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ABEREVIATIONS USED.

BOTE. All temperatures aze oxpressed in degrees Centigrade.

RBNA - - ribonuclelic acid.

EDTA - = ethylenediaminetetra~acetic acid.

DCce - - dicyclohezylcarbodiimide,

ou - -~ dicyclohexylurea.

CEP - - 2-gyancethyl phasphate.

DEAE~cellulose = diethylamincethyl-cellulose.

tris - - Z2-~aning-2-hydroxymethylpropane~l-3-diol.

A¥P, A-B5'-P - - adeonosine~%'-phosphate.
ADP - - adenosine=5"-diphosphate.
UHP, U=5%«p -~ - uridine-5'-phosphate.
UDpP - ~  uridine-5'-diphoaphate.
GHP, G=5%=p - -~ guanosine-5"-phosphate.
GDP - -  guanosine-5H'-diphosphate.

CEP, C=5°=pP =~ -  @ytidine~5'wphosphate.

CDpP - - goytidine-~5'-diphosphsie.

RaD - ~ aicotinzmide~adenine dinucleo tide.
me.mole - -~ millimole.

p.mole - -~ micremole.

kile - -~ kilegzam.

BDH - -~ The British Drug Houses Lid.

H& W® - -~ Hopkin and Willisme Ltd.

Light - - L. Light and Co. L%d.

PRPS - . adenosine-3-phosphale- &-sulphatophoesphate,



GERERAL JHTRODUCTION,

Inventigations oz glyvesy) treusfer ronssions, in
particulsr these which cculd cencelivebly bs ianwvolived in poly-
agocheride synthosis ¢an breadly be clapsifisd indto dhree mein
E2Cups .

In the firot inctanse, meny atitompste bave been made o
indmoe hydrolytic cozymes %o scet zaversibly by p&aviﬁim@ theam with
pxserinentsl sonditicons wﬁi@h wenld faveur oynthoenio. Cf mapy
oxamplos which could b2 gueoded, the vork of Becon and Helmen (1}

on a yoast inverdmse (Sacchememyces cerevisiss! io notewszthy inm

that 1ight was thromn on poesible routos ve the bloagulthenis of
Fruatonans. im thelr work on yeamt investazo, thoy wore able to
show that ot hizh subsizaie susyrose semeam%ra%i@mag thero wore

produced, in addition %o ths expscled bydrelysie produsis gluooze
and frusioon, o serxies of ¢ligcsacsbarides. Tihozge were predused
as the result of dzansglgcoayloitions wh@x@hg.ﬁ&@ enzd easelysed

she $ropefor of Pructosne units frowm o pusrose Acnor molacule 4o &

from the

&

sucroce acceptor with the concomitant xeolease 2f gluces
AonoT. The iooladion apd chamaciorimation of twe toissoccheridoen
Tiz. 8 wfructofuranonyl-2=l-g-fsustofurancoyl=2-L-w-glusoprranesido
(lwk@a%aﬁe) wnd;amfxug%quranoaylnzmﬁuﬁmfgu@b@furamogylmamkﬂglucaw

pyranoside (6«&@@&@@@) demoustrated the ability of this enzyme



to synthesise both the levan and imulin type linkeges. The
formaticn of & further trisaccharide (neokestose) and on occasion
tetrasaccharides gave further information concerning the mpg@ifi@«
ity of thic enzymns.

Simiiar work heg been carrisd cut on ascmewbst anslegous
enzyme sysieme. Thus it has bsen shown that eelilebissep fzom
sevoral oouzces (2,3) azs capable of beisng induced to Form small
amounts of sellcdextring under approprizte expsrimental conditions.

Y

Attenpss to irduce the stazch degrading awmylases {4) to
satalyss the sransfer of glueosyl uniis o aecopitozs cther than
water have in general failed.

Howevor, with the erzymes included in this gzoup, evon
undex optimum sxperimeatal conditions, hydrolysis appeazs {0 be
the major role demounsizablie in witzoe. This dose nmot of souree
preclude the possidbility ikat in losallisaed regione within cells
their synthetic sbilitises might become manifest in an important
Wy

Coeptain membors withir this group possesz chargcteristics
which might entitle them %o bo included in tho mecond categozy,
which includes thome enzymes which can be referred to es irans-
glycosylases. These onzymes have the ability to catalyse the
synthesis of & new glycosidic bond at the expensge of the cleavags

of another, both acts being enviseged as occcurring simultsnecusly
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(in some cases sn enzyme sugar complex is postulated). Examples
of such ensymes include amylomaliase (5) which catalysés the
syuthesis of maltodozirins from maltoses the so-~callsd "amylase®

of Basillus macerans {6) ehich disproportionates linear sestisne

ef the stazeh scompler inite smaller maliodexizins and the
Schordinger doxdzins without bydeciyois: D-casyme {7) which hos .

& similar effect dn that it redistribuies meldosyl or larger

@

radicalis anong cherd cboln dextrzizms bt dess mot attack maltoszes
eed Geensyme (8] which converts amylose into gmylepestin by the
gelsgnion of pnd ~led linkage ot a posint some tv@atg oz 80 units
from tho nez-weducing end of sn amylese chain with ite comsomitant
attachrment $0 onother amylose chain through on AR=l-f linkage. A
pumber of other snsymes which can convort «<=l=f inite deled Linkages
in an amalegous fashicn $0 Q-enzyne havo boon isolated from fupmgl
(3), algae {3G) and higher plantas {11).

The ensymes of the sesond sctegory arxe able %o maﬁif@@%
thelr effocds et low subsirate concentrations and do muﬁ.in general
lead undez any conditions to dizect hydrolys weich distivguishon
them from members of 3he Tixet grouw which give mice to hydroiysis
o¥ trensglysosylation depending on the exzperimental conditions.

The thizd group somprisez the pbosphorylasss which can
be regerded as specisliised types of tranaglycosylases in that the

donor moleoules for polymer formation are phosphorylated. The
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firet member of this group %o be discoversd was mgsola phoephor~
glase (12) which in the promsence of inorganic phosphate catziysed
the partial degredalticn of giyesogen %0 produce Keglucosg=li-phosphais.
The wavayée synthetic reastion vwiilised L-glusoss-i-phesphate,
glucono meleties boing transferred cucsozsively on %6 a “primep®
wolegule resuliips in the eventual synthesie of & blue iodize
staining linesr polysacchoride of the amylose type with the
simeltanosus roleane of inozganie phoaphaio.

Plawt ghoephozylasd eystems weps fiwst discoverod and
investigated ir detail by Hanes (13) znd were found to act in e
gonerally snelegous monner $o the musole snzime. Thome onsine
systems which resuld in the synthesia of smylond type polysavehozldes
are of widesprond esenzmence {14).

Fhilat tho revermgiblility of, for instence, potate phos~
phorylase iz cenily deomonstreted, the incorporaticn 2nte a digeat
of high consentzetions of inoxzganiec phesphate at a suitaeble pE can
zoguld in the covmplete degradation of smylose i.e. phosphorylane
can be provided with oxperimental conditions which lnduce it %o
bohave cnbtirely op a dogradative onsyme. As a conseguanse® there
ig mach eurrent apeculeticn soncemning the gr@ciﬁg #ole of phose
phorylese in vivo and it bkas been suggested that it may play no
role in miaxek synthesis. It is avgued that the zatic of incrgenis

phosphate to glucose~l-phosgphate im staxch bearing tizsues is



unfavourable {for synthesis, as it is substantially gresiter than
the oquilidriuvm value for the enzyme syssem {15). Howsver, as
those ratlos are derived meinly from an anslysiz of whols tiosus
(16, 17) 4% im not inconceiveblo thet in localised zegions the
ratlo may be more comdusive to synbthesnis. Other evidence such 28
the offset of hozmomes {18) cn phosphorylese setivity send te
indicate 2 é@gﬁ@ﬂa%ive POLBa At this atage it would appear
promature o sule out compleitely the synthedtic aetion of phos-
phozylass.

This route %0 polysaeccheride synthesis no doudbt appeaxed
promiging in cmues otherx ther that of starch and glyoogen forumaition
and attonpts were doubbtless mads o diseover azuslogous gya%em@

which could sscount for the synthesis of celiuvlose, zylans efe. Ho

formatlion by susleogous ensymes to phosphorylass, but three
instances of diszocharides synthosissd by this Touie can be guoted.
Thus Hessid and Doudorof? {19) discoverad a susrose phosphoryiage

in Pseudomonss sacehsrophila adapted to utilise suercse, which

transfors the glucosz molety from L-glucsse-l-phosphate cn %o
fructore rosuliing in sucrese formation. The equilibrium of the
reaction favours breakdown wether than synthssis. NMaltonme phosw

phorylese From Nelsserin memingitides cetalyses e similar reaction,

“but it im interesting to note that the donox molecule Ffor the



synthesis of this £~1-4 linked glucose disaccheride is p-glucoee~
lephoophato. By a similar inversion cellobiose phesph@éylmmag
izolated Lfrox three separate micrcbisl sources (21, 22, 23)

eatalysed the synthesiz of cellobicse from L-glucoso=l-phosphas

and givecss as sccepdior molscule.

Goncepis ownh

as thegoe

were the

L -~ &Y - oy a hy, . 3 @ - o 3 em ven e Sy o X
prilow 49 the ozl cuxzied oul by Lelelwx in his iamvestigaticn en
39 By 2, 3 < g, e ey S €] o . -~ Ty A %, o,
the fantexcenversion of golactose ond glucocse by the ysasst
+ Tyt P s"“ -3 Epd - i 3 ) i3 e
SacoRarongees Fgasciliisn &ﬂwé. Hisc atudica on this intexeonversion

apuldted im the

oharasiorioed

2
fﬂ
)

?
iz
Ly
=3
[ 2ad
%
&
D
@

2y ovendtuelly
phate glucese (UDP-glusoess Fig, 1).
AR ITUTeNT

voive an exidation~ypeduciicn step

2 Cw=d of the sugoer moledy of the muclecidide zo toace sncunts of
BAD sre miso aqu&r& Tae dissovery of thisz colsctopr UbP«giuscse
which iz iz effuet o Thigh cuewgy” form of «glugoas-lephosphaie
opaned up the posaibilitics of iits involvement in glucose itzansfer
regetions. Thin conjscdture was quickly verifisd in a spestecular
fashicon by leloir and sco-workers whe demonstrated the exlsicase of
enpymen cspable of uililisimg UNP-glucose in Lotk trohaloszs and
suerose synthesis. The enzyme source f£or tzehalese synthesis {25)

vas Sapcohporomysas fracd
{z6).

& glucose-G-phospheiec acceptor

The vegcbtion procoaded

indeed yeasts contain fres txehslose

by wvirtue of a trensfer of glucose to

moleeuls, followed by phosphaiase



seticn %0 preduce $rehalose.
UDP~glucsse + glucoms-H-phosphate -+ trehnlose vhosphats + UDP,
Trehalose phesphate ~» trehaloze + inorganic phospbate.
Two separate onzyme systems found in wheat gezm each
oapable of sucrcose synthesis were alse dopexibed at dhis time {27,
28). In eczoh cazo, UDP-glucess was the gluceayli doner, but vhoxs

fructose was %he accepbor in one case, Irucione-f-phouphate was

roguived By tho wzssond cnsyme. ‘Thus tho product in the ladter
ca8e Woo ducPoze phoophkalte, sucrece bsing relosped in sn analogous

&

fashion as in Sxehalese formaticn.

Ths firet sxzampie of tramsglycosylation from o glycoeayl

)

mueleotide waz meporied by Dutton and Stovey (29) who trxznsfesred

et

glucurconic scid frem a constituent in bolled liver eoxizaci. The
ective componeai wno letex identified as UDP-glucuzxcnic ascid,
trensfer oceurying on %o c-aninophsnol, Jorming c-aminophenyl
glucuranic asid. Ths engyme sguxece in this cese was & liver
pretein fraction. Analogous exsmples of gl?casid@ formation
uaing plant ensymic ocystems soon followed.  An enzymo from wheab
gazm {30) catalysed the sransfexr of glucose from UDP-gluccse o
guinol forxming the welle-kbnown glycoside, arbudin. & further
sransfer of glucose from UDP-glucese to ardulin was brought about

by an emzyme from $ho zame scurce (31), forming quinol-a=gentic—

hioside.



w?ay

These oxmmples of the earlisr discoveriss have been
sslected in oxder to indicase that it became quickly apperent that
UDP-glucose was & key imtermediste in glyuoside bond formation and
alsc in coriain sugar interconversions. They stimalated considerp-
eble offorte in the uearxch for other weladed compounds from meny
bioiogical sources. Dotadle of this intsnsive rosezrol bhave been
surrarised by FNeufsil znd Haesid {32}, Cabib {33), and Kichelson (34),

In bio initial studies on %he isolation of UDPeyl u@éa@
from yeest, Lelolr (35, 36) hed identifiad at least two ether
azalogous compounds viz. guanosine dipbospha’s mannose (GDP-mannose )
and vridine diphosphate ¥-acetylgluccsamine (UDP-H-geetylglucosamine).
The lon exchepge technlones and the iscliation procedures used, wers
paxfocted and applisd 4o animel, pland, ceod microbial fissue exdracia
in many laborateries. iz sn jntensive emeoarsh for furthor members of
thin groap of compounds.

Table 1 is & curtailed but representaitive list of the
warious nuoleoside phosphate sugser scapounds which have been found
in nature.

Thie Table iilustraies that @@%ities such as UDP-glucose
ars present im slmost every tissus ezxamined whilst others as
instonced by UDP~frucicss appsar 0 hkave a more restricted
losation.

A further point which emerges is that the nuclesotides



TABLE 1.

AUCLEOTIDE.

UDP-glucose.

£y

UhP-¢alectong.

i

UDP=-zyicae,
TIP-l—~arabingse.

UbP-glucurenic acid.

UhP-t~asetylgalactesanine,

UbF-l-acetyigincosaming=
fephosphata.
UDP-T-aeetylglucosaming-6e
phosphoro-g-galactoside.
UDP~ll-acetyigalaciocanine—
gu.lphata.
UDP~ll-geetylmranic asid
peptides.
UDP=Heacetyllactonaning.
UDp=H-pcotylliactonaming-
fugonide.
UDP-Lructose.

UDP=- I rhanness .

Yeant(24), milk{37), penieillin{39),
algec{38), mung beans{(40), liver{4l),
barley{d42) and bracken{(43).

Toast{24), @milk(37), mung beans{40),

wmg D
ond i

{4l ),

2
alzac{28) and Pooumsse

3 ocsiif{44 ).
Proumssoceiifd) end plants{4é).
Teant(35), funzi{3%), bazley{42), hen
oviduss {48}, dakliasn{47), breacken(4l)
millk{37}, livex{41) and Pnoumcccosiif

o

milk{37}.
Hen oviduct{49).

Hon oviduct{49).
Hen ovidust{49).
Streptonyees aurcus{50).

Bilk({37)-
Biik(37)-

Dahlias{47 ).

Pnsumccoccii{51).
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thus far charactorisod have besn predeoninantly of the uridine
series although move wocently membors of the adenosino, cytidins,

gravesine and thymidine georiecs have beoon idontified,

GhP-gluceze aud ADP-zlucoss) has zuled eut $he pessibility of a
@izeot ougar bosr zelstlionship.  Therefors it must Yo asgsumed tha
gheors B pazblenis® suger iz coooclsted with more thanm one base, cach
Torz st have o difforont mebsbelic functien in nedure. Howaver
1% choulid be noted thet where She D and L forme of & zugar ara
prozeoad in ¢hoe sexs 3iccue they axeo attached So different basco.
{ez. 4n the vod algas whowrs both E and L gelacltose azo feund, %k@?
aye proasad in the mucleetide fraction as UNP-D=galasctone and
GDP=l~galectosa(38}. ).

The concenirations of the varisus mucleotids sugasr
compounds found in nsdure very enormoumly, in pomo cases theore are
¢nly trace emcunts apprezimateldy C.1n moleos per kile of fresh

saterial, whersas in othezs values as high as 400 1 moles axe

B

sbtained. Howover, the cocumulation of uridine compounds (UDP-

mureric aclide) which csecurs when celis of Staphylocccous supeus

are treated with penieillim, can be guolted as a reason Lor not

necscoserily essuming that the ewistonce of high concendzations of

thope sompounds is evidence of high metabelic demand.
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The dissovery of cybtidine 5° momophosphaite-F-agelyl-—
neureninic acid opens the possibility thet monophosphate derivatives
may be Tound to bave domor properties suszlogous to the musleo ﬁ%da
diphoapbate series. Resently & showrt pepors hes appoered (87)
claining the eynthesis of colominic acid, a polymer of F-acebyl-
asupaninie seid, Trom Gﬁ”?@ﬂma@e$“lﬂ®u%amiﬁlc asid, volng an

[ P - g el 2 - U, g
exizast fron Facherichis coll 82 snzyme cSOUFOC.

42 piatod carlier, it cannet be assumed that the prosens

ie3 ac opposesd Yo minoy smountz of & bBucliscaids

in 2 tigoue ig direct covidenco of ito groatem

Fonoonable to suppoes that the eoxistense of any awvoumb., however
grall, ig in zome nense meanlngful in considezaticns of the way in
whish thoe polysaccharxridoz of zuch g tissue might kave beon Lormed.
Table 11 iz an attompt o corrsiste sush facts w8 ave
available in the literaturs councerning the sigar cocmpositien of ithe
polyozocherides of various tiosuen with the nuclsopside diphosphate

puges composition of thy seme ticsues.

5

A8 will be moen, in several cacom the identical sugors
ars Tound in the nusiectides as are found in the polysaccheridesn.
Bhore this is not oo, bnown trangformations could readily account

for Shose apparendt disoxopansies.

Briefly, examples of these interconversions arase



’ w 15 =

UDP-glucose —=p  UDP-galactoss (68)
UDP~D-xyloze w3 UDPeLeayabinoge {69}
UDP=-glucuronic acid w=b  UDP-galacturonic asid {70)
UDP-glucosamins emp  UDP=gaplactosamine CO{TL)
UDP-F-acetylglivcosanine —p UDP-H-agwstylgelactosarine {72)
ToP-F-gootyleivcosenine ¢ ThP-E-acetylgalactosamnins {73)

Those iudersonvesiolicons arse 21l ezamples of cpimerisation

cquire catelytic amounits of HAD

L&)

a% O=8. Thoy sze all known to
thus indicating that en ozxidetion~reduction séey is invelwed.
Examples of other interconvorsicns aze the ozidation of

the parent sugar to the uronic asid.

UlP-glucose -3  [DP=glucuronic ascid {74}
GDP~maennose =%  GDP-mannuronic acid {75

In thege intsroonversiong BHAD is again resgquired as an
ozidant.
Yore complicated prac@s@éa ere involved in the formation
¢f methylhoxzosss £rom hoz0ses.
GDP-D-mannose wwip  GDP-l~fucosge : {76)
TDP=D-glucose wp  TDP=l~rhemnose £17)
These intezconversions are militi-steop in the somse thal
sevoral reactioms sze involved, oxo-intermediates bhaving been
detocted in boith cesses.

The cowpiling of Table 11 proved zather difficuld, not so
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mech due o the lack of corroborative evidence in faveur of a
mucleotide gugax-polyesccharide relationship, but due %o thoe lack

of compreheaslive data. Typical results invoke the presence cof 2

particular sugar in both the nucleotids and polysaccharide freciiones

without discusoing the other sugar containing components of the

Hn attemptinge S0 goprolate

-v-:.i
<> o

in polyesccherides mond

gealy ocourring sugars.

an bo zeadily conpared with the sugars o

tion

sozpsoponding nusloctide Trac

Touz, with

aunIaug

with less foors of ambiguiity.

a breakdéown iz cell wall stTucturs

Staphylosesoun

and a build up of acid soluble

ment with pemicillin (50},

fdentified ge UDP-H-scotylslus

CDP-ribitol . the sugar sompone
in the main confined ¢, bdas

the identification of o mors ¢

muciootide fraction docs nos 1

uig

uxs

of this kind due to the ub

tanial ce

anclootides can ko induced om troate

-

Ducieotides wore

osamnine, UbP-legcatylmuramic aclid and

ndz of which are all present im, and

11 walls. On tho oither hand

CmEon 8uger Viz. glucoss in the

nd itsslf zo readily %0 a correliation

@

ous nedure and vazriety of glusocse

polysaccharides found in 1living tissuos Ho attempt was made e be
fully comprebensive in Sthis Teble as the prime intention was te draew
comparisons between the sugars present in the two fractioms. To do
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thie, representative examples had to be drawn from the voluminous
literature avalilable, otherwiss the plcture would havs become oo
cemplicated. It should be strossed that when 2tiempbing to demone
gtrate a close relationship hetween the two fractions it is not
ezpential, altbhough obvicusly desirabls, %0 hawse identical pattorns

of sugarse in both caonses. The lask of coxrelation betwasen the Swo

ﬁ*
€3

gronys could be ascounted for By the fellowing possibilitiss.
Tuelectide sugasrs sen veadily umpdergo intcrconvorsions, assveral of

he mope Llmportznt of whish have alzeady beozn dessribsd {(v. 15).

