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Abstract

In the twenty-first century, one of the central focus of polymer research in academia and industries is directed towards the
design of environmentally-benign materials produced from reagents that have minimal deleterious effects on our environ-
ment. The aliphatic polyester PLA is one such example. Due to its biodegradable, biorenewable and biocompatible nature,
PLA finds diverse applications, especially in the biomedical field. PLA is exclusively synthesized by the ring-opening
polymerization of lactide (cyclic dimer of lactic acid) in the presence of a catalyst. The macrocycles and macrocyclic metal
moieties can act as effective catalysts for the polymerization resulting in the formation of PLA with controlled tacticity and
predetermined molecular weight. This review reports metal-based catalytic systems supported by porphyrin, calixarene and
bispyrrolidine- salan as ancillary ligand and metal-free organocatalyst sparteine for the ROP of LA. The variation in catalytic
activity, tacticity of PLA, and PLA’s molecular weight distribution by substitutional changes in the catalyst framework have
been discussed in detail.
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Abbreviations PCL Polycaprolactone
ROP Ring Opening Polymerization PDI Polydispersity index
LA Lactide TPPH, Tetraphenylporphyrin
PLA Polylactide PO Propylene oxide
PGA Polyglycolide PPO Polypropylene oxide

PLGA Poly Lactic-co-Glycolic-acid
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PPN*CI~
CHO

Bis(triphenylphosphine) iminium chloride
Cyclohexene oxide

Introduction
Background

Polymers find extensive use in our daily life. The polymers
can either be naturally occurring like protein, starch, DNA,
or synthetic which include polyethene, polyvinyl chloride,
polyesters, and many others. Among the synthetic polymers
known to date, those derived from petrochemical-based
sources have innumerable advantages [1]. Nevertheless, they
have two significant limitations, namely utilization of non-
renewable petroleum sources for production and the factor
of their non-biodegradability, which restricts their plausible
use in the long run [2]. Thus, there has been a tremendous
increase in research, focusing on the manufacture of poly-
mers derived from renewable sources.

The synthetically derived biodegradable polymers mainly
consist of polyesters, polyamides, polycarbonates, polyan-
hydrides, etc. [3]. Among the different synthetic biodegrad-
able polymers obtained from renewable sources known to
date, aliphatic polyesters (PLA, PGA, PLGA, PCL) are of
immense importance. Due to its biodegradable and biocom-
patible nature, aliphatic polyesters find important applica-
tions in the biomedical and food packaging industry [4-7].

PLA has received immense importance as a suitable
substitute for polymers derived from petrochemical-based
sources as its monomer (lactic acid) is procured from annu-
ally renewable sources like corn and beetroot [8]. In addi-
tion, PLA undergoes hydrolysis under the physiological
condition to give non-toxic product lactic acid, which elimi-
nates from the environment as carbon dioxide and water as a
result of microbial action [9]. The synthesis of PLA is done
through either direct polycondensation of lactic acid or ROP
of lactide [10]. The polycondensation pathway is less sig-
nificant as water liberates continuously, which is difficult to
remove, and severe reaction conditions are required to obtain
a polymer with high molecular weight [11]. Thus, the ROP
of lactide has drawn considerable attention as it allows bet-
ter control over molecular parameters (polydispersity index,
molecular weight) under mild reaction conditions in com-
parison to the polycondensation pathway [12].

Metal containing complexes [13-17] and organo-
catalysts [18, 19] generally catalyse the ROP of LA. The
metal-based catalytic system consists of a metal center
supported by an ancillary ligand and sometimes an ini-
tiating group attached to the metal center. The electronic
and steric environment around the metal center governed
by the ancillary ligand plays a crucial role in regulating

molecular parameters of the polymer and has consequent
effects on its stereoregularity [20-22].

The first macrocyclic polyether was developed in 1967
by Charles Pedersen [23]. He named these macrocycles
as “crown ethers” as its molecular array is shaped like a
crown. The discovery of Pederson’s “crown ether” opens
a variety of research scope in macrocyclic chemistry.
Host—guest chemistry [24] and supramolecular chemistry
[25] associated with crown ethers has become a promi-
nent area of research. Living creatures regularly produce
tetrapyrrolic macrocyclic systems in their body, either as a
metal free form (e.g., pheophorbide) or, as its metal com-
plexes (e.g., chlorophyll, coenzyme B ,, heme). These are
named, “the pigments of life” as they execute a variety
of fundamental biological functions necessary for living
[26]. Calixarenes are an important class of compounds in
the macrocyclic family and have been used for applica-
tions in the treatment of cancer due to its special molecular
framework [27]. Calixarenes have large available pores
and cavities and may be used for storage of gases [28]. The
advantage of these systems is they remain stable and flex-
ible for larger calix[n]arenes (n >4) and can accommodate
large metals along with its bulky substituents [29]. The
porphyrin system with its different metal analogues and
metallocalix[n]arenes show diverse reactivity in ROP reac-
tions due to their rigid framework. The half-porphyrin ana-
logues and their saturated amine complexes constitute the
diverse category of metal salen and salan compounds and
they have exhibited their profound role in metal catalysed
ROP reactions in the recent years [30-37]. However, salan
analogue with the bispyrrolidine system of ligand give
us a rigid framework analogous to salen and other mac-
rocycles, having diverse reactivity with metal synthons
and producing complexes which show better control over
the ROP of LA [38]. Hence, it is pertinent to include the
chemistry and ROP results of these complexes within the
scope of this review.

The organocatalysts are the metal-free catalytic systems
that follow an ionic (cationic or anionic) or an enzyme-cat-
alysed pathway for ROP [39, 40]. Macrocycles can act as
a prominent auxiliary ligand in metal complexes and can
even act as a suitable component of metal-free catalyst for
the ROP of lactide. The metal-free organocatalysts are now
being used vigorously for the controlled polymerization of
LA [41-46]. Sparteine is a macrocyclic Lupin alkaloid [47],
which is being used as a prominent organocatalyst towards
the ROP of LA [48]. In this review, we shall elaborate the
behaviour of sparteine towards the ROP of LA.

In the recent years, modification of PLA with certain
additives with the intention of enhanced properties required
for futuristic applications has been actively reported. Differ-
ent methods for the synthesis of lactic acid oligomers modi-
fied with macrocyclic fragments like porphyrin, cyclodextrin
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and cyclophane are reported that has led to enhanced per-
formance of oligolactide containing sensors and biosensors
[49]. The synthesis of oligolactide and PLA functionalized
with p—r-butylthiacalix[4]arenes is recently reported to exist
in three conformations namely cone, partial cone, 1,3-alter-
nate which were synthesized by ROP [50].

Scope

The present review shall focus on the macrocyclic systems
namely porphyrin, calixarene, and bispyrrolidine salan
as ancillary ligands (Fig. 1) in metal complexes used for
ROP. The metal complexes of these ligands have been used
towards the ROP of LA. In addition, the application of spar-
teine (a chiral amine) (Fig. 1) towards the ROP of LA as a
metal-free catalyst shall be described. The role of the metal
center, the change in the steric and electronic environment of
the parent macrocycle by suitable substitution in the ligand
backbone, in controlling molecular parameters of the poly-
mer during ROP shall be highlighted.

Mechanistic pathway for rop of lactide
Coordination-insertion mechanism

The ROP of LA catalysed by metal complexes mostly takes
place by the coordination-insertion mechanism. In the first
step, the monomer coordinates to the Lewis acidic metal
center of the metal complex MLX (M =metal, L =ligand,
X =initiating group) followed by insertion of monomer in
the M — X bond through a nucleophilic attack by X on car-
bonyl carbon. Next acyl — oxygen bond cleavage results in
the ring-opening step and polymerization continues until
hydrolysis occurs and results in chain termination (Schemel)
[51].

g

Bispyrrolidine salan Porphyrin

Fig. 1 Metal complexes of macrocycles in this review
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Macrocycles as ancillary ligand in metal
complex in rop of lactide

Porphyrin

Generally, porphyrins are used as substituted porphins. Por-
phin is a macrocyclic moiety that has a planar structure with
four pyrrole-like rings connected by methine bridge. Porphy-
rin is aromatic due to conjugation of thel8x electrons [52].

