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acac Acetylacetonate
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Et Ethyl

ErO Diethyl ether

Equiv. Equivalents

EWG Electron withdrawing group
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FMO Frontier molecular orbitals

GC Gas chromatography
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HF Hartree Fock
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HPLC High pressure liquid chromatography

HRMS High resolution mass spectrometry
HTC High throughput chemistry
IMes 1,3-Bis(2,4,érimethylphenyl)imidazceb-ylidene
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1. Abstract

Traditional methods for the preparation of secondary alkyl substituted aryl and heteroaryl
chlorides are often poorly selective and have limited functional group tolerance.tidsss
describes the use gfrocess chemisy tools such astatistical desigrof experimentsand high
throughput chemistry to develop mild and sustainable methods to carry sgeisp® cross

coupling reactionsising iron catalysis

The early work is related to the discovery of effective procedure for the preparation ado-
propyl substituted (hetero)arenes with mininmab-propyl ton-propyl isomerisationT he reaction
tolerates electronically diverse aryl chloride coupling partners, with excellent conversion
observed for strongly electron deficient aromatic rings, sucksasrs and amides. Electron rich
systems, including methyl and methoxy substituted aryl chlorides, were found to be less reactive.
Furthermore, the reaction was found to be most successful when heteroaryl chlorides were
submitted to the crosgoupling probcol. By mapping substituent effects on reactiselectivity

we were able to develop some mechanistic insight, helping to explain the requirement for
electrondeficient aryl chlorides in these reactioffsrough the estimation of the electron affinity

of each aryl chloridewe were also able to develop a computational model which may be used to
predict reactivity in the new crossoupling procedureModerate isolated yields were achieved
with selected aryl chlorides, and moderate to good isolated yields wbtained in all cases with

heteroaryl chlorides.

The final chapter discusses the search for an alternative -toethyl2-pyrrolidinone, the
reprotoxic solvent/additive used in almost all irgatalysed cross coupling reactions. A simple
protocol for thepreparation of cyclopropyl substited heteroarenes was discovered throutfte

combination of high throughput chemistry and statistical design of experiments.
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2. Introduction: Cros€oupling Reactions

Transition metals (TMs) have been used in orgaynthesis for over 100 years; the earliest
methods were the coupling reactions published by Glaser and Ullmann in the faenti%arly

20" centuries! The Glaser coupling represents thestfimethod to prepare bisacetylenes; during

his seminal investigations, Glaser was able to isolate organocopper sgembsaa®, providing
evidence for their intermediacy in the reaction pathwaihe most widely accepted mechanism
for this coupling was provided by Bohlmann in 1864, who postulated that the reaction proceeded
viaa dinuclear copper acetylide species, which undergoes a bimetallic reductive elimi(RiEpn

to form the final homocoupled specieS¢hemel).3

Schemel. Glaser Coupling.

The Ullmann coupling is a related reaction between two molecules of aryl halide, giving a biaryl
species §, Scheme2).* It has been proposed to proceeda a radical pathway, although two
alternative mechanisms are often described. The first was the direct formation of an aryl radical
via single electron transfefSETyiving a byproduct of copper halide. Radical coupling between
two arylradicals then gives thgroduct @) ¢ this could lead to a mixture of products, as two aryl
radicals would be required to meet in solution, and is therefore unlitelesult in a selective
reaction The second proposed mechanism involves arylcoppermediates b, 6 and 7).
Oxidativeaddition (OA) of copper to aryliodide 4 gives arylcopper intermediaté. SETwith
another equivalent of copper then gives arylcopjiermediate 6, eliminatinga molecule of
copper iodide Intermediate6 can then underga further OAwith a second molecule of aryl

iodide followed byRE giving the producB and a furthemmolecule of copper iodide.
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Scheme2. Ullman coupling.

Both the Glaser and Ullman coupling reactions maydescribed as homocoupling reactions
which proceed via organocopper intermediates. The Glaser coupling reaction foans

bisacetylene through a bimetallREbetween two of these intermediates. The Ullmann coupling
reaction formsa biaryl throughREfrom a single organocopper intermediate. Both of these
reactions utilise a ligandfree copper source, unlike modern T®atalysed crossoupling

processes.

The early copper mediated coupling reactions suffer from numerous drawbacks, the most
significant ofwhich is that they are limited to homocoupling processes. Additionally, issues such
as solvent toxicity, low selectivity and forcing conditions have been highlighted. These problems
have been avoided in recent years through the development of arospling reactions. The
crosscoupling reaction is generally described as a reaction between a (pseudo)halide (organic
electrophile) and an organometallic reagent (organicleophil§, which may or may not be
mediated by transition metal catalysis. The usevad fundamentally different reaction partners
allows for much greater diversity in the final product, unlike the earlier methods described by
Glaser and Ullman. The first examples of such reactions were reportedinidH20™ century by

Meerweir? and Kharasch.
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The Meerwein arylation involves the coppeatalysed reaction between an aryldiazonium salt
(9) anda substituted alkene, such as eoarin (L0, Scheme3).®> Formally, the aryl diazonium adds
across the double bond with loss of a molecule of nitrogen. Meerwein initially attributed this
chemistry to the formation of aryl cations, tihis proposal was rejected by Kochi who postulated
the intermediacy of arytadicals {1).” In the proposed mechanism the aryl radical adds to the
double bond, resulting in aew alkyl radical. This can then pick up a chlorine radical which is

subsequently eliminated, reforming the double bond.

NS CI”
25% HCI

acetone
+ 1.5 equiv. AcONa

O CuCl, (cat.)

Y

Scheme3. Meerwein arylation.

The Grignarébased Kharasch coupling is a coleatalysed crossoupling reation between an
aryl Grignard reagent and an aryl or vinyl hal{eheme4).% & Importantly, this reaction is an
early analogue of the nickel or palladitcatalysed crossoupling between Grignard reagent and

(pseudo)halide, known as the Kumada cross coupling.

BrMg CoCl, (5 mol%)
N \© 2 . /\@
Et,O, rt, 12 h
13 14 15

X =ClorBr
56%

Schemed. TheKharasch crossoupling.

The early crossoupling reactions, like the earlier coupling reactions, suffered from numerous
drawbacks, such as poor selectivity, and limited functional group tolerance. The most significant
issue was the selectivity tfiesereactions, with varying proportions of homocoupled impurities
being formed. This is due to the radical nature of such processes. Significant advances were made
in subsequent years due to increased understanding of the fundamental processes, and the

adventof palladium and nickel catalysis.
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TMs are now used in catalytic quantities, rather than gteichiometricamounts used in the
earlier coupling reactions. This greatly imprevilie atom economy of the reactions, as TMs
generally have high molecular weights. It can also significantly reduce the cost of a process, as
TMs can be expensive and the disposal of TM waste can be challenging. Many of the early
reactions, agxemplifiedby the Glaser and Ullman coupling, utilised ligandless process and relied
upon poorly selective (uncontrolled) SEdcesseso enable homocoupling of the reactants. The
Meerwein arylation and Kharasch coupling reactions demonstrated a move towardafélykis,

but ligandless reaction conditions led to challenges with both selectivity and reactivity. Modern

protocols generally use ligands, as they can promote certain steps in the catalytic cycle.

2.2.1. OxidativeAddition

The OA step in a crossoupling reactioris the addition of a (pseudo)halidel7) to a TM (16,
Schemeb). This process results in the cleavage of the caifpseudo)halide bond giving a TM
centre with 2 additional ligandgl8), whichhas been formally oxidisegildonating 2electrons to

the (pseudo)halide in the process

R  oxidative addition R—TM"*2
|

X X
16 17 18

>

™" +

Schemeb. The oxidative addition reaction.

The nature of the (pseudo)halide has been shown to strongly influence the mechanisnm the
reaction. Nonpolar reagents such aglihydrogenor GH bonds,generally add to the TMia a
concerted 3 or 4-centred transition stateHighlypolar reagentssiwch asalkyl (pseudo)halides

often add to the TM through a-8ep &2 or radical based mechanism. Reactants of intermediate
polarity, such as aryl (pseudo)halides have also been shown to add to the TM through a concerted

pathway, similar to nospolar reagats.
Some general trends have been observed in OA reactions:

1 OAis typically more favourable when the TM centre is electron rich
1 OA s preferred when the TM centre has minimal steric hindrance

1 OA of nonpolar substrates requires a site of unsaturation, andlelectron count <18

These criteria can often be met through the choice of an appropriate liJaddbmbination.
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2.2.2. Transmetdation

Transmetallation is ofte the second step in a crogsupling reaction, following OA.
Transmetallationgenerallyinvolves the transfer of @arbonbasedfragment from one metal,
generally boron, silicon, tior magnesiun(20), to the TM centrg(19, Scheme6). TheTM also
transfers a norcarbon based fragment, generally the (pseudo)halogen, back to the metal centre.
A plausibldransition state is showr2(l), although the nature of the organometallic species may
lead to an alternative pathwaylhis reaction resultin a stoichiometric amount of bgroduct

(23) ¢ animportant consideration when using Fhatalysed crossoupling in the preparation of
active pharmaceutical ingredients (APIs). The identity of this stoichiometric waste can influence

whetheris feasible o an industrial scale.

transmetallation

R
I n+2 +2
¥ X-M-R' XM o RETM™ , ux
X-TM"™*2 B 2
E R
19 20 21 22 23

Schemeb. The transmetallation reaction.

2.2.3.  Reductive Elimination

REis the carborcarbon (or carbotheteroatom) bond forming step of the cressupling
reaction,andis generally the last ste(Scheme?). RE is the reverse of @Avhen the carbon
carbon/heteroatom bond is formed the TM centre is formally reducettj &s coeordination
number decreases by 2. It is generally unimolecular, with one TM centre forming the product
from two covalently bound ligands, althougimuclearRE reactions have also been reported.
The ligands mudie cisfor reductiveelimination to occur, so transisisomerisation mayrecede

this reaction.

reductive

_TMN*2 elimination
R TM iminati - TM 4 Il?
R R
24 25 26

Schemeé’. The reductive elimination reaction.

Like OA, some general trends have been observed iedREons:

9 First row TMseductively eliminatdaster than second row TMs
1 Electron poor TMseductively eliminatdaster than electron rich TMs

9 Sterically hindered complexesductively eliminatemore quickly than unhindered ones
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These criteria can oftebe met through the choice of an appropriate ligand/transition metal

combination.

2.2.4. 1 -Hydride Elimination

In TM complexes where higher alkyl species are presgthyl), syni -hydride elimination can
lead to the formation of side producttScheme8). In thei -hydride elimination reaction, a
hydrogen in the -position to the TM centrg27) is transferred from the alkyl group to the TM
(28). This forms & M-hydride and a alkene, which may or may not remain bound to the TM
centre.Fori -hydride eliminatiornto occur, the metal must have a vacantaalination site. This

is due to the formation of 2 ligands for the TM in place of oneofinatively saturéed TM

centres are unable to underdchydride elimination without the prior dissociation of a ligand.

H B-hydride H
™M elimination “TMN*
- v
R)\/ = RX
27 28

SchemeB. Thel -hydride elimination reaction.

Ligands bound to the TM centre canfluencei -hydride elimination

1 Abulky ligandnay promote RE ovérhydride elimination
1 Increased electron donation can promdtehydride elimination

1 Chelating ligands can reduce the likelihood #fydride elimination

2.2.5. Migratory Insertion

Migratory insertion (MI) s the reverse of -hydride elimination In the MI reaction, an
unsaturated ligandnigrates from the TM centre into an adjacent Jigand bond(Scheme9).
This results in the formation of a new, single,-lisddnd bond(30) in place of the original 2 TM

ligand bondg29), leavingan openco-ordination site at the TM centre.

migratory

H : : H
N tion n+
™M™ < inser = ™
28 27

Schemed. The migratory insertion reaction.

The MI reaction is key step in numerous T-®htalysed processes, including the Heck reaction
(vide infrg and the Monsanto/Cativa acetic acid processHse latter isresponsible for the

preparation of acetic aci(84) from methanol(31) on aD12 Mt/a scalgSchemel0).1° TheCativa
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process utilises an iridium catalyst, and has largely replaced the Monsanto process which utilises
a rhodium catalyst. This switch occurred becaitiseas found that the iridiurrcatalysed acetic
acid synthesis could be carried out with lower levels of watepeditingdrying of the final

product!!

Thereactionbeginswith iridium complex29, which undergoe©Awith methyl iodide, giving It
species30. Ligad exchange to forn32is then followed by migratory insertion, aRE yielding

acetic acid34 after hydrolysiof an intermediate acyl iodide.

1,,©.CO
|r|erO
29
©
|
MeCOlI Mel
H,O |
1, +CO 1521 ,CO
|.ﬁ|ll'ico |V|II'VCO
COMe Me
33 30
HI MeOH
MeCO,H 31
34
I@
L, ICIr: %o co
17 1YCO
Me
32

Schemel 0. The Cativa acetic acid process.

Although MI reaction is productive in the Heck and acetic acid processes, it can lead to the
formation of undesired sid@roducts during the formation ofp’-sp® bonds. If MI occurs
following i -hydride elimination, the hydride can add to either side of #ilkene, leading to
isomerisation of asecalkyl group(Schemell). However, if the alkene dissociatedREof the
remaining carborbased ligand and hydle would lead to reduction of the starting
(pseudo)halid€Schemel 2).
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ligand H migratory

H\TM“" rotation \/TMn+ insertion \\(TMH+
R w
R R
28 35 36

Schemell. Isomerisatiorviai -hydride elimination.

i ductive
R—TM"*2 B-hydride R ~alkene R reducti
K(H _ elimination H_-i—Mn+2 dissociation _ H—+M”+2 elimination _ E
:\ \
R' R’
37 38 _\R' 40 41
39

Schemel2. Reduction of (pseudo)halidgai -hydride elimination.

Overcoming the problem df-hydride elimination is crucial in achieving efficient, selecand

robust crosscoupling ofsp® species withsp or sp® partners.
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TM-catalysed crossoupling reactions have received a huge amount of interest in the past 40
years, with these reactionsecoming extremely powerful techniques in the synthetic organic
OKSYAaildQa (22tf02Ed® ¢KAa YSGiK2R2f23& A& gARStEER
to the preparation of complex aromatic compoundsich as natural products anéPIs The
importance of the TMcatalysed crossoupling reaction was highlighted by the award of the

Nobel Prizén chemistryto Richard Heck, #ghi Negishi and Akira Suzuki in 2310.

The HeckrosscouplinggivesEalkenes 48) fromthe reaction between an alkene (acting as the
organic nucleophile) and a (pseudo)halide. The Negishi and Suzuki reactions gereatakyp’

sp? or sp-sp’ linkages between (pseudo)halides and organozinc or organoboron species

(respectively)
R __
R'—R ~ \/\R
reductive 52 B: H 48
elimination ® o B Pd'lL
BH X | n
X2 49
R\~
LPd’ H—Péj”F
Suzuki, Negishi, Stille 42 Heck Reaction L
R and Kumada Reactions R-X 47
L Pclj” oxidative 43
n "
Fli 51 addition syn-p-hydride
R elimination
LopPg 44
X

L.xPd"  H

syn-migratory
insertion

transmetallation
R' R

46

R'—M R./\
M-X 50 45

Schemel3. Palladiumcatalysed crossoupling reactions.

A general catalytic cycle for the priménning crosscoupling reactions is shown chemel3.
Initially, when using a Pdource, thepalladiumloses two of its four ligands giving a coordinatively
unsaturated Peicentre42. If Pd was used, the TM would require reduction to°Pthis typically
occurs through action of amwrganometallicreagent or phosphine ligand. The electrophilic

coupling partner then undergoes &WAreaction, giving a coordinatively saturated' centre44,
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in the presencef bisphosphine or less bulky monophosphiigands. If a bulkier monophosphine

ligand is used, thpalladiumcentre may remain 3 cordinate.

At this point the catalytic cycle of the Heck reaction deviates from that of the Negishi and Suzuki
reactions. In the Hedleaction,the nucleophilic couptig partner is an alkene, which-codinates

to the Pd centre followed by migratory insertion of the electrophilic couglpartner and ligand
rotation. Syni -hydride elimination then releases the reaction product allowing base to reduce

the Pd'to Pd to continue thecatalytic cycle49).

In the Negishi and Suzuki reactions we observe a transmetallation of the nucleophilic coupling
partner 50: organozin@nd organoboron species respectivetisis followed byREto give the
product, and release Ptto re-enter the catalytic cycleThe mechanism for Tatalysed cross
coupling reactions of the Stille and Kumada type can be generalised to tBehemel3. There
is further subtlety however when considering the Suzuki reaction, as boron species are not

nucleophilic. Thus, P@H species are proposed to be the active nucleophile.

In the last 34 years, Scott Denmark has used rapid injection nuclear magnetic resofRihce
NMR)spectroscopy to observe the elusive transmetallation intermediates formed in the Suzuki
reaction Schemel4).13 initially, through a series of tiiled experiments, it was demonstrated
that the PAOH species formed by ligand displacemB6tto 57, may be responsible for the
formation of a crucial P@-B intermediate55. However,boron ate comple3 may also lead to

the PAdO-B species in some caseéwyl transfer from B to Puh 55 leads to the formation of the

final diarylpalladium speciés8, which can then undergo rapRIEto give the desired product.
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One of the earliest modern cros®upling reactions was independently discovered by both
Kumada and Corriu in 1972.16 They reported an effective coupling reaction, forming a new
carboncarbon bond between a Grignard reagent and alkenyl halide, catalysed by
nickelphosphine complexes. This discovery was observed at around the same time as the
MizorokiHeck reaction, but it prelates the Suzuk¥liyaura crosscoupling reaction by 7 yeats.

A palladiumcatalysed variant of the Kumada (Kumé&@arriu) crossoupling reaction was

demonstrated in 1975.

Kumada
Corriu

| Mizoroki Suzuki
Glaser Meerwein ron Heck Miyaura
(1869) (1939) (1944) (1971/2) (1979)
Ullmann Kharasch Kumada Kumada Buchwald
(1901) (1941) Corriu Corriu Hartwig
Nickel Palladium 1994
(1972) (1975)

Figurel. Timeline for TMcatalysed coupling and cressupling reactions.

The Kumada crossoupling vas proposed to proceed by the mechanism showidhemel 6 (cf.
Schemel3) by Kumada in 1978.Initially, the nickel centre iseduced by Grignard reagent from
Ni' to NP (Schemel5). Transmetallation with two molecules of Grignard reagent gives nickel
complex60 with two organic ligandsREof the organic ligands (promoted by the approach of aryl
halide) may give rise to aMNipecies61, which can then underg@Ato enter the catalytic cycle.
This pathway represents general route for the reduction of TMs by tvadectronsto enter a

catalytic cyclevide infrg.

Pagel3



2RMgX 2 MgX, R-R

L,Ni'"X, \/‘ » LNi'"R, 4» [L,Ni°]

59 60 61

Schemel5. Reduction of nickelia organomagnesium species

The active cataly€1 can then underg®A(62), followed bytransmetallation with a molecule of

Grignard reagent to give a new nickel species with two (different) organic ligégdScheme

16). The approach of another molecule of aryl halide can then prorR&ef the organic groups

giving the productregenerating Ni This pathway was based upon empirical observations that;

1) nickel species with two organic ligands readily undeRgghollowed byOAin the presence of

an aryl halide and, 2) the resulting nickel halide species can then undergo transmetallation with

a Grignard reagent. This differs from the palladicatalysed proess, as approach of the aryl

halide promotesRE®®¥2° b 2 1S G KIF G I LIIINRI OK 2F (KS | NBEf OKf 2
complex with nickel by thewhors in 1976 Ni° is now morewidely accepted as the active

species in solution.

:0
Ni R-X
R_Rl 61
reductive oxidative
elimination addition
R
R X-Ni"

transmetallation

MgX,

R'-MgX

Schemel6. Nickel catalysed Kumada cressupling

An alternative proposed mechanism has recently been reported in the literature, with the authors
describing a bimetalli®©A when NNNpincer ligands are useds¢hemel7).2: 22 Arylnickel
intermediate68 was suggested to facilitate alkyl radical formatiomjet then added to a second
arylnickel intermediatayiving a Ni specieg70). Ni"is known to undergo rapiRE thus forming

the desired alkylbenzene species. In recent years, researchers such as MacMillan and Molander
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have taken advantage of this riaRE(from Ni" over NI') to carry out challenging crossupling

reactions utilising nickel/photoredox dual cataly&ig*

TMez
N—Ti—x
NM62
66
Alkyl-X  +  Aryl-MgX - Alkyl-Aryl
64 65 67
NMe, NMe;
| Alkyl-X | _
N-Ni—Ary] ———» N-Ni—X + Akyl + Aryl-MgX
| | 69 65
NM62 NM62
68 66

| Alkyl

N-N
| "SAryl
NM62

——  AlkylAryl

71

70

Schemel?. Proposedimetallic oxidative addition pathway.
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2.4.1. Thelron-Catalysedumada CrosSoupling Reaction

The discovery of TMatalysed crossoupling reactions and the subsequent increases in the
understanding of such processes since has greatly advanced the fielghtbetic organic
chemistry (among others). It has allowed the preparation of increasingly complex structures;
however, most processes use precious metals such as palladium, and require expensive, bulky,
and often patented ligands to ensure selectivity. $him recent years there has been a drive to
improve the sustainability of these process@here are numerous methods to reduce the
environmental impact of chemical reactions, but this report will highlight the relatively recent

field of ironcatalysedcrosscoupling reactions and the Kumada crassipling in particular.

The Kumada croasupling reaction was chosen because there have been numerous reports of
iron-catalysed processes in the literatui® 26 Iron is cheap, earth abundant, and an essential
element in the human body. Therefore, its use in the preparation of drug molecules is governed

much less strictly than heavier/m®toxic TMs such as palladium or nickel.

2.4.1.1. Early Discoveries

The ability of iron tocatalysecrosscoupling reactions was demonstrated before the Kumada
coupling itself, with successful experiments demonstrated as early as?18#ttez was the first

to report such a reaction, with a cressupling between g/l Grignard reagents and alkyl

bromides?” The cataftic activity of iron was not investigated again until 1971, when Kochi

NBLI2NIGSR GKS alfi1SyetldAazy 2F DN FynthisRarWS | ISy i

article, Kochi highlighted the stereoselectivity of the process; the reaction of bistandtrans
1-bromopropene with methylmagnesium bromide proceeded withoutnigoisation of the
double bond.

A more detailed report in a later article proposed a mechanism involvirggdre' redox cycle?
with initial reduction of theFe" precursor by the Grignard reagent giving the catalytically active
Fe species 13, Schemel8). A typical catalytic cycle then proceeds, wiltA followed by
transmetallation and finallRE Kochi suggested the intermediacy of' Falowing electron
paramagnetic resonanc&PR spectrescopy and analysis of the stoichiometry of gases evolved
during the process7@ and 83, Scheme19).2% 30 Later titration experiments byorrby?! and

Bedfordf2 also drew similar conclusions.

Pagel6



oxidative
addition

reductive
elimination

Felll Felll

transmetallation

MgBr, RMgBr

Schemel 8. Kochi's mechanism.

e Ty
77 78 79
H-Fe!l  + /_Fem ——»  Fe!' o+ Fe" + C,Hg
80 77 81 82 83

Schemel9. Kochi's proposal for Feormation.

Following the early investigations by Kochi, there were few reports ofdedalysed cross
coupling reactions, probably for two reasorBirstly, the selectivity of the irorcatalysed
processes was poor, and the mechanistic study of such reactions wastcBay 3 A y 3 R dzS
propensity to undergo SEdlong with associated paramagnestism. Secondly, the discovery of the
palladium and nickel alternatives, which were much easier to study using standard techniques
such as NMR spectroscopy, totally overshaedwhe use of the cheapemore earth abundant

metal.

2.4.2. 1998 Onwardg Some Mechanistic Considerations

The field of irorcatalysed crossoupling reactions underwent a major revival in the 1990s. This
was motivated byeveralfactors, including the scarcityf the midto-late transition metals such

as palladium and platinum, the relative toxicity of these heavy transition metals, and the
availability of other catalytically active metals. Driven by the early reports of the catalytic activity
of iron toward theKumada crossoupling reaction by Kochi, and a recent report into the iron

catalysed crossoupling of organomanganese reageftsCaliez chose to reinvestigate the
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earlier chemistry. Cahiez noted the positive influencé-ofethyl2-pyrrolidinone NMP, 87) as a
cosolvent in the organomanganese crasgipling reactions and chose to investigate its effect

upon the ironcatalysed analogué?

Studies with a number of additives such as NNBY), dimethylacetamide and 1,2-
dimethoxyethane DME 390) showed that a THRMP mixture increased the yield of the reaction
between tbromopropene and octylmagnesium chloride to 87% compared to 48% with THF alone
(Scheme20). It was also found that the source of iron was unimportant; Fe(dbRg(acag)and

Fed all gave similar yields under the same conditions; onppBggave a reduced yield due to

its insolubility in THF. Interestingly, varying the catalyst loading between 0.1 and 3% had little
effect on the yield of the process, with a loading of 1 mol% being optimal. The additive, NMP, was
suggested to act tatabiliseiron in the catalytic cycle, pmoting the reaction pathway and
reducing ofO& Of S LINE O Shiidéide alimiaatizd Komlthé alkyl species.

Br 0.1 to 3% Fe(acac)s Oct 7
S T M T g e o c, 15 min = iﬁ"‘_
84 85 86 :
87

Scheme20. Cahiez's crossoupling.
Following this report the field of irocatalysis underwent a renaissance, with Cabierlucing a
number of articles, and significant interests developing from other groups such as those of

Bedford, Firstner, Nakamura and Norrby.

