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Amines as (co)initiators of cyclic esters’ polymerization

)

Summary — A review reports on application of amines as (co)initiators in the
ring-opening polymerization of aliphatic cyclic esters. First, the use of tertiary
amines (R3N) as initiators of the controlled polymerization of highly strained,
four-membered B-lactone (B-propiolactone, PL) is described [equation (1)].
Then attempts at the high temperature polymerizations of the medium
strained, six- and seven-membered §- and &-lactones initiated with primary
amines (RNH,) or a-amino acids are briefly discussed. Finally, it is shown in
more detail that the best results have been obtained recently in the processes
catalyzed additionally with tin(I) octoate [Sn(Oct),]. Mechanisms of these
polymerizations are also discussed. Results of the kinetic studies [equation (9)
and (10)] as well as 'H NMR, MALDI TOF mass spectrometry, and size exclu-
sion chromatography (SEC) measurements, carried out in the authors’ labora-
tory, indicate that polymerizations of e-caprolactone (CL) or L,L-lactide (LA)
initiated with RNH;/5n(Oct); fulfill living process criteria and therefore al-
low to fully control the syntheses of the corresponding polymers. The selected
syntheses applications, such as preparation of the copolymers N-carboxyan-
hydrides of o-aminoacids and LA [equation (7)] or star-shaped polymers
based on polyamino dendrimers [formula (I) and (II)] are also described.

Key words: e-caprolactone, L, L-lactide, B-lactones, a-amino acids, amines,
tin(Il) octoate, ring-opening polymerization, aliphatic polyesters, star-shaped

polymers.

The most prominent synthetic aliphatic polyesters,
namely poly(L-lactide) (PLA) and poly(e-caprolactone)
(PCL) are usually prepared by ring-opening polymeriza-
tion (ROP) of the corresponding cyclic monomers:
L,L-lactide (LA) and e-caprolactone (CL). This method
provides sufficient polymerization control, giving poly-
mers of the required molecular weights and fitted with
the desired end-groups. For the third important aliphatic
polyester — poly(B-butyrolactone) — methods of the
controlled ring-opening polymerization are not avail-
able yet. It is mostly prepared by means of a bacterial
synthesis. The resulting polymers find a wide applica-
tion range: from specialty biomedical polymers to high-
tonnage commodity thermoplastics [1].

Concerning synthesis of PCL and PLA there is a va-
riety of compounds initiating polymerization of the cor-
responding cyclic ester monomers. These initiators en-
compass: alkaline and multivalent metal alkoxides and
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carboxylates [2—38], metal free carbenes [9] or enzymes
[10, 11]. The best control of cyclic esters polymerization
has eventually been reached with multivalent metal
alkoxides and carboxylates as (co)initiators. This is de-
scribed in a series of papers coming from our laboratory
(see refs. [12-21] and literature cited therein).

More recently, it has been reported that in tin(II)
2-ethyl hexanoate {tin octoate [Sn(Oct),]} initiated poly-
merization of cyclic esters primary amines can serve as
effective coinitiators [22—24]. Also polymerization of CL
initiated by natural amino acids at elevated temperature
has been reported [25]. These observations open new
possibilities, e.g. in the synthesis of polypeptide-poly(ali-
phatic ester) block copolymers or star-shaped copoly-
mers on the basis of polyamino dendrimers.

Various practically important properties of poly(ali-
phatic ester)s such as solution or melt viscosity, degrada-
tion rate or mechanical and thermal parameters can be
adjusted by the macromolecular architecture (topology).
Particularly interesting properties are provided by the
branched or star-shaped polymers, which can be pre-
pared with the multifunctional initiators/chain transfer
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agents. In the cyclic esters polymerization the polyols
were most often used for this purpose (see e.g. refs.
[26-31]). However, availability of the soluble polyols
enabling control of molecular weights of the prepared
star-shaped polyesters is rather limited. This was one of
the reasons that we decided to check a possibility of
using for a similar purpose another class of multifunc-
tional reagents — polyamine dendrimers fitted with ter-
minal amino groups able to coinitiate [in the presence of
Sn(Oct),] polymerization of cyclic esters [32].

The present paper summarizes briefly application of
amines as (co)initiators of cyclic esters polymerization.

