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Introduction

The world-wide production volume of polymers is predicted to

rise in the future as these materials are used in the manufac-

turing of an increasing number of consumer goods.[1] As a
result, there will be an increase in plastic waste. To counteract

the pollution of the environment, as well as to conserve natu-
ral resources, several strategies have been proposed and devel-

oped for the recycling of polymeric materials.[2] Depolymeriza-
tion and mechanical recycling are among the most applied

ones (Figure 1). In the first approach, some polymers can be

converted back into their monomers by heating,[3] hydrogena-
tion,[4] or hydrolysis.[5] At the moment, this strategy is question-

able from an economic point of view, given the low prices of
conventional monomer feedstocks. In contrast, mechanical

recycling is starting to be implemented on an industrial scale
for PVC-based products.[6] However, there are disadvantages
associated with this approach. The molecular weight will drop

owing to chain scissions by thermal stress during extrusion or
reaction with impurities may lead to inferior mechanical prop-
erties. The chemical conversion of one polymer into another
could be a viable alternative recycling method. In addition, it

could establish new routes to novel materials.
Herein we report on a tandem hydrogenation–acid-catalyzed

etherification strategy to synthesize oligoethers in suitable

molecular weight ranges for use in adhesives from polyesters.

Whereas in recent years many highly active and selective
homogeneous catalysts for ester hydrogenation have been
reported, most of these catalysts require base for their activa-
tion.[7] Alternatively, they must contain an acid-labile ligand,

such as BH4
@ or -CH2Si(Me)3,[8] which also makes them useless

for hydrogenation under acidic conditions. To date, the only

homogeneous hydrogenation catalysts known to tolerate
acidic conditions are bipyridine complexes of rhodium or iridi-
um[9] and combinations of ruthenium[10] or cobalt[11] with a Tri-

phos ligand. In particular the Triphos-based metal complexes
have achieved much attention, owing to their broad applicabil-

ity in reactions including the reduction of esters[12] and of
CO2,[13] hydrogenation of lactams to cyclic amines,[14] hydroge-

nolysis of polyesters to diols[4c] and direct reductive etherifica-

tion of carboxylic acid esters to ethers (Scheme 1).[15] This ver-
satility and their stability towards acids and high temperatures

resulted in our decision to investigate this system for the
chemical recycling of polyesters to polyether oligomers.

The amount of plastic waste is continuously increasing. Besides

conventional recycling, one solution to deal with this problem

could be to use this waste as a resource for novel materials. In
this study, polyesters are hydrogenated to give polyether

polyols by using in situ-generated Ru-Triphos catalysts in
combination with Lewis acids. The choice of Lewis acid and its

concentration relative to the ruthenium catalyst are found to
determine the selectivity of the reaction. Monitoring of the

molecular weight during the reaction confirms a sequential

mechanism in which the diols that are formed by hydrogena-

tion are etherified to the polyethers. To probe the applicability

of this tandem hydrogenation etherification approach, a range
of polyester substrates is investigated. The oligoether products

that form in these reactions have the chain lengths that are
appropriate for application in the adhesives and coatings in-

dustries. This strategy makes polyether polyols accessible that
are otherwise difficult to obtain from conventional fossil-based

feedstocks.
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Figure 1. Possible polymer life cycles.
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Results and Discussion

To achieve realistic conditions, industrial grade poly(hexene
1,12-dodecanate) (PHDD; Figure 2) was used as a model sub-

strate. Initially, a solvent screening was conducted (Table 1).
Toluene and cyclohexene were chosen as apolar solvents.

Protic solvents were excluded as they would react with the po-
tential intermediates. Diethyl ether, tetrahydrofuran (THF), and

1,4-dioxane were employed as polar aprotic solvents.
Although not a green solvent, chloroform was includ-

ed in the screening as it is known to positively affect
selectivity and rate in reductive etherification via hy-

drosilylation.[16]

In all solvents, conversion of the ester groups of
the polymer was observed. However only in 1,4-diox-
ane and THF a significant formation of ether bonds
was observed. In THF the selectivity was twice as

high as in dioxane at nearly the same conversion.
Based on this, THF was chosen as the solvent for fur-

ther experiments. The effect of the different metal tri-
flates as Lewis acid co-catalysts was also studied
(Figure 3). All of the investigated metal triflates were
found to facilitate the hydrogenation of the ester

moieties.
The role of the Lewis acid is twofold: It provides

protons from the reaction with water impurities,

which are thought to be crucial for the activation of
the catalytic system.[15a] In addition, the Lewis acid is

needed to catalyze the etherification reaction (Scheme 2, path-
way I; see also the Supporting Information, Table S4). The se-

lectivity for ether bond formation seems to correlate with the
charge density, which can be estimated from the charge
number and the respective ionic radii.[17] In addition, there
seems to be a certain threshold below which no etherification

is possible. The highest selectivities were obtained with GaIII,
SnII, and AlIII triflates. Curiously, addition of HfIV triflate results in

a selectivity for ether formation of over 100 %. This finding can

be rationalized by the capability of HfIV triflate to open the THF
ring at higher temperatures, which, in combination with the

reducing conditions, results in the formation of n-butyl ethers
alongside n-alkanes, as reported by Marks and co-workers.[18]

