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MIA IXTOXAXITIKH OEQPIA TIA THN KINHTIKH MH XITOI-
XEIQAQN ANTIAPAZEQN '

KYPIAKOX A®. MAXABETAX
‘Epyaotipto Puoikijc-Xnueiag E. M. ITodvreyveiov

Tepidnyn

Stoxactikéc Oeopieg tiic Xnuikfig Kivnukiic slvar Soeg Exouv. dgiv
MoaeOnpotiké tovg OnoPabpo tig otoydotikis dvelikels. Tvykpivoueves mpog
tig Mowndéc Bewpieg, dAadn tic vietepuvictikéc Bewpieg tiig Xnuikiig Kuiv-
Nukig, TAsovektodv katd 10 &1 ExQpdLovv duecdtepe TO  GTOTLOTIKO
XOPOKTAPA TOV YMUKAV Gvidpdoewv Kol mEPEYOLV oav uspucég TOVg
nepintdoels - 1ig  Gvtictoixeg  vieteppviotikés  Bewpisg.  Movadikd
QUELOVEKTNLO» TOVG glvar 10 &11, &meidn Stv Exovv axdun ypnoiponomdel
ovotnuatikd, 8&v koAdmtovv 610 mopdv otadio EEghifewg Tovg usya?»o,
mAfifog pealoTik®V. YMUIKAS avrtﬁpcovrmv cootnuatcov

Zav mopodeiypata, évoeiktikd, tfic épapuoyiic oToXaoTIKRG useoﬁohoylag
ot Xnuikn Kwnrikn, dvantoccovior 8vo otoxootikés Oswpieg, pia 8E
GvacKOTIcENG OYETIKDV | Epyacidv - y1a. otouyelddelg Gvtidpdoelg koi pia
TPOTOTUTN Y18 PA) oTOLYELDOELG dvnﬁpdoétg, yiverol dva(pop(i GE UEPKO Gmo
0 uovrs?»a T0VG Kai GOYKpLon 1@V ouunapaauatmv tovg € dAla dviictorya
tiic Pprroypagiag.

Eioay(nyf]

Oi Bewpieg tiic Xnuikiic Kivntikiic ta&ivopobvrar 011 BifAoypaeio Kotd
nokidovg tpémovg, dnwg m.x. kaid Johnston!, katd Boudart?, kotd Laidler?
xai kotd Bunker. Mia tafwounon Suwg t@v otoixeinv &vog Guvolov S =
{a, b, c,....} Gnartel and okomdc Mabnuatikiic Aoywkfig tiv Smaptn uidg
oyéoewg icodvvapiag R < S petogd 1oV otoyeiov Tov, SnAady wdc
OYEcEMS MOV elvar: ,

1) avoxhootikf, dSnhady A2 < R, &mov Ag elvan 10 obvoro TV otmx—
giwv Tod S? Tov elvar tiig popeiic (a, a). [1:0 As2 < R onpaiver o1 y1& kaBe
acs evar (a, a) € R]
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2) ovppetpikn, OSmAadn R c R, [nof) onuaiver 61t 1§ (a, b)eR
cvvenayetal v (b, a) € R]
xai 3) peraPatikh, SnAadh R°R ¢ R, [noo onuaivel 611 &k T@dv (a, b) € R xai
(b, ¢)ER Enetar M (a, C)E R]
onote ol ovwvioctdoeg TG TaELVOUTGEMG glvat 10 otoyeia 100 mnAikov-
ovvorov S/R. Movov téte Exovpe Sapépion tod S o kAdoelg, Tig kAdoeig
icodvvapiag 00 S modulo R, dnAadn wa oikoyévew (Sj)ier YnocvvoA®V 10D
S tétowr dote:r

i) Si# . Viel

i) SinSj=@. Vi, jel & i#j

i) ]é{ Si=S

) cpopuak.totmd drnyel 10 OwmoBntikd . meplieyouevo 1iig évvoiag 1o-
Ewvounon. ‘ ‘

"Ev 6\v§:'{l'at’)1:ﬁg g adotnpdg dvripetonicens g Evvoiag tagvopnen 1
uovn arariayuévn dpoonudv Suikpion of karnyopies T@V Bewpdv Tiig
Xnuweic Kivnukfic elvar avt, mod pé xpurfipio 10 xepexiipe tod
MoOnuatikod tovg HroBabpov. Tig Sakpivel G VIETEPLIVIGTIKEG Kl GE GTOYO-
oukéc. "E0® Oa mpéner va mapatnpficovpe nadg Gnd Mabnuatikfig droyeng
ol d8por vietepuvioniky Oewpic xoi otoxacTikl Bswpic elvar Gvrioatikidg
évtifetor — mapd 10 6m Gnd. Mhocogikiic Andyemg 1 dxpifng popen Tig
avniféoeng Toug elvar doagng® — ond1e dnotedodv np&yuuﬂ TG CLVICTAGCEG
g oyéoeng, 10060vau1ug ‘Yl(l 10 oovo?»o OV Beopidv tiig Xnuikiic Kuv-
NTuKfG. . :

ITOYUOTIKEG Gempu-:g g Xmuwdic Kwnuxiig elvat éosg Exoov oav
Mabnpatiké tovg Onéfubdpo 7Tl otoyactikég dvelikeg, dnAadn Ooeg of
tehgvtaic Gvalvon Posilovrar ortig apyic tiic mbavobewpiac. “Evag yov-
Spikdg, GAAGL GPKETG KOTOTOMOTIKOG GE TPAOTN TPOSEyyion, kabopiopdc tod
dvuiketpévov onovdfic 1@y ctoyactik®v Gveriteov elvan tod Feller®: «Oi §pot
OTOYAOTIKEG &veki&etg xai toxoies Siepyaoics €lval GLVAOVOUOL Kai TPOKTIKE
xaAbnTovy SAN T Oswpio TBAVOTATOVY dnd 1O n&wvi& TS piyewg képuatog
péxpr TV appoviky dvd?mdn Ztiv mpatn, 6 6pog “otoxamucf] avéMmEn”
- XpnowionoElTaL Kuping 6wv glodyetar pia mapapeTpog xpoVoL... LTic ©T0-
xaoTikEg GveAikelg 10 ueMov noté d&v npoodiopileTan povoohpavra, GAra -
YOVUE . TODAGAYIGTOV GYEGE m(—)avomtog 7oY. - pulic- (pspvoov os Béon s va
unopovue Vi KGVovjie npoBM-:\yatg» :
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‘H npat é&oapupoyn otoyootikiic medodoroyiag oty Xnuikiy Kivnriki
paivetol 51 oociretar otov Kramers’ kai tov Delbriick®. To dnd to1e, 1940,
péxpt kol Tdpo xpovikd Sdotnua EEehitenc TV OTOXUOTIKAV BswpLdV Tiic
Xnuikiig Kivntikiig umopodue va 10 ywpicovue 6 dbo meprodoug: ’

a) Tiv apywn mepiodo, and 10 1940 uéxpr 10 1958, dnov ol oyetkic
épyacieg elvor Aiyeg kol kotd kavéve Govoyétioteg petald tove. Mia
EUTEPLOTATOUEVN BtBMoypa(pmﬁ dvackénnon — mov elvar xoi “Tlipd)Tn 100
eidovg — @V yapaktnpiotiKotépwV Epyacidv avtiic tig mepiddov mepiExetol
o610 Pifrio tob Bharucha-Reid’. '
kai B) TR odyypovn nepiodo, mod mpénel va Bewpeltal odv petofotikd otado
and v Gpxkn, uf cvotnuatikn, npdg uid pelloviikh mepiodo mov Ba elvar
dvomomtikt TAV tacewv nov Exovv foN EkdnAwOel xai “Tavtoypova Kpttﬁcﬁ
g Mhenpattxﬁg Bsuehdoemg tovs. ‘H oOyypovn nepiodog dpyiter and 10
1958, xpovia Omov éueavictnkav ol épyacieg - otafuoi yid ™ otoyactiky
Xnuikn Kwnukfy tod Bartholomay® xei t®v Montroll-Shuler', «xai
xapaxmpiletar kai Gnd v npoceopd t@v Jachimowski, Mc Quarrie, Ishida
k.d., mod Enamfav kafoplotikd poko ot Slaudpewon TOV TOPVOV
katevBovoewv  Epedvng Tilg otoyootikiic Xnuikiis Kwntikiic,. ‘H o
npoogatn Piproypopikn dvackdmon uépovg (uéxprt kol 0. 1973) tdV
épyacidv avtiig tiic mepidodov elvor tod Ishidal?,

Itoyaotikes Gvehifels ol Xmum‘]'Kwnﬂm‘[‘

‘O 8pog “croxactikn GvEMEN” (stochastic process) cvvtifetar &mod 1OV
gmbetikd mpoodlopiopd “croxactikn”, mov npoépxeTar 4nd TO pijna oTOYA-
Louor = oxomed®, onuadedw Katd ot()xop, elkalw, xal and 10 Onoxeipevo
“GvEMEN”, mov elvar AEEN mpotudTepn THS EvaMaKtmﬁg METOPpAcE®MS TOD
process d¢ “diepyacia”, yati drodider kaAdtepa dnd Mabnuotikiic 6komidg
T oxetkn Evvola. .

Metagopikd, 80 Aéyopue 1t of otoyactikés Gvelikeg dmoteholdv T
Sovaukn ti)g Oewpiag mbBavotitov otiiv Evvola 811 mepLypapovy v EEEMEN,
ovvapticer 100 xpoOvov, E&vig ovotnuatog mod Onoketar of tuxaieg
dwekvpavoeig. & adpic ypappéc: avrikeipevo tiic Oempiog mbavorirov slvar
ol toyaieg petaPAntés, dnhadn ueyeédn dyvootov &k tdv mpotépwv — GAAG
OMWOONTOTE KATMOWG GLYKEKPUNEVNG — Tiufig, &vd avtikeiuevo TtdV cToya-
ouk®dv Gvehieov elvar ol otoyacTikic ovvapticelg, dnhadiy ovvaptiiceg
dyvdotov €k tdv npotépwv nopoefic. AoBévtog 6t ol Tuyaieg netafintic omiv
npayuatkdéTnTe Elvat covaptﬁcstg X | Q—W pé nedio Opiopod xémowo
derypatiko ydpo Q koi medio Twdv kamolo ydpo xatactdcewv W, 0 Afyaue
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tehkd 11, Gno pn MaOnua‘ciKﬁg okomudc, 1| otoxactikn GvéMEn elvon wid
oikoyévewr toxaiov petaPfAntdv' {xt, te T}, dmov x¢ elvor otiiv mpdEn
ovvijfog 7| napatipnon ) xpovikn otiyun t xkai T elvar 10 Bewpovuevo nedio
uetaBoAfic t00 xpovov. “Etol, pid otoyactikt) dvEMEN unopel kotd mepinToon
va Exel wa ano tig &Efig Téooeplg dagopetikés PLOIKEG onuacieg':
1. Thvé t€T xai o€ Q uetafintég, .mapiotd- wd oilkoyéveln
oLVAPTACE®V TOD YpoOVOL. _ ‘
2. Ta t petafAnti xai o otabepd, napiotd wid, pévn, cvvaptnon 100
XPOVOL, )
3. I'd t otafepd xai @ petaPAnti, napiotd wd toyeia wetofAnti.
xai 4. Ta t otafepd kai o otobepd, nopotd Evav, pévov, apuod.

Ol otoxactikég dvekifels mod Exovv xpnowonondel uéxpt ofjuepo oTig
Oewpieg Tiig Xnuikiic Kivn‘cucﬁg elvan fi Gvayovtal ok eldikEC MEPLTTOCELS TOV
dvehigewv Markov- adtég tic dveliEeig tig Eumvedvobnke® & Pdcocog
MaOnuatikdg A.A. Markov (1856-1922) nopatnpdviog 7tig &vaAiayig
COVNEVIOV Kol coupdvev otiv nointiki) vouPéia tod Pushkin «Ebdyéviog
"Ovigykiv» koi 610 Sirfjynua 100 Aksakov «Td mordikd xpévia tod &yyovod tod
Mrnayxpoe»'S. ‘H adotnpa Oeuediwon tiig yevikfig Oewplag @V dverifewv
Markov &yiwve dnd tov Kolmogorov!’.

Awiobntika pmopoue v& mpooceyyicoope THV Evvolr TV avediEeov
Markov a¢ &Efig: ‘

Katd 16 ypovikd didotnpua [o, §) Eva copatidio petaxiveitar katd tpomo
Toxaio péoa ot Eva y@dpo E. “Eoto 811, dv 1 katdotacn 1o copatidiov evar
YVOOTT TH) YPOVIKT oTiyun t, 10Te ol coumAnpwuatikés nAnpogopieg &ni i®V
eavopéveov mod mapatnpifnkav wplv v t (kai pdlorta, eidikotepa ol
nAnpogopieg ol oyetikég pé 10 yopaktipo 7fig Kiviicewg mpiv 1AV t) d&v
dokobv &nibpaon £nl 1OV TpoPALyemv TAOV oYeTIK®V UE TV kivnon ueTd TNV
t, Snhad yid dedopévo «rapdvr, 16 «wéllovs kai 10 «mapehdovr elvar &ve-
Eaptnta petaEd tove. O xpdvog £, mod Bd otopatioe # xivnon, umopel kol
avtog dxoun vo elvar tvyoiog.

Ta va O6pioovue a%c‘cnpd. v Evvown 1dV dvehiteov Markov, &g
vrobécovpe 6Tt Exovue: ] ) “

i) md ovvapmon £ (o) dpiouévn ot Evav dnolodfnote xcf)po Q, 1| omoia
Taipvel TINEC uf Gpvnrikéss N C (o) pumopel vé mapel kai THV TIuT + oo

ii) wa oovaptnon x (t, ) : = x¢ (©) Opiouévn Y10 VEQ xai tE [0, C(o))), 1
onoia maipvel Tig tpég g uéoa of Eva petprono xdpo (E, F). Oewpodue o1t
7 o-GAyeppo F meprhaupdver 6ha td dnosvvole 100 E nod drnotedodviarl 4o
&va uoévo onpueio.
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iii) Y16 ka0e s (0<s<t), wa o-dryePpo Mi éni-tod ydpov
: Rted

Q={o:L@>t}

iv) y1a kae s > 0 xai ke x € E, wd ovvéptnon P; x (X) dpiouévn o we
o-GAyeBpa M® &ni 100 xdpov Q, mod mepiExe TV M 1a xae t>s.
®a Aéue 81t avtd 10 otouxelo Opilovv TV GvéMEN Markov

X =(x¢,8 Mi, Psy)

- dv mAnpodvton of ééﬁg ocvuvbijkeg:
@) "Av s<t<u koi €M} tote {E, C>u} € M}
B) {xte l"} EM% 1a xdbe 0<s<t xai xife e F.
na FI‘ = Ehéxoup.e, eldika, {C > t} EM; nd kife s (0<s<)
) Psx elvar ma mbavomra &l Tiig o-&MsBpa.g M

d) I'd ke 0<s<tkai k@@ TeF {4 P (5, x-t, )= Ps:x {xt € 'I“} glvar
wa F-petpficiun ovvaptmon tiig x

g P, x5, E—x)=0
xoil

o1) “Av Ogisgtgu, Xx€E xai CTEF, 161¢
Psx {xu€T|Mi} =P'(t, x-u, )

To ovvolo Q Aéyetoar ydpog &vleyouévav, 6 WETPHONOG ch'bpog E, F)
Aéyetar ydpog xotactdcsov koi 1§ ovvapthnon P° (s, x-t, ) Aéyetan
cuvaptnon uetapdceng tiig dveAitemg X. I Sedouévo 'w, 1| ocvvaptnon x; ()
(t €0, {(w) ]») 6pier 010 ydpo E ma mpayuotomoinon tfic Gvelifeng
dvtistoryodoa 610 évﬁéxéuavo o. "H o-GAyeppa M} &punvedeton odv 10 ovvo-
Ao 1dv ovupaviev nob napaTnpodvral 6Td xpovikd Sdotnua [ s, t]. ‘H Py (X)
(Z € M®) &punvedetor oav mbavotnta o0 ovuPdviog T Ond Th oovinkn 6t
1 POVIKT OTLYUT| s 0 copuaTidio edpioketo othv kardotacn mov kadopiletal
and 10 onueio x 100 YMOPOL KATACTACEWV.

“Av xoi 6 mopanave al’ictnpbg Opiopog tdv dvekifewv Markov pnopel va
+ yevikevlel dxéun maponépa, dpkel, dote dnd Mabnuatikiic uév dnéyeng -va
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Oeikel Ot -1 &Eopoiwon pidg dvelifewg Markov 7pog M GTOXOOTIKA
cuveptnon kamowg £ldwkfic nopofig elvar wa &vtidnyn dvemapkng Y@ Thv
GvamtoEn tiig fswpiog, 4no Pvoikoynuuciic 88 dnoyemg v drepkaddnte SAeg
tig €ldikég popwdc dvelifewv Markov, nov Exovv ypnowomomBel ot otox-
ootk Xnuikn Kivnon.

. T ) otoyactikn Kwnuki dpxel 7 06on 611 dvEMEn Markov Afyetar d
-OTOYAOTIKT AVEMEN {xt ,tE T} , Gv Yt xafe v=1, 2, 3,... koi 6nowdinote
tET(i=0,1,...,v), u¢ 10 t, < t; < ...<ty, 1 deopeopévn katavourn tig x (ty) &
Be10dV 1OV X(to),..., X (ty—1) slvan 1 adth pé ) Seousvpévn katavoutn Tiig x (tv)
dobeiong puovov tijg x (ty—1), Aadn, eopuariotikd, &v yid kdbe Xo, X, 5.....Xy
kai k60E v = 1,2,..., loyder f oxfon P[x(ty) <xv | X (tv—1) =xv—1, X (tv—2) =
Xy—25-0, X (to) = x°] P[x(t) <xv|x@—1)=xv—1].

To anlovotepo mapaderyue otoxaotikiig Bewpiog tiic Xnuucfic Kivntikiig
glvar 1 Bewpio Bartholomay™® y1d Tig HOVOSPOUES MOVOUOPLOKES CTOLXELODEC
avtdpdaoerg tod yevikol tOmov A — B. Katd 1) Oswpia Bartholomay, §| Kivn-
Tk v Gvndpacewv adtod Tod TOMOL mEpLypdpetat AmO Wwd ypappki
GvEMEN yevviicéog kai Bavdtov!® dc EEfic:

"Eote 6t 1) toyaic petoPAnth x (t) nopiotd tov apBud tdv popiov tod
A 010 GvTidpdv ovoTnua Katd TH xpovikh otyun t kai &t

(1) | mBavoéma petaPaoeng (x) — (x —1) 610 xpovikd Sdotnua (t, t + At)
elvar kxAt + O (At), 6mov k elvon wia otafepd kai 0 O (At) onpaivet’® t
0(AY) '
At
@V x 10 7Afjfog) popo tob A, o& pépo tod B katd 10 pkpd Ypovikd
diaotnua petofd t kai t + At, elvar gvéloyn adtod oS pikpod xpovikod

81ao1:'r'|uatog]

(2) | mBavoTTa uetopacens (x) — (x—j), j > 1, ot6 ddotnua (t, t + At)
glvar 10 moAd O (At). [AnM&r’]: 10 yxpovikd Sdotnua At fempeitar St elvar
Gpextd pikpd, Gote uévov Eva poéplo tod A va petatpénetar o pépro tob B
petagd t kai t + At xoi va piv Tpoyuatonolobviol TaVTOXPOVES UETATPOTES
neptocoTépav 100 Evog popinv tob A mpdg poplo tod B]

(3) 1§ mBavotntae t0d va petatpanel Eva pdpro to8 B o8 uépo o6 A efvm
unodEv. [AnMSn 1| dvtiotpoon Gvtidpaocn d&v npaypatonmettat]

Totg, Gv ™ xpovikny onyun t=0 Onfpyav puévov uopwr 100 A, 1
mbavétnra Py (t + At) 106 va Omdpyoov x TOV dpt(-)ud uopla 106 A o10
avtidpdv cdomuo ) xpovikfy omyun t + At elvou:

— 016 At — 0. [AnMSﬁ: 1| mBavotnta tobd va petatpanel Eva (dk
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Px(i+At)=k (x+ DAt Py (t) + (1 —kx At) Py (1) + O(AY)

Metagépoviag 10 Py (t) dnd 10 devtepo 010 mpdto pElog avtiig Thig
EEiowoeng, Suupdvrag did At kai taipvoviag 1o pro yio At — 0 (Sepyaoie,
nov 1 &yxvpdTnta Tovg Exel ovlntnbel dpxeta Swefodikd m.y. dnd tOv Van
Hove?), naipvovpe 1) Stapopo-Supopiks EEicwon

dPy

S =k &+ 1) Py (t) — kxPy (1)

Méow tiig yevvitplag ovvapthicewg tfig Py (1), dniadn Ttiig

FGs, =Y Px(@®s*, |s|<1

1 Spopo-Srapopikm .éﬁicd)cn pmopel va petacynuoticBel ot Swagpopiki
iEicwon GOg mPOG WEPLKEG TOPAYRYOLS

oF

— _k(l—s)——

Tfig omoiag 1 Mxm, yux v 6pu1m] cuvenm] F (s, %) = s™ 8mov x50 cuvo)mcog
ap1Budg popiwv tod“ovotiuatog, ghvat

F@s, 9=[1+@E—-DeX]o

"Erneidn ya i Moabnuankn éAnida E {X (t)} kai 11 Swecmopa DZ{X (t)}
{oygvovv mpogavidg oi oxEces

E {X(t)}=( aaI: )s='1

oF

2
xai D? {X (t)} =( ias—lj——)s=1 + —as—)s=1 —( aa}: )2S=1

npokbrtel 6t &v mpokewéveo 6 Exovue
E {XO} =xo¢™

\K(Xi‘ D? { X (t)} = xo Xt (1 - ekt)

Hapatnpotue 6t 7 uéon Tuf tfi¢ otoyactikiic Bewpiag courninter pé o
anotédeopa tiig vietepuvioTikiic Bempiag, dniadi St of dvo Bewpicg «elvor
ovuPPactic katd TOV péoor- Suwc, | otoxaotik Bewpia Siver kai pomég
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avotépog taEewg, Ondte Etor elodyeton o) Xnuu'cf]\ Kuwnukn kol 1
Sudnpaypdtevon OV dapdpev BewpnTikd dvoueEVOUEVOV Kol TELPAUOTIKG
Swmotovpévev dokvpdvoewv® @V mocotiTOv TV GvTidpdvieov kol TiV
npoidviav, ol onoleg maviwg yud Tig MO TMOAAEG Aviidpdoelg elvar TpaxTiKd
apeintéec. . -

A0TH | otoxaotik? Oewpia tob Bartholomay (mov &va 4nd 16 mpdTO pOV-
téha Ttng Omfiplav ol dvudpdoelg podievepy®dv OSlOGTACEDV) YEVIKEDTNKE
naponépo. and tov Ishida?’, tov Mc Quarrie??, k.6, ®ote vd xaAOmTEL
xoAapotepovg mEpLOpiGUOvG, dnoc m.y. Guoeidpoun Sefayeyn 1iig -
avnidphoewg (Gniadn: A,B dvii A — B), petaforlopévn cvvaprioer tod
xpovov eldikn tayvnta Tiig dvnidpaceng (Gniadn: k(t) dvi k) k.TA.