DIRECT INITIATION OF CYCLIC ESTERS
POLYMERIZATION WITH AMINES

Early studies of ROP of highly strained B-lactones
revealed that a tertiary amine (R3N) reacting with a
monomer at ambient temperature gives in the initiation
step [equation (1a)] the corresponding betaine [33—35],
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Then, initiation is followed by propagation [equation
(1b)] in which carboxylate anion, playing a role of active
species, attacks -carbon atom in the lactone ring with
alkyl-oxygen bond scission and reformation of the car-
boxylate anion. End-group analysis, e.g. by means of
"H NMR, confirmed the zwitterionic structure of the
growing macromolecules [36, 37]. Number-average mo-
lecular welghts (M, of the resultant polyesters did not
exceed 10*, Further, more systematic studies of anionic
polymerization of B-lactones have shown that inde-
pendently on a structure of the initiator used propaga-
tion proceeds eventually on the carboxylate species
[4—7]. However, propagation in the tertiary amine ini-
tiated polymerization can be accompanied by a proton
abstraction side reaction leading to chain transfer [(equa-
tion (2)] [38]:
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On the other hand, o,0’-disubstituted B-lactones are
devoided of this side reaction and were claimed to poly-
merize in agreement with a living polymerization
scheme [3]; although anionic polymerization of non-sub-
stituted B-propiolactone fulfills also, in the properly cho-
sen conditions, living process criteria [39].

'HNMR studies of the pyridine initiated ROP re-
vealed possibility of another side reaction — Hofmann
degradation followed by chain transfer to monomer
[equation (3)] [40]:
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Thus, the initial hopes related to a possibility of the
controlled polymerization of -lactones have failed.
Only when crown ethers or cryptands, complexing al-
kali metal counterions, were applied in the carboxylate
initiators, high molecular weight poly(p- proplolactone)
(PPL) with controlled end groups and M, = 10° was suc-
cessfully prepared [4—7, 39, 41].

Larger ring, medium strained lactones, such as
d-valerolactone (VL) or e-caprolactone (CL) do not un-
dergo ring-opening reaction with tertiary amines. How-
ever, direct reaction of primary amines (RNHj) is quite
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facile at elevated temperature (>100 °C) and yields the
corresponding o,w-hydroxyamide quantitatively [equa-
tion (4a)]. Further propagation proceeds on the resulting
hydroxide groups as active species, but non-catalyzed
polymerization requires higher temperature reaching
200 °C [equation (4b)] [42, 43].

The exclusive acyl-oxygen bond scission in this kind
of polymerization is typical also for other anionic or co-
valent (of pseudoanionic character) polymerizations of
six- or higher-membered ring lactones, contrary to the
four-membered ones in which rather alkyl-oxygen bond
scission dominates [4—8].

More recently, ROP of CL initiated with natural
amino acids (e.g.: L-alanine, phenyl alanine or leucine)
has been reported [equation (5)]. Namely, polymeriza-
tion carried out at 160 °C gave poly(e-caprolactone) with
My up to 2.3 - 10* bearing amino acid residue and hy-
droxyl group as chain-ends [25].
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R = CH3, PhCH,, CH,CH(CH,),

Polymerization degree was controlled by the mono-
mer and amino acid concentrations ratio in the feed as
confirmed by the 'H NMR and size exclusion chromato-

graphy (SEC) measurements of the isolated polymers
(PCL).

CATALYZED POLYMERIZATION OF CYCLIC ESTERS
INITIATED WITH AMINES

As it has been described in the preceding section
amines are able to initiate controlled polymerization of
medium-strained cyclic esters, but in order to obtain rea-
sonable polymerization time and quantitative yield tem-
perature above 150 °C is required. Moreover, the re-
ported molecular weights were limited and never ex-
ceeded M, = 3 - 10%. We show below that applications of
coinitiator/catalyst (amine) systems with coinintiators
such as triethylaluminum (AlEty) or tin(II) octoate
[Sn(Oct);] allow to decrease polymerization tempera-
ture, increase molecular weights of the resulting poly-
esters, and govern perfect control (M,, end groups) of
the polymerization due to the living process conditions.

In one of the first attempts of the catalyzed, amine
initiated polymerization of CL the AlEts/butylamine
(BuNH)y) system was applied.

