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Abstract

Over recent decades transition metal-catalysed cross-coupling has been developed
significantly, opening up new areas of reactivity in both an academic and industrial
environment. However, over recent years transition metal-free coupling reactions of
haloarenes to arenes, proceeding by the Base-promoted Homolytic Aromatic
Substitution (BHAS) mechanism have been widely reported in the literature. These
reactions work well when initiated by organic electron donors that are formed in situ
from organic additives of various types. The work in this thesis builds on previous work

carried out within the Murphy group and other groups working in this field.

et
O'Bu 1.160 1.139

Scheme 1 — BHAS mechanism proposed by Studer and Curran as responsible for

transition metal-free cross coupling reactions.

The work in this thesis looks at transition metal-free reactions in two forms; firstly
looking at new additives that could form electron donors to initiate the BHAS
mechanism and secondly, looking at where coupling reactions are occurring when there
is no electron donor present. The final aspect of this thesis looks at exploring

observations seen in experiments with haloarenes and potassium hydride.



The first set of work was looking at a series of additives that were designed to form
electron-rich alkenes, a common feature of electron donors, under basic conditions.
These were studied both computationally and experimentally and this work showed

these can work together effectively in studying electron donors.
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Scheme 2 — Additives used in Chapter 4 produced high yields of coupled products

While these reactions proceed in good yield when there is an electron donor present in
the reaction, when there is no electron donor a measurable amount of cross coupling
still occurs. A plausible mechanism, shown in scheme 3, has been proposed for the
initiation of the BHAS pathway. This thesis shows that biradicals, generated in Bergman
cyclisations and hexadehydro-Diels-Alder reactions, can indeed act as a source of
initiation for this pathway. This thesis now shows that additives that afford arenediyls,
provide independent initiation of the coupling reactions for this substrate in the absence
of electron donors, supporting a similar capability for benzyne generated by base-

dependent means.



|
R,
H

‘\@

5.1 OBu

J-—Q CpadD

5.2'

© H/Ph
[d [ ] [ [ ) [
H H
5.5 5.4 5.6

KOBu

HiPh
SET to 5.
5.7 5.8

Scheme 3 — Proposed benzyne initiation of the BHAS cycle

In reactions performed by other members of the Murphy group involving haloarenes
and KH, some interesting reaction products were observed. In this thesis these have

been rationalised using computational studies.
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Scheme 4 — This thesis proposes formation of 7.7 proceeds via the four-membered

transition state calculated
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1. Literature Review

As chemists, we are ever looking for synthetic methods that are cheaper, greener and
safer alternatives to well established and versatile palladium cross-coupling reactions.
There is now a new branch of cross-coupling reactions that proceed in the absence of

palladium or any other transition metals.

To set the research in this thesis in context, this introduction will examine historical
transition metal cross coupling reactions, then moving on to transition metal-free cross
coupling reactions, from their origins to recent developments and current mechanistic
insights. In addition to the cross coupling reactions, this review will also look at a number
of other transformations that are later exploited in the thesis, such as those related to
benzyne and hexa-dehydro Diels Alder (HDDA) reactions. Electron donors are an
important class of reagents in both transition metal-free cross coupling reactions, and
also, in previous work with the Murphy group; throughout the review both of these
aspects, transition metal-free cross coupling and alternative reductions, will be

discussed.

1.1 Palladium Cross Coupling

A historical challenge for synthetic chemists has been to develop new methods of
forming C-C bonds. Over recent decades, there have been large advances in palladium-
catalysed cross coupling chemistry and, more recently, in dual catalysis with other

precious metals.

Palladium cross coupling has been extensively developed and widely used in both
industry and academia.! The power of these catalysts cannot be overestimated and
must not be underestimated. This was recognized in 2010 when Heck, Negishi and
Suzuki were awarded the Nobel prize in chemistry for their workin "palladium-catalyzed
cross couplings in organic synthesis".? Use of palladium catalysts is not without issue.
For example, these catalysts are often very expensive. The counter-argument to this is
that they are catalysts, and their regeneration allows for re-use and this cuts the cost;

nonetheless, cheaper alternatives that are equally as good in performance are desirable.

1



Another issue, particularly in the pharmaceutical industry, is the extensive purification
that is required for the products. As transition metals are often toxic, these must be
removed from products before they can be used as medicines. In addition to this, it is
also possible that trace amounts of transition metals can be responsible for false
positives in researching new drugs. Removing the need for any of these to be used

initially would therefore be helpful for the pharmaceutical industry.

Palladium cross coupling has grown ever since Heck® 4 and Mizoroki® first reported their

coupling of aryl or vinyl halides to alkenes back in the early 1970s (Scheme 1.1).

| PdCl, (1 mol%) A
+ J— 74%
KOAc, MeOH, 120 °C
1.1 1.2 1.3
Mizoroki 1971

| . Pd(OAc), (1 moi%) O
SEIOh N
nBusN, 100 °C, 2 h O
1.1 1.3 1.4
Heck 1972

Scheme 1.1 — Heck-Mizoroki coupling of iodobenzene to alkenes® >

The idea of coupling an aryl or vinyl halide or triflate to a coupling partner is a feature of
many different palladium-catalysed reactions; there are a number of different well
studied coupling partners for these reactions including organoborons (Suzuki),®
organotin  (Stille),” organomagnesiums (Kumada),®  organozincs (Negishi),’
organosilicons (Hiyama)® and organocoppers from deprotonated alkynes

(Sonogashira).?

The most widely studied of these cross coupling reactions is the Suzuki reaction. The
general catalytic cycle is shown in Scheme 2.1%13 An aryl halide or triflate, 1.6 oxidatively
adds to palladium (0) species, 1.5 to get a palladium (II) complex, 1.7. From here, a
hydroxide anion displaces the halide or triflate to give the new complex 1.8. There is
then a transmetallation step with the boronic acid to produce complex 1.11 which, upon
reductive elimination, produces the coupled product 1.12 and regenerates the

palladium (0) species, 1.5 starting the cycle again.



R'-R? Pd(O)L

1. 12
Reductive Oxidative
Elimination Addition
R'PA(IIL, R2 R' Pd(II)L X
1.11
1 1° R'Pd(II)L,OH
Transmetallahon Anion
.8 Metathesis

Scheme 1.2 — Suzuki catalytic cycle!? 13

In addition to boronic acids, a wide range of other boron species have been developed
such as boronic esters,'* pinacol boranes 1.14% and alkyl boranes 1.15.1® Some of these
are shown in Figure 1.1. The Suzuki reaction is still being developed by many groups and

is still widely used in industry.t’

D4 Oii &

1.15

Figure 1.1 — Examples of boron species used in Suzuki cross coupling reactions?416

1.2 Sonogashira Coupling Reactions

The Sonogashira reaction is the cross coupling of terminal alkynes with aryl/vinyl halides,
often using a copper species as a co-catalyst to generate a Cu-acetylide in situ. This
reaction has been important for synthesising enynes and enediynes which are important
precursors for natural products,® pharmaceuticals® and molecular organic materials,?°
as the reaction is very tolerant to a wide range of functional groups and can therefore

be used flexibly in a synthesis. The catalytic cycle is shown in Scheme 1.3.



1_— 2 R'-X
R—="R" _ pPd(o)L, 16
1.27/ 1.5
R'L,PdN —=—=_R?2 R'Pd(II)L,X
1.20 1.7
Cu—X Cu———R?
H——R? 118 119
117 ®
RsNH X
H—=R?
e RsN
Cu—X
1.18

Scheme 1.3 — Sonogashira co-catalytic cycle??

Similarly to the Suzuki cycle, (Scheme 1.2) the first step is an oxidative addition to the
palladium to form complex 1.7. While this is going on, the terminal alkyne 1.17
complexes with the copper co-catalyst to form 1.18. It is believed that this lowers the
pKa of the terminal proton, allowing for relatively weak bases such as triethylamine to
do the deprotonation and generating the Cu-acetylide, 1.19. This Cu-acetylide then
undergoes transmetallation with the palladium complex 1.7 to generate the new
palladium complex 1.20 whilst regenerating the copper catalyst, 1.16. From here, the
palladium complex undergoes a reductive elimination, generating the newly coupled

alkyne 1.21 and restarting the cycle again.

1.3 Early Attempts at Transition Metal-Free Cross Coupling

In 2003 Leadbeater and Marco published a paper that was the first report of a transition
metal-free cross coupling. They set out to investigate Suzuki couplings with very low
palladium loadings (0.4 mol%) to couple boronic acids with aryl iodides, bromides and
chlorides.?? They then found that using tetrabutylammonium bromide (TBAB) as an

additive, they could then avoid the palladium completely.?3



TBAB (1 equiv)

Na,CO5 (3.8 equiv
Br B(OH), 2C03 (3.8 equiv) O
+
[ j [ j H,O
Me : O
Me

microwave (100W)
1.22 1.23 150 °C, 5 min 1.4 82%

Scheme 1.4 — Leadbeater’s transition metal-free Suzuki coupling??

The next step was to analyse the reaction mixture to try and ensure that these reactions
were in fact transition metal-free. To do this they used new glassware apparatus,
reagents (from a range of suppliers) and they also analysed the crude product mixture
for palladium content. The analysis showed that there was no palladium down to the
detection limit of the apparatus (less than 0.1 ppm).?* Other elements such as copper
and ruthenium were also tested for, as these had been previously shown to promote
coupling reactions.?> However, again none of the metals tested for was present in a

concentration above 1 ppm.

Despite all the analysis and steps taken to show that these were transition metal-free
Suzuki couplings, in 2005 Leadbeater published a new paper reassessing the transition
metal-free methodology. In contrast to their earlier publication, they now proposed that
palladium contaminants down to 50 ppb found in the sodium carbonate were
responsible for the reactivity observed.?® They demonstrated in this later paper coupling
of aryl bromides to boronic acids using 100-2500 ppb palladium catalyst loading. While
low level palladium coupling reactions are a useful synthetic tool, ensuring that this low
level isn’t present is an extra challenge in the search for truly transition metal-free

reactions.

1.4 Cross Coupling via Benzyne

The existence of benzyne as a reactive intermediate in organic transformations has been
known since its discovery in the 1940’s where Wittig announced that the product from
his reaction of phenyllithium with fluorobenzene was biphenyl, following work up with
water.?’ It took until 1961 for physical evidence of the short-lived intermediate to be
presented.?® There are numerous ways of generating benzyne known in the literature.?>-

33 One of the most common is Kobayashi’s 1,2-elimination of o-trimethylsilylphenyl



triflate. This exploits the strength of the Si-F bond and the triflate anion as a good leaving
group. A fluoride anion attacks 1.25 to generate intermediate 1.26. Triflate ion is then
eliminated to generate benzyne, 1.27. This can then undergo a Diels-Alder reaction with

furan, 1.28, to produce 1,4-dihydronaphthalene-1,4-endo-oxide, 1.29, (Scheme 1.5)

©
oTf oE oTf _oti® ©|
™s - F-SiMes ( j@

1.25 1.26 1.27
)
—_—
\
1.28 1.29

1.27

96%

Scheme 1.5 — Kobayashi’s 1,2-elimination of o-trimethylsilylphenyl triflate3°

The original paper has been cited >500 times showing the significance of this method of
forming benzyne. Garg et al. recently developed this idea further by moving away from
benzyne and towards 2,3-pyridyne, 1.31, as a heterocyclic aryne. These can be trapped
with a variety of nucleophiles. This is a potentially useful building block for functionalized

heterocycles.?*

_~_OTf  CsF (3 equiv) @ H = |
B ——————————— B ————————— N
~ . \N | | + Q—W N N/\\N
N~ "TMS MeCN, 60 °C N ./ 53%
1.30 1.31 1.32 1.33

Scheme 1.6 — Garg trapping of 2,3-pyridyne to imidazole, 1.323

In addition to extending the scope of aryne reactions, Garg et al. have also investigated
the regioselectivity observed in aryne reactions. This is fundamentally down to the
“aryne distortion” effect. They studied a range of 3-substituted benzyne molecules 1.34
computationally and what they found was that the bigger the difference between angle
‘A’ and angle ‘B’ the more regioselective nucleophilic attack would be (Table 1.1).3°> They
then took this even further to apply the computational methods used for studying the
benzynes as a predictive tool for the selectivity of reactions of differently substituted
benzynes and indolynes; however there is no experimental evidence yet to back up

these predictions.3®



X M
A B

1.34

. X
“NH X Me
N.
. +
_Ph Ph
N
Me
1.35 1.36 1.37

Table 1.1 — Aryne distortion effect on regioselectivity>

X A B A Experimental
ratio of products
(angle difference
1.36:1.37
between A & B)
OMe 120° 135° 15° 100:0
F 118° 135° 17° 100:0
Cl 121° 132° 11° 20:1
Br 122° 132° 10° 13:1
| 124° 130° 6° 9:1

In addition to Kobayashi’s method of generating benzyne, there are a number of

alternatives. One of these was proposed by Schnarr and co workers who envisioned a

fast photochemical generation of benzyne. To do this, they synthesized compound 1.38

and, upon generation of benzyne under UV light, this was trapped with an azide partner

(Scheme 1.7).2°

IO

1.39

N
hv (365 nm), MeCN @E N
N

~COj, -Np, —
~

N

)

\\Ph
1.40

Scheme 1.7 — Schnarr photochemical generation of benzyne??



1.5 Hexa-dehydro-Diels-Alder (HDDA) reaction

Hoye et al. have recently extensively studied the hexa-dehydro-Diels-Alder (HDDA)
reaction (Scheme 1.8).32 In the example shown, 1.41 cyclises to produce intermediate
1.42. This is then intramolecularly trapped to afford the product 1.43. What was notable
about this method of generating benzyne is that the rearrangement proceeds purely
thermally without the need for external reagents or UV light, unlike Kobayashi and

Schnarr’s methods.

1.41 1.42 1.42* 1.43

Scheme 1.8 — HDDA rearrangement of 1.4132

After the initial discovery in 2012, the Hoye group did a lot of work deciphering the
mechanism of the cyclisation for a general substrate 1.44. There were two possibilities
(Scheme 1.9): path A, which is a two-step radical pathway, and path B which is a more

conventional concerted Diels-Alder pathway.

R R

Il VA : :
Path A (,C@ — g — - =R 1 — R
al IR N/
o o O (6]
1.44 1.45 1.46 1.47
R R
Il : :
D\ Path B =R ¢ =R
il
O (@]
(0]
1.44 1.46 1.47

Scheme 1.9 — Two possible pathways for HDDA rearrangement

In 2015 they reported a computational study on the two proposed pathways and they

found that the highest barrier in path A was 25.5 kcal mol?, whereas path B had a barrier
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of 31.5 kcal mol. Both pathways led to the same product. The conclusion from this work
was that path A was the more probable route based on calculations.3” In 2016, a follow-
up paper was published looking at substituent effects on the cyclisation and found that
it was more conclusive that path A was the mechanism of the cyclisation. They also
noted that the biradical intermediate 1.45 was extremely short-lived as there are no
radical by-products observed experimentally, and this was supported by their

computational study.3®

The Hoye group have used the HDDA rearrangement in a number of different ways, such
as for making polycyclic aromatic compounds,® and for biaryl synthesis*® and in the
trapping of polyfunctional natural products.! They have now furthered the reactivity by
performing a photochemical HDDA reaction. This has allowed the cyclisation to be
performed at significantly lower temperatures, down to -70 °C.*> These reports show
the utility of the HDDA rearrangement and that it is an effective new method of
generating benzyne. Other groups have exploited the reaction in natural product

synthesis,*> #* the making of organic coatings*> %¢ and also in polymerizations.*’- 4

1.6 Benzyne-Mediated Cross Coupling Reactions

Benzyne has also found applications in cross coupling reactions. An early example was
when Djakovitch et al. were investigating heterogeneous palladium catalysts and
observed that differing ratios of meta- and para- products were forming in the reaction
of 4-bromoanisole, 1.48 with piperidine 1.49. Benzyne being the reason for this was
proposed after a reaction without the palladium catalyst afforded the same meta and

para isomers.*

oM
© OMe
Br O KO'Bu (1.2 equiv) /©/
+ +
N N N
MeO H Toluene O
120°C, 20 h 42%
1.48 1.49 1.50 1.51

Scheme 1.10 — Djakovitch benzyne coupling of 4-bromoanisole, 1.48 with piperidine,

1.49%



In this case benzyne was generated from deprotonation ortho to the bromine and
subsequent elimination of the bromide (Scheme 1.11). The aryne produced is then
nucelophilically attacked by the piperidine to produce the observed products. To

generate the benzyne in this way, a base of the strength of KO'Bu is required.

Bu
V\___O\
H- K
Cpr /@
MeO MeO
1.52 1.53

Scheme 1.11 — Generation of Benzyne

From as early as 2003, research groups have been utilizing benzyne intermediates to
perform C-O and C-N arylations.>®>2 Larock and Liu discovered that they could perform
C-C couplings using silylaryl triflates as benzyne precursors and pyridine-N-oxides as

coupling partners.>3

Me
A Me
| @, Me TMS CsF (4 equiv)
N + j@[ 84%
o Me oTf MeCN, RT, 24 h | X
© = OH
N
1.54 1.55 1.56

Scheme 1.12 — Synthesis of substituted pyridine via benzyne>3

It might have been expected that the coupling would have been in 2- position of the
pyridine; however, their proposed mechanism (Scheme 1.13) justifies their observation

of regioselectivity being in the 3-position.
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1.54 1.27 1.57

HO 5
H

NS

N” N

Scheme 1.13- Proposed mechanism®3 of benzyne coupling to pyridine-N-oxide.

In 2012 Liu published a modification, where the selectivity changed from the 3- to the
2- position. This was achieved by switching the fluoride source to tetrabutylammonium

fluoride (TBAF) and the solvent from acetonitrile to dichloromethane.>*

X
@ TMS  TBAF (4 equiv)
NSt @
) oTf DCM, RT, 2 h N 71%
o

N OH

1.54 1.25 1.60
Scheme 1.14 — Alternative regioselectivity for benzyne coupling to pyridine-N-oxide>*

Daugulis was able to use Djakovitch’s observations of benzyne being produced from
deprotonation ortho to a halide to achieve the intramolecular coupling of aryl halides

with phenols in an excess of KO'Bu and the polar solvent, dioxane (Scheme 1.15).5°

Ho/‘\/,eﬁ/

1.61 1.62 1.63

OH

©\ Br KO'Bu (2.5 equiv)
Oﬁ dioxane, 140 °C, 16 h o

73%

Scheme 1.15 — Intramolecular arylation of phenols using aryl halides
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Despite trying other bases, it was found that KO'Bu was by far the best; other butoxides
such as sodium and lithium, produced some product, although in lower yields. However,

weaker bases such as K>COs, did not produce any of the products.

1.7 Organic Electron Donors

Highly reactive organic reducing agents known as “super electron donors” (SED) have
been discovered and developed based on often relatively simple molecular design. A
SED is defined as an organic molecule capable of reducing iodobenzenes.>® Early work in
this area arose from industry where tetrakis(diethylamino)ethene (TDAE) a weaker
donor was discovered.>” Some 20 years later a sulfur analogue, tetrathiafulvalene (TTF),
1.65 was prepared by Wudl et al.>® In the 1990s, Lewis et al. explored TTF’s reactivity
with arenediazonium salts. What was proposed was that TTF would reduce the
diazonium salt, 1.64 to the aryl radical, 1.66. This radical could then add onto the alkene

in a 5-exo-trig cyclisation to afford the cyclized product 1.67 upon work up.>®

4 i
F BF4

®

N2 Me 165 Z “Me Me
i) H,O J o

o 72%

Scheme 1.16 — TTF reduction of arenediazonium salt, 1.64°°

This was an early example of an organic electron donor being used in organic synthetic
reactions. The Murphy group wanted to develop this further and expand electron
donors; for this they had to learn two lessons. The first was that the gain of aromaticity
is an important driving force that often determines the strength of organic donors. The
second was that nitrogen is more helpful than sulfur in producing successful electron
donors.®® Meanwhile, Médebielle and co-workers decided to look back at the reactivity
of TDAE, 1.70. Using TDAE they were able to reduce acyl chlorides®! and electron-poor
benzyl chlorides.®? ®3 TDAE was able to reduce p-nitrobenzyl chloride, 1.68 down to an
anion which was then able to nucleophilically attack an aldehyde, 1.69 producing the

product 1.71 (Scheme 1.17).52
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MezN NM62

Cl H__O >_<
MezN NM62
1.70 O2N O
O e e
DMF, -20 °C HO
NO, NO,
1.68 1.69 1.71

Scheme 1.17 — Médebielle et al. used TDAE to reduce p-nitrobenzyl chlorides®?

TDAE was not capable of reducing iodobenzenes, however, so this led to the design of
SEDs. In 2005 by Murphy et al.®* reported the use a benzimidazole-derived organic super
electron donor, 1.75, capable of reducing aryl iodides. This synthesis of the precursor
salt 1.74 was straightforward from readily available starting materials shown in

Schemel1.18.

Reflux, 72 h

O S
| | |
. Oy o o e
S — N ¢ =
Mo MeCN ©:N> <N:© DMF 0 °C ©: :©
Me Me e
1.74 1.7

1.72

Scheme 1.18 — Synthesis of benzimidazole derived SED, 1.75%

To form the donor from salt, 1.74 it firstly needs to be deprotonated to form a carbene
1.76 which then attacks the other benzimidazolium moiety to form 1.77. There is then
a second deprotonation which leads to the active neutral donor species 1.75. What
makes this SED particularly effective is the 4 strong m-electron donating nitrogen atoms
surrounding an alkene and also upon oxidation, aromaticity is gained in the five-

membered rings.

13



|
_ N N
O STy —— Cly 10
N N
N\H /N \
1.74 1.76
©
™ .
' i of )
Cr~1) )y«
NN N H N
\
\
1.75 1.77

Scheme 1.19 — Mechanism of active donor formation

This donor was used to reduce a number of different aryl iodides, producing cyclised
products in good vyield. In this reaction, the active donor is generated in situ using
KHMDS as the base. When the same reactions were attempted with aryl bromides, the
reactions proceeded much more sluggishly and, with aryl chlorides, there was little-to-

no reactivity observed.
Me 1.74 (1.5 equiv) Me
/H KHMDS (4 equiv) [
: : DMF/toluene N
. Ms  88%
110 °C, 18 h
1.78 1.79

Scheme 1.20 — Cyclisation of 1.78 using SED 1.75

This was the first example of a neutral organic electron donor in its ground state being
capable of reducing an iodoarene. However, as it was known that gaining aromaticity
increases the strength of an electron donor, the Murphy group next looked at forming
an imidazole-derived donor; on oxidation this would afford a greater aromatic
stabilisation. To prepare a similar salt, 1.80 to the benzimidazole-derived, 1.74, would
prove ineffective as a source of 1.82 as Chen et al. had previously shown that a
dicarbene, 1.81 formed from deprotonation of 1.80 rather than the desired electron-

rich alkene, 1.82.5°
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[ W ™

[N N AN N —2 HI N> <N

= 0 8 ']

NN KH \ N> <N | KH NN
MeMé MeMd MeMé
1.82 1.80 1.81

Scheme 1.21 — Dicarbene formation from 1.80%°

To overcome this, following Chen’s example it was decided to try the doubly-bridged
imidazole salt 1.83. This was capable of forming the electron-rich alkene, 1.84, in the

same way as the benzimidazole derived donor (i.e. deprotonation with NaH).

0ol 0 woe A
L) ) —— [
v U
1.83 1.84

Scheme 1.22 — Formation of donor 1.84 from salt 1.83

When this donor was used in the same type of reaction as that studied with the
benzimidazole derived donor, 1.75, the major product was the deiodinated arene, 1.87,
rather than the cyclized product 1.79. This suggested that a second electron was rapidly
donated from the donor to 1.85 as if an aryl radical, 1.85 had even a modest lifetime,

this would rapidly cyclize to ultimately afford 1.79.°°

Me Me Me
IJ/ 1.84 (1.5 equiv) . f e o J/
_—
[ :[N DMF [ )\N [ )\N
Ms Ms Ms

1.78 1.85 1.86
®
+H
Me Me
@Eg orr
N N
Ms Ms
1.79 1.87

Scheme 1.23 — Generation of aryl anion using donor 1.84
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In addition to being able to reduce aryl iodides, this imidazole-derived donor was also
capable of performing the reductive cleavage of sulfones and arenesulfonamides.
Classical methods for this reduction often used alkali metals, Sml, with HMPA or LiAlHa;
this method using an organic SED used less harsh conditions without the need for
aggressive metal-containing reducing agents.®® This method was very effective in the

reduction of sulfones and certain arenesulfonamides with yields >90%.

PhO,S_ SO,Ph 1.84 (3 equiv) PhO,S. H
X 97%
Me" Me DMF, 110 °C, 18 h Me  Me
1.88 1.89
©\ 1.84 (6 equiv) ©\
91%
P N
Ko DMF, 110 °C, 18 h NP
1.90 1.91

Scheme 1.24 — Reduction of sulfones and sulfonamides using SED 1.84°¢

While this donor was effective and strong, the synthesis was an issue in that in the
reaction in which it was prepared, the salt 1.83 had to be separated from a macrocyclic
analogue. As a result, a more convenient but equally effective electron donor was
sought. The solution to this was the 4-DMAP derived donor, 1.94. This was easily
synthesized from precursor salt, 1.93, itself easily prepared from DMAP, 1.92 and 1,3-

diiodopropane, 1.73 with minimal purification required.®” 8

Q S)
N I/\/\I | o m o | . m
| = 1.73 N N NaH, lig NH3 N N
= [ — / N\ 72 S / — \
NMe R gAeCTs h - 1808 - D
X
2 e Me,N NMe, Me;N NMe;
1.92 1.93 1.94

Scheme 1.25 — Synthesis of 4-DMAP derived donor 1.9457: 68

Again, like the previously reported examples, this SED was also capable of reducing aryl
iodides (Scheme 1.26). An example is shown where substrate 1.95 cyclises to 1.96. To
undergo this transformation, 1.95 receives 2 electrons; these could both come from one
molecule of DMAP donor 1.94 or one each from two molecules of DMAP donor 1.94.

Here DMAP donor 1.94 reduces 1.95 to an aryl anion which attacks the ester in a 5-exo-
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trig cyclisation, losing ethoxide anion and producing product 1.96. Another double-

electron transfer (DET) example, is where substrate 1.97 gets reduced to an aryl anion

and this picks up either a proton or deuteron depending on the source, producing 1.98.

At room temperature, DMAP donor 1.94 was capable of reducing aryl iodides; by

increasing the temperature to 100 °C, 9-bromoanthracene and 9-chloroanthracene

were both reduced to anthracene showing the strength of donor 1.94.%° Donor 1.94 was

further tested with Weinreb amides, e.g. 1.99, and was able to perform the reductive

cleavage of N-O bonds. This was achieved in good yield with a wide range of substrates,

although some more challenging substrates, e.g. 1.101 required higher temperatures

and more equivalents of the donor to force the reaction to completion.”®

| i) 1.94 (1.5 equiv)
M
©: )<8C02Et Me
0" 'Me RT, DMF g Me 83%

ii) KOH, H,0, MeOH

1.95 50 °C, 12 h 1.96
Bu ) Bu
| 1.94 (1.5 equiv) HD H=95%
D =94%
g g RT, DMF, 16 h ® -
u u H(D),0 u u
1.97 1.98

o) o)
Ny Me 1.94 (1.5 equiv) N N/'V'e
| ' | H 81%
oM
N7 e RT, DMF, 3 h N7
1.99 1.100
\/\/\)OL 1.94 (5 equiv) 0
M \/\/\)J\
N \Me
OMe  100°C,DMF, 3 h H
1.101 1.102

Scheme 1.27 — Reductive cleavage of Weinreb amides by 1.947°

To achieve this reduction, 1.94 donates an electron into the LUMO of the Weinreb

amide, 1.103, this forms the radical anion 1.104, a resonance form of which is 1.105.

This can fragment as shown to form the new radical 1.106. Following a second electron

transfer and pick of a proton on work up, the product 1.108 is formed.
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1.103 1.104 1.105
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1.108 1.107 1.106

Scheme 1.28 — Mechanism of reductive cleavage of Weinreb amides”®

In addition to the reductive cleavage of N-O bonds, the 4-DMAP derived donor 1.94, has
also been shown to reductively cleave C-O o-bonds in acyloin derivatives and S-O bonds
in aliphatic and aryl triflates. Cutulic et al. firstly showed the C-O bond cleavage could
occur in excellent yield at room temperature; however, this depended on the
stabilisation of the anionic leaving group in 1.109. When the leaving group was
methoxide, very little reduced product was recovered (<5%). However, when the
methoxy group was replaced with more electron-withdrawing groups, such as pivalate
or acetate, then excellent yields of benzyl ketones 1.110 were achieved (93-98%). The
mechanism proposed for this cleavage is analogous to that of the Weinreb amide N-O

cleavage.”?

Q O 1.93 (1.5 equiv) Q O R = Me <5%
R = Ac 95%
DMF, RT, 18 h
T R ®

1.109 1.110

Scheme 1.29 — Reductive cleavage of C-O o-bonds in acyloin derivatives’!

Jolly et al. later went on to show that when donor 1.94 was reacted with aliphatic and
aryl triflates, the corresponding alcohols were produced. The proposed mechanism of
this cleavage is again very similar to the Weinreb amide N-O bond cleavage. In this case
the triflate, 1.111 receives an electron from the donor to generate a radical anion, 1.112.
1.112 then undergoes an easy fragmentation to afford a radical, 1.113 and anion, 1.114

pair. Upon work up 1.114 can pick up a proton to form the alcohol 1.115.72
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Scheme 1.30 — Mechanism of reductive cleavage of S-O bonds’?

As shown in Scheme 1.31, this was a useful method of reducing triflates to alcohols with

mild reaction conditions.

OTf 1.94 (1.5 equiv) OH
©/\/\/ — @/\/\/ .

1.116 1117
oTf 1.94 (1.5 equiv) OH
O©/ DMF, RT,16 h O©/ 89%
1.118 1.119

Scheme 1.31 — Reduction of triflates by donor 1.94

This theme of reductive cleavage was even further exploited when Doni et al. looked
into the cleavage of benzylic esters and ethers. What made this work interesting was
that fragmentation occurred after SET for esters but after double electron transfer for
ethers. Another significant observation of this work was that irradiating the DMAP
derived donor, 1.94, with ultra violet light at 365 nm enhanced the reducing capability
of the donor and allowed the reduction of substrates that they would not necessarily be

expected to be capable of reducing.”?
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)]\ 1.94, hv ® 0
OO R — + O
©/\ DMF ©/ OJ\R
1.120 1.121 1122
_R 1.94, h o

©/\O % o =

_ > + o

DMF
1123 1.124 1.125

Scheme 1.32 — Differing mechanisms of reductive cleavage for benzylic esters and

ethers’?

Chua et al. later extended the cleavage of esters to extended m-systems. In this case the
electron often gets injected into one side of the molecule and then works round the -
system to achieve the desired cleavage. The n-system could be extended using either
vinyl or alkyl links. Again, photoactivating the DMAP donor allowed it to be of sufficient

strength to reduce these substrates.

0 o)

Ph/\/\o)* 1.94 (6 eq.) HOJ\’<
UV, DMF, 72 h
1126 1.127 (80%)
X X
/\o Ph 1.94 (6 eq.) HO™ “Ph
Ph
1128 UV, DMF, 72 h 1.129 (65%)

Scheme 1.33 — Reductive cleavage of esters in extended n-systems’4

These transformations again show the strength of the DMAP donor 1.94. As previously
mentioned, photoactivation of 1.94 increases the strength and this is further shown in
the cleavage of S-N and C-N bonds by photoactivated 1.94.”> Scheme 1.24 had shown
that, in the ground state, donor 1.84 could reduce arenesulfonamides. This was possible
as the nitrogen leaving group was stabilized by resonance. However, this was not
possible with dialkyl arenesulfonamides as there the prospective nitrogen leaving group
would have no resonance stabilisation and this made the reduction impossible. By
photoactivating donor 1.94 this was able to reductively cleave dialkyl arenesulfonamide,

1.130, to the parent amine, 1.131. An alternative example is the reductive C-N bond
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cleavage of 1.132 to 1.133; this was an example where the nitrogen involved in the

cleavage was not in a ring.

~Ts 1.94 (6 equiv)
N ©©\'H 80%
hv, DMF, 72 h

1.130 1.131
C1oHos 1.94 (6 equiv) CqoHos
1225 l}l/\Ph 12M25 I}IH 80%
Ms hv, DMF, 72 h Ms
1.132 1.133

Scheme 1.34 — Photoactivated reductive cleavage of challenging S-N and C-N bonds’®

Recently Doni et al. further exploited this idea to selectively reduce arenes over
malonates and cyanoacetates. This was surprising, as esters are easier to reduce (~ -3.0
V vs SCE) than arenes (~ -3.6 V vs SCE). This was the first example of preferential benzyl-

C bond cleavage over reaction at the esters.”®

CO,t-Bu t-BuO,C.__CO,t-Bu

O CO,t-Bu 1.94 (6 equiv)
tBu O hv, DMF, 72 h
tB t-Bu

u

1.134 1.134

Scheme 1.35 — Selective cleavage of sp3 benzylic carbon bond over cleavage at the

ester’®

1.8 New Attempts at Transition Metal-Free Cross Coupling

ltami et al. were the first to publish a transition metal-free biaryl coupling whilst
proposing an SET mechanism. The research group were investigating various iridium
catalysts in the reaction between aryl iodides and electron-deficient heterocycles under
microwave conditions. However, whilst carrying out a “blank” reaction with
iodobenzene, 1.1, and pyridine, 1.135, without any iridium catalyst present, they found
that the reaction yield of their desired product was similar to the yield found when using

their best iridium catalyst, (Scheme 1.36).
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IFCI(CO)(PPhs), (5 mol%)

AN ' KO'Bu (3.3 equiv)
| )+ _ X
N 30 min | 41%

80 °C, microwave N
1.136 11 1.137
N [ KO'Bu (3.3 equiv)
O <
N 30 min | 39%
80 °C, microwave N/
1.136 11 1.137

Scheme 1.36 — Itami’s transition metal-free biaryl synthesis’’

Having found this unexpected result, they then looked at other aryl halides coupling to
1.136 under similar reaction conditions. It was found that iodobenzene was the most
efficient, followed by bromobenzene whilst chloro- and fluorobenzene produced no

significant yield of product.

As with the earlier Leadbeater work, Itami’s work also appeared to be transition metal-
free. To prove that this was indeed the case, Itami et al. extensively purified the reagents
and thoroughly cleaned the glassware. ICP-MS analysis of the potassium tert-butoxide
showed no transition metals above the detection limits of the equipment (60 ppb for
Pd). Although this was encouraging, Leadbeater showed that even lower concentrations

of palladium could be responsible for the reactivity.

Itami et al. found that the reaction conditions developed were applicable to pyridazine,
pyrimidine and quinoxaline, all of which coupled with iodobenzene in moderate yields.
The reactions of 3- and 4-iodoanisole with pyrazine did not give the regioisomers
associated with a benzyne-mediated process. This suggested there was an alternative
pathway driving these reactions. As the reaction was completely shut down in the
presence of radical scavengers, it was proposed that these reactions were proceeding

via a radical-based mechanism.

Following on from Itami’s work, other research groups began to publish their own
transition metal-free biaryl coupling reactions using different conditions. The first of
these was by Kwong and Lei et al.,”® who successfully used a combination of potassium
tert-butoxide and different reagents to promote the coupling of 4-iodotoluene, 1.138

and benzene, 1.139, Scheme 1.37.
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DMEDA (0.2 equiv)

I KO'Bu (3 equiv) O
[ :] +
84%
Me 80°C,4h

Me
1.138 1.139 1.24

Scheme 1.37 — Transition metal-free coupling under Lei conditions’®

Whilst a number of different organic additives, often diamines and alcohols with free —
NH or —OH, were observed to promote this reaction as additives, it was found that
potassium tert-butoxide was the only base that was effective in the transformation. On
the basis that a mixture of regioisomers was not formed, Lei ruled out the possibility of
a benzyne-based mechanism. Similarly to Itami’s work, radical scavengers shut down
the reaction. To this point, there had been no mechanism proposed. Previously,
however Wotiz et al. had reported the formation of pyrazine radical anion species from
the reaction of vicinal diamines such as DMEDA with a strong base;”® it was thought that
a similar condensation to a radical anion could potentially be the source of radical
initiations in these coupling reactions. An alternative source of initiation from DMEDA
could be a series of deprotonations to form an electron-rich alkene that could act as an

electron donor in these transformations.

At around the same time, two independent groups (Shi et al.®° and Hayashi et al.?!) were
publishing work on the same transformation as reported by Lei et al. Their work however
centred on the use of 1,10-phenanthroline, 1.141, and derivatives of this, to promote

biaryl coupling reactions. Both groups however proposed differing mechanisms.

Shi et al. had set out to probe cobalt-catalysed biaryl synthesis. Despite obtaining a good
yield with their “catalyst”, like Itami before, in the absence of their catalyst, the yield
was comparable. Their initial work focused on the coupling between 4-iodoanisole,
1.140 and benzene, 1.139, in the presence of potassium tert-butoxide and

phenanthroline, Scheme 1.38.
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(0.4 equiv)

=N 1141 O

/©/l @ KO'Bu (2 equiv) O

+

879

MeO 100 °C, 24 h MeO %
1.140 1.139 1.142

Scheme 1.38 — Biaryl synthesis promoted by phenanthroline by Shi et al.%°

Shi proposed that a combination of m,t-stacking and ion-mt interactions could give rise
to a complex shown in Figure 1.2. This complex was proposed to be responsible for
initiating the radical process by electron transfer to an aryl halide, but this was simply a

proposal. There was no experimental or computational evidence provided for this.

Figure 1.2 — Complex proposed by Shi that initiates a radical process®

A shortcoming of Shi’s work was that there was no investigation of base effects.
However, Hayashi et al. did investigate this factor in more detail using very similar
reagents. They took the reaction between 4-iodotoluene, 1.138, and benzene, 1.139, as
their model reaction and attempted the biaryl synthesis, producing 1.24, using 1.141 in

combination with a number of different bases, (Scheme 1.39).

1.141 (0.2 equiv)
/©/I © Base (2 equiv) ‘
+
]
Me 155°C 3 h O
a.NaOBu-72%  Me

1.138 1.139 1.24
b. KOBu - 67%

Scheme 1.39 — Investigation of alkoxide base in the biaryl synthesis®?

Contrary to Lei’s result,”® they found that sodium tert-butoxide offered a comparable

yield to that seen with potassium tert-butoxide.
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An interesting observation in Hayashi’s work was that elevated temperatures did
produce 3- and 4-(tert-butoxy)toluenes, 1.144/1.145, (Scheme 1.40) characteristic of an
aryne-mediated reaction, along with the expected coupled product. This suggests that,

at these higher temperatures, benzyne formation occurs from deprotonation ortho to

the bromide.
Ph
X
Ph N
(0.1 equiv)
=N 1143
Br NaOBu (2 equiv) OtBu
JOEN® 1
Me 155°C, 6 h OtBu Me
1.22 1.139 1.24 1 144 1.145
Y
50% 18% (1:1)

Scheme 1.40 — Evidence of the presence of benzyne in Hayashi coupling reactions®!