Furstner investigated the reaction between (hetero)aryl halided alkyl Grignard reagents and

presented the first new insight into the mechanism of such reactions in 200Be report

suggested the intermediacy bfghly reduced FEWA y 2 NHI yA O D 83 Stemé@IBR NI ISy
initially proposed by Bogdanovi€. 3’ These interesting proposals were supported through a

detailed investigation into the origin of such species and their role in the catalytic cycle.
Importantly, FUrstner noted a sigitant difference in the reactivity of Grignard reagents with

I YR & A-liydragdn$> 38 3%which led to further studiesv{de infrg.4°

Furstner proposed theatalytic cycle shown iBcheme21. Inorganic Grignard reageB8 was
suggested to underg®A via " -bond metathesiq89), followed by alkylation fronthe organic
Grignard reagent90). This2-electron process gave a l&e” catalytic cycle.
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Fe''Cl,

MgX
4 R/\/ g
2 R/\ + R/\
+ R/\/\/R
[Fe ”(ng)z
reductive MaX
elimination o-bond 9%2
metathesis
[R‘—FeOMgX] [R-Fe'MgX]
20 89
alkylation

RMgX

Scheme2l. Firstner's proposals.
The Fé&or Fe'") salt 91 wasproposed to bethe pre-catalyst whichwas thenreducedin situto
form the catalyticallyactive (formally) F& species88 througha series of transmetallations and

I -hydride eliminations$cheme22 cf. Nickel, Schemel 5).4!

R R R
9 R/\/MgX [ 92 [
Fe”X2 Fe” / Fe”
o1 H H
R 93
R
/\/ng

+ RN O+ R

Scheme22. Reduction of irorvial -hydride elimination.

Furstner used two experiments in an attempt to prove ttra Fe'' species could be formed, and
to demonstrate their catalytic abilityScheme23). The first reaction used the standard catalytic
conditions b form the proposed Féintermediate 88. Theproduct readily underwent a©A

reaction with a molecule of aryl chloride. To rule out the possibility Bt&&lysis Furstner then
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reduced F# to F& using potassium and found that this was unreactive with the aryl chloride.
However, after adding excess Grignard reagent to thefpmmed Fé, catalytic activity was
observed. This certainly suggests that Fe species with oxidation states <0 can be ifothmeed

presence of excess Grignard reagent, but does not prove their catalytic activity.

3K
FelCl; ——— Fef —/—  No reaction with ArX
Excess E
xcess
‘ "C14H29MgBr "C.,H,oMgBr
14H29

.

[Fe'”(MgX)g] Reaction observed with ArX
88

Scheme23. Furstner's observations.

CNNBIGYSNRA LINRPLRAalIfa NI Owetekspded byNoribyadd Bédfoiidl £ & (G A O
Norrby carried out computational studies using density functional theory (DFT), which suggested

that REfrom Fé to Fe" was prohibitively high in energy. Bedford furthered his discussion

through the distinctionsbetween pre-catalysf active catalystand on-cycléoff-cycle specie®

Furthermore, the formation of Fespecies by 2 3 R | W& @sdived in the presence of the

strongreductant M§3537L i A& dzyf A1Stex o6 &S dzLJ2 yhtsbad NND & Qa

promote the formation of F&.

During the investigation abofEFirstner made some key observations: 1) the reaction between
4-chlorobenzoate and ethylmagnesium chloride proceeds in quantitative yield where the
reaction with methylmagnesium chloride does not; 2) the reactions with different Grignard

reagens have very different physical appearances: with methylmagnesium chloride a yellow

colour persists but with ethylmagnesium chloride, the initial yellow colour darkens to-bialek

as the reaction proceed$.Furstner attributed these differences to the presence of two different
catalyticallyactive species; a new homolép Fé' superate complex 95, Scheme24) of the

O2Y LR aweM@IR Rw (GKS F2NI)VSNI Ol 'BsfeEiesd8 ifi fhe latirS 2 g ¢
Evidencewvas provided to support the presence of both spegéike latter through subttution

with structurally characterised Fecomplexes.

Furstner used methyllithium under catalytically relevant conditions to investigate the formation
of the Fé superate species. The addition of MeLi to Rei@l the presence otetramethyl
ethylenedamine TMEDA96) ledi 2 (G KS A & xcépliohaRysensifivé redidoli which

vigorously ignites in air angpidly decomposes when allowed to readbln  d°/Thibsécomplex
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was found to be [(Mg-e)(MeLi)][Li(OEf) (95). Thecompound, an organoferrate complex, was
found to be poorly reactive towards aryl chlorides and iodides, but sufficiently reactive with
activated compounds such as acyl chloridgshgeme24), enol triflates and electron deficient

heteroaromatics to transfer the methyl groups.

| 1% ; |
~Fe | MeLi(LioEt), | “N">N~ TMEDA
N I | 96
95 .
o) o) 0 o}
95
/©)K — > /@)J\C| —>95
97 98 99
cl 100
20% “ “ 6o%

Scheme24. Furstner's methylron complex.

Neidig further investigated the reaction between Feid methylmagnesium bromid¥ The use

of a Grignard reagent at higher temperatures meant it was possible to link this study to the earlier
observations by Koclif. At low temperature {80 °C) the authors observed a homoleptic
tetramethylron ferrate complex101, whichwas shown to have a spfa= 3/2, and exhibit a
distorted square planar geometry. Upon heating, this" Bpecies underwent a chemical

transformation resulting in a Fspecies with spis= 1/2.

Kochi THE 1
FeCl; + MeMgBr (EPR)
-40°Ctort
-C,Hg

Neidig
FeCl, + MeMgBr THF [MgCI(THF)5)][FeMe,] THE goqp

3 B S = 3/2 (EPR) (EPR)

-80 °C 101 -40 °C to rt

-CyHs

Scheme25. Neidig's observations.

Following this study, Neidig sought the identity of the eluSwel/2 species, observed in many

Fe catalysed processé#sCareful manipulation of the unidentified compound resulted in the

isolation of [MgCI(THE)FesMe1z] from reaction of Fe@lwith MeMgBr in THF. These
20aSNDIFGA2ya YIFGOK Y20KAQa SIENIe Y®®&RheyAadaidao
differences between F&ri y SNDa | yR bSARAIQAa 20aSNBIGA2ya 65

solvent and counterion (EDvs.THF and his.Mg).
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Nakamura began to investigate ir@atalysed crossoupling in 2004, with his seminal
publication relating to the coupling of cyclmrimary and secondary alkyl halides with aryl
Grignard reagent® In this report, the useof a TMEDA96) was shown tobe beneficial in
suppressing side reactions such as hydrodehalogenatiod),(which gives olefin formatiomia

i -hydride elimination followed by alkene dissociation & Figure?2).

FeCl; (5 mol%)
Br PhMgBr (1.2 equiv.) Ph

o +

78 °C to 0 °C (30 min)

102 103 104 105
Entry | Additive 103 104 105 102 Ph-Ph
1 None 5 79 0 4 6
2 EtN 3 78 0 11 5
3 N-Methyl morpholine 8 72 0 4 5
4 DABCO 20 2 0 75 3
5 NMP 15 3 trace 79 4
6 TMEDA 71 19 3 trace 10

Figure2. Nakamura's arytycloheptane crossoupling.
Nakamura further investigated the effect of TMEL#6) on the reaction, firstly isolating and
characterising what were thought to be catalytic intermediates following NMR axpats (L06

and 107, Scheme26), then using radical clock experiments to determine the nature of the

mechanisnt’
Oct-Br Oct-Mes
/ /
Mes-MgBr N— (\N\
FeCls > N-FemMes N-FemMes

TMEDA
1 Mes 106 T

S

MgBr, Mes-MgBr

Scheme26. Nakamura's observations.
It was found thateaction of106with 1-bromo-5-hexenel08gave no radical cyclisatiggroduct
110, but treatment of 106 with (bromomethyl)cyclopropanelll gave a nixture of both

cyclopropanated and ring opened produ¢isl2 and 113). Therate of radical cyclisation of the
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5-hexenyl radical is much slower than the rate of radical ring opening of the cyclopropylmethyl
radical, by a factor of BM*s?. ThusNakamura was able to propose the intermediacy of a short
lived radical species generated by the oxidation dft&é€" (Scheme28). Interestingly earlier
experiments showed different results in the reaction of-brbmo-5-hexene with
phenylmagnesium bromide. Under conditions where all starting materials were mix@@ aC

then allowed to warm to room temperature, cyclised product was obserezdlusvely;
controlled addition of phenylmagnesium bromide antMEDA (96) to a solution of

1-bromo-5-hexene and Fegyjavenoradical cyclisation.

a)
\| Mes X
B AN
NS+ I|=e<Mes - . +
'T‘\
108 106 109 110
b) | Mes ~
\N\ .
+ II:e<Mes - +
Br 'Tl\
111 106 112 113

Scheme&27. Radical clock experiments.

The isolation of intermediate$06 and 107, combined with radical clock experiments gave a
possible catalytic cycle which involved Bad Fd' intermediates Scheme28). Initial reduction

of FeGto Fé' by the Grignard reagent gives intermedidt®4; heterolytic cleavage of the alkyl
halide bond then allow addition to form intermediatel 15 with associated alkyl radical. Fast
radical coupling of ta alkyl radical with an aryl group gives the product and a furthdr Fe
intermediate 116 which undergoes transmetallation with a molecule of Grignard reagent to
reform 114. It must be notechere that the work carried out by Fiirstner involved the coupling of
(hetero)aryhalides analkylGrignard reagents, where this work investigates the coupliradjyt
halides andaryl Grignard reagents. Thus, different mechanisms are likely to prosesdirect

comparison is not possible.
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FeC|3

n L,MgArX
/ —
- NﬁIN, R—Br
< Fell
A’ Ar
114
n L,MgX,
N/
>N\F/e'“ .
Arg I R
n L,MgArx Br Ar
115
NS
T A |
Ar/F%r 116
Ar—R

Scheme28. Nakamura's proposed catalytic cycle.

Bedford recently investigated the effect GFIMEDA(96) upon the crossoupling between
mesitylmagnesium bromidéMesMgBr)and an alkyl halidéScheme29).#8 It was noted that in

the earlier investigations by Nakamura a set ratio of iron/GrigmasyenfTMEDA(1:3:8) was
used to determine the catalytically active species, and that under real reaction conditions the
molar excess of Grignaréagentover Fe was likely to be much higher. Thus, Bedford chose to
study the effect of an increased concentration ofgBerd reagent upon the formation of iron
species in the presence of TMEDA. Under the same conditions there were found to be at least 3
paramagnetic species, withte complex117 observed at the highest concentration. Adding a
further 4 equivalents of Grignard reagent pushed the equilibrium strongly towkt@dswith no

other paramagnetic species observable by NMR spectroscopyat€rmmplex was found to
react more rapidly with lbmooctane than the TMEDA complé24 and the reaction of the
TMEDA(96) complexwas also found to have an induction period. This data suggested that the

ate complex was responsible for the catalytic activity in this case.

Page?4



MesMgBr < 3 equiv.
FeCl, +/- TMEDA (excess) >

Mes
_Fe!
MesMgBr < 3 equiv. Mes™ 0" Mes
FeCl; +/- TMEDA (excess) > 117
- 0.5 bimesitylene
TMEDA
no MesMgBr l ‘ MesMgBr

}\1/ Mes

[ Fe!!
N “Mes 114
/ AN

Scheme29. . SRT2NRQ& 20aSNBI A2y ad

The use of benzylmagnesium chloride also resulted in the formation of amieocomplex,
suggesting the presence of such species in reactions with the bulkier Grignard reagents. When
using smaller aryl Grignard reagents such-&dylmagnesium chloride, Bedford noted a change

in the appearance of the reaction mixture depending uplo& reaction conditions. In reactions
where controlled addition was used, the solution was generally yellow with transient red
intermediates, whereas rapid addition of the Grignard reagent led to black suspensions of
WOI G t &G A Ovalerttitonyl §(RALG NIhIINBS icvds attributed to thelative

stability of the benzyl and mesityl iron species with resped®i?

Bedfordproposed a new catalytic cig; based upon his observations; intermediat€6and 107
were suggested to be resting statezxfieme30). Instead, Bedford suggested that intermediates

117and118were responsibldéor the formation of the desired crossoupled product.
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"FeBr-Mes" —>, Fe°
Oct-Mes

Oct-Br
TMEDA

Oct-Br Oct-Mes

A

/
Mes\'%,Mes Mes\%,Mes N—
| _Fe=xM
Mes 17 ér 118 /N qrvies
| Br 107
\/ N/ MesMgBr
MesMgBr i
N/Fe-..uMes
/ »
| Mes
MgBr,
106

Scheme30. Bedford's revised mechanism.

Nakamura invoked his earlier TMEDA mechanistic pathway in a@wapting reaction in the
presence of the 38li(t-butyl)-SciOPP ligand. Interestingly, a radical clock experiment using
(iodomethyl)cyclopropane gave the ring opened prodextlusively{Scheme27b).5° Again, this

suggestshe intermediacy of a short lived radical species generatetth®@ypxidation of Féto Fé'.

More recently, Neidig used physidabrganic methodology to probe the FeM€SciOPP)
mediated process, combining Mdssbauer spectroscopy, magnetic circular dehidisD) and
DFT®! In this report, the Fe@ISciOPP) preatalyst was exposed to varying amounts of
mesitylmagnesium bromide, and the resulting solutions were freeze trapped for Méssbauer and
MCD measurements. They observed species similar to those isolaBatibyrd#8 Figure3 shows

some experimental results. With only 2 equivalents of Grignard reagent the majority of the Fe in
the mixture was found to be Fe(Meg¥ciOPP)21; increasing the stoichiometryfdsrignard
reagent to 20 equivalents and beyond again pushed the equilibrium strongly towards the
Fe(Mesy complex117.
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FeCl,(SCIOPP) + MesMgBr — = FeBr(Mes)(SCiOPP) + Fe(Mes),(SCIOPP) + Fe(Mes)s"

119 120 121 117
Entry | MesMgBr Equivalents 120/ mole fraction 121/ mole fraction 122/ mole fraction
1 1 1 0 0
2 2 0.03 0.90 0.07
3 20 0 0.38 0.62
4 100 0 0.02 0.98

Figure3.b SA RA 3 @tions2 6 4 S NI

Under the reaction conditions used, Neidig noted some significant findings using a sample
enriched irP’Fe.Firstly,it was observed that the Fe(Me&$ciOPP) speciéfl was persistent at

the higher concentrations of Grignard reagent, which may suggest that SciOPP can coordinate to
Fe(Mesy 117. Secondly, Fe(MegPyciOPP) was found to give selective formation of
mesityldecane in the reaction with-ftromodecane, where Fe(Mes)formed a mixture of
mesityldecane and decene. Both observations suggest that although Fe(iag)be formed, it

is unlikely to be the catalytically active speciedemthese reaction conditia This was proposed

G2 3AINBS 6AGK Dbl 1F YdzNI Qa SPeNdasitieandEchem®®. G A O 08 O
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2.4.3. Mechanistic Summary

In summary, a great deal of work has been carried out onéatalysed Kumada cressupling
reactions in recent years. It is thought that the catalytically activecigs, with alkyl Grignard
reagents, have oxidation states €eThis is due to their powerful reducing nature. This has
however been disputed in recent years, with others such as Norrby suggestindp&¢he active
catalyst®®: 5254 An Fd intermediate is more widely accepted with aryl Grignard reagents, as they

are less reducing than their alkyl counterpatts?

The overall mechanism for these processestill not fully understood, but it is agreed that
reduction of F# is required to form the active catalyst. Following this it is thought tDAbf a
(pseudo)halide is followed by Grignard transmetallation and fifRiityT hismechanism may be
radical or ionic in nature, with both suggested in the literatéiré’: 5The most relevant insights
were reported my Norrby in 2012.Here it was suggested that the catalytic cycle proceeds
through a standard TMatalysed crossoupling pathwayOA transmetallation thenRE The
article also noted that the redoxycle must occuvia Fé-Fe' intermediates, as anfREfrom Fé

to F& was found to be prohibitively high in energy.

There is significant disagreement in the mechanistic proposals for the-coogding between
mesitylmagnesium bromideand alkyl halideslinitially Nakamura proposed a catalytic cycle
invoking F&-Fé''intermediates106and107.4” Thiswas based upon the isolation of intermediates
which were thought to be upon the reaction pathw&cheme28). Bedford disputed this claim;

it was proposed that excess Grignard reagent in the reaction mixture would form kogther
Fearyl species of the type [Rdes)].*® This Féate complex was found to react more quickly
with electrophiles thanthe previous [FERTMEDA)] complexes. Neidig then investigated a
related FeBOPP complex using Méssbauer, MCD and*®OFiese species were shown to form
intermediates very similar to those reported by Nakamura. Kinetic investigations showed that
[FeR(SIOPP)]ntermediates were responsible for the catalytic activity in these reactions. Study
of the Fé ate complexes suggested that they were responsible for the formation-lofdride
elimination products. Thus, the slow addition of Grignard reagents in the presence of electrophile

promoted a catalytic cycle like that 8cheme28.
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Despite significant challenges with mechanistic understanding-datalysed Kumada cross
coupling reactions have been applied by researchers within thenpleeutical industrySome

of the earliest crossouplings reported with iron were between aryl or alkyl Grignard reagents
and vinyl (pseudo)halides. Thiggparent when studying the literature for iresatalysed carbon
carbon bond formation in the prepation of APIs or natural producté Numerous researchers
have utilised conditions similar to thosesed by Kochi in 1973and Cahiez in 1998in the
synthesis of natural products such@snbrestatin AL257 (Scheme31) and APlIssuch as nafitine
128%® (Schemes?2).

MeO MgBr MeO AN
e X Fe(acac); (5 mol%)
Br + THF,0°c  MeO
MeO OMe
OMe OTBS 61% OTBS
OMe OMe
122 123 124
KF
92%

Combrestatin A
125

Scheme3l CamcheDa@A f | Q& aedyiKSaia 2F O2YOoONBadl GAy

. _CI /\/@
N /@ Fe(acac); (1 mol%) ~N X
+ L
THF/NMP

89%

126 127 Nafetine
128

Scheme32. 22 NRypitltesis of nafetine.

Although arylvinyl crosscouplings have been demonstrated in the preparation of both natural
products and APIs, (hetero)aglkyl or (hetero)arybryl crosscoupling reactions would offer

greater synthetic utility. This is because many dikg moleculs containsp’-sp® and/or arytaryl
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(sp*-sp) linkages. Several researchers have demonstrated the use of iron in the preparation of
APIs on both small scale, for medicinal chemistry, and large scale, for process chemistry

applications. Olsséf, Risatt | y R C NN & pbrys Srélall discussed later i@hapter3 and
Chapter5.

Another interesting application of iron in thgreparationof anatural product waslisclosed by
Furstner in 20042 The authorswere able to prepard )-isoorcinotine 132 following an initial
iron-catalysed crossoupling of a primary alkyl Grignard reage®tclieme33). Simple slow
addition of Grignard reagerit30 selectively gave the monoalkylation produk@l 6 synthetic
steps after the crossouplingreaction gave the spermidine alkalokB2, which has proven

challenging to isolate from natural sources.

/\/\/\/OBH
AN BrMg AN
| 130 |
~ > ~
CI” 'N° “Cl Fe(acac); (5 mol%) cI” N OBn
129 THF/l\él‘\?’/ID/PO, 0°C 131
6 steps
H
N\/\/\N/\/\N 0
H H
Isooncinotine

132
Scheme33. Firstner's synthesis of isooncinotine.

Researchers at AstraZeneca also used an-datalysedcrosscoupling of an alkyl Grignard
reagent and heteroanghloridein the preparation of their drug camndhate AZD656436(Scheme
34).% The authors demonstrated the synthesis of intermedidf®5 on a 100 gramscale
Unfortunately, the formation (presumed) iron hydroxide species led to challenges with the
work-up and isolation. A combination of citric acid agttlylenediaminetetraacetic acitEDTA
washes were used to counteract these issues, but the final good laboratory prdsti®d (oute

circumvented iron abgether, opting for a palladium catalysé&gishi reaction.
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\
O.__OMe CiMg O.__OMe >\—/\_ o
134 9 steps B
> —_—
| N Fe(acac)sz (5 mol%) | N O )<
= THF/NMP, 0 °C = N~
N™ Cl then HCI or N+ H
73%
133 135 AZD6564
136

Scheme34. Synthesis of AZD6564.
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A key consideration for synthetic chemists of all disciplines should be the environmental impact

and sustainability of their procedures and processes. In 1288 Anastas and John Warner
O2AYSR GKS amu LINAYOALX Sa 2 Flikey fprddice @ gréewek & ( NB £
chemical proces% They are listed below, with descriptions taken from the American Chemical
Society (ACS}.

1. Prevention
It is better to prevent waste than to treat or clean up waste after it has been created.

2. Atom Economy
Synthetic methds should be designed to maximithe incorporation of all materials
used in the process iatthe final product.

3. Less Hazardous Chemical Syntheses
Wherever practicable, synthetic methods should be designed to use and generate
substances that possess little or no toxicity to human health and the environment.

4. Designing Safer Chemicals
Chemical prodcts should be designed to affect their desired function while msingi
their toxicity.

5. Safer Solvents and Auxiliaries
The use of auxiliary substances (e.g., solvents, separation agents, etc.) should be made
unnecessary wherever possible and innocuathen used.

6. Design for Energy Efficiency
Energy requirements of chemical processes should be resjfar their environmental
and economic impacts and should be mirsed. If possible, synthetic methods should
be conducted at ambient temperature and prass.

7. Use of Renewable Feedstocks
A raw material or feedstock should be renewable rather than depleting whenever
technically and economically practicable.

8. Reduce Derivatives
Unnecessary derivattion (use of blocking groups, protection/ deprotection, termay
modification of physical/chemical processes) should be maeichor avoided if possible,
because such steps require additional reagents and can generate waste.

9. Catalysis
Catalytic reagents (as selective as possible) are superior to stoichioneetgients.

10. Design for Degradation
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Chemical products should be designed so that at the end of their function they break
down into innocuous degradation products and do not persist in the environment.

11. Reaitime analysis for Pollution Prevention
Analytical melhodologies need to be further developed to allow for réale, in-process
monitoring and control prior to the formation of hazardous substances.

12. Inherently Safer Chemistry for Accident Prevention
Substances and the form of a substance used in a chemmmzgs should be chosen to

minimise the potential for chemical accidents, including releases, explosions, and fires.

Catalysis is very important in modern synthetic chemistry, and is therefore included as one of the
12 princiges. The use of catalytic, theer than stoichiometriG reagents also has relevance to a
number of the other 1%rinciples, including; prevention and atom economy. Using iron in place
of heavier TMs such as palladium can further reduce the environmental impact octogsng
reactions. Iron is less toxic than palladiumprifciples 3 to 5), often requires lower reaction
temperatures fprinciple6) and is earth abundanpfinciple?). Significant attention must however

be paid to the use of solvents, additives and ligands in-éanlsed crossoupling reactions

(principle3 to 5).
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Chemists working in pharmaceutical process research and develog®Bijrequire robust and
scalable synthetic steps and routes for the preparatiodrofys and synthetic intermediates on a
(multi)kilogramme scale. Following the selection of a suitable chemical, segarchers
generally use multivariate approaches to carry out reaction optimisation; one of these methods

is statistical design of experimen(DoE).

There have been two main drivers for the application of DoE inTPBre is a increased
motivation from regulatory authorities towards quality by design (QbD), in which companies are
required to demonstrate significant process understandings Tiitans DoE is now expected as
part of a new drug application (NDA) submissibrilso, there is a changing economic
environment, in which pharmaceutical chemists are expected to use their time in a much more
efficient manner. IrDoE the number of experimentthat are necessarig defined at the outset,

meaning it is possible to manage time more effeely.

Primarily, DoOE aims to address a given question through a semeslafonsideredexperiments.

One approach to this may be to define an interesting starting point, possibly current reaction
conditions, and prepare an experimental design arounta do this chemists often use programs

suchas Sta® | a$Q&a 5SaA3dy 9ELISNI 2N ! YSGNAROAQ ah559 9
interface through which an appropriately structured investigation can be prepared. DoE employs
statistical analysis, alongith a symmetrical design space allow the maximum amount of data to

be extracted from a minimal number of experimenss. DoE investigation studies multiple

parameters at once, allowing links between them to be observed and understood.

The symmetry of a DOE means the investigator is able cover chemical space more efficiently. This
becomes apparent when considering the traditional one factor at a time (OFAT) apprdaeh.

looking to optimise a transformation with three variables, (M and \4) the OFAT method would
sequentially change each of them, moving towards the desired response with each iteration (blue
arrows,Figured). The onditions giving the greatest response (e.g. convertigoroduc at the

end of the investigation are considered to be optimal. Unfortunately, due to the linearity of these
changes, it is possible to completely miss the ideal solution (green seEtgure4). In a full
factorial DoE investigation, the researcher would carry otiteperiments to understand
responses from the chosen variables, withiie chosen ranged={gure4). Selecting reactions at

the corners of a cube means it is possible to predict the combination, &k \VandV; leading to

the greatest response.
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Figure4. One factor at a time optimisation.

Along with an improved understanding of chemical space, DoE is also able to address other
shortfalls associated with the OFAT approach. These achadability, noise, and two factor
interactions.Variability occurs on a dayo-day basis; an experiment may be run several times
with a different percentage yield each time. This deviation is duexjmerimental noiseslight
changes in temperature, f@xample, may affect the process. DoOE is able to estimate thigin
ways.Firstly,by using centrgoint reactions, which are repeated througiit the experimental
design; ay scatter in these data points gives a real (measurable) value for the expeainseratr
under the centrepoint conditions. In addition, the use of averaging allows the software to
evaluate noise via standard deviatiohiwo factor interactiongvide infrg are observed when
these variables work together to produce a positive or negagffect. Furthermore, with the
cubic design shown below, it is possible to investigate the change in response of variable V
high and low levels of Mand \4 respectively. The effect of;\éan then be averaged across the

four values, giving a sharped estimate (blue arrows;igureb).
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Figureb. Optimisation using statistical design of experiments.

