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Abstract: Biomass-based and biodegradable poly(L-lactide) (PLLA) is synthesized by ring-opening
polymerization of L-lactide (LLA), for which tin(I) 2-ethylhexanoate is a major catalyst. However,
the potential toxicity of tin can be a problem, especially in biomedical applications. In this study, we
focused on iron, which is a non-toxic metal and an abundant resource. We investigated the ring-opening
homo- and copolymerization of cyclic esters such as LLA and e-caprolactone (CL) catalyzed by iron(III)
triflate, Fe(OTf)3, which is commercially available and known as a Lewis acid. In the polymerization of
LLA in toluene at 110 °C, Fe(OTf)3 showed relatively high activity and yielded PLLA with unimodal
molecular weight distribution. The addition of 1,8-bis(dimethylamino)naphthalene (proton sponge: PS)
to the Fe(OTf); catalyst system increased the yield and molecular weight of the resulting polymer. In
contrast, the polymerization of CL by Fe(OTf); was decelerated by the presence of PS. The Fe(OTf)3
system was found to have an exceptionally high preference for CL over LLA in the copolymerization
of LLA and CL, with the reactivity ratio of 7 o = 0.51 and rcp = 6.9. In contrast, the Fe(OTf);—2PS
system exhibited an LLA preference with 7115 = 15 and r¢p, = 0.22, indicating that the comonomer
selectivity changed depending on the presence or absence of PS. While the LLA polymerization rate
by the Fe(OTf); system showed a second-order dependence on the Fe(OTf)3 concentration, that of the
Fe(OTf)3-PS system showed a first-order dependence on the Fe(OTf)3—PS concentration.

Keywords: ring-opening polymerization; L-lactide; e-caprolactone; iron(III) triflate; copolymerization;

comonomer reactivity ratio

1. Introduction

As a result of recent environmental and resource problems, poly(L-lactic acid) (PLLA)
is attracting attention due to its biodegradability and sustainability. PLLA is synthesized
by the ring-opening polymerization (ROP) of L-lactide (LLA), a cyclic dimer of lactic acid.
Tin(IT) 2-ethylhexanoate (Sn(Oct),) is a major catalyst for the ROP of LLA [1-3]. Sn(Oct),
is easily available and handled, and the bulk polymerization of LLA can produce high
molecular weight PLLA. However, tin compounds are known to have adverse effects on
living organisms [4-6]. Therefore, the potential toxicity of Sn can be a problem, especially
in biomedical applications. Many catalysts have been reported that contain elements other
than tin at the active site [7-15].

Iron catalysts have attracted interest because the iron metal itself has low toxicity and
is abundant [16]. In 1997, Fe(OEt); was reported to catalyze the polymerization of LLA,
although its structure was not clear [17]. In 2001, Tolman et al. reported on the synthesis
and structures of a pentanuclear cluster of Fe5(O)(OEt);3 (1) and dinuclear iron complexes
having bulky alkoxide ligands, {Fe(OR);}2(u1-OR); (R = CMe,Ph (2a), CHPh; (2b)) [18]. The
pentanuclear 1 was found to be highly active for the polymerization of LLA at 70 °C in
toluene, yielding polymers with narrow molecular weight distribution. The dinuclear iron
alkoxide 2a also showed high activity for LLA polymerization, but the molecular weight
distribution of the resulting polymer was rather broad. The diphenylmethoxy dinuclear
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complex 2b yielded polymers with narrower molecular weight distribution (PDI~1.2) than
2a [19]. A mononuclear iron complex with a benzamidinate supporting ligand catalyzed
the ROP of LLA with lower activity [19]. Sodergard and Stolt reported that some iron
salts such as iron(Il) acetate catalyzed the bulk polymerization of LLA at 210 °C [20] to
give high molecular weight polymers. Iron(Il) acetate-carboxamide systems were found
to catalyze the controlled ROP of LLA at lower temperatures [21,22]. The iron complex,
having three hydroxyl-functionalized dibenzoylmethane ligands, was found to act as both
an initiator and a catalyst for the polymerization of lactide [23] and CL [24] to produce
iron-centered three-arm star polymers. An iron-salen catalyst yielded polylactide with
a narrow molecular weight distribution (PDI ~ 1.1) even at 200 °C [25]. Iron chloride
complexes that had bulky salen ligands activated with epoxide were reported to promote
stereoselective ROP of rac-lactide [26]. Bis(imino)pyridine iron(Il) alkoxide was active for
lactide polymerization, while the corresponding iron(Ill) complex was inactive. Further,
the lactide polymerization could be controlled by the redox of the iron catalyst [27,28]. A
dialkyliron complex bearing a bis(imino)pyridine ligand was reported to promote syndio-
selective polymerization of meso-lactide in combination with an appropriate silanol [29]. A
cyclopentadienyliron complex coordinated with an N-heterocyclic carbene ligand has high
activity for the polymerization of LLA [30].

