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MIA ZTOXAZTIKH OEnPIA TIA THN KINHTIKH MH ZTOI- 
XEInAnN ANTIAPAZES2N 

KYPIAKOX A@. MACABETAC 
'Epyaurijplo @our~ij5Xqpeia< E. M. IIoLorexveioo 
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iii) Si = S 
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'H nphrq Ecpappoyq ozoxaozt~ijq ps0060hoyiaq orq X q y t ~ q  K t v q n ~ q  
cpaivsrat -6n bcpsihszat or6v Kramers7 m i  r6v Delbriicks. T6 dn6 r6r&, 1940, 
p i ~ p t  ~ a i  rhpa ~ p o v t ~ 6  Gtuozqya EE,&hi@oq r6v oro~aoruc6v 0sopt6v zqq 
Xqpt~ijq Ktvqrt~qq pnop00y~ vu ' ~ 6  X O P ~ O O U ~ E  660 TCEP~O~OUS:  

a) Tqv d p ~ t ~ f i  nspio60, dn6 r6 1940 pixpt r6 1958, Gnou of ( T X E T ~ K ~ : ~  
Epyaoisq &?vat hiysq ~ a i  ~ a r &  ~ a v 6 v a  douo~krtorsq pera& row. Mia 
Eynsptoraropivq ptphloypacpt~?j &vaowonqoq - no0 &?vat Kai .fl npwzq ro0 
~i6ouq - r6v ~ a p a ~ ~ q p l o z t ~ o z i p o v  Epyaot6v akijq rijq nspto6ou n s p t i ~ ~ r a t  
oz6 ptphio ro0 Bharucha-Reid9. 
~ a i  p) Tq o6y~povq n~pio60, no6 npinst va B~op~ iza t  oav psrapart~6 ora6to 
&no njv d p ~ t ~ i l ,  pfi ouorqpart~fi, npdq yta pshhovr t~~j  n~pi060 noi) 0a dvat 
Bvonotqrt~~j r6v ruoswv no0 B~ouv q6q E~Gqhoesi ~ a i  rauro~pova ~ p t r t ~ f i  
zijq ~ ' a 0 q p a n ~ i j q  0~y~1LL"o~oq TOUS. 'H ody~povq nspi060q dp~icst  bnd 26 
1958, ~pov ta  6nou Epcpaviorq~av of Epyaoi~q - ora0poi yta rq oronaozt~il 
X q p t ~ q  Ktvqrt~fi 700 Bartholomay10 ~ a i  r6v Montroll-Shulerll, ~ a i  
~apa~rqp i@ra t  ~ a i  h 6  rqv xpoocpopa z6v Jachimowski, MC Quarrie, Ishida 
K.&., no0 Enattav ~aOoptor t~& poho orq 6tapopcpooq r6v  roptvi~v 
~azsu~6vosov  Eps6vqq rqq o r o ~ a o n ~ q q  Xqpt~qq Ktvqrt~ijq. 'H m6 
npoocparq PtPhtoypavt~~j &vao~6ntoq pipouq ( p i ~ p t  ~ a i  r6  1973) z6v 
Epyaol6v afifiq f iq  nspto60u &?vat 700 Ishida12. 

Z l r o ~ a a n ~ i ~  &vQi&ts ~ a i  XqpiH KlvqtiH 
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a) -AV s < t < u ' ~ a i  C E M ~  r h  [C, c > u ]  EM: 

y) P,,, &at pa nt0av6zqra Eni z45 o-dihyappa5 M, 



(l) fi nt8avorqra p ~ r a p a o ~ o ~  (X) + (X -1) or6 xpovtr6 6taorqpa (t, t + At) 
~fvat kxAt + 0 (At), 6nou k & h t  ptd o d e p a  rai r6 0 (At) qpaiv&tlg 6 n  

ri3v X TO nhq0oQ p6pto TOO A, oE popto 706 B rara 26 p t~pb  xpovtt6 
6taorqpa p~ra56 t rai t + At, &bat &vahoyq a h o 6  ro6 pttpo6 xpovtro6 
6taor~pazo5] 

(2) fi nt0av6rqra p&rapao&oq (X) + (X- j), j > 1, orb Gtaozqpa (t, t + At) 
dvat 26 nohb 0 (At). [~qha64:  .c6 xpovtrb Staozqpa At 0&ops?ra1 6n  ~fvat 
d p ~ t r d  pttp6, Gjom p6vov Eva p6pto ro6 A v& psrar~Ensrat 06  p6pto ro6 B 
p~rae6 t rai t + At rai va pjv ?payparonoto6vrat raur6xpovq y&rarponE~ 
nsptooorbpov ro6 &v05 popiov 706 A np65 popta TOO B]. 

(3) fi ntOav6rqra 706 va p~ra rpan~?  Eva p6pto ro6 B oE p6pto ro6 A &hut 
pq6Ev. [ ~ ~ h a 6 4 :  fi 6vriorpocpq dvri6paq 6Ev npayparonot~irat]. 

T ~ T E ,  &v rfi xpovtmj o r t y a  t=O 6nfip~av povov popta TOO A, 4 
nt0av6rqra P,(t + At) ro6 v& dntipxouv X rbv hpt0p6 p6pta 706 A orb 
&vzt6pGv odoqpa rq xpovtrq ortypq t + At &bat: 
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P, (t + At) = k (X + 1) At Px+l (t) + (1 - kx At) Px (t) + 0 (At) 

M~racpBpovraq TO P, (t) &no TO ~ E ~ ) T E ~ O  or6 7tpii)~o pkh0~ ahqq ~ q q  
Ectoho~wq, Gtatphvraq 6tci At ~ a i  naipvovraq TO 6pto yta At + 0 ((St~pyaoiq, 
no6 fi Ey~upbrqra rouq EXEL ou[qrq8&i & ~ K E Z U  & . E ~ O ~ L K U  X.X. &xi) T ~ V  Van 
HoveZ0), naipvouy~ rfl 6tacp6po-6tacpopt~fl bciowoq 

dPx -- - k (X + 1) P,+ 1 (t) - kxPX (t) 
dt 

F (S, t) = Px (t) sX , ( S I < 1 
X= 

rqq 6noiaq fi h 6 q ,  ytci rflv 6pta~fl ouv04~q F (S, O) = sX" 6nou X& ouvohuc6q 
dpt0pdq popiov roB 'ouorjpa~oq, &hat 

a2 F a F a F 
~ a i  D~ { X (t) } = ( T)s=l +(T)s=l -(T)2s=1 

E [X (t)} = xo 

rai DZ { X (t)} = xo e-kt (1 - e-kt ) . 
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dvozkpas zuE,&o5, 6x6~s Bzot ~ioayszat ozq Xqpt~f i  Ktvqzt~fi ~ a i  .il 
Gtanpayyarsuoq z6v 6tacp6pov B~opqztwu &vap~voykvov ~ a i  x~tpayazt~a 
6tantozoupkvov 6 ta~uyavo~ov~ z6v nooozfizov z6v dvzt6phvzwv ~ a i  z6v 
~ ~ o % v T ~ v ,  0l 6noB5 x k v ~ o ~  'Ti5 xtd 7c0hhE~ &~zt6pao&tq &lvat 7tp~KttKa 
&p&h?@&5. 

Ah f i  fi ozoxaozttfl 0~opia  700 Bartholomay (nob Eva 8x6 za xp6za yov- 
26ha zqq 6nqpE,av oE &vnbpuo&q pa6t~vspy6v 6taoxao~ov) ~ E V ~ K E ~ ~ T ~ K E  

napankpa &no z6v Ishidazl, z6v MC QuarriezZ, K.&, &oz& va ~ a h l j x z ~ t  
~ahapoz~pou5 x~ptoptopoljg, 6x035 n . ~ .  hpcpi6poyq 6t&E,ayoyq z f i ~  
&vzt6paosoq (6qha6fi: A ,B &vd A-. B), p~capahhopkvq ouvapzfio~t ~ 0 6  
xpdvou ~ i 6 1 ~ f i  raxbzqza zq5 dvrt6pao~o5 (6qha6fi: k (t) dvzi k) K.T.~. 

' E V ~ ,  b y o ~ ,  o~ x ~ p t m h o ~ t ~  odv z i ~  xapaxavo clvat Guvaofi d~ptpfl5 
Enlhuoq z6v 6tacp6po-6tacpopt~6v EE,tohosov z6v ozoxaozt~6v 0&opt6vY oE 
x&ptxho~oz&p&~ ~a raozuo~ t~ ,  nob Epcpavicovzat ~ a z a  zq peahtozt~ozspq 
B~hpqoq ~ a i  a h 6 v  z6v yovopopta~6v ozotx~to66v &vzt6pao&wv (x.~.  Kimz3, 

' Osipov ~ a i  Stupochenkoz4, K.&.), &?vat 6uvazfl povov (fi 6vio.r~ 6Ev EXEI d ~ o p q  
p&hz$&i o h s  K&V ~t ahzfi) fi xpoo~yyton~q Enihuq T ~ V  npo~unzouo6v 
6tacp0p0-6tacp0ptK6~ EE,tohosov. IItazslj~zat, navzo~, 671 pE zqv EE,axhooq zfi5 
GTOXUOT~K~S ys0obohoyia~ zkzo t~~  ~ U ~ K O ~ ~ E S ,  nob bqdhovzat K~8apa Kai 
y6vov ozo 6zt 6Ev Exouv & ~ 6 p q  xpqotpoxoq0~i ouozqyart~a ~ a i  oE p~yh1LTJ 
~ h i y a ~ a  of ~ 'E~xaof lKE~ dv&hiE,&t~ ozfi Xqpt~f i  -Ktvqzt~fi, 0d E,snspaozo0v 

Y pfiyopa. 
wAv zhpa &vztxapa~ahhoups zi5 ozoxaozt~k5 (6nou Bxouv ij6q Eqap- 

/.~OO~EQ ~ ~ 6 5  Ti5 &VT~€STO~XE~ v ' C & T & ~ ~ ~ W O T ~ K ~ ? S  ~ E O P ~ E G  T ~ S  Xqpt~q5 Ktvqzt~ij5, 
pxop05p~ V& Extoqyavoup~ 62t: 

- oi ouvapzfiosy p&rapao&o~ ~ a i  of Exthlioa~ z6v 6tacp6po-6taqopt~6v 
EE,toho&ov r6v ozoxaozt~6v 0~opt6v ~azaozphvovzat haze va xAqpoOvzat of 
&p~E5 ~ a i  of rav6v&~ (6qha6fi: ra  ccdethyaza~) z6v &vztozoixov vz&z&p- 
p~vtozt~ i ; )~  ~ E O P ~ ~ V .  ~ z m ,  x . ~ .  y a  pta &vd6paoq nob x o p ~ i  p600 ouoiotXia~ 
ozotx~to66v &vzt6paosovY ozq 6tay6pcpooq z f i ~  ouvapzfioso~ y&zapuo&o5 ~ a i  
rfiv Exihuoq z6v 6tacp6po-6tacpopt~6v EE,tohcr&wv pt@ azoxaon~q~  0 ~ w p i a ~  
fi5 KtvqTIKq5 Tq5, 88 xpkn~t vu hq (~006~  6 ~ '  6vq Kai vu K ~ ) . W ~ ~ O ~ V  K U ~  of 
nsptnzhon~ iox l io~ zq5 &p& z q ~  ~ ~ K P O O K O X ~ K ~ S  &vnozp&y1tp6zqza~, zo0 
h n z o p p ~ t a ~ o 0  ioocuyiou, z q ~  ozaoiyou ~araozao~oq b~ xpdq ~azahhqha 
EvGt6p&oa, zfi5 6n6pE,&o~ ~azahhfihou ouvapzfiosoq Liapounov2' ~ a i  z6v dp- 
~ 6 v  6tazqpfio~o~. 'Exi xhkov, pta ozoxaozt~fi 0~wpia z q ~  X q p t ~ q ~  Ktvqn~f-15 
&?vat ozo olivoho zqq 6~opia z6v i6tozfizov nob 6tk~ouv Kai K U ~ E  ozo~aor t~f l  
0 ~ o p i a ~ ~ .  
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d [ n ~  
dt = k3 [AB] 

~ a i  lA1 = - k ,  [A] [B] + k2 [AB] + k3 [AB1 
dt 

row 

k, ( [ A d  - [AB]) 4BI = (k2 + k3) [AB] 

0 8  bxt~~tpf looup~ pta o ~ o ~ u o ~ t ~ f l - p a ~ p o o ~ o x t ~ f l  oxou6fl z f i ~  ~ t v q n ~ q ~  
a6zfi5 zfi5 &vzt6pao&w~. 

rt' a676 r6  ~ ~ 0 x 6  6s 6xo0Eaoup& h, Bv 6taOkoup~ 8x6 Eva popto 8x6 
~ c i  A, B ~ a i  AB, TOTE: 

- 4 xt0avo~q~a o~qpaTtopoO Ev6q popiou AB oz6 ~povt.1~6 Gtaoqpa (t, 
t + At) &?vat h, At + 0 (At). 

