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Abstract

Diversity-oriented synthesis (DOS) continues to grow as an area of importance in
the disciplines of organic synthesis and chemical biology.*2 It involves the
preparation of diverse scaffolds of varying complexity and enables the exploration
of a greater range of ‘chemical space’ than hitherto possible through
multicomponent-coupling and tandem reactions.

Tandem reactions, also known as cascade or domino reactions, link several
transformations together in a single process step. Simple starting materials can be
used to rapidly build complex structures with high selectivity. The use and
production of toxic and/or hazardous intermediates can be avoided/minimised and

novel avenues of research and new reactions can be developed.*

In this work, azaquinone 1 has been studied as a new key intermediate in
multicomponent coupling and tandem reactions (Scheme 1). As all six carbon
atoms in the quinoid ring are different, it has the potential to serve as a novel
building block to access a range of useful structural motifs as part of scaffold

diversity synthesis and drug discovery.

Conjugate addition to azaquinone 1 with nitrogen nucleophiles (aromatic amines)
has been investigated, giving di-substituted arylamino compounds 2 in good yields
(56-68%). Although the basic process has been reported,® the regiochemistry of
these compounds has now been confirmed by 2D NMR (COSY and NOESY) and
also by determination of the crystal structure of the products. The reaction of
aromatic amines with azaquinone occurred by both 1,4-conjugate addition to the
a,B-unsaturated imine and the a,B-unsaturated ketone, resulting only in di-addition
products. These diarylamino products 2 are coloured compounds which may be of
importance in the dye industry, and those interested in development of diagnostic
tools. Further reactions of compounds 2 could result in the production of azine,

oxazine, and thiazine dyes.
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Scheme 1: Reactions of azaquinone, 1

The reaction of aliphatic amines was found to occur by direct addition to the
carbonyl group of azaquinone, giving 1,4-diaminoarenes 7 following reductive
work-up. These N-substituted phenylenediamines 7 are useful for the production
of drugs, agricultural products, as antioxidants, gel inhibitors and polymerization

inhibitors.®

Azaquinone also reacts with sulfur nucleophiles (e.g. sodium arenesulfinates) and
a further oxidative cyclisation has served as a new route to synthesizing
phenoxathiins 3 which can serve as sulfone containing scaffolds in pharmaceutical

molecules.”’

Halogenation of azaquinone is selective depending on the reaction conditions
used, allowing targeted functionalisation which enables the application of metal
catalysed cross-coupling reactions, extending the sequence of potential reactions
further.®® The bromination of the phenyl ring also occurs as a competing process,

but this can be suppressed by the addition of radical scavengers (e.g. resorcinol)



to the reaction mixture. The chlorination of azaquinone is more selective and gives
only the mono-substituted product 4 with the chloro group on the quinoid ring.
Halogenation of the N-oxide 8 was also investigated and this results in direct
bromination of the phenyl ring, changing the selectivity of the reaction. The
concurrent loss of the N-oxide functionality in the products from the bromination
reactions suggests that the mechanism of bromination of the phenyl group in the
N-oxide is from nucleophilic addition rather than the radical reaction, which is

observed with azaquinone as the substrate.

The order of addition of the aromatic amines to azaquinone was also investigated
using computational methods. Although the proposed mono-addition products 9
and 10 (Scheme 2) have not been observed or isolated in the reaction,
computational studies has shown that the reaction intermediate results from single
addition to the a,B-ketone (before oxidation) which the second nucleophile then
adds to.
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Scheme 2: Mechanism of the reaction of azaquinone with aromatic amines
As mentioned before, the introduction of halogens offers the possibility of further
elaboration of the structure. 3-Bromoazaquinone 6 gave the expected products
resulting from cross-coupling reactions while 3-chloroazaquinone 4 was found to
be unreactive towards these coupling reactions. In general, Suzuki and Stille
reactions (13-66% 11) were more successful than Sonogashira and Kumada
reactions (10% 12, 13) with Buchwald-Hartwig conditions also giving good yields
of the amino product (29-79% 9). The mono-addition product, 9 derived from the
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Buchwald-Hartwig reaction has also been used to investigate the order of addition
in the formation of product 2 which is derived from the direct reaction of aromatic

amines with azaquinone.
These coupling reactions has served as a means of incorporating both new R and

Ar groups into the quinoid ring of the azaquinone, and so elaborating the structure.
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Scheme 3. Some cross-coupling reactions of 3-bromoazaquinone, 6
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Chapter 1. Introduction

1.1 Diversity-Oriented Synthesis

The art of organic synthesis provides chemists with a great toolbox for the creation
of novel structures with new properties and thereby prodigiously impacts on human
life.1%11 The use of small molecules in chemical biology, nanomedicine and
chemical genetics, for example, has undoubtedly broadened the horizons of
chemical synthesis.'?** The search for biologically active small molecules, often
identified through high-throughput screenings (HTS) of compound libraries marked

the beginning of divergent chemical synthesis approaches.41°

The scaffold is the core molecular framework that provides the basic shape, rigidity,
or flexibility of a molecule,® and exposes various substituents over its periphery in
three-dimensional space, which can interact with diverse biological targets.
Scaffold diversity is therefore the most important feature of a compound library that
determines its success in screening endeavours, in particular when identifying
bioactive molecules in unbiased phenotypic screenings or novel biological targets.
In such scenarios, a compound collection rich in scaffold diversity stands better

chances to identify hit and lead molecules.’

Whereas, the synthesis of small molecules focused around a lead structure (the
target molecule) is relatively easy, the efficient synthesis of structurally diverse
small molecules has been distinguished from target-oriented synthesis (e.g.
natural product synthesis and focused ‘library’ synthesis) and termed diversity-
oriented synthesis (DOS) (Fig. 1.1).318
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Figure 1.1: Comparison of target-oriented synthesis (TOS) versus diversity-
oriented synthesis (DOS). No specific meaning is implied by the colours or shapes
except that each unit represents a different compound.

In target-oriented synthesis, retrosynthetic analysis is employed to find an efficient
and convergent route using complexity-generating reactions such as the Diels-
Alder reaction, where two C—C bonds are made regioselectively.*® DOS requires a
planning algorithm to deliver an efficient but divergent route. Although DOS aims
to achieve a diverse and non-focused coverage of biologically active chemical
space, the results of DOS may find use in other fields in future years. Complexity-
generating reactions are again important for efficiency (multicomponent-coupling,
cascade and tandem complexity-generating reactions are the most valuable);
however, pathways need to be identified that give structurally diverse targets. In
order to achieve the highest levels of structural diversity: (i) the building blocks, (ii)
the stereochemistry, (iii) the functional groups and, most importantly, (iv) the
molecular framework must be varied. The key to the structural complexity is the
complexity-generating reactions while the key to the structural diversity is the
branch points and building blocks.® The identification in the forward direction of
pairwise relationships, where the product of one complexity-generating reaction is
the substrate for another, can lead to high levels of molecular complexity in a very

efficient manner.2:20



Diversity-oriented synthesis (DOS) continues to grow as an area of importance in
the disciplines of organic synthesis and chemical biology.'3 One important area
that should benefit significantly from DOS is drug discovery. The existing chemical
space can be expanded with new synthetic molecules, hoping to identify novel and

better drug and probe molecules.’

Lead generation can be approached broadly in two ways. The first approach looks
for small molecules (drugs are most often organic, small molecules) that give you
a desired physiological outcome, such as toxicity to bacteria. This approach has
been incredibly successful historically, identifying the clinical antibiotics
vancomycin, penicillins, streptomycin, tetracyclines, erythromycin, sulphonamides
etc. The second approach starts with a target such as a protein and looks for small
molecules that modulate or attenuate its function. Both approaches require the
availability of collections of small molecules. DOS has the potential to deliver this
ideal collection of small molecules efficiently. Moreover, structure-activity
relationships of identified ‘hit’" structures can be rapidly obtained with different

building blocks, facilitating the ‘hits to leads’ process.?

1.2 Multicomponent Reactions

Arguably, one of the most promising synthetic strategies for generating collections
of small molecules by DOS involves the sequencing of multicomponent reactions
(MCRs) with subsequent transformations, including cyclizations and
refunctionalizations, that form new compounds possessing increased molecular
complexity and diversity.?* This process of sequencing MCRs with subsequent
cyclizations is commonly referred to as the build/couple/pair (B/C/P) strategy of
DOS.122

In the build phase, building blocks are synthesized. Asymmetric syntheses of chiral
building blocks containing orthogonal sets of functionalities suitable for subsequent
coupling and pairing steps are performed. These chiral building blocks can be
prepared by using either enantio- and diastereoselective reactions or compounds
from the “chiral pool”. To minimize the overall number of synthetic steps, functional
groups needed for subsequent coupling and pairing reactions should be embedded

within these building blocks. In the simplest form of the B/C/P strategy, all



stereogenic elements of the final products reside within the chiral building blocks

and are obtained by a simple mix-and-match process.??

In the couple phase, intermolecular coupling reactions that join the building blocks
are performed resulting in compounds with a dense array of functional groups that
can undergo intramolecular reactions in distinct pairwise combinations — either
without stereochemical consequences or with complete control of all possible

stereochemical outcomes.

In the pair phase, intramolecular coupling reactions that join pairwise combinations
of functional groups incorporated in the “build” phase (termed functional-group-
pairing reactions?¥) are performed. This process provides the basis for structural

diversity.

The diversification of enantioenriched Michael adducts through functional group
pairing to access highly functionalised modular scaffolds has been reported.?* A
range of five- to ten-membered complex fused and bridged ring systems and
investigation of their synthetic utility to produce novel structural types was
described. In the generalized structure 1.1, the nitro group may be paired in
chemical reactions with the ester functional group or with the alkyne. Likewise,
incorporation of an o-allyl moiety into nitrostyrene 1.1 (Scheme 1.1, R? = allyl)
enables pairing between R? and the alkyne/alkene. Further diversification was
achieved by performing a Diels-Alder reaction with the 1,3-diene substrate 1.4 to
yield another molecular skeleton. Where the folding reactions left the nitro and
ester groups of the densely functionalized starting material untouched (e.g.
1.1-1.4), their pairing in a later reaction sequence led to the construction of further

molecular skeletons.?®
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Scheme 1.1: Skeletal diversity through functional group pairing

Most reactions involve two stoichiometric reactants and give one product.
Reactions in which more than two reactants come together to produce a product
are called multi-component reactions. Multicomponent reactions generally involve
two reactants forming a reactive intermediate that then reacts with another reagent

to form products.

In contrast to two-component reactions, MCRs are especially favourable. Very
many products can be synthesized from only a few starting substances. Many
common MCRs fall back on easily accessible, archetypical functional groups,
which are available in a great variety, that is an MCR is economical with resources.
As MCRs, being one-pot reactions, are practically single-step conversions, they

are easier to carry out than multistep syntheses.?¢

The classic multicomponent reaction, the Ugi four-component reaction (U-4CR),
has certainly been well recognised and utilized for its ability to unite building blocks

from four diverse and yet readily available functional group families: carboxylic



acids, carbonyls, amines, and the much rarer isonitriles.?%?® The U-4CR is
extraordinarily functional group tolerant, and each of the four components can
contain functionality that can be used in subsequent transformations, thus allowing
for access to a number of cyclisation manifolds. It thus does not occasion surprise
that a substantial body of work has been devoted to post condensation
modifications of U-4CR adducts.?”?® The products of an Ugi reaction are N-acyl a-
amino amides, and thus are closely related to peptides. This is a virtue both
because of the important biological properties of peptides and because the
differences between Ugi products and native peptides may make the former more

valuable as drug candidates.

The Ugi reaction has an interesting mechanism (Scheme 1.2).2° The formation of
an imine between the carbonyl and an amine is a classical reaction in organic
chemistry. The initial formation of an imine from the reaction of 1.5 and 1.6 means
that preformed imines or imine-like functional groups may also be used in Ugi-type
coupling processes. The imine is protonated by the carboxylic acid, making it
electrophilic as the iminium ion 1.7. The dipolar isonitrile group 1.8 carries
significant negative charge character on its carbon and can therefore act as a
nucleophile toward the iminium ion. The product of this process is an iminacylium
ion 1.9 that can react with the carboxylate ion 1.10 to form what is effectively a
mixed anhydride 1.11 between a carboxylic acid and an imide. This is a reactive
acylating agent, and the nitrogen that was made nucleophilic by the addition of the
isonitrile to the iminium ion can perform an intramolecular acyl substitution reaction

to give the condensation product 1.12.
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Scheme 1.2: Mechanism of the Ugi condensation

A diversity-oriented synthesis of fused dihydropyrazin-2(1H)-ones through a Ugi
4CR/deprotection/Heck sequence has been reported by Amador-Sanchez et al.3°
A collection of highly substituted fused-dihydropyrazinones 1.19 was prepared by
a practical approach from dimethylacetamide Ugi adducts 1.17. The
dimethylacetamide Ugi adducts were formed from the reaction of o-
haloarene/heteroarene 1.13, aminoacetaldehyde dimethyl acetal 1.14, the
corresponding aldehydes 1.15 and isocyanides 1.16. The protocol included a C—N
bond formation between the primary amide and the transitory oxocarbenium ion
formed under acidic conditions, and then the construction of the polycyclic system
after an intramolecular C(sp?)-C(sp?) Heck reaction, under one pot conditions
(Scheme 1.3). Structurally diverse poly aza-heterocycles were generated,
screened for cytotoxicity, and found to show important activity against prostate,

breast and lung cancer cell lines.
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Scheme 1.3: Ugi 4CR/Deprotection/Heck sequence for the DOS of fused

dihydropyrazinones

A highly efficient and chemoselective one-pot diversity-oriented synthesis of
coumarin derivatives has been described by Yang et al.3* Furo[3,2-clcoumarins
1.23 and 3-benzofuranyl chromenones 1.24 were prepared through an initial
chemoselective acylation of functionalized phosphorus zwitterions 1.22 and a
subsequent chemoselective intramolecular Wittig reaction. The functional
zwitterions were prepared through a tandem three-component reaction of 4-
hydroxycoumarin 1.20 and various 2-hydroxybenzaldehydes 1.21 (Scheme 1.4).
Benzofuranyl coumarins are a class of heterocyclic scaffolds that are known to
possess remarkable therapeutic activities, such as antibacterial, analgesic, and

even anticancer properties.32:33
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Scheme 1.4: Diversity-oriented synthesis of coumarin derivatives

A Mannich-type 4CR that involved combining aldehydes, amines, acid chlorides,
and nucleophiles to provide access to highly functionalized amide products that
could be further transformed by cyclizations involving ring-closing metathesis
(RCM), Dieckmann and Heck reactions, and Diels-Alder and dipolar cycloadditions
to give a diverse collection of heterocyclic scaffolds has been reported.3* Methyl
2-formylbenzoate 1.25 was condensed with either allyl or propargyl amine to give
intermediate imines that were treated sequentially with acetyl chloride and allylzinc
bromide to furnish adduct 1.26 in a one-pot operation (Scheme 1.5). Compound
1.26a was then converted into the benzazepine 1.27 via an RCM using Grubbs
catalyst followed by a Dieckmann cyclization. In a related process, 1.26b was
transformed via an enyne RCM/cross metathesis cascade that was catalysed by
the Hoveyda-Grubbs catalyst and in which styrene served as a fifth component to
give an intermediate that was cyclized by a Dieckmann condensation to give 1.28.
These two examples illustrate how simply changing one of the inputs for the 4CR
allows for differential processing of the initial adduct into targets of varying
complexity. Importantly, the keto amide and alkene groups in 1.27 and 1.28 serve

as potential initiation sites for further diversification.
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Scheme 1.5: Sequential Mannich-type 4CR/RCM/Dieckmann cyclization

Another multicomponent reaction that has been applied to combinatorial chemistry
is the Biginelli condensation, which uses aldehydes 1.29, (B-ketoesters 1.30, and
ureas 1.31 to form pyrimidines 1.32. This reaction has been performed with a
fluorous tag attached to the urea, as in 1.33, to facilitate purification of the
condensation product (Scheme 1.6). The fluorous silyl group is removed with

fluoride ion to give the benzoate.?®
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1.29 . R3020f\NH R%0,C NSO
o)
R%0,C * R2 | N/go R? H/go
| 2 H Rf = C10F21
2
R* oA N0 1.33: fluorous tagged
1.30 1.31 1.32 Biginelli product

Scheme 1.6: Biginelli condensation

1.3 Tandem Reactions in Organic Synthesis

A tandem reaction comprises at least two consecutive reactions such that each
subsequent reaction occurs only by virtue of the chemical functionality formed in

the previous step. Although often composed solely of intramolecular

10



transformations, tandem reactions can also occur intermolecularly, in which case

they also fall under the category of multicomponent reactions.

Tandem reactions, also known as cascade reactions, domino reactions, or
telescoped reactions®-?7 link several transformations together in a single process.
Typically, an initial reaction produces an intermediate that undergoes further
transformations with strategically positioned reactive centres in the same molecule,
with other compounds in the reaction mixture, or with additional reagents

introduced after the initial transformation takes place.®® The advantages are that

* simple starting materials can be used to rapidly build complex structures
with high selectivity in one process

» there are reduced operating costs and labour
* novel avenues of research and new reactions are developed

» the production is more sustainable whilst also avoiding the use and isolation

of toxic and/or hazardous substances

« potential additional environmental benefits through reduced waste and

processing (Figure 1.2)
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Figure 1.2: Stepwise and tandem processes

The usefulness of a tandem reaction is correlated firstly to the number of bonds
which are formed in one sequence — the bond-forming efficiency, secondly, the
increase in structural complexity, and, thirdly, to its suitability for a general
application.?®

The earliest example of a tandem reaction is arguably the synthesis of tropinone
reported in 1917 by Robinson.3® Schopf and Robinson324° put together a mixture
of succindialdehyde 1.34, methylamine 1.35, and acetonedicarboxylic acid 1.36 to
give eventually the bicyclic tropinone 1.37 which is a structural component of
several alkaloids such as cocaine 1.38 and atropine 1.39 (Scheme 1.7).%! The key

step in this synthesis is a double Mannich reaction.
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Scheme 1.7: Biomimetic tandem synthesis of tropinone 1.37

Since then, the use of tandem reactions has proliferated in the area of total
synthesis and is reflected by the relevant review articles published over the past

couple of decades.?0:39.41-47
1.3.1 Tandem Nucleophilic Reactions

Tandem nucleophilic reactions are defined as a reaction sequence in which the
key step constitutes a nucleophilic attack. An example of such a reaction is seen
in the synthesis of the broad-spectrum antibiotic (—)-chloramphenicol, reported by
Rao et al (Scheme 1.8). The chiral epoxy-alcohol 1.40 was first treated with
dichloroacetonitrile in the presence of NaH. The resulting intermediate 1.41 then
underwent a BF3-Et20-mediated tandem reaction — intramolecular opening of the
epoxide ring — yielding intermediate 1.42, which, after an in situ hydrolysis
facilitated by excess BF3-Et20, afforded (-)-chloramphenicol 1.43 in 71% yield.*348
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Scheme 1.8: Synthesis of (—)-chloramphenicol via a nucleophilic sequence

A subcategory of tandem nucleophilic reactions is organocatalytic sequences, in
which the key nucleophilic attack is driven by organocatalysis.

Sorensen and co-workers*® reported an organocatalytic sequence in the total
synthesis of the natural product (+)-harziphilone, 1.50, a naturally occurring
inhibitor of the binding interaction between HIV-1 Rev protein and the Rev-
responsive element (RRE) of viral mMRNA (Scheme 1.9).#* The starting material
enone 1.44, when treated with 1,4-diazabicyclo[2.2.2]octane (DABCO) 1.45,
yielded intermediate 1.46 via conjugate addition. Subsequent cyclization by the
intramolecular Michael addition of the enolate into the triple bond of the system
gave species 1.47, which afforded intermediate 1.48 after proton transfer and
tautomerization. The reaction was completed by elimination of the organocatalyst,
DABCO, and a spontaneous 61T-electrocyclic ring closure of the resultant cis-

dienone 1.49 to give (+)-harziphilone 1.50 in 70% overall yield.*44°

14



‘N

[,fj (1.45, 10 mol%)

CHCI3, 25 °C
conjugate addition

1.44 R = \;\/\/\
- _ — 1.46 —
o, L S84 ]
0o N@ (o NJ
// (®
_ proton transfer “, @
Michael reaction HO - 4 HO 0
HO CYR HO R
@O
1.47 - 1.48 -
O
(0] .,
-1.45 ‘n,, 6n-electrocyclization HO - O
- -~ |HO 0 _ o o
B-elimination HO XR 70% yield
L 1.49 - 1.50: (+)-harziphilone

Scheme 1.9: Organocatalytic cascade in the total synthesis of (+)-harziphilone 1.50
1.3.2 Tandem Electrophilic Reactions

A biomimetic electrophilic cascade®-5? was employed by Holton and co-workers in
their total synthesis of hemibrevetoxin B, a marine polycyclic ether with potent
biological activities such as neurotoxicity, cytotoxicity, and antiviral and antifungal
activities (1.55, Scheme 1.10).52 The substrate epoxy alkene 1.51 was treated with
N-phenylselenophthalimide 1.52 and led to sequential ring closure to give the
advanced intermediate 1.53 as a single stereoisomer due to the Sn2-type reactions
involved. The highly polar but non-nucleophilic solvent 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP) was chosen for its ability to stabilize such charged species without

interfering in the progress of the reaction. Fusion of the oxepane ring onto

15



intermediate 1.53 followed by the appropriate side-chain manipulations then

completed the total synthesis.5*55

1.55: hemibrevetoxin B 1.54

Scheme 1.10: Total Synthesis of hemibrevetoxin B using an epoxy-olefin

cyclization
1.3.3 Tandem Radical-mediated Reactions

Radical cascades are those in which the key step constitutes a radical reaction.
The high reactivity of free radical species renders radical-based synthetic
approaches desirable for cascade reactions.* A wide variety of radical cascades
have been designed and executed.>5’ The potential of these reactions is very high
due to the mild conditions under which radicals may be generated. These gentle
reaction conditions tolerate a wide range of functionality in the substrates; thus,
complex synthetic targets can be prepared with minimal use of protecting groups.
An additional advantage to the use of radicals is that they add to unactivated

double and triple bonds as well as to those bearing polarizing groups.

One of the most widely recognized examples of the synthetic utility of radical
cascades is the cyclization sequence employed in the total synthesis of (¥)-
hirsutene 1.60, which is known to possess remarkable biological properties
(Scheme 1.11).4458 Herein, alkyl iodide 1.56 was converted to the primary radical

intermediate 1.57, which underwent a 5-exo-dig radical cyclization to afford

16



reactive species 1.58. A subsequent 5-exo-dig radical cyclization led to
intermediate 1.59, which upon quenching gave the target (x)-hirsutene 1.60 in 80%

overall yield.4+58

n-BusSnH
cat. AIBN
_—

W\

—_—
L CeHe, reflux 5-exo-trig
H H
1.56 1.57 1.58
5-exo-dig n-BuzSnH
_—
_—
80% yield
1.59 1.60: (+)-hirsutene

Scheme 1.11: Cascade radical cyclization in the total synthesis of (x)-hirsutene
1.60

In their synthesis of (-)-morphine 1.66 (Scheme 1.12), Parker and Fokas used a
cascade radical process to form two rings and install the all-carbon quaternary
stereocentre in a single step. Treatment of bromide 1.61 with tri-n-butyltin hydride
and 2,2'-azobis(2-methylpropionitrile), AIBN in dry benzene heated in a degassed
sealed tube at 120-130 °C gave tetracyclic product 1.65 in moderate yield.>%%° The
reaction proceeds by the initial generation of aryl radical 1.62, which cyclizes onto
the tethered cyclohexene to form the dihydrobenzofuran system and the
guaternary center in 1.63. The approach of the aryl radical to the lower face of the
alkene (as drawn in 1.62) is governed by the stereochemistry of the ether linkage.
Secondary radical 1.63 then cyclizes in a 6-endo-trig fashion to generate benzylic
radical 1.64. The geometric constraints imposed by the tricyclic framework of 1.63
discourage the alternative, and otherwise generally kinetically favoured, 5-exo-trig
mode of cyclization. Finally, elimination of phenylsulfinyl radical forms the olefin
required for the completion of this formal total synthesis of morphine, one of the

most widely used drugs for the treatment of severe pain.6%.62
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Scheme 1.12: Tandem radical cyclization in the synthesis of (—)-morphine 1.66
1.3.4 Tandem Pericyclic Reactions

Pericyclic reactions are perhaps the most widely encountered kind of process in
cascade transformations. They include cycloadditions, sigmatropic
rearrangements and electrocyclic reactions, all of which have been employed in
cascades en route to natural product targets.** However, by combining two or more
pericyclic reactions the effect can be multiplied. There are considerable advances
in the use of pericyclic processes to start inter and intramolecular sequences. In
particular, tandem sequences involving asymmetric cycloaddition reactions are
highly effective processes for the rapid elaboration of complex polycyclic systems,
since each cycloaddition event generates a new ring and two new covalent
bonds.%3 In this set of reactions, there are sequences often including a Diels-Alder

reaction in the first step.4?

A representative example of a pericyclic cascade is the endiandric acid cascade
reported by Nicolaou et al. (Scheme 1.13).44%4 Herein the highly unsaturated
system 1.67 first underwent selective hydrogenation of the alkynes to give the
conjugated tetraene species 1.68, which upon heating underwent an 8-
conrotatory electrocyclic ring closure, yielding cyclic intermediate 1.69. A second

spontaneous electrocyclization, a 61r-disrotatory ring closure, converted 1.69 to the

18



bicyclic species 1.70, the geometry of which favoured a subsequent intramolecular

Diels-Alder reaction. The methyl ester of endiandric acid B 1.71, having

antibacterial activity, was thus obtained in 23% overall yield.
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Scheme 1.13: Pericyclic cascade in the synthesis of endiandric acid derivatives
1.3.5 Transition Metal-catalysed Reactions

Transition metal-catalysed cascades combine the novelty and power of
organometallic chemistry with the synthetic utility and economy of cascade
reactions, providing a more ecologically friendly and economical approach to

organic synthesis.*

The Heck reaction is an important way to couple aryl and vinyl systems in the
presence of palladium, and it forms the keystone to many tandem processes.656°
Pursuant to a strategy for the synthesis of illudin M 1.76, a compound with
antitumor antibiotic properties, a Heck vinylation /Diels-Alder reaction has been
investigated as a route to fused-ring bicyclic systems. Heck cyclization of 2-bromo-
1,6-diene 1.72 afforded the bis(exomethylene)cyclopentane 1.73 which, in the
presence of methyl-2-chloro-2-cyclopropylideneacetate 1.74, afforded an 83%

yield of bicyclic spirane 1.75. The reaction proceeded best when the entire
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transformation was carried out without isolation of the intermediate diene 1.73
(Scheme 1.14).38
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Scheme 1.14: Heck vinylation cascade route to the synthesis of bicyclic spirane
1.75

1.3.6 Tandem Photochemical Reactions

The advantage of using light to drive reactions lies in the fact that it is an
environmentally safe “reagent” that tolerates many functional groups. Since
photochemical reactions usually proceed from an excited electronic state,
reactions often produce unique products that are not available from ground state
reactants. On the other hand, photochemical reactions do not always meet the
selectivity requirements needed for organic synthesis, and the chromophores

required for light absorption generally leave unwanted functionality in the product.38

A photochemical process to receive attention in tandem organic synthesis was a
novel sequential cycloaddition / iminium ion formation / propargylsilane cyclization
to generate quinolizidines and pyrido[1,2-aJazepines.”® As an example, enamino
aldehyde 1.77 was irradiated in the presence of 50 equivalents of tert-butyl acrylate
1.78 to afford 2-hydroxytetrahydropyridine 1.79. Cyclization with TMSOTTf then
gave the quinolizidine 1.80 in 73% overall yield as a 35.5:1 mixture of a:3 epimers
at C(9a). In a formal sense, product 1.79 could arise from an initial [2+2] reaction

to the imino enol form of 1.77 followed by a ring expansion (Scheme 1.15).
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Scheme 1.15: Photochemically induced tandem reaction
1.3.7 Tandem Carbene Reactions

Electrophilic carbenes and carbenoids formed in the vicinity of heteroatom-
containing functional groups (especially ethers, amines, and carbonyls) react to
form ylides capable of undergoing further transformations. Processes initiated by
heteroatom addition to a carbene centre include [2,3]-sigmatropic
rearrangements,’t’3 Stevens [1,2]-alkyl shifts,”*"® and 1,3-dipolar cycloaddition of

carbonyl ylides.80-84

Two syntheses based on [2,3]-sigmatropic rearrangement of carbene-derived
ylides have been reported. Pirrung and co-workers’! have utilized a carbene-based
tandem reaction in an enantioselective synthesis of (+)-griseofulvin 1.85.
Griseofulvin is a classical antifungal agent still used in the treatment of a number
of types of dermatophytosis (ringworm).8 The diazoketoester 1.82 was prepared
from 3,5-dimethoxyphenol 1.81 in six steps with an overall yield of 32%.
Decomposition of 1.82 in the presence of Rh2(OPiv)4 produced oxonium ylide 1.83,
which underwent a [2,3]-sigmatropic rearrangement to afford a 62% yield of 1.84
as a single stereoisomer. A six-step sequence converted 1.84 to the natural

product in 26% overall yield (Scheme 1.16).
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OMe OMe O 5 mol% i |
/@\ 6 steps COz;Me Rh,(OPiv),
MeO OH 32% MeO o N2 benzene, 80 °C
cl )\/\ 62% MeO
1.81 1.82 -
OMe o OMe
6 steps
o0 -
MeO 26% MeO
Cl
1.85 1.84

Scheme 1.16: Tandem carbene reactions

1.4 Quinones

To explain the chemistry of azaquinone which is what this project is about, it is
worth considering the chemistry of 1,4-benzoquinone since it is similar in structure

to azaquinone.

Quinones are a group of cyclic, conjugated diketone compounds that are widely
distributed in nature, and are used in the dye industry because they are mostly
coloured substances e.g. alizarin 1.86 and purpurin 1.87 (Fig. 1.3). Quinone
molecules are well known as electron acceptors and emit virtually no light in the
visible region. The introduction of donors and/or acceptors into the quinone nucleus
produces visible absorption with intramolecular charge-transfer character.
Quinones have also been used as analytic reagents, polymer modifiers,

photoresistors, and catalysts.’

O OH O OH
CooT co”
o O OH

1.86 1.87

alizarin purpurin

Figure 1.3: Some useful quinone compounds
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The quinone of interest is 1,4-benzoquinone, because it is closest in structure to
N-phenylquinonimine (azaquinone). The addition of nucleophiles to 1,4-
benzoquinone is shown in Scheme 1.17.87 A large proportion of the quinone
chemistry involves 1,4-addition to the a,B-unsaturated system for which a large

range of nucleophiles can be used.

NHR

RHN

Wy( O 189
0 (v) o}
j o OH
=, MeOH
T (ii) RLi or RMgX .
-78°C, 1 h
o)

®
© HSO HO R OH
1.96 1.88
1.90 1.91
(iv) PhOH (iliy RSH
H,0, 50 - 70 °C

OH
SR
OH
0 0 O
0
‘ " ‘ oH \© OH
5 1.92

1.93 1.94 1.95

Scheme 1.17: Nucleophilic addition reactions of Quinone
() nitrogen nucleophiles (ii) 1,2-addition (iii) sulfur nucleophiles (iv) oxygen

nucleophiles (v) cycloadditions
1.5 Azaquinones

Azaguinones are highly coloured compounds®-°2 and constitute a core structure in
several important natural products (Fig. 1.4),°3%* some of which are key abiotic and
biological compounds, which intercalate with DNA.®> New avenues for molecular
sensors® and ligands,®”%® for drug delivery,®®1% and controlled material growth
have been provided through many of these hybrid materials.°* Azaguinones can
also be used as building blocks to other useful synthetic compounds, and therefore

represent a new frontier for the design and generation of molecular complexity.19*
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1.99

1.100

exfoliazone R = H
venezueline E; R = COPr

R = DNA, peptide or protein peristrophine
Figure 1.4: Some azaquinone containing natural products©t
1.5.1 Chemistry of Azaquinone

Azaquinone can react with nucleophiles by 1,2-addition or 1,4-addition.
Azaquinone has two unique sites susceptible to 1,2-addition — the ketone and the
imine. If the nucleophile is an amine, for example RNH2, attack at the carbonyl
carbon followed by reduction gives 1,4-diaminoarenes 1.102, whilst attack at the

imino carbon converts the N-phenyl group to a new group 1.103 (Scheme 1.18).

O) Nu
( |\J 0
“Ph

1.103 1.101 1.102

Scheme 1.18: Nucleophilic attack by 1,2-addition to the ketone or the imine

As stated above, there are two possible a,3-unsaturated systems in azaguinone
chemistry: a,B-keto and a,B3-imino. All the four B-carbons are unique and have
different reactivity. Scheme 1.19 shows the products of attack of a nucleophile at
all four sites susceptible to 1,4-addition. By quenching the enolate with an
electrophile other than H ®, it may be possible to selectively add two substituents

to the ring in a single reaction. The stereochemistry of the N-arylamine also
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introduces asymmetry. Nucleophilic addition to the a,3-ketone system generates
products 1.104 and 1.105, whilst addition to the a,B-imine generates products
1.106 and 1.107.

a.B— keto attack o,B—imino attack
(@] O
E Nu
E@
NS =
Nu
| Nu Nu |
LS oy e g [
Ph
©) N

K\y 110:h

1.104 E/ -~ -
o A A S
E Noph E® 9
N-ph |
1.105 N\Ph
1.107

Scheme 1.19: Nucleophilic attack by 1,4-conjugate addition
1.5.2 Conjugate Addition

One of the largest and most diverse classes of reactions is composed of
nucleophilic additions to a carbonyl group. Conjugation of a double bond to a
carbonyl group transmits the electrophilic character of the carbonyl carbon to the
B-carbon of the double bond. These conjugated carbonyl groups are called enones
or a,B-unsaturated carbonyl groups. A resonance description of this transmission
is shown in Scheme 1.20.192 As a result, nucleophiles may attack either at the
carbonyl carbon or at the 3-carbon. These two modes of reaction are referred to
as 1,2-addition and 1,4-addition respectively. A 1,4-addition is also called a

Conjugate Addition or Michael Addition.

o) © o

o (0]
\)J\R \)@)\R @\/\R
1.108

Scheme 1.20: Resonance structures of conjugated carbonyl groups
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Nucleophilic conjugate addition is therefore a type of organic reaction in which a
nucleophile reacts with an a,B-unsaturated carbonyl compound in the B-position.
The negative charge carried by the nucleophile is delocalized in the alkoxide anion
and the a-carbon carbanion by resonance. Protonation leads, through keto-enol

tautomerism, to the saturated carbonyl compound (Scheme 1.21).

E
AP S Q = OE 0
\/\f\) . WO Y\fo W OR
@) Nu Nu Nu Nu
Nu
1.109 L E=H® 1.111

Y\fo
Nu

1.110

Scheme 1.21: Mechanism of conjugate addition

Nucleophiles that undergo conjugate addition with a,p-unsaturated carbonyl
compounds include water, alcohols, thiols, primary and secondary amines,
bromide, chloride and cyanide. The actual bond-forming step in the reaction must
involve movement of electrons from the HOMO of the nucleophile to the LUMO of
the unsaturated carbonyl compound (electrophile) (Scheme 1.22).103

electrons must

move from HOMO
of nucleophile

1.108 1.112

to LUMO
of electrophile

Scheme 1.22: Mechanism for 1,4-conjugate addition

Conjugate addition is effective in the formation of new carbon-carbon bonds with
the aid of organometallic reagents such as the reaction of an organozinc iodide

with methylvinylketone, 1.114 (Scheme 1.23).104
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Scheme 1.23: Organozinc iodide reaction with methylvinylketone 1.114

The way that nucleophiles react (either by conjugate addition or 1,2 addition)

depends on

e The type of nucleophile
e The reaction conditions

e The nature of the a,B-unsaturated carbonyl compound

Hard nucleophiles are typically from the early rows of the periodic table and have
higher charge density and tend to favour 1,2-addition, whereas soft nucleophiles
tend to be from the later rows of the periodic table. They are either uncharged or
have larger atoms with a more diffuse orbitals and tend to favour 1,4-addition.

Table 1.1: Hard and Soft Nucleophiles

Hard Nucleophiles | Intermediate | Soft Nucleophiles

F, HO", RO, CI N3, 'CN I, RS, RSe"

H20, ROH, R'COR? | RNH2, R'R?NH | RSH, R3P

NHs, RMgBr, RLI Br Alkenes, aromatic rings

Treating an enone, 1.114 with cyanide and an acid catalyst at low temperature
gives a cyanohydrin, 1.116 by direct attack at C=0, whilst heating the reaction

mixture leads to conjugate addition product, 1.117 (Scheme 1.24).103

NC, PH NaCN, HCN Q C Cc
aCN, NaCN, HCN
P P i CN
5-10 °C 80 °C
1.116 1114 1117
cyanohydrin conjugate addtion
(direct addition product

to carbonyl)

Scheme 1.24: Reactions of methylvinylketone with cyanide
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The contrast between the two products is that the cyanohydrin is formed faster
than the conjugate addition product, but the conjugate addition product is the more
stable compound hence the thermodynamic conditions giving the conjugate
addition product.

Typically, kinetic control involves lower temperatures and shorter reaction times,
which ensures that only the fastest reaction has the chance to occur. And, typically,
thermodynamic control involves higher temperatures and long reaction times to
ensure that even the slower reactions have a chance to occur, and all the material

is converted to the most stable compound (Scheme 1.25).103

S) o)
NC OH o CN )J\/\
)Q/ —_— )J\/ -------- E CN
fast but slow but
1.116 reversible 1.114 irreversible 1.117

thermodynamic
product: more
stable

kinetic product:
forms faster

Scheme 1.25: Thermodynamic control versus Kinetic control

The site of nucleophilic attack is determined by reactivity: the more reactive the
carbonyl group, the more direct addition to C=0 will result. The most reactive
carbonyl groups are those that are not conjugated with additional heteroatoms
such as O or N (as they are in esters and amides), particularly reactive are acyl
chlorides and aldehydes and ketones. For esters and other less reactive carbonyl

compounds, conjugate addition is the only reaction that occurs.03

Steric hindrance also has a role to play: the more substituents there are at the
carbon, the less likely a nucleophile is to attack there, with preference therefore
being 1,2-addition irrespective of the nucleophile.

1.5.3 Reactions of Azaquinone

The reactions of azaquinone, 1.101 reported in the literature are minimal with very
limited examples; the scope and application remain to be established as does the
regiochemistry of the transformations. Given the regiochemical possibilities of

products resulting from nucleophilic addition, modern analytical techniques would
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be useful in confirming the structure of the products, which is critical if azaquinone
is to be used as a versatile intermediate in tandem reactions. Scheme 1.2657:105.106

shows some of these examples.
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/ 1.101 NH,
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y N2 (i g (i) A~~~ (iv) NH;
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Scheme 1.26: Azaquinone reactions
1.6 The Chemistry of Hypervalent lodine

In this project, azaquinone was initiated from arylation using diaryliodonium salts,
making it important to understand the chemistry of hypervalent iodine. lodine is
commonly found in organoiodine compounds in the monovalent form with an
oxidation state of -1. It generally forms weak bonds with carbon, with a bond
dissociation energy of about 57 kcal/mol for a typical C—I bond!®” and plays an

important role in organic reactions and synthesis. However, because it is a large,
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polarizable, electropositive and abundant group 17 element, it also forms stable

polycoordinate, multivalent compounds.1%®

The first polyvalent organic iodine complex, PhICl2, was prepared by German
chemist C. Willgerodt in 1886. Although its oxidizing properties were known since
1893, a renaissance in the field of polyvalent iodine has occurred only in the past

20 years, 109,110

The chemical properties and reactivity of hypervalent iodine is similar to the heavy
metal reagents such as Hg(lll), TI(lll), and Pb(IV) but without the toxicity and
environmental issues. Reaction conditions are mild and there is commercial

availability of key precursors such as Phl(OAc)2.

Hypervalent compounds have a non-standard number of bonds. Therefore, they
are given a A-notation according to IUPAC nomenclature. lodine compounds with
three or five ligands are hence denoted as A3- and A° -iodanes respectively. A A3-
iodane forms a trigonal bipyramidal structure with its 10 valence electrons whereas
a A-compound has 12 valence electrons and adopts a distorted octahedral
structure (Fig. 1.5).11

b AT
N |
Arl-I. JIN
i~ 71 L
L )
A3-iodanes A\S-iodanes

L = halogen, O- or N- ligand
Figure 1.5: General structural types of hypervalent iodine compounds

1.6.1 Classes of Hypervalent lodine

Hypervalent iodine chemistry is based on the strongly electrophilic nature of the
iodine making it susceptible to nucleophilic attack, in combination with the leaving
group ability of the phenyliodonio group — I(X)Ph (~10° times greater than
triflate!!!).1%8 The favourable reduction of the hypervalent iodide to normal valency

by reductive elimination of iodobenzene is the key to its reactivity.
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lodine(V) reagents such as DMP, 2-iodoxybenzoic acid (Fig. 1.6) and their
analoguest'?113 are frequently used as mild reagents for the oxidation of alcohols
to the corresponding carbonyl compounds e.g. in the total synthesis of natural

products.t14-116

lodine(lll) compounds with two heteroatom ligands, such as Phl(OAc)z, are also
frequently employed in the oxidation of alcohols to carbonyl compounds,
difunctionalization of alkenes, synthesis of quinones, in rearrangements and also

in a-functionalization of carbonyl compounds.t*’

lodine(lll) compounds in which the iodine bears two carbon ligands can undergo
reactions whereby they transfer one of the ligands to a range of nucleophiles. They
can be used to oxidize metals to unusual oxidation states e.g. Pd(ll—IV).1%®
Moreover, they can also be used in sequential cyclizations for the synthesis of

several important heterocyclic compounds.11?

CL,, L, (0

(dichloroiodo)benzene (difluoroiodo)benzene iodosylbenzene
©\ ©\ : 4O
I(OAC), I(OCOCF3), |
OTs

(diacetoxyiodo)benzene [bis(trifluoroacetoxy)iodo]benzene [(hydroxy)(tosyloxy)iodo]benzene
(Koser's reagent)

OH
° Aco_OAc 2o
oo O °
e} O
diphenyliodonium salts Dess-Martin Periodinane 2-iodoxy-benzoic acid

Figure 1.6: Most frequently used hypervalent iodide reagents!?°

lodine(lll) compounds are electrophilic at iodine, because of the node in the

occupied non-bonding orbital of the hypervalent bond (Fig. 1.7). Thus, they react
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with various nucleophiles by initial Nu—I bond formation and release of one of the

ligands.
OO OO _— anti-bonding orbital
A
o0 - A — non-bonding orbital
A
OSOOACO — bonding orbital
L——I——L

Figure 1.7: Orbital diagram of a hypervalent bond

Diaryliodonium salts are the best-known compounds in this class. Owing to their
highly electron-deficient nature and the presence of an excellent leaving-group,
they serve as versatile arylating agents with a variety of nucleophiles. This will be

discussed in detail below.

1.7 Diaryliodonium Salts
1.7.1 Structure and Reactivity

Diaryliodonium salts are generally air and moisture stable compounds that were
first reported by Hartmann and Meyer in 1894'?! and are the most investigated
structural type amongst the iodonium salts. They adopt a trigonal bipyramidal
structure with one aromatic moiety occupying the equatorial position and the other
aryl group in the apical position together with a heteroatom ligand. The salt is
referred to as a symmetric salt if Art = Ar?, and as an asymmetric salt if Art # Ar?
(Fig. 1.8).

S
a) )I( \'. )I( \\.- b) @X
1 2_12 _
Ar—l~ . Ar-l~ . Ar'T AR
Ar? Ar’
Ar! equatorial Ar' apical X = Cl, Br, |, OTf, OTs, BF, PFg

Figure 1.8: General structure of diaryliodonium salts a) T-shaped with a covalent
bond to X b) Salt form
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However, insufficient understanding of the hypervalent structure in solution makes
depiction of asymmetric diaryliodonium salts as the T-shaped trigonal bipyramidal
structure problematic. For example, which aryl group should reside in the
equatorial position and which in the apical position. Instead, these salts are often
illustrated as a positively charged iodine atom with two aryl ligands and an
associated anion (Fig. 1.8b)*?? which does not always adequately reflect their

reactivity.

lodine(lll) compounds with two heteroatom ligands are believed to retain this T-
shape in solution, whereas the diaryliodonium salt structure in solution has been
debated and could depend both on the anion X and the solvent.12 The IUPAC
nomenclature for this compound class is “diaryl-A3-iodanes”, although the old term

diaryliodonium salt is the most common in use today.

Diaryliodonium salts can have a range of substituents on the aryl rings and a range
of counter-ions can also be used. The anion X © influences both the solubility and
reactivity of the salts, diaryliodonium salts with halide anions are generally
sparingly soluble in many organic solvents, whereas triflate salts have good
solubility.*?* In general, non-nucleophilic and weakly nucleophilic anions such as
triflate, tosylate, tetrafluoroborate or hexafluorophosphate are preferred over
halides in synthetic applications so that the anion does not provide a competing

nucleophile (Scheme 1.27).

©
Nu Ar'-Nu + Ar’=l + Ar'-X (by-product)
X /
IS
Arl-I< .
| .
Ar? \
N@ Ar’-Nu + Ar'—l + Ar2-X (by-product)
u

Scheme 1.27: General arylation of a nucleophile
1.7.2 Chemoselectivity of Asymmetric Diaryliodonium Salts

Asymmetric salts are often preferred over symmetric ones for a variety of reasons.

Asymmetric diaryliodonium salts are desirable when the starting materials are of

limited availability or expensive, as one aryl moiety can be selectively transferred,

with the other aryl moiety behaving as a “dummy ligand” or non-participating group.
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The most frequently used non-participating group, for metal-catalysed reactions is
the mesityl group. In metal-mediated reactions with asymmetric salts, the least
sterically hindered arene is selectively transferred. If steric bulk is not a factor, then
the most electron-deficient arene is preferentially transferred as nucleophiles show
a preference for the most electron-deficient ring, therefore the ring with the
electron-withdrawing group ends up in the arylated product.''® The aryl groups can
often be differentiated from each other electronically or sterically as both properties
are known to influence the outcome of the substitution reaction. The recycling of
the non-participating aryl iodide may also be achieved by choosing an asymmetric

salt, thereby making the process more efficient (Scheme 1.27).122
1.7.3 Synthesis of Diaryliodonium Salts

The first synthesis of a diaryliodonium salt was accomplished over 100 years ago
by Victor Meyer'?? and refined by Beringer in the 1950s to a working one-pot

reaction, albeit with a small substrate scope (Scheme 1.28).12°

HSO4 N, o ©
25208
©/ © "HpSO, ©/ \© “Anion ©/ \©
Exchange 79%
1.125 1.126 1.127

Scheme 1.28: Beringer’s one-pot synthesis of a diaryliodonium salt

The first regiospecific synthesis of diaryliodonium tosylates 1.130 was discovered
by Koser and co-workers in 1980. The reaction of hydroxy(tosyloxy)iodobenzene
(Phl(OH)OTs, Koser's reagent), 1.128 with arylsilanes, 1.129 under neutral
conditions occurred by ipso-substitution regardless of the other functionality R and
R? (Scheme 1.29).126.127

Substituted versions of Koser’s reagent could also be employed, delivering both
symmetric and asymmetric salts in moderate yields. Electron-rich arenes, such as
thiophene, react with Arl(OH)OTs without the need for the trimethylsilyl (TMS)

activating group and only give one regioisomer.1?®
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Scheme 1.29: Koser and co-workers’ synthesis of diaryliodonium salts

Oloffson and co-workers developed a new regiospecific sequential one-pot
synthesis of symmetrical and asymmetrical diaryliodonium tetrafluoroborates
based on the use of boronic acids (Scheme 1.30).12° The reaction was fast, high
yielding and gave a large substrate scope as the use of boron trifluoride etherate
could give rise to diaryliodonium tetrafluoroborates without an extra anion-
exchange step. In addition, the corresponding diaryliodonium triflates were

conveniently obtained via an in-situ anion exchange.

