Improving Bispyridinylidene -Based Organic Reducing Agentby Increasing
Solubility and Reductant Strength
by
Nadine M. Arseneault
Bachelor of Science, HonoursChemistry, Universityf New Brunswick, 2015

A ThesisSubmitted in Partial Fulfillment
of the Requirements for the Degree of

Master of Science

in the Graduate Academic Unit Ghemistry

Supervisor: C. Adam Dyker. PhD, Chemistry

Examining Board: Sara EislerPhD, ChemistryChair)
ChristopheMcFarlane, PhD, Earth Sciences

This thesis is accepted by the
Dean of Graduate Studies

THE UNIVERSITY OF NEW BRUNSWICK
April, 2018

©Nadine M. Arseneault, 2018



Abstract

Recently, atetrasubstitited bispyridinylidene(BPY) featuring methyl groups on the
pyridyl nitrogens and foutriphenyliminophosphorano groups at tpara and ortho
positions of the pyridine rirggvas reported.This compound is a powerful electron donor

but isolatedbnly in low yield because of low solubility.

One goalbf this work was to improve solubilitgnd isolated yieldby modification of the
N-alkyl substituers An N-propyl derivative was synthesizeals evidenced b}}P NMR
spectroscopyhowever this BPYderivativecouldnotbeisolated. The reduction potential
determined by cycliwoltammetryof the oxidized BPYwas-1.67V vs SCE, which is a
slight decrease in reduction strengitbmpared to the Mhethyl derivative {1.70 V vs
SCE).Because of challenges in isolating the compound, it was concluded tNaptbpyl

derivative gaveno benefis over theN-methyl derivative.

In order to develop new BPYs withincreasd reductive strength, thefour
triphenyliminophosphorangroups of the tetrasubstituted BPYwere systematically

changed to tricyclohexyliminophosphorano groups in pairs
Tricyclohexyliminophosphorano groups ar e St r odompe r than’
triphenyliminophosphorano gr oup)of-B8andhown |
-2.21, respectively. The primary target was aBPY featuring four
tricyclohexyliminophosphorano groupswhich was prepared in four teps, and

characterized by'P, H, 3C and ROESY 2DNMR spectrosopy as well ascyclic
il



voltammetry Cyclic voltammetryshowedareduction potential 0f1.87V vs SCE which
surpasses the tetrasuhged triphenyliminophosphorano BPY derivative reductive
strength by 170nV vs SCE and makes the new compound the most powerfuiraleu

organic electron donor evegported

In addition,aBPY featuring triphenyliminophosphorano groups attthe para positiors
and tricyclohexyliminophosphorano groups attilie ortho positiors waspreparedn situ
as evidenced b$*P NMR spectroscopyhowevey was not isolatedCyclic voltammetry
analysis is pendingherefore reductive strength is unknowut should fall between
tetr&kis(triphenyliminophosphorano BPY and the

tetrekis(tricyclohexyliminophosphorand@PY.

Lastly, the pyridinium salt precursor to thevther targeted BP)Y featuring two
tricyclohexyliminophosphorano  groups at thepara positiors and two
triphenyliminophosphorano groups at thetho positiors, respectivelywas preparedas
evidenced by*P and'H NMR spectroscopyUnfortunately this compound could not be

completely purified and the preparation of the new BPY remains to be done.
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Chapter One: Introduction

1.1 General Overview of Organic Electron Donors

Metals and metabased reducing agents have played an important part in the reduction of
a wide range of organic molecules. The development of the reductants has been extensive,
and has given risto a large databank of various reducing agents with a wide range of
reduction potentials, such that mstand metabased compounds hasalominant rolén
reduction reactions. In addition, metals and meéaled reducing agents arsgto make

or are readily available from commercial sourtéespite their extensive uses, metals
and metabased reducing agents often have low solubility igaorc solvents, which
require harsher conditionsdlvens such as ammoniar higher temperatures) or longer
reaction imes*° Another common drawback feace amounts of metaly products. The

best example of this would be inet pharmaceutical industry, where some metals can be
toxic to humans. This forces the pharmaceutical industry to do vigorous testing and
additionalrigorousprocessing teemove the undesired metal speéié€rganic reducing
agents are grourmstate, neutral organic moleculésat are easily oxidizedand are
complimentary to metals and metased reducing agents with the advantage of being
soluble in organic solventbgingeasily tunable and at tirm@ffering unique selectity

(see below Having a wider range of Be@nts in which the reductaresoluble leds to
homogeneous mixtures thean facilitate reactions and allow for milder conditions. In
addition, by changing the substitugat functional groupon the organic moleculé,was

possible toalter the reduction potentié® Currently, thebiggest drawback obrganic



reducing agents ithe limited reduction potentiafanges. As a relativglnew field of
researchthereis a limitedselection of reducing agents available, which in tumits the

organic molecules thatanbereducel.

The firstdemonstratiorof an organic compound able to do a reduction was in 1963 by
Carpenterwhoshowed that tetrakis(dimethylamino)ethane, TDAH, was able to reduce
carbontetrachloride to chloroforntt There was no further work in the field of organic
reducing agents until 1993 when Murphy andwewrker showed that tetrathiafulvalene,
TTF, 1.2, was ableto reduce arenediazonium salts to alcohols, ethers and arfiides.
Murphy and others have sinfarther explored the reducing ability of TDAE?® and

othess more recentlyiscoveredrganic reductants.3-1.6,252° (Figure 1.1).
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Figure 1.1 First generatiomrganic reducing agensnd their oxidized species

The oxidationof compoundsl.1-1.6 are two electron processes with compodritil.3
having aseparateedox potentialfor the removal okach electron, and compouhd-1.6
giving a singleredox potentialwhenbothelectronsarelost (Figure 1.1). Bispyridinylidene
(BPY) 1.5 has dow reduction potential 0f1.24V vs saturated calomel electrode (SCE),
which allows forthe reduction of several organic substrates such as acyloin deriv&tives

aryl halides® triflates ! sulfones’® Weinreb amide® and triflamided! (Scheme 1.1
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However, other challenging substrates to redusach as the alkyl chlorid&.19 and
triflamide 1.21 showed no reaction with reducing agérf, even at high temperatures
(Scheme 1.2 Upon photactivation of compoundl.5, alkyl chloridel.19was successfully

reduced to aren&.2Q and reductiorof 1.21to piperidinel.22was also achievedhis

technique was also successful on benzyl malonates, benzyl cyanoacetates benzylic esters

and benzylic ether®.

Cl H
100°C, 16h Ph(CH,)50 hv,72h Ph(CH,)50

1.19 1.20 (87%)
: 1.5 (6 eq) Ph 1.5 (6 eq) Ph
“Ts H
1.21 1.22 (65%)

Schemel.2 Reduction reaction of bispyridinyliderie5 by use of photactivation

The unique selectivity of BPY.5can be seen when reducing alkyl triflat83and dialkyl
esterl.26(Schemel.3). Lithium aluminium hydridéLiAlH 4) is a commonly used metal
based reducing agent for alkyl triflates, and when used WiB led to the expected
oxygencarbon bond cleavage to give ardn24 Contrary to lithium aluminium hydride,
electrondonorl.5resulted in cleavage of the oxygsuifur bond, producing phen@l253!
Reduction of ompoundL.26by sodium or potassium nadtresulted in an ester functional
group cleavageo givel.27. WhenBPY 1.5wasused in conjunction with phaaativation,
anloss of aphenylgroup is observed..29, under acidic workup conditions while under

basic conditioraconversion of aester groupo a carboxylic acids also observed,.2833



H oTf OH
DMF

100°C, 12h
1.24 1.23 1.25
1.5, ho Ph
Ph Ph Ph Ph DMF, 72h
EtO,C” “CO,H
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EtO,C H EtO,C CO,Et 1.28
1.27 1.26 \ Ph
1.5, ho ]\
DMF, 72h Et0,C” ~CO,Et

Acidic work-up
1.29

Schemel.3 Comparing metal and methased reducing agents to organic reducing agent

1.5

Despite thgreat accomplishmentgth donorl.5, there is still a need for singer reducing
agents to increase substrate sc@ennan in 200 found that the substituesdttached to
the oxidized BPY1.30has a strongeffect on its reductiopotential. The Clennan research
group also sawhat there was a direct correlatiqfred= 0.951," - 0.745, R = 0.9631)
between the reduction potential of the oxidized BPY0ae and the Hammett constant of

the substituentl,*), Table 1.1.348



Table 1.1 Effects on reduction potential by various substituents on oxidized BRY

© ©
BF,4 o \@ BF,
N N
7 N~ \
R R
1.30
BPY R E.(V vs SCE) HammettO2 y & (,h) y
1.30a NMe -1.34 -1.70
1.30b OMe -0.97 -0.78
1.30c H -0.76 0
1.30d ClI -0.60 0.11
1.30e CQMe -0.26 0.50

Hammett constant s ¢a3signed to substitueatsttefiedt theteffeste v al
of substitution on the equilibrium constant (K) or rate constant (k) for a given process.

Here, the substitution affects the redox potential of the BBYae/BPY 1.30a€** redox
couple,which is a thermodynamic property directly reldto the equilibrium constant by

the Nernst equation (E -(RT/nFInK, where E= cell potential, R= gas constant, £
temperature,  number of moles of electrons transferred; Faraday constant and X

equilibrium constant)The results presented Trable 1.1 demonstrate that more strongly

donating substituen{snore negative Hammett constpleiad to lower reduction potentials,

and therefore relate to stronger bispyridinylidene reducing agents. Theoretical and
experimental data shows thatmi nop hos phor ano -dgnoms thgnamiror e st

groups®®3®t hus st r owith wer reédBctdh potentiatould be synthesed.



Hanson synthesized several strong BPYs using various iminophosphorano gnoups
studied theeffect of the substituentscation on the pyridine rinf-3” From his work, it
was determined that tricyclohexyliminophosphorano BAY32 and 1.35 gave more

negativereduction potentials than the triphenyliminophosphorano BP.8% and 1.34

which in turn were mor e 1.5 Withaheiexperimentallg n  Mu r
determined reduction potentials of the different BPN@nson was able to determitie

Hammett consant s ;) ( of triphenyliminophosphorano and
tricyclohexyliminophosphorano substituents a%.82 and-2.21, respectively:® This
indicates t hat tricyclohexyl i rdonosptteo s p hor

triphenyliminophosphorano groups. The effect of the location of the substituents was

demonstrated by comparing compoun@1 with substituents in thpara positiors with
respect to the pyridyl nitrogen and compodn83with substituents at thartho positiors.
Results have shown aaease in the reduction potential by 130 mV for compaud
compared td..33 This confirms that the position of the imirtegsphorano gups on the
pyridine ringsdoes &ect the reduction potential, and that ghara positiors was more
smmsitive t o tdoner Terésdbstiuted B&YL.36wvds @lso’synthesized and

demonstrated an increase in reductgirengthby 360 mV compared to the slubstituted

BPY 1.34 This lead to the strongest reported neutral organic reducing agent made to

dateP8



N N N N Php=N. [ O\ N=PPh
7 Y= \ / N= NN
PhyP=N N=PPh; Cy,P=N N=PCy,
1.31 1.32 1.33
-1.23,-1.36V vs SCE -1.39, -1.50V vs SCE -1.08, -1.25V vs SCE

/ A\ PhsP=N  , \  N=PPh,

/ N\
N N N N N N
OO OO OO0
PhyP=N N=PPh; Cy;P=N N=PCy; PhsP=N N=PPh,

1.34 1.35 1.36
-1.34 V vs SCE -1.51V vs SCE -1.70 V vs SCE

Figure 1.2 Reduction potentials of BPYased reducing agents

The very low reduction potential of compoudd36 has allowed for the reduction of
sulfonamides, various aryl halides and malononitriles. In additompoundl.21 was
reduced tdl.22in a 75% vyield withoutise of photoactivatiarirhis wasthe first time an
organic electron donowas able to reduce dialkyl arenesulfonamide from dialkyl
methylsulfonamidel.37 from its groundstat, admittedly in low yield The main
shortcoming of compountl.36wasits poor solubility leading to a poor isolated vyieial

the final stef the synthsis (44%). This i\ big disadvantage due to the high molecular
weight of the target leadintp 1.36 being producedn situ for reduction reactions.
Producingl.36in situ may be a disadvaagein certain reactions becaustonger bases
are requiredo preparel.36 and this baseould reactvith the substratedespite the many
successful reductions carried out by doh@6 reactions such as the Birch reduction of
1.39and decyanation dafitrile 1.41 still remainunachievableFurthermore, many other

substrates have not been tested such as alkenes, alkynes, ketones and aldehydes.