Evd, duwg, ot TEPITTMOOEI GGV TiG MOPANAVE® elvar Sovath 7 &xpiPig
Enidvon 1@V dapopo-dragopikdv EEichoenv Tdv ctoxactikdv feopdv, of
TEPITAOKOTEPEG  KaTAOTAOEG, 7oL &ueavifovtar katd 17 peaoTikdTEPN
Bsdpnon koi adTdV TdV povopoplak®dv cTorxElwddV dvtidpdoeov (T.y. Kim?,

" Osipov kai Stupochenko?, «.d.), elvaxr dvvarh pévov (R gviote Stv Exet dxoun
pehetndel obte klv Kk advth) 1 mpooeyyotiki EniAvon TV TPOKLTTOLGHV
Sopopo-dagopikdv EEodoewv. IMotedetar, ndvimg, 6Tt ué v .éﬁdniwcn g
otoxactikfic uebodoroyiag téroleg Suvokohieg, mov dgeilovroar kobopd koi
uoévov o10 611 d&v Exyouvv dxdun xpnmpoﬁomeef GLGTNUATIKG Kal 68 peydAn
kAipaka ol Stoxuotkés Gvehifeig ot Xmuikh ‘Kivnukn, 0 Eerepactodv
Ypnyopo.

*Av 1t0pa GvtimapaBdilovue tig otoyactikés (Gmov Exovv iidn E&gap-
noofel) mpog tig dvtictouxeg vietepuiviotikés Bewpieg Tiic Xnuukfic Kivnrixic,
uropoBue vd émonudavovpe 6L

— ol ovvoptfoeg petafdoeng kai ol &mAdoeig TGV dapopo-dapopikGv
¢E100CEDV TV 6TOYaCTIKAY Bewpidv katactpdvovial Bote vi. mAnpodviat ol
apyéc xai- ol Kav()vsg. OnAadf: 6. GEdpaTar) TV dvricToiy®v VIETEP-
piviotikdv fewpi@v. “Etol, m.y. yud wd dvtidpaon od yopel pEcow ovoeToryiog
otolElddv avtidpaoewv, oti) dupudppmnon tiig cuvapticens uetaBdoeng Kai
v é&nilvon 1@V Sapdpo-Sapopikdv EEochoswv s otoxootikiic fewpiog
i Kwnruikiic tng, 00 mpénet va AngBodv O’ dyn kai vé kaAvebodv kai ol
nepint@oelg toyvog Mg dpxiic Thc mkpookomikfic dvnoTpeyudnTag, tod
Mmopepetqkoﬁ iooluyiov, 1fic otacipov katactdoews ¢ Tpog KaTdAANAa
gvdiapeoa, tiig dnapEemg kataAliiov cuvapticeng Liapounov? kai tév ap-
xev Stdmpf]osmg. ’Eni mAéov, ma otoyaotiky Oeopia tiig Xnuikfic Kivntikfig
gtval 670 GOVOAo NG deopia t@v idothTOV TOL SiEnovv kol kdbe 'o‘coxac‘cucf]
Oewpias. ’
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— ol otoyaotikds Oewpieg dvranoxpivovtar @uokdtepa kal Ekppalovv
dpecdtepa TOV EUOLTO OTATIOTIKO X0paKTNpa TV XNUKAV AvTidpdoeny napd
ol vietepuivioTikés Oewpies.

— &v® xatd tig vieteppvictikés Bewpieg | ovykévipweon (fi: 6 apBuog
nopiwv) dedopévov ynuikod eidovg £lvol GUVEXTG TPAYUOTIKT GVLVAPTNON TOD
xpovov, ywpic mpopAemdueveg dmoxhicelg Gnd tig mpokabopiiopeves Tipég
g, otig oToxaoTikég Bewpieg elvar Swoxpiey dxéparn tuyaia petaPfAnth kai f
KivnTikn meplypdgetal Gno Tiv ocvvaptnon nokvoTntoe mlavotntag avtiic
tfic Toyaiag petaPAntiic. ‘H Mabnpatikn éAnide tfig dvriotoryng xotavoputic
00 dkppaler tote THV ovykévipoon xal 7 Swomopd 0d yopaxtnpifer TV
obupvTn pé Vv avtidpaon GTOTIOTIKT SKDUAVOT TG OTHV Yeltovid Tfig.
Mobnuotikii EAnidag. -

— ol vietgpuviotikés Oewpieg Gmodidovv 1a Tvyoio oedApata
amokkelotikd kal povo otig &v yvéver advvapies 1fig nepapatikiic dwdikaciog
onovdiic tfic xntikfic, &vd ol otoyaotikég Bewpieg dEyoviar 611 Adyw TOD
oTATIOTIKOD  YpOKTAPO TOV YMUKGV dvidpdcemv mpémer vi BIapyovV
aroxAioeig, Tic Omoies xai mpoPAémovv kai mpoomabodv va Tovg ddoovv
Spunvela oxeTikn ué avtiv tovtv v dvridpaon xai 6xt pué OV TPOHMO
newpapatikiic dieEaywyiic mg.

— Omdpyovv nepinT@celg tod ol vietepuviatikds Oewpieg dév unopodv va
goapuocfodv kai dvtipuetonifovior dmokAsioTikd xoi MOVOo pE OTOYUOTIKT
uebodohroyia?’.

- — ol otoxootikég xai of vietepuviaTikég Bempies elvan «ouppifactés xatd
1OV nuéco» 1600 MEPIOCOTEPO SG0 pikpoTEPT Elvon 1) TEEN Thig dvTidphoeng kai
8o peyarvtepog elvar 6 dpBuog v popiov 10 Avidpdviog SLGTANATOG.

— ol otoyxootikic Oewpieg «mepiEyovvr, katd kdnolov Tpomo, cdv eldikég
TEPITTMOOELG TOVG TG VIETEPUIVICTIKEG. 4

— M otoxaotki ueBodoroyia Yy 1 Xnuik Kivnukq elvar, 8t 1
otatioTikn pebodoloyia yd ) @eppodvvapikt. '

Mié otoyaotiky fewpic nid p otoyaddac Gvudposic

"Ag Beoprioovue T xnuikt &vﬁﬁpasn‘ o0 Sekdystar pécw TpLd®V oTOL-
“XELOOBV. AVTIOPACENV KATA TO UNYAVICHO

k
A+B ——AB
. k2

ky

AB - A+ II
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kol OTL 1] VIETEPUIVIOTIKT-HOKPOCKOTIKT KIVNTIKA TG Exel B¢ é&ﬁg':

d [AB] '
d [11] ‘
—— =k [AB]
 dIA]

Aoeév_rog ot
[Ao] = [A] + [AB]
kai [Bo] = [B,] + [AB] + [II]

omov A, kai By of dpyikég (t = O) ovykgvipdosg T@v A kai B dvrictoiyng,
dv dexfodpe otaown kotdotacn d¢ mpog AB, SnAadh

d [AB]
—a =0
TOTE
k; ([Ao] — [ABI) \B] = (k; +k;) [ABI

Kol KOTG GULVETELD

o dim ki [A] [B]
dt .k, +k,

k,

+ [B]

Od &M ElpfiCOVIE UId OTOYOGTIKT-MOKPOCOKOTIKT, onovdT| Tiig KivnTikiig
avtiic Tiig dvridpdoeng.

I' ab10 10 oxond &g dmobécovpe 811, v dwBérovue dnd Eva popio and
1@ A, B xai AB, to1e: ) )

— f| mBavémTa oyMpaniopot &vog popiov AB otd ypovikd didotnua (t,
t + At) elvar A, At + O (At).

— 1 mlavétnta drocvvBécewg To0 AB katd T otoyei®dn dvtidpoon
AB — A + B 016 (t+ At) elvar A, At + O (At).

— f| mBavotnta Swaondoewg Tod AB katd T oTowEi®dn dvridpaon
AB — A +1I 016 (t + At) lvor A, At + O (At).

— 1| mBavotnta tob va pfv copPsl kopia dnd 'tik; TAPATAVE GTOLYELDIELG
avudpaoceg 616 (t + At) elvar 1 —A, At —(@; +1Ay) At + O (AD.
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— 7 mBavotnta tod va couPobv TEPIGGOTEPEG A0 WId GTO TiG MOPATAVED
otoElddelg GvTidpacels 616 (t + At) elvar O (At). '

— elvat A, > A<, '

— 1} 6An Gvtidpaocn yivetar Onod otabepov Syko xai otabepn Oepuoxpaocia.

“Av tOpa n,, xoi Ny glvar of dappot Tdv popiov 100 A kai tob B
dvnotoixcog npiv tiv Evapln. tiig dvridpdcewg kai n; (t) :=n;, n;(t): =n,,
n; (t) : = n; xoi n; (t) : = n; elvar o &pBuoi v popiov 100 A, 100 B, 100 AB
kai 100 II xatd T Oedouévn ypoviki otyun t Gno v Evapin tiig
avtidpaoswg, t0te mpopavig Bd loydovv ol oyfoelg

n,,=n; () + n; (t) ‘ 6))
Mo =13 (1) + 13 (t) + 1} (¥ | 9

Aoy t@v (1) xoi (2), dpxel va éetdoovpe pévo tig toxaisg petafintég
n, (t), n; () §i onowodfinote dAAo Ledyog mAiv tdv (n,, n,) Kol (n, n,). "Av
g¢mAéEovpe 10 Lebyog (n,, nj), T61€ of perafdoelg ué pf undevikés mbavotneg
0a elvau:
Merafaon Zroueiddng Hbavotnto
t t+At  Gvtidpaon '

(,+1,n,—1) (p n;) A+B—AB A (n,+ 1)(n,0—n, + 1) At + O (At)
(m,—1,n;+1) (npny) AB—A+B  A,(n, + )At + O (A1)
(n,,n; + 1) (npny) AB—A+I1  A;(n; + 1) At + O (At)
(n,, n,) (n27 n;)  xapd 1—2A n,(n,p—0) At — (A, + Ay)
: : n; At + OA(t)

"Av p(n, n,-t) var 1§ mbavétta Gote t xpo'vucég LOVAOEG UETA THV
Evaptn tiig Gvtidpacewg va Omapxovv. n, kai n, popia t@dv B xai AB
avtiotoiywe, 1oTE ‘

py,n; - t+At)=p@,n; + 1-)A; (n; + DAt +p(m,— 1,n, + 1 <) A,
M+ DAt+p(m, + L,ny—1-)A, (n,p—n, + DAt +
+ Py ny - 1) [ 1= A n, (g — ny) At — (&, + A5) n; At]
onoTe ’ C .

% pyn; - )=2A (@ + DYp@pn; + 1-t) + A, (3 + ) p(n,— 1,0, +
+1-+A @+ Dl@ypy—n;+ Dpy+ 1,n;—1-t)—
— A, (g —ny)p (g 0y - t) —

— (O +A)10,p (@1, - 1) 3)
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"Opitovpe T YevviTplo. cuvaptnon

(P(stsa t)—z‘ 3 p(nz,n3 t)SzzS3,

n,*On,—O » -
wilsi<t, i=12 @

"Av moAhamhootdcovpe T Slapdpo-drapopuciy dEicwon (3) &ni s s kal
a@poicovue yd ¢ n; koai ny 06 Eyovue g '

29 o 20
3t {7‘3 +hy 8, =y + 1) 53} o5, + A0y (s;—8)) s,
2t ; ' L
A _
Fhs (s 285,08, ' (5)

o va Abocooue thAv (5), &g Omobéoovue &1t ny>n, Katt 1oV
511((1107\.0‘}’811(11 todAaylotov otiv dpyn tiig Swelayoyi tiig avtidpaoeng xai
7oV oThHv mpoypatikétTe oy Ya kGbe t &v A, A, > A, kai A, < }»3, &mov
adti 1 tehevtaio oyxéon Gnodidel 10 6T f| dvtidpaon A + I1— AB umopeEl va
dyvoeitan Gxoun kol o& peydAovg ypovove.

“Ezo, 6a Exobua

Ny — Ny =My (6)
omote 1 (3) divel
d " ,
Tp(nz’na )= A+ Dpyny+ 1)+ A, (n;+ Dp(n,— 1,03 +
+1-t)+ A, n,m+Dph,+1,n;—1-)—A

Ny, P (n;ny - t)— R, + Ay) n;p (nyn, - t) Q)

Kol KOTG CLVETELL

00 ) : o9 00
— .:{x3+xzsz—(xz+xa)s3})a% +x1nw(s3—s2)75—2- (®)
To ‘qv\'/oﬁa\”)ov cbotnue tiig (8) elvai
ds ’ ds d
dt — 2 _ 3 _ P | ©)

A ng(s,—s;) Ry +A)s;— Ay 8, — Ay s, 0
"And 6 (9) &yovpe 6T

¢ =cyp émov ¢, wd otabepa, - (10)
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Kol

ds
th =A; Ny (s, — s3,)

ds, ‘ '
a =(}‘-z + }‘-3)53*}"2 SZ_}"S

700 umopel vi yYpapel &g

S =AS + - (11)
émov
: T ds —.C .
: S2 : dtz - [ Ainy  —Ayny,
S= , A A= | Kai
ds, )
S; . & — A, A+ A,

Ia vd Xﬁoouua v (11), 66 Aboovue mpdta ThHv Opoyevi] Sw@opiki
éEicwon

S =AS ) . 12)

IIpog tovrto, 1 xapmc‘cﬁptotucﬁ é€icoon v tov mivaka A pdc Sivel

1 |
u='-T{(?»lnm+kz+7~s)i\/ [y gg + 2 + A — 40, Ay gl } (13)

AMAG, Ay > Ay <A, O6mOTE A, — Ay >0
kai A >0 pé todAdjyotov Eva A >0,i=1,2,3.
Zvvendg Exovue

Qo+ Ay + AP —dh Ao =Mnd + A2+ A3+ 20, Ay + 24, nyg (A, —A) > O
1

xai énopéverg td W, kai p, &lvar Tpaypatikoi koi doxexpuévor petakd tovug.
"Av thpa p, koi p, &lvor 1d iSodaviouata mov dvtiotorgodv otig
idotipég u, xoi p, dvrisroixwg, toTe TPOPAVAG

p = Yy Kai p2= My
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*Apa, f| Avon tfig (12) diverar &no v

Sh=e*C (14)
6nov Sy =—[:2’h] kai C glvar Eva Sdvoopa 2 x 1 pé cvviotdoeg tig adbaipeteg

otabepéc c, kai c,.

"Av tdpa P elvar 6 mivakag -

1 1
D D
1 2 (15)
onov D, =1— i kai D,=1— kai Gv A : =P AP, to1e
1 Ny A nyg
! . ].llt 0

tA _ tPAP1_ 5 tAp-l _ € PR

L G )

Avtikabordvrag ™ (16) ot (14) Exooue

: D, et —D, et ghat _ gttt cz.
Sp= in‘_“_ an
i D, D, (" —e*t) D,e" —D, et c,
"Emeldn} 10 Sp = i glval, TPoeavdg, gu‘z ueptkny Avon tiig (11), Eneton &1
1 yevikfy Avon tng 6a diverar dmd v

. S,
Aynyg
S=Sh+Sp= = ——
‘ Hy— Ky
83
D, et _ D, et et _ Mt " c, 1
4 + (18)
| D, D, (M —eMt)  D,ett —D, et |c, 1
and Smov mpoxvnTEl dTU
Ay, it wty . wt ot '
szz—-———{(Dzel .—DleZ)c2+(e2—e')c3}+1_ (9

B~



MIA ETOXAITIKH ©EQPIA T1A THN KINHTIKH MH LTOIXEIQAQN ANTIAPALZEQN 171

Kol

. A .
s3=—u_ln%{(D, D, ("t —e'')c, + (D, e —Dle“’t)c3} +1 (20
1~ M2

*Ano tig (19) xai (20) edpioxovpe Ot

o — Uy — Uy
? 7‘(1:“10 (D,—D,)? . _
[ (D,e ™t —D,e ) (5,— D— (e —e Pt )(s;— 1] (21)
Kol

¢, = RSET;%W[(DZ et D, e~Hit) (s, — 1)— D,D, (e ~*2t — e~ M)
;- D] | 22)
"AkMd, éﬁ'stﬁf] ano v (10) Exovpe ¢ = c,, 1) mApng Aoon i (8)
divetot dno'tiv »
9 (sp 83 1) = y(Cy C3)| y adbaipern cvvaptnon 6V c,kaic;, mod
{xavono{si MV (53,85 - 0) =_s'2‘2°, o

— Ui — Wy D er'“lt__D e‘uzt)(s — 1)__(e_‘p~1t_.e_p~2t)(s — l) ) )
W{ Ayny (D, — D)) [( ’ l ’ ' ? ]

T n“‘(]; f 5 )»2[(1)2 e M'—D, e M) (s, — 1)—D,D, (e "' —e7Ht)
1 %10 V2 T M) .

¢,— D] } : @3)
*Ho (55, * t)ikavonolel 1Ay ¢ (s,, 8, * 0) =53
S — -1 (u—u) (s— D]
» dlo— I-(Hl M) (5, , W 2) \83 (24)
. omore =Y !_7"1 n,,(D,—D)) Ayny (D, —Dy) ’
Ottovpe ‘ ’
.._(U1“l-lz)(si_ 1) .
A hieD,-D) =23 | | @)

. omote »
Aynyzi(D,~Dy
My — My

Kai ano v (24) Exovue

si=1+.

, Ainpz, (D, —D))ny,
V(Zaz)= {1+ [T }
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fHote teMk®S i yevvAtplo mbavotitmv elvor
9 (52285 )= (C5,Cy)

={ | +7_ML:‘)£DTD) }“20

_l'l + Ain,(D,—D,) ) {(D2 e Mt
=1 L= A n,(D,—D,?

