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Abstract

This thesis describes the development of new hydrogen atom transfer (HAT)
methodologies, particularly focussed additions to theC N bond (an underutilised
radical acceptor) The two mainpublishedbodies of work are outlined below in

Scheme 1 and 2.

A HAT-mediated intramolecular €€ coupling reaction between alkenes and nitriles,
using PhSitHand catalytic Fe(acag)has been establishetiThis introduces a new

strategic bond disconnection for rirgosing reactions, forming ketones via imine
intermediates. Of note is the scope of the reaction, including formation of stericall

hindered ketones, spirocycles and fused aliphatic systems.

0 NH | Access to:

N F
R}\_)\l Phs?lgicilgzlé)H R’/\<> % « Sterically hindered ketones
— e Spirocycles
/ exo-dig cyclisation via o (Fused) aliphatic rings

then H30"

Schemeél. Outline of HATnediated alkenenitrile cyclisation methodology.

Inspired by aspects of the alkemérile project, aradical domino cyclisation reaction
of N-cyanamide alkenes, mediated BYATwas also developed(Scheme?).2 This
methodology, using PhS#Hdand catalytic Fe(acag)allows for the synthesis of
challenging (spiro)quinazolinone scaffolds from simple, tractafiietero)aryl

carboxylic acid and cyanamide building blocks.

~_ Fe(acac); (10 mol%) 0 Key Features:

0] /\/[ ).( PhSiH5 (1.05 eq) ‘\)‘\N * Catalytic Iron(lll)
B\ J P * Scalable
N iPrOH (0.25M) @ _ . ani . ) )
50°C, air N - Spirocyclic quinazolinone scaffolds
R )

‘ 13h * Heterocycles tolerated

P4

P4
r
/
X

Scheme2. Outline of HATmediated domino cyclisation methodology.

Further studiessuch as exploitinginexpectedsidereactions, as well as probing
curious mechanisticobservationshave been made throughout this worRossible
future work is suggestethroughoutthis thesis and hopefully can be pursuedhe

near future
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1 z Introduction to Hydrogen Atom Transfer

Hydrogen atom transfefHAT) is one of the masfundamental and common chemical
reactions in organic free radical chemistiyisdefined as the concerted movement

of ahydrogen atom(H) in a single kinetictsp from one group to another (& 1).2
't  BMHL."b Tl Q)

One of the most exploitedHAT reactionss the termination of a carbcuentred
radical with tributyltin hydride (BssnH). ThéSnBy radicalcan be generated via
reaction with azobisisobuyronitrile (AIBN), thermally or photochemically, as shown
in Figure 1. Followingpropagation with a halognoalkane, the resulting carben
centred radicalmagzy RSNH2 O Of Aal GA2Y (FigQueRNRAY 3

Initiation Propagation Termination
N2
N J X H-SnB
. . -Sn
7< J’\ (x2) — + SnBug — \___ + X-SnBuj —u>3
(AIBN) NC s
H-SnBuj . H \ H-SnBuj
< ——— > SnBuz + — boxed structures allowed —_—
NC NC —
EXO | ENDO
tet-sp® trig=sp? dig=sp | tet-sp® trig=sp? dig=sp
_______________________________________ +_____________________________________
1
1
' 3 2 2
As A Ao | an 2\ A\
- )N3 [TV YA VA
1Ny | XSy 1XN\\Y P1Xs 1%X73 1%
1
3-exo-tet 3-exo-trig 3-exo-dig i 3-endo-tet* 3-endo-trig 3-endo-dig
! [ orentoe
2 3 1 4 2 3 L2 o3 2,3 2 U3
Y Y Y
- . | _|—|l - l_m
X4 X 43 X184 X X X
1Ny 2N 171 [ 174 1774
1 S
4-exo-tet 4-exo-trig 4-exo-dig | 4-endo-tet* 4-endo-trig 4-endo-dig
' bl
5 5 3 ! 3 3 3
1 4 | |1 4| |2 4| 12 (\Y 4 2 (\/Y 4 |2 v4
X-43 X3 XI5 DX XA 'x----ms
20 Yy 20 Y 0 po1s 175 1
5-exo-tet 5-exo-trig 5-exo-dig \ 5-endo-tet 5-endo-trig 5-endo-dig
1
4 4 4 ! 4 4 4
6 6 ! | 1] Il
iy . 6| !
25y (2% 2P| 2T 8 2T B 2yt
1 1 1 i 1 1 1
6-exo-tet 6-exo-trig 6-exo-dig i 6-endo-tet 6-endo-trig 6-endo-dig
1

exo = breaking bond outside the new cycle endo = breaking bond inside the new cycle

Figurel. Patterns of ring closure, for ® 6-membered rings, predicted to be favourable by Baldwin.
“Denotes no prediction was mad@oxed structures predicted to be allowed

However, as the ringlosure rules by Baldwin concern anionic processes, the

corresponding radical ringclosures are more tentativelaligned (e.g. radicatet

i 2



closure is rarely seenp 2 NS NBOSydfteéz | NBOBAASR OSNE
published by Alabugin which focussed in detail on -glugures of alkynesdig
systems), and found thillowingtrends(Tablel).b

Tablel. Revised Baldwin rules for digonal cyclisations of esaond radicals.

Anionic 3 4 5 6

_ endo
Dig
exo

Radical

endo
Dig
exo

Red squares correspond to disfavoured, yellow squares to borderline/problematic, and green to

favoured modes of ringlosure.

AlthoughBwSnH as shown earliers avery capable hydrogen atom donor (BDE =78
kcal/molY it suffers from extreme toxicifyand the need for specific woikps to
remove the troublesometin by-products? Various improvements to the use of
stoichiometricBusSnH have been developed, some of which are catailyttin'® or
use silicon alternatives. Although once a widely used method for carbdeyc
formation reactions? BusSnH methodology has fallen out of favour in ehlast
century with the emergenceof new radical fields such asetal hydride hydrogen

atom transfer(MH-HAT)
1.1 7 Metal -Hydride Hydrogen Atom Transfer to Alkenes

MH-HAT to carbosrcarbon double bonds was discovered in the early 1960s when
Kwiatek and Seyleroosidered metal hydrides as catalysts in the hydrogenation of
varioush >unsatuated compounds. They first reported thatdridopentacyane
cobaltatg(lll), Co(CNH?*, could facilitate hydrogenation at room temperature and 1
atm hydrogen pressur&'4 However, this interesting finding did ndind interest
among organic chemists until more than a decdaker, when Teruaki Mukaiyama

began work in the 1980s on the catalytic hydration of alkelié%.



The reactionO2 A Y SR aadzl I A & | YIa éRobédred), trangdoyimsa2 F | £ ]
terminal alkeng(1.1) to its corresponding Markovinkov alcoh@!.2), in the presence

of molecular oxygen, phetsilane and catalytic amounts of Co(ag&é)The mild

conditions and large functional group tolerance of the Mukaiyama hydration has led

to its use in the late stages of many natural product synthé&gés.

Co(acac), (5 mol%)

PhSiH, (2 eq) OH
R

. 0,, THF, RT R

: 64-84% 12

Scheme3. Mukaiyama hydration of alkenes.

This pioneering work opened up a synthetic toolbox folH-HAT reactions with
alkenes known as hydrofunctionalisatiorinitial CH bondformation at the least
stabilised position, leads to a carbaentred radical (or organometallic)hat can
subsequenthbe trappedby an electrophildE)(Schemed). The addition of hydrogen
and a functional groufo alkenel.3proceedso the hydrofunctionalised produdt.4

(after redox eventwith Markovnikov selectivity and high chemoselectivity.
R1

R' ,
RS A + M _E, R R
R? — E
H H
1.4

Schemed. HAT Markovnikov hydrofunctionalisation of alkenes.

R? M-H
3 —_—
R\/\RZ

1.3

1.1.1 z Hydrofunctionalisation of Alkenes z Reaction scope

The hydrofunctionalisation of alkenes hyst row transition metal(T.M.) hydrides
has sincéeen extended to formGO (hydroperoxidatioft and hydroalkoxylatiof?);

GN (nitrosatiorf®, hydrohydrazinatioff, hydroazidatiof* and hydroaminatiof®); G

C (reductive carbocyclisati$fitdimerisatior?’, hydrocyanatiof, conjugate
addition?® hydromethylatiort¥ styrenylatior’? arylation®!, reductive coupling?);

GX (rydrofluorination®**3%chlorination®®/b romination*”/lodination®’); CH

(hydrogenatiori®), GS and €Se (hydrochalcogenatid?) bonds(Figure2).



R

J [Si-H] or [B-H] J
X @ z

X = -OH, -O0SiR’3, -NO, Y Z=F -OH, N,
-N3, -ClI, -CN, -H, )\ -Cl, -NHC(O)NH,,
N(Boc)NHBoc R -SCN, -NHA, -CH3,
Y = -OH, -H, -CH,CH,EWG

-N(CO,R)NHCO,R'

Figure2. Hydrofunctionalisation of alkenes b§f dlow T.M hydrides.

Theabove transformationfave beerextensively reviewe@016}°, thus ony those
reactions thatprovided inspiration to thisesearch orcontribute mechanistic insight

will be discusseth detailherein.
1.1.2 7 Recent Advances in MH-HAT Alkenes
Baran Group

Inspired by previous work in the field of alkehgdrofunctionalisation reactions
(Bogetd34 Carreird?24283641423nd Mukaiyam&<1"49, Baranet al. showed that
unactivated alkenegl.5, 1.7and1.10) couldbe coupled directly to electrodeficient
alkenes(1.8 and 1.11) in both intra and intermolecularreactions Scheme5).3?
Generation of hindered bicyclic systems, vicinal quaternary centres and even
cyclopropanesvasachieved in good yieldslowever reducedyield was reportedin
some casesdue to the premature reduction of the donor alkene to the
corresponding alkand.hs methodolog\effectivelyserves as a tifree version of the

Giese reactiorf*



Intra-molecular reductive coupling

R2 Fe(acac); (1 eq)
— _EWG PhSiH; (2.5 eq) R' R?
R Me
7 EtOH, 60 °C
! 60-97%
1.5 1.6

Inter-molecular reductive coupling

Fe(acac); (1 eq)

R o PhSiH5 (2.5 eq) R 0
,I ) + PN
" ﬁ \)K EtOH, 60 °C ! M

’ 1.7 1.8 34-87%

Fe(acac)z (0.2 eq)

Me R'. _EWG PhSiH; (2.5 eq
O/ . I 3 ( ) %EWG
R3 DCE/(CH,OH), (5:1) ;
1.10 60 °C R
’ 1.1 38-90%
3eq 1.12

Schemes. HATmediated alkenealkene reductive coupling reactions.
Recently, Baraet al. publishedan expansion tdhe original alkene crossoupling
methodology, Bowing that multiple heteroatonsubstituted alkenes1(13 were
easily coupled to electrodeficient alkenes1(.14) to give crossoupled products
1.15(SchemeB).22 The role of the newly included inorganic base;iRQ, was not

discussed

Functionalised alkene cross-coupling

Fe(dibm); or Fe(acac);

2
R - R4 (0.05-1 eq) R® R*
RON AR Q Na,HPO, (1 R EWG
‘ EWG 2HPO, (1 eq) R3X
X PhSiH; (2-6 eq)
113 1.14 ROH, RT-80 °C, 1 h 1.15
3eq

X=0,N,S,B,Si,F, Cl,Br, |
>60 examples, moderate to good yields

Schemes. HAFmediatedfunctionalised alkenalkene crossoupling reaction.

Of particular note is the tolerande various boron species i, BMIDA and Bddp)
which can serve as functional handles for varisubsequeninetalcatalysed cross
coupling reactiong® Also of interest is the use of fluorinated alkenes, allowing access
to quaternary fluorinated centres that would be difficult or impossible to actgss
other means The power of this methodology lies in the facile explorabbéminder
developed chemical space, offering a new method for the formationGf@nds in

the presence of multiple heteroatoms (O, N, S, B, Si, F, CI, Br, I).



One notable difference in theupdated reaction conditions(cf. to the earlier
methodology®? is the use of Fe(dibm) The increased steric shield dfbm in
comparison toacac(i.e. methylvs. isopropyl) is presumed to limit the ability of the
iron species to behave as a Lewis acid, thus limiting the formation of the reported
side-products (.19and1.20), shown below irScheme’, during the coupling reaction

of 1.16and1.17to form 1.18

o TBSO OFEt o
OoTBS Fe(acac)s (5 mol%) OTBS
A " * * o
PhSiHj3 TBSO L J-
1.16 EtOH, 60 °C -

1.7 1.18 1.19 1.20

Scheme’. Sideproducts observed when using Fe(agatheuse of Fe(dibmg)imited the formation
of 1.19and 1.20, increasinghe yield of desired produdt.18

Baranet al. extended theHATmethodology to the synthesis of secondary amines
(1.24) via practical alkene hydroamination with nitro(heterodaes(1.21) (Scheme

8).47

Alkene hydroamination

R® R*
s Fe(acac); (30 mol%) )
R PhSiH; (2 eq) (Het)Ar A -R2 Zn, HCl(aq) R'R?
Ar(Het)—NO, + RI_A. R1 LR ————— (HehAr X _H
121 18 60E38,H1h RZTO 60 °C, 1h A
1.22 R R3 1.24
3eq 1.23

96 examples, moderate to good yields

SchemeB. HAFmediated alkendnydroamination reaction.

It was proposed the reaction proceeded via initial reduction of the nitro(hetero)arene
(1.21), which subsequently forms an adduct with the alkyl radical derived from HAT
reaction of the donor alkenél.22). Znmediated cleavage dhe resulting NO °

bond (1.23) liberates the desired hindered secondary am{he24) in moderategood
yield. More recent work onalkene hydroaminatiorhas been carried out by the
Thomas group, who reported that amine-bis(phenolate)ron(lll) catalyst showed

superior catalytic activity to Fe(acaé§*+®

The latestHAT methodologyreported by Baranet al. is the hydromethylation of

unactivated alkenegnot shown)?® Mono-, di, and trisubstituted alkenes can be



hydromethylated in a highly chemoselective fashionsT&iofparticular use for late
stage functionalisation of drug molecules and pagential application in radioactive

labelling.
Shenvi Group

In 2016, Shenwt al. reported the discovery of an outstanding reductant for metal
catalysed radical hydrofunctionadion reactions? It was revealed that PBiH, the
reductant of choice fomost MH-HAT reactions was in fact not the kinetically
preferred reductant in many of the aforementioned transformations. On inspection
of the silane solvolysis distributions (by GC), it was found thatH?)Sikl (1.26)
(generatedin situ from PhSikland reactionsolventi-PrOH) was consumed much

more rapidly than any of the other identifiable-§eciedScheme9).

- H - i-P - -P
&P _ HProH P _ HProH r?l’i\Ph _ HPOH r(s?i\Ph
H™'H (-Hz) i-Pro”""'H (-H2) -PrOo”" 'H (-Hz) i-PrO”" "Oi-Pr
1.25 1.26 1.27 1.28
kinetically favoured reductant trace amounts observed

Scheme. Silane species observed by GC during reaction of b3 with i-PrOH.

Interestingly, this suggests thatcohols play an important role as silane ligairds
HATinitiated reactions, ikely as a result of increased Si electrophilicity and more
rapid ligand exchange with the cataly$hey do not simply just increase the hydridic
character of the silane by tHermation of a pentavalent Sipecies, analogous to that
obsened in2014>*whensilicatel.29was observed by NMR atOxC during reaction

of PhSikwith t-BuOK Figure3).

©

' Increased hydridic character |
, observed by NMR at -70 °C |

Figure3. Pentavalent silane speci@s29observedoy NMR during reaction of PhSikith t-BuOK.

The superior reductant.26 can be synthesised on a largealé®. In application of
Ph{-PrO)Sikl to some of the aforementioned alkene hydrofunctionalisation

reactions, it was shown that they proceeded with lower metatalyst loadings (as



low as 0.05 mol%), in a range of aprotic solventsnadluiperior yield to previously
reported literature. Interestinglytert-butyl hydroperoxide was employed in some
reactions to suppress hydrosilylatioractions (sedater Scheme21, p.16), along

with the proposed role of reoxidising the metal species (mechanism not suggested).
lGaGSYLIWia o0& {KSy@gAaQa 3IANE dzZBh@ERSiHApeoyed KSa A &

unsuccessful due tmstability of the Sspecies to moisturé?

Recently (2019) the Shenvi group lagpliedMH-HATIn a new field of duatatalysis,
in which radicals generated via H¢ HAT are captured hiyickel to enter into a
reductive crossoupling cycle with (heterayyls(1.31) (Schemel0).5? Thiswork is
complementary to the rapidly emerging field of radibalsed crossoupling

reactions utilising duatatalysis withickel, suclas sg decarboxylativeouplings®®54

Fe(dpm); (30 mol%)
R NiBry(diglyme) (10 mol%) R

[ X Ph(i-PrO)SiH; (2 eq) Fea
Tyt R L
L Mn° (1 eq) S~ R
Ty 1.31 MnO, (2 eq)
1.30 DCE:NMP, RT 1.32

ScheméelO. Iron-Nickel dualcatalysis for the formation of alkyhetero)aryl quaternary centres.
Bonjoch Group

In 2018, theBonjochgroup made an important contribution to the MHAT field and
provoked some intriguing discussion points for the work outlined in this thesis. The
unprecedented € coupling reactionf alkenetethered ketones(1.33) to tertiary
alcohols(1.37) is depicted below$chemell). The proposed pathway involveaise
formation of a unstable intermediate alkoxy radiqdl35 from 1.34) which can
crucially,be converted to the alkoxide aniofl.36).5° Theradicatanion turnoveris

the key featureto this methodology as alkoxy radicals have been shown to undergo

rapid ringopening with rates faster than for the corresponding rintpsure®®

R! R2?2 Fe(acac); OH =Y

Q | _PhSiHg ( Fe' EtoH b( ,
R T EOH R3J©4 R
1.37
1.33 Fe!l

Schemell h @S NIBA S g HAFTmedaieRakén&kdohe cyclisation reaction.

This work was later expanded tioe use of hydrazones to access complex ampies.



1.1.3 z Metal -Hydride Hydrogen Atom Transfer Mechanism
Mechanistic Proposal

The MHHAT mechanism was proposed during early research in the field of alkene
hydrofunctionalisation, when Halpernet al. provided evidence that the
K& RNER 3 Sy kmigthystyren&(38) by HMn(CQ)(1.39) proceeded via a free
radical mechanisrSchemel 2).58 He reported the first definitive demonstration of a
CIDNP (chemically induced dynamic nuclear polarisation) effect to arise &rom
reaction in which oe of the geminate radical paiis an inorganic metatentred
complex(1.40). The technique detects enhanced absorption or emission of signals
(*H NMR), when unpaired electrons are generated under the reaction conditions.
was proposed that the IviiH bond undergoes homolysis to form the radical cage pair
(1.40), which escapes its cadg#.41), and is subsequently quenched with a second
equivalent of MaH (1.39) to form the desired hydrogenatedroduct 4.42 (Scheme
12).58 1t is tobe noted that no species, other than the reactants and prod(ti42

and1.43), were fully characterised

*Mn(CO)s
/K ) HMn(CO)s H
+ HMn(CO)5 = ~_ + "Mn(CO O U E—— *Mn(CO
Ph n(COs Ph ©Os) ~ge” Ph tast  Ph * “Mn(CO)s
H escape H H
1.38 1.39 1.40 (RD.S) 1.4 1.42 JfaSt

solvent caged radical pair
Mny(CO)1q

1.43

Schemel2. Proposed HAT mechanism for the hydrogenatiohmifethyl styreng1.38). R.D.S = rate
determining step.

However, the synthetic work thatrecededHalpern only rarely gawaention to such
a mechanism and it rsot until recently that the hypothesis has been widely accepted

in the literature
Mechanistic Evidence

Early mechanistic studies on the addition of akCepecies, HCo(Gf) to a set of
activated alkeneshowed thatthe rate of formation of the organocobalt species
(analogousto 1.40, Schemel?) increasedwith increasing electron densityn the

alkene>® This supports théheorythat the alkene acts as a nucleophile, and the metal



hydride as an electrophile, in HAT reactions. This finding led to sdwgratheses
regardinghow the metal hydride species interaatith an alkene igure4).

Concerted Addition Proton Transfer
KM M—H
j=—=1 j=—=1 or or
R R
1.44 1.45
Sterically disfavoured High pKa Experimental evidence
Not regioselective Unstable carbocation Markovnikov prefered

Figure4. Hypotheses for metal hydride interaction with an alkene.

One such hypothesis was the concerted addition of the metal hydride across the
double-bond, forming a foucentredtransition state(1.44 and1.45). This would not

only be sterically demanding but also implies simultaneou€ Mond formation,
whichwould not agree with Halpef@ early findings of a free radical mechani%tt.

IS alsoto be questioned whether aoncerted addition would be completely

regioselective for Markovnikoproductsand proceed exclusively via45.

Another proposed mechanism was initial protonation of the alkene by the metal
hydride (1.46). However, the relatively higha of metal hydride$? although highly
dependent on ligand effects, suggests protonation of the alkemeuld be
disfavouredIn addition protonation would result in te generation obn unfeasibly
high energysecondarycarbocation speciesrenderingthis pathway energetically

unfavourable.

HAT appears the most plausible mechanién#7). The same studywhich found
alkenes to behave as nucleophiles in reaction with HCa{CsHowedthat the rate
of reaction was not dependent on [GR° This observation rules out any formation
of a metl-alkene coordinated species such afour-centred complex,sincea CN
ligand would be expelled prior/upon coordinatiorF-urthermore, the bond
dissociation energy (BDE) 6frbw transition metal hydridets 4555 kcal/mol®tlow

enough that homolytic leavage would readily proceed (cf-Br 46 kcal/molf?

Halpern provided further support for the HAT mechanism when he reacted DMn(CO)

% A ( #nethylstyrene®® He found that hydrogenation proceeded with isotopic
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exchange; deuterium was incorporated into both the final product and the substrate.
The incorporation of deuterium into the substrate provided @nde for reversible
formation of the radical pairseel.40, Schemel2, p.9). In addition, the overall rate
constant for the hydrogenation with DMn(G®J)as found to be larger than that with
HMn(CO) (kw/kp= 0.4 at 65C)>® This phenomenon, known as inverse kinetic isotope
effect (KIE)iscommony observedamongst reversible hydrogen atom transfers from

metal hydrides’%6%

TheinverseKIE observed in MHAT reactions is reasoned to be due to the lower
stretching frequencies of NH/D bonds in the starting material comparaathoseof
GH/D bonds in the caged pair inteediate, i.e. the €4/D bonds being formed are
stronger than the MH/D bonds being broke(Figure5). Theformation of the cage
pair is favoured moréor deuterium than hydrogenthus the overall reaction rate is

faster.

C-H--M

C-D--M

AGH, < AGH,

M-H
—————— MDD

Figure5. Rationale for the observed inverse kinetic isotope effect.
Recent Mechanistic Advances

Duringmechanistic studies of the alkeradkene crossoupling reactior{seeScheme
5, p. 5), Baranet al found that Fe(acag) was necessaryfor the reaction to
proceed3?33The outcome of the reaction was not altered in the absenceqa),
evidencethat Oyis not responsible for rexidation of the Fecatalyst(in this system)
Conductingthe HAFmediated cyclisation 0fl.48 in deuterated solvent gave

deuterated productl.49 exclusively(Schemel 3).

11



o Fe(acac); (30 mol%)
. PhSiH; (2.5 eq) D
CD3;0D or CH3;0D
60 °C, 15 min (o}
1.48 1.49

Schemel3. Mecdhanistic study of the HAMediated reductive cyclisation reactiohl.48.