IR and 'H NMR spectra analysis of the isolated PCL
has supported a coordination-insertion polymerization
mechanism with the selective rupture of the acyl-oxygen
of CL monomer [equation (6)]. Polymerization pro-
ceeded in a controlled way at ambient temperature in a
manner typical for dialkylaluminum monoalkoxide ac-
tive species [44]. However, application of this approach

AlEy; + BuNH, + CL

40 °C
toluene
HZC— CH2
Et O \
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AL CH, O
Et/ I ':,,,” o
Et H// \ (0} CH
~ 2
H By “cuy”
- C;Hg ln CL
H o]

looks to be limited to a synthesis of telechelic CL oligo-
mers (M, < 10%) because of the relatively low polymeri-
zation rate,.

Catalysis with Sn(Oct), enabled synthesis of the ran-
dom and block copolymers of N-carboxyanhydrides of
o-aminoacids (NCA) and L,L-lactide (LA), containing
peptide bonds in the main chain [equation (7)].

Derivatives containing free carboxylic acids in side
chains were prepared by debenzylation (H,/Pd/char-
coal) of their protected precursors [45].
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The best results have been achieved for phenylala-
nine derivative, containing chemically stable pendant
group, for which M,, was controlled by the comonomers
to initiator (AH) initial concentrations ratio. M,, was the
linear function of comonomers conversion pointing out
to the living polymerization mechanism; low dispersity
indexes (M,,/M,, = 1.10) of the copolymer supported the
latter conclusion. On the other hand, higher conversions
(=90 %) for the copolymers showing moderate molecular
weights (M, < 10°) required relatively long reaction time
(72 h) at 130 °C [45].

In the alternative approach of LA/NCA block co-
polymer synthesis, polymerization of LA was initiated
with t+-BuOC(O)NHCH,CH,OH/ZnEt, (2:1) mixture;
the resulting BuOC(OINHCH,CH,O-PLA-OH was de-
protected with trifluoroacetic acid giving amino-termi-
nated PLA (H,N-CH,CH,0-PLA-OH) used eventually
as the macroinitiator of NCA polymerization [46].

More recently, we have decided to study the mecha-
nism of CL and LA polymerizations initiated with
Sn(Oct),/ BuNHj, system [32]. MALDI TOF and 'H NMR
spectra of the reacting mixtures showed exclusive pre-
sence of signals corresponding to C4HoNH-
-[C(O)(CH)s0lx-H and C4HyNH-[C(O)CH(CH3)Ol,-H
chains. Moreover, it has been shown that molecular
weights of the polyesters are controlled by monomers
and BuNH, coinitiator concentrations in the feed, ie.
that every molecule of BuNH; initiates the growth of
exactly one polyester chain. Thus, the starting amine is
transformed into the amido tail end-group and poly-
merizations of CL and LA proceed according to the fol-
lowing net equations:

(BuNH-PLA-OH)

In ([CLI/[CL])

0.0 I ! T T T
0 50 100 150 200 250 300

Polymerization time, min

In ([CL)/[CL))

T T
200 250 300

Polymerization time, min

0 50 100 150

Fig. 1. First-order kinetic dependencies for CL polymerization
initiated with Sn(Oct)y/primary amine mixture. Conditions:
[CL]p =2 mol L'}, [Sn(Oct);] = 0.05 mol L, [NH,J, (in mol
L) = 040 (a), 0.18 (b), 0.05 (c, d); amine: C4HNH, (a—c),
DAB-Am-32 (d); THF solvent, 80 °C [32] [DAB-Am-32 —
polyamine dendrimer, see table 1 and structure (II)]
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After determining the structures of the polyester
chains formed in CL or LA /Sn(Oct),/BuNH; system we
studied the kinetics of these processes. The results ob-
tained are presented above in the semilogarithmic coor-
dinates on the example of CL polymerization. In the
plots obtained for CL monomer (Fig. 1) three, kinetically
distinguishable polymerization steps are clearly seen.
The first one corresponds to the maximum rate (r, =
-d[CL]/[CL]dt = {In([CL})o/[CLD}/A#) of CL monomer
consumption. Concentration of monomer reacted in this
step is approximately proportional to the initial concen-
tration of BuNH,; ([BuNH>]p). On the basis of the latter
observation we assumed that the polymerization starts
from a direct reaction between CL and BuNH; [equation
(8a), n=1].