To support the idea that an aryl radical was being formed from the dissociation of an
aryl halide radical anion, 4-iodotoluene, 1.138 was treated with phenanthroline, 1.141
and sodium tert-butoxide in deuterated THF. 4-Deuteriotoluene, 1.146 was obtained in
good yield (79%), showing that aryl radicals were being formed by the dissociation of

iodide from the aryl ring (Scheme 1.41).

NaOBu (2 equiv)

! 1.141 (1 equiv) D
e 79%
Me

THF-d8, 100 °C, 20 h Me
1.24 1.146

Scheme 1.41 — Abstraction of deuterium from THF-d®

1.9 Transition Metal-Free Heck-type Reactions
A number of groups looked at Heck-type reactions using this transition metal-free

methodology. Bui et al. looked at an intramolecular reaction with 1.147 receiving an

electron and undergoing a 5-exo-trig cyclisation to form 1.148.%3
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| Ar KO'Bu, mesitylene \ Ar
160°C,1.5h Ar
1.147 1.148

Scheme 1.42 — Heck-type cyclisation of 1.147 in presence of 1.141/KO!Bu®3

They proposed that the electron was transferred to the aryl iodide from the complex
suggested by Shi et al.®% Through this reaction, they were able to prepare a range of

benzofurans, although with not much variation in the functional groups.

Hayashi et al. were also able to perform Heck-type reactions mediated by KO'Bu. Where
their method differed from Bui was that theirs was intermolecular from an aryl halide
to a styrene derivative.®* These reactions used ethanol as an additive and DMF as the
solvent with KO'Bu as the base; compared with other reactions, they feature relatively

low temperatures and short reaction times of 80 °C and 2 h respectively.

| KOBu (3 equiv)
' EtOH (20 mol%) ‘
o ﬁ oh
Me DMF, 80 °C, 2 h Me 730,
0
1.138 1.3 1.149

Scheme 1.43 — Hayashi et al. Heck-type coupling reaction

They propose that the electron is transferred from tert-butoxide anion directly to form
the aryl radical that attacks styrene. This proposal is up for debate as there was a number
of alternative electron donors that could have been in the solution. A significant reaction
that was performed was a coupling of 2-chloronaphthalene with styrene. Aryl chlorides
are often more difficult to reduce than aryl iodides but, under these conditions, Hayashi

et al. were able to produce the coupled product in 63% yield.

| KOBu (3 equiv)
Cl
EtOH (20 mol%) O
ST ﬁ SR
DMF, 80°C, 3 h
0,
1.150 1.3 1451 83%

Scheme 1.44 — Hayashi’s coupling of 2-chloronaphthalene with styrene®
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An interesting feature of this work was evidence for radicals by use of radical clock,
1.152. In this case they performed the reaction with 4-iodotoluene, 1.138, KO'Bu, EtOH
and DMF as before. As they gained two products (1.153 and 1.154) both of which had
the cyclopropane ring opened, this was evidence for the mechanism involving radicals;

what it didn’t give evidence for the source of the electron.

KOBu (3 equiv) J Me |

I Me
/©/ EtOH (20 mol%) O O |
+ _ +
M
¢ DMF, 80 °C, 2 h ‘ ‘

1.138 1.152 1.163 1.154

32% 1.153/1.154 = 75/25
Scheme 1.45 — Evidence for radicals in Hayashi’s transition metal-free Heck reactions®

Shi et al. also published an arylation of alkenes through an “organocatalytic radical
process”.® In their version, they take iodo/bromo arenes and couple these to 1,1-
diphenylethylene, 1.156, in the presence of bathophenanthroline, 1.143, KO'Bu and
benzene. They developed a relatively wide substrate scope on the aryl iodide but had

only one example of an alkene without two phenyl groups attached.

They proposed that the electron is transferred to the aryl halide from a complex formed

between 1.143 and KO'Bu, as had been proposed a number of times.

Ph
A
Ph X N/
(0.3 equiv)
=N 1143
X KO'Bu (3 equiv)
-
MeO benzene, 110 °C,36 h  MeO

X =168%

1.155 1.156 X =Br52%

Scheme 1.46 — Shi’s coupling of aryl halides with 1,1-diphenylethylene 1.1568>

A final group who looked at transition metal-free Heck-type reactions was the Rossi
group.®® Previous to this work, the reactions had required high temperatures and a

solvent, but Rossi claimed to have a different approach that was solvent-free and
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operated at room temperature. The initial study looked at photoirradiation of 4-
iodotoluene, 1.138, styrene 1.3, KO'Bu and DMSO at room temperature and gave a yield

of 67% with 86% conversion of the starting aryl iodide.

I | KO} i
/©/ O'Bu (3 equiv) S ‘
+
Me DMSO. hv, 1.5h O
Me

67%
1.138 1.3 1.150

Scheme 1.47 — Rossi’s Heck-type coupling reaction with DMSO under photo condition®®

Initially when the reaction was attempted without DMSO, no yield of product was
recovered. This was suspected to be due to the insolubility of KO'Bu in the reaction
medium. To overcome this, 18-crown-6 ether was added to the reaction mixture to
coordinate to the potassium cation. After this addition, the yield of the solvent-free
reaction increased to 64%. Their proposal was that the free butoxide anion could act as
the electron donor, as it is known that in photostimulated reactions KO'Bu can start the
chain process.?” 88 This reaction worked with iodine, bromine and chlorine as the halide.
It is also known that KO'Bu is capable of deprotonating DMSO to form an anion capable
of reducing iodoarenes however as only DMSO and DMF (this can also form electron
donor with KO'Bu) were the only solvents used, there was no evidence that it wasn’t

one of these species that initiated these reactions.

|
/©/ . | KO'Bu (3 equiv) N O
e @

18-crown-6 (3 equiv)  Me 64%
1.138 1.3 hv, 15 min 1.150

Scheme 1.48 — Solvent-free Heck-type reaction®®

1.10 Initiation of Transition Metal-Free Cross Coupling Reactions

In 2010, an essay from Studer and Curran proposed that a base-promoted homolytic
aromatic substitution (BHAS) mechanism, (Scheme 1.49),% is involved in these transition

metal-free transformations.
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et
O'Bu
Scheme 1.49 — Widely accepted BHAS mechanism proposed by Studer and Curran®?

The key feature of the mechanism is the generation of the radical anion, 1.161, that is
known to be a powerful reducing agent. The pathway shows that after an aryl iodide
receives an electron, there is a loss of iodide generating an aryl radical, 1.159. This
radical reacts with benzene to give rise to a cyclohexadienyl radical, 1.160. This radical
is deprotonated by tert-butoxide to form the radical anion, 1.161, and this transfers an
electron to another aryl iodide molecule, propagating the cycle and the resulting radical

anion rearomatises to produce the coupled product, 1.162.

A shortfall of Studer and Curran’s proposed mechanism is that it does not detail where
the electron responsible for the initiation of the cycle comes from. The source of this

electron was still under debate.

More recently, Studer and Curran have published another paper; this time they changed
their terminology and proposed that the electron is a catalyst. They propose this
ideology in not only BHAS reactions but also Heck, substitution and cross-
dehydrogenative coupling radical reactions. They don’t suggest any changes to the
mechanisms of these reactions or where the electron comes from but merely suggest

that the electron is the catalyst.*®
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While a lot of research was being carried out into understanding how 1,10-
phenanthroline, 1.141 was promoting biaryl synthesis, a number of other research
groups were demonstrating that other simple molecules could promote these reactions.
Kwong et al. demonstrated that ethylene glycol, 1.164, was capable of promoting the
intramolecular arylation of aryl chlorides e.g. 1.163, to form the coupled product 1.165,

(Scheme 1.50).

|
C
HO  OH O
N 1.164 (0.4 equiv) >N
! |
KOBu (2 equiv) A
Toluene, 120 °C, 24 h O O

1.163 1.165
98%

Scheme 1.50 — Intramolecular arylation of aryl chlorides®!

Kwong’s research showed that a number of diols promoted the transformation.
However, when 1,2-diamines were employed in the reactions, they did not yield as much
product. Another significant observation of Kwong’s work was that aryl chlorides were
successful in these transformations. Until this point, success with aryl chlorides had been

limited and highly challenging.

A number of publications had shown that amino acids and related structures are
similarly capable of promoting biaryl coupling. Jiang et al. sought to develop a series of
analogous reagents that could also achieve such reactions. Their work was based on the
idea that the metal ion from butoxide complexes MOtBu to the heteroatoms in the
simple molecule, thus creating the species capable of initiating the reaction. As the
phenanthroline complex of a metal ion example is a 5-membered cyclic complex, they
proposed that forming a 6-membered cyclic complex would provide enhanced

reactivity.®?

To test their hypothesis, 1.166 was used as a promoter and the coupling of 4-
iodotoluene, 1.138 and benzene, 1.139 with potassium tert-butoxide as the base, was
chosen as a model reaction, (Scheme 1.51). This work showed that the molecules they

designed were capable of promoting the reaction.
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X

@_ 09
N .
NH, O (0.2 equiv)
1.166
! . KOBu (3 equiv)
80°C, 24 h O
Me Me 88%
1.138 1.139 1.24

Scheme 1.51 — Biaryl coupling under Jiang’s conditions®?

An alternative to a 6-membered cyclic complex being the initiation could be a
dimerisation of 2 molecules of 1.166 through the loss of CO; to form 1.167, which

resembles a standard SED reagent.*

X
N
NH, O

1.166

Scheme 1.52 — An alternative species that could initiate Jiang’s coupling reactions

To rule out the possibility of a benzyne-mediated reaction, the reaction was run in the
absence of their promoters. These reactions gave none of the desired product. Benzyne-
mediated reactions generally require a higher temperature to initiate, or at least this

was the reason given for the lack of reaction.

When alternative bases (sodium tert-butoxide, potassium carbonate and potassium
hydroxide) were tested under the same reaction conditions, none was capable of
forming the desired product.®* As part of their study a kinetic isotope experiment was
carried out, (Scheme 1.53). They found the kn/kp was 1.42. Their observation of a low
kn/ko implies that the rate determining step in these reactions is not the loss of
hydrogen/deuterium. If the ratio had been significantly higher, then the loss of hydrogen

or deuterium would have been the rate determining step.
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I D D 1.166 (0.2 equiv)
o -0
Me D D KO'Bu (3 equiv)
D 80°C, 24 h
1.138 1.139 1.167

72% kylkp = 1.42

Scheme 1.53 — Kinetic Isotope experiment showing that loss of H/D is not the rate

determining step®?

Li et al. investigated stabilised organic radicals as a source of initiation.% Their choice
was the stable switterionic radical Hbipo, 1.169, this was employed in the same way as
other additives such as phenanthroline, 1.141, in substoichiometric amounts and excess
KO'Bu in benzene. This structure for radical 1.169 however is not possible as either
deprotonation or hydrogen abstraction of an sp? carbon adjacent to the carbonyl group
in any precursor would produce either an anion or a radical respectively, but not the

radical anion shown.

7
=N N |
[ ]
SNt © NH
1169 O (0.2 equiv)
I . KOBu (3 equiv)
120°C, 24 h O
Me Me 68%
1.138 1.139 1.24

Scheme 1.54 — Coupling of 4-iodotoluene with benzene in the presence of stabilised

zwitterionic radical 1.169 by Li et al.

Although the radical cannot exist, they propose that the reaction proceeds through a
homolytic aromatic substitution (HAS) pathway. They propose that Hbipo, 1.169 is
deprotonated by KO'Bu to form radical 1.170 (charges do not balance in this
transformation) this radical then abstracts iodide from the aryl iodide generating a
phenyl radical, 1.159. This phenyl radical then attacks a molecule of benzene to generate
cyclohexadienyl radical 1.160, they propose that this radical causes homolysis of the C-I
bond formed from the abstraction carried out by 1.170, (this looks like a most unlikely

atom transfer as a highly reactive phenyl radical, 1.159, is generated from a highly
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stabilised captodative radical 1.170) regenerating the radical and propagating the cycle.
There is nothing to suggest that cyclohexadienyl radical 1.160 couldn’t be deprotonated
by KO'Bu to form radical anion 1.161 and it could be this entity that propagates the cycle
in a BHAS cycle. The initiation of the BHAS cycle could be from an electron donor formed
in situ in the reaction mixture. (Scheme 1.55 has issues; firstly, the charges do not
balance in the deprotonation and secondly the abstraction of iodine from iodobenzene

is unlikely to occur. This scheme is shown as published however, it is unlikely to be

accurate)
7 7
1}
AN N KO'Bu AN N Ph—I
%g‘H ~HO'BU @“/\/)_gf"‘
0

1.169

HI

)

1.162

Scheme 1.55 — Proposed HAS mechanism by Li et al.*®

In 2012 Tanimori et al. looked specifically at proline, 1.172, and other amino acids as
biaryl-coupling promoters. Previous investigations into the reactivity of proline never
went above 100 °C. However, in this work, the temperature was increased to 150 °C and
subsequently the yield of product 1.142 improved significantly, from 47% to 87%, for
the coupling of 4-iodoanisole and benzene, (Scheme 1.56). Increasing the temperature
does however increase the contribution of the benzyne-mediated pathway (discussed

fully in Scheme 1.70) and this should be noted when looking at the increased yield.
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O_/{o

N OH
1.172(0.2 equiv)
I KOBu (3 equiv)
. O 87%
e0 150 °C, 24 h MeO
1.140 1.139 1.142

Scheme 1.56 — Biaryl coupling under Tanimori’s conditions®®

Zeng et al. proposed a macrocyclic aromatic pyridone pentamer as a highly efficient
additive for direct arylations of unactivated arenes.’” They proposed that the
macrocycle, 1.173, would act in the same way as 18-crown-6 ether did in Rossi’s
photoactivated Heck-type reaction by liberating the butoxide anion allowing it to be the
electron donor that initiated the reaction. Using 1.173 as the additive they were able to
couple aryl iodides to benzene in high yield, while radical inhibitors stopped the
reaction. They didn’t do any investigation into their proposal for electron transfer. It is
possible that the pentamer is deprotonated by KO'Bu and becomes electron-rich, this
could be an electron donor that initiates the reaction rather than free butoxide anion,

as an electron transfer from KOtBu has been shown to be unfavourable.

5y
s

1.173

?

Scheme 1.57 — Macrocyclic aromatic pyridone pentamer®’

1.173 (0.05 equiv)
l N KOBu (3 equiv) O
/©/ 120°C, 24 h O
Me Me

89%

1.138 1.139 1.24

Scheme 1.58 — Zeng’s reactions with aryl iodides and benzene in presence of 1.173 and

KO'Bu
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Kumar et al. investigated vasicine, 1.175, as an additive for their coupling reactions. By
using vasicine in substoichiometric amounts, with an excess of KO'Bu in benzene, with
iodoarenes they were able to achieve yields of coupled product of up to 94%. When they
switched to bromoarenes the reactions still proceeded equally as effectively in just as
high a yield. The reaction time they used was longer than other groups at 48 h.*® It is
likely that 1.175 undergoes a double deprotonation to form an electron-rich alkene
between the nitrogen and oxygen. It would be this species that would initiate the

reaction.
o
—
N
1175 OH (0.5 equiv)
X KOBu (4 equiv) X=193%
N X = Br 94%
110 °C, 48 h
Me

Me
1.174 1.139 1.24

Scheme 1.59 — Kumar’s coupling of haloarenes with benzene using vasicine, 1.175, as

the additive®®

In a competition reaction, they performed the reaction for only 2 h and the yield was
only 2% lower. In this competition, experiment they also found selectivity for an

electron-deficient iodide over an electron-rich aryl iodide, (Scheme 1.60).%8
LD
N/

1175 O (0.5 equiv)
' ' KO'Bu (4 equiv)
+ +
110 °C, 48 h
MeO FsC FsC

MeO
1.142 1176 1.139 1.24 1477
0.5 equiv 0.5 equiv 2% 36%
1.0 equiv 0.0 equiv 40% e
0.0 equiv 1.0equiv. e 80%

Scheme 1.60 — Competition reactions performed by Kumar et al.*®

Rossi et al. have also looked at transition metal-free coupling reactions. Similar to their
Heck-type reaction, these reactions were performed at room temperature. They were

able to develop a wide substrate scope.
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R =H90%
Me 91%
OMe 97%

Ph 74%
I KO'Bu (3 equi
O e S
F 87%
R DMSO, h O
v R CF3 61%

CN 85%
1.178 1.139 1.179 CONH, 76%

CO,Bu 67%

Scheme 1.61 — Rossi’s photo cross coupling reactions®

In 2015 Xu published a paper claiming “ligand-controlled chemoselectivity” in their
transition metal-free cross coupling reactions that were promoted by potassium tert-
amylate.'%° Their ligands of choice were DMEDA, 1.180 and phenanthroline, 1.141.
These were both known to promote the coupling of aryl halides to unactivated benzene
in the presence of KO'Bu and it was also known that these reactions were

chemoselective.

X
~
| N
_N
I 1.141 or 1.180 (0.2 equiv)

/©/ 1.141

MeO KO!Am (3 equiv) MeO O /\
80°C, 24 h e —NH HN—

1.140 1.142 1.180

Scheme 1.62 — Xu’s KO'Am-mediated cross coupling®°

They claim that in a dihaloarene such as, 1.181, different ligands give different products
and this is therefore chemoselective. When phenanthroline was used as the additive, a
single coupled product, 1.183 was formed and when DMEDA was the additive, the twice

coupled product terphenyl, 1.185, was formed.
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1.181

O 1.141 O 1.180 O O O
—_—
@ O
SET to 1.181 —Cl o
Cl Cl

1.185
1.183 1.182 1.184

Scheme 1.63 — Difference in chemoselectivity from the different additives'®

Their rationale for this was that when radical anion, 1.182 was formed in the presence
of phenanthroline, 1.141, the electron was transferred via this to another molecule of
dihaloarene, whereas with DMEDA the electron in radical anion 1.182 remained in the
molecule eventually losing chloride anion and then coupling to another molecule of
benzene. Their proposal therefore is that the reaction depends on the nature and

strength of the complex formed.

In 2011 Charette et al. published a paper detailing intramolecular coupling reactions.
These were performed using potassium tert-butoxide in pyridine, and there was no
diamine or diol species in the reaction. However, to their surprise, they managed to gain

good vyields of the coupled product 1.187, (Scheme 1.64).

@EI KO'Bu (2 equiv) ‘
(0] pyridine O
160 °C, 10 min 0

microwave
1.186 1.187

Scheme 1.64 — Biaryl coupling observed by Charette et a/.10!

Although this reaction proceeds at high temperature, a benzyne-mediated pathway was
ruled out as no products of trapping by butoxide anions were isolated or detected and,
as with other similar reactions, this reaction was shut down by the addition of radical
scavengers. As a result, a SET mechanism was proposed. However, there was no obvious

electron donor species present in the reaction.

37



Kumar et al. also looked at intramolecular cyclisations by preparing biaryl lactams. They
used the same phenanthroline/KO'Bu mixture as seen previously by other groups;
however, they also required AIBN to be present for the reaction to proceed. Their

reactions were successful with iodine, bromine and chlorine in the ortho position.10?

X o}
1.141 f
o , KO'Bu, AIBN NH X = 1 96%
HN X =Br70%
\© benzene, 110 °C, 6 h O X = Cl 49%

1.188 1.189

Scheme 1.65 — Phenanthroline promoted formation of biaryl lactams!%?

A couple of years later, Kumar et al. further developed their cyclisations to include
unreactive tertiary sp3 C-H bonds. The conditions used were slightly different to those
used previously; in DMSO they needed vitamin E as an additive and in benzene they used
the radical initiator azomethylvaleronitrile (AMVN), with both cases being in the

presence of KO!Bu.103

o)

I
KO'Bu, Vit E, DMSO
o u °r \ DMSO 86%
benzene 98%

N KO Bu, AMVN, benzene
Y W/ 100 °C

1.190 1.191

Scheme 1.66 — Cyclisation of 1.190 to form 1.1911%3

The mechanism proposed in these reactions is slightly different to the BHAS coupling
mechanism as it involves a 1,5 HAT. What is not clear from the proposed mechanism is
where the electron transfer that initiates the cycle comes from. The propagation
electron transfer will come from radical anion, 1.196. In the paper, it’s suggested that
electron transfer comes from KO'Bu.®®> Whether or not the KO'Bu was donating an
electron to 1.190 is unclear, but Kumar et al. found that KO'Bu was essential to the

success of their reactions both in DMSO and benzene.

38



Cﬁfo — %ﬁ; é@.iikm’ @ilk

1.192 1.193 1.194

1.190

SET to 1.190
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Scheme 1.67 — Proposed mechanism for sp3 coupling by Kumar et a/.13

The absence of any obvious electron donors in Charette’s work (Scheme 1.65) prompted
an investigation by Murphy et al. into the initiation of these reactions. It had been
suggested in the related work of Shi that a complex between a “ligand” and KO'Bu
(Figure 1.3) is the species that donates an electron to an aryl iodide and, in turn, initiates
the BHAS cycle. However when the energy profile of this complex donating an electron
to aryl iodide were modelled using Marcus theory, it was found to be very endergonic
(+63.9 kcal mol?) and therefore unfavorable. When carrying out reactions of KO'Bu with
phenanthroline a dark green precipitate was isolated. This was found to be converted

into a dimer of phenanthroline, 1.197 on work-up.

O
L i 1.197

Figure 1.3 —Left: phenanthroline/KO'Bu complex proposed by Shi et al. Right:

phenanthroline dimer isolated by Murphy et a/.1%

This precipitate was found to be very air-sensitive but when quenched with iodine, a
very good electron acceptor, product 1.197 was isolated. This raised the question that
if this is being formed in the reactions following work-up, what species could be donating
the electron to the aryl halide? The dimer was formed by deprotonation and attack on
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a second phenanthroline molecule to give 1.199, a subsequent deprotonation gives
1.200 this species was proposed to be the electron donor in these reactions. The
formation of this species was calculated to be exergonic (-30 kcal mol) and the electron
transfer energy of this species to an aryl iodide was calculated to be favourable. This
suggests that this is the more likely electron donor in these reactions compared to the

phenanthroline/KO'Bu complex.

This still left the question about why the reactions with pyridine as the solvent working
as an electron donor. One option would be the deprotonation ortho to the iodide
generating benzyne and this could attack the arene and start the subsequent reaction
(this option will be discussed in more detail later). The alternative is that a similar

dimerization with pyridine occurs.

1.141

Scheme 1.68 — Formation of dimer 1.200 through deprotonations with KO‘Bu

Similar to that shown for phenanthroline in Scheme 1.68, the deprotonation of pyridine
was found to be more difficult than that of phenanthroline as the complexation between
KO'Bu and pyridine is not as strong as KO'Bu and phenanthroline. Using similar blank
reactions to those with phenanthroline, 2,2’-bipyridine was isolated as the major
isomer. To get to this molecule from pyridine it would be expected that pyridine, 1.136
would be deprotonated and attack a second pyridine molecule to form 1.202. Upon a
second deprotonation, the electron-rich alkene 1.203 can be formed and, again,

guenching with iodine allowed isolation of the dimer.
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N __koBu O o 13 _ KOBu
~

N N/

1.136 1.201 1.202 1.203
Scheme 1.69 — Formation of pyridine dimer 1.203

These observations provide a rationale for why transformations performed by Itami and
Charette, where no obvious electron donor is present, still produce the expected

product in good yield.

What still isn’t clear from the observation of dimers is what happens when there is only
benzene, KO'Bu and aryl iodide present. Murphy et al. proposed that this was due to
benzyne, 1.27 acting as a biradical, 1.204 attacking a molecule of benzene. The resulting
biradical can abstract a hydrogen atom or form a C-C bond with another molecule of
benzene before being deprotonated to generate a radical anion, 1.208 equivalent to
that observed in the BHAS cycle. It is proposed that this radical anion then donates an

electron to an aryl iodide, starting the cycle in the normal fashion.

@5 —Q— QO CndD
oy 127 1.204 1.205
O
OO
1.206 1.207
R 4
SETto 1.1 "

1.208 1.162

R=H, Ph
Scheme 1.70 — Benzyne initiation of the BHAS cycle*

To test whether this was the primary source of initiation, or whether electron transfer

from the additives was the major source, 2-iodo-m-xylene, 1.209 was used as the aryl
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halide. As both positions ortho are blocked to deprotonation, the benzyne source of
initiation shown in Scheme 1.70 is not possible. Where reactivity is observed in these
reactions, the source of initiation needs to be from an external additive. A characteristic
of reactions with 2-iodo-m-xylene, 1.209, is that the coupled products observed are
perhaps not as would be expected. Instead of 2,6-dimethylbiphenyl, 1.213, being the
only product, what is observed is a mixture of 1.213 and biphenyl, 1.162 in a 1:3.8
repeatable ratio. This is due to the fact that radical 1.210, formed after electron transfer,
finds it easier to abstract a hydrogen atom from benzene than attack the benzene ring.
The rest of the mechanism follows the same as the BHAS mechanism whether it is radical

1.210 or 1.159 that attacks a molecule of benzene, leading respectively to 1.213 and

1.162.
Me
I ee he 1 139
Me Me Me
1.209 1.210 1.211 1.212

e
1139

1214 Me O

© 1.213

PP

1.160 1.161 1.162

Scheme 1.71 — Reaction pathways of 1.209 with benzene

While electron transfer from organic additives is a common source of initiation for
transition metal-free coupling reactions, there is still a large diversity of additives that
required investigation. In 2014 Murphy et al. attempted to identify the roles of amino
acids, alcohols and 1,2-diamines in these coupling reactions.'®> What was found was that

often simple organic molecules can be transformed into electron donors through a
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series of deprotonations. Enolates such as 1.216 and 1.218, formed from diol 1.215 and

diketopiperazine 1.217, are examples.

®

® % 0k

OH ‘ 0 K f
(I KO'Bu @: NR KO®Bu SNR
RN
OH OH m) RN\H)
o o}
1.215 1.216 1.217 1.218

Scheme 1.72 — Formation of electron-rich enolates!®

Other groups have suggested that the initiation, when there is no electron donor
present in fact comes directly from KO'Bu. Ashby et al.1% proposed that alkoxides could
act as electron donors as they observed EPR-active species when reacted with
triphenylmethyl bromide, 1.219, in THF. The radical they identified was triphenylmethyl
radical, 1.220. It was proposed that this was formed from single electron transfer from
KO'Bu to 1.219, and subsequent loss of bromide anion led to the triphenyl methyl
radical, 1.220. In these reactions they found that (tert-butoxymethanetriyl)benzene,
1.221, was the major product with [[4-tert-butoxy)cyclohexa-2,5-dien-1-

ylidnene]methylene]dibenzene, 1.222 as the minor product.

OBu
O KO'Bu O O ‘
Br _— . - - OBu +
savl sae SRS
1.219 1.220 1.221 1.222

Scheme 1.73 — Ashby’s report of EPR active species 1.220 from reaction with 1.219 and
KotBu106

Wilden et al. have also suggested that potassium tert-butoxide itself could be the
electron donor, (Scheme 1.74). They noticed that, in the absence of electron donors,
coupling reactions between aryl iodides and benzene can still proceed with only KO'Bu
and heat. Other groups have also noticed this. However, their yield was significantly
higher than previous reports (66%). All substrates that were tested had ortho protons,

so there is still the possibility of benzyne formation (Scheme 1.74).
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| KOBu ‘
/O/ + © 66%
Me 160°C 6 h
Me

1.138 1.139 1.24
Scheme 1.74 — Wilden coupling of 1.138 in the absence of electron donors

It was suggested that, after donation from butoxide to the aryl iodide, the resulting
butoxyl radical immediate collapsed to acetone and a methyl radical. Meanwhile the
aryl iodide, having received the electron, would lose the iodide and form an aryl radical
which can then attack benzene to form the resulting radical 1.160, the methyl radical

would then abstract a hydrogen from this, producing biphenyl and methane.

K® + "OBu —>© + Kl + MeCO + °CH,

O ety

1.159
11 1.223
© + © —_— O + R —_ + RH
1.159 1.139 1.160 1.162

Scheme 1.75 — Proposed radical process to biaryl formation by Wilden et al. 1

In a similar way to Wilden et al., Jutand et al. have also published a proposal that from
an interaction between KO'Bu and phenanthroline, 1.141 leads to a phenanthroline

radical anion, 1.224, and it is this radical anion that initiates the BHAS cycle.

KOBu  + \_/ 728\ \_/ 7\ &+ “otBu
N N=— N N=
1.141 1.224

Scheme 1.76 — Jutand et al. proposed formation of phenanthroline radical anion, 1.224

that initiates BHAS cycle©®

Their evidence was based on an EPR study; they noticed when KO'Bu was mixed with

phenanthroline, 1.141 in an appropriate solvent, that splitting patterns were observed
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indicating the presence of a radical species. Their conclusion from this study is that
phenanthroline, 1.141, has been acting as an electron relay to transfer an electron
between KO'Bu and aryl halides.1% However, there is a large difference in the oxidation
and reduction potentials of KO'Bu and phenanthroline making it unlikely for KO'Bu to
reduce phenanthroline. Therefore it is likely that the observed radical had a different

origin.

The lack of necessity for organic additives has been a source of debate in proposing the
source of initiation in BHAS reactions; however, KO'Bu often appears to be an essential
reactant in these reactions. Bisai et al. published two papers applying the
phenanthroline/KO'Bu system to intramolecular cyclisations during total synthesis of
Amaryllidaceae alkaloids e.g. oxoassoanine, 1.226,'%% 10 While they performed
reactions with organic additives (often phenanthroline, 1.141) they found that these
reactions also proceeded in the absence of the additives and only KO'Bu was essential
for the reaction to proceed. They suggest that when there is no additive present, the

initiation comes from SET from KO'Bu to the aryl halide, 1.225.

OMe O
MeO 1.141 (0 mol % or 40 mol %) MeO O
MeOD\H/N KO'Bu (3 equiv) N
Br O mesitylene, 100 °C, 6 h (0]
0 mol % = 67%
1.225 40 mol % = 64% 1.226

Scheme 1.77 — Bisai et al. intramolecular cyclisation of 1.225 to form 1.2261% 110

In 2015 Taillefer et al. reported a transition metal-free arylation of enolisable aryl
ketones. In their reactions they did not have any organic additives present. What they
used was a mixture of KO'Bu and DMF as this was essential to observing reactivity. When
the base was changed to either LiO'Bu or NaO'Bu, the yield decreased to below 5%.

Similarly, when the solvent was changed, there was a similar effect.

| 9 KO'Bu (5 equiv) O Q
©/ " 99%
DMF, 60 °C, 13 h O
1.1 1.227 1.228

Scheme 1.78 — Taillefer’s arylation of enolizable aryl ketones!*!
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They proposed that DMF was deprotonated and the resulting anion donated an electron
to iodobenzene 1.1 to initiate the cycle. The resulting radical, 1.159, then attacks
enolate, 1.231 formed in situ to form a radical anion 1.232 and this radical anion donates
an electron to another molecule of iodobenzene, 1.1 propagating the cycle and forming

the desired product.

0 S
)y OBu ? SETto 1.1 . ©
~ ~ ) |
N”H N~ ©
I ~HOBU |
1.229 1.230 1.159

1.227 1.231

‘ Q SET to 1.1

1.228

Scheme 1.79 — Proposed cycle of transition metal-free arylation of enolizable aryl

ketones by Taillefer et al.1!

The Murphy group also looked into these types of reactions to investigate the role of
DMF, and came up with their alternative proposal.l*?> Having performed a reaction
coupling 2-iodo-m-xylene, 1.209 with benzene, 1.139 they recovered a small amount of
the biphenyl 1.162 and 2,6-dimethylbiphenyl 1.213 mixture (2.6%), (Scheme 1.82). They
were in agreement that DMF was the source of the electron donor, however a different
method of how this formed was proposed. Rather than a single molecule of DMF being
deprotonated and donating an electron to the aryl iodide it is proposed that the
deprotonated DMF, 1.230 (Scheme 1.80) attacks a second neutral DMF, 1.229 to form
anion, 1.233 and after proton transfer this forms enolate 1.234, which is a species that
had more characteristics of an electron donor, based on previous studies.'% If enolate
1.234, was to undergo a second deprotonation then the resulting structure, 1.235,

would be an even stronger electron donor.
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0 S o o) o}
O'Bu |
| H
- . N
\NJ]\H \N)@ + \NJJ\H \N)J\k ~
I ~HO'Bu I I I
1.229 1.230 1.229 1.233
S) OH
0 | OBu ’L
I P ~HOBuU e
1.235 1.234

Scheme 1.80 — Alternative proposal for electron donor formation from DMF by

Murphy et al.11?

To determine whether or not it was a dimer that was the electron donor, two additives
were prepared to try and mimic this reactivity. The first was a linear diformamide, 1.236

and the second a more conformationally restricted diformamide, 1.237.

I\I/Ie I\I/Ie
[N \70 N \70
I}I/QO '}l&o
Me Me
1.236 1.237

Scheme 1.81 — Diformamide additives prepared by Murphy et al.**?

When these were also used in coupling reactions with 2-iodo-m-xylene and benzene, it
what was found that the yield of coupled products 1.162 and 1.213 significantly
increased from 1% DMF alone to the linear diformamide and then even larger increase

with the conformationally restricted diformamide. (see Scheme 1.82)
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Me "
| additive (x %) Me
@f KOBu (2 equiv) +
Me benzene, 130 °C, 18 h O O
Me

1.209 1.162 1.213
DMF 1% = 2.6%

1.236 10% = 8.0%
1.237 10% = 16.1%

Scheme 1.82 — 2-lodo-m-xylene coupling with benzene to produce mixture of 1.162

and 1.213 using diformamide additives!??

Interestingly when the temperature of this reaction was lowered to 110 °C, time
decreased to 4 h and amount of additive lowered to 0.5%, the yield of coupled product
increased for additives 1.236 (19.6%) and 1.237 (31.6%) while 1% DMF gave a yield of
0.4% under these conditions. This work did not disprove the work carried out by Taillefer

et al., but did offer an alternative proposal.

Another person who has explored the initiation step of the BHAS cycle is Patil.*'3 This
was a computational study of the electron transfer to iodobenzene 1.1 from different

species;
1. KO'Bu alone
2. The KO'Bu/phenanthroline complex proposed by Shi et al.8°
3. The electron relay system proposed by Jutand and Lei'%

4. The phenanthroline dimer, 1.200* and deprotonated DMEDA 1.238 directly

to iodobenzene as proposed by Murphy et al..10% 19

1.200* 1.238

Scheme 1.83 — Proposed electron donors studied by Patil!3
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Reaction with KO'Bu alone was found to be very endergonic at 114.5 kcal mol?,
suggesting that direct electron transfer from this to iodobenzene is unlikely to be
achievable; moving on, the reaction of the complex proposed by Shi et al. was found to
be very endergonic as well at 109.6 kcal mol, while an alternative complex with DMEDA
was found to be just as unfavourable at 113.9 kcal mol. The third case, looking at the

electron relay (Scheme 1.85) was more interesting.

X
Step 1 KO®Bu + NG + oy
_n
1.141
X
Step 2 +  PhI NN Y phi
|/N—K®
1.239 1.1 1.240 1.161

Scheme 1.84 — Generation of phenanthroline potassium complex and subsequent

electron transfer to iodobenzene

The first step with DMEDA, producing the butoxyl radical, was endergonic 42.0 kcal mol
1, and the second step of electron transfer to iodobenzene showed AGre= 61.2 kcal mol
! therefore making the overall energy of this process to be 103.2 kcal mol?! again
unfavourable. The calculations were also performed for DMEDA case and again the
energy was also unfavourable (104.9 kcal mol?). Using the donors proposed in the
Murphy group the electron transfer to iodobenzene was still endergonic, 54.8 kcal mol-
L for the phenanthroline dimer, 1.200* and 79.7 kcal mol for the deprotonated DMEDA,
1.238 however the dissociation of the iodide in these cases to produce the phenyl radical
and iodide anion was exergonic at -38.1 kcal mol™. This meant that the overall reaction
profiles, i.e. AGye for these donors to the reactive aryl radical and iodide ion was 16.7
kcal mol* and 41.6 kcal mol? for the 1.200* and 1.238 respectively, making these
potentially achievable particularly in the phenanthroline dimer case. However even in
these cases there are potentially high barriers to overcome so Patil looked at alternative
explanations for the success of these reactions. His proposal was that two molecules of

the additive complex to the potassium ion, 1.239 and this promotes the electron relay.
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I
HN
O e
2[ +  KOBu ——— [ Kk ] +%mu
NH HN N
\ \ /
1.241 1.242
/ | /N
HN, @ HN HN. ® .NH
K. j* ogy * PHl —r K]+ omy
HN. °NH HN" = "NH
\ / \ Phly
1.242 11 1.243
/ \ / \
[HN\ ® ,NH] [HN NH .
K + 7 At _— K + OBu
HN" Z °NH OBu HN™ = °NH
\ Phly \ Phl/
1.243 1.244
/ \ /
HN_  _NH NH .
[ k] 2[ + *ph + K
HN" = "NH NH
\ Phl/ \
1.244 1.241 1.159

Scheme 1.85 — Electron relay proposed by Patil'*!

Overall the energy AGe for this transformation was 38.7 kcal mol* for both DMEDA and
also phenanthroline (not shown). This is lower than direct electron relay through
phenanthroline proposed by Jutand and Lei however it is still not overall extremely
favorable. The conclusion from this paper was that the intiation of the BHAS cycle was
not a one step process and was most likely proceeding through the electron relay
(Scheme 1.85). The calculations in the paper discount the complex proposed by Shi et
al. as well as discounting direct electron transfer from any electron donor or KO'Bu to
an acceptor. An issue of this paper is that it dealt fully in relative energies; the barriers
would be higher than the energies reported and this could have an effect on the

conclusions that could be drawn.

While the precise method of initiation is still under debate in the majority of papers,
KO'Bu appears to be essential to the success of the reaction. However there are
exceptions to this and recently Chen et al. were able to couple 1-naphthyl iodide, 1.245
with benzene, 1.139 in the presence of their NHC additive, 1.247 and KHMDS instead of
KO'Bu finding a higher yield in this case (45% KHMDS to 41% KO'Bu).!* There is the
possibility that similar to the Murphy group’s benzimidazole-derived donors!!® that the

NHC is dimerising to form an electron donor that is initiating these reactions.
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(\H}Bu

N L]
L% 02ea
N (0.2 equiv)
\ Ph

l Mes
1.246 KHMDS = 45%
SOk (D romeem
base (3 equiv)

0,
1.245 1.139 80"C4n 1.247

Scheme 1.85 — Chen et al.’s coupling reaction using KHMDS as alternative base to

KotBu114

Similarly, Kappe et al. attempted to perform the reactions with phenanthroline, 1.141
as the additive and LiIHMDS as the base and found that the reaction also proceeded,
albeit in a longer length of time. These showed that KO!Bu was not always essential to

these reactions.11®

Br 1141 (04 equiv) O LIHMDS - 44 h - 75%
/©/ * O KO'Bu - 18 h - 28%
MeO MeO
1.48

base (3 equiv)

(o]
1.139 100°C 1.142

Scheme 1.86 — Kappe et al.: study of base on the BHAS coupling reaction!*?

