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Abstract

Abstract

Reduction and oxidation of functional groups are some of the fundamental transformations

in inorganic and organic synthesis. Compoéntias been shown to be a powerful neutral

organic el ectron donor capabl e-banfls t he
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Photoactivation of donoA (to A*) has been discovered to increase the reducing power of

the species therefore allowing the reduction of less activated bonds and this body of work

explores examples such as: cadmitnogen bonds of benzyl sulfonamides and aniline

derivatives; carbotxygenbonds of benzyl ethers, esters and carbamates; casban

bonds of benzylated carbon acids; carsatur bonds of aryl methyl sulfides, oxygeulfur

bonds of aryl and alkyl triflate esters; and nitrogeifur bonds of tosylamides and activated

mesybmides.
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A series of nitrogeftontaining substrateB-E, was investigated for their reactivity with the

photoactivated donoA*. The results of these experiments were the-gighling carbon
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nitrogen bond scissions, the details of ethiare reported herein including a mechanistic

discussion and supporting evidence.
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Likewise, aryl methyl sulfide& andH were cleaved in good yield with the photoactivated
donorA. A number of related results demonstrate the scopbeothemistry and provide

insights into the mechanism of the process.

Careful analysis of the reaction-pyoducts from the above investigations has also allowed
the elucidation of the structures of a number of compoiiéisl, K, L, derived from donor
A under the reaction conditions. The mechanism of formation of these species and the

insight offered into donor reactivity are discussed.
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Chapter 1Introduction to Reductive Electron Transfer

Chapter 1. Introduction to Reductive

Electron Transfer

Previous theses within thdurphy group have given quite a historic overview of electron
transfer and reductive chemistry; but we have been lucky to find ourselves as a group with
an established background in a field which is becoming more popubahie | will give a

brief summary oimportant processes (i.e. Birch reduction eticwill attempt to focus on

current developments in the area as there have been many.

1.1. Electron Transfer

Henry Taub&and Rudolph A. Marcdseachreceiveda Nobel Prize in Chemistry, in 1983

and 1992 repectively, for their work on electron transfer. It is an important cbemi
process, prevalent in metalliut also in organic systems, and involves the donation of an
electron from one species to anotfiegn. 1)or from one part of a large molecule twther.

In metals this can be seadkchange between two metal centrigientical save for their
oxidation state, or it can be between two distinct species as is most often the case in our area

of interest.

T . @ "
Donor + Acceptor-X Donor + Acceptor-X  (Egn. 1)

D@ 00
Donor + Acceptor-X  (Eqn. 2)

@ ©
Donor + Acceptor-X SET.

00 o O
Acceptor-X —— Acceptor + X (Ean. 3)

O .« O
Acceptor-X —— Acceptor + X (Eqn. 4)

@D ©
Donor + Acceptor  (Eqn. 5)

Dor;g% + Accepto.r

*® . @
Donor + Acceptor —— Donor-Acceptor  (Eqgn. 6)

YH + Acceptor Y + Acceptor-H (Egn. 7)
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Much of the reduction discusg in this document relates to the reductive cleavage of bonds
shown above are various equations representing the relevant reactions in reductive bond
scission. A donor can transfer an electron through space to an acceptor species to generate a
radical céion and radical anion pair (Eqn. 1). The radigalon may then undergdeavage

to a radical and anion (Egn. 4) or receive a second electron, giving rise to a dianion and
dication pair (Egn. 2); the dianion may undergo cleavage to give two anions (Eqn. 3
Equations 5 show additional reactions possible with the acceptor radical, respectively;
further oneelectron reduction to an anion, combination with the donor radical cation to give

a closeekshell cation, or abstraction of a hydrogen atom from thetimmamedium.

1.1.1.Redox Potential

Reduction and oxidation potentials provide a useful scale for the electron donating or
accepting ability of a species and may be measured by cyclic voltammetry using a dilute,
buffered solution and an electrochemicatiup® A more negative number represents a good
donor or a substrate that is difficult to reduce; a more positive number represents a good
oxidant or a substrate that should be easy to redRexdox potentials within this document

will be reported for therarious donors and acceptors in volts relative to a stated electrode in
a specific solvent. Relative to the Normal Hydrogen Electrode (NHE or SHE), the Saturated
Calomel Electrode (SCE) has a potential of +0.241 V and the Ag/AgCI a potential of +0.197
V (saturated) meaning that the SCE is +0.044 V relative to Ag/AgCl and the two can be

compared without much adjustmériRotentials measured in different solvents can vary to

S 0me degree but directly comparabl e figur e

measir ements are quoted in DMF or acetonitri

deviations, and so should be representative.

€
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1.2. Birch Reduction

The Birch reductiofi* is the prototypical electron transfer reaction and was discovered by
an Australian chemist, Arthur Birch, in 1944. Is has been investigated at length ever since
and found to be both an interesting and very useful readtissolution of metallic sodium

or lithium in liguid ammonia gives rise to an intense blue colour resulting from the solvation
of the electron as an Oel ect®Whed abarendoisint er
reacted under these conditions in the presence of a proton soureects to yield the
dihydroarené.

D=0 == 0
1 2 3 4 5
OMe OMe H3N CO,H CO,H
Na/NH3 NH3. l JH3N Na/NH3
—_— e@ —_—
e | “HiN
6 ROH 7 NHz~ 3N 3 9 ROH 10
3
Solvated Electron

"Electride" oM
Na/NH3 O'V'e Na/NH3
+ 0-CgHy(OH),
No ROH 1 No ROH

12 95% 13 0%

N\ \

10% Pd/C Na, NH3

N \NP%
= Hz = -78°C
14 16

Schemel. Birch reduction of arenes

The reduction occurs by stepwise electron transfers and protonaicmeniel) and shows
predictable regiochemistry for electrdonating6 and electrorwithdrawing substituents.

In the absence of a proton source it is possible to reductively cleave aryl alkyl6stihéne
corresponding phend, while arenes bearing two ether substitutidishow very selective
monoredudbn due to the difficulty of donating an electron to the anion intermetfiiech
reductions also show chemoselectivity foora conjugated systemand was shown by
Gevorgyanand Kint® to be a complementary alternative to traditional hydrogenation which

shows a preference for reduction of alkenes.
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1.2.1. Birch Mechanism

Birch and Zimmerman published on the possible mechafitéhts the Birch reduction and
how it applies tasubstituted substrates suchéaand9. Computational and isotopic labelling
evidence showed that the radical ani@n7 / 1s7pgyotonated in theortho position
preferentially over thenetaposition (and never in thpsoor para position as evident by the
absence of21). Benzoic acid is deprotonatachderBirch reaction conditiondo generate
benzoate24 which is then reduced to a trianio25 before protonation to dianio@6.
Understanding of this mechanism allows for regioselective displacemehdb@ylic acid
by reaction with an electrophile followed by decarbonylative elimin&fith.

Mechanism Meta

tBUOH OMe

Mechanism Ortho
OMe

OMe
é © é

OMe OMe

H
OMe i:l Na/NH3 D,
Not t-BuOH ij[ j
Observed 6 7-D H (D,/D,=7.0)
0s_00 ©0_ 00 ©0_ _00 O<_OH R
| @ \ R RX = Mel , 96%
. RX :
Li/NHs NH, HO,SCI RX = BnBr, 92%
RX = MeO,CCH,Cl, 85%
©)
24 25 26 27 28

Scheme2. Birch reduction regioselectivity

The Birch reduction is oftendarg&vrothed as
conditions 6a %“hbutiactually,it is quiteostratyteforwlardeadd certainly a

very inexpensive method to deliver electrons to a substrate. Where the Birch conditions are
at a disadvantage however is in selectivity a® stiongly reducing conditions are prone to
reduce any and every functional group within a molecule; for this reason alternative, more
selective methods have place in organic synthesis and these are discussed throughout the rest

of the chapter.
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1.2.2. Further Development and Modification of the Birch Reduction

Benkeser and eworker$®® developed conditions under which low molecular weight
amines could be used in place of ammonia as the solvent. They also utilized alternative
metals such as calcium to &Ve enhanced reactivity compared to more classical Birch

conditions,Schemes.

Ca metal
nBuNHQ/EtNHZ

3081% 3116% 32 2%
L| metal +
T MeNH,
34 82% 35 5%
OMe OMe
Fg\ Q Na, NH3 &\ Na, NH3
78 °C then Mel . 78 °C. then Mel CSM\W
Boc 36 Boc 37 70%
88%, (dr = 30:1)
o CO2Pr Na, NH3 _~_CO,iPr
Pro,C N -78 °C, then Mel Pro,C N
40 4 98%

Scheme3. Benkeser Reduction and Bircbruditions applied to heterocycles

é"*° and his group have continuetestigationof Birch reactivity in

Prof. Tinothy Donoho
their reduction of electrodeficient pyrrolesand other heterocycles, above, including
stereoselective reactiariBhe coworkers have also worked with mediated electron transfer

as discussed towards the end of this chapter.

1.2.3. SilicaSupported Alkali Metals

Another development which has been applied to the Birch reduction is that of liquid alloys of
potassium amh sodium adsorbed onto particles of sifftdhe researchers identify different
6stageso6 (0, I and I 1) which can be gener at

Na/K alloy onto silica to form a shiny, black, -aémd moisturesensitive powderHeating of
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the stage O powder affords stage I, which is stable in dry air but upon further heating yields
the stage Il powder which can be handled in air but retains the reducing capacity (though not
the power) of the other stages. The various stagesdiff&rent reducing powers, as evident
from their air stabilities, and can therefore be applied to different purposes.

POCL 0O
B —

43 >99%

COEt Na-SG(l
: ( THF, o°c @EC\
_ =
then MeOH

H 46 95%

COEt  NasG()
/@/r THF, 0°C
_—
then MeOH

47 98%

Schemed. Reduction by adsorbed alkali metals

Elution of a solution of anthracen?, in THF over a short column containing stage 0 or |
reductant yielded the mofRirch reduced produc#3 (excess silica acting as the proton
source) in excellent yield. A modified BouveaBlanc reductiofi** (a stepwise two
electron, two proton reduction @n ester44, 45 to an aldehyde followed by the same
process from aldehyde to alcold, 47) can also be effected using Stage | sodium on silica
gel (NaSG(l)) as shown irBchemed.”® The coworkers report the powders as a practical
source of clean hydrogen gas and they can also be used in redu@ivan® GN bond

cleavage as will be discussed in Chapter 3.

1.2.4. JuliaLythgoe Olefination

In Chapter 4 we will dis@s a series of carbenu | f-bond cléavages of sulfones and it

therefore makes sense to discuss the Julia olefination; a common synthetic method which
utilized electron transfer. The gener al me C |
generate a tabilized carbanion, followed by additioto an aldehyde or ketone and

quenching with e.g. acetyl or bewt chloride. The resultant betubstituted sulfond8 is
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then reduced by sodium amalgam in an alcoholic solvent to yield, normall ahesne
4944—45

SO,Ph (D) Na/Hg, THF/MeOH E/Z=9.1:1 91% incorporation
Conditions
Ph Ph 270 PhWPh Sml, (8 equiv.) E/Z=2.3:1 0% incorporation
48 Opc 49 THF/DMPU, MeOD
e Ph
0=8=0 =5 © 0 H
R" " ) .
R ¥ SET_ R" Phso,M R Hy seT R R"  -MOAc R"
Ha b Ho LHe =™ H 52 T Hy Hp ——
OAc a2 OAc a OA OAC H
50 51 53 54 b
Na/Hg
MeOD
T R PhO,S R Phoes' R R" S R D R
PhO,S 2 " SET 2 " " SET " MeOD )
2 R‘%\( NaOMe Y= Y= —— % ., %L_/ ; =/
OAc ! ) ) ' '
R’ R R R R
50 55 56 57 58 54

>90% incorporation

Schemes. JuliaLythgoe Olefination mechanism

The mechanism of the reduction step is normally incorrectly taught however as shown in
Schemeb. In the classic mechanism, electron transfer followed-By#nd cleavage yields

an anion which eliminates the acetate or benzoate group whereas the alternative mechanism
involves the formation of sodium ethoxide or methoxidenirthe solvent and E1cB
elimination of the acetate or benzoate. The resulting vinyl sulfénnen undergoes the
reductive cleavage to yield the observed products. This latter mechanism is supported by
deuterium labelling experimefitavhich demonstrateapd incorporation of deuterium into

the alkene (e.g49) which is not predicted by the classic mechanism. The issue of
elimination beta to a sulfone is also discussed in Chapter 4 in reactions with a neutral organic

electron donor.

Interestingly, Keclet al.*® who were carrying out the mechanistic investigations found that
under reductive conditions with samarium(ll) iodide the classical mechanism was supported
as no sufficiently strong base was present. Samarium(ll) iodide reduction will be discussed
in Section 1.4.
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1.2. Electron Transfer in Nature

As with many important chemical process electron transfer is foundidely in nature.
Redox couples NADH/NADand FADH/FAD, Schemes, are used throughout biology for
oxidative and reductive processes and are both based on nit@g@ming heterocycless

are the synthetic, organic donors discussed later in the cHafiter

Nature utilizes electron transfer to repair damage to DNA caused by ultraviolet radiation.
This elegant mechanism of repair is activated by the type of radiative conditions which cause
the damaging pyrimidine dimerization: 54fethylenetetrahydrofale, MTHF, within the

skin is excited by UWis radiation and is able to transfer its excitation to FABiHgenerate

a singletexcited electron donor. The donor species transfers an electron to a DNA dimer,
brought into proximity by a photolyase enzymed @aretreradical cyclization occurs before
return of an electron to the FADHBchemes. °

R e
$ j@[ ﬁ —)@E ﬁ 4
Ko Ko
H H NH,
NAD rﬂ 2e NADH FAD + 2H % 26 FADH,
O e ; Light (300-500 nm)

HN OH 3 /\ 3 2 Me
N (0] 1 1
O)\N ‘& HN O
N (0]
N Excitation 0 \f
N

Energy Transfer .
59 Me

Scheme6. Biological redox speciesn DNA repair by electron transfer
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1.4.1.Methyl-Coenzyme M Reductase

Suffice to say, being able to harness an efficient route for the reduction of an
environmentally harmful waste gas like carbon dioxide into a useful fuelit(ais®

environmentally harmful) would be a great achievement. Naturally, biology has already
achieved this but, by probing the process, insight may be gained which will allow the process

to be carried out industrially.

COB\ a
s,
‘>a
HO,C
,CoM 2 o
H3C~g \\
a b B
H,NOC
CoB a \—COZH
N MCR
S© / b
H~S/COM i
CHgj HO,C H™ :
N cos ~
S~
H R CO,H
.CH3
CoB, N CoM Cofactor F 3¢
SO A coMm s
e Ni!
CH4
CH,4
CoB_ CoB_ CoB_
S /COM Se S\'
o% ,CoM . ,CoM
S - - ©Os

\ /

MCR + CoB-S-S-CoM

Scheme?. Methyl-Coenzyme M Reductase mechanism of methanogenesis

Methyl-Coenzyme M Reductase (MCR) reduces a methyl group to methane in the last step
of methanogenesis from carbon dioxide in Methanogenic Arcldeaestigation of the
enzyme evealed a Nickel cofactor, .5 which carries out the electron transfer step.
Siegbahn™® and Jaurt™® are two investigators who have proposed different mechanism

for this process in the past but currently favour the same mechanism as supported by

conputational and experimental resulScheme7 shows the two primary mechanisms
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considered and path b is the presently accepted, whereby electron transfer from the nickel
centre cleaves the-i8ethyl bond of methytoenzyme M to give a niejl radical and a
thiolate anion which binds to the nickel. The methyl radical can then abstract a hydrogen
atom from coenzyme B, held nearby by the enzyme, to generate a molecule of methane and a
sulfur-centred radical. This radical attacks the bounduswdhd the zZatom, threeelectron

system returns an electron to the nickel, regenerating the initial catalytic species and an
equivalent of disulfide, Cofs-S-CoM.

Figure 1 shows an Xay crystal structure of Metyloenzyme M Reductase from
Methanothermobacter marburgensis containing cofacigririteracting with Coenzyme M
and Coenzyme B’

)
CO,
o H o]
©03PO HN
= Coenzyme B
S
o
S/\’% Coenzyme M

(0]
R CO,
Cofactor Fy3y ©

Figurel. Crystal Structuref Methyl-Coenzyme M binding substraté%

10



Chapter 1Introduction to Reductive Electron Transfer

1.3. Photoredox Catalysis

Photoredox catalysis is very muchviague in the literature at present as a method for
carrying out both reductive and oxidative single electron transfer (8&TThis chemistry

relies on the principle of photoexcitation giving rise to a high energy electron, able to be
donated to an acceptor, and a lemergy hole, able to receive afectron from a donor.
Typically the excited state will be a triplet so recombora of the electron and hole are
spinforbidden thereby giving the excited speciasufficient lifetime to react. Ruthenium

and iridium complexes are the most common photoredox catalysts at present with
tris(bipyridine)ruthenium(ll) chloride Ru(bpy}Cl,.6H,O, ( i Ru b 6% ya®d $hown in
SchemeB, being by far and away the most popular, but it has also been reported that organic
dyes may be used and both will be d&srd in this section. Excellent reviews of this topic
have been written by two of the chemists at the centre of this growing Sielghensdti

and MacMillan®*

- Expensive but low loadings
required

- Household lamps sufficient
- Less powerful reductant
than some Iridium complexes

2+ 3
087V Ru(bpy);~* *"MLCT4 +0.78 V
TISC
Reductive

Oxidative
Quenching Ru(bpy)s®* Ru(bpy)s** "MLCT; Ru(bpy)s* Quenching
Cycle Cycle
‘452 nm J
+1.26 V - -1.35V
Ru(bpy)s

Scheme8. Ru(bpy); - a photoredox catalyst

Typically, catalytic photoredox reactiofisllow a general mechanism: photoactivation of the
catalystis followed by electron transfer anceductive bond cleavage in the substrate. The
resulting radial then reacts by some welstablished radi¢anechanism before picking up a
hydrogen atom to complete the reaction. Normally the catalytic cycle is completed upon
receiving an electron, often from the hydrogen atom donor, to recover thedgstate
photocatalystA simple example of such is the rexion of unactivated alkyl halides by

|62

Stephensort al.’” Herein, they report the excitation fafc-Ir(ppy)s 71 with visible light to

11
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generate an activated dondt*. This then donates an electron to hal@¥#% reductively
cleaving theC-l bond to give &yl radicaland an equivalent of iodidenion The oxidized
donor accepts aglectron from tributylamine, activating it as arakbm source to quench the
alkyl radical and yield product alkar@. The same mechanism is followed for aryl iodides,

€.0.68, yielding the corresponding arer@in high yield.

71 (1 mol%)
I Bu3N (2.0 equiv.)

H
Hantzsch ester (2.0 equiv.
C8F17\/‘\/\/\OH ( au) C3':17\/‘\/\/\0H

67 MeCN, visible light 69, 95%, 7h
71 (1 mol%) o
BusN (5.0 equiv.) N~
/©/ HCO,H (5.0 equiv.) /@/H Ir
TsHN MeCN, visible light TsHN
70, 94%, 20h 3
fac-Ir(ppy)s, 71

Br Br 76 (1 mol%) Br
Et3N (2 equiv.)
DMF, white light J

HO 75 HO 74, 82%

76 (1 mol%) ™S
W Et;N (2 equiv.) EtO,C. [/
EtO,C I g
2 DMF, white light ~ MeO,C

MeO,C CO,Me MeO,C 75. 74%

Scheme9. StephensoriGroup photoredox catalysis

In another paper they demonstrated the use of the alkyl radical foifftronidg cyclization
reactions. Thistype of process might normally be initiated by AIBN and require
stoichiometric tin hydride reagents but here 1 mol% catalyst and visible light delivered good
yields of cyclized products74 (as a mixture of diastereomerghd 75, containing a

reasonable el of complexity.

Most recently, Stephenson andworkers publishe a practical application for photoredox
catalysis in the catalytic degradation of lignin into useful, low molecular weight aromatics
(see also Marianet al).* The process is overall redox neutral and is carried out at ambient
temperature unlike some of the alternative methods, potentlgtyeamg costs and

tolerating more thermally sensitive species.

12
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MacMillan and ceworkers also made use of carbdwmsogen bnd cleavage for
enantioselective benzylation of aldehyd€8usi ng 06 SOM® Thisacbnebingss i s o .
chiral iminium organocatalysis with photoredox to deliver good gieifl the alkylated

products in highee This is estricted, however, to electralefident arenesas electron

neutral benzylic halides could not undergo the initial reduction.

}N' ArCH2 j .
fac-Ir™(ppy)s .
Bn N) Me By Me light

O fac—*lr'”(ppy)3

o r o, Me
BN >\~ "Me s==—=—==Bn ""Me
H

N
79 82 H/k/\Ar ©8r + ArCH,
H 84

e.g. R = n-Hex, Ar = 2-(CO,Me)-4-(NO,)CgH3
H)K:/\Ar 76%, 93% ee

(@]

78 R R = n-Hex, Ar = 4-Pyridinyl, 78%, 87% ee
CN 26 W fluorescent bulb
LY, | A Ir(pPY)s (1 mol%) ~x Ar = Ph, X = C, EWG = 4-CO,Et, 80%
’T‘ _X NaOAC. 1t ’\\l \ Ar =Ph, X=C, EWG = 2-CN, 70%
a C, S EWG = = = o)

Ar A Ar=Ph, X=N, EWG =H, 72%

EWG DMA, 12-24 h ' ’

85 86 87

Ir(ppy)2(dtbbpy)PFe N@
/—\ Q >\\o (1 mol%), 26 W bulb ﬁe\,o o
o

2-chlorobenzoxazole 0 N N
Zyvox (linezolid) NaOAc, rt / \/\/NHAC
antibiotic DMA, 9 h F 88, 58%

Schemel0. MacMillan Group photoredox catalysis

Using their déaccel er at e ctabatso feunphowedodxytodbe me t h o ¢
applicable forJamino GH arylation®® The electrordeficient arene86 is reduced by the

excited catalyst and the resulting Ir(IV) species oxidizes the amine to complete the redox
cycle. The amine radical cation can be easily deprotonated by a weak base aongiveU
aminoalkyl radical. Radical coupling of the alkyl radicahd radical anion of the arene is

followed by elimination of cyanide to regenerate aromaticity and deliver the coupled product

13
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87 in good yield. They were also able to apg@ysimilar technique to a commercial
pharmaceuticalZyvox, to illustrate the potdial utility of such a process.

