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Chapter 1

Introduction

1.1 BRIEF INTRODUCTION TO OXIDATIONS

Oxidation reactions play an integral role withireafistry. In organic synthesis oxidation
refers to the gaining of oxygen atoms or the reptaent of hydrogen with a more
electronegative elemers¢heme ), while in the realm of inorganic chemistry oxida

refers to the loss of one or more electrons frametal ion Gcheme L*
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Scheme 1: Oxidation in (a) organic and (b) inorgarmi chemistry

Oxidation of alcohols to aldehydes and ketonegairticular, play an important role in
organic synthesis.In 1997, the world wide annual production of carlocompounds
was over 10tonnes with a large portion produced by the oxiaabf alcohols® There
are a number of processes available to effectrdmsformation, the most common being
the use of the Dess-Martin Periodinane (DMP) regdewern oxidation, or the use of
Pyridinium chlorochromate (PCC)dble 1).



Table 1: Common oxidizing agents
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1.1.1 Dess-Martin periodinane oxidation

The Dess-Martin periodinane oxidation, named afteamists Daniel Benjamin Dess and
James Cullen Martin, is commonly employed for tkelation of alcohols to aldehydes
and ketone§® The Dess-Martin periodinane reagent is synthesibgd reacting
2-iodo benzoic acid with potassium bromate and sulfuric acid to geteers cyclic
tautomer 2-iodo benzoic acll(o-iodobenzoic acid (IBX)which is treated with acetic

acid and acetic anhydride to produce the periodiBah

KBrO; 'O\I/?H HOAC AcQ LA
HoS0y, 65°C " A0, 100C Noac
COOH o O
O @)
1 2 3

Scheme 2: Synthesis of the Dess-Martin periodinanmeagent



The Dess-Martin periodinane oxidation has gaineshémse popularity due to the ease of
work up and avoiding the use of excess oxidizingnag One disadvantage is its
hazardous preparation as the cyclic tautoPnend the Dess-Martin periodinane readggnt
are heat and shock sensitive exploding violenthemaiperatures greater than 136

Yadav and co-workers compared IRXvith the Dess-Martin periodinane reag8ras an
oxidant Scheme 3’ They reported that the Dess-Martin periodinanegeat was
superior to IBX even though the compared reactioes are not consisteriigble 2). It

is interesting that they report that the reactioncpeds faster in an ionic solvent
([omim]BF,) rather than the traditional organic solvent alifio no explanation for this

observation is provided.

)O\H IBX or DMP j\
R™R [bmmpBr, R 'R
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Scheme 3: Comparison of IBX and DMP as an oxidantian ionic solvent



Table 2: Comparison of DMP and IBX on selected aldwls

Alcohol Aldehyde DMP IBX
Time | Yield | Time | Yield

hy | ) | () | (%)

2.5 89 3.5 95

IBX has gained widespread acclaim due to mild feactonditions, efficiency and
stability against moisturelBX has also been used in combination witbyclodextrirf
and BuNBr® for chemoselective oxidation reactions with thecoselary alcohol
preferentially oxidized over the primary alcoh@cbeme 4. When g-cyclodextrin is
used with IBX, the authors provide no explanation the observed chemoselectivity
whilst in the case of BINBr, it was proposed that the solvents in the @agih solvent

system led to the observed chemoselectivity.
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Scheme 4: The use of IBX with an additive for chens®lective oxidation reactions
1.1.2 Swern Oxidation

The Swern oxidation, used for the oxidation of htws to aldehydes and ketortéss
named after American chemist Daniel SweBeHeme %. The oxidation begins with the
reaction of dimethyl sulfoxide (DMSQO) with oxalylhloride producingll which
subsequently decomposes releasing carbon dioxai®ole monoxide and producing
dimethylchlorosulfonium chloridé2. Dimethylchlorosulfonium chloride reacts with the
added alcohol to produce the alkoxysulfonium iceerimediatel 3 which is deprotonated
by base to produce the sulfur ylidd which decomposegia a 5 membered transition
state, to afford the desired ketdlteand dimethyl sulfide.
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Scheme 5: Mechanism of the Swern oxidation



The Swern oxidation produces the desired carbomylpounds in high yields using mild
reaction conditions. However, oxalyl chloride reagiolently with dimethyl sulfoxide at
room temperature so dimethyl sulfoxide activatiorusin be conducted at low
temperature$’ In addition; the formation of malodorous dimetisyilfide detracts from

this procedure.
1.1.3 Jones Oxidation

The Jones oxidation has been used predominanttéooxidation of primary alcohols to
carboxylic acids"*? (Scheme §. The oxidation of the alcohol produces the aldehyjte
which reacts with water to produce a hydra8 Hydrates are also subject to oxidation
and consequently form the carboxylic derivati¥® However, allylic and benzylic

alcohols do not produce stable hydrates and canttewxidized to the aldehyde orify.

OH

OH
(6] H,O (©)
R OH ©) R 0o 2 R)\OH R/§O

16 17 18 19

Scheme 6: Carboxylic acid formationvia the Jones oxidation

The mechanism of the Jones oxidation is given beg®eheme ¥ beginning with the
formation of HCrQ ions 20. Under acidic conditions, these compounds fornoctate
esters22 which subsequently decompose to form Cr(IV). Cy(l¥hdergoes further
oxidations to produce Cr(lll). The reaction is edsyfollow by the colour change of
Cr(VI) (orange) to Cr(lll) (green). Chromium basexidations however, are unsuitable

for large scale production owing to chromium’s toii.
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Scheme 7: Mechanism of the Jones oxidation

An alternative to the Jones oxidation is the us@yidinium chlorochromate (PCQ2B
as it oxidizes primary and secondary alcohols del@ydes and ketones respectively with
no further oxidation of the aldehyde to the aci@(Pis easily prepared by the addition of

pyridine 25 to chromium(VI) oxide26 and hydrochloric aci@7 (Scheme § followed
by filtration to obtain PCC?

CgHeN + CrO; + HCI [CeHsNH][CrO5Cl]
25 26 27 28
PCC

Scheme 8: Preparation of Pyridinium chlorochromate



1.2 OXIDATIONS IN NATURAL PRODUCT SYNTHESIS
1.2.1 Synthesis of Rotundial

The oxidations of alcohols are extremely importaad, evidenced by their numerous
applications within natural product synthesis. Rdlial 34 is a monoterpine dialdehyde,
isolated from the leaves afitex Rotundiforia by Watanabeet al.*® Rotundial has been
reported to have mosquito repelling activity supeto that ofN,N-diethyl-n-toluamide
(Deef’) — the active ingredient in many mosquito repeieSince malaria is transmitted
by theAnopheles mosquito*® Rotundial could potentially play an instrumentalerin the

fight against this disease. Maeii al.'’

undertook the task of synthesizing Rotundial and
confirming its natural configuration. The retrodyetic steps are given belo8c¢heme 9.
Mori and co-workers used a 10 step synthesis whitinately produced Rotundial in a
yield of 9 and 10% for theR) and § enantiomer. The last of step of the synthesis¢chvh
required the oxidation of the did3 to rotundial 34, was achieved using the Swern

oxidation with a yield of 57% and 64% for tHe) @nd § enantiomer respectively.

RO ‘\\\\/OH ‘\\\\
CHO > OH — p—
CHO CHO

(R)-Rotundial 34 33 32
“‘\k ‘\\\\\ \\\\\\
— p—
O o)
31 30 29

Scheme 9: Retrosynthetic analysis of Rotundial



1.2.2 Synthesis of (-)-Hamigeran B

(-)-Hamigeran B44 is a brominated phenolic compound, isolated frblamigera
tarangaensis, a poecilosclerid sponge collected from the Hen@hitken islands east of
New Zealand in 2000. (-)-Hamigeran B was shownxioilet antiviral activity against
herpes and polio with minimal side effetisin 2008, Taber and Tian reported the
synthesis of (-)-Hamigeran Ba a 14 step procedur&¢heme 19*° The second step of
the synthetic procedure uses PCC to convert tlehal87 to the ketone&8 with a yield

of 71%. The sixth step of the synthesis uses thss{Dartin periodinane reagent to
convert the primary alcohdll to the aldehydd?2 with a yield of 95%. It is important to
note that without oxidation reactions both Rotuh@#and (-)-Hamigeran B4 would

be difficult, if not impossible, to access.



OMe
+ OBn t-BuOK/n-BuLi= PCC
H 76% OH o HslOg

71%

o) OMe
35 36 37
N,
TIBSA Rhy(pttl)4
O 5 DBU O 83%
oM 90% Bn
€ OMe
38 39
OH
Pd/C, H DMP
—_ o
THF/H,0 95%
98%
40 41
OMe OH O
Br O

Yy

BF;OEL O ‘ 7 steps
_—
37%
aw
d A

42 43 44

Scheme 10: Synthesis of (-)-Hamigeran B
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1.3 THE TANDEM OXIDATION PROCESS
1.3.1 A brief history of tandem reactions-The usefd®CC

In 1975, Corey and Suggs described a proceduretHer preparation of a key
prostaglandin intermediaté9 from (S)-(-)-pugelone45 for which the retrosynthetic

steps are given belo¢heme 11%°

@)

7

\ ’ 0]
:>Ao/\ ph ——— Ro)j\/ —> ROH ———
“oH

49 48 47
(@)
Ph O (CH3),CCeHs
>
o= 0 -0
H3C H3C/ H ”//
46 45 Chs

Scheme 11: Retrosynthetic analysis of prostaglandintermediate
Thus, a convenient source db{—)-pugelone was essential for the synthesishef t

prostaglandin intermediate. The overall synthetmcpdure depicting the route to access

(9-(-)-pugelonel5 is presented below Bcheme 12*
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Scheme 12: Synthesis of}-(-)-pugelone

(-)-Citronellol 50 was treated with 2.5 equivalents of PCC in dnhitimmethane for
36 hours at room temperature. PCC oxidizes thegugiralcohol to the aldehyd#l and
was sufficiently acidic to effect the cyclizatioh%il to 52, which was further oxidized by
PCC to produce the keto®8. The ketonewvas treated with ethanolic sodium hydroxide
to produce (-)-pugelone in a 70% overall yield.iCglly pure (-)-pugelone was prepared
by recrystallization of its semicarbazone from etilaThe semicarbazone was treated
with pyruvic acid and excess glacial acetic acigrmduce optically pur&(-)-pugelone.
This process was remarkable as the first threes steype conducteth situ without the

addition of further reagents or purification betweseibsequent steps.
1.3.2 A brief history of tandem reactions-The usefahe DMP reagent

In 1987, Huan® was attempting to synthesize carbon-14-labelleed33 58. An
important step involved the oxidation of alcohbb to aldehyde56 which was
subsequently treated with a Wittig reagent. In ttase several attempts at oxidizing the
aldehyde proved unsuccessful untii Huang mixed #ieohol, the Dess-Martin

periodinane reagent and the Wittig reagent in oot gt OC to room temperature

12



overnight Scheme 13 The desired unsaturated esh@rwas obtained in a satisfactory
isolated yield of 78%. It is interesting that thigmmal synthesis to obtain the unsaturated
ester57 from the alcohob5 was eight steps with an overall yield of 20%. Thene, the
significant improvement in yield and operationahplicity is certainly noteworthy.

O/A/D\/OH e O@V/O PhP=CHCQBN O%\/\COZBn

H H
55 56 57
Dess-Martin periodinane, GBI, T
PhP=CHCGQBn
78% (> 95% E) Il
O/A/;>\/\COZH
|t
OMe
58

Scheme 13: Dess-Martin periodinane mediated synthiesof CI-933

1.3.3 The tandem oxidation process

In 1998, Tayloret al. were investigating synthetic routes towards theumaycin class
of antibiotics®®?° A key step involved the oxidation of 3-bromoprogenl 59 to the
aldehyde60 which was subsequently treated with a stabilizettigMieagent to yield the
dienoate61(Scheme 14

13



Scheme 14: Retrosynthetic analysis of the manumyctlass of antibiotics

Despite all efforts, the overall yield of the diew®61 was 10-30% over the two steps. In
addition, the aldehyde’s lachrymatory nature angpensity to isomerize/polymeriZe
further complicated the situation. Attempts weredméo add the Wittig reagent directly
to the preformed aldehydea a ‘one pot Swern oxidation’, popularly used bytdref® et
al., however this proved unsuccessful, indicativethef labile nature of aldehydg0.
Finally, Xudong Wei (a member of the Taylor reskagroup) mixed the alcohob9,
stabilized Wittig reagent and manganese dioxideoire pof*?® (Scheme 1% He
reasoned that manganese dioxide would oxidizeltudal to the aldehyde, which would
be trapped by the stabilized Wittig reagent and édiately elaborated further thus
avoiding the need to isolate the problematic aldehyTaylor and co-workers were
delighted to obtain the dienoaé in an isolated yield of 788 and dubbed the one pot
process the ‘tandem oxidation process’ (TOP) ineortb differentiate it from the

procedure used by Ireland.

14



O
Br/\/\OH various Br/\AO PM)Z,H Br/\/\)J\OEt

oxidants 10-30%
59 60 over two 61
steps
MnO,, PPR=CHCO,Et, CH,Cl,, rt, T

24h  78% (2E, 4E:2Z, 4Z 7:1)

Scheme 15: Manganese dioxide mediated TOP synthesidienoate

The tandem oxidation process was a ground breaksupvery as it avoided the need to
isolate the often volatile intermediate aldehydsuleng in shorter reaction times,
improved yields and cost benefits. A brief summary the applications of TOP

methodology will now be given.
1.4 APPLICATIONS OF TOP METHODOLOGY

After the success of the initial tandem Wittig ré@ac, Taylor and co-workers then
carried out a study on a series of tandem-Wittagtiens in order to explore the scope
and viability of TOP on a variety of substrateseThaylor research team applied the
Tandem-Wittig methodology to other problematic &lttes?® semi and unactivated
alcohol$® and tandem Wittig-Wittif reactions in which the aldehyde was attacked by

two Wittig reagentsn situ to produce the desired dienoaeljeme 1k

15
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PhsP=CHCGOR' 66

51-82%

OH

65
64
\ o PRP=CHCOR' 4
_ 69
Ph,P=CHCHO R)J\/ACHO R)WCOR.

67 S 70

Scheme 16: Expansion of manganese dioxide mediatthdem Wittig reactions

1.4.1 Synthesis of C5' homologated nucleosides

During this time, other research groups have usetws oxidants to carry out one-pot
Wittig reactions. Cricff and co-workers reported the synthesis of C5' hogaikd
nucleosides using IBX as an oxidant in a one padttiyVieaction although in modest

yields (38-63%) $cheme 1Y.

16
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Scheme 17: IBX mediated tandem Wittig reactions

1.4.2 Synthesis of dienynes

Barretf® and co-workers applied the Dess-Martin periodinaatalyzed oxidation to
diols 74 which were trappedn situ to produce the desired dienyi® (Scheme 13
without the need to isolate the dialdehyde whichofen prone to decomposition.

Benzoic acid was added to accelerate the reactidreahance thE:Z selectivity of the

reaction®*

HO _ a _ Y/ CO,R
‘ >~ Ro,.c—

OH
74 57

(@) PhCQH (4 eq.), PBP=CHCQR (4 eq.), Dess-Martin Periodinane reagent (2.5 eq.
DMSO, CHCl,; NaHCGQ, H,O, ELO

Scheme 18: Dess-Martin periodinane mediated synthieof dienynes
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1.4.3 Synthesis of dienes

Matsudd> and co-workers reported the use of barium pernratga(BaMn@) and
chemical manganese dioxide(CMRptalyzed oxidation of.,-unsaturated alcohol8s

to generate the corresponding diene derivaffigScheme 19

BaMnO, or CMD R
P \-"OH - PHONTN
PhhP=CHR

76 77 78
R= Cgkt, COCH, CN

Scheme 19: Barium permanganate mediated synthesidienes

CMD has been reported to be superior to mangariesile’® since the reported results
for activated manganese dioxide are sometimes @emducible as the reactivity of
activated manganese dioxide depends on the methpteparatior. It was found that
BaMnO, produced the desired products in shorter times vebempared with CMD. Also
BaMnO, oxidations are usually carried out with a largeess of the oxidant but in these

tandem reactions the oxidant was used in a sligittsometric excess.

Table 3: Comparison of results using BaMn@and CMD*

NN BaMnQ, or CMD Ph/\/\)cj)\OEt
79 PhsP=CHCQE 80
Oxidant Reaction conditions Yields (%)
BaMnQ, CHXCly, rt, 24 h 99
CMD CHyCly, rt, 24 h 38
BaMnOy PhMe, reflux, 1 h 93
CMD PhMe, reflux, 24 h 94

" CMD is an industrial product used in the produtiid batteries and is a more efficient oxidizingat

than activated manganese dioxide.
* ‘Manganese dioxide’ referred to throughout thisséitation refers to the activated form.

18



1.4.4 Expansion of TOP methodology

TOP methodology is not only limited to Wittig re@ets and has been expanded to the
synthesis of imine¥, piperazines and pyrazin&s1,1-dibromo-alkenes and terminal
alkynes™® triazine4® and benzimidazol&s (Schemes 20 and 31land a wide array of

useful compoundé have been accessed using this methodology.

N
R /Nl _
87\E A\
N 18-76%
N
H2N l/ CH2C|2, mw
86 |
N
H,N
82 84 85
83
H,N  NH, HoN - NH, H
N R’ )~ ) N R
B i QL LT
N° R CH,ClI, reflux, \Eo NaBH,, CHCl,, R H R
then 0.4M 81 reflux then
10-66% KOH/MeOH MeOH 52-87%

Scheme 20: Expansion of manganese dioxide mediatthdem coupling reactions
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RCH=NR'
90

88-95%

R'NH,
89

/
59-99%
97

K,COs, MeOH
~ Br
AN —_—
R/8;o Ph,P=CBp, Br
94 95
14-86%

MeHND
HoN o1
Me
N
o 1)
N
H

92

Mn02

Me

i)

93
25-90%

Scheme 21: Expansion of manganese dioxide mediatthdem coupling reactions
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1.5 SYNTHESIS OF QUINOXALINES

Quinoxaline derivatives display a wide array oflbgical propertiesKigure 1) ranging
from DNA cleaving drugé® antimicrobial and cancer drudfs,to antibioti¢® and
antitumor activity’® Therefore, there are constantly new and innovaiileas being
developed to access this important moiety. Theseaanumber of processes available to
synthesize quinoxalines but for the purposes af digsertation, attention will be focused

on the most common methods.