This review has covered the background and scope of current transition metal-free
reactions. While there has been a lot of study and interest in performing and
understanding the mechanism of the transition metal-free coupling reactions, there is
still work ongoing in the Murphy group and beyond. Some of this work bears on my

research, and will be discussed throughout the thesis.
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2. Introduction

2.1 Project Aims and Motivation

Upon starting my research in the Murphy and Tuttle groups, the research interests were
in the development and understanding of transition metal-free cross coupling reactions.
Having recently published several papers exploring the mechanism of these coupling
reactions,'%% 10> the Murphy group believe that the initiation source for these
transformations is an electron transferred to a haloarene from an electron donor. This
work aimed to build on the existing knowledge of electron donors and attempts to fill in

the blanks, specifically why some reactions work with no electron donor present.

The initial study in Chapter 4, looks at developing a new family of additives that would
be capable of performing transition metal-free cross coupling reactions. This was a dual
study employing both synthetic organic chemistry and density functional theory (DFT)
and a secondary aim of this work was to further show how these methods can aid each

other to potentially predict what would be a good electron donor and what would not.

Chapters 5 and 6 look at why reactions, where no electron donors are added, often
work. Again, this was explored both in the lab and computationally. It had been
proposed that the background reaction was initiated by benzyne, formed from
haloarenes acting as a biradical; however, the only evidence for this was that when the
formation of benzyne from the haloarene substrate was prevented, the coupling was
inhibited. The aim of this new work was to add in an external source of benzyne to
reactions, where benzyne formation from the substrate is blocked, to determine if this

is a source of initiation.

Recent work performed by other members in the Murphy group involving transition
metal-free reactions using potassium hydride raised some interesting questions. It was
decided that using DFT analysis to explore these reactions could be helpful in explaining
how these reactions were proceeding, and this is the aim of the research reported in

Chapter 7.
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2.2 Layout of the Thesis

As there is a number of different computational studies in this thesis, Chapter 3
describes the background to the computational theory, and also a deeper explanation
of some of the methods that will be used throughout the thesis, to give support and

meaning to the results.

The bulk of the results are described in chapters 4 to 7. Chapter 4 looks at the
development of new potential electron donors, based around benzimidazole and
benzoxazole substructures. Chapter 5 is an experimental look at the benzyne initiation
of transition metal-free coupling reactions; in this chapter the hexadehydro Diels-Alder
reaction and Bergman cyclisation were utilized in initiating these reactions. Chapter 6
follows on from the previous chapter with a computational study of the biradical
initiation of these reactions. Finally, chapter 7 explores various transformations

observed in reactions with potassium hydride and haloarenes.

After the results and discussion in chapter 8 there are conclusions about the thesis as a
whole and suggestions of potential future work. In chapter 9 there are full experimental

details and characterisation of compounds made during the research.
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3. Computational Theory!?’

3.1 Quantum Mechanics

Quantum mechanics is a sub-section of computational chemistry that is applied to
systems at the atomic level to exploit the wave-particle duality of atoms. The

fundamental equation of quantum mechanics is shown in Equation 3.1.

9 = e
Eq. 3.1

This equation returns any physical property, e, of a system which is dependent on the
operator, ¥, when applied to the wavefunction, Y. The aim of quantum mechanics is to
calculate the exact wavefunction of a system, as from the wavefunction all physical
properties can be extracted. An example of this being used is in the Schrodinger

equation shown in Equation 3.2.

Ay = Ey
Eq.3.2

The Schrédinger equation applies the Hamiltonian operator, A, to the wavefunction
order to extract the energy, E, of a system. A common approach in extracting the energy
is to solve the N-electron wavefunction utilising the Hartree-Fock (HF) approximation.
However the approach that has been used for this work is to determine the electron
density of the system.'® Physical properties are dependent on the electron density so

these can be calculated using the method known as density functional theory (DFT).

3.2 Density Functional Theory?’

3.2.1 Electron Density

Electron density is a measure of the probability of an electron being in a given area of

space i.e., the higher electron density the greater probability of an electron being there.
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Electron density is defined as multiple integrals over the spin coordinates of all the

electrons in the system and over all the spatial orbitals except for one.

p(F) = Nf "'fll/)()_él' 562, ...,.Q_C')ledsldfz ...di

Eq.3.3
This determines the likelihood of finding an electron out of the N-present electrons
within a volume of d7 with a chosen spin whilst the remaining N-1 electrons have chosen
positions and spin represented by the wave function. The multiple integral shows the
probability of one specific electron being within the volume of d7. Since electrons are
indistinguishable the probability of finding any electron is the single electron multiplied
by the number of electrons N.
Electron density is both measurable and observable. Due to the attractive force from
the nucleus, maximum values for electron density exist. This is down to the singularity
of —Za/ria which becomes non-continuous as r;, — 0 resulting in a cusp that is directly
related to Za. The dependence on the nuclear charge can be shown by:
lim [i + ZZA] p(#) =0
T14-0 LOT
Eq.3.4
Where p(7) the spherical average of the electron density. The exponential decay for
large electron-nuclei distances can be calculated by:
p(Ma exp[—Z\/ﬁI?l]
Eq. 3.5

With | being the first ionization energy of the system.
3.2.2 Pair Density

Electron density can be expanded to not only find one electron with a particular spin in
a given volume but to find two electrons with opposing spins, with two given volumes.
The remaining-2 electrons in this case being assigned arbitrary spin and position. This is

known as pair density and is defined as:

P2 G 2) = N(N — 1) f j p(R, Epy o) B2y .. Ay

Eq. 3.6
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Similar to electron density the pair density is also a positive number and is symmetrical

about coordinates in space.

3.2.3 Hohenberg-Kohn Theory

Hohenberg-Kohn theory shows how electron density can be used to determine all the
physical properties of a particular system, by determination of the Hamiltonian.!8 Since
p(7) contains the same information contained in the Hamiltonian these can be shown

to relate directly and as a result so do the ground state energies.
p(#)={N,Zy, R} = H=>¥, = E,
Eq. 3.7

The ground state energy, Eo, and its energy components, are all functionals of the

ground state electron density.

Eolpol = Enelpol + Tlpol + Ecelpol

Eq. 3.8

The Ene component is system dependent and can therefore be described using the

electron density equation shown below;

Eolpol = fpo(F)VNedF + Tlpol + Ecelpol

Eq. 3.9

The final two terms in the equation are independent of system variable and so can be

replaced by the Hohenberg-Kohn functional, Fuk.

Eolpo] = fpo(7)VNed7 + Fuk[po]

Eq. 3.10
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From this equation it can be suggested that the ground state energy can be determined
from only the Fuk. This functional contains the functional for both the kinetic energy and

the interelectronic repulsion.

Fuklpl = Tlp] + Ecclp]l = (qul'T" + 17eelqjo)
Eq. 3.11

As the functionals T[p] and Ece[p] are not known the ground state cannot be determined
only from the Fuk functional. The only extractable information from the Fuk functional is

Ece[p] functional.

1 _)1 _>2 5> 1o
Ecelpl = Ej] %dﬁdrz + Enclpl = Jlpl + Enalp]

Eq. 3.12

The Eee[p] functional consists of the coulomb term J[p] and the non-classical electron-
electron interaction term, Enc[p]. The major challenge for DFT is finding expressions for

the unknown functionals T[p] and Ena[p].

The second principle of Hohenberg-Kohn theory involves using the variation principle to

determine the ground state density.

Ey < E[p] = Fyklp]l + Enelp]
Eq. 3.13

This shows that when the functional Fuk[5], is applied to a reasonable trial density the
energy calculated will be either greater than or equal to the ground state energy. The
only time it will be equal to the ground state energy will be when the trial density is
equal to the exact density. Therefore, the Hohenberg-Kohn theory shows that electron
density can be used as a replacement for the wavefunction when solving the

Schrodinger equation.
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3.2.4 Kohn-Sham Approach

The Kohn-Sham approach builds upon the principles of Hohenberg-Kohn theory and has
provided a practical method of implementing electron density for DFT methods.*® The
significant flaw in orbital-free models is the poor representation of kinetic energy terms;
the idea in the Kohn-Sham model is to split the kinetic energy functional into two terms.
One of these is calculated exactly and the other is a small correction term. Comparing
this to the Hartree-Fock approximation where the kinetic energy was determined by
using the slater determinants as the form of the wavefunction. This meant that the
description of the system was that it is composed of N non-interacting particles moving
within the effective potential Vur. In the Kohn-Sham approach a system of non-
interacting electrons is used as a reference orbital-based system, and so the

corresponding Hamiltonian, Hs, neglects and electron-electron interactions.

Eq.3.14

The V,(7;) is an effective local potential. The ground state wavefunction is a slater
determinant, s, which is made up of Kohn-Sham spin orbital, ¢, where the fKSis the

one electron Kohn-Sham operator
e = g0, i=12,..,N.

Eq.3.15
R 1 .
fKS = =5 V2 + V()

Eq. 3.16

The Hamiltonian for the non-interacting particles system is a sum of the one-electron
operators, fKSof the single electrons. The artificial non-interacting system is connected
to the actual system by choosing the effective potential Vs so that densities of both the

systems are equal.
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N

ps®) = ) ) 09I = po()

Eq. 3.17

Kohn and Sham aimed to determine the kinetic energy of the system by using a fictitious
system of non-interacting electrons that has an effective potential, Vs, to match the
resulting density with that of the actual system. To determine the Vs, the energy of the

system was investigated to identify the known and unknown parameters.

The kinetic energy of the non-interacting system is determined from the orbitals using

v,
T, = =35 ) (@ilVlo)
i

Eq. 3.18

Because the kinetic energy is different for the non-interacting system and the actual

system, it is adapted to

Flp(P)] = Ts[p(P)] + J[p(P)] + Exc[p(H)]

Eq. 3.19

Exc[p(P)] = (T(p) — TslpD) + (Eeelpl — J1pD) = Tclp] + Encilp]

Eq. 3.20

T is the kinetic energy for the actual system and T is the kinetic energy for the non-
interacting electrons. Therefore the residual kinetic energy not accounted for by the T;
is defined as T.. The Enq is the non-classical electronic contributions (electron-electron
interactions) to the potential energy. The result of this is that the unknown parameters
are effectively summed up and combined into the Ex term, which is defined as the
exchange correlation energy. This allows the kinetic energy to be determined more

efficiently. Therefore the interacting real system energy can be expressed as;
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E[p(®)] = Ts[p] +J[p]l + Exclp]l + Enelp]

Eq.3.21

3.3 Functionals and Basis Sets

3.3.1 Functionals

In the local density approximation (LDA) a hypothetical uniform electron gas is assumed
to move in a positive background charge. The electron density is a constant value and
remains finite even as the volume or the number of electrons approach infinity. The
uniform electron gas is used because the exchange and correlation energies are known

for this hypothetical system. Within LDA, the Exccan be written as:

ELPA[p] = j p(Pexc(p(P))d7
Eq. 3.21

exc(p(?)) indicates the exchange correlation energy per particle of a uniform electron
gas at a particular density. The probability of finding an electron in this gas is also
included. exc(p(F)) can be further defined by splitting the exchange and correlation

contributions:
Exc (p(?)) = & (p (?))‘I'gc (p(?))
Eq. 3.22

The LDA can be further extended to an unrestricted case dependent on two spin
densities, po(7) and pp(7), where p, (¥) + ps (#) = p(#). This allows for better results in
the cases of odd numbers of electrons, for example radicals, by having the two spin

densities. This leads to the local spin density approximation.

EXP[pe pg] = f P exe(pa (P, s (D)7

Eq. 3.23
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pa () # pg(7) is known as the spin-polarised case and the degree of spin polarization

can be measured through the spin polarization parameter ¢&:

_ P = ps®

e

Eq. 3.24

Where € = 0 indicates there are equal numbers of each spin state, while £ = 1 indicates

that only one type of spin is present in the system.

LDA is a good starting point in determining the exchange correlation energy but does
not effectively deal with many realistic systems within chemistry. As the electron density
is not uniform throughout a molecular system, as the LDA suggests. A method of
improving this approximation is to account for the electron density gradient Vp(7),
which is usually heterogeneous. The LDA is the first term in a Taylor series. The gradient

expansion approximation (GEA) can be shown as:

> - - ! vp Vp ! -
EZEA[par pg] = j pexc(pa(P), pg(F))dF + Z J Cet” Par Pp 5755 4T +
o,o! pO‘ po"

Eq. 3.25

The GEA can be used in a system where the electron density is not completely uniform
but has small changes in it. It would be expected however, to provide improved accuracy

on LDA, although this is not necessarily the case.

A functional that utilizes the gradient of charge density belongs to the set of functionals

known as generalized gradient approximations (GGA). These are defined as:

ESE par pp] = f f(par P VD5 VP5)dT

Eq. 3.26
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As with the LDA it is possible to split EZ54 into its exchange and correlation energies.
The exchange energy can be defined as the LDA equivalent and the correlation energy

as shown.

EJ?CGA — EgGA + ECGGA

Eq. 3.27
EgGA — E]I;DA
Eq. 3.28
3
EGGA — —Z f F(s,)pt(®)d7
o
Eq. 3.29
3
Bt = 52 = 3 [ Pk ()i
o
Eq. 3.30

3.3.2 Hybrid Functionals

Hybrid functionals use the ability to determine the value of the exchange energy from
pure density functionals and exact HF exchange whilst relying on approximations for the
correlation energy. Different hybrid functionals contain different weightings of several
functionals. The MO06 set of functionals are frequently used; these contain hybrid and
GGA type functionals. This broad range of functionals provide good results for main
group thermochemistry, transition metal chemistry as well as noncovalent interactions.
The MO06 functionals contain a variety of parameters for the combinations of the
components that make up the functional so that computational jobs can be tailored to
the system that is being investigated. For example M06-L is a localized functional with
0% Hartree-Fock exchange and is good for transition metals, MO6-HF is the opposite of
this where the full Hartree-Fock exchange energy is present and is designed for long

range charge transfer in DFT. M06-2X is the functional used throughout this report. It is
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somewhere in between the M06-L and M06-HF functional (containing 54% of HF exact
exchange) and as such is able to cover a wider range of properties.'?® Throughout this

thesis the M06-2X functional is used.

3.3.3 Basis Sets

A basis set is a set of functions that describe the molecular orbitals (MO) used to
estimate the wavefunction to solve Schrédinger’s equation. Commonly used types of
basis set are Gaussian Type Orbitals (GTO). GTO can be written in terms of Cartesian

coordinates as shown:

n¢T0 = Nxly™z" exp(—ar?)

Eq.3.31

Where N is the normalization factor, a is the orbital exponent that determines the size
of the resulting function and the sum of /, m and n determines the orbital shape, i.e., | +

m+n=1is a p-orbital.

An alternative type of basis set is the Slater Type Orbitals (STO) and can be shown

through:

n%T% = N1~ exp(—{r) ¥;;, (6, $)
Eq. 3.32

STO offer the exact eigenfunctions of a hydrogen atom. Where STO differ from GTO is
that STOs do not have any radial nodes. Despite STOs being more accurate in describing
orbitals due to the high computational cost contracted GTO basis sets are often used
instead.’?! These consist of several primitive gaussian functions that are linearly
combined to give one contracted gaussian function (CGF). The CGF is an approximation

of a STO but comes at a lower computational cost.

There are several different types of basis sets which have different levels of accuracy.

Minimal basis sets are the simplest form and often run quickest however they are the
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least accurate; conversely double or triple-zeta basis sets have an increased number of

functions and therefore are more accurate but come at a higher computational cost.

To gain a high level of accuracy often high-level basis sets need to be used however not
all the electrons in an atom take part in the chemistry of reactions, so often only the
valence electrons require the higher level basis sets. Therefore, similar accuracy can be
achieved treating the valence electrons with double/triple-zeta basis sets and the core
electrons with a minimal basis set. Where the valence and core electrons are split it is
called a split-valence basis set for example 6-311G Gaussian basis set. 6-311G is a triple-
zeta split-valence basis set that describes Gaussian-type orbitals. The 6 in the basis set
means that 6 GTOs are linearly added to form the CGF. It is this CGF that is applied to
the core electrons in each atom of the molecule. The -311 part means that three basis
functions are used to describe the valence electrons. Of this the 3 is a CGF whilst the 1s

are single GTOs.

Polarisation functions (d,p) can be added to the basis sets. These functions are of higher
angular momentum than would be required for the atom, giving the orbitals more
flexibility to find the lowest energy conformation. The d adds polarization to the non-
hydrogen atoms and the p adds polarization to the hydrogen atoms. Similarly diffuse
functions can also be added to extend the CGFs further from the nucleus. These are
particularly useful for anions and larger elements that have electrons further from the
nucleus. These are noted with ‘+’ for non-hydrogen atoms only and ‘++’ for all atoms in

a molecule including the hydrogens.

Often basic basis sets such as 6-31G and 6-311G do not accommodate heavy elements.
These should therefore be modelled with additional functions. As there are a large
number of inert core electrons rather than model these with a minimal basis set this is

replaced with an effective core potential or pseudo potential.

There are no definitive rules for what makes the best basis set for a particular system,
instead basis sets can be adapted to different chemical systems to find an appropriate
functional/basis set combination. Once these are selected then a computational
software package such as Gaussian can model the system and determine the required
properties. While these can be tailored to a particular system it is important when
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comparing different systems the same functional/basis set has been used as these

frequently give different results.

3.4 Solvation Models

As chemical reactions are rarely carried out in a gaseous environment and solvent-solute
interactions often alter a system it is important that a solvation model is included in the
calculations that are being studied. Solvation models are often built around polarisable
dielectrics. The conductor-like polarisable continuum model (CPCM) is one such model
and is used throughout this report. The solvent molecules are considered to form a
cavity centered by the molecules of interest, and a surface representing the cavity walls
is defined by small sections. The conductor-like reaction field is due to a polarized charge
on the cavity surface. For systems where the solvent has a finite dielectric constant the

charges can be calculated by:
Sq=—f(eV
Eq.3.34

Where V and q are vectors that total the electrostatic potential due to the solute
molecules and the solvent charges respectively. S is made up of a matrix with 2

components S; and Sj;:

41
Sii = 1.0694 |—

a;

Eq. 3.35

Eq. 3.36

The value of f(¢) is generally determined by:
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e—1

fley= e+ X
Eq. 3.37
Where X is often taken as zero or a half.
Equation is usually solved iteratively and after n iterations yields:
(n-1)
0" = - |reem+ erq’j
" iz 0L
Eq. 3.38

The charge at i is dependent on the potential of the solute and on the potential of all of

the other charges at the previous iteration.

3.5 Marcus Theory

In 1992 Rudolph A. Marcus was awarded the Nobel Prize in chemistry for his
contributions to the theory of electron transfer reactions in chemical systems. He

developed the theory that later became famous as Marcus theory.122125

Electron transfer, in its simplest case involves two molecules — one donates an electron
to the other, which accepts it — as a result both molecules will undergo a considerable
change in structure. If these molecules are in solution, the solvent would also need to
undergo change as it would move from solvating two molecules with their initial number
of electrons to two new molecules with a different number of electrons. This requires a
change in solvation to reorganize around the newly formed molecules. These changes
are required for electron transfer to occur, and to carry out these changes in structure
will require energy to overcome the reaction barrier. Therefore, the amount of energy

required to overcome the barrier determines the rate of electron transfer.

It is in working out this barrier that Marcus theory comes in to play. The theory assumes

that the two molecules undergoing electron exchange are loosely bound to each other.
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The required energy for structural changes is named the “reorganization energy” and is

termed ‘A’. The reorganization energy can be expressed as:

A= li(a) + Ai(r)

Eq. 3.39
Where:
Ai(a) = Eqq(13) + Eqq(17)
Eq. 3.40
Ai(r) = Eqr(1) + Eqr (1)
Eq. 3.41

rqe and r; specify the coordinates of the structures before electron transfer and the
structures after electron transfer, whilst Eq, and Egr identify the energy of the anion or
radical at the desired coordinates. A;(a) gives the inner sphere reorganization energy of

the anion and A;(r) gives the inner inner sphere reorganization energy of the radical.

In Figure 3.1 two curves are shown, the blue represents the energy of the starting
structures while the orange represents the products after electron transfer. The minima
illustrate the equilibrium energy of the molecules in each case. The point at which the
curves intersect each other is the point where electron transfer occurs, i.e. the activation
energy. The reorganization energy is the difference between the minima of the left

curve and a point vertically above on the upper part of the other curve.
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Figure 3.1 — Representation of Marcus theory. Blue line is before electron transfer,

orange line is after electron transfer

As seen in Figure 3.1 the activation energy to undergo electron transfer is only part of
the overall reorganisation energy. Marcus incorporated this into his theory by

incorporating the factor ‘%’ into his general equation for the rate of electron transfer.

The relative free energy of products relative to starting structures is calculated from the
energy of optimized structures, both donor and acceptor before and after electron

transfer:

A= (Edr(rr) + Ear(rr)) - (Eda(ra) + Ean(rn))
Eq. 3.42

An expression to calculate the energy barrier can then be derived from the difference in
the coordinates of the turning point of each parabola and is:
A

AG*=—<

4

1+ Acm>2
A

Eq. 3.43

To calculate this, however, the values of AGreiand A must already be known. The method

used to obtain all the required information is known as the Nelsen four-point method
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and requires a series of optimization and single point energy calculations to be
performed. The electron donor and electron acceptor are both optimized before
electron transfer as singlets. They are then reoptimized after either the loss or gain of
an electron as radical anion or cations as appropriate. The difference between the

energy of before and after electron transfer gives AGyel.

The reorganisation energy (A) is determined computationally by splitting the
reorganisational energy into its internal and external components, and because studies
showed that the external reorganisation effect is minimal, only the internal
reorganisation energy is used (Equation 3.44). The reorganisational energy (M) is
calculated computationally by optimising the geometries of both the acceptor and

donor species, before and after the electron transfer.

1= li(D)‘; 2;(A)

Eq. 3.44

When the optimised geometry is obtained for the electron donor species, before SET,
then a single point energy (SPE) calculation is performed using a different charge and
multiplicity of the system to reciprocate that of the electron donor species after SET.
This is repeated for all the optimised geometries (both of the electron acceptor and

donor).

o+
Donor + Acceptor > l Donorl + Acceptor

Scheme 3.1 — Electron transfer from donor to acceptor

An alternative to Nelsen’s four-point method has recently been reported.'?® This
method optimises the donor and acceptor molecules as a complex before and after SET.
The calculations are performed as a singlet and triplet to model this, and SPE calculations

are performed with the alternative multiplicities to model this fully.
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4. A New Range of Electron Donors for Transition Metal

Free Synthesis

4.1 Introduction

Over the past decade, there has been an explosion of interest in transition metal-free
cross coupling.>® 77 80, 82,104,127 \Whjle still in its infancy, not using transition metals in
reactions has significant potential advantages, such as lower costs and less toxicity. It is
often proposed that these reactions proceed via a base-promoted aromatic substitution
pathway (BHAS) (Scheme 4.1). This was firstly proposed by Studer and Curran back in
2011.% This cycle requires an initiation of some sort. Murphy proposed that this source
of initiation was through electron transfer to an aryl iodide, 4.1, to generate the aryl

radical, 4.3 starting the cycle.1%

Scheme 4.1 — BHAS cycle proposed by Studer and Curran®

This electron transfer often occurs from an organic electron donor. These are often
generated in situ following deprotonation by a strong base such as KO'Bu. A selection of
common additives and their respective proposed electron donors are shown in Scheme
4.2. Common features of organic electron donors are an electron-rich double-bond,

often surrounded by heteroatoms.
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Scheme 4.2 — In situ formation of electron donors

This was the grounding for this work where the aim was to design molecules that could
form electron-rich double-bonds in situ through deprotonation with potassium tert-
butoxide (KO'Bu). The particular set of molecules that were chosen to be studied are
shown in Figure 4.1. These were all prepared to be studied experimentally and also
modelled computationally to analyse how likely these were going to be able to form
what would be expected to be the active electron donor and more specifically to
determine whether or not they would be capable of transferring an electron to an aryl

iodide.
O oo
4.16 4.17
Ho\ \
Crio oY

4.18 4.19
/N

{0
Cro— Ul
N v
4.20 4.21

Figure 4.1 — Additives designed to generate electron donors in situ on treatment with

base

4.2 Generation of potential electron donor

To generate a species that resembles the electron donors shown above, these additives

require to be deprotonated at the sp3-carbon in the centre of the molecule. This would
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generate an electron-rich double-bond as shown in Scheme 4.3 where 4.16 is

deprotonated to generate the electron-rich core in 4.22.

H + KOBuU H HN
N HN :7/
[:1:2 ( N

- HOBBu

4.16 4.22

Scheme 4.3 — Deprotonation of central sp3-carbon generates an electron-rich alkene

surrounded by three heteroatoms

The heteroatoms would also likely be deprotonated where this is a possibility and, as
such, having negatively charged heteroatoms surrounding the double-bond would mean
that this is even more electron-rich and therefore a potentially stronger electron donor.
This would mean that, in terms of donation ability, 4.24 > 4.23 > 4.22. However, what is

not known is how much of each species could be present in a reaction mixture.

N HN N HN N N
CL~ M < Ty ™« ULy~

N N N

© © ©

4.22 4.23 4.24

Figure 4.2 — Proposed donor strength depending on deprotonation state

The computational study for deprotonation of the additives was undertaken on
Gaussian 0928 using the functional M06-2X%° with basis set 6-311++G(d,p).1?> 130 All
calculations were carried out using the C-PCM implicit solvent model*3¥ 132 with the
dielectric constant for benzene (e = 2.2706). tert-Butoxide anion was used as the base,
as recently this has been shown to give results that are close to that of KO'Bu tetramer
in previous calculations, and is more computationally efficient to use. It is known that
KO'Bu exists as a tetramer in the solid state,*** but when studied alongside a dimer,
KO'Bu and “O'Bu it was found that “O'Bu gave comparable results to the tetramer whilst
improving the computational efficiency of the calculations.'3* When deprotonation of
the proton on the benzimidazole nitrogen was attempted, this was found to be
barrierless and extremely favourable with AGye = -41.6 and -39.0 kcal mol*for 4.16 and
4.18 to 4.25 and 4.26 respectively (Table 4.1). This was attributed to resonance

stabilisation of the resulting anion with the rest of the benzimidazole moiety and
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suggests that where this is present, it will be the most likely position to be deprotonated

first.

H ©
N RN@ . O, N RN@ . hoby
) OBu R =H, Me )—

/
N N

4.27 4.28

Table 4.1 — Deprotonation of benzimidazole proton energy

Start Product AGqel (kcal molt)
©

N HN@ N HN—@

@[N/ @[NW ~41.6
4.16 4.25
Ho\ o \
NG N ) NG N )

@[NW @[NW ~39.0
4.18 4.26

The aniline position was studied as well, as this was another position that was potentially
easier to deprotonate than the carbon. Table 4.2 shows that transformations were again
favourable and, although transition state geometries were found their energies were
negligible. It is again reasonable to conclude that the proton on the aniline nitrogen will
easily be deprotonated. Going from triamine 4.16 to the monodeprotonated triamine
4.29 was calculated, to show that it is possible to deprotonate this from the neutral
species and 4.25 to 4.30 shows that the energy changes when there is already negative
charge present in the molecule. This is still exergonic, however, and combining the
energies going from 4.16 to 4.30 is -33.4 kcal mol? and neither step has an energy

barrier.
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X HN . o ) X N + holB
>~ O'Bu X =NH,N-, O — Y

N N
4.32 4.33

Table 4.2 — Deprotonation of aniline nitrogen energy

Start Product AGrel (kcal mol?)

) L)
N HN N N
@[NW @[NF 317
4.16 4.29

© © o
N HN@ N N—@
- L
4.25 4.30

O o O
@[NF @[NF ~22.6
417 4.31

This led to looking at the central carbon deprotonations. This is the most important
deprotonation as, without this being possible, then the electron-rich alkene cannot be
formed. While it may seem surprising and unlikely to build a large negative charge
through a series of deprotonations on a substrate, there are recent examples of dianions
being identified as the active in electron donors in initiation of BHAS reactions.’*®> The
deprotonation of the central carbon was calculated for all the additives designed in all

possible deprotonation states, as shown in Table 4.3.
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X RN@ + )
>—/ O'Bu

/
N

4.32

Table 4.3 — Deprotonation of the central carbon

X= NHNO
R=H, Me, ©

@[ @ + HOBu

Start

Product

AG* (kcal mol?)

AGrel (kcal mOI-l)

L)
L
N
4.16

H
O

N

©4.22

15.5 8.9
© ©
N HN—@ N_HN—@
@[NW L 321 24.6
4.25 @423
O © € ©
50 O
@ENW @[@—/ 36.1 34.5
4.30 ©4.24
W, i)
N N N N
@E,f—/ Vet 8.8 11
4.18 ©4.35
O \ © \
O PO
@E,f—/ Vet 16.4 0.8
4.26 G)4.36
0 HN—@ @EO _HN
@[NW . 9.8 4.1
417 ©4.37
S} (€]
0 N—@ 0 N—< >
@[NW L~ 20.6 3.3
4.31 ©4.38
\ \
o) N le} N
@[N/>—/ Y N>ﬁ_C> 4.4 ~2.5
4.19 ©4.39
/ \
Cro0 ot
) _
g ) 33 55
4.20 ©4.40
O I\
N N N N—@
CEN?@_/ N\>4 0.0 ~14.0
4.21 4.41
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What this table showed was that it is possible to generate what is predicted to be the
active donor form of the additives. The deprotonation of the central carbon of additive
4.16 is endergonic regardless of the number of deprotonations before. The formation of
the mono and dianionic electron-rich alkene is certainly possible. The trianionic species
is unlikely to exist in any significant concentration. However, if formed it would
potentially be a very efficient electron donor. Additives 4.17 and 4.18 could both form
donors that are mono and dianionic. Additives 4.19, 4.20 and 4.21 could all form the

electron-rich alkenes favourably.

4.4 Marcus theory calculations

The next step was to look at the electron transfer from these electron-rich alkene
species to aryl iodides. This was done by applying Marcus theory to these systems. The
Nelsen four-point method?!3® was used for all systems. The possible electron-rich alkenes
4.22-4.24, 4.35-4.41, shown in Table 4.3, were optimised as anions (or as a neutral
species in the case of 4.41) to model their structure before electron transfer. These were
then optimised as radical cations for after electron transfer, these coupled with the
corresponding calculations for iodobenzene gave AGre. To find AG* a series of SPE
calculations were performed with all species previously optimised in their opposite spin
states i.e neutral donor would have a SPE calculation as a radical cation and a radical
cation would have a SPE calculation as a neutral species. This allowed the reorganization
energy to be calculated and subsequently AG* (For a more detailed description of the
calculations see Chapter 3). When the aryl iodides were optimised as radical anions, the
iodide dissociated spontaneously from the aryl radical and this can be seen by the

location of spin density shown in Figure 4.3.
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Figure 4.3 — (a) LUMO of neutral iodobenzene (b) The left image shows the presence of
an aryl radical shown by the spin density and the right image shows the iodide anion is

the HOMO

These results allowed proposals to be made about which species could perform electron
transfer and which species are unlikely to perform this (Table 4). It would appear that
the neutral species 4.41 would not be an efficient electron donor as it is very
disfavoured. The monoanions (4.22, 4.35, 4.37, 4.39 and 4.40) all have achievable
barriers however, their reactions are all endergonic. This suggests that these could be
electron donors but they are unlikely to be efficient. Dianions (4.23. 4.36 and 4.38) like
the monoanions have achievable barriers but the reactions of the dianions are all
exergonic. This means that should the dianions form they are likely to be much more
efficient electron donors than the monoanions. The trianion 4.24 is the least likely
species to form based on the previous calculations. However, if it was to form, then it
would be a very strong electron donor as it has a very low energy barrier and is very

exergonic.
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4.33

RHMe

Table 4 — Electron Transfer energies to iodobenzene, 4.1

Electron-rich Alkene

AG* (kcal mol?)

AGye (kcal mol?)

Crp?

25.9 15.0
© 4.22
h(?_HN—@
@ENW 25.8 42.4
©
4.23
QO O
N N—@
Nl 23 -88.7
©4.24
0
N N
Vet 25.7 15.3
G)4.35
W=y
N N
Vel 2.5 -39.3
G)4.36
O, _HN
@[,}—/ 23.0 12.4
G)4.37
Y
O, N
Vet 2.6 -40.0
G)4.38
\ C
(0] N
Vel 26.9 17.1
G)4.39
8%y
N N
>=/ 24.0 12.8
@4 40
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Cr~

\ 4.41

68.3(3) 68.3(0)

4.5 Experimental Results

4.5.1 Substrate synthesis

The proposed additives 4.16-4.21 were all prepared as shown in Scheme 4.4. The
syntheses all start from relatively straightforward organic molecules and generally

require a small number of steps to prepare.

Cr

Cl ©/NH2
+

Kl, KOH

EtOH, reflux 8 h

H

N )
L~

N

416

50%

4.44 4.45
H Me
H H Me
N o ©N~Me KI, KOH N N@
N/> EtOH, reflux 8 h N/>
4.44 4.46 4.18 61%
HCl(g), EtOH NH.HCI OH DCM o
CINYy cl N @E p
4.47 4.48 4.49 4.5037%
o ¢ NH, KOH o HN@
Y L~
N 60 °C, 36 h N
4.50 4.45 417 88%
H Me
o ¢l Ne KOH o NA@
- Cry-
N 60 °C, 36 h N
4.50 4.46 4.19 34%
Me . Me Me
H N‘@ Mel (1.5 equiv), KOH N N@
@EN/; EtOH, RT, 24 h @EN/;
418 420 5%

O
N

i) Na, EtOH, RT, 24 h

ii) Mel (3 equiv), reflux 18 h

/N
o O
/
N® |®
'4.21 23%
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Scheme 4.4 — Preparation of additives 4.16-4.21

4.5.2 Coupling reactions with unhindered iodoarenes

The next step was to use these additives in coupling reactions between aryl iodides and

benzene. These reactions followed a standard set of conditions outlined in the recent

paper by Murphy et al. 1% These reactions were always performed in sealed pressure

tubes under an inert atmosphere. The initial study looked at 3 unhindered iodoarenes —

iodobenzene, 4-iodotoluene and 4-iodoanisole, to couple to benzene under these

conditions and the results are shown below in Table 4.5.

s @@ @@w@

4.18

@[W@ [jw@ @[w@

A0

4.51

Additive 4.16-4.21(0.2 equiv)

4.4

KOBu (2 equiv), 110 °C, 3.5 h

R =H, Me, OMe

4.21

R I

4.52(a-c)

Table 4.5 — Standard reaction conditions for coupling reactions with prepared additives

4.16-4.21

Additive Biphenyl 4-methylbiphenyl 4-methoxybiphenyl
(R=H 4.52a) (R=Me 4.52b) (R=OMe 4.52c)
Yield Yield Yield

Blank 7% 5% <1%

4.16 88% 71% 79%

4.17 74% 69% 67%

4.18 47% 22% 38%

4.19 42% 4% 14%

4.20 19% 12% 38%
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4.21 14% 5% 6%

In the blank reactions, the yield was very low; it has been reported at higher
temperatures that higher yields of coupled product have been observed.%> 107 This is
attributed to a background initiation by benzyne (discussed fully in Chapters 5 and 6).
At the lower temperature of 110 °C, this background source of initiation occurs in lower
amounts than in higher temperature reactions. This suggests that the coupled product
observed above these low background levels in these reactions will be as a direct result
of electron transfer from an electron donor, formed by the additive being deprotonated

by KO'Bu.

From the results when additives are present, 4.16 and 4.17 give the highest yields and
it would be expected that these are the best additives for promoting these reactions.
Additive 4.18 also gave yields significantly higher than the blank reaction; however, this
was lower than the 4.16 and 4.17. This was somewhat surprising as 4.17 and 4.18 were
computationally both predicted to form dianions and there it was thought they would
have had similar reactivity. Additives 4.19 and 4.20 were also predicted to have similar
reactivity and in general this is the case, although the reaction of 4.19 with iodobenzene,
4.1, gives a surprisingly high yield of coupled product, especially compared to the
reaction with 4-iodotoluene which gave a lower yield than the blank reaction. As
predicted, additive 4.20 gave very limited reactivity. To get an idea how these additives
compare to a known successful SED, a side-experiment was performed using
benzimidazole-derived donor 4.53 under the same conditions (Scheme 4.5). This
reaction gave a yield of 58%. This suggests that additives 4.16 and 4.17 are performing

better than the benzimidazole donor.

CL—~ 10
N N
R R
| R = isopentyl (0.2 equiv) ‘
@/ . © 4.53 589%
KO'Bu (2 equiv), 110 °C, 3.5 h O

41 4.4 4.7

Scheme 4.5 — Reaction of iodobenzene and benzene in the presence of 4.53
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As 4.17 was a successful additive, it was decided to observe the repeatability of reactions
with this style of additive. The chosen substrate in this case was 4-iodotoluene 4.54, and
what was observed was that over three simultaneous reactions the vyields of 4-
methylbiphenyl 4.55 were within 5%. These results suggest that reactions using these

additives are repeatable and reproducible within a small experimental error.

: 4.17 (0.2 equiv) O run1="71%
/©/ run 2 = 69%
Me KO'Bu (2 equiv) O run 3 = 74%
benzene, 110 °C, 3.5 h Me
4.54 4.55

Scheme 4.6 — Repeatability study of coupling reaction between 4.54 and benzene in

presence of additive 4.17

4.5.3 2-lodo-m-xylene reactions

As there is the possibility of benzyne formation and subsequent initiation in substrates
with protons ortho to the iodide, the next step was to perform reactions with these
additives, where the ortho positions are blocked with methyl groups, preventing

benzyne formation. The substrate used for this was 2-iodo-m-xylene, 4.56.

A characteristic of coupling reactions between 2-iodo-m-xylene, 4.56 and benzene, 4.4
is that the coupled products observed are perhaps not as would be expected. Instead of
solely 2,6-dimethylbiphenyl, 4.60 being the product, what is observed is a mixture of
4.60 and biphenyl, 4.7 in a 1:3.8 repeatable ratio. This is due to the radical 4.57 formed
after electron transfer finding it easier to abstract a hydrogen atom from benzene than
to attack the benzene ring with formation of a C-C sigma bond. The rest of the
mechanism follows the same as the BHAS pathway whether it is radical 4.57 or 4.3 that

forms the new C-C sigma bond following attack of the benzene ring.
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Scheme 4.7 — 2-lodo-m-xylene alternative benzene attack options

As the radical generated (4.57) from single electron transfer to 2-iodo-m-xylene, 4.56 is
hindered, this reacts more slowly and, to overcome this, higher temperatures are
required to get the reaction to proceed. Even with these increased temperatures, the
yields are significantly lower than for the unblocked aryl iodides. Another drawback of
reactions with 2-iodo-m-xylene is that the mixture of products produced, 4.7 and 4.60
is inseparable (m-xylene is also formed in these reactions but is not observed);
therefore, the yields are reported as mixtures and don’t represent isolated single
compounds. The advantage of using this substrate, however, is that reactivity observed
is most likely coming from the electron donor, (either preformed or generated in situ).
Thus, despite the lower yields and inseparable mixtures produced, these are important

reactions in determining the success of the additives being used in these reactions.