Ph 1.36 _1:36(4eq) Ph 1.36 ( _1.36(2eq) O‘
\O‘L T110°C, 241 T10°C, 24h
Ts

1.21 1.22 1.39 1.40
(75%) (0%)
n-Oct\N,n-Oct 1.36 (2eq) n- Oct\ .n-Oct >< 1.36 _1.362eq)_
Ms 48 h Ci4H2g 110°c 16h ><c14|-|29
1.37 1.38 1.41 1.42

(6%) (0%)

Schemel.4 Successful and unsuccessful reductions of challenging substrates witl

1.36

Figure 1.3is a representation of reduction potentials of organic reducing agents mentioned
in Chapter One and the reduction potentials of various metals and rhetsed
compounds. The compounds with lower (more negative) reduction potentials are stronger
electron donors, and therefore more powerful reductants. Lithium metal is the strongest
metal reductant ith a reduction potential 0f3.29 V vs SCE*° Advancesin organic
reducing agents aralsheeded to achieve comparalbbyv reduction potentiglasthoseof

metals ad metalbased electron agents.
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| [Ru(bpy)s]*/ Fac[Ir(ppy)s I

[ ks || Natzna || mgz/mg | [apal ][ mevm | vy | | zn2zn |
I 1 T I 1
| Li*/Lil Ca“/Ca[ Mg'/Mg I Sodium Naphthalenide [ Fac[Ir(ppy),]*/ Fac[lr(ppy)s] I [ cr3t/cr l Fe?'/Fe [ Ni2*/Ni lFeﬁ*/Fe ]
oo: . t: i o-;--;-“ln © -i-: ;
-3 .25 22 t _1_5{ 1444 ¢4 1 4 t _0.5  VVsSCE
[1362/136 |1 |13s/1ss| |11 |
T TTT T
| 1.352/1.35 | | 1a/14 | 137713

1.6%/1.6
1

1.3124/1.31

1.34%/1.34

1.3224/1.32

Figure 1.3 Reduction potentialsef metal, metabasedeagents (topcircleg and organic

electron donorgbottom squarekin V vs SCE.

This thesis describes the synthesis of a more soluble derivative ofl BBYhamelyN-
propyl substitutedBPY 1.43 in order to increase theolatedyield but main&in ahigh
reduction strength relative t@.36 (Chapter Two). It has been showior related
aminosubstituted BPYthat substituting the methyl on the pyridyl ngem witha longer
alkyl chain increases solubility while maintaini{gr slightly increasing)redudion
strength® In addition, compounds.44 1.45and1.46weretargetedn order to bridge the
gap between BPY1.36 andthe low reduction potentials of metlsuch as alkali metals
(Chapter Three). Changing the triphenyliminophosphorano groups of BE36 for
tricyclohexyliminophosphorano groups should dramatically increase the reductant strength
of the BPY due tothe more negative Hammett constafitgi = -2.21) of the
tricyclohexyliminophosphorangroups*® Additionally, substituents at theara positiors
of the pyridinerings have a larger effect on reduction potential tbegho positioned

substituents. This would suggest teampoundL.44would be the strongestectron donor

11



of the threefollowed by1.46with parapositiors having dricyclohexyliminophosphorano

groups, and the weakestonorbeingl1.45

PhsP=N g } N=PPh, CysP=N , \  N=PCy,
N N N N
7 N_$ N\ 7 N_& N\
PhsP=N N=PPh, CysP=N N=PCy,
1.43 1.44
CysP=N  , \  N=PCys PhsP=N  , \  N=PPhg
N N N N
7 N_¢ N\ 7 N_$ N\
PhsP=N N=PPh, CysP=N N=PCys
1.45 1.46

Figure 1.4 Targeted iminophosphorano substituBflY reducing agents
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Chapter Two: A More Soluble Tetrakis(triphenyliminophosphorano)-

Substituted BPY

2.1Introduction

This chapter will discuss the preparation and characterization of bispyridinylidene (BPY)
1.43 (Figure 2.1). As discussed briefly irChapter 1, BPY 1.36 (Figure 2.1) was
successfully prepared and gained recognition as one of six molecules of the year in 2015
by Chemistry and Engineering Nevisr being the strongest neutral organic reducing
agent’3¥BPY 1.36was able to reduce several substrates including sulfonamides, various
aryl halides, malononitriles and more challenging substrates such as
dialkylarylsulfonamide’ Despite its many successfglactions, BPYL.36has a very low

yield in its final step of synthesis (44%#nd this has been attributed to its podulsiity.

Julien Martinaformer member of the Dyker group, studied varying length alkyl chains on
the pyridyl nitrogen of BPYL.6 (Figure 2.1) and their effect on the reduction strength and
solubility. Martin found that longer chains increased solubditg lead to high recovered
yields while maintaining the reductive strength of BAY6. For example, BPY2.1
(Figure 2.1), which features a propyl chain on the pyridyl nitrogen was isolated as dark
red oil in 69% yieldwhile reininga negativeeduction potential-1.27 V vsSCE).*% In

this thesis, the methyl group of BPIY36 will be substitueéd by a propyl chain in hopes
that target BPY1.43will haveincreasd isolated yiéd while maintaining a low reduction

potential.

13
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aSagERete

MezN NMe2 MezN NMGZ
1.6 21

PhP=N_ , \  N=PPh; PhsP=N g } N=PPh,
N N N N

7NN 7NN

PhsP=N N=PPh; PhsP=N N=PPh,
1.36 1.43

Figure 2.1 Previously synthesized BR¥Yand targeted more soluble derivative BP¥3

22Synt he s i-Bipropyi-4 N4 tNiGeBaki§tdphenyliminophosphorano)-2,2 -0

Bispyridinylidene, 1.43

Foll owing Ha n¥ (Sch&me 2p A)ofar éheé preparationof the first
triphenyliminophosphoransubstitutedchloropyridine2.2, bromine was added dropwise
to a sdution of triphenylphosphine in dichloromethaneto form
dibromotriphenylphosphorane, which was subsequently reacted w#ming-2-
chloropyridine in the presence of trimethylamine to facilitate the losgdybgen bromide
(Scheme 2.B). Chloropyridine2.2was prepared ia high yield of 896 and*!P,H and

13C NMR spectroscopyf the isolated solighatchediterature values®P G 9 .30 ppm) .
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MeCN

PPhy + Br, /=== PhsPBr+ 2 NH;  — PhyPNH,Br + NH,Br A
2.4
DBU
MeCN
© o
PhsP=NH '
N Cl (/n s:tu) N@ N=PPh, Ph3P N N PPh,
| A PPh3 Br, _KHMDS,
—>
g DCM, NEt; Toluene
NH, Phgp PhyP?N Php? PhyP=N N=pph,
2.2 2.3 2.6 1.36
PPhs + Br, 92N by PRy, + 2 NH;  —= PhyPNH,Br + NH,Br B
2.4
DBU
MeCN

\© ©
PhyP=NH '
NG |N\ Cl INSD cl (m2815tu) lN@ N=PPh, Ph3P N N PPh,
PPhs, Br, | . _KHMDS,
e Er— = —_— _—
| = DCM, NEt; A q 7 Toluene
NH, PhyP? Phyp?N Phyp?N PhyP=N N=pph;

Scheme2.1 Comparing synthesis of BPY¥.36(A) and the proposed-propyl derivative

BPY 1.43(B).

The next step toward$.43 involved the inroduction of the propyl groupKatelyn
Hanscomb (CHEM 4000), tried several times to add the propyl chairelgditionof 1-
bromopropane to chloropyridir®2in various solvent along with heat. Unfortunately these
attempts were unsuccessful. In this thesidyrdmopropane was replaced with 1
iodopropane, with the rationalization thiadide is abetter leaving grou@and would
facilitate thesubstitutiorreaction. Chloropyridinium sak.7 was successfully synthesized
by reacting liodopropane with chloropyridin2.2 in acetonitrile Scheme 2.2 The3P

NMR spectrum of chloropyridinium s&a?t7 showed a signat 16.4 ppmwhich matches

15



closelyto that of compoun@.3 with a3'P chemical shift ol.6.3 ppn?’ After work up,
compound.7was i®lated in good yield of 6. Looking at théH NMR spectrumof the
isolated solid Eigure 2.2), the three signals corresponding to the propyl chain appear at
0.97 ppm (triplet), 73-1.93 ppm (multiplet) and.45 ppm (triplet)while the three pyridyl
hydrogens are observed@#7 ppm (doublet of doublets), 6.78 ppm (doublet) and 8.73

ppm (doublet). Lastly the phenyl hydrogens result in the signal at77/88 ppm

(multiplet).
©
Cl N® ci
| = MeCN | S
2t N~ 70°C, 18n _
B\ y
PhsP Ph3P’N
2.2 2.7
Scheme2.2 Synthesis on chloropyridinium sat7.
IR GBIPERRNNE RRIPSY 59 B58238 A58
el L PR R EEEEEL R
y.___a__,-"f‘ \'x_l_u_J.._J J 4,' _._,«‘L__;

g I g

5.0 45 40 35 30 25 20 15 10 05
1 (ppm)

Figure 2.2 'H NMR spectrunof isolatedchloropyridinium sal.7in CDCl.

16



With the propyl chain added to thermyl nitrogen, the next step wélse addition of the
second triphenyliminophosphorano group atdh@o position with respect to the pyridyl
nitrogen from compound 2.8 This process requires the triphenylphosphinimine
nucleophile 2.5, which will displace the chloride from the pyridineng of
chloropyridinium sal2.7. This nucleophile waproducedn situ by the deprotonation of
aminotriphenyphosphonium bromid2.4. The synthesis of compou2d4 wasperformed
following amodified literature procedufé. Ammonia gas was bubbled through a mixture
of dibromotriphenylphosphorane in acetonitrile. The resulting solid, a mixtizetahd
ammonium bromide, was prepareainigh yield and wassed with no further purification
from the ammonium salybpr oduct i n H &oncenypaudd.6. lgowever,étd ur e
was also discoveredhat the crude solidsieasily purified byaqueousextractionof the
ammonium salts and precipitati?gd from the died organic phase with excess diethyl
ether The purification affordecaminotriphenybhosphonium bromid2.4in a82% yield,
and3P and'H NMR spectra matchditeraturevalues®'P 0 3 6 * Bhepprificatjon

of 2.4 was mrformed since it was found to facilitate tlsebsequenpurification of
pyridinium salt 2.8 Compound 2.8 was prepared by deponating purified
amindriphenylphosphonium bromid24 in situ by use ofl,8-diazabicyclo(5.4.0)undec
7-ene PBU) and reactingheresulting triphenylphosphinimiri25with chloropyridinium
salt 2.7 (Scheme 2.3 As shown in the’ P NMR spectrm (Figure 2.3), the reaction
mixture contais disubstituted pyridinium s&t 8 with peaks at 9.4 ppm and 12.3 ppm as
well as triphenylphosphine oxide at 27.2 ppm, a mixture of unreacted

triphenylphosphinimine 2.5, excess aminotripherpthosphonium bromide2.4 and

17



byproductaminotriphenybphosphoniunthloride 2.9 at 24.2 ppm along with other minor
unknown impurities. The crude solid wakssolved in dichloromethane and washed with
water to remove the majority of the impurities mentioned above rdd¢ewvered washed
solid waslastly recrystallized fromacetonitrile to produce pure pyridiniusalt2.8 in a

52% isolated yield.

PhsPNH,Br
2.4
DBU
© MeCN ©
N® ci  PhsP=NH (insiti) N® N=ppp,
S 2.5 |
| T 25 P +  PhyPNH,CI
2.9
) N
PN PhsP?
2.7 28

Scheme2.3 Synthesis of disubstituted pyridinium s2I8.

—28.84
14.55
—12.30
12.00

10.51
9.63
0]

24.12

/ Ph3P”N

PhaP=NH / Ph3PNH,Br / PhsPNH,CI
2.5 24 2.9

| |
| “\ | I ‘ “
|70 L S ——

Ao

— T T T T T T T T T T T T T T T T
34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4
f1 (ppm)

Figure 2.3 %P NMR spetrum of the reaction mixture for the formation of disubstituted

pyridinium salt2.8in acetonitrile
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Purified disubstituted pyridinium s&t8 showedonly two peaks at 9.8 ppm and 12.5 ppm
in the3'P NMR spectrum, which wamnsistent with the shifts seen for compo@nglof
9.8 ppm and 12.ppm3’ The 'H NMR spectrum ofdisubstituted pyridinium sal2.8
(Figure 24), showedthree signals for the propyl chain hydrogens at 0.98 ppme()ipl
1.81-:1.91 ppm (multiplet) and 4.24 ppm (tiep); the phenyl signals at 7.3246 ppm
(multiplet) and 7.487.64 ppm (multiplet); and the two signals for theetahydrogens of
the pyridinering at 5.36 ppm (doublet), 6.36 (doublet of doublets). Latyunobserved
signal for theortho hydrogen of the pyridineing was proposed to lie in the multiplet
corresponding to the phenyl hydrogens .4877.64 ppm (multiplet) based ontegration

of the signal, however, 2D NMRpectroscopyis required for confmation of this

assignment
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Figure 2.4 H spectrum of pyridinium sa&.8in CDCl.