98

Echinomycin (antitumor/antibacterial activity)

N O H
N N II_N N
CH D 280
= Il
N N N o} N
H H /©/ N
Br HoN
99 100
Alphagan Sulfaquinaxal
(treatment of glycoma and hypertension) (treatment of coccidial

infection of vetery animals)

Figure 1: Structures of some important quinoxalinederivatives
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1.5.1 General method for quinoxaline synthesis

There are a number of processes available to gengranoxaline¥“® but generally,
they are synthesized by the condensation of 1 &dodnyls101with 1,2 diamined02in
refluxing acetic acid or ethanol for 2-12 hourshaytelds ranging from 34-85%
(Scheme 2p*°

RIO HzND AcOH or EtOH RIND
: H,N RN

R~ O
34-85 %
101 102 103
Scheme 22: General procedure for the synthesis ofipoxalines
1.5.2 Silica Supported Perchloric acid

Quinoxalines have also been synthesized by the liogupf a-bromoketones and
1,2- diamines in the presence of silica supportedctporic acid (HCI@SiO,)>°
(Scheme 23 with the desired products obtained in 15 minatesoom temperature with
yields ranging from 70-95%. In the absence of HEBD, the reaction did not proceed
even after 5 hours. The essential role of HEBID, was confirmed by reacting
phenylacyl bromidel04 with (z)-trans-1,2-diaminocyclohexan05 in the presence of
various other catalysts such as Amberlyst-15, NajdSIO, and Silica chloride. These
reactions resulted in incomplete oxidation and itttermediatel06 was obtained. The
authors state that the final prodd€t7 was presumably obtained by aerobic oxidation in
the presence of HCleEIO,.

22



H
Br HoN Catalyst N (O) ~Ng
L 0= QO L
P (@] HoN N Ph N Ph

-H,0

104 105 106 107

Scheme 23: Silica supported perchloric acid mediatiesynthesis of quinoxalines

The use of HCI@SIO; resulted in obtaining the products in high yiglishort reaction
times with the catalyst being used up to three gimathout any significant loss in

activity. One disadvantage is that the catalystireg three days preparation tirte.

1.5.3 Coupling of epoxides and ene-1,2 diamines

The oxidative coupling of epoxidd®8and ene-1,2 diamind92in the presence of Bi(0)
and acid derivativé$is an alternate procedure to access quinoxalife@gScheme 24
The reaction is fascinating since epoxides are rgdgenot used to access quinoxalines

although one method using cyano and sulfonyl epEsxiths been reportad.
Bi(0) 5-10 mol%

R H,N Additive 2.5-27 mol% R _N
}O D 100°C, 0= latm I\ D
R’ H,N R’

DMSO, 4 - 8h N

53-71%
108 102 109
Additive = Cu(OTf); TfOH
Scheme 24: Synthesis of quinoxalinesa the coupling of epoxides and ene-1,2

diamines
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The choice of additive is interesting with Cu(QiTfised for monosubstituted epoxides
and a stronger acid TfOH required for disubstitutpdxides. The mechanism proposed
suggests a DMSO/acid additive catalyzed ring ogghiof the epoxide to generate the
a-hydroxyketonel11 which undergoes Bi(0)/szatalyzed oxidation, in a Bi(ll)/Bi(6)
redox process to produce the diketdd®, which is attacked bg-phenylene diamine to
yield the quinoxalind 13Scheme 25)

H2Nj i

R} DMSO R._O Bi(0))0, R._O H.N R /ND
O iti I I I\

R’ Additive . . RN

R OH R O

110 111 112 113
Scheme 25: Proposed mechanism for quinoxaline symsis in the presence of Bi(0)
and acid additives
1.5.4 Coupling of ketones and 1,2-diamines

Cho and co-worker§ have reported the synthesis of quinoxalines u&etpnes and
o-phenylenediamine in yields ranging from 30-938¢l{eme 2§

o NH, PEG-400 @N\ R
d e (X : 1
Np,  KOH.60°C,60h N° R

30-95%

114 102 115

Scheme 26: Synthesis of quinoxalines using ketoreasd o-phenylenediamine
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The following mechanismScheme 2Y for the reaction was proposed with the ketone
and 1,2-diamine forming the ketimidd7 which underwent tautomerism, facilitated by
KOH to producell§ followed by intramolecular hydroamination and g#dogenation

to produce the desired quinoxaline. A two-fold esscef the ketone was added, as this
was favourable from an atom economy point of viemce equimolar amounts of
reactants resulted in lower yields. It was foundt tREG-400 was the ideal solvent for
these reactions compared to toluene, dioxane, Hyhsulfoxide, tetrahydrofuran and
1,2-dimethoxyethane. Reactions carried out in tieeace of KOH resulted in no product

formation.

O NH; N\ R
NH, N" R

116 102 120
.H2
-H,0
H H
CUC CL X CC X
NH, R’ NH, R’ NTR
117 118 119

Scheme 27: Proposed mechanism for quinoxaline symbis using ketones and 1,2-

diamines
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1.5.5 Solid phase synthesis

Another method that has been used to synthesizgoxplines makes use of a solid
phase€’ In this procedure, 4-fluoro-3-nitro-benzoic acil attached to a solid phase
support system using peptide coupling. Substitutbrihe fluorobenzene by DIEA in
agueous ammonia gave tbenitro aniline 123 which underwent tin chloride mediated
reduction to produce the 1,2-diamine compound. dibenine124 was treated with two
equivalents ofa-bromoketone followed by dehydration and oxidationgenerate the
qguinoxaline derivativel27 in a mixture of isomers which was freed from thadids
support using TFA/DCM$cheme 28

26



. a, b
Rink-NHFmoc

N02 C
Rink- NJ\©: E/\Rmk NJ\©:

123

0
Rink-NJ\©iNH2
N
124 NH

0
Rink-HJ\@[ NH,
N o)
125 H

- H,0

(@)
Rink-N)K©:N\
H
N
125 H

(©)

0
ZNJ\CE Ny
N’ o)
f
128 — Rink-N)K©: Ny
+ H —
N
0
i
N" 129

Scheme 28Reagents and conditions: (a) 20% piperidine inARK, 40 min;

(b) 4-fluoro-3-nitrobenzoic acid, DIC, HOBt, DMK, r16 h; (c)1.0 M NH aqueous
solution, 5% DIEA/DMF, 60°C, 5 h; (d) SnGl2H,0, NMP, rt, 24 h; (e) 2 eq-
bromoketone, DMF, 66C, 4 h; (f) 20% TFA/DCM, rt, 1 h;

121
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1.5.6 Cyclization of diaza-dienes

Maroulis and co-worker have reported the synthesis of quinoxalivieshe cyclization

of diaza-dienes in refluxing acetic anhydride. Thagused their attention on determining
the mechanism for the formation 83 (Scheme 2% They varied the substituents and
found that attack was preferential from tbetho position to B over regioisomers
originating from thepara position (R = R, in these cases) and found that the ratio of
132/133 was only slightly dependent on the substituent. k\VRe and R were varied
they found that both products formed even thoudbstution was exclusively at the
para position of the arylimino group gR= H, R, = OMe, Me, CI). They explained the
preference for thertho position and negligible effect of the substituevds due to
homolytic aromatic substitution of iminyl radicatswhich theortho position is favoured.

R3 R3
R R N-OH -
4 ! Ac,0, reflux Ra Ry N-OAc
_— » _ _—
N R, N R,
131

130

R3

Oy oo

+

~

N R, Ry N" R,
132 133

Scheme 29: Synthesis of quinoxalinega the cyclization of diaza-dienes

The mechanism shown Bcheme 30was proposed in which the reaction proceeds
the iminyl radicalsl34/137, following rearrangement to the spirodienyl ratlitawhich
is in agreement with the report by McNettal .>°
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Scheme 30: Mechanism of synthesis of quinoxalines the cyclization of

diaza-dienes

Ph
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1.6 THE USE OF CATALYSTS IN QUINOXALINE SYNTHESIS

1.6.1 Use of lodine

Various catalysts have been employed to produceogalines in a more efficient
manner. The use of lodine catalyzed quinoxalingh®sis Scheme 31)wvas reported by
Pawar’s grouff and Yao's grou}} at almost the same time in Tetrahedron Letters. Th
similarity between the papers is striking as bat@ 10 mol% lodine, conduct the reaction
at room temperature and report high yields. Pawgrtaup conducts the reaction in
DMSO for 35-75 min (86-95%) while Yao’s group usasetonitrile for 3-20 min
(90-98%). The role of iodine is unclear but Yaorsup has suggested that it can act as a
mild Lewis acid and dehydrating agent which willvdéar the formation of the

guinoxaline products.

R.__0O HZND 10 mol% I, R /ND
:/[ H,N rt, DMSO or CHCN R'IN
139 102 140

Scheme 31: lodine catalyzed synthesis of quinoxadia

1.6.2 Sulfamic acid/methanol

Sulfamic acid/methanol is another catalytic sysfemthe synthesis of quinoxalin&s.
The diketone and-phenylenediamine are stirred in the presencemndBs6 sulfamic acid
in methanol for 5 minutes at room temperature todpce the quinoxaline in isolated
yields of 67-100%. In addition, the product pretdms out of solution and can be
collected by filtration [Figure 2).

30



RT +

Figure 2: Collection of quinoxaline by precipitation
1.6.3 Nickel nano-particles

The use of Ni-nanoparticles as a catalyst for yrehesis of quinoxalines has recently
been reportéd as they are cheap, environmentally friendly angilgarecyclable
resulting the formation of the quinoxaline derivatin 10-50 minutes in yields ranging
from 62-98%. The nanoparticles can be reused gp<tomes with only a slight decrease
in activity. Ni-nanoparticles also exhibit dehydngt properties but have to be
synthesized by a long and tedious procedure inngltvhe reduction of Ni(ll) to Ni(0)

using a reverse micellar syst&n.

1.6.4 Ceric ammonium nitrate/tap water
One major concern of industry is the vast amountoafc solvents used to carry out

chemical reactions as subsequent disposal is pnalble Water is an ideal solvent from

an industrial point of view due to its non-toximperties. The use of water as a solvent
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has been applied to the synthesis of quinoxaline dombination with
ceric ammonium nitrate (CAN). The reaction couplesdiketone and 1,2-diamine in the
presence of 5 mol% CAN/tap wateat room temperature for 10-50 minutes with yields

ranging from 82 — 98%.

1.7 SYNTHESIS OF QUINOXALINES BY THE TANDEM OXIDATI ON
PROCESS

An alternate method is to start witlrhydroxyketones143 which would undergo
oxidation to the diketond44 and is trappedn situ by the diamine to produce the

guinoxaline derivativd45(Scheme 3%

10
various H-N

R 2
R:/[O oxidants IO I D
. : RN

R "OH R” O
143 144 145

Scheme 32: One pot synthesis of quinoxalines

1.7.1 Manganese dioxide
Initial attempts at a manganese dioxide catalyzathoxaline synthesis resulted in

consistently low yields. The major by-product waolated and identified as the

diazobenzen#&46 resulting from the oxidative coupling of the diamf°
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146

Thus, two equivalents of amine were used and thetion proceeded smoothly with the
products obtained in good yields in 45 minutes. dRiglant can be removed by simple
filtration but purification is required in order tseparate the quinoxaline from the

polymeric by-product.

R:/[O ZHZND MnO,, CH,Cl, RI/ND

147 102 148
62-89%

Scheme 33: Manganese dioxide mediated synthesis

1.7.2 Palladium acetate/triethylamine

The effect of various catalysts under aerobic diatiawas also used for the synthesis of
qguinoxalines. The effect of three catalysts on rdite of tandem quinoxaline synthesis
was examinedTable 4) using 2-hydroxyacetophenotd9 ando-phenylenediamin@02
to produce the desired quinoxaline. As can be sdbp, Pd(OAc)/EIN and
RuChL(PPh)s/TEMPO gave satisfactory results on completion. ahéhor§’ however,
chose the Pd(OAc)/EYl system due to its operational simplicity and eak&ork-up.
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They conducted a brief optimization study and fothrat the reaction could be conducted
under reflux in an atmosphere of air to producegiieoxaline product in a yield of 83%

in 3 hours. This system, developed by Sigreaal .°®

, was used to synthesize a humber
of quinoxaline derivatives in yields ranging froni-91%. The methods did however,
require a longer reaction time (24h) for the himdesecondary alcohol and needed to be

conducted at room temperature in the case of \elaltlehyde intermediate.

Table 4: Evaluation of catalyst§’

O HZND 2 mol% cat. N
’d
H2N N D

OH

N

149 102 150
Catalyst Yield after 1 h (%) Yield on completion)%
[(n°-p-cymene)RuGl, 26 59 (3h)
Cs,CQCs, PhMe,A
RuCL(PPR)s/TEMPO 59 73 (3h)
PhMe,A
Pd(OAC)/EEN/O, (1 atm.) Trace 88 (24h)
PhMe, THF, 1
Pd(OAC)/E§N/ 53 83 (3h)
PhMe, THFA
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1.7.3 Tris(triphenylphosphine)ruthenium(ll) dichlor ide

After this report, Cho and co-workers used R{EPh);as an oxidant for the synthesis
of quinoxaline®’ (Scheme 3% but unlike the previous auth8fglid not use TEMPO as
co-catalyst. The quinoxalinEb0was obtained in 82% vyield after reflux in diglyrioe 20
hours although they attempted the tandem reactioa diol system as opposed to the
traditionala-hydroxyketone. They do not explain why TEMPO was used even though
the previous author’s work is referenced. Nevedbsl the longer reaction time could be
due to a double oxidation process as opposed gtesixidation as well as the absence of
TEMPO in the system.

RI;[NHZ HO:L RUCI,(PPhg)s R Ny
. . diglyme I)i /]\
R NH, HO R KOH, benzalacetone R N R

151 152 153

Scheme 34: Ruthenium mediated synthesis of quinoxaés

Nevertheless, Cho and co-workers report the yiélgumoxalines in the range 63-82%.
The choice of additives is also interesting as K@bBs used as a promoter for the
transition metal catalyzed transfer hydrogenateaction and benzalacetone was used as
a hydrogen acceptor even though reactions cartiethats absence showed only a slight

decrease in yield (75 vs. 82%).
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1.7.4 Mercuric iodide

Mercuric iodide has also been used for TOP quirinegasynthesis§cheme 3%°° The
authors report yields ranging from 60 to 85% altflouhe reactions were done on a
larger scale (10 mmol) than the previous reporéaattions (usually reactions are carried

out on a 0.5 to 1 mmol scale).

R:/[O HZND Hgl, R:[/Nj :

R OH

154 102 155

Scheme 35: Mercuric iodide mediated synthesis of quoxalines

1.7.5 Copper(ll) chloride

Another alternative, is the copper catalyzed tramsétion of alcohols to aldehydes and
ketones and subsequent quinoxaline format®chéme 3§’* Of interest, is that the
authors report two methods for quinoxaline synthésne for a small scale reaction and
the other for a large scale reaction). This is wuthe formation of the impurity 1,2,3,4-
tetrahydroisoquinoline when the reaction is conedcbn a larger scale. When the
reaction is carried out on a small scale (0.5 mmii¢ alcohol, diamine, CuClvas
stirred in dry toluene for 3 hours at £a0to provide the quinoxaline in an isolated yield
of 94%. When the reaction was conducted on a lasgale (22.5 mmol) the reaction

yield dropped to 70% for the same reaction.
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HO cat. Cu R

R NH, N
I:[ ;l\ 10C°C, air Di /]\
RI NH2 O R" R' N Rll

156 157 158

Scheme 36: Copper mediated synthesis of quinoxalise

They also proposed two alternate mechanisms ferrdactions $cheme 3Y, one
possibility being the oxidation of thei-hydroxyketone to the diketone which
subsequently undergoes attack byphenylenediamine to produce the quinoxaline.
Alternatively, the a-hydroxyketone may form the ketimin&60 first, followed by

oxidation and subsequent attack to generate thegaline.

o o D s

o Ph .
o” “Ph RN
159 o 162 163
gl
|
NH,| G o
102

Scheme 37: Mechanism for copper mediated synthesisquinoxaline
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1.8 THE USE OF A SEMICONDUCTOR AS AN OXIDANT

Before the unique properties of a semiconductoiirdareduced, the difference between a
conductor, semiconductor and insulator needs texpained. The difference between
these three materials is best explained by the baodkl. Figure 3)’? When individual
atoms are brought together to form a solid, elestioom neighbouring atoms that have
similar values are forced to have slightly differemergy levels resulting in an energy
gap. Thus, electrons can be promoted from one gihevgl to the next by the application
of an electric field. If electrons are able to ‘jphthis energy gap, between the valence
band (vb) and the conduction band (cb), - the ahjsta conductor (such as copper). If
the electrons are unable to cross this energy lgatystal is an insulator (such as
diamond). A semiconductor, as the name implies,wconverted into a conductor by

applying a suitable energy source.

cb

cb

Energy 4 Cb (E) E
0ap B) | b ®

vb vb

(@) (b) ()

Figure 3: Basic description of band gap of (a) conductoy jifsulator, (c) semiconductor

38



It is generally accepted that when a semicondustarradiated with an appropriate
energy source an electron is promoted from thenecaleband to the conduction band
leaving behind ‘positive holes’ in the valence barthese holes are strong oxidizing
agents and are able to oxidize water to generateoRyl radicals — which are also strong
oxidizing agents{able 5).

Table 5: Oxidation potential of oxidants®

Oxidant Oxidizing potential (V)
Hydroxyl radical 2.80
Ozone 2.07
Hydrogen peroxide 1.77
Hypochlorous acid 1.49
Chlorine 1.36

A list of common semiconductors was examin€&dlle 6) with band gaps ranging from
318 to 886 nm and it was evident a humber of semgigotors could be activated by
visible light. However, a comprehensive literatuexiew revealed that photocatalysis
was not dependent on band gap only. Pelizzetticangorker$ suggested that the ideal
photocatalyst should be stable under irradiaticsh tamvards other chemicals, have a low
cost and be environmentally friendly. They suggedteat titanium dioxide and zinc
oxide satisfied all these requirements and werertbst ideal for photocatalytic reactions
but also mentioned that a disadvantage of zinceoigdits ability to dissolve in acidic

solutions.