As before, all the additives were now used in reactions, along with a blank reaction with
no additive present. For these reactions, the temperature was increased from 110 °C to

130 °C and time from 3.5 h to 18 h. The results are shown in Table 4.6.
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Me . .
| additive (0.2 equiv) Me
CE KO'Bu (2 equiv) .
Me benzene, 130 °C, 18 h ‘ ‘
Me

4.56 4.7 4.60

Table 4.6. Combined reaction yields of 4.7 and 4.60 from coupling of 4.56 and benzene

Additive Yield 4.7 + 4.60
Blank <lmg
4.16 40.0 mg
4.17 341 mg
4.18 19.6 mg
4.19 15.6 mg
4.20 <l mg
4.21 2.4 mg

Based on 116 mg (0.5 mmol) 2-iodo-m-xylene, 4.56 being used in these reactions.

Theoretical highest yield is 80 mg based on 4:1 4.7:4.60.

In work published in 2014, the Murphy group defined effective donors as those that
yield more than 25 mg of product in these reactions.'® Donors that give less than 0.5
mg of product are ineffective. Based on this reasoning, it can be said that 4.16 and 4.17
are effective donors. 4.18 and 4.19 are weakly effective. 4.20 is shown to be totally
ineffective. However 4.21 does yield a very small amount of biphenyl, which was
unexpected based on the computational predictions. This could be background
reactivity; however, if it is due to electron transfer then at best it can be considered very

weakly effective.

These results broadly agree with the unhindered aryl iodides where again 4.16 and 4.17
performed better than the other four additives, 4.18 and 4.19 perform to some extent
and are similar in performance to one another. 4.20 And 4.21 produce little of the
coupled product in either reaction. This suggests that, if an electron donor is being
formed in these cases, then it is not strong enough to efficiently donate an electron to
aryl iodides to initiate the BHAS cycle. What this also tells us is that di- and tri-anions
make the most effective electron donors and the monoanions and neutral species are

less effective in promoting these coupling reactions.
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4.5.4 Is the full molecule required?

As it is not clear what form of the additive is responsible for the reactivity observed,
reactions with different substructures of the additives were used as additives in their
own right. If reactivity was observed with these substructures, then perhaps it is not the
electron-rich alkene that is responsible for reactivity observed or is there an alternative

electron donor being formed in these additives that is responsible for the reactivity.

H NH H H

N Cl 2 N N
Cr— L

N N

4.46 4.62

4.44 4.45
Scheme 4.8 — Additives used to determine whether the full molecule is required

2-Chloromethylbenzimidazole 4.44, aniline 4.45 and N-methylaniline 4.46 were
commercial samples that were used as additives in coupling reactions between
iodobenzene and benzene. 2-Methylbenzimidazole 4.62 was prepared to also be used
as a fragment of the full additive. The aim of these reactions was to identify if electron
donors were being formed in the fragments and this would have allowed more readily

available organic materials to be used as additives.

| 4.44-4.47 & 4.62 (0.2 equiv) O
©/ N © KO'Bu(2 equiv)
110 °C, 3.5 h O
4.1 4.4

4.7

Table 4.7 — Reaction yields for coupling reactions with additives 4.44-4.47 and 4.62

Partial Additive Yield 4.7
4.44 50%
4.45 <1%
4.46 <1%
4.62 1%

With the exception of 4.44 none of the partial additives produced biphenyl 4.7 in
significant yield. This was surprising as recently Jiao et al. published work showing N-

methylaniline 4.46 was an efficient promoter of these coupling reactions,¥” this was a
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contradiction of this works findings. Scheme 4.9 shows a possible mechanism for 4.44
to form a dianion 4.64 that could potentially act as an electron donor and could explain

the observed reactivity.

H K<
, N ¢ KOBu JoN NN
> / —_—
N/ @[ 7\ @E 7\
N cCl N cCl
4.44 4.63 4.64

Scheme 4.9 — Possible formation of electron source in reaction with 2-

chloromethylbenzimidazole 4.44 and KO'Bu

The reason is unclear for the reactivity observed with 4.44 as the additive; however, the
overall yield is still lower than the most effective donors, 4.16 and 4.17, suggesting that
the full additive is required for an efficient reaction to proceed. It is certainly true that
the aniline portion of the additive is ineffective in promoting the BHAS cycle and it in
fact supresses the background reactivity and affords only trace amounts of coupled

product

4.5.5 Is KO'Bu essential for the reaction to proceed?

It has been proposed by a number of groups that KOtBu is in fact the electron donor in
these biaryl coupling reactions. If this was the case, then the additives used (both
currently and previously) would not be able to carry out the transformation without
KOtBu regardless of the effectiveness of the donor. To investigate this, a number of
coupling reactions were carried out with a benzimidazole-derived donor 4.53 that has

been previously shown to work in biaryl couplings.

o
of o 2 ™
©1N\> </N]© KO'Bu or KHMDS ©1N o N:©
N N R = isopentyl N N
R R R R
4.65 4.53

Scheme 4.10 — Formation of benzimidazole-derived electron donor 4.53 for parent salt

4.65

86



The initial base chosen to try and carry out the transformation was potassium
bis(trimethylsilyl)Jamide (KHMDS). This is a strong non-nucleophilic base (pKa 25) that
has been previously shown to generate the benzimidazole donor 4.53, in situ from the
parent salt, 4.65 and it would be expected to be capable of deprotonating radical 4.5 to
generate radical anion 4.6 that would propagate the cycle, while this is unlikely to
donate an electron to an aryl iodide. The two reactions were carried out under the same

set of conditions as the coupling reactions for Table 4.5.

R R
= isopentyl (0.2 equiv)
OO o
base (2 equiv), 110 °C, 3.5 h O

4.7

Table 4.8 — Comparison of bases in BHAS coupling reactions

Base Yield 4.7
KO'Bu 58%
KHMDS 43%

These initial results suggest that KOtBu is not essential to allow the reaction to proceed;

however it does afford a higher yield than the alternative KHMDS.
4.6 Conclusions
The initial computational study looked at the six proposed additives and the probability

of an electron-rich alkene being formed and then the probability of this donating an

electron to an aryl iodide.
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Cor Y oY
4.16 4.17
oY o

4.18 4.19

O orl)

Cré 5
N \

4.20 4.21

Scheme 4.10 — Additives studied for their potential electron donor formation and

ability

Looking at the deprotonations, it was found that 4.19, 4.20 and 4.21 were all capable of
easily undergoing a single deprotonation to generate the electron-rich alkenes. 4.17 and
4.18 would be able to form both singly and doubly deprotonated structures without a
large energy penalty and it would be proposed that the doubly deprotonated structures
would be better electron donors. Triamine 4.16 would be capable of forming singly and
doubly deprotonated structures without large energy penalties: However, the third
deprotonation was found to be quite endergonic. While it was still possible to be formed

it would be more likely that a doubly deprotonated structure would be formed.

Co? Y o

©4.22 ©4.37
) )
N N (o) N

D
N N
©4.35 ©4.39

/
O oo
CC

N \
©

4.40 4.41

Scheme 4.11 — Electron-rich alkenes predicted to be ineffective electron donors

Despite being the most likely electron-rich alkenes to form, 4.39, 4.40 and 4.41 are
theoretically the least likely to be efficient electron donors. Neutral triamine 4.41 was
calculated to be particularly unfavourable. Additives 4.17 and 4.18 were shown to be

capable of forming both the mono and dianionic electron-rich alkenes. The monoanionic
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electron-rich alkenes were endergonic for transferring an electron to iodobenzene,
however not so disfavoured in energy to be impossible. The electron transfer from the
dianionic electron-rich alkenes to iodobenzene was found to be exergonic and these
were predicted to be good electron donors. Additive 4.16 is capable of forming three
different levels of electron-rich alkene, the monoanionic electron-rich alkene 4.22 and
dianionic electron-rich alkene 4.23 are both relatively favourable to form and, if they do,
are capable of donating an electron to iodobenzene, with the formation of the dianionic
species being particularly exergonic. Should the trianionic electron-rich alkene, 4.24

form, then this would be very likely to donate an electron to iodobenzene.

oY e

©4.24 ©4.38
Lo O
N HN N N

L= L=
N N
) )

4.23 4.36
Scheme 4.12 — Electron-rich alkenes predicted to be effective electron donors

From the computational study, it was predicted that 4.16 would be the best additive for
use in transition metal-free coupling reactions, closely followed by 4.17 and 4.18.
Despite all being favourable to form electron-rich alkenes, 4.19, 4.20 and 4.21 were

predicted to be inefficient additives for the reactions.

In experiments what was found was that 4.16 and 4.17 were the best additives for
achieving successful coupling of iodoarenes to benzene. Additive 4.18 was also relatively
successful but not to the same extent as 4.16 and 4.17. The other additives that were

predicted to be unsuccessful were unsuccessful.

There was broad agreement between the computational and experimental results. This
suggests that this method is a useful tool for predicting the effectiveness of electron
donors. However, there is not 100% success rate, and this is a reason why physical

experiments are still important.
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4.7 Future Work

For this research future work would be to investigate the successful additives in
different bond formations to investigate what other transformations they can perform.
A drawback of the additives is that, to form effective donors, they require a strong base

and this limits the reactions they can perform.

A useful investigation would be to perform cyclic voltammetry on these additives in
basic solution to get a true understanding of the donor strength being formed. This
would also give clues to whether the trianion 4.25 was being formed as this would have
a significantly higher reductive potential than dianions predicted to form from donors

4.17 and 4.18.

Modifying the aniline side of the additives to try other amines for, example n-
butylamine, would be an interesting investigation to try and find stronger electron
donors. With the computational knowledge newly designed additives could relatively
quickly be proposed or dismissed, cutting the number of synthetic reactions required to

be performed.

In addition to modifying the aniline side a second aniline group (or derivative) could be

added leaving only one proton to for KO'Bu to attack to form the electron rich alkene.

Adding electron donating groups to the benzimidazole would make the electron rich
alkene even more electron rich and this could be a method of increasing the strength of

these donors.
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5. Benzyne Initiation of Base-Promoted Homolytic

Aromatic Substitution

5.1 Introduction

It has been observed in past papers and also the previous chapter that the presence of
an electron donor is not always essential to initiate BHAS reactions.>® 77, 80, 82,104, 127
While there are a number of proposals for how these reactions are initiated, this
background source of initiation is still a source of debate. Some reports have suggested
that the source of initiation comes directly from the KO'Bu.'%” However, this has been
shown to be energetically disfavored. An alternative proposal by Murphy et al.1%*
suggested that the source of the initiation was due to benzyne 5.2, (Scheme 5.1) being

formed and acting as a biradical, 5.2”.104 138,139

@LO—’@' — O - ChadD

5.1 OBu 5.2 5.2

H H
5.4 5.6

5.5
KOBu
. R Re
SET to 5.1
5.7 5.8

R =H, Ph

Scheme 5.1 — Proposed mechanism for biradical initiation of BHAS cycle'®*

This biradical can add to a molecule of benzene, to form distal biradical 5.4. The aryl
radical within this species is likely to be much more reactive than the cyclohexadienyl

radical, and this is expected either to abstract a hydrogen or to add to another benzene
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ring; the result of either step is represented as 5.6. This species undergoes
deprotonation by KOtBu to afford 5.7, and this would transfer an electron to the aryl
iodide 5.1, initiating the BHAS cycle. (An alternative sequence of steps is possible, in
principle, where deprotonation of biradical 5.4 occurs to form 5.5. Reaction of the aryl

radical leads to 5.7 en route to 5.8 (Scheme 5.1).1%6

Benzyne formation through this method features only in the initiation step of the
coupling process, and so a small number of benzyne molecules suffices to initiate the
cycle. To date, the only evidence implicating benzyne as a source of initiation has arisen
through using a substrate such as 2-iodo-m-xylene, 5.9. With that substrate, it is not
possible to deprotonate adjacent to the iodide, and therefore benzyne cannot be
produced; in such cases, and in the absence of any electron donor, the reaction is
blocked and only trace yields of coupled products have ever been observed (significantly
less than 1% -see below for a possible explanation of these traces of product). Hence

this substrate is very helpful in unravelling the mechanism of these reactions.

Me
i ./I
Me

5.9
Figure 5.1 — 2-iodo-m-xylene

Going forward, our aim was to see if this blockage could be bypassed by using different
additives to generate radicals thermally under the conditions of the coupling reaction.
We selected both benzene-1,2-diyls (benzyne)?’ and benzene-1,4-diyls to be prepared
respectively by the hexahydro-Diels-Alder (HDDA) reaction3? and the Bergman
cyclisation.?® If successful in initiating the coupling of 5.9 to benzene, this would support
our interpretation of the role of benzynes in the initiation of the coupling process. In
addition, we have tested thermal radical initiators for the coupling process and
demonstrate that these are also able to promote the coupling reactions.

The hexadehydro Diels-Alder (HDDA) rearrangement3? has been studied extensively by

the Hoye group and they have determined that the cyclisation occurs via a two-step
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biradical process. This is illustrated for substrate 5.10 in Scheme 5.2, path A, where the
biradical intermediate 5.11 is implicated, rather than the alternative closed shell
concerted cyclisation to 5.12 (Scheme 5.2, path B).3” 38 This thermal method of
generating o-benzyne was chosen here because of its simplicity, as it generates benzyne

without added reagents.

R R R
Il o 4 -y
patha_ & N S
a1 \ 7 <
o o (@) (@)
510 511 512 513
R R
N[ : § e
D\' Path B — R % — R . — R
1P|
(@) O (@)
(@)
510 512 5.14 513

Scheme 5.2 — Two proposed pathways for HDDA rearrangements; the upper biradical

path A is now accepted?’

Whereas o-benzyne can be viewed as a 1,2-biradical, arene-1,4-biradicals are produced
in the Bergman cyclisation. Starting from an enediyne, 5.14, the molecule thermally
cyclises to generate a 1,4-biradical species or “p-benzyne”, 5.15 (Scheme 5.3).14°
Recently, the Bergman cyclisation has been utilised in natural product synthesis,

particularly in the synthesis of anti-tumor agents.?41-14>

o — O3

5.14 5.15

Scheme 5.3 —Bergman cyclizations of enediynes generate 1,4-biradicals
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5.2 Results and Discussion

5.2.1 o-Benzyne

To demonstrate o-benzyne as a source of initiation of the BHAS cycle, substrates 5.17
and 5.20 were prepared by literature methods (Scheme 5.4).3% 146 These are designed

to undergo HDDA rearrangements.

i) trimethylsilylacetylene, Pd(PPh3),Cl,, Cul
TEA, 80°C, 16 h 0
ii) K,CO3, MeOH, RT, 4 h

@) iii) trimethylsilaneacetylene, nBulLi, O \\
y THF, 0°C~RT3h ™S

: X
Br iv) bromophenylacetylene, CuCl, NH,OH.HCI
nBuNH,, DCM, 0°C - RT 2 h
5.16  v) MnO,, DCM, RT, 24 h 5.17 1%

Br

11—l Z CuCl, NH,0H.HCI [T
N 0 43%
N
o) NBUNH,/H,0, DCM, 0 °C — RT 1 h Ph

5.18 5.19 5.20

Scheme 5.4 — Preparations of substrates desined to undergo HDDA transformations

This was explored firstly with the substrate 2-iodo-m-xylene, 5.9 (Table 5.1) to establish
whether the additives were effective in promoting the coupling to benzene. As
mentioned above, this substrate is not capable of producing benzyne on treatment with
base and, as a result, observation of coupling in the presence of an additive would
provide evidence that the additive is responsible for the initiation. Successful coupling
reactions with substrate 5.9 routinely do not afford high yields, but BHAS reactions lead
to a diagnostic ratio (approx 4:1 of biphenyls 5.8 : 5.21). We firstly assessed a blank
reaction, i.e. with no additive, and observed small traces of coupled products. It is
proposed that this background reactivity could be due to adventitious traces of

palladium (or copper) contaminants in the KO'Bu reagent or on the glassware or
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potential 4-iodo-m-xylene impurities in the 2-iodo-m-xylene.%* The 4-iodo-m-xylene
would be capable of forming benzyne. (To test this, reactions using palladium and

copper catalysts as additives were performed and are discussed later).

Both 5.17 and 5.20 were successful in producing significant yields of coupled product
compared to the blank reaction without any additive. What is also important is that the
ratio in both cases is indicative of that observed in BHAS reactions when a super electron
donor is used as the additive. The ability of these additives to initiate the BHAS cycle was

then tested using an unhindered iodoarene, 4-iodotoluene, 5.22.

Me

| additive (0.2 equiv) Me
CE KOBu (2 equiv) +
Me benzene, 150 °C, 36 h O O
Me
5.9 5.8 5.21

Table 5.1. 2-lodo-m-xylene coupling reaction results

Additive Yield 5.8 Yield 5.21[]
- 1% <1%
5.17 9% 3%
5.20 29% 7%

[a] —yield determined by NMR using 1,3,5-trimethoxybenzene as internal standard

As 4-iodotoluene, 5.22, has ortho protons it is succeptible to background benzyne
generation (as evidence for this, butoxide addition products can be seen in blank
reactions). As a result of this, the blank reaction yields are a lot higher than those when
using 2-iodo-m-xylene 5.9. When additives 5.17 and 5.20 are used in these reactions
they both produce coupled product in a noticeably higher yield than the corresponding

blank reactions.
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additive (0.2 equiv)
/©/I KO'Bu (2 equiv)
0 > IO
Me benzene, X °C, 24 h Me

5.22 5.23

Table 5.2. Coupling reaction results using 4-iodotoluene, 5.22

Additive Temperature °C Yield 5.23[]
- 130/150 20%/37%
5.17 130 42%
5.20 150 61%

5.2.2 Alternative Methods of Forming o-Benzyne

nBuLi (1.4 equiv)

: OH HMDS (1.3 equiv) : oTmMs Tf0 (1.4 equiv) : OTf
Br Br TMS

6

THF, 85°C, 2 h THF, -78°C, 1 h
5.24 5.25 5.2
@EOTf TBAF @OTf —oT1f® ©|
T™S -SiMe3 ©
5.26 5.27 5.2

Other methods of forming o-benzyne are known in the literature. Some of these
precursors were also prepared to be used as additives in these BHAS reactions, and
determination of their effectiveness were also attempted. Firstly Kobayashi’s method of
generating benzyne (Scheme 5.5) was investigated, 5.26 was synthesised according to

literature procedure® and this was used in coupling reactions in the same way as 5.17
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Scheme 5.5 — Kobayashi‘s method of forming benzyne3°

These reactions were unsuccessful however. It is thought that the tetrabutylammonium
fluoride (TBAF) was potentially interfering with the BHAS cycle. Another alternative that
was attempted was a substrate proposed by Schnarr et al.?° that, under UV irradiation,
breaks down to benzyne releasing CO2 and N». This substrate was synthesised and again
used in coupling reactions. This method also failed to improve the yield of coupled
product above the yield of the blank reactions. This was potentially due to the lack of
high temperature in UV reactions as the BHAS cycle often requires higher temperatures

to proceed. Another potential issue is the lack of solubility of the Schnarr substrate in

benzene.
i) NaNO,, HCI, MeNH, 0
©\/\OH i) DIEA, AcCl, CH,Cl, @\)LOH o) hv (365 nm), MeCN i|
NH, i) KMnO,, Me,CO N"N‘NJ\ —002,—Nz,—ﬂ
| e
5.28 5.29 O 52

Scheme 5.6 — Schnarr UV irradiation method of forming benzyne??

5.2.3 p-Benzyne as an Additive

Substrates 5.14, 5.32, 5.34 and 5.36 were prepared.'*” 148 The synthesis of these
substrates is shown in Scheme 5.7. All of these substrates were used as external
additives in standard coupling conditions to demonstrate their ability to initiate the

BHAS cycle.104 112
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i) Pd(PPh3),Cly, Cul FZ
@' .\ ///TMS TEA, 80302(:’ ﬁs h ~ i) nBuLi, THF -78 °C 1 h O
I
5.30

ii) K,CO3, MeOH, RT 4 h % ii) 1,4-diiodobutane, ==
5.31 5.1467% RT72h 5.32 38%

Ph
=

@ ©/ Pd(PPh;),Cly, Cul
X

TEA, 80°C, 16 h

Ph
5.34 86%
nBu
| Z
@ N %nBu Pd(PPhs),Cl,, Cul
|
TEA, 80 °C, 16 h X
nBu
5.30 5.35 5.36 52%

Scheme 5.7 — Additives prepared to undergo Bergman cyclisations in coupling
reactions.
These substrates were then used in the same coupling reactions as those used with the
o-benzyne substrates. Again, firstly the additives were used in the coupling reactions of

2-iodo-m-xylene 5.9, and benzene, Table 5.3.

Substrates 5.14, 5.32, 5.34 and 5.36 gave significant product yields above the blank
reactions. This suggests that p-benzyne is also capable of initiating the BHAS cycle. A
significant reaction was when 5.32 was used at 110 °C. There are few examples of
coupling 2-iodo-m-xylene with benzene using the BHAS method at this temperature but
substrate 5.32 was shown to be capable of promoting the reaction even at this lower

temperature.
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Me
@ |
Me

5.9

Table 5.3. 2-lodo-m-xylene coupling reaction results using Bergman cyclisation

additive (0.2 equiv)
KOBu (2 equiv)

benzene, x °C, 36 h

+

5.8

Additive Temperature Yield 5.8[! Yield 5.21[2]
- 150 1% <1%
5.14 150 13% 4%
5.32 150 26% 6%
5.32 110 12% 2%
5.34 150 11% 3%
5.36 150 30% 8%

[a] — Yield determined by NMR using 1,3,5-methoxybenzene as internal standard

As with the HDDA substrates, the Bergman substrates were then used as additives in

reactions with 4-iodotoluene 5.22, and benzene.
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additive (0.2 equiv)
/©/I KOBu (2 equiv)
o >
Me benzene, X °C, 24 h Me O

5.22 5.23

Table 5.4. 2-lodo-m-xylene coupling reaction results with Bergman cyclisation

additives
Additive Temperature Yield 43!

- 110/130/150 5%/20%/37%
5.14 110/130/150 34%/41%/68%
5.32 110 33%

5.34 150 17%
5.36 150 66%

[a] —isolated yields

Compounds 5.14, 5.32 and 5.36 were all successful in increasing the yield of these
reactions above the blank reactions, Table 5.4. However additive 5.34 supressed the
yield; 5.34 was reported to not cyclise until higher temperatures than that used in the
reaction.'® This didn’t explain why this additive did promote the reaction with 2-iodo-
m-xylene however as these were equally performed at temperature lower than the
reported cyclisation temperature. Additive 5.14 was able to promote the reaction down
to 110 °C as was 5.32. Additive 5.36 gave a high yield at 150 °C as it did with the 2-iodo-

m-xylene 5.9.
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7/ \

5.14 (0.2 equiv)
| KOBu (2 equiv) O
7
Ar benzene, 150°C, 24 h Ar

5.37 5.38 a-g

Table 5.5. Coupling reactions with different aryl iodides

Aryl iodide Yield 5.3802] Yield 5.382 no

additive present

4-iodotoluene 5.38a 68% 37%
4-iodoanisole 5.38b 85% 27%
3-iodotoluene 5.38c 65% 32%
lodobenzene 5.38d 61% 43%
4-iodobiphenyl 5.38e 65% 54%
1-iodonapthalene 44% 19%
5.38f
4-fluoroiodobenzene 52% 8%
5.38g

[a] —isolated yields

1,2-Diethynylbenzene, 5.14 was chosen as an additive to explore a range of aryl iodides
to expand on 4-iodotoluene 5.22. The reactions in table 5.5 were performed alongside
the corresponding blank reaction, i.e. without 5.14. What was observed was that for all
the substrates explored the reactions with additive 5.14 produced more coupled

product than those without the additive present. The yields of the blank reactions were
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variable depending on the substrate, but repeatable for each substrate. It was surprising
that there was such a variation on the blank reaction yields and there was no obvious
reason for these differences. One suggestion for why this is the case could be the relative
ease of benzyne generation or contamination with metals in the different substrates.

However, this has not yet been explored.

5.2.4 Control Reactions

In order to determine whether the reactivity was the result of the biradical species being
formed from the additives, a number of additives that were incapable of forming
biradicals were used. Phenylacetylene, 5.33, has only one triple bond, and so cannot
undergo the Bergman cyclisation to form the p-benzyne diadical. Diphenylbutadiyne,
5.39, was also deployed, this was formed as a by-product of the Cadiot-Chodkiewicz
reaction. If traces of copper were being retained in a m-complexed form by alkyne
additives from their syntheses, this would be a representative compound to probe if

there was any effect from such species on the coupling of iodoarenes to benzene.

1,4-Bis(phenylethynyl)benzene, 5.40, was formed using the same Sonogashira
conditions as used in the other Bergman substrates. A lack of reactivity in reactions
where this is the additive is evidence that any residual palladium or copper species in
the additives is not responsible for the reactivity is observed. In addition to these, a
reaction using a palladium catalyst as an additive was also performed to determine if
palladium complexes can give rise to BHAS products. There are very few examples of
palladium being used to couple aryl halides to benzene. It is not clear what type of
palladium species is responsible for the observed reactivity - it could be Pd(l), Pd(ll), or,
more unlikely, Pd(IV) - more investigation would be required to determine the pathway

that palladium is responsible for,10-1%
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g7 — — —
@/ O—=—)—=C
5.33 5.39

5.40
Me
| additive (0.2 equiv)
©i KO'Bu (2 equiv)
Me benzene, 150 °C, 36 h
5.9

Table 5.6. Coupling reactions with 2-iodo-m-xylene with additives that can’t form

biradicals
Additive Yield 5.8 Yield 5.21 [
5.33 6% 1%
5.39 4% 1%
5.40 5% 1%
Pd(OAc),!"! 5% 11%
Cult®! 1% <1%

[a] —yield determined by NMR using 1,3,5-trimethoxybenzene as internal standard. [b]

—0.05 equivalents

With the exception of Cul all of these produced higher yields of coupled products than
the blank reactions with 2-iodo-m-xylene 5.9. This was surprising as it was expected that
none of these should be able to promote the reaction. However, all these yields were
much lower than those with the biradical additives present. From this it can be said that
although, when in high enough quantities, these control additives can promote the
reaction above the yield of the blank reaction, in the much smaller quantities that would
be present in the additives these would not be the major source of initiation. Had these
been the primary source of initiation in these amounts the yields would have been as

high or higher than with the biradical aditives.
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5.2.5 Alkyl Radical Addition

After showing that arenediyls were capable of initiating the BHAS cycle, the next step
was to look at alkyl radical initiators. As alkyl radicals are less reactive than aryl radicals
it was unclear if an alkyl radical would be capable of attacking a benzene molecule.
Recently Kumar et al. reported the synthesis of phenanthridinones utilizing KO'Bu with

substoichiometric amounts of azoisobutylonitrile (AIBN).102

X
| N o)
5.41, KO'Bu, AIBN
o » KO'Bu, NH X = 196%
Hi X = Br 70%
\© benzene, 110 °C, 6 h O X = Cl 49%

5.39 5.41

\

Scheme 5.8 — Kumar’s synthesis of phenanthridinones

Using several radical initiators, it was shown that 4-iodotoluene, 5.22, could be coupled
to benzene producing 4-methylbiphenyl, 5.23, (Table 5.7). Di-tert-butyl peroxide gave a
very high yield (88%) at 150 °C, as butoxyl radicals could collapse to methyl radicals
(either of these two radicals could also initiate the reaction) and acetone and if the
acetone was deprotonated by KO!'Bu, then the resulting enolate would be a good
electron donor and it is possible that this would be initiating the BHAS cycle. The source
of initiation in reactions where azo-initiators were used had to be the alkyl radicals
either attacking benzene or abstracting a hydrogen atom from benzene. All these azo-
initiators have a ten hour half-life at less than 100 °C, therefore over 24 h it would be
expected that the majority of the initiator will have broken down to the radical. Of the
azo-iniators, AIBN was the most successful followed by 1,1'-
azobis(cyclohexanecarbonitrile) with 4,4’-azobis(4-cyanovaleric acid) being the least
successful. However as it was the unblocked 4-iodotoluene that was used in these

reactions, there could still be background benzyne formation occuring.
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To overcome this we again used 2-iodo-m-xylene, 5.9 to block the benzyne and show

that the initiation is due to radical initiator and not any background reactivity.

additive (0.2 equiv)
/@/' KO®Bu (2 equiv)
i - O
Me benzene, X °C, 24 h Me

5.22 5.23

Table 5.7. Coupling reactions of 4-iodotoluene using radical initiators

Additive Temperature (°C) Yield 5.23]
- 110/150 5%/37%
Ditert-butyl peroxide 150 88%
AIBN 110 40%
1,1’-Azobis(cyclohexanecarbonitrile) 110 31%
4,4’-Azobis(4-cyanovaleric acid) 110 22%

[a] Isolated Yields

While the yields (Table 5.8) in these reactions were modest at best, they are examples

of alkyl radicals initiating the BHAS cycle when benzyne is unable to be produced. In this

case the yields are all comparable, suggesting that it is in fact the butoxyl (or methyl)

radical that is responsible for the initiation and not acetone. If it was acetone that was

responsible based on the results in Table 5.7, the yield from using di-tert-butyl peroxide

would be significantly higher than from the azo compounds used and as can be seen in

Table 5.8, this is not the case. Compared to other successful additives, for example 5.17

and 5.32, these yields were lower but, compared to control and blank reactions, the

yields were significanty greater.
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Me . .
| additive (0.2 equiv) Me
©j KOBu (2 equiv) .
Me benzene, 150 °C, 36 h O O
Me

5.9 5.8 5.21

Table 5.8. Coupling reactions of 2-iodo-m-xylene with benzene using radical initiators

as additives
Additive Yield 5.8 Yield 5.21[]
- 1% <1%
Di-tert-butyl peroxide 12% 3%
AIBN 11% 3%
1,1’-Azobis(cyclohexanecarbonitrile) 11% 4%

[a] Yields determined using 1,3,5-trimethoxybenzene as an internal NMR standard.

5.3 Conclusions

This work has shown that biradical species are capable of initiating the BHAS cycle.
However, there is the need for higher temperatures or longer reaction times, compared
to previously reported electron-donor promoted transition-metal free coupling
reactions. The reactions that contain the biradical initiator always give significantly
higher product yields than those without. It would be thought that the initiation in the
reactions without the additive is also due to benzyne being generated through the
proposed deprotonation ortho to the iodide. The extent of benzyne formation depends
on the substituents on the aryl iodide and although it varies between different aryl
iodides it is repeatable for specific aryl iodides. This work is also able to show that alkyl

radical initiators are capable of initiating transition metal-free coupling reactions.
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5.4 Future Work

The observations of different substrates giving different yields in the blank reactions is
an area of this research that could be explored in more depth. This could be explored by
isolation of butoxide addition to benzyne products as if it is the concentration of
benzyne responsible for higher yields then there will be a higher yield of addition

products.

It would also be useful to explore a wider range of alkyl radical initiators and probe the
mechanism to determine how these proceed. If radicals are adding to the arenes, then
it would be interesting to isolate products of this type. Using a large haloarene would

enable this.

The power of both biradical and alkyl radical initiation has not been fully explored and
it would be useful to explore bromo- and chloroarenes to investigate if these can be

coupled to benzene in this way.
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6. Computational Analysis of Biradical Initiation of BHAS

cycle

6.1 Introduction

As shown in the introduction and discussed in chapter 5, it is proposed that benzyne
acting as a biradical, can attack benzene and, through subsequent steps, can form a
radical anion that is capable of transferring an electron to a haloarene and therefore
initiating the BHAS cycle. Having shown experimentally that adding external sources of
benzyne (both ortho and para) can promote the BHAS cycle, this work investigated
computationally the reasons why there was success in these reactions. Biradicals are not
trivial to model computationally and there are not many examples in the literature
where these have been successfully modelled.?>® 1> While the proposed mechanism is

shown in Scheme 6.1, there are alternative pathways that can occur.

H 0= (0D

6.1 OtBu 6.2" PhH
H/Ar,
oy 2 34 ﬁ
H
6.6 6.4
KOBu
o HIAT H/Ar
ﬁ seress ()
6.9 6.10 6.8

Scheme 6.1 — Proposed mechanism for biradical initiation of BHAS cycle'®*

For example, biradical 6.4 is capable of cyclising to form a 4-membered ring species, 6.9.
If the unpaired electrons of biradical anion 6.6 can pair to form biaryl anion 6.10 then

this species is more likely to form 6.8 than initiate the BHAS cycle. As what is being
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proposed is just an initiation, it is not required to be the most likely mechanism to occur;
it instead is required to be a possible transformation and reasonable to be in
competition with the alternative pathways. This chapter aims to show how feasible the

proposed pathway is.

6.2 Computational Methods

Density Functional Theory (DFT) calculations were performed using Gaussian 09.2% The
functional of choice for this chapter was M06-2X'>% 159 with 6-311++G(d,p) basis set on
all atoms.130: 160, 161 A|| calculations were performed using the C-PCM implicit solvent
model®3V 132 with the dielectric constant for benzene (e = 2.2706). Unless explicitly

stated, the reported energies are free energies.

6.3 Ortho-Benzyne Attack on Benzene

The reaction between benzyne 6.2 and benzene was calculated on both the singlet and
triplet surfaces. By measuring the electronic energy, the relative stability of the closed
shell singlet benzyne to the triplet biradical was calculated to be AE = 32.2 kcal mol™.
This is consistent with the experimentally determined singlet-triplet splitting for o-
benzyne of AE = 37.5 kcal mol™*.162 However, reaction between benzene and the o-
benzyne requires the biradical o-benzyne, which is stabilised in the open shell (or
broken) singlet biradical state (characterized by a calculated S? value of 0.746) and is
12.7 kcal mol? below the energy of the triplet biradical. The reaction occurs on the
singlet biradical surface with an activation barrier of 7.2 kcal mol!, which is slightly lower
in energy than the analogous reaction on the triplet surface AG* = 8.4 kcal mol%, Figure

6.1).
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Figure 6.1 — Benzyne attack on benzene in triplet and broken singlet forms.

The resulting phenyl dicyclohexadenyl radical (6.4, Figure 6.2) adopts a twisted
geometry with the radical centres in an approximate trans conformation (¢CCCCe
dihedral angle = 110°). By looking at the spin density of this structure it can be seen that
it has radical nature. Being spread over the two rings it is proposed that this is indeed a
biradical species. This orientation limits the through space coupling of the radical centres
and results in a slight preference for the triplet state over the broken singlet biradical

state (S%> = 1.047) by 0.7 kcal mol™2.

Figure 6.2 — Spin density of biradical 6.4

Formation of the tricylic product, 4a,8b-dihydrobiphenylene (6.9, Figure 6.4) therefore
requires rotation around the central C—C bond (Figure 6.4), which occurs with a small

barrier of 4.3 kcal mol? in the triplet state (4.7 kcal mol* in the singlet state) to generate
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the cis intermediate (¢CCCCe dihedral angle = 28°) where the singlet-triplet splitting is

increased to 1.2 kcal mol™.

AG [kcal mol™']

— triplet

broken singlet

Figure 6.3 — Rotation of 6.4 to form the cis conformer, capable of cyclising

Despite the small energy gap between the conformations and triplet/singlet energies,

in this conformation the singlet biradical is able to rapidly collapse to the tricyclic

product (6.9, Figure 6.4) with a minimal barrier of 2.1 kcal mol™ in a strongly exergonic

reaction (AG = -44.8 kcal mol?, relative to the cis intermediate, 6.4’). The biradical

electronic structure collapses in the formation of 6.9 on the singlet surface (transition

state 6.11 has a calculated S? value of 0) such that the final product represents a closed

shell singlet, which is AG = 47.4 kcal mol! lower in energy than the original reactant state

involving the closed shell singlet o-benzyne. In contrast, the triplet structure is unstable

as the cis conformation and formation of 6.9 in the triplet excited state has an activation

barrier of AG* = 23.6 kcal mol™ in an endergonic reaction (AG = 6.4 kcal mol?).
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Figure 6.4 — Cyclisation of biradical 6.4 to form 4a,8b-dihydrobiphenylene 6.9

Despite being a favourable transformation to form 6.9, if it is formed exclusively then
benzyne would not be a source of initiation for the BHAS cycle. However, from biradical
6.4 there are alternative pathways that could lead to a species that would be more likely

to initiate the BHAS cycle.

It is possible that the biradical could either abstract a hydrogen from another molecule
of benzene or alternatively attack another molecule of benzene by forming a C-C o-
bond. These calculations were performed exclusively using biradical singlets as this was

seen to be more accurate in the previous calculations.
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Figure 6.5 — Hydrogen abstraction vs benzene attack of intermediate 6.12

While both the hydrogen abstraction (11.7 kcal mol) and C-C bond formation with
benzyne (11.1 kcal mol) have similar barriers that are equally achievable, the C-C bond
formation has a greater thermodynamic driving force as it is more exergonic overall at -
13.5 kcal mol't compared to only -1.2 kcal mol™ for the hydrogen atom abstraction. This
could be due to the unstable free aryl radical that is being produced in the latter reaction
relative to the more delocalised biradical when benzene is attacked to form a C-C o-
bond. Both of these are possible however, so the next step is to look at deprotonation
to generate the radical anion 6.7 required to donate an electron another molecule of

aryl iodide.

There was however, another possible pathway from the biradical 6.17 and that was that
it could be deprotonated to form a biradical anion 6.6. This was found to be quite
favourable with an achievable barrier of 17.7 kcal mol? and very favourable relative
energy of -52.3 kcal mol™. The product from this deprotonation was found to only be a
local minimum as a biradical and when further optimised collapsed to a biphenyl anion,
6.10 with an overall relative energy of -88.6 kcal mol™. Although the barrier is higher for
this transformation relative to the hydrogen abstraction or attack on the n-system of
benzene this is still a possible transformation and if some molecules go down this

pathway they will not be capable of initiating the BHAS cycle.
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AG [kecal mol-1]

Figure 6.6 — Deprotonation of biradical 6.17 to form biradical anion 6.6 and

subsequently biphenyl anion 6.10

The calculation was performed with the product from the hydrogen abstraction as this
had only one site for deprotonation, it would be expected that the energy profile of the
product from benzene attack would be comparable. What was found was that the
deprotonation to form the radical anion was almost barrierless at 1.5 kcal mol™* and was

thermodynamically favourable with a relative energy of -32.7 kcal mol™.
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AG [keal mol-1]

Figure 6.7 — deprotonation of radical 6.17 to form radical anion 6.7

This showed that it is possible to form the species that is required to donate an electron

back to another molecule of aryl iodide.

For completeness the electron transfer from the radical anion to an aryl iodide was
calculated using the Nelsen four-point method.'3¢ The transfer from 6.7 to 6.1 was found
to have a low barrier of 6.8 kcal mol* and was overall favourable with a relative energy
from the reactants to products of -24.2 kcal mol™. This allows it to be said that, starting
from benzyne, it is possible to generate a species capable of reducing aryl iodides and

therefore initiating the BHAS cycle.

