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The shift toward sustainable platform chemicals enables the development of innovative, renewable
polyesters that can potentially compete on performance. 2,3-Butanediol (2,3-BDO) is a monomer that
can be produced from biomass and it can increase the glass transition temperature of the polyesters it is
incorporated into. The use of biotechnological routes will generate either a pure form or a mixture of
the 2,3-BDO stereoisomers. To assess potential differences in reactivity of these stereocisomers, several
catalysts were tested in a model transesterification reaction of phenyl benzoate with meso- and R,R-2,3-
BDO. After ~1 h, some catalysts, such as calcium acetate, did not show significantly different results in
phenyl benzoate conversion between stereoisomer batches. Other catalysts, such as zirconium butoxide,
showed higher yields when a batch of R,R-2,3-BDO was used. The opposite was observed for titanium
butoxide, which showed more promising results for meso-2,3-BDO. Next, these zirconium and titanium
butoxide catalysts were used for polymerization reactions with dimethyl terephthalate, resulting in similar
trends for the different stereoisomers as was observed for the model reaction. The thermal degradation
curves of the meso- and R,R-2,3-BDO-based terephthalate polyesters were similar, and no crystallinity
was observed for either polyester. The catalysts La(acac)s and Zn(OAc),-2H,O gave the highest yields in
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desired near-quantitative conversion with the commercial 2,3-BDO isomer mixture. Thus, the model

DO!: 10.1039/d6su00127k transesterification reaction cannot be used to predict performance in polymer synthesis, but it can

rsc.li/rscsus provide useful insight into performance trends related to 2,3-BDO stereochemistry.

Sustainability spotlight

Shifting to renewable materials is essential for reducing the carbon footprint of fossil plastics. Polyesters offer benefits because they can be prepared with much
better atom efficiency than polyolefins from biomass and CO, and they can be closed-loop recycled both chemically and mechanically. 2,3-Butanediol is an
interesting sustainable bio-based monomer which has three stereoisomers (meso, R,R, and S,S). Different biotechnological production options will generate
specific stereoisomer ratios which differ from fossil-based 2,3-butanediol. How these stereoisomers behave in polyester synthesis is important for the
production of their polyesters. Renewable polyesters with enhanced properties such as higher glass transition temperatures and better barriers allows
competition on performance instead of on price as is the case for drop-in bio-PET, bio-PE, etc. UN sustainable development goals: industry, innovation, and
infrastructure (SDG 9), responsible consumption and production (SDG 12) and climate action (SDG 13).

biodegradable high-performance materials derived from CO,-
or bio-based monomers.”> Another example is the sugar-based
2,5-furandicarboxylic acid (FDCA) used in PEF, a high barrier
material.’

Introduction

Using sustainable platform chemicals is essential for
decreasing our reliance on fossil fuels. Additionally, these

building blocks present an opportunity to develop innovative
renewable materials that can potentially compete on perfor-
mance. Poly(lactic-co-glycolic acid) can be made from sustain-
able resources and has excellent barrier properties.'
Additionally, isosorbide-based polyoxalates (PISOXs) are
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Improved properties would enable these renewable poly-
esters to gain market share, as it is challenging to compete on
price alone with the scale difference and the highly optimized
production of fossil-based polymers. For example the incorpo-
ration of isosorbide (IS), a bicyclic secondary diol, in PISOX
resulted in a relatively high glass-transition temperature (Ty),
thereby improving the potential applicability of the product by
expanding its temperature range of usage.”