8 A more in-depth explanation will be provided i tlliscussion section
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Table 6: Band gap of various semiconductors

N—r

Semiconductors Valence Band| Conduction | Band Gap (eV)| Band gap (nm
(v NHE) Band (v NHE)
TiO, +3.1 -0.1 +3.2 387
SnO2 +4.1 +0.3 +3.8 318
Zn0O +3.0 -0.2 +3.2 387
ZnS +1.4 -2.3 +3.7 335
WO3 +3.0 +0.2 +2.8 443
CdS +2.1 -0.4 +2.5 496
CdSe +1.6 -0.1 +1.7 729
GaAs +1.0 -0.4 +1.4 886
GaP +1.3 -1.0 +2.3 539

1.9 TITANIUM DIOXIDE AS A PHOTOCATALYST

Titanium dioxide is found in three main crystallif@ms namely anatase, rutile and

brookite. Brookite is difficult to synthesize witmost photocatalytic reactions are

conducted using either anatase or rUfilAnatase has a band gap of 387 nm while rutile
has a band gap of 413 nm. Therefore, it was assuhadrutile would be the better

photocatalyst as it has the smaller band gap. Hewelmost all photocatalytic reaction

uses the anatase form of titanium dioxide. Oneora®uld be due to the extent and

nature of the surface hydroxyl groups in the amatasd rutile structur€. Also, the
photocatalytic activity is related to the Fermidéwhich is 0.1eV higher in anatase than

rutile.”
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1.9.1 Industrial applications of titanium dioxide

Titanium dioxide has found widespread industriapleation most notably in self
cleaning paint$? Titanium dioxide absorbs sunlight to generaterbyd radicals which
will degrade adsorbed dirt that can then be waskag by rain. In addition, titanium
dioxide coated paints are used to neutralize potiuin the atmosphere in which gases
such as nitrogen oxides are adsorbed and convertedwater and carbon dioxide.
Titanium dioxide has also found applications raggfrom additives in food’ to UV

absorbers in sunscreen lotions and cosmgtics.

1.9.2 Photodegradation ability of titanium dioxide

Much research has focused on the photodegradabidity af titanium dioxide, making
use of titanium dioxide’s strong oxidizing strengbichlorovos (DDVP)164 is widely
used in the agricultural industry, as a pesticwtecfop protection. The Lig (Lethal dose
required to kill half the number of the tested aalsh for mice, rabbits and man was

87 mg/kg, 205 mg/kg and 400mg/kg respectiVélffhus, the subsequent removal of
residual DDVP from accessible sources such as watdrvital importance. One method
for DDVP removal is to mix it with titanium dioxidender UV light Scheme 38%

O
I

Cl,CH=CHCOP(OCH),

164
DDVP

Ck + HO + CQ

Scheme 38: Destruction of DDVP using titanium dioxie

The general reaction consists of a toxic compoumithvis mixed with a portion of
titanium dioxide and irradiated for a period of &mwhich degrades DDVP through a
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series of intermediates to ultimately produce dbkrions, water and carbon dioxide.
Titanium dioxide has similarly been applied to thegradation of carcinogenic dy¥s,
pesticide® and the sterilization of bactefi&This type of research reinforces the notion

of titanium dioxide’s oxidizing strength.
1.9.3 Applications in chemistry
1.9.3.1 Photoelectrochemical solar cells

Fujishima and co-workers investigated photoeletteotical solar cells using titanium
dioxide®” A titanium dioxide electrode was connected throwgh electric load to a
platinum-black counter electrode. When the titanidioxide electrode was irradiated
with UV light they noticed that photocurrent flowéwmm the platinum electrode to the
titanium dioxide electrod® The direction of the current revealed that oxilativas
taking place at the titanium electrode, (€& olution) while reduction was taking place at
the platinum electrode @evolution). This showed that water could be dplid oxygen

and hydrogen without applying a current throughdékeaccording t&cheme 36°

TiO, + 2hv—— 2e + 2H" (1) Excitation of titanium dioxide
HO+h __ _ 1/20,+H" (2) At the titanium dioxide electrode

H* + 26 H, (3) At the platinum electrode

H,O + 2hv 1/2 O, + H, (4) Overall reaction

Scheme 39: Splitting of water into hydrogen and oxyen using titanium dioxide
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1.9.3.2 Functionalisation of heterocyclic bases

Another reported use of titanium dioxide is theefreadical functionalisation of
heterocyclic bases under sunligfBcheme 4D Protonated heterocyclic bases are
known to be attacked by nucleophilic radicals @datia the reaction of hydroxyl
radicals and amides, etheric.”* The authors report that in the presence of titaniu
dioxide the reaction proceeds with higher yieldthwio change in the observed products
however they provide no mechanistic detail forabserved increase in yield.

I i CrL.
x?~r  HCONH,, H,S0,, H,0,, TiO, X "R

165 166
X =CH,R=H X = CH, R= CONH, 90%
X =CH,R=CH X = C-CONB, R = CH,, 100%
X = C-CHg, R = H X = C-CH, R = CONH, 69%
X=N,R=H X = N, R = CONH42%

Scheme 40: Free radical functionalisation of heteryclic bases using titanium

dioxide

1.9.3.3 Oxidation of alcohols

There has been immense amount of research detatimgum dioxide’s ability to carry
out chemical transformations. These range from atmmhydroxylation, alkene
epoxidation, nitro-aromatic reduction and dehydragi®n®® Of interest, was titanium
dioxide's ability to oxidize alcohols to aldehydeghich has been reported many

times®>°* The research in this field has been divided ifte wirect’ and ‘indirect’
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oxidation. The direct reaction involved a proceassvhich the titanium dioxide powder
was dried in an oven to remove any bound water cotds and thus minimize the
formation of radicals, with the positive holes garg out the oxidation. The indirect
oxidation occurs when no attempt has been madenove the adsorbed water from the
powder. The general reaction consisted of mixirg @akcohol with titanium dioxide in

acetonitrile which was irradiated under ultravidight (Scheme 4L

TiO,/0,
R™~OH hv, CH,CN

167 168

Scheme 41: Oxidation of alcohols using titanium diade

1.9.3.4 Tandem oxidation type process

Dihydropyrazine (DHP) was synthesized from ethylghecol and ethylenediamine in
the presence of titanium dioxide and zeol&eHeme 42% The authors proposed that
ethylene glycol would undergo titanium dioxide ¢gtad oxidation to generate the
diketone which would be trappedn situ by ethylenedaimine to produce
dihydromethylpyrazine (DHMP) (Step 1). DHMP is dehwyatedvia a series of steps to
produce dihydropyrazine (DHP) with a reported yiefd20% based on starting material

recovered.
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Step 1

hv o)

OH
169 170
[NHZ Oj/ [N\j/
NH2 O/ N/
171 172
DHMP
Step 2
Tio, —™ h* + e
0, Oy

+
[N\]/ [N\]/_‘ .
N N7
173 174

. SPat
[N\j/T +  zeoliteH* zeolite‘[ \j/ + H*
N’ N
176

175
+
N : N. _CH, O, Ny -CH>
zeolite‘[ \]/_‘ _— E\]/ 2 2 [j/
N~ N~ N~ O=0 +H*
+ zeoliteH*
177 178 179
-OH{ -H”

N T N i
() Sy e (T e
N N7 N

182 181 180
DMP

Scheme 42: Mechanism for the synthesis of dihydropgzine using titanium dioxide
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AIMS OF THE PROJECT

To date, an increasing number of research pulicathave been directed towards the
utilization of the tandem oxidation type approachthe synthesis of organic molecules.
The aim of this project is directed towards thedgtof titanium dioxide as a potential
photocatalyst in organic synthesis. For this stuthg class of quinoxaline type
compounds will be looked at in order to evaluatenium dioxide as an oxidant in the
tandem oxidation process. The aim of this studp at€ludes an optimization of the
reaction conditions which would incorporate invgations directed towards the shifting

of the titanium dioxide band gap.
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Chapter 2

Discussion

2.1 PREFEACE

The focus of this project was to develop titaniuioxdle as a potential tandem oxidation
type catalyst. In the discussion which followseation will be focused on the evaluation
of titanium dioxide as an oxidanmta the synthesis of a series of quinoxaline deriestiv
as illustrated inrScheme 43and to evaluate potential applications on a rfuittional

substrate as well as in the Wittig reaction.

ne

TiO, R0 H,N RN
- NS

R™ “OH 0 N

183 184 185

Py
—
O
\

Scheme 43: The application of titanium dioxide asraoxidant in the synthesis of

quinoxalinesvia the tandem oxidation process
Selected proton NMR and GC-MS spectra for the ®giged compounds will be
discussed. Reaction times and yields of titaniuoxide catalyzed tandem oxidation
processes will be compared with established TORIlysis in order to gauge the
performance of titanium dioxide.

2.2 MECHANISM OF QUINOXALINE SYNTHESIS

It is relevant at this point to discuss the mecsianof quinoxaline formation before the

introduction of titanium dioxide TOP methodologyhél mechanism involves the attack
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of the carbonyl groups by the diamino moietiesdettd by a double condensation.
However, the sequence in which the reaction stakes place is relatively complex. The
guestion arises as to whether the amino groupskaseparately or simultaneously and in
what order or preference? Butler and co-worersnducted a mechanistic study on the
formation of quinoxalines in an attempt to answesse essential questions. Berilb
ando-phenylenediamin&02 were reacted in tetrahydrofuran (THF) to foi®7, and as
the reaction was sufficiently slow (18h), it allodvéor analysis in hourly intervals ByC
NMR spectroscopy3cheme 44

O O O N
HZN:@ THF, 18 h /:©

NS

o o

186 102 871
Scheme 44: Coupling of benzil and-phenylenediamine

The **C abundance was enhanced in one of the carbonypgrim order to monitor its
disappearance (195.50 ppm) while the appearantteedC=N signal at 154.47 ppm was
noted. After four hours the signal due to the cayaroup had disappeared while a
number of signals, which were attributed to intedrates, had appeared at approximately
84 ppm. Butler and co-workers proposed two pathw@®gheme 4% and attempted to
correlate their experimental results. If the reacthad followed pathway 2, two signals
would be expected at around 84 ppm, however thmstishe case with five signals in this
region. The more plausible explanation was pathtyawyith intermediate488 and 191
each giving rise to one signal. Compout®D has three enantiomeric forms, omeso
(194 and tworac-forms (L95and196). CompoundlL94 can undergo ring inversion of the
half chair form, occurring at such a speed thatiit result one signal $cheme 46a

Compoundl195 will also undergo a ring inversion of the half ahfarm but in this case
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one of the conformations will be favoured due tadogen bonding§cheme 46h A
similar situation occurs fot96. The extra signal was deemed to come k88 which

results in an unisolable product.

O O HZN:©
e

186 ‘ 102
i
OH OO0
N—C%Ph N-C-C-N
—_ . | |
sy:ialod:ve
NH O Rz RN
Pathway 188 \\Pathway 2 193
Lov
ICIZ—Ph N=$—Ph
.C—Ph C'T\—Ph
NI O
H OH NH,
189 190
N ;
Sa ©[ SC—Ph
.C—Ph Yo
N H OH
191 192

Scheme 45: Pathways proposed for the synthesis betquinoxaline derivative
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H  OH H Ph

N [ 4
(I:\\ N C\OH N\C.'\\Ph
/C WOH CI:‘ é‘Ph
= < ”
N = N/_ OH N/ ”

H Ph H Pn N OH
194 195 196
meso-forms rac-forms

Figure 4: meso and rac forms of target quinoxaline

y y
HN :::T7NH HN\ —“—NH
|C—OH HO—C|*3
Ph Ph
194a 194b

Scheme 46a: Ring inversion of theneso form

O-H_ Th
L C—OH
Ph—/C AN
N HN =N
D —_— *
A |ciph HO |c
H-0 Ph
195a 195b

Scheme 46b: Ring inversion of the half chair form the rac form showing the

favoring of conformation due to hydrogen bonding



Based on the work of Butler and co-workers disatisg®ove, the following mechanism
(Scheme 4Y is proposed. Initial attack of the carbonyl by the amine to geie the
intermediatel98 which undergoes proton transfer from nitrogen xggen to produce
199 This process is subsequently repeated by thendeamino group to affor@00.
Under acidic conditions, the oxygen group is prated followed by dehydration to
produce202 Transfer of a proton to water will produ2@3 The second oxygen group is
protonated, followed by dehydration and proton gfanto finally produce the product
204.

H
N O H O H
R™ 70 HoN R™ OHN R™ 0 N
197 102 198 199
H\ H\ H
o H O H .
RN RN HO' R 0K
™ )
RN RN R-TN
H oy .OH
H H H
202& 201 200
OH,
H\
o H
RN R _N
o z
RN RN
203 204

Scheme 47: Mechanism for the synthesis of quinoxaé

” The oxidation of the alcohol to the aldehyde Wél extensively covered later.
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2.3 APPLICATION OF TITANIUM DIOXIDE AS AN OXIDANT T OWARDS
THE SYNTHESIS OF QUINOXALINES

Titanium dioxide, being a photocatalyst, must b@vated using some form of irradiation
in order for the oxidation to take place. In ancétby Fujishima and co-workers it was
claimed that placing a portion of titanium dioxiohepolluted water, in the presence of
sunlight results in gradual water purificatibrinspired by this result, we attempted a test
reaction under conditions of natural sunlight. Tdoeipling of 2-hydroxyacetophenone
and o-phenylenediamine was chosen for the preliminanglystas the reaction progress
can be easily monitored Bl NMR spectroscopy by observing the disappearahtieeo
methylene peak ata. 4.5 ppm while noting the formation of the methineak at
ca. 9.3 ppm.

Figure x: Chemical shifts of protons in the reactahand product used to monitor

reaction progress

2-hydroxyacetophenone, phenylenediamine and tmandioxide was stirred under
sunlight for 3 hours§cheme 48 The mixture was passed through a silica plug and
analyzed byH NMR spectroscopy which revealed the absenceanfirsy material peaks
with the formation of the quinoxaline derivativeident, albeit in the presence of other
unidentifiable compounds. This crude product wasfipd using radial chromatography
to afford the title quinoxaline 2-phenylquinoxalias an orange solid in an isolated yield
of 27%.
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O H2N Ti02 /N
P — .
x~
N

OH HoN
149 102 150
Scheme 48: Titanium dioxide mediated tandem couploreaction

'H NMR spectroscopic data was in close agreemerthab obtained by Taylor and
co-worker€’ and the peaks in the spectrum were assigned aegbrdFigure 5), while

the GC-MS trace revealed the compound to have acular mass of 206 as expected for

the desired quinoxaline.

.
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Figure 5: Proton NMR spectrum of 2-phenylquinoxalire

ppm

53



While encouraged by these preliminary results,aibgerved limitations of this approach
were indeed evident. These included the availghalitd variation of natural sunlight. In
addition, the tandem coupling reaction requiredhierr investigation in order to increase
the yield and optimize reaction times. Thus, adretinderstanding of the titanium

dioxide photocatalyzed process is needed.

2.3.1 Photocatalysis by titanium dioxide

Photocatalysis by semiconductor oxides has beemtifidel as a promising route for

organic chemistry in the 2century?® Activation of semiconductors with an appropriate
energy source has led to a number of functionaumréransformations with the

photooxidation being the most comm8nttention will now be focused specifically on

a titanium dioxide mediated oxidation and the medta considerations associated
therewith. The most important considerations fphatocatalytic reaction are:

« the band gap of the semiconductor (E)
» the position of the lowest point in the conducti@nd (cb)

» the position of the highest point in the valencedérb)

The valence band of titanium dioxide consists ob&pgen orbitals while the conduction
band consists of 3d titanium orbitals. Titanium xiile has a band gap of 3.2 eV
corresponding to a wavelength of 387 i.It is generally accepted that the following
steps shown irScheme 49will only occur when titanium dioxide is irradiaewith

photons of energy equal to or higher than 3.2%%/%102

" Wavelength determined using the equation1239.8/E with E= band gap.
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TiO, + hv e + H (1)

e + Q 5 0OF 2)
h* + HO —  » OH’ (3)

(or adsorbed OHI

Scheme 49: Formation of hydroxyl radicals when titaium dioxide is irradiated

under UV light

Irradiation of titanium dioxide with an appropriateergy source leads to the formation

of a hole () in the valence band and an electroi) {e the conduction band. This

electron reacts with oxygen to produce superoxidéeoules. These positive holes, are
strong oxidants and oxidize water (or adsorbed dwydrgroups) to produce the key

hydroxyl radicals. Hydroxyl radicals are known te btrong oxidants - as previously

highlighted. This scheme is more adequately reptede by the following

diagram Figure 6).

Energy Gap of

Titanium Dioxide (E)

Valence band

Figure 6: Energy gap of titanium dioxide
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The hydroxyl radicals produced are capable of axidi alcohols to aldehydes and
ketones but the mechanism is relatively complexe Tinst issue concerns whether
oxidation of the alcohol occurga the holes, hydroxyl radicals or both. The proposed
mechanisms from literature have been divided inéodirect (oxidatiowia the hole) and

indirect (oxidationvia the hydroxyl radicals) methods.
2.3.2 Evidence for the direct oxidation

Hashimoto and co-workers conducted a study to mmeathe quantity of hydroxyl
radicals produced using a fluorescence probe whelitanium dioxide plate was
irradiated with a high pressure mercury laffthThey reported the quantum vyield was
much lower (7x10) than ordinary photocatalytic reactions (¥10The quantum yield
for iodide ion oxidation was 5.7x¥0- equivalent to that of an ordinary photocatalytic
reaction. If hydroxyl radicals were the only actsecies then the result from the iodide
oxidation is inexplicable. Based on this, the atdhaoncluded that the photogenerated
holes are more important than the hydroxyl radicals

The following steps shown ischeme 50have been proposed for the oxidation of
alcoholsvia the direct method*°® Titanium dioxide is first activated by an apprapei
energy source to generate electrons and positiVes hgtep 1). This is followed by
dissociative adsorption of the alcohol on the titem dioxide basic sites (step 2),
followed by a second proton abstraction from thieoxdde ionvia reaction with the

positive hole (step 3), followed by the formatiordalesorption of hydrogen (step 4).

TiO, + v — e + H (1)
NCHOH ——>= OCHO + HF ()
/ /

>CHO‘ + h+—>>C=O + H (3)

H" + 6 —>H —— 12H, (4)

Scheme 50: Titanium dioxide mediated oxidation oflaohol via the indirect method
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2.3.3 Evidence for the indirect oxidation

There is also an argument for an indirect mechanisrvhich the holes oxidize bound

hydroxyl groups or water to produce hydroxyl raticédusseingt al. has proposed the

mechanism shown iBcheme 51for the oxidation of benzyl alcohol to benzaldedydh

this method only, neglecting the effect of the positive holBenzyl alcohol was mixed

with a portion of titanium dioxide and stirred undgV irradiation. An electron is

promoted from the valence band to the conductiardpthe adsorbed hydroxyl groups

(or H,O) are oxidized to hydroxyl radicals while oxygsmrreéduced to © (steps 2 and 3).