= Dye = D H—e ) sy D

(D, e Mt—D, eHt) (s, — 1) — (e Mt —e M) (s, — 1) nyy
= {1 + D,—D, }

={1-0®-BO+a®s, + pO)s,} "™ 26

6nov N

_ MNy W -, —pt
o) = My — U [(l A, ¢ “t (l A nlO) ¢ ] (,27)
Koi

. B = Mﬁ)— (et —et) ~ (28)
, Wy — Uy )

"Etol, dei€ope 10 EEfic:

Osopnua

I'a ) Gewpia pog, ué [n2 (t), n, (t)} oav Tuyaio devoouatikn uawﬁ?&ntn,
onov n, (t) xal n, (t) 6 apOudc tdv popinv, Ond ctabepov yko, TV B wai
AB dvtiotoiyws kot 1) gpovikt oTiyut t anod tic dvapEens tfig avtidpaoemc
xoi tv napadoyn Ot njy—n; (t) ~ n,, o€ kGfe ypovikn otiyun t, &v pé p (n,
n, - t) ovuPoricovue v mbavoTtNTa OB VA OMApYOLV KOTA TRV t oTIYMA N,
popue tod B koi n, pope 100 AB §0Béviog 61t yid t =0 Onfipyav n;e, Ny, O
kai:0 uépa wdv A, B, AB kai IT dvuiotoiywg xai dv 6picovue tiv yevviTplo
GLVapTINOoN ‘ ,

Mo Ny

0(sp sy ) =) \ p(nz,n3 t) 52 &%

nj—

TOTE Elval

96y =[a®s, +BOs;+1—a®)—BE)] ™
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6mov 1a a (t) xal B (t) divovrar and tig (27) kel (28) dvrictoiywg xal ¢ p, kol
u, elvar ol mpayuotikdg xai Swakexpiupéveg pieg Tiig

pWr—p @A n,+A+2A)+A Ang,=0

‘Ao 10 Bedpnud pag adto Exovue

P (i1 0 = feo} {po}

n, !ny ! (ny—n,—ny)! ,
{1-e@®-p @)™ (29)
Movtéda tiig Ocwpiag v

‘H onuovikdtepn katnyopioc poviéAwv 1fic mponyovuévng OBewpiag
TPoEpYETAL GmMO TNV KwnTikn 11 kAdoewg E&kelvov T@V  EViLUIKGY
avtdpdoenv, nod ywpodv dd tod unyavicuod :

E+S \E,—l* ES E{ E+P
%

katd tov 6molo Evo Evlopo E dvudpd ué Eva dmootpoua S xai divel kanoro
ovunioko ES, nod dwondtar npdg 10 npoidv P kai dmov k,, k, kai k, elvar of
dvtictoigeg vrietepuiviotikég eldikég taxdtnteg Gvtidpdcswg. ‘H wivnrikh
adtfig 1fig xAdoemg &vioukdv avtidpdoemv elvor yvoot &g KvnTikh @V
Michaelis-Menten?3, &reidi npdror adtoi, 10 1913, tiv dvriuctodnicoy Katd
TpOT0 SLOTUATIKD, Ev@ oYeTIKEG amdyeg slxav Satonwlel fidn dnd todg A.
Brown? 10 1902 xai V. Henri® 0 1903.

Koazda 1 VTETEPULVIGTIKT-LOK POCKOTLKT] Gabypia t®v Michaelis-Menten,
1oV otnpiletar otiiv mapadoyn drokatoctdcewg lcopponiag petofd tod ES
kol v E kai S, /| dpyikn toxdtnro u, adtdv t1dv avudpaosmv diverar anod

T0v 1010 -
_ Umax [Sol
Y K
. kl + [So]

BTOV Umgy T peyiomn Twn Tfig ToxOTNTAG, IMAAST Umax =K, [Eol kai [Sol,
[Eol ol dpyikég ovykeviphoeg tdv S kxoi E dvuictoiywg. *Apyotepa, 10 1925,
ol Briggs xai Haldane’! xpitikdpioav Tiv mdpadoy? t@v Michaelis-Menten
nepl OnapEeng ioopporniag petad tod cvuniokov Eviupov-OnocTPOUOTOC Kai
T®dv Gvtidphvrov, eofyayav v napadoyl oTOGIHOL KOTOGTAGENG GG TPOC
70 ES, dnladm
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d [ES]
dt

~

xoi Gnédeiav 611 mapadoyd tcoppomiag xati Michaelis-Menten ¢otepeito
obdowaotikiic onpaciac. Ol Briggs-Haldane, ompiouevol otiiv mapadoyi
GTUOIHOY Katac‘rdcsmg (f 6moia elvar yevikd Eyxvpn mARV TG apywxfic
nspié&ou tfi¢ avudpdoewg, mplv drnokatactabel | otdown katdotaon, kabdg
kai pog 10 1éA0g Tfig dvridpdoews, dtav mAfov éév ioxver 6T (Sl > [El),
dﬁé&m&av 816, peBodoroyiag VIETEPUIVIGTIKTG-HAKPOSKOTIKTG TH YEVIKOTEPN
tEiocwon

Umax [S]
U= k _+ k
2° 3

) 6moio. DmepkalOnTEL, GGV pepiki Tepintwon TG, THY &vtictoyn ficwon
t®dv Michaelis-Menten.

And 1l otOXACTIKEG-paKpocKOmiKEG Bewpieg THG KvnTikfc TAV
Evlopik®dv avtidpacenv 100 THTOL BV DMOGTpOUA-EV npo’t‘éV», 1 Bewpia
tdv C. Heyde xai E. Hey‘de32 Gventoxdn xatd Saopetikd Tpdmo G& dvagopd
npog Tig Tuyaies petaPAntés n, (t), n, (t) xai pé xpfion 1fi Mpoceyyicews

Ny — Ny — 0, (t) —ny 20y, : (30)

68nynoe ot dapdpewon tilg Swpopikiic EEicdoeng

0 OH awH

ot

_[——(7\.2+7» Vul—QA ny—A, —A)u+ Ay “zo]

—nm[xﬁxg-u(xﬁxg)v] ou (31)

Smov @y elvar 1 yevvitpwo cuvap‘rncm mOavorn‘rwv Y& 10 Lebyog (n,, ny),
onAadn

N Ny

¢H (U, v t)'— Z Z p(npn4 t)ulvn"

n, =0 n,,—

Av gmMoeag tfic (31) of C. Heyde-E. Heyde #apav
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PH=0H W,V )=
—A nytla (V) + B (V) ]} + A {0. ") +B W) e—llnzot (@) +B (V))} e
B [ a(v)+ B I
. efliot Anpa(v)—2,—1;] »

émov
2R, +A)v -
a(v)= > 77
Ainyy—2—2As + [ €Ay 0y — Ay — A3 + 4R, 0y (A, + A, v ]
Kol
, 2R, + A, V)
B(v)= U B

— Mg+ A+ A+ [ Ay ng— A — A + 4h 0y (A; + A, v)] 12
’Enioné, 116 v mepddplo Katavduf] 100 n, &\ofav

o S L PR ST
A n20+7t + A,

n, (t) Bi [ Ny

Ta dnorshsouaw ‘mg ctoxaotucng Gamptag, OV dvantuxenxa TAPATAVO,
CLUPWOVODV ug élcawa tfic Oewpiag tdv C. Heyde-E. Heyde. Hpayuan, Y Tig
TuEG 100 t mov il napadoy (30) t@v C. Heyde-E. Heyde copwvel pé thv
napa&oxn (6), | &nodetn tfic cvuewviag t@v dvo Bewpdv Exer d¢ EEfc:

Kota ) otoxootkn Oewpio mod avamtoyfnke Exovpe

n, ()~ Bi (00, B (1))
“Av |

{on, @}u := Er ™)

{on, @} £ : = Ex (™)

6mov ol deikteg H kai X dvagépovtar Gviiotoiywg 6todg TOMOVG TG eacopl.ag
C. Heyde-E. Heyde xai tfi¢ Ga(optag OV dvamuxenxa naponive, ToTe

[1 _e'—(7\.1n20+7\7+7\.3)t 1

{(pnl (0)}H - {kl o M nio + ‘A.z + xg +

Chg Ayt Ayny e Gttt
+[ , -] e }
, Aynyy + A, + Ay LA

(32)
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Ay n t2 .
[le o - ;t: 75 { A0y + Ay + At + (A nyy + Ay + Ag)Po- } +e°

%Mo

. ' 2
+ {7»2 + A+ Ayngg— A nyg (A g + Ay + At + Ay (A nyy + A, + 7»3)2——2t— +

1 "1 Mo
* 7" Ny + 7\. + 7\, Y
ei%io [1 + A0yt €°—1)+ Ayngy (A ny + A, + }"3)_t_ €°—1)+.. ]
e[ hmany €] 4 0(®) ey
Kai ’

{ On, (0?}2 = {(pnw““l (0')}2 ) .
_ inyo {‘Pﬂ;(_ o)}s ' o

a ot uty gt wgy e
__{ By — My — Ay g (7M1 — 7T + Ay (e —eM e }nzo

Hi— My o My My
omote
o {om (o)} e { gn, (- 0)} £ .o
—elon [ My — 7"1‘1110 (GRS Tt '+ Angp (CROE R ] Ny
}1 uz ‘ . p’l —H ‘
. . . +u . n
=elcn‘°[1+7»1n10t(e_1°~1)+ a 2 Alnlotz(l_elc)"“"‘] B
= Mo [1 + Ay Nyt (e—io -1)+0 (tz)] 6.6.3.

Abstract
A stochastic theory for the kinetics of certain non elementary Feactions

Stochastlc theories of chemical klnech are those whose Mathemancal
background ‘is based on stochastic processes.

Compared with the deterministic theories of chemical kinetics, they have
the advantage that they express more directly the statistical character “of the
‘chemical reactions and that they mclude as partlcular cases the corresponding
deterministic théories.

Their only «dlsadvantage» is that, as. they have not yet been studied
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systematically, they do not cover, at the present stage of their development, a
great number of realistic chemically reactive systems.

As examples indicative of the application of the stochastic methodology to

chemical kinetics, two stochastic theries are developed, one for elementary

Teactions and another for non elementary ones. Some of their models are dis-

cussed and the conclusions are compared with the corresponding ones of the
bibliography.
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PARAMAGNETIC CENTERS IN X-RAY IRRADIATED Ni,
Zn(NH,), (SO,), : 6H,0 SINGLE CRYSTALS

P. ONOUFRIOU and C. BATAS
University of loannina, B. Physics Laboratory, loannina, Greece

Summary

Analysis of the E.S.R. spectra of X-ray irradiated single crystals of Zn(NH,),
(SO,), - 6H,0 doped with Ni shows that three types of paramagnetic centers are for-
med. They are related to the Zn-O directions in the unit cell. Their hyperfine splitting
tensors A and their electronic splitting tensors g are found to have axial symmetry.

Key words: Electron Spin Resonance spectroscopy, irradiation defects, hyperfine splitting
factors, electronic splitting factors.

Introduction

It is known that ionazing radiation produces stable paramagneﬁc centers in a num-
ber of inorganic and organic solids. It has been shown in previous papers? that Zn
- (NH,), (SO,), - 6H,0 upon irradiation at room temperature produces long-lived
paramagnetlc defects This paper presents an analysis of the six paramagnetic defects
produced in Ni doped Zn(NH,), (SO,), - 6H,0 single crystals.

Experimental

Ni doped single crystals were grown from aqueous solutions® of ZnSO, - 7H,0,
(NH,),SO, and NiSO, - 6H,0. The saturated aqueous solution which had originally a
temperature of 40°C was cooled gradually to the room temperature at the rate of
0.5°C degrees/hour. The crystals were irradiated for 4 hours at room temperature with
a copper target X-ray tube operating at 40 KV and 14mA. Crystals were Scm away
from the window of the tube.

The relative concentration of the Zn to Ni atoms in the doped crystals was about

13:1 and it was evaluated by fluorescence analysis.
~ Tutton salt Zn(NH,), (SO,), - 6H,0 is monoclinic containig four nitrogen atoms
and four sulfur atoms in the unit cell**. Every Zn atom is surrounded by six aqueous
molecules. Cell dimensions are a,=9.223A, b,=12.500 A, c,= 6.237 A and the angle
= 106°52". The space group is C3; (P, 1/0)-

Crystal axes were identified by means of a precession camera photographs and
were aligned for E.S.R. observations with an optical goniometer.

The E.S.R. spectra were taken with an X band spectrometer in a TE,,, cylintrical
cavity and 100 KHz modulation.

Results

A typlcal E.S.R. spéctrum of the 1rrad1ated crystal of Ni, Zn(NH4)2 (80,), - 6H,0 is
presented in FIG. 1. It consists of two sets of lines labeled P and Q. The two sets may
be distinguished by the fact that at room temperature the P set decreases in intensity
after irradiation with a half life of 2 days while the Q set was still there after 9 months.
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ao0cC plane

v
l

FIG. 1: ESR spectruni of irradiated Ni, Zn (NH,), (SO,), - 6H,0 single crystal. The first
derivative of the spectrum is shown. The magnetic field was on the aoc plane at an angle O=30°
from the a axis. The spectrum was taken 5 hours after zrradzatwn

Within P set there are three subsets D,B,C of two lines each. Rotation of the
magnetic field produces a variation of the center of gravity, a variation of the line
spacing and a change in the relative intensities of the D,B,C subsets.

FIG. 2a and FIG. 2b show the angular varlatlon of the g factor and the hyperﬁne
sphttlng factor A respectively for subset D. : =

[
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FIG. 2a: Angular variation of the electronic splitting factor g of the subset lines D when the
magnetic field lies on the aoc plane.

FIG. 2b: Angular variation of the hyperfine splitting factor 4 of the subset lines D when the
magnetic field lies on the aoc plane.

E.S.R. spectra'were taken from the plane of the axes a,c,FIG. 3, while a axis was
pointed to zero magnetic field angle of the rotating base and b axis was vertical.

Y

-

FIG. 3: Relative directions of the crystal axes a,b,c and !ke/ Jour planes aoc, bod, bof, bok from

which E.S.R. spectra were taken. 00,, 00,, 00,, 00,, 00,, 00, are the calculated directions of the
Zn-0 axes in the crystal cell. ) E
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From FIG. 2a and 2b we can see that g and A factors have their minimum and
maximum values respectively at an angle ®= +75.5°. This angle corresponds to the
direction od, FIG. 3, on the plane aoc. '

From FIG. 4a, 4b we can see that at an angle ®= —55° g and A factors of subset
B have extreme values. This angle defines the direction of on the plane aoc, FIG. 3.

450§aaxis AAXIS
o EXPERIMENTAL
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400

350,
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200 40

SPLITTING INGAUSS
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100 " 30 . o e .
-90° [0 90° @ -90° * +90°
ANGLE * 5o ANgl.E 90 @

FIG. 4a: Angular variation of the electronic splitting factor g of the subset lines B when the
magnetic field lies on the aoc plane.

FIG 4b: Angular vanatmn of the hyperfine spltttmg factor A of the subset Imes B when the
magne!zc field lies on the aoc plane.
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FIG. 5a: Angular variation of the electronic splitting factor g of the subset lines C when the
magnetic field lies on the aoc plane,

FIG. 5b: Angular variation of the electronic splitting factorA of the subset lines C when the magnetic
field lies on the aoc plane.
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The angular variation of g and A factors for subset C can be seen in FIG. 5a, 5b.
Angle ®= +13° defines the direction ok on.the ‘plane aoc, FIG. 3.

Then E.S.R. spectra were taken from the planes bod, bof and bok FIG. 3, while b
axis was horizontal and was pointing to zero magnetic field angle of the rotating base.
Each of the subsets D,B and C. was analysed into two new groups D!Dj, D3D? FIG.
6, B{Bj, B?B FIG. 7, C{C}, CIiC? FIG. 8.

baf plane
]

=-70°

2655¢g bod piane
. © =-80°

o ot o, D,

FIG. 6: E.S.R. spectrum (P set) from irradiated Ni, Zn (NH,), (S0,),- 6H,0 single crystal. The
magnetic field was on the bod plane at an angle @= —60° from the b axis. The spectrum was
taken Shr after irradiation.

FIG. 7: E.S.R. spectrum (P set) from irradiated Ni, Zn(NH,), ‘(SO,,)Z'/ - 6H,0 single crystal. The
magnetic field was on the bof plane at an angle O= —70° from the b axis. The spectrum was
taken Shr after irradiation. The first derivative of the spectrum is shown.

bok plane
0=40°

U

FIG. 8: E.S.R. spectrum (P set) from irradiated Ni, Zn(NH,), (80,), - 6H,O0 single crystal. The
magnetic field lies on the bok plane at an angle ©@= 40° from the b axis. The spectrum was
taken 5Shr after irradiation. The first derivative of the spectrum is shown.
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The angular variation of the electronic splitting factors g and the hyperfine splitting
factors A for the new lines are given in FIG. 6a, 6b, FIG. 7a, 7b and FIG. 8a, 8b.
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FIG. 6a: Angular variation of the electronic splitting factors g of the two group lines D!, D?
when the magnetic field lies on the bod plane..

FIG. 6b: Angular variation of the hyperfine splitting factors A of the group lines D', D? when
the magnetic field lies on the bod plane.
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FIG. 7a: Angular variation of the electronic splitting factors g of the two group lines B, B’
when the magnetic field lies on the bof plane.

FIG. 7b: "Angular variation of the hyperfine splzttmg factors Aof the group lines B!, B? when
the magnetlc field lies on the bof plane.
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FIG. 8a: Angular variation of the electronic splitting factors g of the group lines C!, C? when
the magnetic field lies on the bok plane.

FIG. 8b: Angular variation of the hyperfine splitting factors A of the group Imes CL, C? when
the magnetic field lies on the bok plane.

Analysis

Each of the groups of the E.S.R. spectra in the FIG. 6 7, 8 is composed of two
lines with relative intensity 1:1. This spectrum will arise if the unpaired electron in‘the
defect interacts with one nucleus of spin 1/,. We are therefore led to assign the spec-
trum to the H* which can be produced by irradiation in the crystal cell.

From the crystal structure’s analysis it is known that every Zn atom is surrounded
by 6 aqueous molecules. We have defined the possible directions of the Zn-O axes in
the basecentered unit cell which correspond to the 6 directions oo, 005, 005, 00,, 00,
oo, in FIG. 3.

The diagonal values of the gp: and gp. tensors show axial symmetry at angles ©=
~49° and ©= 49.5° on the bod plane. These directions are very close to directions oo,,
oo, of FIG. 3, within an error of +3°.

gs: and gg: tensors show axial symmetry-at angles ®= —50° and G)~ 51° on the
bof plane, while gci, gc: tensors show axial symmetry at angles ®= —68° and @=
66.5° on bok plane. The above given directions are very close to directions 00, 00g
and oo, 0o, respectively within an error of +3°.

It is also characteristic that Ap:, Ap: tensors of the hyperfine splitting show axial
symmetry on the same directions as gp: and gp: tensors within an error of +5°, Table
L

From the number of the created paramagnetic centers, the number of lines and
their relative intensity in each spectrum, and the relation of the axial symmetry of the g
and A tensors to Zn-O axes in the crystal cell, we are led to the conclusion that the
paramagnetic centers are related to the hydrogen jons that can be produced by X-ray
irradiation in the 6H,0 molecules surrounding the Zn atom.
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The observed E.S.R. spectra may be derived from the spin Hamiltonian
—BSgH+S§Aka
where B is the Bohr magneton, H the magnetic induction, S and I the electronic and
nuclear spin operators (subscript K indicates nucleus) g the electronic spectroscopic
splitting tensor, A the hyperfine tensor. The nuclear Zeeman term does not affect the
resonance spectrum under the conditions of these experiments.
g and A are diagonalized tensors.
In case of axial symmetry the diagonial values of g tensor can be calculed from e-
quation.
g=gh cos’@® + g? sin? @
and the dlagonal values of A tensor from equatlon
g2A2= g AL cos?@ + glA? sin’@
where © is the angle of the magnetic field. :
The diagonal values of we found for the g and A tensors are given in Table I

TABLE I: Components of the electronic splitting tensors g and the hyperfine splitting tensors A
for the six paramagnetic centers in the Ni, Zn(NH,), (SO,); - 6H,0 single crystal. The standard
deviation of all g entries is +0.0005 and the standard deviation of all A entries is +0.05 gauss.

g. tenisor ‘ A tensor

Angle g Angle g - Angle Ajp gauss Angle A, yafoo

@° e o @° ' @°
D! —41 2.4532 —49 2.0853 +48.5 33.59 —41.5 11.24
D? +40.5  2.4528 +49.5 2.0868 —49.5 33.17 +40.5 12.54
B! +40 2.4265 —50 2.0877 —53.5 47.87 +36.5 22,27
B? -39 2.4243 +51 2.0884 +56 . 48.00 —34 23.68
cr +22 2.4661 —68 2.0920 -73.5 = 3022 +16.5 13.90
C? —23.5 . 24675 +66.5 2.0962 +67 28.26 -23 13.59

The presence of Ni in the single crystal is necessary for the creation of these
paramagnetic defects. Undoped crystals after irradiation give only the Q set of lines,
FIG. 1. Doped crystals after irradiation give the Q set of lines with the same charac-
teristics of the undoped erystal and the P set of lines. The intensity of the P line set in-
creases with Ni concetration®’ in the single crystal under the same conditions of
irradiation and crystal dimensions.

MepiAnyn

Hapapayvyukd xévipa o€ povokpvotrdAdovs Ni, Zn (NH,), (SO,),-6H,0 70U
dkruvofolribnxav pé dxrives X.

‘H dvélvon t®v oacpdtov ovvtoviocpod  MAEKTpovikiiG otpagopuiic, mov
8kfobnoav Gnd upovokpuvotdrdovg Ni, Zn (NH,), (SO,),: 6H,O petd éno v
dxktivofoinon tovg pé dxriveg X, deiyver 1 dnpovpyodvem nupauuyvnmcd KEvTpa
nov Sivoov V0 Ouadeg puopatikdv ypauudv, v P kal Q, ué Srapopetikn aitia
TPOEAEVOTG. -
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‘H 6pada ypapudv P damoteheitar 4no EEn ovvolikd @aouatikéc O6uadeg ué 6vo
pacuaTikds Ypauués of kafe 6uada. Ol pacuatikég 6udadeg dva dvo slvar icodvvaueg
xal napovoiafovv avicotporia o] oTpodr) To0 uayvntikod mediov.

