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ITEPEOXHMEIA YMIIAOKQN ME ENTA YIIOKATAXTATEX

M. KAMAPIQTAKH - TATTAPPHT OITIOYAQOY, A. KAPAAIQTA - AYMIIEPO~
MMOYAOY, A. XATZHINANATIQTH - ETAMITIAKH

. Touéac 1II Xnuxov tunuaros Ilavemornuiov ABnvav
EAfeBn 15 ZenteuPpiov 1983 '

Tepidnyn

H Sleuestncn oV Levydv niektpoviov gig v ctPdda cﬁsvoug €VOG KEVIPIKOD ATOLOL OF EVal TTO-
Avatouikd popto, unopei va mpoPregdei AapBavovtac v’ Oyiv TNy wwodHvapo dpdpewocn nov Bo &i-
xav ouow copatidia tonoBeTniéve oMY EMPAVEla NG GPaIpag, £T0L MOTE Vo EAXYICTOTOIEITOL. 1) HE-
ta€d tov anoctikf evépysia (E). H evépyen ovtfy sival avdioyn tov afpoicpatog

\* @ E=\" "

—le
Yy 5 U

onov r; eivon 6leg ot duvatég anocTacES METAED TV copandinv. H tpf tov o eapritor and tov
tono g aAlnAenidpacng. o v nepintmon nov ta Swpatidle eivor entd N YeOPETPKN douty eEop-
TATOL Ard TNV TIUT oV @ TuYKEKPWEVE Y10 a< 3  euvoik®TePN Yewpetpia (yaunAidtepn tuf tov E) ei*
v N nevrayovikh dinvpapide (Ds,) yie a>6 npotuatal to povesteyacuévo oktdedpo (Cj,) evd otig
€VBIGUECES TIHEG TOV G EMKPUTOVY ol ovppetpiss C,y, C, kat Cs.

"Eva GAAO YOpoKTNPIOTIKO GTOLXEID, Yo TV MEPinT®ON TAAL TWV ENTE CopTOiwY gival 0Tt Yo HiKpEG
TIUEG TOV O Ol TUMEG EVEPYEING TOL AVTIGTOLXOVV OTIG S18popeg coppetpisg dlupépovv ehdyiota petagd
tovg. Eivat Aotndv @ovepd o1t Sevtepebovceg eEmpoplakés Suvapelg pnopodv edkoAda ve petatpéyouvy
v pie yeouetpio. oy dAAn. AXAayn Snkedi tov SloALT 7| TOV avTioTEBUICTIKGY 1WOVTeV KA.
uTopovY Vo GAAGEOLY TV GLMUETPiC OTMC aVaQEPETOL Yo To. bpmAoke tov Mo+ kor Mo?* pe enté
Koaviovia.

O1 mAéov cvviiBeig otepeoynuikég Sopég TOV AVTIGTOLYOVV GE GOUTAOKE E EMTE VTOKATOCTATEG ElvaL:
1. Hevtaywvikn Sumvpapida (Dsy,)

2. Moveoteyosuévo oktaedpo (Cj,)

3. Moveoteyacuévo tpryavikd mpicpa (C,,) pe tig xopuxtmpiotikés Béfaie Swopoppdceg tov d-
TPOYOK®Y TOL KEVIPIKOL peTGAAov oe kébe pio and T mepondve yewpetpieg.

Ewcaynyn

Kpurfipio ya tov oynuotiond evog suuniokov (Ommg yevikd kot piag xnuikmng &-
voong) eivat N oAAMAETIOPAOT TOL KEVTIPLKOV UETGAAOL HE TOVG VTOKATACTATEG TOL
OnwG Katl 10 moio YewpeTpikd oxnuoe Oa mpokvyn eEaprdtor o€ peydho Pabuod omd
myv oaAAnAenidpaon oavti.

‘Eva petahhikd 6v Ba ovveyion va déxetar mpochetovg vmokatactdteg dtav 1
GUVOLIKT EAGTTOOT TNG EVEPYELEG TOV CLOTHUOTOC TOL OQEIAETOL 6TV adEnon Tov
apBuod TV Secu®V HETAAAOL-LTOKATAGTATOVL Eivor UEYQADTEPTM OAmO TO° GLVOAO
TOV SLCUEVAOY OpwV evspyemg TOV QVTLCTOLYODV oTIg AAANAETIOPACELS TV LTOKA-
TOOTOTOV UETAED Toug N pe Cevyn NXEKTPOVImV.
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‘Oco Lowmov emekteiveTal 1 EPELVO AV OTC CTOLYELD UETATTMOEMG MOPATPEL-
o1 6Tt 0 apdudc cuvtaleng ueyaAbTepog ToL 6 eV gival TAEOV «acLVAONC» wa Kat
évag mapo moAv peydAog aplfuog couniokwv e apud vrokatactatov 7,8 1 kot
ueyodbtepog éxel anopovadf ka yapektnplodf. Ltnv nopovco epyacio. TopPOLCLH-
Covtar ot duvatég CLUUETPIEG YO TNV TEPITTMOT TOL TO. CVUTAOKO EYOLV 7 LTOKO-
TAGTOTEG,.

Fsoperpikéc dopéc

MoAAd 16vta uetéArov (NbY, TaV, VIIL MoV, Tilll, Wi «.a. oxynuatifouv pe
KLOVIOVTO, 0EaAikd, aAoyOva KA. GOUTAOKQ, UE ENTE VTOKATACTATEG HOVOHUEPT], di-
uepf f| moAvpepn). TG MEPIATOOEIS AVTEG TPELS gival o1 eEIBAVIKEVUEVEG YEMUETPIEG
nov e€etdlovar cuvibwg.

1. Tleviayovikh Surupauida mov yopaktnpiletor and ovuperpia Dy
(m.x. IF,. (rapapopowuévo), K IZrF,1? xA.n.)

2.4Ox1dedpo poveosteyoopévo®. Ci, ovppetpioag (m.x. -[MoBr, (Me,PhP),|?
(Et,N) {WBr,(CO),|®

3. Moveoteyaouévo™ tplyaviké npiopa: ovppetpiog Coy (m.y. K,INDF,|® ko
K,[TaF,]®,

Kot to tpio. avtd moAvedpa umopsi va @ovrootel kaveig 011 mponAbav ar’ to
0kt0gdpo pe NV mpootikn piag akoun KOPLETG KATA TPELS SLAPOPETIKOVG TPOTOLG
(oxfuo 1). H npootixn BéPaia tov efdooL vToKATAGTATN 00 OKTAEdPO ENNPEGLEL
kat 11 Oéoeig TV LTOAIT®V LIOKATACTATOV. AV Kdvovue TV Tapadoyn O6TL GAot
Ol LTOKATACTATEG AnéXOLV £§ iCOL Amd 10 KEVIPIKO WOV, 10 mOpantvem SxfAuatd
umopovv vo napactabodv 6nwg oto oxfua 2. I' avt6 M ovppetpia Dy yapaxtnpi-
Cetar xat g 1:5:1, ue mv évvoio 611 £xovpe névie LNOKATACTATEG EVAG EIBOLG (otov
1oNuEPIVO) kol dvo (Eva ko éva) groug dvo nokoug Topouoimg m, cvppetpia Cay
xapaxtnpileton g 1:3:3, 1 Cyx wg 1:4:2, n C, wg 1:2:2:2 ka1 1 Cs wg 5:3.

@ .
On

On Gaw

IXHMA 1: Zynuatiouds twv wpidv e&idavikeoudvan Jewueipidv Sia mpoobrkne mas kopvpric (vmoxa-
1doTaton) o10° Kavovikd oxtdédpo’.

* Me tov 6po povesteyacuévo, arodidetar 9 ayylxog 6pog monocapped.
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IXHMA 2: dievbétnon entd owpatidiov otqy empdvela mag opaipact.

TNUELOVETAL TAVTOC OTL 1 Tapadoyn NG ioNC ATOCTACEMS TMY LTOKATACTOTAOV ANd
10 KEVTPIKO 10V onotehsl vrepanionoinom, 1ding yia cbunioka mov éxovy diagope-
TIKODG LTOKOTOGTATEG, OAAG mop’odo avtd yivetar emedn Ponbdst oty angkovion
Jl0POPOV YEMUETPLOV KOl TN GLYKPLOT HETAED . TOLG.

Ekt6g an’ 1ig tpeg e€1davikebuéves yeouetpieg, eupavifovral ovyvé kot dvo
yeoueTpieg Ue HkpdTEPT Svpuetpia, n C, xat Cs (oyfua 2). Lto oxiue 2 gaivetol
KL M GxEom mov vmapyel avaueca otig duipopeg devbetnioeis. ‘Etor n C, umopel
n.x. va OewpnBei 6T mpoékvye amd TV Ciy Ue UETERTOMON TOV LTOKATACTATAOV 3
kot 5 og evdidpeco eninedo. H Cg unopei k> avtiy va Bewpnbel o1t mpoékvye arnd
v C 3y ue tonoBétnon tov 1 oto:eninedo 2; 3, 4. AAAG xou o1 Souég Dsy, C3y dev
eivar avelapmreg petald tovg. 'Etor n Cyy pmopel va Osopndei ot mpoéxvye
ar’myv. Cape petatdmon tov 5 oto eminedo 2,34 M o1l mpoékvye and ™V Dsy ue
ueTaToOMmIon 0L 6 oto mopdAinio poli pue to 7, K.0.K.

Ot Oéoeic TV S10POPOV LTOKATACTATOY TAve STV ceaipa kxadopilovrat g
ocuvnlog ue koptecwavég | molkég ovvretoyuéves. Xe kabe mepintwon o aovac
TV Z diEpyetar and to onueio 1 xat to KEVTPO TNG OQaipag 6mov Ppicketal to Kev-
Tpk6 Gtopo (oxhua 2) (otn ovpperpia Cg Siépyetar and ta KEVIPU TV KOKA®VY).

Kotd tov Gillespie? Oewpovue tovg vrmokataotates wg L{evyn miextpovdv emi
¢ empaveiag ogaipas. Mio uébodog ywa va npocdiopicovue 1 dievdétnon avtav
tov Leuydvinlektpovioy, givar va Bswphcovue o1t Tonobetodvial £T0L GOTE VO €V~
piokovtal otV peyoaAvutepn HeToEd ToV anoctact. To npofinua o’ avth v mepi-
nTwon eival pafnuatikd kor éxer Avbei andé tovg Shutte xar Van der Waerden® mov
gxovv ddoel yw entd onueio v ddtagn tov oyxfuatog 3. "AAAN uébodog (puvoikn)
givar va dextodue 61l N BEon tev Levydv xabopiletor and Tig petatld Tovg NAextpo-
otatixég anmoeic. H gvépysio tov anoosnv autd@v divetor amd tn oxion.

E :\‘rva.. ey
T
omov rjj lvon N andotacn aviueca oto Levyn i kot j kot o pia otabepd. Avth N pé-
Bodog Exet ypnowwomomndel ard to Foppl!®. To entd vrokatostates 1 Sidtaln eap-
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tétat on’ TV Tuf Tov a. o 0<3 npokdntel neviaywvikn dimvpapida Ds, eved ya
a>6 otafepmdtepn ddtaEn sivar n Cs,. T1ig evOLGUESEG TIMEG TOV O ETIKPOTOLV Nl
dratdterg Coy, C, xat Cg Mo 6hovg tovg dAkovg apiBudg cvvtatems (nAnv Tov 7)
npoBAenduevn ddtaEn dev eEoptdtor omd 0 0.