No deuterium was incorporated on the cyclohexene ring, providing evidérate¢he

hydrogen that adds aoss the alkene originates from Phgittis was confirmed by
deuterium incorporationwhen PhSiPwas employed? Importantly, submission of
non-deuterated product to the deuterated reaction conditions showed né&H
exchange, proving deuterium incorporation is not atefact of solvent exchange.
This observation led to the proposed mechanism depicted béBehemeld), for

the HAFmediated olefirolefin crosscoupling where a Michael accep is employed

as the acceptor alkene

H

MG%R Me\i/kR
Me Me 1.52 EWG]
1.54
L.Fe-H LaFe!
1.51 1.53

EWG_, H
PhSiH,(OR) 1.55 \S(‘\R
Me Me
2
PhSiH; + RO L Fe EWG_ o H ROH EWG._H H
1.50 \S(‘\R T \g(kR

Me Me RO Me Me
1.56 1.57

Schemel4.. | NJ gdanistiy hypothesis fatkenealkenecrosscoupling

Isolation of intermediategproved challenging, but the agreed initial step is metal
hydride formation {.51), followed by reaction with a carberarbon doublebond to
form radical specie$.52. This reactive species can then undergo camgpling with

an acceptor alkenel(54), to yieldintermediate radicall.55. It is then believed that
the iron specied.53is re-oxidised to the original configuratioh50in generation of
the anionic intermediatel.56, which can be protonated (presumably by alcoholic

solvent) to yield the desired crogeupled productl.57. A more comprehensive and

12



lengthy discussion ofthe MH! ¢ NBI Ot A2y YSOKFIyAayYy Oy

recent alkenealkene crossoupling studie$® however,an alternative proposal has

more recently (2019peen put forward(see later Scheme22, p.17).

In the absence of a sufficielyt electronwithdrawing group(EWG) the source of
hydrogen for the second reduction/termination reaction remained to be fully
understood.Shenviet al,, through careful deuterabn studies,found that the main
second reduction pathwayor related alkene 1.58) hydrogenation methodology
(Schemel5) does not involve #M-H specieslt is in facthe silane itselthat quenches

intermediate radicall.59to give hydrogenated produdt.60.°

[M-H] [Si-H] H
R/\ —_— /\/H _— = H

R
R
1.58
1.59 1.60

Schemel5.{ K Sy @ A QaialyséSHARIkene hydrogenation methodology.
Initially, Shenvi envisaged that hydrogeray be derived from a noninnocent ligand
(acaetype ligands have since been shown to be redox a&biv&his hypothesis was
inspired by Norton, who showed that &b complexesl.61 and 1.62 (Schemel6)
may exist in equilibim, as CeH and GH tautomers®® It was proposed that both

species were capable of undergoing HAT.

INZ INZ
O-N_ N-O O-N_ N-O
FB L CoH BF, = FB  Co H
O-N_ N-O O-N_ N-O
F,B—L
[H-Co' - 1.61 H[Co'] - 1.62
(L = MeCN) (L = MeCN)

Schemél6. Tautomerisation of Gél complex..61

This hypothesis was tested with the analogous metal hydride compldiketonate
1.63, which would involve €€ tautomerl.64 or 1.65(Schemel?).

L L
Lo M Mn
o0 o0
‘ P _— ‘ or ‘ ‘
Bu Bu Bu By Bu Bu
H H H H H
[H-Mn'"] - 1.63 H[Mn"] - 1.64 H[Mn'] - 1.65

Schemel?. Tautomerisation of MfH complex..63.
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Since Ph{PrO)Sikl (1.26) allowed hydrogenation reactions to be performed in
aprotic solvents (see Scheme9, p.7), that cannot exchange with free or bound
diketonate, the competing sources of hydrogen/deuterium could be investigated.
Some of the keyfindings of the study are shown ischeme18, for the

hydrogenation/deuteration of alken&.66.

Mn(dpm)3 (25 mol%) Ph
Ph PhSiD3 (1.5 eq) D/H
\/L\ Ph 5
Ph oxidant (2 eq) 3
3 solvent (0.5M) D
1.66 22°C,1.5h 1.67

conditions A: iPrOH, TBHP = C2: 63% D, C3: 100% D
conditions B: dgiPrOD, 'BuOOD = C2: 67% D, C3: 100% D

Schemél8. Involvement of the ligand in the HAT reaction.
Under both reaction conditions A and B, complete incorporation of deuterium at C3
was observed for theonversionof 1.66 to 1.67. However, this alone does not rule
out hydrogenscrambling with the ligand, as MD might be preferentially transferred
to the alkene (even as a small population in equilibriuahering to the known
inverse kinetic isotope effect associated with MHAT (see Figure 5, pl1l).
Furthermore, only 63% and 67% incorporation of deuterium at C2 was seen, which is
suggestive of a competing negilane derived source for the second hydrogen

delivery.

When deuterated catalyst, Mn{etlpm)s (25 mol%) in hexanes was employed
(conditions A)no deuterium incorporation was observed at eithgwosition of 1.67
(Schemel9).

[Mn] (25 mol%) Ph
Ph [Si] (1.5 eq) D/H
Ph
F’hJZ& [0] (2 eq) %3
3 solvent (0.5M) D
1.66 22°C,1.5h 1.67

C2: 0% D, C3: 0%D

conditions A: Mn(d4-dpm)s, Ph(i-PrO)SiH,, TBHP, hexanes
conditions B: Mn(d4-dpm)3, PhSiH3, TBHP, hexanes
conditions C: Mn(dpm)3, PhSiH3, TBHP, dg-iPrOD
conditions D: Mn(dpm)s, PhSiH3, tBuOOD, cyclohexane

Schemel9. Involvement of the ligand in the HAT reaction.

The same absence of deuterium incorporation whservedwith: PhSikdand Mn(d-

dpm)s, PhSiHandds-iPrOD and Mn(dpmpand PhSiklandt-BuOODQ(conditions B, C

14



and D respectively) Taking the results of these experiments into account and those
shown previously, it can be stated with confidence that HAT does not result from
Wy Ay y 2 OSiketosate ligand. However, reduction df66 with Mn(dpm)
under fully deuteragéd reaction conditiongSchemel8, conditions B still gave only

partial deuteration at C2, so where is the internal hydrogen coming from?

Deuterationof substratel.66 in the benzylic positions to givk68 provided insight
into the origins of the internal deuterium. Reduction 68 with PhSiH delivered
9% deuterium incorporation at C8uring the hydrogenatiomeaction to givel.69
(Scheme20).

D Mn(dpm)3 (25 mol%) D
Ph D PhSiH; (1.5 eq) Ph}-P
Ph 3 TBHP (2 eq) Phy~ 5 D
DD i-PrOH (0.5M) DD
1.68 22°C,1.5h 1.69
C1, 1 86% D C1, 1" 84% D; C2: 9% D; C3: 0% D

Scheme20. Isotope scrambling df.68.

This level of deuteriumncorporation is lower than the reverse isotope labelling
experiment(37 H,Schemel8, conditionsA), indicating a normal KIE oftkansfer.

This scambling could proceed either via a Mreverse HAT or through inter
substrate transfer. Unless there is a very high inverse KIE from the metal hydride, this
scrambling must occur between the intermediate substrate radical h66, since
100% deuteriunmincorporation at Gis seen (MH formed by reverse HAT would label

C3 with HSchemel8).

Finally, it was observed that the hydrogenationld6 in the absence of TBHP gave

a 70% vyield of the desired hydrogenated proddd7 (with 1 equivalent of Mn
complex).This result suggests that tleduction of the radical intermediate does not
occur eclusivelyfrom the metal hydridesince the Mn(ll) product cannot reform a
My 6 L WtheUdadtion was shown not to be catalytic in the absence of TBHiB:

it was concluded, based on the evidence from the isotope labelling and stoichiometric
reactions,that the main second reductant appears to be the silane itself. Minor

reductant pathways via NH species or intesubstrate reactions are also viable.
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Interestingly, the resulting silyl radical formed from the reduction pathway been
reported to add © alkenes in the absence of TBHP. This is showcased below in
Scheme2l, wherel.70undergoes hydrosilylation in good yield to affdrd1, which
remained inactive to further HAT reactiomhus, TBHP has two suggested roles in

{ KSY@AQa | ! ¢ -oxiGatiok af k2 metall éompleNdhd suppression of

competing sidereactions.

SiH,Ph
Mn(dpm)3 (10 mol%) Mn(dpm); (10 mol%)
PhSiH; (2 eq) PhSiH3 (1 eq)
no consumption of 1.71
i-PrOH (0.5M) TBHP (1.5 eq)
22°C,1h i-PrOH (0.5M)
89 % 22°C,1h

1.70 1.71

Scheme2l. Hydrosilylation reactionf 1.70to 1.71observed in the absence of TBHP.
A computational and mechanistic study of the roles of iron complexes iFHMH
alkene crosoupling reactions ha recently been conducted by Hollancet al.
(2019)%° The results explain several observations thdtad, todate, proved
challenging to rationalise; anthay prove very important for the discovery and
optimisation of new MFHAT reactions moving forward. Four key observations were
made by the Holland group: 1) The rdimiting step in the catalytic cycle was the
formation of the FeH complex, highlighting the importance of the choice of
reductant 2) the very weak FeH bond (17 kcal/mol) performs irreversible HAT to
alkenes, in contrast to previous studies on isolable mbyalride complexes where
addition was reversible3) the organic radical intermediates can reversibly form
organometallic species, whidielp protect the free radicals from side reactiodd
the previously proposed mechanidor quenching of product radicalg.72to 1.74)
(SET from Fecomplexes to generate stabilised carbaniosisch asl.73) is less
favourablethan alternative pathwayssuch as concerted proteooupled electron

transfer (PCET) or protonation of enolaten(lll) canplexes(1.75) (Scheme22).
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Stepwise SET/Protonation

Fe'(acac), . EWG\./XR _, Fe(acac), . EWG\@/XR EtOH  Fell(acac),0OFt EWGWR

H
1.72 1.73 1.74

BCET EtOH

Fe'(acac), . EWG\'/XR EtOH  Felacac), . EWG\./XR __ . Fe'acac),0Ft . EWGWR

H
1.72 1.72 1.74

Organometallic Protonation

Fe'l(acac), . EWG\./XR EtOH OMR __» Fe'(acac),0Ft . EWGWR
H

1.72 (acac),Fe"(EtOH)
1.75

1.74

Scheme22. Mechanisms for quenching radica72, whereEWG = CAy Q @

In summary, there is strong evidence that alkenes und&igbHATto form carbon
centred radicals, which magubsequentlyundergo crossoupling, cyclisation,
reduction or dimerisation reactions. The resulting newly formed radical species can
then undergo érmination with a SH species (major pathway) or a-t¥ species
(minor pathway), as proposed by Shenvi fordrogenation of unfunctionalised
alkenes®® Whenthe product radical is adjacent to an electranithdrawing groupas

in alkene crosgoupling reactions, there is new found evidence to ssggbat
PCET/organometallic protonation pathways are more favourébtather than a SET

pathway (as proposed by Bai®h

17



2 Z Introduction to Radical Cyclisations of Nitriles

There are limitedeportsin the literaure of the addition of carborcentredradicals

to nitriles, some=xamplesf which are outlined irFigure6.

Tributyltin Hydride Methodology 15t Row T.M. Methodology
CN CN 0 OHR
Ncﬂ /—Br  BusSnH, AIBN " Cp,TiPh
PhH, reflux 2 N renh0"
59% 77% H
21 Example 1 22 27 Example 4 % 2.8
Br o Q
0
NCI—0Q BusSnH, ABN  © COMe  Mn(OAc); CO,Me
_Bugoni, AIBN . .
: xylenes, reflux O/ oAc
O7ZoAc  Xylenes, NG EtOH/AcOH
0,
Act NHAC 7% o AcO NHAc 1% S
23 Example 2 24 2.9 Example 5 2.10

Hydrogen Atom Transfer Methodology

FN
s N\/) BuzSnH, AIBN H P :
Y PhH, reflux 1
CLO/\ then AcOH/H,0 No examples
CN

67% 26

Example 3 68 i
25 :

Figure6. Radical cyclisationsaddition of carborcentredradicals to nitriles.

Example 1-3 utilise classical tributyltin hydride radical chemistry to perform
unexpected cyclisations of dicyanocyclopropan@sl) to form enaminonitriles
(2.2)'% the synthesis bthe carbocyclic core of Tetrodotox{@.4from 2.3)’%; andde-
oxygenationmediated cyclisations2(6 from 2.5).”2 The scope of theributyltin
hydride methodology is broad but its usage has been limited in recent years due to

the toxic nature of tin, as alluded to earlier.

Example 4utilisestitanium to coordinate tothe cyano groumf 2.7, whichlowersthe
LUMO, toencouragecyclisation with thegeneratedketyl radical to form the fused
cyclic systen2.8.”® Interestingly, example 5 reporis Mn(lll}based oxidative free
radical tandem cyclisatioof 2.9, which is terminated by addition to the nitrile group
to yield 2.10"* Whilst both areintriguing transformations, the scope o$uch

transition metatmediated cyclisations of nitriles lisnited.

Surprisingly,prior to this work, there were no examples of MiHATFmediated

reactions in which theadical trap is a nitrile. There are multiple exampiegshe
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literature in whicha nitrile is conserveth the presence of &dlAFTmediatedalkene
hydrofunctionalisatioror crosscoupling reaction (e.g. withcrylonitrile), where the
addition of a carborcentred radical favours addition to the alkene (not the

nitrile).33%0

The limied number of reportedadical cyclisations onto nitriles (in comparison to
other radical traps)s likely due to the slow rate of addition of radicals to nitriles.
Indeed, thereare multiplereportsdescribingunsuccessfuladical cyclisatiogponto a
nitrile group due tothe competing rates of fregadical quenching by S or other
hydrogen donor sourcedn contrast their carbonyl or alkyne variants undergo ring

closuresuccessfullas is shown iScheme23 for substrate2.11, 2.16and 2.19.7%77
Example 1

S ST

X=NH,212(2%) Y =CN, 2.13 (66%)
X = OH, 214(55%) Y = CHO, 215(0%)

171

H

Example 272
CHs CHj CHs  NH/O
| H
o) AIBN o o
X ~ BusSnH X “~ X
N SN
(o}
2.16 2.17 2.18
95% 0%
Example 37°
Br H
WY ABN_ X X'=NH, 2.20 (0%)
= BusSnH X = HTMS, 2.21 (62%)
2.19 Y = CN or TMS H

Scheme23. Examples ofinsuccessfuladicalcyclisationf nitriles.
The rate of addition of carbeoentred radicals taitrile groups has been previously
studied. 5Bromovaleronitrile 2.22) was used to establish the rate constant of
cyclisation of the £yanobutyl radical4.23 to the corresponding cyclopentiminyl
radical £.24) (Scheme24).’®
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N
PN Dol N
Br NP N
2.22 2.23
2.24

Scheme?4. Cyclisation of €yanobuyl radical2.23) to form the corresponding cyclopentiminyl
radical @.24).

Kinetic measurements using electron paramagnetic resonance (EPR) spectroscopy,
found k&N = 4R 10 s'. This isnore thanan order of magnitude slower than the
analogous Shexynyl radicalk® €= 1R10° s1), Shexenyl radicalk®Ct= 2.5P10° s

1) and 5o0xa5-hexenyl radicalk®° = 8.7P 10° s1) at 25xC/2 The comparison is
depided graphicallypbelow inFigure?.

Rate of IRadical Cyclisations

9.0
% 80
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

RATE OF REACTION (s?)

Aldehyde Alkene Alkyne Nitrile

Figure7. Graphical representation of the rates of radical cyclisation of common functional groups.

This could explain why the nitrile groups were conserved in the aforementioned
alkene hyrofunctionalisation reactions and the attgted radical cyclisations shown
earlier inScheme23. An explanation for tfs kinetic trendshownabovein Figure7
cannotbe made using thermodynamic data, as parameters such as bond strength do
not directly correlate with the observed rates. Computational methods may be best
suited to understanding the relatively slomature ofradicatmediated ring closure

onto nitriles and might offer an opportunity for future insight.
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2.1 z Iminyl Radicals

2.1.1 z Structure and Properties

Iminyl radicals are planar nitrogesentred radicalsas depicted ifrigure8. The single
dzy LI ANBR St SOGNRY ONIYRAOFf O 20O0alidda | HI
the C=N bond.

120"(;’%5%@2‘)
Figure8. Structure of iminyl radicals {8=N).

The study of iminyl radicals began in 1962 when Coclataal. generated the
methyleneiminyl radical2.26) during vacuum uv photolysis of HCA2E) in argon
(Scheme25).”® Thereversibleaddition of hydrogen atoms to hydrogen cyanidas
characterised by electron spresonancegESR spectroscpy and detection could be
increased in the presence of HI (MHsource)’® Further studies sbwed that
hyperconjugation, from -orbitals of GH bonds to the formally nebonding 2p
orbital of the unpaired electron on nitrogen, increases the stability of iminyl

radicals8?8!

H
H® + HCN ):N'
2.25 H
2.26

Scheme25. Formation of methyleneiminyl radic2l26.
The electronic characteristics of iminyl radicals can be inferred frometlagive rate
of hydrogen abstraction from a hydrogen donor such as tributyltin hydride. The
greater the electrophilicity of animinyl radical, the faster the rate of hydrogen
abstraction,yieldinga nucleophilic stannyl radical. Results frarstudy by Zed and
Newcomb in 199, on the absolute rate constants for iminyl radicahctions, are

shown inFigure9.
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ky BugSnH (M1 s7)

)J\ .R' 2.27 7.0x 108

L ]
o
NH
2.28 1.0 x 108
(/\/Ph
[ ]
2.29 1.4 x 10°
~Ph
I
N.
2.30 5.0 x 10°

Ph 531 ~3.0 x 103

L84
(not to scale)

Figure9. Acomparisorof rate constantgor radical ringclosureat 25xC.

Alkyl radicals (such &29) are classified as nucleophilic and quench at a reasonable
rate k=1.4 x 16 M-1s?) with tributyltin hydride, whereas amidi (2.27) and aminium
cation Q.28 radicals are classified as electrophidad thus react with tributyltin
hydride at considerably faster ratesk (= 7.0 and 1.0 x 0M* s?, respectively). In
contrast, aminyl 2.30) and iminyl 2.31) radicals are orders of magnitude slower to
quench vith BusSnHreagents (5.0 x Faand ~3.0 x 1M s, respectively) anaan

be classed as nucleophilic radicdtss to be noted that thesérendsalsoheld true

when the rates were measured with a different HAT reagent (thiophéefol).

2.1.2 z Synthetic Application

Iminyl radicals are commonly generated via radical additions to nitriles, homolysis of
weak NX bonds (e.g. X = ClI) or extrusion gfrdim organic azide€Scheme26).82 The

fate of theresultingiminyl radicd determines the outcome of theeaction Gmmon
reactionsinvolveabstradion of hydrogen to affordmines (usually hydrolysed to the
corresponding ketones, seexamples earlier inFigure 6, p.18), i -scissionand

addition reactionswhich will bediscussederein).

22



TN e Il addition B-scission R—=N + R'.

X
- NH
i -x* | rabstraction ||
R R R R

N3 iminyl radical

]\ ——>|'S tion )’L/)
i “IN2 yclisati

Scheme26. Generation and transifmation of iminyl radicals.

[ -Scission

Iminyl radicalsnay undergoi -scissionreaction to form a nitrile whilst expelling a
radical (usually stabilised). An early examplettu§ was shown by Ingold, who
reported that ditert-butyliminyl radical 2.32) decays tayivepivalonitrile .33 and
tert-butyl radical 2.34) with first orde kinetics(above-25xC) (Scheme27).84

t-Bu
>:N‘ ——> tBuCN + tBu®

+Bu 2.33 2.34
2.32

Scheme27.] -scission of diert-butyliminyl radical.32
Kinetic studies on -scissionof the cyclobutyliminyl radical were performed by
Roberts and Winter, who observed a rate constant ofstat -73 xC for opening of
the cyclic iminyl radica® Zard reported a useful application of this idgprocess
showing that a rarge of sulenylimines (such as?2.35), derived from ther
correspording cyclobutanonesould be ringopened following reaction with stannyl
radicalsto give product®2.36and2.37 (Scheme28).86

—=N
\N\ BU3SnH . .
SPh AIBN =N

2.35 2.37
2.36 :
3%

89%

Scheme28. Ringopeninginduced byminylradicalsderived from
cyclobutanones

Tandem Radical Cyclisations of Nitriles

Iminyl radicals, generated by radieaddition to nitriles, have beeshownto perform

tandem radical cyclisations. Curran demonstrated that vinyl ragicedursor2.38
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was able to undrgo tandem radical cyclisation when irradiated in the presence of
hexanethylditin (Scheme29).8” The formal éendo-dig cyclisation 2.40to 2.42) was
reported asproceeding vidy initial 5-exo-dig cyclisationto give2.41followed by a
neophyl rearrangement. Ra@romatisation of radica®.42to give quinoline2.43was
proposed to be oxidative, although the exact mechanism and oxidant source is

unclear

//N //N *N N\ N
Br (SnMes), [O] A
2 = =
Z 150°C, hv Z Z
Ph Ph Ph Ph Ph

2.38 2.39 2.40 N
o

via Ph 2.41

2.42 243
68%

Scheme?9. Synthesis of quinolin243by radical tandem cyclisation.

Leonori Group (Recent Literature)

Recently, the Leonori group has developed two classes of oximes that provide access
to iminyl radicals by both reductive and oxidative visiliggnt mediated sinkg
electron transfer (SETH¢heme30).888° The electrompoor Oaryl oximes 2.44) are

able to accept an electron from an excited photocatalyfs¢ resulting radical anion

then undergoescleavage to give the desired nitrogeentred iminyl radical2.45)

and astabilisedphenol anion leaving groun the other handelectrophore2.46

may be deprotonated and then lose an electron to a phexeited catalyst, the
resulting radical would tn expel carbon dioxide and acetone to give desired iminyl

radical2.45888Both processes utiie homolysis of the weak-8 bond

NO,
Me
CO,H
i “NO, Meﬁ/ 2
.0 . .
NI SET N SET N
)\ duction J]\ oxidation l
R” R reduct R” "R : R” R
(+e) (-e)
2.44 2.45 2.46

Scheme30. Visiblelight mediated generation of iminyl radicals via oxidative or reductive SET.

The characteristics of iminyl radicafs-scission, HAT anducleophilicity) were
harnessed in 3 different reactisnusing this methodologfwith photocatalyst2.59)

and areshownbelow inScheme31. Following NO bond cleavage, alkyl substituted

24



oximes R.47) are set up to undergo a H3IAT process that yields a carboentred
radical (2.49 from 2.48). Trapping of the radical (e.dluorination with selectfluor)
yields functionalised imin€.50 which may be hydrolysed to theorresponding
ketone® Cyclic oximeethers (2.51), when cleavedo 2.52, can undergo -scission
and the resulting stabilisechdical(2.53) maybe trapped(e.g. chlorination with NCS)
to yield the functionalised nitrile produc? (54).2° Finally, upon ND homolysis, oxime

ether 2.55 is arrangedto undergo a Eexotrig cyclisation event between the

nucleophilic iminyl radicaf2.56) and proximal alkene. The resulting radicé2.57)

may be trapped (e.gwith a Michael acceptor) to afford the functionalised

heterocycle producg.58

Me“’g/cozH

5 2.59 . MR | NSHAT
N s N K
/k/\(R1 hv
R R
R2 2.48
2.47
B-scission

><§ 2 5<> BN

\
R/W‘\RZ 2.56
2.55
‘ Mes
X :
12.59 = @ ' Ar =2,4-(NO,),-CgH3
| S
‘x Me CIlOy4

Scheme3l. Overview2 ¥

5-exo-trig

[ S2y2NX Q&

va

2.54

by by

AYAY RS

_,M

2.49 2.50

NI} RA OI ¢
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3 Z HAT Mediated Cyclisation Reactions of Nitriles

3.1 z Project Outline and Aims

When attempting to apply HATmediated hydrofunctionaligtion methodology to
substrate3.1, an interesting observation was madgchemes2).°° Theproduct gave
consistent ionisationcorresponding tocyclic imine3.4 (by LCM$ rather than

expected hydrofunctionalised produBt3, however isolation wasot attempted by

the GSK chemist
N N
% / %N
//N NH

Fe(acac);
PhSiH; TSCN
ROH
(i) 6-exo-dig
. (i) H-abstraction

3.2 3.4

Scheme32. PotentialHATmediated radical cyclisatioonto anitrile group.