The subksections badw serve to introduce the key output from the DoE investigation, and how

to interpret the data.

2.7.1. A Typical F~actor Investigation
A typical DoE investigation would consider 3 or more variables for a chosen reaction. For example;

temperature,reactant equivalats (138) and catalyst loadingScheme35).

Cl _ Catalyst B mol% Alk
©/ + Aequiv. Alk-MgCl o oo e ©/

137 138 139
Entry Factor / units Low Centrepoint High
1 A/ equiv. 1 2 3
2 B / mol% 1 5.5 10
3 C/°C 0 20 40

Scheme3s. A typical 3factor DoE investigation.

A full factorial DoE would requireY2) 8 experiments to understand the effect of each variable
upon the outcome of the reaction, in this case conversion to alkylated prodi@et The
researcher would also carry out a number of reactions at the centrepoint conditions. These would
be repeatedat least once, allowing the DoE software to assess the variability in the experimental
data. After running the investigation, the reaction outcome would be entered to the software,
which would carry out a statistical analysis of the resi8@me random dta is included in the

following sections to exemplify the method of data analysis.
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2.7.2. The Half Normal Plot

The DoE software would produce a hatfrmal plot Eigure6) from the experimental output. This

plot can be read by looking for points furthest to the riglthoseg A 1 K G KS KA BKS &
STFSOGQd ! Y2RSt T2 N (rfg e Rdiois with Ehe greatéKk iBflifence S
over the reaction outcomeélhe point furthest to the right istavo-factorinteraction This is where

two factors combine to have an effect, which is often greater than the individual factors
themselves. The platuggests that a combination of equivalents of Grignard reagedtatalyst

loading has a large positive effect on the reaction (orange = positive effect).

Design-Expert® Software Half-Normal Plot
Product

A Error estimates

©
o
\

I
]

Shapiro-Wilk test b AB
W-value = 0.900 - 90 —
p-value = 0.432 = ]
A: Grignard reagent < E
B: Catalyst S 80 4 m]
C: Temperature o E B-Catalyst
o R 70 5
B Negative Effects T E o
= E A-Grignard reagent
o 3
ZI 50 % A ]
T = m
T 30 -
20 - =
10 = =)
0= @
\ \ \ \ \
0.00 1.29 2.58 3.88 517

|Standardized Effect|

Figure6. Example of a haffiormal plot.
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2.7.3. The ANOVA Table

From the selected data, the DoE software would carrysmume statistical analysis. This would

then result in an analysis of variance (ANOVA) takdblel1). Within thistable, we are generally

looking at twocolumns- W4l f dzS Q=

confidence interval for the model. Any@| f dzS

Fnodnp

FYR WAG G avalug kefiésénts 4 853y A T A O

ddza3asSada aGKI G

& A 3y A F A Ctlthg chesenlfaét® has Knlinfluence on the outcome of the reaciitwe. data
in Tablel is random, which leads to effect being observed. Only thief  O7 2F FALQ O2f

p-value <0.05. This suggests that the experimental data does not fit the model predicted by the

DoE software.

Tablel. Example of an ANOVA table.

Sum of df MeanSquare FValue p-value  Statisticalsignificance
Squares
Model 123.28 3  41.09 0.32 0.8137 not significant
A-Grignard 29.68 1 29.68 0.23 0.6496
reagent
B-Catalyst 40.19 1 40.19 0.31 0.5983
AB 53.41 1 5341 0.41 0.5452
Residual 779.82 6 129.97
Lack of Fit 779.77 5 155.95 3465.65 0.0129  significant
Pure Error 0.045 1 0.045
Cor Total 903.09 9
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2.7.4. The Model Graphs

P FAOSNI FyFfteaay3d GKS ' bhx! (Fo6of S3T REidus?). NEey S NOKS
show the effect that each factor has on the outcome of the reaction. The model graph shown in

Figure7 shows thetwo-factor interaction between equivalents of Grignard reagant catalyst

loading. Low levels of catalyst are plotted in black, and high levels of catalyst are plotted in red.

The chart suggests that a large negativieefis observed at low catalyst loading when increasing

the equivalentsof Grignard reagent. The chart also suggests that a small positive effect is
observed at high catalyst loading when increasing the levels of Grignard reagent. If this was real

data, this may represent significant catalyst deactivation with a combination of low catalyst and

high Grignard reagent.

Design-Expert® Software Interaction
Factor Coding: Actual
Product (%) 105 —| B: Catalyst (mol%)

(adjusted for curvature)
® Design Points
100 —|
X1 = A: Grignard reagent
X2 = B: Catalyst

95 —
Actual Factor

C: Temperature = 20 9\?,

j 90 —
mB-1 3
A B+10 e

o

85 —

80 —

75 — e

A: Grignard reagent (equiv.)

Figure7. A sample model graph.
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The mechanistic studies discussed throogt Chapter 2serve to demonstrate the significant
challenges infurther understanding such process. As is apparent fr8action 2.5 many
researchers have utilised ireratalysed crossoupling reactions in the preparation of akkyl
substituted heteroaromatics of relemce to the pharmaceutical industry. Thus, with
consideration the principles of green chemistBge¢tion 2.6 the aim of this tlesis is to investigate
the applcation of ironcatalysed crossoupling reactions to the cqling of secondanalkyl

Grignard ragents with aryl and heteroaryl chlorides.

Attention will be paid to the scalap potential during the investigations. Being located within a
PD department within a pharmaceutical company allows the use of standard process chemical
applications such as D¢&ection 2.7, and highthroughput chemistry. These tools will be utilised
frequently in the search for robust and scalable processes, which mameamableto the

preparation of APls
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3. lron-Catalysed iso-Propylation of Electron
Deficient Aryl antHeteroaryl Chlorides

The iso-propyl group is an important structural motif in botmatural products includinggj-
Standishnall40 and APIssuch as Rosuvastatiiv2 (Scheme36a).5”: % The introduction of this
group can require harsh and forcing conditions including those employed in the Fizdfts
alkylation Gcheme37);%° this leads to problems of both selectivity and functional group
tolerance. To avoid these difficulties, it is often introduced early in a synthetic process, as
demonstrated in the preparation df42 (Scheme36b).5” The additionof aniso-propyl groupvia

late stage functionadation is less practical; introducing @o-propyl group to a scaffold in a
medicinal chemistry programme, for example, to explore the effects of size and hydrophobicity

within a binding pocket, can therefore be challenging.

a)

(0] N —Q__
H N
) .
ITPD Rosuvastatin
140 141 142
b)
NH
EtO CO,Et MeS NH2
1/, H,SO
O 2 Moy
HMPA
then DDQ
143

Scheme36. a) Some APIs and natural products taining theiso-propyl group b) Rosuvastatin
synthesis.

As discusseth Chapter2, over the last 40 yeaithe use of TMcatalysed crosscoupling reactions
assimple mild and reliable reaction chemistries has burgeoned. The rapid expansion of this area
of research has provided the synthetic chemist with a palette of new techniques to eate

bonds especiallyp?-sp? linkageswith superb levels of control and selectivity
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Despite the ubiquity and flexibility of palladiuoatalysed GC bond forming reactions, certain
substrates remain challenging. The installation of secondary alkyl gndapsrosscoupling
methodology often leads to undesired 4dpyoducts resulting fromi -hydride elimination
pathways!® Significant efforts have been made in recent years to address these problems
through the application of palladium catalysis with sterically hindered phosphine and
N-heterocyclic carbene (NH@Jdnds!* "?most of the progress in this area has been made with
SuzukiMiyaura transformationg? 74 Secondary alkyl organoboron species generally less
available than their aryl counterparts. They have been shown todmepetent crossoupling
partners in certain applications, but they are gengralteparedn a wasteful and stejnefficient
manner, oftenvia transmetallation from a Grignard or organolithium reagéntA Kumada
(RMgX3€ type crosscoupling reaction ofsecondaryorganometallics, directly using the more
reactive reagent, would therefore offer significant advantages in relationftoieficy and atom
economy 8cheme37).CdzZNJi KSNXY 2 NB > YI Iy SaAidzy Aa 2F KAIKSNI |
boron, meaning its use may be considetess environmentally deleterious. Recent studies have
also shown organoboron species toe carcinogenic thus their use in pharmaceutical
manufacture requires careful analysis to limit residual organoboron intermediates in APIs.
Organomagnesium specieseaenerally highly reactive, and can be removed from waste streams
through thecarefuladdition of aqueous mediunMagnesiumsaltsare prevalent in nature and
broad applications, thus their presence in waste streams may be less concerning than

organoboronspecies.
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Some general methods for the introduction of iap-propyl group are shown iBcheme37.

)\Y
X =B(0OR), - Suzuki
X X = MgX - Kumada
A X = ZnX - Negishi

Y = (pseudo)halide

)\OH )\x v
© Ga(OTf), Cat. M ©/
—_— -€
Friedel-Crafts

B Cc

Reduction

0 PR
)k 9
Cat. M ©/Y
— -
Cu, Cr, Zeolite

D E

Scheme37. Some methods for the introduction of aso-propyl group. A: Aryl organometallic in
a crosscoupling process. B: Fried@lafts alkylation. C: Alkyl organometallic in a cramspling
process. D: Catalytic petrochemical preparati E: Alkenyl organometallic in a crassipling
process followed by hydrogenation.

Route Arepresents the reaction between an alkyl (pseudo)halide and aryl organometallic species.
This methodology has been demonstrated on numerous occasions, geneddiypailadium or
nicketcatalysis’® 7" There have kso been several reports of irezatalysed alternatives, which

are discussed irChapter2, Chapter3 and Chapter5. Alkylhalides are generally a cause for
concern when proposed as part of a synthetic route for a pharmaceutical compound. Their ability
to readily form reactive species such as cations or radicals means that they can easily react with
biological molecules in thbody. This is especially worrying, as they could plausibly alkylate DNA,
and are therefore classed as mutageffidhis is more common for the heavier bromides and
iodides, due to the lowecarbonrhalogen bond strength. Alkyl chlorides are therefore suitable

alternatives, but their low boiling poirdan be challengingespecially indrge scale synthesis.

Route Brepresents a typicdFriedelCrafts process, which may be carried out on an industrial

scale in the petrochemical industf§FriedetCrafts alkylations are typically poorly selective, with
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challenges of both functional group tolerance and regioselegtiVihey are generally avoided in

pharmaceutical synthesis for these reasons.

Route GQepresents the reaction between an alkyl organometallic species and aryl (pseudo)halide,
and shows a switch in polarity of the reagents frRiomute A There are again numeus examples

of this type of process, especially palladigatalysed Suzuki reactions and palladiunnicket
catalysed Kumada crossuplings’> 72This also represents one of the masported reactions

under iron catalysis, with numerous searchers reporting the crogoupling of primary alkyl
Grignard reagents with aryl (pseudo)halides’® Alkyl organometallics, such as organolithium
and Grignard reagents, are generally highly reactive. This reduces the likelihood of alkylating
agents (from alkyl halides) being present in reaction mixturesindurpharmaceutical
YIydzFlF OGdzZNBT F NBEf 0O0LEASAdzZR20KFEARS&a ISYSNIffe

RouteDrepresents another Fried€lraftstype process, which may be carried out on an industrial
scale in the petrochemical industry. $hproduces a vinyl species which can be reduced to the
alkyl species using hydrogenati#hMuch likeRoute B challenges may be expected with both
chema and regioselectivity of such a proceRauteErepresents another crossouping process,
between an aryl (pseudo)halide and vinyl organometallic. The reverse, aRatite A Route C

may also be a plausible synthetic route. Again, this produces a vinyl species which can be reduced

to the alkyl species using hydrogenatiit?
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3.1.1. Relevant Literature: Palladium and Nickatalysis
ThecrosO2 dzLX Ay 3 27T | f hy@ibgerss wi @ryl Sales @rBaindNa cyfallende in

TM catalysis. In recentears,numerous systems have been developed to carry out these more
testing processes. The modified catalysts are generafigdupon palladium or nickel, with bulky
N-heterocyclicOl N Sy S obl / 0 2 NHydikedinidatonh hesk reattioysRan @ |

havethree significant effects:

1. Loss oftarting material resulting in lowsyield, or hydrodehalogenation
2. Isomerisatbn of catalytic intermediates resulting in the formation of unwantsde
productsviai -hydride elimination

3. Reduction othe catalyst to catalytically inactive species

An early report on the isomerisation of alkyl groups in-ddihlysed crossouplingreactions was
made by Kumada in 1972This article highlighted a nickehosphine catalysed proceduweich
resulted in varying amounts of isomerisation depending uponstieeic andelectronic nature of
the ligand (Scheme38). The bulkier, less electron releasirig2-bis(diphenylphosphino)ethane
(dppe) 149 gave the highest conversion to the desirézb-propyl crosscoupled product.
Significantly mordsomerisedside product was observed with the less bulky, more electron

releasingl,2-bis(dimethylphosphino)ethan@mpe) 150. This could be related to accedted RE

promoted by the bulkyl49.
" " @

cl
. )\ NiCl,L, (1 mol%)
CIMg

\J

146 147 148a 148b 148¢
L2: 149 pp p PPNz 96 4 0
150 e p M2 9 84 7

Scheme38. Kumada's observations.

The mechanisnKumadaproposed is now widely accepted within T G f @ aA&T A G Ay
hydride elimination followed bynigratory insertionScheme39). Kumada suggested that strong

St SOGNRY R2Yy Il GA2Y F NP Whydidg 8imibatioR. | TieRecand giEndy T I OA f
proceed to give the branched or linear isomer, with the linear isomer being favoeirableupon

reinsertion due to steric effects. Such processes have been described previously by Reger, with

both iron’°and palladium TMalkyl specie$§® &7
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AN e

151 152 153

Schemed9.i -Hydride elimination mediated isomerisation.

An efficient catalytic system for the cressupling of secondary alkyl nucleophiles wit?
bromides was demonstrated in 19§%cheme40).88 Hayashi was able to perform the cress
coupling ofsecbutyl nucleophiles with a range of aryl/alkenyl electrophiles, with little or no
isomerisation, using PdG(dppf) pre-catalyst. Excellent yields were reported for both Grignard
and zinc reagents, although the zinc reagents required much longer reaction times. The authors
offered significant insight for such an early article. They suggested that the r&Ermiist be

FI &aid SN { Knydyide élifinafion o Fedlce isomerisation and hydrodehalogenation. The
fast REin this case was attributed to a largeP@P angle, and a small-Bt-Cl angle at the
palladium centre. This should lead to a smalP8R bond angleipon OAand transmetallation,

with the close proximity of Ar and R groups leading to r&gfd

._C;Pfh%‘c“
Fe Pd, .. (1.5-3 mol%)
Br <=—PPh,
R + j\ - > X +
" CIMg Et,O, rt, 1t0 20 h R— P R
154 155 156 156a

Schemed0. Hayashi's reaction conditions.

Hayashi observed excellent branched to linear ratio imuenber of substratesTable 2). The
authors were able to couplsecbutylmagnesiunthloride with electron neutra{157), electron
deficient(160) and dectron rich(158) substrates. Moreover, no isomerisation was observed in

the reaction with sterically hindered@ethylbromobenzend 59.

Table2.! avYlIftft &aStSOGA2y 2F | &l aKAQa NBLER2NISR
Entry | Product R sBu(a)/ % n-Bu (b)/ %
1 157a /157b H 95 0
2 158a /158b 4-OMe 75 1
3 159a /159b 2-CH 58 0
4 160a /160b 3-Ck 72 0

More recently, TMcatalysis has moved toward the use of more stable/less reactive organic
nucleophiles such as organoboron reagents. $heuki crossoupling reaction representsne

of the most widely usedarboncarbon bond forming reactionia both industry and academfa.
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2This is due to the relative stability and availability of organoboron species. Problems associated
& A (-Kydride elimination are still prominent in the Suzukietan, but it has received much

greater attention than the Negishi and Kumada counterparts as a whole.

Molander and Dreher were amongst the first to publish couplings of alkyl species in Suzuki
reactions®® Their article presented the asscoupling of secondarglkyl trifluoroborateswith
electron rich and electron poor aryl chlorides. The authors chose potasdiytrtrifluoroborates

in order to suppress unwanted competitive protodeboronatfnThen, using parallel
experimentation, they investigated the reaction betwegotassium cyclopentylucleophiles and

two (hetero)ryl chlorides $cheme41l). This screen usef2 ligands and three solvents to
determine the ideal reaction conditions. It was found tligand169 (Scheme42) with CsQ0z in

toluene gave the greatest reactivity.

BF;K
163

cl “ cl 12 ligands / 3 solvents _

@[ or | Cs,CO3 (3 equiv.) or | X
= 1:5 water / solvent
OMe N Pd(OAc), OMe N7
161 162 . 164 165
in parallel

>100% conversion >56% conversion

Schemedl. Parallel experimentation protocdbr cyclopentyl crossoupling

The cyclopntyl nucleophile represents a simple secondary alkyl comsgling partner;i -
hydride elimination, isomerisation and reinsertion would result in the same product. This is true
for all racemic cycloalkyl nucleophilénfortunately,the conditionsdiscovered g Molander and
Dreherwere unsuitable for the coupling &fo-propyltrifluoroborate without isomerisationAfter
repeating the earlier ligand screen di-tert-butyl(phenyl)phosphine 168 and
tri-tert-butylphosphinel70 were highlightedas the best ligands to suppreiee undesired -
hydride eliminationpathway. This example serves to highlight the difficulty in balancing steric
and electronic effects upon the palladium centre. Thieutyldiadamantylphosphine ligantc9
gave the greatesteactivity due to the electron releasing nature of the tertiary alkyl ligands.
However, the steric bulk of this ligand atgavepoor selectivity with more challenging substrates

such as Zhloroanisole and methyl-2hlorobenzoate
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cl J\ 12 ligands
+
©: KF 4B Cs,CO3 (3 equw
OMe 1:5 water / toluene

Pd(OAc),

161 166 167a 167b
in parallel

@4 7@ i&

168 169 170

Schemed2. Further parallel experimentation faso-propyl crosscoupling.

Molander and Dreher further tested the three monophosphine ligab6& 169, and170with a
small selectiorof aryl chlorices Figure8). The authors found highly vakle results across the
series. Dtert-butyl(phenyl)phosphinel68 and tri-tert-butylphosphinel70 continued to show
the highestiso-propyl ton-propyl ratio, although this was significantly diminished when methyl

2-chlorobenzoatg174) was coupled.
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Molander's HTC Results

. | Cl
Cl cl cl ®iPr mnPr ¢ Cl

100 @/ ©/OM9

90 OMe Me
172 161 173 i I 4

168 169 170 168 169 170 168 169 170 168 169 170 168 169 170 168 169 170

CO,Me

171
80

7

o

6

o

5

o

4

o

3

o

2

o

1

o

o

Figure8.a 2 f I YRSNJ I YR 5 NB KisNdpsil crosBcuplmgligand Bdieeny GréyK S
bar =iso-propyl @), orange bar s-propy! ().

Pd F AAYALEF NI GA YWn dénPloogegblandgp&tBdNia &osscduplaiyd®f alkyl
trifluoroborates andaryl bromidesausing a number of bulky biaryl monophosphine ligatf&uch
Pd(P) species werpreviously shownto effectively promote the crossoupling of primary
alkylboronic acidg! Poor yields were observed when employing treginalreaction conditions

(3 nmol% Pd(OAg) 6 mobo Phos,3 equiv. KCQ, 1 ewqiv. ArBrand 1.5 egiv. cyclgentyl
trifluoroboratein MeOH at reflux)so an alternative solvent and ligand were sought. Interestingly,
the application of RuPhos178 in a toluenéwater solvent system gave increased product
formation (Figure9). The author®ptimisedthese conditions for the crossoupling ottyclopenty

nucleophiledeading to synthetically useful isotat yields in a number of cases
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Pd(OAc), (7.5 mol%) O
RuPhos (15 mol%) PCy,

Br = /Q .
Ar * /O 3 equiv. K3PO, Ar i-Pro

Oi-Pr
KF3B toluene/water 10:1 O
115 °C

176 163 177 178

Entry Product ArBr Time /h Yield / %
1 179 3-bromoquinoline 88 60
2 180 4-bromobenzophenone 44 70
3 181 4-bromonitrobenzene 20 58
4 182 4-bromopyridine 40 40

Figure9.vandenl 2 23Sy ol YRQA @auding2 LISy ief ONRAa

Again, when applying theoptimised reaction comlitions to the coupling of acyclic
secbutyltrifluoroborate reduced yields were observefiirther demonstrating the difficulty with

such substratesHgure 10). The authors suggested that this was due to a more competitive

i -hydride elimination pathway, probably arising from the increased flexibility ofsduebutyl

ligand upon Pd. Although theegjils were relatively low, the reaction was found be selective for

the formation of theseco dzli @ £ A &2 YSNIP ¢ KA dnteMdtién beivieenfedzthd G 2 |
2-0 dzii Sy S -hydridé &iNihation, leading to preferential alkene dissociation followe®RBy

of the hydrodehalogenated material. For example, the [Ag(oléficdmplex ofiso-butene is

found to be less stable than that of propefre.

Pd(OAc), (7.5 mol%) O
RuPhos (15 mol%) PCy,

B J\ i ’ J\ i-Pro 0i-Pr
Ar KF,B 3 equiv. K3PO, Ar O

toluene/water 10:1

115 °C
176 166 148a 178
Entry Product ArBr Time /h Yield / %
1 183a/18d 3-bromoquinoline 110 51
2 184a/ 184b 4-bromobenzophenone 24 50
3 185a/18% 4-bromobiphenyl 72 45

Figure10.van denl 2 2 3 Sy &o-pyopylréosscoupling.

Buchwald further demonstrated the use bfilky biaryl monophosphine ligands in the Negishi
crosscoupling reaction in 200% Thebranched:linearatio of reactons betweeniso-propylzinc
bromide and aryl bromides was repiad for seven ligand system$his work established the

superiority of a new ligand;Phos 187, Figurell), in this reaction. Buchwald was then able to
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couple a range of aryl and heteroaryl halides with a number of alkylzinc specesssfully. All
preparations gave high yields, and good ratbthe desired branched produditerestingly, this
preparation allowed the crossoupling of typically more challenging substrates, including
cyclogntyl and secbutyl zinc nucleophiles and electrophiles containing a benzyl alcohol
substituent. The auttors reported further studies related to this in 2014, where other acyclic

secondary alkyl nucleophiles were coupled with high yield and sele&ivity.

Pd(OAc), (1 mol%) O
Ligand (2 mol%) P(Cy)2
Ar + /k > J\ + j MesN
B Brzn THF (0.25 M) Ar A O
0 °C -rt, 30 min
176 186 148a 148b 187
NM62

Entry Product (Het)ArBr Yield/ %  i-Prin-Pr
1 188a/ 188b 4-OMeGHs 92 37:1
2 185a / 18&b 4-PhGHa 95 39:1
3 189/ 18% 4-CQMeGHs4 94 46:1
4 190a/ 190b 4-CNGH4 87 59:1
5 191a/191b 4-CHO@GH4 89 43:1
6 192a/192b 4-NOQGsHs 50 28:1
7 167a/167b 2-OMeGHs 97 27:1
8 193a/198b 2-PhGHs 97 22:1
9 194a/194b 2-COMeGH4 91 37:1
10 195a/195b 2-CNGHs 89 20:1
11 196a/196b 2-SMeGHs 95 30:1
12 197a/197b 5-bromoindole 96 58:1

Figure1l. . dzOKgl f RQa OF Gl fteiGA O &e adishpropl 6 R-prajpydzo & G NI G
selectivity highlighted itold.

An interesting addition to the Negishi portfolio was madeQrgan?® NMR and computational

studies suggested that NHC ligands with increased steric bulk enhanced the electropositivity of

the palladiumcentre (Figure12).96%° This should promot®REE.  NB RdzOA y 3 -hykide 2 06 & SN
elimination, and leading to successful coupling. The authors proposed that through space
interactions between théN-aryliso-propyl groups of the NHC ligand helpstabiliseanybuildup

of positive charge followin@A The selected PEREPPSPent catalyst198 was efficient when

crosscoupling secondary alkyl zinc species, with moderate to excellent yields across a range of

aryl chlorides. Unfortunately, isomerisation was still observed wsibbutyl andiso-propyl

nucleophiles
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IPent-Pd-PEPPSI (1 mol%)

N Br _
R_O/ * THF / Toluene - Y * A
R— _n
= Brn 23 °C, 30 min L~ R
154 186 156a 156b
)_\
Ar/N N\Ar
Cl-Pd-Cl Ar =
N
L
N
198
Entry Product ArBr Yield i-Prn-Pr
1 189a/189%  4-CQOMe 94 56:1
2 192a/192b 4-CHO 92 59:1
3 196a/196b 2-CN 76 28:1
4 167a/167b 2-OCH 54 23:1

Figurel2h NBI yQa t R6t 9tt {LOLt Sy d Ofhighesisoprép@dtoaea iSy |
propy! selectivity highlighted ibold.