While secondary diols, like sugar-based IS, are known to
increase the Ty, they have less reactive hydroxyl groups, leading
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to longer reaction times and/or lower degrees of polymeriza-
tion.* To address these issues, novel synthesis strategies have
been developed to incorporate IS. Using reactive solvents allows
for high M, polymers based on IS.® Employing a “traceless”
linker for furanoate copolymers of IS and EG significantly
shortens reaction times without requiring additional metal
catalysts.®

Not all renewable secondary diols have been as thoroughly
studied as IS, which is also the case for 2,3-butanediol (2,3-
BDO). Consequently, polymers based solely on this diol, 2,3-
BDO, have number-average molecular weight (M) values below
20 kDa and require long reaction times for their synthesis.”**
This is due to the low reactivity of 2,3-BDO, which under certain
conditions can be six to ten times lower than that of the linear
primary 1,4-butanediol.** To still obtain a high conversion in
a shorter time span, the use of a more efficient catalyst could be
a solution, yet a balance should be found between the envi-
ronmental impact of the catalyst and its effectiveness to realize
more sustainable production.

Titanium, tin and germanium-based catalysts have been
used in the synthesis of 2,3-BDO-based polyesters.>'**3>
However, it is possible that these are not the most effective
catalysts. For instance, Kirchberg et al. reported that iron(m)
chloride outperformed titanium(wv) isopropoxide (TTIP) in the
synthesis of poly(2,3-butylene furanoate), based on the resulting
molecular weights.” In this study, the deconvolution method
was used to screen several catalysts at once. The two step
polymer synthesis consisted of direct esterification followed by
polycondensation. Mixtures of four different catalysts were used
with a total catalyst loading of 4 mol%. While this approach
gives fast results, it does not fully reflect the individual perfor-
mance of each catalyst. Factors such as catalyst intoxication by
impurities, presence of several mol% ligands, metal-metal
interactions, and side reactions could significantly influence
both individual catalytic activity and the maximum achievable
M, of the product. Moreover, catalyst performance can vary
depending on the reaction stage of the polymerization. Despite
this, the screening successfully identified a high-performing
catalyst, iron(m) chloride, which is both cost-effective and
environmentally friendlier than other established catalysts. The
use of chlorides could, however, lead to issues in future
upscaling in steel reactors, because of their corrosive properties.

Another aspect to consider when using renewably sourced
monomers is that they may differ from fossil-based products
due to the presence or absence of various impurities or catalyst
traces. In the case of 2,3-BDO, an additional factor is its
stereoisomeric nature, as it can occur in three stereoisomeric
forms: meso-2,3-BDO, R,R-2,3-BDO and S§,5-2,3-BDO. The S,S-
and R,R-forms are mirror images and therefore have identical
reactivity. Fossil-based 2,3-BDO typically contains a mixture of
all three stereoisomers, whereas renewable pathways can yield
a single stereoisomer or different unique isomer mixtures.'®
Shen et al. found that the meso isomer has a lower gas phase
basicity compared to the other stereoisomers.”” This suggests
that the reactivities of the isomers might differ, but based on
the gas phase data alone it is not possible to determine whether
this has any significant influence on polymerization reactions.
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The most relevant work was published in 1951 by Ripley and
Watson on the ring opening polymerization of a six-membered
ring derived from 2,3-BDO and oxalate.'® They reported that the
ring based on meso-2,3-BDO had markedly better performance
than the one based on R,R-2,3-BDO, particularly in the presence
of a catalyst. This may be attributed to differences in ring strain
between the different stereoisomeric forms of the starting
material, or to other contributing factors. This demonstrates
that stereochemistry has an influence; however, it does not offer
a clear indication of its impact on the conventional (non-ring-
opening) transesterification. Understanding the effect of the
use of a specific 2,3-BDO stereoisomer on transesterification is
crucial, as it may influence the polyester synthesis time and/or
the temperature required to achieve sufficiently high molecular
weights.

Additionally, the stereochemistry of the monomer (meso,
R,R, or S,S) may lead to notable differences in polymer proper-
ties, such as crystallinity, which in turn affects its suitability for
specific applications. A lack of crystallinity can enhance clarity,
and the resulting absence of a melting point can be either
advantageous or disadvantageous, depending on the specific
use case. Glycol-modified PET (PETG) is often used in applica-
tions requiring amorphous polymers. The use of 2,3-BDO for
polyesters is being explored to create a material similar to “on-
the-market PETG” but with a higher 7,.>'° In these studies, 2,3-
BDO is combined with a codiol and dimethyl terephthalate
(DMT) in a transesterification reaction followed by a poly-
condensation step, which is similar to the method historically
used for the production of PET.