- 4 xt8av6zqza 8icoouvOEoso~ zo0 AB ~ a z d  zfl o ~ o t ~ ~ t h 6 q  8voi6paoq 
AB - A + B o ~ b  (t + At) &?vat h, At + 0 (At). 

- 4 nt0avozqra 6taoxaoso~ To0 AB ~ a r c i  ~ f l  ozot~acXiq 8vzi8paq 
AB - A + II  TO (t + At) ~ ? h t  h, At + 0 (At). 

- 4 xtOav6~q~a TOO vci pflv oupsd ~ a p i u  8x6 z i ~  xapaxavo O Z O ~ X E ~ ~ ~ E ~ G  

&vrt6pao&t~ or6 (t + At) &?vat 1 - h, At - (h2 + h3) At + o (At). 
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- f i  ntOav6~q~a 706 va ouypo6v x&ptoo6~&p&~ dnb pta &x6 Tis rrapanavo 
ozotxah6~1q &v.n6p6o&q oz6 (t + At) &?vat 0 (At). 

- &?vat h, > h3 < h, 
- f i  6hq bvri6paoq yiv~zat 6x6 o.raesp6v B y ~ o  ~ a i  o.ca0~pq B~ppo~paoia. 
"AV zhpa n,, ~ a i  n,, ~ l v a t  oi dpt8poi z6v popiov TOO A ~ a i  TOB B 

&v.rto.roi~o~ npiv T~)V Evapeq f l ~  &vzt6paosoq ~ a i  n; (t) : = n;, n; (t) : = n;, 
n; (t) : = n; ~ a i  n; (t) : = n; &?vat of dpt0yoi z6v popiov zo8 A, TOB B, TOB AB 
~ a i  ~ 0 6  II ~ a z a  mj 6~60ykvq ~ p o v t a  o~tyyi) t &no zqv Evapcq T ~ S  

&vzt6paosoq, 762s npocpavi35 0u iox6ouv of o ~ S o & q  

n,, = n; (t) + n; (t) (1) 

n,, = n; (t) + n; (t) + n; (t) (2) 

Aoyo zi3v (1) ~ a i  (2), bp~&T va 6c~zaoouys povo z i ~  ruxaTq y&zaphqrEq 
n, (t), n, (t) ij bxotobino~s &hho L,&Oyo5 xhqv ~ 6 v  (n,, n,) ~ a i  (n,, n,). 'AV 
E~I~LCSOU~E 76 C,~Oyoq (n,, n,), T ~ T E  of p ~ z a p u o a ~  pE ~ ~ ~ E v E K E ~  r r t 0av t )~q~~s  
0d &?vat: 

Mszapaq  C z o t ~ ~ t h 6 q s  IIteavo~qza 
t t + At dv~i6paoq 

(n2+1,n3-1)  (n,, n,) A + B - + A B  h 1 ( n 2 + 1 ) ( n l O - n 3 + 1 ) ~ t + 0 ~ ~ t )  

(n, - l, n, + 1) (n,, n,) AB --. A + B h, (n, + 1) At + 0 (At) 

(n,, n, + 1) (n,, n,) AB -+ A + II h, (n, + 1) At + 0 (At) 

(n2, n3) (n,, n,) K ~ P I ~  1 - h, n, (n,, - n,) At - (h + h,) 
n, At + 0 A (t) 

"AV p (n,, n, t) &?vat f i  n t0av6q~a  6 o ~ s  t xpovt~E5 ~ O V U ~ E ~  PET& f f p  
Evapcq zqs dvzt6p6o~o5 va Anapxouv n, ~ a i  n, popta T ~ V  B ~ a i  A-B 
dvzto~oixo~,  T ~ T E  

p (n,, n, t + At) = p (n,, n, + 1 . t) h, (n, + 1) At + p (n, - 1, n, + 1 t) h, 
(n,+ l ) A t + p ( n , +  l , n3 -  1 .t)h,(n,,-n,+ l ) A t +  
+ p (n,, n, t) [ 1 - h, n, (n,, - n,) At - (h2 + h,) n3 ~ t ]  

6 x 0 ~ s  
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"AV nohhanhaotaoouys z$'6ta(~opo-6ta(~opt~fl E@xwq (3) Eni S? S:, ~ a i  
&0poioouye y d  zci n, ~ a i  n, Oa E~oups 

- 

d 
p (n,, n, t) = h, (n, + l ) p  (n,, n, + 1 t) + h, (n3 + 1)p (n, - l , %  + 

dt 
+ 1 - t) + h, nlo (n, + 1)p (n, + 1, n3 - 1 . t) - h, 

nlo n2 P (n2 n3 . t) - (h2 + h )  n3 P (n2, n3 ' t) (7) 

'And TO (9) E X O U ~ E  671 

(P = c,, 6nou c ,  yta ozaespa, (10) 



MIA ZTOXAZTIKH OERPIA TIA THN KINHTIKH MH ZTOIXEIRARN ANTIAPAZERN 

ds3 - = (4 + h,) S, - h, S, - h, 
dt 

'Ahhu, h, > h, < h, 6n6z~  h2 - h3 > 0 
aai hi 2 0 PE zofiha~tozov Eva hi > 0, i = l ,  2,3. 

Cuvsn6~ E~ouys 

(h, n,, + h, + h,), - 4hl h, n,, = hi n:, + h2 + h: + 2h, h, + 2h1 nlo (h, - h,) 2 0 



P1 
6nov D, = 1 - - ~ C l i  D 2 = 1 -  - rai &v A : = P-' AP, ~ 6 7 s  

h, n10 1, n,, 
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P1 - P2 
C, = 

h,.nl0 (D2 - D,)' 

[ (D, ekt - D, e-"t ) (S, - I) - (e-pit - eCpzt ) (S, - l)] (21) 

cp (S,, S, . t) = (c,, c,) I aaeaipsrq ouvaprqoq r8v c, ~ a i  c,, no6 

f~avonot~t rilv (P (S,, S, 0) = S ~ D ,  



Td z.il empia  pa5, lr.6 [n, (t), n, (t)] oBv t u ~ a i a  Gtavuopa~tn) p~zaPLqrfl, 
6nou n2 (t) ~ a i  n, (t) 6 dpt0po~ 26v yopiov, fin6 ozaesp6v bylco, z6v B ~ a i  
AB civztozoi~o5 ~ a z a  z.il ~ p o v t ~ T j  oztypq t cinO z45 f i v a p ~ ~ o ~  245 civzt6pao~o~ 
~ a i  zTjv napa6oxTj 6zt n,, - n, (t) % nlo c6 K ~ O E  ~ p o v t ~ j l  oztyp~j t, &V p6 p (n2, 

n, t) o u y ~ o ~ i o o u y s  zqv nteav6zqza TOO vk hapxouv  ~ a z a  zqv t oztypfl n2 
yopta TOO B ~ a i  n, yopta TOO AB 6 0 0 k v ~ o ~  621 ytb t = 0 finiipxav n,,, n,,, 0 
~ a i  0 p6pta T ~ V  A, B, AB icai II c i v z m z o i p ~  ~ a i  &v bpioouy~ zqv y~vvfizpla 
ouv6pzqoq 

1 



MIA ETOXAZTIKH OEnPlA I7A THN KINHTIKH MH ZTOIXEIS2AQN ANTIAPAZEnN 173 

6nou ru a (t) ~ a i  P (t) Givovrat &no ri5 (27) ~ a i  (28) B v r t o r o i ~ o ~  ~ a i  ra  p, ~ a i  
p, &?vat oi n p a y p a r t ~ i ~  ~ a i  G t a ~ ~ ~ p t p p i v s ~  picsq r i j ~  

'H G ~ ~ ~ V T I K ~ T E ~ ~  ~arqyopia povdhov r q ~  npoqyoupivq~ Oso  pia^ 

iTp0bpx~~at &n(?I rilv K L V ~ T L K ~ ~  ~ 4 5  K ~ ~ ~ G E W G  ~ K E ~ V W V  T ~ V  E v ~ u ~ ~ K ~ v  
BvnGpaosov, noi, xopofiv 618 TOO pqxavtopofi 

~ a v i  TOV 6no'io Eva %vcupo E BvrtGpB p i  Eva bnciorpwpa S ~ a i  Givst ~ a n o t o  
odpnho~o ES, noi, 6taonGrat n p o ~  TO npo~(?~v P ~ a i  Bnou k,, k2 ~ a i  k3 ~Svat of 
Bvriorotx~~ v r s r s p ~ v t o n ~ i ~  E ~ G I K ~ G  raxdrqrs~  BvnGpaoso~. 'H ~ t v q n ~ ~ j  
a f i r i j~  r q ~  ~ h k o s o ~  Evcupt~6v & V T ~ ~ ~ ~ C J E ~ V   hat yvoorq (35 ~ t v q r t ~ q  r6v 
Michaelis-Menten28, EnstGQ np6rot adroi, TO 1913, rqv Bvrtp~rhntoav ~ a r a  
rpono o u o ~ q p a r t ~ o ,  Ev6 ~ X E Z ~ K ~ G  B n o y ~ t ~  &av GtarunoOd q6q Bno r o i , ~  A. 
Brownz9 r6 1902 ~ a i  V. ,Henri30 r6 1903. 

