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CTEPEOXHMEIA CYMHAOKf2N ME EllTA YnOKATACTATEC 

M .  KAMAPIQTAKH - ITAIIAPPHTOIIOYAOY, A. KAPAAInTA - AYMIIEPOz 
ITOYAOY, A. XATZHIIANArIQTH - CTAMIIAKH 

H 6t~u8brqoq TCOV S ~ u y h v  ~ ~ E K T ~ O V ~ ~ V  EL< TqV or$d6a (308~0% E V O ~  K E V T P ~ K O ~  ~ T O ~ O U  GE bva RO- 

huaroytc6 poplo, pnop~i va npoph~cped happavovraq un' o y ~ v  rqv too6bvapo btapopcpwoq xou 8a ~ i -  
Xav opota owkari6ta rono0~rqpBva orqv ~ntcpav~ta p t a ~  ocpaipa~, Brot hors va E h a ~ t ~ ~ ~ n ~ l E i ? a t  q p:- 
rat6 rwv anwanrfl ~vbpyola (E) .  H E v E ~ ~ E K I  aur j  ~ i v a t  avahoyq sou a0poioparo~ 

onov r,, ~ i v a t  o h ~ q  ot 6uvarBq anoorao~t5 pE~aS6 rwv owpantbiwv. H rtpq rou a ~Sapzarat ano rov 
runo rqq ahhqheni6paoqc,. Tta q v  n~pinrmoq nov ra owpari6ta ~ i v a t  E E T ~  q y ~ w y ~ r p l t j  60pi E@p- 
rarat an6 rqv r t y j  rou U .  Zuyr~rp t~Eva  yta a<3 ~uvoK~hrepq y ~ w p ~ r p i a  (~apqhhrspq rtpq rou E )  ~ i -  
val q ~ ~ E V T ~ ~ U V L K ~  6tnupapi6a (Dsh) yta a36 nportparat ro povcorsyaopbvo O K T ~ E ~ P O  (C3v) E V ~  (Try 
E V ~ ~ ~ L ~ E O E S  ~ l p e <  TOU a ~ ~ l K p a 5 0 i ) ~  01 O U ~ R E T P ~ E <  C*,,, Cl Kat CS. 
.Eva ahho ~aparrqptortro orotx~io,  yta rqv n~pinrwoq n u h  rwv ~ n r a  owpart8iwv ~ i v a t  ort yta p t ~ p &  
r1p65 rou a ot r t pb~  ~ v s p y ~ i a ~  nou avrtorot~o6v or& Gtacpop~c, oupperpis< 6tacpbpo~v ~ h a ~ t o z u  p~raS6 
rouc,. Eivat hotnov cpavspo 6rt ~ E ~ T E ~ E ~ ~ o L K S E S  E~mpoptaK& 6uv6pEt~ pnop06~ Ek0ha va p~rarptyouv 
rqv pia y ~ w p ~ r p i a  orqv ahhq. Ahhayq 6qXa6q rou 6tah0rq j rwv avrtora0ptort~hv tovrwv K.1.n. 
pnopouv va ahMSouv rqv ouppcrpia 6 n w ~  avacp6p~rat yta ra oBpnho~a rou Mo3+ Kai Mo2+ RE ~ n r a  
~uavtdvra. 
01 nhbov o u v j 8 ~ q  o r ~ p ~ o ~ q p t ~ b ~  6 o p t ~  nou avrtorot~obv OE ovpnho~a  PE Enrh u n o ~ a ~ a o r a ~ ~ ~  ~ivat :  
I .  n ~ v r a y m v t ~  j 6tnupapi6a (Dsh) 
2. M O V E ~ T E ~ ~ ~ ~ E V O  O K T ~ E ~ ~ O  (C3") 
3. Mov~crr~yaop~vo r p t y w v ~ o  npiopa (C2v) 1s r y  ~ a p a ~ r q p t o r t ~ b ~  pbpata 6tapopcph0~1~ rwv d- 
q o ~ ~ a ~ h v  rou I C E V T P ~ K O ~ )  p~rahhou o~ ~ 6 8 ~  pia an6 r y  xapankvw Y E W ~ E T P ~ E S .  

Kpttflpto yta tov o~qyattopo svoq oupnho~ou (6nw.q ysvt~a Kat ptaq ~ q y t ~ f l q  6- 
vwoqq) sivat q ahhqhsni6paoq tou ~svtptcorj ys~dihhou ys tous uno~a taora t s~  tou 
onwq Kat t o  noio y ~ w p s ~ p t ~ o  o ~ f l p t  @a n p 0 ~ 6 ~ q  staprata~ crs psyaho pa0po a+no 
zqv ahhqheni6paoq auzi. 

'Eva pezahht~o tov 8a ouvsxioq va 66~stat npoo8stouq u n o ~ a t a o t ~ c q  otav q 
ouvohtmj shattwoq tqq svipystaq TOU ouotfiyatos nou ~(psihstat o ~ q v  a6cqoq TOU 

aptBpo6 twv 6soyhv ystahhou-uno~ataotatou sivat p~~ahrjapq ano t o .  orjvoho 
.rwv Guc~pevhv opov svspysiaq nou avttotot~o6v o t y  ahhqhsnt6paostq zwv u n o ~ a -  
motathv yeta@ touq f l  p& (s6yq qk&tpoviov. 



3. Movsozsyaoyivo* rp~yovw15 npioya: ouyysrpia~ C2, ( n . ~ .  K2[NbF,l(5) Kat 
K,[TaF,](6). 

K m  za zpia aura noh6s6pa ynopsi va cpavzaozei ~ a v s i ~  ort npoilheav an' zo 
O K T ~ L E ~ ~ P O  P E  rqv npoo0il~q paG a ~ 6 y q  ~ o p v c p ~ j ~  ~ a z a  zps1~ 6 t a c p o p ~ n ~ 0 6 ~  rponog 
(opjya 1) .  H n p o o b j ~ q  pipap zou eP66you uno~azaozarq ozo O K T ~ E ~ P O  snqp&dl<&1 
Ka1 z y  0iosy zov vnohoinov uno~azaozazwv. AV ~ a v o u y s  q v  napa6o~fl 0.51 6ho1 
ot uno~azaorazs~  anixouv ioou an6 TO K E V T P ~ K O  ~ O V ,  za napanavo oxilyaza 
ynopo6v va xapaozaeorjv 6 n o ~  o to  oxilya 2. TI' auzo q ouyysrpia D5h xapa~zqpi- 
[ s za~    at o~ 1 :5:1, ys q v  ivvota 6r1 E~ouys nivze uno~azaoz6z s~  &v05 ei6ou~ (ozov 
toqyeptvo) 660 ( h a  Kat h a )  o ~ o u ~  660 n6hou~.  n a p o y o i o ~  q, ouypsrpia C3, 
~apa~zqpi<szat  o~ 1:3:3, q o~ 1:4:2, q C, 1:2:2:2 Kat q CS o~ 5:3. 

* ME TOV bp0 ~ O V E O T E Y ~ O ~ ~ V O ,  aao6i6~za1 o a y y @ a 6 ~  bp05 monocapped. 
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Cqp~thv~zat  navzoq o n  q napa60pj zqq ioqq anoozaoswq zov urco~azaozazhv arc6 
ra KEVZPLKO LOV anoz~hsi umpanhonoiqoq, 16ioq yta oipnhowa nou i ~ o u v  6Lacpop~- 
rtco6q uno~azaoz6z&~, ahhk rcap'oha aura yivsmt E T E L ~ ~  floq0ast ozqv anst~,ovtoq 
6~ucpopwv y ~ o y ~ z p t h v  Kat zq o6y~ptoq pszat6 TOUS. 

E K T ~ S  an' ztq zpstq ~ ~ 1 6 a v t ~ ~ u p i ~ s ~  Y E O ~ E T P ~ E ~ ,  &p(pavi<ov~al O U X V ~ ~  KaL 660 
y~wpszpisq F E  p ~ p 6 z ~ p q  ouyp~zpia, q C2 K ~ L  CS ( q q p a  2). Czo o ~ i p a  2 cpaiv~zat 
KaL q o ~ 6 o q  nov unappt avapsoa oz1q 6tdlcpop~q ~ L E U ~ E ~ T ~ B E L ~ .  'Ezot q C2 pnopsi 
n.X. va 0~wpq0ei OTL ~ P O ~ K U W E  an6 zqv C j v  ys p~zazontoq TWV uno~azaozazhv 3 
Kai 5 os ~ ~ 6 l d l p ~ 0 0  ~ n i n ~ 6 0 .  H C ,  pnopsi KI' auzi va 0~opq0si ozt ~ P O E K U W E  an6 
rqv C3v P E  T o T T o ~ ~ T ~ ] ~ ~ )  TOU 1 0 ~ 0  E ~ T ~ T E ~ o  2; 3, 4. Ahha Kat ot 60~65 D5h C3v ~ E V  

~ ivat  av~Ejpzqz~q p~za56 TOUS. 'Em1 q C2v yrcop~i va 0sopq0si ozt n p o k ~ u ~ ~  
CUt"Tqv C3&l& p ~ ~ a ~ 0 7 t t ~ ~  TOU 5 W O  E ~ ~ ~ T C E ~ O  2,3,4 f i  OTL T C P O ~ K U ~ + I E  an6 TqV D5h p& 
yszazontoq rou 6 ozo napahhqho pa<i ps TO 7, K.O.K. 

01 0iostq zwv &acpopwv urco~azaozazhv xavo orqv ocpaipa ~a0opi<ovzat oq 
ouvil0wq PE ~apwotaviq noht~iq ouvz~zaypiv~q. CE ~ a 0 ~  rcspin~woq o acovaq 
zov Z 6 t i p ~ ~ z a t  arc6 TO oqpsio 1  at TO ~ i v z p o  zqq ocpaipaq 6nou Ppio~szat TO KEV- 
z p t ~ o  azopo ( o ~ q p a  2) ( o q  oupyszpia C ,  6 t i p ~ ~ z a t  an6 za ~ i v z p a  zov K ~ K ~ O V ) .  

Kazk zov Gillespie8 0sop06ps zouq urco~azaozaz~q oq <si)yq qhs~zpovhv sni 
zqq ~rctcpavsiaq ocpaipaq. Mia p60oGoq yta va npoo6topiooups zq 8tsu0izqoq auzhv 
T o V  <&uyhv ' T ~ ~ E K T P O V ~ O V ,  E ~ V ~ L  VCI ~ E O P ~ ~ O O U ~ E  621 z ~ ~ o ~ E ' T o ~ v T C ~ ~  6 ~ 0 1  hW& VC1 &U- 
pio~ovzat ozqv ysyah6zspq yszat6 zov arc6ozaoq. To  npoflhqpa o' aurq rqv rcspi- 
nzooq sivat ya0qpazuco Kat ~ X E L  hu0si an6 zouq Shutte Kat Van der Waerdeng nou 
i ~ o u v  6 h o ~ t  yta snza oqpsia zqv 6~azacq TOU o~qpazoq 3. 'Ahhq pi0060q (cpuot~q) 
~ ivat  va 6 s ~ z o i ) y ~  671 q 0ioq zwv <suyhv ~a0opi<smt arc6 nq yszak6 zouq qhs~zpo- 
ozazt~iq archoaq. H svipysta zwv archoswv a u ~ h v  6ivszat an6 ~q o~6oq .  

onou rij ~iva t  q arcoozaoq avapsoa ora <s6yq i Kat j Kat a pia oza0spa. AuzQ q p i -  
00605 6 ~ ~ 1  ~pqo tpo~ to~q0~ i  ano TO Foppllo. r ta snzri u x o ~ a m o z a z ~ ~  q 6taza{q &tap- 
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ZXHMA 3: TozoO6ripq enrci ow,uart&ov a q v  cntpciveta apa$a< orqv peyaLo'repq pera@ rov axdara- 
'JV. 

Ekv orov ~ 6 x 0  (1) GQoouys aro a an6 1 k o ~  12, Ba npapouys yta r q  rpsy 
t6av1~6q oupysrpisq ra ctnors?&opara rou II iva~a I .  

Ta ouynspdayara aurci cpaivov~at Kat oro Gtaypaypa rou ox-jparoq 4. 

'Eva oqyavrt~o o ~ o t ~ s i o  nou npo~13n~w an' ZOV n i va~a  I Kal 70 o ~ i l p a  4 sivat 
ort yta yt~pkq ny85 rou a ot Stacpops~ ouppsrpisq Gtacpkpouv o~ n p o ~  rfiv svkpyeta 
shapsra p&ra& rouq, oro rpiro Ij &apt0 G E K C ~ ~ ~ K ~  vqcpio. Eivat Itotnov cpavspb o- 
r~ G~ur~psljouosq ~Sopopta~Eq 6uvap~tq ynoporjv s i ~ o h a  va ysrarpk~ouv rqv yta 
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oupysrpia orqv khhq. @a nspipsvs hotnov ~ a v s i ~  ahhayiq oro ?T~ptpCi?dov onoq 
n . ~ .  zou Grahi)zq, rev avrtoraOptort~hv tovrov ~ h n . ,  V' ahha<ouv zqv yswy~rpia, o- 
n o ~   at npaypart~b 6 ~ ~ 1  PpsOsi o~ optopivsq ~ ~ p t n r h o ~ q .  X a p a ~ r q p ~ o r t ~ o  napa- 
Gstyya sivat TO o6ynho~o  tov [Mo(CN),14-. 