1

N—

ZXHMA 3: TonoBétnon entd owuatidiwy gTny EMPAVEIG OQAIPAS OTHY LEYALLTEPT UETALY TwY andaTa-
on.

Edv otov tomo (1) ddcovue oto a-Tipég and 1 éwg 12, Ba npdpovue yio Tig TPELS
1davikég ovupetpieg o anoteAéopata tov Ilivako I.
Ta -counepdopuoto VTR EAivovIOol KOL 6TO Oypoupe Tov oxhuatog 4.

Enidpaocn mepifdiiovioc oty doutj

"Eva. onuavtikd otoltyeio nov mpoxv7TeEl an’ Tov wivaka I xat to oxnua 4 giva
OTL Y10 MIKPES TLPEG TOV @ Ol SLAPOPEC CLPUETPIES SIPEPOLY G TPOG THV EVEPYELL
s)»dyacta uetaEd tovg,.oto tpito N téTapto dexadiko yneio. Eivar Aoimdv gavepd o-
Tt JELTEPEVOVOEG EEMULOPIOKEG dVVANELG NTOPODY EDKOAN VA UETOTPEWOLY TNV IO

TMMINAKAX I: Evépyeleg ya Tig -Std@opeg ovppetpieg

U.: DSh Cz Cs C2v C’Sv

0,5 . -17,3530* 17,3552 . 173555
1,0 14,4530* 14,4579, | 1444586 -
2,0 10,2500* 10,2588, 10,2601
2,5 8,7202 8,7202 8,7202 1 87305
3,0 7.4648 7,4641% 7,4642 TATIE 74734
3.5 6,4268 6,4248 6,4247* 16,4318
4,0 5,5625. 5,5578* 5,5578* 5,5606 5,5620
45 ‘ 4,8288 4,8305
50 42269 | 42102% 4,2102* 4,2102* 4,2108
6.0 32656 | ' S 3,2305 3,2300*
9,0 1,6253 1,5364 1,5319*
12,0 0,8383 0,7610 0,7539*

* Tlpottpdton M Stdtoln evepyelaxd.
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coppetpia otnv GAAN. Oa mepipeve Aownov kaveic aArayég.oto mepifdiiov onwg
.. TOL JOALTN, TOV AVTIGTAOUICTIKOV 16VTLV KAT., V' aAAalovv TV yewueTpia, 6-
nOG KO TPoyRotTika £xel Bpebei oc oplopéveg mepmtdoelg. XapakTnpioTikd nopd-
devyua givor 1o ovpmAoko 16v [Mo(CN),}4-.

Ot G. Rossman, F. Tsay kot Gray'? pelétnoav 1o obunioko avté 0v oe Sidpo-
peg ovvBnkec. To dopa i.r. 6NV TEPLOYN CLYVOTNTOG TOV KLAVIOVIWOV, Y10t LOATIKO
diaivpa nepimov 0,2 F oe ‘K, [Mo(CN),I12H,0, divet d0o 1oy vpég tatvieg ota 2080
kau 2040 cm-L, Tng avtAg mepinov evidoewg. To edope Raman tov 1diov Soddpa-
to¢ divel xopveéc ota 2106 kar 2063 cml. Touewva pe avta, N YEWRETPIKT Soun
tov [Mo(CN),]4 og vdatikd ddAvpa eivonr meviayovikh dinvpapide. v copue-

E
E(C3v) ——— /
1000 Cav
999,5¢
5990
T 2 3 4 5

IXHMA 4: Zyenuxéc evépyeieg entd onueiwy omy empdveia pag opaipac, Gewpdviac Ty anwotiky
tdon: ry?

Ot’slvlépyetsg na v Cs ovpuetpio onpeidvovtar fe - kai eivar mAnaiov ¢ kaumbdns yia v C, oujipe-
Tpfal’. ‘

tpia Dsp, 800 OepeMddelg TAAAVTIOOCES TMV KLOVIOVTOV EIVOL EMITPENTEG OTO Ir. KOl
ot0 Raman. Awepéc pe YEQupa kvOVIOVTOV onokAeietal doTL dev vTApPYEL Tovio
ota 2150cm-L

To ¢aoua i.r. tov otepeod K,[Mo(CN),]12H,0 oe Nujol xafig xat oe dioxio KBr
oV TEPLOYN TV JOVACEMY TV KLAVIOVIOV, ival Jlo@opeTiko and T0 QAGUA TOL
vdatikod StaAdpatoc. Tvykekpiuéva oto @acpa og Nujol, £xT0G And T1g TALVIEG TOL
anodidovrar oto vepd, LTApYEL kat pio wyvpf towvia oto 2064 cm?! xabie kat pio
oAb ToAY aobevig ota 2111 cm-1. Eniong vndpye pia evpeia mepioyty anoppoi-
cewg amd ™ 250 Ewg 550 cm-! opethopévn otovg Seopovg petabd wetdAiov — av-
Opaxoc, uetdrAlov — avlpaxog — aldtov kot 610 vEPO KpLOTUALDCEWS. Ze diokio
KBr gupavifovtat ot tawvieg ota 2070 xoar 2111 ecm-! nepinov xabdg xar m evpia
touviec ono 1o 250 fwog T 550 cm-l. To ¢&oua Raman 1tov o©TEpEOY
K,[Mo(CN),]2H,0 eivar oAb Svoxoro va Anebei, doTi vrapyovv mpoPAnpata
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anoppooiocns. H Souf enopévag tov otepeod K, [Mo(CN),12H,0 sivou Srapopett-
KN ard Tov vdatikod Tov SteAdpatog. Avtifeta, Gvodpo peTd kadiov GAag TOL GLu-
TAOKOL aLTOY (OVIOG, GTNV MEPLOYN TOV KLAVIOVTI®MV Sivel 610 ir. Kat oto Raman,
napopoteg doviioelg pe o vdatikd ddivpa tov K, JMo(CN),1.2H,0. Zvykekpipuéva
paivovtal §vo 1oyvpég Towvieg ota 2078 kai,2064 cm-l. To vrdAowmo 1oV PAGUATOG
og oyéon, ue to oteped K, [Mo(CN),1.2H,0 Sev éxst BéBata Tig Tawvieg tov vepod
ko gppaviCer pia petplag eviaceme tavia ota 358 cm! xau pio aoBevi ota 432
cm-l. Ed@ npéner va vrevOoubei 61t uikpdg apludg Towvidy 61a gAcHaT Lr. Kot
Raman cvvnyopsi yia Soufy vymAfig ovppetpiac. H EAAewyn Aomdv 610 @vudpo G-
Aag K, [Mo(CN),] tuviov oe meproyf mixprg evepyeiag deiyver adénon tng popia-
kMg ovpuetpiog. To yeyovog avtd kabdg Kot ol 1oxLPEG AMOPPOPTICELG OTNV TEPLOXN
TOV KDAVIOVIOV 08MYODV OTO GLUREPAOMO OTL N yemuetpikf doun 1o Mo(CN),4
610 Gvodpo HeTd koAiov dlag eivar i idia 6Twg koL 610 VAATIKG ddAvpa. To edoua
ESR tov otepeod dhotog K, [Mo(CN),12H,0 &ivel Vo dagopetikég TES Yo TOV
napayovia g, yeyovoc mov emPBefaidvel 4t n ovoppetpio dev undpel vo gival Dsp.
Ot Tiwég tov g OTWE KOl oL YauNANG evepyeiag tolvieg 610 pdoua ir. odnyovv o1o
ovunépacpo 0Tt N ovupetpio oto o1eped K, Mo(CN),.2H,0 eivai, Coy. H aAroy
™G YewueTpiag Tov 0vtog Mo(CN),4 poivetol kat ond 10 MAEKTPOVIKE QEOUOTO
OV OTEPEOD Kat Tov SwaAvpatog (oyxnuatog 5,6).

).:.mv TEPIMTWON TOL GLUTAGKOD 1OVTOG |V(CN)7|‘4 dev vmapyel dwepopd TOL MAEK-
TPOVIKOD GACLATOS TOL GTEPEOY KAl TOL LAUTIKOY Tov SreAvuartog!®4. H yewpetpia
toug eivon opowr xou pe aktiveg X Ppébnke meviaywvikn dumvpapida.

2~
24
Cr
O
200 300 - 400 ' 200 400 00 800
Ay ———> "M A ' ynm

IXHMA 5: Hlextpovié pdopa 0,0015 F véar. dalvparos K,[Mo(CN)], 2H,0.”

ZXHMA 6: Hhextpovikd pdopa otepeot K,Mo(CN),.2H,0. Zvvexiig ypauur, atovg 78°K, diaxexouuévn
atovg 26°C."2 :
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Téhog ocav mapdaderypuo enidpacng tov aviiotabuoTiKOV WOVIOV oTn doutn &vog
EMTAVTOKATESTNUEVOL  OVLUTAOKOL- pumopel  va  avaeepdn 1 éveon
M,[Mo(CN),] X H,0" 6nov 6nwg £xer neretndei pe aktiveg X, oto petd No drag
n ovppetpia givar D sy eved oto uetd K 1o 16v i’-:xa nopopopeobel kot tov anodide-
tat m dopun Cs

Ilevraywviky] dimvpauida

Zmv neviayovikn dttopapido (oxnuo 7) dev vrdapyovv uetafAntég mapduetpot.
‘Okeg ou mohtkég kot afiwovbiaxés cvvietayuéveg éxovv kobwpiopéveg Tipéc.

IXHMA 7: meviaywviky dimvpauida.

To oyxfua 8 deiyver népog Tov evepyelakov droypdppotog Yo ta d - TpoYLaKE OF
ovppetpia Oh ko Dsp xk0fdg, koL TOV GLOXETIOUS TV EMMES®V.
Ta evepyeaxa eninedo twv tpoyokdv d yo éva niektpdvio, o€ coupetpio Dsy ue-
TofGAAoVIOL CUVOPTNCEL TNG TMAPOUETPOL p, ONMOG QUIVETAL 6TO oYAuo 9.

Prlr)

pn(r)

Ta py(r) kou p'r(r) opilovtor avrictolye OMO TOLG VIOKUTUOTATEG OTO EMINEdO YW
Y0 70 TPDOTO KoL 6TOVG aEovikoDg LVMOKATHOoTATEG TO SEVTEPO.

‘Otav 6Aeg oL amootdosig M-L givor ioeg n mopdauetpo p sivar 1 gevd €xel ueyodvte-
p1 TIUT OTAV Ol ATOcTAsEC M e TOUC AEOVIKODS DTOKATAGTATEG £ival UEYOADTEPES
and T1¢ avrtictolyeg M ug vrokatootdteg 610 Yy eninedo, Hedouévov OTL oL TopaE-
Tpot pur) xar p'u(r) sivor oviioTpOO®E OVEAOYOL TV OMOCTACE®WV WETAALOL-
VTOKATAOCTATT.

Ot Basolo kat Pearson'® xafd¢ ko1 o Hush!?, ypnouonotodv yio va vrolroyi-
COLV TIG EVEPYELEG TNV TIUN p= 2, ot Speed, Perumareddi kou Adamson!® tnv tiun
p=1. Xtov mivaka II divovtor ol gvépyeleg Twv Tpoylak®V d TNG TEVIAYWVIKAG Sumv-
pouidog v TG TWEC GLTEG TOL P.