These hydroxyl radicals then react with benzyl btto(step 4) while the superoxide

molecules react with water to regenerate the hydroadicals (step 5). Benzaldehyde

could thus be formed according to the followingosté6-8):

TiO, + hv — > e + I
h*  + OH(or HO)— OH
e + Q Oy
OH + CgH5CH,0OH CeHs — HOH + KO

o, +HO0

OH + HOG,
CegHsCHOH + HQ—= CgHsCHO + HO,
CgHsCHOH + OH— CgHsCHO + H,0

2CsHsCHOH——=CgHsCHO + GHsCH,OH

(1)
(2)
@)
(4)
(5)
(6)
(7)

(8)

Scheme 51: Proposed mechanism for benzaldehyde faation via the direct method
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2.3.4 Mechanism of titanium dioxide mediated syntrss of quinoxalines

For the tandem coupling reaction, the following heedsm Scheme 52 is proposed

based on the direct method proposed in sectio.2.3.

1)

Tio, + h —— e + K

© . @Io P @
OH H o
H

°, o ©\i0 + H 3)

H7LO X0
HoN
| — P
N

Hf + & — » H —» 12H (5)

—~

4)

Scheme 52: Direct titanium dioxide mediated quinoxne synthesis

Titanium dioxide is activated by appropriate ira@tn to generate the electrons and
positive holes (step 1), followed by dissociatiwds@ption of the alcohol on titanium
dioxide’s basic sites (step 2). The second prosothén abstracted to form the alkoxide
ion via a reaction with the positive hole to produce thesttne (step 3). The diketone

reacts with the diamine to produce the quinoxabieeivative™ (step 4) as shown by

* This is a simplified step as imine formation maguar prior to oxidation.
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Butler and co-workers in section 2.2. The finalpsie the formation and desorption of

hydrogen (step 5).

Should the alcohol be oxidized by hydroxyl radicads in the case of the indirect
mechanism, then the tandem coupling mechanism be&oanticipated $cheme 53
Titanium dioxide is activated by an appropriaterggesource, resulting in the formation
of electrons and positive holes (step 1). The pasiholes and electrons react with
hydroxyl radicals (or water) and oxygen respecyiviel produce hydroxyl radicals and
superoxide molecules (steps 2 and 3). The hydrmadical reacts with the alcohol and
superoxide molecules react with water to regenehatdnydroxyl radicals (steps 4 and 5).
The diketone may be formed by one of the followsteps (steps 6,7,8) and is trapped by

the diamine to produce the quinoxaline (9).
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S+ K 1)

Tio, + h —» €
h*  + OH(or H,O)—— OH 2
e + Q O, (3)
@)
Oh + O — HOH + HO 4)
OH %
Oy +H,0 OH + HO, 5)
O @)
+ HO, — + H0; (6)
H”™~OH Ne)
O,on —> o *HO (7
H™ OH e
2 0] R o+ 0] (8)
H  OH e OH
° e 20 Yoo -
—
N

Scheme 53: Indirect titanium dioxide mediated quin@aline synthesis
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The aldehyde used in the tandem coupling reactiay eniginate from either the direct or
indirect method, although certain authors havargited to favour the direct mechanism
by minimizing adsorbed water on titanium dioxid&For the purposes of the following
study, no attempt was made to dry titanium dioxddd it is envisaged that the oxidation
proceedsia simultaneous direct and indirect methods. Thisikhcesult in higher yields
as the alcohol can be oxidized by both the laatthydroxyl radicals. An overview of the
titanium dioxide catalyzed oxidation revealed tlatumber of factors need to be
considered for a tandem coupling reaction. Thetmpedinent being:-

» the band gap of titanium dioxide

* choice of solvent and reaction vessel

The first point requiring attention was the largentd gap of titanium dioxide which
requires ultraviolet light for activation. If theabd gap was decreased, titanium dioxide
may be activated by light in the visible region. thAts point, titanium dioxide with an

unaltered band gap requires a minimum energy o€8.fr activation.
An appropriate solvent and reaction vessel alsals)ée be selected to ensure that a

maximum amount of light passed through the vessédlsolvent and reached titanium

dioxide, consequently generating the highest ambwaitoxyl radicals and positive holes.
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2.4 OPTIMIZING REACTION CONDITIONS USING THE SYNTHE SIS OF
2-PHENYLQUINOXALINE AS A MODEL REACTION

2.4.1 Selection of solvent and reaction vessel

As previously noted, in choosing the reaction ctads, it needs to be ensured that a
maximum amount of UV light reached titanium dioxidecatalyze the oxidation process.
Certain solvents and Pyrex glass vessels absorlighy/ which would adversely affect
the results, as the quantity of UV light reachiiignium dioxide would be diminished.
Likewise the solvent can affect the results duthtosame UV absorbing ability. A brief
ultraviolet/visible spectroscopic study was conédcbn various commonly employed
oxidation solvents to determine the most effectiizachloromethane, ethyl acetate,
acetonitrile, toluene and methanol were examineHdoithh Pyrex and quartz glass tubes
and their absorbance in the ultraviolet/visiblegamonitored. All solvents showed little
absorbance in the visible region in Pyrex glass gumattz tubes. Dichloromethane, ethyl
acetate and acetonitrile showed absorbance in theegion (< 400 nm) in both quartz
and Pyrex glass tubes and were thus unsuitablihdooxidation reaction (See Appendix
A). Toluene however, showed a greater absorbanpgrex than quartz tubebifures 7
and 8).%8

057 \ \
A \
\
N 0
0.0 T = T ) T T T T T !
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 7: Toluene in Pyrex glass Figure 8: Toluene in quartz

%8 Even though the y-axis, is not the same it is etqubthat the absorbance in the case of Pyrex glidlss
continue to increase beyond that of quartz.
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Since the same sample of toluene was used, thessxabsorption is due to the glass
cell absorbing. This point is more clearly indichtey comparing the spectra of methanol
in Pyrex glass and quartFigures 9 and 10, where the absorbance is negligible in
quartz but significantly higher in glass within te@me region. Methanol was thus chosen
as an optically clear solvent as it had a lowesodiance over the widest spectral
range. This study also led to the conclusion that theléam oxidation reaction would

be more effective if carried out in a quartz tube.

T T T T T ) T T T T ]
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 9: Methanol in Pyrex glass Figure 10: Methanol in quartz

™ Oxidation of methanol was not observed. For aiptesexplanation see page 89.
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2.4.2 Oxygen as an electron acceptor

Having selected the appropriate solvent and reactiessel titanium dioxide was
evaluated under a range of different energy souiSiege a powerful UV light was not
available in our lab, the test reaction repeatethgusan incandescent lamp and
surprisingly, no product formation was evident eaéter 48 hours§cheme 54

D —x—— Y
OH  HoN - j@
149 102  TiO,, incandescent lamp 150
48h

Scheme 54: Attempted quinoxaline synthesis under ancandescent lamp using

titanium dioxide as an oxidant

The failure of this reaction is most surprising siolering the success obtained for this
reaction under natural sunlight. Perusal of literatrevealed two publications which

provided insight into these results.

Hidaka and co-workers had conducted a solar phtatlysgs study in which titanium
dioxide was used to degrade a commercial detergader sunlight using a solar
concentrator’ In this publication, it was claimed that oxygenswassential for this
reaction, as it minimizes recombination betweenpihetogenerated species {eh’). The
authors state that the reaction was conducted vasael open to the atmosphere as a
means of introducing oxygen into the system. Untherse conditions the reaction
proceeded ‘fairly rapidly’.

Subhramanyanet al.,using titanium dioxide for the synthesis of dihyglyraziné®
(see p44) $cheme 55 had also claimed that under UV light, oxygerraguired as it
prevents electron/hole recombination and that #gte of their photocatalytic oxidation
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was high due to bubbling oxygen through the systéis. evident that the chemistry of
titanium dioxide was relatively complex as undelasarradiation, oxygen bubbling is
not required and conducting the reaction under spmeric conditions was adequate for
the degradation reaction to take place. This imewere remarkable since UV light
constitutes only 4-5% of the solar spectrtffnln the case of the dihydropyrazine
synthesis, under a high pressure mercury lamp,eaxygas needed to be bubbled through

the system and after 15 hours only a 20% yield atdained.

H,N

J
\EOH TiO,/zeolite \EO HoN \[/ j [/Nj
> — = S
02 X X
\O N N

OH

169 170 172 182

Scheme 55: Titanium dioxide mediated synthesis oftdydropyrazine

Based on the above the two reports it was proptisedhe failure of the reaction, under
the incandescent lamp, was due to absence of etnagleacceptor consequently resulting

in electron/hole recombination.
2.4.3 The use of TEMPO in the oxidation reaction

The use of titanium dioxide in combination with gy has been reported in literature,
with oxygen often being used as an electron accepiowever, titanium dioxide
catalyzed reactions in the presence of oxygen elegively slow and low yielding'"
Thus, literature was consulted for an alternatovéubbling oxygen through the reaction

mixture. Rudhanet al. described the use of platinum deposited titariiowide used for

T Synthesis of a dihydropyrazine using titanium éexcatalyzed oxidation required oxygen bubbling at
rate 20 ml/h for 15 hours with a yield of 20%()
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the synthesis of aldehydes and ketdffésie suggested that the promoted electrons from
the valence band are trapped at the platinum centbile the holes could react with
surface bound hydroxyl groups to produce the hygrexdicals. In our opinion, it was
pointless touting titanium dioxide as a cheap gataf it had to be used in combination
with platinum. Nonetheless, the use of platinumaséed titanium dioxide may become

an alternative to the use of oxygen.

It was in this search for an alternative to oxygleat our attention became focused on
2,2,6,6-tetramethyl piperidinyl-1-oxyl radical (TEMD) (Figure 11) as a possible co-

catalyst or electron acceptor.

Figure 11: Structure of TEMPO

Chung and co-workers had reported excellent yiétdsthe synthesis of alcohols to
aldehydes and ketones using a CAN/TEMPQégstent° The reported yields for the
synthesis of aldehydes and ketones ranged from@%b+@nder varying temperature and
time profiles. The CAN/TEMPO/Osystems were developed based on the following
hypothesis:

« CAN is a weak oxidant and must be used in comlnatvith a co-catalyst
(TEMPO). Chung and co workers report attemptingpeidation of a secondary
alcohol with CAN only, producing the ketone in &lgi of 5%.

« TEMPO, in its radical form, is not the real oxidligiagent and must be converted
to the N-ammonium salt - the active oxidizing species. TRESMPO must be
used in combination with a stoichiometric or cdtialpxidant.

« Dioxygen is required to regenerate’Ce
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These points are better illustrated by the follgyvmechanism proposed by the authors

(Scheme 5B

O

)]\ cett 1/2 o2
212 208
OH
)\ o0
207

213 O
211

=z+

N
= O
o

Scheme 56: Mechanism of alcohol oxidation using aADN/TEMPO/O , system

Dioxygen is reduced to water by the oxidation of'Ge Cé*. TEMPO is oxidized from
the radical form to the active oxidizing agent, liexoammonium cation which oxidizes

the alcohol to the aldehyde or ketone.

Since TEMPO was readily available in our laborataryhe time, titanium dioxide was
used in combination with TEMPO to evaluate its effen the tandem coupling reaction.
A test reaction was attempted using 2-hydroxyadetnpne, o-phenylenediamine,
titanium dioxide and TEMPO in methan&dheme 5Y.

0 H,N TiIO,/TEMPO /N:©
NS
I j methanol N

OH H,N

149 102 150
Scheme 57: Titanium dioxide/TEMPO mediated synthesiof quinoxaline
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The reaction mixture was purified using radial chatography which afforded the title
quinoxaline in an isolated yield of 25%. Encouradgsdthis result, the reaction was
repeated and the reaction mixture was left stiromgrnight and subsequently analyzed
the following day. Thus, the mixture was filterdddugh a silica plug and the solvent
removed in vacuo to produce a crude product which was analyzed'tyNMR
spectroscopy'H NMR spectra revealed the presence of only théreteproduct. The
crude NMR spectrum obtained using the incandesleenp was also of higher purity
compared to the NMR spectrum obtained under natswalight. Consequently, the
reaction was repeated under natural sunlight uSEBIPO as co-catalyst. The mixture
was purified using radial chromatography to afftivd desired compound in an isolated
yield of 90%*** The use of titanium dioxide in conjunction with MIPO had afforded
excellent results under both natural sunlight drelibcandescent lamp. Clearly, the use
of TEMPO results in shorter reaction times andrameaase in product purity. This point
was clearly illustrated by comparing the crude speof (i) titanium dioxide mediated
oxidation in thepresenceof TEMPO under the incandescent lamp and (ii)niiten
dioxide mediated oxidation in ttesenceof TEMPO under natural sunlighigures 12
and 13.

** For completeness, a reaction was conducted ipréssence of TEMPO only, which resulted in no
product formation.
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PPM 9.2 9.0 838 8.6 84 82 8.0 7.8 7.6 74 7.2

Figure 12: Crude spectrum obtained under an incandgent lamp using TEMPO.

| .

T ' T ' T ' T ' T ' T ' T ' T ' T ' T ' T ' T
PPM 9.4 9.2 9.0 8.8 8.6 8.4 82 8.0 7.8 7.6 7.4 72

Figure 13: Crude spectrum obtained under natural salight in the absence of
TEMPO.
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2.4.4 Use of Microwave irradiation

At this juncture, our attention was drawn to arefasting publication by Serpone and
co-workers' who reported the formation of hydroxyl radicalsemhtitanium dioxide
was irradiated under microwave irradiation. Thisutewas surprising since microwave
energy is less intense than UV light. They mondaitge formation of hydroxyl radicals
under microwave and UV light by electron spin resme (ESR). The highest quantity of
hydroxyl radicals was observed under UV light am# towest under microwave
irradiation only. A significant increase in hydrdxsadical formation however, was
observed when titanium dioxide was used in conjancinicrowave irradiation. It has
been suggestétf that microwave energy can couple with a titanivioxide particle
generating a non-thermal distribution which leadsthe diffusion of electrons and
positive holes to the surface, where positive hodest with water and the electrons react

with oxygen to produce the hydroxyl radical andesogide species.

The set up, using microwave irradiation in comboratvith UV light, required the use of
expensive equipment which was beyond the meansioptoject. Nevertheless, since a
microwave reactor was present in our laboratory,ntodel reaction was attempted using
microwave irradiation. A flexible fibre optic lampas acquired which was used to direct
additional light into the microwave cavity. 2-Hyds@cetophenoneo-phenylene
diamine, titanium dioxide and TEMPO were placedairylindrical tube fitted with a
reflux condenser and subjected to microwave irtaxha The reaction was left refluxing
under microwave irradiation for 90 minutes andc¢hede product submitted foH NMR
analysis. To our delight, the quinoxaline produesvpresent in excellent yield and purity.
The microwave assisted reaction had provided theogaline product in a significantly
shorter time than by using the incandescent lanaseB on these results, attention was

focused on optimizing reaction conditions underrow@ve irradiation.
At this point it was realized the tandem reactiopeded to be conducted in the

microwave but the reaction conditions were stilb®optimized. The focal point of this

study was thus, to determine the effect of theefibptic lamp, and most importantly
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decrease reaction times. The effect of the fibrecdpmp was determined by repeating
the reaction under identical microwave conditions in the absence of the fibre optic
lamp.*H NMR spectroscopy revealed an identical spectrarthé one obtained in the
presence of the fibre optic lamp. From these ofadens, it was determined that
microwave energy was the predominant factor andutee of the fibre optic lamp was

unnecessary and subsequently discontinued.

Whilst looking at optimizing the reaction condit®a significant finding to the success
of this project was discovered. Chung and co-warkexd reported the use of manganese
dioxide for the synthesis of quinoxalines undernmicave irradiatiort** They reported
that 1mg of manganese dioxide can be used to siméhguinoxalines in moderate to
good yields. More importantly, they state that teactimes were significantly decreased
when the reaction was conducted in the absenceolgérg and under a pressurized
environment although they do not comment on theeased yield under a pressurized
environment. Using this information, the generahqualine reaction was attempted in a
solventless system under moderate pressure fomfinetes. Crude NMR spectroscopy
revealed the presence of product with the startiatgrial still present. The reaction time
was increased to 10 minutes and the crirti®MR spectroscopy revealed the presence
of product only with minor impurities. Thus, thisaction was repeated for 10 minutes
under microwave irradiation. The contents weretdduwith dichloromethane and passed
through a short silica plug, after which the solvemas removedn vacuo to produce a
crude product which was subsequently purified usadjal chromatography to give the

desired compound 2-phenyl quinoxaline in an isdlgield of 87%.

2.5 SUMMARY OF RESULTS OF OPTIMIZATION STUDY

Titanium dioxide mediated quinoxaline synthesis veasluated under a number of
energy sources such as natural sunlight, incandetso®mp and microwave energy. The

best results were obtained under microwave enesgjggua solventless system. A

summary of the results from this study is givef @ble 7.
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Table 7: Summary of results for titanium dioxide test reaction

O HoN .
j@ TlOZ . /N
OH HoN NS

N
149 102 150
Energy source Time (h) Electron Yield (%)*
acceptor/Additive
Sunlight 3 - 27
Sunlight 3 TEMPO 90
Incandescent lamp 48 - -
Incandescent lamp overnight TEMPO > oo
Incandescent lamp 3 TEMPO 25
Microwave
(Open vessel) 90 min TEMPO > 99
Microwave
(Closed vessel, 10 min TEMPO 87
solvent-free)

3|solated yield” Determined byH NMR spectroscopy.

With this optimized procedure in hand, the scope lanitations of titanium dioxide were

further evaluated using a range of alcohols anohifias.
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2.6 SYNTHESIS OF QUINOXALINE DERIVATIVES USING A TI TANIUM
DIOXIDE MEDIATED TANDEM OXIDATION PROCESS

2.6.1 Synthesis of 1-cyclohexyl-2-hydroxyethanone

The second substrate on which a titanium dioxidalgzed oxidation was examined was
the effect of an alkyl substituent, often claimedkte problematic due to the hyper-
reactivity of the intermediate keto-aldehydel-cyclohexyl-2-hydroxyethanonl Avas
required for this procedure and was synthesizenbusie method reported by Moriay
al.*** This procedure involved the conversion of the yldtetone to its corresponding
hydroxy ketone under acidic conditions using [bi(ftoroacetoxy)]iodobenzene and
trifluroacetic acid in an acetonitrile/water mix¢uScheme 58 to produce2l7 as a

colorless oil in a yield of 90%.

