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ABSTRACT

The first part of these studies examines the role aBGn electron transfer reactions when
DMF is the solvent. Hereleprotonation of DMF leads to carbamoyl anlpwhich has been
previously suggested to be an electron donor; in contrasth#ssproposes the formation
of the DMF dimer dianiod as the electron donor, based on experimental investigations.

®0 ®0O
K
o komu 9 oME | p § | KO komu | K9
kN/ @LN/ /N%N/ /N\%\N/ /N%N/
\ © \ \ ko |
‘ 58 o 58
1 2 3 4, electron donor

Scheme 1. KOtBu-mediated DMF dimerisation and electron donor formattion.

An extension of the capability for KBu to act as a powerful base is illustrated with
deprotonation of aromatic and aliphatic aldehydes and formamides s&cands. This

reaction type could be important for understanding thegsoehich underpins formation
of carbohydrates in the prebiotic era.

o \

(6]
Ox O NaH or KOtBu o ‘O ©\) NaH or KOtBu
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® O S
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Scheme 2. C-C bond formation promoted by strong bases.



Long-standing controversial reports of electron transfer fikddtBu to benzophenone have

been studied and resolvétheseresults now establish that a complex is formed between the
two reagents, with the potassium ion providing the linkage. Photoactivation at room
temperature by irradiation at defined wavelength (3680rnm), or even by winter daylight,

leads to the development of the blue colour of the potassium salt of benzophenone ketyl
anion whereas no reaction is observed when the reaction mixture is maintained in darkness

or when Na@Bu is used?

) * A‘ “ J
4 o y
No Reaction = ﬂ“‘-ﬂ "“ - Ko s o
Electron B T

Ph

4 2 Transfer
KOmBu-Benzophenone Benzophenone Ketyl
Complex Radical Anion

Scheme 3. Photoreduction of benzophenone by tR0.?

The second part of this study deploys KH in electron transfer reaciMmilst in THF, KH
promoes a concerted nucleophilic aromatic substitution, in benzgm®motes electron
transfer reactiosvia organic electron donor formation. Here, again KH was found to have

unique properties, different from Naf.

KH (2.0 eq.)
’&@/ PhH solvent /\?f
| | semn \\_/

dehalogenation

H
H
L]
quantum .nmphyf
—_—
tunneling rearrangemenr

radical pathways

Scheme 4. Example of radical pathays triggered by KH in benzene as solvént.
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The last part of this study reveals an unprecedented reactivity of K metal with benzene in
p r e s e nactwatoosf Potassium catiefound to be more effective than sodium cation,
promoting SET and reductive coupling of benzene leading to coupledcprbtiuThe

reaction intheabsence of any cation source shows no reaction.
%o ® X
K

K K ® ‘ Ph
rea'\(‘:(t:;on © é -~ KX { @ }@ ’ — ©/
9 1

10

Scheme5. K metal determines homocoupling of benzene in presence of selected additives.
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PREAMBLE

This work will refer tomanycoupling reactionsvhere transition metals are involved and, in
these cases, the reactions will be named, as in the literatdi@pascoupling reactions

Other examples will refer to transition metede aryldions of aryl halides. Many differences

exist between these two types of reaction in term of mechanism, substrates, selectivity and
effectivenesd-or simplicity, the transition metéitee arylations of aryl halicdavill be named
fitransition metkfree cresc o u p | i n g. Theeetore the ddference of the two reactions

will only be represented by the presence and absence of transition metal.

1 INTRODUCTION

Crosscoupling reactions have been studied since tifecg@tury. The first discoveries on

the ug oftransitionmetals, their salts and complexes, as catalysts for these reactions allowed
efficient GC or GX bond formations to be achievBdA flood of reports has emergéa

the last decad&yhere arylation reactions bloarenes were achieveddertransition metal

free conditionsln fact, it was discovered thatganiccompoundsinder particular conditits

are able to promote-C bondforming reactionsacting as addivesbut nocatalysts|eading

to the formation ofnitiators Despite the fact that the selectivity achieved under transition
metalfree conditions is not as good as the selectivity achieved in the presence of a metal
catalyst, in many cases the yields are comparable. The cross coupling in the absence of
transition metal is only selective with one coupling partneenes in transition metal
catalysed reactions, the selectivity is extended to both reacting partners. This difference is
remarkable when we open the discussion towards the reaction scage aftgourse is

greater in the case where transition metals are present.



This review will focus on the progressive development of regtdlysed crossoupling,
which then will be followed by the more recent findings on e crosscoupling
reactons. Initiation of some of the transition metiaée crosscoupling reactions may be
brought about by benzyne, and so this review alswagws a limited section obenzyne
touching upon its early development but focusing more on the role plageasscoupling

reactions.

1.2 Literature Review

The formation of @C and GX bonds is central to the development of modern organic
chemistry. A great deal of research has been done in the last century enocussy
reactions mediated by transition metalgith time, these discoveries inspired chemists
worldwide to find new reagents and conditions, improving the applications, yields and
selectivity. These discoveries have had a great impact on academic research, the development
of new drugs and materials, damre used in many industrial chemical processes for the
synthesis of pharmaceuticals and other biologically active compounds. Despite the
effectiveness and benefits of crasmupling mediated by transition metals, cpsts
sustainabilityand toxicity limittheir use.

1.2.1Historical Metal -Catalysed CrossCoupling Reactions

Transition metatatalysed crossoupling reactions have a rich and intriguing history,
commencing in the F8century. A lot of chemists worked in this particular field of organic
chenistry and many actively contributed to its development. One of the first protagonists of
this development was Glag&rwho reported the homocoupling of copper acetylitigsas

an example of bond formation between twecapbons to afford4 (Schemeb).

cucl 0, _
O=" vonean = O=—0
NH4OH, EtOH NH4OH, EtOH —

12 13 14, Glaser 1869

Scheme 6. Homocoupling proposed by Glader.



Glaser achieved the dimerisatiof copper phenylacetylide to give the diphenyldiacetylene
14in an open flask. One of the disadvantages of this reaction was the explosive character of
the acetylene intermediai®. Nevertheless, this method has been used quite often in the last

century A famous example of its use is in the synthesis of indigo by Baeyer in®1882.

In 1901, Ulimann extended the copatalysed homocoupling reaction $p’-sp? bond
formation. Differently from Glaser, he underlined how substrates with a carbon atom bearing
a halogen are much more activated and rdadya crosscoupling reactionOne of his
masterpieces wabe dimeriation of 2broma and 2chloronitrobenzene$5 promoted by

the use of supestoichiometric copper sources to afford biak§l(Scheme?).["!

NO, NO,
X Cu, 3.7 eq
—_—
200 °C, neat O NO,

X= Br,Cl
15 16, Ullmann 1901

Scheme 7. Homocoupling reported by Ulimanf.

Since Ullmann, the concept of the use of halegéstituted carbon atoms as activated
centres for crossoupling reactions became established. The use of activated substrates
meant that it became possible to use milder catalysts. Bennett and Turner, in 1914, described
the first dimersation of organomagnesium compounds suchl@aghrough the use of
stoichiorretric quantities of chromium(Ill) chlorid®, as shown in Scheme, &ffording
biphenyl11. A few years later Krizewsky and Turner showed that copper chl(CidEb)

promoted similar coupling reactions on organomagnesium comp&unds.
CrCly O
MgBr
" = O
17 11, Bennett and Turner 1914

Scheme 8. Bennett and Turner reactith.

The early use of nosselective metals as cressupling promoters forced the use of

stoichiometric quantit® of metal in the reaction mixture, which caused-s&#etions. In

1939, Meerwein first reported the effect of copper (ll) salts as a catalyst in the coupling of
3



arenediazonium salts8 with alkenesl9 (Scheme9),' althoudh this was limited to only
particular substrates. In 1943, Kharasch published the first exampfesyf sposscoupling

of vinyl bromide21 with arylmagnesium specid§ mediated by cobalt chloride as shown in
Schem®@M*IMeer wein and Kharaschés reports repr
of a crosscoupling product composed of different couplpagtnersviathe use of metal salts

in catalytic amounts. However, the use of these metal salts as catalysts often entails low

selectivity and yields, with horaooupled and heterocoupled product ratios being substrate

dependeni®tt]
C]
N, CI” o CuCl, (31 mol%) «__Ph
M AcONa, 25% HCI
+ Ph OH
O,N acetone ON
18 19 20, 48%, Meerwein 1939
MgBr CoCl; (5 mol%)
+ /\Br - = X
Et,0
17 21 22, 56%, Kharasch 1943

Scheme 9. Meerwein and Kharasch reactidtst!

One of the first findings, in terms of cross coupling reactions mediated by palladium, was
reported by Heck in 1968 when he described the aogiplf an organenercury reageri23

with alkenes irthe presence of catalytic amounts o8[EidCL] (Schemel0).!? Given the
toxicity of organomercury reagents, in the following years, Mizoroki in #8zhd Heck in
1972114 developed the possibility to couple aryl halides, such as iodobeRégmenzyl and

styryl halides with various alkenes suci2a8sand27, employirg palladium catalysjsvhich

then evolved to the nowamed MizorokiHeck reaction.



Li,PdCl, (1.8 mol%)

_CH
e} 3

1

HgCl _
+ (6)
©/ | CuCly, NaCl, O,, HCI

(0]
MeOH, RT, 24 h
4

2 25, 60%, Heck 1968

[ PACl, (1 mol%)

\
Cﬁ

KOAc, MeOH, 120 °C

23
26 27 22, 74%, Mizoroki 1971
I Pd(OAc), (1 mol%)
©/ . @/\ X
nBusN, 100 °C, 2 h O

26 22 28, 75%, Heck 1972

Scheme 10. Heck and Mizoroki reaction&" 4

Meanwhile, two other chemists separately reported oRkeh@atalysed crossoupling
reactions using Grignard reagents in 1972. Particularly CGHivorked on alkenyl halides
29 while Kumad&® worked on aryl halides such as chlorobenZ2w® obtain respectively

31 and 34 (Schemell). Interestingly, Kmada introduced the use of phosphine ligands to
regulate the reactivity of the metal, procedureused also during later cressupling

research.

MgBr R
[Ni(acac),](0.2 mol%) S

@/\/Br O
+
Et,0, RT

29 30 31, 50- 70%, Corriu 1972

cl [Ni(dppe)Cl,] (1.4 mol %) Et
©/ + EtMgBr ©/

Et,0, reflux, 20 h
32 33 34, 98%, Kumada 1972

Scheme11. Corriu and Kumada reactioRA&1e!

During these years, the usef palladium catalyss was propagated. Particularly
Sonogashiré”! Cassdt®! and Heck!® independently, reported on the 1975 palladium
catalysed coupling of acetylenes suchl@sand 37 with aryl halides(Scheme 1R The

Sonogashira coupling reaction requigesopper salt as eocatalyst, and this combination

5



makes the reaction conigibs considerably milder than the noocatalysed Heck and Cassar
reactions and the CastBiephens coupling reacti&fd, where stoichiometric amounts of

copper and high temperatures are needed.

Ph

B
' [PA(PPha),] (6.0 mol %) 7
@ + Ph

MeONa,DMF, 80 °C, 4 h
36, 88%, Cassar 1975

A\

35 12
Br &
i % [Pd(OAC),(PPhs),] (2.0 mol %)
.
Et;N, 100 °C, 30 min
35 37 38, 88%, Heck 1975
I Ph
= [PACIy(PPh3),] (0.5 mol %) &
//
+ Ph
Cul (1 mol%)
Et,NH, RT, 3 h
26 12 36, 90%, Sonogashira 1975

Scheme 12. Cassar, Heck and Sonogashira reactighs!

Meanwhile, other authors were exploringg trganometallic coupling partners for metal
catalysed crossoupling reactions. Negishi in 197% reported the reaction of alkyand
aryl-zinc derivatives40 and43 with vinyl andaryl halides39 and42 in the presence of a
catalytic amount of a Ni or Pd catalyst to afford the coupledymtsd1 and44 as shown in
Scheme 13Subsequently, Negishi reported the use of zinc reagents and organoaluminium
intermediates as coupling partners, showing that magnesium and lithium are not strictly
required?? Therefore, Negishi and esorkers carried out a metal screening study to identify

the best coupling partnelfs!

R" [Pd(PPhs)a] (5.0 mol %) R™
R'__~ ZnCl R~
X * / %
" R

25 ° R
x=lorBr R THF, 0-25 °C

R',R",R"= H, alkyl or CO,Me.
39 40 41, 70-87%, Negishi 1977

| [PACI,(PPhs),] (5.0 mol %) Ph
/©/ 7ol DIBAH (10 mol %) /©/
+ pn
O2N O,N
THF, RT, 2h
42 43 44, 74%, Negishi 1977

Scheme 13. The Negishi crossoupling reactior? 22



After some initial reports of Eaborn and Migita, I8tin 1978*4 achieved the palladium
catalysed ketone synthesig coupling between aroyl chloride& and organostannanes

such agi6 as slown in Schemd4.

Q [PhCH,Pd(PPh3)CI] (0.05 mol %) Q
©)km . MesSn ©)LM9
HMPA, 65 °C, 10 min

45 46 47, 89%, Stille 1978

Scheme 14. The Stille reactiof*

In 1979 Suzuki® discoveed a very powerful €& bond forming process using more stable
and manageable reagents such as organobé&toeafford the coupled produd®, as well
as milder conditions as shown in Scheb®e Nowadays, this reaction is well known and

commonly used indth industry and academia.

Br - \/B—O [Pd(PPhg),] (1.0 mol %) ©/\/n8u
+ o©

NaOEt/EtOH, CgHg
reflux

35 48 49, 98%, Suzuki-Miyaura 1979

Scheme 15. The SuzukiMiyaura reactior®

Hiyama, a few years later presented a new and safer type ofcougssng between
organosilanes51 (more environmentallyfriendly than organoboron, organozinc and
organostannane reagents) and aryl halig@sr triflates catalysed by either nickel or
palladium and a source of fluoride such as tris(dimethylamino)sulfonium
difluorotrimethylsilicate (TASF) or CsE®

' [[Pd(allyl)Cll,] (2.5 mol %) /©/\
/©/ O SiMes

TASF, HMPA, 50 °C

50 51 52, 89%, Hiyama 1988

Schemel6. The Hiyama reactioi®l



Many other studies have been performed on heterocoupling reactions between a carbon and
a heteroatom, such as the work shown by Buchwald and Hartwig in 1995 where thedreport
the coupling between an amine sucbasr56and bromobenzes85 and54in the presence

of a palladium catalyst and strong base (Schemé&’ 28l

N Br  [PdCIy(P(o-tolyl)s),] (5 mol %) I\O
+
O XQ/ LiHMDS, toluene, 100 °C XQ/
53 54

55, 89%, Hartwig 1995

H o
[Nj ©/Br [PdCly(P(o-tolyl)3),] (2 mol %) ©/N\)
+
(@] NaOiBu, toluene, 100 °C
56 35 57, 86%, Buchwald 1995

Scheme 17. Hartwig and Buchwald reactioK%:28l

Later, ChaR®! and Lam®*? discovered an antieteroaryl GN bond crossoupling reaction
viathe arylboronic aci®9and62and cupric acetate arylation ofilcontaining compounds,
swch as amines, anilines, amides, imides, ureas, carbamates, and sulfordofBieseme
18). The reaction only requires mild conditions such as room tempeaidréhe presence

of air often does not affect the reaction.

Cu(OAc), R'SNR
H B(OH), Et3;N or Py
+ 2
N\ m
r-Neg @Rn. DM, 1 R
58 59 60, up to 93%, Chan 1998
H Cu(OAc), Ar
N ArB(OH), Base N
+ —_—
R% / R% /;
DCM, rt
61 62 63, up to 88%, Lam 1998

Scheme 18. C-N crosscoupling promoted by copper adate, discovered by Chan and L&+

Over the years, many extremely active catalysts were disedyable to trigger the coupling

reaction ofnormallyunreactive aryl chlorides under mild conditions. One exaplevas
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published by Jin in 2010 where different chloroaresesh as chloron-xylene 64, were
coupled with boronic acié5 via Suzuki creéscoupling and great yields were obtained
(Schemel 9).131]

B(OH), O ~
cl Catalyst 67 (0.1 %) YY
+ O AN Ny
EtOH-H,0, K,CO3, 50°C roPd Y

64 65 66, 95%, Jin 2010 67

Scheme 19. An example of recent advances on Suzuki cross coupling.

The metalcatalysed crossouplings have been greatly studied in the last century and many
advances were presented in these years and more are likely in future because of the benefits
these reactionfiave brought to both industry amtademia. Despite many studi¢ke
mechanisms are still not perfectly defined. In all these reactions the metal, ligand or substrate
etc used can vary, so the mechanism can be slightly or significantly different. Ndessth

it is not the aim of this thesis to discuss these mechanisms. The many accepted interpretations

for the mechanisms will beimimised to only a general combined discussion.

As Scheme 2Bhows, the entire process is typified by 3 (or more for mamgsgasfferent

steps. The first is anxidative additiorwhere a substrate such as vinyl or aryl hai@leadds

to a palladium(0) compoun@8 to form a palladium(ll) complex0. The latter species
undergoes &ransmetalatiorwith a different metal, for exaple organozinc in the Negishi
reaction, a Grignard reagent in the Kumada reaction, an organostannane (normally
unsaturated) in the Stille reaction, an organoboron species in the Suzuki caiplimg)ere

an exchange happens between the two metalgpat@dium receives an organic moiety
whereas theother metal receives the halide in its place. The final step isrédactive
eliminationof 73 where the two organic moieties bonded to palladium couple and leave the
complex forming a €C bond affording’4 and reducing the palladium back to Pd(0), which

then catalyses another cycle.



L,Pd(0)
68

R-R'
74

Reductive Oxidative
elimination addition

R
7

L,Pd(ll) R
N LaPd(iI)

73

R
70 X

Transmetalation

M-X M-R'
72 71

Scheme 20. Generic mechanism of a transition metatalysed crossoupling reaction.

1.2.2BenzyneMediated CrossCoupling Reactions

An important chapter in organic chemistry arrived when the speeglésvias discovered.
This species was found to be an intermediate for a wide selection tibmezg@mong them

crosscoupling reactions.

Benzyne was first nated in 1927 by Bachmann and Clarke when they investigated the
mechanism of the WurEittig reaction where chlorobenzene and sodium were refluxed to
give rise to benzene, biphenylo-diphenylbenzene, triphenylene ana,0a
diphenylbiphenyl?? The reaction mechanism for the formation of the latter three species
comes through benzyi® o rfrediphenylene f or mat i on. Af terward
was obtained by Georg Wittig in 1942, whifoaded biphenyl from the reaction between
halobenzenes and phenyllithid#. In the follbwing decades, many trapping experiments
were carried out with the aim to explain the formation of this unstable spéb@se of the

most famous trapping reactions was achieved by Wittig, mportedthe first DielsAlder

reaction of benzyn@&s with furan76, affording76% yield of the addudt7 (Scheme21).1%!
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- Qg —
—

75 76 77, 76%, Wittig 1958

Scheme 21. Trapping experiment between benzytteand furan76 discovered by Wittid®!

Benzynes are widely applied in organic syntheSise, more recent, observation of the
benzynemediated crossoupling reaction was shown by Djakovitch in 1999, with his work
on amination of aryl bromides such7g; catalysed by supported palladium. Wine carried

out the reaction in the absence of supported metal, he noticed the formation of two
regioisomers79 and 80 when he forced the reaction to proceed at higher temperatures.
Moreover he found that the aminatisa benzyne intermediates was favedrby the
presence of electrewithdrawing groups on the aromatic ring, and also the use of a weaker

base such as NaBu was less effectivé®!

()
/©/ O KOtBu, 1.2eq O
Toluene /@

120°C,20 h

78 53 79 ratio 1:1

Scheme 22. Benzynemediated crossoupling by DjakovitcHse]

Another report was published by Duettal who generated benzyne from iodobenzene and
lithium tetramethylpiperidide8({, LTMP) in THF at-40 °C(Scheme 237!

ool = Oy éﬁjﬁf

26 81 82, major product Via hypervalent iodine
complex

~

J

Scheme 23. Benzyne generation from iodobenzéife.
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A compelling study was carried out by Daugulis and Bajracharya in 2008, who obtained a
basemediated intramolecular arylation phenolsby simply using 2.5 eq. oKOtBu in
dioxane at 140°C. The phen®B was chosen for this test and the two prod@étsind 85

were obtained, the first coming from tbeho attack86, whereas35 came from thepara
attackas showrfor 89, on the benyne intermediate. During the optsation of the reaction,

they noticed that weaker bases were less effective or totally ineffective. Mqréoeser
elegantly proved that the proton source wesbutanol. When they carried out the reaction
adding an exess oftBuOD, they noticed the incorporation of deuterium into the products,

whereas in using dioxard the products were found to be rdeuterated®

OH oH
@\ Br KOtBu (2.5 eq.) O O O O
I +
© HO
83

dioxane, 140 °C (0] O
84, 73% 85, 23%
-
Mechanistic study: ®K
OH Oe
@\ Br Kr?etftu @\ Arylation
. o —

N
0 -t-BUOH o/\©
83 86, ortho-pathway

K
@K D O@ ®
o H@ t+-BuOD o0 O o
&Y« & || &
(0] (6] \_Y
P

G

87 88 L 89, para-pathway

Scheme 24. Daugulis and Bajracharya mechanistic study on benzyne intermgliate.

A recent GH functionalisation of amines using arynes was reported by Jones and co
workers!®® The formation of the aryn@2 allows ahydride to shift onto the aryne and the
resulting iminium cation can be functionalised by apucleophile such as GBN (Scheme

25).
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KF, 18-crown-6

R’

R"YN
H SiMes DME : Nu-H (3:1)
90°C, 12 h
oTf

Hydride

R"\( N shift
H é

B.

91

T Nu-H

By

H

RN
o[\5

93

Scheme 25. U-C-H functionalisation of amines reported by Joli&s

Garget al. have expanded the aryne formation towards the formation of pyrigfyaad

other aryne¥® Pyridyne can be trapped with a series of different nubliéegpsuch ad6to

form more complex products such®s

X
~N~ N
N TMS Z
‘ CsF (3 eq) @‘ 96
~ _— NS —_—
N™ "OTf MeCN, 60 °C N
94 95

o]
/
L
N/ NJ
/

97, 75%

Scheme 26. Pyridyne intermediate proposed by Gatgal*%

Gargetalds i nvestigation

mo v

ed

towards the st

with unsymmetrical arges!*! In particular, they studied computationally the reactivity-of 3
f o u natynewdstersiotygpaere Ist h e

halobenzynel@8 and what t hey
bet weenAoam@dbdetiiiie mor e

di stortion @ depends

regioselective the

on

t he

el ectronegati

of the substituent does not change the distortion significantly¢TigbMore computational

predictions yia DFT calculations) were performed on disubstituted benzynes and substituted

indolynes. Benzyne is normally represented as-dihgdrobenzene, but isomeric

didehydrobenzene are also knokth.
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X X Ph X X ‘
CsF A N.
O e W O
oTf CH3CN, 60°C B N/

98 99 100 101
X A (00) 100:101Ratio
OMe | 120° 15° 100:0
F | 118° 17° 100:0
Cl |121° 11° 20:1
Br | 122 10° 13:1
I 124° 6° 9:1

Table 1. Study of the regioselectivity of the halobenzyne and experimental ratios.

Benzynesare dehydrobenzenes, thagwidely appliedin synthesis andlso into drug active
molecules New chemotherapeutic drugs are based on emesliguch as the antibiotic
Lidamycin (L02 Figure 1). The anticancer activity of the enediynes is apparently due to their
capacity to interact and damage DNA through raehicatliated hydrogen abstraction.
Lidamycin contains this enedig core whichgenerges para-benzyne biradical, and this

intermediate abstracts hydrogens from the DNA sugar backbone, dismembering the entire

0 OICHZ
i N™ ~O
H
[oXe]

structurd??

Cl

. . 'i‘Hz
102, Lidamycin

Figure 1. Structure of Lidamycif?
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An interesting point which needs to be discussed is the capability of benzyne to aet as a
diradical. Gassman and Beneckel969 reported a nice piece of work on the evidence of
the formation of diradical intermediate [& + 2 addition of benzyne to olefins (Scheme
27).1%3n particular, they demonstrated the outcome of the products comimgHfiereaction

of benzyne withrans-alkenel03andtheyprovidedevidence that the generation of the two
products104 and 105 must come from a-8tep mechanism. The initial hypothesis on the
possible isomerisation of alked®3was ruled out with the experiment performed vaii:
alkenel06which gavemainly productl07 (not observed in the first experiment) and a small
amount ofL05. Since no isomerisation occurs, the two prodtretss-104 and cis-105ought

to come from one of the proposed intermedid@%110. Gassman asserts tH&9is a too
unstable species and, therefore, its formation is precluded. The formation of zwittEdion
can also be excluded sm the reaction was studied TiHF, benzene and acetonitrile and
similar ratio was obtained in all cases. If a polar intermediate suctOagere being formed,

it ought to be stabilised by the more polar solvent and therefore, the intermediate lifetime
ought to be prolonged with the caugient more rotation of the intermediate. This event
would conclude with a different ratio of the rifigsion productd04and105, in favour of

the production ofcis product 105 This evidence did not occur, therefore, the diradical
intermediatel08 is the most plausible intermediate for this reaction which suggests that

benzyne can act awediradical*®!

@ s=Qie:@

104, 45% 105, 13%
75 107, 24% 105, 3%

108 109 110

Scheme 27. Evidence for diradical intenediates in thg2 + 2 addition of benzyne to olefins reported by
Gassman and Benecké.
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Another example where benzyne svaported to act asneo-diradical was given by Okuma

and coworker&? Theysuggested that when benzyne reacts with congested compounds such
as thoaldehydelll, a thioaldehydéenzyne adduct12forms. The mechanism proposed

by Okuma sees the formation of diraditaBin which phenyl radical abstractshgdrogen

from at-butyl substituentwith a resulting diradical 14, from which adduct product12

forms(Scheme 28)

oo

112, 92%

f§? X&@

Scheme 28. Reaction of sterically hindered thioaldehyde with benzyne reported by Gklima.

113

In the following sectiontransition metafree cross coupling reactions will be discussed as

well as the involvement of benzyne.

1.2.3Transition Metal -Free CrossCoupling Reactions (TMFCCR)

Crosscoupling reactions werenown to work with the transition metal catalystcasditio
sine qua nonuntil some experiments were performed, revealing that transition metals were

not needed.
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1.2.3.1Development of TMFCCR

Leadbeater and Marco in 2003 were studying a Suzukiioeagith arylboronic acidL16

and aryl halide415, using water as solvent and under microwave condit{éiduring these
attempts, they noticed that the prodiitfwasforre d al so i n t hSchefmd | ank
29) without palladium as catalyst. They repeated the reaction with both new glassware and
reagents, and the product was fountdéccontaminated witpalladium levels down to 0:5

1.0 ppm.

R'

@/x @/B(OH)z TBAB, H,0, Na,CO4
+ —_——
R 0

R microwave R

115 116 17

Scheme 29. Leadbeater and Marco experimelfits.