Ot G. Rossrnan, F. Tsay Kat Gray" yshizqoav TO oljpnho~o auro tov 0s &&(PO- 
p q  o u v € h i ~ ~ ~ .  To cpaopa i.r. orqv xspto~il  ou~vozqraq zov ~uavtovrwv, ym u6az t~o  
Gtahuya nspinou 0,2 F os K4fMo(CN),I2H2O, 6ivst 660 t o ~ u p i ~  ra tv i s~  ora 2080 
K C ( ~  2040 cm-E, z q ~  a u r q ~  nspinou ~vchoswq. To cpaoya Raman rou tbiou 6tah6ya- 
zoq 6ivst ~opucpG5 oza 2106   at 2063 cm-]. ~6ycpova y aura, q ysopszpt~q 601.4 
.sou [Mo(CN),l4- os u 6 a n ~ o  Gtahuya sivat nsvrayovr~fl 6tnupayiGa. Crqv ouyys- 

I ; ,  I , 
1 2 3 4 i- 

3 

zpia D5t, 660 O~p~hrhGstq rahavrhostq rwv ~ w v d v r w v  sivat ~ntrpsnriq ozo i.r. Kat 
ozo Raman. Atpspiq ys yicpupa ~ u a v d v r o v  ano~hsisrat 61671 6&v unap~sr  zatvia 
ora 2 150cm -l. 
To cpkoya i.r. rou ozspso6 K41Mo(CN),]2H20 0.5 Nujol ~ a 6 h q  Kat 0s 6 t o ~ i o  KBr 
orqv n ~ p t o ~ i l  ZOV 60vflosov TWV K U ~ V ~ ~ V Z O V ,  sivat Gtacpopsrt~o an0 TO cpaoya rou 
ubaztco6 Gtah6yaro~. C u y ~ s ~ p t y i v a  ozo cpaopa os Nujol, EKTOS an6 r q  tatvisq nou 
anoGi6ovmt oro vspo, unkp~st  Kat pia t o~upq  ratvia ora  2064 cm4 ~ a 0 h g  Kat pia 
noh6 noh6 aoesvfl~ oza 2111 cm-1. E n i o q ~  U ~ ~ P X E I .  pia supsia nspto~fl anoppocpfl- 
oswq ano rq 250 iwq 550 cm-' ocpsthopivq ozouq Ssopo6~ ysm@ psrk?&ou - av- 
0paKo5, p~rahhou - 6vOpa~oq - arhrou Kat oro vsp6 ~puozahhhoswq. CE 6 to~ i0  
KBr ~ycpavi<ovzat or ra tv i s~  ora  2070  at 211 1 cm-l nspinou ~ a 0 h ~  Kat q supia 
ratvia an6 ~a 250 605 ra 550 cm-]. To cpaoya Raman rou orspso6 
K4[Mo(CN),12H,O sivat noh6 66o~oho  va hycp€lsi, Gtozt un15p~ouv npophflpara 



anoppocpflosoq. H 60pfl snopivwq zou orapso6 K4[Mo(CN),12H,O sivat 6tacpopEzt- 
~4 an6 zou u6art~o6 rou 6tah6pazoq. Avriesra, kvu6po psrk ~ a h i o u  bhaq rou oup- 
nho~ou  auzo6 tovzoq, orqv nspto~il TOV ~uavtovzov 6ivst ozo i.r. K a t  oro Raman, 
nap6poi~q 6ovflosy pa TO u 6 a n ~ o  Gtbhupa zou K4[Mo(CN),].2H20. h y ~ s ~ p t y i v a  
cpaivovzat 660 to~upiq zatvisq ora 2078 ~at .2064 cm-l. To unohotno .sou cpciaparoq 
os o ~ i o q ,  ps zo ozspso K4[Mo(CN),I.2H;O 6sv i ~ ~ t  PiPata z t ~  zatvisq rou vspo6 
Kat ~pcpuviI;~t pia pszpiaq svraosw~ ratvia oza 358 cm-l Kat pia aoesvfl oza 432 
cm-'. E661 npinst va uxsveuptesi 621 pt~p6q aptBp6q ratvthv oza cpciopara i.r. K a t  

Raman ouvqyopsi yta 6oyfl u~qhilq ouypszpiaq. H ihhstyq hotnov oro avu6po a- 
haq K4[Mo(CN),] zatvthv oE ~ E P Z O X ~ ~  jltKpfl< E V E P Y E ~ ~ S  ~ E ~ X V E L  a6cqoq TqS popta- 
~ f l q  ouppszpiaq. To y~yovog auz6 ~ a e w q  Kat ot to~upiq anoppocpflosy orqv nspto~fl 
zov ~uavt6vzov 06qyo6v ozo ouynipaopa o n  q ysopszpt~fl 60~17 .sou Mo(CN),~- 
ozo avubpo psza Kahiou ahaq sivat q i6ta onoq Kat ozo u6ar t~6  6tahupa. To cpaopa 
ESR zou orsps06 a h a r o ~  K,[Mo(CN),12H2O 6ivst 660 Gtacpopsot~i~ n p i ~  yta zov 
napayovza g, ~ E ~ O V ~ S  m u  E ~ z P E P ~ ~ O V E ~  or1 q oupp~rpia ~ E V  pnbpsi va sivat D5h. 
01 ztptq rou g onwq Kat ot ~apqhflq svspysia~ zatvisq or0 cpaopu i.r. oGqyo6v ozo 
ou)mipaoya o n  q ouppszpiu ozo ozspso K4Mo(CN),.2H20 sivat, C2". H ahhayfl 
rqq ysopszpiaq TOU ti)vroq Mo(CN),4- cpaivszat Kat an6 za q h s ~ z p o v t ~ a  cpaoyara 
zou o z ~ p ~ o l j  Kat ZOU 6tah6pazo~ (o~flpazoq 5,6). 
Czqv nepinzooq rou oupnho~ou tovroq IV(CN),I-~ 6sv unap~s t  Gtacpopa zou ~ ? L E K -  

rpovt~o6 cpaopazoq rou orspso6 K a t  zou ~ 6 a ~ t K 0 6  zou 6 t a h 6 p a ~ o q ~ ~ J ~ .  H yswpsrpia 
zouq sivat opota Kat ps a~rivsq X Ppieq~s  nsvzayovt~fl 6tnupapiba. 

C X H M A  5 :  H ~ e ~ r p o v r ~ d  pdupa 0.00I5 F udar. drad~paroq K,[Mo(CN)l, 2H2O.IZ 

CXHMA 6: H A E K ~ P O V I K ~  pdupa ur~ppeoo' K,Mo(CN),.2H20. C o v e ~ l j ~  papplj, mouq 78OK, ~ I ~ K E K O ~ ~ E ' V I I  
urouq 260C.12 
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TGhoq oav nap66styya sni6paoqq rwv avrtora0ytort~Qv tovrwv orq 6oyq svoq 
~nrauno~ar~orqykvou  ouynho~ou-  ynopsi va avacpsp0q q kvwoq 
M,[Mo(CN),l X H,0'5 onou onoq E X E L  y&h&r$&i PE a~rivsq X ,  oro ysra Na ahaq 
q ouyysrpia ~ ivat  D5h EVQ or0 psra K TO tov k ~ s t  napayop(~w0~i Kat TOU an06i6~- 
m1 q Foyq C,. 

To  o ~ q y a  8 ~ E ~ X V E ~  ykpoq TOU E V E P Y E L ~ K O ~  6taypayparoq yta ra d - rpoxta~a os 
ouyysrpiu Oh Kat D5h ~a06.q~ rcat rov ouo~srtoyo rwv sntnk6wv. 
Ta E V E P Y E L ~ K ~  snins6a rwv r p o ~ t a ~ h v  d yta iva qh~~rpov to ,  0s ouypsrpia D5h PE- 
rapahhovrat ouvaprqost rqq napaykrpou p ,  onwq (~aivsrat or0 q q y a  9. 

Tu p,@)  at prn(r) opi<ovrat avriorotxa an6 rouq uno~araorarsq oro snins60 X ~ I  

yta TO nphro  at orouq aE,ovtco6q uno~azaorarsq TO ~ E ~ T E P O .  

'Orav ohsq 01 anooraostq M-L sivat iosq q napaysrpo p sivat 1 EVQ C X E ~  y&yahi)r&- 
pq nyq  orav ot anoorciosy M ys rouq atovt~o6q u n o ~ a z a o r a r ~ ~  sivat yqah6r~psq 
an6 rtq avziorot~sq M y~ uno~araonirsq oro X ~ I  snins60, 6~60ykvou 671 ot napays- 
rpot p,@) Kat p'&) sivat avr~orpocpoq avahoyot rov anooraoswv ysrahhou- 
uno~araoz6rq. 

Ot Basolo Kat PearsonI6 ~a0Qq  Kat o Hush", ~pqotyonoto6v yta va unohoyi- 
oouv rtq svGpystsq q v  rtyq p= 2, ot Speed, Perumareddi Kat Adamson18 q v  rtyq 
p= l .  Zrov n i va~a  I1 6ivovrat ot svipystsq TOV r p o ~ t a ~ h v  d rqq nsvraywvt~qq 6tnu- 
payi6oq yta ztq rtykq aurkq rou p. 

H a6E,qoq rqq svkpystaq oro dxy sivat sna~ohoueo rou or1 o kP60poq unoKara- 
orkzqq stokp~srat oro ~ n i n ~ 6 0  xy (oxilya 1). n to  h~nrop~p iq  E V E ~ ~ E ~ ~ K O  6taypayya 
avanap6ysrat oro oxqya 10, oro onoio n&pday@h~ovza~ Kat n-yopta~a zpopa~ci, 
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CXHMA 10: Ev&p)J&la~d G~aypdppara pop~a~chv rpox~a~chv pa uojlnlolca p& 7-ono~araurdr~~,  nevra- 
yuvl~rjq bnopapiGoc (&,hL 

H $~swrpovt~fl 6tayopcpwoq Kat 01 av~iorot~ot  cpaoyamcoi opot yta q v  cruyy~rpia 
D5h yta d n  o6p7cko~u ye n=1-9 ~ a @ h ~  Kat q svkpysta ora6sponotfloswg hoyo ~ p u -  
orahhtcorj ns&iou ( C F S E )  6ivovrat o ~ o v  x i va~a  111. 

lTINAKAZ 111: Hhs~rpovt~Ti &aybpcpwrn, cpacrpart~oi 6pot Kat CFSE yta rqv oupp&rpLa 



a. To E V E P ~ E ~ ~ K O  Gtaypaypa ZOV r p o x ~ a ~ h v  d yta bva q h ~ ~ r p 6 v t o  unohoyio@q~& 
yta p=l. 

p. ME TO P ouypohi@rat q ~ v i p y ~ t a  itou ~ p & t a < ~ r a t  yta va un~pvt~q@o6v ot anh- 
GEL< rov q h ~ ~ r p o v i o v  nou ppio~ovrat ozo i6to rpoxta~o  (~vbpyaa ou~~6E~xoq). 

Movsoreyaopivo O K ~ ~ E ~ P O  C3,, 
Crqv ouyy~rpia CgV Kat. PE i o ~ ~  a i t o o r a o ~ t ~  y ~ r a h h o ~  u n o ~ a ~ a o ~ a ~ o u  q 6taraEq 

1:3:3 ~a6op ic~ ra t  an6 660 psraphqrb~ napapbrpous. Aur& ynop~i  va ~ i v a t  ot noht- 
K65 yovi&< 0, (=O, = 0,) Kat 0, ( = 0, = 0,) (oxqya 11). 

ZXHMA 11: H Gzdra& 1:3:3 p& nq p&raB,lqr& 8,, 4.  ZXHMA 12: Mov&or&yuu,uE'vo o~mis6po (C3,,) 

C70 K ~ V O V ~ K O  ~ o v E G E ~ ~ ~ ~ ~ v o  O K T ~ ~ E ~ ~ O  ~ X O U ~ E  02= 54, 70 Kat 0, 125,30. Yn0- 
hoytoyoi nou b~ouv  K ~ V E ~  ot Thornson Kat Bartell" 6i6ouv rtq r t y b ~  O2 Kat 0, yta 
rqv ouyysrpia C 3 ,  ouvaprfloa rou a (TO a ~ i v a t  o E K O ~ T ~ S  orqv ~&moq (1)) nou 
cpaivovrat or0 I I i va~a  IV. 

nINAKAX IV: Xupp~rpia C3,,. Ttp& TOV yovtwv 0, rut  €l,* yla 
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i 

Auziq ot n y i ~  6sv GtacpEpouv an6 n~ z t y i ~  0,= 75" Kat 0, = 130" nou G~ouv 
unohoyto0~i an6 TOUS Hoffman, Rossi ~.a.' yta yopta~a z p o ~ t a ~ k  L7-, snza unolca- 
zaooazhv ozq ~ntcpav~ta ocpaipas p p i ~  KEVTPZKO yizahho. Ekv napsypahhouys p&- 
zahht~6 kzoyo xaip$ouys yta Gtay6pqoq do 0, = 84" 0, = 138O, yta ~ayqho6 spin 
d 2  0, = 80•‹, 0, = 130" Kat yta d 4  0, = 70" Kat 0, = 130". Ta yoptaaa z p o p a ~ a  xou 
unohoyio0q~av an6 zov GarinIg yta zqv stGt~fl nspinzooq J F ,  Givouv 0, = 75O Kat 
0,= 127". Ot 0, Kat 0, hotnov ~hazrhvovzat ozav auSq006v za d-qh~~zpovta an6 0 
0s 4. 
Ta svspysta~a Gtaypayyaza zwv d - rpopa~hv  yta zqv zunt~fl ouyyszpia C3v, 0s 
oxion ys zqv ouyyszpia Oh, cpaivszat ozo oxflycl 13. 