Alec 1% cannet be assumed thet all the suger compomeontc of poly=

Y

pactoheride mizdtures have been identified. Recently tha application
of medern tochniguss $o polyssccharids studise has led %o She
identification of significent amounits of pugars, the preosence of

a =

which wore not revesled by earlis

&

r studios. in sevsxal casse the
identification of sugers in the auclsotide fraction hap provided a
clue t0 the existence of undetecied polyuaccharide material viz. the

discovery of CDP-ribitel in lactobacilius arabincsus {54) preceded

the identification of %the ribitol phosphaite polymers (84).
Ezxemination of the dats presented in Table 11 makes it

difficult %0 eveid the conclusion that thers is a faizxly direcd

zolationship between dne twe classes of compounds. Insufficiend

date iw available o make the case conclusive nor could it bo argued

with finality that the existence of an overwhelming amouami of posi%ive



correlation mst fovee acseptance of the view that the nucleoside
diphoaphate esugar cempeunds must therefors be prscuvsers of poly-
aaccharides in Jissues. A tenable aliepnative, at our prezend
state of kunoewledge, might atate that both these groups of compounds
ezise from come common motaboliic ms yet undizcovered; or else that
the conncetlion botwsen thess nucleotides and the p@%ymh eharides i
more »enote bthan iz suggesied by ithe colincidence of thoeipy suger
eontent.,

Howsvory the view adopled in the present work hap bee
that thiz oloss relstionship is sufficicundtly sugpeative of &
motabolic comnsadtlon to Justify investigation amd PART LV of this
Theois, separatoly injroduced, devslops the nuggestion mzde in the
ebove poragraph vis. thet there may Le other fastors conumestiay thess
puger containing nucleotides and polyszaccharxides in any fully
1nbagxa@ea poiysacshazide synthesiscing system.

Th@ remadnder of this Indroduction is dovoted %o a more
detailod conmideration of the ensyme studlos whieck hovo domonsizated
& olospe commection bshwosn vuclaa*zﬂawuuga compounds and poly-
saceharide synthesio.

In 1957 Cleser (85) reported the isolation of a cell fzee

nyme systam from the colluloss forming bacterium Acetohbacier
rylinum which he clairmed was capable of synthesising sellulcse

from UDP-glucose in prosence of a cellodextrin primer. HBis



identification of the product was bdased mainly upon incorporation
of radicactive glucose from the nucleotide domor and not on chemical
studics. The amount of iancorporation was ouly 1 - 2% which was not
very sabtisfacitory. Tho eoxpecteod confirmadtory publicestionsz &id wnod
appear. Honce, aslihough 1%t is possible that Glaser’s system 4id in
Zact result in cellulose syntheosis there is not sufficient evidence
radlable %0 asssszs the valididy of this eerxlisr claim.
In & Zurther zopord in the seme year Glaszer (B86) claimed

that an enzyme extract frem Hourogpora crapsa acting upon radio-

setively labelled UDP-E-acotylzlucosamine resulted in the insorpor-
gtion of the B-ascetylzgiucosamine inioc chitin provided as primer.
Thozas le soms uncerieinty conceraning the definitive nature of these
rosulte e agpin the degzee of incerperation was low. Yo coniirme
atory reports from othor laboratories have appeared and (lsser has
net eoxbended his own observeticns on this syzbtem.

Thers appears 20 be no doubd, howsver, that a repozrt by
Hessid and co-morkers im 1958 (87) of the isclation of a paxticulate
‘ghzyme system from mung beans which utilised UDP-glucose to synthesize
an expurimentally adequate smount of the polysaccharide callosa, is
more well founded. Callose is a g-1-3 linked polyglucan known to
be prosent in mung beans and other plands particularly when damaged.

Phe enzyme could bo detached from the pariiculate material by tresi-

ment with digitonin and the synthesis of the polyeaccharide initiated
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by the sddition of free glucose, which, however, did not appeaé
%0 become incorporated into the fihal product. Sufficient poly-
gaccharide was isclated $o0 permit hydrolysis and identificatien éf
inter-sugar linkeges =znd to allew for furiher proof of identity by
enzymic Resns.

A similar @~1-3 linked glucose polymer referred %o as
paramylon oceura is gremulaxr fozm in Buslons. Rsoently the

e (88) of this polysacsharide hes beon reported. The

B

synthos
rogpulis obtsined weors amelegous to those for cailoss formaition
discussed abova.

An mosantioancd sgrlic? in this in%rcﬁuc%ien the work of
Cori and subsequent investigators on glycogen synthesis {12) during
the 1940°s had indiecated the pressnce in muscle and liver tlissues
of phosphorylase which acted on Lgluccse-l-phosphate ¢ preduce &
linear L=led4 ilinked glucan whkich was then converted inito glycogen
by the se-called "brxanching facior”. This explanation of glyceogen
synthesis has, howeveor, been modifled and oxtsnded as the zssuls of
tho work of Lelsir and Cazdini (89) who have precented strong
ovidenca thaet UlP-glucose is a gluccsze donor in further glyscgem
synthesis. The enzywe zomponsaible for thie actiocn, roferyed o an
glycogen synthetass,; iz bound to the tissue glycogen, tends to be
ungtable AL romoved from this association, but can be purified by

adgorption omr amyloss. The outer chaine of glycogen are extended



cza (: ) L

vy transfers from UDP-glucose donor molecules. Meltodextrins may
2130 act as acceptors in a similer way. The role of glucoge=b-
phosphatse in fecilitutling these effects is obscure. On the basis

3

t resulbs obtained using horxmones {80) and considerations of such

Q

fectors 28 disscciation constants (15) and the location inm %issues
of %$he verious enazymes (91) it has boon suggested that in vive ,
gigcogen synthedtase is responsible Tor glycogon symthesis and thatb
the zoie of phosphorylese is confined to its breakdown.

This work with glycogen imitiated am intensive sesreh fop

& similar enzyme for synthesising starch. In 1950 Leloir {(92)

-~

T

ated a system capalle of insorpora

A

ting glucoms frem UDP-gluccege
in%o wtazch grains. The onzyme appoarsd %o e sittached to the

sual grain and could nodt be vemoved in an aciive form. The

samz type of rosulds as with giycogen wezo obtained, malbodexirins
senpeting with the etsrch grain carbohydrate as acceplors of giucuse
from UIP-glucose. vhen maltoiriose or multcidetracse wore added
only the mext higher bomologue was produced in eaaé case i.e. omly
one unit trensfers wore obtained. later Leleoir (93) foumd that
when testing a variety of glucose doners analogous to UDP-glucese

in this esystem, ADP-gluccse provsd to be ten times as efficiont.

1.

the $echnigue of

Potbinger o

) 3

W 3ourse and have clsined

vion of

e

lsola

3 &Y, PR g 2 o SFr e grpn € Ba o e
in the zate of sitarch synthssis,.

a 400 %o 2,000 fold L
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Thelir teshuique involwed bomogsnising the poteto tubers in a 0.5
nglory sucrose buffer pH 7 im cwvder, presumadly, %6 prevent damage
to the grains during the isolatior procedurs. The glucose donoz
in this work was UlP-glucese.
4 more rocent roport by Leloir (95) kes suggested |

the ensyme may not after all be attaeched to the starch grain and
22y, in fecd, be pyesent in coluble form, the stazch only being
roquired ce o spesifiec aseceptor. The zoport states that redio-

23%ive glusose from ADP-glucons covld boe transforrsd to the staxeh

@:)

zwein cavrbobydrates in lovw yiold psinmg o soluble extract frem
p0tatcss AB GNIYEY SOVESE. The synthesising a@%i@iﬁy of the

gtazch grain fraetion ceuld bo redused to a negligible level by
srentment with hot mothanol withoud affecting ivs acseptor propsriies.

There are saveral other elaims %0 polysaccharide synthesis
which will be briefly meantioned.

Hessid (96) in attempting Yo synithesise Xylans managed o
incweape the cheim longth of primer zylan by one undt on incubating
gn onzyme preparetion from asparagus shoots with UDP~xzyloass apd
short chain zylamns. The low association'of the ecnzymeo for shord

chain zrlam uwpits was %Shoughdt to be the rsason forx the zethes

& e G &
GARHDTOARY ARG TOSWL

Invoevsizabis

g



cuccesses baving been obitained with byaluronate (97, 98) and the

capsular polysaccherides of Prneumococcii (99, 100).

In hysluronic agid synthesis radicgetive UDP-H-aceiyl-
glueccsenine and UlP-glucurenic aclid, which are the constiltuent

sugars of the pelysencheride. were trentzd with s partlculeie

oxsrect from Hous sarysomn cells. The polysaccherlide frasitisn
24 vas anaiysed Tor diog re suscar and the resulis

r "
Studies on the synthesis of the capsular polysmaccharides

of? Pepsumococcil were cazrisd out im am saslegeus Lashion to the

ghove, in ﬁha% raficastive nuclectides and a2 particulate preopareticn

fzom the bacterium in question were ussd as GnzYmES ICUPSE. In this

[

work more rofined studlss of the polysaccharide fracticns waxe

vosalible due %o the svallabilisty of spseific antisera.

Few 1light hes boen cast on cslliuicse syathesis by the
discovery of Elbein, Barber and Hassid {101) that a paxriiculasie
czirest from mung beans could udtilise ths glucoss from GDP-~glucoss

for the synthesis of celluless. This transfer would net teke plsceo

when other glucose donors, including UlF-glucose (the subsisste used

A

by Glaser ir bis cellulose synthesising system) were subsiituted for
ChF-glucone ip the digeat. Fnough cellulose was dsolated in thswe

denisification by both ghemiecal

~ Al

exporimenis to onable Lts positive

fts

and snzymic meens. The isolation of the particulate enzyms frection



proved to Ve rather critical as activity was wsadily lost on
washing and could only be partly recovered on adding yeast concen-
trates, thus indicating the possible involvement of other factors.
He primer was required as the low concontration of celiulose

pressut In the enzyme semple was adeguats.

SCOPE OF THE PRESERT WORK,

This investizstien is concezxmed, in pars, with attenpis
to optablish alﬂir~@® sonpnestion E@%@@@n %he pressnce of suger
sontaining end e%égf nucleotides in planis and the pslymaceheridss
in those tisazues.

Ideally for %this purpose it would be desirable %o have
available sdequate quantities of z wide rangs of likely nuclceotides,
thus faeilitating %he coriein identiflication of any natuzaelly
coourring compeunds Tound and permitting attompis to demonairate
direct polyseccharide mynthesis from one or other of these compounds
ez subsitrate.

In the sbeoence of & direot conmectlion, the alsexnative

poesibility of there existing a compounrd or group of compounds

which could acd ag intsrmediate carriers of sugar residues at soms



‘e

w B e
stege in tho proccss of polyesccharide synthesis had to Yo borne
i&’i miﬁﬁu

These variovuc aspecta of the problem ars deasecrided in

thic Thesis as follows:-

-

FART 1 is devoted 0 an ascount ¢f the methods avallahls
and tho techniques finally sdopted for the synthesis of thirtecn
gzlented nueleoside dishosrhate sugar compounds together with seversl
more orthedoz pucelzebides.

PART 11 deseribes some early atiompts made to deteet plani
sngyms sysbems capable of uillising certnin of Sheass compounds ss
doncys in polyscecharide fozxmation.

in PART 117 an acoount 1s given of a définitive attempt
te reiate the nsiure ¢f the polyoascharide $o the nusleotidss with
ubdsh 1% is asnociatced. For this purpoze, starel greins arve
elwoat idsal, in that $hey arc morphologically discrete sntivies,
eagily obtaineble in quantildy and posscusing the advaniage that &
grest deal is kmown of the structure of the constituent polysaeccharides.
Tade PART thur comtains s dezeripiion of the disscovery and identifi-
cation of mubsitantial quantities of sevoral auslestides teogather
witk a single muecloeside diphosphate suger vis. adecncsine diphosphaie
glucose [(ADP=-giucoze).

PART 1V discussez ihs poseibliliity that lipoid smitidies

could conceivably play an important xeole in the funciioning of



polysaccharide synihesising systems. Literaturs references o
the discovery of glycolipids in living tissues are cited and $he
physi@al propertiss whish could endow these compounds with advan~
togous propertles in this respsct are dizcuszed. Because of the
#alationship already esteblished betwsen the polysacscharide and
naeleotide conltent of atarch grelns, lipid eziracts of potate
starch were simllerly obtalned and, contrary to previcus TepaTiIo,
small but sigpificant amcunits of at loast two distimcd glyeeolipids
wore discovered.

The significance of these various obsexvatlisns are

fiscussed.



PART 1.

THE SYHTHESIS OF RUCLECTIDE~-SUBSTRATES.

INTRODUCTION .,

At the ocutses of this work it wae felt that much
sdventage would be galined if it wez possible %o be independentd
of netursl scureces for supplies of nuclestides. A8 has been
indicated {Pable 1) a lougs number of sugar soniaining nucleostidos
havo now boen identifisd fzom a great veriety of itissues. In

genezral, howowver, ths quantitics present are very sumell and veriasble.

Tho methods used for thelr recovery ave complicated and time con~

(o]

seming and vary dependiing on the tlssue and upon such facltors as the
12bility of the compounds. Freguentliy the ancunis izolated ars
barely sufficlient to perait their cerisin identificetion and only
rarely, as instenced in the cese of UDP-glucose iz yeast, can gub-
stantial exzperimental amounis be obitsinsd in this way.

The work of Todd and his collaborators and of Ehozans
and others in Canada and the United States on the dsvelopment of
a zange of ph@epheaJE ting ngents had shown that it was entirzely
feanible %o contemplate the ohemical synthesis of most of the com-

pounds reguired for this wozrk. Scme of the reagenits described by
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these vworkers had alwsady been used successfully in this laboratory
for the synthesis of wmono and diphosphoro-nucleosides and for the
preparation of PAPS {the biolegical sulphating agent) {102}.

Bsfors thoze mothods can be applisd successfully some
background of experisnce iz reguired. Scme are lnapplizable in
spesific cases for zoasons of sslubility of reactanis or becsuse an
asgsntisl inteormediate iz unstable or hecsouse inversions of come
Tiguration goccur or becauese the preduct resists hydrogenslysise ete.
Bence, ae the follawing account will show, 1% was necessary ieo
becoge Tamiliar width wmeny mothods and ther adopd one %o suit ithe
particular circumstanscos.

Bacanse ef these complications sach of the five sections
inte which Part } is dividsd commences with a brief theoretical
disecusaion of the veriocus sliernative methods shd reagenits evailable
and comments are made in the text to indicate why for individual
compounds & particulayr sourse haes been followed,

In brief, tho sterving material for the synthesis of a
member of the muclesiide-sugar group of compounds is genexally the
sorreaponding mucleosids. £11 four nucleooaides arxre commercially
available at reasonable oomt and are of satisfaciory quality.

Bapes are attached %0 the ribose moiety of mucleosides
through the bydroxyl on C-l of the sugar. Hence the possibility

exists of phosphorylation on the three remaining hydroxyls vis. .
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Ce2y G=3, and C=5 of the ribose. Am all the vompounds of
nterest hers were C~%5 phosphorylated it was merely necesssary
10 protect 0-2 and C=3. Sestion ] is devoted to an account of

o

the proecedures sdopted %o this end in sach cane.

The sesond stege requirss ths foxmasion of ke C-H
rmongphosphate of the blocked nucleoside. Honce, Ssction 11
gontaing a oummery ¢f avallable reagoents, on assosgment of their
Tolative suitebilities and e discussicm of the results obiained.

Yhe nexzt step Peguires that the auclestides {Ssctions
i an@'i;} shouid rmow b2 coupled 40 the appropriats addendum
{genorally a sugar-l~phosphade) through syzophospbate formsiien
botuwson the phosshate of the nueleotids and the phosphatse of ¢he
zateorial t9 bs couplsed. For this puzrposs adequate znd relizble
senplos of the sugsey phosphates wore necdsd and er acgount of
genoral wethods for tholr synthesis and isgoelaticn togothber width
a digoussicn of asctual rssulivs iz givem inm w@@ti@g‘éééa

Section AV deals briefly with the theory and moze
ecatenslively with the zosulte oblained or applying the several
mothoeds svailable for coupling to yield the final nroduct.

Sastion U decorlibss the techmicues used for separsilag

and lsolating the vericus producds fron reactlion miztures.
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SECTION 1.

PREPA2ATION OF ISOPROPYLIDENE HUCLEOSIDES.

{1) The suitebility of iscpropylidens dsrivatives.

Bucleopides may, i€ zeguized, be propared by chemical

1y

mOAns ©.g. Y coupling the fully protectod l-bzomo zibozs dexivaitlvs

w.

with the allver o moxcuzry oald of the appropriate bave {103). Thews
procefures aze tedieus and yields ars gen@ﬂﬂllv lows keouce, ne

eitempt wae made o obiainm muclecmides by thosoe means. EHuclooside

2o more ropdily prepsved by mild alkaline hydrolysis of yosod
sibonuoleic aoid, tho Fiolde of uridinge snd guancsine im partisulax

bolngy z60d. Thus 4n ceme of tho oaperimenta 0 be descrlibed
mnelocsidss obtained in this way weze uwesd; moatly, howavewn,
soumercially available zomplos woere utilised.

Protagtion af ths C-2 gnd (=3 positions of the xiboss
moiety of pucloosides is feciliiteted by ithe fact that the bhydrsxyls
on theoso positions erc gis relative to eash cithew, hence acotone or
altormedively henzaldehyde rens 3 40 give the corresponding

isopropylideons and Dongylidene dewivative respestivelys-
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Isopropylidens nuelesside. ueasylldena nucleoside.

Theee are ithe raegonis of cheize and have besn used
conalistently for pimilap purposes by many workers. Formation
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ef ioopropylidens or bongylidene derivaitivez is
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addition of Lewis acids, the ones usually sclected belug petoluons-
sulphonic asid, sulphvzic asid or apbyivous sine chlozide. Soma
of those catalysts also funstion as dehrdireting agents, thus
asgioting complete zesstion by removing the water eliminatod. Fop
thiz reason, mizduress of anhydrous coppor sulphate tegother with a
trace of sulplurie zoid may be used and Isvene (309%), who intwoduced
savaral of the technigues s%ill used in ihis field r»slied largely
upor this latétor method.

Reastion c¢f bonzaldehyde with z sugar stzucture generally
Jields a aix membered ring derivetive because for stersocchemical
roasons this roagent can “bridge” an intoymediate cazbon.
Influenced poasibly by this knowledge, Gulland (106} incorzectly
identified the bveunpsldehyde derisative sffozrded by cytidine oz
being the six wmembered »ing product 3-5-0-bensylidene sytidine.

later work by Todd ot al (107) showsd, in fsct, that ribome in
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wralosside ccadlinetion inverisbly measts

dowlivative, henss Gullend‘s sompound was shewn 0 bo eubizely

analorone to the veusl five wmembewsd

pooved o be Z2-3-Oe-bonzylidense oytidize. Ehomaue {103) bas
t7 (< b &
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imod that bemsylidone dopivetives ave mowe zeedily p

» 4o Lesiadts %han tho lsopropylidesuns o

iy ks of a g
sozaing the behovieur of bBenasl

the Loopronyliidsae depivedives ape in any case nov

Si8240mls 4o oebsain, 4% wos dscided im this work ossinsivaly ¢
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the arotons derivaldtives.

) ndion of iscorepyiidens ueidine.
A good cosmersiel pomple of uridime (Bupt. 1b),
urdlor veouunm ovor phosphosus pandesids fop 1€ hours

#éizwed @@a@%ﬁ.ﬂummy &% 37° Por 65 houss with anhydwoue GODPRLT

sulphate and saulpburic a0id sevordlng So the methed of Lovene
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Tipson (10%) Por the prepavation of iscpropylidsno weidins.
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nale Brown selution. Thic produeticn of selowrping mabler i

wweve troubleszeme dn weat cases paztisularly if geod quald

uiidice ves uzed jmitially. Howover, if the uwridine sampie was

imguze (Bwpt. la) (prepored by the controlled hydrolysis of yoast
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ribormelele acid (1G9)) the zesction darkenscd up excessizely,
n@eﬂaaiﬁa%xng 2 dssoicurising treatment with charcosl, a step
whinch wss thought %o cdsoxb some of the nuelecsids meierisl
PRREENE . This opinion wan meinforced by %the reduced yisld of
profuct obtained when a charsosl msiep was ineluded.

The progzess of the blocking soscbien wes followsd by
Fomoving rcampley &% lutervels and cubmitding them to an azsay By
paper olostzophozesis &b pE 9.6 uaing & horebs bwuffer (G.H.2).

