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ABSTRACT: Poly(tetrahydrofuran) (PTHF) has long-standing industrial
relevance as the soft block of elastic fibers and thermosets. Despite its
commercial importance, the synthesis of PTHF with molecular weight
(MW) control beyond 20 kDa has proved challenging. In this work, we
disclose a MW-controlled synthesis of PTHF up to 175 kDa by cationic
ring-opening polymerization, using a cationic squaramidinium hydrogen-
bond donor (HBD) catalyst in combination with an α-phosphonoox-
ymethyl ether initiator at room temperature. Mechanistic studies support a
reversible-deactivation polymerization pathway, wherein the HBD catalyst
facilitates the anchimeric ionization of the primary alkyl phosphate chain
end, generating the propagating oxonium species. The stability of the
phosphate chain end was demonstrated by isolating PTHF with high chain-
end fidelity and subsequently extending the PTHF macroinitiator to higher
molecular weights. This system was further applied to the copolymerization of THF and 1,3-dioxolane (DXL), affording copolymers
with tunable thermal properties. We demonstrate near-quantitative chemical recycling of both PTHF and PTHF-co-PDXL back to
monomer, highlighting the potential of this strategy for the development of sustainable polymers.

■ INTRODUCTION
Polytetrahydrofuran (PTHF) is produced on a 350 kiloton
scale annually and used in consumer products as the soft block
of many polyurethane and polyester copolymer elastomers
(Spandex, Hytrel, Adiprene) owing to its low glass transition
temperature (Tg = − 86 °C), high thermal stability, and
resistance toward hydrolysis.1 Since its first report by
Meerwein in 1939, PTHF stands as the first demonstration
of a polymer synthesized by cationic ring-opening polymer-
ization (CROP), yielding a linear and semicrystalline
polymer.2,3 PTHF is a promising sustainable polymer, as it
can be derived from biorenewable feedstocks and chemically
recycled to monomer and biodegrades into benign products
(Figure 1A).1

Many methods have been developed to polymerize THF by
CROP, utilizing Lewis acids, Lewis acid/promoters, Brønsted
acids, or strong alkylating agents (see Figure 1B and Tables S1
and S2 for a comprehensive summary).4 The CROP of THF is
typically robust and amenable to the preparation of higher-
order architectures such as star polymers5,6 and well-defined
block copolymers.7−14 However, despite nearly 90 years of
extensive research, molecular weight (MW) control beyond 20
kDa has not yet been achieved using these polymerization
methods. Bulk material properties are strongly dependent on
MW, owing to the increased degree of chain entanglement
which varies proportionally with chain length.15 Low-MW

PTHF (Mn < 5 kDa) is a waxy semisolid, whereas higher-MW
PTHF (Mn > 30 kDa) is a thermoplastic with tensile properties
similar to polyethylene.16 Developing THF polymerization
systems with more precise MW control at higher MWs is
essential for advancing next-generation sustainable plastics and
high-performance functional materials.

Several challenges must be overcome to achieve the MW-
controlled CROP of THF. THF has inherently low reactivity17

as compared to monomers such as 1,3-dioxolane (DXL) (kp,rel
= 1.7 × 103)18 and vinyl ethers (kp,rel = 1.2 × 106)19 (Figure
1C), which have well-established methods for their controlled
cationic polymerization.20−22 The slow rate of THF prop-
agation is on the order of irreversible termination processes
such as ion-pair collapse, which decreases the maximum kinetic
chain length and limits MW control.23−25 Chain transfer
reactions, such as reaction with adventitious water, chain-end
coupling, and macrocyclization also result in uncontrolled
molecular weights.26

Received: October 20, 2025
Revised: December 30, 2025
Accepted: January 5, 2026
Published: January 20, 2026

Articlepubs.acs.org/JACS

© 2026 American Chemical Society
4397

https://doi.org/10.1021/jacs.5c18359
J. Am. Chem. Soc. 2026, 148, 4397−4405

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
C

A
L

IF
O

R
N

IA
 B

E
R

K
E

L
E

Y
 o

n 
A

pr
il 

13
, 2

02
6 

at
 2

3:
13

:3
5 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joshua+J.+W.+Roan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zohaib+Siddiqi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brooks+A.+Abel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.5c18359&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c18359?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c18359?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c18359?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c18359?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c18359/suppl_file/ja5c18359_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c18359/suppl_file/ja5c18359_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c18359?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/148/4?ref=pdf
https://pubs.acs.org/toc/jacsat/148/4?ref=pdf
https://pubs.acs.org/toc/jacsat/148/4?ref=pdf
https://pubs.acs.org/toc/jacsat/148/4?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.5c18359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf


We reasoned that the major challenges associated with the
CROP of THF could be overcome by using a discrete
initiator/catalyst system, wherein Mn varies proportionally with
[THF]0:[initiator]0 and monomer conversion. For this system,
MW control is defined as a close agreement between the
experimental and theoretical values (Mn,exp = Mn,th), where
Mn,th is calculated based upon [THF]0:[initiator]0 and
monomer conversion according to eq 1 in the Supporting
Information. Controlled cationic polymerizations have tradi-
tionally relied on reversible deactivation methods, where
control is achieved by finely tuning the equilibrium between
active and dormant species. This has afforded MW control for
the cationic polymerizations of olefinic monomers such as
isobutylene, styrene, and vinyl ethers,20 and more recently, for
the CROP of cyclic acetals.21,22,27 However, among the few
comparable systems applied to the CROP of THF, none have
demonstrated MW control (Figure 1B).3,28 Such a method for
the CROP of THF requires the rational design of a catalyst/
initiator pair capable of overcoming the aforementioned side
reactions and the specificity to contend with the highly
coordinating monomer.