H ad&non tng evépyelog oto dxy eivar emakoiovfo tov 6Tt 0 £Bdouog vrokata-
oTaTNG ewoépyeton oto eninedo xy (oxfua 1). Mo Aentouepés evepyeloko 61dybauua
avaropdyetor oto oxnua 10, 610 omoio mepilauPdvovial KoL T-HOPLOKE TPOYLAKG.

To p eivar o Adyog
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Apy.Mop.
TpoyLaid

(Dg,, ovunetpia)

MOp.TPOX. TNG EVATEWC

- BONDS

OMOKATACTATOU

r sonws,
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ILXHMA 10: Evepyetakd Siaypdupata popiaxey mpoyiaKay ylia GUUTAOKA UE 7-vmokatacTdres, meEvia-
ywviknc dinvpauidos (Dsp).

H nAektpovikn S1audp@momn Kol Ol GVTICTOLXOl QUOUOTIKOL OpPOL Yo TNV GLUUETPIX
Dsp, yia d? odunhoka pe n=1-9 xabig kol n evépyea otabeponotiioemg Aoym kpo-
otaAlikod nediov (CFSE) divovtar otov mivaka III.

MINAKAZ III: Hiektpovikn Siopdpowon, gacpatikoi opot kat CFSE ywo v ovppetpia Dsy,

daopotikoi

HAektpov.dwop. opot CFSE2
d (e, ) E,” -4,86Dq
d? (e, " A, -9,72Dq
d? ey 2E,” -14,58Dq+P®
d* e,) A, -19,44Dq+2PP
d’ e,") (&) 2E," -17,48Dq+2Pb
ds €)' (&) Ay -15.52Dq+ 2P
d’ e, (&) B, -13,56Dq+3Pb
d® &) (&) A/ -11,6Dq+4Pb
@ ) &) @) A/ --5,81Dq+4Pb
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a. To evepyeraxd Sdypappa tov tpoyaxdv d yio €vo mAektpdvio vroloyicOnke
ywo p=1. Co

B. Me 1o P ovuolifetor 1 gvépyeln mov gpetaletar yia va vrepviknfodv ol and-
oG TV MAektpoviev mov Bpickovtal oto B0 tpoyakd (evépyer cvledEemc).

Moveoteyaouévo oxtdedpo C3jz,

Ztmv ovppetpia C3y kat pue i0eg amooTdoelg HETAAAOL VTOKATASTATOL 1 S1dTatn
1:3:3 xafBopiletar and dvo petaBAntéc mapouirpovs. Avtéc umopel va givor ot ToAt-
kég yovieg 0, (=0; = 6,) xou 0, ( = 6, = 0,) (oyfAua 11).

LXHMA 11: H &idradn 1:3:3 pe ng ustafilytés 6,, 6;. TXHMA 12: Moveoteyaoudvo oxtdedpo (Cs,)

Z10 kovovikd HovESTEYQOUEVO oKTAEdpo Exovpe 0,= 54, 70 xar 6, 125,30. Yro-
Loywopoi mov éxovv kdver ot Thomson xat Bartell'! §idovv 1ig Twég 0, xou 6 yio
mv ovppetpia C3y ovvaptioel Tov o (1o a givar o exkbitng otnv eficwon (1)) Tov
eaivovton oto Ilivaxa IV.

TIINAKAZ 1V: Zopperpia Cj,. Tyég tov yovidov 0, kat 0,* ya Swdgopeg tiuég tov exbémn a.'!

a 0, 0
0,5 73,2 128,6
1,0 73,3 128,8
2,0 73,5 129,1
2,5 73,6 1294
3,0 73.8 1294
35 | 739 129,5
4,0 74,1 129,7
4,5 74,2 129,8
50 74,4 130,0
6,0 74,6 130,3
9,0 75,3 130,9

12,0 75.8 1314

*9, = 00, 62 = 63 = 94, 65 = 66 = 67, 0, = 60° (P3 = =1_8_00, Q4 ;3000,
0, = 120°, ¢, = 240°.
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AvTég ot Tég dev 81a¢:épouv and Tig uuéc_; 0,= 75° xar B, = 130° mov éyovv
vrodoyiobei and tovg Hoffman, Rossi k.07 y1a poplakd tpoylakd L7‘ entd vroka-
TACTATOV OTN EMLPAVELQ ocpaipag yopic kevipkd pétairo. Edv napauBaM»ooua ME-
TaAlik6 dtopo maipvovue y Swapdppon d° 6, = 84° 6, = 138°, yw yauniov spin
d? 6, = 80°, 6, = 130° ko1 y1a d* 6, = 70° ket 6, = 130°. Ta poprakd TPOYWKE 1OV
vnoroyichnkav and tov Garin'® yie mv edikn nepintoon JF, divovv 6, = 75° ka
0,= 127°. Ot 0, xar O Lownov elattdvovrar dtav avénbovv Ta d- nkampovm and 0,
ot 4.

Ta evepyewokd Saypaupoate tov d-tpoyekdv yw v tonkn ovpuetpia Cszy, o€
oyxton ue tnv ovppetpia Oh, gaivetar oto oyfua 13.

Ot Twuég svepyalag TOV rpoxwuc(ov d yw 800 Tég TG TopapéTpov p paivovral
otov mivoka V. -

H]NAKA): V: Ot tipég avapymag TV d-Tpox1eKGV 610 povesteyasuévo oktdedpo (C, )¢ evépyern (oe
Dq)

d-tpoylaxd p=1 p=2
x2-y? 8,88 8,79

z? 0,25 1,36

Xy -1,82 -1,51

Xz 2,77 -2,60

yz -5,68 -6,08

H nAektpovikn Stapdppwan, ot avtioTol ol aoNOTIKOL OPOL KOl | EVEPYER OTa-
fepomotioeng Loyw kpvotaAdikod mediov Y v ovuuetpia C 3y paivoviar oTov
mivako VI.

a.(xz—)'l
-~
I -~
%
- B
7/ N
N
/ N
/ N afay
d /
=== a, el
N\ e
\\ t2g 7 b2
- <
~N
S\ bayz)
Oh .C

F—-x

LXHMAI13: Zvoyérion evepyeiaxos &aypapparog d-tpoytaxdy okraaépov (Oh) xai povaorsyao,usvou
oktaédpov (Cs,).
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IMINAKAZ VI: HAektpovikn Stapudppwon. esacuetkoi opot kat CFSE* ya v C,, ovppetpia (p=2).

HXektp. Swp. - Daou. dpot CFSE?

d’ (by)! B, -6.08 Dq
d*(oy. spin) (by)'(b))! B, -8,68 Dq
d*(vy. spin) (by)' (b)) (ay)’ ‘A, -10,19 Dq
d*(xau.spin) (b,)? (b))' (a)' A, -16,27 Dq+ P
d*(oy.spin) (by)' (b)) (a)' (a))! SA, -8.83 Dg
d*(xap.spin) (b,)* (b))* (a,)' A, ) -18,8° Dg+2P
dS(oy. spin) (by)' (b)' (a)' (a)" (a,)! A, -0
dS(xap. spin) (b,)* (b)) (a,)? 1A, -20,38 Dq+3P
d®(oy. spin) (b,)* (b))' (a)' (a))!' (a)! SA, -6,12 Dq+P
d"(yap. spin) (b)) (b)) (@) (a) A, -19,02 Dq+3P
d’(oy. spin) (b,)? (b,) (a)' (a))' {a,)! ‘A, -8,72 Dq+2P
d¥(xap. spin) (b)) (b)) (a,)* (ap)' (a)! A, -10,23DQ+3P
@ by (b)) (@) (@) (a)! A, -8,72+4P

* Evépyewn otafeponotiocnsg kpuotgAiikod mediov.

Movooteyaougvo tprywviké mpioua Cs,

‘Onwg gaivetatl 610 oyfua 4 yu TR tov ekBétn o nepinov 5,6 emucpatel  yew-
uetpia Tov HOVESTEYAGUEVOL Tprywvikod mpicuatog (C,,) (oyfua 14,15).

IXHMA 14: H fidraly 1:4:2. Extoc and g 6, ket 6, perafinry eivar kar pin alipovbary ywvza, OV
dev Jelyvetar 010 OxHua yta Adyovg a:t/lotnrag
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IXHMA 15: Moveoreyaouévo tpiywvikd apiopa Coy,.

5 2
|
1
T
t
L 6
7
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Xtov mivako VII 81vovw1 Ol YEWUETPIKEG TOPAUETPOL (TPELG YWVIES) oL Sivooy
otalepéc Swatakes rng cuppmplag avtig oe oxéon ue tov ekBitn a tov vopov dv-
vapgme. O TPeIG ymvieg givor 1 0, = (= 0, =0, =6, n 9, (= -9, = 180+¢, = 180-

@;) ko O, = 8, (9, = 0°, o,

180°) (oxnua 14) H ¢, dev ivar LTTOY PEMTIKG 45°,

Bn}»aéq N 859(1 TO UOVECTEYAOUEVOY TPLYWVIKOD Tpiouotog dev ival onmc&]nors

TETPAYHIVO.

MINAKAZ VII: Ot tuég tov tptdv yoviav 0, 6., ko @, o oxéon pe tov ekbétn (o) Tov vépov duvai-

UEMG Y0 CLUMETPiQ €mMTd OMUEIDV CZ‘/|l

a 9, 95 P,
0.5 80,9 144,2 49,1
1.0 80,8 1442 49,0
1.5 80,6 144,0 49,0
2,0 80,6 1440 49,0
30 80,3 143,9 48,9
40 80,0 143,7 48,8
5,0 79,7 143,5 48,8
6.0 794 1433 48,7
9,0 78,7 1429 48,7
12,0 78,3 142,6 48,9

O mivakag auToT @VaQEPETHL TNV REPInTOON 1oL Exovpe 7 onueia (kde onueio
avTioTolel oe (ebyog MASKTPOVILY) CTNV ENLPAVEL CEAIpOS, XOPIG KEVIPIKO UETOA-
2o. Eav nepeupalovpe pereriaxd 10v naipvooue ta anoteréopata tov mivaxa VIIL
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MMINAKAZ VIII: O mpég tov yovidv 8,, 8; xa ¢, yio entd vrokorestuéva odpnioka C,, coppe-

Tpiag’

8, 8, P2
ML, de 68 118 52
ML, @ 80 122 54
ML, a 82 148 46
MCI, o-d4 80 145 48
M(CO), a 85 150 48
GINbF,> d° 78,6 143 48
G9Mo(CN-t-Bu),>* d¢ 82 144 50

Mépog tov gvepyelakod Saypaupotog yio to d-tpoylakd gaivetol oto oy. 16.
Ta gvepyeokd enineda tov d-tpoyok@v pe éve niextpovio uetofdiiovior cv-
vaptioel g mopapétpov p Pacel tov oyxfuotog 17.
Ot Tég toug yuo Tuég tov p=2 kar p=1 @aivovtol otov mivoko IX.
H dwpdpewon Adye arlinienidpdosmg Tov zy kar xz copPoliletar g (x + y) z xou
TPOKVNTEL S0 KATAAANA®Y GUUUETPIKOV GLVBLAGUDV 1/\/ 2 | (zx) * (yz) |'8. Eniong
ov aMnN:medcso)% TOV TPOYWK®V z? Kol Xy TPOKLTITOLV 10 (22, Xy)~ vymAotépog
evepyelag kar 1o (z%, xy)* yaunAotépog evepysiog (oyfuo 17).