Thus, after the first step is completed, the initial mix-
ture Sn(Oct),/BuNH; is converted into Sn(Oct),/
BuNHC(O)(CH2)sOH mixture and in principle is
equivalent to the already studied by us Sn(Oct),/ROH
[where ROH = BuNHC(O)(CH;)50OH] system in which
carboxylate-alkoxide ligands exchange reaction takes
place [equation (9a)] [47, 48]. The resulting tin(I)-alko-
xide species initiate polymerization and then propaga-
tion proceeds [equation (9b)]. Finally, the chain-transfer
reaction provides BuNH-[C(O)(CHy)sO],-H chains
[equation (90)].

0
]
BuNHC(CH,);OH + Sn(Oct),

80°C (92)
L THF
o)

Il
BuNHC(CHp)s-OSnOct + OctH

nCL (%9b)

BuNH-PCL,,,-OSnOct

BuNH-PCL,-OSnOct + BuNH-PCL,-OH

|

BuNH-PCL,-OH + BuNH-PCL,-OSnOct

However, after the relatively fast initial period the
polymerization slows down and the higher is [BuNH;]g
the observed retardation effect is more pronounced (Fig.
1, curves a, b, and c). We tentatively ascribe this kinetic
effect to formation of the amide/tin alkoxide cyclic com-
plex, as depicted in equation (10).

Tin(II) eagerly assumes tricoordinate pyramidal
structure employing its empty p- or d-orbitals [49, 50].

B“NH\r(vv\
O-5n-0 R
hid

O active form 0

| &

C
H— II\I/
Bu

dormant species

R= CH(Csz)C4H9

Presumably, tin(I)-alkoxide bond in the intramolecu-
larly coordinated species, comparing with the non-coor-
dinated ones, is more hindered and thus much less sus-
ceptible towards coordination with the forthcoming
monomer. The , key-lock” structure of the dormant spe-
cies was proposed by us on the basis of ab initio and DFT
molecular orbital calculations carried out using 8-Op-
teron PC cluster and Gaussian 03 program.

This kind of coordination is also, at least potentially,
possible viz intermolecular reaction. Since [Sn(Oct)] is
relatively low, and equilibrium in equation (9a) is shifted
to Sn(Oct); side, probability of the bimolecular coordina-
tion is substantially lower then the unimolecular one,
enhanced by the anchimeric assistance effect.

For oligomeric and then polymeric a-amido-w-hy-
droxyl {BUNH[C(O)(CH3)50],-SnOct} chains the active-
dormant species equilibrium becomes more shifted to
the linear, active species side with increasing polymeri-
zation degree and the retardation effect becomes less im-
portant. Therefore, the polymerization accelerates and
eventually its rate (r,) becomes constant (third step).
Thus, in principle, we should expect the final s identi-
cal with those obtained for CL/Sn(Oct),/BuOH system
[47] under the otherwise identical conditions. Actually,
r,’s determined in the present paper are up to four times
lower then expected. This result suggests that intermo-
lecular complexation cannot be completely neglected.

SYNTHESIS OF STAR-SHAPED POLYESTERS
WITH POLYAMINE DENDRIMERS AS COINITIATORS

Kinetic data reported in Fig. 1 (curve d, filled points)
show that the DAB-Am-32 polyamine dendrimer is able
to coinitiate CL polymerization, giving r,’s similar to
those determined for BuNH,. This result strongly sug-
gests that all NH; groups in DAB-Am-32 take part in the
polymer chain growth, giving eventually the regular,
star-shaped polyester. The latter conclusion was sup-
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Table 1. Comparison of My, values of star-shaped PCL determined by SEC-MALLS, osmometry, and *H NMR? [32]

Dendrimer | (IMlo- [Mleq)/[DABlo |  M,? (caled) M, (osm.) M, (NMR) M, (SEC) M./M,° (SEC)
DAB-Am-§ 58.9 7500 6900° 7500 — 1.74
DAB-Am-8 858 98 700 79 600% 79 000 114 000 2.71
DAB-Am-32 2607 301 100 230 2007 287 500 373 000 2.27

? [LAJo=1.5mol L ,[CLIo =2.0 mol L! ,[Sn(Oct)2]o=2- 10 *molL? , THF solvent, 80 °C,
Laser nght Scattering detector,

sure Osmomel'ry,
rene standards.