Kark rq v r s z s p p v t o z t ~ ~ - p a ~ p o o ~ o n t ~ ~  0mpia r6v Michaelis-Menten, 
nod orqpil;smt orqv napa6o~ij Bno~araoraosw~ ioopponia~ psra@ 700 ES 
~ a i  r6v E ~ a i  S, fi B ~ X L K ~  raxbrqra u, afir6v &v BvrtGp~iosov Givsrat Bnd 

Bnou U,, fi psyiozq rtpq T ~ G  TaxbTq~a& 6qhaGq urn,= k3 [&,l ~ u i  [Sol, 
[E,] oi b p ~ t ~ i ~  ouy~svzphostq r6v S ~ a i  E dvrtoroi~wq. 'Apyorspa, ro 1925, 
oI Briggs ~ a i  Haldane31 ~ p t r t ~ a p t o a v  rqv napa60xq r6v Michaelis-Menten 
nspi b n a p ~ ~ o ~  ioopponia~ psrati, ro0 oupnho~ou EvC,dyou-6noorphparo~ ~ a i  
r6v  &vnGphvrov, sioflyayav zqv napa6o~q oraoipou ~ a r a o ~ a o ~ o q  ( 3 ~  n p o ~  
TO ES, 6qhaGq 
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a (PH =[-(h, + h , ~ ) ~ ~ - ( h , n ~ ~ - h ~ - h ~ ) u + h , n ~ ~ ]  - a (PH 

a t  a U 

"l0 "20 

(PH (U, v t) = C C p (n,, n, t) unl P 4  
n,=O neO 

At' Endlioso~ 71s (31) OE C. Heyde-E. Heyde Ehapav - 
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Gnou 

2 (h, + h, V) 
P ( 4  = - h, n2, + h,'+ h, + [ (h, n,, - h, - + 4h; nZ0 (h2 + h, V)] 112 

Tci &noz~hboyaza ~ i i q  o z o ~ a o z t ~ q ~  B ~ o p i a ~ ,  nob & v a n z 6 ~ 8 q ~ &  napaxuvo, 
ouycpovoBv yE tic~iva zqq 0~opiaq  z6v C. Heyde-E. Heyde. llpuyyart, yta riq 
nyEq TOO t no6 fi napa6oxil (30) z6v C. Heyde-E. Heyde ouycpov~i' p6 rQv 
napa60~1j (6), fi bm66n5q rqq ouycpwviaq z6v 660 0~op16v B X E ~  EEjjq: 

Kaza zfl oroxaonicfl 0 ~ o p i a  nob &vaxz6~0qrs  E ~ o u y ~  

Gnou of 6~iiczeq H ~ a i  C dvacpbpovzat B v z t o z o i ~ o ~  ozobq z67~0u~ rqq O~opiaq 
C. Heyde-E. Heyde ~ a i  zqq O~opiaq nob &vanz6~8qic& napanavo, ~ 6 2 ~  



176 K. MAZABETAZ 

t2 "l0 
= ei'"lo [ l + h, n2. t (e"' - l )  + h, n, (h, n, + h, + h )- (e-io - 1) + ... ] 2 
= ei"lo [ I  + h, nlo n2, t (e-" - l) ] + 0 (t2) (33) 

~ a i  

'l + h, n,, t2 (1 - e"') + . . . ] "20 
= eib"lo [ l + h, n,, t (e-" - 1) + 

2 

Abstract 

A stochastic theory for the kinetics of certain non elementary reactions 

Stochastic theories of chemical kinetics are those whose 'Mathematical 
> ,  

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 bf the 
chemical reactions and that they include as particular cases the corresponding 
deterministic thkories. 

Their only ccdisadvantage)) 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 
reactions 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,), : 6H20 SINGLE CRYSTALS 
P. ONOUFRIOU and C. BATAS 
University of Ioannina, B. Physics Laboratory, Ioannina, Greece , 

Summary 

Analysis of the E.S.R. spectra of X-ray irradiated single crystals of Zn(NH,), 
(SO,), . 6H20 doped with Ni shows that three types of paramagnetic centers are for- 
med. They are related to the Zn-0 directions in the unit cell. Their hype~fine 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 paramagnetic centers in a num- 
ber of inorganic and organic solids. It has been shown in previous that Zn 
(NH,), (SO,), 6H20 upon irradiation at room temperature produces long-lived 
paramagnetic defects. This paper presents an analysis of the six paramagnetic defects 
produced in Ni doped Zn(NH,), (SO,), - 6H20 single crystals. 

Experimental 

Ni doped single crystals were grown from aqueous solutions3 of ZnSO, . 7H20, 
(NH,),SO, and NiSO, . 6H20. The saturated aqueous solution which had originally a 
temperature of 40•‹C was cooled gradually to the room temperature at the rate of 
O.S•‹C degreeslhour. 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 5cm away 
from the window of the tube. 

The relative concentration of the Zn to Ni atoms in the doped crystals was about 
13:l and it was evaluated by fluorescence analydis. 

Tutton salt Zn(NH4), (SO,), . 6H20 is monoclinic containig four nitrogen atoms 
and four sulfur atoms in the unit cel14y5. Every Zn atom is surrounded by six aqueous 
molecules. Cell dimensions are %=9.223A, b0=12.500 A, c,= 6.237 A and the angle 
l3= 106O52'. The space group is CS, (P, 

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 typical E.S.R. spkctrum of the irradiated crystal of Ni, Zn(NH,), (SO,), . 6H20 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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aoc  plane 

FIG. 1 :  E.S.R. spectrum of irradiated Ni, Zn (NH4)2 (SO,), - 6 ~ ~ 0  single crystal. The first 
derivative of the spectrum is shown. The magnetic field was on the aoc plane at an angle @=JP 
from the a axis. The spectrum was taken 5 hours clfter irradiation. 

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 variation of the g factor and the hyperfine 
splitting factor A respectively for subset D. , 
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A X I S  = A X I S  
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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 A of the subset lines D when the 
magnetic fzeld 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. 

FIG. 3: Relative directions of the crystal axes a,b,c and the four planes aoc, bod, bof; bokflom 
which E.S.R. spectra were taken. oo,, oo,, oo,, oo,, oo,, oo, are the calculated directions ofthe 
Zn-0 axes in the crystal cell. 
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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 @= +75S0. This angle corresponds to the 
direction od, FIG. 3, on the plane aoc. 

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

A 
L A X I S  . E X P E R I M E N T A L  

- CALCULATED 
"7 .. 
0 z - 

40. - - - - 
2 

"7 

30 C 

-90' 0' .90' Q 
ANGLE 

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 variation of the hypefine 'splitting factor A of the subset lines B when the 
magnetic field lies on the aoc plane. 

1001 , , .. , . . , : , 

-90' 0 .QO' 0 
ANGLE 

-90' 0 * 90' 0 
ANGLE 

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 factor A 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 0= + 1 3 O  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 DiD& DfDi FIG. 
6, BiBi, BiB: FIG. 7, CiCi, CiC: FIG. 8. 

bOd plan. 
8 =-60' 

FIG. 6: E.S.R. spectrum (P set) from irradiafed Ni, Zn  (NH412 (S04)2- 6H20 single crystal. The 
magnetic field was on the bod plane at an angle @= d O o  from the b axis. The spectrum was 
taken 5hr after irradiation. 

FIG. 7: E.S.R. spectrum (P set) from irradiated Ni, Zn(NH412 ( ~ 0 ~ ) ~  . 6H20 single crystal. The 
magnetic field was on the bof plane at an angle @= -700 from the b axis. The spectrum was 
taken 5hr after irradiation. The first derivative of the spectrum is shown. 

FIG. 8: E.S.R. spectrum (P set) from irradiated Ni, Zn(NH412 (S0412 . 6H20 single crystal. The 
magnetic field lies on the bok plane at an angle @= 400 from the b axis. The spectrum was 
taken 5hr 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. 

101 
- 90' 0 .90•‹ 0 

ANGLE 

FIG. 6a: Angular variation of the electronic splitting factors g of the two group lines D', D2 
when the magnetic field lies on the bod plane. 

FIG. 6b: Angular variation of the hyperfine splitting factors A of the group lines D', D2 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 splitting factors A of the group lines B', BZ when 
the magnetic field lies on the bof plane. 
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f brxls  b r x r s  

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 lines C', C2 when 
the magnetic fleld 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:l. This spectrum will arise if the unpaired electron in the 
defect interacts with one nucleus of spin l/,. We are therefore led to assign the spec2 
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-0 axes in 
the basecentered unit cell which correspond to the 6 directions oo,, oo,, oo,, oo,, oo,, 
oo, in FIG. 3. 

The diagonal values of the g,] and g ~ 2  tensors show axial symmetry at angles @= 
-49" and @= 49.5" on the bod plane. These directions are very close to directions oo,, 
00, of FIG. 3, within an error of f3O. 

gg, and g ~ 2  tensors show axial symmetry at angles @= -50' and @= 51" on the 
bof plane, while g,,, tensors show axial symmetry at angles @= -68O and @= 
66.5" on bok plane. The above given directions are very close to directions oo,, 00, 

and oo,, oo, respectively within an error of +3O. 
It is also characteristic that AD], ADt tensors of the hyperfine splitting show axial 

symmetry on the same directions as g ~ 1  and gDt tensors within an error of f 53 Table 

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-0 axes in the crystal cell, we are led to the conclusion that the 
paramagnetic centers are related to the hydrogen ions that can be produced by X-ray 
irradiation in the 6H20 molecules surrounding the Zn atom. 
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The observed E.S.R. spectra may be derived from .the spin Hqiltonian 
H = B S g H + S F  A k I k  

where B is the Bohr magneton, H the magnetic induction, S and Ik 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. 
g2=giI cos2 @ + g: sin2 O 

and the diagonal values of A tensor from equation 
g2A2= giI AtI cos2@ + gLZAj sin2@ 

where O 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(NH4)* (SO4)* . 6H20 single crystal. The standard 
deviation of all g entries is f 0.0005 and the standard deviation of all A entries is k0.05 gauss. 

g tensor A tensor 
Angle gI1 Angle gl Angle AII gauss Angle AI yaeao 
o0 o0 o0 o0 

D' -41 2.4532 -49 2.0853 +48.5 33.59 -41.5 11.24 
D2 +40.5 2.4528 +49.5 2.0868 -49.5 33.17 +40.5 12.54 

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 crystal and the P set of lines. The intensity of the P line set in- 
creases with Ni con~etration~,~ in the single crystal under the same conditions of 
irradiation and crystal dimensions. 

I 

lIapapayvyrz~ci ~6vrpa ad povo~poord~loo~ Ni, Zn (NH& (SO,), . 6H20 no6 
~ K T Z V O / ~ O ~ ~ @ ~ K U V  PE' ~ K ~ V E ~  X. 
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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 

Summary 

The dynamic mecha&cal 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 -llO•‹C to 20OoC and 
stress-strain measurements at medium elongations were carried out at 25OC. 
No significant shift of the glass transition temperature was obs'erved. 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 reinforced 
vulcanizates. 

Key words: Reinforced elastomers, Liquid polymers, Surface modified fillers, Dynamic 
mechanical spectra. 

Abbreviations and terminology 

phr: parts per hundred parts (by weight) of rubber. 
Br--PB-Br: bromine terminated polybutadiene 
telechelic polymer: low molecular weight polymer with a functional group at 
each end of the molecule 
gum vulcanizate: unfilled vulcanized 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 phenomen~n'-~. 

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 r e p ~ r t e d ~ - ~ .  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 matrixg,'O. 

The aim of this experimental study was to compare the mechanical 
behavior of filled eiastomers prepared from a bromine terminated 
polybutadiene, containing the same loading of carbon black, of reactive qnd of 
inactive silica filler, all cured with the optimum and equivalent amonts of 
curativeg 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 modyii 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 Edward~~ , '~ .  The silica 
filler used (Cab-0-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-1 100) 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 

s i j  OH Si OBu 
filler BuOH t 

Preparation of reactive filler 
Si OH Silane , , ' (EtO), Si(CH,),-NH, Si 

qE t  ,CH3 
Methylation ~i)-l-(CH,),-N 

k ~ 3  
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Polymer chain extension 
CH CH3 

Br-PB-Br + )IN-R-N/ d 
CH,(MTETA~CH, 

where, R = -CH2-fCH2- gH3 -CH2+,CH2- 

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

Filler attachment 

+ Br-PB-Br + 

(743 - Si)-O-E(CH2)3-N+ Br-PB-Br 
CH3 

Sample designation and description is given in Table I. 