Another representative biodegradable polymer is poly(e-caprolactone) (PCL), which
is synthesized by the ROP of e-caprolactone (CL). Iron complexes having three hydroxyl-
functionalized dibenzoylmethane ligands [24] and Schiff-base macrocycle ligands [31]
catalyzed the polymerization of CL and could be applied to the block copolymerization of
CL and D,L-lactide. Some commercially available iron salts such as iron(IlI) perchlorate,
iron(IIl) chloride, and iron(IIl) bromide were found to catalyze the ROP of CL [6]. Iron(II)
complexes having N-(2-(diphenylphosphino)ethyl)-2-alkyl-5,6,7,8-tetrahydroquinolin-8-
amine ligands were reported to polymerize CL to yield high molecular weight PCL [32].

In this study, we focused on iron(lIl) triflate, Fe(OTf)s, because it was utilized as a
Lewis acid catalyst in organic reactions [33] and the triflates of some other metals have been
reported to catalyze the ROP of lactones and lactides [34—41]. Recently, Ling and cowork-
ers reported the polymerization of CL by Fe(OTf); in combination with NaO'Pr. This
combination promoted “Janus polymerization”, where concurrent cationic ring-opening
copolymerization of tetrahydrofuran at one end and anionic ring-opening homopolymer-
ization (AROP) of CL at the other end generated one growing chain at 40 °C or lower [42].
We have independently investigated the homo- and copolymerization of LLA and CL
catalyzed by Fe(OTf)3 without sodium alkoxide at higher temperatures, typically at 120 °C
in bulk polymerization (Scheme 1). The effect of 1,8-bis(dimethylamino)naphthalene (pro-
ton sponge: PS) on the polymerization system was also investigated. We found that the
commercially available Fe(OTf); exhibited relatively high catalytic activity for the homo-
and copolymerization of cyclic esters such as LLA and CL, and that its behavior could be
significantly modulated by the addition of PS, especially in the copolymerization.



Catalysts 2024, 14, 945

30f15

o)
catalyst CF3
(o)
j\ I TROH < ﬁojﬁﬁ 0=5=0
= n o) ~ e
LLA PLLA catalyst: ‘ NGNS
(e} 0 _Fe. o)
\\S/O O\S//
O  _catalyst /( \/\/\)g\ FsC~ % d “CF;
TROH Fe(OTf); PS
catalyst P
Lfavs, 1o
jL I TROH Qk Jﬁr//
n
LLA-co-CL)

Fe(on)3 A= 051, reL = 6.9
Fe(OTf)5-2PS: i a = 15, rg, = 0.22

Scheme 1. Homo- and copolymerization of cyclic esters catalyzed by Fe(OTf); with or without PS.

2. Results and Discussion

Solution polymerizations of LLA in toluene catalyzed by some iron compounds,
Fe(OTf)3, FeCls, and Fe(OTf),, were examined using 2-propanol as an initiator with a feed
monomer—initiator—catalyst ratio of 100:1:1 at 65 °C or 110 °C (Table 1). Among these iron
compounds, Fe(OTf); was found to have significantly higher activity than those of FeClz
and Fe(OTf),, where the polymer yields reached >90% within 24 h at 65 °C (run 2) or within
6 h at 110 °C (run 4). The activity of Fe(OTf); was comparable to that of Sn(Oct), (runs
1 and 3 vs. runs 9 and 10, respectively). Although the molecular weight distributions
of the PLLAs produced by Fe(OTf); were broadened with time, their molecular weights
increased with time and yield, indicating that polymerization proceeded in a somewhat
controlled manner.

Table 1. Solution polymerization of LLA catalyzed by iron-based compounds 1

Tem Time Yield  Mpu(theo)? M,(GPC)3
Run  Catalyst ey (h) (%) (kgimol)  (kgimol)  Mw/Mn®

1 FeOTH; 65 12 64 9.2 5.9 1.09
2 65 24 93 13 1 120
3 110 15 62 89 53 112
4 110 6 93 13 95 153
5 FeCl, 65 24 0 - ; }

6 110 24 2 32 37 116
7 Fe(OTH, 65 24 0 - ; ;

8 110 24 9 13 42 1.08
9  SnOct), 65 12 95 14 15 1.09
10 110 15 9% 14 18 126

1 Conditions: M (monomer) = LLA, I (initiator) = 2-propanol, C (catalyst), [M]o:[I]o:[C] = 100:1:1, [M]o = 1.0 mol/L,
solvent = toluene. 2 My(theo) = 144.13 x [M]o/[I] x yield(%)/100. 3 Determined by GPC analysis in THF
calibrated with standard polystyrenes.