ITpoodiopiotnkav ol daydvieg Tiuds TV napaydviav g yid SAeg Tic Gmoouddeg
QaGMATIKAV ypauudv mov PBpickovial otiv Ouade P xadag xai of daydvieg ttuég
1@V mapayoviov Onéplentng Vofic A. Bpénke & | SievBoven 1od EEova TV
atopev Zn-O nov Ppiokoviar otiv xpuvotariiky kvyeAriba, elvar xai 7 Sievbvvon
dEovikiig ovuperpiag 100 TavuoTi g Merd T Swywvionoineh tov. AdT, O Guv-
Svacud ué 1ov dpBud v kévipwv mod napatnpodvial, T nopoet kai thv Eviacn
TV QACUETIK®Y YpauudV, 6dnyel 610 cvurépacua, ST TG mOPOUAYVNTIKG KEVIPR
cuvdéovtal ué 16 H*, mod dmuiovpyodviar 4o tfv dxtivoBoinon ué dxtiveg X, ota
uépo. tod H,O mov nepifdAlovv 1d Gtona 105 Zn.
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DYNAMIC VISCOELASTICITY AND STRESS-STRAIN PROPER-
TIES OF VULCANIZATES REINFORCED - WITH REACTIVE
AND INERT FILLERS ‘ ‘

NIKOS K. KALFOGLOU
Laboratory. of -Chemical Technology, University of Patras, Patras-Greece

Summhry

The dynamic mechanical and -near-equilibrium stress-strain behavior of
polybutadiene vulcanizates prepared using the optimum amount of curative,
was compared. These rubbers, prepared from bromine terminated liquid
polymer, were reinforced with equivalent amounts of reactive and of inert fine -
silica filler and of+normal carbon black. The products were cured with the e-
quivalent amount of an aliphatic amine to obtain tetrafunctional crosslinks.
Dynamic mechanical spectra were obtained between —110°C to 200°C and
stress-strain measurements at medium elongations were carried out at 25°C.
No significant shift of the glass transition temperature was observed. In the -
rubbery region the inert filler causes a higher increase in stiffness and damping
than the reactive silica filler. At medium elongations tensile properties indicate
the improvement achieved by using the active filler in terms of higher strength
and lower hysteresis. In general, the results indicate that rubbers loaded with
reactive silica fillers behave very similarly to carbon black relnforced
vulcanizates.

Key words: Reinforced elastomers, Liquid polymers, Surface modlﬁed fillers, Dynamlc
mechanical spectra.

Abbreviations and -terminOlbgy

phr: parts per hundred parts (by weight) of rubber.

" Br~PB~Br: bromine terminated polybutadiene

telechelic polymer: low molecular welght polymer with a functional group at
each end of the molecule

gum vulcanizate: unfilled vulcamzed rubber

curing, curative: vulcanization, vulcanization agent.

Introduction

‘'The commercial value of elastomer reinforcement has stimulated much
research activity towards the elucidation of the physical and chemical aspects
of the phenomenon!™.

More recently, the development of a class of low molecular weight liquid
telechelic polymers giving, under mild curing conditions, gum vulcanizates of
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comparable strength as traditional elastomers was reported®®. These are
bromine terminated polybutadienes and their chemistry allows the design of
model reinforced elastomers by controlling the degree of reaction of surface
modified fillers with the rubbery matrix®'°. ‘

The aim of this experimental study was to compare the mechanical
behavior of filled elastomers prepared from a bromine terminated
polybutadiene, containing the same loading of carbon black, of reactive and of
inactive silica filler, all cured with the optimum and equivalent amonts of
curative’ to obtain a network with tetrafunctional crosslinks. The testing in-
cluded dynamic mechanical tetrafunctional crosslinks. The testing included
dynamic mechanical measurements at an extended temperature range and near-
equilibrium stress-strain and mechanical hysteresis measurements. In addition
to revealing modyli and tensile reinforcement differentiation under static and
~ dynamic conditions caused by the different fillers, it was of interest to examine
changes in the relaxation spectra caused by matrix-interacting and inert fillers.

Experimental

Materials Preparation

The samples were prepared from bromine terminated polybutadiene BrCH,
-CH=CH (CH,), CH=CH-CH,Br (M, about 10000), at the Technical
“Research and Development Division, Polymer Corp., Sarnia, Canada. The
preparative techniques-were described by Fisher and Edwards®!%. The silica
filler used (Cab-O-Sil HS-5) was made inactive by surface esterification with n-
butanol. Reactive silica filler was prepared by reaction with an aminosilane (U-
nion Carbide A-1100) followed by methylation. Curing of the liquid polymer
was carried out using methylated triethylene-tetramine (MTETA). Before the
cure, the semiliquid filled or unfilled polymer was preformed under pressure
within a metal frame bounded by Teflon sheets. The whole assembly was then
allowed to cure-without pressure, at 60°C for 48 hrs. The following reactions
describe the methods used to prepare the inert and reactive fillers and the at-
tachment of the latter to the rubbery matrix.

Preparation of inert silica filler

Esterif :
Si} OH —> Si) OBu
filler BuOH

Preparation of reactive filler
Siy- OH_Silane
1
(EtO), Si(CH,),-NH, sl) O— 1——(CH2)3 NH, —
OEt

£H,

Methylatlon Sl>’£S] (CH2)3——N
H3
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Polymer chain extension
, CH, CH,
Br~PB~Br + >N—R-N/ —_
CH,(MTETA)>CH,

CH,
— Br~PB~Br® °N—R—N GjBr~PB~Br
CH CH

H,
where, R = —CH ,+CH,— —CH2~)~2CH2

Crosslinking of the polymer is accomplished through similar quaternization
reactions by the non-terminal tertiary amine groups of MTETA.

Filler attachment

OFEt CH,
.sl}0~§1—(CH93~N + Br~PB~Br —
OEt CH,
OEt  CH,
- sl} —Si—(CH,),~N* ~Br~PB~Br
Et CH,

Sample designation and description is given in Table I.

TABLE 1: Sample Description and Designation.

Sample Method of Preparation

S1 Liquid polymer cured with the optimum amount. (2,6 phr) of MTETA required to
give a network with tetrafunctional crosslinks.

S2  The same polymer containing 30 phr of esterified inert filler crosslinked with 2,6 phr
MTETA. -

S3  The same polymer containing 30 phr of reactive filler crosslinked with 1,6 phr
MTETA. Less amount of curative was used to take into account the activity of filler
which was equivalent to 1,0 phr of MTETA.

S4  The same polymer reinforced with 26 phr carbon black (Neotex 130) which is e-
quivalent to the same volume fraction as.the silica and cured with 2,6 phr of
MTETA. '

Measurements

Dynamic mechanical testing was carried out between —110°C to 200°C at
110 Hz using the Rheovibron Viscoelastometer Model DDV-IIC of Toyo
Baldwin Co., Ltd., Tokyo, Japan. A slow stream of precooled nitrogen preven-
ted moisture from condensing on the sample. In calculating the quantity _E*|
the small deformation of the instrument clamps was taken into account.
Typical specimens dimensions were 3,0 cm x 0,3cm x 0,06cm.
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"Near-equilibrium stress-strain properties were studied at 25°C by the in-
cremental addition of weights at constant rate (50 g/5 min) at the lower film
strip, suspended in a thermostated glass chamber. The extension was obtained
by measuring the distance between two fiduciary lines on the film with a travel-
ing microscope to an accuracy of 0,2 mm. Typical specimens dimensions were
2,50cm x 0,50cm x 0,06cm. : ’ :

Results and Discussion

Dynamic Mechanical Properties

In Figures 1 and 2 the thermomechanical spectra of the elastomers studied
are reported. A duplicate run on S2 has been included to indicate the degree of
reproducibility attained. No significant shift of the low temperature relaxation
E” (at —73°C) was observed among the various specimens. This has been ex-
plained!! as due to the small amount of the rubbery matrix which is influenced
by the filler at these loadings, even though our silica filler has a higher specific
area (325 m?/g) from that used in previous work!!2, In Figure 1 the loss
modulus variation indicates an increase of internal friction in the order
S1<S4<83<S2. This is attributed to-the varying degree of attachment of the
filler to the elastomer matrix decreasing in the above order. A similar trend is
indicated from the temperature dependence of the loss tangent not reported
here. At room temperature damping values increase in the order
S1<S3<S4<S2. At these small deformations this may indicate? some secon-
dary filler aggregation which is highest for the non reactive and lowest for the
reactive filler. As Dannenberg notes*, chemical interaction may improve disper-
sion of particulates within the matrix. The same mechanism is also operative
for the carbon filled elastomer due to a chemisorptive interaction possiple for a
normal carbon black. :

( In Figure 2 the temperature dependence of the ‘storage modulus indicates
* the differing: stiffness caused by the fillers used. Highest stiffness is shown by
the elastomer filled with the inert filler. In the same Figure the modulus value
calculated using various mechanics models proposed®, is also included. No
satisfactory agreement was obtained. The closest value to the experimentally
determined modulus E was obtained using the Guth-Gold expression.
- E=Eo (1+2,5¢ + 14,1c?)

where, E, is Young’s modulus of the rubber matrix and c is thé volume frac-
tion of the filler. For this model the value E/E, predicted is 1,44 while the ex-
perimentally determined values range from 3,38 (for S2) to 1,97 (for S4). The
data can be explained by a larger effective filler concentration due to an im-.
mobilized rubbery layer covering the filler particle, along the lines suggested by
Smit’s work!, or by a layer of bound rubber interacting through en-
tanglements'S. Using the Guth-Gold equation and the experimentally deter-
mined ratio E/E,, the immobilized layer for S2 is found to be-about 19 A°
thick, for S3 14 A° and for S4 approx. one tenth of the average carbon parti-
cle diameter. These values are of the same order of magnitude reported by

kS
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FIG. 1: Temperature dependence of loss modulus E” at 110 Hz: (0), sample S2; (@), sample
S2 duplicate run; (4), sample S3; (M), sample S4; (—), sample S1.
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FIG. 2: Temperature dependence of storage modulus E" at 110 Hz: (0), sample S2; (@), sample
S2Z duplicate run; (4), sample S3; (W), sample S4; (—), sample S1; (I), calculated values from
models in Ref. 13.
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Smit'* and Medalia'é on the basis of rheological studies. It is perhaps pertinent
to mention that the layer of esterified butanol covering the silica particles in S2
has a thickness of approx. 9 A° and the layer of the coupling agent, (up to the
point where the flexible PB chain is joined), on the filler in S3, is about 10 A°
thinck. This reduces the value of the bound rubber layer thickness closer to
that reported by Slichter and his associates!’.

Figure 2 shows also a significant gain in thermal stability of the rubbery
network (S3) when it is reinforced by the reactive filler. The incorporation of
the filler in the network through its crosslinking effect retards the onset of melt
flow.

Stress-strain properties .

Figures 3 and 4 and Table II summarize tensile near-equilibrium properties
of these vulcanizates at medium elongations, (A~ 2-3). In Figure 3 the
specimens were loaded up to the same nominal weight. True stress o was
calculated assuming affine deformation. Two loading cycles were carried out
for the filled elastomers and before the second loading, the sample was allowed
to relax at room temperature for 24 hrs.

To compare more accurately reinforcement and hysteresis, specimens were
also tested up to the same elongation, (see Fig. 4).

Figures 3 and 4 demonstrate the reinforcing effect of the chemically bon-
ded filler as compared to inert filler and the carbon black. Table II indicates
that stress softening, defined as the percentage decrease of the area under the
stress-strain curve between successive loadings, increases in the series
S4<S2<S3. This seems to support the Mullins'® mechanism of reinforcement
according to which stress softening is not directly. responsible for the increase
in strength. From Table 2 it is also seen that the degree of softening increases
with the degree of stiffness as measured by the E’ values in Figure 2.

~

TABLE 1I: Comparison of Tensile Testing Data of the Elastomers Studied.

Property Samples :
S1 S2 S3 . S4
Modulus E?

at 25°C, 3,7 12,2 9,6 7,3
x 1077, (dyn/cm?) -
Tensile strength

at A=2,0, 21,0 54,0 75,0 41,0

(kg/cm?)

Stress softening — 17,9 1,7 - 6,3
%

Hysteresis® 9,5 24,7 15,0 15,7
% .

a From dynamic. mechanical testing.
b First loadirig cycle.
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10 ’ | 4

12 16 20 24

FIG. 3: True stress-strain properties at 25°C: (——), sample SI; (—.—), sample S4; (), sam-
ple S2; (—), sample S3.
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_ FIG. 4: First loading cycle at 25°C: (—.—), sample S4; (=), sample S2; (—), sample S3.
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Relative hysteresis losses from stress-strain measurements, see Table H, are
in agreement with the areas given by the tand spectra. The relative values
among the reinforced elastomers show the significant improvement achieved by
the use of the active filler providing reinforcement combined with low
hysteresis.

Conclusions

1. Bonding of silica active fillers to the rubbery matrix reduces damping
and increases the thermal stability of the polybutadiene vulcanizate.

2. The nature of the filler at up to 0.10 volume fraction loading does not
influence the glass transition temperature to any significant extent.

3. Reinforcement due to the silica active filler is of a similar nature as that
produced by carbon black and can be attributed to strain amplification.

4, Chemical attachment of the filler to the rubbery matrix gives
vulcanizates combining high strength with low hysteresis.

MepiAnyn

Avvauixn Ewdoelaotikdtyra kal 1016TNTEC TAoEWS - EPEAKLOUOD EAaaTOUEPDY
évioyouévowy ué dpaoctikd Kai dépavii péoa TAnpdoewc.

Fivetar ovykpion 7iig dvvaukils unyovikiic ovunepipoplds kol TRV
idlotRTov TaoEmng - EpeAkvopnod oé cuvBiikeg mov deictavtar Aiyo dnd thHv
icopponia, éLacTopuep®y. TOV TAPACKELAGTNKAY (PTICLULOTOLBVTOG THV dpioTn
nocotnta 7100 pué€cov Povlikaviopod. Ta élactoueps] avtd mov
TOPACKEVAGTNKAY GTO" MiKpod poplakod Papovg Ppouiouévo otd dxpa
nolvBovtadiévio, EévicyOBnkav pé loodOvaueg mocdTnteg &vepyod kol
- @dpavodg Biokediov tod mupitiov kai aifdAng Povikavicuod. Ta mpoidvra
BovAkavicBnkav pé looddvaueg mosotnteg dAewpatixiic duivng dote va
npokbyouv otavpoctdels OSiaovvdioelg. O duvaukéc unyovikés idotnreg
npocdiopiotnkay uetafd —110°C xai 200°C xoi ol 16t0tn1e¢ thoewg -
épelxoopod otodg 25°C. Adév mapetnpifn ovouddng petatdémion ot Oep-
nokpaocia petopaceng vdAov Ty Erilv mepoyf EAactouepods coumeprpoplc
10 Gdpavig uéco mAnphoewg avEdver 1O uétpo EAaOTIKOTNTOG KAl TRV
_ Grnoppoonomn évepyeiag meptocotepo dn’ St 10 dvtiotoixo dvtidpdv Srokeido
100 moptriov. Xé pétpieg émpunkoveelg of dotnrteg épehkvouod deixyvovv 611
gmroyyaveran Peltioon Tdv Ehactouspdv Adym NOENUEVNG GvToxTig Kal peww-
uévng unyevikiic OYotepficemg. Tevikd ta  dnoteléopata deiyvoov S
Ehaoctopepf] mov Exovv cav péco mAnphosng dpactikd (Tpdg THV TOALUEPT
pftpo) S10keidio tod fupitiov cvpuneppépovial napouowr Snwg kal td Evicyu-
uéva ué aibain élactouept.
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RING OPENING REACTIONS 1. THE TRIAZINONE RING OPE-
NING OF 2H-3,4-DIHYDRO-as-TRIAZINO [3,4-b] BEN-
ZOTHIAZQL-3-ONE o

MICHALIS D. KAZANIS and PANAYOTIS E. MACHERAS
Laboratory of Pharmaceuttcal Chemistry,
University of Athens, 104 Soloros Str., Athens 144, Greece.

Summary

The' triazinone ring opening of the title compound 3 in the presence of
aromatic aldehydes or ketones in hydrochloric acid or metharolic hydrochloric
acid-is. descrlbed The ir. and nmr spectra of the resulting asymmetric azines 4
are given.

Key words: 2H-3,4-Dihydro-as-triazino [3,4-b] benzothiazol-3-one, 2-(4"-subst. —phenyhdene) hy-
drazone 3- carb(ometh)oxymethylbenzothlazolmes

Introduct:on

As a part of a programme directed towards derivatives of 2-amino-ben-
zothiazole with potential pharmacological activities, we studied the triazinone
ring opening of .2H-3,4-dihydro—as-triazino [3,4-b] benzothiazol-3-orie (3). Allen
and Van Allan!, in an attempt to synthesize 3-carbethoxymethyl-
benzo'thiazpline-2—hyd~r}azone (2a), treated 3-carbethoxymethyl-2-nitrosimino-
benzothiazoline (1) with zinc in acetic acid, but the thiazinone 3 was formed
instead of the desired hydrazone-ester 2a.

Hydrogenation of the nitrosiminoester 1 using palladium-charcoal catalyst
afforded a mixture 2a and 3, which on heating in benzene or ethanol as well as
in dillute hydrochloric acid gave exclusively 3? (Scheme 1, route a).

In this paper we report that the triazinone ring of 3 can be easily opened,
affording the asymmetric azines 4, by treatment with hydrochloric' acid or
methanolic hydrochloric acid in the presence of aromatic aldehydes or ketones.

Results and Discussion

“The required 2H-3,4-dihydro-as-triazino {3,4-b] benzothiazol-3-one (3) was
synthesized according to a method described elsewhere?. by heating under
reflux 2-amino-3-carbethoxymethyl-benzothiazolium bromide® and hydrazine in
ethanol. .

‘Compound. 3 was recovered unchanged after prolonged reflux with conc.
hydrochloric acid or methanolic hydrochloric acid (see Experimental). ’
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2a:R=Et

_chrcZ o Hs CHy C\OR 2
l l ‘ l b:R=H
/kN—N—O /kN"NHz c:R;=Me

a b o .
/ CHz~ C\OR
N/\fo N~
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The triazinone ring opening of 3 was achived when refluxed with 4-subst.-
benzaldehydes or -acetophenones in conc. hydrocloric acid (Scheme 1, route
b), to give 2-(4° subst. -phenylidene) hydrazono-3-carboxymethylben-
zothiazolines (Table I, 4a-h, R,:H). When the reaction was carried out in
methanolic hydrochloric acid the corresponding methyl esters, i.e.- the 2-(4-
subst.-phenylidene) hydrazono-3-carbomethoxymethylbenzothiazolines where
obtained. (Tabie I, 4i-p, R;:CH;)

The formation of the asymmetric azines 4 may be attributed to the
postulated intermediates 2b and 2c, which in the absence of the carbonyl com-
pounds recyclize to 3.
~ The structure of the azines 4 was confirmed by elemental analysis (Table
D), ir and 'H-nmr spectroscopy* (Table -II).

All products 4 showed the characteristic vC=0 ir bands, the acid
“derivatives (R,:H) at 1710 cm™ — 1730 cm’, the esters (R;:Me) at 1735 cm!
— 1750 em™.

In the 'H-nmr spectra compounds 4 a, ¢, €, g, i, k, m, 0, (R,:H) showed a
peak at 6= 8.27 - 8.50 ppm characteristic of the —N = C (H) —Ar formyl
proton®, while compounds 4b, d, f, h, j, 1, n, p, (Ry: :CH,) showed a peak at 8=
2,38 - 2,46 ppm for the —N = C (CH;) -Ar methyl group protons. In the case
of compound 4h (R;, R,, R;: CH,) the protons of R,, R; methyl groups gave
one singlet at 6= 2.38 ppm. The peak of the ester methyl group protons of
compounds 4 i-p (R,:CH,) appeared at 8= 3.72 - 3.78 ppm, while the peak of
the ethier methyl group of compounds 4g, h, o, p (R;: OCH,) appeared at 6=
3.84 - 3.85 ppm (Table II).

Experimental -

1 Treatment of 2H-3,4-dihydro-as-triazino (3,4-b] benzothiazol-3-one (3)
with a: conc. hydrochloric acid, b: methanolic hydrechlorz'c acid. An amount of
1.02 gr (5 mmol) of 3 in 50 ml conc. hydrochloric acid was heated under
reflux for 24 hours. The resulting reaction mixture was cooled at r.t. and the
precipitate filtered to give 0.95 gr of starting material, m.p. 260-262° C (Lit.2



RING OPENING REACTIONS ’ 203

TABLE 1. Compounds of general formula 4.