@ @
4
A~ _~_B(OH), m-CPBA TfOH
e e By e
N —R
N CH2C|2 15 min, rt
1.131 1.132 45 min, rt 1.133 1.134

Scheme 1.30: One-pot synthesis of symmetrical and asymmetrical diaryliodonium

tetrafluoroborates

The most common way of synthesizing diaryliodonium salts is a stepwise approach
in which an aryl iodide, 1.135 is converted into an aryliodine(lll) compound, 1.136
by treatment with an inorganic oxidant under acidic conditions (Scheme 1.31A).
This aryliodine(lll) species is isolated and subsequent ligand exchange with an
arene, an arylstannane, an arylsilane, or an arylboronic acid delivers the
diaryliodonium salt under acidic conditions.''® The anion usually originates from
the acid used, and an anion exchange is often performed to give a more easily
isolated and/or applicable salt. Structurally diverse diaryliodonium salts can be
obtained by employing different reagents depending on the electronic properties of
the aryl moieties, although choosing the correct method can be difficult for non-

specialists in the field. To shorten the synthetic route to symmetric diaryliodonium
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salts, preformed inorganic iodine (lll) reagents, 1.137 e.g. iodosyl fluorosulfate can
be employed. (Scheme 1.31C)*3°

X@
Oxidant Ar2-H or Ar2-M |@
A) Al = Ar'-lLy Art Ar2
Acid Acid
1.135 1.136 1.138
l Anion exchange
) S . Y@
1 , . Oxidant ®X "~ Anion I@
A=l + APH T S
B) Acid Arl Ar2 exchange Arl Ar
1.135 1.138 1.139
Ar—H OrAr—M ©
L I@X Anion exchange
) 3 Acid A’ Ar M = SnBuj, SiMe; or B(OH),
1.137 1.138

Scheme 1.31: General acidic routes to diaryliodonium salts
1.7.4 Applications of Diaryliodonium Salts in Organic Synthesis

Diaryliodonium salts are often applied in metal-catalyzed cross-coupling
reactions,%®131 in the a-arylation of carbonyl compounds,®?13% as benzyne
generators,'%¢ as precursors to 8F-labeled radioligands'®’ and as biologically
active compounds in their own right.*38 In a specific example, a study of the in vitro
activities of several diaryliodonium salts against oral and dental anaerobes has
demonstrated that their activities are comparable to that of chlorhexidine and these
compounds may be suitable for incorporation into an oral mouthwash.**® It was
noted that their activities were generally equivalent to that of chlorhexidine.
However, the structure-activity relationships of the iodonium salts used were not

determined and human trials were not considered.

Many applications of diaryliodonium salts in organic synthesis have emerged over
the past decade and the field now encompasses such diverse elements as
electrophilic arylation of a wide range of nucleophiles,'3?140 and dearomatization
of phenols.’* Encouragingly, advances are also being made in asymmetric
synthesis'#2143 although this area remains in its infancy, providing a challenging
target for future research. In addition, these versatile compounds are industrially
applied as cationic photoinitiators in polymerization processes.44145
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In 1953, Beringer et al.,'*¢ demonstrated that diaryliodonium bromides were useful
reagents for the phenylation of versatile organic and inorganic bases including
alkoxides, phenoxides, benzoates, nitrites, sulfonamides, amines, sulfites,
sulfonates, and cyanides under relatively mild conditions. These results have
provided the basis for a new research field using diaryliodonium salts as reagents
in organic transformations. Since these first discoveries, several methodologies
have been developed for carbon and heteroatom arylations using diaryliodonium

salts.124

1.8 Arylation Reactions

Arylation reactions are widely used in organic syntheses and various arylation
reactions using diaryliodonium salts have been reported. Alcohols,'*’ acids,4®
amines,'* thiols,’®® and carbonyl compounds!®*?> have all been arylated

successfully with diaryliodonium salts.

X@
o H
R_@/ \@ _ AOH ©/\© _ANH, _©/N\©
X DMF, 110 °C, 24 h DMF, 130 °C, 24 h X
1.141 1.140 1.142

Scheme 1.32: General arylation of anilines and phenols using diaryliodonium

salts1°t

New 8-chloro-2-phenyl-2,7-naphthyridin-1(2H)-one building blocks bearing diverse
substituents on the 2-phenyl group 1.145 have been synthesized via an efficient
diaryliodonium salt-based N-arylation strategy. A small combinatorial library of 8-
amino substituted 2-phenyl-2,7-naphthyridin-1(2H)-one 1.147 was further
constructed using the mild acid-catalyzed nucleophilic substitution of chlorinated
naphthyridinones 1.145 and substituted anilines 1.146 (Scheme 1.33).1%2
Preliminary biochemical screening resulted in the discovery of the new 2,7-
naphthyridone-based MET / AXL kinase inhibitors with comparable MET / AXL

potency to that of commercial cabozantinib.
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Scheme 1.33: Synthesis of N-Phenyl-2,7-naphthyridin-1(2H)-one-based MET /
AXL inhibitors

1.9 Summary

This introduction chapter has served to be an overall guide through the important
chemistry that will be discussed in this thesis. We have seen how diversity oriented
syntheses can expand the chemical space and identify novel and better drug
molecules. We have shown the great synthetic utility of complexity-generating
reactions that allow structural complexity and building blocks leading to structural
diversity. We have also seen how tandem reactions allow us to use simple starting
materials to build complex structures with high selectivity in one process.
Azaquinones, which can be initiated from arylation reactions using diaryliodonium
salts, can serve as building blocks to other synthetic compounds, and therefore

represent a new frontier for the design and generation of molecular complexity.
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Chapter 2. Synthesis of azaquinone and investigation of the

addition of nitrogen and sulfur nucleophiles to azaquinone

This project aims to study the possible tandem reactions of 4-
(phenylimino)cyclohexa-2,5-dien-1-one (Azaquinone), via nucleophilic addition
and oxidative cyclisation. Computational studies will also be used to investigate the
mechanism where alternatives are possible. Azaquinone is an unexplored yet
versatile building block. The chemistry of azaquinone with all six carbon atoms in
the quinoid ring being different will form the basis for studies in this chapter as
attack of nucleophiles is possible to both of the a,B-unsaturated systems, thus
demonstrating the use of azaquinone as a potential key intermediate in tandem

reactions and a new class of building block leading to structural complexity.

2.1 Arylation of binucleophiles

As arylation of amines and phenols has been reported to give mono-functionalised
molecules, the group considered the relative arylation of these two functional
groups, the amino and the hydroxyl groups viz: aminophenols to establish whether
one could be arylated selectively in the presence of the other.

The arylation of 2-hydroxyaniline 2.2 with diaryliodonium trifluoroacetate 2.1 gave
the N-arylation product in preference with only trace amounts of N,O-diarylation
being detected®! (Scheme 2.1).

CF3COO@

©) H OH
PRGNSR
+ oy
OH
21 2.2 2.3

Scheme 2.1: N-Arylation of 2-hydroxyaniline, 2.2 with diaryliodonium
trifluoroacetate

The arylation of 3-hydroxyaniline and 4-hydroxyaniline with diaryliodonium
trifluoroacetate was also found to be N-selective.'®* However, in the case of 4-
hydroxyaniline, the oxidised product — azaquinone — was also detected due to the

oxidising property of hypervalent iodine species (Scheme 2.2).
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Scheme 2.2: N-Arylation of 4-hydroxyaniline, 2.4 with diaryliodonium

N

2.6

trifluoroacetate

Arylation reactions of diaryliodonium salts with species containing multiple
nucleophilic sites may show selectivity, as in the case of hydroxyanilines and the
resulting products can undergo further transformations, extending the utility still
further. For example, tandem reactions can be carried out on the product
diarylamines of the N-arylation reactions of 2- and 4-hydroxyanilines as they
generate azaquinones on oxidation. This will allow the preparation of diverse yet
complex structures (e.g. post arylation ring formation) from simple, available
starting materials without the need to isolate any of the intermediates.

In addition to batch conditions, the reaction was also conducted in a flow reactor
using a copper coil which also acts as a catalyst for the reaction eliminating the

need for the additional reagents (Fig. 2.1).1%?

Solution A: .
Diaryliodonium
saltin DMF c Waste
U 125 mU/min
@ 100 psi
F
. Copper Coil
Solvent: DMF | < Y Sopper Coil
0.125 mL/min Temp: 130°C
Solution B:
ArNH; in DMF

Figure 2.1: Transfer to Flow Chemistry
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2.1.1 Synthesis of Diphenyliodonium salts

Diphenyliodonium salts were used in the arylation studies, iodobenzene 2.7 was
used to synthesize (diacetoxyiodo)benzene 2.9 in excellent yield using sodium
perborate as the oxidising agent (Scheme 2.3).153

[ NaBO3.4H,0, CF3SO3H I(OAc),
©/ + CH,COOH ©/
3-8 h, 40-45 °C, 86-99%

2.7 2.8 2.9

Scheme 2.3: Formation of (diacetoxyiodo)benzene from iodobenzene

Diphenyliodonium trifluoroacetate 2.1 was then prepared from
(diacetoxyiodo)benzene 2.9 and phenylboronic acid according to a reported

procedure (Scheme 2.4).149

CF3COO@
®
I(OAc), B(OH), l
SARNG SR®
DCM, TFA, -30 °C
2.9 2.10 2.1

64%
Scheme 2.4: Formation of diphenyliodonium trifluoroacetate  from

(diacetoxyiodo)benzene
2.1.2 Arylation with aniline

A preliminary arylation study (Scheme 2.5) was carried out to investigate the
formation of diarylamines from diphenyliodonium trifluoroacetate 2.1 and aniline
2.11, using reported conditions—DMF at 130 °C, for 24 h to serve as a control
reaction for subsequent reactions using diaryliodonium salts and 4-

hydroxyaniline. 154155
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2.1 212 2.7

Scheme 2.5: Formation of diphenylamine 2.12 from diphenyliodonium

trifluoroacetate

A HPLC method (see page 131) was also developed to allow rapid analysis of this

reaction, once transferred to a flow chemistry protocol and this is shown below.

2,4003 mAU [RONZ 7= 06_2076 12_ET_53.0ATA]
z‘zuoi 1
2,000] 12
18003
1,600
14003
12003

1,000

EE:
£
800
p

S RT [min]
0 1 2 3 4 5 6 7 8 $ 10 11 12 13 14 15 16 17 18 19 2 21 2 23 24 25 26 27 2 29 30

Figure 2.2: HPLC chromatogram of reaction of 2.1 with aniline

The presence of phenol 2.13 (Table 2.1; peak 5) as a by-product of the reaction
can be attributed to possible hydrolysis of the diaryliodonium salt 2.1, achieved by
nucleophilic addition of water and then reductive elimination as shown in Scheme
2.6a or by addition of the counter-ion (trifluoroacetate) followed by hydrolysis of the
resulting ester (Scheme 2.6b). The latter is more likely given the presence of

phenyltrifluoroacetate 2.14 (Table 2.1; peak 6) in the crude reaction mixture.
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Table 2.1. Peaks in Chromatogram (Fig. 1.6) from HPLC of standards

Peak | Retention Time (min) | Compound
4 10.60 @NHz
2.11
5 11.80 ©/°H
2.13
6 12.40 O\ -CFs
JY
°© 214
11 26.00 ©/'
2.7
12 27.40 N

HZO:’>
© Ha
CF3C00 0 . on |
& P -CF3COO0H N
OO — | PO T
2.1 213 2.7

o)
©
O)J\CFg,

b
) N 0. _CFs | OH '
O O e
o)
21 2.14 2.7 213

215 27

Scheme 2.6: Reaction mechanism for the formation of phenol 2.13 and

phenyltrifluoroacetate 2.14
2.1.3 Arylation with 4-hydroxyaniline

The result of this initial reaction (Scheme 2.5) provided the desired diarylamine
2.12 in good yield and prompted us to proceed to the reaction with 4-hydroxyaniline
(Scheme 2.7) to determine the relative reactivity of anilines and phenols as both

have been shown to undergo arylation using diphenyliodonium salts.156
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Scheme 2.7: Formation of 4-hydroxydiphenylamine 2.5 from 2.1

The reaction was done under batch conditions using both one equivalent and two
equivalents of the diaryliodonium salt 2.1 and the results are given in Table 2.2.

Table 2.2. Reaction of diphenyliodonium trifluoroacetate with 4-hydroxyaniline at
130 °C

Entry | 2.1 2.4 Time | Solvent | 2.5:2.72
(h)

1 lequiv. | lequiv. | 24 DMF 1.6:1
5 5 (50 mL)
mmol) | mmol)

2 2equiv. | lequiv. | 24 DMF 1.2:1
(a0 (5 (50 mL)
mmol) | mmol)

3 2equiv. | lequiv. | 24 DMF 1.1:1
(2.5 (2.25 (25 mL)
mmol) | mmol)

@ ratio by HPLC analysis of the crude reaction mixture of Scheme 2.7.

This was surprising as previous work in the group on the reaction of
diphenyliodonium trifluoroacetate with 4-hydroxyaniline in a continuous flow
process gave the N-arylation product as the major product. A product of oxidation,
4-(phenylimino)cyclohexa-2,5-dien-1-one (azaquinone) 2.6 was also detected
when two equivalents of diphenyliodonium trifluoroacetate was used, as
hypervalent iodine species have also been used as oxidising agents (Scheme
2.2).155157 This suggests different reaction preferences depending on the

conditions used.

The formation of 4-hydroxydiphenylamine also suggests selectivity for N-arylation
over O-arylation when both nucleophiles are present in the same substrate. The
unidentified peaks in Table 2.3 could indicate the presence of O-arylation or N,O-
diarylation products but standards were not available. However, identification of
these peaks by accessing practical amounts of these compounds as analytical

reference materials will constitute further work.
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The chromatograms for the reactions given in Table 2.2 are as shown.
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The reaction of diphenyliodonium trifluoroacetate 2.1 with 4-hydroxyaniline 2.4
(Table 2.2; Entry1)
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The reaction of diphenyliodonium trifluoroacetate 2.1 with 4-hydroxyaniline 2.4
(Table 2.2; Entry 2)
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The reaction of diphenyliodonium trifluoroacetate 2.1 with 4-hydroxyaniline 2.4
(Table 2.2; Entry 3)

Figure 2.3: HPLC chromatograms for the reaction in Table 2.2
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Table 2.3. Identification of HPLC peaks in the reaction of 2.1 and 2.4 (Fig. 1.7) by

comparison to standards.

Peak | Retention Time (min) | Compound
1 2.2 Solvent (DMF)
2 7.2 n/i

3 11.8 ©0H
2.13
4 12.4 o__CFs
Y
° 214

5 16.4 n/i

A o
02.6

7 21.4

H
: N :
OH2.5
8 25.8 ©/'
2.7

9 26.6 n/i
10 28.4 n/i

n/i = not identified
2.1.4 Counter-ion effect

The effect of the counter-ion of the diaryliodonium salt on the outcome of the
reaction was also studied (Fig. 2.4). As mentioned previously, diaryliodonium salts
with halide anions are generally sparingly soluble in many organic solvents,
whereas triflate and tetrafluoroborate salts have good solubility. In general, non-
nucleophilic anions such as triflate, tosylate, tetrafluoroborate or
hexafluorophosphate are preferred over halides in synthetic applications because
they limit competing nucleophilic substitution from the counter-ion for example

leading to aryltrifluoroacetates in the case of 2.1 (see Table 2.3; peak 4).
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A
2.1, 2.16a-2.16d

X = CF;C00 2.1
X = Cl 2.16a, OTf 2.16b, OTs 2.16¢, PF; 2.16d

Figure 2.4: Diphenyliodonium salts with counter-ion, X

It is evident from the results in Table 2.4 that where the counter-ion is less
nucleophilic in nature, the reaction proceeds as expected providing 2.5 in good
yield (Table 2.4; Entry 1). However, the other counter-ions give limited amounts of
the desired product (2.5) with significant quantities of iodobenzene (2.7), the
diaryliodonium salt with the hexafluorophosphate counter-ion did not give any 2.5
and only gave 2.7. These excess amounts of iodobenzene could be as a result of
the thermal decomposition or fluorination of 2.16d (Table 2.4; Entry 5) being the

preferred reaction path in these cases.

Table 2.4. Effect of counter-ion on the formation of 4-hydroxydiphenylamine 2.5

Entry | Compound | X 2.5:2.7
1 2.1 CFsCOO | 2.5:1
2 2.16a Cl 1:10
3 2.16b CFsSOs | 1:34
4 2.16¢c TsO 1:17
5 2.16d PFs 2.7 only

The formation of benzene 2.17 and biphenyl 2.18 from the thermal decomposition
suggests that these could also be some of the unidentified peaks in the HPLC

chromatograms (Scheme 2.8).
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Scheme 2.8: Thermal decomposition of diaryliodonium salt

The chromatograms for the reactions given in Table 2.4 are as shown.

mAU [EATTEIE DATA]
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The reaction of 2.1 with 2.4 (Table 2.4; Entry 1)

2po0f mAU 13 CEEEEE

100:  (b)

RISTEISTR]Y)

N
8
B

The reaction of 2.16a with 2.4 (Table 2.4; Entry 2)
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The reaction of 2.16¢ with 2.4 (Table 2.4; Entry 4)
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The reaction of 2.16d with 2.4 (Table 2.4; Entry 5)

Figure 2.5: HPLC chromatograms for the reactions in Table 2.4 (see Table 2.5 for

assignment of peaks)

The formation of multiple products by the addition of 4-hydroxyaniline to

diphenyliodonium trifluoroacetate has been studied. Good yields of the desired
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products are obtained in DMF at 130 °C for 24 h. The effect of the counter-ion on
the reactions of diphenyliodonium salts with 4-hydroxyaniline has also been
studied and the reaction proceeds as expected using the trifluoroacetate ion,
providing 2.5 in good yield (Table 2.4; entry 1). However, other counter-ions (Table
2.4) gave the by-product 2.7 as the major product. At this stage, it is not clear why
the other counter-ions are not as successful in this role. The non-nucleophilic
hexafluorophosphate gave 2.7 as the only product of the two desired suggesting
that, in this case, the decomposition pathway is the preferred reaction.

Table 2.5. Identification of major HPLC peaks in the reaction of 2.1, 2.16a-2.16d

with 4-hydroxyaniline by comparison to standards (reaction in Table 2.4).

Peak | Retention Time(min) | Compound
1 2.2 Solvent (DMF)
2 7.2-194 [

n/i
i SR
02.6
4 22.0 y
: : OH2.5
24.0 n/i
26.0 ©/'
2.7

27.6 n/i
28.8 n/i

n/i = not identified

To investigate tandem reactions of the azaquinone 2.6 generated in this process,
an alternative method would initially be used to access sufficient amounts of this

species for evaluation.

2.2 N-Phenylguinoneimine: Azaquinone

Azaquinone is a bright orange crystalline powder related to benzoquinone by
replacement of one atom of quinonoid oxygen by the imino group (Figure 2.6).
Whilst quinone reactions have been extensively studied, the reactions of N-

phenylquinoneimine have received surprising little attention over the years. Due to
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its a,B-keto and a,3-imino functionalities, azaquinone is highly reactive, with all six
carbon atoms in the ring being different unlike 1,4-benzoquinone where there are
only two types of carbon atoms due to the high degree of symmetry. Thus, this
structure offers much potential for regioselective reactions. Different analogues of
the azaquinone can be formed by varying the starting diaryliodonium salt or using
a substituted 4-hydroxyaniline in the N-arylation reaction (Scheme 2.2).
Azaquinone can be used as a building block to access useful synthetic compounds,
and therefore as a potential key intermediate in tandem reactions.

Figure 2.6: Structure of Azaquinone
2.2.1 Synthesis of Azaquinone

The common method of preparing azaquinone is by the oxidation of 4-
hydroxydiphenylamine, 2.5 by using various oxidising agents. This is shown in
Table 2.6 below.

Table 2.6: Various oxidising agents used in the preparation of azaquinone

Oxidising Solvent Temp | Time |Yield | Ref.
agent (°C) (min) | (%)

HgO benzene 80°C |60 78 158
Ag2COs3 on | toluene rt 30 99 159
Celite

Hypochlorite | heptane rt 60 99 160
Hydrogen toluene 35 25 99 161
peroxide

Activated methanol | 50 60 90 162
carbon

catalyst

K2Cr207 acetone 40 45 97 6
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In our work, the oxidising agent was prepared by the method of Fetizon,%3 a
reaction of silver nitrate with sodium carbonate decahydrate to give a precipitate of
silver carbonate adsorbed on celite (see Experimental section). The oxidation of
2.5 using silver carbonate adsorbed on Celite, a solid-supported oxidising agent
(and so easily removed after the reaction) gives the azaquinone in excellent yield
and is preferred to the other methods (Scheme 2.9).2°° The method uses two
equivalents of Ag2COs and carried out at room temperature with 100% conversion

to the product observed in 24 h.

©/ \©\ Ag,COj on celite ©/N\\<>I\
OH toluene, rt, 24 h 0]
2.6

25

H
N

Scheme 2.9: Preparation of azaquinone

The H NMR spectrum of azaquinone (Fig. 2.7) shows the four quinoid protons are
different as predicted, having peaks as doublet of doublets, which demonstrates

the potential different reactivity towards nucleophiles of the different positions.

[~3200
e W N
[~2800
[~2600
\ [~2400
[~2200
[~2000
[~ 1800

10,12 1600

" [~ 1400

| 1200
q [~1000

T T T T T T T T T T T T T T T T T T T
7.70 7.60 7.50 7.40 7.30 7.20 7.10 7.00 6.90 6.80 6.70 6.60 6.50
f1 (ppm)

Figure 2.7: *H NMR spectrum of azaquinone

To date 'H NMR prediction software does not demonstrate this important
difference (Fig. 2.8). It predicts that both protons ortho to the carbonyl carbon are

same and the protons ortho to the imino carbon are also the same. This highlights

52



a significant limitation in the simulation software and is therefore of limited use in

characterisation of this class of materials.

3,5 2,6
10,12 9 g _N 5

9,13 1

12 2

Figure 2.8: ChemBioDraw Ultra 14.0.0.117 *H NMR prediction for azaquinone 2.6

The structure of azaquinone was also confirmed by the x-ray diffraction as shown
in Figure 2.9. The dihedral angle C7 — N1 — C4 — C3 is -6.411° meaning that the
phenyl ring is twisted relative to the quinoid ring which suggests that the phenyl

ring is not in conjugation with the quinoid ring.

Figure 2.9: Crystal structure of azaquinone, 2.6
2.2.2 Azaquinone as an oxidising agent

In a similar manner to 1,4-benzoquinone, azaquinone may act as an oxidising
agent. This is seen from its reaction with 2-hydroxyaniline, 2.2. 2-Hydroxyaniline
was expected to react with azaquinone as a nucleophile, being an aniline
derivative, but there was no evidence of the nucleophilic addition reaction, rather,

the product was that of oxidative self-condensation of 2-hydroxyaniline giving a
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phenoxazinone, 1.26 (Scheme2.10).> Azaquinone appears to act as an oxidising

agent in this reaction as it was also reduced to 4-hydroxydiphenylamine (40%).

oo N oo

OH ethanol

Scheme 2.10: Oxidation of 2-hydroxyaniline
2.3 Reaction with Nitrogen Nucleophiles

Nucleophilic addition of aromatic amines to azaquinone, 2.6 has been reported by
Tsoi E. V. et al.® to give 2,5-diarylamino iminoquinones 2.21, which are converted
under oxidative conditions to products of intramolecular cyclisation, 2-arylamino-5-
aryl-3-phenazinones 2.22 by heating in the presence of air or KsFe(CN)s. The
reported reactions (Scheme 2.11) were carried out in ethanol, at room temperature,

and with two equivalents of the amine.

0]

TR
R N
/©/NH2 ethanol, rt \©\ \©\
+
B N R
24 h |
NI R H N\©
2.6\© 2.20 2.21
A

R = (a) H, (b) OCH3, (c) CHs,

(d) Br, (e) Cl DMF, 5 h intrarnol_ecular
cyclisation

H
N\ N
CrCr ik
SERAES 1404 0!
H R

N O

2.22

Scheme 2.11: Reaction of azaquinone, 2.6 with aromatic amines, 2.20

54



Two singlets corresponding to the two quinoid protons were observed in the 'H
NMR spectra of 2,5-diarylamino derivatives, 2.21, 6.12 ppm and 6.21 ppm for
R=H,®> which only indicates that the two arylamino substituents are attached to
opposite sides of the quinoid ring but does not confirm they are para-oriented with

respect to one another or their relative positions to the carbonyl group.

For example, if the two arylamino substituents were both para-oriented with respect
to each other 2.21, both ortho to the carbonyl carbon, 2.23, both para to one
another but with the substituent ortho to the imino carbon on the same side as the
N-phenyl ring 2.24, or both ortho to the imino carbon, 2.25, the two singlets would
still be observed (Fig. 2.10).

O O

Fig 2.10: Possible structures of 2,5-diarylamino iminoquinones 2.21

To date 'H NMR prediction software (ChemBioDraw Ultra 14.0.0.117) however,
does not take into account this important difference. Compounds 2.21 and 2.24 are
predicted to have two singlets corresponding to the quinoid protons while the
quinoid protons of 2.23 and 2.25 are predicted to have the same chemical shift i.e
one singlet because the substituents are both ortho to the carbonyl carbon 2.23 or
both ortho to the imino carbon 2.25. However, this prediction does not take into
consideration the E/Z isomerism arising from the position of the N-phenyl ring. This
also highlights a significant limitation in the simulation software as was evident in

the NMR data for azaquinone.
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In the reported *H NMR data, the multiplicity and splitting patterns of the aromatic
protons were not given, but rather reported as a range. Consequently, the data

provided was insufficient to identify the correct regiochemistry of the product.

Also, as two equivalents of the arylamine were used and only the di-substituted
products were reported, there was no mention of the result of using one equivalent
of arylamine or whether any mono-addition products were isolated and therefore it

was not possible to determine the position of the initial nucleophilic attack.

Since azaquinone has been identified as a key intermediate in tandem processes,
it was therefore needful to consider these reactions in detail, to confirm the
regiochemistry and structure of the products and also the order of addition if more

than one group was added.
2.3.1 Aromatic amine addition

The reactions of aromatic amines with azaquinone are consistent with 1,4-
conjugate addition to the a,3-unsaturated imine and/or the a,3-unsaturated ketone,
resulting in di-addition products. The results of these studies are presented in Table
2.7.

Table 2.7: Aromatic Amine Addition

0
R2 R2
NHR? ethanol, rt N_)J\_,\j
e N
“24n 0 RY | TR
% I =
N.
2.6 2.26a-f 2.97af
Entry | Aniline 2.26 | R? R? | Yield (%) 2.27
1 a H H |56
2 b 4-OMe |H |60
3 C 4-Cl H |62
4 d 4-CF3 |H |68
5 e 2-Me |H |67
6 f H Me | 66
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The reactions were conducted by adding two equivalents of the arylamine to
azaquinone in ethanol and stirring the mixture at room temperature for 24 h. The
crude products from the reaction mixture were purified by normal phase column
chromatography. The two singlet signals characteristic of a di-substituted quinoid
ring were observed for all the analogues in the *H NMR spectra. The NH protons
were also different and two broad singlets were observed at 8.69 ppm and 7.67
ppm respectively for 2.27a. The multiplicity of the protons was clearly seen, and
the peaks were assigned using 'H and COSY (Fig. 2.11), NOESY (Fig. 2.12) and
HMBC N15 (Fig. 2.13) spectra.

The COSY spectrum of 2.27a (Fig. 2.11) indicates all the spin-spin coupled protons
and as such was used to assign the chemical shifts to the different protons of the
aryl rings. The triplet at & 7.45 is coupled to the doublet at & 7.35 (cross peaks 1)
and coupled to the triplet at & 7.24 (cross peaks 2), corresponding to the chemical
shifts for a phenyl ring. In the same way, the triplet at & 7.41 is coupled to the
doublet at & 6.98 (cross peaks 5) and coupled to the triplet at & 7.17 (cross peaks
3), corresponding to the chemical shifts for another phenyl ring. As before, the
triplet at & 7.29 is coupled to the doublet at & 7.08 (cross peaks 4) and to the triplet
at & 7.06 (cross peaks 6).
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Figure 2.11: *H NMR and COSY spectra of 2.27a

However, the data from the COSY spectrum was insufficient to determine the
position of attachment of the two arylamines on the quinoid ring and the third phenyl

ring (the imino N-phenyl group).
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The 1D NOESY spectrum of 2.27a (Fig. 2.12) was used to detect through-space
interactions between the protons in the molecule. When one of the singlets at &
6.22 corresponding to a quinoid proton was irradiated, a NOE correlation was
observed with the peak at & 6.98. This suggests that the phenyl ring with the peak
at 8 6.98 is the N-phenyl group attached to the imine, suggesting the compound is
the E-isomer. A NOE was also observed between the singlet at & 6.22 and the
peak at d 7.08 which corresponds to a doublet. This suggests that the phenyl ring
with the peak at & 7.08 is the N-phenyl which is ortho to the carbonyl carbon and
should be attached to carbon 2 of the quinoid ring rather than carbon 6. This is
because there would be no proximity between the N-phenyl attached to the imine
and the N-phenyl having the peak at & 7.08 if it was attached to carbon 6 of the

quinoid ring.
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Figure 2.12: 1D NOESY spectrum of 2.27a

The HMBC N15 spectrum (Fig. 2.13) was also used to determine the position of
attachment of the NHs on the quinoid ring and the phenyl ring attached to them. A
coupling between the NH at & 8.69 and the doublet at & 7.35 indicates that the
phenyl ring with the doublet & 7.35 is attached to the NH at & 8.69. In the same
way, a coupling between the NH at & 7.67 and the doublet at & 7.08 indicates that
the phenyl ring with the doublet & 7.08 is attached to the NH at & 7.67. A coupling
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was also observed between the NH at & 8.69 and the quinoid proton at & 6.20,
suggesting that the N-phenyl with NH & 8.69 is ortho to the quinoid proton at d 6.20.
Similarly, a coupling between the NH at & 7.67 and the quinoid proton at & 6.22
suggests that the N-phenyl with NH & 7.67 is ortho to the quinoid proton at § 6.22.

AA_027.8.ser
AA_027

coci
HMBC_N15_5Hz
700 MHz [ -360
298K

14 1620 2327
. - - - - - = g 280
157 18 -260
‘ H -240
15 19 T
HN/ kzo/ 220 g
1‘4 t200 &
10/ 9\ 8/ ’;1\4/\6 e
I | | |
11\12/13 3\2/\0 -140
‘ -120
27. NH -100
& X,y 2 9,13 %
| \ 2.27a - = 60
25\ = 23 o
24

wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww
9.3 9.2 9.1 9089 8887868584838281807978777675747372717069686.76665646.36.26.1605958575655
f2 (ppm)

Figure 2.13: HMBC N15 spectrum of 2.27a

A secondary amine, N-methylaniline 2.27f, was also used in the reaction and it
gave the expected result in good yield (66%), a similar percentage to the primary
amine derivatives. The 'H NMR spectrum (Fig. 2.14) shows the two singlets
characteristic of the di-substituted quinoid ring at 5.80 ppm and 5.75 ppm and the
two singlets of the methyl protons at 3.31 ppm and 3.04 ppm highlighting that the
two methyl groups are different. It also confirms 1,4-addition and relative para-
orientation of the two groups suggesting that the extra steric hindrance of a

secondary aniline or change in pKa did not affect the outcome of the reaction.
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Figure 2.14: *H NMR spectrum of compound 2.27f

The structural assignment was also confirmed by X-ray analysis of single crystals
of 2.27c, 2.27d, 2.27e and 2.27f (Fig. 2.15) and it shows the arylamino
disubstituted product as one substituent ortho to the carbonyl carbon and the other
ortho to the imino carbon as predicted by the 2D NMRs i.e 2.21 (Fig. 2.10). This
data also confirms the E- conformation of the arylamino disubstituted product as
shown by the NOESY spectrum. The crystal structures also show that the phenyl
ring is twisted relative to the quinoid ring suggesting that the phenyl ring is not in
conjugation with the quinoid ring. The dianilino compounds were coloured
compounds, and their colour was found to be dependent on substitution. They may

therefore be of importance in the dye industry.
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2.27c

2.27e

Figure 2.15: Crystal Structures of 2.27c, 2.27d, 2.27e and 2.27f

The structure of 2,5-diarylamino derivatives, 2.21, confirmed by the crystal
structures and 2D NMR data of some of the analogues, is therefore as shown in
Scheme 2.12.

o} 32
N 1
©/N\\@ _~_NHR? gthanol, rt @ \@R
+ 1
R'— —_— >
o X | 24 h AZ SN X
R - I

2.6 R%2 N.

. 2.26 Ph  2.21

Scheme 2.12: Regiochemistry of 2,5-diarylamino-1,4-benzoquinone-4-

phenylimines, 2.21

The first addition of the aromatic amines could be either to the a,3-unsaturated
ketone giving the mono-addition product 2.28 or to the a,3-unsaturated imine giving
the mono-addition product 2.29 as shown in Scheme 2.13.
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Scheme 2.13: Options of 1,4-Conjugate addition to give the di-aniline addition
product 2.21

The reactions of aniline with azaquinone were carried out using different
equivalents of the amine in order to find out if the mono-addition products could be
detected and isolated and thus determine the position of initial nucleophilic attack
i.e. conjugate addition to the a,3-unsaturated imine or the a,3-unsaturated ketone.
Surprisingly, it was observed that di-addition products were still formed with
reduced equivalents of aniline, but in reduced yields, giving more unreacted
starting material as the amine equivalents were reduced, the results are shown in
Table 2.8.

Table 2.8: Reaction of aniline with azaquinone using different equivalents

Azaquinone 2.6 | Aniline 2.21a:2.6
1 equiv. 2 equiv. |31
1 equiv. 1 equiv. 1.1
1 equiv. 0.5 equiv. | 1.5

Polar aprotic solvents (acetonitrile, DMF, and DCM) and non-polar solvents
(dioxane and toluene) under anaerobic conditions were also used to investigate
the generation of the mono-addition products. All solvents gave the same di-

addition product with no trace of the mono-addition product(s) by *H NMR. Timed
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experiments (1 h to 24 h) were done to monitor the progress of the reaction but the
di-addition product and unreacted azaquinone were the only components
observed. This suggests that the mono-addition products 2.28 and 2.29 may not

be the intermediates in the reaction of azaquinone with aniline.

It was reported by E. V. Tsoi® et al that when 2,5-diarylamino iminoquinones 2.21
were heated in the presence of air or KsFe(CN)s, they were converted to
phenazinones 2.22 in good yields, resulting from the intramolecular nucleophilic
substitution of the hydrogen atom ortho to the nitrogen in the N-phenyl ring by the
spatially close arylamine residue (Scheme 2.14). The structures were confirmed
by 'H NMR spectra and the identical character of 2.22a to 2-phenylamino-5-

phenyl-3-phenazinone which was obtained by an alternative route.

R

.

HN/O B h ’
©/N\\<>L Ka[Fe(CN)gl @[ :@[ | N @Ni@’\l\@—l?
O DMF, 5h N Z | N 0o
©/NH R_@ R_@
S F S X

R

2.21 R = (a) H, (b) OCHj, (c) CHa, (d) Br, () Cl 2.22

Scheme 2.14: Intramolecular oxidation of 2.21 to give phenazinones 2.22

Now that the dianilino azaquinone derivatives were available, the oxidative
cyclisation step to give phenazinones 2.22 had been attempted in DMF with two
equivalents of K3[Fe(CN)s], and the mixture heated at reflux for 5 h. However, no
visible change was observed as the *H NMR spectrum was the same as the
diarylamino substituted products. This could be due to the E-isomerism of the
dianilino compounds, as it has been reported in a comparative study that the Z-
isomer of 2-benzamido-3-phenylacrylohydrazide 2.31 underwent cyclization to
give the imidazole derivative 2.33 and triazinone derivative 2.34, whereas the E-

isomer 2.32 did not undergo such cyclization (Scheme 2.15).164
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Scheme 2.15: Cyclization of 2-benzamido-3-phenylacrylohydrazide
2.3.2 Aliphatic amine Addition

Since the nucleophilic addition of aromatic amines to azaquinone was found to be
1,4-selective and results in double addition, it would be interesting to investigate
the addition of aliphatic amines to azaquinone and compare results.

The addition of primary aliphatic amines to azaquinone has been reported by K.S.
Cottman® as a process for preparing N-substituted phenylenediamines. The
reaction proceeds via 1,2-addition to the carbonyl group which on reduction gives
1,4-diaminoarenes (Scheme 2.16). Solvents which may be used in the reaction
include methanol, tetrahydrofuran, toluene, dichloromethane, and ethanol.® The
reported solvent was toluene and the reaction was conducted at 110 °C. The
reaction was also conducted in the presence of an acid catalyst, to facilitate
addition to the carbonyl group. Reductive work-up, using aqueous sodium
hydrosulfite, converted the product N-phenyl-N'-diimines, 2.36 to the desired N-
substituted phenylenediamines, 2.37. These N-substituted phenylenediamines
have found utility in the production of drugs, agricultural products, and are also
useful as dyes, antioxidants, antiozonants, gel inhibitors and anti-degradants in

rubber.6:165166
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Scheme 2.16: Addition of aliphatic amines to azaquinone

The reactions were repeated by ourselves by adding two equivalents of the primary
amine to azaquinone in toluene at 110 °C (Scheme 2.17). Methanesulfonic acid
was used as the acid catalyst, and aqueous sodium hydrosulfite for the reduction
step. Some of the targeted compounds were isolated in good yields first by tandem
reverse phase chromatography and then acid-base extraction. The results are

given in Table 2.9.

H

N
R

2.35 N

2.37 H
N Toluene '

oo,
O
HN X [ j

X
2.38 N
N
Toluene N
110 °C
(0]
)
X
2.39

Scheme 2.17: Reaction of azaquinone with aliphatic amines
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Table 2.9: Aliphatic Amine Addition

Entry Amine Yield (%) 2.37
1 2.35a | R = PhCH2 60

2 2.35b | R = CsHa17 62

3 2.35c | R = CeH11 842

4 2.35d | R = (CHs3)2CH | 782

5 2.38a | X=CH2 2.39a 822

6 2.38b | X=0 2.39b 802

2 yield determined from the *H NMR of the crude mixture

Two secondary amines were also considered in this reaction, piperidine 2.38a and
morpholine 2.38b and they both seem to react like the aromatic amines, having the
two singlets at 5.66 ppm and 5.57 ppm for the reaction with piperidine (spectrum
1) and at 5.66 ppm and 5.62 ppm for the reaction with morpholine (spectrum 2).
These singlets are characteristic of the di-substituted quinoid ring, although the
products were only present in low yields (Fig. 2.16). This change in reactivity
observed with the secondary aliphatic amines could be due to the cyclic nature of
the amines considered, pKa changes or increased steric hindrance around the N

lone pair.
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Figure 2.16: *H NMR of crude mixture of the reaction of azaquinone with piperidine
2.38a (spectrum 1) and the reaction of azaquinone with morpholine 2.38b

(spectrum 2)

In summary, the reaction of aromatic amines proceeds via 1,4-conjugate addition
process and always results in di-addition irrespective of the relative amounts of
aniline whilst primary aliphatic amines result in direct 1,2-addition to the carbonyl

group which on reductive work-up gives 1,4-diaminoarenes.

The outcome with secondary amines varied however, with anilines such as N-
methylaniline performing as demonstrated for aniline whereas in the case of
aliphatic amines the result is different with 1,4-conjugate addition rather than 1,2-

addition now being the preferred reaction pathway.

2.3.3 Computational studies of azaquinone and its reactions with

amines

Initial calculations were carried out using Gaussian software for the azaquinone
structure to determine the charges on each carbon atom and hence establish a
possible order of reactivity for the different positions.6” The calculation type used
for the studies is FOPT, calculation method is RHF (Restricted Hartree-Fock) and
the basis set is 6-31G.
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The relative charge distribution of the molecule is as expected for C1 and C4 given
that they are both attached to electronegative elements (O and N respectively).
The positive charge on C1 is higher than that on C4 because oxygen is more
electronegative than nitrogen suggesting this would be the preferred site of
reaction for ‘hard’ nucleophiles (Fig. 2.17). Carbons 2, 3, 5 and 6 are surprisingly
seen to all have negative charges. The a,p-keto carbons, C3 and C5, have smaller
negative values and therefore are likely to be the most reactive towards
nucleophiles than the a,3-imino carbons, C2 and C6. This means that C3 and C5
are more electrophilic than C2 and C6 and will be the preferred position of the two
unsaturated systems of attack for ‘soft’ nucleophiles. Indeed, experimental results

of 1,4-addition of nucleophiles®¢® suggest these sites are electrophilic in nature.

-0.174 0692

02 N 0204 £0.098
-0.203 10/9\8/'7\1\4/\6 0.234
0181 “‘\ /L L\ |1{410

' 1w 0126, 7 N0 0559

0222 0.229
Figure 2.17: Azaquinone structure with charge distribution

Transition states can be localized in many cases through scanning one structural
degree of freedom. This will be successful if the reaction pathway can be described
by essentially one structural parameter. In order to cover the relevant part of a
potential energy surface, a series of calculations must be performed in which one
of the structural parameters is fixed to a certain value, while all other parameters
are optimized to their most favourable values. This is the relaxed potential energy
surface (PES) scan. The PES is calculated for the attack of the aromatic amines
on the different carbon positions, giving HOMO and LUMO values. The HOMO-
LUMO gap is then calculated from these values obtained (Table 2.10).
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Table 2.10: Optimisation Result Summary of Azaguinone

E(RHF)

-588.69419476 au

RMS Gradient Norm

0.00001785 au

Dipole Moment

5.0583 Debye

HOMO value -0.31369 au
LUMO value 0.01126 au
HOMO-LUMO gap -0.32495 au

Reactions with Aromatic amines:

Scheme 2.18: Reaction of aromatic amines with azaquinone

a) Aniline

Since the conjugate addition of nucleophiles involves the movement of electrons
from the HOMO of nucleophile (amines in this case) to the LUMO of electrophile
(the six carbon atoms in the quinoid ring), it is expected that the smallest difference
obtainable will be the preferred position of attack as it has the lowest value. The

lowest HOMO-LUMO gap is for carbon position 2 and this matches the position of

attack from experimental data.

Table 2.11: Potential Energy Surface Scan

Carbon HOMO (au) LUMO (au) HOMO-LUMO
Position gap (au)
1 -0.29576 0.08110 -0.37686
2 -0.20589 0.06059 -0.26648
3 -0.23369 0.07619 -0.30988
4 -0.22742 0.06458 -0.29200
5 -0.24623 0.07712 -0.32335
6 -0.20638 0.06518 -0.27156
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b) 4-Methoxyaniline

As observed in the PES scan of azaquinone with aniline, the smallest difference
obtainable in the movement of electrons from the HOMO of the nucleophile to the
LUMO of the electrophile is seen to be the preferred position of attack by conjugate

addition (carbon position 2).

Table 2.12: Potential Energy Surface Scan

Carbon HOMO (au) LUMO (au) HOMO-
Position LUMO (au)
1 -0.29408 0.08519 -0.37927

2 -0.20371 0.06283 -0.26654

3 -0.23421 0.07777 -0.31198

4 -0.22058 0.06376 -0.28434

5 -0.24536 0.07967 -0.32503

6 -0.21424 0.06590 -0.28014

c) 4-Chloroaniline

As before, the PES scan of azaquinone with 4-chloroaniline also shows position 2
as the preferred position of attack by the nucleophile, given by the shortest distance
obtained for the movement of electrons from the HOMO of the nucleophile to the
LUMO of the electrophile.

Table 2.13: Potential Energy Surface Scan

Carbon HOMO (au) LUMO (au) HOMO-
Position LUMO (au)
1 -0.30762 0.05932 -0.36694

2 -0.21000 0.05654 -0.26654

3 -0.24145 0.07084 -0.31229

4 -0.22519 0.06139 -0.28658

5 -0.24392 0.07068 -0.31460

6 -0.22304 0.06211 -0.28515
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The HOMO-LUMO difference of the PES for the analogues are approximately the

same for carbon position 2 (Table 2.14). This also suggests that position 2 is the

first preferred position of attack for the aromatic amines.

Table 2.14: Comparison of the analogues for the aromatic amines

R E(RHF) Dipole HOMO- HOMO-LUMO of PES
Moment | LUMO (au) | Carbon position 2 (au)
H -874.34 5.67 -0.27687 -0.26648
OMe |-988.16 5.56 -0.30195 -0.26654
Cl -1333.22 | 6.78 -0.28709 -0.26654
Reaction with Aliphatic Amines:
N
NS [H]
+ RNH, —— R
o) N
2.6 2.35 2.37 H

R = (a) CgH47, (b) CgH14, (c) CH3

Scheme 2.19: Reaction of aliphatic amines with azaquinone

a) Octylamine

Table 2.15: Potential Energy Surface Scan

Carbon HOMO (au) LUMO (au) HOMO-
Position LUMO (au)
1 -0.28741 0.08755 -0.37496

2 -0.20682 0.06486 -0.27168

3 -0.23979 0.08024 -0.32003

4 -0.22012 0.06567 -0.28579

5 -0.23510 0.08034 -0.31544

6 -0.20967 0.07174 -0.28141
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b) Cyclohexylamine

Table 2.16: Potential Energy Surface Scan

Carbon HOMO (au) LUMO (au) HOMO-
Position LUMO (au)
1 -0.29235 0.08664 -0.37899

2 -0.20451 0.06149 -0.26600

3 -0.23518 0.07991 -0.31509

4 -0.21931 0.06244 -0.28175

5 -0.24234 0.07698 -0.31932

6 -0.28618 0.02406 -0.31024

c) Methylamine

Table 2.17: Potential Energy Surface Scan

Carbon HOMO (au) LUMO (au) HOMO-
Position LUMO (au)
1 -0.30002 0.08114 -0.38116

2 -0.20722 0.06925 -0.27647

3 -0.22963 0.08239 -0.31202

4 -0.21624 0.06401 -0.28025

5 -0.23525 0.08292 -0.31817

6 -0.21089 0.07353 -0.28442

From the PES of the aliphatic amines, the shortest distance from the HOMO of the
nucleophile to the LUMO of the electrophile is for position 2. This does not match

the experimental data, which gives the position of attack as carbon position 1.

Table 2.18: Comparison of the analogues for the aliphatic amines

R E(RHF) | Dipole HOMO-LUMO | HOMO-LUMO
Moment | (au) of PES Carbon
position 1 (au)
CsHi7 | -957.01 | 4.43 -0.33509 -0.37496
CeH11 | -877.81 | 5.02 -0.33980 -0.37899
CHs |-683.88 | 3.10 -0.33300 -0.38116
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It is not clear why the lowest HOMO-LUMO difference matches the experimental
position of attack for the aromatic amines (position 2) while the lowest HOMO-
LUMO difference does not match the experimental position of attack for the
aliphatic amines (position 1). This suggests that this molecular modelling method

needs modification to accurately predict the reactivity of this type of compounds.

Another method used to investigate the reactivity, position of nucleophilic attack
for azaquinone and the preferred reaction pathway for the reaction of azaquinone
with amines was by using ArgusLab software.'®® The chemical structure of
azaquinone was generated and geometry optimisation was performed on a
computer. The AM1 method was used to generate the heat of formation, SCF
energy, Mulliken atomic charges, ground state dipole (debye) and ZDO atomic
charges of azaquinone (Tables 2.19 and 2.20). The AM1 as a semiempirical
method, addresses two limitations of the Hartree-Fock calculations — low speed
and low accuracy, by omitting or parameterizing certain integrals based on
experimental data, such as ionization energies of atoms, or dipole moments of

molecules.170

Table 2.19: Ground State Dipole (debye)

X Y Z Length
-3.76662256 | -0.40777185 | 0.00023632 | 3.78863081

Heat of formation of azaquinone was 59.7567 kcal/mol and the SCF energy was
found to be -80.2961482703 au (-50386.6392 kcal/mol) as calculated by AM1
method using ArgusLab 3.0.
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Table 2.20: Mulliken Atomic Charges and ZDO Atomic Charges of azaquinone

S.No | Atoms | ZDO atomic charges | Mulliken atomic charges
1 C -0.0068 0.0015
2 C -0.1345 -0.1914
3 C -0.1335 -0.1941
4 C -0.1104 -0.1736
5 C -0.1389 -0.2024
6 C -0.0814 -0.1367
7 C -0.2131 -0.2808
8 C 0.2720 0.2999
9 C -0.1844 -0.2510
10 C -0.1274 -0.1887
11 C -0.0677 -0.1262
12 C 0.0502 0.0703
13 N -0.1435 -0.2016
14 @) -0.2738 -0.3005
15 H 0.1310 0.1902
16 H 0.1357 0.1987
17 H 0.1369 0.2003
18 H 0.1380 0.2015
19 H 0.1495 0.2166
20 H 0.1569 0.2252
21 H 0.1540 0.2220
22 H 0.1372 0.1986
23 H 0.1539 0.2223

A mapped surface was generated for azaquinone. This is a surface where one
property is superimposed onto a surface created by another property. Fig. 2.18
shows HOMO-LUMO difference mapped onto the electron density surface for the
ground state of azaquinone. The colour map shows the energy (in hartrees) for the
various colours. The red colour on the surface shows region of high electron
density. Nucleophilic attack is less likely to occur at these regions but more likely

to occur at the a,B-keto carbons since they have low electron density. This matches
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experimental result which shows that the a,-keto carbons are more electrophilic
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Figure 2.18: HOMO-LUMO mapped electron density surface of azaquinone

The HOMO-LUMO difference mapped onto the electron density surfaces for the
two possible mono-addition products are as shown (Fig. 2.19 and 2.20). The red
end of the spectrum shows regions of highest stability for a positive test charge,

magenta/ blue shows the regions of least stability for a positive test charge.