Bulk polymerizations of LLA catalyzed by Fe(OTf); were carried out at a feed monomer—
initiator—catalyst ratio of 1000:1:1 at 120 °C or 150 °C (Table 2). The bulk polymerization of
LLA by Fe(OTf)3 reached an 88% yield for 48 h at 120 °C and a 90% yield for 12 h at 150 °C.
The molecular weights of the obtained polymers increased by increasing the polymer yields
at 120 °C; however, the molecular weights were significantly lower than the theoretical values.
Additionally, the molecular weight distributions became broader with time. The molecular
weights of the polymers obtained at 150 °C were almost constant with time, indicating frequent
chain transfer at 150 °C.
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Table 2. Bulk polymerization of LLA catalyzed by Fe(OTf)3 !.
Temp Time Yield M, (theo) 2 M (GPC) 3 3
Run Re) (h) (%) (kg/mol) kgimol)  MwMn
11 120 3 16 23 6.3 1.11
12 120 6 24 35 12 1.22
13 120 12 49 71 24 1.41
14 120 24 58 84 24 1.42
15 120 48 88 130 33 1.57
16 150 3 32 46 9.0 1.31
17 150 6 89 130 11 1.39
18 150 12 90 130 11 1.52

1 Conditions: M (monomer) = LLA, I (initiator) = 2-propanol, C (catalyst) = Fe(OTf)3, [M]o:[I]o:[C] = 1000:1:1.
2 Mp(theo) = 144.13 x [M]o/[1] x yield(%)/100. 3 Determined by GPC analysis in THF calibrated with stan-
dard polystyrenes.

The MALDI-TOF MS spectrum of the PLLA obtained in run 11 is shown in Figure 1.
The spectrum showed several series of repeating peaks spaced by the molecular weight of
the lactyl unit. The major four series can be assigned to the PLLAs by the combination of
two initiators (H,O and ‘PrOH) and two cations (Na* and K*). The intensity of the signals
for the PLLA initiated with H,O was higher than those initiated with ‘PrOH, indicating the
presence of residual HyO in the system. The residual H,O should also be the reason for the
lower molecular weights of the obtained polymers compared with the theoretical molecular
weight values. Since lactide is a cyclic dimer of lactyl units, the ROP of LLA should produce
polymers composed of even numbers of lactyl units. However, the PLLA obtained by
Fe(OTf)3 that was composed of an odd number of lactyl units showed significant peaks,
indicating transesterification.
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Figure 1. Cont.
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Figure 1. MALDI-TOF MS spectra of PLLA synthesized by using Fe(OTf)3 (run 11): (a) mass—charge
range of 500 to 5000; (b) mass—charge range of 1500 to 2000.

In the reported polymerization of lactide catalyzed by Sn(OTf),, the addition of a base
such as 1,8-bis(dimethylamino) naphthalene (proton sponge, PS) effectively enhanced the
polymerization rate while keeping the polymerization control [43]. We also investigated
the effect of several bases on the catalytic behavior of the Fe(OTf)3 system for LLA poly-
merization and the results are summarized in Table 3. The addition of several tertiary
amines such as PS, tributylamine (TBA), N,N-dimethylaniline (DMA), and N,N,N’,N’-
tetramethylethylenediamine (TMEDA) were examined (Table 3). As a result, the addition
of diamines PS and TMEDA significantly improved polymer yields and molecular weights,
while the addition of TBA or DMA decreased polymer yields. Among them, the use of
two equivalents of PS (run 20) most effectively improved the polymer yield (from 49% to
86%) and the molecular weight (M, from 24 kg/mol to 99 kg/mol). While the addition
of PS broadened the molecular weight, the molecular weight of PLLA obtained in the
Fe(OTf)3-2PS system (run 20) was closer to the theoretical value than it was in the system
without PS (run 13).

Table 3. Bulk polymerization of LLA catalyzed by the Fe(OTf);-base systems .

Yield M, (theo) 2 M (GPC) 3

Run Base [Basel/[C] %) (kg/mol) (kg/mol) Mw/My 3
13 - 0 49 71 24 141
19 PS 1 59 85 56 1.51
20 PS 2 86 120 99 1.64
21 TBA 2 15 22 6 1.22
22 DMA 2 18 26 8 1.15
23 TMEDA 2 78 110 67 1.42

! Conditions: Temperature = 120 °C, Time = 12 h, M (monomer) = LLA, I (initiator) = 2-propanol, C (catalyst) =
Fe(OTf)3, [M]o:[T]o:[C] = 1000:1:1. 2 My (theo) = 144.13 x [M]o/[1] % yield(%)/100. 3 Determined by GPC analysis
in THF calibrated with standard polystyrenes.