More recently Tang reported an efficielBuzukicrosscoupling reaction between sterically
hindered aryl bromides and secondary alkgironic acids® The authors showed significant
mechanistic insight, and were able to use bulky P,P=0 ligdtaid 201, Scheme43) to gain
very high branched:linear ratios. The new ligand £¥@as demonstrated to have &emiabile
coordination with the Pd centre, offering the stability of an@mbered palladacycle combined
with the flexibility of a monophosphine ligandihehemiabile nature of the P,P=0 ligand allows
it to block any vacant coordination sites, which could lead-tydride eliminationThetert-butyl
substituents on each phosphine weaatsosuggested to increase steric bulkbath the front and

rear of the precatalyst, reducing the space availableifeinydride elimination.
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Pd(cinnamyl)Cl, (0.5 mol%)

Br o
R N .\ )\ 193 (2 mol%) e . N
= (HO),B K3PO,4-H,0 (3 equiv.) L R P

toluene, 100 °C

154 199 156a 156b
tBu.,_o ci o 9
t-Bu” Pé ""'P\_t'BU
/
R Cl t-Bu

t-Bu’ #-Bu OMe (Bu
200 201
Scheme43. ¢ I y3Qa NBI O irdladsgycleq@ylovér lef),optimab ligand201, lower
right).
The synthetic utility of Pd(P,P=0) catalytic system was exemplified in the synthe&s-pfapy!
substituted estrone203 in Scheme 44. Here, the starting bromide202 had two ortho
substituents, and the product was isolated 86% yield after 6 hours at 1060C. The

branched:inearratio was reported to be 9.6:1.

i-PrB(OH), (1.5 equiv.)
[Pd(cinnamyl)CI], (0.5 mol%)
201 (2 mol%)

K3PO,4-H50, toluene
100 °C,6 h

202 203

Schemedd. ¢ y3IQa aeyikKSara 2F SaldNrRysS

Some authors have demonstrated thirect crosscoupling of more reactive organolithium
reagents. Feringa showed that it was possible to couple a number of secoaltghjthium
species with a wide range of aryl bromides using a simple palladivmapag/st Scheme45).101
Although this procedure demonstrated broad substrate scope, its synthetic utility may be
limited by the high reactivity of the organolithium reagents with common functional groups.
Organoboron or organozinc species greeferable in this respect, as they have excellent

functional group tolerance.
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’ Pd(P(t-Bu)s), (5 mol%)

R R,
Ar-Br + |_i4< » AI’4<
R R2

) Toluene, rt
176 204
Ph s O
W .
OMe MeO NMe, [3C O
188a 205 206 207 208
85% 55% 75% >98% 79%

Schemed5. CSNA y I Q& 2 NBdupligf A G KA dzyY ONR A a

In summary, a number of groups have investigated the reachietween secondary alkyl
nucleophiles and aryl halideunder TMcatalysis. These studies have focussed upon the use of
bulky mone and bisphosphine ligands, NHCs, and the recently developed P,P=0 ligands. The
overall aim in all cases was to promofRE over unwanted i -hydride elimination to
reduce/eliminate unwanted byproducts. The most successful ligands were shown to be of the
P,P=0 typé%closely followed the REPPSPent catalyst of Orgaitin the P,P=0 case thégh
selectivity was suggested to be due tchamiabile ligand, which preferentially formed a5
memberedpalladacyclereducing the likelihood of an open coordination site. The success of the
PdPEPPSPent system was proposed to be due to the relagivieigh electrophilicity of Pd,
promoting rapidRE
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3.1.2. Relevant Literature: Iron Catalysis

The use of precious metal catalysts is often challenged in a pharmaceutical process research and
development environment, due not only to cost of goods and questi@nahbistainability of
supply, but also because of the toxicity arising from the presence of trace residues #2APIs.
recent years, there has been a significant resurgence of interest in the application of earth
abundant metals in crossoupling reactiong®3iron has been preminent due to its abundance,

low toxicity, low cost and high versatil#§.:°*Pioneering research by Vavon and Mottez in 344

was advanced by Kochi in his seminal publication in {S@ieme46).1%°

Vavon and Mottez

MgBr FeCl; (0.1 mol%)
+ 2 Alk-Br >
Et,O

209 210 148b 148a
52% 52% 55%
Kochi
FeCl; (8-16 mol%)
Alkyl-MgBr+ 5-10 equiv. vinyl-Br - CoHir X CGH13/\/
THF
211 212
83% 67%

Schemed6. Early reports of irortatalysed crossoupling reactions.

Most early reports focused on the reaction of primary alkyl Grignard reagents with aryl or vinyl
halides; there are very few reports of the irecatalysed crossoupling of secondary alkyl
nucleophiles with aryl halides in the literature. One of the early reports by Kochi sedgést

it was possible to coupliso-propylmagnesium bromidand cid'trans 1-bromopropenewithout
isomerisation of thaso-propyl group1° Further examfes of such reactions were reported by
Cahiez in 1998 Moderate yields were observed from the reactions of bisthpropyl andtert-

butyl Grignard reagentSchemet?).
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Fe(acac); (1 mol%)

R - R
%Br + RMgCI THF-NMP (9 equiv.) l/\R
2

R -5to 0 °C, 15 min

n-hex\/\ﬁ m Ph\/w/
213 214 215
64% 82% 73%

Schemed7./  KAST Qa Ff1etrdAz2y 2F @QAyeft oOoNRYARSao®
Non-precious metal catalysis, specificalison-catalysed Kumada crossupling reactions,
underwent a major revival in the early 2000s. This was driven by groups sidsa®fFurstner,
Bedford and Namakuraall with significant expertise in fundamental organometallic chemistry.
Furstner demostrated the croscoupling of a widerange with aryl and heteroaryl
(pseudqghalideswith predominately primary alkyl Grignard reageim2002 Scheme48).28 This

report demonstratedexcellent synthetic utility, with sequentialkylations carried out in a one

pot protocol in the preparation a220and muscopyridine221.6*

Fe(acac); (5 mol%)

HetAr/X + 1.2 equiv. AlkMgBr THE I NMP HetAr/Alk
n-CgH13 Nn-C14H29 N._-n-Ci4Hyg e
oy O X" vn
MeO,C MeO,C N L N
N"H
216 217 218 219
X =Cl X =0Tf X =ClI X =ClI
91% 81% 94% 85%
X
W
N™ "n-Cy4Hpg Metathesis / reduction

‘y,

220 "
X = Cl -~
73%

221
Muscopyridine

Scheme#8{ 2YS SEI YL Sa 2F CNNRGYSNDR& LINAYIFNEB |fleéf
Only one example afecalkyl crosscoupling waslisclosed byrurstner The authors werable to
couple iso-propylmagnesium chloride with heteroaryl chlori@?2 in moderate yield using a

THF/NMP solvent syste(@cheme49). Firstner suggested that Fe(salen)Cl comg@Xshould
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be used with secondary alkyl Grignard reagents, but this was not supported with experimental

evidence.
N /LMgBr (2.3 equiv.) | X H-Q"H
» % Me0” N7 =N N=
MeO™ >N cl Fe(acac); (5 mol%) /F|e\
THF/NMP o Clo
222 223a
56%
224a

Schemed9. Furstner'sron-catalysedcrosscouplingof iso-propylmagnesium bromide

Bedford investigatec number ofFe(salen)Gtomplexes the same year, choosiagstudy the
reaction between aryl Grignard reagestand alkyl bromides®” The reaction was successful in
most cases, but numerous {products were observed. Interestingly, the crassipling of3-
bromopentane with p-tolylmagnesiumbromide proceeded without isomerisationSgheme
50).The authors demonstrated the successful crosapling of electron rich Grignard reagents
with a number of alkyl halides; cytlexyl halides were shown to give the highest conversimn

desired productKigurel3).

Fe (2.5 mol%)

MgBr
NS, 224b
Br
226

Et,0, 45 °C, 30 min

225 227a

2 equiv. 56%

Schemes0.. S R T adddky &rosscoupling.
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MeO

228 229 230 231
90% 81% 61% 69%

Figurel3 9 E YLI S& 2 7F ./ssderdarydly@tion. LINK Y | NE

Nakamura reported a similar process in 2004, utilising the simple diamine TMEDA as a
ligand/additive in the reactior® Cyclohexyl bromide was coupled with a number of aryl and
heteroaryl Grignard reagents in excellent isolated yielde a@uthors reported an interesting
finding: isomeric sterically locke@rt-butylcyclohexybromides led to the same product ratio
(Schemebl). The auhors proposed the intermediacy of an irtmound radical to explain their
findings.

OMe
FeCl; (5 mol%)

Br /©/0Me TMEDA (1.2 equiv.)
+
W BrMig THF, -7810 0 °C
30 min
232 233 234

W
Y

trans:cis = 96:4
OMe

trans:.cis = 96:4
OMe

L

Scheme&lb | { I YdzZNF Qa A0GSNB2OKSYAOFt 20aSNBIGAz2yad
Ols®n reported the crossoupling of imidoyl chloridesuch a235 with alkyl Grignard reagents

using an Fe(acacpre-catalyst®® Several secondary nucleophiles wearsed, forming coupled
products in good to excellent yieldEhis methodology was then utiliséal prepare analogues of
Clozapine $cheme52) in one step from relatively simple starting materials. The reaction was
chemoselective, witlthe Grignard reagent reacting only at the imidoyl chloride while the aryl

chloride remained untoched.
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N
cl —NC>—M90|
N= (2 equiv.) X = NH, 82% yield
C'\Q\ THE-NMP N= X =0, 71% yield
X Fe(acac)s (5 mol%) CI\Q\ X =S, 86% yield
rt, 5 min
235 X
236

Scheme&s2hf a2y Qa Of 21 FLIAYyS aedyiKSarao

Another successful crogdupling between aryl and secondary alkyl fragments was achieved by
von Wangelirt® Instead of a prdormed Grignard reagent this investigation used two halides
with magnesium in a domino prose (53 and 237, Figure14). The reaction with cyclohexyl
bromide was successful with a range of aryl halides, and one examgelodtyl bromide was
reported in 62% yield. Coupling sécbutyl bromide was also suggted to proceed without
isomerisation. Additionally, this preparation appeared to be applicable to a range of electron rich
and electron deficient aryl chlorides and bromides. Most other methods are limited to electron

deficient aryl chlorides as couplipgrtners.

Ny B FeCl; (5 mol%) _ N Alk
—_— + —
= gr- K Mg, 0 °C RT =

153 237 238
Entry Product R Alk Yield / %
1 239 4-MeGsHa chex 70
2 240 4-t-BuGHs i-Bu 67
3 228 4-MeGeHa s-Bu 62
4 229 2-OMeGHs chex 66
5 241 4-FGHa c-hex 48
6 242 4-NMeGHs  chex 72

Figureld @2y 2 | y3St Ay QéouphiBRdzOG A @S ONR A A

Species which usually react slowly under palladium or nickel catalysis can often be reactive in
iron-catalysed reactions. For example, electron deficient aryl chlorides, sulfamates and
catbamates can all be used. An interesting application of the-@atalysed crossoupling of the

latter was described by Garg in 202 The ease of preparation of aryl carbamates from the
phenols was highlighted as the major reason for studying them. The authors were able to
crosscouple numerous aryl groups with hexylmagnesium chlodsiag an Fegpre-catalyst in
combination with an NHdigand; SIMes249. DI NHQ& I LILINR I OK 62 NJ] SR
secondary Grignard reagents with no reduction in yield. This was demonstrated in the synthesis

of 248 (Schemeb3). The electronic naturef the carbamate group could also be used to direct
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ortho-lithiation upon the aromatic group, and to promote a nickatalysed Suzuki cressupling

reaction at thepara-position.

OCONEt, p-Me-PhB(OH)
) OCONEt 2 OCONEt
s-BuLi, TMEDA: 2" NiCly(dppe) 2
then Mel R PPhy, KsPO, O
THF, -78 °C Toluene, 80 °C
Cl 243 93% 244 93%
Cl O 245
O
OCONEt, 247
cr

Mes/NwN\Mes

THF, 65 °C

246 72%

248 SIMes.HCl 249

FeCl, (5 mol%)
SIMes.HCI (15 mol%)
DCM (30 mol%)

Schemes3. D | NBH QdatalysédRrgssoupling.

Cook also demonstrated the use of aryl sulfamates, along with tosylates, in acaiapsed
crosscoupling reactiort!® A number of iron sources and associated ligands were investigated,
and it was found that Fe&HO andIPr 54, Figurel5a) were the best combination. Variable
yields were reported for the crossoupling with n-butylmagnesiumchloride. The biggest

differences in yield were observed in the reactions with bullectebphilic coupling partners.

Expanding the substrate scope to include secondary alkyl Grignard reagents resulted in a small

reduction in yield, although the sulfamates were less affected. A brankmear selectivity of
6.5:1 was achieved in the cressupling ofiso-propylmagnesium chloride. The authors suggested
that this high selectivity, compared to that obtained with other iron salts, was due to the strong
coordination of the fluoride ligan#:! This was proposed to prevent open coordination at the
metal centre, suppredsy zgostic interactions, which can leaditenydrideelimination(Figure
15h).
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a) FeF5+3H,0 (10 mol%)

OR R'
/©/ . RWMgCI IPr (20 mol%) /©/
Ph THF, reflux Ph

b)

"
i, T
H

250 iPr — iP, 251 252 253
NS
iPriPr
254
Entry Product R R'MgCI Yield/ %  i-Prn-Pr
1 255 SONMez n-BuMgCl 90
2 256 SONMe; c-HexmgCl 77
3 185a/185b SONMe: i-PrMgCl 65 6.5:1
4 255 Ts n-BuMgCl 74
5 256 Ts c-HexMgCl 39
6 185a /185b Ts i-PrMgCl 50 1:10

Figurel5. Cool3 ironcatalysedcrosscoupling of aryl peseudohalides.

Perry used FegkHO in combinatiorwith SIPr 258) to effect the cross coupling of Grignard
reagents with noractivated aryl chloride® The authors optimised the reaction conditions, and
found that adding four equivalents of Grignard reagent in two aliquots gave the highest
conversion. Introduction of the more challengiisg-propyl and cyclohexyl nucleophiles led to a
reduced overall yield. Higher branched:linear ratios were observed when 6 equivalents of
Grignard reagent were added, but this was at the expense of \ieldas proposed that the
reaction may proceed via an ionigefsusradical) mechanism, owing to this hidavel of
isomerisationg secondary radicals would be preferredgomaryradicals due to stabilisatiovia
hyperconjugatior?®: 53 104The use of 4 to 6 equivalents of organometatbagentis highly
wasteful, and significantly reduces the atom economy of the procésgieous effluent
containing high levels of magnesium halide may also pose chafieiigused in large scale

manufacture due tdahe requirement for specialistisposal.
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FeCly*4H,0 (5 mol%)

Cl
©/ N J\ SIPr (10 mol%) - R4
MgCl™ R THF, 70 °C, 3 h

iPr iPr
255 256 ™\ 257a 257b
N\/N
iPr iPr
258
Entry Product Grignard Eq. R Yield / % i-Pr-n-Pr
1 148a/ 148b 4 ChH 69 1.2:1
2 148a/ 148b 6 CH 31 3.1:1
3 157a/ 157b 4 CGHs 67 241
4 157a/ 157b 6 CHs 48 10.4:1

Figurel6.t S NNE Q secalkylaBod.f A O

Wang and Quan recently reported the crassupling of heteroaromatic tosylates with alkyl and
aryl Grignard reagents under ir@atalysist'? The authors showethat Fé" salts such as Fe(acac)

and FeGlwere competent precatalysts for the reaction between primary or secondary alkyl
Grignard reagents and pyrimidiryl tosylatege.g.259, Schemes4) when used in combination

with a THF/NMP solvent system. They also demonstrated that, by switching from NMP to TMEDA,
it was possible to react the same electrophiles with aryl Grignard reagémterestingly,iso-
propylmagnesium chloride was found to react without isomerisativing 260 in 74%isolated

yield. Other secondary alkyl Grignard reagents were also tolerated, including the challenging
cyclopropylmagnesium chlorid@he useof NMP in iron catalysed processes is notaltany
crosscoupling procedures utilise it as a cosolvent although no researchers have yet determined

its effect upon the reaction mechanism.

Ph FeCl; (5 mol%) Ph
E =
OLASN + 25equiv. )\M ol THF/NMP 08 SN
L 9 -15°C t0 -10 °C w»
N~ ~OTs 15 min N
259
260
74%

Schemes4. C N NE& (isgoNyRciosscoupling.

Nakamura reported a further investigation into the iroatalysed Kumada cressupling in
201513 In this investiation the authors returned to a FgRHC catalytic system they had
previously reported for the reaction betweesp? Grignard reagents ansiy electrophilesi!! In

earlier examples of crosupling catalysed by irgrhigh reactivity and/or seleatity was
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obtained when using activated, electron deficient (hetero)aryl (pseudo)halidee Gupra.
Nakamura found that the FeNHC catalysed protocol was able to cougéactivated, electron
rich, aryl chlorides with alkyl Grignard reager8stfemeb5). Primary and secondary nucleophiles
were coupled in good to excelit isolated yields, but significant isomerisation was observed

wheniso-propylmagnesium chloride was used.

FeF5 (5 mol%) —\
/©/0|+ " 261 (15 mol%.) /©/Alk NE_N
XMg~ o
MeO ? THF, rt MeO

\J

M
€0 MeO MeO MeO MeO
188a 188b
262 263 229
60% >99% >99% 97% combined
ratio 38:62

Schemes5. b { F YdzZNF Q&4 CSkbl/ OFrGFrfeasSR FftleftldAzyo
In summary, a number of methods have been used to ecosple secondary alkyl nucleophiles

with aryl halideslnitially, simple metal/ligand sgems were used, such as nickelpailadium

with phosphine ligands, or Fe(acagjth noaddedligands. As thenvestigators strove to achieve
generality in yield, the complexity of the catalytic systems increased. The advent of NHC ligands
grealy influenced this developmentmost recent publications on nickel, palladium or iron
catalysis demonstrate the synthetigtility of those ligands. Unfortunately, there are still
AAIYAFAOLYUd O0FNNASNER (G2 (G§KS ONER-bydrideefintddaifoh y 3 2 F
processes. This can be overcome by promotingR&3¢° In order to address this problem it may
be possible tooptimise previous reaction conditions, or to develop entirely new reaction

conditions. Both may lead to a greater understanding of the fundamental processes.

In most cases, the ireoatalysedcrosscoupling of secondary alkyl Grignard reagents used less
reactive chloride coupling partners, instead of the more expensive and desklyr available
bromides or iodides. Though aryl nucleophile/alkyl halide coupling iskweln,” the use of

alkyl organometallics also circumvents the handling of volatile alkyl chlorides which are

potentially toxic alkylating agent3hrough the strategic use @oE we hoped to develop an
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effective, more general and straightforwapileparation ofiso-propyl arenes and heteroarenes

from the corresponding chloridesa an ironcatalysedeaction.

The literatureexamples introduced in the previous section serve to demonstrate the synthetic
utility of iron-catalysed processes. Unfortunately, the use of secondary alkyl-coogding
partners continues to represent a signéint hurdle. Many researchers have repatefficient
reactions of cycloalkanes, but acyclic, dimear sp® substrates remain underepresented.In
2013 Foxet al. demonstrated an operationallgimplereaction between primary alkyl Grignard
reagents, such as-butylmagnesium chloride, and electraleficient arylchlorides!'4 However,

the reaction was less successful wigrenethylmagnesion chloride wasused(267); only 48%
conversion was reporteah the reactionwith 1-chloro-4-(trifluoromethyl)benzengSchemes6).

No examples of crossoupling processes secondanalkyl Grignard reagents were reported.
RMgCI (1.2 equiv.)

F3C Fe(acac); (1 mol%) F3C 265 R =n-Bu 69%
——= 266 R =n-Hex  83%
¢ TMEDA (10 mol%) R 267 R = Ph(CH,), 25%

264 THF, rt

Schemes6.C 2 E Q & ot of eledtrbrl- défikient aryl chloridesisolated yields.

With operational simplicity and synthetic utility in minthe reaction between iso-
propylmagnesium chloridand 1-chloro-4-(trifluoromethyllbenzene264 was choserto carry out
apreliminaryinvestigation(Schemes7). DoEwas utilised for this studyather than carrying out

a traditional OFAT optimisation. DOE can offer many advantageseowvthe classicalOFAT
approach!!® 6Dye to its multivariate naturet is possible to optimisseveral componentat
once, leading to a significant reduction in the overall amount of experimentation. The statistical
analysis used in an experimental design also means that it is possibévedal interactions

between components, a distinct benefit over OFRAIdies(seeSection2.7).
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CF;

/@/CF3 )\ Fe(acac)s
+ >
Cl CMg THF / additive

temperature
264 147 268a

Schemes7. Model reaction chosen for the DoE investigation.
Stat9 I a4 S Q &Expefi & (DXAYas used to prepare a preliminasgreeningoE with 6 factors
(Table 3). These factors were chosdrmasedupon literature precedent, in order to answer a

number of questions:

1 What is the effect of reaction temperature?
0 Temperatures betweer/8 and +77C used preiously
1 What is the effect of catalyst loading?
0 Catalyst loadingbetween 0.1 and 10 mol% used previously
1 What is the effect of concentration?
o Dilute processes give more waste, che tolume of solvent be reduced?
9 Does addition time influence reactivity
 Can added primary alkyl Grignard reagent promote the reaction wib
propylmagnesium chloride?
o Is reduction of the active catalyst challenging wito-propylmagnesium
chloride, does this explain the lack of previous examples.
1 Isit posible to use TMBA or NMP as aadditive?
o TMEDA and NMP have been used widely, coaolttitionsbe optimised using

DoE to discover optimal conditions for this reaction.

Table3. Factors chosen for the preliminary DoE investigatolumes; 1 L kgt limiting reagent.

Factor Ranges
Reaction temperature -20to 20 °C
Catalyst loading 0.1to 5 mol%
Concentration 20 to 60 volumes

Addition time (Grignard reagent) 0 to 10 minutes
Addedn-butylmagnesium chloride  Yes or no
Ligand NMP orTMEDA

TmMOoOO®>»

Scoping experimentgarried out at the higher and lower rangegble3, showed that a number
of sideproducts could be formed in theeaction betweeriso-propylmagnesium chloride and 1
chloro-4-(trifluoromethyl)benzene $cheme58). Both linear268b and branched268a isomers

were observed, along with homocoupled aryl chlor&8d. Hydrodehalogenatethaterial 268¢
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was not observed, but has been discussed inynmaports of the irorcatalysedcrosscoupling of

alkyl Grignard reagents.

CF; Fe(acac);
/©/ + CIMgJ\ THF / additive /\/©/
Cl temperature

264 147 268a 268b
CF3
O e OO
H
268c 268d

Schemeb8. Reaction chosen for DoE investigation along with proposedsini@ucts.

A plausible mechanism for the formation of all sjteducts is shown irscheme59. Starting
from a Féspeciesi), formed from the initial reductiof the Fé' pre-catalyst,OAcould give a
FeXAr speciesii). Transmetallation, to give FeXi&ttpropyl) intermediatdii, followed by direct

REwould lead to the desiredso-propyl coupled produca.

SlowREromiii Y I & N adz  hydriddasfirigaton, Hiding vir§loni intermediateiv.
Alkene rotation fromcould give a second vinyl iron intermediateMI of the hydride species,
followed byREwould then given-propyl side producb. Alkene dissociatiofrom either vinyi
iron intermediateiv or v, followed byREof the remaining aryland hydrideligands, could result

in the formation of the reduced sidproductc.

Slow transmetallation fronii could also lead to metathesisbetween 2FeXAr speciesii). This
would result in a new FeXAintermediate {i) which, uporRE would result in the formation of

the final undesired sideroductd.
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Schemes9. Plausible catalytic cycle, demonstratipgthways for sle-product formation.

Within the chosen factors weifeur continuous (numerical) anivo categorical (6rY) variables.
Thisgave a series df6é experiments witleightcentre-point reactions. The reactions were carried
out using an Electrbiermal Integrity 10® systemfiour sets with eightexperiments per run. The
centre-point reactions carried out at the centre of the design space (e.gCQ 2.55 mol%
catalyst...)were repeatedto assess the experimental variability between ruBzamnation of
experiments4 and17, 5and 18, and 7and17 showed reasonable agreemeiiiapled). The only
centre-points which did not agree completely veet2and 16, but the comparison was sufficient

to derive good models.

Table4. Centrepoint reactions for the evaluation of experimental error.

Experiment | Factor 5 Factor 6 Response 1 Response?2 Response 3 Response 4
En-BuMgCl F:Ligand SM/% Product/ % Isomer/ % Biaryl/ %
4 no TMEDA 68 24 1 8
5 Yes TMEDA 63 27 1 9
7 No NMP 0 94 1 5
12 Yes NMP 1 91 1 6
15 Yes NMP 0 92 1 6
16 no NMP 0 93 1 6
17 no TMEDA 68 23 1 8
18 yes TMEDA 62 28 1 9
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Statistical analysis of the full datet using DXBuggested that the important factors were
catalyst loading, ligand and a twactor interaction between thenilhis iexemplifiedin the halt
normal plot(Figurel7). Catalyst loading and ligand, shown furthest to the right, wierend to

have the greatest effect upotonversion to desired product.

Design-Expert® Software Half-Normal Plot
(Product)1.18

A Error estimates

©
©
|

Shapiro-Wilk test
W-value = 0.895

> ] ]
p-value = 0.135 = 05 B-Catalyst loading
A: Temperature S ]
B: Catalyst loading o 90 3 Or;
C: Concentration a 3 A F-Ligand
D: Addition time 8 a0 3 OBr
E: nBuMgCl © 3 ]
F: Ligand % 70 5 =
= z A - L
B Negative Effects ] 50 — =
T =)
Al
30 = .I
20
0wt &
0= 8

\ \ \ \ \ \ \ \ \ \ \
0.00 9.98 19.96 29.94 39.91 49.89 59.87 69.85 79.83 89.81 99.79

|Standardized Effect|

Figurel?. Halfnormal plotfor preliminary DoE investigation.

The statistical significance of both catalyst loading and ligamace is demonstrated in the
ANOVA tableTable5). The pvalue is a direct measure of a 95% confidence interval; arajyes

less than 0.05 suggest that the model is significant, and that this factor has an effect. The ANOVA
table suggests that the model is statistically significastthe associated-palue is €.05. It also
demonstrates very low-palues for both curvature and lack of fit. These responses are unlikely

to be mutually exclusivevide infrg.