R, R, R,  Yield Recryst.‘ M.p.(°C)* Molecular Calculated/Found
9% solvents formula %C  %H %N

617 42 135

a H H H 65 THF-nHex 20709 C,HiyN:OS ('o 0 133
b H CH, H 95 THF-nHex 192—98‘ c,-,ﬁ,sNgozs gi'_g ::; 3";
¢ H H NO, 9 EtOH 196-98 C,.H,,N,0,S zizg g:i ig;
d H CHy NO, 95 EtOH 166-68 C,;H,N,0,S ii; gg ii:;
e H H CH,y 95 THF-nPent. 22021 C,H,;N,0,8 2;:; ::2 g:?
f H CH, ‘CHJ 75  THF-n-Pent. 18486 C,H,;N,0,S gg:g g:g }g:g
¢ 'H H OCH, 8 THF-nPent 21011 CyH;N,0,S ggﬁ 3:‘5‘ }g;
h H CH, OCH, 70 THF-n-Pent. 170-71 C,H;;N;0,8 gg:g ::3 }}:2
i CH, H H 80 C¢H, 153-54 C;H;sN;0,8 25; :g gg
j CH, CH, H 70 CeHs—n-Pent. 10507 C,H,N,0,8 gg:g ::g i;g
k ICHa H NO, 90 THF-nPent. 216-18 C,H,N,0S gi:é ;:g i:;
1 CH, CHJ. NO, 90  THF-n-Pent. 18788 C,H,N,0,S gg; :g ' iig
m CH, H CH; 95 CgHenPent. 13638 C,H;N,O,8 gg:g :? i;zg
n CH, CH, CH, 75 CgHn-Pent. 13840 C,H;N,0,8 gig ::: };;g
o CH, H OCH, 95 'THF~Et2C“) 146-48  C,gH,,N;0;S gg:g ::g Hg
p CH, CH, OCH, 75 THF-Et,0 143-45. C,H,(N,0,8 618 52 114

618 5.2 112

260-261°C, 95% recovery). A mixture m.p. with 3 was undepressed. Lr. spec-
trum was identical with that of 3, v C=0 1665 cm'. The same behavior was
observed when -methanol was added in the reaction mixture.

II. 2-(4“-subst.-phenylidene) hydrazono-3-carbomethylbenzothiazolines.

(4, R;:H). A suspension of 3 (1.02 gr 5 mmol) and 5 mmol of the ap-
propriate benzaldeyde or acetophenone in 15 ml conc. hydrochloric acid was
refluxed for 3 hrs. After cooling to room temperature the product was filtered .
off, washed several times with water, dried over P,O, and recrystallized.

III. 2-(4subst.-phenylidene) hydrazono-3-carbomethoxymethylbenzothiazo-
lines. :
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(4, R;:Me). These derivatives were prepared in a manner similar to the
above reaction, except that 20 ml methanol were added into the reaction mix-
ture.

The physical constants, yields and solvents of recrystallisation are listed in
Table L.

TABLE IL Ir and nmr spectral data of Compounds 4.

Compound v C=0 cm™! 'H -nmr § (ppm)

4a 1715 4.94 (5, 2H, CH,), 7.25-1.92 (m, 9H, ar), 8.42 (5,1H,R,)

4b 1710 2.44 (5,3H,R)), 4.96 (s, 2H,CH,), 7.22-7.99 (m, 9H,ar.).

4c 1730 4.92 (s,2H,CH,), 7.05-8.13 (m,8H,ar.), 8.50 (s,1H,R,).

4d 1725 2.46 (s,3H.R,), 5.04 (s,2H,CH,), 6.94-8.19 (m,8H,ar.).

4e 1710 2.35 (s,3H,R,), 4.81 (s,2H,CH,), 6.99-7.65 (m,8H,ar ., 8.27 (s,1H,R,).

4f 1725 '2.36 (s,3H,R,), 2.39 (s,3H.R;), 4.90 (s,2H,CH,), 7.04-7.82 (m,8H,ar.).

4g 1710 3.84 (s,3H,R;), 4.86 (5,2H,CH,), 6.98-7.76 (m,8H,ar.), 8.32 (s,1H,R)).

4h 1710 241 (s,3H,R,), 3.85 (s,3H,R,), 4.95 (s,2H,CH,), 6.95-7.94 (m,8H,ar.).

4i 1750 3.72 (s,3H,R)), 4.99 (s,1H,CH,), 7.13-7.83 (m,9H,ar.) 8.37 (s,1H,R,).

4 1750 240 (s,3H,R,), 3.75 (s,3H,R), 5.02 (5,2H,CH,), 7.03-7.93 (m,9H,ar.).

4k 1750 3.78 (s,3H.R)), 5.09 (s,2H,CH,), 7.06-8.17 (m,8H.,ar.), 8.48 (s,1H,R,).

41 1750 2.45(s,3H,R,), 3.78 (s,3H,R ), 5.09 (s,2H,CH,), 6.95-8.20 (m,8Har.).

4m 1745 2.36(s,3H,R,), 3.74(s,3H.R), 4.99(s,2H,CH,), 7.03-8.71(m,8H,ar)
8.34(s,1H.R,). , . 4

4n 1735 2.38(s.6H.R, and R;), 3.75(s,3H.,R ), 4.91(s,2H,CH,), 7.01-7.08(m,8H ar)

40 1745 3.77(s.3H.R ), 3.85(s,3H.R;), 5.00(s,2H,CH,), 6.95-7.80(m,8H ,ar),
8.33G.1H.R,)

4p . 1745 2.38(s.3H.R,), 3.77(s,3H.R,), 3.85(s,3H.R}), 5.02(s,2H,CH,).

6.92-7.93(m.8H ar.

MepiAnyn

‘Avuidpdoerg dvoiyuarog daxtviiov 1. "Avoryua 100 tpalivikod daxtvAiov i
2H-3,4-0156po-as-tpralivo [3,4-b] Pevioberalol-3-ovig. '

"Avayoyny  tfic  3-kapBaifofvueburo-2-vitpoliwvobelalorivng (1) pé
yevddpyvpo of O0Eiko OED d&v ddnysl otiv dvrictouyn Odpaldvn 20, GAAG
otiv 2H-3,4-8156po-as-tpalivo [3,4-b] PevlobBealolr-3-6viy (3). KatoAvtikn
bdpoyovwon 100. vitpoliuvo-estépog 1 pé maAradio-GvBpake mapéxer uiyuo
tdv 20 koi 3, 10 Omolov Stav Oeppavlel of Pevioho fi aibavoln fi dpord
O3poyhwpiko 6EL didel dmoxAeloTikd thv as-tpralivovn 3% (Ixfina 1, nopeia
a). :

Bpaopdg tfig 3 o€ mokvo BOpoyhwpikd 68D i uebevolikd BSpoyxrwpikd
SED ‘&mi 24 dpeg d&v 6ONyNoE 610 dvorypa tob SaxtvAiov, GAAL otV Enav-
anoktnon tfig 3. IMapovsia Suwg dpopoatikdv GASe(dDV # xetovdv O
daxtdohog fig 3 dvoiyer (xfino 1, mopeio b) 1 va Sdoel i GoduMETPE]
aliveg 4 (IMivokag I). ‘
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‘0 oyxnuotiopds tdv dovppétpov Glivdv 4 prmopel va anodobel otd
gvdiapeca 2b koi 2¢ td O6mola, dmovsio Tiic kapPovolkiig vdoewng, Emav-
akvkAdvoov mpdg v 3.

‘H gmBePfaioon tfic Soufig t@v 4 Eywve pé tiv Pofbew ir kai 'H-nmr
oacpatoskoniag (IMivakog IT). ' :
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“CHEMlLUMlNESCE‘NCE DURING OZONATION OF POLY-
NUCLEAR HYDROCARBONS

JOHN NIKOKAVOURAS, CHRISTOS PAPADOPOULOS, ANN PERRY and GEORGE
VASSILOPOULOS .
Nuclear Research Center e«Demokritos», Aghia Paraskevi Attikis, Greece.

Abstract

The chemiluminescence accompanying the ozone-oxidation of polynuclear
hydrocarbons and derivatives is herein reported; optimum conditions for ma-
ximum  quantum efficiency are established for the series naphthalene-
anthracene-tetracene and anthracéne-anthracenaldehyde—anthracenecarboxylic
acid, resulting in chemiluminescence quantum yields of the order 10~ einstein -
mole™!. The fluorescence spectroscopy of reactants and products as well as the
spectroscopy of the attendant chemiliminescence are also reported.

"Key words: Chemiluminescence, Ozonation, Hydrocarbons.

Introduction

The present work was undertaken as a preliminary investigation of the
ozone-oxidation of polynuclear hydrocarbons in order to establish whether such
reactions result in light emission and if so, whether light emission is adequate to
be employed as a tool in the determination of trace amounts of these hydrocar-
bons as pollutants. The work was then expanded to cover a study of the che-
miluminescence of the series anthracene, 9-anthracenealdehyde, 9-
anthracenecarboxylic acid to establish whether ozone-oxidation of a functional
group on such hydrocarbons also leads to light emission.

" Although the quantum yields of most nonbiological chemiluminescent rea-
ctions are quite low-quantum yields 10~ —10? einstein - mole™! are considered:
good-modern electronics has made possible very accurate measurements of
extremely low light intensities so that chemiluminescence is rapidly becoming a
very sensitive analytical tool. Chemiluminescence is already widely employed in
the determination of ozone in the outer atmosphere, of various toxic gases in
the working environment, of ATP in biological studies, of metals such as iron

. with a sensitivity higher than that of neutron activation analysis, in clinical che-
mistry, in forensic science, etc. On the other hand ozonation of polynuclear hy-
drocarbons higher than naphthalene was expected to proceed mainly via tran-
sanular ozonides as in the case with antracene!, leading to quinones and fullfil-
ling the energetic requirements for emission of light. In this case, the absolute
‘number of photons measured can be correlated with the absolute number of



208 - J. NIKOKAVOURAS, CH. PAPADOPOULOS, A. PERRY, G. VASSILOPOULOS

reacting molecules through the quantum yield of luminescence. In addition, un-
der certain conditions, the luminescence intensity can, be correlated with the
concentration of the chemical species under study.

Results and Discussion

The chemiluminescence of the series naphthalene-anthracene-tetracene on
reaction with ozone was studied in solution as described in the following se-
ction. The solvents employed were the lower alcohols, DMF, DMSO, chloro-
form, carbon tetrachloride and mixtures of chloroform-carbon tetrachloride.
The solutions were made neutral or basic with small amounts of pyridine, pipe-
ridine, or acidic with a Lewis-acid as aluminum trichloride®?. The highest
. quantum yields were obtained in a 1:1 chloroform carbon tetrachloride mixture
both neutral and in the presence of aluminum trichloride and further study was
continued under these conditions.

The light intensity-time diagrams obtained during ozonation of the three hy-
drocarbons are shown in Fig. 1. As expected, naphthalene ozonation is associa-
ted with quite low light intensity and low light sum, apparently due to the low
fluorescence in solution of the hydrocarbon itself and that of the expected ozo-
nation product. The order of intensities is tetracene >anthracene >-naphthalene
while the order of light sums is anthracene>tetracene>naphthalene. The

300

n
Q
1%

PM output ( mv)

100

Time ( min.)

FIG. 1: Light intensity-Time diagrams of the ozonatton reactions of (a) Anthracene, (b) Tetra-
cene and (c) Naphthalene.
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quantum yields measured were 3.3 x 1075 and 1.0 x 107° einstein mole™! for
anthracene and tetracene respectively. The spectral distribution of the light
emitted during the reaction as well as the fluorescence of reactants and
products is shown in Fig. 2 for anthracene and Fig. 3 for tetracene. Compari-
son, in the case of anthracene, of the reactions’ chemiluminescence spectra with
the fluorescence spectrum of anthraquinone obtained under identical conditions
reveals no resemblance, indicating that in this solvent ozonation of anthracene
does not give rise to anthraquinone. Most likely, here, ozone’s initial attack
occurs at the 1,2-bond, the bond of lowest bond-localization energy, as is the
case with osmium tetroxide’ and then further attack is facilitated by the destr-
uction of aromaticity. '

Anthracene

300 400 500
— Wavelength (nm)

FIG. 2: F.Os Fluorescence Spectrum of the anthracene reaction mixture before ozonation; F,

60m the same after ozonation for 60 min.; F, PE the same at the end of the chemilumi-
nescence peak (Fig. 1); F, P the same at the chemiluminescence peak (excitation Amax 330 nm);
C, 30s chemiliuminescence spectrum after ozonation for 30 sec.; C 45s the same after 45 sec.; C,
10m the same after 10 min.
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Tetracene

F, per 40s

300 400 500 600
Wavelength (nm)

FIG. 3: 1, Fluorescence spectrum of the tetracene reaction mixture before ozonation; 2-6, fluo-
rescence spectra-run every 40 sec. as ozonation proceeds (spectra with dotted lines were
obtained with increased sensitivity); C, 40s chemiluminescence spectrum after ozonation
for 40 sec.; C, 5m’ the same after ozonation for 5 min. ' ’

Regarding the emitting species, one ought to keep in mind that as a rule the
reaction’s chemiluminescence spectrum is theoretically identical with the fluore-
scence spectrum- of the primary excited product as both emissions result from
de-excitation of the same molecule. Although here we have a complicated situa-
tion arising from a multi-stepped reaction, in which we were unable to isolate
and identify the product, some conclusions can be drawn, taking into account
the intensity-time diagrams (Fig. 1) and the emission spectra (Fig. 2). The first
conclusion is that we are dealing not with one, but with two light emissions,
one associated with very fast light build-up and decay resulting in a sharp peak
and then a second one associated with lower intensity and long duration. This .
is verified by the set of spectra (Fig. 2) as the reaction proceeds and can be
explained in two ways. (a) Ozonation gives rise to the species emitting in the re-
gion of 360 nm (Fig. 2, F60m) followed by energy transfer to unreacted anth-
racene and subsequent emission by the hydrocarbon; then as the concentration
of anthracene is diminished and the probability of energy transfer is reduced,
thé primary-emission (C, 10m; F60 m) is de-masked. (b) A short-lived interme-
diate is produced emitting in the region of the anthracene fluorescence, which is
rapidly transformed into a second intermediate through a non-chemiluminescent -
reaction path, the latter giving rise to the product associated with this emission



CHEMILUMINESCENCE DURING OZAMATION OF POLYNUCLEAR HYDROCARBONS 211

(C, 10m; F, 60 m). Explanation (a) is simple, elegant and well founded as ener-
gy transfer to and emission by, the reactant is a very common phenomenon in
chemiluminescence, yet we are forced to adopt explanation (b) on account of
the fluorescence-time diagram shown in Fig. 4. Indeed, here one sees a very
fast removal of anthracene, a steady build-up of the product at 360 nm and an
intermediate with fluorescence recorded at 500 nm.

Anthracene

—404(nm)

360 (nm.)

015 - 1 2. 3
Time (min)

FIG. 4: Fluorescence intensity-time diagrams at the wave-lengths indicated, as ozonation of an
anthracene solution proceeds.

Tetracene

— 450(nm.)

360(hm)—

015 1 2 3 4
Time (min)

FIG. 5: Fluorescence intensity-time diagrams at the wavelengths indicated as ozonation of a te-
tracene solution proceeds.
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Tetracene reacts in the same way as shown in Figure 1, 3 and 5 with one
exception; here the chemiluminescence maximum centered at about 430 nm
(Fig. 3; C, 5m), corresponding to the chemiluminescence of the valley (Fig. 1),
does not shift to lower wavelengths with time indicating that, in the case of te-
tracene, this emission is due to the second presumed intermediate.

Quantum yields higher by about 20% were obtained on ozonation of the
hydrocarbons in carbon tetrachloride in the presence of small amounts of al-
uminum trichloride, a Lewis acid which has been shown??* to improve in cer-
tain cases the quantum efficiency of chemiluminescent ozonations. Here, two
products were isolated from the anthracene reaction mixture, one of which was
identified as anthraquinone, while the other, which we were unable to purify
sufficiently for proper identification, was apparently the result of ozone attack
at the side rings. Apparently, in the presence of a Lewis acid whose function is
to increase the electrophilicity of ozone through formation of a Lewis acid-
ozone complex, attack is facilitated at posistions 9 and 10 which are characteri-
zed by lowest atom-localization and para-localization energy!. The chemilumi-
nescence associated with the reaction under such conditions is mainly due to
formation of electronically excited anthraquinone as shown in Fig. 6 where a
good match of the anthracene chemiluminescence spectrum and the anthraqui-
none fluorecence spectrum is easily observed.

Amnthroceme-AlClz

3
A

300 4OO
~—— Wavelength (nm.)

FIG. 6: Fluorescence and chemiluminescence spectra of anthracene in the presence of AICI

(a) fluorescence spectrum; (b) chemiluminescence spectrum; (c) anthraquinone fluore-
scence spectrum; (d) fluorescence spectrum of unidentified product. Excitation Amgx for
JSluorescence 300 nm.



CHEMILUMINESCENCE DURING OZAMATION OF POLYNUCLEAR HYDROCARBONS 213

It was interesting to compare at this point the chemiluminescence of this
reaction with that of the ozone oxidation of a corresponding aldehyde such as
9-anthracenaldehyde, expected .to be chemiluminescent as it has been shown
that ozonation of aromatic aldehydes leading to fluorescent-acids is a chemil-
uminescent process®®. Indeed, ozonation of 9-anthracenaldehyde is a chemil-
uminescent reaction, but the same is true for 9-anthracenecarboxylic acid, the
expected product as can be seen in Fig. 7, where the chemiluminescence
intensity-time diagrams are presented together with that of anthracene for com-

parison.

300

)
o
Q

PM Output (mv)

o)
o

0 30 60 90 120 150 180
f - Time (min)

FIG. 7: Light intensity-time diagrams’ during the ozonation of (a) anthracene, (b) 9-
anthracenaldehyde, (c) 9-anthracenecarboxylic acid.

Various solvents were again employed in this case and best results were
obtained when the reactions were conducted in carbon tetrachloride in the pre-
sence of aluminum trichloride. It should be noted here that although the light
intensities, due to the aldehyde and the acid, are stronger than that of anthrace-
ne, the quantum yield of the anthracene light reaction is much higher due to the
longer - duration of light emission. Comparison of the emissions’ spectra (Fig. 8)
reveals that unlike the chemiluminescence accompaying ozonation of monon-
uclear aromatic aldehydes, in this case, oxidation of the aldehyde to the acid
contributes little; if at all, to the total light sum, chemiluminescence mainly ari-
sing from attack at the side rings resulting eventually to the same excited
product for both: aldehyde and acid (Fig. 8; c.f.), followed by energy transfer
back to the starting material (Fig. 8; a.b.d.e.).
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FIG. 8: (a) Fluorescence spectrum of 9-anthracenaldehyde under conditions of the chemilumine-
scent reaction; (b) Chemiluminescence spectrum of the 9-anthracenaldehyde light rea-
ction after ozonation for 12 min.; (c) fluorescence spectrum of the 9-anthracenaldehyde
reaction mixure after ozonation for 15 m. (d) fluorescence spectrum of 9-
anthracenecarboxylic acid under conditions of the chemiluminescent reaction; (e) che-

" miluminescence spectrum of the 9-anthracenecarboxylic acid light-reaction after ozona-
tion for 10 min.; () fluorescense spectrum of the 9-anthracenecarboxylic acid reaction
mixture after ozonation for 10 min.

Conclusions

Ozonation of the polynuclear hydrocarbons examined gives rise to.chemil-
uminescence. With exception of napthalene, the chemiluminescence of the other
hydrocarbons is fairly efficient and an analytical method. based on chemilumi-
nescence would, in principle, be able to determine quantities of the order of 107
g. Light reaction in the presence of a Lewis acid leads mainly to electronically
excited quinones while in the abserice of a Lewis acid the primary excited spe-
cies is the result of repeated ozone attack at the side rings. Unlike ozonation of
mononuclear aldehydes, here ozonation. results in. chemiluminescence mainly
from attack at the ring system. Finally, it is expected that higher hydrocarbons
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will be more. efficiently chemiluminescent due to the stronger fluorescence of
both the hydrocarbons themselves and their reaction products.

Experimental Techniqneé

Production of Ozone: A self-constructed Siemens-type Ozonator was employed
giving an ozone-air mixture 0.26% v/v at a flow rate of 340 ml - min.".
Light Intenszty-Tlme Diagrams: Ozonized air was passed through the reaction -
mixture in a glass vessel positioned in front of an EMI 9514 B photomultiplier
tube operating at 900V and connected with a Varian F-80 recorder, This rea-
ction vessel-photomultiplier system was housed in a self constructed dark
chamber with suitable inlets for gaseous and/or liquid reagents. Measurements
were conducted with very freshly prepared 20 ml, 10M samples of the com-
pounds (spectroscopy grade) under study, in the appropriate solvent; when em-
ployed, other reagents such as pyridine, piperidine, aqueous sodium hydroxide
e.t.c., were squirted into the solution just prior to the passage of ozone with the
aid of a light-proof syringe. When AICl, was employed, it was added in the
same way as a 1%. ethanolic solution (0.2ml).