The experimentwas repeated (in the absence of TsCN) order to confirm it was
indeed the proposed HAMediated cyclisation productpreviously observed by
LCMS, and not simply reduction of the alkénhich has the same mas#)leasingly,
the 6-exodig cyclisation of3.1 proceeded as desired ardimethyl ketone3.5 was

isolated inmoderateyield 65% unoptimised following imine hydrolysigScheme

33).
N Fe(acac)z (0.5 eq) o)
PhSiH; (3 eq)
50 °C

then H30®
3.1 55% 3.5

Scheme33. Confirmation of the radical cyclisatigrpromoted by HAT.

The convational method for preparing such hindered ketones employs forceful
reaction conditions (Mel, NaH, PhH, reflux, 98 k) alkylatethe M -position ofthe
ketone, whereagshis newly discoveredadical cyclisationvas completen 1 hour at

50 xCin alcoholic solvent
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Asdiscussedgreviously(Figure7, p.20), radicaladditions to nitriles are challenging
and the trapping of a radical formed from HAT, with a nitrile group,f@previously
been reported. The aim of this projeatasto developthe aforementionedHAF

methodology, to provide access to new (hetero)cyclic compouBdj via radical

cyclisation withtemplates bearing nitrilgroups(3.6) (Scheme34).

L N R
@ \L/ 1. HAT-mediated cyclisation 6 \\‘#R
S XWR 2. Imine hydrolysis o X Jn
3.6

X =C, 0, NH, NR
R = Me, F, BR,, O, NR,

Scheme34. Outline of the methodology proposed for this project.

It is hoped this work wilhdd to the everexpanding synthetic toolbox available to
medicinal chemistg? Initial work was focussed on aromatic systems for ease of
reaction monitoring, but efforts to extend this methodologywards aliphatic
templateswere alsomade.Reactionswvere carried out to exjore tolerance of ring
size, heteroatomst the X position and functionality of thegRoup EeeScheme34
above. Extensiveoptimisation of the reaction conditionsalong with efforts to

elucidate the reaction mechaniswere also made.
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3.2 Z Results and Discussion

This section williscusghe following for the HAT mediated alkemdérile cyclisation

study:

Synthesis of substrates
Reaction optimisation
Substrate scope
Mechanistic discussion

Interesting observations

A =42 =4 A A -

Challenging substrates

3.2.1 z Synthesis of Substrates

With the exceptionof 2-allylbenzonitrile(3.8), 2-(2-methylallyl)benzonitrilg3.3) and
2-(3-methylbut-3-en-1-yl)benzonitrile 8.1) shown inFigurelO, the starting materials
for the desired HAT reactionsvere not commercially availableln order to
demonstrate the scope of this methodology, a range of HAT substrates required
synthesis.Herein the methodsused to access the desired nitrilelstrates are

described in detail

3.1

Figurel0. Commercial nitrile substrates.

Protection of 2aminobenzonitrile .10 (shown below irscheme35) was soughto
simplify subsequentalkylation reactions and also to investigate any potential
interesting protecting group effects in the HAl¥ethodology. Protection 08.10 by
reaction with tosyl chloridéTsCl)(3.11) under basic conditionproceeded well to
give 3.12in good yield, with loss of yield attributed to Hissylation Pleasingly2-
(benzylamino)benzonitrilg3.14) was synthesised in good yield on a large scale

through hydrogen borrowing reaction with benzyl alcoft®hrOH)(3.13),%® without
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the need for column chnmmatography. This avoided the potentially troublesome
alkylation with benzyl bromide or reductive amination with benzaldehyde which
mightprove difficult due to the poor nucleophilicity ofédninobenzonitrile. The poor
nucleophilicity of 2aminobenzonitrilewas exposed when attempts to synthesise
Boc-protected aniline 8.16) by reaction withBoc-anhydride[(Bac)20] (3.15) failed,

with no consumption of starting material observed.

N _N

Z Pyridine -~
+  Ts-Cl T
RT, overnight N~
NH; 3.1 Then 90 °C, 2 h H
3.10 1.1eq 79% 3.12
Pd(OAC), (1 mol%) _N
N TPPMS (2 mol%) -~
+ Bn-OH B
Water ik
NH 3.13 90 °C, overnight H
3.10 Seq Recryst. 3.14
70%
P N
N NEt; or NaH (1.1 eq) -
+ (Boc),0 Boc
THF NG
NH; 3.15 RT, then 70 °C H
3.10 11eq

3.16

Scheme35. Protection of 2aminobenzonitrile3.10).

A number ofsubstrateswere synthesised by alkylation reaction withbBomo-2-
methylprop-l-ene @.17) as shown below in Scheme 36. Alkylation of 2
hydroxybenzonitrile 3.18), 2(benzylamino)benzonitrile 3(14) and N-(2-
cyanophenyB4-methylbenzenesulfonamide 8.12) all proceeded smoothly in high
yield to give 3.19, 3.21 and 3.22 respectively Conversely,alkylation of 2
aminobenzonitrile 8.10 proved troublesome due to poor reactivity (starting
material was not consumed) and competing-hikylation sidereaction (only 21%
yield of3.200btained) Investigation into differet bases (KCQ vs. NaH vsLIHMDS)
and solventdDMF vs. THF vs. MeCN vs. Acetovescarried out but no significant
improvement in reaction profile was obtained (results not shown). Pleasingly
however, access t&.20 proved facile through Buchwaldartwig chemistry (see

later,

29



Table2, p.33).

o o

3.17
1-1.4 eq

cC
X

60 °C - reflux, Time

_N

at

Base (1.5 eq

Solvent

X =0H (3.18), 1.4 eq 3.17, K,CO3, acetone, 2 h
X =NH, (3.10), 1.0 eq 3.17, LIHMDS, THF, 3.5 h

Y =0, 3.19, 100%
Y =NH, 3.20, 21%

X =NHBn (3.14), 1.2 eq 3.17, LIHMDS, THF, 2 h
X =NHTs (3.12), 1.2 eq 3.17, K,CO3, acetone, overnight

Y =NBn, 3.21, 84%
Y =NTs, 3.22, 97%

Scheme36. Nitrile motifs obtained byalkylation with3 -bromo-2-methylprop-1-ene @3.17).

Alkylation of 2-hydroxybenzonitrile(3.18) with 4-bromo-2-methylbut-1-ene (3.23
proceededpoorly to give the desired produ@.24in low yield (28%)(Scheme37)
along withrecovery ofunreactedstarting material. Pleasingl®,24 wassynthesised
in improved yield(59%)by Mitsunobu reaction with alcohd.25 althoughsome

difficulty in removing thetroublesome triphenylphosphine oxide product was

encountered.

@(&

K,CO3 (1.5 eq) : =
Acet /\)k
cetone o

3.23 60 °C, overnight
1.4 eq 28% 3.24
N PPh3
Ho THF @K/\)L
OH reflux, 6 h
3.18 59% 3.24

3eq
Scheme37. Synthesis a?-((3-methylbut3-en-1-yl)oxy)benzonitril€3.24).

Synthesis of functionalised alkene analogues, alkestdr3.27and alkenybromide
3.29 was achieved through alkylatiorreactiors (Scheme 38). Reacion of 2-
(benzylamino)benzonitril¢3.14) with ethyl 2(bromomethyl)acrylatg3.26) yielded
3.27in reasonableyield (68%) though full conversion of starting material could not
be achieved even with further additions of base and electrophile. Reacti@ldf
with 2,3-dibromoprop-1-ene (3.28) proceeded slowly, with the reaction stalling
overnight. Attempts to increase comaon with further additions of base and
electrophile only modestly improved the reaction profilelowever, 3.29 was

neverthelesgsolated in moderate yiel(#9%)
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— N
©\// NaH (2.6 eq total) ©\//
e L
N/Bn r COZEt THF NWCOZEt
H

3.26 0 °C - reflux, 2 days Bn

3.14 2.1 eq total 68% 397
©\// NaH (3.6 eq total) [ I -
* Br\)L B
NE Br THF NW r
H 3.28 0-120 °C (uW), 2 days Bn
3.14 3.3 eq total 49% 3.29

Scheme38. Synthesis of functiotiged nitrile motifs3.27and 3.29.

With 3.29in hand, further functionalisatiowascarried out in the form of a Miyaura
borylation Scheme39).°* The desired alkenylboronic acid pinacol est@B() was
isolated in modest yield (39%glong with unconsumed starting materi&l29) (9%),
de-brominated stating material (6%) and dallylated starting material (7%{not
shown) It is thought that the remaining material was lost dueirtstability of the

boronic acidsideproducton silia gel.

PdCly(PPhs), (4 mol%)

N B,Pin, (1.1 eq) _N
©\// PPh; (7 mol%) ©\//
Br BPin
NW KOPh (1.5 eq) NW

én Toluene, N, én
60°C,4h
3.29 39% 3.30

Scheme39. Miyaura borylation of alkenyl bromid&29.
Fluorinated analogue3.33 was also synthesised. Firstly, electrophBe32 was
prepared through tosylation o€ommercially availabldluorinated alcohol 3.31,%°
which  proceeded well (91% vyield (Stieme 40). Alkylation of 2
(benzylamino)benzonitrilg3.14) with the prepared electrophile8.32 proceeded
smoothly to give vinyl fluorid8.33in good yield82%)
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Ts-Cl (1.1 eq)

\)L NaOH (1.5 eq) \)L
- = .
HO F TsO F

Diethyl ether
3.31 0°C-RT, 2h 3.32
91 %

_N 3.32 (1.5 eq total) N

©\// NaH (1.7 eq total) ©\//
F
N THF NW
H 0 °C - RT, overnight Bn
3.14 82% 3.33

Sdheme40. Synthesis of fluorinatealkenenitrile motif3.33

' YARS O2dzL) Ay 3z d&3B) (T3P abKHATBVer FialldtBvithaus y i
success), between-2minobenzonitrile .10 and methacrylic acid3(34) yielded
desired amidesubstrate3.36in goodyield Schemetl). It is tobe noted that excess

acid and coupling reagent were used to ensure completesamption ofaniline3.10,

which was found to benseparablewith the desired amide.360n silica.

Me,N :
//N
_ (335,15eq) _ 35 1.5 eq) ©\/ o
©\/ HO)H( DIPEA (2 eq) N)H(

DCM, RT H
3.34 16 h
1.5¢eq 81% 3.36

Schemedl Synthesis 08.36via amide coupling.

To investigate electronic effects on thérile group, a range of substrate3.20and
3.44¢3.48) was synthesised by Buchwaldartwig amination with aminé&.37,% as

shown below in
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Table2. Pleasingl\8.20 was synthesised in superior yield under Buchwidittwig
conditions thanby alkylation (entry 1) df. earlier Scheme36, p.30). Superior yields
were achieved for electron donatirgubstituents (entries 23 and 6) thanfor
electrondeficientsubstrates(entries 4 and 5), witmeducedyield mainly attributed

to proto-debromination. Efforts to optimise conditions were not made.
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Table2. Synthesis ofitrile motifs 8.20and 3.44¢3.48) by BuchwaleéHartwig reaction.

v Pd,dbaj (5-6 mol%) Y N
//N rac-BINAP or xantphos (3-10 mol%) Z
/©\/ HZN\)J\ NaOtBu or K3PO, (1.4-2 eq) X/©\/N
X Br 3.37 Toluene or 1,4-dioxane, 2-22 h H/\”/
1.2-2 eq 90 °C, N
Entry X Y S.MNo. ProductNo. Yield (%)
1 H H 3.38 3.20 83
2 Me H 3.39 3.44 72
3 OMe H 3.40 3.45 81
4 COMe H 3.41 3.46 64
5 Ck H 3.42 3.47 34
6 H Me 3.43 3.48 84

Toinvestigate the effect of benzyl versus tertiary radis@jrenetype substrate3.51
was synthesised in goadeld by Wittig reaction of the corresponding aldehy&ld9
and phosphonium saB.50(Scheme42).%”

//N
nBuLi (1.2 eq) zN
Hot )\(’D S}
©§ PPh| THE, N, P
o}
3.49

3.50 0 °C — RT, overnight

11eq 80% 3.51

Schemed2. Wittig reaction to access styrene analogdi&l

Synthesis of pyridinsubstrate3.53wasachievedoy SWAr reaction ofchloropyridine
3.52with amine3.37under microwave conditionsSchemet3); the desired substrate

was isolated in good yield (86%).

_N -~
Z K,CO3 (2 eq) X
CComr »
N/ ol 1,4-dioxane N NY
3.37 120 °C, 4 h (W) H
3.52 2.5 eq total 86% 3.53

Scheme43. Synthesis of desired pyridisabstrate3.53via SAr ofchlorqoyridine3.52

To investigate the formation of spirocycles, cyclic alkene subst@&sand 3.57
where synthesised via reductive aminatioScheme44) of aniline 3.10 with

commercially available aldehyde®.54 and 3.56. The reactions required large
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excesses of reducing agent (NapBks the imines formedvere stabilised by

conjugation.

AcOH (1.5 eq)
MgSOQOy4 (1.5 eq)

—
N o DCM, RT, 16 h i
+ H)’K@
NH, Then NaBH, (7 eq total) Hm

MeOH,0°C-RT, 4 h

3.10 3.54 42%

3.55
AcOH (1.5 eq) N
MgSO, (1.5 eq) Z
(0] 4 7
N DCM, RT, 46 h
* H
NH Then NaBH, (10 eq total) H
2 MeOH, 0 °C - RT, weekend
3.10 3.56 50% 3.57

Schemed4. Synthesis of3.55and 3.57 via reductive amination.

To facilitate mechanistic studiethe synthesis o$ubstrateshat are able to undergo
tandem cyclisatins was required. Firstly, kagtermediate 3.61 was prepared as

shown inSchemed5. SiAr reaction of commercially available afiloride 3.58with

excess methylamine3(59 proceeded quantitatively to affor®.60, which was
subsequentlydeprotonated and alkylated with-Bromo-2-methylprop-1-ene @3.17)

to yield intermediate3.61in good yield(85%) ¢ KA & NER dzi S HINPYWS RS R
opportunity, as3.61is a substrate for the alkenraitrile cyclisation methodology in

its own right.

NaH (1.3 eq)

[ | )L/Br [ N

—
N N (3.17, 1.5 eq) -
+ NH,Me —— >
MeCN, 60 °C DMF, 0 - 80 °C NY
F e

3.59 55h NHMe 1h M

40e
3.58 d 100% 3.60 85% 361

Schemed5. Synthesis of desired intermedideé51via SAr followed by alkylation.
From3.61, desired tandenctyclisation substrates3(64 and 3.65 could be accessed
via iodidemagnesium exchang&with isopropylmagnesium bromide followebly
reaction with the corresponding alkenydromides 8.62 and 3.63 as shown in
Schemet6. Bothreactions gave reasonable yields of the desired substia@éand

3.65(49% and 50%), with loss of yield attried to de-iodination via quenching of
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the organemagnesium species to give sigeoduct 3.66, which was isolated for

confirmation.

|
— N
= iPrMgBr (1.1 eq)
+ /\/\
Br R
N THF, N,
e

M 1.1eq -40 °C - RT
R =H (3.62) 14-68 h
3.61 R = Ph (3.63) 3.66

R = H (3.64, 49%) 17%
R = Ph (3.65, 50%)

Schemed6. Synthesis of tandem cyclisation substra@e®t and 3.65.
LY@SadAaalraazy Ay mk whith the dB&renitrtNeOdain dsdndta ( NI G ¢
tethered by an aromatic group, wasitially made possible by synthesis 868 and
3.70 (Scheme47). Pleasinglyalkylation of2,2-diphenylacetonitrile(3.67) with 4-
bromo-2-methylbut-1-ene (3.23) proceeded well (under N and yielded the ésired
product 3.68in good yield(81%) It is to be noted thatlie same reaction in THF,
under air, only yielded 49% d3.68 (result not shown). The alkylation of- 2
phenylacetonitrile 8.69 proved morechallenging It was established that LIHMDS
gave aleaner reaction profile than NaH, but issues withddlgylation remained. The
desired monealkylated product .70 and undesired bislkylated product were
inseparable by normal and reverse phase chromatograployvever pleasingly, after

purification bymultiple MDAPspure 3.70was isolated in reasonable yigl@5%)

Ph /\)k NaH (1.5 eq) Ph
+
Ph/\N PO

DMF N, Y
367 3.23 0°C-RT, 3h
. 1.2 eq 81% 3.68
LIHMDS (1.5 e Ph
Ph/\\\N . /\)L (1.5eq)
Br THF Il
3.69 3.23 60 °C,0.5h N
1.5¢eq 65%

3.70

Scheme47.{ ey i KSaAa 2F W36Band3w0 G6AOQ adzoadNI GS&
Following literature procedur aliphatic substrate3.73 was synthesised in good
yield (80%) by Wittig reaction of commercially available ketor®71 with
methyltriphenylphosphonium bromidé.72) (Scheme48).
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N ® o KO'Bu (1.5 eq) é/\///N
ij/\/ +  MePPhsBr .
S
1.5 eq 80% 3.73
Schemed8. Synthesis of substrate73via Wittig reaction.
Following literatureprocedurg'®alkylationof diethyl malonat&3.74) with 3-bromo-
2-methylprop-1-ene(3.17) yieldeddesired intermediate8.75 Further deprotonation
and reactionwith 2-bromoacetonitrile 8.76) afforded the desired bisalkylated

substrate3.77in good yield83%)(Scheme9).

NaH (1 1eq)
o o
U . )L/ NaH (1 eq) (3 76, 1. 1 eq) EtO OEt
B

EtO OEt C T e T I
347 0°C-RT, 4h 0°C-RT, 1h

3.74 o T N

3.77

Schemed9. Synthesis 08.77via bisalkylation of diethyl malonate3(74).

Synthesis of analogu&80was achieved in a similar manner, thoutjie alkylation
steps in reverse order. Following literature procedyt® alkylation of diethyl
malonate B.74) with 3-bromopropanenitrile (3.78) afforded intermediate3.79.
Further deprotonation and reaction with Zromo-2-methylprop-1-ene @.17)
yielded the desired bialkylated substrate3.80in good yield79%)Schemes0).

NaH (1 1eq)
Br 0O o

O O NaH11eq (31711eq)

M N EtO OEt
EtO OFEt Br THF THF

374 3.78 RT, 18 h 0°C-RT, 4h =

116q 62% 79% N

: 3.80

Schemeb0. Synthesis 08.80via bisalkylation of diethyl malonate3(74).

Mesylation of commercially available alcoh®25 proceeded smoothly to yield

desired electrophile 3.81192 Reaction of 3.81 with deprotonated ethyl 2
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cyanoacetate(3.82) yielded the desired substrat®.83 in modest yield(33%)
(Schemes1).103

NaH (1.5 eq)
Q N
Z o]
MsCI (1 eq) Eto)v N
NEt; (1.3 eq) MsO (3.82, 2 eq) EtO
_— _— >
DCM DMF
0°C-RT, 3h 3.81 RT, 16 h
98% 33%

3.83
Schemebl. Alkylation of ethyl Zzyanoacetate .82) to afford desired substrat@.83

Belowwill be described the synthesis of aliphatic alkentile substrates, with the

aim of accessingmore complex ring systems following the HAT cyclisation

methodology Extending the scope tiferature conditions!®the Negishi coupling of

commercially available triflat®.84 and organozin.85 yielded desired aliphatic

alkenenitrile substrate3.86in highyield (88%)Schemes2).

oTf Pd(OAc), (1 mol%)
7nBr S-Phos (2 mol%) O\/\/\
+ ///\/\/
N THF.LICI, RT Ny
3.85 12h
3.84 1.2 eq 88% 3.86

Schemeb2. Negishi coupling to yield desired aliphatic subst&&s,

Removal of theBoc-group from commerciaB.87, under acidic conditions, followed
by removal of excess acid vacuoand alkylation with Zoromoacetonitrile 8.76),

afforded desired alkenaitrile substrate3.88in reasonable yiel68%)Schemes3).

i/L' 1. TFA (11 eq) E/L’
N
N. 2. NEt; (4 eq total Z
Boc 3 ( q ) N\//
3.87 BNy, 3.88
(3.76, 3 eq total)

DCM, 16 h, RT
68%

Schemeb3. Deprotection and alkylation &.87to yield alkenenitrile substrate3.88,

The elescoped synthesis of desired substr&t@3, in whichall intermediates were
used as crude, is outlined below3themeb4. Ringopening ofcommercialepoxide
3.89with methylamine gave aminalcohol3.90, subsequentN-alkylation(with 3.76
to give3.91) andfollowed bySvern oxidatiort® afforded intermediate crude ketone

3.92 Finally, Wittig reaction of 3.92 yielded the desired alkengitrile 3.93 in
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respectableyield (26%over 4 stepy given that no purification was performed at

intermediate stages.

Br/\\\N
OH (3.76, 1.2 eq) OH
o NH,Me (4 K,CO3 (2 Me N
2 e( eq) NHMe 2 3( Eq) N\/
_ s e B
THF MeCN, 40 °C
40°C, 16 h 35h
3.89 3.90 3.91

oxalyl chloride (1.2 eq)
DMSO (2.2 eq)
NEt; (5.3 eq)
DCM, -78 °C - RT
1h

KO'Bu (1.5 eq)
® O
Me
Me\///N MePPh,Br (3.72, 1.5 eq) N\///N
Diethyl ether, reflux
15h
3.93 26% (over 4 steps) 3.92

Schemeb4. Telescoped synthesis of desired alkeitgle substrate3.93

Following literature pocedure, the decarboxylativeStrecker reaction'®® of
commercial " -amino acid3.94 with benzaldehyde3.95 and trimethylsilyl cyanide
(TMSCI\ afforded h-amino nitrile 3.96 in good vyield (85%) (Scheme 55).
Lithiation/deprotonation of 3.96 and alkylation with 4-bromo-2-methylbut-1-ene

(3.23) yielded the desired alkenaitrile substrate3.97 in 81%yield.