Before 2,3-BDO can be used as a high T, polymer building
block, a better understanding of its reactivity is needed to
further optimize its use in polymer synthesis. This study
primarily focuses on the initial step of polymer synthesis and
tries to elucidate what influence the stereoisomer composition
of 2,3-BDO has on the transesterification. Therefore, meso- and
R,R-2,3-BDO were evaluated in a model transesterification
reaction using several conventional catalysts. Since the S,S-form
is expected to have the same reactivity as the R,R-form (unless
the environment is chiral) this stereoisomer was not tested. All
these stereoisomers can be produced via biotechnological
routes.’®"*' The most outstanding performances observed in
the model reaction were applied at a larger scale for polymer
synthesis using dimethyl terephthalate. Furthermore, the rele-
vant effects of using specific 2,3-BDO stereoisomers on the
properties of these polymers, such as crystallinity, were
analysed.

Experimental
Materials

All listed starting materials, catalysts and solvents were used as
received. Phenyl benzoate (99.95%, BLD Pharmatech), R,R-2,3-
butanediol (99.07%, BLD Pharmatech), meso-2,3-butanediol
(99%, Sigma-Aldrich), titanium(wv) n-butoxide (Ti(OBu),) (97%,
Sigma-Aldrich),  ytterbium(m)  trifluoromethanesulfonate
(Yb(OTf)3) (99.99%, Sigma-Aldrich), p-toluenesulphonic acid
monohydrate (p-TSA) (99%, Acros Organics), lanthanum(u)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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acetylacetonate hydrate (La(acac);) (27.3-23.4% La, Sigma-
Aldrich), zirconium(v) n-butoxide (Zr(OBu),) (80% w/w in 1-
butanol, ThermoFisher), calcium acetate monohydrate
(Ca(OAc),-H,0) (ACS reagent =99%, Sigma-Aldrich), zinc
acetate dihydrate (Zn(OAc),-2H,0) (99.0-101.0%, Alfa Aesar),
antimony(ur) oxide (Sb,O3) (ReagentPlus 99%, Sigma-Aldrich),
butyltin hydroxide oxide hydrate (CH;(CH,);Sn(=0)OH-xH20)
(97%, Sigma-Aldrich), dimethyl terephthalate (DMT) (99%,
ThermoFisher), 2,3-BDO (98%, Sigma-Aldrich, meso: R,R ratio
of 78:22 based on H'-NMR spectrum), chloroform-d (CDCl,)
(99.8% D and 99.8% D containing 1 v/v% TMS, Sigma-Aldrich),
and dichloromethane (DCM) (stab. 0.002% 2-methyl-2-butene,
VWR international).

Transesterification of phenyl benzoate in HPLC vials

Phenylbenzoate (PhOBz) (1190 mg, 6 mmol, 1 eq.), meso- or R,R-
2,3-BDO (270 mg, 3 mmol, 0.5 eq.), and the catalyst (0.02 mmol,
0.0032 eq.) were added to an HPLC vial (5 cm height, 16 mm
diameter). The amounts used may vary slightly between reactor
vials and the exact quantities per vial are provided in the SI. A
stirring bar was added, and the vial was sealed with a septum
cap, and punctured by a needle which remained to prevent
pressure buildup. A cylindrical aluminium reactor block with
wells to accommodate the sample vials was used (bottom part of
the reactor described by Gruter et al.).* A vial in the middle of
the reactor block was filled with triethylene glycol (TEG) and the
temperature controller was submerged in TEG and set at 145 °C.
The reactor block is designed to evaporate volatile byproducts,
such as water and methanol, easily.?* Since the boiling point of
2,3-BDO is around 180 °C, a temperature of 145 °C was chosen.
The reactor vials were placed in the preheated block around the
TEG-filled vial. For selected runs the catalyst was added after 3
minutes of preheating the sample vial including reactants, and
that moment was taken as the start time instead of vial inser-
tion. A sample was taken at 55 minutes for all runs, except for
Yb(OTf);, p-TSA, and the meso-2,3-BDO duplicate run of
Ti(OBu),, which were sampled at 58 minutes.