Further studies from the same authdater, revealed that a very low concentration (around
50 ppb) of palladium was present in the@i@s (although the nature of the complex present
was not provedand this low concentration was responsible for the reaction success. For this
reason, they tested the reaction adding 100 ppb, 250 ppb and 2.5 Bd(iNGx). and they
discovered that the reaati yield was not constant but increasgth the addition of catalyst.

After these results, their conclusion was that the reactions were running withowitra
palladium concentration and not under méteé onditions, and so they published a

reassessment of thétransition metafreed Suzukitype coupling reactiol®!

However, a few yearkater, Itamiet al. in Japan discovered that the biaryl coupling of
electrondeficient nitrogen heterocyclesd iodoarenesormally conducted in the presence

of iridium catalyss, can be promoted by KiBu alone, without the addition of any exogenous
transition metal species. This finding wasrrsued, performing &bl ank o6 r eact i
iodobenzen&6 and pyrazinel18 without iridium catalyst, a metal for which they were
studying the catalytic activitfScheme 3p4”]
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N I

[ j . ©/ KOtBu (3.3 eq.) [Nj/© @ FN N\w
NT 80 °C, 30 min, v N N N/) [ I _N
118 26 121

122

119, 39% 120

Scheme 30. The metatfree crosscoupling reactiorof Itami et al.[*7]

Considering that, a few years before, transition metals were found to be present in the base
used by Leadbeat&f! all the reagents were purified, including sublimation oftB® The
guantitative elemental analysis on the base revealed that only Si, Al and Ca were present with
a detectable value, whereas Pdy &d Ru were not found with any values above the
detection limit (Pd: <0.06 ppnRRh: < 0.20 ppm, Ru: <0.30 ppmjami et al. found that
pyridazinel20, pyrimidinel2l1and quinazolind22were all able to couple with iodobenzene

26 in moderate yields. Meover, they found that radical scavengers such as TEMPO,
galvinoxyl or acrylonitrile were capable of shutting down the reaction. This suggested that a
radicatbased process was driving the reaction. Additionally, various coupling attempts
between differentdisubstituted iodoarenes and pyrazih#8 showed no regioisomer
formation from the reaction, which excluded a benayregliated process.

Soon afteawards ot her research groups publisdhed n
al. discovered that some ueal compoundsused as additives in the reactionsye able to
promote the transition metfiee crosscoupling. In one of his reports, Lei showed how some
reagentssuch ad.24and125together with K@Bu were able to promote the coupling ef 4
iodotoluene50 and benzenk?® as shown in Schengd.

|
Promoter, 0.2 eq O OH NH
oo TEL o | ¢
+ B
NH
80°C,4h OH
50 123 124

Scheme 31. Lei discovered the role of some neutral compounds as proriters.

Curiously, only K@Bu and alcohols such 424 anddiamines such as DMEDA25 were

noticed to be effective for these reactions. Moreover, radical scavengers shut down the
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reaction in a similar vein as in |Itami©os

to think about a mechanism for #wetransformations.

In 2010 two different works were published about the useathlyticd 1,10phenanthroline
derivatives as additives in mefate crosscoupling reactions with aryl iodides or
bromided?® Shiet al.initially were working on a cobaftatalysed crossoupling between
4-iodoanisolel26 and benzene in the presence of ligandpable of promoting the coupling
(Scheme 3R Without any expectation, when they tested the reaction in the absence of the
ficatalysd, a comparable yield was also achieved. Thereforest@thiproposed tharadical

is formedfrom the aryl halides bitOtBu, and thatl,10-phenanthroline might facilitate the

radical generation.

Co(acac)s,
: /@ 1,10-phenanthroline : Ph
KOtBu, 80 °C MeO

127, 71%

: . /@ 1,10 phenanthrollne : Ph
KOtBu, 80 °C MeO

127, 62%

Scheme 32. Comparing the reaction the presence and absence of transition metal by*3hi.

They further proposed that both 1;fgBenanthroline and a potassium ion might interact with
arenesvia = ,-sfacking and ion’ i nteraction respectively,
shown in Figire 2; however this was not based on any experimental or computational

evidence.

128

Figure 2. Interaction betweeh,10-phenanthroline, K@Bu and areneproposed by Shit al*d]
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Simultaneously, Hayashn Japan revealed the N&d-mediated coupling between aryl
halide 50 and benzene in the presence anaallamount of 1,1¢phenanthrolindScheme
33).50 This study finally showed that the choice of the base is not strictly limited tBuKO

But thatNaOtBu can promote these types of reactions as well.

H 1,10-phenanthroline, 0.2 eq
| base, 2 eq ‘
JOLE
155°C,3 h
50

123
a. NaOtBu: 72%
b. KOtBu: 67%

Scheme 33. Coupling reaction mediated by 1;pBenanthroline and alkoxides as proposed by Hay&shi.

Anothercuriouspoint of hiswork was the formation of-3and 4butoxytoluenes (ratio 1:1)
derived from the aryne intermediate when they tgstecmotoluene. This suggests that that
at higher temperatures, benzyne is formed.

An interestingoverview published by Studer and Curran in 2011, summarised what Itami,
Shi and Hayashi had previously developed. HoweStarder and Curraalso propose@
plausiblemechanism for these transition meftale arylationsthat theynamedas Base
promotedHomolytic Aromatic SubstitutionBHAS) reactiond>!! In their proposal, they
describé the formation of the biaryl radical anidl83 a powerful reducing agerand
keystone of the entire process. The radical spd@éslerives from the radical anidat80
formed from iodoarene 129 radical 131 then couples with benzene to form the
cyclohexadienyl radical speci@82 which undergoes deprotonation by the stroagebto
afford 133 This latter radical anion species is able to propagate the process by donating an
electron to another iodobenzene producing the coupled prb8d¢Echemed4). The weak
point of this mechanism is the initiation steghich still neededo be clarified. The two
scientists stated that presumably additives such asphdi@anthroline and DMEDA25

may play a crucial role on this stage.
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Ar-l

Ar
129
L v
134 ‘

A\
130
Ar
° 133 131 Ar ®

H  Ar
tBUOH ii /
L]
C]
132

OtBu

Ar-|
129

Scheme 34. Basepromoted Homolytic AromatiSubstitution (BHAS) proposed by Studer and Cufén.

In the following yearspther authors published many papers showing how neutral organic
compounds could be used as additiveapable of promoting the BHAS. Kwore al.
achieved an intramolecular arylation of aryl chlorid®in the presence of ethylene glycol

137 and KQBu, giving rise to various phenanthridines such186 (Scheme35).52
Curiously, other ligands such as DMEDA and }ph@nanthroline were much less efficient.
Jiang, almost simultaneously, discovered another effective system constitutedBay a6
quinoline-1-aminc2-carboxylate 138 for promoting transition metdtee BHAS cross

coupling reaction§? This additive can chelate the Kation, forming a @nembered ring in

the vein of 1,1@henanthroline forming a-emberd ring, as suggested by Skt al*®!
Furthermore, they investigated the effects of saufdransition metals in the reactions. They
tested the same reaction conditions in the presence of metals capable of promoting cross
coupling reactions such as Cul and Fe(agcad)ich cut down the coupling yields, suggesting

that the transition metalsodhot participate in the coupling processes. These tests decreased
theconcernsstarted by Leadbeater in 2003 ,about the possibilitthattraces (ppm or ppb)

of transitonme t al s can pr omot e t he dreecduplipgopeactienst | y C
This conundrum was faced again by Leadbeater in 2010 who raised the question about the
presence of metals within hiscresoup |l i ng: i Wh e nBYjargl it it stikamn r e a

object of discugen by many scientists in the world.
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Furthermore, in 2012 Jiargg al. disclosed how also a MOF (Metal Organic Framework)
constructed from Aa n d -bBpyrdime5 , -dicarboxylate was able to promote transition
metalfree crosscoupling reactiongnot shown in schemgyvhereas further introduction of
Al®* does not affect the yieléf! Tanimoriet al.in 2012 tested several amino acids and,
among them, prolin&39was found to be the best additive feHCarylations of unactivated

arenesvia transition metafree crosscoupling (Schem@&s).>¢l

o HO/\/OH (10%mol)
S v e
N KOtBu, 2 eq. N
| |
£ e e 1T

135 136, 98%, Kwong
®\ o
NG O (0.2eq.)

|
/©/ + © KOtBu 3 eq. O
80°C,24h
50 123, 88%, Jiang
0

O_[( (0.2eq.)
N OH
H13g

%

/©/' © KOtBu, 3eq.
.
MeO
MeO 150 °C, 24 h
126

Scheme 35. Arylation reactios by Kwong, Jiang and Tanimo¥i2-5356]

127, 87%, Tanimori

Charette in2011 reporteda regoselective cycligtion of aryl ethers, amines, and amides
mediated by K@Bu under microwave irradiatio’ route tooptimisation was pursued: the
reaction gave rise to cressupling using the idoarenel40 as substrate, with 1,10
phenanthrolingype ligandsl43 KOtBu and Fe(OAg) (Entry 1, Table?); nevertheless, a
comparable result was obtained in the absence of Fef@Ayy 2). Furthermore, the use
of only KOtBu and pyridine, under microwawonditions (Entry 3, 160 °C, 10 min) gave
rise to a significant yield, whereas the weaker baseBla®as found to be ineffective (entry
4)57]
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Fe(OAc), (5 mol%)

| Ligand (10 mol%) H
Base 2 eq.
—— O O
O/\@ Pyridine o

140 141 142
Ph Ph

7 N\ \

=

143, ligand

Entry Fe(OAc):. Ligand Conditions Conversion (%) 141 (%) 142(%)

12 yes L1 KOtBu 99 80 9
28 none L1 KOtBu 88 79 4
3 none none KOtBu/pw 80 50 18
4P none none  NaQBu/uw 0 0 0

Table 2. Char et t e d phesantraline®dReactiomcontlitiods080 °C, 16 *HReaction conditions:
160 °C, 10 mirf®”

Charette and coworkers added radical scavengers which shut the reactioA t@mwnyne
type pathvay was riled out since no butoxide anidrapped products were detected, even if
the temperature of the reaction could have allowed it. The mysterious absence of an electron

donor, apparently, in entry 3 still needed to be explained.

Inspired by all thgrevious works, irparticular where heterocyclesve employed either as
additivesor as solvent, the Murphy growarried out a great deal of research on transition

metalfree crosscoupling and many noteworthy findings were revealed.

1.2.3.20rganic Electron Donors: the first findings

Organic Electron Donors (OEDs) are neutral, ground state organic molecules able to reduce
substrates by single electron transfer. The common characteristics for this new class of

molecules include the presence of antetgerich alkene moiety, with the ability to donate
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one or more electrons to different substrates faadluring charge deloca&ation and/or

aromatic stabilisation as a driving force for oxidation.

Murphy initially reported a new behaviour foetrathiatilvalene (49 TTF) in mediating
radical cyclisation and nucleophilic displacements through single electron trafisfee
reaction was proposed to procead electron transfer, dediaizsetion of 144 and radical
cyclisation of145to afford the radical intermedial&l6, which then gave rise to the alcohol
148through the trappeititermediatel47.

TTF
@[@E —
o Y acetone
BF4

146

% = @; 5]

149, TTF

Scheme36. The Murphy group reported TTR29as an electron donor in organic synthé&$ls.

After this work, Murphyet al.focused their attention on how to design a stronger organic
electron donor and theprepareda seriesof molecules, such as diazadithiafulvalenes
150596% tetrakis(dimethylamino)ethylenel§1, TDAE) 6262 tetraazafulvalenel 55,664

that were able to trigger electron transfer on different substratas. first wave of
compounds from Mur phyos di stcaelusions.d\hilethe d t
first two compounds were not able to reduce iodoarenes, comfd&aneas, as shown in

the radical cyclisation of substrétB8in Scheme7.The mechanism of the activation of the
tetraazafulvalen&55is shown in Schem&7 and shce this compound is very reactive even

with molecular oxygen, then @an only be storednder inert atmosphere. Considering that

the oxidation potential of TDAEE, = -0.78 V; E%,=-0.61 V vs SCE in MeCN) and
tetraazafulvaler®! (E%,=-0.82 V;E%,=-0.76 V vs SCE in MeCN) are very similar, the
reason for the increased reductive poafet550ver151could rely ornthe better stacking of
155with iodoarenes. Nevertheless, the power of the electron donors was improved further
with subsequent discoveries. One important common element of the electron donation is the

aromatisation step, which drives the donation proé&ss
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Me;,N NMe,

=]

Me,N NMe,

150, dithiadiazafulvalene 151, TDAE
e
N® ®N NaH N @ N NaH
O 0w UL -
N N DMF N H N
\ /
152 54
Y o Y ° Y
N N e N® N -e N® @N
= - T — L~ 1
N N N N N N
\ / \ / \ /
155 156 157
| 155,1.2 eq.
@ f NaHMDS ©\—/(
N DMF, toluene, A N
‘ Ms
158 159, 80%

Scheme 37. First generation of ganic electron donors developed by the Murphy group.

Following theabovenentioned principles, the Murphy group discovered a second generation

of more powerfubrganic electron doned60-163 (Figure 3.

NGON NN
[ =( ] / \
N N — —
L) N N—
AN /
160, doubly bridged 161, bipyridinylidene
imidazole-derived
donor
PhsP=N_  / \  N=PPhg
N — N N N
/Y=L 2=\ /= \
— N - _ —
Et
HoN NH, PhsP=N N=PPh;
162, 1,2-dihydropyridin-4-amine-derived 163, bispyridinylidene
donor derivative

Figure 3. Second generation of organic electron demeported by the Murphy group.
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The fAdoubly bri dgedo 160wasifodna i bd neore poaverfulthant i v e
tetraazafulvalene donds553581 \When substraté64 was tested with dondr60, indanone

165 and the deodinated producti66 were both isolated. The pduction of productl66

relies on the fact that this more powerful donor is able to donate two electrons to an iodoarene
forming the aryl anion and not merely the aryl raditarefore the anion will get protonated
giving rise to producfl66®®! Furthermore this donor was also able to promote reductive

cleavage ofirylsulfonesl67 andarylsulfonamides 69.[67]

o)
| 160 H
[:::Ij CO,Et base . [:::I: CO,Et
_— >
0"\ DMF o 0"\

164 165, 51% 166, 21%
R_ SO,Ph 160 R H
— X
R"” "SO,Ph DMF R"” "SO,Ph
167 168
160

o - D

N DMF N

Ts H
169 170

Scheme 38. Reducing power of the imédole donod.60.

Another great reagent for electron transfer reaction was bipyridinylib@heT his latter is
capable of donating two electrons to iodoasciigerefore the reaction with substrafg4

gave rise to produc65in a very good yield an@66 as minor producfsee Schema9).

Further tests have been done on the activation of these substrates by photoactivation,
enhancing the reductive power of the electron donor, therefore the reslivaeged donor

was found to promote reductive cleavagesbenzylic estersl71l and ethers174[68
Moreover, Murphyet al. achieved the chemoselective reduction of benzyl groups over
malonates and cyanoacetates in substrates suct7and 179 This clearly proved that

the donofa ¢ ¢ e pstacking interaction plays an important role with these transformations
with this reducing agenbverturning the chemoselectivity of other reagents (favouring ester

or nitrile reduction) known in the literail®°!
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Scheme 39. Reducing power of bipyridinyliderks1, in this case the major product is the coupled
product!®

Another very powerful organic don@62was found to be very reactive in the ground state.
This donor boasts the fact that it caigve a triple aromatisation after oxidation, acting like

a very powerful reducing agent capable of reducing appropriate tosylamides $66lisee
Scheme 4p7%
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Scheme 40. Reduction otosylamidel69by 162
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The electron donot63 a bipyridinylidene derivative, is even more powerful than 1l6d
and 162 CV measurements revealed a very low redox potentiagl £1.70V vs SCE)
which makes this donorb& to induce the reductive-I$ bond cleavage ofN,N-
dialkylsulfonamidesl81 and N-arylsulfonamidesl68 as well as malonitrile483 without

photoexcitatior’!!

163

' 163
N. Toluene \G ; N Toluene N
N. ! \ \
Ts Hooo Ts
; 169

110 °C, 24 h 110 °C, 3 h H
181 182, 75% 170, 90%

163

Ph(H,C)s~_(CHa)3Ph  —— > Ph(H,C)s_(CHy)sPh
NC><CN Toluene >
110 °C, 3 h H™ "CN
183 184, 92%

PhsP=N_  / \  N=PPhg
N N

PhsP=N N=PPh;

163

Scheme41. Many examples of cleavages reported by Murphy.

After these first finding®n the power of organic electron donors, the Murphy group worked

on some of the applications of this class of compounds.

1.2.3.3Organic Electron Donors as valid initiators for transition metalfree

crosscoupling reactions

Since it is possible to gersge an aryl radical fronan iodoarene using organic electron
donors, the Murphy group started to evaluate the possibility that some of their electron donors
might promote the arylation of aryl halgle the presence of KiBu. If an electron donor

could ke formedin situthen it ought to behave as promoter of the initiation step of the Base
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induced Homolytic Aromatic Substitutiothe mechanisnwaspartially described by Studer

and Curran in 201(Scheme 3).51

Test reactions were then performed in benzene as solvent using electrorl 5% aod
different iodoarenes such 26 and50. As shown in Schae 42 the yields obtainedia this
new approachvere very satisfying, although when bromoarenes were tested insiwad,

yields were achieved, mirroring the previous results with electron dBflors.

155, 0.05 eq

| Ph-H

/©/ KOtBu, 2 eq. O
_—_—
130 °C, 15 h
50 123, 79%

155, 0.2 eq.

| Ph-H

)
=10
N N
\ /
KOtBu, 4 eq. O 155

180°C,5h
26 11, 82%

Scheme42. The role of benzimidazolgerived donof55in mediating crosgoupling reaction§?

Moreover, to evaluate how important the amount of donor used is, different tests with
progressively decreasing amounts of electron donor were performed and it was found that
the yield of the coupled product was concentratependet (Table3). This underlined that

the donorl55is ableto trigger the radical process (BHAS).

The role of temperature was also investigated and the reaction was found to be strictly
dependentn;in fact whernthe temperaturevasdecreased, either in tipeesence or absence

of the donorl55, the reaction yield droppgéntries 12 and 45, Table 3.
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155, 0.05 eq
® CL~<X
—
©/ T; time N\ /N

26 1" 155
Entry 155(eq.) KOtBu (eq.) Reaction 11 (%)
conditions
1 0.05 2 130 °C;3.5h 80
2 0.05 2 110 °C; 3.%h 47
3 0.025 2 110°C;3.5h 27
4 none 2 130°C,3.5h 30
5 none 2 110°C,35h 27
6 none 4 185 °C, 14 h 48

Table 3. Evaluating the presence db5as additive in different conditions.

When the temperature was raised to 18%C1L# h in absence of the donor, the product yield
was found to be 4892 The reason for this correlation between temperature and yield in the
absence of electron donor liesthe possible benzyrmediated initiation (see Schemg).

The possibility of forming benzyne ing iodoarenes anstrong basdias been previously

shownby Djakovitchet al®
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Scheme 43. Initiation promoted by the benzyne intermediate proposed by the Murphy Efloup.

As proposed by the Murphy groupenzyne plays a role in the tiaition steps for a radical

chain, but not in the propagation. As shown in Sché&)¢he benzyne intermedia® can

act aso-diradical 185373 asalready described in Chapter 1.2This latter couples with
benzene to afford86, thenormal fate of this species may be to undergoembered ring
formation, but occasionally, an alternative process may occur, for example when the aryl
radical in 186 abstracts a hydrogen, giving rise 1&87. This, afterwards, undergoes
deprotonation by thbase to form the radical anion speci88§ the electron donor species
capable of donating an electron to iodobenzene, and then the propagation steps occur. Since
the benzyne is involved in the initiation step and since this process affects only a small
percentage of substrate, then it has been impossible to isolate the eventual benzyne trapping

products formed.

To prove the possibility that the bfemegde
crosscoupling reactions, the substrate iedexylene 190 from which a benzyne
intermediate analogous # cannot form, was tested. As expected, when this substrate was
reacted with K@Bu in benzenepnly a small amount (less than 0.5%) of mixture of coupled
productspiphenyllland2,6-dimethylbipha&yl 191, was observe{Schemetd). This result
supports the proposal of the benzyniéiation process as well as the incapacity oftR@to

trigger a crosgoupling reaction from iodoarenes by direct electron transfer.
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Cl
64 61 192, up to 91 % 193

Scheme 44. No reaction was observed using ieakexylene190as substrate.

In the literaturgcross coupling of sterically congested aryl chlorides with heteroaromatics in
the presence of the electraith Pd complexsuch asl93hasbeenreported (Scheme 344
Therefore, it is likely thatt90 undergoes coupling in the presence of appropriate Pd (or
another transition metal) complexes. Since reagents are likelytodweicompletely free of

Pd and other metals (even if the level might be ppb), we attribute the minute traces of coupled

products in our reactions in the absence of organic electron donors to such contaminations.

The same reaction was repeated under thee sanditions but in the presenceanfanic
donorl55. This reaction led to a fixed ratio fo coupledproducts which are representative

for this substrate2,6-dimethylbiphenyl191 (5%) and biphenylll (19%), as well as to
recovery of some starting neaiial 190. These interesting results show the capability of the
ortho-disubstitutedaryl halideto undergo crossoupling reactions triggered by an additive;
neverthelesst shows also the somewhat low capability to couple with benzene. Logically,

it would not be surprising that a process diverts in different pathways when very reactive
species, such as radicals, are involved. The explanation for these interesting results, shown

in Schemed5, can be interpreted as described below.
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Scheme45. Proposed mechanism for the formation of the two coupled proti9gisnd11.

The iodem-xylenel190receives an electron from the electron ddtisand then the radical
speciesl94 can proceed through twoffirent pathways. In one, radicd94 couples with
benzene giving rise to the radid®l7 and after deprotonation, radical anib®8 which can
propagate the process and promote the formation afihéthylbiphenytl91 Seconty, the
radical specie$94can abstract a hydrogen from benzene and form phenyl ra@@alhich
then follows the Stuel and Curran mechani§f and forms biphenyl1 as wel as the
volatile xylenel96. Evidently, the second pathwayogresses 3.5 times faster thha first
pathway, likely because the radical spedi@4is not an efficient coupling species due to its
steric hindrance and thérprefers to abstract a hydmegfrom the benzene and then generate
the much more active coupling radi&é®89. An interesting result is the constant ratio between
33



the two coupled products afforded using this coupling reagent; independently of the electron
donor used, it is always ~315 with biphenyll1 as the major product.

Analogously, further investigations were undkeiaon the work described by Hayashal

in 201059 Primarily, the thermodynamics for the electron transfer reaction between 1,10
phenanthroline complekx99 with alkali metal alkoxidesind iodobenzeneere evaluated
(Schemel6).

7 \ ! 7NN . o

W :
|
OtBu

199, 26 200 189
M= Na or K

Sdcheme 46. Thermodynamics for this electron trandfarthereacton between 1,1:@henanthrolinevith
alkali metal alkoxidesndiodobenzene were calculated.

The calculated free energhangeva s f o u n @ = 468.9 kbaémbsédd NaQBu and
a6 = +59.5 kcal mot for KOtBu.’2 These large values led the Murphy and Tuttle groups
to concludethat the initiation step must involve the formation of other species instead.

Therefore, a test of the coupling reaction between haloarenes and benzenebasic
conditions using 1,Hphenanthroline as additive was performed. To avoid the beriggae

process from occurring, iodo-xylene190was employed as shown in Schenfe 4

KOtBu | 1,10-phenanthroline ‘ !

Yield: Ph-H 20% mol +
o - _—
11+191 <05% KOtBu 2 eq., Ph-H O O
190 191, 19% 11, 5%

Scheme47. The importance of the presenzfan additive in metalree crosscoupling reactiorinvolving
190

Interestingly, the results obtained from this reaction mirrored the results displayed by the
donorl55 When phenanthroline was tested, a deep ggekd was afforded, and when this
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material was exposed to the air, it was very pyrophoric in a similar veinaogieicelectron
donors e.g.155and 160 To prove the actual formation of an electron dotize reaction
between phenanthroline and KN was repated and quenched with iodine, an electron
acceptor , -bigpheoanttdrolined05 B6%3.Murphy et al. then proposed a
possible mechanism for this sdrvation, as shown in Schent 4The phenanthrolin&99
undergoes deprotonation by K&, and he resulting anion then nucleophilically attacks a
neutral phenanthroline to afford the spe@@2 which, after further deprotonatipforms

203 and, upon oxidation by iodine, gives rise to the dig@s The dianion203 proposed

for this mechanism seerto have the canonical form of an active electron donor, whose
charge can be delocsdid through the entire molecul20d), starting from an electrepoor
molecule199 The dianion203 (= 204 will then be able to promote the initiation step
proposed byStuder and Curran, donating an electron to the iodoarene and triggering the

radical cycld’?

X X
KOtBu Phenanthroline
~ ~
I X N B — | X N Q0 ——
N-__/ N-__ !
7 K Z K
199 201

OtBu OtBu

204, electron donor 205, 36%

Scheme 48. Formation of dimed59derived fromthe electron donor speci&@58[72

With a similar approach, the conditions describedCbyrett€®’! were evaluated and some
tests were pisued. Thus, pyridine was reacted with 80O and the reaction was quenched
wi th i odi nebipyridine 8684d rod ebipyBiding® 167, as the major and minor
products respectively. The mechanism proposed by Mueplay. for the formation of the

two products dealt with the possibility of deprotonation by the strong base in the two
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positions, 2 (pathway a) and-4pathway b), of pyridine (see Sched®. The anion206
and210then attack a neutral molecule of pyridine, and then further deprotordtords
the dianion specie08 and 212, electronrich molecules derived fronthe electrorpoor
pyridine. Thesespecies would be able to act as electron doaond promote the initiation
step for the crossoupling as has been seen with related electomor$. The quench with
iodine allowed isolation of two different dimeR09 and 213 Certainly, the low yield
obtained from these test reactions can be explained by thbdadeprotonation of pyridine
in the 2position occurs more slowly (lefavouredeither kinetically or thermodynamically)
than in phenanthroline, since the addibsse complex is stabilised by only one nitrogen
with pyridine, whereas by two nitrogens with phenanthrdlifie.

®
X X X X X
(e (N, W e wom [ L (P
Pathway a: N N ® N/ S N A N ‘ A
« N K®® N~ N.__~
K®ON ~ K®
208 209

206 207

K
B KOtBu B N NN KOBu ® 0 "X R
. |
Pathway b: N/ N/ = X A NFEN Pz N
~-No X N@@ | _N
212

K® K

210 21 213

Scheme 49. Pyridine dimeristion from which form the electron don@88and212[72

In light of these findings, the Murphy group investigated the possible role that aminoacids,
alcohols and 1;2liamines have in metfilee crosscoupling reactions. The approach used
was fundamentallthe same. lodon-xylene190was selected as substrate to avoid benzyne
initiation, and a series of neutral organic compounds, which act as precursors for electron
donors, was selected and tested. As reported in a recent paper, Murghiist many
preairsors that are effective for these types of transformali®ins.short list is shown in

Figure 4
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MeHN.__CO,H EtO._CO,Et HZNXCOZH
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O_/(O Pr\N)S OH
N OH N. [ 1
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(e}
217 218 124
H NH,
A O X
N
H \ NH,
125 219 220

Figure 4. List of neutral compounds which act as precursors of electron défiors.