An alternative to the more exotic ruthenium and iridium catalysts is highlighted by the work
by Walton, Manley and ecworkers in their investigation of titania photocataly$t¥hey

were able to show that Tinanoeparticles could be photoexcited at 385 nm, and the
resultant excited catalystas able to oxidatively decarboxylate carboxylic ac@fsgiving

rise to an alkyl radica@4. They used this radical in a coupling reaction which was then
quenched to an anid®6 by the catalyst to complete the catalytic cycle; protonation then
yielded the alkylated heterocycl@l in good yield. Depending on the substrate they were
also able to observe a second, intramolecular radical reaction to add further molecular
complexity, e.g.92. This work may be disadvantaged by its requirement of UVA light but
benefits from its use of a relatively inexpensive titania photocatalyst which could lend itself

more easily to solid support and/or flow chemistry.

0
4 OX
o 0
X
O NS
« oo ©
H 98
0
O
R

97

2

O

R =OPh

-
ﬁo )
o~ X r-CH2

89

N J
X = O, NH, NMe,
© { R >CO,H }

NfBu, NPh, NCO,Me
2 -CO, 93

Schemell. TiO, as a photoredox catalyst

This summary is by no means exhaustive but serves to show the general template for such
reactiors and the relatively wide synthetic range to which it can be applied. This work is

comparable to that presented later in this thesis in that it features electron transfer, reductive

14
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cleavage reactions, radical reactivity and photoactivation but is alsoctist its use of
expensive metal reagents, visible light\ation and catalytic turnover.

15
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1.4. Samariun{ll) lodide

1.4.1. Samarium(ll) lodide- Discovery and Developments

Samarium chemistry is probably the most useful and selective method for releatrsfer
currently being research&8d® Work in recent years, by the groups of Procter and
Hilmersson into the addition of amirfésand watef to reaction systems to enhance
reduction potentials, has greatly increased the scope of this chemistrgedtintions that

can be carried out with these samarium diiodide/amine/water systems have provided a
benchmark against which to compare the work carried out in the writing of this thesis and

therefore deserve discussion.

Samarium(ll) iodide, samarium diimk, Smb, i s someti meKagahrh@&sred
reagend because of aganand awoskerditvO77yThey publikhed on its

properties as a powerful electron donor, using it for the reduction of alkyl hdl@es
tosylatesl01, sulfoxidesl02, and aldehyde89 and ketones, both directly to the alcot6B

and towards pinacdype productsl08 Schemel2.”*”® Having published a method for the
straightforward generation @mb, from the metal plus diiodoethafiethey were rapidly

followed by a host of other groups keen to study such a usefuleagent.

Sml, (2 equiv.). THF
MeOH
—_—

C7H15CHO C7H15CH,OH v
99 103 Y ICH,CH,l
99% sm SHCH g H%‘\H
CiaHasl e H
100 104 95%

C12H250TS —A> C12H26

101 105 88%
Q A Smi H°> (OH
S. = S. PhCHO ALV NG
Ph/102 Ph Ph” " "Ph No alcqhol PH Ph
106  90% 107 0.5 min 108 95%
Sml, (4 equiv.) N Sml, (6 equiv.) ¢
/@//k Sz (% equiv NO, 2 . Q/kNHZ
THF/MeOH MeO THF/MeOH  MeO
110, 72% (2:1), 109 (2:1), nt 111, 51%

Schemel2. Preparation ofSmb and some examples of reductions
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Kendeet al’ reported the reduction of nitroalkan&89to aminesl11and hydroxylamines
110with Smb, depending on conditions, and Keck andwarkers® later explored the ND
bond cleavage of alkyl hydroxylamines addcyl derivatives.

Flowers and collaborators have carried out a series of mechanistic studies into the role of
proton donorg? water?® additive§™®? and catalytic transition met&fsn reductive samarium
chemistry but the vast majority of study into this field has come from the groupgrah G
Hilmersson in Gothenburg, Sweden and David Procter in Manchester, UK.

1.4.2. Samarium(ll) lodide Chemistry- Procter Group

Procterds work in esters is remarkable in
control of the reaction conditiof§Lactones were shown to be reducible in the presence of
other esters with excellent chemoselectiwtySmk-H,O systems and that the reduction of
six-membered lactones was also very selective over {abstratel19), seven or eight
membered rings. Reduction of unactivated esters,1é2yand 113, to the alcoholl14 and

115 could still be achievedihigh yield using &mk-H,O-Et;N cocktail or, as in a clever

examplel24by activation of an ester as asnembered lactone during the reaction.

CO

CO,Et
M
oMe 3m|2- ,0-EtzN Cfg Smix-H,0-EtzN CEC
N
112 114 98%

H 113 H 115 81%

Me

M
< OH Sml2 Sml2 )
(0]
O THF, MeOH THF, tBuOH OH
118, 71% H 117, 64%

OH
0] Sm|2-H20 O Sm|2 20
OH + 121
CsH11 CsHi4

122, 80% 123,91% 99%

K\/o O 0._0 HO._HO
‘ Me Me

o _O  Sml,-THF Smly-H,0
B — —_—
0°Ctort OH rt OH
Me OH OH
124 125 126, 76%, dr>95:5

Schemel3. Reduction of esters wittsmb,
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The lactonaeactivity could also be extended to the selective mredaction of cyclic 1,3

diesters under reaction conditions which tolerate the presence of aryl bromides and acetates.
Investigation® on lactonel16revealed a substantial-solvent effect when usinmethanol

or tert-butanol as a proton source. This was proposed to be due to the slower rate of

protonation with the bulkier alcohol, allowing two tandem cyclizations to occur.

The more reactive conditions, containing an amine additive, were found teereaitoxylic

acids or their salts to the corresponding alcohol whileSim®/H,O conditions selectively
reduce t he aundaterated cavboxylia acid While preserving the carboxylate
moiety, 127. Similar selecti vity-nsaurateconstrderspeeies i n
130% Interestingly a recent paper on the reduction of ani@8so alcohol§’ did not report

the same type of comparison (although distal alkenes are tolerated) so it remains to be seen if
selective conjugate reductions &f ,-umsaturated amides can be achieved. The amide
reactions are of note, however for their reduction to the corresponding alk®hmther

than the amine as is the more common product of amide reduction with metal hydride

reducing agent®

©/\/COZH Smly-H,0 ©/\/C02HSmIQ-HZO-Et3N ©/\/\OH
THF, rt

128 74% 127 129 85%
CN Smly-H,0 X CN  Smly-H,0-Et;N
©/\/ - e ©/\/\NH2
131 99% 130 THF, rt 132 78%
) Smly-H,0 0 Smly-H,0-EtsN R = CoHyg, 91%
' ~ R™ “NH —>  R7OOH R=p-MeOCgH, 93%
S 2 THF, rt R= _o~oin , 94%
R= J 133 134 11
Ph CgH17

Schemel4. Selectivity inSm} reduction of the CXoxidation state

The depth of chemistry, extended to the aldehyde oxidation state, has allowed a number of
natural product syntheses to be carried out, including tha¥lartinellic Acid 138,%
Stolondiol 144°°* and Pleuromutilin141%*% Schemel5 shows the key steps in each of
these syntheses as mediated $ml. As can be seeneductive annulation reactions
mediated by samarium diiodide give a high level of steatrol, facilitated by lanthanide

complexation, in order to install a high level of complexity.
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NOBN co,Et
MeO,C ﬁ
., Sib, H/ 7z4 H H
N" N N NN N
N 136 S i T \/ﬁ/
o NH
138(-)-Martinellic Acid
OAc
Sml, " \
>~ —_—
O/ O HO
CO,Me
139 141 Pleuromutilin 0
(0]
= OH
|
S Sml, - 1
o OH
O o [e] OH

142 143 Stolondiol 144

Schemel5. Samarium diiodide applied to natural product synthesis

1.4.3. Samarium(ll) lodide Chemistry- Hilmersson Group

While the Procter group have studied an expanse of electron transfer focussed around
carbonyl groups, Hilmersson and-workers have had a focusore on aromatic acceptor
species for bond cleavage and in this way the work is more related to that presented later in

this thesis.

That being said, in 2002 they published a study on the reduction of ketones to alcohols and
demonstrated that reduction 8$mk/H,O/amine mixture was 100,00 times faster tSani,

with the amine or water alorié.In order to quantify the reducing power of the
Smb/H,O/Et:N mixture, a series of compounds with known reduction potentials was tested
against the conditions in der to observe the limit of reactivity and infer a reduction
potential for the cocktail’ A wide array of conjugated aromatic species and alkyl bromides
were reduced with the most difficult being decyl chlorid® at -2.8 V vs. SCE. The only
attempted ane which could not be reduced was benZene-3.42 V and the same set of
substrates found YHH,O/Etz:N mixture to be limited at2.3 Vvs.SCE (able to reduce decyl
bromidel147but notp-terphenyl148).
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o Smly in THF OH
I = 1 >99%
R2 Et3N/H,O R17TR2

145 < 10 seconds 146

Ph
X
C1oH24Br @ ©/\ C1oH24Cl ©
Ph
42 9

R1

Compound 147 148 2 149 150 1
E4 vs. SCE -1.98 VvV -2.30V -2.40V -2.51V -2.65V -2.80 V -3.42V
Yield 99% 99% 75% 78% 99% 99% no reaction

Schemel6. Reductions by the Hilmersson group

As well as” -bonds, Hilmerssoast al.studied the reductive cleavage of\and GS -honds

in tosylamides and tosylateSchemel7.* These reductions were again carried out using a
Smbk/H,O/amine mixture and proceeded in excellent yield, as is required of a deprotective
transformation such as this, and indeed in imfves®action times of only a few seconds,
although six equivalents of the samarium species and twelve equivalents of pyrrolidine were
required to achieve such high conversions. In addition, because of the presence of a proton
source, the cleaved sulfinatan be quenched and then further reduced to the thiol oxidation
statel58 leading to a fousmelling product mixture. Nevertheless the reaction is certainly a
useful one, operating for aliphatic and aromatic examples and tolerating aryl chi@iles
andaziridines160,
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3 Sm|2 3

N’X pyrrolidine/H,0 NH, X = SO;Me, 0%

H THF, rt X =8S0,CF3, 0%
151 152 x = 50,p-Tol, 95%

R R
o | ©0 | ©0

®
5NR seT sNR S R seTH R
o ot — oy At
R
153 154 155 156 157

‘ Sml,/amine/H,0 SH

158

Boc. .Ts Boc.
Sm|2 NH Sm|2
pyrrolidine/H,O pyrrolidine/H,O
e C4gH21OTs ——— > C4oH1OH 165, 95%
THF, rt 163 THF, rt
159 OMe OMe 161,95%

$ sml, y OTs Sml, OH
©/u EtsN/H,0 ©/u pyrrolidine/H,0
e _—
THF THF
160 a 162, 93% Cl 164 o cl 166, 93%

Schemel?. Sulfonates and sulfonamides witBmb/amine/ H,O conditions

The cleavage is restricted to (or selective for) arenesulfonamides, showing no cleavage for
mesyl or triflyl cases which should be noted for comparison with other methods in section
5.7. The result of cleavage of aliphatic tosyla68to the correspondinglcohol165seems

to be in conflict with the initial results by Kagan showing the cleavage of tosylates to the
corresponding alkaneS¢hemel2) but this is again a selt of chemoselectivity under
different additive conditions: themk/H,O/ Et;N conditions are powerful enough to directly
reduce the tosylate by the mechanism shown above, while undSnmb&ieOH/THF
conditions the tosylate cannot be reduced but ikeratonverted to the alkyl iodide
(exchange from the samarium(ll) iodide) which is then readily reduced to the alkane. This
mechanism is supported by detection of small amounts of the alkyl halide from these

reactions and enhancement of reactivity in tres@nce of sodium iodide.

Allyl and benzyl carbosfheteroatom bond cleavage reactions are key to the chemistry
discussed in Chapter 3. Similar chemistry has been carried out by Hilmersson-and co
workers over the years, involving benzyl alcohbl®, estersl73 aminesl72and thiols171

as substrate§chemel 8%
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i '
) 21(()) ;eactlon i), Sml, (5 equiv.), iPrNH, (20 equiv.)
Water (15 equiv.), THF, rt

(0] . S .
w/\ i) phoy 99% X i) No reaction
- 1 min 20 h
167 169
H
N\/\
168

95% NHMe i) 95%

]

0,
PhMe 95% O)LMe

20h l» PhEt 73%
Me > 1 min
i), Sml, (5 equiv.), Pyrrolidine (10 equiv.) 173

Water (15 equiv.), THF, -20 °C

©/\OH i)
—_—
170
sH W
171

Sml2
H,0

| OH
HO_i /
| -
170 ©/\ I 170 HO™ | "oH 174
/R’gN PhMe

.OH TSmI /HyO/R3N
HO | _.OH | OH 2/F2UIR3

|
N D i -
-S SET smlll HO. i .- .
(y ois ™ Aoy o My | R e e
PO B
< S} HO™ | @O

Schemel8. Benzyl and allyl reductions with samarium(ll) iodide

Interestingly, allyl sulfides169 and allyl amines168 could not be cleavedinder the
conditions while allyl ethersl67 cleaved readily® Also shown inSchemel8 is the
mechanism proposed by the researchers for the reduction of benzyll @odHwow critical
the Lewis acid/Lewis base interactions are to the process. This may account for why some of

these processes are more difficult under riie¢g conditions.

As should be evident from the above sectt®m} with or without additives israextremely

useful reagent for a wide range of reductive transformations across organic chemistry and
has made a correspondingly large impact on electron transfer and radical chdroistry.
balance, some of the disadvantages of the 8rattions includehie practicalityof usingan

excess ofucha high molecular weight404.17 g/mol)and expensive reagefitespecially
comparéd with alkali metals which are low atomic weigimid cheapAs ever, with such a
powerful reagent, selectivity is an issue although this is attenuated somewhat by the use of
different additives to fingune the reactivityA disadvantage often mentioned of samarium

species is that samarium is radioactive but inlityessamarium is approximately as
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radioactive as potassiu(Bnvironmental Permitting Guidance 2011, Udd is therefore of

no concern. The use of highly toxic additives such as HMPA has been superseded by the
used of water/amine mixtures which makes réidas usingSmk more attractiveSamarium
diiodide chemistry is a valuable tool in reductive chemistry and new applications continue to

be discovered.
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1.5. Organic Electron Donors

Most electron transfer processes involve metals as they have loweatimmignergies than
nonmetals and tolerate more oxidation states. Such reagents have disadvantages however,
e.g. the flammability of metallic sodium, the expense of exotic heavy metal complexes or the
toxicity of Smk reaction mixtures as mentioned aboResearch has therefore been carried

out into metalfree reductive chemistry featuring electmach species which are able to

stabilize the positive charge generated from electron transfer.

The Murphy group found its way into electron transfer chemistmynfmore traditional

radical chemistry via tetrathiafulvalene. Since then, great advances have been made in the
area of organic electron donors, largely by our group although some other researchers have
published in this area, and this section will outlthe progression of reactivity to the
current highly reductive conditions used in the experimental work for this thestellent

reviews of this area include Brogeii al.from 2013® and another from Doni and Murphig

2014

1.5.1. RadicalPolar Crossover/ Tetrathiafulvalene

Tetrathiafulalené® (TTF) 175is an electrosich, organic species capable of donating an
electron at +0.8 and another at+0.82 V vs. SCE in MeCN® sufficient to reduce an
arenediazoniuntetrafluorobora¢ salt (+0.16 Ws. SCEin MeCN)!* e.g.177. Subsequent
loss of nitrogen gas and generation of an aryl radiz8lcan be followed byb-exotrig
cyclization and recombination of the alkyl radical with the radical catio® From this
point on, normal nucleophile/electrofghichemistry occurgyielding productl82) and this
net reaction is therefore referred to as the RadRotar Crossover Reactidff. Various
nucleophiles may be uséd the final stepallowing for functional diversity to be generated

and TTF is regenerad at this stage, meanititatit acts catalytically.
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=) — [~
175 @ @ 176 .
NoBF,4 Radical coupling,
—_—
©: ©\ /\)\—’ '‘Crossover' step I
177 178
N, gas
Nu = H,0,
MeOH, MeCN
= 181
BF4 @ NHCOCF; NHCOCF;
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—_—
acetone, H20 N _—
H

H
Ms 184 Aspidospermidine, 185
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o= =]
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Schemel9. RadicalPolar Crossover reaction

The reactivity of the radicadolar crossover could be exploited for useful heterocyclizations

and in 199871999 Murphy et al. reported the total synthesis of {a3pidospermidine

185, utilizing TTF in one of the key steps. Collaboration with polymer chemists alsweallo

for generation of a polymdyound TTF derivatived87 which could carry out Radicétolar
Crossover reactions catalytically and be recovered and reused as long as care was taken not
to expose the polymer catalyst to air, or it could be regenerated with sodium borohydride in
methano] and then reused®

1.5.2.Tetrakis(dimethylamino)ethylene (TDAE)

Tetrakis(dimethylamino)ethylene (TDAHR)S is a nitrogenous analogue of TTF with an
enhanced reductive capabiliy0.78 V and-0.61 V vs. SCEin MeCN.*®" This is not yet
strong enough for the reduction of aryl iodides €-2.2 V vs. SCE in DMF)'® but
considerably stronger than tetrathiafubsad with the results that areli@zonium salts

(benzenediazonium tetrafluoroborae= +0.16 Vvs. SCE in MeCN3% may be reduced
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within minutes instead of dayand in high yield of & cyclized product. The reaction of
these salts with TDAE also differed from that with TTF in that no trapping occurs between
an alkyl radical and the radical cation of the donor. This means that the -zalmal
crossover reactigrtypical of TTF chemistry, cannot be carried out under these accelerated

reaction condition$®®

® @
NMe, NMe, NMe,
MeoN._J SET.  Me,N . SET.  Me,N

NMe, NMe, NMe,
NMe, 188 NMe, 189 @NMez 190

Brﬂ TDAE (1.5 equiv.) ' '

—_—
Q\N DMF, rt, 10 min O N
e, o Ms 191 MS 193 74%

©E> TDAE (1.5 equiv.) O
N _
\S//O N® AN A\ N
o 2 MeOH/Acetone + + |
@ ° rt, 10 min N N O $=0

BF, H SO,Ph o

192 194 33% 195 5% 196 60%

Scheme20. Reductions with TDAE

As well as offering diversity in the reactivity of arenediazonium salts, TDI&& effected
some NS tond cleavage under electron transfer conditi@theme20, a reaction to which

we will return in a few pages.

1.5. 3. 6Benzi midazole donor o

Berzimidazolylidenel98 combines the electromich enetetramine present in TDAE with the

aromatic stabilization featured in the reactivity of TTF: the result being an electron donor

more powerful than either, capable of donating an electron at a potentaBafV and

another at0.76 Vvs.SCE in DME'°and with the ability to reduce aryl and alkyl iodides to

the corresponding radical, with loss of iodide; the first organic molecule to achieve such a
111

feat.:~~ While further reduction to the carbanion should be possible based on the potential
(Ar*to Ar, E° = +0.05 V vs. SCE in MeCN):®? this was not observed, rather radical
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cyclization to an adjacerdlkene could be utilized in useful bef@ming processes to
generate heterocycl@93and204as mixtures of diasteomers(from alkyl radicals).

2

L Lestentes) SET@EHQ @wz@

200

R'
Donor 198 N\

R’ X=NMs, R=R'=R"=H, 80%
(Zequw) X =NMs, R=R"=H, R = Me, 88%
/@i R X=NMs, R =OMe, R =R"=H, 87%
DMF/Tquene R X X =NMs, R =H, R, R" = (CHy)3, 89%
110 °C, 18h 203 X=0,R=R =R"=H, 65%
—R
Donor 198
(2 equiv.) R' R=R'=H, 83%
o R=Me, R' = H, 83%
"= 0,
DMF/Toluene MeO 204 R, R"=(CHy)3, 88%
110 °C, 18h

Scheme21. Donor 198

Because donat98is aromatic, it gains less aromaticity upon oxidation than if it were non
aromatic. A stronger donor thenay have the same number of electdmmating nitrogen
atoms but no aromaticity: exactly such a structure is se2@diand it is indeed a powerful

donor.

1.5.4. 6Doubly Bridged Donor 6

First studied electrochemically by Thumneglal.in 1989'?and isolated by Taton and Chen
in 1996 bis-imidazolylidene206 enjoys an island of stability betwe&88 which is stable

as thedimer but a weaker donoand209, in which the equilibrium between carbene and
dimer lies to the formemeaning that the methylene bridges serve an important puffose

I 115

The work of Murphyet al.~ on compound206 was something of a milestone in the
development of organic elegon donors as it was discovered to reduce aryl hagdp211

to aryl anions under neutral, grousthte conditionsremarkable for an organic compound.
Consequently it was dubbed the first Osuper

few neutralorganic compounds capable of the feate infra
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©: CO,Et (1.5 equiv.) ©\ CO,Et % \ [ 210
+
(0] o O (o}
211 100 °C, DMF 214, 21% 215,51%
Br Donor 206 Cl Donor 206
O‘ (1.5 equiv.) (1.5 equiv.)
T D=0
100 °C, DMF 100 °C, DMF
212 216, 96% 213 217, 99%

Scheme22. Donor 206 and its reactions

Reduction 0f208 to 206 has been measuredito occur at-1.20 V vs. SCE in DMF (twe
electron wave) which until very recently (see below, section 1.5.13) was the most powerful
neutral organic reductant. The aryl anions generated from reaction of this powerful donor
from aryl iodides211 can be used simply for dehalogenatto form214 or for nucleophilic
substitution onto an ester to generate a cyclic kefdte as was observed in good yield.
When extended aromatic systems were used then the reactivity could be extended to include
bromides212 and chlorides213 This is emarkable as even the more easily reduced
iodoarenes have a reduction potentiat2® V vs. SCE in DMF, which should be out of
reach for dono206. The successful reduction is attributed to the difference in conditions
between the electrochemical measoeat seup and the reaction system wherein the donor

is able to undergo intimate interactions with the substrates in solution, facilitating the

transfer of electrons compared to a static electrode surface.

1.5.5. ODoubl yTrdppingdged Donor 6

For alkyl radicals generated from alkyl iodideshem no intramolecular cyclization is
available (see example18 219, it was observed that an aldehyde prodR20, 221
respectivelywas formed with an additional carbon atom added to the chain length. ahis w

attributed to radical coupling between the newly generated r@E,A and the radical
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cation207 of donor206. Two mechanisms are propog&theme23) for how the observed
products might arise but both include incorporation cardoan atom originatg from donor
206

Donor 206 I:1)05nor 206
Ph(CHp)sl (1.5 equiv.) Ph(CH,)sCHO Ph(CH)Br —-2%8Y) b CHy)eCHO
218 . DMF. 18 h 220, 19% 219 t, DMF, 18 h 221, 61%
N N— seT RCH;
L= J— [H] [ ]—'[> ] ]
N N
P 206 207 222 223 227
chH
-CoO K\® @m R*
2
220 < M ‘_[M]‘_@%] #
L LY
226 225 2242 H)S ]
229 R ;1 J 228

Scheme23. Radical trapping with donor 206

One mechanism requires electron transfer to the trapped sp2gjae afford227 followed

by abstraction of a hydrogen atom to gi®88 and hydrolysis upon workup to liberate
aldehyde229 The other involves a series of intramolecular reactions folldwyed final
hydrolysis and decarboxylation &26 to yield the same produd@29 but whichever
mechanism is followed these observations were a clear indication of radical trapping

between the substrate radical and the radical cation of the donor species.

