28	30	35	40	46	50	55	60	66	70.3	75	85	90	100	105	110.05	115	120	130	140	150	160	180	195	0.1	9.7683999999999993E-2	9.5179E-2	9.0215999999999991E-2	8.9442999999999995E-2	8.7201000000000001E-2	8.4054000000000004E-2	8.2174000000000011E-2	7.8817999999999999E-2	7.555400000000001E-2	7.1513000000000007E-2	6.9478999999999999E-2	6.5873000000000001E-2	6.309300000000001E-2	5.9622000000000001E-2	5.6621999999999999E-2	5.6991E-2	5.3048999999999999E-2	4.9979999999999997E-2	4.9155999999999998E-2	4.6359000000000004E-2	4.6054000000000005E-2	4.4877E-2	4.0679E-2	4.2333000000000003E-2	3.9691000000000004E-2	3.8874000000000006E-2	3.5518000000000001E-2	3.3350000000000005E-2	3.0917000000000004E-2	2.9533E-2	2.6342000000000001E-2	2.2562000000000002E-2	1.9956000000000002E-2	1.7998E-2	1.6693000000000003E-2	1.4537000000000001E-2	1.2537000000000001E-2	1.1945000000000001E-2	1.0307999999999999E-2	8.8310000000000003E-3	8.064E-3	6.6959999999999997E-3	6.3200000000000001E-3	5.9440000000000005E-3	5.2590000000000007E-3	5.2599999999999999E-3	4.6350000000000002E-3	4.1780000000000003E-3	3.519E-3	3.3990000000000001E-3	2.6389999999999999E-3	2.2406000000000001E-3	[Amine]/M	0	0.16666666666666666	0.41666666666666669	0.83333333333333337	1	1.2	1.4	2	2.5	3	3.5	4	5	6	7	8	9	10	11	12	13	14	15	16	17.079999999999998	19	20	22.5	25	28	30	35	40	46	50	55	60	66	70.3	75	85	90	100	105	110.05	115	120	130	140	150	160	180	195	0	2.3159999999999999E-3	4.8209999999999998E-3	9.784000000000001E-3	1.0557E-2	1.2799E-2	1.5945999999999998E-2	1.7826000000000002E-2	2.1180999999999998E-2	2.4445999999999999E-2	2.8486999999999998E-2	3.0521000000000003E-2	3.4126000000000004E-2	3.6908000000000003E-2	4.0378000000000004E-2	4.3007999999999998E-2	4.3595000000000002E-2	4.6951E-2	5.0019999999999995E-2	5.0844E-2	5.3641999999999995E-2	5.3946000000000001E-2	5.5122000000000004E-2	5.8320999999999998E-2	5.7667999999999997E-2	6.0309000000000001E-2	6.1127000000000001E-2	6.4481999999999998E-2	6.6471000000000002E-2	6.9083000000000006E-2	7.0467000000000002E-2	7.3657E-2	7.7438999999999994E-2	8.0044000000000018E-2	8.2003000000000006E-2	8.3299999999999999E-2	8.5462999999999997E-2	8.7462999999999999E-2	8.8055000000000008E-2	8.9692000000000008E-2	9.1169E-2	9.1937000000000005E-2	9.3303999999999998E-2	9.3680000000000013E-2	9.4057000000000002E-2	9.4057000000000002E-2	9.4739000000000004E-2	9.5365000000000005E-2	9.5822000000000004E-2	9.6480999999999997E-2	9.6601000000000006E-2	9.7360999999999989E-2	9.7592999999999999E-2	Time (mins)

Concentration/M


[S-enantiomer]/M	0	0.16666666666666666	0.41666666666666669	0.83333333333333337	1	1.2	1.4	2	2.5	3	3.5	4	5	6	7	8	9	10	11	12	13	14	15	16	17.079999999999998	19	20	22.5	25	28	30	35	40	46	50	55	60	66	70.3	75	85	90	100	105	110.05	115	120	130	140	150	160	180	0	1.3289999999999999E-3	2.7730000000000003E-3	5.7140000000000003E-3	6.1200000000000004E-3	7.3920000000000001E-3	9.2119999999999997E-3	1.0376E-2	1.2311000000000001E-2	1.4059E-2	1.6333E-2	1.7579000000000001E-2	1.9524E-2	2.0986999999999999E-2	2.2613000000000001E-2	2.4230000000000002E-2	2.4230000000000002E-2	2.6509000000000001E-2	2.8160000000000001E-2	2.8648E-2	3.0053E-2	3.0419000000000002E-2	3.0703000000000001E-2	3.2272000000000002E-2	3.3687000000000002E-2	3.4039E-2	3.6006000000000003E-2	3.7307E-2	3.8633000000000001E-2	3.8975000000000003E-2	4.0869000000000003E-2	4.3205E-2	4.4588000000000003E-2	4.5621000000000002E-2	4.6137999999999998E-2	4.7191000000000004E-2	4.8436E-2	4.8634000000000004E-2	4.9468999999999999E-2	5.0183999999999999E-2	5.0521000000000003E-2	5.1500000000000004E-2	5.1544E-2	5.1781000000000001E-2	5.1781000000000001E-2	5.2063999999999999E-2	5.2185000000000002E-2	5.2639000000000005E-2	5.3095000000000003E-2	5.2795000000000002E-2	5.3622000000000003E-2	[R-Enantiomer]/M	0	0.16666666666666666	0.41666666666666669	0.83333333333333337	1	1.2	1.4	2	2.5	3	3.5	4	5	6	7	8	9	10	11	12	13	14	15	16	17.079999999999998	19	20	22.5	25	28	30	35	40	46	50	55	60	66	70.3	75	85	90	100	105	110.05	115	120	130	140	150	160	180	0	9.8700000000000003E-4	2.0479999999999999E-3	4.0700000000000007E-3	4.437E-3	5.4070000000000003E-3	6.7340000000000004E-3	7.45E-3	8.8699999999999994E-3	1.0387E-2	1.2154E-2	1.2942E-2	1.4602E-2	1.5921000000000001E-2	1.7765E-2	1.8778E-2	1.9365E-2	2.0442000000000002E-2	2.1860000000000001E-2	2.2196E-2	2.3588999999999999E-2	2.3527000000000003E-2	2.4419E-2	2.5396000000000002E-2	2.6622E-2	2.7088000000000001E-2	2.8476000000000001E-2	2.9164000000000002E-2	3.0450000000000001E-2	3.1491999999999999E-2	3.2787999999999998E-2	3.4234000000000001E-2	3.5456000000000001E-2	3.6381999999999998E-2	3.7162000000000001E-2	3.8272E-2	3.9026999999999999E-2	3.9420999999999998E-2	4.0223000000000002E-2	4.0985000000000001E-2	4.1415999999999994E-2	4.1804000000000001E-2	4.2136000000000007E-2	4.2276000000000001E-2	4.2276000000000001E-2	4.2674999999999998E-2	4.3180000000000003E-2	4.3182999999999999E-2	4.3386000000000001E-2	4.3805999999999998E-2	4.3739E-2	Time (mins)

Concentration/M


R-Data	y = -0.0234x - 3.1581
R² = 0.999
1	1.2	1.4	2	2.5	3	3.5	4	5	6	7	8	9	10	11	12	13	14	15	16	17.079999999999998	19	20	22.5	25	28	30	35	40	46	50	55	60	66	70.3	75	85	90	100	105	110.05	115	120	-3.156603175677545	-3.1618701891010055	-3.1709262672428058	-3.1770029587070177	-3.1902942402395551	-3.206470416620987	-3.2295272751931945	-3.2419273520386702	-3.268711380168583	-3.2924580420245366	-3.3279833155662888	-3.3534800567790422	-3.3640073467294256	-3.3979788792022863	-3.4387702540510885	-3.4497624402297546	-3.4938094511818605	-3.4950695557524742	-3.520715247341319	-3.5616074403918558	-3.612546350089056	-3.6313492625474475	-3.7018990958141775	-3.7442691035403395	-3.8165883106488598	-3.8705430501315634	-3.9692361115872217	-4.1026965991837079	-4.22276135206919	-4.3272217162217244	-4.415991609050395	-4.572691994943046	-4.7212178294339617	-4.7883299199544105	-4.9673316045700142	-3.1456599129819529	-5.1720551190073012	-5.3059695539968477	-5.5130690185547184	-5.6364486826808653	-5.7214448358766949	-5.7214448358766949	-5.9489244453795544	S-Data	y = -0.0243x - 2.9728
R² = 0.9988
1	1.2	1.4	2	2.5	3	3.5	4	5	6	7	8	9	10	11	12	13	14	15	16	17.079999999999998	19	20	22.5	25	28	30	35	40	46	50	55	60	66	70.3	75	85	90	100	105	110.05	115	120	-2.9650219968437983	-2.9708577963312623	-2.9811101405036204	-2.9886415178865731	-3.0038081845142544	-3.0206694288674969	-3.0459179335950113	-3.0610148175412641	-3.0891057385018459	-3.1131756824650672	-3.1448183851519351	-3.1752277852178596	-3.1786374808787849	-3.2249144482097636	-3.2670216700432047	-3.2796976781803635	-3.3218948276193663	-3.3299305845049409	-3.3444017517703464	-3.3933837915192986	-3.4454900589150022	-3.4609982166591449	-3.5408721351733736	-3.5969536304239318	-3.6684265245846057	-3.6992971204553244	-3.8120625567222794	-3.9766733440170552	-4.1034617112057017	-4.2134771550712715	-4.2850836439039366	-4.4333553688473089	-4.6211121047992263	-4.6690950511843239	-4.8490665946490905	-2.9525688912147339	-5.0431834039841714	-5.1571769451465901	-5.4837164163695897	-5.5419176650982349	-5.6544872037889231	-5.6544872037889231	-5.8497877331831738	Time (mins)

Ln(P-Pinf)


[Imine]/M	0	8.3333333333333329E-2	0.16666666666666666	0.25	0.33333333333333331	0.5	0.75	1	1.5	2.5	3.08	3.35	4.05	4.5	5	6	7	8	9	10	12	14	25	32	50	0.1	9.9766999999999995E-2	9.9470000000000003E-2	9.9159999999999998E-2	9.8875000000000005E-2	9.8221000000000003E-2	9.7230999999999998E-2	9.6246999999999999E-2	9.3825000000000006E-2	8.895900000000001E-2	8.5691000000000003E-2	8.5691000000000003E-2	8.0374000000000001E-2	7.8049000000000007E-2	7.5207999999999997E-2	6.9440000000000002E-2	6.3951999999999995E-2	5.8462000000000007E-2	5.3245000000000001E-2	5.1604999999999998E-2	3.9688000000000001E-2	3.1836999999999997E-2	6.9820000000000004E-3	3.8799999999999998E-3	1.4990000000000001E-3	[Amine]/M	0	8.3333333333333329E-2	0.16666666666666666	0.25	0.33333333333333331	0.5	0.75	1	1.5	2.5	3.08	3.35	4.05	4.5	5	6	7	8	9	10	12	14	25	32	50	0	2.3300000000000003E-4	1.5300000000000001E-3	8.4000000000000003E-4	1.1250000000000001E-3	1.779E-3	2.7690000000000002E-3	3.7530000000000003E-3	6.1749999999999999E-3	1.1041E-2	1.4308999999999999E-2	1.6789000000000002E-2	1.9626000000000001E-2	2.1951000000000002E-2	2.4792000000000002E-2	3.056E-2	3.6048000000000004E-2	4.1537999999999999E-2	4.6755000000000005E-2	4.8395000000000007E-2	6.6331999999999988E-2	6.8163000000000001E-2	9.308799999999999E-2	9.6170000000000005E-2	9.8501000000000005E-2	Time (hrs)