LDA* (1.2 eq)

)J\/\Br

TMSCN (1.2 eq) (Nj\\ (3.23, 1.3 eq) (NjQ/U\
(j\m/ NN NN
1-butanol DMPU (2 eq)
200 °C, 10 mins (uW) THF, -748h°C -RT
e so% 81%
1.3 eq 3.96 ° 3.97

Schemebb. Synthesis of alkereitrile substrate3.97,*freshly prepared.
Alkylation of commercial 2-(benzylamino)acetonitrile 3.95 with 3-bromo-2-
methylprop-1-ene 3.17) is shown irBchemeb6. A reasonable yiel(b1%)of desired
substrate3.99 was obtained, considering theommercialstarting material3.98 was

impure 80%purity by LCMS).
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K,CO3 (1.5 eq)
©/\”/\\\N . )J\/B,— 2003 ©/\Kﬂ/

Acetone, reflux
3.17 17 h
3.98
1.2 eq total 61% 3.99

Schemes6. Synthesis of alkereitrile substrate3.99via alkylation.
The multistep synthesis of alkeneitrile 3.103 is outined in Scheme57. Wittig
reaction ofcommerciaketone3.100gave a poor yiel0%)of desired intermediate

3.102, which was subsequently deprotected and alkylated to give the dealkethe
nitrile 3.103 in modest yield39%)

o 808 J§ o
PPhBr nBuLi (1.1 eq) 0/4% 1. TFA (13 eq) (j/m,
+ -
N
I|30c ©/\/ THF, N, N 2. K,CO3 (1.5 eq) N

78 °C - 50 °C ) DMF, 80 - 180 °C (uW) 2N
3.100 3.101 4h Boc 5h .~
11eq 20% (E:Z = 1:0.28) 3.102 _N 3.103
=
Br/\/
(3.78, 1.1 eq)

39%

Schemeb7. Synthesis of desired alkenérile 3.100via Wittig and alkylation reactions
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3.2.2 z Reaction Optimisation

The optimisation for this methodology proved challenginggithe keywas a detailed
understanding ofvarying reaction outcome under differing atmospheregnitial
scoping of reaction conditions (LCMS data) was carried outeatify optimal
reaction conentration, time and temperatur® 1 ®H p a = (fulresxlts Ganbe K0
found in theexperimenta) Table12-16, p.161). This information was then used to
carry out the extensive reaction optimisation (HPLSin@ internal standard) which

will be discussed in detabelow.

Conditions were screened for conversion of tasbstrate 3.20to ketone3.104 and

the key are results shown below imable 3 (for extensive datasee Table 15 in
expetimental, p166). Sinceoxygen might berequired for the regeneration of the
catalyst, but could also detrimentally intercept crucial organic radicals on our
pathway, experiments were performed in sealed ¥iaith a limited headspace of air,
open to air, or occasionally under inert gas)(h all cases using solvents that were
not degassed. To access the ketone, it was found that hydrolysis of the imine

intermediate was most effective under microwave coimhis.

Examining firstly the catalyst, the reaction provided higher yields when using
Fe(acag)rather than Mn(dpmj (entry 1vs.entry 2). Switching from EtOH as solvent
to iPrOHresulted inno change in yields for reactions performed under similar
conditions (seeTable 15, p.166); however, iPrOH was preferred for reactions
conducted open to the air because of its higheiling point. Comparison of entries

3 and 4 showed that for small scale reactions, loading at 50 mol% of Fef{aodd
better than 20%when open to airHowever,both results were inferior to entry 1

which was performed in a sealed vial.

The keybreakthroughcame when comparing entry 4 and 5, which weosducted
on a larger, more relevant, scale (0.5 mmol). The reaction performed open to air
(entry 6)with 20 mol% catalyst gave the best isolated yield of desired keBoh@4
(94%) after just 1 dur at 50xC, compared to entnp (with limited air) which suffered

from incomplete consumption of starting material.
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These results suggest that the volumeaaf (concentration of oxygen in solution) is
important to the outcome of the reaction. When the reaction was scaled up, the vial
size remained constant, thus the headspace of air was no longer suffiaghtvas

on a small scale). In contrast, when ogerair on a small scale, the reaction appeared
to be more sensitive to air as the relative concentration of oxygen to free radical

speciesvashigher.

Table3. Screening of reaction conditions for conversioB.20to 3.104.

[M] (varied eq) 0

N PhSiH; (3 eq)
©\/ solvent (0.25M) @\)54
50°C, 1h
HW then 2M HClaq) N
3.20 75°C, 1h (W) 3.104
Yield (%)
Entryd  [M] (mol%) Solvent  Atmospheré®!
3.20 3.1(4

1 Fe(acag)(50) EtOH Headspace ofair 3 81
2 Mn(dpm) (50) EtOH Headspace of air 14 66
3 Fe(acag)(50) iPrOH Open to air <1 70
4 Fe(acacg)(20) iPrOH Open to air <1 57
5ol Fe(acag)(20) iPrOH  Headspace of air 19 71
6lb! Fe(aca)(20)  iPrOH Open to air - 94

B HAT: 0.1 mmol; solution yield quoted, quantified by HPLC using an internal staftiass!.

mmol scale, isolated yields quoted.

For completenessoptimisation for conversion of substral (bearing an altarbon
sidechain to ketone 3.5 was also carried oyeand subtle differences compared to
the NHinked substrate 3.20 were discoveredThe key results are shown below in

Table4 (for extensive data se€ablel6in experimental, p167).

Substrate3.1 performed moderately well (59% vyield) on a small scale under the
sealed conditions (entry 1), with the competitive formation of oxidised-piabluct
3.106 observed, reflecting slower radical cyclisation kinetics than for subsgai@

To enhance the kietics, hexafluoroisopropanol (HFIP) was selected assalvent.
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HFIP is a known Lewis a€fdand might facilitate cyclisation onto the nitrile group.
Addition of HFIP as a-@wlvent with EtOH (1:1) increased the yieldlesired product
3.5t0 77% (entry 2). This was increased yet further to 86% under inert atmosphere
(entry 3). Aerobic conditions on a 0.1 mmol scale (entry 4), were not beneficial, with

the undesired tertiary alcoh@.105predominating at lower temperat@ (entry 5).

However, on larger scale (0.5 mmol), aerobic conditions with 20 mol% catalyst
(optimum for substrate3.20) gave a good yield &5 (entry 6), although a superior
yield was observed with EtOH:HFIR, @htry 7). Conducting the reaction undgsin

pure EtOH depleted the conversion (entry 8), highlighting the importance of HFIP for

substrate3.1when the concentration of oxygen is limited.

Table4. Screening of reaction conditions for conversio8.ofo 3.5.

N Fe(?’%%ci)ﬁﬁg QSI%) i N
solvent (0.25M)
CC COY .
then 2M HCl,q) OH
3.1 75°C, 1h (uW) 3.5 3.105
Yield (%)
Entryfal Solvent Atmosphere
31 35 31
1 EtOH Headspace of air 3 59 8
2 EtOH:HFIP Headspace ofair <1 77 5
3 EtOH:HFIP N2 4 86 3
4 iPrOH Open to air <l 52 18
5ibl iPrOH Open to air 21 11 51
6lc’] iPrOH Open to air - 74 -
71l EtOH:HFIP [\ - 83 -
gld"l EtOH N2 - 33 -

[ HAT: 0.1 mmol; solution yield quoted, quantified by HPLC using an int
standard.’! HAT conducted at R'.0.5 mmol scale, isolated yields quote
*20 mol% Fe(acag)¥ 0.5 mmol scale, NMR yield quoted 24 and 3.5 co-

elute during chromatography.

43



The beneficial effect of HFIP may be due to its Lewis acid character, although its
benefits may extend beyondhis - oxygen has a high solubility in fluorinated
solvents!®which mayfacilitate catalyst turnover under sealednditions (sedigure

11, homogeneous solutiomable4 entry 7vs.heterogeneous foil able4 entry 8).The

use of HFIP in other radiebased(HAT)methodologiess reported, though its effects

are unknownt09.110

Figurell Reaction image€tOH Table4, Entry 8) on the left (heterogeneous) and EtOH:HRBl€
4, Entry 7) on the right (homogeneous).

In summary, two optimised sets of reaction conditions westablishedfor HAF

mediated cyclisations of alkertriles (Scheme58). When the kinetics of alkene
YAGNRES OeoOtAaalidArazy IINB Fraidx WwWrSNROAOQ
cyclisation is slowesr competing oxidative sidgdl5 I+ OG A2y ad I NB LINBJI A€
conditions are preferred For example, le aminctethered substrate 3.20
outperforms its allcarbon variant3.10, likely due to the planar N atom, positioning

the two reacting groups in closer proximitgsulting in faster cyclisation.

N Fe(acac)z (20 mol%)

R \ PhSiH; (3 eq)
/}\) iPrOH, 50 °C, 1 h

Open to air
Aerobic HAT
¢ Rigid systems NH (0]
e Fast cyclisation R 2M HCloq) R!
Anaerobic HAT 75 °C, 1h (W)
o Flexible systems
e Slower cyclisation
Fe(acac)s (50 mol%)
R ’\\‘\ PhSiH; (3 eq)
/)\) EtOH:HFIP, 50 °C, 1 h
N>

Schemeb8. Outline of the two HAT conditions established for alkeitgle cyclisation.
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3.2.3 7 Substrate Scope

The optimised aerobic conditiorf$able3, entry § p.33) were applied to a range of
aromatic substrates $cheme59). The 5exodig cyclisation of alkenaitrile 3.9
proceeded excellentl{91%) with catalyst loading as low as 5 mad#sogivinggood
yield (78% on 5 mmol scaleAslight drop in yield83%)for the 6-exo-dig variant for
substrate 3.1 was observedBenzyl protection of the tetheringitrogen was well
tolerated (3.107, 75% (although notrequired, cf. 3.104, 94%) as was the inclusion of
steric hindrancertho to the nitrile (3.108, 81%9. The presence of aorthoiodidewas

also well tolerated3.109, 75%.

Pleasingly, the HAT reaction ®20to 3.104 was performed on a § scale without
decrease in yield94% on 0.5 and 5.8 mmol scal€yclisation proceeded smoothly
with electrondonating aryl substituentgpara to the nitrile, operating either by
inductive effect(3.44 gave3.110, 78%)or mesomeric effec{3.45gave3.111, 69%

with extended imine hydrolysisme). Similarly, electrorwithdrawing groups (GF
3.112) (CQEt, 3.113) was not detrimental to cyclisatior{76% and 88%ield,
respectively), as digyridine3.114 (77%) Facile access to spirocyck$15and3.116

was aso achieved in good yields (72% and 82% respectively), providing a new entry

to structurally complex scaffolds.
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Schemeb9. Aromaticsubstrate scope for HAMediated cyclisation of alkerdatriles. Isolated yields

_N Fe(acac); (20 mol%)
PhSiH; (3 eq)

iPrOH, 50 °C, 1 h
then 2M HC'(aq)
75°C, 1h (uW)

=~
= | As above

3.20,R'=R2=R3=H
3.21,R'=R%2=H,R%=Bn
3.48, R'=Me, R2=R%=H
3.61,R'=1,R2=H, R®= Me
3.44 R'=R3=H, R?=Me
3.45 R'=R3=H, R2= OMe
3.47, R'=R3=H, R?=CF,
3.46, R'=R®=H, R?= COOEt
3.53, X=N,R'=R?=R%=H

©\// As above
N

3.55,n=0
3.56,n=1

0}
<o

3.106 (91%)"
3.5 (83%)

R'" O
Z4
|
X7
R3

3.104 (94%)*
3.107 (75%)
3.108 (81%)
3.109 (75%)
3.110 (77%)
3.111 (69%)M!
3.112 (76%)
3.113 (88%)
3.114 (77%)

‘C :O:
N
H

3.115 (72%)
3.116 (82%)

quoted. All reactionsereperformed on a 0.5 mmol scale using conditions fii@hle3 entry 6,

dzy t $4aa

Attention turned to alkenenitrile cyclisations in which the alkene and nitrile are not
rigidly held by an aromatic rinG¢hemes0). Ui A £ A aAy 3 Wl yIT&NEZ 0 A OQ
entry 7, p42), cisfused aliphatic ring syster®.117 was formed in good yiel@73%
isolated) from 3.73 Substrate3.77 derived from diethyl malonate cyclised in
excellent yield (93%) to formfembered saturated rin§.118 and the analogous-6
membered product3.119 was obtained from3.80 (65% NMR yield) Ethyl
cyanoacetatederived 3.83cyclised in good yiel(61%)to form 3.120. Interestingly,
substrate 3.70 underwent 5exodig-cyclisation followed by reversible nitrile

translocation. Under aerobic conditions, the resulting benzyl radicahgped by

20KSNBAAS &adl (SR DN18% yield-with 5knal% BeoR Srifndoly S R =
scale 2 Conditionsveretaken from entry 7Table4. *94% yield on 1g (5.8 mmol) scafkHydrolysis

for 5 h.

oxygen leading to the formation of benzoyl derivati®d22 (see discusion later,

Scheme6l, p47).111 However, underanaerobic conditionsthe iminyl radical was

preferentially trapped and the resulting imine was hydrolysed on wgrkio the
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expected ketone3.121 (70%). The diphenyl variadt68 underwent cyclisation to
yield the highly sterically hindered, and consequently hydrolytically stable, imine

3.123.
é/\/ 'Anaerobic HAT'
_ ANasropie AT H

3.117, 73% (89%)M!

(0]
'Anaerobic HAT'
> )
Et0,C Et0,C "

EtO,C Et0,C
3.77,n=1 3.118, n = 1, 93%!el
3.80,n=2 3.119, n =2, 41% (65%")!

(0]
'Anaerobic HAT' EtO,C :/j

3.120, 61%

EtO,C

Ph | 2 N
Anaerob|c HAT' ph/l\/%

Aeroblc HAT'

Ly
i R

o/.[b*] o,
3121, 70% (73%)@ L3122 4291 (37%)

N
Il NH
Ph 'Anaerobic HAT' Ph
—_— Ph
Ph

3.68 3.123, 29%@"

Schemes0. Construction of aliphatic ring systems by HAddiated cyclisation alkenenitriles.
Isolated yield quoted, NMR vyield determined with an internal standard given in parenthesis were
applicable™ Inert conditionsveretaken from Table 3, entry ! Aerobic conditions/eretaken
from Table 2, entry 6. 30 mins reactiotime and hydrolysis omitted, isolated prodweas impure. »
75 mol% Fe(acacand 4.5 eq PhSiH NMR yieldassome fractions 08.119 co-eluted on silica with
the hydrogenated starting material.

The mechanism for the formation of ketoi3e122 is thought to proceed as is shown
below inSchemeb1. Firstly the desired HA'mediated 5exo-dig cyclisation proceeds
to give cyclised iminyl radic&.124, which may then undergo a reversible [1,5]
migration reaction to give the stabilised benzyl radical intermed&tES. In the
presence of @ 3.125canbe trapped out as keton8.122. The excellat selectivity
shown likely reflects the strength of thelSibond, impeding abstraction by stabilised

benzylic radicaB.125 meanwhile, the electrophilic iminyl radical124 may more

47



rapidly abstract an H atom from the hydridicFbibond, due to polarity matching.
Whereadrapping of molecular oxygen occurs rapidly for benzylic ra@id&l5 while
electrophilic iminyl radicaB.124should be slow to form a weak-@ bond through

coupling to Q.

Ny o o
O [1,5] migration o N 0, (air) | N

3.124 3.125 3.422
Schemesl. Proposed reaction pathway to ketoBel22.

This reaction pathway is supported byeport on the oxidative coupling of styrene
(3.126) with AIBN in the presence of a copper cataly@th{emes2).t1! It is proposed

that an intermediatgCu'] species3.12) is formed following reactionf 3.127 with
dioxygen(3.128) which, upon elimination of [C{]OH gives desired keton®.130. The
proposed mechanism was supported by DFT studies and one can imagine a similar
processfor the reaction observed above Bcheme61l using ironin the placeof

copper.

Bl _o[cu"
/-LCN /\)( O " O [ U]
AN * 02 - /K)( [CuT] /K)(
Ph X Ph CN Ph CN —> Ph CN

3.126 3.127 3.128 3.129

3.130

Schemes2. Plausible reaction mechanism for the oxidative coupling of sty@aég) and AIBN in
the presence of a copper catalyst and oxygen.
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3.2.4 Z Mechanistic Discussion

A simplified mechania®® for coupling of alkenes to nitriles is showalowin Scheme
63. HAT fromin situgenerated HFe(acacjo the alkene(l) sets up theexodig
cyclisation(ll). Then the fate of the resulting iminyl radi¢Hl) is to be considered. In
the examples by Bongt®> (alkoxyl radicals) and Bar##3% 6 NI R A @lah &
electronwithdrawing group), single electron transfer (SET)rigppsed to convert
the radical to thecorresponding anion, with féeing simultaneously oxidised to'lte
The iminyl radical present in this methodology may not be essily reduced by
electron transfer(lll to IV), and instead may abstract H from PhS{HI to V)
(supported by large dropff in yieldfor 3.104when only 1.5eq of PhSiklis used
shown in the box beloy The resulting imingV) is then hydrolysedin situ with
aqueous acid to the corresponding ketofwd). Finally, the=€' species can be oxidised

to Fe'in the presence of oxygen to complete the catalytic cycle.

R H- Fe'”(acac) R1. exo- dlg R! e'(acac) Fe'(acac), R!
/

acac

0,
PhSiH
Fe'(acac),L s
__PhSiH,, PrOH M o
F H-
[ e(acac)s —  Bhsif,0Pn via PhSIHz(O/Pr) Fe (acac )é R}é
Vi
Fe(acac)z (20 mol%) 0
//N PhSiH; (1.5 eq)
©\/ iPrOH (0.25M), air ©\)5L
50°C,1h
HY then 2M HCl(sq) N
3.20 75°C, 1 h (uW) 3.104
’ >99% consumption of 3.20 13%

Schemes3. Proposednechanism for HAMediated alkenenitrile cyclisation.
If the iminyl radical intermediate is not converted rapidly to the anion, then it should
be possible to intercepit in a tandem cyclisation reaction (concept shoielowin
Schemeb4).
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R! R .
U~
/\.
N N N N

2 | |

HAT HAT

—_— _— —_—
XY X X

3.132 3.133 3.134
3.131

Schemes4. Outline of the HAMediated tandem cyclisation methodology.
To test this hypothesis, substrat®64 and 3.65, capable of undergoing a second
cyclisation were subjected to the aerobic HAT reaction conditiores|lts shown
belowin Table5). Encouragingly, tricye 3.136 was isolated and characterised from
the tandem cyclisation of substrat®.64, albeitonly in trace amounts. The poor
conversion ta3.13 is unsurprisingsince 6exaotrig from the iminyl radical yields an
unstabilised primary alkyl radical, likely in equilibrium with the corresponding open

iminyl radicale.g.3.133 vs 3.132in Schemes4 above)

Table5. HATmediated tandem radical cyclisation reactiafs3.64and 3.65.

Substrate Producs
//N
N N
NY Me Me
Me 3.135 3.136
3.64 Trace 18%
Ph
Ph Ph |
N o)
N /
=
N N
I\N/IY Me Me
© 3137 3.138
3.65 14% 10%

Yields determinedby *H NMRwith an internal standard (products isolate
by MDAP for characterisation). Reactions performed under the aer

conditions taken fronTable3, entry 6.

Attention next turned to the benzyl variar®.65. Heasingly, tandem produ@.137
was obtained as the major quantified product in a muetproved conversion

compared to the reactin of 3.64. It is to be noted that in both cases the reaction
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mixtures obtained were complexhe monaocyclised ketone8.136and 3.138were
quantifiedandreduction of the allyl groupvasalso detectedalong with unreacted
starting material The remainingcomponentsdetected in the LCMS appeared to be
masses of dimers. Pleasingly, this observation of tandem radical cyclisations supports
the proposal that the lifetime of the iminyl radical is not negligildad provided

inspiration for further HAT methodogies (discussed latar Chapter 2

Unexpectedly, the structure of the tandem cyclised product obtained from HAT
reaction of3.65 was the severmembered ring3.137. A potential pathwaycould
involve 6exaodig cyclisation from the iminyl radic&.139, followed by formation of

an aziridinylcarbinyl radic@®.142'? which can ringppen to the Zmembered ring to
form 3.143 uponquenching of the radicabchemes5). Once agaira benzylic radical
(3.140) is incapable of abstracting a hydrogen from the sil@we3.141), allowing
product to arise fronthe less stabilised secondary radi8&l43 (seecomparison with

3.125in Schemesl, p.47).

Ph Ph . Ph Ph
N[
/e
N N N , N
Z"  HAT_ — I/ Ph§iHs !
N N N N
Me Me Me Me
3.65 3.139 3.140 3.141
o PN Ph . ph Ph
N N
‘N N / PhSiH; /
—_— ° —_— —_—
N N
I\N/Ie Rl/le Me Me
3.140 3.142 3.143 3.137

Schemeb5. Suggested pathway for the formation ofhffembered heterocycl@.137.
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3.2.5 ZIntriguing Observations

During this research a number of interesting srdactions were observed; several
brought about further exploratiorfseeChapter 3ater). It is to be noted thamuch

of the chemistry discussed in this section was performed prior to extensive
optimisation of conditions, before the role of HFIP and oxygen in the reaction was

fully understood.

When tosyhted analogue3.22was subjected to HATonditions, only a modest 35%
yield of the desired dimethyl keton®.145 was isolated $chemes6). Alongside the
expected éexo-dig cyclisation reaction, a majsrdereaction occured. Interestingly,
the radical formed through the HAT reaction attadlat theipso-position of the tosyl
groupto give the major sidgroduct 3.144 by loss of sulr dioxide (proposed via
radical intermediats 3.146 and 3.147). It is to be noted that deallylation was also
observed (<20% by LCMS, result not shpwhis is an example of a radical Smiles

rearrangement, whicthavebeen reviewedecently**3

=
Fe(acac); (0.6 eq total)
PhSiH; (4 eq total) _N
’}‘Y EtOH:HFIP Z N
0=S=0 /@/ + O:é:O
? 50 °C, 2 h total N
then H

HCI (EtOH:H,0)

o h 3.141
50 °C, overnight 20%
3.22 3.142
35%
_N _N
@\// [1,5]-migration ©\//
N/W-/ (-S02) N
0=$20 (not concerted as shown) °
i 3.144
3.143 3.141

Schemes6. [1,5] Tolyl group migration reaction, upon release of sulfur digxmgive3.144.

Whilst attempting to expand to a&xo-dig cyclisationof substrate3.24, it wasfound
that the kineticswere too slow for the desiredyclisationtowards 3.148, and the
major prodict isolated from the reactioeatured the premature reduction of the
startingmaterial3.150 (Schemes7). However the major sideproduct(3.149)arising

from radical additiorto the electran-poor aromatic ringwas isolated in modest yield
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(22%) Thisreaction could be considereassomewhatcomplementaryto the Friedel

Qrafts alkylation, which generally only works for electnoch systems.

Fe(acac); (0.7 eq total)
PhSiH; (4.5 eq total)

o) N N
Z EtOH:HFIP =
+ + H
©\//\)L 50 °C, 4 h total “ 0 ©\//\/k
Y then (e} Y
3.24 HCI (EtOH:H,0) 3.148 3.150

50 °C, overnight 3.149 31%
not observed 200,

Schemes7. HAFmediatedaddition into electrorpoor aromatic ring to forn3.149.

To investigatavhether styrenetype substrates were tolerated in this methodology,
3.51 was subjected to HAT conditionSaheme68). It was expected that the
presumaby more stable benzyl radical might be formed in preference to the tertiary
radical. The benzyl radical would then most likely be quenched rather than undergo
a 4exodig or 5-endodig cyclisation.In fact, cleanconversion 0f3.51 to product
3.106, arising from cyclisation of the intermediate tertiacgntred radical followed

by imine hydrolysisvas observedHowever, full consumption of starting material

could not be achieved, even with further additions of catalyst.

