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Abstract: The first effective organopolymerization of the
biorenewable “non-polymerizable” y-butyrolactone (y-BL) to
a high-molecular-weight metal-free recyclable polyester is
reported. The superbase tert-Bu-P, is found to directly initiate
this polymerization through deprotonation of y-BL to generate
reactive enolate species. When combined with a suitable
alcohol, the tert-Bu-P,based system rapidly converts y-BL
into polyesters with high monomer conversions (up to 90 %),
high molecular weights (M, up to 26.7 kgmol™"), and complete
recyclability (quantitative y-BL recovery).

Organopolymerization“] using small-molecule organic com-
pounds as catalysts or initiators has enabled the synthesis of
a broad range of polymers through various mechanistic
pathways and grown into a preferred method when metal-free
products or processes are of primary concern. A class of
organic catalysts that attracted increasing attention in poly-
mer synthesis is polyaminophosphazenes,” which are
uncharged, extremely strong organic bases with low nucleo-
philicity. In particular, the P,-phosphazene base, 1-tert-butyl-
4.4 ,4-tris(dimethylamino)-2,2-bis[tris(dimethylamino)phos-
phoranylid-enamino]-2A° 41’>-catenadi(phosphazene)  (tert-
Bu-P,), is one of the strongest known neutral bases with
a pK, of 30.2; (DMSO = dimethylsulfoxide) for its conjugate
acid and the cation [terr-Bu-P,H|" being about 1.4 nm in
diameter.P! Using its high Brgnsted basicity, several effective
metal-free initiator systems have been developed by combin-
ing tert-Bu-P, with a co-initiator such as an enolizable organic
acid (to generate enolate active species) and alcohol (to
generate alkoxide active species); examples highlighted here
include anionic polymerization of methyl methacrylate
(MMA)," ring-opening polymerization (ROP) of cyclosilox-
anesP! and ethylene oxide,! as well as stereoselective ROP of
lactide by the related 1-pyrene-butanol (PBNOL)/1-tert-
butyl-2,2.4,4,4-pentakis(dimethylamino)-2)°,4A°-catenadi(-
phosphazene) (tert-Bu-P,) initiating system.”! rert-Bu-P, has
also been employed as an efficient catalyst for the well-
controlled group-transfer polymerization of MMA and other
functionalized methacrylates initiated by a silyl ketene
acetal.l®

We recently found that tert-Bu-P, can directly generate
highly active species through its reaction with an appropriate
monomer in the absence of any co-initiating component.” 1!
For example, tert-Bu-P, brought about rapid polymerization
of y-methyl-a-methylene-y-butyrolactone (,MMBL), pro-
ceeding through chain initiation that involves abstraction of
an f-H of MMBL by fert-Bu-P, to generate the highly
reactive anionic monomer species [MMBL™"]  and chain
propagation that involves rapid conjugate addition of the
resulting enolate anion stabilized by the nanosized cation
[tert-Bu-P,H]* to monomer.”) A similar chain initiation
pathway to generate an enolate species by deprotonation of
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monomer was also recently reported in the ROP of lactide by
a cyclopropenimine superbase.!'!!

Cyclic esters (lactones and lactides) with relatively high
strain energy are desired building blocks for the construction
of high-molecular-weight (high MW) aliphatic polyesters
through the ROP process and a rapid chain-growth mecha-
nism.'”l The five-membered y-butyrolactone (y-BL) would
also be a desirable bio-derived monomer for the chemical
synthesis of biopolyester, poly(y-butyrolactone) (PyBL), as y-
BL is a key downstream chemical of succinic acid that was
recently ranked first"! in the DOE’s top 12 biomass-derived
compounds!"!! best suited to replace petroleum-derived
chemicals. However, it has been a challenge to convert the
non-strained y-BL, commonly referred as “non-polymeriz-
able” in textbooks™ and literature,® into high MW PyBL,
even under ultra-high pressure (e.g., 20000 atm)™” or lipase-
catalyzed conditions.” The non-polymerization or low oli-
gomerization observed in the ROP of y-BL under ambient
pressurel can be explained by its unfavorable thermody-
namics because a large negative AS, is not offset by a small
change of AH, of this ROP* On the other hand, high MW
microbial poly(4-hydroxybutyrate) (P4HB),”!l a structural
equivalent of PyBL, is produced through a bacterial fermen-
tation process.”” Most recently, we discovered catalytic and
thermodynamic conditions that enabled the first successful
chemical ROP of y-BL into high MW PyBL with controlled
linear or cyclic topologies and complete thermal recyclability,
under readily accessible conditions (i.e., 1atm, —40°C,
THF).”) In that process, metal (La, Y)-catalyzed coordina-
tion ROP was found to be the most effective method to
achieve high MW PyBL (M, up to 30 kgmol™") and high
monomer conversion (up to 90 % ). Considering the ROP of -
BL to PyBL as the chemical route to the biomaterial PAHB, it
would be desirable that PyBL could be produced by metal-
free organopolymerization of y-BL. However, commonly
used organic catalysts highly effective for the ROP of typical
cyclic esters, such as 1,57-triazabicyclo[4.4.0]dec-5-ene
(TBD), failed to produce high MW PyBL, with M, <
6.2 kgmol ™' and yield <33 % . Table S1 in the Supporting
Information summarizes the results of the ROP of y-BL by
five common organocatalysts, all of which produced low MW
PyBL with low yield. In short, the development of an effective
organopolymerization of the non-strained y-BL that exhibits
good activity and can produce high MW polyester has
remained elusive, which was the central goal of this study.