The last step of the synthesis viasning the BPY1.43by deprotonation of disubstituted
pyridinium salt2.8 with potassium bis(trimethylsilyl)amidéKHMDS); (Scheme 2.1
Analysis of the’XP NMR spectrunof the reaction mixture after 3h shows BR¥3peaks

at 0.9ppm and-7.3 ppm Z isomer) and0.7 ppm and5.3 ppm E isomer)in 2:1 ratio,
respectively Figure 2.5 The E and Z isomer assignments of BPY.43 are based on
Hansonos as s i glBé evhich wdsosuppore® Yy ROESED NMR
spectroscopyBPY 1.36has an isomeric ratio of 2Z1to E with Zisomer peaks at 0.4 ppm
and-7.8 ppm and th& isomer peaks ail..3 ppm and5.4 ppm. The broad peakave been
observed foBPY 1.36as well, and arbelieved to be caused by partial oxidation of the
highly air-sensitive BPY. Despite many attempts, isolation of pure BRW¥3 was

unsuccessful.
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| 2
_N__N=pPh, PhsP=N__  N__N=PPh,
2 [ | KHMDS ! y=¢ \
Diethyl Ether — —
Nspph, PhsP=N N=pph,
2.8 1.43

Scheme2.4 Synthesis of BPYL..43from pyridinium sal2.8.

0.89

-0.65
5.29
7.29

Figure 2.5 %! P NMR spectrunof the reaction mixturéor the formation oBPY 1.43in

benzene

In orderto obtain cyclic voltammetryof BPY 1.43 1.43 was oxidizedin situ using
hexachloroethane in benzetegive 2.10in a 5% yield (Scheme 2.5 The 3P NMR
spectrunof oxidized salR.10showedwo signals at 11.1 ppm and 14.0 paihe'H NMR

spectrum Figure 2.6, showedthe pyridyl hydrogesat 5.41 ppm (doublet) and 6.60 ppm
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(doublet); te phenyl hydrogens #he 7.35 ppm (doublet of doublets), 7.45 ppm (doublet of
triplet of doublets) and@.59 ppm (dablet of doublet of doublets)astly, themethyl of the
propyl chain was observed @83 ppm (triplet), the middle methylene at 11685 ppm
(multiplet) and 1.811.93 ppm (multiplet) anthe nitrogen bonded methylene at 3332 ppm
(multiplet) and 4.5%.73 ppm (multiplet). It is assumed that the methylpnatonsare
diastereotopic due to the restricted rotation along the caréwron bond between the two
pyridinium rings causingtropisomerism and therefote/o inequivalentsignals for ach
methylene.Similar atropisomerism ohitrogen bonded methylene hydrogemas seen in
previously reportedi-propyl BPY 2.1%° However this effectwasnot previouslyobservedor

the middle methylene groupThis observation wasiot confirmedby variable temperature

NMR experimentlue to time constraints.

S o o
N__N=PPh PhyP=N N=PPh Php=N_ ® ® N=pph
2 =PPhs b= N N =PPh; sP= N N =PPh,
2 || KHMDS | /= \ CoCls /] N— \
Diethyl Ether — — Benzene = =
N<pPh, PhsP=N N=pph, PhsP=N N=pph,
2.8 1.43 2.10

Scheme2.5 Thein situoxidation reaction of BPY..43to oxidized sal2.10.
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Figure 2.6 'H NMR spectrunof the oxidized sal?.10and minor solvent imyrities

(diethyl ether, water and acetQrie CDCk.

Cyclic voltammetry was performed f@ompound2.10giving a potential of1.67 V vs
SCE (ferrocene/ferrocenium used as exdéreference) for the redgair (Figure 2.7).
This dows thatBPY 1.43reduction potential is approximately the sameB&Y 1.36

(-1.70 V vs SCE) upon imeasing the Mlkyl chain length
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Figure 2.7 Cyclic voltammogram of oxidized BPY s&t10in 0.1M

tetrabutylammonium hexafluorophosphate in DMF at a scan ratero¥/5'.

2.3Summary

In conclusion, BPY1.43featuring a dnger alkyl chairwas synthesized, hower, it was
not isolated due tair-sensitivity andunsuccessful purification attemptshd effect of
solubility by dhanging the alkyl chain lengttannotbe determined without isting BPY
1.43 Cyclic voltammetry was performed on the oxidized BPY 34l0giving areduction

potential of-1.67V vs SCE, which is @mV higher then BPY1.36 N-propyl BPY 1.43
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shows a slight decrease in reduction strength when compared tentie¢hid BPY 1.36

upon increasing theddlkyl chain length.

Interestingly, the yield going from disubstituted pyridinium 2a8tto oxidized sal2.10

without isolation of BPY1.43was50%,whi ch i s hi gher oftdbualynw Hans
oxidized BPY1.360ver the same two steplhe yield ofBPY 1.36was of 446 andthe

oxidation with hexachloroethane gave a yiel®4#b, resulting in aroverall yield of 4%

for both stepsThe slight increase in yield could be due to the slight increase in solubility;

however, this cannot be confirmed.

Future work cou include changing the alkyl group a longer chain, for exampleityl,
hexyl, or dodecyl groups his change could makarification and isolation of the resulting
BPY easierhowever, as shomin this thesis, reductive strength coulddtightly affected.
Nonetheless’’P NMR spectrunof thein situsynthesiBPY 1.43indicates full conversion
from disubstitutedpyridinium salt 2.7 to BPY 1.43 upon addition of KHMDS,and

therefore this electron donoould be usedbr reduction reactionBy generationn situ.
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Chapter Three: Synthesis of a Stronger Tetraubstituted BPY

3.1Introduction

The preparation and chatarization of strongeietrasubstitutecbispyridinylidene(BPY)
electron donorsvill be discussed in this chapter. As mentioned brieflZhapter 1 and
Chapter 2, the strongest neutral organic reducing agent, BPX was previously
synthested by Samuel Hanson, a forrmembe of the Dyker group. In 201%hemistry
and Engineering Newannounced BPY..36as one of six molecules of the year due to its
very negative reduin potential® facilitating the successfuledudion of aryl halides
diakylsulfonamidesand malononitriles’’ The eduction of more challenging sukates
such as reduction ofitriles or the Birch reduction of nafftalene still remais
inaccessiblé? The go of this thesis was to synthesis stronger neutral organic reducing
agens in hopes that thegan reduce more challenging substrates suchitiges and
naphthalenegr potentiallyalkenes, alkynes, ketones and aldehydathave notyet been

investigate with other neutral organic reducing agents.

In order to improveeduction strengthithetargeted BPY1.44is obtainedoy replacement
of the four triphenyliminophosphorano groups of BPY..36 by four
tricyclohexyliminophosphorano groupBhetricyclohexyliminophosphorano groups have
a | ower H a mmg)tthan tleearipsenyl@minophogphorano grougs21 and
-1.82 respectfully®indicating that the tricyclohexyliminophosphoragroups are stronger

“-donor s. -dnhorgronps are advantageous for the BPY based organic reducing
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agensas this pushes electron density into theyaisimylidenep-system, which translates

to a higher energy HOMO, easier donation of electrons, and thus a better reducing agent.

In addition, the substituents at thitho positiors of the pyridine ring areknownto exhibit

a weaker effect on th&rengh of thereducing agents when compared to the substituents
on thepara positiors. This effect can be seen by previously synthesized BBY and
1.33%7 Additionally BPY 1.44 Brandon Frenette (NSERC USRBHEM 2009) attempted
the synthesis of mixed BBYL..45and1.46 which should have reductive strengths that are
stronger than BPY..36 but weaker thari.44 with BPY 1.46 beingstronger tharBPY

1.45 Though not the strongest, the availability of BR¥5and1.46could be convenient
when the reductive strength needed for a particular reduction is betweed.B&ahd
BPY 1.44 or thesereductantscould ehibit unique selectivity (reducing one functional

group over andter, rather than all or none).
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PhsP=N N=PPh; CysP=N N=PCy;
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Figure 3.1 Reduction potentialof previously synthesized BRY..31-1.36and structures
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N=PPh,

1.46

of targeted derivative BPsr1.44, 1.45and1.46

3.2Synthesis ofN , NDémethyl-4 , 4 6 TeBakigticyclohexyliminophosphorano)-

2,2 -Bispyridinylidene, 1.44

The synthesis of BPY.44was peformed similarto BPY 1.36%71 n
work towardthis compound? the introduction of the first imwphosphorano group on the
pyridine ringvia the reaction of-@minc2-chloropyridine and the dibrorpbosphorane in

the presence of twequivalents of basgas unsuccessful (tlmalogous conditions as BPY
1.36 Scheme 3.1 Changing the oxidizing agent frobromine to hexachloroethane and

adding two different bases, triethylamine anddigabicyclo[5.4.0]lunde@-ene (DBU),

Ha n s oinadys

pr el

seems to have improved the reaction. However, this reaction remained lengthy (12 days)
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and low yielding, reflecting the podrewis acdity of [CysP-Cl]* over [PhP-Br]*, Scheme

3.1%

A
N\ Cl N\ Cl
Br. Et;N (2 e
PPh; B2 g PhpPBr, + | EuN@eq) o, ||
* “bcm e q 18h, t g
NH .
2 N\PPh3
2.2
B
Ng_Cl NgC!
C,Cl | 1) Et3N (2 eq), reflux 12 days |
PCy, -2l o cy,pCl,  +
s —pewm Yo ~  2)DBU (15eq), reflix 18h > A
3.3 NH, Nspey,
34

(60%)

Scheme3.1 Comparing synthesis of substituted chloropyridirt#®(A) and Hane n 6 s

initial pathwayfor chloropyridine derivativ8.4 (B).

Severalreactiors were conducted to improve yield andueel reaction timeTable 3.1).
All reactions were performed imn inert atmospherand monitored by*'P NMR
spectroscopyo give arough estimate of relative amounts of the thdegown phosphorus
containing compounds: unreacted dichlorotricyclohexylphosphoBafe the desired
substituted chloropyridin8.4, and byproducttricyclohexylphosphine oxid&.5. In line
wi t h Ha n s edmpdihsvaypentry o and 2 both usethylamineand DBU as base.
Entry 1 showeda 3:2 ratio of chloropyriding.4 to tricyclohexylphosphine oxid&.5
indicating a largeamount of decomposition.hE formation of tricyclohexylphosphine
oxide 3.5 wasmost lkely from phosphorane.3 reacting with moisture. dang reaction

times andhe requirement ad second addition of DBl&d tothepotentialfor air/moisture
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to enter the systenn entry 2 both bases were added initially in order to minimize possible
air contamination; however, this resulted in a decrease in production of chloropgritline
Due to the poor success, use plyoone basdriethylamine was considered with varying
equivalets and reaction timesas described in entries53 Using four equivalents of
triethylamine resulted in a significant increase in chloropyri@ideproduction, entry 3.
Entry 4 showed the largest relative amount of desired chloropyrglhehowever, a
second addition of base was needed to complete the reaction, giving a total of six
equivalens. Eight equivalents of triethylamine weradded from the beginning of the
reaction, entry 5, which led to a minor decrease in product ptioducompared to six
equivalentsof base in entry 4. For completion, addition of only DBU as a base was also
tested, entry4. Both trials led to a very small amount of chloropyriddréproduced and
werenot further investigated. In conclusion, entry 4 showed the largestrambdesired
product however, a send addition of two equivalents bas, for a total of six equivalents

was needed to complete the reactminitial addition of six equivalentsf triethylamine

wasultimatelyused as theptimised conditiorfor further reactions
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Table 3.1 Summary of attempts of synthesizing pyridié.

N Cl

S 0=PC
C,Cl __BaseB o Y3
PCy3 226 Cy3PC|2 _ + 3 5
Solve tA P 5 50 ppm
31P 8 105 ppm 3 ;PCy3
31p § 28 ppm
Entry A B Time and Heat 3.3* 3.4* 3.5*

(equivalents)

E&N (2), 5days EiN + 2 days DBU ¢

1 DCM - 60 40
DBU (1.5) 35°C
E&N (2),

2 DCM 24h at35 °C - 20 80
DBU (1.5)

36 h at 35°C, 4 days rt, 8h
3 DCM EtN (4) - 70 30
at35°C

E&N (4) 4 days + & (2)
4 DCM EtN (4+2) - 78 22
24 h at 35°C, 2 days at rt

5 DCM  E&N(8) 7 days aB5°C - 76 24
6 DCM DBU (2 7 daysat 35°C 36 1 51
7  MeCN  DBU (2) 3 daysat 70°C 20 4 76

*Estimated relative amounts based on integratichHRNMR specia of thereaction

mixtures
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To minimize the production of tricyclohexylphosphine ox3dgfurther, the reactions were
heated ira sealed Schlenk storage flask afeted under argon. Thisodificationresulted

in a very small amount of tricyclohexylphosphine ox3dgbeing producedrl he optimized
procedureconsists of using six equivalent$ triethylamine and heating the mixture to
30 °Cin a closed system under inert atmospher® fdays. Thiprocedureesulted in the
isolation ofchloropyridine3.4in a 5®% yield after recrystallization. Theolatedyield of
chloropyridine 3.4 was noticeably low however, the crude mixture indicates full
conversion of dichlorotricyclohexylphosphoreh8to the desired chloropyridir@24with

a low amount of tricyclohexylphosphine oxi@8e (Figure 3.2). Thisresultindicated hat

a large amount gfroduct wagost during purification.