Chemiluminescence Quantum Yields: The light intensity-time curves recorded in
the course of the reaction were integrated with the aid of a very accurate plani-
meter and the areas obtained were compared with the area recorded during the
standard’»® luminol light reaction under the same optical geometry. Correction
of the light-sums obtained, on account of the S-11 photocathode’s spectral re-
sponse were unnecgessary as the chemiluminescence of both reactions roughly
falls in the same spectral region. Corrections due to self absorption were also
unnecessary as there was very little absorption at the spectral region of the
emissions. :

Spectra: Excitation and fluorescence spectra were recorded on an Aminco-
Bowman spectrophotofluorometer calibrated with a quartz epen-ray» lamp and
are uncorrected. Percent transmittance was determined with the aid of a Cary
14 spectrophotometer while infrared spectra were run on a Perkin-Elmer 521
spectrophotometer. Chemiluminescence spectra were recorded on the spectro-
photofluorometer employing fast scanning rates and wide slits, with the excita-
tion source off, at reasonably flat sections of the intensity-time diagrams and
were verified by a series of intensity-time diagrams, with the emission monoch-
romator set at intervals of 10nm. The same instrument was employed to follow
the fluorescence of reactants and products at selected wavelengths as the rea-
ctions proceeded.

Hepidnyn

Xnuowravyela xara 10 dlovicudv moAvmupmvik@y Sdpoyovavlpdrxwy _

Teprypagerar uehétn tod dovicpuod moAvmupnvik@v Bdpoyovavlphxwv oi
Sudvpe g oxond (o) T diepedvnon 100 katd ndco ud tétow dviidpacn ov-
vodeveton dnd Exmopnt) Pwtdg kai (B) xatd néco ol Qurevés dvidoeg kai &-
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nodooelg adtdv 1dv dvridphdoenv elvar Enapkeig Tpokeuévon vi xpnotponon-
0obv o106V mpocdiopiond pikponocotiitov tétoiwv Vdpoyovavlpikov of cv-
oxetiopd pé i poravon 100 nepiPdriovros. ‘H dxnoun ¢wtdg kard tov 6Co-
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Eewg 100 107 *Aivotdiv dva ypappopdpro. Téco of pwrtevig dvidoeg §oo xai
10 potewva dpoiopata Bewpnrikd dpkolv yid dxpifsic nposdiopispuode toco-
mtav tiig tageng 1dv 10 ypappapiov. *Ofoviouds rapovsia TpiyAnplovyov
dpythiov Exer odv drotéheopa Ekmount 4nd NAextpovikd dieyepuévn Kvovn &-
v@® dmovoia tov, 1| Qotewv dkmouni mpoépyetar dnd mpooPori TAELPIKDY
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wAiov kai Oyt of OEeibwon tfig dAdeBONG mpog SED.
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STUDIES ON GLYCOSPHINGOLIPIDS OF LECTIN-
STIMULATED HUMAN LYMPHOCYTES '
II. SURFACE LABELING ON THE PLASMA MEMBRANES*

GREGORY P. EVANGELATOS, CATHERINE VAKIRTZI-LEMONIAS and VASSILIOS
M. KAPOULAS :

Biology Department, Nuclear Research Center Demokritos, Aghia Paraskeyi Attikis, Athens,
Greece, and Department of Biochemistry, University of loannina, loannina, Greece.

Abbreviations: PHA, phytohemaglutinin; GSLs, glycosphingolipids; GL,, glucosyl-ceramide;
GL,, lactosyl, ceramide; GL,, galactosyl-lactosyl ceramide; GL,, globoside; GM,, hematoside,
Sialic-acid-lactosyl-ceramide; GM,, galactose-N-acetyl galactosamine (sialic acid)-lactosyl
ceramide, Gp1,, sialic acid-galactose-N-acetylgalactosamine-(sialic acid)-lactosyl ceramide; Gpp,
galactose-N-acetylgalastosamine-(sialic acid-sialic acid)- lactosyl-ceramide; PBS, phosphate buf-
fered saline.

Enzymes: Galactose oxidase (E.C. 1.1.3.9)

Neuraminidase (E.C. 3.2.1,18).

Summary

The galactose oxidase-tritiated sodium borohydride method was used for
labeling the galactosyl and galactosaminyl moieties of glycosphingolipids pre-
sent on the surface of normal and phytohemaglutinin-stimulated human
lymphocytes. Nonspecific labeling’ detracts from the applicability of this
method in studies  with lymphocytes, except if the cells are treated with un-
labeled borohydride prior to galactose oxidase attack and the résults are based
on the percent recovery of the label in galactosyl and galactosaminyl residues
by preparative gas liquid chromatography. '

Significant specific labeling by the above method .was detected only in
globoside and disialoganglioside of the Gpi, type, as could be judged by their
thin layer chromatographic mobility, but no qualitative differences between
normal and phytoemaglutinin-stimulated lymphocytes were found. Gas liquid
radiochromatographic analysis has further shown that labeling of galac-
tosaminyl residues in all cases was negligible, whereas galacrose contained
nearly all the specific label of both, globoside and Gp,., (60% and 40% of the
total respectively). It is postulated that galactosaminyl moieties of
glycosphingolipids of the lymphocyte membrane surface are in a «cryptic» loca-
tion, non-available to galactose oxidase attack. '

* This work was taken in part from the doctoral dissertation of Gregory P. Evangelatos ap-
proved by the School of Natural Sciences, National University of Athens, Athens, Greece.
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Introduction

Lymphocytes are relatively rich in glycosphingolipids [1-4] localized .
preferably in the plasma membranes [4], where they contribute considerably in
the specificity of receptor sites [5] and of antigenic properties [6], as well as in
the regulation of mitotic division through cell contact inhibition [7], and in cell
proliferation [4, 8]. The main body of evidence concerning the aforementioned
role of glycosphingolipid components of the lymphocyte membrane has been
documented by following the alterations of the glycosphingolipid content and
composition [4,7], or of the rates of total and individual glycosphingolipid
metabolism [8-11] connected with cell physiology. Such a relationship is more
generally accepted on the basis that glycosphingolipid patterns in mammalian
cells show the greatest organ and species specificity than any other lipid class
(4, 12-19].

However, apart from the chemical composmon of membrane components,
the specificity of cell surface for receptor or antigenic activity, and for inter-
cellular recognition is mainly determined by the organizational status of these
molecules on the plasma membrane. Although the majority -of cellular
glycosphingolipids are in plasma membranes, the first direct evidence with
respect to whether and to which extent their carbohydrate moieties are exposed
to the external environment, as well as to the possible change in exposure with
change in surface function or with surface bound ligands (e.g. lectins, antisera

* etc.) has been provided by Gahmberg and Hakomori [20]. These investigators
developed a method using galactose oxidase [21-23] attack on the carbon 6 of
galactosyl and galactosaminyl residues of glycosphingolipids (and
glycoproteins), followed by reduction with tritiated sodium borohydride, which
allowed the specific labeling of the mentioned sugar residues of the cell surface
exposed to the external environment of human erythrocytes [20].

In the course of a research program on the membrane structures and func-
tion of human peripheral lymphocytes we have applied the galactose oxidase-
NaB°H, method to study any possible changes in availability to this probe of
the lipid-bound carbohydrates of lymphocyte membranes connected with their
increased mitogenic activity when stimulatéed by lectines. This possibility was
strongly suggested by previously observed extensive enhancement of GSL
metabolism in lectin-stimulated cells in comparison to normal or«resting»
lymphiocytes [9,11], as well as by existing evidence that the membrane GSL
patterns show significant differences between normal and leukemic [2 3] or
malignant ‘lymphoid [4] cells.

This paper presents the details of reported preliminary data on these lines
[24] along with additional evidence concerning the characterization of the
labeled products effected through a number of misleading results caused by
nonspecific labeling.
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Experimental Methods

Materials

Unlabeled sodium borohydride, galactose oxidase (EC 1.1.3.9) of Polyporus
circinatus, neuraminidase (EC 3.2.1.18) from Clostridium perfringens (Type V)
bovine brain ganglioside standards (type III) were purchased from Sigma
Chemicals Co., USA; NaB?H, (6 Ci/mmole) was supplied by the
Radiochemical Centre Amersham, England. All other reagents and media used
in this work were described elsewhere [25].

Isolation and cultivation of lymphocytes

Blood from healthy donors was collected in heparinized botlles (8-10
units/ml, final concentration), and lymphocytes were isolated by the Ficoll-
Hypaque density gradient centrifugation method [25, 34]. Media were sterilized
prior to use by Millipore filtration (4-7-mm HAWP 04700), and all manipula-
tions thereafter were performed under sterile conditions, mostly in siliconized
screw caped vials. Isolated lymphocytes were washed three times with PBS or
Eagle’s minimal medium (pH 7.2), submitted to a short (30 sec) treatment with
0.IN acetic acid to remove any remaining erythrocytes, and washed again with
PBS. For cultivation, 0.3-0.4 ml of packed cells were suspended in Eagle’s
minimal medium, pH 7.2; containing 20% fetal calf serum, penicillin (200
units/ml), streptomycin (100 units/ml) and, when indicated, PHA (170 pg/ml).
The suspension was diluted to a cell density of 10° cells/ml, monitored by
. counting in a Neubauer hematocytometer, and cultured at 37° for 48 hr. At
the end of this period, PHA stimulated lymphocytes were washed with Eagle’s
minimal medium and used as the normal cells for labeling.

Surface labeling

The original method of Gahmberg and Hakomori [20], devised for red
cells, was essentially applied in the present work, with the following minor
modifications in order to minimize nonspecific labeling. These modifications in-
cluded treatment of lymphocytes with unlabeled NaBH, prior to galactose ox-
idase attack, and use of tritiated sodium borohydride of very high specific ac-
tivity. In detail:

The cell cultures prepared as described above were mixed with 20-40 ul of
NaBH,, in 0.IN KOH, to give a final concentiation of 12 pg per ml of cell
suspension and incubated for 30 min at 37° Then, the cells were harvested by
centrifugation, washed twice with 2 ml PBS, resuspended in 1 ml PBS and
divided in two halves, each corresponding to 0.15-0.20 ml of the original
packed cell volume. To the one of the above halves, 40 units of galactose ox-
idase (EC 1.1.3.9, Sigma, Polyporus circinatus) were added, and incubated at
37° for 180 min under continuous shaking. The enzyme was removed by three
washings with PBS, the cells were resuspended in 1 ml PBS and to both sam-
ples (the galactose oxidase treated, and the untreated control) 2-3 mCi of
NaB*H, (6 Ci/nmole) were added. After 30 min at room temperature, the cells
were washed at least 5 times with PBS and their lipids extracted.
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Isolation of glycosphingolipids

Total lipids were extracted from the cells according to the method of Folch
et al. [26]. The lower chloroform layer, containing the neutral GSLs and most
of the hematoside [25], was submitted to mild alkaline hydrolysis:[27] followed
by Folch partition. The new chloroform layer was evaporated to dryness, and
fractionated on a silicic acid column (7xmm x 10cm) eluted with chloroform
(12 ml), ethyl acitate (6 ml), and acetone-methanol, 9:1 (35 ml) plus
chloroform-methanol, 1:1 (20 ml). The combined two last eluates, {«3rd frac-
tion»), contained the neutral GSLs and-about<90% of the hematoside [25].

The aqueous phase of the original Folch extract, containing the residual
hematoside and the more complex gangliosides, were dialyzed at 4° overnight
against four changes of distilled water. Bovine brain gangliosides (Sigma, type
II) were added as carriers to the mixture prior to dialysis, in order to prevent
losses of the labeled material [29]. The dialyzed sample was lyophilized, and
fractionated on a silicic acid column eluted with chloroform (12 ml). acetone-
methanol, 9:1 (25 ml), and acetone-methanol, 1:1 (25 ml) to elute the acidic
GSLs [25]0

Thin layer radiochromatography

Thin layer chromatographic separations were performed on precoated
Silica gel G plates (Merck) activated at 110° for 1 hr prior to use. Neutral
GSLs were resolved in the system chloroform-methanol-water, 65:25:4, at 16°
(standards were spotted along with the unknowns). Acidic GSLs were resolved
in the system chloroform-methanol-2.5N ammonia, 60:40:9 (two developments,
with thorough drying in between).

Localization of radioactive GSLs on developed chromatoplates was effected
by autoradiography, using Kodak films No PE 4006, with an exposure period
of 2-3 weeks. Measurement of the distribution of radioactivity among the
various GSLs was accomplished by scraping the desired areas off the
chromatoplates into small separatory funnels containing a layer of Celite over
a cotton plug, and after addition of 1-2 drops of water to deactivate the adsor-
bent, the labeled GSLs were eluted with chloroform-methanol (1:1) and
methanol. A portion of these eluates was saved for further analysis (see below).
Radio-activity was assayed on aliquots of the above eluates evaporated in the .
scintillation vials by a stream of nitrogen, after addition of 10 ml of a toluene
base scintillation fluid [29], on a Packard Tri-Carb (model 3385) liquid scin-
tillation counter. The efficiency of the instrument was 49% “for tritium, and
monitoting for quenchning was effected by external standardization. Water-
soluble radioactive products were counted in 10 ml of Packard emulsifier Insta-
Gel. S

Preparative gas liquid radiochromography

Localization of the specific labeling of the glycosyl moieties of the various
GSL fractions purified by preparative thin layer chromatography was accom-
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plished essentially by the method of Yu and Ledeen 130]. The samples were
hydrolyzed by mild acidic methanolysis [31] followed by re-acetylation of the
amino groups of hexosamines [32], and the O-trimethylsilyl derivatives of the
monosaccharides were prepared according to Sweeley and Walker [33]. Lac-
tose and N-acetyl-galactosamine were added. as internal standards prior to the
methanolysis step, to serve also as carries preventing loss of label.

Gas liquid chromatography was performed on a glass, 180cm x 3mm (id),
column of 3% SE-30 on acid washed Chromosorb G, DCMG. Samples eluted
from the column were collected in capillary tubes frozen in liquid nitrogen, and
the radioactive products were recovered by washing down from the capillary
tubes into scintillation vials. By using tritiated- galactose, glucose, and N-acetyl-
glucosamine in levels similar to those available in the unknown samples, the
recoveries from the column by this technique was about 80%. On this basis, all
data were corrected in order to calculate the total recovery of the specific
labeling (see below).

Results

The steps of the procedure followed for the successive isolation of normal
and PHA-stimulated lymphocytes, labeling of the galactosyl and galac-
tosaminyl moieties exposed to the external cell environment, and for the isola-
tion and purification of the labeled neutral and acidic GSLs are outlined, in a
flow-sheet form in Fig. 1. Data on the radioactivities recovered at various steps
of this procedure, after extraction of the lipids labeled by NaB*H, from
lymphocytes either pre-treated with galactose oxidase, or not, are depicted in
Table 1.

Nonspecific labeling

As described in the Methods section, some minor albeit necessary modifica-
tions of conventional procedures were applied in the present investigation in or-
der to overcome a series of experimental problems. In a first place,
lymphocytes isolated by the Ficoll-Hypaque density-gradient centrifugation
method [34], were submitted to a short (30 sec) treatment with dilute acetic
acid to ensure the removal of any residual erythrocytes. The use of
erythrocyte-free lymphocytes was considered of outmost importance because
the galactose oxidase NaB*H, method used in this work has been shown to
label effectively the GSLs exposed on the external surface of erythrocyte mem-
branes [20].

A second modification concerns the 30 min treatment of cells with un-
labeled NaBH, prior to their attack by galactose oxidase. This treatment was
found to eliminate a considerable portion of non-specific labeling, according to
data obtained in the course of preliminary experimentation.

However, nonspecific labeling has been one of the most serious exﬁerimen—
tal problems met during the present investigation, which at last limits
significantly the applicability of the galactose oxidase-NaB’H, technique. This
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HEPARINIZED HUMAN BLQOD
Ficoll-Hypaque density
gradient centrifugation.

LYMPHOCYTES

" Dilute acetic acid (30 sec).

\
LYMPHOCYTES (ERYTHROCYTE-FREE)
Pre-incubation with cold

NaBH,, wash, division in two.

v v '
EXPERIMENTAL LYMPHOCYTES CONTROL LYMPHOCYTES
Treatment with galactose |
oxidase (180 min), wash. : . I

Treatment with NaB’H, (30 min),

J wash .
4
LABELED LYMPHOCYTES
Folch extraction
4
CHLOROFORM LAYER AQUEOQUS LAYER
Alkaline hydrolysis Alkaline hydrolysis,
dialysis, silicic-acid - silicic-acid column
column “chromatography. chromatography.
WV
NEUTRAL GLYCOSPHINGOLIPIDS ACIDIC GLYCOSPHINGOLIPIDS

FIG. 1: Flow sheet of successives teps for surface labeling of human lymphocytes, followed by i-
solation, fractionation and purification of the labeled neutral and acidic GSLs. PHA stimula-
tion, when indicated (see text), was performed prior to preincubation with dilute acetic acid.

is evident by the éxcessive amounts of nonspecific radioactivity present until
the final stages of GSL purification, especially striking in the case of
lymphocytes unexposed to galactose oxidase attack (see Table I).

Main source of this nonspecific labeling seems to be a great number of ex-
change reactions. This assumption is strengthened by the finding that the label
recovered even originally in the GSL fractions depends on the radioactivity of
the sodium borohydride added in a manner which cannot be correlated with
the total or/and the specific radioactivity of the added borohydride. More com-
plicated is of course the problem with the gangliosides which are isolated from
the aqueous phase after Folch partition, and therefore contain the unreacted
borohydride. In other words, the factors influencing the nonspecific labelling
differ from experiment to experiment in an unpredictable manner.

Under these circumstances, it is evident that nonspecific labeling may be al-
so unpredictably high even in the pure GSL fractions obtained by eluting the
radioactive zones from preparative chromatoplates. Therefore, the only safe
way to evaluate the specific labeling of individual GSLs should be based on
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TABLE I: Radioactivity (com x 107°) recovered at various steps during isolation of labeled gly-
cosﬁhongolipids. ) .

Experiments A, B and PHA (the latter with PHA-stimulated lymphocytes) were performed with
0.20, 0.15, and 0.15 ml-of packed cells respectively, pretreated with unlabeled NaBH, see Me-
thods). After their exposition to galactose oxidase (40 units), the above samples and their re-
spective controls (unexposed to galactose oxidase) were treated with 10°%, 3.6 x 10° and 9.2 x
'10° cpm of NaBH: respectively. Data of controls are given in brackets following the values of

the respective galactose-oxidase treated samples.

Preparative step Exp. A Exp. B Exp. PHA
1. Folch-Chloroform extact 9300 (6800) 24600 (30400) 4300 (4200)
2. Alkaline hydrolysate 8000 (4500) 10700 (12600) 4200 (4100)
3. Column fraction 1 1600 (1000) 1400 ( 2100) 250 ( 120)
4. Column fraction 2 100 ( 500) 2400 ( 5100) 200 ( 150)
5. Column fraction 3 2300 (1500) 6700 ( 5200) 3800 (1300)
6. Preparative TLC 151 ( 67) 2517 ( 1105) 3700 (1250)
7. Folch-Aqueous phase 1270 ( 340) 10000 (11000) 5300 (3500)
8. Dialyzed alkaline . .

hydrolyzate 114 ( 29) 499 ( 474) 640 ( 390)
9. Column fraction 3 107 ( 24) 282 ( 158) 550 ( 190)
10. Preparative TLC 274 ( 150) 540 ( 182)

TABLE II: Total radioactivity incorporated into individual glycophingolipids purified by prepa-
rative TLC.

Neutral and acidic glycosphingolipids isolated by silicic-acid column chromatography were puri-
fied by preparative TLC as described in the Methods section. Total radioactivity recovered in ea-
ch individual component is expressed as cpm x 1073, Numbers in parentheses correspond to re-
spective values of conirols (non-exposed to galactose-oxidase action).

~ Exp. GL, GL, GL, Globoside Hematoside Ganglioside
' (GDla)

A 7 O 16 (M 27 (15) 88 (25) 12 (13) ND
B 375 (312) 243 (217) 458 (398) 1375 (145) 66 (33) 274 (150)
PHA 210 (220) 220 (310) 270 (330) 1870 (330) 130 (60) 540 (182)

quantitative estimations of the label localized in the galactosyl and galactosami-
nyl residues of these lipid components. For this purpose, preparative gas liquid
radiochromatographic analysis was carried out under conditions standardized
with respect to the overal efficiency of the column, thus permitting an accurate
calculation of the radioactivity recovered in the collected eluates as percent of
the total counts injected. As indicated in Table III, very low recoveries of ra-
dioactivities injected into the column were the result of extensive nonspecific la-
beling in the smaller neutral GSL molecules, thus justifying our predictions as
to the necessity of this further analytical step.
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TABLE 1II: Percentages qf specific labeling of purified individual glycosphingolipids.

The trimethylsilyl sugar derivatives of each individual GSL recovered by preparative TLC were
quantified by GLC and the radioactivity recovered in each GLC-fraction (see Fig. 2) is expres-
sed as percent of the total radioactivity injected. Numbers in parentheses correspond to re-
spective percentages of controls (non-exposed to galactose-oxidase attack).