1. 5.6. O6Doubl yi SBlionelgaeatile Donor 6

Having developed powerfully reducing reaction conditions with doB06 studies
continued to investigate the substrate scope. Sulfones and sulfonamides, with a typical
reduction potential 0f2.3 V vs. SCE n DMF,"® were selected for a series of experiments

117
4

and found to give high yields of-§ and NS bond cleavag&cheme?4.
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Me  Me 206, (3 equiv.)
PhO,S Ph E 110°. 181 No reaction seen
230 : : K\
Me Me 206, (3 equiv.) Me [N> <N]
PhOZSMPh Me/vPh N N
231 DMF, 110 °C, 18h 232, 79%
206
PhO,S Me 206, (3 equiv.) H Me
232 Ph0,S” "Me PhostMe 233,97%
DMF, 110 °C, 18h
N 206, (3 equiv.) N\ Ph 206, (3 equiv.)
—_— — Noreaction seen
N N NTs
Ts DMF, 110 °C, 4h H DMF, 110 °C, 18h
234 236, 91% 235

Scheme24. Reduction of activated sulfonesnd sulfonamides

The examples ischeme24 show these reactions to be selective for activated areneglulfo
groups, in the sulfone cases cleavingsifones232 and allyl sulfone231 while leaving

normal alkyl aryl sulfone230 untouched, and in the case of tosylamides, cleaving {8e N
bond of aromatic tosylamideéx34 but notN,N-dialkyltosylamides235 The reasons for this

could be the electrewithdrawing ability of these groups activating the substrate towards
receiving an electron, or the stabilization of the resulting radical or anion to favour progress
towards the cleavage products. Later in theptdrawe will discuss conditions under which

the unactivated examples may also be reductively cleaved by a neutral organic electron

donor.

This success with don@06in the reduction of difficult substrates encouraged Murphy and
co-workers to explore potgial new donors and their properties. Another reason was that,
while experience would eventually make synthesis of large quantitR@6astraightforward,
at the time the conditions for synthesis28f5 also generate@38 and B9 (from which a

number ofredoxactive transition metal complex@40 could be formed}®*®

meaning that
yields were generally low and the purification somewhat complicated. The attempted
synthesis of a precursor salf2 for one such species led to a separate research project into
superelectrophilic dications e.243'2**?* Another similar attempt yielde@50,'* a purple

black, air and moisturesensitive crystalline solid which came to be the focus of a great deal

of experimental chemistry including that presented within this tH&%&2
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Not Observed

Proposed Electrophilic
Dication Intermediate

Scheme25. Synthesis of donor 206

1.5.7. A DMAP-Derived Donor

Species250 is synthesized from-DMAP and 1,3diiodopropane in qudative yield to

generate a bipyridinium salt 247.'%> Deprotonation of this salt gives rise to &h

heterocyclic carben248which can nucleophilically attack the second pyridinium moiaty.

second deprotonation d&f49 yields bispyridinylidene250, o f t en r ef erred t o
donord in high yield. Oxidation of this spe
resulting disalt showed a pseudeversible tweelectron wave atl.17 Vvs. SCE in DMF.

This was roughly equivalent to the potential @indr 206 and with the high yielding and
straightforward synthesis it was a prime candidate for further study.
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-H

T250 NMe, MeoN 251 NMe, MeyN 252 NMe,
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NmNeal |6®NK\N
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Iy ¢\ TSN \

MeN 248 NMe,  Me,N 249 NMe,
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X (15 equiv.) H Me /=Ph @equiv) ~ Me ~—Ph
. S :
O(CH,);Ph DMF O(CH,)sPh SOPh  pMmF, 100°c ~ SOPh
253a, X = | 254 X = 1,92% at rt 255 256 99%
253b, X = Br

X =Br, 82% at 100 °C

Scheme26. Donor 250, synthesis and oxidation

Initial results compared the reactivity of dorzs0 with donor206 and showed it to be a
similarly powerful donor, able to generate aryl anions from aryl iodE& at room
temperature and from the corresponding aryl bror@fsige at 100°C, as well as effecting
the GS bond cleavage of activated sulfo2&&.

1.5.8. Trapping of a DMAP-Derived Donor

Another example of alkyl iodide cleavage featured a cleverly designed suB&iratdich

is thought to undergo the expected reductrebond cleavage followed bylkyl radical

258 being trapped byhe radical catior251 of the donor®® An elimination cacade then
follows to deliveralcohol259 as the final product. This is good supporting evidence for the
trapping of a substrate radical with the donor radical cation as proposed at times wsthin thi
thesis.None of the olefin produc261 of the other likely reaction (twelectron reduction
followed by elimination of methoxide) was observ&is-pyridinium specie®67 was also

not observed and only inferred to have been generated because of thknmgibhanism;
Chapter 7 describes a series of experiments where pyridinium compounds derived from

donor250were isolated and characterized.
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Scheme27. Radical trapping with donor 250

1.5.9. A DMAP-Derived Donor i Cleavage of Weinreb Amides

Further study soon revealed new chemistry of d@3@rthat had not yet been explored with
206, beginning with the reductive -8 -liond scission of Weinreb amides to the
corresponding amid&® The reductions were propasdo proceed via a stepise two
electron transfer and protonative quenching upon wprkScheme28) and occurred in high
yield for electroarich and electromleficient benzamide®67, heterocyclic amides and, in
poorer yield, alkyl amide269.
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Scheme28. Reduction of Weinreb amides

An additional proposition was made based on the observation that yields of the successful

cleavage decreased for serd&a-d as the amide was moved further from an arglystem.

The assertion was thatstacking interactions occur between theonjugaéd donor250and

the arene of the substracheme?8, and that this intimate interaction assists in the electron

transfer; this would explain why the proximity dfiet reducible group to the arene is

important. It is also thought that electron transfer to the arene may occur, followed by

intramolecular electron transfer to the Weinreb amide: such a thapagle mechanism

would also be explained by the observed eftddthe areneamide proximity on the yield.

Precedent for such intramolecular electron transfer is seen in biology where some enzymes

and peptides carry out long range transfer within the macromof&ttife Clearly in

substrate269, such an interactiois impossible and as such the yield of product is the lowest

observed even with additional equivalents of donor included in the reaction mixture.
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1.5.10. A DMAP-Derived Donori Reduction of Acyloin Derivatives

Donor 250 was found to cleave O -onds in acyloin derivaties 280, typically
synthesized frontyanide or NHC-mediated benzoin condensation followed dyptection

of the alcohal The reductive cleavage reactions proceeded cleanly and in high yield
providing that the oxygen anion of the leavingup was stabilized (methoxides @ poor
leaving group gave a correspondingly poor yield e ®ond cleavage). The ketyl radical
anion 283 is generated by electron transfer and kba&ving groupeliminated; a second
electron reduces this intermedi&®@4 to the enolate285 which upon protonation gigerise

to the observed produ@sgé.

M N X = Me, <5%
&2 (4, 5 equw yN X = Ms, 93%
X = Ac, 95%
ox DMF, rt, 12h X = Piv, 98%
X = Bz, 97%
o oox O
)S/ LA Ar/Kr - Ar@/ _L, /‘\/R—> /‘\/R )k/R
285°% 284 285 286

Scheme29. Acyloin reduction

The enolate and enolyl intermediates are extendedly conjugated and thé&etanethe
forwards progression of the reactiowhen R is alkyl rather than phenyl, however, a
different reactivity was reported. Don@50 is very electrorrich and stabilize positive
charge readily; it therefore acts as a strong basésaaigle to detonate acetatprotected
substrates.g. 288 The resulting anior289 can intramolecularly cyclize onto a carbonyl
group to yield butenolide produc91in good yield (e.g. R = Me, 86%]J.his was only
observed foacetate esternd only wherR was alky rather than phenyin which case the

electrontransferinduced CO cleavage was still preferred.
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Scheme30. Donor 250acting as a base

1.5.11.Asymmetrical Hybrid Donors

One of the benefits normallyonsiderecf organic reducing species compared to metallic
onesis that they are able to be tailored and customized to have specific properties or for a
particular purpose. An example of this is seen in the work of Gahaf** who developed
aserievf 6hybridoé 2e2R% avhich@ombinkd difierens heterocycle motifs
common to other donors to make new donors combining the properties of the parent halves.

™
Q?:ﬂ:nj Q~< j© [Me Mji:I

e e

Me,N 292 Me,N 203
/’/k Donor(1 5 equiv.) C /L /’/k
©i 295 DMF rt, 16h 0 295 ©\
Donor 292 0% 59%
Donor 293| 74% 12%
Donor 294| 25% 17%

Scheme31. Asymmetrical donors

Donor 292 had oxidation potentials 6f..30 and-1.18 V vs. SCE in DMF; donor293 had
oxidation potentials 0f1.09 and-0.97 V vs. SCE in DMF, and donoR94 gave an

irreversible electrochemical trace but all bése asymmetrical species were able to donate
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oneor two electrons to aryl halid&95 under mild conditions to deliver dehalogena®&d
and/or cyclized produc96 in good yield.

1.5.12.0ther Organic Donors

Not all of the recent developments irethrea of neutral organic electron donoase come
from the Murphy group and another notable contribution comes from Vaid and co
workers™®**® The researchefsave not focussed gurobing the reactivity of the donors with

reducible species but nevertheless report several powerful donors shsgireme32.

r]—octyl q-octyl

@
n-octyl

298

Scheme32. Extended, nitrogenc o nt a i-systemsg

The first of thesg299, was reported in 200%' and was measured to haaeeversible two-
electron oxidatiorat -1.48 V vs. Fc/F¢ in THF (equivalent t00.92 V vs. SCE )**" The
6extended viologend sy s t-wypysdyl pareat structunee Moref o r
extended specie300'*° was ableto donate a total of six electrons, four-at14 V and
another two at1.33 V vs. Fc/F¢ in DMF (-0.69 and-0.88 V vs. SCE respectively).

Porphyrinbased specie301**

was synthesied from the correspondinglgaltcontaining
porphyrin in three steps. ¢an dnate two electrons a.03 V and ©.30 V and also receive
two at-1.35 and-1.61 Vvs.SCE in THF. While the central enetetramine moiety common in
the Murphy group donors is present3l, its extended conjugated system means that the
electron dengy is more spread out within the molecule, rendering it a less powerful

reductant.
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MezN NMe2 MezN N NYNMeZ MezNTN NTNMez

303 NMe, NMe, oNMe;  oNMe;,
304 305

Scheme33. Proton sponges as electron donors

The field of proton sponges has also given rise to some organic electron, dehiuts
makes sense asach is designed to be electmach and able to stabilize positive charge.
Species303"*® was measured to oxidize 450 V vs. Ag/AgCl in MeCN while compound
304"*° was found to donate four electrons, two-@R5 and two at +0.50 Ws. SCE in
MeCN. As in the cases immediately above, the donors were not probed for their reactivity
with substrates but should be able to instigate reductive cleavage of arenediaztisiandsa
other readily reducible species.

1.5.13.Most Powerful Neutral Organic Electron Donor To-Date

Recently, the most powerfground staterganic electron dondo-date306 was published

124%with a reversible tweelectrontransferat-1.50 Vvs. SCEin DMF. Three

by Murphyet a
aromatic rings are formed upon donation of two electrons and five substituted nitrogens
stabilize the resulting positive charge which accounts for its reducing power and indeed it is

able to reduce substratesg.234, to give higher yields compared to don@@6and250.
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N
Ts DMF, 100 °C, 18h H
236 87%

Scheme34. Most powerful organic donor to-date

Unfortunately the multistep synthesis @06 renders it impractical for general use so it is
most useful as anexample of what can be achieved with neutral organic electron donors

rather than being suitable for research.

1.5.14.N-Methylisatin, DBB and Naphthalide Reagents Electron Transfer Mediators

What some might call a comprosei between organic donors amore traditional metal
reductants are the electron transfer mediatbithium or sodium aphtlalide 308 and
lithium 4 , -di4e@t-butybiphenyide (LiDBB) 310 have proved to be useful for controlled
electron transfer, normally associated with organic redis, with the ultimate electron
source remaining the readily available alkali met&@®dum naphthalide can reduce

1414 methanesulfonamides, BOC groups, allyl and benzyl ethers

toluenesulfonamide811,
and siloxane$® while lithium DBB has been reped to reduce alkoxyamidé&d2'** acyl
azide3™ and heterocyclé® as seen ilBchemes5. In general these reactions are reported to
occur in high yield although the cryogenic conditions required for the LiDBB reactions are

inconvenient.
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Scheme3b. Electron transfer mediators

Similarly, N-methylisatin315 can be reduced with sodium amalgam to generate a powerful
electron donoB16 (two quasireversible onelectron oxidations occur &.9 and-1.9 Vvs.
Ag/AgCl in DMF) capable of the reduction of sulfon8&8 tosylamides317 and Weinreb
amides319in high yield(Schemed6).® Advantages 0816 over some other donors are that

it can be prepareth situ when required and,ezause of its use in the dye industry, isatin
(readily converted in high yield td-methylisatin) is remarkablyinexpensive, as are sodium

and mercury, making this a very economical option although arguments could be made

against the use of mercury on the basis of toxicity and environmental impact.

9 ®
(0] O Na
Na/Hg © @ 316 (3 equiv.)
o — N—0Na - -
Ne e PhO,S SO,Ph DMF,110°C, 18h ppo o Y
315 316 in situ, quant. 318 321 86%
o) . o)
) 316 (3 equiv.)
316 (3 equiv.) M
©\ Ph Ph PR h NMe —————— PhMNHMe
- - 0,
N DMF, 110°C, 18h N OMe DMF. T10°C.18h '\ 90,
319 322 _ 1 770,
317 320 76% n=111%

Scheme36. N-Methylisatin as electron transfer mediator
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1.6.60 Tr a n $Metdl-FreedCoupling Reactions

Recently, organic electron donors have been implicated in the mechanism ofvtitgién
transitionmetatlfree coupling reactions of aryl halides with arenes. Previously constrained to
metatcontaining conditions, these reactions were recently found to operate in the absence of
any transition metal during blank reactions carried out by Itemial™’ A glut of
publications has followed featuring potassitent-butoxide (and some other bases) in the
presence of various additives to carry out coupling reactions but with a relative dearth of

mechanistic insight:**>®

CQ}
- N=" 325

329
KOtBu, 100 °C Ph
Cr- @ gt ()
323 324 KOtBu, 80 °C

KOtBu, 80 °C
X SET Initiator?
330 ©/ ‘/e
-X Proposed Initiators

333

\ / OtBu
KOtBu
332

Scheme37. 6 Mlfertead® coupling reactions

O 324 \ SET .
. NHtBu
@ [} -KOtBu
Mes

This raised questions intaow the reaction was occurring and much speculatiosued,
involving potassiumert-butoxide as an electron transfer agent stabilized by various ligands.
Studer and Curran published an esSagaking an overview of the results and proposing a
plausible mechanism (bottom half 8Eheme37). Electron transfer to an drialide 330
leads to reductive cleavage to an aryl rad&&l and halide anion. Radical coupling 381

with another arene yield an aryl cyclohexadienyl radg822 which can be deprotonated
under the reaction conditions to yield radical an&38 which is a sufficiently powerful
donor to reduce the halide substr&®0 to propagate the cycle and deliver the biphenyl
product324 The issue with the mechanism is that it requires an initial electron transfer for

initiation which they accounted for by theidation of a ligated sodium or potassium
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alkoxide.Work from Murphy and collaborators® indicated that donation of an electron from
KOtBu would be highly endergonig-59.5 kcalmat), regardless of ligand interactions, and
so have proposed a more eneigly acceptable mechanism for the formation of organic
electron donors under the reaction conditjddsheme38. Thedonorscan be generated in
substoichiometric amunts from the heterocyclic solvents and additives to inititlie
radical coupling reactioshown aboveThe proposed dono&36, 338aandb, and342 have
much in common with the previous organic speoieg.250, used within the Murphy group

and the parallel reactivity adds credence to the proposed mechanism.

J \ KomBu :

=N , - N ; |
325 !
| K © |
' ' one
| ' regioisomer
i o ® ‘
| Z >N K ‘ o |
N KotBu'! ‘
‘ J = = =z N®\ N\ ! Powerful dianionic donors
N :K® o + K® N : generated in situ
329 ; N~ o |
1 338a 338b K 1
(; [; Ph  Ph N N
Pyr © BuoH KOtBu ! ! / \
‘ — @N ®N / N N A\ cf. _ —
N N
339 O O = = Meo,N 250 NMe,
I 340 3 342
RH, then
©. © H KOtBu &2
U=y T oL T o
339" 1 © 343 333 324
Electron transfer
initiator
Scheme38. Murphy explanation for the initiationof 6 mef ake 6 coupling reacti on

A recent paper from Wildemnd ceworkers reported the conversion or aryl halides to
biaryls in the absence of any additivE8 They see this as a justification ftart-butoxide
acting as the donor as no other species are present and becaiwssregiospecificity is
seen whichrules out coupling via a benzyne mechanism. The reactivity observed is
explained however by the final mechanism shown above whereby a ben2g8dformed

by deprotonation and elimination of an aryl halidedcts with an arenkto yield biradical

343 deprotonation of which gives rise to a radical ar888 capable of reducing aryl halides
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Chapter 1Introduction to Reductive Electron Transfer

to the corresponding aryl radical as seenviptesly. The radical reaction will be
regiospecific and tiny quantities of benzyne are sufficient to initiate the prodesh
explains why none of the other regioisomer was observed.

Speculation and investigation will no doubt continue as this chemistry has much potential to
be a useful and cosffective alternative to more common transition metdhlyzed
coupling reagbns. At present however, a hypothesis has been presented by Mirphy
which stands up to scrutiny and is well supported by the synthetic and computational results.
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1.7. Electron Donor and Acceptor Species in Organic Photovoltaics

An application ofelectron donors, outwith synthetic organic chemistry, is in photovoltaics.
The photovoltaic effect is the excitation of electrons from the valence band of a substance in
to the conductance band. By interaction with a junction to another material theredeate

able to flow energetically downhill, thereby generating a current as a result of the initial
incident light. This is the principle underlying solar power generation, one of the potential
solutions to the worl doés atdept®yThe phatovaltsics and
systems require an electron donor and an electron acceptor species (sometimes within one
larger molecule) and the electranh moieties are comparable to the donors discussed
above. By finetuning the band gap of the orgamsigbstrates, chemists are able to select the
desired attributes for the solar cells to make them more efficient, longer lasting and/or
easier/less expensive to produce.

OMe

CN
S S
= NG
S S ~._CN NMe,
DB-TTF, 346 TCNQ, 347 CN DMPA-DTDPP, 348

Figure2. Some photoactive materials

Some examples are shownhigure 2 of different donofacceptor materials, featuring the

high degree of conjugation and lots of nitrogen and sulfur atoms to incleasdettron
density of the species. Fullerene derivatives also feature heavily in this area of research due
to the six separate potentials at which fullerene can accept an additional efédtisrclear

to see that, with the electronic characterisdepending on the structure and such a wide

variety available, the desired characteristics may be tailored to fit.

The same type of organic senanductor technology is being applied to organi®ksEnd
field-effect transistor$?*'®* meaning thatesearch into electron transfer in organic species
has widereaching applications, confined not only to the type of synthetic transformations

discussed within this thesis.
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Chapter 2. Results and Discussioni

General

This sectionwill discuss what was accomplished during the course of the research project.
The work will be sukcategorized by the type of bond being reductively cleaved . C
bond cleavage, which accounts for the majority of the work, along wih GO, GC, SO

and SC bond cleavage. Much of the work has been published and was carried out in
collaboration with other chemists so care has been taken to accredit the collaborators for
their work while includingsome ofit to show a more complete picture of what dan
achieved by photoactivated electron transfigh a neutral organic electron dondt more

general overview of the donor reactivity will preface the section.

46



Results and Discussiefseneral

2.1.Photochemi@l Experiments with Donor

Figure 3 (top left) shows the general reaction-sptused for the UMctivated reduction

reactions carried out during the research of this thesis: two 100 Wasmud emitting at 365

nm were focusedn a flattened 5 mL rourdottom flask (top right), typically for a reaction

time of 72 hours.

07
3 j \
S 06 — —
=
= 05
) MesN NMe,
4 04
03
0.2
0.1
=
245 205 345 395 445 495 545 595
Wavelength/ nm

Figure 3. Top left- Standard reaction setup; Top right - a flattened reaction flask clamped between the two
activated UV lamps Bottom- UV-vis Absorbance spectrum of Donor 250 in acetonitrile.

Excitation at a wavelength of 365 nm was based on thevisi¥le absorbance spectrum
measured in acetonitrile (above). Unfortunately, attempts to measure other photophysical
properties of tb donors were largely unsuccessfill;fluorescent and phosphorescent
measurements revealed no information about the excited species. An excited state must exist,
otherwise the photoactivation would not enhance the reactivity of dgtbbut for some

rea®n, whether it be photbleaching (by which the incident light required for the
measurement causes the phosgradation of the analytey autequenching(whereby the

analyte solution absorbs the fluorescent radiation, obscuring the measuyéneesathision

spectrum could not be measured.
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2.2. Reducing Power of the Excited Donor Species

By the same method used by Stephensbal® to estimate the approximate strength of
photoactivated ruthenium and iridium species, so can we add the excitation enéngy
measured ground state oxidation potential of d@36rto infer the potential 0250¢ Y 251

(as shown on page 33Jhe longest wavelength in the absorbance spectri2&lofvas 512

nm which is equivalent to 2.42 eV. Subtracting this value from tengl state redox
potential €1.17 Vvs.SCE in DMF) gives a value &f3.59 Vvs.SCE. This is an impressive
value for a neutral organic species and is more negative than the potential rexechecce
benzene, which could explain why ring opening was observed in aryl cyclopropanes as
discussed in sectiod.1.1, page 64This estimation is based on a singlet excited state,
however, which may not be sufficiently lotiged to transfer an electnao a substrate.

' Leos

N N

— — 5.E-06 -
MezN NM92 <
l T —0 o0 =
. c
-0.6 -0.1 ()
=
>
-5.E-06 - o

-1.E-05 +

-2.E05 -

Voltage/ V

Figure 4. Cyclic Voltammogram of Donor 250vs.Ag/AgCl in DMF 122

The electron transfer would be more likely to occur (i.e. have more time to occur) if a triplet
excited state were the active donor speciesgltesphorescence from triplet excited state to
singlet ground state is forbidden and therefore slow). As no phosphorescence could be
measured, an alternativeas to determine the energy gap computationally: DFT calculations
run at 631G (d,p) level of thegrusing CPCM (Conductdike Polarizable Continuum
Model)'****”in DMF (U= 37.219) were used to predict the energy of the frontier orbitals of

the ground state and triplet excited state doR@ure 5, and thereby calculate the energy
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difference. This method predicts a potentiat2f3 V (phosphorescence at 1495 nm) which
would also be an extremely strong reductant.