/)

49,31
27.77

Cy3P’/N
3.4

0=PCy;,
3.5

/

S

I
o

S5 5453 52 51 S0 49 48 47 46 45 44 43 @2 41 40 M 3 3:; 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20
1 (ppm!

Figure 3.2 3P NMR spectrum for thegaction mixturdor the formatiorof

chloropyridine3.4in DCM.
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The3P NMR spectrunfor isolated3.4 showed a single peak at 28.0 ppm corresponding
to phosphorus in the tricyclohexyliminophosphorano group. fFh&lIMR spectrum as

seen inFigure 3.3 consists of three pyridyl peaks @37 ppm (doublet of doublet of
doublets), 6.49 ppm (doublet of doublet of doublets), 7.79 ppm (doublet of doublet of
doublets) in additiomo multiplets a2.052.18ppm, 1.211.29 ppm, 1.43.52ppm, 1.76

1.94 ppm which corresporgto the cyclohexyl hydrogens.

\|‘ 71 |
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‘|| .
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8.0 7.5 7.0 6.5 6.0 55 5.0 4.0 35 3.0 25 2.0 15 1.0

4.5
f1 (ppm)

Figure 3.3 *H NMR spectrum of chloropyriding.4in CDCl.

The next step towards BPIY44wasthe methylation of the pyridyitrogen.Methyl iodide
was added to chloropyridin®.4 in acetonitrile andhe mixture ves heated in a closed
system under inert atmosphegefieme 3.2 After 18 hours, the tan solRi6wasisolated
in 94% vyield and showe@ singlesignal by3P NMR spectroscopyat 38.0 ppm. The

chemicailshift from the chloropyriding.4to the methylated chloropyridinium s&l6 (*'P
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0 28.0 ppn to 38.0 ppm, respectivglis in the same direction and only slightly larger
magnitudethan that of theriphenylminophosphoranaleiivative chloropyridine2.2 (3P

U 9.1 ppm) to met hyl 22tC&d Uc hll 603t IheMENMRI.i ni um
spectrum of the chloropyridinium s&lit6 matched closelghloropyridine3.4 with a slight

downfield direction in chemical shitind a new methyl singlet peak at 3.99 ppm. The

pyridyl hydrogen signals are situated @71 ppm (doublet), 6.86 ppm (duat of

doublets), 8.61 ppm (doublet); and cydall hydrogen signals at 1.3152 ppm

(multiplet), 1.731.93 ppn (multiplet),2.342.46ppm (multiplej; (Figure 3.4).

|@
I
IN\ Cl N(:) Cl
Mel |
= —
70°C, 18h q
N
PCY3 N\\PCy3
3.4 3.6

Scheme3.2 Methylation reaction of chloropyridin&4to chloropyridinium sal8.6.
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Figure 3.4 H spectrum of methylated chloropyridiBesin CDCl.

The next step after methylationwas the addition of the second
tricyclohexyliminophosphorano growgt theortho position of the pyridine ring. This was
done in an analogous fashion to the phenyl derivative usitig
tricyclohexylphosphinimin&.8nucleophile to displace the chloride from the pyridine ring
of chloropyridinium salB.6. Tricyclohexylphosphinimin&.8 wassynthesized, following
adapted literature procecks®® by deprotonation ofaminotricyclohexyphosphonium
bromide 3.7. The gnthesis of aminotricyclohexyhosphonium bromide3.7 was
completed inan analogous fashion t@aminotriphenybhosphonium bromide&.4, by
bubbling ammonia gas through a mixture of dibromotricyctglmhosphorae in
acetonitrile Scheme 3.3 Thetansolid 3.7wasgenerated in acceptable yieti78% after
purification and displayed a single peakkiR NMR spectrum ab5.1 ppm. In addition, a

broad-NH: signalis observed in théH NMR spectrum at 5.05 ppaiong with multiplets
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corresponding to the cyclohexyl hydrogen2 81-2.48ppm and 1.172.09 ppm(Figure

3.5

PCY3 + Br2 LCN’ Cy3PBr2 +2 NH3 —> Cy3PNHzBr + NH4Br

3.7

Scheme3.3 Synthesis of amirtacyclohexylphosphoniunbromide3.7.

mmmmmmmmmmmmm
CELEAaMan aafahnfaamn

NRlgingang RS das S

7.26
5.05

T T
4.5 4.0 35 30 25 2.0 1.5
f1 (ppm)

Figure 3.5 'H NMR spectrum of aminotricyclohexyhosphonium bromida.7in CDCk.

The purified aminotricyclohexylphosphonium bromiglg wasthen deprotonated using
potassium terbutoxide(KOtBu) to generate the tricyclohexylphosphinim®8&(Scheme
3.4), along witha small amount ofricyclohexylphosphine oxid&.5 as a hydrolysis
byproduct The volatiles were removed and the solid containing B&hnd3.5was used

for the followingstep (Figure 3.6).
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3.7 3.8

Scheme3.4 Synthesis ofricyclohexylphosphiniming@.8.

46.33
38.31

Figure 3.6 3P NMR spectrunof tricyclohexylphosphiniming.8and

tricyclohexylphosphine oxid8.5in CgDe.

In order to fom the disubstituted pyridinium saB9, two and a half equivalentsf
tricyclohexylphosphinimine3.8 was thenadded to chloropyridiniunB8.6, where one

equivalentof 3.8 is used as nucleophilend oneas a base (plusxcess toaccount for
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hydrolysis); 6&cheme 3.5 This resulted in a crude mixture of desired disubstituted
pyridinium salt 3.9 tricyclohexylphosphine oxide 3.5 and

aminotricyclohexybhosphonium chloridd.10 (Figure 3.7).

° °
| |
NS ol NS _N=pcy,
| + 20yPNH —eCN_o 7 + CysPNH,CI
3 70°C, 18h sPNH,
7 3.8 7 3.10
. N
N‘PCye, “PCy;
3. 3.

Scheme3.5 Synthesis of disubstituted pyridinium sale.

55.37

50.55
32.13
—29.38

Cy3PNH,CI 0=PCy,
3.10 3.5 |
\4 ' / .
» o - WWW’\WMW

. - . ' T T T T T T
65 60 55 50 45 40 35 30 25
f1 (ppm)

Figure 3.7 P NMR spectrum of theeaction mixturdor the formatiorof disubstituted

pyridinium salt3.9in acetonitrile

This mixture was not easily purified due to similar solubility of compaoBi®cnd3.10
however, purification was accomplished with help from Brandon Frenette (NSERC
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USRA). Purification was accompliet by first filtering the reaction mixture to remove the
majority of compound3.10 which is poorly soluble in acetonitril@he volatiles were
removedand the crude solid was-dissolved intoluene. The toluene solution wtsen
washed with water to remove thesidualamouns of compound3.1Q The dried organic
phase wasinally concentrated and the solid waiecipitatel usingexcesdiethyl ether.
The purified and dried disubstituted pyridiniusalt3.9was isolated in bow yield of 36%
and showed two peaks BY? NMR spectroscopy29.6 ppm and 32.2 ppnifhe!H NMR
spectrumof the product shoed the methyl peak &.63 ppm (singlet); the three pyridyl
hydrogen signals at 5.58m (doublet),5.99 ppm (doublet of doubletand 7.61 ppm
(doublet of doublets); and lastly the multiplets corresponding toyitiehexyl hydrogens

at 1.171.55 ppm, 173-1.98 ppm and 2.08.25 ppm Eigure 3.8).
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Figure 3.8 'H NMR spectrunof disubstituted pyridinium sa&.9in CDCk.
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Due to difficulties with purification and poor isolated yield of disubstituted pyridinium salt
3.9, synthesis of a different nucleophile wassestigatedin an effortto avoid the
aminotricyclohexybhosphonium chloride3.10 byproduct. The synthesis of the
disubstituted pyridinium salB.9 with trimethylsilyl(tricyclohexyl)phosphinimine3.11
would resultin the production of trimethylsilyl chloridevhich could be easily removeal
vacua Trimethylsilyl(tricyclohexyl)phosphiniming3.11 was synthesised in a &Byield
following literature procedure¢Scheme 3.5** Despite thepotential advantagesin
purification of 3.9 there was no reaction between
trimethylsilyl(tricyclohexyl)phosphiniming.11 (exces) and methylated pyridinium salt

3.6after 18h at 70 °CGand thisroute was not further explatéFigure 3.9).

° °
| |
NS _ci NS _N=pcy,
| P + Cy3PNSiMe3%> | P +  MesSiCl
3.1 ’
. N
N\PCY?, “PCys
3. 3.

Scheme3.6 Proposedynthesis of disubstituted pyridinium sal® using

trimethylsilyl(tricyclohexyl)phosphiniming®.11

40



—47.66
39.80
3491

17.50

CysPNSiMe;,
o 3.1

!
N e /

I N

J
N

0=PCyj, “PCy3
3.5 3

T T T T T r T T
2 30 28 26 24 2 20 18 16 14 12 10
f1 (ppm)

Figure 3.9 *'P NMR spectrum of thegaction mixture of
trimethylsilyl(tricyclohexyl)phosphinimin®.11and methylated pyridinium s&t6in

toluene

Finally, BPY 1.44 was synthesizedh situ by deprotonation of purified disubstituted
pyridinium salt 3.9 using potassium bis(trimethylsilyl)lamidéKHMDS) in deuterated
benzeng¢Scheme 3.7, A 3P NMR spectrunof the resulting dark red solutishowedour
major peaks, two peaks corresponding to Zneomer and two peaks for tlieisomer at
12.9ppm, 17.4ppm, 189 ppm, and 19.2ppmin a 1:1 isomeric rati@long with minor
impurity peals at 21.0 ppm, 24.3 ppm and 24.6 ppFigure 3.10. As for the'H NMR
spectrumthe Z isomersnethyl signalwas observedt 3.46 ppmandthe two signad for
eachpyridyl hydrogenwere observeat 4.58 ppm and5.50 ppm The E isomes methyl
hydrogen pealks at 3.65 ppm and the twqyridyl hydrogen signals are 4t70 ppm and
5.33 ppm (Figure 3.11). The assignmenbf E andZ isomes in *H NMR spectrumwas
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possible due tprior knowledge of BPY pyridyl hydrogen signal ranges RQESY 2D
NMR spectroscopywhich showed interaction between pyridinium hydrogeand methyl
hydroges of theE isomer(Figure 3.12). The asigmrment oftheisomericphosphorus peaks

was not performed due to time constraints.

©
I |
NN N=PCy, CysP=N / \ N=PCy;
(S KHMDS g ) {
P CeDs =
N\\PCy\o, CysP=N N=PCys
3.9 1.44

Scheme3.7 Synthesis of BPYL..44from pyridinium salt3.9.
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Figure 3.103'P NMR spectrum oBPY 1.44preparedn situof in CeDe.
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Figure 3.11'H NMR spectrum oBPY 1.44preparedn situin CsDe containing mimr

impuritiesandbis(trimethylsilyl)amineat 0.10 ppm
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Figure 3.12ROESY 2D NMR spectrum showing the strong correlation between the

pyridyl proton at5.33ppmand methyl hydrogeat 3.65 ppm forBPY (E)-1.44

Cyclic voltammetry was performesh BPY 1.44 by adding a few dropef the reaction
mixture into an electrolyte of 0.1 M tetrabutylammonium hexafluorophosphaite
dimethylformamidg( DMF). The cyclic voltammetrghowed a reverse wave-at87V vs
SCE (ferrocene/ferrocenium used as external referendeich is170 mV more negative
then BPY1.36 Figure 3.13 The low reduction potential confirmed that BR¥4is a

substantiallystronger reducing agent then BRY36G
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Figure 3.13 Cyclic voltammogram of BPYL.44in 0.1 M tetrabutylammonium

hexafluorophosphate in DMF at a scan rate off80s ™.