[+ 1*2-‘12)
PR
e
/

/ : N\ o (2 xy)~
d Ny
/ N by(x+v)z
_— R Liahi. LI
\ I AafzBayy”

\ /s

Oh Cav

ZXHMA 16: Zvoyénan evepyeraxou diaypduparos, d-tpoyiaxdy. oxtagdpov (Oh) kai poveoteyaougvon
tprywvikos mpiopatos (C,,).°
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MINAKAX IX: Twéc evepyeiag tov d-Tpoxlok®V GTO MOVECTEYUUGEVO TPLYOVIKO fipioua C2v6‘18.

d-tpoylakd - p=2 =1
x%-y? 7,81 6,10
(z2xy) 2,65 1,48
(x+y)z 1.02 0,16
Z2xy)* -3,09 -1,92
(x-y)z -8.39 5,81

oo T T T

1ol :1

" 01- P ) . :1'

67 -

S - 1

ol o

2T oy T 1

o .

a, . K

e e S
4 7
P :‘\P.,..(".)// plir))

EXHMA 17: didypauua twv evepyelakay eminédwy twv tpoyiaxdy d ue éva nlextpovio o€ oyéoer ue
™y mapdugtpo p, oty mepintwon e ovuuetpiag C,,.18

Yrov nivako X divovrtol N nAekTpovikn Siapudpemon Kol ot avTicTol ol PacuaTtl-
kol opot ovppetpiag Coy v n=1 éwg n=9.

MINAKAY X: HAextpoviakm Siapopowon, pacpatikoi 6pot kar CFSE yia v C,, ovupetpia (p=2)

n HAexktp. dwpdppwon ®aop. opot CFSE

d' (b)) ’B, -5,81 Dq

d? (b,? 1A, » -11,62 Dq+P
& (b, (a,") 2A, -13,54Dq+P
d* (b @7y 1A, -15,46 Dq+2P
& (b)) (a,") (b)) B, -15.30Dq+2P
d® (b, (a,")* (b)) 1A, . 15,14Dq+3P
d’ (b, (a,*) (b)) (a,)" 24, -13,66Dq+3P
d® (b, (a,") (b)) (a,) 1A, -12,18Dq+3P
@ (b)) (a,") (b)) (a)) (a)' A, -6,08Dq+4P
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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

€=\"r"9

i}
C ik

If the repulsive energy is assumed to depend inversely upon the first power of the distance,
which would be appropriate to ionic repulsion. the Ds, 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
molecutar 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 (III) and Mo
(II) with seven cyanides.

There are usually three structures for complexes with coordination number seven.
a) Pentagonal dipyramid (Ds,) 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) C,, symmetry.

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

L’ action du bromomagnésio-3 propionate d’ éthyle sur la dihydro-5,6-11H-
dibenzo [a.d] cyclohepténone-11 conduit a la formation d’ un noyau spiranique Y-
lactonique. La carboxylation de la spirolactone avec le carbonate de méthyl et de
magnésium et I’ application de la réaction de Mannich sur I’ acide lactone forme
fournit les dérivés aminés correspodants de la lactone spiropolycyclique. Ces amino-
lactones possédent une activité antiagrégante plaquettaire remarquable et une action
spasmolytique «musculotrope» au moins égale a celle de la papavérine.

Key words: amino lactones,
3. 4. 5. 6-tetrahydro-spirol 1 ITH-dibenzo |a, d| cyclohepten-11, 2" (3'H)-furan|-5"-one

Introduction

Dans le cadre de I' étude que nous avons entrepris sur les dérivés aminés des y-
butyrolactones et des y-spirolactones, nous avons synthétisé des produits repondant a
la formule / du schéma I.

Les travaux qui ont été jusqu’ a présent réalisés, peu nombreux-d’ ailleurs, ont
révele pour ce genre de produits des activités: antireserpinique, analsésique et
antiarythmique. 234

Dans ce travail nous essayons faire un approche pharmacologique des produits
du type I sous un aspect différent; ces produits ont été préparés en mettant au point
une nouvelle méthode de synthése des y-spirolactones.

~R ~-CH
‘.O N NTTT3
R “CH, 1a

o)
0 ® R
AN N R,
o HR Ngp® N 1b
1

Schéma I
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Les dérives Ia et Ib ont été soumis & une étude pharmacologique relative a I’
activité antispasmodique («neurotrope» et «musculotrope») et a I’ activité antiagrégan-
te plaquettaire.

L’ étude de I’ activité antispasmodique est justifiée par la structure des produits
du type I; en effet il s> agit des esters d” aminoalcools dont les molécules contiennent
les éléments structuraux nécessaires des anticholinergiques classiques.

Elles présentent la particularité de posséder le groupement volumineux tricyclique
(blocking) et le groupement cationique liés entre eux par une chaine que contient le
groupement ester et qui fait partie d’ un cycle de y-butyrolactone qui est li¢ d’ une
maniére spiranique avec le groupement tricyclique.

L’ étude de I activité antiagrégante plaquettaire a été inspiré par des recherches
relativement récentes®®’® qui révélent que la structure B-amino cétonique (bases de
Mannich) est un excellent vecteur de propriétés anti-agrégantes. Parmi les nom-
breuses substances connues pour ces propriétés, on trouve la plupart des anti-
inflammatoires non stéroidiens et il semble bien que les relations entre ces deux types
de propriétés sont étroites et expliquées partiellement par le role des prostaglandines.’

Etant donné que le reste B-amino cétonique existe dans la structure des amino-
lactones du type I nous avons soumis les produits la et 1b a I’ étude de I’ activite
anti-agrégante plaquettaire.

Partie chimique

La préparation des aminospirolactones du type [ a été réalisée en utilisant la
dihydro-5,6-11H-dibenzo [a,d] cyclohepténone-11 2 comme matiére premiére. L’
action du bromomagnésio-3 propionate d’ éthyle sur la cétone 2 au sein de tetrahy-
drofuranne fournit la tétrahydro-3",4",5,6 spiro [11H-dibenzo [a,d} cyclohepténe-11,2’
(3'H)furan} one-5" 3 avec une formation simultanée d’ une quantité considérable de
dihydro-5.6-11H-dibenzo [a.d]l cyclohepténol-11 4 et d’ acrylate d’ éthyle (schéma
I1). :
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Nous nous sommes donc aménés a la conclusion que durant cette réaction-type
Reformatsky- la réduction du carbonyle cétonique est considérablement favorisée par
le deplacement d’ un ion hydrure arraché du groupement méthylénique en-position 2
du bromomagnésio-3 propionate d’ éthyle. Cette réaction qui est pour la premiére-
fois utilisée, & notre connaissance, pour la préparation des spirolactones (et il s’ agit
évidemment d’ une méthode générale) a le désavantage de fournir, dans notre cas au
moins, la lactone 3 avec un faible rendement (13%).

Par contre elle présente I’ avantage d’ utiliser des produits commerciaux comme
matieres premieres et nous permet d’ obtenir en une seule étape et trés pure cette .
lactone. 11 faut signaler que la condensation selon Stobe de la cétone 2, mais aussi de
la fluorénone, avec le succinate d’ éthyle en présence de terBuOK suivie d” une hy-
drolyse acide (CH;COOH-H,0-HBr) de I’ hémiester intermédiaire ne fournit pas la
spirolactone 3, bien que cette méthode soit satisfaisante avec la benzophénone!?.

La carboxylation de la spirolactone 3 avec le carbonate de méthyl et de magné-
sium (MMC)11.12.13.14 permet d” obtenir I’ acide-lactone 5; I’ application de la réaction
de Mannich sur cet acide conduit aux aminospirolactones I.

Bien que la réduction de ces derniéres avec le LiAlH, fournit quantitativement les
aminodiols correspondants, tous les efforts de cyclisation de ces aminodiols en dé-
rivés tétrahydrofuraniques ont echoué et des mélanges réactionnels nous avons isolé
intactes les aminodiols malgré la variété de méthodes utilisées.

Partie expérimentale

Les points de fusion ont été pris dans un appareil de Biichi et ne sont pas corri-
gés. Les microanalyses ont été effectuées par le Service Central de Microanalyse du
C.N.R.S et sont conformes aux valeurs théoriques a + 0,4%. Les spectres RMN 'H
ont été enregistrés sur un appareil Varian FT-80A en utilisant le CHCl, comme so-
lvant et la TMS comme référence interne. Les spectres en IR ont été enregistrés sur
un spectrophotométre Perkin-Elmer 177.

Tétrahydro-3°,4°,5,6 spiro [1IH-dibenzo [a,d] cyclohepténe-11,2(3 'H)-furan] one-
57 3. -

Dans 5,28g (0,22 gratoms) de tournures de magnésium on ajoute une petite
quantitt d’ un mélange de 16g (0,077mole) de dihydro-5,6-11H-dibenzo [a.d]
cyclohepténone-11 2, de 40g (0,22mole) de bromo-3 propionate d’ éthyle et de 150
ml de tétrahydrofuranne anhydre de maniére a couvrir le magnésium. Le démarrage
de' la réaction étant effectué par chauffage extérieur, on ajoute sous agitation et
atmosphére d’ azote le reste du mélange; I addition se fait au goutte a goutte de fa-
gon en avoir une ébullition douce. Apres I’ addition, on continue chauffer pendant
45", puis, le mélange est décomposé, sous refroidissement, avec de I’ acide sulfurique
a 10%. On ajoute un excés d’ eau et extrait trois fois a I’ éther. Les couches éthérées
unies sont lavées a I’ eau, séchées sur Na,SO, et évaporées sous pression réduite. Le
résidu qui sent fort I’ ester acrylique est additionné de 150ml d’ éthanol et de 150ml
de KOH a 25%. Le mélange est chauffé pendant 3h a reflux, laissé pendant une nuit
et les solvants sont évaporés sous vide. Dans le résidu on ajoute de I’ eau et extrait
quelques fois a I’ éther. Les couches éthérées unies, lavées a I’ eau, séchées sur
Na,SO, et évaporées fournissent une quantité considérable de dihydro-5,6-11H-
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dibenzo la.dl cyclohepténol-11 4 (F=91-93°C, IR w(OH) 3350-3200 cm™!). La
couche aqueuse est acidifiée avec un grand excés de HCI conc., laissée au repos pen-
dant 3h et extraite 4 un mélange d’ éther-benzéne 1/1. Les couches organiques unies
sont lavées a I’ eau, au Na,CO, a 5%, de nouveau a I’ eau, séchées sur Na,SO, et
évaporées sous pression réduite. Le résidu est filtré sur une colonne de 90g d’ alumi-
ne neutre en utilisant éther-benzéne 1/1 comme solvant d’ élution. Aprés évaporation
des solvants le résidu est recristallisé dans I’ éther.

Rdt: 2,6g (13%)* F=228°C dec. (ramol. ~ 135°C), IR (KBr) v(C=0) 1768
cm—IRMN (CDCl,y) & 2,35-3,90 ppm (m, 8H, 3°, 4'-furanniques-H, 5,6-cyclohe-
ptaniques-H), 6,42-7,65 ppm (8H,m, aromatiques-H).