CeHsl(OCOCR),/TFA o

0]

CH3CN/H,0
OH

214 217

Scheme 58: Conversion of methyl ketone to the cospondinga-hydroxyketone

The following pathway $cheme 59 was proposed by Moriarty and co-workers
involving ligand exchange with the enolic form c#t&ne214 to produce intermediate
216 Replacement of the iodine moiety by water predutheo-hydroxyketone217.
Since water is a stronger nucleophile than trifwetic acid;”® the hydroxylated product

would be expected and not tle trifluoroacetoxy ketone.
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OCOCF;

O OH O 1
H ~__H CeHsl(OCOCR), I—C¢Hs
F——— - H
H (- HOCOCR) i
214 215

216
H,0O

(- HOCOCR)
(- CHsl)

O

O)QOH

217

Scheme 59: Proposed pathway far-hydroxyketone formation from the

corresponding methyl ketone
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2.6.2 Synthesis of 2-Cyclohexylquinoxaline

With a-hydroxy ketone€217in hand, the corresponding quinoxaline could belsssized.
1-cyclohexyl-2-hydroxyethanone was coupled vathhenylene diamine in the presence
of titanium dioxide and TEMPO under the optimizednditions described earlier
(Scheme 6D

o H,N TiO,/TEMPO N
> ’z
:@ microwave, 10 minutes ~ :O
OH HoN N
217 102 218
60%

Scheme 60: Titanium dioxide coupling of 1-cycloheXy2-hydroxyethanone ando-

phenylenediamine under microwave irradiation

Titanium dioxide was removed and the mixture padfiby radial chromatography to
afford the title compoun®18 in an isolated yield of 60%. ThiH NMR spectrum
(Figure 14) revealed the presence of the product with theeetgal peaks obtained at the
anticipated chemical shifts. The integral ratiospadduct however, did not correspond
with what was expected as the multiplet in thehalir region is expected to integrate for
ten protons but was found to integrate for eighteertons. The discrepancy in integral
ratio was attributed to the residual petroleum retii@ch was used in the purification of
21835 GC-MS analysisRigure 15) revealed the product to be relatively pure wite o
major peak with a retention time of 23.4 min copasding to the target compound mass
of 212 g.mof'. The yield of 60% is comparable to the palladiuretate/triethylamine
procedure which also produc2d8a yield of 60% but in 3 hours.

%38 Although a yield of 60% has been quoted, this mighslightly lower owing to the presence of reaidu
petroleum ether.
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solvent

58 2'34'5'6'
I R R R e
9.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 45 4.0 3.5 3.0 25 2.0 15 1.0 ppm

)

Figure 14:'H NMR Spectrum for 2-Cyclohexylquinoxaline

18.23
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2.6.3 Synthesis of 2,3-diphenylquinoxaline

A bulky secondary alcohol was subjected to a titanidioxide catalyzed oxidation.
Benzoin219, o-phenylenediamind02 titanium dioxide and TEMPO were stirred under
microwave irradiation for 10 minuteS¢heme 6} After this time period, the mixture
was diluted with dichloromethane and passed thr@ugiort silica plug. The solvent was
removed in vacuo to produce the crude product which was purified tagial
chromatography to produce the title compound insahated yield of 35%. Since this
yield was deemed to be too low, the reaction waeated but with 20 minutes of
microwave irradiation which producelB7 in an isolated yield of 81%. This result is
satisfactory and compared favourably with otherttsgtic route®”°’ towards compound
187. Manganese dioxide catalyzed synthesis of compdirdresulted in an isolated
yield of 75% after 45 minutes while Pd(OAc)Ht catalyzed synthesis produced
compound 187 in a yield of 40% in 3 hours. On increasing thacten time to 24 hours
the compound was obtained in an isolated yieldd®8b.7Thus, titanium dioxide compared
favorably with other oxidants with higher yieldsshorter reaction times.

O @) H2N:© TiO,/TEMPO O N
o z
microwave, 20 minutes :O
O OH H,N

219 102 187

Scheme 61: Titanium dioxide coupling of benzoin and-phenylenediamine under
microwave irradiation
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2.6.4 Synthesis of 6,7,8,9-Tetrahydrophenazine

The effect of a non-hindered secondary alcohol wasamined using
2-hydroxycyclohexanone dime220 o-phenylenediaminel02, titanium dioxide and
TEMPO under microwave irradiation for 10 minuteSclieme 62 The desired
compound 6,7,8,9-tetrahydrophenazi#d was isolated in a yield of 88%. The coupling
of the secondary alcohol is comparable with thgprohary alcoholl49 which afforded
the quinoxaline derivative in a yield of 87% undiee same reaction conditions. This
result is superior to the Ru{PPh); catalyzed oxidation which produced compo@2d

in an isolated yield of 82% after 24 hours.

CEO H2N:© TiO,/TEMPO N
’ z
OH H,N microwave, 10 minutes O:\ :@
220 102 221

88%

Scheme 62: Titanium dioxide coupling of 2-cyclohexene ando-phenylenediamine
under microwave irradiation
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2.6.5 Synthesis of 2-/3-Phenylpyrido[2,B}pyrazines

The diamine component was then varied by usingdiaBtinopyridine222 instead of
o-phenylenediamine. 2-hydroxyacetophenone, 2,3-diapyindine, titanium dioxide and
TEMPO were stirred under microwave irradiation fod minutes $cheme 63 to
produce the desired compound 2-/3-phenylpyridofi8+azine 223 as a mixture of
regioisomers in an isolated yield of 34% in 10 nésu The reaction was repeated using
20 minutes of microwave irradiation to produce tlesired compoun@d23in a yield of
83%.

o HoN A TiO,/TEMPO . - ND
| — microwave, 20 minutes i:: N =
N N N N
149 222 223

Scheme 63: Titanium dioxide coupling of 2-hydroxyaetophenone and 2,3-

diaminopyridine under microwave irradiation

On comparison with literature it was determined Y NMR spectroscopy that
3-phenylpyrido[2,3s]pyrazine was the predominant regioisomer formed @atH NMR
spectrum depicting these assignments is showrigare 16. The GC trace showed a
major peak at 26.7 min and a minor peak at 27.Q Bith peaks had a molecular mass
of 207 Da indicative of the desired compo@&8 (Figure 17).
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2.6.6 Synthesis of 2,3-Diphenyl[2,B}pyrazine

Benzoin219 and 2,3-diaminopyridin@22 were stirred under microwave irradiation for
10 minutes to produce the prodi#24 in an isolated yield of 28%. The reaction was
repeated for 20 minutes to produce the desiredyst@2®4in an isolated yield of 54%
(Scheme 64

O H,N TiO,/TEMPO O
o 2 A 2 /N N

| z microwave, 20 minut'es
O OH H,N™ N O SNTONT

219 222 224

Scheme 64: Titanium dioxide coupling benzoin and 2;diaminopyridine under

microwave irradiation

The *H NMR spectrum was assigneffigure 18) and compared with Darabi and
co-workers-*® All the expected peaks were obtained but différethe reported integral
ratios. According to literature, the multiplet aB% ppm should integrate for five protons
while the doublet of doublet at 7.74 ppm shoul@gnate for two protons. In our case, the

multiplet integrated for six protons while the déetlof doublet integrated for one proton.

" Itis expected that an increasing the reactior tivould result in an increase in yield beyond th&5
obtained after 20 minutes.
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Figure 18: *H NMR Spectrum of 2,3-Diphenyl[2,3b]pyrazine

Since there was debate as to the identity of thepoaind, it was submitted for high
resolution mass spectrometry (HRMSjigure 19). HRMS revealed that the likely
compound had a mass of 306.1006 [M+Nahich corresponded to expected mass for
2,3-diphenyl[2,3b]pyrazine224. Even more exciting was the presence of peaknahss

of 589.2120[2M+Na] which was exactly double the molecular mass of disired
compound. This peak may be due to a difiémhich would explain the observed

molecular mass.

" The dimer may be forming in the mass spectronater sodium adduct.
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Figure 19

2.6.7 Synthesis of 6, 7, 8, 9-Tetrahydropyrido[2,Blquinoxaline

2-hydroxycyclohexanone dimer and 2,3 diaminopyedimere stirred under microwave
irradiation Scheme 6% for 10 minutes to provide the desired compo@ab in an
isolated yield of 25%. The product was obtaine@iminsolated yield of 56% after 20
minutes. This result was somewhat surprising ag/igtld was comparable to that of the
hindered alcohol (56% and 54%) which is in contrast the reactions using
o-phenylenedaimine in which the yield for the unl@retl alcohol was significantly
higher in comparable times.

O HoN TiO,/TEMPO
(X R e a0
OH H,N N/ microwave, 20 minutes ~ P
220 222 225

Scheme 65: Titanium dioxide coupling of 2-hydroxycgiohexanone and 2,3-

diaminopyridine under microwave irradiation
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2.7 SUMMARY OF RESULTS OBTAINED UNDER MICROWAVE
IRRADIATION

Titanium dioxide mediated tandem oxidation processere explored under a number of
energy sources such as sunlight, incandescent digthtmicrowave energy. Microwave
energy under solvent-free conditions under a maelgrapressurized atmosphere
provided the best results. Under these conditiamange of quinoxaline derivatives were
isolated in yields ranging from 54-88% in 10-20 uigs Table 8). The yields obtained
are in many cases superior to the other TOP tydalysts for the synthesis of
guinoxalines. Compound87, as an example, was produced in a yield of 88% in
10 minutes which is far superior to the RugdPh); catalyzed procedure in whid87
was producedh a yield of 82% in 20 hours. The method has ts@wn to be successful
on primary and secondary alcohols. Compo0Bd was produced in a yield of 81% in
20 minutes, which is superior to the Pd(OAc)/NiBediated process which produce’y

in a yield of 40% in 3 hours. The procedure was affective when varying the diamine

component with the quinoxalines isolated in satisfey yields of 54-83% in 20 minutes.
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Table 8: Summary of results obtained for the synth&s of quinoxalines under
microwave irradiation.

entry a-hydroxy diamine time (min) quinoxaline yield (%
ketone
I.
H,N
O\ﬁo HZND 10 O\[”O 87
OH N
150
il.
H,N
: fo HZNI> 10 : ]::ND 60
OH N
218
iii.
O o H,N O N
2 20 g 81
o5 | o
187
iv.
O H,N 10 /N 88
CIOH H,N (IND
221
V.
AN B 20 Y 83
° HNT N7 NN
oH 223
Vi.
HaN A
O © HNT N 20 O N D 54
S v
224
Vii.
o HaN N>
I
CIOH HZN]\/Nj 20 (IN lN/ 56
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2.8 PRELIMINARY INVESTIGATION INTO A MULTIFUNCTIONA L
SUBSTRATE

In order to further explore the scope of titaniumxde, the general procedure was

evaluated on a multifunctional substrate. Hydrasorte 226, o-phenylene diamine,

titanium dioxide and TEMPO were stirred under micage irradiation for 10 minutes
(Scheme 6k

H2N TiO,/TEMPO _
microwave
HoN

10 minutes

226 102 227

Scheme 66: Titanium dioxide coupling of hydrocortiene ando-phenylenediamine

under microwave irradiation

Unfortunately, NMR spectroscopy revealed the abs@fi@ny product and the formation
of other unidentifiable peaks. GC-MS revealed ttesence of a multitude of peaks, none

of which were attributable to the desired compound.

2.9 PRELIMINARY INVESTIGATION INTO THE WITTIG REACT ION

In order to investigate the versatility of titaniudioxide, the methodology was extended
to the Wittig reaction. Benzyl alcohol 228
(ethoxycarbonylmethylen)triphenylphosphor2?9, titanium dioxide and TEMPO were
stirred under microwave irradiation and subseqyeatialyzed by NMR spectroscopy
(Scheme 6Y.
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OH _ TiO,/TEMPO X0

10 minutes

228 229 230
Scheme 67: Titanium dioxide/TEMPO mediated Wittig eaction

The 'H NMR spectrum revealed the absence of any prodittt only benzyl alcohol
present Figure 20). The Wittig reagent was not present and a nurobenidentifiable
peaks were observed. The conclusion drawn wagitaatum dioxide had degraded the
Wittig reagent before attack of the carbonyl commisicould occur. The absence of
benzaldehyde is also surprising and this may intipdy the aldehyde is formed in small
equilibrium quantities and must be elaborated fnthf the small quantity of aldehyde is
not elaborated further, the equilibrium shifts tosisthe starting reactant. A similar
observation was made by Taylor and co-workers wdgrying out the Wittig reaction
on unactivated alcohof8.This reaction was not evaluated any further artiforim part

of future investigations.

Figure 20: Showing the degradation of the Wittig ragent
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Although success had been achieved using a micevithe conditions were relatively
harsh and thus, attempts were sought to conductatidem oxidation reaction under
milder conditions. It was in this search that ottertion focused on doping titanium

dioxide in order to shift its absorbance and asslt, conduct the reaction under less
strenuous conditions.
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Chapter 3

Doping studies

3.1 Preface

The low cost, stability under irradiation and eowimental friendliness make titanium
dioxide an attractive oxidant within organic chetmjis There are however, significant
drawbacks of a titanium dioxide catalyzed oxidasoich as its large band gap of 3.2 eV,
and the recombination of electrons with positivdelofigure 21). Due to this large
band gap, titanium dioxide requires ultravioletadiiation §< 387 nm) for activation
while the recombination of electrons with holesutss in a decrease of the active

oxidizing species.

Conduction band

32eV i

Valence ban v

Figure 21: Showing the large band gap of titanium gbxide and the recombination of

electrons with the positive holes

As a result, many research groups have focusemhproving the photocatalytic ability of

17

titanium dioxide'!” with the most common methods being surface seasitin and

doping.
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3.2 IMPROVING THE PHOTOCATALYTIC RESPONSE OF TITANI UM
DIOXIDE

3.2.1Surface sensitization of titanium dioxide

The use of organic dyes is one commonly employeocquture to improve the
photocatalytic response of titanium dioxid&*'°This method involves the attachment of
a visible light absorbing dye to the surface dariium dioxide in an attempt to shift its
absorbance into the visible region. Chatterjee awd-workers adsorbed
8-hydroxyquinoline Figure 22) onto titanium dioxide which resulted in a shift i

titanium dioxide’s absorbance into the visible cegi

OH
Figure 22: 8-hydroxyquinoline

The authors tested the photocatalytic activityhs tlye sensitized titanium dioxide by
monitoring the purification of waste water. The dyensitized titanium dioxide was
mixed with waste water and stirred under visibfedration, and after 5 hours 70-80% of
the pollutants had been degraded.

3.2.2 Mechanism of surface sensitized titanium diace
The mechanism of surface sensitized titanium dexidfers from the general oxidation

reaction in which the dye and not titanium dioxide activated by visible light
(Scheme 68'*°
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dye* (1)

dye + hv — o

dye* + TiQ, dye” + TiO,(e) (2)
TiO, (€) + O, TiO, + O 3)
O, + TiO,(e) +2H —> HY0, (4)
H,0, + TiO,(€)— OH' + OH )

dye” + O, (or O, or OH)

—— peroxide or hydroxyl intermedaites
— — degraded or mineralized productg6)

Scheme 68: Hydroxyl radical formation on surface sesitized titanium dioxide

The mechanism begins with the excitation of the ly@an appropriate energy source (1).
The excited dye molecule injects an electron irite tonduction band of titanium
dioxide (2), which reacts with preadsorbed oxygeproduce superoxide molecules (3).
The superoxide molecules react with electrons,cidi@a solution, to produce hydrogen
peroxide (4). Hydrogen peroxide reacts with anted&cto produce hydroxyl radicals (5).
The superoxide molecules react with the hydroxyglicals to generate the degraded
products (6). The problems associated with thealiserganic dyes are their long term

stability which can result in detachment from titan dioxide*

3.3 DOPING OF TITANIUM DIOXIDE
The other commonly employed method to improve thet@catalytic ability of titanium

dioxide is by a process described as doping. Dopefgys to the purposeful addition of

impurities to titanium dioxide and has been used to

93



» decrease the band gap which results in a shitbsordance into the visible region
or

* increase the band gap which results in a highesrbbace under UV irradiation
and confines the electrons to the conduction baod & longer period

consequently resulting in an improved photocatalygsponse.

3.3.1 History of doping

In 1971, Che and Naccache noticed a paramagnetcespby electron paramagnetic
resonance (EPR), when titanium dioxide was treatffd agueous ammonia and calcined
at 350-406C.**' They attributed the EPR signals to the presenc&®f® radicals
absorbed on the surface on titanium dioxide. Thesel this assumption by comparing
the magnetic parameters of pOradicals absorbed on other metal oxides. This
represented the first synthesis of doped titanidoxide although Che and Naccache

never explored the photocatalytic properties o thibstance.

In 1985, Sato noticed that titanium dioxide predaog the calcination of commercially
available Ti(OH) displayed absorbance in the visible redithBy analysis of the
Ti(OH), sample, he found the presence of JOH a consequence of the hydrolysis of
TiCl, and NHOH during the preparative stages of Ti(@QHJitanium dioxide prepared
from Ti(OH), without the use of N¥DH showed no absorbance in the visible region.
From these results, Sato concluded that the absoeba the visible region was due to
the nitrogen impurity resulting from the preparatiof Ti(OH). Since the discovery,
many research groups have attempted to dope titadioxide by the insertion of a

variety of impurities:?®
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3.3.2 Physical doping of titanium dioxide- metal io implantation

The metal ion implantation technique is a commaiyployed physical method for the
doping of titanium dioxidé?**?*Metal ions are accelerated with such velocity thay
are able to insert into titanium dioxide resultinga shift in absorbance. Zheng and co-
workers described a procedure for the doping ahtitm dioxide using Sn ionsa the
ion implantation methot’® The band gap of Sn doped titanium dioxide wasregéd to
be 3.25 eV corresponding to a wavelength of 382winie the band gap of undoped
titanium dioxide was estimated to be 3.34 eV c@wesling to a wavelength of 371 nm.
Since the band gap of titanium dioxide had deckabe authors reasoned that Sn doped
titanium dioxide should display superior activity & can absorb energy over a wider
range of wavelengthis** They confirmed this hypothesis by monitoring tfegychdation

of Rhodamine B with the Sn doped powder degradidip &f a Rhodamine B solution
while the undoped powder degraded only 68% of thedamine B solution. While
improving the activity of titanium dioxide, a sidiecant drawback of this procedure is the
high cost associated with the instrumentation.