In this work, we demonstrate the first example of controlled
CROP of THF, affording PTHF with Mn values of up to 175
kDa (Figure 1D). The high activity of the squaramidinium
organocatalyst toward ionization of the α-phosphonooxymeth-
yl ether initiator is required for controlled polymerization due
to its strong and selective binding to the phosphate leaving
group. Mechanistic studies suggest that polymerization control
is achieved through a reversible deactivation process in tandem
with transetherification of the polymer backbone. Intra-
molecular activation of the squaramide hydrogen-bond donor
(HBD) by an adjacent amidinium N−H group was necessary
to sufficiently enhance catalyst activity. Extension of this
methodology to the CROP of cyclic acetals and the
preparation of poly(acetal-ether) copolymers demonstrates
the potential of this approach for the broader synthesis of
precision functional materials.

■ RESULTS AND DISCUSSION
Our investigations began by examining prior catalyst/initiator
systems developed for the polymerization of THF with the
intention of achieving MW control to [THF]0:[initiator]0 =
500:1. We first examined strong Brønsted acids and alkylators
as discrete initiators without an additional catalyst for the
CROP of THF. Polymerizations were performed at ambient
temperature in the bulk where the equilibrium monomer
conversion (ρeq) was typically 75%, with a theoretical number-
average molecular weight (Mn,th) of 26.9 kDa at [THF]0:
[initiator]0 = 500:1.29 Brønsted acid initiators either failed to
reach equilibrium conversion (TfOH, ρ = 12%) or exhibited
poor agreement between Mn,GPC and Mn,th at equilibrium
conversion ([H(Et2O)2]BArF, Mn,GPC = 139 kDa) (Figure 2A,
Table S4, entries 1 and 2, respectively).30 A linear relationship
between Mn,GPC and [THF]0:[initiator]0 was observed when
strong alkylating agents were used as initiators ([Et3O]PF6 and
MeOTf), though Mn,GPC exceeded Mn,th by greater than 1.5-
fold for all [THF]0:[initiator]0 ratios (Figure 2A, Supporting
Information Section 4.3, Tables S11 and S12). We next applied
a range of MXn Lewis acids in combination with methox-
ymethyl bromide (MOMBr) as a discrete initiator owing to its
ability to generate a reactive oxocarbenium species upon
bromide abstraction. No THF conversion was observed when
using common Lewis acids, where M = [AlIII], [BIII], [SnIV],
[TiIV], and [ZnII] (Figure 2A, Table S3). While low THF
conversions were observed with [FeIII] and [InIII] (Figure 2A,
Table S3, entries 8 and 12), GaCl3 notably reached equilibrium
conversion within 48 h and moderate agreement between
Mn,GPC and Mn,th up to [THF]0:[initiator]0 = 1000:1 (Mn,GPC =
71.1 kDa, Mn,th = 52.5 kDa, Table S12, entry 10). However, at
higher [THF]0:[initiator]0 ratios, polymerizations catalyzed by
GaCl3 failed to reach equilibrium conversion (Supporting
Information Section 4.2, Table S12).

We hypothesized that increasing catalyst activity would
promote reversible chain-end ionization, increasing the
polymerization rate, and extending the range of MW control.
However, highly Lewis acidic MXn catalysts such as PF5 or
SbCl5 are known to autoinitiate the polymerization of THF in
the absence of a discrete initiator, leading to the loss of MW

Figure 1. (A) Industrial relevance of PTHF. (B) Historical approaches to the polymerization of THF based on a literature survey (SI Tables S1,
S2). (C) Challenges associated with polymerizing THF. (D) Anion-binding approach to the polymerization of THF.
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control.25,31 We therefore sought to design a catalyst/discrete
initiator system where the catalyst possesses a high affinity
toward the initiator-derived leaving group, even in the presence
of strongly coordinating THF monomer.

Recently, organocatalytic anion-binding catalysis has been
used for the controlled cationic polymerization of vinyl ethers
but has not yet been realized for CROP.32−36 We were
particularly drawn to HBD catalysis due to recent reports of
HBD-catalyzed ring-opening reactions of oxazolines and
azetidines.37−39 Additionally, HBD catalysts paired with
phosphate leaving groups have been shown to afford uniquely
selective interactions in glycosylation reactions, as demon-
strated by the Jacobsen group.40−44 We reasoned that
phosphonooxymethyl initiator 2a, when paired with a suitable
multidentate HBD catalyst, would favor phosphate chain-end
ionization over HBD coordination to the monomer, thereby
facilitating the reversible-deactivation CROP of THF.