Analyse: (C;gH;,0,) %Calc. C=81,81 H=6,06 %Tr. C=81,74 H=6,18.

Acide oxo-5" tétrahydro-3,4,5,6 spiro [11H-dibenzola,d] cyclohepténe-11,2" (5'H)
furan | carboxylique-4 5.

6,1g de lactone 3 sont chauffés a léger reflux avec un excés de réactif MMC sous
courant de CO, pendant 8h. On décompose d’ abord avec de la glace puis avec de
HCI conc. On filtre le précipité formé, le lave a I’ eau et le dissout dans un mélange
éther-benzéne 1/1. On traite cette solution avec du NaHCO, a 10% ** et les couches
bicarbonatées. unies sont acidifiées, sous refroidissement, avec HCI 1/1. Le produit
formé est filtré; séché a I’ air et chauffé pendant quelques minutes dans 30 ml de
benzéne anhydre a I’ ébullition. On évapore le solvant sous vide et répéte le méme
travail deux fois encore (absence de la bande OH a I’ infra-rouge). Le résidu est trit-
uré dans I’ éther et I’ acide formé filtré. On recristallise dans I’ éther. Rdt=80%,
F=169°C (déc.) (éther) IR (KBr): v(C=0) 1780 em™! (v-lactone), w(C=0) 1680
cm™! (carboxyle), RMN (CDCIl;): 6 2,55-3,95 ppm (m, 7H, 3",4" furanniques-H, 5,6-
_cycloheptaniques-H), 6,40-7,75 ppm (m, 8H, aromatiques-H), 10,25 ppm (s, 1H,
CO, H). Analyse: (C,y H; O,) %Calc. C=74,02 H=5,19 %Tr. C=73,78 H=5,08.

Diméthylaminométhyl-4~ tétrahydro-3,4,5,6 spiro [11H- dzbenzo[a d] cyclo-
hepténe-11,2" (5'H) -furan] one-5" la (R,N: (CH,),N).

Dans une solution de 1,2g (0,0039 mole) d’ acide- lactone 5 dans 10m1 d’ éthanol
absolu, on ajoute sous agitation et refroidissement 3,2 ml d’une solution éthanolique
saturée de diméthylamine. Aprés 10 min on ajoute trés lentement (30 min) et dans
les mémes conditions, 1,2 ml d’ une solution saturée de formol. On agite pendant 4h
a la température ambiante (~25°C), ajoute dans les mémes conditions Iml de sol-
ution de diméthylamine et 0,3 ml de solution de formol et continue I’ agitation pen-
dant 24 h. On verse le mélange dans de I’ eau et de la glace, extrait trois fois a I’ é-
ther, lave trés bien 4.1" eau les couches éthérées unies et séche sur Na,SO,. Apres

* En utilisant une méthode analogue nous avons synthétisé a partir de la 9H-fluorénone-9, la dihydro-
3°4" spiro [9H-fluorén-9,2° (5'H) -furan] one-5" avec un rendement ~ 5%, F= 136° (éther), IR v
(C=0):1768cm™'RMN (CDCl,) & 2,40-3,25 ppm (4H, m, 3" 4 -furanniques-H), 6,85-7,65 ppm (m,
8H, aromatiques-H).

Analyse: (C,(H,,0,) %Calc. C=81,35 H=5,08 %Tr. C=81,29 H=5,15.

** Dans le cas ou ilya précipitation du sel de sodium, peu soluble dans I eau, on le filtre, le lave & I
éther, 1’ ajoute dans un excés d’ eau et acidifie avec HCL
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evaporation du solvant et cristallisation dans le n-pentane, on recristallise dans un
mélange éther-n-pentane*.

Rdt (en base): ~ 80%, Fyc = 202°C (éthanol-éther), IR (KBr): v(C=0) 1768
cem™1 (y-lactone), RMN (base-CDCL,;) § 2,12 ppm (s, 6H, (CH,),N), 2,60-3,82 ppm
(m, 9H, 3",4—furanniques-H, 5,6-cycloheptaniques-H, CH,-N), 6,85-7,45 ppm (m,
8H, aromatiques-H).

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

%Calc. C=70,48 H=6,71 Cl=9,93 N=3,91
%Tr. C=70,13 H=6,91 Cl=9,85 N=3,79

Pipéridylméthyl-4~ téirahydro-3,4,5,6 spiro [11H-dibenzo [a,d] cyclohepiéne-
11,2° (5'H)-furan] one-5" 1b (R,N .pipéridyle).

On la prépare comme la Ia avec un rendement de 94%. Fye 201°C (éthanol-
éther), IR (KBr): v(C=0) 1770 cm~! RMN (base-CDCl,) 6 1,23-1,85 ppm (m, 6H,
3.4,5-pipéridiniques-H), 2,18-3,95 ppm (m, 13H, 2,6-pipéridiniques-H, 3°,4"-
furanniques-H, 5,6-cycloheptaniques-H, CH,N), 6,78-7,72 ppm (m, 8H, aromatiques-
H)

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

9%Calc. C=7245 H=7,04 CI=8,93 N=3,52
%Tr. C=72,21 H=7,01 CI=8,69 N=347

Partie pharmacologique
Activitée Antispasmodique

L’ activité antispasmodique éventuelle des différents composés est évaluée par i-
nhibition des contractions au niveau de I’ iléon isolé de cobaye provoquées soit par le
chlorure d’ acétylcholine (1.10~7 g/ml soit par le chlorure de baryum (1.10~4 g/ml).
Aprés avoir déterminé pour chaque produit testé le temps optimal d’ action, nous
calculons a partir de résultats obtenus avec différentes concentrations, les concentra-
tions efficaces 50, c’est a dire les concentrations capables de diminuer de 50% la
contraction engendrée par les deux agents spasmogénes.

Résultats Activitée antispasmodique

Produit Acétyl choline 1.1077 g/ml " BaCl, 1.107* g/ml
Ne DEj;, en g/ml temps DE,, en g/ml temps
optimal optimal
d’action ‘ d’ action
la 1.107¢ N 2,5.107 r
1b 7,5.1076 I 7,5.107° 1
sulfate d’atropine 2 Chiorhydrate de papaverine 2
7,5.107° 1.107°

* Les bases de Mannich ainsi obtenues contiennent en quantité variable le dérivé méthylénique corre-
spondant. Les facteurs qui doivent étre pris en considération pour minimiser cette réaction secondaire
est la vitesse d” addition de la solution du formol, la durée de la réaction, la température a laquelle est
effectuée la réaction et en général la température a laquelle sont effectués I’ isolement et la purification
de la base qui doit étre gardée a basse température.
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On observe que I’ activité spasmolytique «neurotrope» des dérivés la et 1b de-
meure plutdt discréte. Par contre I’ activité spasmolytique «musculotrope» est légére-
ment supérieure de celle du chlorhydrate de papavérine.

Activité antiagrégante plaquettaire

Le sang humain est dilué au dixiéme avec du citrate de sodium a 3,8%. Il est
centrifugé pour I obtention du plasma riche en plaquettes (PRP) (250.000/mm?) et
du plasma pauvre en plaquettes (PPP) (50.000/mm?). Cette opération est réalisée par
dilution avec du tampon Michaelis pH 7,4 (CH,0H),=C-NH, (tris hydroxyméthyl)
aminométhane.

L’ agent agrégant utilisé est I’ adénosine diphospate (ADP STAGOR) qui est dil-
uée extemporanément avec du tampon Michaelis de facon a obtenir des concentra-
tions finales comprises entre 0,5 et 1.107°M.

L’ agrégation plaquettaire est étudiée par la méthode photométrique de BORN.
Nous avons utilisé un agrégométre LABINTEC dont la vitesse d’ agitation est fixée
a 1.100 tours/minute et la température d’ incubation’ 4 37°C. Cet agrégométre est
couplé a un enregistreur dont la sensibilité est ajustée, pour chaque plasma, de facon
a obtenir une trasmission optique de 10% pour le PRP et de 90% pour le PPP. Les
produits Za et 14 sont dissous dans du tampon Michaelis et le pH de Ia solution aju-
sté entre 6,6 et 7,6. Chaque produit a fait I’ objet -d” une quinzaine d’ expérimenta-
tions a des concentrations différentes et réparties autour de la DI, estimee par une
premiére approche expérimentale.

Le mélange de 0,20ml de PRP et de 0,02 ml de la solution a tester est incubé 5
min a 37°C et sous agitation avant I” addition, a la microseringue, de la quantité né-
cessaire d’ agent agrégant. Le volume final est toujour de 0,24 ml.

L’ enregistrement continu traduit les variations de densité optique sous forme de
courbes différentes selon la concentration de I’ agent agrégant et la reponse propre &
chaque plasma. Les résultats sont interprétés en fonction de la réponse de plasmas
témoins, assurant le contréle de I’ activité des réactifs.

Les pourcentages d’ inhibition de I’ agrégation plaquettaire sont obtenus par le
rapport des hauteurs maximales de la courbe d’ agrégation témoin et de la courbe d’
agrégation en présence de I’ agent inhibiteur la et 1b.

L’ estimation des Cly, (concentrations inhibitrices réduisant de 50% le phénoméne
d” agrégation) avec leurs limites de confiance a 95% est effectuée sur ordinateur Ap-
ple III': un calcul de régression permet d’ établir une relation entre le pouvoir inhibi-
teur (PI) et la concentration molaire (c) des produits en vue de la détermination de la
ClI;,. En réalité, pour rendre la variable gaussienne et réaliser une régression linéaire,
nous avons établi une equation du type: Probit (PI)= alog c+b. Un test de Chi 2 est
réalisé pour vérifier le bien fondé de cette relation et 1’ hypothése de normalité.

Résultats

Produit CL; en M/l avec limites de confiance a 95%
la 1,08.107%<1,31.107*<1,53.10™*

Ib 2,28.10~42,75.107%<3,32.10~*
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On observe que le dérive Ia est environ deux fois plus actif que le Ib.

L’ activité des dérivés In et Ib comparée a celle d’ autres produits étudiés dans
des conditions analogues semble trés intéressante. Ainsi I’ acétyl salicylate de lysine
(Aspegic?®) qui est le produit de comparaison habituel a une Cly, de I’ ordre de
3,1.107M c.a.d. dix fois plus faible que celle des dérivés Ia et 15'%'7'® Aussi J. MI-
GNE et collab.® a déterminé les CI;, pour les composés suivants: acide métiazinique:
2,2.1073 M, kétoprofen: 2,4.107> M et indométacine: 4,5.1073M.

En conclusion les dérivés Ia et 1b possedent une activité antiagrégante plaquet-
taire satisfaisante, comparable a celle de B-amino cétones déja étudices.

Summary

Synthesis and pharmacological study of spiropolycyclic lactone aminoderivatives

The action of Ethyl 3-bromomagnesiopropionate on the 5,6-Dihydro-11H-dibenzo [a,d]
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.