Fig. 2.19 suggests that a second nucleophilic attack would be at carbon 5 (the
more electrophilic carbon), giving a di-addition product with both nucleophiles ortho
to the imino carbon. This implies that the mono-addition product 2.28 may not be
the proposed intermediate for the reaction of azaquinone with anilines. Similarly,
Fig. 2.20 suggests that a second nucleophile would attack carbon 2, giving a di-
addition product with both nucleophiles ortho to the carbonyl carbon. The mono-

addition product 2.29 may therefore not be the intermediate.
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0.0409

Figure 2.19: HOMO-LUMO mapped electron density surface of a,3-keto mono-
addition product 2.28

Figure 2.20: HOMO-LUMO mapped electron density surface of a,3-imino mono-
addition product 2.29
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Another option considered was to generate the mapped electron density surfaces

for the proposed intermediates 2.40 and 2.41 (Scheme 2.20).
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Scheme 2.20: Conjugate addition of aromatic amines to the a,B-unsaturated

ketone and imine of azaquinone

Fig. 2.21 suggests that a second nucleophilic attack would preferably be at carbon
position 6 which would give the di-addition product 2.21 with both nucleophiles
para-oriented with respect to each other. On the other hand, Fig. 2.22 suggests
that a second nucleophile would attack carbon 2, giving a di-addition product with
both nucleophiles ortho to the carbonyl carbon. This implies that the intermediate
for the reaction would be 2.40 and would give the preferred reaction pathway as
shown in Scheme 2.20. This explains why no mono-addition product is detected in
the reaction since the intermediate 2.40 is readily converted to the di-addition

product 2.21 by a second nucleophilic attack.
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Figure 2.21: HOMO-LUMO mapped electron density surface of a,-keto

intermediate 2.40
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Figure 2.22: HOMO-LUMO mapped electron density surface of a,B-imino

intermediate 2.41

This approach to predict reactivity can be related to the Fukui function which
describes the electron density after adding or removing some number of electrons.
It can predict where the most electrophilic and nucleophilic sites on a molecule are.
The Fukui equation for the electrophilic attack, f-, for when 1 electron is removed
is given by f-= p(N) — p(N-1). Equally, the Fukui function for the nucleophilic attack,
f*, for when 1 electron is added is given by f* = p(N+1) — p(N).

The Dual Descriptor is a way to combine the two Fukui functions. It has a positive
value where it is electrophilic and negative where it is nucleophilic. It is
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implemented as the difference between the Fukui plus and Fukui minus functions,
given by f(r) = f* — .

The Fukui function has been widely applied to the interpretation of reactivity in
organic molecules. The “dual descriptor”, which has been more recently
introduced, provides particularly powerful insight into chemical reactivity in a clear

and simple way.17.172
2.4 Reaction with Sulfur Nucleophiles
2.4.1 Addition of sodium arenesulfinates

The reaction of azaquinone derivatives with sodium arenesulfinates 2.43 has been
reported by Konovalova et al.” The reactions were carried out in acetic acid using
two equivalents of the nucleophile, however the reactions afforded exclusively the
product of single 1,4-addition to the a,B-unsaturated imino system 2.44. This was
then oxidised with lead (V) acetate to the corresponding 1,4-benzoquinone imine
derivatives 2.45 (Scheme 2.21).

H (@]
N SO5Na N 32
e —
R?2 R' o R 70 °C R2 R' OH R3
2.44

2.6, 2.42a-c 2.43(a-c)
26 R'=R%*=H; 2.43(a) R3=Me;
2.42(a) R'=H,R=Me;  2.43(b) MeO: [C]

2.42(b) R'=NO,, R?=H; 2.43(c) CI
2.42(c) R'=R2=NO,

O,

N S
o
R2 R’ 0 R3
2.45

Scheme 2.21: Addition of sodium arenesulfinates to azaquinone derivatives

The reactions of azaquinone with sodium arenesulfinates 2.46 were repeated by
ourselves by adding the sodium arenesulfinates to azaquinone 2.6 in acetic acid,
and heating to 70 °C until the mixture turned colourless. After cooling, water was

added until complete precipitation of the solid occurred which was then removed
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by filtration to give the product 2.47 as shown in Scheme 2.22. The reaction of
sodium arenesulfinates with azaquinone occured by 1,4-addition to the a,B-
unsaturated imine, giving mono-addition products only. This method is an

alternative route to making this type of sulfones.

H O,
Ny SOzNa N S
o AcOH ©/ \@ \@R
& — =
o R 70°C OH
2.6 2.46a,b 2.47a,b

(a) R = 4-Me 98%
(b) R = 2-Cl 94%

Scheme 2.22: Reaction of azaquinone with sodium arenesulfinates

Some polymers containing sulfone groups are useful engineering plastics as they
exhibit high strength and resistance to oxidation, corrosion, high temperatures, and
creep under stress, for example, some are valuable as replacements for copper in
domestic hot water plumbing.”® Precursors to such polymers are the sulfones
bisphenol S 2.48 and 4,4'-dichlorodiphenyl sulfone 2.49 (Fig. 2.23). Examples of
sulfones in pharmacology include dapsone 2.50, a drug formerly used as an
antibiotic to treat leprosy. Several of its derivatives, such as promin, have similarly

been studied or applied in medicine.1’*

O\ /o ~ 7, S
70 oS oS!
HO OH cl cl H2N NH

Bisphenol S 4,4'-Dichlorodiphenyl sulfone Diaminodiphenyl sulfone
(Dapsone)

248 2.49 2.50

Figure 2.23: Some useful sulfone-containing compounds

2.4.2 Subsequent tandem reactions: A new route to phenoxathiin

dioxide

Since many natural products and druglike compounds possess heterocyclic
subunits, the ability to synthesize efficiently diverse heterocyclic compounds is

critical. A method of preparing phenoxathiin-10,10-dioxide has been reported by
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C. L. Deasy.'”® Phenoxathiin-10,10-dioxide, 2.53 is formed when phenoxathiin,
2.52 is oxidised by chromic acid, by potassium permanganate, or by prolonged
treatment with hydrogen peroxide, it is obtained as colourless needles after
recrystallization from dilute acetic acid.'’®’” Phenoxathiin was made by the
Ferrario reaction,'’® the reaction between diphenyl ether, 2.51 and sulfur in the

presence of anhydrous aluminium chloride (Scheme 2.23).

O,
S S

CL D) =~ (L) 2w (1T
o AICI o o

2.51 2,52 2.53

Scheme 2.23: Preparation of phenoxathiin-10,10-dioxide using the Ferrario

reaction

Various alkyl or cycloalkylphenoxathiins, their oxides and dioxides and their
halogen derivatives are recommended for use as insecticides in dusts or sprays,
as modifiers in plastic materials, as intermediates, as antioxidants, and as rubber

and gum inhibitors (Figure 2.24).175:179

(@)
e} 82
“Cror™ X J@
o (@)
Cl
2.54 2.55
T CrIr O

(@) (@)

2.56 2.57

Figure 2.24: Some phenoxathiin derivatives

The cyclisation of compound 2.47b was considered as a new route to making
phenoxathiin-10,10-dioxide as part of tandem processes and an alternative route
with mild reaction conditions versus the oxidation of sulfur with strong oxidising

reagents. Addition of potassium tert-butoxide to a solution of 2.47b in DMF at 90
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°C for 24 h, followed by extraction with ethylacetate, and recrystallization of the
resulting solid from THF afforded the cyclised product 2.58 as colourless crystals
in excellent yield (Scheme 2.24). This occurs by an intramolecular cyclisation
reaction resulting from an SnAr reaction between the phenol and the chloroarene

to form the new six-membered ring.

T e e

2.47b
2.58

Scheme 2.24: Cyclisation of 2.47b using potassium tert-butoxide

Compound 2.58 was confirmed by the 'H NMR, '3C NMR analysis and

determination of the crystal structure (Figure 2.25).

Figure 2.25: Crystal structure of compound 2.58
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Aromatic heterocyclic structures are largely used as scaffolds for generating
combinatorial libraries in drug discovery research.’® Sulfones are found in
numerous medicines and drug candidate under development for the treatment of
a host of diseases impacting human health worldwide (Fig. 2.26).181 For example,
Diazoxide is often used as a vasodilator in the treatment of acute hypertension or

malignant hypertension.82
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Endocrine system 1995

Diazoxide

Cardiovascular 1973

Chlormezone
Musculo-skeletal 1960

Figure 2.26: Some sulfone containing scaffolds in pharmaceutical molecules
25 Summary

The multiple products formed by the arylation of 4-hydroxyaniline with
diphenyliodonium salts have been identified. Azaquinone has been observed as a
product resulting from the in-situ oxidation of 4-hydroxydiphenylamine during these
reactions and has been prepared by the oxidation of 4-hydroxydiphenylamine

using Fetizon’s reagent.

The nucleophilic addition of aliphatic amines to azaquinone is 1,2-selective and
gives diaminoarenes. Conjugate addition to azaquinone, with aromatic amines
resulted in diarylamino compounds, with the regiochemistry of the products being

confirmed.

The reaction of azaquinone with arenesulfinates givesl,4-addition products and a
further oxidative cyclisation has served as a new route to synthesizing
phenoxathiins as part of tandem processes. This group of compounds can serve

as sulfone containing scaffolds in pharmaceutical molecules.
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Chapter 3. Halogenation of azaquinone and its derivatives

3.1 Halogenation reactions

Halogenation is the process in which one or more halogen atoms are introduced
into an organic compound. This reaction is a basic and fundamental transformation
in organic chemistry because it opens a gateway to further chemical reactions
through the reactivity of the carbon-halogen bond e.g. via modern cross-coupling
reactions such as the Suzuki-Miyaura and Mizoroki-Heck reactions.'83184 This
bond can be used as a precursor in forming a range of bonds such as carbon-
carbon,® carbon-nitrogen,'® and carbon-oxygen'®’ bonds (Scheme 3.1). This is
of great interest in the development of the reactions of azaquinone as it will allow
subsequent elaboration of the structure extending the utility of this new building
block still further.

0]
0
©/ OH
Mg metal ©/
THF
NH
©/R RB(OH), X' NaNH, |© ©/ 2

NH3 (1)
X = Br, Cl, |
Na,
ie/ Wz
R
©/ ©/NHR

Scheme 3.1: Some reactions of arylhalides
3.2 Azaquinone reaction with hydrobromic acid

Initial studies on the reaction of hydrobromic acid with azaquinone, 3.1 have been
reported by Burmistrov et al.® It was reported that the nucleophilic addition of
bromide was to the a,3-unsaturated ketone, however the position relative to the N-

Ar substituent was not discussed. Aqueous hydrobromic acid was added to
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azaquinone in acetic acid at room temperature, and organic extracts from the
reaction mixture were treated with lead (IV) oxide (Scheme 3.2) to convert the

phenol intermediate to the azaquinone system.

From the reaction, compounds 3.2, 3.3, and 3.4 were isolated in 36%, 32%, and
3% respectively although *H NMR data was provided only for 3.3.8 Compound 3.2
was characterised using melting point and elemental analysis only while melting
point data was given for 3.4. This level of characterisation is surprising given the
amount of compound 3.2 that was isolated (94 mg). These are insufficient data to
correctly assign the regiochemistry of any substitution and thus the identity of these
compounds. It was therefore needful to consider this reaction process in detail.

1) HBr, AcOH
| 2) PbO,
O
Br Br

31 3.2 3.3 3.4

Scheme 3.2: Addition of hydrobromic acid to azaquinone

The reported reactions were repeated by ourselves by adding aqueous
hydrobromic acid to azaquinone in acetic acid and stirring at room temperature for
30 min. Preliminary studies were done using lead (IV) oxide, however lead (1V)
acetate was also considered as an alternative for the oxidation step as it is a more
selective oxidising agent.18 However, the results were similar, therefore, lead (1V)
acetate was used for the remaining studies because it resulted in less by-products
evident by TLC. The combined organic products were oxidised, and compounds
3.5 and 3.6 (Scheme 3.3) were isolated by two-stage column chromatography
(SiO2 1:4 ethylacetate-petrol followed by RP (C18) 1:1 MeCN-H20) from the crude

reaction mixture (32% and 36% respectively).
OO, e O, - O,
Pb(OAc)
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Scheme 3.3: Reaction of HBr with azaquinone

The 'H NMR spectra for 3.5 and 3.6 are shown in Figure 3.1. The spectra show a
bromine atom substituent on the quinoid ring, but this is not sufficient to assign
which carbon it is attached to. The two doublet peaks at 7.45 and 6.69 ppm are
characteristic of a para-substituted phenyl ring, indicating that the bromine on the

phenyl ring is at the para position to the nitrogen.
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Figure 3.1: *H NMR spectra of compounds 3.5 and 3.6 respectively
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The possible positions of a bromine atom substituent on the quinoid ring for
compound 3.6 are shown in Figure 3.2. Surprisingly, the NMR prediction software
(ChemBioDraw Ultra version 14.0.0.117) does not distinguish between these

isomers.

Br Br

Br
N\ N\ Br Br
Nx N Br
Br o Bbr o \@
O o)
3.3 3.7 3.8 3.9

Figure 3.2: Possible structures of a bromine substituent on the quinoid ring of a

disubstituted azaquinone

COSY and NOESY spectra (Fig. 3.3) were used respectively to determine coupled
protons and protons that are close in space. The COSY spectrum shows coupling
between protons 5 and 6 which suggests they are next to each other. The COSY
spectrum also shows some coupling between protons 2 and 6, which is observed
in the NOESY spectrum also (arrow 3). This suggests that the bromine substituent
on the quinoid ring is ortho to the imine, eliminating the options of compounds 3.7
and 3.9. The NOESY spectrum also shows that protons 5 and 12 were close in
space (arrows 1 and 2). This confirms that the bromine substituent on the quinoid
ring was oriented away from the phenyl ring. This eliminates the options of

compounds 3.8 and 3.9, leaving compound 3.3 as the structure of the product.
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Figure 3.3: COSY (top) and NOESY (bottom) spectra of compound 3.6

As a result, the position to which the bromine substituent was attached on the

quinoid ring was also confirmed by determination of the crystal structure (Fig. 3.4),
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confirming the substitution at C3, which is compound 3.3. The dihedral angle C4 —
N1 - C7 - C8is 129.763° which suggests that the overall structure is not flat, and
that the phenyl ring is not in conjugation with the quinoid ring as is observed with

the azaquinone.

Figure 3.4: Crystal structure of 3.3

This first confirmation of the actual structure of the product suggests that the
reactions of hydrobromic acid with azaquinone occurs by nucleophilic addition to
the a,B-unsaturated ketone to give the 4-hydroxydiphenylamine 3.10 after
imine/enamine tautomerism which is then oxidised to give the bromoazaquinone
3.2 (Scheme 3.4).

©
Br >
® Br
HY \H
N
OO, R, — G
0: AcOH OH
3.1 Q @ OH
H@

Br
\ H Br
N N
PbO, ©/
o [0] OH
3.2 3.10

Scheme 3.4: Bromination of azaquinone
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Bromination of the phenyl ring at the para position was also found to occur as a
competing process, giving the di-substituted compound 3.3 (Scheme 3.5) and will

be discussed in the next section.
@@ @ﬁl Oﬁl
) Pb(OAC),
Scheme 3.5: Reaction of HBr with azaquinone

3.2.1.Addition of resorcinol to the bromination of azaquinone, 3.1

As observed in the reaction of azaquinone, 3.1 with hydrobromic acid, the
bromination of the phenyl ring is a competing process, but this can be suppressed
by the addition of resorcinol or other radical scavengers to the reaction mixture.
Due to the relatively high value of the oxidation potential of azaquinone, —0.67 V
(as measured by our colleagues in electrochemistry) on the hydrogen scale, (lit.,
value —0.71 V),189190 the bromide ion from HBr is capable of being oxidised. The
resulting bromine radicals (or free bromine) attack the aromatic nucleus (phenyl
ring). With such a mechanism for the process, the introduction of radical
scavengers into the reaction mixture should inhibit the substitution process on the
phenyl ring.2 Resorcinol was also used as a radical scavenger by Toropin et al. in
the reaction of hydrogen bromide with N-(4-tolyl)-1,4-benzoquinone monoimines
and N-(4-tolylsulfonyl)-1,4-benzoquinone monoimines,°! the excellent scavenging
property of polyphenols (e.g. resorcinol) is attributed to the phenolic OH’s present
and their activity is characterised by its hydrogen atom donating ability to scavenge
the radicals and the easy formation of a quinone.'®?> The addition of resorcinol to
the reaction of azaquinone, 3.1 with hydrobromic acid clearly changed the
composition of the reaction mixture, eliminating the bromination of the phenyl group
and giving the mono-substituted product 3.2 in 60% yield with unreacted

azaquinone making up the remainder (Scheme 3.6).
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1) HBr, Br
©/N\\@ Resorcinol, AcOH N, i
N
O 2)Pb(OAc), ©/ 0

3.1 3.2

Scheme 3.6: Addition of resorcinol to the bromination of azaquinone

3.3 Azaquinone reaction with hydrochloric acid

The addition of hydrochloric acid to azaquinone was also reported by Burmistrov
et al.® The regioselectivity of nucleophilic addition to N-phenylguinoneimine is
determined by electrophilicity of the substrate, nucleophilicity of the reagent, and
hardness of the latter.” Hard nucleophiles (CI©, Br©) add to N-
phenylquinoneimine in protic media at the ortho position to the nitrogen atom i.e.

to the a, unsaturated ketone (Scheme 3.7).1%

Cl
/©/N\\@ 1) HCl(aq.), AcOH N t
R O 2)PbO, R/(j o
3.1,3.11a,b 3.12,3.13a,b

R = H (3.1), R = OMe (3.11a), R=1(3.11b)

Scheme 3.7: Reaction of hydrochloric acid with azaquinones

However, when strong electron-withdrawing substituents are introduced into the N-
aryl fragment, the electrophilicity of the quinoneimine is increased and products

from addition to the a, unsaturated imine are formed (Scheme 3.8).°:1%94
2 2
R R*
©/N\\@ HCl(aq.) @N\@CI
R o] R’ OH
3.14a,b 3.15a,b
R'=H, R?=NO, (a), R' = NO,, R>=H (b)

Scheme 3.8: Influence of electron-withdrawing groups on the chlorination of

azaquinones
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In the literature,® the synthesized compounds from this reaction were analysed by
their melting points, infrared spectroscopy and elemental analyses. However, in a
similar fashion to the bromination reaction, these data could not have
unambiguously assigned the position of the chlorine atom, hence the

regiochemistry of compound 3.12 remains to be confirmed.

The reaction was conducted by adding concentrated hydrochloric acid (37%) to
azaquinone in acetic acid, and the mixture heated under reflux for 24 h. As before,
the organic products were oxidised from the initial phenol product 3.17 using lead
(IV) acetate. Purification by chromatography (SiO2 1:9 ethylacetate-petrol) gave
compound 3.16 as the major product (60%) with the remainder being unreacted
azaquinone (Scheme 3.9). It should be noted that the chlorination of the phenyl

group was not observed in the treatment of azaquinone with HCI.

©/N\\@ 1) HCl(aq.), AcOH ©/ Q
O 2)Pb(OAc),

3.1

Scheme 3.9: Treatment of azaquinone with HCl(aq.)
The mechanism for the chlorination of azaquinone is shown in Scheme 3.10.
o

C')
@@ OH%@rii

@ﬁi @@

Scheme 3.10: Chlorination of azaquinone®1®

OH

The *H NMR spectrum of 3.16 (Figure 3.5) indicates the presence of a chlorine

atom substituent on the quinoid ring but as in the bromination reaction, does not
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confirm the position of attachment, with COSY and NOESY spectra being used to

determine the regiochemistry of the compound as 3.12.
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Figure 3.5: TH NMR spectrum of compound 3.16
3.3.1 Addition of Resorcinol to the chlorination of azaquinone, 3.1

As in the bromination reaction, the reaction of azaquinone with hydrochloric acid
was also carried out with the addition of resorcinol although the chlorination of the
phenyl group was not observed, giving the mono-substituted product 3.12 in 60%
yield and unreacted azaquinone as the only other component in the reaction
mixture (Scheme 3.11). The product(s) of this reaction is the same as when

resorcinol was not added to the mixture.

1) HCI, 't

©/ N\\@ Resorcinol, AcOH ©/ N\\@
(@] (@]

2) Pb(OAc),
3.1 3.12

Scheme 3.11: Addition of resorcinol to the chlorination of azaquinone
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3.4 Oxidation of azaquinone: synthesis of iminium oxide

As the halogenation reactions of azaquinone were successful, it would be
interesting to also do the halogenation reactions with azaquinone N-oxide so as to
compare the reactivity of both as Burmistrov® suggested that electron-withdrawing
groups may impact the outcome. It was also of interest to see if the N-oxide can
serve as a directing and/or protecting group as with pyridine, 3.18 and pyridine N-

oxide, 3.19 (for an example see Scheme 3.12).

® ~ n ©
0=N=0 0L.0
V7 N
b) H_ _NO,
| N m-CPBA | X HNO; m | N
—_— C _— >
~ ~ ~
H,SO
B 2504 NG N®
3.18 @O (@) @O
3.19 B i 3.20
HNO, PPh;
H,SO0, f‘
PhsP=0
N N02 NOZ
[ /
N |
NS
3.22 N
3.21

Scheme 3.12: Reaction of pyridine N-oxide, 3.19 as both a protecting and directing

group

In a similar fashion, azaquinone N-oxide was prepared from the oxidation of
azaquinone using meta-chloroperoxybenzoic acid (m-CPBA) in DCM at room
temperature for 24 h (Scheme 3.13).1%

(.)@
oQ, = O
o DCM o
3.1 3.23
Scheme 3.13: Oxidation of azaquinone, 3.1 to azaquinone N-oxide, 3.23
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The changes in the chemical shifts in the *H NMR spectrum of azaquinone N-oxide
when compared to azaquinone are consistent with the presence of an electron-
withdrawing group. The largest differences are for protons 8 (from 6.91 ppm to 7.50
ppm) and 3 (from 7.33 ppm to 8.06 ppm) as expected when considering their
proximity to the N-oxide. A relatively smaller downshift of peaks for the other
protons, which are further away from the oxygen, should therefore be expected

and is observed in the spectrum (Fig. 3.6).

AA_019/1
AA_019
cpci3
298K 8 [
1H 7 e 2
700MHz2 9
1
10! 12
5
1" 6 CI
10 5
3
9,11 5 8,12 5 6
J U\
AA_058/1 /
AA_058
1H 9,1
cDCI3 &
700 MH:
O
8 ! 3 8 ¥
7 _N 1
9 @""\-‘ 2
12 ! B
10 5
O
11 6

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
89 88 87 86 85 84 83 82 81 80 79 78 77 76 75 74 73 72 7.1 7.0 69 68 67 66 65 64 63 6.2 6.1 6.0
1 (ppm)

Figure 3.6: 'H NMR spectrum of azaquinone N-oxide, 3.23 compared to

azaquinone, 3.1

The structure of this compound was also confirmed by determination of the crystal
structure (Figure 3.7). The dihedral angle C3 — C4 — N1 — C7 is 9.125° which
suggests that, like the dibromoazaquinone 3.3, the structure is not flat, and the
phenyl ring is not in conjugation with the quinoid ring. This was also observed in

the azaquinone structure.
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Figure 3.7: Crystal structure of 3.23

3.5 Reaction of azaquinone N-oxide with hydrobromic acid

As the reaction of azaquinone N-oxide, 3.23 with hydrobromic acid is a new and
unexplored reaction, the same method that was used for the bromination of
azaquinone was employed. Purification by chromatography (SiO2 1:9 ethylacetate-
petrol, RP (C18) 7:3 MeCN-H20) gave the tri-substituted product 3.24 (30%), the
di-substituted product 3.3 (37%), and the mono-substituted product (phenyl ring)
3.25 (7%) as shown in Scheme 3.14. It should be noted that no N-oxides, including

3.23 were recovered.

Br
PbOAc)4 B

30% 37%
3.23 3.24 33
N
/©/ \\@
Br (@]
7%
3.25

Scheme 3.14: Reaction of hydrobromic acid with azaquinone N-oxide 3.23
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Compound 3.3 is a common product from the bromination reactions of both the
azaquinone, 3.1 and the N-oxide, 3.23. The tri-substituted product 3.24 and the
mono-substituted (phenyl ring) product 3.25, however, was observed for the first
time in the bromination of azaquinone N-oxide but not in the bromination of
azaquinone. This suggests that the phenyl ring in the N-oxide is less electron-rich
than in the azaquinone, and so more electrophilic than the azaquinone. The loss
of the N-oxide in the products from the bromination reactions suggests that the
mechanism of bromination of the phenyl group is nucleophilic addition rather than
the radical reaction which is observed in the azaquinone bromination reactions
(Scheme 3.15).
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~ I\IJ ~
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©/ \@q
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Br o) [O] Br OH
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Scheme 3.15: Mechanism of bromination of azaquinone N-oxide to give 3.25

Fig. 3.8 shows the 'H NMR spectrum of compound 3.24, confirming its identity.
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Figure 3.8: 'H NMR spectrum of compound 3.24

The mono-substituted product (phenyl ring), compound 3.25, is also one of the
products formed in the bromination of the N-oxide, suggesting that the N-oxide
results in direct halogenation to the phenyl ring suggesting the order of reaction as
no mono-substituted (phenyl ring) product was observed with the azaquinone i.e.
bromination of the phenyl ring first and then bromination of the azaquinone group
as described when the azaquinone itself was the substrate. The *H NMR spectrum

of compound 3.25 is shown in Figure 3.9.
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Figure 3.9: *H NMR spectrum of compound 3.25
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It was reported by Burmistrov et al.? that compound 3.24 can be formed by further
brominating compound 3.3 in the absence of resorcinol (Scheme 3.16) but we have

observed it as one of the products in the direct bromination of the N-oxide.

\@ 1) HBr, AcOH Q\@
/©/ 2) PbO,

Scheme 3.16: Addition of hydrobromic acid to di-substituted azaquinone®

The observation that compound 3.24 can only be made from azaquinone under
more forcing conditions suggests that the N-oxide is brominated before its loss of
oxygen and conversion to azaquinone (Scheme 3.15). The order of reaction for the
addition of hydrobromic acid to azaquinone-N-oxide should therefore be as shown
in Scheme 3.17.

O@
N 1) HBr, AcOH
PRG @ @ O
o  2)Pb(OAc),
3.23 3.30

Br \ Br
/@N\@
N
Br O
3.24
Scheme 3.17: Order of addition of hydrobromic acid to azaquinone N-oxide, 3.23

3.5.1. Addition of resorcinol to the bromination of azaquinone N-
oxide, 3.23

The reaction of azaquinone N-oxide, 3.23 with hydrobromic acid was also carried
out with the addition of resorcinol. The di-substituted product 3.3 (47%) is still
observed with the mono-substituted (quinoid ring) product 3.2 (26%) being formed
together with unreacted azaquinone (Scheme 3.18). The observance of compound
3.3 suggests that the bromination of the phenyl ring is not eliminated in the
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bromination of the N-oxide using resorcinol and therefore is probably not a radical

bromination process but a nucleophilic substitution.

O@
i 1) HBr,
@@%@ Resorcinol, AcOH ©/ /©/
O 2)Pb(OAc),
26% 47%
3.23 3.2 3.3

Scheme 3.18: Addition of resorcinol to the bromination of azaquinone N-oxide

3.6 Reaction of azaquinone N-oxide with hydrochloric acid

The reaction of azaquinone N-oxide, 3.23 with hydrochloric acid was carried out
using the same method for the chlorination of azaquinone (see section 3.3).
Purification by chromatography (SiO2 1:9 ethylacetate-petrol) gave 3.26 (70%) and
3.27 (12%) (Scheme 3.19).

cl
) HCI, AcOH AN N
2) Pb(OAc)s I e} cl o
70% 12%
3.23 3.26 3.27

Scheme 3.19: Reaction of hydrochloric acid with azaquinone N-oxide

As observed in the bromination of the N-oxide, there appears to be a different
selectivity in this reaction from the chlorination of azaquinone. Whilst the
chlorination of azaquinone gives the mono-substituted (quinoid ring) product 3.12,
the chlorination of its N-oxide gives the di-substituted product 3.26 and the mono-
substituted (phenyl ring) product 3.27, which indicates the preference of the N-
oxide for the reaction of the phenyl ring and that this occurs first. This can be
explained from the fact that the N-oxide is a more electrophilic substrate than the
azaquinone similar to the bromination result, therefore making the N-oxide more
reactive to nucleophiles. This selectivity and the non-observance of N-oxide
products, which was also the case in the bromination of the N-oxide, suggests that

the loss of oxygen occurs during or after the halogenation (Scheme 3.20).
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Scheme 3.20: Mechanism of chlorination of azaquinone to give 3.27

As with the previous reactions, COSY and NOESY spectra were used to determine
the regiochemistry of the compound but the position of chlorine attachment on the
quinoid ring in compound 3.26 was also confirmed by determination of the crystal
structure (Fig. 3.10).

ola

Figure 3.10: Crystal structure of 3.26

3.6.1 Addition of resorcinol to the chlorination of azaguinone N-
oxide, 3.23

The reaction of azaquinone N-oxide with hydrochloric acid was also carried out

with the addition of resorcinol. The di-substituted product 3.26 is observed together
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with the mono-substituted product (quinoid ring) 3.12 and unreacted azaquinone
(Scheme 3.21).

o cl Cl
Q 1) HCl, N N
g\ Resorcinol, AcOH /©/ =~ + ©/
©/ \@ 2) Pb(OAc), ClI o) O
O 42% 25%
3.23 3.26 3.12

Scheme 3.21: Addition of resorcinol to the chlorination of azaquinone N-oxide

This observation is similar to that seen as a result of the addition of resorcinol to
the bromination of the N-oxide (Scheme 3.18). Two possible substitution products
— di-substituted product and mono-substituted product (quinoid ring) are formed
when resorcinol is added to the halogenation of azaquinone N-oxide.

The results of the halogenation reactions of azaquinone and azaquinone N-oxide
are summarised in Table 3.1.

Table 3.1: Results of the halogenation reactions of azaquinone 3.1 and azaquinone
N-oxide 3.23 with/without resorcinol

Entry HBr/ | Trihalo Dihalo Monohalo Monohalo
HCI Yield Yield (quinoid ring) | (phenyl ring)
Yield Yield

1 3.1 | HBr nd 36% (3.3) 32% (3.2) nd

2 3.1 |[HBr* |nd nd 60% (3.2) nd

3 3.1 | HCI nd nd 60% (3.12) nd

4 3.1 |[HCP |nd nd 60% (3.12) nd

5 3.23 | HBr 30% (3.24) | 37% (3.3) nd 7% (3.25)
6 3.23 | HBr* | nd 47% (3.3) 26% (3.2) nd

7 3.23 | HCI nd 70% (3.26) | nd 12% (3.27)
8 3.23 | HCI? | nd 42% (3.26) | 25% (3.12) nd

@ with resorcinol 100 mol%, ‘nd’ not detected

The bromination of azaquinone gives both mono-substituted (quinoid ring) and di-
substituted (phenyl and quinoid rings) products. The use of a radical scavenger
(resorcinol) eliminates the bromination of the phenyl ring. The chlorination of

azaquinone, however, is more selective and gives only the mono-substituted
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(quinoid ring) product under these conditions. Halogenation of the N-oxide results
in direct bromination/chlorination of the phenyl ring, changing the selectivity of the
reaction suggesting both the order of addition and a change in mechanism
(Scheme 3.22). The C-CI/Br bond can facilitate metal-catalysed cross-coupling

reactions such as the Suzuki reaction allowing further elaboration of the structure.

o X
lll 1) HX, AcOH /©/N\\<>I\ /©/N\\é>l\
PRGN -
E——
0 2)Pb(OAc), X O X 0
3.23 X =Br 3.25 X =Br 3.3

X=Cl 3.27 X =Cl| 3.26

|
fonol

X =Br 3.24
X=Cl nd

Scheme 3.22: General mechanism for the halogenation of azaquinone N-oxide,
3.23

3.7 Summary

The halogenation of azaquinone has been found to be selective depending on the
reaction conditions used, and allows targeted functionalisation. The halogenation
of azaquinone N-oxide was also investigated and this gives direct halogenation to
the phenyl ring, changing the selectivity of the reaction. The concurrent loss of the
N-oxide functionality in the products from the halogenation reactions suggests that
the mechanism of halogenation of the phenyl group in the N-oxide is from the
nucleophilic addition rather than the radical reaction which is observed with

azaquinone as the substrate.
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Chapter 4. Cross-Coupling Reactions of Haloazaquinone
4.1 Introduction to cross-coupling reactions
Cross-coupling reactions are transformations that form (usually) carbon-carbon
bonds, enabling the preparation of an enormous structural diversity of complex
molecules, essential in the pharmaceutical industry and for preparing organic

materials.’®’ They typically use transition metal catalysts (such as palladium,

nickel, copper and iron), an organic halide, and a nucleophilic coupling partner.

SUZUKI
STILLE

BUCHWALD-HARTWIG R
1
R ©/ ©/R NEGISHI
|
N._,
OR? R'Sn(R?), @f
RI-B
\
OR?
RZnX
CYANATION X

R
Zn(CN RMgX
@CN e @ + Pd(0) — @

X =1, Br, Cl, OTf

KUMADA

co/ R!
Nucleophile ©/
RC=CH
R CH,
Q \ SONOGASHIRA
©)‘\Nu

R
y &
R
CARBONYLATION ©N
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Scheme 4.1: Cross-coupling Reactions

Several coupling reactions have been developed and these are specific to different
substrates: Suzuki,'®8 Stille,1%° Negishi,?®® Kumada,?°* Hiyama,?°? Sonogashira,?°3
Heck,?%4 Buchwald-Hartwig,?%> cyanation,?°¢ carbonylation?®’ (Scheme 4.1). The

Suzuki, Stille, Sonogashira, Kumada and Buchwald-Hartwig reactions were
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investigated as part of our research as they are among the most commonly utilised
reactions in present time within the drug discovery community and are discussed

in detalil later.

Most palladium catalysed reactions are believed to follow a similar catalytic cycle
(Scheme 4.2). The catalytic species can be formed in situ using a palladium
source, such as Pdz(dba)s or Pd(OAc)2 and the necessary ligand or introduced as
a preformed catalyst such as Pd(PPhs)s, PdCI2(PPhs)2 or PdP(‘Bus)2. Careful
choice of ligand can facilitate two steps of the catalytic cycle. The use of strong o-
donating ligands, such as trialkylphosphines, increases the electron density around
the metal, accelerating the oxidative addition of the catalyst to the substrate, this
is most commonly believed to be the rate determining step. Choice of ligand also
determines the mechanism by which oxidative addition occurs. The elimination
step is accelerated by the use of bulky ligands, in particular phosphine ligands

exhibiting a large cone angle (also known as Tolman angle).2%®

Ar—X

\

Oxidative addition

,?\r
L—Pd—L L—Rd—L
Ar—R X
( R-M
Reductive .
elimination Transmetalation
'?‘r Ar M-X
|
R=Pd—L L—Pd—L
L R

Rearrangement

Scheme 4.2: General catalytic cycle for palladium catalysed coupling reactions
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The oxidative addition of arylhalides (Ar—X) to Pd(0) complex is the initial step to
give a Pd(ll) species (organopalladium complex). It is favoured by electron poor
aromatics (Ar) as the bond dissociation energy for the Ar—X bond is reduced. The
order of reactivity for X is usually I>Br-OTf>>ClI.

The Pd(ll) species will subsequently react with the nucleophilic coupling partner
(olefins or organometallic compounds R—M of low reactivity, where M is typically
zinc, boron, or tin) via a transmetalation process to afford an intermediate.
Transmetalation is the transfer of an organic group from one (pseudo) metal to
another and this step is favoured by electron-rich R groups and lack of steric
hindrance on the Ar and R groups. This is followed by reductive elimination to give
the desired product and regenerate the Pd(0) species. Coupling partners with
opposite electronic properties favour the reductive elimination step.

Despite the initial lack of evidence, organopalladium(lV) species were tentatively
suggested as intermediates in various cleavage reactions of organopalladium(ll)
complexes, usually with dihalogens or other simple inorganics. Yamamoto?%®
reported that reactions of complexes [PdR2L2] (R = Me, Et; L = PEts, PPh2Me) with
iodine afforded [PdlzL2] and RI, and of [PdRz(dppe)] with Mel gave CHsH, CH3CHs,
RH, RCHs, R-R, R-I, and alkene products together with [PdlzL2], suggesting the
presence of a six-coordinate intermediate Pd(IV) species (Scheme 4.3).210
Interestingly, this was probably the first observation of transient

organopalladium(lV) complexes supported by phosphine ligands.

M
L. R Mel L\|I3:,R Lepy-R .y Loy R+ R
—_— < —_— + - ~
|_/P|9\R 25°c VR N © L~ " "Me

Scheme 4.3: Reaction of Pd(ll) complexes with methyliodide and decomposition of

the resulting transient Pd(IV) complex

The Negishi coupling utilises organozinc reagents to cross couple with organic
halides. The organozinc reagent can be prepared in situ by transmetalation of the
corresponding organolithium or Grignard reagent,?!! or via oxidative addition of
activated Zn(0) to an organohalide.?'? With the demonstration of the reactivity of

alternative organometallic derivatives, Negishi significantly broadened the concept
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of the cross-coupling approach and set the stage for the uncovering of milder, less

electropositive-metal coupling species.

1.5 equiv. Zn 0.8 equiv. ArX
5 mol-% I, 2 mol-% Ni(PPh3),Cl,
R—Br _— > R—ZnBr > R-Ar
41 DMA, 80 °C, 3 h 42 rt, 1h 43

Scheme 4.4: Preparation of alkylzinc reagents from unactivated alkyl bromides?*?

The Hiyama coupling is a metal catalysed coupling reaction between organic
halides and organosilanes. This reaction requires an activating agent such as
fluoride ion or a base to activate the organosilane towards transmetalation by the
formation of silicate intermediates (Scheme 4.5).24 The Hiyama coupling approach
provided a more environmentally friendly option than the organostannane (Stille)
reagents.?’® This discovery has been pursued on other silicon derivatives, for
example, siloxanes. The use of a silanol as the organosilane is one recent method
that has managed to negate the requirement for the reaction to contain fluoride as

an activator,?16 this has helped to enlarge the substrate scope of the reaction.

Ar—R X=Ar
L2Pd oxidative addition
reductive
elimination
L
L Ar—Pd—X

Ar—Pd L

F S|—R NBu4 <—— F3Si—R + BuyNF
rearrangement
Ar—Pd R

transmetalatlon

F s| X NBU4
FF

Scheme 4.5: Mechanism of the Hiyama coupling reaction
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The palladium catalysed carbonylation is a very convenient method for the
regioselective synthesis of carbonyl-containing compounds. The palladium
catalysed carbonylation is compatible with a range of functional groups, which
gives it significant advantage over standard organolithium and Grignard chemistry
for the synthesis of aryl aldehydes, acids, esters and amides (Scheme 4.6). The
reactions generally require added base to react with the acid generated in the
reaction (by deprotonation of alcohols and amines, for example) and to promote
the formation of the Pd(0) species which initiates the reaction.?'’

0]

NuH,
N Br 1 atm. CO N Nu
R—g — > R
Z 2-3% Pd(OAC), Z

-RY
44 2-6% Xantphos 4.5

NuH = HN(OMe)Me, HNR,, MeOH

Scheme 4.6: Palladium catalysed carbonylation reactions?12

The palladium catalysed cyanation of aromatic halides allows for an efficient
access towards aryl nitriles and offers a convenient alternative to the Rosemund-
Von Braun reaction, which often employs harsh conditions and can have a labour-
intensive work-up (Scheme 4.7). As the cyanide nucleophile is a strong a-donor
and can poison the catalyst, it is necessary to keep its concentration low during the
reaction. The less poisonous cyanide source Ka[Fe(CN)s], in contrast to other
cyanating agents, can be used in combination with palladium catalysts to
synthesise aryl nitriles from their corresponding halides. Due to the slow release of

cyanide ions, a significantly improved catalyst productivity is achieved.?*®
2 mol% Pd(CN),
X or Pd(OAc), CN
TS EETEL ity L
DMF, 140 °C
4.6 4.7 4.8 4.9

Scheme 4.7: First palladium-catalysed cyanation of aryl iodides and bromides??°

Where the organometallic reactant (R—M) is replaced by a compound with a sp?-
hybridised carbon-hydrogen bond (Heck reaction), a sp-hybridised carbon-
hydrogen bond (Sonogashira reaction), or an amine (Buchwald-Hartwig reaction),
the cross-coupling follows a different path to the general mechanism.
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The Heck reaction is the metal catalysed coupling between organic halides and
activated alkenes in the presence of a base.?® It can be regarded as the “father”
of Pd-catalysed coupling processes.??! The reaction tolerates electron-withdrawing
groups and electron-donating groups on both reactants. One of the benefits of the
Heck reaction is its outstanding trans selectivity. After the oxidative addition, a
Heck reaction proceeds via -coordination of the alkene reactant, then a migratory
insertion of the alkene into the Pd—C bond previously formed during oxidative
addition of the organohalide. The intermediate formed then undergoes B-hydride
elimination under thermodynamically controlled conditions, leading to preferential
formation of the E-product???> (Scheme 4.8). For intermolecular reactions with
mono-substituted alkenes, the alkene insertion step is usually directed by steric
hindrance. The lack of an obligatory preformed organometallic species as one of
the coupling partners makes the Heck reaction mechanistically different from most
cross-coupling reactions, imparting freedom from the requirement of a
transmetalation step.?!> Double-bond isomerisation in the Heck reaction is
sometimes a problem. However, various additives can alleviate this; for example,

the use of silver??3-226 gr thallium??” salts or the “greener” supercritical CO2.228

HX
ArX
base Pd(0)L, Oxidative
F\Addition
H
XL;IIDd(II) Ar
L L2Pd\x
syn p-hydride R~
elimination .
syn-migratory
Ar insertion
R'I
/E AT ~__~
R1
L
A II) A Pd(II) L
\_< X
R1

Scheme 4.8: Catalytic cycle for the Heck reaction
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Since the halogenation of azaquinone was successful, it would be interesting to
further elaborate the structure with some palladium catalysed cross-coupling
reactions to enhance structural diversity and to determine the selectivity of the
reactions. 3-Bromoazaquinone, 4.11 and 3-chloroazaquinone, 4.13 were

considered as substrates for the reactions (Scheme 4.9).

Br Br
©/N\\Q N /O/N\\@
1) HBr

AcOH o Br o

4.11 412
©/N\\@ 2) Pb(OAc),
1) HCI o
o)

0]
4.10 AcOH N
N
2) Pb(OAc),
413

Scheme 4.9: Halogenation of azaquinone, 4.10

3-Chloroazaquinone was found to be unreactive towards Suzuki coupling reactions
under the conditions explored while 3-bromoazaquinone gave the expected result
(13-66% 4.14). 3-Bromoazaquinone was therefore used to investigate the rest of
the coupling reactions. The palladium catalysed cross-coupling reactions
investigated are the Suzuki, Stille, Sonogashira, Kumada and Buchwald-Hartwig

reactions (Scheme 4.10).
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Scheme 4.10: Some cross-coupling reactions of 3-bromoazaquinone, 4.11

4.2 Suzuki coupling

Suzuki coupling is a metal catalysed reaction, typically by palladium, between a
vinyl, aryl, or alkynyl organoborane (boronic acid or boronate ester, or in special
cases an aryl trifluoroborate) and organohalides or triflates under basic conditions
(Scheme 4.11). The Suzuki reaction is undoubtedly the most intensively
investigated C—C coupling reaction, particularly in the 215t century.18422° The
organoboranes are usually air and moisture tolerant, are often commercially
available and generally non-toxic and environmentally safer than the other
organometallic reagents which may contain metals and the reaction can be run
under very mild conditions. The reaction is generally carried out at a temperature
range of 60—80 °C, is highly tolerant of many different functional groups, is highly
chemoselective, and boron containing by-products are easily removed by a simple
alkali work-up.2®® The Suzuki reaction has the advantage of high regio- and
stereoselectivity, the use of a small amount of catalyst, and application in one-pot
synthesis.??® The Suzuki reaction is highly efficient for the synthesis of highly

substituted styrenes, conjugated systems of alkenes, or biaryl compounds.23°
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(OH), Pd(PPh3), O
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4.19 benzene 4.20

Scheme 4.11: Suzuki cross-coupling reaction of phenylboronic acid and

haloarenes!%
4.2.1 Suzuki Coupling of 3-bromoazaquinone with arylboronic acids

The Suzuki coupling was carried out using 3-bromoazaquinone and a range of aryl
boronic acids. Two equivalents of the boronic acids were used.?3%232 The results

are given in Table 4.1.

The coupled products, 4.14 were obtained in average to good yields (best yields
reported) with the biaryl products, 4.21 obtained as by-products, resulting from the
homocoupling of the arylboronic acid. There is no significant change with the use
of palladium acetate with triphenylphosphine as the catalyst (Entry 2), so
tetrakis(triphenylphosphine)palladium(0) was used for the rest of the studies. A
much lower yield is observed when electron-deficient boronic acids are used, and
the substitution of silver carbonate for cesium carbonate does not lead to any

significant change.

The reaction was also carried out using one equivalent of the phenylboronic acid,
4.19a to determine the stoichiometric effect on the products formed, in an attempt
to reduce the symmetrical biaryl product formed and so increase the yield of the
coupled product (Entry 3). This biaryl product is still observed with the yield of the
coupled product not being significantly different from the reaction using two
equivalents of the phenylboronic acid meaning that the reaction pathway is not

affected by the change in the equivalents of arylboronic acid.
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Table 4.1: Suzuki Reaction of 3-bromoazaquinone with arylboronic acids

(OH),
O,
Dloxane

2 equiv. 90 °C, 24 h
411 4.19
Entry | Boronic | R Coupled product | Biaryl product 4.21
acid 4.19 4.14 (%) (%)
Cs2C03 | Ag2COs | Cs2COs3 | Ag2COs3

1 a H 66 58 31 39
22 a H 58 n 30 n
3b a H 37 17 29 38
4 b 4-Cl 48 nd 32 35
5 c 4-Br n 13 n 26
6 d 4-OMe 20 35 32 21¢
7 e 2-Me t t 18 24
8 f 4-CHO nd 13 49 23
9 g 2-naphthyl | 34 30 30 38

a3Pd(OAc)2/PPhs, P1 equiv. boronic acid, °4-methoxy-1,1'-biphenyl also observed
(4%), t = trace amount, n = not done (because results from using Cs2COs were

similar to Ag2COs), nd = not detected

4.2.2 Suzuki Coupling of 3-bromo(4-bromophenyl)azaquinone, 4.12
with phenylboronic acid

The Suzuki coupling of 3-bromo(4-bromophenyl)azaquinone was carried out to
determine the selectivity of the reaction between the two different bromo groups.
There are two coupled products formed in the reaction, compounds 4.22 and 4.14a
(Scheme 4.12). Compound 4.22 is as a result of coupling only to the carbon
attached to the bromine atom on the phenyl ring while the bromine on the quinoid
ring remained intact. Compound 4.14a, however, is a product from coupling to the
carbon bearing the bromine atom on the quinoid ring only although it is surprising
that the bromine atom is not residual on the phenyl ring in 4.14a which could result

from the hydrodehalogenation of the phenyl ring.?3323 The higher vyield of
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compound 4.22 in the reaction suggests that the bromine on the phenyl ring is
more reactive than the bromine on the quinoid ring however the difference is small

suggesting it may be possible for compound 4.22 to be formed selectively.

Br

Pd(PPh3),
OO OB o
Dioxane ©/
Br (0] 90 °C. 24 ‘/‘/

4.12 4.19a 4.22 4.14a

22% 15%

Scheme 4.12: Suzuki coupling of 3-bromo(4-bromophenyl)azaquinone, 4.12

4.3 Stille coupling

The Stille reaction is an extremely versatile alternative to the Suzuki reaction in
organic synthesis. It replaces the organoborane with an organotin compound (also
known as an organostannane) such as ArSnRs or vinylSnRs (Scheme 4.13).
Organostannanes with R=Bu are preferred to those with R=Me because they have

lower toxicity, are cheaper and more readily available but are less reactive.

