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Abstract

Organocatalyzed ring-opening polymerization is a powerful tool for the synthesis of a variety of functional
readily degradable polyesters and polycarbonates. We report the use of (thio)ureas in combination with
cyclopropenimine bases as unique catalyst for the polymerization of cyclic esters and carbonates with a
large span of reactivities. Methodologies of exceptionally effective and selective cocatalyst combinations
were devised to produce polyesters and polycarbonates with narrow dispersity (b = 1.01 — 1.10).
Correlations of the pK, of the various ureas and cyclopropenimine bases revealed the critical importance
of matching the pK; of the two cocatalysts to achieve the most efficient polymerization conditions. It was
found that promoting strong H-bonding interactions with a noncompetitive organic solvent, such as CH,Cl,,
enabled greatly accelerated polymerization rates. The stereoselective polymerization of rac-lactide
afforded stereoblock poly(lactides) that crystallize as stereocomplexes, as confirmed by wide-angle x-ray

scattering.



Organocatalytic ring-opening polymerization (OROP) of various monomers such as cyclic esters,
carbonates and derivatives is a versatile synthetic strategy for functional, biocompatible and
biodegradable materials.’® Over the last two decades the advancement of OROP has facilitated the
discovery of new materials for a wide range of applications.>%®

From the developed catalysts, H-bond donors such as (thio)ureas exhibit broad functional group
tolerance and high selectivity by minimizing competitive transesterification reactions affording narrow
dispersity.t”18 The most effective organocatalytic systems usually include a base paired with a (thio)urea
that facilitates either an anionic (pK. base-H* > pK, (thio)urea) or a cooperative (pK, base-H* < pK;
(thio)urea) mechanism. For a given base it was shown that the maximal activity is reached when the pK;
of the base and (thio)urea are closely matched.'® While ureas typically exhibit a higher activity compared
to their thiourea equivalents, they are more prone to self-association compared to thioureas potentially
leading to solubility issues or reduced substrate-catalyst interactions.?%2!

Previously, bases such as 1,8-diazabicyclo[5.4.0lundec-7-ene (DBU),'*?2 N-heterocyclic carbenes
(NHCs)?324 or phosphazene derivatives?®28 have been used with success to provide highly active and/or
(stereo)selective OROPs when used in combination with (thio)ureas. To expand the range of bases used
with urea cocatalysts, we targeted cyclopropenimines (CP1)?° as a class of accessible, soluble, stable,
tunable and inexpensive bases as cocatalysts with (thio)ureas. Protonation of the CPl imino nitrogen
generates a resonance-stabilized cyclopropenium ion. Some of these strong Brgnsted bases were shown
to have a comparable basicity to guanidines and phosphazenes.?®3° Structural diversification of CPIs can
be conveniently accessed by changing the pendant groups attached to the imino nitrogen atom or the
cyclopropene ring, providing a diverse range of CPI platforms. In the context of OROP, a CPIl has been
previously shown to be a competent catalyst for the polymerization of L-lactide.3' The absence of any
initiator revealed a competitive initiation mechanism through an enolate formation from lactide producing

poly(lactides) (PLAs) with broad dispersity (D = 1.3 — 1.6). Herein we show that (thio)urea/CPI



organocatalysts lead to the fast, selective and convenient OROP of a variety of cyclic esters and carbonates.
The critical importance of a pK, match between the (thio)urea cocatalyst and the CPI base for optimal
polymerization kinetics and narrowly dispersed polymers was demonstrated. Moreover, higher rates are
observed in CH,Cl; than in THF, which can be attributed to enhanced H-bonding interactions in solvents of
lower donor number.32 The stereoselective OROP of rac-lactide with urea/CPI combinations affords
stereoblock PLLA-b-PDLA polymers (Pm up to 0.88) that crystallize as stereocomplexes with melting
temperatures up to 173 °C. The (thio)urea/CPI systems proved to be highly versatile due to their
convenient access and tunability while offering a remarkable (stereo)selectivity and activity with a proper
(thio)urea/CPI pairing and solvent selection to polymerize a broad variety of lactones and cyclic
carbonates.