3.3.3 Chemical doping of titanium dioxide- the sajjel process

The sol gel process is a commonly employed chemiedhod for the doping of titanium
dioxide. Using this methodology, Wu and co-workeparted a process for the synthesis
of a series of vanadium doped titanium dioxide pemstf’ The vanadium doped
powders were analyzed by diffuse reflectance spsotpy and revealed a shift in
absorbance into the visible region when compared wndoped titanium dioxide. In this
procedure, titanium butoxide was mixed with aceimd and added to a butanolic
solution of vanadyl acetylacetonate. The solutias wtirred for 24 hours and dried at
150F°C. The obtained precipitates were calcined at°@0fdr 30 minutes to produce
vanadium doped titanium dioxide powders of varyuagadium content. The vanadium

doped powders were analyzed by the degradatioretfyhblue under visible irradiation

#*3n doped titanium dioxide is activated by photohwavelengthc382nm while undoped titanium
dioxide is activated by photons of waveleng8yY1nm.
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and showed superior degradative ability when coetd@o undoped titanium dioxide.
The authors ascribed the superior performance mdidiam doped titanium dioxide to its

shift in absorbance into the visible region.
3.3.4 ANALYSIS OF DOPED TITANIUM DIOXIDE

Two common techniques used to analyze the dopedegroare powder X-ray diffraction
(XRD) and diffuse reflectance spectroscopy. XRD vpges information about the
crystallinity and phase composition of titanium xdde while the diffuse reflectance
reveals the effect of the dopant on the band gaps,Tdiffuse reflectance in particular
can be used to predict the activity of the dopednium dioxide by providing an
indication of the shift in light absorbance. Sind&RD and diffuse reflectance
spectroscopy are techniques not commonly employedrganic chemists a basic

explanation of these procedures will be provided.
3.3.4.1 Powder X-ray diffraction

Powder X-ray diffraction has found widespread amgilon ranging from the
identification of unknown materials and phase deieation to crystal size
estimations?® In an X-ray tube, a tungsten filament is heatedlileg to the generation of
electrons which are accelerated with high voltagsttike a metal target such as copper,
chromium, cobalt or iron. The striking of the metalget gives rise to a series of
wavelengths such asol, Ka2 and K. For powder X-ray diffraction, the &
wavelength is chosen as it is the most intens&@ftliree dominant wavelengths. Thus
for a typical powder X-ray diffraction study, CuK is chosen as the single wavelength.
X-rays of this single chosen wavelength are padbedugh a slit to remove any
unwanted wavelengths before interaction with thega. The interaction between the X-
rays and sample give rise to a series of diffractiones in all directions. The detector
cuts through the cones at diffraction maxima whace displayed as a function of the

detector angle®*?® The intensity of the diffraction pattern is reldtto the amount of a
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particular phase in the sample. The phases caebéfied by comparing the diffractions

with a set of standard data, which accompanieptbeessing software, or with literature.

3.3.4.2 Diffuse reflectance spectroscopy

Diffuse reflectance spectroscopy is primarily useaneasure the energy gap of a solid,
usually a semiconductdf?*®® The absorption edge is defined as the transitiom f
strong short wavelength and weak long wavelengdioddance. The position of this edge
is determined by the energy gap between the comuand valence band. Monitoring
the absorbance (or percentage reflectance) of sewhictors over the UV/VIS range can

be used to estimate its band gap.

In a diffuse reflectance spectroscopy study, lighé particular wavelength is projected
onto a horizontal sample and the diffusely refldclight is collected by two mirrors
located above the sample. In this case, the wagtdenf light projected and the
percentage reflectance (% R) is recorded. A grdpht ® vs. wavelength is plotted and
the onset of the transition (strong short wavelengtweak long wavelength) determined

— allowing for band gap estimation.
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3.4 DISCUSSION OF DOPING RESULTS

3.4.1 Preface

In order to investigate the effect of the dopingtba band gap of titanium dioxide, a

series of doped titanium dioxide powder were pregailitanium dioxide was doped

with silver, phosphorus, boron, nitrogen, sulfurdaodine and the effect of the dopant
monitored by powder X-ray diffraction (XRD) and fiife reflectance. Nano-titanium

dioxide was also evaluated by XRD and diffuse o#flace spectroscopy to determine the
effect of particle size on the photocatalytic atyiof titanium dioxide.

3.4.2 Nano - titanium dioxide

Nano crystalline titanium dioxide has been reportedhave superior photocatalytic
capabilities compared to crystalline titanium doei This superior photocatalytic
performance of the nanoparticles has been attdbtdethe smaller particles having a
larger specific surface area resulting in an ingeeilm surface sites and surface charge
carrier transfer rat€! There is however, an optimum particle size resglih the highest
photocatalytic activity. Ying and co workers remattan optimum size of 10 nm for the
degradation of chlorofori?? while Anpd>® and Yué®* have reported an optimum size
of 7 nm. Decreasing the particle size beyond tbistpdoes not result in an increase in
photocatalytic activity due to amplified electroola recombinatio’® Thus, nano-
titanium powder purchased from Aldrich was analybgdXRD and diffuse reflectance
spectroscopy. XRD revealed, as expected, charsiitereflections of anatase titanium
dioxide (25.3°, 37.8°, and 48°) but with one obwadalifference. The smaller particle size
of the nano-powder resulted in peak broadenkigure 23). The peak broadening is
evident by comparing the peaks at 37.8° which endase of crystalline titanium dioxide
was shown be a ‘triplet’ while in the case of trena crystalline powder appears as a

broad humpRigure 24).
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Figure 23: Powder x-ray diffraction pattern of nano-titanium dioxide
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Figure 24: Comparison of powder x-ray diffraction pattern of nano and crystalline

titanium dioxide
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Of interest was the effect of particle size onblaed gap of titanium dioxide. The onset
of the transition for titanium dioxide was estinthtey extrapolation to occur at 365 nm
(SeeFigure 25). Similarly the onset of the transition was detered for nano crystalline
titanium dioxide. Using this information, the bagdp of nano crystalline titanium was
estimated to be 3.5 eV for nano crystalline titamidioxide and 3.4 eV for crystalline
titanium dioxide3%%® In addition, throughout the spectral window, nacnystalline
titanium dioxide displays a lower absorbance ofhtlighigher % R implies low
absorbance) compared to titanium dioxide. Thus ther tandem oxidation reaction
crystalline titanium dioxide is expected to givepstor results than its nano-powder

counterpart.
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Figure 25: Diffuse reflectance spectrum of nano andrystalline titanium dioxide

355 Band gap determined using the equation E=128%Bére E=band gap
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3.4.3 Silver-doped titanium dioxide

Silver doped titanium dioxide powders were preparsithg silver nitrate as a source of
silver using the procedure outlined by Pal and cokers:®>> Titanium dioxide was
added to a solution of silver nitrate and wateralthivas stirred thoroughly. The mixture
was aged at room temperature for 24 hours and dri@sh oven at 10C followed by
calcination at 40 for 3 hours to produce a grey powder. UnfortuiyatBal and
co-workers did not report an XRD pattern or diffusfiectance spectrum so a direct
comparison of spectra is not possible. In the pesase, XRD revealed the powder to be

purely anatase in crystalline phase as all theadharistic anatase peaks were present

(Figure 26).
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Figure 26: Powder x-ray diffraction pattern of silver doped titanium dioxide
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The band gap of silver doped titanium dioxide wstsngated to be 3.4 eV but the silver
doped powder displayed a higher degree of absoebanthe visible regiomy(>400 nm)
when compared to undoped titanium dioxiBeg(re 27).

30+

23

\ ey

——— Tiimum Dariale %R in
A - Dipal Teimeim Duiale .
thiis:

region

20 +

%o R

15

10 +

! T ! T ! T ! T ! T !
200 300 400 a0a E00 oo

wavelength (nm)

Figure 27; Diffuse reflectance spectra of silver dued titanium dioxide and

crystalline titanium dioxide

A similar spectrum has been obtained by Liu andvodkers who attempted to provide
mechanistic detail for the photocatalytic activitiysilver doped titanium dioxid€?® Liu
and co-workers firstly focused their efforts onetetining the effect of silver loading on
the photocatalytic oxidation of phenol. In the afxseof silver only 18% of a phenol
solution had been degraded after 2 hours whileuarloadings of silver doped titanium
dioxide showed a higher degradation of phenol ail optimal silver loading of

1.026wt.% was reached. An increase in silver cariieyond this optimal value results in:
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» the formation of bulk silver which could serve aseaombination site for the
photogenerated species.

* adecrease in the contact time between titaniuxidkoand the organic species.

e obstruction of irradiation reaching titanium diogidnd consequently a decrease

in active oxidizing species.

The silver doped powder was analyzed for its el¢atemeight distribution and found to
have a carbon distribution of 10.61wt.%, oxygentrdigtion of 31.11wt.%, silver
loading of 1.98wt.% and titanium distribution of .3&t.% Qiagram 2). The carbon
present in this analysis was due to the carbonuapd in the preparation of the sample.
It was evident that the doped powder’s silver contd 1.98wt.% compared favourably

with the requirements outlined by Liu and co-wosker

Ti

Ag

120 220 320 420 520 620 720 820 920 1020 11.20 12.2

Element Wt (%)
Carbon (C) 10.61
Oxygen (O) 31.11
Silver (Ag) 1.98

Titanium (Ti) 56.3
Total 100
Diagram 2
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Since the band gap of silver doped titanium diox&leelatively unchanged, there must
be other factors contributing to the photocatalwativity of titanium dioxide. Liu and
co-workers proposed a mechanism for the supersultse obtained under silver doped
titanium dioxide. It was proposed by Liu that thepdsited silver serves as an
accumulation site for photogenerated electrons.sd@helectrons could react with
adsorbed oxygen to produce ©r they could react with 1i to produce surface ¥i
which is the most reactive center for the photdgataprocess.

The powder was analyzed by scanning electron nmioms (SEM) and compared to

undoped titanium dioxide={gure 28). The powders were similar in appearance, which is

unsurprising since both powders consist of andteseum dioxide.
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Fig 28: SEM images of (a) undoped titanium dioxideand (b) Ag doped titanium
dioxide.
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3.4.4 Phosphorus doped titanium dioxide

Phosphorus doped titanium dioxide was prepareddayng titanium isopropoxide to
phosphoric acid and heating the mixture to reflak four hours using the procedure
outlined by Yu'*" After this time the mixture was cooled and theidsffiltered and
calcined at 40%C for 4 hours to afford a grey powder. XRD revedleat the powder was
purely amorphous™ as a diffuse hump was obtained and no assignaiallespcould be
identified (Figure 29). While this was unexpected it was not necessaléyimental to
the titanium dioxide catalyzed oxidation as amorgh@owders are known to exhibit
high photocatalytic ability*® The diffuse reflectance results showed a definiteease in
band gap when compared to undoped titanium diofgdpire 30) which may result in a
confinement of electrons in the conduction band mmproved photocatalytic activity.
The phosphorus doped powder does display a lowsosrbance when compared with
undoped titanium dioxide throughout the spectraideiw. The band gap of phosphorus
doped titanium dioxide was estimated to be 3.7 ewesponding to 335 nm. SEM
images showed, as expected, the powder to conflsistndomly orientated crystals —

indicative of an amorphous powd&idgure 31).

" Amorphous powders do not contain a definite ctijisEphase
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Figure 29: Powder x-ray diffraction pattern of phogphorus doped titanium dioxide
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Figure 30: Diffuse reflectance spectra of phosphogidoped titanium dioxide and

crystalline titanium dioxide
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Fig 31: SEM images of (a) undoped titanium dioxidand (b) phosphorus doped
titanium dioxide
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3.4.5 Boron doped titanium dioxide

The effect of boron on the photocatalytic activafititanium dioxide was examined using
a method outlined by Jiang and co-workers in whah boron doped titanium dioxide
displayed an increase in band g&pTitanium isopropoxide was added to water, to
generate titanium dioxide, followed by the additafrboric acid. The mixture was stirred
for 12 hours at room temperature and dried in aanat 108C for 8 hours followed by
calcination at 50U for 1 hour. According to the XRD patterRigure 32) there was a
characteristic peak at 28° which, according tostinecture database, might correspond to
the rutile phase of titanium dioxide. This theorysvhowever, disbanded as rutile
crystallizationcommences at 700-80°C** which was unlikely to occur in our situation.
There was however, a small peak at 25.3° whichesponded to anatase titanium
dioxide. This led to conclusion that a mixed poweeas present consisting of trace
anatase phase titanium dioxide and another phasen &1 al.**° had reported that boron
doped titanium dioxide initially forms an amorphopswder consisting of diboron
trioxide which upon calcination crystallizes intorsfly anatase, and at higher
temperatures rutile phase titanium dioxide. Theyoreed XRD patterns of boron doped
titanium dioxide calcined over the temperature ead@0-908C. At 400C, diboron
trioxide dominates the x-ray pattern. As the terapge was increased the diboron
trioxide phase decreased and the anatase phaseatedtill 708C when traces of rutile
titanium dioxide appeared. Temperatures beyond?@08howed a decrease in anatase
phase titanium dioxide and an increase in rutientum dioxide. The X-ray pattern that
was obtained in our case matched that of the posaleined at 506C. Thus, the peaks
at 14.6° and 28.1° were assigned to diboron trimxadd the powder was determined to
be amorphous with traces of anatase titanium dexMore useful information was
obtained from the diffuse reflectance spectriigire 33) which showed this powder to
have undergone a decrease in band gap which wesninast to Jiang and co-workers
prediction of an increase in band gap. Even maeresting was that the powder showed
two distinct band transitions — one in the UV regidue to the titanium dioxide
fundamental band transition and the second in tbible region due to boron doping.

The band gap of boron doped titanium dioxide waisnesed to be 2.3 eV corresponding
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to a wavelength of 539 nm. Thus, for activationbofon doped titanium dioxide, a

minimum energy of 2.3 eV is required.

Lh cong)
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Figure 32: Powder x-ray diffraction pattern of boron doped titanium dioxide
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Figure 33: Diffuse reflectance spectra of boron dagd titanium dioxide and
crystalline titanium dioxide

In order to verify our observation that the dopemlvger was indeed amorphous the
powder was analyzed by scanning electron microscbipg SEM image of pure anatase
titanium dioxide was compared with boron dopedntiien dioxide Figure 34). The
anatase titanium dioxide shows a higher degreerdet’ when compared to boron doped
titanium dioxide which consisted of randomly oreged and sized crystals.
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Figure 34: SEM images of (a) titanium dioxide andl) boron-doped titanium
dioxide

3.4.6 Nitrogen doped titanium dioxide

Nitrogen doped titanium dioxide was prepared bydtdition of titanium isopropoxide
to water, after which nitric acid and aqueous ammorhydroxide was added to produce
a brown floccule, which was filtered and calcined 400°C to produce a brown

powder'® The powder was analyzed by XRDBidure 35), which revealed it to be
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marginally crystalline as there were no sharp, nilefi peaks. There were however,
‘peaks’ that did not correspond to titanium dioxid@alysis of the database revealed that
the observed peaks at 18.1, 22.6, 29.0 and 33.tchetthat of ammonium nitrate. Since
the method of preparatibfi involved the addition of aqueous ammonia andmidid to
titanium isopropoxide, these peaks must result fribv@ reaction between aqueous
ammonia and nitric acid. From the comparison ofdbents (y-axis) it is evident that the
proportion of ammonium nitrate is minute!" Thus, it is concluded that the powder is
partially crystalline — with a large portion in tlzmorphous state. Diffuse reflectance
spectroscopy showed that the shift in band gapneasignificant but, more importantly,
the powder showed a greater absorbance in thdeviggion when compared to titanium
dioxide Figure 36). In addition, the doped powder did not show a sl sorption edge
evident in undoped titanium dioxide. This obsemmathas been attributed to a number of
surface states across the band gap which resuls diffuse spectrum. A similar
observation was made by Manorama and co-worketeigase of carbon doped titanium
dioxide. The band gap of nitrogen doped titaniumxiie was estimated to be 3.4 eV.
Despite the unchanged band gap, nitrogen dopedutitadioxide is predicted to exhibit
superior photocatalytic ability under visible ligisompared with undoped titanium

dioxide.

" Intensity of diffraction pattern is related to amount of a particular phase.
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Figure 35: Powder X-ray diffraction pattern for nit rogen doped titanium dioxide
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Figure 36: Diffuse reflectance spectra for nitrogendoped titanium dioxide and

crystalline titanium dioxide
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Again, the nitrogen doped titanium dioxide SEM immagas compared with pure anatase
titanium dioxide Figure 37). The nitrogen doped powder showed a higher degfee
disarray when compared to pure titanium dioxideclHurther validated our prediction
of the amorphous nature of the powder.

3
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Figure 37: SEM images of (a) undoped titanium dioxle and (b) nitrogen doped
titanium dioxide
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3.4.7 Sulfur doped titanium dioxide

To prepare sulfur doped titanium dioxide, titaniigopropoxide was added to a solution
of thiourea dissolved in ethanol to produce a wipitevder which was filtered and
calcined at 400°C.!** XRD revealed the presence of a highly crystallp@vder
evidenced by the definite, sharp peaks. A pealbdi®Avas present which may indicate
the presence of anatase titanium dioxide. XRD aleuvealed the presence of
characteristic thiourea peaks at 19.9, 20.9, 2%3% and 28.5°Kigure 38). Thus the
peak at 25.5° could be due to thiourea aot anatase titanium dioxide. From these
observations it was concluded that the powder magintain thiourea doped anatase
titanium dioxide, thiourea doped amorphous titandioxide or no titanium dioxide and
just thiourea. Diffuse reflectance spectroscopywatb that this powder displayed an
absorbance curve over the scanned region whickddoybly the presence of titanium
dioxide. If titanium dioxide was present there wasshift in absorbance with the band
gap of 3.4 eV which is comparable to the undoptthitim dioxide Figure 39). SEM
results showed the presence of randomly orientatgdtal structures which was in

accord with our prediction that this was an amorshowder Eigure 40).
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Figure 38: Powder x-ray diffraction pattern for sulfur doped titanium dioxide
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Figure 39: Diffuse reflectance spectra for sulfur dped titanium dioxide and

crystalline titanium dioxide
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Figure 40: SEM image of (a) titanium dioxide and (P sulfur doped titanium dioxide

The sulfur doped titanium dioxide was ‘mapped’ mde&r to gain an understanding of the
elemental distribution in the powder and providediosive proof for the presence of
titanium dioxide. The process involves taking artM3Eage and scanning that image for
elemental distribution. The dots indicate the dsifion of the various elements across
that image. Ideally, it would be useful to havefallir images together to compare the
distribution of the elements. However, this woudtjuire an adjustment of image size
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which consequently, affects the image quality aeglilts in an inaccurate assessment of
element distribution. For this study, the image aadh elements distribution is provided
separately for a clear and definite element distitim (Figures 41-43. From the mapped
image, it is evident that titanium and oxygen arespnt (and by implication titanium
dioxide). Based on this result (and the XRD andud# reflectance spectroscopy) it was

concluded that titanium dioxide is present in theogohous state with thiourea present.
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Figure 41: Oxygen distribution throughout the scanmd region
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Figure 42: Titanium distribution throughout the scanned region
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Figure 43: Sulfur distribution throughout the scanned region
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3.4.8 lodine doped titanium dioxide

lodine doped titanium dioxide was prepared usimgagified procedure to that outlined
by Cai and co worket¥ in which titanium isopropoxide was added to a Sofu
containing iodic acid dissolved in deionized wafBne mixture was stirred for 5 hours
and placed in an oven at aDfor 3 hours followed by calcination at 4@0for 3 hours

to afford a pink powder. Since anatase iodine ddgadium dioxide are known to be
yellow in colour**? this was a most surprising result. XRD showed thist powder was
purely amorphous (which may explain the pink poyder indicated by the presence of
no assignable peaks and a diffuse hump indicativermrphous powderd-igure 44).
Diffuse reflectance revealed that a definite deseea band gap had occured as well as
two transitions being present — the fundamentaltta¥isition and a visible transition as a
result of the iodine dopind-{gure 45). The band gap of iodine doped titanium dioxide

was estimated to be 2.3 eV corresponding to a wagéh of 539 nm.
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Figure 44: Powder x-ray diffraction pattern for iodine doped titanium dioxide
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Figure 45: Diffuse reflectance spectra for iodine dped titanium dioxide and
crystalline titanium dioxide
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3.5 SUMMARY OF DOPING RESULTS