3.3Synthesis ofN , MNDémethyl-4 |, -Bigitr i phenyl i mi nophosphorano)

Bis(tricyclohexyliminophosphorano)2,2 -@8ispyridinylidene, 1.45

The synthesis of BPY.45follows a combination ofthe known pathways fdvoth BPY
1.36and BPY1.44 The direct precursor tBPY 1.45 disubstituted pyridiniun3.12 was
synthesized by reacting methylated chloropyridinium 2dtused in the preparation of
BPY 1.36% with the isolated tricyclohexylphosphinimie8 (Scheme 3.R The desired

mixed disubstituted pyridinium sal8.12 was formedin a 30% yield, with a
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triphenyliminophosphorano group at the para position and a
tricyclohexyliminophosphorano gup at theortho position as evidencdaly two signals in
the 3P NMR spectrumat 8.8 ppm and 32.7 ppraspectively. Thé'P NMR spectrumof
the mixed disubstituted pyridinium s&t12 showedsignals in similar regions as the
disubstituted triphenyliminophosphorano pyridinium 2af(9.8 ppm and 12.1 ppm) and
disubstituted tricyclohexyliminophosphorano pyridinium sa® (29.6 ppm and32.2
ppm).Comparing the signakr the three compoundsdicates thatthe signal at 9.8 ppm
of compound.6is theresult of the triphenyliminophosphorano group atghra position

of the pyridiniumring, and 12.1 ppm is from the phosphorusthe ortho position.
Analogously the signal furthest di@ld, 296 ppm, would correspond to tipara position
tricyclohexyliminophosphorano grodpr compound3.9 andthe moredownfield signal
32.2ppm,is assigned to the tricyclohexyliminophosphorano group irottie position.
The 'H NMR spectrumof the isolated sad 3.12 showed thathe cyclohexyl hydrogen
multiplets at 1.02L.46 ppm and 1%2.07 ppm; the phenyl hydrogemultiplet at 7.447.91
ppm; methyl singlet at 3.64 ppm; and two of the three pyridyl hydrogens at 6.19 ppm
(doublet) and 5.51 ppm (singletFigure 3.14. The third is believed to be overlapping
with the multiplet signal for the phenyl hydrogen (#4891 ppm)since this signal i®und

at 7.61 ppmfor the tricyclohexyliminophosphorano disubstituted pyridinium Sa%

however, this has ngetbeen confirmed by 2D NMRBpectroscopy

46



S €]
o o'
e NS _N=pcy,

= MeCN =
| + CyPNH —— o |
70°C, 3h
[%;J/ 38 =
N<pph, N<pph,
2.3 3.12

Scheme3.8 Synthesiof mixeddisubstituted pyridinium saB.12from chloropyridinium

salt2.3.
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Figure 3.14 'H NMR spectrumof the mixed disubstituted pyridiniusalt3.12in CDCl.

The final step ws synthesizing BPY1.45 by deprotonation using pa@sium
bis(trimethylsilyl)amide $cheme 3.9 Carrying out the reaction im J.Young NMR tube
using deuterated benzene and monitoring’ByNMR spectroscopghowed fourbroad
peaks at 21.9 ppm, 20.1 ppr3.2 ppm and6.0 ppmin a 2:1 ratio(Figure 3.15. In

addition to the broad major and minor peaks, minor impurities are obs#/&ppm, 6.4
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ppm, 26.3 ppm and 28.6 ppBased on isomeric ragmf the four broad peaksentative
assignmergtof BPY 1.45major and minoisomersignak are asdllows: -6.0 ppm and
20.1 ppm fnajor isomey and -3.2 ppm and 21.9 ppm(minor isome). Isolation,
purification,andfull characterisation of BPY..45 including assigning major and minor
isomers toE and Z configurations,was not performed due to time constraints. Cyclic
voltammetry was also not performadhich means the reductive strengif BPY 1.45
remains unknown, howevat s expected to have a reductiootgntial between the value

of BPY 1.36and BPY1.44

©
|
rll@ N=pC N N=PC
= CysP= =PCy;
2 N Y3 KHMDS Y3 / \
= CeDs / A
N\\PPhs PhsP=N N=PPh;
3.12 1.45

Scheme3.9 Synthesis of BPYL.45from themixed disubstituted pyridinium se8t12
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Figure 3.153'P NMR spectrum of theeaction mixturdor BPY 1.45in CgDe.

3.4Synthesis ofN , NDémethyl-4 | -Big{tricyc | ohexyl i mi nophosphoran

Bis(triphenyliminophosphorano)-2,2 -®ispyridinylidene, 1.46

The final target of this thesis was BRY46 featuring triphenyliminophosphorano groups
at thepara positiors and tricyclohexyliminophosphorano groups at dinino positiors of
the pyridinering. BPY 1.46 preparationbegan by thesynthesis of the disubstituted
pyridinium salt 3.13 An analogous pathwatp those described aboveas used for the
synthesis of BPYL.46 and begarwith the attempted synthesis of mixed disubstituted
pyridinium sat 3.13 Chloropyridinium 3.6 (from the preparation of BPY..44) and
triphenylphosphinimin.5, generatedn situ from aminotriphenyphosphonium bromide

2.4and DBU, were reacted together to achieve desired mixed disubstituted pyridinium salt
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3.13 (Scheme3.10. The desed mixeddisubstituted pyridinium salB.13 featuringa
triphenyliminophosphorano group at the para  position and a
tricyclohexyliminophosphorano group at tieetho position, showed two signals in tH@
NMR spectrum of theeaction mixture, at1.3 ppm and 30.fpm, respectively. Th&P
NMR spectrumsignals of mixed disbstituted pyridinium salt showed signal in the
similar regions ashe bis{riphenyliminophosphoranpyridinium salt2.6 (9.8 ppm and
12.1ppm) andbis(tricyclohexyliminophosphoranpyridinium salt3.9(29.6ppmand 32.2
ppm). This result further suggest that the signal at 9.8 ppntorrespond to the
triphenyliminophosphorano group at gha&ra position,and 12.1 ppm to thertho position
of compound.6. Analogously, 29.¢ppm forparaand 32.2pm for theortho position for
the tricyclohexyliminophosphorano graupf pyridinium salt3.9. Despite production of
desired mixed disubstituted pyridinium sal13 3P NMR spectrumof the isolated solid
showed several minor unknown impuritiesFigure 3.16 It is known that the final
deprotonation step to form the BPY is very sensitive to impurities, and thesefceeal
attempts wee performed to purify the precurssuch as; recrystallizationsing various
solvents or filtering over sili@, celite or activated charcoalowWever, purificationwas

unsuccessfuland due to time constrainthis project was not further pursued.
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Scheme3.10 Synthesis of the mixedisubstituted pyridinium saB.13from

chloropyridinium salB.6.
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Figure 3.16 P NMR spectrunof isolated mixed disubstituted pyridinium salt3and

unknown impurities in CDGI
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3.5Summary

In conclusion, a stronger tes@bstituted BPY, BPYL.44 was synthesized successfully

and its reduction potential was recordedla87V vs SCE.The reductive strengthf BPY
1.44exceedshat of BPY 1.36by 170mV, which held the record as the strongest organic
reducing agentNonethelessBPY 1.44was not isolated, and althougtP and*H NMR
spectroscopies indicated a quite clean and nearly complete conversion of starting materials
to the BPY anisolatedyield remaingo be determinedn addition,theBPY 1.44reductive
strength hasot yet been tested, however, extensive investigadi®an organic reductant

areplanned to begishortly.

Along with BPY 1.44 the synthesis of mixed BPY.45and 1.46 were also attempted.
However, due to time constraints, BPIY45 was not isolated or fully characterised,
although 3P NMR spectrumof the reaction mixture indicates that BPI45 was
successfully produced. As for BPIY46 precursoB.13was synthesised but not purified,
and thus deprotonation to obtain BR¥I6was na yet attempted. The reductive strength
of both BPY1.45and 1.46 remains unknown to date howey#rey are egected to be

stronger tha BPY 1.36but weaker tha BPY 1.44
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Chapter Four: Conclusion and Future Work

4.1 Conclusion

In conclusiona derivative of BPY1.36featuring a propyl chain on the pyridyl nitrogen,
BPY 1.43 was synthesized The first step of synthesis was the addition af
triphenyliminophosphorano group at ihara position,andthe NMR spectra matched tha

of literaturé’ provided by Hanson. Next, alkylation of the pyridyl nitrogen was performed
in ahigh yieldof 8% when tiodoprgane was usedH NMR spectrunshowel the newly
instdled propyl chain signals at 0.97 pgtrplet), 1.731.93 ppm (multiplet) and 4.45 ppm
(triplet). Subsequently, the addition of the second triphenyliminophosphorano group was
successful as seen by two signafiNMRspectrumat 9.8ppm and 12.ppm; fowever
purification resulted in low isolatd yield of 524 for compound2.8 Once purified,
deprotomtion by potassium bis(trimethylsilyllamidgHMDS) resulted in BPY1.43as
seen by four signals iftP NMR spectrumat 0.9ppm,-0.7 ppm -5.3 ppm and7.3 ppm
These signals are broaghich isbelieved tobe caused by partial oxidation of the BPY.
The effectof the propyl groumn solubility was not investigated due to the inability to
isolate BPY1.43 however, it wa®xidizedin situto generatealt2.10 This allowed for

the determination of reduction potential of BR¥3 by cyclic voltammetryof oxidized
salt2.10 The reduction potential was found to-e67V vs SCE, which maleBPY 1.43

30 mV weaker tha BPY 1.36 Despite thalisappointing resuligheyield of oxidizedsalt
2.10from disubstituted pyridinium sa® 8 without isolation of BPY1.43was 506, which

is higher tharH a n s gield3 sver the same stefiw the preparation and oxidation of

BPY 1.36 (41%). The slight increase in yield could be due to the slight increase in
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solubility. Overall, he preparation of this compound shows no rea¢tieover the methyl

derivativel.36

In addition, a stronger reducing agent BB¥4 was synthesizeth situ, but was not
isolated. The tetsubstituted BPYL.44features tricyclohexyliminophosphorano groups at
both para and ortho positions and was synthesized by first addinga
tricyclohexyliminophosphorangroup at thepara positionin an analogous fashion to the
pathway toBPY 1.36 The resultingoroduct showed &P NMR spectrumsignal at 28.0
ppm corresponding to the newly installed tricyclohexyliminophosphorano group. Next,
methylation of the pyridyl nitrogen was performed successadlgeen by a methyl peak
at 3.99 ppmin the 'H NMR spectrum Subsequently, the addition of the second
tricyclohexyliminophosphorano group was successful as seen by two sigh#SNMR
spectrumat 29.6 ppm and 32.2pm; howeverpurification resultedin very low isolate
yield of 36% for compound3.9. Lastly, the disubstituted pyridinium saB.9 was
deprotonateih situto give BPY1.44which showedfour peaks by'P NMR spectroscopy
at12.9 ppm, 17.4 ppm, 18.9 ppm and 19.2 ppim an E to Z ratio of 1:1.The asignments

of the isomeic ratiosin 'H NMR spectum was acomplished by ROESYD NMR
spectroscopyhowevemssignments for signals in thf® NMR spectrunwere not possible
and still remairunknown A cyclic voltammogram oBPY 1.44showedarecordreduction
potential of-1.87V vs SCE whichg 170 mV lower than BPY 1.3@ This may appeadike

a small changeéhowever from the Nernst equatigricquation 4.1, an increase in 17@V
would result in a increasd in the equilibrium constanKj by a factor o650 000!This

meandor a given reduction reaction, the products ledae favored by a factor of 5800
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more wheri.44is used as a reductant comparetl.85as a reductant. For electron transfer
processes, this also typically leads to an increase in reaction rate ascti@rbecomes

more favored.

8

04 I T0C(4.2)

Oy  Standardelectrochemical cell potential (in V)

¢  Number of noles of electrongransferred
0 Equilibrium constant
This equation can be rearranged in terms of equilibrium constéoltags

. _r
L pTi8

When,n=2, Oy Oy " 0098 Oy" 098 =0.170V

8 z
O pT8

0 VUMM

Furthermore, ynthesis of BPY1.45 featuringtriphenyliminophosphorano groups at the
para positiors and tricyclohexyliminophosphorano groups at tbgho positions was
attempted Disubstituted pyridinium salB8.12 was synthesized by using methylated
pyridinium salt 2.3 and triphenyhosphinimine generated in situ from
aminotriphenylphosphonium bromide. Thesulting disubstituted pyridinium saB12
showed two peaks BYP NMR spectroscopwt 8.8 ppm and 32Fpm. The ceprotonation
of 3.12gaveBPY 1.45 which can bebservedoy four new peaksletectedby 3P NMR

spectoscopyat 21.9ppm, 20.1ppm, -3.2 ppm and-6.0ppmin a 2:1 ratio Unfortunately,
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BPY 1.45wasnot isolatel, and the electrochemical analysis dyglic voltammetry was
not performeddue to time constraint$herefore further characterization and confirmation

for the formation of BPYlL.45remans.