To exclude the possibility that THF ring-opening by alumi-
num triflate is the reason behind the observed high selectivi-

Scheme 1. Previous work on reductive etherification using hydrogen as reductant
(met = 2-methylallyl).

Figure 2. Structure of poly(hexene-1,12-dodecanate) (PHDD).

Table 1. Solvent screening for the reduction of PHDD to the polyether.[a]

Entry Solvent Conv.[b,c] [%] Yield[b,d] [%] Sel.[b] [%]

1 Et2O 33 0 0
2 THF 44 37 84
3 cyclohexane 40 2 4
4 CHCl3 24 2 9
5 1,4-dioxane 38 17 46
6 toluene 17 0 0

[a] Conditions: PHDD (200 mg, 1.28 mmol COOR groups), Ru(acac)3 (5 mg,
13 mmol, 1 mol %), Triphos ligand (12 mg, 20 mmol, 1.5 mol %), Al(OTf)3

(15 mg, 33 mmol, 2.5 mol %), solvent (2 mL), 140 8C, 24 h. [b] Calculated
from NMR spectra. [c] Conversion of COOR. [d] Yield of R@CH2OCH2@R
groups.

Figure 3. Effect of different metal triflates on the conversion and selectivity
of the reductive etherification of PHDD compared to their corresponding
estimated charge densities. Reaction conditions: PHDD (200 mg, 1.28 mmol
COOR groups), Ru(acac)3 (1 mol %), Triphos (1.5 mol %), Lewis acid
(2.5 mol %), THF (2 mL), T = 140 8C, 40 bar H2, t = 16 h.
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ties, we performed a control experiment. Heating THF together

with Al(OTf)3 to 140 8C for 24 h did not yield any oligomer of

THF or other ethers (see the Supporting Information for
details). Having identified a selective system with Al(OTf)3, we

further attempted to increase the conversion by varying the
aluminum triflate/ruthenium ratios. Interestingly, at higher

ruthenium loadings (1 mol %), increasing the Al(OTf)3 content
led to lower conversions (Table 2, entries 2 and 5), whereas at

lower ruthenium loadings a large excess of Al(OTf)3 is benefi-

cial and increased the conversion (Table 2, entries 3 and 4).
When a 1:1 ratio of Ru(acac)3 and Al(OTf)3 was used, no ether

linkages were formed, although full conversion occurred. The
reaction rather seemed to yield only the free diols, since no

oligomers were detected by gel permeation chromatography
(GPC; Table 2, entry 8). This indicates that a certain Lewis acid

concentration is necessary to facilitate etherification of the free

alcohol groups formed by the hydrogenation.
Thus, the reaction proceeds according to a tandem hydroge-

nation–etherification mechanism (Scheme 2, pathway I),
consistent with the observations reported by Gooßen and co-

workers (Scheme 1).[15b] However, a mechanism
whereby etherification occurs through acid-catalyzed

elimination of water from the hemiacetal intermedi-
ate (Scheme 2, pathway II) was also deemed plausible

by Beller and co-workers.[15a]

To further verify which hypothesis is correct for

this reaction, we monitored the molecular weight of
the resulting polyester/polyether mixture during the
course of the reaction. At the start of the reaction, a

steep drop in the molecular weight of the substrate
was detected (Figure 4), in line with the formation of

the mixture of diols. Over the course of the reaction,
the formed alcohols were slowly etherified to give

polyether oligomers. The polycondensation of diols with

Brønsted or Lewis acids is a known method to obtain poly-
ethers that cannot be obtained by ring-opening polymeri-

zation of cyclic ethers.[19] Additional proof was obtained in a

control experiment in which 1,12-dodecanediol was treated
with Al(OTf)3 at 140 8C. After 16 h, complete conversion was

achieved and oligomers were obtained with a Mw of 1850–
2000, as indicated by GPC analysis (see the Supporting Infor-

mation for details).
As expected, switching the setup from simple vials to a

mechanically stirred autoclave resulted in the reduction of all
ester groups in a reasonable period of time. To get more in-
sight into the generality of this approach, we subjected several

other polyesters (Figure 5) to the reaction conditions.
Table 3 shows a comparison of the polyether molecular

weights compared to the molecular weights of the starting
polyesters. From the results obtained, it is clear that the cata-

lytic protocol also works for other commercially available poly-
esters. The polyether polyols were obtained with molecular
weights suitable for application in adhesives. It was not possi-

ble to obtain products with higher molecular weights, owing
to the presence of water, which forms in the etherification re-

action and cannot be removed, leading to an equilibrium with
relatively low-Mw oligoethers. We tried adding drying agents to

Scheme 2. Possible reaction pathways for the formation of oligoethers from polyesters.