Concentration /M


%ee	2.5	3	3.5	4.5	6	7	8	9	10	12	14	25	71.407999999999987	63.623999999999995	55.545999999999992	51.098000000000006	45.430000000000007	40.50800000000001	34.951999999999998	29.955999999999996	25.926000000000002	16.616	Time (hrs)

% ee


[R-Amine]/M	2.5	3	3.5	4.5	6	7	8	9	10	12	14	25	1.5784213600000001E-3	2.6025209199999995E-3	3.7316910300000004E-3	5.3672390100000002E-3	8.3382960000000002E-3	1.0722838080000002E-2	1.3509819119999999E-2	1.63745361E-2	1.7924056150000003E-2	2.841851796E-2	4.5024803839999995E-2	[S-Amine]/M	2.5	3	3.5	4.5	6	7	8	9	10	12	14	25	9.4625786400000002E-3	1.1706479079999998E-2	1.3057308970000001E-2	1.6583760990000002E-2	2.2221704000000002E-2	2.5325161920000006E-2	2.8028180879999996E-2	3.0380463900000002E-2	3.9744482040000001E-2	4.8063196159999995E-2	Time (hrs)

Concentration /M


[R-Amine]/M	y = 0.002x - 0.0034
R² = 0.9977

2.5	3	3.5	4.5	6	7	1.5784213600000001E-3	2.6025209199999995E-3	3.7316910300000004E-3	5.3672390100000002E-3	8.3382960000000002E-3	1.0722838080000002E-2	[S-Amine]/M	y = 0.0035x + 0.0008
R² = 0.9988

2.5	3	3.5	4.5	6	7	9.4625786400000002E-3	1.1706479079999998E-2	1.3057308970000001E-2	1.6583760990000002E-2	2.2221704000000002E-2	2.5325161920000006E-2	Time (hrs)


Concentration/M



Ln(Sinf-S)	y = -0.132x - 2.8831
R² = 0.9948
2.5	3	3.5	4.5	6	7	8	9	10	12	14	25	-3.2544870047118564	-3.3143763030781188	-3.3522390262090989	-3.4584207980970803	-3.6557738556049491	-3.7837162394271173	-3.9102737722289844	-4.0351666941198925	-4.7892475889781636	Time (hrs)

Ln[(S -Sinf)]


[R-Amine]/M	y = 0.002x - 0.0028
R² = 0.9884
2.5	3	3.5	4.5	6	7	8	9	10	12	14	25	1.5784213600000001E-3	2.6025209199999995E-3	3.7316910300000004E-3	5.3672390100000002E-3	8.3382960000000002E-3	1.0722838080000002E-2	1.3509819119999999E-2	1.63745361E-2	1.7924056150000003E-2	2.841851796E-2	4.5024803839999995E-2	Time (hrs)

Concentration/M


[Imine]/M	0	0.25	0.5	0.75	1	1.2	1.4	2	2.5	4	4.5	6	7	8	9	10	11	12	13	14	16	17	18	19	20	22.5	25	27.716000000000001	30	35.1	40	45	50	55	65	70	90	100	120	130	140	150	165	200	0.1	9.9296000000000009E-2	9.8852999999999996E-2	9.8008999999999999E-2	9.7436999999999996E-2	9.6501000000000003E-2	9.5561000000000007E-2	9.4459000000000001E-2	9.2518000000000003E-2	8.9050000000000004E-2	8.810599999999999E-2	8.4636000000000003E-2	8.309699999999999E-2	8.0614000000000005E-2	8.0193E-2	7.7450999999999992E-2	7.5787999999999994E-2	7.4416999999999997E-2	7.3138000000000009E-2	7.1055999999999994E-2	6.9489000000000009E-2	6.8265000000000006E-2	6.6499000000000003E-2	6.5056000000000003E-2	6.4183000000000004E-2	6.2448999999999998E-2	6.0076000000000004E-2	5.7665000000000001E-2	5.6354999999999995E-2	5.3069000000000005E-2	4.9475000000000005E-2	4.7723999999999996E-2	4.5527000000000005E-2	4.3003E-2	3.9664999999999999E-2	3.8245000000000001E-2	3.3301999999999998E-2	3.0626999999999998E-2	2.6484000000000001E-2	2.4375000000000001E-2	2.3082000000000002E-2	2.1649999999999999E-2	1.8942000000000001E-2	1.4519000000000001E-2	[Amine]/M	0	0.25	0.5	0.75	1	1.2	1.4	2	2.5	4	4.5	6	7	8	9	10	11	12	13	14	16	17	18	19	20	22.5	25	27.716000000000001	30	35.1	40	45	50	55	65	70	90	100	120	130	140	150	165	200	0	7.0399999999999998E-4	1.1479999999999999E-3	1.9909999999999997E-3	2.562E-3	3.5000000000000001E-3	4.4390000000000002E-3	5.5410000000000008E-3	7.4819999999999999E-3	1.0949E-2	1.1894E-2	1.5364000000000001E-2	1.6902999999999998E-2	1.9384999999999999E-2	1.9807000000000002E-2	2.2547999999999999E-2	2.4211E-2	2.5582999999999998E-2	2.6862000000000004E-2	2.8943000000000003E-2	3.0509999999999999E-2	3.1734999999999999E-2	3.3501000000000003E-2	3.4943000000000002E-2	3.5817000000000002E-2	3.7551000000000001E-2	3.9924000000000001E-2	4.2335000000000005E-2	4.3646000000000004E-2	4.6929999999999999E-2	5.0525E-2	5.2277000000000004E-2	5.4473000000000001E-2	5.6998000000000007E-2	6.0336999999999995E-2	6.1755999999999998E-2	6.6698000000000007E-2	6.9372000000000003E-2	7.3516999999999999E-2	7.5624999999999998E-2	7.6918000000000014E-2	7.8589000000000006E-2	8.1058000000000005E-2	8.5481000000000001E-2	Time (mins)

Concentration/M


[S-enantiomer]/M	0	0.25	0.5	0.75	1	1.2	1.4	2	2.5	4	4.5	6	7	8	9	10	11	12	13	14	16	17	18	19	20	22.5	25	27.716000000000001	30	35.1	40	45	50	55	65	70	90	100	120	130	140	150	165	200	0	5.1199999999999998E-4	8.4800000000000001E-4	1.426E-3	1.8270000000000001E-3	2.5990000000000002E-3	3.1810000000000002E-3	4.006E-3	5.4070000000000003E-3	7.9760000000000005E-3	8.6800000000000002E-3	1.1153000000000001E-2	1.2369E-2	1.4064999999999999E-2	1.4362E-2	1.6338999999999999E-2	1.7604999999999999E-2	1.8674E-2	1.9504000000000001E-2	2.0966000000000002E-2	2.214E-2	2.3085000000000001E-2	2.4271000000000001E-2	2.5344000000000002E-2	2.5992000000000001E-2	2.7217999999999999E-2	2.8832E-2	3.0631000000000002E-2	3.1524999999999997E-2	3.3930000000000002E-2	3.6424999999999999E-2	3.7696E-2	3.9220999999999999E-2	4.1005000000000007E-2	4.3288E-2	4.4325000000000003E-2	4.7591000000000001E-2	4.9284999999999995E-2	5.1978000000000003E-2	5.3468000000000002E-2	5.4026000000000005E-2	5.4878999999999997E-2	5.6795000000000005E-2	5.9368000000000004E-2	[R-enantiomer]/M	0	0.25	0.5	0.75	1	1.2	1.4	2	2.5	4	4.5	6	7	8	9	10	11	12	13	14	16	17	18	19	20	22.5	25	27.716000000000001	30	35.1	40	45	50	55	65	70	90	100	120	130	140	150	165	200	0	1.92E-4	2.9999999999999997E-4	5.6499999999999996E-4	7.3499999999999998E-4	9.01E-4	1.258E-3	1.5349999999999999E-3	2.075E-3	2.9729999999999999E-3	3.2139999999999998E-3	4.2110000000000003E-3	4.5339999999999998E-3	5.3200000000000001E-3	5.4450000000000002E-3	6.2090000000000001E-3	6.6059999999999999E-3	6.9090000000000002E-3	7.358E-3	7.9769999999999997E-3	8.369999999999999E-3	8.6499999999999997E-3	9.2300000000000004E-3	9.5989999999999999E-3	9.8249999999999987E-3	1.0333E-2	1.1092000000000001E-2	1.1704000000000001E-2	1.2121E-2	1.3000000000000001E-2	1.41E-2	1.4581E-2	1.5252000000000002E-2	1.5993E-2	1.7048999999999998E-2	1.7431000000000002E-2	1.9106999999999999E-2	2.0087000000000001E-2	2.1539000000000003E-2	2.2157E-2	2.2891999999999999E-2	2.3710000000000002E-2	2.4263000000000003E-2	2.6113000000000001E-2	Time (mins)

Concentration/M


Ln(Sinf-S)	y = -0.0172x - 2.9569
R² = 0.9862
0	0.25	0.5	0.75	1	1.2	1.4	2	2.5	4	4.5	6	7	8	9	10	11	12	13	14	16	17	18	19	20	22.5	25	27.716000000000001	30	35.1	40	45	50	55	65	70	90	100	120	130	140	150	165	200	-2.8239999183143047	-2.8326614963521735	-2.8383867028302134	-2.8483127687693011	-2.8552575417952926	-2.8687648768921137	-2.8790698655663105	-2.8938618411576633	-2.9194937155681937	-2.9682727606578405	-2.9820660827901762	-3.0320851030197895	-3.0576289540941728	-3.0943820235203754	-3.1009594647665826	-3.1458809720019514	-3.1757444989075969	-3.2016746175484259	-3.2222816180030334	-3.2596457374114123	-3.2906941126586728	-3.316405966966415	-3.3496396222485627	-3.3806891210308048	-3.3999182001637749	-3.4373428282985086	-3.4888489635392084	-3.5495697879132728	-3.5811736907007714	-3.6715111599528441	-3.7747423998941119	-3.8317341741993429	-3.9046998850483643	-3.9974175084450949	-4.1301790152313167	-4.1968425122664499	-4.4416068021227257	-4.5969044415710583	-4.9076275440220263	-5.132802928070463	-5.232155164294368	-5.4061253191823404	-5.96268274568253	Ln(Rinf-R)	y = -0.0147x - 3.7444
R² = 0.9884
0	0.25	0.5	0.75	1	1.2	1.4	2	2.5	4	4.5	6	7	8	9	10	11	12	13	14	16	17	18	19	20	22.5	25	27.716000000000001	30	35.1	40	45	50	55	65	70	90	100	120	130	140	150	165	200	-3.645322004365108	-3.6527018279953483	-3.6568770379884419	-3.6671962432827945	-3.6738726220074143	-3.6804352073312732	-3.694696339435501	-3.7059035451197313	-3.7281193674515398	-3.7661925572166064	-3.7766620374976938	-3.8211773221285696	-3.8360346594288082	-3.8731388873781798	-3.8791686685571989	-3.9168345624253682	-3.9369819034693414	-3.9526366883134432	-3.9762948954482864	-4.0098563657769093	-4.0317642070406947	-4.0476709220244294	-4.0814480804870801	-4.1035467729869	-4.1173266386140241	-4.1490119635644085	-4.1983060569662198	-4.23990226763134	-4.2692695412658361	-4.3341511744328498	-4.4217658822428989	-4.4626294992059812	-4.522576887684238	-4.5932416151228175	-4.7034447552564318	-4.7465033621047352	-4.960988354206842	-5.1116718382740274	-5.3873671833815484	-5.5325218652216712	-5.7380634086330744	-6.0310373222278058	-6.2925696398919051	Time (mins)