In 1987, Inoue and co-workers for the first-time reported
novel aluminium tetraphenyl porphyrin (TPPAI) complexes
that act as initiators for the ROP of D-LA [53]. Four differ-
ent Al-porphyrin complexes (Fig. 2) were produced by dif-
ferent synthetic pathways. The complex (TPP)AIPPO (2a)
was prepared by the polymerization of 1,2-epoxypropane
with (TPP)AICI in ratio (20:1). Again, (TPP)AIOCH; (2b)
was prepared by the reaction of (TPP)AICI with CH;0OH
under nitrogen atmosphere. The limiting synthons namely,
(TPP)AIEt (2¢) and (TPP)AICI (2d) were synthesized by the
reaction of (TPP)H, with Et;Al and Et,AICI respectively
in dichloromethane (CH,Cl,) under nitrogen atmosphere at
room temperature (Scheme 2). These compounds were char-
acterized by "H NMR spectroscopy. These complexes were
screened for the polymerization of D-LA. PLA with low PDI
values were obtained with (2a, 2b, 2c¢) and the yield of the
polymer was high only at high temperature and prolonged
reaction time. Among these complexes, the best result was
found for (2a) [[D- LAY/ (TPP)AIPPO] =100], with 94%
conversion found in 96 h, but (2d) does not show any cata-
lytic activity due to the poor nucleophilicity of chloride as an
initiating group. The mechanism was found from 'H NMR
analysis. A reaction mixture containing (TPP)AIOCH; (2b)
and D-LA (1:5 molar ratio) at room temperature was sub-
jected to '"H NMR (CDCl,) analysis after 1 h of runtime.
The spectrum shows signals at [6=9.1 (pyrrole-H), 6=8.2
and 7.8 (aromatic protons of phenyl ring)] and 6=1.65 and
4.95 due to methyl and methine hydrogens of D-LA. Finally,
the appearance of three new signals clarifies the mechanism

oo )

Calix[4]arene

Sparteiene
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Scheme 1 Coordination-inser- L
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[two doublet a (0= —1.56) and a’ (6=0.97), two quartet
b (6= —1.95) and b'(5=3.95) and a singlet ¢ (6=3.29)]
(Scheme 3). The signal at 6= — 1.3 ppm corresponding to
the AlI-OCHj; group disappeared completely. Thus, the reac-
tion proceeds via acyl —oxygen bond cleavage, resulting in
(porphinato)-aluminium alkoxide intermediate that acts as
the chain propagating species (Scheme 3).

Gao and Duan’s group synthesized three aluminium
complexes bearing porphyrin derivatives as an ancillary
ligand [54] (Scheme 4). For the synthesis of these com-
plexes, a mixture of the respective ligand and trimethylalu-
minium were mixed in equimolar ratio in toluene at 40 °C
and stirred for 12 h under an argon atmosphere. The three
complexes differed from each other by different substitu-
ents at the phenyl/pyrrole rings of the parent porphyrin.
The three complexes were characterised by NMR studies
and elemental analysis. The 'H NMR (CDCly) spectrum of
the ligands showed characteristic peak for the — NH proton
(marked as 1, Scheme 4) in the region 6 =2.74 to 3.20 ppm.
However, upon the addition of the aluminium alkyl, the dis-
appearance of signal for NH proton in the aluminium com-
plexes and the appearance of a new signal for protons of the
methyl group attached to aluminium [0 = — 6.82 ppm(3a);

0= —6.90 ppm(3b) and 6= —6.92 ppm(3c)] provided evi-
dence for the formation of these new complexes. These
complexes were evaluated towards the ROP of LA in the
presence of different solvents namely THF and toluene in
the presence isopropanol as co-initiator at 70 °C.

Under identical reaction conditions, complex (4a) with
least substituents on the ligand backbone showed the high-
est activity (% conversion =93) towards ROP. The micro-
structural analyses of the polymer obtained by the three
catalysts indicate that polymers were slightly isotactically
enriched in all the cases. The corresponding P values
were [4a:(P,,=0.53), 4b:(P,,=0.59) and 4c:(P,,=0.65)].
Under the same temperature and [monomer]/[catalyst] ratio,
complex (4c) showed the highest degree of stereoselectivity
in toluene. The experimental results revealed that steric bulk
of porphyrin ligand had a strong influence on the tacticity
of the PLA. With the pyrrolyl moiety being closer to the
metal center, any substituent on the pyrrolyl ring has a much
greater influence on the tacticity of the PLA as compared
to the substituents on the phenyl ring. For complex (4c),
lowering the temperature from 70 °C to 40 °C and changing
the solvent from toluene to THF increased P,, value from
0.65 to 0.68 indicating that the tacticity of the polymer is
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X= —tOCH(CH5)CH3);Cl : 2a

OCH;: 2b
C,Hs : 2c
Cl 2d

Fig.2 Al-porphyrin complexes

influenced by the reaction temperature. The kinetics study
of the polymerization reaction with complex (4c) along with
isopropanol as the co-initiator at 70 °C in toluene revealed
for [[LA]/[A] complex]=100:1], the molecular weight of

polymer increased linearly with increase in monomer con-
version rate and PDI value varied between 1.08 to 1.11, indi-
cating living nature of the polymerization. The 'H NMR
studies of the polymer obtained by using complex (4c)
revealed the polymer to be end capped by a hydroxyl group
and an isopropyl ester group. The 'H NMR (CDCl,) signals
[He (0=1.24 ppm):H, (0=4.35 ppm)=6:1] (Fig. 3) gives
evidence that the ROP proceeds via coordination-insertion
mechanism.

Chisholm reported the action of TPPCr(III)
(Scheme 5) towards the ROP of L-LA and rac-LA [55] in
the presence of PO. The complex (TPP)CrCl was prepared
by the earlier reported procedure by reacting excess CrCl,
with TPPH, in dimethylformamide (DMF) under reflux con-
ditions followed by an aqueous work-up [56]. Anhydrous
CrCl, was added to a solution of TPPH, in DMF in four
lots under reflux conditions. The reaction was monitored
by recording the visible spectrum of the reaction mixture
after the addition of each lot. The absence of signal of free
porphyrin in the visible spectrum of the reaction mixture
indicated completion of the reaction. The group had reported
earlier that TPPCr(III)Cl is a better catalyst than structurally
similar Al(IIT) analogues for the polymerization of propylene
oxide [57].

A polymerization trial was done at O °C using TPPCrCl,
PPN*CI~, LA and PO leading to the formation of PLA
with — OCHMeCH,CI as an end group as understood by
mass spectrometry. However, the reaction mixture contained
a small fraction of PLA containing the hydrolyzed end
group namely — OCHMeCH,OH. Under similar conditions,

Ph
o)
(TPP)AICI + ™\ (TPP)AIPPO (a)
(TPP)AICI + CH;O0H—— (TPP)AIOCH; (b)
(H,TPP) = Ph Ph
(TPP)AIH, + Et;Al (TPP)AIEt (c)
(TPP)AIH, + Et,AIC—-> (TPP)AICI (d) bh
Scheme 2 Synthesis of aluminium complexes
0 b b’
%o HO HO ¢ (@ H o
(TPP)AIOCH; + —>(TPP)AI—0—(I:—C—O—I—C—OCH3 ——>, (TPP)AI O—(II—C OR
OWH\ CH;  CHs CH,
(A) fo) a a 2n
(B)

Scheme 3 Reaction between (TPP)AIOCH; and D-LA
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R1 =R2=H : 40
R;=H; R, ='Bu : 4ii
Ry=CHs; Ry=H : 4iii

Scheme 4 Synthetic route for aluminium porphyrin complexes

)f\ o b o e
o 8 ojHa\o g oj%\OH

Fig.3 PLA with hydroxyl end group and isopropyl ester end group

+ Crclz
(excess)

TPPH,

Scheme 5 Synthesis of TPPCrCl

R, AlMe;
toluene

1. DMF, reflux

rac-LA yielded almost isotactic PLA as confirmed from the
results of homonuclear decoupling '"H NMR and powder
X-ray diffraction studies. A careful analysis of this phe-
nomena revealed that towards the end of the polymerization
reaction, a new six-member ring product is formed from PO
(3,6-dimethyl-1,4-dioxan-2-one) as a result of a backbiting
reaction (Scheme 6). This product does not polymerize at
0°C.