Ground State

Singlet Excited State Triplet Excited State
C
C
¢
LUMO LUMO LUMO
E=-0.10eV E=-0.09 eV

E=-0.40eV

HOMO HOMO HOMO
E=-3.18eV E=-3.17eV E=-134eV

Figure5. Excited state frontier orbital of donor 250, (DFT, B3LYB16&(d,p))

These approximations would be more satisfying if derived from a measured emission

spectrum but nevertheless act as a useful guide to the donor strength hotdexgted
conditions.
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2.3. DonorEconomy

Aside from difference in reactivity, practical considerations must be taken into account when
choosing a chemical reagentxpense included. Considering modern electron transfer
reagents, the three main opticaa® Smb, Ru and Ir photoredox catalyst® and 71, and
organic electron donors such &50. The catalytic reagents would appear to have an
advantage as they are typically used in 1 mol% but they are also expensive, high formula
weight species. Standardralitions for reactiogwith donor250require six equivalentas

often do those witlsmb.

2.3.1. DMAP-Derived Donor

For 0.3 mmol of substrate usiBgequiv= 1.8 mmol NK\N
Synthesis of donor yield 95%, MWt. of Donor= 284.40g // — \\
Synthesis of salfield =100%, MW1. of Salt= 324.07g Me,N 250 NMe,

Dibromopropane, 100§ = £60.10 (Alfa Aesar 17/01/2014),.Wt. = 201.90g, 0.06 £/g,
12.13 £/mole

DMAP, 100g = £50 (Alfa Aesar 17/01/2014), Mt. = 122.17g, 0.5 £/9,61.08 £/mole

1 mole of donocosts 77.06 £/mole, 00.27 £/g

Pricefor 1.8 mmol=£0.14

2.3.2. Photoredox Catalysts

Ru(bpy).Cl,.6H,0, 1 g = £79.90 (Sigma Aldrich 14/02014), MWt. =
748.62 g79.9£/g,59,815£/mole

For 0.3 mmol of substrate ueed1equiv., 0.003 mmol

Price for 0.003 mmol £0.18

fac-Ir(ppy) 3, 250 mg = £181.50 (Sigma Aldrich 14/@P14), MWt. = 654.78 g 726 £/g,
475,370£/mole
For 0.3 mmol of substrate ueed1equiv., 0.003 mmol

N Price for 0.003 mmol = £1.42
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2.3.3. Samamum(ll) lodide

For 0.3 mmol scale using 6 equiv. = 1.8 mmol

Smk, 0.1 M solution in THF 100 mL = £46.80 (Sigma Aldrich 14/02/2014), 4680 £/mole.
Priceof 1.8mmol = £8.42

Researchers of samarium iodide chemistry would te generate their own from samarium

metal andl,2-diiodoethane which is a far more economic option and is believed to give

better results.

It is evident from the above calculations that organic electron d@B6ris a very
competitive electron source compared to the major alternativespddsebility forin situ
generation of the donor also means that no special apparatusiiiedefgr its use- it is

therefore a very real alternative to its metal counterparts.
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Chapter 3. ReductiveSulfur -Oxygen U-
Bond Cleavage in Aryl and Alkyl

Triflates

(This work has been published. See: Jolly, P. I.; Fi&aerts, N.; O'Sullivan, S.; Doni, E.;
Zhou, S.; Murphy, J. AOrg. Biomol. Chem2012 10, 5807** The work included in this
section is my owminless stated otherwise

3.1. Previous Results inAryl Triflate Cleavage

Previous work in this area within the group hpbduced some promising resultgiet
cleavage of aryl triflate849-351to thecorresponding phenoB52-354had been achieved in
highyield in the presence of don2b0 Our aim washento determine whether the cleavage

of the triflates proceeds through an electron transfer process or by some other means, and to

explain some of thether results.

A trapping experimenflower half of Scheme39) had beerdevisedin which the reaction

was quenched withenzyl bromideo indicate which anions were present. The isolation of
sulfone356 and etheB57is evidence ofhe generation of sfihate 359 and phenoxid&58,
consistent with the proposition of an electron transfer proédtsmugh two anions358and

359 are generated, it is thought that one electron acts to reductively cleave the bond and that

the second electron reduces theulesit radical 860or 361) to form the second anion.
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M

N Nrw 0
- R‘*é%FF:
Me,N NMe, X T
o Donor 250 o A
(1.5 equiv.) Tf, Trifluoro

349 OME. .3 h 352 95% methanesulfonyl

OTf Donor 250 (1.5 equiv.) OH
—_—
C©/ 350  DMF,rt, 16 h. O©/ 353 89%
/©/0Tf Donor 250 (1.5 equiv.) /@/OH
—_— -
Br DMF, rt, 3 h. Br 354 84%

351
oTf S o OB
7 n
X DET X 11
T O R cofon B () Fo T
4 P o)
355 358 359 356 357
SETl T
o 5
1 1 Y
R _ 6 3 OR R _ > 3
358 360 361 359

Scheme39. Previous results in aryl triflate cleavage

3.2. Chemoselectivity Bromide vs. Triflate ester

One of the previous substratésl had shown an interesting selectivity so it was decided to
carry out additional experiments. the reaction of bromotriflatg51 with donor250, only 4-
bromghenol354was observed but none of the proguetsulting from CBr reduction 362
and363 Thisis somewhat surprising as the reduction potential of aryl triflates and bromides
arevery similar;-2.63 and-2.70 V' vs. SCE®® respectivelyso at least a mixture of products

would be expectediithe presence of excess doabe.
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7 N—= \
MesN NMe,
Donor 250
OTf (1.5 equiv.) OH OH oTf
—_— + + +
Br DMF, rt Br
351 354 84% 362 0% 363 0% 364 0%
Donor 250
(1.5 equiv.) 0
OTf " OMF. 1t & o
— d “CFs +
Br 351 the BnBr 366 59% Br 365 88%
(3 equiv.)
‘ SET 'BnBr ' BnBr
fe) A e LR b
‘ .l S
orf ; o o SET ©
— ! 050 R
Br 1 CF; Br ! Br
367 . 359 368b | 368a

Me,N NMe,

251

TS'

368c + Br + 251

+49.6 kcalmol™

351 + 250

-20.3 kcalmol™
— - 368a + 360 + 251

o
Energy 368d + Br + 251

-11.7 kcalmol™!

-45.0 kcalmol™
368b + 359 + 251

Schemet0. Chemoselectivity in triflate cleavages

A computational radel of radical anior867 (DFT, B3LYP, 6311G(d,p), CPCM DMK
exhibited spontaneous-Br cleavage which suggests a barrierlesssfiamation to cleavage
products In practice however,he SO bond cleavage occurs in good yiedshd no

debromination was ever obserwetlich raised questions aswether electron transfer was
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occurring or ifsome otheprocess was taking plack.morein-depth computational analysis

of the competing electron transfer mechanisms was conducted (with the assistance of Greg
Anderson) which showed the products ofOSbond cleavage to be more energetically
favourable than that of Br cleavage and that theatrsition state for @r cleavage would

be unreasonable high (greater than 49.6 kcalm®revious experiments have shown that
thermal activation is required for reduction of aryl bromttfesvhich agrees with the
calculations. Why then can aryl triflatbse reducd when their reduction potential is almost

the same as the bromides?

Because of the surprisingactivity, atrapping experimentScheme40, was carried out,

using benzyl bromide to quench the reactioB%f with donor250, similarto that abovein

the reaction ofriflate 351 with donor250. This reactionproceededis seen befe; benzyl
ether365was isolated in higlield and sulfone866in good yield. The fact that less sulfone

was isolated than benzyl ether may offer an additional insight into the route of the bond
cleavage: if the bond breaks such that the phenoxide 86Reand sulfonyl radicaB60are
generated then some of the radical may be either trapped by another radical or abstract a
hydrogen atom which would account for a decreased yield of siBme

A mechanism may be propos&@themetl, where the sulfonatester351is nucleopilically
attacked on sulfurvhether by water, don@50or the DMF solventto displace a phenoxide
anion 370 which could then yield the obsed/@henol354 or ether365 depending on the
quench. In this case, the sulfinate and&® would be generated by elimination from adduct
369aand could go on to react with benzyl bromide to yield observed sufié@eSuch a
mechanism can explain the observations and could also explain the selectivity feDthe S
bond scission over the-Br. Although donor250is electrorrich, it is also quite a bulky

species, meaning that it may be a poor nucleophile and liisitito react in such a manner.
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Me,N O=570  NMe, 359
F
369a

Scheme4l. Possible alternative route to cleavage

There is therefore supportig evidence that the cleavagecuss through a nucleophilic
substitution/subsequent elingition mechanism rather than via electron trandferther
study would demonstrate that the same is not true for alkyl triflates.

3.3 Existing Results ofAlkyl Triflate Reductions

The work on the cleavage of triflagstes also included a number alkyl examples371a-c,
eachcontaining adistal phenyl group. These varied in the length of carbon chain between
the aeneand triflade moieties and were intended to tdwt effect of chain length upon the

yield as had been carried out on Weinreb ami8est{onl.5.9.

NK\N
— \
MeyN Donor 250 NMe; 372a,n=2,91%
©\H/\ (1.5 equiv.) Q\H/\ 372b,n=3,93 %
> OTf - = " SOH 372¢c,n=4,85%
DMF, rt, 3 h

371

Scheme42. Previous work on cleavage of alkyl triflates

The substrates cleaved in the presence of d»B0m excellent yield to the corresponding
alcohok 372a-c. The yields of e three reactions do not follow perfectly the trend of

decreasing with increasing chain length but certainly the longest chain shows a marked
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decrease in yield,

LUMO of the aromatic ngto the reactive sulfonate ester

3.4. Additional Experiments Investigating Reduction of Alkyl Triflates

possibly

due

t

(0]

ess

Unlike the ary! triflatesdiscussed abovehere is no precedéfit for the cleavage of alkyl

sulfonates by nucleophilic attack on sulftirerefore further experiments were carried out to

probe whether the reduction of alkyl triflat831 to alcohols372 occurred by electron

transfer as had originally been proposed for their aryl counterparts. Benzyl bromide was used

to quench the reactioof triflate 371a with donor250 in an attempt to trap the sulfinate

anion as sulfone366. However this reactiondid not yield the sulfone despite numerous

attempts under various conditior&chemet3).

©\/\/ Conditions ©\/\/ . ©/\
OoTf
DMF, rt OoH

366

51%
40%
40%

371a 372a
371a |Donor250‘BnBr‘T"ne”1| 372a
1 1.5 1.5 3h
1 1.5 3 18 h
1 1.5 3 18 h
1 3 6 18 h

34%

0%
0%
0%
0%

3

SO,CF;,
66

. SET © BnBr
o — o — (0]
373 374 375

Scheme43. Benzyl bromide trapping experiment for alkyl triflates

The observation that neenzyl etheB75wasrecoveredrom the trapping experiments with

the alkyl triflates is puzzling in the presence of such a large excess of benzyl bromide. This

could be because the alkoxi8@4 picks up a proton from the reaction mixture more quickly

than the comparable phenoxide hesm of its greater basicity, and is therefore quenched

before the bromide is added. The absence of suB66é& not so easily explained andght

indicate that cleavage isot occurring via an electron transfer mechanism fagher by

nucleophilic substution of the triflate bydonor250 DMF or water (although the reactions

were carried out under anhydrous conditions).
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A simple test was therefore run to investigate the hydrolysis stability of the triflates. Triflate
371a was stirred for twdiours in deonized water in the open air at room temperature and
then subjected to the standard wagk conditions of the reactions, usidgethyl ether and
water.The triflatewasrecovered in quantitative yield, indicating that the direct hydrolysis to
the alcohomay not be as easy as initially thought.

H,O
OTf 2h > OH 371arecovered

96%
371a 372a 0%

(0]

371a 376a 86%

\E\/
S)
0~ 'H OTf H.O
- 2%, 376a
O. (e} H
TTE \‘(
377 NO
PN

371a

Schemed4. Blank reaction generates formate ester

A controlreaction was run then weterminewhether, in the absence of donor, any alcohol
would be observed. The reaction yielded neither the triflate nor the alcohol but instead
delivered the formate est8i6a in good yield.This is formed from the nucleophilic attack

of DMF upon the triflate andraces of the ester had been obserydviously in crude
reaction mixtures. A plausible mechanism for conversion of alkyl triflate to alcohol may then
include the corresponding formate ester as an intermediate, followed by either reduction or
hydrolysis. Fischer esterificatior’ yielded an authentic sample of the formate e3iga

which was reacted under the standard donor conditions and yielded &d@@dh high

yield.
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HCO,H (1.2 equiv.)
H5S0,, silica, hexane
OH o _H

372a reflux, 1 h, 82%. 376a WO( 82%
Donor 250
1.5 equiv.
T DMF, rt, 18 h.
376a 0 372a 86 %

Scheme4b. Substratedesigned to give evidence of electron transfer process

These results demonstrate that, under the reaction conditions, an alkyl triflate can be
converted to a formate ester and a formate ester may be converted to the alcohol but neither
yet served to clafiy if donor 250 could directly reduce alkyl triflate esters to alcohols.

Isotopic labelling was therefore proposed as a means to elucidate the mechiaieisnfra

3.4.1. Labelling experiments

®¥0-labelled DMF was synthesized usif-enriched water (% enrichedH,*?0 was
obtained andhen diluted down to ~ 20% enrichéD-H,0) and benzoyl chlorid878in
DMF.'"* This reaction proceeddd good yield and witthigh incorporation of the isotope:
delivering 5.6 g (77%) offO-DMF (~13% enriched). The lating of the DMF was carried

out in cooperation with Eswararao Ddff.

@
Co (o) NMez
~
SCl Me,N y yOH MezN
378 DMF 18pMF
No Donor ©\/\/
18,

371a O-DMF 376a 95%

Donor 250
©\/VOT“ —— ©\/¢OH
371a O-DMF 372a 70%

Scheme46. | sotope labelling
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The *°0 labelled DMF was used as the solvent in a reduetiantionwith donor250 and

also in acontrol reactionin the absence of the don@®cheme46). The blank reaction
showed complete incorporation of tH® into theformateester376a by mass spectrometry,
showing that the ester is generated from the DMF nucleophilically attacking the triflate as
was not really in disputéAlcohol 372a isolated from the donor reaction contained’f®
enrichment which rulesut the possibility that thalcohol generated in the presence of donor

250is formed via the fanate ester.

While the ester can be formed under the reaction conditions and can be réduced
hydrolysed)to the alcohol, the triflate reduction occurs preferentially by another method.
Combined with experiments showing the hydrolysis stability of the alkyl trifleies
knowing that dono250is bulky and more likely to yield elimination products rather than
substitution,it is proposed that the reduction of triflates to alcohols ocuisrselectron

transfer from dono250as originally thoughtchemet?).

o ©
+e 0 &) /,
oy — N — o &
/,S CE ’/S\CF O” \CF3
(o) 8 o O 8
371a 371a 374 360
H,0 o)
©\/VOH S-CFy o @//S/,\CF
HO o] 3
372a 381 374 359
Pair A Pair B
o .
©\/\/ ) OZ‘SZO O:‘S:O ©\/\/ X
o CFs CFs 0
373 359 360 374

3712 -
-81.5 kcalmol™
Energy —— B
— A

Scheme47. Mechanism for electrontransfer-induced cleavage of alkyl triflates. Calculations were run with
DFT, B3LYP, 6-311G(d,p), CPCM DMF
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A computational analysis (carried out with the assistance of Greg Anderson) of the possible
cleavage processes of substiagfdawas carried out androved to be illuminating. Radical

and anion paiA was calculated to be 35.4 kcalmahore stable than the combined energy

of B. Attempts to optimize &ransition statestructure forcleavage of the radical ani¢ed to

bond cleavage, indidag that theS-O scission $ spontaneousGiven the possibility that the
reactions to form pair A or pair B may have a shared transition state, it becomes difficult to

predict the more likely outcome.

3.42. Trapping Experiment

An additional seriesfoexperiments wasarried outto observethe degradation of a radical
intermediateand therebyconfirm its presence. Thieory behind this wathat the radical
adjacent to oxygen iB84 shoud be more stable than the oxgdical in383 Elimination of
formaldehyde shouldherefore occur and ether385 would result. This substrate was
synthesized quite simply in a number of high yielding steps as shown in the scheme below.

N

©/\/O\/\0Tf SET ©/\/O\J\o
382 1o l 383
OMe OCH,
-

NaH (2 equiv.)
©\/\ BrCH,CO,H, (1 equiv.), ©\/\
OH
OH 45 min, 89% oY
386 387 (o}
LiAlHg4, (1 equiv). THF
30 min, 98%
Tf,0, (1.5 equiv.)
~_OTf pyridine, (1 equiv.) ~_OH
o DCM, -78 °C 0
382 30 min, 92%. 388

Donor 1.1

H
©/\/0\/\0Tf O\/\OH . ©/\/O
382 DMF 388 95% 386 5%

Scheme48. Proposed intermediateand degradation to probe electron transfer
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When the substrate was reacted in the presence of @86@aone of the proposed eth&85

was seeninstead alcohd88 (95%) andsmall quantities o&lcohol386 (5%) were isolated.

The fact that the ethéd85is not observed seems to indicate that the donation of a second
electron may be extremely rapid, before the radical can fragment to a more stable species.
This relies on the supposition frothe sectionabovethat the cleavage occurs by electron

transfer rathethan hydrolysis or some other process.

It could also be that the oxygen radical is never presetite electron transfer process; a
two-electron transfer would give rise to the alkoxi889 and sulfinate anior859 and
therefore no radical collapse woulik seen.In the case of a single electron transfer
occurring first, the lysis may proceed in two ways; either to give the alkoxide 28@xand
sulfinyl radical360 or to give the alkoxyl radic&l83and the sulfinate anioB59 Only the

latter woulddisplay any kind of radical process on the alkyl fragment.

o + O&_
Ph(CH),0~ 0802CFs 267 o) o0+ OF7CRs (Ean. 1)

382 389 © 359

o S)

Il
F,d + e3-cF (Ean. 2)
Ph(CHy),0” >050CFs € o oh )00 TN
382 <IN 360
Te , rapid?
@ g + @ i —
E o S—-CF Eqn. 3
Ph(CHp),0” >%02CFs € pchy),0 >0 we (Ean.3)
382 383 359

Scheme49. Cleavage mechanismpossiblefollowing electron transfer

The observation of alcoh@86 may offer some insight as to whatdscurring within the
reaction mixturelt has been repat befor&” that donor250 canact as a strong base and
the formationof 382 may thereforeproceed via elimination of the triflate to give a vinyl
ether390which can be readily hydrolysed tiwe observed produc§chemes0.
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OTf OH
@\9& /\ 2 OH

o, — &, — U,
392 393 386

S)
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Scheme50. Elimination mechanism for generation of alcohol

Two otherpossiblemechanisms were also proposed to explain the unexpected outcome
based on neighbouring group effedtirstly, the nucleophilic displacement of the triflate by
the ethereal oxygen to give an oxiranium 892’2 Hydrolysis of this can then yieltie two
observed alcohol888 and 386, shown in the figure belowSecondly, the intramolecular
nucleophilic substitutioms above followed by an electrophilic aromatic substitution onto the
carbon chain with displacement of an oxirane. Hydrolysis of thernediate spirocyclic
carbocatiorB93then yields phengthanol386.

Substrate382 did not serve to offer any insight into the mechanism of cleavage of alkyl
triflate esters but the evidence discussed previously serves as strong support for an electron
transferinduced SO bond cleavage. The reductions occur in high yield under mild

corditions and without requiring the use of any metal reagents.

From the results presented in this chapter it is clear that donor 250 is a powerful organic
electron donor in the ground state, capable of the reductive cleavag® bdbBds in high
yield and uder mind reaction conditions. The following chapters will discuss the new

reactivity made possible by photoactivation.
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Chapter 4. C-O Bond Cleavage of Benzic
Ethers and Esters and CC Bond Cleavage

of Benzylic Malonates and Cyanoacetates

(This work has been published. See: Doni, E.; O'Sullivan, S.; Murphy,Angew. Chem.,
Int. Ed.2013 52, 2239*° and Doni, E.; Mondal, B.; Tuttle, T.; Murphy, J. A.; O'Sullivan, S.
J. Am. Chem. So2013 135 10934'*” Some of the chemistry is also discussed at length in
the PhD thesis of Eswararao DORi.The work included in this sectiprunless stated

otherwiseis my own)

4.1 Introduction to C-C Bond Cleavage of Benzylic Malonates and

Cyanoacetates

4.1.1. Previous Results in € Bond Reduction

In 2012, Murphy and caorkers reportetd® the reduction of aryl cyclopropan893 with
photoactivated neutral eleon donors206 and 250 Such neutrally substituted arenes are
almost equivalent to benzeng’ (= -3.42 V vs. SCE)}" in their ability to be reduced and
therefore represent a significant challenge for electron transfer. Nevertheless, when donors
206 and 250 were excited with ultraviolet radiation (365 nm) they were able to afford in
good vyield, thecistrans epimerized producd96and 1,3diarylpropane395 The mechanism
proposed for the process is photoexcitation of the donor and electron transfeet®od®
yield radical anior894. This species can undergo radical ring opening € 4vidich in turn

can recombine back 804, or if bond rotation occurs then recombine3t® 4 16i$ thought
that the straighthain product results from donation of @cend electron to afford dianion
397 which is supported by isotopic labelling experiments (doubly deuterated Bké&re

was observed after a0 quench of the reaction).
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Scheme51. Reductionsby photoactivated donor 250

These results demonstrated the potential power of photoactivation to assist in the reduction
of difficult substrates and led to the investigation of other functional groups that would
previously have been out of reach. Gneh body of research involved@ sigmabond

cleavage of benzyl malonates and cyanoacetates.

Eswararao Donf® conducted thorough investigations on the cleavage -6f bnds of

carbon acids such as malonates 83y. Two likely possibilities were consided for how

the substrates may react under the conditions; knowing from the aryl cyclopropane results
that unactivated arenes may be reduced, the substrate could have received an electron to
become radical anioB98and undergone cleavage to radical anidmpair402and403 or

one of the carbonyl groups could have been reduced to the ketyl radical388iand a
different GC bond cleaved to anidd®9and radical00.