Ln( P -Pinf)


[Imine]/M	0	0.25	0.5	0.75	1	1.2	1.4	2	2.5	3	3.5	4	4.5	6	7	8	10	11	12	13	14	15	16	17	18	19	20	22.5	25	27.5	30	32.5	35	40	45	50	55	60	65	70	75	80	90	100	110	120	135	150	165	179	202	0.1	9.8928000000000002E-2	9.8299999999999998E-2	9.7669000000000006E-2	9.7042000000000003E-2	9.6159999999999995E-2	9.5278000000000002E-2	9.4376000000000002E-2	9.3185000000000004E-2	9.0709000000000012E-2	8.9516999999999999E-2	8.8400999999999993E-2	8.7529999999999997E-2	8.5634000000000002E-2	8.3233000000000001E-2	8.1995000000000012E-2	7.8921000000000005E-2	7.7203999999999995E-2	7.5249999999999997E-2	7.3980000000000004E-2	7.285599999999999E-2	7.1498000000000006E-2	7.0528999999999994E-2	6.9311999999999999E-2	6.7793999999999993E-2	6.7019999999999996E-2	6.5980000000000011E-2	6.3016000000000003E-2	6.0425E-2	5.7031999999999999E-2	5.4807000000000002E-2	5.2360999999999998E-2	5.1161000000000005E-2	4.6789000000000004E-2	4.3722000000000004E-2	4.1210000000000004E-2	3.7844999999999997E-2	3.5075000000000002E-2	3.3119999999999997E-2	3.0495000000000001E-2	2.8864000000000001E-2	2.7052E-2	2.3710999999999999E-2	2.1118999999999999E-2	1.8713E-2	1.6753000000000001E-2	1.4324E-2	1.2588E-2	1.1018000000000002E-2	9.6860000000000002E-3	8.0610000000000005E-3	[Amine]/M	0	0.25	0.5	0.75	1	1.2	1.4	2	2.5	3	3.5	4	4.5	6	7	8	10	11	12	13	14	15	16	17	18	19	20	22.5	25	27.5	30	32.5	35	40	45	50	55	60	65	70	75	80	90	100	110	120	135	150	165	179	202	0	1.072E-3	1.6999999999999999E-3	2.3310000000000002E-3	2.9590000000000003E-3	3.8400000000000001E-3	4.7219999999999996E-3	5.6239999999999997E-3	8.0939999999999988E-3	9.2919999999999999E-3	1.0482E-2	1.1599E-2	1.2471000000000001E-2	1.4366E-2	1.6767000000000001E-2	1.8005E-2	2.1079000000000001E-2	2.2794999999999999E-2	2.4750000000000001E-2	2.596E-2	2.7143E-2	2.8502000000000003E-2	2.947E-2	3.0689000000000001E-2	3.2206000000000005E-2	3.2980000000000002E-2	3.4019999999999995E-2	3.6983999999999996E-2	3.9575000000000006E-2	4.2964000000000002E-2	4.5192999999999997E-2	4.7638999999999994E-2	4.8839E-2	5.3212000000000002E-2	5.6278000000000002E-2	5.8731000000000005E-2	6.2155000000000002E-2	6.4924999999999997E-2	6.6789999999999988E-2	6.950400000000001E-2	7.1135999999999991E-2	7.2947999999999999E-2	7.628900000000001E-2	7.8882000000000008E-2	8.1287000000000012E-2	8.3246000000000014E-2	8.5676000000000002E-2	8.7412000000000004E-2	8.8982000000000006E-2	9.0313000000000004E-2	9.1938999999999993E-2	Time (mins)

Concentration/M


[S-Amine]/M	0	0.25	0.5	0.75	1	1.2	1.4	2	2.5	3	3.5	4	4.5	6	7	8	10	11	12	13	14	15	16	17	18	19	20	22.5	25	27.5	30	32.5	35	40	45	50	55	60	65	70	75	80	90	100	110	120	135	150	165	179	202	0	7.1599999999999995E-4	1.2099999999999999E-3	1.6670000000000001E-3	2.104E-3	2.7040000000000002E-3	3.3889999999999997E-3	4.0759999999999998E-3	5.9199999999999999E-3	6.7329999999999994E-3	7.5510000000000004E-3	8.4740000000000006E-3	9.1850000000000005E-3	1.0539999999999999E-2	1.2151E-2	1.3102000000000001E-2	1.5228E-2	1.6354E-2	1.7742000000000001E-2	1.8603999999999999E-2	1.9407000000000001E-2	2.0258999999999999E-2	2.0917999999999999E-2	2.1690000000000001E-2	2.2782E-2	2.3210000000000001E-2	2.3834000000000001E-2	2.5797999999999998E-2	2.7469E-2	2.9132000000000002E-2	3.0641999999999999E-2	3.1654000000000002E-2	3.3009999999999998E-2	3.5295E-2	3.7546999999999997E-2	3.9125E-2	4.0837000000000005E-2	4.2372E-2	4.3933E-2	4.5231E-2	4.6151999999999999E-2	4.7226999999999998E-2	4.8941000000000005E-2	5.0402999999999996E-2	5.1395000000000003E-2	5.2295000000000001E-2	5.4058999999999996E-2	5.5078000000000002E-2	5.5962999999999999E-2	5.6488000000000003E-2	5.7301000000000005E-2	[R-Amine]/M	0	0.25	0.5	0.75	1	1.2	1.4	2	2.5	3	3.5	4	4.5	6	7	8	10	11	12	13	14	15	16	17	18	19	20	22.5	25	27.5	30	32.5	35	40	45	50	55	60	65	70	75	80	90	100	110	120	135	150	165	179	202	0	3.5599999999999998E-4	4.8999999999999998E-4	6.6400000000000009E-4	8.5499999999999997E-4	1.1359999999999999E-3	1.333E-3	1.5480000000000001E-3	2.1740000000000002E-3	2.5590000000000001E-3	2.931E-3	3.1250000000000002E-3	3.2860000000000003E-3	3.826E-3	4.6159999999999994E-3	4.9029999999999994E-3	5.8510000000000003E-3	6.4409999999999997E-3	7.0080000000000003E-3	7.3559999999999997E-3	7.7359999999999998E-3	8.2430000000000003E-3	8.5520000000000006E-3	8.9990000000000001E-3	9.4240000000000001E-3	9.7699999999999992E-3	1.0186000000000001E-2	1.1186E-2	1.2106E-2	1.3832000000000001E-2	1.4551E-2	1.5984999999999999E-2	1.5828999999999999E-2	1.7917000000000002E-2	1.8731000000000001E-2	1.9606000000000002E-2	2.1318E-2	2.2553E-2	2.2856999999999999E-2	2.4272999999999999E-2	2.4984000000000003E-2	2.5721000000000001E-2	2.7348000000000001E-2	2.8479000000000001E-2	2.9891999999999998E-2	3.0951000000000003E-2	3.1616999999999999E-2	3.2334000000000002E-2	3.3019E-2	3.3825000000000001E-2	3.4638000000000002E-2	Time (mins)

Concentration/M


Ln[Sinf-S]	y = -0.0216x - 2.9256
R² = 0.9942
0	0.25	0.5	0.75	1	1.2	1.4	2	2.5	3	3.5	4	4.5	6	7	8	10	11	12	13	14	15	16	17	18	19	20	22.5	25	27.5	30	32.5	35	40	45	50	55	60	65	70	75	80	90	100	110	120	135	150	165	179	-2.8594372034067468	-2.8720113465642321	-2.8807799071308904	-2.8889607538307684	-2.8968466750020712	-2.9077763427957573	-2.920402191338221	-2.9332270682025938	-2.9684868246637954	-2.9844363138121395	-3.0007448153775353	-3.019471840436732	-3.0341405168503108	-3.0627057568071132	-3.0977649991191427	-3.1190531145888101	-3.1683490742002327	-3.1954767314399688	-3.2299620506057662	-3.251993201331028	-3.2729624907719663	-3.2957028749815271	-3.3136536464003394	-3.3351007000873043	-3.3662453819003	-3.3787218591469856	-3.3971954002828575	-3.4576724995901711	-3.5121736361056173	-3.5695331964814949	-3.6246284743124129	-3.6633286732699304	-3.7176493676100497	-3.8164401355344157	-3.9243992764962012	-4.0076532364433959	-4.1065790998904435	-4.2044496489106837	-4.3148914876890441	-4.417032243872697	-4.4964054711967023	-4.5977974316586776	-4.7842968518855269	-4.9765237644674869	-5.131786495660406	-5.2971180859725537	-5.7315648556686503	-6.1088976440000762	-6.6165793172760958	-7.1147794484164617	Ln(Rinf-R)	y = -0.0186x - 3.3449
R² = 0.9922
0	0.25	0.5	0.75	1	1.2	1.4	2	2.5	3	3.5	4	4.5	6	7	8	10	11	12	13	14	15	16	17	18	19	20	22.5	25	27.5	30	32.5	35	40	45	50	55	60	65	70	75	80	90	100	110	120	135	150	165	179	-3.3628039336752855	-3.3731348438972719	-3.3770512598340772	-3.3821597527850176	-3.3877975615991387	-3.3961501404406422	-3.4020477431169942	-3.4085241570486162	-3.4276234958986782	-3.4395536685395078	-3.4512178022868172	-3.4573551198744181	-3.4624772180848065	-3.4798510544914176	-3.5058248327441528	-3.5154304758235799	-3.5478313826357577	-3.568539689675863	-3.5888531400468118	-3.6015281349112085	-3.615554645695747	-3.6345806807065575	-3.6463565070340458	-3.6636406492503109	-3.6803558831730596	-3.6941734425750461	-3.7110432668156581	-3.7527994998801684	-3.7928187579496693	-3.8725138723334336	-3.9076824393297258	-3.9817482879197112	-3.9734198002934695	-4.0910898645016047	-4.1409960150659133	-4.1975740168709725	-4.3184886138698939	-4.4157902648266907	-4.4412672147181542	-4.5693205330943938	-4.6403829417438356	-4.7197957118293949	-4.9212517329615704	-5.0898408522772307	-5.3504531209685648	-5.6029421597301301	-5.802167376577601	-6.0731085361484922	-6.4259466042866373	-7.1147794484164617	Time (mins)

Ln( P-Pinf )


log(Scorrkcat) Cp*	0.01	0.15	0.28999999999999998	0.10781584282278028	1.2240540944882545	1.0955716622357941	log(Scorrkcat) Cp*Amide	0.01	0.15	0.28999999999999998	-1.4215143908460313	1.8044502693642654E-2	1.0444191397884131	σi

Log (Skcatcorr)/M-1 s-1


1-methy-3,4-dihydroisoquinoline	0	0.5	1	1.5	2	3	4	5	0	29.022082018927442	56.291622853137049	72.52015422362426	84.893094987732212	95.162986330178768	98.072204696810374	100	1-difluoromethyl-3,4-dihydroisoquinoline	Eq. acid added	0	0.5	1	2	4	5	6	8	10	0	1.1203469461511835	1.2287676183592591	1.6624503071920422	3.1803397181063833	3.3610408384532295	4.3006866642574062	5.7462956270329766	6.9750632453922368	1-(fluoromethyl)-3,4-dihydroisoquinoline	0	0.5	1	1.5	2	3	4	5	0	3.5845896147403682	8.6432160804020111	14.941373534338359	20.938023450586265	38.760469011725299	52.328308207705199	71.12227805695143	Eq. of acid added


