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resistance to c:hemotherapeulic treatments", and thus there is a constant need to de~elC>p new 

chemotherapeutic agents to combat resistance while also In~oklng fewer negato~e side-effects. 

1.4.2 Cell Ufe-cycle 

A common feature amongst all eukaryotes IS the need for cellular proliferation. In complex. multi­

cellular organisms such as mammals, this process is essential for the maintenance of all tissues and 

eo-gans needed to sustain life The celkyde (see Figure 2) IS thus a series of e~ents leading to cell 

dl~ision and duplication and is a carefully controtled and highly preCise process." Each class of anti­

cancer pharmaceuticats target specific processes in the cell's growth cycle and thus understanding 

both the cell's life cycle and the drugs mode of action can enhance the development of new anli­

cancer agents. 

The cell cycle comprises five stages The first is the resting phase (Go) The next phase IS G" in WhiCh 

various enzymes and proteins needed feo- replication and dl~ision are synthesized, The next phase (S) 

Invol~es the replication of the DNA. The cell undergoes a second growth phase (G,). in which it 

experiences high levels of biosynthesis, mainly involvin<;l production of the microtubules required for 

mltotis, The final stage of cell division is mitosis (M). which involves the diviSion of the cell into two 

identical daughter cells. 

To ensure proper progression through the cell cycle, cells have developed a series of checkpoints to 

safeguard them from entering a new phase of development until they ha~e successfully completed the 

pre~ious one. The cycle is mediated by two classes of regulatory molecules, cyclins and cyclin­

dependent klnases (CDKs), that contr~ the progression through the cell cycle." 

Figure 2: 

,-, 
+"f+ (yd," , 

..... >-

Cell-cycle illuslraling Cfllical regulators and checkpOints Cell cyde conSists of G" S, 

G, and M phases as indicated With checkpoints in G" G, and M shown as horizontal green T-bars, 

Sequential activation of the indicated Cyciin-CDK (cyclln-dependent kinase) complexes dri~es the 

cell cycle (red arrows) Cell cycle progression can be blocked by negative regulators such as p16, 

pRb (retinoblastoma protein) and p27IKIPl (kinase inhibitor protein 1) or by eXit from the cell cycle 

Into Go phase. Growth-stimulatory signals can lead to re-entry into the cell cycle" 
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meaning that the death,receptor mediated apoptotlc pathways were not essential for cell ajoene 

induced apoptosis 

Figure 3: 

-
, 

Time fh) 

(i) 

- PARP 
p55 

NMl f,"._ 
I\j""e~ ,<,pe ... 

r'~~" [11 . ~ . • 
(ii) 

(i) Time-dependent cleavage of PARP. HL-60 cells were treated with ajoene (20 l'M) 

for the indicated time, 40 ~g of protein was separated using 10 % SDS-PAGE, with anti-PARP used 

as a detector; (ii) Caspase inhiDitor zVAD-fmk inhibits ajoene mediated apoptosis. HL,60 cells were 

treated with ajoene (201tM, 8 h) or preincubated with zVAD-fmk (100 ~M. 1 h) and then incubated in 

ajoene as above The nlJClei were stamed with propldlum iodide and DNA content was analyzed by 

fiow cytometry." 

[);rsch til a/. also showed that ajoene mdlJCes mitochondrial membrane permeabitization (MMP) (see 

Figure 4 i). a key step in cell death. The induction of caspase-3-hke activity in the human promyelocytlc 

leukemia (HL-60) cell-line is linked to the release 01 mitochondrial fact0r'5 such as cytochrome C into 

the cytosol (see Figure 4 ii) . Cytochrome C binds to a cytoplasmic protein (Apaf-1) starting a caspase 

cascade resulting in the loss of mitochondrial transmembrane potent,al and cell termination, The 

mechanism does not require JNK (Jun N-terminal Kinases) . but IS amplified by the inhibition of ERK 

(extra-cellular signal related km ases). " ,. 

" 
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(" (ii) 

(I) The upper panel represents a time-course of ajO<';rt",·m",dialed cytochrom", C 

release from mlloch¢ndna irtto the cytosol HL-60 cells wele either lett unl ..... at",d or treated for the 

,ndicaTed hrne With 'loefle (20 !,M) 'lr as pOs~lIve canUal wIth etoposide (Et.17 I.M) feM" 5h The lQW<'!r 

pal1el rellecls a lome-course 'll cyt.;lchro'll<'l e as II appellf'$ in 1+1", cylosol .;II HL·60 C<'!IIs lr<'laled With 

ajOOfl<'l (20 liM) for the Indocated Illne In p<lr.o l '"". al eaCh bme·pollll, celts were prelncubalad lor , h 

wrIh 1M! (;85pase IIlhlbotor lVA[}-fmIc (100 .. M) and then Irellted v.#h iljOane (20 I,M) CylOS(lI and 

m~ochon~al lracloons were separated by 15~ 50S-PAGE ijnd cytochrome C was delected by 

ommurooblot analyso$ usong a monoclonal antt-Do)dy HL·60 eels: (II) DiSSipatIOn of MMP III c .. lI! 

treated With ajoene (20 ~ M) for Sh, stained with the flu(/fOChrorne JC-I an d analyzed by lIuorescel1ce 

microscopy The red ftuoresce<1c'" reflects the multlmer form of JC-l loca~zed 111 mitochondria urtder 

oontrcN (untreated) conditions The gree<1 fluorescence CQrresponds to monomer JC-I after eJocme-

1Muc&d diSsipBl<on 01 MMP" 

1.7 The Mode of Action of Ajoene and Possible Drug Targets 

The liI"Ib-alnC<'!r actIvIty of ajoene has been linked 10 Itle m,lechondnal med,aled apoplohC pathways 

bIJ11h_ mechan,t.m lind drug largets remain llIl~l1own A,oene comans a ~,nyl d,!.\jllide group willen IS 

like~ responsible for 115 btolog.cal activity Disulfldes are well known 10 behave as thJ(l1 oXidizing agents. 

modofYlrtg proteIns and enzymes through the th,oliltion of eJljlosM cysteirte resIdues ThIS modification 

can lead to an alteral10n of enzyme or protein function and evenlually cell death, " 

AlDene has been shown by Gal'wrtz and co·wor1c.enI to act as a coval"'nt inhlbtlor 01 both human 

glutatMn8 radlKlase (GR) and T_ cruzi Ilypanoih,eme reductase (TR) This inhlb.toon was !ourld 10 be 

beI'll,me- ano temperal .. ",,·depencanl GR was founo 10 r<'lact In Its reduced stale (EHJ wlh 8,oene 10 

kwn a moxed dlsutfide X·ray etystallograDhy ,e~8aled a nodjhcahOn in the aCb\le sote at Cys·s.a (see 

Scheme 31) 10 fo)rm CHz"'CH-CH,-{SO)-CHrCH:CH·S-S-(Cys·$8)-GR The a;oene-su~o~,de was also 

rnplJCilted in H-bondmg to the GR aclive Me hlghltghl11l9 the importance of Ihe sutfoxtde on lhls espect 

of aJOene s biological activrty, as dialiyllrlsulfide WIIS not found to irthlbil GR Furthermore. thiS result 

Implies the m v'vo regloselective preference of the cysteine su Ifhydryl sulfu r to rtucl...ophilic attack at the 

12 
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b<l""",n.l ... , .. "", • ..d ""'0. ,.,!! 
, 

/ \ 
. \ 
• .. - -.. _-, 

I" 
(ii) 

Figure :I: (I) A Penn-Jablonski DIagram shOwIng ('In o~ervtew of fluorescll'f1{;Il', (0) Fxamplll of 

C.>;~t<ltl\m, emission and Stokes shIll a950~<ltcd WIth fluorescence 

The snJall fluorescent mar1<.er5 uSol'd todDy meslly CQIIlPIIs,c aromatIC and eleclron·r)o';I'I r,onjugale(\ 

systems (see n gure 6) TheM: molecules oller a ecnveniefll and relatively QUodI w<ry 10 t"gI)o()I()O'CiII'Y 

active molecules Mudl effOftl1as been made to hnk these markers to blologoc.Jl ma<:lonlQle.;ules such 

os p(Ole,n~ of nucleiC acids therefore f!/alibllng loealo.:otlOn Wlth,n a specific stnJC! ... ra1 re~lan stich liS 

Itle cyto~kcklton, ml!odmMrm, endoplosmlC retICulum, and nUdelJS F1uoresoent dYes me alSI) useful 

rn mDni!Orin\1 cl!l lulnr rntegrl1y (11~e ~ersus dead and lIlloptos;S), endocy1osrs, exOCytl)s<s. membrane 

flUidity. pro1e,n trafficking, ~jgna l transduction, tlnIJ enzymatic activity In addit'Dn fluorescent probes 

have been W100l1y nppl",d to genetic mapping ano cnromosome onatys,s" 

OA.PI 

I .... 258 nm, ;'"",,463 nm ,_ 490 nm, 1....,521 nm 1",,330 nm; i_ 572 nm 

Figure 6: Sl)me Common fluorophoreslt 

Careful cons,deratlon should be taken when cnClOslng A fiuorophore. as each poueues Its I)Wn unoque 

fll,orellCent propertie$ sum as fhe wavelengths of maJIlmum absorbance (/ .. ,) and em,SSIon (i .. ...) One 

oIlhe moSI useful quanhtal,ve parameters for cha'aclenz,ng absorption sp.e-clra 15 the molar UMcI,on 

coeffiCient a c!lred m83~re of the abi~ty 01 a moteC>.lle to abMlrb light. The quan\l.lm Yield of a 

IJuo(Qpho,e represents the probab lily ltJaI a goven e~oled ftuorophQre woll emil iii photon II ,s therefore 

a quantitative measure of fluorescence <lmlssioll effic'ency and can be e~pressed 8S the number of 

I1IOtQns em,tled to IhtJ number of pholonS absorbed The lechnlque is highly ~en~lllve iIIld thUi 

ao:::ommodete~ fluorophores Wlth varymg quantum y,elds tn ge~ral, a high quantum Yield is deSirable 
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in most imaging applications The quantum Yield of a given fiuorophore varies sometimes to large 

extremes, with environmental factors, such as metallic ion concentration, pH. and solvent polarity'" 