TABLE I: Sample Description and Designation. 

Sample 
S 1 

S2 

S3 

S4 

Method of Preparation 
Liquid polymer cured with the optimum amount (2,6 phr) of MTETA required to 
give a network with tetrafunctional crosslinks. 
The same polymer containing 30 phr of esterified inert filler crosslinked with 2,6 phr 
MTETA. 
The same polymer containing 30 phr of reactive fdler 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. 
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 -1 10•‹C to 200•‹C at 
l10 Hz using the Rheovibron Viscoelastometer Model DDV-IIC of Toyo 
Baldwin Co., Ltd., Tokyo, Japan. A slow stream of pre'cooled 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,O 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 g15 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 -73OC) 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 m2/g) from that used in previous In Figure 1 the loss 
modulus variation indicates an increase of internal friction in the order 
Sl<S4<S3<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 
Sl<S3<S4<S2. At these small deformations this may indicate2 some secon- 
dary filler aggregation which is highest for the non reactive and lowest for the 
reactive filler. As Dannenberg notes4, 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 proposedI3, is also included. No 

,satisfactory agreement was obtained. The closest value to the experimentally 
determined modulus E W& obtained using the Guth-Gold expression. 

E=Eo (1+2,5c + 14,1c2) 
where, E, is Young's modulus of the rubber matrix and c is the volume frac- 
tion of the filler. For this model the value E/Eo 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 workI4, or by a layer of bound rubber interacting through en- 
tanglement~'~. Using the Guth-Gold equation and the experimentally deter- 
mined ratio E/&, the immobilized layer for S2 is found to be about 19 A0 
thick, for S3 14 A0 and for S4 approx. one tenth of the average carbon parti- 
cle diameter. These values are of the same order of magnitude reported by 
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FIG. 1: Temperature dependence of loss modulus E" at 110 Hz: (O), sample S2; (a), sample 
S2 duplicate run; (A), sample S3; m), sample S4; (-1, sample SI.  
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TEMP., "C 

FIG. 2: Temperature dependence of storage modulus E' at 110 Hz: (0). sample S2; (a), sample 
S2 duplicate run; (A), sample S3; m), sample S4; (-1, sample SI; (I), calculated values from 
models in Re$ 13. 
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SmitI4 and Medalia16 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 A0 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 I1 summarize tensile near-equilibrium properties 
of these vulcanizates at medium elongations, (h- 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 I1 indicates 
that stress softening, defined as the percentage decrease of the area under the 
stress-strain curve between successive loadings, increases in the series 
s~<s~<s? .  This seems to support the Mullins16 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 11: Comparison of Tensile Testing Data of the Elastorners Studied. 

Property Samples 
S1 S2 S3 

Modulus E ' ~  
at  25OC, 3,7 12,2 9,6 7,3 
X lO-', (dyn/cm? 
Tensile strength 
at h=2,0, 27,O 54,O 75,O 41,O 

. (kg/cm2) 
Stress softening - 17,9 7,7 6 3  

% 
~ ~ s t e r e s i s ~  9,5 24,7 15,O 15,7 

% 

a From dynamic mechanical testing. 
b First loading cycle. 
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FIG. 3: True stress-strain properties at 25OC: (--V), sample S1; (-.-), sample S4; (-), sam- 
ple S2; (--A sample S3. 
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FIG. 4:  First loading cycle at 25OC: (-.-), sample S4; (-), sample S2; (P-), sample S3. 
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Relative hysteresis losses from stress-strain measurements, see Table 14, are 
in agreement with the areas given by the tan6 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. 

Auvapzrcij f@dodaon~dzl;lza rcai iGzdzl;lwc zcioewc - dp&~~uopoo'  d~aozop~p6v 
~vzo~upEvwv pd Gpaonud ~ a i  ddpavv pEoa nAl;lpho&w~. 

rivsrat oljy~ptoq 745 6~vaptKf i~  y q ~ a v t ~ i j q  oupnsptcpopti~ ~ a i  r6v 
i6tosfirov r a o s q  - Ecpsh~uoyoO 02 O U V ~ ~ ~ K E ~  no6 dlcpioravrat hiyo &xi, Z ~ V  

ioopponia, Ehaotoy~pGv no6 napaoic~uaorq~av ~pqotponot6vra~ rqv &piorq 
nooorqra TOO ytoou pouh~avtoyoij. Ta t%aorop~pfi a h a  nob 
napao~suaorq~av  &no' yt~poO yopta~oO Papou~ ppoytoytvo or& & ~ p a  
nohupoura6ttvt0, Evto~lj9q~av p i  Eoo6ljvay~~ xoo6rq . r~~ EvspyoO ~ a i  
ri6pavoO~ 6to@~6iou TOO nuptriou ~ a i  ai9cihq~ pouh~avtoyo6. Td npoTovra 
pouh~avioeq~av yf. loo6ljvays~ no66rq.5~5 &?mcpart~ij~ &pivq~ G ~ ~ T E  va 
npo~ljyfouv o z a u p o n 6 ~ ~  6taouv6toa5. 01 6uvayt~E5 y q ~ a v t ~ E ~  i6torqzs5 
npoo6topio9q~av' ysra@ -llO•‹C ~ a i  200•‹C ~ a i  of i6tozq.r~~ r aosw~  - 
Ecpsh~uoyoO o z o b ~  25OC. AEv napszqp.il0q odoth6q5 p~rar6ntoq on) 0sp- 
yo~paoia  ysrafkio~oq 6ahou Tg. Crqv nsptoxq EhaoropspoO5 oupnsptcpopti~ 
TO &6pavE~ ytoo nhqphoso~ ad{av&t ri, ptrpo Ehaor t~6rqro~ ~ a i  TT)V 

Bnopp6cpqoq Gvspysiaq nsptooorspo dn' brt TO &vriorot~o Bvrt6pov 6to{&i6to 
TOO nupt~iou. Cf. y t rp t s~  Entyq~rivost~ oi 16tozqw~ icp&h~uopoO ~ E ~ X V O V V  8 ~ 1  
Entruyxavsrat psh~iooq z6v Ehaoroy~p6v h6yo qficqyEvq5 & v r o ~ i j ~  ~ a i  psto- 
p t v q ~  y q ~ a v w f i ~  6or~pfiosoq. r s v t ~ a  TU &nozs?wkpara 6si~vouv brt 
Ehaoroyspij no6 E~ouv oav p600 nhqphoso~ 6paor t~6  ( n p d ~  f lv  xohupspq 
pfirpa) 6toCsi61.o TOO nuptriou ouynsptcptpovrat nap6yota b n o ~  ~ a i  ra E v q u -  
ytva yf. ai06hq Ehaoropspfi. 
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RING OPENING REACTIONS l. THE TRIAZINONE RING OPE- 
NING OF 2H-3,4-DIHYDRO-as-TRIAZINO [3,4-b] BEN- 
ZOTHIAZQL-3-ONE 

MICHALIS D. KAZANIS and PANAYOTIS E. MACHERAS 
Laboratory of Pharmaceutical Chemistry, 
University of Athens, I04 Solonos 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 methanolic hydrochloric 
acid is described. The ir and nmr spectra of the resulting asymmetric azines 4 
are given. 

Key words: 2H-3,4-Dihydro-as-triazino [3,4-bl benzothiazol-3-one, 2-(4'-subst.-phenylidene) hy- 
drazone-3-carb(ometh)oxymethylbenzothiazolines. 

Introduction 

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-bl benzothiazol-3-one (3). Alien, 
and Van Allan1, in an attempt to synthesize 3-carbethoxymethyl- 
benzoihiazoline-2-hydrazone (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.l (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 pr ketones. 

Results and Discussion 

The required 2H-3,4-dihydro-as-triazino [3,4-bl benzothiazol-3-one (3) was 
synthesized according to a method described elsewhere2, by heating under 
reflux 2-amino-3-carbethoxymethyl-benzothiazolium bromide3 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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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. (Table I, 4i-p, Rl:CH3) 

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 
I), ir and 'H-nmr spectroscopy4 (Table 11). 

All products 4 showed the characteristic vC=O ir bands, the acid 
" derivatives (Rl:H) at 1710 cm-' - 1730 cm-', the esters (Rl:Me) at 1735 cm-' 
- 1750 cm-'. 

In the 'H-nmr spectra compounds 4 a, c, e, g, i, k, m, o, (R,:H) showed a 
peak at 6= 8.27 - 8.50 ppm characteristic of the -N = C (H) -Ar formy1 
proton5, while compounds 4b, d, f, h, j, 1, n, p, (R,:CH,) showed a peak at 6= 
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 S= 2.38 ppm. The peak of the ester methyl group protons of 
compounds 4 i-p (R1:CH,) appeared at 6= 3.72 - 3.78 ppm, while the peak of 
the ether methyl group of compounds 4g, h, o, p (R,: OCH,) appeared at 6= 
3.84 - 3.85 ppm (Table 11). 

Experimental . 

I Treatment of 2H-3,4-dihydro-as-triazino [3,4-bl benzothiazol-3-one (3) 
with a: conc. hydrochloric acid, b: methanolic hydrochloric acid. An amount of 
1.02 gr (5 mmol) of 3 in 50 m1 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. 260-262O C (Lit.' 
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TABLE I. Compounds of general formula 4. 

R, R, R, Yield Recryst. M.P.(OC)~ Molecular Calculated/Found 
O/o solvents formula %C %H %N 

b H 

c H 

d H 

e H 

f H  

g H 

h H 

i CH, 

j CH, 

k CH, 

I CH, 

m CH, 

n CH, 

o CH, 

P CH, 

H H 

CH, H 

H NO, 

CH, NO, 

H CH, 

CH, CH, 

H OCH, 

CH, OCH, 

H H 

CH, H 

H NO, 

CH, NO, 

H CH, 

CH, CH, 

H OCH, 

CH, OCH, 

THF-n-Hex 

THF-n-Hex. 

EtOH 

EtOH 

THF-n-Pent. 

THF-n-Pent. 

THF-n-Pent. 

THF-n-Pent. 

C6H6 

C6H6-n-Pent. 

THF-n-Pent. 

THF-n-Pent. 

C6H6-n-Pent. 

C6H6-n-Pent. 

THF-Et,O 

THF-Et,O 

260-261•‹C, 95% recbvery). A mixture m.p. with 3 was undepressed. 1.r. spec- 
trum was identical with that of 3, v C=O 1665 cm-'. The same behavior was 
observed when methanol was added in the reaction mixture. 

11. 2-(41-subst.-pheuylidene) hydrazono-3-carbomethylbenzothiazolines. 
(4, R,:H). A suspension of 3 (1.02 gr 5 mmol) and 5 mm01 of the ap- 

propriate benzaldeyde or acetophenone in 15 m1 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. 

111. 2-(4 5ubst.-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 m1 methanol were added into the reaction mix- 
ture. 

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

TABLE 11. Ir and nmr spectra! data of Compounds 4. . 