% protonated



Unsubstituted Imine	0	0.54	1.08	1.62	8.33	6.19	3.03	1.9	σi

pKa


Imine[M]	0	0.25	0.5	0.75	1	1.33	2	2.2999999999999998	3	3.3	4	5	6	7	8.3000000000000007	9	10	12.5	15	17.5	20	22.5	25	27.5	30	35	40	46	0.1	9.8999000000000004E-2	9.7692000000000001E-2	9.6789E-2	9.5515000000000003E-2	9.3355999999999995E-2	9.0870999999999993E-2	8.8855000000000003E-2	8.6030000000000009E-2	8.5617000000000013E-2	8.3701999999999999E-2	7.8385999999999997E-2	7.4347999999999997E-2	7.0289000000000004E-2	6.3426999999999997E-2	6.1283000000000004E-2	5.8494000000000004E-2	5.4731000000000002E-2	4.0443E-2	3.3168000000000003E-2	2.5030999999999998E-2	1.6871000000000001E-2	1.1096E-2	5.1980000000000004E-3	1.047E-3	1.18E-4	9.7E-5	0	Amine[M]	0	0.25	0.5	0.75	1	1.33	2	2.2999999999999998	3	3.3	4	5	6	7	8.3000000000000007	9	10	12.5	15	17.5	20	22.5	25	27.5	30	35	40	46	0	1.0009999999999999E-3	2.3079999999999997E-3	3.2110000000000003E-3	4.4850000000000003E-3	6.6449999999999999E-3	9.129E-3	1.1145E-2	1.3969000000000002E-2	1.4382000000000001E-2	1.6298000000000003E-2	2.1614000000000001E-2	2.5652999999999999E-2	2.9711000000000001E-2	3.6573000000000001E-2	3.8717000000000001E-2	4.1506000000000001E-2	4.5268999999999997E-2	5.9557000000000006E-2	6.6831999999999989E-2	7.4968999999999994E-2	8.3129000000000008E-2	8.8903999999999997E-2	9.4801999999999997E-2	9.8952999999999999E-2	9.9882000000000012E-2	9.9902999999999992E-2	0.1	Time (mins)

Concentration/M


[S-enantiomer]/M	0	0.25	0.5	0.75	1	1.55	2	2.5	3	3.5	4	5	6	7	8.5	9	10	12.5	15	17.5	20	22.5	25	27.5	30	35	40	46	0	9.6099999999999994E-4	2.2429999999999998E-3	3.0710000000000004E-3	4.1980000000000003E-3	6.1640000000000002E-3	8.1960000000000002E-3	9.8729999999999998E-3	1.2159000000000001E-2	1.2324999999999999E-2	1.3836000000000001E-2	1.7733000000000002E-2	2.0572E-2	2.3510000000000003E-2	2.7916E-2	2.9245999999999998E-2	3.0869000000000001E-2	3.2591999999999996E-2	4.1718000000000005E-2	4.5409999999999999E-2	4.9872E-2	5.4218000000000002E-2	5.7277000000000002E-2	6.0308E-2	6.2192999999999998E-2	6.3127000000000003E-2	[R-enantiomer]/M	0	0.25	0.5	0.75	1	1.55	2	2.5	3	3.5	4	5	6	7	8.5	9	10	12.5	15	17.5	20	22.5	25	27.5	30	35	40	46	0	4.0000000000000003E-5	6.5000000000000008E-5	1.4000000000000001E-4	2.8699999999999998E-4	4.8099999999999998E-4	9.3300000000000002E-4	1.2720000000000001E-3	1.8100000000000002E-3	2.0569999999999998E-3	2.4620000000000002E-3	3.8809999999999999E-3	5.0810000000000004E-3	6.2009999999999999E-3	8.6569999999999998E-3	9.4710000000000003E-3	1.0637000000000001E-2	1.2676999999999999E-2	1.7839000000000001E-2	2.1422E-2	2.5097000000000001E-2	2.8911000000000003E-2	3.1627000000000002E-2	3.4494000000000004E-2	3.6760000000000001E-2	3.6755000000000003E-2	Time (mins)

Concentration/M


Ln(Sinf-S)	y = -0.0722x - 2.7521
R² = 0.9974
0	0.25	0.5	0.75	1	1.55	2	2.5	3	3.5	4	5	6	7	8.5	9	10	12.5	15	17.5	20	22.5	25	27.5	30	35	40	46	-2.7670202549714262	-2.7824289791513079	-2.803361380907035	-2.8171175786913629	-2.8361506537296268	-2.8702456535125749	-2.9067511710812575	-2.9379162981772464	-2.9820266264978792	-2.9853068080704084	-3.0156697099365073	-3.0985183282044666	-3.1635120760320947	-3.2355388857647402	-3.3543233377935628	-3.3931399302844247	-3.442644571576329	-3.8570141223973469	-4.0490462015948134	Time (mins)

Ln(S-Sinf )


[R-enantiomer]/M	y = 0.0015x - 0.0019
R² = 0.9953
0.75	1	1.55	2	2.5	3	3.5	4	5	6	7	8.5	9	10	12.5	15	17.5	20	22.5	25	27.5	2.8699999999999998E-4	4.8099999999999998E-4	9.3300000000000002E-4	1.2720000000000001E-3	1.8100000000000002E-3	2.0569999999999998E-3	2.4620000000000002E-3	3.8809999999999999E-3	5.0810000000000004E-3	6.2009999999999999E-3	8.6569999999999998E-3	9.4710000000000003E-3	1.0637000000000001E-2	1.2676999999999999E-2	1.7839000000000001E-2	2.1422E-2	2.5097000000000001E-2	2.8911000000000003E-2	3.1627000000000002E-2	3.4494000000000004E-2	Time (mins)

Concentration/M


[Amine]/M	0	0.5	0.75	1	1.2	1.4	2	2.5499999999999998	3	3.5	4	4.5	5	6	7	8.5	9	10	12.5	15	17.5	20.100000000000001	25	30	35	45	50	0	0	2.671654359196282E-3	4.3502305020598868E-3	5.6099432620634673E-3	7.6327121608153452E-3	8.7109640551550748E-3	1.05179871876597E-2	1.3552675682819612E-2	1.6594960758376829E-2	1.8710916646500125E-2	2.1083122535573522E-2	2.4062940467763087E-2	2.7065817149387199E-2	3.0563938139537769E-2	3.6085163969630997E-2	4.1017136099031105E-2	4.2757224858214968E-2	4.7036608154798425E-2	5.7339643104921491E-2	6.4404853864542005E-2	7.3190158685718612E-2	7.9892042685493728E-2	9.0613666801418566E-2	9.8197138893838312E-2	0.1	0.1	0.1	[Imine]/M 	0	0.5	0.75	1	1.2	1.4	2	2.5499999999999998	3	3.5	4	4.5	5	6	7	8.5	9	10	12.5	15	17.5	20.100000000000001	25	30	35	45	50	0	0.1	9.7328345640803726E-2	9.5649769497940115E-2	9.4390056737936531E-2	9.2367287839184659E-2	9.1289035944844929E-2	8.9482012812340306E-2	8.6447324317180385E-2	8.340503924162318E-2	8.128908335349988E-2	7.891687746442648E-2	7.5937059532236922E-2	7.2934182850612803E-2	6.9436061860462236E-2	6.3914836030369002E-2	5.8982863900968893E-2	5.7242775141785031E-2	5.2963391845201581E-2	4.2660356895078508E-2	3.5595146135457993E-2	2.6809841314281393E-2	2.0107957314506288E-2	9.3863331985814379E-3	1.8028611061616906E-3	0	0	[Amine]/M Reaction 2	50.25	50.75	51	51.2	51.4	52	52.5	53	53.5	54	55	56	57	58	58.5	59	60	62	65	67.5	70	75	80	100	110	9.5508524879585457E-2	9.8546443107264833E-2	9.8546443107264833E-2	9.8213978240288685E-2	9.9599414808211814E-2	0.10346618846083344	0.10301432431866835	0.10523976749350177	0.1052255750749936	0.10733025363605921	0.11152573566377387	0.11295385724815489	0.11541777469277309	0.11266878877739703	0.12178087735459121	0.12260688866103966	0.12618318868503464	0.13138903566805915	0.13816151996261136	0.14262025944415396	0.1498444783886424	0.16256390666538956	0.1713760581764518	0.18790752647767517	0.2	[Imine]/M Reaction 2	50.25	50.75	51	51.2	51.4	52	52.5	53	53.5	54	55	56	57	58	58.5	59	60	62	65	67.5	70	75	80	100	110	0.10449147512041455	0.10145355689273516	0.10145355689273516	0.10178602175971133	0.10040058519178818	9.653381153916657E-2	9.6985675681331665E-2	9.4760232506498246E-2	9.4774424925006401E-2	9.2669746363940805E-2	8.8474264336226127E-2	8.7046142751845107E-2	8.4582225307226908E-2	8.733121122260297E-2	7.8219122645408784E-2	7.7393111338960346E-2	7.3816811314965369E-2	6.8610964331940846E-2	6.1838480037388642E-2	5.7379740555846048E-2	5.0155521611357619E-2	3.743609333461044E-2	2.8623941823548223E-2	1.2092473522324841E-2	0	Time (mins)

Concentration/M



[S-enantiomer]/M	0	0.5	0.75	1	1.2	1.4	2	2.5499999999999998	3	3.5	4	4.5	5	6	7	8.5	9	10	12.5	15	17.5	20.100000000000001	25	30	35	45	50	0	2.5307413162764993E-3	4.0641801890989177E-3	5.1585523030842594E-3	6.9738738292114489E-3	7.8922591736280689E-3	9.4968908221954428E-3	1.1961966667758237E-2	1.4313613603123254E-2	1.6015884088937962E-2	1.8029797430549083E-2	2.035133034475009E-2	2.2550237201555433E-2	2.4772274998644341E-2	2.8739050192494855E-2	3.2124351582982977E-2	3.2832622611161662E-2	3.5670258364481441E-2	4.2732349758581423E-2	4.6080842025192401E-2	5.1118992228849948E-2	5.4312582417503308E-2	6.0167291569965232E-2	6.2896802390199139E-2	6.3855999999999996E-2	6.4216999999999996E-2	6.3476000000000005E-2	[R-enantiomer]/M	0	0.5	0.75	1	1.2	1.4	2	2.5499999999999998	3	3.5	4	4.5	5	6	7	8.5	9	10	12.5	15	17.5	20.100000000000001	25	30	35	45	50	0	1.4091304291978261E-4	2.8605031296096914E-4	4.5139095897920787E-4	6.5883833160389573E-4	8.1870488152700435E-4	1.0210963654642556E-3	1.5907090150613736E-3	2.2813471552535773E-3	2.6950325575621605E-3	3.0533251050244427E-3	3.7116101230129923E-3	4.5155799478317675E-3	5.791663140893427E-3	7.3461137771361432E-3	8.8927845160481321E-3	9.9246022470533164E-3	1.136634979031698E-2	1.4607293346340077E-2	1.8324011839349601E-2	2.2071166456868675E-2	2.5579460267990402E-2	3.044637523145333E-2	3.5300336503639201E-2	3.6144000000000003E-2	3.5783000000000002E-2	3.6524000000000001E-2	[S-enantiomer]/M-Reaction 2	50.25	50.75	51	51.2	51.4	52	52.5	53	53.5	54	55	56	57	58	58.5	59	60	62	65	67.5	70	75	80	100	110	6.1785628441030173E-2	6.4739002584314753E-2	6.4739002584314753E-2	6.3670779058675936E-2	6.5738440394772682E-2	6.7760238167550682E-2	6.7464501423385934E-2	6.914832618888607E-2	6.9707330023201911E-2	7.0891845202152706E-2	7.3100822204387919E-2	7.4417722279061085E-2	7.6036686290255562E-2	7.6265979577551962E-2	8.0489863094926978E-2	8.1476998736860193E-2	8.3083055679876658E-2	8.7247155638581222E-2	9.0875614393301912E-2	9.1666777056537821E-2	9.9968779358715898E-2	0.10312021955233286	0.10722422899567999	0.11730621914883378	0.12069199999999999	[R-enantiomer]/M-Reaction 2	50.25	50.75	51	51.2	51.4	52	52.5	53	53.5	54	55	56	57	58	58.5	59	60	62	65	67.5	70	75	80	100	110	3.3722896438555285E-2	3.3807440522950094E-2	3.3807440522950094E-2	3.4543199181612749E-2	3.3860974413439139E-2	3.5705950293282752E-2	3.5549822895282412E-2	3.6091441304615696E-2	3.55182450517917E-2	3.64384084339065E-2	3.8424913459385951E-2	3.8536134969093805E-2	3.9381088402517528E-2	3.6402809199845058E-2	4.1291014259664229E-2	4.1129889924179451E-2	4.310013300515797E-2	4.4141880029477915E-2	4.7285905569309429E-2	5.0953482387616121E-2	4.9875699029926487E-2	5.9443687113056691E-2	6.4151829180771794E-2	7.0601307328841414E-2	7.9308000000000003E-2	Time (mins)