Fe(acac); (50 mol%) 0
N PhSiH; (3 eq)
% EtOH:HFIP ©i§<
50°C, 1h

3.51 Then H30*, overnight 3.106
42% 3.51 remained by LCMS 46%

Schemes8. Investigation of benzyl vs. tertiary radical via HAT reaction of subs3raie

Use of an electrophilic radical examplegenerated via the HAT reaction with
fluorinated substrate3.33 was investigated (Scheme69). The desired &xodig
cyclisation proceeded, although the reactiavas sluggish (with 26% S.N3.33
remaining by LCMS) even with further additions of catalyst. The desifebro
ketone 3.151 was isolated in poor yield (14%) after purification by MDAP, with 3%
enone3.152 present by'H NMR. During aqueous workuptbe reaction mixture, it
was observed that a sidgroduct remainedin the aqueous phase. Purification of a
sample of the aqueous layer was carried out by MDAP &edstdeproduct was
confirmed to be the minoquinoliniumspecies3.153, presumed to be formed as

shown below(Scheme69). Whilst this sideeaction proved problematic in this
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instance, it may be exploited in the future asnethodology to access functionalised

aminoquinolines.

N Fe(acac); (100 mol% total)
©\/ PhSiH3 (4.5 eq) ©\)JjL ©\)ﬁ/ ©\)j/
F
N/\”/ EtOH:HFIP Gz

50 °C, 3 h total
then
HCI (EtOH:H,0) 3.151 3.152 3.153
50 °C, overnight 14% 3% 25% by LCMS
26% remaining 3.33 by LCMS

+
NH " H, NH NH,
>y ~)— ®,
NH \ y
Bn Bn Bn

Schemes9. HATmediated cyclisation of fluorinated substre8e83to give desired -fluoro ketone
3.151, and undesired enor2152 and aminoquinoliniund.153.

Under HAT conditions,rbminated alkene3.29 also producedaminoquinolinium
3.153 as the major component in the reaction mixtur8cheme70), as well as

deallylaed material(3.14), however no desiredxo-dig cyclisedproduct (3.154) was

observed
//N Fe(acac); (70 mol%)
PhSiH; (4 eq)
Br
NW EtOH:HFIP NH
Bn 50°C,1h
3.29 3.154 3.153 3.14

not observed 32%byLCMs ~ 30%byLCMS
Schemer0. HATmediated cyclisation of fluorinated substre8e29.
Further investigatiorof the functional group tolerance of the-substituentto the
generated radicawas undertaken Alkenylboronic acid pinacol esteB.80) was
subjected to HAT conditions as shown belowstcheme71, unfortunately none of
the desired cyclised imine intermediate with arboron species wa detected by
LCMS. The major product observed was cyclic iib®h, resulting fromelimination
of the boronic acid pinacol ester. Other minor sjg®ducts were deallylated
starting material 8.14) and aminoquinolinium3;153). It is to be noted that he
starting material was notfully consumed. Confirmation of the formation of
intermediate cyclic imine3.1% was achieved by isolation of the corresponding

ketone3.15% by MDAP.
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N Fe(acac); (0.5 eq) NH N NH;
PhSiH5 (3 eq) N
BPin * * @
NAW EtOH:HFIP N NH N7
° | |
50 °C, 1h L Bn b

Bn
27% of 3.30 remained by LCMS

3.30 3.155 , 314 3.153
39% by LCMS 9% by LCMS 6% by LCMS
0
Isolated by MDAP
N for confirmation
' 3.156

Bn

Schemer1l. HATFmediated cyclisation of alkenylboronic acid pinacol €31280.

The instability of -carbonyl organoboranes has been previously repoffétut this

issue may be overcome by the use of amidmrane adducts such as BMIDA.
Switching to BMIDA should also increase the nucleophilicity of the generated radical,
as there is no longer possibility for donation of the radical species into the vacant
boron porbital due to occupation by the amirene pairt'® Further investigation of

BMIDA in this situation codlbe explored in the future.

3.2.6 z Challenging Substrates

Some of the substrates investigated during this resedadled to yield the desired

products in satisfactory amounts or not at.all

When oxygeHinked substrate3.19 was subjected to HAT conditis, the major
product (byLCMS) was found to be @dlylated starting material(i.e. undesired
phenol3.18) (Schemer2). Only a small amount (17%) of the desired cyclised imine
intermediate 3.157 was observed by LCMS, along with unconsumed. ELE%%).
Although problematic in this instance, one coulénvisagedeveloping HAT as a

method for deprotection of aromatic allgthers.

_N Fe(acac); (0.5 eq) NH

©\// PhSiH; (3 eq) _N
.
9) EtOH:HFIP
/W( 50°C,1h (o) OH
3.19 16% 3.19 remained by LCMS 3.157 3.18
17% by LCMS 56% by LCMS

Schemer2. Deallylation reaction observed as the major pathway for oxytyeked substrate3.19,

This reactiorwas laterrevisitedusing the optimised aerobic HAT conditid@sheme

73). The desired cyclised produ(®.158) was quantified from the crude reaction
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mixture (35% yield)using'H NMR with an internal standardhe phenol sideproduct
(3.18) could not be quantified due to overlapping peaks in the NMR specttough

it still appeared as a majaomponent

_N Fe(acac)z (20 mol%) o N
©\// PhSiH; (3 eq) =
+
OY iPrOH, air, 50 °C, 1 h ©\/OH
then 2M HCl(zq) 0
3.19 75°C, 1 h (uW) 3.158 3.18

35% by NMR nfa

Schemer3. Quantification 0f3.158 by NMR.
It is interesting that dellylationoccurredso readily for the oxygehinked substrate
3.19 but it was only observed as a minor siteaction for the nitrogenlinked
analogues. This stark difference in reactivity is surprising since the BDENobar@
is lower than that of €. Oxygen is also more electronegative than nitrogen, thus an
oxyl radicalwould be expectedo be less stable. However, phenoxgldicals are
considerablymore stable!'’ on account of the delocalisation of the radical into the
aromatic ring to form a C=0 double bond which is stronger than®€Ehs may lead
to anoverall more stabilised transition state for the breaking of th® ®ond in the

deallyation reaction.

When alkenyester3.27was subjected to HAT reaction conditions, the initial radical
formedf G2 GKS Si kdtdbe BastaSlisgd (nbt ledphilibl@nough)
to undergo cyclisation (toward8.1%), with the major product isolated being
reduced S.M3.160 (Schemer4). It is possiblghat the desired éexo-dig cyclisation
reaction does proceed, but the cyclised prodisih equilibrium with the open chain,

and the latter iqjuenched to give reduced S.[B1160.

Fe(acac); (60 mol% total)

N PhSiH; (3.5 eq total) 0 N
©\/ EtOH:HFIP ©\)54002Et ©\/ ]
CO,Et + CO,Et
NW 2 50 °C, 1.5 h total N N&r/ 2
Bn then Bn Bn
HCI (EtOH:H,0)
3.27 50 °C, overnight 3.159 3.160

not observed 58%

Schemer4. Reductiorobserved for substratg.27to givethe major product§.160).

A similar outcome was obtained when ami@&6was subjected to HAGonditions

(Scheme75). The desired cyclised produBt161was not observed andhe major
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isolated product was reduced S.K.162, along with alkenalkene crossoupled

dimer 3.163.

_N Fe(acac); (0.5 eq
©\//O PhS|H3 3 eq) ©\/ ©\/ \/@
N)H( EtOH:HFIP )H/ W
H 50°C,1h
3.36 3.161 3.162 3.163

not observed 65% 12%

Schemer5. Reduction observed for substra8e86to givethe major product3.162).
Allylsubstrate3.8, whichwould produce a secondary carbaentred radical upon
HAT, was investigatddr radicalcyclisation(Schemer6). Disappointingly, there was
no evidence of the cyclised imii3el64 by LCMSThe only identifiablecomponent in

the reaction mixture wasemaining starting material (41%).

Fe(acac); (0.5 eq)
©\//;N\ PhSiHs 3 eq NH
EtOH:HFIP @i}
A 50°C, 1.5 h

3.8 41% 3.8 remaining by LCMS 3.164
not observed

Schemer6. UnsuccessfUHAT reaction of aldubstrate3.8.

Aliphatic substrate3.86, which may undergo-@xao-dig cyclisation to yield spirocyclic
ketone 3.165 (following imine hydrolysis) was investigatfay analysis of the crude
reactionH NMR spectraand the resultsare shown inTable6. Unfortunately,the
kinetics of radicatyclisation versus reduction of S.§8.166 vs.3.166) was difficult

to overcome,andin all cases the major reaction pathway was reduction. Differing
reaction temperaturedad little influenceon the outcome ¢f. entries 13). Gradual
silane addition yielded a complemixture (entry 4) and removal of HFIBsulted in
poorer conversion to the cyclised produ8tl&b (entry 5). Lowering the reaction
concentration from 0.25M to 0.06M had a positive effect (entry 6), however further
dilution to 0.01 M (entries 7 and 8) resulted in comptextures Finally, dwering

the number ofPhSiHequivalents from 3.5 to 1 did natffect the reaction outcome

greatly (entries 9 and 10)
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Table6. Investigation of the conversion 8f86to 3.165, along with undesire8.166.

Fe(acac); (60 mol%)

o)

O\/\/\ PhSiH5 (varied eq) O\/\/\
+

N EtOH:HFIP (varied M) N

N N

3.86 thenvl-?;ioeg, ;%"10?16 h 3.165 3.166
Entry EtOH:HFIRM) PhSiH(eq) ¢ SY LJ Ratio 3.166:3.166)
1 0.25 3.5 50 0.29:1
2 0.25 3.5 RT 0.27:1
3 0.25 3.5 75 0.34:1
4 0.25 3.5 50 NMR complex
5 0.25* 3.5 50 0.14:1
6 0.06 3.5 50 0.42:1
7 0.01 3.5 50 NMR complex
8 0.01 3.5 75 NMR complex
9 0.25 1.0 50 0.39:1
10 0.06 1.0 50 0.43:1

All reactions performed on a 0.25 mmol scale, in sealed vials (with a headspace of air). Ratio of
3.165:3.166 determined by*H NMR. *Reaction ran in absence of HFIP (pure EtOH). ~ 0.5 eq of PhSiH

added every 5 mins until 3.5 eq achieved.

The substrates shown Bchemer7 all failed to yield desired cyclised products. The
NMR spectra obtaineaf the crude reaction mixturewas often too complex to
interpret and purification (on silica gel) did not lead to isolation of any desired
material. The reactions containing substrates with chromopho8@389(and 3.103)
where analysed directly by LCMS, thegthout (3.88 3.93and 3.97) were analysed

by 'H NMR (following hydrolysisNo further substrates wereexplored for this
methodology
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sae

3.99

o

}

3.103

'Aerobic and anaerobic HAT' o
then H3O*, 75 °C, 1 h (uW) N
3.167
NMR complex
o
'Aerobic and anaerobic HAT'
N—
then H30*, 75 °C, 1 h (uW)
3.168

not detected

(i

Bn

3.169
not detected

ShRe
3.170
not detected

'Aerobic and anaerobic HAT'

then H30*, 75°C, 1 h (uW)

Fe(acac)z (50 mol%)

N PhSiH; (3 eq)

EtOH:HFIP
50°C,3h

Fe(acac)z (50 mol%) NH
PhSiH; (3 eq)
EtOH:HFIP N
50°C,1h
68% 3.103 remained by LCMS 3.171

not detected

Schemer7. Failed HA'mediated alkenanitrile cyclisation reactions.

3.3 Z Summary

In summaryan ironmediated HAT reaction between alkenes and nitrlies been
developed This work adds to the expanding scope of HAT methodology, and allows
for the formation of hindered ketones, spirocycles and fused bicyclic systems. The
reaction has been optimised oroceedcatalytically under air and has been shown

to scaleup withoutloss of yieldA second set odnaerobicreaction conditionsvas
established, for more flexible substrates and the generation of cyclic aliphatic
scaffolds. Highlights of the work discussed in Chapteetk published in Chemistry

¢ A European Journal (28)Lt
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4 ZHAT-Mediated Domino Reaction
4.1 Z Introduction

Encouraged by previous experiments, which utilised iminyl radicals to perform
tandem radical cyclisatioreactions(see earlierTableb, p.49), it wasenvisagedhat
this approach could be applied tmore elaborate systems. Ideally, thenew
methodology would be higher yielding, utilise more tractable starting materials, be
operationally simple and generatgroducts more directly relevant to medicinal

chemistry

The initial inspiration for this chapter of work came from the publicatiorCloyet

alL8Ay g KAOK ¢ 243)yivaseraployeinittdaScypper catalyst (GO) to

effect domino-radical cyclisations oN-cyanamide alkene$4.3) (Scheme78). It is

proposed thatthe Cd precatalsyt is transformed to a highhgactive Cliradical
complex4.20 ¢ KSy (GNBI (SR 4.2 SukseqehtyyCreadicalNsS | 3 Sy
transferred from complex.2to alkene4.3to form the CB-C(sp0 06 2 Y Ralkyl y R h
radical 4.4, releasing a Cuwcomplex in the processs-Exo-dig cydisation affords

amidinyl radical4.5 and further cyclisation generatesyclohexadienyladical 4.6

which is oxidised by ¢to furnish quinazolinond.7.

Schemer8. Proposed pathway faroppercatalysed trifluoromethylation/cyclisation of unactivated
alkenes'*®
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Quinazolinones are an important class of nitrogemtaining heterocycles and the

a0 ¥FF2fR KILa 0SSy tFro0SttSR Fa | WEINRAGAES
Approximately 20 naturally occurring quinazolinone alkaloi@sich ast.8 and 4.9,

Figurel2) have beerisolated'*°and they show a wide range of biological properties

such as analgesic, andbacterial, antifungal, anticonvulsant, antinflammatory,

anti-HIV and antcancer activitied?! For example, diproqualon@.10) (Figurel?) is

in widespread clinical use for its atiflammatory, analgesic and sedative effects.

sos @*Q/b seen

4.8 4.10
Deoxyvasicinone Luotonm A Diproqualone

Figurel2. A selection of quinazolinone alkaloids (deoxyvasicinone and luotonin A) and GABAergic
drug (diproqualone).

Commonly, methods to synthesise these important cores start fram
aminobenzamides oo-aminobenzoic acid¢4.11), an example being the classical
Niementowski quinazolinonsynthesis $cheme79a) 1?2123 Since its inception by
Malacria in 200724 interest has emergé in usingN-cyanamides(4.13) as the
building block foradical cascade (domino) reactiorf&chemerob). Subsequentiyy-
cyanamide alkenes have been developed as radicophiles fodidaBoonylt?
trifluoromethyl (as seempreviouslyin Scheme78),1® phosphorylt?® and sulfonyl

radicals?’

Quinazolinone example syntheses

(a) Niementowski's condensation

(b) Malacria's radical cyclisation cascade of N-acylcyanamides

@\N%’ ‘j _BugSnH, AIBN _
[ \‘\ ~«-> 0.017M, PhH
N
413

reflux

Schemer9. Quinazolinone synthesis; (a) classical approach, (b) radical domino approach.

61



N-cyanamide alkenes wer@&entified as potential HAFsubstratesbased on the
previous work outlined and the attraction of facil@ccess to complex
(spiro)quinazolinone scaffoldsThe outlined methodologyScheme80) met the
requirements of having tractable starting materials, digconnection of thethe
amide bond, and generating medicinally relevamrivileged compounds
Furthemore, it has been shown that the introduction of Sgentres, such asa

ALIANROSY(INB>S OFy aANBlIGfe SyKFyoOoS2% Y2t SO

As shown below ischeme30, MH-HAT reaction ofl.15to alkytradical4.16 would
setup 5exodig cyclisation, the amidinyl radicdl17 may then undergsequential
cyclisationonto the (hetero)aryl ring to afford radicat.18 which undergoes re
aromatisation to yield desired (spiro)quinazolinchd9 The pathwayvould require

2 oxidative events, to turnover E& Fé' and to rearomatise radicadl.18.

O S —

|

-H T
N Fe'p R N
1 0, A

2

417 7

15 l 4.16 N
|

Fe(acac);

PhSiH3J iPrOH

H-Fe(acac),

SchemeB0. Proposed outline of the HAfediated domino radical cyclisation ofdyanamide
alkenes 4.15) to (spiro)quinazolinoned (19).
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4.1.1 z Preliminary Investigations

Prior to extensive optimisation and substrate sowp initial probing of the
methodology was carried out. Subjectingodel phenylsubstrate 4.20 to the
previously optimisedaerobic alkenenitrile conditions (entry 6 Table 3, p41l)

pleasinglygave desiredjuinazolinone4.21in moderate yield57%)(Schemes1l).

o} Fe(acac); (20 mol%)
PhSiH; (3 eq) ©\)LN
N ~
| {PrOH, 50 °C N

N‘ air, 1 h
57%
4

.20
SchemeB1l. Unoptimised HA'Mediated domino reaction @f.20to spiroquinazolinond.21
This result was a promising starting point, but the extension to heteroaromatic
substrateswasdesired The sameaerobic HATonditions were applied to pyrazcle
substrate4.22 Unfortunately,they did not translatewell (Scheme82). The major
species in the reaction mixture (as analysed by LGM®@sponded tathe mono
cyclised amidiné.24(46% by LCMS, 36% isolatealilst the desired product.23

was onlyformed in minor amount$9% by LCMS, 3% isolated)

0o 0o
\ o) Fe(acac)z (20 mol%) \ \
N PhSiH; (3 eq) N N N N
, N N, | N |
N - \ _ \
\ ll iPrOH, 50 °C N HN
air, 1 h

4.22 consumed by LCMS

4.23 4.24
9% by LCMS 46% by LCMS
(3% isolated by MDAP) (36% isolated by MDAP)

SchemeB2. HATmediated domino reaction of pyrazadebstrate4.22
Halving the equivalents ¢thSiH (from 3 to 1.5 eqg)had little impact on the reaction
outcome(SchemeB3), althoughthe LCMS detection and isolated yield of the desired
product4.23 doubled (20% by LCMS, 6% isolatetile major species remained the
mono-cyclised amidind.24(37% by LCMS, 35% isolated)
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o) o)
\ o) Fe(acac)z (20 mol%) \ \
N PhSiH; (1.5 eq) N N N N
, N N, | N |
N / ] N\ — N\
\ | iPrOH, 50 °C N HN
air, 1h

4.22 3% by LCMS
22 4.23 4.24
20% by LCMS 37% by LCMS
(6% isolated by MDAP) (35% isolated by MDAP)

SchemeB3. HATmediated domino reaction of pyrazadebstrate4.22
By elevation of the reaction temperature and taddition of TFA, the formation of
the undesired andine 4.24 could besuppressedleading to higher isolated yield
(30%)of the desired heterocyclé.23(Schemed4). However, this was at the expense
of longer reaction times (24 h) andcampeting esterification sidesaction which
led to significant conversion tesopropylester4.25(35%) Theaddition of TFA was
AYALIANBR o0& {0dFNNDa Kawhe@ pistonktienedf Ithé A 2 v
pyridine motif was key for carbecentered radical addition and subsequent adigde
re-aromatisation'?° Here, it is envisaged that protonation of the pyrazole motif may
result in similar effects, but also that protation of the intermediate amidinyl radical

to the radical cation may occur, altering the electrophilicity of the reactive species.

Fe(acac)z (20 mol%)

O PhSiH; (1.5 eq)
\ TFA (2 eq) )\
N N
Ny I|I iPrOH, 80 °C
N Air (condenser

4.22 5% 4.22 remalnlng by LCMS 4.23 4.24 399 ‘lt)yszMS
(']

45% by LCMS not detected 35% isolated yield
30% isolated yield

SchemeB4. HATmediated domino reaction of pyrazedeibstrate4.22
Encouraged by the initial results, the HAEdiated domino methodology was

further optimised,and the substrate scope explored.
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4.2 7 Results and Discussion

This section williscusghe followingfor the HAT mediated domino cyclisationf

cyanamide alkenestudy:

Synthesis of substrates
Reaction optimisation
Substrate scope
Mechanistic discussion

Challenging substrates

A =42 =4 A A -

Removing amidenoiety

4.2.1 7 Synthesis of Substrates

The generastrategy for preparing theesiredN-cyanamide alkenstarting materials
is outlinad below in SchemeB5. Cyanamide intermediates were obtained from the
reaction of thecorrespondingamines §.26) with cyanogen bromide4(27). The
cyanamides4.28) were then used directlyithout further purificationin an acylation
reaction with the corresponding (hetero)aryl acid chloridds29) to obtain the
desired starting building blockd.B0) after purification on silica gelThesimple two
step andgenerallyhightyielding process was applicalitea large proportion of the

substratesprepared forthis project.

0O

o
Br—=N
4.27 H 4.29
—_ >

‘(,'\/\/N\\\ R

xS NH
: N

./ 4.26

Il
4.28

N/\/\—’l
0

.3
SchemeB5. General synthetic strategy for the preparation aEyjanamide alkeneg (30).
2-(Cyclohext-en-1-yl)ethan1l-amine @.31) was chosen as the modalkeneamine
fragment as it is commercially available and inexpensive (£3.44/g Sigma Aldrich). The
reaction with cyanogen bromide to formN-(2-(cyclohexl-en-1-yl)ethyl)cyanamide

(4.32) is known in the literatur€® and was reproduciblé goodyield (83%)on large
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scale(SchemeB6). This proceduresreferredto as general method 1 (G.M. 1) for this

section.
NH H
2
Na,CO; (2 x
+  Br—=N éz 3(2eq) \\N
THF:Diethyl Ether (1:1)
4.27 -10°C—RT, 35h
4.31 (1 eq) 83% 4.32

(10 g, 80 mmol, 1 eq)
SchemeB6. Synthesis dfl-(2-(cyclohexi-en-1-yl)ethyl)cyanamide4(32).
Facile aylation ofN-(2-(cyclohexl-en-1-yl)ethyl)cyanamidg4.32) with a range of
commercially available substituted (hetero)armthloride derivatives afforded the
desiredN-cyanamide alkenegt(20and 4.33¢44) in goodexcellent yieldsas shown

belowin SchemeB7. This proceduresreferredto as general metho@ (G.M.2).

Ny @ cl DIPEA
432 DCM,RT, 1-4h 2 ‘

T
\
R N
MeO,C
(4.20, 86%) (4 33, 87% 434 85% 435 86%) (4.36,74%)  (4.37, 67%)
% FyC % MeO,C mg @\
O 0T Cf s X v
Me
(4.38,87%) (4.9, 59%) (4.40,56%) (4.41,89%) (4.42,85%)  (4.43,82%) (4.4, 87%)

SchemeB7. Synthesis of Myanamide alkeesvia acylation reaction.
Wherethe acyl chloride was not available, a HAMEdiated amide coupling of the
corresponding commercialBvailablecarboxylic aid wascarried out Scheme38) to

obtain the desiredN-cyanamide alkene@l.22 and 4.45¢50).

@/\/ Ny . OH HATU, DIPEA N
432 DCM, RT R \‘\
N

R

caicalicalicalcallp ol s = e

(4.45,28%) (4.46, 32%) (4.47,88%) (4.48,31%) (4.49,70%) (4.50,80%) (4.22, 83%)

SchemeB8. Synthesis of Mdyanamide alkenega HATU coupling.
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Alternative alkeneamines werealso appliedthis methodology.Using standard
procedures, ommercially available be#-en-1-amine @.51) was converted tad\-
(but-3-en-1-yl)cyanamid€4.52) followed by acylation wiih benzoyl chlorid¢4.53) to
yield N-(but-3-en-1-yl)-N-cyanobenzamide4(54) in excellent yield89%)(Scheme
89).

(0]

Cl
Br—=N (0]

427 H 453 A~
SN - N —————— N
G.M. 1 SN G.M. 2 Il
4.51 92% 89%

4.52
4.54

SchemeB9. Preparation of Nbut-3-en-1-yl)-N-cyanobenzamided(54).

The same method was used to prepdeyanoN-(pent-4-en-1-yl)benzamidg4.57)

from commercially availablpent-4-en-1-amine(4.55), asshown inScheme90.