Furthermoresynthesis oBPY 1.4 featuringtricyclohexyliminophosphorano groups at
the para positiors and triphenyliminophosphorano groups at tiého positions was
initiated. Themixeddisubstituted pyridinium sal.13precursor to this BPWas prepared
but could not be purified'P NMR spectrunof disubstituted pyridinium sal.13showed
product peaks at 11mand 30.1ppm along with several impurifyeaks.The problem

of purification must be solved before the BPY can be generatedobgtdeation 0f3.13

4.2 Future Work

In orderto completeheprojecsintroduced in this thesisheisolation of BPY1.43should
be attemptedagainin order tofully characterizeit (*H, 3C, ROESY, HSQC NMR
spectroscopyand obtaima yield which shouldgive insight orsolubility of BPY 1.43 In
addition signals in®P NMR spectrumare broad and is believed to be doepartial
oxidation of the BPY. Bduction ofapuresample obxidizedsalt2.10with a strong metal
reducing agent, such as potassiumsatiummetal couldalsobe usedo obtain BPY1.43
(Scheme 4.1 This mayresult in spectrurwith sharper peaksince the presenoéexces
potassium or sodium would prevent such oxidatiormfroccurring The processof

reducing the oxidizedalt2.10to BPY 1.43is counterproductivéor applicationsasorganic
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reducing agest however, full characterizatioof the BPY would help confirm that the

broad peaks observed by deprotonation in fact belong to1B&Y

o o
cl ci
Phyp=N.__%® @ Ph;P=N N=PPh,

N N—N=PPh; N N2
\ 4
// \ _KorNa _ Q:Q + KCl or NaCl

PhsP=N N=pph;, PhyP=N N=pph,
2.10 1.43
Schemed.1 Reduction of oxidized BPY sa 10to BPY 1.43by use of a strong metal

reducing agent

BPY 1.45wassynthesizedhowever, cyclizoltammetrywas nofperformed and therefore
its reductionpotential remains unknowrCyclic voltammetryshould be completetly
eitheranalysingthe reaction mixture or bgnalyzing the oxidizedalt4.1, prepared from
BPY 1.45andhexachloroethanescheme 4.2 Controlledoxidation of BPYs are often
performedsince they are aisensitive In addition, the oxidized saltare easily purified by
nonair-sensitive techniquewhich allow for better NMR spectind facilitates obtaining

acyclic voltammogram.
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S
Cl

CyP=N__n N N=pcy, cyp=N_ 8 @ nN=pcy,
/7 S=s \ CClg / S>—  \
— = Benzene — =
PhsP=N N=pph, PhP=N N=pph,
1.45 41

Schemed.2 Proposed pathway to oxidized BRY1 salt by oxidation using

hexachloroethane

The synthesis of BPYL.46 was not attempted due to the impurities in disubstituted
pyridinium salt3.13 Thesynthesis of the disubstitutggridinium salt3.13was successful
howeverthis reaction requed heat and 7 days to compldtevas noticed thaheaddition

of the ortho positionsubstituentsecondby substitution of the chloride igoroved to be
difficult when stronger substitugnte. tricyclohexyliminophosphorano growpere placed

at the para position first. In addition, addingweaker “-donating substituent i.e.
triphenyliminophosphorano gropgt theortho position by substitutiowas slowebecause
the triphenylphosphiniminis aweaker nucleophileThis effect can be seen by looking at
the reaction timéor the formatiorthe four disubstituted pyridinium saltvia nucleophilic
displacement of the-2hloro group with RP=NH, R=Ph, Cy)presented in this thesis

(Figure 4.1).
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Figure 4.1 Demonstrating various reaction time for formiofidifferent disubstituted

pyridinium salts

In order to avoid the lengthy reactiohdisubstituted pyridinium saB.13 introductionof
the stronger’” -donorsubstituent at thpara positionsecond bychloride ion substitution
may be achievedby reactingpyridinium salt4.3 with tricyclohexyphosphinimine3.8

(Scheme 43). This method of adton could be 8ed in synthesis of other tedtdstituted

BPY6 as well.
I@
N=PPh N PPhg N _N=Pph, _ I\ _
PPh3 Br, Mel 3 8 = KHMDS —
DCM NEt; N Benzene 12 — =
CysP” CysP=N N=pcy,
4.2 4.3 3.13 1.46

Scheme4.3 Alternative pathway to disubstituted pyridinium saft3

Moreover ,purification of mixed disubstituted pyridinium s&lt13should be pursued
further, since obtaining reduction potentialsathffour tetrasubstituted BPY4.86 1.44
1.45and1.46 would confirm suggesteardering of increasing reductant strength

proposedn this thesis1.36< 1.45 < 1.46 < 1.44). This ranking is based on the fact that

59



tricyclohexyl i minophos-qohoothaano groups are s
triphenyliminophosphorano groups as shown by their Hammett substituent constants
( &) of -2.21 and-1.82, respectively. In addition, the substituents atplaea positions of

the BPY has been shown to have a larger effect thaorthepositions.

Lastly, the new synthesized BPIY44, featuring a reduatn potential 0f1.87V vs SCE,
should be tested orarious reduction reactiorBPY 1.36with reduction potential ofl.70
V vs SCE, has successfully reduced aryl halides ythakonamides, and malononitrites
however reductions of morelallenging substrates suchrasiles or the Birch reduction
of naphhalene still remaisa challengand could be attempted using stronger BPA43’
In addition, other substratdébat havenot yet beentested by other BPY ould be

attempted using BPY.44such as alkersgalkynes, ketones and aldehydes
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Chapter Five: Experimental

5.1 General Information

All reactions were carried out in owgied or flamedried glassware under an argon
atmosphere using standard Schlenk line techniques or in an Innovative Technology glove
box.All solvents used weregassed arstored over 4 A molecular sievéiethyl eher,
tetrahydrofuran, dichloromethane and toluene, were taken from the SECA solvent system

prior to being degassed and stored over 4 A molecular sieves.

5.2Chemical Reagents Used in Synthesis

Tripherylphosphine, bromine, -dmina2-chloropyridine, magnesium sulfate, diethyl
ether, hexachloroethane, methyl iodide, and calcium hydride were purchased from Alfa
Aesar and were used without further purificatié®rrocene was purchased fragkifa

Aesar and recrystallized fromhexanes.Isopropanol anddimethylformamide were
purchasd from Fisher scientific and wereused without purification.
Tricyclohexylphosphine, -iodopropane, potassium tdytitoxide, trimethylsilyl azide,
potassium bis(trimethylsilyl)amide, hroform and tetrabutylammonium
hexafluorophosphate were purchased from Sigma Aldrich and were used without
purification. Acetonitrile, benzengjeuterated benzene and deuterated chlorofomene
purchased from Sigma Aldrich, atreethylamine and 18liazabicycb[5.4.0Junde€r-ene

were purchased from Alfa Aesar Benzene, triethylamine, acetonitrile, 41,8
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diazabicyclo[5.4.0Junde@-ene, deuterated benzene and deuterated chloroform were all
dried over calcium hydride and distilled before being degassed and stared: dv

molecular sieves.

5.3Standard Analyses

Phosphorus3P) nuclear magnetic resonance (NM#ectroscopywere taken with a

Varian UNITY INOVA 300 MHz set to 121.4 MHz and phosphoric acid (85%) was used

as an external s t aH) NMRrspectrosiopyere perfarned withmo t o n
Varian UNITY INOVA 300 MHz or Varian UNITY 400 MHz using deuterated chloroform

(4 7.26 ppm) or deuterated benzene (0 7.16
MHz was used for all carbo®C) NMRspectroscopys ng deut er ated chl or
ppm) or deuterated benzene (U 128.0 ppm) &
were reportecs part per million (ppm). Abbreviation of sajmmultiplicity are as follows

singlet, s; doublet, d; triplet, t; multgt, m; coupling constantl are all report in Hertz

(Hz). High resolution mass spectroscopy (HRMS) were conducted atMtmss
Spectrometry Laboratory at Dalhousie University, Halifax, NS, Canada. The spectra were

collectedusing electrospray ionizatiokl) technique set in positive ion mode.
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5.4 Electrochemistry

Electrochemical studies were executecaimInnovative Technology glove basing a
standard three electrode system connectedBmlagic SR150 potentiostat. The three
electrode consist of a working electrode (platinum disk, 0.0%),coounter electrode
(platinum wire, 5 cm) and Ag/Agreference electrode (0.01M sliver nitrate and .1
tetrabutylammonium perchlorate in acetoteli The sample were run in 0.1
tetrabutylammoniunmexafluorophosphate in dimethylformami@@MF) with a scan rate
of 50mV s?. Recngtallized ferrocene was usededernal standard. All potentials were
converted to saturated calomel electrode (SCE)ings the formal potential of
ferrocene/ferroceniunm DMF which is 0.45 V vs SCEnh 0.1 M tetrabutylammonium

hexafluorophosphat®.
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5.5Experimental Procedures

Synthesis of Zhloro-4-(triphenyliminophosphoranpyridine, 2.2

N
| A
(J

N‘\PPh3

Cl

2.2

2-chloro-4-(triphenyliminophosphoranpyridine was prepared according to literatt/r&

Triphenylphosphine (11.267 g, 48®mmol) was dissolved in dichloromethane (80 mL)
and cooled to 0 °@r 5 mins Bromine (2.2 mL, 42.9mmol) was added dropwise to the
solution to gve rise to a yellow mixture. After stirrinipe solution at room temperatufer

30 mins a mixture ofpartially dissolvedi-aminc2-cholorpyidine (5.002 g, 38 Dmmol)

in triethylamine (13.8mL, 96.86 mL) was added and stirred for 18h. The reaction mixture
was washed with water 8100 mL) and the gganiclayerwas then dried with magnesium
sulfate, filtered, concentrated atfte product wagrecipitatedby the addition oexcess
diethyl ether. The pale yellow solid was collected, washed digthyl ether and drieeh
vacuo(13.440 g, 8%). 'H NMR (400 MHz,CDC}) : U 6. 45 (Jd08&21 1H, P
and 5.7Hz), 6.59 (ddd, 1H, PyrH] = 0.4, 0.7 and 1.9 Hz), 7.4652 (m, 6H, PhH), 7.55
7.61 (m, 3H, PhH), 7.67.74 (m, 6H, PhH), 7.78 (ddd, 1H, Pry#& 0.3, 1.1 and 5.7 Hz).

13C NMR (101 MHz, CDC#): 117.72 (d, CHJ = 20.2 Hz), 117.82 (d, CH},= 18.5 Hz),
128.97 (d, CHJ = 12.3 Hz),129.10 (d, CJ = 100.1 Hz), 132.52 (CH), 132.7 (d, CH=

10.0 Hz), 148.8 (d, CHl= 1.5 Hz), 151.6 (d, G} = 3.5 Hz), 161.5 (d, C] = 2.0 Hz) 3P

NMR (121 MHz,CDC}) : U0 8. 97 ppm.-1M4°Ct i ng point 173
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Synthesis of Noropyl2-chloro-4(triphenyliminophosphoranpyridine, 2.7

e

NS el
|

N<pph,
2.7

2-chloro-4-(triphenyliminophosphoranpyridine (2.450 g, 6.30mmol) wascompletely
dissolved upon heating in acetonitrile (10 miijh 1-iodopropane (1.23 mL, 12.6 mmol)
in aclosedsystem under inert atmosphefd@e reaction was completed after heatn @0

°C for 18h. The clear pale yellow solutiomas concentrated andhe product was
precipitated using an excess of diethyl ether. The resulting tan soli¢olMasted by
filtration and washed with more digthether and lastly drieth vacuo(3.130 g, 8%). 'H
NMR (400 MHz, CDC#) : U 0. 9J=74Hz), 1.33H93 (nP2H,,Pr), 4.45 (t, 2H,
Pr,J=7.6 Hz), 6.47 (dd, 1H, PyrH,= 2.6 and 7.3 Hz), 6.78 (d, 1H, Pyr8i= 2.6 Hz),
7.537.70 (m, 15H, PhH) 8.73 (d, 1H, Pry#= 7.3 Hz).13C NMR (101 MHz, CDC#) :
10.57 (CH), 23.75 (CH), 57.38 (CH), 117.16 (d, CHJ = 17.0 Hz), 120.82 (dCH, J =
24.4 Hz), 125.64 (d, O = 101.5 Hz), 129.80 (d, CH,= 12.7 Hz), 13219 (d, CH,J =10.4
Hz), 133.87 (d, CHJ = 2.9 Hz), 142.66 (d, CH,= 4.7 Hz), 144.98 (C), 166.13 (d, T=

2.3 Hz), *®PNMR (121 MHz,CDC4§) : U 16. 09 ppml75@eHRMS ng po i

(ESI+): m/zfound [2.7-1]* 431.1423calculated for @sH2sCIN2P* 431.1444.
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Synthesis of aminotriphermthosphonium bromide&,.4

Aminotriphenylphosphonium bromide was prepared according to literature with slight

modifications*!