01 .sty85 svspysia~ TOV z p o ~ t a ~ h v  d yta G60 zty& rqq napayirpou p cpaivov~at 
ozov n i va~a  V .  

H qhs~zpovt~fl  Gtayopcpooq, 01  avziozot~ot (~aoyaz t~o i  6pot Kat q svkpysta oza- 
0 ~ p o n o t f l o ~ q  hoyo Kpuozahht~orj nsGiou yta T ~ V  ouyyszpia C3, cpaivov~at ozov 
n i va~a  VI. 

ZXHMA13: ZvuxE'rrur] E V E ~ ~ E I U K O ~  Gzaypipparo~ d-rpoxza~uh o~raC6pou (Oh) Kai ,uoveureyau,uE'vov 
o~raGpou (C3$. 
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ITINAKAZ VI: Hhsrrpovt~fi 6tapopcpooq. quopart~oi opot  at CFSE* yta rqv C3" oup~mpia (p=2). 

ZXHMA 14: H &oira& 1:4:2. E ~ r 6 q  m 6  nq 0, KUI 0,. ,u&ra@ipj &ival Kar pia akou81a~t j  ywvia, zoo 
&V B~ljIv~rat or0 oxipa yla ddyouq anL6rqraq. 
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XXHMA IS: Mov~ur~yaup6vo TPIYWVIK~ npiupa C2,,. 

Crov n i v a ~ a  VII Givovtat 01 y s ~ y s r p ~ i ~  xapay~rpot ( r p ~ q  ywvis~) xov ~ I V O V V  
oraOsp6~ Gtara~st< & ovyysrpia~ a v r i l ~  oe oxioq ys rov E K & Z ~  a TOU voyov 6v- 
vayso~.  01 r p a ~  yovi& sivat q €l2 = (= O3 = O4 = 05) q vZ (= -v3 = 180+cp4 = 180- 
'P) Kat 9, = 8, {rp, = 0•‹, cp, = 180') ( o ~ q y a  14). H cp, 6sv sival V ~ O X P E O T L K C ~  4S0, 
SqAa6j q Spa TO yovsorsyaoy6vo.v rptyovu~o6 npioyaroq 6sv sivat onwo61j~ors 
s~~p6ywvs .  

ITINAKAX VII: Ot.rtpi$ rwv r p ~ h v  ywvthv 8,. 8,. rat 9, o s  cr~ioq NE TOV E K O ~ T ~  (a) TOU V O ~ O U  ~ U V &  

p s o ~  yra ouypsrpia sxra oqp~imv CZvl'. 

avr~orot)lsi us 5~6ycq ~ x ~ p v b v )  orqv mtcpavaa ocpaipq, xwpi~ KEVTP~KO ykrah- 
ho. Eav xapsypahsupi p'~rnAh~6 tt6v xaipvovys r a  axor~h6oyara ~ o u  x i v a ~ a  VIII. 



IIINAKAI: VIII: 01 np65 ~ o v  ywv~hv @,, 8, KUI cp, yta ~rrrci uxoru.rssrqy&a oOprrkora CZv ' T U ~ ~ E -  

MLpoq zou ~ v s p y ~ t a ~ o 6  6taypayyaToc yta Ta d-zpoxta~a cpaiv~~at ozo ox. 16. 
Ta svspysta~ci snins6a TOV d - ~ p ~ ~ l a ~ h v  PE kva qhE~zpov10 p~zafiahhovzat ou- 

vapzilost zqq napayizpou p pkost zou ox?jya?oq 17. 
01 ztp8q zouq yta ztyiq .sou p=2 K a t  p=l cpaivovzat ozov n i v a ~ a  IX. 
H 6tayopcpooq h6yo ahhqhsnt6pao~wc zou zy Kat xz oupfiohit&at o~ (X rt y) z Kat 
npo~6n.rst 61a ~azahhflhwv oupyszpu~hv ouv6taophv 1 / d 2  / (zx) k (yz) 118 .  Enioqq 
61' ahhqhsn16paosw zov T P O X ~ ~ ~ K ~ V  z2 K ~ L  xy npo~6nzouv za (z2, xy)- uyqhozkpaq 
svspy~iaq Kat TO , xy)+ xayqho~kpaq ~vspysiaq (oxflya 17). 
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ZXHMA 17: Atciypappa rwv E V E ~ ~ E I ~ K ( ; ) V  E ~ I ~ ~ & U V  rwv rpoxla~6v d p& 6va qk~rpdv lo  UE ffx&h&l p& 
rqv aapciperpo p, urqv aepimwoq rqq oopperpiaq C21,.'8 

CTOV n i v a ~ a  X Givov~at q q h s ~ ~ p o v t c j  Gtapopcpooq Kat ot av~ iozo t~o t  cpaopazt- 
~ o i  opot o u p y s ~ p i a ~  C2, yta n=l 8 0 5  n=9. 

IIINAKAX X: H~EKTPOVIUKT'~ 6tapopcpooq, c p a o ~ a ~ ~ ~ o i  6po1 K ~ I  CFSE y ~ a   qv C2,, o ~ p p ~ ~ p i a  (p=2) 



Summary 

M. KAMARIOTAKI - PAPARIGOPOULOU, A. KARALIOTA - LIMBERO- 
POULOU. D. HADJIPANAYIOTI - STAMBAKI 

Stereochemistry of complexes with seven-coordination 

The arrangements of the pairs electrons in the valence shell of a central atom at a polya- 
tomic molecule can be predicted by considering the equilibrium arrangements of similar par- 
ticles on the surface of a sphere with an appropriate law of force between the particles. 

In case seven particles minimization of the repulsion energy (E) between the particles as- 
suming that it is some inverse power (a) of the distance (r) between the particles 

If the repulsive energy is assumed to depend inversely upon the first power of the distance. 
which would be appropriate to ionic repulsion. the DSh arrangement is found to be most 
stable. However if the repulsive potential energy is assumed to depend inversely upon some 
large power of the distance corresponding to Pauli forces. the C,, arrangement is found to be 
most stable. The C,,. C, and CS arrangements would also be stable for some intermediate in- 
verse power dependence of the energy. It is characteristic that in the range of low a there is 
little difference in energy between any of the structures. So it is obvious that secondary intra 
molecular powers must easily change one structure to the other. For example the change of 
counter ions must change the structures as it's referred for the complexes MO (111) and MO 
(11) with seven cyanides. 

There are usually three structures for complexes with coordination number seven. 
a) Pentagonal dipyramid (Dsh) symmetry. 
b) Octahedron with the seventh ligand added above the center of one of the faces which is di- 
storted chiefly by separating the atoms at the corners of this face (monocapped octahedron) 
C,, symmetry. 
c) trigonal prism with the seventh ligand along one of its square faces with some subsequent 
distortion (monocapped trigonal prism) C2, symmetry. 

Keywords: Stereochemistry of seven-coordination complexes, Heptacyanomolybdate (111) spectroscopic 
and magnetic properties, Structure heptacyanomolybdate (11), Electron correlation and molecular shape. 
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Sommaire 

L' action du bromomagnesio-3 propionate d' ethyle sur la dihydro-5,6-11H- 
dibenzo la,dI cycloheptenone-11 conduit a la formation d' un noyau spiranique y- 
lactonique. La carboxylation de la spirolactone avec le carbonate de methyl et de 
magnesium et 1' application de la reaction de Mannich sur 1' acide lactone forme 
fournit les derives amines correspodants de la lactone spiropolycyclique. Ces amino- 
lactones possedent une activite antiagregante plaquettaire remarquable et une action 
spasmolytique •ámusculotrope•â au moins egale a celle de la papaverine. 

Key words: ainino lactones. 
3'. 4.. 5. 6-tetraliydro-spirol l 1 H-dibenzo 1 a. dl cyclohepten- 1 1. 2' (3'H)-f~ranl-5~-one 

Introduction 

Dans le cadre de 1' etude que nous avons entrepris sur les derives amines des y- 
butyrolactones et des y-spirolactones, nous avons synthetise des produits repondant a 
la formule I du schema 1. 

Les travaux qui ont ete jusqu' a present realises, peu nombreux d' ailleurs, ont 
revele pour ce genre de produits des activites: antireserpinique, analsesique et 
antiarythmique. '.2.3.4 

Dans ce travail nous essayons faire un approche pharmacologique des produits 
du type I sous un aspect different; ces produits ont ete prepares en mettant au point 
une nouvelle methode de synthese des y-spirolactones. 

1 - 
Schema 1 
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Les derives l a  et Ib  ont ete soumis a une etude pharmacologique relative a 1' 
activite antispasmodique (((neurotrope•â et •ámusculotrope•â) et a 1' activite antiagregan- 
te plaquettaire. 

L' etude de 1' activite antispasmodique est justifiee par la structure des produits 
du type 1; en effet il s' agit des esters d' aminoalcools dont les molecules contiennent 
les elements structuraux necessaires des anticholinergiques classiques. 

Elles presentent la particularite de posseder le groupement volumineux tricyclique 
(blocking) et le groupement cationique lies entre eux par une chaine que contient le 
groupement ester et qui fait partie d' un cycle de y-butyrolactone qui est lie d' une 
maniere spiranique avec le groupement tricyclique. 

L' etude de 1' activite antiagregante plaquettaire a ete inspire par des recherches 
relativement  recente^^.^.'.^ qui revelent que la structure fi-amino cetonique (bases de 
Mannich) est un excellent vecteur de proprietes anti-agregantes. Parmi les nom- 
breuses substances connues pour ces proprietes, on trouve la plupart des anti- 
inflammatoires non steroidiens et il semble bien que les relations entre ces deux types 
de proprietes sont etroites et'expliquees partiellement par le role des pr~staglandines.~ 

Etant donne que le reste p-amino cetonique existe dans la structure des amino- 
lactones du type 1 nous avons soumis les produits l a  et Ib  a 1' etude de 1' activite 
anti-agregante plaquettaire. 

Partie chimique 

La preparation des aminospirolactones du type 1 a ete realisee en utilisant la 
dihydro-5,6- l 1H-dibenzo ia,dl cycloheptenone-l 1 2 comme matiere premiere. L' 
action du bromomagnesio-3 propionate d' ethyle sur la cetone 2 au sein de tetrahy- 
drofuranne fournit la tetrahydro-3.,4',5,6 spiro [IIH-dibenzo [a,dl cycloheptene-l1,2' 
(3.H)-furan] one-5. 3 avec une formation simultanee d' une quantite considerable de 
dihydro-5.6- 1 1 H-dibenzo [a,dl cycloheptenol- 1 1 4 et d' acrylate d' ethyle (schema 
II). 

Schema II 



Nous nous sommes donc amenes a la conclusion que durant cette reaction-type 
Reformatsky- la reduction du carbonyle cetonique est considerablement favorisee par 
le deplacement d' un ion hydrure arrache du groupement methylenique en position 2 
du bromomagnesio-3 propionate d' ethyle. Cette reaction qui est pour la premiere 
fois utilisee, a notre connaissance, pour la preparation des spirolactones (et il s' agit 
evidemment d' une methode generale) a le desavantage de fournir, dans notre cas au 
moins, la lactone 3 avec un faible rendement (13%). 

Par contre elle presente 1' avantage d' utiliser des produits commerciaux comme 
matieres premieres et nous permet d' obtenir en une seule etape et tres pure cette 
lactone. 11 faut signaler que la condensation selon Stobe de la cetone 2, mais aussi de 
la fluorenone, avec le succinate d' ethyle en presence de terBuOK suivie d' une hy- 
drolyse acide (CH,COOH-H20-HBr) de 1' hemiester intermediaire ne fournit pas la 
spirolactone 3, bien que cette methode soit satisfaisante avec la benzophenonelO. 

La carboxylation de la spirolactone 3 avec le carbonate de methyl et de magne- 
sium (MMC)11.12.13.14 permet d' obtenir 1' acide-lactone 5; 1' application de la reaction 
de Mannich sur cet acide conduit aux aminospirolactones 1. 

Bien que la reduction de ces dernieres avec le LiAIH, fournit quantitativement les 
aminodiols correspondants, tous les efforts de cyclisation de ces aminodiols en de- 
rives tetrahydrofuraniques ont echoue et des melanges reactionnels nous avons isole 
intactes les aminodiols malgre la variete de methodes utilisees. 

Partie experimentale 

Les points. de fusion ont ete pris dans un appareil de Buchi et ne sont pas corri- 
ges. Les microanalyses ont ete effectuees par le Service Central de Microanalyse du 
C.N.R.S et sont conformes aux valeurs theoriques a 4 0,4%. Les spectres RMN 'H 
ont ete enregistres sur un appareil Varian FT-80A en utilisant le CHCI, comme so- 
lvant et la TMS comme reference interne. Les spectres en IR ont ete enregistres sur 
un spectrophotometre Perkin-Elmer 177. 

Tetrahydro-3 ;4 ;5,6 spiro (1 1 H-dibenzo [a,d] cyclohepterw11,2 ~3'H)-fura11] one- 
5' 3. 