Authentic samples of this product were obtained by react-
ing L-ethyl lactate and allyl bromide leading to four stere-
oisomers (Fig. 4) which were systematically characterized

2. H,0

TPPCrCI
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Scheme 6 Plausible pathway for formation of six membered lactone by backbiting mechanism

O o) o) o)

e o e N
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4a

4b 4c 4d

Fig.4 Stereoisomers of 3,6-dimethyl-1,4-dioxan-2-one

rac-LA +racPO ———> 4(a) + 4(b) +4(c) + 4(d)
22% 22% 28% 28%

rac-LA + R-(+) PO —————>  4(b) + 4(d)
42%  58%
L-LA+ R-(*) PO —>  4(b) + 4(d)

42% 58%
—>» 4(a) + 4(b) +4(c) + 4(d)
24% 21% 26% 29%

L-LA + rac PO

Scheme 7 Product profile at 60 °C under different combinations of
LA and PO

; ; — > 4(d)
L-LA + R-(+) PO 100%
; (- — > 4(a)
L-LA + S-(-) PO 100%

Scheme 8 Product profile at 0 °C under different combinations of LA
and PO

through 1H and 13C NMR spectroscopy and gas chroma-
tography using columns with achiral and chiral stationary
phases.

At 0 °C, the reaction between L-LA and (S)-(—)- or
(R)-(+)-PO yielded (4a) or (4b) as the major product.
This shows that the stereochemistry of the PO employed is
retained in the product.

The results are different at 60 °C. The varying per-
centages of 3,6-dimethyl-1,4-dioxan-2-one stereoisomers
(Fig. 4) received with different combinations of LA and PO
isomers at 60 °C is depicted in Scheme 7.

@ Springer

X =cl (2a)
=CH; (b)
= OEt (©)
= OCH,CHMeCl (d)
= OPr (e)

Fig.5 Aluminium porphyrin complexes

This shows that at higher temperatures, the formation of
two diastereomers is significant unlike what is seen from the
results at 0 °C (Scheme 8)

The same research group reported a new synthetic path-
way for the polymerization of rac-LA at room temperature
using an aluminium catalyst system (Fig. 5) [58] (Scheme 9).
The aluminium complexes were characterised by 'H NMR
studies. For all the five complexes, '"H NMR showed three
distinct proton signals in the aromatic region.

The tetraphenylporphyrinAl(III) salts TPPAIX
(X=CHj;, Cl, OEt, O'Pr, OCH,CHMeC(l) in the presence
of PPN*C1~, and propylene oxide polymerize rac-LA to
give isotactic PLA and with time it gives cyclic poly-
mer (PO),PLA. The reaction of rac-LA with TPPAICl/
PPN*CI1™ in rac-PO at Toom temperature gave isotactic
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Dichloromethane
(TPP)H, + Et,AICI (TPP)AICI (2a) Ph
Dichloromethane b
(TPP)H, + MesAl (TPP)AICH; (b)
Dichloromethane
(TPP)AIEt + EtOH . (TPP)AIOEt ¢ PP Ph

(TPP)AIMe + OH Dichloromethane

Cl

(TPP)AIEt + ‘PrOH Dichloromethane

Scheme 9 Synthesis of aluminium porphyrin complexes

PLA with My, =3500 Da and PDI 1.08. The AI(III) center
being a Lewis acid coordinates to the oxygen atom of pro-
pylene oxide, thus facilitating attack by CI1~ of PPN*CI",
resulting in the ring-opening of propylene oxide leading
to the formation of chiral X(TPP)AICICHZ*CHMeO_.
The chiral alkoxide X(TPP)AICICH,CHMeOC(O)
CHMeC(O)CHMeO™ generated by reaction of X(TPP)

_  (TPP)AIOPr (e)

(TPP)AIOCH,CHMecCI (d)

Ph

H,TPP

AICICH,CHMeO™ and rac-LA further react with unre-
acted rac-LA to give PLA (Scheme 10). The MALDI-TOF
spectrum of the PLA showed the appearance of PLA with
terminal OCHMeCH,CI giving evidence for the formation
of AIOCHMeCH,CI. The possibility of anionic polymeri-
zation is eliminated as the reaction involving rac-LA and
PPN*CI~, does not give PLA. There is no PLA formation

Scheme 10 Plausible initiation X X X
step for the ROP of LA via ring-
opening of PO with PPN*CI~ T<l7N rac-PO + PPN*CI- N<l7N N< 7N
7/ \ /1 \ /1 \
N—N —i— N=—N
1
TPPAIX o PPN, 0
PPN*CI’ cl
o
P
o
OWH\
o
rac-LA
\
X
N—l—
K]
SR

PLA

@ Springer



10

Journal of Inclusion Phenomena and Macrocyclic Chemistry (2021) 100:1-36

when TPPAIOR (OR = OEt, O'Pr, OCHMeCH,Cl) along
with PPN*CI™ and rac-LA in THF at room temperature
is employed for the polymerization, indicating the alkox-
ides do not act as initiator for the ROP of LA at room
temperature. When the reaction is carried in the presence
of PPN+NO3‘, the product is not formed, indicating that
a suitable nucleophile is required for the ring-opening of
PO. The formation of cyclic polymer can occur due to
the ring-opening of epoxide present as the solvent by an
alkoxide CICH,CHMeO(LA/,),C(O)CHMeO™ and the
new alkoxide CICH,CHMeO(LA,,),CH,CHMeO™ can
back-bite its own C — CI group.

Inspired by the work of Chisholm et al. on the ROP of
LA at room temperature, Phomphrai and co-workers investi-
gated different metal (II) centers with tetraphenylporphyrin
and cyclohexyl-salen (Cy-salen) as ligands for the polym-
erization of rac-LA [59] (Fig. 6) (Scheme 11). The authors
were inspired to use a different epoxide namely CHO and a

combination of different metal centers to study the effects
on the polymerization of LA.

The effect of the metal center, ligand environment and
co-catalyst were studied in detail. CHO being more steri-
cally hindered than PO was used for the polymerization
study (Scheme 12). The order of reactivity for TPP supported
metal (IIT) catalyst was Cr(IIT) > AI(IIT) > In(IIT) > Co(I1I) (%
conversion: TPPCrCl1=95% in 30 min, TPPAICI=84% in
1 h and TPPInC1=94% in 11.5 h and TPPCoMe =22% in
25 h) which is accordance with the Lewis acid character
of the metal center. For Cy-salen ligated metal(III) center,
the order of reactivity was In(III) > Cr(III) > AI(IIT) > Co(I
II) [% conversion (Cy-salen)InCl1=95% in 3 h, (Cy-salen)
CrCl1>99% in 3 h and (Cy-salen)AICl: >99% in 21 h] which
is attributed to the large size of In(III) that perfectly fits in
the flexible pocket of the ligand and can easily be accessed
for CHO coordination. For the three initiators namely
PPN*CI~, DMAP, pyridine chosen for the polymerization

X = Cl, CH3, OEt, O(CH)CHCO,Et

M =Al In, Cr, Co

cl1o

M= Al In, Cr, Co

Fig.6 Metal complexes with TPP and Cy-salen ligand
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Dichloromethane Ph
(TPP)H, + Et,AICI (TPP)AICI
DMF / refl
(TPP)H, + CrCl, reflux (TPP)CrCI
Ph Ph
(TPP)H, + InCl Glacial acetic acid (TPP)InCl
Glacial acetic acid
(TPP)H, + CoCl, (TPP)CoCl Ph
Synthesis of metal hyri I
ynthesis of metal porphyrin complexes H,TPP
Toluene
(Cy-salenH,) + Et,AICI > (Cy-salen)AICI
(Cy-salenH,) + CrCl, THF ~ (Cy-salen)CrCl NN
Tol OH HO
(Cy-salenH,) + Et,InCI OeNe  (cy-salen)inCl
(Cy-salenH,)CoOTs + CH,Cl, ——>(Cy-salen)CoClI
Cy-salen H,

Synthesis of metal - salen complexes

Scheme 11 Synthesis of metal-porphyrin and metal-salen complexes

— b TS

Me

o
|

PPN CI

Scheme 12 Plausible initiation step for the ROP of LA via ring opening of CHO with PPN*CI™ and intramolecular backbiting mechanism
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reaction, the ionic PPN*CI~ showed the highest activity, fol-
lowed by neutral DM AP and pyridine which is in accordance
with nucleophilic character of the co-catalyst. The conver-
sion percentage of monomer for complex TPPAICI for differ-
ent co-catalysts investigated at 30 °C was PPN*CI~ =84% in
1 h, DMAP=55% in 1 h and pyridine =80% in 20 h respec-
tively. Increasing the amount of co-catalyst decreased the
reaction time but the PDI value of the polymer increased. For
aluminium complexes TPPAIX (X =Cl, Me, OMe, OCHMe-
COOEt) though X group is not an initiator but its electronic
contribution affects catalyst activity. The highest catalytic
activity was observed for TPPAIOCHMeCOOEt, (% conver-
sion>99% in 30 min for [monomer]/[catalyst] =100:1 at
30 °C) indicating that a higher electrophilic ligand favours
the increase in catalytic activity. The polymerisation of rac-
LA using rac-SO showed very little activity.