To assess the effectiveness of the CPI/(thio)urea catalyst systems, we first investigated the
polymerization of both racemic (rac-LA) and L-lactide (L-LA) with 3 different ureas U-(1-3), the N-cyclohexyl
CPI-1 and N-butyl CPI-2 in THF at 25 °C (Figure 1). The polymerization of rac-LA in THF with U-1/CPI-1
proceeded to 96% conversion within 45 s and yielded PLA with a narrow dispersity (D = 1.03) and a degree
of polymerization (DP) of 103 (vs. DPy, of 96, Table 1, entry 1). U-2/CPI-1 displayed similar behavior with a
conversion of 91% after 30 s and a dispersity of D = 1.02 (entry 2). With the less acidic U-3 and CPI-1 in
THF, the activity was significantly lower (82% conv. after 3.5 h) and yielded PLA with a broader dispersity
(B = 1.31, entry 3). Correlation of the activities with the pK.'s (DMSO, determined by UV-Vis
spectrophotometric titration, see Figure 1 and Supporting Information) of the ureas and protonated CPI's
revealed the critical importance of a close matching®® of the pK, of the urea employed and that of the CPI
conjugate acid. For example, the U-1/CPI-1 combination matches well (pK, (U-1) = 13.8 and pK, (CPI-1-H*)
= 14.7) and exhibits an associated high catalytic activity and a narrow dispersity (entry 1). MALDI-TOF
analysis of the PLA obtained with U-1/CPI-1 demonstrated a single population of polymeric chains (6 m/z

= 144) with minimal transesterification reactions even at a high monomer conversion (Figure 2(a) and



Supporting Information). Likewise, U-2 (pK, = 15.8) presents a close pK, match with CPI-1-H* and the U-
2/CPI-1 combination also led to a high catalytic activity coupled with a narrow dispersity (entry 2).
Conversely, the use of U-3 (pK, = 22.6) in combination with CPI-1 presents a pK, mismatch with a
significantly slower reaction rate and a broader dispersity (D = 1.31, entry 3 and Figure 2(b)). Moreover,
for OROP of rac-LA in THF with the mismatched pair U-3/CPI-1 or with CPI-1 in the absence of the urea,
the molar masses determined by SEC were lower than that predicted (Table 1, entries 3, 4, 5 and 12),
indicative of competitive initiation, likely by enolization of lactide.3!

Polymerization rates were observed to be faster in dichloromethane (CH,Cl,) than in THF as rac-
LA polymerized to 93% conversion within 2 s with U-1/CPI-1 (entry 6) and 98% with U-2/CPI-1 (entry 7)
while maintaining low dispersity. The slower U-3/CPI-1 combination was also significantly faster in CH,Cl,
than in THF and afforded PLA with a narrow dispersity (D = 1.06, Table 1, entry 8). MALDI-TOF analysis of
this sample revealed ions separated by 6 m/z = 72 (Figure 2(c)), indicating that while the ROP with U-3/CPI-
1 in CHCl; is more highly controlled than in THF (Table 1 entry 8 vs 3), the high sensitivity of the MALDI
analysis indicates that some minor amount of transesterification occurs with U-3/CPI-1 in CH,Cl,. The less
active thiourea (TU) in combination with CPI-1 required 10 min of reaction time in CHCl; to achieve a
conversion of 93%, followed first order kinetics in monomer concentration (see Supporting Information)
and yielded polymers of low dispersity (D = 1.02, entry 9). The higher polymerization rates observed in
CH,Cl, are consistent with enhanced H-bonding interactions in this solvent relative to THF.3233 H-bonding
effects have been proposed to be a critical driver and component of (thio)urea-catalyzed OROP as a part
of a cooperative mechanism where the base activates the alcoholic initiator/chain-end while the (thio)urea
cocatalyst activates the monomer,?®3435 thus, improving H-bonding effects through solvent selection can

influence catalyst activity and selectivity.
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Figure 1. (a) Ring-opening polymerization of lactones and cyclic carbonates using (thio)urea/CPI

organocatalysts. (b) Scope of monomers and cocatalysts used for this study (pKa. values were determined
in DMSO).