1.9 Scanning Confocal Laser Microscopy 

Conventional wide-field microscopes are amongst the most basIc Instruments for cell imaging. At their 

highest magnification thflY typ.caily offer a depth of field of around 2 ~m, while their range of focus lies 

W1thln a 0 2 I'm plane. Samples thicker than 0.2 I-'m are likely to Impose artifacts on the image, such as 

diffuse halos around objects under study, caused by light from out-oHocus planes 

Confocal microscopy eliminates these undesirable artifacts by generating thin submicron slices of thick 

samples, comprised only from light In the desired focal plane (see Figure 7). This ability to e1dude light 

from out-of-focus planes results in images of high resolution The wide range of focus makes confocal 

microscopy ideal for live cell imaging It is an invaluable tool for the analysis of the structure and 

physiology of live cells 

Figure 1: Principle of confocal microscopy 

UV-visible lasers have made" pOSSible to e~cite and visualise ftuorophores in living cells using 

confocal microscopy This technique has becomfl Increasingly valuable, but IS typically limited to 

fluomphOfes that are e1cltableln the visible spectrum UV-excitable molecules are avoided as the light 

required for flxcitatlon IS damaging to "ving cells and tissues 

Two-photon excitation is a technique allowing for the use of UV-excitable fiuorophores in living cells, 

USing non-harmful visible or IR light The excitation of the fiuorophore is effected by the absorption of 

two lower-energy photons, equivalent to that of one high-energy photon (see Figure 8) e1citing a 

f1uorophore in one quantum event Each photon carries appro1imately half the energy necessary to 

eXCite the molecule An excitahon results in the subsequent emission of a fluorescence photon 

typically at a higher energy than either of the two excitatory photons_ The probability of the near­

simultaneous absorption of two photons is extremely low_ Therefore a high flux of excitation photons IS 

typically reqUired. usually a femtosecond laser.'" 

16 
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Figure 8: 

1.10 Transmission Electron Microscopy 

Light micros<:Ope~ are !IUb}eCl to ph~tcai limlla',ons The magnif;catlcn 01 !.ampiU " IIm"ed by The 

wavelength 01 ~isible light and typically cannot uceed two thousand I,mes EleclrOn M.croscopes 

functIOn exaClly a~ their optical counterpar1S e"cept mat they 1II11ize a fOo,Jud beam Of electrons 

instead 01 light to "Image" the speamen The wa~elenglh of an electron t>eam IS (tYpically a hundred 

th<XJsand tlmea) shorter than that of vi sible light, milk ing magnifications of up to a mlWlon fold pOSSible 

Thus, Ihe transm ission electron mlcrosDOPY (TEM) is II powefful too l fOf studYing eel l Of organel le 

morphol~y «l 

1.11 CyclOdextrin Inclusion 

Cydode~tnns are cydlc molecules COm(lfl$lng ,,1.4 lonke<.l D-glucopy!'<Jnose unlll The moSI common 

amongst these macrocydlc moiocoJes are Ihe 6. 1. aod 6 membered rings. approproalely named {l­

(s.ee Figure 9 1) 1'" and r-cyclodexlnn Tna qciode>:Ir1f1$ conform 10 a Mllow truncated 00I'Ie. wrth the 

hydrOph~1C hydro .. yl groll?s displayed along Ihe <XJt~e Theor cavity IS Imed w th h~drogen aloms and 

glYCOSidiC oxygl'ms With one of their non-bonding eler;tron lone-pOll'S directed Inwnrds towards the 

cav ity ThiS gives the cavity ils LeWis-base character and makes it II hydrophobIC enVIronment" 

C1dod'xtrJns are capable of formlnll host-lIu8s1 complex With many hydrOphobte $ITlal( molecules 

Thare IS usually a marilee! Increase In water solubility 01 these CO'llplexes as co'l1pared 'Mth the na\lve 

guest malung lhls ill useful technique In Ihe prad.eal delivery of pharnacuuLca s When developing a 

~ drug. poor aqueous wlubllity IS one of lhe corrmon shonCOffilngs. This oflen results 10 poor drug 

bioavallab~11Y Cyclodt~lrin mduSIOM offer It soll.l:lon 10 many ~ch drugs. and have been Investigated 

for !I)Oene 10 th" project 

17 
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a-Cyclodextrin 

(i) (ii) 

Figure 9: (i) ,,-Cyclodextrin compri~ing 6 gl\jco~e units; (ii) Projection of the crystal pading in 

the inclusion complex of TRIMEB and Z-aJoent! 

Ca,ra ef al. showed in 2004 that ajoene, indi~idualty as E- and Z-isomers, could bt! accommodated 

within the methylated heptakis(2,3,6-tri-O-methyl)-f\-cyclodextrin (TRIMEB) host ca~ity to form inclusion 

complexes It was found that the conformation of the ajoene mole cull! was such that thl! hydrophobic 

host-guest intl!ractions in thl!sl! compll!xes were responsible for the complexation. Each isomer formed 

its own distinct complex with TRIMEB, in 1 1 host guest ratio. TRIMEB'Z-aJoene complexed In the 

space group P2,2,2, (Me Figurl! 9 ii), while TRIMEB'E-ajoene complexed in the space group P2, <2 

18 
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Chapter 2: 

2.1 Introduction 

Synthetic Aspects of Ajoene 

From its discovery up until only a few years ago, aJoene was eIther pamstaklngly extracted from 

crushed garlic or synthesized USIng the blomimetlc methodology developed by Block and colleagues' 

This chapter will discuss the latter and highlight some of Its lImItations as well as describe a new 

sYl1thetic route to substituted ajoenes developed il1 our group 

2.2 Block's Biomimetic Synthesis 

The synthellc methodology developed by Eric Bloc\;; (see Scheme 4) In the 1980's to syntheSIze aJoene 

inVOlves the biomimetic rearrangement of allICIn (prepared through the mono·oxidation of diallyl 

disulfide), as it occurs in nature Heatil1g alllcil1 in aqueous acetol1e facilitates the reaction, via the 

mechanism shown m Scheme 4, whlcl1 has already been dIscussed" 

(i) 

(Ill 

~ 
R~S~S~R' 

o , 
R~S~S~R" 

alljdfl,(R',R'=H) 

o " U,~ R' S + 
~vS Y R' , 

'~ 
e' 

• 

w -
'to , 

----~.- n' 1 + R~-S, ~ R" 
n~"~ v ~ 'V 

2-propenesullMIC aCid 
IR' =H) 

o , ' 
R~S~S_S~R' 

e' 
EIZ-ajeome, (R', R' = H) 

Scheme 4: Thermal re~rrangement of a~ICln into alDene - (i) Overview of reaction, (ii) 

Mecl1al1ism 

Blod's synthesis, ~Ithough eteg~nt. has several disadvantages, It is not amenable to synthesizing 

aJoene ~nalogues devoid of allyl and with R' and R' groups that are different (ScI1eme 4)_ Moreover 

the overall yield of ajoene using this synthellc route is low (around 35%) and the ratio of E Z is 

reported to be 4 1· As the Z~somer is more active th~n the E-isomer as ~n ~ntl-lhrombotic and anti­

cancer agent, higher yielding, geometrically selective syntheSIS is required_" 
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2.3 Functionalized Ajoenes 

Modern medicinal chemistry is based primarily on establishing a SAR (structure-activity relationship) 

analysIs by croating and tesllng Ilbranes of sImilar and varyIng molecules In which groups of interest 

ae systematically varied In order to create a library of a)OMe analogues. one must utilIze a synthetic 

strategy that retains the biologically active pharmacophore In the a",ene molecule. there is strong 

eVidence that the pharmacophore lies wlthm the vinyl dlsulftde group making it an essential part of any 

target molecule. The allyl groups on each end can thus be replaced with various functional groups. 

suggestIng the general strl.lCture of an ajoene ~n~logue as shown in Figure 10," 

Convention in this project dictates the ajoene analogues be drawn such that the sulfoxide lies on the 

left-hand side of the molecule and the disulfide on the right (see Figure 10). Thus Ihe term 'left-hand 

side of the molecule" refers to the R' group closest to the SUlfoxide. while the term "right-hand side of 

the molecule" refers to the R' group closest to the disulfide 

o 
" R"S~S'S_R2 

Figure 10: General structure of aJoene analogues. R', R' " alkyl, aromatIc or 

heteroaromalic.'" 

Thus fulfillment of the following criteria is essential for a "good" synthetic strategy for SAR studies 

1 High yielding 

2 Good selectIVIty (Z over E) 

3 Robust i e able to withstand a multItude of functional groups in the R' and R' positions 

2.4 University of Cape Town (UCT) Synthesis 

A synthetic route has been developed at UCT as Block·s aJoene synthesis cannot be used to access 

substituted analoguos where R·' ood R" are other than allyl (see Scheme 4) A retrosynthetic analysIs 01 

the generalized ajoene is shown in Scheme 5 below" 

Chemoselective 
oxw.Jation 

Radical 
addition 

NllCleophilic 
SLlbstltlltion 

c=====~,,> R I-SH 
Alkylation 

Scheme 5: The UCT retrosynthesls of a disubstituted aJoene. 

20 



Univ
ers

ity
 of

 C
ap

e T
ow

n

i) 

ii) 

A 

some 

A 

+ 

nrn,n.::oI'n\/1 bromide 

in 

cornerstone 

was 

1 

a or syrltnE~sI2~ea 

nrt"\n~~rnvl:::ltlt1,n to 

salt" 

+ 

in the to ...... , ............ . a \1,""",ltlrut'\ 



Univ
ers

ity
 of

 C
ap

e T
ow

n

access 

is 

Initiation 

in 

1. 

a 

can occur, as aelPIClea in 

a 

I heat 

too 

8 ii. 

... 

+ 

+ 

a 

."""" .... ''''.n in 

as a 



Univ
ers

ity
 of

 C
ap

e T
ow

n

... 

X:::: Brorl 

... 

in 

in a 

.. 

of 1.1 

nel~oSelieatlVI1Nis~~r"a,/~n 

a to one 

more 



Univ
ers

ity
 of

 C
ap

e T
ow

n

as 

pal'ICIlpates in 

to 

as in are ',,,''',r,,,.,-:;;;n .... 

as ",,,,r,.,,,,. or 

ii iii ... .. 