In an ice bath, bromine (00nL, 136mmol) was added dropwise to solution of partially
dissolved triphenphosphine (35.179, 134.2L mmol) inacetonitrile (2B mL) resulting

in a bright orange solwn. While vigorously stirring, ammonia gas wasbbled thought

the solution for B mins resulting in a tan solid in a pale yellow solution. An excess of
diethyl ether was added to precipitate the solid further. The solid wasdheated by
filtration and washed with more diethyl ether (20 mL) before betigsolved in
dichloromethane (XMmL). The organic lpase was washed with waterX4.00mL) then
dried with magnesium sulfate afilered. The wlatiles were removeih vacuoto give a
white solid 89.152g, 82%). The spectral data were consistent with the literdtdetalH
NMR (400 MHz,CDC}) : U 6. 86 (-B.50 (n2 6H, PhN)H763.74{m, 31

PhH), 7.797.90 (m, 6H, PhHPP NMR (121 MHz, CDCY) : U 36.59 ppm

66



Synthesis of Noropyl2,4-bis(triphenyliminophosphorano)pyridinium iodid28

| ©

®
N_N=PPh,

&

N*‘PPh3

2.8
N-propyt2-chloro-4-(triphenyliminophosphoranpyridine (15.081g, 26.987mmol) and
aminotriphenylphsephonium bromide (10.684 g, 29.826nol) were combined and cooled
in the freezer-@0 °C) along with a mixturd,8-diazabicyclo[5.4.0Jundec-ene (9.34 mL,

625 mmol) in acetonitrile (40 m) After cooling for 30 mins, 1,8
diazabicyclo[5.4.0]Junde@-ene and acetonitrile mixture was added dropwise to the solids.
The reaction was completed after heating at 70 °C for 4 days in a closed system under inert
atmosphereThe volatiles were removed, anbet resulting solid wase-dissolved in
dichloromethane (40 mL) and washed with watex 0 mL). The organitayerwas then

dried with magnesium sulfate, filtered, concentratedthagroduct waprecipitated with

excess diethyl ether. The tan solid was collected by vacutratibh and recrystallizein
acetonitrile (11.180 g, 38). 'H NMR (400 MHz,CDC4) : 4 0. 98=7(4Hz), 3 H, P
1.81-1.91 (m, 2H, Pr), 4.24 (t, 2H, R¥= 7.5 Hz), 5.36 (d, 1H, PyrH,= 2.0 Hz), 6.36

(dd, 1H, PyrH,) = 2.3 and7.3 Hz), 7.327.46 (m 24H, PhH), 7.4&.64 (m, 6H + 1H, PhH

+ PyrH).23C NMR (101 MHz, CDC$) : 0 13), 2308 (CK)GH.21 (CH), 106.11

(dd, CH,J = 7.4 and 14.84z), 106.11 (dd, CHJ = 7.4 and 14.8 Hz)114.21 (dCH, J =
24.6Hz), 127.05 (d, C) = 103.5Hz), 127.71 (d, CJ = 100.8 Hz), 1282 (d, CHJ=12.4

Hz), 129.58(d, CH,J = 12.6 Hz),132.12 (d, CH,) = 16.2Hz), 132.22 ¢, CH,J = 16.2

Hz), 132.96 (d, CHJ = 2.9 Hz), 13333 (d, CH, 2.8Hz), 139.60 (dd, CHJ = 1.0and 2.3
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Hz), 155.22 (dd, C,J = 1.1and10.6Hz), 164.13(dd, C,J = 0.8 and 2.Hz). 3P NMR
(121 MHz,CDC§) : U 9. 7 @pmaMeling foiht 25(51°C. HRMS (ESI+): m/z

found [2.8-1]* 672.2682calculated for GaHoN3P" 672.2692

In situsynthess o f -dipdgpN® , 4 O-tetBkis(Gi@henyliminophosphorand),2 -6

bispyridinylidene 1.43

PhsP=N g } N=PPh,
N N
/7 N N\

PhsP=N N=PPhg
1.43

In the glovebox, Noropyt2,4-bis(triphenyliminophosphoranpyridinium iodide (0.20@,
0.2 mmol) was suspended in diethyl ether (5 mL) and potassium
bis(trimethylsilyl)amide (0.055 ¢).276 mmol) wassubsequentlyadded ineight small
portions. Once ddition completel, the resulting black solution wastirred for 3h.The
mixture wadiltered and the resulting black solid wastracted witltdeutratedbenzene to
allow for the collection of NMRspectraThe productwas not isolatec?'P NMR (121.4
MHz, CsDs): Major Isomer U -7.29 and 0.89 ppnMinor Isomer U -5.29 and 0.65 ppm

Impurities 0-9.49 and8.82 ppm.
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Synthesis of Ny édimethyt4 , 4 &teti@kjs(Giphenyliminophosphorane2,2 -6

bispyridinium dichloride2.10

o e
cli o]
PhsP=N_ @) <@ N=PPh;
N N
7 N ¢ N\

Ph;P=N N=PPhg
2.10

In the glovebox, Noropyt24(triphenyliminophosphoranpyridinium iodide (0.202 g,
0.2 mmol) was suspended in diethyl ether (5 mL), angotassium
bis(trimethylsilyl)amide (0.056 g, 0.28mmol) was subsequently added emght small
portions.The mixture wadilteredand the resulting black solid wastracted with benzene

(10 mL). Hexachloroethan€0.045 ¢g,0.19 mmol) wasadded to the black solution and
stirred for 18h. Diethyl ether waadded to further precipitate the brogreen solid. The
solutionwasfiltered and thesollectedsolid wasdriedin vacuo(0.175 g, 5@6). Reduction
Potential: -1.67V vs SCE'*HNMR ( 400 MHz , CDCI 3): ua 0. 83
1.55 (m, Pr, 2H), 1.81.93 (m, 2H, Pr), 3.33.42 (m, 2H, Pr), 4.58.73 (m, 2H, Pr), 5.41

(d, 2H, PyrH,J = 1.7 Hz), 6.60 (d, 2H, PyrH,= 2.3 Hz), 7.35 (dd, 24H, PhH= 8.1 and

12.4 Hz), 7.45 (dtd, 24H, Phl~ 3.3, 7.7 and 10.9 Hz), 7.59 (ddd, 12H, Pi&,3.9, 7.4

and 8.1 Hz) 13C NMR (101 MHz, CDC}) : U 1 49,.2560 (CH)C39.74 (CH),
108.61(CH), 111.91(CH), 126.26 (d, CJ = 10368 Hz), 126.95 (d, C] = 101.1 Hz),
129.39 (d, CH,) = 12.4 Hz), 129.62 (d, CH, = 12.7Hz), 131.99 (d, CHJ = 10.4 Hz),
132.10 (d, CHJ = 104 Hz), 133.14 (d, CH] = 3.1 Hz), 133.53 (d, CH,= 2.7Hz), 142.05

(C), 155.99 (d, CJ = 12.6 Hz), 162.77 (CF*P NMR (121 MHz, @®Cls) : & 11. 05
13.99 ppmHRMS (ESI+): m/zfound [2.10-2CIJ>*671.2637calculated for @H7sNsPs>*

671.2d4.

69

a



Synthesis of Zhloro-4-(tricyclohexyliminophosphoranpyridine, 3.4

N
| A
J

N ‘\PCy3

Cl

3.4
Tricyclohexylphosphine (11.848, 42.2® mmol) was partially dissolved in 20 mL of
dichloromethane to whichelxachloroethane (10.357 g, 43.78hol) wasadded in small
portion. After 5 minutes of stirring, a mixture opartially dissolved4-amino2-
chloropyridine (5.054 g, 39.31 mmajd triethylamine (32.8 mL, 236 imol) was added
dropwise.The reactiorwas completed after heating & 3C for 5 days in a closed system
under inert atmospher&he reaction mixture was washed with watex 80 mL), and the
organic layer was then driedttvmagnesium sulfate, filtered, concentrated and the product
precipitated by the addition of excedigthyl ether. The solid was collected by vacuum
filtration and recrystallized fronsopropano(9.158 g, 5%).'H NMR (400 MHz, CDC}),
0 1-1.29 {m, 9H CyH), 1.431.52 (m, 6H, CyH), 1.74.94 (m, 15H, CyH)2.052.18
(m, 3H, CyH), 6.37 (ddd, 1H, PyrH] = 0.5, 2.1 and 5.8 Hz), 6.49 (ddd, 1H, Pyd; 0.4,
0.5 and 2.1 Hg 7.79 (ddd, 1H, PyrHJ = 0.4, 1.1 and 5.8 Hz)}*C NMR (101MHz,
CDCl) , U (d2@t, J=3.4 Hz), 27.20 (d, CHJ = 11.7 Hz), 27.37 (d, CHJ = 3.4
Hz), 36.18 (d, CHJ = 57.3 Hz), 117.18 (d, CH,= 16.4 Hz), 117.74 (d, CH,= 15.0 Hz),
148.60 (d, CH,J = 1.1 Hz), 151.74 (d, G1= 3.0 Hz), 163.00 (d, G = 3.5 Hz) 3P NMR
(121MHz,CDC) , U 27 .99 pp m.-18MECHRMS @ESIp):aniZound 188 . 0

[3.4+H]" 407.2360ralculated for @H3z7;CIN2P" 407.2378
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Synthesis of Nmethyl2-chloro-4-(tricyclohexyliminophosphoranpyridinium

iodide, 3.6

2-chloro-4-(tricyclohexyliminophosphoranpyridine  (4.981 g, 12.24mmol) was
completely dissolved imcetonitrile(15 mL) uponheating Methyl iodide (0.84 mL, 13
mmol) was add to theolution and #&er heating for 18h ira closed system under inert
atmospherat 70°C the reaction was completedhdsolutionwas concentrateandthe
solid wasprecipitated using an excess of diethyl ether. The resulting tan solmblieted
by vacuum filtrationwashed with more diethytheranddriedin vacuoto give a pale
yellow solid (6.282 g, 9%). *H NMR (300 MHz, CDC}) : +1.52 (m3 15H, CyH),
1.71-1.93 (m, 15H, CyH), 2.32.46 (m 3H, CyH), 3.99 (s, 3H), 6.71 (d,1H, Pyrd= 2.7
Hz), 6.86 (dd, 1H, PyrH] = 2.7 and 7.4 Hz), 8.61 (d, 1H, Pyr#i= 7.4 Hz).13C NMR
(101 MHz, CDC#) : U 2 532 B=11.4 H1),,26.66 i, CHJ = 11.9 Hz), 27.17 (d,
CHz, J = 3.7 Hz), 35.15 (d, CH] = 54.1 Hz), 43.32 (C§J, 117.25 (d, CHJ = 10.9 Hz),
120.69 (d, CH) = 24.4 Hz), 142.2 (d, CHl = 4.7 H3J, 145.09 (G, 166.91 (d, CJ = 4.7
Hz). P NMR (121 MHz, CDC}) : U 38.02 ppm.-21lKMECHRMBg poi

(ESI+): m/z[3.6-1]* found 421.2523¢alculated for @H3oCINPT 421.254.
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Synthesis oaminotricyclohexybhosphonium bromide.7

e o

o}

3.7

Aminotricyclohexylphosphonium bromide was prepared in analogous prodedhet of

aminotriphenylphosphonium bromide.

