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A new strategy for the metal-free coordination-insertion ring-opening polymerization of tetrahydrofuran
by the central metalloid Boron has been first identified. Bis(pentafluorophenyl)(phenoxy)borane was used
as a catalyst for the polymerization reaction system. And polytetrahydrofuran with high molecular weight
and narrow molecular weight distribution could be obtained. The proposed mechanism was studied by
MALDI-TOF, ESI-MS and 0-18 isotope labeling analyses as a metal-free coordination insertion mechanism.
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Ring-opening polymerization (ROP) is one of the most effective
paths to synthesis polymers under mild conditions with high atom
economy and many industrially important polymers are produced
via ROP [1]. As general monomers of ROP, cyclic ethers have been
extensively studied and their usual polymerization mechanisms in-
clude cationic ROP (CROP), anionic ROP (AROP) and coordination-
insertion ROP (CIROP) (Scheme 1) [2-7]. As a typical kind of metal
complex in CIROP, metal alkoxides always leave a free site on cen-
tral metal to combine the monomer and have a reactive ligand to
insert the monomer. And the replacement of central element, e.g.,
from the salen-Fe to salen-Co, is a common strategy to adjust the
performance of catalyst [8,9]. However, compared with the exten-
sive research on metallic elements, only few studies have focused
on CIROP under non-metallic catalysts, although the metallicity of
non-metallic elements has been studied for a lot [10,11]. Therefore,
the research on features of CIROP in non-metallic centers is capa-
ble of filling gap in this area.

As a classical and important polyether material, polytetrahydro-
furan (PTHF) is generally considered to be obtained by CROP of
tetrahydrofuran (THF) via oxonium ion [4]. PTHF industrial prod-
ucts are mainly oligomers and are used in the production of span-
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dex and polyurethane elastomers [12]. Currently, there are fewer
studies on high molecular weight PTHF homopolymers [13,14].
In those classical CROP systems, strong protonic acids (HSOsF,
HSO3Cl HSO5CFs3, etc.) or Lewis acids (BFs, PFs, SbFs, etc.) are used
as catalysts and most of the PTHF obtained are low molecular
weight [2,3]. Previously, there have been no reports of PTHF be-
ing obtained through CIROP. In comparison with other types of
cyclic ethers, CIROP has the advantages of mild reaction conditions
and controlled polymerization process [15,16]. And CIROP is more
promising for copolymerization research.

Boron is the only non-metallic element in the third main group
of the periodic table. And tris(pentafluorophenyl)borane (B(CgFs)3)
has been frequently used as catalyst in various chemical synthe-
sis [17,18]. As a sterically encumbered Lewis acid, B(CgF5)3 could
usually combine with Lewis bases to form Lewis pairs, which can
carry out catalytic hydrogenation and activation of CO, as well as
alkenes [19]. In addition, B(CgF5)3 can be used as a catalyst in the
copolymerization of cyclic ethers [20]. In the presence of B(CgFs);
and glycidyl phenyl ether (GPE) as Lewis base, THF will copolymer-
ize with GPE via CROP mechanism (Scheme 2a).

Nonetheless, in the presence of B(CgFs); and another Lewis
bases like EtsN, the ring of THF is opened and a zwitterionic com-
plex of Et3N(CH,)40B(CgF5)3 is obtained (Scheme 2b) [21]. This is
a ring-opening process close to CIROP mechanism, except that the
insertion reaction is intermolecular. It is therefore possible to ob-
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Scheme 1. The structures of the growing chain end during ROP for a variety of
mechanisms: (a) CROP of THF, (b) AROP of EO, (c) CIROP of PO, (d) CIROP of THF
with central metalloid (this work).

tain polytetrahydrofuran (PTHF) by CIROP, even though CROP was
often thought to be the only way to achieve PTHF.

In order to achieve the CIROP of THF, figuring out the in-
tramolecular insertion process is the primary goal. In this work,
we try to substitute a -CgFs moiety of B(CgFs5); for -OPh moi-
ety by referring to the characteristics of the metal alkoxides
and B(CgFs5);, and then bis(pentafluorophenyl)(phenoxy)borane
(PhOB(CgFs),) was designed. This is a new type of borane catalyst
which has a free site to combine the monomer as well as achiev-
ing coordination processes, and it also has a Ph-O-B fragment to
achieve intramolecular insertion process. It is worth mentioning
that a recent work realized the synthesis of alternating polyesters
by using a Lewis acid-base pair [22]. Moreover, during this poly-
merization, oxygenated boron species of activating the monomers
were generated in situ and the polymer was obtained by an an-
ionic ring-opening mechanism. We used PhOB(CgF5), as catalyst to
obtain PTHF successfully. And the mechanism was further investi-
gated to verify a CIROP.