The relative rate of transmetalation of Sn to Pd is alkynyl>vinyl>aryl~benzyl>>alky!.
The Stille Coupling is useful for constructing new carbon-carbon bonds because
organotin compounds are easy to synthesize, and some are commercially
available. The reaction also has the advantage that it is run under neutral
conditions making it even more tolerant of different functional groups than the
Suzuki reaction. However, the main disadvantage of the Stille reaction is the
toxicity of the organostannanes and also removal of the by-products. Compared
with boron or zinc derivatives, the lower polarity (hence lower basicity) and higher
steric demand of tin derivatives makes them less nucleophilic and less reactive.?3®
However, nucleophilicity is not the only virtue sought for in a nucleophilic reagent:
reactivity and selectivity are often in conflict and selectivity is a must in many areas

of synthesis.
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2 mol% PdCl,, 4 mol% P'Bu,
4 mol% Cul, 2 eq. CsF

Ar—X *+ RSnBuj Ar—R
DMF
X:Br, CI 1.1 equiv. 45 °C (-Br) or 100 °C (-Cl), 15 h R: Ar, vinyl
4.23 4.24 4.25

Scheme 4.13: An example of Stille coupling. 18°

Side reactions of the Stille reaction include homocoupling, transfer of “non-
transferable” ligands (e.g. Bu), destannylation, cine substitution and aryl migration.
Undoubtedly, the most common side-products are those involving a homocoupling
event as observed in the Suzuki reaction. Reaction of a Pd(ll) precatalyst with two
equivalents of the organostannane mostly accounts for this observation. In other
cases such as when Pd(0) is used, the homocoupling products can be formed in
the presence of air which could facilitate insertion of the Pd(0) into the C-Sn

bond_234,236
4.3.1 Stille coupling of 3-bromoazaquinone with organostannanes

The reaction of 3-bromoazaquinone, 4.11 with tributyl(phenyl)stannane, 4.26a was
carried out using one equivalent of the arylstannane in THF, with LiCl as the base,
and heated at 100 °C for 24 h,?3” both the coupled product and biaryl product were
obtained in low vyields. The reaction was repeated with the base changed to
Ag2COs and the solvent to dioxane and an increase in yield was observed for the
coupled product while the biaryl product was not formed (Scheme 4.14). This
demonstrates that the solvent/base combination is critical in the optimisation of the
palladium catalysed Stille reaction. The reaction with tributyl(thiophen-2-
yl)stannane, 4.26h was therefore only carried out using Ag2COs in dioxane and the
coupled product was obtained in good yield while the biaryl product was not
formed. This selectivity could also result from the use of one equivalent of the
organostannane since the reaction of a Pd(ll) precatalyst with two equivalents of
the organostannane mostly accounts for the homocoupling side-products.?3* Other
organostannanes such as tributyl(vinyl)tin and tributyl(phenylethynyl)tin were also
investigated but surprisingly no positive reaction was observed. The reaction with
tributyl(vinyl)tin only gave unreacted starting material while the reaction with

tributyl(phenylethynyl)tin gave several unidentified products.
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N
N Pd(PPhs), N
+ AF_SHBU3 —_— N + Ar—Ar
© @]

4.11 4.26 414 4.21
Ar = Ph (a) 4.14a 7% 4.21a 11% (LiCI/THF)
_ . 4.14a 63% 4.21a not detected (Ag,CO3/Dioxane)
Ar = 2-thienyl (h) 4.14h 55% 4.21h not detected (Ag,CO4/Dioxane)

Scheme 4.14: Stille Coupling of 3-bromoazaquinone, 4.11 with organostannanes,
4.26

4.4 Sonogashira coupling

The Sonogashira reaction is the palladium catalysed cross coupling reaction
between aryl or vinyl halides and terminal alkynes. The reaction offers an extremely
useful route to aryl- and alkenyl-alkynes. Sonogashira reaction is one of the most
popular cross-coupling reactions for the formation of C(sp?)—C(sp) bonds, with its
use extending to applications in pharmaceuticals, nanomaterials, and natural
products.?38-240 The alkyne moiety is usually introduced via its copper salt which is
generated in situ from a Cu(l) salt, such as Cul or CuCN, and a terminal alkyne in
the presence of an amine base (Scheme 4.15).2*! The copper (I) acetylide which
is formed subsequently transmetalates to palladium, as in other cross-coupling
reactions with preformed organometallic reagents. Despite the popularity of the
reaction, Sonogashira coupling exhibits several important limitations. The copper
salts used in the co-catalysed reaction are environmentally unfriendly and difficult
to recover from the reaction mixture. Additionally, upon exposure to air, the copper
acetylide will undergo a homocoupling side reaction, decreasing the overall
efficiency of the reaction.?4? Thus, efficient variants for these reactions that do not
employ copper co-catalysts (copper-free Sonogashira reactions) are much sought

after and have been increasingly reported.43-245
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Scheme 4.15: Catalytic cycle of palladium and copper co-catalysed Sonogashira
reaction

4.4.1 Sonogashira coupling of 3-bromoazaquinone with terminal
alkynes

It was observed that the Sonogashira coupling reaction of 3-bromoazaquinone with
4-ethynyltoluene is not as successful as the Suzuki and Stille reaction as it gives
only the dialkynyl product 4.28. This is due to the homocoupling side reaction of

the copper acetylide.

I ¢i
7
il JC/ e (L, T
O

4.15a 4.28

34% (Cul/Etz;N/DMF)
9% (Ag,CO3/Dioxane)

Scheme 4.16: Sonogashira coupling of 3-bromoazaquinone, 4.11 with 4-

ethynyltoluene, 4.27
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45 Buchwald-Hartwig amination reaction

The Buchwald-Hartwig amination is a chemical reaction used for the synthesis of
carbon-nitrogen bonds via the palladium-catalysed coupling reactions of amines
with aryl halides. This reaction is significant as all other coupling reactions
considered make C—C bonds. The reaction’s synthetic utility stems primarily from
the shortcomings of typical methods (nucleophilic substitution, reductive amination,
the Goldberg reaction) for the synthesis of aromatic C—N bonds, with most suffering
from limited substrate scope and functional group tolerance. These reactions are
mechanistically strictly related to classical cross-coupling reactions (Scheme 4.2)
in that they involve oxidative addition of the aryl halide, coordination and
deprotonation of the amine, and finally reductive elimination of the product with
formation of the C—N bond. However, in these reactions the reductive elimination
step is often critical, being the rate-determining step of the whole process;
consequently, in order to promote this step, Pd complexes with suitable ligands
such as P(o-tolyl)s, DPPF, BINAP and xantphos have to be employed as
catalysts.?#6247 The reaction has gained wide use in synthetic organic chemistry
because of the ubiquity of aryl C—N bonds in pharmaceuticals and natural products,
with application in many total syntheses and the industrial preparation of numerous
pharmaceuticals.?#824% Bulky tri- and di-alkyl phosphine ligands have been shown
to be remarkably active catalysts, allowing the coupling of a wide range of amines
(primary, secondary, electron-withdrawing, heterocyclic) with aryl halides and
triflates. The activity of these ligands is attributed to their propensity to sterically
favour the monoligated palladium species at all stages of the catalytic cycle,
dramatically increasing the rate of oxidative addition, amide formation, and

reductive elimination.102.186

The preparation of enantiomerically enriched aniline derivatives by coupling
enantiomerically enriched amines with aryl bromides has been reported.?*° Due to
the importance of amino alcohols in the pharmaceutical industry, the methodology
was extended to the selective N-arylation of enantiomerically enriched amino
alcohols. However, protection of the hydroxyl group was required in order to obtain
the desired product in good yield. Amino alcohols protected as their tert-butyl

ethers were found to undergo efficient coupling (Scheme 4.17).
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Q Pd,(dba), Ph/:,fo B
(+)-BINAP, NaO'Bu

Ph
+ Ph/\‘/\OtBu o
Br NH> toluene
70 °C o}
4.29 4.30 4.31

98% yield
Scheme 4.17: An example of Buchwald-Hartwig amination

4.5.1 Buchwald Hartwig coupling of 3-bromoazaquinone with

arylamines

The Buchwald-Hartwig amination reaction was investigated by coupling 3-
bromoazaquinone with arylamines as a means of forming new C—N bonds. The
results are presented in Table 4.2.

Table 4.2: Reaction of 3-bromoazaquinone with aniline derivatives

R’ R2

L
R2 N
Br NN h
§ Pd(OAc),,
N\\[i ©/ "R2  BINAP [jN\ + °
+ | _— N

[ j _ “R2
0 4 toluene o R

| AN
80 °C, 24 h L
4.11 R
. 4.32 4.17 4.33
R1
//l
R2
NN
N
RS
(@]
+ o}
L
N
Dl
S
R1
4.34
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Entry | Aniline | R? R? | 4.17 4.33 4.34
4.32 (%) (%) (%)
1 a H H 79 13 nd
2 b 4-OMe |H | 66 17 nd
3 C 4-Cl H |29 15 nd
4 d 4-CF3 |H |29 3 nd
5 e 2-Me H |72 t 5
6 f H Me | 59 8 3

nd = not detected, t = trace amount

The reaction, which may also occur by addition to the a,B-unsaturated ketone,
gives the expected coupled product 4.17 in good yields. The anilines with electron-
deficient groups (entries 3 and 4) were observed to give lower yields. The structural
assignment was confirmed by X-ray analysis of single crystals of 4.17e (Fig. 4.1).
The product of diaddition to the a,B-unsaturated ketone and a,B-unsaturated imine,

4.33 was also observed.

Cleé

Cl17

Figure 4.1: Crystal structure of compound 4.17e

Interestingly, this reaction also offers insight into the possible mechanism of the
direct addition of aromatic amines to azaquinone (see Section 2.1.1) as the mono-
addition product resulting from the a,3-keto attack has now been independently
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made. Also, the diaddition product formed from the addition of aromatic amines to
azaquinone was observed in the Buchwald-Hartwig amination as a by-product 4.33
again suggesting that compound 4.17 may be an intermediate in forming the
diaddition product. To confirm this, compound 4.17a was then reacted with aniline
(1 equiv.) under the same reaction conditions for the reaction of azaquinone with

aniline derivatives (Scheme 4.18).

I L
HN N
N NH,  EtOH ©/ S
~ —_—
©/ + ©/ t, 24 h 0
4.33a

4.17a 4.32a

Scheme 4.18: Addition of aniline to mono-addition product, 4.17a

At the completion of the reaction, it was observed that although the di-addition
product, 4.33a was formed, compound 4.17a was still present in the reaction
mixture suggesting that it may be an intermediate for the reaction, but it may not
be the major intermediate as this result would suggest it would be possible to
isolate this material from the aniline addition reaction and therefore it is likely that

there may be multiple processes taking place (Fig. 4.2).
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Figure 4.2: 'H NMR spectrum of the reaction mixture of compound 4.17a with

aniline

A product of dimerization was observed with entries 5 and 6, giving compound 4.34
as by-product resulting from oxidative coupling between two molecules (Table 4.2).
The absence of the double doublet corresponding to H6 (6.28ppm) and the
replacement of the doublet for H5 (6.68ppm) with a singlet (6.82ppm) in the H
NMR spectrum of compound 4.34f suggests dimerised product. The X-ray analysis
of 4.34f confirms the structural assignment (Fig. 4.3).

Figure 4.3: Crystal structure of compound 4.34f
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The formation of the dimerised product 4.34 is not surprising as it has been
reported that unexpected observations, new transformations or unusual side
reactions often occur in Pd-catalysed reactions and these stem from poor catalytic
turnover, unusual reactivity or selectivity, or the presence of unwanted side-

products.?®*

A naphthoquinoneimine dimer 4.37 has been reported as a by-product in the
reaction of naphthoquinoneimine 4.35 with thiols suggesting that this type of
dimerization is not limited to cross-coupling reactions only (Scheme 4.19)%2,

0] |

0 )
—_— +

I | ¢
o o T
C
4.35 4.36 4.37

R = CqgH21 (a), 4-CH3CgHy4 (b)

Scheme 4.19: Reaction of naphthoquinoneimine with thiols

Compound 4.37 has been reportedly synthesised from the oxidative coupling of N-
phenylnaphtho-1,4-quinoneimine, 4.35 (Scheme 4.20).22 A mixture of
naphthoquinoneimine 4.35 and potassium hexacyanoferrate(lll) were treated in a

basic agueous medium giving the dimeric compound 4.37 in 80% yield.
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| EtOH |

4.35 4.37

Scheme 4.20: Oxidative coupling of N-phenylnaphtho-1,4-quinoneimine

4.6 Kumada Coupling

The reaction of an organohalide substrate with a Grignard reagent to produce the
corresponding coupled product is known as the Kumada coupling (Scheme 4.21).
The procedure uses transition metal catalysts, typically nickel or palladium, to
couple a combination of two alkyl, aryl or vinyl groups. Although it suffers from a
limited tolerance of different functional groups, the higher reactivity and basicity of
the Grignard reagent allows viable reactions to take place under mild conditions.?>3
The advantage of this reaction is the direct use of Grignard reagents, which avoids
additional reaction steps such as the conversion of Grignard reagents to zinc
compounds for the starting materials in the Negishi coupling.

Pd(dppf)CI
0., O ance [}
Br S MgBr Et,O (@) \ /
-30°Ctort, 5h, 98%

4.38 4.39 4.40

Scheme 4.21: An example of Kumada coupling reaction25

4.6.1 Kumada coupling of 3-bromoazaquinone with Grignard

reagents

The reaction of 3-bromoazaquinone, 4.11 with isopropylmagnesium chloride 4.41
was done in THF at 60 °C for 2 h (Scheme 4.22).?% The crude reaction mixture
was purified by chromatography (SiO2 1:4 ethylacetate-petrol) to give the coupled

product 4.16a as a red oil. The Kumada coupling, although it only gives a low yield
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of the product, is important and different from the other coupling reactions

investigated as it allows the introduction of alkyl as well as aryl groups.

Br
N MgCl Pd(PPh3)4 ©/N\
—_—
+
©/ AN THF o}

o} o 0

60 °C,2h 10%

4.11 4.41 4.16a

Scheme 4.22: Reaction of 3-bromoazaquinone with isopropylmagnesium chloride

The lack of reactivity and low yields observed in some of the palladium catalysed
coupling reactions considered may result from the oxidation of Pd(0) to Pd(ll) by
the azaquinone in the oxidative addition step of the catalytic cycle since it also acts

as an oxidising agent.

4.7 Summary

The introduction of halogens into the azaquinone offers the possibility of further
elaboration of the structure. 3-Bromoazauinone has been used as a substrate for
Suzuki, Stille, Kumada and Buchwald-Hartwig cross-coupling reactions. The
mono-addition product derived from the Buchwald-Hartwig reaction has been used
to investigate the order of addition in the formation of the diarylamino products
which resulted from the direct addition of aromatic amines to azaquinone. A novel
dimerised product was also observed as a by-product in the Buchwald-Hartwig
amination resulting from oxidative coupling between two molecules of the

amination mono-addition product.
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Chapter 5. Conclusion and Future Work

5.1 Conclusion

Azaquinone is an unexplored yet versatile building block with all six carbon atoms
in the quinoid ring being different. It can be prepared on a large scale and is
compatible with automation e.g. flow chemistry. Azaquinone has potential for
building complex structures as part of tandem processes, scaffold diversity and

drug discovery.

The multiple products formed by the arylation of 4-hydroxyaniline 5.2 with
diphenyliodonium trifluoroacetate 5.1 have been identified. Good yields of the
desired products — 4-hydroxydiphenylamine 5.3 and iodobenzene are obtained in
DMF at 130 °C for 24 h, the effect of the counter-ion on the reactions of
diphenyliodonium salts with 4-hydroxyaniline has also been studied and the
reaction proceeds as expected giving 5.3 in good yields where the counter-ion is
less nucleophilic in nature than the aniline. Azaquinone 5.4 has also been observed
as a product resulting from the in-situ oxidation of 5.3 during these reactions
(Scheme 5.1).

CFC00°
® H
o0 O g0, — OO
+
, o Q. :
5.1 5.2 5.3 54
Scheme 5.1: N-arylation of 4-hydroxyaniline with diphenyliodonium trifluoroacetate

The nucleophilic addition of amines to azaquinone has been successfully studied
with aliphatic amines being 1,2-selective giving diaminoarenes 5.5 following a
reductive work-up while aromatic amines were 1,4-selective and resulted in double
addition, with the regiochemistry of the products 5.6 being confirmed for the first
time (Scheme 5.2). The a,B-keto mono-addition product of aromatic amines was
independently prepared as a search for the intermediate. Computational studies
has shown that the reaction intermediate results from single addition to the a,3-

ketone (before oxidation) which the second nucleophile then adds to.
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’ HNT X
N N N\
(1) RNH, S ArNH,
N o
(2) Na,S,0, "0 EtoH NH
5.5 5.4 AN
| 5.6
//

Scheme 5.2: Nucleophilic addition of amines to azaquinone

The reaction of azaquinone with arenesulfinates gives 1,4-addition products (mono
only) 5.8 and has served as a new route to making phenoxathiin-10,10-dioxide 5.9

as part of tandem processes (Scheme 5.3).

SO,Na
cl

@@ @@@W @@o@

70 °C

Scheme 5.3: Reaction of azaquinone with arenesulfinates

The halogenation of azaquinone 5.1 is selective allowing targeted functionalisation
while azaquinone N-oxide 5.12 gives direct halogenation to the phenyl ring,

changing the selectivity of the reaction (Scheme 5.4).
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o Pb(OAc), Br O
5.12 5.11
Br Br
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N
+
Br (0]
5.14

Scheme 5.4: Halogenation of azaquinone 5.1 and azaquinone N-oxide 5.12

3-Bromoazaquinone 5.10 has been used as a substrate for Suzuki, Stille, Kumada
and Buchwald-Hartwig cross-coupling reactions (Scheme 5.5). The Sonogashira

coupling was also considered although it gave only the homocoupling product.

I eget

Pd cat.
ArB(OH), Ar
©/ \<>I\ or ArSnBug Ny
e Pd cat. ©/ 0
5.16
ArNH,

\ NHAr
Pd cat. f

Scheme 5.5: Cross-coupling reactions of 3-bromoazaquinone 5.10
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These coupling reactions have served as a means of incorporating both new R and

Ar groups into the quinoid ring of the azaquinone, and so elaborating the structure.

5.2 Future Work

Metal-halogen exchange to generate a Grignard or organolithium reagent from 3-
bromoazaquinone 5.10 offers additional reactivity and scope as the electrophile
can also be varied (an example is shown in Scheme 5.6 of a derived Grignard

reagent reacting with an aldehyde).

MgBr
©/ \@ _PrMgBr N\\@ PhCHO
o @
o THF -30°C o Hz0/H,0

5.10 5.18

Scheme 5.6: Grignard reaction of 3-bromoazaquinone

The addition of nucleophiles (e.g. sodium arenesulfinates) to substituted
azaquinones can be investigated (Scheme 5.7) to see the influence of electron-
withdrawing/donating and bulky groups on the position of nucleophilic attack and
selectivity of the reaction. These substituted azaquinones 5.20 could be prepared
from substituted or asymmetric iodonium salts. A 2-pyridyl unit (N-aryl ring) could
also be used as this would remove the steric twist and allow full conjugation
throughout the ring.

1 1
©/N\ /©/802Na AcOH ©/ \©\
+ —_—
R3 o) R4 R3 OH R*
R? R?

5.21 5.22

1
y R
N
r o:
.S
AR AASt
R2 Ré
5.23

Scheme 5.7: Nucleophilic addition to substituted azaquinones
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The selectivity of arylhalide versus quinoidhalide in di-substituted and tri-
substituted azaquinone for cross-coupling reactions will be investigated in addition
to using substrates where X = Cl (5.24 and 5.25). Some computational studies will
also be done to ascertain selectivity of azaquinone N-oxide halogenation (Scheme
5.8).

@@\ e (O OPCL

X =Br5.13
X =Cl5.24 X =Br 5.1
X =Cl 5.25
X X
o
AN
X (6]

X =Brb5.14

Scheme 5.8: Halogenation of azaquinone N-oxide 5.12

Optimisation of the palladium catalysed reactions will be considered in terms of
ligands, additives and solvents. Other cross-coupling reactions like cyanation and
carbonylation will also be investigated as these extend the structural diversity of
the products still further (Scheme 5.9).

Br CN

0.5 mol% Pd,(dba)s
AN 2.5 mol% t-BusP Ny
+ KCN
0 CH4CN, 80 °C 0

5.10 5.26 5.27

Scheme 5.9 Palladium-catalysed carbonylation?¢ of 3-bromoazaquinone 5.10
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The spectral and luminescent properties of some azaquinone products such as the

diarylamino compounds 5.6 and the dimers 5.28 (Fig. 5.1) would be useful.

R‘l
R R%NIJ
.
| N
\ AN
. o0
N 0
Sh °
: L
N
~NH !
» CL™
R 5.6 R! 5.28

Figure 5.1: Diarylamino compounds and Dimers for UV-vis and fluorescence

studies

Combination of reaction types could be used to generate real tandem processes
and translation of processes to automated reaction systems and, in particular, flow
chemistry processes would be a major goal to demonstrate the versatility of

azaquinone as a building block.
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Chapter 6. Experimental

6.1 General Procedures

Reactions requiring anhydrous conditions were performed using oven-dried
glassware and conducted under a positive pressure of nitrogen. Anhydrous
solvents were prepared in accordance with standard protocols. A Mettler PB 303-
L analytical balance was used to weigh all reagents. Infrared spectra were
recorded on a Nicolet Avatar 370DTGS FT-IR spectrometer with internal
calibration. *H NMR and '3C NMR spectra were recorded on a Bruker Avance 300
MHz and 700 MHz spectrometers with residual protic solvent as an internal
reference. 1°F NMR were recorded on a Bruker A 300 MHz spectrometer with CFCls
as an external reference. Elemental analyses were carried out at London
Metropolitan University and are reported as the average of two runs. Mass Spectra
and accurate masses were recorded using the SAgE Mass Spectrometry Facility
(Newcastle University). Melting points were recorded on a Gallenkamp MF-370
melting point apparatus and are uncorrected. Diaryliodonium salt 2.1 was prepared
according to a reported procedure.*® Other diaryliodonium salts such as Ph2ICl,
Ph21OTf, Ph210Ts and PhzIPFs are commercially available.

6.2 HPLC Method®™>®
Instrumentation and Equipment

HPLC Analysis was performed using a Varian Prostar 325 HPLC setup consisting

of

1) Varian Prostar 210/SD-1 pump
2) A 20 pL sample injector loop
3) A Fluophase PFP column (Dimensions:150 x 4.6 mm, particle size: 5 um)

4) An ultraviolet detector operating at 254 nm

Data Collection and Analysis

A mixture of 90% H20:10%MeCN from 0 to 2 mins, and 28% H20:72% MeCN from
2 to 30 mins was used as the mobile phase. This solution was degassed with
nitrogen prior to being used. A flow rate of 1.00 mL/min was employed during both

the equilibration and the subsequent injections of the sample.
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HPLC Gradient

A: H.O | B: MeCN
Oto2 90 10
min
2to30 |28 72
min

6.3 Computational Modelling

Initial calculations were carried out using Gaussian software 09 and visualised with
Gaussview 5, calculation type FOPT (full optimisation), calculation method RHF
(Restricted Hartree-Fock), and basis set 6-31G. Final geometry optimisation study

was performed with Austin Model one (AM1) using ArgusLab 3.0 software.

6.4 (Diacetoxyiodo)benzene, 2.9

CHj,

)\I
©/\o

lodobenzene (2.04 g, 10 mmol) was added to acetic acid (100 mL) at 45 °C.
Sodium perborate tetrahydrate (15.39 g, 100 mmol) was added portion-wise to the

O

solution over 1 hour and the solution stirred for a further 3.5 hours. Water (100 mL)
was added to the solution and the reaction mixture was extracted with chloroform
(3 x 100 mL). The combined chloroform layers were concentrated in vacuo to give
the crude product. Subsequent crystallization gave the product as a white
crystalline solid (0.88 g, 2.73 mmol, 27%); Mp 156—158 °C from dichloromethane-
petrol (lit.,?>” mp 157-159 °C from acetic acid); IR (neat) 1641, 1445, 1364, 1267
cm?; 'H NMR (DMSO-de) 8 8.24 (2H, d, H2/H6 J 9.1 Hz), 7.84 (1H, t, H4 J 7.2 Hz),
7.40 (2H, t, H3/H5 J 7.0 Hz), 1.92 (6H, s, OCHs3), 13*C NMR (DMSO-ds) & 175.8
(CO), 134.1 (C2/C6), 131.5 (C4), 130.8 (C3/C5), 122.6 (C1), 20.7 (OCHya).
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6.5 Diphenyliodonium trifluoroacetate, 2.1

CF3COO@
2 ®
3 1 <1 3
4'©/6' @4
5 5

Trifluoroacetic acid (7.7 mL, 100 mmol) was added dropwise at —30 °C, to a stirred
suspension of (diacetoxyiodo)benzene 2.9 (16.1 g, 50 mmol) in DCM (500 mL).
After 30 min, the mixture was allowed to warm to room temperature and stirred for
a further hour when it was recooled (—-30 °C) and benzeneboronic acid (6.1 g, 50
mmol) was added. The resulting mixture was allowed to warm to room temperature
overnight and the solvent was removed in vacuo to give the crude product as a
golden yellow oil. Subsequent crystallization gave the product as an off-white
crystalline solid (11.37 g, 28.9 mmol, 58%). Mp 186-188 °C from DCM-acetone-
petrol (lit.,?>® mp 186-190 °C from acetone-ether); IR (neat) 1651, 1440, 1411,
1190, 1120 cm?t; *H NMR (DMSO-ds) & 8.25 (4H, d, H2/H2'/H6/H6' J 8 Hz), 7.66
(2H, t, H4/H4' J 7 Hz), 7.54 (4H, t, H3/H3'/H5/H5' J 7 Hz); 13C NMR (DMSO-ds) &
159.3 (CO), 135.6 (C2/C2'/C6/C6"), 132.5 (C4/C4"), 132.2 (C3/C3'/C5/C5"), 127.8
(CFs3), 117.0 (C1/C1).

6.6 4-Hydroxydiphenylamine, 2.5

3 “ 1 H 1 2 3
L,
5' 5

4-Hydroxyaniline (0.54 g, 5 mmol) was added to diphenyliodonium trifluoroacetate
(2.97 g, 5 mmol) in DMF (50 mL) and the resulting mixture was heated at 130 °C
for 24 h. After cooling, water (50 mL) was added and the mixture was extracted
with ether (3 x 50 mL). The organic extracts were combined and washed with more
water (200 mL), dried (MgSOa4) and the solvents removed in vacuo to give the
product as a brown oil. Purification by chromatography (SiO2, 1:1 ether-petrol)
gave the product as a solid. Mp 72—74 °C from ether-petrol (lit.,15 mp 70 °C) R¢=

0.46 (1:1 ether-petrol); IR (neat) 1597, 1492, 1313, 1238, 1173, 822, 746, 692 cm"
1 I1H NMR (CDCI3) & 7.19 (2H, m, H3'/H5"), 7.05 (2H, m, H2/H6), 6.92 (2H, m,
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H3/H5), 6.86 (1H, m, H4'), 6.69 (2H, d, H2'/H6', J 7Hz), 5.30 (1H, s, NH), 4.94 (1H,
s, OH); 13C NMR (CDCl3) & 172.6 (C4), 144.1 (C1'), 129.4 (C1), 120.7 (C3'/C5),
120.2 (C2/C6), 119.8 (C4'), 117.1 (C2'/C6'), 115.9 (C3/C5).

6.7 Ag2COson Celite (Oxidizing Agent)*63

Celite (30 g) was added to a mechanically stirred solution of silver nitrate (34 g,
200 mmol) in distilled water (200 mL). A solution of Na2CO310H20 (30 g, 105
mmol) in distilled water was then added slowly to the resulting homogeneous
suspension. When the addition was complete, stirring was continued for a further
10 min at RT. The yellow-green precipitate which was formed was then filtered off
and finally dried in vacuo over a period of several hours. The silver carbonate/Celite
reagent contains about 1 mmol of Ag2COs in 0.57 g of the mixture (total product
92.47 Q).

6.8 4-(Phenylimino)cyclohexa-2,5-dien-1-one, 2.6

o
3‘©‘/ N\\@

. , 1
4 6 3 o

5' 2

To a solution of 4-hydroxydiphenylamine (3.7 g, 20 mmol) in toluene (800 mL) was
added Ag2COs/Celite (12.0 g, 21.1 mmol) in one portion. The resulting mixture was
vigorously stirred for 24 h at RT. The reaction mixture was then filtered through a
1 cm thick pad of Celite, washing with toluene (100 mL). The filtrate was
evaporated under reduced pressure to give the crude product. Purification by
chromatography (SiO2 1:4 ether-petrol) gave the azaquinone as an orange solid
(2.81 g, 15.4 mmol, 77%). Rf = 0.37 (SiO2 1:4 ether-petrol); Mp 98-100 °C from
DCM (lit.,*>° 101-102 °C from toluene); IR (neat) 1643, 1319, 1168, 873, 794, 700
cmL; IH NMR (CDCls) & 7.35 (2H, t, J 8.8 Hz, H3', H5"), 7.24 (1H, dd, J 10.0, 2.7
Hz, H5), 7.18 (1H, t, J 8.0 Hz, H4"), 7.02 (1H, dd, J 10.3, 2.6 Hz, H3), 6.82 (2H, d,
J 7.6 Hz, H2', H6"), 6.63 (1H, dd, J 10.1, 2.2 Hz, H6), 6.47 (1H, dd, J 10.3, 2.2 Hz,
H2); *¥C NMR (CDCI3) & 187.7 (C1), 157.4 (C4), 149.4 (C1') 141.9 (C5), 133.5
(C2), 132.9 (C6), 129.1(C3', C5"), 128.3 (C3), 126.2 (C4"), 120.6 (C2', C6'); m/z
(ESI+) 185 (M+2, 15%), 184 (M+H*, 100). Found: M+H*, 184.1019. C12H10NO
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requires 184.0762. Anal Calcd for C12H9NO: C, 78.67; H, 4.95; N, 7.65. Found: C,
78.76; H, 4.74; N, 7.57. Crystal structure determined (see Appendix).

6.9 2-Amino-3H-phenoxazin-3-one, 2.19

10 1
244 N._11 2 _NH,
8 N
LT
5 13(2 12 " 0]
A solution of 2-aminophenol (0.54 g, 5 mmol) in ethanol (15 mL) was added to
azaquinone (0.46 g, 2.5 mmol) in ethanol (15 mL) at RT. At the end of the reaction
(30 min), the solvent was removed in vacuo to give the crude product. Purification
by chromatography (1:4 ethylacetate-petrol) gave the pure product. (0.2 g, 0.94
mmol, 48%), Rt =0.15 (SiO2 1:4 ethylacetate-petrol); *H NMR 300 MHz (DMSO-ds)
57.70 (1H, d, J 7.8 Hz, H9), 7.49 (1H, d, J 8.0 Hz, H6), 7.46 (1H, t, J 8.8 Hz, H8),
7.41 (1H, t, J 8.8 Hz, H7), 6.81 (2H, s, NH2), 6.37 (1H, s, H1), 6.36 (1H, s, H4); 13C

NMR (DMSO-ds) 3 180.7 (C3), 149.3 (C2), 148.6 (C11), 147.8 (C12), 142.4 (C13),
134.2 (C14), 129.3 (C8), 128.4 (C9), 125.7 (C7), 116.4 (C6), 103.9 (C1), 98.8 (C4).

Typical procedure for the preparation of 2,5-diarylamino-1,4-benzoquinone-4-

phenylimines 2.27

A solution of the aniline (10 mmol) in ethanol (25 mL) was added to a solution of
azaquinone 2.6 (5 mmol) in ethanol (25 mL) and the mixture stirred at RT for 24 h
when the solvent was removed in vacuo to give the crude product as a red solid.
The crude product was dissolved in minimum amount of chloroform and purified by
chromatography (1:9 ethylacetate-petrol + 1% v/v triethylamine). The
regiochemistry of the 2,5-diarylamino derivatives was not confirmed by the

literature data.
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6.10 (E)-2,5-Bis(phenylamino)-4-(phenylimino)cyclohexa-2,5-dien-1-one, 2.274a,
(Table 2.7, Entry 1)

Using aniline 2.26a (0.93 g, 10 mmol) and azaquinone 2.6 (0.92 g, 5 mmol). Red
solid (1.0 g, 2.74 mmol, 56%). Rt = 0.38 (SiO2 1:9 ethylacetate-petrol + 1% v/v
triethylamine); Mp 198-200 °C from chloroform-ethanol (lit.,> 203—204 °C from
chloroform-ethanol); IR (neat) vmax 3260, 1633, 1574, 1501, 1443, 1341 cm'%; 1H
NMR 700 MHz (CDCI3) & 8.69 (1H, s, NH, H14), 7.67 (1H, s, NH, H21), 7.45 (2H,
t,J 8.1 Hz, H17, H19), 7.41 (2H, t, J 8.1 Hz, H10, H12), 7.35 (2H, d, J 8.1 Hz, H16,
H20), 7.29 (2H, t, J 8.1 Hz, H24, H26), 7.24 (1H, tt, J 7.4, 1.2 Hz, H18), 7.17 (1H,
tt, J 7.5, 1.2 Hz, H11), 7.08 (2H, d, J 8.1 Hz, H23, H27), 7.06 (1H, tt, J 7.5, 1.2 Hz,
H25), 6.98 (2H, d, J 8.1 Hz, H9, H13), 6.22 (1H, s, H3), 6.20 (1H, s, H6); 13C NMR
(CDCI3) 6 181.1 (C1), 153.9 (C5), 149.6 (C4), 149.3 (C8), 140.6 (C2), 138.6 (C22),
137.9 (C15),129.6 (C17, C19), 129.4 (C24, C26), 129.0 (C10, C12), 125.4 (C18),
124.7 (C11), 124.0 (C25), 123.1 (C16, C20), 120.9 (C23, C27), 120.8 (C9, C13),
97.1(C6), 90.5 (C3). m/z (ESI+) 367 (M+H*, 34%), 366 (M+H*, 100). Found: M+H",
366.1850. C24H20N30 requires 366.1606.
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6.11 (E)-2,5-Bis((4-methoxyphenyl)amino)-4-(phenylimino)cyclohexa-2,5-dien-
1-one, 2.27b, (Table 2.7, Entry 2)

Using 4-methoxyaniline 2.26b (1.23 g, 10 mmol) and azaquinone 2.6 (0.92 g, 5
mmol). Green crystalline solid (1.28 g, 3.0 mmol, 60%). Rr = 0.13 (SiO2 1:9
ethylacetate-petrol + 1% v/v triethylamine); Mp 192-194 °C from chloroform-
ethanol (lit.,> 199-201 °C from chloroform-ethanol); IR (neat) vmax 3245, 2924,
1720, 1634, 1578, 1497, 1415, 1372, 1339 cm™*; *H NMR 700 MHz (CDCls) & 8.56
(1H, s, NH, H14), 7.56 (1H, s, NH, H21), 7.38 (2H, t, J 7.7 Hz, H10, H12), 7.27 (2H,
d, J 8.3 Hz, H16, H20), 7.14 (1H, t, J 7.4 Hz, H11), 7.02 (2H, d, J 8.3 Hz, H23,
H27), 6.96 (4H, d, J 8.3 Hz, H9, H13; H17, H19), 6.82 (2H, d, J 8.3 Hz, H24, H26),
6.00 (1H, s, H3), 5.98 (1H, s, H6), 3.85 (3H, s, H29), 3.69 (3H, s, H30); 1*C NMR
(CDCI3) 6 180.8 (C1), 157.5 (C18), 156.4 (C25), 153.8 (C5), 150.8 (C4), 149.5
(C8), 141.7 (C2), 131.5 (C15), 130.7 (C22), 128.9 (C10, C12), 125.2(C16, C20),
124.5 (C11), 122.9 (C23, C27), 121.0 (C9, C13), 114.7 (C17, C19), 114.6 (C24,
C26), 96.2 (C6), 89.0 (C3), 55.6 (C29), 55.5 (C30). m/z (ESI+) 426 (M+H*, 100%),
345 (82), 270 (20). Found: M+H*, 426.1934. C26H24N303 requires 426.1818.
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6.12 (E)-2,5-Bis((4-chlorophenyl)amino)-4-(phenylimino)cyclohexa-2,5-dien-1-
one, 2.27c, (Table 2.7, Entry 3)

Using 4-chloroaniline 2.26¢ (1.27 g, 10 mmol) and azaquinone 2.6 (0.92 g, 5
mmol). Red solid (1.34 g, 3.1 mmol, 62%). Rt = 0.42 (SiO2 1:9 ethylacetate-petrol
+ 1% v/v triethylamine); Mp 192-194 °C from chloroform-ethanol (lit.,> 200—201 °C
from chloroform-ethanol); IR (neat) vmax 3251, 3078, 2923, 1901, 1673, 1626,
1485, 1403, 1338, cmt; IH NMR 700 MHz (CDCIs) & 8.63 (1H, s, NH, H14), 7.62
(1H, s, NH, H21), 7.42 (2H, t, J 7.6 Hz, H10, H12), 7.41 (2H, d, J 8.0 Hz, H17,
H19), 7.28 (2H, d, J 8.0 Hz, H16, H20), 7.24 (2H, d, J 8.3 Hz, H24, H26), 7.20 (1H,
t,J 7.5 Hz, H11), 6.99 (2H, d, J 8.3 Hz, H23, H27), 6.96 (2H, d, J 7.7 Hz, H9, H13),
6.15 (1H, s, H3), 6.13 (1H, s, H6); 3C NMR (CDCIs) d 180.9 (C1), 153.5 (C5),
149.2 (C4), 149.1 (C8), 140.3 (C2), 137.2 (C15), 136.5 (C22), 130.7 (C18), 129.7
(C17, C19), 129.5 (C24, C26), 129.1 (C10, C12), 129.1 (C25), 125.1 (C11), 124.2
(C16, C20), 122.0 (C23, C27), 120.8 (C9, C13), 97.4 (C6), 90.8 (C3). m/z (ESI+)
436 ([*°CPF'CIIM+H*, 52%), 434 ([*°Clz]M+H*, 78%). Found: M+H*, 434.1223.
C24H18%%35Cl2N30 requires 434.0827. Anal Calcd for C24H17CloNsO: C, 66.37; H,
3.95; N, 9.68. Found: C, 66.21; H, 4.12; N, 9.83. Crystal structure determined (see
Appendix).
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6.13 (E)-4-(Phenylimino)-2,5-bis((4-trifluoromethyl)phenyl)amino)cyclohexa-2,5-
dien-1-one, 2.27d,° (Table 2.7, Entry 4)

14

Using 4-(trifluoromethyl)aniline 2.26d (1.61 g, 10 mmol) and azaquinone 2.6 (0.92
g, 5 mmol). Red solid (1.70 g, 3.4 mmol, 68%). Ri= 0.47 (SiO2 1:9 ethylacetate-
petrol + 1% v/v triethylamine); Mp 188-190 °C from chloroform-ethanol; IR (neat)
Lmax 3263, 3086, 1580, 1522, 1497, 1413, 1320 cmt; *H NMR 700 MHz (CDCls3) &
8.78 (1H, s, NH, H14), 7.79 (1H, s, NH, H21), 7.70 (2H, d, J 8.3 Hz, H17, H19),
7.54 (2H, d, J 8.4 Hz, H24, H26), 7.47 (2H, t, J 8.3 Hz, H10, H12), 7.45 (2H, d, J
3.2 Hz, H16, H20), 7.25 (1H, tt, J 7.4, 1.2 Hz, H11), 7.14 (2H, d, J 8.3 Hz, H23,
H27), 6.99 (2H, d, J 8.3 Hz, H9, H13), 6.35 (1H, s, H3), 6.32 (1H, s, H6); 13C NMR
(CDCI3) & 181.0 (C1), 153.3 (C5), 148.8 (C4), 148.1 (C8), 141.8 (C15), 141.3
(C22), 139.4 (C2), 129.2 (C10, C12), 126.9 (C17, C19), 126.8 (C18), 126.7 (C24,
C26), 126.7 (C25), 125.4 (C11), 123.95 (C29/C30),2 123.91 (C29/C30),> 122.1
(C16, C20), 120.8 (C9, C13), 119.7 (C23, C27), 98.6 (C6), 92.5 (C3I); m/z (ESI+)
502 (M+H*, 100%). Found: M+H*, 502.1635. C26H1s8FsN3O requires 502.1309. Anal
Calcd for C2sH17FeNs3O: C, 62.28; H, 3.42; N, 8.38. Found: C, 62.39; H, 3.24; N,
8.27. Crystal structure determined (see Appendix). 2C29/C30 cannot be
distinguished
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6.14 (E)-4-(Phenylimino)-2,5-bis(o-tolylamino)cyclohexa-2,5-dien-1-one, 2.27e,°
(Table 2.7, Entry 5)

Using 2-methylaniline 2.26e (1.07 g, 10 mmol) and azaquinone 2.6 (0.92 g, 5
mmol). Red solid (1.32 g, 3.35 mmol, 67%). Rt = 0.46 (SiO2 1.9 ethylacetate-petrol
+ 1% vl/v triethylamine); Mp 156-158 °C from chloroform-ethanol; IR (neat) Umax
3333, 1738, 1568, 1503, 1456, 1340 cmt; *H NMR 700 MHz (CDCIs) 6 8.51 (1H,
s, NH, H14), 7.47 (1H, s, NH, H21), 7.38 (2H, t, J 7.1 Hz, H10, H12), 7.36 (1H, d,
J 8.0 Hz, H27), 7.31 (1H, t, J 7.7 Hz, H11), 7.29 (1H, d, J 7.7 Hz, H20), 7.22 (1H,
t, J 7.5 Hz, H19), 7.20 (1H, d, J 7.7 Hz, H24), 7.14 (1H, t, J 7.1 Hz, H26), 7.13 (1H,
d, J 7.7 Hz, H17), 7.12 (1H, t, J 7.1 Hz, H18), 7.03 (1H, t, J 8.1 Hz, H25), 6.97 (2H,
d, J 7.7 Hz, H9, H13), 5.91 (1H, s, H3), 5.78 (1H, s, H6), 2.35 (3H, s, CH3, H29),
2.27 (3H, s, CHs, H30); 3C NMR (CDCIz) & 181.0 (C1), 153.7 (C5), 150.9 (C4),
149.2 (C8), 141.6 (C2), 136.7 (C15), 136.2 (C22), 133.4 (C20), 131.4 (C18), 131.2
(C11), 131.1 (C24), 128.9 (C27), 126.9 (C19), 126.6 (C16), 126.5 (C23), 125.0
(C10, C12), 124.9 (C25), 124.6 (C17), 122.1 (C26), 121.1 (C9, C13), 96.6 (C6),
87.8 (C3), 29.7 (C29), 17.9 (C30). m/z (ESI+) 394 (M+H*, 100%), 392 (30). Found:
M+H*, 394.2256. C26H24N30 requires 394.1919. Crystal structure determined (see
Appendix).
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6.15 (E)-2,5-Bis(methyl(phenyl)amino)-4-(phenylimino)cyclohexa-2,5-dien-1-
one, 2.27f° (Table 2.7, Entry 6)

2 18
3C 14 ~
i ,N. 4j E
N 30
21" CHj
2 23

24

Using N-methylaniline 2.27f (1.07 g, 10 mmol) and azaquinone 2.6 (0.92 g, 5
mmol). Red solid (1.29 g, 3.3 mmol, 66%). R = 0.15 (SiO2 1:9 ethylacetate-petrol
+ 1% v/v triethylamine); Mp 164-166 °C from chloroform-ethanol; IR (neat) Umax
2934, 2499, 1629, 1548, 1480, 1443, 1390, 1336 cm™; *H NMR (CDClz) & 7.26
(2H, t, J 8.2 Hz, H24, H26), 7.20 (2H, t, J 8.2 Hz, H10, H12), 7.12 (2H, t, J 7.7 Hz,
H17, H19), 7.10 (1H, t, J 7.3 Hz, H25), 7.07 (2H, d, J 8.0 Hz, H23, H27), 7.01 (1H,
t, J 7.3 Hz, H11), 6.94 (2H, d, J 7.3 Hz, H9, H13), 6.92 (1H, t, J 7.3 Hz, H18), 6.34
(2H, d, J 8.2 Hz, H16, H20), 5.80 (1H, s, H3), 5.75 (1H, s, H6), 3.31 (3H, s, H30),
3.04 (3H, s, H29); 13C NMR (CDCI3) 5 182.3 (C1), 155.6 (C2), 154.8 (C4), 150.3
(C22), 149.5 (C15), 148.7 (C8), 147.6 (C5), 129.08 (C24, C26), 129.04 (C10, C12),
128.5 (C17, C19), 125.2 (C23, C27), 124.7 (C25), 124.3 (C11), 124.2 (C18), 123.6
(C9, C13), 119.7 (C16, C20), 110.4 (C3), 104.7 (C6), 43.1 (C30), 41.9 (C29);

Crystal structure determined (see Appendix).
Typical Procedure for the preparation of phenylenediamines 2.37°

Into a two neck 100 mL flask, which was equipped with a thermometer, stirrer,
condenser and Dean Stark trap was added azaquinone 2.6 (10 mmol), the primary
amine (20 mmol), toluene (50 mL) and methanesulfonic acid (1 drop). The mixture
was heated to 110 °C and the reaction was stopped after 6 hours of reaction by
cooling. The mixture was then washed with sodium hydrosulfite (1.0 g) in water
(200 mL), decanted and the solvent was removed in vacuo to give the crude
product. The crude mixture was purified by RP C18 chromatography (Gradient 1:4
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MeOH/H20 + 1% formic acid to 4:1 MeOH/H20 + 1% formic acid) to give the title

compound.

6.16 Attempted synthesis of N*-benzyl-N*-phenylbenzene-1,4-diamine, 2.373,
(Table 2.9, Entry 1)

Using benzylamine 2.35a (2.89 g, 27 mmol) and azaquinone 2.6 (1.83 g, 10 mmaol),
xylene (50 mL), toluenesulfonic acid (0.05 g), sodium hydrosulfite (3.5 g).

Brown oil (1.64 g, 6.0 mmol, 60%), *H NMR (CDCIs) & 8.00 (1H, s, NH), 7.28-6.69
(14H, m, ArH), 4.96 (1H, s, NH), 3.42 (2H, s, CH>).

6.17 Attempted synthesis of N'-octyl-N*phenylbenzene-1,4-diamine, 2.37b,
(Table 2.9, Entry 2)

8 7 H 3
9 4 2
13 15 17 19
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14 16 18 20

Using octylamine 2.35b (2.58g, 20 mmol) and azaquinone 2.6 (1.83 g, 10 mmol).®
The crude product was further purified by acid-base extraction using 5M aqg. HCI
(50 mL) and ethylacetate (3 x 50 mL), the aqueous layer was basified with NaOH
pellets in an ice bath and extracted with ethylacetate (50 mL). The solvent was

removed in vacuo to give the pure product.

Brown oil (1.84 g, 6.2 mmol, 62%), Rt = 0.69 (4:1 MeOH/H20 + 1% formic acid), *H
NMR (CDCI3) 6 7.19 (1H, s, NH), 7.10 (2H, t, H9/H11), 6.93 (2H, d, H3/H5), 6.75
(2H, d, H8/H12), 6.69 (1H, t, H10), 6.52 (2H, d, H2/H6), 3.02 (2H, t, H13), 1.55 (2H,
q, H14), 1.27 (2H, m, H15), 1.21 (8H, m, H16/H17/H18/H19), 0.82 (3H, t, H20); 13C
NMR (CDCls) 6 144.9, 129.2, 123.9, 118.6, 115.5, 114.7, 113.6, 110.0, 44.6, 29.5,
27.2,22.7,14.1.
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6.18 Attempted synthesis of N'-cyclohexyl-N*phenylbenzene-1,4-diamine,
2.37c, Crude mixture (2.23 g), N-isopropyl-N*phenylbenzene-1,4-diamine,
2.37d, Crude mixture (1.76 g), N-phenyl-4-(piperidin-1-yl)aniline, 2.39a,
Crude mixture (2.07 g), and 4-morpholino-N-phenylaniline, 2.39b, Crude
mixture (2.03 g) Table 2.9, Entries 3, 4,5 and 6.

6.19 4-(Phenylamino)-2-tosylphenol, 2.47a

N 13
(j (I @
16 Me

Sodium 4-methylbenzenesulfinate 2.46a (0.71 g, 4 mmol) was added in one portion
to a solution of azaquinone 2.6 (0.37 g, 2 mmol) in glacial acetic acid (20 mL) and
heated to 70 °C. When the mixture turned colourless, it was cooled to room
temperature and water was added until complete precipitation. The solid was
filtered to give the crude product which was recrystallized from THF-petrol to give
a colourless solid (0.67 g, 1.97 mmol, 98%), Rt = 0.43 (SiO2 1:4 ethylacetate-
petrol); Mp 104-106 °C (THF-petrol), lit.,” 82—-84 °C (acetic acid); IR (neat) 3550,
3487, 3375, 2759, 1598, 1507, 1447, 1403 cm!; 'H NMR 300 MHz (DMSO-ds) &
10.20 (1H, s, OH), 8.10 (1H, s, NH), 7.81 (2H, d, J 8.1 Hz, H14, H18), 7.67 (1H, d,
J 2.8 Hz, H3), 7.39 (2H, d, J 8.1 Hz, H15, H17), 7.26 (1H, dd, J 8.0, 2.3 Hz, H5),
7.22 (2H, t, J 8.0 Hz, H9, H11), 6.97 (2H, d, J 8.1 Hz, H8, H12), 6.84 (1H, d, J 8.8
Hz, H6), 6.79 (1H, td, J 7.2, 1.2 Hz, H10), 2.37 (3H, s, CHz); 3C NMR (DMSO-ds)
0 149.9 (C1), 144.7 (C7), 144.1 (C16), 138.9 (C13), 135.5 (C4), 129.7 (C9, C11),
128.4 (C14, C18), 127.1 (C2), 126.4 (C5), 119.6 (C10), 118.9 (C6), 118.1 (C3),
116.6 (C15, C17), 115.9 (C8, C12), 21.5 (CHzs); m/z (ESI+) 340 (M+H*, 100).
Found: M+H*, 340.1261. Ci9H1sNO3S requires 340.1007. Crystal structure

determined (see Appendix).