Table 2. Effect of different Al/Ru-ratios.[a]

Entry Al/Ru Ru[b]

[mol %]
Conv.
[%][c]

Sel.
[%]

Mw
[d]

[g mol@1]
Mn

[d]

[g mol@1]

1 2.5 3 91 92 1200 600
2 2.5 1 62 98 2200 800
3 10 0.25 33 73 2250 1500
4 20 0.125 62 100 2400 1400
5 15 1 28 41 2100 1300
6 7.5 1 49 100 2400 1400
7 2.5 1 58 100 2700 1600
8 1 1 >99 0 n.d.[e] n.d.[e]

[a] Conditions: PHDD (200 mg, 1.28 mmol COOR), Ru(acac)3 (5 mg,
13 mmol, 1 mol %), Triphos ligand (12 mg, 20 mmol, 1.5 mol %), Al(OTf)3

(15 mg, 33 mmol, 2.5 mol %), solvent (2 mL), 140 8C, 24 h. [b] w.r.t. amount
of COOR groups in the polyester. [c] Calculated from NMR spectra. [d] De-
termined by GPC. [e] No oligomers were detected inside the calibration
range of the GPC method

Figure 4. Molecular weight over time in the hydrogenation of PHDD. Condi-
tions: Polymer (3.0 g), THF (30 mL), Ru(acac)3 (3 mol %), Triphos (4.5 mol %),
Al(OTf)3 (7.5 mol %), T = 140 8C, 60 bar H2.
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the hydrogenation reactions, but these did not have the

desired effect.
Notably, industrial grade polyesters were used without

purification, except drying under vacuum. Poly[(2-(ethoxy)-

ethyl)phthalate] (PEGP), in contrast, was not fully reduced and
yielded a complicated mixture of polyesters and polyethers
(Table 3, entry 3). Polyethylene terephthalate (PET) was also
subjected to the procedure but no conversion of the ester

groups occurred. The most likely reason for the absence of re-
activity is the insolubility of this polymer under the reaction

conditions. However, a polyester polyol based on a dimer of a

fatty acid could be easily reduced to a branched polyether
structure (Table 3, entry 5). Integration of the peaks in the ali-

phatic region of the 1H NMR spectra clearly shows the absence
of THF incorporation in all obtained polyether polyols. To pro-

vide further evidence for the stepwise mechanism, we per-
formed an experiment in which an exogenous diol was added,

which, according to the mechanism, should be inserted into

the polyether chain. Thus, 1,4-benzene dimethanol (1,4-BDM)
was added as co-substrate to the hydrogenation reaction of

PHA (Table 3, entry 6). 1,4-BDM is a suitable probe for this
since there should be no 1H NMR signal overlap between its

free diol or ether form with the formed aliphatic polyether.
PHA was chosen as polyester substrate to further simplify the

NMR analysis of the product. Analysis of the 1H NMR spectrum

revealed that 8–10 % of the added diol was incorporated in
the oligomer, which had a slightly increased molecular weight
of 1238 g mol@1 compared to the other products in Table 3.

Further verification was provided by converting the free hy-
droxy groups into the corresponding trifluoroacetates, which
did not result in any significant change with respect to the
chemical shift of the signal assigned to the benzylic protons of

the 1,4-BDM ether fragment. This signal consisted of two
peaks indicating the presence of bonds of the 1,4-BDM to

each other as well as to the 1,6-hexandiol fragments (Figure 6).
Thus, if different diols are present in the reaction mixture they
are, as expected, randomly incorporated in the oligomer chain.

The molecular weight of these polyether polyols obtained
from end-group analysis is in agreement with the GPC-derived

Mn value. This is a strong indication that the content of cyclic
oligomers is low. The reduced molecular weight of the ob-

tained polyethers is still in the range of 400–2000 g mol@1, as

for other common polyols in polyurethane-based adhesives.[20]

Their usefulness was further verified by adding 1.1 equivalents

of 2,4-toluene diisocyanate to the polyether obtained in
entry 2 of Table 3, followed by moisture curing under ambient

conditions. This procedure yielded a polyurethane film with a
leather like haptic. Figure S2 shows this film which is flexible

Figure 5. Other polyesters subjected to the hydrogenation procedure. PEGP = poly[(2-(ethoxy)ethyl)phthalate] ; PHA = poly(hexyl-1,6-adipate);
PBA = poly(butyl-1,4-adipate); C36-co-PHA = poly(hexene-1,6-adipate-co-distearate).