This Bufde w=hle vslue in thess
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with oin hydronyl gmoups, cont
Touz 2% pE 9.6 upidine haz & signifisant mobilily compazed with
the corzesponding ipopyopylideone derivative, vhich remelms almost
atailonary.

#hen the rsegition vas complstc the oxsces acid was

m@mﬁkalia 2d by the zdéition of molid czlolium hydrozide and the

solustion fillexsd. On remcval of selvent undor vacuems pale
yallow gluss wae obtainsd which couid be oxysiallised fzom an
seotons~pot. ether miziture, o otep which incurred a substantisl

..’.\v

that the glzas

o

loss im yleld. fowever, oxpopicnce

obtoined was of suitaedle gquslity to erable its use in the naxt
stage diroetiys bhenes, cxystallisation az a purifica@i@n gtep

wes fregquently omitted in further prepavations.
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if, as happonsd cceasionally, the prepsration at 3his
gbaze contalinsd an objectionsble amount of undblocked material

an alternative teshnicue to erysiallisation for ite zemoval

.

proved conelatently usePul snd could bHe spplied 4o all the

nuslovsides.

BEOLTEE

The teshnigque, deserdibed fully in Expd. 1b, 4

s rosin in the borate form (O G} e

vreparing a Dowex oy

>

3 o D e e emsmads § o U2 9 T S O R s D o . [P, R
A suitebdle gurantiiy of this wes then added to an aguecus seiuntlon

«

of the partisnlly blesked nuveolceside and the Tlask agitaet
Thio dreetoent resuiised inm the adaczypiicn of
the resin vhich could thon be removed by filtretion enablimg ¢

sovery of the Fequired blocked muierial without eppzeclisbls

g

A poluzmn bechnique vas ak albernstive procadure.
Generslly 2 Fisld of 559 wan chtained by this method
{Expt. 1b) compered with a yisld of 25¢ when a chevcoal treatment

and a erysialliszation siep wore included [Bapi. laje

{3} Prepswation of imoproprlidenme sdenosine.

Baddiley'e prosedure (110) for the preparation of

isopropylidens adencsins was Tfound %0 be the most suiiable of

sevorel alternatives tried (111).
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Thiz iavolves the use of sine chloride as catalyst and
dehydvating agent. The adenosine (Expt. 2) was addsd %o o
solution of ezeess zirc chloride in dry acetons and shaken foy
siz hours. After atending for o further iton houwre ad »oeom
tompesaiure the mixburs was poured indo oxcoms wasn dasivm
hydzozide whish enoured ncuitralisation of the asidie zinc chiopd
azd thue avoided hyizeiysic of the lsopropylidone groups which
osuld coeur in the aguzoun solution. After precipitetion of
sEcoss barivm with cazbon diomide, follewed by filtzaticn and
snobing of the inemganic procipidtate, the squesus colusicn was
cencentrated %o oryeteilication. The finsl yield by thie mothod

wag gonorally in the zegicm of T94.

{4) Prepazation of icopropylidene guanesine.

Guanosine derivatives in genszal frequendtiy present
additional ezperimenial difficulties boccuse of thelr insolubliivy
in the usual solvento. Sugh wae the ceso in the preparation of
the isopropylidene dexivative and although the procedure for iis
formedtion was gssontislly the same as wes ussd for isepropylidems
edonosine im thet gins chloride in dry acetons was shakon wilth
guancsine {Expt. 3a end 3b), the isolation of the product wes

more Rifficuldt. Feo motheds were used successfully in this work.
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In the firet (112) aftor completion of the reacition,
the mixture wes poured into excess barium hydroxide solution and
the excess barium prscipitated with carbon diozide as before
{cf. isopropylidens adsnosine). A% this stage the isopropylidsns
guanoeins may precipitate out of solution owing %o its insolubllity
and e dissazdsd along with the innsoluble bariuve znd zine salis.
Ropeanted eoztracition of the molid meterial with hot water end warm
collonolve {2-sthoxyethanol) overcams thic Aifficulty and yieldso of
60% of cryssalline derivative {H.Pi. 297-8%) vere cbtnined.

The elbeznative isolabtion procedure (113} requirsd the
use of a cetion ezmchange regin to pomove zinc ions. To ascomplich
thia it was necessary %o sslsot conditions which would not render
the guancsine derivative inecluble and fuxthermors would not souss
its dentzuction. Both of theso requiremsnts azre setisfied by an
alkaline environment, provided experimenially {Expi. 3b) by the
addition of concentzated ammonia $o the reactlon mizmture Vo mainiaim
a ¢lear solution, theyshy koeping the guanosine derivative in
solutlon. Tbga alkaline environment is rot favourable to the
rapid adsorption of zine ions by the rasin buit four zepazate
batchwise additions of Dowex 50 cation exchange zesin in tho
ammenium form (C.M. $-1), with susiained agitation for 15 mivutss
sach timoe, was ultimately shown to be a satisfuctory mothed. The

isopropylidene guanosine could then be crystallised direcily from
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aquecus solution in yislds of ca 70% after concentrating and

leaving at O0° for 2 %o 3 hours.

(5) Preparation of isopropylidens cyiidine.

This compound mey be propared saticfactorily dy
mathedn ontirely analezous to $hose already described for the
edenczine and gusncsine derivaitives {1314}, A method which gives

-

e gn S -
somewinat LHotds

Bt

#3

yields, howsver, utilises p-tolusnssulphonic acid

("

as dehydradting sgont and catalyst {115). In some preliminazy
%pials, yislds were diszoppelinting, but it was evernfuvally showm
thet this wes due v the unsatisfsciory quallity of the p-toluepnow
suiphonic acid boing uzed. A high quality product gave good
Fesulits in gubssguent proparations. The teehnique involved the
polution of p=tolusnopulpbenic agid and coybidine in dry acetons
{Bzpt. 4). This was accomplished by sontinued agitation and by
refluzing on a water bath unitil 81l b2 s0lid meterial wes
disaclved, The tempiabtion %o progceed before this was satisfactor
effected invariably led to decreased yields.

The gum objainsd upon removal of the acedtone was $reated
with oxcess Dows® anion ezohange resin in the bicazbonale form
{G.¥. 9~1ib) suspended inm ice weter. This ensured the maintenance

of alkalinity in the oolutiom and effected the pamoval of the

iiy




p~Soluonesulpheonie acid. Filtzation of the reosin and
soncentration of the agueous sclution afferxdsd a glass of
isopropylidene ¢ytidine obdained in yields frequenitly in

excess of $04.

SECTION 11,

THE 5°-PHOSPHORTIATION OF THE ISOPROPYLIDEEE RUCLEOSIDES,

(1} Clapsifination of suitable phomsphoxylating agonts.

The progent disguseion ie confinsd %o
roggonts whickh ave curxrently considered ussiul for the phosphousyladisn
of protected mucloosides. Reagenie of bhistorical intecrest @&f?F

will not bo deglt with unless dhle illusiratos sowe sapect of the

une of modern mebtheds. Similarly aoe account of phosphorylating

agonts whosne use is largely confimed to She spscial problens

presanted by stereeshomical situations such ac are mes with in

Yoy tn

sugar-i-phospbates will be defeorrcd for separsie digeussion in tho

appropriete section.

For convenience, the various methods applicabls %o




protected nmucleocsides can be classified into two groups. This
division is justifiable from the standpoint of mechanism;, at least
sccording to the vicwe most usually accepied.

Thusg, the first group includes those resgenis which are
anhydrides of phosphoric acid with seme other, usuelly stronger
zeid, phosphorylation being accomplisbhed as ths resuld of the
gliminaticn of the sironger acid in faveur of the entity %o be
phosphorgiasted.

The seccnd group comprisss those reageonids which arxs
empowored $o phospkoryiate as the result of a coadeansation brouzghs

about by elimimation of water im the presence of carbediimides.

{e) Aohydrides.

Prhosphorylations of the first typs axe similar %o
acylaticns in that tho reagent is asctivated as the result of ths
presence of an anhydride bond. The elassical acetylating agenia
are acetyl chloride and asetic anhydride, both of which are aoid

anhydrides. |

Woen acetyl chloride is reaclied with an alcoholie
hydrozyl, the escetyl radical iz transferred on to the hydroxyl
anion forming an ester bond with the libsration of the sirenger

acid zedical which im this cese is the chlorides=
| $?,f> ?% ;
T el
ROH + CH C CL— CHgC-0R + HCL
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This reaction is an ezample ef ths general ruls for
eptor fovmation whoreby exchenge favouring the liberavion of the
a0id radical of the oiromger acid tekes place. Thiz eleazly
Pellows from an undersianding of the meaning of “mtzrong acid®.
Bydvochloric scid is a"strong 26ldY beceuse the chloride ion wilhe

érawe electrons so compatil in@lg that tho proton in reedlly rsleased.

caroon of the asetyl group, which pesuliz in atbsck by the eleohol
%0 be scetylaied, heso bassn inducsd in precigely the came way, by the
a2ffinity of shlervide for elecirens. The positively charged acetyl

group thus zajects the chloride in favour of $he less slectromnegative

incoming alcohol, It thus folliows that the more povesful acetyle

f:.,o

sting sgenis will be those anbhyirides formed from ecetle aeid and
atreng aclida.

An analogoug situation arisenm in the case of phospherylaeting
renstions, the phoophote group of tho resgent welng activated by
pabydride Zormatiocn. Hovever, in this case the fast that phesphate
ere polyfuncitional in thet they have thzse lonisable hydsoxyl groups
surrounding 2 comparatively small positively cherged phosphorus
stom mekes the approsch of ancther eleatronsgative group extremsly

difficuls. in effect the positively charged phosphorus aiom is

protected from attack by the electronsgative group of the substaunce

%0 bo phosphozylated, by o sholl of negative charges. Thus pyro-
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phosphorie ecid;, which iz snalogous %o acetic asnhydride, is a wealk
vhoophorylating sgent for this roanon.

To reduce the electromegativity surrounding the phosphorus
gtom and %0 faeili%até the approacsh of a negatively charged group o
be phosphorylated, ester groupings ecan be intreduced imto the sizucture
of the phosphorylating agont. Thus a dioster depivative of the

3

@nhyﬁyi%igfeﬁm@ﬂ from orthophesphoric asclid and hydzochlerie a@iﬂsQ
R-O- ?«Q,L di (R) phosphorochloridate would be
szpecied o e a mers suitebls resegent for use bocauseie
(a) she donisabls bhydrozyls of the phospheoric scid have heen
masked,
) the other component of the anbyiride iz chloride, the anien
of & sirong esid, which irvduses the required positive chargs
on the phospborus atom end is i%3lf eliminsted proferentially,

{c¢) such a zesgent, unlike pyrophosphoric acid, ia monofunciional.
. Diesters of phesphoric asid, though feirly casily proparsd

o

il

nre gonerally resistent to ccid amnd olkeling hydreiysis, at lsas

a Qegree which limivs their use in phosphoryiaticon xesciions. The
main epitorion of any blocking group is that 1t should be atmble
during the chemical coactier but easily removable aflterwards by
mothode which do not destroy the desired produst. Foxtunaitely,
cortain arometic estors sre, in faoct, more labile %0 mild asid oz

alternatively %o hydrogenolysis in the pressuce of catalyat. Hence,



bengyl, phenyl and p-nitvophenyl phosphorcchloridates (Pig. 2)
aze eultableo phosphoryleting agente. The ineffeotiveness of pyzo~

phosphoric acid im thia role hes slresdy besn monbiensd. This is

heo

caused by the zepelling influsnee of its Ffour enlonis groups. Iz

<3

however, thip effeot ip masked by ester formadion thom useful woager
aze provided. Hetebly detme~p-uitzephonyl pysoghosshate (136),
waleh agte in arn entizely anclogouns Toohicn e the phoephoros
cizloridaten, haeo Lrequendly bosen used cuseossfully.

& nemyehat ancmelovs, bubt oscasigselly effestive membsarp
of this group is the old esinbliched {1864) polyphosphoric sel
Teageont, obtaimed by dlsselving pbosphorus penitoxide in syrupy
pﬁ@my&@%is asid (337).

The spplicaticn of this msagent and the othezs above
montioned will be deferzed to sliow comaiderxatien of the sooond

group of reegents vizm. those dspendent upon water olimimation by

sarbodiimidos.

(v) Coxbediimiden.

The group of compounds referred to a3 carbodiimides
sonbain the strusturs ~HzOTH- 3§ hence 2 typleal mombewr c.g-

dioyslohexnyleazbodilnwide Lo reprosented thus s-

<ijij>" H=CxshR ~<::j>
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This particular compound and 40 a lesser extent certain
others, such as p~tolylcarbodiimide have beon ussed in the preparation
of peptides, anhydrides of phosphoric and acetic acids, phosphor-
amidates etc. Their use hae been reviswed by Khorana (119).

Their utility deopondz upon ths fact that they xesadily
undergo a two stage addition of the elemonts of water withdraen
from two reacting molecules, x»esulting in condensation. This can
often be acecaplishad under pertially agueocus conditions, thus the
earbodiimides are verasatile and powezful reagents in many chemical
syntheses. Both symmetzicel snd unsyommeitricel products cen be
made satisfactorily by judiciocus ochoice of carbodiimide and »y
attention to wvariocus experimental factors.

For the purpose of phoaphorylation, a suitable resgent,
which can now be an inozganic salt of orthophosphoric acid or moze
usually a blocked resgent e.g. cysnocethyl phosphate or monebenzyl
phoophate in a basic medium, is allowed %o re2act with the material
to bs phosphorylated in the presence of the carbodiinide,

Although alternative mechanisms have been proposed {34)
the following scheme due to Khorana appears to be the one most

widely accsepted to account for the condensation of phesphate to an

alechol grouping by carbodiimides 3~




?
@@@wfw@ﬁé
J; o
3 R=ile C = K-8
R-bH=C-NH-R o al? RoN& & —hNH-F
Q - 9
HO ~P-O-R HO- f@@aﬁ
' ©
RrO~
| }
Reniti- C-NH-R Q"?«“’%’M%”@
© Ho ~P=o
%z @ﬁ 5% o
o | {3@@@ Paenuc -;}
%"@"g‘?@@"ﬁ
@

Protonution of & nitroger induses & pesitive chamge
on %he cexbon which zesulits in sttachment of She phospheryleting
speoles — the sirengest ascid present -~ %o thiz serbon. The raie
of tshis slep io governsd by the seid strengih, the pd of the zoludicn
and the cerbediinmide ussed. Protenation of ths other nitrogon leads
%0 a E@@i@%@ibution of chazges and the sppecrencs of a pesitive charge

en the phosphorus. Fucleophilic attack by the alcebol to be phoze
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phorylated im thus faciliiated and the carbodiimide (in hydrated
form 1.8, the ureé derivative) is olimimeied and the roquired
product obdalned.

Undesirable migraticn vhich reaults in the formation of
an E-phosphate bond may cocur cccasionslly but this is inhibited
at higher pd walues.

The use of cyanvethyl phosphadte in conjunctien with
dicgclokexyloarbediinide (20C) proved to be She mest gemerally
successful mothed uvsed in this werk; a doteilsd sccount is givea

in a8 latey sestion.

(2) Cempaziner of the officecy of thzes vecgenie of the first

catezory (emhydride type) for the symlihesis of uridins-§’

ehosphote as tent zubztance.

Diphbenyl phosphoreshloridate, dibensyl phosphorschleridate

o

she throe zeagenids of this group which

0>

and polyphosphoric asid were
wore used in preliminary work on the phosphoryleiion of bloeked
sucloonides. At the some %time, trials were being cazrisd cut om

the cardbodiimide method; Desauss %hi@ ladter methed proved
immediately adaptable and wersatile no extenslive attempis were made
%o apply ths ph@sphaz@ahloriéaﬁe method in all the required synithenss.

Hencs, what follows is & brief account of ore or two of the more




successful spplicetions of this method prosented maimly for

purposes of comparizon with results obitained by the sarbodiimids

mathed.

(=) Diphenyl phosphsorochlozidate.

Diphenyl phosphorcchloridate, the first cuccessful monge

)

vnedicnal anhyiride $ype roagent to be indtreduced {120) was made
{Bxpt. 5) by refluzing phoophorus oxyehleoride with $wo squivalenis

£ phencl Tor 6 hours.
ol
oom <o fa,
PP u® ——>
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FThe product was ocbialned by freciional distillstion at
@ - s o -
a temperature of 178 end 6 mm. Hg in 579 yileld.
This was used in sttempis Vo synithesise unidine=5'e—phoge

alternative

3
(£}
B}
e
&)
@

phate but ite use vas discontinued in favouz
dibensyl phosphorochloridate. Thus, elihough the coupling of the

veagent to the blosked nucleeside proceeded smatisfactorily (Ezpt. 6),
hydzrogenociynis of tho phonyl gzoupe o liberete the reguired 5'-phog-

phate was difficult ond was somotimes not complete even aftew 8 nouzrs

in the prosonce of ozcess platimum ozide cavelyst.




(b) Dibenzyl phosphoreshloridete.

Dibenszyl phoeophorochloridets was not so troublesoms in
this rospest in that hydrogen uplaks in the presemce of palledinme
@h&.wceal catalyst was genorally mapid. Cocasionally, however,
é@@anzﬁmim was incomplete vwhich detrached @ea@iﬁ@mmg fxom the
value of the meshod for the proseant purpesss {(121).

The roagent was mode by the method of Tedd (122) and
involvad the refiuzing of phosphoruns srishloride with bensyl sloghol

i the prossnce of dGimethylagnmilime $o remove the EC) eliminated
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ne dibemzyl phosphife obtmined on thersugh stripping
of ezsess resgents under high vecvunm eculd bs distilled with Bome
hazard at l?ng&n@ 10“5 ma. of Py bubt sxpsricmce showed that this
TRE UNRESO88EY. Provided the moactanits sere puwe the dibensyl
phoaphite obialned afier thorough a%?animg crystelliised sabige
Paatorily at T? ez » pale yellow mass. The produst could bs

atored in!dlefinitely in the cold ard suitable quantities removed as
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required for conversion imto the phosphorcchloridats. This was
dore by dissclving the phosphite in bonzens followsd by the sdditiom

of an equivalent of H~chlorosuccinimide (123) (Expt. 8).

4o éj
M2 D cuprc
C;'\ ] Pl

The chlozination procceds at roem tempearatura and is
followed by observing the alow presipilaticon of suceinimide from
the benzsro solution. Afder Tiltration the bensene nay either be

=¥l phosphezoshloridate

f=i
£
&
&
B
9
&

Gistilied Zeaving e pale yoellow oil of the 43
which must be used immedistely or elss $he beonzens solution is used
direcctly.

in the attempied proparatien of uridins-5t-phosphato
with this zesgent, isopropylidsns uridine was dissolved inm dry
pyridine cooled to =40° and excess dibenzyl phosphorochioridate
added {Fzps. 9). The reaction was sllowed o proseed for 3 hours
8% -40° then left overnight at room temperature. The gum obiained
was délszolved in ethanol and subjectsd to hydrogenclysis using
palladium«sharaaai az cavtalyst. After removal of the cotalyst and
mild seid trestment o hydrolrse the isopropylidene wmesiduse, incrganic
phosphate wes zemoved by & bariuvam fractionstiocn (G.H. T=2a). The
uridine~-5‘~phocphate was then isolated efter concentration by the

addition of four volumes of slcohol in a 208 yield. Using a similarx




technigque Brown and Todd (124) obtainsd uridize-%'-phosphate in

4438 overall yield. A2 will be seen lajer uridine~5'-phosphats

wan preparsd in T0Y yield by the simpler caxbodiimide mothod. It
was thus evident that no advantaze would engue in attempis to obiain
fractional improvements in yield by the phoephorochloridate medthod
end i3s3 uvee was disoontinued for this purposs. )

Ir. addition, the experisnce of Hoffat sud Ehorana {116)
had indisated the umsuitebility of dibksnzyl phosopheoroshleridaote for
the synthesizs of gusnosins—5°~phesphate. Ho sueh resiviction
applied to ithe carbodiimide zoute, this m 1 bolvg sppazently

powarful encugh %o enable the phosphoryieticen of all the nucleosides.

{e) Polgphosphoric seid.

The polyphosphoric acid method wop also briefly investigated.
This rengond £irzet descrxibed in 1864 is made by (issolving phosphorus
pentozide inm sysupy phomphoric asid {Fxpt. 10} The phosphorglating
speeies (125) im beliieved to be s three to five uni%-yhamrhﬁr“w
arhydiride ohain and the enhydreus conditions which oblain, weduce
the anidity of the zeagent Yo an accepiably mild level. Thus it
can be used for the phoasphorylation of zcid stable pyrimidine nu@la@o

sides, but the purine nucleosides exe too labile end are cleaved to

Proe wibose and bagc.

Por purposes of comparison with the other available zeesgents




it was used for the aynthesis of upidine-fiephosphete.