",,,,,nA,MA 11: 

to room 



Univ
ers

ity
 of

 C
ap

e T
ow

n

1: 

ii 

iii 

•• EIZ ratio 2 : 3 

were tested as 

43 

in 

> 

a 

1 i 

> 

1 "" ..... "', ....... 

1 

1 ), 

structure 1 

I-(""I .... u' in are 

nrll"<l.lIO>nTII'!·n was 

1) was out 

Tn",."",,"" is in 



Univ
ers

ity
 of

 C
ap

e T
ow

n

2 i-

2 

ii 
... EIZ ratio 2 . 3 44 

in 

It is 

a 

most 

in 11. 

11: 

"' ..... "1'\.,'11 in 1 

on reciClllon was 

at 0 nrl"\n"I"I1"" 8 was to facillitate 7 was 



Univ
ers

ity
 of

 C
ap

e T
ow

n

as a 1"\\1 •• "",""11 

to as 

"'"' ....... 111.:.11 the 

over two 

3 4 

+ 

1 

to 

9 re"'AaIAO a 

two were 

9 

to 

7 

to 

were net:me!(] 

it was 

a 

KOH 

rot,ecltea to 

at 1 

.1 

in a 

9 
77"/" 

% 

was 

a 



Univ
ers

ity
 of

 C
ap

e T
ow

n

CH, 

, , 
b '{J>' >'8 • ~ • , , 

14''''H,",y""·,,~ ",,,"p · 2''''''J'''' '·''' 9 

, 
I 

"' " , 
I I .I 

Figure 12: 

Figure 13: 

'H NMR spO!ctrum of 9 In acO!tonO!-d. 

, e 
__ HoC, _1j~1 
... • O~­, , 

Mesomeric effect in the PMB nn\l 

3.3 PMB Vinylthioacetate, 12 

, 
, . , 

I' 

The next step In thO! synthesis invol~ed the reglosO!IO!ctive add,bon of thiolacetic acid 10 to the triple 

bond of compound 9 (see SchO!me 13) The reaction was performed by d,ss.olv,ng compound 91n dry 

degassed totuene and heatin\l to 85"C under N,. The radical initiator ACCN 11 (0.1 equivalents) was 

added directly as a solid followed by the addition of thiolacetic acid (1 5 equivalents) In toluene over 

twenty minutes uSIng a dropping funnel. The temperature of thO! mixture was rO!stnctO!d to 85 'c as 

refiuxing temperatures were feared to promote mutllpie addItion of thiolacetic acid to form the saturated 

bls-thloacetate 12·b After 2 hours TLC analysIs revealed a considerable depletion of the alkyne 

starting matenat and the appearance of a more polar product The solution was cooled and saturated 

aqueous sodium carbonate was added to quench any remaining thiolacetic acid The toluO!ne solvent 

was then rO!movO!d on the rotary O!vaporator, after which the residue was extracted into OCM and dried 

over MgSO,. Purification on a Silica-gel column gave compound 12 in a yield of 68 % as a 4: 3 mixture 

of Z E stereOlsomers that could not be separated. The stereoselectivity of the reactIOn (see Chapter 

24.2) is explained by the kinetiC product 12-Z being favoured ovO!r the thermodynamically favoured 

product 12-£ Such kinelic behavjor is due to Ihe Z-vinyl radical Interrnediale reducing faster than the 

£-vinyl radical on steric grounds. 

28 
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HS!o--

Scheme 13: Radical addition to 9 to form ~mylthioacetate 12 

The 'H NMR spectrum of 12. revealed two double triplets downfield al 6.50 and 6.67 ppm 

corresponding to H-3 of the E- and Z-stereoisorners respectively (see Figure 14 for numbering). The 

isomers were distinguished by their vicinal coupling constants which were 15.2 Hz and 9,5 Hz 

respectively. The 4 . 3 ratio of ZlE-isomers was determined by comparison of the integration of the 

corresponding H-3 peaks. The H-4 resonances of both isomers presented as overlapping double 

triplets between 5.89 arid 578 ppm. H-5 appeared as a double doublet for each of the isomers based 

on vicinal artd allylic coupling With H-4 and H-3, Other diagnostic peaks used to iderltlfy and discern the 

Isomers included pairs of methoxy and methyl acetyl Singlets and the characteristic pam-substituted 

phenyl signals 

The "c NMR spectrum revealed resonances at 192.8 and 191.1 ppm corresponding to the carbonyl 

(C-2) of the E- and Z-isomers respectively Four aromatic, two vinyl and three aliphatic resonances 

were also observed, accounting for the required 13 carbons present Because of the non-separable 

mixture of isomers, the spectrum was only fully assigned with the aid of HSQC, and the remammg 

resonances satisfactorily related to the 'H resonances. 

9. a 0 
'lo1--'L6 5 ,3 I: 
a'\:, . f "s~S'h 

I • 

" " 
(fib S'13·(~' Me<hO>~OI',m",,)prO p-l·onvll othanoth.,a",. t<' -

"" -
~-9 

. ,I I. 
~_5 

[ " , " ! ~Ht lt "' I •• J., L 
, " 

" " .. 
Figure 14: 'H NMR spectrum of 12 as a mixture of liE-isomers in chloroform-d, 
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3.4 PMB Sulfenylating Agent, 1446 

In Ihe nexl step (see Scheme 14), the required sulfenylallng agent 14 was prepared by heating p­

methoxybenzyl chlonde with potassium thiotosylat~ 13 (1.2 equi~alents) in OMF to 65 "C It seemed 

strange for the product 14 to require heabng as thiotosylate is a good nuc:leophile and the CI-C bond in 

p-methoxybenzyl chloride is greatly labiliz:ed by the benz:ylic effect, The need for such heating may be 

related to the resonance stabIlIzatIOn of the anion Upon completion of the reaction , the solvent was 

removed und~r vacuum, after which the residue was extracted into DCM and washed thoroughly wIth 

water to remove any remaining DMF Recrystalliz:atlon from EtOAc and hexane afforded 14 In a 74% 

yield 

/o~~o I -'-,,-
"'" ~ K S-11-o-

3 13 0 
• 

Scheme 14: PMB sulfenylatlng agent 14 

The 'H NMR spectrum of 14 (see F,gure 15) revealed four doublets in the aromatic region. 

corresponding to the two AB systems assOCiated with H-3, H-4, H-8 and H-9 (see Figure 15 for 

numtJ.enng). Singlets at 4.28 ppm, 378 ppm and 245 ppm confirmed the presence of H-6, OCH, and 

H-1 respech~ely 

" 0 "'}-' .. - . s-s 
' "R '"\ , . 0 • 

". "-< "-, "_I 

I i I j I 

Figure 15: 'H NMR spectrum of 14 in chloroform-d, 

1 
• 
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3.5 Bis-PMB Disulfide, 15 

The coupling (Scheme 15) of the protected enethiol (vinyl th ioacetate 12) with thO! sulfO!nylalmg agO!nt to 

form thO! disulfidO! product is a critical step in the synthetic pathway to the target molecule To this end 

the vinylthioacetate 12 was deprotected to Its enethiolate anion by hydrolysis with KOH in MeOH. The 

reaction temperatures for this step were kept below ·40 ' c to prevent the highly reactlvO! enethlolate of 

12 from forming sidO! products or lautomerizing (discussed at length in Chapter 4. Scheme 30). 10 the 

thO!rmodynamical1y fa~oured E-isomer ThO! low reaction temperature also demonstrates the weakne~s 

of the C-S bond in the thioacetyl group. The enethlolatelthiol was not observed on TLC but it was 

found that 45 minutes at -40"C was adequate for good product yiO!lds 

After cooling the solution further to -78 "C, the sulfenylaling agent 14 (1 3 equivalents) dissolved in 

DCM was slowly added. The poor solubilIty of 14 in MeOH necO!ssitated using DCM as a cosolvent 

Again TlC analysis of this compound proved difficult as even after multiple developments, the product 

.pot moved With the same R, a. the starting vinyl thloacetate It was found that an hour was sufficient 

for good Yields The reactIOn was quenched at -10"C with saturated aqueous ammonium chlonde and 

allowed 10 warm 10 room to!mperature before being exlracted and isolated by column chromatography 

(ethyl acetate hexane" 1 4) to afford the disulfide 15 as a plea. ant-smelling grey oil in an 83% yield 

KOH /0V) r b-cHJ 
=~~".. ~S.""':::'" .. Sy ____ _ 
MeOH I ·40"C ....... ......... 

Scheme 15: Conversion of 12 into 15 

(0 

-Q'r;?" ~ ° S-S~\ 
/0l"""il \\ /; o! 

~S~S·'-......... ;7 -78"C • 
"ell€th~ate-

0112 

The meticulous control of temperature during the reaction resulted in no apparent tautomenzatlon. as 

Ihe 'H NMR spO!ctrum of 15 rO!vO!aled the same 4 3 rallo of Z- and E-isomers obseNed for vinyl 

thioacetate 12 The isomers were in . eparable by chromatography and despite the presence of two p­

methoxybenzyl groups for each. resonances for each isomer could be assigned 
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The 'H NMR spectrum (See Figure 16) of 15 revealed the loss of the acetyl singlets observed in 12 at 

2,35 ppm and 2 38 ppm for the two isomers Pairs of singlets correspondIng to the two methoxy groups 

In each isomer were observed; 3.78 ppm and 3.80 ppm for the E-isomer. and 3,81 and 3,80 for the Z­

isomer respect,vely. The benzylic protons. H-5. appeared as a singlet at 3,60 and 3,6810rthe E- and Z­

isomers respectively, and was flagged as it was expected to shIft downfield after the subsequent 

oxidation to the sulfoxide The other benzylIC protons H-l, situated next to the deshielding disulfide was 

observed slightly downfield to H-5 at 3,90 for both isomers For the E-lsomer, H-2 appeared as a 

doublet at 5 93 ppm with a coupling constant of 14,8 Hz, while H-3 appeared as a double triplet at 582 

ppm wIth coupling constants of 14 8 and 7.1 Hz For the Z-isomer, H-2 appeared as a doublet at 6 01 

ppm with a coupling of 9.3 Hz, while H-3 appeared as a double triplet at 5.62 ppm with a coupling of 

9,3 and 7,6 Hz It is interesting to note that H-2 of the Z-isomer lies downfield to that of the E-isomer, 

while the trend is reversed for that of H-3 These trends may be ratIonalized by the shielding effect of 

the two sulfurs around the double bond 

Because the two isomers could not be separated, the "c NMR spectrum of 15 appeared as a set of 

double resonances. Downfield, in the vInyl and aromatIc region of the "c NMR spectrum, nine sIgnals 

were observed as G-8 and C-12 coincided at the same chemical shift, while upfield four distinct Signals 

were observed, Because the two methoxy-carbons presented with Identical chemIcal shifts all nIneteen 

carbons could be distinguished High resolutIon mass spectrometry (EI) revealed a molecular Ion at 

7891478, corresponding to [2M + 201' This offered further evidence for the formation of the product 

15, as C,.,H .. O.S. requires 789,1500 Unfortunately, an accurate mICroanalysis could not be obtaIned, 

because 15 was isolated as an 011 

Figure 16: 

. , 
o--'?/. 7 

6'-..$k----S ~ ~,_s 
1 5 • 2 

, , , 
Z H_2 H.J H.J 

"' J 11, ,",--JIJ.. 