C]
O

COLR’ )—OR'

CO.R' R o)
s ;WLCOZR' SET Cco,R _SET CO,R’
NZ R R R

397 398"

398

. . H
CH,  COzR COR' ©.COR 0O
+ R“<3 + .U\
CO.R' R R OR'
401 402 403

400 399

Scheme52. Possible pathwas for C-C cleavage reactions
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A series of substrated04-407, Scheme53, was tested under standard reaction conditions
with donor250 (6 equiv.), using 365 nm activation in DMF for 72 h. The results show that
selective monalebenzylation can be achieved in higblg for malonate esters. A benzyl
group is not required, however, as can be seen focifmsmyl substrate405 but
conjugation to the cleaved boiglnecessary as excellent recovery of starting material was
observed for dialkyl examplé06. The recoveryf substrate407 from the reaction shows

that a moneester is not sufficiently activated for the reductive cleavage to occur although
other activating groups are discussed later. Quaternary carbons were always used in the
substrates because the acidityagbroton between two esters would not be tolerated by the

donor which has been shown to deprotonate acétites.

2RNEAR

OzBU  Me,N' 250  NMe, tBUO,C.__CO,tBu

c
/©/\¥/\Cozt8u (6 equiv.), UV 404 .
B —
tBu R DMF, 72 h + 404a,22 %

404b, 19%

404a R = p-tBuBn 408a, 71 % tBu
404b R = n-propyl 408b, 61%
250
CO,tBu -
(6 equiv.), UV CO,tBu
Ph™ X _— A 2
/ﬁcmtau OME 72h PN + 405 429
NN CO,tBu
405 408, 46 %
CO,Et
2 2_50 (no reaction)
CO,Et (6 equiv.), UV recovery:
Me DMF, 72 h 406, 94 %
406
O,t-Bu 250 (no reaction)

C
Me (6 equiv.), UV recovery:
Br DMF, 72 h 407,92 %
407

Scheme53. Reductive GC bond cleavage

These results show that under the photoactivated neutral organic electron donor conditions
used above for the reduction of aryl cyclopropanes, that substrates sd6d asdergo
debenzylation rather than carbonyl reduction. This reactivity is intereasngn arene
selectively reduced in the presence of a carbonyl group is complementary to some metal
based electron transfer reactiod89to 410) where the opposite is seen. This was illustrated
with the synthesis and reduction of subst#td, in comparson with a result reported by

Kandet al.using samarium(ll) iodide. The photoactivated organic donor effected benzyl C
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C bond cleavage (yieldingfl3 85%) while the lanthanide conditions cleaved the nitrilé C
sigmabond to afford412in high yield.

Cco,Me MeO,C

Na, Xylene O O

409 410, 53 %

CO,Et CO,Et

O CN CO,Et
Smlz THF 5(6 equw W
HMPA rt O DMF 72h, rt,
(Acidic work-up)
412,87 % 411 413,85 %

Scheme54. Complementary metatinduced and metatfree C-C reductions

The cyanoacetate shows the same selectivity for the bond cleavage as the malonate esters
and in similarly high yield. Work for this thesis inveld exploring further examples of these

types to probe the reactivity and gain clues to the mechanism.
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4.2. Results in Benzylic @C Bond Cleavage

The substrate414-415shown inScheme55, chosen to explore a variety of substitudruth
electrondonating and withdrawing, proved to be informatakout the nuances of the

reaction mechanism.

N N
ngBt‘éu Me,N 250  NMe,
O 2 (6 equiv.), UV (no reaction)
_—
F3C O DMF’ 48 h recovery:
414 CN 414, 96%
COZtBU 250
O CO,tBu (6 equiv.), UV
I - recovery:
FsC DMF, 48 h <1%
415

Cl

Scheme55. Mixed benzyl malonate reductions

Focussing on substratd5 it can be seen that trifluoromethyl groups arewell tolerated

in this reactionthe reason likely being that the fluoride substitseare in a benzyl pdg&in

as are the carbon substituents to be cleawsrhaps nsurprisingly the carborfluorine
bond proves more easily cleaved and the resufttagilizedradical 417 is thought to be
trapped by radical catioB51 which accounts for the poor recovery in the reactiothisf
substratevith donor 250. In the case of substradd 4 this does not occur which is theorized
tobedie t o t he ni-systamlpefersiaibraceiving thd edectron’ fra donor
250 Once the electron transfer occurs ipi®posed thathe resulting radical anion is too
stabilized to result in the difficult carbararbon bond cleavage. This species is then

quenched upon workup to yield the observed recovery of starting material.
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Scheme56. Explanation of substrate reactivity

Having seen above thatc§anobenzyl substituted substrdted failed to be reduced it may

be surprising thatleavage occusrin the reaction of substratd 9with donor250. Complete
selectivity is observed for produé2laover422 (which was not observedp it is clear that

the electron is being given to the electpmor cyanoarene but in this case the cleavage is
able to occur. This may be attributed to an improved leaving group ability of the
cyanoacetates.a diester as indicated/la 23 unit pKa diference (diethyl malonate 16’2

in DMSO, ethyl cyanoacetate 13°in DMSO). When exploring the limits of the reducing
power of donor250it is of interest to observe such a large reactivity difference which in a

specific set of circumstances could gexcellent chemoselectivity.

N N
7 N—= \
CN Me;,N 250 NMe,
O CO,Et (4 equiv.), UV ©/\(CN /@/\(CN
—_—
NC O DMF, 36 h COEt ¢ CO,Et
419 421a, 75% 422, 0%
CO,Et
250 _ CO,Et CO,Et
O CN (4 equiv.), UV R
cl W X CN + 420,14 %
MeO 421a,R=H, 22 % 423, 0%
420 421b, R = 4-Cl, 12% MeO

421c, R = 2-OMe, 26 %

Schemeb7. Reductive cleavage of cyanoacetates
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Cyanoacetatd20is an example which shows the chemoselectivity of ¢aetion conditions
for electronricher arenes, albeit a mineffect. The results are somewhat masked by the
competing dechlorination reaction but it is seen that prodi&gisand421b (22 and 12%
respectively) arise from methoxybenzylCC cleavage and that21c (26%) arises from
reduction of the chlorobenzyl grouphis is instarkcontrast to reactivity seen in chapger
where an electredeficient ring is preferentially cleaved byNCbond scission in a mixed
substrate. This may be attributed to a difference indatemining step, i.e. the electren
deficient ing will more readily accept electrons from dor2i0 but the radical anion
resulting will be more stabilized, slowing the cleavage while an eledthrring will be
more reluctant to accegn electron but will more rapidly stabilize itself by reductive
cleavage of a bond. This paradox letmlan overall lessening in selectivity and explains the
substratedependent switching of preferen@ecause none of compouAéd3wasdetected it
can be inferred tha#2la results from the € bond cleavage followeddy C-Cl bond
cleavage, rather tharceversa The combined yield then of-C bond cleavage of the more
eledrontrich ring is therefore 34%sufficiently higher than that od21c to be a genuine

preference.
CO,Et CO,Et
©
O CN SET CN
T O T
420 MeO 425 MeO
Easier to form.
Harder to break bond.
CO,Et CO,Et

SET
Cl -CI®
426

421b

Harder to form.
Easier to break bond.

Scheme58. Selective cleavage of benzyl groups
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4.3. Introduction to Benzylic GO Bond Cleavageof Benzylic Ethers and

Esters

Having successfully reduced benzylieQChonds, Murphyet al. turned their attentioto the
benzylic GO bonds of etherand esters. Benzylic esters, e487, could be cleaved to the
corresponding acid29 in high yield with 3 equivalents of don@50in 24 hour reaction

times. In the absence of UV activation, excellent recovery of starting material was observed,

indicating both that the excitation is necessary for the reaction and that electron tansfer is a

likely mechanism for the cleavage.

SOa0e

O

427

Me

Me

N
7=\
Me,N NMe, ©O
250 (3 equiv) HO
_—
UV, DMF, 24h
429, 91

Me + 430, 0%

Me
%

@f

J\(\n

250 (3 equlv )K(\/\ @E

Me OEt
UV, DMF, 24h 429, 89% 431, 0%
* * /\
Me Me NN
X sollRa%s
OMe OMe — —
430 430, 77% Me,N 432 NMe,
250 (6 equiv)
A" 0C Hyy #—— ArCH; +  CyHuOH + SM.
UV, DMF, 72h
433, Ar = 2-MeOCgH, 430, 20% 440, 71% 433, 8%
434, Ar = 3,5-(MeO),CgHs 437, Ar = 3,5-(MeO),CgH3, 27% 440, 60% 434, 1%
435, Ar = 4-MeOCgH, 438, Ar = 4-MeOCgHy, 0% 440, 6% 435, 75%
436, Ar = 4-CNCgH, 439, Ar = 4-CNCgHy, 0% 440, 0% 436, 66%

Scheme59. Reduction of benzyl ethers and esters

The reductive € cleavage of the esters is thought to proceed via photoactivation of donor

250f ol | owed

by

el

ectron

tbond scsdior of the -© bondhte
yield an oxygen anion and tolyl radical. Poor recovery of the aryl fragseewes as support

for the intermediacy of the tolyl radical. In one reaction between 428and donor250Q,
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the mixture was doped with an equivalent en@thoxytoluene430 as it is more volatile
than and readily distinguishable from potential prodiethoxytoluenet31 The result was
good recovery of the dopadBB0 and no observed traces of the fragment arising from the
substrate431 This seems to ban indication that complete trapping of the intermediate
benzyl radical occurs under the reactionditions with formation of unisolated pyridinium
speciegt32

Benzylic ethers433-436 were also reported to cleave in good yield, although high
conversion requiried six equivalents of dor80 and 72 hours reaction time, with no
product observed under mér conditions (3 equivalents, 24 h). This slower reactivity
compaed to their ester counterparssattributed to the relative leaving group ability of the
carboxylate over the alkoxide anion:C§anobenzyl substraté36 showed none of the
expected product39 and good recovery of starting material indicating that a radical anion
formed on an electredeficient substrate is too stabilized to undergo bond scission.
Cleavage of the ethers is thought to proceed via aeteatron transfer process to yield an
alkoxide and a benzyl anion. This would account for the observation of the toluene fragment
recovered in moderate yield from the reactions and highlight a difference in reactivity with

the corresponding benzylic esters.

4.3.1 Carbamate Deprotection

Having reduced benzyl ethers and esters, benzyl carbamates were proposed as a target for
investigation. Section 4.4 describes the novel results in carbamate cleavage after this brief

introduction to more traditional carbamate removal methods.

Greenedse oOBrouest iivh  Ot'glistn nireteers ynettods efsr i the 6
deprotection of Cbz (Carboxybenzyl) protecting groups, many featuring hydrogenation with
palladium on charcodl® Other methods include photolysiS electrolysisi® hydrolysis’®
reductbon under Birch conditions or with sodium borohydride. The photolysis was carried
out a 254 nm and electrolysis-at9 V.
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H H i
(\/E[CH3 H,, Pd/C, EtOH (IECHg C[OH 40% KOH CE 3 )u'
> T ; 0~ NR,
N COH N3 C0H NH MeOH, H,0 NH, [j 777 77777777777 |
Cbz H Cbz
441 443 quant. 442 444 94% Carboxyt;enzyl

Scheme60. Hydrogenation or hydrolysis for the deprotection of Chzamines

4.4. Results in Benzyl @O bond Cleavage

Carboxybenzyl protecting groups, upon reaction with d@s@under photoactivatiqryield
the parent amines in excellent yield. At first glance this may appear to bhl éddd
cleavage, more at home in chapterb the reaction is proposed to proceed via reductive C

O bond cleavage, akin to that discussed above as is further discussed below.

M

N N
= \
Me,N 250 NMe,

C H (6 equiv), UV
g7 o CgH17),NH
DMF. 72 h (CgH17)2
CsH17

447 99%

250
(6 equiv), UV

- PhoNH
DMF, 72 h
448 98%

Mechanism ‘a’

S
‘\(‘ g_ CO, + NHR;
400 451

,R

When R = Ph H‘
CH2

X
-
ey = O — (e
Mechanism ‘b’ ‘ : ‘
452 o 400 453

Scheme61. Carboxybenzyl group deprotection

The proposed mechanism (mechani@in Scheme6l) begins with photoactivation of
donor250followed by electron transfer from dongb0* to the benzyl groupThe resulting

radical aniord50 undergoes €@ bondcleavageand decarboxylation to afforal nitrogen
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centred anio51 which is quenched by the reaction medium or upon workup. Mechanism
ddcan be proposed as an alternatiwhen R is a phenyl group. This alternative mechanism
involves electron transfer to the nitrogeubstituted arene, again to afford a radical anion

452, decarboxylation in this case could give rise to the same products. Howel\mratad

electron is peréps more likely to enter the electron neutral benzyl group over the more
electronrich nitrogensubstituted arené, N-dialkyl substratel45 has no -system adjacent

to the nitrogen for mechanism 6bd toldoccur

which is taken as support for proposed mecha

The quantitative yield of these reactions makes them a realistic option for deprotection of
Cbzprotected amines, potentially giving different selectivityriore traditional deprotection

techniques.

In this sectionC-C and GO bond cleavages have been shown to be effected in high yield
and under metdtee reaction conditions using don@60. C-O bond cleavage occurs
selectively in the presence of a variety of electioch and electromeficient functional
groups while the more difficult €€ bond scissionare less predictable but nevertheless of
considerable interest.
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Chapter 5. C-N Bond Cleavage of

Sulfonamides and Amino AcidAnalogues

(This chemistry has been published: O'Sullivan, S.; Doni, E.; Tuttle, T.; Murphy, J. A.
Angew. Chem., Int. E@014 53, 474 The majority of the chemistry in this paper is my
own with some valuable additions from Dr Eswararao Doni in th& ¢leavage chemistry.
Except where specifically stated otherwise the work presented within this chapter is my

own.)

5.1. GN Cleavage Literature

Reductive cleavage of-8 bonds has been explored recently by Proeteal®* using
thulium iodide, another lanthanide reducing reagent and a more powerful alternative to
samarium diiodide THVTm": E® = -2.22 Vvs. NHE compared to StiSm': E° = -1.55 v
vs.NHE). Under comparable reaction conditions to their samarium(ll) iodide chemistry, the
researchers observed the cadn@inogen bond cleavage of amides @94 While samarium
reagents struggled to generate traces of the product aftededtsgaction times, the thulium
iodide was able to reduce the bond in reasonable yield within minutes. One hundred
equivalents of the alcohol ewlvent/proton donor were required for significant conversion,

however, with only 2% of product observed whem ¢quivalents were used.
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o) o
)k Tmly(MeOH), gAY
Ph(CHp);~ N —— > Ph(CHyp);” "N” "Me a(n=100), <48%
—_— H b (n = 10), <2%
454 456
Tmly(MeOH), 3
Ph(CH,);”~ "N R Ph(CHz)z/\N)(A)\Me
THF, rt H
454' 456" <2%
0 Tmly(MeOH) it Q
mis(Me! n .
M _iP M
Ph(CHz)z)LNV/ . . Ph(CHz)z)LN s Ph(CHz)z)kN/\/ e
THF, rt H H
455 457 39% 458 24%
o) o)
! O, M o.M
' More stable radical Ph(CHZ)ZA N f © Ph(CHz)z)k N? © Less stable anion
459a 4509b
o) o)

| Less stable radical Ph(CHz)Z)k NT M Ph(CHZ)ZA L\ITMe More stable anion
‘ ©
. ©

Scheme62. Carbon-n i t r olgpredmeduttion in amides

Aziridinyl amide455served as a mechanistic probe, with the major prothicarising from
what would be the more stable carbanion intermedi&@d This leads to the conclusion
that the cleavage occurs mainly via a nitregentred radical and a carbaniéf9d rather
than an alkyl radical and amide anidB9c The reactivity waselective for tertiary over
secondary amides and-Nethyl and Naryl amides were not reduced under the reaction
conditions. Under the same reaction conditidns 4the corresponding alkyl amine 4%,
showed only traces of -8 cleaved product, highlightg the importance of the

carbonyl lanthanide Lewis acid interaction and ketyl radical anion to the mechanism.

5.1.1. Debenzylation of amines

Typical conditions for deprotection of a benzylamine would be hydrogenation with
palladium on charcoal or Birchdaction”’
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BnCl, K,CO3
)R\ H,0, reflux R R
.
HN” SCOH g sy, BNHNT “CORH Bn,N”~ “CO,H

460 461 462
. Ha Pd-C

92%

—_—

(0]
N L o 0
H Na/NH3 HoN \,)kOH

\(\N z
70% 463 N=/" 464 'Excellent yield'
2. BnCl
Ph o
L g
P P
Ph™ O B CAN (2.1 equiv.) Ph™ O
PR —mM > Ph
MeCN, H,0
465 466 919
Ph" 0 PR 0 %

Schemeb3. Debenzylation reactions of amines

Hydrogenolysis is slow as is evident from the example where selective-agebeozylation

of 462 to afford 461 can be achieved in high yield. Interegtyn in the case of the Birch
reduction the benzylated substrd&3 was prepared under Birch conditions to generate the
anion followed by addition of benzyl chloride. Dissolving metal reduction then afforded the
deprotected product64i n 6 e x c al A ery tsdlectiyei nohdebenzylation was
reported by Smitlet al'®* under oxidative conditions with ceric ammonium nitrate (CAN).

5.1.2. Deallylation of Amines

Several procedures are reported for the deprotection of alfyines:’"*** Some
representative examples are showrsahemes4 including a method fron®igg et al***®

to isomerize the alkene with Wilydisi nsonoés
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Rh(Ph3P);5Cl
, (0.2 equiv.)
(e}

MeCN, H,O
CO,Me reflux 4h

467 NH, 468
no yield given

PMHS-ZnCl,/Pd(PPh
©/\H/\/ #’ 3)4©/\NH2
469 THF, rt 470 92%

O\ PMHS-ZnClo/Pd(PPhs), O\
B ———
N/\/ NH,

H 4an THF, rt 472 92%
1. NayK-SG(l)
< :N’R E—— N-H R=allyl, 88%
473 2. H,0 475 R = benzyl, 82%
N/R 1. NayK-SG(l) N/H
@ e Q R = allyl, 65%
NT 474 2. H,0 N~ 476 R = benzyl, 98%

Scheme64. N-Allyl deprotection

Rao et al. reported a protaleallylation catalysed by palladium and therefore selectively
cleaved allyl groups in the presence of benzyl grodf8) @@nd in the absence of extended
systems 471).*° Silica-supported alkali metals were also reported by Jacksoal. to
efficiently cleave both allyl and benzyl amingg3474, presumably by an electron transfer

mechanisnt®’

5.2 Benzyl Methanesulforamides

As an initial investigation into the reactivity of benzylamines, substibtéand 478 were
reacted in the presence of photoactivated d@d@for 72 hours in DMF. The result was
good recovery of starting material which is to be expected; the disckissed in Chapter 3
highlighted the stark reactivity difference between benzyl ethers and esters in line with the
carboxylate and alkoxide leavifggoup ability. The anion of a secondary amine is a
considerably poorer leaving group than either of theseé as such cannot undergo the

reductive cleavage under the reaction conditions. In order to explore eattmgen bond
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cleavage, therefore, methanesulfonamides were proposed as an alternative and their

reactivity explored.

M

N N
// —

Me,N NMe;
NH 250 (6 equiv.) No reaction

_ =

UV, DMF, 72h Recovered 477, 88%

©\/\© 250 (6 equiv.) No reaction
OEt UV, DMF, 72h Recovered 478, 73%

478

Q Et;N Q@ ArCH,NH i o 9 RB R : 2
Me—8-ci N, I AT acHHN-S-Me Bass s, N—S-Me ——~ ArCHZN——s Me!
o 770 481 o 3 484 o
479 480 482 483 485 oo

Ms,

Methanesulfonyl

Scheme65. Synthesisroute to benzyl alkyl methanesulfonamides

Benzyl methanesulfonamideitsstratest85 were generally prepared by sulfoatibn of the
substituted benzgimine followed by alkylation of the sulfonamide to add the segoodp
Scheme65. This simple chemistry allowed the expedient synthesis of a series of electron
rich/neutral/and poor sulfonamideBhese sulfonamided485 were then nvestigated under
standard reaction conditions: 6 equivalents of do28@ 0.3 mmol scale of substrate
(normally around 100 mg) in 4 mL anhydrous DMF, 72 hour reaction time at room
temperature, and phot oa cyF 36arm). dheeastions wieret wo
set up in a nitrogen glovebox, typically at <0.1 ppm oxygen and <0.5 ppm water, and the
reaction vessel carefully sealed to remain anaerobic for the duration of the reaction. The

results of these experiments are showhahlel.
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Table 1. Reduction of benzyl methanesulfonamides

NK\N CsH17\N,CsH17
— = 486 s
Me,N 250 NMe,
RN Sar (6 equiv.) R-\H ©/\NH HN OMe
Ms UV, DMF, 72 h Ms Ms Ms
485 482 482e 482e' OMe
Substrat@ R Ar 485 Product482
(%) isolated (%)
485 CyCH, 3,5(MeO),CsH3 9 80
485b i-pentyl 3,5(MeO)CsH3 12 82
485 i-butyl  3,5(MeO)CeHs 0 79
48 CiHazs 3,5(MeO)CsH3 21 64
485% CeHs 3,5(MeO)CsHs 7 35 48x)
+ 28(482%).
485 CioHazs CeHs 15 80
485 CyCH, CoHs 14 71
485 n-butyl 4-(CF3)CeH4 0 84
485 Cy 4-(CF)CoHa 0 75

The products isolated were alkyl sulfonamides arising frofiN Gond cleavage. The
cleavage is proposed to occur via transfer of one electron from photoactivate @ 5@ntr

the arene of the benzyl sulfonamide. The resulting radical anion then undergoes bond
scission to the sulfonamide anion and a tolyl radical. Uponwprthe sulfonamide anion is
quenched to yield the observed prodd@&2 while a toluene product is gemadly not

observed.

For these cases, predictable chemoselectivity can be seen in the préfelemtage of the
moreelectrordef i ci ent of two benzyl groups and

i.e. benzyl > allyl.
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EWG EDG
AN AR SET A7 N A + 2 NTAr
Ms - Ms o o Ms
\ /

Elegtron Electron More easily formed/ Less easily formed/
-rich -poor
more stable less stable

EWG EWG
A ND A A G o~
Ms S —_— S + Ar NMs —> Ar NHMs

Lost to reaction
conditions

Major Product

Scheme66. Selectivity for electrondeficient arenes

Four main quenching pathways for the tolyl radical are considered: i) abstraction of a
hydrogen atom from somewhere in the reaction medium to yield tol&Ehei) reduction

with a second electron followed by quenching with a proton to yield told&ig iii)
dimerization with another tolyl radical to yield a diphenylethd88; iv) trapping of the

radical with the radical catio?51, derived from the donor.