Ercesn zeagent wos added to dry laopropylidene uvridine
and the xeaction allowed to proceed for %tws hours at 60° during
which timo come charring cccurred (Bzpt. 1l). A% the eund of thie
povicd water was sdded zesulting in the liberadion of cxthophoaphoris
igele of the rzesgent wbhieh, in durn, msmovad the isge
propylidens groups from the nuclecnide phosrphaie. Thin ezcsom
28id wam 0O E%&&li&@ﬂ with cauvsdtic sede solution, ihe inoxganie
hoophate mewoved with bapium asetadbe and the uridine=%'ephosphaie
ispindted by odding four wolumes of sothanol to ths cleasr mether ligusey

{G.M. T=2a). The yiedd by this method wos o satisfectory 459, bub
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{3) The use of vepzomts 5 {sarbediinides) in

soaﬁumc%i@n with suivteble nhosnhndo donowss he papbis ulage

adventsges of gysncethyl pnosphete in this wole.

The genszally ccoeptsed msschanlss Loz sondensatican offecdted
by use of carbodiimides bhas beon meubticned eswiisr in this Secticn {pa
It will Do zeceilod that the net zesult is she @b@%ﬁa@%i@a'@f She
aloments of wolter from the phosphoryiating agonrt aud She hydrosyl oz
othoy group to be phospherylated resulting i&.e@n@en&aﬁi@m with ¢one

&%

version of the carbediimide %o She sorresponding ures. Thus the
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rhoaphate group of the reagent must have a £rae hydrozyl funotiocn
end, indeed, the m@%ho& even allows the use of inorganic phosphets

in this zele. In such a cese, h@@ev@gg exceze of the hydrozylic

' sompenent iz reguired to prevent formetion of dicmters and it is more
custenary 50 uso a bilcoeked phosphadte o sircumvont this 4Aiffieullty.

o

in common witk all phosphezyleting agenits the blosking

group miat be sssily removed without desizuction of the desized
product. Bonce, bensyl groups whieh san be hyivecennlysed aze
zuitabdle. Tenep, whose work copiributed ozxiemsivoly te popularising
the sarbediimide molthod introfucod monshenzyl phosphate as g roagent
{126). This was scom supsroeded by syanocethyl phosphate (127)

?&ﬁ

NC-C Hawﬁ%éa‘” @‘?}ﬁ“@%‘%
&)

Thia was even more spuitable because the oyenosihyl group was
removable by mild alkalire hydrelysis. Thus the occasionally
troublesoms hydrogenclysis siep was circumvenied by use of thi
2ORgOn%q The alkeld lability of the cyenooshyl greup is consislemt
with the behaviocur of phosphete eotors which bhave an elsctren wilthe
drawing group in @ relation to the phosphozus {34} Thus glrcer
aldebyde~3-phosphate is similarly labiie.

in summary, conversion of & blocksed mucleéﬂide %0 a nuslestid

by means of cysnoethyl phosphate in presencse of ICC occurs as followmsw




]
NC-CHrCH9-0-04 4+ Ho-tu,  gpge  + DCC

oH /@\j

| P
i ch, oHy
%
NL-CH -CH ~O-P-ocH =~
Lottty f o \;} \}iﬁ%é +hCu
@E\g\/g
oY ALK ALY eh, e,
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HO-P=0CH, » Basze
ou
\.
oH O

{a) Preparation of cysmcethyl phosphate. (CEP)

Tyo mothods for the preparation ef cyancsthyl phosphate
have been desewvibed by Temsr (127). The fivst procedure, adepted

without modification in this work, involves the slow eddition of ice



cold cynnoethancl in pyridin@ to an ether solution of phosphozus
axyahlgxideg the veaction beimg cocled meantims {Expt. 12). Afver
romoval of inoxgsnlc phosphate with barium acetobs, the beriuvm sald
of cyancethyl phospbate was obitained in TO%H yield by precipitation
of oezystalline platelets with ethansl. Thiz product oculd be

- A 2
B3Ne @

c,-
[

ghored indsfinidteldy ot rocix tomperaiture wit eteriozation.

Tize aliernotive modhod reguizres ths use of polyphosphorie
soid for the phosphozylation of the cyencsthansl and appears o hawd
20 advanteges over the abovo.

- - PRy
[

In the phesphorylations to be desczibed vhe solvent of

@

ehoice is pysidine, hence, it iz adviszable $o use the cyanceibyl
phosphate alse in prridine colutien i.e. &8 its pyridinium sald.

The bepium salt was, Sherefore, converited inte the faee
acid form by treatment with cabion exehange werin in the hydzcgen
form (G.M. 9=1). Addition of pyridims followad by xomoval of walez
by vacuum distillation geve & gyridiﬁe solution of the pyzidinium
malt, the concenizetion of which was sdjusited %o a convenient lm.
moie/md {(Expt. 13).

The dicyclobexyicazbodiimide (DCC) used in the condensabions
$e be deporibed wan a good guality commexeial product.

The plan edopted inm the following discussion of the phos-
phorylations of the iscpropylidene nucleosides is to discuss & typicsl

example (uridine~5°'-phosphate) im full and to deal with the remeinder


mailto:cyanc@tb.yl
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m@ré briefly. Heny detalls are common te emeh agcount, Repetition
is thus avoided and scope is provided for drawing atiention to proced=
u@al.variaﬁioms whiéh are unique to & particulay preparation. F‘ll
ezporimenial details are, howsver, provided in onsh case in the

Ssction deovoted to sthis.

{v) Propazation of uridine-5’-phosshate, (using ICC and CEP}

| Shen isopropylidene uridine is phosphorylated with oyenge

thyl phosphade in pyridime im the presence of ICG, phoaphsryleficn

of the pyrimidine ring hydrozyl subsiituent may 2izo cocour as a2 sids
Deaction. In practice thim doea ng% resuld in any éexiouﬂ condamne

ination of the »eguirod end prefuc? bocouse during an acid hydrolysis

o]

-

step in the isclation precedurs the pyrimidine-(H phosphate iz bydro-
lysed. THowever, this slde reaciion -eﬁa@é& the effective smount of
cyanoethyl phosphaite avalleble for the ghosphorylation of the =5
pesition of wibose and it is necessazy o uee a substanilal ezcess
of reagent for this roacts.

fonce, %o isopropylidens uridine (Expt. 14) dissolved im
dry pyridine, a three molar cxsess of the standard eyauosthyl phosphate
{CEP) solutiorn in pyridine wes added. The water content of the
mizture was roduced %0 o ninimum by ropoated azestropic distillatism
with pyzxidine under vacuum. A five molar ezmcess of D0 in drxy

pyridine wae then added and the reaction allowsd to proceed for about
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6 hours a% 26%  During this $ime the progrzess of the phosphory—
lgtion vee followed by paper electrophoresis of samples withdrewn
from the reaction vessel in B/50 phosphste buffer pH 7.5 (G.H. 2).
Por this purpose the samples for slestrophoresis were treaded with
alkell to remove the cysunseithyl blocking group. This sepvsd 2
inerease ths meblliity at p¥ T.5 of any isopropylidens uriding=5%~
phosphate formed, sinse at tbhis pH both of the phospbate hydrosyls

axe fully dissosiated. Thus electrovheresis Tor 1 hour a% 600 volis

[S]

{(30v/er) provided adequate Qiffereniiaticn between the mobile phos-
phate Gorlivetive gnd ths immsdile non-phosphoryiaited hlocked mucleoside.
in practice, for the sikaline hydrolysis of the blocking
group it wop sufficlent mersly ito add an egual volums of concenizated
smmonia and to hydrolyse at 60® for 30 minutes. This procedurs
diffeored fzom the technique eveniuslly used foz the final iselation
of the main product when it was ususl o use 0,58 lithium hydroxide.
Both procsdures, howsver, ave satisfactory snd can bes used intey-
changeadly.

When, after 6 hours, phosphorylation was judged to be
complete, water was added ic comverd exeess IUC to dicyclohexylurea
(DCU), the pyridine being distilled off under vacuum and the gum
obtained triturated with excess 0.50 lithium bydroxids. Heating
this alkaline suspension for 2 minutes at 100® is sufficient o

effect hydrolysis of the cyanoethyl group from the isopropylidens



uridine~5°-dorivative of cyshoebthyl phosphete {or any other diesteor).
The hoabing wen noventheloss contimuved Ffor an hour in ozder o
decompose unused cyavosthyl phosphate to cyancsdhanol and inoxganic
phoaphate. After filtretion to remove insolubls maiterial (mainly DOU),

the olear Tiltrebte vam passecd through g column of cation ezchobgo

vomsin in tho hydzegen form {G.M. 2~1) giving & oslution of of 6z 2.5.
Thise asidity vee sufficient 3¢ effect hydrolysis of she lsopropylidens

group upen efluzing the solutien for 90 minutem.
AdJustmont of vhe pH of the sooled golution to 7.5 followed

o

by pregipitstion of the inczganic phoszphate at this pE by addisiosn of
harion acotalte gave o @elution from which barink uridins-% —ghospbate
could he precipitated by the addition of four volumess of ethansi
{3, T=2a),

4% this siage and Following the practice adopied for all
Lonr puslscsideo-5'-phosphates and the nueleoside diphosphate sugar
compounds, » further purification step was included. As this is a
procedure of wide applicsbiliity it ia dssoribed in dedall im G.H. T-
ib {128),

Brisfly, ite success depends upon the fact that lithiusm
zolts of nucloetides ero soludle ir dry methanol but inseluble in dzy
acebone, whezrses lithium phosphbate and lithium oalis of sugawr phosphates
axe insoluble in methancl.

Thue, conversicn of the barium salt of uridine-5°-phosphate
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%0 1%s free acid form by pessing a water solution of the salt

through a cabion ezchange zesim in the hydrogen Porm (G.M, 9=1)

was followad by nsutralisation of the éciﬁ solution to pH 7.0 with
lithium bydroxide using a oH metez. Af%er caxeful removal of water
Tollowed by e final thoxough drying of ths residus by assotropiec
distilletion with dzy methanol;, the resldue was tritureted theroughly
and repoatedly with dry methanol. The inessiuble residus, consisting
msinly of inorganie phosphsie, was dimcardsd. The lithium oalt of
uridine~4?-phosphate waz resoversd from iits mothonol soluticn im B8%%
Fheld based on the amount of crude baxium salt used, by dhe addition

of 10 wolumes of dry aceicne,

{c) Preparation of eysidine-5’-phoaphate. {(usine ICC and CEER)

Attention wam drawn previcusly {p. 57) %o the posaibilities
that exist of side reasction dus to phosphozylation of heteroceyelic
ring subsé¢ituents. Az explaimed in the cese of uridine-%5'-phosphate
gueh products are desireyed by the hydrolytic conditions invoivad in
subseguent iszolation steps. Unfortuaately, such is nol the case
with the side product formed when the ring smino subsititusnt of
ipopropyliderne eytidins basomes phosphorylated. Severrl uwnsuccesgful
attempts to prepare oytldine-5'-phosphate were made befors Lt was
roulised that this side product ﬁuxvivad the conditions hithexio

regarded ar severe conough for its desiructlon.



Phosphozylation of isopropylidene eytidine, elscizo-
phozesis of samples, removal of cyancethyl groupe with lithium
hydrozide, detailed in Expt. 15, wore esseniislly similer $o the

precedurss ussd for uridine~%'-phonphaio. In the latder cazc the

apfloquate Zor the dophosphorglaticn of pyrimidine smine grouyps.

high, whersas when atltempts vore made to isolato the produst as its

In addition, much UV sbsozbing musleotids materisl at this siage
romalne@d inscluble im the methangl, conirary 50 the ususl behaviour
of 1ithium salts of muclectides {p.9%). However, tzeetment of $his
mobthanol insolubdle medexisl with 0.2H hydvochloric ecid for 30 minuites
at 100%, followed by noutzalisation of the acid to pH 7.0 with
lithium hydrozide and freczo dxFing, gave a product lazgely soludle

in dry wmethanol. The imsoluble portion was meinly lithium phosphate
and the soluble VW absorbing component precipitable wiith ezeesse
acetone, was cheracterised zs the lithium salt of cytidine-5H'-

phosphete obteined inm an overall yield of 61%.
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(@} Preperntion of adenopime=h'~phosphate. f(using BUC and CEP)

The proeedure Tor the vhosphorylation of isopropylidens
adenosine {(Bzpt. 16} d4id net Aiffer substantislly from thal used in .

the prepazation of uridine~5%w-phozphats. Pwo dotoile of modifisatian

s ) I & 2, @ 3 .
N B Ne, PG 3 o 73 A o e Y o ey VS o
wa the fipsd plaso, isepreopylidons cdomosime is oot as

2 e Bn 2 & o3 . & g y - - 2, P « R
seiuvdie in pyFidine a5 %he uridine apslogue apd pomsvhat ladgaew

e 0 T $ (o N e oy £ TH ~ o ") A oy &
gmoante of vent had o be ueed. &% wao alps sdviszeble to aid

T s T 5 5 [ PR S - . o
saiuvtlon by goentle wGaInlng. Reastion van slse plowey ap ovidensed

-, o e 9 ER By ryea o cr B oyen o mm ) SR % ol e
by the paper sleetrophorceis asesy technigue {8.M., 2) but was

gonerally scwplete in 15 kours ot zoon teomporsituve. Dotalis of

ipoiantion provided im the Huporimendal Semtion, sre almost idemticsl
with those glven for uridine-5°-phosphate. The Lithive zalt of

cfoncsine=-5"-phosphaite could consistontiy be obiained im overail

Field of 60F.

{@) Proparadion of gusnosing~5'-phogphaie. funing DOC and CER)

Fhe sclubility of isopropylidens guanosine in pyridime
im even lower Shan is that of ke adencsine domivetive alliuded 4o
akove. Leus altornetives have boen dmied o ovexcems this
diffionliy. The uwee of czcens pyridine is inconvomient and
unsadisfectory. The addi of dimet byl formemide oF other

polar solveni can amsist im aslubilising the sterting matexial, bhub
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the most satisfestory technique used in this work was bmsed on
one guggested by Tener {127).

I? the imopropylidsne gusnosine was gently warmed with
e pyridins-water mizture conidaining the pre-dissolved pyridinium
salt of eyanoethyl phomphate (CEP), moiution of the formor was slowly
socomplished. Clearly, in the abscuce of 60, phosphorylstion
carnot ooeur and the sclublilisimg offsnt iz not caused by rsactiom

of & heterogencous mizxture but by s genulng contributien to the

D

. 3

poluticn of the lascpropyiidsne derivabive by the CEF and ths waier.
Fhen selution was complese the water waa cazsfully but thoroughly
removed by ropsated aseotrople distillation zb a ba%h tompsraturze of
IG® with dxy prridine, which 4id not nemmally result in the deposition
sf isopropylidens gusncsine from solution.

Subpeguent operstioms upon this homogenoous reacbion mixturs,
dotailsd in Empt. 17, d4id met 4iffer materially fryom those previously
discussged until tho stage involving lsclatiom of the crude product a@
ite barium zallt wsas reached.

¥t will boe recsllied that the barium s2l% of uriding=§'=
phoaphate was separadle from bariuam phosphate by virtue of the
solubility of the former in wator as opposed to its insclubllisy im
80% ethenol {(G.M. 7=2a). Application of this prccedure %o the
present case rosulted in unseccepitably high lossas of nucleotide and

i¢ became apparent that the barium salt of guano&inemﬁamphﬁﬂyhﬁﬁa was
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being co-precipitated wigh hariun phosphate from agueous solublon

at pH 7.5. Tre diffleulty wes ovenlually ovorsoms by precipitaiion
of inorganie phosphate witk berium bromide from hot agueocun soluticn
2t pE To%. | Under thess ccnﬂitienﬁ $he guaﬁ@@iﬁ@aﬁ“«ﬁh@@ph&%e
remmined soluble, enabling filtration of tho bewvium phosphats. The

subzeguent addition of 4 volvmes of ethonel do the Liltzagte resulied

s

il %ﬁ@ pracipitation of the barium salt of guamosimam§°«phsaph@%@.
in vielde of 6% %o T0%, uncontaminated with any significant sacvants
inorganis phosphete.

Furiher purlification of ke bearium salt by ite conversica
to the lithium fosm (G.H. T-1b) gave an overall yisld of guenvsine-5°—

phesphate of 65%.
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SECRION 333,
PURALTENL SIS ST OIS

THE PREPARATION CP ANOMERIC SUGAR PHOSPHATES.

{ALDOSE-1-~PREOSPUATES AND EETOSE-2-FHOSE

BATES )

23

{1) Asncasment of Aivestive

geetyiniion,

2

halogonation. an

mebthyiation &% the

A o s
BROBSTLIE CARDONR OL
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Pb Pag pmesen g .
The ehemisel zeas

the C-2 bydroxyl oF ketenss

o

Coa - 4 3
grzoupy of sugers is thought

ba ndiseon? rinz ozygen.
& g oRYE

ab

g n iy L2 b ]
hydroxryl of aldose

. s s o 3t GeBaeid o - F PO

as coogared wita that of other hydzmonyl
% laa an aly o R s res D ez Vel

%0 Be duve %o the slestromeple offest of

sories of dezivatives lopluding agisn
88 o conseguense ¢f mepedlon at U~i, howaver seecaplished; voderlines
4ho ppecial propertise and impozdance of 3Shis fumnsiicnal group.

The =) hydroxyl is, of courss,; ospabls of sssuwming an « gp
g eenfiguradtion with seopect %o the twe major wing forms of sugara
vine pyrances and fuzancse and derivatives of sll those possible
sliornatives are froguently found.

& matdor 62 %o omganic chomisdts and of
prime importance in the i to be able %o prefiet width
reagonable cerialinsy, whether, im attempds 0 synthesize g C-1
doritative of an sidese sugar (0~2 of ketosmes) the ulitimate produst
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will be in the = oz p f@ﬁm, Frequontly this zeguires o hnowledge
of whethor some intermedintsd step involving roseticn ot She snocmopis
carbon hao zesulted in inversion, or whother some cubssguent sten
will, in effeet, reveres thiz imvezaion,

£ltkoush 4% lo novw eustemney %o invels mechanistic sogumende

2 g mva o Oy ] SEP - 3 poe ) o o
2o intorpuavo and $o predisct she course of ezzenis roasticms 1% is

b5

novertheléss notewerthy Bhat these seme argumendc cavunst bo appliscd
20 substitudlons inde hotercsyslic mimgn {of sugavs) with egual

pEocioion.

Tho reasticns of sugars at the ancwmeric epyper vhich have

hoen acet widely etudiod from the standpolnd of auliveblilisty of
meazents end ozpepimental conditions in the pazt have bBoon s=

{a) the formation of ssyl dozivetives 6.Z. «t and g pouta-G-nzetyl

glasess,
R £T <. wy
CRRRELO

X, " e o B A, G gm ey S 5 oy ey o 3 Ty 3
() the conversion of these iwto thelw mespontive Gl

The sim of the discussion for the nsxzt 18 psges will be
te ozamine whot prinsiples of meshenism have boon, o cen be dedused

from o Imowledge of the conditions under which the above lisled
sompounds zre formed and o gee whethor these primsiples canr be
extrepolated So doal with the ccmploxities imtwoduced by using

various roageuts %o phosphorylate this ecnomezic position.
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Heturalng ¢o the derivatives {a); (&) and {¢) abowe
wantioned, the complexity of the zituation can be best Lllusitrnied
by copmenting upon examples of eech in turni—

(a) If the ezperimental conditioms Pfor the formation of panda=l=
scesyl glucoss are alkeline (pyridine-scotic suhydride) or at moet
only faintly acid {acetic anbydrids) the product iz slmost exciuvzively
the s Peorm.

¥ acid conditicns ere utilised however, (acetic scid-sine
enloride or asebic snhydride-sulphurie scid miztures) the produst
ohdained ie the o« Lomm. %uﬁﬁhgxw@f@g ¥ 5 pendp~O-zsetyl glucosse
i%mely le cubmitded to thems ﬁ@l?wagm@ sgeid conditions 1% is sonverted
inte the = fomn (129). Strongly basic conditions (solld ssdiuvm
hydrozlide in an inert solvend) ore elsimed by Folfwem (130} %o
the samne effect.

Similar offecis are prodused wiith other sugers of the
Deneries.

{b) C~1 browo-derivaiives of sugere, important as intermedisies
in myﬂtﬁ@%aﬁ repntions, are usually made by ceunversion of the penitaw
O=goetyl sugar into the correepending l-bromo-itetre-f-acetyl dexivative

w

using e reagent such se EBr in glasial soetic asid. Sowmetimes ths

&
st
an

alteornative procedure of staviing with the free sugar and trssting
‘with a reagent which effects acetylation in situ, followed by

bromination of the snomeric carbdom, is used {131).
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» the common D-~aldchexoses for which informsd
evailable, unless ezceptienal preesuitions azs takenm, the Lromo
derivabive produwced under these acid @aa&¢%4c&m irzespective of 3he
sugsr or of the gnomeric fomm of i%s ponbe-O-asetyl derivative u@éé
ap 2arding nalorisl iz aluvaye $hs « Lorm.