"' 

~" 

" 

, 
H·5 E 

r , 
,1 

, 
H-4 H-4 

Ii 

'H NMR spectrum of 15 as a mixture of Z/E-Isomers In chlorofonn-d, 

" 
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Figure 18: High-resolution mass spectrum of 17 

i ,()Io.1" 

H7,'11 H~'" 

I~ 1.1 

Figure 19: 

, " 
. , 

• 
~_'b , , I-

'H NMR spectrum of 17 as a mixture of ZlE·isomers in chloroform-d, 

• 
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Figure 21: 'H NMR of 23 as a mixture of liE-isomers in chloroform-d3 

4.4 Dansyl-tagged Sulfenylating Agent, 27 

The dan~yl-tagged sulfenylating agent 27. was envisaged via the route outlined in Scheme 21 The 

synthesis targeted the chemoselectlve nucleophilic ~ubstitutlon of dansyj chloride by 3-aminopropan-1-

~ 24 to produce the dansyl-tagged alcohol 25 The hydroxyl of 25 would later be converted into a 

mesylle8ving group and it was thought that this would be sufficiently labile to promote substitution by 

th[otosylate 1 J to form the dansyl-tagged sulfenylatlng agent 27 

Scheme 21: Proposed syntheSIs of dansyl-tagged sulfenylatlng agent 27 

4.4.1 Dansyl-tagged alcohol, 2548 

The synthesIs of dansyl-taggad alcohol 25 (see Scheme 22) began by the drop-wise addition of 3-

aminopropan-1-01 24 into a solution of dansyl chloride and tnethylamme in DCM The latter was used to 

neutralize the Hel formed during the reaction . The greater nucleophilicity of the amine nitrogen in 24 

over the hydroxyl oxygen. resulted in a rapid chemoselectlve reaCtion and almost total conversion to 

product 25 The product was extractlvely wor1<ed·up and the reSidue was subjected to column 

chromatography using ethyl acetate and hexane mixtures to ",fiord the dansyl-tagged alcohol 25 in 98 

% Yield 

40 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Scheme 22: Synthesis of dansyHagged alcohol 25 

The melting point of 25 (recrystalized from EtOAc) was lound to be 118 - 120 "C. which was 

acceptab~ dose to the reported literature' value of 119 - 120 "C. IR ana~sis of 25 revealed a peak at 

1270 cm-1 for a sulfonamide slretch Further confirmation of the structure of 25 was provided through its 

'H NMR ~pedrum (see Figure 22). The aromatic region displayed a distindlve set of signals that would 

be present in all of the dansyl-containing compounds. The dansyl-aromatlc-protons (DAP) appeared as 

a doublet at 1> " 8.53 ppm with J" 8.6 Hz. a doublet at i)" 8.28 ppm. J" 8.6 Hz. a doublet at (\ " 8 21 

ppm with J = 7.3 Hz, a multip~t at b" 7.53 ppm for two hydrogens and a doublet at"" 7.17 ppm with 

J" 7.3 Hz The NMe, presented as a singlet at 1> = 2.88 ppm. The sulfonamide hydrogen appeared all> 

"5.36. The three methylene signals of 25 were observed for H-l, H-3 and H-2 at i:\" 3.64 ppm, b" 

3.04 ppm and 1>" 1.63 ppm respectively. The "c NMR spectrum displayed the ten aromatic and four 

aliphatic resonances corresponding to the fifteen carbons present Notably, the NMe, appeared as one 

signal at b" 45.4 ppm due to free rotation around the C..,.-N bond. 

. ',H <"A,,, <"kH ArH 
j 1/ • II 

.. 
I "' I 

Figure 22: 'H NMR of 25 In chloroform-d, 

4.4.2 Dansyl.tagged mesylate, 26 

In order to generate the S-tosylate of the primary alcohol 25, it was first necessary to convert the 

hydroxyl (OH) into a suitable leaving group (see Scheme 23), as the hydroxyl group functions poorly in 

this regard The group chosen was the mesylate (methylsulfonate ester), which was formed by slowly 

adding mesyl chloride to a solution of 25 and tnethylamine in anhydrous OCM at 0 °C. After 20 

minutes. TLC ana~sis indicated the total consumption of the starting material and the formation of a 

new fluorescent spot that was less polar than the starting 25. After extraction, drying over MgSO, and 

removal 01 solvent. the reSidue was subjected to column chromatography (EiOAc) to afford 26 as a 

luminous-green oil in an 85 % yield. 
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08-MsO~N_S_f "l 
26 H" -o ; 
85 '" ~ ;, N, 

Scheme 23: Synthesis of dansyl-lagged mesylate 26 

IR analysIs of the product 26 reveall!d an absorbartce at 1270 em-' correspondmg to Ihe sulfonamide 

The characteristic DAP-peaks were also present in the 'H NMR spO!ctrum. IntroductIon of the mesylate 

was verified by a notable shift down field of the methylene peak for H-1 closest to the oxygen as WI!II as 

a Ihree-hydrogert smglet for the mesyi group at i) 2,93 ppm. The 13C NMR spectrum of 26 was similar to 

that of 25, but with an additional aliphatic carbon, lending support 10 a successful mesylabon. The 

dowrtf,eld shift of C" 1, from 505 ppm III the alcohol 25, to 66 9 ppm in the mesylate 26, gave further 

evidence lor the formation of the product (see Table 4) 

", 
"' 
I 

Figure 23: 'H NMR of 26 Ir1 chloroform-d, 

Table 4: Diagnostic NMR sMls of H-1 and C-1 of25, 26 and 28 

I ., 0 

X~N-s-B-' H " -25X=DH 26X=DMs 0 ! 
2SX z l ~!J\ 

Compound H-1 : 

25 

" 
28 

n~ (ppm); Multiplicity, J (Hz) 

3.64,154 

421,t,5.4 

296, t, 5,3 

" " 

• 

'. 

"" i'Jc (ppm) 

60.5 

0.;, 

30,9 
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4.4.3 Oansyl-tagged Iodide, 28 

For conv!!rsion of m!!sylat!! 26 to its S-tosytat!! 27, direct StJ2 subsfltutlon was ,nlhally att!!mpt!!d Wlth 

potassium p·toluenethiosulfonate (see Scheme 24 i) The reaction required heating, with products only 

becoming visible on TLC above 50 "C and after 6 hours TLC analysis revealed incomplete 

consumphon of the starting matMal as w!!tl as two assumed product spots 111 the reaction mixture 

which were Inseparable by cotumn chromatography It is betleved th<lt upon heating, one cannot control 

further substitutions of the ttfloate to the desired product as the sulfur of the \l"jijosulfon<lte ester is a soft 

electroph,le and IS susceptobl!! to attack by th!! residual S·tosylate (see Scheme 24 iii). Therefore, It 

was GOnciuded that the sulfonate ester was not SUitable and that the mesyl group would have to be 

exch<lnged for a more labile le<lving group. 

x • 

Iii) 
• -0-0 ° 

, I g-S~N-g-s, 
\\1It!.,.. H"_ 

." O~, 0 I 

" A N\ 

o _ 
~ "-0-R S-S-~ ~ It 

o 
• 

Scheme 24: (i) Directs S·tosylatlOn of 26, (ii) S·tosylallon via TBAI generated iodide 

,nte-rmedlat!! (i'i) Multiple S-tosylation 

It was thus decid!!d to exchange the m!!sylat!! group of 26 for an Iodide usmg t!!trabulylammomum 

iodide (TBAI) in refluxing acetonltr~e, and then 10 try the S-Iosyl<ltion (see Sche"", 24 ii) This 

approach was also problematic. Although TBAI was added In excess to drive the reaction towards full 

lochnatloo, TLC aft!!r 2 hours of h!!allng reveal!!d a very promln!!nt spot GOrresponding to the startong 

mesylate. The thioat!! was add!!d and the high temperature resulted in the same br!!akdown obse",ed 

before The procedur!! was thus abandon!!d 

• 
o 

I~N-S-S' 28 H8 - I 

97% ~ilN\ 

Scheme 25: Synthesis of dansyl-tagg!!d iodide 28 
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A modification of the approach was then adopted. Thus, mesylate 26 was heated WIth 20 equivalents of 

Nal in acetonitrile for 20 hours at 60"C (see Scheme 25) Successful ~eneration of the iodide 28, which 

was less polar than the mesylate, was followed by TLC. Purification by silica-gel column 

chromatography afforded the desired iodide 28 as a luminous-green oil in a yield of97 % 

The ' H NMR spectrum of 28 (see Figure 24) showed a definite · up-field" shift of the H·1 methylene 

signal, from 1\ " 421 ppm in mesylate 26 to around 3,05 ppm (observed as a multiplet) In iodide 27, 

demonstrating the lower deshlelding effect of iodine over a suifonate ester, The typical dansyl proton 

Signals were observed in the 'H NMR spectrum as well as the deSired 14 carbon SIgnals in the "c 

spectrum. There was the expected upfield shift of C-1, from 66.9 ppm in the mesylate, to 309 ppm, 

also indicating that exchange to the iodide had taken place, Table 4 offers evidence for the various 

transformations by highlighting the chemICal shifts for H-1 and C-1 for the dansyl-tagged intermediates 

215,26 and 28 High resolution mass spectrometry (EI) revealed a molecular ion of mass 419.0273, 

corresponding to [M + H]' This added further ev,dence for the formation of the product, as 

C"H20IN,O?S requires 419,0290. 