The results of the doping study have been sumnthiizeTable 9. A series of doped
titanium dioxide powders were prepared and thecefié the dopant monitored by XRD
and diffuse reflectance spectroscopy. In all casesdoped titanium dioxide powder was
compared with undoped anatase titanium dioxide #&mgg any improvement in
photocatalytic ability. Nano and Ag-doped titanidioxide displayed negligible changes
in band gap but Ag-doped titanium dioxide displagedigher absorbance in the visible
region (400-700 nm) compared to undoped anatamaiuin dioxide. P-doped titanium
dioxide was prepared in an amorphous state witimeease in band gap but displayed a
lower absorbance than titanium dioxide throughcug spectral window. B-doped
titanium dioxide was synthesized in a partially stajline phase, demonstrating a
decrease in band gap with a UV and visible ligansition present. N and S-doped
powders showed negligible changes in band gap HmitN-doped powder showed a
higher absorbance in the visible region comparetitaaium dioxide. I-doped titanium
dioxide was synthesized in an amorphous stateyidereced by XRD, with a decrease in
band gap with the presence of two transitions spoeding to a fundamental UV

transitions and visible transition as a resulthef iodine doping.
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Table 9: Summary of results obtained from doping stdy

Powder

Band gap (eV)

Crystal phase

Comment

TiO;

3.4

anatase

nano-TiQ

3.5

anatase

-larger band gap
-lower absorbance
throughout spectra

window

Ag-doped TiO2

3.4

anatase

-no significant
change in band gap
-higher absorbance

in visible region

P-doped TiO2

3.7

amorphous

-increase in band
gap

-lower absorbance

throughout spectra

window

B-doped TiO2

2.3

partially crystalline

-decrease in band
gap
-higher absorbance

in visible region

N-doped TiO2

3.4

partially crystalline

-no significant
change in band gap
-higher absorbance

in visible region

S-doped TiO2

3.4

partially crystalline

-no significant
change in band gap

-lower absorbance

I-doped TiO2

2.3

amorphous

-decrease in band

gap
-higher absorbance

#Compared to undoped anatase titanium dioxide
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3.6 MECHANISM OF DOPING

3.6.1 Literature models for the response of dopedtanium dioxide

The doping of titanium dioxide results in a defnimprovement in the photocatalytic
ability of titanium dioxide. Accordingly, it is apppriate to offer some insight into the
mechanism of the response of the doped materiathétutset it is worth mentioning
that there is some debate in the literature comugrime doping mechanism and, in the
present case attempts have been made to corrbatexperimentally obtained results
with literature rationalization. Attention will blecused specifically on boron and iodine
doped titanium dioxide due to their interestingusi€ reflectance spectra. Since nitrogen
doped titanium dioxide is the most widely investeghdoped material, it is unsurprising

that the two most common models are based on eitrdgped titanium dioxide.

The first model, reported by Asahi and co-workErsuggested that the doping of
titanium dioxide with nitrogen results in a mixirg§ the 2p nitrogen states and the
2p oxygen states to produce a new band resulting imet decrease in band gap
(Figure 46) Asahi and co-workers based this mechanism on yXghotoelectron

spectroscopy (XPS) and first principle calculations

7'y Conduction band 'y Conduction band

L

Valence ban

-

Valence ban

(a) b) (

Figure 46: Schematic representation of (a) undopetitanium dioxide and (b) doped

titanium dioxide resulting from mixing of energy siates
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The alternative theory suggested by Hashimoto aodvarkers claimed that the
introduction of nitrogen gives rise to a separatergy level above the valence bdfitl.

They monitored the degradation of isopropyl alcolmatier UV and visible irradiation.
Consistently higher results were obtained underitddiation which is only possible if
two separate energy levels are present. Under tidiation, an electron is promoted
from the valence band and the impurity level whileder visible light irradiation an

electron is promoted from the impurity level onfiqure 47).

Conduction band Conduction band

Impurity band

Valence bangt Valence ban

(@) (b)

Figure 47: Schematic representation of (a) titaniundioxide and (b) doped titanium

dioxide showing the presence of two separate enertpvels
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4.6.2 Boron and lodine doped titanium dioxide

In 2005, Manorama and co-workers reported the poesef two distinct band transitions
based on diffuse reflectance spectroscopy for tbping of titanium dioxide with
nitrogen Figure 48).'*' Manorama assigned the two transitions as the fuedtal
UV transition (385 nm) and a visible transition $4@m) which arise from nitrogen
doping and claimed that this confirmed the presefdsvo different surface states that

were characteristic of doped and undoped titaniuoxide.

Absorbance

300 400 500 600
Wavelength (nm)

Figure 48: Diffuse reflectance spectrum obtained bjlanorama and co workers**
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The mechanism proposed is similar to Hashimotocndorkers except that Hashimoto
claimed an isolated narrow band formed above tHenea band, while Manorama

claimed that doping introduces a series of inteiiatedevels Figure 49).

Conduction band

Conduction band

Visible transition
Fundamental U\l

transition Gt

Valence bang

Valence bang

(@) (b)

Figure 49: Schematic representation of (a) titaniundioxide and (b) doped titanium

dioxide resulting from the formation of intermediate levels

In the case of iodine and boron doped titanium idexevidence exists for the model
proposed by Manorama and co-workers. The diffuleatance spectrum of boron and
iodine doped titanium dioxide display two distirtcansitions Figure 50), similar to
those reported by Manorama, corresponding to thdamental band transition and the
visible transition arising from boron and iodinepdty. This confirms the presence of
two different surface states characteristic of doged undoped titanium dioxide.
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3.7 APPLICATION OF DOPED TITANIUM DIOXIDE TOWARDS T HE
SYNTHESIS OF QUINOXALINES

As previously highlighted, the efficiency of dopéthnium dioxide is tested by the
degradation of dyes. In our case, the efficiencybofon and iodine doped titanium
dioxide was tested by the synthesis of quinoxalinshydroxyacetophenoney-
phenylenediamine, doped titanium dioxide and TEMIK®e stirred in methanol under
an incandescent lamp for 3 hougcieme 6%

0 HoN doped TiQ/TEMPO ©\EN
D incandescent Iam'p X
OH HoN N

3 hours

149 102 150
Scheme 69: Doped titanium dioxide mediated synthesof quinoxalines
The mixtures were passed through a short silicg ahd the solvent removéa vacuo to
produce a crude product which was purified usirgalachromatography to give the title

compound 2-phenylquinoxaline as an orange solidumary of the results are given
below:
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3.7.1 Summary of results obtained for the synthesisf 2-phenyl quinoxaline under

incandescent lamp irradiation

o) H,N doped TiIQ/TEMPO _N

D incandescent Iam'p X D
OH  HoN 3 hours N

149 102 150

anatase fitamdioxide: 25%
B-doped titam dioxide: 60%
I-doped titaim dioxide: 73%

Scheme 70: Comparison of doped and crystalline titaum dioxide for the synthesis

of quinoxalines

During the preliminary investigations wusing undopedtanium dioxide,
2-phenylquinoxaline was obtained in an isolateddyo 25% in 3hours. Under identical
conditions, boron doped titanium dioxide produdeel desired quinoxaline in a superior
yield of 60%. The use of iodine doped titanium ddiex for this coupling reaction
produced the quinoxaline in an isolated yield d¥7i® 3 hours. This result validated the
hypothesis that the photocatalytic ability of titem dioxide can be improved by doping.
The significant improvement may be attributed t® decrease in band gap as well as the

low crystallinity of boron and iodine doped titamwdioxide.
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Conclusions

Titanium dioxide was evaluated as a potential teand&idation process type catalyst in
the synthesis of a series of quinoxaline derivativ@itanium dioxide, being a
photocatalyst, was evaluated under a number oéréfit energy sources with the best
results obtained under microwave irradiation. Unaéerowave irradiation, quinoxaline
derivatives were synthesized in yields ranging f88% in 10-20 minutes. The yields
obtained under a titanium dioxide mediated tandesdation process were compared
with other established tandem oxidation type cataland in most cases were shown to

be significantly superior.

This project also illustrated the emergence of\a ekectron acceptor/co-catalyst with the
use of TEMPO resulting in shorter reaction timegawcer product distributions and

higher yields.

The titanium dioxide mediated oxidation was lesscessful on complex, multifunctional
substrates such as hydrocortisone as well as in\itieg reaction. Nevertheless, the
results obtained suggest a degradation of theirgjareactants which reinforces the

notion of the strong oxidizing strength of titaniwhoxide.

In an attempt to improve the reactivity of a titami dioxide mediated oxidation a doping
study was undertaken. Titanium dioxide was dopeth wilver, phosphorus, boron,
nitrogen, sulfur and iodine and the effect of trapaht monitored by powder X-ray
diffraction (XRD) and diffuse reflectance spectmsg. Of the powders synthesized,
boron and iodine showed the greatest shift in ddasure into the visible region. Both the
boron and iodine doped powders were in agreemetit aviliterature model for the
photocatalytic response of doped titanium dioxidevgers. The quinoxaline derivative
was synthesized in a yield of 60% and 73% for baod iodine doped titanium dioxide,

compared with a yield of 25% for the undoped powder
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To the best of our knowledge, very few reports tesi®wing the application of titanium
dioxide in organic synthesis, nevertheless resutimm the present study are highly

encouraging although much research still neede tandertaken.

Future work

Titanium dioxide has been shown in this study toableighly efficient oxidant for the
synthesis of quinoxalinega the tandem oxidation process. Preliminary invesins
into a more complex substrate and the Wittig reactvere unfortunately unsuccessful,
indicative of the high oxidative potential of titam dioxide. Future studies should be
directed towards tempering the reactivity of titani dioxide which would allow for
expansion into the Wittig reaction. During the s®upof these studies, the complexity of
the mechanism by which titanium dioxide operates Wweaghlighted and consequently
future studies should be directed at addressirsgisbue. A mechanistic study should be
carried out using EPR to monitor hydroxyl radiaainhation. The EPR will provide detail
of the quantity of hydroxyl radicals formed, congently resulting in information about
the active oxidizing species. Gaining insight ithe mechanism will allow for further
understanding of titanium dioxide chemistry leaditqy new and exciting tandem

oxidation reactions.
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Chapter 4: Experimental

4.1 GENERAL METHODS

| nstrumentation:

NMR spectra were recorded using a Bruker AvancdQ0 spectrometer equipped with a
5 mm BBO-Z probe at 3C.

'H NMR spectra were recorded at 400 MM NMR spectra were recorded at 100
MHz.

Spectra were referenced against either the gBi@glet at 7.26 ppm or the central line of
CDCl; triplet at 77.0 ppm.

IR spectra were recorded on either Perkin ElmerctBp® One or a Bruker ALPHA
spectrometer.

Powder X-ray diffraction was obtained from the Uarsity of Witwatersrand using Cu
Ka irradiation.

Low resolution (Electron Impact) mass spectra wemrded using a ThermoFinnigan
trace GC, coupled with PolarisQ mass spectra.

Melting points were determined using a Kofler hiatge melting apparatus.

Scanning Electron Microscope (SEM) images wererdambon Philips XL30 ESEM.
Diffuse Reflectance Spectra were obtained using aryC500 UV-Vis-NIR
spectrophotometer.

High resolution mass spectra were obtained usiéaters Acquity (LCT premier) ultra

performance liquid chromatography-mass spectroniestyument.

Microwave:
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All reactions were conducted using a CEM Focusedrdfiavé” Synthesis system
which uses an infrared sensor located below theowave cavity floor to measure

temperature

Temperature/Time profile for 2-phenylguinoxaline [100]
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* Reaction temperature and profile was monitored yeveinute during a 5
minute run.

« After the 5 minutes, the reaction vessel was rgpitioled to 50°C by the
instrument.

« Once a temperature of 5 was reached, the instrument stopped cooling and
released the residual pressure.

NOTE: The reaction time of 5 minutes includes thmet taken for the microwave

instrument to increase the temperature from roanpézature to 15.
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Chemicals:

Reagents were used as received from the supplepefora-hydroxy ketonel24 which
was synthesized from the corresponding methyl letasing the method described by

Moriarty et al.***

Chromatography:

Radial chromatography was performed on the Harrisoesearch Chromatatron
(Model 7924T) with the solvent system deliveredgogvity flow using a 1mm layer of
Merck silica gel (7749). Thin layer chromatographkgs carried out using silica gel 60
F2s4 aluminum backed plates. The plates were vieweceubd/ light and developed in

anisaldehyde thereafter.

Explanation of NMR abbreviations:

s — singlet; d — doublet, dd — doublet of doubtet; triplet; tt — triplet of triplet; m —

multiplet (Any, non-first order, signal with a mipllicity greater than a quartet.)

Spectra:

All spectra referred to in the discussion have bewiuded within the text with
supplementary spectra included in an electronimédr NMR spectra have been included
as word documents. The original FIDs have also Isemitted to facilitate the viewing
process. IR, GC/MS and HRMS as well as diffuseectfince data tables for the doped
samples have been included as word documents. t6&tdr has been designated its

IUPAC name and numbered as it appears in the text.
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4.2 PROCEDURES AND SPECTROMETRIC DATA

Optimization of reaction conditions using the syntlesis of 2-phenylguinoxaline as a

test reaction

Under natural sunlight in the absence of TEMPO

2-Phenylquinoxaline [150]

C14H 10N2 = 206.24

To a solution of 2-hydroxyacetophenone (0.068g0®@u®ol) in methanol was added
o-phenylenediamine (0.054g, 0.50mmol) and ;1{Q.040g, 0.50mmol) and the mixture
stirred under natural sunlight. After 3 hours, thaction mixture was filtered through a
short silica plug and the solid residues washed wigh dichloromethane. The solvent
was removedn vacuo to produce a crude product which was purified gisiadial
chromatography to afford the title compound as aange solid (m.p. 75-76)
(lit.**>79-80°C); (0.028 g, 27%); R0.46 (3 : 1 PE : EtOAC).

'H NMR (400MHz, CDCY): § (ppm) = 7.55-7.60 (3H, nH- 3', 4', 5'), 7.79-7.82 (2H, m,
H- 2', 6'), 8.15 (2H, mi- 6, 7), 8.21 (m, 2HH- 5, 8), 9.35 (s, 1H- 3).

3C NMR (100MHz, CDGJ): & (ppm) = 127.5C- 2', 6'), 127.6C- 4'), 129.2 C- 6, 7),
129.6 C- 3", 129.7C- 5, 130.2C- 5), 130.4 C- 8), 136.8 C- 1", 141.4C- 8a), 142.4
(C- 4a), 143.2¢- 2), 151.9C- 3).

Vmax(Neat) = 1599, 1541, 1488, 1445, 1305'cm

MS (EIMS): m/z (%) = 206 [M] (100); 179 (38), 178 (22), 32 (20), 28 (48).
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Under the incandescent lamp in the absence of TEMPO

To a solution of 2-hydroxyacetophenone (0.068g0@u®ol) in methanol was added
o-phenylenediamine (0.054g, 0.50mmol) and ;I{Q.040g, 0.50mmol) and the mixture
stirred under the incandescent lamp irradiatiortie®8 hours, the reaction mixture was
fillered through a short silica plug and the solidsidues washed well with

dichloromethane. The solvent was removedvacuo to produce a crude product.
Analysis by NMR spectroscopy revealed only the gmes of starting material, with no

evidence of the desired product.

Under an incandescent lamp in the presence of TEMPO

To a solution of 2-hydroxyacetophenone (0.068g0®@u®ol) in methanol was added
o-phenylenediamine (0.054g, 0.50mmol), 7i{0.040g, 0.50mmol) and TEMPO (0.008g,
0.050mmol) and the mixture stirred under incandaiszmp irradiation. After 3 hours,

the reaction mixture was filtered through a shiidas plug and the solid residues washed
well with dichloromethane. The solvent was remowvedvacuo to produce a crude

product which was purified using radial chromat@dnato afford the title compound as
an orange solid in a yield of 25%. Spectroscoptia dansistent with previously reported

data.

Under an incandescent lamp in the presence of TEMPO

To a solution of 2-hydroxyacetophenone (0.068g0®@u®ol) in methanol was added
o-phenylenediamine (0.054g, 0.50mmol), Ti{©.040g, 0.50mmol) and TEMPO (0.008g,
0.050mmol) and the mixture stirred under incandestzamp irradiation overnight. The
reaction mixture was filtered through a short silglug and the solid residues washed
well with dichloromethane. The solvent was removedvacuo to produce a crude
product which was determined by NMR spectroscopialysis to contain the desired

guinoxaline in quantitative yield.
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Under natural sunlight in the absence of TEMPO

To a solution of 2-hydroxyacetophenone (0.068g0®@u®ol) in methanol was added
o-phenylenediamine (0.054g, 0.50mmol) and JIid0.040g, 0.50mmol) and

TEMPO (0.008g, 0.50mmol) and the mixture stirredematural sunlight. After 3 hours,
the reaction mixture was filtered through a shiditas plug and the solid residues washed
well with dichloromethane. The solvent was removedvacuo to produce a crude

product which was purified using radial chromat@inato afford the title compound as
an orange solid in an isolated yield of 90%. Smsciopic data was in agreement with

previously reported data.

Under open vessel microwave irradiation

(1) To a solution of 2-hydroxyacetophenone (0.08§0mmol) in methanol was added
o-phenylenediamine (0.054g, 0.50mmol) and ;I{Q@.040g, 0.50mmol) and the mixture
stirred under microwave irradiation. After 10 miesit the reaction mixture was filtered
through a short silica plug and the solid residuashed well with dichloromethane. The
solvent was removeih vacuo to produce a crude product which by NMR spectrpgco

analysis was found to consist of starting matemndy.