We hypothesized that the superbase ter-Bu-P, may
promote rapid organopolymerization of y-BL to high MW
PyBL through generation of highly active enolate anions by
deprotonation of y-BL using tert-Bu-P,, followed by the ROP
events [Scheme 1 (i)]. In fact, we showed experimentally and
theoretically the feasibility for abstraction of the proton from
a-C of y-methyl-y-butyrolactone (y-valerolactone) by tert-Bu-
P, to generate reactive enolate species.”’ Guided by the above
hypothesis and observation, we first examined the ROP of y-
BL using fert-Bu-P, alone (1.0 mol % loading) in toluene at
—40°C. Indeed, the ROP proceeded appreciably, achieving
30.4% conversion after 12 h and producing relatively high
MW PyBL with M, =26.4kgmol™ and B (M/M,)=1.79
(run 1, Table 1). Increasing the base loading to 2.0 and
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Scheme 1. ROP of y-BL via three different mixing procedures.

10 mol %, the polymerization achieved higher conversions of
38.3 and 59.0%, while the resulting PyBL had lower MWs
with M, =20.7 (D =1.63, run 2) and 9.17 kgmol ' (D =1.16,
run 3), respectively. However, the polymerization was much
more rapid and effective when tert-Bu-P, was premixed with
BnOH, followed by addition of y-BL. Thus, with a [y-BL]/
[tert-Bu-P,)/[BnOH] ratio of 100/1/1, the ROP under the same
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conditions achieved 70% monomer conversion in 4 h (the
reaction mixture gelled in 5 minutes), affording PyBL with
M,=26.7kgmol ' and D =2.01 (run 4). Interestingly, when
the ROP was started by adding fert-Bu-P, in toluene to
a mixture of monomer and BnOH, the polymerization
became much slower (34.7% conversion in 12 h) but more
controlled, producing PyBL with a lower M, of 18.7 kgmol ™'
and a narrower P of 1.37 (run 5).

The above intriguing findings from the above three
different ROP procedures were further examined collabora-
tively through analysis by matrix-assisted laser desorption/
ionization time-of-flight mass spectroscopy (MALDI-TOF
MS) and NMR methods, and we subsequently explained the
results with different initiating/propagating pathways. In the
first procedure of the ROP by fert-Bu-P, alone, the MS
spectrum (Figure 1) of the resulting PyBL consists of two
series of molecular ion peaks, with the lower MW series A
tentatively assigning to the cyclic PyBL with no chain ends
[M.,q=0+23(Na") gmol '] and the higher MW series B to
the linear PyBL with acylated lactone/H chain ends [M,,q =
86.03 +-23(Na*) gmol~']. Consistent with this bimodal MS
distribution, the thermal gravimetric analysis (TGA) curve of
this polymer (Figure S2) also showed two compositions, with
the cyclic structure (the more thermally stable component™!)
being the minor component. Furthermore, the acylated
lactone/H chain ends were confirmed by 'H and “C NMR
spectra (Figures S3a and S4), as evidenced by the resonances
at 0 4.24-4.40 [-CH,-OC(0O)-], 3.07-3.16 [-C(O)-CH <] and
2.65 ppm [-CH,-CH,-OC(O)-] in '"H NMR and the resonan-

Table 1: Results of ROP of y-BL by Base/Alcohol Systems (TOL=toluene; THF =tetrahydrofuran; DMF = dimethylformamide).”