I. 

~·1." 

~, 

~ Ii -
,,~ , ,"'" ,,, 

I , I I II ~ , 

Figure 24: ' H NMR of 28 in chloroform-d, 

4.4.4 Dansyl-tagged thiosulfonate 

With the iodide 28 in hand, subslltut'lon with potassium p-totuenethiosulfonate was attempted as before 

(see Scheme 26), except using 8 equivalents of the potassium thiosulfonic acid salt for 20 hours at 

room temperature in CH"CN Under these conditions, a more polar fluorescent product was observed 

OIl TLC, which broke down on beln<;l subjected to silica-gel collllTln chromatography, Quantifying the 

conversion was impossible. however the intensity of TLC spots suggested more than 50 % conversion. 

The use of such a high number of equivalents of the thiosulfonate salt was intended to drive conversion 
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bond compared to the C_I bond also assisted with the selectivity This further illustrates the robust 

chemoselective properties of the sutfenylatlon step in forming vinyt disulfide functionality 

Scheme 28: Potential S-alkylation side reaction 

The 'H NMR spectrum for the dlsulfide 29 (see Figure 25) confirmed that the desired coupling had 

been achieved, owing to signals from both coupling partners being observed The expected dansyl 

signals were present and the vinyl protons H-4 and H-5 appeared seperately for the E- and Z-isomers, 

In the "c NMR spectrum, twelve oownfield vinyl and aromatic signals were observed With two 

resonances coinciding at the same chemical shift As expected, eight aliphat'c signals were detected 

upfield, lending support to a product containing twenty-one carbons, High resolution mass spectrometry 

revealed a molecular ion of 471 1274, corresponding to [M + Hf as C21 H"N,O,S. reqUires 471 1268 

Unfortunately an accurate microanalysis could not be obtained as the product was an oil 

, , 
.,~s,/"_,,,s , . . "0-,. 

s",,·r- N 5 '} , " o 

" " 
;'I[),oo(,,",,,,,,,,,,, I '''''l''ll''_'''~''''''''' 1 "''' __ ~_'''''''''''_' 