GLC- Expe- Specific labeling (% of injected into column)
fraction riment ' ,
GL, GL, GL,  GL+Gyz  Gpia

2 (Gal) A 60.0 (ND) 42.0 (ND)
4 (GalNAC) A 59 (ND) 2.2 (ND)
2+4 (sum) A ... e .. 65.9 (ND) 44.2 (ND)
1 B 3.3 (0.1 1.9 (0.8) 1.9 (2.0 3.9 (0.6) 5.2 (5.2)
2 (Gal) B 6.3 (1.7) 4.1 (4.6) 4.2 (2.9 59.8 (8.4) 40.1 (5.5)
3 (Gle) B 2.7 (0.5) “2.1 2.1 1.4 (1.7 3.4 (3.6) 1.7 (1.1)
4 (GalNAc) B ... Ce e 10.9 (7.1) 3.1 (1.2)
5 B 4.5 (0.9) 2.0 (4.3) 5.5 (3.5) 59 (10.1) 2.5 (1.1)
2+4 (sum) B 63 (L7) 4.1 (4.6) 42 2.4) 707 (15.5) 426 (6.7)
Total . B 16.8 (3.2) 10.1 9.5) 13.0 (9.6) 83.9 (29.6) 52.6 (30.0)
2 (Gal) PHA . .. Ce v 60.2 (5.2) 41.2 (6.1)
4 (GalNAc) PHA . .. . o 10.7 (6.1) 4.1 (2.0)
2+4 (sum) PHA . .. . e 70.9 (11.3) 45.3 (8.1)

Labeling pattern of neutral- and acidic GSLs

- Typical autoradiograms obtained after thin layer chromatographic separa-
tion of the purified neutral- and acidic-GSL fractions (isolated respectively
from the .chloroform and water phase of the original Folch extraction) are illu-
strated in Fig. 2. Neutral GSLs yielded one major radioactive zone, the most
intense part of which migrated with an R; slightly lower than the globoside
standard (Fig. 2A). The true nature of this labeled component was clarified by
neuraminidase treatment on an aliquot of this fraction, followed by Folch parti-
. tion and re-chromatography of the products [32]. Only negligible amounts of
labeled hematoside were identified by this technique (see Table II), while the
chloroform soluble product of the neuraminidase treatment co-
chromatographed with globoside standards (Fig. 2B).

On the other hand, as shown in Fig. 2C, the purlﬁed acidic GSL fraction
yielded dlslaloganghoslde of the type Cp,, as the single specn" ically labeled
component.

The radioactivity distribution into the zones of chromatoplates correspon-
ding to individual GSLs are depicted in Table II. These data show that differen-
ces between counts recovered from galactose oxidase treated lymphocytes and
those of the respective untreated controls are significant only in the globoside
and Gp,, components. To ensure that these two GSL components are the only
specifically labeled species, aliquots of all the individual GSLs purified by pre-
parative TLC were further analyzed by preparative gas liquid radiochromato-
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FIG. 2: Autoradiograms of neutral and acidic GSLs isolated from PHA stimulated lymphocytes.
Al, neutral GSLs from PHA stimulated lymphocytes incubated with NaB*H, without prior trea-
tment with galactose oxidase’ A2, neutral GSLs from PHA stimulated lymphocytes, treated with
galactose oxidase followed by NaB°H,; A3 and B5, labeled GSL standards biosynthesized from
YC-galactose as precursor by PHA stimulated lymphocytes; B4, labeled hematoside standard
biosynthesized as above; B6, labeled globoside from lane A2 after neuraminidase treatment; C1,
acidic GSLs from PHA stimulated [ymphocytes incubated with NaB*H, without prior treatment
with galactose oxidase; C2, acidic GSLs from PHA stimulated lymphocytes, treated with ga-
lactose oxidase followed by NaB°H,; and C3, labeled gangliosides standard biosynthesized from
“C-galactose "as precursor by PHA stimulated lymphocytes. Developing systems: Plate A,
chloroform-methanol-water, 65:25:4 (v/v/v)-at 16°; plate B, as for plate A but prolonged deve-
lopment; plate C, chloroform-methanol-2.5N ammonia, 60:40:9 (v/v/v), double development.

graphy, as described above. As already mentioned, the rgsults depicted in Ta-
ble III, show that even the total label recovered as percent of that injected, is
very low in all other species, except in globoside and Gpia, Namely, from the

total label of globoside and Gp;, injected into the column, over 40% and 65%
‘respectively were specifically localized in their galactosyl and galactosaminyl
moieties. "

By combining the described results, it was finally possible to calculate the
total specific labeling of individual GSLs in the three typical experiments
described in this paper, with a high degree of accuracy (Table IV). On the ba-
.sis of these data, the specific labeling of globoside is 8 times higher than that of
Gpia in both, the normal and the PHA-stimulated lymphocytes.
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TABLE 1V: Total specific labeling of individual glycosphingolipids.

Calculated as the products of total radioactivity bound to each purified GSL (Table II), multi-
plied by the respective percentages of specific label, i.e. bound to galactose and galactosamine (-
sums 2+4 from Table III). Numbers in parentheses correspond to respective controls (non-
exposed to galactose-oxidase attack). ND = not determined.

Total specific labeling (cpm x 1073)

Exp.

GL, GL, " GL, GL, GL,,
A ND ND ND 58 (3) ND
B 23 (5 10 (10) 11 (10) 970 (15) 119 (10)
PHA ND ND ND 2030 (37) 245 (15)
Discussion

Localization, as well as changes in the organizational status of GSLs in the
external surface of normal and PHA-stimulated lymphocytes were seeked by
the method of galactose oxidase-tritiated sodium borohydride [20]. Because of
its high molecular weight, galactose oxidase cannot enter the cell and therefore,
its action is restricted to the attack of galactosyl and galactosaminyl residues
of membrane components available to the enzyme on the cell surface. The pre-
sent results of labeling show that among the GSLs present in the surface of*
lymphocyte plasma membranes, only globoside and Gp;, ganglioside are avai-
lable to attack by galactose oxidase. Interestingly, the present results did not
reveal any significant differences between normal and PHA-stimulated lympho-
cytes with respect to the organization of these molecules on the plasma mem-
branes.

In analogous experiments with red cells [20], Gahmberg and Hakomori
found also no significant differences between embryonic and mature red cells.
Using both galactose oxidase attack and binding with antigens specific.to G-
SLs in mature and embryonic red cells it was shown that the surface GSLs of
mature red cells were labeled by the galactose oxidase method, but were only
slightly reactive with antigens, such as anti-globoside antisera; while in the em-
bryonic red cells antigens could also react with surface GSLs [20]. This was
explained by the assumption that -the larger molecular weight of the antigens
did not permit their penetration into the region of the GSLs on the surface of
adult erythrocytes, while in the immature embryonic cells, the presence of
smaller quantities of glycoproteins allowed such an approaching. Such observa-
tions have led to the concept of «crypticity» of certain haptens of the cell surfa-
ces [20, 35]. Uncovering of carbohydrates in «cryptic» positions of the cell sur-
- face components has been correlated with loss of contact.inhibition [35, 36].

Our present findings suggest that almost only galactose (and not galacto-
samine) was labeled by the galactose oxidase method used. Considering that the
ratios of galactose to galactosamine in known tetraglycosyl-ceramides are 2:1,
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2:0, and 3:1 [37], our present findings may indicate either that the labeled G-
SLs are mainly of the 2:0 type, or that galactosaminyl residues were in a «cry-

ptic» position on the plasma-membrane surface. However, since no qualitative
differences were identified between normal and PHA-simulated lymphocytes,
and at least normal lymphocytes seem to contain mainly the normal GSLs of
the 2:1 type, we are inclined to speculate that our findings conform with the
possibility of a «cryptic» position of the galactosaminyl residues of GSLs on
the lymphocyte surface, which is not altered by lectin stimulation. As in the ca-
se of mature and embryonic red cells differing in binding ability with antigens
(see above), the use of other probes may be extremely useful to clarify this
point.

MEAETH TQN TAYKOXOITTOAINIOEIAQN ANOPQIIINON
AEM®OKYTTAPQN AIHTEPMENQN ME AEKTINEX

I'PHI'OPIOX I1. EYATTEAATOZX, AIKATEPINH BAKIPTZH-AEMONIA «xai BALIAEIOX
M. KATIOYAAZ.

Hepiknyn
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Summary

To evaluate the potential of using cyclopropane analogs of y-aminobutyric
acid (GABA) as enzyme-suicide inhibitors, trans-(2-aminocyclopropyl) acetic
acid (4) and trans-2-(aminomethyl) cyclopropanecarboxylic acid (5) have been
synthesized and tested as active-site directed reagents of GABA-transaminase
and a homogeneous bacterial w-amino acid: pyruvate transaminase (w-AT).

. The cyclopropylamine, 4, reversibly inhibits GABA-T and w-AT with approx-
imate values of K;= 0.9 and 8 mM, respectively. The cyclopropanecarboxylic
acid, 5, on the other hand, serves as a substrate for both enzymes. The im-
plications of these results for the design of inhibitors of GABA metabolizing
enzymes are discussed. '

Key Words: Enzyme inhibitors, y-aminobutyric acid analogs, substituted cyclopnopane syn-
thesis.

Introduction

Enzymatic activation of a double or triple bond by conjugating it to a n-
electron system sysceptible to nucleophilic attack has been successfully ex-
ploited in the design of enzyme suicide inhibitors'»>3 Cyclopropanes* often
simulate olefins in their chemical properties and could serve as useful
functionality in the construction of such inhibitors. .

The ability of cyclopropanone (1) and its analogs to trap nucleophiles is
well known® and is thought to be the basis of action of tranylcypromine® (2)
and other monoamine oxidase inhibitors’” which are cyclopropylamines.
Cyclopropanone (1), and perhaps its imine, is the active agent responsible for
the inhibition of aldehyde dehydrogenase®, and for certain toxic effects
associated with the mushroom constituent, Coprine (3). Also N-
benzylcyclopropylamines appear to inactivate cytochrome P-450 monoox-
ygenase coenzymes involved in N-dealkylation of drugs in liver®.

Although isolated three-member rings possess low chemical reactivity, an
adjacent radical, carbonium or carbanionic center renders them unstable to
cleavage'®. Even “Michael-like” addition reactions have been noted for
cyclopropanes, where they are activated by electron-withdrawing groups'!. The
conditions under which cyclopropanes, designed to be enzyme suicide in-
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hibitors, express such latent reactivity (i.e. under physiological conditions) are
in need of elucidation.

We have investigated the interaction of the cyclopropane analogs of y-
aminobutyric acid (GABA), 4 and 5, with a bactefial GABA transaminase
(EC 2.6.1.19) (GABA-T) and a homogeneous bacterial w-amino acid: pyruvate
transaminase'>. Some neurological and psychiatric disorders like epilepsy, Hun-
tington’s chorea and sthizophrenia have been associated with altered brain
GABA levels, and there is a need to develop selective reagents which interfere
with its metabolism!'314,

NH NH i
3 & 3 | H3
& 7 8

In this connection the natural product, gabaculine (6), a rigid, cyclic analog
of GABA in extended conformation, has been examined'®>!¢ and found to inac-
tivate each of these enzymes, whereas the acyclic GABA analogues Y-
acetylenic- (7) and y-vinyl-GABA (8), were found to inactivate only GABA-
Tlﬁ’”.

Given the ‘effects of gabaculine (6), we have now prepared two additional
analogs of GABA, locked in extented conformations by a cyclopropane ring
and tested them with the two transaminases. Compound 4 is a
cyclopropylamine, compound 5, a cyclopropane carboxylate.
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Results and Discussion

Both GABA-T and w-amino acid: pyruvate transaminase are pyridoxal
phospate (PLP)-*nked enzymes. Enzyme-mediated activation .of the
cyclopropylamine 4 could come about during catalysis either by formation of
the initial substrate-coenzyme aldimine 9, rendering it susceptible to
nucleophilic attack at the B-cyclopropylcarbon'!, or as a consequence of en-
zymic transamination (1,3-proton shift) to generate a potentially reactive
product cyclopropylimine 10, (scheme 1) still attached to the pyridoxamine-P
cofactor.

HA CH.CO- —_ N_7A$(H co.
2772 < ; 2772
R H >=I+‘l’ N~ \ .

3
Nu-Enz
Pyr H 9

ﬂ 1,3- Sh1ft
0-p-0H r\fj:o ~N
+ -
0 HNA—‘:H C02 HNﬂ/\CHz(:OZ
H-« u-Enz
Pyr- CH Nu-Enz

Pyr-CHO 10

Scheme 1

On the other hand, initial adduct formation between the pyridoxal cofactot
and §, followed by enzyme-mediated proton removal would generate the
" stabilized a-carbanion. Precedent exists for facile ring cleavages of
cyclopropylcarbinyl carbanions where an ester stabilizes the incipient
anion!®!®, The extent to which the negatively charged carboxylate is
neutralized by binding to active site residues should influence the reactivity of
the ring toward cleavage, (scheme 2).

The synthesis of 4 commenced with the cupric sulfate decomposition of
methyl diazoacetate 12 in the presence of t-butyl but-3-enoate 13 in cyclohex-
ane. Subsequent transformations (sheme 3) centered about the Curtius
rearrangement, led to the urethano-ester 18 which was converted to the target
amino acid 4 by consecutive hydrolyses.

The amino acid 5, was prepared by a modification of the route of
Ivanskii®® utilizing hydroboration as the means for selective reduction of the
cyano-ester 22.

Neither cyclopropane analogue of GABA was found to irreversibly inac-
tivate either the bacterial GABAT-T or ®-AT upon incubation at 37° with con
centrations up to 50 mM for 20 minutes. The cyclopropylamine, 4, appears to
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TABLE 1: Relation of GABA and Its Analogs to GABA-T and w-AT.
Substrate Inactivator Reversible
Inhibitor
Compound GABA-T w-AT GABA-T w-AT GABA-T w-AT
GABA + + - - - -
K,=1—-18mM K_=8.0mM
Gabaculine + + + +2 :
4 - - K _ - K;=9x10“M K;=8x107M
5 + ’ + — -
K _=6mM

#Kills in every turnover,

be a reversible inhibitor of GABA-T and o-AT with approximate values of K,
= 0.9 and 8 mM, respectively. trans-2- (Aminomethyl)cyclopropanecarboxylic
ancid, 5, on the other hand, serves as a substrate for each enzyme. With
GABA-T, it has an apparent K, of 5.8 mM at 5.0 mM o-ketoglutarate. The
K., value was not determined for w-AT, but its turnover rate at 5.0 mM (0.9
U/mg) is comparable to the rates for B-aminobutyrate (1.1 U/mg) of GABA
(1.4 U/mg) at 5.0 mM. These data are collected in Table I. A recent paper has
also noted that 5 is a substrate for GABA-T from brain mitochondria with a
Vmax Which is 48% that of GABA (ref. 20a).

Finally, the cyclopropyl compounds were tested for inactivation of
glutamate decarboxylase (GAD), the PLP-enzyme involved in GABA
biosynthesis. Activity of GAD was monitored by a continuous assay using a
pH indicator, 1,1'-diethyl-2-2"-cyanine iodide (DCI) (21). Once again, neither
compound caused irreversible inactivation during 20 minute incubations at con-
centrations up to 50 mM.
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Thus of the three rigid analogs of GABA in extended conformation, only
gabaculine exhibits irreversible inactivation. In fact the three cyclic analogs of-
fer three distinct possible inactivation routes by rearrangement or capture of an
initial transamination adduct. Gabaculine inactivates because the initial adduct
between 6 and GABA-T is processed to a product imine-Pyridoxamine
phosphate complex, then isomerized to a stable anthranilyl-PNP linkages-"".
Compound 4 on transamination would yield a cyclopropylimine, capturable as
a stable 1,2-adduct by a nearby enzyme nucleophile. This strategy is thwarted
because neither transaminase will carry out the requisite oxidation of the
cyclopropylamine group. The K; values for reversible inhibition are comparable
to the values for GABA with each enzyme.

The inability of the cyclopropylamine 4 to serve as a substrate for GABA-
T and o-AT, despite its interaction with active-site residues, may be reconciled
to the difficulty of isomerizing the conjugated imine .9, to the ther-
modynamically unfavorable imino cyclopropane 10. A double bond exocyclic
to a cyclopropane contributes 12 kcal/mole of strain energy?? and this incre-
ment should make the 1,3-shift in sheme 3 considerably more difficult than it is
for ordinary GABA-like substrates®:,

Cyclopropyl isomer 5 is processed catalytically (see also ref. 20a),
presumably via stabilized a-carbanion species but no inactivation is detected.
Although accumulating product species have not yet been characterized, the
lack of inactivation supports the view that fragmentation of the cyclopropyl r-
ing by an adjacent carbanion (to set up a conjugate addition possibly) has not
occurred. Thus, anionic cyclopropane fragmentations may not be realizable
during catalytic turnover of cyclopropyl a-anion equivalents in these PLP en-
zyme systems unless additional or more powerful electron-withdrawing groups
are appropriately placed on the cyclopropane framework. In this connection we
have also examined cyclopropylglycine (23), as a mechanism-based inactivator
of two other PLP-dependent enzymes, L-alanine transaminase from pigheart
and alanine recemase from E. Coli. Both enzymes process cyclopropylglycine
(for transamination or racemization) but show no inactivation.

To date very few strategies for the design of enzyme inhibitors have been
developed for cyclopropines. That 5 is a reasonable substrate (K, ~ 6mM) for
both GABA- and o-AT should be a guilding principle for the design of
cyclopropane suicide substrates of these enzymes. Studies are now in progress
to exploit this discovery by determining which substitutions on the
cyclopropane framework of 5 lead to ring fragmentation, and thus to viable
suicide inhibitors.

Experimental Section

Melting points were determined in open glass capillaries using a Thomas-
Hoover Uni-Melt apparatus and are uncorrected. IR spectra were recorded
with a Perkin-Elmer model 727 spectrophotometer. NMR spectra were recor-
ded with Varian Associates EM-360 and HFT-80 instruments using
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tetramethylsilane as the internal standard. A Bruker-360 MHz spectrometer
was used to decouple the cyclopropyl protons. .

trans-2-(aminomethyl) cyclopropanecarboxylic acid (5) was synthesized by
an adaptation of the method of Ivanskii®. ®w-Amino acid: pyruvate tran-
saminase was purified to homogeneity as described'?, while GABA- tran-
saminase was obtained as a partially purified enzyme from Pseudomonas
Sluorescens (Sigma Chemical Company). Enzyme activity of w-amino acid,
pyruvate transaminase was assdyed as’ described!® by either a continous
method using B-aminobutyrate as substrate (for inhibition and inactivation
studies), or-by a discontinous method in which |C| pyruvate is converted to
|'*C| alanine and separated on Dowex 50 H* columns. The discontinuous
assay is suitable for any -amino substrate. Activity of GABA-T was
monitored in a continuous assay, coupled to the action of succinic
semialdehyde dehydrogenase which is also present in the preparation of
GABA-T. .

Both substrates, 4 and 5, were tested as inactivators of @-AT by incubation
at 37°C with 10.0 and 20.0 mM substrate concentrations in the presence of 1.0
mM pyruvate. Aliquots were withdrawn at times up to 30 minutes and assayed
for activity. Incubations with GABA-T were carried out at 25°C with 10.0 and
50.0 mM substrate concentrations. Competitive inhibition studies were perfor-
med by including either 4 or 5 in assay mixtures containing a known amino
acid substrate for each enzyme. Cyclopropylamino acid concentrations of 0.1
to 1.0 mM were used with o-T, while concentrations of 0.1-to 6.0 mM were
used with GABA-T. Finally, enzymatic turnover by GABA-T was determined
at cyclopropylamino acid concentrations of 0.2 to 20.0 mM with 5.0 mM a-
ketoglutarate, while turnover by w-AT was determined at 5.0 mM substrate
only, due to the large amount of substrate consumed in this assay. Turnover of
§ was also detected in the competition assays.