H-atom abstraction CHj
©/ 487
©
CH,
©/ 488

SET

©/CH2

400

Dimerization

(disfavoured)

Trapping

Scheme67. Pathways of tolyl radical loss

The lattemostof these options is the only one that explains disappearance of the aromatic
fragment of the substrate (toluef®7 may be volatile but 3;8imethoxytoluene foexample
is less so and every care was taken to avoid loss of this product by evaporation). The
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resulting alkylated catiod32is then a watesoluble salt andlkely lost to aqueous worlp;
investigations into aqueo®luble donoderived cations aregtussed in chaptét

5.3 Allyl Methanesulfonamide

To probe the boundaries of the carbotrogen reductions a series of analogous allyl
methanesulfonamides were reacted under the standard photoactivated donor conditions as
used above. Theesult was moderate-8 cleavage to deallylate the substrat@8and yield

the corresponding M sulfonamided91 The reaction is effective with alkyl substituents and
distal aromatic groups seem not to influence the reactivity greatlyubstrate490a with

benzyl and allyl substituenshows a > 6:1 preference for reduction of the benzyl group

versus the allyl moiety

Table 2. Reduction of allyl methanesulfonamides

N N
—( \
Me,N 250 NMe,
R. ~ (6equiv.,)
"\‘/\/ UV, DMF, 72 h R‘NH + H'\w‘/\/
Ms ’ ’ Ms Ms
490 491 492
Substrat@ R Recovered Product491 Product492
490(%) isolated (%) isolated (%)
490a CeHsCH; 15 10 62
490 CsHs(CHy)2 57 41 0
490c CsHs(CHy)s 47 42 0
49d CiHos 32 63 0
490e i-pentyl 38 50 0

When investigating the reductive cleavage tbése allyl methanesulfonamides it was
interesting to observe a relative degradation in conversion when compared with the benzyl
cases. Thecarbonnitrogen cleavages discussed at the beginnaigthis chapter, using
palladiummediated conditions, show the oppeshemoselectivity, preferentially reducing

allyl groups in the presence of benzyl as a result of the olefinophilic nature of palladium.
This is another example, as saa the GC bond cleavages inf@apter 4, of organic donors

allowing accessot complenentary reactivity to their metal counterparts and the reasons for
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the observed r eac t-complekayionbetween dor@250amd/tieechrenteo b e
of the substrate

Chargetransfer complexes are a fundamental part of electron transfer chemstors are

inherently electromich and aceptors (relatively) electrgmoor so interactions are

inevitable. Inmetalbased reductive chemistrwith Smk being a prime exampld,ewis

acid/base interactions predominate, whereas with d@0f -~ i n bns hold sway. An

arene is a more extended foreysthemitnmhamaani a
rich donor is greater. This greater interaction means the donor is brought into proximity with

the acceptor more often and more strongly which fessthe electron transfer to take place.

It is also worth noting that upon electron transfer, the radical anion formed on the substrate

will be more stabilized in the case of benzyl reduction compared with allyl, due to resonance.

250 (6 equiv
©\/\N/\/ L) ©\/\ o .\/
! UV, DMF, 72 h N+
490c s . , |
494 s 495 ©\/\ A

SET Intramolecular

l o
0=8"00
6N SET @\/\ 493" |
. -—— Me
x NN N0

|
Ms Ms
493 493'

Schame 68. Intramolecular electron transfer in allylsulfonamides

In the cases 049(b andc, where an aromatic group is present but no benzyl cleavage may
occur, it is considered likely that intramolecular electron transfer beyakng place It has

been observed that the electron is preferentially donated to the aromaticirgrsioplar
substrateso radical aniom93 should be readily generated under the reaction conditions.
Reversible electron transfer between the aryl and allyl group may then occur and although
the equilibrium no doubt lies away from the allyl radical ardo@ 3tlie bond cleavage is
irreversible ad the observed product is generatcthe intramolecular transfer leads to
radical aniord 9 3thier® GN bond cleavage could likewise occur to yield the same products.
SpeciesA 9 3shodld be more stable th@836and therefore should be present in a aigh
concentration but also should be less prone to undergo bond scission so it is proposed that

both are intermediates leading to the generation of the isolated products.
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5.4. Allyl A nilines

Having successfully carried outK bond cleavage of benzylictragenspecies, attention
then turned to the case where th&l®ond is simply the other way around; i.e. a substituted
aniline. Typically anilines would be expected to oxidize slowly in air and might therefore be
thought of as being difficult to redudedeed Table3 shows that examplet96a andb, the

most electron rich examples, show only low yields of the productshdbb@nd cleavage.

Table 3. Reduction of substituted allyl anilines

N N
/Y= \
R MeoN 250  NMe, EH
N ~ X (6 equiv.)
UV, DMF, 72 h
496 497
Substrate R 496 (%) 497 (%)
496a Me 62
4960 allyl 81
496c COMe 59 33
496d COtBu 8 83
496e CO.Et 37 58

More electrordeficient exampled96c-e yielded higher degrees of cleavage although not as
efficiently as in the benzyl examples above. As well as withdraeiegiron densityrbm

the arene in the startimgaterial, the electrewithdrawing amide and carbamate substituents
also serve to stalie thepartial anion generatkin the transition statend therefore favour

the reaction compadeto the methyl or allyl cases.
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R

N\/\ SET \/\ patha
496

Intramolecular

SET path b

1
- Ot

498’

Scheme69. Possible mechanisms of Gl bond cleavage

Proposed mechanisms for treaction are shown i8chemet9 above and both begin with
photoactivated electron transfer to the arddé. Path 6ad then -foll ow:
scission process to yield an allyl radid&5 and anilide aniod99 which is quenched upon

workup or by the reaction medium to yield thi
intramolecular single electron traesfirom radical anion in the ring@8to generate radical

anion 4 9 8wbich can then cleave to give the same products as above. Each of these
mechanisms has its merits as spedRshould be more stable and form more readily while

species4 9 &liould be dss stable so if it does form, it should cleave more readily. An
electronrich amine substituent should render the cyclohexadienyl radical anion reactive
enough to follow path 6éad and this is consi
no reasoable mechanism can be proposed for hiadaced cleavage or for donds0acting

as a nucleophile.

5.5. N-Phenyl Amino Acid Derivatives

This seriesdef i valias®s i@ fadt, derived from amino acids for
expedience of synthesimdwere instead prepared by alkylation of substituted anilifiegy
neverthel ess c on taminosubdtithted carboeylatafenttienality svhich is U
so prevalent in chemistry and chemical biology. As a result of the commonality of this
moiety, the exploration of their reactivity under our reductive conditions was a natural
development and stood to be one of the most intereSiadge 4 showsthe results of the
reductive cleavage reactions under the same conditions asNhee@es abovelt can be

seen that the reactions proceed in moderate to high yield depending on the substituent, R.
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Table 4. Reduction ofN-phenyl amino acid derivatives

N N
/= \
= = o)
R O R H
| Me,N 250 NMe, I N
N\)kOEt (6 equiv.) NH ©/ ﬁtBu
UV, DMF, 72 h (6] OEt
500 501 502
Substrate R Recovered 501(%) 502(%)
500 (%)
500a Me 58 34 /
5000 COMe 25 74 /
500c COEt 0 92 /
500d CO:Bu 33 15 38

The reaction mechanisnscheme70, for this set of examples is believed to mirtbat
shown above for the alhdubstituted analogues. Electron transfer from the photaaeti
donor i nt o -systeznof 00 ¢s nidldwedcby C-N bond scission to afford a
nitrogencentred radicab04 and an ethyl acetate ani®@5 Donation of a second electron
affords the anilide which upon workup is quenched and can be isolated as reported.
Compound500a is unsurprisingt the least ractive of the set: weakly electralonating

rather than electrowithdrawing, the methyl substituted example proceeds in low yield.
Acetanilide500b shows enhanced reactivity, proceeding in good yield and carb&afttes

the best, cleaving in an exceltdd2% vyield.

o ®
Ul Tl O L O
07 “OEt 7 07 Okt 0~ TOEt
500 503 504 505 501

. ogn/
©/:§30Et

©
503'

Scheme70. Mechanism for GN bond cleavage in amino acid derivatives
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The products arising from reaction 890d were not discussed in the publicati@with the

others as it would only have served to obfuscate the key reactions under discussion. They
will be discussed here, however, for completeness and as an interesting example of an
unexpected reactivityschemer 1 shows the proposed mechanism for the formatioB0af
deprotonation 0500d by donor250is followed by 3exaotrig cyclizationandthen retre3-

exatrig to displace the anilide anion before quenching by an equivalent of starting material,

or upon workup, to yield the isolated prodGoe

®
250 250H o
Os_-1Bu Ox_-tBu O tBu
h o 9
3-exo-tri N
N;\ NI ) N OEt ﬁtBu
O
O~ "OEt O~ "OEt O~ "OEt
500d 506 507 ® o 508
+H, -H J
o) 0© H Q
N 9
")’L - ®)\ tBu
RoN R R,N™ 'R —> 502
O~ "OEt

509

Scheme7 1. Distorted pivalamide as electrophile

Normally an amide, andertainly a pivalamide, would ke poor electrophiléor electronic
and steric reasons; additionally a nitrogemtred anion is a poor leaving group even when
stabilized by an adjacent arene as is the case here. Nevasttieereaction occurs so how
canthe observatiorbbe accounted for? Well, the poor electrophilicity of an amide is due to
conjugation of tihé miltrcdodgemdsdssysiemrdsadstmtar bony
500d, not only is the lone pair being partially drawn away from the anmiedonjugation
with the arene but the steric environment of tiwe-butyl group and the pendant estan
lead to an oubf-plane twisting of the @\ bond of the amide which additionaliecreass

the electron density in thamide carbonyl group. In someyclic examples it has been
reported for twisted amides to be react more rapidly by hydrallgais other amide$$® in
some ways like a pseudwyl halide and in the case of substr&i®0d the activation is

sufficient to allow an intramolecular substian.
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Formation ofspeciess02was confirmed to occur by a deprotonatimechanism rather than
any peculiar electron transfer orgpelectron transfer process by a control experiment with
500d and sodium hydride in DMF. Thiffordedthe same rearranged prod&e2in a 76%
yield.

Save for this sid@roduct, the pivalamide is thought to react via the same mechanism
outlined above. Support for this mechanism comes from the reaction of alkyl acefdi@ide
which is distinct from substtes 500a-d above in its lack of an aromatic substituent on
nitrogen. Evidently this proves critical, as no producCdfl bond cleavage is observed with
this substrate, rather the starting material is recovered in high itieédcurious however
that nodeprotonation/cyclization occurs with this substrate as might be expectedHThe
NMR spectrum of substrat&l0shows evidence of slow rotation adjacent to the amide so it
may be that the restriction of geometry is the reason for the absebt2faim the reaction

mixture.

Ac

O
I
N\)k 250 i
O/\/ OEt UV,D(GT?;“;)I’T recovered 510, (89%)
o ©0 >
N (o]
. N

—_— —_—
O/\/ O/\/ OEt O/\/
510 511 512 Not observed

Scheme72. Unreactive alkyl amide

One of the most interesting results to come from thé cleavage work is the conversion of
513to 514 The reductive cleavage of a proline derivatijjees rise to a nitrogecentred
anion516which is able to perform a-@xotrig cyclization onto the pendant methyl ester to
give the ringexpanded piperidon614. This is an interesting and potentially very useful
transformation but in this case the vielas limited by deprotonation, i.e. for the cyclization
to occur theenolate aniormust be quenched and the most acidic proton énréaction

mi Xt ur e-pratom of thb startitly materi&ll3 Deprotonation of the starting material
increases the eleon density of the system making it too difficult for the photoactivated

donor 250¢ to reduce. This shuts down the reactivity after 30% conversion. Adding an
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alternative proton source to shut down this pathway may be possibtesbditficult to find
aproton source tolerated by dorizsQ.

Q\Conezso (Nlo
(6 equiv) 513. (629
© UV, DMF, 72 1 + recovered , (62%)
513 514, 30%

lSET

€]
CO,Me ——= FLCOZMe—» L%LCOZMe
Ph

{ o .
5 Ph
| | 516 517
M [ e
515 N~ ~COMe N~ COzMe

Ph Ph
513 519
(1 L\
- @
NS0 N CO,Me
Ph Ph
514 518

Scheme73. An electron transfer-induced cyclization

5.6. Further C-N reactivity probes

To further test the established reactivity outlined in the sectiomveabbenzamide
compoundss20 and 521 were synthesized. The amideNCbond is in a pseudoenzylic
position and the carbonyl moiety should help to extend the conjugation out onto the
cleavable bond. Unlike the benzyl examples above, the bond proposed most likely to break
would be the &N -liond on the substituent rather than the amide, more similar to the
Weinreb amide reductions reported in section 1.5.9. For ketyl radical &d@nthe R
fragment will be stable to cleave as a radiehen R = allyl ortert-butyl but cleave as a
stabilized arbanion only when R = allyGchemer4. In this way any reactivity difference

betweerb20and521should provide clues towards the mode of cleavage.
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Oe Stall\)l;;itzed /‘@\ O : Stabilzed
R . .
- . R 1
e ! |
522 Stable i /L\ S i
N N
I N=¢ \
o Me:N 250  NMe;
T m No reaction
| UV, DMF, 72 h
Me
520 520 92%

o k
N _250 (6 equiv)_ No reaction
Me UV, DMF, 72 h
521

521 97%

Scheme74. Benzamide substrates

Testing the two substrat&20 and 521 under the standard photoactivated conditions with

donor 250 showed only recovery of stating material in high yield. This could be an
indication that the mical anion that forms from electron transfer to the substrate is too
stabilized by the electrewithdrawing group. Alternatively, an argument could be made for

the bulky substituents affecting the substrates ability to forrstacking interaction witthe

donor and therefore limiting the reactivity.

5.7. N'S Cleavage of Methanesulfonamides

5.7.1. Existing Examples of Methanesulfonamide Deprotection

Classical deprotection of a methanesulfonamide requires dissolving metat-BN@H,
HMPA, NH;) reductio™® or lithium aluminium hydridé’” More recent procedures have
been reported using either alkali metals adsorbed onto Sficastrong bases such as BulLi
or LDA™!
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Na,K-SG (1)
-|-S,NC>j HNC>j a, X= TS, 96%
Ph Ph b, X = Ms, 89%

THF, rt

523 525
1. Na,K-SG (I
/D) aK-SG () /D)
N N
2. PhCOCI
524 Tg CoPh 526 85%
1. LDA (3 equiv.)
Ms THF, 0 °C, 15 min H
/\N/\/\/\/N\/ /\N/\/\/\/N\/

| |
X 527 2.0z, 1, 1h X 528 a, X = PhSO,, 66%
b, X = CF3S0,, 68%

c, X =Boc, 71%
o BuLi o 0, o BuLi o
RyN—S—CHz — RyN—S—CH,Li ——> Ry;N—S—CH,0-OLi —> R,NYS CH,O\Li ——">
. or Ie) o) or o)
LDA LDA
OPiv Ph
MsO | o~
o LDA (1.6 equiv)
THF, -78 °C
MsO
OEt OEt

529 530, 79%

Scheme75. Existing procedures for mehanesulfonamide cleavage

Similar conditions were utilized by Carreiea al'® for the sulfuro x y g -and deavage

of mesylates, e.g529, although this deprotection occurs by a simple deprotonative
mechanism rather than the oxidative process belisyedcur with sulfonamidé27. Under

the reaction conditions selectivity was seen for a phenolic ester over the aliphatic mesylate

which is potentially very synthetically useful.

5.7.2. Toluenesulfonamide Deprotection

Recently Doniet al. utilized the photoactivation of don@50to achieve the reductive-8

bond cleavage of unactivated toluenesulfonamitfeRrevious results had shown that under
thermal conditions, aryl toluenesulfonamides could be deprotected in good vyield although
with extended reaction times. The same exampB® and 533 carried out under

photoexcited reduction conditions now cleave in high yield in just a few hours and, with
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longer reaction times (3 days), dialkyl toluenesulfonamiisand 531-532 were reduced

in excellent conversion and high isolated yield.

M

N, N
=\

Me;,N 250 NMe,

Ph 6 equiv. Ph .. NRp ‘
—>( ) ! O:é:O !

\R UV, DMF, 72 h NH ' |

Ts i i

235 534, 65%
Me
CsH17\N/CsH17 250 (6 equiv.) CsH17\N/CsH17 Ts, Toluenesulfonyl
|
Ts UV, DMF, 72 h |‘_|
531 535, 59%
N°TS 250 (6 equiv.) NH
UV, DMF, 72 h
532 477, 80%
N UV, DMF, 72 h N
Ts H
234 236, 91%
250 (6 equiv.)
—_—
_Bn UV, DMF, 72 h Bn
y v
Ts b
533 536, 89%
Ph\O Ph\O Qe Ph\O o
NO Ts N. N Ts
Ts
538 539 537 540 541

Scheme76. Reductive NS bond cleavage of tosylamidg€. Doni)

As part of the completion of the chemistry for this thesis, another subsirstewas
synthesized in addition to the above examples which would give an indication of the
mechanism of the reaction. From the above example it was already clear that electron
transfer to the toluenesulfonyl group was occurring, followed by cleavage of tival rad
anion537to give a radical and anion pd&B8+ 539 or 540 + 541 As ever, it was not so

clear which fragment departed with one electron and which with two. Computational
predictions had indicated that a nitrogeantred radicab40 and sulfinate anio®41 would

be more stable than the alternative and that the barrier for formation should also be more
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feasible. The results of the reductive cleavageb44 would come to agree with this
prediction,vide infra

Ts

TsCl, 1. NaH, THF
D_NHz o AN/Ts 7 C14H29

H,0
542 2 88% H 543 2 CiaHaoBr 89%

Ts

\ 250 (6 equiv)

7 “CiqH29 UV, DMF, 72 h TsH % HN"Caahao
544 545, 78% 546, 85%
Ts©*

N Ts R
CisHz9 539 7 “CiaHa2g N\
547 548 —0

© 552
-Ts
541 =

T i SV, ]

549 550 C1aHog 551 C1aHag

Schene 77. Cyclopropyl mechanism probe

As can be seen, the product of the reactiorb44 with DMAP-derived donor under
photoactivated conditions is that of ringening followed by hydrolysis. This rirgpening

is taken to be an indition of a nitrogefrcentred radicab49 after the bond scission process
which clarifies two mechanistic aspects; i) the reaction proceeds viaelamion reduction
and ii) the NS bond cleaves selectively in a particular way to generate a sulfinatesdidio

and aminyl radicab49.

5.7.3. Methanesulfonamide N5 Cleavage Results

During the investigation of carberitrogen bond cleavage above, certain
methanesulfonamide substrates demonstrated complete chemoselectivity for a different
reductive bond scigm. Under the same reaction conditions, reductive nitregenl f-ur @
bond cleavage was observed in high yield. Previously in the cases of toluenesulfonamides it
had been observed that tosylamides of-amjistituted amines were cleaved more readily
than akyl-substituted counterparts. The same proved to be true of methanesulfonamides as

demonstrated below iBcheme’8.
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N N
/= \
Me,N NMe,
Donor 250 (6 equiv.)
(CgH17)2NMS (C3H17)2NMS 553 92%

553 DMF, UV, rt. 72h

©E\> Donor 250 (6 equiv.) ©E\>
N N 236 83%
Ms DMF, UV, rt. 72h H
©\ Donor 250 (6 equiv.) ©\ ©\
+
|\N/|s/\© DMF, UV, rt. 72h H/\© NMsH

555 536 77% 557 0%

©\ Donor 250 (6 equiv.) ©\
NE g 556 + NS

DMF, conditions, 72h

Ms 558 H
556 uv 0% 81%
Dark 100% 0%

Scheme78. Reduction of MethanesulfonamidesAn alternative cleavage

Dioctylmethanesulfonamid853 was recovered in high yield from reaction with do260
under the standard photoactivated conditions but reaction of more activated exXafbdples
556 yielded gmd conversion to the 48 cleaved products. Benzslibstituted examplB55
showed complete selectivity for nitrogealfur cleavage (produd&36) over the normally
observed carbenitrogen (producb57) which is worthy of note.

Electron Transfer Deprotonation
ik
R.,.R__ =" KR .R e
N R = Ph N Initiation
0=5=0 . 0=8=0 60 R.-R R.\R
Me 53 Me S 550 | ) 561
0=S=0 0=S=0
SET
PEERREIN Me
7 . Propagation
R.R R. .R R. R
6050 N" 565 'Ela 562 V
|
Me _.. + OR + R.. .R R. _R
560 o . ” 564 g + 5=0
0-S=0 0=8=0 ) 4
562 563
Me 566 Me 567

Scheme79. Mechanism of methanesulfonamide cleavage
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Considering the result that no cleavage occurs with dialkyl exa®®3ehere are two likely
possibilities; i) that electron transfer cannot occur as there issystem with a sufficietty

low energy to receive an electron from the donor, ii) electron transfer can occur to the
sulfonyl moiety but the unstabilised dialkyl amide is too poor a leaving group for bond

cleavage to occur.

Mechanistically it is not necessarily clear if the reactproceeds via electron transfer;
deprotonation of the methyl substituent followed by elimination would yield the same
product. The strength @b0as a base is not entirely known but if it were able to deprotonate
just a small fraction of the substr&&9then the product of the cleavagg2would also be a

strong base and could propagate the deprotection. By the same argument, if electron transfer
were able to convert a small amount of sulfonandifi@to anion562then this would serve

to initiate theprocess. The extended reaction times could then account for the reaction

proceeding in high yield despite low concentrations of the &6@n

The observation that the control reaction566 in the absence of photoactivation afforded
excellent recovery o$tarting material while the photoexcited reaction proceeded in good
yield, would imply that electron transfer is a critical part of the process and that the
excitation of the donoR50 is necessary for the reduction to occur. The proposed electron
transfeé mechanism is shown iBcheme79 and begins with reduction of an arene to its
radical anion. Bond scission then occurs to give an anion and radical pair which may
undergo further reduction to two anions but are quenchedwpdkup to yield the observed

amine producb64.

A computational analysis (carried out with the assistance of Greg Anderson) of the possible
cleavage processes of substia®® was carried out and proved to be illuminatiRggure6.