Concentration/ M



[Imine]/M	0	0.16666666666666666	0.33333333333333331	0.5	0.66666666666666663	0.83333333333333337	1	1.1666666666666667	1.3333333333333333	1.5	1.6666666666666667	2	2.2999999999999998	3	3.3	4	4.3	5	5.3	6	6.3	7	7.3	8	8.3000000000000007	9	9.3000000000000007	10	11	12	13	0.1	9.0668000000000012E-2	8.3822000000000008E-2	7.8979000000000008E-2	7.3995000000000005E-2	6.9886000000000004E-2	6.7236000000000004E-2	6.3783000000000006E-2	6.0594000000000002E-2	5.8263000000000002E-2	5.6048000000000001E-2	5.1830000000000001E-2	4.7488999999999996E-2	4.2525E-2	3.7637000000000004E-2	3.2378999999999998E-2	2.8614000000000001E-2	2.5866E-2	2.2568000000000001E-2	1.9602000000000001E-2	1.6737999999999999E-2	1.4507000000000001E-2	1.2005000000000002E-2	9.7029999999999998E-3	8.0489999999999989E-3	6.4380000000000001E-3	5.2259999999999997E-3	3.9129999999999998E-3	2.323E-3	1.369E-3	9.0300000000000005E-4	[Amine]/M	0	0.16666666666666666	0.33333333333333331	0.5	0.66666666666666663	0.83333333333333337	1	1.1666666666666667	1.3333333333333333	1.5	1.6666666666666667	2	2.2999999999999998	3	3.3	4	4.3	5	5.3	6	6.3	7	7.3	8	8.3000000000000007	9	9.3000000000000007	10	11	12	13	0	9.3320000000000018E-3	1.6178000000000001E-2	2.1021000000000001E-2	2.6005E-2	3.0114000000000002E-2	3.2764000000000001E-2	3.6917000000000005E-2	3.9405999999999997E-2	4.1737000000000003E-2	4.3951999999999998E-2	4.8170000000000004E-2	5.2511000000000002E-2	5.7475000000000005E-2	6.2363000000000002E-2	6.7621000000000001E-2	7.1385999999999991E-2	7.419400000000001E-2	7.7432000000000001E-2	8.0397999999999997E-2	8.3262000000000003E-2	8.5593000000000002E-2	8.7995000000000004E-2	9.0297000000000002E-2	9.1950999999999991E-2	9.3562000000000006E-2	9.4773999999999997E-2	9.6087000000000006E-2	9.7677000000000014E-2	9.8630999999999996E-2	9.9096999999999991E-2	Times (mins)

Concentration/M


[S-Amine]/M	0.16666666666666666	0.33333333333333331	0.5	0.66666666666666663	1	1.3	2	3	4	5	6	7	8	10	12.5	5.3720591200000015E-3	9.305585600000001E-3	1.2153501360000001E-2	1.5139590900000001E-2	1.8813088800000002E-2	2.4272569720000001E-2	2.8201608200000002E-2	3.3465968249999999E-2	3.9785491559999997E-2	4.3298876460000003E-2	4.6958863839999997E-2	4.9788592169999993E-2	5.2474295609999999E-2	5.6120573220000004E-2	5.7348994950000003E-2	[R-Amine]/M	0.16666666666666666	0.33333333333333331	0.5	0.66666666666666663	1	1.3	2	3	4	5	6	7	8	10	12.5	3.9412768800000013E-3	6.8724144000000004E-3	8.8674986400000006E-3	1.0865409099999999E-2	1.3950911200000001E-2	1.7464430280000002E-2	1.9968391800000002E-2	2.4009031750000003E-2	2.783550844E-2	3.0541218160000005E-2	3.3439136159999994E-2	3.5804407830000003E-2	3.7822704390000003E-2	3.9966426780000001E-2	4.1282005049999994E-2	Time (mins)

Concentration/M


Ln(Sinfinity-S)	y = -0.280x - 2.9512
R² = 0.9934
0.16666666666666666	0.33333333333333331	0.5	0.66666666666666663	1	1.3	2	3	4	5	6	7	8	-2.9569552005252078	-3.0356503153043537	-3.0967578964505438	-3.1651122379796521	-3.2561648450422775	-3.4089344790553824	-3.5353900185747884	-3.7345872522582049	-4.0419322009934824	-4.2651244497859864	-4.5668988550863254	-4.8848308124321269	-5.3236968502803892	ln(Rinfinity-R)	y = -0.276x - 3.2784
R² = 0.9887
0.16666666666666666	0.33333333333333331	0.5	0.66666666666666663	1	1.3	2	3	4	5	6	7	8	10	12.5	-3.2876706399874669	-3.3694199554945987	-3.4291492276807385	-3.4927669001218558	-3.5997302560597024	-3.737331535099929	-3.8484092906984757	-4.0586122360372521	-4.3090366819567549	-4.533706925360006	-4.8481505817088797	-5.2070887376790935	-5.6666888317290702	Time (mins)

Ln(P-Pinf )


[Imine]/M	0	0.16666666666666666	0.5	0.75	1	1.2	1.4	2	2.5	3	3.5	4	4.5	5	6	7	8	9	10	12.5	15	17.5	20	25	30	35	40	45	50	55	60	70	80	90	100	110	120	130	140	150	160	170	180	200	0.1	9.5927999999999999E-2	9.0427999999999994E-2	8.7177000000000004E-2	8.4114000000000008E-2	8.0218000000000012E-2	7.6480999999999993E-2	7.3703000000000005E-2	6.9934999999999997E-2	6.6691E-2	6.4054E-2	6.1090999999999999E-2	6.0014000000000005E-2	5.6637E-2	5.3856000000000001E-2	5.1104999999999998E-2	4.8493000000000001E-2	4.6238000000000001E-2	4.4146000000000005E-2	4.0181000000000001E-2	3.7099E-2	3.4293999999999998E-2	3.1634000000000002E-2	2.8334000000000002E-2	2.5579999999999999E-2	2.3565000000000003E-2	2.1951000000000002E-2	2.0615999999999999E-2	1.9394999999999999E-2	1.8562000000000002E-2	1.7642000000000001E-2	1.6233000000000001E-2	1.5022000000000001E-2	1.4182E-2	1.3586000000000001E-2	1.2906000000000001E-2	1.2387E-2	1.1746000000000001E-2	1.1502E-2	1.1048000000000001E-2	1.1002000000000001E-2	1.0421E-2	1.0351000000000001E-2	9.8080000000000007E-3	[Amine]/M	0	0.16666666666666666	0.5	0.75	1	1.2	1.4	2	2.5	3	3.5	4	4.5	5	6	7	8	9	10	12.5	15	17.5	20	25	30	35	40	45	50	55	60	70	80	90	100	110	120	130	140	150	160	170	180	200	0	4.0720000000000001E-3	9.5719999999999989E-3	1.2823000000000001E-2	1.5886000000000001E-2	1.9782000000000001E-2	2.3518999999999998E-2	2.6297000000000001E-2	3.0065000000000001E-2	3.3308999999999998E-2	3.5945999999999999E-2	3.8908999999999999E-2	3.9986000000000001E-2	4.3362999999999999E-2	4.6143999999999998E-2	4.8895000000000001E-2	5.1506999999999997E-2	5.3762000000000004E-2	5.5584000000000001E-2	5.9819000000000004E-2	6.2900999999999999E-2	6.5706000000000001E-2	6.8365999999999996E-2	7.1665999999999994E-2	7.442E-2	7.6435000000000003E-2	7.8049000000000007E-2	7.9383999999999996E-2	8.060500000000001E-2	8.143800000000001E-2	8.2358000000000001E-2	8.3766999999999994E-2	8.4977999999999998E-2	8.5818000000000005E-2	8.6414000000000005E-2	8.7093999999999991E-2	8.7612999999999996E-2	8.8254000000000013E-2	8.8498000000000007E-2	8.8952000000000003E-2	8.8998000000000008E-2	8.9578999999999992E-2	8.9649000000000006E-2	9.0191999999999994E-2	Time(mins)

Concentration/M


[S-enantiomer]/M	0	0.16666666666666666	0.5	0.75	1	1.2	1.4	2	2.5	3	3.5	4	4.5	5	6	7	8	9	10	12.5	15	17.5	20	25	30	35	40	45	50	55	60	70	80	90	100	110	120	130	140	150	160	170	180	200	0	3.8721055199999999E-3	8.4843336399999993E-3	1.0894805489999999E-2	1.3064328680000001E-2	1.5541926120000001E-2	1.7780363999999996E-2	1.934565102E-2	2.1290229099999999E-2	2.2833319499999997E-2	2.3903371079999999E-2	2.5354660759999998E-2	2.5997697619999996E-2	2.7141335330000002E-2	2.8349027839999999E-2	2.9299839800000001E-2	3.0391190279999997E-2	3.1168519500000002E-2	3.1863528000000002E-2	3.2847211090000002E-2	3.3731919270000001E-2	3.4678312679999997E-2	3.5326763179999998E-2	3.6190613339999997E-2	3.7050741200000001E-2	3.7709971600000003E-2	3.8329083410000006E-2	3.8294841599999997E-2	3.8448585000000007E-2	3.9267774840000005E-2	3.8550956219999995E-2	3.9248190179999996E-2	3.9869128259999997E-2	4.038509262E-2	4.0648281460000005E-2	4.0826183439999997E-2	4.0521888629999996E-2	4.0837773420000008E-2	4.1062187020000002E-2	4.0910803839999996E-2	4.1166024900000008E-2	4.089460508E-2	4.0498935749999999E-2	4.1219547839999995E-2	[R-enantiomer]/M	0	0.16666666666666666	0.5	0.75	1	1.2	1.4	2	2.5	3	3.5	4	4.5	5	6	7	8	9	10	12.5	15	17.5	20	25	30	35	40	45	50	55	60	70	80	90	100	110	120	130	140	150	160	170	180	200	0	1.9989448E-4	1.0876663599999998E-3	1.9281945100000002E-3	2.82167132E-3	4.2400738800000004E-3	5.7386359999999992E-3	6.9513489800000008E-3	8.7747709000000011E-3	1.0475680499999999E-2	1.2042628919999999E-2	1.3554339239999999E-2	1.3988302379999998E-2	1.622166467E-2	1.7794972159999999E-2	1.9595160200000003E-2	2.111580972E-2	2.2593480500000002E-2	2.3720471999999999E-2	2.6971788910000002E-2	2.9169080729999994E-2	3.102768732E-2	3.3039236819999998E-2	3.5475386659999997E-2	3.7369258799999999E-2	3.87250284E-2	3.9719916590000001E-2	4.1089158399999999E-2	4.2156415000000003E-2	4.2174297060000004E-2	4.2983463780000002E-2	4.4518809819999998E-2	4.5108871739999994E-2	4.4746363380000001E-2	4.576571854E-2	4.6267816560000001E-2	4.7091111370000001E-2	4.7416226580000005E-2	4.7435812980000006E-2	4.8041196160000001E-2	4.78319751E-2	4.8684394919999999E-2	4.9150064250000007E-2	4.8972452159999999E-2	Time(mins)