First, we investigate the ROP of THF catalyzed by PhOB(CgFs)-.
When two equivalents of B(CgF5); and one equivalent of PhOH re-
acted in situ to produce PhOB(CgzF5), as a catalyst, high molecular
weight and narrow molecular weight distributions of PTHF were
obtained successfully (Table 1, entry 1; Fig. S1 in Supporting in-
formation). In order to study the effect of residual B(CgFs5); and
PhOH in the in situ PhOB(CgF5), system on the ROP, the follow-
ing strategy was used. When three equivalents of B(CgF5); were
added, the molecular weight and yield of obtained PTHF made no
remarkable change (Table 1, entry 2; Fig. S2 in Supporting infor-
mation). This indicates that excess B(CgF5); has no contribution to
catalytic activity in the PhOB(CgF5), catalyst system. When the THF
feeding ratio was varied to carry out the polymerization, PTHFs of
different molecular weights were obtained (Table S1 in Support-
ing information). It shows that the molecular weight of PTHF can
be regulated according to the amount of THF input. While when
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Table 1
Summary of PTHF catalyzed by PhOB(CgFs),.2
Reaction
Entry B(CgFs)3/PhOH/THF® T (°C) time (h) M, (kg/mol)* PDI Yield (%)d
1 2/1/1000 50 24 103.9 1.18 39.3
2 3/1/1000 50 24 111.2 1.19 40.9
3 1/0/1000 50 24 / / /
4 0/1/1000 50 24 / / /
5¢ 2/1/1000 50 24 / / /

2 PhOB(Cg¢Fs), was generated in situ by mixing B(CsFs); and PhOH in 0.5mL
toluene for 12h at 110°C and then toluene and PHFs were removed under vacuum
(Figs. S1-S3 in Supporting information).

b 2 mL of THF was added as monomer and solvent.

¢ GPC results were determined relative to polyethylene glycol standards, and the
eluent was THE.

d The yield was calculated from the ratio of dried polymer to added THF.

¢ B(CgFs)3, PhOH and THF were added at once.

only B(CgFs5)3 or PhOH added into THF keeping other polymeriza-
tion conditions constant, there were no PTHF generated (Table 1,
entries 3 and 4). It suggests that neither B(CgF5); nor PhOH it-
self was catalytically active in the ROP of THF. Furthermore, when
B(CgF5)3, PhOH and THF were added to the polymerization sys-
tem at once, the PhOB(CgzFs), cannot be synthesized, and no PTHF
were obtained (Table 1, entry 5). It indicates that the synthesis
process of PhOB(CgFs), is necessary before the polymerization of
THE. According to the above results, we can conclude that only
PhOB(CgF5), possesses the catalytic activity for the ROP of THF.

To further study the characteristics of the polymerization, in-
situ attenuated total reflection infrared (ATR-IR) was used to moni-
tor the reaction process. The 3D chart ATR-IR spectroscopy displays
the emergence and growth of C-O-C groups stretch of PTHF with
time based on the absorption peak at 1110 cm~! [(C-O-C) PTHF]
(Fig. 1a). Furthermore, as the reaction proceeded, the growth rate
of absorbance at 1110 cm~! gradually decreased. We speculated
the phenomenon is associated with the decrease of stirring rate
caused by the increase of viscosity in polymerization system. In
the initial stage of polymerization, the absorbance at 1110 cm!
was observed linearly dependence on time at 50°C (Fig. 1b). This
indicates that the monomer conversion rate is positively correlated
with the polymerization time at low viscosity, which is the char-
acteristic of living polymerization. Besides, similar results can be
obtained under different temperature conditions (Figs. S10 and S11
in Supporting information).

For a new metal-free catalyst, the study of catalytic mechanisms
is one of the most important means to understand the catalyst
properties and expand the catalyst applications. To investigate the
mechanism of the ROP of THF with PhOB(CgFs),, matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass spec-
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Scheme 2. The reaction of different oxirane-B(CgFs)3 zwitterions with THF.
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Fig. 1. The ATR-IR spectroscopy of THF ROP catalyzed by PhOB(CsFs),. Reaction
conditions: [B(CgFs )3 ]/[PhOH]/[THF] =2:1:1000, and ATR-IR spectroscopy at the first
minute was set as background. (a) 3D chart ATR-IR spectroscopy of the polymeriza-
tion in 3.5h, 50°C. (b) ATR-IR spectroscopy at 1110 cm~! of PTHF in 1h, 50°C.

trometry was used to verify the end groups of PTHFE. The mass
spectra of PTHF sample quenched by water with low degree of
polymerization generated with PhOB(CgF5), is shown (Fig. 2). Only
a single population of molecular ion repeating repeated in inter-
vals of 72.1, equivalent with the sum of a repeat unit of PTHF, is
obviously observed. Moreover, it can be observed through calcu-
lation that one of the end groups is phenoxy (-OPh), the other
one is hydroxyl (-OH). It means that the one end group of PTHF
comes from the catalyst PhOB(CgFs), and the other one comes
from the quenched water. Differently, the both end groups of
PTHF are usually two -OH groups via classical CROP mechanism
quenched by water, only except the condition of using strong alky-
lating compounds (CF3S03CHs3, FSO3CHg, etc.) as initiators to get a
methoxy (-OMe) end group [23]. Thus, based on the phenomenon,
it is believed that there is a new polymerization mechanism with
PhOB(CgFs),.