Radi cal andBd awiasen capaiut at e d more stablethma2hd . 8 k c a
combined enebdbr.gyAtotfe mppasi rt oA opt i mi z50asaa str uct
transition sta¢ or intermediate led to spontaneous bond cleavage, indicating that3he N

scission was barrierless and should occur in a concerted fashion towards the more stable

products.
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Pair B

. N e
O:S:O \ O:S
Me ©/\e ©/\ M

567 562 565 566

=0
e

-84.3 kcalmol™

Energy

Figure 6. Computational results, (DFT, B3LYP, 6311G(d,p), CPCM DMF)

In this chapter, @ arrayof nitrogercontaining substrates has been shown to be reducible
using donor250 under mild reaction conditions. An electron transfer mechanism has been
proposed and isupported by the experimental observatiand computational predictions
Adjacent” systems play a key role in the reactivity amtestivity between @N and NS

bond scission may be achieved by careful substtateddition toseveral examples of

reducive cleavage, an avenhas been openanto a useful bondorming reaction.
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Chapter 6. Reductive Cleavage of S
Methyl and S-Alkyl Bonds

Having effected arbonoxygen, carbostarbon and carbenitrogen bond scissions by
reductive electron transfer, the next logical avenue of research was the cleavage of carbon
sulfur bonds. The & -hiond cleavage of activated sulfones had previously been shown to
proceed m high yield with dono206 and 250 (Sections 1.5.6 and 1.5.9 respectively) under
thermally activated reaction conditions but the additional reactivity allowed by

photoexcitation of the donor was expected to lead to the cleavage of less easily reduced

spedes.
] N N
PhO,S Me 206 (3 equiv.) H)(Me [ = ]
N N
233, 97%
232 PhO,S” "Me DMF, 110 °C, 18h PhO,S™ "Me ° \\) 206
gozjl/\/\/\ X <
YN SH *  Mes” ™3
OPO H Coenzyme B 0 Methyl Coenzyme M
e 568 569
Methyl Coenzyme M Reductase
S)
CO, O
: )W -S
N s "0+ CH
opo.! 570
S

SchemeB0. Recap of carbonrsulfur cleavage

It was also discussed in section 1.4.1, that nature was able to carry outsidfbobond
cleavage by electron transfer to yield methane in the final stagaetifanogenesis. In
synthetic chemistry, Beak and Sullivan reported the-adeetron reduction of sulfonium
salts to the corresponding sulfide using potassium in F#Fhile diaryl sulfides could be
cleaved in high yield with sodium and tetraphenylethg®ror under Birchtype reaction

conditions®®
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6.1. GS Bond Cleavage

Normally a useful indicator as to whether the mechanism of a reaction with 2608
occurring via electron transfer is if the reduction proceeds with the added activation of
phobexcitation and does not proceed under ground state conditions (as a nucleophile
electrophile or acidbase reaction will not be promoted by photochemistry). In the case of the
alkyl sulfonium specie§72 however, the reaction occurs in both cases whicidcmean

that the reaction is occurring via electron transfer but is easy enough not to require
photoactivation, or that the reaction proceeds via another mechanism e.g. alkylation of the
pyridinylidene nucleophile. Traces of a terminal alkene were det@ctthe crude reaction
mixture are believed to be dodecéesi€3 which would result from elimination of dimethyl
sulfide. As donor250is a bulky nucleophile, and DMF a polar solvent, the deprotonation
may be expected to be faster than nucleophilic subietituvhich may act as evidence in

favour of an electron transfer mechanism.

N N
MezN 250 NMe2
(6 equiv.)
CiHas” SMe —— " | CyHyy  “SMe
571 UV, DMF, 72 h 571 quant.
_Me 250 (6 equiv.)
C11H23/g§ o C11H23/\5$4\/Ie CgH»]g/\/
Me | conditions 573
572 DMF, 72 h uv 52% Trace
no UV 42% Trace
X®®A
SET N N
Crrtar 5™ R [/ N \
uhs™ o5 o Ve, 572
572 Me | /C L —
® Me,N 1225 \ym
-H . R~ 2 ©2
~ 573 575
B.Pt. =
214-216 °C

Scheme81. Alkyl sulfides and sulfonium salts

The poor mass recovery from these reactions raises further questions, however. Speculation
may be made into mechanisms that can account for loss of mass which include elimination
followed by evaporation of volatile products and cleavage followed by radiqading. The

boiling point of the alken®&73is 214216 °C so such a large loss would not be expected,
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even for such a nepolar species. As will be discussed in the chapter below, isolation of
trapped radical species proves difficult so no tracé&¥bfvere observed.

Unactivated substrate, dodecyl methyl sulfifiél was tested under the same reaction
conditions and the result was high recovery of the starting material. By comparison,
thioanisole576, Scheme82, was reduced in good yield to afford thiopheB@B under the
photoactivated reaction conditions with six equivalents of d@uf Generally ether
disubstituted arenes are more readily reduthan their monsubstituted counterparts as
discussed in section 1.2, and for the same reasonrsulbie 577 is reduced to the moro
deprotected product in a higher yield. These substrates are remarkable as they represent the
least activated leavingrgups that have been reduced by do28@ These cleavages are

proposed to proceed via single electron transfer from photoexcited 288@cto the arene

to yield radical aniorb80 This anion then undergoes carksuifur bond cleavage to give

either the lhiolate aniorb81and methyl radicab82 or the thiyl radicab83and methyl anion

584. Comparison of a mixed methyl, alkyl ksslfide e.g.585 should give some clue as to

which mechanism is followed as could a substrate suchk8&s Unfortunately, time

constraints meant that these experiments do not make up part of this body of work but
density functional calculations offered some insight into which path may be favoured. The

cal culations showed products 0®&®&32icamohe extr
compared with the products of path 66 and
energetically uphill of the radical cati@®0 These results indicate t

to thiolate581and radicab82is the more likely reaction mhanism followed.
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MesN 250 NMe,

©/SMe (6 equiv.) ©/SH
576 578 13%

UV, DMF, 72 h

SMe SH
@[ 250 (6 equiv), r.t. ©:
SMe UV, DMF, 72 h SMe

577 579 68%

€] .
S O SMe S
. )
©/ + CHj path a ‘/ path b ©/ + CHj
Q

581 582 580 583 584

S
ot

+31.5 kcalmol™

Energy

-26.3 kcalmol™

SCy2Hzs StBu
585 586

SchemeB2. SMethyl cleavage

Indications from the more recent work of Jonathan Chua are that the anion resides on the
sulfur and the radical on carbon as shown by an example where quenching with benzyl

bromide afforded quantitative yield of phenyl benzyl sulfide while no extendedeaikas

observed.
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6.2. Disulfur substrates

The SC-C-S moiety is present in methyl coenzyme3@9 (albeit with a mixed oxidation
state) in which a terminal methyl group is reductively transferred. To explore the reactivity
of such a system in the presenof a neutral organic electron donor, probes into the
reactivity of substrates bearing theCSC-S moiety were carried ous¢heme33).

N N
7 N=" \
Me,N 250 NMe,
s /@ (6 equiv.) SH
©/ ~"g conditions 578+ 587
587 DMF, 72 h
W 61% 0%
noUV 0% 98%
s Nk 250 (6 equiv.) SH
W/\/ ~"g UV, DMF, 72 h 590 + 588
588 0% >99%
~"s UV, DMF, 72 h 591 + 589

©/\/ 589 0% 92%

Scheme83. S-.C-C-S substrates

Having observed that reductive-& -hiond cleavage occurs for kslfide 587 under
photoactivated conditions but not in the ground state, an electron transfer mechanism is
supported. Experiments with subsr&88 showed that reductive cleavage cannot be carried
out on such an unactivated substrate so sub&8a&as synthesized to determine whether a
distal © system would be sufficient to allow delivery of an electron to the satintaining

side chain. @od recovery of the starting mater&9 even under photoactivated conditions
make it apparent that conjugation to theystem is important for the reductive cleavage to
occur. The combination of these observations leads to the proposed mechanism: an electron
is transferred for photoexcited don@b60 to aryl sulfide 587. The radical anion then
undergoes & bond scission ral elimination to yield ethene, benzenethiolate and a
benzenethiyl radical. Some trapping of this radical may occur which will account for the

lower mass balance of the reaction but some must either abstract a hydrogen atom or receive
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a second electron tgield a second thiolate as the yield is higher than 50% based on the
expectation of two equivalents of thior8

M

N N

Me;,N 250 NMe,

R\(‘Sj‘/\/‘S\R (6 equiv.) ﬁs? " In the absence of donor but with UV

1l _So b .

X o) UV,DMF,72h ROH Mln Fhe absence of UV but with donor
O 592 593 With NaH but no donor or UV

Table 5. Bis-sulfone cleavage

Compound R 593 (%) Recovered
592 (%)
592a Ph 64
592& Ph 7
592b Ph(CH)s 41
5920+ Ph(CH)s 82
592¢c isopentyl 35
592¢* isopentyl 38
(‘SD‘/\/SCmst 250 (6 equiv.) C1oHpsSH
O 594 OV, DME 72 595  78%

An investigation of systems more similar to the mixed oxidation state of methyl coenzyme
M was also proposed and substrd&i@2a-c and5%4 were synthesized. Investigation of these
substrates under photoactivated conditions displayed similar reactivity to the examples
above, giving rise to the corresponding sulfinic ad@sa-c or thiol 595. No reactivity
difference was observed when the atems were carried out in the absence of

photoactivation meaning that an electron transfer mechanism was not apparent.
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SchemeB4. Sulfone cleavage mechanisms

A baseinduced elimination could be consideredjage likely for a sulfone derivative even

given the relative crowding around the central protons and the bulk of @&@orThe
successful reaction of isopentyl substituted speg®® may seem to indicate that electron
transfer is not occurring becausige corresponding sulfid888 was not cleaved under
electron transfer conditions but the two are not comparable as the sulfone is a more easily
reduced moiety and therefore may not require the pendant arene to activate it. Observing fine
differences in y&ld to glean further information from the examples was complicated by the
inherent instability of sulfinic acids and their tendency to decompose and disproportibnate.
Jonathan Chua, who collaborated on similar chemistry with different substrates,naent o

use benzyl bromide as a trap for thiolate ions (the technique previously applied to isolate the
products of the sulfuoxygen bond cleavage of triflates, Chapter 2) to isolate sulfides and

sulfones in high yield.

Time constraints towards the end bist body of work mean that some further examples
were not carried out to resolve some of the uncertainty surrounding the mechanism. Based
on the reported results, however, Jonathan Chua continues experiments to investigate
whether the sulfone cleavage of a ¢ t i substiwitdd slifones can be carried out using

the photoactivated donor conditions and also whether the conditions may be applied to Julia
Lythgoe olefination reactions. Utilization of an animapping electrophile such as benzyl
bromide will help in the recovery of the products of these reactions and thereby hopefully

elucidate the mechanism.
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Chapter 7. Oxidation and Hydrolysis
Products of a Neutral Organic Electron

Donor- Mechanistic Insights

In all the time that dono250 has been under studgreat attention has been paid to the
products arising from the electron acceptahich is logical a®250 has been designed as a

tool to transform the substeaof interest in order to isolate said products. Nothing was
known, however, about the fate of the electron donor after it has reacted with the substrate
except for quenching of don@60with excess iodine to affor@52, initially done®’ in order

to chaacterizethe saltso to assist in confirming thttte neutral donanad indeed formed.

7.1. Isolation of Four DonorDerived Compounds

During the study of €N bond cleavage, as discussedchapter 5, an investigation into
donor derivatives was mad&he photoactivated electron transfer reactions were typically
followed by aqueous workup as an initial purification step for the removal of DMF. Upon
exposure to air and moisture ttemaining donor or reactive species derived from the donor
will becomewatersoluble and be separated from the substtatered products. In this way

it was relatively straightforward to obtain a crude mixture of the ddeawed species
present after the reactions. Concentration of the aqueous solution and crude NMR analysis
revealed that no donor remainethis wasas expected gsowerful reductantare known to

be airsensitive. There were, however, other species present which looked to be similar in
structure to dono250and therefore were assumed to have formed from ihguhie course

of the reaction owork-up process.
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SchemeB5s. Oxidation and hydrolysis of donor 250

This crude mixture of similar salts withygsumably, a mixture of countems did not lend
itself readily to purification and isolation of the individual comporerand therefore
gquantitative recovery was not achieved. Serial recrystallization of the mixture did allow the
isolation of clean samples of four compourzis?2 and 602604 which were the major
componentof the mixture.As can be seen iBcheme85, compound252 and 602604
share a number of common structural similarjtreamely pyridinium and pyridone moieties,
with donor250and are clearly derived from reaction2§0with the substrate, air, or water.
Compound252 has beerreported before as the product of quenching of the donor with
iodine and is the main product erwould expect to generate as a result of i@aatith the
substrateSchemeB85 shows proposed mechanisms for the formatio602604. Compound
252forms from the tweelectron oxidation of dond250and can then undergo hydrolysis to
afford pyridoness03 and 604. Dihydropyridone602 is proposed to form by protonation of
donor250directly followed by a second protonation and iminium hydrolysis.

The standard reaction conditions for the reduction of the benzyl and allyl
methanesulfonamides were with six equivalents of d&@® so it is not surprising that
donor remained at the end of the reaction and was abd&a¢b with moisture and/or air, but

these results serve to demonstrate that the donor tolerates the reaction conditions for the
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duration of the experiment (typid¢gl72 hours) and that if a substrate is not fully reduced by
this time it is not because the donor has all been consumed.

One of the reasons it is important to understand what happens to the donor when it reacts is
to understand what factors need to bdradsed in order to design an effective donor for
catalytic reduction reactions. From this point of view, it is useful to observe that the
pyridinium species are prone to hydrolysis but that largely the donor is unscathed by the
reaction conditions. Untithe workup only donor250 and bispyridinium salt 252 are
thought to be present in the mixture and hypothetic@i®can be recycled t850 by Birch
reduction or by electrochemistry. In order to recover and recycle all of the donor it would be
necessaryto quench the remaining active species (with e.g. iodine) to convert all of the
species to the fully oxidized form before exposure to air. The salt could then be triturated
from the reaction mixture rather than exposed to hydrolytic conditions in the pvorke

effect of iodine upon the reduced products within the reaction mixture would be substrate
dependent but would need to be considered if such a protocol were to be put into gyactice.

a proof of conceptadditional experiments were carried out ussimgply iodobenzene. The
product of he reaction of iodobenzene widtiter workup should be the iodide salt 252

and benzene whichagnot isolated. Indeed carrying out the reaction with one equivalent of
donor and quenching the excess with iodine éedit a 94% yield of bipyridinium iodide

252 As discussed in section 2.3, dor&50is in reality an inexpensive source of electrons
and this factor reduces the worth of any more complicated procedures to recycle it. A more
sensible way to utilize sustoichiometric electron donors for synthetic transformations

would be as an initiator in a redox neutral coupling reaction as discussed in section 1.6.
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7.2. Evidence of Radical Trapping
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SchemeB6. Proposal of trapping

Often when examining reductive cleavage reactions it has only been possible to isolate one
half of the molecule; in the case of the benzil ®ond cleavage the sulfonamide is isolated

in good yield but at most traces of the tolueragiment are detected. This is attributed to the
trapping of the tolyl radicab11 with radical cation251 to yield 612 Compound612 is

similar in structureo the isolateddonorderivedspecies602-604 and would be expected to

be watersoluble so why isioneof this detected or isolated alongside the others?

The reason is thought to be thedecies612 has anucleophilic enamine moiety and also
containsan electrophilic pyridinium and ithereforelikely to oligomerize or polymerize
readily to yield higher molecular weight. Because recrystallization is used to purify the
compounds, a polymer will not be isolated and attempts to separate the mixture by semi
preparative HPLC did not lead to resolution of the components. HPEGnalysisof the

crude mixture revealed tantalizing traces of an ion correspondirgl2obut in such

vanishingly small amounts that isolation from the complex mixture is unrealistic.
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7.3. Quantification of Oxidation and Hydrolysis Products

As alludedto above, isolation of compoun@52 and602604 was complicated and reliable
yields could not be measured directly. Nevertheless, isolation of comip@62 and 602-
604 did allow a calibration line to be generated for quantitative HRLE which gave a

better impression othe composition of the mixture.

7.3.1. Chromatography

Reverse phase HPLC resulted in short retention times and poor resolution of the crude salt
mixture so an alternative chromatography method was used. HILIC (Hydrophilic Interaction
Liquid Chromatography¥*® was suggested by Patricia Keating of our mianalytics
department and found to give far superior separation of the individual species. HILIC
operates on the basis of the stationary particles suspending a layer of water around
themselves during the column equilibration; for this reason HILIC columns are sometimes
called o6ice columnsd as they have water i
passes over the stationary phase and the particles interact with the \watgrdrogen
bonding and dipole to induced dipole interactions. The mobile phase then performs a kind of
liquid/liquid extraction of the analytes from the water with the less polar species
experiencing less retention. In the specific case of the donorameaatialyte mixture, a
gradient of 5 to 100% acetonitrile in water was used and critically an additiveebf 5
ammonium acetate. Without this additive the separation degraded drastically and this is

thought to be due to the effect that it has on the pHansdtrength of the mobile phase.

7.3.2. Results

An average o252 (10%), 602 (3%), 603 (30%) and604 (2%) was found to make up the
crude reaction mixture. The total recovery of 45% implies the presence of additional donor
derived species in the mixtur€he additional mass may be made up of a number of minor
species and may also contain some of the polymel@d&tias discussed in the above
paragraphs. The observation that pyrid608is the most abundant observed component of
the mixture may indicate thaipon exposure to the wetp conditions, oxidation occurs
more quickly than hydrolysis of the donor. Another interpretation may be that the oxidation
has already occurred under the reaction conditions and that perhaps only a small

concentration of donaiemains after 72 hours reaction time. This would be in keeping with
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an observation from DoHF that increasing the reaction time for the reduction of substrates
to 96 hours delivered little if any increase in isolated yield of the reduced substrate On th
other hand in an experiment discussed in section 5.5 above, reacting an amide for 72 hours
with 6 equivalents of donor and then adding additional donor (6 equiv.) for a further 72

hours reaction time, did improve the yield considerably.

Another observatin was that the composition of the reaction mixture did not change
between the photoactivated and ground state control reactions so there is no consideration to
be made for including excitestate structures in the mechanism of formatior6fi##604.

7.4.Conclusions

The fate of the donor after reaction with a substrate and whether it can be recovered and
reused are two of the questions that are frequently asked in regard to the-davivdei

donor chemistry. The work presented in this chapter makes stiomiasds answering those
questions and shines some light on an area that was otherwise little understood. In terms of
mechanistic insight, the individual compounds offer a little but the absence of any trapped

species raises more questions than the imagstin sought to answer.

Development of a method on a preparative or ggeparative HPLC with a HILIC column

would be the best course if this type of investigation were to be pursued. This would allow
each individual experiment to be analysed for thé&aeng of its oxidation and hydrolysis
products by a standard method which would save considerable time and labour compared to
serial recrystallizations. This method would allow some of the more minor products to be
isolated and characterised, possible itee gurther insight into the inneworkings of the
reaction process. In this way perhaps a series of reactions could be run under different
conditions to find any circumstances under which a trapped species is formed in observable
quantities as even smainounts of such a species would serve as a proof of concept for the

radical trapping proposition.
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Chapter 8. Conclusions and Future
Work

In the past three years, with the development of the photoactivation of 2Z&Bar has been
possible to expand the range of substrates which may be reduced using organic electron
donors. Herein it is demonstrated thaCCCGN, N-S and CS bonds may albbe reductively
cleaved in useful synthetic processes by an understood mechanism; chemoselectivity can be
predicted and then observed experimentally and access is granted to reactivity not before

reported for other reductants.

If all of the chemistry presged in this thesis worked perfectly then there woultd@&eed
to develop it furthersqp | ayi ng devil 6s advocat e, critici s

for further development would include:

1 The need for supestoichiometric quantities of the donailbeit a simply
synthesized, low molecular weight speciel$)may thereforebe wise to
design reaction systems wherein the oxidized donor may be reduced and
recycled catalytically. Hints towards this may come from the hybrid donors
seen in sectiord.5.11 which had a significant difference between the first

and second oxidation potentials

1 The use of pentially harmful UV radiationPrevious experimentave
shownsunlight to be cagde of activating the donor but visie light alone
will not suffice and therefore modification of the dor®to redshift the
absorption maxim could be a worthwhile endeavour. If an organic
photoredox catalyst were developed that could be activated with LED bulbs
and had the reducing power of dorzB0 then it would certail be an
invaluable synthetic tool. It could be that the weaker LED bulbs would be
most effective if used in conjunction with flow photochemistry so this too

could be an avenue of development
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1 The breadth and depth of high impact literature coming fronmidtalfree
coupling chemistrySection1.6) illustrates that there is more of a market for
bondforming than bonéreaking/deprotective chemistry and therefore any
further work with donor250 would profit from bearing this in mind.
Transformation of prolie derivative513 into piperidone514 shows the
promise of this type of process so reaction systems may be developed where

such reactivity may bexploited

1 Samariumdiiodide chemistry and photoredox chemistry both make use of
additives to alter or enhance reactivity so it may bedkploring the use of
e.g. amines, Lewis acids or sensitizing dyes could improve on this chemistry
without changes to the donor itself.
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Scheme87. Possible developments

Thatbeing saidpur reaction system is complementary to Smphotoredox and alkali metal

reductantgnd has carved out its own niche in the field of reductive chemistry
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Chapter 9. The Roll of Aluminium in

Thermal Organic Chemistry

During my studies, | came up with an alternative to oil baths and machined aluminium
heating mantles. The idea came from a dislike of oil baths bedéeselook messythey

can catch firethey cover your flask in an oily filrfaffecting yield measurements on a small
scale) andhey must be changed periodicallyreating unpleasant oily wastEhe solution

was as simple and obvious s& many discoveries in researéiuminium foil which is a
common sight in most labs buéwel years ago | found that by layering aluminium foil
around the bottom half of a rouhdttomed flask it is possible to create an aluminium
heating mantleKigure 7). These mantles quickly replaced almost all of the oil baths in our

lab and the technology has since spread to other labs in the department.

Figure 7. Foil mantles in the lab

Advantages of these mantles include that gr@quick and easy to makaresafe leaveno
oily residue heat up muctmore quicklythan oil also coolmorequickly after useare much
cheaper than commercial aluminium heating blocks, also be used as cork rawgd arere-

useable indefinitely

| encourage trying them for yourself and include a short method below for how they are

made.
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General Method for Construction of Aluminium Heating Block:

Hole for
thermometer

Clean flask of Wrap in Add bulk to the block The completed mantle
appropriate size aluminium foil with 'sausages' of
rolled up foil

A clean rounebottom flask of appropriate size was taken as a template and dayeralof
aluminium foil wrapped around it in a hemis
were then be used to fill out the bottom of the shape to give a flatter base. This may also be
done in layers and it is important tompress the aluminiumithi afinger at each stage as

the denser the block, the more efficient the heating. Sometimes a cork ring may be used as a
template for the outer circumference of the block. Remember to make a hole for a
thermometer and another for a temperature probeeifl@d. This is best done between layers
rather than trying to add it at the end; if this can be done easily at the end then the block has
not been compressed enough. Finally one or two layers of foil were added over the entire
block for aesthetipurposs and to help hold it together in one piece (the thermometer can be
poked through this thin layer to the gogmed hole). The mantle is now ready for use.