It was previously demonstrated by Kosteal.in 1972 that deprotonation adiaminesuch

as 125 (Scheme 50an occur with strong baséd A compelling study has been done on
the 1,2diamine125, an organic precursor intensively studied also by étaa. recentlyl’®
The mechanism proposed by Murphy for the electron dmsraation from this precursor
consists of formatiof imine 221 through the loss of hydride (a possible rd&termining
step) and this could undergo further deprotonation by the base to afford enanf22@ sait
electronrich candidate to act as etean donor for the initiation step. To prove the possible
formation of the enamin222, polydeuterated analo@23 224 and225 weresynthesied,
with the hypothesis that if the mechanistic proposal wglst,rithe presence of deuterium
could retard the fanation of the imine, due to the kinetic isotopic effect, and theredtaed
theinitiator formation. All the additives were tested slaeside using identical and specific
conditions. The reaction time was shortened to give just about half of the momaalsion
when the unlabeled diamid@5was usedThe product yields agree, with the presence of a
primary deuterium isotopic effect, such that the yields decrease in thel@btep23> 224

> 225(16%, 10%, 0.5%, traces, respectivel).
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Scheme50. Electron donor formation from -@amines and a study of its isotopomé?s.

Once more, the Murphy group showed how the presence of a simple neutral precursor led to
initiation in transition metafree haloaren@arene couplingA recent advance is the use of
pyridinols such a226, which is a precursor of a very powerful electron ddi228 able to

initiate the crossoupling very effectively’® Also structures such ale diketopiperazines

229 can act agnitiators in transition metdree haloaren@arene coupling in presice of
KOtBu [6081l

OH  komu 0% yomu 09
‘ A ‘ X _— NG
_N ~.N NS N@
226 227 228
e

KOtBu
R.
R\NJ‘S N)\
S(N R ‘R

o o}

[¢] (0]

z

229 230

Schemes1. Pyridinols226and diketopiperazinea29as organic precursor of electron donéfsl

These recent reports tfe Murphy group have a great resonance in the field of transition

metalfree crosscoupling reactions. Since the first evidence about the possibility to trigger a
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cross coupling reaction without the employment of transition metals, many points are
becomirg clearer. Despite the complexity of mechanism and the presence of many
unresolved points, many scientists are convinced that the effectiveness (yield, selectivity etc.)
obtained with a transition metal will be achieved by the usérafsition metalfree

conditions.

1.2.4Recent Proposals on the Role of Alkoxides in Single Electron Transfer

Reactions

Following the investigation by the Murphy group into understanding the role of additives as
possible organic electron donors in many types of reactiorgrticular, on the transition
metalfree basenduced crossoupling reactions, many other works raised particular

interests within the group.

The role of alkoxides in the field of single electron transfer reaction is still not well known
from screeninghe different ideas reported in the literature. Recent publications address the
use of KQBu in DMF for many different applicatior®&' 88 Many authors reported that this
system is responsible of the formatiof the carbamoyl anioh and proposed that this is
directly responsible for SET reactions. Tailledeal.,for exampleproposead direct electron
donation from carbamoyl anidnto an aryl halide29to afford aryl radicall31, which then
triggers a prticular radical proced8” (it will be shown later); on the other handany
reports published by Yaet al.proposed that carbamoyl anibdonates an electron to neutral
DMF to dford the DMF radicaR33 which then triggers the reactii! (it will be shown

later). Nevertheless, to our knowledge, whihe formation of the carbamoyl aniérhas

beenreportedf® °Y no experimental support reportié@cting as an electron donor.
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Scheme52. SET from carbamoyl anion as proposed be Yan and Tailféfék.

Some author&°2 propose a direct electron transfer from the baséerring back to the
original proposal from Ashby® In his hypothesis, alkoxides were capable of donating an
electron to aromatic ketones such as benzophe2i@®ehe observed the blue colour of the

ketyl anion237 andmonitored radical formation by EPR spectroscopy.

. ®® M
(0] LiOtBu
Distilled THF
L]
O O Ar
236 237

Scheme 53. Formation of benzophenone ketyl radianlon237via SET proposed by Asblgt al.®4

The direct electron donatn to iodoarenes from alkoxidesight to bean unlikely process
Jutand and Lei, recently, measured the oxidation potentiéérobutoxide anion(from
KOtBu) as +0.10 V vs. SCE in DM#¥! and showed by cyclic voltammetry that it does not
directly reduce aryl halides (ArE° = -2.0 V vs. SCEn DMF). Moreover the reduction

potential of benzopheno@86is also known in the literatufg,= -1.78 V vs. SCE in DMF.
[96]
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With this premise, a deep investigation of the real role a8G0n electron transfer reactions
was pursued. In the following chapters, aims, results and discussions and proposal for future

works will be discussed.
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2 PROJECT AIMS

Preamble

In the following chapteraims, results and discussion and future work will be found. The

projects are divided as follawv
Macroproject A: the role of KBu in electron transfer reactigns
Macroproject B: K triumphs over Nain electron trangr reactions

Each macroproject is subdivided in projects; macroproject A includes 3 projects (Al, A2 and

A3) whereas macroproject B includesp?ojects (B4 and B5).

2.A Aims: the role of KOtBu in electron transfer reactions

KOtBu is a widely used reagem electron transfer reactienA lot of reportsin the last
decadecite KOtBu as a facilitator in electron transfer reacsiddowever, asmall number
of chemists believe that KBu can act as a direct electron donor towards substrates such as

haloareesand that it would triggeradical chemistrglirectly.

My studies airedto find a clear answer tols KOtBu only a facilitator or a direct electron

transfer reagent in electron transfer reactions?
The reader will find different projects in which KBu will be involved.

Al The1® project discloses the role of the systemtB@DMF in electron transfer
reactions. After the great exploration of the role of alkoxides with organic additives such
as 1,16phenanthroline and pyridine by the Murphy grdidbthe idea thattis approach
might apply also with DMF was investigated. In particular, if deprotonation of DMF
occurs, as it has been previously demonstr&ted] then carbamoyl anioh will act as

a nucleophile to a neutral DM¥' ®® Therefore the resulting anidhcould give rise to

an enolatgype specie8 which would act as eléon donor; otherwise it can form the

dianion4, after further deprotonation, an even stronger electron donor.
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Proposal:

® 0O ® 0O
(0] K K O
O‘L KOtBu ﬂi DMF | H | KO Kowu | 3
s ©) P /N%N/ /N%\N/ -_— %N/
\ K® \ Ko | on | Ko |
\ ® 3 ® O
2 3 4

Scheme 54. DMF dimerisation promoted by KiBu and formation of the electron don&and4.

This idea was supported by the fact that DMF carbamoyl ahiwas previously
found to act as a nucleophile, and promote different reactions to selected
electrophiles?”®® To evaluate this ideawo different diformamide®38 and 239

were prepared and tested.

Scheme 55. Diformamides chosen to evaluate the dimerisation process.

A2 The 2" project arose as a lfow-up to the first project. After studying the
deprotonation of diformamides, a new series of deprotonationsowasinvestigated.
Particular attention was paid to renolisable aldehydes. Searching in the literature for

the possible dimerisation olidehydes, interestingly, many different topics were found to

be related. In particulam the fascinating hypothesis for which formaldehgd@is the
keystone of the origin of |ife, the famo

this processcarbohydrates are formed from formaldehyde dimerisation.

[ 15t step: slow If 2M step: fast \
O
M 240 Via
H H aldol .
(o} Ca(OH), 0o Autocatalytic O condensation Trioses
o » Ho M ele HO . ] tetroses
H” OH H y H pentoses
? etc.
240 241 241

Scheme56. The formose reaction proposed by Bresisi.
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Many different theories on the first step have been proposed but the mechanism is
still not resolved, and so the deprotonation of varinusenolissble aldehyde42

with a strong bassuch as K@Bu wasto beexplored.

(0]

A )
0 Base 0 242 0.0 -H 0
o —— Jo Ho —— o
R H R R R
R R
242 243 ® l 244 245
H NG
e o
H Base S)
R R
246 247

Scheme57. Exploring the deprotonation of aldehyd® (counterions are omitted)

A3 Inthe3" project the reduction of benzopheno?@6by alkali metés and alkali
metal butoxides reported by Ashbyal. wasto beexplored®°4 In particular, it is
known that the ketyl radic&37 forms by using alkali metals as reducing agents,
giving a distinctive blue coloration of the solution (normatliigh distilled THF as
solven); neverthelesshe proof for alkali metal butoxides acting as reducing agents

lacks evidence.

®
o oo M
Na or KOtBu
—_— L]
O O Distilled THF O O
236 237

Scheme58. Formation of letyl radical237from benzophenone.

For this case another reactivity of K& was initially proposed, in particular, butoxide anion
acting as anucleophile attacking theara- or ortho- (not shown)position of benzophenone
9. The resulting anio@48can undergo further deprotonation to form the dia2®® which
could act as an organic eleatralonor and donate an electron to benzopher23teto

generate the ketyl radicahionspecie®237and250.

44



Proposed mechanism:

K
0@
(6]
% ” KOtBu ®K/‘2\‘
@‘ O
ButO ButO

249, electron donor

SET
ButO

250, possible blue?

OtBu

Scheme 59. Proposed mechanism for generation of the endjgte donor249

Many different substituted benzophenones, sucRsand 252 wereto beprepared and
tested, qualitatively and quantitatively, under different conditions.

Na or KOtBu

o Ph _— Ketyl radical anions?
Distilled THF
Ph Ph Ph ‘ Ph Ph Ph

251 252

Scheme 60. Evaluating the reduction of benzoplo@e and benzophenone derivati2®d and252

2.B Aims: K™ triumphs over Na' in electron transfer reactions

The role of M@Bu in the BHAScycleis well represented in the literatuits capability of
triggering the process has been widely discuss#ueimtroductionA few reports consider
NaQiBu as a valid supporter in sue@hmechanism, but not enough to compete with the
KOtBu primacy. Thesecond part of theResults andDiscussion will explore an

unprecedentedase where KH isapable of triggeringhe BHAS cycle and some new
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behaviourof KOtBu in electron transfer reactions. Twther examples where*Kriumphs

over Nd& will be given alongside the project discussions.

B4  The 4" projectis an evaluation of the propertie§ KH in electron trasfer
reactiors, in particular KH was found to promote radical processes with benzene as
solvent whereasNaH was ineffective. An accurate understanding of the role of KH

with different haloarenes will bexplored

Metal Hydride

R PhH
_ Radical process?

Conditions

253

Scheme 61. KH mediated reactions of haloare2&3.

B5 The 5" projectspeaks about the reduction of benzene and its reductive coupling.
The role of alkali metal cationgill be explored In particular, different additives will

be screenednd a mechanistic study will iperformed.

K metal
© additive ©/Ph
B ———
150 °C, 21h
"
K metal
b H additive 5
_additive_ .
D D  150°C,21h

254

Scheme 62. Reductive coupling of benzene by the synergic activity of K metal and an additive.
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3 RESULTS AND DISCUSSION

In this chapterall the various projecté& and B are presented. Every part (background,
strategy discussion of the results and conclusion and future vadr&ach projectl-5) will

be shown subsequently.

3.ATHE ROLE OF KO tBU IN ELECTRON TRANS FER

REACTIONS

The use of &oxides of alkali metal as powerful bases twalways been widespread,
however, in the last decade, alkoxides (mainlytBi) hawe been employed in electron
transfer reactions for the first tinfg' 50:5556.92.95.1011 hjs |ed to controversiatleas of the role
played by thesbase. Most of the reports in the literature considertBR@as a facilitator in
electron transfer reactispfor instance, the base aas a promoter for théormation of
organic electron donors which trigger and propagate the BHAS mechanism. When the
initiation process for this transformation was still unknpmany chemists started to believe

that KOBu could itself act aan electron donor towards haloarend his ideaarose from

some observatiareportedy Ashby in 1981%? He believed that amides and alkoxidés

alkali metals couldeducebenzophenone by direct SET. This projectv re-examine the

role played by K@Bu in electron transfer reactigroffering a new example where the base
acts as a promoter for t his t r alvsernvfatoom mat i
unmasking the Aur btBuais bekeyged tocat asiameleetrbn dottor K O

benzophenone.
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3.Al The Formation of Organic Electron Donors by Dimerisation

from Formamides in the Presence of K&Bu

3.Al.1 Background

The literature premnts a wide collection of reactions promoted bytB®in DMF (as
solvent) with regardto©€ bond f or mati on, where similar

work led to our interest in these reactions.

The Yan group reported, in the past few years, a sefrieevo applications of the KBu-

DMF system, such as an interesting new synthesis of indole derivaty &35 (Scheme

63). They reported an intramolecular dehydrative coupling of tertiary amines and ketones
promoted by th@groposeccomplex carbamoyl aniol. Deprotonation oDMF by a strong

base such as LDA and KBu has been previousheported® %l Yan proposed thahe
carbamoyl aniorl promotes the formation of DMF radic2B3via single electron transfer

to a neutral DMF molecule. The DMF radi@@3abstracts a hydrogen atdrom the carbon

U to the nit 23dand the radictal spect®s6tgenaratesl, then attacks the
carbonyl leading to a new radical spec§. This then abstracts another hydrogen atom
from neutral DMF and propagates the process, whereastimenediate258 undergoes
elimination of water to afford produc235? Their explanationfor a radical process was
only base on the fact that the reaction is inhibited in the presence of either molecular oxygen
or radical scavenger TEMPZ59. Nevertheless, since no radical intermediates were trapped
or isolated in the experiment with TEMPO, no radicals were proven to bevéavoi the

reaction.
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235

Scheme 63. Mechanism proposed by the Yan grdiip.

The Yan group, moreover, discovered that this system works also for the synthesis of 4
arylquinolines263 84 or tetrahydroisoquinoline derivative2613] More receny they
reported the abilitypf KOtBu-DMF to promote intramolecular cysfi t i o0 n -biphenyll , 1 6
aldehydes and keton264to afford phenanthren@65as well as intramolecular cysdtion
o f di ar yl me t-bnsatumieds amaeed). 268 ,tob afford 3,4disubstituted
quinolinones267.858¢1 Mechanisms were proposed for these transformattbas feature

radical intermediate$iowever, thewvill not be furtherdiscussedhere
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©\/)\l 0 KOtBu, 0.5 eq

R~ -
R" DMF, rt
N AR
R
O o KOtBu, 0.5 eq.
_—
G R DMF, rt

R" KOtBu, 1 eq.
o)
R O DMF, 80 °C
264 265, up to 94%, Yan 2015
o) o)
OH HNMR R NH
KOtBu, 4 eq. \
B —
O el DA
266 267, up to 82%, Yan 2016

Scheme 64. Some recent applications of the #8D-DMF system poposed by Yaf>8el

An interesting studypublished by Taillefeet al.in 20157 disclosed a new example of
transitin metalf r e-arylatbn of enolisable aryl ketone268 via Skn1 (Radical
NucleophilicAromatic Substitution) mechanism. Application of this new method was the
synthesiof large molecules like Tamoxifed71in only 3 steps and in 62% overall yield.
The U-arylation of enolisable aryl ketone&@ Sn1 was discovered in 1970 by Bunnett and
Kim when they subjected-5and 6halopseudocumene®/2 and 278 to KNHz in liquid
ammonia(Schemes5). Bunnett and Kim observed formation of a mixture of proddcts
and 276 with the ipso-substituted compounds as major product, according to the starting
material used. The presence of both regioisomers indicates that an aryne interg¥adiate
plays a role, but since the ratio is different than 1.1 at abodt, 1tfen a n& mechanism
likely competes with the aryne chemistry. Further studies on the exchange of halogen led
themto rule out an Ar mechanisminasmuch as iodoarenes are somewhat less reactive
than the corresponding bromides and chlorides, whereas BunnettrandoKced a better
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reactivity with iodesubstrates which would suggest a radical character of the process.
Moreover, when they used radical scavengers such as tetraphenylhydrazine, the product ratio
shifted towards the typical aryne ratio ! A few years later, BunnesindRossi reported

that numerous ketones including acetone can be arytatedderate to high yield$>*

Via Sgpn1

Q KOtBu, 5 eq. 2 G R™
X DMF
R 1. R —— R.{Hi: g
60°C, 13h R
268 269

via
Sry1 NHg H,oN

[E—— —_— +

KNH,
NH;

272 273 275, major 276, minor
NH3

via
aryne ‘

/////////’ 277

M
KNH,
X NH, . NH, HoN
—_— —_— +
via H,oN
Sgrn1
278 279 275, minor 276, major, Bunnett 1970

Scheme 65. Sknl exampleseported by Taillefeand Bunné.®7]

WhenTalillefer et al. perfamed a screening arganicsolvents for this reaction, DMF was

found to be unique in promoting this reaction. They proposed that the reaction pnoaeeds

a radical process because the reaction was completely inhibited by radical scavengers such
as galvioxyl 283 and TEMPO 259 nevertheless, thegid not mention any radical
intermediae trapped with the scavengergloreover an alternative benzyrmediated
process was ruled qugince no regioisomers of the products were detetitdsubstituted
iodobenemene With this perspective, Taillefest al. suggested a possible mechanism for

this transformation, supported exclusively by computational st{fdids. this case they
proposedha carbamoyl aniord, complexed and stabilised by the cationdfdt-butanol,

behaves as an electron donor to iodoben2énegenerating iodideon and phenyl radical
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189via Srnl. The radical species couples with eno3&to generate the radical anigaB2
which propagates the radical chagni vi n g r-phenglketora281t®h e U

® Ph-I
26

K--
o Lo 0o

KOtBu o \o § K
A~ J\ N Initiation
H "“ ‘ er 'T‘ KOtBu

1, carbamoyl anion 266
‘ﬁ 189 = tBu
281, Product Propagation ‘ ‘
tBuO

tBu

Ph | ‘/; ©)K/ 283, Galvinoxyl
282

Scheme 66. Mechanism proposed by Tailleféf.

They used DFT calculations to evaluate their hyphothdsisever, the relative energies for

t wo consecudilgEkaltmelp ®r ( (pEe deprot16.86kdai on &
mol? for the SET) indicatethat the reaction is thermodynamically unfavouratem their

study, the stabilisation of the carbamoyl anlowmith t-butanol through hydrogen bonding is
deduced to be favoured by the synergic effect of the catidif/Rhe direct electron donation

by the carbamoyl aniofi lacks evidence in the literature. The same Taillefer asserted his
theory only by conputational studies and therefoaeyalid experimental investigation of the
KOtBu-DMF system was warranted.

3.A1.2 Project strategy

The starting point was to design a trapping experiment for carbamoyl Bnioth theidea

that if 1 donates an electron to a substrate, then the unpaired electron ought to be very reactive
and gclise intramolecularly with an alkene moiety of the test compd@8g#las shown in
Schemes7 and then afford the lactag87.
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0 KOtBu g © -0 0
)L - N - t -
H T DMF H @'T‘ ¢ l‘ﬂ
1 233
J < J
/\/\N — /\/\N ¢ — /\/\N *« —> /\/\N
K/\ K/\
284 285 286 287
Scheme67. ldeatoprob Tai |l |l ef er6s mechani sm.

Moreover, to check tether dimerisation of DMF anions can lead to an electron donor, in a
similar vein to the dimmsation of 1,16phenanthrolin@ndpyridine to give the dimer204
and208 different experiments were planned with DMF and diformam&$8sand239, to
evaluatethe effectiveness of this proposal. At a given concentration of diformaihiele
formation of the electron donor should occur more easily with the diformamides rather than
with twice this concentration of DMF, since the process occurs intramoleculanigoiviy,

the more conformationally restricted diformamid89 should be even more effective

compared to the line@38

Previous work:

O
N0 N2 komu
& —> electron donors?
PN PN .

Scheme 68. Comparison between the previous wékthe new proposal and linear diformamzB8and

cyclic diformamide239as plausiblelectron donor precursors

53



3.A1.3 Results and discussion

1. Investigation of the model reactions with 8D and DMF

A series of reactions with different substrates was performed and the efficiencyid KO

DMF, as a possible precursor to an organic electron donor, was evaluated.

2,6-Dibenzyloxy1-iodobenzene290 was prepared by reactingi@oresorcinol288 with

benzyl bromide89in the presence of potassium carbonate as shown in Scb@me

I Br I
HO OH @o o\/©
+ E—
a
288 289 290

Scheme69. a. KCOs, DMF, argon, 80 °C, 18 h, 66% vyield.

The strategy adopted for these tests consistezhofingsubstrate90and292with KOtBu
(2 eq.) with only a small amount of DMF (normally 1% vitiwihe solvent) irbenzene as
solventat 130 °C for 18 h. These conditions are equivalent to those used wititcuping
reactions in the presence of additives in previous work from the Murphy gfbup.

RO OR KOfBu 2 eq. RO OR RO OR
Ph-H + \©/
-

130 °C, 18 h

290, R = Bn 291, R=Bn
292, R = CHj3 293, R = CHj3
Entry  Substrate Additive Product

2910r 293(%)

1 290 DMF 1% vi? 80
2 290 - 10
3 292 DMF 1% vi# 79
4 292 - 9

Table 4. The yieldshave been calculated Bi-NMR using 1,3,Srimethoxybenzene (1ol %) as internal
standard? Relative to benzene (v/v) as solvent.
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The KOBu-DMF system was revealed to be very effective in reducing subs2@@éBntry

1, Table 4)and 292 (Entry 3. The reaction irthe absence of DMF gave rise to a low
percentag (~10%) of the reduced produy&ntries 2,4) Nevertheless, the deiodination of

these iodoarenes is quite easy to achmwvig tothe inductive effect kof the twoi OR
substituentsvhich allowst he ant i bondi n glbdndtoacepbdntlactrono f t
quite readily. Moreover, the deiodination is a favourable process due to the steric ralease. O
the other handthe crosscoupling does not occur because of the steric hindrance of the

subsituents

Afterwards iodo-m-xylene 190 was tested to evaluate the crassipling efficiency of the
KOtBu-DMF system. This substrate possesses two relatively small substituents, facilitating
the crosscoupling reaction and vaiding the bengne mechanism athe same time.
Thereforethe oupling products come only frothe formation of the aryl radical®94and

189 (the mechanism that leads to the formation of the coupled products has been previously
shown,Scheme 8 Chapter 1.2.8 Althoughthe KOtBu-DMF sygem is not very effective

in triggering crossoupling reactions, certain amounts of the typical coupled prodadts
and11, obtained using an additive, were detected, in their typical 8t 1(Entryl, Table

5). The blank reaction also showed traoésoupled productgrobably due to small traces

of transition metal species present in the reactontry 2)

| KOtBu 2 eq
Solvent
130°C, 18h \©/ ©
190 1

189

Entry Solvent 190 (%) 191+11 (%)
1 PhH 99%, 51.5 2.8
DMF 1%
2 PhH 100% 65.1 0.5
Table 5. The yieldswerecalculated byH-NMR using 1,3,8rimethoxybenzene (10 mol %} internal
standard.

A small activity of the system KiBu-DMF was therefore detected. The following study
wants to test whether the mechanism proposed by Taillefdrecarperimentally confirmed

or not.
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2. Investigation of the formation of DMF radical

The formamide bearing an alkene moi@§4 (see Schem&Q) was tested since if the
carbamoyl aniori, formed after deprotonation by KBuU, donates an electron to a generic
substrate, then the radic285 (analogous to the radicaB3) ought to react with the alkene
moiety to afford cyclised produ28?.

i
S0 JNC)
i KOtBu o I _ e ﬁ
H” >N~  DMF H @T LN
\ \
1 233
J <9 J
NN — NN/ Ty o« —> NN
K/\ K/\
284 285 286 287
Scheme70. IdeatoprobeT ai | | ef er 6s mechani sm.

A two-step rote was applied to synthesiSebut-3-enykN-butylformamide284. At first, N-
butylformamide296was obtained by reacting butylamia@4with ethyl formate295. In the
second ste@96was reacted with-hromobutl-ene226 (Schemerl).

(0}
tOJ NBr
295 ﬁ 297 j)
/\/\NH2 T’ /\/\N —b> /\/\N

" J

294 296 284

Scheme71. A. argon, 110 °C, 4 h, 89 % yiel®. NaH, toluene, argon, reflux, 16 h, 45 % yield.

The 2,6dimethoxyiodobenzen292 was chosen agsubstrate for the test wi84, whose
concentration was kept at 1%.similar deiodination was observed, but the formation of a
secondary amid@96 was seen instead dhe expected cyclised amid87. The blank
reaction intheabsence of the iodsubstrat92 also showed formation of secondary amide
296. The explanatioffior this result could be anzElimination to form amid96 and the

volatile butadien®98as shown in Scheme 72
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KOtBu 2 eq

[ o] o
o o J PLH starting fo) 0 J

- ~ N : ~ ~ N

+ N R material * +
K/\ 130°C, 18h H
X
292 284, 1% 220,0.8 % 293, 66.5 % 296

Proposed mechanism Desired product:

H
9{\ o 0
N
ST G e Y ﬁ”)
h o}
(o] 287

284 298 296

Scheme72. Test reaction using the formamid84instead of DMF. Proposed mectism for theformation
of secondary amid296 formation.

Despite the first nopositive results, the study went further and two different diformamides
238and239were prepared.

3. Investigation with diformamides

For the synthesis of the linear diformamidéN'-(ethanel,2-diyl)bis(N-methylformamide)
238 N,Nadimethylethylenediamin&25was simply reacted with ethyl forma285as both

solvent and reactant of the reacti{@chemer3).

i
Nl—‘i kOJ r\‘l O
Y
[ 295 [ ~
PSS
ITIH a l\‘l ~o
125 238

Scheme73. a. argon, 50 °C, 16 h, 91% yield.

The cyclic diformamide N,N ¥(%)-trans-cyclohexanel,2-diyl]diformamide 191 was
synthesisednh a similar way, by reacting (#)ans-1,2-diaminocyclohexan@28 with ethyl
formate295 and ther299 was methylated bysing methyl iodideB00 in the presence of
sodium hydride (Schem&.

T
|
-
(o] H \
O,NHz 205 ON\%O 300 N. 0O
NH a "'N &O b N /§O
H \
220 299 239
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Scheme74. A. argon, 50 °C, 16 h, 84 % vyield. B. NaH, toluene, argon, reflux, 16 h, 83 % vyield.

The idea, as mentiondzkefore was to evaluate whether dimerisation of DMF occurs, in a
similar vein to the proposed dimerisation of penanthroline and pyridin&! which then
could triggeBHAS reactiond®”! The mechanismrpposed for the formation of the electron
donor starts with the deprotonation of DMF by 8D, as suggested also by Knoclél,
Yan 828l Taillefer®) and Reeve8®°® The DMFderived anion is known to be a
nucleophild?”*?therefore it adds to a neutral DMF to form the arfioas shown in Scheme
75. Proton transfer affords the enol&ewhich is acandidate electron donor; alternatively
further deprotonation affords the dianidnlikely to be an excellent electron donor. The
diformamide238and239will follow the same fate, leading to anionic electron dordfrs

and303 or to the even more pakful dianionic electron dono02and304.