(o) Hethyl glyccoiden, oz czomplos of C-1 othonm, can be made by
enge of two voual methods. Hore commonly the Flacher procodure
{3132) iv vesd, which involves the passege of dry [0l gas imbo the
ﬁagam discolived in snbydzoun methanol.
samplicated by virtue of the fasct that beth Turanscy and pyTenese
mecducts are possiblo, budt with zsgard %o the pysunese devivatives

$he predemingnd predued io the o-mothyl derivodive. fhiz iz o
fewpbher exomple of tho o preduct bels

Thoe gther oomnen DE

the apprepriato l-=halegong dorivm’

zogstion {133). Fiwe, for omample, the l-bromo-O-peodylnisd suger

im the obligntozy o Lozn i pescted with the slookold in $he preoscnee
of gilver ozifds oF carbonato which removes the HBz libepated and

Bointaine a mildly alkaline onvircament for the zeaction.

Uhen tho pazont sugar is glucoss, geleciose or zyloss,
the produet is the ﬁ~g‘3agmid®9 which means that en inversion hes
taken plzee.

Mepnoss is notable in behaving exceptionally, and
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depending upon the preecise conditioms, two producis may be formed.

One is ¢he ortho-estori-

which is pr@&ucéd in responsge %o & stersochoemicsl situation which
will be discussgsed later. The other product is the expecisd glyecoside,
2einly in the « form, which imdicates a mesheniem fevouring rotention
of ceefiguzatica.

Seversl aitempis have hesn mede %o assommoedate such fanis
a9 are cmemplified above in%o sdequate schomes of meshanimm (134,
131, 129; Such srgumenis have a relevancs %o an undsratending of
rhospherylations at the suomeric cerbozn of sugars. Herce, thave
follows p surmarised scecunt of $the weln ltems of evidevce and

Faste. This is

fellowed by an sttempt Go apply similar reascning %c the ezpented

and conditions for

&
ko)
[s]
]
P
&5
X8
a
I
@
v
o
&
[,.5
o
o]

results obiainable by the u

ph@sph@rgla%i@ns 8t C=l.

Howorth Ting structures for pyrancee sugars de not provide
an acourate pictuze of the positicns of substituenis in relatien %o
sach other and o the »ing. Reeves (135) and others have rescgniszed

that the pyrencse ring of sugars is oonformationslly analogous to


mailto:se@han.iem

s

=)
<
i

cyclehozane and based upen arguments provicusly uvsed by Bawion and
eo~workers (135) there is now the zealisaticn %thal meny featuzes of
the bobavicur of sugsre tomurds ssterifyinz roagends obc. cen be

noro easily understood by spplyicg cimilar resscning.

43 i $ho cazoe with cyelokezene o oix membered pFvanows

Y]
g
%]
2
23]
2
(<]
g}‘:
5°
g

ring cannot bo Dlamas. I% can in theory assums
mickored sonforzations. 0f thes9, oix are bHead cbaped end twoe azse
in tkhe oheir ferm. A6 can be coen fxem sonstzrveliing models, the

Py -

hoat conformotione reguize that groups in those, nesume & high degrse
e e R

G o 2 q - o ot £ 4 e o ats P R AT TG
of orowding, 4o not peroil of moxmimel slogzessd svrangemonde (Plg. 3)

et are thorefore unsitable.

in an agisl zalsticnship to in the other chalwy
Pors an eguelorisl azrongsmsnd < -0 Tormer, despite the

absenge of eslinsing of gmoups, iz unfevoured becsuse the aziml

arvangensnt brings the bulky substituente inte closer prozimisty them

does the equatoriels heunse the latter is lavoured. This particulaw

cess serves %o illusitzete the coamplezmity of the situation. it mig

0

g

Be azgued thal« -glugopyranoss, belng that the saswerie hydronyl io
axisl, should bo considersbly less sbable than the g £ozm. Bhaat
%his is not so is ezpleined {135) by takinmz into account the comw

tributicn mede by the wascive ming ozygen im repelling the anomeric
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FIG. 3.

THE EIGHT POSSIBLE STRAINLESS RING FORMS OF THE PYRANOSE RIKG.

(2 CHAIRS AND 6 BOATS)
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FIG, 4.

/-8 -G LUCCPYRAROSE, (CHAIR FCRES)
/’8 = GLUCOCPYRANOSBE., (CHAIR FCRES)

EQUATORIAL AXIAL
(STABLE) (UBSTABLE)

o -MANBOPYRANOSE. (STABLE CEAIR FORN)
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hydrozyl into the otherwise unfavoursble axisl position. Hence,
Both o and g forms exhbibit spproximately sgquivelenit stabilities.

The genseral validity of this argument is submtan%ia%@d by
noting that g substituted meannopyranose derivatives either do nod
ezist or arse preparved only with the greatest difficulsy. Fig., 4
112 ustr&te& thes mannopyranoss ring in its favoured Lozm. The bulky
substituents on -5, C-4 gnd (-3 respectively, which are vCEzaﬁﬁ =08
and -0 sueums the stagzgered equaterial po ion, thue foreing/@he
hydzoxyl on C-2 $0 assums an szial rmelation to the zing. Ths con~
Tiguzetion of substitusniz on the anomseric cazbon are thus under the

exr pide of and

L]
sl
g
(4]
fund
i)
Rd
&
)
®
el
€2
33
e
L&
&
o
@
fann
e
&
&

atrong dirscting influence of

abave the general plans of the zing viz. the rigy oxygen on cuse nids

B

L3

St

and the azmiaslly ovientaied hydroxyl of (=2 on the other {(Pig. §

1<)

Comsequently o« derivatives of mannose predsminste izrsspssliive o

@®

the mature of the ansmerxie addendum oxr of the condiviens,

IZ mannose iz acetylabed the Uszcetyl on G- plays a
direct wole which reinforces the group effecis deseribed {see p. B1).
Hemge, owing to this further effect the likelihood of oblaining a-

p Qerivetive of mannose vi ia the Rosaigs~-Knorr rsactionm ueing ¢
Oeacotylated sugar iz even furthsz reduced.
Thus thess two powerful offects may operatse to ensure

that mennose dorivadives almost invariably axe of the « configuration

and more minor infiusnces which may becomes menifest in the case of
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PIG. 5.

ARRANGEMENT OF GROUPINGS AT C-1 AND C=2 OF PYRANOSE SUGARS.

GLUCOPYRANOSE.

——0 os —0 B
8 \c/ H \c/
P | 1
¢s—C5 Cy—mrt o8
\ 3
OH OH
(8) (e€)

Approximately equal stabilities.

HANROPYRANOSE.

HO [
c?mg/%l 03
E\H Q\ﬁ
(B) (oc)

Unstable. Stable.
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other sugers cannct effect the impus.

In an attempt %o evaluste these other minerx influences
whose effecte can be all-imporitant in the ebsence of the Lortuitous
juxtaposition of groups ae with mannose, Hassel and Ottar (137)
attempied t0 relate the atebility of the o and £ Torms of glycosides,
O-aeetyl and halogesno derivatives of sugayrs with the configuxration
of the reapac%iv& IREBYS . Thus the purpose of theixr study was %o
absribvute 1o the vawricus substituents on C=2; G«l, =4 and =5 of

th yranese suzar a degres of inflnense upen the configuration of

)
fe3
Qe

zsubstituvents on G=l.

In brief, they comeluded that under condlitions which

permit ancmerisadtien the group which szerted the greatest influence

was Shal Q@mi@ianﬁd on $~5, iIn othey words in the case of D=gluco~
pyranose the G-5 substituent being -CH,0E and sriesntated gbove ths
zenoral plane of the ring, imflvences ths -l subsiitusnt to assume
e o o trans configuratlion. in bmélucm@ymahes@ the irans oon-

figuration is the g form and is thus favoured (Fig. 6)o

They also noted an anslogous subsidiary effect szexted

5'\"

by $he C~3 substituent. This effect becowes dominaent in sugars
where the C=5 substituert ils only hydwogen. Thus Dexzylopyranose
derivatives lacking a bulky group on (=95 assume an of gonfiguration

in thet the C=3 hydrozyl above the ring directs the subsiiiuent into

the position trang to iteelf. The G-3 bydroxyl of De-ribopyrancee



FPAYOURED FORMS OF PYRANOSE SUCARS UHDER CONDITIONS WHICH

PERMIT ANCHERISATION.

Q&izgﬁ

On
HO )4

GC=D-GLUCOPYRANOSE
(TRANS C-1,C-5)

C=D=LYLOPYRANOSE
{TRAES C=1,C-3)

{HAWORTH FORMULAE)

ngPGLQQOPYRANQSE
{TRAFS C=1,0<5)

o(-D-ALLOPYRANOSE
(TRANS C-21,0-5)
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is below the ring, hence %he favcured derivatives arxe p in this

oass.

\

If a sugax hes both C=5 and C-3 substituenis on the same

8ide of the xing their directive e¢ffests roinforce ons anothsez

{D~glucopyrancss=yof )}

i, on oppesing sides, the influemnse of

the €5 substituent predceminates (D-allopyrenose=soc).

These Hazsel-=0%%orw
sxeeyptlion, but as emphasised thoy

vhich permit snomerisation.

1

&

Lesieuz {134) bas revie

i

Tulsea appear to be obayed without

are applicable only under conditiour

four poreible moshaniems

wvherehy the phenomenon of ancmerisation can convelvably e brought

about.
of gimple segazrs, First usc

rotation, invckes ths

Fivh substituted sugawrs Shis

debarred but evidenes in itz favouwr
envirage the formation of carbonium

Howowver, the exporimenial

and considering Owacetylated D-giuco

are a8 followms~

In inerd meudral solvents

acetyl glucopyrancsides aexe siable and do not ancmexise.

expigin

Tho elassieasl emplansition for sipha-bets interconversicns

the phenomounon of mubta-

the intormedianite open chain form.

faets concorning anomerisation

py¥zrancze dexivatives as szamples

both ¢« and 5 methyl tetra-0-

The cone

version of iths § to the favoursd «< Lorm occuxe in She presencs of



POSSIBLE HECHANISHS FOR AROMERISATION OF

PIG. 1.

SUGARS.

(1)

(2)

(4)

¥R

¥ A
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a strong acid catalyst (e.g. sulphuric acid im methanol ).

On the other hand the anslogous « and A penta—O-aceiyl
glucopyranosides which can both be isoclated, dumonsirate the
anomorisation effect much more readily. “he more weakly scid
‘conditions provided, for exemple, by stannic chleride in chlozoform,
ars now sufficient %o converd the p into the « form.

The cozpresponding « and 5 browo setra~-C-acetyl gluco-~
pyranosides do not normelly co-sxist, sponiansous ancmerisation %o
the o« £orm ccourrPing.

Thus for the thres inzitances gited and for other exswvles
also, the zule appears %o be that if the sglycon is darived fwom a
noutral substance, sireng acid cetelyeis induces anomerisaticn; AT
derived fyon s weakly scidic subsiancse, less strong cenditioms awe
required and if from e eotvong asld the provess iz apontenesus. This
goneralisetion is comsistent with the cboexvetions that < and g medhyl
glyconides are readily imolated, p-U-acetyl sugars are less resdily
obtained {the oo readily) an @ bromo derivatives are virtuslly
uNknewn.

However, in 8ll cases the change is from B to o in the

8

case of glucose. t is inferzed that under condiltions whers this
spontancous change cceuzs the preferred configupstion i formed undsr
the influence of the Hassel-Ottar effects described earlier. Similaz

considerations can be epplied tc other sugars.
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ifled by P-mannge

(2]

«m

Bo have thus fa® seem how {a) o3 exompl
PYERanoSt, of derivatives are favoursd asg %%e sesul’ of C=2=-rinz ciycoa
sepulsion offects end (b) how, under econditions vhieh permit of Tzae
snomerization the configuraticon sdopted by a suger G=1 demivadive is
governesd by the zules deduced by Hazszel and Otdar.

One further fmportent situation remains to be exmsmined
7in. the offect of groups albiached %6 0«2 2f pyronocse ZUCATS wpon
the reactivity and sonfigurstion of C~1 subsiituenis. Gi@aslyg sush
influensoes eannot be asscssed under conditlons whickh permit ancmer-
ioation. Hense what follows describes what tekes plase on ths
assgumption that eonditions aze comtrolled so that the Hassel-Otltax

28%0cte 873 ot 2 RiRimum.

Fhe impordance of the C-2 group is well illustwmated by

sonsidering the use of ths dromo derivatives of the G-aceldy

o

erivativer of glucose end mannone respectively =8 starting matewials
for the mynbthemis of their G-1 methyl glycosides.

The brome dorivetives of bBoth these sugars, for reanong
alresdy presented, aze in the o< configuration. Thus the C~2 O-aseiyl

of plucose ism in cis relabion to the bromo, vhereas in mannose the

awemEE

»alati hﬁp
‘ Gl

;Cﬂaﬁm

. . B A
£ oo )} Ao B,
@Gé@: 4 @“f‘ B i EVG‘

Bromo tetz a«O»auc%ylcswglauOQ Bromo i18%pa-0rag0iyl L-—mannge
pyranoside. ~ gig = pyrencoide. - trang ~

is trang.
]
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Under the ususl conditiona of the Hoonigs—inorr reastica
the bromo O-acetylated sugn®? is disgolved in chlozeforpm ov bémgam@,
The methancl is added and %he voaction allowsd %o prosead in 4he
@xe@amée of silver oxide %to remove the HBr preduced. Under theoue
conditions anomevimabion of the produst cennot take place, henco She
conliguration of the product will zeflset tho mochanism of formslion
and not the sventual sonfiguration ay dictatéd by the dizecting

influences of %ko Hapsel-Otter effects.

-~

The G=21 mothyl glyoosides sctually formed pre in fast
mothyl tetra=~O-acedyl p=glucopyrancside (Fig. 8) aud methyl tetss~-

?3

aeatyl oC-~mannspyrancsids (Pig. 9). Hereo, while configuzatien ip

motained in the ladter casc thers han hesk an inversion in the »excedtion

with the bromc derxivative of glureso.

FThin snomaly hes deen oxplaimed by porinieving that tha
aouree of the resetion is governed by the initial dimpoelation of &he
brome group which induces o positive chasge on O-1 and zesulis in
ettosk by the canbonyl oxygen of the -2 U-zeotyl group upon this
positive sidte (Pigs. 8 aad 9). There is bthus produced a tvonscisnd
cationic intormediats of the “ortho-estor® sype whioh bridges G-1 snd
G2 Thin orSho-egder bridze will be Formed on the pame side of the
Fing as the -2 hydroxzyl was found origiuelly.

Bocauso of the irang zelationship of the 0=l broms and the

C=2 Omgeetyl groups in mannose the oritho-sster derivative forms above



PREPARATION OF HETHYL TETRA-Q-ACETYL GLUCOPYRAHOSIDE.

(KOENIGS-KEORR REACTION)

Eig%c

; “ HOCHB i o :
Br AcO

Oae

METRYL TETRA-0-ACETYL

) =G LUCOPYRANOSIDE.
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FIa, Q.

PREPARATION OF METHYL TETRA-O-ACETYL MANNOPYRAROSIDE.

{KOENIGS-KNORR REACTION)

METHYL TETPRA-O-ACEFTL \

GC-HANNOPYRAROSIDE.

AcO

4cO
0~1-2=ETHOXY ACHTYL TRI-O-ACETYL

MANNOPYRAROSIDE,
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the pyrancse »ing and sxpulasicn of $he bromine appoers 0 be

asslstsd by aucloophkilic atiack by the carbenyl oxygen frem the
opposite side. This would be in agregm@mﬁ with the rapid pate of
formation of methyl tetva~O-zcetyl L-mpunopyrencside found experiment-
ally. With glucese whore a ¢ip relationship holds, reaction is con-
siderably slower uad this may bo dus to an interforense with she
erpulelon of %h@ bromins by the G2 CO-acetyl group {(131).

Tha formation of the ortho-esiter hridge has a second
impordant effect. The methyletion is assumed 40 cceur as the zssuld
of pucleocphilic atteck by methexyl oa $~1, wihish displeces the ontho-
estor oxygen and thisz whole group Then reveris vo 1is orizinal form

of an O=acetyl eatoer on C-2, Cleaxly, if the oxtho-eater bzidge is

&
]
63
b=
o
&
-3
o¥
&

formed shove the ring (mennoee) wmethozyl a%%é@k ir fzom the
aide mnd the produst is the L-methyl dexivetive. The woverse is

Shus %rge in the caso of glucocee, she g-methyl dexivative being
Formed.

I3 will e meen that for mannoze this neighbouring gwmoup
effoct sugmenta the varisus obther effecis alrveedy elluded to, all of
which combine to ensure the formation of Tthe «£ derivative.

In the case of glucose it is strossod that the candi%i@aﬁ
baf the Koenigs-Enorr Teaciion emable the nolghbouring group effech
$o bécoma predeminant in directing p-methyl Formation. If conditions

wore édjustad $0 favour anomerisation (increased apidity of the
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medium) the product formed would De the ¢ depivative, slihough
xzechanlistically shis would have been produced via the g dewivasive,
Bimiler arguments can be spplisd 2o other sugsrs. Thoe
-2 nolghbouring group mechanisn is not without some oxpsrimental
Bupport. Eention bas alrosdy been made of the peletive sades of
formation of the methyl derivatives of the teira-0Owacstyl pysevcsides
of manncse and glusocse. In sdditicm; in soro cazes & oteble crxiho-
ester derivative can setually be iscladsd. This ie fozmed es the
reeult of prefezred mothonyl atteck upowm the zazbsayl carshon afber

fozmation of ths “ordhs-coier catien” bridge (Piz. 92). I such a=m

intermediate is suffislently stable it may Be formsd in prefersnce

3 wwt g 3 PRI S | . Y oo 42 o P e e
repetivity ad C-1. Fhuz it is kuowa that glycesides of C-2 doony
g 2 AIFem ¢k : o TR O3 N ANSU LY R W T 3= Ao
gugars are much mowe acid lablilc then the cozresponiing gljeosiden

of the parend sugare {139} In contrani the giyposides af 0=

emine~0-2 deony cugers ard only aeld hyldrolysed with ¢
If t¢he omine group is acetylated the corresponding glysoside may thean
be hydrolyoed with approzimeitely the sams eas?® as She parent {(0-2
hydroxyl) sugaz. Thino latter offect is atizribulted %o the positive
chapge on the amine group im agid scludion, providing au electzg-
Btatic shield for -1 3bus bindering the spprosch of a prodtonm to

effest hydfolysis at C=1 (140).
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(2) Assessument of the ralevance of these influenses upon

phosphozylations at the anomoric carbon of sugers.

With these principles in mind sowe attempt ¢an now be
made to asscertein whother, with the roszents cusitomsrily used,
analogous or exzplicsble zesults ave obbtained when the (-l position
of sugars is phosphorylated.

Ths starting material for sueh phosphorylations is almost
invariably the cozresponding halogeone U-acetyl or more rarely the
halogeno C-bensoyl suger dexivative (131). Thus the conditiona for
preparing the C-1 phosphate derivatives of aldeses by this route sre
these applicable for the Keenrige-Kmorr resction generally.

The phosphozylating agents most widely umed for this
PATPOBO havs Lesns—

{a)} Prisiiver phosphate {égBPﬁﬂ}c
{v) "Honosilver” phospbaie {2AgH, PGQ}O

{c) Silver diphemyl phosphaie { uw,ﬁ G} P(@)Omg}¢

{a) silver dibenzyl phosphate { gﬂsﬁﬁﬁﬂgﬂng(Ogsﬁg)g

Each of the reagents can be reacted with the halogeno O-
aootylated sugar da?iva%ivas dissolved ip & suitable solvent (dpy
bengene ), when during the sourse of the reaction silver halide is
eliminated. Without comﬁan%iug upon yields 1% is instructive %o

éempare the products obtained from a typical balogeno sugar derivative
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©:.g. bromo tetra-O-acetyl <t-glucopyrancside with each of the above
reagehﬁs in turn. These are as followse~
{a) Trisilver phosphats weick-glucose-~i-phosphate (141).
{b) "Honosilves” phosphate == p-glucosc-l-phosphate (142},
{c) silver diphenyl phosphats —-icl-gluscse-l-phosphate {143).
1d) Silver didenzyl phosphate ~iB ~glucose~i-phosphate {144).
If the arguments ussd p&@vi@usly for the G=i Oe-mathyl
derivatives arve applicable tha predisted product sghould, in ssch
cans, be tha B-phogphaie. The trisilver phoszphate snd the ailvey
fiphenyl phosphade thus oppeawr tc bave bebavsed anomalously.
The ezplanadticon for these zesulis may be Ccoanscted wish
the conditions uwnder which the produst is eveniduazslly isolated.
Thus when trimilver phosphaise iz $ho reagent the imitlal czude

produet is largsely the tri-osteps-
Hz@*‘v“m
¥

p N
: ag & .
aco\f 1/ @\ Q

in order to converi this into the monophosphaie it is
ougtomary to subjest it to s mild acid treaitment (0.28 BCL in
mothanol) for soms hours {141). ‘This sexves %0 produce the mono-~

ester, the tryeatment being interrupted before any substentisl
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hydrolysis of the latter tekes place. Under these conditions
anozerination can be expected to ccour, resuliing in the formaticn
of the <=phosphata.