Compound v C=O cm-' 'H -nmr S (ppm) 

4.94 (S, 2H, CH,), 7.25-7.92 (m, 9H, ar), 8.42 (s,lH,R,) 
2.44 (s,3H,R2), 4.96 (S, 2H,CH2), 7.22-7.99 (m, 9H,ar.). 
4.92 (s,2H,CH,), 7.05-8.13 (m,8H,ar.), 8.50 (s,IH,R,). 
2.46 (s,3H,R2), 5.04 (s,2H,CH2), 6.94-8.19 (m,8H,ar.). 
2.35 (s,3H,R3), 4.81 (s,2H,CH2), 6.99-7.65 (m,8H,ar' 8.27 (s,lH,R,). 
2.36 (s,3H,R,), 2.39 (s,3H,R2), 4.90 (s,2H,CH2), 7.04-7.82 (m,8H,ar.). 
3.84 (s,3H,R3), 4.86 (s,2H,CH2), 6.98-7.76 (m,8H,ar.), 8.32 (s,lH,R,). 
2.41 (s,3H,R2). 3.85 (s,3H,R,), 4.95 (s,2H,CH2), 6.95-7.94 (m,8H,ar.). 
3.72 (s,3H,Rl), 4.99 (s,lH,CH,), 7.13-7.83 (m,9H,ar.) 8.37 (s,IH,R,). 
2.40 (s,3H,R2), 3.75 (s,3H,R,), 5.02 (s,2H,CH2), 7.03-7.93 (rn,9H,ar.). 
3.78 (s,3H,Rl), 5.09 (s,2H,CH2), 7.06-8.17 (m,8H,ar.), 8.48 (s,lH,R,). 
2.45(s,3H,R2), 3.78 (s,3H,R1), 5.09 (s,2H,CH2), 6.95-8.20 (m,8H,ar.). 
2.36(s.3H,R,). 3.74(s,3H,Rl), 4.99(s,2H,CH2), 7.03-8.71(m,8H,ar) 
8.34(s,l H,R2). 
2.38(s.6H,R2 and R,), 3.75(s,3H,Rl), 4.91(s,2H,CH2), 7.01-7.08(m,8H,ar) 
3.77(s.3H.Rl). 3.85(s,3H.R,), 5.00(s,2H,CH2), 6.95-7.8qm,8H,ar), 
8.33(s,l H,R,) 
2.38(s,3H.R2). 3.77(s,3H.Rl), 3.85(s,3H,R,), 5.02(s,2H,CH2). 
6.92-7.93(m.8H9ar? 

'Avn6pa'oszq dvoiypatoq 6a~rviliov l. 'Avolypa too" tpza~zvz~oo" 6a~ td ioV  t@c 
2~-3,4-6ziis~o-as-tpza~zvo [3,4-bl ~ ~ v ~ o O c z a ~ o i l - 3 - d v ~ ~ .  

'Avayoyfi r i j ~  3-~ap~at~o~uye~uho-2-vtzpoQytvo~~ta~0~iv~ (1) yE 
vsu6apyupo ok 6cwo 656 6Ev 66qy~i  ozqv 8vziozotxq 66pac6vq 2a, &hM 
orqv 2H-3,4-6tB6po-as-zpavo [3,4-bl P~v~oesta~oh-3-0vq (3). Karahuzt~q 
66poybvooq 706 vtrpoctytvo-sozipoq 1 yE nahha6to-fivepa~a napixn yiyya 
zGv 2a ~ a i  3, z6 6noTov 6zav B~ppav9si oE P~vc6hto 4 af9avbhq &pat6 
66poxAopt~o 666 6i6st bno~hs toz t~a  zqv as-zptactvovq 32 (Cxijpa 1, nopsia 
a). 

Bpaoyhq z i j ~  3 oE ~ K V O  66po~hwpt~o  666 4 psecvoht~6 68po~hwpt~6  
6c6'Eni 24 &psq 6Ev 66ilyqos oz6 Bvotyya zo6 Ga~zuhiou, &Aka ozqv Enav- 
ano~rqoq  zijq 3. ITapouoia 6pwq &pwpaztr6v dh6sb66v 4 K E T O V ~ V  b 
Ga~zrjhtoq z i j ~  3 &voiy&t (Z~i jpa  1, nop~ia  b) ytu v& Ghost ziq bobpyszpsq 
bcivs~ 4 (Hiva~aq I). 
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'0 o~qpartoyoq z6v boupyizpov bt3vav 4 pnops'i va bno608~'i oza 
EvGtaysoa 2b ~ a i  2c za cjno'ia, bnouoia zq5 K ~ P P O V U ~ L ~ K ~ S  EVQ~EWS, Enav- 
a ~ u ~ h h v o u v  npoq zqv 3. 

'H Entpspaiwoq zq5 6omq z6v 4 Eytvs yE T ~ V  po.il0sta ir ~ a i  'H-nmr 
cpaopazoo~orciaq (lliva~aq 11). 

- -  
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CHEMILUMINESCENCE DURING OZONATION OF POLY- 
NUCLEAR HYDROCARBONS 

JOHN NIKOKAVOURAS, CHRISTOS PAPADOPOULOS, ANN PERRY and GEORGE 
VASSILOPOULOS 
Nuclear Research Center nDemokritoss, 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 efticienty are established for the series naphthalene- 
anthracene-tetracene and anthracene-anthracenaldehyde-anthracenecarboxylic 
acid, resulting in chemiluminescence quantum yields of the order lO+ einstein 
mole-'. The fluorescence spectroscopy of reactants and products as well as the 
spectroscopy of the attendant chemiltminescence 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 10-5 -10-3 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 antracenel, 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 
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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 trichl~ride~,~. The highest 
quantum yields were obtained in a 1 :l 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 

- Time ( min.) 

FIG. 1 :  Light intensity-Time diagrams of the ozonation reactions of (a) Anthracene, (b) Tetra- 
cene and (c) Naphthalene. . . 
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quantum yields measured were 3.3 X 10-5 and 1.0 X 10-5 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 tetroxidel and then further attack is facilitated by the destr- 
uction of aromaticity. 

b . ' ' . : ' . . ' I  

300 400 500 - Wavelength (nm3 

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. l);  F, P the same at the chemiluminescence peak (excitation Lmnr 330 nm); 
C, 30s chemiluminescence 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 
A 

300 400 500 600 - Wavelength (nm.) 

FIG. 3: 1, Fluorescence spectrum of the tetracene reaction mixture before ozonation; 26,Jluo- 
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, 
theprimary 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 
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(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 

- Time (min.) 

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

Tetracene 

0.15 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 chemilurninescence of the valley (Fig. l), 
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 s h o ~ n ~ , ~ , ~  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 energy1. 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. 

A n t  hracane  -AIC\3 

- Wavelength (nm.) 

FIG. 6:  Fluorescence and chemiluminescence spectra of anthracene in the presence of AlCI, 
(a) fluorescence spectrum; (b) chemiluminescence spectrum; (c) anthraquinone fluore- 

scence spectrum; (d) fluorescence spectrum of unidentfled product. Excitation A,,,, for 
fluorescence 300 nm. 
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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 process5,9 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. 

- 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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300 400 500 600 - Wavelength (nrn.) 

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.; (n fluDrescense .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 
g. Light reaction in the presence of a Lewis acid leads mainly to electronically 
exdited quinones while in the absence 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 Techniques 

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 m1 . min.-'. 
Light Intensity-Time Diagrams: Ozonized air was passed through the reaction 
mixture in a glass vessel positioned in front of an EM1 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, 10-5M 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 
standard7,* luminol light reaction under the same optical geometry. Correction 
of the light-sums obtained, on account of the S-l1 photocathode's spectral re- 
sponse were unneeessary 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 apen-rayn 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 IOnm. The same instrument was employed to follow 
the fluorescence of reactants and products at selected wavelengths as the rea- 
ctions proceeded. 

Xqpzcpwraliyeza ~azdr rci d<ovzopdv xorEowopqvirc6v iispoyovavBpd~wv 

!d~p~yp&cpsrat pehEq TOO Kovlopoii xohuxupqvl~6v 66poyovav9p&~ov oE 
G~c'thupa pE orox6 (a) fi Gt~ps6vqq zo8 ~ a ~ d r  x6oo pta rirota dvzBpaq ou- 
vo6&6&~a1 h 6  tkxopnfl cpord~ ~ a i  (p) ~ a ~ a  n6ao oI cgaastvi?~ k r d o ~ t ~  ~ a i  b- 
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STUDIES ON GLYCOSPHINGOLIPIDS OF LECTIN- 
STIMULATED HUMAN LYMPHOCYTES 
11. SURFACE LABELING ON THE PLASMA MEMBRANES* 

GREGORY P. EVANGELATOS, CATHERINE VAKIRTZI-LEMONIAS and VASSILIOS 
M. KAPOULAS 
Biology Department, Nuclear Research Center Demokritos, Aghia Paraskevi Attikis, Athens, 
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Abbreviations: PHA, phytohernaglutinin; GSLs, glycosphingolipids; GL,, glucosyl-cerarnide; 
GL,, lactosyl, cerarnide; GL,, galactosyl-lactosyl ceramide; GL,, globoside; GM,,'hematoside, 
Sialic-acid-lactosyl-ceramide; GM,, galactose-N-acetyl galactosarnine (sialic acid)-lactosyl 
ceramide, GDIa,  sialic acid-galactose-N-acetylgalactosarnine-(sialic acid)-lactosyl cerarnide; GDlb, 
galactose-N-acetylgalarrtosarnine-(sialic acid-sialic acid)- lactosyl-cerarnide; PBS, phosphate buf- 
fered saline. 
Enzymes: Galactose oxidase (E.C. 1.1.3.9) 

Neurarninidase (E.C. 3.2.1.18). 

Summary 

The galactose oxidase-tritiated sodium borohydride method was us+ 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 results 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 GD~, 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 G,,,, (60% and 40% of the 
total respectively). It is postulated that galactosaminyl moieties of 
glycosphingolipids of the lymphocyte membrane surface are in a cccryptic)) 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 

Lyrnphocytes are- relatively rich in glycosphingolipids 11-41 localized 
preferably in the plasma.membranes [41, where they contribute considerably in 
the specificity of receptor sites (51 and of antigenic properties [61, as well as in 
the regulation of mitotic division through cell contact inhibition 171, and in cell 
proliferation [4, 81. 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 18-1 11 connected with cell physiology. Such a relationship is more 
generally accep'ted on the basis that glycosphingolipid patterns in mammalian 
cells show the greatest organ and species specificity than any other lipid class 
[4, 12-191. 

However, apart from the chemical composition 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 Gzhmberg and Hakomori [201. These investigators 
developed a method using galactose oxidase [21-231 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 tlie mentioned sugar residues of the cell surface 
exposed to the external environment of human erythrocytes [201. 

In the course of a research program on the membrane structures and func- 
tion of human peripheral lymphocytes we have applied the galactose oxidase- 
NaB3H, 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 stimulated by lectines. This possibility was 
strongly suggested by previously observed extensive enhancement of GSL 
metabolism in lectin-stimulated cells in comparison to normal or (cresting)) 
lymphocytes 19,111, as well as by existing evidence that the membrane GSL 
patterns show significant differences between normal and leukemic [2,31 or 
malignant-'lymphdd 141 cells. 

This paper presents the details of reported preliminary data on these lines 
1241 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 Po[~porus 
circinatus, neuraminidase (EC 3.2.1.18) from Clostridium perfringens (Type V )  
bovine brain ganglioside standards (type 111) were purchased from Sigma 
Chemicals Co., USA; NaB3H4 (6 Cilmmole) was supplied by the 
Radiochemical Centre Amersham, England. All other reagents and media used 
in this work were described elsewhere [251. 