Elemental analyses were performed by Galbraith Laboratories, Knoxville,
Tenessee. Where analyses are indicated by the symbols of the elements,
analytical results are within +0.4% of the theoretical values.
cis and trans-t-Butyl (2-carbomethoxy) cyclopropyl acetate (14) _

A solution of 110 g. (1.1 mol) of methyl diazoacetate (12) in 100 mL of
cyclohexane was added dropwise to a well-stirred and refluxing solution of (t-
butyl but-3-enoate 13, 155 g 1.09 mol) in 800 mL of cyclohexane in which 35
g of anhydrous CuSO, were suspended. After the addition, the mixture was
refluxed for-1 hr, and then cooled, filtered, and concentrated. Unreacted 13 (55
g) was recovered by vacuum distillation at Smm. The residue was treated with
a solution of potassium permanganate until the purple color of permanganate
persisted. Manganous salts -were then filtered off, washed with ether and
ethereal extacts, washed with water, dried (sodium sulfate) and concentrated.
The crude product was_ purified by distillation to give 45 g of a 40:60 mixture
of cis and frans-diesters 14 (31%), bp 45-8°/2 mm; IR (Neat) 2850—2900,
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1720-40 cm™'; NMR (CDCl,) 0.6—1.93 (m, 4H) 1.47 (s, 9H), 2.20 8 2.67 (two
doublets, 2H, J= 7Hz), 3.66 (s, 3H).
cis and trans-t-Butyl-(2 carboxyclopropy) acetate (15)

A mixture of 10 g (50 mmol) of 14, 300 mL of 1IN KOH and 300 mL of
acetone was stirred under N, for 30 min., poured over ice-water and extracted
with ether (2x 150 mL). The aq. lalyer was acidified with conc. HCI to pH 2
and extracted with ether. Concentration of the ether extracts followed by dis-
. tillation in vacum, gave 8 g (85%) of 15 as a colorless liquid, bp 75-80°/2-3

" mm; IR (Neat) 1680-1720, 2500-3200 cm™!; NMR (CDCIl;) 0.60—1.90 (m,
4H), 1.47 (s, 9H), 2.20 & 2.53 (two doublets, 2H, J = 7Hz), 6.52 (b, 1H).
cis and trans-t-Buty [2'N-methoxycarbonylamino) cyclopropyl] acetate (18)

To a solution of 11 g (0.055 mol) of 15 in 84 mL of acetone and 150 mL
of water at 0°C was added with stirring 6.1 g (0.06 mol) of Et;N dissolved in
50 mL of acetone. After ten minutes the reaction mixture was cooled to —10°C
and a solution of 5.7 g (0.06 mol) of methyl chloroformate in 50 mL of
acetone was added to it dropwise, the mixture was stirred at —10° for 30 min.
followed by the addition of 9.0 g (0.138 mol) of NaN, dissolved in 40 mL of
water over a period of 10 min. The contents which were slowly allowed to rise
to room temp (30 min.) were poured into 150 mL of water. Extraction with
ether and concentration of the ethereal layer below 30°C gave the carboxazide
16: IR (Neat) 1700 & 1720 (CO), 2050 (N;) cnr’!; which was taken up in 300
mL of dry toluene and brought carefully to reflux. Refluxing (1 hr). converted
16 to the isocyanate 17: IR 2200 (N=C=0), 1720 (CO) cm™; which was not
isolated. Addition of 60 mL of absolute methanol to the refluxing toluene solu-
tion of 17, and continuation of refluxing for 3 hrs, followed by concentration
and chromatographic separation of crude 18 over a column of silica ‘gel in
chloroform using chloroform-ethylacetate ‘as eluant gave 18 as a thick oil: 4.4
g, 35%; IR (Neat) 3250, 1710 cm™', NMR (CDCIl,) 0.33-1.6 (m, 3H), 1.53 (s,
9H), 2.07-2.64 (m, 3H), 3.65 (s, 3H), 5.42 (bs, 1H).
trans-(2 -N-carbomethoxyamino) cyclopropylacetic acid (19)

A solution of 2 g (8.7 mmol) of 18 and 15 mL of trifluoroacetic acid in 50
mL benzene was refluxed under N, for 1 hr. After solvent was removed in
vacuo, the residue was crystallized from ethylacetate-hexane to give 0.73 g of
19 as a white powder: 50%; mp 107°C; IR: (Nujol) 3300, 1715, 1675 cm™;
NMR (CDCl; = DMSO-Dy) 0.45-1.3 (m, 3H) 1.85-2.4 (m, 3H), 5 6 (s, 3H),
6.65 (bs, 1H).

Anal: caled. for C,H,NO,; C, 48.60; H 6.40; N, 8.10. Found C 48.61;
H, 6.20; N, 7.91.
trans-(2 ~Aminocyclopropylacetic acid (5)

A mixture of 0.2 g (1.15 mmol) of 19, 7 g of barium hydrox1de, 25 mL of
methanol and 100 mL of water was refluxed under N, for 10 hrs. Methanol
was removed and the residue was acidified with 20% H,SO, to pH 3 and then
brought to pH 7 with barium carbonate. The barium salts were separated upon
centrifugation from a clear solution which was concentrated under vacuum at
30°C. The crude yield (100 mg, 75%) of residue after repeated recrystalliza-
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tions (from ethanol using a minimum of water) gave 4 as a white powder: mp
197°C; IR (KBr) 3400, 3200-2300, 2150, 1570, 1390 cm'm NMR CD,0O
relative to HDO peak at & 4.61 0.45-0.94 (m, 2H), 1.04-1.37 (m, 1H), 2.03 (d,
J = 7Hz, 2H), 2.23-2.40 (m, 1H). Double resonance experiments with the
decoupling frequency centered at 0.78 & collapsed the multiplet at 2.23-2.40. &
to a doublet with a typical trans-cyclopropyl proton-proton coupling constant
(J = 3.8Hz)**,

TepiAnyn
KokAomporavika ‘Avaloya tov y-Auofovtvpikod 6EEog

INa va &Eetaotel 1| dvvatdTNTA YPMOLUOTONGENG KLKAOTPOTAVIKDY
avaroywv tod y-auvofovtupikod éEéog (GABA) dg GvacTtorémv adtokToving
gviopov Eytve f| odvbeon tod trans -(2-auwvokvkAonponvd) 6&ikod 0Etog (4)
"koi To® trans -2-opvopsdvd) KvkAonponavokapBotvikod OEéog (5) xoi xoTomv 1
dokun y16 mbavi] Spdon TV d¢ avtidpactnpiov mod Gdpavomolodv 10
gvepyo kévipo Tfig Tpavoamviong tod GABA (GABA-T) «ai Tiig
nopooTaPLAikiic Tpavoouviong (w-AT) Baxtnpiakiic nposiedoswg. ‘H
kvkAonponviauivy (4) dvactéAlel avriotpentd tiv GABA-T xai tHv o-AT pé
Tnég Ky mepinov 0,9 kai 8mM dvriotiywg. "EEGALov 10 kvkAonponavokapPo-
Evhkd OEDL 5, dpd odv Omootpona kol TV dVo Evivuwv. Meletdvror ol
¢mntdoelg OV Anoteleopdrov adtdv o1 oyedaoud avootoléwv TV
Eviouov mod petafolrifovv 10 GABA.
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SYNTHESE DE QUELQUES DERIVES HYDROXYLES ET
DIALKYLAMINO-2 ETHYLES DU THIAZOLE A NOYAU CON-
DENSE

G.B. FOSCOLOS, G. TSATSAS et E. COSTAKIS
Laboratoire de Pharmacie Chlmlque, Université d’Athénes, 104, rue Solonos, Athénes (114)
Gréce. -

* La synthése des derivés dialkylamino-2 éthylés des bromures de I'imidazo
{2,1-blthiazotium-4, thiazolo[3,2-alpyrimidinium-4 et. thiazolo{3,2-a] dia-
zépin-1,3-ilum-4 est effectuée par action des bromo-1dialkylamino-4 butanones-
2 sur les thiurées cycliques correspondantes. Pour certains de ces dérivés et
dans des conditions définies, I'isolement des carbinolamines intermédiaires est
possible. De méme, la synthése des bromures des hydroxy-6-tétrahydro-5, 6, 7,
8 thiazolo [3,2-a] pyrimidinium-4 est effectuée par action du dibromo-1,3
propanol-2 sur les aminothiazoles correspondants

Summary

Synthesis of 2-dialkylaminoethylated and hydroxylated bicyclic fused- com-
pounds of thiazole

‘The synthesis of 2-dialkylaminoethylated compounds of imidazo{2,1-b] thia-
zol-4-jum, thiazolo[3,2-alpyrimidin-4-ium and thiazolo[3,2-al[1,3] diazepin-4-
ium bromides has been achived by action of 1-bromo-4-dialkylamino-butan-2-
ones on the corresponding cyclic thioureas, In some cases and under certain
conditions the isolation of intermediates carbinolamines was possible.

On the other hand some 6-hydroxy-5,6,7,8-tetrahydro-thiazolo[3,2-a] pyri-
midin-4-ium bromides were obtained by reaction of 1,3-dibromo-2-propanol
with the corresponding 2-aminothiazoles.

Key Words

.. 3-(2-Dialkylaminoethyl)-3-hydroxy-2,3,5,6,7,8-hexahydro-thiazolo[3,2-a] ~ pyrimidin-4-jum
bromides.

3-(2-Dialkylaminoethyl)-3-hydroxy-2,3,5,6,7,8-hexahydro-9H-thiazolo[ 3,2-a]
[1.31diazepin-4-ium bromides.

5:(2-Dialkylaminoethyl)-2,3-dihydro-1H-imidazo(2, 1 -blthiazol-4-ium bromndes
3-(2-Dialkylaminoethyl)-5,6,7,8-tetrahydrothiazolo[3,2-a]pyrimidin-4-jum bromides.
3-(2-Dialkylaminoethyl)-5,6,7,8-tetrahydro-9H-thiazolo[3,2-a][ 1,3]diazepin-4ium * bromides.
6-Hydroxy-5,6,7,8-tetrahydrothiazolo[3,2-alpyrimidin-4-ium bromides.
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L’étude de la littérature chimique révéle que parmi les nombreux dérivés
decrits du thiazole a deux noyaux condensés, il y a des produits possedant des
propriétés pharmacologiques et antimicrobiénnes remarquables!™. Cependant la
préparation de tels dérivés qui contiennent dans leur molécule une fonction
amine aliphafique ou une fonction alcool n’est pas encore décrite, selon nos
connaissances.

- Dans le présent travail nous etudlons d’une part 1’1ntroduct10n de la fonc-
tion dialkylaminoéthyle dans le noyau du thiazole des dérivés thiazoliques a
noyau condensé (V) et d’autre part la préparation des dérivés (IX) du thiazolo
[3,2- a]pyr1m1d1mum 4 hydroxylés en position 6.

Les composés synthétisés avec leurs constantes physiques sont cités dans.le
tableau I.

En ce qui concerne la synthese des dérives dialkylaminoéthylés (V), elle est
effectuée par formation du noyau du thiazole en faisant réagir les
bromhydrates de bromo-1 dialkylamino-4 butanones-2(I) sur les thiurées cycli-
ques correspondantes (II) come il est indiqué dans le schéma 1. Cette reaction

~ évolue avec formation intermédiaire des thiocétones (IIT) qui subissent une ad-
dition nucléophile sur leur carbonyle et se transforment en carbinolamines
bicycliques (IV); ces derniéres fournissent finalement les dérivés thiazoliques

(V) avec une élimination spondanée d’eau®S’.

R\+ ! H< R\+

NN . -0 -
, \/\/\ R” B
R | Br,Br + /k ()ZHz)n |\/\k _.‘_ (CHzln
O s~ N

(n b

an (IH)

R~
R~

I-—Z+

' ;;ﬁ] OH
NN e
(CHz)n  — H V.., (CHpin »287
.'"N/
s H
R < : N\ ,
R)N: NouO N - n=2,30ud

SCHEMA 1

C’est ainsi qu’en faisant réagir I'imidazolinothione-2(3H) avec la bromocé-
tone correspondante (I) dans I’éthanol a chaud ils se forment directement les
bromhydrates de bromures des (dialkylamino-2 éthyl)-5, dihydro-2,3-1H-imi-
dazol2,1-blthiazolium-4 (Va) et (Vb) sans isolement intermediaire des
thiocétones (III) et des carbinolamines (IV). Par contre la réaction des.
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bromocétones (I) aussi bien avec la tetrahydro-3,4,5,6 pyrimidinothione-2(1H)
quavec la héxahydro-1,3.4,5,6,7-2H-diazepino-1,3-thione-2 dans [’éthanol
bouillant fournit respectivement les carbinolamines intermeédiaires (voir tableau
I) (IVc), IVd), (IVe) et (IVf). La transformation de ces composés en derivés
thiazolo[3,2-a] pyrimidiniques et thiazolo[3,2-a][1,3]diazepiniques (V¢), (Vd) et
(Ve), (Vf) respectivement, est effectuée par chauffage dans I'acide acétique
glacial. ‘ .

Les spectres IR des carbionolamines (IV) présentent les absorptions du
noyau thiazolinique v (C=N) vers 1650-1620 cm™ et v (S—C=N) vers 1550-
1525 cm™!. D’une maniére semblable les spectra IR des dérivés thiazoliques (V)
présentent les trois absorptions du noyau thiazolique v (C=N) vers 1640-1595
cm™! (thiazole I), v (C=C) vers 1610-1565 cm™ et v (S—C=N) vers 1575-1535"
cm! (thiazole II)®. Ainsi I’absorption de la vibration de valence v (C=N) des
dérivés thiazoliques (V) est déplacé vers les valeurs de fréquence plus faibles a
cause de I'aromatisation du noyau thiazolique.

Les spectres RMN des carbinolamines (IV) dans la DMSO-d, donnent trois
protons non equivalents au point de vue mangétique, qui sont échangeables en
présence de D,0 (5 10,13-10,26,9,49-9,67 et 7,5-7,7 ppm) tandis que le spectre
RMN des dérives (V) donnent seulement les deux premiéres des trois absorp-
tions ci-dessus. Cela nous améne a la conclusion que ces absorptions
correspondent aux protons des fonctions NH", ’absorption avec 6 7,5-7,7 ppm
est par consequent dde a I’hydroxyle des carbinolamines (IV). De plus, les
dérivés (V) donnent I’absorption du proton non protegé du noyau thiazolique
vers 66,38-6,78 ppm.

De méme durant ia fusion des dérivés (IV) on observe une effervescence et
par la suite resolidification; le nouveau point de fusion correspond a celui du
dérivé (V) correspondant. ’

Nous n’avons pas reussi a effectuer des analyses élémentaires des composés
(IV) a cause de leur transformation en (V) dans les conditions du sechage
préalable necessaire.

Plus précisement, dans le cas de la préparation du dérivé benzimidazolique
(Vh) le produit intermédiaire formé parait avoir la structure de la thiocétone-
ouverte (IIIh); cela résulte du pic caractéristique aigu di a la vibration de
valerice du carbonyle qui se situe vers 1705 cm’™'. Cela est confirmé par le
spectre RMN du (IITh’ qui présente les quatre protons benzimidazoliques sous
forme de multiplet symétrique (& 7,22-7,64 ppm) caractéristique du systéme
AA'BB’. D’autre part dans le spectre RMN du dérivé thiazolique (Vh) le
proton thiazolique se présente sous forme de singulet (57,35 ppm) tandis que
les protons benzéniques sous forme de multiplet assymétrique (5 7,44-8,35
ppm) caractéristique du systéme ABCD.

* Enfin il parait probable que des facteurs stériques peuvent influencer la
transformation des carbinolamines (IV) en dérivé (V). C’est ainsi que malgré
- les expériences répetées et 'augmentation du temps de chauffage dans Pacide
acétique nous n’avons par reussi de transformer le bromhydrate de bromure du
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(diméthylaminométhyl)-5 hydroxy-4a octahydro-2,3,4,5,6,7,8,8a-1H-imidazo
{2,1-blbenzothiazolium-4 (IVg) en dérivé (V) correspondant. Il faut noter que
contairement aux autres dérivés (IV) malgré le séchage prolongé, le (IVg)
donne une analyse élémentaire constante.

Quant a la préparation des bromures de I’hydroxy-6 tetrahydro-5,6,7,8
thiazolo|3,2-a|pyrimidiniums-4 (IX) nous leffectuons. en chauffant 1 mole de
dibromo-1,3 propanol- 2 (VII) avec deux moles d’amino-2 thlazole (VD)
correspondant (Schéma 2). . :

Br

R N BrCH2 R & OH
A + CHOH —— g BN | ,
g 7 NH2 NHy:HBr s

BI’CHZ r[:‘{
(vi) (vi) (vinn) (1X)

SCHEMA 2

La séparation du produit (fX) du bromhydrate (VIII)Pqui se forme durant
la réaction est réalisée par cristallisation franctionné basée a la plus grande
solubilité du (VIII) dans un mélange éthanol-éther.

A

Partie Expérimentale

Les points de fusion ont été pris dans I'appareil de Biichi et ne sont pas
corrigés. Les microanalyses ont été effectuées par le Service Central de
Microanalyse du CNRS. Les spectres IR ont été obtenus en dispersion dans le
KBr a 'aide d’un spectrophotométre Perkin-Elmer 177, Les spectres RMN ont
été enregistrés sur un appareil Bruker-Hx90 et sur un Varian-A60 en utilisant
le DMSO-d; et le D,O comme solvant. Les déplacements chimiques sont don-
nés en & (ppm) par rapport au TMS et au DSS en référence interne.
Matiéres premiéres. Les thiurées cucliques (II), soit Iimidiazolinothione-2
(3H)? la tétrahydro-3,4,5,6 pyrimidinothione-2(1H)!°, ’héxahydro-1,2,3,4,5,6,7-
2H-diazepino-1,3 thione-2!! et la 1H-benzimidazolothione-2(3H)!?> ont été
préparées respectivement a partir de ’éthylénediamine, de la propylénediamine-
1,3, de.la butylenediamine-1,4 et de la o-phénylénediamine par action de CS, et
cyclisation par la suite des sels internes des acides N-(w-aminoalkyl)-
dithiocarbamidiques formés.

Les piperiodino-4 et .morpholino-4 butanones-2 et la (diméthylaminomé-
thyl)-2 cyclohéxanone'3™S ont été préparées en appliquant la réaction de Man-
nich sur P’acétone et la cyclohéxanone:

Les bromhydrates ‘des aminobromocétones (I) ont été préparés par
bromuration des bases de Mannich ci-dessus a I’aide d’'un mélange de brome-
acide bromhydrique dans Pacide acétique glacial'®!",
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I

Rdt
%

82

88

90

N

55

78

97

P.f.

o

206-207

199-200

202

234-236

257

255-256

239-241

202

243

I.R. Absorption (cm_1)

v (C=Nj

1620

1650

1640

1650

1640

1620

1597

V(S—C=19)

1550

1550

1530

1525

1545

1555

v(c=C)

1515

1565

1565
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H” +
v Rk 7N . 98 279-281 1640 — 1610
. g
N

wl . .
Vg 4 'I“/\/I 98 270-271 1630 1535 1610

H” +
V_** N > 9% 249~150 1630 1550 1595
3 \/?/\JI\
. N

H” +
v e vz/\i‘ 96  274-275 1625 1550 1600
_ A >
H” B¢
+
v 7N { 98  280-281 1615 1575 1600
/ .

IX (\JN\/\,[ 46 191192 1610 1520 1590

OH * .
IXb** 4 : 42 217-218 1630 1520 1600
S /'\N .

Ph, Br’ -
N OH *
Txc** CHy 74 J\ 10 230-232 1640 1530 1600
S N .
H
B OH
+
¥*
T Qr'{‘/\j 21 205-206 1643 1515 1605

* Absorption du CH alcoolicue en IRV (CH) 3350-3300 cm_1.

** Analvses &l&mentaires satisfaisantes ont &t& obtenues pour C,H, Br, N,-8 (+ 0,4 8)."
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" Les dibromo-1,3 propanol-2 (VII) a été synthétisé par bromuratlon de
glycerol a Vaide de brome et de phosphore rouge's.

Parmi les amino-2 thiazoles utilisés (VI), ’amino-2 thiazole non substitué
est commercial, tandis que le méthyl-4 amino-2 thiazole'?, le phényl-4 méthyl-5
amino-2 thiazole®® et "amino-2 tetrahydro-4,5,6,7 benzothiazole*' ont été
préparés selon les méthodes decrites dans la bibliographie.

Deérivés (IV) et (III): 0,01 mole de bromhydrate de bromocétone (I) et 0,01
mole de thiurée cyclique (II) sont chauffés a reflux dans 250 ml d’alcool absolu
pendant 3 hrs. Aprés quoi le solvant est éliminé sous pression réduite et le
résidu est recristallisé dans un mélange de méthanol-éther.

Dérivés (V): 0,01 mole de derivé (III) ou (IV) est mis en suspension dans 60
ml d’acide acétique glacial et la mélange est agité pendant 12 hrs a 120°C.
Puis, I'acide acetique est éliminé par distillation sous pression réduite et le
résidu est recristallisé dans un mélange méthanol-éther.

"Dérivés (IX): On chauffe pendant 80 hrs a reflux un mélange de 0,025 mole de
dibromo-1,3 propanol-2 (VII) et de 0,05 mole d’amino-2 thiazole substitué ou
non dans 25 ml d’éthanol absolu. Puis on laisse pendant 2 hrs a 0°C, ajoute
une petite quantité d’éther anhydre jusqu’a commencement de la cristallisation
et aprés refroidissement pendant 2 hrs on filtre les cristaux formés et lave avec
- de P’éther. On rectistallise dans un mélange methanol-éther. La concentration
des eaux-meéres suivie par une addition d’éther permet d’obtenir le bromhydrate
de I’amino-2 thiazole utilisé.

Mepidnyng

Zwvbeoic  2-waikviamvoaifvliwuévay  kai  Bopolvliwuévev  Stnvpnvikdv
napayaywv 08 Beialoriov.

‘H nopaokeviy 2-Siwehxviopivomoiiopivov nopaydyov tdv Bpoutodyov
indaol2,1-bl0siafor-4-iwv, Bewaloro[3,2-alnvpyudiv-4-iov xal Bealorol3,-
2-a][1,3]8wtemv-4-iov &mitoyydvetor &’ émdpdaoswg 1-Bpowpo-4-droikviaput-
vofovtav-2-ovdv &ni tdv adviiotoixwv xvkAkdv Betovpidv. Ynd dpiouévag
ocuvbikag xai S0 Tiva @V mpoidviev elvor FQIKTR 1| GTOUOVOOIS TBV
évdapéonv kapPivolouvév. ‘Qoadtwg 1| odvvleosg GV Ppopodyav 6-
08poku-5.6,7.8-1eTpatidpo-0eialorol3,2-alnrvpyudiv-4-iov AauBaver xopav 8
émdpdcewg 1,3-01fpopo-2-nponavéing érni  1dV  dvriotoiyov  2-
apovolealoriov.
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