Bulk polymerizations of LLA were performed at various amounts of ‘PrOH as an
initiator (Table 4). In the Fe(OTf)3 system without PS (runs 13, 24-26), the polymer yields
gradually increased with increasing feed initiator, while the molecular weights remained
almost constant around M, = 20 kg/mol, even at no addition of the initiator (run 24). In
the Fe(OTf)3—2PS system (runs 20, 27-29), the molecular weight of the resulting polymers
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tended to decrease with increasing initiator while keeping relatively high yields. This
means that the molecular weight of the generated polymers can be controlled to some
extent by the initiator concentration, although the molecular weight distributions were
rather broad. When the polymerization was performed without an initiator, a polymer
with M, of 150 kg/mol was formed. To analyze the PLLA obtained with the Fe(OTf);-2PS
system by MALDI-TOF MS, a low molecular weight PLLA (M (GPC) = 4.6 kg/mol) was
produced at [M]y/[I]o = 1000/50 (run 30). The MALDI-TOF MS spectrum of the obtained
PLLA in run 30 is shown in Figure 2. The spectrum showed a series of repeating peaks
spaced by the molecular weight of lactyl units with the "PrOH end group having a Na* or
K* cation. Possibly due to the use of a large excess of 'PrOH against the catalyst and the
effect of PS, the peaks for the HyO-initiated PLLA were negligible. The peaks for the PLLA
composed of even numbers of lactyl units were much stronger than those composed of odd
numbers of lactyl units, indicating more suppressed transesterification in comparison with
the Fe(OTf); system without PS (Figure 1).

Table 4. Bulk polymerization of LLA catalyzed by the Fe(OTf)3 systems .

Yield M (theo) 2 M, (GPC) 3

Run [PSIIC]  [Mly/Io Myw/My 3

(%) (kg/mol) (kg/mol)
24 0 1000/0 38 - 22 1.32
13 0 1000/1 58 83 24 1.42
25 0 1000/2 54 39 18 1.33
26 0 1000/4 75 27 23 1.24
27 2 1000/0 80 - 150 1.79
20 2 1000/1 86 120 99 1.64
28 2 1000/2 77 56 60 1.55
29 2 1000/4 93 34 58 1.60
30 2 1000/50 66 1.9 4.6 1.24

1 Conditions: Temperature = 120 °C, Time = 12 h, M (monomer) = LLA, I (initiator) = 2-propanol, C (catalyst) =
Fe(OTf)3, [Mlo:[Clo = 1000:1. 2 My (theo) = 144.13 x [M]/[I]y yield(%)/100. 3 Determined by GPC analysis in
THF calibrated with standard polystyrenes.
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Figure 2. MALDI-TOF MS spectra of PLLA synthesized by using the Fe(OTf)3—2PS system (run 30):
(a) mass—charge range of 500 to 5000; (b) mass—charge range of 1500 to 2000.

The bulk polymerizations of CL catalyzed by Fe(OTf)3 were also carried out at a feed
monomer—initiator—catalyst ratio of 1000:1:1 at 120 °C (Table 5). The polymerization of CL
by Fe(OTf)3 rapidly proceeded to give PCL with M, of 14 kg/mol in an almost quantitative
yield without PS (run 31). In contrast to the case of the LLA polymerization, the addition of
PS into the CL polymerization system by Fe(OTf); decreased the polymer yield, while the
molecular weight of the resulting polymer increased.

Table 5. Bulk homopolymerization of CL catalyzed by the Fe(OTf)3-PS systems !.

Time Yield Mp(theo) 2 My(GPQ) 3 3
Run  [PSVIC] (h) (%) (kg/mol) kgmo) ~ Mw/Mn
31 0 3 9% 106 14 156
32 2 6 55 63 31 1.53

1 Conditions: Temperature = 120 °C, Time = 12 h, M (monomer) = CL, I (initiator) = 2-propanol, C (catalyst) =
Fe(OTf)3, [Mo:[Tlo:[C] = 1000:1:1. 2 My (theo) = 114.14 x [M]y/[I]y x yield(%)/100. 3 Determined by GPC analysis
in THF calibrated with standard polystyrenes.

Although many iron-based catalysts for the homopolymerization and block copoly-
merization of lactide and CL have been reported [16], investigations into their random
copolymerizations have still been limited [22,44]. Since the Fe(OTf); catalyst system was
active for the polymerization of both LLA and CL, the random copolymerization of LLA
and CL by this catalyst system was investigated. The bulk copolymerizations of LLA and
CL by Fe(OTf)3 at a [LLA]o:[ CL]y:[1]p:[C] feed ratio of 500:500:1:1 were examined in the
presence or absence of PS (Table 6). The compositions of the obtained copolymers were
determined from their 'H NMR spectra (Figures S1 and S2). In the absence of PS, the
Fe(OTf); system was found to incorporate CL preferentially to give a copolymer with
low molar LLA content (f1 1o = 17 mol%) at the initial stage (run 33). The polymer yield
increased with polymerization time, while the molecular weight of the resulting polymer
remained rather low at around M, = 12 kg/mol (runs 33-35), indicating accompanying
chain transfer. This result was also supported by the significantly increasing signals for the
CL-LLA and LLA-CL conjunctions in the 'H NMR spectra (Figure S1). In sharp contrast,
LLA was preferentially incorporated in the presence of PS to give the LLA-rich copolymer
(fLLa = 86 mol%) at the initial stage (run 36). The molecular weight as well as the yield of
the copolymer increased with polymerization time; however, their PDI also increased with
time, indicating some transesterification and/or slow initiation (runs 36-38).
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Table 6. Bulk copolymerization of LLA and CL using the Fe(OTf)3 system !.

