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SYNOPSIS

Since bromides are well-known precursors of primary amines, diethylaluminum 12-bromo-
1-dodecyl oxide has been prepared and used as an initiator for the ring-opening polymer-
ization of e-caprolactone and L-lactide. Under strictly controlled conditions, the end-func-
tionalization of the polyesters is quantitative and the bromo end-group is easily converted
into an azide group whatever the polymeric backbone. The subsequent reduction of the
azide into the expected primary amine has been investigated by catalytic transfer hydro-
genation (CTH) in DMF and by hydrolysis in the presence of triphenylphosphine in THF,
respectively. The hydrolysis reaction ( P¢;/H,0) is perturbed by a coupling reaction, which
involves a protonated secondary amine and leads to a twofold increase in the polyester
molecular weight. The CTH method gives rise to the expected w-NH, poly (e-caprolactone),
In contrast to polylactide which seems to be unstable toward the nascent amine end group.
Whatever the polarity of the medium (DMF or THF), aminolysis of polylactides is observed
to occur and leads to the formation of an internal amide. © 1994 John Wiley & Sons, Inc.

Keywords: polycaprolactone » polylactide = ring-opening polymerization « biocompatible

* co-aminopolyester

INTRODUCTION

Polymer.c materials are increasingly used in a va-
Tiety of medical and surgical applications, such as
biomaterials and therapeutic systems."? Biodegrad-
‘f’ble polymers are of particular interest as sutures,
mplants, and drugs delivery systems.>* Some ali-
Phatic polyesters, e.g., polylactides (PLA) and
°1y(8-ca:-)rolactone) (PCL), are widely recognized
T low toxicity and hydrolytic and enzymatic bio-
“8radability; they have accordingly potential in the
Otrollec release of biological molecules.*®

Combination of these polyesters to a polypeptide
“Xpected to open the way to versatile original ma-
tals, such gs biocompatible and biodegradable

*
To Whom all correspondence should be addressed.
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1994 §fPGlW13r Science: Part A: Polymer Chemistry, Vol. 32, 24432455 (1994)
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surfactants and hydrogels. Indeed, the rate of bio-
degradation and amphilicity of the related di- and
tri-block copolymers might be controlled by the na-
ture and composition of the two components. The
ring-opening polymerization of amino acid- N-car-
boxy-anhydrides (NCA),” e-caprolactone (e-CL),?
and lactides (D, L, or L-LA)? is nowadays under a
tight control, so that the molecular characteristics
and the end-functionalization of the related poly-
peptides and polyesters can be largely designed. It
is worth recalling that NCAs can be polymerized by
an aliphatic primary amine in such a way that the
initiator is attached to the growing polypeptide chain
and the propagation is living.” The availability of w-
primary amine polyesters (w-NH,PCL or w-
NH,PLA), is thus a key target for the synthesis of
poly (ester-b-peptide) copolymers.

In this respect, it has been recently reported that
functional aluminum alkoxides, such as Et,AIORX
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(where X is a functional group), are effective ini-
tiators for the living polymerization of g-caprolac-
tone (e-CL) and lactides, with formation of a-hy-
droxy, w-X chains.*'* Although halogen atoms, ter-
tiary amines, and double bonds (e.g., of the
methacrylic type) have been successfully used as the
functional group, a primary amine has failed to pro-
vide the expected amine-terminated polyesters. In-
deed, diethylaluminum 3-amino, 1-propoxide has led
to the formation of a,w-hydroxy PCIL.1%1? Several
alternative pathways have been considered, based
either on the initiation step by an Al alkoxide bear-
ing a protected primary amine'® or on derivatization
reactions of the hydroxy end-group.'* At the time
being, the most promising strategy is the use of an
alkylbromide as the functional group of the alkyl Al
alkoxide initiator. Conversion of the bromide end-
group of PCL into an azide group, and its subsequent
quantitative reduction leads to the expected w-
NH,PCL [eq. (1)]:"

(1) me-CL, toluene, 25°C

Br—{CH,O—AIEt,

(2) H,O"
@]
I NaN;
BrﬂLCHa—)gOTl;C—(CHZ)S’O H—
m  DMF, 30°C
o]
Il Reduction
Na—(—CHZﬁgO{—Cﬁ(CHz)S—OEI—H _—
o

[
HZNrfCHE—),—E—o—EC—(CHZ)ro]—H (1)

This article aims at extrapolating this route to the
synthesis of w-primary amine polylactide. An un-
derstanding of the substitution and reduction
mechanisms and their effect on the length of the
polyester chains will also be widely discussed.