Dans 5,288 (0,22 gratoms) de tournures de magnesium on ajoute une petite 
quantite d' un melange de 16g (0,077mole) de dihydro-5,6-11H-dibenzo [a,dI 
cycloheptenone-11 2, de 40g (0,22mole) de bromo-3 propionate d' ethyle et de 150 
mi de tetrahydrofuranne anhydre de maniere a couvrir le magnesium. Le demarrage 
de la reaction etant effectue par chauffage exterieur, on ajoute sous agitation et 
atmosphere d' azote le reste du melange; 1' addition se fait au goutte a goutte de fa- 
con en avoir une ebullition douce. Apres 1' addition, on continue chauffer pendant 
45', puis, le melange est decompose, sous refroidissement, avec de 1' acide sulfurique 
a 10%. On ajoute un exces d' eau et extrait trois fois a 1' ether. Les couches etherees 
unies sont lavees a 1' eau, sechees sur Na2S04 et evaporees sous pression reduite. Le 
residu qui sent fort 1' ester acrylique est additionne de 150ml d' ethanol et de 150mI 
de KOH a 2.5%. Le melange est chauffe pendant 3h a reflux, laisse pendant une nuit 
et les solvants sont evapores sous vide. Dans le residu on ajoute de 1' eau et extrait 
quelques fois a 1' ether. Les couches etherees unies, lavees a 1' eau, sechees sur 
Na,SO, et evaporees fournissent une quantite considerable de dihydro-5,6-11H- 
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dibenzo [a.dl cycloheptenol- I l  4 (F=9 1-93OC, IR v(0H) 3350-3200 cm-'). La 
couche aqueuse est acidifiee avec un grand exces de HCl conc., laissee au repos pen- 
dant 3h et extraite a un melange d' ether-benzene 111. Les couches organiques unies 
sont lavees a 1' eau, au Na,CO, a 5%, de nouveau a 1' eau, sechees sur Na2S04 et 
evaporees sous pression reduite. Le residu est filtre sur une colonne de 90g d' alumi- 
ne neutre en utilisant ether-benzene 111 comme solvant d' elution. Apres evaporation 
des solvants le residu est ~ecristallise dans 1' ether. 

Rdt: 2,6g (13%)* F=22g•‹C dec. (ramol. - 135OC), IR (KBr) v(C=O) 1768 
C~- 'RMN (CDCI,) 6 2,35-3,90 pprn (m, 8H, 3*, 4'-furanniques-H, 5,6-cyclohe- 
ptaniques-H), 6,42-7,65 pprn (8H,m, aromatiques-H). 

Analyse: (C!,H,,O,) %Calc. C=81,81 H=6,06 %Tr. C=81,74 H=6,18. 
Acide 0x0-5 tetrahydro-3 ;4 ;5,6 spiro (1 1 H-dibenzo[a,d/ cycloheptene-ll,2' (5'H) 

-furan 1 carboxylique-4 5. 
6,lg de lactone 3 sont chauffes a leger reflux avec un exces de reactif MMC sous 

courant de CO, pendant 8h. On decompose d' abord avec de la glace puis avec de 
HCI conc. On filtre le precipite forme, le lave a 1' eau et le dissout dans un melange 
ether-benzene 1/1. On traite cette solution avec du NaHCO, a 10% ** et les couches 
bicarbonatees unies sont acidifiees, sous refroidissement, avec HCI 111. Le produit 
forme est filtre, seche a 1' air et chauffe pendant quelques minutes dans 30 ml de 
benzene anhydre a 1' ebullition. On evapore le solvant sous vide et repete le meme 
travail deux fois encore (absence de la bande OH a 1' infra-rouge). Le residu est ,trit- 
ure dans 1' ether et 1' acide forme filtre. On recristallise dans 1' ether. Rdt=80%, 
F=16g•‹C (dec.) (ether) IR (KBr): v(C=O) 1780 cm-' (y-lactone), v(C=O) 1680 
cm-' (carboxyle), RMN (CDCI,): 6 2,55-3,95 pprn (m, 7H, 3-,4' furanniques-H, 5,6- 
cycloheptaniques-H), 6,40-7,75 pprn (m, 8H, aromatiques-H), 10,25 pprn (s, lH,  
CO, H). Analyse:(C,, Hl, O,) %Calc. C=74,02 H=5,19 %Tr. C=73,78 H=5,08. 

Dimethylaminomethyl-4' tetrahydro-3 ;4 ;5,6 spiro (IlH-dibenzo[a,d] C@O- 

heptene-11,2' (5'H) -furan] one-5 ' l a  (R,N: (CH,), NI- 
Dans une solution de 1,2g (0,0039 mole) d' acide-lactone 5 dans lOml d'kthamd 

absolu, on ajoute sous agitation et refroidissement 3,2 ml d'une solution ethanolique 
saturee de dimethylamine. Apres 10 min on ajoute tres lentement (30 min) et dans 
les memes conditions, 1,2 ml d' une solution saturee de formol. On agite pendant 4h 
a la temperature ambiante (-25"C), ajoute dans les memes conditions lm1 de sol- 
ution de dimethylamine et 0'3 ml de solution de formol et continue 1' agitation pen- 
dant 24 h. On verse le melange dans de 1' eau et de la glace, extrait trois fois a 1' e- 
ther, lave tres bien a 1' eau les couches etherees unies et seche sur Na2SB4. Apres 

* En utilisant une methode analogue nous avons synthetise a partir de la 9H-fluorenone-9, la dihydro- 
3',4. spiro [9H-fluoren-9,2' (5'H) -furan] one-5' avec un rendement - 5%, F= 136" (ether), IR v 
( ~ = 0 ) : 1 7 6 8 c m ~ ' ~ ~ A J  (CDCI,) F 2,40-3,25 pprn (4H, m, 3',4'-furanniques-H), 6,85-7,65 pprn (m, 
8H, aromatiques-H). 
Analyse: (C,,H,,O,) %Calc. C=81,35 H=5,08 %Tr. C=81,29 H=5,15. 

** Dans le cas ou ilya precipitation du sel de sodium, peu soluble dans 1' eau, on le filtre, le lave a 1' 
ether, 1' ajoute dans un exces d' eau et acidifie avec HCI. 



evaporation du solvant et cristallisation dans le n-pentane, on recristallise dans un 
melange ether-n-pentane*. 

Rdt ( a  base): - 80%, F,,,= 202OC (ethanol-ether), IR (KBr): v(C=O) 1768 
cm-' (y-lactone), RMN (base-CDC1,) 6 2,12 pprn (s, 6H, (CH,),N), 2,60-3,82 pprn 
(m, 9H, 3',4'-furanniques-H, 5,6-cycloheptaniques-H, CH,-N), 6,85-7,45 pprn (m, 
8H, aromatiques-H). 

Analyse: (C,,H,,CINO,( (Chlorhydrate) 
%Calc. C=70,48 H=6,7 1 C1=9,93 N=3,9 1 
%Tr. C=70,13 H=6,91 C1=9,85 N=3,79 

Piperidylmethyl-4' tetrahydro-3;4;5,6 spiro [IlH-dibenzo [a,d] cycloheptene- 
11,2' (S'H)-furan/ one-5' 1 b (R2N :piperidyle). 

On la prepare comme la l a  avec un rendement de 94%. FHcl 201•‹C (ethanol- 
ether), IR (KBr): v(C=O) 1770 cm-' RMN (base-CDC.1,) 6 1,23-1,85 pprn (rn, 6H, 
3,4,5-piperidiniques-H), 2,18-3,95 pprn (m, 13H, 2,6-piperidiniques-H, 3 . 4 -  
furanniques-H, 5,6-cycloheptaniques-H, CH2N), 6,78-7,72 pprn (m, 8H, aromatiques- 
H) 

Analyse: (C,,H,,CINO,). 

Partie pharmacologique 

Activite Antispasmodique 

L' activite antispasmodique eventuelle des differents composes est evaluee par i- 
nhibition des contractions au niveau de l' ileon isole de cobaye provoquees soit par le 
chlorure d' acetylcholine (l.10-7 glml soit par le chlorure de baryum (l.lO-, glml). 
Apres avoir determine pour chaque produit teste le temps optimal d' action, nous 
calculons a partir de resultats obtenus avec differentes concentrations, les concentra- 
tions efficaces 50, c'est a dire les concentrations capables de diminuer de 50% la 
contraction engendree par les deux agents spasmogenes. 

Resultats Activite antispasmodique 

Produit 
No 

la 
Ib  

* Les bases de Mannich ainsi obtenues contiennent en quantite variable le derive methylenique corre- 
spondant. Les facteurs qui doivent etre pris en consideration pour minimiser cette reaction secondaire 
est la vitesse d' addition de la solution du formol, la duree de la reaction, la temperature a laquelle est 
effectuee la reaction et en general la temperature a laquelle sont effectues 1' isolement et la purification 
de la base qui doit etre gardee a basse temperature. 

sulfate d'atropine 
7,5.10-~ 

BaCI, l.lO-, glml 
DE,, en g/ml 

2,5.1oP6 1. 
7.5.10-~ 1' 

Acetyl choline 1 . ~ ~  g/ml 

2. 

DE,, en g/ml 

1.10-~ 
7..5.10-~ 

Chlorhydrate de papaverine 2' 
l.10-~ 

temps 
optimal 
d'action ---- 

1' 
1 ' 
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On observe que 1' activite spasmolytique ((neurotrope)) des derives la  et Ib de- 
meure plutot discrete. Par contre l' activite spasmolytique •ámusculotrope•â est Iegere- 
ment superieure de celle du chlorhydrate de papaverine. 
Activite antiagregante plaquettaire 

Le sang humain est dilue au dixieme avec du citrate de sodium a 3,8%. Il est 
centrifuge pour 1' obtention du plasma riche en plaquettes (PRP) (250.000/mm3) et 
du plasma pauvre en plaquettes (PPP) (50.000/mm3). Cette operation est realisee par 
dilution avec du tampon Michaelis pH 7,4 (CH,OH),rC-NH, (tris hydroxymethyl) 
aminomethane. 

L' agent agregant utilise est 1' adenosine diphospate (ADP STAGOR) qui est dil- 
uee extemporanement avec du tampon Michaelis de facon a obtenir des concentra- 
tions finales comprises entre 0,5 et 1.10-6M. 

L' agregation plaquettaire est etudiee par la methode photometrique de BORN. 
Nous avons utilise un agregometre LABINTEC dont la vitesse d' agitation est fixee 
a 1.100 tours/minute et la temperature d' incubation' a 3 7 O C .  Cet agregometre est 
couple a un enregistreur dont la sensibilite est ajustee, pour chaque plasma, de facon 
a obtenir une trasmission optique de 10% pour le PRP et de 90% pour le PPP. Les 
produits l a  et I b  sont dissous dans du tampon Michaelis et le pH de Ia solution aju- 
ste entre 6,6 et 7,6. Chaque produit a fait 1' objet d' une quinzaine d' experimenta- 
tions a des concentrations differentes et reparties autour de la DI,, estimee par une 
premiere approche experimentale. 

Le melange de 0,20ml de PRP et de 0,02 ml de la solution a tester est incube 5 
min a 37•‹C et sous agitation avant 1' addition, a la microseringue, de la quantite ne- 
cessaire d' agent agregant. Le volume final est toujour de 0,24 ml. 

L' enregistrement continu traduit les variations de densite optique sous forme de 
courbes differentes selon la concentration de 1' agent agregant et la reponse propre a 
chaque plasma. Les resultats sont interpretes en fonction de la reponse de plasmas 
temoins, assurant le controle de 1' activite des reactifs. 

Les pourcentages d' inhibition de 1' agregation plaquettaire sont obtenus par le 
rapport des hauteurs maximales de la courbe d' agregation temoin et de la courbe d' 
agrigation en presence de 1' agent inhibiteur l a  et lb .  

L' estimation des CI,, (concentrations inhibitrices reduisant de 50% le phenomene 
d' agregation) avec leurs limites de confiance a 95% est effectuee sur ordinateur Ap- 
ple IIIr5: un calcul de regression permet d' etablir une relation entre le pouvoir inhibi- 
teur (PI) et la concentration molaire (c) des produits en vue de la determination de la 
CI,,. En realite, pour rendre la variable gaussienne et realiser une regression lineaire, 
nous avons etabli une equation du type: Probit (PI)= alog c+b. Un test de Chi 2 est 
realise pour verifier le bien fonde de cette relation et 1' hypothese de normalite. 

Resultats 

Produit CI,, en Ml1 avec limites de confiance a 95% 
I 1 



On observe que le derive l a  est environ deux fois plus actif que le Ib. 
L' activite des derives l a  et I b  comparee a celle d' autres produits etudies dans 

des conditions analogues semble tres interessante. Ainsi 1' acetyl salicylate de lysine 
(AspegicR) qui est le produit de comparaison habituel a une CI,, de 1' ordre de 
3.1.10-3M c.a.d. dix fois plus faible que celle des derives l a  et lb'6,'73'8 Aussi J. MI- 
GNE et ~ o l l a b . ~  a determine les CI,, pour les composes suivants: acide metiazinique: 
2,2.10p3 M. ketoprofen: 2,4.1OP3 M et indometacine: 4,5.1OP3M. 

En conclusion les derives l a  et l b  possedent une activite antiagregante plaquet- 
taire satisfaisante, comparable a celle de P-amino cetones deja etudiees. 

Summary 

Synthesis and pharrnacological study of spiropolycyclic lactone aminoderivatives 

The action of Ethyl 3-bromomagnesiopropionate on the 5,6-Dihydro-11H-dibenzo [a,dl 
cyclohepten-11-one led to the formation of the corresponding polycyclic spiro y-lactone. a- 
Carboxylation of this compound with Methylmagnesium carbonate, followed by Mannich 
reaction, afforded aminoderivatives of the above spirolactone. These aminolactones appeared 
considerable inhibition of blood platelet aggregation and musculotropic spasmolytic activity at 
least equal to papaverine. 