] |  AG* = 6.8 kcal mol™ I
-7 OO+ |

AGyq = —24.2 kcal mol™!
6.7 6.1 6.8 6.1

Scheme 6.2 — Electron transfer from radical anion 6.7 to iodobenzene 6.1

6.4 Conclusions

What these results have shown is that while there are multiple possible pathways for
benzyne acting as a biradical to go down, initiating the BHAS cycle is one that is

energetically possible.
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Figure 6.8 — overall energy transformation starting from benzyne

Running the calculations as broken singlets as opposed to triplet structures allowed for
more realistic observations, while it brought challenges such as some structures

collapsing to closed shell singlets.

Although not observed in experimental reactions, formation of 4a,8b-
dihydrobiphenylene 6.9 appears to be a favourable side reaction. Despite this, overall
from 6.2 to 6.7 it is an exergonic process of -44.5 kcal mol* and none of the barriers is

too big to prevent the required transformations for initiation.

Reaction yields in blank reactions are always lower than those with an alternative source
of initiation, such as an electron donor. It is possible that these competing pathways
together with the addition of butoxide to benzyne (thereby preventing benzyne from

behaving as a biradical) contribute to these lower yields.

6.5 Future Work

This work has only explored o-benzyne attacking benzene and the subsequent
transformations. In the experimental work, p-benzyne in the form of Bergman
cyclisations was used to initiate the BHAS cycle and it would be interesting to explore
the para biradical pathway. In this case there is unlikely to be any four-membered ring
formation, and so potentially this route has fewer alternative pathways. This additional

work could fully explain the observations from the experimental benzyne chapter.

Another idea would be to model the o-benzyne and p-benzyne biradicals abstracting |,
Br & Cl from aryl halides. This would be an alternative way of generating aryl radicals to

initiate the BHAS cycle.
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7. Computational Analysis of Potassium Hydride

reactions with haloarenes

7.1 Introduction

The transition metal-free dehalogenative coupling reaction between haloarenes and
arenes, mediated by a base (typically KOtBu) and an organic additive is now well
established in the chemical literature. This was shown in the introduction and added to
in Chapter 4.77, 78 80,81,104,105 The BHAS mechanism has a well characterised propagation

cycle of this radical chain reaction (Scheme 7.1).

€]
O'Bu 7.5 7.4

Scheme 7.1 — BHAS cycle proposed by Studer and Curran®

The source of the initial electron as discussed throughout the thesis is still debated. The
Murphy group’s recent study critically examined the evidence presented for KO'Bu as a
single electron donor to haloarenes in a number of different reports and found that in
each case, organic additives initiate the BHAS reaction by forming organic electron

donors in situ.*? Whilst organic additives are not absolutely required for most
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substrates in this transformation,0”- 109 163 they significantly enhance the yield of the
coupled products, simultaneously allowing reactions to be conducted at lower
temperatures and for a shorter duration. In the absence of suitable organic additives,
BHAS reactions can be initiated by arynes (benzyne) (discussed fully in Chapters 5/6),
formed by base-inducted elimination of HX from substrate haloarenes ArX such as 7.1.
Throughout this chapter a number of molecules have been truncated for the
computational calculations from the physical experiments to improve the

computational efficiency.

7.2 Investigation of Pierre Mechanism

Josh Barham (JB) and Sam Dalton (SD) in the Murphy research group performed
reactions where they attempted to couple 2-iodo-m-xylene, 7.8 to benzene in the
presence of an organic additive and a base (either KO'Bu or KH) (Scheme 7.2). It was
noticed that in a reaction without phenanthroline present and with KH as the base that
2-iodo-m-xylene was completely consumed. Small quantities of coupled products 7.7
and 7.9 were recovered. However, the major product of these reactions was the

dehalogenated product 7.10.

| Me Me
@f KH (2 equiv) + @H

- +

M benzene, 130 °C, 18 h O O

€ Me Me

7.8 7.7 7.9 7.10

Me

Scheme 7.2 — 2-iodo-m-xylene reactions with benzene in the presence of KH

It has been previously been reported by Pierre'®* that iodobenzene treated with KH in
THF at room temperature was efficiently dehalogenated and it was proposed that the
same reaction was occurring in our reaction with 2-iodo-m-xylene. Pierre suggested that
1) due to the order of reactivity being Arl > ArBr >> ArCl and 2) since H; was not released
in the reaction, that these dehalogenations were not proceeding via a formal SNAr or

benzyne mechanism.

To probe the mechanism, JB subjected the less volatile 4-iodobiphenyl to Pierre

conditions. In THF, biphenyl was successfully isolated in 87% yield; when the solvent was
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changed to THF-d® the yield dropped to 62% but crucially, no deuterium incorporation
was observed. This suggested that the H atom is obtained from KH and not the solvent.
Interestingly there was no reaction with NaH in THF, nor with KH in benzene as the

solvent at room temperature.

| KH (5 equiv) H
o C
Sagiarale

7.8 7.7
87%

Scheme 7.3 — Reactions of 4-iodobiphenyl in THF with KH

Pierre proposed that these reactions were proceeding via a concerted aromatic
substitution featuring a 4-membered transition state.'® Recently there have been a
number of groups that have also proposed concerted nucleophilic aromatic
substitutions.1®>-1%8 A recent paper from Chiba et al.*®® also proposed a concerted
nucleophilic substitution and their computational study into the mechanism helped to
guide this research. In this work, the mechanism was modelled computationally to look
at the energy profile of this transformation. The initial model was performed using
MO062-X functional with 6-31+G* basis set for carbon and hydrogen atoms and MWB56
basis set for iodine atoms. The C-PCM implicit solvent model was used!3? 132 with the

dielectric constant for THF (e = 7.4257).

4
P @ ° e w a )
: : '32"‘300 “:’ o
¥ ; >
v 0 ye, 9
H *
KH H AG*=17.0
Q' — | <X K — @—H + K
% AGg = -91.2
71 7.1 7.4

Scheme 7.4 — KH displacement of iodide in THF fully implicit solvent

This model featured a fully implicit solvent and suggested that the displacement of
iodide with hydride was very favourable with a barrier of 17.0 kcal mol™. This is

consistent with previous experimental observations. To try and model this more
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accurately, it was decided to try adding in two or four explicit THF molecules, as ligands,
to the system to observe any changes in the energy profile. This was due to examples in
Chiba’s work where he adds in two explicit THF molecules, as ligands. They used NaH,
so as potassium is larger it was thought that having four THF molecules may have more

of an effect.
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Scheme 7.5 — Displacement of iodide with KH with the addition of explicit THF

molecules

Adding in explicit THF increases the barrier energy by ~5 kcal mol%; however, the relative
energy does not experience as significant a change. Increasing from two to four THF
molecules did not influence the energy profile and, as the computational cost increased

it was decided to use only two explicit solvent molecules when moving forward.

The reactions performed by JB and SD were performed in benzene however, and
required a higher temperature to proceed. The displacement of iodide by hydride was

modelled in benzene (€ = 2.2706) as the implicit solvent.
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| KH (2 equiv) H ‘
O benzene O O
® S
130°C, 18 h O

7.8 7.7 713
58% 24%

Scheme 7.6 — Reactions of 4-iodobiphenyl in benzene with KH

These were modelled (i) as a naked system, devoid of explicit solvent and (ii) with two

explicit benzene molecules present in a similar fashion to the THF example.
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Scheme 7.7 — Displacement of iodide with KH in benzene calculations

What was again observed is an increase in barrier energy with the addition of two
explicit benzene molecules, as ligands. The energy profile suggests that the
displacement is again favourable in benzene with a low barrier of 23.5 kcal mol?,
especially at the temperature being used in the reactions performed. Whilst Pierre
observed 100% conversion in THF, and JB/SD observed 87% vyield in THF, despite the
small difference in barrier energy, the yield for reactions in benzene was only 58%. A

reasonable explanation of this would be the lack of solubility of the KH in benzene which
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computational calculations do not take account of, but would affect the reactivity of the

physical experiment.

The iodine of 7.1 was then replaced with bromine as in 7.16 and the displacement was

again modelled in benzene with 6-31+G* as the basis set for all atoms.
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Scheme 7.8 — KH displacement of bromine

This was another favourable transformation and there was no significant energy change

going from iodine to bromine.
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Scheme 7.9 — KH displacement of bromine with hindered structures 7.18 and 7.21

A more significant calculation was when isopropyl and tert-butyl groups were added to
the ortho positions. Isopropyl groups in the ortho positions lowered the energy barrier
of this transformation to 15.4 kcal mol™. It is thought that this is due to the isopropyl
groups being pushed out the plane by the bulky bromine and when the hydride attacks
they are able to settle back into the plane. When these were changed to tert-butyl
groups the energy barrier is still lower than when hydrogens are in the ortho positions
butis increased compared to isopropyl groups. This is most likely due to increased steric
bulk around the bromine making attack by the potassium hydride more difficult, but

overall it is still a favourable transformation.

7.3 Bromine Atom Abstraction by Alkyl Radicals

Following reactions performed by JB, it was noticed that when 2,4,6-tri-tert-butyl

bromobenzene 7.24 was reacted with KH and benzene, a variety of products were
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produced, notably (i) the dehalogenated product 7.25, (ii) a product 7.26 formed from
bromine abstraction from 7.29 by an alkyl radical, and (iii) a product fromed from

neophyl rearrangement of radical 7.29 to form 7.31; this then abstracts a hydrogen to

form 7.27.
{Bu {Bu tBu\©)<
(2 equw W
PhH 130 °C, 18 h
7.24 7.2 7.26 7.27
‘ A
H
L] H [
Bu tBu tBu\QA‘/ tsum
tBu tBu tBu tBu
7.28 7.29 7.30 7.31

Scheme 7.10 — KH-mediated reactions of 2,4,6-tri-tert-butylbromobenzene, 7.24

While it is proposed that these are all formed through a radical pathway. It was not clear
where radicals would come from initially; however, it was unexpected that an alkyl
radical, if present in the reaction, would abstract a bromine atom to produce product
7.26. To model this, truncated versions of the molecules involved in the abstraction

were modelled.
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Scheme 7.12 — Bromine abstraction by alkyl radical 7.32
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From the calculated energy profile, the radical 7.32 can abstract a bromine from 2,6-
ditertbutyl bromobenzene, 7.21. The exergonic nature is surprising but is due to the
bulky halogen putting strain on the bulky butyl groups and these relax when the bromine
leaves and the radical is formed. To further investigate this tert-butyl radical 7.35 and

propyl radical 7.37 were modelled abstracting bromine from 7.21 and 7.18.
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Scheme 7.13 — Alternative bromine abstractions

The primary radical has a lower energy barrier than the tertiary radical. This would be
expected as the primary radical is less hindered than the tertiary radical. The isopropyl
example is endergonic, and this is believed to be the case as there is less strain in the
parent 2,6-diisopropyl bromobenzene structure, the C-Br bond is therefore relatively
stronger than in the tert-butyl cases and as there is less relief from the strain there is
less to gain after the abstraction, explaining why this is endergonic when the tert-butyl

examples are exergonic.
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7.4 Hydrogen Atom Abstraction by Aryl Radicals

It was thought that 7.25 could be formed from the radical 7.28, generated from Br
abstraction, abstracting a hydrogen from a molecule of benzene. This along with the
corresponding isopropyl exasmple was modelled to examine the feasibility of this. In

addition, for comparison an unhindered aryl radical was also modelled.

H
Bu_ __ tBu tBu tBu
\Q/ PhH
tBu tBu
7.28 7.25

Scheme 7.13 — Formation of 7.25 from radical 7.28

What was found that the tert-butyl example 7.33 to 7.23 had an achievable barrier of
20.9 kcal molt and was overall a relatively energy neutral process as both aryl radicals
would be equally as stable. Moving to the propyl example, 7.38 to 7.20 the barrier
decreased to 13.2 kcal mol™? due to the decrease in steric hindrance around the radical
centre. This barrier dropped further to 11.0 kcal mol? in the unhindered example, 7.4

to 7.3.
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Scheme 7.14 — Hydrogen abstraction from benzene with radicals 7.33, 7.38 and 7.3

7.5 Reactions of Dihalodurenes Mediated by KH

In reactions performed by Giuseppe Nocera he reacted 7.40 with KH in benzene. It was
noticed that the dehalogenation reaction occurred but if this was going via the same
process as described in the previous calculations then an aryl radical such as 7.44 would
be formed. As has been seen in several reactions m-xylyl radicals, 7.46 couples with
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benzene to form biaryl products,0* 19> 112 therefore it was surprising that no significant

quantities of coupled product were observed.

Br KH (2.0 eq.)
Me Me _ benzene _
Me Me
130°C, 18 h

7.40 7. 41 7. 42 7. 43

8% Trace not observed <1%
Scheme 7.15 — Reactions with dihalodurene, 7.40 with KH in benzene

To try and explain these observations it was decided to model both radicals 7.44 and

7.46 attacking benzene to try and notice if there was a significant energy difference.
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Scheme 7.16 —radicals 7.44 and 7.46 attacking benzene forming C-C c-bonds

From the energies calculated there is no obvious reason why if radicals of the type 7.44
are formed that it cannot couple to form biphenyl species. The angles between the
methyl groups and radical centre were also similar 120.9° for durene (7.44) 122.5° for

meta xylene (7.46). The angle did become a little smaller and this accounts for the small
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increase in barrier but not the lack of observed coupled products. The reason for this

still remains unknown.

7.6 Conclusions

While potassium hydride has been well characterized as a strong base in classical
studies, this work has shown that haloarenes have been able to undergo various
transformations mediated by KH. These have started through a dehalogenation
producing aryl radicals that are capable of undergoing various different pathways
depending on the haloarene substrate and conditions employed. Experiments have
brought to light a number of interesting products, the computational study undergone
in this chapter has sought to rationalize these. A shortfall of the study is that there is still

currently no explanation of how initial aryl radicals are formed.

By studying the Pierre dehalogenation a four-member transition state, similar to that
proposed by Chiba et al.'®® is a likely mechanism for this transformation and is
energetically favourable with achievable energy barriers and strong thermodynamic
driving forces. Adding in explicit solvent molecules around the potassium atom gave
more realistic energy profile of the transformation. In the examples in THF
dehalogenation is the only possible transformation, however in benzene aryl radicals
can be produced and these can undergo alternative pathways. This explains why
although the energy profile for both transformations are similar that the experimental
yields are lower in the benzene examples. Another explanation is the solubility of KH in
benzene which computational calculations don’t take into account and this is an

alternative explanation of the lower observed experimental yield.

The abstraction of bromine by alkyl radicals 7.32 and 7.35 was shown to be a favourable
process and this was surprising as it is not a commonly expected transformation. The
explanation however, is that the bromine was forcing the tert-butyl groups into a
strained position and after abstraction these relax meaning the abstraction is favorable.
Moving to isopropyl groups the bromine has less effect and the abstraction of bromine

by alkyl radical 7.38 is less favorable as a result.
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Moving to aryl radicals abstracting hydrogen atoms from benzene rings, the results are
unsurprising. All the abstractions are possible in these cases however the energy barriers

decrease as the steric hindrance around the radical centre decreases.

There is still no conclusive explanation of why the dihalodurenes do not form any
significant quantities of coupled product as energetically it is favorable compared to
meta-xylene radical. It is possible that the formation of products 7.41 and 7.42 could

also be formed via the four-member transition states previously discussed.

7.7 Future Work

As there are still questions over the formation of radicals in this process, future work
would be to explain the formation of original aryl radicals, this could be an experimental
or computational study looking at potential formation of electron donors or trace metal

ions in sources of KH which could produce aryl radicals.

Another piece of future work would be to further explore the reactions of
dihalodurenes, modelling the Pierre mechanism on these substrates could explain the

formation 7.41 and 7.42.

It would also be interesting explore chloroarenes in these transformations to observe
changes in reactivity, both computationally and experimentally these would be

interesting investigations.
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8. Overall Conclusions

In chapter 4 six additives that had the potential to form electron donors capable of
initiating the BHAS cycle were investigated both computationally and experimentally. To
form a species capable of donating an electron to haloarenes the sp3 carbon required to
be deprotonated and this would produce an alkene surrounded by heteroatoms. It
would have been predicted that when the heteroatoms had been deprotonated before
the sp3 carbon then these would be even more electron-rich and therefore more
efficient electron donors. However, as there would be a build-up of negative charge

these would be less likely to form.

@EM@ @c‘:w““@
8.1 8.2

Figure 8.1 — Additives investigated computationally and experimentally in Chapter 4

The computational study suggested that a trianion formed from 8.1 would be the least
likely to be formed however, should it form would be the most efficient electron donor.
Dianions formed from 8.1 to 8.3 were all predicted to be capable of being formed and
were expected to be efficient electron donors all with small barriers and strong
thermodynamic driving force. Similarly, monoanions formed from donors 8.1 to 8.5
were shown to be formed favourably, in all cases though, the electron transfer to
iodobenzene was found to be endergonic. Although the energy profile were not
unreasonable these species were less likely to be efficient electron donors. The neutral
electron-rich alkene formed from salt 8.6, despite being the easiest to form was found
to be the most unlikely to donate an electron to iodobenzene. The conclusion from the
computational study was that 8.1,8.2 and 8.3 were all capable of forming at least

dianionic species that would be efficient electron donors, additives 8.4 and 8.5 would
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only be able to form monoanionic species that would be less favourable electron donors
but it would not be unreasonable to observe some electron transfer from these species.

Additive 8.6 is very unlikely to form an efficient electron donor.

In experiments what was found was that 8.1 and 8.2 were the best additives for
achieving successful coupling of iodoarenes to benzene. Additive 8.3 was also relatively
successful but not to the same extent as 8.1 and 8.2. The unhindered iodoarenes
produced a high yield of coupled product whereas, when 2-iodo-m-xylene was used as
the arene the yield was lower in comparison but was a good yield compared to previous
published studies. Additives 8.4 to 8.6 were predicted to be unsuccessful in initiating
the BHAS cycle and this was found to be the case. Although small amounts of coupled
products were formed in reactions with unhindered iodoarenes when the benzyne

formation was blocked the reactivity was almost completely removed.

This study highlighted that computational studies are effective in helping to predict
which substrates are likely to form efficient electron donors, however, these are not
conclusive so do not detract from the importance of physical experiment. It was also
noted that when no additive was present that small amounts of coupled product were

formed and this lead on to Chapter 5.

The proposed background initiation mechanism for reactions when there is no electron
donor is benzyne acting as a biradical. Chapter 5 set out to add in external sources of
biradicals to observe whether or not when benzyne formation is blocked from
alternative sources. Two different methods of forming biradicals were employed in this
study, o-benzyne formed from HDDA rearrangements and p-benzyne formed from a

Bergman cyclisation.

o)
/
S Z
™S
N NN
SN N
Ph
8.7 8.8

Figure 8.2 — Example substrates employed in Chapter 5, 8.7 underwent HDDA

reactions and 8.8 undegoes a bergman cyclisation
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The work in Chapter 5 showed that substrates of the type 8.7 and 8.8 are capable of
initiating transition metal-free coupling reactions between 2-iodo-m-xylene and
benzene. Biradical initiation is often a significantly slower process than the more
common electron transfer as there are a number of alternative paths for the biradicals
to go down as well as the desired one towards initiating the cycle, this results in the
need for higher temperatures or longer reaction times compared to previously reported
electron-donor promoted transition-metal free coupling reactions. As a result of the

slower reactions the yields are also lower than those with standard electron donors.

In addition to biradical initiation radical initiators such as ditertbutylperoxide and AIBN
were used as additives for these coupling reactions. It was found that these were also

capable of initiating the BHAS cycle in relatively good yield.

Chapter 6 was a continuation of investigating the initiation of the BHAS cycle by
benzyne. This time the study was computational. What was found was that although
benzyne is capable of forming radical anion 8.11 that would be capable of initiating the
BHAS mechanism it was not the only possible pathway. There were alternative pathways
such as forming a 4-member ringed structure 8.13 and alternatively a biradical anion

8.12 neither of which would be capable of initiating the BHAS cycle.

D =

8.9 8.10 8.11

Cr
S=o I

8.13
Scheme 8.1 — Possible pathways from benzyne biradical 8.10

As chapter 7 showed halide abstraction by alkyl radicals it is possible that the biradical
benzyne could be abstracting iodine from the aryl iodides and the aryl radical formed

could be initiating the BHAS cycle.
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While exploring reactions of haloarenes with KH in chapter 7 a number of different
observations were made. The investigation into the Pierre iodide displacement by KH
has been shown to likely occur via a four-membered transition state. These
transformations were found to have achievable barriers and the formation of KI was
found to be a strong thermodynamic driving force. Adding in explicit solvent molecules

had a small effect.

The abstraction of bromine by alkyl radicals 8.15 and 8.18 was shown to be a favourable
process and this was surprising as it is not a commonly expected transformation. The
explanation however, is that the bromine was forcing the tert-butyl groups into a
strained position and after abstraction these relax meaning the abstraction is favorable.
Moving to isopropyl groups the bromine has less effect and the abstraction of bromine

by alkyl radical 8.21 is less favorable as a result.

Br o H
H AG* = 13.9 j<
YL 2eani

AG,q = -9.1
8.14 8.15 8.16 8.17
er ° Br.
o AG* = 16.6
>k©/k < >k©/k . K
AGre|=—8.3
8.14 8.18 8.16 8.19
Br
e H H
H H AG*=21.9
Soali: A -
° Br
AGy = 10.4
8.20 8.21 8.22 8.23

Scheme 8.2 — Bromine abstraction by alkyl radicals

Moving to aryl radicals abstracting hydrogen atoms from benzene rings, the results are
unsurprising. All the abstractions are possible in these cases however the energy barriers

decrease as the steric hindrance around the radical centre decreases.
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The investigation into reactions with dihalodurenes gave no conclusive explanation of
why if radicals are formed they do not form any significant quantities of coupled product

as energetically it is favorable compared to meta-xylene radical.

This work has investigated the mechanism of the BHAS reaction. It has aimed to show
that computational and experimental work can work together to aid one another. This
combination is useful in further explaining reaction mechanisms to support proposed

routes and observe new reactions.
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9. Experimental

9.1 General experimental information

All reagents were bought from commercial suppliers and used without further
purification unless stated otherwise. All the reactions not performed using a glovebox
were carried out under argon atmosphere. Diethyl ether, tetrahydrofuran,
dichloromethane and hexane were dried with a Pure-Solv 400 solvent purification
system supplied by Innovative Technology Inc., U.S.A. Organic extracts were, in general,
dried over anhydrous sodium sulfate (Na2SOa). A Biichi rotary evaporator was used to
concentrate the reaction mixtures. Thin layer chromatography (TLC) was performed
using aluminium-backed sheets of silica gel and visualised under a UV lamp (254 nm).
The plates were developed using phosphomolybdic acid or KMnO4 solution. Column

chromatography was performed by using silica gel 60 (200-400 mesh).

The electron transfer reactions were carried out within a glove box (Innovative
Technology Inc., U.S.A.) under nitrogen atmosphere, and performed in oven-dried or
flame-dried apparatus using anhydrous solvents, which were degassed under reduced
pressure, then purged with argon and dried over activated molecular sieves (3 A), prior
to being sealed and transferred to the glovebox. All solvents or samples placed into the
glovebox were transferred in through the port, which was evacuated and purged with
nitrogen ten times before entry. When the reaction mixtures were prepared, the
reaction vessel was removed from the glove box and the rest of the reaction was

performed in the fumehood.

Proton (*H) NMR spectra were recorded at 400, 400 and 500 MHz, on Bruker AV3, AV400
and AV500 spectrometers, respectively. Carbon (*3C°) NMR spectra were recorded
using broadband decoupled mode at 101, 101 and 126 MHz, on Bruker AV3, AV400 and
AV500 spectrometers, respectively. Spectra were recorded in either deuterated
chloroform (CDCls) or deuterated dimethyl sulfoxide (d®-DMSOQ), depending on the
solubility of the compounds. The chemical shifts are reported in parts per million (ppm)

calibrated on the residual non-deuterated solvent signal in *H and the 3-C based on the
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d-solvent, and the coupling constants, J, are reported in Hertz (Hz). The peak
multiplicities are denoted using the following abbreviations: s, singlet; d, doublet; t,
triplet; q, quartet; m, multiplet; dd, doublet of doublets; dt, doublet of triplets; td, triplet

of doublets.

Infra-Red spectra were recorded on an ATR-IR spectrometer.

Melting points were determined on a Gallenkamp Melting point apparatus.

The mass spectra were recorded by gas-phase chromatography (GCMS) using ionisation
techniques, as stated for each compound: electron ionisation (El), electrospray
ionisation (ESI). GCMS data were recorded using an Agilent Technologies 7890A GC
system coupled to a 5975C inert XL EI/CI MSD detector. Separation was performed using
the DB5MS-UI column (30 m x 0.25 mm x 0.25 um) at a temperature of 320 °C, using

helium as the carrier gas.

High-resolution mass spectrometry (HRMS) was performed at the Swansea University,
in the EPSRC National Mass Spectrometry Centre. Accurate mass was obtained using
atmospheric pressure chemical ionisation (APCI), chemical ionisation (Cl), electron
ionisation (El), or electrospray ionisation (ESI) with a LTQ Orbitrap XL mass

spectrometer.
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9.2 Experimental Procedures for Chapter 4

Synthesis of N-((1H-benzo[d]imidazole-2-yl)methyl)aniline 4.16
NH,

H H

N Cl KI, KOH N HN@
C" O CLy~

N EtOH, reflux 8 h N

4.44 4.45 4.16

To a 250 mL round-bottomed flask was added 2-chloromethylbenzimidazole, 4.44 (4.3
g, 25 mmol), potassium iodide (4.3 g, 25 mmol), and aniline, 4.45 (2.3 g, 25 mmol) were
added. Ethanol (100 mL) was then added and the reaction heated to reflux with stirring
for 6 h. Potassium hydroxide (1.6 g, 25 mmol) was dissolved in H,O (5 mL) and added
and the reaction continued for a further 2 h. After cooling to room temperature ice
water (100 mL) was added to the reaction and a green precipitate appeared. The solid
was collected by vacuum filtration and purified by recrystallisation from
ethanol/petroleum ether to afford 4.16 as a dark green solid (2.79 g, 50%) mp 142-144
°C 'H NMR (400 MHz, d® DMSO) &6 7.58-7.54 (2H, m) 7.25-7.21 (2H, m) 7.08 (2 H, t, J =
8.0 Hz) 6.8 (1H,t,J=7.2 Hz) 6.6 (2H, d, J = 8 Hz) 4.56 (2H, s) ppm, 3C NMR (101 MHz, d®
DMSO ) & 153.8, 148.2, 136.7, 128.9, 122.5, 116.8, 114.5, 112.5, 41.4 ppm, [Found:
(HRMS-ESI) 224.1180. C14H14N3* (M+H)* requires 224.1182].171

Synthesis of N-((1H-benzo[d]imidazol-2-yl)methyl)-N-methylaniline 4.18

H H H Me,

N Cl “Me KI, KOH N N@
" O Ly

N EtOH, reflux 8 h N

4.44 4.46 4.18

To a 250 mL round-bottomed flask was added 2-chloromethylbenzimidazole, 4.44 (4.3
g, 25 mmol), potassium iodide (4.3 g, 25 mmol), and N-methylaniline, 4.46 (2.7 g, 25
mmol). Ethanol (100 mL) was then added and the reaction heated to reflux with stirring
for 6 h. Potassium hydroxide (1.6 g, 25 mmol) was dissolved in H,O (5 mL) and added
and the reaction continued for a further 2 h. After cooling to room temperature ice
water (100 mL) was added to the reaction and a yellow precipitate appeared. The solid

was collected by vacuum filtration and purified by recrystallisation from ethanol to
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afford 4.18 as a pale yellow solid (3.57 g, 61%) mp 208-209 °C. 'H NMR (400 MHz, d°
DMSO) & 12.26 (1H, s) 7.50- 7.46 (2H, m) 7.17-7.10 (4H, m) 6.79 (2H, d, J = 8 Hz) 6.63
(1H, t, J = 8.0 Hz) 4.71 (s, 2H) 3.11 (s, 3H) ppm, 13C NMR (101 MHz, d® DMSO ) & 152.7,
149.1, 128.9, 121.4, 116.5, 112.4, 50.7 ppm, (sp3 CH2 carbon peak DMSO solvent peak)
[Found: (HRMS-ESI) 238.1338. C15H17N3* (M+H)* requires 238.1339].

Synthesis of ethyl 2-chloroacetimidate hydrochloride 4.48

HCl ), EtOH NH.HCI
N o
dry E,0, 0 °C, 3-4 h OEt

4.47 4.48

Chloroacetonitrile, 4.47 (5 mL, 79 mmol), absolute ethanol (6 mL, 102.9 mmol) and dry
diethyl ether (20 mL) were added to an oven-dried 100 mL 3-necked flask. The flask was
then placed in an ice bath and the reaction mixture stirred. Hydrogen chloride gas was
generated in situ by dropping concentrated HCl into CaCl>!’? and this was used to
saturate the reaction mixture. After 3-4 h a white precipitate formed, this solid was
collected and dried by vacuum filtration. The crude product was used without any

further purification.’3
Synthesis of 2-chloromethylbenzoxazole 4.50

OH DCM
NH.HCI (0] Cl
oML (] Lo~
OEt NH, RT, 24 h N

4.48 4.49 4.50

To an oven-dried 50 mL round-bottomed flask was added 2-aminophenol (0.5 g, 4.58
mmol), chloroacetimidic acid ethyl ester hydrochloride (1 g, 6.87 mmol) and dry DCM
(10 mL). The resultant slurry was stirred at room temperature overnight. The reaction
mixture was filtered through a pad of celite. This was then concentrated to afford 4.50
as a brown oil (0.28 g, 37%). The crude product was used without any further
purification. *H NMR (400 MHz, CDCl3) & 7.7 (1H, m) 7.5 (1H, m) 7.35 (2H, m) 4.76 (2H,

S) ppn,].173
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Synthesis of N-(benzo[d]oxazol-2-ylmethyl)aniline 4.18

o © NH KOH 0 HN@
VN
@EN/ ©/ @E />_/
60°C, 36 h N

4.50 4.45 417

To a 25 mL round-bottomed flask was added 2-(chloromethyl)benzo[d]oxazole, 4.50
(334 mg, 0.2 mmol) in aniline, 4.45 (5mL). This was stirred at 60 °C for 1 hour, 1 equiv
KOH was then added and reaction continued for 36 h. After cooling to room temperature
the reaction was quenched with 1M HCl(aq) (25 mL) and organic portion extracted with
DCM (3 x 30 mL). The organic extracts were combined washed with 1M HCl@q) (25 mL)
then dried over Na;S04 before being concentrated. The crude product was purified by
column chromatography (DCM) to afford 4.17 as a pale pink powder, (394 mg, 88%). Mp
103-105 °C. *H NMR (400 MHz, CDCl3) & 7.73-7.69 (1H, m) 7.53-7.49 (1H, m) 7.35-7.31
(2H, m) 7.23 (2H, t, J = 6.8 Hz) 6.80-6.75 (3H, m) 4.62 (2H, s) 4.51 (1H, s) ppm, 3C NMR
(101 MHgz, CDCls) 6 164.2, 151.1, 147.0, 141.1, 129.5, 125.2, 124.6, 120.1, 118.8, 113.4,
110.8, 42.1 ppm, [Found: (HRMS-ESI) 225.1022. C14H12N20* (M+H)* requires 225.1022].

Synthesis of N-(benzo[d]oxazol-2-ylmethyl)-N-methylaniline 4.19

Cl N Me
o] - )
Me KoH O>_/N©
o+
@EN/ ©/ @E %
60°C, 36 h N

4.50 4.46 419

To a 25 mL round-bottomed flask was added 2-chloromethylbenzoxazole, 4.50 (3.34 g,
20 mmol) and N-methylaniline, 4.46 (4.28 g, 40 mmol). This was stirred at 60 °C for 1
hour, potassium hydroxide (1.3 g, 20 mmol) was then added and reaction continued for
36 h. After cooling to room temperature the reaction was quenched with 1M HCl(aq) (25
mL) and the organic portion extracted with DCM (3 x 30 mL). The organic extracts were
combined, washed with 1M HClag) (25 mL), then dried over Na;SOs before being
concentrated. The crude product was purified by column chromatography (DCM) to
afford 4.19 as a yellow oil (1.62 g, 34%). *H NMR (400 MHz, CDCl3) § = 7.73-7.71 (1H, m)
7.51-7.47 (1H, m) 7.34-7.25 (4H, m) 6.91 (1H, d, J = 8 Hz) 6.79 (2H, t, J = 8 Hz) 4.78 (2H,
5)3.22 (3H, s) ppm, 3C NMR (101 MHz, CDCl3) § 163.9, 151.0, 148.9, 141.1, 129.4, 125.1,
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124.4, 120.1, 117.9, 113.1, 110.8, 50.6, 39.4 ppm, [Found: (HRMS-ESI) 239.1178.
Ci5H15N20* (M+H)* requires 239.1179].

Synthesis of N-methyl-N-((1-methyl-1H-benzo[d]imidazol-2-yl)methyl)aniline 4.20

H Me, MeMe

H N@ Mel (1.5 equiv), KOH @
CL— @E

N

EtOH RT, 24 h

417

To a 50 mL three-neck flask N-((1H-benzo[d]imidazol-2-yl)methyl)-N-methylaniline, 4.17
(1.18 g, 5 mmol) crushed potassium hydroxide (0.56 g, 10 mmol) and ethanol (25 mL)
were added. Under an argon flow, with stirring, methyl iodide (1.07 g, 7.5 mmol) was
added dropwise over a period of 30 min. The reaction was left to continue at room
temperature for 24 h. Water (30 mL) was added to quench the reaction and organic
products extracted with DCM (3 x 30 mL). The extracts were combined, washed with
brine, dried over Na;SOs and then concentrated. The crude reaction mixture was
purified by column chromatography (DCM:MeOH 1:0-9:1) to afford 4.20 as an off-white
powder (817 mg, 65%). 'H NMR (400 MHz, d® DMSO) 6 = 7.56 (1H, d, J = 7.6 Hz) 7.51
(1H,d,J =8 Hz) 7.23-7.13 (4H, m) 6.89 (2H, d, J = 8 Hz) 6.66 (1H, t, J = 8 Hz) 4.81 (2H, s)
3.78(3H, s) 3.01 (3H, s) ppm, 3C NMR (101 MHz, d® DMSO ) 6 151.7, 150.0, 142.4, 136.5,
129.5, 122.8, 122.2, 119.8, 118.7, 114.4, 109.2, 50.9, 38.5, 30.3 ppm, [Found: (HRMS-
ESI) 252.1492. C16H20N3™ (M+H)+ requires 252.1495].174

Synthesis of 1,3-dimethyl-2-((methyl(phenyl)amino)methyl)-1H-benzo[d]imidazol-3-
ium iodide 4.21

MeMe
! Me‘N@ i) Na, EtOH @
u)MeI3eqmv
Cr— L

N RT, 24 hreflux 18 h N® ©

417 421

Clean sodium metal (0.18 g, 8 mmol) was dissolved in ethanol (10 mL). To this was added
4.17 (1.04 g, 8 mmol), methyl iodide (1.5 mL, 24 mmol) and additional ethanol (10 mL).
The reaction mixture was then left to stir at room temperature for 24 h. After 24 h, the

reaction was heated to reflux for a further 18 h. After cooling to room temperature, a
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pale orange precipitate appeared. The crude solid was purified by column
chromatography (DCM) and 4.21 was collected as a pale orange powder (723 mg, 23%).
MP 159-161 °C*H NMR (400 MHz, d® DMSO) 7.99 (2H, d, J = 8 Hz) 7.72 (1H, d, J = 8 Hz)
7.63-7.54 (2H, m) 7.25 (2H, t, J = 7.6 Hz) 6.89 (2H, d, J = 8 Hz) 6.78 (1H, t, J = 8 Hz) 5.13
(2H,s) 3.99 (3H, s) 3.36 (3H, s) 3.11 (3H, s) ppm, [Found: (HRMS-ESI) 266.1652. C17H23Ns*
(M-I)* requires 266.1652].

Formation of biphenyl 4.7 in table 4.5

Table 4.5 entry 1,a

|
©/ + © KOtfBu (2 equiv) O O
41 44

110 °C,3.5h
4.7

lodobenzene 4.1 (102 mg, 0.5 mmol) was added to an oven-dried 15 mL pressure tube
charged with a magnetic stirrer bar. This was then transferred to a glovebox and KOtBu
(112 mg, 1 mmol) and benzene (5 mL) were added and the pressure tube sealed. The
sealed tube was placed in a preheated oil bath at 110 °C for 3.5 h. After cooling to room
temperature, the reaction mixture was quenched with 1M HClag) (20 mL) and organic
product extracted with EtOAc (3 x 20 mL). The organic extracts were combined and dried
over Na;SQs, this was then concentrated and the crude product purified by column
chromatography (hexanes) to afford biphenyl 4.7 (5 mg, 7%) of white crystals. *H NMR
(400 MHz, CDCl3) § = 7.62-7.59, (4H, m), 7.47-7.42 (4H, m) 7.35 (2 H, t, J = 8 Hz) ppm, 13C
NMR (101 MHz, CDCls) § 141.4, 128.9, 127.4, 127.3 ppm, m/z (EI*) 154.1 [M]*.

Table 4.5 entry 2,a

|
©/ + © 4.16 (0.2 equiv), KOtBu (2 equiv) O O
4.1 4.4

110 °C,3.5h
4.7

lodobenzene 4.1 (102 mg, 0.5 mmol) and 4.16 (22 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This was then

transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
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and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 110
°Cfor 3.5 h. After cooling to room temperature, the reaction mixture was quenched with
1M HCl(aq) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na;SOg, this was then concentrated and the
crude product purified by column chromatography (hexanes) to afford biphenyl 4.7 (68
mg, 88%) of white crystals. *H NMR (400 MHz, CDCl3) 6 = 7.62-7.59, (4H, m), 7.47-7.42
(4H, m) 7.35 (2 H, t,J =8 Hz) ppm, 3C NMR (101 MHz, CDCl5) 6 141.4,128.9, 127.4,127.3
ppm, m/z (EI*) 154.1 [M]*.

Table 4.5 entry 3,a

|
©/ + © 4.17 (0.2 equiv), KOtBu (2 equiv) O O
41 4.4

110 °C,3.5h
4.7

lodobenzene 4.1 (102 mg, 0.5 mmol) and 4.17 (23 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This was then
transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 110
°C for 3.5 h. After cooling to room temperature, the reaction mixture was quenched with
1M HCl(ag) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na;SOg, this was then concentrated and the
crude product purified by column chromatography (hexanes) to afford biphenyl 4.7 (57
mg, 74 %) of white crystals. *H NMR (400 MHz, CDCl3) § = 7.62-7.59, (4H, m), 7.47-7.42
(4H, m) 7.35 (2 H, t,J =8 Hz) ppm, 3C NMR (101 MHz, CDCl5) 6 141.4,128.9, 127.4,127.3
ppm, m/z (EI*) 154.1 [M]".
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Table 4.5 entry 4,a

|
©/ + © 4.18 (0.2 equiv), KOtBu (2 equiv) O O
4.1 4.4

110 °C,3.5h
4.7

lodobenzene 4.1 (102 mg, 0.5 mmol) and 4.18 (24 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This was then
transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 110
°C for 3.5 h. After cooling to room temperature, the reaction mixture was quenched with
1M HCl(ag) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na;SOj, this was then concentrated and the
crude product purified by column chromatography (hexanes) to afford biphenyl 4.7 (36
mg, 47%) of white crystals. *H NMR (400 MHz, CDCl3) 6 = 7.62-7.59, (4H, m), 7.47-7.42
(4H, m) 7.35 (2 H, t,J =8 Hz) ppm, 3C NMR (101 MHz, CDCl5) 6 141.4,128.9, 127.4,127.3
ppm, m/z (EI*) 154.1 [M]".