(e}

§C|
Br—=N (0]

NH 427 H 4.53 NN
NN ——————— A NN _—
GM. 1 Ny GM.2 |
4.55 61% 4.56 46% N
4.57

Scheme90. Preparation of Nbut-3-en-1-yl)-N-cyanobenzamided(57).
Following literature procedurenitrile (4.60) was prepared viaan atom transfer
radical additiorelimination (ATRA) procegfrom 4.58 and 4.59),*3! reduction of
nitrile 4.60to the corresponding amind.61 proceeded smoothly3? Conversion to
the cyanamide intermediaté.62, followed by acylation with benzoyl chloride under
standardconditionsafforded desired starting materidd-cyanceN-(3-(cyclohexl-en-

1-yl)propyl)benzamid€4.63) in good yield 79%)
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DBU (3 eq)
I/\\\ . BEt; ( 0 5eq) @/\/ _ LiAIHs (4 eq) @/\/\
N EtOH:H,O (3:1), Dark Diethyl ether
0°C —RT, 16 h 0°C,2h

2eq ’ 77% 96% \

G.M. 1
80%

Br—=N
0 4.27

O
Cl N
o O oy
I GM.2 :
N

4.62
4.63

Scheme9l. Synthesis of dyaneN-(3-(cyclohexd-en-1-yl)propyl)benzamidet(63).
To explore theincorporation of heteroatoms (in the resulting spirocycleing,
following HAT reaction}the synthes of intermediate aming 4.64 (where X = O$
and NBog wasdesired(Scheme92). Theposition of the C=C bond could be either
internal or external to the ring, as the HAT reactmineachis expected to give the
same tertiary carboncentred radical. Retrosynthetic analyis identified h |
unsaturated nitrile4.65asa suitable intermediatehat could be prepared from the
corresponding commercially available ketode66) via HornerWadsworthEmmons
61290 NBI OlA 2y dnsausatdaitiled B5/with2af hydride isarce
would furnish the desired aminé.64, where 1,2reduction could be favoured over
1,4 by addition of dewisacid (AIG).133134

55@

Schemed2. Retrosynthetic analysis desired amind.64where X = O, S and NBoc.

Following literature procedures, HWE reaction of ketoA€s and 4.68with diethyl
cyanomethylphosphonate4(69 gave thedesired intermediate" Xunsaturated

nitriles 4.70'*2and 4.71*3%in good yields$cheme93).

o N
? N |
Z NaH (1.1-1.3 eq
voeo T Narl{ )
OEt Diethyl ether or THF

X

w50 0°C—RT, 1-3h X

X =0, 4.67 '

chs”468 1.1-1.2 eq X =0, 4.70, 79%
4. X =S 4.71, 88%

Schemed3. HornerWadsworthEmmons reaction towards70and4.71
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HWE reactiorto afford Boc-protected piperidined >unsaturated nitrile4.73 also

proceededsmoothlyfollowing literature proceduré3¢

0 Na
Q N \
B o=z LIHMDS (1.1 eq)

T T OTHRLN,

N OEt » N2

‘ 78°C, 1 h N

Boc 4.69 84% Boc

4.72 1.1eq

4.73

Schemed4. HornerWadsworthEmmons reactioito afford 4.73,

1,- Reduction of intermediated.70, 4.71and4.73with LiIAIH/AICkreducing system
gave desired amine$.74¢76, which were converted directly to cyanamidés 7¢79

by reaction with cyanogen bromidé.27) usingG.M.1 (Scheme5). Finally, acylation
of the crude cyanamides with benzoyl chlorie53) under G.M. 2 afforded the

desired starting materialg.80;82 in moderategood yields.

N

=
‘ O X
LiAlH, (1.1 eq) BrlN H Benzoyl chloride P
AICI3 (1.1 eq) 421 Y - N
Diethyl ether or THF G M. 1 G.M. 2 Il

X
Ny, 0°C —RT, 3-4 h N
X=0,4.74,59% X=0,4.77,85% X =0, 4.80, 58%
X =S, 4.75,94% X=8,4.78,73% X=8S,4.81,77%
X = NBoc, 4.76, 75% X =NBoc, 4.79, 52% X =NBoc, 4.82, 42%

Schemeds. Synthesis of desired-¢yanamide alkene$.80¢82.
To investigatdahe possibility of an intermolecular reactippropylamine(4.83) was
chosen ashe model aminesinceit is arelatively unhinderegrimary amineandis a
liquid (not a ga% unlike its methyl and ethyl variantsConversion of propyl amine
(4.83) to cyanamidet.84 under G.M. 1 proceededexcellently andvasfollowed by
acylation with benzoyl chlorid@.53) (G.M.2) to affordN-cyaneN-propylbenzamide
(4.85) as the desired model substratehighyield (86%)

(e}

- Cl o)
B H ©f15\3 A~
_~_NH; 4.27 AN - . N
G.M. 1 SN G.M. 2 |||
4.83 56% 4.84 6% N 485

Scheme96. Synthesis of dyanoN-propylbenzamide4(85).
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4.2.2 7 Reaction Optimisation
Phenyl Substrates
With optimised aerobic conditions for alkemmdtrile cyclisationestablishedentry 6,

Table3, p41l), investigation to see how well these translated to modabstrateN-

cyanamide alkend.34was carried out Table7).

Table7. Optimisation of catalyst loading for the HATediated domino reaction @f.34to 4.86
(reactions performed on a 0.5 mmol scale)

o /\/@ Fe(acac); (varying mol%) ]
N PhSiH; (1.05 eq) N
| iPrOH (0.25M), 50 °C _
MeO \N\ MeO N

air

Entry (mol %) (h) 4.34 4.86 (%)
1 20 1 0 82 73
5 10 1 3 86 74
3 5 2 10 85 74

Usinga lower number ofequivalents of PhSgH{compared topreviousalkenenitrile
methodology), to avoid quenching of the intermediate amidinyl radical by excess
[Si}H, the conditions translated well to give desired quinazolindr8in good yield
(entry 1). Lowering the catalyst loading to 10 mol% was tolerated and not detrimental
to the isolatedyield or reaction conversion (entry 2). Howeveecreasingcatalyst
loading further to 5 mol% (entry 3) resulted in an extended reaction time and
incomplete consumption of starting materia@.34 (10% remaied by UV LCMS
detection after 2 h); nonetheles#e isolated yield remained unchanged, suggesting
a cleaner reaction profile (see alterma theory later, p80). As such 10 mol%
catalyst loadingvas chosersince Fe(acag)is a relatively inexpensive and noxic
complex, and less activated systems might prove more challenging at loadings of 5

mol%.
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Heterocyclic Substrates

In order to replace isopropanol as the reaction solvent (see eagbéerification
problem, Scheme34, p.63), isopropoxypheny)silane(1.26) (since commercialiseals
RubenSilane) was prepared and distilled on a large scale following literature
procedure(shown belav in Schemed7).5° As discussedarlier Scheme9, p.7), this
active reductant allows MHIAT reactions to be performed in a variety of solvents

(without the need for alcoholic solvent).

i-PrOH (1.5 eq)
©/SiH3 Cu(hfac), (1.5 mol%) S|
DCM, Ny
1.25 0°C,25h )\
- 61% (20 g) 1.26

Schemed7. Synthesis asopropoxypheny)silane(1.26).
The conversion of.22to desiredneterocycle4.23was studied furthe(by LCMSnd
the keyresults are highlightedelow in Table8, however, it proved difficult to
achieve efficient conversion of starting material whilst maintaining good selectivity

between4.23and4.24

Table8. Optimisation forthe HATmediated domino reaction @f.22to 4.24, reactions on a 0.5 mmol

scale.
\ Q /\/@ Fe(acac)z (20 mol%)
N N PhSiH,(OiPr) (varying eq)
N?J)Llh solvent (0.25 M), 50°C /I\%% )%%
N varying atmosphere
4.22 4.24
PhSik(GiPr) LCMS (%UV)
Entry (eq) Solvent Atmosphere (h) 429 493 494
1 15 THF Open (air) 1 16 14 37
2 1.5 EtOAC Open(air) 1 31 29 12
3 1.0 EtOAC Open (air) 2 44 31 12
4 15 EtOAC Oz 2 36 37 2
¢ o o F 68 30 52 2
5 3.0 EtOAC Oz 2 18 36 12
a a a é 19 16 33 15
6l 3.0* EtOAC 0] 18 9 43 18

[@137% isolated yield @f.23 P142% isolated yield af.23. *2 x 1.5 eq, 2 addition made after 1 h.
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The new conditions, using Ph&BIPr)(1.26), were trialled in THF (inhibitor free) and
the result carbe seenabovein Table8 (entry 1). Moderate conversion @.22was
observed; however, the major product was the monoyclised amidine4.24. A
changeof solvent to ethyl acetate (entry 2psulted in aswitch in selectivity, with
preference now for thedomino product4.23 however the conversion of S.Mas
poorer. Lowering the loading dPhSiH(OPr) to 1 equivalent (entry 3yave no
significantdifference in selectivity betwee#.23and4.24. Applicationof a balloon of
oxygen to the reaction vial (entry 4) sawnotableimprovement in the selectivity,
suggesting that a higher concentratiamf oxygen accelerates the-esomatisation
event towards4.23 however only a modest conversion of starting material was
obtained even with prolonged reaction time (68 h). To increase conversion, 3
equivalents of PhSKOiPr) were used (entry 5). Althoug conversionmproved it
wasto the detrimentof selectivity presumablybecauseancreasing the concentration

of [Si}H leads tayreatertrappingof the amidinyl radicatio give4.24. It is to be noted
that increasing Fe(acadpading did not result in increased conversion (sgensive
results in experimentalTablel17, p.226). In an atempt to increase conversioand
retain good selectivity, two additions of 1.5 equivalentsPbiSik{GiPr) (3 eq total)
were made (entry 6). An isolated yield of 42% was obtaifeedry 6), which was
pleasing considering the challenging nature of the reaction and the complexity of
product formed in a single procedure from simple starting matetidl. Finally,n
general the reactionkighlightedTable8 had a clean reaction profildoy LCMS) and
often the only othemproductsobserved(by LCMS) weras a result obxidation of the

alkene starting materialM+160or M+32).

In summary, ahangeof silane source from PhSitb PhSik{OPrf° allowed the
reaction to be conducted in EtOAc rather thaRrOH (avoidingunwanted
esterification) and applying a neat {atmosphere rather than air, gave a reasonable
conversion to the desired heterocycke23 over the monecyclised intermediate
4.24. Full details of the extensive list (>30) of conditions screened are shown in the
experimental sectiorfTablel?, p226), yields could not be increased beyoral 40%

as it remained a balancing act between conversion and selectivity.
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4.2.3 7 Substrate Scope

The optimised conditions were applied to a range of aromidtayanamide alkenes
and the results are shown below for those substrates that veerecessfuin yielding

the desired (spiro)quinazolinones in moderageod yieldSchemed8).

o f ).( Fe(acac); (10 mol%) 0
N/\x/’“\v,) PhSiH3 (1.05 eq) N
_ ez 05 ed)
@ | iPrOH (0.25M) @ _
R I 50°C, air RN
1-3h \
SeX
0 o
CL joe @ﬁ @ﬁ
— —
N MeO N
4.21 (72%)* 4.86 (74%) 4.87 (74%) 4.88 (66%)
o
% EI e EI % @ﬁ%
4.89 (67%) 4.90 (63%) 4.91 (70%) 4.92 (72%) \
0
\
O
—
N
4.93 (54%) ° 4.94 (42%) 4.95 (44%)" 4.23 (42%)"

Scheme98. Substrate scope for the HATediated domino cyclisation reaction ofcfanamide
alkenes. Isolated yieldse quoted. All reactionsereperformed on a 0.5 mmol scale using
conditions from Table 1 entry 2, unless otherwise stated. *5 mmol scale yielded 65%. *20 mol%
Fe(acac) 1.53.0 eq PhSifiOiPr), @balloon, EtOAc, 54C.

Satisfyingly, the reaction yielding spiroquinazolin@gn2lcoud be scaled 1®old (5
mmol) whilst maintaining a good isolated yield (65%), comparable to its 0.5 mmol
variant (72%). Electredonating substituents were well tolerated to give isolated
yields of 74% for boti4.86 and 4.87. Electronwithdrawing substituats @.88 and

4.89 still gave good isolated yields (66% and 6 B¥gondarycarbon radicablerived
quinazolinonet.90was formed in good yield (63%), which is perhaps surprising given

the previous nitrile methodology was not compatible with such subsgate
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Incorporation of heteroatoms to form spirpyran @.91), Boc-piperidine ¢.92) and
thiopyran @.93) analogues all proved successful, which is pleasing as these types of
spirocycles are heavily sought after in medicinal chemistry. Furthermasbpived

that the startingalkene can be either internal (highlighted in blue) or external
(highlighted in pik) to the ring $cheme98).

Attention next turned to heteroaromatic substrates, which were anticipated to prove
challenging since the electronic natuoé the aromatic ring influencethe reaction
outcome. Pleasingly, indo#e94was formed in moderate yield without modification

of the standard reaction conditions; such an elaborate scaffold would be difficult to
synthesise by other methods. Electrdeficient pyridine and pyrazole substrates
required further optimisation (as seen earliarTable8, p.70) to achieve synthetically

useful yields of desired quinazolinonré®95and4.23
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4.2.4 7 Mechanistic Discussio n

Based onthe findings that oxygen is crucidbr conversion to the desired
quinazolinone over the monoyclised intermediatean oxidative step was envisaged
to be the key element in the reaction mechanig8themed9). Firstly, HAT fronn

situ generated iron complel®® to N-cyanamide alkenégives intermediate carbon
centred radicalll (which has recently been shown to be closely associated with the
metal centré®). Cyckation oflll gives nitrogercentred amidinyl radicdV, which can
undergo further cyclisatioto give(hetero)aryl radical/. From this intermediate, the
desired quinazolinone produdtl may be obtainedfter re-aromatisation(seelater,
Schemel 00, p.75).

In general, iwasobserved that electromich aryls outperform their electronpoor
variants and stronger oxidative conditions (neat oxygerawywererequired for the
conversion of heterocyclic pyridine and pyrazole substrates to the desired
quinazolinonest.95and 4.23 (to avoid trapping otV with [Si}H to givelX). Other
common minor sidegeactions observed includetrapping of radicalll with O, (V1)

or [SitH (VIII), and collapse of iminyhdicallV ¢ Jscission/nitrile translocation) to the

correspondingnitrile-amide ).

&L —ER

N Fe'l(acac),
|

0, 1]
Fe'(acac),L “

Fe(acac);

PhSiH3J iPrOH

H-Fe(acac),
11

Side-Products

X X X
‘(het) N M @)’LN @)LH/\/*
R// m R// HN -- R// N
N / ;
1X X

X = OH (VII), H (VIII)

Scheme99. Proposed mechanism of the HAiEdiated radical domino reactido give
guinazolinone¥land structures of sidproductsVIi¢cX.
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The pathway for oxidation of radicsl (Scheme99) is unclear, though probable
scenarios argllustrated in Schemel00 for simplified cyclohexadienyl radicXlto
benzene X). Similar pathways for aromatisation (such as autoxidation of-1,4
cyclohexadienyl radicals), have been proposed to proceed via abstraofica
hydrogen atom by &path A)*3" perhaps rather than combination with,883%and
subsequent loss of a superoxide anigath B)or hydroperoxyl radicalpath C) The

final proposed oxidation pathway arises from SET, though it is more tentatively put

forward (path D).

0
o
=
=
>

= > °

O
]
=
|

0
2

|

W,

= X
o
?
(@]
x

R
]
=
(¢]

S5 x
(]
/
P
I
?
o]
x

Ry
o
=3
o

Schemel00. Potential oxidation pathways of cylohexadienyl radiX& benzeneX).

To further probe the mechanism and to expand the substrate scopeta-
substituted phenyl substituentaere investigatedvith varying electronic properties
(Schemel0l). Intriguingly when electrordonating groups were placadetato the
N-cyanamide alkene, preferential cyclisation occurgetho to the donating group
rather than para (preference for4.96 vs. 4.97 and 4.98 vs. 4.99. Switching to
electronwithdrawing groups at theaneta position resulted in reversed selectivity,
and cyclisation nowoccurredpreferentiallyparato the directing group (preference
for 4.100 vs. 4.101 and 4.102 vs. 4.103. Both thermodynamic and kinetic

rationalisations can be considered here. This phenomenon angg from greater
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stabilisation/destabilisation of the resulting radical intermediaidé Gcheme99)
which is placed directlypsoto the directing group when cyclisation occlwgho.
Alternatively, the preference iartho vsparaselectivity may result in polarity pairing
between the iminyl radical and the aryl ring (i.e. under kinetic control). This has been
found to be the case for the addition of aryl radicals to substituted benzenes, where

the radical addition is believed teelthe rate determining step®°

0 /\/@ Fe(acac); (10 mol%) 0
N PhSiH; (1.05 eq) @f‘\N
N

| iPrOH (0.25M) _
l 50°C, air R
R 3h
0=4.96 (54%) 0=4.98 (43%) 0=4.100 (26%) 0=4.102 (22%)
p =497 24% p = 4.99 (26%) p =4.101 (43%) p =4.103 (36%)
o:p (1:0.4) op(106) o:p (0.7:1)* op(061)

SchemelOL Effect onortho:para (0:p) selectivity with varying electronic groups on the phenyl ring.
Isolated yieldsire quoted. All reactionsereperformed on a 0.5 mmol scale using conditions from
Table7 entry 2. *Productsvereinseparable on silica.
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4.2.4 7 Challenging Substrates

Substrate4.63was subjected to the optimised HAT conditionstonpare6-exo-dig
cyclisationwith 5-exo-dig, which thus far, had been the only ring size attempted.
Unfortunately, the reactionto form quinazolinone 4.104 (involving 6-excodig
cyclisationfollowing initial HATyvas poor (18% Uky LCMS with correct M} with
acomplexprofile obtained (15 peaks on LCMSthemel02). Twomajor undesired
side-products were observed, moroyclised amidinet.105(20% UV by LCMS with
correct MH) and reduced starting material.106 (16% UV by LCMS with correct
MH"). Other notable masses observed were dimers (ZM&hd oxidised starting
material (MH+16), the remaining minor peaks had unidentifiable mass speitts.
to be noted that starting mirial 4.63appeared to bdully consumed in the reaction
(by LCMS)This result suggests that the faster rate of cyclisationZ@xo-dig,
compared to éexodig, allows the desired reaction pathway to proceed in the

absence of the majority of sideeadions.

Fe(acac)z (10 mol%)
N PhSiH3; (1.05 eq)
If iPrOH, 50 °C, air, 2 h

N 4.63 consumed
15 peaks on LCMS

4.104 4.105 4.106
18% by LCMS 20% by LCMS 16% by LCMS

Schemel02 HAFmediated domino reaction ef.63towards desired quinazolinorre104

In order to increase the rate of-@xo-dig cyclisation, substratd.57was tested The
rationale was thathe secondary carbogentred radical generated from HAT would
be less stabilisefand therefore more reactivefompared to substrateél.63 which
produces dertiary carboncentred radicalUnfortunately, a complex reaction profile
was ale obtained (15 peaks on LCMSchemel03). Desired quinazolinond.107
was observed26% UVby LCMS with correct M} along with lesser amounts of
amidine4.108 (7% UV by LCMS with correct Mid Other notable masses observed
were dimers (2MHB), the remaining minor peaks had unidentifiable mass spectra.
Following these two results, effort$o exploit substrates involving6-exodig

cyclisation ceased.
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]
_ Fe(acac); (10 mol%)
NN PhSiH; ( 1 05 eq)
m iPrOH, 50 °C, air, 2.5 h
N

4.57 consumed
457 15 peaks on LCMS

4.107 4.108
26% by LCMS 7% by LCMS

Schemel03 HAFmediated domino reaction @f.57towards desired quinazolinore107.
A set of challenging substratesasselected to probe how tolerant the reaction was
towards morechallenging functional groups (OH, CN2\énd substitution pattern
(ortho). Ortho phenolsubstituted substratel.45wasunsuccessfuh forming any of
the desired quinazolinonproduct 4.109 (Schemel04) and S.M4.45remained at
30% UV by LCMS. The major peak in the reaction mixture was re@uigkd.110
(38% UV by LCMS witlorrect MH), which is perhaps unsurprising given that phenols
can behave as HAYt (or PCE?) reagents themselves artterefore could quench
the radical formed followingnitial HAT-reaction from FeH. Other notable masses

observed weralue tooxidised starting material (MH16 and +34).

OH O OH O OH O
Fe(acac)z (10 mol%)
N PhSiH; (1.05 eq) N N
Il iPrOH, 50 °C, air, 2 h N/ m
N

N 30% 4.45 remained by LCMS
4

4.109 4.110
not detected 38% by LCMS

Schemel04. UnsuccessfiATmediated domino reaction ef.45towards desired quinazolinone
4.109

Orthonitro-substituted substratel.47 also proved to be challenging, with only trace
amounts (<1% UV by LCMS with correct "Mbff desired quinazolinon&.111
observed in the reactiomixture (Schemel05). The major species observed was the
mono-cyclised amidine produc#.112 (72% UV by LCMS with correct NH
suggesting that the second cyclisation eveni&i®matisation was unfavourable.i#
possiblethat more strongly oxidising conditions are required due to Hteong
electronwithdrawing nature of the nitro groupi.eé. the HAT conditions developed

for challenging heterocyclic substrate$jowever, this was not investigated.
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N 4.47 consumed

NO, O NO, O NO, O
Fe(acac)z (10 mol%)
N PhSiH; (1.05 eq) N N
\‘\ iPrOH, 50 °C, air, 2 h N/ HN

4111 4.112
Trace by LCMS 72% by LCMS

Schemel05. UnsuccessfiiAFmediated domino reaction ef.46towards desired quinazolinone
4111

When a nitrile group was placed in tleetho position (4.46) the outcome of the
reaction was particularlinteresting Gchemel06). The desired quinazolinong113

gl a 200FAYSR Ay Y2 RS Nkcisston sidpddude4.145¢1696) 0 >
and curiously quinazolinone regioisomdr114 was isolated in 11% yieldThe
suspectedoute to formation of4.114is outlinedin the boxedareain Schemel06.
Involvingipsoattack by theamidinyl radicallf, followed by fragmentation to the acyl
radical (l) and then attack of the acyl radicalll leadngto the formation 0f4.115
following rearomatisation. Thiphenomenorhas been studied previoustn similar
systems, the authorgrovided computational data that supported the pathway

shown belowt*3

CN O CN O CN CN O
Fe(acac)z (10 mol%) N
N PhSiH; (1.05 eq) N X N
\‘\ iPrOH, 50 °C, air, 2 h N N H \N\
o}

N 11% 4.46 remaining
4.46
4113 4.114 4115
47% by LCMS 17% by LCMS 21% by LCMS
35% isolated yield  11% isolated yield 13% isolated yield

CN O cN Q CN

Q) N o AN L N\
AT VA T N

3 o«
(0]

Schemel06. HATmediated domino reaction @f.46.

To investigate the effect afrtho substitution further, the methoxy group was chosen
(4.41), asitsparasubstituted analogugvas one of the optimum substrat¢g4% yield
seeearlier,Scheme9d8, p.72). Promisingly, the desired quinazolinodel16was the
major species in the reaction mixtur67% UV by LCMS the crude reaction 45%

isolated yield\Schemel07). However, significantly more undesired mongyclised
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amidine4.117(28% UV by LCMS8 crude reactiorwith correct MH) was formed in
comparison to thepara-substituted analogue(trace amounts). This result suggests
that ortho substitution hinders the second cyclisation event, perhaps by forcing the
amide to adopt a conformation lesavourable for cyclisationit is to be noted that

none of the regiasomerof 4.116was observedcf. earlier, Schemel06).