We initially examined several classes of HBDs (3−6) in
combination with various discrete initiators, but no conversion
was observed in all cases (Figure 2B, entry 1; see Table S5 for

full details). Notably this includes thiophosphoramide 5b and
selenocyclodiphosph(V)azane 6, which have been employed
by the Fors and Tao groups, respectively, for the controlled
cationic polymerization of vinyl ethers. These systems
exemplify the six-orders-of-magnitude difference in reactivity
between vinyl ethers and THF (Figure 1C).32,35

We hypothesized that the enhanced electrostatic potential of
cationic hydrogen-bond donors could translate to improved
phosphate binding and, therefore, catalytic activity. Cationic
HBDs have been used as catalysts in glycosylation reactions,
conjugate additions, and sigmatropic rearrangements.45−48 We
first synthesized guanidinium HBDs 7 and 8, inspired by the
highly specific interaction between arginine residues and
phosphates observed in nature.49 Using the standard polymer-
ization conditions shown in Figure 2B, 7 showed no activity,
whereas a low conversion of THF (ρ = 3%, Mn,GPC = 11.8 kDa)
was achieved using diphenyl guanidinium 8 and phosphate
initiator 2a (Figure 2B, entries 2 and 3, respectively).46

Encouraged by the activity of HBD 8, we designed cationic
HBD catalysts [1]BArF, 9a, and 9b, which are capable of
forming an intramolecular hydrogen bond (vide infra), a
feature that has been shown to enhance hydrogen bond
polarization in urea, thiourea, and squaramide hydrogen-bond
donors, thereby enhancing their activity.50,51 [1]BArF proved
optimal, reaching equilibrium conversion and Mn,GPC = 31.6
kDa in good agreement with Mn,th = 26.9 kDa (Figure 2B,
entry 6). Notably, control reactions omitting initiator 2a or
catalyst [1]BArF yielded trace or no conversion under the
standard polymerization conditions (Tables 1, entry 7, and

S14, entries 3 and 4). We attributed the high activity of
[1]BArF to the higher acidity of the squaramide moiety relative
to the thioureas and ureas, which is often correlated with the
HBD catalyst activity.52 The low activity of 9b relative to those
of 9a and [1]BArF is potentially due to the addition of the
mildly nucleophilic thiourea to the chain end. Increasing the
coordinative strength of the counteranion from [1]BArF to
[1]NTf2 or [1]OTf led to decreased conversions, likely due to
the addition of the counteranion to the oxonium chain end
(Figure 2B, entries 7 and 8), while [1]OPO(OPh)2 had no

Figure 2. (A) Initial catalyst and initiator screen. (B) HBD catalyst
optimization. a Determined by 1H NMR analysis of the crude reaction
mixture. bMn,th calculated assuming complete initiation by 2a. c Mn,GPC
determined by SEC-MALS in THF.

Table 1. Initiator Optimization

entry initiator ρ (%)a Mn,th (kDa)b Mn,GPC (kDa)c D̵

1 2b 43 15.6 20.8 1.55
2 2c 26 9.3 19.1 1.65
3 2d Trace <1.0 <1.0 −
4 2e Trace <1.0 <1.0 −
5 2f Trace <1.0 7.2 1.37
6 MOMBr 4 1.4 2.3 1.57
7 none Trace <1.0 104 1.36

aDetermined by1H NMR analysis of the crude reaction mixture.
bMn,th calculated assuming complete initiation by 2a. cMn,GPC
determined by SEC-MALS in THF.
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activity (Figure 2B, entry 9).53,54 Previously, it was
demonstrated that in MeOTf-initiated CROP of THF, >95%
of propagation proceeds through the active oxonium triflate
ion pair rather than a covalent alkyl triflate. Collapse of the
triflate anion onto the oxonium chain end results in a
decreased apparent rate of propagation compared to systems
with a dissociated counteranion.55

The effect of the phosphate leaving group structure on
polymerization rate and MW control was next investigated by
synthesizing phosphonooxymethyl ether initiators 2b−2f to
probe the effects of substituents and the identity of the P(V)
leaving group on MW control. Varying the substituents of the
phosphonooxymethyl ether initiator led to either decreased
conversions (2b and 2c) (Table 1, entries 1 and 2) or trace
conversion (2d) (Table 1, entry 3) as compared to 2a (Figure
2B, entry 6). Similar reactivity trends have been observed in
the glycosylation of glycosyl phosphate donors, with diaryl
phosphates being more reactive than the corresponding dialkyl
phosphates. Within the alkyl series, the neopentyl cyclic
phosphate exhibits greater reactivity than the diethyl
phosphate and more sterically encumbered aliphatic phos-
phates.40,41,44 Variation of the P(V) species to O,O′-diethyl-
dithiophosphorate 2e or diphenyl phosphinate 2f also resulted
in trace conversion (Table 1, entries 4 and 5, respectively).
The unique specificity of [1]BArF toward phosphate binding
was further supported by noting that only 4% THF conversion
was reached within 48 h when MOMBr was used as the
initiator (Table 1, entry 6).