Proposed mechanism:
®0 ® 0O
O komu 9 oMF | H$ | KO komu | K8
LN/ — @LN/ > /N%N/ /N%\N/ /N%N/
\ © \ \ \
K 58 o 58
1 ©, 3 4
®
| K K
\40 N (o] (o)
[ KOtBu [ I KOtBu [ ‘
NS0 N~ OH N o2
\ \ | k®
238 301 302
l\‘l o] IL If) IL 0©
—
O/ T KoBu O’ I KOtBu O’ |
N0 “N"OH N o2
| | e
239 303 304

Scheme 75. Formation of organic electron donors from DN#B8and239 mediated by K@Bu.l!!

Once again, iodon-xylene190was chosen as substrate. The strategy adopted for these new
tests consisted in the comparison reactions between a fixed concentration of diformamide
238o0r 239and twice this concentration of DMF. When the antaf DMF was 0.1 mmol
(Table 6 entry 3) a trace amount of biaryl81and11was formed (0.6%). However, under

the same reaction conditions using linear diformamide (0.05 mmol, 0.1 equiv., entry 4), a
very clear increase in the yield of biaryls was sg&0%), whereas the more
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conformationally restricted diformamide provided 16.1% of biaryl products (entry 5). At 110
°C for 4 h and using an increased amount of additive (1% DMF, 0.5% for the two
formamides)a similar trend of an increased quantity ofrimwas observed when switching
from DMF to linear diformamid@38(entries 6 and 7). A further increase in biaryl yield was

observed when cyclic diformami@39was used (entry 8).

: \
KOtBu 2 eq ' N (0]
Ph-H \7 (j ~F
N“ 3 N0
130°C, 18h \ : \
191 23 3

Entry Additive 190 (%) 191+11 (%)¢
1@ none 65 0.5
22 DMF (19%) 84 2.8
3 DMF (0.1 mmol) 95.5 0.6
42 238(0.05 mmol) 59.4 8.0
52 239(0.05 mmol) 55.4 16.1
6° DMF (19) 85 0.4
7° 238(0.5%) trace 19.6
g° 239(0.5%) trace 31.6

Table 6.2 lodo-m-xylene (0. 5 mmq| 1 mmol KQBu, benzene as solvent, 130 °C, 18 keaction at 110 °C,
4 h. ¢ Relative to benzene (v/v) as solvent. d The yields have been calculaféttNiMR using 1,3,5

trimethoxybenzene (10 mol %) as internal standard. The sutheofields ofboth @upled productds

reportedl

Afterwards, the reducing power of the diformami2g9 in the presence of KiBu was
investigatedas well as the importance of the base u¥gHen p-chlorotoluene305 was

tested with the same conditions mentioabdvewith 0.2 eq. of additiv@39(Table 7, Entry
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1), only 6.86 of 4methylbiphenyl123 was obtained; howevgethis result mirrored the
expectation since the chloroarerg&b are much moreifficult to reduce, compared to the
iodoarenes. Furthermore, small amounts of butoxide anion addition pro8oéeng307)
were found, which suggests that a benztype reaction wasccurring The reaction ithe
absence of additive (Entry 2) showedaoupled product, but a larger amount of butoxide
anionderived products306and307).

KOfBu 2 eq. #/ )(o
N Lo PmH 0
+ +
T 130°C, 180 C, 18h
239 306 307

Entry  Additive 239  305(%) 123(%) 306+307(%)

12 0.2 eq. 7.8 10.0 1.2
2b no 25 no 16.8

Table 7. #The reactionswereperformed using substrate 0.5 mmumse (1 mmoliliformamide as additive
(0.1 mmol), benzene 5 mEreaction in absence of additive. The yields weakeulated byH-NMR using
1,3,5trimethoxybenzenél0 mol %)as internal standard.

When diferent bases were tested in the presence of diforma2di@land 4chlorotoluene
305, the first result that sbdout was that the coupled prodd@3was affordednly in the
reaction with K@Bu, whereas a great amount of benzynegtpducts308 and 309 were
found when KHMDS was used and only starting mat&@&was returned when NaH was
employed. The addition of hexamethylsilazide anion to haloandaesbenzyne reaction

was previously demonstrated by Rakfs!

60



Cl

qj . 239 0.2eq.

305

Entry Base
12 KOtBu
28 KHDMS
3 NaH

Base
Ph-H

130°C, 18h

-OtBu

-N(SiCHs)

H

588

306, 307, R = OfBu
308, 309, R = N(SiCHj3),

305(%) 123(%) Benzyne
byproducts (%)
7.8 10.0 1.2
n.d. n.d. 50.4
34.5 n.d. n.d.

Table 8. #The reactionsvereperformed using substrate 0.5 mntmse (1 mmolyiformamide as additive
(0.1 mmol), benzene 5 mL. Tehyieldswerecalculated byH-NMR using 1,3,8rimethoxybenzenél0 mol
%) as internal standard.

The halonaphthalen&sl0 were also testednderthe same conditions. These results were

consistent with the observation that iodonaplgnes are much easterreducecompared

to the chloro derivatives. Moreover, the presence of the ad@B@promoted the arylation

reaction (entryl and 3, Tabl®); otherwise the main products were found to be butoxide

anion additiorproducts313and314to the correspondg naphthalyngEntries 2 and 4) in

theabsence of additiva39

KOtBuZeq
130 C, 18h

Entry X Additive
1@ I 239
2° I none
3 Cl 239
4° Cl none

“ sog ob sisem

310(%)
n.d.
n.d.

trace
35.5

OtBu

O’N =z

239

311(%) 312 (%) 313+314 (%)
61 trace trace
24.4 n.d. 16.6
41° 3 trace
n.d. n.d. 42.9

Table 9. @The reactionsvereperformed using substrateO mmol, diformamideas additived.1 mmol,
benzene 5 mE.The reaction have been performed in absence of adélitiiedds calculated by isolatiors.
Yields werecalculated byH-NMR using 1,3,8rimethoxybenzenél0 mol %)as internal standard.
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A possible explanation for the formation of t®upled producBllis shown in Schemé®.
The halonaphthaler#@lOreceives firstly an electron from the donor fexnby KGBu and
239 to afford naphthyl radicaB15 This abstracts &ydrogen from benzene to afford
naphthalen8&16 (a GC bond formation would be more difficult to happen due topéme
hydrogen)yand radicall89which couples with naphthalene to affeadlical317. SpecieS17
then undergoes deprotonation to afford the new electron ddt®rgiving rise to 1

phenylnaphthalengll, after electron loss

Fomation of 311: proposed mechanism

KOtBu

189

Scheme 76. Proposed mechanism of the fation of311

Product312canform via 3 different pathways (Schen7d). Radicall89 could attack the 2
position of naphthalene leading to radi@all directly (pathway a); alternatively, it could
attackthe * position of naphthalene and fomadical319 (pathway b) The new Gcentered
radical319 could add totheipso-carbon of the phenying to form the spiropolycycl&20.
This then rearranges to the new radical sp&&désdriven by the aromatisation of the phenyl.
The new radicapecie821lunderges further deprotonation to afford the new electron donor
322 giving rise to 2phenylnaphthalend12 Al t e r n anaphthayhe$23 could form

via deprotonation on the 2 position. Phenyl radi®® would then attack323 and form
radical 324 (pathwayc) which would abstract an hydrogen frdmenzeneand formthe
product312 Pr evi o u snapghthalydei bg Bunnetinrevéaled that the nucleophilic
additions on the-position is 2 times more favoured than thpakition!1%¢!
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p
Formation of 312: proposed mechanisms

X' Kotu
191 “ Ph-H ' i : “ KOtBu l i
310 1

189

V

O Q O . Ph-H 189 H
: NSO C RSSO R g
OO = I CO O
H —_— —_— :
319 3 324

w‘w‘

322, electron donor

Scheme 77. Proposed mechanisha,b and cthat could explainhe formation o312

After this first exploration with formamides, a new study with different aldehydes was carried

out.

KOtBu promotes thén situ formation of a strong organic electron donor from the hitherto
unlikely precursor, DMEY A mechanism is proposed that is consistent with other
mechanisms recently used to explain thiefation of organic electron donors triggered by
reactions of K@Bu.

3.A2 Exploring the Deprotonation of NorrEnolisable Aldehydes

A very fascinating but unsolved puzaethe origin of life. The origin of life has been well
studied and many interestingews have beeproposed Many scientists believe that the

entire biomolecular system comes fromsimplebo ui | di ngwhli ocobksepr ese:l
monado of the enti% Moreaver, nitphhsebeen aepoptaal rthatt botls .
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formaldehyde and glycdidehyde are among tharca 150 compounds that have been
identified in intergellar spacé'® and this evidence could strengthen the hypothesiseby
formal dehyde could represent the fAkey mon

abovel197]

3.A2.1 Background

The primordial settindor an experimento probechemical evolution from simple starting
materialwas firstly put in place by Miller in 195%° who achieved the production of amino

acids simply using CH NHz, HHO and H,c ompounds whi ch woul d r e
atmospheren the primitive earth condition€lectrical discharge was used to form free
radicals. The possibility of production obioorganic compounds by reacting simple
compounds was hypothesised by Oparin in 1923. The production of aminB2a6idss
postulated to occuwia Strecker synthesid? starting from the formain of aldehyde$25

and hydrogen cyanide.

byproducts
A
CO H L — R/%COOH
R . H
Electric H30
NHs  CH,  H0 discharge
325, Miller 1953 326,rac., Strecker 1850

Scheme 78. Millerd experiment!©

Moreovetanot her experi ment al chemical i nvesti
ammonium cyanid&!!l An interesting mechanism where aden889 could easilyform
fromamut i st ep A pent aNrBZ/nligsihammania Gchenie Y@&hE€recently
proposed by Schleyet all*'?

NH, 9y
NH NH N

HCN \ HCN 2 N)\/[
HCN  —— NC) - )\CN QN/ N/>

NC —_—

327 328 (dimer) 329 (trimer) 330, Adenine
(pentamer)

Scheme 79. Formation of adenine in aqueous ammonium cyanide solution proposed by Sehkyer!
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In 2015, Sutherlangroposed that RNA, protein and lipid precursors have common origins
in a cyanosulfidic protometabolism. From photoexcitatiof hydrogen cyanide and
hydrogen sulfide, formaldehyd@40, dihydroxyacetone33 and glyceraldehyde332
precursors of carbohydratexcur. These simple molecules then create an intertwined series
of reactions which lead to the formation of glycB®@3 and other aminacids, glyceroll-
phosphate334, precursor of | i p iplbsphate885) alpreaunsar bfi ¢
RNA. 113

H

O
hv o %
HCN + Hy,S + H,0 ——= H)k + HO\)K/OH + HO H — Carbohydrates
OH

240 331 332
i l l l ll hv
HO f\fo
OH s = 0
NH; \Oﬁ O
o 09
333, Glycine 334, glycerol-1-phosphate 335, uridine-2',3'-

cyclic phosphate

| | |

Protein Lipids RNA

Scheme 80. Reaction network that leads to RNA, protein and lipid precursor propysgdtherland:®!

Another very interesting experiment was performed by Butlerov in 1861. He treated
formaldehyde240 with calcium hydroxide affording a complex carbohydrate mixture
(Scheme 81). Many vyears later, Breslow proposed the first mechanism, in which

glycolaldehdye?241 was proposed to play a key role.

[ 1%t step: slow If 2M step: fast \

Via

aldol .
o] condensation { Trioses

Autocatalytic

5 | tetroses
cycle HO

H pentoses

241 etc.

Scheme 81. The formose reaction proposed by Bresi.
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Thepreviousexamples have been the starting point for many later theories and experiments.
Neverthel ess it 0stospeculaténevwry@senOneimpottahtielsmemnte p o
is the widely acceptetheory that the formation of ribose from formaldehyde would be the

key element for the formation of RNA and then the biotic wbti.Neverthegss, the

formation of ribose from formaldehyde is a process that is still not well defined.

I n regard to the fAformose reactionodo, disco
carried out by Breslow in 1959, who proposed his first mechanism1stheucial step is
represented by a slow formaldehyde dimerisation to afford glycolalde24terhen the
autocatalytic cycleshown in Scheme82 runs faster and faster to produce more
glycolaldehyde, which can also further react to form the various cgatbatied%!

it
Role of Calcium: H™ 'H 1
240 process
0 (slow)
)k 240
2 H H
" | ca(oH),
Via
aldol
Trioses ) (0] (o}
d t
pentoses 241 H 241 \
etc. OH

1
HO\)\)LH 33 \ H °H
339 OH 240

( Autocatalytic HO/\AH ond

cycle OH process
332|  (ragy)
OH
HO
\)ﬁ]/\OH
338 O o]
\ Ho I on
D
H™ "H HO\)\/OH

Scheme 82. The formose reactionechanism proposed by Breslow in 1999.
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The autocatalytic cycle starts when a tiny amount of glycolade241 is produced.
Breslow did not proposany mechanism for the dimerisation of formaldeh2d@ he only
reportedthi t 1t mi ght inonetleless etheptheoriaschave lieén@dvanced (see
later). The rapid secomtocess starts with an aldcondensatiowia 1,2-dihydroxyethene

336, an enediol intermediate, which gives rise to glyceraldel®3# This species then
isomerises to give dihydroxyacetoB81, which then condenses with formaldehyde
1,2,3trihydroxypropene337, another enediohtermediate, to form the ketotetra388 The
ketotetrose tautomerises to the aldotetr@8®, which then regenerates the original

glycolaldehyde241and liberates a new molecule, by a simple retroaldol redétfbn.

This first proposed mechanism was debated by Benner in 2006, who examined the reaction
in DO as solvent. Since he did not detect any deuterium incorporation in the
dihydroxyaceton&31, he proposed a new mechanism, in wig8hwas not involved in the
mechanism, instead introducing new species detedteBourier transform ion cyclotron
resonance mass spectrometry {ER).*'6l More recently, Breslow in light of the new
results shown by Benner, speculated further on the mechanism initially proposed. He
elegantly demongated that the isomerisation ofd2uteroglyceraldehyd&32-di1 occurs by
deuteride shift to afford -tleuterodihydroxyaceton831-d: with 74% of deuterium still
retained (Scheme3).}' Therefore, in the Benner experiment, the incorporation of
deuterium from BO was not observed because the spe88&and 341 are formed by

isomerisatiorvia hydride shift and not by enolisati&i®

S)
OH OH CaZl © Ca?*
o CEZ+ i O : \\\O H20 0]
OYNOH > OSNOH GéﬁngH B HOW&OH
D D D -Ca?*
pH 12 H D
" H,0 . -0HO
332-d, 340-d, 341-d, 331-d,, 74%

Scheme 83. Isomerisation of Zleuteroglyceraldehydg32-d: to 1-deuterothydroxyacetone31-d: through
1,2-deuteride shiff!d!

The glycolaldehyd@41produced from the cycle represents the simplesbbadrate which
subsequently enolises and reacts further with formaldeligdgassical aldol condensation

to yield more complex carbohydrates (trioses, tetroses. pentoses, hexo$gd etc.).
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The undetermined point of the proposed mechanism is the formatitve fst catalytic
amount of glycolaldehyd@41 The period when this formation takes place is called
Ai nduction timeo or flag peri odo -caantda lvyasrtis
such as glycolaldehyd241, dihydroxyaceton&31 and benzoir842 (Figure 5) All these
species are able, with a different efficiency, to shorten the induction period, without affecting
the fast autocatalytic proce8®’] Many theories about what could be going on during the
induction time have been advanced.
(0]
Lo wodion (3 OH

241 331 342

Figure 5. Glycolaldehyde?41, dihydroxyaceton831andbenzoin342

Wanzlick, in 1962, suggested that the mechanism could involve the formation of carbenoid
species. The formyl anid3¥4, resulting from deprotonation 843in basic pH, would form

a nucleophilic carbene345 which then attacks a neutral forldehyde to afford
glycolaldehyde41(see Scheme 3418 Nevertheless, more recently the idea that thayb

anion was involved in first step of the process was considered unlikely by Ugtexiioh

2013. With a retrosynthetic perspective, they investigated the fragmentation of deprotonated
glycolaldehyde in the gas phase. From the analysis they detbettabs of formaldehyde,
carbon monoxide and molecular hydrogen. To explain thediom of the last two species,
Uggerud suggested two plausible hydride transfers (Scl&nea) to the carbon of
formaldehyde and b) to one ohe slightly acidic formaldhyde hydrogens forming
methoxide347and glyoxal anior848respectively:¥
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Scheme 84. Nucleopliic carbenoid formation from formaldehydé?!

Only a small amount of unhydrated formaldehyde is prtesemwater solution, while the

primary constituent is represented by methylene glycol, or hydrated formaldFg/de!

Mayer, in 1967, proposed a nucleophilic attack on a methylene @i¥8dly the carbanion

351, formed fromdeprotonation ofmethyleneglycoB49121]

o e S
HO” OH HO™ 0 HO™ OH
349 350 3151

HO/C9H
349

H)K/OH -H,0 HOlOH

241 352

Scheme 85. The nucleophile is represedtby the methylene glycol carbanié!

It is a common point of view that the Cannizzaro reaEfi@akes place simultaneously with

the formose reaction, a reaction that is also famous as disproportionation of aldehyde lacking
hydrogens n  tpbsition.UAnother hypothesis was proposed by John in 1974 who showed
that the two reactions, formose and Cannizzaro, should compete along the reaction time; in
particular they gave rise tbecommon intermediate complexed spe@83and355, for the

two reactions, which derive from hydride transfer fl8dito formaldehyde as shown in the
SchemeB6. The two reactions then would be intertwindaerefore a nucleophilic attack

would give rise to the formose prodg%2 whereas the proton transfenould afford the
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Cannizzaro product356and357. The reaction progress, explainggJohn, depends on the
nature of the metal uséd®

Hydride

® g
M O)
©) transfer
H (o] OH ~—
Ol OH + )LH Jransiel Y + AH\H

OH

H'©H

355

Formose

®
OH
HO Mo
w/\OH 0\70 + H4\H
OH H
352 356 357

Scheme 86. Formose and Cannizzaro reactions intertwined by common intermetfiites.

Also, the possible photatalysis by UV light could explain formaldehyde autocondensation,
since many theories say that formaldehyde itself would be formed by the action of UV light

on carbon dioxide and water in presence of certain inorganic catjsts.

A radical approach was also suggested by Bostia@l. in 2010. Within thecirca 150
compounds identified in the interstellar clopsisme radical species also feature su@b8s

359 360and361 Some measurementi mass spectroater (neutralisation/reionisation in

the dual collision cells of VG ZAB 2HF) showed that these radical species can be produced
In light of this evidencewo theoretical radical combinations were suggested (all the species
shown have been detected in mstellar space) to afford glycolaldehy@dl, as shown in

the Schem@&7.[%]

(0] (0]
on o I T o
L]
358 359 241
o (0]
R SOH . tH > HO\)'LH

360 361 241

Scheme 87. Radical species detected in the interstellar space could probably explain the glycolaldehyde
formation!*2!
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3.A2.2 Project strategy

After the investigation on the dimerisation of DMF in presence ofB{Qthe next step of

the project was to determine whether similar reactions occur on aldehydes lacking a hydrogen
a t o m-pasition dlich a%, 5and362 (Figure6). If a deprotonation occurs to form formyl
anion, then the eventual dimsiion of the formaldehyde could be an important element for
understanding the first mysterious step of the formose reaction.

Formyl anion equivalents as synthons forCCbond femation could find various
applications, as reviewed by Kirchningt al.[*?®! despite the proposal advanced by
Uggerud*® who proposed that formyl anion should not be involved in the process.

i g
@\) O + others
NI
(e]

Figure 6. Substrates bearing formamide andnfiyl groups.

3.A2.3 Results and discussion

N-(2-Formylphenyl)N-methylformamide7 was preparedia ozonolysis.N-methylindole
363 was treated with a stream of ozone and then dimethyl sulfide was added as a reducing
agent.

) Og Q
)
a

N ii) Me,S
—_—
N\ N0
363

\
7

Scheme88. a. i) MeOH,-78 °C, 6 h; ii)-78°C to RT, overnight, 35% yield.

Compound7 was testedn a coupling reactiomsing iodem-xylene 190 as substratand

benzene as solveanhder the same conditions as previously. désigned additive was found

to be leseffective than the diformamide89 (Entry 4, Tablel0): when 0.1 eq. of additive
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wasused only 5.8% of coupled produci®©landll were detected in the typical ratio 3.5:1
(Entry 1), whereas when the concentratvees increased to 0.65 ethe yield of coupled
products did not increase significantly (Entry 3). Nevertheless, this test underscores the
ability of the substrate to form an organic electron domberestingly, when compound

was allowed to react witKOtBu in the absence of any iodobstrates, only isati® was
isolated in 40% vyield. Arerysimilar result was found when NaH was deployed, the reaction

with a weaker base such asN@s;gave only starting materidlback.

Additive Addmves
| KOtBu, 2eq. \
_PnH \©/ ON 0
\©/ conditions O
190

239

Entry Additive 191+ 11 (%)®
12 - 0.5
22 7, 0.1eq. 5.8
3 7, 0.65eq. 10
4° 239, 0.65eq. 31.6

Table 10. 2 lodo-m-xylene (0. 5 mmol), 1 mmol KBu, benzene as solvent, 130 °C, 18 Yields calculated
by 'H-NMR using 1,3-trimethoxybenzen€l0 mol %)as internal standaréireaction at 110 °C, 4 h.

The possible mechanismwhich could explain the €€ bond formationare proposed in
SchemeB9. i. If deprotonation occurs on the formamide, then ai@i6b would undergo
cyclisaion to form anion366, which then formdN-methyisatin 8 after KH expulsion. ii.
Alternatively, we could have deprotonation on the aldehgiler directly ompossiblyvia
benzointype reaction to form anio68 which then cyclises to form anidd69. After
reprotonation, elimination can occur to form intermed&é& This tautomerises to form

acyloin372which undergoes air oxidation to the dicarbodyl
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NaH or KOtBu
Ph-H o)
N/§ N
\

o 130 °C; 18 h \
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\ \
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© OH OH
KOBu H  yomu © OfBu
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0 0 OH OH
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0 =~ OH <— OH < OH
N N N N H
\ \ \ \
8 372 371 370
.

Scheme 89. Different proposed mechamis for the érmation ofN-methyisatin8 from 7 mediated by a
strong base

In the wake of these results, [Hiphenyl}2,2-dicarbaldehydé was prepared and tested
using KGBu as base. The ozonolysis method was also applied to synthesise s@bstrate
starting from phenanthrer@73and triphenylphosphine was used as a reducing &gént.

f
i) O3 Ox
i) PPhg
O .78 °C, DCM, Py O

373 5

Scheme 90. i) DCM, Py,-78 °C, 8 h; ii) PBP,-78 °C to rt, overnight, 53 % vyield.

A similar result was obtaing@cheme 91)whereby a & bond formation was seamong
the two aldehydenoieties forming 9,10phenanthrenequime 6 in moderate yieldTwo
mechanisra are proposed for this reaction, both comparable with the mechanisrosqatop

for the previous substratén particular the dialdehyd® undergoes deprotonation by the
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strong base, whereby the resulting anB nucleophilically attacks the other aldehyde
forming anion375 which then after hydride loss, gives rise to diketéndgth a significant
yield. ii. Alternatively, anion377 could form via benzokutype reaction and form ani@v8

then acyloinr380which, afterair exposure, oxidises to produéct

o o
o | NaH or KOtBu ©)
iy e o
—_—
O 130 °C, 18 h O
5

g
Proposed mechanisms:

o] 0 0] 0]
o U o. ol o2 o o
QG- () = T
—_— — > H
5 374 375 6

3]
©w
3
o
w
N
~
w
b
©

-

O OH oe
o ©) HO
(0 = T g
® 9 ®
6 380 379

Scheme 91. Proposed mechanisfor the diketones formation from dialdehyd®.

The substrate5 has been previously studied by Enders in 2004, who repdhed
intramolecular crossed aldehylletone and aldehyeldehyde benzoitype reactions

catalysed by nucleophilic carbenes such as the thiazoliurd&le® as shown in Scheme
92.
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N® ©
? | > Br OH 0
Oy HO s 0 o
O w0 e S0
O Et;N, DMF, 60 °C, 24 h O O

5 380 6, 90%

Scheme 92. Benzointype reactions catalysed by thiazolium $81 on dialdehyde828]

Substrate883was preparedia a two-step synthesis, i) Ullmann type coupling followed by

i) astream of 0zon&?? The coupling in this case would be between an aldehyde and a
formamide moieties.

Ph-I i) O3 Q
oo F o e o
_ /=0
N a N b N
170 382 383

Scheme 93. Preparation of substra883 a) CuBr,N-methytpyrrolidone, NaCQs;, 170 °C, 6h, 67%. b)
DCM, -78 °C,5h, 32%.

When compoun®83 was subjected to KBu, a quantitative yield of acridé 384 was
isolated. Tle latter gave rise, likelyyia Bernthsen e@action after butoxide attack dhe

formamide383to form anion385 anion386arises after ester expulsion and intramolecular
rearrangement takes plaé)
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Scheme 94. KOtBu-mediated acrydine formationa possible Bernthsen reaction

Substrate394 would allow a formamide to couple with a ketone. 2R@hloro-1,3,5
triazinecatalysed FisherIndole synthesis led to indoB9213Y This was first methylated
and then treated with stream of @ followed by reductive worup. When tested with
KOtBu, substrate894 gave rise to a complex mixture from which three different products
were isoated,395397 (Schemed5). Product395 derives from a similar coupling to that
observed with the previous substratesformamide deprotonation. For the structusés-

397, ahypotheticalmechanisnis given. Since396 and 397 gave the same yields, the two
products could derive from the same process. Initally, éBki@nediated coupling between
two molecules of starting materia®4 coud form a dimeric intermediate, from which an
organic electron dond399 could arise, following the same process descrilredipusely
(Chapter 3.A) Once the organic electron donor has formed, one electron can be shuttled to
the benzophenone moiety (in green) to form a diradical intermetldéXelhe latterthen
undergoes Fabstraction and cleavage of theNCbond to form thdwo intermediategl01
and402 The two intermediates can now follow two different pathwd{d. can undergo
another K@Bu-mediated aldehydketone coupling, from whiclproduct397 could arise,

possible through the formation of did06. This mechanism isnly an hyphothesis, more
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studies will aim to find evidence for thiBroduct404 could arise from a rearrangement of
amide402 via de-aromatisation and fraromatisation process.

a:synthesis
o] /N o
|
_NH,
HN | 03
389 390 392

b: test reaction
O

0 (0]
N
KOfBu 2eq “N NH N
__Benzene, O ‘ PN ‘ ‘
+ +
130°C, 18h O OH O O O O

395, 28% 396, 8 % 397, 8%

c: possible mechanism

i O
Q KOtBu 0 o) S}
mediated (0]

coupling

- o=

394

H

%N/ 0 — / o
OH (e}

398 399, electron donor

electron transfer

OH N
H abstraction
— U0 ‘ ‘*‘ (7
HOR®
402

400
\Reductlon Reductlon
HNT
Reductlon
—>
SA® OH O o
396, 8 %

Scheme 95. a)Synthesis 0394 and reaction with K@u. a) EtOH, 85°C, 2 h, 48%) NaH, DMF, 4 h, 0 °C
to RT, 93%4; c) DCM,-78 °C, overnight, 35%b) Test reaction with substra®®4. c) possibleoutline
mechanism for the formation of produ886and397.
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3.A2.4 Conclsion and future work

After the preliminary investigation on the intermolecular and intramoleculdrd@upling
between formamides, the intramolecular coupling with aromatic aldehydes was achieved.
The next step would be to test renolisable aliphatic dehydes such a#)7 (Scheme 6)

and try to probe the mechanism which underpins thesegras®tedcrosscouplings. For

this preliminary study, a strong base such as$B{Qvas used. A screening of different bases,
would also lead to a better comprehensibthese transformations. Bases such as Ca{OH)
are known to be important for the Breslow mechanism for the sugar formation from
formaldehyde401091151233nd also for th€annizzaro reaction of neenolisdle aldehydes
407122231 Whereas, stronger bases such agB(Qand NaH are less commonly used for

these type of transformations.

o) Ca(OH), Trioses
tetroses

pentoses
etc.