[PS] Time Yield? frpa®  Mnt s T Tm® AHp®
Run /[C] (h) (%)  (mol%) (kg/mol) Mw/Mn® (%) Je) /)
33 0 3 36 17 12 1.33 —46.0 433 56.8
34 0 12 59 35 11 1.43 -329 nd.7 nd7”
35 0 72 82 50 12 1.35 —-151 nd.7 nd”
36 2 6 36 86 14 1.30 32.0 135.4 295
37 2 48 69 71 36 1.70 10.1 111.2 145
38 2 9% 89 54 45 1.81 110 nd.7 nd.”?

! Conditions: Temperature = 120 °C, M (monomer) = LLA and CL, I (initiator) = 2-propanol, C (catalyst) =
Fe(OTf)3, [LLAlp:[ CL]o:[I]o:[C] = 500:500:1:1, [LLA]p = [CL]y = 3.5 mol/L. 2 Yield (%) = (Weight of the obtained
copolymer)/(Sum of the weights of feed LLA and CL) x 100. 3 Molar LLA content in the copolymer determined
by 'H NMR analysis. 4 Determined by GPC analysis in THF calibrated with standard polystyrenes. > Determined
by DSC in the second heating scan. ® Determined by DSC in the first heating scan. 7 Not detected.

The thermal properties of the obtained copolymers, as assessed from their DSC curves
(Figures S3 and 54), are included in Table 6. The copolymer with a low f11.4 of 17 mol% (run
33, high CL content of 83 mol%) obtained by the Fe(OTf); catalyst system exhibited a melting
transition at 43 °C for a long, continuous CL sequence (run 33). In contrast, the polymers
with a high f11.4 of 86 mol% (run 36) and 71 mol% (run 37) obtained by the Fe(OTf);—2PS
system showed a melting transition for the PLLA segment at 135 and 111 °C, respectively.
The glass transition temperature (Tg) of the copolymers increased with increasing f11.4-

The monomer reactivity ratio of LLA and CL in the bulk copolymerization by Fe(OTf)3
was investigated using the Fineman—-Ross method. The detailed data are included in
the Supporting Information and the Fineman—-Ross plots are shown in Figure 3. For the
Fe(OTf)3 system without PS, the reactivity ratio was estimated as r o = 0.51 and rc, = 6.9
(Figure 3a). The high CL preference of the Fe(OTf)3 system in the LLA-CL copolymerization
is exceptional among the reported systems, where most lactide-CL copolymerizations
showed lactide preferences over CL [45-48]. In the cationic copolymerization of CL and
LLA by using CF3503H and 'PrOH, LLA was preferentially consumed [49]. The iron(III)
guanidine complex [44] and the iron(II) acetate—carboxamide system [22] also polymerize
LLA preferentially in the LLA-CL copolymerization. Strictly random copolymerization of
lactide and CL was catalyzed by aluminum complexes bearing a bulky salen ligand [50]
or pyrrolylpyridylamido [51]. Aluminum complexes of non-chiral-salalen ligands were
reported to promote lactide-CL copolymerization with CL preference (rj5ctige = 0.85 and
rcr = 2.95) [52]. To the best of our knowledge, the CL preference of Fe(OTf)3 is the highest
among the reported catalysts for lactide-CL copolymerization, although the molecular
weights were not controlled. Although the Fe(OTf); has a CL preference, the LLA-CL
copolymerization by Fe(OTf); is accompanied by chain transfer as indicated by the constant
M, vs. yield, suggesting that the copolymers of a wide range of compositions should be
produced at high conversion. In sharp contrast, the Fe(OTf);—2PS system favored LLA
incorporation in the LLA-CL copolymerization with 711 4 = 15 and rcp, = 0.22 (Figure 3b).
This tendency is influenced by the homopolymerization of each monomer, where the LLA
polymerization was accelerated and the CL polymerization was decelerated by the addition
of PS (vide supra). Considering the continuous increase in M, with increasing yield, the
LLA-CL copolymerization by Fe(OTf);—2PS should produce a gradient copolymer. Thus,
the comonomer preference in the LLA-CL copolymerization by the Fe(OTf); catalyst system
was switched by the addition of PS. We speculate that the polymerization mechanism
should be different depending on the presence or absence of PS (vide infra).
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Figure 3. Plots for the Fineman-Ross method of the copolymerization of LLA and CL catalyzed by
Fe(OTf)3 with or without PS. (a) [PS]/[Fe(OTf)3] = 0; (b) [PS]/[Fe(OTf)3] = 2.

