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1. l ntroducti on

11Throbgomhdhwveugphace conpugragaowminc macrocycl es

Macrocycles have become an increasingly importar
the di scoown yeyliredgiemsdb®a67 to more recent compou
and calixarenes that are being investigatied due
guest %®Hheiwbbesity to diversify macrocycles by |
across a range of di sbd atladnfesti esr,u cafi® adsadi dérnuayed a e T to;
supramol eculOamre ohHemihset ryhal |l enges of functional

required due to how difficult it t?2 to form | arg

Thr ossgmddce conjugati emviasl eannt iimmptoerrtaacntti onnebnb hdt wor
conjugati Odiunibes we dmat can tdeloaagal i cvweerrid ilagbapki sean sp
influencing the el ectf®Bht bopghbpoenhdt bcaognhjoufg aat i coonm pac
‘fel ectron transfer acr ossspalcendcsonij m g d@ite il seyastt reeami) a n
del ocalisdunonsthhatglre interacting by*neter mol
clasacaofoclyatl euti-$paeetbooppupghati on are cycl ophane
at |l east taoomatoims viiamh@mh a n*'Klencecrhea ihnasv.e been many
cyclophamrees ,sagnintdhesi sed bwoSEedEmaown ams tlhe | itt
consi stidngiNpyritdoni unmpxuynlietnse Iriinnkgesd, btyo even bigg
a terylene diimide (TDx)yleyel dp m&krea t Fadd uMEdr ¢ d nea
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FigarSttructures of tHeend itterlyel eébrleuedibioiti dd edfytc)l ophane

Thr osgplace i ndemr ammeisdmtlye dilsdtawmeduni ts within
compounds (intramolecular) and the distances be
crystal stewtbamebesWaad a series odccegpminaplsanes
connecarttkhyddeyne units thand eixmti dr mo lbeod thl airntirmt er
compoundsC8Bridble dwas synthesised by a Stille cou
diimide (NDI) mdi ehiyommaelnea (BeDnTz2o tin compound
cyclophane were grown by-ralyowidfapacC8BBNDdnafl yso



demonstrates a closely packed structure with a d
for tée4pauaghcharge transfer. Packing arrangement
oxylene |linkers and the BDT donor wunit of one mo
‘i"di stance of 3.7 it hfrwesudgdheee o driFjhdjgarzeii mrg t he

-

Intermolecular CT

).,,\ D plane
2
RSSO, TSI
A plane

Figari ngl e -cayss@alCBBENIDE abkyl chains omittedardadr clarity
intermol eculéqar interactions.

Theoretical calculations wusing €e8Bd3/16§( d)unlcd v eln ¢
the gas phase were runatcoepgtuorn hie@8 BBNEDdathilde rstdhh ed th e

ot her synthesised cyclophanes. Al four compound
the LUMO on the accept oox yuneintes ,h| iansk eerxsp ehcatveed ,miwhii
either enerdy&yevolB&ER®Ohwrse t he | argest Dbandgap
eV) because of the |l east destabilised HOMO energ

el ecdtonoant i ng strengt hC®D-RD,h ea tchyrceleo pdhoanme mkand & so. f
indole unit coupled with a perylene diithi8d4 (PDI
eV) and destabili4s&2 HOMOCE&BEPNDYEE K-KDla nd8 D-N

NDI i kely due to the strong electr-donatifngieapamia
of C8DN. The cyclophanes have ia2. B8ndVgaphenemagll
can be attribut etdrtesupgahb e ¢ dobejt avpaetinie aohleardonor and
wi t hi n t heThmasc rdoecnyocniset r-apasehownmnspbhbpesghbnvieai nf |l u

compoamdsempl oytshepiradd eer ttibexctisenabk el ectronic mat
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12Aromatic diimide macrocycl es

Rigid macrocycles that consist wihanapomathi c Hdr i thg
become viatcdli veedoxmpounds due to tthhreauwghabbiyle tlyi ntk
t hr esupgaghc e c o' jTthgea tmoosnt. common ADI | inker' 23r2é¢ naj
pyromel |l itic?%3%  md dee r(WIMDAI&™?°dhami dagéa@®!l )n redox
form multiple reduced states Biamwamldvti nagn dt woo welr &g
synthesised a cyclophane call ed thxey |pe nnek ubnoixt sc oar
bay position bf&fThe ADI mMAicgwrcgcl estwap $yymimeas iby

utilises a copper (1) catalysed Adliilaukd oy aclomad c
to obtain the compound in a 22% yield.vagnuwrl e ¢
di ffusion of methanol into a chloroform solution
and to establish any intramoKeayl anaigysesaofti dbhe

shows axi al chiralavye byf etaltyda r thdniad tuend f r AIne wor k
compl ement ary tiosttahek ihmgnoltehtiwemdn t he PDU. dunits o

The intradamdletahae between deeoPHIr atniitsgpat Be 3t h
conjugation that allows for communication betwee
as functional chiroptical materi al s.
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Figar(da) Structure and (b) sifh%QGle crystal struct:

Due to the unique structural, optical and el ectr
series of cyclic di mer ¢ dnili meni noanyd | ohEXxkagamer Hrli
1)% ¥ach type of macrocycle offers different ;
supramol ecul ar chemistries to the Tehlee csymtnh es ibse
cyclomdtrtamacrocycles requires equal eqgru)JRvBEl ent s
(S)-Sr dn-ki ami nocycl ohM xtthinnee trheyalcftoerdmami de ( DMF) or

for 24 h before purification by column chromatog
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FigareDl s PMDI , NDI and PDI alongside schematic di mer



The smallest ADI, PMDI, has dtéhalusegdt hes)pseceadd
2PMDI consisting of two PMDI units that are conne
units to stack over)3MOh hat hdhrasandhraet PMDer un( t
bridges that take the form of a molecular trian
uni ts influences the el)ecPtMDdmidy3(Povioa p e rrteifees,enak
mol e PMDég ef containing one PMDI unit capped by a
comparison witkahntdheércwmeli cTHdemeedox properties
coworkers by cyclic voltammetry (CV) and differ e
electrolyte solution antde2r &c o/r d F8yRUM ean slweips coi

greater insight into the redox processes than C

reducti ®MD-pesihkosws t wo r edQc 6DblamBeaks( Vatvs Ag/ Ag

M)-2PMDI whil st showing an al most identical CV prof

peaks adding wup to i0.040, Wl ,duTitla wd2 p/eaks vast Ag/ .

(1-3PMIpphas a profile with six single electron red

ai0. 61, 1T0. 70, 1T0.77.and 11. 33, 1T1.55, T1.72 V
b

Current / mA

o) a
5 [(~)-3PMDI-A) [(-)-3PMDI-4]
-)-3PMDI-A
&7 R -0.77 -0.70
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/ ] f 1 1.72 " 1 ?3 Potential / V vs Ag/AgC|
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i/ /\/k §-002
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[PMDI-Ref]” — — [PMDI-Ref) R T
] -1.38 -0.69 Potential / V vs AQ/ACI
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Figadr(éa) aDRM ) aG¥|l ysh# eb| UPMD-nef)@PMDInd-3PMBI n 0.1 &M TBAPF
in DMBcan r &2%: 10 mV s

To illustrate "tsauw fiamer eaasiangoft htehe ADI within a
el ectronic properties, tihxPMOgavbhsemp &ADé d mwil elc ut e
mol ecul a()-ANOdaygltdesi sed bywosKé@W aan alaynsdi sc oof t



mol ecul ar triangles and their reference compoun
carried gdel entraolCH e sol ution tlol?7Qomearntece tCo/ twl
reference cdimpbBMDEs@)-3Ndgdehx hi bit three times the
processes as expentuendodd ulfeDIt ountihtes iinnc rtehaeqigndo | e c u |
3NDhbghas a wave with six(()s3iPiVdploen | g/l eschtorwessn tphrr cecee sssien
processes due to the other three procesgLds occul
The half potential d¢d)3Nbdesf moseée easdsuly3iRaMiplpsakbf

because the NDI u-def sciaert moomp aerleecctront he PMDI
indicates that'islbuy fiamcer eaasiangoft htehe ADI uni t wi t
electronics are improved by mor e nemdsifloyr aucscee sisni b
applications.
Ref-NDI
20 pA (-)-3NDI-A
(=)-3PMDI-A
Ref-PMDI
-915
-2000 -1500 -1000 -500 0

E / mV vs Ag/AgCI

Figar@v analysis ofR&RNDIN)-GsNolEd(d)-3P Mbgpa nkRfe-PMDin 0.1 NMnNnTBAPF
CHC4$3?