O
Ca(OH), })L .
R R R
H
R"%H — OH R,,}AOH
L R R

407 408 409

Scheme 96. Fomation of sugarfrom formaldehyde and Cannizzamechanism of a generiton-enolisable
aldehyde.

Aldehyde362 was selected as a plausible tester as no enol can be formed and the product
would be easily isolable thanksttte aromatiaing (Scheme 97 For the synthesis of 2;2'
(1,2-phenylene)bis(@nethylpropanal362 a sixstep route was found in the literature and
applied®®? The diol 410 was first reacted with mercuric acetate and then the resulting
tetrahydrofuranondllwas treated with aluminium chide in benzene. The purification of

the ketone412 was found to be a quite critical process; vari@ieempts such as
chromatographic columns or distillation were performed but they were ineffective. Only a
crystallisation gave rise to the product buthnat very limited yield (13%)moreover this
process required several weeks. The resulting ketbPeas oxidised with selenium dioxide
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to diketone413and further oxidised using periodic acid to get the resulting dddAn
direct oxidation fromd12to 414 was attempted using KMnut the yield akieved was
much less than the-&ep route . The last two stepsfestill need to be performed due to
the complexity and length of the scheme.

OH o o o
OH_2 — o — —
= a b c o)

410 41 412 413
o)
COOH OH =
e <A | I L | -
d COOH e oH f <o
414 415 362

_0O KOtBu 2 eq
Benzene
2
N
o 130°C, 18 h
362

Scheme97. a. Hg(OAc), H.SQu, water, 80 °C, 4 h, 84 % yield, b. A-benzene, argon, RT, 16 h, 13 %
yield, c. Se@ dioxane, reflux, 44 h, 80 % yield; dslDe, dioxane/water, 70 °C, 40 h, 39 % vyield.

Substrated19 represents the coupling of a formamiand an aldehyde. Was made after
methylation of2-phenylndole 416, followed by ozonolysisThis compound will also be

tested under the same conditions and added to the series of experiments performed for this
project.

i) 04 e
-0 = OO =~ L3
H a N\ b N)K©
416 417 418

130°C, 18 h

7
o) KOtBu 2 eq
Benzene
—_— ?
e

Scheme 98. Preparation and test of substrdf. a) NaH, DMF, 4h, 0°C to RT, 93%; b) DCM,8 °C,
overnight, 95%.
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3.A3 KOtBu (but not NaOtBu) Photoreduces Benzophenone
under Activation by Visible Light

Some academics beliethat a direct electron transfer from alkoxide can ot} *3after

Prof Ashby with his studies on benzophen&ié*102134riggered this unconventional idea.

The Murphy groupsupportedoy many different studies, proposed thesitu formation of
organicelectron donorstarting fromKOtBu andorganicprecursors (ligandssolvent),as
previously mentionef%72761The following pagesetailan unprecedented study of the direct
electron transfer from alkoxides of alkali metals and reveal a new, experimentally and
computationally supported, mechanigmat f i nal ly unmasks the i
37 yeard? The computational wérwas entirely performed by Allan Young, a member of

the Murphy group, under the supervision of Pafttle.

3.A3.1 Background

Discussion of electron transfer in reactions oftR® with benzophenone goes back to
Russellet al in 19623% who showed that radicals werengrated when benzophenone and
its dihydro derivative, benzhydrdl?2 (Scheme99), were mixed in the presence of KD
in DMSO, although the paper did not discuss mechanism. In 1978, Screttas and Cazianis
proposed electron transfer from lithiwbutoxideto fluorenones as a result of detection of
ketyl radicals,as possible intermediates in MeerweirPondorfVerley radical type
reduction®8! The story was taken up in 1981 by Astetyal. who observedhe blue colour
of the potassium ketyl of benzophenone upon reaction of benzophenone wih. kK&
Ashby attributed the reaction to direct electron transfer fromiBiQto benzophenone.
Although not considered then, the reduction potential for benzophenone to its ketyl radical
anion (cited vall¥les v &¥W7MM inDVFUSISCESS-1.v7
V in DMF vs SCEP%) and oxidation potentiabf KOtBu (+0.1 V in DMF, vs SCE¥!
indicate that this is not possible as aclit@molecular outer sphere electron transfer, whereas
no investigation of an inner sphere electron transfer has been pursued sohiabetst of
my knolewdge.
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Ashby reported the generation of the ketyl radi@aion 237 (Scheme99) by reacting
benzophenon&36 and strong bases such as lithium anfid@$* and alkoxides of alkali
metals'®®%4 The radical species were detected by EPR and visible spegiyostoreover

the formation of the ketyl is always accompanied by a blue colouration of the solutis

first paper, he reported that benzophenone in the presence of lithium amides such as LDA
420in THF forms ketyl radical anion237 up to 35% The b@&zyhydrol 422 was slowly

formed throughout the reaction by hydrogen abstraction from the base, therefore the more
reduced product22 was producedthe less EPR signal was observed. Moreover, a minor
product observed at h i g htetraphenyoxranet2Savthichr e w a
comes from the radical combination of two radi@83 followed by dehydration

Li

® oL
i o 00 l:l Low T OH + N
b — | X A G
Ph” “Ph \( T/ Ph” e Ph * Ph” “Ph
236 420 237 421 422 423

Radical intermediates

‘ Li Li
® ®

- ) -Li,O

OO©®Li HighT o o® 2 Ph>&<Ph

Ph™ e "Ph Ph Ph Ph Ph
Ph  Ph

237 424 425

Scheme 99. Reduction of benzophenone by LDA proposed by AsHBly.

In Schemel00the Ashby proposal is shown for the single electron transfer from the lithium
alkoxide426to benzophenon®36 (step a), which generates the ketyl radar@bnspecies

237. This latter is transformed to lithium benzhydroldBS8 by abstracting a hydrogen from
the alkoxide426 (step b). The resulting radical anid@9would be also able to donate an
electron to bezophenon&36 (step c) otherwiseit could disproportionatevith itself 429

abstracting &aydrogen from thé& CHz (step d).

Ashby also underlinethat the formation of behgdrolate is only noticed wheamalkoxide
presenting an hydrogen in t spositibn is used.n fact, when Ashby used KBu,
benzhydrol422 was not detected, (step b does not occur). Mored\sdtby propose that
the benzhydrolatel28 can be deprotonated by the alkoxide to form the dia#&inwhich
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gives a red coloratio of the solution instead (step e). The dianion finally undergoes
disproportionation with the ketor®86to afford the ketyl radicanion237 (step f)°4

. H © Li Hydrogen ®@Li i
o) ©o L®I SET OO ®LIH oe O®®LI O ab);tracgtlon oo™t o Ié
2 L A A Aen A~
S L) Pheph " R 3 Ph R Ph 1 Ph R
236 426 237 427 ; 237 426 428 429
ol o 0 ot ol S 4 ol
SET ! ®
©) )\ + Ph)kPh Rk + )\ \ d) 2x )\
R PP R R + R
429 236 430 237 1 429 426 430
oo®Li S L@i OQOLl OH ; io@u i O®®Li
e
) Phi\Ph . R)lL\ S RIS D enTen v pn e o P
L 3 Li
428 426 431 321 431 236 237

Scheme 100 Single electron transfer from lithium alkoxid26to benzophenon236, as suggested by
Ashby®4

In 1984, Newcomb reported that the reduction of benzophenone by a lithium dialkylamide
c o nt a rhypdrogeg atdms does not proceed electron transfer. This new view was
elegantly reported by testing trapping probes suet8ag“"

Cyclised products
I\BE Li I‘3u | Bu ' Bu
0 NS 1he OH =N N N LN
)L B )\ 1
Pn” Ph * X Ph™ “Ph ¥ N * N !
435 436
236 432 422 433 434
Not observed

Scheme 101 Reduction of benzophenowi hydride shift proposed by Newcomb in 19841

The reaction gavagood yield éd benzyhydro22 but no cyclised product35o0r 436were
observed; the imine&33and434were observed instead (Scheb®d). With a different point
of view, Newcomb proposedn alternative mechanism involving a concerted hydride
transfer from lithium dhlkylamides437to benzophenone to give lithium benzydrolé2s
(step g, Schem#02). This latter undergoes deprotonation to afford the diasiin(step h)
which can donate an electron to benzopher&3tdo afford the ketyl radicadnionspecies
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237(step i)14% Summarily, Newcomb shows the generation of the dia#@inand suggests
that this species is able to donate an electron to neutral benzopl286are finally form

the ketyl radical speciea37. This reversed disproportionation was previously shown by
Wooster in 1927 and Garst in 1978:142]

DLi Hydride .
o @ tr;,nsfer 0o®t
o A e s
Ph” Ph j'/ Ph7l PR SN~
236 437 428 438
oo®Li @Li oo®Lli
h N /k N
) Ph%\Ph NN —— P @®Ph voNNs
H
Li
428 437 431 438
0o®Li i oéﬂi
) Ph)®\®Ph s ph Ph T 2X o
Li
431 236 237

Scheme 102 The electron donor is the dianion spedids, as suggested by Newcortt)

With our background in thé situ formation of organic electron donors, we therefore

explored whether formation of organic &i®n donors could explain the Ashby reactions.

3.A3.2 Project strategy

The strategy for this project was teeramine the role of KtBu with aromatic ketones. The

first part was to examine how this base was able to reduce aromatic ké&tanesber of

ways in which organic electron donors might arise in these reactions were proposed and
investigated. Attack by K@u in the para-position of benzophenor236 (Scheme 19)

would afford anionic intermedia®@48 (attack in theortho-position should be a comizdble
alternative, and was considered as well). Two fates might &4@it(a) hydride transfer to

a molecule of benzophenone would affd&Band439(a previous paper from the Murphy
group disclosethe hydride transférom an alkoxide under BHAS coniins)["® As already

stated, no benzhydrdR2is formed in this reaction, so428were formed, it would need to
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evolve in a different way; deprotonation would afford diar8a (formation of dianions by
KOtBu has already been showed in a foas paper in the Murphy grodf} which would
be a strong electron donor and could reduce benzopb&36to form two ketyl radicals
237. (b) a second possible fate of mole@d8&would involve deprotonation to afford dianion
249 another candidate for donating an electron to benzopheferhe result of the
electron transfer would be two potassiketyl species237and250 (Schemel03).

Y k® 00 K®O@
— = =
C\ Ph_kotBu Ph kotBu ® Ph
tBuo ~ tBUOH K
g‘ H tBuO™©
OtBu 236 248 249
(0]
Hydride transfer Ph)kPh SET
o 236 o
CXC) o
QK Ph)LPh © K A
2 16} o Ph Ph
2 b, <23 1 % Ph 236
Ph”® Ph Ph Ph {BUO
237 431 / 428 439
Q ®
OoH o K 2
Not 4\ ®Ph +
observed Ph H Ph /@)\ Ph)°\Ph
tBuO
422 250 237

Scheme 103 Proposed mechanism for the enolgqge donor248and/or249generation.

Although there might be at least 2 fatgaitinganion248, its formation (the first step of
the process shown) ought te the keystone of the proce3&rt-butoxides of alkali metals
are known to be very powerful bases but not good nuclegghide@mpared with lhe less

bulky methoxide and etixide analogue$#344

To test the validity of the proposed mechanism, differently substituted benzophenones were
prepared and a qualitative evaluation (based on the colour switch to blue of the reaction
mixture) of the ketyl radical fonation from substrate®36, 440 441, 251 and253 (Figure

7) was firstly performed.

If butoxide anion is capable of doirag an electron to benzophenotigenit likely ought to
be able to donate an electron to the sulestrt0 441, 251 and253 If addtion of KOtBu

to the aryl rings of these substrates is valid, thefeastfor steric reasorsome of these
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substrates, substituted ortho and/or para positions, are likely to afford significantly
diminished aounts of the potassium ketyl @omparisond 236.

T, O G
“H
236 440 441
Ph o Ph Ph (0] Ph
Ph Ph Ph Ph Ph l Ph Ph l H
251 253

Figure 7. Evaluating the reduction of benzophenone and benzophenone deri2aiyé40, 441, 251, 253

The outcome from the qualitative tests was unclear, due to the extendedghosnosome

of the structures. Aerefore, #er this preliminary qualitative test, a quantitative test was
performed. The compounds figure7 were now used as additives for the B&emoted
Homolytic Aromatic Substitution reaction, already discussederCtapter 1.2.3The idea
behind this tess analogouso the qualitative tests: if addition of KBu tothe aryl rings of

these substrates is valid, then at least some of these substrates, substitttedaind/or

para positions, are likely to affordignificantly diminished amounts initiator for the BHAS
mechanism which will reflect the diminished amounts of coupled products at the end of the

reactions.

If the outcome of the qualitative and quantitative tests were reflected our idea, this could
corrdborate the enolatg/pe generation, shown in the new proposal (Sch&d3e If not,

thensomething else might be happening anglduld needurther investigation.
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3.A3.3 Results and discussion

3.A3.3.1Qualitative tests

Ashby described the evidencefofmation of ketyl radicahnionfrom benzophenone simply

by reacting the substrate with alkoxides of alkali metals. The formation of the ketyl radical
is always indicated by a characteristic blue coloration of the solution, using distilled THF as
solvent The first experiment was to reproduce the evidence of the blue coloration using the
Ashby conditions$®® Thus, a series of experiments using benzophenone as substrate was
performed. When this was reacted with Na or K (1 eq), the characteristic blue coloration was
observed gradually from the first minute (Entries 1 and 2, TableWhen KOtBu was
employedthe blue colour was only detected when the mixture wateld at 70°C (Entry)3
Moreover benzoic acid42 and triphenytarbinol443 were detectedia GC-MS at the end

of this reaction as products of the fission of the benzopheriBokaene 104); this
pheromenon was proposed to happerihiapresence of waten the literaturé!“>14€1 The
formation of small amounts of siggoducts would be due to traces of watetest-butanol

in the reaction mixture. When water was added to the reaatipmntitative yield of benzoic

acidwasfound d the end of the reaction.

Reaction conditions

(6]
Still THF ‘).\‘ QN 0
O O glovebox
236

Entry Reactants T (°C) and time Ketyl radical 237
1 Na (1 eq) RT, few min Yes
2 K (1 eq) RT, few min Yes
3 KOtBu 70°C,3h Yes
4 KOtBu RT,3h No
5 KOtBu, 239(0.2eq) 70 °C, 10 min Yes
6 KOtBu RT, 48h No

Table 11. Visual tests with benzophenone with alkali metals and alkali metals alkoxides.
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(0] 0} HO O
“ KOtBu 2.0 eq . §OH . O
THF, 70°C, 18 h Q

236, major 442, minor 443, minor
(o}
KOtBu 2.0 eq ©)k
O O THF/Water, 70°C, 18 h
236 442 quantitative

p
Possible mechanism

(o}

KOtBu OH ’“/%) -
U=
O oy HH,0

236
HO
H /HZO
443

Scheme 104. Formation of traces amount of byprodu¢#? and443and possible mechanism.

At room temperatureno change of colour was observed (Entry 4, Tali)e Afterwards
KOtBu was added in the presence of addii@®and the blue coloration was detected after
10 min by heatinghte reaction up to 70 °(Entry 5. This latter case represents further

evidence tha39acts as a precursor fanorganic electron donor.
After this first set of results, differently substituted benzophenones were prepared.

4,4-Di-tbutylbenzophenond40 was prepared by reaat) tert-butylbenzenet48 with the
pertinent benzoylchloride 447 via FriedelCrafts reaction triggered by aluminium
chloride™*" whereas dimesitylmethanodd1wassynthesised by ao-step route. Dring
the first step the mesityllithium, prepared by additiomdduthyllithium to a solution of
mesityl bromide449, was reacted with mesitylaldehyd80. The resulting alcohal51was
then oxidised using pyridinium chlorochromate ttoad the resulting dimesitylmethanone
44711481
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o) o)
ol . AIC;
a
447 448 440

i) nBuLi
i) o
|

OH o
Br 450 PCC
—_— R
O O o )
449 451 441

Scheme 105, a. 80 °C, 2.5 h, 34% yield. b.i) THFZ8 °C, 1 h; i) THF;78 °C, 30min, 59% yield. c. DCM,
RT, 3 h, 67% yield.

The hindered ketor#s1was prepred using a-3tepsynthesisin the first step AlGinduces
the demethylation ofi52 followed by aFriedelCrafts coupling with acyl chlorideé53
Anisole type compounds formvith aluminium chloride an oxonium compléb6, which
decomposes above 40 °C with the evolution of methyl chloride, giving rise to the
demethylatedintermediate 457. This then undergoes a regioselective Frie@hfts
coupling!**®! Ketone454 was then treated with triflianhydideto form triflate 455which
was then used as a core moiety. A multiple Supegctionon all the six activated carbons
gave rise to the final produ@61 This last step was inspired by the literaf&t€ but the
conditions were optimisedn Iparticulay it was observed that dividing the reactiamong
manysmallerpressure vesselafforded a higher yielthan where the big batch reé@an was
deployed.
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OMe o ¢l oTff o  «l
AICI,
/@\ C|)E©\ neat Triflic anhydnde /‘\)J\/‘\
R O O
cl cl cl cl a ¢l clcl cl b cl clcl cl

452 453 454 455
Ph O Ph
¢ | Multiple Suzuki
reaction
Ph Ph Ph Ph
251
Proposed mechanism for step a o Cl
Cl
¢ Cl
‘ cl cly C' CI\ CI

_AlL

Al
o5 Cl o"cl o cl
5+ -MeCl ( (\
Q o T Sosh
cl cl cl clal cicl
456 457
OH o ¢l
via Friedel-Crafts
cl cial cl

Scheme 106 a. AICl;, neat, argon, 110 °C, 15 h, 58.6 % yield. b. Triflic anhydride, pyridine, anhydrous
DCM, argon, from 0 °C to rt, 4 h, 56.4% yield. c. P4CHsCN) (5.0 %),Sphos (10 %), phenylbonic acid,
K3PQy, microwave vial, nitrogen, 110°C, 4 days, 59.3 % yi8elow, the proposed mechanism for step a is

reported.

Following a similarapproachbut using the acyl chloridé60 as starting reagent led to the
ketone252 bearing a fre@arapositon. This substrate differs from the analogous compound
251because a possible nucleophilic attack (perhaps by butoxide anion) on the ring would be

compatible witi252and not with251
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OMe o I

OH o <« oTff o  «l
AICI,
/@\ CI)E@ neat Triflic anhydride
+ —_— O
cl cl cl a cl cicl b cl clcl
461

462

H c Multiple Suzuki
Ph ‘ Ph Ph !
252

Scheme 107. a. AICl;, neat, argon, 110 °C, 15 h, 72 % yield. b. Triflic anhydride, pyridine, anhydrous DCM,
argon, from 0 °C to rt, 4 h, 92 % yield. c. PE6{CHsCN) (5.0 %), Sphos (10 %), phenyliooic acid, KsPQu,
microwave vial, nitrogen] 10°C, 4 days, 62 % yield.

456 460

The differently substituted ketones were tested using the same appst@dbenzophenone.

We recognised that the simple colour test for the ketyl formation could be complicated with
some of these substrates due to the exigietiromophores and also to the likely variation in
kinetics, compared to benzophenoiécture 1shows thecomplex outcomes for these
experimentsIf with compoundst40 and441 the difference between the reaction with Na
and KQBu is pretty evident, theame cannot be said for ti#%1 and 252 cases, as the
reaction with Na with these substrates did not lead to the diagnostic blue ketyl colour, and
consequently, also the test with D cannot be considered relialjfacture 1)

Whilst performing some testwith D;O, deuterium incorporation for substra41 up to 7
deuteriumatomswas observed at the end of the reactgm® mass sp#a in the experimental
data), indicating that subsradd1 might have additional avenues of reactivity open to it,

comparedo the other substrates.
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Ketone o o pho 0 Bh U
440 441 252 251

Conditions

Na, rt

Time 10 min 1h

KOtBU, l
70°C N
Time 36 h 36 h 36 h 36 h

Picture 1. All the reactions were performed in a gitbox in THF as solvent. A picture was taken at the

mentioned time.

After this preliminary evaluatigrsome quantitative test were then performed.

3.A3.3.2Quantitative tests

The idea behind this study was similar to the qualitative test. tBKi@ctsas nucleophile

towards benzophenone, a diminished amount of organic electron donor would occur with the

substituted benzophenones. This would refleaetmore sluggisiBasepromoted Homolytic

Aromatic Substitution (BHASP and thereforéeadto a range of yieldamong the different

benzophenones.

With this idea, iodem-xylene190was deployed for this tests this substrate is incapable of

forming any benzyne intermediate which could interfere with our quantification.
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As usual with substratE90, the yield of the coupled produciglandl1l, was not very high,

but they were at least three times higher than thezeom yield of the blank reaoh. This
indicated a small activity of the different additives via the formatioaméusible electron
donor. Nonetheless, theutcome from this test did not lead us to a comprehensive

understanding of the case.

S
Candidate organic
electron donor
[ KOfBu 3 eq Ph Ph R ©0
. Additive PhH | . Y
02eq 130°C, 18h
’ RO R
190 191 11 463

Yield No 236 440 441 253 251
(%) additive
191+ 11 06 47 42 25 32 16

Table 12. Testing the series of benzophenones in BHAS with-indglene190. Trimethoxybenzene was
used as interal stadard for the NMR spectrum.

Independently from the additive used, the \seitithe two inseparable coupled produt®d
+ 11weresimilar inevery caséTable 2). The predicted higher amount of products with the
additives236, 253 and perhapd40 (as reslting of anortho- attack from butoxide) needed

to be reconsidered.

We were keen to understand what these small amounts of coupled proéactsand
whether the presence of an aromabenpound other thabenzene would haviefluenced
the formation ofthe coupled products the reaction mixture somehow. For this reason
triphenylbenzend63, trimethyl 464 and trimethoxybenzen&65 were testedElectron rich
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465gave2.8 %combined yield ofLl91 + 11, a comparable yield to the previous tests with
the benmphenones, whereas additivig3and464did not affect the reaction at all.

Can a weak organic electron donor, sucd&s form via O-assisted deprotonation 466
and, therefore, be capable of triggering the BHAS mechar&n&¥idence for this has hee
reported, therefore a better investigation would be needed.

Ph o \o”K‘o% \o”/K\\o%
ol - £
H —_—
No additive p|, Ph ~0 o~ ~o o~ ~o o~
463 464 465 466 467
Yield % (weak?) electron donor
191+ | 0.8 0.9 1.1 2.8

11

Table 13. Combined yields¥91+ 11) in the BHAS test with iodan-xylene1902CH,Br, was used &
interral standard fotH-NMR

The reaction was now examined computationally by DFT calculations.

As shown in Table l4addition in themetaposition has an accessible free energy barrier
(21.1 kcal/mol) but is highly endergonic (18.6 kcal/mol) thus dmf@ing the addition
reaction and we therefore disregarded any further reactivity thromgtesadduct. Addition

in the ortho and para positions exhibits accessible free energy barriers at the reported
experimental conditions (room temperature), whilsing endergonic by 5.8 and 5.0
kcal/mol, respectively. Subsequent deprotonatioortbio (468 andpara (248 adducts to
form dianions469 and 249 respectively, occurs with accessible free energy barriers, with
both reactions being endergonic (9.7 and<éd/mol, calculated relative to reactant complex
of 468 or 248 with tert-butoxide anion). This computational part wearried out and

evaluated by Allan Young.
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Addition

Deprotonation

0]

S
Ph)b + OBu——>

236

Entry Event

€]
o H OfBu

Ph)\é
468
o)

H
PhOtBu

470
00

Ph\

OtBu
248

ortho

(kcal/mal)

PG PG

©
© O OfBu
+ OtBu
-HOfBuU Ph
469
€] 00
+ OtBu OtBu
- HOtBu Ph
47
S 00
+ OtBu Ph)\‘\
- HOtBu @
OtBu
249
meta para
(kcal/mol)  (kcal/mol)
PG P& PG PG

1 [Butoxide addition 15.6 5.8 21.1 18.6 151 5.0
2 Deprotonation 25.9 9.7

207 7.0

Table 14. CalculatedGibbs freechangedor addition and deprotonation.

Overall, these qualitativend quantitative tests, coupled with computational studies which

indicated unfavourable energy profiles for the propasalde us thinkafresh about these

reactions.

3.A3.3.3The effect oflight

While performing repeat experiments on the formation opttassium salt of benzophenone

ketyl through reaction with KBu on many different days, it was noticed that the time

required for the development of the blue colour varied by day. During a (rare) sunthyeday

switch to the blue colour was much fastearttusual. Parallel experiments with vessel (v)

directly exposed to thsuright and () covered in foil,showed the result to be strongly

dependent on the irradiatigRicture2).
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KOtBu 2 eq y
TO
RT, sunlight 2 h | B y

(not constant)

Picture 2. Reation under sunlight: the tube on the left was exposed to the light, the tube on the right-was foil
covered.

After this observation, some study of the UV absorptio23@ and of the mixture o236

with KOtBu in distiled THF was performed (Figur@). Benophenone does not absorb
radiation at >400 nm (black trace). When t80 was added, a tail in the absorption in the
visible region (406600 nm) was detected (violet trace). With time, the appearance of a new
maximum around 400 nm revealed new insighte t he mi xt ur eé6sA UV a
plausible explanation for this tirdependent process is that #D interacts with
benzophenone affecting the absorption diagram when it is in its monomeric form. Since
KOtBu is known to have a tetrameric structlif&®?it takes some time for the solvent to

disrupt its structure and credteemonomeric form.

1.5+

330 nm

— 236
1.04 — 236 + KOtBu_10 min|
—— 236 +KOtBu_2h

Abs

0.5

0.0+

T T T T T ]
300 400 500 600 700 800
I (hm)

Figure 8. UV absorption of benzophenone (4, black trace) and of beophenone after addition of the
KOtBu (violet trace after 10 min from the addition and red trace after 2 h from the additibepimsence of
any preliminary irradiation.