As previously noted, the CPI bases are competent catalysts in the absence of (thio)ureas, but are
less active and yield polymers with higher dispersity than those carried out in combination with urea
cocatalysts. Polymerization using CPI-2 in the absence of any (thio)urea cocatalyst proceeded to 85%
conversion after 3 h in THF and to 95% after 5 min in CH,Cl,, but yielded polymers with slightly broader
dispersity (entries 5 and 10, respectively). The poor solubility of the catalytic systems in toluene precluded

systematic investigations in this solvent. Polymerization of enantiopure L-LA proceeded similarly to rac-LA
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but with slightly accelerated polymerization rates (entries 11 and 12 vs. 1 and 3, respectively). High
molecular weight polymers (500 equiv. of L-LA, 98% conv., 65 kDa) were also obtained using a similar
procedure (see Supporting Information).

The (thio)urea/CPI catalytic systems are also effective for a range of lactone and carbonate
monomers with different reactivities (Table 1). The polymerization of &-valerolactone (6-VL) using U-
1/CPI-1 (entry 13) afforded polyvalerolactone within 45 min, while the less reactive e-caprolactone (e-CL)
required 19 h to reach a high conversion in THF (entry 14). The reaction time for e-CL could be reduced to
7 h by switching the solvent to CH,Cl, (entry 18). On the other hand, attempted polymerizations of e-CL
with the pK,-mismatched U-3/CPI-1 combination or with CPI-1 in absence of a urea cocatalyst led to no
observable monomer conversion even after more than 18 h (entries 16 and 17, respectively).

Various functional carbonate monomers3*-3° were investigated to further expand the scope of
materials/applications of the (thio)urea/CPI pairs as organocatalytic systems. Model carbonate TMC was
polymerized within 5 min to a high conversion of 98% and a narrow dispersity (D = 1.04) using U-1/CPI-1
in THF (entry 19). The U-1/CPI-1 pair polymerized TMC-Bn to 96% conversion in 30 s (entry 21), while the
TU/CPI-1 system took significantly longer (entry 20). Structurally related TMC-Bn-tBu, TMC-Bn-Boc and
TMC-Bn-Cl displayed similar reactivities affording high conversion values (>90%) and narrow dispersity (D
= 1.05 — 1.08) within 30 s of reaction time (entries 22 — 24). On the other hand, TMC-Boc required 5 min
of reaction time to afford 88% of conversion and additionally led to a broader dispersity (B = 1.29)
compared to the other cyclic carbonates (entry 25). Dodecyl- and vitamin-E- functionalized TMC-dodecyl
and TMC-Vit-E both displayed high reactivities (86 — 95% conv.) with narrow dispersity materials after 30
s of reaction time (entries 26 and 27) further extending scope of polymerizable carbonates with

(thio)urea/CPlI pairs.



Table 1. Polymerization of various cyclic esters and carbonates in presence of a

(thio)urea/cyclopropenimine organocatalytic system.?