Table 3. Results of the hydrogenation/re-etherification of the polyesters shown in Figure 5.[a]

Entry Polyester Mn(GPC)[b]

[g mol@1]
Mw(GPC)[b]

[g mol@1]
Mn(GPC)[c]

[g mol@1]
Mw(GPC)[c]

[g mol@1]
Mn(NMR)[c,d]

[g mol@1]
Conv.[e] [%] Yield[f] [%]

1 PHDD 4200 13 000 600 2000 614 >99 80
2[g] PHA 3000 13 000 900 2100 892 96 90
3 PEGP 3200 13 000 n.d. n.d. n.d. 49[i] n.a.
4[h] PBA 4200 11 000 700 1100 563 >99 >99
5 C36-co-PHA 2400 4000 1500 2800 1000 >99 80
6[j] PHA + 1,4-BDM – – 1100 2000 1238 >99 89

[a] Conditions (unless otherwise stated): Polymer (3.0 g), Ru(acac)3 (3 mol %), Triphos (4.5 mol %), Al(OTf)3 (7.5 mol %), THF (30 mL), 40 bar H2 at RT, 140 8C,
24 h. [b] Determined by GPC with THF as eluent, before hydrogenation of the polyester sample. [c] Measured after hydrogenation. [d] Calculated from
NMR spectra by end group analysis. [e] Conversion of COOR groups as analyzed by NMR spectroscopy. [f] Calculated w.r.t. the theoretical conversion of all
ester groups into ether groups. [g] T = 180 8C; [h] Ru(acac)3 (2 mol %), Triphos (3 mol %), Al(OTf)3 (5 mol %). [i] Determined from hydrogen consumption.
[j] 1,4-benzene dimethanol (22 mol %) was added; yield based only on the ether groups obtained by the conversion of original ether groups.
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but still tightly engulfs a PTFE stirring bar. DSC measurements
showed that poly[oxy(hexane-1,6-diyl)] obtained by the reduc-

tion of poly(hexene-1,6-adipate) retained its crystallinity. How-
ever the melting range was reduced from 45–50 8C (PHA) to

14–17 8C (the hydrogenated product). This can be seen as an

advantage of the widely used poly-THF polyether that melts at
28 8C, which usually requires heated distribution pipes and

storage tanks.

Conclusions

In conclusion, we have shown that a catalyst combination con-

sisting of Ru(acac)3, Triphos and Al(OTf)3 can perform the hy-
drogenolysis of polyesters to polyethers. It was also possible to
replace aluminum triflate with gallium or tin triflate. Control

experiments supported a tandem hydrogenation etherification
pathway. The reaction worked well with linear aliphatic poly-

esters. The polyether products could be converted into poly-
urethanes, opening up the possibility of adding novel polyols

to the polyurethane chemist’s toolbox. In addition, it provides

an alternative to established hydrolysis and hydrogenolysis ap-
proaches for the recycling of polyesters. Although the molecu-

lar weight is reduced compared to the starting polyesters, the
MW range is right for use in polyurethane-based adhesives.

Experimental Section

Hydrogenation and re-etherification of polyesters (Table 3)

PHDD (3 g; n(COOR) = 20 mmol) was added to a 100 mL Hastelloy
autoclave equipped with a mechanical stirrer, followed by
Ru(acac)3 (240 mg, 3 mol %), Triphos (581 mg, 5 mol %), and
Al(OTf)3 (735 mg, 7.5 mol %). The reactor was then subjected to
three vacuum–argon cycles. Next, THF (30 mL) was added to the
reactor while having the latter under a flow of argon. Then the re-
actor was sealed, purged two times with N2 (10 bar), pressurized
with H2 (40 bar), and heated to 140 8C. The temperature was con-
trolled by a thermocouple inside the reactor. During the next 16 h,
the pressure was recorded by a digital pressure read-out. After ap-
proximately 120 min, extra pressure of H2 was added again to keep

the pressure at 40–50 bar. Samples (100 mL) were taken according
to the observed speed of pressure drop; these were filtered over
silica, diluted with THF (ca. 1000 mL) and analyzed by GPC. Table S2
contains the GPC results of the reaction of PHDD at 140 8C. Fig-
ures S1 and S2 show the pressure, temperature, and calculated
conversion over the course of the reaction. The polyether products
were isolated by removing the solvent under reduced pressure
followed by dissolution in toluene and filtration through silica to
remove the residual catalyst and Lewis acid.
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