Al ongside the molecular triangles containing thr
there have also been a series of isosc%iBds mol e
employing alternate ADI s,pachared etcdrriomnattiramsdfert Ip
di fferihigosjmgatefl units can be established. Fou
using PMDI and NDI lasPDveliln awa rtyienid-2ab BikdeMtipIAfD t h e
M)-2 PMBLUNDRI@{)-2NDHL P Bgla n(d)-2 PMBLIPBFi gbra@& d Fli)Jgur@ne of th

main differences of the isosceles molecular tria
paking arrangement(§):3 Nigdal nd@g-8 P Ipf o r ma n-dt ms moieon al
(1D) columnar arrangements to form a prism | ike
uni t s, rté sthoewcetvievre,l yt he i soscel es mol ecul ar tri
highlighting the eff @p2NDIPMDOIdlnes sa Intodif sdid asepkl ralyy o i
the NDIs between two molecules or any interactio



NDI for a PMDI unit means that there are no | ong
on the ADI to a hydrogen atom on another mol ecu
(Figure X. X)I0)2PMBPUNMNERIt beasenobBc(@l e triangles empl
supramol ecul ar B-df met udad mea f{duremta @t wo differer
ADI uni Pgli mé&hef br méi" braakiseg ohet ween the PMDI a
mol ecul es cwi tohf a3 .ddi sjt abnet w(edni mehre itsw ofi mrisvnha ch ed u eh Bt:

bet ween the NDI units of t WostdadKiemgndi snodrecall €3

1)8
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(O 0 - O O
:c»___,\)\(:‘ N N N—<:>
O C [o) 0

(-)-2NDI-1PMDIA (=)- 2PMDI-1NDIA

FANANE
DAY

34A

FigarBi ngt gstal sti)-anNDBIPrMEgsh nodf(T)i)P MBLINRdal ongsi de t heir pack
arrangment s.

The PDI isosceles molecular triangles form si mil
téacestacking (3.4 j) between two PDI units of t
units are almost par ai)2&MplRdef €6 ivsera i slaildlyt amfd
hori zontipg2NDA P&schows a greateveofiecaltl pfadd02. 0

This is |likely atty2iPoMBLIPOEt he PDé Lactsthaete mor é
the smaller size of the PMDI ‘isnirtf @ ced mptaraekd aotrgo. N
Al so, the steric constraints of the cyclohexane

PDI units across t hel)2Wdl miop[Fe guwl)@s Tchoempea rweads tad s(

of hydrogen bonding seen bet weemi ttshewictahr bao nhyy d roax



on another mol €¢-21N[RIsP DADr(d)-2 B MBlbPdopbhs  we | | as an ab

interactions between NDI and PMDI wunits respect:i

Fi gar®i ngt st al sti)-2NDBIuPrbgasn dqif)iR)B MBL(P o | ongsi de their packi
arrang’*ment s.

Geomedtprtyy mi sed DHIM-250 RMIEpun(B-8 PMBLINRAdwer e cal cul at e
t he B33LLY®Y 6l evel @7j2NDldedyphyn(dwhhR MEIP@@wWwer e cal cul at e
the -2WD8BJ/ 6311G(d, p) l@iv e Al ohoudlodiyr @ mt CHompar
l evels for the four compounds cannot be made due
made from the positions of the molecul dr.)l1®r bi t a
Fo()2 NDIP Mipa n@)-2 PMBLINDRIt he HOMOs are | ocalised on
compounds(@)vwNiDll eMipb he LUMO and LUMO+1 are also | o
nits 1 meditchadpuengge tconj ugati on bet ween t Hi¢g NDI u
PMBLINRdal so sees a similar pattern with the LUNM
ompound however, the LUMO+1 is samrdr édudeaek 4twat

atterns of where(l)2NSOIMMPshawe t(tloabl abkekdough the

u
2
c
occur between the tTwwoe chPlj vuigsad secde |1AeDd manligcsul ar t
p
on the PDI uni t t het HOMMODIL Wi tl aig-2a NiPHP @pids 1@ hef

|l ocated on the PDI unit with partialredwngadadt atn
occurs on the -rPdDdu aend ts twatten ()RaR Mg PNpiD Ih eu rHIOtMO.T 1F o r
is delocalised across the cyclohexane bridging u

the HOMO and LUMO are |l ocated on the PDI uni t .



(-)-2NDI-1PMDIA (-)-2PMDI-INDIA (-)-2NDI-1PDIA (-)-2PMDI-1PDIA

- i , ’“‘*\
HOMO HOMO-1 f % ~.‘. 9.

p; o, R
LUMO / HOMO N . \
H fagens  iesew

LUMO+1 i LUMO / % "y
» | NS

Figar0Osual representation of tih-2NBIOAINOphA r(dy¥MPMBIENDRd L UMO+ 1 ¢
calcul ated -21G* hlee B&RW&T Gthhed grOMOMO, a n(d)-2 N BMp® i (d)-
2PMBUP@mc al cul aM@E®@® Xm3tBJt/h6e311G(d, p) Cad’el of theory in

A shpaepresi stent chir @)d Niho h e @ ud NlAlL hsaaggu alreeen synt he

containing four NDI uni ts and four cyclohexan
communication differs from tWatstepwt bat sgmahker
i sold4aNtD&idn an overall yield of 8 % whitcltoinsleas ai n

route (~11.9).1 (Thiegdrie st product f o(i)@eNd, Aftrwvwan N Dle
units connected by oip-2NIciAsc | roehaecxtaende wintiht ,t wdh eanq U
protected cyclh)@2Nd-B\a.0 eT hteo Bmack epr(ot ected compound
TFA to1n)koli-MmHwWwhi ch i s t hen2Nléfanc tDeMIF wvaitt hr eff)-l ux t o
ANBAIin a 20 % reaction yield and an 8 % overall



A Step-wise condensation NHZ —— O—NS-

Ogy O 0 (er_ _lm o N OO o)\_
ik 99,

NH2
(RR)-
NH; 0 DMF/130°C/12h O =
g ! DMF /140°C/12h ' W N
0% o 50/ 0

( -)-2NIA (=)-2NIA-| Boc

TFAICHCl/5h

l

( )-4NDI ()~ 2NIA-NH2

NH, )
m (RR) - O’ (4 x) i i E§
NH;
(4 x) DMF!130°CI12h &

( )-4NDI

B One-pot condensation

FigarAStepwi se procdpauNBlanBOrsgat hesnder(sati@mNDd3aicti on to

Xray diffraction arn+#4MBigs oovMn siyn gll @ wec myaptoam e slo ff f
into a chl or @)fdrDW, ssoH awwws oan roifgi d macrocydloe stru
face cavity heilght2 offhelilsujpéefBNBlucdusp! ofs t wo
mol ecul es of the tetracycle that are held toget|
carbonyl oxygen on omedADd eann atehopeamsNDIn gu nwitt ho nt haen
of{+)-4 NOAl.L. Th(@)-4tNai s t wi At ed mpyarses™ to the teracycl e
(+)-4 NIAiImol ecul es stack to form i n#+ NDVWst achka nonled sse |:
together to form an ordered packing arrangement.