Entry Monomer Urea/ Base Solvent Time Conv. DP® Mng, Mnexp. pc
TU (%)° (kDa) (kDa)*
1 rac-LA uU-1 CPI-1 THF 45 96 103 14 13.7 1.03
2 uU-2 CPI-1 THF 30s 91 98 13.2 17.4 1.02
3 uU-3 CPI-1 THF 3.5h 82 93 11.9 5.8 131
4 u-3 CPI-2 THF 2h 90 96 13.1 7.8 1.15
5 none  CPI-2 THF 3h 85 84 12.4 53 1.28
6 U-1 CPI-1 CH.Cl; 2s 93 83 13.5 13.9 1.05
7 uU-2 CPI-1 CH,Cl; 2s 98 100 14.2 15.7 1.04
8 uU-3 CPI-1 CH,Cl, 120s 96 112 14 12.5 1.06
9 TU CPI-1 CH.Cl; 600 s 93 108 13.5 224 1.02
10 none  CPI-2 CH.Cl, 300s 95 109 13.8 8.5 1.17
11 L-LA uU-1 CPI-1 THF 10s 94 98 13.7 18 1.04
12 uU-3 CPI-1 THF 2h 86 90 12.5 5.5 1.36
13 6-VL U-1 CPI-1 THF 45 min 83 87 8.4 9.6 1.04
14 e-CL U-1 CPI-1 THF 19h 97 105 11.2 10.7 1.10
15 uU-2 CPI-1 THF 16 h 87 96 10 14.4 1.04
16 u-3 CPI-1 THF 22.5h 0
17 none  CPI-1 THF 18.5h 0
18 U-1 CPI-1 CHCl, 7h 92 107 10.6 17.5 1.07
19¢ T™MC U-1 CPI-1 THF 300s 98 47 5.1 8.9 1.04
20¢ TMC-Bn TU CPI-1 THF 40 min 95 46 12 10.6 1.08
21¢8f TMC-Bn U-1 CPI-1 THF 30s 96 43 12.2 12.5 1.06
22¢f  TMC-Bn- U-1 CPI-1 THF 30s 91 39 14.1 13.6 1.05
tBu
234f  TMC-Bn- U-1 CPI-1 THF 30s 92 43 16.3 12.7 1.07
Boc
24%f  TMC-Bn-Cl U-1 CPI-1 THF 30s 94 34 13.5 11.4 1.08
25¢F  TMC-Boc U-1 CPI-1 THF 300s 88 38 12.2 9.7 1.29
265f TMC- uU-1 CPI-1 THF 30s 95 52 15.7 20.3 1.06
dodecyl
27¢  TMC-Vit-E uU-1 CPI-1 THF 30s 86 44 24.8 10.7 1.09
aGeneral conditions (unless otherwise stated): Initiator = 4-methylbenzyl alcohol,

[monomer]/[(thio)urea]/[CPI]/[initiator] = 100:2:1:1, 25 °C, conc.monomer = 1 M, N2 atmosphere. PDetermined by H
NMR. ¢Determined by SEC calibrated with polystyrene standards, Mn correcting factors for PLA = 0.58, for PVL=0.57
and for PCL = 0.56,%° entries 19-27: no correcting factor applied. {monomer]/[(thio)ureal/[CPI]/[initiator] =
50:2.5:1:1. °[monomer]/[(thio)urea]/[CPI]/[initiator] = 50:2:1:1. fInitiator = 4-methylbenzyl 3-hydroxy-2-
(hydroxymethyl)-2-methylpropanoate.
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Figure 2. MALDI-TOF spectra of PLA samples obtained using: (a) a U-1/1 catalytic system in THF (see also
Table 1, entry 1), (b) a U-3/CPI-1 catalytic system in THF (see also Table 1, entry 3) and (c) a U-3/1 catalytic
system in CH,Cl; (see also Table 1, entry 8).

The application of (thio)urea/CPI organocatalytic systems for the stereoregular synthesis of PLA
from rac-LA was investigated. The stereoselective polymerization of lactide has been reported for a variety
of achiral and chiral catalysts.?>=241"%3 For achiral catalysts, stereoselective polymerization of rac-LA occurs
by a chain-end control mechanism,*® where the stereochemistry of the last-enchained unit exhibits a
preference for enchaining monomers of similar configuration.** We* and others*® had previously shown
that sterically-demanding achiral N-heterocyclic carbenes can exhibit high stereoselectivity for the
polymerization of rac-LA. As the steric demands of the CPI can easily be modified by changing the pendant

groups of the N-imine or the cyclopropene ring, we sought to assess the potential of (thio)urea/CPI catalyst



systems for stereoselective polymerization. Here, we surveyed a series of CPI bases (1-7) in combination
with U-1 for the room temperature polymerization of rac-LA (Table 2). Each of the catalyst systems
exhibited modest stereoselectivity, yielding PLAs with isotacticities ranging from Pm = 0.74 - 0.79, as
determined by homonuclear decoupled *H NMR measurements.*>*> While higher stereoselectivities have
been observed with other (thio)urea/base pairs,?>2>?’ the high activities for these urea/CPI catalysts (Table
1 and 2) illustrate the range of reactivities and stereoselectivities that can be obtained by appropriate
cocatalyst combinations.