Isolation and cultivation of lymphocytes 

Blood from healthy donors was collected in heparinized botlles (8-10 
unitslml, final concentration), and lymphocytes were isolated by the Ficoll- 
Hypaque density gradient centrifugation method [25, 341. 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 
0.1N acetic acid to remove any remaining erythrocytes, and washed again with 
PBS. For cultivation, 0.3-0.4 m1 of packed cells were suspended in Eagle's 
minimal medium, pH 7.2; containing 20% fetal calf serum, penicillin (200 
unitslml), streptomycin (100 unitslml) and, when indicated, PHA (170 yglml). 
The suspension was diluted to a cell density of 106 cellslml, monitored by 
counting in a Neubauer hematncyrometer, 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 [201, 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 pJ of 
NaBH,, in 0.1N KOH, to give a final concentiation of 12 pg per m1 of cell 
suspension and incubated for 30 min at 37'. Then, the cells were harvested by 
centrifugation, washed twice with 2 m1 PBS, resuspended in 1 m1 PBS and 
divided in two halves, each corresponding to 0.15-0.20 m1 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 m1 PBS and to both sam- 
ples (the galactose oxidase treated, and the untreated control) 2-3 mCi of 
NaB3H4 (6 Cilnmole) 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. [261. The lower chloroform layer, containing the neutral GSLs and most 
of the hematoside 1251, was submitted to mild alkaline hydrolysis 1271 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:l (35 ml) plus 
chloroform-methanol, 1 :l (20 ml). The combined two last eluates, (((3rd frac- 
tions), contained the neutral GSLs and about\9O% of the hematoside [251. 

The aqueous phase of the original Folch extract, containing the residual 
hematoside and the more complex gangliosides, were dialyzed at 4O overnight 
against four changes of distilled water. Bovine brain gangliosides (Sigma, type 
111) were added as carriers to the mixture prior to dialysis, in order to prevent 
losses of the labeled material [291. The dialyzed sample was lyophilized, and 
fractionated on a silicic acid column eluted with chloroform (12 ml). acetone- 
methanol, 9:l (25 ml), and acetone-methanol, 1:l (25 ml) to elute the acidic 
GSLs [251. , 

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 :l) 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 m1 of a toluene 
base scintillation fluid [29], on a Packard Tri-Carb (model 3385) liquid scinS 
tillation counter. The efficiency of the instrument was 49%'for tritium, and 
monitoring for quenchning was effected by external standardization. Water- 
soluble radioactive products were counted in 10 m1 of Packard emulsifier Insta- 
Gel. 

Preparative gas liquid radiochromography 

Localization of the specific labeling of the glycosyl moieties pf 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 1301. The samples were 
hydrolyzed by mild acidic methanolysis 1311 followed by re-acetylation of the 
amino groups of hexosamines 1321, and the 0-trimethylsilyl derivatives of the 
monosaccharides were prepared according to Sweeley and Walker 1331. ,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 NaB3H, from 
lymphocytes either pre-treated with galactose oxidase, or not, are depicted in 
Table I. 

Nonspeczj?~ 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 1341, 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 NaB3H4 method used in this work has been shown to 
label effectiveiy the GSLs exposed on the external surface of erythrocyte mem- 
branes [201. 

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 exderimen- 
tal problems met during the present investigation, which at last limits 
significantly the applicability of the galactose oxidase-NaB3H4 technique. This 



222 C. EVANCELATOS, C. VAKIRTZI-LEMONIAS, V. KAPOULAS 

HEPARINIZED HUMAN BLOOD 
I Ficoll-Hypaque density 

gradient centrifugation. 
L Y""" 

Dilute acetic acid (30 sec). 

4 
L YMPHOCYTES (ER YTHROCYTE-FREE) 

I Pre-incubation with cold 
NaBH,, wash, division in two. 

I + C 
EXPERIMENTAL L YMPHOCYTES CONTROL L YMPHOCYTES 

oxidase (180 min), wash. I 

Treatment with NaB3H, (30 min), 11 wash 

LABELED L YMPHOCYTES 
Folch extraction 

SL 
CHLOROFORM LA YER 

Alkaline hydrolysis Alkaline hydrolysis, 
dialysis, ~ilicic-acid silicic-acid column 
column chromatography. chromatography. , 

NEUTRAL GL YCOSPHZNGOLIPIDS ACIDIC GL YCOSPHZNGOLZPIDS 

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 excessive 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 orland 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 Iabeling may be aI- 
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 (cpm X 10-3) recovered at various steps during isolation of labeled g ! ~  
cosphongolipids. 
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 109, 3.6 X 109 and 9.2 X 

109 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)  2 5 0 ( 1 2 0 )  
4. Column fraction 2 l00 ( 500) 2400 ( 5 100) 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) l0000 ( l  1000) 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 11: Total radioactivity incorporated into individual glycophingolipids pur13ed 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 IO-,. Numbers in parentheses correspond to re- 
spective values of controls (non-exposed to galactose-oxidase action). 

Exp. G b  ( 3 - 2  GL, Globoside Hematoside Ganglioside 

- - (GD,,) 

A 7 (7) 16 (7) 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 esjimations 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 111, 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 111: Percentages of specfic 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, GL2 '33 GL4+G~3 G ~ l a  

. . .  2 (Gal) A . . .  . . .  60.0 (ND) 42.0 (ND) 
4 (GalNAC) A . . .  . . .  . . .  5.9 (ND) 2.2 (ND) 

. . .  2+4(sum) A . . .  . . .  65.9 (ND) 44.2 (ND) 
1 B 3.3(0.1) l.g(O.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(2.4) 59.8(8.4) 40.1(5.5) 
3 (Glc) B 2.7(0.5) 2.1(2.1) 1 4 ( )  3.4(3.6) 1.7(1.1) 

. . .  4 (GalNAc) B . . .  . . .  10.9 (7.1) 3.1 (1.2) 
5 B 4.5(0.9) 2.0(4.3) 5.5(3.5) 5.9(10.1) 2.5(7.1) 
2+4 (sum) B 6.3 (1.7) 4.1 (4.6) 4.2 (2.4) 70.7 (15.5) 42.6 (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 . . .  . . .  . . .  60.2 (5.2) 41.2 (6.1) 

. . .  . . .  4 (GalNAc) PHA . . .  10.7 (6.1) 4.1 (2.0) 

. . .  2+4 (sum) PHA . . .  . . .  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 Rf 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 [321. Only negligible amounts of 
labeled hematoside were identified by this technique (see Table 11), 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 purified acidic GSL fraction 
yielded disialogan'glioside of the type CD,, as the single specifically labeled 
component. 

The radioactivity distribution into the zones of chromatoplates correspon- 
ding to individual GSLs are depicted in Table 11. 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 GD1, 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. 
AI, neutral GSLs from PHA stimulated lymphocytes incubated with NaB3H, without prior trea- 
tment with galactose oxidase; A2, neutral GSLs from PHA stimulated lymphocytes, treated with 
galactose oxidase followed by NaB3H4; A3 and B5, labeled GSL standards biosynthesized from 
j4C-galactose as precursor by PHA stimulated lymphocytes; B4, labeled hematoside standard 
biosynthesized as above; B6, labeled globoside from lane A2 after neuraminidase treatment; C l ,  
acidic GSLs from PHA stimulated lymphocq'tes incubated with NaB3H, without prior treatment 
with galactose oxidase; C2, acidic GSLs from PHA stimulated lymphocytes, treated with ga- 
lactose oxidase followed by NaB3H4; 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 (vlvlv) at 16'; plate B, as for plate A but prolonged deve- 
iopment; plate C, chloroform-methanol-2.5N ammonia, 60:40:9 (vlvlv), double development. 

graphy, as described above. As already mentioned, the results depicted in Ta- 
ble 111, show that even the total label recovered as percent of that injected, is 
very low in all other species, except in globoside and GDI,, Namely, from the 
total label of globoside and GD1, 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  a able IV). On the ba- 

\ sis of these data, the specific labeling of globoside is 8 times higher than that of 
GD1, in both, the normal and the PHA-stimulated lymphocytes. 



226 G. EVANGELATOS. C. VAKIRTZI-LEMONIAS. V. KAPOULAS 

TAB LE IV: Total spec$c labeling of individual glycosphingolipids. 
Calculated as the products of total radioactivity bound to each purified GSL (Table 11), multi- 
plied by the respective percentages of specific label, i.e. bound to galactose and galactosamine (- 
sums 2+4 from Table 111). Numbers in parentheses correspond to respective controls (non- 
exposed to galactose-oxidase attack). ND = not determined. 

Total specific labeling (cpm X 10-3) 
Exp. 

GL, GL* GL3 GL4 GL,a 

A ND ND ND 58 (3) ND 
B 23 (5) l 0  (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 [201. 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 GDIa 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 [201, 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 [201. 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 cccrypticityn of certain haptens of the cell surfa- 
ces [20, 351. Uncovering of carbohydrates in ((cryptic)) positions of the cell sur- 
face components has been correlated with loss of contact.inhibition 135, 361. 

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:l 1371, our present findings may indicate either that the labeled G- 
SLs are mainly of the 2:O type, or that galactosaminyl residues were in a cccry- 
ptica 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:l 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 TAYKOC@IITOAIIIOEIAQN ANOPQIIINQN 
AEM@OKYTTAP~N AIHTEPMENQN ME AEKTINEC 

TPHTOPIOZ H. EYAWEAATOZ, AIKATEPINH BAKIPTZH-AEMONIA ~ a i  BAZIAEIOX 
M. KAIIOYAAZ. 

'H pEeo60~ r i j ~  d~s t t i aoq~  r i j ~  yaha~r6~q~-zptrtopEvou ~opoij6pt6iou r06 
varpiou ~pqo~poxoti$q~s yta rqv oqpavoq r6v yaha~zocuho - ~ a i  yaha~ro-  
capivtho - bp66ov r6v yhu~oocpiyyohtnostfiv nou Ppio~ovrat orqv Entcpavs~a 
z6v nhaopaztc6v yspppavhv ~ a v o v t ~ 6 v  ~ a i  GtqysppEvov p6 cpuroatpayhoun- 
vivq &v@ponivov A & / . L ~ ~ o K u T T ~ ~ ~ v .  Mq &f6lKi] o?jpa~oq EpnoGicst Z ~ V  Eqappo- 
yi] r i j ~  pse660~ afir i j~ orqv p~hErq r6v h~pcpo~urrdlpov E w o ~  Eav npoqyqesi 
Exstspyaoia z6v ~uz rapov  afir6v p6 pq oqyaqkvo popoiiGpi610 xpiv &no 
zfiv EniGpaoq 706 Evcrjyou dEst66oq ~ i j ~  yaha~r6cqq. Czi]v nspinzooq afinj 
rci &nozsMopaza 6nohoyicovrat paoq r i j ~  E~azoortaia~ dvamqoqq r i j ~  pa6t.c- 
vipysta~ r i j ~  yaha~r61;q~ ~ a i  r i j ~  yaha~zocapivq~ psza &no &vahuoq p6 napa- 
o~suaortmj &~ptouypo~pwya~oypa(pia. 

M6 ~poyazoypacpia k n r i j ~  onp6Goq ppi0q~s  oqyavrt~q s i6 t~q  oqpavoq 
povo ozov yhopocirq ~ a i  ozov Gtoiahoyayyhtocizq rrjnou GD1, . A k  ppE0q~av 
notoTt~6~ GtacpopEq psza@ rGv ~avovuc6v ~ a i  r6v GtqysppEvov p6 cpuroatpa- 
yhowtvivq hspcpo~uz~apov. ITspatzbpov &sptouypopa6to~popazop~rpt~i] h a -  
Suoq i!8&15& 6rt 4 o~jpavoq z i j ~  yaha~rocayivqq 66v &bat  oqpavztrtfi. 'Avri0s- 
za fi yaha~rocq n&ptE~&t 6hq O X E ~ O V  Z ~ V  s i6 t~q  ofipavq oz6v yhopociq 
60% ~ a i  or6v yayyhtociq GD1, 40% z i j ~  dhtci j~ pa6tsvipysta~. 