RESULTS

Synthesis of w-Azido Polylactide (PLA)

The route previously described by Degee et al.!® for
the synthesis of w-primary amine poly (e-caprolac-

CH, O
Il

(o]

™0 75 T
HO—CH—C{O—CH)C}O-CH—
X

o
&
o

CH, © CH, TI}

| I
HO—CH—C O’CH—C}

O—CH—C}O—(CHz)Q—Br —_—
¥

O—CH—C—O0—CH; + HO—CH—C*EO*CH—-C O0—(CHz):2
¥

tone) is schematized by eq. (1). The accc rding]
formed a-hydroxy-w-amine PCL has been « JCCEi y
fully used as a macroinitiator for the NC DolSh
merization. The hydroxyl end-group must - OWBVZ‘
be protected before initiation, to avoid an addit; Onai
and noncontrolled nucleophilic attack of the ¢
monomer.* 3
In an attempt to extent the synthesis of .- amMming
PCL to polylactides, the reaction pathway Sum.
marized in eq. (2) has been followed:

(1) n/2 L-lactide, toluene, 70°C

Br—{ CH, 9O —AIE1,
) HiO™

O CH,

T 5 equiv. Ac,0, 5 equiv. NEt,,
Br—(—CHﬁ;O{C*CH—O%H

0.2 equiv. DMAP
THF, 50°C, 48 h

O CH, 0
| I

5 equiv. NaN,
Br—(—CHz—)gO—lgC—CH——O C—CH;

DMEF, 30°C, 16 h
T

Il
N, CH, 50 C—CH—O‘}C- -CH, (2)°

The reaction product of each step has been analyzed:
by 'H-NMR, which shows an unexpectc ! signal
(H,,; Fig. 1) at ¢ = 3.73 ppm, characteristic of a
methyl ester proton [— 0—C(0)— CH;].8
Moreover, the intensity of this signal increases from
one step to the next one as confirmed by Figure 1.

To identify the side reaction responsible for the
formation of a methyl ester end-group, the effect of
several experimental parameters has beer investi-
gated. The intensity of the methyl ester signal is
observed to increase when the lactide is pol. merized
in THF instead of toluene. On completion of the
monomer conversion, the active aluminum alkoxide
end-group is currently hydrolyzed by addition of
chlorhydric acid. When the concentration of HCLis
decreased from 2N to 0.1N, the side reac’ion
not occur anymore. Expectedly, the use of heptane
as the precipitation solvent rather than me hanoli
the way for definitely avoiding the side reaction
which is obviously a methanolysis reactica of the
polylactide chains as shown by eq. (3):

H+

GH, O CH, O
Il I

CH, O !
[ | @

< f

POLYLACTONES AND POLYLACTIDES

H Appm) | i
d 5.16 32.49
b, 4.35 0.53
€ 4.10 0.93
g 3.40 0.90
a 2.68 &
f+c+h 1.56 99.60
1 1.26 10.87
H d(ppm) | i
by+d 5.16 34.65
€ 4.10 0.91
m 3.73 1.35
g 3.40 0.68
z 2.11 1.59
f+c+h 1.55 104.0
i 1.25 13.25
H Hppm) | i
by+d 5.14 32.57
by 435 0.81
e 4.10 0.58
m 371 4.48
w 324 0.49
z 211 1.10
f+c+h 1.55 106.3
i 125 8.14