P23BT synthesis using meso- or R,R-2,3-BDO and a Ti or Zr
catalyst

DMT (0.300 mol, 1.00 eq.) 2,3-BDO (~1.84 eq.) and Zr(OBu),
(0.00080 eq.) or Ti(OBu), (0.0015 eq.) were weighed in a 100 mL
round bottom flask, and fitted with a nitrogen inlet and
a distillation arm connected to a Schlenk flask (exact weight and
equivalents used for each experiment are summarized in the
SI). The mixture was stirred under a nitrogen flow in an oil bath
which was heated from RT to 210 °C in approximately 0.5 hours.
This point was taken as ¢ = 0 of the trans esterification (TE) step.
The heating was continued for 24 hours and samples were taken
at 0.5, 1, 3, 5, 7 and 23.5 hours. During the final 30 minutes of
the TE step, the oil temperature (T,;) set point was increased to
220 °C. This was followed by the polycondensation (PC) step.
For this step the pressure was gradually reduced to below 1
mbar over approximately 90 minutes (1.5 h), while the T,; was
simultaneously increased to 250 °C and kept at this for the
remainder of the experiment.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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For both the polymerizations with the Ti(OBu), catalyst, the
reaction was left to react for an additional 4.5 hours after
vacuum was reached, and subsequently the polymer was taken
out under a nitrogen flow.

Some sublimation took place during the polymerization of
R,R-2,3-BDO with the Zr(OBu), catalyst. For the polymerization
of meso-2,3-BDO with Zr(OBu),, the mixture was left to react in
the PC step for 4 hours. During that time, a considerable
amount of sublimate was formed. Unfortunately, it was difficult
to reach a pressure value below <1 mbar. This was assumed to
be caused by a small leak in the system and, therefore, the
stirring guide, nitrogen inlet and distillation arm of the setup
were replaced under nitrogen flow and a value of around ~1.3
mbar was reached. To compensate for this, the reaction was
continued for an additional 15 minutes compared to the meso-
2,3-BDO polymerization with Zr(OBu),.

P23BT synthesis using a mixture of 2,3-BDO and a La or Zn
catalyst

A similar setup and synthesis method as described in the
previous section was used unless stated otherwise. For the
polyester synthesis with a lanthanum catalyst, DMT (15.57 g,
0.080 mol, 1 eq.), and a commercial mix of 2,3-BDO isomers
(78% meso-2,3-BDO, 14.44 g, 0.160 mol, 2.00 eq.) and La(acac)z
(102 mg, 0.234 mmol, 0.292 mol%) were used. DMT (15.53 g,
0.080 mol, 1 eq.), a commercial mix of 2,3-BDO isomers (78%
meso-2,3-BDO, 14.37 g, 0.1595 mol, 1.99 eq.) and Zn(OAc),-
-2H,0 (53 mg, 0.242 mmol, 0.30 mol%) were used in the
experiment with the zinc catalyst. The TE step was performed at
210 °C for 28.5 h, after which the oil setpoint was changed to
220 °C for the last 0.5 h. During these 28 h, samples were taken.
Afterwards, gradually the pressure was decreased to <1 mbar
and the temperature increased to a final temperature of 240 °C
(instead of 250 °C) for the PC step.

Analytical methods

'"H NMR spectra were recorded using a Bruker AV300-II spec-
trometer (300.10 MHz) or a Bruker AV400 spectrometer (400.13
MHz). Samples were dissolved in approximately 0.7 mL CDCl; (6
= 7.26 ppm), and spectra were referenced to the residual proton
signal of the solvent. Data processing and analysis were per-
formed using MestReNova software (version 15.1.0-38027,
released 2024-10-24).