The mechanism can be explained by MALDI-TOF spec-
trometry. The major A, series in MALDI-TOF spectrum sig-
nifies that OCH(CH,),CHCI [i.e. (CHO)CI alkoxide] act as
the initiating alkoxide which was formed by ring opening of
CHO by CI7, propagating the PLA chains (Scheme 12). A
minor series B, was observed corresponding to the forma-
tion of a cyclic species as indicated in Scheme 12.

Duan and Gao research group prepared three aluminium
porphyrin complexes (Scheme 13) and used them for the
polymerization of L-LA in the presence of copper-porphyrin
as co-catalyst [60] (Scheme14). The complexes were char-
acterized by 'H NMR spectroscopy. The polymerizations
were done in toluene at 70 °C. The rate of polymerization

R
R=H : 13i

R =Bu : 13ii
R = NO, : 13iii

Scheme 13 Synthesis of aluminium porphyrin complex
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AlMe,
toluene

increases with the introduction of the electron-withdrawing
substituent in the phenyl moiety as this results in weakening
of the Al-alkoxide bond. This is evident from % conver-
sion values (13a=80.2%, 13b=74.3% and 13¢=93.0%).
There is a significant decrease in monomer conversion with
an increase in steric bulk of the group attached to the phe-
nyl ring. The mechanistic aspects were understood through
the end group analysis of the oligomer obtained by the
polymerisation of L-LA at low monomer to initiator ratio
([monomer]:[Al-complex 13b]:[Cu-complex] =16:4:1). The
'"HNMR (CDCl,) spectra of oligomer showed d=4.34 ppm
for the methine proton attached to hydroxyl (marked as a)
end and 0=28.67 ppm for hydrogen attached to the pyrrole
ring (marked as b). Hence, the oligomer is end-capped by
hydroxyl group at one end and porphyrin benzyl ester at the
other end (Fig. 7). There was initial formation of a copper
core with four side chains of porphyrin benzyl aluminium
species. The aluminium alkoxide acts as an initiator for the
polymerization leading to the formation of functionalized
PLA (Scheme 15).

Calixarene

Calixarenes are macrocycles prepared by base-catalysed
condensation of formaldehyde with suitable para-substituted
phenols. In Calix[n] arene ‘n’ denotes the number of phe-
nolic units present. The ortho positions of phenyl ring are
connected by methylene bridges [61].

R=H : 13a
R=Bu : 13b
R=NO,: 13c
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Propionic acid

Cupric acetate

4 +4@
N
H

OH

Scheme 14 Synthesis of copper co-catalyst

Fig.7 Poly (L-LA) oligomer

In 2005, Vigalok and co-workers prepared bimetallic
alkylzinc (alkyl = ethyl and methyl) calixarene complexes
to evaluate single-site catalytic mechanism in the bimetal-
lic Zn system (Scheme 16) [62]. The bimetallic ethylzinc
complex was prepared by overnight stirring of the reac-
tion mixture formed by the reaction of 1,3-di-O-n-pro-
pyl-z-butyl substituted calixarene in toluene with Et,Zn.
The '"H NMR studies revealed that the two ethyl groups
showed two different signals which gave evidence that the

CH,

o) o)
e e
o) n o)

two zinc atoms were not in the same electronic environ-
ment. The methylzinc complexes were prepared by the
overnight stirring of di-n-propyl ether solution of 7-butyl
substituted calixarene in toluene and Me,Zn. Again, the
methyl group attached to the zinc center gave two distinct
signals in the "H NMR which supported the fact that the
two zinc atoms are not equivalent. The "H NMR observa-
tions indicate that one zinc atom is entrapped in the calix-
arene cavity, and other zinc atom lies outside the cavity.

@ Springer
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Scheme 15 Mechanism for ROP of LA with aluminium porphyrin complex and Cu-complex
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Scheme 16 Preparation of zinc calixarene complexes
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(0]
Bu

R = Et (a), Me(b)

Scheme 17 Polymerization of L-LA

The reactivity of these Zn(II) centers towards ROP were
found to be different.

The ROP of L-LA was carried out at 60 °C in toluene
with zinc calixarene as the catalyst. The initiation starts with
the alkylzinc group located outside the calixarene cavity, and
the propagation continues with the zinc alkoxide complex
formed after the first insertion (Scheme 17). The initiation
step is the rate-limiting step of the reaction as the alkylz-
inc group is a poor nucleophile. The Zn alkoxide formed
after the first insertion being a much better nucleophile than
the alkylzinc component resulted in polymer with good
molecular weight even at low [monomer]/[catalyst] ratio as

toluene
—_
A

L- PLA

chain propagation continues with the zinc alkoxide complex
generated in situ. The 'TH NMR of the methylzinc complex
gave two signals at 6=0.01 and -2.32 ppm corresponding
to hydrogen atom of methylzinc moiety located outside and
inside calixarene moiety respectively. The methylzinc group
inside the calixarene cavity showed more upfield shift as
it lies in the shielding region of four aromatic rings. The
initiation does not involve the zinc fragment inside the calix-
arene cavity as evident from the 'H spectrum of the pure
polymer isolated after quenching that showed a signal at
0= —2.18 corresponding to methyl group attached to zinc
located inside the cavity. Replacing the ethylzinc moiety

toluene

‘Bu

Bu! R
16: R = Et(a), Me(b)

Scheme 18 Synthesis of bimetallic alkylzinc with different substitution

RT

18: R = Et, R'= Me (a)
R = Me, R'= Et (b)
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with methylzinc as an initiating group improved the cata-
lytic activity and the PDI value of polymer decreased from
1.45 to 1.06. The two alkylzinc complexes (16a) and (16b)
were further reacted with Me,Zn and Et,Zn respectively
(Scheme 18). The catalytic activity of complex (18a) and
(18b) resembled (16b) and (16a) respectively. Further, the
polymerization reactions carried out with 1: 1.5 mixture of
(16a) and (18b) gave only one product as indicated by the
single peak in the GPC trace that gave evidence that only the
alkylzinc moiety located outside calixarene cavity partici-
pates in the initiation process.

Frediani and research group synthesized chlorotitanium
calix[4]arene complex 5,17-bis-¢-butyl-11,23-dinitro-
25,27-dipropyloxy-26,28-dioxo-calix[4]arene titanium
dichloride (Scheme 19) and investigated its catalytic activ-
ity towards the polymerization of L-LA and rac-LA in the
absence of solvent [63]. For the synthesis of the titanium
complex, a solution of TiCl, in dichloromethane was added
dropwise to the solution of 5,17-bis-t-butyl-25,27-dihy-
droxy-11,23-dinitro-26,28-dipropyloxy-calix[4]arene in
toluene at room temperature, and the resulting red solution
was heated at 60 °C for 48 h. The product was precipitated
by the addition of hexane. The product was characterized
using '"H NMR and X-ray diffraction studies. The 'H NMR
studies revealed the Ti-complex to have C,, symmetry. The
single-crystal X-ray diffraction study of the Ti complex
revealed the complex to be triclinic and it crystallises with
1.5 molecules of CH,Cl,. In the complex, the Ti atom is in
an octahedral coordination environment consisting of two