6.20 2-((2-Chlorophenyl)sulfonyl)-4-(phenylamino)phenol, 2.47b
H , O Cl
LI
(SROPD
12 5 QRE 16
° 11 6 OH =7

145



Sodium 2-chlorobenzenesulfinate 2.46b (1.19 g, 6 mmol) was added in one portion
to a solution of azaquinone 2.6 (0.55 g, 3 mmol) in glacial acetic acid (30 mL) and
heated to 70 °C. When the mixture turned colourless, it was cooled and water was
added until complete precipitation. The solid was filtered to give the crude product
which was recrystallized from THF-petrol to give a colourless solid (1.02 g, 2.84
mmol, 94%), Rs = 0.36 (SiO2 1:4 ethylacetate-petrol); Mp 176-178 °C (THF-Petrol);
IR (neat) 3375, 1596, 1515, 1486, 1449, 1402 cm™; 'H NMR 700 MHz (DMSO-ds)
6 10.20 (1H, s, OH), 8.27 (1H, dd, J 7.9, 1.8 Hz, H18), 8.11 (1H, s, NH), 7.74 (1H,
d, J 2.9 Hz, H15), 7.69 (1H, td, J 7.7, 1.8 Hz, H17), 7.64 (1H, td, J 7.7, 1.3 Hz,
H16), 7.59 (1H, dd, J 7.9, 1.3 Hz, H5), 7.29 (1H, dd, J 8.7, 2.9 Hz, H3), 7.22 (2H,
t, J 7.7 Hz, H9, H11), 6.96 (2H, d, J 8.7 Hz, H8, H12), 6.84 (1H, d, J 8.7 Hz, H6),
6.78 (1H, tt, J 7.3, 1.1 Hz, H10); 3C NMR (DMSO-ds) d 150.1 (C1), 144.9 (C7),
138.8 (C13), 135.4 (C17), 135.2 (C4), 132.5 (C18), 131.9 (C5), 131.3 (C14), 129.7
(C9, C11), 127.9 (C16), 127.4 (C3), 125.5 (C2), 119.8 (C15), 119.5 (C10), 118.7
(C6), 115.7 (C8, C12); m/z (ESI+) 362 ([¥'CIIM+H*, 42%), 360 ([*°*CI[M+H*, 100).
Found: M+H*, 360.0433. CigH1s**CINO3S requires 360.0461. Anal Calcd for
C1sH14CINOsS: C, 60.08; H, 3.92; N, 3.89. Found: C, 59.89; H, 3.89; N, 3.70.

Crystal structure determined (see Appendix).

6.21 2-(Phenylamino)phenoxathiine-10,10-dioxide, 2.58

(0]
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Potassium tert-butoxide (0.67 g, 6 mmol) was added to a solution of 2.47b (1.0 g,
2.79 mmol) in DMF (20 mL) and heated to 90 °C for 24 h. The reaction mixture was
diluted with water (200 mL) and extracted with ethylacetate (3 x 150 mL). The
organic products were combined, dried with MgSO4 and the solvent removed in
vacuo. Recrystallisation from THF gave 2.58 as colourless crystals (0.8 g, 2.46
mmol, 88%); Rt = 0.31 (1:4 ethylacetate-petrol); Mp 160-162 °C (THF); IR (neat)
3345, 2954, 1768, 1661, 1616, 1598, 1514, 1492, 1469, 1442, 1398, 1337 cm™%;
IH NMR 300 MHz (DMSO-ds) 8 8.54 (1H, s, NH), 7.95 (1H, dd, J 8.2, 1.6 Hz, H9),
7.62 (1H,td, J 7.8, 7.4, 1.6 Hz, H8), 7.49 (1H, d, J 2.5 Hz, H1), 7.36 (1H, m, H3),
7.35 (1H, m, H7), 7.35 (1H, m, H6), 7.32 (1H, m, H4), 7.20 (2H, t, J 8.4 Hz, H3',
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H5'), 7.06 (2H, d, J 8.2 Hz, H2', H6"), 6.83 (1H, t, J 7.8 Hz, H4"); 13C NMR (DMSO-
ds) 6 151.7 (C14), 144.2 (C11), 142.6 (C1"), 141.9 (C12), 135.0 (C8), 129.8 (C3',
C5'), 125.3 (C7), 125.2 (C13), 124.3 (C2), 123.4 (C9), 123.3 (C6), 121.7 (C4),
120.6 (C4), 119.3 (C3), 118.4 (C2', C6"), 106.9 (C1). m/z (ESI+) 324 (M+H*, 42%).
Found: M+H*, 324.0694. CisH14NOsS requires 324.0689. Crystal structure

determined (see Appendix).

Typical procedure for the addition of HBr to azaquinone, 3.1 or azaquinone N-
oxide, 3.23

Aqueous hydrobromic acid (48%, 8.8 mmol, 1 mL) was added dropwise to a
solution of azaquinone, 3.1 (1.0 g, 5.46 mmol) in acetic acid (75 mL). The solution
was stirred at RT for 30 min and its colour changed from orange to blue. The
reaction mixture was diluted with water (200 mL) and extracted with DCM (3 x 150
mL). The organic extracts were washed with water (3 x 100 mL), dried over sodium
sulfate and stirred with lead (V) acetate (8.0 g, 18 mmol) at RT for 1 h. The reaction
mixture was then filtered to remove the oxidising agent and the solvent removed in

vacuo to give the crude product.
Azaquinone, 3.1 reaction with HBr

Purification by chromatography (1:4 ethylacetate-petrol) and further purification by
RP C18 (1:1 MeCN-H20) gave 3.2 and 3.3 as the two major products.

6.22 (E)-3-Bromo-4-(phenylimino)cyclohexa-2,5-dien-1-one, 3.2

» Br

(ORS!

! 6' 5 {

) 5' 6 O
An orange olil, (0.46 g, 1.76 mmol, 32%), Rt = 0.29 (RP C18 1:1 MeCN-H20); IR
bmax/cm™! (neat) 3199, 2918, 1596, 1492, 1467, 1227; *H NMR 300 MHz (CDCI3) &
7.32 (2H,t, J 8.6 Hz, H3', H5"), 7.15 (1H, ddt, J 8.6, 7.4, 1.2 Hz, H4"), 7.13 (1H, d,
J 2.2 Hz, H2), 7.02 (1H, d, J 10.2 Hz, H5), 6.79 (2H, d, J 8.6 Hz, H2', HE'), 6.42
(1H, dd, J 10.2, 2.1 Hz, H6); 3C NMR (CDCIz) & 185.3 (C1), 153.1 (C4), 148.9

(C1'), 140.6 (C3), 136.0 (C2), 132.4 (C6), 129.2 (C3', C5'), 128.5 (C5), 126.6 (C4'),
120.4 (C2', C6'); miz (ESI+) 261 (["°BrIM+H*, 34%), 264 ([8'Br]M+H*, 20%). Found:
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M+H*, 261.9771. C12Ho"°BrNO requires 261.9868. Anal Calcd for C12HsBrNO: C,
54.99; H, 3.08; N, 5.34. Found: C, 54.83; H, 3.16; N, 5.24.

6.23 (E)-3-Bromo-4-((4-bromophenyl)imino)cyclohexa-2,5-dien-1-one, 3.3

An orange solid, (0.67 g, 1.96 mmol, 36%), Ri=0.21 (RP C18 1:1 MeCN-H20); Mp
100-102 °C (THF), lit.,2 113-114 °C (benzene); IR vmax/cm™ (neat) 3059, 2952,
1773, 1661, 1636, 1573, 1560, 1473, 1399, 1380, 1326; *H NMR 300 MHz (CDCls)
0 7.45 (2H, d, J 8.6 Hz, H3', H5"), 7.14 (1H, d, J 2.1 Hz, H2), 7.00 (1H, d, J 10.2
Hz, H5), 6.69 (2H, d, J 8.6 Hz, H2', H6'), 6.46 (1H, dd, J 10.2, 2.1 Hz, H6); 13C
NMR (CDCIz) 6 185.0 (C1), 153.5 (C4), 147.7 (C1"), 140.2 (C3), 136.2 (C2), 132.7
(Ce6), 132.3 (C3', C5"), 128.1 (C5), 122.0 (C2', C6"), 120.1 (C4"); m/z (ESI+) 343
([B'Br2]M+H*, 20%), 341 (["°Br3'Br]M+H*, 40), 339 (["°Brz]M+H*, 20). Found: M+H*,
339.8847. C12Hg™™Br2NO requires 339.8973. Anal Calcd for Ci2H7Br2NO: C,
42.27; H, 2.07; N, 4.11. Found: C, 42.06; H, 1.93; N, 3.98. Crystal structure

determined (see Appendix).

6.24 4-Oxo-N-phenylcyclohexa-2,5-dien-1-imine oxide, 3.23

m-CPBA (0.94 g, 5.46 mmol) was added in small portions to a solution of
azaquinone (0.5 g, 2.73 mmol) in dichloromethane (100 mL) over a 5 min period
and stirred for 24 h at RT. The solvent was removed in vacuo to give the crude
product which was recrystallized with ether-petrol to give 3.23 as a yellow solid
(0.40 g, 2.0 mmol, 74%); Rt = 0.27 (SiO2 1:4 ethylacetate-petrol + 1% v/v
triethylamine); Mp 136-138 °C (ether-petrol), lit.,}°¢ 141-142 °C(petrol-benzene);
IR vmax'cm™ (neat) 3048, 1617, 1592, 1488, 1465, 1438, 1377; *H NMR 700MHz
(CDCl3) & 8.06 (1H, dd, J 10.2, 2.9 Hz, H2), 7.61 (1H, ddt, J 8.6, 7.4, 1.2 Hz, H4"),
7.57 (2H, t, J 8.6 Hz, H3', H5"), 7.49 (2H, d, J 8.6 Hz, H2', H6'), 7.20 (1H, dd, J
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10.2, 2.9 Hz, H6), 6.68 (1H, dd, J 10.2, 2.0 Hz, H3), 6.27 (1H, dd, J 10.2, 2.0 Hz,
H5); $3C NMR (CDCl3) 5 186.4 (C4),171.2 (C1), 145.5(C1'), 143.5(C3', C5'), 132.0
(C3), 131.4 (C4"), 129.6 (C6), 128.5(C2), 126.5 (CH), 124.5 (C2', C6"); m/z (ESI+)
200 (M+H*, 100). Found: M+H*, 200.0823. C12H10NO2 requires 200.0712. Anal
Calcd for C12H9NO2: C, 72.35; H, 4.55; N, 7.03. Found: C, 72.24; H, 4.42; N, 6.91.

Crystal structure determined (see Appendix).
Azaquinone N-oxide, 3.23 with HBr

Using azaquinone N-oxide (1.0 g, 5.0 mmol). Purification by chromatography (SiO2
1:8 ethylacetate-petrol) and RP (C18) (7:3 MeCN-H20) gave three products 3.24,
3.3 and 3.25.

6.25 (E)-3-Bromo-4-((2,4-dibromophenyl)imino)cyclohexa-2,5-dien-1-one, 3.24

Br Br
2 N
3 U 2
4 6 5 !
Br s o (@]

An orange solid, (0.63 g, 1.5 mmol, 30%), Rt = 0.48 (RP 9:1 MeCN-H20); IR
vmax/cm™ (neat) 3328, 2957, 2885, 1721, 1642, 1457, 1441, 1367, 1342, 1320,
1284; 'H NMR 300 MHz (CDCls) 8 7.76 (1H, d, J 2.0 Hz, H3"), 7.42 (1H, dd, J 8.4,
2.1 Hz, H5'), 7.21 (1H, d, J 2.1 Hz, H2), 6.86 (1H, d, J 10.2 Hz, H5), 6.58 (1H, d, J
8.4 Hz, H6"), 6.49 (1H, dd, J 10.2, 2.1 Hz, H6); 13C NMR (CDCls) 5 184.9 (C1),
154.7 (C4), 146.5 (C1'), 139.8 (C3), 136.5 (C2), 135.7 (C3"), 133.0 (C6), 131.0
(C5), 128.2 (C5), 121.2 (C6'), 119.4 (C4'), 115.3 (C2); miz (ESI+) 423
([B1Brs]M+H"*, 58%), 422 (65), 421 (100), 419 (92), 417 (["°Brs]M+H*, 36). Found
418.62. C12He"?77BrsNO requires 418.7979.

6.26 (E)-3-Bromo-4-((4-bromophenyl)imino)cyclohexa-2,5-dien-1-one, 3.3

Br
2 3

) 6' 5 {
Br 4 e o O
An orange solid, (0.63 g, 1.85 mmol, 37%), Rt = 0.58 (RP 9:1 MeCN-H20); Mp
100-102 °C (THF), lit.,2 113-114 °C (benzene); IR vmax/cm™ (neat) 3059, 2952,
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1773, 1661, 1636, 1573, 1560, 1473, 1399, 1380, 1326; *H NMR 300 MHz (CDCls)
0 7.45 (2H, d, J 8.6 Hz, H3', H5"), 7.14 (1H, d, J 2.1 Hz, H2), 7.00 (1H, d, J 10.2
Hz, H5), 6.69 (2H, d, J 8.6 Hz, H2', H6'), 6.46 (1H, dd, J 10.2, 2.1 Hz, H6); 13C
NMR (CDCls) & 185.0 (C1), 153.5 (C4), 147.7 (C1'), 140.2 (C3), 136.2 (C2), 132.7
(C6), 132.3 (C3', C5'), 128.1 (C5), 122.0 (C2', C6'), 120.1 (C4"); m/z (ESI+) 343
([B'Bra]M+H*, 20%), 341 (["°BréiBr]M+H", 40), 339 (["°Brz]M+H*, 20), 282 (12).
Found: M+H*, 339.8847. Ci12Hg""Br.NO requires 339.8973. Anal Calcd for
C12H7Br2NO: C, 42.27; H, 2.07; N, 4.11. Found: C, 42.06; H, 1.93; N, 3.98. Crystal

structure determined (see Appendix).

6.27 4-((4-Bromophenyl)imino)cyclohexa-2,5-dien-1-one, 3.25

An orange oil, (0.09 g, 0.35 mmol, 7%), Rt = 0.54 (SiO2 1:9 ethylacetate-petrol); IR
bmax’cm™ (neat) 3312, 2959, 2931, 2872, 1779, 1713, 1654, 1591, 1476, 1373,
1304; *H NMR 300 MHz (CDCIls) & 7.46 (2H, d, J 8.6 Hz, H3', H5"), 7.23 (1H, dd, J
10.1, 2.7 Hz, H3), 6.98 (1H, dd, J 10.3, 2.7 Hz, H5), 6.71 (2H, d, J 8.6 Hz, H2', H6"),
6.64 (1H, dd, J 10.1, 2.2 Hz, H2), 6.50 (1H, dd, J 10.3, 2.2 Hz, H6); 13C NMR
(CDCls) 6 187.5 (C1), 157.8 (C4), 148.1 (C1'), 141.2 (C3), 133.9 (C6), 133.1 (C2),
132.2 (C3', C5Y), 127.9 (C5), 122.4 (C2', C6"), 119.9 (C4"). m/z (ESI+) 264
([B*Br]M+H*, 55%), 262 (["°Br]M+H*, 48), 261 (["°Br]M+H", 100).

Typical procedure for the addition of HCI to 3.1 or 3.23

Conc. hydrochloric acid (37%, 1 mL) was added dropwise to a solution of
azaquinone (1.0 g, 5.46 mmol) in acetic acid (75 mL). The solution was heated at
reflux for 24 h when its colour changed from orange to blue. The reaction mixture
was diluted with water (200 mL) and extracted with DCM (3 x 150 mL). The organic
extracts were washed with water (3 x 50 mL), dried over sodium sulfate and stirred
with lead (V) acetate (8.0 g, 18 mmol) at RT for 1 h. The reaction mixture was then
filtered to remove the oxidising agent and the solvent removed in vacuo to give the

crude product.
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Azaquinone, 3.1 reaction with HCI

Purification by chromatography (SiO2 1:9 ethylacetate-petrol) gave one major

product, 3.12 with unreacted azaquinone as the second product.

6.28 (E)-3-Chloro-4-(phenylimino)cyclohexa-2,5-dien-1-one, 3.12

Cl
X
)
4 z 6 5 0
An orange oil, (0.71 g, 3.28 mmol, 60%), Rr= 0.69 (SiO2 1:9 ethylacetate-petrol);
IR bmax/cm™ (neat) 3201, 1677, 1640, 1577, 1497, 1479, 1447, 1383, 1309; H
NMR 400 MHz (DMSO-ds) & 7.48 (2H, t, J 7.4 Hz, H3', H5'), 7.30 (1H, t, J 7.4 Hz,
H4'), 7.14 (1H, d, J 2.1 Hz, H2), 7.09 (1H, d, J 10.2 Hz, H5), 6.97 (2H, d, J 8.6 Hz,
H2', H6'), 6.62 (1H, dd, J 10.2, 2.1 Hz, H6); 3C NMR (DMSO-ds) & 185.9 (C1),
153.1 (C4), 149.1 (C1"), 146.7 (C3), 132.9 (C6), 132.1 (C2), 129.7 (C3', C5'), 129.2
(C5), 126.8 (C4'"), 120.8 (C2', C6"); m/z (ESI+) 220 ([*'Cl]M+H*, 100%), 219 (42),
218 ([*°Cl]M+H*, 45). Found: M+H*, 218.0355. C12H9**CINO requires 218.0367.

Azaquinone N-oxide, 3.23 reaction with HCI

Using azaquinone N-oxide (1.0 g, 5.0 mmol). Purification by chromatography (SiO2
1:9 ethylacetate-petrol) gave two products 3.26 and 3.27.

6.29 (E)-3-Chloro-4-((4-chlorophenyl)imino)cyclohexa-2,5-dien-1-one, 3.26

An orange solid, (0.88 g, 3.5 mmol, 70%), Rt = 0.64 (SiO2 1:4 ethylacetate-petrol);
Mp 80-82 °C (petrol-ethylacetate); IR vmax/cm™ (neat) 3372, 3058, 2960, 2872,
1701, 1640, 1575, 1479, 1383, 1364; 'H NMR 300 MHz (CDCI3) & 7.30 (2H, d, J
8.6 Hz, H3', H5"), 7.00 (1H, d, J 10.3 Hz, H5), 6.86 (1H, d, J 2.2 Hz, H2), 6.76 (2H,
d, J 8.6 Hz, H2', H6'"), 6.46 (1H, dd, J 10.2, 2.1 Hz, H6); **C NMR (CDCl3) d 185.7
(C1), 153.3 (C4), 147.0 (C1"), 132.6 (C6), 132.4 (C3), 131.7 (C2), 129.3 (C3', C5"),
128.3 (C5), 121.8 (C2', C6'), 120.4 (C4"); m/z (ESI+) 253 ([¥'CI**Cl|M*, 85%), 251
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([*°CIz]JM*, 100). Found: M+H*, 251.9997. C12Hg***5CI2NO requires 251.9977.

Crystal structure determined (see Appendix).

6.30 4-((4-Chlorophenyl)imino)cyclohexa-2,5-dien-1-one, 3.27

An orange oil, (0.13 g, 0.6 mmol, 12%), R = 0.51 (SiO2 1:4 ethylacetate-petrol); IR
umax/cm™ (neat) 3365, 2961, 2935, 2874, 1645, 1595, 1491, 1458, 1364,1313; H
NMR 300 MHz (CDCls) & 7.31 (2H, d, J 8.6 Hz, H3', H5"), 7.25 (1H, dd, J 10.1, 2.6
Hz, H3), 6.99 (1H, dd, J 10.1, 2.6 Hz, H5), 6.78 (2H, d, J 8.6 Hz, H2', H6"), 6.64
(1H, dd, J 10.0, 2.2 Hz, H2), 6.50 (1H, dd, J 10.0, 2.2 Hz, H6); 13C NMR (CDCI3) &
187.5 (C1), 157.9 (C4), 147.4 (C1", 141.5 (C3), 133.8 (C6), 133.0 (C2), 132.2
(C4", 129.3 (C3, C5'), 127.9 (C5), 122.2 (C2', C6').m/z (ESI+) 220 ([>'Cl]M+H",
96%), 219 (52), 218 ([°*°CIIM+H*, 45), 217 (20). Found 217.03. C12Hg3**CINO
requires 217.0294.

Typical procedure for the Suzuki and Stille coupling reactions

A mixture of 3-bromoazaquinone 4.11 (1 mmol), arylboronic acid 4.20 (2 mmol) or
arylstannane 4.26 (1 mmol), Pd(PPhs)4 (0.1 mmol, 10mol%) and Cs2C0O3/Ag2CO3
(2 mmol) were suspended in dioxane (10 mL) and heated at 90 °C for 24 h. The
reaction mixture was diluted with water (100 mL) and extracted with ethylacetate
(3 x 100 mL). The solvent was removed in vacuo to give the crude product.
Purification by chromatography (SiO2 1:9 ethylacetate-petrol and/or RP (C18)
MeCN-H20) gave the expected product, 4.14 with the biaryl product, 4.21 as a by-

product.

6.31 (E)-6-(Phenylimino)-[1,1'-biphenyl]-3(6H)-one, 4.14a (Table 1, Entry 1)

1
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Using phenylboronic acid (0.244 g, 2 mmol) gave the title compound as a red oil,
(171 mg, 0.66 mmol, 66%), Ri= 0.4 (SiO21:9 ethylacetate-petrol); IR (neat) 3341,
3054, 1920, 1797, 1688, 1640 cm; 'H NMR 300 MHz (CDClz) 8 7.45 (2H, d, J 8.0
Hz, H2', H6"), 7.33 (2H, t, J = 8.0 Hz, H3', H5"), 7.31 (1H, t, J 8.0 Hz, H4"), 7.29
(2H, t, J 8.0 Hz, H9, H11), 7.10 (1H, t, J 7.6 Hz, H10), 7.06 (1H, d, J 10.3 Hz, H5),
6.74 (2H, d, J 8.0 Hz, H8, H12), 6.69 (1H, d, J 2.3Hz, H2), 6.51 (1H, dd, J 10.3, 2.3
Hz, H4); 13C NMR (CDCIz) d 188.2 (C3), 156.9 (C6), 151.2 (C1), 149.7 (C7), 135.5
(C19,132.7 (C4), 131.1 (C2), 129.9 (C2', C6"), 129.2 (C5), 129.0 (C4"), 128.9 (C3,,
C5"), 128.0 (C9, C11), 125.8 (C10), 120.0 (C8, C12); m/z (ESI+) 282 ([M+Na'],
100%), 260 (M+H*, 72). Found: M+H*, 260.1114. C1sH14NO requires 260.1075.

6.32 1,1'-Biphenyl, 4.21a (Table 1, Entry 1)

White solid (67 mg, 0.39 mmol, 39%); Rt = 0.94 (SiO2 5% ethylacetate-petrol); Mp
70-72 °C (DCM), lit.,?>® 71-72 °C (EtOAc-cyclohexane); IR (neat) 3030, 2922,
2853, 1881, 1568, 1468, 1428, 1377 cm™; 'H NMR 300 MHz (CDClz) 6 7.48 (4H,
d, J 7.4 Hz, H2, H6, H2', H6"), 7.31 (4H, t, J 7.6 Hz, H3, H5, H3', H5"), 7.22 (2H, t,
J 7.4 Hz, H4, H4"); 3C NMR (CDCI3) d 141.3 (C1, C1"), 128.8 (C3, C5, C3', C5"),
127.3 (C4, C4"), 127.2 (C2, C6, C2', C6").

6.33 (E)-4'-Chloro-6-(phenylimino)-[1,1'-biphenyl]-3(6H)-one, 4.14b (Table 1,
Entry 4)

1

Using 4-chlorophenylboronic acid (0.312 g, 2 mmol) gave the title compound as a
red oil, (140 mg, 0.5 mmol, 48%), Ri = 0.44 (SiO2 1:9 ethylacetate-petrol); IR (neat)
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3332, 2961, 2873, 1638 cm™; *H NMR 300 MHz (CDClz) & 7.41 (2H, d, J 8.0 Hz,
H3', H5"), 7.33 (2H, d, J 8.0 Hz, H2', H6"), 7.30 (2H, t, J 7.8 Hz, H9, H11), 7.16 (1H,
t,J 7.6 Hz, H10), 7.09 (1H, d, J 10.3 Hz, H5), 6.76 (2H, dt, J 7.7, 1.2 Hz, H8, H12),
6.69 (1H, d, J 2.3 Hz, H2), 6.52 (1H, dd, J 10.3, 2.3 Hz, H4); 13C NMR (CDCls) &
187.9 (C3), 156.7 (C6), 150.0 (C1), 149.5 (C7), 135.5 (C4"), 133.9 (C1"), 132.8
(C4), 131.2 (C3', C5'), 129.3 (C5), 129.0 (C9, C11), 128.3 (C2', C6'), 126.1 (C10),
120.1 (C8, C12), 116.8 (C2); m/z (ESI+) 296 ([F’CIIM+H*, 78%), 294 ([**CI]M+H?*,
95). Found: M+H*, 294.0676. C1sH13**CINO requires 294.068.

6.34 4,4'-Dichloro-1,1'-biphenyl, 4.21b Table 1, Entry 4

White solid, (84 mg, 0.35 mmol, 35%); Rt = 0.78 (SiO2 1:9 ethylacetate-petrol); Mp
140-142 °C (EtOAc), lit., 260 141-142 °C (n-hexane-EtOAc); IR (neat) 2922, 2854,
1904, 1782, 1587 cm'; IH NMR 300 MHz (CDCls) & 7.35 (4H, d, J 8.8 Hz, H2, H6,
H2', H6"), 7.29 (4H, d, J 8.8 Hz, H3, H5, H3', H5'); 13C NMR (CDCls) d 138.4 (C1,
C1", 133.7 (C4, C4"), 129.0 (C2, C6, C2', C6"), 128.2 (C3, C5, C3', C5").

6.35 (E)-4'-Bromo-6-(phenylimino)-[1,1'-biphenyl]-3(6H)-one, 4.14c (Table 1,
Entry 5)

Using 4-bromophenylboronic acid (0.402 g, 2 mmol) gave the title compound as a
red oil, (42 mg, 0.13 mmol, 13%); Rr = 0.45 (SiO2 1.9 ethylacetate-petrol); IR (neat)
3278, 3058, 2960, 1733, 1637, 1585 cm; *H NMR 300 MHz (CDCl3) & 7.48 (2H,
d, J 8.6 Hz, H3', H5), 7.34 (2H, d, J 8.6 Hz, H2', H6"), 7.30 (2H, t, J 8.2 Hz, H9,
H11), 7.13 (1H, t, J 7.6 Hz, H10), 7.07 (1H, d, J 10.3 Hz, H5), 6.75 (2H, d, J 7.8
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Hz, H8, H12), 6.66 (1H, d, J 2.2 Hz, H2), 6.50 (1H, dd, J 10.3, 2.3 Hz, H4); 13C
NMR (CDClz) & 187.5 (C3), 156.7 (C6), 149.8 (C1), 149.5 (C7), 134.5 (C4'), 132.9
(C4), 132.4 (C1), 131.5 (C2', C6'), 131.3 (C3', C5'), 129.0 (C9, C11), 128.8 (C5),
126.0 (C10), 120.0 (C8, C12), 117.3 (C2); m/z (ESI+) 339 ([3'BrJM+H*, 100), 337
(["°Br]M+H*, 88). Found: 338.0157. C1sH13"°BrNO requires 338.0175.

6.36 4,4'-Dibromo-1,1-biphenyl, 4.21c (Tablel, Entry 5)

Red solid (89 mg, 0.26 mmol, 26%); Rr =0.91 (SiO2 1:4 ethylacetate-petrol); Mp
168-170 °C (EtOAc), lit.,?50 168-171 °C (n-hexane-EtOAc); IR (neat) 1640, 1470,
1381, 1067 cm™; 'H NMR 300 MHz (CDCIs3) d 7.48 (4H, d, J 8.5 Hz, H2, H6, H2',
H6"), 7.33 (4H, d, J 8.5 Hz, H3, H5, H3', H5'); 3C NMR (CDCIz) 5 138.9 (C1, C1'),
132.0 (C2, C6, C2', C6"), 128.5 (C3, C5, C3', C5"), 121.9 (C4, C4".

6.37 (E)-4'-Methoxy-6-(phenylimino)-[1,1'-biphenyl]-3(6H)-one, 4.14d (Tablel,
Entry 6)

P :
o & N\1 {
T
1" 4
Using 4-methoxyphenylboronic acid (0.304 g, 2 mmol) gave the title compound as
a red oil, (100 mg, 0.35 mmol, 35%), Rr = 0.35 (SiO2 1:9 ethylacetate-petrol); IR
(neat) 3350, 3057, 2959, 2836, 1634, 1601, 1578, cm*; IH NMR 300 MHz (CDCl3)
57.44 (2H, d, J 8.8 Hz, H2', H6"), 7.30 (2H, t, J 7.5 Hz, H9, H11), 7.11 (1H,t, J 7.5

Hz, H10), 7.03 (1H, d, J 10.3 Hz, H5), 6.86 (2H, d, J 8.8 Hz, H3', H5'), 6.74 (2H, d,
J 8.0 Hz, H8, H12), 6.66 (1H, d, J 2.3 Hz, H2), 6.47 (1H, dd, J 10.3, 2.3 Hz, H4),
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3.75 (3H, s, OMe); 13C NMR (CDCIz) 5 187.9 (C3), 160.6 (C6), 157.2 (C4"), 150.3
(C1), 149.8 (C7), 132.8 (C4), 131.4 (C2', C6'), 130.2 (C2), 128.9 (C9, C11), 128.9
(C5), 127.9 (C1'), 125.7 (C10), 119.9 (C8, C12), 113.6 (C3', C5'), 55.3 (OCH3). m/z
(ESI+) 290 (M+H*, 100%), 289 (M*, 64). Found 290.05. Ci9H16NO2 requires
290.1136.

6.38 4,4'-Dimethoxy-1,1'-biphenyl, 4.21d (Tablel, Entry 6)

OMe

White solid (49 mg, 0.21 mmol, 21%); Rt = 0.42 (SiO2 5% ethylacetate-petrol); Mp
176-178 °C EtOAc), lit.?6° 178-181 °C (n-hexane-EtOAc); IR (neat) 3014, 2955,
2839, 2530, 2065, 1893, 1601 cm; *H NMR 300 MHz (CDCls) 6 7.39 (4H, d, J 8.8
Hz, H2, H6, H2', HE"), 6.87 (4H, d, J 8.8 Hz, H3, H5, H3', H5"), 3.75 (6H, s, OMe);
13C NMR (CDCI3) d 158.7 (C4, C4'), 133.5 (C1, C1"), 127.7 (C2, C6, C2', C6),
114.2 (C3, C5, C3', C5), 55.3 (OMe).

6.39 4-Methoxy-1,1'-biphenyl (Table 1, Entry 6)

OMe

Orange solid (8 mg, 0.04 mmol, 4%); Rt = 0.69 (SiO2 5% ethylacetate-petrol); Mp
86-88 °C (EtOAC), lit.?6° 85-87 °C (n-hexane-EtOAc); IR (neat) 3000, 2959, 2836,
1729, 1603 cm™; *H NMR 300 MHz (CDCIz) 8 7.48 (2H, d, J 7.4 Hz, H2', HE"), 7.45
(2H, d, J 8.8 Hz, H2, H6), 7.34 (2H, t,J 7.6 Hz, H3', H5"), 7.22 (1H, t, J 7.4 Hz, H4"),
6.90 (2H, d, J 8.8 Hz, H3, H5), 3.77 (3H, s, OMe); 13C NMR (CDCI3) & 159.1 (C4),
140.8 (C1", 133.8 (C1), 128.7 (C2, C6), 128.1 (C3', C5"), 126.7 (C2', C6"), 126.6
(C4"), 114.2 (C3, C5), 55.3 (OMe). m/z (ESI+) 186 (M+H*, 12), 185 (M+H*, 100).
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6.40 2,2'-Dimethyl-1,1'-biphenyl, 4.21e (Table 1, Entry 7)

Colourless oil (36 mg, 0.18 mmol, 18%); R = 0.91 (SiO2 1:4 ethylacetate-petrol);
IR (neat) 3058, 3017, 2922, 1914, 1476 cm’; IH NMR 300 MHz (CDCls) & 7.17
(4H, m H2, H3, H2', H3"), 7.12 (2H, m, H4, H4'), 7.02 (2H, m, H5, H5"), 1.97 (6H, s,
CHs); 13C NMR (CDCls) 5 141.6 (C1, C1'), 135.8 (C6, C8'), 129.8 (C5, C5'), 129.3
(C4, C4"), 127.1 (C3, C3'), 125.5 (C2, C2"), 19.8 (CHs). m/z (ESI+) 183 (M+H", 35),
182 (24).

6.41 (E)-5-Oxo0-2-(phenylimino)-2,5-dihydro-[1,1'-biphenyl]-4'-carbaldehyde,
4.14f (Table 1, Entry 8)

2 )
2N

9 ©/ ~
10 11 12 3 o
Using 4-formylphenylboronic acid (0.30 g, 2 mmol). Further purification by
chromatography RP C18 (9:1 MeOH-H20) gave the title compound as a red oill,
(36 mg, 0.13 mmol, 13%); Rt = 0.21 (SiO2 1:9 ethylacetate-petrol); IR (neat) 3355,
2923, 2852, 1697, 1638, 1602, 1587 cm*; *H NMR 300 MHz (CDCI3) 5 10.00 (1H,
s, CHO), 7.87 (2H, d, J 8.0 Hz, H3', H5"), 7.64 (2H, d, J 8.0 Hz, H2', H6"), 7.33 (2H,
t, J 8.0 Hz, H9, H11), 7.15 (1H, t, J 7.4 Hz, H10), 7.12 (1H, d, J 10.3 Hz, H3), 6.77
(2H, d, J 8.5 Hz, H8, H12), 6.72 (1H, d, J 2.3 Hz, H6), 6.54 (1H, dd, J 10.3, 2.2 Hz,
H4); 13C NMR (CDCls) & 191.8 (CHO), 187.2 (C5), 156.5 (C2), 149.7 (C1), 149.2
(C7), 141.7 (C1"), 136.4 (C4"), 133.0 (C4), 131.9 (C6), 130.6 (C2', C6"), 129.2 (C3',
C5"), 129.0 (C9, C11), 128.8 (C3), 126.1 (C10), 120.0 (C8, C12). m/z (ESI+) 290
(M+H*, 90%).
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6.42 [1,1'-Biphenyl]-4,4'-dicarboxaldehyde, 4.21f (Table 1, Entry 8)

CHO

2

‘
7 '

5

OHC

Brown solid (52 mg, 0.23 mmol, 23%); R: = 0.27 (SiO2 1:9 ethylacetate-petrol); Mp
142-144 °C (EtOAC), lit.,?61 146-148 °C (DCM-MeCN); IR (neat) 1693, 1599, 1387,
1299, 1206 cmt; *H NMR 300 MHz (CDCI3) 8 9.98 (2H, s, CHO), 7.90 (4H, d, J 8.3
Hz, H3, H5, H3', H5'), 7.70 (4H, d, J 8.3 Hz, H2, H6, H2', H6'); 13C NMR (CDCl3) &
191.7 (CHO), 145.4 (C1, C1", 135.9 (C4, C4"), 130.3 (C3, C5, C3', C5"), 128.0 (C2,
C6, C2', C6"). m/z (ESI+) 212 (M+2, 16), 211 (M+H*, 100).

6.43 (E)-3-(Naphthalene-1-yl)-4-(phenylimino)cyclohexa-2,5-dien-1-one, 4.14g
(Table 1, Entry 9)

Using 1-naphthaleneboronic acid (0.344 g, 2 mmol)gave the title compound as a
red oil, (105 mg, 0.34 mmol, 34%), Rt = 0.59 (SiO2 1:9 ethylacetate-petrol); IR
(neat) 3055, 1733, 1636, 1587, 1505, 1479, 1446, 1388, 1371, 1337, 1285 cm™%;
I1H NMR 300 MHz (CDCls) & 7.81 (1H, d, J 8.0 Hz, H16), 7.78 (1H, t, J 7.5 Hz,
H20), 7.67 (1H, ddt, J 6.4, 3.5, 0.8 Hz, H18), 7.43 (1H, t, J 7.5 Hz, H15), 7.39 (1H,
d, J 8.0 Hz, H21), 7.37 (1H, t, J 7.5 Hz, H19), 7.21 (2H, t, J 8.1 Hz, H9, H11), 7.11
(1H, d, J 10.3 Hz, H5), 7.03 (1H, t, J 7.2 Hz, H10), 6.72 (1H, d, J 2.3 Hz, H2), 6.60
(2H, d, J 8.0 Hz, H8, H12), 6.56 (1H, dd, J 10.3, 2.3 Hz, H6); 13C NMR (CDCls) &
187.8 (C1), 157.6 (C4), 151.7 (C3), 149.7 (C7), 141.9 (C17), 134.2 (C13), 133.3
(C2), 132.9 (C6), 131.9 (C22), 129.2 (C18), 128.8 (C9, C11), 128.4 (C5), 127.1
(C16), 126.2 (C21), 126.0 (C20), 125.9 (C15), 125.7 (C10), 125.1 (C19), 120.7
(C14), 119.9 (C8, C12). m/z (ESI+) 310 (M+H*, 88%). Found: M+H* 310.1227.
C22H16NO requires 310.1226.
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6.44 1,1'-Binaphthalene, 4.21g Table 1, Entry 9

White solid (82 mg, 0.3 mmol, 30%); Rt = 0.86 (SiO2 5% ethylacetate-petrol); Mp
142-144 °C (EtOAc), lit.,?6? 142-144 °C (hexane); IR (neat) 3039, 1585, 1501,
1375 cmt; 'H NMR 300 MHz (CDCls) & 7.83 (2H, d, J 8.2Hz, H8, H8'), 7.82 (2H,
d, J 8.2 Hz, H2, H2"), 7.46 (2H, dd, J 8.2, 7.0 Hz, H5, H5"), 7.38 (2H, dd, J 7.0, 1.3
Hz, H4, H4'), 7.35 (2H, dd, J 8.2, 1.3 Hz, H3, H3'), 7.29 (2H, d, J 8.2 Hz, H7, H7"),
7.15 (2H, ddd, J 8.4, 6.7, 1.3 Hz, H6, H6"); 3C NMR (CDCIs) & 138.5 (C1, C1"),
133.6 (C10, C10Y, 132.9 (C9, C9), 128.2, 127.97, 127.91, 126.6, 126.0, 125.8,
125.4. m/z (ESI+) 256 (M+H™*, 25%), 255 (M+H", 100).

6.45 1,4-Bis(4-methylphenyl)-1,3-butadiyne, 4.28

White solid (100 mg, 0.34 mmol, 34%); Rs = 0.78 (SiOz2 1:9 ethylacetate-petrol); Mp
182-184 °C (EtOAc), lit.,?%® 182-184 °C (hexane); IR (neat) 2915, 1596, 1498 cm"
1:1H NMR 300 MHz (CDCls) & 7.34 (4H, d, J 8.5 Hz, H2, H6, H2', H6"), 7.06 (4H,
d, J 8.5 Hz, H3, H5, H3', H5'), 2.29 (6H, s, H9, H9'); 13C NMR (CDCls) & 139.5 (C4,
C4"), 132.4 (C2, C6, C2', C6"), 129.2 (C3, C5, C3', C5"), 118.7 (C1, C1"), 81.5 (C7,
C7", 73.4 (C8, C8"), 21.6 (C9, C9"). m/z (ESI+) 231 (M+H*, 100%).
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6.46 (E)-4-(Phenylimino)-3-(thiophen-2-yl)cyclohexa-2,5-dien-1-one, 4.14h
(Table 3, Entry 2)

Using tributyl(thiophen-2-yl)stannane (0.373 g, 1 mmol). Purification by
chromatography RP C18 (7:3 MeCN-H20) gave the title compound as a red oill,
(146 mg, 0.55 mmol, 55%), Rr = 0.27 RP C18 (7:3 MeCN-H20); IR (neat) 2920,
1639, 1614, 1586, 1573, 1556 cm; 'H NMR 300 MHz (CDClz) 6 7.62 (1H, dd, J
3.8, 1.2 Hz, H14), 7.50 (1H, dd, J 5.1, 1.2 Hz, H16), 7.35 (2H, t, J 8.0 Hz, H9, H11),
7.17 (1H,t,J 7.5 Hz, H10), 7.04 (1H, t, J 5.3 Hz, H15), 7.02 (1H, d, J 10.3 Hz, H5),
6.96 (1H, d, J 2.2 Hz, H2), 6.85 (2H, d, J 8.2 Hz, H8, H12), 6.44 (1H, dd, J 10.3,
2.2 Hz, H6); 3C NMR (CDCIz) d 187.5 (C1), 155.6 (C4), 148.5 (C7), 142.5 (C3),
135.3 (C13), 133.1 (C16), 132.8 (C6), 129.1 (C9, C11), 128.9 (C14), 128.3 (C5),
126.9 (C15), 126.5 (C2), 126.1 (C10), 120.3 (C8, C12); m/z (ESI+) 266 (M+H*,
100%). Found: M+H*, 266.063. C16H12NOS requires 266.0634.

6.47 (E)-4-(1,1'-Biphenyl]-4-ylimino)-3-bromocyclohexa-2,5-dien-1-one, 4.22
Br

N\4 3 2

12 5<l1
5 ¢]

Using 3-bromo(4-bromophenyl)azaquinone, 4.12 (0.341 g, 1 mmol) and

phenylboronic acid (0.244 g, 2 mmol). Further purification by chromatography RP
C18 (7:3 MeCN-H20) gave the title compound as a red oil (74 mg, 0.22 mmol,
22%); Rr=0.27 RP C18 (7:3 MeCN-H20); IR (neat) 3278, 3055, 2923, 2852, 1889,
1638 cmL; IH NMR 300 MHz (CDCls) & 7.45 (2H, t, J 7.8 Hz, H3', H5'), 7.43 (2H,
d, J 8.6 Hz, H9, H11), 7.37 (2H, d, J 8.0 Hz, H2', H6"), 7.35 (1H, t, J 7.5 Hz, H4"),
7.04 (1H, d, J 10.3 Hz, H5), 6.69 (1H, d, J 2.3 Hz, H2), 6.65 (2H, d, J 8.6 Hz, H8,
H12), 6.52 (1H, dd, J 10.3, 2.3 Hz, H6); 13C NMR (CDClI3) 5 187.5 (C1), 157.4 (C4),
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150.7 (C7), 148.6 (C1'), 135.4 (C3), 133.2 (C6), 132.0 (C9, C11), 131.4 (C2), 129.8
(C3', C5'), 129.3 (C10), 128.5 (C5), 128.1 (C2', C6'), 121.6 (C8, C12), 119.2 (C4');
m/z (ESI+) 339 ([B'BriM+H*, 48%), 337 (["°Br]M+H*, 74), 336 (85). Found:
338.0197. C18H13"°BrNO requires 338.0175.

6.48 (E)-3-Isopropyl-4-(phenylimino)cyclohexa-2,5-dien-1-one, 4.16a

14 15
8 1 3
9 v N\4 2
10 ©/12 5 - 10
To a solution of 3-bromoazaquinone (0.262 g, 1 mmol) and Pd(PPhs)s (0.116 g,
0.1 mmol) in anhydrous THF (10 mL) was added dropwise a solution of iPrMgCl
(2.0 M in THF, 1.0 mL, 2 mmol) under nitrogen. The mixture was stirred for 2 h at
60 °C. After completion of reaction, the mixture was quenched with water (25 mL)
and extracted with ethylacetate (3 x 10 mL). The organic extracts were washed
with water, dried over MgSOy, filtered and concentrated under vacuum. The crude
reaction mixture was purified by chromatography (SiO:z 1:4 ethylacetate-petrol) to
give the product as a red oil (22.5 mg, 0.1 mmol, 10%); Rs = 0.67 (SiO2 1:4
ethylacetate-petrol); IR (neat) 3383, 2967, 2871, 1703, 1594 cm*; 'H NMR 500
MHz (CDCls) & 7.24 (1H, d, J 2.8 Hz, H2), 7.18 (2H, t, J 8.2 Hz, H9, H11), 7.07
(1H, d, J 8.5 Hz, H5), 6.87 (1H, dd, J 8.5, 2.9 Hz, H6), 6.70 (1H, tt, J 7.3, 1.0 Hz,
H10), 6.50 (2H, dt, J 7.3, 1.1 Hz, H8, H12), 4.33 (1H, hept, J 6.5 Hz, H13), 1.22
(6H, d, J6.5 Hz, H14, H15); 3C NMR (CDClI3) 5 185.8 (C1), 171.8 (C4), 155.5 (C3),

147.8 (C7), 133.7 (C5), 128.9 (C9, C11), 120.6 (C2), 116.5 (C10), 115.8 (C6),
113.0 (C8, C12), 48.5 (C13), 20.7 (C14, C15).

Typical procedure for Buchwald-Hartwig amination reactions

A mixture of 3-bromoazaquinone (0.262 g, 1 mmol), arylamine (1.2 mmol),
Pd(OAc)2 (0.034 g, 0.15 mmol), (+/-)-BINAP (0.093 g, 0.15 mmol) and Cs2COs
(0.456 g, 1.4 mmol) were suspended in anhydrous toluene (5 mL) under nitrogen
and heated to 80 °C for 24 h. The mixture was filtered and washed with ethylacetate
(100 mL) to give the crude product which was purified by chromatography (SiO2
1:4 ethylacetate-petrol) to give the pure product.
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6.49 (E)-3-(Phenylamino)-4-(phenylimino)cyclohexa-2,5-dien-1-one, 4.17a
(Table 2, Entry 1)

14 15 i
HN@”
. Y N4 2 b
1o©1/2 5 10
1" 6
Using aniline (0.112 g, 1.2 mmol) gave the title compound as a red solid (217 mg,
0.79 mmol, 79%); Rr=0.48 (SiO2 1:4 ethylacetate-petrol); Mp 134-136 °C (EtOAc);
IR (neat) 3241, 3051, 2922, 1716, 1559 cm; *H NMR 300 MHz (CDCIz) & 7.90
(1H, s, NH), 7.37 (2H, t, J 7.8 Hz, H9, H11), 7.32 (2H, t, J 7.6 Hz, H15, H17), 7.22
(2H,d,J 7.8 Hz, H14, H18), 7.18 (1H, t, J 7.9 Hz, H10), 7.11 (1H, t, J 7.3 Hz, H16),
6.87 (2H, d, J 7.9 Hz, H8, H12), 6.79 (1H, d, J 10.3 Hz, H5), 6.31 (1H, dd, J 10.2,
2.2 Hz, H6), 6.12 (1H, d, J 2.2 Hz, H2); *3C NMR (CDCI3) 5 186.8 (C1), 153.0 (C3),
147.8 (C4), 146.8 (C7), 138.1 (C13), 134.6 (C6), 129.6 (C9, C11), 129.2 (C15,
C17), 126.1 (C10), 125.1 (C16), 125.0 (C5), 122.8 (C14, C18), 120.6 (C8, C12),
100.6 (C2); m/z (ESI+) 274 (M+H*, 100%), 275 (M+H*, 38). Found 274.04.
C18H14N20 requires 274.1106.

6.50 (E)-3-((4-Methoxyphenyl)amino)-4-(phenylimino)cyclohexa-2,5-dien-1-one,
4.17b (Table 2, Entry 2)

15

14 16.OMe
£y
HN "

18
8

9 7 N\4 2

1

10 12 5

O

Using methoxyaniline (0.147 g, 1.2 mmol) gave the title as a red oil (201 mg, 0.66
mmol, 66%); Rf = 0.23 (SiO2 1:4 ethylacetate-petrol); *H NMR 300 MHz (CDCI3) &
7.83 (1H, s, NH), 7.33 (2H, t, H9, H11), 7.16 (1H, t, H10), 6.86 (2H, d, H8, H12),
6.75 (1H, d, H5), 6.67 (2H, d, H14, H18), 6.59 (2H, d, H15, H17), 6.31 (1H, dd, H6),
5.90 (1H, d, H2), 3.66 (3H, s, OMe); 13C NMR (CDCls) & 186.8 (C1), 156.4 (C16),
152.8 (C3), 151.1 (C4), 142.3 (C7), 141.6 (C13), 131.5 (C6), 128.5 (C9, C11),
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125.1 (C10), 124.6 (C5), 123.0 (C8, C12), 114.6 (C14, C18), 114.2 (C15, C17),
96.0 (C2), 55.5 (OMe).