Concentration/M


[Imine]/M	0	5	10	15	30.1	60.1	75	90	105	120	140	150	179	211	270	330	360	390	420	480	540	570	1440	0.1	9.9681000000000006E-2	9.9030000000000007E-2	9.8965999999999998E-2	9.6736000000000003E-2	9.3612000000000001E-2	9.1183000000000014E-2	8.9209000000000011E-2	8.7429000000000007E-2	8.5752999999999996E-2	8.3975999999999995E-2	8.1566E-2	7.7428999999999998E-2	7.3691000000000006E-2	6.5637000000000001E-2	5.9008999999999999E-2	5.3430999999999999E-2	4.8577000000000002E-2	4.5658000000000004E-2	4.0073000000000004E-2	3.1745999999999996E-2	2.9974000000000001E-2	6.0239999999999998E-3	[Amine]/M	0	5	10	15	30.1	60.1	75	90	105	120	140	150	179	211	270	330	360	390	420	480	540	570	1440	0	3.1899999999999995E-4	9.6900000000000013E-4	1.034E-3	3.2640000000000004E-3	6.3890000000000006E-3	8.8170000000000002E-3	1.0791E-2	1.2571000000000001E-2	1.4247000000000001E-2	1.6024E-2	1.8433000000000001E-2	2.2572000000000002E-2	2.6309000000000003E-2	3.4369000000000004E-2	4.0991E-2	4.6569000000000006E-2	5.1423000000000003E-2	5.4342000000000001E-2	5.9927000000000001E-2	6.8254000000000009E-2	7.0026000000000019E-2	9.3976000000000004E-2	Time (mins)

Concentration/M


[(S)-enantiomer]/M	0	5	10	15	30.1	60.1	75	90	105	120	140	150	179	211	270	330	360	390	420	480	540	570	1440	0	2.8699999999999998E-4	7.7700000000000002E-4	8.3199999999999995E-4	2.8010000000000001E-3	5.2990000000000008E-3	7.1550000000000008E-3	8.7860000000000004E-3	1.0019E-2	1.1090000000000001E-2	1.2117000000000001E-2	1.3984999999999999E-2	1.6623000000000002E-2	1.8821000000000001E-2	2.3456000000000001E-2	2.682E-2	3.0114999999999999E-2	3.2467000000000003E-2	3.4028000000000003E-2	3.6313999999999999E-2	4.0536000000000003E-2	4.1581000000000007E-2	5.0072000000000005E-2	[(R )-enantiomer]/M	0	5	10	15	30.1	60.1	75	90	105	120	140	150	179	211	270	330	360	390	420	480	540	570	1440	0	3.1999999999999999E-5	1.92E-4	2.02E-4	4.6300000000000003E-4	1.09E-3	1.6619999999999998E-3	2.0049999999999998E-3	2.552E-3	3.1570000000000001E-3	3.9069999999999999E-3	4.4480000000000006E-3	5.9490000000000003E-3	7.4880000000000007E-3	1.0913000000000001E-2	1.4171E-2	1.6454E-2	1.8956000000000001E-2	2.0314000000000002E-2	2.3612999999999999E-2	2.7718E-2	2.8445000000000002E-2	4.3904000000000006E-2	Time (mins)

Concentration/M


[(S)-enantiomer]/M	0	5	10	15	30.1	60.1	75	90	105	120	140	150	179	211	270	330	360	390	420	480	540	570	1440	0	2.8699999999999998E-4	7.7700000000000002E-4	8.3199999999999995E-4	2.8010000000000001E-3	5.2990000000000008E-3	7.1550000000000008E-3	8.7860000000000004E-3	1.0019E-2	1.1090000000000001E-2	1.2117000000000001E-2	1.3984999999999999E-2	1.6623000000000002E-2	1.8821000000000001E-2	2.3456000000000001E-2	2.682E-2	3.0114999999999999E-2	3.2467000000000003E-2	3.4028000000000003E-2	3.6313999999999999E-2	4.0536000000000003E-2	4.1581000000000007E-2	5.0072000000000005E-2	[(R )-enantiomer]/M	0	5	10	15	30.1	60.1	75	90	105	120	140	150	179	211	270	330	360	390	420	480	540	570	1440	0	3.1999999999999999E-5	1.92E-4	2.02E-4	4.6300000000000003E-4	1.09E-3	1.6619999999999998E-3	2.0049999999999998E-3	2.552E-3	3.1570000000000001E-3	3.9069999999999999E-3	4.4480000000000006E-3	5.9490000000000003E-3	7.4880000000000007E-3	1.0913000000000001E-2	1.4171E-2	1.6454E-2	1.8956000000000001E-2	2.0314000000000002E-2	2.3612999999999999E-2	2.7718E-2	2.8445000000000002E-2	4.3904000000000006E-2	Time (mins)

Concentration/M


[(R )-enantiomer]/M	
0	5	10	15	30.1	60.1	75	90	105	120	140	150	179	211	270	330	360	390	420	480	540	570	0	3.1999999999999999E-5	1.92E-4	2.02E-4	4.6300000000000003E-4	1.09E-3	1.6619999999999998E-3	2.0049999999999998E-3	2.552E-3	3.1570000000000001E-3	3.9069999999999999E-3	4.4480000000000006E-3	5.9490000000000003E-3	7.4880000000000007E-3	1.0913000000000001E-2	1.4171E-2	1.6454E-2	1.8956000000000001E-2	2.0314000000000002E-2	2.3612999999999999E-2	2.7718E-2	2.8445000000000002E-2	Time (mins)


Concentration/M



Ln(Sinf-S)	y = -8E-05x + 0.0487
R² = 0.9903
0	5	10	15	30.1	60.1	75	90	105	120	140	150	179	211	270	330	360	390	420	480	540	570	1440	5.0072000000000005E-2	4.9785000000000003E-2	4.9295000000000005E-2	4.9240000000000006E-2	4.7271000000000007E-2	4.4773000000000007E-2	4.2917000000000004E-2	4.1286000000000003E-2	4.0053000000000005E-2	3.8982000000000003E-2	3.7955000000000003E-2	3.6087000000000008E-2	3.3449000000000007E-2	3.1251000000000001E-2	2.6616000000000004E-2	2.3252000000000005E-2	1.9957000000000006E-2	1.7605000000000003E-2	1.6044000000000003E-2	1.3758000000000006E-2	9.5360000000000028E-3	8.4909999999999985E-3	Time (mins)

Ln(P-Pinf )


[Imine]/M	0	1	2.5	5	10	15	20	25	30	35	40	45	50	55	60	70	80	90	105	0.1	9.520300000000001E-2	8.9522000000000004E-2	8.2974000000000006E-2	7.0459000000000008E-2	6.0914000000000003E-2	5.2984000000000003E-2	4.5092E-2	3.8217000000000001E-2	3.2232999999999998E-2	2.5652999999999999E-2	2.0420000000000001E-2	1.5417999999999999E-2	1.1534000000000001E-2	8.1349999999999999E-3	3.6349999999999998E-3	2.317E-3	1.0549999999999999E-3	6.4300000000000002E-4	[Amine]/M	0	1	2.5	5	10	15	20	25	30	35	40	45	50	55	60	70	80	90	105	0	4.797E-3	1.0477999999999999E-2	1.7025999999999999E-2	2.9541000000000001E-2	3.9086000000000003E-2	4.7066999999999998E-2	5.4908000000000005E-2	6.1783000000000005E-2	6.7777000000000004E-2	7.4279999999999999E-2	7.9579999999999998E-2	8.4581999999999991E-2	8.8465999999999989E-2	9.1865000000000002E-2	9.6364999999999992E-2	9.7683000000000006E-2	9.8944999999999991E-2	9.9357000000000001E-2	Time (mins)

Concentration/M


[S-enantiomer]/M	0	1	2.5	10	15	19	25	30	45	60	70	80	100	3.1403560500000002E-3	6.8222257999999997E-3	1.916088342E-2	2.5226495260000002E-2	3.0593079329999995E-2	3.4091828120000001E-2	3.9355153170000004E-2	4.8592025479999995E-2	5.5767566900000003E-2	5.7673488849999989E-2	5.8056914220000005E-2	5.8634539980000004E-2	[R-enantiomer]/M	0	1	2.5	10	15	19	25	30	45	60	70	80	100	1.6566439499999999E-3	3.6557741999999997E-3	1.0380116579999999E-2	1.3859504740000002E-2	1.6473920669999996E-2	2.0816171880000005E-2	2.2427846830000004E-2	3.0553945199999995E-2	3.60974331E-2	3.8691511150000003E-2	3.9626085780000007E-2	4.0722460019999997E-2	Time (mins)

Concentration/M


Ln(Sinf-S)	y = -0.0378x - 2.8415
R² = 0.9947
0	1	2.5	10	15	19	25	30	45	60	70	80	100	-2.8914770577750826	-2.9601274324862992	-3.2321217520984669	-3.3989585481213269	-3.5740711265176914	-3.707340338062441	-3.9487187947660911	-4.6009277478682984	Time (mins)

Ln(S-Sinf )


Ln(Rinf.-R)	y = -0.0345x - 3.1209
R² = 0.976
0	1	2.5	10	15	19	25	30	45	60	-3.2425074636965872	-3.2950366691072794	-3.4952110687564826	-3.617007068622931	-3.7193988964024149	-3.9167196102303743	-4.0011486236697102	-4.5884591149841052	-5.3762730874941482	Time (mins)

Ln( R-Rinf )