Figar &Rngtestal str@paNDPAeamo| et ude cEWd wn (+PHNBwWwo | ecul es down
thheaxi s and c¢c) Over al@#)-4Nadtkd mmgcaatidsangement of

To compare t (ip3NRiec@dsoiMc¥ afal ysis was conduct e

solutCHCOlt onestablish the reduction potentials o
(Fiduyle8 The CM-3Wddhsehoonfs si x distinct reversible c
of the strong gl obal conjugation seen between t

tetracyicsl el ensasver es ol ig-4 NOAIpR \e seema Isy sihse dfior.s7tl r edu
V. forms -ndaei ormlnoani on -ébét¢towe10brBo5Sae\s 9t rotef or m t +
reduig-4 NIALThenla32 V a-ebrecadomoprocess occurs, wh
compl eted emulrtoin )Nt ¢ oui ods a smal l Col umbic e
the tetracycle is an appealing compound for wuse
up to eight electrons.



3NDI
W 4NDI
-20 =15 -1.0 -0.5 0.0
E/V vs. Ag/AgCl 20 -15 1.0 0.5 0.0

E/V vs Ag/AgClI

FigaraB CV afmadiINBlas@-4NDRand b) (pLPNRAlo f
(0.5 mMKCLi nO.CH N TSBOAPNF\2 938 K) .

130vervi ew

Up unt il now, t hecadthivest mghéeécoharnftricadioxkbes bas
di amhasesbeen | imited to the wuse of yfoirgiachi seclaoh
ultimately guide the Kkineticalrlayn-ddi amitimiehdgqaesd macr
been wutilised to date, despite the fact t hat e\
geometry could have profound influences oen macr
crystal siohéedi stahepaaadcohnjrogagthi akebst wboewnADY |
examples where the size of the ADI unit was var.i
project has set out to expand the synthetic chenmn
and polycytcl dlrg-dRiaa imadedige st heCbntesaryi me.t he funde

that a rigid precursor offers the preorgadfi satio

acyclic derivatives have been employed tbishwblek
PMDI i's used as a convenient and -agdimpyrett ite tAIDd
strategies have beemregpgemeedyt oTlhangpgemateagebof
the structural, electronic and electrochemical
established usi nargaya ccroynsbtianl altoigorna pahfy , X absor pti on
spectrbemestregcg and computational chemi stry. Tt

mol ecul ar tri anmgleaas atwtlhepoert tebstyinetsheftorc a&ddiu
modi fication and novel supramol ecul ar assembly

accessible with former ADI mol ecul ar triangle de



Rigid bridge Flexible bridge

'f m%--r a%n i&@‘i ------ ge
BT 5

(S,S)-DHPA (S,S)-DNaphA

Figurlisa tuctures of PMDI vertex modified mol ecul

2 . Results and di scussi on

2.1 Macrocycl e stymdlmetshaned th chiral

The first chiral acyclic molecular triangle synt
two phenyl groups conne&g)tbedi pbhye pedthh yd temarmde a imi N d
di amine was reacted with pyromelliti PMiphnhydr i
(referrCaghi 1 ot lmiss t hesi s) . Al though DMF is a con
reactions, the solvent mol ecul es decompose into
facilitate t heormgpddtciadres tvhlei qphurddn cati on ther ef
as |l ong as the diamine is soluble. After the dia

reaction mixture was purified by lhhutcamaokedmhl asti
5% gradient oCibaed otrenea itr iCHWrati on with aceton:
polymeric byproducts formed duSi)BfHwhe iscsattaied.
an -whift e solyiid|lidmhiiacs 2tlypi cal forl°t?HWetelrasheobucc
of synthesising the first ADI molecular triangle
thought to be unattainable due to the |l ess preor
with an isytsédmdned o test whether the design can |
di amiSn)es,-Ri(( na-ghlka) et hdineemi ne was reacted with PM
conditions (9 y@R&bteof oirseo Ipautrei fi cati on byogutpmyt ed
on a silica column witiCifaol51% we ch dbye ndan odc eatc@en @ ntel



the reacti o)-B\ya ppwacsd u cstod .awbdt assahi dfinfald89%,
i ncrease cSo)BPardeednotnet (ati ng how | ess preorgani s
applied in macrocyclisation reactions and that t

in the reaction.

Product characterisation was carried owtsodswitn g na
mass spectrlRdS)Y ywHIARICI conf i S)88 s becligied]t oghtat ed
m/=z 1183H2UMR. and3 ySAEs hooflws t he characteristic P
signal asiza8ppPmghkbngsi de the aromatic protons ¢
and 7.80 ppmm (TRiegkPM®Il proton signal was observed
t he pSfSHpmadr odyc8pe®®) and although there is onl:
suggests that the introduction of aromatic rings
the macrocycle structure because odtrtcdhreS@8 dafti (@
DP&There is also a notable downfield shift of 1.

the imide group in the modified molecular tria
environment, anothge indetaettoonbé€stbe tha macro
1 OO
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ICHCIy

J CH.Cl, } Hz0
A A Ti
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Chemical shift / ppm

12 73'\*
20.59-\:
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@ | 800 L

100 90
Figur'd RMR spectra 3 4DP8@™KHBRPEBCDCI

(S)BNapwas charact#RMSedolmy i A MWMgHHE th/ez slpl8Si. 89 3 8.
IH NMR spectroscopi oS,pBMNd gbshi oswsc otnhdeu cct headr raocmh setrii cs t i
proton signalw8atlOamgmaglaébgatsdisiagprhalby bfean nglge
between 7.20 anf2.)3. 0TbeppPMD( Fipgoten signal was o
downfield tSh)dSP gt Bomm)o Catpfdacr ocycl e (8.03 ppm),



downfield shift of 0.07 ppm from the parent ma C
aromatic vertices further influences the deshi el
degree. There is also aatpwaf ipalod onlsi fntex®. 210 @
compar 8§g-BRpmdge to the additional electrons fr o

electronics of the entire compound.

2 %8 f:@::
Y 6

(S,S)-DNaphA

CH,Cl,

.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
Chemical shift / ppm

10.0 9.0 8.0

Fi gu2d BRMR spect CDRCLADD KH-Ba\fa mh

Unfortunately, due to solubi((Si)BWamptveunuesugabtdeqta
grown but, sbBEpBPBwemreg sgradwn odnrdaya nail fyfsrealc tbiyorX t o
only product confirmation but also provide detai
of the vertex has on -mhatecgss$empkyp mbatlh gavtiat oedn pst osh
screen appropriate condiSt)yiS®mpsver i gyhi syaw!| ivtaypoar y
di ffusion of acetone i nto Imt erhd otriorf plrym (StpB au tti vom
DPBan@®,)SHpshow si mil ar jcnaeva stuyr esd zaes otfh e .d6i st ance
vertices to the PMDI unit opposite to it, i mpl yi
mai ntained independent By mddi ffylierxg btiHda twe rotfi d ehse
(R)BPEBt he aMe€CHgdi hedr al angl &) dear eaisee pfarrcem t 5 In
(S)SHpt o 4)6 .bx&cause the flexibility of the vertic
that aligns$stiié&EBBMDEns@neictriagn safoetbBer Xcture can
supramol ecul ar behaviour in solution (to an exte
materials. For i ns({Sa®ehps,hotwhse as u puebrusl tarru catr u raen geefme r

nanoprisms t o fdoirmme ncsoinotnianlu o(ulsD)oncehannel s ‘t hat ar



"stacking (3.18 j) of 3adj)acent t BW)EBPtHr mivtetnd (sH ieg(@re
tdacetacking (4.93 j) of the phenyl vertices wit
uni form tubul ar arrangement that i8,)Sk&EM dgwmr & he
23. b) . This is likely due to the positioning of
adjacent nso)BdPduUT heesr eofforéee n g ihee evreirmg of mol ecul ar
i nufelnces the electronic propertiesascsfembhe mdl &cdc
mol ecRudretsher insights into the iIimpact of the str

mol ecul ar triangles can be achieved by the devel

be explored in the following section

s T H MY TNy Y }?b o ‘b R
O~ %;(_;Q x-O 00 Y LY
View down b axis. View down c axis. Q U '0) 2
View down b axis. View down c axis.