With an optimized catalyst/initiator pair in hand, we aimed
to test the extent of MW control of [1]BArF-catalyzed CROP
of THF. Polymerizations were conducted by varying [THF]0:
[2a]0 from 100:1 to 4000:1 (Figure 3A). A good agreement
between Mn,GPC and Mn,th was observed up to 3000:1,
corresponding to an Mn of 175 kDa (Mn,th = 164 kDa). At
higher [THF]0:[2a]0 ratios, Mn,GPC decreased below Mn,th
despite the polymerization reaching equilibrium conversion.
This decrease is attributed to chain transfer to trace water,
which produces a non-negligible number of additional polymer
chains. To the best of our knowledge, this represents the
highest degree of MW control achieved to date for the
synthesis of PTHF.

We next investigated the behavior of Mn,GPC as a function of
time during polymerization using the optimized conditions at
[THF]0:[2a]0 = 500:1. Initially, Mn,GPC exceeds Mn,th prior to
reaching ρeq, followed by an asymptotic decrease to Mn,th. This

behavior can be attributed to the slow initiation relative to
propagation, followed by the equilibration of polymer
molecular weights after complete initiation in part due to the
dynamic equilibrium between the polymer and monomer that
continues even after reaching ρeq. Additionally, intermolecular
transetherification of the polyether backbone can facilitate
redistribution of chain lengths and convergence toward
Mn,th.21,23 Notably, Mn,GPC remained in good agreement with
Mn,th, even when polymerizations were run for an extended
duration (up to 120 h), indicating the absence of macro-
cyclization and chain transfer, which would lead to a decrease
in Mn,GPC below Mn,th (Figure 3B). CROP of THF mediated by
2a and [1]BArF also exhibits a high degree of livingness as
demonstrated through chain extension by sequential monomer
addition, resulting in an increase in Mn,GPC from 34.2 to 63.2
kDa in a manner consistent with theory (Figure 3C).

Having confirmed the livingness and precise control over
Mn, we next investigated the reversible deactivation mechanism
to understand the origins of MW control. No polymerization
was observed when diphenylphosphoric acid was used as the
initiator under optimized conditions, ruling out initiation by
the Brønsted acid formed by initiator hydrolysis (Table S14,
entry 5). Phosphate anion binding to [1]BArF during
polymerization was demonstrated using the common ion
effect through the addition of one equivalent of tetrabuty-
lammonium diphenyl phosphate, which completely inhibited
polymerization (Table S14, entry 6).

Phosphonooxymethyl ether initiator 2a was designed to
ionize more rapidly than the dormant phosphate ester chain
end expected to form during CROP of THF. To assess the
viability of reversible deactivation of the phosphate ester chain
end during polymerization, several initiator probes that mimic
the dormant chain end were subjected to standard polymer-
ization conditions (Figure 3A). The chain end surrogate 11
reached equilibrium conversion with Mn = 33.6 kDa, in good
agreement with theory, albeit with a decrease in the initiation
rate (Figures 4A, S8). Interestingly, only trace conversion was
observed when hexyl diphenyl phosphate (12) was used as the
initiator under the standard reaction conditions, suggesting
that anchimeric assistance by the neighboring oxygen atom is
required for phosphate displacement and ionization to the
active oxonium species (Figure 4A).56 Based on these results,
we anticipated that phosphate-terminated PTHF could be
isolated and used as a macroinitiator for subsequent chain
extension. PTHF macroinitiator 13 was prepared through the

Figure 3. (A) MW control is observed with a good agreement between Mn,GPC and Mn,th up to [THF]0:[2a]0 = 3000:1. (B) Convergence of Mn,GPC
and Mn,th occurs after reaching ρeq under optimized conditions. (C) Demonstration of phosphate ester chain-end retention via PTHF isolation and
subsequent chain extension.
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[1]BArF-catalyzed polymerization of THF, followed by
quenching with sodium diphenyl phosphate to afford 13
with excellent chain-end fidelity supported by the good
agreement between Mn,NMR and Mn,th (Figure 4B) and serves
as additional evidence of the high initiator efficiency. Using
PTHF macroinitiator 13 as a discrete initiator for the [1]BArF-
catalyzed CROP of THF gratifyingly led to chain extension,
yielding PTHF with Mn,GPC in excellent agreement with Mn,th
(Figure 4B).

We next investigated the role of the different hydrogen
bonding N−H groups present in [1]BArF in reversible
phosphate binding. HBD derivative [10]BArF was synthesized
with methylation at the anilinic nitrogen position. The use of
[10]BArF as the catalyst under standard polymerization
conditions resulted in decreased polymerization rates and
irreversible chain termination prior to reaching ρeq (Figure
5A). Using 11 as an initiator in the presence of [10]BArF

afforded no conversion (Figure 5B), suggesting that [10]BArF

can abstract the phosphate from phosphonooxymethyl ether
initiator 2a, but methylation eliminates the catalyst’s ability to
abstract the phosphate from the dormant polymer chain end
following initiation. The anilinic N−H bond thus enables
[1]BArF to reactivate the dormant phosphate ester chain end.

Evidence for intramolecular activation of the squaramide
unit was provided by SC-XRD (Figure 6A), which shows
hydrogen bonding between the amidinium N−H and the
squaramide carbonyl in both [1]BArF and [1]OPO(OPh)2.
Phosphate binding to the squaramide unit of the catalyst was
also supported by SC-XRD, which revealed short hydrogen-
bond distances (∼2.6 Å) between both squaramide N−H
groups and one oxygen atom of the phosphate anion in
[1]OPO(OPh)2, suggesting the presence of moderately strong
hydrogen-bonding interactions. Based on these findings, a
plausible mechanism is proposed in Figure 6B, in which
reversible anchimeric ionization of the diphenyl phosphate
chain end is catalyzed by [1]BArF to generate the active
oxonium chain end and the [1]OPO(OPh)2 complex.