The nature of the substituents on the CPI base did not appear to have a significant effect on the
stereospecificity (entries 2-8). While the rates were higher in CH,Cl, relative to THF, there was little effect
on the stereoselectivity for U-1/CPI-1 (Table 2, entry 2 vs. 9), but a slight decrease for U-2/CPI-1 (entry 12
vs. 13). The U-2/CPI-1 catalyst pair yielded a slightly higher stereoselectivity than that of the U-1/CPI-1
catalyst (entries 2 vs. 12). At lower temperatures, the OROP stereoselectivity increased. Polymerization
of rac-LA with the U-2/CPI-1 catalyst at — 36 °C in THF was complete in 2 h and afforded isotactic PLA with
an average Pm of 0.88 (entry 17). This PLA sample yielded a melting point of 173 °C, which is higher than
the isotactic PLA obtained from the polymerization of enantiomerically pure L-LA with U-1/CPI-1 (T, =
168 °C, Table 2, entry 1). The high melting points are suggestive of crystalline stereocomplexes*” of PDLA
and PLLA sequences,***®->1 which would result from a stereoblock PDLA-b-PLLA microstructure by a chain-
end control mechanism.?>-27:4243 To confirm this, the sample of PLA with a Pm of 0.88 (Table 2, entry 17)
was analyzed by wide-angle x-ray scattering (WAXS). The scattering pattern observed (see Supporting
Information, Figure S38) is consistent with crystallization of this sample as the stereocomplex.>>=>° These
dataindicate that the stereoselective polymerization of rac-LA by U-2/CPI-1 catalyst at — 36 °C in THF yields

a stereoblock PLLA-b-PDLA.
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Table 2. Stereoregularity studies of the organocatalyzed ring-opening polymerization of rac-LA with

(thio)urea/CPI catalytic systems.?

X=0,8
i
o ' o
0 Hu;'TuH . %A%Ofﬁ;/g,b‘(‘u\&o)w yH
O R O x H
0 h "
rac-LA
Cy,N NCy»
CPI-(1-7)
Entry Urea/TU Base T Solvent Time Conv. DP* B¢ P4 Tm(°C)®
(equiv.) (°C) (s) (%)

1f U-1(2) CPI-1 25 THF 10 94 98 1.04 1 168

2 CPI-1 25 THF 45 96 103 1.03 0.77

3 CPI-2 25 THF 30 94 106 1.02 0.74

4 CPI-3 25 THF 30 94 111 1.04 0.74

5 CPI-4 25 THF 30 86 103 1.01 0.77

6 CPI-5 25 THF 30 91 107 1.02 0.76

78 CPI-6 25 THF 30 67 80 1.02 0.79

8¢ CPI-7 25 THF 30 91 93 1.03 0.77

9 CPI-1 25 CH.Cl; 2 93 83 1.05 0.78

10 U-1(3) CPI-1 25 THF 45 96 107 1.03 0.80

11 U-1(5) CPI-1 25 THF 45 94 88 1.03 0.80

12 U-2(2) CPI1 25 THF 30 91 98 1.02 0.82

13 CPI-1 25 CHCl, 2 98 100 1.04 0.74

14 U-2(3) CPI-1 0 THF 60 97 114 1.05 0.84

15 CPI-1  -15 THF 60 97 101 1.04 0.85 169
16" CPI-1 25 THF 1h 94 220 1.02 0.79

17" CPI-1  -36 THF 2h >99 232 1.05 0.88 173
18 TU(2) CPI-1 25 CHCl, 600 93 108 1.02 0.80

19 none CPI-2 25 THF 3h 85 84 128 0.71

20 none CPI-2 25 CHCl, 300 95 109 1.17 0.71

3General conditions (unless otherwise stated): monomer rac-LA, initiator = 4-methylbenzyl alcohol,

[monomer]/[CPI]/[initiator] = 100:1:1, room temperature, concC.monomer = 1 M, N> atmosphere. *Determined by 'H

NMR. cDetermined by SEC. 4Probability of finding mesodyads along the polymeric chain calculated by homonuclear

decoupled *H NMR after deconvolution; calculations based on Bernouilli statistics (chain-end control mechanism).

eDetermined by DSC. fMonomer = L-lactide. 80.5 equiv. of difunctional CPI used. "[monomer]/[CPI]/[initiator] =

200:1:1.
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Figure 3. Proposed mechanisms for monomer activation using urea/CPI cocatalysts with (a) closely

matched urea and CPI pK's and (b) a less acidic urea (pKa, urea >> CPI-H*).