Figu3®i mgle crystal structur(®,)8Hmth nddaf B)ME arrangement s

2.2 Macrocycl e stymmdlme2ysdlsolwaxanehir al

I nvesti ghadw osmsmdmdg ori gid system on twel bverbhftesen
the structur al and electronic properties by indi
acyclic counterparts can be made by empbEP8ing ar
DPepanéd ,)BNamiGi ven the established chemistr-y for S
di phenyl (choingppwruetdis. f)chemi stry wa(S,)BRpdmwm@ &8 in t!
DNampho see if it wosldthbhetipoabki bVl prepapestycl oh
tri anglgelse iart foamcd feimtth csugelp .t he exact mechanistic p
is unknown, two pathways have been propBeeH that
of the pathwaiysheasmi samrcel of a Lewi £ doind arsd
shown i n4bFRi gtunree red.®c tpiheAhydaari ety of oxidants can
oxidationdsoabhataseyand benzoquinone (DDQ) al ongsi



chlorifle @Fe@i ni um ¢I,] Imo | cyhbldoerniudre peeMmlaGldhtoppde
chlorig&?*° CucCl

LA = Lewis acid ' O

H LA

W,
O O~ o O.Q

AN
=

Fi gu4Meczhani stic pat hway sotoefr pthheen ySc hboyl la no xairdeantiiuoom coaft i on (
(bottom) intermediate.

Her(@,)BP&Bwas subpestedesoof oxidati onstroe aecsttiaobnlsi su
which conditions f aciolpittianties et hten(8r)-8ay@tEihoenst arydo fihfe
di phenyl mol ecul ar triangle was r e#édtelO0 wnddr DDC
inert gonaitpirenwwent any side reacteansywil)hfarrt
while beingHmBMRt analdg pBREPwaAhemedcted with DDQ a
trifluoromethane sulfonic acid, a higher strengt
and was al st NMRIi aomré gsshgn( TR bR ESPHPwansa lrleya,c t(ed wi
Fedln -CldndNCH to help with Hhatsaolowom Itietmpeaosfat ke @I
atmospherb5e é€mable3. Unfortunately, noné&)8f t he
DPE&t oS ) BHBand only the starti nregcmdtoer it IXNMIRR £ Dee

anal ysis.



(S,S)-DHPA
Condition | Oxidant Acid Solvent Temperature | Time/h Conversion?
{by 'H NMR)
1 DDQ CH3S0;H CH.Cl, 0°C 2 SM
DDQ CF;SO3H CH.Cl, 0°C 2 SM
3 FeCI3 - CHzclzl'CHgNOz rt 2 SM

Fi gub@xi2dati on condit(So-Bf et cr){BAHBNver si on of

Al t hough the oxidative cSy)dBPdEialsydnegenratSigulr, e de
DNamphas additional electron density on the vert
triangle, there is a |ikely chance thatC thhbendnaph
forma$j)BMapitas subpeatr rby of NMR scale reaction
direct monitoring of the 3 pBNa phans croeua cdt gbda wciotnhd t
CDRCiand:NCmt room temperature undtr NiMRe rto nd drod ii tnig
frequent tint grvaldsremt(mTyabl). 2The mol ecul af trian
MoGand DDQ with trifluoromethane sul fonic acid a
h as welel €é®2bI3e anrd 4) . Even with the variety of
ofS)BNamphdo BHNagihn any of theHrMdMRtadmmalsy siee.n by

(S,S)-DNaphA
Condition | Oxidant | Additive Solvent Temperature | Time/h Conversion
(by 'H NMR)
1 FeCl; - CD,CI,/CD3NO, rt 72 SM
2 AICl; - CDJCl, rt 72 SM
3 MoCls - CD.Cl; rt 72 SM
4 DDQ CF3S0O3H CD,Cl, rt 72 SM

Figue@xi2dati on condit iSo-Bdafpb (s ,)SdHMNwegrhsi on of (
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ven t hweau gihnitthieaolx i adtatt e mpet sc yactl o d e hy chrod g earftdht@ir adre dr e
esired(SpBéldpactdy)-BHNagghhere are still options to
uch as increasing the temperature and adding
onditions can be established for the oxidati ol
omptely ar omaS,)HBla nfdd )-BnH Noafgqm hS )-Bh epra n &S )-Bedp i
espectivae)y (&I gmvestigate how an even more s
onjugation of the macrocycl es.
AW oN O
ﬁoo\é\ Oxidation /ﬁ \%\ Oxidation OoﬁF
oFietto ahellp qftedlp
o * 5 5
(S,S)-DPEA (8.9)- D""’A (S,S)-PhenA
OXE, GRS, SRS,
a8
Oxidation > oo X Oxidation ) oo%\
il it it
(S,S)-DNaphA (S,S)-DHNaphA (S.S)-Helia
Fi guTStr2zuctures of vertex engineered PMDI mol ecu
not her w&y)-BH&i Eobm 6ynthesising the dihydrophe]
hen reacting with PMDA in a macrodwabki aatiempt e
ccording to procedtuPbeedc.aruspo rttheed doiyh yldirwphenant t
ommercial whiaswakl| abllvant age of orthogonal prote
esolution strattegadesami oei smlaatte operes . 1,127 our he
0 reproduce RNH)Ransby)dtf tme sihd ubf t o the original r
iastereomeric resolution steps were always | o
hromatography. To eliminate the complicated di :

esol octiedmr pr was emplamytedptulr @t twtritlaird &€s aen d t o
i ami ne é! A’sr ascad misct malx-tlua mi mdcycl ohexaned()s reac
L-( #t)artaric acid, d eSp)ednrR | (Regn aonnt | wohmeetrh @ rs trheeq u(i 1 e c
n water and acetic acid at room temperature be
artrate salt of the diamine precipitates out of

he enanti omerd¢ ecmp @B4odesrtei sry ndtheepsd ,sed-casphigng &U

2bromobenzal dehyde 2 0 tfhemm adiigieshryslyeh dleddyideed by a

N



att aStkebatft yl sul 2i nFimn alel yoyon t he HAus$s| mage obecapda i
cyclisatiasesnar emag(Bi)@m@RNfi st chngeFri s u) B%

;L o
N HNS
(iii)
& ﬁ ﬁ i
(S,5)-4 (RR)-4

Figar(8 pi2B Pde OMPHKG -Hj odxane§g0 NACSt2Bbhuhy(bsu) bQQi @@kde, Cs
N2, 40 AC, “di2pherfyli 23 R2THR@ e(,7:K3 v/v), 40 AC, 48 nh.

The first stage before the enantiomeric6rebmsyl uti
a gl obal d € r&atndiRR)-4 wsni nogn a strong acid and reac
i solating the dichloride ammonium salt from the
rag with productH NMRf iammdtyiso)B2{Fhegurtehe racemic
reacted Dvi)t (retjatrhtearr i ¢ aci d in water and acetic &
pl aced in tWICe fowviedme glftd. Unf ortunately, unl i ke
di hydrophenanthrene salt does not pr eeaippiitsatter emu
perfor med i redtterast)-8tR giRsba It a fagne as &616t% d@wi t7hl % eysi peel cdt
to the corresponding starting), enaspeomewvelwyn, the
neutralised with a baS)eotrh,B(sFoilgaured ¢ hei fffreerce Wd an
yields (D prpGawmdie, i s | i kel y icwd ttyo otf da adul dade i thay tt thee

compofuanvdour i ng both the .agueous and organic | aye

>—N HN>L

(S.5)4

(RR)-T

Figar® ) 6 M HCI 6 DWFar trar 04 #AciOHi )H( to 4 AC
(i L))t &rtarogc AciOH, HtL00:04 AEMEOM) (K: 1 v/ v) rt.