The procedure with silver dipbenyl shosphate {(143) ﬁa thal

after ocoupling with the breme O-acoiylated suger, silver dromids anl

solvent are removed, tho residue is fsken up in dey aloochol and

VAR w6 4 s e ) o G men e

I houss and under these conditicns
- 053 Lo .(»‘." 'y.. S

Two ractors contuibate to profucs

3 T ol T % L) 7 w“ 5 P -

this pesuli. Pa 3he first place meno~dephenylsticz zeleages an
Ga4e o oo ‘e [ g sy TS D &Y Ay (3

sgidiec group 2% an ¢arly stags. The slowey rerovsl of dhe sosen

phenyl groupy Foiesses glucese~l-phosphbate, 1%seil in fwee aoid forme.

v v S deeen §
Long the medlum is

Thus, despite the largely oanhydzouas sond
sufficiently scidie and the time sulflislently leng %o indusse gone
vorsion of She A into the = fexm. This io consistent with the

sbeervaticn that the yield ef cteglucese-i-phogsphate 'by this method

roguired produst

&)

is frequently low, osussd by ths breakdown ¢f the
imto glusosze and fres phosphalo az the rseul?t of the prolonged
exposure Yo those conditicns.

Th@ sscond factor vhich may ecntpibute is the naturs of
the aglyoom. In the diszeussien presaenised carlisy on the conditions

necossary o induce snomorisation in e v&r.@ﬁy of O3 substituted



produsts {p. 7T), it wag pointed ocut that if the aglyson wao
derived Tfrom a subsiance of sufficienily sirong 20idis charactewr,
gtrongly aciﬁic'eanditicﬂa in the medium sre nocs reguired $o induce
conversion into the preferred « configuration.

It is likely that an entizrsly comparsble situation exzisis
nere. Diphenyl phosphoric acid is a much stronger acid tham dibensyl
phegphoric acid, whish, in %turn is sdronger than orpthophosphoric asid.
Thus woen the aglycon is diphenyl phosphoric esid, for similar

3

renmons, inversicn o the preferpod oo form may oscur pricr to
hydzrogonelysis.

The wasker dibsuzyl phosphsie ss sgiycon (144) is much
more reedily hydrogencliysed thus reduscing the dime required and
henoe the bazazds of bhydzoiysis. Additionally %he likeliheed of
this more wnakly acidie agiycon anomsrising prior to hydzogenolysis
in lessensd. fience, when dibensyl phosphate is the phosphorylating

agent %the product is g-glusose-l-phospbato.

,,..z

The romaining prosedure {142) which utilisss “monosilvex®
phosphate uses at all siteges conditicns which are unlikely %o lead
to anomerisation in that nsutral solvents or woakly basic conditicns
are involved. Hence the product as oxzpacted is the /3 anomer.

The zosulie axe comparabls wihen these various reagsais

are ueed to phospherylate D-galactose (145, 143, 142), D-xylose

(146, 147) and l-ssabinese (147, 148). Witk this latter sugsz ne
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tzepg relaetionshilp between

2 azpoetsd dhad
will bs resalled
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v

ailver diphenyl phosphate method

ho st would be the A anomodr.
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that fox D-wannose, baosuse of ihe

o
e 1L
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halogene

subetituonds in brons S0%tra-l-agsoiyl f“u&ﬁ&@j"JL?WLJQQ she warious
dizgotive inflivonces operntiein She Toxmailon of G-i devivebives
gach gugnenvsi the others 4o preduse the « derivastizs of the sugap.
&
Pheee of the four phosphoryleting sgents discussed above,
- 2
have Beon epplisd $o the phosphorylaticn of Lrome fetzu~C-zsedyl

effeots of the influsmses,
casn egain sppear %o operalb
m&mn@@eo&f hate has thus

%0 be deseribed atitention ham

ond dibensyl phoophate zeagends.

of solubility the mono and

sabisfactorys in addition

vields unwanted 43 and ¥l

T4 will also be noted that in 9050 cases

In ths vazicvs prepa

56 wes ontainsd. dense, the cumuliotive
diosussed previcusly, in this spseisl
¢ prodistably and no pronaradicn aﬁﬁra
fa2r boon desczibed,

rasicng of anomeric sugar phosphates

boen comfined to the vse of the diphenyl

in borms of 7ield snd convenisnse
brigilvor phosphate reagents are not as
the trisilver ealt, veing muldi-fuwactional
=25460r5.

use bas basn

made of ths $ricthyl emmonium sslt of dibenszyl phosgphate in preoference
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to the silver smlt. This variation, intﬁo&u@@d by Wright and
Enowana {148), avoids ¢hs light sensitive effects asecciated with
the use of silver compounds whish are very pronounced with thisg
particuler rosgent. Thexre Lz the further sdvantege of convenient
s0lubility in the solvent of shoiee, which is dry temmsne, thus
rosuliing in repld Tesction a% Toom temperoturs. @hig can be
follewed by obsorvimg the concomiitant precipiteticn of triethyl

agmoniue bromide which i insolubls in bensene.

(3) Premaration of silver diphonyl phosvhaie.

Thiz ssegent was conveniently propared by ths mothod of
Pemtorask (151) and involved the alkeline hydrelyeis (Ezps. 18) of

diphonyl phosphorcchloridate {Bzps. $).at 100°
Lo P ’
QQ‘F?-»@H MaQi4 —> Q ?-“@“ + HaCt
&

The reaction was Jjudged complete when 2 ome phsss mizture
was obtained. Heutralisstion of 9xesss alkeli with nitric escid
as followed by the additien of eilver nitrate. Iasoluble silver
ehloride was separated from the ailver oalt of diphenyl phosphats
by warming the solution, which served to dissclve the latiex. The
vielda of just over 40% obtained were low compared with the walue of

75% elaimed by Pasternak, but the preparations obtained wore satis-
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factory white friadle powders.

{4) Preparation of dibenzyl phosphate reagents.

Dibenzyl phosphate and its varicus salt foras mey be
mads in a variety of ways. A mathod oceasiocnelly used {152) is te

zofiuvx benzyl shloride with twisilver phosphate to Lfopm ixibenzyl

1]

pheaphate. A cputious alkaline dreatment resulte in mono-
dobenzylation and thus the sveniual isolstion of dibensyl phosphaits.

A second methed used hers {Exzpt. 19) uitilissd $be cone
venient dibenzyl vhosphite {(Bzpt. 7) which conld bo converted into
divenzyl phosphorsbhremidais by trogitment with bronime in cawxbonm
tetrackloride {(153). Thiz unsteble intermedizie wam roadily
hydrolyssd to dibensyl phosphate whish could either be lsclisled inm
ecid form or ez i%ts silver salt.

The mothod of proferxrcnee, howaver, wag %0 zeflux dibenszyl
phosphite directly with sodium hydroxide (Bzpt. 20) (154). ‘This
treatment resulited in the immedicte precipitation of sodium dibenszyl
phosphate but rsfluzing was contimued for a prolomged period to
decompose pyrophosphates. The sodium dibenzyl phosphate wae Liltezed.
gashed, and conveniently sitozed in free acid foxm, cbiasined by aclid-
ifying 8 hot water solution and extracting it into chloroform. Tals

free goid crystallised resdily from ether in gosd yield.
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The 4libenzyl phosphats is customarily used for phoaophom-—
yla%&am elither sx i3z silvep or its triedbyl ammonium calt.

To preparo the former {Bzpt. 21) the water imseluble froe
esid form was brought into solution with dil ule sodium hydeozide
end the silver salt presipiteted by the addition of silver nitrato
%o the neuviral sclution.

The triethyl ammonium form of the Teagent was prepaved
as gequired {Bspt. 22) by miming equimelar quantities of ¢triethyl-
amine and dibensyl phosphnde, casech dissclved sopsrasely im dzy

vensens (148),

(%) Prepazsiion of bromo O-ascetyl suzars.

The Experimental Sestion contalna dotalls of the prepar-
ablen of the brome istra-0-acedtyl o~pyrancoe darivatives of D=glucose

°,

D-mannose, anf D-galactoss, and the corrssponding hwrome tei-U-asetyl
s-pyrencee derivetive of D-xylose (Bxpits. 29 to 20).

In the eoxliey proparetions of thess compounds it was
cugtoms®y to propeze the penta~{-acotyl dorivatives from the froe
hozose sugerz (totre-O-geeityl derivatives Lrom Pzeo pertose sugers)
(159) end after purification, treatmont with e sshurated solution of
EBr im glacial acetic acid affordod the required bromo derivatives.

In later preparadions the procodure was simplified im that
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acetylation and bromingtion were carried ocut simnltanscusly.
The teshmnigue deseribed by Smith (156) and the reagent be desczibes
{Ezp%. 24) gave very satizsfaetory results in all eases ﬁ isd, and

fLuzthermore led to a considerable sevimg of timo.

{6} Preparation of K-D-glucoso-l-phoophato.

The ensymic methed of Henes (13) using & eruds potaie

e
8
&
o>
Exj)
&
(3]
@
By

phospheryiese preparaticn, iz a guisk and zoliabl

obtaining substentisl quentistics of this phosphbate cpber. Jenee,

ab
@
ﬁ’
%"-‘:
&
B
42
&
[
8

&g
]

ne attempt wep mede %o symibesise ceglucone=i-phoophst

Tetalils of this well-known propazeiion azs provided {(Espt. 31).

{7) Preparation of 8 ~I-glucoss-l-phosphate.

{2) Usirng silver dibensyl phosphsts {(Expt. 320).

Bromo tolra-U-asetyl £~glucopyrenceide {(Expt. 27)
dissolved im dry benzene was troated with e slight oxcess (molawr
basis) of dry phosphozyleting agent (Eszpt. 21), wilth warming and
agitation for peme hours. Doppite precautions taken %o exclude
Llight the miztuze derkencd comnsiderably. The gum oviainsd after
Piltration of the insoluble materisl aﬁd svaporation of the solvend

was submiited Yo hydrogenolysis ia methanol with palladium-sharcesl
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as catalyst. The uptake of hydrogen was rapid. Dsacstylation
wag followed by & barium fractionstion (G.H. T-2a) carried ous ia
the largely methanocliec sclution at pH 7.5. To this, mathancl
soluble berium bromide was =2dded which resulted in the co-precipite
ation of incsgenic phoasphate with tho barium salt of the ester.

The latter was recovered from the miuved precipilsie by prolonged
walter eztraction. Tho wmothod wmes gonerslly uuzatisfacitory bacsuss

Fields of barium g-gluccss-l-phoephate were osldem in ezxsess of 104

of theoxry.

{(b) Using %riethyl ammonlum dibenzyl phospbate (Bxnt. 32bl.

Bquincier smounts of phosphorylating agent in bHenseone
{Bzp%. 22) and bremo tetra—U-acetyl «x=gluocpyrancside {(Ezpi. 27) ia

rengene wore mizsd znd becaune of the slugzish rate of reaction

Lid

{p. 84) 1% was allowed to prosesd at & slightly elovated temper-

ature for meveral hours. Yhen preocipitation of the benzens

inseluble triethyl ammonium bromide apresrsd somplete the moether
liguor waz concentrated %o a gum @hi@h.waa dissolved in methanol
and hydrogenoclyzed zs before. Isolation of the barium selt of the
p=glucoge~l-phosphate waeg perxformed as for the previcus preoparstion
(G.H. T=2a), the precduct being obisined in cubstandlally imprﬁvad
yielde which veried from 40 to 50% of thsoxy.

The hexose content of the ropeastedly roprecipitated



produst oguated sstisfnctorily with acid labile phosphste content
{¢.H. 8). There was no evidenca of phosphate release when samples,
sonverted to thelr sodium selt form, wore submitted to the action of

poiato phosphorylass in the pzosence of primer.

{8) Freparation of c-D-mannogo-l-phosphaie.

{a) Using silver diphenyl phosphate (Ezpt. 33a).

8ilver diphenyl phoopbaite (Brpt. 19) dees not darken
sxoassively, heunss, it was pezmlasible to refluz » benzseue solution
of this reagend with & molaor quanitisy of bvrome iotra-0=geetyl L-manng-
pyrancoide {(Tzpi. 28) in bonsene without She need %o ezclude Lighi.
AP%er o briof {30 minutes) reszetion paricd furiher msagent was added

ial wes fildersd off and

<l
[£]
2]
g2
£
Bl

ané refiuxning contimuad. Ynsoluble mate
the bensene solvsnt completely memoved by vecuum distillation.
Hydzogerolysiz of the phenyl groups was sscompliched slowly (8 bhouras)
in ethanol solutiocn over platinum oxids. Compleots removel of |
henzemé war thus ecssontial %o avoid s spuriously high velue for
hydrezon upitake ceused by the wedustion of bengene te eyolchezane.
De-acetylation followed by the usuel barium fracticnatien (G.H. T-2a)

guve & -mannose-l-phoaphate in yields of ca 30%.
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{b) Using trieihyl smmonium dibonsyl phosphets (Expt. 33bJ.

ey

As previously oxplained (p.89) with sugavrs other than
mannese this reagent would give riss %o %hegsu?h@ﬁpha%®9 but beseuse
of the combimed influences discusced serlier the K-mannose dorivative
will be obtained irrsspsetive of ths roagent. This eircumsiance
oan be Jurned o sdvantags in thet 1% permitsz the use of the mowe
ccavenient triothyl ammomiuvm dibensyl phosphate resgent in this
sﬁmﬁh@@iao

The proparsition of «L-gpannose-i~phosphate thug did not
differ cssentially from tho msihod used for the yroparabion of
@mﬁl&e@%@uimyhospha%@ using this reagent. An szpected the reaction
was much Pasier zrnd precipiistiocn of tho eliminated triethyl smmenium
tromide was complede im 2 hours. The vield of bariuvm saldt veried
beotwoen 45 and 50%.

-

The authenticity of samplez of skoannsse=-l-phosghais,

]

obtained by this and ths provious method, was sobablished by
conversicn of the reprecipitated barium seli inte the brucine

galt (G.H. T-2c). Tho moiding point of this dewivative (1797}
sgreed with the literadure value {380°-182°) and it was poseiblo se
Fesover the «w-zannops-lephosphate in barium salt fozm of high puridy

by recenveraion of this brucine derivetive in & yield of sa TiH.

.
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(9) Propesation of L=D-galscioss-iephosphate (Ezpt. 3&).

This sster was preparsd from bromo itetrs-l-ssetyl o=
galaectopyrenoside (Expt. 29) and silver diphenyl phosphate {Ezpt. 18)
by a mothod endirely enslogous %o that used iﬁ the preparation of
dmmanmoa@miwphoégha%@, The yield was semewhet smaller (ce 25%) bui
*ke product arzlysed satigfastorily in terzms of hoxone a22d4 phosphase

content and zeid lability (G.H. 8).

10) Propezetion 2f oel-xvlepe=l=—nhosphate {Empt. 35).

o
£

The phosphozyladting agent wes again £ilver diphenyl
phosphate (Expt. 18) and the reaction with bromo tri-O-scetyl «
zylopyrancside (Bxp%. 30} procecdsd 2ypically. The viseld of
berium sald (.M, T-2a) was some 25% overall, but im some earlier
preparations losses wewe exaggerxated besause it was not appreciated
that the water solubiliiy of the terium selt was umusually low. The
product analysed estisfaetorily in terms of psuicse and phosphate

content and acid lebilisy (G.¥. &)

{11) Pre spesiel cuzo of the fructose phosphates.

If one scecepts the supposition thet fructosan synthesis
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o degradation or mobilisstion mey involve s nucleoside diphoaphate
fructond intormediate, then even in 132 simplest terms the possible
atruetural variatione of such an intermsdisie are considerable.

In the fPirst placs, even in the simplest anslysiz there
aere four series of nveleosides %o whisch the intermsdiaites moy beo

<

golated. A%tachment of the Tructess molety te the sgsond phosphele

ef the appzepriato nuelectids may, howaver, occur in one of goversl

& -

FOTS e Trens arpo illusitrated in Plg. 10 and it can be soen ihat the

&

o and p encmsze of both Turenose and pyranoss forms ave separsd
¥ z.J

(6}

pogzibilition. In addition, the existenece of i-2 linked polrwers
of fructeose (imuliim) is é rominder thet the attechment of Lructoss
wia 4%s G-l primory a2licchol grouping 1o a nucicecside diphosphste
sould lead to travefer roasstions of the kind envisasged.

Eenee, for sny nmucleocssids series there gre five posaible
fructoss dezrivetives and %o cover only the moze likely canes twenty
mcleceide diphosphate fructose compounds sze regquireé. Clesrly,
even if relisble synthetie woutes to.ccoh wers available the tesk
would be formidsble.

However, some guidance fowards & simplifisation is found
in the ldemtifissiion by Baddiley o% al (57) of a guancsine diphosphaids

fructoss in extracts of Sireplomyees griscus. Hore vecontly;

Ganzales and Pontis (A7) have shown the pressnce of & uridine

diphosphate frusitoze in dshlis tubers.
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it is a comparatively simple matier 80 synthesise
mcleoside dipbosphets fruotoss compounds in which aftachment of
the sugar is wie the O-1 hydrozyl and the above menitioned workeza
weps able, in cousequence, to compare the propsriies of $he naturally
cosurring compounds with the covresponding synthesised dezivativea
eonteining the frucéose thus sittashed {157, 158). Bash group con-
sleded that on the baslis of asid lability their compounds dAid nob
sozrrespond, TtThe naturslly cscuvsring onos in cash cage being wore
acid labile.

I$ would thus sppse® likely that an is the case wilth
nuelooeide diphosphate aldoss suger derivetives, linkege of fructoss
%0 the muolsoside diphosphstes molety alao cceurs through the ancwmorie
earbon vig. (=g,

The only esecount of the syntheosis of fructoss-Ze-phosphate
{(Purenose and pyeanecss) so far available im the literature is thab
provided by Pontis end Fischer {159). Their method involves she
Pormation of $the oyolic l-2 phosphate deorivetive from unblocked
frustose—lophospbate in the presence of ICC. Controlled alksline

-

hydrolysis of this oysiic diester leade t¢ a nov-rendom sociszien
which rosuldte in regoemeratiocn of the fructoms=lephoesphaie %o the
sxtent of sbout 80% togeiber with the formation of some 6% Lruste-

furanone-2-phosphate and sbout 129 fructopyrancse~2=phosphais.

Obpervadions on the optical rotations of the two ssters suggent that
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they axe in the g configuration.

Doopite their guccess in obtaining quantities of those
two szbers no repord has yot been made by thewme suthors of a sucsesse
ful atiachment of elther 30 a2 nuelecsids monophosphate to provide a

rovel fruetoze contalining mucleotide

c-}}

.tk the sams end in view, their syuthesis, prior to i%s

publicaticn, had been attompied hoze (Expt. 38). Ho suceess hsd

o

evtendsd thooe effepte howower, and im the Light of whet Fontis and

simptely stated it is mow c¢lezpr thet thess feiluren wive

130 3
=2
(79}
&
@
ot

largely csupcd by & lack of sppreeistion of the extroms acid lebility
of vheae two phosphaite ositers. Prom the dala now available it
appoars that the fructofurancse~-2-phosphate is 509 hydroliysed ol
PH 4 in 9 mipules. The giher fozm although somevhat more siable
iz also vezy meoadily destroysd.

ir additien %o ite e=0id zensisiviity the furancae estes
does mot survive the ccavenilonal @p@ﬁgﬁi@nﬁ involved in a barium
Praeticnation. Poudis and Pischer diccezded thie teshnique im
favouy of & bhorate anicn exchangs methed o circumvent this diffisulsy
and this also sllowsd them $o lsolate thelr produet under moxe safe
alkaline conditions. As will be soen from Expé. 38, in the
syclisetion ¢rials of fructoge~i-phosphate with carbediimide,
atteompted im this work prior to the Pentis~Fischer pudlication, a

barium fractionation prccedurs was applied on the assumption that
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such destruction (160) would not bs ezcessive. Clearly, this was an
undorestimats of the magnitude of this destructive barium effest.

In any case an alternativs appmoach,1wbieh agened more
unanbiguous, was being atiempted at thiz tims. An acocunt of thiag
altornativo and higher yielding woute to D-Tructopyrancuse and D-Tructo-
furancge~2~phosphate synithesce has deen submitted for publication.