Table 4.5 entry 5,a

|
©/ + © 4.19 (0.2 equiv), KOtBu (2 equiv) O O
4.1 4.4

110 °C,3.5h
4.7

lodobenzene 4.1 (102 mg, 0.5 mmol) and 4.19 (24 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This was then
transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 110
°C for 3.5 h. After cooling to room temperature, the reaction mixture was quenched with
1M HCl(aq) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na;SOs, this was then concentrated and the
crude product purified by column chromatography (hexanes) to afford biphenyl 4.7 (32
mg, 42%) of white crystals. *H NMR (400 MHz, CDCl3) 6 = 7.62-7.59, (4H, m), 7.47-7.42
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(4H, m) 7.35 (2 H, t, J = 8 Hz) ppm, 3C NMR (101 MHz, CDCls) 6 141.4, 128.9, 127.4, 127.3
ppm, m/z (EI*) 154.1 [M]*.

Table 4.5 entry 6,a

|
©/ + © 4.20 (0.2 equiv), KOtBu (2 equiv) O O
4.1 4.4

110 °C,3.5h
4.7

lodobenzene 4.1 (102 mg, 0.5 mmol) and 4.20 (24 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This was then
transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 110
°C for 3.5 h. After cooling to room temperature, the reaction mixture was quenched with
1M HCl(ag) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na;SO,, this was then concentrated and the
crude product purified by column chromatography (hexanes) to afford biphenyl 4.7 (15
mg, 19%) of white crystals. *H NMR (400 MHz, CDCl3) § = 7.62-7.59, (4H, m), 7.47-7.42
(4H, m) 7.35 (2 H, t,J = 8 Hz) ppm, 3C NMR (101 MHz, CDCls) § 141.4, 128.9, 127.4,127.3
ppm, m/z (EI*) 154.1 [M]".

Table 4.5 entry 7,a

|
©/ + © 4.21 (0.2 equiv), KOtBu (2 equiv) O O
4.1 4.4

110 °C,3.5h
4.7

lodobenzene 4.1 (102 mg, 0.5 mmol) and 4.21 (26 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This was then
transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 110
°C for 3.5 h. After cooling to room temperature, the reaction mixture was quenched with
1M HCl(aq) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic

extracts were combined and dried over Na;SO,, this was then concentrated and the
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crude product purified by column chromatography (hexanes) to afford biphenyl 4.7 (11
mg, 14%) of white crystals. *H NMR (400 MHz, CDCl3) 6 = 7.62-7.59, (4H, m), 7.47-7.42
(4H, m) 7.35 (2 H, t,J = 8 Hz) ppm, 3C NMR (101 MHz, CDCls) § 141.4, 128.9, 127.4,127.3
ppm, m/z (EI*) 154.1 [M]*.

Formation of 4-methylbiphenyl 4.55 in table 4.5
Table 4.5 entry 1,b

|
/©/ . @ KOtBu (2 equiv) O
Me 110 °C, 3.5 h O
4.54 4.4

Me
4.55

4-lodotoluene 4.54 (109 mg, 0.5 mmol) was added to an oven-dried 15 mL pressure tube
charged with a magnetic stirrer bar. This was then transferred to a glovebox and KOtBu
(112 mg, 1 mmol) and benzene (5 mL) were added and the pressure tube sealed. The
sealed tube was placed in a preheated oil bath at 110 °C for 3.5 h. After cooling to room
temperature, the reaction mixture was quenched with 1M HClag) (20 mL) and organic
product extracted with EtOAc (3 x 20 mL). The organic extracts were combined and dried
over Na;SQ4, this was then concentrated and the crude product purified by column
chromatography (hexanes) to afford 4-methylbiphenyl 4.55 (4 mg, 5%) of a colourless
oil. TH NMR (400 MHz, CDCl3) § 7.59 (2H, d, J = 8 Hz) 7.50 (2H, d, J = 8 Hz) 7.43 (2H, t, J =
8 Hz) 7.33 (1H, t, J = 8 Hz) 7.26 (2H, d, J = 8 Hz) 2.44 (3H, s) ppm, 3C-NMR (101 MHz,
CDCl3) 6 141.3, 138.5, 137.1, 129.6, 128.8, 127.1, 21.2 ppm, m/z (EI*) 168.1 [M]*.

Table 4.5 entry 2,b

[
/©/ + © 4.16 (0.2 equiv), KOtBu (2 equiv) O
Me 110 °C,3.5h O
Me
4.54 4.4

4.55

4-lodotoluene 4.54 (109 mg, 0.5 mmol) and 4.16 (22 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This was then
transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added

and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 110
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°C for 3.5 h. After cooling to room temperature, the reaction mixture was quenched with
1M HCl(ag) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na;SO, this was then concentrated and the
crude product purified by column chromatography (hexanes) to afford 4-
methylbiphenyl 4.55 (60 mg, 71%) of a colourless oil. *H NMR (400 MHz, CDCls) § 7.59
(2H, d, J = 8 Hz) 7.50 (2H, d, J = 8 Hz) 7.43 (2H, t, J = 8 Hz) 7.33 (1H, t, J = 8 Hz) 7.26 (2H,
d, J = 8 Hz) 2.44 (3H, s) ppm, 3C-NMR (101 MHz, CDCls) 6 141.3, 138.5, 137.1, 129.6,
128.8,127.1, 21.2 ppm, m/z (EI*) 168.1 [M]*.

Table 4.5 entry 3,b

[
/©/ + @ 4.17 (0.2 equiv), KOBu (2 equiv) O
Me 110 O
Me
4.54 4.4

°C,3.5h
4.55

4-lodotoluene 4.54 (109 mg, 0.5 mmol) and 4.17 (23 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This was then
transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 110
°C for 3.5 h. After cooling to room temperature, the reaction mixture was quenched with
1M HCl(ag) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na;SOg, this was then concentrated and the
crude product purified by column chromatography (hexanes) to afford 4-
methylbiphenyl 4.55 (58 mg, 69%) of a colourless oil. *H NMR (400 MHz, CDCls) § 7.59
(2H, d, J = 8 Hz) 7.50 (2H, d, J = 8 Hz) 7.43 (2H, t, J = 8 Hz) 7.33 (1H, t, J = 8 Hz) 7.26 (2H,
d, J = 8 Hz) 2.44 (3H, s) ppm, 3C-NMR (101 MHz, CDCls) & 141.3, 138.5, 137.1, 129.6,
128.8,127.1, 21.2 ppm, m/z (EI*) 168.1 [M]".

Table 4.5 entry 4,b

|
/©/ + © 4.18 (0.2 equiv), KOtBu (2 equiv) O
Me O
4.54 4.4

110 °C,3.5h
Me

4.55
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4-lodotoluene 4.54 (109 mg, 0.5 mmol) and 4.18 (23 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This was then
transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 110
°C for 3.5 h. After cooling to room temperature, the reaction mixture was quenched with
1M HCl(ag) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na;SO, this was then concentrated and the
crude product purified by column chromatography (hexanes) to afford 4-
methylbiphenyl 4.55 (18 mg, 22%) of a colourless oil. *H NMR (400 MHz, CDCls) § 7.59
(2H, d, J = 8 Hz) 7.50 (2H, d, J = 8 Hz) 7.43 (2H, t, J = 8 Hz) 7.33 (1H, t, J = 8 Hz) 7.26 (2H,
d, J = 8 Hz) 2.44 (3H, s) ppm, 3C-NMR (101 MHz, CDCl5) & 141.3, 138.5, 137.1, 129.6,
128.8,127.1, 21.2 ppm, m/z (EI*) 168.1 [M]".

Table 4.5 entry 5,b

[
/©/ + © 4.19 (0.2 equiv), KOtBu (2 equiv) O
Me 110 °C,3.5h O
Me
4.54 4.4

4.55

4-lodotoluene 4.54 (109 mg, 0.5 mmol) and 4.19 (24 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This was then
transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 110
°C for 3.5 h. After cooling to room temperature, the reaction mixture was quenched with
1M HCl(ag) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na;SOg, this was then concentrated and the
crude product purified by column chromatography (hexanes) to afford 4-
methylbiphenyl 4.55 (3 mg, 4%) of a colourless oil. *H NMR (400 MHz, CDCl3) & 7.59 (2H,
d,J=8Hz) 7.50 (2H, d, J = 8 Hz) 7.43 (2H, t, J = 8 Hz) 7.33 (1H, t, J = 8 Hz) 7.26 (2H, d, J =
8 Hz) 2.44 (3H, s) ppm, 3C-NMR (101 MHz, CDCls) & 141.3, 138.5, 137.1, 129.6, 128.8,
127.1,21.2 ppm, m/z (EI*) 168.1 [M]*.
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Table 4.5 entry 6,b

|
/©/ ¥ © 4.20 (0.2 equiv), KOtBu(2 equiv) O
Me O
Me
4.54 4.4

110 °C,3.5h
4.55

4-lodotoluene 4.54 (109 mg, 0.5 mmol) and 4.20 (24 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This was then
transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
and the pressure tube sealed. The sealed tube is placed in a preheated oil bath at 110
°C for 3.5 h. After cooling to room temperature the reaction mixture is quenched with
1M HCl(ag) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na>SOg, this was then concentrated and crude
product purified by column chromatography (hexanes) to afford 4-methylbiphenyl 4.55
10 mg (12%) of a colourless oil. *H NMR (400 MHz, CDCl3) 6 7.59 (2H, d, J = 8 Hz) 7.50
(2H, d, J = 8 Hz) 7.43 (2H, t, J = 8 Hz) 7.33 (1H, t, J = 8 Hz) 7.26 (2H, d, J = 8 Hz) 2.44 (3H,
s) ppm, 13C-NMR (101 MHz, CDCls3) 6 141.3, 138.5, 137.1, 129.6, 128.8, 127.1, 21.2 ppm,
m/z (EI*) 168.1 [M]*.

Table 4.5 entry 7,b

|
/©/ + @ 4.21 (0.2 equiv), KOBu (2 equiv) O
Me 110 °C, 3.5 h O
4.54 4.4

Me 4.55
4-lodotoluene 4.54 (109 mg, 0.5 mmol) and 4.21 (26 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This was then
transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 110
°C for 3.5 h. After cooling to room temperature, the reaction mixture was quenched with
1M HCl(ag) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na;SOg, this was then concentrated and the
crude product purified by column chromatography (hexanes) to afford 4-

methylbiphenyl 4.55 (4 mg, 5%) of a colourless oil. 'H NMR (400 MHz, CDCls) 6 7.59 (2H,
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d,J=8Hz) 7.50 (2H, d, J = 8 Hz) 7.43 (2H, t, J = 8 Hz) 7.33 (1H, t, J = 8 Hz) 7.26 (2H, d, J =
8 Hz) 2.44 (3H, s) ppm, 3C-NMR (101 MHz, CDCls) & 141.3, 138.5, 137.1, 129.6, 128.8,
127.1,21.2 ppm, m/z (EI*) 168.1 [M]".

Formation of 4-methoxybiphenyl 9.2 in table 4.5

Table 4.5 entry 1,c

. ®
/©/ .\ © KOtBu (2 equiv) O
MeO 110 °C,3.5h MeO
9.1 4.4

9.2

4-lodoanisole 9.1 (117 mg, 0.5 mmol) was added to an oven-dried 15 mL pressure tube
charged with a magnetic stirrer bar. This was then transferred to a glovebox and KOtBu
(112 mg, 1 mmol) and benzene (5 mL) were added and the pressure tube sealed. The
sealed tube was placed in a preheated oil bath at 110 °C for 3.5 h. After cooling to room
temperature, the reaction mixture was quenched with 1M HCl(ag) (20 mL) and organic
product extracted with EtOAc (3 x 20 mL). The organic extracts were combined and dried
over Na;SQs, this was then concentrated and the crude product purified by column

chromatography (10% EtOAc in hexanes), no coupled product was isolated.

Table 4.5 entry 2,c

. P
/©/ . © 4.16 (0.2 equiv), KOtBu (2 equiv) O
MeO 110 °C, 3.5 h MeO
9.1 4.4

9.2

4-lodoanisole 9.1 (117 mg, 0.5 mmol) and 4.16 (22 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This was then
transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 110
°C for 3.5 h. After cooling to room temperature, the reaction mixture was quenched with
1M HCl(ag) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na;SO, this was then concentrated and the

crude product purified by column chromatography (10% EtOAc in hexanes) to afford 4-
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methoxybiphenyl 9.2 (73 mg, 79%) of a white solid. *H NMR (400 MHz, CDCls) 7.57-7.51
(4H, m) 7.43 (2H, t, J=8 Hz) 7.31 (1H, t, /= 8 Hz) 6.98 (2H, d, / = 8 Hz) 3.86 (3H, s) ppm,
13C-NMR (101 MHz, CDCI3) &6 141.0, 128.9, 128.3, 126.9, 126.8, 114.3 ppm, m/z (EI*)
184.2 [M]*.

Table 4.5 entry 3,c

. P
/©/ . © 4.17 (0.2 equiv), KOtBu (2 equiv) O
MeO 110 °C, 3.5 h MeO
9.1 4.4

9.2

4-lodoanisole 9.1 (117 mg, 0.5 mmol) and 4.17 (23 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This was then
transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 110
°Cfor 3.5 h. After cooling to room temperature, the reaction mixture was quenched with
1M HCl(ag) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na,SOg, this was then concentrated and the
crude product purified by column chromatography (10% EtOAc in hexanes) to afford 4-
methoxybiphenyl 9.2 (62 mg, 67%) of a white solid. *H NMR (400 MHz, CDCl3) 7.57-7.51
(4H, m) 7.43 (2H, t, J = 8 Hz) 7.31 (1H, t, J = 8 Hz) 6.98 (2H, d, J = 8 Hz) 3.86 (3H, s) ppm,
13C.NMR (101 MHz, CDCI3) & 141.0, 128.9, 128.3, 126.9, 126.8, 114.3 ppm, m/z (EI*)
184.2 [M]*.

Table 4.5 entry 4,c

. P
/©/ . © 4.16 (0.2 equiv), KOtBu (2 equiv) O
MeO 110 °C, 3.5 h MeO
9.1 4.4

9.2

4-lodoanisole 9.1 (117 mg, 0.5 mmol) and 4.18 (23 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This was then
transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added

and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 110
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°C for 3.5 h. After cooling to room temperature, the reaction mixture was quenched with
1M HCl(ag) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na;SO, this was then concentrated and the
crude product purified by column chromatography (10% EtOAc in hexanes) to afford 4-
methoxybiphenyl 9.2 (35 mg, 38%) of a white solid. *H NMR (400 MHz, CDCl5) 7.57-7.51
(4H, m) 7.43 (2H, t, J=8 Hz) 7.31 (1H, t, /= 8 Hz) 6.98 (2H, d, / = 8 Hz) 3.86 (3H, s) ppm,
13C-NMR (101 MHz, CDCI3) 6 141.0, 128.9, 128.3, 126.9, 126.8, 114.3 ppm, m/z (EI*)
184.2 [M]*.

Table 4.5 entry 5,c

. P
/©/ . © 4.19 (0.2 equiv), KOBu (2 equiv) O
MeO 110 °C, 3.5 h MeO
9.1 4.4

9.2

4-lodoanisole 9.1 (117 mg, 0.5 mmol) and 4.19 (24 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This was then
transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 110
°C for 3.5 h. After cooling to room temperature, the reaction mixture was quenched with
1M HCl(ag) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na,SOg, this was then concentrated and the
crude product purified by column chromatography (10% EtOAc in hexanes) to afford 4-
methoxybiphenyl 9.2 (13 mg, 14%) of a white solid. *H NMR (400 MHz, CDCl5) 7.57-7.51
(4H, m) 7.43 (2H, t, J = 8 Hz) 7.31 (1H, t, J = 8 Hz) 6.98 (2H, d, J = 8 Hz) 3.86 (3H, s) ppm,
13C-NMR (101 MHz, CDCI3) & 141.0, 128.9, 128.3, 126.9, 126.8, 114.3 ppm, m/z (EI*)
184.2 [M]*.

Table 4.5 entry 6,¢

. P
/©/ . © 4.20 (0.2 equiv), KOtBu (2 equiv) O
MeO 110 °C, 3.5 h MeO
9.1 4.4

9.2
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4-lodoanisole 9.1 (117 mg, 0.5 mmol) and 4.20 (24 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This was then
transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 110
°C for 3.5 h. After cooling to room temperature, the reaction mixture was quenched with
1M HCl(ag) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na;SO, this was then concentrated and the
crude product purified by column chromatography (10% EtOAc in hexanes) to afford 4-
methoxybiphenyl 9.2 (35 mg, 38%) of a white solid. *H NMR (400 MHz, CDCls) 7.57-7.51
(4H, m) 7.43 (2H, t, J = 8 Hz) 7.31 (1H, t, J = 8 Hz) 6.98 (2H, d, J = 8 Hz) 3.86 (3H, s) ppm,
13C-NMR (101 MHz, CDCI3) & 141.0, 128.9, 128.3, 126.9, 126.8, 114.3 ppm, m/z (EI*)
184.2 [M]*.

Table 4.5 entry 7,c

. P
/©/ . © 4.21 (0.2 equiv), KOBu (2 equiv) O
MeO 110 °C, 3.5 h MeO
9.1 4.4

9.2

4-lodoanisole 9.1 (117 mg, 0.5 mmol) and 4.21 (26 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This was then
transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 110
°C for 3.5 h. After cooling to room temperature, the reaction mixture was quenched with
1M HCl(aq) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na;SOs, this was then concentrated and the
crude product purified by column chromatography (10% EtOAc in hexanes) to afford 4-
methoxybiphenyl 9.2 (6 mg, 6%) of a white solid. *H NMR (400 MHz, CDCl5) 7.57-7.51
(4H, m) 7.43 (2H,t, J=8 Hz) 7.31 (1H, t, /= 8 Hz) 6.98 (2H, d, J = 8 Hz) 3.86 (3H, s) ppm,
13C-NMR (101 MHz, CDCI3) &6 141.0, 128.9, 128.3, 126.9, 126.8, 114.3 ppm, m/z (EI*)
184.2 [M]*.
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Reaction with known benzimidazole additive 4.53

CL=1)
NN
R R
| R = isopentyl (0.2 equiv) ‘
©/ . © 4.53 58%
KOBu (2 equiv), 110 °C, 3.5 h O
41 4.4

4.7

lodobenzene 4.1 (102 mg, 0.5 mmol) and 4.53 (42 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This was then
transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 110
°C for 3.5 h. After cooling to room temperature, the reaction mixture was quenched with
1M HCl(ag) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na;SOj, this was then concentrated and the
crude product purified by column chromatography (hexanes) to afford biphenyl 4.7 (45
mg, 58%) of white crystals. *H NMR (400 MHz, CDCl3) 6 = 7.62-7.59, (4H, m), 7.47-7.42
(4H, m) 7.35 (2 H, t,J = 8 Hz) ppm, 3C NMR (101 MHz, CDCl3) & 141.4, 128.9, 127.4, 127.3
ppm, m/z (EI*) 154.1 [M]*

Repeatability Study using additive 4.17 to couple with 4-iodotoluene 4.54
Three identical experiments were performed according to the following procedure:

[
/©/ + @ 4.17 (0.2 equiv), KOtBu(2 equiv) O
Me 110 °C,3.5h O
Me
4.54 4.4

4.55

4-lodotoluene 4.54 (109 mg, 0.5 mmol) and 4.17 (23 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This was then
transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 110
°Cfor 3.5 h. After cooling to room temperature, the reaction mixture was quenched with

1M HCl(ag) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
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extracts were combined and dried over Na;SO, this was then concentrated and the
crude product purified by column chromatography (hexanes) to afford 4-
methylbiphenyl as a colourless oil. Spectra were consistent with reactions in table 4.5

entry 2b.

Reaction 1 afforded 60 mg (71%)

Reaction 2 afforded 58 mg (69%)

Reaction 3 afforded 62 mg (74%)
2-iodo-m-xylene 5.56 coupling with benzene 4.4

Table 4.6 entry 1

I’ .
@fl .\ @ KOtBu (2 equiv) O + O
Me 130 °C, 18 h Me

4.56 4.4 4.7 4.60

2-iodo-m-xylene 4.56 (116 mg, 0.5 mmol) was added to an oven-dried 15 mL pressure
tube charged with a magnetic stirrer bar. This is then transferred to a glovebox and
KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added and the pressure tube sealed.
The sealed tube was placed in a preheated oil bath at 130 °C for 18 h. After cooling to
room temperature the reaction mixture was quenched with 1M HCl(g) (20 mL) and
organic product extracted with EtOAc (3 x 20 mL). The organic extracts were combined
and dried over Na;SO4, this was then concentrated and crude product purified by

column chromatography (hexane) no coupled product was isolated

Table 4.6 entry 2

I 0, r 10
@fl .\ © 4.16 (0.2 equiv), KOtBu (2 equiv) O + O
Me 130°C, 18 h Me

4.56 4.4 4.7 4.60

2-iodo-m-xylene 4.56 (116 mg, 0.5 mmol) and 4.16 (22 mg, 0.1 mmol) were added to an

oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This is then
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transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 130
°C for 18 h. After cooling to room temperature the reaction mixture was quenched with
1M HCl(ag) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na;SOg, this was then concentrated and crude
product purified by column chromatography (hexane) to afford biphenyl 4.7 and 2,6-
dimethylbiphenyl 4.60 as an inseparable mixture. Combined yield of 4.7 and 4.60 40 mg.

Table 4.6 entry 3

I 0, O
@fl © 4.17 (0.2 equiv), KOtBu (2 equiv) O + O

+
Me 130°C, 18 h Me

4.56 4.4 4.7 4.60

2-iodo-m-xylene 4.56 (116 mg, 0.5 mmol) and 4.17 (23 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This is then
transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 130
°C for 18 h. After cooling to room temperature the reaction mixture was quenched with
1M HCl(ag) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na,SOg, this was then concentrated and crude
product purified by column chromatography (hexane) to afford biphenyl 4.7 and 2,6-
dimethylbiphenyl 4.60 as an inseparable mixture. Combined yield of 4.7 and 4.60 34 mg

in a ratio of 3.8:1.

Table 4.6 entry 4

I 0, O
@fl © 4.18 (0.2 equiv), KOtBu (2 equiv) O + O

+
Me 130°C, 18 h Me

4.56 4.4 4.7 4.60

2-iodo-m-xylene 4.56 (116 mg, 0.5 mmol) and 4.18 (23 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This is then

transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
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and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 130
°C for 18 h. After cooling to room temperature the reaction mixture was quenched with
1M HCl(aq) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na;S0Og, this was then concentrated and crude
product purified by column chromatography (hexane) to afford biphenyl 4.7 and 2,6-
dimethylbiphenyl 4.60 as an inseparable mixture. Combined yield of 4.7 and 4.60 20 mg

in a ratio of 3.8:1.

Table 4.6 entry 5

I 0, O
@fl © 4.19 (0.2 equiv), KOtBu (2 equiv) O + O

+
Me 130°C, 18 h Me

4.56 4.4 4.7 4.60

2-iodo-m-xylene 4.56 (116 mg, 0.5 mmol) and 4.19 (24 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This is then
transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 130
°C for 18 h. After cooling to room temperature the reaction mixture was quenched with
1M HCl(ag) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na,SOg, this was then concentrated and crude
product purified by column chromatography (hexane) to afford biphenyl 4.7 and 2,6-
dimethylbiphenyl 4.60 as an inseparable mixture. Combined yield of 4.7 and 4.60 16 mg

in a ratio of 3.8:1.

Table 4.6 entry 6

I 0, O
@fl © 4.20 (0.2 equiv), KOtBu (2 equiv) O + O

+
Me 130°C, 18 h Me

4.56 4.4 4.7 4.60

2-iodo-m-xylene 4.56 (116 mg, 0.5 mmol) and 4.24 (22 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This is then

transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
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and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 130
°C for 18 h. After cooling to room temperature the reaction mixture was quenched with
1M HCl(aq) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na,SOg, this was then concentrated and crude

product purified by column chromatography (hexane) no coupled product was isolated.

Table 4.6 entry 7

e 0,
@fl .\ @ 4.21 (0.2 equiv), KOtBu (2 equiv) O + O
Me 130°C, 18 h Me

4.56 4.4 4.7 4.60

2-iodo-m-xylene 4.56 (116 mg, 0.5 mmol) and 4.21 (26 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This is then
transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 130
°C for 18 h. After cooling to room temperature the reaction mixture was quenched with
1M HCl(ag) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na,SQOg, this was then concentrated and crude
product purified by column chromatography (hexane) to afford biphenyl 4.7 and 2,6-
dimethylbiphenyl 4.60 as an inseparable mixture. Combined yield of 4.7 and 4.60 2.4 mg

in a ratio of 3.8:1.

Synthesis of 2-methyl-1H-benzo[d]imidazole 4.62

NH H
@E >, )OJ\ Reflux 2 h N
NH, Me” “OH @[,\?—Me

9.3 9.4 4.62

To an oven-dried 50 mL round-bottomed flask o-phenylenediamine, 9.3 (5.4 g, 50 mmol)
and acetic acid, 9.4 (10 mL) were added. The reaction mixture was heated to reflux for
2 h. Once cooled to room temperature the reaction mixture was poured over ice and
basified with aqueous potassium hydroxide. The organic product was extracted with
DCM (3 x 50 mL) and the crude material was purified by recrystallisation (water) to
afford 4.62 as brown crystals (37%). *H NMR (400 MHz, CDCls) & 7.55-7.52 (2H, m) 7.23-
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7.19(2H, m) 2.62 (3H, s) ppm, 13C-NMR (101 MHz, d® DMS0) 6§ 151.2,121.2,120.8, 117.8,
110.5, 14.6 ppm,.

Coupling reactions with partial additives
Table 4.7 entry 1

H Cl
Cr~
| N ()
©/ + © 4.44 (0.2 equiv), KOtBu (2 equiv) O
4.1 4.4

110 °C, 3.5 h
4.7

lodobenzene 4.1 (102 mg, 0.5 mmol) and 4.44 (15 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This was then
transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 110
°C for 3.5 h. After cooling to room temperature the reaction mixture was quenched with
1M HCl(ag) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na,SOg, this was then concentrated and crude
product purified by column chromatography (hexanes) to afford biphenyl 4.7 (38 mg,
50%) of white crystals. *H NMR (400 MHz, CDCls) 6 = 7.62-7.59, (4H, m), 7.47-7.42 (4H,
m) 7.35 (2 H, t, J = 8 Hz) ppm, 3C NMR (101 MHz, CDCl3) 6 141.4, 128.9, 127.4, 127.3
ppm, m/z (EI*) 154.1 [M]".

Table 4.7 entry 2

©/NH2
| $
©/ + © 4.45 (0.2 equiv), KOtBu (2 equiv) O
4.1 4.4

110 °C,3.5h
4.7

lodobenzene 4.1 (102 mg, 0.5 mmol) and 4.45 (9 mg, 0.1 mmol) were added to an oven-
dried 15 mL pressure tube charged with a magnetic stirrer bar. This was then transferred
to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added and the

pressure tube sealed. The sealed tube was placed in a preheated oil bath at 110 °C for
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3.5 h. After cooling to room temperature the reaction mixture was quenched with 1M
HCl(ag) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na»SOg, this was then concentrated and crude

product purified by column chromatography (hexanes) no coupled product was isolated.

Table 4.7 entry 3

H

N.
Cr
©/ © 4.46 (0.2 equiv), KOtBu (2 equiv) O O

110 °C, 3.5 h

4.7

lodobenzene 4.1 (102 mg, 0.5 mmol) and 4.46 (11 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This was then
transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 110
°C for 3.5 h. After cooling to room temperature the reaction mixture was quenched with
1M HCl(ag) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na,SQOg, this was then concentrated and crude

product purified by column chromatography (hexanes) no coupled product was isolated.

Cri-
©/ © 4.62 (0.2 equiv), KOtBu (2 equiv) O O

110 °C, 3.5 h
4.7

lodobenzene 4.1 (102 mg, 0.5 mmol) and 4.62 (15 mg, 0.1 mmol) were added to an
oven-dried 15 mL pressure tube charged with a magnetic stirrer bar. This was then
transferred to a glovebox and KOtBu (112 mg, 1 mmol) and benzene (5 mL) were added
and the pressure tube sealed. The sealed tube was placed in a preheated oil bath at 110
°C for 3.5 h. After cooling to room temperature the reaction mixture was quenched with
1M HCl(aq) (20 mL) and organic product extracted with EtOAc (3 x 20 mL). The organic
extracts were combined and dried over Na>SOg, this was then concentrated and crude

product purified by column chromatography (hexanes) to afford biphenyl 4.7 (2 mg, 1%)
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of white crystals. *H NMR (400 MHz, CDCl3) 6 = 7.62-7.59, (4H, m), 7.47-7.42 (4H, m) 7.35
(2 H,t,J=8Hz) ppm, 13C NMR (101 MHz, CDCl3) 6 141.4, 128.9, 127.4, 127.3 ppm, m/z
(EI*) 154.1 [M]*.
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9.3 NMR spectra for compounds synthesised in Chapter 4

T T T T T T T T T
40 3.5 30 25 20 15 10 [+35 ppm

T
45
r\
o
2
=
o
n
T T T T T T T T T T T T T T T T T T T T
180 180 170 180 150 140 130 20 10 100 a0 80 7 &0 50 a0 30 o ppm

163



* Data Faramtass

' UL ) T k
T T T T T T T T T T T T T T T T T
125 120 15 10 10.5 100 8.0 as B.O 75 85 50 as 3.0 25 20 15 1.0 0.5 ppm
L)L |
)
- = hal |-l a o
g 212 B3 |E: g
= Fi [ b ) = E
" | . radied e
- | - e
T T T T T T T T T T T T T T T T
180 180 170 160 150 140 130 120 110 100 70 50 40 30 20 10 epm

164



NS
Curmnt Dat: (;:‘::;; /-‘.‘-:\ ‘_.-CI JrN :\ ;}
: | N L
Facamtass Py 4
o -y N
i S =
B
G
S JL A
T T T T T T T T T T T T T T T T T T T T
8.5 2.0 85 B0 75 70 (3 8.0 8.5 5.0 45 40 a5 30 25 2.0 15 10 05 Bpm
3 (2 e [Ble 2 2
| il | o = =
El = e S =
T ——
e :
e :

165



|J l JUL
T T T T T T T T T T T T T T T T
85 8.0 B.5 80 75 70 85 6.0 55 50 45 40 a5 30 25 20 ppm
|
of o ] o A
g |2 |5 = =[5
SEEE B 512
Curmat Data Fac o
s
" -y "
T T T T T T T T T T T T T T 1
120 110 100 80 a0 70 60 50 40 30 10 ppm

166



T
180

n

DEEE™
T.0E2

T
140

4248

=1
-
&n

Z.0BE
020

40

3.000

T
130

T
120

167



— 3,99

| —
oot B ot . [N/
scrart Data Pacsmtacs o
S mazess S, - 7 \\ 14}
) 3 | P / i
13, Aeminitog Tacamises P
!
\
) |
T T T T T T T T T T T T T T T T T T T 1
a5 a0 85 8o 75 7. ES5 B0 55 50 45 40 35 3.0 25 20 i5 10 05 ppm

o= "

1003

1.004

0994
2014
2017

168



T T T
= o ae 80 75 70 65 80
VA
(= [
EEE
I

Data Farsm

T T T T T : :
170 180 150 140 130

T
120

169



Cucramt Dat
1

- CRMEEL ] e
490.1324710 Wiz
W

1 540 umac
Pus 1393799373 ¥

§2 - Procesaing parsmters
s PJ;NP
H

2,40

E -
e =
R
i .
1 v
i 10
IR »
T T T T T T T T T T T T T T T
a5 80 8.5 8.0 75 TO B85 6.0 55 5.0 40 5 20 15 05 ppm

] f P I

[ =t &

F] B

-
i o
N
iy
B
= 1 \‘\_// e //:L\
13 Aeminitinn
5 %
—
P
Wi
o
EER
in 100 e
R
ne L
T T T T T T T T T T T T T T
180 1380 170 160 150 140 130 120 110 100 BO 50 40 30 10 ppm

170



T T
180 180 170 160 150 140 130 120 110 100 a0 BO 70 80 50 40 30 20 10 epm

171



R
=)
PRocka

F2 - Aoquisit

- CEMEEL 11

e MR

2018

KL £2 e
490. 1316905 Mz

1
walt:

80 70 80 50 40 30 20 10 ppm

172



9.4 Experimental procedures for Chapter 5

Preparation of 2-((trimethylsilyl)ethynyl)benzaldehyde, 9.5

T T
™S Pd(PPh3),Cl,, Cul
@\) .
Br Et3N, 80 °C 18 h AN

5.16 5.31 9.5

To a 100 mL round-bottomed flask was added bis(triphenylphosphine)palladium
chloride (70 mg, 0.1 mmol), copper iodide (25 mg, 0.05 mmol), 2-bromobenzaldehyde,
5.16 (0.925g, 5 mmol), and triethylamine (20 mL). This was then purged with argon for
20 min. Ethynyltrimethylsilane, 5.31 (0.539 g, 5.1 mmol), was then added to the reaction
mixture and this was heated to 80 °C for 18 h. After cooling to room temperature, the
ammonium salts were removed by filtration and the resulting solution was
concentrated. This crude product was purified by column chromatography
(hexane/EtOAc 10/1) to afford 2-((trimethylsilyl)ethynyl)benzaldehyde, 9.5, as a brown
oil (747 mg, 74%).1> FTIR Vmax (neat) 2957 (C-H), 2838 (C-H), 2155 (C=C), 1698 cm?
(C=0); 'H NMR (400 MHz CDCl3) 6 10.53 (1H, s), 7.87 (1H, d, J = 8 Hz), 7.55-7.48 (2H, m),
7.40 (1H, t, J =8 Hz), 0.26 (9H,s) ppm, 3C NMR (101 MHz, CDCl3) & 191.8, 136.3, 133.7,
133.6, 128.9, 126.9, 126.8, 100.5, 100.2, -0.2 ppm, m/z (EI*) 201.0 [M]".

Preparation of 2-ethynylbenzaldehyde, 9.6

i 9
K,CO3
N MeOH, RT, 1 h
X A
5

TMS
9. 9.6

2-((Trimethylsilyl)ethynyl)benzaldehyde, 9.5 (1.01 g, 5 mmol), potassium carbonate
(1.38 g, 10 mmol) and methanol (50 mL) were placed in a 100 mL round-bottomed flask.
This was stirred at room temperature for 1 h. The reaction was diluted with water (50
mL) and extracted with DCM (3 x 40 mL). The combined extracts were washed with brine
and dried over Na;SO4 then concentrated. The crude product was purified by column
chromatography (hexane/EtOAc 10/1) to afford 2-ethynylbenzaldehyde, 9.6 as a brown
crystalline solid (490 mg, 76%).175 MP 61-62 °C (lit. 62-65 °C)275 FTIR Vmax (neat) 3230 (C-
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H) 3069 (C-H), 2098 (C=C), 1687 cm! (C=0); *H NMR (400 MHz CDCls) 6 10.54 (1H, s),
7.93 (1H, dd, J = 8 Hz, 2Hz), 7.63-7.46 (3H, m), 3.46 (1H, s) ppm, (no OH peak was
observed) *C NMR (101 MHz, CDCl3) § 191.5, 136.7, 134.0, 133.8, 129.4, 127.4, 125.6,
84.4,79.3 ppm, m/z (EI*) 130.0 [M]*.17>

Preparation of 1-(2-ethynylphenyl)-3-(trimethylsilyl)prop-2-yn-1-ol, 9.7

(0] OH
! i)5.31, n-BuLi, THF, -78 °C, 30 min
N TMS
i o
\\ ii)0°C3h \\
9.6 9.7

To a flame-dried 3-neck 100 mL flask, ethynyltrimethylsilane, 5.31, (0.4 g, 4.5 mmol) and
THF were added. The solution was then cooled to -78 °C and 2.5M n-Buli in hexanes (8
mL) was added and the mixture stirred for 30 min. 2-Ethynylbenzaldehyde, 9.6, (0.4 g, 3
mmol) was dissolved in THF and this was added dropwise to the mixture. The
temperature was allowed to increase to 0 °C over 3 h. At 0 °C, acetic acid (1 mL) and THF
(1 mL) were added. sat NaHCO3 (10 mL) was added and the temperature of the solution
was allowed to increase to room temperature. The organic layer was separated and the
aqueous layer was extracted with Et,0 (3 x 15 mL). The organic extracts were combined,
washed with brine and dried over Na2SOs. The solution was then concentrated. The
crude mixture was purified by column chromatography (hexane/EtOAc, 15/1) to give 1-
(2-ethynylphenyl)-3-(trimethylsilyl)prop-2-yn-1-ol, 9.7 as an orange oil (684 mg, 99%).17>
FTIR Vmax (neat) 3314 (C-H) 2969 (C-H) 2176 cm™ (C=C); *H NMR (400 MHz CDCl3) § 7.73
(1H, d, J = 8 Hz), 7.52 (1H, d, J = 8 Hz), 7.41 (1 H, t, J = 8 Hz), 7.30 (1H, t, J = 8 Hz), 5.88
(1H, s), 3.36 (1H, s), 0.20 (9H, s) ppm, 13C NMR (101 MHz, CDCls) & 142.7, 133.3, 129.5,
128.4,127.0,120.7, 104.2, 91.8, 82.7, 81.1, 63.4, -0.1 ppm, m/z (ESI+) 227.1 [M-H]*.17>
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Preparation of (bromoetyhnyl)benzene, 5.19

(6]
Br
% E‘éN—Br | |
O
9.8
DBU, MeCN, RT 30 min
5.33

5.19

N-Bromosuccinimide, 9.8 (4.9 g, 28 mmol), was dissolved in MeCN (45 mL). To this
phenylacetylene, 5.33 (2.2 mL, 20 mmol), was added and the reaction stirred for 5 min.
DBU (3.2 mL, 25 mmol) was then added and the reaction turned black. The reaction was
stirred for a further 30 min. The mixture was then poured into water (250 mL) and
extracted with DCM (3 x 100 mL). The combined extracts were washed with brine, dried
over Naz;SOs and concentrated (in a fume hood). The crude product was purified by
column chromatography (petroleum ether) to afford (bromoethynyl)benzene, 5.19 (2.8
g, 77%) as a pale yellow 0il.17® FTIR vmax (neat) 3239 (C-H), 2281 (C=C); *H NMR (400 MHz
CDCl3) 6 7.49-7.46 (2H, m), 7.38-7.30 (3 H, m) ppm, 13C NMR (101 MHz, CDCls) 6 132.1,
128.8,128.4,122.8, 80.2, 49.9 ppm, m/z (EI*) 181.0 [M]*.176

Preparation of 1-(2-(phenylbuta-1,3-diyn-1-yl)phenyl)-3-(trimethylsilyl)prop-2-yn-1-ol

9.9
OH OH
Br CuCl, NH,OH.HCI
N + N N ™S
§ ™S 30% aq n-BuNH;, CHCl, [
0°C, 1h T
9.7 5.19 99 "

A 30% n-BuNH: solution in water (30 mL) was purged with argon for 20 min. CuCl (25
mg, 0.25 mmol) and NH,OH.HCI (300 mg, 4 mmol) were added. The flask was evacuated
and back filled with argon. A mixture of 9.7 (1.14g, 5 mmol) and 5.19 (1.35 g, 7.5 mmol)
was dissolved in DCM (20 mL). This solution was then added dropwise. After addition,
the reaction was left to stir at 0 °C for 1 h. Then sat. ag. NH4Cl (30 mL) was added to the
mixture. The organic layer was separated and aqueous layer extracted with DCM (3 x 20
mL). The extracts were combined, washed with brine, dried over Na;SOs and
concentrated. The crude product was purified by column chromatography to yield 9.9
as a black viscous oil (828 mg, 50%).14¢ FTIR vmax (neat) 3530 (O-H), 3148 (C-H ar), 2971
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(C-H alph), 2221 (C=C), 2192 cm™ (C=C); *H NMR (400 MHz CDCl3) & 7.73 (1H, d, J = 8Hz),
7.57-7.53 (3H, m), 7.44-7.29 (5H, m), 5.88 (1H, s), 0.22 (9H, s) ppm, 13C NMR (101 MHz,
CDCl3) 6 143.5, 133.7, 132.7, 132.6, 129.8, 129.4, 128.6, 128.6, 128.5, 127.1, 121.7,
120.5,104.2,91.9, 83.1,79.2,78.7, 73.8, 63.5, -0.1 ppm, m/z (EI*) 329.0 [M+2H]* (When
heated substrated 9.9 will undergo HDDA rearrangement through a radical pathway and
it is expected that two hydrogen atoms are picked up from residual organics in the

column).