TiCl, +

chlorine atoms and four oxygen atoms. The two propylated
oxygen occupy a trans position. For the polymerization
of L-LA, varying [monomer]/[catalyst] ratios from 196 to
1900 were used. The time of polymerization was kept con-
stant. An increase in activity of the polymerization by eight
times and decrease in PDI value of PLA from 1.4 to 1.2
was observed. There was a significant difference between
experimental and theoretical molecular weight due to intra-
molecular transesterification reactions. Mechanistically, the
complex acts as a dual-site catalyst resulting in the insertion
of two monomer molecules into each Ti — CI bond that leads
to the growth of two separate polymeric chains at the same
Ti center (Scheme 20). The MALDI-TOF analysis of PLLA
showed peaks corresponding to half the molecular weight
of the monomer that supports intramolecular transesterifica-
tion arising due to dual-chain growth from a single Ti atom
(Scheme 21). The absence of peak corresponding to cyclic
PLA in the MALDI-TOF spectrum further supports dual
chain growth from single titanium atom as cyclic PLA must
arise due to intramolecular transesterification of a single
chain from the Ti center. Addition of butanol increased the
rate of polymerization and decreased the PDI value of PLA
to 1.1. This is attributed to the formation of Ti-dialkoxyde,
which catalyses the polymerization reaction at a faster rate
(Scheme 22). The microstructural analysis of the polymer
indicated the formation of an isotactic PLA. The polymeri-
sation studies for rac-LA showed the same activation rate
as for L-LA for a molar ratio between LA and the catalyst
of 463.

toluene

(in dichloromethane)

Scheme 19 Synthesis of Ti complex
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Scheme 20 Two-site ROP
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X= CI,OH,0Bu

Scheme 21 Intramolecular transesterification
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Scheme 22 Transfer reaction by butanol

TiCl, +
(in dichloromethane)

Scheme 23 Preparation of Ti complex

Frediani et al. synthesised modified version of Ti calix[4]
arene complex (Scheme 23) to study ROP of rac-LA under
thermal activation and microwave irradiation [64]. The Ti
(IV) complex is prepared by reacting 25,27-dipropyloxy-
26,28-dihydroxy-calix[4]arene with 1 M TiCl, in toluene at
60 °C (Scheme 23). The 'H and '*C NMR spectra of the Ti-
complex gave evidence of C,, symmetry. The X-ray crystal
structure further revealed an octahedral coordination envi-
ronment around the Ti(IV) center with the Ti being coordi-
nated to four oxygen atoms and two chlorine atoms.

Under microwave irradiation, polymerization rate
increased in comparison to the thermal method. For [mono-
mer]/[catalyst] =200, the conversion reached 96% in 3 h
under thermal condition in comparison to 88% conver-
sion achieved in just 80 min under microwave irradiation.
The PLA obtained under thermal activation gave slightly

toluene
60 °C, 48 h

better PDI value (PDI=1.2) than microwave irradiation
(PDI=1.3). The microstructural analysis of the polymer
shows the PLA to be partially isotactic stereoblock and
similar microstructures were obtained even by varying the
[monomer]/ [catalyst] ratio.

A heterobimetallic complex [Li(THF)Mg(nBu)L] con-
taining lithium and magnesium supported by the ligand
1,3-dipropoxy-p—t-butylcalix[4]arene (LH,) and a mono-
nuclear magnesium complex having tripropoxy-p—z-butyl-
calix[4]arene as the ligand backbone were subsequently
reported by Redshaw (Scheme 24) [65]. The single-crystal
X-ray structure of complex (24a) showed that the calixarene
moiety adopts an elliptical conformation, where in the Li
atom along with one THF molecule resides in the cavity of
the calixarene. The THF is labile and no signal correspond-
ing to it appears in the "H NMR spectrum. The magnesium

@ Springer
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2 "BuLi, THF,0°C,1h

"BuMgBr, THF, 0°C,1h

"Bu,Mg, THF,0°C, 3 h

>

>

Scheme 24 Synthesis of heterobimetallic Li and Mg complex (24a) and mononuclear Mg complex (24b)

atom adopts distorted trigonal bipyramidal geometry with
the magnesium atom coordinated to four oxygen atoms and
the fifth coordination is satisfied by the n-butyl group. The
oxygen atom of THF, Li, Mg and the carbon atom of the
n-butyl group are linear. The solid-state structure of the
complex (24b) revealed that the complex crystallizes along
with a molecule of pentane. The Mg atom adopts trigonal
bipyramidal geometry with the Mg atom coordinated to four
oxygen atoms of calixarene with the fifth site occupied by
the n-butyl group. Both the complexes are active for the ROP
of rac-LA. The heterobimetallic complex, in combination
with co-initiator MeOH in CH,Cl,, gave 94% conversion
in 2 h producing PLA with PDI=1.19. In the absence of
alcohol co-initiator, (24a) is inactive for the ROP of rac-LA
and other co-initiators such as isopropanol, ¢-butanol and
benzyl alcohol resulted in low activity. The mononuclear
Mg complex is very active and provided PLA with narrow
dispersity index. However, (24b) showed the highest activity
in toluene and THF in comparison to CH,Cl,. In contrast to
(24a), addition of isopropanol, #-butanol and benzyl alcohol
gave better activity in comparison to methanol. The use of

@ Springer

methanol in THF resulted in lower activity in comparison to
the situation where no alcohol was used. The results indicate
methanol deactivates the catalyst to a certain extent. The
complex (24b) shows 92% conversion in just 3 min in the
presence of benzyl alcohol as co-initiator and THF as the
solvent. Interestingly, this mononuclear complex behaves
differently in different solvents. In THF it shows an immor-
tal polymerization behaviour producing PLA with hetero-
tactic bias (P,=0.85), but in toluene, the PLA obtained had
an isotactic bias (P,=0.30-0.36). On the other hand, both
complexes (mononuclear and heterobimetallic) gave atactic
PLA in CH,Cl,.

Bispyrrolidine salan

The bispyrrolidine salan system is well known [66] and is
comparable to half porphyrin and salen systems. The bispyr-
rolidine salan has two sp° nitrogen atoms where as a con-
ventional porphyrin has four sp® nitrogen atoms. The bispyr-
rolidine salan containing catalytic systems have diverse and
fascinating reactivity features towards ROP reactions [67].
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Fig.8 Different 2,2"-bispyrrolidine salan systems

Jones reported three Zr(IV) complexes with an analogue
of salan, incorporating enantiopure [R,R (1) and S,S (2)] and
meso(3) variants of 2,2"-bispyrrolidine (Fig. 8) [68]. The
three complexes were characterized by single-crystal X-ray
diffraction. The X-ray diffraction studies of the complexes
revealed that enantiopure 2,2'-bispyrrolidinesalanZr(IV)
(O'Pr),were present as A- and A- isomers respectively in
the solid-state. In the complex, the enantiopure ligands were
bound to the Zr(IV) center in a "fac-fac" fashion since the
hydrogen atoms of the C—C bond between two five-mem-
bered rings of 2,2'-bispyrrolidine salan are antiperiplanar
to each other. In the meso-2,2'-bispyrrolidinesalanZr(IV)
(O’Pr)2 complex, the ligand was bound to the Zr(IV)
center in a "fac-mer" fashion where the hydrogen atoms,
attached to the C — C bond between five-membered rings

fac-fac

of bispyrrolidine salan are syn to each other (Fig. 9). The
complex with the meso ligand had both A and A isomers
in the solid-state. However, in the solution phase it showed
fluxionality where both A-isomer and A-isomers were in
equilibrium and inter-convertible at room temperature. On
the other hand, for the metal complexes formed with enan-
tiopure ligand, the ligand backbone was locked in the solu-
tion phase similar to that in the solid-state. Hence, only one
isomeric form (A or A) was present in the solid phase as well
as in solution phase. These observations were confirmed
by NOESY/EXSY measurements where the complex with
metal atom bound to the meso ligand showed some exchange
peaks under ambient temperature. These peaks were absent
for complexes with enantiopure ligands attached to the metal
center.

\\\\0

fac-mer

Fig.9 fac-fac and fac-mer binding in 2,2'-bispyrrolidinesalanZr(IV) isopropoxide
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During polymerization with rac-LA, meso-2,2'-
bispyrrolidinesalan Zr(IV) complex produced a highly iso-
tactic block PLA (P, =0.86) with 85% conversion in 8 h
at room temperature. The block nature of the polymer can
be explained from the proton decoupled NMR spectrum
where the peak intensity of ’sii’, ’iis’ and ’isi’ tetrad is sig-
nificantly higher than ’sis’ tetrad. However, the complexes
bound to enantiopure ligands were inactive for ROP but at
70 °C in toluene, they produced PLA with strong isotactic
bias (P,,=0.80, 0.80) after 8 h with 54% and 60% conver-
sion respectively. From the kinetics study, it was observed
that A—Zr(S,S)(O’.Plr)2 specifically polymerizes L-LA, which
is an indication that the polymerization goes with enantio-
morphic site controlled mechanism [69]. The mechanism
for controlled polymerization of rac-LA by meso-2,2'-
bispyrrolidinesalaer(IV)(O’Pr)2 also follows the enan-
tiomorphic site control pathway since A-and A- isomer of
Zr(meso)(OiPr)z, preferentially coordinate to the D-LA and
L-LA respectively (Scheme 25).