There wers now available three phosphate ssiers of fructoms.
af interest %o the present wurpose. In addition to the twe abow |
mentioned,; Tyustose~i-phosphate was preparsed by the phosphoryladtion
of & fructose dorivative vwith dibenzyl phosphorxochlioridete. A @lg-

cussien of those three syntheses follows.

{a) Preparstion of D-fruciese-l-phospbate {(Ezpt. 37).

Seweral methods, both chemical (161, 162) end enzymis
{163, 164) ere available for the synthesis of this ester. The one
applied heze difvfered Trom others previcusly published omly in that
the usual Ffructose derivative, 2«3, 4-5 di-8-isopropylidene fructome
(Expt. 36) was treated with dibenzyl phosphorochloridate (Exzpt. 8) im
preference 4o phosphorus pentoxide (161) or diphenyl phosphozxo-
chloridete (162).

The sug&r doerivetive im dry bonzens wam sdmized with o
molazr equivalent of the zeagent in the same solvent and as reaction

progreseed at room temperature, triethylamine was added drcpwiaﬁ'to
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remove the sliminated hydregen chloride. Centrifugation of the
triothyl aumonivm chloride was followed by wacuun distillation of
solvent which sllowed the gum obteined %o be disselved in mothazncl
_f@x hydrogenclysis which was both rapid and gquantitative in %he
pregenss of stho pallsdiuvm-charseal catalyst. The igopropylidene
groups were sroved by healtling en squesus golution of the debenzyl-

ated srofuct o 200° for 10 minutes. Unioubltedly at this atage

there was woms dophosphorylation, besguse Tanke end Robison {163}

(]

fate

n 1% HCYl at 10D Loz 5 minutes is

©

atate that fructose~i-phonphate
50% hydrolyved. Yields of the produst isolated ass its bawxium saels

{(G.M., 7-22) wers somewhat variable but wezs in the region of 30%.

{b) Proparstion of D-Tructopyranose~2-phosphaie {Expt. 41 ).

Then it is reguired 3o induce f£ructoss to zaasth in the
pyrancese rTing form a2 convenisnt derivalive is the 1,3;4,9%=tetra-0-
aoetyl compound (155). Ring clesuze in this is via C-2 and G-63
closing of the ximg followed by "activation” of (=2 by formation of
& halogene derivative would furnish s potentially promising stazting
paterial. It is probabls that attompts to obtain fmuctopyrancse-2e
phosphato by this route previcusly way havse been uasuccessiul bessguss
sorbein minor but impoxiend improvemends of techmique have only

reocently become available.

In ¢he firet place satisfactoxy crystalline and authentis
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preperations of 1,3,4,5-tetra-O-acotyl fructoss {Ezpt. 39) are not
by any meens the easiest of sugar dorivatives to obtain, and in thins
work repoated attempte wers necessary before 4this was achieved.
Furthermors, the C~2 bromo derivative {BExpt. 40) is unstable

snd can oaly be prepared if sezupulous care is taken %0 exclude waler.
Literature refersnces (165) refexr %o it as being “transiently pzoﬁuéed“
as an intermedists Lor various puUrpOSSS8. The custémary procsdurs Loy
the isolation of a sugar bxomo O-zoeiyl derivative is to pouyr ithe

ziuze upon completion of weasitlen into exssns of ice cold sedium
bicazbonate solution (of. Expd. 27 ). Clearly, this agqueousr anviron=
ment would vesuld in hydroclirysis of the bromo tetra~L-acetyl fructo
pyranosides. This difficulity has boon circumvented bolh bere znd by
others (166) by reomoval of the brominating agent (HBr in glacial scetic
acid) by zepeated co-distillation with Analer boluene (G.H. 13} in
vague at a low temperaturs. It wag discoversd that such improved
yields e¢ould be obtained by imcluding a fuxther procedure at this
stage designed to ensurs complete removal of asid. This conaisted
of the careful drxopwise additicn of tristhylamine to & benzene solution
of the bromo (-sceitylated compound to & point wherxe the solution was
“noutral” as judged by the pH 7 colour towards an indicator, of amall
semples withdrawn and shaken with water.

To the neutral dry benzens soiuiion of the g (C~4 directed)

bromo derivative (Expt. 40) was edded en equimolar quantity of
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triethyl ammonium dibenzyl phosphate in dry benzene. The reaction,
Judged by the rate of precipitation of trisethyl ammonium bromide was
rapid 8% zoom tenperaturs. Hydrogenolysis, de-geetylation and
fractionaticn by conventional methods led o the imolation of a
barium salt (C.H. 7-2a) in yields in ezceossz of 20%. I$ is 1likely
that the berium salt form is not the meost suitable in terme of stab-
113ty of produst bul this point bas not been examinod clomely. There
wvas some evidence of lose of produsct when the preparaticns werse sube

mitted %o zoprecipitation with bapium.

{e) Prepszation of D-fructofurancsc=2-phosphate (Expde 47).

A resdily prepared furancse derivative of fruectose iz the
1,3,4,6~%8tra~0-bonzoyi oompound (Expi. 42) {167) end it bas usually
Bsen accepted that this is as suitabls o derivative fex use im
eym%h@%i@ work as erxe ansliogous U~acetyl compounds in terma of
roactivity end easo of romoval of ithe blocking gmoups. Becauge of
the need %o selcct methods of minimel viclence to removve blosking
groupe aftor phosphorylationg a preiimgmafg ezperiment to %est alikall
i1ability wes cazried out on the above teira-O-bengoyl fruciofuzancee
with the equivalent 1,3;4,6-%ectra~l-acetyl fructofursnose {Exznt. 44)
a8 control. In each cese {(fxpd. 45) equimolar amounis were muspené@ﬂ

in 2 convenient volume of dilute stendard lithium hydrezide and aftex

& similar heating pexricd unnoutralised lithium hydroxide was estinated.
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This emperiment elearly indicated ithat by far the move alkali labile
and hence preforred blosking group was tho C-agetyl.

The sontemplated uze of the O-benzoyl derivative was thors=
foro chbondoned end a quandiity of 1,3,4,6-tutra=0-poetyl Poucto-
furgnoside wasc prepered @s an &lh@“ﬁ&uiVG@ This vas obdained by
the zeedtylation of o commarolal fmulin @ﬂm?E@ {British Dsvg Housss)

{Bzpt. 43) which on sudseguent a@eﬁ@ly@ia Fith an aesty) bromide

Tke bromo derivalive of this intezmedialte in adt losod as
unodeble mo ilc pyrances eguivalont (Bups. 46) but provided the migid
wocautions deosribed previcusly azxe adhezed So 1Y can be propamsd
sucgesaiully.

Fhoophorylaticon wee mccomplisked alse iz p similap fashisn,
‘using e befors dpicthyl smmonium didbanzyl phosphkads. The produst
after hydropensiysis and do-asetylation wan comtaminated boceuss of
ite lebile nature with cubsbtantial gqueantitics of fructemse and incrganis
phozphate.

An ezplained sexlier, purification by msans of a barium
fractiocnation wos prohibited booesuse of the insfability of the esten
in the prosence of barium lons {160). TJuzthexmore, its quantitalive
sptination by phospbate analysis wao rondored wholly unzoliablo

bossuse tho scididy of the reagenis (@.H. 6-2) was sufficient te
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cauge the immedimle hydrolysis of the Pructose-2-phosphate; hence
¥elisble walues for inomganic as opposed ¢o @ster phosphate conteont
could nod be ab%ain@ﬁe

Theze difficulties were largely ciroumvenied by zemoval of
inorganic phosphate with megmesle mizmtuze (B8.H. 7-2b). This sikeline
roagent procipilates incezzanic phoosphate =z the lnsoluble magnesium

emmoniue phosphaio mithout bringinzg abeut hydzsiysis of the Lrueioose-

x)

2-phosphato. Zptimntion of reduvsing sugar bg the Sonmogyl modthed
prior and subseguent te mild seid hydroiyois (8.M.8}), decpite a
rather hish dlank gave vslusp for estorifisd cugesr which sormsaspounded

W

fairly elesscly with the phoophate obtained 2%%tor romoval of inomganic
phoophata,

The prepaxadion at Shin stage wan heavily conlaminstcd with
magresine and swpmonium shlorides from the wegnesis mizduye umed ¢
romeowe tho imozganis phovphete. Fecause the inotability of the eslex
probibited ke usy of meaxly all She usual meotheds for thelr seporation
Pocourse was made te the uze of a diethylsminesthbyl (DEAE) cellulose
oolumn {(Q.H. =2 ).

It wem zoporbed by Bushizky and Sober (I69) that mono-
rusleotides could be desalded by the ¢arbonate fozm of this oxchanger
if the miztuwe 30 be desalted was spplied %o the eolumn in highly
dilute mmmonium sarbonets solution at pH 8.6, Rushisky and Sobeor

had observed that chlorides and sulphates present in thelr nuclootide
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solutions emexged from the column immedistely uader these conditions
but that phosphates wers delayed scmevwhat end that nucleotides
required g change of eluting concentrailon.
Thas 1% waz hoped that the 2light retentive behaviour of
the emchangor towards phosphate could be fuvrned %o advandage in thoe
p

prosent inetense. The oegnesivs ieon was initinlly removed (Bxps. 473

a2 ite imscluble @-hydvezyquincline cemplex (6.H. 7=?b) the aelution

Shon belng adjusited to pE 8.6 and Q.01 with vospaet %0 aumonium
saxbonate. Froe fyuctose and inoxganic saliis wewe eluted fmmedislely
{Pig. 11), the fructess phosphate cnbter being delayed. The conients

of sppropriste tebss wore them bulked and the solutien cerelully
sonsentrated wader vacune in & Tolayy evaperator st = low bath
tewnporaturec. The apmoniunr carbonste velatilised slewly under thess
conditions and the ammomium szlt of Pruectofurpnese-Z-phesphate was
ohtained ap o somevhat dsliguescent whito powdaxr, A48 the xesuld
of these warious purification precedures ithe overall yleld vas in
the zegion of 15% az compared with about 25% at the sarlicr stage of
inorgenie phosphate TOROVEL .

I2 the theorics earlier discussed concerning the influencos
which affect the configuration sosumed by ancmeric sddonda are
applicable the osters synibesised here should be of the « conlig-

uration i.e. there should be an inversion of the configuration of

the original 2 brome derivatives.
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Thus by an entirely analogcous srsumentd as was spplisd on

p. 81, elimination of the bromo greup with atiack on the poaitive ﬁ
C=2 pite by the acetyl group of C-3 from above the ring sheuld
induce attack by the luncoming group from below the zing glving rise
%0 an & derivative. The oune complicating facter kewe, is the

effeat of the bulky @QH?@AB gronp vhich in slrzeady positiensd in <&

o

zolation te C-2. This group sould reverse the effest of ithe i

influvenses which faveur formetion of an & dexivaetive. Since the

g not justifiable

e

magnitvde of this effest cannet be ssosessed it
0 olainm categorically that the Ixuctesse phosphate culers hams

pynthesissd are of tha er-configuration,
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SECTIOH 1V.

PYROPHOSPHATE BOND FORMATION ALND THE SYRTHESIS

OF BUCLEOSIDE DIPHOSPAATE SUGARS.

(1) Survey of the svailable motheds for pyrophosvhete bond Lormation.

Hathods for the coupling of mueleopide monophosphates
(Section 11) %o sugar-l-phosphotes (Seetion 111) leading Yo nucleo-
pide diphosphate sugar synthesis have gradually been developed by a
variety of worikers (34, 119, 170).

Ezsentislly the problem sonsists of inducing the musleugw
sesking oxyzen of the bydrozyl of one of the phosphalte groups %o

attack the other phosphaite, thus zesuliing in pyrophoaphate

formatiecn.
" Dol
RO-P -OH + HO~P ~-OR, — %@M@“"? ~C-P-0R; + H©
S ] ow &

Under ¢the conditions of orn actual experiment ocne of the
main factors which can lesd %o decreased yiolds will be the preseuce
of Bites which may compets for the phosphorylating spociss. On
dconsion this can be the phosphorylating agemt itself, in which case

the main product will be e symmetrical pyrophosphate. Alternatively,
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if ons of the two reaotants carriss an alcohol grouping, prefer-
entinl phosphorylation of this may cocur at the sxpense of pyro-
phosphate formation. Othor undesirable possibilitics which will

be reforred to can also ceocur. Thus meny of the nower improved
prosedures for pyrophosphate synthesis have been attompés to minimise
such side resctions or to oncourage the mein roasticn.

The geoneral mechanism fTor the phesphoryletion of a hydwoxyl
group has already been digcussed (Seetien 11 p. 43). The anclegy
waz dravn botweenr phosphoryletion and seyiastion reactionz in gemoral.
I% was pointed out that phospherylationz were Tavoursd if o posiiive
eharge could be induced upon the phosphorus atom; thus ensourazing
nucl@@philié attack by the alechel upon the phcapbozus. In sddition,
if the phospherylating egent wae & mized snhydride the reastion
oceurrad in the direction comsisiteont with the sxpuloion of the
gtronger acid.

The same srgumenis held Lox pyrophosphate bond formotieon.
Phet follows iz imdtondsed to illusirate this point and to indisaie
the measzures progressively adopted to minimise the side reacticns
sliuded to.

In one of their esrly mothods for muclecsids diphosphate

synthesis Todd and hic colleagues (171) roacted the silver salt of

monobenzyl adenosine=-%°—phosphate with dibenzyl phosphorcchloridate.
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© Mgt 10 OCH, S g C HsHaO GCHaCMy
O= %Lo:;;L + R0-Pz0 —e @:%—-D ....g? =6 4+ Q%(LL.

Hydrogenolysis of the tribenszyl derivative gave o low

Fisld of adenosine diphosphate. By an extension of the same method
sdenocaine triphosphate wss synthesised. Clearly, however, this
method wes not suited to the synthesis of ﬂu@l@@%i@ewsugaé derivatives.
By adopting the reverse stratagem of introducing a chlero group into
the pucleoside monophosphats and socupling this to the silver salt of
& sugar phosphabe, these workers (123) were able to exitend what was

espentially the same resction te this purposs.

Hucan Gt ? ;@C%Q‘C&H‘s Suman @"ﬁ‘"? @? MG g
05P-0 8+ Ci-P=0 s 0=§"w@-=?ﬁ@ o+ Hq Gl
éb H é‘ ADENORNE )] @o Foonobiug

Yiolde by these metheds wmere low for a number of reasons.

Fully protected intermediates of the types-

RO~ F ~O0-— F — OR
/]
Q@ R

are very unstable and are prone o undergoe spontaneous disproport-
ionantion reactions which lead to the formation of symmetrical side

products. This may be envisaged as occurring as followss~
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Assuming for the sake of the present argument that the sironger
acid molety is the P, or dibenzylated phosphorus {(Fig, 12} there
will be a residual positive chargs on F, which will encourage
attack by the adencsine monobenzyl phosphate (silver salt). Thig
will result in the expulsion of dibenszyl phosphate and the sipunlte
snecus formatlion of ayumeitrical diadenosine dibensyl pyrophosphaie.
The dibenszyl pkesphate in turn may react as the silver salt with
dibenzyl phosphorochbloxidate to yleld unwanted tetrabenzyl pyro-
phospbate.

% wvas reslised that these undssirable side reactions
eonld be inhibited if the rescting phosphorus-coniaining specios
were permitted to resot in partislly unprotected form.

For exemple, ¥ichelsscn {172) deviced an atiractive route
to the synthesis of uvridine diphospbste giucoms by allowing Pl

uridine P, diphenyl pyrophcaphate to reest in pyridine with x-glucose-

2
l-phosphate (Fig. 13).

The foruer compound when disscolved in bonzene containing
an oxcose of triethylamnine is stable and does not underge the
spontanecus disproportionation resctions characieristio of the
fully protected tetra-substituted pyrophosphates (p,113). This
atability is attributed to the pressmce of an ionisable group on
P, which wepele attack a% this phosphorus.

1
Trenofer of this compound into pyridine solution, with
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removal of the sirong tertiary base triethylemine, and edmizture
with 4d=-glucose~l-phosphate in pyridine, now pormits the usual ccurse
of evenis %o ccour viz. the expulsion of the stromger anion by the
wenker. Thus the diphonyl phosphate molety of tho original pyro-
phosphate, being the anior of & strong acld imduvces a positive cherge
on Pl’ which encoursges its displacement by the anion of the wsaker
asid L-glusoso—l-phesphate.

The produet of the rescetion is the doubly echarged anion
uridine diphosvhate glucose shiech uvnder the condlitions of the
experivent and due %o its charge iz not susespilible to any Lurthor
degradative exchange reactions.

Fors vocently, Michelmon (173) has published details of
this mothod snd has shown that it iz capable of ezploiteticn in the
synthosis of a wider range of analogous uwvasymmetricel pyrephouphates.

It will be recalled that ene of the wmost sucsessful
mothods for ihe synthesis of muclsoside-~-%tphonphates fxom lacprop~
ylidens nucleosides involved ths use of dicyclehexyloarbodiimide
(DCC, Seoticn 11 p. 44). This roagent cpereted by abstracting
the olemonts of water from the group to be phosphorylated end dhe
phosphozyiating sgent. Formation of a pyrophesphate bomnd cen bs
brought about in e similar fashion and ICC hes vesn used in a variety
of instances for this puwxpese (174, 17%). In cextain cases,

however, yields of product are exceptionally good, whersas in others
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they are poor. It is profitable to consider why this should be 86.

If ICC is used to cocuple two monophosphatess-

o o]
14 L]

RO ~ P —ou and  RO— P -~ OH
OH O

via their phosphate groups one sould expect thrse possibls vroductes—

e o & o
v : 3
ROo-P-0 ~P-OR %QN?WC%»EWGR@
GH é% O &)
(1) STMMETRICAL (2) URSYMMETRICAL
i P
and @ﬁm?mﬁhmng&
oH o

(3) SYMMETRICAL

Refererce to the machenizm for the moticn of DCC (p. 47)
makes it apperent that if the affinity of the protomsted DCC for
either acid is identiecal, then the three possible pyrophosphates
will be formed in equimolsr smounts. If, hewever, one of the
menophosphates is & stronger acid then the other theon this will form
the preferred adduct and the foxmation of the unsymmetrical product

will predominste.

This circumstance was turned to great advantage by Kenmedy
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in his synthesis of ecytidine diphosphate cholime (176). The two
monophesphates involved were oytidine-5‘'~phosphate snd choline

phosphatec respeetively. Because of its dipolsr uaturss—

g:%eﬁ ©
Cﬁ%é ?;«. C Hy Uﬂ%e"?m&'ﬁ - "
@Wé f‘ W

choline phosphete ls an appreciably sironger sceid then is cytidine~
5'=phogphate so that formetion of the nowanted symmosricsl dicytidine
pyrophosphats and dicholline pyrophospheie was ninimal.

It cennet be assumed; however, that af worst & produst
will be obiasined ir 33% of theoxetical Fisld. Cther complications
gan diminish the emounts of produsd Formed.  Thus vhen Keuner, Todd
and Webd {(177) attompisd the synthesis of UlP-glucose by ecoupling
uridine~5'~phosphate 0 c=glucoss~l-phosphete in the preasenscs of
DOC the yield was only 3%%. This woe brought about as the result

o

ef the wreadiness with which BCC couvld induee the d=glucose-l-phosphate
to underge an internal cyslisation %o foim glusose i-2 oyel
phosphats.

Thus the DCC coupling resction will have merit over other
alternatives only if {(a) %he intention la %o synthosise symmetricel
pyrophosphates op (b} if as was the case in the synthesis of CDP-
choline one of tho monophosphate reastants is s substantially
stronger aoid then the other.

An entirely different procedurs possessing the merii of



= 120 =

wide applicability was introduced by Khorana in 1958 (178). 1In
an attempt to increase the positive charge upon the phosphorus alom
of one of the reacting moieties in the synthesis of UDP-gluzose he

prepared the amidate of uridine-5'-phosphate.

5]
i ih,
M- P-oCHy '
o N
{
¥ oM

This basic amineo group cgn becone protonzied even in
pyridine as solvent giving rise %o the withdrawal of elestroms from
the phosphozus atom. Thin positive site is thus more prons %o
adtack by the other phosphate amclely %&mglu@cs@almyh@sgh&%@}g the
result being the formatisn of the reogquirsd pyrophosphete bond with
alimination of zmmeonia. Tields of UDP-glucoss were about 55% of
theory but the same %technique applied to the synibosis of GhP-mannose
(178) and other derivatives preved lesm successful. Thess resulis
wore portly atitziduiteble to the low solubilidy of cerlain of the
puoleoside phosphoramidatos in dry pyridine which was the reaction
polvens. In an attempt to overcome this Aifficulty Kherana (179)
investigated the possibility of witilising oxgeniec bese emalogues of
phosphoramidates and he was able Yo make obsorvations upen the
suitability of a veriety of such compounds for this purpess.