It was found that one roll of kitchen foil (79p) was enough to make a mantle for each of the

most comron flask sizes in our lab (2, &0, 25, 50, 100 and 250 mlBor flask sizes above

500 mL these become less practical but can still be made and our 1 L mantle is certainly
preferable to a huge oil bath. We have never tried a 2.5 L example and wouldlyprobab
recommend a traditional heating mantle for such a dA4sle inappropriate for cooling

reactions, a mantle that has been chilled in the fridge or freezer (only a few minutes needed

as itbdés made of metenpéragtureaexrygstalbzans.usef ul for | ow
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Chapter 10.Experimental Details

10.1.General
All chemicals and reagents were obtained from commercial suppletgeactions were

carried out under anhydrous conditions unless otherwise stated.

Acetonitrile was distled over phosphorus pentoxideexéne, CHCl,, ELO and THF were

all kept anhydrous by purification by an Innovative Technology inc. PURESOLVA88S
solvent purification apparatus. Solvents were deoxygenated by bubbling dry argon through
with stirring for 1 hour.

Ultra-violet experiments were carriemlit using two Blak R&yB-100 Series high intensity
inspection lamps, with 100 W, 365 nm spot bulbs.

Chromatography was carried out on silica gel 60 {200 mesh). TLC analysis was carried
out on aluminium sheets of silica gel 68dand developed in &tic ethanolic vanillin or a

phosphomolybdic acid solution.

'H NMR and *®*C NMR analyses were carried out on a Bruker Avance AV3 400
spectrometer, operating at 400 and 100 MHz respectively or on a Bruker DRX500
spectrometer operating at 500 and 125 MHzeestypely. CDC}, DMSO-ds or benzenes,

was taken as the solvent. Chemical shifts are reported in parts per milliontshaft¢)
calibrated against the residual solvent peak. Signal patterns are indicated as s, singlet; br. s,
broad singlet; d, doubletid, double doublet; t, triplet; dt, double triplet; g, quartet; m,
multiplet. Coupling constantg)(are given in hertz (Hz).

Infra-red analyses were carried out on a SHIMADZU IRAffirltyf=TIR Spectrophotometer
with a Pike Technologies MIRacl# Single Reflection Horizontal ATR Accessory with a
ZnSe crystal

High Resolution Mass spectral analyses were carried out at EPSRC National Mass
Spectrometry Service Centre in Swansea on a LTQ Orbitrap XL using Atmospheric Pressure
Chemical lonisation (APCI) or Hig Resolution Nandlectrospray (HNESP), and masses

observed are accurate to within 5 ppm.
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Low resolution mass spectral analyses were carried out on a Thermofinnigan LCQ DUO
LDU 00377 Mass Spectrometer operating electrospray ionisation (ESI).

HPLC-MS wascarried out on an Agilent Technologies 1200 Series LCMS with a KINETEX
Ci18 column, 4.6 x 150mm (5 em particles size
MS. Conditions were 5 to 100 acetonitrile in

HILIC chromatography was carried out on an Agilent Technologies 1200 Series LCMS with
an Agilent Zorbax Hilic Plus Narrow Bore 2.
G1315D diodearray detector (19650 nm).

GC/CIl was carried out using Agilent Technologie®08 GC System, 5975C Inert XL

El/CI MSD with Triple Axis Detector with an Agilent DBBIS 30 m x 0.25 mm column

wi t h A pagkihg. The carrier gas was helium at 1 mL/min and the reagent gas was
methane. GC/El was carried out using ThermoFinnigan PoltwisQrap Spectrometer with

an Agilent DBE5MS 30 m x 0. 25 mm col umn widgwas 0. 25 ¢
helium at 1 mL/min. MALDIMS was carried out on a Shimadzu AxHG&R system with

Nno matrix.

Melting points were measured on a Gallenkamp Griffie9&/05/530 Melting Point

Apparatus and are unamended.

Computational predictions were carried out using Spartan 2010 software and Density
Functional Theory as a method. B3LYP an8165(d,p) were used as a level of theory and

generally calculations were rima DMF solvent continuuml = 3.7 . 219

Synthesis of 1,3is(N',N'-dimethyl-4-aminopyridinium)propane dibromide 247

B2 o/ e B°
N N
Iy ¢\

— —

MezN NMe,

A solution of 4(dimethylamino)pyridine (9.16 g, 75 mmol, 2.5 equiv.) and-1,3
dibromopropane (6.06 g, 30 mmol, 1.0 equiv.) in a flask containing acetonitrile (60 mL) was
stirred at reflux for 16 h, under argon. Diethyl ether (10 mL) was added to theneiask

and the product precipitated instantaneously, and was then filtered. To precipitate more of

the solid, an additional amount of diethyl ether (20 mL) was added to the filtrate. After
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filtration, the solid was washed with diethyl ether (3 x 50 mhg dried under vacuum to
give 1,3bis(N',N'-dimethyk4-aminopyridinium)propane dibromid47:%° (13 g, 97%) as a
white solid M.pt. 199203 °C (lit.*® 199-203 °C); [Found: (ESI) (M-Br)* 365.1338and
367.1317 CiHBrN4s (M-Br) requires 365.138 and 367.185]; 3,.{ATR)/cm* 3027,
2725, 2468, 1649, 1571, 1408; (400 MHz, DMSQds) 2.36 (2H, quintet]) = 7.2 Hz,
CH,CH,CH,), 3.18 (12H, s, N85), 4.28 (4H, tJ = 7.2 Hz, NG1,), 7.04 (4H, dJ = 7.6 Hz,
ArH), 8.34 (4H, d,J = 7.6 Hz, AH); Uc (100 MHz, DMSQds) 31.2, 39.8, 53.7, 107.8,
141.8, 155.8.

Synthesis of N,N,N',N'-tetramethyl-7,8-dihydro-6H-dipyrido[1,2-a;2',1'-c][1,4]
diazepine2,12diamine 250

N N
7 —

MezN NMe,

To a Schlenk flask in a nitrogen glovebox was adde8bis(N',N'-dimethyt4-
aminopyridinium)propane dibromid247 (13.38 g, 30 mmol, 1.0 equiv.) and pwashed
NaH (stored in glovebox, 4.55 g, 180 mmol, 6 equilhe flask was removed to a
fumehood fitted with a dry ice condenser, and the atmosphere was made dxggdiy
flushing with argon. At this pointanhydrousammonia (75 mL) was condensadd the
reaction mixture allowed teeflux for 4 hbefore leavingo evaporate overght (14 h) under

a stady flow of argon The flask wassealed andransferred to aitrogenglove box. The
solid was extracted with dry diethyl ether (300 mL) and the solvent removed by distillation
underreduced pressur€l0-20 mbar) toyield pure N,N,N',N'-tetramethyi7,8-dihydro-6H-
dipyrido-[1,2-a;2',1:c][1,4]-diazepine2,12-diamine 250**° (7.61 g, 89%) as a purpldack,
moisture and oxygersensitive solidly (400 MHz, CsDg) 1.00 (2H, quintet] = 6.3 Hz,
CH,CH,CH,), 2.46 (12H, s, N(B5),), 3.03 (4H, tJ = 6.3 Hz, N&1,), 4.91 (2H, ddJ = 7.5,

2.2 Hz, AH), 5.14 (2H, dJ = 2.2 Hz, AH), 5.64 (2H, dJ = 7.5 Hz, AH); lic (100 MHz,
benzenals) 24.5, 40.8, 52.6, 95.8, 96.2, 116.0, 138.7, 148,7.(MeCN) = 260nm ( U =
30000 M*cm™), 345nm( U = 1's@p8zenm( 0 = 2800 M
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10.2.Experimental Details for Chapter 3

General Procedure APreparation of triflates

Alcohol or phenol starting material (1.0 equiv.) was dissolved in dry dichloromethane (2
mL), pyridine (1.0 equiv.) was added and the flask abdie -78 °C. A solution of
trifluoromethanesulfonic anhydride (1.5 equiv.) in dichloromethane (2 mLj&fC was
added dropwise to the stirred alcohol or phenol solution. Thécdrlpath was removed and

the reaction mixture allowed to warm room temperature. After 30 min, water (10 mL) was
added, followed by dichloromethane (10 mL). The reaction solution was then washed with
further portions of water (3 x 10 mL), dried over,88, and the solvent evaporated. The
crude organic residue walen eluted over silica in dichloromethane, to afford the pure
corresponding trifluoromethanesulfonate ester.

2-Allylphenyl trifluoromethanesulfonate 349

oTf

SN
2-Allylphenol (268 mg, 2.0 mmol, 1.0 equiv.) was reacted accordirggeneral procedure A
to afford 2allylphenyl trifluoromethanesulfonat@49® as a colourless oil (493 mg, 1.85
mmol, 93%); [Found: (M)266.0219. GHoF:0sS requires (M), 266.0219]3max (Thin film)
3085, 2985, 2923, 1642, 1488, 1454, 1422, 1250, 1214, 1105, 1073, 891, 181, 767 and
606 cm'; Uy (500 MHz, CDC}) 3.49 (2H, dtJ = 6.6, 1.3 Hz, Ar@l,), 5.1+5.18 (2H, m,
ArCH,CHCH,), 5.895.97 (1H, m, ArCHCH), 7.287.36 (4H, m, AH); Uc (125 MHz,
CDCly) 34.3, 117.8, 119.0 (dcr = 318 Hz, CF), 121.7, 128.5, 128.7, 131.8, 133.2, 134.9,
148.3.

2,3-Dihydro-1H-inden-5-yl trifluoromethanesulfonate 350

TfO. : :

2,3Dihydro-1H-inden5-ol 353 (201 mg, 1.5 mmol, 1.0 equiv.) was reacted according to

general procedure A to afford 2¢thydro-1H-indens5-yl trifluoromethanesulfonatgd5d as
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a colourless oil (359 mg, 90%); [Found: (M)266.0220. GHyF;OsS requires (M),
266.0219];3max (Thin fiIm)/cm‘1 2957, 2850, 1611, 1593, 1480, 1423, 1250, 1212, 1142,
1100, 933, 870, 852, 608, 504; (400 MHz, CDC}) 2.45 (2H, quintetd = 7.4 Hz,
ArCH,CH,CHAr), 2.93 (2H, t,J = 7.4 Hz, Ar(H,), 2.96 (2H, tJ = 7.4 Hz, ArCH,), 7.02

7.05 (1H, m, AH), 7.12 (1H, dJ = 1.8 Hz, AH), 7.25 (1H, dJ = 7.2 Hz, AH); Uc (100
MHz, CDCk) 26.1, 32.7, 33.3, 117.7, 119.1 (g = 319 Hz, Chk), 119.2, 125.8, 145.0,
147.2, 148.6.

4-Bromophenyl trifluoromethanesulfonate 351

Br

4-Bromophenol354 (346 mg, 2.0 mmol, 1.0 equiv.) was reacted according to general
procedure A to afford #romophenyll-trifluoromethanesulfonat854° as a colourless oil
(591 mg, 1.94 mmol, 97%); [Found: (M303.9011, 305.8992.-8,BrF;0sS (M) requires
303.9017, 305.8996%max (Thin film)/cm'1 3103, 1481, 1428, 1401, 1251, 1216, 1174, 1141,
1071, 1013, 886, 832, 779, 750, 628, 607, 35400 MHz, CDC}) 7.18 (2H, dJ=9.0

Hz, ArH), 7.60 (2H, d,J = 9.0 Hz, AH); lic (100 MHz, CDC}): 119.0 (q,Jcr = 319 Hz,
CFy), 122.4,123.4, 133.8, 148.8.

3-Phenylpropyl-1-trifluoromethanesulfonate 372a

©\M0Tf
3

Phenylpropasi-ol 373a(161 mg, 0.6 mmol, 1.0 equiv.) was reacted according to general
procedure A to afford-phenylpropyi1-trifluoromethanesulfonatg72&% as a colourless oil
(153 mg, 95%)3max (Thin fiIm)/cm'l 3066, 3030, 2935, 2865,1498, 1455, 1412, 1360, 1246,
1207, 1145, 984, 930, 831, 800, 747, 700, 615, 576, 100 MHz, CDC}) 2.142.20

(2H, m), 2.78 (2H, tJ = 7.3 Hz), 4.54 (2H, 1] = 6.3 Hz), 7.20 (2H, d] = 7.4 Hz), 7.25 (1H,
t,J=7.4 Hz), 7.33 (2H, U = 7.4 Hz):llc (100 MHz, CDC}) 31.1, 31.5, 76.9, 119.0 (&r

= 318 Hz, CR) 126.9, 128.7, 129.1, 139.8Vz(ESI) 268.0 ([M[, 18%), 118.0 (35), 117.0
(71), 91.0 (100).
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5-Phenylpentyk1-trifluoromethanesulfonate 371c

5

5-Phenylpentati-ol 372c(164 mg, 1.0 mmol, 1.0 equiv.) was reacted according to general
procedure A to affordHhenylpentyll-trifluoromethanesulfonatd71¢* as a colourless oil
(279 mg, 0.94 mmol, 94%3:ax (Thin fiIm)/cm‘l 3030, 2934, 2865, 1412, 1247, 1207, 1145,
930, 799, 746, 616}, (400 Hz, CDCJ) 1.551.61 (2H, m, (CH),CH,(CH,),), 1.66172 (2H,

m, ArCH,CH,), 1.841.90(2H, m, (H,CH,OTf), 2.69 (2H, tJ = 7.4 Hz, Ar(H,CH,), 4.58

(2H, t,J = 6.3 Hz, CHCH,OTf), 7.1#7.22 (3H, m, AH), 7.267.31 (2H, m, AH); Uc (100
MHz, CDCk) 25.0, 29.5, 31.0, 35.9, 77.8, 119.0dg: = 317 Hz, CF), 126.2, 128.7, 128.7,
142.2;m/z(ESI") 295.9 (M, 22%), 146.1 (32), 104.1 (38). 91.2 (100), 65.1 (22).

General Procedure Bi Reaction of triflate esters with donor 250

Donor 250 (128 mg, 0.45 mmol, 1.5 equiv.) was dissolved in degassed DMF (2 mL) in a
glovebox. This solution was directly pipetted onto the dry and degassed selected substrate
(0.3 mmol, 1.0 equiv.). The mixture was left to stir for 3 h at ambient temperature, then
added to water (10 mL), before extracting with diethyl ether (4 x 10 mL). The combined
organic layers were then washed with water (2 x 15 mL), brine (10 mL) and dried over
Na,SQO,. The crude organic residue, obtained after evaporation under reduced prgasure

eluted with ethyl acetate on silica gel, to afford the pure corresponding products as reported.

Reaction of 2allylphenyl trifluoromethanesulfonate 349 with donor 250

Cijj\ Donor 250 (1.5 equiv.) Ci)i\
AN DMF, rt, 2h =

349 352 95%

2-Allylphenyl trifluoromethanesulfonat849 (80 mg, 0.3 mmol1.0 equiv.), was reacted
according to procedure B to afford(rop-1-enyl)phenol352** as a colourless oil, (38 mg,
0.286 mmol, 95%)3max (Thin Film)/cm® 3410, 3034, 2912, 2852, 1654, 1581, 1446, 1284,
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1172, 964, 7465, (400 MHz, CDCY): 1.93 (3H, ddJ = 6.6, 1.7 HzCH3), 4.96 (1H, s, Bl),
6.23 (1H, dgJ = 15.9, 6.6 Hz, ArCHE!), 6.596.63 (1H, m, ArGl), 6.81 (1H, dd,] = 8.0,
1.0 Hz, AH), 6.91 (1H, dddJ = 7.7, 7.4, 1.0 Hz, Af), 7.12 (1H, ddd,) = 8.0, 7.4, 1.6 Hz,
ArH), 7.32 (1H, ddJ) = 7.7,1.6 Hz, AH); tic (125 MHz, CDC}) 19.3, 116.0, 121.2, 125.4,
125.7,127.7, 128.3, 128.7, 1521z (EST) 133.10 ([MH]", 100%).

Reaction of 2,3dihydro-1H-inden-5-yl trifluoromethanesulfonate with donor 250

TfO\©E> Donor 250 (1.5 equiv.) HO\CQ
DMF, rt, 16 h

350 353 89%

2,3-Dihydro-1H-inden5-yl trifluoromethanesulfonat850 (80 mg, 0.3 mmol, 1.0 equiv.),
was reacted according to procedure B to afforddh$dro-1H-inden5-ol 353 as a white
solid (36 mg, 89%); M.pt. 567 °C (lit.”® 56 °C); Uiy (400 MHz, CDC}) 2.08 (2H, quintet)

= 7.3 Hz, CHCH,CH,), 2.84 (2H, tJ = 7.3 Hz, Ar(H,), 2.87 (2H, tJ = 7.3 Hz, Ar(H,),
6.61 (1H, ddJ = 8.0, 2.2 Hz, AH), 6.72 (1H, dJ = 2.2 Hz, AH), 7.08 (1H, dJJ = 8.0 Hz,
ArH); Uc (100 MHz, CDC}) 26.2, 32.3, 33.4, 111.7, 113.3, 123.3, 136.7 4,4854.5;m/z
(EST) 133.07 ([MH]", 100%).

Reaction of 4Bromophenyl-1-trifluoromethanesulfonate with donor 250

Tfo\@\ Donor 250 (1.5 equiv.) HO\©\
B DMF, rt, 2h Br

r
351 354 84%

4-Bromophenwyl-trifluoromethanesulfonat851 (92 mg, 0.3 mmol, 1.0 equiv.), was reacted
according to procedure B to affordbomophenoB54 as a colourless crystalline solid, (44
mg, 84%); M.pt. 668 °C (Iit.*®® 66-68 °C); 3max (Thin film)/cm™ 3342, 3062, 2943, 2665,
1588, 1487, 1437, 1331, 1211, 1116, 1070, 999, 936, 827, 695,6@H0 MHz, CDC}):
4.69 (1H, s, @), 6.73 (2H, dJ = 8.9 Hz, AH), 7.35 (2H, dJ = 8.9 Hz, AH); Uc (100
MHz, CDCL) 113.3, 117.5, 132.8, 155.0Yz (ESI) 1729 ([M-H]", 98%), 170.9 ([MH] ;
100).
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Reaction of 4bromophenyl trifluoromethanesulfonate with donor 250 and quenching
with benzyl bromide

Tf0\©\ Donor 250 (1.5 equiv.) Bn0\©\ . ©/\SOZCF3
351 i the?ggé?kgz;&iv') 357 88% i 356 59%

Donor 250 (427 mg, 1.5 mmol, 1.5 equiv.) was dissolved in degassed DMF (5 mL) in a
glovebox. This solution was directly pipetted onto the dry and degasbeaiméphenyl
trifluoromethanesulfonate (305 mg, 1.0 mmol, 1.0 equiv.). The mixture was left to stir for 16
h at ambient temperature, before benzyl bromide (1.03 g, 6.0 mmol, 6.0 equiv.) was added to
the reaction mixture and stirred overnight. The reaction vessel was sealed and removed to a
fumehood and water (25 mL) added, before extraction with ethyl acetat8q4mL). The
combined organic layers were then washed with water (2 x 30 mL), brine (25 mL) and dried
over NaSQ, The crude organic obtained after evaporation under reduced pressure was
purified by column chromatography in diethyl ether and petroleuer €46:60 °C) to give
1-(benzyloxy}4-bromobenzen857 as a white crystalline solid (231 mg, 0.88 mmol, 88%)
and (trifluoromethylsulfonyl)methylbenze®&6 as a white crystalline solid (132 mg, 59%);

1-(benzyloxy}4-bromobenzen857 (231 mg, 0.88 mmol, 88); M.pt. 5360 °C (lit.**’ 59-60

°C): [Found (MY, 261.9986, 263.9966.,¢,,BrO (M) requires 261.9993, 263.997 3}
(ATR)/cm‘l 3034, 2891, 1573, 1491, 1453, 1379, 1285, 1233, 1112, 1073, 1047, 993, 909,
823, 7391li, (400 MHz, CDCJ) 5.06 (2H, s, Ar€1,0), 6.87 (2H, dJ = 9.0 Hz, AH), 7.45

7.33 (TH, m, AH); Uc (100 MHz, CDCJ) 69.7, 112.6, 116.2, 126.9, 127.6, 128.1, 131.8,
136.1, 157.4.

(Trifluoromethylsulfonyl)methylbenzen@56 (132 mg, 59%); M.pt. 10001°C (lit.*® 104
°C); [Found (M}, 224.0114.CgH-F:0,S (M) requires 224.0113Bmax (KBr)/cm™ 3007,
2953, 1625, 1494, 1459, 1361, 1202, 1120, 774, 720, 697, 634, 525},5@¢00 MHz,
CDCL) 4.49 (2H, s, Ar€1,SO,), 7.437.48 (5H, m, AH): Uc (100 MHz, CDC}) 56.5, 120.1
(q,J = 326 Hz, CF), 123.5,129.6, 130.4, 131.6.
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Reaction of 3phenylpropyl-1-trifluoromethanesulfonate with donor 250

3-Phenylpropyl-trifluoromethanesulfonate871a (81 mg, 0.3 mmol, 1.0 equiv.), was
reacted according to procedure B to afforgh@nylpropari-ol 372¢% as a colourless oil,
(37 mg, 0.27 mmol, 90%%.x (Thin film)/cm* 3335, 3033, 2932, 2941, 1605, 1495, 1450,
1055, 1032, 749, 701l (400 MHz, CDC}) 1.62 (1H, s, ®l), 1.891.95 (2H, m,
CH,CH,CH,OTf), 2.72 (2H, tJ = 7.7 Hz, ArtH,), 3.70 (2H, tJ = 6.5 Hz, G1,0Tf), 7.20
7.23 (3H, m, AH), 7.31 (2H, tJ = 7.4, AH); Uc (100 MHz, CDC}) 32.4, 34.5, 62.6, 126.2,
128.7, 128.8, 142.10z (GC-MS EI') 135.93 ([M], 100%).

Reaction of 5Phenylpentyl1-trifluoromethanesulfonate with donor 250

5-Phenylpentyil-trifluoromethanesulfonatd71c(89 mg, 0.3 mmol, 1.0 equiv.), was reacted
according to procedure B to affordphenylpentari-ol 372¢*° as a colourless oil, (42 mg,
0.26 mmol, 85%)3max (Thin fiIm)/cm‘l 3101, 2957, 2850, 1611, 1593, 1480, 1423, 1250,
1212, 1142, 1100, 933, 870, 85208, 502;U4 (400 MHz, CDC}) 1.391.45 (2H, m,
(CH,),CH5(CH,),), 1.591.64 (2H, m, ArCHCH,), 1.651.70 (2H, m, ®&,CH,OH), 2.64
(2H, t,J = 7.7 Hz, ArGH,), 3.65 (2H, tJ = 6.6 Hz, CHCH,OH), 7.187.12 (3H, m, AH),
7.27-7.30 (2H, m, AH); Uc (100 MHz, CDC}) 25.7, 31.6, 33.0, 36.2, 63.3, 126.0, 128.6,
128.7, 142.9m/z (ESI') 186.93 ((M+Na], 100%).

Hydrolysis stability of 3-phenylpropyl trifluoromethanesulfonate
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