OMe O OMe O OMe O
/\/@ Fe(acac); (10 mol%)
N PhSiH; (1.05 eq)

N N
Il iPrOH, 50 °C, air, 2 h N/ HN
N 4.41 <2% remaining by LCMS
4.41

4.116 4117
67% by LCMS 28% by LCMS
45% isolated yield

Schemel07. HAFmediated domino reaction @f.41to afford desired quinazolinoné.116
Heterocycles, other than theitrogen-containing heterocyclepreviouslydiscussed,
were also investigatedisingthis methodology. ZSubstituted thiophene substrate
4.50was tested at 20 mol% Fe (before optimised conditions were established),
the result is shown below i8chemel08. The reaction profile (after 3 hours) looked
promising, with the desired produet.118as the major peak 8% UV by LCMS) and
some S.M. 4.50 remaining (12% UV by LCMS3jowever, thedesired heterocycle
4.118was only isolatedh a disappointingly low yield (19%iter purification

o) o)
Fe(acac)z (20 mol%)
S N PhSiH; (1.05 eq) S
\_s

N
\‘\ iPrOH, 50 °C, air, 3 h \ N
N 12% 4.50 remaining by LCMS
4.50

4.118
65% by LCMS
19% isolated yield

Schemel08 HAFmediated domino reaction @f.50towards desiredheterocyclet.118
This result highlights one of the major challenges of this projeetction conversion
by LCMSften appearedsuperior to the isolated yields obtained. There are two
plausible reasons for thiphenomenon Firstly, the desired heterocyd products
have stronger UV absorptiortkan the corresponding starting materials and side
products, as they have a largextenrR S R | NlédctdonsBacondly, a proportion

of the desired heterocycle is lost on purificatipassiblydue to ligation with Fe.
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The reactionof 4.50 was repeated under the optimised conditions of 10 mol%
Fe(acag)and the outcome is shown below Bchemel09. The reaction profile (by
LCMS) appeared inferior, with desired proddct18formed in lesser amounts (50%
UV by LCMSs 65%) and moré&.M.4.50 remaining (29% UV by LCNMS 12%).
However, on purification a slightly greater isolated yield of desirdgdroeycle4.118

was obtained (25%s 19%). Tentativelyhis result is consistent with product loss by
ligation with Fe, as though the conversion was lower than thaBadfemel08 the
isolated yieldwas slightly increased as there is less Fe in the reaction mixture (10
mol% vs. 20 mol%). These resuisifemel08and Schemel09) are also consistent
with the earlier observation that 5 mol% Fe gave Hagne yield as 10 mol% despite

apparentpoorer conversionfable7, p.69).

o) o)
Fe(acac)z (10 mol%)
S N PhSiH3 (1.05 eq) S | N
\_s \‘\ /PrOH, 50 °C, air, 2 h \ N
N 29% 4.50 remaining by LCMS

4.50
4.118
50% by LCMS
25% isolated yield

Schemel09. HATmediated domino reaction @f.50to givedesiredheterocycle4.118
For completeness, the more strongly oxidising optimised conditions were also
employedon 2-substitutedthiophene sibstrate4.50. However, the reaction profile

obtained was inferio(Schemel10).

0] (o]
Fe(acac)z (20 mol%)
x N PhSiH,(OiPr) (1.5 eq) S ‘ N
\_s \‘\ EtOAc, 50 °C, Oy, 23 h \ P
49% 4.50 remaining by LCMS

4.118
26% by LCMS

Schemel1l0. HATmediated domino reaction @f.50towards desiredheterocyclet.118
The 3substituted thiophene (4.42) was nottolerated Schemelll). Thereaction
profile wascomplex(14 peaks by LCM3Neither desired heterocyclé.119nor 4.120
wasobserved and many of the peaks contained dimeric masses or other high mass

unknowncompounds.
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17% 4.42 remaining by LCMS
14 peaks on LCMS

0 o o
N@ Fe(acac)z (10 mol%)
7 N PhSiH3 (1.05 eq) /T N S\/j)kN
S \‘\ iPrOH, 50 °C, air, 2 h s P L

not detected not detected

Schemelll UnsuccessfuATmediated domino reaction @f.42to givedesiredheterocycle4.119
and4.12Q

The HAImediated reaction of Zubstituted furan substratet.44 to heterocycle
4.121was investigated§chemel12). Unfortunately, no desired produet.121was
observed in the reaction mixtureyhile along with remaining S.Mt.44(23% UV by
LCMS) the major peak in the reaction was the oxidised prodd@? (21% U\by
LCMS with correct MBl In combinationwith the efforts on the 2/3-substituted
thiophene substrates4(42 and 4.50), this result brought about the end of the

heterocyclesubstrate scopénvestigations

o} o} 0
Fe(acac); (10 mol%)
~ >N PhSiH, (1.05 eq) O ~r "N
\_0

N
OH
\‘\ iPrOH, 50 °C, air, 3 h \ NS \_o \‘\
N 23% 4.44 remaining by LCMS N
4.44 15 peaks on LCMS

not detected 21% by LCMS

Schemel12 UnsuccessfiATmediated domino reaction ef.44towards desired quinazolinone
4,121

Finally, to investigate the potential for an intermolecular variant of the domino
reaction, substratel.85and commonly used donealkene®4.123were subjected to
the optimised HAT cdlitions as showibelow inSchemel13 Unfortunately,none

of the desiredadditionproduct4.124 nor any other addition productsyas observed
after 5 hours The major component of the reaction mixture was unreacted .3.185
(83% by LCMS).

o O

Me
Fe(acac); (10 mol%)
N PhSiHs (1.05 eq) N/NE/
m iPrOH, 50 °C, air, 5h N//‘\O
N

83% 4.85 remaining by LCMS

4.85 4.123 4.124
2.1eq not detected

Schemel13 Unsuccessfuhtermolecular HAmediated cyclisation reaction towards quinazolinone
4.124
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4.2.5 Z Removing Amide Moiety

To investigate the effect of removing the amig@iety onthe HATmediated domino
reaction, a series of substrates were made with the intention of synthesising

amidines (monecyclisation) or benzimadazoles (domino reaction).

Synthesis of Starting Materials

Applyingcrosscoupling conditions from the literatur&* phenylcyanamide4.126
was synthesised imoderateyield (62%)(Schemel14) from bromobenzene4.125
andN-(2-(cyclohexl-en-1-yl)ethyl)cyanamide4.32).

I|I
Pd,dbas (2 mol%)

H
Br NS t-BuXPhos (8 mol%) N
+ N
Cs,CO3 (1.5 eq), Ny
t-AmyIOH, 60 °C, 3 h
4.125 4.32 Y a0 4.126

1.1eq

Schemel14. Palladiumcatalysed crossoupling of4.125and4.32to give4.126
Tosylation  of N-(2-(cyclohexl-en-1-yl)ethyl)cyanamide 432  afforded
tosylcyanamidet.127in good yield 80%)(Schemel15).14°

N

! Tl (1260 I
a Z€e
N THF 0°C-RT, 2h Y \/\O
80%
4.32 Me

4127
Schemell5, Tosylation of N2-(cyclohext-en-1-yl)ethyl)cyanamide4(32) to give4.127.
The same crossoupling conditions that weresuccessful in synthesising
phenylcyanamide4.126 were applied to the crossoupling of 3bromopyridine
(4.128 and N-(2-(cyclohexl-en-1-yl)ethyl)cyanamide 4.32. With increases in
catalyst and ligand loadingyyridinylcyanamide4.129 was also synthesised in

reasonableyield (53%)Schemel16).

Il
Pd,dbaj (5 mol%) |

H
@/Br N\\\N £-BuXPhos (13 mol%) | eV
.
N/ Cs,CO3 (1.5 eq), No N/
t-AmylOH, 60 °C (W), 3 h

4.128 4.32 53% 4.129
1.2 eq

Schemel 16. Palladiumcatalysed crossoupling of4.128and4.32to give4.129
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HAT Reactions

The HAT reaction of model phenglbstrate4.126 was studied (Schemell7). The
major observed product (by LCMS) was the mopdised amiding.13Q whilst the
domino product4.131was not observed. Purification of the concentrated reaction
mixture by reversephasechromatography yieldeanly remaining S.M4.126 The
broad nature of the LCMS peak for amidi#hd 30 and the loss of material on the

column, indicateshat amidine4.130mayhavebeen complexing to iron.

Fe(acac)s; (20 mol%)
PhSiH; (3 eq) N QN
N 7z
»*» oS

iPrOH, 50 °C, air, 1 h HN
19% 4.126 remaining by LCMS

4.131

4.126 4.130 not observed

49% by LCMS
Schemell7. HAT reaction of Myanamide alkend.126
Repeating the reaction with thpreviouslyoptimised catalyst and silane loading did
not improve the reaction profileSchemel18). Unfortunately,lower conversion of

4.126was obtained and none of the desired domipmduct4.131 wasobserved.

Fe(acac); (10 mol%)
PhSiH; (1.05 eq) N QN %
N } ? Y7

\‘\ iPrOH, 50 °C, air, 4 h N
N 63% 4.126 remaining by LCMS

4.131

4126 4.130 not observed

20% by LCMS
Schemel18 HAT reaction of Myanamide alkend.126
Tosylsubstrate4.127 was investigated under HACbnditions and the outcomeés
shownbelow inSchemel19. Interestingly, nitrilemigration product4.134was the
major product, alongside small amounts of amidhé32. TheS.M.4.127was fully
consumed (by LCMS) andne of the domingproduct 4.133was observed. Thie-
scission event leading to the formation of nitribeigrated product 4.134 is
presumably favoured due to the extra stabilisation of the nitrogen radical, provided

by the S@group.

85



/,

Oy, L2 /\/@ Fe(acac); (0.2 eq) O\S
BN PhSiH; (3 eq) O N /©[
Q \| iPrOH, 50 °C, air, 1 h /@ ” % Q

N 4.127 consumed by LCMS

4127 432 4133 4134
10% by LCMS not observed 62% by LCMS
47% isolated yield

Schemel19. HAT reaction of Myanamide alkend.127.
3-Pyridine substituted substratd.129was subjected to HAGonditions shown in
Schemel20. The reaction proceedesinoothlyto the monocyclised amiding.135
(84% by LCMSWith none of domineproduct4.136observed As was the caswith
the phenylvariant, purification of the amidine proved challengsugd unfortunately

4.135was not isolated.
Fe(acac); (25 mol%)

0
rL PhSiH; (1.5 eq) “ NQQ E\rN
7
m iPrOH, 50 °C, air, 1 h 0 NH N//\N
N/ 6% N

4.129 remaining by LCMS

4.135 4.136
4.129 84% by LCMS not observed

Schemel20. HAT reaction of Myanamide alkené.129
Inspired by{ ( F NNR& YSGK2R T2N K2 mhbRaddoNkase t I (A ;
repeated under the conditions shown Bchemel21l The major species remained
amidine4.135 however a small amount of domifroduct4.136was observed by
LCMS. Unfortunately, due to incomplete conversion and only mimoouats of
desiredproduct formed, the reaction and the exploration of further substrates was

abandoned.

Fe(acac)s (0.5 eq)
PhSiH;3 (1.5 eq)

|T| TFA (2 eq)
tBuOO(tBu (3 eq)
N S * E\’/N/
| EtOH, 60 °C, 14 h | )\ N//\N
30% 4.129 remaining by LCMS N

N
4135 . 4.136

Schemel21 HAT reaction of Myanamide alkend.129

The amide moiety appears critical to the success of the -rhadliated domino
reaction.In its absencethe major product is often the monroyclised amidine which

is challenging to purifylt is possible the amide isrequired to rigidify the
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conformation regired for the seconayclisation step and also providing electronic

activation of the aryl ring.
4.3 Z Summary

In summary, HAT methodology to enable the synthesis of (spiro)quinazolinone
scaffolds from tractableN-cyanamide alkenes (synthesised from theitid and
cyanamide counterpartd)as been developedlhe reaction has been shown to be
scalable and has been optimised twlerate challenging electromleficient
heterocycles. An oxidative step is believed to be the key event in the synthesis of the
quinazolinone products and the mechanism of the transformation has been probed
through a study of varying electronic properties of the accepting aryl Hogefully

this methodology will prove to be a general route to valuable quinazolinone scaffolds
in the fuure. Highlights of the work discussed in Chaptemwgre published in
Chemistryg A European Journal (202060t papej.?
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5 z Side-Projects/Future Work

5.1 z Radical Cyclisations of Sulfinimines

5.1.1 z Background

Inspiration for thischapter of workregardingradical additions to imine derivatives
was providedoy Garcia'*® Stockmant4’ Malacrig'*® and Clive*® Of particular note,
Stockmarreported that diral aminecanbe formed by the highly diastereoselective
intramolecular addition of alkyl and aryl radicals onto chiral mesityl sulfinimines

(Schemel22) 147

Aromatic radical precursors Aliphatic radical precursor
N
_ Mes|

(01451

N

01+,Mes

Cr

T
A

- X
o
st T n 9 NH
N"""Mes ol '~ N >

5 HN-g*
\ .
Mes — .
X=CHy, n=1,5.2,61%, de >98%
X=0,n=1,5.3,63%, de >98% 5.5 5.6
(X=0,n=2,54,48%, de >98% 3l 73%, de >98% )

Unsuccessful cyclisation

-
<
T

5

L

O_J,Mes

5.8
51%

N

Olé,Mes

$ :
J—— Ny
—_—
N
Ts

7

J

Schemel22 Aromatic and aliphatic radical dygations of sulfinimineseactionconditions: BeSnH,
AIBN, PhH, reflux

SMesitylsulfinimines arable radicahcceptors andindergo radical cyclisations with
excellentcontrol of diastereoselectivityde >98%) The product chirasulfinamdes
(5.2¢5.4) shownabovein Schemel22 are easilydeprotected(4M HCI, quantitative

yield)to givethe correspondinghiral amines.

However, this work has limitationSubstratesuch a$.7 undergoelimination of the
terminal iodide to formthe correspondingalkene Whilst tn-free conditionscould
be used, taken fromMalacrigCurralQd Y S (i K'¥ #élds fvéte@ diminished

dramatically in all cases as a consequence. In addition, it was reported that
mesitylsulfinimine was radical

required to promote the cyclisatiorter-

butylsulfinmine was not active), as was the need for an iodide radical precursor.
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5.1.2 z Methodology Outline

The aim of this projectvasto develop HAImethodologybased on the work shown
previowsly inSchemel22, to provide access to new (hetero)cyclic compou(&i40)
via radical cyclisatiowith templates bearing chiral sulfiniminés.9) (Schemel23).
Suchfused aryl/aliphatic ring systems woybdovideinteresting chiral building blocks

for biologicalscreeningcollectionenhancement>%155

5.9 5.10

X =C, O, NH, NR
R = Me, F, BRy, O, NR,

Schemel23 Outline of the methodology proposed for this project.

Initial reactions were carried ouwith the aim of exploiing tolerance of ring size,
along withheteroatons at the X positionfor the desiredexo+trig radical cyclisation
reactions. The R group remained as methyl for this preliminary workrt-

butanesulfinamidevas chosen as the chiral motif, as itesadily accessible.
5.1.3 z Synthesis of Starting Materials

The starting material$or the desired HAT reactiongere not commercidy available.
Theefore, precursor functionalisedaldehydes (5.12, 5.14, and 5.16) were

synthesised as shown below3themel24.
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o}
L
B(OH),

5.13

o

5.15

o

3.17 0

(1.4 eq) @H
o/ﬁf

5.12

K2003 (1 5 eq)
Acetone
60°C,1h
87%

R

3.17
(1.2 eq)
Na,COj3 (2 eq)
PdCl,(dppf).CH,Cl, (10 mol%)

I

IPAC:H,0 (4:1), N,
100 °C, 1.5 h
17%

DMF (2.5 eq) o

THF, N,
-78 °C — RT, overnight
54%

n-BulLi (1.5 eq) Q%/HW‘/

5.16

Schemel24. Unoptimised yields for the synthesis of starting matefal®, 5.14and5.16.

Substrate5.12 wasreadily synthesisecbn a large scale (5 g) laykylation'®® of the

corresponding phenob.11 in high yield (87%). The Suzikiyaura reaction of

boronic acid5.13 afforded desired substratés.14 in poor yield (17%)issues with

protodeboronation and purificatiomerelikely attributed to loss of desired material.

Neverthelesssufficientmaterial was isolated. Lithiation of bromidel5followed by

reaction with DMF provided aldehydb.16 in reasonable yield (54%) This

procedure should be used fature to acces$.14

Developed in 1997 b¥liman'®® two high-yielding and general methods for the

preparation ofchiral tert-butanesulfinyl aldimineg5.18) and ketimines(5.19) are

shown inSchemel25through reaction withtert-butanesulfinamide§.17).

H

P 8 i
0 R
S. 2 .
CusO, tBu” N7 "R! 5.18
?
So., — 2
t-Bu” " "NH, j\ 9 R2
517 07 R! - 519
Ti(OEY), BUT N° RT S

Schemél25. General methods for the synthesiscbiral tertbutanesulfinylldimines $.18) and

ketimines §.19).
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The most straightforward method for the preparation of aldiminéslg) is the
condensation of aldehydes arnert-butanesulfinamidg5.17) usingCuS@as a Lewis
acid catalyst and water scavendé&®!®>® For the preparation of ketiminess(19),
Ti(OED s the preferred Lewis acid and water scavengsing this methodology, the
aldehydes in hand5(12 5.14, and5.16) were transformed into the desiretert-
butanesulfinyl aldimine$5.20¢5.22) shown below in Schemel26. Pleasinglytert-
butanesulfinyl aldimine$s.20and5.22were synthesised in high yie{@9% and 97%)
The formation of5.21 proceeded sluggishly under CuS€énditions, addition of
Ti(OEY aided conversionbut a poor yield (20%%till resulted Repetition of the
experiment on a larger scale unddi(OEY conditions from the outset would

potentiallyyield5.21 in an improved yield.

" 0 CuSO, (2.4 eq) N‘ o
+ 'S\ H
OY £BU” " "NH, DCM

RT, weekend
5.17 oo, O/W(
5.12 1.1eq

t-
0 CuSOy4 (2 eq) é
then N Ie)
H 0 Ti(OEt), (5 eq) \
+ LS. - = H
t-Bu NH, DCM
RT, 3 days
517 0% y
5.14 12eq
5.21
t-Bu
0 So
: NS0
H (H) Ti(OEt)4 (5 eq) |
* LS. H
t-Bu NH, DCM
RT, overnight
5.17 pabo) 9
5.16 1.1eq

Schemel26. Syrihesis ofdesiredtert-butanesulfinyl aldimines.20¢5.22
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5.1.4 Z HAT-Mediated Cyclisations of Sulfinimines

Importantly, sufficient material was obtaindd trial the HATmediated cyclisation
reactiors, the results of which are show(fable9). The d.r. of these reactions were
determined usingH NMR for 5.23and5.25analysis of the crude reaction mixture
(after citric acid washes to remove Fe species usedThe d.r. 0b6.24was obtained

after purification by MDAP as there was sparse material.

Table9. Isolated yields for the-6-exo+trig radical cyclisation reactior chiral sulfinimines

Substrate Product Isolated Yield (%) / (d.r.)
é—Bu s—Bu
N‘/ ~o HN- S0
CL CrY
g 0 59(68:32)
5.20 5.23
t-Bu
N/é‘\o 't—Bu
| HN—Sy
H o
©©< 67 (57:43)*
5.24
5.21
ét-Bu £-Bu
N "o NS0
v oof
39(68:32)
5.22 5.25

Reaction conditions: Fe(acab) mol%, PhSi{3.0 eq), EtOH:HFIP (1:1),X&0) 1.52 h.
*d.r. obtained after isolation by MDAP.

Interestingly, due to the increased electrophilicity of tieet-butanesulfinyl aldimine
compared to the nitrile group, the desired cyclisation of oxytieked substrates.20
proceeded faster than the competing @dlylation sidereaction (which was only a
minor sidereaction cf. nitrile substrateearlier, Scheme72, p. 54) and sufficient
quantities of5.23 could beisolated (59%) Unfortunately, poor diastereoselectivity
was observed (d.r= 68:32,'H NMR). Eexotrig cyclisation of5.21 also proceeded

well to form5.24in good yield 67%)but again, poor diastereoselectivi{g7:43)was
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observed. The @xotrig cyclisation 06.22proceeded well to the cyclic sulfinamide
5.25 but problems in purification led to a diminished yiel®9%) Poor

diastereoselectivity(68:32) in agreement withs.23, was unfortunately seen once
more. With the promise of the nitrile ethodology at the time and the disappointing
RONPQE 20aSNBSRI ¥ dzii dzZNBThareldtide stergbchénfisirya

of the major and minor diastereomers were not determined.
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5.2 7 HAT-Mediated Oxidative Multicomponent Reaction

5.2.1 z Background and Methodology Outline

Shown below irschemel27is the outline of the proposed strategy to achieve a HAT
mediatedoxidative multicomponat reaction If malononitrile(5.27) wascondensed
with an aldehyde§.28), the correspondingC=C bond5.28) could be utilisedas an
acceptor in a HAMediated crossoupling reaction with an additional donor alkene
(5.29. The intermediate crossoupled malononitrile product (or radical
intermediate) (5.30 could then undergo oxidation to the desiregroduct as the

functionalised ester or acid(31) (depending on the reaction solvent).

) R"’\/\R3 R? R?
1 R R R3 o R? R3
RTH C N ///\\\N | 5.29 [O]
o) P “ HAT | (R*OH) .
Ny NEINy 07 “OH/OR
5.26 5.27 5.28 5.30 5.31

Schemel27. Outline of the proposed HAfediated oxidative multicomponent reaction, with the
aim to optimise to a ongot no addition methodology.

The ultimate aim for this HAMediated oxidative multicomponent reactionasto
optimise itinto a onepot, Ho additiormethodology. This would allow for the
synthesis of highly functionalised acids/esters from simple tractable building blocks

(malononitrile, aldehydes and alkenes).

The inspiration for thisnvestigationcame from work by Helchen and Hayashi, on
the oxidation of malononitrileThe oxidation of malononitriléas been previously
reported'®® but it was not until work by Helmcheet al. that the functional group
interconversion became synthetically viable transformatiotf! Optimisation of the
oxidation of chiral malononitrile derative 5.32 accessed by iridiuratalysed allylic

alkylation methodologyto methyl ester5.33is shown below irschemel 28
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[0]

Nao AN Cs,CO3 (1.1 €q) O<_OMe
t—BuPhZSiOD*\// MeOH t—BuPhZSiO\L

220°C,3h
5.32 5.33
" [O]= mCPBA (1.5 eq), 87% .
| [O] = MMPP (0.75 eq), 81% !
! [0] = H,0, (1.2 eq), 39%
| [0] = TBHP (1.3 eq), 13%

Schemel 28 Oxidativedegradation of chiral malononitrile derivati#32

Two optimal oxidants were found to facilitate the desired transformation, with
methyl ester 5.33 isolated in good vyield with eithemCPBAor magnesium
monoperoxyphthalate(MMPP) It is to be noted thatmnCPBAwas not found to
epoxidise the doubldond (but isomerisation occurreat temperatures above 8C).
The authors stated that they pursuddMPPfor their methodology, asvorkup and

purificationwere easier thanwith mCPBA

Also of note is the work bydyashiet al.who devised a efficient amidation method
between readilyavailableh -substituted malononitriles(5.34) and amines(5.35),
simply with molecular oxygen ana carbonate basdo afford the desired amide
(5.36) (Schemel 29).162

O, (1 atm)

o)
CN R2 K2CO3 (2 eq)
R + H*NI _— RK)LN/RZ
CN R MeCN (0.1M) et
5.34 5.35 RT
- 51-96% 5.36

2 eq

Schemel29. Oxidativeamidation of asubstitutedmalononitriles withaminesusing Q.