6.51 (E)-3-((4-Chlorophenyl)amino)-4-(phenylimino)cyclohexa-2,5-dien-1-one,
4.17c (Table 2, Entry 3)

Using 4-chloroaniline (0.153 g, 1.2 mmol) gave the title compound as a red solid
(90 mg, 0.29 mmol, 29%); Ri= 0.63 (SiO2 1:4 ethylacetate-petrol); IR (neat) 3318,
2958, 2889, 1720, 1633, 1440, 1345 cm; 'H NMR 500 MHz (CDCI3z) 6 7.93 (1H,
s, NH), 7.44 (2H, t, J 8.3 Hz, H9, H11), 7.36 (2H, d, J 8.7 Hz, H15, H17), 7.27 (1H,
t, J 8.0 Hz, H10), 7.23 (2H, d, J 8.8 Hz, H14, H18), 6.93 (2H, d, J 8.2 Hz, H8, H12),
6.88 (1H, d, J 10.2 Hz, H5), 6.39 (1H, dd, J 10.2, 2.1 Hz, H6), 6.13 (1H, d, J 2.1
Hz, H2); 13C NMR (CDCIz) d 186.7 (C1), 152.8 (C3), 147.7 (C4), 146.5 (C7), 136.8
(C13), 134.6 (C6), 130.2 (C16), 129.6 (C15, C17), 129.2 (C9, C11), 126.2 (C10),
125.1 (C5), 123.9 (C14, C18), 120.6 (C8, C12), 100.9 (C2); m/z (ESI+) Found:
M+H* 309.1, C18H143°CIN20 requires 309.2

6.52 (E)-4-(Phenylimino)-3-((4-(trifluoromethyl)phenyl)amino)cyclohexa-2,5-
dien-1-one, 4.17d (Table 2, Entry 4)

Using 4-trifluoromethylaniline (0.193 g, 1.2 mmol) gave the title compound as a red
solid (98 mg, 0.29 mmol, 29%); Ri= 0.63 (SiO2 1:4 ethylacetate-petrol); *H NMR
500 MHz (CDCI3) 6 8.13 (1H, s, NH), 7.64 (2H, d, J 8.4 Hz, H15, H17), 7.44 (2H, t,
J 8.4 Hz, H9, H11), 7.38 (2H, d, J 8.4 Hz, H14, H18), 7.27 (1H, t, J 8.4 Hz, H10),
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6.93 (2H, d, J 8.4 Hz, H8, H12), 6.91 (1H, d, J 10.2 Hz, H5), 6.40 (1H, dd, J 10.2,
2.1 Hz, H6), 6.29 (1H, d, J 2.2 Hz, H2); 13C NMR (CDCl3) & 186.9 (C1), 152.6 (C3),
147.6 (C4), 145.5 (C7), 141.6 (C13), 134.3 (C6), 129.2 (C9, C11), 126.8 (C16),
126.7 (C15, C17), 126.3 (C10), 125.4 (C5), 123.97 (C19), 121.5 (C14, C18), 120.6
(C8, C12), 102.1 (C2).

6.53 (E)-4-(Phenylimino)-3-(o-tolylamino)cyclohexa-2,5-dien-1-one, 4.17e (Table
2, Entry 5)

Using 2-methylaniline (0.128 g, 1.2 mmol) gave the title compound as a red solid
(207 mg, 0.72 mmol, 72%); Ri= 0.56 RP C18 (9:1 MeCN-H20); IR (neat) 3245,
3050, 2922, 1920, 1599 cm*; *H NMR 500 MHz (CDCIz) & 7.79 (1H, d, J 8.7 Hz,
H15), 7.75 (1H, s, NH), 7.43 (2H, t, J 8.5 Hz, H9, H11), 7.33 (1H, m, H17), 7.26
(1H, m, H18), 7.24 (1H, m, H10), 7.15 (1H, t, J 7.5 Hz, H16), 6.95 (2H, d, J 8.6 Hz,
H8, H12), 6.85 (1H, d, J 10.3 Hz, H5), 6.35 (1H, dd, J 10.2, 2.2 Hz, H6), 5.74 (1H,
d, J 2.2 Hz, H2), 2.29 (3H, s, CHz); 13C NMR (CDCIz) 5 186.7 (C1), 153.0 (C3),
148.0 (C4), 147.9 (C7), 136.2 (C13), 134.7 (C6), 133.1 (C14), 131.2 (C18), 129.9
(C17), 129.2 (C9, C11), 127.9 (C15), 126.3 (C10), 126.1 (C16), 124.9 (C5), 120.7
(C8,C12), 100.1 (C2), 17.8 (C19); m/z (ESI+) 289 (M+H* 100%). Crystal structure

determined (see appendix).
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6.54 (E)-3-(Methyl(phenyl)amino)-4-(phenylimino)cyclohexa-2,5-dien-1-one,
4.17f (Table 2, Entry 6)

15
1 16
H3C\N 17
8 3 18
i
]
10 12 5
1 6 ©
Using N-methylaniline (0.128 g, 1.2 mmol) gave the title compound as a red oll
(170 mg, 0.59 mmol, 59%); Rt= 0.59 RP C18 (9:1 MeCN-H20); IR (neat) 3056,
2953, 1949, 1869, 1728 cm?; 'H NMR 300 MHz (CDCIlz) & 7.26 (2H, t, J 8.1Hz,
H15, H17), 7.16 (2H, t, J 8.4 Hz, H9, H11), 7.09 (1H, t, J 7.6 Hz, H10), 7.04 (2H,
d, J 8.4 Hz, H14, H18), 7.00 (1H, t, J 7.6 Hz, H16), 6.68 (1H, d, J 10.2 Hz, H5),
6.30 (2H, d, J 8.4 Hz, H8, H12), 6.28 (1H, dd, J 10.2, 2.1 Hz, H6), 5.95 (1H, d, J
2.1 Hz, H2), 3.32 (3H, s, CHz3); 13C NMR (CDCI3) & 184.8 (C1), 153.5 (C3), 152.3
(C4), 147.9 (C13), 146.4 (C7), 131.2 (C6), 127.3 (C15, C17), 126.8 (C9, C11),

125.4 (C5), 123.4 (C16), 123.3 (C14, C18), 123.1 (C10), 117.6 (C8, C12), 108.9
(C2), 41.2 (C19). m/z (ESI+) 289 (M+H*, 100).

6.55 (5E,5'E)-5,5'-(Phenylimino)-4,4'-bis(o-tolylamino)-[1,1'-bi(cyclohexane)]-
3,3,6,6'-tetraene-2,2'-dione, 4.34e (Table 2, Entry 5)

Using 2-methylaniline (0.128 g, 1.2 mmol) gave the title compound as a red oil (15
mg, 0.026 mmol, 5%); Rr= 0.52 RP C18 (9:1 MeCN-H20); IR (neat) 3310, 3059,
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2960, 2922, 1572 cm™!; 'H NMR 500 MHz (CDCls) & 7.76 (2H, s, NH), 7.45 (4H, t,
J 7.9 Hz, H9, H11, HY', H11"), 7.31 (2H, m, H18, H18'), 7.29 (2H, m, H17, H17"),
7.27 (2H, m, H10, H10", 7.25 (2H, m, H15, H15"), 7.17 (2H, t, J 7.3 Hz, H16, H16"),
7.05 (4H, d, J 8.3 Hz, H8, H12, H8', H12'), 7.00 (2H, s, H3, H3"), 5.75 (2H, s, H8,
H6"), 2.30 (6H, s, CHs); 13C NMR (CDCls) § 184.1 (C2, C2'), 152.5 (C4, C4'), 147.8
(C5, C5'), 147.7 (C7, C7"), 137.0 (C1, C1"), 136.2 (C13, C13'), 133.3 (C14, C14)),
131.1 (C15, C15'), 129.1 (C9, C11, C9', C11'), 126.9 (C3, C3"), 126.36 (C17, C17"),
126.33 (C10, C10", 126.0 (C16, C16'), 125.0 (C18, C18"), 121.3 (C8, C12, C8,,
C12"), 100.3 (C6, C6'), 17.8 (C19, C19).

6.56 (5E,5'E)-4,4'-Bis(methyl(phenyl)amino)-5,5'-(phenylimino)-[1,1'-
bi(cyclohexane)]-3,3',6,6'-tetraene-2,2'-dione, 4.34f (Table 2, Entry 6)

Using N-methylaniline (0.128 g, 1.2 mmol) gave the title compound as a red solid
(10 mg, 0.017 mmol, 3%); Ri = 0.50 RP C18 (9:1 MeCN-H20); 'H NMR 500 MHz
(CDCls) & 7.24 (4H, t, J 8.0 Hz, H15, H17, H15', H17"), 7.16 (4H, t, J 8.0 Hz, H9,
H11, H9', H11"), 7.08 (2H, t, J 8.0 Hz, H16, H16"), 7.05 (4H, d, J 8.0 Hz, H14, H18,
H14' H18", 7.01 (2H, t, J 8.0 Hz, H10, H10", 6.82 (2H, s, H6, H6'), 6.38 (4H, d, J
8.0 Hz, H8, H12, H8', H12"), 5.91 (2H, s, H3, H3"), 3.30 (6H, s, H19, H19'); 3C NMR
(CDCls) d 184.2 (C2, C2'), 154.8 (C4, C4"), 153.6 (C5, C5'), 149.6 (C13, C13"),
148.1 (C7, C7'), 135.6 (C1, C1"), 129.1 (C15, C17, C15', C17'), 128.6 (C9, C11,
C9', C11'), 128.1 (C6, C6'), 125.6 (C10, C10'), 125.3 (C14, C18, C14', C18"), 125.0
(C16, C16'), 120.2 (C8, C12, C8', C12'), 110.6 (C3, C3"), 43.0 (C19, C19". Crystal
structure determined (see appendix).
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Chapter 8. Appendix

4-(Phenylimino)cyclohexa-2,5-dien-1-one, 2.11

Table 1: Crystal data and structure refinement for mac180045_fa.

Identification code mac180045 fa
Empirical formula C12H9NO
Formula weight 183.20
Temperature/K 150.0(2)

Crystal system orthorhombic
Space group Pca2;

alA 20.3710(9)

b/A 6.7890(2)

c/A 13.5265(4)

o/° 90

/e 90

v/° 90

Volume/A3 1870.70(11)

z 8

peatcg/cm® 1.301

w/mm? 0.668

F(000) 768.0

Crystal size/mm? 0.27 x 0.1 x 0.04
Radiation CuKa (A =1.54184)
20 range for data collection/° 8.682 to 133.542
Index ranges -22<h<24,-4<k<8,-16<1<15
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Reflections collected 7216

Independent reflections 3080 [Rint = 0.0374, Rsigma = 0.0381]
Data/restraints/parameters ~ 3080/1/253

Goodness-of-fit on F2 1.044

Final R indexes [[>=2c (I)] R1=0.0393, wR2 = 0.0924

Final R indexes [all data] R1=0.0513, wR, =0.1014

Largest diff. peak/hole / e A20.14/-0.19

Flack parameter -0.2(3)

Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic
Displacement Parameters (A2x103) for mac180045_fa. Ueq is defined as 1/3 of of the
trace of the orthogonalised Uiy tensor.

Atomx y z U(eq)

O1 5547.1(13) 6774 (3) 3886 (2) 43.3(7)
02 5932.8(12) 12165(3) 6357 (3) 45.8(6)
N1 3909.1(13) 553 (3) 3855 (2) 28.1(6)
N2 4376.6(13) 5769 (4) 6304 (2) 29.2(6)
Cl 5167.4(17) 5373 (5) 3853 (3) 31.3(8)
C2 4469.4(17) 5643 (5) 3653 (2) 30.5(7)
C3 4046.1(16) 4127 (4) 3639 (2) 28.1(7)
C4 4271.8(16) 2117 (4) 3831 (2) 26.2(7)
C5 4976.5(17) 1828 (5) 3975 (2) 29.4(7)
C6 5399.1(16) 3344 (5) 3999 (3) 33.1(8)
C7 3217.2(1e6) 627 (4) 3788 (2) 25.8(7)
C8 2833.4(17) 1839 (4) 4397 (3) 29.7(7)
C9 2154.1(18) 1762 (5) 4324 (3) 33.5(8)
C10 1851.1(18) 465 (4) 3677 (3) 32.1(8)
Cl1 2233.3(17) -760(5) 3090 (3) 32.4(8)
Cl2 2911.8(17) -699(5) 3150 (3) 29.0(8)
C13 5569.3(17) 10722 (5) 6376 (3) 31.1(7)
Cl4 4855.3(17) 10932 (5) 6481 (3) 32.2(8)
Cl15 4455.6(17) 9391 (5) 6465 (3) 30.6(7)
Cl6 4715.3(16) 7380 (4) 6340 (3) 26.4(6)
Cl17 5428.6(16) 7164 (4) 6282 (3) 29.6(7)
C18 5828.7(16) 8717 (5) 6296 (3) 31.6(7)
C19 3681.4(15) 5758 (4) 6289 (3) 26.8(7)
C20 3311.7(16) 6877 (4) 5631 (3) 29.7(7)
C21 2630.5(17) 6712 (5) 5625 (3) 33.5(8)
C22 2319.7(16) 5448 (4) 6262 (3) 33.3(7)
C23 2687.5(18) 4286 (5) 6908 (3) 32.9(8)
C24 3363.9(17) 4421 (5) 6914 (3) 30.1(7)
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C2 C3 1.343(5) Cl17 C18 1.333(4)
C3 C4 1.463(4) C19 C20 1.391(5)
C4 C5 1.462(5) Cl19 C24 1.399(5)
C5 C6 1.342(5) C20 C21 1.392(5)
C7 C8 1.402(5) C21 C22 1.371(5)
C7 Cl1l2 1.394(5) C22 C23 1.395(5)
C8 C9 1.388¢(5) C23 C24 1.381(5)

Table 5 Bond Angles for mac180045 fa.
Atom Atom Atom Angle/* Atom Atom Atom Angle/*

C4 N1 C7 122.6(3) Cl1 Cl12 C7 120.0¢(3)
Cl6 N2 C19 122.6(3) 02 C13 Cl14 121.4(3)
Ol Cl1 C2 121.5(3) 02 C13 C18 121.5(3)
Ol C1 C6 121.3(3) Cl18 C13 C14 117.1(3)
C2 C1 C6 117.1(3) Cl15 Cl14 C13 122.0(3)
C3 C2 Cl 122.1(3) Cl4 C15 Cl1l6 120.8(3)
C2 C3 C4 120.7(3) N2 C16 C15 126.6(3)
N1 C4 C3 126.2(3) N2 C16 Cl17 116.3(3)
N1 C4 C5 116.6(3) Cl7 Cl6 C15 117.1(3)
C5 C4 C3 117.2(3) Cl18 C17 Cl6 121.8(3)
C6 C5 C4 122.0¢(3) Cl7 C18 C13 121.1(3)
C5 C6 Cl 120.6(3) C20 C19 N2 123.2(3)
C8 C7 N1 122.6(3) C20 C19 C24 119.4(3)
Cl2 C7 N1 117.5(3) C24 C19 N2 117.2(3)
Cl2 C7 C8 119.6(3) Cl19 C20 C21 120.0¢(3)
C9 C8 C7 119.5(3) C22 C21 C20 120.5(3)
Cl10 C9 C8 120.8¢(3) C21 C22 C23 120.0(3)
C9 C10 Cl1l1 119.5(3) C24 C23 C22 120.2(3)
Cl2 Cl11 C10 120.6(3) C23 C24 C19 120.0(3)

Table 6 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement
Parameters (A?x10%) for mac180045 fa.

Atom x y z U(eq)
H2 4309 6934 3527 37
H3 3595 4362 3504 34
H5 5140 527 4054 35
H6 5852 3103 4110 40
H8 3037 2705 4855 36
H9 1894 2609 4723 40
H10 1386 416 3635 39
H11 2028 ~1648 2645 39
H12 3169 ~1562 2756 35
H14 4674 12211 6563 39
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H15 3996 9586 6535 37
H17 5612 5881 6234 35
H18 6290 8520 6253 38
H20 3524 7752 5186 36
H21 2379 7482 5177 40
H22 1854 5363 6263 40
H23 2472 3400 7344 39
H24 3614 3605 7343 36

(E)-2,5-Bis((4-chlorophenyl)amino)-4-(phenylimino)cyclohexa-2,5-dien-1-
one, 2.59c

Table 1: Crystal data and structure refinement for mac180020.

Identification code mac180020
Empirical formula C24H17CI2N30
Formula weight 434.30
Temperature/K 100.0(2)
Crystal system monoclinic
Space group P21/n

alA 9.7627(4)
b/A 21.0105(9)
c/A 20.3998(8)
a/° 90

pB/e 102.5060(10)
v/° 90
Volume/A3 4085.1(3)

Z 8
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pealcg/cm?® 1.412

wmm'* 0.314

F(000) 1792.0

Crystal size/mm?® 0.3 x0.02 x 0.017

Radiation Synchrotron (A = 0.6889)

20 range for data collection/®2.732 to 53.142

Index ranges -12<h<12,-27<k<27,-26<1<26
Reflections collected 57280

Independent reflections 9366 [Rint = 0.0623, Rsigma = 0.0444]
Data/restraints/parameters ~ 9366/0/553

Goodness-of-fit on F2 1.134

Final R indexes [[>=26 (I)] R1=0.0605, wR> =0.1814

Final R indexes [all data] R1=0.0632, wR2 =0.1835

Largest diff. peak/hole / e A< 1.16/-0.40

Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic
Displacement Parameters (A2x103) for mac180020. Ueq is defined as 1/3 of of the
trace of the orthogonalised Ui tensor.

Atomx y z U(eq)

Cll 6124.7(7) 7894.7 (3) 7319.0 (3) 24.36(16)
Cl2 -595.6(7) 1131.6(3) 4589.1 (3) 25.69(17)
CI3 -992.4(8) 2108.1(3) 2632.6(4) 28.34(17)
Cl4 4978.9(7) 8979.8(3) 5203.4 (3) 25.20(17)
Ol 3901.8(19) 4502.1(9) 5086.6 (9) 19.6(4)
02 988(2) 5523.1(9) 4884.0 (9) 20.8(4)
N1 4320(2) 5460.1(9) 5925.8(10) 13.8(4)
N2 1313(2) 3314.5(10) 6385.3(10) 15.0 (4)
N3 1765(2) 4191.4(9) 7288.7(10) 13.2 (4)
N4 490 (2) 4566.4 (9) 4032.7(10) 13.7 (4)
N5 3898 (2) 6593.7(9) 3649.2(10) 14.1 (4)
N6 3350(2) 5727.8(9) 2740.2(10) 13.3(4)
Cl 3558(2) 4965.5(10) 6096.6(11) 12.5(4)
C2 3393(2) 4437.8(11) 5586.4 (11) 13.8(4)
C3 2632(2) 3882.3(11) 5692.9(11) 13.8(4)
C4 2083 (2) 3815.0(11) 6250.0(11) 12.6(4)
C5 2289(2) 4328.5(11) 6774.6(11) 12.1 (4)
C6 3013(2) 4903.4(11) 6652.4(11) 12.5(4)
C7 4698(2) 6037.6(11) 6260.2(11) 12.7(4)
C8 6015(2) 6296.2(11) 6242.8(11) 13.6(4)
C9 6458 (2) 6860.4(11) 6573.7 (11) 14.9(4)
C10 5574 (3) 7175.8(11) 6917.8(12) 16.5(5)
Cll 4265(3) 6937.7(12) 6930.3(12) 18.9(5)
Cl12 3816(2) 6368.9(11) 6598.7 (12) 16.4(5)
C13 917(2) 2770.1(11) 5987.9(11) 13.6(4)
Cld -453(2) 2548.7(11) 5906.1(12) 16.6(5)
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Table 3 Anisotropic Displacement Parameters (A?x10%) for mac180020. The

Anisotropic displacement factor exponent takes the form: -

2n?’[h?a*?Un+2hka*b*Ur+...].

AtomUn1
28.
33.
38.
31.
24,

Cl1
Cl2
CI3
Cl4
o1

U2

17.
20.
15.
21.
20.

Uss
26.
24 .
30.
23.
16.

Uis
2.8(3)
10.7(3)
6.8(3)
7.7(3)
11.0(7)
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C39
C40
C41
C42
C43
C44
C45
C46
C47
C48

14.
11.
12.
13.
7.5
13.
15.
15.
14.
15.

W O N J W ~ o0 W o @

29.
18.

14.
17.
24.
17.
16.
0) 16.
1) 18.
1) 26.
1)

1)

Table 4 Bond Lengths for mac180020.

Atom Atom Length/A
Cll1 C10 1.746(2)
Cl2 C16 1.739(2)
CI3 C34 1.742(2)
Cl4 C40 1.734(2)
01 C2 1.235(3)
02 C26 1.232(3)
N1 Cl1 1.367(3)
N1 C7 1.402¢(3)
N2 C4 1.355(3)
N2 C13 1.407(3)
N3 C5 1.295(3)
N3 C19 1.404(3)
N4 C25 1.362(3)
N4 C31 1.405(3)
N5 C28 1.359(3)
N5 C37 1.405(3)
N6 C29 1.294(3)
N6 C43 1.405(3)
Cl C2 1.505(3)
Cl C6 1.359(3)
C2 C3 1.425(3)
C3 C4 1.365(3)
C4 C5 1.502(3)
C5 C6 1.448¢(3)
C7 C8 1.403(3)
C7 Cl12 1.400¢(3)
C8 C9 1.386(3)
C9 C10 1.392(3)
C10 C11 1.378¢(4)
Cll1 Cl12 1.396(3)

1(11) 17.2(11) 2.
5(11) 17.7(11) -5.
7(12) 12.7(10) -0
6(11) 15.6(11) 3.
5(11) 12.8(10) 1.
6(11) 15.4(10) 3.
4(12) 23.6(12) -1.
5(13) 15.7(11) -5
5(13) 13.1(10) 2.
7(11) 16.7(11) 4.
Atom Atom Length/A
Cl15 C16 1.389(3)
Cl6 C17 1.384(3)
Cl17 C18 1.389(3)
C19 C20 1.402(3)
Cl19 C24 1.403(3)
C20 C21 1.387(3)
C21 C22 1.390(3)
C22 C23 1.391 (4)
C23 C24 1.389(3)
C25 C26 1.506(3)
C25 C30 1.362(3)
C26 C27 1.429(3)
C27 C28 1.363(3)
C28 C29 1.501(3)
C29 C30 1.440(3)
C31 C32 1.399(3)
C31 C36 1.401(3)
C32 C33 1.385(3)
C33 C34 1.387(3)
C34 C35 1.387(3)
C35 C36 1.391(3)
C37 C38 1.396(3)
C37 C42 1.396(3)
C38 (C39 1.388(3)
C39 C40 1.391(3)
C40 C41 1.383(3)
C41 C42 1.392(3)
C43 C44 1.401(3)
C43 C48 1.403(3)
C44 C45 1.387(3)
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Cl13 Cl14 1.391(3) C45 C46
C13 C18 1.397(3) C46 C47
Cl4 C15 1.388(3) C47 C48

Table 5 Bond Angles for mac180020.
Atom Atom Atom Angle/*

Cl N1 C7 129.4(2)
C4 N2 Cl13 127.5(2)
C5 N3 C19 124.2(2)
C25 N4 C(C31 127.6(2)
C28 N5 C37 126.1(2)
C29 N6 C43 124.0(2)
N1 Cl1 C2 111.51(19)
C6 Cl1 N1 128.2(2)
C6 Cl1 C2 120.2(2)
01 C2 Cl 119.2(2)
01 C2 C(C3 122.1(2)
C3 C2 C1 118.6(2)
C4 C3 C2 121.6(2)
N2 C4 C3 125.8(2)
N2 C4 C5 114.0(2)
C3 C4 C5 120.2(2)
N3 C5 C4 113.7(2)
N3 C5 C6 128.2(2)
C6 C5 C4 118.15(19)
Cl C6 C5 121.2(2)
N1 C7 C8 117.9(2)
Cl2 C7 N1 123.1(2)
Cl2 C7 C8 119.0(2)
C9 C8 C7 120.6(2)
C8 C9 C10 119.4(2)
C9 C10 CI1 119.10(19)
Cl1 C10 CI1 119.9(2)
Cll1 C10 C9 121.0(2)
Cl10 Cl11 C12 119.8(2)
Cll1 Cl12 C7 120.2(2)
Cl4 C13 N2 118.6(2)
Cl4 C13 C18 119.2(2)
Cl18 C13 N2 122.2(2)
Cl5 Cl14 C13 120.8(2)
Cl4 C15 Ci16 119.1(2)
Cl15 C16 Cl2 119.45(19)
Cl7 Cl1l6 CI2 119.55(19)

1.396(4)
1.387(4)
1.386(3)

Atom Atom Atom Angle/*

C21
C24
C23
N4

N4

C30
02

02

C27
C28
N5

N5

C27
NG

N6

C30
C25
C32
C32
C36
C33
C32
C33
C35
C35
C34
C35
C38
C38
C42
C39
C38
C39
C41
C41
C40
C41

C22
C23
C24
C25
C25
C25
C26
C26
C26
C27
C28
C28
C28
C29
C29
C29
C30
C31
C3l
C3l
C32
C33
C34
C34
C34
C35
C36
C37
C37
C37
C38
C39
C40
C40
C40
C41
C42
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C22
C19
C26
C30
C26
C25
C27
C25
C26
C27
C29
C29
C28
C30
C28
C29
N4

C36
N4

C31
C34
CI3
CI3
C33
C36
C3l
N5

C42
N5

C37
C40
Cl4
Cl4
C39
C42
C37

119.
120.
120.
112.
127.
120.
1109.
122.
118.
121.
126.
113.
120.
114.
127.
118.
121.
118.
1109.
122.
120.
1109.
1109.
119.
120.
119.
120.
118.
1109.
121.
120.
1109.
1109.
118.
121.
1109.
119.
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Cl7 C16 C15 121.0(2) C44 C43 N6 123.8(2)
Cl6 C17 C18 119.6(2) C44 C43 C48 118.9(2)
Cl7 C18 C13 120.2(2) C48 C43 N6 117.0(2)
C20 C19 N3 124.5(2) C45 C44 C43 120.6(2)
C20 C19 C24 119.0(2) C44 C45 C46 120.1(2)
C24 C19 N3 116.3(2) C47 C46 C45 119.4(2)
C21 C20 C19 120.0(2) C48 C47 C46 121.1(2)
C20 C21 C22 120.7(2) C47 C48 C43 119.9(2)

Table 6 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement
Parameters (A2x10%) for mac180020.

Atomx y z U(eq)
H1 4670(30) 5408 (15) 5604 (16) 17
H2 970 (30) 3365 (15) 6716 (17) 18
H4 270 (30) 4603 (15) 4403 (16) 16
H5 4070 (30) 6577 (15) 3285 (17) 17
H3 2504 3551 5368 17
H6 3108 5243 6966 15
H8 6608 6083 6002 16
H9 7356 7030 6566 18
H11 3670 7160 7164 23
H12 2910 6206 6603 20
H14 -1077 2751 6139 20
H15 -1859 1890 5430 22
H17 2027 1714 5043 22
H18 2808 2572 5759 21
H20 3926 4848 8029 20
H21 3882 5505 8946 24
H22 1801 5652 9318 22
H23 -219 5088 8808 19
H24 -165 4394 7919 17
H27 2674 6390 4665 17
H30 1745 4752 3008 14
H32 260 3457 4528 19
H33 -324 2486 3984 23
H35 -848 3368 2179 19
H36 -268 4345 2722 17
H38 3826 7748 3213 17
H39 4301 8699 3818 18
H41 5214 7696 5558 20
H42 4837 6742 4949 19
H44 3700 4467 2684 18
H45 3664 3843 1735 23
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H46 3169 4309 663 23
H47 2828 5407 558 23
H48 2915 6042 1503 20

(E)-4-(Phenylimino)-2,5-bis((4-trifluoromethyl)phenyl)amino)cyclohexa-2,5-
dien-1-one, 2.59d

Table 1: Crystal data and structure refinement for mac180028.

Identification code mac180028
Empirical formula C27H18CI3FsN30
Formula weight 620.79
Temperature/K 100.0(2)
Crystal system triclinic
Space group P-1

alA 9.9547(13)
b/A 16.415(2)
c/A 17.900(2)
o/° 65.818(2)
/e 87.680(2)
v/° 81.170(3)
Volume/A3 2636.0(6)
Z 4
pcalcglcm3 1.564
w/mm™ 0.403

186



F(000) 1256.0

Crystal size/mm? 0.156 x 0.014 x 0.012

Radiation Synchrotron (A = 0.6889)

20 range for data collection/° 2.418 to 53.322

Index ranges -12<h<12,-21<k<21,-23<1<23
Reflections collected 33117

Independent reflections 12044 [Rint = 0.0747, Rsigma = 0.1135]
Data/restraints/parameters 12044/2149/1120

Goodness-of-fit on F? 1.064

Final R indexes [I>=2c (1)] R1=0.0765, wR2 = 0.2064

Final R indexes [all data] R1=0.1043, wR> = 0.2261

Largest diff. peak/hole / e A® 0.67/-0.58

Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic
Displacement Parameters (A2x103) for mac180028. Ueq is defined as 1/3 of of the
trace of the orthogonalised Ui tensor.

Atom X y z U(eq)
01 8778 (2) 5582.5(15) 4422 .0(13) 30.0(5)
02 3811 (2) 5598.6(15) 4407.3(13) 30.4(5)
N1 9370 (2) 3882.2(17) 4679.3(15) 23.1(5)
N2 5361 (3) 6204.8(18) 2393.3(15) 26.7(5)
N3 5961 (2) 4568.7 (17) 2522.0(14) 23.1(5)
N4 4264 (2) 3889.3(17) 4699.7 (14) 22.6(5)
N5 369 (3) 6311.5(18) 2380.0(15) 24.4(5)
N6 910 (2) 4654 .5 (17) 2492.9(14) 23.3(5)
C1 8381 (3) 4381 (2) 4097.3(16) 20.4(6)
C2 8100 (3) 5339(2) 4008.3(17) 21.9(6)
C3 7057 (3) 5946 (2) 3443.0(17) 23.3(6)
C4 6340 (3) 5673 (2) 2975.2(17) 22.0(6)
C5 6642 (3) 4723 (2) 3046.6(17) 21.4(6)
C6 7659 (3) 4103 (2) 3638.6(16) 20.3(6)
Cl10 6220(3) 2116.7(18) 2281 (2) 31.2(7)
C9B 7408 (3) 2405 (9) 2394 (16) 30(6)
C8B 7342(3) 3208 (9) 2491 (16) 28 (6)
C7 6088 (3) 3722.0(17) 2476.3(18) 22.7(6)
C12B 4901 (3) 3434 (9) 2364 (16) 27 (6)
Cl11B 4966 (3) 2631 (9) 2266(16) 25(6)
C13 9844 (3) 2948.3(15) 5005.8(16) 22.0(6)
C18B 8967 (7) 2338(2) 5083 (12) 26 (5)
C17B 9425(7) 1414.8(18) 5453 (12) 28 (5)
Cl16 10760 (3) 1102.5(15) 5746 (2) 33.8(7)
C15B 11637 (7) 1713 (2) 5670 (12) 20 (5)
Cl14B 11179(7) 2635.9(19) 5299(12) 18 (4)
C19 11224 (4) 106 (3) 6164 (3) 48.9(9)
C23 4152(3) 8997.9(16) 1496 (2) 32.5(7)
C22B 3195 (4) 8430 (2) 1593 (13) 21(6)
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C21B
C20
C25B
C24B
C26
C27
C28
C29
C30
C31
C32
C33
C38B
C37B
C36B
C35B
C34B
C45
C46
C47B
C48B
C49
C50B
C51B
C52
CI1A
CI2A
CI3A
Cl4A
CI5A
CI6A
F1A
F2A
F3A
F4A
F5A
F6A
F7A
F8A
FOA
F10A
F11A
F12A
C8A
COA

—_ — ~— ~—

7501 (2)
7139.0(16)
7706 (2
8636 (2
10003
4407
5376
6013
5757
4797
4150
3819
3037
2209
2163
2945
3773
130 (3
7256.9(16)
7740 (3)
8670 (3)
9115.6(16)
8632 (3
7703 (
10122
5507.
5699.
7207.
6467.
7685.
5822.

)

)
)

(
(
(
(
(
(
(
(
(
(
(
(13)

)

)
(3
2)
2)
2)
2)
2)
2)
2)
8)
4)
12
18
13
)

10469
10362
3710 (2
2902 (2
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1902 (13)
2113.5(17)
2016 (13)
1708 (13)
1171 (2)
4109.8
3986.6
3398.4
2941.3
3014.9
3642.0
2418.2
6
1
2
1
6
2

1253(3)
935(2)
1453.9(19)
2291 (3)
2608 (2)
1115(2)
1070.1(10)
-81.5(6)
301.8(6)
(8)
(7)
(6)

-247.3
-141.0
1026.8
6660 (7)
5575 (3)
6511 (5)
1108 (6)
1662 (6)
423 (4
6352 (
6749 (
5597 (
1174 (5
316 (5)
1482 (7)
1707.2(19)
1619 (2)

7
3
5
6
6
)
10)
8

1

0
)
1)
)

21(6)
24.8(06)
25(6)
30(6)
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Cl11A
C12A
Cl4A
C15A
C17A
C18A
C21A
C22A
C24A
C25A
C34A
C35A
C36A
C37A
C38A
C40A
C41A
C43A
C44A
CATA
C48A
C50A
C51A
C53A
C54A
CliB
Cl2B
CI3B
Cl4B
CI5B
CleB
F1B
F2B
F3B
F4B
F5B
F6B
F7B
F8B
FOB
F10B
F11B
F12B
C40B
C41B

6037 (3)
5978 (3)
10254 (3)
10693 (3)
10415 (3)
9970 (3
4736
4335
4340
4723
-122

538 (4)
956 (3)
1854 (4

3059(2)
3161.3(19)
5830.9(19)
6194 (2)
4915 (2)
4544 (2)
1273(2)
968 (2
2335
2650 (
2278.
2204 (
2224 (
2311 (
(

2
2
2
2
)
2)
2)
9(19)
2
2
2
2
4

2407
5298.4(18)
5622.5(19)
5420 (2)
5096.5(19)
1861.1(19)
1545(2)
1664 (2)
1974 (2)
2)
)

)
)
)
)

683 (
7(2
1043
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-145
=95 (
288 (
1121
6481
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(7)
7
7
(
(
(
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(
1465 (
8
(
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(
6
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(
(

)

5
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C42
C43B
C44B
C39
C53B
C54B
F7C
F8C
FOC
F10C
F11C
F12C

Table 3 Anisotropic Displacement Parameters (A2x103) for mac180028.

1120.8(15)
1550 (4)
2467 (4)
2953.2(15)
6570 (13)
6030 (13)
-50(14)
-253(12)
-362(10)
10568 (11)
10400 (14)
10322 (17)

5683.4(18)
4873 (5)
4544 (4)
5025.1(16)
-4(15)

662 (17)
6097 (9)
6875 (5)
5745 (8)
822 (11)
507 (9)
1694 (10)

Anisotropic displacement factor exponent takes the form: -
2n?[h?a*2U11+2hka*b*U12+...].

AtomU11

01 25.4(11)
02 31.7(12)
N1 19.6(12)
N2 24.9(13)
N3 17.0(12)
N4 21.0(12)
N5 19.4(12)
N6 18.0(12)
Cl 12.6(12)
C2 16.4(13)
C3 19.8(14)
C4 15.0(13)
C5 14.4(13)
C6 15.4(13)
Cl0 23.6(15)
C9B 19 (7)
C8B 16 (6)
C7 10.4(12)
Cl2B 14 (7)
Cl11B 24 (7)
Cl3 12.8(13)
Cl18B 16 (7)
Cl7B 22 (6)
Cl6 22.2(15)
C15B 15 (6)
Cl14B 13 (5)

U22
37.
33.
31.
35.
34,
30.
33.
33.
29.
31.
28.
32.
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36.3(16)
38(8)
35(8)
30.2(15)
30 (5)
30(6)
31.8(16)
34 (5)
34 (06)
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21.2(13)
27(11)
30(11)
40.8(17)
14 (10)
9(9)
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U2s Uis
-17.3(10) -10.6(9)
-16.4(10) -13.4(9)
-12.7(10) -6.8(9)
-16.8(11) -10.5(1
-13.8(11) -2.2(9)
-12.3(10) -=-5.3(9)
-13.8(11) -5.4(10)
-11.6(10) -1.4(9)
-8.7(11) -1.3(10)
-11.4(12) -2.2(10)
-11.0(12) -4.1(11)
-11.0(12) -3.2(10)
-11.5(12) -0.4(10)
-8.8(11) -1.5(10)
-21.3(14) -6.7(13)
-25(10) -6(7)
-22(10) -6(6)
-16.1(12) -3.6(10)
-21(10) -8 (06)
-16(9) =7 (6)
-8.5(11) -3.0(10)
-8(5) =7(7)
-9(6) -6(6)
-7.4(14) -9.7(13)
-12(5) 1(6)
-13(5) -1(5)



C19 41(2) 35.6(19) 61(2) -9.0(17) -17.7(17) -4.0(15)
C23 23.2(16) 37.1(17) 33.2(l6) -11.1(14) -2.9(13) -1.2(13)

C22B 20 (7) 31(6) 7(13) -6(6) -4(7) 3(5)
C21B 17 (6) 32 (6) 11(13) -7(6) -6(6) 2 (4)

C20 14.5(13) 35.4(16) 24.2(13) -13.8(12) -6.3(11) 3.2(11)
C25B 22 (7) 40 (6) 19(14) -18(6) -6(7) 0(5)
C24B 28 (6) 40 (7) 26 (15) -19(7) -5(6) 1(5)

C26 40.2(19) 37.6(19) 45.8(19) =-13.4(16) -2.4(15) -2.8(15)
C27 15.7(13) 28.4(15) 16.4(12) -7.5(11) -1.3(10) -5.0(11)
C28 19.3(14) 30.5(15) 19.5(12) -11.7(12) -1.0(10) -5.2(11)
C29 21.5(14) 28.1(15) 24.8(14) -13.3(12) -4.0(11) ~-1.6(12)
C30 13.9(13) 32.8(15) 18.4(12) -12.3(12) -2.3(10) -1.8(11)
C31 15.7(13) 30.8(15) 18.6(12) -10.7(11) -0.8(10) -7.5(11)
C32 17.9(13) 27.1(15) 17.9(12) -8.0(11) =-2.6(10) -4.2(11)
C33 20.9(14) 31.4(15) 17.1(12) -11.1(11) =-3.2(10) -7.3(1l1)
C38B26(11) 31 (5) 19(6) -14 (4) -4 (6) -10(5)
C37B 25 (9) 31(6) 23(6) -17(5) -8 (6) -9(6)
C36B 25 (9) 35(7) 25(6) -19(5) -10(7) -6(7)
C35B 26 (9) 35(6) 25(6) -19(5) -5(6) -3(6)
C34B 20 (11) 34 (7) 21 (5) -16(5) -3(6) -6(7)
C45 38.8(18) 35.0(18) 53(2) -18.5(16) -11.7(15) -2.3(14)
C46 20.2(14) 36.5(16) 17.2(12) -12.3(12) -1.5(10) -2.8(12
C47B 20 (16) 39 (6) 17(5) -10(4) -2(6) 0(7)
C48B 14 (16) 37(7) 24 (7) -10(5) -6(7) 0(7)

C49 29.0(16) 39.4(17) 25.5(14) -12.0(13) =-4.7(12) -0.2(13)
C50B 50 (20) 38(7) 26 (6) -14(5) -6(6) 7(7)
C51B 38 (19) 36(7) 18(7) -14(5) -10(7) 6(7)

C52 43.4(19) 40.5(19) 43.6(18) -14.4(16) -10.0(15) 1.4(15)
Cl1A 23.3(6) 52.8(9) 52.6(7) -21.6(7) =-7.6(5) -4.3(6)
CI2A 36.8(5) 63.2(7) 33.1(5) -28.6(5) 1.5(4) -11.8(5)
CI3A 58.0(7) 45.5(6) 37.5(5) -21.5(5) -0.4(5) 3(5)
Cl4A 31.5(6) 93.8(10) 57.6(7) -45.0(7) -9.3(5) -7.7(6)
CI5A 81.3(9) 40.5(6) 37.8(5) -13.6(5) -8.8¢(5) -10.0(6)
CIGA 46.5(7) 45.2(8) 23.7(4) -11.3(5) -4.3(4) -15.4(6)
F1A 56 (4) 32 (4) 54 (4) -8(3) -27(3) 6(3)
F2A 91 (5) 34 (3) 58 (3) -16(2) -1(3) 8 (3)
F3A 49(3) 42 (3) 108 (5) -16(3) 8 (3) -21(2)
FAA 51 (3) 47 (3) 58 (4) -17(3) 7(2) -18(2)
F5A 53 (4) 34 (3) 49 (3) -15(3) 2(3) 5(3)
F6A 83(5) 38 (3) 47 (3) -9(2) -27(3) -2(3)
F7TA 39(4) 28 (5) 54 (8) 0(6) -15(4) -2(4)
F8A 53 (6) 32 (4) 70 (6) -7(5) 4 (5) -17(4)
FOA 78 (11) 51(7) 77 (8) -42(7) -18(6) 6(6)
F10A 44 (4) 42 (3) 58 (6) -17(5) -8 (4) -9 (3)
F11A 83 (8) 41 (4) 52(3) -5(3) -26(4) 0(6)
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-18(3)
-19(5)

76 (4)
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F3B 60

FAB 70

FS5B 53
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F8B 46
FOB 53
F10B 77
F11B 90
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F12B 48 (4) 54 (6)
C40B 21 (14) 24 (6)
C41B 22 (15) 25(6)
C42 28.3(16) 32.8(
C43B 54 (19) 28(7)
C44B 70 (20) 29(7)
C39 23.8(14) 29.6(
C53B 54 (11) 18 (8)
C54B 105 (14) 20 (8)
F7C 36(3) 51 (6)
F8C 94 (9) 41 (5)
FOC 49 (6) 34 (3)
F10C 49 (5) 38(6)
F11C 42 (7) 48 (7)
F12C 72 (10) 46 (7)

Table 4 Bond Lengths for mac180028.
Atom Atom Length/A

Atom Atom Length/A
Ol C2 1.237(3)
02 (C28 1.239(3)
N1 C1 1.365(4)
N1 C13 1.407(3)
N2 C4 1.369(4)
N2 C20 1.401(4)
N3 C5 1.306(4)
N3 C7 1.411(3)
N4 C27 1.364(4)
N4 C39 1.408(3)
N5 C30 1.367(4)
N5 C46 1.412(4)
N6 C31 1.301(4)
N6 C33 1.416(4)
Cl C2 1.497(4)
Cl C6 1.362(4)
C2 C3 1.427(4)
C3 C4 1.366(4)
C4 C5 1.495(4)
C5 C6 1.439(4)
C10 C9B 1.3900

Cl10 Cl11B1.3900

C10 C9A 1.362(5)
C10 Cl1l1A1.392(5)
C9B C8B 1.3900

C33 C34A1.
C33 C38A1.
C38BC37B 1.
C37BC36B 1.
C36BC35B 1.
C35BC34B 1.
F7TA 1.

C45
C45
C45
C45
C45
C45
C45
C45
C45
C45
C46
C46
C46
C46

F8A
FOA
F7B
F8B
FoB
C42
F7C
F8C

e e e e

FoC 1.
C47B1.
C51B1.
C47A1.
C51A1.
C47BC48B 1.
C48BC49 1.
C49 C50B1.
C49 Ch2 1.
C49 C48A1.

401 (4)
384 (5)
3900
3900

8 (3)
-12(6)
-12(6)
-6.9(12)
0(8)
2(8)
-7.2(11)
16(7)
2(8)
4(3)
-7(5)
-15(4)
-7(4)
6(6)

22 (8)



C8B
C7

Cr 1.
Cl2B1.
Cr CB8A 1.
Cr Cl12A1.
Ci2BC1liB1.
Ci13 Ci8B1.
C13 Cl4B1.
C13 Cl4A1.
C13 C18A1.
Ci8BC1l7/B1.
C17BCl6 1.
Cl6 Ci15B1.
Cl6 C19 1.
Cl6 C15A1.
Cl6e C17A1.
C15BCl14B1.
C19 F1A 1.
C19 F2A
C19 F3A
C19 Fi1B
C19 F2B
Cl19 F3B 1.
C23 C22B1.
C23 C24B1.
C23 C26 1.
C23 C22A1.
C23 C24A1.
C22BC21B 1.
C21BC20 1.
C20 C25B1.
C20 C21A1.
C20 C25A1.
C25BC24B 1.
C26 F4A 1.
C26 F5A
C26 F6A
C26 F4B
C26 F5B
C26 F6B
C27 C28
C27 C32
C28 C29
C29 C30
C30 C31
C31 C32

e

[ T e e T T o S S e S S

.345(
.348(
.337(
.328(
.320(
.496(
.365(
.426(
.362(
.508(
439 (

3900
3900
386 (4)
414 (4)
3900
3900
3900
397 (4)
399 (4)
3900
3900
3900
497 (5)
381 (5)
392 (5)
3900

3900
3900
497 (4)
398 (5)
391 (5)
3900

3900

3900

394 (4)
397 (4)
3900
324 (

)

7)
7)
7)
12
12)
12)
4)
4)
4)
4)
4)
4)

C49 C5L0A1.
C50BC51B 1.
C52 F10A 1.
C52 F11A 1.
C52 F12A 1.
C52 F10B 1.
C52 Fl11B 1.
C52 Fl12B 1.
C52 F10C 1.
C52 Fl11C 1.
C52 F12C 1.
CI1A C53A1.
CI2A C53A1.
CI3A C53A1.
Cl4A C54A1.
CI5A C54A1.
CI6A C54A1.
C8A COA 1.
C11AC12A1.
C14AC15A1.
C17AC18A1.
C21AC22A1.
C24AC25A1.
C34AC35A1.
C35AC36A1.
C36AC37A1.
C37AC38A1.
C40AC41A1.
C40AC39 1.
C41AC42 1.
C43AC44A1.
C43AC42 1.
C44AC39 1.
C47TAC48A1.
C50AC51A1.
Cl1B C53B 1.
Cl2B C53B 1.
CI3B C53B 1.
Cl4B C54B 1.
CI5B C54B 1.
CléeB C54B 1.
C40BC41B 1.
C40BC39 1.
C41BC42 1.
C42 C43B1.
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C33 (C38B1.39%900
C33 C34B1.39%900

C43BC44B1.3900
C44BC39 1.3900

Table 5 Bond Angles for mac180028.

Atom Atom Atom Angle/* Atom Atom Atom Angle/*
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Cl N1 C13 129.8(2) C36BC37BC38B 120.0
C4 N2 C20 127.8(3) C37BC36BC35B120.0
C5 N3 C7 123.7(3) C34BC35BC36B 120.0
C27 N4 (C39 130.5(2) C35BC34BC33 120.0
C30 N5 C46 129.2(2) F7TA C45 FB8A 103.6
C31 N6 C(C33 123.3(3) F7TA C45 F9A 109.5
N1 Cl1 C2 111.5(2) F7TA C45 C42 116.3
C6 C1 N1 128.2(3) FBA C45 C42 110.7
C6 Cl1 C2 120.2(3) FOA C45 F8A 102.1
01 C2 Cl 119.3(3) FOA C45 C42 113.3
01 C2 C3 122.0¢(3) F7B C45 F9B 105.1
C3 C2 C1 118.7(2) F7B C45 C42 111.7
C4 C3 C2 121.3(3) F8B C45 F7B 116.3
N2 C4 C5 113.6(2) F8B C45 F9B 102.0
C3 C4 N2 126.2(3) FBB C45 C42 114.9
C3 C4 C5 120.2(3) FOB C45 C42 105.1
N3 C5 C4 114.0(3) F7C C45 C42 113.8
N3 C5 C6 127.5(3) F7C C45 F8C 106.5
C6 C5 C4 118.5(2) F7C C45 F9C 110.0
Cl C6 C5 121.1(3) F8C C45 C42 110.3
C9B C10 C11B120.0 FOC C45 C42 114.2
C9A C10 C11A120.5(3) FOC C45 F8C 101.0
C10 C9B C8B 120.0 N5 C46 C5H1A122.5
C9B C8B C7 120.0 C47BC46 N5 117.5
N3 C7 Cl12A123.4(2) C47BC46 C51B120.0
C8B C7 N3 122.6(2) C51BC46 N5 122.5
C8B C7 C12B120.0 C47AC46 N5 119.3
C12BC7 N3 117.3(2) C47AC46 CHl1A118.2
C8A C7 N3 117.6(3) C48BC47BC46 120.0
C8A C7 Cl12A118.8(2) C47BC48BC49 120.0
Cl11BC12BC7 120.0 C48BC49 Ch2 120.4
C12BC11BC10 120.0 Ch0BC49 C48B120.0
C18BC13 N1 120.5 C50BC49 C52 119.6
C18BC13 C14B120.0 C48AC49 C52 120.5
C14BC13 N1 119.3 C48AC49 C50A120.2
C14AC13 N1 117.3 C50AC49 (C52 119.3
C14AC13 C18A119.0 C51BC50BC49 120.0
C18AC13 N1 123.7 C50BC51BC46 120.0
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C17BC18BC13 120.
C18BC17BC16 120.
C19 1109.
Cl7B120.
C19 120.
C19 119.
Cl7A120.
C19 120.
Cl6 C15BC14B120.
C15B C14B C13

C17BC16
C15B C16
C15B Cl16
C15ACl6
C15AC16
C17AC16

F1A
F1A
F2A
F3A
F3A
F3A
F1B
F1B
F2B
F2B
F2B C19
F3B C19
C22BC23
C22BC23
C24B C23
C22AC23
C24AC23
C24AC23

C19
C19
C19
C19
C19
C19
C19
C19
C19
C19

C21BC20
C21B C20
C25B C20
C21AC20
C21AC20
C25AC20

FAA
F4A
F4A
F5A
F5A
F6A
FAB

C26
C26
C26
C26
C26
C26
C26

C16
F2A
C16
C16
F1A
F2A
C16
F3B
Cl6
F1B
F3B
C16

C23
F5A
F6A
C23
F6A
C23
C23

120.
111.
102.
109.
116.
111.
103.
113.