To obtain information on active species, the dependence of the polymerization rate on
the Fe(OTf)3 concentration was investigated (Figure 4). The detailed data are included in
the Supporting Information. The In([LLA]y/[LLA]) values were proportional to the poly-
merization time, indicating that the reaction rate was first order with respect to monomer
concentration. The dependence of the polymerization rate on the concentration of the cata-
lyst (Figure 4 left) as shown by the slope of the plots (2.1) indicates that the polymerization
rate constant of LLA had a second-order dependence on the concentration of Fe(OTf);. From
the LLA polymerization experiments under the constant [LLA]o:['PrOH](:[PS] ratio and dif-
ferent [Fe(OTf)3]:[PS] ratio, the highest rate constant was observed at a [Fe(OTf)3]:[PS] ratio
of 1:4 (Figure S7). The slope of the apparent rate constants (1.1) in the LLA polymerization
by the Fe(OTf);—4PS system indicated first-order dependence (Figure 4 right). Thus, the
LLA polymerization mechanisms should be significantly different between the Fe(OTf)3
and the Fe(OTf)3—PS systems.

00 00 -
1.0

20 4

In(kops) = 2.1 In[Fe(OTf)s] - 11.3 -2.0 A
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=
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0.0 10 20 30 4.0 50 0.0 10 20 3.0 4.0 5.0 6.0

In[Fe(OTf);] In[Fe(OTf);-4PS]

Figure 4. Dependence of the LLA polymerization rate on Fe(OTf)3 (left) and Fe(OTf);—4PS (right)
concentration.

Considering these results, we speculated about the mechanism of the ROP of cyclic
esters by the Fe(OTf); and Fe(OTf);-PS systems. In the Fe(OTf)3 system without PS, we
speculate that cationic polymerization by an activated monomer mechanism could occur
(Scheme 2). From the second-order dependence of LLA polymerization rate on Fe(OTf)3,
two molecules of Fe(OTf); could react with an alcohol to produce H* and [{Fe(OTf)3},(p-
OR)]™. The generated H* could promote the ROP of cyclic esters as reported for the
TfOH system [49]. In the copolymerization of LLA and CL by Fe(OTf)3, the much bulkier
counter anion [{Fe(OTf)3}>(n-OR)]~, rather than OTf~, should be present in the vicin-
ity of the activated monomers, [H-LLA]* and [H-CL]*. Further, the more crowded [H-
LLAJ*[{Fe(OTf)3}2(1-OR)]~ ion pair should be prevented to a larger extent from reacting
with the -OH end group rather than [H-CL]*[{Fe(OTf)3},(1-OR)] ™ to polymerize CL pref-
erentially. In the system without PS, the generated H* could also cause acid-catalyzed
transesterification [53] associated with the ring-opening polymerization. In the presence of
PS, the generated H* should be trapped with PS to form a [H-PS]* cation. OTf~ should
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be eliminated as a counter anion to generate neutral Fe(OTf),(OR) species, which should
be monomeric, as speculated from the first-order dependence of the LLA polymeriza-
tion rate on the Fe(OTf);—4PS system. The generated Fe(OTf),(OR) could promote the
coordinated polymerization of cyclic esters (Scheme 3). In the copolymerization of LLA
and CL by the Fe(OTf)3;—PS system, more electron-rich LLA could coordinate to the iron
center preferentially over CL. The addition of PS should also suppress the acid-catalyzed
transesterification.

2 Fe(OTf)3 + ROH =—= (OTf)3Fe\ /Fe(OTf)s_ + H

O
R

L

)

(OTfgFe. Fe(OTf)| (OTfgFe, Fe(OTh;
OR
H H H

| | |
Q7 TR RS R_©

= cto == (O-C-D ==  0-CfOH
) W, HL) -,

(OTfsFe, Fe(OThs

(OTfsFe, Fe(OT)
OR
"
i R “{Fe(OTf OR)]" R 9+
RO{-C O-tH - 0-C 0O-H _~H{Fe(OTHa}p(u-OR)I 0-C O-H
), = )

Scheme 2. Speculated mechanism for the ring-opening polymerization of a cyclic ester catalyzed by
the Fe(OTf); system in the absence of PS.

HaC.y  n:CHs

H3C ‘CHs
"
ch\N/H\N,CHQ

Fe(OTf); + ROH =—————>= RO-Fe(OTf), + [*C” “CHs| Tro

RO-Fe(OTf); + C-0O. —= Ro—I;e(OTf)2 — ||=e(0Tf)2 —=  o—Fe(0T,
I

T g

o o) o)
RO<C O>»H ~H RO<C o>r=e(0Tf)2 <«=— RO-C o—lie(OTf)2
L . - s

CO)

Scheme 3. Speculated mechanism for the ring-opening polymerization of a cyclic ester catalyzed by
the Fe(OTf); system in the presence of PS.

3. Experimental Section
3.1. Materials

All manipulations were carried out under an N, atmosphere using standard Schlenk
techniques. Iron(Il) chloride (97%), iron(ll) trifluoromethanesulfonate (85%), and 1,8-
bis(dimethylamino)naphthalene (99%) were purchased from Sigma-Aldrich (Saint Louis,
MO, USA). Iron(Ill) trifluoromethanesulfonate (98%) was purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). Tin(Il) 2-ethylhexanoate was purchased from Kishida
Chemicals Co., Ltd. (Osaka, Japan). All these reagents were used without further purifica-
tion. Toluene was purified by distillation from sodium-benzophenone under nitrogen and
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stored over sodium. L-Lactide (LLA) and e-caprolactone (CL) were purchased from Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan). LLA was sublimed before use. 2-propanol
was distilled and diluted with toluene to prepare 0.0386 mol/L and 0.129 mol/L stock
solutions before being used as an initiator. 1,8-bis(dimethylamino)naphthalene (PS) and
tin(IT) 2-ethylhexanoate (Sn(Oct),) were diluted with toluene to prepare 0.347 mol/L and
0.0772 mol/L stock solutions before use, respectively.