Preparation of additive 1-(2-(phenylbuta-1,3-diyn-1-yl)phenyl)-3-(trimethylsilyl)prop-2-

yn-1-one 5.17
OH 0
% Mn02 %
T™MS T™S
R CH,Cl,, RT, 20 h A
X X
Ph Ph
9.9 5.17

Compound 9.9 (750 mg, 2.2 mmol) was dissolved in DCM (15 mL). MnO; was then added
and the reaction allowed to stir at room temperature for 20 h. The mixture was then
filtered through a pad of celite and washed with DCM. The crude product was purified
by column chromatography (hexane/EtOAc 20/1) to give 5.17 as a viscous brown oil (503
mg, 70%).1%6 FTIR vmax (neat) 3156 (C-H), 2970 (C-H), 2314 (C=C), 2206 (C=C), 1692 cm?
(C=0); *H NMR (400 MHz CDCl3) 6 8.11 (1H, dd, J = 8 Hz, 1.2 Hz), 7.66 (1H, dd, J = 8Hz,
1.2 Hz), 7.67-7.51 (3H, m), 7.47 (1H, td, J = 8 Hz, 1.2 Hz), 7.38-7.34 (3H, m), 0.32 (9H,s)
ppm, B3CNMR (101 MHz, CDCl3) 6 176.6, 139.0, 135.7, 132.7, 132.7, 132.6, 131.9, 129.5,
128.8, 128.6, 121.9, 101.8, 101.5, 83.8, 80.1, 79.7, 74.5, -0.6 ppm, m/z (EI*) 328.0
[M+2H]* (When heated substrated 5.17 will undergo HDDA rearrangement through a
radical pathway and it is expected that two hydrogen atoms are picked up from residual

organics in the column).
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Preparation of (5-(prop-2-yn-1-yloxy)penta-1,3-diyn-1-yl)benzene 5.20

CuCl, NH,OH.HCI

B
M J| . ' R ,—=——=——Ph
30% aq n‘BUNHz, CHQClz O\ —
© 0°C,1h T

5.18 5.19 5.20

A 30% n-BuNH; solution in water (30 mL) was purged with argon for 20 min. CuCl (25
mg, mmol) and NH,OH.HCI (300 mg, 4 mmol) were added. The flask was evacuated and
back filled with argon. A mixture of propargyl ether, 5.18 (0.2 g, 2 mmol) and 1-
bromophenylacetylene, 5.20 (1.00 g, 5.5 mmol), was dissolved in DCM (20 mL). This
solution was then added dropwise. After addition, the reaction was left to stir at 0 °C for
1 h. Sat. ag. NH4Cl (30 mL) was then added to the mixture. The organic layer was
separated and aqueous layer extracted with DCM (3 x 20 mL). The combined extracts
were washed with brine and dried over Na,SOx then concentrated. The crude product
was purified by column chromatography (hexanes) to yield 5.20 as an orange oil (331
mg, 43%).2%6 FTIR Vmax (neat) 3238 (C-H) 2974 (C-H), 2329 cm™ (C=C); *H NMR (400 MHz
CDCl3) 6 7.54-7.41 (2H, m), 7.39-7.30 (3H, m), 4.42 (2H, s), 4.30 (2H, d, J = 2.4 Hz), 2.49
(1H, t, J = 2.4 Hz) ppm, 3C NMR (101 MHz, CDCl3) 6§ 132.7, 129.5, 128.5, 121.4, 78.7,
78.4,77.8,75.4,73.3,71.6,57.2, 56.7 ppm.14®

Preparation of 1,2-bis((trimethylsilyl)ethynyl) benzene, 9.10

Pd(PPhj),Cly, (10 mol%) y ™S
' ™S _ Cul (5 mol%)
+ // (2.5 equiv) >
Z triethylamine
I X
Reflux 4 h N ™S
5.30 5.31 9.10

To a 100 mL round-bottomed flask 1,2-diiodobenzene, 5.30 (2.5 g, 7.5 mmol), copper
iodide (0.25 g, 1 mmol), bis(triphenylphosphine)palladium chloride (0.25 g, 3.8 mmol)
and triethylamine (50 mL) was added. This solution was purged with argon for 20 min.
Ethynyltrimethylsilane, 5.31, (1.7 g, 18 mmol) was then added to the reaction mixture
and this was heated to reflux for 4 h. After cooling to room temperature, the ammonium
salts were removed by filtration and washed with Et;0. The resulting solution was
concentrated then purified by column chromatography (hexane/EtOAc 9/1) to produce

1,2-bis((trimethylsilyl)ethynyl) benzene, 9.10 as a yellow oil (2.02 g, 94%).1"7 FTIR Vmax
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(neat) 3026 (C-H) 2964 (C-H) 2253 cm'® (C=C); 'H NMR (400 MHz CDCls) & 7.48-7.44 (2H,
m), 7.25-7.21 (2H, m), 0.28 (18H, s) ppm, 13C NMR (101 MHz, CDCls) & 132.4, 128.2,
125.9, 103.4, 98.6, 0.2 ppm, m/z (EI*) 293.1 [M+Na]*.}”7

Preparation of 1,2-diethynylbenzene, 5.14.
™S .
4 K,COs3 (3 equiv) 4
MeOH/THF 1/1 (v/v) (I
X RT 1h X
™S
9.10 5.14

1,2-Bis((trimethylsilyl)ethynyl) benzene, 9.10, (1.5 g, 5.5 mmol) and potassium
carbonate (2.3 g, 16.5 mmol) was added to 250 mL three-neck flask. A 1/1 mixture of
methanol and DCM (80 mL) was added to the flask and the mixture stirred for 4 h. The
reaction was quenched with sat. ag. NH4Cl and extracted with DCM (3 x 30 mL). The
combined extracts were washed with brine, dried over Na;SO4 and concentrated. The
crude product was purified by column chromatography (hexane/EtOAc 9/1) to afford
1,2-diethynylbenzene 5.14 as a dark orange oil (447 mg, 71%).1”7 FTIR Vmax (neat) 3282
(C-H) 3059 (C-H) 2107 cm™ (C=C); *H NMR (400 MHz CDCl3) 6 7.54-7.49 (2H, m), 7.32-
7.27 (2H, m), 3.35 (2H, s) ppm, 13C NMR (101 MHz, CDCls) & 132.7, 128.6, 125.1, 81.9,
81.3 ppm, m/z (EI*) 149.0 [M+Na]*.}”7

Preparation of benzo[3,4]-cyclodec-3-ene-1,5-diyne, 5.32

(>< i) n-BuLi (2 equiv) THF, -78 °C 1 h O
X i) 1.4-diiodobutane, -78°C 1 h RT 72 h
IS

5.14 5.32

1,2-Diethnylbenzene, 5.14 (228 mg, 1.8 mmol) was dissolved in THF (43 mL) and cooled
to -78 °C. n-Buli (1.5 mL, 2.5 M in hexanes) was then added and the mixture stirred for
1 h. 1,4-Diiodobutane (560 mg, 1.8 mmol) was then added and the reaction continued
at -78 °C for 1 h then 72 h at room temperature. The reaction mixture was quenched
with sat. ag. NH4Cl and extracted with DCM (3 x 30 mL). The combined extracts were
washed with brine and dried over Na;SO4 then concentrated. The crude product was
purified by column chromatography (hexane/DCM 5/1) to afford benzo[3,4]-cyclodec-
3-ene-1,5-diyne, 5.32 as a pale yellow oil (122 mg, 38%).2%” FTIR Vmax (neat) 3057 (C-H),
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2929 (C-H), 2858 (C-H), 2226 cm™ (C=C); *H NMR (400 MHz CDCls) & 7.32-7.28 (m, 2H),
7.21-7.18 (m, 2H), 2.47-2.44 (m, 4H), 1.98-1.95 (m, 4H) ppm, 3C NMR (101 MHz, CDCls)
§129.7,128.3, 127.4, 100.1, 82.4, 28.8, 21.6 ppm, m/z (EI*) 181.1 [M+H]*.47

Preparation of 1,2-bis(phenylethynyl)benzene, 5.34

Ph
Pd(PPhs),Cl,, Cul FZ
A

|
Ph >
@ + 4/ triethylamine
| Reflux 18 h

5.30 5.33 5.

Ph

w

4

To a 100 mL round-bottomed flask, 1,2-diiodobenzene, 5.30 (1.5 g, 4.5 mmol), copper
iodide (193 mg, 1 mmol) and bistriphenylphosphinepalladium (ll) chloride (352 mg, 0.5
mmol) was added with triethylamine (40 mL). The reaction mixture was purged with
argon for 20 min. Phenylacetylene, 5.33 (1.02 g, 10 mmol), was added and the reaction
heated to reflux for 18 h. After cooling to room temperature, the reaction mixture was
filtered through celite and washed with NH4Cl sat 4. The organic phase was extracted
with DCM (3 x 50 mL). The combined extracts were washed with brine and dried over
Na;SOs and then concentrated. The crude product was purified by column
chromatography (hexanes) to give 1,2-bis(phenylethynyl)benzene, 5.34 as an orange oil
(0.798 g, 64%).2*8 1H NMR (400 MHz CDCls3) § 7.60-7.57 (6H, m), 7.37-7.31 (8H, m) ppm,
13C NMR (101 MHz, CDCls) 6 131.9, 131.8, 128.6, 128.5, 128.1, 126.0, 123.5, 93.8, 88.5
ppm, m/z (EI*) 278.1 [M]*.148

Preparation of 1,2-di(hex-1-yn-1-yl)benzene, 5.36

nBu
| Pd(PPhs),Cl,, Cul FZ
nBu >
@ + 4/ triethylamine
| Reflux 18 h %
nBu
5.30 5.35 5.36

To a 100 mL round-bottomed flask, 1,2-diiodobenzene, 5.30 (1.5 g, 4.5 mmol), copper
iodide (193 mg, 1 mmol) and bistriphenylphosphinepalladium (ll) chloride (352 mg, 0.5
mmol) was added with triethylamine (40 mL). The reaction mixture was purged with
argon for 20 min. Hex-1-yne, 5.35 (0.82 g, 10 mmol), was added and the reaction heated
to reflux for 18 h. After cooling to room temperature, the reaction mixture was filtered

through celite and washed with NH4Cl s4t o9. The organic phase was extracted with DCM
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(3 x50 mL). The combined extracts were washed with brine and dried over Na,SO4 and
then concentrated. The crude product was purified by column chromatography
(hexanes) to give 1,2-di(hex-1-yn-1-yl)benzene, 5.36 as an orange 0il(136 mg, 13%). H
NMR (400 MHz CDCls) & 7.39-7.36 (2H, m), 7.19-7.16 (2H, m), 2.50 (4H, t, J = 6.8 Hz),
1.67-1.49 (8H, m), 0.98 (6H, t, J = 7.2 Hz) ppm, 13C NMR (101 MHz, CDCl3) § 131.9, 127.2,
126.5,94.2,79.7,31.0, 22.1, 19.5, 13.8 ppm, m/z (EI*) 238.2 [M]*.

Preparation of 1,4-bis(phenylethynyl)benzene, 5.40

Ph
Pd(PPhs),Cl,, Cul =Z

|
Ph >
/©/ + // triethylamine
| Reflux 18 h

Ph
9.11 5.33 5.40

=

To a 100 mL round-bottomed flask 1,4-diiodobenzene, 9.11 (0.5 g, 1.5 mmol), copper
iodide (65 mg, 0.3 mmol) and bistriphenylphosphinepalladium (II) chloride (120 mg, 0.17
mmol) were added to triethylamine (20 mL). The reaction mixture was purged with
argon for 20 min. Phenylacetylene, 5.33 (0.34 g, 3.3 mmol), was added and the reaction
heated to reflux for 18 h. After cooling to room temperature the reaction mixture was
filtered through celite and washed with NH4Cl st oq. The organic phase was extracted
with DCM (3 x 25 mL). The combined extracts were washed with brine, dried over
Na;SOs and then concentrated. The crude product was purified by column
chromatography (hexanes) to give 1,4-bis(phenylethynyl)benzene, 5.40 as an orange oil
(0.1 g, 8%). *H NMR (400 MHz CDCl3) § 7.55-7.53 (4H, m), 7.51 (4H, s), 7.37-7.32 (6H, m)
ppm, 13C NMR (101 MHz, CDCl3) 6 133.8, 131.7, 128.8, 128.6, 128.5, 123.3, 91.4, 89.3
ppm, m/z (EI*) 278.1[M]*.178
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Coupling reaction between 2-iodo-m-xylene and benzene with o-benzyne precursors

Table 5.1 entry 1

Me
KO'Bu (2 equiv) +
Me benzene, 150 °C, 36 h O O
Me

5.9 5.8 5.21

To an oven-dried pressure tube, 2-iodo-m-xylene, 5.9 (116 mg, 0.5 mmol) was added.
Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and benzene (5 mL) were added
and the tube sealed. The sealed tube was placed in a pre-heated oil bath at 150 °C for
36 h. After cooling to room temperature, the reaction was quenched with 1M HCl(aq) (20
mL) and extracted with Et,0 (3 x 20 mL). The combined extracts were washed with brine,
dried over Na;SO4 and concentrated. To determine the yield, 1,3,5-trimethoxybenzene
(8.4 mg, 0.05 mmol) was added to the crude product as an internal standard. The yields
were calculated as biphenyl 5.8 (1%) and 2,6-dimethylbiphenyl 5.21 (<1%) identifying
the products by their characteristic peaks at o 7.6 (biphenyl 4H) and & 2.1 (methyl 6H)

respectively.

Table 5.1 entry 2

M
© | 5.17 (0.2 equiv) Me
©i KO'Bu (2 equiv) .
Me benzene, 150 °C, 36 h O O
Me

5.9 5.8 5.21

To an oven-dried pressure tube, 2-iodo-m-xylene, 5.9 (116 mg, 0.5 mmol), and 5.17 (33
mg, 0.1 mmol) were added. Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and
benzene (5 mL) were added and the tube sealed. The sealed tube was placed in a pre-
heated oil bath at 150 °C for 36 h. After cooling to room temperature, the reaction was
quenched with 1M HCl(ag) (20 mL) and extracted with Et,0 (3 x 20 mL). The combined
extracts were washed with brine, dried over Na;SO4 and concentrated. To determine
theyield, 1,3,5-trimethoxybenzene (8.4 mg, 0.05 mmol) was added to the crude product
as an internal standard. The yields were calculated as biphenyl 5.8 (9%) and 2,6-
dimethylbiphenyl 5.21 (3%) identifying the products by their characteristic peaks at o
7.6 (biphenyl 4H) and & 2.1 (methyl 6H) respectively.
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Table 5.1 entry 3

M
© | 5.20 (0.2 equiv) Me
@i KO'Bu (2 equiv) .
Me benzene, 150 °C, 36 h O O
Me

5.9 5.8 5.21

To an oven-dried pressure tube, 2-iodo-m-xylene, 5.9 (116 mg, 0.5 mmol), and 5.20 (19
mg, 0.1 mmol) were added. Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and
benzene (5 mL) were added and the tube sealed. The sealed tube was placed in a pre-
heated oil bath at 150 °C f0000or 36 h. After cooling to room temperature, the reaction
was quenched with 1M HClag) (20 mL) and extracted with Et.O (3 x 20 mL). The
combined extracts were washed with brine, dried over Na;SO4 and concentrated. To
determine the yield, 1,3,5-trimethoxybenzene (8.4 mg, 0.05 mmol) was added to the
crude product as an internal standard. The yields were calculated as biphenyl 5.8 (29%)
and 2,6-dimethylbiphenyl 5.21 (7%) identifying the products by their characteristic
peaks at 0 7.6 (biphenyl 4H) and 6 2.1 (methyl 6H) respectively.

Coupling reaction between 4-iodotoluene and benzene with o-benzyne precursors

Table 5.2 entry 1a

/©/I KO'Bu (2 equiv) O
0,
Me benzene, 130 °C, 24 h Me O

5.22 5.23

To an oven-dried pressure tube, 4-iodotoluene, 5.22 (114 mg, 0.5 mmol) was added.
Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and benzene (5 mL) were added
and the tube sealed. The sealed tube was placed in a pre-heated oil bath at 130 °C for
24 h. After cooling to room temperature, the reaction was quenched with 1M HCl(aq) (20
mL) and extracted with Et,0 (3 x 20 mL). The combined extracts were washed with brine,
dried over Na;SOs and concentrated. The crude product was purified by column
chromatography (hexane) to afford 4-methylbiphenyl 5.23 as a colourless oil (17 mg,
20%).195 14 NMR (400 MHz, CDCl3) & 7.63 (2H, d, J = 8 Hz), (2H, d, J = 8 Hz), (2H, t, J = 8
Hz), (1H, t, J = 8 Hz), (2H, d, J = 8 Hz), 2.44 (3H,s) ppm, 13C NMR (101 MHz, CDCl3)* &
141.3,138.5, 137.1, 129.6, 128.8, 127.1, 127.07, 21.2 ppm, m/z (EI*) 168.1 [M]".
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*Remaining sp? carbon is not observed consistent with literature.!0

Table 5.2 entry 1b

/@/ ' KO®Bu (2 equiv) O
(o]
Me benzene, 150 °C, 24 h Me O

5.22 5.23

To an oven-dried pressure tube, 4-iodotoluene, 5.22 (114 mg, 0.5 mmol) was added.
Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and benzene (5 mL) were added
and the tube sealed. The sealed tube was placed in a pre-heated oil bath at 150 °C for
24 h. After cooling to room temperature, the reaction was quenched with 1M HCl(aq) (20
mL) and extracted with Et,0 (3 x 20 mL). The combined extracts were washed with brine,
dried over Na;SOs and concentrated. The crude product was purified by column
chromatography (hexane) to afford 4-methylbiphenyl 5.23 as a colourless oil (31 mg,
37%).195 IH NMR (400 MHz, CDCl3) 6 7.63 (2H, d, J = 8 Hz), (2H, d, J = 8 Hz), (2H, t, J = 8
Hz), (1H, t, J = 8 Hz), (2H, d, J = 8 Hz), 2.44 (3H,s) ppm,, 3C NMR (101 MHz, CDCl3)* &
141.3,138.5, 137.1, 129.6, 128.8, 127.1, 127.07, 21.2 ppm, m/z (EI*) 168.1 [M]".

*Remaining sp? carbon is not observed consistent with literature.1®

Table 5.2 entry 2

5.17 (2 equiv)
/©/I KOBu (2 equiv)
0,
Me benzene, 130 °C, 24 h Me O

5.22 5.23

To an oven-dried pressure tube, 4-iodotoluene, 5.22 (114 mg, 0.5 mmol), and 5.17 (33
mg, 0.1 mmol) were added. Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and
benzene (5 mL) were added and the tube sealed. The sealed tube was placed in a pre-
heated oil bath at 150 °C for 24 h. After cooling to room temperature, the reaction was
quenched with 1M HCl(ag) (20 mL) and extracted with Et,0 (3 x 20 mL). The combined
extracts were washed with brine, dried over Na;SOs and concentrated. The crude
product was purified by column chromatography (hexane) to afford 4-methylbiphenyl
5.23 as a colourless oil (35 mg, 42%).19 'H NMR (400 MHz, CDCl3) § 7.63 (2H, d, J = 8 Hz),
(2H, d, J =8 Hz), (2H, t, J = 8 Hz), (1H, t, J = 8 Hz), (2H, d, J = 8 Hz), 2.44 (3H,s) ppm, 13C
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NMR (101 MHz, CDCls)* & 141.3, 138.5, 137.1, 129.6, 128.8, 127.1, 127.07, 21.2 ppm,
m/z (EI*) 168.1 [M]*.

*Remaining sp? carbon is not observed consistent with literature.0

Table 5.2 entry 3

5.20 (2 equiv)
/©/I KOBu (2 equiv)
0,
Me benzene, 150 °C, 24 h Me O

5.22 5.23

To an oven-dried pressure tube, 4-iodotoluene, 5.22 (114 mg, 0.5 mmol), and 5.20 (19
mg, 0.1 mmol) were added. Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and
benzene (5 mL) were added and the tube sealed. The sealed tube was placed in a pre-
heated oil bath at 150 °C for 24 h. After cooling to room temperature, the reaction was
quenched with 1M HCl(zq) (20 mL) and extracted with Et,O (3 x 20 mL). The combined
extracts were washed with brine, dried over Na;SOs and concentrated. The crude
product was purified by column chromatography (hexane) to afford 4-methylbiphenyl
5.23 as a colourless oil (51 mg, 61%).19° *H NMR (400 MHz, CDCl3) 6 7.63 (2H, d, J = 8 Hz),
(2H, d, J=8 Hz), (2H, t, J= 8 Hz), (1H, t, J = 8 Hz), (2H, d, J = 8 Hz), 2.44 (3H,s) ppm, 13C
NMR (101 MHz, CDCls3)* 6 141.3, 138.5, 137.1, 129.6, 128.8, 127.1, 127.07, 21.2 ppm,
m/z (EI*) 168.1 [M]*.

*Remaining sp? carbon is not observed consistent with literature.1%

Coupling reaction between 2-iodo-m-xylene and benzene with p-benzyne precursors

Table 5.3 entry 1
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Me
KO'Bu (2 equiv) +
Me benzene, 150 °C, 36 h O O
Me

5.9 5.8 5.21

To an oven-dried pressure tube, 2-iodo-m-xylene, 5.9 (116 mg, 0.5 mmol) was added.
Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and benzene (5 mL) were added
and the tube sealed. The sealed tube was placed in a pre-heated oil bath at 150 °C for
36 h. After cooling to room temperature, the reaction was quenched with 1M HCl(aq) (20
mL) and extracted with Et,0 (3 x 20 mL). The combined extracts were washed with brine,
dried over Na;SO4 and concentrated. To determine the yield 1,3,5-trimethoxybenzene
(8.4 mg, 0.05 mmol) was added to the crude product as an internal standard. The yields
were calculated as biphenyl 5.8 (1%) and 2,6-dimethylbiphenyl 5.21 (<1%) identifying
the products by their characteristic peaks at 6 7.6 (biphenyl 4H) and & 2.1 (methyl 6H)

respectively.

Table 5.3 entry 2

M
© | 5.14 (0.2 equiv) Me
@i KO'Bu (2 equiv) .
Me benzene, 150 °C, 36 h O O
Me

5.9 5.8 5.21

To an oven-dried pressure tube, 2-iodo-m-xylene, 5.9 (116 mg, 0.5 mmol), and 5.14 (13
mg, 0.1 mmol) were added. Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and
benzene (5 mL) were added and the tube sealed. The sealed tube was placed in a pre-
heated oil bath at 150 °C for 36 h. After cooling to room temperature, the reaction was
quenched with 1M HClzq) (20 mL) and extracted with Et,0 (3 x 20 mL). The combined
extracts were washed with brine, dried over Na>SO4 and concentrated. To determine
the yield 1,3,5-trimethoxybenzene (8.4 mg, 0.05 mmol) was added to the crude product
as an internal standard. The yields were calculated as biphenyl 5.8 (13%) and 2,6-
dimethylbiphenyl 5.21 (4%) identifying the products by their characteristic peaks at 6
7.6 (biphenyl 4H) and 6 2.1 (methyl 6H) respectively.

Table 5.3 entry 3
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| 5.32 (0.2 equiv) Me
@i KO'Bu (2 equiv) .
Me benzene, 150 °C, 36 h O O
Me

5.9 5.8 5.21

To an oven-dried pressure, tube 2-iodo-m-xylene, 5.9 (116 mg, 0.5 mmol), and 5.32 (18
mg, 0.1 mmol) were added. Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and
benzene (5 mL) were added and the tube sealed. The sealed tube was placed in a pre-
heated oil bath at 150 °C for 36 h. After cooling to room temperature, the reaction was
quenched with 1M HCl(ag) (20 mL) and extracted with Et,0 (3 x 20 mL). The combined
extracts were washed with brine, dried over Na;SO4 and concentrated. To determine
the yield 1,3,5-trimethoxybenzene (8.4 mg, 0.05 mmol) was added to the crude product
as an internal standard. The yields were calculated as biphenyl 5.8 (26%) and 2,6-
dimethylbiphenyl 5.21 (6%) identifying the products by their characteristic peaks at &
7.6 (biphenyl 4H) and 6 2.1 (methyl 6H) respectively.

Table 5.3 entry 4

M
© | 5.32 (0.2 equiv) Me
@i KO'Bu (2 equiv) .
Me benzene, 110 °C, 36 h O O
Me

5.9 5.8 5.21

To an oven-dried pressure tube, 2-iodo-m-xylene, 5.9 (116 mg, 0.5 mmol), and 5.32 (18
mg, 0.1 mmol) were added. Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and
benzene (5 mL) were added and the tube sealed. The sealed tube was placed in a pre-
heated oil bath at 110 °C for 36 h. After cooling to room temperature, the reaction was
quenched with 1M HCl(aq) (20 mL) and extracted with Et,0 (3 x 20 mL). The combined
extracts were washed with brine, dried over Na;SO4 and concentrated. To determine
theyield 1,3,5-trimethoxybenzene (8.4 mg, 0.05 mmol) was added to the crude product
as an internal standard. The yields were calculated as biphenyl 5.8 (12%) and 2,6-
dimethylbiphenyl 5.21 (2%) identifying the products by their characteristic peaks at 6
7.6 (biphenyl 4H) and 0 2.1 (methyl 6H) respectively.

Table 5.3 entry 5
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| 5.34 (0.2 equiv) Me
@i KO'Bu (2 equiv) .
Me benzene, 150 °C, 36 h O O
Me

5.9 5.8 5.21

To an oven-dried pressure tube, 2-iodo-m-xylene, 5.9 (116 mg, 0.5 mmol), and 5.20 (29
mg, 0.1 mmol) were added. Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and
benzene (5 mL) were added and the tube sealed. The sealed tube was placed in a pre-
heated oil bath at 150 °C for 36 h. After cooling to room temperature, the reaction was
quenched with 1M HCl(ag) (20 mL) and extracted with Et,O (3 x 20 mL). The combined
extracts were washed with brine, dried over Na;SO4 and concentrated. To determine
the yield 1,3,5-trimethoxybenzene (8.4 mg, 0.05 mmol) was added to the crude product
as an internal standard. The yields were calculated as biphenyl 5.8 (11%) and 2,6-
dimethylbiphenyl 5.21 (3%) identifying the products by their characteristic peaks at &
7.6 (biphenyl 4H) and 6 2.1 (methyl 6H) respectively.

Table 5.3 entry 6

M
© | 5.36 (0.2 equiv) Me
@i KO'Bu (2 equiv) .
Me benzene, 150 °C, 36 h O O
Me

5.9 5.8 5.21

To an oven-dried pressure tube, 2-iodo-m-xylene, 5.9 (116 mg, 0.5 mmol), and 5.36 (24
mg, 0.1 mmol) were added. Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and
benzene (5 mL) were added and the tube sealed. The sealed tube was placed in a pre-
heated oil bath at 150 °C for 36 h. After cooling to room temperature, the reaction was
quenched with 1M HCl(aq) (20 mL) and extracted with Et,0 (3 x 20 mL). The combined
extracts were washed with brine, dried over Na;SO4 and concentrated. To determine
theyield 1,3,5-trimethoxybenzene (8.4 mg, 0.05 mmol) was added to the crude product
as an internal standard. The yields were calculated as biphenyl 5.8 (30%) and 2,6-
dimethylbiphenyl 5.21 (8%) identifying the products by their characteristic peaks at o
7.6 (biphenyl 4H) and 0 2.1 (methyl 6H) respectively.

Coupling reaction between 4-iodotoluene and benzene with o-benzyne precursors

Table 5.4 entry 1a
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/©/I KOBu (2 equiv) O
0,
Me benzene, 110 °C, 24 h Me O
5.22 5.23

To an oven-dried pressure tube, 4-iodotoluene, 5.22 (114 mg, 0.5 mmol) was added.
Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and benzene (5 mL) were added
and the tube sealed. The sealed tube was placed in a pre-heated oil bath at 150 °C for
24 h. After cooling to room temperature, the reaction was quenched with 1M HCl(aq) (20
mL) and extracted with Et,0 (3 x 20 mL). The combined extracts were washed with brine,
dried over Na;SOs and concentrated. The crude product was purified by column
chromatography (hexane) to afford 4-methylbiphenyl 5.23 as a colourless oil (4 mg,
5%).195 1H NMR (400 MHz, CDCls) 6 7.63 (2H, d, J = 8 Hz), (2H, d, J = 8 Hz), (2H, t, J = 8
Hz), (1H, t, J = 8 Hz), (2H, d, J = 8 Hz), 2.44 (3H,s) ppm, 13C NMR (101 MHz, CDCl3)* &
141.3,138.5, 137.1, 129.6, 128.8, 127.1, 127.07, 21.2 ppm, m/z (EI*) 168.1 [M]*.

*Remaining sp? carbon is not observed consistent with literature.0
Table 5.4 entry 1b
/@/' KO'Bu (2 equiv) O
Me benzene, 130 °C, 24 h O

Me
5.22 5.23

To an oven-dried pressure tube, 4-iodotoluene, 5.22 (114 mg, 0.5 mmol) was added.
Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and benzene (5 mL) were added
and the tube sealed. The sealed tube was placed in a pre-heated oil bath at 150 °C for
24 h. After cooling to room temperature, the reaction was quenched with 1M HCl(aq) (20
mL) and extracted with Et,0 (3 x 20 mL). The combined extracts were washed with brine,
dried over Na;SOs and concentrated. The crude product was purified by column
chromatography (hexane) to afford 4-methylbiphenyl 5.23 as a colourless oil (17 mg,
20%).195 14 NMR (400 MHz, CDCl3) & 7.63 (2H, d, J = 8 Hz), (2H, d, J = 8 Hz), (2H, t, J = 8
Hz), (1H, t, J = 8 Hz), (2H, d, J = 8 Hz), 2.44 (3H,s) ppm, 13C NMR (101 MHz, CDCl3)* &
141.3,138.5, 137.1, 129.6, 128.8, 127.1, 127.07, 21.2 ppm, m/z (EI*) 168.1 [M]".

*Remaining sp? carbon is not observed consistent with literature.1%
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Table 5.4 entry 1c

/©/I KOBu (2 equiv) O
0,
Me benzene, 150 °C, 24 h Me O

5.22 5.23

To an oven-dried pressure tube, 4-iodotoluene, 5.22 (114 mg, 0.5 mmol) was added.
Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and benzene (5 mL) were added
and the tube sealed. The sealed tube was placed in a pre-heated oil bath at 150 °C for
24 h. After cooling to room temperature, the reaction was quenched with 1M HCl(aq) (20
mL) and extracted with Et,0 (3 x 20 mL). The combined extracts were washed with brine,
dried over Na;SOs and concentrated. The crude product was purified by column
chromatography (hexane) to afford 4-methylbiphenyl 5.23 as a colourless oil (31 mg,
37%).195 IH NMR (400 MHz, CDCl3) 6 7.63 (2H, d, J = 8 Hz), (2H, d, J = 8 Hz), (2H, t, J = 8
Hz), (1H, t, J = 8 Hz), (2H, d, J = 8 Hz), 2.44 (3H,s) ppm, 13C NMR (101 MHz, CDCl3)* &
141.3, 138.5, 137.1, 129.6, 128.8, 127.1, 127.07, 21.2 ppm, m/z (EI*) 168.1 [M]*.

*Remaining sp? carbon is not observed consistent with literature.®

Table 5.4 entry 2a

5.14 (2 equiv)
/@/' KO'Bu (2 equiv)
o]
Me benzene, 110 °C, 24 h Me O

5.22 5.23

To an oven-dried pressure tube, 4-iodotoluene, 5.22 (114 mg, 0.5 mmol), and 5.14 (13
mg, 0.1 mmol) were added. Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and
benzene (5 mL) were added and the tube sealed. The sealed tube was placed in a pre-
heated oil bath at 150 °C for 24 h. After cooling to room temperature, the reaction was
quenched with 1M HCl(zq) (20 mL) and extracted with Et,0 (3 x 20 mL). The combined
extracts were washed with brine, dried over Na;SOs and concentrated. The crude
product was purified by column chromatography (hexane) to afford 4-methylbiphenyl
5.23 as a colourless oil (29 mg, 34%).19° *H NMR (400 MHz, CDCl3) 6 7.63 (2H, d, J = 8 Hz),
(2H, d, J=8 Hz), (2H, t, J = 8 Hz), (1H, t, J = 8 Hz), (2H, d, J = 8 Hz), 2.44 (3H,s) ppm, 13C
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NMR (101 MHz, CDCls)* & 141.3, 138.5, 137.1, 129.6, 128.8, 127.1, 127.07, 21.2 ppm,
m/z (EI*) 168.1 [M]*.

*Remaining sp? carbon is not observed consistent with literature.0

Table 5.4 entry 2b

5.14 (2 equiv)
/©/I KO'Bu (2 equiv)
]
Me benzene, 130 °C, 24 h Me O

5.22 5.23

To an oven-dried pressure tube, 4-iodotoluene, 5.22 (114 mg, 0.5 mmol), and 5.14 (13
mg, 0.1 mmol) were added. Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and
benzene (5 mL) were added and the tube sealed. The sealed tube was placed in a pre-
heated oil bath at 150 °C for 24 h. After cooling to room temperature, the reaction was
quenched with 1M HCl(zq) (20 mL) and extracted with Et,O (3 x 20 mL). The combined
extracts were washed with brine, dried over Na;SOs and concentrated. The crude
product was purified by column chromatography (hexane) to afford 4-methylbiphenyl
5.23 as a colourless oil (34 mg, 41%).1%° *H NMR (400 MHz, CDCl3) 6 7.63 (2H, d, J = 8 Hz),
(2H, d, J=8 Hz), (2H, t, J= 8 Hz), (1H, t, J = 8 Hz), (2H, d, J = 8 Hz), 2.44 (3H,s) ppm, 13C
NMR (101 MHz, CDCls3)* 6 141.3, 138.5, 137.1, 129.6, 128.8, 127.1, 127.07, 21.2 ppm,
m/z (EI*) 168.1 [M]*.

*Remaining sp? carbon is not observed consistent with literature.!0

Table 5.4 entry 2c

5.14 (2 equiv)
/@/ ' KO'Bu (2 equiv)
]
Me benzene, 150 °C, 24 h Me O

5.22 5.23
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To an oven-dried pressure tube, 4-iodotoluene, 5.22 (114 mg, 0.5 mmol), and 5.14 (13
mg, 0.1 mmol) were added. Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and
benzene (5 mL) were added and the tube sealed. The sealed tube was placed in a pre-
heated oil bath at 150 °C for 24 h. After cooling to room temperature, the reaction was
quenched with 1M HClaq) (20 mL) and extracted with Et,0 (3 x 20 mL). The combined
extracts were washed with brine, dried over Na;SOs and concentrated. The crude
product was purified by column chromatography (hexane) to afford 4-methylbiphenyl
5.23 as a colourless oil (57 mg, 68%).19° *H NMR (400 MHz, CDCl3) 6 7.63 (2H, d, J = 8 Hz),
(2H, d, J = 8 Hz), (2H, t, J = 8 Hz), (1H, t, J = 8 Hz), (2H, d, J = 8 Hz), 2.44 (3H,s) ppm, 13C
NMR (101 MHz, CDCls)* 6 141.3, 138.5, 137.1, 129.6, 128.8, 127.1, 127.07, 21.2 ppm,
m/z (EI*) 168.1 [M]*.

*Remaining sp? carbon is not observed consistent with literature.0
Table 5.4 entry 3
5.32 (0.2 equiv)
/©/I KO'Bu (2 equiv)
Me benzene, 110 °C, 24 h O

Me
5.22 5.23

To an oven-dried pressure tube, 4-iodotoluene, 5.22 (114 mg, 0.5 mmol), and 5.32 (18
mg, 0.1 mmol) were added. Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and
benzene (5 mL) were added and the tube sealed. The sealed tube was placed in a pre-
heated oil bath at 150 °C for 24 h. After cooling to room temperature, the reaction was
quenched with 1M HCl(zq) (20 mL) and extracted with Et,O (3 x 20 mL). The combined
extracts were washed with brine, dried over Na;SOs and concentrated. The crude
product was purified by column chromatography (hexane) to afford 4-methylbiphenyl
5.23 as a colourless oil (27 mg, 33%).19° *H NMR (400 MHz, CDCl3) 6 7.63 (2H, d, J = 8 Hz),
(2H, d, J = 8 Hz), (2H, t, J = 8 Hz), (1H, t, J = 8 Hz), (2H, d, J = 8 Hz), 2.44 (3H,s) ppm, 13C
NMR (101 MHz, CDCls) & 141.3, 138.5, 137.1, 129.6, 128.8, 127.1, 127.07, 21.2 ppm, m/z
(EI*) 168.1 [M]*.