."""_. 1~ 

2>ArH ". AcH Z ~ArH 

I I " U 
fH _ Z 

"" ~ H_5 

I ",'l I . J 

~~~~ 

NMc, 

Figure 25: 'H NMR of 29 as a rruxture of LIE-Isomers in chloroform-d, 

4.6 Dansyl-propyl Ajoene, 30 

"' 

.1 r , . 

With the disulfide 29 in hand, the final step In the synthetIC sequence towards the target 30 was the 

dlemoselectlve oxidation of the su~ftde to ItS sulfoxide (see Scheme 29) The procedure was similar to 

that for 17 Thus, the reaction was performed by adding 1.3 equivalents of m-CPBA to a solution of the 

disulfide 29 in OCM (see Scheme 29). Care was taken to ensure that the temperature of the solution 

was kept below -60 "C, and TLC analysis revealed the formation of a single product spot After 2 hours 
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'H NMR of 30 as a mjxt~rll of ZIE-"omers in chloroform-d, 

-
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H.gn .esolullOflITl<lSS spectrometry 01 30 
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"",," )<10" ..... ,)< lP"""'"' ."'"" """'" -, . "'" b, .. ,., <l<!. 31 !' 
~ 91""H " 

,j "'" Z.f f.Z 
Mti J. "'H <,A ... ~ 

I. "" • , . "~ "~ , 
.Jj "'--L.,. 

ii" •• 
• •.• 0 

,,, .. , , 
! 

H_1>O! 

"' ,I, J 

Figure 28: 'H NMR of 31 as a mixture of Z/E-isomers in chloroform-ch 

4.8 Dansyl-PMB Ajoene, 32 

-

-
H_' 
L 

The final step in the synlhetic sequence towards the dansyl-tilgged target 32 wa.s the chemoselec!lve 

oXidation of the sulfide to ,Is sulfoxide (see Scheme 32) The procedure used was similar to that of 15 

and 30. The product 32 was produced In a y,,'!lc;I of 72 % and as a 6 5 mixture of Ea- isomers (as 

determined by 'H NMR), indicsting a retention of stereo-integnty from 31 

m-CPBA / • 
OC" , 

-78 'C 

Scheme 32: Oxidation of disulfide 31 to sulfoxide 32 

The oxidation to the sulfoxide 32 was supported by its 'H (see Figure 29 i) and "c NMR spectra The 

peaks for both H-6 and H-7 shifted downfleld (from their chemical shift in 31) as a result of the 

deshielding effect of the sulfoxide. As before the introduction of the sulfoxide created different 

magnetic environments for the diastereotopic protons on C-6 and C-7. causing them to appear as 

separate signals. The NH signal was observed to experience a similar shift upon oxidation as observed 

in 30. Thus. the NH signal appeared at i:\" 4.77 ppm for both isomers in the disulfide 31. but presented 

as two separate signals in the oxidized product 32 both down field, at h = 6.08 ppm for the E- and i:\" 

5.69 ppm for the Z-isomer The aromatic regwn, from around (' = 8.7 ppm through to i:\ " 6.7 ppm, 

contamed all of the expected dansyl and phenyl aromatic signals. The 13C spectrum was fully 

characterized with the aid of HSaC (see Figure 29 ii) and revealed the expected changes in chemical 

Shifts (see Table 6) that adhered to the previously described trend, namely the downfit!ld shift of C-4 

C-6 and C-7, as well as tht! upfield shift of C-5 upon oxidation. 
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High resolutkln mass spectrum (see Figure 30) revealed a molecular ion at 5651331, corresponding 

to [M + HI", whteh offered support for the formation of the product as C""H",N,O.S. requires 565.1323 

(i) 

(ii) 

'-IDomc,"",,,,,,",o)·N ".<1'-'. """"""""O'_~"''''''·' 
"'~"""',,,y',,,,,,,,,,~_,,,,",,,,,,,. ,-"""'_, __ J2 

, 
"" , 

,-" . 
,\ " 

, 
.-" 
'I "~. , 

.. . ... .", 

• . . 

, , •• ". ,,, 
). " . ." '. 

. , 
"-,, "-< ... ..." • "-10 II " " ,. 1-' .. __ 

• 
• , 

, -•• 

-.. . ' -, 

"' 
I . 

" .. -, --

-, 

,. 

i . 

Figure 29: (i) 'H NMR of 32 as a mixture of ZlE-isomers in chloroform-do (ii) HSQC of 32 as it 

mixture of Zlc-isomers in chloroform-d~_ 
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Figure 30: High resolution mass spectrometry of 32 

Table 6: Diagnostic NMR peaks for the idenllficat,on of compounds 31 and 32 

b" (ppm); MulllpllClty; J (Hz) I\c (ppm) Assignment 

" 598. d: 14.6 127.5 H-4, E 

" 6.31;d;148 134.7 H-4, E 

31 6.08: d, 92 131 6 H-4 Z 

" 645;d;94 1379 H-4, Z 

31 5.80; dt 14.6, " 128.4 H-5; E 
, 32 5,92; dt, 14.8. 7,6 117.3 H-' E 

31 564,dl;92,78 1286 H-5; Z 

32 5.71; dt, 9 4. 7.4 119.6 H-5, Z 

31 304, d: 7,3 327 H-B; E , 
32 342,dd;131, e7 '" H-6." E , 

3.24, dd; 13,1, 6,7 H-6,; E 
, , 

31 3,15: d: 7.8 293 H-6; Z i 
32 3.52, dd; 13,7, 74 49.5 H-6., Z 

, 

3.47 dd; 13.7,74 H~, Z 
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Figure 31: (i) 'H NMR spectrum of 47 in DMSO-ct", (II) HSQC expansion of 47 In DMSO-d. 

5.3 Fluorescein-tagged Sulfenylating Agent, 51 

In the next step. two synthetic approache~ were con~idered for the syntheSIS of fluorescem-tagged 

sulfenylallng agent 51 The first approach (see Scheme 43 i) envisaged thiotosylation of the 

fluorescein-tagged alkyl halide 50 Mindful of the difficulties encountered whilsl synthesizing the dansyl­

tagged sulfenylatlng agent 27, it was feared upon heating that multiple S-tosyl additions may occur as 

described earlier (Scheme 24 iii). The second strategy conSidered (see Scheme 43 ii) envisaged 

Incorporating the thiotosylate group ,nto the alkyl halide 49, which would need to be coupled to the 

fluorescein ~ia an St<2 reacton Such a coupting would necesSitate a chemoselecti~e alkylatIOn at the 

relallvely harder bromide end of 49 Ultimately. it was deCided to pursue strategy ii 
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All of the expecled resooances of Ihe fiuoresceln-Iagged sulfenylalong agenl product 51 were observed 

in both the 'H and "c spectra The 'H NMR spectrum is :>ho""" in Figure 33 and clearty shows slg<"lals 

from both coupling partners that offers ev.dence for successful coupling The equivalence between H-

1'/8', as well as between H·2'IT and H·.n5' observed In 47 was lost as a result of funcllonallzlng the 

phenol group, thus supporting the tautomerization suggested previously (see Scheme 42) An "AS" 

system 01 doublets (J = 8.2 Hz) was observed In the aromatic region corresponding to H-5" and H-6" of 

the tosyl group, indicatIng that the phenoxide attacked the brom.de end of the precursor 49, since an 

attack on the sulfur would have displaced the SO,Tol group The do"""lield shift 01 C-1" due to the 

oxygen also supports the formatIon 01 51 The "c NMR spectrum displayed twenty-four resonances in 

the aromatic regioo and five .n the aliphatIc. High resolution mass spectrometl)' provided further 

evidence lor the formatioo of the product, providing a ~ecular ion 01 620 1057 corresponding to [M + 

Hr, since C"H"No"S, requIres 620.1049 

Figure 33: 

, 
H"-O' "" " , 

, {-;- NO, 

'H NMR spectrum for 51 In chloroform-d, 

5.4 Fluorescein-tagged Disulfide, 52 

, 
" 

The synthesIs of the fluorescein-tagged disulfide 52 (see Scheme 46) was performed by coupling PMS­

vlnylthioacetate 12 (1.2 equivalents) with the fiuorescein-tagged sulfenylatlng agent 51 In a fashion 

s".nilarto the coupling described in Chapter 3.5. In this instance it was decided to use the sulfenylating 

agent as the limIting reagent lor the reaction so as to maximize Its ulihty. The disulfide product 52 was 

obtamed in a 86 % Yield based on 51 and as a 1 1 mixture of M-isomers as determined by 'H NMR 

spectroscopy, which was different from the 4 3 ratio observed in the vinyl thioacetate precursor 12 A 

proposed mechanism for the tautomerism may be seen in Chapter 4. Scheme 31, The isomers wtlre 

iI"lseparable by chromatography, but were fully characterizable In their native mixture 
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Scheme 46: SynthesIs of fluorescem-tagged disulfide 52 

The 'H NMR spectrum (See Figure 34) of disulfide 52 revealed contributions from both coupling 

partners as well as the loss of the acetyl singlets observed In t2 at 2.35 ppm and 2.38 ppm As 

expected. the vinyl protons H-4" and H-5" were observed as a set of doublets and double tnplets for 

both Isomers respectIvely For both Isomers, singlets corresponding to the two methoxy groups were 

observed at 377 ppm and 368 ppm, ....mile the benzytic protons (H-T') appeared as singtets at 3.66. 

Table 1 gives some of the characteristic peaks observed In the 'H NMR spectrum. 

The"C spectrum of 52 was complex. However, a,ded by HSQC, ail of the expected resonances were 

ktentified, with the exception of the resonances for the ester C-1, which were expected to occur at IJ" ± 

170 ppm. The C-1 resonance was found to be absent from the spectrum. The aromatic and vInyl region 

of lhe spectrum displayed tWllnty-five distinct pairs of resonances rIlquirlld for both isomers The 

aliphatIc region also revealed the rIlquired seven signals for each isomer 52 was obtained as an oil so 

Its high resolution mass spectrum was recorded which revealed a molecular ion at 690.130/, 

correspondIng to [M + H]', offering further evidence for the formation of the product, s.nce C,..H"NO,S, 

requires 690.1290. 

IM¥ 2'1 "",1", .-o>ri>o,,-z,...,.,,..."Il·,· 
"".,< ~ _ .. ,,1 """",.,)-l ·0 ... J/!-... , ••• " •. ~H _"-,,,,,... ~2 

HI" 

H_~ -I 6 V 

"~I I H_~' 
H_l" 

1IJ "' II~~"'"' I. I I· ~. 11).1 p 

Figure 34 'H NMR spectrum of 52 as a mixture of Z/E-isomers in chloroform-d, 
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Table 7: Diagnostic NMR peaks for the Identification of compounds 52 and 53 

0 

i-./"S~S~s~ 
7" ". 4' 

, 
~S~S's~X 

.,.. H,' H.. 4" " 

" ~ 

0" (ppm), Multiplicity; J (Hz) ,'to:; (ppm) As~,gnment 

" 508, d, '" 1274 H-4"; E 

03 537 d '" 1338 H-4" E 

52 623: d 93 131.5 H-4" , Z 

03 5.64-555 m 1378 H-4"' Z 

52 5.88. dl. 145, n 1297 H-5'"; E 

53 5.98; dt; 14 7, 72 117 9 H-5'"' E 

,52 572: " 93.7.6 128.8 H-5' 2 

5e 5.81, dt; 90,82 119.2 H-5'"; Z 

52 3.07 , n 327 H-6"" E 

53 '" dd: 13.1 82 527 "~. , E 

328 dd. 13 1, B2 H-6" b; E 

52 3.19 d; 76 29.3 H-8": Z 

03 3.52: dd, 135.82 49.5 H-5··, Z 

348: dd: 13.5.8.2 H-5',,; Z 

52 3.00, s 35.5 H-7'"; E 

52 3.51, ~ 349 H-7". Z 

5e 3.93; m "5 H-7": E+Z 
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Representat,ve dose-response Curves lor the Fluorescent Ajoene Analogues 
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lle first animal study uhl,zed an immune·suppressed "nude-mouse" and a 'Balb/C· laboratory mouse 

The study was aimed at testing the efficacy 01 BPMB 17 on Inh,b,Mg tumour growth of MDA·MB·231 

Qll<;er cells ~nd establishing tolerable doses for treatment The 24 nude mice each rece,ved a 

~taneous inJectIOn, delivering 1 47 x 10' MDA-MB-231 cells (in 100 ~L of PBS) into their hind right 

~.a~~r, whilst the 24 Balb/C mice rece,ved the same volume of PBS alone_ Both nude- and Balb/C 

tNOtwer~ randomized into 4 cages A-D and each mouse was labeled 1--6 uSing a standard ear clipping 

I!cMtque 

Tho drug was aqueous insoluble and could therefore not be administered orally through dosing the 

.a1er Thus. the drug formulation was therefore made using (the fat emulsion) Intralipid The doses 

+tnOlistered to groups A, B, C and D were 1. 5, 45 and 0 ",gig (assuming an average mass of mouse 

II be 20 g)_ Tre~tments were ~dministered every second day and the over~1I health and wei\jht of the 
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mice were observed and recorded_ Throughout the experiment it Decame apparent that the nude mice 

were not developing tumours, despite the targe number of MOA-MB-231 cetls Injected subcutaneousty_ 

Both mouse strains appeared healthy and gained weight throughout the experiment The ~~erage 

weight of the mice recei~lng the targest dose (group-C, see Figure 39) of drug appeared 10 drop slightly 

o~er the first week of testing, but then proceeded to rise ste~dily for the remaining duration of the 

experiment 

Upon completion of the experiment, the mice were sacrificed (halothane inhalation), blood samples 

taken and the tivers removed for future toxicotoglCat studies Upon dissection, the nude mice were 

carefully examined for tumours and metastases, but none were found It was determined that a model 

study would need to be performed first to optimize the tumour growth in the animals before the drug 

could be administered 