'An6 r a  napan6vo oupxspaivsrat 6 ~ t  oi 6ua6q r i j ~  yahamocapivq~ r6v 
yhu~oocptyyohtno~t66v 245 En~cpavsia~ r6v p~yppav6v z6v kpcpo~u~z6pwv &l- 
vat ~ a d t  Eva zpbno u~ahupbvsp ~ a i  parno fi 66st66oq r i j ~  yaAa~zocq5 66v 
pnopsi v& 6p6on Enavw zou~ .  'Avziesra of bp66q r i j ~  yaha~rocqq &at EKTE- 
BtpEvs~ ~ a i  nhvm o6 a h 6 ~  ynopsi va 6paost 70 E v ~ u ~ o .  
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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 reageits of GABA-transaminase 
and a homogeneous bacterial m-amino acid: pyruvate transaminase (m-AT). 
The cyclopropylamine, 4, reversibly inhibits GABA-T and m-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-arninobutyric 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  inhibitor^'^^^^. Cyclopropanes4 often 
simulate olefins in their chemical properties and could serve as useful 
functionality in the construction of such inhibitors. 

The ability of cycloljropanone (1) and its analogs to trap nucleophiles is 
well known5 and is thought to be the basis of action of tranylcypromine6 (2) 
and other monoamine oxidase inhibitors7 which are cyclopropylamines. 
Cyclopropanone (I), and perhaps its imine, is the active agent responsible for 
the inhibition of aldehyde dehydrogenases, 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 liverg. 

Although isolated three-member rings possess low chemical reactivity, an 
adjacent radical, carbonium or carbanionic center renders them unstable to 
cleavagei0. 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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Enz-Nu = Enzyme 

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 bacterial 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 schizophrenia have been associated with altered brain 
GABA levels, and there is a need to develop selective reagents which interfere 
with its rnetaboli~m'~~'~. 

In this connection the natural product, gabaculine (6), a rigid, cyclic analog 
of GABA in extended conformation, has been e~amined'~7l~ 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- 
T16,". 

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 csyclopropane carboxylate. 
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Results and Discussion 

Both GABA-T and w-amino acid: pyruvate transaminase are pyridoxal 
phospate (PLP)-+inked 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 P-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. 

Scheme 1 

On the other hand, initial adduct formation between the pyridoxal cofactol 
and 5, 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 
a n i ~ n ' ~ ? ' ~ .  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 
Ivanskiim 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 w-AT upon incubation at 37O with con 
centrations up to 50 mM for 20 minutes. The cyclopropylamine, 4, appears to 
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B & B '  are part o f  t h e  enzyme 
Scheme 2 

1. KOH-aq. acetone 

Scheme 3 
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22  - 
Scheme 4 

TABLE I: Relation of GABA and Its Analogs to GABA-T and w-AT. 

Substrate Inactivator Reversible 
Inhibitor 

Compound GABA-T m-AT GABA-T m-AT GABA-T w-AT - - - -  v 

GABA + + - - 
K,= l- 18mM Km=8.0mM 

Gabaculine + + + f a  

4 - K -  - 10-4M KI=8x 1 0 ' ) ~  
5 + + 

Km=6mM 

aKills in every turnover, 

be a reversible inhibitor of GABA-T and a-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 a-ketoglutarate. The 
K, value was not determined for a-AT, but its turnover rate at 5.0 mM (0.9 
U/mg) is comparable to the rates for P-aminobutyrate (1.1 Ulmg) of GABA 
(1.4 Ulmg) 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 
V,,, 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,l'-diethyl-2-2'-cyanine iodide (DCI) (2 1). 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 linkageI5-l'. 
Compound 4 on transamination would yield a cyclopropylimine, capturable as 
a stable 1,Zadduct by a nearby enzyme nucleophile. This strategy is thwarted 
because neither transaminase will carry out the requisite oxidation of the 
cyclopropylamine group. The KI 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 W-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 kcallmole of strain energy22 and this incre- 
ment should make the 1,3-shift in sheme 3 considerably more difficult than it is 
for ordinary GABA-like ~ubs t ra tes~~.  

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 cyclopropdnes. That 5 is a reasonable substrate (K,,, - 6mM) for 
both GABA- and m-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 

~ e l t i n g  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 Ivanskiizo. m-Amino acid: pyruvate tran- 
saminase was purified to homogeneity as described'" while GABA- tran- 
saminase was obtained as a partially purified enzyme from Pseudornonas 
Jluorescens (Sigma Chemical Company). Enzyme activity of m-amino acid, 
pyruvate transaminase was assayed as'  describedI6 by either a continous 
method using P-aminobutyrate as substrate (for inhibition ,and inactivation 
studies), or-by a discontinous method in which 1I4CI pyruvate is converted to 
IJ4C1 alanine and separated on Dowex 50 H' columns. The discontinuous 
assay is suitable for any m-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 m-AT by incubation 
at 37OC 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 25OC 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 m-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 ?-AT was determined at 5.0 mM substrate 
only, due to the large amount of substrate consumed in this assay. Turnover of 
5 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 tram-t-Butyl (2'karbomethoxy) 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 5mm. 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 tram-diesters 14 (31%), bp 45-8'12 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 6 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 1N KOH and 300 mL of 
acetone was stirred under N, for 30 min., poured over ice-water and extracted 
with ether (2x 150 m ~ ) .  The aq. lalyer was acidified with conc. HCl 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 (CDCI,) 0.60-1.90 (m, 
4H), 1.47 (S, 9H). 2.20 6 2.53 (two doublets, 2H, J = 7Hz), 6.52 (b, 1H). 
cis and tram-t-Bufy [2N-methoxycarbonyZamino) q~clopropj~ll acetate (18) 

To a solution of l l g (0.055 mol) of 15 in 84 mL of acetone and 150 mL 
of water at O•‹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 -lO•‹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 6 1720 (CO), 2050 (N,) cm-'; 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=O), 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 (CDCI,) 0.33-1.6 (m, 3H), 1.53 (S, 
9H), 2.07-2.64 (m, 3H), 3.65 (S, 3H), 5.42 (bs, 1H). 
tram-(2'-N-carbomethoxyamino) cyclopropyhcetic 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 107OC; IR: (Nujol) 3300, 1715, 1675 cm-'; 
NMR (CDCI, = DMSO-D,) 0.45-1.3 (m, 3H), 1.85-2.4 (m, 3H), 5.6 (S, 3H), 
6.65 (bs, 1H). 1 

Anal: calcd. for C,H,,NO,; C, 48.60; H, 6.40; N, 8.10. Found: C, 48.61; 
H, 6.20; N, 7.91. 
tram-(2 '-Aminocyclopropyl)acetic acid (5) 

A mixture of 0.2 g (1.15 mmol) of 19, 7 g of barium hydroxide, 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 
197OC; IR (KBr) 3400, 3200-2300, 2150, 1570, 1390 cm-'m NMR CD,O 
relative to HDO peak at 6 4.61 0.45-0.94 (m, 2H), 1.04-1.37 (m, lH), 2.03 (d, 
J = 7Hz, 2H), 2.23-2.40 (m, 1H). Double resonance experiments with the 
decoupling frequency centered at 0.78 6 collapsed the multiplet at 2.23-2.40.6 
to a doublet with a typical trans-cyclopropyl proton-proton coupling constant 
(J = 3 . 8 H ~ ) ~ ~ - ~ ' .  

Ku~, ionponavz~~ 'AvMoya ZOG y-Ap~vo~ov~upz~oG d @ o ~  
Ttk V& E~sTaoTsT Q 6uvaz6~qza ~pqotponotf io&~~< ~ u ~ h o n p o n a v t ~ 6 v  

&vahoyov TOO y-aptvopou~upt~o0 65605 (GABA) &vaorohEov aho~zov ia$  
EvC6pwv gytvs fi orjvesoq 706 trans -(2-aptvo~u~honponuh)) 6 5 ~ ~ 0 0  6@05 (4) 
~ a i  TOO tram -2-aptvop&uh) ~ u ~ h o n p o n a v o ~ a p P ~ u h ~ ~ o O  6 5 h  ( 5 )  ~ a i  ~azontv Q 

--- -- 
60~tpfl  ytdl nteavfl 6pao-q ~ o v  c % ~  &vn6paoqpiov no6 &6pavonotoOv TO 

Lvspyo ~Evzpo T ~ S  zpavoaptvaoq5 TOO GABA (GABA-T) ~ a i  T ~ S  

nup0oTacpuht~q~ zpavoaptvaoq~ (@-AT) paKTllptaKfl5 nposhsdoswq. 'H 
~u~honponuhapivq (4) &vao~Ehha &vztozpsnza rqv GABA-T ~ a i  T ~ V  m-AT pi  
apiq K, nspinou 0,9 ~ a i  8mM fivrto.ri~o$. 'Etahhou TO ~u~honponavo~appo-  
SUht~o 6Si) 5, 6pG oav h o o ~ p w p a  ~ a i  T ~ V  660 h&pwv. M E ~ Z ~ V T ~ L  oi 
Entn~hosy T ~ V  &nozsheopa~ov a h 6 v  076 o~s6taoyO fivaozohEov z6v 
Ev&pov no6 ps~apohi~ouv TO 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 Chimique, Universite d'Athenes, 104, rue Solortos, Athenes (114) 
Grece. 

La synthese des derives dialkylamino-2 ethyles des bromures de l'imidazo 
[2,1-blthiazolium-4, thiazolo[3,2-alpyrimidinium-4 et thiazolol3,2-al dia- 
zepin-1,3-ium-4 est effectuee par action des bromo-Idialkylamino-4 butanones- 
2 sur les thiurees cycliques correspondantes. Pour certains de ces derives et 
dans des conditions definies, l'isolement des carbinolamines intermediaires est 
possible. De meme, la synthese des bromures des hydroxy-6-tetrahydro-5, 6, 7, 
8 thiazolo [3,2-al pyrimidinium-4 est effectuee 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 imidazoL2,l-bl thia- 
zol-4-ium, thiazolo[3,2-alpyrimidin-4-ium and 'thiazolo[3,2-aI[1,31 diazepin-4- 
ium bromides has been achived by action of l-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-thiazoo3,2-a1 pyrimidin-4-ium 
bromides. 
3-(2-Dialkylaminoethyl)-3-hydroxy-2,3,5,6,7,8-hexahydro-9H-thiazolo[3,2-a] 
[ 1-3 ldiazepin-4-ium bromides. 
5-(2-Dialkylaminoethyl)-2,3-dihydro-1H-imidazo[2,l-blthiazol-4-ium bromides. 
3-(2-Dialkylaminoethyl)-5,6,7,8-tetrahydrothiazolo[3,2-a]pyrimidin-4-ium bromides. 
3-(2-Dialkylaminoethyl)-5,6,7,8-tetrahydro-9H-thiazoo[3,2-a[1,31diazepin-4ium bromides. 
6-Hydroxy-5,6,7,8-tetrahydrothiazolo[3,2-a]pyrimidin-4-ium bromides. 
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L'etude de la litterature chimique revele que parmi les nombreux derives 
decrits du thiazole a deux noyaux condenses, il y a des produits possedant des 
proprietes pharmacologiques et antimicrobiennes remarquableP. Cependant la 
preparation de tels derives qui contiennent dans leur molecule une fonction 
amine aliphatique ou une fonction alcool n'est pas encore decrite, selon nos 
connaissances. 