[JIH, o} (ljn, 0
HO—CH*C'%O—-CH—C%O—CHl'(CHl):'(CH:)ﬁ'(CHl):‘CH:'Hr P
a b, d " e b i h £
d f+c+h
B
€
k U A
5!0 T T T
: 4.0 3.0 2.0 PPM
(v T
o} CH, O CHy O
| [ [l
CH;—C—O—CH—C+0—CH—C+0-CH2—(CH:)z—(CHZ),,-(CHZ)g—CHz-Br F
T z by d T i h g
by d f+c+h
z
m
U
€
R T T
5.0 40 30 2.0 PPM
c f
o} CH, O CH, O
I ] Ll
¥ CH,——c—o—cr-r—c-{-o—cu—ci—o—cuz-(cnz):-(cugr,-(cuz):—cul-u,
z b,y d " e h i h w
b d
2 m f+c+h i
z
b, w
[
s A
Y ) X ’
f 4.0 3.0 2.0 PPM
= 1
Figure 1. 'H-NMR spectra of (a) a-OH, w-Br P(L)LA; (b) a-Acetyl, w-Br P(L)LA;

and (¢) a-Acetyl, w-N; P(L)LA. Solvent : CDCls.
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b,+d o C; » ah = fyc+h 1,00 change is observed in the molecular weight and
A — o~ . lispersity.
CHJ—E—O—éﬁ*ﬁﬂ['O—éH—E%O—CHZ-(CH;);‘(CH:)a'(CH;-)z*CHz‘NS 2 pOly, PR
z b, d " e i
Syntl.;esis of w-Primary Amino PCL and PLA:
geduction Step
H d(ppm) i
vction by Catalytic Tran j
> < 1s 08 Rf‘?’_ y y y sfer Hydrogenation
e 4.10 0.52 (CTF:
W 324 .
; e ‘ As reported by Degee et al., w-amine PCL can be
frc+h 1.5; 436.19; obtained by reduction of the azide end-group by cat-
i 12 : alytic transfer hydrogenation (CTH) with ammo-
pium formate in dry DMF at 30°C.*'" This method
;s efficient when the original alkyl bromide is long
W enough to prevent the azide from activating the
" nearest neighbor ester group [eq. (4)]:
0 /_\o
_ I I
h k H‘FO"'(CHz)ﬁﬁC}:O*CHQ*CHQ*NHQ + NaiongCHQ*O‘*CA'(CHz)s_O‘E(l;_(CHz)S_O}_H —_—
) L
5.0 40 3.0 2.0 PPM 0
Figure 2. 'H-NMR spectrum of a purified a-acetyl, w-Nj P(L)LA. M, = 4800, 0

M,/ M, = 1.20. Solvent : CDCl;.

Methanolysis is more favorable in a more polar
solvent and is known to be catalyzed by acids con-
sistently with the aforementioned observations.

The experimental recipe used for PCL has thus
been changed in using heptane as a nonsolvent for
PLA. Since the lactide conversion is quantitative,
the insolubility of the monomer in heptane is no
problem. The situation is however less favorable
when the esterification of the hydroxy end-group
[second step, eq. (2)] is concerned. Indeed, reagents
in excess (Ac,0, NEt,, and DMAP) are insoluble
in heptane. It is the reason why they must be care-
fully removed by heating the crude polymer, at 50°C,
under a reduced pressure. A final problem has been
met in the recovery of polylactide in heptane after
the substitution reaction of the bromide end-group
by an azide in DMF. DMF and heptane are indeed
immiscible. The addition of a large excess of THF
to the reaction medium before precipitation allows
that drawback to be avoided. Furthermore, the ex-
cess of NaN,; becomes insoluble and is very conve-
niently removed by filtration before precipitation of
the polymer in heptane.

The final recipe for the three steps of eq. (2) leads
to the formation and recovery of well-defined w-azide

with R = H— or CH;—C—

polylactide. The polymer isolated after each step has
been characterized by ‘H-NMR spectroscopy, and
SEC analysis. As confirmed by Figure 2 and Table

The set of reactions schematized in eq. (1) and
completed with the catalytic transfer hydrogenation
reported in eq. (4) is an original and effective strat-
egy for the preparation of w-amine PCL of a pre-
dictal-le molecular weight and able to initiate the
ring-opening polymerization of NCAs.*

Altnough the method is effective for PCL, its ap-
plication to PL.A has systematically failed. No amine
end-group has been observed by "H.NMR after the
hydro-enation (CTH) of w-azide PLA (Fig. 3). 'H-
NMR signals at 9(H;)[— C(0O)— NH—CH,— |
=325 ppmand d(H,) [ — C(O)— NH—CH,—)

