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Summary 
Polymerizable glycerophosphocholines containing one or two 2,4-hexa- 

dienyloxy groups at the terminal of the acyl chains were prepared. Those were 
l-[ll-(2,4-hexadienyloxy)undecanoyl]-2-O-alkyl-rac-glycero-3-phosphocholines 
i ,  l-acyl-2-[ l l-(2,4-hexadienyloxy)undecanoyl]-sn-glycero-3-phosphocholines 2 
and 1,2-bis[l l-(2,4-hexadienyloxy)undecanoyl]-sn-glycero-3-phosphocholine 3 . -  
Those having one hexadienyloxy group formed small unilamellar vesicles. 
One having two groups formed l i p i d  bi layers,  but not uni lamellar vesicles. 
I and 2 could form stable microcapsules (polymerized vesicles) with the 
diameters ranging from 20 to 40 nm. 

Introduction 

Liposomes (vesicles) which have l i p id  bi layers and spherical structures 
are of interest  from the standpoint of membrane models and drug carr iers 
(2-4). In addition to natural membrane l i p ids ,  synthetic l ip ids  and t o ta l l y  
synthetic surfactants can form bi layer membranes (5). 

Stabi l izat ion of liposomes has been achieved by introducing the new 
concept which includes polymerizable l ip ids  and polymerization of the i r  
bi layer membranes (6-8). Glycerophospholipids having diyne, diene, styrene 
or methacrylate groups were reported (6-14). The introduction of such groups 
in acyl chains may disturb or destabi l ize the bi layer or liposome structures 
due to the i r  bulkiness or l i o p h i l i c i t y .  For example, glycerophosphocholines 
having one styrene group with a spacer form liposomes, but those having 
two styrene groups can not (12). The liposome formation of g lycerol ip ids 
containing one styrene group is also remarkably dependent on the polar group 
introduced in the acyl chain (13). 

We would l ike  to report here the synthesis of new polymerizable glycero- 
phosphocholines containing diene groups at the terminal of an acyl chain and 
the effect of trans-2,trans-4-hexadienyloxy groups on the vesicle formation 
is discussed. 

Experimental 

nt~ 4-(N,N-dimethylamino)pyridine (DMAP), dicyclohexylcarbodiimide 
~ d  sorbic alcohol (trc~s-2,trans-4-hexadien-l-ol) were purchased and 

used without fur ther pur i f i ca t ion.  N,N-Dimethylformamide (DMF) and dichloro- 
methane were dried over molecular sieves 4A. 2-Alkyloxy-l,3-propanediol (15) 
and 2-chloro-2-oxo-l,3,2-dioxaphospholane (16) were prepared according to 
the l i te ra tu res .  
Differential scanning calorimetr H The phase-transit ion temperatures of 
l ip ids  in swollen lamellar phases were determined by a Seiko SSC-560U DSC 

* To whom offprint requests should be sent 
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IH and 13C NMR, fast atom bombardment mass (FABMS) and IR spectra and 
electron microphotos were recorded as previously reported (13). 

11-(2~4-Hexad<enyloxy)undecanoic acid 5 
In a f lask sodium hydride (60% in o i l ,  0.5 mol) was washed with hexane 

and to the residue was added 700 ml of dry DMF. To the ice-cold and st i r red 
mixture was added dropwise 50 g of sorbic alcohol (0.51 mol) for 1 h. The 
mixture was s t i r red for i h at room temperature and then for 4 h at 50~ 
I t  was then cooled in an ice-water bath and methyl ll-bromoundecanoate 
(131.2 g, 0.47 mol) was added dropwise for 1 h and then warmed to 60~ 
After 6 h i t  was cooled again to 0~ and ice-cold water (2 l i t e r )  was added. 
I t  was extracted with n-hexane twice. The organic layer was washed with 
brime, dried over sodium sulfate and f i l t e red .  The f i l t r a t e  was concentrated 
under reduced pressure to give o i l .  I t  was puri f ied by column chromatography 
on s i l i ca  gel by elut ion with benzene and benzene/diethyl ether (20/1). The 
desired fract ions having the Rf values (0.29 and 0.38 on TLC, s i l i ca  gel 
benzene), which correspond to methyl 11-(2,4-hexadienyloxy)undecanoate and 
2~4'-hexadienyl 11-(2,4-hexadienyloxy)undecanoate, respectively, were 
collected. Removal of the solvents gave 84.5 g of the esters. 