H sni6paoq TOU 3-~pwyoyayvqotonpomovt~o6 at0uhsozEpa m q v  5'6-6tU6po- 
1lH-Si~sv~o[a,dl ~ u ~ h o ~ n ~ ~ v - l l 4 v q  E x a  oav a n o ~ E k y a  TO omyanop6 onnpavt- 
#oh y - h a ~ ~ o v t ~ 0 6  6aKTuhiou. H ~apPo@hiwoq zqs o n s t p o h a ~ ~ o v q ~  y& a v o p a ~ t ~ o  
ysOuhoyayv~oto  ai q scpapyoyq zqc avzdpaoswc Mannich ozo o~11yaoico~svo ha- 
~ z o v o 5 6  06qysi ma a v ~ i o ~ o t x a  a y t v t ~ a  napaywya zqc onsiponohuKuKht~.i1S h a ~ z o -  
vqs. Ot ayivoha~zovsc a u ~ E c  napouo~at;ouv aktohoyss avztouyKohhqTt~E~ t6to~qzss 
zwv atyonszahiwv K a t  •áyuozponq•â Gnaoyohuzt~q 6parsq z o u h a ~ t o ~ o v  ioq ys  ~ q v  
naxap~pivq.  
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Summary 

Conductance measurents have been carried out on solutions of KC1 in acetonitrile-water 
mixtures. The equivalent conductance at infinite dilution and the association constant of KC1 
have been determined at loo, 15O, 20•‹, 25O and 30" C. The experimental data have been 
analysed by use of the Lee-Wheaton conductance equation. The activation energy of the con- 
ductance process has been also calculated according to the transition state theory. 

Key words: Conductance, Association constant, Activation energy, Potassium Chloride, Acetonitrile- 
Water. 

Introduction 

Studies of electrolytic conductance have always been an important source of in- 
formation concerning ions in solution. Most current theories of electrolytic conduc- 
tance have one feature in ~ o r n r n o n : ' ~ ~  They consider the ions as rigid, uniformly 
charged, unpolarizable spheres. The solvent is taken as a continuum of dielectric 
constant D and viscocity q. (The bulk values for the pure solvent). This is the so 
called "primitive" model. As far as long range interactions between ions are concer- 
ned, the model is valid in the low concentration limit. But as regards ion-solvent in- 
teractions the model is at best a doubtfull approximation. The advantage of this 
model is that it is simple, easy to manipulate and provides an easily comprehended 
model. An obvious improvement of the model3 is to retain the continuum concept in- 
tact but allowance to be made for dielectric loss, variation of viscocity due to struc- 
ture breaking etc.; i.e. a layer of solvent in contact with the ion is assumed to have 
properties different from the solvent in bulk. The movement of an ion in an elec- 
trolytic solution is best described by the transition state t h e ~ r y . ~  This theory con- 
siders each ion enclosed in a cage of surrounding solvent molecules. Random ther- 
mal motion inside the cage will continue until a situation arises in which the ion has 
sufficient energy AG and a gap exists between the surrounding molecules. The ion 
will then escape from this cage into another. The model of the transition state theory 
is too complex to be useful for the analysis of conductance data. Its usefulness lies 
rather in establishing certain relationships leading to thermodynamic properties of ac- 
tivation whose experimental values will provide further insight into the phenomenon 
of ionic transport. 
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In this work we examine the conductance and thermodynamic behaviour of KC1 
in acetonitrile-water mixtures at 10, 15, 20, 25, 30•‹C. The conductance data were 
analysed using the Lee-Wheaton conductance equation. The enthalpy of activation of 
the conductance process was calculated using a modified equation based on the tran- 
sition state theory. 

Experimental 

KC1 (Merck suprapure) was used as received after drying at 400•‹ C for 6 hours. 
Acetonitril (Merk p.a.) was passed through molecular sieves 3 A, distilled and the 

middle fraction was collected. It's specific conductance was better than 1.10-8. Con- 
ductivity water was obtained from a millipore apparatus yielding pure water of 
specific conductivity 5 .  10-8. (mho-cm-'). 

All solutions were maintained in a Leeds and Northrup oil bath thermostat. 
Resistance measurements were carried out on a Jones and Joseph type alternate 
current bridge and the balancing point was determined by a digital voltmeter. The 
Erlenmeyer type cells used were similar to those proposed by Daggett, Bair and 
K r a m s  Cell constants were determined to within 0.02% precision at various times 
with aqueous potassium ~ h l o r i d e . ~  The cell constant was assumed to be temperature 
independent. This is justified by the calculations of cells of different shapes by 
Robinson and Stokes.' We confirmed this result indirectly, by determing the conduc- 
tance in three cells of different geometry at 10' and 30•‹C. For all the cells the con- 
ductance ratios were the same. 

The conductance of each solution was determined by immerging the conductance 
cell in the thermostat and by measuring the resistance for a series of temperatures 
ranging from 10•‹ - 30•‹C. The temperature was determined with a certified ther- 
mometer. 

All solutions were prepared by weight corrected to vacuum values with density 
data. The volume concentration was calculated from the weight concentration and 
density using the relationship: 

where m is the molality of the solution, M the molecular weight of the solute. A,, B, 
are the weights of the solute and solvent respectively corrected to vacuum and d the 
density of the solution. The densities of the dilute solutions were assumed equal to 
that of the pure solvent. 

Solutions of different concentration were prepared by succesive additions of a 
concentrated stock solution. 

A typical concentration run was as follows: 
The solvent qixtures were prepared directly in the conductivity cell. The cell was 

immerged in the thermostat and the solvent was stirred magnetically. Suitable quan- 
tities of stock solutions were added in the cell by means of a weight burette and the 
concentration each time was calculated. After each addition .of stock solution the 
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resistance of the solution was measured at four frequencies from 10-30•‹C. The true 
resistance was obtained by linear extrapolation of resistance vs. reciprocal of fre- 
quency to infinite frequency according to the relation? 

where k is a constant and f the frequency. Resistances were accurate to 0.1 ohm. 
Densities of the mixed solvents were determined with a calibrated Sprengel pyc- 

nometer. 
The viscocity of the solvent mixtures was measured with an Ubbelohde 

viscometer. The viscometer had two platinum electrodes soldered on it and the time 
that was needed for the liquid to pass the two electrodes was measured elec- 
tronically. All viscocity measurements were carried out in the Leeds and Northrup 
high precision thermostat that was used for the conductance measurements. 

Measurements of the dielectric constant of the solvent mixtures were carried out 
with a WTW model DM-01 dipolmeter. 

Analysis of the experimental results 

Conductance data for a given system can provide three parameters. The value of 
the equivalent conductance A,, the value of the association constant K,, and the 
value of the distance of the closest approach of ions R. The values of these 
parameters depend on the equation that has been used for the analysis of the ex- 
perimental data. There exists a number of conductance  equation^.^.'^ The most of 
them are based on the "primitive model" and they differ in the mathematical treate- 
ment used and in the assumptions and simplyfing approximations made in their 
derivation. In 1978 appeared two new equations's-'6 based upon a model similar to 
that of Gurney cosphere." In this "refined model", ionic association was taken into 
account from the start, rather than simply being used to account for deviations from 
the behaviour expected on the assumption of complete dissociation. The distance of 
closest approach of free ions R, was difined as the distance from the reference ion 
beyond which the solvent can be treated as a continuum and within which ions are 
treated as paired provided that unique partners can be statistically defined. We have 
treated our experimental data by the method proposed by A. Pethybridge18 which 
uses the Lee- Wheaton equation for the special case of a single symmetrical elec- 
trolyte by reduction of the general equation. The data set ((Ci, Ai), d, q, D, T) was 
put into the program. The A, and K A  values were deduced from the equations: 

z2e2 
& -- 8nNe2z2c , K 2 =  3 P =  F5e 121 

DkT 1000 DkT 3nrl 
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for A, and K, values which minimize 

for various R values (In. the above equation all symbols have their usual meaning. 
No sharp minimum in the 0%-R plots were observed. 
It is well known that for systems where the extent of ion association is small 

analysis of conductance data using curve fitting methods with conductance equations 
based on the primitive model shows the existence of a wide range of (R, K,) pairs 
giving almost equal good fits to the experimental data.19 Because of this problem the 
analysis of data for such systems has presented some difficulty. Using the Lee- 
Wheaton conductance equation a very similar effect has been observed. The reason 
is quite straightforward: The effect on A, of the nonconducting impairs is opposite 
to that of higher terms of the long range forces. Increasing R shifts a calculated con- 
ductance curve upward while increasing association shifts it downward. The conse- 
quence of the two opposing effects of the two parameters results in a band of paired 
values all of which reproduce the data well. 

In order to treat data for which the 0%-R plots do not show a sharp minimum, 
(as in our case), the R value is assumed to be equal to: R = a + d where a is the 
sum of the crystallographic radii of the ions and d is given by the formula: 

where M is the molecular weight of the solvent and p its density. For mixed solvents 
M is replaced by the mole-fraction average molecular weight. 

where W ,  is the mole fraction of the first component of molecular weight M, and w2 
is the mole fraction of the second component of molecular weight M,. 

Results 

The properties of the water-acetonitrile solvent mixtures over the entire range of 
composition and at the five temperatures used in this study are listed in table I. The 
measured equivalent conductances A at the concentrations c in equivalent per liter 
for dilute solutions of potassium chloride are listed in table 11. The values in pure 
water are omitted because they have been previously published.20 

Equivalent conductances at infinite dilution A,, standard deviations 0, % = 100 
o,/A and association constants K,, calculated from the experimental data by means 
of the Lee-Wheaton equation, are listed in table 111. In table 111 are listed the 
association constants calculated by means of the Bjerrum equation at  2 5 O  C as well. 



CONDUCTANCE O F  KC1 IN ACETONITRILE-WATER MIXTURES AT loo-30' C 

TABLE I. Physical constants for acetonitrile-water mixtures. 

Wt% Acet. 

10 
30 
50 
70 
90 

10 
30 
S@ 
70 
90 

10 
30 
5 0) 
70 
9ai 

10 
30 
50 
70 
90 

r@ 
30 
50 
70 
90 
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TABLE 11. Equivalent conductance of KC1 in acetonitrile-water mixtures. 

(c: mol.lit-l, A: m h o a n z m o l - l )  

10% Acet. (w/w) 
cx  104 A 

70% Acet. (w/w) 
c x  104 A 

10% Acet. (w/w) 
c x  104 A 

70% Acet. (w/w) 
cx 104 A 

30% Acet. (w/w) 
c x  104 A 

90% Acet. (w/w) 
c x  104 A 

(c: mol.lit-l. A: mho~cm2~mol- l )  

30% Acet. (w/w) 
c x  104 A 

7.315 
19.138 
29.048 
36.700 
45.454 
56.895 
65.712 
73.024 

90% Acet. 
cx 104 

50% Acet. (w/w) 
cx 104 A 

50% Acet. (w/w) 
cx 104 A 
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TABLE I1 continued 

(c: rnol.lit-l, A: rnho.crn2.rnol-l) 

10% Acet (wlw) 30% Acet. (w/w) 50% Acet. (wlwf 
c x  104 A c x  104 A c x  104 A 

70% Acet. (w/w) 
cx  104 A 

10% Acet. (wlw) 
c x  104 A 

70% Acet. (w/w) 
c x  104 A 

90% Acet. (w/w) 
c x  104 A 

(c: rnol.lit-l, A: r n h ~ ~ c r n ~ ~ r n o l - ~ )  

30% Acet. (wlw) 
c x  104 A 

90% Acet. (w/w) 
c x  104 A 

50% Acet. (wlw) 
c x  104 A 
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10% Acet. (w/w) 
c x  104 A 

70% Acet. (w!w) 
cx  104 A 

TABLE 11 continued 

(c: mol.lit-l, A: mho.cm2.mol-') 

30% Acet. (wlw) 
c x  104 A 

90% Acet. (wlw) 
c x  104 A 

50% Acet. (wlw) 
cx  104 A 
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TABLE 111. Conductance varameters for KC1 in acetonitrile-water mixtures. 

Wt% Acet. 

10 
30 
50 
70 
90 

10 
30 
50 
70 
90 

10 
30 
50 
70 
90 

10 
30 
50 
70 
90 

10 
30 
50 
70 
90 
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Discussion 

There is an observation of Kohlrausch that the temperatures coefficients for the 
conductance of ions are in inverse ratio to the conductances themselves. The transi- 
tion state theory gives a theoretical relation:=' 

L = is the distance between adjacent equilibrium positions of the liquid; the jump 
distance. 
AG' = is the Gibbs free energy required for the unit displacement of one mole of 
ions. 

All the other symbols have their ususal meaning. 
Because there is a lack of transfer numbers it is impossible to check this equa- 

tion. The following modified equation is applicable to our case:22. 28 

AH$ 
Inh, + 213 lnp = - --- + C  

R . T  

where AHZ = t+AH$ + t-AH? (9) 

C an integration constant and the density of the solvent. 
In fig 1 the plots of Inh, + 213 h p  give straight lines in accordance with the 

above equations. From these plots the AH$ values are obtained. The A?$ values are 
given in table IV. The values of AHZ decrease as the solvent mixture is enriched in 
acetonitrile. This result further supports that the addition of acetonitril in water 
decreases water structure. 23-25 

33 34 3.5 
IOOOK/T 

FIG. 1: Plot of InA, + 213 Inp vs IIT. 
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TABLE IV. Values of AH$, of activation of the conductance process of KC1 in acetonitrile-water mix- 
tures 

% w/w acet. AHf, (kJ) 

The Walden product (fig 2) steadily decreases from its high value typical of 
water solutions to lower values in solvent mixtures rich in organic solvent. It is well 
known that generally the higher the structure breaking properties of the ions are, the 
greater the decrease of the Walden product in media less structured than water. The 
K +  and Cl- are both structure breaking ions and thus the Walden product should be 
less than in water. 