Di amRn®i s r eactpeodt icnonad eonnseat i on with PMDA i n DMF
a crude Rj)RPH&peo |l gfmefr i ¢ and higher order macrocyc



the solvent in this reaction rather than©o6acetic
with acetic acid that elicit side reactions that
purified by automated column <chromatography and
reaction i mpuHiNMRsand&doweddshbwgurtde presence o0
macrocycle that could not be removed. From previ
macr ocaysc lbeeem confirmed as (R,MRHBlknh o wnmRemWEHA, count e
due to the siHniNMR idna&lsy siee no foyt [Teh eu nsnaontei fpireodc edde
were carri &g Sewntanftdrometlre a(nd s iRmiRl wer e\lss a&eirealt iwon
macrocycles have similar polarity, purification
aut omated f | ash cwasumne ccehsrsoanrayt o(garnadp hoyn It yo adh iae \ne
a smal | (3 pBripefer coom a m$ ¥BHIBPen@®JSHAt hat was anal yt
pure enBudMRfanal ysis. Although attempts of sepa
were made, i solation ofbH&asbDBHRAiIffoirc acnampadeduwents tof

electronic and optical <characterisation was not
vy 3P ot 00
= § i

120 “d, 16 h ) g
s 50 QL0 et 7
) v Q" O
(R.R)-DHPA (R,R)-DHPO

X
grease
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Chemical shift / ppm

Figadr 840 NMR spectra (400 (MPRHBR2B@®R,)RHRACDCI

The mixture of macr odAPEHRMS wacso rcfhiarr M il ihfsee ds pe/c
1177.2488 and 15H6NMR2GDercd s pesctoipi e(Syy-BEABYysi s c.
an@,)BHAshows a singlet at 8.28 ppm correspondin

environment alongside three other singlets from
(by comparison (3 pBrBpug®r)sh mMiphleer eofi s a significa
proton signG@Hp chepprddetbo the i mprovement of el



o the bond linking the aromatic
corresponding toSt)-BeBdndydrop
ng due to there being ov

compound thanks t
there are signals
(S)BHAt hat show broadeni

CHCl;
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Figadr &l NMR spectra
DHB(Mbott om) .

Comparison of the molecular triangles synthesis

PMDI proton signal, from 8.03 to 8.28 ppm, indic

t o etlheect méhiuence of vertex groups on the overall

the chemical shift of the alpha protons next to

(S)SHpan8,)BNamph2 .pP5M) demonstr at i’iisgy shtoemn tihse ceoxnt ternidt
thecelronics of tHé&imRulllcuhapaplii tagbheef tthlee PMDI
proton signals appears to correlaté at oprtohmd sii mgr

i ndication that macrocycl e veéviaeerctte xo ne ncgsi nceoeurlidn gp.o t
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I CHCl 1
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Figr &2 NMR spég&.t4d ap(6rhSKEndS )-BPE&H(S,)-BNampan(@ ,)-BHBhi ghl i ghting th
PMDI (pink) and the cyclohexane proton environ

Thmol ecul apréséenngtdesn this thesis have shown sy
by a singlet for the !HPMDMR panoaloyns iesn vai nrdo nfmerntt hse ri r
X-ray crystal amaNMRi anaHpwity)edrHBsChbGls a singl et
PMDI aromatic prothaal sv gaddi taito Bal2 88péae Si. gl at
ppm accounting for a tHRMSa®y elve ouso mwfoirrkme ci oy rAHR
shown that in differen3,)SH| veahsatbpiopra rat herxtteutrre
of the two,ccoomffiorsmeadgiben «r ystitaI NMR rairca lug®)s8 a(nfi gu

.I_l

P 9 g\

D4 Cz
"open” "closed”

Figa@r&8hematic represhat@G¢commomonmatieomacycl e

Th¥® NMR sp@&¢96Hai mfdifferseiotw g dileventisience of the
by the PMDI aromabsconpoomani ®ngnalwsijtshp haany e dn tbeyg ra
ofai®8 7. 95 pdpamd @ictbeMFor mati on as three si2Agl et s w
at 8.20, 7.76 andiRuilBuppmmeirn cHBifFti remattwm hcsonf or n
shown in the sin@l)SHk r yps DMF a t dDufivobpuecoed fochremat i o n

seen whil e t hoef stihneg |gee oovrdyesitoddesd hex aGéf addptdé t
conf or ¥atNMRn an¢sl)ySdHhisnoe@B hows four singlets bet we
with integration ratio of 1:6:2:1 for the PMDI

tetracycl e i sDsa m@hcao mfi ocrt vabr i€$ St he GHDICs pl ays the P
proton signals as three singld&ts 8.25, 7.87 and



cHO LYy {1
DMF-d, Ik b - ;‘\ P
cHO
_CDLl o - -
CHCI;ﬁ
cHO [
CDCls - - AW J L
cHO t
THF-dg > Y
9.0 88 86 84 8.2 8.0 7.8 76 74 7.2 7.0 68 66
Chemical shift / ppm
Figar 84| weerpte il eMMR s p .t ap @HY).i6m f BAMF £LBCDG,| aneds, THF
highlightingetlve r f{pnlenskp)rwetl d n as t he single crystal s
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DHPA & DHPO [
DMF-d; i

DHPa & DHPO
DL,

DHPA & DHPO | J
cocl, -

DHPAa & DHPO
THF-dy
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Figar 61 vleerpte ntd eMNR
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Chemical shift / ppm
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T-ddd&n d

CDGl highlighting theoPMBIpipmoRildBpbeéne)r onment
Fortunately, and despitei c(@rBHBagd@ 3-BHM,inte pwracsd u C |
possibliei glo guawi ty (Ss)iBHgahf & oonr yas tsarlad lofamount of
singl ewergstggaloswsn by sl ow vapour diffusion of me
sampl e. By modifying the vertices of,)BH® mol ec
compar(®@pBSHpa her edeowasiemse av-€ChBgdi Nedr al alh gtloe f r ¢
50. 33U due to the rigidity of the dihydrophenant
for the macrlofc.y cArheey (XS iug e n(8 )-B Hikpa ulriebiotfs a simil ar
tubul ar packing arrangement with t he -cshtaancnkeilnsg f ¢
(3.27 ). There i ¢ ah adedi pfomhle {ayer sobf58o0l ec
constraints of the dihydrophenanthrene units st a
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anal ysi s
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2.)1A t hough there are slight differences of val ue
can be attributed to the different solvent syste
compounds that have nomp &reie®Hp4 8 hAEH asse da yseitmi |la

average

di"h)e dorfalhga. hag® e thén d e d

acycl ixNanphl heocvusl ar t

a decreakemphrdad76o0 the parent macrocycl e, due
all owing for a closer alignment of tDiHepa R MD | un
DHNagghhere is aldedrléaspeofi 0e EyHplceoomplagee dt e i nc
rigidity from the phenanthrene and di hydronapht
entire mabeocymbéstely arom®PhiegmebdediodVealud e t o i ¢
zerolUand GWe6pectively) meaning the PMDI wunits of

to each
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Before proceeding to collect experimental data ¢
novel triangl es, computational analhiemosl etcou |l vairs u
t avlhg ch are <2hd&w®n ainn iFiogvuarlltei s @afnabOyBe804 show
stabilisation of 0.14 eV across the LUMO | evels

el s byitl.®2nedl so OGEptmet <HHDMOh ats Wwloiclag ea@n on t h
further modification fr osmhawse tahcey cHOMO tloo ctahlei sceyd