Table I. Molecular Parameters (M,, M,,/M,) of the
a-X, w-Y P(L)LA Chains Initiated with
Diethylaluminum-12-Bromododecanoxy and
Chemically Modified on the Bromide End-Gro'p

(\? I
X—(CHE)IZ—O%C—?H—O}C—?H——Y
CH, CH,

= 6.1-6.5 ppm argue for the presence of an amide

within the PLA-chain. Moreover, a hydroxyl end-

— roup can also be observed at d(H,,) [— CH (Me)

M, —OH] = 4.35 ppm. The amide likely results from

= the nucleophilic attack of an ester subunit of PLA

% —Y 'H-NMR SEC M by the amine end-group as soon as it is formed. This
N E‘echanism is consistent with the observation of a

—Br —OH 5300 4700 1'20 yt?rO;:yI end-group. SEC analysis of the main re-
:gr :gzgggigga iggg ig;g 1:20 :ﬁtl'(’nﬁ product shows no dramatic change in the
s ; ain length (M, from 5500 to 6000) and polydis-

Persity (D1, / M, from 1.20 to 1.25).
! Tht random nucleophilic attack of ester monomer
Nts in PLA by the nascent amine end-group is a

* M, caleulated from the signal intensities of the _Jﬂ"*'ti[;nﬁ
ester end-group and the methine ester groups of the polyes®™
chains.
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(o]
I HCOONH, , Pd/C
rfo—or)—c o—cHy—n, =

DMF, 30°C
o}

I
H{o~(0H2)5—C}0—(0H2)12—NH2 (4)

0]
with R = H— or CH;—C—

Actually, when diethylaluminum 2-bromoethoxide
is used instead of diethylaluminum 12-bromodode-
canoxide, no amine end-group is observed. This has
been accounted for by the attack of the azide acti-
vated ester group by the nascent amine end-group
with formation of an amide [eq. (5)]:'2

DMF
0°

30°C

o) 0
R{O—(CHZ)S—JZ‘I,-E|I:O—CHZ—CHz—NH{il)—(Cth—O}:H (5)

highly probable mechanism which has been ascer-
tained by mixing a performed PLA (e.g., w-azido
PLA) and an aliphatic amine (e.g., 3-phenyl 1-pro-
pylamine) in DMF at 30°C. As shown in Figure 4,
'H-NMR analysis of the reaction product confirms
the aminolysis of the polyester chain [eq. (6)]. The
signal H,; at d = 4.35 ppm accounts for a hydroxyl
end-group.

o CH, O CH, O
l Lol Lol
CHE—C—O—CH—C—EO—CH—C O—(CH,)r,- X

n

DMF, 30°C
+NH,—CH,R ————>

P T T
I
CHa—C—O—CH—C{»O—CH—C O—CH—GC—NH—CH,-R
TR
[
+HO—CH—C—EO—CH—C}—O—(CHZ)W-X (6)
¥y

where

—X = —Br, —N,
__R = _—(CHQ)Z-_CBHﬁ, —(CHz)ll_PLA_X
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c f

CH, ﬁ

o
l |

|
CH,—C—-O—CHfC%O—CH—C%O-CHZ%L‘HZ)Z- (CHa)g(CHa)y = CHy-NH—C—CH—0—C—
n

f f
0 CH, O CH, O
I I [ ]

f
TH] 0

CH; O

J

O—0 —-
T =

o
I

y
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I [l
L‘H;r—C—0*CH—C+0—CH—C%O—CHﬁC-ﬁNH—CHZ-CHE-CHE—Q

z b, d e h i h t T H d z by d s r & B a
f f . .
™ 0 T
4 HO—CH—C+ O—CH—C*}—D + HO~—CH—C+O—CH‘~C+O—CH2-(CHZ)Z—(Cszs-(CHl)z—-CH.,-NJ
p . .
a b, d a by d e h i w
z  f+c+h i
CDCl, bzf_d“LS = 0T CDCl, b,+d+s z f+ct+h+y i
[— T ,’——’ ,(