Subsequently, the same research group reported Ti(IV),
Hf(IV) and AI(III) isopropoxide complexes with isomeric
[(R,R) (1), (S,S) (2)] and [(meso)(3)] 2,2'-bispyrrolidine
salan ligand [70]. In the Hf(IV) complexes, the enantiopure
and meso ligand variants bind in a-cis and f-cis geometry
respectively. In the solution phase, the complexes bound
to the enantiopure ligand were locked. However, ligand
exchange happens in case of the complex from the meso

A\-Zr(3)(0'Pr),

L-LA

(L-LA),

ligand due to the fluxionality in the molecule, as seen previ-
ously with the Zr(IV) analogues [63]. For ROP of rac-LA,
fluxional meso(3)Hf(IV) complex formed stereoblock iso-
tactic PLA (P,,=0.84) (similar to Scheme 25) with 87%
conversion in 4 h at 50 °C in toluene. On the other hand, the
Ti(IV)mesobispyrrolidinesalan complex formed atactic PLA
with only 48% conversion in 24 h at 130 °C under solvent
free melt condition.

The methyl Al(III) complexes with enantiopure bispyr-
rolidine salan system, had a trigonal bipyramidal geometry
[t=0.97 for the RR system where, T is geometry index or
structural parameter [71, 72] but its isopropoxide analogue
had pseudo trigonal bipyramidal structure (t=0.70 for the

N
N

\Al‘l
o B\O

Fig. 10 mesobispyrrolidinesalanaluminiumisopropoxide complex

A -Zr(3)(0Pr),

~  /A\~(S,S)(S,S):Zr(3)(O'Pr)

o\Zr(3)(o"|=r)

mis-insertion | D-LA

Complex inversion

N\~(S,S)-(S,S):(R,R)-Zr(3)(0Pr) =
D-LA

Stereoblock isotactic PLA
Scheme 25 Interconverting isomers produce stereoblock isotactic PLA
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RR system). The aluminium isopropoxide complexes where
the metal center is attached to enantiopure ligands were
found to be fluxional in the NMR time scale and produced
atactic PLA in both melt and solution phases. On the other
hand, the aluminium complex of the meso bispyrrolidine
salan system (Fig. 10), had a pseudo trigonal bipyramidal
geometry (t=0.64) and was found locked both in solution
and solid phases. It produced heterotactic PLA (P,=0.87)
in toluene at 70 °C (Scheme 26).

Jones and co-workers synthesized Zn(II), Mg(II) and
Li(I) complexes [73] with the same variant of bispyrroli-
dine salan ligands reported earlier (Fig. 8) [68]. They also
synthesized a cubic Li;Mg,0, core structured complex with
the meso bispyrrolidine salan. This was prepared by a 1:1:1
reaction of meso bispyrrolidine salan, "BuLi and "Bu,Mg.
The Liy(3),(THF) complex was prepared using "BuLi as the
Li precursor and the meso variant of the ligand. The complex
formed a Li,O, cube where all the Li atoms were coordi-
nated to three oxygen atoms. Among the four lithium atoms
present in the cubic core, two planar lithium atoms were
connected further to two nitrogen atoms. The third lithium
atom is coordinated to THF and the fourth lithium showed
weak 7'-Ph interaction with the phenyl ring. The lithium
complexes with enantiopure ligands could not be isolated
due to high solubility in common organic solvents. The reac-
tion between the meso ligand and ZnMe, gave a metal com-
plex Zn,(3),(Me),(OMe), (Fig. 11) where two zinc atoms
are four coordinated and remaining two zinc atoms are five
coordinated. The methoxy moiety came from the insertion of
adventitious oxygen present in the solvent into Zn-C bond.

\/0 Zn\\
o\Zn O\ ~ N
Y Zn
%\/:i"/\o/ /oo// N

Fig. 11 Structure of Zn,(3),(Me),(OMe),

The reaction of enantiopure bispyrrolidine salan derivative
with Mg"Bu, gave phenoxide bridged dimeric five coordi-
nated Mg, (1,2),complex (Fig. 12).

These compounds were screened for the polymerization
of rac-LA in toluene at room temperature. The polymeri-
zation of rac-LA with the lithium complex Li,(3),(THF)
gave slightly atactic PLA (P,=0.49). The Mg(II), Zn(II)
complexes in the presence of benzyl alcohol produced
atactic PLA with narrow molecular weight distribution
(Scheme 26).

Buchard et al. synthesized Nd(III), Sm(III) and Yb(III)
complexes by using meso bispyrrolidine salan ligands with
various lanthanide isopropoxide as the metal precursor
[74]. The methyl substituted derivatives of bispyrrolidine

Zr (1,2)(0°Pr), A, Moderate isotactic
zr(3)o'er), LA Strong isotactic

Zr(O'Pr), OH'Pr
Atactic PLA <—— Lis@)(THF), 5 R
&
R N i i Hf (1,2)(O°Pr), _A Moderate isotactic
Hf(O'Pr), OH'Pr ’
HO _
Mg("Bu)zR N Hf (3)(OPr), LA _ Strong isotactic
i Mg,(1,2 . .
Atactic PLA —<—— Mgy(1,2); Ti(OPr), OHPr . . LA .
OH >  Ti(3)(0Pr), —> Atactic
1. (RR)
o 2.(S,S)
&&s 3. meso
Atactic PLA ~<— Zn4(3)z(Me);(OMe),
AlMe,
) LA
OHPr Al(1,2)(0'Pr) ——————> Moderate Heterotactic
Al (1,2,3)Me

—  » Strong Heterotactic

Al(3)(O'Pr)

Scheme 26 Different bispyrrolidine salan complexes and their lactide polymerization tacticity
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Fig. 12 Structure of Mg,(2),

salan favoured phenoxide bridged complexes of Sm (51%)
and Yb (47%). On the other hand, the ¢-butyl substituted
derivative prefers isopropoxide bridged complexes of Nd
(86%) and Sm (7%). The lanthanide atom has a distorted
octahedral geometry in the complex. The Sm(III) complex
with 7-butyl substituted bispyrrolidine salan was present
as a mono-hydroxide species in the same solution which
can be further hydrolyzed to form a bis-hydroxide dimer.
Among the complexes with isopropoxide bridged struc-
ture, Nd(IIT) had the best control over PLA synthesis. The
mono and di hydroxyl bridged complexes of Sm(III), and
Yb(IIT) were not as active as its isopropoxide analogue due
to the slow initiation behaviour of hydroxyl (—-OH) group
towards ROP (Scheme 27).

Buchard and Jones reported a series of group 13 com-
plexes from meso bispyrrolidine salan ligand [75]. The
potassium salt of the ligand and along with group 13 metal
halides were used for the preparation of Ga(IIl) and In(III)
complexes. For the AI(III) complex, diethyl aluminium
chloride was used as a precursor for AI(IIT). With the
increase in the size of the metal ion, there was a switch
over in the structure of the complexes from pseudo trigo-
nal bipyramidal to square pyramidal. Both in the solution
and solid phase, smaller AlI(IIT) and Ga(IIl) complexes
had pseudo trigonal bipyramidal geometry but the larger
In(II) complex had square-based pyramidal geometry
(Scheme 28).

The AI(IIT) and Ga(IIl) complexes were inactive for the
polymerization of rac-LA. The ¢-butyl group attached to the
ligand and the small size of the metal ions did not allow the
monomer to coordinate in an effective manner. However, the
In(IIT) compound produced PLA with controlled molecular
weight with very high heterotacticity (P,=0.82) in toluene at
80 °C since the larger size of In(III) allowed easy coordina-
tion to the LA monomer.