orb

| ev

Al ongside the current electrochemical data (Figu
energy decreases, the molecular trdaabl ésr wit he |
energy materi al sPhdpheHedihilalvie amo mantcinseead e dd4dbamdg 8
eV respecmparrdd ,t o thhkelpanbHNagthet pbat he LUMO energ
being of ditthi D dwhivipd uteltse HOMO energy | eokel 8. hAve
and 0.25 eV for the diphenyl. aAldl dtimapmoehegdt uldar
Figar@#@8monstrate degeneflacteaeHOMOl anedl HOBMO wel | a
and LUMO+1 | e vDeNasmpha pcahr ts hforwdsengtehnee r caut &8s iMO&2 ( Fi g u
Therefore, the DFT mcedali :n bspungtgnepsdtu ctihnagt stthreaivrerats
density to the molecular triangl &s(ii)nfdaoyneas & hi
goi ngCHpt DMt DNapd due to el ectron densjrteyd wdt itdre
goi ngDP®ppambNamph ®HBanbDHNaglattr i btuheee diantdouced at t |

vertlilhescomput ati onal structur al model s obtained



structures croayl edcitfefdr afcrtoononX anal ysi s, therefore

predict the optical and electrochemical propert.
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2.19AI though there is overlap of the transition
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absorption, electrochermi cal and DFT analysis in CH
ELumo / €V Enomo / eV Egap/ €V
EXp. DFT EXp. DFT Exp. | DFT
' CHop 356 | -380 | 692 | -7.84 | 336 | 403
DPE® -3.61 -3.87 -6.71 -7.03 3.10 3.16
DNaphqg -361 -3.88 -6.22 -6.20 2.61 2.32
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Cyclic voltammetry (CV) analysis is a key experi
of compounds by relating el énhrohetcanssfef ADI cl
the electron transfer processes are reduction a
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Figar &l udti mtne CV CdHpBPpanBNagphre2m 0 V to 0.0 V (V vs Ag/

Oncomparing the experiment al d & trao mo CtVa iamedd SfECr atn
and the theodr emitthéelr,ea niasl ygsooosd agr eement of the v
across the LUMO, HOMO and band gtahpe efnreorngtiieesr. nfohl
or bi tbaHBsa n@MHNagar e the most promising due to the
energies compared t oDPHBapdlrN al perespectively.dithduglcwe have er par
hypothesised that by inducing even more strain into the vertices by fully aromddisingpa n d

DHNa pdgt o fPdrgma nidedowoul d i mprove the electronics e
show that the LUMO enPHBRYWHNamp®hesmsm ndedwhist entt her
HOMO energies differ by <0DHBaen®HNRRpehr ealgcebhaeedt
PhepmndHdedgicontradicting the initial hypothesis tF

triangles wil i mprove the electronic properties

Spectroelectrochemical (SEC) analysis is a technique that combines both absorption and CV studies to
investigate how the optical properties differ for the charged states of a compound. For the case of the
synthesised molecular triangles so far, a voltagmplied to a samp{@.0 mM)of the compound in an
electrolyte(0.1 M TBAPFs) solutionin CH.CI to reach the triand hexareduced states, based on the
previous CV analysis conducted, and an absorption spectrum is recorded to note any changes in the
transitions. FOCHq DPEg andDNaph the trireduced states exhibit a redh i f itk EOth 328

nm to ~20 nm, which suggestshat the trireduced state can delocalise the three electrons around the
macrocyclic structure without any columbic repulsigigure 2.22) This is whythe hexareduced

statesof CHq DPEgq andDNaphgpexhibit a smaller reghifted amax compared to the neutral state

from 320 nm to ~@0 nm demonstrating that there is greater columbic repulsion of the paired electrons
which leads to a higher energy compared to theettuced stated o further investigate the influence

of the vertices on the reduced stathepretical calculations are -goingof the reduced states so further
insights can be mad®verall, the current results imply that by careful vertex engineering of the
molecular triangles, fintuning of their optical and more importantly, electronic properties can be
achieved, which could potentially define their ability as functional mataoalards energy storage

application.
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5. Experimental details

5.1 Gener al remar ks
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52 Experdentailas$

(S,9-D P E:dn a flamedried roundbottomed flask under N pyromellitic dianhydride(256.9 mg,
1.178 mmol, 1.0 equivivasstirred in glacial acetic acid (10 mL) at 80 °C until dissohddanwhile,
(S,9-diphenylethylene diamine (250 md,.178 mmol, 1.0 equiv.) is dissolved in additional glacial
acetic acid (15 mL) and then added dropwise to the reaction mixture wasthen left to stir at 120
°C under N for 24 h. The crude reaction mixturgasanalysed by TLC (Si® 5% acetone in C¥Cly)

to confirm the reaction had completbeéfore the mixtur@vasconcentrated before purification by flash
column chromatography (S¥O0i 5% acetone in CHLl,), before a trituration with acetone was
conducted to give,.3-DPE@9 7. 2 mg, 8 2as anofwhita solid, 21%)

IH NMR (400 MHz, CDC}4, 298 K) U 8.06 (s, 6H), 7.63 (d, J = 7.6 Hz, 12} 7.18 (m, 18H?9), 7.01
(s, 6H). 3C NMR (101 MHz, CDC}, 298 K} Uc 165.9, 164.7, 13&?, 136.2, 135.5, 129.4, 12917,
129.0%, 119.4, 547*. HRMS (APCI, +ve) Calculated for @Ha3NeO12 = 1183.2933, found\+H]* =
1183.2968 (errof3.0ppm).

O
(S,S)-DNaphA Q

(5,9-D N a p:Hnga flamedried roundbottomed flask under®lN P MDA (69. 8 mg, 320.
equiv.) is stirred in glacial acetic acid (5 mL) at 80 °C until dissolv&d3-{,2-di(naphthalerp-
ylethanel,22di ami ne (100 mg, 320.1 emol , 1.0 equiv.) i
mL) and then added dropwise to the reaction mixture which is then left to stir at 120 °C under N



overnight. The crude reaction mixture is analysed by TLC £S3@ acetone in C¥Cl;) before the
mixture is concentrated before purification by flash column chromatography. (88% acetone in
CHCly), toisolate §,3-DNap bl . 4 mg, 41.4 emol, 38.8%).

IH NMR (400 MHz, CDCly, 298 K} U 8.10 (s, 6H), 7.957.45 (m, 39H), 7.28 (s, 89, 7.22 (s,
10H). 13C NMR is currently unavailable for this produetRMS (APCI) Calculated for €HssN¢O12
=1483.3872, found [M+H]}F 1483.3938 (errotd.4 ppm).

GeneralProcedureA: Oxidative cyclodehydrogenation of molecular triangles

In a flamedried roundbottomed flak, the(S,3-D P E .0 equiv) and either DDQ (7.0 equiv)keeCk
(30.0 equiv)were cycledhree timesinder N usingair-free Schlenk techniques before being dissolved
in CH.Cl; along with any required additives. The reaction mixture was stirred at eitl®intan ice
water bath or at rt, and reaction progress was monitoréd BWWR analysis, typically by sampling an

aliquot (1.0 mL) from the reaction mixture, evaporating to dryness and redissolving the residue in

Sy
Fretly el
O o o O O o o O

(S,S)-DPEA (S,S)-DHPA

deuterated solvent.