H appm) | i H appm) | i

r 6.16 0.066 o K ;

bytd+s 5.16 17.15 r 6.12 0.047

b, 435 0.13 b,+d+s 5.16 14.99
b, 435 0.033

f ;';_2 g’;; ¢ 4.10 0.39

= 211 0.80 W) 324 0.46

freth 1.55 52.87 | E i:ﬁ Od(.)sﬁsl

‘ 124 a8 frethty| 155 45.59
i 1.25 3.04

‘ W+0
ﬂ c
t o
b, | B
L A J\. J r K J
_ A J‘-‘ J\ —F VA A~ K
. . . T T T | . .
7.0 6.0 5.0 4.0 3.0 20 PPM 1.0 7.0 6.0 5.0 4.0 3.0 20  PPM 1.0
Tigure 3. 'H-NMR spectrum of the polylactide chains as recovered after CTH reduction Figure 4. "H-NMR spectrum of the reaction products of a-acetyl, w@-N3P (L) LA and 3-

of a-acetyl, w-Ny P(L)LA. Solvent : CDCl;.

SEC analysis agrees with the aminolysis of PLA
by 3-phenyl 1-propylamine, since the polyester M,
decreases from 5500 to 3500 while M,,/ M,, increases

from 1.2 to 1.35.

In conclusion, the strategy successfully used for
the synthesis of w-amine PCL cannot be extrapo-
lated to w-amine PLA; another reduction way of the
azide end-group into an amine function has to be

considered.

Reduction by Hydrolysis in the Presence of
Triphenylphosphine in THF'®"

It has been previously reported that the reduction of
the azide end-group of N3y— (CH; ), —PCL— OAc,
by hydrolysis with triphenylphosphine in THF leads

to a coupling reaction of PCL chains.'® The ori'
of this side-reaction might also be a nuc!=ophili€
attack of the ester in the 3-position of the azide end=
group of one chain by the nascent amine of iIlOt er
chain. This attack would be favored by the activatiol
of the S-methylene ester by the azide group. _

If this hypothesis is correct, the nucleop hilic ﬂ
tack by the amine should also be prevented frof
occurring by increasing the length of the origie:
alkyl bromide to such an extent that the azide 1 2
longer able to activate the nearest neighbor €%
group. Thus, as previously discussed, didthylal
minum 12-bromo-1-dodecyloxide has beer usé® =
an initiator for the synthesis of w-azide PCL.
reduction step has then been performed with

Phenylnhosphine and water in THF and the final
Product has been analyzed by '"H-NMR (Fig. 5) and
SEC (i'ig. 6).

According to SEC, the coupling reaction is still
tffective since a second elution peak is observed in
adflitic 1 to that of the original PCL. The molecular
Welght of the additinal polymeric component is twice
5 high as that of the starting polymer. The H-
ofhf}f{ study (.)f the ﬁne'll prf)duct shows that the origin
k. B -?ogphng reaction is different from the side-
o Ction jdentified when the w-azido PCL with an

.yler,-e spacer is hydrogenated (CTH). Indeed, no
zlllde 's observed, in contrast to some amine (H,),

8greement with the potentiometric titration with

HCIO,. Formation of triphenylphosphine oxide is
in favor of the reduction reaction. It is however quite
a problem to assign the "H-NMR signal at §(H,)

= 3.12 ppm.

In a second step, a w-azide polylactide has been
hydrolyzed under the same experimental conditions
as before. A coupling reaction takes again place, as
confirmed by two elution peaks in the size excusion
chromotogram (Fig. 7). Nevertheless, the 'H-NMR
analysis is consistent with the presence of an amide
and the absence of an amine (Fig. 8). Finally, a
signal at d(H,) = 3.12 ppm is again observed as for
PCL. At first sight, two side-reactions would occur:
(#) the aminolysis of PLA by the nascent amine, (ii)

phenyl-1-propylamine in DMF at 30°C [see eq. (6), where X = N;]. Solvent : CDCl,.
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X

0
I I I -
CH;— C— 0= CH,~(CH,);~ CHa~-C =0 —CH, = (CH,);-CH,-C 0=CH,=(CHy)a= (CHa)s~(CH2)2 - CH,-NH,
n

z d bbb ¢ d bb'b o d e f e +
-CH,-Ny
w
|
+ CH, G)T—(.:Hl«ww
u H u
+b+b'+f
e - 2.7 g,
~