100.
117.
113.
101.
107.
C24B 120.
C26 122.
C26 117.
C26 121.
C26 120.
C22A118.
C21BC22BC23 120.
C20 C21BC22B120.
N2 119.
C25B 120.
N2 120.
N2 117.
C25A120.
N2 122.
C20 C25BC24B120.
C25BC24BC23 120.
111.
108.
107.
110.
106.
111.
114.

S 01 oo 9 01 0 B b oY
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F10A C52
F10A C52
F10A C52
F11A C52
F12A C52
F12A C52
F10B C52
F10B C52
F11B C52
F12B C52
F12B C52
F12B C52
F10C C52
F10C C52
F11C C52
F11C C52
F11C C52

C49 114.
F11A 106.
F12A 106.
C49 112.
C49 112.
F11A 104.
C49 113.
F11B 105.
C49 112.
C49 115.
F10B 105.
F11B 103.
C49 111.
F12C 115.
C49 111.
F10C 107.
F12C 102.

F12C C52 C49
C7 CB8A COA
C10 CO9A CBA
C12AC11AC10
C11AC12ACY

C15AC14AC13
C14AC15AC16
C18AC17ACl16
C17AC18AC13
C22AC21AC20
C21AC22AC23
C25AC24AC23
C24AC25AC20
C35AC34AC33

108.
120.
120.
1109.
1109.
120.
120.
1109.
120.
120.
120.
121.
1109.
120.

C36AC35AC34A120.
C35AC36AC37A118.
C38AC37AC36A121.
C33 C38AC37A119.

C41AC40AC39
C40AC41AC42

121.
119.

C42 CA43AC44A120.

C43AC44AC39
C48AC47AC46
C47AC48AC49
C51AC50AC49
C50AC51AC46

1109.
121.
119.
120.
1109.

CI1A C53ACI2A 110.
CI3A C53ACI1A 110.
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F5B
F5B
F6B
F6B
F6B
N4
N4
C32
02
02
C29
C30
N5
C29
C29

C26
C26
C26
C26
C26
C27
C27
C27
C28
C28
C28
C29
C30
C30
C30
N6 C31
N6 C31
C32 C31
C27 C32
C38B C33
C38B C33
C34B C33
C34AC33
C38AC33
C38AC33

Table 6 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement
Parameters (A2x10%) for mac180028.

Atom X

H1 9670
H2 5100
H4 4680
H5 -60¢(
H3 6857
H6 7830
H10 6276
H10A 6265
HI9B 8265
H8B 8154
H12B 4044
H11B 4154
H18B 8054

C23
F4B
C23
F4B
F5B
C28
C32
C28
C27
C29
C27
C28
C31
N5

C31
C30
C32
C30
C31
N6

N6
N6
N6

(30)
(30)
(30)

30)

116.
101.
114.
103.
104.
111.
128.
119.
118.
121.
119.
121.
114.
125.
120.
114.
127.
118.
121.
118.
C34B 120.
121.
116.
124.
C34A119.
C37BC38BC33 120.
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y
4100

5940
4160
6030
6552
3489
1569
1568
2053
3404
3786
2434
2551

(20)
(20)
(20)
(20)

CI3A C53ACI2A 110.
CI4A C54ACIBA 109.
CI5A C54ACI4A 111.
CI5A C54ACI6A 109.
C41BC40BC39 120.
C42 C41BC40B 120.
C45 120.
C45 120.
C41A119.
C45 118.
C43B 120.
C45 121.
C44BC43BC42 120.
C39 C44BC43B 120.

C41ACA42
C43ACA42
C43AC42
C41B C42
C41B C42
C43B C42

N4 C39
C40AC39
C40AC39
C40B C39
C44B C39
C44B C39

CI2B C53B ClI1B
CI3B C53B ClI1B
CI3B C53B CI2B
CI5B C54B Cl4B
CI5B C54B ClI6B
Cl6B C54B Cl4B

Z

4954
2140
4880
2230
3391
3711
2212
2214
2404
2568
2353
2189
4882

~ o~~~
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C44A122.
N4 117.
C44A1109.
N4 118.
N4 121.
C40B 120.
106.
110.
1009.
110.

116.
112.
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U(eq)
28
32
27
29
28
24
37
37
36
33
32
30
31



H17B 8825
H15B 12550
H14B 11779
H22B 2267
H21B 2940
H25B 6836
H24B 6163
H29 1998
H32 2657
H38B 842

H37B 1046
H36B 1396
H35B 1541
H34B 1337
H47B -158
H48B -839
H50B -666
H51B 15

H8A 6248
H9A 6454
H11A 5954
H12A 5864
H14A 10228
H15A 10952
H17A 10485
H18A 9749
H21A 4868
H22A 4181
H24A 4202
H25A 4831
H34A-974
H35A -884
H36A 1204
H37A 3215
H38A 3133
H40A 6636
H41A 7508
H43A 3838
H44A 2939
H47A-2010
H48A -2687
H50A 1182
H51A 1889
H53A 1208
H54A 8503

998

1500
3053
8678
7113
7459
9024
6627
3532
3068
1674
1597
2913
4308
7436
9000
8937
7372
4258
2897
1562
2904
2886
1343
1153
2711
7345
8895
8781
7226
3910
2535
1646
2170
3518
3086
1561
974

2508
7246
8789
9160
7614
5829
6420

5505
5870
5247
1449
1968
2161
1642
3324
3732
3634
3540
2269
1091
1185
899

363

2645
3180
1238
1092
3517
3692
6142
6758
4603
3975
911

395

2697
3225
2236
2137
2180
2305
2463
5261
5805
5461
4925
1926
1389
1592
2111
1143
=377
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25
21
25
26
31
36
29
25
28
28
31
31
27
31
32
45
37
32
37
37
32
35
40
41
33
40
42
39
34
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39
40
35
28
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36
32
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H40B 5153 2856 6165 23

H41B 6016 1314 6719 27
H43B 5318 1218 4544 44
H44B 4455 2760 3989 46
H53B 3491 6392 -354 45
H54B 6253 5832 1111 75

Table 7 Atomic Occupancy for mac180028.

Atom Occupancy Atom Occupancy Atom Occupancy
H10 0.9433 H10A 0.0567 C9B 0.0567
H9B 0.0567 C8B 0.0567 H8B 0.0567
C12B 0.0567 H12B 0.0567 Cl11B 0.0567
H11B 0.0567 C18B 0.0567 H18B 0.0567
C17B 0.0567 H17B 0.0567 C15B 0.0567
H15B 0.0567 C14B 0.0567 H14B 0.0567
C22B 0.0567 H22B 0.0567 C21B 0.0567
H21B 0.0567 C25B 0.0567 H25B 0.0567
C24B 0.0567 H24B 0.0567 C38B 0.0567
H38B 0.0567 C37B 0.0567 H37B 0.0567
C36B 0.0567 H36B 0.0567 C35B 0.0567
H35B 0.0567 C34B 0.0567 H34B 0.0567
C47B 0.0567 H47B 0.0567 C48B 0.0567
H48B 0.0567 C50B 0.0567 H50B 0.0567
C51B 0.0567 H51B 0.0567 CI1A 0.9145
CI2A 0.9145 CI3A 0.9145 CI4A 0.8882
CI5A 0.8882 CI6A 0.8882 F1A 0.5356
F2A 0.5356 F3A 0.5356 FAA 0.6417
F5A 0.6417 F6A 0.6417 F7A 0.3708
F8A 0.3708 FOA 0.3708 F10A 0.4602
F11A 0.4602 F12A 0.4602 C8A 0.9433
H8A 0.9433 C9A 0.9433 HO9A 0.9433
C11A0.9433 H11A 0.9433 C12A 0.9433
H12A 0.9433 Cl4A 0.9433 H14A 0.9433
C15A 0.9433 H15A 0.9433 C17A0.9433
H17A0.9433 C18A 0.9433 H18A 0.9433
C21A0.9433 H21A 0.9433 C22A 0.9433
H22A 0.9433 C24A 0.9433 H24A 0.9433
C25A 0.9433 H25A 0.9433 C34A 0.9433
H34A0.9433 C35A 0.9433 H35A 0.9433
C36A 0.9433 H36A 0.9433 C37A 0.9433
H37A0.9433 C38A 0.9433 H38A 0.9433
C40A 0.9433 H40A 0.9433 C41A0.9433
H41A 0.9433 C43A 0.9433 H43A 0.9433
C44A0.9433 H44A 0.9433 C47A 0.9433
H47A0.9433 C48A 0.9433 H48A0.9433
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C50A 0.9433 H50A 0.9433 C51A 0.9433
H51A0.9433 C53A 0.9145 H53A0.9145
C54A 0.8882 H54A 0.8882 Cl1B 0.0855
Cl2B 0.0855 CI3B 0.0855 Cl4B 0.1118
CI5B 0.1118 CleB 0.1118 FIB 0.4644
F2B 0.4644 F3B 0.4644 FAB 0.3583
F5B 0.3583 F6B 0.3583 F7B 0.2006
F8B 0.2006 FoB 0.2006 F10B 0.297
F11B 0.297 F12B 0.297 C40B 0.0567
H40B 0.0567 C41B 0.0567 H41B 0.0567
C43B 0.0567 H43B 0.0567 C44B 0.0567
H44B 0.0567 C53B 0.0855 H53B 0.0855
C54B 0.1118 H54B 0.1118 F7C 0.4286
F8C 0.4286 FaoC 0.4286 F10C 0.2434
F11C 0.2434 F12C 0.2434

(E)-4-(Phenylimino)-2,5-bis(o-tolylamino)cyclohexa-2,5-dien-1-one, 2.59e

Table 1: Crystal data and structure refinement for mac180021 fa.

Identification code mac180021 fa
Empirical formula Co6H23N30
Formula weight 393.47
Temperature/K 150.0(2)
Crystal system triclinic

Space group P-1

alA 9.5575(3)
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b/A 10.3543(4)

c/A 11.4804(5)

a/° 64.821(4)

/e 85.842(3)

v/° 83.360(3)
Volume/A3 1020.92(7)

z 2

pcalcglcm3 1.280

wmm' 0.622

F(000) 416.0

Crystal size/mm? 0.33 x 0.05 x 0.04
Radiation CuKa (A =1.54184)
20 range for data collection/°8.514 to 133.68
Index ranges -10<h<11,-12<k<12,-13<1<13
Reflections collected 14218

Independent reflections 3600 [Rint = 0.0452, Rsigma = 0.0333]
Data/restraints/parameters ~ 3600/0/279

Goodness-of-fit on F? 1.039

Final R indexes [[>=2c (I)] R1=0.0435, wR> =0.1167

Final R indexes [all data] R1 = 0.0551, wR> = 0.1266

Largest diff. peak/hole / e A2 0.22/-0.21

Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic
Displacement Parameters (A2x103) for mac180021_fa. Ueq is defined as 1/3 of of the
trace of the orthogonalised Ui tensor.

Atomx y z U(eq)

O1 7274.4(12) 1718.4(11) 7685.7(10) 40.7(3)
N2 8425.5(13) 2294.0(14) 5391.9(13) 33.0(3)
N3 5338.0(14) 6551.7 (14) 6467.5(12) 34.0(3)
N4 6493.0(13) 7219.3(13) 4168.1(11) 31.4(3)
Cl 7731.1(14) 3418.4(15) 5569.0(14) 29.3(3)
C2 7084.2(15) 2989.7(16) 6901.9(14) 31.2(3)
C3 6273.5(15) 4072.5(16) 7185.2(14) 32.0(3)
C4 6075.6(15) 5458.4 (16) 6285.1(13) 30.2(3)
C5 6748.2(15) 5886.7(15) 4962.7(13) 29.0(3)
C6 7573.8(15) 4797.2(15) 4686.6(13) 29.6(3)
C7 7156.7(15) 7740.3(15) 2934.1(14) 30.2(3)
C8 6327.2(16) 8385.9(15) 1844.4(14) 33.6(3)
C9 6951.8(18) 8951.9(17) 630.1(15) 38.4(4)
C10 8404.2(18) 8908.4(17) 475.4(15) 39.6(4)
Cl1 9230.9(17) 8284.7(17) 1548.3(16) 40.0(4)
Cl2 8616.9(16) 7702.8(17) 2771.5(15) 36.9(4)
C13 9174.7(15) 2347.1(15) 4264.3(14) 30.5(3)
Cl4 8938.5(15) 1357.8(15) 3783.0(14) 31.8(3)
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C15 9714.7(17) 1399.4(17) 2697.3(15) 37.1(4)
Cl6 10683.5(17) 2395.2(18) 2096.8(16) 39.7(4)
Cl7 10904.4(1le) 3370.7(17) 2578.4(15) 36.7(4)
Cl18 10154.6(16) 3346.7(16) 3662.9(14) 33.3(3)
C19 7873.0(16) 293.3(17) 4419.8(16) 37.5(4)
C20 4494.2(15) 6495.5(16) 7558.2(13) 31.7(3)
C21 4538.3(1le6) 7585.7(17) 7962.9(15) 34.4(3)
C22 3655.3(18) 7559.4(18) 8992.9(15) 40.6 (4)
C23 2763.9(18) 6493.1(19) 9602.6(16) 43.5(4)
C24 2739.4(18) 5419.1(18) 9192.9(15) 41.6(4)
C25 3596.6(17) 5420.9(17) 8170.5(15) 36.5(4)
C26 5488.9(18) 8764.6(18) 7306.4(18) 42.9 (4)

Table 3 Anisotropic Displacement Parameters (A2x10%) for mac180021_fa. The
Anisotropic displacement factor exponent takes the form: -
2n?[h?a*2U11+2hka*b*U12+...].

AtomU11 U22 Uss U2s Uis U1z

01 37.9(06) 34.1(06) 36.8(06) -3.4(5) 4.0(4) -2.3(
N2 33.8(7) 27.4 (6) 32.8(7) -8.4(5) 4.4 (5) -4 .5 (
N3 38.8(7) 31.2(7) 30.2(06) -11.7(6) 6.3(5) -6.2(
N4 32.4(7) 29.6(06) 30.9(06) -11.2(5) 2.6(5) -6.3(
C1 22.7(7) 32.3(7) 33.4(7) -13.7(6) 0.5(5) -6.7(
C2 25.1(7) 33.5(8) 30.9(7) -8.5(0) -0.2(06) -8.3(
C3 31.1(8) 36.6(8) 26.6(7) -11.1(6) 1.9(6) -6.8(
C4 27.6(7) 35.0(8) 30.2(7) -14.8(6) -0.3(06) -8.0(
C5 26.0(7) 31.3(7) 30.2(7) -11.9(6) -1.1(5) -8.7(
C6 29.2(7) 31.8(7) 27.7(7) -11.7(6) 1.7(5) -7.3(
C7 34.2(8) 24 .2 (7) 32.3(7) -11.8(6) 3.8(6) -6.9(
C8 31.3(8) 30.5(7) 37.3(8) -12.4(6) 1.9(6) -5.6(
C9 45.8(9) 34.9(8) 31.6(8) -10.2(6) -1.1(6) =-7.5(
Cl10 48.3(10) 35.8(8) 35.0(8) -14.7(7) 11.9(7) -13.5
Cll 32.9(8) 38.7(8) 45.9(9) -14.8(7) 9.4(7) -11.6
Cl2 33.7(8) 36.2(8) 37.0(8) -10.6(7) -0.6(6) =7.8(
Cl3 25.6(7) 29.7(7) 32.4(7) -9.7(06) -1.8(06) -0.7(
Cl4d 25.3(7) 28.9(7) 37.1(8) -10.1(6) -=-3.2(06) -1.2¢
Cl5 36.6(8) 37.0(8) 40.5(8) -18.7(7) -1.5(6) -4.5(
Cl6 36.1(8) 45.0(9) 37.4(8) -17.1(7) 5.0(6) -6.4(
Cl7 30.3(8) 37.6(8) 38.6(8) -11.9(7) 4.6(06) -8.7(
Cl8 31.4(8) 31.4(7) 37.3(8) -14.2(6) -1.7(06) -4 .8 (
Cl9 31.3(8) 34.1(8) 45.0(9) -13.9(7) -1.0(6) -6.4(
C20 29.8(7) 34.9(8) 28.4(7) -11.6(6) -0.4(0) -2.2(
C21 29.5(8) 37.6(8) 35.9(8) -15.7(6) -=-2.0(06) -1.3¢
C22 42.6(9) 44 ,3(9) 39.1(8) =-22.4(7) 0.1(7) -0.9¢
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C23 41.7(9) 52.5(10) 33.2(8) -17.0(7) 6.6(7)
C24 38.1(9) 42.5(9) 35.8(8) -8.5(7) 6.2(6)
C25 37.2(8) 37.6(8) 34.3(8) -14.3(6) 0.7(6)
C26 37.0(9) 43.4(9) 54.8(10) -26.5(8) 3.0(7)
Table 4 Bond Lengths for mac180021 fa.

Atom Atom Length/A Atom Atom Length/A

Ol C2 1.2394(18) C10 C11 1.380(3)

N2 Cl1 1.357(2) Cll1 C12 1.386(2)

N2 C13 1.416(2) C13 Cl1l4 1.400(2)

N3 C4 1.348(2) Cl13 C18 1.396(2)

N3 C20 1.4227(19) Cl4 C15 1.391(2)

N4 C5 1.2958(19) Cl4 C19 1.501(2)

N4 C7 1.4138(19) C15 Cl1l6 1.385(2)

Cl C2 1.506(2) Cl16 C17 1.383(2)

Cl C6 1.352(2) C17 C18 1.383(2)

C2 C3 1.427(2) C20 C21 1.397(2)

C3 C4 1.366(2) C20 C25 1.391(2)

C4 C5 1.505(2) C21 C22 1.394(2)

C5 C6 1.434(2) C21 C26 1.503(2)

C7 C8 1.397(2) C22 C23 1.381(3)

C7 Cl12 1.393(2) C23 C24 1.382(3)

C8 C9 1.381(2) C24 C25 1.381(2)

C9 C10 1.385(2)

Table 5 Bond Angles for mac180021 fa.

Atom Atom Atom Angle/* Atom Atom Atom Angle/*

Cl N2 C13 126.62(13) Cl10 Cl11 Ci12 120.48(15)
C4 N3 C20 128.17(13) Cl1 C12 C7 120.42(15)
C5 N4 C7 119.78(12) Cl4 C13 N2 118.80(13)
N2 Cl1 C2 112.81(12) C18 C13 N2 120.50(13)
C6 Cl N2 126.62(13) Cl18 C13 Cl14 120.69(14)
C6 Cl1 C2 120.56(13) Cl13 Cl14 C19 120.74(14)
01 C2 C1 118.35(13) Cl15 Cl14 C13 117.95(14)
01 C2 C(C3 123.72(13) Cl15 Cl14 C19 121.31(14)
C3 C2 Cl1 117.93(12) Cl6 C15 Ci14 121.39(15)
C4 C3 C2 121.74(13) Cl7 Cl6 C15 120.14(15)
N3 C4 C3 125.88(13) Cl6 C17 C18 119.69(14)
N3 C4 C5 113.99(12) Cl17 C18 C13 120.13(14)
C3 C4 C5 120.10(13) C21 C20 N3 118.32(13)
N4 C5 C4 115.87(13) C25 C20 N3 120.92(14)
N4 C5 C6 126.17(13) C25 C20 C21 120.69(13)
C6 C5 C4 117.95(12) C20 C21 C26 121.54(14)
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Cl C6 C5 121.69(13) C22 C21 C20 117.86

C8 C7 N4 119.20(13) C22 C21 C26 120.59

Cl2 C7 N4 121.94(13) C23 C22 C21 121.54

Cl2 C7 CC8 118.76(14) C22 C23 C24 119.79

C9 C8 C7 120.27(14) C25 C24 (C23 119.99

C8 C9 C10 120.66(15) C24 C25 C20 120.13
(14)

Cll1 C10 C9 119.41

Table 6 Hydrogen Bonds for mac180021_fa.

D H A dD-HYA  d(H-AYA  d(D-A)YA  D-H-Ar
N2H2010.88(2) 2.170(18) 2.6261(16) 111.4(15)
N3H3N40.90(2) 2.143(19) 2.6203(17) 112.2(15)

Table 7 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement
Parameters (A?x10%) for mac180021_fa.

Atom x y z U(eq)
H2  8343(19) 1460 (20) 6055 (19) 40
H3 5380 (20) 7410 (20) 5786 (19) 41
H3A 5869 3828 8004 38
H6 8012 5045 3880 35
H8 5350 8435 1937 40
H9 6391 9366 -91 46
H10 8819 9296 -344 48
H11 10207 8255 1450 48
H12 9184 7285 3488 44
H15 9581 745 2367 44
H16 11186 2408 1368 48
H17 11554 4040 2175 44
H18 10304 3998 3992 40
H19A 8227 ~425 5223 56
H19B 7701 ~153 3869 56
H19C 7010 776 4575 56
H22 3667 8277 9276 49
H23 2182 6498 10287 52
H24 2146 4696 9606 50
H25 3574 4702 7891 44
H26A 6412 8360 7181 64
H26B 5548 9270 7832 64
H26C 5114 9417 6487 64
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(E)-2,5-Bis(methyl(phenyl)amino)-4-(phenylimino)cyclohexa-2,5-dien-1-one,
2.59f

Table 1: Crystal data and structure refinement for mac190042_fa.

Identification code mac190042_ fa
Empirical formula C26H23N30
Formula weight 393.47
Temperature/K 150.0(2)

Crystal system monoclinic

Space group la

alA 21.0681(3)

b/A 5.96210(10)

c/A 16.7646(3)

o/° 90

p/e 101.259(2)

v/° 90

Volume/A3 2065.28(6)

Z 4

peaicg/cm?® 1.265

w/mm 0.615

F(000) 832.0

Crystal size/mm? 0.19 x 0.11 x 0.02
Radiation CuKa (A =1.54184)
20 range for data collection/°8.558 to 133.58
Index ranges -25<h<24,-6<k<7,-19<1<19
Reflections collected 13687

Independent reflections 3441 [Rint = 0.0231, Rsigma = 0.0182]
Data/restraints/parameters  3441/2/274
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Goodness-of-fit on F? 1.078

Final R indexes [[>=26 (I)] Ri = 0.0269, wR, = 0.0693
Final R indexes [all data] R1=0.0276, wR2 = 0.0703
Largest diff. peak/hole / e A20.14/-0.13

Flack parameter 0.48(10)

Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic
Displacement Parameters (A2x10%) for mac190042_fa. Ueq is defined as 1/3 of of the
trace of the orthogonalised Ui tensor.

Atom x y z U(eq)

01 3203.6(7) 8242 (3) 4462.5(10) 39.0(4)
N1 4148.7(7) 10786 (3) 3960.6(10) 25.3(4)
N2 5652.6(8) 5615 (3) 5542.8(10) 26.6(4)
N3 4705.1(8) 3714 (3) 6222.0(10) 26.5(4)
Cl 3769.7(9) 7707 (3) 4727.1(12) 26.5(4)
C2 4315.0(9) 8987 (3) 4477.4(11) 23.8(4)
C3  4934.8(9) 8447 (3) 4819.9(11) 23.7(4)
C4 5093.6(9) 6568 (3) 5369.2(11) 22.8(4)
C5 4553.9(9) 5415 (3) 5668.4(11) 23.7(4)
C6 3934.2(9) 5937 (3) 5314.0(12) 26.1(4)
C7 3635.8(9) 10542 (4) 3262.5(12) 26.2(4)
C8 3585.9(10) 8615 (4) 2792.7(13) 32.4(5)
C9 3092.5(12) 8386 (4) 2119.7(15) 40.6(5)
C10 2650.2(11) 10105 (5) 1906.6(14) 43.6(6)
Cl1 2707.6(10) 12042 (4) 2363.7(15) 40.3(6)
C12 3198.9(10) 12288 (4) 3046.5(13) 32.7(5)
C13 6199.9(9) 6432 (3) 5268.6(11) 24.8(4)
Cl4 6509.0(9) 4954 (4) 4823.4(12) 28.3(4)
Cl15 7076.2(10) 5586 (4) 4580.5(13) 31.8(5)
Cl6 7347.4(10) 7664 (4) 4789.6(13) 31.6(5)
Cl17 7046.7(10) 9129 (4) 5242.7(13) 30.5(4)
C18 6474.8(10) 8525 (3) 5480.2(12) 27.6(4)
Cl19 5261.3(9) 3832 (3) 6863.6(12) 25.2(4)
C20 5662.7(10) 1972 (4) 7038.8(13) 30.6(4)
C21 6208.4(11) 2083 (4) 7649.2(14) 39.4(5)
C22 6357.9(12) 4024 (4) 8092.7(14) 42.8(6)
C23 5949.5(12) 5848 (4) 7935.5(14) 41.1(6)
C24 5397.4(11) 5762 (4) 7325.9(13) 32.5(5)
C25 4656.1(10) 12380(3) 3865.8(13) 28.5(4)
C26 4192.3(10) 2179 (4) 6347.0(13) 30.9(5)
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Table 3 Anisotropic Displacement Parameters (A2x10%) for mac190042_fa. The

Anisotropic displacement factor exponent takes the form: -

2n?’[h?a*?Un+2hka*b*U12+..
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Table 4 Bond Lengths for mac190042_fa.
Atom Atom Length/A

o1

Atom Atom Length/A

—_~ e~ o~ o~~~ —~

—_— = — — ~— ~— ~—

~ o~ o~ o~ o~~~

—_— = — — ~— ~— ~—

1.231

C1

C10 1.384

C9

1.437

C7

N1

C25 1.462
C4

N1

1.289

N2

C13 1.409

C5

N2

1.370

N3
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N3 C19 1.429(3) Cl15 C16 1.381(3)
N3 C26 1.462(3) Cl16 C17 1.389(3)
Cl C2 1.505(3) Cl17 C18 1.388(3)
Cl C6 1.438¢(3) C19 C20 1.391(3)
C2 C3 1.359(3) Cl19 C24 1.386(3)
C3 C4 1.448(3) C20 C21 1.383(3)
C4 C5 1.496(3) C21 C22 1.379(4)
C5 C6 1.361(3) C22 C23 1.380(4)
C7 C8 1.386(3) C23 C24 1.391(3)
C7 Cl12 1.390(3)

Table 5 Bond Angles for mac190042_fa.
Atom Atom Atom Angle/* Atom Atom Atom Angle/*

C2 N1 C7 119.42(1le6) Cl2 C7 N1 119.42(19)
C2 N1 C25 118.16(15) C9 C8 C7 120.4(2)
C7 N1 C25 115.26(16) C8 C9 C10 119.9(2)
C4 N2 C13 122.98(17) Cll1 C10 C9 119.7(2)
C5 N3 C19 121.42(1le6) Cl10 Cl1l1 C12 121.0(2)
C5 N3 C26 118.70(16) C7 Cl12 Cl11 118.9(2)
C19 N3 C26 116.31(16) Cl4 C13 N2 116.97(17)
Ol Cl1 C2 120.45(18) C18 C13 N2 123.55(18)
Ol Cl1 C6 121.60(17) Cl18 C13 Ci14 119.21(17)
C6 Cl1 C2 117.86(16) Cl15 Cl1l4 C13 120.26(19)
N1 C2 C1 117.04(1le) Cl6 C15 C14 120.43(19)
C3 C2 N1 123.70(17) Cl15 Cl6 C17 119.54(19)
C3 C2 Cl 119.01(17) C18 C17 C16 120.5(2)
C2 C3 C4 122.41(17) Cl7 C18 C13 120.04(19)
N2 C4 C3 124.91(17) C20 C19 N3 119.67(19)
N2 C4 C5 116.29(17) C24 C19 N3 120.77(19)
C3 C4 Chb 118.19(15) C24 C19 C20 119.55(19)
N3 C5 C4 118.40(1l6) C21 C20 C19 120.1(2)
C6 C5 N3 122.80(17) C22 C21 C20 120.6(2)
C6 C5 C4 118.40(17) C21 C22 C23 119.4(2)
C5 C6 Cl 123.30(17) C22 C23 C24 120.8(2)
C8 C7 N1 120.55(18) Cl19 C24 C23 119.6(2)
C8 C7 Cl12 120.01(19)

Table 6 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement
Parameters (A?x10%) for mac190042_fa.

Atom X y z U(eq)
H3 5269 9317 4697 28
H6 3600 5108 5459 31
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H8 3886 7467 2931 39

H9 3058 7080 1811 49
H10 2316 9953 1457 52
H11 2414 13203 2214 48
H12 3234 13599 3353 39
H14 6334 3539 4689 34
H15 7275 4603 4275 38
H16 7729 8080 4628 38
H17 7230 10526 5388 37
H18 6275 9519 5781 33
H20 5564 652 6745 37
H21 6477 837 7761 47
H22 6731 4104 8494 51
H23 6044 7151 8241 49
H24 5121 6991 7229 39
H25A 4912 12728 4390 43
H25B 4462 13729 3617 43
H25C 4927 11731 3529 43
H26A 3908 2934 6642 46
H26B 4381 900 6652 46
H26C 3952 1695 5829 46

4-(Phenylamino)-2-tosylphenol, 2.69a

Table 1: Crystal data and structure refinement for mac180013 fa.

Identification code mac180013 fa
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Empirical formula C19H19NO4S
Formula weight 357.41
Temperature/K 150.0(2)

Crystal system monoclinic

Space group P2i/c

alA 11.8423(2)

b/A 7.75883(14)

c/A 19.1121(4)

a/° 90

/e 97.6413(18)

v/° 90

Volume/A® 1740.47(6)

z 4

peatcg/cm® 1.364

w/mm 1.857

F(000) 752.0

Crystal size/mm?® 0.24 x 0.18 x 0.13
Radiation CuKoa (A= 1.54184)
20 range for data collection/° 7.532 to 133.722
Index ranges -13<h<14,-6<k<9,-21<1<22
Reflections collected 12606

Independent reflections 3087 [Rint = 0.0301, Rsigma = 0.0230]
Data/restraints/parameters 3087/0/239
Goodness-of-fit on F? 1.051

Final R indexes [[>=26 (I)]  Ri = 0.0321, wR; = 0.0769
Final R indexes [all data] R1=0.0400, wR2 = 0.0822
Largest diff. peak/hole / e A 0.24/-0.34

Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic
Displacement Parameters (A2x103) for mac180013_fa. Ueq is defined as 1/3 of of the
trace of the orthogonalised Ui tensor.

Atom X y z U(eq)
S1 7604.4(3) 9166.5(5) 5390.0(2) 22.55(12)
o1 8474.5(9) 5582.2(15) 5331.4(6) 27.6(3)
02 6798.9(9) 10574.5(14) 5354.2(6) 29.8(3)
03 8617.8(9) 9446.1(14) 5056.9(6) 27.6(3)
04 9357.0(11) 2841.8(16) 4805.7(7) 35.7(3)
N1  4163.5(12) 6643 (2) 3819.3(7) 30.3(3)
C1 7413.4(13) 5783.9(19) 4976.1(8) 22.8(3)
Cl1" 8043.5(13) 8706 (2) 6286.3(8) 25.0(3)
Cl' 3897.6(13) 6389 (2) 3089.8(8) 25.9(3)
C2 6873.1(13) 7377.9(19) 4991.7(7) 22.6(3)
C2" 9138.4(15) 9167 (3) 6573.8(9) 36.4(4)
C2' 2846.4(14) 6997 (2) 2761.5(9) 33.1(4)
C3 5797.0(13) 7663 (2) 4610.6(8) 23.5(3)
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c3"
c3
C4
c4"
c4
C5
cs"
Co'
C6
Ce"
Ce'
cr

Table 3 Anisotropic Displacement Parameters (A2x10%) for mac180013_fa. The

Anisotropic displacement factor exponent takes the form: -

2n?[h?a*2U11+2hka*b*U12+..

AtomU11

J-

U

Uis

U2s

Uss

U2

~ o~ o~~~

—_— = — ~— ~

~ e~~~ o~~~
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.4(8)
6
8

2
0
9

~ o~ o~ o~ o~ o~
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-10.0(8)
6
7
.5(8)
6
8
7
6
7
6

3
6

~ o~ o~ o~ o~ o~ o~~~ o~

.2(9) 10.2(12)

0.3(9)

10)

D - - - e N
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26.5
32.1

10)
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28.5

15)

D N N N N T = N
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36.9
32.4
44.9
31.3

0)
)
10)
11)
)
10)
10)
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)
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64.6

14)

P N N N N N N

26.4

04

27.8

c1"

28.3

c2"

44.5
52.6
46.8
45.9

c3
C4
c4"
c4
C5
Cc5"
05)
C6
C6
Coe'

68.4

cr
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Table 4 Bond Lengths for mac180013 fa.

Atom Atom Length/A
S1 02 1.4460(11)
S1 03 1.4477(12)
S1 C1" 1.7594(16)
S1 C2 1.7550(15)
01 Cl 1.3556(18)
N1 C1' 1.402(2)
N1 C4 1.412(2)
Cl C2 1.395(2)
Cl C6 1.392(2)
Cl1" C2" 1.386(2)
C1" C6" 1.378(2)
Cl C2' 1.399(2)
Cl' C6' 1.392(2)

Atom Atom Length/A
C2 C3 1.399(2)
C2" C3" 1.385(3)
C2' C3' 1.384(2)
C3 C4 1.388(2)
C3" C4" 1.387(3)
C3' C4' 1.381(3)
C4 C5 1.395(2)
C4"™ Ch" 1.384(3)
C4" C7" 1.507(3)
C4' C5 1.382(3)
C5 C6 1.379(2)
C5" C6" 1.385(3)
C5' C6' 1.386(2)

Table 5 Bond Angles for mac180013 fa.

Atom Atom Atom Angle/*
02 S1 03 116.50
02 S1 Ci1" 107.88
02 S1 C2 107.01
03 S1 C1" 107.68
03 S1 C2 108.53
C2 S1 C1" 109.07
Cl' N1 C4 124.58
01 Ci1 C2 119.28
Ol C1 C6 122.65
C6e C1 C2 118.08
c2" C1" S1 118.25
ce" C1" S1 120.42
ce" C1" C2" 120.94
C2" C1' N1 117.86
C6'" C1' N1 123.56
cer Cl' C2¢ 118.58
Cl C2 S1 120.61
Ci1 C2 C3 121.19
C3 C2 S1 117.63

Atom Atom Atom Angle/*

Cc3" C2" C1" 118.77(17)
C3'" C2° C1' 120.31(16)
C4 C3 C2 120.09(14)
C2" C3" C4" 121.39(17)
C4'" C3' C2' 120.94(1le)
C3 C4 N1 119.98(15)
C3 C4 C5 118.41(14)
C5 C4 N1 121.57(14)
C3" C4" C7" 120.72(18)
C5" C4" (C3" 118.45(16)
C5" C4" C7" 120.81(18)
C3 C4 C5 118.86(1lb)
C6 C5 C4 121.43(15)
C4" C5" C6" 121.16(17)
C4 C5 C6' 121.07(17)
C5 C6 Cl1 120.70(15)
C1" C6" Cbh" 119.26(16)
C5' C6' C1' 120.22(15)

Table 6 Hydrogen Bonds for mac180013_fa.
DH A dD-HY/A
O1H1 04 0.83(2)

d(H-A)/A
1.80(2)

d(D-A)/A
2.6271(17)
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04H4A01%0.83
04H4A03'0.83
04H4B 03%0.86
N1H1A0230.87

N PNDDN
w
~J

nNDNDNDN

.8874
.9672
.8372
.9887

(18)
(16)
(17)
(18)

146 (2)
130(2)
173(2)
164.1(18)

12-X,1-Y,1-Z; 2+ X,-1+Y +Z; *1-X,2-Y,1-Z

Table 7 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement

Parameters (A2x10%) for mac180013 fa.

Atomx

H1 8740(19)
H4A 10060 (20)
H4B 9190 (20)
H1A 3765(17)
H2" 9659

H2' 2351

H3 5450
H3" 10172
H3' 1843

H4' 3036

H5 5395
H5" 7094

H5'" 4791

H6 7165
H6" 6545

H6' 5333
H7"A 9826
H7"B 8623
H7"C 8824

y
4650

2860
1800
7430
9562
7548
8735
9355
7204
5784
3832
7488
4820
3373
7766
5184
8123
7374
9371

(30)
(30)
(30)
(30)
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U(eq)
41
54
54
36
44
40
28
51
47
44
33
49
42
32
43
37
82
82
82



2-((2-Chlorophenyl)sulfonyl)-4-(phenylamino)phenol, 2.69b

Table 1: Crystal data and structure refinement for mac180012_fa.

Identification code mac180012 fa
Empirical formula C18H14CINO3sS
Formula weight 359.81
Temperature/K 150.0(2)

Crystal system monoclinic

Space group P2i/c

alA 7.05994(14)

b/A 12.0673(2)

c/A 18.6213(4)

o/° 90

/e 90.0639(18)

v/° 90

Volume/A3 1586.43(5)

Z 4

peaicg/cm?® 1.506

w/mm? 3.510

F(000) 744.0

Crystal size/mm? 0.28 x 0.06 x 0.04
Radiation CuKa (A =1.54184)
20 range for data collection/°8.732 to 133.85
Index ranges -8<h<8, -14<k<13,-19<1<22
Reflections collected 12933

Independent reflections 2825 [Rint = 0.0390, Rsigma = 0.0285]
Data/restraints/parameters ~ 2825/0/223
Goodness-of-fit on F? 1.030
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Final R indexes [[>=26 (I)] R1 = 0.0306, wR2 = 0.0725
Final R indexes [all data] R1=0.0407, wR2 = 0.0790
Largest diff. peak/hole / e A20.31/-0.31

Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic
Displacement Parameters (A2x103) for mac180012_fa. Ueq is defined as 1/3 of of the
trace of the orthogonalised Ui tensor.

Atomx y z U(eq)
Cll 8282.5(7) 6112.1(4) 4803.3(3) 31.60(14)
S1 6609.5(6) 7726.9(4) 6068.8(2) 19.35(13)
01 2403(2) 7626.2(12) 5932.8(8) 27.8(3)
02 5805.8(19) 8155.7(11) 6721.2(7) 24.9(3)
O3 8547.7(18) 8015.0(11) 5910.1(7) 25.3(3)
N1 6049(3) 9567.2(15) 3588.6(9) 28.9(4)
Cl 3242(3) 8138.8(15) 5367.8(10) 20.1(4)
Cl1" 6403(3) 6262.2(15) 6090.0(10) 21.4(4)
Cl' 7712(3) 9153.3(16) 3282.8(10) 24.3(4)
C2 2229(3) 8610.2(15) 4803.3(10) 23.7(4)
C2" 7140(3) 5584.3(16) 5551.7(10) 24.2(4)
C2' 8176(3) 8031.7(17) 3317.4(11) 28.3(4)
C3 3154(3) 9074.7(15) 4221.1(10) 23.8(4)
C3" 6957(3) 4441.9(17) 5600.5(12) 30.5(5)
C3'" 9742(3) 7629.3(19) 2959.8(12) 34.8(5)
C4 5122(3) 9089.1(15) 4185.6(10) 22.0(4)
C4" 6055(3) 3981.3(17) 6189.9(13) 32.7(5)
C4' 10861 (3) 8327 (2) 2549.1(12) 38.1(5)
C5 6141(3) 8651.5(14) 4754.0(10) 20.4(4)
C5" 5312(3) 4644.6(18) 6720.9(12) 30.9(5)
C5' 10423(3) 9436 (2) 2521.6(12) 38.2(5)
C6 5222(2) 8177.4(14) 5337.0(10) 18.5(4)
C6" 5477(3) 5788.7(17) 6672.0(11) 25.4(4)
C6' 8887(3) 9861.7(18) 2894.8(11) 30.8(5)

Table 3 Anisotropic Displacement Parameters (A2x10%) for mac180012_fa. The
Anisotropic displacement factor exponent takes the form: -
2n?’[h?a*?Un+2hka*b*Ui+...].

Atom U1z U2 Uss U2s Uis U1z

Cll1 32.1(3) 32.8(3) 29.9(3) 0.18(19) 10.2(2) 7.32(19)
S1 15.5(2) 21.1(2) 21.4(2) 0.69(106) 0.16(106) 2.19(16)
01 15.4(7) 38.7(8) 29.5(7) 11.7(6) 4.8(06) 1.3(06)
02 26.3(7) 26.4(7) 22.0(7) -1.5(5) 0.6(5) 4.2 (5)
03 15.8(6) 27.9(7) 32.1(7) 2.8(6) -2.3(5) -0.3(5)



N1 33.5(10) 27.2(9) 26.0(9) 7.9(7) 11.5(7)
Cl 17.3(9) 21.4(9) 21.8(9) 0.1(7) 2.5(7)
C1" 16.3(9) 23.2(9) 24.7(9) 2.7(7) -2.8(7)
Cl'" 25.5(10) 29.8(10) 17.5(9) 0.2(7) 2.7(8)
C2 15.7(9) 26.4(10) 29.0(10) 1.2(8) -0.7(8)
C2" 17.8(9) 27.6(10) 27.3(10) 1.2(8) 0.2(8)
C2' 29.4(10) 28.8(10) 26.6(10) -3.7(8) 7.5(8)
C3 25.8(10) 23.8(9) 21.7(9) -0.2(7) -1.9(8)
C3" 23.5(10) 25.3(10) 42.6(12) -4.1(9) 0.3(9)
C3'" 34.4(12) 34.2(11) 35.6(12) =-11.0(9) 6.7(9)
C4 26.1(10) 18.9(9) 21.2(9) 0.5(7) 4.4(8)
C4" 24.3(10) 22.9(10) 50.9(14) 4.1(9) -3.0(9)
C4'" 27.4(11) 56.0(15) 31.0(12) =-9.9(10) 10.1(9)
C5 17.7(9) 19.2(9) 24.3(9) -0.4(7) 4.0(7)
C5" 26.1(10) 31.9(11) 34.8(11) 10.0(9) -0.5(9)
C5' 29.5(12) 54.4(15) 30.8(11) 9.3(10) 5.9(9)
C6 17.4(9) 18.5(8) 19.6(9) 0.0(7) 0.9(7)
C6" 21.3(9) 29.6(10) 25.2(10) 3.9(8) -0.4(8)
C6' 30.4(11) 33.0(11) 29.1(11) 7.2(8) 1.0(9)
Table 4 Bond Lengths for mac180012_fa.

Atom Atom Length/A Atom Atom Length/A

Cl1 C2" 1.7323(19) C1' C6' 1.393(3)

S1 02 1.4377(13) C2 C3 1.385(3)

S1 03 1.4427(13) C2" C3" 1.388(3)

S1 C1" 1.7740(19) C2' C3' 1.379(3)

S1 C6 1.7633(19) C3 C4 1.391(3)

Ol Cl1 1.357(2) C3" C4" 1.386(3)

N1 C1' 1.397(3) C3' C4' 1.385(3)

N1 C4 1.414(2) C4 C5 1.384(3)

Cl C2 1.392(3) C4" C5" 1.376(3)

Cl C6 1.400(3) C4'" C5 1.374(4)

C1" C2" 1.395(3) C5 C6 1.389(2)

C1" Ce6" 1.389(3) C5" C6" 1.389(3)

Cl' C2' 1.394(3) C5' C6' 1.388(3)

Table 5 Bond Angles for mac180012_fa.

Atom Atom Atom Angle/* Atom Atom Atom Angle/*

02 S1 03 117.50(8) C3" (C2" C1" 120.05(18)
02 S1 C1" 107.90(8) C3 C2° Cl' 120.53(19)
02 S1 C6 108.83(8) C2 C3 C4 120.96(18)
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03 S1 C1" 108.82(8) C4" C3" C2" 119.55(19)
03 S1 C6 107.08¢(8) C2 C3 C4 120.7(2)
Cé6 S1 Cl1" 106.19(9) C3 C4 N1 120.40(17)
Cl' N1 C4 124.38(17) C5 C4 N1 121.05(17)
Ol Cl1 C2 123.19(16) C5 C4 C3 118.53(17)
Ol Cl1 C6 118.92(16) C5" C4" (C3" 120.77(19)
C2 Cl1 C6 117.88(le) C5' C4' C3 119.0(2)
C2" C1" S1 122.53(14) C4 C5 C6 120.77(17)
ce" C1" S1  117.77(14) C4" C5" C6"™ 119.93(19)
Ce" C1" C2" 119.71(18) C4 C5 C6 121.2(2)
C2' CI' N1 121.72(17) Cl C6 S1 120.79(13)
C6' C1' N1 119.52(18) C5 C6 S1 118.12(14)
Ce C1' C2° 118.65(18) C5 C6 Cl1 120.89(17)
C3 C2 Cl 120.92(17) C5" C6" C1" 119.99(19)
Cl1" C2" CI1 122.47(15) C5' C6 C1' 119.9(2)
C3" C2" CI1 117.48(15)

Table 6 Hydrogen Bonds for mac180012_fa.

DH A dD-HYA dH-A/A dD-AYA  D-H-Ar
O1H1 03'0.87(3) 1.90(3) 2.7624(19) 172(3)
N1H1A0220.90(3) 2.21(3) 3.098(2) 169(2)

L1+X,+Y,+Z; 21-X,2-Y,1-Z

Table 7 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement
Parameters (A?x10%) for mac180012_fa.

Atom x y z U(eq)
H1 1180 (40) 7710 (20) 5893 (15) 42
H1A 5640 (30) 10240 (20) 3459 (13) 35
H2 884 8613 4818 28
H2' 7408 7541 3589 34
H3 2435 9388 3841 29
H3" 7447 3979 5232 37
H3' 10057 6866 2996 42
H4" 5947 3199 6228 39
H4' 11914 8044 2290 46
H5 7486 8676 4745 24
H5" 4686 4320 7120 37
H5' 11186 9919 2242 46
H6" 4958 6248 7036 30
H6' 8636 10635 2886 37
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2-(Phenylamino)phenoxathiine-10,10-dioxide, 2.77

Table 1: Crystal data and structure refinement for mac180054.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

p/e

y/°

Volume/A3

Z

Pcallcg/Cm3

w/mm?

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges
Reflections collected
Independent reflections

mac180054
C18H13NO3S

323.35

150.0(2)

monoclinic

P21/n

9.41475(17)
10.8966(2)
14.9344(3)

90

106.9572(18)

90

1465.49(5)

4

1.466

2.097

672.0
0.32x0.23x0.12
CuKa (A= 1.54184)
9.966 to 133.786
-10<h<11,-12<k<12,-17<1<16
10621

2587 [Rint = 0.0259, Rsigma = 0.0205]

218



Data/restraints/parameters 2587/0/212
Goodness-of-fit on F? 1.038

Final R indexes [[>=2c (I)]  R1=0.0318, wR2 = 0.0792
Final R indexes [all data] R1=0.0378, wR2 = 0.0838
Largest diff. peak/hole / e A® 0.34/-0.32

Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic
Displacement Parameters (A2x103) for mac180054. Ueq is defined as 1/3 of of the
trace of the orthogonalised Ui tensor.

Atom X y z U(eq)

Sl 2316.0(4) 7848.3 (4) 3777.1(3) 27.50 (1
01  4928.8(12) 8184.9(11) 5616.9(8) 28.2(3)
02  1134.2(13) 7075.3(13) 3869.1(11) 45.0(4)
03  2131.9(15) 8361.9(13) 2857.2 (8) 41.9(4)
N1  5757.3(15) 4520.8(13) 3217.3(10) 26.5(3)
Cl  5030.7(17) 7284.6(15) 4995.9(11) 22.3(3)
C2  6306.7(17) 6567.5(15) 5271.7(11) 24.5(4)
C3  6559.5(17) 5668.2(15) 4694.9(11) 24.0(3)
C4  5540.7(17) 5446.3(15) 3811.1(11) 22.4(3)
C5  4252.2(17) 6143.4 (15) 3546.1(11) 23.2(3)
C6  3995.5(17) 7054.9(15) 4138.3(11) 22.2(3)
C7  7125.7(17) 3978.5(15) 3257.5(10) 22.7(3)
C8  7162.0(18) 2736.7(15) 3034.1(11) 24.9(4)
C9  8485.1(19) 2187.5(16) 3025.8(12) 29.6(4)
Cl10 9784.6(19) 2865.9(17) 3230.7(12) 31.5(4)
Cll1 9751.8(18) 4101.6(17) 3447.7(11) 28.2 (4)
Cl2 8442.5(18) 4658.0(16) 3462.9(11) 25.3(4)
Cl3 2616.4(17) 9035.3(15) 4594.5(11) 24.7(4)
Cl4 1559.4(19) 9971.1(16) 4449.2(12) 30.2 (4)
C15 1697 (2) 10889.6 (17) 5098.6 (13) 33.6(4)
Cl6 2910 (2) 10891.7 (16) 5901.8 (12) 32.0(4)
C17 3973.7(19) 9990.9(16) 6047.3(12) 28.8(4)
C18 3827.1(18) 9047.1(15) 5396.3(11) 24.8(3)

Table 3 Anisotropic Displacement Parameters (A?x10%) for mac180054. The
Anisotropic displacement factor exponent takes the form: -
2n?’[h?a*?Un+2hka*b*Ur+...].