Gel Permeation Chromatography (GPC) was carried out
using an Agilent Infinity II HPLC system equipped with two PL
gel 5 pm MIXED-C columns (300 x 7.5 mm) with an Infinity II
refractive index detector. Dichloromethane (DCM) served as the
mobile phase at a flow rate of 1 mL min™" and a column
temperature of 35 °C. Polymer samples (5 mg mL™ ") were, after
dissolution in DCM, filtered through a 0.45 pm PTFE syringe
filter, and a 50 pL solution was injected for analysis. Chro-
matograms were processed using Agilent GPC software for
OpenLAB CDS (GPC Software build 1.4.0.84, data analysis build
2.205.0.1344). The results are based on the integration of the
major peak.
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Differential Scanning Calorimetry (DSC) measurements were
performed using a Mettler Toledo DSC 3+ STARe System, cali-
brated using the melting points of zinc and indium standards.
Polymer samples (4-8 mg) were placed in 40 pL aluminium
crucibles with perforated lids and conditioned under a nitrogen
flow (50 mL min~") at 25 °C for 5 min. The temperature was
then increased to 250 °C at a rate of 10 °C min ™", reduced to 25 ©
C at 25 °C min~ ", and subsequently increased to 300 °C at 10 ©
C min™". The second heating cycle was used to determine the T,
using STARe software (Mettler STARe default D8 V15.00).

Thermogravimetric analysis (TGA) was conducted using
a Mettler Toledo TGA/DSC 3+ STARe System. Approximately
20 mg of the polymer was placed in a 100 pL aluminium
crucible with a perforated lid. Samples were conditioned under
a nitrogen flow (50 mL min ") at 25 °C for 10 min, followed by
heating to 550 °C at a rate of 5 °C min~". The onset degradation
temperature (Tgs¢,) was determined at 95% of the initial weight
from the raw data, while the maximum degradation tempera-
ture (Tamax) Was obtained from the differential TGA curve.

Water content was determined using a Mettler Toledo C30
coulometric Karl Fischer (KF) titrator based on free iodine
detection. The instrument was calibrated with a methanol
standard containing 1 pL water per mL. A sample of the (~0.2 )
meso stereoisomer was first dissolved in methanol (~0.8 g), as
its solid form could not be added into the titration cell by using
a syringe. In contrast, the R,R-2,3-BDO sample was liquid and
could be analysed directly.

Annealing programmes

Annealing programmes were performed on the previously
described DSC setup under nitrogen flow (50 mL min~") using
8-13 mg samples. Multiple different temperature programs
were applied for the P23BT based on R,R-2,3-BDO (synthesized
using the Ti(OBu), catalyst). In the first program the sample was
kept at 25 °C for 3 min then heated to 250 °C at 5 °C min ™" and
slowly cooled to 140 °C at 1 °C min . The sample was left at
140 °C for 480 min and further cooled to 25 °C at 5 °C min~".
Then the second heating to 260 °C was started at 5 °C min~'. In
the second program, the sample was kept at 25 °C for 3 min.
The temperature was then increased to 120 °C at a rate of 10 °
C min~", and subsequently to 260 °C at a slower rate of 0.5 ©
C min ", After reaching 260 °C, the sample was cooled to 130 °C
at 0.5 °C min~" and held at this temperature for 480 min.
Finally, the sample was cooled to 25 °C at 50 °C min~ ', and then
reheated to 260 °C at 50 °C min~". In the third program, the
sample was kept at 25 °C for 3 min, followed by an additional
3 min at 25 °C under a nitrogen flow of 50 mL min~". The
temperature was then increased to 120 °C at 10 °C min ', and
subsequently heated to 260 °C at a slow rate of 0.1 °C min™".
After reaching 260 °C, the sample was cooled to 130 °C at 0.1 °©
C min~" and held at this temperature for 480 min. Finally, the
sample was cooled to 25 °C at 50 °C min ', and then reheated to
260 °C at 50 °C min ™. A single test was also performed for the
P23BT based on meso-2,3-BDO (synthesized using the Ti(OBu),
catalyst). The sample was first kept at 25 °C for 3 minutes and
then heated to 260 °C at 10 °C min !, after which it was cooled
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slowly at a speed of 0.5 °C min ™" to 130 °C. The sample was left
at this temperature for 480 min and then cooled to 25 °C with
a rate of —50 °C min~". Then for the second cycle the sample