To the ester mixture dissolved in methanol (700 ml), 285 ml of 2N NaOH 
was added. Af ter  s t i r r i n g  at room temperature for l day, water ( I .5 l i t e r )  was 
added and the pH was adjusted to 3 by the addition of conc. HCI. The 
precipi tate formed was col lected, washed with water and dried. Recrystal l iza- 
t ion from petroleum ether gave 48.2 g of the t i t l e  compound 5: y ie ld 36%; 
TLC(sil ica gel,benzene/diethyl ether(2/1)):Rf=O.44; IR(KBr):-1700 (carbonyl), 
1100 cm-Z(ethe~); Anal.(C~vH3003): C 72.07(72.30), H 10.99(10.71); mp 46-47 
~ MS: 282 (M-); z3C NMR (CDCI~,TMS) ~ in ppm units (carbon number): 18.1 
(1), 24.7(11), 26.2(9), 29.1-29~7(7,10), 34.2(12), 70.2(7), 71.2(6), 126.9, 
129.7, 130.9, 132.9(2-5) and 179.9(13). 

1 2 3 4 5 6  7 8 9 1 0  12 
C-C=C-C=C-C-O-C-C-C-C5-C-C-CO-O 

13 

2 4 
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1-[11-(2~4-Hexadienyloxy)undecanoyl]-2-O-octadecyl-rac-glycero-3-phospho- 
choline 1(n=18) 

5 (0.8 g, 3 mmol) dissolved in dry dichloromethane (40 ml) was s t i r red  
and cooled in a ice-water bath. DCC (0.62 g, 3 mmol) was added to th is and 
the mixture was s t i r red  for 3 h at room temperature and then f i l e t r e d .  The 
f i l t r a t e  was added to the solut ion of 2-octadecyloxy-l ,3-propanediol (2.1g, 
6 mmol) dissolved in dry dichloromethane (i00 ml). DMAP (73 mg, 0.6 mmol) 
was added to th is  and i t  was s t i r red  for  20 h in the dark. The prec ip i ta te  
was f i l t e r e d  o f f  and the f i l t r a t e  was concentrated under reduced pressure. 
The residue was chromatographed on s i l i c a  gel by e lut ion with benzene/diethyl 
e the r ( lO / l ) .  The desired f rac t ion was col lected and solvents were removed 
under reduced pressure. 0.95 g of l - [ l l - (2 ,4-hexadieny loxy)undecanoyl ] -2-O- 
octadecyl-rac-glycerol was obtained: y ie ld  52%: mp: 32-33~ TLC(si l ica gel ,  
benzene/diethyl e ther (9 /1) ) :  Rf=O.3; MS: 608(M*): IR(KBr): 3420(0H), 1725 
ester carbonyl),  1635 cm-1(diene); AnaI.(C38H7205): C 74.68(74.95), H 12.19 
(11.92); z3C NMR(CDCI:, TMS) a(ppm): 62.0,62.7,77.6(glycerol  backbone), 
127.0,129.6,130.8,13278(diene), 173.6(ester carbonyl). 