Mepiknyn

Zovleon Kkar QapuUaKoAOYIKY UEAETH auIVIKOV Tapaydywy OTEPOTOAVKDKAIKDY
AQKTOVOY

H enidpaon tov 3-Bpwpopayvnoionponiovikod cifvieotépd otnv 5,6-01bdpo-
11H-3Beviolod] xovkhoentev-11-0vny £xet oov omotéAeopo 10 CYNUOTIONG OCTEWPUVL-
KoV y-Aaktovikod SaxtvAiov. H kapBotuvlimon tng onelpodaktovng ue avlpakikd
ueBvropayvioclo kol 1 eQapuoYn g aviidpdoews Mannich oto oyxnuotiléuevo Aa-
ktovoEd odnyel ota avrtiotoryd ouvikd napdymye TNG CTEPOTOAVKVKAIKAG AdKTO-
vne. Ot auivoraxtoveg autég napovsidfovy a&dloyeg avTloLYKOAATTIKEG 18L0TNTEG
TOV QUOTETOA®MV KOl «ULOTPOTN» GTMACUOALTIKT) dpdoTm ToLvAdyGTOV {om UE TNV
nanapepivn.
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Summary

Conductance measurents have been carried out on solutions of KCl! in acetonitrile-water
mixtures. The equivalent conductance at infinite dilution and the association constant of KCI
have been determined at--10°, 15°, 20°, 25° 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, Associatiofi 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 common:"? They consider the ions as rigid, uniformly
charged, unpolarizable spheres. The solvent is taken as a continuum of dielectric
constant D and viscocity n. (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 Iow 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 model® 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 theory.* 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 thermodynamie 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 KCI
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

KCI (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 5-1078, (mho-cm™1).

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
Kraus.® Cell constants were determined to within 0.02% precision at various times
with aqueous potassium chloride.® 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:

m-d Ay
c=———— |
1+0.001 m-M B,-M

0

where m is the molality of the solution, M the molecular weight of the solute. Ay, 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 mixtures 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 v.s. reciprocal of fre-
quency to infinite frequency according to the relation:®

Rops = Ripr + k - 2

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-OI 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 equations.>!¥ 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'>'¢ 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. Pethybridge'® 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 ((C;, Ay, d, n, D, T) was
put into the program. The Ay and K, values were deduced from the equations:

A=yA, 11 + C,(ex) + C,(ex)? + Cy(ex)’] —l—f"—— 1+ C,(ex) +.Cs(ex)* + kR/12] (3)-

¥R
e z%e? e 8nNe?z’¢c _ Fel
Dkt 7 T100DkT . PT Tam

Ky = 1=K\ Cyf/(1-y)

—Inf = Bx/2 (1 +kR) B = ¢2/DKT
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for A, and K, values which minimize

62 = \' (A} (cal)? — Aj (obs)?) / (n—2) “)

i

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.!® 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 ionpairs 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 6%-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:

d=1.183 (M/p)”* A )

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.

M.y = M\M,/(w,M, + w,M,) (6)

where w, is the mole fraction of the first conﬁponent of molecular weight M, and w,
is the mole fraction of the second component of molecular weight M,.

Resuits

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 ¢ in equivalent per liter
for dilute solutions of potassium chloride are listed in table II. The values in pure
water are omitted because they have been previously published.?

Equivalent conductances at infinite dilution A,, standard deviations o, % = 100
o,/A and association constants K ., calculated from the experimental data by means
of the Lee-Wheaton equation, are listed in table III. In table III are listed the
association constants calculated by means of the Bjerrum equation at 25° C as well.
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TABLE 1. Physical constants for acetonitrile-water mixtures.

Wt% Acet.

10
30
50
70
90

10
30
5¢
¢
90

10
30
50
70 -
9@

10
30
50
70
90

10
30
50
70
90

80.7
70.4
59.0
49.8
41.9

78.9
68.8
58.1
48.8
41.1

77.1
67.2
56.8
47.8
40.2

75,3
65.6
55.7
46.8
39.4

73,6
64.0
44t
45.8
38.6

10°C

15°C

20°C

25°C

30°C

0.0148
0.0135
0.0107
0.0075
0.0045

0.0126
0.0116
0.0093
0.0065
0.0043

0.0113
0.0103
0.0084
0.0061
0.0041

0,0098
0.0092
0.0075
0.0056
0.0036

0,0086
0.0082
0.0067
0.0052
0.0035

0.9871
0.9435
0.9018
0.8572
0.8144

0.9853
0.9410
0.8980
0.8527
0.8094

0.9832
0.9380
0.8938
0.8482
0.8041

0,9811
0.9346
0.8896
0.8433

.0.7987

0.9786
0.9320
0.8851
0.8390
0.7935
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TABLE II. Equivalent conductance of KCl in acetonitrile-water mixtures.

10°C

(c: mollit ™!, A: mho-cmz-mol_l)

10% Acet. (w/w) 30% Acet. (w/w) 50% Acet. (w/w)
cx 10t A cx 10 A cx 104 A
6.779 91.742 7.334 84.977 9.955 78.979
19.635 90.735 19.189 83.960 21.657 77.480
32.397 90.079 29.116 83.211 32.610 76.459
47.789 89.469 36.739 82.632 47.306 75.377
55.497 89.227 45.519 82.370 62.307 74.431
65.451 88.950 56.994 81.872 71.979 73.979
79.697 88.586 65.836 81.582 81.171 73.597

73.169 81.335

70% Acet. (w/w) 90% Acet. (w/w)
cx 10 A cx 10* A
10.351 79.538 4.966 112.174
21.299 76.983 11.525 108.164
33.887 74.833 18.462 104.819
45.562 73.163 25.415 102.008
57.695 71.774 29.243 100.645
70.471 70.462 32.949 99.471
83.063 69.321
96.581 68.225

15°C

(c: mollit™!, A: mho-cm?-mol ~})

10% Acet. (w/w) 30% Acet. (w/w) 50% Acet. (w/w)
cx 10* A cx 10* A cx 104 A
6.766 104.40 7.315 95.993 9.912 89.072
19.598 103.19 19.138 94.793 21.565 87.352
32.337 102.40 29.048 93.950 32.470 86.234
47.701 101.69 36.700 93.208 47,103 85.000
55.395 101.40 45.454 92.708 62.040 83.915
65.330 101.06 56.895 92.358 71.586 83.506
79.550 100.66 65.712 91,997 80.742 83.067

73.024 91,693

70% Acet. (w/w) 90% Acet. (w/w)
cx10* A cx 10 A
10.297 89.247 '4.935 121.484
21.188 86.445 11.454 117.120
33.709 84.071 18.347 113.497
45.323 82.276 25.258 110.467
57.392 79.255 29.062 108.938
82.627 77.978 32.745 107.699

96.074 76.784



10% Acet. (w/w)

cx 10* A
6.752 117.59
19.557 116.15
32.268 115.24
47.599 114.40
55.277 114.10
65.191 113.67
79.380 113.21

70% Acet. (w/w)

cx 10 A

10.243 99.240
21.076 96.124
33.532 93.495
45.083 89.803
57.089 88.205
82.191 86.814
95.561 85.479

10% Acet. (w/w)

cx 10* A
6.738 131.29
19.517 129.68
32.203 128.57
47.503 127.61
55.165 127.25
65.058 126.96
79.219 126.21

70% Acet. (w/w)

cx10 A
10.183 109.47
20.954 106.09
33.338 103.248
44,823 101.108
56.760 99.211
69.328 97.168
81.716 95.895

95.015 94.433

TABLE II continued

(c: mol.lit™!, A: mho-cmz-molgl)

30% Acet. (w/w)

cx 104 A
7.297 107.29
19.092 105.87
28.970 105.01
36.555 104.29
45290 103.92
56.707 103.04
65.505 102.88
72.802 102.56

90% Acet. (w/w)

cx10* A
4.902 131.04
11.378 126.32
18.226 122.41
25.090 119.12
28.869 117.56
32.528 116.13

25°C

(c: mollit™!, A: mho-cmz-mol_l)

30% Acet. (w/w)

cx 10 A
7.271 119.47
19.023 117.79
28.865 116.77
36.422 116.14
45.126 115.53
56.501 114.83
65.268 114.33
72.538 113.96

90% Acet. (w/w)

cx10* A
4.871 140.83
11.305 135.75
18.108 131.52
24.928 127.98
28.683 126.28
32317 124,717

CONDUCTANCE OF KCI IN ACETONITRILE-WATER MIXTURES AT 10°-30°C

50% Acet. (w/w)

cx 104 A
. 9.866 99.517

21.465 97.621

32.320 96.390
46.886 94.947

61.754 93.824

71.340 93.168.
80.450 92.737

50% Acet. (w/w)

cx 10 A
9.819 110.37
21.363 108.23
32.166 106.85
46.662 105.24
61.459 103.96
71.000 103.28
80.067 102.75
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TABLE 1I continued

(c: mollit™!, A: mho-cm?-mol™!)

10% Acet. (w/w) 30% Acet. (w/w) 50% Acet. (w/w)
cx 104 A ex 10* A cx 104 A
6.720 145.38 7.251 131.97 9.770 121.56
19.465 143.50 18.970 129.93 21A.255 119.16
32.117 142.30 28.784 128.79 32.004 117.65
47.377 141.29 36.321 128.09 - 46.427 115.91
55.018 140.81 45.001 127.37 61.150 114.42
64.886 140.32 56.344 126.61 70.643 113.46
79.009 139.66 65.086 126.04 79.665 113.08

72.336 125.61

70% Acet. (w/w) 90% Acet. (w/w)
cx 104 A cx 104 A
10.131 119.89 4.838 150.86
20.847 116.22 11.228 145.35
33.168 113.13 17.986 140.83
44.591 110.80 24,760 137.02
56.470 108.73 28.494 135.14
68.974 106.82 32.104 133.47
81.299 105.14

94.531 103.54
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TABLE III. Conductance parameters for KCl in acetonitrile-water mixtures.

Wit% 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 -

93.22
86.81
81.91
84.68
119.21

106.11
98.08
92.34
94.89

129.04

119.51
109.68
103.21
105.40
139.15

133.48
122.16
114.51
116.25
149.68

147.82
134.93
126.22
127.23
160.29

10°C
KA

0.29
1.50
4.24
16.63
39.83

15°C

0.43
1.80
4.03
16.46
40.62

20°C

0.67
1.61
4.28
15.54
41.41

25°C

0.71
1.56
4.40
16.70
41.39

30°C

0.75
1.81
4.64
16.48
42.97

cpA %

0.02
0.08
0.06
0.05
0.10

0.03
0.12
0.10
0.61
0.10

0.05
0.11
0.07
0.08
0.09

0.09
0.04
0.08
0.11
0.12

0.07
0.07
0.12
0.07
0.12

KA {Bjerrum)

0.74
1.59
4.72
7.91
17.20

201
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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:?!

zeF
_ 2 .
Ao = oh L2 exp (

AG7 )

RT @

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: 122, 28

AH7
InA, + 2/3 1np=——R.,10, +C (3)
where AH3 = t,AH% + t_AH% )

C an integration constant and the density of the solvent.

In fig 1 the plots of InA, + 2/3 Inp give straight lines in accordance with the
above equations. From these plots the AH7 values are obtained. The AH7 values are
given in table IV. The values of AH% decrease as the solvent mixture is enrlched in
acetonitrile. This result further supports that the addition of acetonitril in water
decreases water structure.?*?

a9 3°”'§'§’

J
2 g
7,
7
/

nA.+2/3 np

43

34
1000K/T

FIG. 1: Plot of Ind, + 2/3 Inp vs 1/T.
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TABLE 1V. Values of AH% of activation of the conductance process of KCI in acetonitrile-water mix-
tures

% w/w acet. AW, (kJ)
10 16.3
30 15.3
50 14.8
70 14.1
90 10.4

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 Ci~ are both structure breaking ions and thus the Walden product should be
less than in water.