To further explore the reaction mechanism, we try to con-
firm the chain growth end group. Isotope labeling is a very use-
ful method in structural elucidation and investigation of reaction
mechanisms [24,25]. Therefore, 0-18 for isotopic labeling was used
during the following exploration. Here we speculated two different
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Fig. 2. MALDI-TOF MS spectrum of the low degreed PTHF at 1 h. Theoretical values
were calculated by the following equation: M, =933+ n x 72.06+ 101+ 22.99,
where n is the degree of polymerization and the mass values correspond to the
segments/end groups comprising the PTHF chain as shown.
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Scheme 3. The reaction of PTHF via the CROP route and the coordination-insertion
ROP route quenched by water-180.

plausible mechanisms of polymerization, CROP and CIROP (Scheme
3). Moreover, when the polymerization system is quenched by
water-180, two different results will be produced correspondingly.
Here, the polymerization was quenched by water-80 with 97%
180 isotope and 10 mL methanol was added 10 min later to get
the labeled PTHF sediment. Afterwards, the sediment was sepa-
rated by centrifugation and then 1mg of it was dissolved in 1mL
methanol as a sample for high resolution electrospray ionization
mass spectrometry (ESI-MS) test. The strongest signal appears at
m/z 395.00991 which is considered as H'80B(CsFg),(OMe) (Fig. 3).
It shows that the -CH,O-PTHF-B(CsFg), fragment is the growing
chain end of the PTHF. And, it also shows that the mechanism of
the ROP of THF is CIROP. This is a new finding that PTHF could be
obtained via CIROP.

These results enable the proposal of a mechanistic scheme
accounting for the ring-opening polymerization of THF with
PhOB(CgF5), via CIROP mechanism (Scheme 4). The electrophilic
attack of PhOB(CgF5), to the nucleophilic THF leads to the for-
mation of the complex Clyyr, achieves the coordination process.
Then, the Clyyr undergoes an intramolecular ring opening reac-
tion to form a tetrameric ring transition state S'yyr and finally give
the borane Blryr achieving the insertion process. During this ini-
tiation process, the —OPh group from PhOB(CgFs), transferred to
the o-carbon of THF, forming a terminal —-OPh, which could ex-
plain the terminal -OPh group on PTHF chain. On the basis of
the result, we propose that the -CH,-0-B fragment in the borane
Blyyr is the active species mediating chain growth. Similarly, about
the chain growth reaction, the electrophilic borane Blqyr can re-
act with THF constantly to obtain the electrophilic borane B"yp.
And throughout the chain growth reaction, the borane By with
the -CH,-0-B fragment combines with THF to form the C™1pye
via the loss of the electrophilicity. And then, the C™*1yr can also
transform the borane B™ !y, getting the electrophilicity again
through a tetrameric ring transition state S™1pye. Finally, the bo-
rane B™!yr becomes to PTHF quenched by water. It just like the
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Fig. 3. ESI-MS spectrum of the polymerization quenched by water-'80, 97%.
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Scheme 4. Proposed mechanism for initiation and coordination-insertion ring-opening polymerization of THF with PhOB(CgFs),.

CIROP of cyclic ethers centered on metal ions such as Aluminum
via coordination-insertion mechanism [4,26,27]. But in this poly-
merization system, non-metallic element boron is the central of
polymerization instead of metal element. It is worth mentioning
that this mechanism is the first proposed CIROP mechanism by the
central metalloid Boron for THF.

In summary, Borate catalysis has been successfully applied
to metal-free coordination-insertion ring-opening polymerization.
PhOB(CgFs), promoted a well-controlled ROP of THF to obtain
polymers with high molecular weight and linear architecture. The
system also provided a new strategy to give PTHF via a CIROP
mechanism with central Boron. The polymerization mechanism
would be further extended to other cyclic monomers such as cyclic
esters. Moreover, the copolymerization of THF and other cyclic
monomers could be gained through coordination ROP mechanism
with central Boron as well. A new method was provided here
which expand potential applications of more useful polymer ma-
terials based on THE.
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