Organic catalysts derived from ureas and CPI bases exhibit high activity, selectivity and versatility
for the ring-opening polymerization of a range of lactones and cyclic carbonates. The highest activities are
observed for urea/CPI combinations where the pK.'s of the urea are similar'®?° to that of the conjugate
acid CPI-H*. Higher activities are observed in CH,Cl, than in THF, indicating that H-bonding interactions are
enhanced in solvents of lower donor number.32 These results are consistent with different modes of
monomer and alcohol activation depending on the solvent and relative acidity of the cocatalyst pairs
(Figure 3). For ureas that are not readily deprotonated by the CPI base in a given solvent, activation of the
alcohol by the base facilitates attack on the lactone activated by H-bonding to the urea (Figure 3 (a)).%3%°®
For the least acidic urea U-3, the lower molecular weights observed in THF and similar activities observed
with and without U-3 in THF (Table 1, entries 3 vs. 5) are consistent with a minimal role for the urea in THF
and competitive initiation by lactide enolization (Figure 3 (b)).3!

The stereoselective polymerization of rac-LA with urea/CPI cocatalysts yields polylactides with

isotacticities ranging from Pm = 0.74 - 0.88. The nature of the substituents on the CPI base (chiral or
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achiral) or the solvent did not have a significant effect on the stereoselectivity which is most readily
attributed to a chain-end control mechanism. Higher stereoselectivities were observed at lower
temperatures; with U-2/CPI-1 catalyst at — 36 °C in THF yields a stereoblock PLLA-b-PDLA, which crystallizes

as a high-melting (T, = 173 °C) stereocomplex.

Experimental Section

Polymerization of rac-LA in THF using U-1/CPI-1 catalytic system (Table 1, entry 1)

In an N-filled glovebox, stock solutions of the initiator (4-methylbenzyl alcohol, 0.1 M), CPI base (CPI-1,
0.1 M), urea (U-1, 0.2 M) and monomer (rac-LA, 2 M) were prepared in THF. Then, 1 mL of the monomer
solution (2 mmol, 100 equiv.) was added to a Teflon-capped vial containing a stir bar. In a separate vial,
0.2 mL of the initiator solution (0.02 mmol, 1 equiv.), 0.2 mL of the base solution (0.02 mmol, 1 equiv.),
0.2 mL of the urea solution (0.04 mmol, 2 equiv.) and 0.4 mL of THF were mixed, homogenized, and added
to the Teflon-capped vial containing the monomer solution under stirring to initiate the polymerization.
After 45 s, the reaction was quenched by a large excess of benzoic acid in THF and the Teflon-capped vial
was removed from the glovebox for analysis of an aliquot (*H NMR, conv. 96%). The solvent was
evaporated under reduced pressure and the resulting polymer was washed 3 times with portions of MeOH.
Finally, the material was dried under reduced pressure prior to analysis (*H NMR: DP = 103, Pm = 0.77;
SEC: B =1.03, Mn = 13.7 kDa).

pK. determination of CPI-1 base by spectrophotometric titration

In a N>-filled glovebox, 3 mL of a stock solution of 48 mM 9-(phenylthio)-9H-fluorene (PhS-FH) indicator
(pKa = 15.4) was added to a dry quartz cuvette. Three aliquots of 48 mM CPI-1 were then added to the
cuvette; the final volumes of CPI-1 after each addition were 60 pL, 80 pL, and 100 pL. After each addition
of CPI-1, the absorbance at Amax = 453 nm increased. The absorbance value was used to directly calculate

the concentration of the deprotonated indicator and, subsequently, of neutral CPI-1, and protonated CPI-
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1 (see also Supporting Information). The molar extinction coefficient used for these calculations (g =
1902 L'-mol=-cm™) was obtained from a Beer-Lambert plot created from an earlier pK, determination
experiment. The titrations provided three values for Keq, Which led to an average calculated pK; of 14.7 £

0.1 for the conjugate acid of CPI-1.

Associated Content

Experimental supporting data, pK, determination methods and characterization data (NMR spectra, SEC

chromatograms, DSC thermograms and WAXS data) are provided in the Supporting Information.
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