Table 5.4 entry 4
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5.34 (0.2 equiv)
/©/I KO'Bu (2 equiv)
o]
Me benzene, 150 °C, 24 h Me O
5.22 5.23

To an oven-dried pressure tube, 4-iodotoluene, 5.22 (114 mg, 0.5 mmol), and 5.34 (28
mg, 0.1 mmol) were added. Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and
benzene (5 mL) were added and the tube sealed. The sealed tube was placed in a pre-
heated oil bath at 150 °C for 24 h. After cooling to room temperature, the reaction was
quenched with 1M HCl(ag) (20 mL) and extracted with Et,0 (3 x 20 mL). The combined
extracts were washed with brine, dried over Na;SOs and concentrated. The crude
product was purified by column chromatography (hexane) to afford 4-methylbiphenyl
5.23 as a colourless oil (14 mg, 17%).19° *H NMR (400 MHz, CDCl3) 6 7.63 (2H, d, J = 8 Hz),
(2H,d, J=8 Hz), (2H, t, J= 8 Hz), (1H, t, J = 8 Hz), (2H, d, J = 8 Hz), 2.44 (3H,s) ppm, 13C
NMR (101 MHz, CDCls3)* 6 141.3, 138.5, 137.1, 129.6, 128.8, 127.1, 127.07, 21.2 ppm,
m/z (EI*) 168.1 [M]*.

*Remaining sp? carbon is not observed consistent with literature.0

Table 5.4 entry 5

5.36 (0.2 equiv)
/©/I KO'Bu (2 equiv)
0,
Me benzene, 150 °C, 24 h Me O

5.22 5.23

To an oven-dried pressure tube, 4-iodotoluene, 5.22 (114 mg, 0.5 mmol), and 5.36 (25
mg, 0.1 mmol) were added. Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and
benzene (5 mL) were added and the tube sealed. The sealed tube was placed in a pre-
heated oil bath at 150 °C for 24 h. After cooling to room temperature, the reaction was
quenched with 1M HCl(ag) (20 mL) and extracted with Et,0 (3 x 20 mL). The combined
extracts were washed with brine, dried over Na;SOs and concentrated. The crude
product was purified by column chromatography (hexane) to afford 4-methylbiphenyl
5.23 as a colourless oil (55 mg 66%)%% 'H NMR (400 MHz, CDCls) 6 7.63 (2H, d, J = 8 Hz),
(2H, d, J = 8 Hz), (2H, t, J = 8 Hz), (1H, t, J = 8 Hz), (2H, d, J = 8 Hz), 2.44 (3H,s) ppm, 13C
NMR (101 MHz, CDCl3)* & 141.3, 138.5, 137.1, 129.6, 128.8, 127.1, 127.07, 21.2 ppm,
m/z (EI*) 168.1 [M]".
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*Remaining sp? carbon is not observed consistent with literature.!0

Coupling reactions between aryl iodides and benzene with additive 5.14
Table 5.5 entry 1a
5.14 (2 equiv)
/©/I KO'Bu (2 equiv)
Me benzene, 150 °C, 24 h O

Me
5.22 5.23

To an oven-dried pressure tube, 4-iodotoluene, 5.22 (114 mg, 0.5 mmol), and 5.14 (13
mg, 0.1 mmol) were added. Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and
benzene (5 mL) were added and the tube sealed. The sealed tube was placed in a pre-
heated oil bath at 150 °C for 24 h. After cooling to room temperature, the reaction was
quenched with 1M HCl(ag) (20 mL) and extracted with Et,0 (3 x 20 mL). The combined
extracts were washed with brine, dried over Na;SOs and concentrated. The crude
product was purified by column chromatography (hexane) to afford 4-methylbiphenyl
5.23 as a colourless oil (57 mg, 68%).1%°> *H NMR (400 MHz, CDCl3) 6 7.63 (2H, d, J = 8 Hz),
(2H, d, J=8 Hz), (2H, t, J = 8 Hz), (1H, t, J = 8 Hz), (2H, d, J = 8 Hz), 2.44 (3H,s) ppm, 3C
NMR (101 MHz, CDCl3)* 6 141.3, 138.5, 137.1, 129.6, 128.8, 127.1, 127.07, 21.2 ppm,
m/z (EI*) 168.1 [M]".

*Remaining sp? carbon is not observed consistent with literature.1%

Table 5.5 entry 1b

/©/I KOBu (2 equiv) O
0,
Me benzene, 150 °C, 24 h Me O
5.22 5.23
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To an oven-dried pressure tube, 4-iodotoluene, 5.22 (114 mg, 0.5 mmol) was added.
Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and benzene (5 mL) were added
and the tube sealed. The sealed tube was placed in a pre-heated oil bath at 150 °C for
24 h. After cooling to room temperature, the reaction was quenched with 1M HCl(aq) (20
mL) and extracted with Et,0 (3 x 20 mL). The combined extracts were washed with brine,
dried over Na;SOs and concentrated. The crude product was purified by column
chromatography (hexane) to afford 4-methylbiphenyl 5.23 as a colourless oil (31 mg,
37%).195 IH NMR (400 MHz, CDCl3) 6 7.63 (2H, d, J = 8 Hz), (2H, d, J = 8 Hz), (2H, t, J = 8
Hz), (1H, t, J = 8 Hz), (2H, d, J = 8 Hz), 2.44 (3H,s) ppm, 3C NMR (101 MHz, CDCl3)* &
141.3,138.5, 137.1, 129.6, 128.8, 127.1, 127.07, 21.2 ppm, m/z (EI*) 168.1 [M]*.

*Remaining sp? carbon is not observed consistent with literature.%

Table 5.5 entry 2a

5.14 (2 equiv)
/©/I KO'Bu (2 equiv)
o]
MeO benzene, 150 °C, 24 h MeO O

9.12 9.13

To an oven-dried pressure, tube 4-iodoanisole, 9.12 (117 mg, 0.5 mmol), and 5.14 (13
mg, 0.1 mmol) were added. Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and
benzene (5 mL) were added and the tube sealed. The sealed tube was placed in a pre-
heated oil bath at 150 °C for 24 h. After cooling to room temperature, the reaction was
quenched with 1M HCl(ag) (20 mL) and extracted with Et,0 (3 x 20 mL). The combined
extracts were washed with brine, dried over Na;SOs and concentrated. The crude
product was purified by column chromatography (hexane/EtOAc 19/1) of 4-
methoxybiphenyl, 9.13 was obtained as a white solid (78 mg, 85%). *H NMR (400 MHz,
CDCls) & 7.57-7.51(4H, m), 7.43 (2H, t, J = 8 Hz), 7.31 (1H, t, J = 7.4 Hz), 6.98 (2H, d, J = 8
Hz), 3.86 (3H, s) ppm, 3C NMR (101 MHz, CDCls) 6 158.8, 141.0, 134.4, 128.9, 128.3,
126.9, 126.8, 114.3, 55.4 ppm, m/z (EI*) 184.2 [M]*.17°

Table 5.5 entry 2b
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' KO'Bu (2 equiv) O

Me0/©/ benzene, 150 °C, 24 h MeO O
9.12 9.13
To an oven-dried pressure tube, 4-iodoanisole, 9.12 (117 mg, 0.5 mmol) was added.
Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and benzene (5 mL) were added
and the tube sealed. The sealed tube was placed in a pre-heated oil bath at 150 °C for
24 h. After cooling to room temperature, the reaction was quenched with 1M HCl(aq) (20
mL) and extracted with Et,0 (3 x 20 mL). The combined extracts were washed with brine,
dried over Na;SOs and concentrated. The crude product was purified by column
chromatography (hexane/EtOAc 19/1) 4-methoxybiphenyl, 9.13 was obtained as a
white solid (25 mg, 27%). *H NMR (400 MHz, CDCl3) § 7.57-7.51(4H, m) , 7.43 (2H, t, J =
8 Hz), 7.31 (1H, t,J=7.4 Hz), 6.98 (2H, d, J = 8 Hz), 3.86 (3H, s) ppm, 13C NMR (101 MHz,
CDCl3) 6 158.8,141.0,134.4, 128.9,128.3,126.9, 126.8, 114.3, 55.4 ppm, m/z (EI*) 184.2
[M]+.179

Table 5.5 entry 3a

5.14 (2 equiv)
Me\@/' KO'Bu (2 equiv) Me
benzene, 150 °C, 24 h O

9.14 9.15

To an oven-dried pressure, tube 3-iodotoluene, 9.14 (114 mg, 0.5 mmol), and 5.14 (13
mg, 0.1 mmol) were added. Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and
benzene (5 mL) were added and the tube sealed. The sealed tube was placed in a pre-
heated oil bath at 150 °C for 24 h. After cooling to room temperature, the reaction was
quenched with 1M HClg) (20 mL) and extracted with Et,0 (3 x 20 mL). The combined
extracts were washed with brine, dried over Na;SOs and concentrated. The crude
product was purified by column chromatography (hexane) to afford 3-methylbiphenyl,
9.15 was obtained as a white solid (55 mg, 65%). *H NMR (400 MHz, CDCls) § 7.64 (2H,
d, J = 7.5 Hz), 7.49-7.43 (4H, m), 7.38 (2H, t, J = 7 Hz), 7.20 (1H, d, J = 7 Hz), 2.46 (3H, s)
ppm, 3C NMR (101 MHz, CDCl3) 6 141.4, 141.2,138.4, 128.8, 128.7, 128.1, 128.0 127.3,
127.2,124.4,21.6 ppm, m/z (EI*) 168.1 [M]*.1&

Table 5.5 entry 3b
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Me : KO'Bu (2 equiv) Me O

\©/ benzene, 150 °C, 24 h O

9.14 9.15
To an oven-dried pressure tube, 3-iodotoluene, 9.14 (114 mg, 0.5 mmol) was added.
Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and benzene (5 mL) were added
and the tube sealed. The sealed tube was placed in a pre-heated oil bath at 150 °C for
24 h. After cooling to room temperature, the reaction was quenched with 1M HCl(aq) (20
mL) and extracted with Et,0 (3 x 20 mL). The combined extracts were washed with brine,
dried over Na;SOs and concentrated. The crude product was purified by column
chromatography (hexane) to afford 3-methylbiphenyl, 9.15 was obtained as a white
solid (27 mg, 32%). *H NMR (400 MHz, CDCl3) § 7.64 (2H, d, J = 7.5 Hz), 7.49-7.43 (4H,
m), 7.38 (2H, t, J = 7 Hz), 7.20 (1H, d, J = 7 Hz), 2.46 (3H, s) ppm, 13C NMR (101 MHz,
CDCl3) 6 141.4,141.2,138.4, 128.8, 128.7, 128.1, 128.0 127.3, 127.2, 124.4, 21.6 ppm,
m/z (EI*) 168.1 [M]*.180

Table 5.5 entry 4a

5.14 (2 equiv)
©/' KO'Bu (2 equiv)
benzene, 150 °C, 24 h O

9.16 5.8

To an oven-dried pressure tube, iodobenzene, 9.16 (102 mg, 0.5 mmol), and 5.14 (13
mg, 0.1 mmol) were added. Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and
benzene (5 mL) were added and the tube sealed. The sealed tube was placed in a pre-
heated oil bath at 150 °C for 24 h. After cooling to room temperature, the reaction was
quenched with 1M HCl(zq) (20 mL) and extracted with Et,0 (3 x 20 mL). The combined
extracts were washed with brine, dried over Na;SOs and concentrated. The crude
product was purified by column chromatography (hexane) to afford biphenyl, 5.8 was
obtained as a white solid (47 mg, 61%).'H NMR (400 MHz, CDCls3) 6 7.72 (4H, d, Hz), 7.46
(4H, t, Hz), 7.37 (2H, t, Hz). 3C NMR (101 MHz, CDCls) 6 141.3, 128.9, 127.4, 127.3. m/z
(EI*) 154.1 [M]* 179

Table 5.5 entry 4b
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' Kso-jgu(is(g:li;\)/) O
©/ benzene, 150 °C, 24 h O
9.16 5.8
To an oven-dried pressure tube, iodobenzene, 9.16 (102 mg, 0.5 mmol) was added.
Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and benzene (5 mL) were added
and the tube sealed. The sealed tube was placed in a pre-heated oil bath at 150 °C for
24 h. After cooling to room temperature, the reaction was quenched with 1M HCl(aq) (20
mL) and extracted with Et,0 (3 x 20 mL). The combined extracts were washed with brine,
dried over Na;SOs and concentrated. The crude product was purified by column
chromatography (hexane) to afford biphenyl, 5.8 was obtained as a white solid (33 mg,
43%).H NMR (400 MHz, CDCls) 6 7.72 (4H, d, Hz), 7.46 (4H, t, Hz), 7.37 (2H, t, Hz) ppm,
13C NMR (101 MHz, CDCls) 6 141.3, 128.9, 127.4, 127.3 ppm, m/z (EI*) 154.1 [M]*17°

Table 5.5 entry 5a

5.14 (2 equiv)
/@/' KO'Bu (2 equiv)
o]
Ph benzene, 150 °C, 24 h Ph O

9.17 9.18

To an oven-dried pressure tube, 4-iodobiphenyl, 9.17 (140 mg, 0.5 mmol), and 5.14 (13
mg, 0.1 mmol) were added. Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and
benzene (5 mL) were added and the tube sealed. The sealed tube was placed in a pre-
heated oil bath at 150 °C for 24 h. After cooling to room temperature, the reaction was
quenched with 1M HCl(zq) (20 mL) and extracted with Et,O (3 x 20 mL). The combined
extracts were washed with brine, dried over Na;SO4 and concentrated. The crude
product was purified by column chromatography (hexane) to afford p-terphenyl, 9.18
was obtained as a white solid (75 mg, 65%). *H NMR (400 MHz, CDCl3) 6§ 7.70-7.61 (8H,
m), 7.48 (4H, t,J = 7.4 Hz), 7.38 (2H, t,J = 7.2 Hz) ppm, 13C NMR (101 MHz, CDCls) § 140.9,
140.3,128.9,127.7,127.5, 127.2 ppm, m/z (EI*) 230.2 [M+H]*17®

Table 5.5 entry 5b
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! KO'BuU (2 equiv) O
ph/©/ benzene, 150 °C, 24 h oh O
9.17 9.18
To an oven-dried pressure tube, 4-iodobiphenyl, 9.17 (140 mg, 0.5 mmol) was added.
Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and benzene (5 mL) were added
and the tube sealed. The sealed tube was placed in a pre-heated oil bath at 150 °C for
24 h. After cooling to room temperature, the reaction was quenched with 1M HCl(aq) (20
mL) and extracted with Et,0 (3 x 20 mL). The combined extracts were washed with brine,
dried over Na;SO. and concentrated. The crude product was purified by column
chromatography (hexane) to afford of p-terphenyl, 9.18 was obtained as a white solid
(62 mg, 54%).*H NMR (400 MHz, CDCl3) & 7.70-7.61 (8H, m), 7.48 (4H, t, J = 7.4 Hz), 7.38
(2H, t, J = 7.2 Hz) ppm, 33C NMR (101 MHz, CDCls) 6 140.9, 140.3, 128.9, 127.7, 127.5,
127.2 ppm, m/z (EI*) 230.2 [M+H]*7°

Table 5.5 entry 6a

! 5.14 (2 equiv)
KOBu (2 equiv)
benzene, 150 °C, 24 h OO

9.19 9.20

To an oven-dried pressure tube, 1-iodonaphthalene, 9.19 (127 mg, 0.5 mmol), and 5.14
(13 mg, 0.1 mmol) were added. Under an inert atmosphere, KO'Bu (112 mg, 1 mmol)
and benzene (5 mL) were added and the tube sealed. The sealed tube was placed in a
pre-heated oil bath at 150 °C for 24 h. After cooling to room temperature, the reaction
was quenched with 1M HClg) (20 mL) and extracted with Et,0 (3 x 20 mL). The
combined extracts were washed with brine, dried over Na2SO4 and concentrated. The
crude product was purified by column chromatography (hexane) to afford (hexane) 1-
phenylnaphthalene, 9.20 was obtained as a yellow oil (45 mg, 44%). *H NMR (400 MHz,
CDCl3) & 7.96-7.94 (2H, m), 7.88 (1H, d, J = 8 Hz), 7.63-7.43 (9H, m) ppm, 3C NMR (101
MHz, CDCl3) 6 140.9, 140.4, 133.9, 131.7,130.2, 128.9, 128.4, 128.3, 127.8, 127.3, 127.0,
126.1, 125.9, 125.5 ppm, m/z (EI*) 204.2 [M]*.17°

Table 5.5 entry 6b
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I ‘
KOBu (2 equiv)
benzene, 150 °C, 24 h OO

9.19 9.20

To an oven-dried pressure tube, 1l-iodonaphthalene, 9.19 (127 mg, 0.5 mmol) was
added. Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and benzene (5 mL) were
added and the tube sealed. The sealed tube was placed in a pre-heated oil bath at 150
°C for 24 h. After cooling to room temperature, the reaction was quenched with 1M
HCl(ag) (20 mL) and extracted with Et,0 (3 x 20 mL). The combined extracts were washed
with brine, dried over Na;SO4 and concentrated. The crude product was purified by
column chromatography (hexane) to afford (hexane) 19 mg (19%) of 1-
phenylnapthalene, 9.20 was obtained as a yellow oil. *H NMR (400 MHz, CDCl3) 6 7.93
(2H,d,J=10Hz), 7.88 (1H, d, J = 8 Hz), 7.63-7.43 (9H, m) ppm, 33C NMR (101 MHz, CDCls)
6 140.9, 140.4, 133.9, 131.7, 130.2, 128.9, 128.4, 128.3, 127.8, 127.3, 127.0, 126.1,
125.9, 125.5 ppm, m/z (EI*) 204.2 [M]*.17°

Table 5.5 entry 7a

5.14 (2 equiv)
/@/I KOBu (2 equiv)
F benzene, 150 °C, 24 h F O

9.21 9.22

To an oven-dried pressure tube, 4-fluro-iodobenzene, 9.21 (111 mg, 0.5 mmol), and 5.14
(13 mg, 0.1 mmol) were added. Under an inert atmosphere, KO'Bu (112 mg, 1 mmol)
and benzene (5 mL) were added and the tube sealed. The sealed tube was placed in a
pre-heated oil bath at 150 °C for 24 h. After cooling to room temperature, the reaction
was quenched with 1M HClag) (20 mL) and extracted with Et.O (3 x 20 mL). The
combined extracts were washed with brine, dried over Na;SO4 and concentrated. The
crude product was purified by column chromatography (hexane) to afford (hexane) 4-
fluorobiphenyl, 9.22 was obtained as a white solid (43 mg, 52%). *H NMR (400 MHz,
CDCls) & 7.60-7.50 (4H, m), 7.40 (2H, t, J = 7.3 Hz), 7.35 (1H, t, J = 7.4 Hz), 7.16-7.12 (2H,
m) ppm, 13C NMR (101 MHz, CDCl3) & 162.6 (d, J = 244.5 Hz), 140.4, 137.5 (d, J = 3 Hz),
128.9,128.3(d, J = 7.5 Hz) 127.3, 127.1, 115.6 (d, J = 21 Hz) ppm, m/z (EI*) 172.1 [M]*.}7®
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Table 5.5 entry 7b

/©/I KOBu (2 equiv) O
F benzene, 150 °C, 24 h F O

9.21 9.22

To an oven-dried pressure tube, 4-fluro-iodobenzene, 9.21 (111 mg, 0.5 mmol) was
added. Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and benzene (5 mL) were
added and the tube sealed. The sealed tube was placed in a pre-heated oil bath at 150
°C for 24 h. After cooling to room temperature, the reaction was quenched with 1M
HCl(ag) (20 mL) and extracted with Et,0 (3 x 20 mL). The combined extracts were washed
with brine, dried over Na;SO4 and concentrated. The crude product was purified by
column chromatography (hexane) to afford (hexane) 4-fluorobiphenyl, 9.22 was
obtained as a white solid (7 mg 8%). *H NMR (400 MHz, CDCls) § 7.60-7.50 (4H, m), 7.40
(2H, t, J = 7.3 Hz), 7.35 (1H, t, J = 7.4 Hz), 7.16-7.12 (2H, m) ppm, 13C NMR (101 MHz,
CDCl3) & 162.6 (d, J = 244.5 Hz), 140.4, 137.5 (d, J = 3 Hz), 128.9, 128.3(d, J = 7.5 Hz)
127.3,127.1, 115.6 (d, J = 21 Hz) ppm, m/z (EI*) 172.1 [M]*.17°

Control coupling reactions of 2-iodo-m-xylene and benzene
Table 5.6 entry 1
M
© | 5.33 (0.2 equiv) Me
©j KO'Bu (2 equiv) +
Me benzene, 150 °C, 36 h O O
Me

5.9 5.8 5.21

To an oven-dried pressure tube, 2-iodo-m-xylene, 5.9 (116 mg, 0.5 mmol), and 5.33 (10
mg, 0.1 mmol). Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and benzene (5
mL) were added and the tube sealed. The sealed tube was placed in a pre-heated oil
bath at 150 °C for 36 h. After cooling to room temperature, the reaction was quenched
with 1M HCl(ag) (20 mL) and extracted with Et,0 (3 x 20 mL). The combined extracts were
washed with brine, dried over Na,SO4 and concentrated. To determine the yield 1,3,5-
trimethoxybenzene (8.4 mg, 0.05 mmol) was added to the crude product as an internal

standard. The yields were calculated as biphenyl 5.8 (6%) and 2,6-dimethylbiphenyl 5.21
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(1%) identifying the products by their characteristic peaks at 6 7.6 (biphenyl 4H) and &
2.1 (methyl 6H) respectively.

Table 5.6 entry 2

Me
| 5.39 (0.2 equiv) Me
@i KO'Bu (2 equiv) +
Me benzene, 150 °C, 36 h O O
Me

5.9 5.8 5.21

To an oven-dried pressure tube, 2-iodo-m-xylene, 5.9 (116 mg, 0.5 mmol), and 5.39 (20
mg, 0.1 mmol). Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and benzene (5
mL) were added and the tube sealed. The sealed tube was placed in a pre-heated oil
bath at 150 °C for 36 h. After cooling to room temperature, the reaction was quenched
with 1M HCl(ag) (20 mL) and extracted with Et,0 (3 x 20 mL). The combined extracts were
washed with brine, dried over Na;SO4 and concentrated. To determine the yield 1,3,5-
trimethoxybenzene (8.4 mg, 0.05 mmol) was added to the crude product as an internal
standard. The yields were calculated as biphenyl 5.8 (4%) and 2,6-dimethylbiphenyl 5.21
(1%) identifying the products by their characteristic peaks at o 7.6 (biphenyl 4H) and 6

2.1 (methyl 6H) respectively.
Table 5.6 entry 3

Me
| 5.40 (0.2 equiv) Me
@i KO'Bu (2 equiv) +
Me benzene, 150 °C, 36 h O O
Me

5.9 5.8 5.21

To an oven-dried pressure tube, 2-iodo-m-xylene, 5.9 (116 mg, 0.5 mmol), and 5.40 (28
mg, 0.1 mmol). Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and benzene (5
mL) were added and the tube sealed. The sealed tube was placed in a pre-heated oil
bath at 150 °C for 36 h. After cooling to room temperature, the reaction was quenched
with 1M HCl(ag) (20 mL) and extracted with Et,0 (3 x 20 mL). The combined extracts were
washed with brine, dried over Na,SO4 and concentrated. To determine the yield 1,3,5-
trimethoxybenzene (8.4 mg, 0.05 mmol) was added to the crude product as an internal

standard. The yields were calculated as biphenyl 5.8 (5%) and 2,6-dimethylbiphenyl 5.21
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(1%) identifying the products by their characteristic peaks at 6 7.6 (biphenyl 4H) and &
2.1 (methyl 6H) respectively.

Table 5.6 entry 4

Me .
| Pd(OAc), (0.05 equiv) Me
@i KO'Bu (2 equiv) +
Me benzene, 150 °C, 36 h O O
Me

5.9 5.8 5.21

To an oven-dried pressure tube, 2-iodo-m-xylene, 5.9 (116 mg, 0.5 mmol), and Pd(OAc):
(6 mg, 0.025 mmol). Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and benzene
(5 mL) were added and the tube sealed. The sealed tube was placed in a pre-heated oil
bath at 150 °C for 36 h. After cooling to room temperature, the reaction was quenched
with 1M HCl(ag) (20 mL) and extracted with Et,0 (3 x 20 mL). The combined extracts were
washed with brine, dried over Na;SO4 and concentrated. To determine the yield 1,3,5-
trimethoxybenzene (8.4 mg, 0.05 mmol) was added to the crude product as an internal
standard. The yields were calculated as biphenyl 5.8 (5%) and 2,6-dimethylbiphenyl 5.21
(11%) identifying the products by their characteristic peaks at 6 7.6 (biphenyl 4H) and 6

2.1 (methyl 6H) respectively.
Table 5.6 entry 5

Me .
| Cul (0.05 equiv) Me
@i KO'Bu (2 equiv) +
Me benzene, 150 °C, 36 h O O
Me

5.9 5.8 5.21

To an oven-dried pressure tube, 2-iodo-m-xylene, 5.9 (116 mg, 0.5 mmol), and Cul (5
mg, 0.025 mmol). Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and benzene (5
mL) were added and the tube sealed. The sealed tube was placed in a pre-heated oil
bath at 150 °C for 36 h. After cooling to room temperature, the reaction was quenched
with 1M HCl(ag) (20 mL) and extracted with Et,0 (3 x 20 mL). The combined extracts were
washed with brine, dried over Na,SO4 and concentrated. To determ*Remaining sp?
carbon is not observed consistent with literature.'®ine the vyield 1,3,5-

trimethoxybenzene (8.4 mg, 0.05 mmol) was added to the crude product as an internal
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standard. The yields were calculated as biphenyl 5.8 (1%) and 2,6-dimethylbiphenyl 5.21

(<1%) identifying the products by their characteristic peaks at 6 7.6 (biphenyl 4H) and &
2.1 (methyl 6H) respectively.

Coupling reactions between 4-iodotoluene and benzene with radical initiators

Table 5.7 entry 1

/@/ ' KO®Bu (2 equiv) O
o]
Me benzene, 150 °C, 24 h Me O

5.22 5.23

To an oven-dried pressure tube, 4-iodotoluene, 5.22 (114 mg, 0.5 mmol) was added.
Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and benzene (5 mL) were added
and the tube sealed. The sealed tube was placed in a pre-heated oil bath at 150 °C for
24 h. After cooling to room temperature, the reaction was quenched with 1M HCl(aq) (20
mL) and extracted with Et,0 (3 x 20 mL). The combined extracts were washed with brine,
dried over Na;SOs and concentrated. The crude product was purified by column
chromatography (hexane) to afford 4-methylbiphenyl 5.23 as a colourless oil (31 mg,
37%).1%> 1H NMR (400 MHz, CDCl3) 6 7.63 (2H, d, J = 8 Hz), (2H, d, /=8 Hz), (2H,t, /=8
Hz), (1H, t, J = 8 Hz), (2H, d, J = 8 Hz), 2.44 (3H,s) ppm, 3C NMR (101 MHz, CDCl3)* &
141.3,138.5,137.1, 129.6, 128.8, 127.1, 127.07, 21.2 ppm, m/z (EI*) 168.1 [M]".

*Remaining sp? carbon is not observed consistent with literature.0

Table 5.7 entry 2

tBuOO1Bu (0.2 equiv)
/©/I KOBu (2 equiv)
o]
Me benzene, 150 °C, 24 h Me O

5.22 5.23
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To an oven-dried pressure tube, 4-iodotoluene, 5.22 (114 mg, 0.5 mmol), and ditertbutyl
peroxide (13 mg, 0.1 mmol). Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and
benzene (5 mL) were added and the tube sealed. The sealed tube was placed in a pre-
heated oil bath at 150 °C for 24 h. After cooling to room temperature, the reaction was
quenched with 1M HCl(aq) (20 mL) and extracted with Et,0 (3 x 20 mL). The combined
extracts were washed with brine, dried over Na;SOs and concentrated. The crude
product was purified by column chromatography (hexane) to afford 4-methylbiphenyl
5.23 as a colourless oil (74 mg, 88%).19° *H NMR (400 MHz, CDCl3) 6 7.63 (2H, d, J = 8 Hz),
(2H, d, J = 8 Hz), (2H, t, J = 8 Hz), (1H, t, J = 8 Hz), (2H, d, J = 8 Hz), 2.44 (3H,s) ppm, 13C
NMR (101 MHz, CDCls)* 6 141.3, 138.5, 137.1, 129.6, 128.8, 127.1, 127.07, 21.2 ppm,
m/z (EI*) 168.1 [M]*.

*Remaining sp? carbon is not observed consistent with literature.0
Table 5.7 entry 3

| AIBN (0.2 equiv) O
/©/ KOBu (2 equiv) O
[¢]
Me benzene, 150 °C, 24 h Me

5.22 5.23

To an oven-dried pressure tube, 4-iodotoluene, 5.22 (114 mg, 0.5 mmol), and AIBN (16
mg, 0.1 mmol). Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and benzene (5
mL) were added and the tube sealed. The sealed tube was placed in a pre-heated oil
bath at 150 °C for 24 h. After cooling to room temperature, the reaction was quenched
with 1M HCl(ag) (20 mL) and extracted with Et,0 (3 x 20 mL). The combined extracts were
washed with brine, dried over Na;S04 and concentrated. The crude product was purified
by column chromatography (hexane) to afford methylbiphenyl 5.23 as a colourless oil
(34 mg, 40%).1°5 1H NMR (400 MHz, CDCl3) § 7.63 (2H, d, J = 8 Hz), (2H, d, J = 8 Hz), (2H,
t,J=8Hz), (1H, t,J=8 Hz), (2H, d, J = 8 Hz), 2.44 (3H,s) ppm, 3C NMR (101 MHz, CDCl3)*
6141.3,138.5,137.1,129.6, 128.8, 127.1, 127.07, 21.2 ppm, m/z (EI*) 168.1 [M]*.

105

*Remaining sp? carbon is not observed consistent with literature.

Table 5.7 entry 4
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(0.2 equiv)

[
/O/ KO'Bu (2 equiv) O
Me Me

benzene, 150 °C, 24 h
5.22 5.23

1,1'-Azobis(cyclohexanecarbonitrile) O

To an oven-dried pressure tube, 4-iodotoluene, 5.22 (114 mg, 0.5 mmol), and 1,1'-
Azobis(cyclohexanecarbonitrile) (24 mg, 0.1 mmol). Under an inert atmosphere, KO'Bu
(112 mg, 1 mmol) and benzene (5 mL) were added and the tube sealed. The sealed tube
was placed in a pre-heated oil bath at 150 °C for 24 h. After cooling to room
temperature, the reaction was quenched with 1M HClzq) (20 mL) and extracted with
Et20 (3 x 20 mL). The combined extracts were washed with brine, dried over Na;SO4 and
concentrated. The crude product was purified by column chromatography (hexane) to
afford 4-methylbiphenyl 5.23 as a colourless oil (26 mg, 31%).1%> 'H NMR (400 MHz,
CDCl3) § 7.63 (2H, d, J = 8 Hz), (2H, d, J = 8 Hz), (2H, t, J = 8 Hz), (1H, t, J = 8 Hz), (2H, d, J
= 8 Hz), 2.44 (3H,s) ppm, 13C NMR (101 MHz, CDCl3)* § 141.3, 138.5, 137.1, 129.6, 128.8,
127.1,127.07, 21.2 ppm, m/z (EI*) 168.1 [M]*.

*Remaining sp? carbon is not observed consistent with literature.!0

Table 5.7 entry 5

4,4'-Azobis(4-cyanovalaeric acid)

| (0.2 equiv)
/©/ KOBu (2 equiv)
(o
Me benzene, 150 °C, 24 h Me O
5.22 5.23

To an oven-dried pressure tube, 4-iodotoluene, 5.22 (114 mg, 0.5 mmol), and 4,4’-
Azobis(4-cyanovalaeric acid) (28 mg, 0.1 mmol). Under an inert atmosphere, KO'Bu (112
mg, 1 mmol) and benzene (5 mL) were added and the tube sealed. The sealed tube was
placed in a pre-heated oil bath at 150 °C for 24 h. After cooling to room temperature,
the reaction was quenched with 1M HCl(q) (20 mL) and extracted with Et20 (3 x 20 mL).
The combined extracts were washed with brine, dried over Na,SO4 and concentrated.
The crude product was purified by column chromatography (hexane) to 4-
methylbiphenyl 5.23 as a colourless oil (18 mg, 22%).1% *H NMR (400 MHz, CDCl5) § 7.63
(2H, d, J = 8 Hz), (2H, d, J = 8 Hz), (2H, t, J = 8 Hz), (1H, t, J = 8 Hz), (2H, d, J = 8 Hz), 2.44
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(3H,s) ppm, 3C NMR (101 MHz, CDCl3)* & 141.3, 138.5, 137.1, 129.6, 128.8, 127.1,
127.07, 21.2 ppm, m/z (EI*) 168.1 [M]*.

*Remaining sp? carbon is not observed consistent with literature.1%

Coupling reactions between 2-iodo-m-xylene and benzene with radical initiators

Table 5.8 entry 1

Me

| Me
©j KO'Bu (2 equiv) +
Me benzene, 150 °C, 36 h O ‘
Me
5.9 5.8 5.21

To an oven-dried pressure tube, 2-iodo-m-xylene, 5.9 (116 mg, 0.5 mmol) was added.
Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and benzene (5 mL) were added
and the tube sealed. The sealed tube was placed in a pre-heated oil bath at 150 °C for
36 h. After cooling to room temperature, the reaction was quenched with 1M HCl(aq) (20
mL) and extracted with Et,0 (3 x 20 mL). The combined extracts were washed with brine,
dried over Na;SO4 and concentrated. To determine the yield 1,3,5-trimethoxybenzene
(8.4 mg, 0.05 mmol) was added to the crude product as an internal standard. The yields
were calculated as biphenyl 5.8 (1%) and 2,6-dimethylbiphenyl 5.21 (<1%) identifying
the products by their characteristic peaks at ¢ 7.6 (biphenyl 4H) and & 2.1 (methyl 6H)

respectively.

Table 5.8 entry 2

Me .
| tBuOO1Bu (0.2 equiv) Me
@i KO™Bu (2 equiv) .
Me benzene, 150 °C, 36 h O O

Me
5.9 5.8 5.21
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To an oven-dried pressure tube, 2-iodo-m-xylene, 5.9 (116 mg, 0.5 mmol), and
ditertbutyl peroxide (15 mg, 0.1 mmol). Under an inert atmosphere, KO'Bu (112 mg, 1
mmol) and benzene (5 mL) were added and the tube sealed. The sealed tube was placed
in a pre-heated oil bath at 150 °C for 36 h. After cooling to room temperature, the
reaction was quenched with 1M HCl(zq) (20 mL) and extracted with Et,0 (3 x 20 mL). The
combined extracts were washed with brine, dried over Na;SOs and concentrated. To
determine the yield 1,3,5-trimethoxybenzene (8.4 mg, 0.05 mmol) was added to the
crude product as an internal standard. The yields were calculated as biphenyl 5.8 (12%)
and 2,6-dimethylbiphenyl 5.21 (3%) identifying the products by their characteristic
peaks at 6 7.6 (biphenyl 4H) and 6 2.1 (methyl 6H) respectively.

Table 5.8 entry 3

Me .
| AIBN (0.2 equiv) Me
©j KO'Bu (2 equiv) .
Me benzene, 150 °C, 36 h O ‘
Me

5.9 5.8 5.21

To an oven-dried pressure tube, 2-iodo-m-xylene, 5.9 (116 mg, 0.5 mmol), and AIBN (16
mg, 0.1 mmol). Under an inert atmosphere, KO'Bu (112 mg, 1 mmol) and benzene (5
mL) were added and the tube sealed. The sealed tube was placed in a pre-heated oil
bath at 150 °C for 36 h. After cooling to room temperature, the reaction was quenched
with 1M HCl(ag) (20 mL) and extracted with Et,0 (3 x 20 mL). The combined extracts were
washed with brine, dried over Na;SO4 and concentrated. To determine the yield 1,3,5-
trimethoxybenzene (8.4 mg, 0.05 mmol) was added to the crude product as an internal
standard. The yields were calculated as biphenyl 5.8 (11%) and 2,6-dimethylbiphenyl
5.21 (3%) identifying the products by their characteristic peaks at o 7.6 (biphenyl 4H)

and d 2.1 (methyl 6H) respectively.

Table 5.8 entry 4

Me 1,1'-Azobis(cyclohexanecarbonitrile)
| (0.2 equiv) O Me O
KOBu (2 equiv) +
Me benzene, 150 °C, 36 h O O
Me

5.9 5.8 5.21
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To an oven-dried pressure tube, 2-iodo-m-xylene, 5.9 (116 mg, 0.5 mmol), and 1,1’-
Azobis(cyclohexanecarbonitrile) (24 mg, 0.1 mmol). Under an inert atmosphere, KO'Bu
(112 mg, 1 mmol) and benzene (5 mL) were added and the tube sealed. The sealed tube
was placed in a pre-heated oil bath at 150 °C for 36 h. After cooling to room
temperature, the reaction was quenched with 1M HCl(aq) (20 mL) and extracted with
Et20 (3 x 20 mL). The combined extracts were washed with brine, dried over Na;SO4 and
concentrated. To determine the yield 1,3,5-trimethoxybenzene (8.4 mg, 0.05 mmol) was
added to the crude product as an internal standard. The yields were calculated as
biphenyl 5.8 (11%) and 2,6-dimethylbiphenyl 5.21 (4%) identifying the products by their
characteristic peaks at 8 7.6 (biphenyl 4H) and & 2.1 (methyl 6H) respectively.
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9.5 Example Internal Standard Calculation

9.5.1 Reactions with 2-iodo-m-xylene

el e

acetone

Person 1-23

MA355cr
@proten CDCl3 [C:\NMRdata} jam 27 ’/////

dimethyl peak of
2,6-dimethylbiphenyl

methyl peak of
2-iodo-mexylene

methyl peak of
m-xylene

.. diagnostic biphenyl
= doublet

Peaks associated with

1,3,5-trimethoxybenzene \

1,3,5-Trimethoxybenzene (8.4 mg, 0.05 mmol) was added to the crude mixture. The

integral for the aromatic protons (6 6.1) is set to 3 units representing 3 protons.

A characteristic peak for biphenyl is the doublet at 7.6 representing 4 protons and for
2,6-dimethylbiphenyl at 2.1 representing 6 protons. Any residual 2-iodo-m-xylene can

be identified by the peak at 2.5 also representing 6 protons.

100% yield of biphenyl would mean the signal at 6 7.6 would integrate to 40. Therefore,

to calculate the yield is to divide the integral by 40 and multiply by 100.
Yield biphenyl = 5.2/40.0 x 100 = 13%

100% vyield of 2,6-dimethylbiphenyl would mean the signal at 6 2.1 would integrate to
60. Therefore, to calculate the yield is to divide the integral by 60 and multiply by 100.

Yield biphenyl = 2.6/60.0 x 100 = 4%
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Residual 2-iodo-m-xylene = 10.3/60 x 100 = 17.1%
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9.6 NMR structures for compounds synthesised in Chapter 5
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