Run Base (B) Initiator (I) M/B/I ratio T[°C] Solvent t [h] Conv.”! [%] M, [kg mol™"] Dl (M,/M,)
1 tert-Bu-P, - 100/1/0 —40 TOoL 12 30.4 26.4 1.79
2 tert-Bu-P, - 50/1/0 —40 ToL 12 383 20.7 1.63
3 tert-Bu-P, - 10/1/0 —40 ToL 12 59.0 9.17 1.16
4 tert-Bu-P, BnOH 100/1/1 —40 TOL 4 70.0 26.7 2.01
54 tert-Bu-P, BnOH 100/1/1 —40 TOL 12 34.7 18.7 1.37
6 tert-Bu-P, BnOH 100/1/1 —40 THF 4 81.0 26.2 2.05
7 tert-Bu-P, BnOH 100/1/1 —40 DMF 4 56.0 22.1 1.71
8 tert-Bu-P, BnOH 100/1/1 28 THF 12 20.0 9.11 1.41
9 tert-Bu-P, BnOH 100/1/1 0 THF 12 2.24 n.d. n.d.
10 tert-Bu-P, BnOH 100/1/1 25 THF 12 0 - -

n tert-Bu-P, BnOH 100/1/0.5 —40 THF 12 524 27.1 2.11
12 tert-Bu-P, BnOH 100/1/1.5 —40 THF 4 90.0 25.0 2.04
13 tert-Bu-P, BnOH 200/1/1 —40 THF 12 56.0 18.2 1.62
14 tert-Bu-P, Ph,CHOH 100/1/1 —40 THF 4 85.0 23.2 1.97
15 tert-Bu-P, 'PrOH 100/1/1 —40 THF 4 82.7 229 2.06
16 tert-Bu-P, PBNOL 100/1/1 —40 THF 4 77.9 215 1.97
17 tert-Bu-P, tert-BuOH 100/1/1 —40 THF 4 60.0 18.0 1.81
18 tert-Bu-P, BnOH 100/1/1 —40 THF 4 45.1 15.0 1.34
19 tert-Bu-P, Ph,CHOH 100/1/1 —40 THF 4 48.4 12.2 1.30
20 tert-Bu-P, Ph,CHOH 100/1/1 —40 THF 4 0 - -

21 tert-BuOK - 100/1 —40 THF 4 55.4 26.1 2.00
22 tert-BuOK BnOH 100/1/1 —40 THF 4 74.5 17.7 1.54
23 NaOMe - 100/1 —40 THF 4 12.6 19.8 1.51
24 NaOMe BnOH 100/1/1 —40 THF 4 72.8 14.7 1.53
25 KH - 100/1 —40 THF 4 13.9 36.8 1.82
26 KH BnOH 100/1/1 —40 THF 4 73.3 21.7 1.71

[a] Conditions: [y-BL]=10m (0.42 g, 4.9 mmol); base and initiator were mixed first, followed by y-BL; n.d. = not determined. [b] Monomer conversion
measured by "H NMR. [c] M, and D were determined by GPC at 40°C in DMF relative to PMMA standards. [d] BnOH initiator and y-BL were mixed
first, followed by addition of base.
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proton was not observed at RT because of
fast proton exchange, but the resonance
of this proton at 13.9 ppm was observed at
—60°C (Figure S16). The MS spectrum
(Figure S17) of the PyBL produced by
this procedure exhibited two series of
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Figure 1. MALDI-TOF mass spectrum of PyBL produced directly by tert-Bu-P, (x=m/z,
y=intensity). Inset: plot of m/z values (y) versus the number of y-BL repeat units (x).

ces at 6 194.26 (C=0), 67.46 [-CH,-OC(O)-], 52.33 [-C(O)-
CH <] and 30.87 ppm [-CH,-CH,-OC(O)-] in the “C NMR
spectrum. These results are consistent with the mechanistic
scenario (a) outlined in Scheme 1 (i) involving deprotonation
of y-BL by tert-Bu-P, to generate the reactive lactone enolate
anion that initiates the rapid polymerization. Noteworthy is
that the signals corresponding to the C=C double bond were
absent in C NMR, indicating that initiation involves the
nucleophilic attack by the C-bonded enolate rather than the
O-bonded enolate.