The HBD-catalyzed CROP of THF was also performed on a
4.4 g (62 mmol of THF) scale with no loss in MW control
(Figure 7A). Furthermore, the HBD catalyst precursor 14 was
recovered in 91% yield following polymerization by simple
filtration of the quenched polymer solution through basic
alumina (Figure 7A) and subsequent extraction into MeOH
(Table S18 and Figure S10).

We next investigated the effect of Mn on the PTHF tensile
properties. PTHF of different Mn values was synthesized and
melt-pressed to yield colorless, opaque films, and uniaxial
tensile elongation tests were performed to measure the effect of
Mn on the material properties. The PTHF prepared with
Mn,GPC = 73.8 and 179 kDa possessed stress at break (σB)
values of 39.4 ± 4.2 and 38.0 ± 4.7 MPa, respectively, five
times that of 14.6 kDa PTHF with σB = 8.27 ± 1.5 MPa.
Similarly, the strain at break (εB) for the higher-Mn samples
(73.8 and 179 kDa) exceeded 800%, more than twice that of
lower-Mn PTHF (14.6 kDa) (Figure 7B, Table S19). While the
higher-Mn samples exhibited σB comparable to that of high-
density polyethylene (σB = 30.2 MPa, εB = 900%), the lower-
Mn PTHF has properties comparable to low-density poly-
ethylene (σB = 10.0 MPa, εB = 430%), demonstrating the
tunability of PTHF material properties afforded through
precise MW control.21

To demonstrate the chemical circularity of PTHF,
depolymerization to THF was achieved using catalytic
phosphomolybdic acid in the presence of small quantities of
commercial low-molecular-weight PTHF diol (Mn = 2.9
kDa).57 The addition of PTHF diol was found to be essential
for achieving high THF yields during the depolymerization of
higher-MW PTHF, particularly in larger-scale experiments,
likely by improving the reaction homogeneity. When
conducted on a 2.13 g scale, depolymerization of PTHF

Figure 4. (A) Demonstration of anchimeric ionization using small-
molecule chain-end mimics. (B) Initiation using macroinitiator
retaining phosphate chain end.

Figure 5. (A) Effect of catalyst methylation on conversion vs time.
(B) Effect of catalyst methylation on chain-end reactivation.
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prepared via HBD-CROP afforded THF in an 89% yield
(Figure 8).

Controlled CROP of cyclic acetals such as 1,3-dioxolane
(DXL) has recently been demonstrated using InBr3/MOMBr

and [Et3O]PF6 polymerization systems;21,22 however, these
systems are less effective for the controlled CROP of other
heterocyclic monomers, limiting the synthesis of well-defined
polyacetal copolymers. We found that [1]BArF and 2a were
effective for the controlled CROP of DXL up to [DXL]0:[2a]0
= 2500:1, reaching Mn,GPC = 150 kDa (Figure 9A).
Gratifyingly, copolymerization of THF and DXL using the
[1]BArF/2a system afforded PTHF-co-PDXL comprising 57%
DXL and 43% THF. Unlike the respective THF and DXL
homopolymerizations, which exhibited excellent MW control,
the copolymerization resulted in lower-than-expected molec-
ular weights (Mn,GPC = 37.8 kDa vs Mn,th = 67.0 kDa) (Figure
9B). We attribute this decreased control to chain transfer via
hydride abstraction from DXL by the THF-derived oxonium
chain end, forming a dioxolonium cation capable of reinitiating
a new polymer chain.58 Moreover, 1H NMR analysis did not
show a significant crossover between THF and DXL repeat
units, indicating that the copolymer possesses a multiblock
architecture. The copolymer exhibited two discrete Tm values
(28.8 and 54.0 °C) in agreement with those of the PTHF and
PDXL homopolymers, respectively, further indicating that the
copolymer is blocky in character.21

Figure 6. (A) SC-XRD structures of [1]BArF (left) and [1]OPO(OPh)2 (right). (B) Putative mechanism of reversible deactivation.

Figure 7. (A) Scaled polymerization of THF and catalyst precursor
recovery. (B) Effect of Mn on the tensile behavior of PTHF.

Figure 8. Chemical recycling to monomer of PTHF.
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Sequential depolymerization of the copolymer was enabled
by exploiting the large difference in the reactivity between the
two comonomers. First, treatment of the copolymer with
InBr3/MOMBr selectively depolymerized the polyacetal seg-
ments, affording DXL in near-quantitative yield. The remaining
PTHF (Mn = 13.1 kDa) confirmed the blocky architecture of
the initial PTHF-co-PDXL copolymer. Subsequent addition of
[Et3O]PF6 afforded THF in a 72% yield (Figure 9B). To the
best of our knowledge, this represents the first example of
sequential depolymerization of a copolymer prepared entirely
by one-pot CROP.