Atom U1z U2 Uss U2s Uis U1z

S1 20.3(2) 28.6(3) 29.4(2) -3.45(16) 0.85(16) 4.25(1
01 27.2(6) 29.3(7) 24 .7 (6) -4.0(5) 2.2 (5) 5.4 (5)
02 21.0(06) 37.7(8) 73.7(10) -16.2(7) 9.6(06) -4.9(5
03 42 .7 (7) 49.9(9) 26.2(06) 1.6(0) -0.9(5) 24 .2 (6
N1 19.0(7) 26.3(8) 31.6(7) -6.8(0) 3.2(5) -1.7(6
C1 23.2(8) 20.5(8) 23.1(8) 0.5(06) 6.3(06) -0.7(6



C2 22.2(8) 26.0(9) 22.6(8) 1.9(6) 2.2(6) -1.2(6)
C3 18.9(7) 23.8(9) 27.6(8) 3.4(7) 4.0(6) 1.5(6)
C4 22.3(8) 19.7(8) 25.7(8) 1.4(6) 7.8(6) -2.2(6)
C5 20.7(8) 23.8(9) 22.8(8) 1.5(6) 2.8(6) -2.1(6)
C6 18.7(7) 22.5(8) 24.2(8) 3.1(6) 4.2(6) 0.5(6)
C7 22.4(8) 23.6(9) 20.5(7) 1.8(6) 3.5(6) 1.6(6)
C8 25.1(8) 23.9(9) 23.3(8) 0.4(6) 3.6(6) -2.8(6)
C9 34.0(9) 23.0(9) 28.3(9) -2.8(7 3.8(7) 4.6(7)
C10 23.7(8) 36.7(10) 30.3(9) -3.1(7 2.1(7) 8.1(7)
Cl1 21.3(8) 33.2(10) 27.4(8) -0.5(7 2.6(6) -2.0(7)
Cl12 25.8(8) 22.6(9) 25.5(8) -0.1(6 4.6(6) -0.4(7)
C13 23.0(8) 24.9(9) 27.5(8) 0.5(7) 9.2(6) -1.1(6)
Cl4 26.8(8) 29.0(9) 34.5(9) 2.3(7) 8.6(7) 3.5(7)
C15 34.5(9) 27.6(10) 42.1(10) 3.7(8) 16.4(8) 6.9(8)
Cl16 41.7(10) 24.6(9) 34.0(9) -2.4(7 17.8(8) -1.5(8)
C17 32.0(9) 27.5(9) 27.6(8) -0.2(7 9.8(7) -2.4(7)
C18 24.6(8) 23.9(9) 27.3(8) 2.9(7) 9.9(6) -0.7(7)
Table 4 Bond Lengths for mac180054.

Atom Atom Length/A Atom Atom Length/A

S1 02 1.4337(14) C5 C6 1.397(2)

S1 03 1.4463(14) C7 C8 1.397(2)

S1 C6 1.7439(16) C7 Cl12 1.399(2)

S1 C13 1.7440(17) C8 C9 1.385(2)

Ol C1 1.372(2) C9 C10 1.385(2)

01 C18 1.367(2) C10 C11 1.387(3)

N1 C4 1.397(2) Cll1 C12 1.380(2)

N1 C7 1.403(2) C13 C14 1.397(2)

Cl C2 1.391(2) C13 C18 1.392(2)

Cl C6 1.387(2) Cl4 C15 1.373(3)

C2 C3 1.371(2) C15 Cl16 1.394(3)

C3 C4 1.408(2) Cl16 C17 1.373(3)

C4 C5 1.387(2) Cl17 C18 1.394(2)

Table 5 Bond Angles for mac180054.

Atom Atom Atom Angle/* Atom Atom Atom Angle/*

02 S1 03 115.91(9) C5 C6 S1 117.73(12)

02 S1 C6 109.76(8) C8 C7 N1 118.95(14)

02 S1 C13 109.92(8) C8 C7 Cl2 118.90(15)

03 S1 C6 109.41(7) Cl2 C7 N1 122.04(15)

03 S1 C13 109.14(8) C9 C8 C7 120.36(15)
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C6 S1 Cl13 101.76¢(8) Cl10 C9 C8 120.40(16)
C18 O1 C1 121.75(12) C9 C10 C11 119.42(15)
C4 N1 C7 125.41(13) Cl2 C11 C10 120.74(le)
01 Cl1 C2 115.22(14) Cl1 Cl12 C7 120.17(16)
Ol Cl1 C6 125.74(14) Cl4 C13 S1 118.03(13)
C6 Cl1 C2 119.04(15) Cl18 C13 S1 122.27(13)
C3 C2 C1 120.59(14) Cl18 C13 Cl14 119.63(15)
C2 C3 C4 121.08(15) Cl15 C14 C13 120.40(1e)
N1 C4 C3 122.24(14) Cl4 C15 Cl16 119.59(1le)
C5 C4 N1 119.45(14) Cl7 Cl6 C15 120.75(16)
C5 C4 C(C3 118.25(14) Cl6 C17 C18 119.84(1le6)
C4 C5 C6 120.46(14) 01 C18 C13 125.07(15)
Cl C6 S1 121.71(13) 01 C18 C17 115.16(14)
Cl C6 Ch 120.54(14) Cl3 C18 C17 119.76(15)

Table 6 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement
Parameters (A2x10°%) for mac180054.

Atomx y z U(eq)
H1 4990 (20) 4089 (19) 2926 (13) 32
H2 6994 6699 5853 29
H3 7418 5197 4891 29
H5 3555 6003 2970 28
H8 6293 2276 2890 30
H9 8501 1358 2882 35
H10 10671 2496 3223 38
H11 10622 4560 3585 34
H12 8435 5487 3610 30
H14 757 9972 3909 36
H15 986 11506 5003 40
H16 3001 11510 6344 38
H17 4790 10010 6579 35
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(E)-3-Bromo-4-((4-bromophenyl)imino)cyclohexa-2,5-dien-1-one, 3.3

Table 1: Crystal data and structure refinement for mac180052.

Identification code mac180052
Empirical formula C12H7Br2NO
Formula weight 341.01
Temperature/K 150.0(2)

Crystal system monoclinic

Space group P2i/c

alA 10.5423(3)

b/A 4.01735(12)

c/A 26.7689(7)

o/° 90

/e 93.229(3)

v/° 90

Volume/A3 1131.93(6)

Z 4

peaicg/cm?® 2.001

w/mm? 8.891

F(000) 656.0

Crystal size/mm? 0.26 x 0.19 x 0.04
Radiation CuKa (A =1.54184)
20 range for data collection/° 8.4 to 133.534
Index ranges -12<h<12,-4<k<4,-31<1<31
Reflections collected 8430

Independent reflections 2001 [Rint = 0.0244, Rsigma = 0.0185]
Data/restraints/parameters ~ 2001/0/146
Goodness-of-fit on F? 1.056
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Final R indexes [[>=26 (I)] R1 = 0.0213, wR2 = 0.0520
Final R indexes [all data] R1=0.0258, wR, = 0.0545
Largest diff. peak/hole / e A-0.43/-0.34

Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic
Displacement Parameters (A2x103) for mac180052. Ueq is defined as 1/3 of of the
trace of the orthogonalised Ui tensor.

Atomx y z U(eq)

Brl 4980.0(2) 8134.1(7) 4222.5(2) 27.85(11)
Br2 8388.5(2) 2970.5(7) 1342.0(2) 25.71(11)
01 8796.3(18) 3056 (5) 5246.0 (6) 36.1(5)
N1 6599.9(17) 5644 (5) 3422.6(7) 20.7 (4)
Cl 8329(2) 3699 (7) 4828.2(9) 25.7(5)
C2 7119(2) 5508 (6) 4760.0(9) 25.0(5)
C3 6584 (2) 6053 (6) 4305.5(9) 22.0(5)
C4 7190 (2) 5026 (6) 3842.8(8) 19.5(5)
C5 8408(2) 3265 (6) 3921.8(8) 21.7(5)
C6 8942 (2) 2632 (6) 4373.3(9) 25.2(5)
C7 7109(2) 4897 (6) 2956.7 (8) 19.0(5)
C8 6331(2) 3144 (6) 2611.9(9) 21.6(5)
C9 6707 (2) 2538 (6) 2133.7(9) 21.0(5)
C10 7874 (2) 3782 (6) 1998.3(8) 20.4(5)
Cl1 8640 (2) 5587 (6) 2332.0(8) 20.7(5)
Cl12 8278(2) 6136 (6) 2815.7(8) 20.0(5)

Table 3 Anisotropic Displacement Parameters (A?x10%) for mac180052. The
Anisotropic displacement factor exponent takes the form: -
2n’[h?a*?Ur1+2hka*b*Uia+...].

Atom U1 U22 Uss U2s Uis U2

Brl 24.66(15) 34.52(19) 24.91(16) -2.90(10) 6.27(10) 3.76(10)
Br2 27.75(15) 32.87(18) 16.95(15) =-3.34(10) 5.06(10) =-0.29(10)
01 39.4(10) 52.0(13) 16.5(9) 5.4(8) -2.6(8) -1.6(9)
N1 21.8(9) 24.3(11) 16.2(9) -0.5(8) 1.8(7) -0.4(8)
Cl 29.8(12) 28.1(14) 19.0(12) 3.2(10) 0.8(10) -5.6(10)
C2 28.0(11) 29.8(14) 17.9(11) -1.8(10) 6.2(9) -5.8(10)
C3 22.5(10) 21.8(13) 22.1(12) -1.0(10) 4.5(9) -4.5(10)
C4 22.3(10) 16.8(12) 19.4(11) -1.2(9) 1.6(9) -3.9(9)
C5 24.8(12) 22.9(13) 17.6(12) -0.2(9) 2.5(9) -0.1(9)
C6 23.8(11) 29.6(14) 22.2(13) 2.0(10) 0.1(10) 0.8(10)
C7 21.4(10) 19.8(12) 15.8(10) 2.0(9) 0.4(8) 6.0(9)
C8 16.4(10) 25.0(13) 23.2(12) 2.3(10) 1.0(9) 0.4(9)
C9 21.3(11) 24.8(13) 16.6(11) -1.8(9) -1.0(9) -0.4(9)
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C10 23.0(11) 22.3(12) 16.1(11) 0.
Cl1 18.7(10) 22.8(13) 20.6(11) 2.1(10) 1.6(9) 1.
Cl2 18.3(10) 21.9(13) 19.6(11) 0

Table 4 Bond Lengths for mac180052.
Atom Atom Length/A Atom Atom Length/A
Brl1 C3 1.888¢(2) C4 C5 1.471¢(3

)
Br2 C10 1.896(2) C5 C6 1.329(3)
01 Cl1 1.224(3) C7 C8 1.391(3)
N1 C4 1.279(3) C7 Cl12 1.400(3)
N1 C7 1.418¢(3) C8 C9 1.383(3)
Cl C2 1.471(4) C9 CI10 1.395(3)
Cl C6 1.474(3) C10 C11 1.377(3)
C2 C3 1.330(3) Cl1 C12 1.388(3)
C3 C4 1.484(3)
Table 5 Bond Angles for mac180052.
Atom Atom Atom Angle/* Atom Atom Atom Angle/*
C4 N1 C7 122.91(19) C5 C6 Cl1 120.9(2)
01 Cl1 C2 121.3(2) C8 C7 N1 116.9(2)
Ol C1 C6 121.4(2) C8 C7 C12 119.7(2)
C2 Cl1 C6 117.3(2) Cl2 C7 N1 123.0(2)
C3 C2 Cl1 121.0¢(2) C9 C8 C7 121.0(2)
C2 C3 Brl 120.76(17) C8 C9 Cl10 118.7(2)
C2 C3 C4 122.5(2) C9 C10 Br2 118.79(18)
C4 C3 Brl 116.73(17) Cl1 C10 Br2 120.25(17)
N1 C4 C3 118.0(2) Cl1 C10 C9 121.0(2)
N1 C4 C5 126.7(2) C10 C11 C12 120.4(2)
C5 C4 C3 115.3(2) Cll C12 C7 119.2(2)
C6 C5 C4 123.0(2)

Table 6 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement
Parameters (A?x10%) for mac180052.

Atom x y z U(eq)
H2 6721 6282 5039 30
H5 8824 2563 3643 26
H6 9712 1501 4403 30
H8 5547 2368 2704 26
H9 6191 1325 1907 25
H11 9406 6445 2233 25
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H12 8805 7312 3043 24

4-Oxo-N-phenylcyclohexa-2,5-dien-1-imine oxide, 3.18

Table 1: Crystal data and structure refinement for mac180029_fa.

Identification code mac180029 fa
Empirical formula C12H9NO2
Formula weight 199.20
Temperature/K 150.0(2)

Crystal system monoclinic

Space group P2i/c

alA 10.2606(2)

b/A 12.3811(3)

c/A 7.4936(2)

o/° 90

/e 100.965(2)

v/° 90

Volume/A3 934.59(4)

Z 4

peatcg/cm® 1.416

w/mm? 0.799

F(000) 416.0

Crystal size/mm? 0.28 x 0.05 x 0.03
Radiation CuKa (A =1.54184)
20 range for data collection/°8.778 to 133.724
Index ranges -12<h<11,-14<k<14,-8<1<8
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Reflections collected 13038

Independent reflections 1659 [Rint = 0.0350, Rsigma = 0.0175]
Data/restraints/parameters ~ 1659/0/136

Goodness-of-fit on F2 1.031

Final R indexes [[>=2c (I)] R1=0.0352, wR> =0.0879

Final R indexes [all data] R1=10.0433, wR2 =0.0939

Largest diff. peak/hole / e A2 0.16/-0.22

Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic
Displacement Parameters (A2x103) for mac180029 fa. Ueq is defined as 1/3 of of the
trace of the orthogonalised Ui tensor.

Atomx y z U(eq)

01 3160.6(10) 6182.4(9) 599.5(14) 36.3(3)
02 6751.9(10) 6316.0(8) 8203.0(13) 30.9(3)
N1 7038.4(11) 6290.6(9) 6610.4 (15) 23.1(3)
Cl 4056.3(14) 6202.9(11) 1959 (2) 27.5(3)
C2 5456.0(14) 6052.4(11) 1844.5(19) 27.1(3)
C3  6421.4(13) 6109.5(11) 3331.7(19) 25.4(3)
C4 6102.7(13) 6290.3(10) 5092.3(18) 22.2(3)
C5 4738.8(13) 6424.2 (11) 5257.4(19) 25.1(3)
C6 3772.3(14) 6394.7(11) 3769 (2) 27.5(3)
C7 8455.4(13) 6265.0(11) 6595.9(18) 23.9(3)
C8 9029.0(14) 7088.2 (12) 5761.5(18) 28.0(3)
C9 10398.7(15) 7083.5(13) 5895.0(19) 32.2(3)
C10 11158.5(14) 6271.8(13) 6852.6(19) 33.3(4)
Cll 10561.4(15) 5455.6 (13) 7677.0(19) 31.3(3)
Cl12 9195.4(14) 5446.5(12) 7563.8(18) 26.9(3)

Table 3 Anisotropic Displacement Parameters (A2x103) for mac180029 fa. The
Anisotropic displacement factor exponent takes the form: -
2n’[h?a*?Un+2hka*b*Ura+...].

AtomU11 U22 Uss U2s Uis U1z

01 29.4(6) 44.0(6) 31.7(6) 1.6(4) -3.9(4) -5.2(5)
02 30.1(5) 43.1(6) 21.2(5) 0.5(4) 9.2 (4) -2.0(4)
N1 24.0 (o) 24.0 (o) 22.1(6) 0.4 (4) 6.6(4) -0.7(4)
C1l 26.9(7) 23.5(7) 30.2(7) 1.8(5) 1.0(06) -4.2(5)
C2 29.7(8) 28.3(7) 24.0(7) -1.3(5) 6.6(06) -3.6(06)
C3 23.1(7) 26.1(7) 27.9(7) -0.5(5) 7.2(5) -0.4(5)
C4 21.4(7) 20.4 (o) 24.6(7) -0.2(5) 3.9(5) -1.1(5)
C5 24.9(7) 24.2(7) 27.9(7) -1.6(5) 9.2(5) -0.7(5)
C6 19.9(7) 27.3(7) 35.9(8) -0.4(06) 6.3(06) -1.0(5)
C7 20.9(7) 30.4(7) 20.3(06) -2.9(5) 3.7(5) -1.0(5)



C8
C9
C10
Cl1
Ci12

26.
28.

28.
27.

7(7)
5(8)
21.5(7)
5(7)
9(7)

32.
43.

40.
30.

9(7)
0(9)
52.8(10)
4(8)
1(7)

Table 4 Bond Lengths for mac180029 fa.

Atom Atom Length/A
01 Cl1 1.2358(17)
02 N1 1.2826(15)
N1 C4 1.3418(18)
N1 C7 1.4564(17)
Cl C2 1.467(2)
Cl C6 1.460(2)
C2 C3 1.345(2)
C3 C4 1.4359(19)

Table 5 Bond Angles for mac180029 fa.

Atom Atom Atom Angle/*
02 N1 C4 122.36
02 N1 C7 114.41
C4 N1 C7 123.23
01 C1 C2 122.14
01 C1 C6 121.39
C6 Cl1 C2 116.47
C3 C2 (C1 121.33
C2 C3 C4 120.60
N1 C4 C3 121.86
N1 C4 C5 118.57
C3 C4 C5 119.51

23.6(7) 2.3(5) 3.2(5)
25.8(7) 1.6(6) 7.1(6)
25.1(7) -3.8(7) 3.7(6)
23.8(7) 0.1(6) 2.0(6)
22.6(7) -0.1(5) 4.3(5)
Atom Atom Length/A
C4 C5 1.4378(19)
C5 C6 1.344(2)
C7 C8 1.384(2)
C7 Cl2 1.386(2)
C8 C9 1.390(2)
C9 C10 1.386(2)
C10 Cl11 1.386(2)
Cl1 Cl12 1.388(2)
Atom Atom Atom Angle/*
(11) C6 C5 C4 120.14(12)
(10) C5 C6 Cl 121.93(13)
(11) C8 C7 N1 119.88(12)
(13) C8 C7 Cl2 122.50(13)
(13) Cl2 C7 N1 117.41(12)
(12) C7 C8 C9 118.38(13)
(13) Cl0 C9 C8 120.13(13)
(12) C9 C10 Cl11 120.44(13)
(12) C10 C11 Cl12 120.36(13)
(12) C7 Cl12 Cl11 118.19(13)
(12)

Table 6 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement
Parameters (A?x10%) for mac180029 fa.

Atom X

H2 5680

H3 7304

H5 4525

H6 2897

H8 8510

H9 10806

y

5915
6031
6532
6500
7631
7626

z

721

3219
6396
3897
5127
5341
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U(eq)
33

30
30
33
34
39



H10 12075 6275 6943 40
H11 11079 4911 8309 38
H12 8788 4906 8122 32

(E)-3-Chloro-4-((4-chlorophenyl)imino)cyclohexa-2,5-dien-1-one, 3.21

Table 1: Crystal data and structure refinement for mac180066_fa.

Identification code mac180066 fa
Empirical formula C12H7CI2NO
Formula weight 252.09
Temperature/K 150.0(2)

Crystal system triclinic

Space group P-1

alA 3.9115(2)

b/A 7.1327(4)

c/A 19.8384(10)

o/° 92.585(4)

/e 92.771(4)

v/° 98.729(4)
Volume/A3 545.65(5)

Z 2

peatcg/cm® 1.534

w/mm 5.146

F(000) 256.0

Crystal size/mm?3 0.46 x 0.03 x 0.02
Radiation CuKa (A =1.54184)
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20 range for data collection/® 8.938 to 133.348

Index ranges -4<h<4,-8<k<8,-23<1<23
Reflections collected 14991

Independent reflections 1927 [Rint = 0.0623, Rsigma = 0.0289]
Data/restraints/parameters ~ 1927/188/166

Goodness-of-fit on F? 1.039

Final R indexes [[>=2c (I)] R1=0.0432, wR> =0.1030

Final R indexes [all data] R1 = 0.0534, wR> = 0.1087

Largest diff. peak/hole / e A 0.36/-0.46

Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic
Displacement Parameters (A2x103) for mac180066_fa. Ueq is defined as 1/3 of of the
trace of the orthogonalised Ui tensor.

Atomx y z U(eq)

Cl2 2052(3) 1687.6(11) 9533.8 (4) 64.7(3)
N1 6421(5) 7618 (3) 7627.8(10) 31.0(5)
C4 5714(7) 7444 (3) 6987.0 (12) 32.9(5)
C7 5326(6) 6154 (4) 8059.9(12) 31.8(5)
C8 4008(7) 6659 (4) 8669.3(13) 38.6(6)
C9 2955(8) 5286 (4) 9117.1(14) 44.7(7)
C10 3393(8) 3419 (4) 8971.9(14) 43.8(7)
Cl1 4858(7) 2908 (4) 8384.0(14) 39.8(6)
Cl2 5785(7) 4268 (3) 7927.0(13) 33.9(6)
CI1A 9820 (60) 10880 (20) 6948 (9) 41.1(14)
O1A 2843(13) 7206 (6) 4976.3(19) 54.8(10)
Cl1A 3660(16) 7220 (9) 5587 (3) 37.5(11)
C2A 6022 (14) 8856 (11) 5908 (3) 34.2(13)
C3A 6890 (40) 9040 (20) 6571 (5) 31(3)

C5A 3120(30) 5854 (18) 6682 (4) 32.7(18)
C6A 2228 (16) 5717 (10) 6020 (3) 34.1(12)
Cl1B 10030 (70) 10840 (30) 7044 (11) 41.1(14)
O1B 5144 (16) 7460 (8) 4876 (2) 54.8(10)
Cl1B 5349(19) 7492 (11) 5500 (3) 37.5(11)
C2B 7479(18) 9065 (14) 5901 (4) 34.2(13)
C3B 7660 (60) 8910 (30) 6576 (6) 31(3)

C5B 3740 (40) 5930 (20) 6539 (5) 32.7(18)
C6B 3500 (20) 5960 (13) 5869 (4) 34.1(12)

Table 3 Anisotropic Displacement Parameters (A2x103) for mac180066_fa. The
Anisotropic displacement factor exponent takes the form: -
2n’[h2a*?Uni+2hka*b*Ura+...].

Atom U1 U22 Uss Uz2s Uis Ui2
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Cl2 93.8(7) 46.4(4) 58.1(5) 14.8(4) 30.1¢(
N1 31.5(11) 29.9(10) 32.2(11) -1.0(8) -2.0(
C4 37.9(13) 29.8(12) 32.1(12) -1.6(9) -5.1(¢
C7 29.6(13) 33.3(12) 32.3(12) 0.2(10) =-2.3(
C8 45.2(15) 33.7(13) 38.2(14) -2.0(11) 4.6(1
C9 55.7(18) 42.0(15) 39.1(15) 1.3(12) 13.0¢
Cl10 52.7(17) 39.6(14) 40.8(15) 7.9(11) 9.3(1
Cl1l 46.2(16) 32.3(13) 42.8(15) 1.5(11) 4.5(1
Cl12 35.9(14) 33.5(13) 33.2(13) -0.3(10) 1.7(1
CI1A 53 (2 29.2(7) 41 (4) -0.5(19) 8(2)
O1A 89 (3 44.2(16) 27.9(14) 2.6(11) -7(2)
C1A 50(3 31(2) 30.6(17) 1.0(14) -1(2)
C2A 40 (4 30(2) 33.2(15) 3.9(13) 2(3)
C3A 38(7 26(2) 33.9(13) -0.9(11) 0(2)
C5A 40 (4 30.2(15) 29(3) -2(2) -3(3)
C6A 41 (4 29(2) 30(2) 1.2(17) -4(2)
Cl1B 53 (2 29.2(7) 41 (4) -0.5(19) 8(2)
O1B 89(3 44.2(16) 27.9(14) 2.6(11) -7(2)
C1B 50(3 31(2) 30.6(17) 1.0(14) -1(2)
C2B 40 (4 30(2) 33.2(15)  3.9(13) 2(3)
C3B 38(7 26(2) 33.9(13) -0.9(11) 0(2)
C5B 40 (4 30.2(15) 29(3) -2(2) -3(3)
C6B 41 (4 29(2) 30(2) 1.2(17) -4(2)
Table 4 Bond Lengths for mac180066_fa.

Atom Atom Length/A Atom Atom Length/A

Cl2 C10 1.740¢(3) CI1A C3A 1.722(9)

N1 C4 1.284(3) Ol1A Cl1A 1.237(6)

N1 C7 1.411(3) ClA C2A 1.474(7)

C4 C3A 1.467(9) C1A C6A 1.466(7)

C4 C5A 1.486(8) C2A C3A 1.338(9)

C4 C3B 1.496(11) CBA CBA 1.338(8)

C4 CbHB 1.465(10) Cl1B C3B 1.739(11)

C7 C8 1.391(4) O1B C1B 1.235(7)

C7 Cl12 1.399(4) Cl1B C2B 1.469(9)

C8 C9 1.382(4) ClB C6B 1.462(8)

C9 C10 1.387(4) C2B C3B 1.348(10)

C10 C11 1.382(4) C5B C6B 1.330(10)

Cl1 Cl12 1.378(4)

Table 5 Bond Angles for mac180066_fa.
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Atom Atom Atom Angle/° Atom Atom Atom Angle/*

C4 N1 C7 122.1(2) O1A Cl1lA C6A 122.8(5)
N1 C4 C3A 119.0¢(5) C6A ClA C2A 117.8(5)
N1 C4 C5HA 121.0(4) C3A C2A CIl1A 123.4(7)
N1 C4 C3B 116.1(6) C4 C3A CI1A 117.1(9)
N1 C4 C5B 133.3(5) C2A C3A C4 118.1(9)
C3A C4 CbHA 118.6(6) C2A C3A CI1A 124.0(9)
C5B C4 C3B 109.8(7) C6A C5A C4 121.5(7)
C8 C7 N1 117.7(2) C5A C6A CIl1A 119.8(6)
C8 C7 Cl2 119.3(2) O1B C1B C2B 121.3(7)
Cl2 C7 N1 122.8(2) Ol1B C1B C6B 121.4 (6)
C9 C8 C7 120.1(2) C6B C1B C2B 117.3(6)
C8 C9 C10 119.6(3) C3B C2B C1B 116.5(9)
C9 Cl10 Cl2 119.6(2) C4 C3B CI1B 114.8(12)
Cl1 C10 Cl2 119.4(2) C2B C3B C4 128.8(11)
Cl1 C10 C9 121.0¢(3) C2B C3B CI1B 115.8(11)
Cl12 C11 C10 119.2(3) CeB C5B C4 124.4(9)
Cl1 C12 C7 120.7(2) C5B C6B C1B 122.8(8)
O1A C1A C2A 119.3(5)

Table 6 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement
Parameters (A?x10%) for mac180066_fa.

Atom x y z U(eq)
H8 3835 7924 8776 46
H9 1957 5611 9513 54
H11 5212 1661 8298 48
H12 6726 3929 7526 41
H2A 6960 9809 5636 41
H5A 2101 4933 6958 39
H6A 702 4672 5836 41
H2B 8640 10112 5700 41
H5B 2590 4873 6737 39
H6B 2089 4967 5625 41

Table 7 Atomic Occupancy for mac180066_fa.

Atom Occupancy Atom Occupancy Atom Occupancy
CI1A 0.5481 Ol1A 0.5481 ClA 0.5481
C2A 0.5481 H2A 0.5481 C3A 0.5481
C5A 0.5481 H5A 0.5481 C6A 0.5481
H6A 0.5481 CliB 0.4519 O1B 0.4519
Cl1B 0.4519 C2B 0.4519 H2B 0.4519
C3B 0.4519 C5B 0.4519 H5B 0.4519
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C6B 0.4519 H6B 0.4519

(E)-4-(Phenylimino)-3-(o-tolylamino)cyclohexa-2,5-dien-1-one, 4.7e

C15

C17

Table 1: Crystal data and structure refinement for mac190041_fa.

Identification code mac190041 fa
Empirical formula C19H16N20
Formula weight 288.34
Temperature/K 150.0(2)

Crystal system monoclinic

Space group P2:

alA 8.0230(6)

b/A 7.5722(5)

c/A 12.4479(11)

a/° 90

/e 97.540(7)

v/° 90

Volume/A3 749.69(10)

z 2

peaicg/cm?® 1.277

w/mm? 0.632

F(000) 304.0

Crystal size/mm? 0.26 x 0.09 x 0.02
Radiation CuKa (A =1.54184)
20 range for data collection/° 7.164 to 133.69
Index ranges -90<h<9,-9<k<8,-14<1<13
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Reflections collected 5768

Independent reflections 2195 [Rint = 0.0494, Rsigma = 0.0594]
Data/restraints/parameters ~ 2195/1/204

Goodness-of-fit on F2 1.057

Final R indexes [[>=2c (I)] R1=0.0461, wR2 =0.0970

Final R indexes [all data] R1=0.0688, wR, =0.1120

Largest diff. peak/hole / e A2 0.27/-0.17

Flack parameter 0.3(5)

Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic
Displacement Parameters (A2x103) for mac190041_fa. Ueq is defined as 1/3 of of the
trace of the orthogonalised Ui tensor.

Atomx y z U(eq)

Ol 6176(4) 915 (4) 3776 (3) 39.1(8)
N1 7648 (4) 7266 (4) 5618 (3) 30.0(8)
N2 6300 (4) 7181 (5) 3561 (3) 31.3(8)
Cl 6527(5) 2386 (6) 4181 (3) 30.7(9)
C2 6133(4) 4004 (6) 3607 (3) 28.9(9)
C3 6543 (4) 5602 (6) 4071 (3) 27.3(9)
C4 7355(5) 5701 (5) 5222 (3) 28.6(9)
C5 7812(5) 4035 (6) 5774 (3) 31.5(9)
C6 7433 (5) 2490 (6) 5290 (3) 34.4(10)
C7 8305(4) 7527 (6) 6720 (3) 28.7(9)
C8 9666 (5) 8680 (6) 6942 (4) 34.7(10)
C9 10316(5) 9049 (7) 8002 (4) 39.0(10)
C10 9594 (5) 8326 (6) 8853 (4) 38.5(11)
Cll 8212 (5) 7216 (6) 8639 (3) 37.6(10)
C12 7570 (5) 6808 (6) 7576 (3) 33.7(10)
C13 5555(5) 7440 (5) 2472 (3) 29.2(9)
Cl4 6446 (5) 8367 (5) 1757 (4) 35.0(10)
C15 5643 (6) 8696 (7) 712 (4) 43.9(12)
C16 4033 (6) 8113 (6) 381 (4) 44.4(12)
C17 3171 (5) 7179 (6) 1074 (4) 39.6(11)
C18 3929(5) 6841 (5) 2122 (3) 32.0(10)
C19 8218(5) 9001 (7) 2102 (4) 48.3(12)

Table 3 Anisotropic Displacement Parameters (A2x10%) for mac190041_fa. The
Anisotropic displacement factor exponent takes the form: -
2n?’[h?a*?Un+2hka*b*Ura+...].

AtomUu1 U2 Uss U2s Uis U
01 45.4 (17) 19.5(17) 51(2) -1.7(15) 1.2(15) 0.2(13)
N1 27.5(15) 25.9(19) 36.3(19) -3.8(17) 3.1(14) -2.4(15)
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N2 39.2(18) 18.0(19) 35(2) -0.1(16) -1.6(15
Cl 27.5(18) 21(2) 45 (2) 2(2) 9.8(17)
C2 27.3(17) 23(2) 36(2) -2(2) 3.1(16)
C3 23.2(18) 25(2) 35(2) 1(2) 8.8(16)
C4 24.5(18) 26(2) 36(2) 1(2) 5.7(17)
C5 35(2) 26(2) 34 (2) 2(2) 2.3(17)
C6 38(2) 28(2) 37(2) 7(2) 5.5(19)
C7 27.9(18) 23(2) 35(2) -1(2) 2.6(17)
C8 31(2) 28(3) 45 (3) -1(2) 4.3(18)
C9 34(2) 32(2) 48 (3) -6(2) -5.0(19
C10 41(2) 37(2) 36(3) -6(2) -2(2)
Cll 41(2) 34 (3) 39(2) 3(2) 8.2(19)
Cl12 31.1(19) 29(2) 41 (2) -2(2) 4.0(18)
C13 37(2) 16.6(19) 34(2) 2(2) 5.6(18)
Cl4 43(2) 22(2) 42 (3) -0.8(19) 12(2)
C15 62(3) 34 (3) 39(3) 5(2) 17(2)
C16 60(3) 36(3) 37(3) 4(2) 2(2)
Cl7 45(2) 31(3) 41 (2) -5(2) 0(2)
C18 37(2) 22(2) 36(2) -1.3(19) 3.7(18)
C19 46(2) 35(3) 67 (3) -3(3) 21(2)
Table 4 Bond Lengths for mac190041 fa.

Atom Atom Length/A Atom Atom Length/A

01 C1 1.240(5) C7 Cl12 1.394(6)

N1 C4 1.293(5) C8 C9 1.382(6)

N1 C7 1.417(5) C9 C10 1.385(7)

N2 C3 1.356(5) C10 C11 1.390(7)

N2 C13 1.422(5) Cll Ci12 1.391(6)

Cl C2 1.433(e6) C13 Cl14 1.401(5)

Cl C6 1.475(6) C13 C18 1.395(5)

C2 C3 1.362(6) Cl4 C15 1.397(6)

C3 C4 1.496(6) Cl4 C19 1.508(6)

C4 C5 1.460¢(6) C15 C16 1.376(7)

C5 C6 1.332¢(6) Cl6 C17 1.371(7)

C7 C8 1.398(6) Cl7 C18 1.389(6)

Table 5 Bond Angles for mac190041 fa.

Atom Atom Atom Angle/* Atom Atom Atom Angle/*

C4 N1 C7 121.5(3) Cl2 C7 C8 119.3(4)
C3 N2 C13 125.7(4) C9 C8 C7 120.2(4)
Ol C1 C2 122.8(4) C8 C9 C10 120.5(4)
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01 C1 Ce 119.
C2 Cl1 Coe 118.
Cc3 C2 C1 121.
N2 C3 C2 125.
N2 C3 C4 114.
C2 C3 C4 120.
N1 C4 C3 11e.
N1 C4 C5 126.
Cs5 C4 C3 117.
Cé6 C5 C4 121.
C5 C6 C1 121.
C8 C7 N1 117.
Cl2 C7 N1 123.

Cc9 C10 C11 119.
C10 Ci11 Ci12 120.
Cl1 Ci12 C7 120.
Cl4 C13 N2 119.
C18 C13 N2 120.
Ci18 C13 Cl14 119.
C13 Ci14 C19 121.
Ci15 Ci14 C13 11s.
Ci5 C14 C19 120.
Cl6 Ci15 Cl1l4 121.
Cl7 Cle C15 120.
Cl6 Ci17 C18 119.
Cl7 C18 C13 120.
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Table 6 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement
Parameters (A?x10%) for mac190041_fa.

Atom X y z U(eq)
H2 6560 (50) 8150 (60) 3930 (30) 38
H2A 5573 3962 2886 35
H5 8390 4053 6490 38
H6 7754 1429 5668 41
H8 10145 9213 6364 42
H9 11265 9803 8148 47
H10 10043 8589 9580 46
H11 7703 6734 9222 45
H12 6632 6039 7433 40
H15 6221 9336 218 53
H16 3514 8359 -333 53
H17 2064 6766 840 48
H18 3336 6196 2605 38
H19A 8894 8029 2449 72
H19B 8201 9978 2617 72
H19C 8709 9408 1465 72

(5E,5'E)-4,4'-Bis(methyl(phenyl)amino)-5,5'-(phenylimino)-[1,1'-
bi(cyclohexane)]-3,3',6,6'-tetraene-2,2'-dione, 4.28f
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Table 1: Crystal data and structure refinement for mac190044.

Identification code mac190044
Empirical formula CssH30N4O2
Formula weight 574.66
Temperature/K 100.0(2)

Crystal system monoclinic

Space group P21/n

alA 16.82010(10)

b/A 10.48550(10)

c/A 18.17610(10)

a/° 90

p/° 112.45

v/° 90

Volume/A3 2962.74(4)

z 4

peaicg/cm?® 1.288

w/mm? 0.076

F(000) 1208.0

Crystal size/mm? 0.13 x 0.095 x 0.03
Radiation Synchrotron (A = 0.68890)
20 range for data collection/°2.722 to 53.146
Index ranges -21<h<21,-13<k<13,-23<1<23
Reflections collected 42058

Independent reflections 6790 [Rint = 0.0669, Rsigma = 0.0403]
Data/restraints/parameters ~ 6790/0/399
Goodness-of-fit on F2 1.071
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Final R indexes [[>=20 (I)] R = 0.0464, wR; = 0.1293
Final R indexes [all data] R1=10.0499, wR, =0.1323
Largest diff. peak/hole / e A20.43/-0.17

Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic
Displacement Parameters (A2x103) for mac190044. Ueq is defined as 1/3 of of the
trace of the orthogonalised Ui tensor.

Atomx y z U(eq)
Ol 3902.7(5) 6192.5(9) 6520.5(6) 29.6(2)
02 2572.5(5) 2503.2(8) 6794 .4 (5) 21.12(19)
N1 689.5(6) 6050.9(9) 6387.5(6) 17.4(2)
N2 1406.7(6) 8413.6(9) 6416.5(6) 18.8(2)
N3 4139.3(6) 2488.7 (9) 4808.7 (6) 19.3(2)
N4 4917.2(6) 1003.8(9) 6173.3(6) 19.2(2)
Cl 3125.4(7) 6191.0(12) 6379.4(7) 19.2(2)
C2 2614.4(7) 4982.5(11) 6125.5(6) 16.8(2)
C3 1786.3(7) 4970.4(11) 6043.6(6) 16.9(2)
C4 1378.7(7) 6078.7(10) 6242.3(6) 15.7(2)
C5 1825.9(7) 7337.7(11) 6336.0(6) 16.9(2)
C6 2669.8(7) 7333.7(11) 6425.2(7) 19.3(2)
C7 213.3(7) 4947.1(11) 6381.0(6) 17.4(2)
C8 -682.5(7) 5101.3(12) 6048.3(7) 22.4(2)
C9 -1216.6(8) 4106.6(13) 6066.1(8) 27.0(3)
C10 -868.5(8) 2964.0(13) 6439.8(8) 25.3(3)
Cll 18.0(8) 2814.8(12) 6785.4(7) 22.4(2)
C12 560.2(7) 3795.1(11) 6750.3(7) 19.0(2)
C13 493.4(7) 8559.0 (11) 6025.8(7) 18.5(2)
Cl4 19.9(8) 9035.4 (12) 6446.4(7) 25.4(3)
C15 -867.9(9) 9157.0(14) 6067.0(8) 30.3(3)
Cl16 -1280.3(8) 8803.7 (13) 5275.0(8) 27.6(3)
Cl17 -803.8(8) 8354.5(11) 4853.8(7) 22.6(2)
C18 85.6(7) 8247.9(11) 5224.4(7) 19.5(2)
C19 1908.8(8) 9570.6(11) 6717.9(7) 22.1(2)
C20 3078.6(7) 2646.8(11) 6460.1 (6) 17.1(2)
C21 3068.0(7) 3848.7(11) 6003.0(6) 17.1(2)
C22 3495.0(7) 3865.6(11) 5513.2(7) 18.1(2)
C23 3978.3(7) 2753.4(11) 5425.3(7) 17.4(2)
C24 4256.6(7) 1812.4(11) 6097.9(7) 17.8(2)
C25 3745.1(7) 1720.4(11) 6527.7(7) 19.3(2)
C26 3764.5(7) 3186.7(11) 4093.4(7) 18.8(2)
C27 4300.7(8) 3618.0(12) 3719.3(7) 22.6(2)
C28 3946.7(9) 4230.8(13) 2989.7 (8) 27.9(3)
C29 3060.2(9) 4376.7(15) 2615.1 (7) 32.7(3)
C30 2525.7(9) 3917.7(15) 2976.4(8) 31.4(3)
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C37 5947.5
C38 5028.3

C36 6588.3

C35 6909.8

C33 5965.9
C34 6609.0

C31 2871.7
C32 5616.0

U2s Uis U

Uss
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Table 3 Anisotropic Displacement Parameters (A2x103) for mac190044. The
U22

Anisotropic displacement factor exponent takes the form: -
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Table 4 Bond Lengths for mac190044.

Atom Atom Length/A

Ol Cl1 1.2324(14)
02 C20 1.2295(14)
N1 C4 1.2838(14)
N1 C7 1.4049(14)
N2 C5 1.3675(14)
N2 C13 1.4333(14)
N2 C19 1.4600(15)
N3 C23 1.2799(15)
N3 C26 1.4133(15)
N4 C24 1.3624(14)
N4 C32 1.4278(15)
N4 C38 1.4662(15)
Cl C2 1.5015(le)
Cl C6 1.4418(16)
C2 (C3 1.3431(15)
C2 C21 1.4747(15)
C3 C4 1.4629(15)
C4 C5 1.4965(15)
C5 C6 1.3658(16)
C7 C8 1.4022(15)
C7 Cl1l2 1.3968(16)
C8 C9 1.3851(17)
C9 C10 1.3914(19)
C10 C11 1.3882(17)
C11 C12 1.3917(17)

) 18.1(5) 3.2¢(
) 16.9(5) -0.8
) 23.0(6) -0.9
) 23.5(6) 1.8¢
) 16.9(6) 4.8 (
) 21.8(6) -1.1
) 22.9(6) -1.5
) 17.9(5) 2.3(
) 24.2(6) -2.0
) 24.8(6) -4.8
) 24.8(6) 0.7(
) 26.9(6) 0.5(
) 21.8(5) -0.9
) 28.0(6) 8.9 (
Atom Atom Length/A

Cl13 C14 1.3903(16)
C13 C18 1.3913(16)
Cl4 C15 1.3911(18)
Cl15 C16 1.3885(19)
Cl6 C17 1.3853(18)
C17 C18 1.3909(16)
C20 C21 1.5058(16)
C20 C25 1.4526(16)
C21 C22 1.3406(15)
C22 C23 1.4647(15)
C23 C24 1.5000(15)
C24 C25 1.3686(15)
C26 C27 1.3960(16)
C26 C31 1.4000(16)
C27 C28 1.3867(18)
C28 C29 1.391(2)

C29 C30 1.386(2)

C30 C31 1.3902(18)
C32 C33 1.3920(16)
C32 C37 1.3905(17)
C33 C34 1.3870(17)
C34 C35 1.384(2)

C35 C36 1.3899(19)
C36 C37 1.3854(17)
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Table 5 Bond Angles for mac190044.
Atom Atom Atom Angle/° Atom Atom Atom Angle/*
C4 N1 C7 125.00(10) Cl6 Cl15 Cl14 120.41
C5 N2 Cl13 122.25¢ Cl7 Cl6 C15 119.88
C5 N2 C19 118.54¢ Cl6 C17 C18 120.13
C13 N2 C19 117.03¢( Cl7 C18 C13 119.82
C23 N3 C26 121.60(10) 02 C20 C21 120.70
C24 N4 (C32 121.38(10) 02 C20 C25 122.27
C24 N4 (C38 118.89¢ C25 C20 C21 116.91
C32 N4 (C38 117.91¢ C2 C21 C20 119.29
01 Cl1 C2 120.15(10) C22 C21 C2 121.93
01 Cl1 C6 122.14(11) C22 C21 C20 118.75
C6 Cl1 C2 117.68(10) C21 C22 C23 121.49
C3 C2 C1 119.32(10) N3 C23 C22 125.45
C3 C2 (C21 123.37(10) N3 C23 C24 117.81
C21 C2 Cl 117.28¢ C22 C23 C24 116.63
C2 C3 C4 121.95(10) N4 C24 C23 118.69
N1 C4 C3 125.30(10) N4 C24 C25 124.41
N1 C4 C5 116.79(10) C25 C24 C23 116.30
C3 C4 C5 117.79¢ C24 C25 C20 122.52
N2 C5 C4 118.86( C27 C26 N3 118.14
( C27 C26 C31 119.94
( C31 C26 N3 121.54
( C28 C27 C26 119.64
( C27 C28 C29 120.50
( C30 C29 C28 119.85
( C29 C30 C31 120.34
( C30 C31 C26 119.67
(
(
(
(
(
(
(
(

)
C6 C5 N2 123.00 )
)
)
)
)
)
)
) C33 C32 N4 119.74
)
)
)
)
)
)
)

Cée C5 C4 117.73
C5 C6 Cl1 123.16
C8 C7 N1 115.08
Cl2 C7 N1 125.18
Cl2 C7r (C8 119.33
C9 C8 C7 120.19
C8 C9 C10 120.27
Cll1 C10 C9 119.80
Cl10 Cl11 C12 120.36
Cl1 Ci12 C7 120.00
Cl4 C13 N2 119.77
Cl4 C13 C18 120.20
Cl18 C13 N2 120.02
Cl13 Cl14 C15 119.49

C37 C32 N4 120.42
C37 C32 (C33 119.84
C34 C33 C32 119.64
C35 C34 (C33 120.63
C34 C35 C36 119.49
C37 C36 C35 120.30
C36 C37 C32 119.94

Table 6 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement
Parameters (A?x10%) for mac190044.

Atom x y z U(eq)
H3 1463 4236 5855 20
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H6

H8

H9

H10
H1l
H12
H14
H15
H16
H17
H18

2965
-919
-1810
-1229
251
1153
295
-1187
-1875
-1079
407

H19A 2377
H19B 1547
H19C 2132

H22
H25
H27
H28
H29
H30
H31
H33
H34
H35
H36
H37

3484
3827
4892
4305
2827
1933
2512
5770
6840
7324
6804
5739

H38A 5469
H38B 4497
H38C 5191

8105
5874
4203
2302
2056
3683
9271
9477
8868
8124
7969
9386
10214
9873
4600
1039
3495
4547
4781
4006
3025
-308
355
2442
3833
3177
-672
-612
93
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6520
5815
5827
6458
7042
6973
6977
6346
5028
4322
4937
7211
6804
6337
5223
6876
3958
2749
2123
2723
3959
5500
5080
5275
5981
6409
6606
6489
7210

23
27
32
30
27
23
31
36
33
27
23
33
33
33
22
23
27
33
39
38
30
27
32
34
32
26
36
36
36



AA_019.10.ser

AA_019 9,1
CDCI3

298K

cosy

700 MHz
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T T T T T T T T T
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7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.6

2 (ppm)

o

Figure 1. COSY spectrum of 1.24
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AA_019
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NOESY- -wider
700 MHz

&

T T T T T T T T T T T

7.6 7.5 7.4 7.3 7.2 7.1 6.9 6.8 6.7 6.6
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Figure 2: NOESY spectrum of 1.24
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Figure 3: HSQC spectrum of 1.24

M

AA_027.4.ser
AA_027
Ccosy

CDCI3
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Figure 4: COSY spectrum of 2.9a
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Figure 5: NOESY spectrum of 2.9a

450000

~400000

1350000

300000

1~250000

{~200000

150000

100000

50000

r70

80

90

r 100

110

120

130

140

150

N
< AA_027.3.ser
AA_027 1.
HS&C 1 e
CDCI3 ‘ H A
— 700 MHz 1 19 :
N 5%20/ ¥
1‘4
Y
4 NAT NN ¢
27, NH
T 2‘6/ \2‘2/21 L
25\ /23
24
] 09 4o @
= R A i
= EIH TS D <y B~
° T T T T T T T T T T T T T T T T T T T T T T T T T T T
85 84 83 82 81 80 79 78 77 76 75 74 73 72 71 7.0 69 68 67 66 65 64 63 62 6.1 60 59

2 (ppm)

Figure 6: HSQC spectrum of 2.9a
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f2 (ppm)
Figure 7: COSY spectrum of 3.2
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Figure 8: NOESY spectrum of 3.2
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Figure 9: HSQC spectrum of 3.2
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Figure 11: NOESY spectrum of 3.30
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Figure 12: HSQC spectrum of 3.30
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