The ability of rert-Bu-P, to abstract o-H of y-BL was also
demonstrated by NMR studies of stoichiometric reactions. In
a 1:1 ratio reaction in [Dg]toluene at room temperature (RT;
under which conditions no polymerization took place),
'"HNMR spectrum taken after 10 minutes (Figure S5)
showed that all y-BL was consumed but not all tert-Bu-P, (6
2.68 and 1.68 ppm in 'HNMR; & 4.84 and —25.34 ppm in
3P NMR, Figure S7b). The formation of [tert-Bu-P,H]" was
confirmed via signals at § 8.14-8.40, 2.56 and 1.50 ppm in
'HNMR and 6 12.46 and —23.84 ppm in *'P NMR (Fig-
ure S7b). Increasing the amount of y-BL to 2.2 equiv fully
consumed all fert-Bu-P, (Figures S7c and S9), suggesting that
1 equiv of tert-Bu-P, reacts with 2 equiv of y-BL to form an
ion pair. The anion showed a complex series of resonances in
'HNMR ([Dg]toluene, Figures S5 & S9), which was further
analyzed by 'H-'"H COSY spectra (Figure S11). Overall,
these results indicated that the direct reaction of y-BL and
tert-Bu-P, formed [terr-Bu-P,H]" paired with an anionic
dimer which can exist in either the ring-retention or ring-
opening form (Figure S9), the ratio of which can be varied
with reaction conditions (substrate ratio and reaction time).
The NMR spectra taken in [Ds]bromobenzene (Figures S6,
S8, S10, and S12) are consistent with the above structural
analysis.

The second procedure of the ROP started by adding y-BL
to a premixed solution of fert-Bu-P, and BnOH resulted in the
enhanced rate of the polymerization over the system by using
tert-Bu-P, alone. Monitoring the stoichiometric reaction
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J molecular ion peaks, corresponding to
00 PyBL with acylated lactone/H chain ends
(A series) and BnO/H chain ends (B
series); the presence of such chain ends
was also confirmed by '"H NMR, showing
a 1:1 ratio of the two types of the chain
ends (Figure S3b). Overall, these results are consistent with
the mechanistic scenario outlined in Scheme 1 (ii), involving
initiation pathways via both the BnO™~ anion (pathway b) and
the enolate anion (pathway a) formed through deprotonation
of BnOH and v-BL by tert-Bu-P,, respectively. This dual
initiation gave faster rates of polymerization but also led to
PyBL with a broader molecular weight distribution (P =
2.01).

The third procedure of the polymerization started by
adding tert-Bu-P, to the mixture of y-BL and BnOH led to the
decreased activity but increased control. The stoichiometric
reaction between y-BL and BnOH revealed weak activation
of BnOH by y-BL through hydrogen bonding (Figure S18).
The MS spectrum of the PyBL obtained using this procedure
(Figure S19) also showed two series of molecular ion peaks
attributed to acylated lactone/H and BnO/H chain ends, with
the estimated ratio of acylated lactone/BnO =15/85 by
"H NMR (Figure S3c). Overall, these results are consistent
with the mechanistic scenario outlined in Scheme 1 (iii),
involving also two initiation pathways via the BnO™~ anion
(pathway b) and the enolate anion (pathway a). However,
this procedure apparently preferred pathway b over a, thus
producing PyBL with predominant BnO/H chain ends. In
addition, pathway b involves the stabilized propagating alk-
oxide chain ends via H-bonding, thus accounting for the
observed more controlled polymerization. The reduced
activity is presumably due to the presence of non-productive
pathway c, namely (i) + ROH, as we observed that the system
became inactive when BnOH was added to the premixed
solution of fert-Bu-P, and y-BL (pathway a).