The samples ofmixture of benzophenone and K& in distilled THF vere therefore
separatelyrradiated with(i.) UV light (a= 365 nm, 200 W) angi.) Vis light (e= 400 nm,
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14.4 W) at room temperature under inert atmosphere. The characteristic blue ketyl gradually
developed from the f&t minute (the photo in Fige 9shows the chaicteristic blue ketyl

colour developing from the reaction exposed to Vis light 400 nm). The UV light was found
to be more effective than Vis light: the development of the colour was much faster when UV
light was employed. The confirmation of the formatioh the kety radical anion of
benzophenon@36 was given by UWis spectrometry analysis; after irradiation with UV

light for 30 min at rt, the solutiowasplaced in the spectrometer, revealing the appearance
of a broad band around ¢ g v o 1t |, diagnostic of the formatioof theketyl anion237

as reported in the literatuf@®! After air exposure, the band disappcompletely as well

as the blue colour, turning the solution colourless. Some NMR measurements were

performed and they confirm the formationratical speciegsee experimentahaptey.

1) KOtBu 2 eq
Light (365 nm or 400 nm)
Benzene “
RT, time
Exposed-----| Not exposed
236 to Vis light

4.0 -

3.5

3.0

— 2360102 M)
2.5 —— 236+ KOtBu, 30 min UV (365nm) irradiation

—— 236 after air exposure

Abs

T T T T T
400 500 600 700 800

I (nm)

Figure 9. UV absorption of benzophenone (@M, black trace) and after addition of the K& + irradiation
with UV source ( 365 nm, 200 W for 30 min, blue traice]HF. After air exposurgethe band disappeared
well as the blue colawiving rise to the green trace.

Interestingly, when NatBu was employed instead of KBu, the solution remained
colourless. Moreover, from the UVis analysis of benzophenone before and after adding

NaQtBu, the absorption spectrum did not show antgrierence as shown in Figute®.
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330 nm

1.0 17 (10° M)
17 (10” M)+ NaOtBu

(with time up to 24h)

Abs

0.54

0.04

T T T T T 1
300 400 500 600 700 800
I (nm)

Figure 10. UV-Vis spectrum of benzophenone before and after addingBaO

The most intriguing parts of teenew observations were th@} Vis light could causethe

formation of the ketyl radical of benzophenone and fiatNaOtBu was completely
ineffective, even under UV irradiation. To understand these experinodsiivationstime-
dependent density functional theory ((OF-T) calculations were conducteldgure 6these
calculations were performed by Allan Young, member of the Mufltyle group)l ni t i al |
the first singlet excited state of behzoph
excitation occurring at 332 nm. It was t he
foorhe excitation of befihephephexebatl wvaen &
KAQBu and bemwaspheadenleha bsielxictist ati ons at 406
which correspond to the charge triansbhet h
resi di tBu,on oK@ he LUMO, resislingdionabes zolpa
possi bl extcotphat cctBmplaeaxd dfenKOpheno.nfTbe usi n
complex between NaBu monomer and benzophenone however, does not exhibit any
excitation in the visible region, with excitations occurriag 322 nm and 318 nm
corresponding to CT from tHe HOMO ] and] ,[| HOMOh r etBugdi hg o©h
LUMO, residing on benzophenone. This | ack

why no ketyl radi cal ani oBuHFHIisg uogrhes elrlved i n
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Both experimental observations and computational calculations agreed with the evidence that
light plays a key role in the reduction of benzophenone biBKiOMoreover, the change of

the UV-Vis ab®rption in the spectrometer as well as in the predicted spectrurDFID
calculations) shows that a complisxformedbetween benzophenone and 8O prior to

excitation.

Nevertheless, if direct electron transfer from butoxide anion to benzophenone wubers
light excitation, evidence to support the formation of the corresponelittgutoxyl radical
457 ought to be availabléScheme 108)Tertbutoxyl radicals undergo fragmentation
instantaneously to form acetone and methyl radicals, as reported litetagire!*5*15 |f
methyl radical forms, this ought to react with the solvent as it is a very reactive spékies.
In benzene, methyl radical would likely add to form radid@¥, which after further
deprotonation by the base would form radical adié§ a plausible organic electron donor.
In THF, methyl radical would preferably abstract a hydrogen to fadical4 77, which then
would form an organic electron donor after deprotonation. The formation of these organic
electron donors could lead to the reduction of more benzophenone astwéhesformation

of toluene476 and dihydréuran479. A smaller prtion of methyl radical can also add to
benzophenone to form radic&80, this leads to the formation of the organic electron donor
481 after deprotonation. The loss of one electron fré8d determines the formation of
methylated benzophenor82 detectd and characterised via @@S. Polymethylated

benzophenone was also detected viaNB&(see Experimental part)

To confirm this result, K&Bu was replaced by the similar base KO£ Bnhd this led to the
formation of the monoethylated prod4@3 also deteted via GGMS.

The complexation of KBu with benzophenone is an unknown phenomenon (to the best of
my knowledge), but similar cases where organic donor and acceptor molecules form a
complex have been observed in the past few years (the next chaptdiseldsea few

example of this new emerging topi¢}>” 161

The formation of the methylated and ethylated benzophert8feand 483 represents the

first piece of evidence of a direct electron transfer fromiB{Cto benzophenone.
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. ? KOtBu J"\ + J transfer % C'O -(Me),CO
i )k J > )\ . - « Me
Ph™ "Ph T, @ Ph”* Ph <
236 Acceptor-Donor 237 472 473

Complex

© Me Me Me
Ve < 474 475, OED 476
a3 O, KoBu |, joj e \:Oj

—_—

478, OED 479

H- abstraction H

0
]

‘Mo - LT o Q)kph
Me

> Possible routes

J
O

473 481, OED 482
Detected via GC-MS

OK hv (365 nm), 2
Ph RT, 24 h Ph
M. THF or Ph-H
236 237 483

Detected via GC-MS

Scheme 108 Proposed mehanism i) direct electron transfer from KiBu to benzopheree under UWis
light, (ii) fate of methyl radical and formation of methylated benzophed@e(iii) test to prove the origin
of methyl radical.

In order to find further evidena® electrontransfers in benzenbgnzophenone was used as
photaactivatedinitiator of the BHAS withp-iodotoluenes0. The reaction mixture included
50, benzophenone and KBU in benzene (coupling partner and solvent for the reaction). The
reaction tube was irradiatetl 365 nm for 15 min and then, after switching off the irradiation
the reaction was heated for 18 h at 130 °C. This afforded 74%netidylbiphenyll23 the
blank reaction with benzophenone omitted gave 12% of prdd@3ih comparison.
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o

| Conditions Ph
T = 00

50 123 236
Entry Conditions Light (&) 123(%)
200W
la 236 1 eq 365 nmr 74
KOtBu 2 eq
2a KOtBu 2 eq 365 nir 12

Table 15. The reactions were firstly placed at RT under UV irradiation for 15 min and then placed in absence
of irradiation at 130 °C for 18 h in ail bath.

3.A3.3.4 Where photochemistry meets organocatalysis

In 1952 Robert Mulliken formulated the chafigansfer theory to rationalise the formation

of a strong colour by reacting two colourless species, under photochemical cortfiions.

This theory disclosehow an electromich species (the donor D) aad electroraccepting
speciesthe acceptor A) can form a moleculageggate in their ground state. The association

of suitable D and A forms a new entity, (an intermediate) teanetectron doneacceptor

(EDA) complex. This latter has different chemical and physical properties from the two
precursorsFor example, it nght showa new UVabsorption band, callealchargetransfer

band (hs3CT). This new absorption is associ

the donor to the acceptor (Schehs).
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Donor  Acceptor Coloured \J o )
Colourless EDA complex Radical ion pair

Scheme 109. Intermolecular EDA complex formation between two substrates anda®emT complexation
triggered by light.

A very interesting point of this process is that¢hargetransfer band can lie ataavelength

far away from the absorption dhe precursors, often in the visible regitd.1¢3! New
chemical reactions are thaocessible under activation by Vis ligbme recent publications
show the potentiadf this new methodology. Lakhdperformed anechanistic investigation

on the EDA complex between eosin (the photocatd83)t and a pyridinium salt (oxidant
488). Highly functionalised benzophosphole oxid&6were synthesised from reactions of
arylphosphine oxide485 with alkynes using the aforementioned EDA comptéX.
Melchiorre recently reported an enantioselective photocherblietitylation of aldehydes
489 with electronpoor organic halided90, by using chirabmines, such a5(-492 This
latter formsan enamine with aldehyd&9and this latter forma photoactive EDA complex
with halide490. Moreover, it determines the asymimc process leading to enantioselective
products4911571 Other similar methodology of enantioselective organocatalysis with light
activation kave been reviewed by Melchiorf&% Recently, Konig achieved a catalydtee,
direct (hetero)arylation of anilines under®ILED irradiation. hie aniline494is suggested

to be thedonor specigswhereas the bromoared®3is the electroracceptor specieJhe
complexation of the two specief96 EDA complex) creates acharger ansf er band

which allows a photoexcitatioin the blue regiof*
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Scheme 110. Recent works on the EDA complex&g:161.164]

The involvement of K@u in the formation of EDA complexes is somewhat new. Yuan in
2015 reported a biaryl synthesis under visible light photoredox using phenanthroline and
KOtBu as promoter%® In his case, K@Bu was proposed to create a metal ligand charge
transfer (MLCT) compleX99(Scheme 11jlwith phenanthroline which was coloured under

inert atmosphere. The mixture of K&u with phenanthroline gave rise to a new absorption

in the Vis region, which does not occur when both reagents are analysed singalai

Vis spectrometry. This complex can then donate an electrgabtomotoluene497 and

promote the formation of the coupled prodwL28 The reaction does not occur in iherk,

unless the temperature is raised at 100 °C where then organic electron donors take hold, as
previously shown (Chaptdr2.3.[2
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Ph hrol N
enanthroline e
/@/Br KOtBu, Ph-H /@/Ph > 0K,
- . N
Vis, 18h ‘ Z
497 123, up to 78 %, Yuan 2015 via 199, MLCT, coloured

Scheme 111 Arylation chemistry promoted by the photoactive comdl@®, repated by Yuarit®

More recently Tan and coworkers reported a single electron transfer fronBiK@o
photoactivated Ir complex04[1%l |r!" then donates an electron to fluoroaré@8leading to
radical499. This then evolveto the more stable radic&D0, and finaly after HAT to t-

butoxyl radical, producs02 forms6¢l

504
KOtBu

Ir*
=z hv, SET
\ tBuO

\\/ 503 fac-(ppy)s M o5

SET
@ﬁb @ﬁb

tBuO *

Qié%dé cﬁb

tBuOH

Scheme 112 Direct electron transfer to photoactivated domplex504 proposedy Tanet al.162

3.A3.4 Conclusion and future work

Thanlks to this investigation, the mysterious formation oflicals in the reaction with
benzophenone and KBuU was finally solved. Although benzophenone absorbs strictly in the

UV region, the presence of KBu determines the formation of a discrete complex between
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the two reagents, which absorbs Vis light. Thisn¢vaakes possible the electron transfer
from butoxide to benzophenokte.

Further stdies will aim to find whether other salts can modify the UV absorption of aromatic
ketones. Starting from this, an evaluation of new types of reactions can be undertaken under
conditions otherwise not optimal in absené¢¢he additive salt (Scheme 0)12&n example

of reaction that could be promoted by the presence of a salt would be the {Biteno
reaction*67-1%81\With this perspective, differemxetanes09 and510would originate from
different aromatic ketone806 with different alkeness08 After benzophenoneother
substrates can be tested as Wedl.

~ Vislight Q Vis light O Reagents .
Noreaction « _ > o —— > Reaction
Ar” R Salt Ar”*Ar
506 507
C C
R R"
508 508 R R"
Vis light 0 Vis light o . 0
No reaction =~ <—— . Ar N Ar .
AR Salt R R R R
506 509 510

Scheme 113 Evaluation of new type of reactivity triggeredly with the presence of additive salts.
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3.B K* TRIUMPHS OVER Na" IN ELECTRON

TRANSFER REACTIONS

An intriguing point of the transition metédee cross coupling reactions and, mgeaerally
electron transfer reactionis that K cation prevails irthe literature over Nacation. Albeit
that afew examples in the literature engage KBDas base in the BHAS proceé¥s-!!
overall, KQBu is the undisputed ruler in electron transfer reactiofisis project aims to
find alternatives to K&8u and/or perhaps give more evidence thapkys a key role in

electron transfer reaction.

3.B4Role of KH in benzene in electron transfer reaction

Potassium hydride, KH is widely used in organic synthesigecially as powerful base. Due
to its extremely basicity, it is a very reactive reageminot easy to handle. It is commercially
available as a dispersion in mineral oil. Thefogle powder is only compatible with aprotic

solvents under inert atmdsgre.

3.B4.1 Background

KH is used to deprotonate many different substrates such as enolisable carbonyl compounds,
alcohols, amines, phenols and sulfoxides and it is normally used when NaH and LiH (weaker

bases) are not effective enougfi!

KH can also act as a nucleophile. One of the first exasmas reported by Pinnick ih981,
where KH, and not NaH, was responsible of the reduction of benzaldéhjd&cheme
114).171 The reaction is proposed to procegd intermediate513 after hydride delivery
from KH to 498and attack of the resulting ani®i2on thestarting material. Intermediate
513 then delivers ahydride to starting material and intermedidi&4 can undergo
deprotonation to form anio®15 which finally rearrages analogouslio the Wittig
rearrangement of ether anidhg! This mechanism was supported by the fact that adding

methyl iodide to the reaction, methylaté&sll2 was obtained. A first hypothetical
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deprotonation 0611 by KH was ruled out as no acetophenone was observed at the end of

the reaction in presence ofell

e 1 i
© o 511
)(‘) KH o K 51 0)\Ph 0" "Ph  KH O)LPh 0
— _—  —— Ph
Ph 18-crown ether Ph)\H Ph) t Ph) Ph)®®K ph*(
RT, 48 h 512 OH
511 512 513 514 515 342, 48%, Pinnick 1981

Scheme 114. Report by Pinnick where KH acts as a nucleophile with benzaldehyde leading to benzoin
342171

KH behaves uniquely and differently than sodium hydride, Naards haloarenes as well.
Pierreet al.observed quantitative dehalogenation of halobenzene with KH in e

found the order of reactivity Arl > ArBr >> ArCl, opposite to the normal order of reactivity

for SVAr reactions Moreover, benzyne formation was ruled out in THF due to the absence
of hydrogen gas evolution. Pierre suggested the possibility of a concerted dehalogenation
through a 4-membered transitiorstate 517. Many other examples of this type of

transformation, aw named C@Ar, were reported thereaftét’*17l

KH

X THF
—_—
RT, 3h ©
516 Quantitative, Pierre 1979

Scheme 115. Concerted dehalogenation through-sdmbered transition state reported by Piérég.

Intriguedby the extremely strong basicity of KBis well as its unique properties in Thive

aimed to study the role of KH in electron transfer reactions.
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3.B4.2 Project Strategy

The transition metdiree cross coupling of haloarenes (BHAS), mediated bpdise (often
KOtBu) and an organic additiveow hasa lot of evidencehat supports the proposed
mechanisnin the literature?”'50.55.56.92.95.101ha BHAS procesgSchene 116) which lies at

this type of transformation, firstly proposed by Studer and CAttdmas been already
described in this thesis (ChapteR.3. In this radical process, the base is proposed to play
an important role for both initiation and propagation steps and it seems that in most of the

reports KOtBu is preferred to NatBu, although in some studies this latter was effective as
wel|.[50.101]

Ar Ar-l
129
S

@ .
134 v
.
{Ar-l
130
I@
Ar-| a
129 Ar
° 133 131 Ar ®

H  Ar
tBUOH ii /
L]
C]
132

OtBu

Scheme 116. Basepromoted Homolytic Aromatic Substitution (BHAS) proposed by Studer and Céfran.

KH is not a commonly used base in transition méts cross coupling reactianThe aim
of this project is to study the behaviour of KH in electron transfer reactions, in particular in

the arylation chemistry where benzene is the solvent and the coupling partner.
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3.B4.3 Results and discussion: role of KH in benzene in electron transfer

reactions

In chapterl.2.3the roles of organic electron donor and the base were explained in the BHAS
mechanism. A key element of the BHAS mechanism is that it can be triggered by either an
organic eletron donoror by a benzyne intermediate. This latter cannot be formedvitib-
blocked substrates suchk#0and the BHAS mechanism can only be triggdrg an organic
electron donoformed with theadditive519, therefore the reaction with only KBu gives
almost naconversioras usua(Entry 1, Tablel6). Moreover, after many tests with different
organic electron donsrthe ratio of the mixture of theoupled productsl{l and191) was
always found to be similar 8.5:1, respectively}:567¢1|n fact whera mixture of KQBu and
phenanthroline was added in the reactitbe BHAS mechanisiwas triggered leading to a
18.2% yield with ratio 3.7:1 of coupled products (Entry 2). A very similar yield and ratio of
products was found switching from KBu to KH, with the only difference that less starting
material was recovered abe end of the reaction (Entry).3This latter resultfurther
challenggsKOtBu 6s pri vil eged st at utlsatispowdrfulenogghgl)e st s
could promote the formation of an argjc electron dondt In theabsence ofnyadditive,

KH causedhe formation of a modest amount of coupling produnts dehalogenation of

most 0f190 (Entry 4), differently from whatwasobserved with K&@Bu. Moreover, the ratio

of the coupled products was somewhat changed in favour of a greater amount of Hipphenyl
(7.7:1) This suggests that Khinder these conditionsan trigger the BHAS and an additional
route for the formatiowf biphenyl could ocur alongside the normal BHAs&thway
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Me Additive (0.1 eq.) Me he O O Me
X Ph-H X H 4 A
- + + O + =N N=
Me Base (2.0 eq.) Me Me Me
1 196

X =Cl, 64 X = Cl, 64
Entry Additive Ratio? 11+191 Recovered
/Base 11:191 yield® (%) 190,5180r 64 (%)"

1 -/KOtBu - <0.5 72
2 519KOtBu 3.7:1 18.2 33
3 519KH 3.9:1 16.3 <1
4° -/KH 7.7:1 5.5 14
5 -/NaH No reaction detected

6 -/KH 7.4:1 3.9 3
7° -/KH 7.0:1 1.5 9

Table 16. #22,6-Dimethyliodobenzen&90was used as a substrate unless otherwise stated. Ratios are
determined byH NMR of the crude reaion mixture (see Supporting Informatiofyield (%) of combined
biaryls (L1and191), or yield (%) of returnethaloarenaletermined byH NMR. ‘Average of two runst518

was used as a substrét®4 was used as a substrate.

The corresponding bromid®18 (Entry 6) and chlorid&4 (Entry 7) showed similar results
and almost identical ratio. On the other hand, NaH was ineffectiterithese conditions
(Entry 5. The reactions in entriesbBwereperformed by Dr Samuel Dalton and Dr Joshua

Barham andreadded here for completeness.

Intrigued by the low recovergf starting material when haloaren30, 518 and 64 were
treated with KH, 2,4 8ri-tert-butyloromobenzen&20was deployed thereafter. This probe
bears two hindered groups in thetho-position which would make difficult both coupling
and Habstraction from the solvent. Under condig@én(130 °C, 18h) the blank reactions in
the absence of base, or using #8D, gave no reaction (Entries2l Tablel7). When KH
was employed as baseehdhlogenaid product508 (28%) as well asrecovered starting
material(56%) were found; in additiortwo other products were characterised, brorbige
and rearranged produ&l0 (Entry 3. No deuterium incorporation was observed after

guenching the reaction with,D (Entry 3, Foahoted).
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Br-
Br H

Base H .
tBu tBu B tBu tBu B
Ph-H u u u tBu tBu
_— + +
Conditions
tBu tBu

A=130°C, 18 h Bu Bu tBu
520 (2 equiv Base); 521 522 523 524, intermediate
B=150°C, 21h

(3 equiv Base)

Entry Base Solvent/ Yields (%) D-incorporation

Quench 521 522 523 520

1° - CeHe/H20 No reaction -
20 KOtBu CeHe/H20 No reaction -
3 KH CeHe/H:O 28 5 6 56 No¢
4 KH CeDe/D-O 18 11 3 66 Yes!
59 KH CeHe/H,O 31 1 13 29 -

Table 17. D-incorp. = Deuterium incorporation. Unless otherwise stated, condifiongre used?@Yields

determined by'H NMR of the crude reaction mixtur&o products were observeB20 wasrecovered in
guantitative (ca. 100%) yieldAverage of eight replicate8After quenching with BO, D-incorporation was
not detected®D-incorporated was detected By NMR of the reaction mixturéseeExperimental sectign

fAfter quenching with HO, D-incorporation was still detectetReaction conducted under conditidhis

In CsDs as mediumb21was detectel8%), a lower yield than in gHs, but only traces of
521-d1 were presentas well as the two sidgroducts522 + 523 (Entry 4) This is a clear
indication that the protothat replaces the Bierives from KH, although solvent partially
affects the reactioprogressUnder harsher conditions B (150°C, 21h) an increased yield of

products was observgout with poorermass balance (Entry.5

The mechlnism can be rationalidas described in Scherhi&@7. Bromide522and rearranged
product523 are clear reporters of a radical procd€d. somehowcauseshe formation of
radical524 and this then undergoes AT to form radical525from whichbromide522
must ariseAlternatively, radical525 can undergo a neophyl rearrangement from the less
stable primary alkyl radical to the more stable tertiary radiz@las a hermodynamic sink.
Radical 527 would lead toarene523. Ingold reported that the radicattermediate524
partakesin a very rapid 1,4HAT with one of theortho-tert-butyl groups via quantum
mechanical tunnelling (QMT) leading &mew radical species25,/15!
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Br.
Br H

Bu Bu Metal Hydride By By Bu Bu H
PhH
_ > + +

Conditions

tBu tB tBu B
A=130°C, 18 h ! !

520 (2 equiv Base): 521 522 523
B=150°C,21h

(3 equiv Base) ‘
A

H
Bu Bu Bu._ > Bu .
. oY
Bu tBu tBu tBu
524 525 526 527

Scheme 117. KH-mediated reactions of 2,4t6-tert-butyl-bromobenzen&20.

Apart from the clear evidence that KH in benzene promotes radical reactiongicives of
evidenceraise the importance of benzene in the reac(iphe deuterium incorporation in
the product could arise from deuterium abgtoacby radical525 (ii) the deuterium must
comefrom benzenals (Entry 4, Tablel7) and not from the quenchep®, inasmuctasno

deuterium incorporation was observed in entry 3 aft€ Quench (seotnoted).

Intrigued by the role of benzene in Bueactions, a blank reactiontireabsence of haloarene
was performed. When benzene was mdaith KH under 150 °C for 21h, a small amount
of biphenyl was formed (Scheme )18he formation of biphenyl is a key element of this
process because it cowdaplain:(i) the formation ofa candidate organic electron don(i)
HAT from the solvent;(iii) the increased amount of biphenyl with substra&o. If
deprotonation of benzene occurs to form phenylpotass,this then would attack benzene
to form prenylcyclohexadienyl potassiuB28 as previusely observed by Mortenallt76l
Anion 528 can undergo deprotonation by a second equivalent of KH to form di&@a@n
both these two lattenoleculeswould be plausible electron dasacapalbe of donating an
electron to daloarené'’" 1’8 Alternatively, aniorb28would undergo HATwith abstraction
by a radical species such as intermedBii2d to form 525 or 528 could undergoKH
expulsion. All these pathwaysould lead to the formation diphenyl and would explain the

three pointspreviously mentioned. Switching the base from KH to KBu or NaH no
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biphenyl was observed, and this would explain why no reaction was observed withategbs
190 518and64 previousy tested(Table B).
H KH 1.5 mmol Ph
©/ 150 °C, 21 h ©/
benzene 11
candidate SEDs

[ 1
C]

K K
P 5
O === 7 20
—Hy K~ —H, K®

10 528 529 1"

HAT O
e Y,
K

188, established SED

-KH

Scheme 118 Formation of biphenylrom benzene and KH andgposed pathways.

In light of the previous results, 2,4t8-iso-propykbromobenene 517 was tested. This
substrate benefits from intermediate properties compared to the previous substrates,
inasmuchasit is more hindered thando-m-xylene190(this would make any coupling with
solvent much more difficult) and less thad,6tri-tert-butyloromobenzen&07 (this would
allow an easier HAT from solvent). In fact theitorporation from KH vs HAT from
solvent ratio was nowlarified. Subjecting substratel 7to KH under 150°C for 21h ingEls,

both dehalogenated prodid8and biphenylll were detected as 25% and 10% respectively
(Entry 1, Table &), but conspicuously higher yield$ 518 were obtained when deuterated
solvent was employed under the same conditi{&msry 2 this reaction was performed in 3
replicate$. In this casedehdogenated product consists in the mixtures®8 and518-ds,
detectedvia tH-NMR and?H-NMR. Only traces of products were observed when MWaid
used (Entry B
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B Br H
r Base (2.0 eq.) O .
PhH

530 530 531 1 532, intermediate
Entry Base Solvent/ Yields (%) D-incorporation
Quench 531 11 530
1 KH CsHe/H20 25 10 62 -
20 KH CeDe/D:O 55 0 14 Yes
3* NaH CeHe/H20 4 1 95 -

Table 18. Reactions were conducted using conditiBndields determined byH NMR of the crude reaction
mixture.PAverage of three rejglates "The yield 0f531+531-d: is reported, see Supporting Information.

The higher yield 0631 when benzends was employed could be rationalised taking into
consideration the deuterated intermediates arising ddahi@goroposed process (Scheme
119). The formation of intermediats28-di1 is followed by 3 events as also previously
mentioned:(i) expulsion of KD; (ii) de-deuteration to form disab29-dio with parallel
liberation of HD;(iii) deuterium atom transfer (DAT)y 532 (Table 18)to get radicahnion
188-dio. Only path(i) determines the termination of the reaction as this leads to the direct
formation of biphenyll1-dio with simultaneous electrodonor disappearance. If isotope
effects of pathgi) are significant, then the concentration 28-di1 may build up in the
solution to a greater level than the rbeuterated counterpart that is present when benzene
is used as solvenhis means that aklectron donors may contribute in synergy to the
progress of the radical process: for example,idi@b29-dio0 and radical aniod88-dio both
contributeto the generation of aryl radic&B2 by SET, on the other hand s&28d11 acts

asadeuterium source for the formation of prod&at-d:.
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Pathway iii D ,

. Y Pathway ii
Ar KH, slow
—_—

- ArD

-KD

Pathway i

1-dyg

Scheme 119 Consideration of deuterated intermediates arising from berdzearel KH.