Since all of the anlm~ls appe~red to be healthy, g~ining weight throughout the duration of the 

experiment, it was est~blished that the drug BPMB 17 was not toxic in doses up to 45 ~glg 

Nude Mice Weicht"' Time a.lblc M,c~ we"M~.T;_ 

r6 ' • .,.......... ~...:?'" • 
• 

~ 
, -. •• ; ---- -. , -- .-~, ' :::----- ... 

• - .... ~, . .. 
~ 

NUD. " D "olo/e Mk . W. i, ."., T' ono 

l'wr ---... , 

Figure 38: The weight of the mice, measured o~er the dur~tlon of the experiment shows a steady 

'Ilcrease suggesting that the test subjects were healthy even at the highest administered dose of 

drug 

A model study was performed by Dr Catherine Kaschula to establish the optimal conditions for tumour 

growth in the nude mIce It was found that Ihe MDA-MB-231 cells did nol proliferate and form tumours 

In the mice, even when 5 x 10· cell~ were injected subcut~neously The MDA-MB-231 ceil-line was 

then replaced With the oesophogeal cancer cell line WHC01, which were found to grow very readily II 

was found that delivering 1 x 10' cell s was suffICient for tumour growth ~nd 5 , 10' cells resulted in 

large, aggressive growths. Biopsies from the WHC01 tumours were tal<en for histological analysis (see 
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Figure 39). The tumours showed differentiation and post response desmoplasia, indicating that this was 

a good model for human cancer Purple chromatin 5taining determined a mitotic count of one in ten 

field5 (40X magnificatiOn)," 

Figure 39: HI5tologicai sample taken from WHC01 tumour, showing Tumour cells (T), 

host cells (S) and laminated differentiated cells containing keratin (L). 40X magmfication" 

6.2.2 Study 2 

The prevrous ~tudy had revealed that the drug was not toxic to the subjects and so the second study 

would not require the BalblC control used in the eariier experiment The second study comprised 18 

nude mice, each ofwhfch received a subcutaneous injection, of 2.50 x 10"WHCOl Cf!11~ (m 100 III of 

PBS) into therr hmd nght quarter. All the mice grew tumours. The tumours were allowed to grow for 11 

days, aller which the mice were numbered and randomly assigned to either the treatment or contr~ 

The drug is sparingly soluble in the IntralLpld ~ehlCle and was therefore first dissolved into OMSO (such 

thOlt the final concentratron of OMSO did not exceed 20%) and then diluted into lntralipid Sonicating 

the solution for 5 minutes at 37"C Improved the homogeneity of the s~ution 
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Figure 40: A steady increase of weight over thl! duration of the t'!xp"nm.mt was observed in the 

subjects belonging to both the treated and untreated groups, showmg that that the mice were healthy 

(i) (ii) 

Figure 41: Mouse 7, 8,11 and 17 belonged to the treated group (i) while mOUSe 1, 2, 5 and 10 

belonged to th'" untreated group (ii) Mice from both groups had similar tumour growth. 

Some of the mice had swollen eyes and or growths that upon telTTl :nation of the experiment. were 

determined to be abscesses. These infections did not impact the experiment as the mice were 

randomized and infections were present in both the control and treated groups 

The treatment had no significant effect on tumour growth (see Figure 42) when compared to the 

controls From the data collected, there was no apparent reduction In tumour size observed in the 

treated mice compared to the untreated control The tumours of both groups (see Figure 42 iJ were 

obse rved to exhibit a steady growlh over time. As observed in the earlier animal study. the drug 

appeared to have no apparent negative effect on the health of the SUbjects as each mouse gained 

weight and showed no obvious signs of discomfort. 
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Figure 42: (i) Growth of tumours - Treated vs Untreated, Tumour size were measured by 

catlpers (votume catculated by' (kmgth' x height)f2 50; (H) Tumour size as measured by weight of 

tumour obtained from biopsy 

The drug, which waS very active in Vitro, was lfleffectlve in reduCing tumour size in vivo. This may be 

due to poor drug blO-availabillty as a result of poor solubilIty in Intrailpld Other methods need to be 

tned to solubilize the drug It has been noted previously in our lab that increasing the lipophllicity of the 

drug mcreases in vilro activity," but thiS t,kety limits the bloavallabil,ty in vivo It is possible that a less 

lipophilIC artalogue. which exhibits lower in vitro acllvity. may be more active in vivo. It is also possible 

that administering the drug through intraperitoneal injection was rtot the best choice for drug-delivery 

and perhaps a topical application: oral or Ifltravenous administration could prove superior. Administered 

topIcally directly to the tumour, the drug need only be absorbed through the skin and is likety to achieve 

its highest cortcerttratlOl1S around the sIte of application. A drug admll1lstered orally may provide an 

alternate route for absorpllon, namely through the gut, but as the most practICal oral delivery vehicle is 

the drinking water Ihe aqueous solubility of the drug would need to be improved One might also look 

at the Choice and position of the tumor grown, It may prove valuable to grow the tumour in the 

peritoneal cavity, which is currently the same site of the drug delivery (IP InJection) This method may 

also maximi~e drug avaliaDillty 

AJoene has been shown to be a SUitable guest for several cydodextrins forming inclUSion complexes 

with enhanced aqueous solubility. With the addItion of lipophilIC side-groups, the water solubility and 

bloavallability of the drug diminishes Cyclode~tnn inclusion could offer a solution to this problem. 

Several attempts were made <II fonnmg II1ctusions With the BPMB-analogue, but none showed a 

noticeable increase in aqueous solubl~ty. The results of these experiments are discussed at more 

length in the nex1 chapter. 
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Figure 43: Untreated MDA-MB-231 cells exhiblling a weak endogenous green signal (G) as a 

result of endogenous cellular fluorescence. No red (R) or blue (B) fluorescence delected 

Transmltled light channel (1) and overlay (0) reveal rtealthy cell morphology 

MDA-MB-231 c!!lls trMted With only the organelle trackers are shown In Figures 44 and 45. The 

images show that the organelle trackers only appear in the red channel and thus any r!!d signal 

observed is due to the tracker The transmitted light and overlay-images show cells that e~h,blt normal 

morphology and thus the organ!!lIe trackers do not appear to n!!gatlvely affect the cells The 

implication of the aforementioned controls is to note thai any distress experienced by the cells would 

therefore be atlrilXlted to the ajoene drug alone 

Figure 44: MDA-MB-231 cells treated With Iyso-tracker alone. No green (G) or blue (B) 

rklorescent signal is detected. Strong staining of the Iysosomes observed In the red (R) channel 

Transmitt!!d light chann!!1 (T) reveals healthy c!!11 morphology and overlay (0) maps th!! location 01 

lw ~sosomes In the cell. 
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Figure 45: MDA-MB-231 cells treated with ER-tracker alone No green (G) or blue (8) 

fluorescent signlll is detected. Strong staining of the ER observed In the red (R) channel 

Transmitted light channel (T) reveals hell'thy cell morphology .md overlay (0) maps the location of 

!he ER In the cell. 

Cells treated with DP 30 exhibited blue nuorescence, which was observed within the first 30 minutes 

after addmg compound to the cells (see Figure 46) When examming cells that had been treated with 

both ER-tracker and DP 30, no coiocallzatiOl1 with the ER-tracker or Lyso-tracker was observed (see 

Figure 47). DP also appears to localize in droplet-like structures, which appear liS blue granulClr 

structures in the cytosol Comparing the morphology of treated (see Figure 47) and untreated (see 

Figure 48) cells at 60 and 75 mmutes respectively, the cytotoxic effect of the DP 30 IS evident The cells 

show signs of stress, presenting as membrane blebblng and leaking of the cytoplClsm, indicative of 

apoptosis After 240 minutes (see Figures 49 and 50), changes to the morphology of the treated cell's 

have become more pronounced wh~e cells treClted only with ER-tracker appear healthy WIth normal 

morphology (see Figure 50) supporting the Idea thai the stress expenenced by the cell is caused by the 

drug. VVhere the drug localizes remains I.Incerta,n. however since the drug is lipophilic, the appearance 

of granular fluorescent bodies might suggest thai ihe drug ;s accumulating in lipid bodies. 
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Figure 46: Treated MDA-M8-231 cells after incubation with DP 30, 30 min 2-photon laser 

Weak blue fluorescence (8) detected. while no signal is observed in the green (G) fluorescent 

channel. Transmitted light channel (T) reveals cell morphology and overlay (0) maps the location 

01 the DP in the cell 

.... 

Figure 47: Treated MDA-M8-231 cells after incubation with DP 30 and ER-tracker, 60 min Into 

the expenment. 2-photon laser. Weak ~ue fluorescence (8) detected and a stained ER in the red 

channel (R). The cell shows sIgns of distress, seen in the transmitted light channel (T) The 

overlay (0) shows no apparent colocalization between the drug and tracker. 
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figure of8: MDA-MB-231 ~ 15 ,ncub .. ted with ER-I'1Ieker. 75 m.nUles ,1110 !he e)(penment No 

green (G) lluorescenl !.gf\8 IS oelected. Sirong staining 0( Ihe ER obseNed En the red (R) 

channel TransmEtted ~ght chanr.el IT) reveals healtlly cell morphology .,nd overlay (0) maps Ihe 

local>on 01 the ER En the cell 

Figure 49: Treated MDA-MB-231 OII'ls .,fter Incub.:ltion wnh Of> 30 and ER-traeker, 240 mEn 

onlO the e:Kperill'el't. 2-photon laser, Blue nuorescence IB) delected and .. staned ER In \hf! red 

en .. nnet (R) The cell shows s'9ns of d,stress seen In l he lr,tnsmltted Ight chaMe· (T) The 

overlay (0) sh-ows possible colocaliut,on between the drug and Ir .. cker 
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Slight endogenous green fluorescent (G) tS ob5erved Strong st~lnlng of the ER observed in the 

red (R) channel. Transmitted tlg~,t channel (T) reveals healthy ce tl morphology and overlay (0) 

maps the locahon 01 the ER in the cell 

FigurO! 51 shows the green fiuorescence produced by the fiuorescein-tagged aloene FO~ 53 The drug 

was lound to be Insolubto! in the medium and even with DMSO as a cosolvent, formed small particles 

on thO! chamber slide ThO! images shown in Figures 51 and 52 were taken aftO!r thl': drug, dl5sotved 111 

DMSO and media, was added directly to the cells The drug administered to the cells shown in FigurO!s 

53 - 56 was centrifuged first to remove the targO!r insotuble partICles and hencl': resulted in lewer 

fioaling objects seen around the cells The concentration of drug in these latter imagO!s was thus lower 

than calculated and required longer incubatIOn for the cells to accumutate enough drug lor fluorescence 

to bl': apparent 

We have previously shown the control (up to 240 minute5) for the MDA-MB-231 cells with ER- and 

Lyso-trackers, shOWing hea!thy morphology and nO unaccountable background fiuorescence Figure 52 

shows cells treated with FOx 53 and Iyso-tracker and shows no signs of colocalization betwl':O!n thO! 

two, It is thus unl,kely that the drug accumulates in the Iysosomes Some insoluble drug material is also 

seen 

Figures 53 - 56 show cells that have been treated with FOx 53 and ER-tracker After 90 minutes (seO! 

Figure 53), a green fluorescent 5ignal was ob5erved, however no obvious colocalization was seen 

between the two signals (red and green). Comparing the imagl':s In Figu ..... 53 and 54, it is apparent that 

the green si~nal is due to the drug and not to endogenous cellular fluorescence 
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After 240 minutes. treated cells (see Figure 56) produced a strong green signaL tn the overtay of the 