In an ce bath, bromine (2.01 mL, 3%2mol) was added dropwise to solution of partially
dissolved ticyclohexylphosphine (10.015 @5.713 mmol) in acetonitrile (200 mL)
resulting in a bright orange solutiowhile stirring vigorously, ammonia gas was bubbled
thoughthe solution for 8 mins resulting in a tan solid in a pale yellow solution. An excess
of diethyl ether was added to precipitate the sdlidher. The solid was thesollected by
filtration and wabked with more diethyl ether (20 mL) before being dissolved in
dichloromethane (50 mL). The organic phaseswashed with water (450 mL), then
dried with magnesium sulfate afitlered. The \olatiles were removeih vacuoto give a
white solid (10.509 g78%). *H NMR (400 MHz, CDC#) :  +2.09 (m] 30H, CyH),

2.31-2.48 (m, 3H, CyH), 5.05 (b, 2H, NH}!P NMR (121 MHz,CDC}) : U 55. 14
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Synthesis of tricyclohexylphosphoranimir3eg

3.8

Tricyclohexylphosphoranimine was preparfetiowing adapted literature procedufa

triphenylphosphoranimine (PRHNH).*

In the glovebox, aminotricyclohexphosphonium bromide (0.207 g, 0GBimol) was

dissolved in tetrahydrofuran (10 mL). Potassium-beitoxide (0.068 g, 0.d0mmol) was

added in small portion to aminotricyclohepylosphonium bromide mixture. The mixture

was stirred on high speed for 3 days before being filtered under vacuwatiofiltm the

glovebox. The \olatiles were removedin vacuo to give a tan solid
(Tricyclohex/lphosphoranimine 0.158, 946 and 0.010g of Tricyclohexylphosphine

oxide). This solid was used without purificatidhi NMR (400 MHz, GDe) : 1.161.44

(m, 15H, CyH), 1.631.95 (m, 18H, CyH)3P NMR (121 MHz, GD¢) : @ 38. 31 p|
46.33ppm (oxide). Melting point 156151.9 °C. HRMS (ESI+): m/z[3.8+H]" found

296.2506¢alculated for GgH3sNP* 296.2502.
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Synthesis oN-methyl2,4-(tricyclohexyliminophosphorano)pyridinium iodide.,9

N-methyt2-chloro-4-(tricyclohexyliminophephorano)pyridine (2.819 g, 5.136&mol)

and tricyclohexiphosphoranimine (3.783 g, 12.80mol) were partially disolved in
acetonitrile (25 mL). The reaction was completed after heating at 70 °C for 18h in a closed
system under inert atmosphere. The resulting dark brown solution was filtered and the
collected tan solid, aminotricyclohexylphosphonium chloride, waagide for reuse. The
filtrateds v o linmvacudtoggwe avbmwnesolid. &ha oesudint solid was
re-dissolved in toluene (75 mL) and the organic layer washed with wate2?53nL). The
organic layer was then dried with magnesium sulfdterdd, concentrated and the product
was precipitated with excess diethyl ether. The solid was collected by vacuum filtration
and further driedn vacuo(1.503 g, 366). 'H NMR (300 MHz, CDC#$) :  (1.55 (ml 7
30H, CyH), 1.731.98 (m, 30H, CyH), 2.08.25 (m, 6H, CyH), 3.63 (s, 3H), 5.59 (d, 1H,
PyrH, J= 2.2 Hz), 5.99 (dd, 1H, PyrH,= 2.3 and 7.3 Hz), 7.61 (dd, 1H, Pyr#s 2.0

and 7.3 Hz)2*C NMR (101 MHz,CDC}) : U 2 52, J9=8.2 z), 2608QGd;ICH, J

=1.0 Hz), 26.98 (d, CkJ = 11.9 Hz), 27.06 (d, CHJ = 11.7 Hz), 27.28 (d, CHJ = 3.3

Hz), 27.37 (d, CH, J = 3.6 Hz), 35.80 (d, CH] = 57.7 Hz), 36.02 (d, CH} = 57.0 Hz),

40.42 (CH), 106.98 (dd, CHJ = 3.7 and 19.2 Hz), 110.73 (d, CB= 11.4 Hz), 140.26

(CH), 155.90 (ddC, J= 2.9 and 8.1 Hz), 165.23 (d, C= 3.2 Hz).31P NMR (121 MHz,
CDC) : UG 29. 58 HRMS (ESI®:nZ2z@.9Ip" found 680.5169; calculated

for Cs2H72N3P" 680.5196.
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Synthesis of 1,1;TrimethykN-(triphenylphosphoranylidene)silanamidel 1

o
S

3.1
1,1,2TrimethykN-(triphenylphosphoranylidene)silanamine veysithesizediccording to

literaturé*

Trimethylsilyl azide (1.56 mL, 11.8imol) was added to triclahexylphosphine (3.089 g,
11.02mmol) and dissolvedh toluene (35 mL). The mixture wadliexed for 5h.Volatiles

were removedn vacuoto givea light pink sold (4.050 g, 8%). The NMR spectrdata

were consistent with the literatuf&'H NMR (300 MHz, GDe) : G 0. 44 (-s, 9H,
1.92 (m, 33H, CyH)13C NMR (101 MHz, GDe) : U %), 26.37 (4, CHJ=1.3

Hz), 27.35(d, CHz, J = 2.7 Hz), 27.4d, CHb, J = 11.9 H3, 37.07 (d, CH,) = 63.3 Hz).

3P NMR (121 MHz,GDs) : @ 17.81 ppm
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Insitus y nt h e s iDsmetbhyt4 , N4, 6ikeb@k|s(Gidyclohexyliminophosphorane?,
2 -dispyridinylidene 1.44

CysP=N_ s, \ N=PCy,
N N
7 N5 N\

Cy3P:N N:PCY3
1.44

In the glovebox, Nmethyt2,4-bis(tricyclohexyliminophosphorano)pyridinium iodide
(0.049 g, 0.06L mmol) was dissolved in deuterated benzene (1 mL). A solution of
potassium bis(trimethylsilyl)amid®014 g, 0.080 mmol) in deuterated benzenk rfiL)

was added dropwise over a period ofLtamin. After 4h, the contentsf the vial was
transferred to a J. Young NMR tube for bsés, the compound was not isolatéld NMR

(300 MHz, CDC}) :  +1.34 (36, H, CyH), 1.48.84(m, 60H, CyH), 1.932.25(m,
36H, CyH) (E)-1.441 3.65(s, 6H),4.70 (2H, PyrH), 533 (2H, PyrH).(2)-1.441 3.46 (s,
6H), 458 (2H, PyrH), 5.50 (2H, PyrH{*C NMR (101 MHz, CDC4): (E)-1.440 2 &d, 6 5
CHp, J= 7.6 Hz), 26.94d, CH, J = 4.2 Hz), 27.57d, CH, J = 11.4Hz), 27.88(d, CH,
J=3.3 Hz), 28.02d, CH, J = 10.4 Hz), 28.07d, CH, J = 6.1 HZz),36.69(d, CH,J = 58.8

Hz), 37.35(d, CH,J = 58.1 Hz), 41.14CHs), 9145 (dd, CHJ = 4.4 and 18.61z), 93.28

(d, CH,J = 3.7Hz), 123.95 (G, 145.41(d, C, J = 4.8 H2, 155.98(dd, C,J = 3.8 and 5.8
Hz). (2)-1.441 26.65(d, CH, J = 7.6 Hz), 26.9qQd, CHp, J = 4.2 Hz), 27.57d, CHy, J =

11.4 Hz), 27.88d, CHb, J = 3.3 Hz), 28.04d, CH,, J = 10.4 Hz), 28.07d, CH, J= 6.1

Hz), 36.69(d, CH, J=58.8 H3, 37.22(d, CH,J = 57.3 Hz), 36.14CHs), 9345 (dd, CH,
J=3.1 and 19.Hz), 93.55(d, CH,J = 9.2Hz), 121.37 (G, 144.41(d, C, J = 4.4 Hz),
154.03(dd, C,J=2.5 and 6.}z).3®P NMR (121 MHz,CDC$) : U 12.93 ppm,

18.87 ppmand19.19ppm
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Synthesis of Nmethyl2-(tricyclohexyiminophosphoranej-

(triphenyiminophosphoranyridinium iodide,3.12

l@

|
N®

Q

N°PPh3

N=PCyj,

3.12
N-methyt2-chloro-4-(triphenyliminophosphoranpyridinium iodide (0.988 g, 1.86
mmol) and tricyclohexylphosphoranimin&.227 g, 4.153 mmphwaspartidly dissolved
in acetonitrile (25 mL)The reaction was completed after heating at 70 °C for 3h in a closed
system under inert atmosphere. The resulting dark brown solution containing tan solid,
aminotricyclohexylphosphonium chloride, was cooledt®°C then collected by filtration
and put aside for regeneration of tricycl
were removedn vacuoto give a brown solid. The resulting solids stirredn distilled
water (50 mL) for 1 h. The solid was colletttey filtration, dissolved in dichloromethane
(10 mL) and washed with water (620 mL). The organic layer was then dried with
magnesium sulfate, filtered, concentrated and the product was precipitated with excess
diethyl etherThe solidwascollected byfiltration and recrystallizedh ethyl acetate (1.503
g, 30%). '1H NMR (400 MHz, CDC}) :  1.46 (m) I5H, CyH), 1.52.07 (m, 18H,
CyH), 3.64 (s, 3H, Ch), 5.51 (s, 1H, PyrH), 6.19 (d, 1H, Pyr8t 6.8 Hz), 7.447.91 (m,
16H, PhH + PyrH)13C NMR (101MHz, CDCkL) : U 2 4$, 26378 (d,(C Bi= 12.0
Hz), 27.20 (d, CH J = 3.5 Hz), 35.57 (d, CH] = 57.3 Hz), 40.91 (C}), 105.81 (dd, CH,
J=4.8 andl7.4 H), 112.09 (d, CHJ = 21.6 Hz), 128.66 (d, @,= 100.6 Hz), 129.54 (d,

CH,J=12.4 Hz), 132.54 (d, CH},= 10.0 Hz), 133.17 (d, CH,= 2.7 Hz),140.34 (CH),

77



156.04 (G 164.34 (C)3P NMR (121 MHz, CDC}) : U 8. 81 aHRMS 32. 69

(ESI+): m/z[3.121]" found 662.3768calculated for GzHs4N3P2* 662.3788

Insitus y nt h e s iDamethyt4 , Ndigiik@henyliminophosphorano, 6 , 6 0

bis(tricyclohexyliminophosphorane? , - bigpyridinylidene 1.45

CysP=N_ s \  N=PCys
N N
4 \
PhyP=N N=PPh,
1.45

In the glovebox, in a J. Young NMR tube,
N-methyt2-(tricyclohexyiminophosphoranel-(triphenyliminophosphoranpyridinium
iodide(0.0051 g6.5¢e mol ) and potassium bis(trimethyl.
was mixedin deuterated benzene (1 mL). The twh&s shaken for thirty seconds and
productwas not isolatedH NMR (400 MHz, GDs): Major Isomer-0 3. 39 §),s, 6 H,
4.31 (s, 2H, PyrH), 5.66 (s, 2H, PyrHMinor Isomer-d 3. 15 ()s4,64 (6,BH, CH
PyrH), 5.43 (s, 2H, PyrHBoth Isomers U 0-0.52 0m, CyH), 0.92.14 (m, CyH), 1.54

2.00 (M, CyH), 7.9§.13 (m, PhH), 7.77.99 (m, PhH)3!P NMR (121.4 MHz, GD):

Major Isomer U -5.93and 2009 ppm.Minor Isomer U ;3.16 and 21.88pm.
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Attempted synthesis M-methyt2-(triphenyliminophosphorane)-

(tricyclohexyiminophosphoranpyridinium iodide,3.13

S]

o'
N

| AN
J
\\PCy3
3.13

N=PPh,

P4

N-propyt2-chloro-4-(tricyclohexyliminophosphoranpyridine (1.069 g1.947 mmol) and
aminotriphenyphosphonium bromide (1.448 4,02 mmol) were combined and cooled
in the freeze(-40 °C) along with a mixture of 1;8iazabicyclo[5.4.0Junde@-ene (1.09

mL, 7.29 mmol) and acetonitrile (10 mL).After cooling for 30 mins, 1,8

diazabicyclo[5.4.0Junde@-ene and acetonitrile mixture was added dropwise to the solids.

The reaction was completed after heating at 70 °C for 7idayslosed system under inert
atmosphere. The volatiles were removed, dmal resulting solid was +dissolved in
dichloromethane (20 mL) and washed with watet 25 mL). The organic phase wesed
with magnesium sulfate, filtered, concentratedthiegroduct waprecipitated with excess
diethyl etherThe solid wasollected by filtration and drieit vacua *H NMR (400 MHz,
CDCl) :  t1.3@ (m918H, CyH + diethyl ether), 12900 (m, 18H, CyH + impurities),
3.89 (s, 3H, Ch), 5.29 (d, 1H, PyrH) = 2.1 Hz), 6.12 (dd, 1H, Pyrd,= 2.3 and 7.2 Hz),
7.387.77 (m, 16H, PhH + PyrH + impuritieS}P NMR (121 MHz, CDC$) : 4 1 1.

30.14 ppm.
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Appendix AT NMR Spectra

The NMR spectra are in order of appearance from experimental proce@hapter 5
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Appendix BT Mass Spectroscopy Spectra

The high resolution mass spectroscopy spectra are in order of appearance from
experimental procedure {Dhapter 5
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44 I@
N® Cl
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27
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Figure B1 High-resolution mass spectroscopy2of.
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Figure B2 High-resolution mass spectroscopy2o8.
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Figure B3 High-resolution mass spectroscopy2o1Q
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Figure B4 High-resolution mass spectroscopy3od.
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Figure B5 High-resolution mass spectroscopy3o6.
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Figure B6 High-resolution mass spectroscopy3o8.
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Figure B7 High-resolution mass spectroscopy3o®.
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Appendix Ci1 Cyclic Voltammograms

The cyclic voltammograms are in order of appearance from experimental procedure in
Chapter 5
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Figure C1 Cyclic voltammetry o2.10in 0.1 M tetrabutylammonium

hexafluorophosphate in DMF at a scan rate off80s™.
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Figure C2 Cyclic voltammetry ofL.44in 0.1 M tetrabutylammonium

hexafluorophosphate in DMF at a scan rate off80s™.
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