H a(ppm) i

d 4.03 88.49

w 323 0.93

u 3.12 0.81

X 2.61 =

c 2.28 82.63

z 2.02 5.31

e+b 1.62 1327

b'+f 1.30 113.1

0=Po,
W
X
T T T 1 T 1 T
7.0 6.0 5.0 4.0 3.0 2.0 PPM 1.0

Figure 5. 'H-NMR spectrum of the PCL-chains as recovered after hydrolysis of a-acetyl,
w-N; PCL in the presence of P(CgH;); in THF. Solvent : CDCls.

a coupling reaction which should have something to
do with the 'H-NMR signal at ¢ = 3.12 ppm.

To get a better insight on the coupling reaction,
several tests have been carried out:

reaction, an w-azide PLA is attacked by 3-
phenyl-1-propylamine as confirmed by the
TH-NMR spectrum of the final PLA which is
similar to Figure 4. It is thus obvious that, as
soon as an amine is formed, aminolysis of
polylactide chains occurs whatever the sol-
vent (DMF or THF) [eq. (6)].

9. When a w-azide PLA is reacted with 3-

at d = 3.12 ppm as well.

clusions emerge:

phenyl-1-propylamine and P(CgHs)s n THF
at 25°C, two side-reactions take place: the
aminolysis in accordance to 'H-NM R (Fig
9) and the coupling reaction as shown by SEC
(same chromatogram as in Fig. 7).

1. In THF, i.e., the solvent for the reduction 3. Conversely, PCL— (CHj);s— N3 it stable
toward 3-phenyl-1-propylamine in THF, al-
though the coupling reaction occul:
P (CgHy)s is added. Indeed, two elution peaks
are observed by SEC and the H-NMK s18%

3 when

. . 3 - on'
From this series of experiments, three main ¢

mV - 2600
379.5 5700 —
378.5
177.5
T T T
20 25 30 Time (min.)

Figure 6. Size exclusion chromatogram of the PCL
chains as recovered after hydrolysis of a-acetyl, w-Ns PCL

in the presence of P(C¢H;); in THF. M, = 3650,
W/ M, = 1.2.

1. Chain-ends must be involved in a coupling
reaction, which leads to a twofold increase in
molecular weight.
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2. The chain-end reactive in the coupling re-
action may not be the acetyl group, the 'H-
NMR signal of which remains unchanged.

3. The coupling reaction does not occur via the
nascent amine end-group, since no amide
signal is detected by '"H-NMR analysis when
polycaprolactone is concerned. A coupling
reaction by aminolysis only occurs when
PCL— (CH3);— Ny is hydrogenated (CTH)
in DMF.

Thus, two distinct mechanisms are at the origin
of a coupling reaction, depending on the polyester
and the experimental conditions: (i) coupling of
PCL— (CH;)>—N; by aminolysis, when hydro-
genation is carried out in DMF; (ii) coupling of
PCL— (CHy);2—N; and PLA— (CH,);,—N;
during hydrolysis by P¢;/H;0 in THF. Equation
('7) has been proposed as the underlying mechanism
of this coupling reaction:

@

(PGL or PLA)

O ix =
CH~N—N=N—P¢,

CH,~N=N—N=P¢,

/\m 1 -N,
mCHEQNJ ) (M

aamanan GHy—N— CHyrvann

@ Pg, H,O/H"
&N, —

It is reasonable to assume that the azide group
reacts with triphenylphosphine with formation of
our in:inophosphorane. A nucleophilic substitution
of the iminophosphorane by a not yet reduced azide
group leads to a coupling reaction and a twofold in-
Crease in chain length, via a protonated secondary
amine,

H-NMR spectra (Figs. 5 and 8) are in agreement
with the postulated mecanism, particularly with the
formation of triphenylphosphine oxide (O —=P¢,)
8 a byproduct. The nucleophilic behavior of an im-
Inophosphorane toward an alcohol and an epoxy
tompound has already been published in the sci-
entific literature. !