Attempt 1: Applying General Procedure Avith (S,3-D P E (g0 mg, 0.0254 mmol, 1.0 equiv.), DDQ
(40.3 mg, 0.1775 mmol, 7.0 equiv.), &€k (15 mL) andmethanesulfonic acid (0.19 mha}j0 °C, no
starting material conversion (e.g. to form the des{&§-DHPpproduct) was observed B NMR
analysis after reacting over 2 h

Attempt 2: Applying General Procedure Avith (S,3-D P E (g0 mg, 0.0254 mmol, 1.0 equiv.), DDQ
(40.3 mg, 0.1775 mmol, 7.0 equiv.), &k (15 mL)andtrifluoromethanesulfonic acid (0.32 mh}0
°C, no starting material conversion (e.g. to form the degige8-DHPproduct) was observed Bif

NMR analysis after reacting over 2 h

Attempt 3: Applying General Procedure #vith (S,3-D P E (0 mg, 0.0254 mmol, 1.0 equiv.), FeCl
(123.4 mg, 0.7607 mmol, 30 equiv.), &k (60 mL) andCHsNO- (2 mL) at rt, no starting material
conversion (e.g. to form the desirés,3-DHP product) was observed 41 NMR analysis after
reacting over 2 h



General Procedure BNMR scale oxidative cyclodehydrogenation of molecular triangles
In an ovendried NMR tube(S,3-D N a p (L& equiv) and an oxidant were cycled three times under
N, using airfree Schlenk techniques before being dissolved igGEalong with any required additives

and stirred at room temperature for 72 h.

XD <

QO D
ﬁoo%\ o ﬁoo%
’;c:t ------ ------ ee-Sele

s D aY 0

(S,S)-DNaphA (S,S)-DHNaphA

Attempt 1: Applying General Procedure Brith (S,3-D N a p {l§®R2 mg, 0.0103 mmol, 1.0 equiv.),
FeCk (49.9 mg, 0.3077 mmol, 30 equiv.), &€k (0.61 mL) and CDsNO- (0.09 mL) no starting
material conversion (e.g. to form the desi{&lS3-DHNapha product) was observed H NMR
analysis after reacting over 72 h

Attempt 2: Applying General Procedure Brith (S,3-D N a p {l§®2 mg, 0.0103 mmol, 1.0 equiv.),
AICI3 (41.0 mg, 0.3077 mmol, 30 equiahdCD-Cl; (0.70 mL) no starting material conversion (e.g.
to form the desiredS,3-DHNaphgproduct) was observed B NMR analysis after reacting over
72 h

Attempt 3: Applying General Procedure Brith (S,3-D N a p {il§®R2 mg, 0.0103 mmol, 1.0 equiv.),
MoCls (16.8 mg, 0.0616 mmol, 6.0 equiandCD.CIl; (0.70 mL) no starting material conversion (e.g.
to form the desiredS,3-DHNaphgproduct) was observed B NMR analysis after reacting over
72 h

Attempt 4: Applying General Procedure Brith (S,3-D N a p (152 mg, 0.0103 mmol, 1.0 equiv.),
DDQ (16.3 mg, 0.0718 mmol, 7.0 equiv.), &Ik (0.62 mL) andtrifluoromethanesulfonic acid (0.08
mL), no starting material conversion (e.g. to form the degigeg§-DHNaphoproduct) was observed

by '*H NMR analysis after reacting over 72 h

Compo@nBdsawdre synthesised according ettad*Wwihteh proc

spectroscopic data being consistent with |literat



Dicarbaldehyde 2 Applying a literature procedut®without modification, dicarbaldehyd®(2.87 g,
13.7 mmol, 51%}vas isolated as a yellow oil

'H NMR (400 MHz, CDC}4, 298 K} Uy 9.84 (s, 2H), 8.07 (ddJ= 7.7, 1.5 Hz, 28, 7.67 (td,J= 7.7,
1.8 Hz, 2H), 7.60 (t,J= 7.7 Hz, 2H), 7.36 (ddJ= 7.4, 1.2 Hz, 2. *C NMR (101 MHz, CDC}, 298
K): Uc 1912', 141.3, 1347/, 1336°% 131.8, 128.9, 1287°. HRMS (ESI, +ve): Calculated for
CiaHgNaOG, = 231.0417, foundN\l+NaJ" 231.0418 (error0.6 ppm). Spectroscopic dadee consistent

with literature°

Aldehyde-imine 3: Applying a literature procedut®without modification, alydehydamine 3 (2.01 g,
6.42 mmol, 47% yieldyvas isolated as a yellow olil

'H NMR (400 MHz, CDC}, 298 K)} Un 9.79 (s, 1H), 8.41 (s, 0.44H minor isomer), 8.38 (s, 0.54H
major isomer), 8.148.10 (m, 1H?), 8.03 (dJ= 7.9 Hz, 1H), 7.687.62 (m, 1H), 7.587.54 (m, 3K 1),
7.347.27 (m, 2H19), 1.17 (s, 5.4 minor isomer), 1.11 (s, 5.4Mmajor isomer)*C NMR (101
MHz, CDCk, 298 K} Uc 1915%, 161.3%, 1426, 140.0, 134.6, 134.5, 138, 133.7, 13X, 1328, 131.9,
131.80, 131.7, 13&, 131.5, 131.4, 129.1, 129.128.8, 128.8, 128, 128.5, 57.9, 227'°. HRMS
(ESI, +ve): Calculated for gsH21NO,S = 314.1209, foundj+H]* 314.1204 (error 1.5 ppm); calculated
for CigH20NNaG,S = 336.1029, found+Na]" 336.1029 (error0.1ppm); calculated for H20KNO2S

= 352.0768, found MI+K]* 352.0770 (error-0.4 ppm). Spectroscopic datre consistent with

literature®°

1 16
)>=N HN-§ =N HN-8
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Protecteddihydrophenanthrene diamine (S,9-4 and (R,R)-4: Applying a literature procedut®
without modification, protectedihydrophenanthrengiamine(S,3-4 and R,R-4 (2.29 g, 4.79 mmol,
55% yield)was isolated as a white salid

IH NMR (400 MHz, CDC}, 298 K} Ui 7.81 (n, 3H), 7.64 (d,J = 8.2 Hz, 1H), 7.52.18 (m, 14H),
7.06 (d,J=7.8 Hz, 1H), 4.85 (1) = 8.2 Hz, 0.44H* minor isomey, 4.77 dJ= 7.1 Hz,0.56H"*
major isome), 4.734.76 (m, 1H*), 3.33 (d,J = 7.8 Hz, 0.41F minor isome), 3.05 (dJ = 7.7 Hz,
0.50H* major isomey, 1.11 (s, #'7), 1.10 (s5H). 13C NMR (101 MHz, CDC}, 298 K) Uic 1704,
1695, 1398, 139.3, 137, 1367, 1365, 1365, 1358, 135.6, 135.4, 133.8, 133.8, 1833133.3, 132.5,
130.4, 130.3, 13Q, 1291, 129.0, 129.0, 1289, 1287, 1286, 128.5, 1281, 128.2, 128, 1281, 128.0,
1279, 127.7, 127.4, 124.2, 124.1, 124124.0, 66.6, 66.2, 61.5, 59.9, 56.4, 56.2, 22.8, 2ABMS
(ES|, +ve): Calculated for giH31N.OS = 479.2152, foundf+H]* 479.2149 (errot-0.5ppm);
calculated for gH3zNoNaOS = 501.1971, found/f-Na]" 501.1967 (errot0.8 ppm). Spectroscopic

dataareconsistent with literaturé.

rac-6

Racemictrans-9,10-dihydrophenanthrene-9,10-diamine rac-6: A roundbottomed flask containing
4(1.30 g, 2.72 mmol, 1.0 equiv.), THF (15 mL) and 6 M HCI (6.5 mL) was stirred at rttftnefore
being concentrated to remotle majorityof THF solvent Diethyl ether (3 x 15 mL) wathenadded
to wash the aqueous layer containingdhieride salt of the diamingefore neutralising with NaHCQ;

to ~pH 7.A polar mixture ofCH,Cl-MeOH (2:1v/v, 3 x 30 ml) wasthen used to extract the free
diamine from the aqueous layeefore the combined organic layers were d(ee,SQy), filtered and
concentrated to obtain the produat-6 (0.29 g, 1.39 mmol, 51%gs a blue all

IH NMR (400 MHz, CDC}, 298 K) Uiy 7.79 (dd,J = 7.6, 1.4 Hz, 28, 7.47 (dd,) = 7.3, 1.4 Hz, 28),
7.35 (m, 4H9), 3.86 (s, 29), 1.80 (s (br), 4. HRMS (ESI, +ve): Calculated GHisN, = 211.1230,

found M+H]" 211.1227 (erro#1.5 ppm).

8
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trans-9,10-Dihydrophenanthrene-9,10-diammonium tartrate salt (S,9-7: D-(-)-tartaric acid (214.3

mg, 1.428 mmol, 0.5 equiv.) was dissolved in water (0.75 mL) in a reaction vesselrbef6ré&500

mg, 2.380 mmol, 1.0 equiv.) in a small amount of water and acetone (to assist with transferring) was
slowly added to ensure there was no precipitation. Once addiiscomplete, glacial acetic acid (0.15

mL) was slowly addedhilst ensuing the temperature did not exceed 90 °C. The reaction mixture was
left to standn the fridge (4 °C) overnight to encourage crystallisation of the desired tartrat& Spt, (

7. The agueous mixture was waslheth CH:Cl; (3 x 3 mL) to remove any unreacted starting materials

or unwanted organisoluble isomer byproducts, leaving behind predominantly the desired monotartrate
salt. The aqueous layer was concentrated to obtain the tartra(6&RII mg, 1.559 mmol, 66%as a

paleorange solid*With respect to the corresponding starting enantiomer in the racemic mixtire of

IH NMR (400 MHz, DO, 298 K) Uiy 7.98 (d,J = 7.7 Hz, 2H), 7.58 (td,J = 7.7, 1.5 Hz, 28, 7.51 (d,
J=7.7,2H9, 7.42 (tdJ = 7.7, 1.3 Hz, 28, 4.79 (s, 2F), 4.17 (s, 2R, 1.81 (s, 2H). °C NMR (101
MHz, DO, 298 K} Uc 1784°% 1323%, 132.2', 1315, 129.7", 1253, 1247%, 73.8, 503°.

(RR)-7
trans-9,10-Dihydrophenanthrene-9,10diammonium tartrate salt (R,R)-7: The damino-tartrate salt
(RR)-7 (396.9 mg, 1.101 mmol, 7% was obtained as pale orange solid using.-(+)-tartaric acid
instead ofD-(-)-tartaric acid using the procedure abovaVith respect to the corresponding starting

enantiomer in the racemic mixture &f

IH NMR (400 MHz, DO, 298 K) t 8.09 (d,J = 7.8 Hz, 2H), 7.69 @d, J = 7.8, 7.4 Hz, 28, 7.62
(d,J=7.3 Hz, 2H), 7.53 (t.J = 7.8, 7.3 Hz, 20, 4.92 (s, 2F), 4.38 (s, 21, 2.02 (s, 2H).

(S,5)-6

(5,9-9,10dihydrophenanthrene-9,10diamine (S,9-6: (S,3-7 (561.7 mg, 1.559 mmol, 1.0 equiv.)
and KCOs (215.4 mg, 1.559 mmol, 1.0 equiv.) were dissolved in wterL) and left to fully dissolve



for ~10 min. CHCIl>-MeOH (/v 2:1, 6 mL) was added to the reaction mixture and left to react while
monitoring the aqueous layer by TLC. The combined organic layers were dried wiNltered
and concentrated to obtain the free diamB&{6 (159.3 mg, 0.758 mmol, 49%} a brown oll

IH NMR (400 MHz, CDC}, 298 K) Uiy 7.80 (dd,J = 7.6, 1,9 Hz, 2, 7.48 (ddJ = 7.1, 1.3 Hz, 28),
7.39 (td,J = 8.0, 1.8 Hz, 2K, 7.34 (td,J = 7.6, 1.4 Hz, 2HP), 3.86 (s, 2H), 1.57 ((br)s, 4H.

Spectroscopic dataasconsistent with literaturé.

(R,R)-6

(R,R)-9,10-dihydrophenanthrene-9,10diamine, (R,R-6 (285.2 mg, 1.357 mmol, quantwas

obtained usingR,R-7 in a similar procedure as stated ahove

IH NMR (400 MHz, CDC}, 298 K} Ui 7.79 (d,J = 8.0 Hz, 2H), 7.47 (dd,J = 7.2 Hz, 1.2 Hz, 28,
7.41-7.30 (m, 4H9), 3.85 (s, 2B, 1.74 (s (br), 4. Spectroscopic datasconsistent with literaturé’.

(SS9-DHP op &BHDHRA : In a flamedried roundobottomed flask under \NPMDA (165.4 mg,

0.758 mmol, 1.0 equiv.) is stirred in dry DMF (8 mL) at 80 °C until dissohv&@-6 (159.3 mg, 0.758
mmol, 1.0 equiv.) is dissolved in additional DMF (8 mL) and then added to the reaction mixture which
is then left to stir at 120 °C undeg blvernight. Once cooled to rt, the crude reaction mixture is analysed
by TLC (SiOz 15% acetone in CkCly) to confirm product formation by comparison with known
product. The mixture is concentrated before purification by flash column chromatographyo{S56

acetone in CkLCly) was performed to obtais(3-D H P gmd(S,3-DHPA as an impure mixture before



purification by an acetone trituration to isolateinseparablmixture of §,3-D H P gnd(S,S-DHPA
(30.5 mg,7.2%, 31.568.5respectivelyby 'H NMR analysis.

IH NMR (400 MHz, CDCH4, 298 K) U 8.37 (s, 1H), 8.28 (s, 1H), 8.27 (s, 1H), 8.20 (s, 1H), 7.88 (d,
= 7.6 Hz, 5H), 7.47 (1) = 8.0 Hz, 5H), B1-7.21(m, 5H), 690-6.83(m, 5H), 6.8 (s, 1H), 6.78 (dJ =
4.8 Hz, 1H), 6.75 (s, IHHRMS (APCI, +v@: Calculated GH37/NeO12 = 1177.2464 found M+H]*
1177.2533error+5.8ppm).

(RR-DHP p &READHPA : In a flamedried roundbottomed flask under NPMDA (296.1 mg,

1.357 mmol, 1.0 equiv.) is stirred in dry DMF (15 mL) at 80 °C until dissolMe@{6 (285.2 mg,

1.357 mmol, 1.0 equiv.) is dissolved in additional DMF (15 mL) and then added to the reaction mixture
which is then left to stir at 120 °C undes dlvernight. Once cooled to rt, the crude reaction mixture is
analysed by TLQSIO.: 5% acetone in CKl) to confirm product formation by comparison with
known product. The mixture is concentrated before purification by flash column chromato@#phy
0-15% acetone in Ci€l,) was performed to obtairR(R-D H P @nd (R,R-DHPA as an impure
mixture before purification by an acetone trituration to isataiténseparablenixture of R,R-DH P
and(R,R-DHPA (25.6 mg 3.4%, 43:57 respectivelyH NMR analysi3.

'H NMR (400 MHz, CDC}, 298 K} U4 8.37 (s, 1H), 8.28 (s, 1H), 8.27 (s, 1H), 8.20 (s, 1H), 7.87 (d,
=7.2 Hz, 5H), 7.46 ( = 7.2 Hz, 5H), 7.27 (1) = 8.0 Hz, 5H), 6.86 (ddl = 7.6, 3.2 Hz, 5H), 6.81 (s,
1H), 6.78 (dJ = 4.8 Hz, 1H), 6.75 (s, IHHRMS (APCI, +v@: Calculated GoH3z/NeO12 = 1177.2464
found M+H]" 1177.2488(error -2.0 ppm). Calculated GsH9NgO16 = 1569.3261 found M+H]*
1569.3209error-2.0ppm).

6. 0 Suppl ementary dat a

6.1 NMR spectra
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