Fixing the ROP procedure to Scheme 1 (ii), which was the
most rapid polymerization system and also produced PyBL
with the highest MW, we further explored this ROP under
different reaction conditions, initiators and bases. First,
changing the solvent from the relative nonpolar toluene to
polar dichloromethane (DCM) resulted in no monomer
conversion because of rapid decomposition of tert-Bu-P, in
this solvent (dissolving tert-Bu-P, in DCM resulted in a brown
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solution). On the other hand, performing the polymerization
in THF enhanced the conversion to 81.0% (run6) from
70.0% in toluene while the MW remained high (M,=
26.2 kgmol'). However, using the more polar N,N-dimethyl-
formamide (DMF) decreased the activity achieving only
modest conversion of 56.0% (run 7). Kinetic profiling of the
ROP at —40°C in THF revealed that the ROP proceeded
rapidly in the beginning and conversion up to 70.7% was
achieved in only 11 minutes (Figure S20), after which time the
ROP went slowly and achieved only additional 10% of
monomer conversion in next 4 h. However, a gradual increase
in MW of the resulting polymers was observed. Second,
elevating the temperature from —40°C to —28°C, the
conversion decreased drastically from 81.0% to 20.0%
(run 8), and the conversion was only 2.24 % for the polymer-
ization at 0°C (run 9) and no polymerization was observed at
25°C (run 10). Third, increasing the amount of BnOH from
0.5 to 1.0 to 1.5 equiv relative to tert-Bu-P,, the conversion
enhanced significantly from 52.4% (12 h, run 11) to 81.0%
(4 h, run 6) to 90.0% (4 h, run 12) with only a little change in
polymer MW (M, =25.0-27.1 kgmol™"). On the other hand,
increasing the [y-BL]/[BnOH] ratio from 100/1 to 200/1 led to
a decrease in MW from 26.2 to 14.4 kgmol ' (run 13), caused
presumably by chain transfer to monomer. Fourth, screening
the alcohols having different steric bulk and acidity included
BnOH, Ph,CHOH, PrOH, PBNOL, and fert-BuOH. Under
the same conditions, the y-BL conversion was found to
increase in the following order: tert-BuOH < PBNOL <
BnOH < 'PrOH < Ph,CHOH (runs 6, 14-17), which appa-
rently correlates with the steric bulk and acidity of alcohol
and the nucleophilicity of the alkoxy anion. Fifth, under the
same conditions for the base/ROH system, the weaker base
tert-Bu-P, (the basicity of which is not high enough to
deprotonate y-BL, Figure S22) reduced the conversion by
about one half (runs 18 and 19) compared with that by zert-
Bu-P,, while no activity was observed when the weakest base
of the series, tert-Bu-P,, was employed (run 20). These results
showed that the ROP activity decreases with decreasing the
basicity of the superbase, which correlates well with the
degree of alcohol activation as revealed by NMR analysis
(Figures S15, S23, and S24).

As a comparative study, we also investigated the perfor-
mance of some common inorganic bases including tert-BuOK,
NaOMe and KH. Overall, the polymerizations by such bases
were less active than that by ter-Bu-P,, either using alone or
in combination with BnOH (runs 21-26), although in some
cases comparable (M, =26.1 kgmol™" by tert-BuOK) or even
higher (M,=36.8 kgmol ' by KH) MW polymers can be
achieved. Investigations by MS (Figures S25 and S26) and
NMR (Figures S27 and S28) also indicated that the initiation
pathways through monomer deprotonation and alcohol
activation by the base are similar to those already demon-
strated by tert-Bu-P,.

In conclusion, we have developed the first effective
organopolymerization of the bio-derived non-strained five-
membered lactone y-BL for the synthesis of high MW, metal-
free polyester PyBL. As the PyBL produced by the metal-
mediated coordination ROP, the PyBL obtained by the
current organopolymerization is completely recyclable back
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Figure 2. "H NMR spectra (CDCl,, 25°C): a) PyBL (M, =26.7 kgmol~',
prepared by tert-Bu-P,/BnOH); b) the liquid product obtained after
heating PyBL at 260°C for 1 h; c) y-BL monomer for comparison.

to its monomer in the pure state upon heating the bulk
polymer at 260°C for 1h (Figure 2, and Figures S35-S37).
The BnO/H end groups also reform back to the starting
initiator BnOH after thermal recycling (Figures S38 and S39).
The superbase tert-Bu-P, can directly initiate this challenging
ROP through deprotonation of y-BL to generate the reactive
enolate species. However, an even more effective ROP
system is based on the H-bonding paired complex [tert-Bu-
P,H"--OBn], formed via mixing of tert-Bu-P, with ROH;
this system enabled high monomer conversions (up to 90 %)
and high MW polymers (M, up to 26.7 kgmol™") in a relatively
short time period (4 h or less). Investigations into the effects
of reaction conditions as well as structures of alcohol initiators
and organic base catalysts have identified the currently most
effective organic initiator and catalyst for this ROP to be
BnOH or Ph,CHOH and fert-Bu-P, superbase, respectively.
An understanding of mechanistic scenarios of this organo-
polymerization has also led to the effective ROP system
based on simple inorganic bases such as terr-BuOK/BnOH
and KH/BnOH. Overall, the results reported herein estab-
lished PyBL as a truly sustainable polymer: it is biorenewable,
organically synthesized, and completely recyclable.
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