[Imine]/M	0	0.5	1	2	4	5	8	10	15	20	25	30	40	46	51	60	75	90	124	140	165	180	200	220	240	271	304	330	390	420	450	0.1	9.8738000000000006E-2	9.7950999999999996E-2	9.6582000000000001E-2	9.4238000000000002E-2	9.7238000000000005E-2	9.3276999999999999E-2	9.1327000000000005E-2	9.0387000000000009E-2	8.8480000000000003E-2	8.7111999999999995E-2	8.6266000000000009E-2	8.4971000000000005E-2	8.3585999999999994E-2	8.3311999999999997E-2	8.2801E-2	8.2156000000000007E-2	8.0413999999999999E-2	7.9787000000000011E-2	7.962000000000001E-2	7.8995999999999997E-2	7.8992000000000007E-2	7.8909000000000007E-2	7.8599999999999989E-2	7.8575999999999993E-2	7.8451999999999994E-2	7.8334000000000001E-2	7.8390000000000001E-2	7.8654000000000002E-2	7.9041E-2	7.8650000000000012E-2	[Amine]/M	0	0.5	1	2	4	5	8	10	15	20	25	30	40	46	51	60	75	90	124	140	165	180	200	220	240	271	304	330	390	420	450	0	1.2620000000000001E-3	2.0479999999999999E-3	3.4169999999999999E-3	5.7610000000000005E-3	6.7239999999999999E-3	8.6730000000000002E-3	9.613E-3	1.1519999999999999E-2	1.2888E-2	1.3734E-2	1.5029000000000001E-2	1.5831000000000001E-2	1.6414000000000002E-2	1.6687E-2	1.7198000000000001E-2	1.7844000000000002E-2	1.9585999999999999E-2	2.0213000000000002E-2	2.0381E-2	2.1003999999999998E-2	2.1009E-2	2.1091000000000002E-2	2.1399999999999999E-2	2.1423999999999999E-2	2.1547E-2	2.1665999999999998E-2	2.1610000000000001E-2	2.1346E-2	2.0958999999999998E-2	2.1350999999999998E-2	Time (mins)

Concentration/M


[S]/M	0	0.5	1	2	4	5	8	10	15	20	25	30	40	46	51	60	75	90	124	140	165	180	200	220	240	271	304	330	390	420	450	0	6.3900000000000003E-4	1.0509999999999999E-3	1.802E-3	3.0830000000000002E-3	3.6770000000000001E-3	4.7239999999999999E-3	5.3019999999999994E-3	6.4210000000000005E-3	7.2350000000000001E-3	7.7679999999999997E-3	8.2040000000000012E-3	9.0410000000000004E-3	9.4029999999999999E-3	9.614000000000001E-3	9.7200000000000012E-3	1.0331E-2	1.0678000000000002E-2	1.1171E-2	1.1247999999999999E-2	1.1564999999999999E-2	1.1630000000000001E-2	1.1704000000000001E-2	1.1821E-2	1.1842E-2	1.1936E-2	1.1982E-2	1.1926000000000001E-2	1.1882E-2	1.1653E-2	1.1853000000000001E-2	[R]/M	0	0.5	1	2	4	5	8	10	15	20	25	30	40	46	51	60	75	90	124	140	165	180	200	220	240	271	304	330	390	420	450	0	6.2299999999999996E-4	9.9700000000000006E-4	1.6150000000000001E-3	2.6779999999999998E-3	3.0470000000000002E-3	3.9490000000000003E-3	4.3109999999999997E-3	5.0990000000000002E-3	5.653E-3	5.9659999999999999E-3	6.8250000000000003E-3	6.79E-3	7.0109999999999999E-3	7.0730000000000003E-3	7.4780000000000003E-3	7.5129999999999997E-3	8.9079999999999993E-3	9.0419999999999997E-3	9.1329999999999988E-3	9.4389999999999995E-3	9.3790000000000002E-3	9.3870000000000012E-3	9.5790000000000007E-3	9.5820000000000002E-3	9.6110000000000015E-3	9.6839999999999999E-3	9.6839999999999999E-3	9.4640000000000002E-3	9.306E-3	9.4979999999999995E-3	Time (mins)

Concentration/M


[C-H]/M	0	6	8	11	13	15	18	20	22	25	27	30	32	34	37	39	41	44	46	48	51	53	56	58	60	63	65	67	70	72	73	75	77	80	84	86	89	91	93	96	98	101	103	105	108	110	112	115	117	119	121	123	125	127	129	132	134	136	139	141	143	146	148	151	153	155	0.1	9.579E-2	9.3060000000000004E-2	9.0670000000000001E-2	8.9109999999999995E-2	8.7220000000000006E-2	8.473E-2	8.3119999999999999E-2	8.1110000000000002E-2	7.9320000000000015E-2	7.7499999999999999E-2	7.5829999999999995E-2	7.4050000000000019E-2	7.2289999999999993E-2	7.0740000000000011E-2	6.9159999999999999E-2	6.7409999999999998E-2	6.6210000000000005E-2	6.4464999999999995E-2	6.3149999999999998E-2	6.1719999999999997E-2	6.0370000000000007E-2	5.9070000000000004E-2	5.7750000000000003E-2	5.6489999999999999E-2	5.5259999999999997E-2	5.4109999999999998E-2	5.2920000000000002E-2	5.1190000000000006E-2	5.0009999999999999E-2	4.9020000000000001E-2	4.7990000000000005E-2	4.7060000000000005E-2	4.5839999999999999E-2	4.4900000000000002E-2	4.403E-2	4.301E-2	4.199E-2	4.1360000000000001E-2	4.0150000000000005E-2	3.9550000000000002E-2	3.823E-2	3.7450000000000004E-2	3.6620000000000007E-2	3.585E-2	3.5130000000000002E-2	3.4449999999999995E-2	3.3820000000000003E-2	3.3300000000000003E-2	3.2469999999999999E-2	3.1809999999999998E-2	3.1220000000000001E-2	3.0610000000000002E-2	3.0009999999999998E-2	2.9500000000000002E-2	2.8930000000000001E-2	2.8349999999999997E-2	2.7870000000000002E-2	2.7339999999999996E-2	2.6870000000000002E-2	2.6229999999999996E-2	2.564E-2	2.5319999999999999E-2	2.4829999999999998E-2	2.4410000000000001E-2	Time (mins)


C-H/M




Ln([C-H-C-Hinf)	
0	6	8	11	13	15	18	20	22	25	27	30	32	34	37	39	41	44	46	48	51	53	56	58	60	63	65	67	70	72	73	75	77	80	84	86	89	91	93	96	98	101	103	105	108	110	112	115	117	119	121	123	125	127	129	132	134	136	139	141	143	146	148	151	153	155	-2.5308668221643789	-2.5852132911431478	-2.6221018889658452	-2.655552632144456	-2.6780060797538336	-2.7059025090447508	-2.7438846541114259	-2.7692343544272076	-2.8018115809166844	-2.8317444234485407	-2.8631263090059691	-2.8928147395473047	-2.9254602205686591	-2.9588219195338938	-2.9891539581938682	-3.0210500815382808	-3.0576076772720784	-3.0834711878619978	-3.1223164256634441	-3.1526200290911355	-3.1866506775734638	-3.2198763252017839	-3.2529498052019523	-3.2876901408685604	-3.3220165837877143	-3.3567021417756044	-3.3902574416238211	-3.4262075446663234	-3.4808901505714038	-3.5199809176521226	Time (mins)


Ln(CH-CHinf )



[C-H]/M	0	6	8	10	13	15	17	19	22	24	26	28	30	33	35	37	39	41	44	46	48	50	53	55	57	59	61	64	77	86	101	116	130	146	176	0.1	8.8435505704892683E-2	8.4529104621930001E-2	8.0574356990910853E-2	7.5788048733320457E-2	7.1900986269580358E-2	6.7820537613614396E-2	6.44072713208277E-2	6.1226068458712049E-2	5.8093212144652878E-2	5.5260104428543802E-2	5.2330303616321794E-2	4.9671243473216019E-2	4.7466640881841035E-2	4.540707793463547E-2	4.3299168439373426E-2	4.1287952040224327E-2	3.9557145619802746E-2	3.6840069619029199E-2	3.511893250821891E-2	3.3900599497195906E-2	3.2363179269000189E-2	3.0738735254302846E-2	2.8514794043705275E-2	2.7760587894024368E-2	2.6223167665828662E-2	2.5681686327596213E-2	2.4144266099400503E-2	1.8690775478630826E-2	1.6476503577644554E-2	1.3063237284857863E-2	9.9013730419648047E-3	7.3970218526397211E-3	5.8982788628891896E-3	0	Time (mins)


[C-H]/M



Ln(C-H-C-Hinf])	
0	6	8	10	13	15	17	19	22	24	26	28	30	33	35	37	39	41	44	46	48	50	53	55	57	59	61	64	77	86	101	116	130	146	176	-6.918816226341562	-7.0477072394095828	-7.0952904028289794	-7.1458855726046702	-7.2107540555458112	-7.2667185534388814	-7.3290449374372733	-7.3843405195934269	-7.4387836100656468	-7.4954619470840855	-7.5496391656045407	-7.6089346312393467	-7.665974456285797	-7.7158644780117642	-7.7648341512244459	-7.817567044758583	-7.8706136466726271	-7.9186314533461601	-7.9989948133208335	-8.0534591751840967	-8.0938881651797416	-8.1473552609512243	-8.2071382681127307	-8.2952503606785459	-8.3269861403482928	-8.3949755586919892	-8.4200664806855148	-8.4949425824814178	Time(mins)


Ln(C-H-C-Hinf)




log K1	
3.25	7.4	8.84	10.35	4.1760000000000002	2.8330000000000002	2.3010000000000002	2.23	pKa


Log kOH-/M-1 s-1 



pKa H2O	3.25	7.4	8.84	10.35	15	23	21	4.1760000000000002	2.8330000000000002	2.3010000000000002	2.23	0.68	-1.62	-1.06	pka DMSO	6.25	10.4	11.84	13.35	18	26	24	4.1760000000000002	2.8330000000000002	2.3010000000000002	2.23	0.68	-1.62	-1.06	pKa


Log kOH-/M-1 s-1 



NaOD 0.05M 
0	5	10	21.15	32	45	60	120	240	360	510	0	5.2670658690714305	10.909562575657127	18.53700638492657	21.954761610842599	30.280358808848472	36.859507122227697	49.301952113750929	62.234014586206001	70.864244658610545	72.556606934084854	Time (mins)

% Area(m=194)


NaOD 0.025M
0.025M [194] [MOD]	0	5	10	20.5	31	45	60	120	240	360	510	0	3.3194906973165459	7.0352989616502644	11.639823178114584	15.352656884229392	21.933030902024392	26.021834647640297	38.969722511479816	51.602094433161021	58.484569456207687	66.499437969675284	Time (mins)

% Area(m=194)


0.05M

0	5	10	21.15	32	45	60	120	240	360	510	-5.6191205100320483	-5.69448273561457	-5.7820622663552088	-5.9141405986981042	-5.9794995080689004	-6.1592621342313905	-6.328418104813605	-6.7569822332153846	-7.569152627527381	-9.3773622034701223	Time (mins)

Ln(194inf -194)


0.025M

0	5	10	20.5	31	45	60	120	240	360	-5.7062940564938645	-5.7575005917247601	-5.8181141274321435	-5.898710088714453	-5.9687879929995464	-6.106507182072523	-6.2027387357811579	-6.5882215691344275	-7.20230464161956	-7.8221891716662455	Time (mins)

Ln(194inf -194)


[Structure 2 C-H]/M	0	6	8	10	13	15	17	20	23	26	28	30	33	37	41	62	79	0.1	8.2442748091603055E-2	7.4045801526717553E-2	6.4885496183206104E-2	5.8015267175572517E-2	5.3435114503816786E-2	4.9618320610687022E-2	4.732824427480916E-2	4.5038167938931298E-2	4.2748091603053442E-2	4.0458015267175573E-2	3.9694656488549619E-2	3.8931297709923665E-2	3.8167938931297704E-2	3.740458015267175E-2	3.5877862595419849E-2	3.4351145038167941E-2	[Structure 3 C-H]/M	0	6	8	10	13	15	17	20	23	26	28	30	33	37	41	62	79	0.1	7.2666666666666671E-2	5.8666666666666666E-2	4.7333333333333338E-2	3.8666666666666662E-2	3.3333333333333326E-2	2.866666666666667E-2	2.6000000000000002E-2	2.3333333333333331E-2	2.1999999999999999E-2	0.02	1.9333333333333331E-2	1.8666666666666668E-2	1.7333333333333336E-2	1.6666666666666663E-2	1.5333333333333336E-2	1.4666666666666666E-2	Time (mins)