This compound (1.5 g, 2.5 mmol) dissolved in dry benzene (30 ml) contain- 
ing dry t r iethylamine (0.27 g, 2.7 mmol) was cooled with s t i r r i n g .  2-Chloro- 
2-oxo-l,3,2-dioxaphospholane (0.38 q, 2.7 mmol) dSssolved in dry benzene (5 ml) 
was added dropwise to th is .  Then I0 mg of DMAP was added and the mixture 
was s t i r red  for i day in the dark. The prec ip i ta te  formed was f i l t e r e d  o f f  
and the f i l t r a t e  was evaporated to dryness and the residue was dried in 
vacuo. I t  was allowed to react with dry trimethylamine (20 ml) in dry benzene 
/aceton i t r i le (8ml /12 ml) in a pressure bot t le  at 60~ for  5 h. Solvents were 
removed by evaporation under reduced pressure and the residue was pur i f ied  by 
column chromatography on s i l i c a  gel by e lu t ion with chloroform/methanol/water 
(65/25/4). The desired f rac t ion having the same Rf values as pur i f ied  egg 
yolk phosphatidylcholine (EYPC, Sigma) was col lected.  Solvents were removed 
by evaporation and the residue was freeze-dr ied from dry benzene to give l.Og 
of l(n=18): y ie ld  54%; FAB MS: 747(M+I); IR(KBr): 1735(ester carbonyl) ,  1640 
cm-T(diene); UV(methanol): ~m=v 227 nm, ~--x 2"8xI0~ l i ter /mol .cm; Anal. 
(C,3Hs,NIOsPI): N 1.66(1.81)~ ~^ z3C NMR s ~ c t r a l  data summarized in Table 1 
are in complete agreement with the indicated st ructure.  

I(n=14,16) were also prepared by the same procedure described above 
using-the corresponding 2-a lky loxy- l ,3-propanedio ls .  FAB MS (M+I) and 
analyt ical  (N) data were 718, 2.08(1.95) and 746, 2.20(1.88) for !(n=14) and 
l (n=16),  respect ive ly .  

1-Hexadecanoyl-2-[11-(2~4-hexadienyloxy)undecanoyl]-sn-glycero-3-phospho- 
choline 2(n=16) 

In a f lask 5 (2.28 g, 8 mmol) dissolved in dry dichloromethane (70 ml) 
was cooled in an Tce-water bath. DCC (1.65 g, 8 mmol) was added and i t  was 
s t i r red  at room temperature for 1.5 h. To th is  l-hexadecanoyl-sn-glycero-3- 
phosphocholine (Sigma) (1.5 g, 3.2 mmol) and DMAP (0.49 g, 4 mmol) were added. 
The mixture was s t i r red  for  2 days in the dark. The prec ip i ta te  formed was 
removed by f i l t r a t i o n  and the f i l t r a t e  was evaporated to dryness. The residue 
was dissolved in 100 ml of methanol /chloroform/water(5/4/ l ) ,  f i l t e r e d  and 
passed through a column containing 300 ml of the mixed bed resin (Bio-Rad, 
AG 501-X8(D)). Solvents were removed and the residue was chromatographed on 
s i l i c a  gel by e lut ion with chloroform/methanol/water(65/25/4) and the f rac-  
t ion having the same Rf value with that of EYPC was col lected.  Solvents were 
removed and the residue was freeze-dr ied from dry benzene to give 1.13 g of 
2(n=16): y ie ld  46%; FAB MS: 760(M+I); IR(KBr): 1735(ester carbonyl) ,  1645 
cm-Z(diene); Anal. (C,IH~sNIOsPI): N 1.86(1.82); 13C NMR spectral data 
summarized in Table 2 are in complete agreement with the indicated st ructure.  
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2(n=14) was also prepared by the same procedure as described above with 
l - tetradecanoyl-sn-glycero-3-phosphochol ine (Sigma). Yield 26%; Anal. (C38 
HT,NzOsPz): N 1.59(1.91); FAB MS: 732(M+I). 2(n=14) gave almost the same NMR 
spectra as that  of 2(n=16). 

1,2-Bisf11-(2,4-hexadienyloxy)undecanoyl]-sn-glycero-3-phosphocholine 3 
L-a-glycerophosphocholine.CdCl 2 (Sigma, 1.0 g, 2.3 mmol) was allowed to 

react with 5 (1.6 g, 5.7 mmol), DCC (1.28 g, 6.25 mmol) and DMAP (0.37 g, 
3 mmol) in dry dichloromethane (50 ml). The mixture was vigorously s t i r red  
with glass beads (25 ml) for  2 days in the dark at room temperature. Precip i -  
tate was removed by f i l t r a t i o n  and the f i l t r a t e  was evaporated to dryness. The 
residue was treated with the mixed bed resin and was chromatographed as 
described for  2. Af ter  freeze-drying from benzene 0.83 g of 3 was obtained: 
y ie ld  19%; FAB-MS: 786(M+I); Anal. (C,2H76N~Oz0Pz): N 1.65(1~78); ~SC NMR 
(CDCI~, TMS) 6 (ppm): 63.0,70.7(glycerol  backbone), 54.3(chol ine methyl),  
59.3,66.2(chol ine e thy l ) ,  127.0,129.6,130.O,132.8(diene), 173.1,173.4 (ester 
carbonyl) .  

11-(n-hexyloxy)undecanoic acid 6 
This compound was synthesized by the same procedure described for 5 

using n-hexylalcohol in place of sorbic alcohol,  mp: 37-38~ IR(KBr): 1700 
cm-1(carbonyl); Anal.(CzTH3,03): C 71.39(71.29), H 12.46(11.96); ZH NMR 
(CDCI~, TMS) 6(ppm): O.88(t,3H), 1.28(br s,18H), 1.56(m,6H), 2.35(m,2H), 3.39 
(t,4H~, 9.3(mr s,ZH). 

l~2-Bis[11-(n-hexyloxy)undecanoyl}-sn-glycero-3-phosphocholine 4 
This compound was synthesized by the same procedure as described for  3 

with 6 instead of 5. y i e l d  66%; FAB MS: 794(M+I); Anal.(C,2Hs,NzO10Pz): - 
N I . ~ ( 1 . 7 6 ) ;  z3C NMR (CDCI:, TMS) a(ppm): 54.3(chol ine methyl),  63.1,70.4 
(glycerol  backbone), 59.3,66.2(chol ine e thy l ) ,  71.0(-C-0-C-), 173.3,173.5 
(ester carbonyl) .  

Table 1. Proton decoupled 13C NMR spectral data of 1(n=18) in CDCI 3 
( in terna l  reference: tetramethylsilane(TMS~) 

C a r b o n  N u m b e r  8 (ppm) 

I l 1 4 . 2  
I 18 ,1  
2' 2 2 . 7  

11 2 5 . 0  
9,  51 2 6 . 2  
8 , 1 0 , 4  t 2 9 . 8 - 2 9 . 4  
31 3 1 . 9  

12 3 4 . 3  
f 5 4 . 4  
d 5 9 . 5  
a , c  6 4 . 5  
e 6 6 . 4  
6,  7 ,  61 7 0 . 6  
b 7 6 . 8  
2 - 5  1 3 2 . 9 , 1 3 0 . 9 ,  

1 2 9 . 7 , 1 2 7 . 1  
13 1 7 3 . 8  

0 
I~ 12 10 (3 7 6 5 z) 3 2 1 

a ~ -O-c-C-c-cs-c-C-c-O-c-c:c-C:c-c13 
b C-OlC-C-C, ~-C-C-C 

I 6) 5 ) 4 J ' )  2 ) 1 ) 

c C-O-P(O) (O-)-O-C-C-I~-C 3 
d e  f 
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Table 2. Proton decoupled 13C NMR spectral data of 2(n=16) in CDCI 3 
( in ternal  reference: tetramethyls i lane (TMS)) 

Carbon Number a(ppm) 
1' 14.2 
1 18.1 
2' 22.7 
5',11 25.0 
9 26.3 
8 ,10,4 '  29 .8 -29 .3  
31 31.9 

12,6' 34 .3 ,34 .2  
f 54.4 
d 59.4 
a ,c  63 .1 ,63 .4  
e 66.3 
b 70.7 
6,7 70 .3 ,71 .2  
2-5 132.9 ,130.9 ,  

129.7,127.1 
13,71 173.6 ,173.3  

6~ 4 ~ 2 ~ 1 ~ 
a C-O-C-C-C-CIo-C-C-C 

7 ~ 
j g 12 10 8 7 6 s 4 3 2 1 

b C-O-C-C-C-C 5-C-C-C-O-C-C=C-C=C-C 
f 13 

c C-O-P(O} (O-}-O-C-C-~l-C 3 
d e  f 

Results and Discussion 

Non-polymerized Vesicle Formation 

The a b i l i t y  of the polymerizable l i p i ds ,  l ( n ) ,  2(n) and 3 and the non- 
polymerizable l i p i d ,  4, to form l i p i d  bi layers or uni lamel lar-vesic les was 
studied by a d i f f e r e n t i a l  scanning calor imeter,  a IH NMR spectrometer ( sh i f t  
reagent: Eu(NOR)R), an electron microscope and a laser pa r t i c le  analyzer. 

DSC measurements revealed the ge l - l i qu id  crystal  t rans i t ion  temperatures 
for  a l l  the l i p i d  dispersions as summarized in Table 3, ind icat ing the forma- 
t ion of ordered structures ( l i p i d  b i layers) .  

Unilamellar vesic le formation was examined by the use of the l i p i d  
dispersions prepared by the thin f i lm method followed by u l t rasonicat ion 
(13,14). Al l  l i p ids  gave s l i g h t l y  turbid and non-viscous aqueous dispersions. 
The formation of uni lamel lar and single-wal led vesicles is elucidated by IH 
NMR spectral measurements with a s h i f t  reagent, which c l a r i f i e s  the presence 
or absence of the outer and the inner choline methyl groups (13,14,17,18). 
Thus, the s ing le t  peak due to the choline meth~l groups in the absence of the 

3T  s h i f t  reagent was s p l i t  by the addit ion of Eu for  the dispersions of l(n= 
18) and 2(n=16), but no s p l i t t i n g  was observed in the case of 1(n=14,16~ , 
2(n=14) and 3. The model compound 4 where the diene groups of ~ were 
hydrogenated-to the saturated hexyT ones gave the spectral change from the 
s ing le t  to doublet by the addit ion of Eu 3T. 

Electron microphotos showed the formation of spherical structures for  
the dispersions of l (n=18) and 2(n=16) with the diameters ranging from 20 
to 40 nm, of which resul ts agreed well with the averaqe diameters estimated 
with a laser pa r t i c le  analyzer(Coulter Electronics,  Coulter N4D) (29 nm and 
30 nm for l(n=18) and 2(n=16), respect ive ly ) .  The average diameter of the 
par t ic les  formed by 3 was 90-200 nm. 

These resul ts  concluded: (a) l(n=18) and 2(n=16) can form small uni- 
lamellar vesic les;  (b) I(n=14,16) and 2(n:14) tan form ordered structures 
( l i p i d  b i layer ) ,  but not closed small uni lamel lar  vesic les;  (c) 3 can form 
mul t i lamel lar  liposomes, but not small uni lamel lar liposomes, whTle the 
model 4 can form small uni lamel lar vesic les.  
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Thus, i t  has been c l a r i f i ed  that the formation of liposomes is strongly 
dependent on the 2,4-hexadienyloxy group in an acyl chain and on the chain 
length of another saturated acyl or alkyl chain of a l i p i d  containing one 
hexadienyloxy residue. The resul t  that the model 4 can form small uni lamellar 
vesicles strongly suggested that the 2,4-hexadienoyloxy group destabi l ized 
the ves icu l la r  structures.  

Polymerized Small Unilamellar Vesicles 

The pnlymerizable l i p ids  i(n=18) and 2(n=16), which can form small uni- 
lamel lar and closed vesic les,  were al lowed-to polymerize by UV i r rad ia t ion  at 
50~ (13,14). The polymerization was followed by measuring UV absorption 
spectra of the l i p ids .  The absorption band of the non-polymerized vesicles 
at 227 nm due to the dienyl group disappeared a f ter  i r rad ia t ion .  The 
l i oph i l i zed  powder of the polymerized l(n=18) and 2(n=16) gave no signals 
due to the diene group in z3C NMR spectra. 

An electron microphoto of the polymerized 1(n=18) confirmed the presence 
of closed and spherical vesicles having the diameters ranging from 20 to 
40 nm (Figure 1). This resul t  agreed with the average diameters determined 
by the laser pa r t i c le  analyzer. 

The ZH NMR spectral measurements in the absence and presence of 
the s h i f t  reagent (Eu 3") supported the formation of the small uni lamellar 
vesicles even a f te r  i r rad ia t ion  (Figure 2). 

No phase t rans i t ions  was found for  the i r radiated par t ic les of l(n=18) 
and 2(n=16), probably because of the formation of polymers in b i layers.  

Thus, i t  was found that 1(n=18) and 2(n=16) formed stable (polymerized) 
small vesic les. 

Table 3. Phase t rans i t ion  temperatures 
of l i p ids  in swollen lamellar phases in 
H20. 

Lipids n Tc(~ 

I 14 25.9 
16 31.7 
18 54.3 

2 14 18.0 
16 19.5 

3 28.5 

4 12.5 

I 4 

100 

Figure 1. Transmission electron 
microphotograph of the polymerized 
vesicles of 1(n=18) stained with 
uranyl acetate. 
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(B) ou~ard ~ [Eu3+] inne~l II~ 

(A) 

chi 

0 mM 

ine methyl 

Figure 2. 1H NMR spectra of the 
polymerized 1(n=18) in the absence 
(A) and in the presence (B) of 
Eu(N03) 3 in D20 at 50~ [ l i p i d ] =  
4 wt/vol%. 
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Thus, i t  has been clar i f ied that the formation of liposomes is strongly 
dependent on the 2,4-hexadienyloxy group in an acyl chain and on the chain 
length of another saturated acyl or alkyl chain of a l ip id containing one 
hexadienyloxy residue. The result that the model 4 can form small unilamellar 
vesicles strongly suggested that the 2,4-hexadienoyloxy group destabilized 
the vesicullar structures. 

Polymerized Small Uni [amellar Vesicles 

The pelymerizable l ip ids  1(n=18) and 2(n=16), which can form small uni- 
lamellar and closed vesic les,  were allowed to polymerize by UV i r rad ia t ion  at 
50~ (13,14). The polymerization was followed by measuring UV absorption 
spectra of the l i p ids .  The absorption band of the non-polymerized vesicles 
at 227 nm due to the dienyl group disappeared a f ter  i r rad ia t ion .  The 
l i oph i l i zed  powder of the polymerized 1(n=18) and 2(n=16) gave no signals 
due to the diene group in ~C NMR spectra. 

An electron microphoto of the polymerized 1(n=18) confirmed the presence 
of closed and spherical vesicles having the diameters ranging from 20 to 
40 nm (Figure 1). This result agreed with the average diameters determined 
by the laser particle analyzer. 

The ~H NMR spectral measurements in the absence and presence of 
the shi f t  reagent (Eu 3T) supported the formation of the small unilamellar 
vesicles even after irradiation (Figure 2). 

No phase transitions was found for the irradiated particles of 1(n=18) 
and 2(n=16), probably because of the formation of polymers in bilayers. 

Thus, i t  was found that 1(n=18) and 2(n=16) formed stable (polymerized) 
small vesicles. 

Table 3. Phase transition temperatures 
of l ipids in swollen lamellar phases in 
H20. 

iipi s n Tc(~ 

14 25.9 
16 31.7 
18 54.3 

2 14 18.0 
16 19.5 

3 28.5 

4 12.5 

I I 

100 nm 

Figure 1. Transmission electron 
microphotograph of the polymerized 
vesicles of 1(n=18) stained with 
uranyl acetate. 