@ Springer

New AI(III) complexes with substituted and unsubstituted
enantiomerically pure [(R,R) and (S,S)]bispyrrolidine salan
and its rac-derivative [equimolar mixture of (R,R) and (S,5)]
were reported by Kol (Scheme 29) [76]. The AI(III) com-
plexes were synthesized with Me;Al and Et;Al respectively
as the metal precursor. The #-butyl derivative of enantiomeri-
cally pure (R,R) bispyrrolidine salan formed a pentacoordi-
nate complex on reaction with Et;Al which has a geometry
in between trigonal bipyramidal and square pyramidal. The
polymerization of rac-LA was carried with the [{ ONNO}
AlEt] complexes in the presence of benzyl alcohol in toluene
at 50 °C and 70 °C respectively. The reaction of these com-
plexes with benzyl alcohol first generated the corresponding
alkoxide species that act as the active catalyst for the polym-
erization reactions. The polymerization of rac-LA at 70 °C
with the aluminium complex of enantiopure (R,R) bispyr-
rolidine salan (Lingz) gave isotactic PLA (P, =0.72). The
degree of isotacticity increased (P, =0.79) on lowering the
polymerization temperature to 50 °C. However, the polym-
erization done with the aluminium complex associated to
rac-derivative had less stereocontrol (P, =0.56 at 70 °C
and P, =0.59 at 50 °C) compared to the complexes with
enantiopure ligands. On the other hand, the chloro sub-
stituted enantiopure catalyst exhibited a moderate degree
of heterotacticity (P,=0.64) and its rac-analogue gave a
highly heterotactic PLA (P,=0.86) at 70 °C. On lowering
the temperature to 50 °C the aluminium complex ligated to
enantiopure ligand showed identical tacticity while for the
rac- ligand, the aluminium complex gave highly heterotactic
PLA (P,>0.98). The formation of highly heterotactic PLA
was explained by insertion, auto inhibition and polymeryl
exchange mechanism. For the chiral salan, insertion of a spe-
cific LA enantiomer depends on a specific combination of
salan chirality. If an inappropriate monomer is coordinated
to the inappropriate metal enantiomer, it forms an inactive
diastereomer. The ring opened monomer attached to the
inactive salan transfers to the salan of opposite chirality via
a presumable alkoxo bridged dinuclear species. It regener-
ates a diastereomer that has an active combination of salan
and the last inserted LA monomer. This can now insert the
LA enantiomer of opposite chirality to exhibit heterotactic
PLA. The key step for this phenomenon is the auto inhibition
process which constitutes the blocking of the catalytic site
after LA insertion takes place, to exchange with the inap-
propriate polymeryl chain bound to the opposite salan alu-
minium enantiomer.

Monopyrrolidine based Al(IIT) complexes were reported
by Jones and co-workers. These compounds were screened
towards the ROP of rac-LA [77]. In addition, they investi-
gated the influence of the structural aspect of the ligand on
the stereochemistry of the polymer. The different ligands
were synthesized by reductive amination (a and e), through
a modified Mannich condensation (b-d) and via an Sy2
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Scheme 27 Lanthanum complexes of bispyrrolidine salan

reaction (f) (Scheme 30). The aluminium complexes were
prepared by the reaction of the ligands with 0.5 or 1 equiv-
alent of Me;Al. Among the different possible aluminium
complexes only the mono-ligated and bis-ligated complexes
(shown in Scheme 30) could be isolated and characterized

adventitious R ~
water =~

Yield=7 %

by single-crystal X-ray diffraction technique. The single
crystal X-ray diffraction studies showed that in the mono-
ligated complex, the AI(III) center is in a tetrahedral coor-
dination environment and in the bis-ligated complex, the
AI(IIT) center adopts pseudo trigonal bipyramidal geometry.
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Scheme 30 Synthesis of monopyrrolidine ligand and its Al(IIT) complexes

A comparative study for bis-ligated monopyrrolidinealu-
minium complexes and bispyrrolidinealuminium complex
earlier reported by the same group [67] revealed that in the
monopyrrolidinebis-ligated complex [Al(X),Me], the nitro-
gen centers are trans to each other while for the bipyrrolidine
complexes, the nitrogen centers are cis to each other. Hence,
there is a ring strain present in the bispyrrolidine complexes
in the transition state during LA polymerization. As a result,
the monopyrrolidine complexes react faster.

The polymerization reactions with bispyrrolidine AI(III)
complex showed that the methyl substituted meso and enan-
tiopure bispyrrolidine Al(IIT) complexes produced heterotac-
tic and atactic PLA respectively while the #-butyl substituted
derivative gave atactic PLA, indicating that the heterotac-
tic nature of the polymer was influenced by the chirality of
the ligand as well as the steric bulk of ortho substituent in

RZ2=H
R2=ClI

(a)R! =
(e)R'=

OH

“7/% () R' = H, R2 = NO,
@

Al(a)Me,
Al(b)Me,
R Al(c)Me,
Al(d)Me,
Al(e)Me,

the salan ligand. In addition, the polymerization of rac-LA
with both mono- and bis-ligated, monopyrrolidine-based
Al(II) complexes[Al(b)Me, and Al(b),Me] in the presence
of benzyl alcohol produced isotactic biased block PLA with
P, =0.80 The mono-ligated complexes react faster than their
bis-ligated analogues towards ROP of rac-LA due to reduced
steric hindrance around the metal center. Interestingly, all
other AI(III) derivatives of mono- and bis-ligated monopyr-
rolidine ligand produced atactic PLA.

Sparteine: metal free catalyst for ROP
Sparteine is a tetracyclic plant alkaloid having the bis-qui-

nolizidine moiety and is chiral [78] in nature. It is being used
as a catalyst for the ROP of LA.
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In 2017, Guo et al. reported a binary organocatalyst with
guanidiumhexahydro-2H-pyrimido[1,2-a]pyrimidin-1-ium
[(HppH,)*] as an ionic H-bond donor (iHBD) and tertiary
amine sparteine (SP) as a H-bond acceptor (HBA) for the
one-pot and two-step synthesis of polysarcosine-block-
polylactide (PSar-b-PLA) diblock copolymer (Scheme 31)
[79]. The first step of the synthesis involved the formation
of polysarcosine (PSar) by the ROP of sarcosine N-carboxy-
anhydride initiated by benzylamine. In the second step, the
H-bonding catalyst [(HppH,)"BF,™/ (—)-sparteine] in con-
jugation with amine-terminated PSar, catalyzed the ROP of
LA. The diblock copolymer (PSar-b-PLA) was character-
ized by NMR spectroscopy. The 'H NMR study was found
to be consistent for the repeating structure of PSar. Again,
for the PLA repeating block, 'H NMR signals were found
at 0=1.38—1.53 ppm and 6=5.13 —5.23 ppm respectively.
The [(HppH,)* BF, ] and [SP] combination is very efficient
to produce amine initiated ROP of LA and the polysarco-
sine-b-polylactide diblock copolymer can be prepared with
narrow dispersities around 1.16 —1.21 and the experimental
molecular weight was in good agreement with the theoretical
molecular weight.

Here is an example of the utilization of a hydrogen bond
motif to get precise molecular mass polymer with narrow
dispersity in dichloromethane at room temperature in the
presence of benzyl alcohol as the initiator [80]. For the
motif, different derivatives of squaramide [Sql-3] as HBD
(hydrogen-bond donor) and (—)-sparteine as HBA (hydro-
gen-bond acceptor) were used (Scheme 32). [Sq1-3] alone
cannot polymerize L-LA and the conversion rate with only
(—)-sparteine was very low. The percentage conversion
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of L-LA to PLLA [poly(L-lactide)] with three squaramide
derivatives were Sql:>97%, Sq2: 53% and Sq3: 41%
respectively. Thus, the best conversion rate was obtained
with the electron-deficient squaramide and (—)-sparteine
due to strong hydrogen-bonding between the monomer
and the organocatalyst. The ROP of L-LA with Sql as the
hydrogen-bond donor, was more facile than with thiourea
(conversion = 84%) under the same reaction conditions as
Sql is better HBD than thiourea due to more acidic charac-
ter of Sql as compared to thiourea. The ROP of L-LA with
Sql and (—)-sparteine was found to be living in nature. This
was supported by the linear relationship between molecular
weight and monomer conversion and a narrow PDI value
of 1.06.

For the mechanistic studies, a proton NMR titration was
done by preparing a solution of benzyl alcohol and ( —)-spar-
teine in 1:1 ratio in CDCl;. There was a shift in the sig-
nal of the — OH proton from 6=1.57 ppm to 6=2.37 ppm
as a result of hydrogen bonding with the tertiary amine,
(—)-sparteine. The signal of ethylene proton of BnOH
shifted from 6=4.63 ppm (d, J=5.9 Hz) to 6=4.66 ppm (s)
indicating the formation of the hydrogen-bonded complex.