Although formation of a secondary amine is as-
Sessec| by the chloranil colorimetric test, it cannot
account for the not yet assigned 'H-NMR signal H,
40 = 3,12 ppm. Indeed, resonance of — CH,— NH
" CH,— is currently observed at lower fields ( ~ 2.7
PPm) 1In this respect, diethylamine has been mixed
' CDCl, with the polylactide chains recovered after

H

CH,-N=Pd¢,
iminophosphorane

15
s OH;—N—CHyvwn +3/2 N,/ O=Pg,
|

H

hydrolysis in the presence of triphenylphosphine in
THF. 'H-NMR analysis shows that, in addition to
the signal u at 3.12 ppm, a new signal is observed

mv 14000 —=

522 4
e 7000

521

520

T T T
20 25 30 Time (min.)

Figure 7. Size exclusion chromatogram of the P(L)LA
chains as recovered after hydrolysis of a-acetyl, w-Nj
P(L)LA in the presence of P (CgHg)s in THF M, = 8950,
M,/M, =13.
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c f ¢ f
ﬁ <i:H, ?I Cl‘-Ha ? 0 CH; O CH; O CH; O
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Figure 8. 'H-NMR spectrum of the P(L)LA chains as recovered after hydrolysis of a- (CeHs)s, and 3-phenyl-1-propylamine in THF at 25°C. Solvent : CDCl,.

acetyl, w-Ny PLA in the presence of P(CgHs); in THEF. Solvent : CDCls.

at 2.69 ppm which is expectedly due to the a-amine
methylene protons. Interestingly enough, the sub-
sequent addition of HC1 1 M leads to the upfield shift
of the new signal which rapidly merges with the
unknown resonance and forms a unigue multiplet
centered at 3.10 ppm. It is thus obvious that signal
u at 3.12 ppm has to be assigned to a protonated
secondary amine and particularly the —CH,
—&NH,— CH,— protonated amino bridge within
the extended PLA chains [eq. (7)]. This assigne-
ment is in agreement with data published in the sci-
entific literature, which assign a chemical shift of
2.9-3.2 ppm to methylene protons in « position of

to twg methods. Catalytic transfer hydrogenation
Provicles the expected PCL-NH,, only when the al-

a protonated amine, in relation to the nature of the kyl spacer between the azide group and the nearest

22

counteranion. Neighbor ester is long enough. Otherwise, a coupling
eaction takes place via a regiospecific aminolysis.
When PLA is concerned, a random aminolysis can-
CONCLUSIONS 1ot be avoided.

Wkhen the azide end-group is hydrolyzed in the
Presence of triphenylphosphine, a partial reduction
%fthe azide into an amine is observed to occur. This
:aSCe'lt amine is however responsible for the cleav-
B¢ of polylactide by aminolysis. Whatever the
]:S]yest.er (PCL and PLA), a coupling reaction oc-
IS with formation of a central secondary amine.
€underlying mechanism more likely results from

This article reports on a controlled pathwzy t0 ¢
azide PLA through a route similar to that used for
the synthesis of w-azide PCL. PLA has however a3
greater propensity to methanolysis and degr adation
than PCL. F

Reduction of the w-azide polyester into 2 W‘I'?n'
mary amine polyester has been considered according

the reaction of P¢, with the azide end-group. Then,
the iminophosphorane end-group which is formed
would be substituted by a still unreacted azide of
another chain. The polyester coupling with forma-
tion of an internal secondary amine might accord-
ingly be accounted for.

EXPERIMENTAL

Materials

e-CL (Janssen Chimica) was dried over calcium hy-
dride for 48 h at room temperature and distilled un-
der reduced pressure just before use. L-lactide
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(Boehringer, Ingelheim) was recrystallized three
times from dried ethyl acetate at 60°C and then dried
for 24 h at 35°C under reduced pressure (10 *
mm Hg) before polymerization. Triethylaluminum
(Fluka) was used without further purification and
dissolved in dry toluene.

12-Bromododecanol (Aldrich), sodium azide
(Janssen), triphenylphosphine (Janssen), ammo-
nium formate (Janssen), and 4-(dimethylamino)-
pyridine (Janssen) were dried by three azeotropic
distillations of toluene before use. Triethylamine
(Janssen) and 3-phenyl 1-propylamine (Janssen)
were dried over barium oxide for 1 week and distilled
under reduced pressure. Acetic anhydride (Aldrich)
was dried over calcium chloride for 1 week and dis-
tilled under reduced pressure.