Concentration/M


Ln([Structure 2])	y = -0.08x - 2.7025
R² = 0.9891
0	6	8	10	13	15	17	20	23	26	28	30	33	37	41	62	79	-2.7234351199416893	-3.0346476898036645	-3.22653869761377	-3.4889029620812613	-3.7437952117100513	-3.958906591326997	-4.1820501426412067	-4.3445690721389809	-4.5387250865799391	-4.7798871433968264	-5.0983408745153618	-5.2318722671398845	-5.3860229469671426	-5.5683445037610992	-5.7914880550753089	Ln([Structure 3])	y = -0.0946x - 2.48
R² = 0.9914
0	6	8	10	13	15	17	20	23	26	28	30	33	37	41	62	79	-2.4611901231706841	-2.8473122684357177	-3.1235656450638758	-3.4214000889796745	-3.7297014486341915	-3.9810158769150981	-4.268697949366878	-4.4800070430340853	-4.7482710296287651	-4.9153251142919308	-5.2337788454104652	-5.3673102380349889	-5.521460917862246	-5.9269260259704097	-6.2146080984221932	Time (mins)

Ln(S-Sinf)


[Structure 3] C-H/M 	0	5	8	9	11	15	17	19	21	24	27	29	31	34	36	38	41	43	45	48	50	52	55	57	59	62	66	69	71	73	76	78	81	83	85	88	90	95	97	106	111	116	128	137	161	0.1	9.2820512820512818E-2	8.82051282051282E-2	8.2051282051282065E-2	7.7435897435897447E-2	7.1794871794871803E-2	6.6153846153846146E-2	6.2564102564102567E-2	5.7948717948717941E-2	5.4358974358974368E-2	4.9230769230769231E-2	4.6666666666666662E-2	4.5128205128205132E-2	4.3076923076923075E-2	4.1025641025641033E-2	0.04	3.7948717948717951E-2	3.7435897435897439E-2	3.5897435897435902E-2	3.4358974358974358E-2	3.3846153846153845E-2	3.333333333333334E-2	3.2307692307692308E-2	3.1282051282051283E-2	3.0769230769230771E-2	2.9743589743589746E-2	2.8717948717948721E-2	2.7692307692307693E-2	2.7179487179487184E-2	2.7179487179487184E-2	2.6666666666666668E-2	2.6153846153846156E-2	2.6153846153846156E-2	2.5641025641025647E-2	2.5641025641025647E-2	2.5128205128205128E-2	2.5128205128205128E-2	2.4102564102564103E-2	2.3589743589743591E-2	2.3589743589743591E-2	2.3589743589743591E-2	2.3076923076923078E-2	2.2564102564102566E-2	2.2564102564102566E-2	2.205128205128205E-2	[Structure 2] C-H/M	0	5	8	9	11	15	17	19	21	24	27	29	31	34	36	38	41	43	45	48	50	52	55	57	59	62	66	69	71	73	76	78	81	83	85	88	90	95	97	106	111	116	128	137	161	0.1	9.4545454545454558E-2	9.0909090909090925E-2	8.545454545454545E-2	8.1818181818181832E-2	7.696969696969698E-2	7.2121212121212128E-2	6.9090909090909092E-2	6.3636363636363644E-2	6.1212121212121218E-2	0.06	5.6363636363636373E-2	5.2727272727272734E-2	4.9696969696969698E-2	4.7272727272727279E-2	4.4848484848484853E-2	4.242424242424242E-2	0.04	3.8181818181818185E-2	3.6363636363636369E-2	3.4545454545454546E-2	3.333333333333334E-2	3.2121212121212127E-2	3.0303030303030304E-2	2.9696969696969701E-2	2.7878787878787881E-2	2.6060606060606062E-2	2.5454545454545459E-2	2.4242424242424246E-2	2.3636363636363639E-2	2.3030303030303033E-2	2.2424242424242426E-2	2.181818181818182E-2	2.121212121212121E-2	2.060606060606061E-2	2.060606060606061E-2	0.02	1.9393939393939397E-2	1.8787878787878791E-2	1.8181818181818184E-2	1.7575757575757574E-2	1.6969696969696971E-2	1.6363636363636368E-2	1.5151515151515152E-2	1.5151515151515152E-2	Time (mins)

Concentration/M


Ln([Structure 3 C-H]/M	y = -0.038x - 2.5154
R² = 0.997
0	5	8	9	11	15	17	19	21	24	27	29	31	34	36	38	41	43	45	48	50	52	55	57	59	62	66	69	71	73	76	78	81	83	85	88	90	95	97	106	111	116	128	137	161	-2.5517041307115162	-2.6483309664005881	-2.7157722471961203	-2.813410716760036	-2.8934534244335728	-3.0008736730544094	-3.1212373553042849	-3.2061367990907708	-3.3270894095084333	-3.4324499251662597	-3.6052927380056707	-3.7043836406499016	-3.7689221617874726	-3.8620125848534848	-3.9646667389135675	-4.0202365900683787	-4.1415974470726464	-4.1743872698956368	-4.2797477855534627	-4.3975308212098465	-4.440090435628643	-4.4845421981994757	-4.5798523780038014	-4.6852128936616273	-4.7423713075015757	-4.8675344504555822	-5.0106352940962546	-5.1776893787594211	-5.2729995585637459	-5.2729995585637459	-5.3783600742215727	-5.4961431098779556	-5.4961431098779556	-5.6296745025024775	-5.6296745025024775	-5.7838251823297373	-5.7838251823297373	-6.189290290437901	-6.4769723628896818	-6.8824374709978446	-7.5755846515577865	Ln([Structure 2 C-H]/M)	y = -0.0338x - 2.2768
R² = 0.9975
0	5	8	9	11	15	17	19	21	24	27	29	31	34	36	38	41	43	45	48	50	52	55	57	59	62	66	69	71	73	76	78	81	83	85	88	90	95	97	106	111	116	128	137	161	-2.4668881442853219	-2.5333332436934746	-2.5802168295923251	-2.6549403757882617	-2.7080502011022101	-2.7835577536103551	-2.8652357846246224	-2.9198941971624865	-3.0265039322207445	-3.0777972266082951	-3.1044654736904564	-3.1890228617185192	-3.2813961818495345	-3.3654792990600759	-3.4382386533425042	-3.5167102687839997	-3.6018680771243066	-3.6949585001903187	-3.7709444071682405	-3.8531825054052122	-3.9427946640948996	-4.0073331852324703	-4.0763260567194219	-4.1896547420264252	-4.23047673654668	-4.3640081291712027	-4.5181588089984617	-4.57531722283841	-4.7004803657924157	-4.7694732372793673	-4.843581209433089	-4.9236239171066254	-5.0106352940962555	-5.1059454739005812	-5.2113059895584062	-5.2113059895584062	-5.32908902521479	-5.4626204178393118	-5.6167710976665708	-5.7990926544605248	-6.0222362057747363	-6.3099182782265162	-6.7153833863346772	Time (mins)

Ln(S-Sinf)


pKa H2O	3.25	7.4	8.84	10.35	15	23	21	18.489999999999998	18.28	4.1760000000000002	2.8330000000000002	2.3010000000000002	2.23	0.68	-1.62	-1.06	-0.31	-0.25	90%dmso	-1.06	13a syn 2-Cp*CONMe2	-0.31	13b  anti 2-Cp*CONMe2	-0.25	pka DMSO	6.25	10.4	11.84	13.35	18	26	24	21.49	21.28	4.1760000000000002	2.8330000000000002	2.3010000000000002	2.23	0.68	-1.62	-1.06	-0.31	-0.25	pKa


Log kOH-/M-1 s-1 



[C-H]/M	0	5	13	25	36	47	58	69	80	91	0.1	8.9255663430420712E-2	6.2707659115426112E-2	3.9622437971952536E-2	2.7324703344120821E-2	2.0097087378640771E-2	1.5685005393743259E-2	1.2362459546925567E-2	1.1197411003236247E-2	1.0204962243797196E-2	Time (mins)


C-H/M



Ln([C-H]-[C-H]	inf	y = -0.0488x - 2.3327
R² = 0.9984

0	5	13	25	36	47	58	-2.4102255640404215	-2.5376658451999803	-2.9468907417204919	-3.526166368708358	-4.0675230310275374	-4.6160162792974821	-5.2066423039754648	Time (mins)


Ln(C-H-C-Hinf )



[C-H]/M	0	5	14	25	36	47	58	69	80	91	102	114	0.1	8.679584120982986E-2	6.9310018903591661E-2	4.7533081285444236E-2	3.3525519848771272E-2	2.5311909262759925E-2	1.9867674858223064E-2	1.5869565217391305E-2	1.3648393194706994E-2	1.2561436672967864E-2	1.2381852551984878E-2	1.0793950850661626E-2	Time (mins)


Ln(C-H-C-Hinf )



Ln([C-H]-[C-H]	inf	
0	5	14	25	36	47	58	69	80	91	102	-2.4168064261200031	-2.5769970658581869	-2.8384538948871043	-3.303912867554113	-3.7840006158664745	-4.2323688846987189	-4.7023725139444537	-5.2833077038974716	-5.8588787810314669	-6.3381971815517497	-6.4453418190030769	Time (mins)


Ln([C-H]-[C-H]inf



28a	0	0.1	0.2	0.81666666666666665	1.2166666666666666	1.7	2.2166666666666668	3.2166666666666668	4.2166666666666668	5.2166666666666668	6.2166666666666668	9.2166666666666668	12.216666666666667	3.6	0.75	0.78	0.85	0.89	0.9	0.92	0.95	0.99	1.02	1.1200000000000001	1.17	29a	0	0.1	0.2	0.81666666666666665	1.2166666666666666	1.7	2.2166666666666668	3.2166666666666668	4.2166666666666668	5.2166666666666668	6.2166666666666668	9.2166666666666668	12.216666666666667	2.98	0.7	0.7	0.79	0.83	0.88	0.92	0.98	1.04	1.1000000000000001	1.1599999999999999	1.32	1.39	30a	0	0.1	0.2	0.81666666666666665	1.2166666666666666	1.7	2.2166666666666668	3.2166666666666668	4.2166666666666668	5.2166666666666668	6.2166666666666668	9.2166666666666668	12.216666666666667	2.74	0.66	0.63	0.59	0.55000000000000004	0.51	0.47	0.4	0.35	0.32	0.28999999999999998	0.23	0.21	Time (hrs)

C-H intergration


29a % ratio	0	1	7	23	48	72	96	120	168	41.911764705882355	43.604651162790695	47.142857142857146	66.423357664233578	73.563218390804593	77.720207253886002	79.901960784313715	79.432624113475185	81.528662420382162	30a % ratio	0	1	7	23	48	72	96	120	168	58.088235294117652	56.395348837209305	52.857142857142861	33.576642335766422	26.436781609195403	22.279792746113991	20.098039215686274	20.567375886524818	18.471337579617835	Time (hrs)

C-H intergration  %
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