■ CONCLUSION
This work demonstrates the MW-controlled synthesis of
PTHF with Mn values ranging from 7.2 to 175 kDa. To the
best of our knowledge, this represents the first example of
anion-binding CROP and the first synthesis of PTHF with a
high degree of MW control. Control is achieved through
reversible activation of the dormant phosphate ester chain ends
by a HBD catalyst that is specifically designed to bind the
phosphate in the presence of highly coordinating THF
monomer. The highly active catalyst [1]BArF is capable of
abstracting an alkyl phosphate from dormant chain ends in part

due to internal activation by a strong intramolecular hydrogen
bonding interaction.

This methodology was readily extended to the MW-
controlled synthesis of PDXL, as well as the preparation of
PTHF/PDXL copolymers. We anticipate that this novel HBD
scaffold will be applicable not only to CROP but also to a
broader range of organocatalytic transformations. With access
to a reliable, MW-controlled method for synthesizing PTHF
with high end-group fidelity, this platform opens opportunities
for the development of advanced functional polymer materials
that require such precision for their design and performance.
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(28) Kucĕra, M.; Zahradnick̆ová, A.; Majerová, K. Coordinate
Polymerization of Heterocycles: 2. Oligomerization of Tetrahydrofur-
an by TiCl4 in the Presence of Acetyl Chloride or Epichlorohydrin.
Polymer 1976, 17, 528−534.

(29) Dreyfuss, M. P.; Dreyfuss, P. p-Chlorophenyldiazonium
Hexafluorophosphate As a Catalyst in the Polymerization of
Tetrahydrofuran and Other Cyclic Ethers. J. Polym. Sci., Part A-1
1966, 4 (9), 2179−2200.

(30) Brookhart, M.; Grant, B.; Volpe, A. F., Jr. (3,5-
(CF3)2C6H3)4B]-[H(OEt2)2]+: A Convenient Reagent for Generation
and Stabilization of Cationic, Highly Electrophilic Organometallic
Complexes. Organometallics 1992, 11, 3920−3922.

(31) Luydvig, Y. B.; Rozenberg, B. A.; Zvereva, T. M.; Gantmakher,
A. R.; Medvedev, S. S. The Polymerization of the Tetrahydrofuran in
the Presence of the Pentachloride and Other Compounds of
Antimony. Polym. Sci. U.S.S.R. 1965, 7, 296−303.

(32) Kottisch, V.; Jermaks, J.; Mak, J.-Y.; Woltornist, R. A.; Lambert,
T. H.; Fors, B. P. Hydrogen Bond Donor Catalyzed Cationic
Polymerization of Vinyl Ethers. Angew. Chem., Int. Ed. 2021, 60,
4535−4539.

(33) Shankel, S. L.; Ma, Y.; Spivey, J. A.; Filien, L.; Lambert, T. H.;
Fors, B. P. Accelerating Cationic Polymerizations with a Hydrogen
Bond Donor. Eur. Polym. J. 2024, 207, 112814.

(34) Li, M.; Zhang, Z.; Yan, Y.; Lv, W.; Li, Z.; Wang, X.; Tao, Y.
Anion-Binding Catalysis Enables Living Cationic Polymerization. Nat.
Synth. 2022, 1, 815−823.

(35) Li, M.; Li, H.; Zhang, X.; Wang, X.; Tao, Y. Mechanistic Insight
into Anion-Binding Catalytic Living Cationic Polymerization. Angew.
Chem., Int. Ed. 2023, 62, No. e202303237.

(36) Takagi, K.; Murakata, H.; Hasegawa, T. Application of
Thiourea/Halogen Bond Donor Cocatalysis in Metal-Free Cationic
Polymerization of Isobutyl Vinyl Ether and Styrene Derivatives.
Macromolecules 2022, 55, 5756−5765.

(37) Strassfeld, D. A.; Wickens, Z. K.; Picazo, E.; Jacobsen, E. N.
Highly Enantioselective, Hydrogen-Bond-Donor Catalyzed Additions
to Oxetanes. J. Am. Chem. Soc. 2020, 142, 9175−9180.

(38) Strassfeld, D. A.; Algera, R. F.; Wickens, Z. K.; Jacobsen, E. N.
A Case Study in Catalyst Generality: Simultaneous, Highly-
Enantioselective Brønsted- and Lewis-Acid Mechanisms in Hydro-

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c18359
J. Am. Chem. Soc. 2026, 148, 4397−4405