Thisoxidative protocol can be applied bwth sterically and electronically challenging
substrates ina highly chemoselectivepractical, and rapid mannefThe useof
cyclopropyl and thioether substrates support tmadicatmechanism outlined in
Schemel30. Radical formation of " -peroxy malononitrile speciet.40 through
reaction of 5.38/5.39 with oxygen forms dioxirane 5.41 via cyclisation of
intermediate5.40. Thiscanin term be opened withmalononitrileh -cabanion5.38

to affordtwo equivalents ofctivated acyl cyanid®.43 upon release of cyaniddhe

acyl cyanidenaythen reactwith amine nucleophileso afford amide5.44.162
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CN base CN 0, CN ‘ NC. O o
—_— © Q —_— ~
R)\CN R)\CN R)\CNK" R}C/N ©
5.37 5.38 5.39 5.40
Q@
) fon]
. NC\LSCN CN/_\ -
o o
i NH,R' i -[eN| o @ R/‘\CN 0—0
R” “NHR' R™CN R™OCN 5.38 R” CN
5.44 5.43 2 5.42 5.41

Schemel30. Proposed mechanism of amide formation via acyl cyabida

5.2.2 Z Results and Discussion

A proof-of-concept reaction wasstudied to investigate theHAFmediated cross
coupling of malononitrile deriveB.47and donor alken®.46to give desired product
5.48 (Scheme 131). Firstly formation of 5.47 by condensation of 4
bromobenzaldehydex(45 and malononitrile §.27) was carried outBromineatoms
were included to makéhe products of the reaction easier to monitor by LCMS due
to the characteristigsotope pattern After preformation of intermediateés.47, a slight
excess of the donor alkerte46was introduced under HAT conditions. Pleasingly, the
desired crossoupledproduct5.48was isolated in moderate yiel@8%)along with

the reduced malononitrile derivativé5.49, 47%)without any other major side
products. Itwasenvisagedhat the yield of the desired crosupled product.48

couldbe increased upon alteratioof the donor:acceptor alkene ratio.

EtOH, 1 h, RT
then 5.46 (1.5 eq)

Br Fe(acac); (0.5 eq) Br Br Br
PhSiH; (3 eq)
Q(H + N///\\\N +
50°C,1h
Z N

(0] 5.27 pz N
=N

2
5.45 1.1eq Br N
5.48 5.49
B ‘ 48% 47%
(j/\)L N// \\N

5.46 via

Schemel31 Proof of concept for the HAMediated crossoupling of malononitrile derivesl47and
donor alkené.46to givedesired produch.49.

Subsequently, the desired cressupled product5.48 was subjected to the

optimised oxidation conditions showearlier Schemel28 p94). Pleasingly, the
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desired methylester 6.50) was isolated in good yiel@5%)when usingmCBPA as
the oxidant(Schemel32).

Br Br mCPBA (1.5 eq) Br o
Cs,CO3 (1.1 eq) O
R 0
o N -20°C,3h fo) OMe

85%
5.48 ’ 5.50

Schemel32 Oxidative degradation of malononitrile derivatisel8to givemethyl estel5.50.

These resultproved that the desired functionalised ester could be accessed, in a
step-wise fashionand actedas a proofof-concept for theHATmediated oxidative

multicomponentreaction

Some initial work was carried oub optimise the potential onepot HAT cross
couplingoxidation procesgshown belown Tablel0). Alkene6.23was used as it was
more readily available andddition of HFIP wasnvestigatedsince it had proved
beneficial for the alkenaitrile methodology Three oxidants were chosgas well as
the inclusion of basic conditions under air, based on the workieknchen'! and

Hayashi®? respectively.
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Tablel0. Screening of oxidants for the opet HATmediated oxidative multicomponemngaction

Br N///\\\ N B Q/Y
B
Q{H (5.27, 1.1 eq) (5.51,2 6q) r
_ =
EtOH | Fe(acac)s (1 eq)

5%

0 i i e
5.45 R Tommn NZ SN "5 tlé,(? 0
5.47 s, 52
+ 032003 1 1eq)
-20 °C - RT
overnight
5.53
HAT Reaction 5.52 . 5.53
Solvent (%UV by Loms  OXidant[Oea) o0y Lems
EtOH 47 TBHP (1.Fhen 1.5 0%
a 46 mCPBAL.5then 1.5 0%
a 47 MMPP(0.75then 0.79 0%
EtOH:HFIP 60 Air 0%

Addition of oxidant and base made-20xC, then run at RT overnight andx&0for 4 h after second
addition.

Disappointingly, none of the reactions showed any conversion to the desired ester or
acid (5.53; the malononitrilederived crosscoupled product 5.52 appeared
unconsumed across all conditions (by LCMS). It is to be noted that intermédi@te
couldnot beisolated, though the mass and isotope patt@inservedwere consistent

with its formation ashe major productAdditionally,the inclusion of HFIP in the HAT

step increased the conversida 5.52(60%vs 4647%).
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5.3 Z HAT-Mediated Migration Methodology
5.3.1 z Background and Methodology Outline

Exploitationof the observedl,5toyl migrationreaction §hown earlierin Schemes6,
p.51) into a useful methodology for the synthesis of functionalisedines(5.55
from N-tosyl alkenesJ.54) was envisaged(Schemel33). This work would be an

addition to other radical Smiles methodologies (recently reviewéd).

! HAT 1
fe) R
\\S/r' \H)LR?’ Hl{l\M)<R2
24 -SO 3
R n ( 2) A R
5.54 5.55

Schemel33 HAFmediated migratiormethodology to access functionalised amines via loss fafrsul
dioxide.

Studeret al.havepreviously reported tereoselective radical aryl migration reactions

from silicon to carbotf®1¢4andsulfur to carbon65166 The 1,5aryl migrationof 5.56

from sulfur could be performed with high yields and selectivitiesdeliver alcohol

5.57, as is shown below Bchemel 34. This work was partly inspiredy2 i KSNJ St f Q:
biaryl synthesisusingboth 1,4- and1,5-arylmigrationsfrom sulfur to aryl radicals6%

169

0P BuzSnH, AIBN
,S\O Benzene (0.03M) OH
Ar /f\)\ syringe pump /’\/L
| Then MeLi 'Ar
26-76%
5.56 d.r (13-6:1) 5.57

Schemel34. Sereoselectivel,5-aryl radical migrationby Studeret al 156

Attempts byStuderet al. to extend this nethodology to sulfonamides were made,

but it was found that the radical 1;&ryl migration was not as efficient as in the
sulfonate series described above and isolation of the desired amine proved elusive
(reduction and elimination products were also repat).16 It is worth notingthat in

the 1970s, Speckamgt al. reported moderate yields for the 1;dryl migration of

sulfonamides derived from piperidinessingBusSnH methodology)’°

More recently, Shenwet al. published tle synthesis of the privilegeda&ylmenthol
class by radical arylation of Isopulegalfonates 5.58) (Schemel 35).17* They utilised
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HAT methodology tdacilitate the transfer of a range of aromatic groupsipgo
attack of the generated radical onto the sulfonate, libéngtsulfur dioxide, to give

their desiredisopulegol analogue$(9) in a range of yields

H Mn(dpm); (1 eq) H | Ar
; PhSiH; (1 eq) :
_—
y TBHP
Me" ‘OS0,Ar Me" OH

i-PrOH. Argon
22°C
5.58 15-91% 5.59

Schemel35 HAFmediated 1,6aryl migration reaction of Isopulegol analogues.
Whilst this work bears a striking resemblance to the proposed methoddgyeme
133 p99), the scope is limited to 1;Gigration reactions and only cgerns alcohal
derived sulfonates. Conversely, tHBAT methodologyaimed to focus oramine

derived sulfonamides and varied migratipatterns.
5.3.2 Z Results and Discussion

Theinitial migrationresult came unexpectedly during the HAEdiated cyclisation
reaction oftosylprotected substrate3.22, which has been discussed earlier in this

report (seeSchemes6, p51), but can be seen again beld®chemel37),

~
Fe(acac); (0.6 eq total)
PhSiH3 (4 eq total) _N
’}‘Y EtOH:HFIP Z N
0=8=0 + o:é:o
? 50 °C, 2 h total N
then H [ ]

HCI (EtOH:H,0)
50 °C, overnight

N N

= =
@\// [1,5]-migration ©\//
N/\( (-S0,) N
(not concerted as shown)

; 0
=S=0
C 3.144

3.143 3.141

Schemél36. Interesting [1,5] tolyl group migration reaction, upon release of sulphur dioxide.

Firstly,the [1,5}migration reactionwvas investigatedvithout the interference of the
nitrile-cyclisaton reaction.Thus, slfonamide5.61waspreparedby alkylation ofN-

tosylaniline 5.60) in excellentyield Schemel37).
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©\ K2003 (1.5 eq)
\)L NY

Acetone |
3.17 60°C,2h Ts
5.60 12eq 94% 5.61

Schemel37. Synthesis 05.61via alkylation reaction.
The HAImediated [1,5]tolyl-migration reaction of5.61 was investigated and the
results are Bown below inTablel1. Poor conversion to the desired produét62)
was observed across albnditions testedentries 1-4). Theaddition of HFIP did not
appear to bebeneficial(entry 1 vs. 2)neitherdid the concentration of the reaction
(entry 1 vs. 3). The largest increase in conversion was seen with increased ke(acac)
and PhSiklloading(entry 4) Poor conersion may be rationalised by the absence of
a strongly stabilising group on the nitrogen, which should help promote the desired

reaction by stabilising the intermediaté-radical formed following tolyinigration.
Tablell. Investigation into the HAImediated [1,5] tolyl migration reaction &f61towards5.62

Fe(acac); (varied eq
©\ PhSiH; (varied eq) @\
NY EtOH:HFIP (varied ratio)
Ts

50C2h

5.61

Entry EtOH:HFIP (M Fe(acac)(eq) PhSiH(eq) 5.62by LCMS (%

1 1:1 (0.17) 1 3 9
2 1:0 (0.17) 1 3 8
3 1:1 (0.06) 0.5 3 10
4 1:1 (0.17) 0.5 6 17
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6 z Summary and Future Work

In summary, two new HAmediated intramolecular cyclisation methodologies were
RAA0O20OSNBR yYyR RS@St2LISR:E dziAfAaAiay3a |/

both pieces of work werpublished in Chemistrg A European Journaf

The first methodology involves a HATediated intramolecular €€ coupling reaction
between alkenes and nitriles, using PhSaHd catalytic Fe(acacMWhichintroduces

a new strategic bond disconnection for riapsing reations, forming ketones via
imine intermediates. Of note is the scope of the reaction, including formation of

sterically hindered ketones, spirocycles and fused aliphatic sysifeamemel 38).

(e} NH | Access to:
o (Fused) aliphatic rings

N F
R}\_)\\ phs?ﬂ??;z%ra R)(b {% o Sterically hindered ketones
// exo-dig cyclisation va

® Spirocycles
then H30"

Schemel38 Outline of HATmediated alkenenitrile cyclisation methodology.

Following on from thisaradical domino cyclisatioreaction ofN-cyanamide alkenes,
mediated byHATwasalsodeveloped $chemel39). This methodologwllows for the
synthesis of challenging (spiro)quinazolinone scaffolds from simple, tractable

(hetero)aryl carboxylic acid and cyanamide building blocks.

. Fe(acac)s (10 mol%) 0 Key Features:

0 /\/E’ ‘)I( PhSiH; (1.05 eq) N * Catalytic Iron(lll)
e * Scalable
g ’Prggf,é?'zifM) N//; \ * Spirocyclic quinazolinone scaffolds
)

13 h ( * Heterocycles tolerated

o

z
r
/
>

Schemel39. Outline of HATmediated domino cyclisation methodology.

Future work of this thesis may be concentrated on developing the-idgcts

outlined in section 4.

In future, the useof mesitylsulfinimines(for HATmediated cyclisation)nay yield
improved d.r. ovethe previous investigation dért-butylsulfinimines based on the

work byStockman4’
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Schemel40. Use of mesitylene rather than teloutyl on the chiral motif to improve d.r..

Thereis scope for further work to optimise a ofot oxidation methodfor the
multicomponent HAT reaion (Schemel41). Firsisteps may be to carry oeixclusion
experiments to investigate whether one of the HAT reagents is inhibiting oxidation of

the malononitrile. If a ongot oxidation procedure were to be established,
2LIAYAAlLGAZ2Y Ayid2 | Wy2 matkeRMtO astalflishedY S K 2 |
reacion conditions in hand, aldehyde and alkene substrate scope could be

investigated, with the potential for substrate or catalggintrolled stereoselectivity.

R2

R1 H 1 3
T + Z Ny + Rz\/\ 3 m, R 7 R
N N R R*OH

0~ “OH/OR*

Schemel4l Ultimate aimg one-pot W yI- 2R R A KiAF@Redifted oxidative multicomponent reaction
to access structurally diverse acids/esters.

Finally, Giture studiesmay be aimedt the optimisation ofthe sulfonamide substrate
to givethe desired [1,5] or [1,6] HAMediated migration reactio{Schemel42).
Screeningf a range of variables could be envisagetal source, ligands, additives,
silane source, solvent and atmosphere. Osagésfied with the reaction conditions,
substrate scopecould be investigatedto broadenthe outlined methodologyin

Schemel 42 (electronics of the Rgroup may prove pivotal)

1
o HAT R’ )
N _N 3 _— > | R
RY, N (-s0y)  HN R®
n

Schemel42 HAFmediated migration methodology to access functionalised amines via losswof sul
dioxide.
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8 z Experimenta |
8.1 z General Informati on
Solvents and reagents

1 Solvents (anhydrous) and reagents were purchased from commercial

supplierso2 6 i AYSR FTNRY DfFE2{ YAGKYtAYySQa |

used as received without further purification.

Where materials were synthesised, full procedures or literature references to

procedures are provided.
Chromatography

Thin layer chromatography (Tl was carried out using plasbacked 50 precoated
AAEAOLF LI GSE O6LI NIAOES aAT S nodH ¥X0 @
= 254 nm or 365 nm) and then staineslhere appropriate with potassium
permanganate solution followed by gentleeating. Normal phase silica gel
chromatography was carried out using the Teledyne ISCO ComBiRfasipparatus
with RediSef silica and Biotage SNAP KRH cartridges. Reverse phase
chromatography was carried out using Teledyne ISCO CombiRésrap@ratus
with Biotag€@ SNAP KE18HS cartridges.

Liquid chromatography mass spectrometry (LCMS)

LCMS analysis was carried out on a®${Acquity UPLC instrument equipped with a
BEH column (50 mm x 2.1 mm, 1.7 um packing diameter) g0d Micromass ZQ MS
using alternatescan positive and negative electrospray. Analytes were detected as a

summed UV wavelength of 2850 nm. Two liquid phase methods were used:

High pH(HpH)¢ 40xC, 1 mL/min flow rate. Gradient elution with the eluents
as (A) 10 mM agque@uammonium bicarbonate solution, adjusted to pH 10

with 0.88 M agueous ammonia and (B) acetonitrile. Gradient conditions were

120
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initially 1% B, increasing linearly to 97% B over 1.5 min, remaining at 97% B

for 0.4 min then increasing to 100% B over 0.1 min.

Low pH(Formic)¢ 40 xC, 1 mL/min flow rate. Gradient elution with the

eluents as (A) #D containing 0.1% volume/volume (v/v) formic acid and (B)
acetonitrile containing 0.1% (v/v) formic acid. Gradient conditions were
initially 1% B, increasing linearly 7% B over 1.5 min, remaining at 97% B

for 0.4 min then increasing to 100% B over 0.1 min.
Nuclear magnetic resonance (NMR) spectroscopy

Proton ¢H), carbon¢C) and fluorine'fF) spectra were recorded in Cp&lambient
temperature using standard psg¢ methods on any of the following spectrometers

and signal frequencies: Bruker 400 {H = 400 MHZC = 101 MHZ%F = 376 MHz)

and Bruker AAGOO fH=600 MHZ¥ ' mpwm al Tl 0 ® | KSYAOIt &
in ppm downfield from MegSi, in the absere of MaSi chemical shifts were
referenced to the NMR solvent. Peak assignments were made on the basis of
chemical shifts, integrations, and coupling constants using COSY, DEPT, HSQC, HMBC,
NOESY and ROESY where appropriate. Coupling consjaauts (erted in, and

quoted to the nearest 0.1 Hz féH, 13C and*®F, and multiplicities are described as
singlet (s), doublet (d), triplet (t), quartet (q), quintet (quin), sextet (sxt), br. (broad),

app. (apparent) and multiplet (m).

Infrared (IR) spectroscopy

IR spectra were recorded using a Perkin Elmer Spectrum 1 machine. Absorption

maxima ¥may) are reported in wavenumbers (EHto the nearest whole number.
Melting Points

Melting points were recorded for crystalline solids, using either a BucB6™or
Stuart SMP10 melting point apparatus. Melting points are given as a range, to the

nearest whole numbers, in degrees Centigraxi€)
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Mass directed automated preparation (MDAP)

MDAP was carried out using a Waters ZQ MS, using altesgate positive and
negative electrospray and a summed UV wavelength o290 nm. Threeliquid

phase methods were used:

Formic ¢ Xselect C18 column (150 mm x 30 mm, 5 um packing diameter, 40
mL/min flow rate). Gradient elution occurred at ambient temperature with the
eluents as (A) D containing 0.1% volume/volume (v/v) formic acid and (B)

acetonitrile containing 0.1% (v/v) formic acid.

High pH(HpH)¢ Xselect C18 column (150 mm x 30 mm, 5 pm packing diameter,
40 mL/min flow rate). Gradient elution occurred at ambient farmature with the
eluents as (A) 10 mM aqueous ammonium bicarbonate solution, adjusted to pH

10 with aqueous ammonia and (B) acetonitrile.

TFAC Xselect C18 column (150 mm x 30 mm, 5 um packing diameter, 40 mL/min
flow rate). Gradient elution occurred ah@ient temperature with the eluents as
(A) H.O containing 0.1% volume/volume (v/v) trifluoroacetic aadd (B)

acetonitrilecontaining 0.1% (v/v) trifluoroacetic acid

The elution gradients used were at a flow rate of 40 mL/min over 20 or 30 min

dependingon separation:

Method A 0-25% B

Method B 15-55% B

Method C 30-85% B

Method D 50-99% B

Method E 80-99% B
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High Resolution Mass Spectrometry (HRMS)

Highresolution mass spectra were recorded on a Waters XEV{XS5@uadrupole
time-of-flight mass spectrometer, with analytes separated using an Acquity UPLC CSH

[ my O2fdzyYy o6mnn YY E HOM YYZI mMdT >Y LI O/
mL/min flow rae, 50X = Ay 2SOiA2y @2t dzyYS ndu >[ ® DN
containing 0.1% (v/v) formic acid and (B) acetonitrile containing 0.1% (v/v) formic

acid. Gradient conditions were initially 3% B, increasing linearly to 100% B over 8.5

min, remaining at @0% B for 0.5 min then decreasing linearly to 3% B over 0.5 min
followed by an equilibration period of 0.5 min prior to the next injection. Mass to

charge ratiosr/z) are reported in Daltons and error in ppm. An error of less than

5ppm is deemed to be carstent with the proposed molecular formula.
Significant Figures

Reagent quantities are quoted to the accuracy of the equipment used (e.g. balance,
syringe etc.), which may vary, in all cases reaction yield is rounded up to the nearest

percentage(%).
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8.2 z Synthetic Procedures for Section 3
8.2.1 z Synthesis of Substrates

N-(2-cyanophenyl}4-methylbenzenesulfonamide3.12)

— N
N Pyridine -
+ Ts-Cl T
RT, overnight N~ s
NH, 13i11 Then 90 °C, 2 h H
3.10 -1 eq 79% 3.12

A solution of tosylCl 8.11) (2.58 g, 13.42 mmol, 1.1 eq) and&ninobenzonitrile
(3.10) (1.5@ g, 12.72 mmol, 1 eq) in pyridine (13 mL) was stirred at RT overnight. The
solution was then stirred at 9C for 2 h. The reaction was allowed to come to RT
and EtOAc (50 mL) was added and tihgamic layer washed with H&gl (2M, 4 x 50

mL). The organic layer was dried through a hydrophobic frit and concentrated
vacuoto yield a crude pale purple solid. The crude solid was recrystalised from
ethanol, to remove starting material but biesylated product remained. The
resulting white solid was dissolved in DMSO and purified by automated reverse phase
column chromatography on C18 silica gel-883%6 acetonitrile:water adjusted toH

10 with ammonium bicarbonate). Desired fractions weoenmbined,and the solvent

removedin vacuoto afford 3.12as a white solid (2.727 g, 10.02 mmi%).

H NMR (400 MHz, CHLOROFGRM + -7T74 (8Hna),dd.527.57 (1Hm), 7.46

7.48 (LHm), 7.257.28 (2HmM), 7.17 (1H,d, J= 7.6 and 1.0 Hz7.06 (1H, br. sp.39

(3H, s)*3C NMR (101 MHz, CHLOROFGRbM ! ' Mnndy>X mModgdnsI
129.9, 127.4, 125.1, 121.6, 115.7, 104.2, 21.6. LCMS (Formgmic):Q1 min, [MH]

271.2.
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2-(Benzylamino)benzonitrile3.14)17?

A solution of benzyl alcohoB(13 (6.6 mL, 63.5 mmol, 5 eq);aninobenzonitrile
(3.10 (1.5 g, 12.7 mmol, 1 eq), Pd(OARP mg, 0.13 mmol, 1 mol%) and sodium 3
(diphenylphosphanyl)benzenesulfonate (TPPMS) (93 mg, 0.26 mmol, 2 imol%)
water (50 mL) was stirred at 9 overnight. The reaction was stopped and allowed
to come to RT slowly. Then brine (50 mL) was added and the aqueous layer extracted
with EtOAc (3 x 25 mL). The combined organics were dried through a hydrophobic frit
and concentratedn vacuo The resultig crude yellow solid was dissolved in the
minimum amount of hot EtOAc and then cyclohexane added until precipitation was
observed. The flask was left in the fridge overnight to aigstallisation then the
solids filtered and washed with cold cyclohexaibe procedure was then repeated

for the remaining filtrate After drying,3.14was afforded as an off white solid (1.85

g, 8.89 mmol70%).

1H NMR (400 MHz, CHLOROFGR®M + I T ®n78 ardM.b Hz), R#3IB

(6H,m), 6.666.70 (LHM), 6.63 (1Hd, J= 8.3 HY, 5.01 (1H, br. s), 4.43 (2H,J& 5.4

Hz)3C NMR (101 MHz, CHLOROF@RM + I Mpn®dmMX MoT ®T I mMond
127.2,117.9, 116.9, 111.1, 96.0, 47.5. LCMS (Hip#i}t.19 min, [MH'] 209.1.

Failed synthesis of terbutyl (2-cyanophenyl)carbamate3.16)

To a stirred solution of-Aminobenzonitrile 3.10) (1.5 g, 12.7 mmol, 1 eq) in THF (30
mL) was addeBase(NEtor NaH, 1.1 eq), followed Boc-anhydride 8.15) (3.3 mL,
Mn YY2fX modm Sljod ¢KS NBIFOGA2Y AGANNBR |

LCMSf crude reaction mixturshowed no conveien of 3.10, reactionabandoned

125







































































































































































































































































































































































































