10|\

Agn
.80

.60

0 20 40 60 80 100
% W/W inAN

FIG. 2: Variation of Walden product for KCI in water-acetonitrile mixtures at 25°C.

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)?* 2" 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
calculated from the Bjerrum equation, suggesting the existence of specific solute-
solvent interactions.
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Hepidnym
Aywywudtnra tov KCIl oe ulyuara axerovizpidiov - vepou arovs 10° Ewg 30°C

v epyasia avtf ueAethfnke 1 oywmyluopeTpikf kar 1 Bepuodvvoukn cop-
neprpopd tov KCl 610 pikto daAvtikd ovotnua aketovitpihiov - vepov. Bpéfnke
o011 10 KCl pgoa oto §1adikd avtd cvotnua napovoidler pikpn ovlevén kot ot n
100d0vVaun AY®YILOTNTA OREPOL APUIDOOE®S A, apyka eAattdveTal koBdg avéavel
7 MEPIEKTIKOTHTA TOV uiynotog o€ aketovitpido kat oty csvvéxea avéavel. To ywv-
ouevo Walden OSeiyver pia povotovn kot ocvveyfi eldttwon kabBog avEdver m
TEPIEKTIKOTNTA TOV SwAvTikod uéocov oe aketovitpidio. H avénon g Oep-
pokpoociag petafdAier TOAD ONUAVTIKG TNV 1G000VVAUT AYOYWOTNTE OREpOL
apoldcewg kot pdlioto avth avEdvel kabbg avEdver n Beppoxpacio. H otabepd
" o0levEng tov 10vtov mpoPfAfnstal cwotd amd TtV mAektpootatikny Bewpia tov
Bjerrum yio. pikpég mEPIEKTIKOTNTES TOV SLOAVTIKOD UEGOV GE OKETOVITPIALO EV(D OTIG
VYNAOTEPEG MEPLEKTIKOTHTEG mapoatnpodvral onoxAicelg. H evBoinia 1ng
gvepyoroinong tng uetdfacng tov Wvteov and tn pioc 0éon Bepuodvvouikmc
wopponiog otnv dAAn vrmoloyicOnke ue Pdon v Oewpia ™ petafoatikig
kataotdoewg kol Ppébnke ot n AHF elottdveror pe tmv avgnon Tng
TEPLEKTIKOTNTOG TOV OaAvTn o€ akeTovitpiAto.
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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, /7, as the diammonium salt is stable in neutral and “basic™ protic media.
However. cardiolipin as the free acid. /8, is unstable in the solid state and in aprotic solvents.
The decomposition is slower in protic solvents. The methy! ester of cardiolipin, /9, 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 = .cyclic enediol
phosphoryl or (2"-butene-2’, 3"-diyl) phosphoryl; PD = phosphatidyldiacyglycerol or
3-sn-phosphatidyl-3° (1", 2'- diacyl-sn-glycerol); i-Bu = isobutyl; Acn = —CH (CH,)
COCHj;; r.t. = room temperature; 25°C. For the nomenclature of lipids see Hoppe-
Seyler’s Z. 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-O-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 studies.?
Recently we reported a new synthesis of saturated cardiolipin salts of defined
stereochemical purity and metal content® using bis (1,2-dimethylethenylene) pyro-
phosphate (CEPOCEP), /4, as the phosphorylating reagent.*” 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 importance.* A 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)® and the hydrolysis of natural cardiolipin as a free acid as an emulsion in
water or as a solution in ethanol at 18°C° 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 —OH®* ‘. On the other hand, a
cardiolipin specific phospholipase D'* ''attacks stereospecifically at the phosphoryl-
oxygen bond (B)'*14

This paper reports our results on the coupling reactions of 3 and /0 with
lipophilic and non-lipophilic alcohols in the presence and absence of tertiary amine
catalysts and their extension to the synthesis of /3, 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, /7, and the free acid, /8, 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 were stored over 4A
molecular sieves. Melting points were observed in open capillary tubes and are un-
corrected. '"H-NMR spectra were taken in CDCl; at 60 MHz. Chemical shifts are
reported in ppm ys TMS = 0. Optical rotations were measured on a Perkin-Elmer,
model 421, polarimeter using a 10 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) CHCI,/CH,OH/conc. NH,, 65:25:5; (B) CHCl,/acetone,
24:1'5; (CY ether/hexane, 2:1; (D) ether/hexane, 3:1; (E) ether; (F) CHCl,/MeOH,
24:1 {/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:
chloro-(2"-butene-2’, 3’-diyl) phosphate, CEP-CI, 11; 2-(t-butyldimethylsilyl) glycerol,
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7'% 1,2-diacyl-sn-glycerol, 9'%; (1,2-dipalmitoyl-sn-glyceryl) (2 -butene- 2°, 3’-diyl)
phosphate, 10*°; and bis (2'-butene- 2°, 3"~ diyl) pyrophosphate, CEPOCEP, 14*7.

n-Octadecyl-(2 -butene-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 ml of ether at 0° followed immediately by the
dropwise addition over 30 min of n-octadecanol (24.0 g, 89 mmol) in 500 ml 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 ml 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 3:1 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,,0.P: C, 65.51; H, 11.21. Found C, 65.41;
H, 11.18%. 'H-NMR &: 0.93 (m, 9H, CH, CH,— and —CH (CH,),), 1.27 (m, 32H,
(CH,),¢), 1.48 (d, J=THz, 3H, POCHCH,-), 1.96 (m, 1H, POCH,CH(CH,),) 2.27
(s, 3H, CH,CO-), 3.82 (m, 2H, POCH,CH(CH,),), 4.07 (m, 2H, POCH,
(CH,),6—), 4.73 (m, 1H, 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

1) 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 1h. The crude product was chromatographed using ether as eluant. Isolated 0.722
g (69%) of 8 as a colorless oil. Calculated for C,;H,,s0,,P,Si: C, 62.93:; H, 10.76.
Found C, 62.89; H, 10.90%. 'H-NMR &: 0.11 (s, 6H, Si (CH,),), 0.91 (m, 15H,
C(CH,), and CH,—CH,—), 1.27 (m, 64H, (CH,)), 1.53 (d, J=7THz, 6H, POCHCH,),
2.26 (s, 6H, COCH,), 3.64 (m, 1H, 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).
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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
‘ether/hexane 2:1 as eluant. Isolated 0.938 g (78%) of product, 11, (R'=isobutyl) m.p.
32-35°C, [01];5 + 2.27° (c=3.0, ethanol free CHCI,). Calculated for C,;Hg,O4P: C,
66.63; H, 10.79. Found C, 66.80; H, 10.67%. 'H-NMR &: 0.97 (m, 12H, (CH,),
CH and CH,CH,—), 1.25 (m, 52H, CH,), 1.50 (d, J=7Hz, 3H, POCHCH,), 1.86
(m, 1H, POCH,CH-), 2.26 (m, 7TH, —CH,COO— and CH,CO-), 3.86 (m, 2H,
POCH,CH (CH,),), 4.25 (m, 4H, glycerol’'s CH,CHCH,), 4.77 (m, 1H, POCH),
5.25 (m, 1H, RCOOCH).
2) Dimethyl n-octadecylamine as catalyst
3) No catalyst

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

Reaction of 10 with cholesterol

1) Triethylamine as catalyst (cf ref. 19). Triethylamine (0.990 g, 9.8 mmol) was ad-
ded to a solution of 10 (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 dichloromethane. The reac-
tion was stirred at r.t.-for 5h (TLC, CHCIl,/MeOH 8:1 v/v, indicated complete reac-
tion in 3h). Workup as previously described!® yielded 3.23 g (64%) of slightly impure
product, 11 (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 711 (R'= cholesteryl) was 43% (Table II).

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 II. :

(2—0-t—butyldimethylsilylgbzceryt? -1,3-bis (2 -butene- 2, 3-diyl) phosphate, 15

Nicotinamide (0.52 g, 4.3 mmol) was added to a solution of /4 (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 0°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 &: 0.11 (s, 6H, Si(CH,),), 0.91 (s, 9H,
C(CH,),), 196 (s, 12H, CCH,), 4.14 (m, 5SH, —CH,CHCH,—).
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Reaction of 15 with 1,2-dipalmitoyl-sn-glycerol, 9

1) 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 II.

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

Triethylamine (3.05 g, 30.2 mmol) was added to CEP-CI, I (4.37 g, 25.9 mmol)
dissolved in 10 ml of dichloromethane and cooled to 0°C followed immediately by
the dropwise addition over 15 min of diglyceride, 9 (R=C,;H,,) (9.81 g, 21.6 mmol)
in 200 ml 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 3:1 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. [a]2® + 2.79°
(c=17.0, ethanol free CHCIl;). Calculated for C”HmOIQP Si: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 &: 0.11 (s, 6H,
Si(CH,),, 0.90 (s, 9H, C(CH;),), 1.00 (m, 12H, CH,CH,CH,—), 1.26 (s, 72H, CH,),
1.44 (d, J=11Hz, 6H, POCHCH,) 2.22 (s, 6H, PO-C-C-CH;), 2.37 (m, 8H,
—CH,CO0—-), 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 16
was dissolved in 505 ml chloroform then 1010 ml methanol and 335 ml of water
were added followed by 4.65 ml of IM aqueous hydrochloric acid (2.5 mole
equivalents). The solution was stirred at r.t. for 7 h then 14 ml 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 mi of water. The
lower organic phase was separated and the upper aqueous phase extracted with
84:16 chloroform/methanol (3 x 150ml). The organic layers were combined and
evaporated to yield crude product I7. Purification was accomplished .on DEAE-
cellulose?® (35 g) as previously described® 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]2® + 11.75° (c=2.0,
CHCI1,/MeOH/H,0 4:4:1 v/v). Calculated for C,, H,;4 N, O, P, - 2H,0: C, 57.07;
H, 10.08; N, 2.34; P, 5.17; H,0 3.00. Found C, 57.24; H, 10.30; N, 2.41; P, 5.27;
H,0, 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,,H,,)} was dissolved in
chloroform/methanol/water 86:14:1 v/v (lower phase of the Folch system?!) to give
ca 8 mM solution. Two mole equivalents of base (triethylamine, imidazole or
tetramethylguanidine) 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;s)

The diammonium salt of cardiolipin, 17 (R= C,H,; 0.453 g, 0.30 mmol) was
dissolved in 90 ml of 2:1 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 III. Analysis was by TLC in three different
solvent systems (A, B and C; ¢f 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 unsuccessful. Fractions containing the
product were contaminated with 1,2- and 1,3-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 solu-
tion of 19 (2-3 mM) was treated as degcribed in Table IV. Analysis was by TLC in
solvent systems A, B, C. E and F (¢f fig. 7) after 0, 2, 5, 17, 66, 114 and 160h inter-
vals.