Table5. Analysis of variance table (abridged).

Source p-value Stastistically Significant?
Model < 0.0001 significant
B-Catalyst loading | <0.0001 significant
FLigand <0.0001 significant
BF < 0.0001 significant
Curvature < 0.0001 significant
Lack of Fit 0.0002 significant

The observed twdactor interactionshowed that with TMEDA€d line, Figurel8) increasing the

catalyst loading from 0.1 mol% to 10 mol% had a moderate effect upon produogafion.
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However, with NMP, the same increase in catalyst loading showed a much more significant effect
(green line Figurel8). Interestingly, this dgram highlights a recurring theme throughout the

series of DoE investigationBhe centrepoint conditionsmarked as circles lie above the predicted

linear response.

Design-Expert® Software Interaction
Factor Coding: Actual -
Original Scale 100 F: Ligand
Product (Area%)
(adjusted for curvature) ¢

® Design Points E

80 —

X1 = B: Catalyst loading e
X2 = F: Ligand
60 — e
Actual Factors

A: Temperature = 0.00
C: Concentration = 40.00
D: Addition time = 5.00
E: nBuMgCl = yes

/ 20
® F1 TMEDA S

A F2 NMP

40 - e

Product (Area%)
AN

0.10 0.80 1.50 2.20 2.90 3.60 4.30 5.00

B: Catalyst loading (mol%)

Figurel8. Interaction plot for the effect of catalyst loading and TMEDAIMP.

The curvature exhibited with the interaction between catalyst and ligand cannot be modelled by
the fractionalfactorial design employed hergyhich would represent a linear modehis dso
explains the significant lack of fit observed in the ANOVA table. It is possible to augment the
design, by adding faeeentred experiments, to allow a quadratic response to be boiéddress

the curvature observedin Figure 18. However, as only two of the six factors selected for

investigation were shown to influence the reaction, it was possible to eliminate several variables

for a followup study.

DX7wasthen used to prepare a small DoE withfour factors(Figurel9), requiring an initial set

of only 12 experiments. Reaction mixtures waralysedusing G@rea (uncorrected)andthe
results were then imported directly into DX7 and the response to chairgéhe chosen factors
wasanalysed Duplicate reactions were performed throughout the investigation to demonstrate

good reproducibility and give confidence in thébsequent statistical analysis.
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Fe(acac), CF3

CF, )\ -
. -
C|/©/ CIMg THF / NMP

temperature
264 147 268a
Label Factor Range
A Temperature -20t0 40 °C
B Grignard addition time 0 to 30 minutes
C Ligand loading 10 to 300 x catalyst mol%
D Catalyst loading 0.1 to 10 mol%

Figurel9. Chosen factors and responses for the preliminary experimental design.

The results fronthis secondseries of experiments showeafjainthat efficient conversion was
achieved with the higher catalyst loadings. A number of-facor interactions were observed

the most significant of theserasbetween catalyst loading and NMBY increasing the level of
NMPa higherevel of thedesired product was observed,; this effect was more pronounced when
a catalyst loading af0 mol% was used (red lingigure20). A similar (butnverse relationship
was observed with temperaturghe lower temperaturesusedgavethe best reaction profiles
(Figure21). As with NMP, thaesponseto temperaturewas increased when more catalyst was

present
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Figure20. Interaction plot for catalyst and ligand loading.
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A: Temperature (degC)
Figure21l. Interaction plot for temperature and catalyst loading.

During dataanalysisjt became apparent from reactions carried out at the centre of the design

space that the chosen experimental desigfi‘j2vas not optimal. The experimes at the centre
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of the design space (5.05 mol% Fe(asa@3 mol% NMP) gave the highest levels of product; this
behaviourcannot be represented by a linear model. A further 10 experiments were therefore
carried out to expand the previous investigatiamdeallow greater definition of nofinear effects.
Following the addition of this data, statistical analysis suggested tbat\edresponse surface

would best fit the data obtained during the investigati¢hable6).

Table6. ANOVA table for second DoE investigation.

Source p value Statistically Significant?
Model < 0.0001 significant
A-Temperature 0.0340 significant

GlLigand 0.0002 significant

D-Catalyst Loading < 0.0001 significant

CD 0.0885 not significant

The most significant factor was an interaction observed between the loadings of catalyst and
NMP, as suggested by the first investigation. The impravediel was used to generate a
3-dimensional plot of this interactionF{gure22); the optimal region for product formation is
highlighted in red. Highelevels of both Fe(acacind NMP gave increased conversion to the
desired product; further changes to catalyst/ligand loading only resulted in the formation of side

products.

The DoE results were then used to study the formation of isd268b, hydrodehalogenatett’
compound268c and biaryl268d (Scheme58). Unfortunately, we were unable to generate a
statistically significant model for the formation of the undesired gideducts, which may be
related to the very lowevels observed throughout the DoE. However, it was clear that higher
catalyst loading gave more of both the isonsed product and thebiaryl 268d formed from
reductive homocoupling of two aryl chloride speciéfny optimal conditions must therefore
balance the produdte and nomproductive pathwaysc too little catalyst/NMP gave poor

conversion, and too much catalyst/NMP led to higher levels of side products.
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Figure22. Threedimensional response surface for catalyst and ligand loading.

Upon completion of the experimental design D¥&s usedo predict a set of optimal conditions

to achieve the highest level &fo-propylated product Table7), together with a 95% confidence
interval. Pleasingly, when implementing these conditions a conversion of 90% was observed; only
4%o0f the n-propyl isomemwasformed in this readbn, which isa branchedlinearratio of almost

23:1. This is a higher ratio than those reported under iron/Nfd€lysedconditions in the
literature 3®> The remaining material was found to be the reductive homocoupling pro2ied,

at 6%.

Table 7. Predicted optimal conditions (P) and experimental results (E) with a 95% confidence
interval of 91-96%.

Temperature / °C  Ligand Loading / Catalyst Loading / mol% Product / %
multiple of catalyst mol%
P |-20 199 7.8 95
E |-20 200 7.8 90

The experiments throughout the DoE used 97% purity Fe(gcacknt reports have shown
marked catalyti@ctivity related to trace impurities in iron salt$'2°1t was possible to use 99.9%
trace metals basis Fe(acaand reduce the catalyst loading to 7.5 mol%. Control experiments
showed no reaction with Cu(acadr Pd(acae) and minimal reactivity with Ni(acac)}e(acae)
displayed a similar product dighution to Fe(acag) anabgous to earlier reactions with iron

chlorides(Table 8).3° A series of experiments were also conductgdthis point to test both
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experimental reproducibility and confirm the selection of both temperature and addiiime

for the Grignard reager(iTable9).

Table8. Control experiments with other transition metals.

Entry | Catalyst Hydrodehalogenated Starting Material Product Isomer Biaryl

1 Fe(acao) 4 0 90 1 4
(7.5 mol%)

2 Cu(acac) 1 99 0 0 0
(0.075 mol%)

3 Ni(acac) 11 81 7 1 1
(0.075mol%)

4 Pd(acac) 60 26 0 0 14
(0.075 mol%)

5 No T™M 1 99 0 0 0

Table9. Control experiments related to temperature Fe(aggm)rity.

Entry | Temp. Addition Iron / Cat. Loading Starting Product Isomer Biaryl
/°C  Time/min % purity / mol% Material

1 (200 0 97.0 7.77 0 94.2 1.6 4.1

2 20 0 97.0 7.77 0 88.0 5.1 7.0

3 (20) O 99.9 7.50 0.2 93.5 1.3 5.0

4 20 0 99.9 7.50 0.0 89.8 45 5.7

A series of aryl chlorides were tested in the iroatalysed crossoupling with iso-
propylmagnesium chloridasing higher purity Fe(aca@t 7.5 mol% catalyst loadir{§igure23).
The reaction gave the highest level of the desired coupling product wtrengly inductively
electron withdrawingsubstituents were present on the aryl chloride. The best substrates were
the 3 and 4substituted trifluoromethyl benzene268 and 269 (Entries1 and 2); conversion to
the desired product was higher for thaeta-species, consistent with the inductively electron
withdrawing ¢l) effect of the trifluoromethyl group. The alkoxycartyl groups ofL89 and 270
(Entries4 and 5) were tolerated with good conversion to product in batteta- and para-cases.
Moreover, no reaction was observed between the ester asmpropylmagnesium chloride
Dichlorobenzene272and273 (Entries7 and8) gave moderateonversion to théso-propylated
product, but were found to form high levels of bothydrodehalogenated and homocoigu
speciesinterestingly, both biphenyl and terphenyl were observed by GCMS, suggestingAhat
was still competitive aftethe first substitution Aryl chlorides containing fluorine aton@g5 and
276 (Entries 10and 11) and cyano group$90 and 277 (Entries12 and 13) were also reactive,
though they produced higher amounts of undesired-gsgducts. Difluoromethyl and
difluoromethoxy benzene278 and 279 (Entries 14and 15) also gave moderate levels ist-
propyl addition. Despite methyl substituted starting materia8 and 285 (Entries 35and 36)

failing to give the desired productsossibly because they weteo electronrich, theyhave been
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included for completenessvige infrgd. The meta-methoxy substituted starting materiét86
(Entry 23 gave a higher conversion than thara-analoguel88 (Entry 22 ¢ suggesting that the

reaction was aided by -4effect.

MgCl
X\(g \/\X X X X X
310 d -
cINF = H
a b c

d

Entry | Product X Ar-Cl  Ar-i-Pr(a) Ar-n-Pr (b) Ar-H(c)  Ar-Ar(d)
1 268 4-Chk ND 90 (45) 4 ND 6

2 269 3Ck ND 97 <1 ND 3

3 270 4-COQMOR ND 84 (46) ND 16 ND
4 189 4-CQOMe 5 80 (23) <1 15 ND
5 270 3-CGMe ND 88 2 10 ND
6 271 4-Pyridyp <1 76 (48) ND 24 ND
7 272 4-Cl ND 71 1 12 16"
8 273 3-Cl ND 64 2 14 200
9 274 4-SONE® 5 70 7 11 7
10 275 4-F ND 69 1 1 30
11 276 3-F ND 59 1 32 9
12 190 4-CN ND 69 ND 31 ND
13 277 3-CN 23 54 ND 22 2
14 278 4-CHE 5 62 2 22 10
15 279 4-OCHFE 2 60 1 28 9
16 280 4-SMe 19 57 1 18 7)
17 281 4-0OCk 2 53 2 35 9
18 282 3-OCE 17 40 ND 37 6
19 283 4-CHF 83 13 ND 4 ND
20 2% 4-Me 54 7 ND 38

21 285 3-Me 54 6 ND 38 2
22 188 4-OMe 66 3 ND 31 ND
23 286 3-OMe 27 22 1 42 8

Figure 23. Aryl chlorides tested in the ireoatalysed cross coupling reaction. GC conversion
(isolated yields in parenthesed)MOR = morpholing? 2-(4-chlorophenyl)pyridine®) terphenyl
also observed (see Supporting Informatidfjiaryl also observed (see Supporting Information).
NDc not detected. Volumes 1 | kg of limiting reagent.

Although necessary to form the desiresb-propylated product, the presence of relatiydarge

amounts of NMP made the isolation of the simple substituted cum@68a and 18% quite
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difficult. Quenching reactions with eithsulfuric or citric acid enabled efficient removal of NMP
from the organic phase in most cases. Unfortunately, 4keifluoromethyl product268a also
formed a robust azeotrope with THF, making product isolation even more problematic- A pre
packed reverse phase (C18) column was used in an attempt to trap the organic product due to its
low polarity (Rof 0.69 in neat bxane), allowing the polar solvents to be washed away. The
process was successful, removing all traces of both THF and NMP prior to further purification.
Subsequent distillation of the reaction mixture fr@@68a gave a 45% isolated yield of the desired
compound. It was possible to apply this procedure tmdthoxycarbonyl product89a, givingan
isolated yield of 23% from a challenging product mixture. These very small and volatile molecules
represent worst case scenarios for product isolatisimilar retetion times and boiling points

led to difficulty in separating hydrodehalogenated material from the desired product with the

aryl chlorides

To expand the substrate scope of the ircatalysedKumada crossoupling further, we chose to
investigate a numbeof heteroaryl chlorides. Excellent conversion was observed in all cases, with
some substrates demonstrating quantitative formation of thepropylated materialFigure24).

An alternative mechanism has previously been proposed by Jetiaald which may explain the
improved reactivity opyridyl substrate§Scheme60).12* A similar mechanism was presented by
von Wangelin for chlorostyrenes where precoordination of the substrate veafound to

accelerate the OA reactiosimilar t0287 A 289.122

— T Cl
| N
\ /N-Fe = ;N:-:Fel Felll
Nl =

cl N
287 288 \_/ 289

Schemes0. Wdzii Y RQa dxibdivieladditiof of ahidrdidyridines.

Chlorepyridines gave good to excellent conversion to the desisegropyl analogues2@3a,

290 to 297). Purification of these substrates using either normal phase or reverse phase column
chromatography resulted imoderate to good isolated yields. Methoxy substituted pyridi@8a

was isolated in 79% yield, a significant improvement over the previous ré&palkoxycarbonyl
substituted pyridine292 and293 gave very good conversion; thert-butyl ester292 displayed

lower conversion than the ethyl analog@83, possibly due to steric effects. Cyanopyridigd
demonstratedreduced selectivity, much like the carbocyclic substraf@@and277 (Entries 10

and 11, Figure23). Normal phase chromatography, used in the purificatio@9and293, gave

a reduced vyield due to close running impurities; reverse phase chromatography used in the

purification 0f290 and291 also led to challenges related to volatility and aqueous solubility
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Fused ring hierocycles suchas isoquinoling295) and biaryl pyidazine (296) also displayed
excellent conversion and high selectivity feo-propylation. Additionally, it wapossible to
isolate 6chloro-2-iso-propylpyridine (297) following the iron-catalysed crossoupling process

althougha slight modification of theeaction conditions was required.

N N
| N |
MeO” N - N
N
291

223a 290
79% (94%P) 47% (82%2) 56% (>99%)
o J< o
X
N o B 0™ |
— — NC N
N N
292 293 294
68% (86%°) 69% (92%2) 60% (72%P)

N cl “
_N Q
N N”
_N
297

73% (95%3)

295

70% (93%P) 296

75% (77%P)

Figure 24. Heteroaryl chlorides prepared using the ir@atalysed Kumada crossoupling.
Isolated yields (conversion in parenthes@sLonversion by G&rea® Conversion by HPlatea

The selectivity demonstrated in this reaction may be relevant to medicinal chemistry
programmes, especially when considering the recent patent literature around such Afétd%.

This methodology may offer a new pathway for the selective introduction of an alkyl group to the
pyridyl ring of a fused heteroaromatic, such as quinoline, giving access to new analogues in a
simple and scalable manneFlrstner peviously reported the monalkylation of aryl and
heteroaryl dichlorides with primary alkyl Grignard reagents; the highly activated pyrazine and
pyrimidine electrophiles required temperatures -G8 °C to temper the reactivity of the second

halide#3

After application of this newso-propylation methodologyo the heteroaryl chlorideswe chose
to explore the use of other Grignard reagentsCBloropyridine was chosen as a model substrate

for this inwestigation due to the successful cressupling withiso-propylmagnesium chloride
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(292 Figure 24). Cyclohexylmagnesium chloride gave a very similar

result istm

propylmagnesium chloridéfitries 1and6, Table10). The selectivity for the desiredquuct was

eroded with cyclopentylmagnesiurohloride Entry § and further changes to the Grignard

reagent gave poorer results. The cyclohexyl @tbropylmagnesium halides are the closest

analogues, and the DoE was opsad for the application of theakter. Because the cyclopentyl

and acyclic magnesium halides are

less structurally similar to cyclohexyl isand

propylmagnesium halides, it is likely that the opsed reaction conditions are now unsuitable.

Further DoE could be undertaken to reoptimibe conditions to be more effective for other

Grignard reagents or aryl chloridéghe high dependence of the performance of the reaction on

Grignard reagent structure contrasts sharply with thbservations of Lamatet al., who

demonstrated the cross cqling of a variety of Grignard

propylmagnesium chloride, with a single pyrr¢82-c]quinoline!?’

reagents,

includingo-

Tablel0. Product distributions for the reaction betweercBloropyridine and aelection of other
Grignard reagents. Conversion by GC.

el Fe(acac); (7.5 mol%) o Alk
Lt omg ™™ THF / NMP } |N/
N -20 °C
298 299 300
Entry Product RMgCI Ar-Cl Ar-R Ar-w Q Ar-H Ar-Ar  Product
1 290 iso-propyl ND 82 ND 18 ND
A
»
N
2 301 methyl 92.9 ND NA ND 7.1 AN
»
N
3 302 secbutyl 33.4 66.6 ND ND ND
X
P
N
4 303 cyclopentyl ND 52.4 NA 30.0 17.6
X
»
N
5 304 iso-butyl 76.7 23.3 ND ND ND m
L
N
6 305 cyclehexyl 15.8 81.7 NA ND 25
X
L
N

w Qisomersed; ND¢ not detected; NAG not applicable.
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We have already commented on an apparent relationship between the inductive effects of
substituents and conversion; in an attempt qoantify this relationship, we tested a series of
substituted 4tolyl chlorides Figure25). Increasing the number of fluorine atoms, and therefore
the -1 effect, gave a higher conversion to the®-propylated product. A modest trend {R 0.93,

4 points) was observed between lefkvkH) and” g, however, the results for the three methoxy

substituents did not fit this trend.

CH,F, J\ Fe(acac)s (7.5 mol%) CHAFm
+ 1.7 >
/©/ CiMg THF (40 volumes)
cl NMP (15 equiv.)
306 -20°C 307
Entry Product CHFn Ar-i-Pr (b) t l0g10(kd/k H)
1 268 4-Ck 89.8 0.54 0.62
2 278 4-CHR 61.5 0.32 0.46
3 283 4-CHF 12.6 0.11 -0.23
4 284 4-CH 6.7 -0.17 -0.50
5 281 4-OCE 525 0.35 0.39
6 279 4-OCEH 59.9 0.18 0.45
7 188 4-OCH 2.7 -0.27 -0.90
Figure25. (Fluoro)methyl and (fluoro)methoxy substituted aryl chlorides.
The Hammett plotChat 10 aK2ga | avYl ff L2 aA0GADSsupgBstaOiAzy O

very limited buildup of negative charge in the transition state of the rate determining step; this
would be consistent ith electrondonation from the catalytic metal centre to the arene in@A
reaction. A stepike this could be accommodatesithin a cycle carried by Fefi) Fe(0) or Fe(

11)* species’®
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Chat 1. Hammett plot for 4methyl analogues.

Unfortunately, investigating the remaining aryl chlorides using Hammett studies yielded a much
weaker correlationChart2). A moderate trend was observed between conversion anblue
circlesq R = 0.76), suggesting that the electronic nature of theta-substituent could influence

the reaction. A poor trend was observed between conversion'aifdrange squares R = 0.52),
suggesting that the electronic nature of tipara-substituent had less influence on the reaction.
This could be related to inductveffects, which are more pronounced witheta- over para

substituents. However, the data for, may be skewed by the large grouping atF 0.4.

The' pdata may be better represented by the dashed lines show@hart2. There appears to

be a linear correlation between the electron rich substrates, Wwitk0, shown as a dashed grey
line. There also appears to be a second linear relationship between the more electron deficient
substrates, with , >0, shown as a dashed yellow line. The negresentation suggests that there
could be a change in the rate deteining step. This could be OA, transmetallation, or RE; OA may

be more challenging with the electron rich substrates, so this might explain the change in slope.
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Plot of  -constantversusconversion
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Chart2. Wider Hammett study including all substrat&est linearit of all "  datag blue dotted
line. Best linear fit of all , datag orange dotted line. Modified linear fits representing change in
RDS; grey and yellow dashed lines.

The ironcatalysed crossoupling reactions were found to be incredibly fast, witaagon times

of less than 30 minutes for most substrates. Thus, a simple triage approach was soggtd (

26), rather than investigating mechanistic pathways, which have proven challenging in the past.
This was hoped to increase the speed of fiiediction, meaning that a researcher could easily
determinethe reaction outcome in a shorter timescale than carrying the reaction itself. We
sought to determine whether a simple property of the starting aryl chloride be used to predict
the outcome of the irorcatalysed crossoupling reactionlt was anticipated that computational
chemistry, specificallpFT couldbe used to predict and understand the observed differences in

reactivity.

Level 2 reaction
may work

Molecular propery

Figure26. DFT triage approach.
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Following a simple DoE optisation it was possible to couplso-propylmagnesium chloride with
electron deficient aryl chlorides, in very high conversion. These reactions gave excellent
selectivity for the branched isomer, with minimal isomerisation to tiqgropyl sideproduct. It

was easy to apply the newly developegction conditions to heteroaryl chlorides, with excellent
conversions and good isolated yields in many cases. Issatier, known to present a significant
problem for secondary alkyl species, was minifhaé conditions developed were mild and highly
selective, offering significant advantages over classical Fredsdts alkylation, and otheFM-
catalysedprocessesThe use of iron, rather than heavier transition metals such as palladium,
meant the chemistry was more suited to the preparation of A&isit is known to have much
lower toxicity. Furthermore, the couplingf (hetero)aryl chlorides allowethe use of the

cheapest and most widely availaldtarting materials.

It was also possible to deploy cyclohexylmagnesium chloride in the reaction digestmilarity

to iso-propylmagnesium chloride although other Grignard reagents were less effective. However,
through the use of a simple DoE optsation it may be possible to expand the scope and
selectivity with a wider set of Grignard reagents agl chlorides, particularly if the desired

application is the introduction of a primary or secondary alkyl group on a-Eugle.

The productivity of reactions with aryl chlorides was found to be highly substrate specific. A
Hammett study was carried ot understand the effect of substituents on the reactivity of the
substrates. A strong correlation was observed for some substrates, stefiuasotoluenes. This

did not hold for different substituents. Therefore, alternative methods will be sought to

investigate the differenceis reactivity inChapter 4
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4. The Application of DFT to Predict and
Understand Trends in Reactivity

4.1.1. CrossCoupling ofiso-Propylmagnesium Chloride with
Aryl Chlorides
Following reaction optimisation usirgoE a nunber of differentially substituted aryl chlorides
were tested in the crossoupling procedureRigure27). Substrates with electromvithdrawing
substituerts were found to give the highest conversion to desired product; substrates with
electrondonating substituents were found to give the lowest conversion to the desired product.
Conversion varied from 3% (leg= 0.43) with electron rich substrates such para
methoxychlorobenzenéEntry 18 to 97% (logo= 1.98) with electron deficient substrates such as
meta-trifluoromethylichlorobenzene(Entry 1). nversionis reported as logy(%iso-propyl)
following the use of Hammett studies @hapter3, it was also considered to represent the rate
of entry to the productive pathway of the catalytic cycle. The large variation observed led to the
questions: can these trends be predicted and understood and will this give any insight into the

reaction mechanisrm

Mechanistic investigations of catalytic processes using iron have been shown to be especially
challenging due to the sensitive nature of the organoiron intermediates, and the potential for the
formation of paramagnetic specié®: 130 Experts in physical inorganic chemistry use highly

specialised techniques such as Mossbapecgoscopy, EPR and MED.

Mdossbauer spectroscopy allows the study of solid or frozen samples from acougding
reaction. The observed spectra can give information on electron density aroundtheentre,
allowing insight into both oxidation and spin state. E&oh species in a crossoupling reaction
would lead to a different Mdssbauer spectra, therefatlwing their identificationEPR can also
give information on the spin state @bn speces in a reaction, but only if this hasan-integer
value 6= 1/2, 3/2, 5/2 etc.). This is very useful for the identification 6BiRd Fé' species, which
have been proposed by numerous researcheidg supra. MCD is a very powerful technique for
the analysis of both isolated and freezapped samples. It allows the investigation of electronic
structure and transitions within paramagnetic molecules. When combined wHBHDit can also
give significant insight into specific transitions and theitura with respect to structure and

bonding. All of these techniques require specialist equipment, expert knowledge and inert
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atmospheresnone of which are available for use within a pharmaceutical company, such as GSK.

Therefore, alternative methods wesmught to investigate the observed differences in reactivity.

The results fronChapter3 areshown inFigure27¢ ¢ KS& | NB 02 Y Ldcdwdm 1 2

following the earlier Hammett study, which is briefly reviewed below.

Fe(acac)s (7.5 mol%)

X CIMg NMP (15 equiv.) v
O\ + \‘/ - ] X =EWG 3to20%
NN cl THF (40 vols.) N X =EDG 40to 97%
-20 °C, 30 min
Entry | X Conversion/ ° Entry | X Conversion /
logio(%o}i-Pr logio(%o}i-Pr
1 3-Ck 1.98 0.43 13 4-CN 1.84 0.66
2 3-Ch 0.81 -0.07 | 14 4-COCH 1.90 0.45
3 3-Cl 1.80 0.37 15 4-COMOR 1.93 ND
4 3-CN 1.73 0.56 16 4-F 1.84 0.06
5 3-CQChH 1.94 0.37 17 4-OCEk 1.72 0.35
6 3-F 1.77 0.34 18 4-OCH 0.43 -0.27
7 3-0OCEk 1.60 0.38 |19 4-OCHFE 1.78 0.18
8 3-OCH 1.37 0.12 20 4-Py 1.88 0.17
9 4-CE 1.95 0.54 21 4-SONE® 1.84 0.65
10 4-CH 0.83 -0.20 | 22 4-CHF 1.10 0.11
11 4-CHE 1.81 0.32 23 4-SCH 1.75 0.15
12 4-Cl 1.85 0.23 24 4-H 1.33 0

Figure27. Resultdfrom Chapter3 substratescope investigations (GC area). MOR = morpholine.
Hammet@ " -constant is derived fromthe difference between theionisation constant of
substituted and unsubstituted benzoic acidsgure28). The " -constantis represented ashe
difference between K andhKe. the difference in pnpks, Equationl) betweenthe substituted

and unsubstituted benzoic acids.
Equation1.
ae-9 3nu
0
0 AAEBEOOT AHE A OHIKER 1 E G ABTA GO E A O OMRAEEAA
0 AAEBEOOI AE A OHHKGEBR 1 E G AR T UA AEEAA
Substituents which stabilise the anion formed during tbeisationof the benzoic acid308) ¢

those which are electronegativepromote the forward reaction, therefore increasing the value
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of KversusKo. This results in a positive-constant Substituents which destabilise the anion
formed during theionisation of the benzoicacid B08) ¢ those which are electropositive

promote the reverse reaction, therefore decreasing the value wdrBusKko.