For examplo, he prepared pipsridine; merpholine and
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p-anisidine analogues of the 5'-phosphoramidates of adenosine (Fig.l4).
As with the original phosphoramidates thess compounds were prepared
by refluzing an aquecus tertiary butanol sclution of the freze acid
ferm of the nucleoside moncphosphate with the appropriste base in
the presence of IKC,. Fater elimination between the vhoaphate and
the base resulied in the produstion of the various phoephoramidetess
the teriiary butanol componsnt of the solvent waz udtilised inm
preference to the mors obvisus methanol oF othansl bessuse these
alochols would readily osterify the mucleotids shereas & "hindered®
alcohol such sz tezdisry buianol would not resuld in this gids
reaction.

hoezana found that the ssso with which thame products
wore formed was inverssly rslated to the bass mizength of the various
amines. Thus the p-anisidine derivetive was propared iu goed yield
whereas the dorivastive of the strong base pizsridine was never
predused in smounis in suvess of 20% of thoory. It $reanspired that
the reason for this was the grealer eease with which the stronger
base reactsd directly end undesirably with the ICC to form a
guanidine derivative (Fig. 14). This side rssction thus prohibited
the resdy formation of the mont basle and therefors most highly
sobivated derivetive of the nuoleoside=5'-phosphate im suitably high
yield. The p-suisidine derivative in turn, although readily

prepared was insufficiently activated to sexrve as a suitable
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intermediate.

Hence the compromise was siruck of utilising the
morpholine derivatives. The nucleoside-5'-phosphoromorpholiidates
‘could be prepared in ressonable yields, especially if further
precgutlions regarding technique wers %sken. They were suliadly
soluble and zatisfaciorily reseiive in undergeing pyrophosphate
PTormation with sugar-l-phasphates.

| This lutter pert of the prosess conld s carzried ont a6
room bemperature by disasoliving ths guanidine selt of the nucleosids-
§l=phosphoromszrpholidate in pyridine and adding to 1% a pyridine
solution of the iri-n=goitylanine sald of the sugar-l-phosphate.
Formaition of the nuslsoeide diphosphaits suzar was genezally complete
within three days and the formation of the product osuld be followed
by peper chromatograplye

Yields by thie method are consisicntly goed and generally
in excess of 50%. Khersna and othsrs have wuitllissd ths morpholidate
method for the synthesis of a wide wariely of pyrophosphates. As

described in the nexh subesection this and two other methods fox

obtaining UDP-glucose wers comparod oxvorimentally.
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(2) A comparison of the amidate, the Michelson anion ezxchange gnd

the morpholidate methods for the synthesis of UDP-glucose.

UDP-glucose was preferable %o elternative similar
compounds for assessing the meritsz of z varisity of routes foxr its
production because literature references o analytical data,
ptebility etc. were mueh morxs plentiful than for these othsr com~
pounds. In addition suthentic zamples isclajed from yeast (180)

were avallable in this laboratory for comparaitive purposes.

{a) The emidate moute.

Phosphoramidates, which are stable in their unproitonated
form {favoured by alkali) bui suseceptible to anionic attack when
protonated {acid) are sstisfactory intermediates for pyrophosphate
bond formastion (p. 12C). They were first iniroduced by Khorana (178)
who synthesised UDP=glucose by %ais pathway in yiselds of 5G%.

Uwidineoﬁtphcmphoramidate was preparcd in a one step
process {Expt. 54) by treating the fres acid of uridine-5'-phosphate
with ammoniscsl squeous formamide in the presgencs of excess ICC in
tertiary butanol at a temperaturs of 80° for approximately & hours.
The mixture which was %wo phased initially became homogenscus aftex
two hours at this temperature. The carbediimide by an analogous

mochanism to that discussed on p. 53 for the synihesis of nucleoside-
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5'-phosphates extracted the elements of water from the uridinge
5%-phosphate and ammoniz producing the required amidate in guan-
titative yield.

The progress of the resction was followed by removing
aliquots fxom the reaction flask and ssaaying by paper electro=
phoresis {G.M.2) with s phosphate buffor pH 7.5 (2C velts/em. ).
Those conditicns were selectsd to differentiate between the amidate
and the parent nucleotide. At this pE the singly charged amidabe
hag significantly less mobility than the corresponding deubly
charged nuclsotide compensat. This mildly alksline enviroanmend
alse ensures that the pheosphoramidete remsing unprotonated snd is
thearefore stable during the assay.

Dn completion of the reaction the product 1;3-disyclo=~
hezylguanidinium uridine=5'~-phosphoremidate was isclated as a white
powder in quantitative yield and was stoxed at ¢® ower phospherus
pontoxide until reguired.

In order to sffect the coupling of the phosphoramidate
with L=giucose=l-phosphata it might appear necessary to use acidie
conditions o encourage the foxmadion of the active protonated Ferm
of the uridine-5'-phomphoramidate. Tortunately, even in solventa
guch ag pyridﬁn@ and in the presence of trialkylaminss protonation
¢f phosphoramidates still occurs but ai a significantly slower rate.

Thess experimental conditicns ars necessary in order to aid the
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solubility of the reasctants and to minimise breakdown of the
pyrophosphate bonds formed.

To dissolve the glucose-l-phosphate in pyridine which
was the mos? sultable solvent, it was converted inio its tri-n-
octylamine salt form (Expt. 48). This was obisined as an anhydrous
glass by ropsated azeotropic distillations with dry zbsolutse alcohol.

1 3-ddcyelohexylguanidinium vridine~5i-phosphoramidate
(Expt. 60) which dissolved with diffieulty in dzy pyridine was added
t0 o three wolar excsss of {tri-pn-ccitylamine glucose-l-phosphate
dissolved in the same zolvend. 28%er four days at room temperaiure
with exclusiecn of moisturse the reaction wez complete. Pyridine was
removed under vaeuum and the mizxture submlited to ion exshange
chromatography (Section V), UDP-glucese being ultimately isolated

as i%s lithium salt in 25% overall yield.

{v) The Michelscn anion exchange route.

The anion exchange method utilized by Michelson for the

synthesis of URP-glucocse (173) depends on the formation of an inter-

mediate of the type (Fig. 13)s-
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which was readily preparsd (Ezpt. 55) by treating the tri-n-octyl-
amine salt of uridine-5'-phosphate dissolved in dioxan~benzens with
a molar quantity of diphenyl phosphorochloridate in the presence of
excess tribuiylamine. After 3} hours at room Hemperature when the
roaction was complete, the product was ismolated as o gum by zemoving
the golvents under vasuunm. in %he presence of an oxcess of & streng
tertiary base the product was quite siagbls. Howaver, remcoval of
excess beso by trituration with ether-pet.esther {ollowed by
dizaclution of the gum obitsined in pyridine and the zddition in the
sams solvent of a thres melar ezessz of tri-n-sciylomine glucopse=le
phosphate {Expt. 48) resulied in a controiled oxchange taking place
{Expt. 61). The mechanism ¢f this sxchange, which yesulted in the
production of UDP-glucose with the concomitnnt release of diphenyl
phosphate, has already boen discussed (p. 115).

This method gave an ovorall yield of UDP-gluccse me its

iithium selt of 17% of theory.

(c) The morpholidate routs.

Uridine-5'—phosphoromorpholidate was prepared in quan=-
titative yield (Expt. 56) by the dropwise addiiion of an agueous
tortiary butanol solution of DUC to the refluxing solution of the
mucleotide and morpholine in the same aoclvent. In this way contact

betwsen the morpholine end the DCC was minimal which encouraged the
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formation of the desired produet at the exésnae of the synthesis
of the competitive guanidine base (p. 121).

The progress of the reaction wes followed in a similay
menner to that used for assaying the uridine-5'-phosphoramidate
(G.H. 2).

On completion of %the reacticn the produst was ultimately
isolated as o vhite powder in guantitative yield which could bs
stored over phosphorus pentoxids until reguired.

A three nolaer oxcoesa of tri-n-ogiylemine glucose—i-
phosphate (Ezpt. 48) disselved in pyridine was added to & readily
propared soluticn of 1,3-dicyclchexylmorpholinoguenidinium uridine-
5'=phosphoronorpholidate in the same solvent and lefi for four days
&t room temperature under anhydrous cenditionme (Bzpt. 62). The
ultimate yield of UDP=glucose izolabted az its lithiun salt was 56%

of theory.

TABLE 111,
fage yield of UDP~ Amidate | Michelson anion| Horpholidate
glucose (1ithium salt) exchange
based on US'P used 2 1 6
initially 2 7 3

Table 111 allows & comparison to be made of the yields
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here obtained by the thrse methods under tesb. The morpholidaie
route is elearly superior to the others and after some further
confirmatory work use of the amidate and the Michelson routes was
discontinued. Thus, with the amidate route, the most proncunced
limitation wasz the sparing solubility in pyridine of ¢ho uridine~5'~
phosphoramidate. This 6bj®@ ilon boczms unacceplable when attemplo
wore meds 0 uss guancsine~Sle-phosphoranidate Ffor the adttempied
synthesis of GDP-glucose end the methsd wne consequently abandonod.

Gn the other hand therxe iz no doubit that the ylelds by the
Michelson route could have been improved vith perseverance. Howsver,
et this stage of the work, Hichelson had not published any ezperimental
deteils asnd indeed, the trial above deseribed was devised without
benafit of such deteils.

Ae the main purpose of this vhase of the work was to obtain

authontic and substantial quantitiss of the sugazr containing nucles-
tides and since the morpholidate method was elsaxly capable of ful-
filling this requirement it was decided %o utilise this method forx

all subseguent preparations.

{3) Proparation of sdenosine=5"-phospheromorpholidate, suancsing=5"'-

ghemghamamorgholi&ate and cgtidin@wS“uphoﬁnhomamarpholidaﬁe.

Adenosine-5'~phosphoromorpholidate (Expt. 57), gusnosine=
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5?~phosphoromorpholidate (Expt. 58) and sytidine—5°-phosphoro-
morpholidate (Expt. 59) were each prepered in satisfactory yield by
an anglogous process to that used for the synthesis of uridine=57-
phosphoromorpholidate. The products, obiained as white powders ware

s8tored over phosphorus pentexide a3 0% uatil reguired.

(4} Preparation of nuclsoside divhospists suZaTS.

For the preparation of a pertisular muclecsids diphosphate
sugar it is recommended {179) that bedtwsen 0.5 and 2 m.molss of the
mgleoside phoasphoromorphelidate be treated with & three molar oxesss
of the tri-n~octylemineg szzit of the sugar=lephosphate. In all the
expsrinents carried out hexe, unloos othorwise ststed, amounts of
nozrpholidaste equivalent t¢ 1 m.mels were used consisbently, thie
being treated as recommended with the thres meolar sxoezs of the sugar-
l-phosphats. When %his matic of suger=l-phosphates to morpholidate
was reduced, due to & shortsge of the former, then the yield of
produet was cubstantially lesascned (UDP=galactose o

Thus, in practise, the coupling of the two phosphorylated
entities to provide the required pyrophosphate wasm e reaction that
proceoded spontanecusly &t room temparature for some days. The %wo
reactants, separately diasolved in dry pyridine were mixed and the

flask tightly etoppered. The wmorpholidates were suitadle amounts
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of the dry powders obitained as previcusly described {p. 127, p. 129,
Ezpts. 56 ~ 59). The sugar~l-phosphates wers conveniently used as
their tri-ne-octylamine saltis obiained from thair barium salts by
methods analogous to that used for glucose~l-phosphate (p. 126,
Expts. 48 = 53).
Ezperience showsd that rescition was not usually complete
for some three or four dsys but resction progreses could bs ascertained
by paper chromatography of aliquote withdrawa frxom ths flask (S@@tian,g}q
The miclecside diphosphate sugars lisied bslow were each

prepared by the morphelidae method, Procedurse for their imolation

are dsscribsed in the next S8sction.

UDP-k=glucoae (Bzpt. 62). ADPreimglucose {Bzpt. §8).
UDP=g=gluccse (Bxpt. 63)o ADPeot=nannose (Expt. 69).
UDP~~nanncse (Expt. 64).. ADP=ct-xylose {(Expt. T0).
UDP-x~-xyloss {Expt. 65). ADP=1l-fructose (Expt. 71).
UDP~-l-fructose (Expt. 66). EDP-t-glucose (Expt. 72).
UDP*d%galactosaw' (Expt. 67). GDP-otenanncse (Expt. 73),

CDP=ct~glucose (Expt. 74).

® 1im.moles of galactose-l-phosphate used.
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SECTION V.

THE_IDENTIFICATION, ISOLATION AND FURIPICATION

OF FUCLEOCSIDE DIPHOSFHATE SUGARS.

Lmm v B e UM T 6 ey dotdity
3

(1) Methode for sssessing the somcenirations of muclectide

components in resciion mixturss.

Before sttompting the full-zoals lzelation of the various
nicliocnide diphosphate suzers prepared By ecupling togesther nuclecznids
phosphorenorrhelidades and sugar-=l-phesphates in pyridine, trinls
wore carried out in am sttempt o find s suitable micre technigue
for gseessing the proporticnz of mucleotlides and sugar phosphaten
present in the reaction miztures. Por this purrpose paper chrompdos
graphy, paper clectropborssis and thin layer chrematography were

conglidered.

() Paper electrophoresis.

Mixtures containing the phosphoromorpholidets; monophosmphate,
diphosphate and diphosphate sugar derivetives of a particular mucles-
side are, om the whols, rather too complex for paper elesirophoresisz,
it being very difficult to separate all four compenents inte dissrete

spots. This problem becomes accentuated in the presence of inorganic
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salte. In addition, the lability of the nucleoside diphosphate
sugers to both acid and =lkali exerts a further restrictive offect,
a8 a pid not far removed from T is essentiasl if breakdown ¢f the

products is Yo be avoided.

(v) Thin layor chromategrsphy.

Thin layexr ehromstography mainly uslng cellulose coated
plates has proved successful for the analysis of sugar pbosphates
{181) end nucleciides (182) and has several advaniages over paper.
Thus, lezs materisl is required, the technigue ia gquicker snd allows
the use of drastic rssgents for the development of the spoits. In
preliminary exporiments tarried ocut on suger phosphate miztures,
satisfactory ssperations wers cbiained by this method (G.M. 3)}. On
developing the spots with seid melybdate (G.Me 4-2a) the medium did

not ahar and disiniegraie s scmetimop ccsurred whepn paper was ussd.

{¢) Paver ohromategraphy.

Por nucleotids mixbures paper chromatography proved most
suitadble despite the disadvantage of being rather time consuming.
Satisfaetory vesults were obtained using, in the mein, Leloir's two
solvents (183) which wers composed of alcohol-ammonium acetate
mixtures at oH 3.8 in cne case and 7.5 in the othex.

An important advantage these sclvents possessed over many
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othors was thelr comparetive insennitivisy te imorgenic salis, en
ingredient which preduces aberrant rosults with most solvenss. or
aven greater utility, however, was the relisbility vhieh ceuld be

placed upon a particular class of component sppearing always in the

Sl

sane general region of the ohromatogrom. Expericnce showad that

thiz chazacteristic could be melied upon almost o s diagnostic

axtent and whon both sclvenic were used in comjuncticn inelusien of

(T3

thie step was of very substaniial advantaze (Fig. 15).

{2) Separnticn of swelootide compenenis by ion erxchsnze

shrompbosranhy.

(a) Tneory of the process.

The waquirém@nﬁ ot this stage of the work was feor s
mothod which could differentiate betwesn clesely relaved subsitnuses
and yet be vermatile enough te handle bolh 1&?@@ agnd small amsunis
of material. Procipitation technigues ware of lztmlg use due %o
the 4ifficultics of co-precipitaticon and mutual solubility.
Adsorption metheds, slthough satisfoctory for purifying femilies
of compounds would not readily permil the individual separations of
elosely related cempcunﬁzo

Ion exzchange procedures would appesr to be $he most

promising approach and bave proved genorally satisfzotery.  Several
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workers have used this technique %o effect a separation of muclectide
miziures into their individual components and Cobn (184) has provided
& theoretical basis which makes possible the forecesting of the oxder
of elution of the components.

To separate members of s family of ions by ion exshange
i% in necemeary to fimd 2 set of conditions under vhich eamch exhibits
& different degree of affinity (disiribution coefficieat) for the |
oXchangew. ¥hile the affinity is governed by & nuwber of varieblos
iv is ressonable to azzume that in & group s closely related as
nuelectides the ret charge per jon will Do ths most important.
Since nucleotides possess both acidic {phoephate) and besic (amino)
grcups the pH of the medium will determins the net charge on sach

noleculs.

TADLE 1V,

pEb (185) of nuclecside monophoaphaies.

Fuoleonide monophoaphate | Amino Primary Secondary
phosphate phosphate
Cytidins monophoophate o3 0.80 6.0
 AMdonosine monophosphate 3.7 0,90 6.0
Guenosine monophosphate 2.3 Q.70 5.9
Uridine monophogphate 0.0 1.0 5.9
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From Tgble 1V i¥ can be seen that above pH & all Pour
micleoszide monophosphates sre strongly negative and would bs held
on an anion exchange resin. On gradually lowering tke pH the
secondery dissocclation of ezch of the phosphatos is supprocsod.
Additionally, as the pH is lowsred, the influemss of the emino gr@up@

mey become menifest. If, a2z in the case of oytidine monmophosphbate

i d

the tendency of the sminoe group o @akg up & proton is considesrable,
the resulting pusitlive charge dus %o the mﬁﬁg mlilifies the
romalining mewalive chermge on the phosphate. Hence at best, at pH's
bolow 6 the nuclectides have only one negative charge por ion.

At pH 2.5 the nst chawmge on sach of the four mononucleo—

$ides is as followai-

Huclesotide ) Chargs
Cytidine monophosphute ={}o 16
Adenosins monophoesphate =0 46
Guanosine monophosphata =059
Uzridine moncphesphate ~1.0

Thus the eass of elution at pH 3.5 is in the owder CH'P,

A5°P 4 G5°FP 4 US'F, Prom the aveilable date on the pXs of the
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various ionisable groups {Table 1V}, the most suitable pE for the
elution of the nuclectides is in the range 2.5 to 3.5. Separation
of nucleotides at high (}8) pH's ie wvirtually impossible since,; under
these conditions each possessss ai least twmo nsgetive charges and the
emino groups are uncharged.

if, on the olthex hand, the pE for ior exchange sepsraiions
is below 2.5 then geid hydrolymis of the compomsnis becomes s hazaerd.
Kucleoside diphosphate sugsrs are particuviariy lsbile =t these low
pH valuss.

in glternative to lowering the pd is to incroase the
anion councentration of the eluitimg scluitiom and in practies a com—
promise is struck to utiliss thess two effects to thelr gresfest

advaniags.

{b} Choice of elutinz sgsni.

Although seversl anions beve been used for eluting
nuclentides from anion exchangers, in ths mzin formate and chloride
have been the onss of choics. Parmate owed its populazity %o its
high bufferirg capacity which enabled strict pH conirol, to its
suitability es ocluting sgent over the pH range 3.5 to 5; and to iis
sass of removel from the nuclsotide components by voiatilisstion.
Chlocride, on the other hand, does noi buffer so sffsctively, whizh

has the advantage of allowing elution at pH 2.7 to 3. Due to the



- 135 =

higher competing ability of the chloride anlon (sirongsr ecid)

sowpared with formate lower concentrations of chloride ars reguired.
Thus, the advantages displeyed by the chloride system viz. slution
with 2 low salt level et pE 2.7, the moat sulteble pE for separating
the four nucleotide components, in most ssses cuitweizhed the sdvaniages
of the formate system particularly with the inmtreduction of suiiteble

methods for the pemeval of chleride iong from the rosolved muclouotide

samples.

{c) Remowval of inoxganic salis.

In the initiel cxpesriments using chloride so elusnit the
sodinm sal’ wes ussd, iin rewmevel being eccomplisbed with metivated
chercoal (286).

This mothod (B.M. J<le) invelved the spplication of the

nucleotids sample at pH 5.8 to & charcealecelite column, the osharcoal

3]

having been previcusly activated by treatment with 6H HC1 for 6 te 3
hours with subssquent axteasive washing, followsd by a strictly
controlled heat treatment {110=115° for 15 hours). The nucleoctide
material held on the cclumn was removed with 50% aguecus alcobel, the
pH of which was adjusted %c¢ 7.5 with smmonia. Satisfectory resulis
wors oblained, but the extraction of UV ebsorbing contaminents from

the ohavconl, somewhat devalued the method. The inclusion of an ERTA

waeh before reomoving the nucleotides from the charcosl, subsientially
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reducsd this comtamination,

Pontis and Blumson {187) found that by substituting
calcium chlorids for sodium chloride in the eluting solvent they
could make use of the differemtisl solubility of calciu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>