Resuits

Octadecyl-CEP, 3, was reacted with the small primary alcohol, isobutanol, and



ON THE CHEMICAL SYNTHESIS OF CARDIOLIPINS 211

with the diol, 7, (fig. 1) in the absence and in the presence of amines (triethylamine
and dimethyl octadecylamine) as described in Table 1. The reaction with the diol was

o}
isobutanol W n ) #
" RO-P-0-iBu + (RO)ZP—OAcn+ (l—BU)2 P-OAcn + 2

i ~

OAcn

j‘f Bt 0 7 4 5 6
{ L

-p-C1  + ROH ——2+'0- ~P-0R
s Et N T

3 o
1 2 3
~ ~ ~ 1 ”O]—oy ?_Or
2 ®Ho OP—oacn
7
+ 2
L~ YO _OAcn 22
op?”
OR

FIG. 1: Separable products of the coupling of 3 with isobutanol and diol 7 (R=n—C,sH,,;
Acn=—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 catalyst®.

Catalystb
Reaction - Compound
None Et;N n—C ;{l;,NMe,
4 43 72 62
3-+isobutanol 5 11 9 13
- 2 9 2 T
8 35 69 63
2x3+7 5¢ 26 15 25
2¢ 30 9 21

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

faster than that of isobutanol (complete reaction in ca 1h 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 diastereomers.® 232

The diacyl-sn-glyceryl-CEP, 10, was reacted with both primary and secondary
alcohels and with the diol, 7, in the presence and in the absence of the two amines
as catalysts (fig. 2 and Table IT). The uncatalysed reaction with isobutanol was com-
plete in ca 1h 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 3. This reaction in the presence of triethylamine was
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RCOO RCOO Rcoo . Rcoo
0
R'OH Rcoo:L B _op+ +| RCOO Coo + Rcoo:l
oP" OPO —OH

OAcn OAcn

11 12

1o

RCOO
1+
RCOO:[
O~ P

OAcn
\ /
1 2P0
2 X N RCOO
:L OCOR
OPO

RCOO + 12+ 9
OCOR ~
O OAcn
13
1.pyridine/H20/Et3N
1~ + 2 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—Cj;H;;; R=Me,CHCH,—, cholesteryl; Acn=—CH (CH,;) COCH,;; Y=Me,CMe,Si—).

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

Catalyst?
Reaction Compound
None Et,N n-C H;,NMe,
11, R'=Me,CHCH,— 39 78 65
10+isobutanolb salt of PD [ 0.6 2 2 ..
mixture of isomerized 9 22 8 16 -
2+ i
Ca salt of 11, 43 i 64d 60d
R’'=cholesteryl [
10+cholesterol salt of PD e f '
mixture of isomerized 9 e f e
13 25-28 25-29 30
1
2% 10 +7 12+9 e h [S
3 7 36 —
I5 +2x 9 salt of PD traces traces —
mixture of isomerized 9 59 39 —

a. Catalyst: 2 mol base per mol phosphorus; b. Reaction time: 45 min; c. Reaction time: 54 h; d. Reac-
tion time: Sh; 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.



ON THE CHEMICAL SYNTHESIS OF CARDIOLIPINS 213

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 10 .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, qumuchdme) had
no efféect on the yield of 13.

It was of interest to see if the preparation of /3 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 I3 of 36%. In contrast- the un-
catalysed reaction over the same period produced only 7% of 13 (Table II).

-

i
0~P-0
I
_%%o O”§, Cr.C1) 0 2% 9
{ i + 7 L Z . YO —_— 13+ 12 + 9
2 0-P-0-P-0 ~ nicotinamide 0 oo
I [} i
0 0-pP-0
{
0

N

P~
BN
tun

FIG. 3: Separable products of the coupling of 15 with diglyceride 9 (R=n—C,;Hy;— in 9;
Y=Me,CMe,Si—; Aecn =— CH (CH,;) COCH,).

The diammonium salt of cardiolipin, 17, (R=C ,H,;) was found to be relatively
stable in both neutral protic (CHCLl,/CH,OH/H,0 86:14:1) and basic protic
(CHC1,/CH,0H/H,0 86:14:1 plus 2 mole equivalents triethylamine, imidazole or

- EtyNH' © ,0 M
\/ o
P R
pyrldlne/H o RCOO IR0 coo o ocor
13 RCOO OCOR ___.>RCOO
~ E N OPO COR
t3 opo— OCOR //\ - ©
B Et, NH"
16 1 M = NHZ
18 M =n8'
c
O _\ OMe
Ny
CH.N RCOO 0PO
18 __..2 2
~ RCOO AHB OH OCOR
9?\0 OCOR
O//'OMe
<
19

FI1G. 4: Preparation of cardiolipin diammonium salt 17, free acid 18 and triester 19. (R=n-alkyl;
Y = Me,CMe,Si—).
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tetramethylguanidine) media. No decomposition was detectable (TLC) over a period
of 120h_ at r.t. although an isomerization

0 0- ' o) o-
\/ N/

~— 0—P—0— — 0—P=-0 0 -
A . 0-P
OH - 0—
L — 0-p-0—
o o~

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 III). In the solid stdte the
decomposition products which appeared during the first 2h were the diglyceride 9,

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

Approximate dielectric Approximate
System® b constant of the solvent half life of
system® 18, h
solid — 30-40
solution in CHCI, 4.70 30-40
solution in :
CHCI,/MeOH 8.59 250
86:14 v/v ’
solution in
CHCI,/MeOH/H,0 9.30 250
86:14:1 v/v

a. Purity of 18 > 97%. Solid 18 should be hydrated by analogy of the other salts® 3; b. 2-3 mM when
in solution; c. see ref. 22,

traces of the 1,3-diglyceride, 20, the free fatty acid, 21, and the fission fragments 22
and 23.

o]

i OH @) ol
RCOO 0—P__ o-n""
H
° ™ on
RCOQ =] OH OH
0oPO HO i
O//\OH ~P-0
HO
22
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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 /8 had com-
pletely decomposed. Qualitatively similar behaviour was observed when the acid dis-
solved in chloroform was left at r.t. (¢f fig. 5). In protic solvents (CHCL,/CH,OH

solvent system A soelvent systen B rlvent osysrem O

o S—— a

ok 2h 141 b

v -

B! Hah

oW

[SUUREEGE

et
i
t
i
P
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o

"

x
a

}

. N
»
¢ d

FIG. 5: Stabilitv of cardiolipin free acid 18-xH,0 (x>2; R=C,,H,;) in the solid state and in
chloroform. B
spots: a: 1,2-diglvceride, 9, (R=C,;H,,) contaminated with traces of 1,3-diglyceride, 20.

b: 18 dissolved in chloroform

c: solid 18

d: palmitic acid, 21.

86:14 or CHCI,/CH,OH/H,0 86:14:1) the cardiolipin free acid, /8, 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, 2/, 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.
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FIG. 6: Stability of cardiolipin free acid 18-xH,0 (x> 2,
spots: a: 1,2-diglyceride, 9, (R=C,sH,;) contaminated with
b: 18 in CHCL/MeOH/H,0 86/14/1 v/v (control)
c: solid 18 dissolved in CHCL/MeOH/H,0 86/14/1
d: solid 18 dissolved in CHCL/MeOH 86/14 v/v
e: palmitic acid, 21.
When the slightly impure triester /9 was dissolved in CHCIl,/CH,OH/H,0
86:14:1 at r.t. the only decomposition product seen in the first 20h was the
diglyceride 9. No 1,3-diglyceride, 20, was detected. After 120h a moderate amount

R=C,,H,,) in protic solvents.
traces of 1,3-diglyceride, 20.

v/v
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216
of 9 and traces of products attributable to 26 or 27 and to cardiolipin 17 were
found.
0 O--CH3
“w+ \ /
h-oH 0PO
RCOO oP ~0-CH, RCOO i
RCOO — OH RCOO OH  [=OCOR
—0PO OPO OCOR
Y4 I\ - +
0 \O—CH3 o oM
26 27
~ —

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 1V).

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 temperature®:

Added base: (mol base pk, of base in aqueous Approximate
per mol of phosphorus solution half life of
19, h
— — ‘very long
(~250)
imidazole 6.95 50
i .
triethylamine 3.2 25-30
1
tetrémethy[guanidine ? 0.5-0.7
/ )

a. ca 2-3 mM in CHCI,/CH,0H/H,0 86:14:1 v/v containing some ether approximate dielectric cons-
tant of the solvent system 9.30%2; purity of 19 is > 97%. .
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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 CHCL/MeOH/H,0 86/14/1 v/v

eras in (b)) + 1 mol triethylamine per mol phosphorus

d: as in (b)) + I mol imidazole per mol phosphorus

e: as in (b) + I mol tetramethylguanidine per mol phosphorus

[ palmitic acid, 21.

Discussion

Phosphorylation by CEP reagents occurs in three discrete steps’:

; ROH ROHRO O Et,;N RO_ O
CEP—X ——>» CEP—OR —> | i — OAcn—> N\ — O
B R'O —P H,0 RO — 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 + ROH = CEP — OR" + ROH

can lead to symmetrical by-products. It was found® 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 invéstigations 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 yiéld of the desired product.:

Examination of Tables 1 and II 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 all 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 proposed® 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.

(]3 \/"IO _OH
. o
' —Tp" OR'
0— p sOH 0—-P
OR 0 3 OR

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 /3 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

RCOO OH

RCOO 0s iMeZCMe3
O0-PO
7\
0. OAcn

reacting with a second molecule of 0. It is noteworthy 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 concéntration of the reacting species.

Our: findings on the stability of the diammonium salt of cardiolipin, 17
(R=C{;Hj;).in"neutral and basic protic media are in agreement with those of Pan-
gborn?® that dilute base under mild conditions has no effect on beef heart cardiolipin.
st The-’cardiolipin free- acid I8 was unstable both in the solid state and. in
chloroferm:(Table III 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 21+ 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 et 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.® The acid, /8 dissolved in protic solvents,
was also unstable (Table III and fig. 6). In addition »to 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 and/or water molecules which ren-
ders it less nucleophilic towards the phosphorus.

The triester /9 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).

TepiAnyn

MeAgtec oyetikés pe ™ ynuiky ovvleon kar otabepdtnra twv kKapdioMimvdy Kal
OYETIKWY EVWTEWY

H ¢wogopvrinon tng 16ofovtavOAng Kol Tng TPOSTUTELUEVTG YAvKEpivng, 7,
LE TO QPOCOOPLMMTIKG 3 katoAvetor and tprrotayelc auiveg kol 1 taxvTNTa Av-
Tdphoeme sivar peyoAvtepn pe 1 S6AN. H omogopurioon g tsofovtavoing
KOl xoAnotepivng pe 10 euceopvAteTiko 10 katalvetal eriong and auiveg 1 e av-
1idpaon pe tn xoAnotepivn givar moAs mo Bpadeic. H owopopvrinon e dtoing 7
ue o 10 yw vo ddoel to 13, 10 -onoio eival natpkd pdpro g kapdomnivng 17,
givor gEatpeTikd Taxelo yio «tpipoplokt» avidpaocn kai Goivetar OTL dev LTOKELITOL
oe kotdivon. H ocvvleticn kapdolinivn, 17, g dwwppdvio dhag givar otabeph ot
ovdétepo kal «PBacucd» npatikd neptBdilov. AAAG 1 kopdroAltivn wg ehedBepo oV,
18, sivou aotabng otn oTEPed KOTAOTAON KOL 68 Uf-npTikods dwwAvtes. H anocidv-
feofy g eivar Bpadirepn oe mpwrtikodg SwAdteg. O pebvlestépag NG Kop-
dolmivng, 19, eivon actabfc oe mpwrikodg SwwAvteg koL M anocsvHvheon tov emtta-
yovetar and Pacelc. '
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