(@) O
AN OH + Hzo ~ — AN O@ + ®OH3
| |
X X
/ /

308 309

Figure28. The derivation oHammett's’ -constant.

5dz2NAy 3 | | FYYS(G &dnstaRtdsDlotiéda§ainst theralaiiveXate 5ffeaction

of the para- or meta-substitutedsubstrate, and the unsubstituted (X = H) analodtigu@ation2,

Figure28). The nature of substituent X either stabilises or destabilises the transition state of the

rate determining step, and leads to a positive or negative correlation betweermnstantand

logio(k/kn) ¢ Ui K A & -valie Ifithié tBansition state of the rate determining step is stabilised by

'y St SOGUNRBY GAGKRNI gAYy 3 & dzo dvaldel dzB¢ feactioni iK A & NB
I OO0OSt SN SR o0& +y St SOGNRY R2Yy kvaldeyTHe magiziuded A ( dzSy
off Oly 6S dzaSR (2 dzyRSNaillFyR (KS SEGSYyl 27F OKF
LJ2 & A vallug, $or example, would suggest that a significant negative charge was present.

Equation2.

w dé.{—gfz

O O

S
X" ~OEt * OH : OEt
X— EtOH/H,0 X—
= =

310 308

Y
/
O
I

+

Figure29. Theidentity of Hammett's” -value.

Initially, a small Hammett study was carried out witbioro-" -fluorotolyl substratesFKigure30).

This gave a positivevalue of 1.72Chart3 ¢ R = 0.93), suggesting th&Amaybe the selectivity
determining step. Norrby previously reported a Hammett study with the-tatalysed cross
coupling of primary alkyl Grignard reageftdn this investigation a positive-value was also
observed, suggesting a rate limiting, and irrevers®#e Norrby observed a much highewalue

of 3.8, but aryl triflates were used in place of aryl chlorides for the more electron rich aromatics.

This was proposed to accelerd@\for the less reactivelectron richsubstrates.
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Norrby also discussed some gendrahds related to” -values observed in palladidoatalysed
crosscoupling reactions. Other researchers reportedalues ofbetween1 and 1.5 for rate-

limiting OAin a Heck reactiof??and 2.3 forOAof an aryl iodide to Ptirectly 132

/©/CH3 /©/CH2F /©/CHF2 /©/CF3
Cl Cl Cl Cl
284 283 278 268

o, =-0.17 o, =0.11 o, = 0.32 op = 0.54
logso = 0.83 logqo = 1.10 logqo = 1.79 logqo = 1.95

Figure30. " -Fluorotolyl derivatives investigated using Hammett plot.
0.8
0.6
04

0.2

log L0k /&H)

-0.2

-04

-0.6
-0.2 01 0 0.1 0.2 0.3 04 0.5 0.6

ap

Chart3. Hammett Plot foi -fluorotolyl derivatives.

Researchers havpreviouslyused molecular properties, such as bond dissociation enthalpy (BDE)
or ligand bite angle, as descriptors for reactivity in transition metal catalysed procé$sé¥-or
example, Houk and Merlic demonstrated the application of DFT to determine-¥hbddd BDESs

of a number of moneand dihalogenated heterocycles in an attempt to explain selectivity in
palladiumcatalysed crossoupling reactions Rigure 31).1%¢ The authors found that it was
possible to determine theoretical BDEs using B3LYP or G3B3; B3LYP was fgivadaster
results but G3B3 was shown to be more accuralés & directly related to the complexity of the
method used; G3BB®eginswith a B3LYRtructural optimisation but then carries out further
calculations at higher levels of theory to reduce the error associated with the earlier DFT
approximationst®” The authorscarried out the investigation above following @mbined
experimental/theoretical investigationalthough this suggested thaBDE was not the only

selectivity determining factof3*
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89.9 89.4 90.0 90.3

90.9 @L/j 90.8 90.4@@ 87.9
90.6 NN\ N\ 866  90.6 N NN
Cl |
90.7 89.9 " 855

311 312

Figure31.1 2 dz] I YR a SNI A-quiddline arf-Banuindlifieisdnfers gréddtred site
of reaction highlighted (kcal md).

TheBDEwas deternined by calculating the energy difference between heteroaryl chloride, and
the heteroaryl and chlorine radicals individuallgg(ation 3). This mode#id the heterolytic
cleavage of thecarbonchlorine bond, which may be expected to occur during@Areaction
within a catalytic cycle. As demonstratedFigure31, there is generally a very small difference
between the BDE of the carbarhlorine bond at different positions within the heteroaryl halide.
Experimental error with DFT can be around 1 kcal'nso differences smaller than those

observed above may fall within this range.

Equation3.
YO 0i 6dQ0 6PQ 68Q

Several mechanisms have been proposed for OA to(8ohemes1). Norrby included a detailed
RSAONARLIIA2Y 2F adzOK NBI Ol A 2y acatalysed Icrosgolipting e 2 F
reactiong.138 The firstsuggested mechanism was SET between thegezies313and an alkyl

(or aryl)halide, forming the ion paiB14. X transfer fronthe substrate (RX)could then lead to
radical pai319which, followed by biradical collapse, leads to the common OA interme8iie

The radical stability of Rould be expected to influence this reamti significantly. The second
mechanism was proposed to be an atom transfer (AT) betwekspEeiess13and an alkyl halide
viatransition state315. This alternative process would lead directly to radical & Again, the
radical stability of R woulthe expected to influence this reaction. A third proposal was the
classical direct-8entred transition state816, givingOA intermediate320 directly. As discussed

in Section2.2.1, this is a common OA pathway for logr intermediate polarity reagents, such as

GH bonds or aryl (pseudo)halides. The fourth OA mechanismsuggestedo be an {2 type
reaction, via transition state317. This ismost likely for highly polar reagents such as alkyl
(pseudo)halides, and would be unlikely with an aryl chloride. The final mechanistic proposal was
a’ -bond metathesiviatransition state318, proposedby Firstner and demonstrated 8cheme

21, but is generally limited to%metal complexes with #f or GH bonds.

Page37



— SET _ [Fe'Ph]* + [RX]"

314 X transfer
/
PhMgX
L» R‘x_ I—» [Fe''PhX] + R® 49» MgX*+ R-Ph*~
“Fe—Ph 319
315 biradical 322
collapse
/
t [Fe"PhX]
R..
Fe'-Ph OA > )l(;.Fe—Ph — > RFe"PAX — 323
313
316 320 ‘
S.2 X---Fe!-Ph ¥ \ | .
N » R > [FeIIIPhR] + X~ Fe'-Ph + X
324
317 321 v
c-bond Ph "
metathesis 2N
R - -
e F -
X -FeX
325
318

Schemesl. b 2 NNdeeh@rasmsor the oxidatve addition of an alkyl halide to a'Ph species.

Frontier molecular orbital (FMO) energies may also be used to describe seldntisftgmical
processes. The characteristics of the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of compounds are often used to understand their chemical
and physical behaviour. Dixcet al. carried out a thorough irestigation into a number of
properties which can be directly associatedth either HOMO energy, LUMO energy or the
HOMGLUMO gap? The authors found a linear correlation between calculations with standard

[6-31G(d)] and larger (abe-pVTZ+1) basis sets for a number of moleculaperties, including:

T HOMO energy: -
1 LUMO energy: -
f lonisation potential:  "O0 -
0 The energy necessary to remove an electron from a neutral atom or molecule
1 Electron affinity: ‘00 -
0 The energy releasewhen arelectronis added to a neutral atom or molecule
91 Electronegativity: e
0 The abilityof an atom or molecule to attract electrons
Again, during a®Aprocess the transition metal and aryl chloride would be expettathdergo
a HOMGLUMO interaction. Therefore, like BDE, one of the molecular properties above may serve

as a useful descriptor for selectivity in the iroatalysed crossoupling reaction. DFT HOMO and
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LUMO energies are determined simply by carrying out a structurainggation of the desired
aryl chloride. The computational chemistry software then gives values for the FMOs of the

molecule, and can be used to describe the shape of these orbitals, and their atomic coefficients.

Figure32. LUMO plots fopara-CF3 andbara-CH3 substratesparaCk LUMO LHSpara-Ck
LUMO+1 RHS.

The electron affinit{EA)of a molecule is defined as the amount of energy taken in or given out
when a neutral atom or molecule accepts an electron, giving the spareding radical anion. This
describes the atom or molecules ability/desire to accept an additional eledEAmay also be
used to investigate reactivity in @dAreaction. TheOAprocess could be thought as electron
donation from the transition metal tdhe aryl halide substrateScheme62). The greater a

Y 2 t S O=ixith8 Mgie likely it could be to undergdA

Ar—cl  An

Fe! —— = Fe
c’

326 327

Schemes2. Possible oxidative addition to irealkyl species.

Following the studies above, DFT was employed to understand differences in reactivity, and

produce a model capable of predicting the outcome using a series of new atgsstr
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4.2.1. CrossCoupling ofiso-Propylmagnesium Chloride with
Aryl Chlorides

4.2.1.1. Computational Investigation of Bond Dissociation Enthalpy
During the investigatiomeported inChapter3 the observed differences in reactivity seemed to
strongly correlate with the electronic nature of the starting material. Electron deficient substrates
gave successful cressupling reactions, where electron rich substrates gave poor reactivity. It
was envisged that a highly electronegative substituent, such assgfiip, could influence the
BDE of a carbenhlorine bond in the same moleculeigure33a). The BDE of a molecule may be

represented by its homolytic cleavage into a biradical pagure33b).

3 x X b) y
IOTEAS U piE—— o PR
X =EWG X = EDG 328 329

Figure33. The proposed substituent effect on BDE.

C2ftft2gAy3a |1 2dz1l FYyR aSNIA0OQa adz00Saa ¢A0GK (KS
was used for a preliminary ingggation. Initially, gas phase calculations were compared to
Hammett™ -constants to test for a correlation between BDE and other molecular propefies

gave a good linear trend withn, and a moderate trend with,. A single outlier, £QCH (189

was removed during this and further investigation&lé infrg. This data suggests that molecular

properties such as BDE can be influenced by the electronic nature of substituents upon the
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aromatic ring. However, this effect appears to be greatest wherftinctional group is closest to

the GCI bond.

BDE / kcal mdl

Plot of Sigma ConstantersusBond

-0.2

Dissociation Energy

93.5
]
930 """ ®”--...., | | |
g W, — |
Y s R7=06}
925 | e ° B -
...,. ..... PY []
620 .. ...........
.
91.5
0 0.2 0.4 0.6 0.8
' -constant
e mmp

Chart4. Plot of Hammett -constants versus BDE foreta- and para-substituted aryl chlorides.

Houk and Merlic also demonstrated the requirement for a proximal functional grounflteence

the GCI BDE in their calculationSigure31).1%¢ The theoretical BDE of the@ bond was only

significantly reduced in the -Rosition of chloroquinoline, or the -1 or 3-position of

chloroisoquinoline. This effect was pronounced for all other heterocycles studied.
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The calculated BDE values were then compared to conversion, describedof&-isgpropyl)
(Chart5). The outlierg 4-CQCH (189) with a BDE of 89.6 kcal miolvas included in this plot for

completeness, but was removed from further BDE studies.

Plot of BDEersusConversion

2.50
2.00 o
= ® r F ®
o [ J
S 1.50
Po) [ ]
R
9\; 1.00 e
> o ©
o
0.50 P
0.00
89.0 90.0 91.0 92.0 93.0 94.0
BDE / kcal mdl

Chartb. Plot of BDErersusconversion, all substrates included.

Even after excluding the single outlier above a linear correlation still was not observed, but a
scattering of pointsChart6). Theh -fluorotolyl substituted aryl chlorides used in the preliminary
Hammett study Figure30) did, however, display a very weak trend £R0.39¢ orange squares,
Chart6). This suggests that BDE, as with the Hammett studies e&lert3), may be used to
predict trends within similar series of compounds. Unfortunately, this predictive capacity does

not translate to aryl chloridewith significantly different substituents.
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Houk's Theoretical BDE Calculations

2.50

2.00

=
o
o

l0g,(%}iso-propyl
=
8

o
a
o

0.00
91.8 920 922 924 926 928 930 93.2 934 0936

BDE / kcal mdl

Chart6. Plot of BDEsersusconversion, outlier removedElectron rich substrates (highlighted)
demonstrate lower conversion, but similar BDE to other aryl chlorides.

These results sygst that BDE has little influence on the reactivity of aryl chloridesisrirtn-
catalysed crossoupling procedure. This may be due to the small variation observed in BDE across
the series of substrates tested. The calculated BDE values displaydittheespread across the
series of aryl chlorides. Switching from an electron donating group (EDG), spafaasethoxy

188to an electron withdrawing group (EWG), suchpasa-trifluoromethyl 269, onlyincreased

the BDE by 0.7 kcal mbl This couldexplain the challenges observed when attempting to
correlate BDE values with conversiaspecially when the error with DFT calculations can be
around 1 kcal maol. The varied characteristics of the aryl chlorides tested could also limit the

usefulness o& property such as BDE to predict/understand reactivity.

BDE has been used to understand barriers@& in crosscoupling reactions §cheme63).
Howe\er, most investigations have compared different halides and/or pseudohalides, rather than
different substituents upon the reactanE{gure34).136 The BDE difference observed by changing

leaving groupvas shown to be within th8.1-1 kcal mol rangediscussed above.
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BDE =103.7 BDE =102.9

Figure34. %K Sy 3Qa Ay @SadAar dAaz2y 27F (WBRAXD, k&Ié)2 T adzZ T2y

4.2.1.2. Computational Investigation of LUMO Energies

Although the previous investigation demonstrated that BDE had no significant effect upon
reeQiAGAG8S (GKS 20aSNBSR (NEKEChRrtd) SiggeskeS tyfat otherd | Yy R
molecular properties may be used to investigate differences in reactivity. The electronic nature

of the aromatic group appeared to have a major effect upon the effigiefiche crossoupling

reaction. Electronegative and electropositive substituents on the aryl chloride should influence

the energy of the FMOs. This could cause a variation in the potenti@Adransmetallation or

REN a catalytic cycleSchemes3).

L L
Cl Mmn* R

332

Oxidative Reductive
Addition Elimination

Transmetallation

RMgX ClMgX

Schemes3. Typical catalytic cycle in a Kumada crosspling reaction.

It was possible toetermine the theoretical LUMO energies of all coupled aryl chlorides using the
methodology applied by Dixoet al.'*® Gas phase calculations demonstrated moderate
correlations betweenb uvoand Hammett -constants, with both n (blue circlesChart7) and

" p (orange squaresChart7) giving Rvalues of around 0.6 to 018 The trend observed here

displayed an improved correlation compared to the previous BigBhstant comparison in
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Chart4; a higher Rvalue was given fory, in the earlier analysis but this could be related to a

large grouping of data at low BDE/higitonstant.

Plot of Hammett -ConstantversusE o

CN
0.0700 QCN Q

0.0600 Q al
[R2=0.64
0.0500 B R? = 0.67

o 0.0400 9
2 .
- 0.0300 °
)
)
0.0200
* "..
0.8100.."
0.0000
-0.4 -0.2 0 0.2 0.4 0.6 0.8
' -constant
e'm p

Chart7. Plot of Hammett -Constantsversus¢E umo Outliers marked on the plot close to their
respective points.

With the correlation between lgvoand ' -constants both | Y B appeared to fall on a similar
linear trajectory. This was like earlier Hammettype studies, or BDEfconstant comparisons,
where the separation of m I Y R, was required asneta-substituents appeared to behave
differently to theirpara-analogues. This suggested that it may be possible to recombine the data

for further BEumoinvestigations.

When plottingch umoagainst logo(%)}iso-propyl a trend began to emerge; lowel umovalues
gave reduced conversion to the desired produchért8). This trend could be fitted by a secend
order polynomial, giving an?Rralue of 0.8. Some significant data grouping was observed,
especially whereb umoF 0.025 eV, probably because many the substrates tested fell within this
region. Notable is the apparent dragf at higher-E.umo the curve appears to fit well, but the
data may be better represented through a linear relationship beydhgvwo= 0.04 eV. The data

falls into 3 regions:

1 -BumoXD.02 eV: where all reactiongiave low productivity
1 0.02 eV >BEumotD.03 eV:
1 -BEumox0.04 eV: where all reactions gave high productivity
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This appears to be the foundation of a triage method. Unfortunately, the data does not fit well

with several the substratedisplaying-5 umof 0.025 eV.

Plot of-E ,oversusProductivity
2.50

200 | §

1.50

y =-1050.6% + 96.211x 0.1605

"o _
100 R2=0.7917

log, (%o}iso-propyl

0.50

0.00
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

-Bumo/ €V

Chart8. Plot of Hammett -Constants versus LUMO Energyrfaata- and para-Substituted Aryl
Chlorides

Dixon earlier noted the ability to correlate dmowith EA through the relationship iBquation4.
This could mean thatie EA of a molecule, rather than itskg could be used to investigate the

observed trends in reactivity.

Equation4.
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4.2.1.3. Computational Investigation of Electron Affinity

Although BDE failed to givenaeaningful correlation, the LUMO investigation did appear to be
more promising. The OA step in a crossipling reaction involves a HOM@LUMQx
interaction between the active TM catalyst and aryl hafitfé*3 The TM effectively donates
electron(s) to the LUMO of the halide crassupling partner $chemes4, as described iBcheme
61).

HOMO-qy,
TM-Ar
__ TN
X
LUMO %
337 338

Schemeb4. A possible HOMQUMO interaction between TM and ArX.

The FMOs of thearyl chlorides may be used to determine other fundamental molecular
properties, as discussed by Dixetral.. A molecul® Eumohas been shown tbe linked to EAr
reduction potential (RP), which are inversely correlat&dDFT orbital energy calculations often
result in larg errors, which depend strongly upon the employed approximatiétts'46thus
determining the energy of ground and excited state molecules separately may offer an
advantage The relationship described does begin to explain the improved trend when comparing

B umowith conversion Chart8).
EA can be determined in two ways using computational analysis:

1. Through the correlation:
00 (0]

2. By investigating following energy difference:
YO 0 (0]
Y0® 06
YOU BYS'O 18 wurmdte 00

To avoid challenges related to DFT orbital energies Gilletakcarried out investigations where
they calculated the RP of a number of organic molecules, including (heterdh)imities Scheme
65).14714° Through the use of a polarisable continuum model (PCM), which applies a dielectric
constant to the calculation to model a solvent, they were able to obtain an excellent correlation

between experimental and theoretical RP values.
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N e- N
| - | RP = E(radical anion) - E(ground state)
™ N
cl cl
339 340
Schemes5.¢ KS YSGK2R 2F RSGUSNNAYAYy3I | Y2t SOdzZ SQa

Application of Gilmoreet alQa Y S K 2 R 2 £-33 d)leddto ahdllenges with structural
optimisation; the aryl chloride radical anions were found to dissociate in both gas phase and PCM
calculations $chemes6). Discussion with Dr. Greg Anderson (formerly University of Strathclyde)
led to the selection of an alternative functional and basis set (R&-311++G&2d,2p), giving
much higher success with the optimisations which fdietbre. It has previouy been suggested
that the Minnesota functionals (especially M@&) perform better with organic molecules than
B3LYP, particularly when investigating excited st&t&'$? This could be related to the high
proportion of HartreeFock HP exchange (54%) expressed within the functiofils lack of HF
exchange in DFT calculatiacentaining radical specidms been shown to give spurious resplts
including nortlinear alkynyl radical®® The presence of HF exchange is thought to stabilise
localised radical species, avoiding undesired orbitatyteridisation, which led to the alkynyl

radical bending observed by Carter.
X ) X
29 e N
. | | + Cr
cl N
341 342

Scheme&s6. The observed chloride anion dissociation.

Comparing the uncorrected theoretical EA values wittonstants gave a similar trend to LUMO
comparison Chart9). A positive correlation was observed between bothonstants and EA;
aeaildsSya oA0K RN KageNlager EAzShs olsdvation relates directly to the
RSNR G (A 2ya zdahstahtsoBdb&tratésvhich have a greater ability to stabilise a

negative charge generally have a larger, more positivalue.
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Plot of  -ConstantversusTheoretical EA/RP
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Chart9.t £ 20 2 F Ldnstam&is@calculated RA, outliers shown.

The theoretical EA values were compareddoversion [logy(%}iso-propyl], giving a correlation
which demonstrated significant curvatur€lgart10). Statistical analysis using J¥fBuggested
that an exponential $arameter model Equation5) could be used to fit the data, giving ah R
value of 0.78. As with thég umocorrelation inChart8 the data fell into 3 distinct regionwifle

infra).
Equation5.
O O O OO0 OfF wdnlRoé o B GR QR £ "D ob BQ YOrQ o

G pRfd T YR e X
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Chart10. IMP plotfor EA {n 9versusconversion (log(%iso-propyl)).

The coupled products are shown kigure 35, with their conversion compared directly to
calculated EA values. Highly electron deficient substrates were found to have EAs of around 1.8
to 2.1 eV; they also led to conversion of 70 to 96fighly electron rich substrates were found to

have EAs of around 1.0 eV; they also gave conversions of 2 to 25%. Reactants with intermediate
values of EA, between 1.2 and 1.7 eV gave conversion of 40 to 70%. The most significant outliers
in this analysisvere the nitrile substituted chlorobenzenes, which gave much lower conversion
than expected. This may be related to undesired reactivity at the nitrile grpogsibly leading

to ketone formation Schemes7).1%°

Oy e A ——
NC o)

343 344 345

Schemes7. Ketone formation from Grignard reagent and nitrile.
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Figure35. Conversion by GC (LH®gadretical BDE (RHS).

A number of disubstituted chlorobenzenes were used to further test the correlation between EA
and conversionThese substrates, and their associated EA#@g)iso-propyl values are shown

in Figure36. The new substrates were chosen to have varied electrdmacacteristics, with two
EWGsn 346and349, two electron rich groups i847and 348, and acombination otboth an EDG

and an EWGIin 350 and 351 The combined effect ofwo strongly electron withdrawing

trifluoromethyl groups irB46 promotedthe reaction over a single trifluoromethyl gro@&68and
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269 (Figure23). Havingwo inductively electron donating methyl groups also led to an additive
effect, giving slightly poorer performance wi8#7 over 284 and 285. Interestingly, themeta-
fluoro substituent ir349and 351 displayed relatively little effect on the outcome of the reaction

compared to the norluorinated analogue270and268.

CF3 0\
©/CF3 Me\©/Me e
Cl Cl Cl
346 347 348
100% 6% 18%
AE =22 AE =0.8 AE = 1.1

log(%)-i-Pr =2.0 log(%)-i-Pr=0.8 log(%)-i-Pr=1.3

NEt
2 OMe
|

Cl
349 350 351
69% 78% 12%
AE=1.8 AE=1.6 AE=12

log(%)-i-Pr = 1.8 1og(%)-i-Pr =1.9 log(%)-i-Pr = 1.1

Figure36.{ dzo A G NJ 1Sa dzaSR G2 GSald GKS O2YLJzil GA2yl €

The new substrates were added to the exponeritimee-parameter fit (purple starsChart11).

The electron deficiensubstrates346, 349 and 350 displayed relatively good fit within the
previous data. All gave high conversion to the desired product. Adding a second relectro
withdrawing trifluoromethyl group, in the case &6, further increased the conversion, with only

one component observed by GC. The electron rich substrates also showed relatively good fit
within the previous data. Electron rich substr&47, with thef 2 6 Sad OF f Odzf I G SR
the poorest conversion tso-propyl coupled product. The intermediate compourgds8and351
demonstrated the effect of an additionadeta-substituent upon the parent alkoxybenzene. This
observedmeta-effect may be relatedo the increasing influence of the substituent as it moves

towards the GCI bond.
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Chart1l. JMP plot with new substrates.

To further test the application of the EA correlation, a dlikg molecule was sought, and its EA
was calculated before carrying out a crassipling reactionAlprazdam 352 (Scheme68) was
found to have an EA of 2.3 eV. This should have resulted in high conversion to the desired
propyl product. However, the reaction led to a complex mixture of components, with only 19%
product observed by LCM$he major sidgroduct in this reaction was hydrodehalogenated
starting material. These resultiemonstrated a significant limitation for the use of EA to predict
and understand reactivity. A simple property such as EA is ut@bBleparate the desired cross

coupling from other modes of reactivity, much like the nitrile substrates.

Fe(acac)s (7.5 mol%)

\fMgCI NMP (15 equiv.)
+ -
THF (40 vols.)
-20 °C, 30 min
147
352 353
19%
AE =23

Schemes8. Alprazolam for a test of computational predictivity.
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Several molecar characteristics were investigated as predictors for the-ratalysed Kumada
crosscoupling ofiso-propylmagnesium chloride with aryl chloridestibdly, BDEvas tested, but
the second functional group upon the substrate was found to have velgilifluence on this
The FMOs of the aryhtorides were then investigated, andveeak nonlinear correlation was
observed betweenb uvoand logo(%iso-propyl), suggesting that this could be used to predict

and understand reactivity. A relationship wiasind between-Eumoand EA. A higher EA could

lead to a more successf@ANB I QG A2y d ¢KAA NBfFIA2YyaKALl ¢l a

method of calculating a RP, which is inversely correlated with EA. An improved relationship was
observed, followinghe investigation of both ground state and excited state molecules according
to the relationship:
YO O O
Yoo 06
It has been noted that DFT has some difficulty in calculating itheoBf molecules due to the

large number of approximations used. Therefore, calculating the energy of both molecules

separately was considered to offer greater accuracy.