was heated to 260 °C at a rate of 10 °C min .

Results and discussion
Catalyst tests for meso- and R,R-2,3-BDO in the model reaction

A selection of catalysts was tested for the transesterification of
phenyl benzoate with meso- or R,R-2,3-BDO (Scheme 1). The
catalysts used were Ti(OBu)4, Yb(OTf);, p-TSA (para-toluene-
sulphonic acid), La(acac)s;, Zr(OBu),, Ca(OAc), H,0, Zn(OAc),-
-2H,0, Sb,0; and CH3(CH,);Sn(=0)OH-xH,0. The results of
these transesterification experiments are shown in Fig. 1. This
chart (Fig. 1) displays the percentage of phenyl benzoate that is
converted after ~55 min. This reaction time was selected such
that equilibrium would not yet be reached. A temperature of
145 °C was chosen to avoid evaporation of 2,3-BDO (bp 180 °C),
as the original set up was optimized for facile distillation.
Switching to a semi-sealed configuration (septum with a needle)
further minimized diol loss and reduced air exchange in the
absence of an inert atmosphere. Phenyl benzoate was selected
because phenol is an excellent leaving group. This would enable
measurable conversion within one hour at moderate TE
temperature used with the low-reactive diol, 2,3-BDO, without
requiring removal of the alcohol by-product. During the initial

O OH Catalyst
—

o -

+ 145 °C
OH ~55 min

\ OH
O
(o] OH
A

Scheme 1 Transesterification of phenyl benzoate with 2,3-BDO.

Phenyl benzoate conversion (%) ~55 min 145 °C

N R
HOQ, OH
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40+ 5nw-*"

7 ) RR
304
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104
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Fig.1 Phenylbenzoate (1 eq.) conversion in percentage of total esters
found, using either meso- or R,R-2,3-BDO (0.5 eq.) as the starting
material. The metal catalysts (0.0032 eq.) are abbreviated to just the
metal element. All data are for a residence time in a preheated film
reactor of ~55 min.; only for Yb(OTf)3, p-TSA, and the meso-2,3-BDO
duplicate run of Ti(OBu)4 a reaction time of 58 min was used. Exact
conversion numbers are published in the SI. p-TSA TE conversions are
estimated, due to many products being present.
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stages, because only minimal phenol is present and its reactivity
toward phenyl-ester formation is low, it is reasonable to assume
that the backward reaction is negligible.

Looking at the overall performance for both 2,3-BDO
stereoisomers, the reactions with La(acac); and Zn(OAc),-2H,0
gave the highest conversions.

When comparing the meso- and R,R-stereoisomers of 2,3-
BDO, no single isomer consistently exhibits a higher reactivity.
Instead, the reaction outcome appears to depend on the specific
catalyst used. For instance, calcium acetate shows similar
performance with both stereoisomers, whereas Ti(OBu), leads
to significantly higher conversions with the meso-isomer
compared to R,R-2,3-BDO.