Toluene and tetrahydrofuran (THF) were dried
by refluxing over calcium hydride and benzophen-
one—Na complex, respectively. Dimethylformamide
was dried over P,0; for 72 h and distilled under re-
duced pressure just before use. Palladium on acti-
vated carbon (10 wt % ) was used as received without
azeotropic distillation of toluene.

Preparation of the Initiator

Diethylaluminum alkoxides were prepared by re-
action of triethylaluminum with the appropriate al-
cohol. A 1.0 mmol aliquot of the aleohol in 10 mL
of toluene was slowly added into a carefully flamed
Pyrex flask equipped with a rubber septum, con-
nected through an oil valve to a gas buret, and con-
taining an equimolar amount of AlEt; in 90 mL of
toluene. The reaction proceeded under nitrogen and
stirring at room temperature. When the emission of
ethane stopped, the catalyst solution was kept under
stirring at room temperature for an extra 1 h. In
this work, 12-bromododecanol was reacted with
AlEt, to produce diethylaluminum 12-bromodode-
canoxide.

Polymerization Procedure

¢-CL polymerization and L-lactide polymerization
were carried out with stirring in toluene solution in
previously flamed flask purged with nitrogen and
kept at 25 and 70°C, respectively, for a suitable pe-
riod of time. The reaction was terminated by adding
a tenfold molar excess of 0.1N HCI solution with
respect to Al. Catalytic residues were removed by
two successive extractions with an aqueous solution
of EDTA and pure water, respectively.

Esterification of the Polyester

w-OH PLA and «-OH PCL were esterified by acetig
anhydride (5 equiv) in dry THF, in the presencg of
triethylamine (5 equiv) and a catalytic amoung of
4-dimethylaminopyridine (0.2 equiv), for 43 p o
50°C. The polyester was purified by three suc “essive
precipitation-dissolution cycles (THF;met'ganDl)
for PCL. PL.A was simply heated at ca. 50°C /oy ong
night under reduced pressure.

Conversion of w-Bromo Polyester into w-Az de
Polyester '

A fivefold molar excess of sodium azide with respect
to w-bromo polyester was used to convert quant;.
tatively the halogen end group into an azid- fupc-
tion. This reaction was achieved in dry DMF (5 wt/
v % of polymer in DMF), at 30°C, for 14 1. The
polyester was recovered and purified by sclective
precipitation in methanol when PCL is used. In the
case of PLA the procedure of recovering in L :ptane
has been described in the Results and Discussion
section.

Reduction of the w-Azide Polyester into w-/mino
Polyester by CTH Method

w-Azide polyester (5 wt/v %) was hydrogenzted in
dry DMF by reaction with a fivefold molar =xcess
of ammonium formate and 10 wt % Pd supported
on activated carbon. The reaction temperati re was
kept at 30°C for one night. Palladium residues were
recovered by centrifugation. The polyester « as re-
covered by selective precipitation in a suitable sol-
vent.

Reduction of the w-Azide Polyester into w-Amino
Polyester by Hydrolysis with P¢;

w-Azido polyester (10 wt/v %) in THF was nydro-
lyzed by reaction with 5 equiv of triphenylphosphiné
and an equimolar amount of water with respect t0
the azido end-groups, for 12 h at 25°C. The s lution
was then filtered and the polyester was recovered
by precipitation in a suitable solvent.

Polymer Characterization

'H.NMR spectra were recorded in CDCls .vitl_l 4
Brucker AM400 apparatus at 25°C. Size exclusiol
chromatography was achieved in THF using 2 Hew"

letf,PaCkard 1090 liquid chromatograph equipped
with a Hewlett-Packard 1037A refractometer index
detector. Columns were calibrated with polystyrene
gtandards. Amines were titrated with HCIO, in a
to[uanefmethanol (9 : 1) mixture (potentiometric
titration).

The authors are very much indebted to FNRS for a fel-
Jlowship to S. Stassen and Ph. Dubois, and to the “Services
de la Programmation de la Politique Scientifique” for fi-
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