(2) To a solution of 2-hydroxyacetophenone (0.088§0mmol) in methanol was added
o-phenylenediamine (0.054g, 0.50mmol) and ;{0.040g, 0.50mmol) and the mixture
stirred under microwave irradiation. After 90 miesit the reaction mixture was filtered
through a short silica plug and the solid residuashed well with dichloromethane. The
solvent was removeih vacuo to produce a crude product which by NMR spectrpgco

analysis to contain the desired quinoxaline in gtetive yield. Spectroscopic data was

in agreement with previously reported data.

141



Under closed vessel microwave irradiation

2-hydroxyacetophenone (0.068g, 0.50mmoiphenylenediamine (0.054g, 0.50mmol),
TiO, (0.040g, 0.50mmol) and 2, 2, 6, 6-Tetramethylpgee-1-oxyl (TEMPO)
(0.0080g, 0.050mmol) were added to a sealed 10mM @Escovef® reaction vial
equipped with a magnetic stirrer bar. The reactiah was irradiated (with cooling) for
10 min (2 x 5 min) at 15€, after which the vessel was rapidly cooled t8C50y the
unit. The reaction mixture was diluted with dicldorethane (DCM) and passed through
a short silica plug. The solvent was removedacuo to produce a crude product which
was purified using radial chromatography (3:1 PE4it) to produce the title compound
100as an orange solid (0.089g, 87%).

Synthesis of quinoxaline derivatives

1-Cyclohexyl-2-hydroxyethanone [217]

C8H1402 = 142.20

Cyclohexyl methyl ketone (0.63g, 5.0 mmol) was atde a stirred solution of
trifluoroacetic acid (0.77 ml, 10 mmol), water (51), and acetonitrile (25 ml). [Bis
(trifluoroacetoxy)] iodobenzene (4.3g, 10 mmol) waakled and the mixture heated to
reflux for four hours. The reaction mixture was cemntratedin vacuo to remove the
acetonitrile. The residue was portioned betweehldiomethane (125 ml) and water

(50 ml). The aqueous phase was extracted with alichiethane (3 x 25 ml). The
combined organic extracts were then washed withatarated solution of sodium

hydrogen carbonate (3 x 25 ml), dried over magmesulfate and concentrateuvacuo
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to produce a crude product which was purified usejal chromatography to produce
the title compoun@17 as a yellow oil; (0.64 g; 90%);;R.34 (1: 1 PE : EtOAcC).

'H NMR (400 MHz, CDCJ): 6 (ppm) = 1.14 — 1.30 (4H, rh}- 3, 5), 1.31 — 1.44 (2H, m,
H- 4), 1.71 — 1.84 (4H, nH- 2, 6), 2.36 (1H, mH- 1), 4.30 (2H, s, CH.

13C NMR (400 MHz, CDGJ): 8 (ppm) = 25.4 C- 3, 5), 25.6 C- 4), 28.3 C- 2, 6), 47.1
(C- 1), 66.4 (CHOH), 212.7 (C=0).

MS (EIMS): (W2) (%) = 142 [M] (1%), 111 (28), 83 (87), 55 (100), 39 (26).

2-Cyclohexylquinoxaline [218]

Cl4H16N2 =212.29

Prepared by the procedure given fd60 under microwave irradiation using 1-
cyclohexyl-2-hydroxyethanone  (0.106g, 0.50mmol) an@-phenylenediamine
(0.0549g, 0.50mmol). Purified using radial chromaaqipy (2: 1 PE : EtOACc) to produce
the title compoun@18as a brownish solid (m.p. 4€) (lit.°” 48°C); (0.064 g, 60%); R
0.80 (2: 1 PE : EtOAC).

'H NMR (400MHz, CDCJ): & (ppm) = 1.40-2.06 (10H, nH- 2', 3, 4', 5', 6'), 3.00
(1H, tt,J 12.0 HzJ 3.5,H- 1", 7.70 (2H, mH- 6, 7); 8.07 (2H, mH- 5, 8); 8.79 (1H, s,
H-3);

13C NMR (100MHz, CDGJ): 5(ppm) = 25.2 C- 4'), 25.8 C- 3, 5'), 31.7C- 2', 6'), 44.4

(C- 1Y, 128.8C- 6), 129.1 C- 7), 129.1 C- 5) 129.7 C- 8), 140.7 C- 4a), 141.4C- 8a),
144.3 C- 3), 160.4 C-2).

Vimax (N€t) = 1559, 1491, 1449, 1368'tm

MS (EIMS) :mvz (%) = 212 [M] (84), 183 (25), 169 (27), 157 (100), 144 (71).
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2,3-Diphenylquinoxaline [187]

C20H14N2 = 282.34

Prepared using the procedure given I60 under microwave irradiation using benzoin
(0.106 g, 0.50mmol) and-phenylenediamine (0.054 g, 0.50mmol) but reactants
irradiated for 20 minutes. Purified using radiatarhatography (9:1 PE : EtOAc) to give
the title compound.87 as a yellow solid: (m.p. 12%) (lit.**° 124°C); (0.114 g, 81%);
R;0.59 (9 : 1 PE : EtOAC);

'H NMR (400 MHz, CDCY): & (ppm) = 7.33-7.40 (6H, nH- 3", 4', 5, 3", 4", 5"), 7.53-
7.56 (4H, mH- 2', 6', 2", 6"), 7.78 (2H, nii- 6, 7), 8.19 (2H, mk- 5, 8)

13C NMR (100 MHz, CDCJ): & (ppm) = 127.3C- 2', 6', 2", 6"), 128.80 4', 4"), 129.2
(C- 6, 7), 129.9C- 3, 5, 3", 5"), 129.9C+ 5, 8), 139.1C- 1', 1), 141.3C- 4a, 8a),
153.5 C- 2, 3).

vmax(neat) = 1596, 1514, 1448, 1346tm
MS (EIMS): miz = 283 [M+1] (21), 282 [M] (92), 281 (100), 178 (23), 178 (21).
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1,2,3,4-Tetrahydrophenazine [221]
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C12H12N2 = 184.23

Prepared using the procedure given B0 using 2-hydroxycyclohexanone dimer
(0.057g, 0.500mmol) anotphenylenediamine (0.054g, 0.50mmol). Purified ggiadial
chromatography (1 : 1 PE : EtOAc) to give the tagtenpound221 as a white solid: (m.p.
90°C) (Iit.**° 93 — 94°C); (0.810 g, 88%); F9.54 (1 : 1 PE : EtOAC).

'H NMR (400MHz, CDC}): 5(ppm) = 2.04-2.08 (4H, nH- 6, 9), 3.19-3.20 (4H, nH-

7, 8), 7.66 (2H, mH- 2, 3), 7.97 (2H, mi- 1, 4)
13C NMR (100MHz, CDCJ): & (ppm) = 22.8C- 7, 8), 33.2 (2- 6, 9), 128.3 (2- 2, 3),
128.9 (T- 1, 4), 141.2 (€- 4a, 10a),154.1G- 5a, 9a).

vmax(N€at) = 1459, 1423, 1384, 1330, 1291, 1238.cm
MS (EIMS) :mvz = 185 [M+1] (15), 184 [M] (100), 183 (67), 169 (42).

2-/3-Phenylpyrido[2,3b]pyrazine [223]

Prepared by the procedure given fB0 using 2-hydroxyacetphenone (0.068g, 0.50
mmol) and 2,3-diaminopyridine (0.054g, 0.50 mmoi}t veactants irradiated for 20
minutes. Purified using radial chromatography (EtP# give the title compoun2l3 a
brown solid, as a mixture of regiosiomers with 3pyipyrido[2,3b] pyrazine
predominating: (0.087 g, 83%); R.70 (EtOAC).
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3-phenylpyrido[2,3s] pyrazine

'H NMR (400 MHz, CDCJ): 8(ppm) = 7.57-7.62 (3H, nH- 3', 4, 5'), 7.71 (1H, dd)

8.3Hz,J 4.2Hz,H- 7), 8.35-8.37 (2H, nH- 2', 6'), 8.49 (1H, dd] 8.3Hz,J 1.8Hz,H- 8),
9.20 (1H, dd,) 4.1Hz,J 1.8Hz,H- 6), 9.47 (1H, sH- 2).

13C NMR (400 MHz, CDGJ): d(ppm) = 124.8 C- 7), 128.1 C- 2', 6'), 129.3C- 4,
131.1 C- 3, 5'), 135.8C- 8), 136.8 C- 1), 138.2 C- 2), 144.4 C- 8a), 150.9 C- 4a),
153.5 C- 6), 154.5 C- 3).

vmax(neat) = 1645, 1561, 1457, 1419, 1363, 1327.cm

MS (EIMS) :m/z = 208 [M+1] (17), 207 [M] (100), 180 (28), 179 (38).

2-phenylpyrido[2,3s] pyrazine

'H NMR (400 MHz, CDCY): 8(ppm) = 7.57-7.61 ( 3H, nH- 3', 4', 5", 7.74 (1H, dd,

8.4Hz,J 4.2Hz,H- 7), 8.23-8.25 (2H, nH- 2', 6'), 8.51 (1H, dd] 8.4HzJ 1.8Hz,H- 8),
9.20 (1H, ddJ 4.1HzJ 1.8Hz,H- 6), 9.56 (1H, sH- 3)
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13C NMR (400 MHz, CDGJ): &(ppm) = 125.7C- 7), 127.8 C- 2', 6'), 129.3C- 4,

130.8 C- 3, 5'), 135.9C- 8), 137.6 C- 1'), 138.6 C- 3), 146.3 C- 8a), 150.5C- 4a),
153.5 C- 6), 154.7 C- 2).

vmax(neat) = 1645, 1561, 1457, 1419, 1363, 1327.cm

MS (EIMS) :m/z = 208 [M+1] (17), 207 [M] (100), 180 (18),179 (38).

2,3-Diphenylpyrido[2,3-b]pyrazine [224]

Prepared by the procedure given &0 using benzoin (0.106g, 0.50 mmol) and 2,3-
diaminopyridine (0.054g, 0.50 mmol) but reactamtadiated for 20 minutes. Purified
using radial chromatography ( 9 : 1 DCM : EtOAcptoduce the title compourtP4 as

a yellow solid (m.p. 132C) (lit.°? 135°C); (0.076g, 54%); R0.30 (9 : 1 DCM : EtOAC).

'H NMR (400 MHz, CDCJ): &(ppm) = 7.35-7.45 (6H, nH- 3, 4, 5', 3", 4", 5"), 7.59
(2H, d,J 7.8Hz,H- 2, 6, 7.65 (2H, dJ 7.8Hz,H- 2", 6"), 7.74-7.78 (1H, dd,8.4HzJ
4.1Hz,H- 7), 8.56-8.59 (1H, d] 8.2Hz,H- 8), 9.19 (1H, dJ 4.2Hz,H- 6).

13C NMR (400 MHz, CDGJ): 8(ppm) = 125.1 - 7), 128.2 C- 3, 5), 128.5C- 3", 5",
129.4 C- 4'), 129.6 C- 4"), 129.8 C- 2, 6'), 130.3C- 2"), 136.2 C- 6"), 138.0 C- 1/,
1"), 138.5 C- 8), 149.4 C- 6), 153.6 C- 4a, 8a), 155.0¢- 2), 156.7 C-3).

vmax(neat) = 1587, 1545, 1429, 1382&m

HRMS : foundnv/z = 306.1006 (M +Na), ¢H13N3 + Na requires 306.1007
=589.2120 (2M +N@)gH2sNe + Na requires 589.2117
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6, 7, 8, 9-Tetrahydropyrido[2,3-b]quinoxaline [225]
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Prepared by the procedure given 1&0 using 2-hydroxycyclohexanone dimer (0.057g,
0.50 mmol) and 2,3-diaminopyridine (0.054g, 0.50 ah)nbut reactants irradiated for 20
minutes. Purified for radial chromatography (9 DCM : EtOAc) to produce the title
compound as a purple solid (m.p. ), (0.052g, 5R6D.40 (9 : 1 DCM : EtOACc).

'H NMR (400 MHz, CDCY): 8(ppm) = 1.07—2.08 (4H, nH- 7, 8), 3.17 (2H, mH- 9),

3.25 (2H, mH- 6), 7.55-7.63 (1H, dd, J 8.3 Hz J 4.2 Hi,2), 8.25-8.33 (1H, dd, J 8.3
Hz 1.6 Hz H- 1), 9.00-9.05 (1H, dd, J 3.9 Hz J 1.5 Hz,3).

13C NMR (400 MHz, CDGJ): 5(ppm) = 22.4 C- 8), 22.6 C- 7), 33.1 C- 9), 33.5 C- 6),

124.3 C- 2), 136.1 C- 1), 137.3 C- 3), 150.1 C- 10a), 152.9C- 4a), 155.7 C- 9a),
157.9 C- 5a).

vmax(n€at) = 1460, 1426, 1381, 1327, 1262.

MS (EIMS) :mvz = 186 [M+1] (13), 185 [M] (100), 184 (53), 170 (31), 157 (8).

Attempted synthesis of 11,17-Dihydroxy-10,13-dimeth-17-quinoxalin-2-yl-
1,2,6,7,8,9,10,11,12,13,14,15,16,17-tetradecahyddayenta{a]phenanthren-3-one
[227]

Hydrocortisone (0.072g, 0.020mmol}-phenylene diamine (0.022g, 0.20mmol),
TiO, (0.016g, 0.20mmol) and TEMPO (3.2mg, 0.2mmol) wadded to a sealed 10mL
CEM Discovef reaction vial equipped with a magnetic stirrer Hdre reaction vial was

irradiated (with cooling) for 10 min (2 x 5 min) 46CF°C, after which the vessel was
rapidly cooled to 5% by the unit. The reaction mixture was diluted hwit
dichloromethane (DCM) and passed through a shiara $lug. The solvent was removed
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in vacuo to produce a crude product which through NMR asialyvas shown to consist

of unidentifiable peaks with none of which wergihtitable to the product.

Attempted synthesis of ethyl cinnamate [230]

Benzyl alcohol (0.054ml, 0.50mmol), (ethoxycarbangthylen)-triphenylphosphoran
(0.17g, 0.50mmol), Tie)(0.040g, 0.50mmol) and TEMPO (0.008g, 0.050mmale)e
added to a sealed 10mL CEM Discdvesaction vial equipped with a magnetic stirrer
bar. The reaction vial was irradiated (with coojifigy 10 min (2 x 5 min) at 15C, after
which the vessel was rapidly cooled tdGMy the unit. The reaction mixture was diluted
with dichloromethane (DCM) and passed through atsibca plug. The solvent was
removedn vacuo to produce a crude product which through NMR asialwas shown to

consist of benzyl alcohol and other unidentifigbéaks.

Svynthesis of doped titanium dioxide powders

Synthesis of silver doped titanium dioxid&™

AgNO; (0.01mol) was dissolved in 100ml water and titamidioxide (0.99mol) was
added with continuous stirring. The solution wasvaéd to stand at room temperature
for 24 hours after the mixture was poured into &iRkEsh and placed in an oven for 3
hours. Thereafter, the dried powder was placednirowen at 408 for 3 hours to

produce a grey powder.

Phosphorus doped titanium dioxidé®’

Titanium (IV) isopropoxide Ti(OCH)(Ck),), was added to phosphoric acid and the
solution refluxed at 96C for four hours. The mixture was poured into ariRfdish and

placed in an oven for 3 hours. Thereafter, theddgewder was placed in an oven at

400°C for 3 hours to produce a grey powder.
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Boron doped titanium dioxide**

Titanium isopropoxide (0.02 mol) was added dropvis@ water/HBO3; mixture under
continuous stirring. The solution was allowed tofstr twelve hours at room temperature
and thereafter, placed in a oven at f0for 8 hours. The mixture was calcined at

500°C for one hour to produce a brown powder.

Nitrogen doped titanium dioxide**®

Titanium (IV) isopropoxide Ti(OCH)(CH).)4 (2.05 ml) was added dropwise to

15.0 ml water under continuous stirring. A gel siolon immediately formed after contact
between water and titanium (V) isopropoxide. Concaged nitric acid (4.0ml) was
added was then added to translucent solution wivigh stirred vigorously for half an
hour. Agqueous ammonium hydroxide with an ammoniwntent of 25% was added
dropwise till pH = 9 to produce a yellow precipgawvhich got darker with increasing
amount of added ammonia. The yellow precipitate washed with deionized water and
dried at room temperature after which it was cadiat 400C for 2 hours.

Sulfur doped titanium dioxide™**

Titanium (IV) isopropoxide Ti(OCH)(Ck).)4 (2.48 ml) was added to Thiourea (2.80 g)
dissolved in 50 ml ethanol. The mixture was stif@d2 hours. Ethanol was allowed to

evaporate at room temperature to produce a palewglowder which was calcined at
400°C for 3 hours.

lodine doped titanium dioxide

Titanium (IV) isopropoxide Ti(OCH)(Ck),)4 (7 ml) was in 40 ml isopropyl alcohol was
added to 60 ml water with iodic acid (3.00 g) diged in it. The solution was allowed to

150



stir for 5 hours. After this time, the solution wasured into a Petri dish and placed in an
oven at 100C for 3 hours. Thereafter, the dried powder wasaalan an oven at 460

for 3 hours to produce a pink powder.

Synthesis of 2-phenylguinoxaline using B-doped titdium dioxide

To a solution of 2-hydroxyacetophenone (0.068g0®@u®ol) in methanol was added
o-phenylenediamine (0.054g, 0.50mmol), B-doped ;Ti(®.040g, 0.50mmol) and

TEMPO (0.008g, 0.050mmol) and the mixture stirredder incandescent lamp
irradiation. After 3 hours, the reaction mixturesafdtered through a short silica plug and
the solid residues washed well with dichloromethdree solvent was removed vacuo

to produce a crude product which was purified usadjal chromatography to afford the
title compound as an orange solid in a yield of 6@ectroscopic data consistent with

previously reported data.

Synthesis of 2-phenylquinoxaline using I-doped titaium dioxide

To a solution of 2-hydroxyacetophenone (0.068g0@u®ol) in methanol was added
o-phenylenediamine (0.054g, 0.50mmol), I-doped;1{i040g, 0.50mmol) and TEMPO
(0.008g, 0.050mmol) and the mixture stirred undeandescent lamp irradiation. After 3
hours, the reaction mixture was filtered througshart silica plug and the solid residues
washed well with dichloromethane. The solvent wamavedin vacuo to produce a

crude product which was purified using radial chabography to afford the title

compound as an orange solid in a yield of 73%. ®pswpic data consistent with

previously reported data.
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Solvent 2: Ethyl acetate in pyrex glass
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Solvent 3: Acetonitrile in pyrex glass
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The afore mentioned publication was submitted tga@ic Letters and on the advice of
the editors is being drawn up as a full publicatiwhich will be submitted to the journal

Beilstein in due course.
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