The correlation between EA and conversion was also found to holdlismbstituted aryl
chlorides, and sme predictivity was observed. However, when applying this method to the API
alprazolam the EA value obtained did not correlate with the conversion. This is probably related
to side reactionsvith the substrate, which cannot be represented by saaimple computational

model.
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5. Investigation of Alternative Additives for
SecondanAlkyl Cros€oupling

51.1.  NMP Replacement

Many ironcatalysed Kumaal crosscoupling reactions use NMB promote reactivity. This was

first reported by Cahiez i1998* following similar investigations with organomanganese
reagents331%6¢ KS Whbat STFFSOUQ A& y20 6Stf dzy RSNRG22R:
act to solvate lowvalent iron species and magnesium countams or deagglomerate Fe

nanoparticlesty’

There are sporadic reports of TNNMP)X complexes, mostly foned by the dehydration of TM
chloride or perchlorate salt$'61Researchers have alswestigated adduct formtion between

FeCl and NMP, demonstrating the formation of J85(NMP} (354, Figure37).162 The synthesis

of this adduct required the preparation ofsalutionof FeGl.THE sin NMP, thus the formation

of the complex in the spdited ratio is unlikely in a dilute ether solution, such as those used in
crosscoupling reactions. The NMP has besdtown ceordinate via the carbonyl oxygen in all
cases, giving a weakly-oodinating ligand. Unfortunately, NMP has knoveprotoxic effectson
repeated exposurg®3and its use is generally avoided in large scale pharmaceutical manufacture.
The high boiling point of NMP, and its aqueous miscibility can also lead to significant challenges

with purification of the product from an NMBEch reaction mixture-84

/ 2+
N .
Q\ j_/N\ QN\/
~
o' F(?
_ e;
S| L enal,
354

Figure37. A Fe(NMP) adduct.

TM-catalysed crossoupling reactions generally use walefined ligands. These ligands are
selected and developed following the vast amount of research carried out in the field of palladium
catalysis in the last 50 years. Although Heatalysed crossoupling reactions predate thei
precious metal analogues, the field is much less advak€et® %Very little is understood
about the active catalytic species, the oxidation state required for catalysis, or the effect

associated ligands have upon these factors. This is due to the complex redox behaviour of iron,
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with oxidation states reported betweeRe? and Fé&®(Figure38), and its propensity to undergo

SETprocessesvide infrg.13!

A D = Ph ° Psr_«Ph X
(TMEDA)LIX _ Fe, _LI(TMEDA)  FeZLi(TMEDA) prere pFeipn  (PrpesPh
X Y N P “*Ph

Fell Fel Fe! Fe! Fe!l

355 356 357 358 359

Figure38. Some iron complexes displaying the variety of accessible oxidation states.

Many researchers have made mechanistic observations since the early discoveries, dating back
to the 1940s. Therkt of these was J. Kochi, who proposed a catalytic cycle very similar to that of
the canonical palladiursatalysed crossoupling process. TwelectronOA transmetallation and
REwere discussedt® although the order ofOAis still debatedby Norrby and other§Scheme

69).129. 165

Fe"
ArX RMgX

A

oxidg_tive transmetallation

addition
/r ArR

2
ArFel™ reductive RFe"
elimination
transmetallation oxidg.tive
RMgX addition ArX

RFe"2Ar

Schemes9. Norrby's discussion.

More recently, leading academics such as Furstner, Bedford and Nakamura have demonstrated
that a range of dalytic cycles can operate, depending strongly upon the nucleophile, electrophile
and the presence of additional ligands. Detailed mechanistic investigations have been carried out
by Neidig and cevorkers, aiming to understand the nature of the sensitivatatytic
intermediates formed in the reaction between iron peratalysts and organometallic species,
such as Grignard reagentdowever to date this work hagprimarily discussed the formation of
organoiron species from aryl or methyl Grignard reagentesétspecies are unable to undergo

i -hydride elimination, which has been proposed to lead to the formation of the catalytically
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active species with highealkyl Grignard reagents. Several researchers have reported the
formation of iron ate complexes in thgresence of aryl, benzyl and methyl Grignard reagents

these species may be catalytically active, or resting states of the catalytic [Eigelee@9).44 4>

© 9,
Feu\\\ Fe \\\\ /Fe\“

360 361 362

48, 167, 168

Figure39. Some iron ate complexes.

Ly &a42YS SIENIeé YSOKIFIyAadAaO Ay@Saitaarirzyas CNN
GrignardNB | 3 857 fiain the reaction between an alkyl Grignard reagent &felCd, as

proposedby Bogdanow (Scheme21).36 3" These highly reduced organoiron intermediates were
suggestedo be the catalytically active species in a2fe® catalytic cycleCNNBE Gy SN & LINE L.
relating to the catalyti@ctivity of FE°were disputed by Norrby, as discusse€mapter2. Norrby

carried out computationaktudies using DFT, which suggested tR&from F& to Fe' was

prohibitively high in energfitisunk { St 8~ o0l &SR dzLl2Yy b2NNbeQa TFAYR

can promote the formation of F&

In the presence of ligands, such as phosphines or NHCs, and absence afit¥agion states <0
have not been observe®?: 130. 185nstead, authors prefer a &€" or Fe-Fé' catalytic cycle.
Nakamura has invoked radical pathwdgs the coupling of aryl Grignard reagents with alkyl
halides(Scheme27). 46: 4"With higher alkyl Grignard reagentsowever such as etyfimagnesium

chloride the reaction may proceed via @&@ctron process, as described3nhemes9.53 54

Many of the reports related to irowatalysed crossoupling describe the reaction between
primary alkyl and aryl species. The focuCblpter 3was thediscovery of mild ad scalable
conditions for the secondary alkylation of aryl and heteroaryl chlorides. Unfortunattgly,
protocol was limited to the preparation ofiso-propyl substituted (hetero)aromatics. Another
interesting pharmaceutically relevant alkyl substituesittihe cyclopropyl group. The focus of
Chapter 5is toinvestigate the replacement of NMP for the formationisd-propyl substituted
(hetero)aromatics, and to explore the expansion of this methodologyytdgpropy! substituted

(hetero)aromatics.
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5.1.2.  CrossCoupling of Cyclopropyl Nucleophiles

Numerous natural products contain the cyclopropyl group; it is a privileged motif, used by
researchers in the discovery of pharmaceutical and agricultural prodtfets? Traditional
methods for the introduction of a clapropyl grouphave generally limited its use in drug

discovery, as carbene chemistry was often requiréd.

HO SH o] N N N
vl
OGlu
sabinene (+)-ptaquiloside (+)-curacin A
363 364 365

Figure40. Some cyclopropyl containing natural products.

In recent years, the cyclopropyl rihgsoften beenused as an alkyl bioisostere in pharmaceutical
research due to improved metabolic statyilowing to increased-€l bond strength8 Much like
theiso-propyl group, the synthesis of drugs containing (heterojayglopropy! linkages generally
utilises outdated protocols, where the cyclopropyl motif is installed during ring formafagufe
41).172.173This leads to lengthy linear synthetic routes for the preparation of cyclopropyl drug
analoguesThis is a unfavourable process imedicinal chemistry laboratories, where divergent
methods are preferred. Medicinal chemists may wish to investigate numerous secondary alkyl
motifs at a specific position on a heteroaryl substrate. The introduction of such a group at an early
stage of thesynthesis would limit throughput a method for late stage functionalisation would

be more time efficient, and enable higher throughput.

A — g\* @Nﬁ = HHN%

366 Aminocyclopyrachlor Panadiplon 369
DuPont Abbot
367 368

Figure41. Synthesis of cyclopropyl containing drugs.

Theinstallation of a cyclopropyl group using Hddtalysed crossoupling would offer a significant
advantage over the traditional alternatives. In fact, cyclopropyl containing drug candidates have
increased in prevalence since the discovery of the SuzukiisaaEigure42).2° The use of a

simple, bench stable crog®upling partner such as cyclopropylboronic acid or cyclopropyl
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tetrafluoroborate has facilitated this. However, the cyclopropyl group continues to represent a
significant challenge in crogswling reactions. This is due adifficultandprotracted syntheses
of the coupling partner and undesirable reaction pathways such as protodemetallation of the
organometallic reagent’® Cyclopropyl boronic acid can be prepared fromGaignard or
organolithium reagentia transmetallation”® 76it would therefore be moreeconomical to use

this directly in synthesis.

FN

Oy O
N~ N
@fi% S AW\ o~
N
NS0 N_ Zcl
NH,

N

Panadiplon Sedaxane Aminocyclopyrachlor
Abbot Syngenta DuPont
368 370 367

Figure42. Some cyclopropyl containing drug candidates.

Many recent (hetero)arytyclopropyl drugs have been prepared using palladium catalysis, again
due to the synthetic utility of organoboron coupling partners. As discussed in the earlier chapters,
there has leen a drive to replace preciousetal catalysts with earth abundant ones. There are
many reasons for this, the most significant of which are ¢bst and toxicity associated with
heavier TMs. There are very few examples of -tatalysed (hetero)andyclopropyl cross
coupling in the literature. Only 3 research groups have reported such a reaction; 1 of these was

directly related to the largescak synthesis of pharmaceutically relevant compounds.

Risatti of BristeMyers Squibb reported a lengthy investigation into the development of a scalable
route to a dualNK1/serotonin receptor370 (Scheme70).5° A major aim of this study was to
replace a Suzuki reaction with an iroatalysed Kumada crossupling. The new protocol utilised

5 mol% Fe(acagc)n a THF/NMP solvent mixture at room temperature, rather than 10 mol%
Pd(OAg)in combination with 20 mol% P&gt 110°C, to prepare advanced intermediaB$9

from chloropyridine 368.
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MgBr

\va (1.6 equiv.) F ~CF3
N CF; N CF; (0] |
| Fe(acac)s (5-7 mol%) | N~
N__~ = N_ -
THF / NMP

Cl 0to 5 °C then 20 °C N

94-96% |
368 369 370

SchemerO0. Risatti's cyclopropyl crosoupling.

Malhotra, of Genentech, disclosed a cheselectivesp’-sp® crosscoupling protocol in the same

year!’’ In this papermethyl and cyclopropyl Grignard reagents were reacted with a number of
dihalogenated (hetero)aromaticS§¢hemer10 @ [ A 1S wA Al GGAQa NB W2 NI {F
in a THF/NMP solvent system; some reactions proceeded in THF alone. Many of the cross
coupling reactions displayed similar chemoseigttito alternative protocols, as described in the

supporting information. With iron, the selectivity was found to be governed by electronic effects

in most cases. Steric effects, however, became important with higher alkyl species,ssuch a
cyclopropylmagasium bromide Interestingly, the chemoselectivity could be switched with some

coupling partners using either THF or a THF/NMP solvent system.

MgBr

(2 3 equiv.)
X
a0 e(acac)s (3.75 mol%) _O/A
| |
= THF / NMP

ambient
|
\
50% 70%* 70%*
371 372 373
X X
~ | ~
Cl N N Cl
90% 76%
374 375

Schemer 1. Malhotra's cyclopropyl transfefrio NMP)
Wang reported a further irortatalysed crossoupling procedure in THF/NMP following these
early discoveriesScheme72).1*? The authors used Fe@ather than Fe(acagjor the reaction of

sp? electrophiles andp® nucleophiles, but reverted to Fe(acawhen couplingsp? nucleophiles.
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Asmentioned inChapter 2 thisinvestigation focussed on the reaction between vasidrignard
reagents and several pyrimidinyl tosylates. Only one example of the reaction with

cyclopropylmagnesium bromide was reported.

MgBr
\va (1.8 equiv.)

FeCl; (5 mol%)

THF / NMP
-15to-10 °C
15 min
376 377
64%

Schemer2. Wang's FeGtatalysed crossoupling.

Although there are very few examples of iraratalysed cyclopropylation in the chemical
literature, several patents have demonstrated the use of Fe(addd-/NMP to facilitate
cyclopropyl addition Kigure 43).178183 The chosen examples demonstrate the application of
Kumada crossoupling at numerous stages throughout the synthesis of drugs. Installation of the
cyclopropyl group early in the process geslly resulted in higher yields. Late stage

functionalisation gave lower isolated yields, probably duehallenges with chemoselectivity.

kinase inhibitor ant|V|aI agent IDH1 inhibitor
378 379 380
45% 6% 67%

: )
o— = N’N\
NS —
N
GPR119 agonist CFTR modulator GABAB modulator
381 382 383
55% 71% NR

Figure 43. Recent patent literature demonstrating irezatalysedcyclopropyl crossoupling.
Isolated yield in crossoupling step displated, NR = not reported.

As discussed earlier, NMP has known reproductive toxicity and is classed within the category 1
hazardclad ® D{ YQ& &a2f @Sy asStSOGA2y 3IdzARS a02NBa
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the main contributors to this low score are high boiling point resulting in challenges with
incineration (3/10), low availability of biotreatment (3/10) and N&IPeprobxicity (1/10)%4
NMP is also listed by the European Chemicals Agency (ECHA) as a substance of verghigh conc

meaning alternatives mustgasought for all applications.

It is notable thatin all iron-catalysed processes utilising NMPusedas aco-solvent?> 26it is
therefore present instoichiometricor superstoichiometric amounts. This leads to additional
challenges with isolation and purification, as wateréserally used to wash the NMP from the
organic phase. This then results in further concerns with waste disposal, as the aqueous effluent

is contaminated with high levels of NMP.
Two protocols were envisaged to avoid the use of NMP indadalysed crossoupling:

1. Search for an alternative ep2tf @Sy Gkl RRAGAGS dzaAy3I D{YQa
(Sections.2.])

2. Search for a ligand, used in catalytic amounts, capabléacilitating crossoupling
(Sections.2.2
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5.2.1. Investigation of Alternative Additives for the Cross
Coupling ofso-PropylmagnesiuntChloride

A shortinvestigationwas carried out toexplore the replacement of NMP with alternative

additives. A series of reagents previously used in-@atalysed crossoupling procedures were

tested to understand their efféaipon the reaction betweeiso-propylmagnesium chloride and

1-chloro-4-(trifluoromethyl)benzene 264, Schemer 3).

CF, Fe(acac); CF3 CF,
/[:::]/ * C“MQ/L\\ THF / additive * //\\/J:::]/ *
Cl temperature

264 147 268a 268b
CF;
e wel OO
H
268¢ 268d

Schemer3. Products observed in the earlier DoE investigation.

15 additives were selected using either the GSK solvent selection guide, or following previous

literature precedeniFigure44).

Propylenecarbonate 883) is a highly desirable alternative to other dipolar aprotics. Its use ha
not been demonstrated iniro® I G f @aAa o0STF2NBX o6dzi | &aA02NB
solvent selection guide meant it was chosen for this investigdfibnl,3-Dimethyt2-
imidazolidinone DPMEU 384) hasalso not been used in iraratalysis before, but it scores slightly
lower on the health hazard scale of the solvent selection guide (4ét8usl/10 for NMP), so

was also selectedRyridine(385) has been used in combinati@rith iron on numerous o@sions,
although not as an additive in a Kumada crosspling?® It was included due to the high activity

of halopyridines in cross coupling. Could thearalination of pyridine to the Fe centre fétate
crosscoupling of other electrophiles®R-Methylmorpholine NMM, 386) was again selected to

investigate the effect of nitrogen donor ligands to Fe.

NMP (87) was included as a comparison for the other solvents in this investigalen.
Octylpyrrolidinacne (NOR 387) wasadded as an alternative to NMP. It has been proposed that
alkyl chains longer thanexylhave no reproductive toxicit}£® Thishas led to chemical company

Eastman Chemicals marketiNgpbutylpyrrolidinone (NBP). NOP is significantly cheaper than NBP,
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therefore waschosenfor this investigdon. 1,8-Diazabicyclo[5.4.0]lundetene (DBU388) and
(DABCCB91) have been used in a number of reactions using iron, although generally as 8%ase.
Like pyridine 385) and NMM 886) they werechosen to understand the effect of nitrogen donor

additives on the crossoupling reaction.

Isoquinoliné®® (389) has beerused in ironcatalysed crossoupling before, as haveMBE* 187
(390) andtert-butyl methyl ethet® (TBME392). The remaining additiveg glucosaming(393),
methyl glycine 394), N,N-dimethyl glycine 395) and N,N-dimethyl glycine 396) ¢ were all used
08 2 al NJ ighdisoBcat&lysed Kumada @rossupling reactiondg® 190|f successful
in promoting the reactia of iso-propylmagnesium chloride, they would offer a significant

advantage over the other alternatives.

Additives with similar properties to NMBY) gave the highest level of conversion to desired
product, DMEU(384) andNOP(387) promoted efficient reativity in both THF and-ghethyl THF.
All other additives gave poor reactivity, excluding propylene carbona88),( which gave

moderate conversion in THF

I
Ao ji B N i
( \/ o
383 384 385 386 87
66% 39% 91% 91% 55% 28% 34% 13% 95% 97%
e
o} N 0 N
N L ooy )
387 388 389 390 391
94% 94% 31% 26% 4% 2% 45% 45% 4% 0%
OH
N A TS N G
o) HO NR.Cl OH ~ OH -~ 0
OH
392 393 394 395 396
31% 26% 19% 16% 47% 19% 22% 25% 29% 27%

THF 2-MethyITHF
Figured4. Additives tested in théon-catalysed crossoupling reactionGC conversion.

Propylene carbonate is promoted within the GSK solvent selection guide due to its high boiling
point and low toxicityt® The solvent was therefore selected for a simple DoE investigation;

hydrodehalogenated materig268c) was the majoproduct. The most productive reactiomdble
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11) gave only 28% productdéblel?2). The low catalyst and ligand loading quared to the earlier
Fe(acag/NMP reaction conditions is notable. Higher levels of catalyst or propylene carbonate

only led to increased hydrodehalogenation.

Tablell. Reaction conditions giving the highest conversion for propytambonate.

Expt. | Run Temp. Cat.Mol% Ligand eq. Grignardeq. Time Conc.
9 29 -20 25 10 2 0 60

Tablel2. Results from the reaction ihable 11

Identity Dehalogenated SM  Product  Biaryl
GC Area % 53 11 28 8

Interestingly, all NM#Hike solvents could promote the irecatalysed crossoupling reaction in

both THF and -PnethylTHF, with very similar productivity. This is another preferred solvent,
considered as a replacement for THF due to its low water misgibiid the ability to prepare it

from renewable sources (furfural). DMEU was selected for a short DoE investigation, which
showed that the combination of-ehethyl THF with DMEU gave less efficient camspling than

the previously optimised THF/NMP coridits.

The highest conversion in the DoE investigation was observed in a reaction at room temperature
with high catalyst loading, and low concentration of substrate. This reaction also required
significant levels of DMEU and 2 equivalents of Grignard reagdded over 30 minutes.
Controlled addition may be preferred for large scale manufacture, but the required levels of the

other variables precluded further investigation.

Tablel3. Reaction conditions giving the highest conversimmniMEU

Expt. | Run Temp. Cat. Mol% Ligandeq. Grignardeq. Time Conc.
32 14 20 10 300 2 30 60

Tablel4. Results from the reaction ihable 13

Identity Dehalogenated SM  Product Biaryl
GC Area % 20 0 79 1

Following this series @xperiments, it became apparent that a simple NMP replacement would
be difficult to find. NOP or DMEU may be suitable replacements, but their similarity to NMP, and

DMEUs reprotoxic risk phrase meant a more appropriate additive should be sought.
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5.2.2. HighThroughput Chemistry for the Cre&€oupling of
Cyclopropylmagnesium Bromide

Reactions catalysed by transition metals generally use-desiigned ligands born from a vast

wealth of knowledge in the field. The research carried out in the area of pallackdigysed

SuzukiMiyaura crosscoupling reactions, for example, has driven the development of specialist

ligands suited to a wide viaty of crosscoupling partnersKigure45). Unfortunately, the study

of iron catalysis has only seen a significant resurgence in the last decade. This means that much

less is known about the desirable characteristics of ligaffds’® 165

I >
MeO PCy, —\

© PPh; iPr iPr NN

o) PPh, O .

1

OMe

SEGPHOS iPr I-t-Bu
397 399
BrettPhos
398

Figure45. Some modern ligands for tratisin metals.

Highthroughput chemistryHTChas been shown to give rapid results when investigating both
bio- and chemecatalytic processe¥*1% By selecting a wide range of conditions, driven by prior
knowledge, it is often possible to build up an understandifithe desirable properties related
to catalyst/ligand combinations. An example of this was giveélhiapter 3 where Molandeland
Dreher investigated the reaction betweeiso-propyl/cycloprogyl tetrafluoroborates and
electronically varied aryl chloridé® The authors found that the ideal ligand depended strongly
upon the nucleophile. With cycloprgop trifluoroborate, where isomerisation was not an issue,
the ideal ligand was shown to be the sterically hindered, electrach rn-
butyldiadamantylphosphine. However, wittyclopropyl trifluoroborate, where isomerisation
was a major issue, the ideal ligands were shown to be the less sterically hindered, electron rich

di-tert-butyl(phenyl)phosphine and tteert-butylphosphine $chemed?2).

GlaxoSmithKline recently invested in hitjnoughput capability, introducing systems such as
aSiaft SN ¢2t SR2Q& v . pk\s-capable of SvaighiKgh sl reacBris2aid ¢ KA O

reagents into 30 vials or 48/96 well plates overnight.

Pagell6



Figure46. Mettler Toledo Quantos QB5 instrument.

After reviewing the chemical literature, a series of 24 ligands were seldeiguré47). They were
chosen based upon previous reactivity, with a number of new systems added to investigate
specific properties. Previous investigats have shown that redox active ligands can play a crucial
part in the formation of an active catalytic species. This property gives the ligand the ability to

stabilise catalytic intermediates which may otherwise be inacces$bie
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Figure47. Ligands selected for high throughput screen.

Phenanthroline 400, terpyridine406 and bipyridine417 have all been used in numerous iron
catalysed processes mther researcher$> 26 They have not necessarily beenedsin cross
coupling reactions, but have been shown to facilitatel @rylation using boronic aci#8or aryl

halide€% 400, hydrosilylatiod®! 202406 and GS crossoupling®3417.

Monophosphines401, 409 were chosen as electron rich and electron deficient examples of
standard phosphine ligands. The simple monophosphingWw&y/shown to promote the efficient
crosscoupling of a homobenzylic ether by $HiPhosphine ligands have been demonstrated to

be efficient in numerous catalytic processes, especially with palladium in Suzuki reactions.
Phosphite415was selecteds a simple, cheap drbench stable alternative; they have been used
successfully in several iraratalysed reaction® Phosphites, like phosphines, aredonors and

"~ -acceptors. The presence of electronegative oxygen atoms, however, increases-duddity

over’ -donor ability.
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TMEDAQ6 has been used on numerous occasions in the fastwith researchers suggesting

that it coordinates to magnesium counterions in solution, rather than to the transition metal
itself.*8 PMDETA02 was therefore selected due to its similartty TMEDA, but the ability to form

3 bonds withiron. The chelate effect may also mean that PMDETA is bound more strongly to Fe
than TMEDA. PMDETA has been tested previously, in the reaction between aryl Grignard reagents
and thioethers by Denmark® Triphosphine403 and aminobisphosphiné05 were also used due

to their gmilarity to TMEDA/PMDETA.

BOX414 and PyBOX13 have both been applied to irecatalysed processes in recent years. BOX
ligands have been shown to facilitate enantioselective radical couplings by Pétfo@BOX
ligands have been used much more widely with iron, they have promoted Mukiyama Aldol

reactiong®” and aziridine formatiord® amongst others.

NHCs such &9 and410 have shown significant synthetic utility in irgatalysed crossoupling
reactions?> 26 This is due to their strong-donation?°® and therefore high affinity for iroft°
cyclicalkyl amino carbeneJAAT420was addedo the screen as CAACs have been shimare

stronger” -donors and -acceptors than NHCS!

Bisphosphines such 484 and 148 have been demonstrated to be particularly usefespecially
those with a wide bite anglewifle infrg. Several authors have reported the synthetic utility of
SciOPP liga22 (Figure48) in crosscoupling reactions§?: 51: 212, 21 risphosphing 16, may form

a facial (fac) comple®? rather than the meridinal (mer) complexesat could be observed with
PMDETA02,215 trisphosphine403 and aminobisphosphind05 (Figure48). Could this influence

readivity?

P i
A s - | Y X
P,Ar E Yo, | X X, Y

L XTI X" Yy
' ; Y Y

Ar
SciOPP E meridinal facial

422 ! 423 424

Figure48. LHS: SciOPP ligand. RHS: meridinal and facial complexes.

PNP pincecomplex408, nacnact18 and pyridine diimindPDIY419 have all been used widely in
non-precious metakatalysis. They were chosen to determine their ability to promote this
challenging crossoupling. Pincer complexes have been champiomgdJilstein early reports
were focussed upon Reatalysed processe$® Fe(nacnac) complexes have been used widely in

iron catalysis, most recently by Webster for hydrophosphina&fiband dehydrocoupling®® PDI
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ligands have been exploited by Chirik for numerous processes incldingsilylation, ammonia

activation and ethylene dimerisatioi?22!

Salerligands such a407 have also been shown to facilitate cressupling reactions with irof
107 Trost ligandst12 and 421 are structurally similar t@07 and commercially available, unlike

many of thesalenligands.