3.2. Measurements

"H NMR spectra were recorded on a Varian (Palo Alto, CA, USA) system 500 spec-
trometer (500 MHz for 'H nucleus). Chemical shifts of 'H NMR spectra were calibrated by
using residual chloroform (6 = 7.26 ppm) in CDCl3. Molecular weights and polydispersities
of the polymers were determined by gel permeation chromatography (GPC) measurements
on a Tosoh (Tokyo, Japan) GPC system (SC-8010) equipped with an RI detector connected
to a series of TSK gel columns, namely, G2000, G3000, G4000, and G5000. THF was used
as an eluent at a flow rate of 1.0 mL/min at 40 °C. The GPC curves were calibrated using
standard polystyrenes. MALDI-TOF MS experiments were carried out on a SHIMADZU
(Tokyo, Japan) AXIMA-CER plus equipped with a pulsed Ny laser (337nm, 3 ns pulse width)
using 2,5-dihydroxybenzoic acid (DHBA) as a matrix at the Natural Science Center for
Basic Research and Development (N-BRAD), Hiroshima University. Spectra were recorded
in a positive-ion linear mode. Polymer samples were dissolved in chloroform (1 mg/mL).
DHBA was dissolved in a 1:1 mixture of aqueous 0.1% trifluoroacetic acid solution and
ethanol as a matrix solution. The polymer solution was deposited on a sample slide with
the matrix solution, and the solvents were evaporated before measuring. The melting point
(Tm), heat of fusion (AHm), and glass transition temperature (Tg) of the polymers were
measured using differential scanning calorimetry (DSC) on a Seiko (Chiba, Japan) DSC
6220 apparatus. The heating rate was 10 °C/min or 20 °C/min in a nitrogen stream.

3.3. Solution Polymerization of LLA in Toluene Without PS

A typical procedure (Table 1, run 1): Fe(OTf); (0.0175 g, 3.47 x 10~2 mmol), L-
lactide (0.5 g, 3.47 mmol), and 0.0386 mol/L isopropanol solution in toluene (0.90 mL,
3.47 x 1072 mmol) were charged into a 10 mL Schlenk tube. Then, toluene (2.1 mL) was
added so that the initial concentration of L-lactide was set at 1.0 mol/L. The resulting solu-
tion was stirred at 65 °C for 12 h. The reaction was quenched by the addition of methanol
(ca. 20 mL). The precipitated polymers were collected and dried in vacuo.

3.4. Bulk Polymerization of LLA Without PS

A typical procedure (Table 5, run 11): Fe(OTf); (0.0017 g, 3.47 x 10~2 mmol), L-
lactide (0.5 g, 3.47 mmol), and 0.129 mol/L isopropanol solution in toluene (0.027 mL,
3.47 x 1073 mmol) were charged into a 10 mL Schlenk tube. The resulting mixture was
stirred at 120 °C for 3 h. Then, toluene (0.063 mL) was added so that the initial concentration
of L-lactide was set at 6.8 mol/L. The reaction was quenched by the addition of methanol
(ca. 20 mL). The precipitated polymers were collected and dried in vacuo.

3.5. Bulk Polymerization of LLA with PS

A typical procedure (Table 3, run 19): Fe(OTf)3 (0.0017 g, 3.47 X 1073 mmol), L-lactide
(0.5 g, 3.47 mmol), 0.347 mol/L PS solution (0.010 mL, 3.47 x 103 mmol), and 0.129 mol/L
isopropanol solution (0.027 mL, 3.47 x 103 mmol) were charged into a 10 mL Schlenk tube.
Then, toluene (0.053 mL) was added so that the initial concentration of L-lactide was set at
6.8 mol/L. The resulting mixture was stirred at 120 °C for 12 h. The reaction was quenched
by the addition of methanol (ca. 20 mL). The precipitated polymers were collected and
dried in vacuo.



Catalysts 2024, 14, 945

12 of 15

3.6. Bulk Polymerization of CL Without PS

A typical procedure (Table 5, run 31): Fe(OTf)3 (0.0022 g, 4.37 x 10~3 mmol), CL
(0.485 mL, 4.38 mmol), and 0.129 mol/L isopropanol solution (0.034 mL, 4.37 x 103 mmol)
were charged into a 10 mL Schlenk tube. Then, toluene (0.079 mL) was added so that
the initial concentration of CL was set at 7.3 mol/L. The resulting mixture was stirred at
120 °C for 3 h. The reaction was quenched by the addition of methanol (ca. 20 mL). The
precipitated polymers were collected and dried in vacuo.