4404

https://doi.org/10.1002/ange.19600722402
https://doi.org/10.1002/ange.19600722402
https://doi.org/10.1002/anie.202317699
https://doi.org/10.1002/anie.202317699
https://doi.org/10.1002/anie.202317699
https://doi.org/10.1021/ma000051g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma000051g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma000051g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/polc.5070560115
https://doi.org/10.1002/polc.5070560115
https://doi.org/10.1002/polc.5070560115
https://doi.org/10.1021/ma990842m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma990842m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma990842m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pi.4980200204
https://doi.org/10.1002/pi.4980200204
https://doi.org/10.1007/bf00700281
https://doi.org/10.1007/bf00700281
https://doi.org/10.1016/0032-3861(82)90302-0
https://doi.org/10.1016/0032-3861(82)90302-0
https://doi.org/10.1016/0032-3861(82)90302-0
https://doi.org/10.1016/0032-3861(82)90302-0
https://doi.org/10.1016/0014-3057(82)90088-X
https://doi.org/10.1016/0014-3057(82)90088-X
https://doi.org/10.1080/10601327308060509
https://doi.org/10.1080/10601327308060509
https://doi.org/10.1295/polymj.2.43
https://doi.org/10.1295/polymj.2.43
https://doi.org/10.1002/macp.1970.021330126
https://doi.org/10.1002/macp.1970.021330126
https://doi.org/10.1016/0032-3861(81)90231-7
https://doi.org/10.1016/0032-3861(81)90231-7
https://doi.org/10.1002/macp.1971.021420115
https://doi.org/10.1002/macp.1971.021420115
https://doi.org/10.1002/macp.1971.021420115
https://doi.org/10.1002/macp.1971.021440113
https://doi.org/10.1002/macp.1971.021440113
https://doi.org/10.1002/macp.1971.021440113
https://doi.org/10.1021/ma00186a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00186a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr900225g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr900225g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.abh0626
https://doi.org/10.1126/science.abh0626
https://doi.org/10.1126/science.abh0626
https://doi.org/10.1021/jacs.3c01901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c01901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c01901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ba-1969-0091.ch021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ba-1969-0091.ch021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/00222337008060986
https://doi.org/10.1080/00222337008060986
https://doi.org/10.1080/00222337008060986
https://doi.org/10.1016/0022-1902(60)80086-3
https://doi.org/10.1021/ma60061a049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma60061a049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma60061a049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41557-023-01193-2
https://doi.org/10.1038/s41557-023-01193-2
https://doi.org/10.1016/0032-3861(76)90135-x
https://doi.org/10.1016/0032-3861(76)90135-x
https://doi.org/10.1016/0032-3861(76)90135-x
https://doi.org/10.1002/pol.1966.150040913
https://doi.org/10.1002/pol.1966.150040913
https://doi.org/10.1002/pol.1966.150040913
https://doi.org/10.1021/om00059a071?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00059a071?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00059a071?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00059a071?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0032-3950(65)90053-5
https://doi.org/10.1016/0032-3950(65)90053-5
https://doi.org/10.1016/0032-3950(65)90053-5
https://doi.org/10.1002/anie.202013419
https://doi.org/10.1002/anie.202013419
https://doi.org/10.1016/j.eurpolymj.2024.112814
https://doi.org/10.1016/j.eurpolymj.2024.112814
https://doi.org/10.1038/s44160-022-00142-0
https://doi.org/10.1002/anie.202303237
https://doi.org/10.1002/anie.202303237
https://doi.org/10.1021/acs.macromol.2c00281?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c00281?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c00281?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c03991?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c03991?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c03992?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c03992?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c18359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


gen-Bond-Donor Catalyzed Oxetane Openings. J. Am. Chem. Soc.
2021, 143, 9585−9594.

(39) Gair, J. J.; Isomura, M.; Wagen, C. C.; Strassfeld, D. A.;
Jacobsen, E. N. Enantioselective Ring Opening of Azetidines via
Charge Recognition in Hydrogen-Bond-Donor Catalysis. J. Am. Chem.
Soc. 2025, 147, 6378−6383.

(40) Levi, S. M.; Li, Q.; Rötheli, A. R.; Jacobsen, E. N. Catalytic
Activation of Glycosyl Phosphates for Stereoselective Coupling
Reactions. Proc. Natl. Acad. Sci. U.S.A. 2019, 116, 35−39.

(41) Mayfield, A. B.; Metternich, J. B.; Trotta, A. H.; Jacobsen, E. N.
Stereospecific Furanosylations Catalyzed by Bis-Thiourea Hydrogen-
Bond Donors. J. Am. Chem. Soc. 2020, 142, 4061−4069.

(42) Li, Q.; Levi, S. M.; Jacobsen, E. N. Highly Selective β-
Mannosylations and β-Rhamnosylations Catalyzed by Bis-Thiourea. J.
Am. Chem. Soc. 2020, 142, 11865−11872.

(43) Li, Q.; Levi, S. M.; Wagen, C. C.; Wendlandt, A. E.; Jacobsen,
E. N. Site-Selective, Stereocontrolled Glycosylation of Minimally
Protected Sugars. Nature 2022, 608, 74−79.

(44) Beyer, P. D.; Nielsen, M. M.; Picazo, E.; Jacobsen, E. N. β-
Selective 2-Deoxy- and 2,6-Dideoxyglucosylations Catalyzed by Bis-
Thioureas. J. Am. Chem. Soc. 2024, 146, 27318−27323.

(45) Xiao, K.; Hu, Y.; Wan, Y.; Li, X.; Nie, Q.; Yan, H.; Wang, L.;
Liao, J.; Liu, D.; Tu, Y.; Sun, J.; Codée, J. D. C.; Zhang, Q. Hydrogen
Bond Activated Glycosylation under Mild Conditions. Chem. Sci.
2022, 13, 1600−1607.

(46) Uyeda, C.; Jacobsen, E. N. Enantioselective Claisen Rearrange-
ments with a Hydrogen-Bond Donor Catalyst. J. Am. Chem. Soc. 2008,
130, 9228−9229.