channels there appears to be good co-Iocali~ation between drug and ER-tracker This provides strong 

evidence that ajoene kJcali~es In the ER 

Figure 51: Treated MDA-MB-231 cells after incubation with FOx 53 120 min Green 

fiuorO!scencO! (G) is observed No red fluorescence (R) detected The cetl shows signs of distress, 

seen in the transmitted light channel (T). The ovO!rlay (0) shows localizalion of the drug in the cell 

F,gure 52: Treated MDA-MB-231 cells after incubation With FOx 53 and Iyso-tracker, 45 min. 

Green \1uorescence \G) \s observe(\, !esultlng Irom the (\rug Re(\ 1\uorescence (R) is obselVe(\ , 

resulting from thO! Iyso-trackO!r. The transmitted light channet (T) shows the cells morphology The 

overlay {OJ shows tocali~atiOn of the drug and tracker in the cetl, WIth nO colocall~atlon detected 
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Green fluorescence (G) is observed, resulting from the drug Red fluorescence (R) is obser~ed, 

resulllng from the ER-tracker. The transmitted light channel (T) shows the cell's morpho~gy The 

overlay (0) shows localization of the drug and tracker in the cell, with no apparent colocallzallon 

detected 

Figure 54: MDA-MB-231 cells incubated With ER-tracker, 90 minutes. No green (G) 

fluorescent signal is detected. Strong staining of the ER IS obser~ed in the red (RJ channel 

Transmitted light channel (T) reveals healthy cell morphology and overlay (0) maps the location 

of the ER in the cell, 
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Figure 55: MDA-MB-231 ce:tls incubated with ER-tracker, 240 minutes. No green (G) 

fluorescent signal IS de:tecte:d Strong staining of the: ER is obse:rve:d in the re:d (R) channel 

Transmitted light channel (T) reveals healthy cell morphotogy and overlay (0) maps the: location 

of the: ER in the: cetl. 

Figure 56: TreOlted MDA-MB-231 cells afte:r incubation with FOx 53 and ER-tracke:r, 240 min 

Green fluorescence (G) is observed, resulting from the drug Red fluorescence (R) is observed, 

resulbng from the: ER-tracke:r. No blue: fluorescence (8) is detected The transmltled light channe:t (T) 

shows the celt's morphology The ove:i1ay (0) shows colocalizallOn of the: drug and tracker In the cell. 
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6.3.2 Transmission Electron Microscopy 

Our study using fiuorescent ajoenes provided evidence that ajoene may localize to the ER It was 

deaded to use transmission electron microscopy (TEM) to examine more closely the morphological 

changes associated w,th ajoene treatlTffint of MDA-MB-231 cells over time. Figures 57 - 59 were taken 

using the TEM IZe,ss. 912 Omega EFTEM) at the University of Cape Town The cells were treated with 

BPMB 17 (10 l'M) for 1, 3 and 24 hours The cells were then prepared and sectioned as described in 

lt1e experimental section 

I/\Ihen comparing cells treated for 24 hours With the untreated control (Figure 57), there are many 

differences The untreated control cells (Figure 57 i) have Intact mitochondria. The treated cells (Figure 

57 ii) contain mltochondna appearing swollen and misshapen. The nuclear ITffimbrane of the treated 

cells (Figure 58) is also notably different to that of untreated cells_ The treated cells exhibited 

condensed nucleoli and deformed nudear membranes, indicative of bls-PMB 17 Induced apoptosis 

It was not possible to draw condusions from the TEM images about the effects of bis-PMB 17 on the 

ER which was not easIly identifiable from these sections_ 

HI!.\l.~ ~:""{'. 

17,24 hours 

(i) 

Sum 
(ii) 
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Figure 58: 

17.24 hours 

(i) (ii) 

• • 

Sum 

(i) Untreated MDA-MB-231 cells 24 hours (ii) MDA-MB-23 1 ce lls treated with BPMB 

Cells treated with BPMB exhibfted similar morphological features to those treated with benzyl 

,sothiocyanate , an organosulfur compound found in cruciferous vegetables also reported to have anti­

cancer properties, '" Figure 59 shows a representative transmission electron micrograph (10,QOOX 

magnification) following a 24 hour treatment with 10.0 "M BPMB (see Figure 59 i) and a 6-h treatment 

with 2.5 I'M BITe (see Figure 59 ii). The abundance of membranous vacuoles jrl both images is 

denoted by V in Figure 59 i and the arrows in Figure 59 ii. These vacuoles, as suggested by Xiao et 

al.,'" may be autophagosomes, contaming remnants of mitochondria The similarity between i and ii 

suggest that aJoene and BITe, both of which are lipophilic, may impose similar blocherrncal effects in 

cells 

Figure 59: 

(i) 

,. • • 

a:::"CS 
I "" benz:.' 

isothlocyanate 

(i i) 

• 

(i) MDA-MB-231 cells treated IMth BPMB 17 10 "M for 24 hours and (ii) MDA-MB-

231 cells treated with oenzyl isothiocyanate60 , 2_5 leM 6 hours. both containing similar vacuo le 

structures (V) 
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(i) {iii 

Figure 60: (i) TlC experiment with DOx 32 and 1 t!quivalt!nt of N-Boc cysteine ethylester in THF 

(refluxed overnight), prodUCing a nt!w It!ss-potar fluorescent spot This impl icated the "right-hand 

side" of the ajoene as the first site of attack: (Ii) 12 % acrylamide gt!1 of DP Ir!!ated (40 ~M 3h) total 

ct!lIlysates - Transmitted light, UV-fiuorescence and overlay. 

6.5 Conclusion 

All of tht! syntheslzt!d ajoene analogues tested had in vitro anti-cancer activity comparable to that of 

aJOene itself. BPMB 17 was the most active analogue syntht!sizt!d to date and st!emt!d the idt!al 

candidate for in vivo testing In the animal tflals. The poor solubility of the drug proved to be problematiC. 

With tht! treatment formulabon not reducing or inhibiting tumour growth in the mice 

The animal tnals show Ihat the drug is trnt!ratt!d by the m·,ce In doses of up to 45 ~Ig per gram and can 

thus be administered at this dose 

The SClM offt!r!!d a uruque opportUnity to visualize the movement and locrllization of ajoene m cancer 

C<'!lls The subsequent discovery that aJoene localizes In the ER is both novt!1 and valuablt! as ont! Can 

now look closeiy at the spt!clfoc ER proteins that may Interact IN1th ajoene The Images obtamed from 

the TEM revMIt!d tht! morphological changes exhibited by treated cells were typical of apoptosis. Tht! 

appearance of the suspected autophagosomal bodies was an Interesting and unexpected 

phenomenon, suggesting that there may be undenYlng slmllanty between the mode of action of ajoene 

ood other organo-sulfur compOlJnds. 
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Chapter 7: Cyclodextrin Inclusion 

Ajoene offers an interesting and promiSing scaffotd to new anti-cancer therapies, but with the additiol"l 

of lipophilic side-groups, the water solubility of the drug diminiShes Cydodextlin inclusion could offer a 

solution to this problem 

PreparatIOn of induslOn complexes with BPM8 17 and several cyclodextrins was attempted Ultimately, 

orlly two cydodextnns produced irlclUSIOrl complexes, namely p- al"ld 'i-CD Below (il"l Figures 61 and 

63) are the PXRD pattems of the complexes generated The fluorescein tagged FOx 53 formed an 

inclusion complex with II-CD (see Figure 55). All irlcluslon complexes were fourld to be insoluble in 

water 

Th€ term isostructural is used to describe a set of chemically disllncl crystalline compourlds or 

molecul€s. which share struclural corlstituerlcy This method IS used exterlslvely by members of the 

Centre for Supramolecular Chemistry Research at the UniVersity of Cape Town who have compiled 

and characterized a library of reference X-ray diffraction patterns for marlY cyclodextnl"l inciuslol"I 

complexes Two isostructural compounds will produce Similar powd~r X-ray d,ffraclion patterns, 

making It pOSSible to extrapolate complex structural mformation from comparisons Wlth known 

compounds 

Al"lalysls of the PXRD pattern shown in Figure 61 reveal~d that the krleading 01 fl-CD arid 17 formed an 

inclusion complex, which cOrlformed to the 86 structure Successful generatiol"l of single crystals must 

stili be achieved however, the isostructurality provides much information about the inciusiorl complex 

" 
I,. 

B>'MB. ~-CD 

, , " " " 
, 

". 
Figure 61: IsoSlructurality reveals that inclusiol'\ complex gel"lerated by kneadlrlg BPMB 17 with f}-

CD conforms to 86 structure 
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Since thO! complO!x tHollongs to thO! known Isostructural SMO!S B6 thO! unit cell dimensions havO! valuO!s. a 

~ 194 A b ~ 245 A: c" 159 A; f) = 109" B6 forms a dlmeric structure in the space group C2, typically 

encapsulating larger organIC guests, in a channel type (CH) packing arrangement An example of the 

B6 structure is depicted below, showing the stacking of the f)-CD molecules to form channels in which 

thO! guest residO!s 

ViO!w of a B6-conformlng Inclusion complO!x showing a head-ta-head dlmO!r of 

fI-CD molecules stacked along the crystallographic c-axis, thus forming a slight~ tilted 

Channel-type structure with 2-fold symmetry In this example, the guest is the common 

analgesic ibuprofen"' 

Analysis of the PXRD pattern generated from kneading BPMB 17 with 'i-CD (see Figure 63) revealed 

that thO! complO!x conformed to thO! G1 structure, Since the complex belongs to the known Isostructural 

series G1, the Unit cell dimensions have values. a ~ 23.6 A: b ~ 23.8 A: C" 23.2 A: n, f) and 'i '" 90 ' 

With littlo! exception, 'i-CD inclusion complexes compflsO! the SO!flO!S G1 and crystallize in Channel-modO! 

In the tetragonal space group P42,2 Because of the 4-loid symmetry in thIS spacO! group (see F.gurO! 

64 il, resolving the crystal structure of '(-CD inclusion complexes is diffICult Usually the host molecules 

can be ful~ resolved, but the guest rTKllO!cule IS necessarily disordered because the 4-fold rotation aXIs 

Intersects the ,CD cavity, being parallel to the infinitO! channO!I generated by the stacked 'I-CD 

molecules. 
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Figure 63: Isostructurailty reveals that the ",elusion complex generated by kneading ePMS 17 with 

r-CD conforms to the G1 structure 

1 

" ., 
~ ,- .... - )1 

(i) (ii) 

Figure 64: (i) G1 structure resuits in crystal packing of the y-CD complex shown in a 

projection in the x,Y plane. The crystallographic symmetry elements of the space group P42,2 

have been indicated"' {ii} Stacking sequence within the molecular ooumns and lateral contact 

between the columns shown schematlcally_ The projectIOn is on a diagonal plane 01 the unit cell 

" 

AnalysIs of the PXRD pattern generated from kneading FOx 53 with !'>-CD (see Figure 65) revealed an 

Inclusion complex conforming to the 810 structural series Thus. the unit cell dimensions have values 

a ~ 15 5 A; b ~ 26.0 A c"' 36.8 A; a, tl and ~ " 90' Complexes composing series BID are monomeric 

WIth an asymmetric unit made of two CD mo!eC\lles in a head-to-tail orientatIon The monomeric fl-CD 

molecules of the two complexes of series 810 pack in anti-parallel head-to-tail screw channels along 

the c-axis. The BID isostructural senes belongs to the space group P2 ,2,2, (see Figure 66) and 
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'Ypocally CQmposes ~tat,vely sma~ organiC guests. which are often salls FOx 53 1$ a large molecule 

and thuS ~s spatial pac'''ng Inlo the CD-caVIl)' would be Inle~s.tong 10 resolve 

I 
I,. 

." ~-i'JU , .. 
,.' 

Figure 65: Isostructurallty "",veals that Inclusion comple~ generated by kneading FOx 53 With II-CD 

conlOl'm$ to the B10 struCture 

Figu ... 66· 3--d;~nSlonal helical columnar pack.',ng 01 (J-CD In space group P2,2,2, .. 

Owmg 10 the low aqueoos solubility ollhe synthetIC ajoene analogues, cydodextnn Indusion stoll offers 

a practical and cost effectIve way to solublll:e these compounds PXRD analysis confirms that Induslan 

oomPlexes have been generated and more worl\ is requIred tlJ Improve SolubIlity To thiS end. 

amorphous COs such as HP-f\-CO and RAMEB contInue to show promIse as polenual solub'lIllflg 

agents In IOfmoJlatons conta,ning the aJoene arnllogues 
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