FIG. 2: Variation of Walden product for KC1 in water-acetonitrile mixtures at 25OC. 

The tendency of ions to associate in pairs is dependent upon a balance of 
coulombic. thermal and solvation forces. Where attractive electrostatic forces bet- 
ween ions are large, ion pairs will tend to form and will be reasonably stable. When 
only coulombic and thermal forces are taken into account then the Bjerrum equation 
can be used in order to predict the magnitude of K,. When in addition to thermal 
and Coulombic forces short range interactions exist the Bjerrum equation must be 
corrected by. the addition of the factor (-AG*/RT)26. 27 where AG* is the free 
energy of association due to non coulombic interactions. The values of K, for sol- 
vent mixtures up to 50% w/w in acetonitrile obtained conductimetrically are in good 
agreement with those calculated from the Bjerrum equation. In the case of 70% w/w 
and 90% w/w the values found conductimetrically are considerable higher than those 
calculatel from the Bjerrum equation, suggesting the existence of specific solute- 
solvent interactions. 
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n~pihYtl 

Aycoyzpdzyta zoo KC1 m piypaza a~~rovztpzAioo - vcpoo' o r o o ~  1O0 iuc 30•‹C 

Crqv ~pyaoia aurfi y&h&rfi@q~& q ayoytyoysrpwfi Kat q O~pp06uvayt~fi ouy- 
n&pt(~opa  TO^ KC1  TO p t ~ r o  6tahurtKo o6oqya  ~ K E Z O V M P ~ ~ ~ O U  - V E ~ O ~ .  BPEO~]KE 
601 TO KC1 yioa oro 6ta6t~o auro o6orqya napauotac~t y t~p f i  o6I;~utq #at ott q 
too66vayq aywytyor~~ra ansipou apatwo~o5 A, a p p ~ a  &harzQv&rat Kaoh~ autavst 
q n ~ p t ~ ~ r t ~ o r q r a  zou yiyyazo~ OE a~~rovtzpihto Kat ozqv o u v k ~ a a  auE,av~t. To ytv- 
oy~vo  Walden 6Ei~vEt pia yovorovq Kat ouvsxfi Eharrwoq ~aOhq au@iv&t q 
~ E ~ ~ E K ' T I K O T ~ T ~  rou 6tahurt~o6 ph0u  OE ~ K E T O V ~ T ~ ~ ~ ~ O .  H a65qoq TqS b p -  
y o ~ p a o i a ~  p ~ r a p a h h ~ t  n0h6 oqyavt t~a  q v  too66vayq ayoytyorqra an~ipou 
a p a t h o ~ o ~  Kat yahtora auzfi aukavst ~ a 0 h ~  autavst q O~pyo~paoia. H oraospa 
o66suE,q~ rov dvrov  zpophinszat owora an6 rqv q h s ~ r p o o r a n ~ f i  O~wpia rou 
Bjerrum yta p t ~ p d ~  ~ ~ E P I E K T ~ K ~ Z ~ T E ~  TOU 6tah~~tK06 p b 0 ~  OE C ~ K E O O V ~ T P ~ ~ ~ O  EVW OT1S 
u y r q h 6 r ~ p ~ ~  ~ E ~ ~ E K T L K O ~ ~ T E S  napazqpo6vzat a n o ~ h i o ~ q .  H ~voahnia r q ~  
~v~pyonoiqoqq r q ~  y s ~ a p a o q ~  rwv t6vrov an6 rq yia Oioq ~ ~ p y o 6 u v a y t ~ f i ~  
toopponia~ orqv 6hAq unohoyioOqc~ ya Paoq q v  O~opia rqq pmapart~fiq 
~ a r a a r a o s o ~  Kat PpbOq~s ort q AHZ ~harrhvszat ys rqv a6tqoq rqS 
~ ~ E P ~ E K T ~ K O T ~ T ~ ~  TOU 6tah6rq OE ~ K E T O V ~ T ~ ~ ~ ~ O .  

- 
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Summary 

Phosphorylation of isobutanol and 2-(t-butyldimethylsilyl) glycerol. 7. by n-octadecyl- (2.- 
butene-2'. 3'-diyl) phosphate, 3, is catalysed by tertiary amines and the reaction rate is faster 
with the diol. Phosphorylation of isobutanol and cholesterol by (1,2-diacyl- sn-glyceryl) (2'- 
butene-2.. 3'-diyl) phosphate, 10, is also catalysed by amines, the reaction with cholesterol be- 
ing much slower. Phosphorylation of the diol. 7, by 10 to give the cardiolipin precursor. 13, 
is'extraordinarily fast for a "termolecular" reaction and is apparently non-catalysed. Synthetic 
cardiolipin. 17. as the diamrnonium salt is stable in neutral and "basic" protic media. 
However. cardiolipin as the free acid. 18, is unstable in the solid state and in aprotic solvents. 
The decomposition is slower in protic solvents. The methyl ester of cardiolipin. 19, is unstable 
in protic solvents and its decomposition is accelerated by base. 

Key words: Cardiolipin diammonium salt. cardiolipin free acid. cardiolipin triester. synthesis. stability. 

Abbreviations and terminology 

Cardiolipin = 1,3-bis (3-sn-phosphatidyl) glycerol; CEP = cydic enediol 
phosphoryl or (2'-butene-2', 3'-diyl) phosphoryl; PD = phosphatidyldiacyglycerol or 
3-sn-phosphatidyl-3' (l', 2'- diacyl-sn-glycerol); i-Bu = isobutyl; Acn = -CH (CH,) 
COCH,; r.t. = room temperature; 25•‹C. For the nomenclature of lipids see Hoppe- 
Seyler's 2. Physiol. Chem., 358, 617 (1977) or Biochem. J., 171, 21 (1978). 

Introduction 

The phospholipid cardiolipin, 17, (R=unsaturated n-alkyl) has been found in 
many mammalian tissues where it occurs mainly in the inner mitochondrial mem- 
brane.' Cardiolipin as well as its esterified and glucosylated analogs, e.g. 16 
(Y=RCO- or 2'-0-a-D-glucopyranosyl), have been identified in the membrane of 
prokaryotic cells.' To the best of our knowledge, cardiolipins fully esterified at 
phosphorus, ie. 19, have not been detected. 

Because of their unique localization, structure and unknown function many at- 
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tempts have been made to synthesize cardiolipins especially those with saturated acyl 
chains.' Pure cardiolipins of defined structure are required for in vitro ~tudies .~  
Recently we reported a new synthesis of saturated cardiolipin salts of defined 
stereochemical purity and metal content3 using bis (1,2-dimethylethenylene) pyro- 
phosphate (CEPOCEP), 14, as the phosphorylating reagent.4-7 The main drawback in 
this synthesis was a transesterification reaction which generated a number of side 
products along with the'desired compound, 13. 

For the elucidation of the biochemical and biophysical properties of cardiolipins 
(see ref. 2) the diammonium salt, 17, is of central imp~r tance .~  3A practical question 
then is its hydrolytic stability since the cardiolipin molecule has a number of sites 
(carboxylic and phosphate esters) which can be attacked inter-or intramolecularly. 
The acidic hydrolysis of the natural cardiolipin sodium salt under drastic conditions 
("anhydrous" acetic acid and acetic acid containing various amounts of water at 
100•‹C)g and the hydrolysis of natural cardiolipin as a free acid as an emulsion in 
water or as a solution in ethanol at 180C9 have been reported. These studies es- 
tablished that, under their conditions, the phosphoryl-oxygen bonds (A) are more 
labile than bonds (B) (see fig. 4). These observations can be explained by invoking 
neighboring group participation by the free glycerol -OH8 9. On the other hand, a 
cardiolipin specific phospholipase D''. "attacks stereospecifically at the phosphoryl- 
oxygen bond (B)I2 14. 

This paper reports our results on the coupling reactions of 3 and 10 with 
lipophilic and non-lipophilic alcohols in the presence and absence of tertiary amine 
catalysts and their extension to the synthesis of 13, an important intermediate in the 
synthesis of cardiolipin. We also describe the influence of solvent and the effects of 
acid and base on the stability of synthetic saturated cardiolipins both as the diam- 
monium salt. 17, and the free acid, 18, and also on the methyl phosphotriester 
analog 19. 

Experimental 

General 

Reactions involving CEP derivatives were run using strictly anhydrous conditions 
under an atmosphere of argon or nitrogen. Anhydrous solvents were7stored'over 4A 
molecular sieves. Melting points were observed in open capillary tubes and are un- 
corrected. 'H-NMR spectra were taken in CDCI, at 60 MHz. Chemical shifts are 
reported in ppm vs TMS = 0. Optical rotations were measured on a Perkin-Elmer, 
model 421, polarimeter using a I0 cm cell. Chloroform was Fisher reagent grade and 
contained 0.75% ethanol as a preservative. Column chromatography was performed 
using Merck silica gel 60 (70-230 mesh, cat. no. 7734). TLC plates (5x20 cm) were 
prepared from Merck silica gel H (cat. no. 7736). The following developing solvent 
systems were used: (A) CHCl,/CH,OH/conc. NH,, 65:25:5; (B) CHCl,/acetone, 
24: 115; (C) etherlhexane, 2: 1 ; (D) etherlhexane, 3: 1 ; (E) ether; (F) CHCI,/MeOH, 
24:l $/V. Visualization was effected by spraying with 40% sulfuric acid followed by 
charring. Analyses were performed by Galbraith Laboratories, Knoxville, TN, 
U.S.A. The following compounds were prepared by methods already described: 
chlot-o-(2'-butene-2', 3'-diyl) phosphate, CEP-Cl, 1 16; 2-(t-butyldimethylsilyl) glycerol, 
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717,; 1,2-diacyl-sn-glycerol, 918; (1,2-dipalmitoyl-sn-glyceryl) ' (2'-butene- 2', 3'-diyl) 
phosphate, 1019; and bis (2'-butene- 2', 3'- diyl) pyrophosphate, CEPOCEP, Id4-'. 

n-Octadecyl-(2 Lbutene-2 ', 3 ' -diyl) phosphate, 3 

Triethylamine (10.7 g, 110 mmol) was added over 1 min to a solution of CEP- 
Cl, 1, (15.0 g, 89 mmol) in 20 m1 of ether at O0 followed immediately by the 
dropwise addition over 30 min of n-octadecanol (24.0 g, 89 mmol) in 500 m1 of 
ether. The reaction mixture was stirred at r.t. a further 24 h and filtered to remove 
triethylammonium chloride. Evaporation of the ether afforded 3 (33.3 g, 95%) as a 
light yellow solid. 'H-NMR, 6: 0.89 (m, 3H, CH, CH,-), 1.27 (S, 32H, CH,), 1.93 
(S, 6H, CH, -C=C-CH,), 4.12 (m, 2H, CH,OP). 

Reaction of 3 with isobutanol 

1) Triethylamine as  catalyst. Triethylamine (0.355 g, 3.52 mmol) was added to a 
solution of 3 (0.708 g, 1.76 mmol) in 35 m1 of dichloromethane followed by 
isobutanol (0.130 g, 1.76 mmol). The solution was stirred at r.t. for 21 h. TLC (sol- 
vent D) showed complete reaction after 2.5 h. The solvent was evaporated and the 
crude product chromatographed eluting with ether/hexane 3:l v/v. Fractions of 10 
ml were collected. The triester, 4, appeared in fractions 16-24. Isolated 0.60 g (72%) 
as a colorless oil. Calculated for C,,H,,O,P: C, 65.51; H, 11.21. Found C, 65.41; 
H, 11.18%. 'H-NMR 6: 0.93 (m, 9H, CH, CH,- and -CH (CH,),), 1.27 (m, 32H, 
(CH,),,), 1.48 (d, J=7Hz, 3H, POCHCH,-), 1.96 (m, lH,  POCH,CH(CH,),) 2.27 
(S, 3H, CH,CO-), 3.82 (m, 2H, POCH,CH(CH,),), 4.07 (m, 2H, POCH, 
(CH,),,-), 4.73 (m, lH, POCH-). 
2) Dimethyl n-octadecylamine as catalyst 
3) No catalyst 

These reactions were carried out under conditions similar to those described 
above (Table I). 

Reaction of 3 with the diol 7 

l)  Triethylamine as catalyst. Triethylamine (0.416 g, 4.12 mmol) was added to a 
solution of 3 (0.830 g, 2.06 mmol) in 20 ml of dichloromethane followed by the diol, 
7 (0.212 g, 1.03 mmol) in 1 ml of dichloromethane. The solution was stirred at r.t. 
overnight to ensure complete reaction although TLC indicated reaction was complete 
in lh. The crude product was chromatographed using ether as eluant. Isolated 0.722 
g (69%) of 8 as a colorless oil. Calculated for C,3Hl,801,P2Si: C, 62.93:; H, 10.76. 
Found C, 62.89; H, 10.90%. 'H-NMR 6: 0.1 1 (S, 6H, Si (CH,),), 0.91 (m, 15H, 
C(CH,), and CH,-CH,-), 1.27 (m, 64H, (CH,)), 1.53 (d, J='IHz, 6H, POCHCH,), 
2.26 (S, 6H, COCH,), 3.64 (m, lH, glycerol's CH, CHCH,), 4.08 (m, 8H, glycerol's 
CH,CHCH, and POCH,), 4.77 (m, 2H, POCH). 
2) Dimethyl n-octadecylamine as  catalyst 
3) No catalyst 

These reactions were performed under similar conditions to the reaction with 
triethylamine as catalyst (Table I). 