3.B4.4 Conclusios

In summary, KH promotes G&r in THF!"® and benzeneAdditionally, in benzeneijt
promotes radical reactions astilidies with deuterated wsnlabelled benzene show a clear
dependence on the solvents. Isolation of small amounts of biphenyl in the blank reaction (
the absence of substrate) justifies that deprotonation of benzene and formation of
phenylptassium ocas. Crganic electron donorare generatedubsequently, triggering
radical processethat either initiate the BHAS process, when the radical is hindered, cause
radicatmediated side reactions! This study further supports that KBl is not the only
privileged base in electraransfer reactions. Morever, a competing electron donor formation

can occur fom other bases and, despite the small amount, this can trigger radical chains.

115



3.B5Potassium Salts Faditate Reductive Coupling of Arenes by

Potassium Metal

With the previog investigations on the role of KBu and KH in electron transfer reactions,
a remarkable difference in reactivity with the respective counterida@Bu and NaH was
found. Whilst performing some blank reactions trying to evaluate the reactivity of K meta

KH and KQBu in benzene, aimterestingobservatiorwasmade

3.B5.1 Background

Arenes, such as benzene and tolyeare normally unreactive towards alkali metals.
Routinely, they are dried by refluxing over potassium or other alkali d&fBotassium,

in particular, is the most convenientyshg agent, since the melting point (mp: 63.5°C) is
below the boiling point of the solvents and this allows a fresh liquid surface of the metal to
be constantly exposed to the solvénta recent work from Murphy, K metal was found to

be a much more efétive drying agent for benzene than LiAlend sodium metaf® In the
previous chaptef3.B4) the reactivity of benzenwith i) KOtBu and ii) KH was evaluated
underharsh reaction conditions (150 °C, 21h) and a little biphenyl was formed when benzene
was reacted with ii) KH. The reactivity of these powerful reagents can clagemending on

the environment they are sulijed to. For example, NaH can adapt its reactivityhie
presence of selected salts: NaH normally acts as a povidedobkted base, but addition of
lithium iodide or sodium iodide converts NaH in a hydridic reducing agent and this was
elegantly illustratedy Chibaet all*”48918 One example of this novel hydride reduction
method is the decyanation of substi&88by using the Nak.il system(Scheme 120)This
results from nucleophilic atk of hydride and fragmentation of the resulting iminyl anion

535, followed by protonation during the work g%
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NaH (3 eq)

Ph Lil (2 eq) Ph
CN ————>= H
Ph THF, 16h, 85 °C, Ph
sealed tube
533 534, up to 98%, Chiba 2016
NaH-Lil H*, work up
Ph Ne Ph
; Q\/ -HCN
—_— @
PH H PH
535 536

Scheme 120. Hydride reduction by a sodium hydridedide compositeeported by Chib&8%

The reduction of benzene to benzene radical anion was firstly observed by Hackspill in 1912
by reactingoenzene with caesium ewtwo or three days in vacuum at 28%€.1871 At the
end of the reactigra black solid was formed which reacted with water and alcohol to form

biphenyl and hydrogen gas.

When an arenB37is subjected to an alkali metal ammonia medium and in the presence
of an alcohol, the Birch reduction takes pl&€&8.n particular, the metal donatan dectron
to the arene and forms the resulting radical ab®® This latter is protonated by an alcohol

and the radicab40can further receive another electron and form aB#&twhich gives the

1,4-dihydrobenzen&38
H
M / NH;, H o H
[Q - R
ROH
g R H™ H
537 538
H
H H H H
Q= of =g g
H
R R R O % H R
537 539 540 541 538
Scheme 121 Birch reduction of substituted benzes@y.[188]

A change of reactivity of alkali metaigas reported by Mortoat al over 60 years ago. He
reported the metalation of fluorene by KOH with the assistance of Na metal to remove the
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water formed simultaneous?® Moreover, he achieved the dimetalation of benzene,
thiophene and other arenes by using a mixture of amylsodium and different alkoxides as
additive. With benzenemneta andpara- di-metalation occurred accordirig the nature of

the additivd!®® One year later, he repted the metalation of toluene by K metaltire
presence of sodium oxide & The reaction did not work if K metal was replaced by Na
metal™® In all these studies, the presence of the additive was essential for the reaction
success. The addie was suggested to influence the reactivity by cation interactions.
Although, the cation does not participate direatlthe reaction, the immediapeoximity to
electronrich structures such as anions or arenés €lectrostatic forcejvas proposedot
createa disturbance of the reactivify?

Another example of catiearene interaction was reported byl et all*®¥ They used a
phosphorus/aluminiurased frustrated Lewis pair (FLP) as an ion pair receptor capable of
solubilising and activating metal hydrides LiH, NaH and K®#2). Crystal structure
determination revealed a direct interactiorPLbut Na and K dplay no interactions with

the phosphorus atom, but instead have short contacts with the aromdfiEking.

Ph

Mes, ‘
P

AltBu,
/ ‘ 1

<< H
\M/

542, M =K or Na

Figure 12. FLP complexed with metal hydride reporteduiyl.

Another recent work published by Harder discloses the dearomatisation of bereene
complexation with C& (Lewis acid)543and Al(l) (Lewis base) organic complex&44to
achieve a boathaped @Hs> 545 Thecrystalstructureof the complexed boathaped 6Hgs*

was obtainedy X-ray diffraction studie&®4

N, N N N N
Ca*---- Al — cat--f Al
N N N N

544

543 545, Harder 2018

Scheme 122 Reduction of benzene facilitated by Lewis acid/base combination repgridarter.' 4
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3.B5.2 Project strategy

As previously mentioned, whilst performing some blank reactions trying to evaluate the
reactivity of K metal, KH and K@u in benzenea change of reactivity of K in beane was
found inthe presence of either KiBu or KH. During the reactiopotassium becanmaolten

and spherical. Whemewproducts were observed, the potassium was found to be still present
at the end of the reacti@s a moltenitser-coloured ball The brmation of the products was
always accomplished by consumptiohthe the molten K metal and by the change of the
colouration from colourless to black.

H Ph Ph Ph Ph Ph
reagents
—_— + +
150°C, 21h
1" 546 547 548 549

Not detected

Entry Reagents Conditions Yields (mg)
(1.5 mmol) 11 546 547
1 K 150 °C, 21h - - -
KH 150 °C, 21h traces - -
3 KOtBu 150 °C, 21h - - -
42 K + KOtBu 150 °C, 21h 122mg 12 mg 3 mg
5 K+ KH 150°C,21h 51mg 12mg 16mg

Table 19. Reactions performed in pressure tubes under inertspineoe at 150°C f@21h, 1.5 mmol of each
reagentwere used with a large excess of benzene (5°Mlerage of 4 replicates.

When K metal was allowed to react with benzene at 150 °C, no reactagyobserved
(Entry 1, Table 19 When benzene was treatedh KH a small amount (less than 1 mg) of
biphenyl was found (Entry R whereas when KBu was employed no product at alas
observed (Entry 3 When benzene was allowed to react with a 1:1 mixture of K metal and
KOtBu, biphenyl(122 mg)was found at tb end of the reactigas well asmallamounts of

regioisomers546 and 547 of dihydrobiphenyl (Entry 3, average of 4 replicates, see
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Experimentakchaptey. When KH was added to K and benzene in a 1:1 ratio, bipl{ghyl

mg) wasfound as well a§46(12mg) and547 (16 mg) With this preliminary screening, the
importance of a synergic effect was underlined for this reaction. In the literature, no precedent
for such newobsevationwas found. It was naclear whether the reaction originated in a
change tohe potassium metal or to the benzene or to tremlrce, so a series of experiments

was performed to probe this.

3.B5.3Results and discussion

3.B5.3.1Reactions with K metal

A first investigation on how varying the quantitieometal and K@Bu altered the outcome

of the reaction was performed. When 1.5 mmol of K metal antBi@ere used, 115 mg

of biphenyl was obtained (yield by isolation this time, Entry 1, TaBJeThreeexperiments
(Entries 24) explored the reaction on a smaller scale,qibenzene (2 mlpreviously 5 mL

of benzene were uspdith equimolar K and K@u (0.5 mmol)a proportional amount of
biphenyl was obtained. Comparison of entry 3 with entry 4 shows that the effect of the
stoichiometry of the K metal is much more sigrafit than the stoichiometry of KBu. This
emphasise the fact that a reductive process is happening with potassium as the source of
electrons, and with the salt supporting the process. If electrons in K metal are available, then
the reductive coupling camccur with much less than stoichiometric salt, but if the amount

of K is curtailed, then the progress of the reaction is limited, regardless of the presence of the

stoichiometric amount of the salt. No reaction occurs@trtemperature (Entry)5
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H Ph Ph Ph Ph Ph
reagents
—_— + +
150°C, 21h
548 549

1 546 547
Not detected

Entry Reagents Yields (mg)
11 546 547
1 | K(1.5 mmol), KQBu (1.5 mmol)  122mg 12 mg 3 mg

K (0.5 mmol), KQBu (0.5 mmol) 32 mg - -
K (0.1 mmol), KQBu (1.5 mmol) 1.0 mg - -
4 K (0.5 mmol), K@Bu (0.1 mmol) 30 mg - -
5° | K (0.5 mmol), KQBu (0.5 mmol) - - -

Table 20. Unless otherwise stated, all the reactions were performed at 150°C for 21h and yields (mg) were
calculated vilNMR using trimethoxybenzene as internal standard (traces refers tog). 5 mL of benzene
were used with 1.5 mmol of reagents, 2 mL of benzene were used with 0.5 mmol of rédgmated yield
Reaction performed at RT.

The next step was the evaluation of the nature of the ¢c&geping the anionic counterpart
constant. Interestingly, adding Lil to an equimolar amount of K metaldetbtreaction
(Entry, 1 Table 2L Nal, KI, Rbl and Csl were all effectivalthoughthe reaction with Nal
gave a much lower yield (Entries-5). This series of experiments undenmssothe
unimportance of base in the reductive coupling process. Nonethehégser amounts of
regioisomer$46and547 of dihydrobiphenylwvere produced in absence of base, underlining
that the base might play an important only in the biphenyl formdiioa.to thecommercial
paucityof Rb and Cs salts, attention wasusedon the difference between Na and K cations.
Interestingly, when K metal was reacted with NR®Din benzengno couplingwvas observed
(Entry 7) and a similar outcome was found betw&®+, and NaBE: only the presence of

K salt resultedn effective formation of coupled prodyethereas Na salt only gave a small
amount of dihydrobiphenyd46 (Entries 89).
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H Ph Ph Ph

reagents
- = + +
150°C, 21h

11 546 547
Entry Reagents Yields (mg)
11 546 547
1 K (1.5 mmol), Lil (1.5 mmol) - - -
2 K (1.5 mmol), Nal (1.5 mmol) 15 mg 6 mg -
3 K (1.5 mmol), KI (1.5 mmol) 54 mg traces traces
4 K (1.5 mmol), Rbl (1.5 mmol) 42 mg 41 mg -
5 K (1.5 mmol), Csl (1.5 mmol) 18 mg 43 mg 25 mg
6 K (1.5 mmol), K@Bu (1.5mmol) 122mg 12 mg 3 mg
7 K (1.5 mmol), Na@Bu (1.5 mmol) - - -
8 K (1.5 mmol), KBR (1.5 mmol) 96 mg 11 mg 5 mg
9 K (1.5 mmol), NaBE (1.5 mmol) - 5mg -
10 K (1.5 mmol), KBr (1.5 mmol) 47 mg 17 mg 5 mg
11 K (1.5 mmol), KF (1.5 mmol) 14 mg 11 mg traces

12 | K (1.5 mmol), MaeNCI (1.5 mmol) - - -

Table 21. Unless otherwise stated, all the reactions were performed at 150°C for 21h and yields (mg) were
calculated via internal standard using trimethoxybenzene as internal staralzed fefers to < 1 mg). 5 mL
of benzene were used with 1.5 mmol of reagents, 2 mL of benzene were used with 0.5 mmol of reagents.

The investigation now progressed to vary the nature of the anionic counterpart of the salt. Kl
and KBr (Entries3 and 10 both afforded similar quantities of biphenyl, but about half of the
amount that had resulted from K&u. Another questiothat arose wastoes the yield of this
reaction depend on the extent of the freedom of the potassium salt to coordinate to the arene
that is being reduced? Lookingdtly at KF (Entry 1), where we imagine the potassium to

be strongly held by the fluoride, the reaction yield drops down. On the other extreme, when
KBFswas deployedEntry 8) featuring a potassium cation that is much nawa&ilable for

coordination, a massive increasghe amount of product was obtained.
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When MeNCI was added tthe reaction (Entry )2no conversion was observed, supporting
the hypothesis that the cation is much more importantttieaanions in the retion process.

A small screening of thgroup lImetals was carried o(Table 22) Mg?* cation was found

to beineffective in the reaction awither Mgb (Entry 1; Table 23hor MgBr. (Entry 2 led

to any products. Cacation was found to be fairly fective, whereas 3 cationwasmuch
lessso (Entries 34). Switching from K to Na metal and utilising the most powerful additive
for the K counterpart, no reaction occuri@&htry 5, suggesting that the electron transfer

requires a stronger reducing ay€E’wx* = 2.998 V, Enana = 2.787 V, measured in

glycol) [
H Ph Ph Ph
@ rea:gents @ . @
150°C, 21h
11 546 547
Entry Reagents Yields (mg)
11 546 547
1 K (1.5 mmol), Mgk (1.5 mmol) - - -
2 K (1.5 mmol), MgBeg (1.5 mmol) - - -
3 K (1.5 mmol), Cad (1.5mmol) 44 mg traces traces
4 K (0.5 mmol), Sr4 (0.5 mmol) 5 mg - -

5 | Na (0.5 mmol), K@Bu (0.5 mmol) - - -

Table 22. Unless otherwise stated, all the reactions were performed at 150°C for 21h and yields (mg) were
calculated vianternal standard using trimethoxybenzene as internal standard (traces refers to <1 mg). 5 mL
of benzene were used with 1.5 mmol of reagents, 2 mL of benzene were used with 0.5 mmol of reagents.

An extension of the scope was explored (Sch&28. Toluere was completely ineffective
as a substratand with anisole only demethylation and demethoxylation was afforded but
no coupling, as previously reported in the literatti® THF wasthenemployed as solvent
under two conidions: A) large excess of THE#.9 mL) was useadompared to berene(0.1
mL); and B)asolvent ratioof 1:1 of THF (2.5 mL) and benzene (2.5 s also used. N
biphenylwas formedn eithercases, suggesting that the choice of the solvent infla¢inee
reactivity of the system.
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K (1.5 mmol)

KOtBu (1.5 mmol) .
©/ _ > No reaction
150°C, 21 h
O K (1.5 mmol) OH
©/ KO#Bu (1.5 mmol) ©/ . ©
B — e —

150°C, 21 h
550 551, 40%

K (1.5 mmol)

KOtBu (1.5 mmol)
E—— No reaction

THF, 150°C, 21 h

A=0.1mL
B=2.5mL

Scheme 123 Substrate scopexploration

3.B5.3.2Plausible mechanisms

A plausible mechanisno rationalise theesults in hand, spesko the role of K metal as an
electron donor, and Kcation asa facilitator of the proces&Scheme 12). In particular, the
coordination of K cation to a benzene ring activates the ring by withdrawing electron density
(9) and bringing it within range for electron transfer by K metal. Dimerisation of the
coadinated radical anion produt0 leads to dianion552; this gives rise to biphenyl after
elimination of KH @plausible event at high T).

Alternatively, an ionic mechanism could take place if the formation of a superbase is involved
in the process. This hypothesis is not supported by theopseexperiments, as neither
KOtBu nor KHis needed for the reaction. The simple mix of K metal anehpttral K salt

(such as KI) can afford benzene dimerisation. In the previous chapter KH was found to be
capable of deprotonating a very small amourtefzene at high . The resulting anio0

could attack neutral benzene giving rise to the formation of &#8nAfter KH expulsion
biphenyl is formed
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Radical mechanism
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K K
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D = b B
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]
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K H K@
2 @ « dimerisation ol /> A
oe _dimerisation _ — > >
[ } of radical anions . K° <—=>0 _2KH
H
10 552 11

lonic mechanism
K® ®K® O
@/‘\ H

0 -0 ® SANe
10 528 "

Scheme 124. Possible mechanisms for the formation of biphenyl

KOtBu was reported in the literature fiarm a special reagenhen mixedtogether with
organolithium compounds. Schlosstral reported the formation of theponymousi s up e r
based coming fr onBu andrBulLil This asupértase dsfcapabéd
deprotonating many different hydrocarbons in the low acidity rangé€af3b-50),including
benzené!®”1%lwWhen a 1:1 mixture aiBuLi and KQBu was allowed to reaetith benzene,
biphenyl was famed n high amounts (Entry 6, Table 3 he blank reaction, itheabsence

of any additive leads to only a small amdwf biphenyl (Entry » A critical point of this
investigation is thatat temperatuiebelow 130°C the reaction struggletd happen esn in
thepresence o& superbase (Entries4). Using Na@Bu instead of K&Bu causes drop of

the yield but the additive is still effective for the reaction, whereas Kl does not help the
reaction at all, showing that"kcation does not help theeprotoration to occur under the

conditiors. Thisstrengthened the likelihood afpossible radical mechanism.
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Ph Ph
nBuLi 1.5 mmol Ph
Additive @ @ @
—_— + +
T, 21h
1 546 547

Entry Additive (1.5 mmol) Temperature (°C) Yields (mg)
11 546 547
1 - RT - - -
2 KOtBu RT - - -
3 - 110 °C traces - -
4 KOtBu 110 °C traces - -
5 - 130 °C 6 mg - -
6 KOtBu 130 °C 100 mg - -
7 Kl 130 °C 5 mg - -
8 NaOQBu 130 °C 39 mg - -

Table 23. Reaction of benzenenBuLi in theabsence or presence of additives.

To investigate whiker the radical process wascurringor not, fresh benzerd; 254 was

preparediia acidpromotedprotodeborylation of deuteroboronic a&&3M1%)

D OH D
D B AcOH 20 mL D H
“OH N
D D 130°C, 15h b D
D D
553 254, 24% yield

Scheme 125. Acid-catalysedieborylation of arylboronic acig??

Below, an analysis of mat might happenn an idealised and simplified outcomeas
undertaken From the outset, it was recognised that reality could be much more complex,

therefore, this work wasndertaken as an optimistic exploration.

The reaction of benzerds with K metal and K@u would lead to different outcomes
depending on the mechanism underpinning the transformation. tBuK@orks as a

facilitator with K metal directing the SET to besme then radical aniat0-ds would form.
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Recombination of two radical anions would lead to a mixture of different diaBE#admix
bearing from O up to 2 hydrogeim the structure as shown in Scheb®#6. The ratio would
only be determined by probabiligince the presence of D and H should sighificantly
interfere with the SET. Therefore a 10: 25 mixture of dianion§52-dmix would form, and
from this, a proportional mixture of bipheriyl-dmix would follow. At the end of the reaction
aratio 1:1(25 for11-dio: 11-do : 11-ds respectivelywould occur, if (i)no [1,5}sigmatropic
shifts complicate matters and(if) a significantKIE is not associated with the final loss of
hydride/deuteride.

Radical mechanism

H H €
D D D D Radical
2 SET 2 Recombination
D D D D
D D
Benzene-d5 10-d5

+25

/ g
Loss of

KH/KD

+5

o

552-d,

D
D & D
Cl
D

DaH 1 11-d10: 1011-d9: 25 11'd8

+ 25

11-d hix

Scheme 126. Outcome from the reaction with benzedef radical mechanism occurs.

If an ionic mechanism takes pladben the presence of a hydrogen would deitee a

different outcome fothe reaction (Scheme21). If the KIE for the deprotonatiois good
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and if no [1,5}sigmatropic shifts complicate matters in 8#8-dmix intermediatesthen the

outcoming ratio betweehl-dio and11-de ought to be 1:5.

lonic mechanism H

Benzene-d5 10-d5 528-dyix

Loss of
KH/KD

lw}
O

O
»
o

1 11'd10: 5 11'd9

11-d ix

Scheme 127. Outcome from the reéion with benzendlsif ionic mechanism occurs.

When benzenéds was finally tested the outcome was quite difficult to intetpA few
interesting poirg needto be underlined(i) the reaction led to only few mg of product
mixture, mirrored by the fachat most of the molten K sphere was still present at the end of
the reactionf{ii) looking at the'HNMR spectrummost of the product was represented by
dihydrobiphenyll1-dmix and not biphenyl. & knew this would have compromised our ratio
calculations g, potentially, dihydrobipheyl could convert to biphenyl during the @ZS
analysis. After workingup the reaction the ratio calculateid HRMS was 1 : 2.5 : 2.5 for
the productd.1-dio: 11-dg : 11-ds, respectively.
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D4H1 D4H1
H K 1.5 mmol
D D KOtBu 1.5 mmol
HD * D4H,4
DﬁD 150 C,21h
D

546-dmix 11-d,o 11-dg 11-dg
Compound Mass Mass (%) Calculated ratio  Predicted ratio
Theoretical Found Radical lonic
11-dio 164.1410 1641409 40 1 1 1
11-do 163.1347 163.1345 97 2.5 10 5
11-ds 162.1285 162.1278 100 2.5 25 -

Table 24. Outcome of the reactn with benzengls.

The outcome of this study does not say much about a possible mechanism since only a small
consumption of K metal was observed. The presence of mostly deuterium in the substrate
determines a disturbance of the mechanism, confirmedebfatithe reaction struggled to
progress also when benzemewas deployed as substrate and solvent for the reaction. The
ratio calculatedvia HRMS was 3.3: 1 : 1.7 for the productsll-dio : 11-do : 11-ds,

respectively.

3.B5.3.3Reactions with KH

In the previous chaptgihe role of KH in benzene in electron transfer reactieens explored

When KH was mixed with benzene, a small amount of biphenyl was observed at 150 °C
(Entry 1; Table 25)The equimolar mixture of KH and K metald to a notable amant of
biphenyl and dihydrobiphengEntry 2), and lowering the amount of K metalower amount

of productswasobtained (Entry 3) suggesting that K metal does not wodnaadditive in

the reactionbut actively participatein the process. The mixtukH/KOtBu was also found

to be effective for the reaction, giving rise4d mg of biphenyl (Entry 4) antdy lowering

the reactiortemperatur@éo 130 °G about half of the amount of product was found (Entry
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5). InterestinglyNaOQtBu was also effective B timeslower yielding than K@Bu (Entry
6), but when NaH was deployed with N&D, no products wreobserved (Entry 7). The
mixture of NaH and K@Bu was somehow effectiysuggesting that the activity might arise
from K/Na exchange between the bagdshough MesNCI was found to be an ineffective
additive (Entry 9), other salts (Entries-18) were all likewise effective suggestitiat also

in this case the presence of the salts helps the reaction.

H Ph Ph Ph Ph Ph
reagents
—_— + +
150°C, 21h
1 546 547 548 549

Not detected

Entry Reagents Yields (mg)
11 534 535
1 KH (1.5 mmol) traces - -
2 KH (1.5 mmol), K (1.5 mmol) 51 mg 12 mg 16 mg
3 KH (1.5 mmol), K (0.5 mmol) 35 mg 3 mg traces
4 KH (0.5 mmol), KGBu (0.5 mmol) 47mg - -

52 KH (0.5 mmol), KQBu (0.5 mmol) 17 mg - -
6 KH (0.5 mmol),NaGBu (0.5 mmol) 11 mg - -
7 | NaH (0.5 mmol), Na@u (0.5 mmol) - - -
8 NaH (0.5 mmol), K@Bu (0.5 mmol) 21 mg - -
9 KH (1.5 mmol), MeNClI (1.5 mmol) traces - -
10 KH (1.5 mmol), NaBEk (1.5 mmol) 27 mg - -
11 KH (1.5 mmol), KBR (1.5 mmol) 36 mg - -
12 KH (1.5 mmol), KF (1.5 mmol) 27 mg - -
13 KH (1.5 mmol), Lil (1.5 mmol) 23 mg traces traces

Table 25. Unless otherwise stated, all the reactions were performed at 150°C for 21h and yields (mg) were

calculated via internal ahdard using trimethoxybenzene as internal standard (traces refers to <1 mg). 5 mL

of benzene were used with 1.5 mmol of reagents, 2 mL of benzene were used with 0.5 mmol of feagents.
Reaction performed at 130 °C for 18h.
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3.B5.4 Conclusions and furthemork

This study puts in evidence the importance of casieme interaction$%”! Election transfer

from K metal to benzene can be achieved in the presence of selected salts. No reaction
occurred in the absence of these salts. A recent paper from WilsdR°! discloss the
alkylation of nonactivated benzene by organocalcium nucleopltié® The process is
facilitated by the Carene interaction and DFT calculations support this theory, as reported

by Wilson!?%H

Dipp [ Dipp Dipp Dipp
H,C [ D,

N NN CeDg 60°C D D N NN
ol 4y = GO
N eH, N ° R Nt N
Dipp [~ Dipp D Dipp Dipp
554 555 556

R =H or n-Bu

Dipp = 2,6-i-Pr,CgHs

Scheme 128 Alkylation of benzene from organocalcium reagents reported by Waisalt?°l

The next stepdr the K interaction would be to test whether it is possible to achieve similar
cationrpromoted benzene alkylation with organomagnesium and organolithium compounds
as nucleophilefScheme 129 This new method to alkylate arenes would avoid the
polyalkylaion obtained with the Fried€rafts process, since the newly alkylated and more

electronrich product would be less susceptible to a new nucleophilic attack.

Organometallic reagent Organometallic reagent Alkyl
K* salts ©/

No reaction

Conditions .
Conditions

558

Scheme 129 Future work: alkylatio of benzene ithe presence ch K* source.
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4 OVERALL CONCLUSIONS

As arganic chemistswe often tend to focus on the organic parts of our ionic reactant
molecules, and assume that the role of counterions of similar valency in these molecules is
negligible, but the literature shows that certain particular salts are widely preferred for certain
roles, while similar reagents are rarely used. For exampletBuei®used routinely as a base

in BuchwaldHartwig reaction&°?2%4 put not KQBu. On the other hand, KBu has been
favoured in many recent reactions of other types, for example in facilitating the formation of
different organic electrodonors from the corresponding precursors. This is very important
for various branches of chemistry such as arylation reactions (BHASS;®! C-X
cleavagel§®58l and polymerisatios?°®! In most of the cases KBu is required, buini some

others Na@Bu is also effectivé€®1°l suggesting that the role played by the cation is
somewhat important, but not essential.electron transfer reactionKOtBu was clearly
demonstrate to act as a promoter of tiresituformation of organic electron donors. A few
reports arose the topic wheter the base can directly act as electron donor, despite this lacks

evidence.

This thesis adds further information and some insights into theabthe salts K&Bu and

KH in electron transfer reactions.

(a) KO:Bu promotes formation of a strong organic electron donor from the hitherto unlikely
precursor, DMFY A mechanism s proposed that is consistent with other mechanisms
recently used to explain the formation of organic electron danggered by reactions of
KOtBu.

(b) A similar mechanism can be proposed to explain the intramolecular coupling-of non
enolisable aldehyes by KQBu; this latter observation may be important in understanding

the initial formation of sugars in the prebiotic era.