Dans le present travail nous etudions d'une part l'introduction de la fonc- 
tion dialkylaminoethyle dans le noyau du thiazole des derives thiazoliques a 
noyau condense (V) et d'autre part la preparation des derives (IX) du thiazolo 
13'2-alpyrimidinium-4 hydroxyles en position 6. 

Les composes synthetises avec leurs constantes physiques sont cites dans le 
tableau 1. 

En ce qui concerne la synthese des derives dialkylaminoethyles (V), elle est 
effectuee par formation du noyau du thiazole en faisant reagir les 
bromhydrates de bromo-1 dialkylamino-4 butanones-2 (1) sur les thiurees cycli- 
ques correspondante9 (II) come il est indique dans le schema 1. Cette reaction 
evolue avec formation intermediaire des thiocetones (III)' qui subissent une ad- 
dition nucleophile sgir leur carbonyle et se transforment en carbinolamines 
bicycliques (IV); ci8 dernieres fournissent finalement les derives thiazoliques 
(V) avec une elimination spondanee d'eau%%'. 

C'est ainsi qu'en 

(V ( I V )  

n=2,30u4 

d 

SCHEMA 1 

faisant reagir l'imidazolinothione-2(3H) avec la bromoce- 
tone correspondante (1) dans l'ethanol a chaud ils se forment directement les 
bromhydrates de bromures des (dialkylamino-2 ethy1)-5, dihydro-2,3-1H-imi- 
dazoI2,l-blthiazolium-4 (Va) et (Vb) sans isolement intermediaire des 
thiocetones (III) et des carbinolamines (IV). Par contre la reaction des 
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bromocetones (1) aussi bien avec la tetrahydro-3,4,5,6 pyrimidinothione-2(1H) 
qu'avec la hexahydro-l,3,4,5,6,7-2H-diazepino-l,3-thione-2 dans l'ethanol 
bouillant fournit respectivement les carbinolamines intermediaires (voir tableau 
1) (IVc), (IVd), (Ive) et (IVf). La transformation de ces composes en derives 
thiazolo[3,2-al pyrimidiniques et thiazolo[3,2-al[ 1,3ldiazepiniques (Vc), (Vd) et 
(Ve), (Vf) respectivement, est effectuee par chauffage dans l'acide acetique 
glacial. 

Les spectres IR des carbionolamines (IV) presentent les absorptions du 
noyau thiazolinique i (C=N) vers 1650-1620 cm-' et 7 (S-C=N) vers 1550- 
1525 cm-'. D'une maniere semblable les spectra IR des derives thiazoliques (V) 
presentent les trois absorptions du noyau thiazolique i (C=N) vers 1640-1595 
cm-' (thiazole 1), i (C=C) vers 1610-1565 cm-' et i (S-C=N) vers 1575-1535 
cm-' (thiazole II)8. Ainsi l'absorption de la vibration de valence i (C=N) des 
derives thiazoliques (V) est deplace vers les valeurs de frequence plus faibles a 
cause de l'aromatisation du noyau thiazolique. . 

Les spectres RMN des carbinolamines (IV) dans la DMSO-d, donnent trois 
protons non equivalents au point de vue mangetique, qui sont echangeables en 
presence de D,O (6 10,13-10,26,9,49-9,67 et 7,5-7,7 ppm) tandis que le spectre 
RMN des derives (V) donnent seulement les deux premieres des trois absorp- 
tions ci-dessus. Cela nous amene a la conclusion que ces absorptions 
correspondent aux protons des fonctions NH', l'absorption avec 6 7'5-7'7 pprn 
est par consequent due a l'hydroxyle des carbinolamines (IV). De plus, les 
derives (V) donnent l'absorption du proton non protege du noyau thiazolique 
vers 66,38-6,78 ppm. 

De meme durant la fusion des derives (IV) on observe une effervescence et 
par la suite resolidification; le nouveau point de fusion correspond a celui du 
derive (V) correspondant. 

Nous n'avons pas reussi a effectuer des analyses elementaires des composes 
(IV) a cause de leur transformation en (V) dans les conditions du sechage 
prealable necessaire. 

Plus precisement, dans le cas de la preparation du derive benzimidazolique 
(Vh) le produit intermediaire forme parait avoir la structure de la thiocetone 
ouverte (IIIh); cela resulte du pic caracteristique aigu du a la vibration de 
valence du carbonyle qui se situe vers 1705 cm-'. Cela est confirme par le 
spectre RMN du (IIIh) qui presente les quatre protons benzimidazoliques sous 
forme de multiplet symetrique (6 7,22-7'64 ppm) caracteristique du systeme 
AA'BB'. D'autre part dans le spectre RMN du derive thiazolique (Vh) le 
proton thiazolique se presente sous forme de singulet (6 7,35 ppm) tandis que 
les protons benzeniques sous forme de multiplet assymetrique (6 7'44-8,35 
ppm) caracteristique du systeme ABCD. 

Enfin il. parait probable que des facteurs steriques peuvent influencer la 
transformation des carbinolamines (IV) en derive (V). C'est ainsi que malgre 
les experiences repetees et l'augmentation du temps de chauffage dans l'acide 
acetique nous n'avons par reussi de transformer le bromhydrate de bromure du 
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(dimethylaminomethyl)-5 hydroxyda octahydro-2,3,4,5,6,7,8,8a-1H-imidazo 
12.1-blbenzothiazolium-4 (IVg) en derive (V) correspondant. Il faut noter que 
contairement aux autres derives (IV) malgre le sechage prolonge, le (IVg) 
donne une analyse elementaire constante. 

Quant a la preparation des bromures de I'liydroxy-6 tetrahydro-5'6'7'8 
thiazolol3,2-alpyrimidiniums-4 (IX) nous l'effectuons en chauffant 1 mole de 
dibromo-1,3 propanol-2 (VII) avec deux moles d'amino-2 thiazole (VI) 
correspondant (Schema 2). 

SCHEMA 2 

La separation du produit (IX) du bromhydrate (~111{~ui se forme durant 
la reaction est realisee par cristallisation franctionne basee a la plus grande 
solubilite du (VIII) dans un melange ethanol-ether. 

Partie Experimentale 

Les points de fusion ont ete pris dans l'appareil de Buchi et ne sont pas 
corriges. Les microanalyses ont ete effectuees par le Service Central de 
Microanalyse du CNRS. Les spectres IR ont ete obtenus en dispersion dans le 
KBr a l'aide d'un spectrophotometre Perkin-Elmer 177. Les spectres RMN ont 
ete enregistres sur un appareil Bruker-Hx90 et sur un Varian-A60 en utilisant 
le DMSO-d, et le D,O comme solvant. Les deplacements chimiques sont don- 
nes en 6 (ppm) par rapport au TMS et au DSS en reference interne. 
Matieres premieres. Les thiurees cucliques (II), soit I'imidiazolinothione-2 
(3H)9, la tetrahydro-3,4,5,6 pyrimidinothione-2(1H)1•‹, l'hexahydro-1,2,3,4,5,6,7- 
2H-diazepino- 1'3 thione-211 et la 1H-benzimidazolothione-2(3H)1~ ont ete 
preparees respectivement a partir de l'ethylenediamine, de la propylenediamine- 
1,3, de la butylenediamine-1'4 et de la O-phenylenediamine par action de CS, et 
cyclisation par la suite des sels internes des acides N-(a-aminoalky1)- 
dithiocarbamidiques formes. 

Les piperiodino-4 et .morpholino-4 butanones-2 et la (dimethylaminome- 
thy1)-2 cycl~hexanone'~- '~ ont ete preparees en appliquant la reaction de Man- 
nich sur l'acetone et la cyclohexanone: 

Les bromhydrates des aminobromocetones (1) ont ete prepares par 
bromuration des bases de Mannich ci-dessus a l'aide d'un melange de brome- 
acide bromhydrique dans l'acide acetique glacia1I6-''. 
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TABLEAU 1 
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* Absorption du OfI alcoolime en I R  v (PH) 3350-3300 6'. 
** Fnalvses e1eFwitaires satisfaisantes ont ete obtenues pour C,H, B r ,  N,-P (5 0,4 % ) .  
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Les dibromo-1,3 propanol-2 (VII) a ete synthetise par bromuration de 
glycerol a l'aide de brome et de phosphore rouge18. 

Parmi les amino-2 thiazoles utilises (VI), I'amino-2 thiazole non substitue 
est commercial, tandis que le methyl-4 amino-2 thiazole19, le phenyl-4 methyl-5 
amino-2 thiazole" et I'amino-2 tetrahydro-4,5,6,7 benzothiazole" ont ete 
prepares selon les methodes decrites dans la bibliographie. 
Derives (IV) et (111): 0,01 mole de bromhydrate de bromocetone (1) et 0,01 
mole de thiuree cyclique (II) sont chauffes a reflux dans 250 ml d'alcool absolu 
pendant 3 hrs. Apres quoi le solvant est elimine sous pression reduite et le 
residu est recristallise dans un melange de methanol-ether. 
Derives (V): 0,01 mole de derive (III) ou (IV) est mis en suspension dans 60 
ml d'acide acetique glacial et la melange est agite pendant 12 hrs a 120•‹C. 
Puis, l'acide acetique est elimine par distillation sous pression reduite et le 
residu est recristallise dans un melange methanol-ether. 

' ~ e r i v e s  (IX): On chauffe pendant 80 hrs a reflux un melange de 0,025 mole de 
dibromo-1,3 propanol-2 (VII) et de 0,05 mole d'amino-2 thiazole substitue ou 
non dans 25 ml d'ethanol absolu. Puis on laisse pendant 2 hrs a O•‹C, ajoute 
une petite quantite d'ether anhydre jusqu'a commencement de la cristallisation 
et apres refroidissement pendant 2 hrs on filtre les cristaux formes et lave avec 
de I'ether. On rectistallise dans un melange methanol-ether. La concentration 
des eaux-meres suivie par une addition d'ether permet d'obtenir le bromhydrate 
de l'amino-2 thiazole utilise. 

'H napauicsufi 2-6tah~uha~voatuvhtopiv~v napayhyov z6v BpoptoU~ov 
iyi6aco[2,1-bIu~ia~-4-iov, 0~ia~oho[3,2-alnuptp~6tv-4-iov  ai usta~oho[3,- 
2-a][ 1,3 16iacsntv-4-iov Enizuy~avs~at 6i' EntGpaosoc 1-ppwpo-4-Gtah~uhap- 
vopouzav-2-ov6v Eni 5Wv &VZI<JTO~XWV K U K ~ ~ K ~ V  0stouptOv. 'YnO Optupivac 
ouvufi~ac  ai 6101 ztva z6v npoi6vzov &?vat Eqi~zq fi &nopOvootc z6v 
EvGtayioov ~appivohaptv6v. 'S2oaij.roc .il oUvusoy z6v Ppoptoij~wv 6- 
~6po~u-5,6,7,8-z~zpau6po-~~ia~oho[3,2-anupipt6~-4-i~ happhvn ~ h p a v  61' 
EniGpaosoc 1,3-Gippopo-2-nponavohqc Eni ~ 6 v  &vztozoi~ov 2- 
&yovou&~a~ohiov. 
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