Subsequently, it was found for the first time that thio-
urea amine catalyst could be used for controlled ROP of
L-LA [81]. An electron-withdrawing group attached to
thiourea moiety acts as a better HBD due to the greater
availability of labile hydrogen and the amine unit acts
as the HBA. The HBD and HBA moieties of the thio-
urea amine catalyst can be present in the single-molecule
(Scheme 33) or two different molecules (Scheme 34). A
detailed study was carried out using a different structural
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Scheme 32 Different squaramide compounds and the mechanism for PLLA synthesis

variation of the thiourea amine catalyst towards the ROP
of LA where the HBD and HBA units were not present in
a single molecule. Different substituted thiourea moiety
was prepared (Scheme 34) and screened for the polym-
erization of L-LA in the presence of t-amine NCyMe, at
room temperature with 4-pyrene-1-butanol as the initia-
tor. The highest conversion to PLLA was achieved with
thiourea having the most electron-withdrawing substituent
(34a) (conversion =98%) as electron-withdrawing groups
enhance hydrogen-bonding ability of the thiourea moiety.
The replacement of aliphatic cyclohexyl moiety by the
aromatic ring (34 g and 34 h) gave nearly the same con-
version as (34a), but the conversion decreased for (34 h)
due to increase in the steric hindrance. Further studies
were carried out using substituted thiourea (34a) with
the variation of amines [pyridine, N, N-dimethylaniline,
proton sponge, DABCO, TMEDA, triethylamine, DMAP,
rac-TMCHD and ( —)-sparteine]. ( —)-sparteine was the
most effective for activation of alcohol for both initiation
and propagation with thiourea moiety towards the ROP of

L-LA with 99% conversion achieved in 2 h. The reaction
time reduced to about 25 folds with respect to the tertiary
amine NCyMe, since the availability of nitrogen electron
density decreased due to the bulky cyclohexyl group pre-
sent in NCyMe, and which is absent in ( —)-sparteine.

For the polymerization of rac-LA with (34a), (—)-spar-
teine gave the best result with 99% conversion in 2 h and the
polymer obtained was isotactic (P,,=0.77).

Coulembier reported that (+)-sparteine resulted in the
controlled formation of cyclic polyester from L-LA under
aprotic conditions [82]. The nitrogen atom in the sparteine
is a very weak base. Hence, its nucleophilicity is sufficient
for the ROP of L-LA. From the mechanism, it was found that
the ROP of L-LA by nucleophilic nitrogen atom of (+)-spar-
teine (Scheme 35) with subsequent backbiting reaction of
LA gives a pure PLA macrocycle. There is a probability
of ring-closure reaction at the zwitterionic nitrogen center,
namely tail-biting (Scheme 36), which is the reason for the
broad dispersity of the polymer. There were signals for the
cyclic PLA in MALDI-TOF spectrum, separated by 72 mass
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units (mass of a half-LLA unit). This indicates that both even
and odd numbered macrocycles were formed.

In the presence of a protic solvent, only transesterifica-
tion occurs since the protic solvent has better nucleophilicity
than sparteine. Hence, controlling the backbiting reactions
is possible under aprotic conditions.

In the same year, Bibal et al. exploited non-protonated
ionic moieties as an alternative organocatalyst in place
of classical hydrogen-bonding catalyst and the role of
ion—dipole interaction for ROP was investigated [83]. They
studied the influence of the quaternary ammonium moi-
ety as HBDs to facilitate ROP. They synthesized different
quaternary ammonium compounds (that served as multiple
HBDs) (Scheme 37) from readily available nitrogen com-
pounds with bis(trifluoromethane)sulfonamide[NTf,] or
tetrakis[3,5-bis-(trifluoromethyl)phenyl]borate (BARF) as
counter ions (Fig. 13). In addition, the sodium salt of [15-c-
5] crown ether with NTf, or BARF was used to study the role
of cation-dipole interaction in the activation of the monomer
(Scheme 38). For both the HBD and non-protonated ionic
metal complex, HBA is required to trigger ROP of the mono-
mer. (—)-sparteine and DBU act as a HBA cocatalyst for the
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ROP of LA and lactone (¢-caprolactone and J-valerolactone)
respectively. For the polymerization of LA and lactones, the
species paired with the BARF anion was more efficient than
the pair with tight NTf,. For the polymerization of rac-LA,
DBU-Me, DABCO-Me,, DMAP-Me and [15-c-5]Na gave
almost complete conversion in 24 h. The conversion to PCL
(polycaprolactone) was low even with long duration of time
(120 h) with the best conversion (53%) obtained with [15-
c-5]Na. Again, for the polymerization of d-valerolactone,
almost 100% conversion to the polymer was achieved in 12 h
irrespective of the catalyst. The polymerization in all cases
was well controlled yielding polymer with narrow PDI value
ranging from 1.04 to 1.16.

A photoswitchable catalyst was reported by Hecht et al.
which interchanges as keto-enol form by tautomerism in
different energies of light. The kefo form which is predomi-
nant in ultraviolet light is inactive towards the ROP of L-LA
and the enol form, predominant in the visible region can
coordinate to the LA monomer via hydrogen-bonding and
thus is active towards the ROP. By changing UV to visible
light, easy switch over from kefo to enol form was possible
and the polymerization could be remotely controlled. The
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enol form (490 nm) is changed to the kefo form (300 nm)
in presence of N, N-dimethylcyclohexylamine. This catalyti-
cally off species was also characterized by X-Ray crystal-
lography. (—)-sparteine acts as a cocatalyst for the initiation
and propagation of the ROP reaction. The photoswitchable
catalyst and (—)-sparteine together polymerized L-LA in a
living manner (Scheme 39) [84].

Azaphosphatrane was used as a HBD and its glob-
ular rigid structure causes steric hindrance which
enhances the control of PLA synthesis by desired inter-
action with a HBA like (—)-sparteine [85]. The differ-
ent derivatives of azaphosphatrane were used along
with bis(trifluoromethane)sulfonamide (NTf,”) and
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (BArg™) as
non-coordinating counterions (Scheme 40). These counter
ions have strong hydrogen bonds with the azaphosphatrane

Activation of Electrophile -/

Activation of Nucleophile

Transition State

unit, which makes the overall system a good HBD to LA.
The X-ray crystallographic studies revealed that the phos-
phonium moiety in azaphosphatrane is located in the
hydrophobic pocket on the top of the globular structure
and P* — H interact with the carbonyl group of the lactide
monomer. With 10 mol % catalyst loading, the conversion
to PLA reached 74 — 81%. Complete conversion was not
achieved probably due to steric hindrance from azaphos-
phatrane that allows only moderate activation of the car-
bonyl group of rac-LA by the HBD. The hydrogen bond-
ing between the monomer and azaphosphatrane moiety is
weak and was supported by 'H and *'P NMR studies where
the binding constant cannot be determined accurately due
to small changes in the chemical shift values. The conver-
sion percentage was independent of nature of the counter
ion and substituent present in the azaphosphatrane unit.
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Conclusion

Over the last decade, there has been significant research
work dedicated to the synthesis of biodegradable polymers
since conventional plastics are a threat to our environment
and will eventually get exhausted in the long run due to
depletion in petrochemical feedstocks. PLA, due to its
biodegradable and biocompatible nature is an excellent
alternative. The main aim of the synthetic pathway that
governs the synthesis of PLA is to develop catalysts that
can function under ambient condition, control tacticity,
can be easily synthesised with no toxicity.

This review has considered the use of the macrocyclic
moiety to develop both metal-based catalyst as well as

@ Springer

ROP

organocatalyst towards the ROP of LA. The tuning of the
parent macrocyclic moiety by suitable substitution and
change in the metal center has a significant effect on the
catalytic activity as well as tacticity of the polymer. This is
well highlighted in this review. The major challenge is the
focus of the extensive area of research to develop catalysts
that work under ambient condition in very short time to
give narrow dispersed PLA.

From the study we learn that, on increasing the rigid-
ity of ligand framework from bispyrrolidine salan to por-
phyrin the controlled ability in the polymerization of LA
(which is denoted by PDI value) by catalyst increases but the
molecular weight of resulting polymer decreases. A synergy
between the molecular weight and PDI of the PLA is crucial.
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