208 P. V. IOANNOU. JAMES F. MARECEK 

Reaction of 10 with isobutanol 

1) Triethylamine as catalyst. Triethylamine (0.335 g, 3.32 mmol) was added to a 
solution of 10 (1.156 g, 1.66 mmol) in 30 ml of dichloromethane followed by 
isobutanol (0.148 g. 2.00 mmol). The solution was stirred at r.t. for 15 min at which 
time TLC (solvent D) showed complete reaction. Stirring was continued a further 30 
min then the solvent was removed and the crude product chromatographed using 
etherlhexane 2:l as eluant. Isolated 0.938 g (78%) of product, 11, (R'=isobutyl) m.p. 
32-35OC. [ali5 + 2.27O (c=3.0, ethanol free CHCI,). Calculated for C,,H,,O,P: C, 
66.63; H, 10.79. Found C, 66.80; H, 10.67%. 'H-NMR 6 :  0.97 (m, 12H, (CH,), 
CH and CH,CH,-), 1.25 (m, 52H, CH,), 1.50 (d, J=7Hz, 3H, POCHCH,), 1.86 
(m. lH, POCH,CH-), 2.26 (m, 7H, -CH2COO- and CH,CO-), 3.86 (m, 2H, 
POCH2CH (CH,),), 4.25 (m, 4H, glycerol's CH2CHCH,), 4.77 (m, lH, POCH), 
5.25 (m. 1H. RCOOCH). 
2) Dimethyl n-octadecylamine as catalyst 
3) No catalyst 

These reactions were performed as described above (Table 11). 

Reaction of 10 with cholesterol 

l )  Triethylamine as catalyst (cf re$ 19). Triethylamine (0.990 g, 9.8 mmol) was ad- 
ded to a solution of I0 (3.376 g, 4.8 mmol) in 15 ml of dichloromethane followed by 
a solution of cholesterol (1.85 g, 4.8 mmol) in 30 ml of dichlorornethane. The reac- 
tion was stirred at r.t. for 5h (TLC, CHCI,/MeOH 8:l v/v, indicated complete reac- 
tion in 3h). Workup as previously described19 yielded 3.23 g (64%) of slightly impure 
product, I1 (R'=cholesteryl). 
2) Dimethyl n-octadecylamine as catalyst. The reaction was carried out as above and 
yielded 60% of a slightly impure product. 
3) No catalyst. Using the same conditions described above, the reaction required 54h 
to go to completion. Yield of 11 (R'= cholesteryl) was 43% (Table 11). 

Reaction of 10 with the diol 7. General procedure 

Two mole equivalents of 10 were dissolved in dichloromethane and four mole e- 
quivalents of the catalyst added, when necessary, followed by a solution of one mole 
equivalent of diol 7 in dichloromethane. The solution was stirred at r.t. and the reac- 
tion monitored by TLC (solvent D). After a specified time the solution was concen- 
trated and chromatographed at once as previously described., Results are shown in 
Table 11. 

Nicotinamide (0.52 g, 4.3 mmol) was added to a solution of I4 (1.00 g, 3.54 
mmol) in 3 ml of dichloromethane at 0•‹C. A solution of diol, 7 (0.37 g, 1.77 mmol) 
in 6 ml of dichloromethane was added and the mixture stirred at O•‹C a further hour 
then at r.t. overnight. Filtration and removal of solvent afforded 0.85 g of 15 slightly 
contaminated with nicotinamide. The product, which is extremely moisture sensitive, 
was used without further purifiction. 'H-NMR 6: 0.1 1 (S, 6H, Si(CH,),), 0.91 (S, 9H, 
C(CH,),), 1.96 (S, 12H, CCH,), 4.14 (m, 5H, -CH2CHCH,-). 
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Reaction of 15 with 1,2-dipalmitoyl-sn-glycerol, 9 

l)  Triethylamine as catalyst. Four mole equivalents of triethylamine were added to 
15 in dichloromethane followed by two mole equivalents of the diglyceride,-9. The 
reaction was followed by TLC (solvent D) and the products separated as described., 
2) No catalyst. The reaction was performed under conditions identical to those 
described above. Results for both reactions are summarized in Table 11. 

Large scale preparation of cardiolipin 17 (R=C,,H,,, M=NH;f) 

Triethylamine (3.05 g, 30.2 mmol) was added to CEP-Cl, 1 (4.37 g, 25.9 mmol) 
dissolved in 10 m1 of dichloromethane and cooled to 0•‹C followed immediately by 
the dropwise addition over 15 min of diglyceride, 9 (R=C,,H2,) (9.81 g, 21.6 mmol) 
in 200 m1 of dichloromethane. The solution was stirred at r.t. for 2h. Then 
triethylamine (4.36 g, 43.2 mmol) was added followed by the diol, 7 (2.23 g, 10.8 
mmol) in 50 ml of dichloromethane. After 2 h the solvent was evaporated and the 
residue chromatographed (silica gel, 2x300 g) using ether/hexane 3:l v/v as eluant 
until diglyceride eluted. The solvent was then changed to pure ether. The pure (TLC) 
product, 13, 6.25 g was isolated as a colorless oil in 41.8% yield. la1,2, + 2.79" 
(c=7.0, ethanol free CHCI,). Calculated for C7,H,,,O,,P2Si:C, 61.62; H, 9.90; P, 
4.48; Si 2.03. Found C 60.62; H, 10.06; P, 4.55; Si 3.08% 'H-NMR 6: 0.1 1 (S, 6H, 
Si(CH,),, 0.90 (S, 9H, C(CH,),), 1.00 (m, 12H, CH3CH2CH2-), 1.26 (S, 72H, CH,), 
1.44 (d, J=l lHz,  6H, POCHCH,) 2.22 .(S, 6H, PO-C-C-CH,), 2.37 (m, 8H, 
-CH,COO-), 4.00 (m, 13H, RCOOCH,, POCH,, SiOCH), 4.77 (m, 2H, 
POCHCH,), 5.22 (m, 2H, RCOOCH). 

The triester, 13, was dissolved in 44 ml of pyridine and 44 ml of water added 
followed by triethylamine (1.78 g, 17.6mmol). The resulting emulsion was stirred at 
r.t. for 2h at which time it was a clear solution. The solution was frozen and the sol- 
vents removed by freeze drying, yielding 5.7 g of crude 16 as a sticky solid. 
Removal of the silyl protecting group was done in two batches. About half of I6 
was dissolved in 505 ml chloroform then 1010 m1 methanol and 335 ml of water 
were added followed by 4.65 m1 of 1M aqueous hydrochloric acid (2.5 mole 
equivalents). The solution was stirred at r.t. for 7 h then 14 m1 of 10% aqueous am- 
monium hydroxide was added. The ratio of chloroform/methanol/water was adjusted 
to 2:2:1 v/v by the addition of 505 ml of chloroform and 165 ml of water. The 
lower organic phase was separated and the upper aqueous phase extracted with 
84:16 chloroform/methanol '(3xl50ml). The organic layers were combined and 
evaporated to yield crude product 17. Purification was accomplished on DEAE- 
cellulose20 (35 g) as previously described3 using chloroform and chloroform/acetic 
acid/ammonium acetate as eluants. Isolated 2.91 g of 17 (56% based on triester, 
24% from 1,2-dilauroyl-sn-glycerol) m.p. 190- 1•‹C. [ a l p  + 1 1 .75" (c=2.0, 
CHCI,/MeOH/H,O 4:4:1 v/v). Calculated for C,, H,,, NZ 0,, P, 2H20: C, 57.07; 
H, 10.08; N, 2.34; P, 5.17; H 2 0  3.00. Found C, 57.24; H, 10.30; N, 2.41; P, 5.27; 
H20,  2.85%. 
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Stability of the diammonium salt of cardiolipin in neutral and basic protic environ- 
ments 

The diaquo diammonium salt of cardiolipin. 17, (R=C,,HJ3 was dissolved in 
chloroform/methanol/water 86:14:1 v/v (lower phase of the Folch system2') to give 
ca 8 mM solution. Two mole equivalents of base (triethylamine, imidazole or 
tetramethyfguanidine) was added and the solutions left at r.t. Samples were analysed 
by TLC (using developing solvents A and B) after 0, 2, 5, 23, 70 and 117 h. A con- 
trol experiment (i.e. without added base) was run in parallel. 

Preparation and stability of cardiolipin free acid, 18 (R=C,,H,,) 

The diammonium salt of cardiolipin, 17 (R= C,,H,,; 0.453 g, 0.30 mmol) was 
dissolved in 90 ml of 2:l chloroform/methanol and 30 ml of a solution of 
chloroform/methanol/2M aqueous hydrochloric acid (3:48:47 v/v) added. The mix- 
ture was stirred at r.t. for 5 min then the layers separated and the upper phase dis- 
carded. The lower phase was treated the same way two more times then washed with 
40 ml of chloroform/methanol/water (3:48:47 v/v). A check by TLC (solvent A) 
showed no decomposition had occured. The solution was frozen (dry ice) and the 
solvent removed by lyophilization yielding the free acid as a white solid. TLC 
showed only slight decomposition occured during this time. The stability of the acid 
was determined as described in Table 111. Analysis was by TLC in three different 
solvent systems (A, B and C;  cf fig. 5 and 6) after 0, 2, 5, 27, 93, 141, 188, 284 and 
334 h intervals. 

Preparation of the methyl ester of cardiolipin, 19, and its attempted isolation 

Cardiolipin free acid, 18, (R=C,,H,,) was dissolved in chloroform and an etheral 
solution of diazomethane added dropwise at  r.t. until yellow color persisted. The 
solution was left at r.t, a further 2h. Analysis by TLC (solvent E) showed reaction 
had occured with only trace amounts of by-products. The solvent was evaporated 
leaving an  oil. Attempt to chromatograph the oil on silica gel using 
chloroform/methanol as eluting solvent was unsucdessful. Fractions containing the 
product were contaminated with 1,2- and 1 $diglycerides. 

Stability of the methyl ester of cardiolipin, 19 (R=C,,H,,) in neutral and basic 
media 

The methyl ester of cardiolipin, 19, was prepared as described above. The s o h -  
tion of 19 (2-3 mM) was treated as described in Table IV. Analysis was by TLC in 
solvent systems A, B, C, E and F (cffi'g. 7) after 0, 2, 5, 17, 66, 114 and 160h inter- 
vals. 

Results 

Octadecyl-CEP, 3, was reacted with the small primary alcohol, isobutanol, and 
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with the diol, 7 ,  (fig. 1) in the absence and in the presence of amines (triethylamine 
and dimethyl octadecylamine) as described in Table I. The reaction with the diol was 

r s o b u t a n o l  F g 0 

5 h - 
0 

RO-P-0-1Bu + (RO)  P - O A c n i  (l-Bu)* P-OAcn + 2 

OAcn  

4_ 
0 - P - C l  + ROH 2 0-P-OR 

II 

FIG. 1: Separable products of the coupling of 3 with isobutanol and diol 7 (R=n-C,,H,,; 
Act?=-CH (CH,) COCH,; Y=Me, CMe,Si-). 

TABLE I. % Product distribution of the reaction of 3 with isobutanol and diol 7 in the presence and 
absence of catalysta. 

Reaction 

a. Reaction time: 21 h; b. catalyst: 2 m01 base per m01 phosphorus; c. Their amounts were determined 
from the integrated 'H-NMR spectra of impure fractions from the column chromatographic separation 
of 8. 

Compound 

faster than that of isobutanol (complete reaction in ca Ih vs 2.5 h). Traces of the 
product of transesterification, 6, were observed from the catalysed reaction and was 
isolated from the chromatography of the uncatalysed reaction. The product 8 on 
TLC analysis appeared as two closely running spots which we attribute to the 
presence of two dia~tereomers.~. 23-25 

The diacyl-sn-glyceryl-CEP, 10, was reacted with both primary and secondary 
alcohols and with the diol, 7, in the presence and in the absence of the two amines 
as catalysts (fig. 2 and Table 11). The uncatalysed reaction with i'sobutanol was com- 
plete in ca Ih while the catalysed reaction was over in 15 min. In the reaction of 10 
with cholesterol the uncatalysed reaction was even slower compared to the catalysed 
requiring 48h for completion. The yield was also lower. The reaction 2x10+7 af- 
fords the cardiolipin precursor 13. This reaction in the presence of triethylamine was 

catalystb 

n-C,8J&,NMe2 None Et,N 
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RCOO 
1 + 9 -  
W 

RCOO 

OPO 

GH'OAcn 

12  - 

0 OAcn J:'l 
RCOO OCOR + 1-2 

OPO OCOR 
A 

' 0 OAcn 

1 3  - 
l.pyridine/H O/Et N 

salt of PD + mixture of isomerized 9 
2. chromatography 

FIG. 2: Separable products of the coupling of 10 with isobutanol, cholesterol and diol. 7. 
(R=n-C,, H,,; R '=Me, CHCH, -, cholesteryl; Am=-CH (CH,) COCH,; Y=Me,CMe,Si-). 

TABLE 11. % Product distribution of the reaction of I 0  with isobutanol, cholesterol and diol 7 and the 
reaction of 15 with 9 in the presence and absence of catalyst. 

a. Catalyst: 2 mol base per mol phosphorus; b. Reaction time: 45 min; c. Reaction time: 54 h; d. Reac- 
tion time: 5h; product slightly contaminated (cf ref. 20); e. Not analysed; f. Not analysed; from ref. 19 
3-4% salt of PD and traces of diglycerides; g. Reaction times: 10-30 min; h. Not analysed; from ref. 3 
ca 7-8 % salt of PD and ca 20-23% diglycerides; i. Reaction time: 22 h. 
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complete in less than 10 min which was the fastest reaction time observed in this 
study. Unexpectedly the uncatalysed reaction was also complete in less than 1b min. 
The yields of 13 were ca 30% in both cases. It therefore seems that the catalysts 
have no effect on this particular reaction. Changing the concentration, temperature, 
mode of addition or the use of other amine catalysts (i.e. imidazole, quinuclidine) had 
no effect on the yield of 13. 