(c) For the first time, K@u was found to form an EDA complex with benzophenone,
capable of absorbing Vis light (even cold sunt)g? this finally explained the original
observation by Ashby of direct electramnsfer from K@Bu to benzophenori&? In this

study, Na@Bu was ineffective, underlining that KBu has unige properties in this
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particular transformation. Computational studies within our group support help to illustrate
the detailed subtle differences betweentB®and Na@Bu in these cases.

(d) KOtBu plays an important role in facilitating the electron trangfom K metal to
benzene. NatBu was found ineffective again, suggesting that the reactivity is intimately
associated with the cation used, and that theds indeed a special efficacy here, although
the detailed nature of its interactions remain tddermined. In some cases,"Mas found

to act as a promoter as well, but was much less effective.

@O DMF O 5 O
4, electron donor a b 6
o
KOtBu
Ph-H, K metal O O
236
L2

& =]
4
2 3% W
A, ‘f»
- -
11, reductive coupling Acceptor-Donor

Complex (EDA)

Scheme 130 Summary of the reactions with KBu.

KH is used to deprotonate many different stdies such as enolisable carbonyl compounds,
alcohols, amines, phenols and sulfoxides and it is normally used when NaH and LiH (weaker
bases) are not effective enodgldl In some cases, KH was found to act as a nucleophile,
leading to the hydride reduction of benzaldehy#ésPierre reported for the first tinthe
KH-mediated dehalogenation of iodobenze@eCS\Ar.

The role of KH in electron transfer reactions was also anal§ised.

(e) The formation of the BHAS diagnostic ratio (3.9:1) of coupling prodi@is+ 11in the
reaction with iodo-m-xylene 190 and phenanthroline challengese apparent unique

properties of K@Bu in electron transfer reactioihe different ratio of coupled products
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(7.7:1) with KH in benzene in the apparent absence of any organic additive suggests that

different chemistry takes place compared to theéB{Oeactions.

(f) Possibly due to the strong basicity of KH, a modest amount of biphenyl can be obtained
in the blank reaction with benzene alone; this suggests the formation of plausible organic
electron donord 88 528 529that could trigger radical chemigtwith different haloarenes.

(g) Once again, the presence of salts (that are completely ineffective in the absence of KH)

helps the deprotonation of benzene, leading to conspicuously higher amount of biphenyl.

Me

Ph Ph

O L . C

Phenanthroline
)
" e S ‘ S
- Ph Ph
191 ratio 3.9:1 11 \ 190, Ph-H + O ©
KH —— — ~

Me

f
Ph-H, W A 528 188 529
g 191 ratio 7.7:1 11 organic electron donors

Me

11, up to 47 mg
via possible deprotonation 190

Scheme 131 Summary of the reactions with KH.

We are at an interesting time in developing an understanding of subtle effects associated with
the role of specific alkali metal ions in organic reactions, and can look forward to rapid

developnents in this area in the near future.
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5 EXPERIMENTAL CHAPTER

As for the results and discussion, the experimental part is divided in five different sub
chapters, each one dediedto the corresponding projdétl, A2, A3, B4, B5).

A first generdinformation of the materials and instruments will be given. Where conditions

are different from the general information, this will be stated each time.

General information

All reagents were purchased from commercial sources and used without furtfieatp,

except where stated. Anhydrous diethyl ether, tetrahydrofuran, dichloromethane and hexane
were dried using a Pw®olv 400 solvent purification system (Innovative Technology Inc.,
u.Ss. A.) . Tetrahydrof ur an wa ssinf benzoghenone asi st |
indicator using a still. The distilled THF was used for all the ketyl radical development.
Anhydrous benzene was purchased from Sigma Aldrich and dried over 3A molecular sieves,
previously activated by microwave heating. Thin layAromatography analyses were
carried out on silica gel preoated alumiam foil sheets and were visuadusing UV light

(254 nm). Flash column chromatography was carried out using slurry packed silica gel
(SiI),3575 em particle size, 60 | pore size,

the specified solvent system.

Where reactions were carried out in a glovebox, the atmosphere used was nitrogen and the
glovebox was supplied by Innovative Technologi.] USA. *H-NMR, ?H-NMR and

13C-NMR spectra were recorded &nukerspectrometers operating at 480500MHz, 61

MHz and 101or 126MHz, respectively. All spectral data were acquired at 295 K. Chemical
shifts (uU) ar e q uppm)eCduplingiconstants)ase repceted inthleriz| i o n

(Hz) to the nearest 0.1 Hz. The multiplicity abbreviations used are: s (singlet), d (doublet), t
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(triplet), g (quartet), gn (quinteteextet (st), m (multiplet). Infrared (IR) spectra were
recorded usingan FTIRATR spectrometer. High resolution mass spectrometry was
performed at the University of Swansea, in the EPSRC National Mass Spectrometry Centre.
Accurate massneasurementaereobtained using a LTQ Orbitrap XL using Abspheric
Pressure Chemical l@ation (APCI) or High Resolution NarBlectrospray (HNESP) using
Electrospray lorsation (ESI). Low resolution spectrometry wagcorded by gaphase
chromatography (GCMS) using electron ionization (i&lXhe University of Strathclyde

Data were recordedsing an Agilent Technologies 7890A GC system coupled to a 5975C
inert XL EI/ClI MSD detector. Separation was performed using the DBBM&Ilumn (30

m x 0.25 mm x 0. 25 ¢9,)usirg helivan ag tleerogrreemrgast ur e o f
All the UV reactionswe r e carried out by using two foc
nm, each 100 watts) placed opposite to each other, around the reaction flask, at room
temperature. All the Vis light reactions were carried out by using 60 LEDs in series (410 nm,
14.4 W tdal, SMD5050). The series internally lined a beaker and the reaction tubes were
placed centrally in the beaker8xm of distance from the LEDs). When stated, the reactions
were performed in direct sunlight . theiube 6 da
in foil to avoid any light exposure.

UV-visible absorption measurements were performed using a PerkinElmer Lambda 25
UV/VIS spectrophotometer.

Calculations of the yields of reactions using ithkernal standard 1,3;%imethoxybenzene
(*H-NMR internal standard) were performed as follows: }BiGethoxybenzene (8.4 mg,

0.050 mmol, 10 mol%) was added as a solid to the reaction mixture s GEICInL) was

added and the solution stirred for 5 min. A portion of the solution was taken and diluted for
NMR analysisThe yields were therefore calculated using the integration of similar types of
peaks: aromatic peaks of the compound were compared with the aromatic peak of the internal
standard, aliphatic peaks of the compounds were compared with theialgdeaks of the

internal standard.
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5.A1 The Formation of Organic Electron Donors by Dimer

Formation of Formamides in the Presence of KEBu

5.A1.1 Preparation of substrate

2,6-Dibenzyloxy1-iodobenzene?290

o — S

2,6-Dibenzyloxy-1-iodobenzene
Chemical Formula: CyqH47105
Exact Mass: 416,0273

2-lodoresorcino288(0.30 g, 1.27 mmol) and potassium carbonate (0.53 g, 3.81 mmol) were
dissolved in DMF (15 mL). After stirring for 10 min, benzyl brom&89(0.65 g, 3.81 mmol)

was added and the reaction mixture was stirred at 80 °C for 18 h. After ctiIRif the
reaction mixture was partitioned between ethyl acetate and water (50 mL each). The
separated organic phase was washed with two further portions (50 mL)eofamak the
combined water phasegashed with ethyl acetate (50 mL). The combined omyphases

were washed with brine (50 mL) drieaver anhydrous sodium sulfate and concentrated in
vacuoto afford the crude produatvhich thenwas purified by chromatographugsing ethyl
acetate: petroleum ether as 9:1 to affordtittee compound as white solid (350 mg; 66%
yield). Mp: 89-91 °C (lit: 90-92°C).12%1 3.« (neatcm?) 3026, 2961, 1587, 1445, 1252, 1090,
736, 692'H-NMR (400MHz, CDCk) U pp m 7J1=5/5, AH} 7.49 (4 Hdt,) =

7.4, AH), 7.32 (2 H,t)= 7.3, AH), 7.19 (1 H, tJ = 8.3, AH), 6.54 (2 H, dJ = 8.3, AH),

5.18 (4 H, s, €2). ®C-NMR (101 MHz,CDC¥§) & ppm 158.3, 136. 2,
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126.5, 105.5, 79.0, 70.5. GC-MS (El, M") m/z 416.1. Data were consistent with the

literaturel2°7]

n-Butylformamide,296

i
/\/\N)
H
n-Butylformamide
Chemical Formula: CsH1{NO
Exact Mass: 101,0841

Formamide296 was prepared by slowlydding ethyl formate (1.981L) to n-butylamine (3

mL, 2.22 g, 20 mmol) at 0°C, then heating to 100 °C for 1 h, and 110 °C for 3 h. The mixture
was concentrated at 35 °C to remove most of the ethanol and unreacted ethyl formate, and
left in vacuowhilst the title compound was obtaimhasa yellow oil (1.8 g, 17.8 mmol, 89%
yield). The NMR spectra of this material cleadiiowed the presence of rotamersr F
simplicity, only the data of the major rotamer will be givéid-NMR (400 MHz, CDC}) U
ppm8.12 (1 H, sCHO), 6.00 (1 H, sNH), 3.25 (2 H, qJ=7.2 CH2NH), 1.48 2 Hg,J=

7.2, H2CH2), 1.33 (2 H, stJ = 7.2, GH2CHg), 0.89 (3H, t,J = 7.3 CH3). ®C-NMR (101

MHz, CDCk) d ppm 160. 8, 3 GC-MS, (El)anlz.1@L.1. DataQver® , 13

consistent with the literatufé®!

N-But-3-enylN-butylformamide 284

Q

~o~N
1

N-(but-3-en-1-yl)-N-butylformamide
Chemical Formula: CgH47NO
Exact Mass: 155,1310

A solution of N-butylformamide,296 (1.01 g, 10 mmol) in toluene (5 mL) was addedto
suspension of NaH (0.288 g, 12 mmol) and toluene (35 mL). The resulting mixture was
stirred at 70 °C for 1 h. After cooling to 23 °Gphdmao1-butene (2.01 g, 15 mmol) was
added. The mixture was refluxed over 16 h. Afterwards the reaction mixture olad to

23 °C, poured into brine (10 mL), extracted with EtOAc (10 xn8), dried over sodium
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sulfate andconcentrated by rotary evaporator. The crude mixture was then purified by
chromatography using petroleum ether : ethyl acetate as 8:2 as eluetitieTdeenpound

was obtained as a slightly orange oil (700 mg, 4.5 mmol, 45% yield). The NMR spectra of
this material clearly showed the presence of rotamers with an almost 1:Xhatejore it

was difficult to distinguish the peaks of each rotamsggx (neatcmt) 2957, 2929, 1666,

1425, 1398, 1120, 9124-NMR (400 MHz, CDC¥) U 8®Ip(inH, sCHO), 5.83i 5.60

(1 H, m,CHCHy), 5.111 4.97 (2 H, mCH2>CH ), 3.381 3.25 (2 H, mCH>), 3.26i 3.11 (2

H, m,CH>), 2.32i 2.22 (2 H, mCH>), 1.55i 1.43(2 H, m,CH>), 1.36i 1.24 (2 H, mCH>),

0.90 (3 H, tJ =7.3 CH3). ®C-NMR (101 MHz,CDC}§) & ppm 162.7, 135.
116.8, 47.3, 46.9, 41.9, 41.5, 33.1, 31.7, 30.6, 29.3, 20.1, 19.5, 13.7GC3MS (EI) m/z

155.2.Datawereconsistent withthe literaturd?°®

N,N'-Diformyl-N,N'-dimethylethylenel,2-diamine 238

‘i \
f\‘l/\/Nw

N,N'-Diformyl-N,N'-dimethylethylene-1,2-diamine
Chemical Formula: CgH1,N,05
Exact Mass: 144,0899

N,N&Dimethylethylenel,2-diamine125 (1.00 g, 1.22 mL, 11.34 mmol) was dissolved in

ethyl formate (10 mL) and the solution stirred at 50 °C for.IBe reaction was allowed to

cool and then concentrated to give thke compoundas an oil, which solidified (1.49 g,

91%) on standing. The NMR spectra of this matetedrly showed the presenceaofamers.

Due to the absence of a major rotamerthal peaks will be mentioned. Mpi&B ° Cllit.,

81i 82 °C]12¥0 3.k (Nneatcm®) 2947, 1662, 1633, 1394, 1182, 1080, 964, 841, $36IMR

(400 MHz,CDCf) U ppm 8 HO0)23.54240 @A H, ns €o), £94 (6 H, s, G3).
13C-NMR (101 MHz,CDC$§) 4 ppm 163.2, 162.9, 162.6, 4
30.Q 29.9.GC-MS (El) m/z144.1.Datawereconsistent with the literatuf&*
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N,NG&[(x)-trans-Cyclohexanel, 2-diyl]diformamide,299

)
(0] H
O’ NH, 295 N \70
—_—
“'NH, "’H/*o
220 N,N-[()-trans-Cyclohexane-1,2-diyl]diformamide

Chemical Formula: CgH14N,0,
Exact Mass: 170,1055

A solution of (f)}trans1,2-diaminocyclohexan220 (0.36 mL, 3 mmol) irethyl formate

(1.45 mL, 18 mmol) was heated at 50 °C overnight. The mixture was concentrated at 35 °C
to remove most of the ethanol and unreacted ethyl formate, and \eituofor 30 min to

afford a white solid. The solid was washed with ethyl acetatefiltered to give thétle
diformamide299 (1.28 g, 84% vyield) as a white solid. The NMR spectra of this material
clearly showed the presence of rotamdwp 162 165 °C [lit., 187188 °C (from
ethanol)]?1? 3max (neat)/cmt 3261, 3064, 2931, 2854, 1625, 1550,1386, 1251, 1231, 723.
'H-NMR (400 MHz, CDC}) U ppm 8J=11%, D, 588 (2 H, s, N), 3.86i

3.79 (2 H, mHCNH), 2.08i 2.05 (2 H, m, €l), 1.791 1.77 (3 H, m, El2), 1.341 1.25 (3

H, m,CH2). ®C-NMR (101 MHz,CDC}) U ppm 161. 2 GCMSL(EBWz 3 1. 7
170.2.Data are consistent with the literatlf'!

N,N'-[(£)-trans-Cyclohexanel,2-diyl]bis(N-methylformamide)239
\

N\70

X

N o

N,N'-[(x)-trans-Cyclohexane-1,2-diyl]bis(N-methylformamide)
Chemical Formula: C4gH4gN,O,
Exact Mass: 198,1368

A solution ofN,N&(x)-trans-cyclohexanel, 2-diyl)diformamide,299 (340 mg, 2.0 mmol) in
toluene (5 mL) was added to a suspemsibNaH (115 mg, 4.80 mmol) and toluene (20 mL)
under argon atmosphere. The resulting mixture was stirred at 70 °C for 1 h. The mixture was
allowed to cool to room temperature and iodomethane (852 mg, 6.0 mmol) was added. The
mixture was refluxed for 16 lbefore being allowed to cool to room temperature. The mixture

was poured into sat. ag. NaCl (10 mL) and extracted with dichloromethane (3 x 20 mL),
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dried over sodium stdte, filtered, and concentrated to give diforman28@(330 mg, 83%)

as a colourlessil which solidified on standing. The NMR spectra of this material clearly
showed the presence of rotamers. Mp®8 A% (neatycm' 2933, 2860, 1672, 1653,

1427, 1408, 1065, 725 ¢cin'H-NMR (400 MHz, CDC}) U pp m HOPMD52 ( 2 H,
4.33 and 34 3.33 (H, 2m, CHN), 2.77 (6H, s, Bl3), 1.911.57 (6H, m, El2), 1.44 1.22

(2H, m, GHH). *C-NMR (101 MHz, CDC}) U ppm 163.2, 163.1, 1
30.7, 29.0, 26.0, 25.7, 25.1, 25.0, 245€-MS (EI) m/z198.2.Data are consistent with the
literature?*® VT NMR (70 °C and 90 °C in DMSO) were attempted but coalescence of the
peaks from theitferent rotamers was not observed.

5.A1.2 Electron transfer reactions with haloarenes

Electron transfer reactionswith 2-iodo-1,3-dimethoxybenzen292

o] o
- \©/ ~ Conditions /0\©/O\
_ =

1,3-Dimethoxybenzene
Chemical Formula: CgH40,
Exact Mass: 138,0681

A mixture of Xiodo-2,6-dimethoxybenzen292 (264 mg, 1.0 mmol)rad KOtBu (224 mag,
2.0 mmol) in 10 mL benzene and 0.1 mL of DMF (1% v/v of solvent) was sealed in a 15 mL
pressure tube in a glovebox. The tube was removed from the glovebox and heated at 130 °C
for 18 h in a fumehood behind a blast shield. After coolingdon temperature, the reaction
was quenched with water and acidified with HCI 2N, until neutral pH. The mixture was
extracted with diethyl ether (30 mL x 3) and washed with brine. The organic layer was dried
over sodium sulfate; filtration and concenitvatgave the residue as a yellow oil. The yield
was calculated using 1,3tBmethoxybenzenél0 %) as internal standard. The calculated
yield of 293is 79%, whereas 0.5 % of starting mateB@R has been identifiedH-NMR
(400 MHz,CDC}) U p p ni,t7.=8.D, Afd)]16.53 (2 H, ddJ = 8.2, 2.4 AH), 6.49
(1H,tJ=2.3,AH),3.80 (6 H, s, B3).7*C-NMR (101 MHz,CDC§) U ppm 160. 4,
105.7, 100.0, 54.85C-MS (El) m/z138.1.
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Yield calculation.

For therecovered starting materiad2the ntegration othe methoxy signal of the internal
standard in théH-NMR spectrum was set to 9 units. The integration of the omgtsignal

of 292 (3.89ppm) was then measured and the following calculation gave the am&9# of
present:

(0.286) x 10 =0.5%

For thedeiodinategroduct293the integration of methoxy signal of the internal standard in
theH-NMR spectrum was set to Bhe integration of the methosjgnal 0f293(3.77ppm)
was then measured and the following calculation gave the amoR®8 pfesent:

(47.28/6) x 10 =78.8%
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Spectrum 1. Crude mixture from the reaction withiodo-2,6-dimethoxybenzen292.
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Electron transfer reactions with 2,6-Dibenzyloxy1-iodobenzene?290

Doy 0 =22 Qo O

1,3-Bis(benzyloxy)benzene
Chemical Formula: C5oH150,
Exact Mass: 290,1307

A mixture of 2,6dibenzyloxyl-iodobenzen290(208 mg, 0.5 mmol), KBu (112 mg, 1.0
mmol) in 4.95 mL benzene and 0.05 mL of DMF (1% v/v of solvent) was sealed in a 15 mL
pressure tube iaglovebox. The tube was removed from the glovebox and heate@ &C13

for 18 h behind a blast shield inside the fumehood. After cooling to room temperature, the
reaction was quenched by water (30 mL). The mixture was extracted with diethyl ether (30
mL) and washed with brine. The organic layer was dried over sodiuatestiltered and
concentrated under vacuum to give a yellow solid. The yiel@9afwas calculated with
internal standardia *H-NMR using 1,3,8rimethoxybenene; the calculated values aré80

of deiodinated produ@91and 0.8% of starting materiahax (neatcm?) 2922, 1591, 1145,
1026, 694*H-NMR (400 MHz, CDC§) U p p Mm.417(4 Hi B, AH), 7.417.36 (4 H,

m, ArH), 7.34 (2 H, dd, m, Af), 7.19 (1 H, tJ = 8.2, AH), 6.65 (1 H, tJ = 2.3, AH), 6.61

(2 H, dd,J=8.2, 2.4, AH), 5.05 (4 Hs, (H2).®C-NMR (101 MHz,CDC§) & ppm 160
137.1, 130.1, 128.7, 128.1, 127.7, 107.6, 102.4, B2MS (El) m/z290.2.

Yield calculation.

For therecovered starting materidB0 the integration of methoxy signal of the internal
standard in théH-NMR spectrum was set to 9 units. The integration of the methyl signal of
290 (5.18 ppm) was then measured and the following calculation gave the amo2@® of

present:
(0.354) x 10 =0.8%

For thedeiodinategroduct291the integration of methoxy signal the internal standard in
the 'H-NMR spectrum was set to 9. The integration of the methyl sigr2®b¢3.77 ppm)

was then measured and the following calculation gave the amo2@1 pfesent:
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(31.80/9 x 10 =79.5%
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Spectrum 2. Crude mixture of the reaction with6-dibenzyloxy1-iodobenzene290.

Electron transfer reactions with iodo—m—xylene,190

: \
Additive o
| N__O
KOtBu 2 _KOtBu2eq. [ \¢ 1 O’ ~F
\©/ T, time \©/ /§ ! ’\‘1&0
190

238 ' 239

A mixture of iodemetaxylene190 (1.0 mmol or 0.5 mmol), K@u (2.0 eq.) and further
spedfied reagents in benzene (10 mL or 5 mL depending on the amount of substrate used
respectively) was sealed in a 15 mL pressure tube in glovebox. The tube was removed from
the glovebox and heated at the desired temperature (130 °C or 110 °C) for theetifieds

(18 h or 4h) behind a blast shield. After cooling to room temperature, the reaction was
guenched by water (30 mL or 15 mL) and acidified with 1IN HCI until neutral pH. The
mixture was extracted with diethyl ether (30 mL or 15 mL). The organic Vveg®dried over
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sodium sulfate, filtered and concentratecatford the residue. Since the coupled products
191 and 11 for this reaction are inseparable, the yields have been calculated from NMR
spectraviainternal standard. 1,3,brimethoxybenzene 8.4gn(0.050 mmol, 10 mol%) was
added as a solid to the reaction mixture, ~1 mL GIM@k added and the solution stirred. A

portion of the solution was taken and diluted for NMR analy$&sble 26)

Alternatively, the reaction was conducted using togaylene 190 (116 mg, 0.5 mmol),
KOtBu (112 mg, 1 mmol) in benzene 10 mL in absence of additive at 130 °C for 18h. 0.5%
of coupled product$91+ 11 was detected. (Entry 1).

Alternatively, the reaction was conducted using totgaylene 190 (116 mg, 0.5 mmol),
KOtBu (112 mg, 1 mmol), DMF (1% v/v) in benzene (99 % v/v, 10 mL total solvent) at 130
°C for 18h. 2.8% of coupled produd91+ 11 was detected. (Entry 2).

Alternatively, the reaction was conducted using totgaylene 190 (116 mg, 0.5 mmol),
KOtBu (112 mg,1 mmol), DMF (0.1 mmol) in benzene 10 mL at 130 °C for 18h. 0.6 % of
coupled product&91+ 11 was detected. (Entry 3).

Alternatively, the reaction was conducted using todaylene 190 (116 mg, 0.5 mmol),
KOtBu (112 mg, 1 mmol), additive38 (0.05 mmol) h benzene 10 mL at 130 °C for 18h.
8.0% of coupled product1+ 11was detected. (Entry 4).

Alternatively, the reaction was conducted using todaylene 190 (116 mg, 0.5 mmol),
KOtBu (112 mg, 1 mmol), additive39 (0.05 mmol) in benzene 10 mL at 130 fa& 18h.
16.1% of coupled produci®1+ 11 was detected. (Entry 5).

Alternatively, the reaction was conducted using totgaylene 190 (116 mg, 0.5 mmol),
KOtBu (112 mg, 1 mmol), DMF (1% v/v) in benzene (99 % v/v, 10 mL total solvent) at 110
°C for 4h. 0.4% of coupled product$91+ 11 was detected. (Entry 6).

Alternatively, the reaction was conducted using totgaylene 190 (116 mg, 0.5 mmol),
KOtBu (112 mg, 1 mmol), additive38 (0.05% v/v) in benzene (99.5 % v/v, 10 mL total
solvent) at 110 °C for 4h. 18% of coupled products91+ 11 was detected. (Entry 7).
Alternatively, the reaction was conducted using tagaylene 190 (116 mg, 0.5 mmol),
KOtBu (112 mg, 1 mmol), additive39 (0.05% v/v) in benzene (99.5 % v/v, 10 mL total
solvent) at 110 °C for 4181.6% of coupled produci®l+ 11 was detected. (Entrg).
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| Additive o) l\‘l °
KOtBu 2 eq
\\[:E:(/ T, time \T[:E:(/ 'uwzﬁ§o
190

238 l 239

Entry Additive 190(%) 191+ 11 (%)¢
12 none 65 0.5
22 DMF (1%) 84 2.8
3 DMF (0.1mmol) 95.5 0.6
42 238(0.05 mmol) 59.4 8.0
52 239(0.05 mmol) 55.4 16.1
6° DMF (19%) 85 0.4
7° 238(0.5%) trace 19.6
8P 239(0.5%) trace 31.6

Table 26. lodo-m-xylene (0.5 mmol), 1 mmol KBu, benzene as solvent, 130 °C, 18 teaction at 110 °C,
4 h.¢Relative to benzene (v/v) as solvefithe yields have been calculated'blNMR using 1,3,5
trimethoxybenzene (10 mol %) as internal standfard.

Yield calculation. ExampléEntry 5, Table 2B

Biphenyl11: 'H NMR (400 MHz, CDCE) U - 7.59644, m), 7.46 (4Hn), 7.38- 7.34
(2H, m).

2,6-Dimethyk1 , -highenyl191: *H NMR (400 MHz, CDC) U - 7.414281, m)7.39-
7.33 (1H, m), 7.2- 7.10 (5H, m), 2.05 (6H, s).

As shown in spectrur8, the presence the inseparatlixture of coupled products91and
11 can bedetectedvia NMR. The peak at 7.62 ppm is diagnostic for biphehyland
integratesd protons. The peak at 2.05 ppm is diagnostic fordin&thylbiphenyl191, and

it integrates 6 protons.

The yields were thefore calculated using the integration of similar typigseaks: aromatic
peaks of biphenylvere compared with the aromatic peak of the internal standard, aliphatic
peaks of thel,3-dimethylbiphenylwere compared with the aliphatic peaks of the internal
standard.
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Spectrum 3. 1H-NMR of theinseparablenixture of the coupled produci®landll.

For therecovered starting materia90, the integration othe methoxy signal of the internal
standard in théH-NMR spectrum was séb 9 units. The integration of the methyl signal of
190(2.49 ppm) was then measured and the following calculation gave the amdi@t of

present:
(33.17/6) x 10 55.4%

For theheterecoupled product91 the integration of methoxy signal of the intdrsiandard
in the'H-NMR spectrum was set to 9. The integration of the methyl sigri&l2.04ppm)
was then measured and the following calculation gave the amol@1 pfesent:

(1.95/6) x 10 =3.3%
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Spectrum4. Crude nixture of the reaction in Entry, T able26. In this spectrum the integration of aliphatic
peak of the internal standard (1, 3tBnethoxybenzene) is set up to 9.

For thebiphenyl productll the integration of the aromatic signal of the internal standard
was set to 3. The integration of the aromatic signalslait 7.64 7.59 ppm (4 H) was then

measured and the following calculation gave the amouht pfesent:
(5.11/4) x 10 =12.8%

Yield of the mixturel91+ 11: 3.3% + 12.8% = 16.1% (Entry 5, Tal26)
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