3.7. Bulk Polymerization of CL with PS

A typical procedure (Table 5, run 32): Fe(OTf)s (0.0022 g, 4.37 x 10~3 mmol), CL
(0.485 mL, 4.38 mmol), 0.347 mol/L PS solution in toluene (0.025 mL, 8.7 x 10~3 mmol),
and 0.129 mol/L isopropanol solution (0.034 mL, 4.37 x 10~3 mmol) were charged into a
10 mL Schlenk tube. Then, toluene (0.054 mL) was added so that the initial concentration of
CL was set at 7.3 mol/L. The resulting mixture was stirred at 120 °C for 12 h. The reaction
was quenched by the addition of methanol (ca. 20 mL). The precipitated polymers were
collected and dried in vacuo.

3.8. Bulk Copolymerization of LLA with CL in the Absence of PS

A typical procedure (Table 6, run 33): Fe(OTf)3 (0.0034 g, 6.94 x 1073 mmol), L-lactide
(0.5 g, 3.47 mmol), CL (0.384 mL, 3.47 mmol), and 0.129 mol/L isopropanol solution in
toluene (0.054 mL, 6.94 x 10~3 mmol) were charged into a 10 mL Schlenk tube. Then,
toluene (0.128 mL) was added so that the initial concentration of the monomer (LLA+CL)
was set at 7.0 mol/L. The resulting mixture was stirred at 120 °C for 3 h. The reaction
was quenched by the addition of methanol (ca. 20 mL). The precipitated polymers were
collected and dried in vacuo.

3.9. Bulk Copolymerization of LLA with CL in the Presence of PS

A typical procedure (Table 6, run 36): Fe(OTf)3 (0.0034 g, 6.94 x 1073 mmol), L-lactide
(0.5 g, 3.47 mmol), CL (0.384 mL, 3.47 mmol), 0.347 mol/L PS solution in toluene (0.040 mL,
1.39 x 10~2 mmol), and 0.129 mol/L isopropanol solution (0.054 mL, 6.94 x 10~3 mmol)
were charged into a 10 mL Schlenk tube. Then, toluene (0.088 mL) was added so that the
initial concentration of the monomer (LLA+CL) was set at 7.0 mol/L. The resulting mixture
was stirred at 120 °C for 6 h. The reaction was quenched by the addition of methanol (ca.
20 mL). The precipitated polymers were collected and dried in vacuo.

4. Conclusions

Commercially available Fe(OTf)3; was found to promote the ROP of lactide and lactones
even in the absence of cocatalysts. The addition of a bulky base, typically PS, increased the
LLA polymerization rate while suppressing transesterification to give a high molecular
weight PLLA. In contrast, the addition of PS into the CL polymerization system catalyzed by
Fe(OTf)3 decelerated the CL polymerization. The copolymerization of LLA and CL by using
Fe(OTf); without PS showed exceptionally high CL preference. In contrast, the Fe(OTf)3;-PS
system showed LLA preference. Although the molecular weights of the resulting polymers
were not well controlled, the comonomer preference in the copolymerization of LLA and
CL by the Fe(OTf); catalyst system was found to be switched by the addition of PS. The
reaction mechanism of the polymerization of cyclic esters should be different based on the
presence or absence of PS.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/ catal14120945/s1, Figure S1: TH NMR spectra of poly(LLA-co-CL) obtained
by Fe(OTf)3 (runs 33-35); Figure S2: IH NMR spectra of poly(LLA-co-CL) obtained by Fe(OTf);—2PS
(runs 36-38); Figure S3: DSC carves of poly(LLA-co-CL) obtained by Fe(OTf)3 (runs 33-35); Figure S4:
DSC carves of poly(LLA-co-CL) obtained by Fe(OTf)3-2PS (runs 36-38); Table S1: Bulk copolymerization
of LLA and CL using the Fe(OTf)3 system for the Fineman-Ross method; Table S2: Bulk polymerization
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of LLA catalyzed by Fe(OTf)s; Figure S5: The relation of In([LLA]y/[LLA]) versus time for the bulk
polymerization of LLA by Fe(OTf)3; Table S3: Dependence of reaction rate of LLA polymerization on
Fe(OTf); concentration; Table S4: Polymerization of LLA catalyzed by xFe(OTf)3-16PS; Figure S6: The
relation of In([LLA]p/[LLA]) versus time in bulk polymerization of LLA by Fe(OTf);—PS; Table S5:
Dependency of reaction rate by xFe(OTf)3—16PS on Fe(OTf); concentration; Figure S7: Dependence
of reaction rate on the [PS]/[Fe(OTf)s] ratio; Table S6: Bulk polymerization of LLA catalyzed by
Fe(OTf)3—4PS; Figure S8: The relation of In([LLA]y/[LLA]) versus time in bulk polymerization of LLA
by Fe(OTf)3—4PS; Table S7: The dependence of LLA polymerization reaction rates on the [Fe(OTf)3—4PS]
concentration.
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