It was of interest to see if the preparation of 13 by the alternate procedure shown 
in fig. 3 was subject to catalysis. The reaction 15+2x9  in the presence of 
triethylamine was complete in 21 h with a yield of 13 of 36%. In contrast the un- 
catalysed reaction over the same period produced only 7% of 13 (Table 11). 

FIG. 3: Separable products of the coupling of 15 with dig!vceride 9 (R=!?-C,,HI,- in 9; 
Y=Me,CMe,Si-; Acrl = - CH (CH3) COCH,). 

The diammonium salt of cardiolipin, 17, (R=C,,H,,) was found to be relatively 
stable in both neutral protic (CHCl,/CH,OH/H,O 86:14:1) and basic protic 
(CHCI,/CH,OH/H,O 86:14:1 plus 2 mole equivalents triethylamine, imidazole or 

OPO - OCOR 
- 

0 0 E ~ ~ N H +  

R C O O ~  ) I  
OPO- 
/ \  - 

0 O M  

FIG. 4:  Preparation of cardiolipin diammonium salt 17, free acid 18 and triester 19. (R=n-alkyl; 
Y = Me3 CMe, Si-). 
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tetramethylguanidine) media. No decomposition was detectable (TLC) over a period 
of 120h at r.t. although an isomerization 

cannot be ruled out on the basis of TLC analysis. 
The free acid of cardiolipin, 18, on the other hand was much less stable with the 

rate of degradation depending on its environment (Table 111). In the solid state the 
decomposition products which appeared during the first 2h were the diglyceride 9, 

TABLE 111. Stability of cardiolipin free acid, 18 (R=C,,H,,) at room temperature. 

Systema' 

I l 

l 

Approximate dielectric 
constant of the solvent 

systemC 

solid 

I I 1 

Approximate 
half life of 

18, h 

30-40 

solution in CHCI, 

solution in 
CHCI,/MeOH 

1 l I I 
a. Purity of 18 > 97%. Solid 18 should be hydrated by analogy of the other salts2' 3 ;  b. 2-3 mM when 
in solution; c. see ref. 22. 

J 

traces of the l$diglyceride, 20, the free fatty acid, 21, and the fission fragments 22 
and 23. 

t 4.70 

8.59 

30-40 

250 

solution in 
CHCI,/MeOH/H,O 

86:14:1 v/v 
9.30 250 
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After ca 30h there were about equal quantities of 9, 20,* 21 and the 
monoglyceride 24 as decomposition products. In 90h the cardiolipin 18 had com- 
pletely decomposed. Qualitatively similar behaviour was observed when the acid dis- 
solved in chloroform was left at r.t. (cf fig. 5). In protic solvents (CHCI,/CH,OH 

FIG. 5 :  Srabi1it.v of cardiolipin free acid 18 .xH20 (X> 2; R=C,,H?,) in the solid slate and in 
chloroform. 
spots: a: 1,2-dig!vceride, 9, (R=C,,H3,) contaminated with traces of 1,3-dig!~ceride. 20. 

b: 18 dissolved in chlorofortn 
c: solid 18 
d: pabniric acid, 21. 

86:14 or CHCI,/CH,OH/H,O 86:14:1) the cardiolipin free acid, 18, was more stable 
(fig. 6). After 30th the only detectable decomposition product was a little diglyceride 
9. After 90h traces of monoglyceride, 24, the free fatty acid, 21, and its methyl ester 
25. were detectable. The concentrations of these decomposition products changed as 
18 slowly decomposed but even after 15 days ca 25% of the cardiolipin remained. 

FIG. 6 :  Stability of cardiolipin free acid 18 .xH20 (X> 2, R=C,,H3,) in protic solvents. 
spofs: a: 1,2-diglyceride, 9, (R=C,,H3,) contaminated with traces of 1,3-diglyceride, 20. 

b: 18 in CHCI,/MeOH/H,O 8611411 vlv (control) 
c: solid 18 dissolved in CHC[,/MeOH/H,O 8611411 vlv 
d: solid 18 dissolved in CHCI,/MeOH 86/14 v/v 
e: palmific acid, 21. 

When the slightly impure triester 19 was dissolved in CHCI,/CH,OH/H,O 
86:14:1 at r.t. the only decomposition product seen in the first 20h was the 
diglyceride 9. No 13-diglyceride, 20, was detected. After 120h a moderate amount 



216 P. V. IOANNOU. JAMES F. MARECEK 

of 9 and traces of products attributable to 26 or 27 and to cardiolipin 1 7  were 
found. 

' " / 0-M+ 

Rcoo I r OP L O - C H ~  R C 0 0  1 1 I 

OPO OCOR 

Neither the free fatty acid, 21, nor its methyl ester, 25, were formed. Half life for 
the decomposition was estimated to be of the order of 10 days (fig. 7 and Table IV). 

When 19 in the same solvent was treated with two mole equivalents of base, it 
decomposed in qualitative similar manner at  a rate which varied with the nature of 
the base (tetramethylguanidine > triethylamine > imidazole) (fig. 7). 

TABLE IV. Stability of cardiolipin methyl ester, 19, (R=C,,H,,) at room temperaturea' 

a. ca 2-3 mM in CHCI,/CH,OH/H,O 86:14:1 v/v containing some ether; approximate dielectric cons- 
tant of the solvent system 9.302*; purity of 19 is > 97%. 

s o l v e n t  system C 

Approximate 
half life of 

19, h 

very long 
(-250) 

50 

25-30 

0.5-0.7 

- 

Added base (mol base 
per mol of phosphorus 

- 

imidazole 
1 

triethylamine 
1 

tetramethylguanidine 
1 

pkb of base in aqueous 
solution 

6.95 

3.2 

? 
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Solvent System t 

FIG. 7: Stability of the triester of cardiolipin 19 (R=C,,H,,) in neutral and basic protic environments. 
spots: a: 1,2-diglyceride 9 (R=C,,H,,) 

b: 19 in CHCI,/MeOH/H,O 86/14/1 vlv 
c: as in (b) + I m01 triethylamine per mu1 phosphorus 
d: as in (6) + I mu1 imidazole per m01 phosphorus 
e: as in (b) + I m01 tetramethylguanidine per m01 phosphorus 
f papalrnitic acid, 21. 

Discussion 

Phosphorylation by CEP reagents occurs in three discrete steps7: 

ROH R'OH R 0  0 Et N R 0  0 
CEP-X CEP-OR - ' 11 - o ~ c n 3 -  \ I I  - 0- 

B R'O 'P H,O R'O ' P 

The first and third steps are very clean and seldom cause any problem. However, the 
second step can be quite slow and moreover the occurence of a transesterification 
reaction: 

CEP - OR + R'OH e CEP - OR' + ROH 

can lead to symmetrical by-products. It was found6 that the addition of certain ter- 
tiary amines (i.e. triethylamine or imidazole) decreased the amount of transesterifica- 
tion and also increased the rate of coupling. 

The investigations described in this paper were aimed at delineating those factors 
that effect the second step of the reaction as applied to the synthesis of phospholipids 
since it is this step which most influences the overall yield of the desired product.: 

Examination of Tables I and I1 show that, except in the case of the cardiolipin 
precursor 13, the uncatalysed reactions generally result in a poorer yield of the 
desired triester in comparison to those catalysed by the tertiary amines. It was also 
noteworthy that the yields in these reactions were 111 similar regardless of the nature 
of ROH or R'OH. There was only relative slight difference between triethylamine 
and the "surface active" dimethyl octadecylamine as catalysts. 

There was a much greater difference in the rates of the reactions however. 
Generally the coupling reaction (catalysed or not) of the small primary alcohol, 
isobutanol, was much faster than that of the secondry alcohol, cholesterol. It was 
also observed that the more lipophilic the alkyl group in CEP-OR (3 vs 10) the faster 
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the rate. Presence of catalyst caused an increase in the rate. Surprisingly the yield of 
the cardiolipin precursor, 13, prepared as in fig. 2, but not as in fig. 3, was not in- 
fluenced by the presence of either catalyst. Changing the solvent, temperature, mode 
of addition or concentration likewise had no effect on the yield. The rate of forma- 
tion of 13 was also faster than that of any of the other systems studied whether 
those reactions were catalysed or not. 

It has been proposed6 that in the absence of amines the coupling proceeds via a 
P(5) intermediate while in the presence of amines via a P(6) intermediate. 

Both intermediates collapse by forming the desired triester. The P(6) intermediate 
explains the results of the reactions affected by the amine catalysts. The absence of 
any effect on the formation of 13 may be due simply to the steric bulk of the 
reacting system which blocks formation of any P(6) intermediate. This would es- 
pecially be true of the intermediate 

/\ 
0 OAcn 

reacting with a second molecule of 10. It is n-oteworthy that we were never able to 
observe the resence of this intermediate (TLC) during the preparation of 13, even 
when we used excess of diol 7, which means that this reaction is as fast or even 
faster than the first phosphorylation (10+7). This is in line with our general observa- 
tion that the rates increase as the alkyl chain length increases. The reason for this in- 
crease in rate (which is the opposite of what is seen in simpler alkyl system) can at 
present only be attributed to some kind of lipid-lipid interaction which may cause a 
large increase in the effective concentration of the reacting species. 

Our findings on the stability of the diammonium salt of cardiolipin, 1 7  
(R=C,,H;,) in neutral and basic protic media are in agreement with those of Pan- 
gbornZ6 that dilute base under mild conditions has no effect on beef heart cardiolipin. 

C -The cardiolipin free acid I8 was unstable both in the solid state and in 
chloroform (Table 111 and fig. 5). The TLC showed that diglycerides 9 and 20 are 
produced in .substantial amounts and are subsequently deacylated to yield the free 
fatty acid Ql .  and isomeric monoglycerides 24. The intermediates 22 and 23 (R'=H) 
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were also detectable. These results are in agreement with the reaction sequence 
proposed by Coulon-Morelec ef al? for the degradation of the natural cardiolipin 
sodium salt in anhydrous and aqueous acetic acid but differ from the decomposition 
of the cardiolipin free acid as an emulsion in water in which case a stepwise deacyla- 
tion of the cardiolipin molecule took place.9 The acid, 18 dissolved in protic solvents, 
was also unstable (Table 111 and fig. 6). In addition d o  21, 22 and 23 ' the 
corresponding methyl esters, in particular 25, were formed. The rate of decomposi- 
tion in these solvents was significantly slower however. This may be due to solvation 
of the free glycerol hydroxyl group by methanol andlor water molecules which ren- 
ders it less nucleophilic towards the phosphorus. 

The triester 19  was found to be unstable under all conditions which were ex- 
amined (Table IV .and fig. 7). In neutral protic media its decomposition was relatively 
slow and attack was found to occur at position (A) and to a much lesser extent at 
(C) (see formula 19). Fission at (B) was not observed. In the presence of base the 
hydrolysis was much faster and the rate depends on the basicity of the amine (see 
ref. 27). Again there was no fission at (B) and attack at (A) was preferred over at- 
tack at (C). That no reaction occurs at (B) indicates that the glycerol -OH is in- 
volved in the initial attack on phosphorus (cf ref. 28). 

H cpwocpopuhiooq rqq too~ouravohqq Kat rqq npoozar~uy6vqq yhu~spivqq, 7, 
p& TO cpwocpopuhtwrt~b 3 ~arah6sra t  an6 rptzoraysiq ayivsq Kat q r ax6 rq~a  av- 
rt6paosw~ ~ i v a t  y~yahbrspq PE rq 6tohq. H cpoocpop~hiwoq T ~ S  tooPou~av6hq~ 
Kat ~ohqorspivqq p& TO cpoocpopuhtwrt~o 1 0  ~arah6s?at  snioqq an6 ayivsq q 6s av- 
ri6paoq ye rq ~ohqozspivq sivat noh6 nto PpaSsia. H cpoocpopuhiooq ~ q q  6tohqq 7 
p& TO I 0  yta Va 6host TO 13, TO onoio sivat n a r p l ~ 6  p6p10 ~ q q  KapStohtnivqq 17, 
sivat ~E ,a tp~ r t~6  r a ~ s i a  yta ccrptpopta~fp av~i6paoq K a t  cpaiv~~at 621 ~ E V  u n o ~ s ~ ~ a t  
os ~ar6huoq.  H ouv0srt~fl ~apGtohtnivq, 17, wq Stayyhvto ahaq &hat orao~pfl os 
ou66r~po Kat c(Paot~6)) n p o r t ~ o  mptpahhov. Ahha q ~apGtohtnivq wq E ~ E ~ ~ E P O  066, 
18, ~ i v a t  aora0flq orq o r s p ~ a  ~ a r a o ~ a o q  Kat 0s y4-i~pwrt~obq 6ta?dr&q. H anoobv- 
8~CJfl rqq & i ~ a l  P P ~ ~ ~ T E P ~  (TE ? ' C P O T ~ K O ~ ~  6tahbT~q. 0 p~8uh~orEpaq 'TqS Kap- 
6tohtnivq~, 19, sivat aoraeflq os npwrt~obq Gtah6rsq Kat q anoobv0sofl rou Entra- 
~6vs ra t  an6 paostq. 
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