ngh Speed Membrane Osmomel‘ry,

HyN _\___\N N s NH,

N

H)N NH;
. o

DAB-Am-8 \-NH,

ey

calculated according to equation (12), © Vapour-Pres-
Refractive Index detector; calibration with polysty-

NH,

g H,N
\\'NH N o ?NH N
Ty
.
\2 0;/ NH

H,N
H,

H,N NH; N
NH, ]\ J NH, NN
HN LN & NH, /(,
HoN NH
:1 }FQ\N ]\ I\H {/_/ l N0 o
Hz?‘J \—\‘/\’ —\—-\ ’_/- ™ :_//; H v
N \
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HoN N N NH, NH,
HZN,_/J-) NH; HN
H,N NH, (PAMAM G, o)

(1)

ported by the molecular weight characteristics of the
polyesters, prepared on DAB-Am-8 and DAB-Am-32
cores [see (I) and (ID)], collected in Table 1.

Although molecular weights distributions were rela-
tively broad (cf. M,/M,, column) and there was also a
certain scatter of the experimental M,, values determined
from SEC, osmometric, and 'H NMR measurements,
these values were in a good agreement, within the ex-
pected experimental error, with the theoretically pre-
dicted molecular weights [My(calculated), equation (12)].

The net reaction scheme of a synthesis of the star-
-shaped polyester based on the polyamino dendrimer
reads:

R(NHz)x + nx CL — R[NH-PCL—OHIx (11)

Assuming that back-biting side reactions are ex-
cluded, the expected molecular weights [M,(calculated)]
can be calculated from the simple expressions, usually
applicable for living polymerization mechanism:

Mu(calculated) = McL [CL]o/[DABlo + Mpas (12)

(1)

where: Mcy, denotes molecular weight of CL (114.14), Mpag
that of DAB-Am-8 or DAB-Am-32 (773 or 3514, respec-
tively).

Similar results have been obtained by us also for LA
polymerizations coinitiated with DAB dendrimers [32]
and in other laboratory with poly(amido amine) den-
drimer (PAMAM G g) [see structure (III)] [24].

CONCLUSIONS

The present literature minireview shows that amines
were applied as (co)initiators in polymerization of ali-
phatic cyclic esters only rarely. The initial hopes related
to tertiary amines as initiators of the controlled poly-
merization of highly strained, four-membered f-lac-
tones have failed because of chain transfer to monomer
side reactions. More promising were attempts of the
high temperature polymerizations of the medium
strained, six- and seven-membered §- and e-lactones ini-
tiated with primary amines or a-amino acids. The best
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results, however, have been obtained recently in poly-
merizations catalyzed additionally with tin(I) octoate
Sn(Oct),. Polymerizations of e-caprolactone or L,L-lac-
tide initiated with primary amine/Sn(Oct); system show
features characteristic for living process and therefore
allow to carry the fully controlled syntheses of the corre-
sponding polymers. Using this approach there were pre-
pared random and block copolymers of N-carboxyanhy-
drides (NCA) and L,L-lactide (LA) containing peptide
bonds in the main chain as well as star-shaped polymers
based on the polyamine dendrimers.

Following our previous papers on the mechanism of
CL and LA polymerization initiated by Sn(Oct); in pre-
sence of hydroxyl group containing compounds [H,0,
alcohols or hydroxy-carboxylic acids (ROH)] we have
shown that, in principle, CL or LA/Sn(Oct),/primary
amine (RNH;) system does not differ mechanistically
from CL or LA/Sn(Oct),/ROH system. 'H NMR,
MALDI-TOF mass spectrometric and kinetic studies re-
vealed that in the first step of polymerization initiated
with Sn(Oct),/RNH, mixtures formation of a-amido-o-
-amidoalcohol [RNH-m-OH (R‘OH)] (where m denotes
the unimeric unit derived from CL or LA) proceeds.
Then, the further steps of polymerization follow with
R’OH as coinitiator. Thus, eventually Sn(Oct),/RNH,
initiated polymerization proceeds by simple monomer
insertion into ...-Sn-OR” bond, reversibly formed in the
reaction ...-SnOct + R"OH = ...-Sn-OR” + OctH, where
R”OH is either the low molar mass coinitiator (R‘OH) or
a macromolecule fitted with hydroxyl end-group
(IRNH-(m),-OH]. These interconversions take place
throughout the whole polymerization process. Sn(Oct),
itself does not play an active, direct role in the polymeri-
zation.
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