The ligands were combined with Fe@hd Fek:3HO0, which ardron pre-catalystsknown to be
productive in irorcatalysed processée8.26Iron halides were chosen in place of ligands such as
acetylacetonate, as they were assumed to be less strongly bound to the Fe centre. Bidentate
ligands generally have a stronger binding affinity due to the chelate eff@EE-O bonds also
tend to be stronger than FEI bonds. Skinner and Connor showieat the enthalpy of formation

of a MCl bond is around +120 kJ mpolvhere the enthalpy of formation of a ¥hcac) bond is
around-200 kJ mot.222 Gas phase F@ bord dissociation enthalpy of Fe(acaisreported to be

150 kJ mol.??4 Due to the octahedral coordination structure of Fe(agdigiand dissociation
would be required to enable the binding of an incoming ligand. @@ F&k also exhibit an
octahedral structure in the solid state, formed through bridging chloride ligands. They may
dissociate to monomeric FeGind FeGlin solution phase, solvated by 4 or 3 THF molecules,
respectively (for example). These solvent molecslezuld be more readily displaced by a strong

donor ligand such as phosphines, carbenes or amines.
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5.2.2.1. Screen I¢ Coupling of Cyclopropyl Grignhard witmide
Substituted Aryl Chloride

Thereaction betwee25 and426 (Schemer4) was chosen for a preliminary investigation using
the ligands introduced iRigure47. Substratet25 was selected for a number of reasons including
challenges in monitoring sideroduct formation due to the volatility ¢he hydrodehalogenated
sideproductwith 1-chloro-4-(trifluoromethyl)benzene264, and thelow synthetic utility of alkyl
substituted " I htiHlorotoluenes Excellent chemoselectivity had also been observed
previously in the reaction between primargand secondaralkyl Grignard reagents and aryl
chlorides containing amide or ester substitign Many APIs contain amide substituents,

therefore any crossoupling carried out in their presence may offer significant synthetic utility.

FeCl, or FeF3+3H,0 (10 mol%)

Cl
1 o 0,
. MgBr 24 ligands (10-20 mol%) R
; THF, rt,4 h

425 427

Schemer4. Proposed reaction for the first high througlit screen.

The reactions were carried out using 10 mol% FeCkFeku8H.O, combined with 120 mol%
ligand. Bidentate, tridentate and tetradentate ligands were used at 10 mol% loaidirey
attempt to promotethe formation of a 1:1 Fexdigand adduct. Mnodentate ligands were used

at 20 mol% loading to allow a 1:2 keand ratio. All solids, including substrate, were weighed
Aya2 1t[/ @GArfa dzaAy3d aSaiftSNI ¢2t SR2Qa v . e
in a glove bag overnight. Liguigands were added to their respective vials using a Gilson positive
displacement pipette. Anhydrous THF was then added using a-chaltinel pipette. The
catalyst/ligand/substrate mixture was stirred in solvent for 20 minutes before Grignard reagent
was alded using a mukthannel pipette. The reactions were stirred for 4 hours, then quenched

with a pH 2 sulfate buffer, and sampled for HPLC and LCMS.

The major product observed in all 48 reactiovess found to be cyclopropyl ketoné29, Scheme

75). This may occur because the cyclopropyl Grignard is more nucleophilic than others previously
coupled under iron catalys?s® The electron deficient nature 0425, and the presence of
magnesium countéons, also meant that collapse of tetrahedral intermedid®8 did notoccur

until work-up. At this point residual Grignard reagent was consumed, avoiding the formation of a
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biscyclopropyl alcohol. Other researchers have also reported alkyl ketone fomfiadim amides

and Grignard reagentg85228

Cl Cl Cl
MgBr

HZSO4 (aQ) . C’/\IH
_— >

@1 o) @1 OMgBr o)

2

O
427 430

429

Schemer5. Observed reaction in the first high throughput screen.

Low levels of coupled produ(427) were observed in some reactions at up to 6% by HPLC area
(Chart12). Ligand404 was found to give the highest levef desired product in combination with
FeCl. Additionally, somebis-cyclopropyl substituted product30 was formed, suggesting that
crosscoupling was competent with a number of ligandgand410 gavethe highest conversion

to this biscyclopropylketone with both Fefand FeG| this NHC also gave relatively good

conversion to the desired product with FeCl
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FeF3.3H20

Catalyst

FeCl2 [ ) ) @ .

148 400 401 402 403 404 405 406 407 408 409 410 411 412 413 414 415 416 417 418 419 420 421 96
Ligand

Chart12. Chart to show results from reaction betwed5 and 426. Shaderepresents level of
cyclopropyl ketonet27 (max = 6.4%)size represents level bis-cyclopropyl ketonet30 (max=
20%).

Iron/NHC systems have been reported widelydé supry the " -donor properties of these
ligands are thought to lead to strong TNHC bonds. This may lead to a wasfined TMNHC
complex, which can stabilise the catalytic intermediates. NHCs such as SIPr, the saturated
analogue ofiPr 410 have previously been suggesi to work synergistically with fluorides in
FeRu8H:0 in a biaryl Kumada cressupling!'!- 22°The fluoride counteriois proposed to reduce
homocoupling, and the NHC ligand suggested to increase the r&té aind support the fluoride

counterion in thesuppressiorof homocoupling.
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5.2.2.2. Screen Z, CrossCoupling of Cyclopropyl Grignard with 6
Chloroquinoline

In the earlier crossoupling investigation, focussed upaso-propylmagnesium chloride,
heteroaryl chlorides were found to be more productpatners Chapter 3. This is distinct from
traditional crosscoupling protocols, where the reaction of heteroaryl halides often results in
much lower conversion. Driven by these observations, along with the chemoselectivity problems
discovered irthe reaction with amidet24, a chloroquinoline was choses a model substrate.
6-chloroquinoline430 was selected as a challenging coupling partner; chlorine substitution on

the pyridine ring is known to activate the@ bond for crossoupling reactiongFigure49).t7”

89.9 89.4 90.0 90.3
90.9 @L/j 90.8 90.4@ 87.9
90.6 NN N\ 866 90.6 N\~ N
Cl Cl
90.7 89.9 855
311 312

Figure49.1 2. dzl | YR a S NI Aqdiebine an8isoduindife, pteféried ditdof reaction
highlighted (kcal mdj).

The reaction with &hloroquinoline431 was repeated in an analogous manner to amiis.

Fek was used to replace FeBHO, following the poor reactivity observed in earlier screens.
The nucleophilic nature of the cyclopropylmagnesium bromide led to the formation of a side
product. This appeared to be an addition of a cyclopropyl group to the heteroaryl component of
the quinoline ring giving dihydroquinolind33 (observed by LCMS). This was found to oxidise
readily to cyclopropythloroquinoline 434. Increased levels of adduc#33 and 434 were
observed in reactions where Fakas used as the preatalyst Crosscoupled adduc?d35was

also seen in several reactions.
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FeCl, or FeF, (10 mol%)

Clm . MgBr 24 ligands (10-20 mol%) N X
N v N

THF, rt, 1 h
432
b)

Cl XN Air Cl N N
> — ~

N N N

H
435

Schemer6. Proposed and observed reactions in the second high throughput screen.

The formation of adducts suchs 434 has been proposed in earlier studies, especially with
electron deficient substrates such ascBloropyrazine436. Thisundesired reactivity has been
tempered through the application of flow chemistry by Buono, fixing an intractable coupling with
arylmagnesim bromides(Scheme77).2% It is alsonotable that other authors coupling-2

chloroquinoline have blocked reactive positions, such as thesttion, with a methyl groupgs!

] i] QMgBr Fe(acac), Q/[]

Scheme77.. dz2y 2 Q& Ft2¢ Ay@SadtAaldrzyo

In this series of reaction®4 was found to give one of the highest conversions to desired product
(Chart13). This observation suggested that it produced a-qatalyst with excellent properties

for the crosscoupling of cyclopropylmagnesium bromidEl9 was also found to give very high
reactivity, with slightly greater levels of the desired product formed in the reaction. Other ligands
such as#10 and 414 gave moderate conversiod20 wasthe only ligand capable of promoting

crosscoupling in the presence of FeF
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@Pcyz /_'_:\ 0, _N
Fe C’I‘_Q/N [ >
> ey, 0

404 410 414

/,
|N N| >éN+ cr
N &

| AN
A@A @
419 420

Figure50. Key ligands in preliminary cyclopropyl screen.
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Catalyst

FeCl2

141 148 400 401 402 403 404 408 406 407 408 409 410 411 412 413 415 416 417 418 419 420 421 96
Ligand

Chart13. Results from Kumadscreen 2. Shade represents conversion to desired product (max =
38%).

Although419 gave the highest conversiodp4 waschosen to investigate further. This was due
to the vastnumber of commercially available bisphosphine ligands, allowing rapid screening of

numerous ligands in a smaller area of ligand space within a very short timeframe.

5.2.2.3. Screen 3 Focussed Ligand Screen for C@mgpling of
Cyclopropyl Grignard with@hlorguinoline

The results from the previous screen suggested that wideditgle bisphosphines were efficient
ligands to enable the crosupling betveen 431 and 426 (Scheme76). To study their effect

further, GSKs bisphosphine principal component analysis (PCA) model was used to select a series
of readily available ligands. PCA is used widely in drug discovery and development to describe
multivariate paameters using a-8imensional model. In this case, 29 descriptors were combined

to create 3 principal components, t> andts, plotted inChart14. Ths analysis is basegbon the

work of Fey, who calculated ligand knowledge bases (LKBs) for phosph6rétiitrogenrs?

and carbor®* donor ligands. These axes describe 39%, 26% and 9% of the observed variability
between ligands respectively, and can be used to saldwr ligands with similar or different

properties, based upon their relative position in the plot.
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Chart14. Ferrocene baseligand404highlighted by red cross

The PCA model showed several systems which displayed similactnatics tod04. These are
clustered around the previous ligand, and consist of mostly ferrotesed ligands. A series of
12 ligands were selected based upon their likenes#0th The chosen ligands consisted of both
ferrocene and Xantphosased lignds Figure51). These are known to have bite angles of
between100° (438) and 110 @43).2%°
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S —PPh, S —PBu, S —Pcy, S —Pipr,
|
e

F Fe Fe Fe
@—Pth @—PtBuz Q@—PCyz @—PiPrz
438 439 402 440
PPh2 PPh2 PPh2 PPh2 PtBUZ PtBUZ
PPh, o
PPh,
442
t PPh, PPh,
P'Bu, o RPtBUZ @I—Pth
Cy,P Fe : Fe
PIBUZ H @Piprz C@_PtBUQ
446 447 448

Figure51. Ligands selected for second high throughput screen.

A large PM-P angle should lead to a smalNCICI angle in the correspondiddk-FeAr complex.

UponOAand transmetallation this should give a smaHF&cyclopropylangle, promotindRE

L

L. ,Cl ™ \
M > M:C'
v cl A ﬂ Cl
449 450

Figure52. Sketch of the effect of ligand bite angle upoAVECI bond angle.

Interedingly, some bisphosphine ligands have been used for-g¢edalysed crossoupling
reactions previouslySchemer8andSchemer9). Bedford and Nakamura have both reported the
synthetic utility of ligands such &ciOPR422), dpbz é64), dppe (48) and Xantphos(443) in

specific crosgoupling reactions. Neidig recently reported a number of investigations related to

Pagel29



the intermediates formed in reactions where bisphosphine ligands have been shown to deliver

significant improvements in reactivity.

catalyst yield (%)
cat. (0.5 mol%) FeCl,(SciOPP) 84
Br + BrMg -
THF, 25 °C, 20 min FeCl,(dpbz), 50
453
0,
. cat. (3 mol%) _ FeCly(SCiOPP) 93
MgBr, (20 mol%)
THF,25°C, 4 h FeCly(dpbz), 14
451 453
FeCl,(SciOPP) 78 (16h)
cat. (5 mol%) .
toluene, 45 °C, 4-16 h FeCly(dpbz) 86 (16)
OMe FeCly(dpbz), 94 (4h)
455 456 457

Scheme78. Some bisphosphines in iraratdysed crossoupling reactions, ligands shown in
Figure53.

Interestingly, Nakamura and Chai discussed the application of Fe(@Ad) Fe(acag)in
combination withXantphos443. Neidig studied this system further, and demonstrated significant
differences in the bonding characteristics between the phdmidged bisphosphineg22 and
464and xanthene bridged Xantphdd 3. FeCl(Xantpho3was demonstrated to have reduced-Fe

P bond covalency than thenalogoud-eCl(dpbz) and Fe&5ciOPR possibly dug¢o decreased

~ -character compeed to the phenylene backboné®

catalyst/ligand vyield (%)

t bisphosohi 1 mol% Fe(OAc),
N _Br Bng/\/\ cat., bisphosphine /(/\)5\/\/\ 1 mol% Xantphos
8 Et,O, rt, 15 min

3mol% Fe(OAc),
458 459 460 6 mol% Xantphos o4

51

Br )\ _ Lit n-Bu
+ B’\I;,_%t ! Fe(acac); 3 mol%) 6 mol% Xantphos 82
CN h-Bu bisphosphine (6 mol%) CN

THF, 1t, 6 h 6 mol% dppe 2
461 462 463

Schemer9. Xantphos based crogsoupling reations ligands shown ifigure53.
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The bisphosphine ligands studied by Neidig are showigure53. The observed reduction in e
P bond order discussed earlier may also be influenced by the increabedP bond angle

compared to both phenyleneand ethylenebridged SciOPP, dpbz and dppe.

t-Bu

| tbp@\t-Bu Q\PQ Q\PQ Ph,P Q
. 0 o) o
t-Bu ©/ @ ©/ @ P O

t-Bu
t-Bu
SciOPP dpbz dppe Xantphos
422 464 148 443
FeMesBrSciOPP FeCl,dbpz FeCl,dppe FeCl,Xantphos
/P-Fe-P 79.0° 80.4° 82.9° 109.3°

Figure53. Some Fexbisphosphine) complexes and their bite angles.

The screef ligands frontigure51 demonstrated that ferrocene based ligands were not optimal
in the crosscoupling reaction, and that Xantphdmsed ligands gave much higher levels of
desired productChart15). Both Xantphod43and NiXantphod46gave similar levels of product

(66 to 68%);tert-butyl-Xantphos444 gave lower conversion than the gmal wide biteangle

bisphosphinet04 (32vs.37%).
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FeCl, (10 mol%)
MgBr 12 ligands (10 mol%) X

RS
N

\
+
y
P4
\

THF, rt, 1 h

431 426 432

Chart15. Results from wide bit@angle phosphine screen. Aresfladerepresents conversiofmax
= 69%)

A more reactivesubstrate, 4chloroquinoline465, was selected to repeat the scoping reactions,
combined with NiXantphos. Quantitative conversion ofchMoroquinoline 465 to 4-
cyclopropylquinolinel66 was observedThis reflects the increased reactivitytbé heterocyclic

G-CI bondversughe carbocyclic €I bond.

c FeCl, (5 mol%)
©\)j . ngBr NiXantphos (5 mol%) _ N L o83%
N~ THF, rt, 4 h NZ
465

466

Scheme 80. Reaction of 4hloroquinoline with cyclopropylmagnesium bromide, LCMS
conversion.

The improved conversion dfchloroquinoline raised a questianis this catalytic or is this Q9
To test this hypothesis-uoropyridine 467 and 2chloropyridine469 were tested with and

without iron presentWith 2-fluoropyridine, ro product was observed without iron presentjtb
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17%coupling was observed in the presence of Ee@Iith 2-chloropyridine, 70%roduct was
observedn the presence of irorif SNwas the main pathway for the reaction higher conversion

and/or a more rapid reaction would be expected witfi@ropyridine versus2-chloropyridine.

| \/ . BngW o \/ with FeCl,  19%
N E N no FeCl, ND

467 426 468

| \/ .\ BngW - X with FeCl, 70%
N cl N/ no FeCl, ND

469 426 468

SchemeB1. Testing Ar at fluore and chlorepyriding, LCMS conversiohND¢ not detected.
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5.2.2.4. Screen 4¢ Further Focussed Ligand Screen for €ross
Coupling oCyclopropyl Grignard with@hloroquinoline

Due to the success ofantphos(443) based ligands in the previous screen, a further, more

focussed screen was carried obtgure54). Ligands analogous to Xantphos were chosen initially,

then others with wide bite angles or similar backbones were also selected. Many of these ligands

were not part of the edier PCA analys. DIOR76, however was included in the modellinGhart

16).

FeX, (10 mol%)
8 ligands (10 mol%)

THF, 1t, 4 h

473

470 471

P(NEty), PCy, PCy,

X0 o0

474 475

Figure54. Further screemwith some Xantphos based ligands

472

Ph,P ~—PPh,

o_ 0O

476

The PCA model showBlOP476 to be much further from ferrocenel04 than most of the

previously selected ligand€jart16).
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Chart16. Bisphosphine PCA model, DIOP highlighted by red cross.

The screen used 8 ligands in combination with 4 iron sources, giving 32 reactionsv&eCl

investigated further due to its success in the earlier investigation. 3 other ircoaipdysts were

used: Fe(acag)Feflbm); andFek. Fé'' salts are generally used in the literature due to their low

cost, ready availability and previous literagysrecedent. They were chosen for this screen as iron

halides (Fe@FeC$) are generally hygroscopic, leading to difficulty in handling them outside of a

glove box.

Tablel5. Iron pre-catalysts selected for the fourth high throughtpscreen.

Experiment

Iron Source

1

2
3
4

Fek
FeCl
Fe@dbm)s
Fe(acag)

The results from this fourth screen showed that the Xantphos based ligands gave the highest

conversion Chart17). This was repeated with all four poatalysts, with Fegtlisplaying the

greatest reactivity.
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FeF2

) ...
Fe(DBM)3
446 470 471 472

Ligand

Catalyst

473 474 475 476

Chart17. Heat map for third ligand screeRPLC area (max = 80%).

The most productive ligands from the first three screens were found to be the Xantphos
analoguesA70 and 471 (72%and 80% respectively)These ligands were found to give-18%

higher conversion than Xantphos itséf4%) However, their high cost and poeommercial
availability precludes their use with a cheap, abundant metal such as iron. Xantphos costs around
£16 per gram, around a third of the cost of ultley trace metals Fe£{£40/gram) or around

twice the cost in fper mole owing tothe high moleular weightof Xantphos

PPh, PPh,  PPhy PPh, PPh, PPh, PCy, PCy,
CLC o OO o
N
H S
443 446 470 471
66% 69% 72% 80%
£16/gram £102/gram custom synthesis £280/gram
>£800/gram

Figure55. Price per gram4d3, 446 and 471 ¢ Sigma Aldrich470 ¢ custom synthesis, AKOS
GmbH)
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5.2.2.5. Optimisation ofdyclopropyldossCouplingusing DoE

The reactions in the screens were all carried out with 10 mol% iromcguayst and 120 mol%
ligand. Thepolydentateligands were used at a 1:1 catalyst:ligand ratio to avoid saturating the
metal centre. This is a relatively high catalyst hgand loading, especially when considering the
molecular weight of the ligads (e.g. Xantphos, 578.6ngol') compared to the substrate {6

chloroquinoline, 163.¢ molY).

DoE was chosen to optimise the reaction conditions following the early success with the
challengingiso-propyl crosscoupling. The cyclopropylmagnesium bromide used in all the
reactions was purchased as a 0.5 M solution in, Bd# this forms the majoritgf the reaction
volume. Thereforeit was not possible to study reaction concentration or temperature within the
DoE. This led to the selection of only 4 factors as part of a fractional factorial investigé&tipn (2

giving 16 reactions and 4 centpmints.

Tablel6. Factors and ranges for DoE investigation.

Entry Factor Range

1 Catalyst Loading 0.1to 5 mol%
2 Ligand Loading 0.1to 5 mol%
3 Grignard Loading 1to 3 equiv.
4 Addition time 0 to 30 mins

The most significarfactors for the cyclopropyl cross coupling were found to be catalyst, ligand
and Grignard reagent loadingEable17). There were alstwo two-factor interactions between
catalystand ligand, and catalysand Grignard although the latter was shown to have less

importance (pvalue >0.05)

Tablel7. ANOVA table for cyclopropyl DoE (abridged).

Entry | Source p-value Statistically Significant?
1 Model 0.0022 significant

2 A-Catalyst Loading 0.0006 significant

3 B-Ligand Loading 0.0556 not significant

4 GGrignard Equivalent: 0.1579 not significant

5 AB 0.0412 significant

5 AC 0.1314 not significant

6 Lack of Fit 0.0648 not significant

Thetwo-factor interaction between catalyst and ligand loadirgigure56) suggested that high
catalyst loading was required to promote reactivity. This effect was more pronounced when
combined with increased levels of Xantphos (red line) With lower catalyst pdhliack line) a

maximum of 20% conversion was observed.
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Design—Expert@ Software Interaction
Factor Coding: Actual : ,
Product (%) 100 | B: Ligand Loading (mol%)
(adjusted for curvature)
® Design Points

80 —|
X1 = A: Catalyst Loading
X2 = B: Ligand Loading

Actual Factors

(=]
C: Grignard Equivalents = 2 S
D: Addition Time = 15 ‘g

8
®B-0.1 &
A B+5

20 —

0.1 0.8 15 2.2 29 3.6 43 5

A: Catalyst Loading (mol%)

Figure56. Interaction plot showing catalyst and ligand loading.

Thetwo-factorinteraction between catalyst loading and level of Grignard reagent also suggested
that high catalyst loading was required to promote reactiyfigure57). This effect was again

more pronounced when combined with increased levels of Xantphos (red line).
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Design-Expert@ Software Interaction
Factor Coding: Actual - -
Product (%) 100 | C: Grignard Equivalents (eq.)
(adjusted for curvature)
® Design Points

80 —|
X1 = A: Catalyst Loading
X2 = C: Grignard Equivalents

Actual Factors

B: Ligand Loading = 2.55 e\o,
D: Addition Time = 15 ‘g

3
mC-1 a
A C+3

20 —

0.1 0.8 15 2.2 2.9 3.6 4.3 5

A: Catalyst Loading (mol%)

Figure57. Interaction plot showing catalyst loading and equivalents of Grignard reagent.

The results from the first inveigiation displayed curvature toward the cenipgint conditions.

This was also observed throughout tieo-propyl DoE study. The fractional factorial design
selected for the DoE cannot be used to modeh-linear responses10 experiments were
therefore added to the DoE investigation to understand the curvature in response to levels of
Grignard reagent, catalyst and ligand. These were carried out on the faces oflimedsional
design space, giving a central composite design, analogous to the earéistigation Chapter

3).

The additional experiments led to the selection of a quadratic response surface, in combination
with a square root transformation. The selected model showed that levels of Grignard reagent,
catalyst and ligand continued to be theost important factors. The previously observivb-

factor interactions were also demonstrated to be statistically significant.

Table18. ANOVA table for cyclopropyl DoE (abridged).

Entry Source p-value Statistically significant?
1 Model <0.0001 significant
2 AB <0.0002 significant
3 AC <0.0040 significant

The firsttwo-factor interaction, between catalyst and ligand loading, was modelled well by the
chosen quadratic response surfadégure58). Higher catalyst loading led to increased product
formation. Beyond 4 mol% catalyst, however, conversion to desired product began to decrease.

The poduct was replaced by undeable sideproducts, suggesting that the catalyst may
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influence their formation. The response to increased catdbzgling was more pronounceshen
more Xantphos was used. In fact, until around 4 mol% catalyst, the amount of ligand used had

very little efect on the reaction.

Design-Expert® Software
Factor Coding: Actual
Original Scale

N
o

Product (%)
® Design points above predicted value
® 160/¢
87.517
80 |
0.139
. 60 .
X1 = A: Catalyst Loading
X2 = B: Ligand Loading o

duct (%)

rlp

Actual Factors
C: Grignard Equivalents 5
D: Addition Time = 30

2200000020 00,%
ERERS
0q20les%%

2.9
22

B: Ligand Loading (mol%)

2.2
A: Catalyst Loading (mol%)

Figure58. 3-Dimensional surface for the interaction between catalyst and ligand loading.

A similar response was observed when studying tthe-factor interaction between catalyst
loading and the equivalents of Grignard reagent used in the reackimure59). The reaction
switched on at around 4 ni% FeGJ and at this point increasing the amount of Grignard reagent
from 1 eq. to 3 eq. gave 220% boost irconversion Many early crossoupling protocols have
used an excess of Grignard reagent, often arouddeguivalents relative to (hetero)aryl hde 2>

26 This is rather wasteful, especially considering the cost of cyclopropylmagnesium bromide, or

the challenges associated with its synthesis.
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Figure 59. 3-Dimensional surface for the interaction between catalyst load®ggnard
equivalents.

The predicted optimal conditions suggested that 83% conversion was achievable with 3

equivalents of Grignard reagent. However, significant challenges were observéle in

purification of the reaction mixture. This is probably because the excess Grignard reagent

combined with a lengthy reaction led to significant sgfeduct formation. These impurities were

difficult to remove using column chromatography.

FeCl, (4 mol%)

cl N . Xantphos (4 mol%) N X=1 54:/0
+ Xequiv. THE 20 °C 2 68%
N/ MgBr 4 > 3 83%

4h N
431 432

Scheme32. Predicted optimal conditions from DoE investigation.

The effect of temperature was not considered in the DoE due to the standard solution of Grignard

reagent (0.5 M). The Grignard reagent was gemgadded as a single aliquot using a syringe or

multi-channel pipette. Any handling of the solution would lead to an increase in temperature,

and the addition of an unknown variabie the DoE. Temperature was shown to be a significant
factor in the earlieiso-propyl crosscoupling Chapter 3. It wasstudied after the DoE, using the

predicted optimal conditionsSchemeB2).
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