(47) Uyeda, C.; Rötheli, A. R.; Jacobsen, E. N. Catalytic
Enantioselective Claisen Rearrangements of O-Allyl β-Ketoesters.
Angew. Chem., Int. Ed. 2010, 49, 9753−9756.

(48) Almasi̧, D.; Alonso, D. A.; Gómez-Bengoa, E.; Nájera, C. Chiral
2-Aminobenzimidazoles as Recoverable Organocatalysts for the
Addition of 1,3-Dicarbonyl Compounds to Nitroalkenes. J. Org.
Chem. 2009, 74, 6163−6168.

(49) Woods, A. S.; Ferré, S. Amazing Stability of the Arginine−
Phosphate Electrostatic Interaction. J. Proteome Res. 2005, 4, 1397−
1402.

(50) Auvil, T. J.; Schafer, A. G.; Mattson, A. E. Design Strategies for
Enhanced Hydrogen-Bond Donor Catalysts. Eur. J. Org Chem. 2014,
2014, 2633−2646.

(51) Ganesh, M.; Seidel, D. Catalytic Enantioselective Additions of
Indoles to Nitroalkenes. J. Am. Chem. Soc. 2008, 130, 16464−16465.

(52) Li, X.; Deng, H.; Zhang, B.; Li, J.; Zhang, L.; Luo, S.; Cheng, J.
P. Physical organic study of structure-activity-enantioselectivity
relationships in asymmetric bifunctional thiourea catalysis: Hints for
the design of new organocatalysts. Chem.�Eur. J. 2010, 16, 450−455.

(53) Smith, P. J.; Reddington, M. V.; Wilcox, C. S. Ion Pair Binding
by a Urea in Chloroform Solution. Tetrahedron Lett. 1992, 33, 6085−
6088.

(54) Sun, L.; Wu, X.; Xiong, D.-C.; Ye, X.-S. Stereoselective
Koenigs−Knorr Glycosylation Catalyzed by Urea. Angew. Chem., Int.
Ed. 2016, 55, 8041−8044.

(55) Matyjaszewski, K.; Słomkowski, S.; Penczek, S. Kinetics and
Mechanism of the Cationic Polymerization of Tetrahydrofuran in
Solution. THF−CH2Cl2 and THF−CH2Cl2/CH3NO2 Systems. J.
Polym. Sci., Polym. Chem. Ed. 1979, 17, 2413−2422.

(56) Buyle, A. M.; Matyjaszewski, K.; Penczek, St. Kinetics and
Thermodynamics of Interconversion of Macroesters and Macroion
Pairs in the Cationic Polymerization of Tetrahydrofuran. Macro-
molecules 1977, 10, 269−274.

(57) Wang, Y.; Hou, Y.; Song, H. Ring-Closing Depolymerization of
Polytetrahydrofuran to Produce Tetrahydrofuran Using Heteropolya-
cid as Catalyst. Polym. Degrad. Stab. 2017, 144, 17−23.

(58) Yamashita, Y.; Kozawa, S.; Chiba, K.; Okada, M. Attempted
Copolymerization of 1.3-Dioxolane with Tetrahydrofuran by Triethyl
Oxonium Tetrafluoroborate. Makromol. Chem. 1970, 135, 75−78.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c18359
J. Am. Chem. Soc. 2026, 148, 4397−4405

4405

https://doi.org/10.1021/jacs.1c03992?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c00165?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c00165?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1811186116
https://doi.org/10.1073/pnas.1811186116
https://doi.org/10.1073/pnas.1811186116
https://doi.org/10.1021/jacs.0c00335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c00335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c04255?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c04255?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-022-04958-w
https://doi.org/10.1038/s41586-022-04958-w
https://doi.org/10.1021/jacs.4c11560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c11560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c11560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1SC05772C
https://doi.org/10.1039/D1SC05772C
https://doi.org/10.1021/ja803370x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja803370x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201005183
https://doi.org/10.1002/anie.201005183
https://doi.org/10.1021/jo9010552?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo9010552?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo9010552?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/pr050077s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/pr050077s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejoc.201400035
https://doi.org/10.1002/ejoc.201400035
https://doi.org/10.1021/ja8063292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja8063292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.200902430
https://doi.org/10.1002/chem.200902430
https://doi.org/10.1002/chem.200902430
https://doi.org/10.1016/S0040-4039(00)60012-6
https://doi.org/10.1016/S0040-4039(00)60012-6
https://doi.org/10.1002/anie.201600142
https://doi.org/10.1002/anie.201600142
https://doi.org/10.1002/pol.1979.170170813
https://doi.org/10.1002/pol.1979.170170813
https://doi.org/10.1002/pol.1979.170170813
https://doi.org/10.1021/ma60056a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma60056a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma60056a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.polymdegradstab.2017.08.001
https://doi.org/10.1016/j.polymdegradstab.2017.08.001
https://doi.org/10.1016/j.polymdegradstab.2017.08.001
https://doi.org/10.1002/macp.1970.021350108
https://doi.org/10.1002/macp.1970.021350108
https://doi.org/10.1002/macp.1970.021350108
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c18359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs



