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all suffer from disadvantages. The direct synthesis® of 3
from glycerol and ethylene carbonate requires repeated
distillations. Conversion!® of 3-O-benzylglycerol to 3 ex-
poses the carbonate to AcOH over a long period of time
while the benzyl group is hydrogenolyzed and also uses an
expensive starting material. When the (allyloxy)carbonyl
group!! is present on the precursor to 3, its removal leaves
3 in an aqueous solution. Other approaches to 3 involve
multistep sequences!? or employ highly toxic glycidyl de-
rivatives.!? The present synthesis of 3 uses inexpensive
starting materials and volatile solvents and results in
minimal glycerol formation.

The only previous synthesis of 4 was via trans-
esterification of 3 with methyl methacrylate followed by
distillation.” An advantage of the acid chloride conden-
sation is that heating is not required and the time during
which solvent- and inhibitor-free 4 must be handled is
minimized. The polymerization of neat 4 to a glass occurs
in a few hours at room temperature under vacuum.

A major obstacle to the preparation of tractable 1 is the
high probability of cross-linking reactions. These can occur
at two sites, either at di- or trimethacryloylglycerol units
(due to monomer impurities) or at the tertiary 2-carbon
of the glyceride. Prevention of cross-linking can be ac-
complished by polymerizing to low conversion or by careful
monomer purification, both of which call for the sacrifice
of a considerable amount of monomer. Other changes in
polymerization conditions might also be effective.

In summary, a convenient synthesis of 4 has been de-
vised and the polymerization of 4 has been examined.
Soluble 1 has been obtained for the first time, although
further experiments will be necessary in order to optimize
the yield of tractable 1.

Experimental Section

4-(Hydroxymethyl)-1,3-dioxolan-2-one (3). A solution of
2 (40 g) in 500 mL of MeOH was blanketed with N,. The N,
current was diminished, and 10% Pd on carbon (6 g) was added.
(DANGER: The dry catalyst may ignite on prolonged contact
with MeOH vapor and oxygen!) Toluenesulfonic acid hydrate
(4 g) was added and the mixture was stirred at ambient tem-
perature. Aliquots of 1 mL were periodically removed, filtered
through Al,Oy, concentrated, and assayed by NMR. After 8 h,
deallylation was >95% complete. The mixture was filtered
through 250 mL of neutral Al;0; wet with MeOH, and the Al,O;
was rinsed with 700 mL of additional MeOH. The combined
filtrates were concentrated at reduced pressure and the residue
distilled at 130 °C and 0.2 torr on a kugelrohr (higher distillation
temperatures can cause glycidol formation). Yield, 20.3 g of 3
(68%); '"H NMR (Me,S0-dg) § 3.6 (m, 2 H), 4.2-4.7 (m, 2 H), 4.9
(m, 1 H), 5.3 (t, 1 H, J = 10 Hz, OH); 13C NMR (Me,S0-dg) &
60.6, 65.8, 77.0, 155.1 (CO). (CAUTION: The Pd/C/ALO;
residue should not be allowed to dry but instead should be
promptly suspended in H,O for disposal. Otherwise, the residue
may smolder or ignite.

(2-Oxo-1,3-dioxolan-4-yl)methyl 2-Methyl-2-propenoate (4).
A mixture of freshly distilled 3 (6.4 g, 0.057 mol), THF (90 mL),
and NEt; (dried with KOH and distilled from P,0;, 8.0 mL, 0.05
mol) was mechanically stirred at 0 °C under Ar. Methacryloyl
chloride (90%, 6.4 mL, 0.052 mol) dissolved in THF (30 mL) was
added dropwise with stirring over 50 min, keeping the temperature
below 5 °C. After 10 min of further stirring, the solution was
filtered and the solids were extracted with 100 mL of Et,0. The
combined filtrates were washed with concentrated aqueous NaCl,
first at pH 2 and then at pH 8, dried, filtered, and concentrated
to 7.7 g of crude 4 (77%). Purification by flash chromatography
on Al;O3, eluting with Et,0, gave 3.5 g of 4 (35%): *H NMR
(CDCly) 6 2.0 (m, 3 H, CHjy), 4.2-4.7 (m, 4 H), 5.0 (m, 1 H), 5.6
(m, 1 H), 6.1 (m, 1 H).

Poly[(2-0x0-1,3-dioxolan-4-yl)methyl 2-methyl-2-
propenoate] (1). Monomer 4 (2.1 g) was dissolved in 80 mL of
toluene and the solution was purged with Ar. Azobis(iso-
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butyronitrile) (20 mg) was added, and the solution was stirred
43 h at 60-65 °C. The mixture was poured into 450 mL of MeOH
and the polymer thus precipitated was collected, washed with
MeOH, and dried under vacuum. The yield was 1.24 g of 1 as
a white powder, soluble in DMF and Me,SO, insoluble in less polar
solvents (THF, CH;CN) and H,0: T, 120 °C; IH NMR
(Me,SO-dg) 8 0.6-2.1 (5 H), 3.8-5.3 (5 H), all very br; *C NMR
(Me,S0-dg) 6 17 (CHy), 44 (quaternary C), 53 (br, CH, in back-
bone), 65 (br), 66, 74, 155 (carbonate CO), 177 (ester CO); IR (KBr
pellet) 2960, 1805 (carbonate CO), 1734 (ester CO), 1170. Anal.
Caled for (CgH,05),: C, 51.60; H, 5.41. Found: C, 51.30; H, 5.48.
Molecular weight 30000 @ 10000 (intrinsic viscosity in DMF).
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We consider a ternary solution consisting of a pure
solvent (component 0) and two monodisperse polymers
(components 1 and 2) in which the partial molar volume
of each component is independent of composition and
pressure p. The total volume V of the solution is repre-
sented by

V = Vo(no + P1n1 + Pznz) (1)

where n; and P; are the amount in moles and the relative
chain length of component i, the latter being defined by

P, =V/V, (2)

with V; the molar volume of component i. The volume
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fraction ¢; of component i is given by
¢i = V,-n,-/V = Pin,-/(no + P1n1+ Pznz) (3)

Since ¢y + ¢; + ¢ = 1, the composition of the solution is
specified by the set of variables (¢, ¢5). We note that it
may also be specified by the set of variables (¢, £,), where
¢ is the overall volume fraction of the mixture of polymers
1 and 2, i.e.,

¢ =¢.t+ ¢ 4)

and §; (=1 - &,) is the volume fraction of polymer 1 in this
mixture, i.e.,

& = ¢1/(d; + b9) (5)

If the Flory-Huggins athermal solution formed by these
three components is chosen as a reference system, the
chemical potential y; of the solvent in our ternary solution
is expressed by

Ko =
pe’ + RT [In (1 - ¢) + (1 - P, )¢ + x(¢1,00,T\0)9?] (6)

Here, ug is the value of g in the pure state, R the gas
constant, T the absolute temperature, P, the number-av-
erage relative chain length of the polymer mixture defined
by

= £ P + £Py (7

and x a function of composition, T, and p which lumps
both enthalpic and entropic deviations of u, in our ternary
system from that in the reference system. Any means
enabling us to determine the chemical potential difference
g — uo® can be used to evaluate x.

This paper aims to show that x can be expressed as
follows:

X = E2x11°%(00) + £2x2%(d9) + 28:Ex12 (B1,00)  (8)

Here, x;"(¢;) (@ = 1, 2) is the x function for the binary
solution of solvent 0 and polymer { in which the polymer
volume fraction is ¢; and x;,%(¢;,¢,) the contribution to x
from all types of interaction between the molecules of
polymers 1 and 2 in the ternary solution considered.
Though not explicitly shown, all terms in eq 8 refer to fixed
T and p.

Derivation of Equation 8

Subject to the assumption that the partial molar volume
of the solvent is independent of composition and pressure,
the osmotic pressure 7* of our ternary solution at fixed
T and p, is given by

VOW* = _ﬂ0(¢19¢2,T’p) + NOO(T,p) (9)

Following Kurata,! 7*/RT can be expanded in powers of
mass concentration C; and Cz as

m*/RT = ZC /M + (1/2)2 ZB,,CC +

L—l]—

/9% % ZB,,kCCCk . (10)

i=1j=1k=

where M; is the molecular weight of polymer i and B;;, B;;,
etc., which are functions of T and u,, are invariant with
exchange of subscripts. Subject to the assumption that
the partial specific volumes of polymers 1 and 2 are in-
dependent of composition, eq 10 can be rewritten

Voﬂ'*/RT P _1¢ + (1/2)2 ZDL]¢1¢]

i=1 ]—

(1/3)2 Z ZDukd) ¢J¢k - (11)

i=1j=1k=
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where
DU = VOBij/Uivj’ ijk = V()Bl]k/l) Uilky e (12)

with v; being the specific volume of component i. Note

that D;, D;;, etc. are invariant with exchange of subscripts.

Equating eq 9 and 11 and substituting for ug — uo® from
eq 6, we obtain

2 2 2
X = _2(2 ZE,]tb ¢+ 22 LEpdiditn + ) (13)
i=1j=1 i=1j=1k=1
where
i =(1/2)@1

Considering that E;;, E;;, etc. are invariant with exchange
of subscripts, we may rewrite eq 13 as follows:

X = §%Ey + Eiy¢; + Eqyp¢y® + ) + §HEg +
Egpots + Egpoats® + ...) + 26,6[Erp + (3/2)(E1p0; +
E1g3¢5) + 2E11150:% + 3E 1300105 + 2E1200¢,” + ...] (15)

For ¢, = 1, x should reduce to x;,"(¢). Thus we find from
eq 15

-Dy), Ej=1/3)(1-Dy), .. (14)

x11°(@) = E1; + Ejjy¢ + Eqppp¢? + ... (16)
Similarly, we obtain
X22%(#) = Egg + Eggp0p + Eop¢® + ... (17)

Hence, the first and second terms in eq 15 can be written
E%x11%(0) and &;%x20(#), resectively. The sum multiplied
by 2&:£, in eq 15 depends separately on ¢, and ¢, and can
be taken as the contribution from all types of interactions
between polymers 1 and 2 in our ternary solution. Thus
it may be denoted by x5 (¢1,¢5), i.e.,

X12'(@1,00) = Eqs + (3/2)(E12¢1 + Eig9¢9) +
2E111201% + 3E 1200102 + 2E 190005 + ... (18)

In this way, we arrive at
X = E%x11%(d1) + E22x22%(d0) + 26:180x124(1,00) (19)
which is precisely what we wanted to derive, i.e., eq 8.

Discussion

Usually, on the basis of lattice-model considerations, x
for the ternary system concerned here is expressed as?

X = E1xo1{1,82) + Eaxos(dr,d2) — Erbaxaa(dr,92) (20)

and x;; (i, j = 0, 1, 2) is regarded as having something to
do with the interaction between components i and j.
However, this expression is of no practical use, because we
have three unknown functions xg;, X092, and xi for one
experimentally measurable quantity x. For this reason eq
20 is sometimes replaced by an empirical expression®*

X = E1X01°(9) + axo®(9) — Erfoxio™(d1,00)  (21)

where x;” denotes the x function for the binary solution
of solvent 0 and polymer i. This expression enables us to
estimate x;o* from measurement of x(¢;,¢,), because both
xor® and xg.° can be determined by separate measurements
on binary solutions. However, it differs from eq 19, the
result from the present analysis, with respect to the
coefficient and independent variable of each x;® (or x;?).5
Thus, it is questionable whether x;,* so estimated truly
reflects the interaction between polymers 1 and 2 in ter-
nary solutions of the type considered. On the other hand,
x12' determinable by use of eq 19 is associated only with
such interaction, as can be understood from its definition,
and hence it should be more significant physically than

x12*.
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Communications to the Editor

pH-Triggered Vesicle Polymerization'

In this paper we show that surfactant vesicles derived
from bis[11-(lipoyloxy)undecyl]dimethylammonium
bromide (1) undergo rapid ring-opening polymerization,

—S-8—
Br~ (CH3)2N+[(CH2)1100{=0)(CH2)4CHCH2CH2]2

when the pH of the dispersion is raised from 3.0 to 4.0.
The pHesensitivity of this polymerization affords a unique
synthetic route to polymerized vesicles which should allow
for the successful incorporation of highly sensitive co-
membrane components.

Phospholipid and surfactant vesicles serve as important
models for biological membranes, as carriers of drugs, and
as potential devices for solar energy conversion. While
considerable progress has been made in the synthesis of
polymeric analogues over the past 7 years,! new classes of
polymerizable surfactants are needed, which will allow for
milder polymerization conditions to be employed.? Re-
cently, we have shown that vesicles composed of 1,2-bis-
[12-(lipoyloxy)dodecanoyl]-sn-glycero-3-phosphocholine
(2) can be polymerized via a ring-opening process at pH

§——3S

CH20OC(CH2)4OC(CH) CHCH,CH,
0 o} sS—s

CHOCC()CHQ)ﬁOC(CquCHCHQCHz

+
CH,OPOCH,CHaN(CHg),

O-
2

8.5, using dithiothreitol (DTT) as an initiator.? In the
course of examining the scope of lipoic acid based sur-
factants for polymerized vesicle synthesis, we discovered
that vesicles made from 1 are rapidly and quantitatively
polymerized when the pH is modestly raised from 3.0 to
4.0. This report details our preliminary findings.
Addition of 1.00 g (2.15 mmo!) of bis(11-hydroxy-
undecyl)dimethylammonium bromide* to 50 mL of a 0.22
M dichloromethane solution of lipoic acid anhydride,?
containing 0.57 g (4.7 mmol) of 4-(dimethylamino)pyridine,
followed by (a) stirring for 24 h at room temperature under

tSupported by a grant from Kurita Water Industries, Ltd., Tokyo
Japan.
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Figure 1. UV spectra of nonpolymerized (A) and polymerized
(B) vesicles derived from 1.

nitrogen, (b) filtering and concentrating the product
mixture under reduced pressure, and (c) chromatographic
purification (silica, CHCly/CH;0H), afforded 1.66 g (92%)
of 1 as a yellow o0il.®

Dispersal of 30 mg of 1 in 3 mL of 10 M HC], by vortex
mixing at room temperature, followed by 10 repetitive
passes through a 0.1-um Nuclepore membrane,® produced
a vesicle dispersion ranging in diameter between 300 and
1300 A (electron microscopy and dynamic light scattering).?
Thin-layer chromatography (TLC), immediately after ex-
trusion, indicated complete retention of the monomeric
state. Upon standing for 7 h at 23 °C, approximately 50%
of surfactant was converted into polymer (UV analysis®).
In contrast, when the pH of the dispersion was raised from
to 3.0 to 4.0 (or to pH 7.0), via addition of aqueous NaOH,
complete polymerization was observed within 1 min, as
indicated by the disappearance of the 1,2-dithiolane moiety
(Amax 330 nm, Figure 1) and by the retention of all of the
surfactant at the origin of the TLC plate. Adjustment of
the pH to 3.5 resulted in a 50% conversion to polymer after
ca. 5 min.

Electron microscopic examination revealed no significant
alteration in particle size after polymerization (Figure 2);
light scattering also confirmed the retention of the size
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