This difference may be attributed to the specific catalytic
mechanism, possibly involving ligand exchange with 2,3-BDO,
where one stereoisomer coordination is more favourable for the
TE reaction. A commonly proposed mechanism for esterifica-
tion involves the catalyst acting as a Lewis acid to activate the
carbonyl group, thereby facilitating nucleophilic attack by the
diol at the more electron-deficient carbonyl carbon (Fig. 2
top).>*** However, depending on the catalyst, other mecha-
nisms are also suggested, such as for titanium -catalysed
transesterifications.”**® For instance, DFT -calculations for
a terephthalate ester indicate that the most likely mechanism
involves metal ligand exchange in which the hydroxyl group and
the ester carbonyl oxygen coordinates to the titanium centre
(Fig. 2 below).** If a similar mechanism applies to 2,3-BDO,
coordination of both the diol and the ester carbonyl oxygen to
the titanium, and the resulting transition states and interme-
diates, are of importance. It could be that different stereoiso-
mers cause distinct energy barriers.

An explanation for differences in gas-phase basicity between
the stereoisomers was proposed by Shen et al., as illustrated in
Fig. 3, showing that the methyl groups in the protonated meso-
stereoisomer can adopt a less favourable orientation."”

Mechanism 1

C] C] S]
M(L)n

o
.-o-,’*M(L)n ® ML),
—| O o o
A= = =~ For, <
R™ "OR R)\OR1 i@\ : b

S]
M(L)
O MLn|

H)I\ -

OR, R”OR, RJ\OR2

Mechanism 2

o M(L)n _M(L)s O,M(L)n o/l\(l(L)n o M(L)n
pig OR, zi,oaz - +0R2 = )\/,ORW = )g OR;
R”OR; R”OOR, R OR, R”OR, R” “OR,

Fig.2 Top: commonly proposed mechanism.?*2* Below: mechanism
found for titanium catalysed transesterification by Guan et al.?*

Ho HY

N ~OH

HORH e HOD H
\igMe \igMe
Hy Hme

Protonated Meso-2,3-BDO  R,R-2,3-BDO

Fig. 3 Protonated meso-2,3-BDO and R,R-2,3-BDO adapted from
Shen et al.V
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Likewise, the orientation of the methyl groups may play
a significant role in the transesterification mechanism catalysed
by Ti(OBu),.

The coordination behaviour of glycols towards metal centres
depends on the nature of the catalyst. For instance, EG-based
antimony complexes have been reported to form chain-like
complexes that can interact and form two-dimensional sheets.
However starting from Sb(OAc); and involving the acetoxy
ligand next to EG gives a more one-dimensional chain struc-
ture.?® Thus, coordination is not uniform, and detailed studies
are required to understand how a diol can interact with the
catalyst's metal centre.

Zirconium and titanium are both group 4 transition metals
of the periodic table. For both metal-catalysts, butoxide ligands
were used and it was expected that the catalytic mechanism
would be comparable. Interestingly, in contrast to titanium,
zirconium showed higher transesterification efficiency with R,R-
2,3-BDO. The difference in catalyst performance may be related
to the size of the metal centre, since most other variables (such
as ligands used) are in this case similar. However, under-
standing the catalytic mechanism of even a single reaction can
be highly complex, and drawing definitive conclusions requires
in-depth research that goes beyond the scope of this work.>

Another plausible explanation is the presence of impurities
in the used 2,3-BDO batch. For instance, water can deactivate
certain catalysts like Ti(OBu),, while other catalysts are less
water sensitive. Karl Fischer titration of 2,3-BDO batches
showed a water content of 0.3% for the R,R lot and 0.7% for the
meso-2,3-BDO before use. These values are not guaranteed, and
since the reaction mixtures are prepared in air, the water
content could increase over time. To address this, an experi-
ment was conducted using a preheated reaction mixture (results
in Fig. 1). The aim was to evaporate any water before catalyst
addition. Only small differences are seen in the results of the
preheated samples compared to the regular protocol. It is
reasonable to assume that the performance gap observed for
Ti(OBu), between the meso- and R,R-2,3-BDO is not explained by
a difference in water content. However, it is difficult to rule out
any influence of unidentified impurities or traces of the catalyst
in one of the 2,3-BDO batches supplied to us. Thus, the
observed differences cannot be attributed with absolute
certainty to stereochemistry at this point in time. However,
stereochemistry is the most straightforward explanation and is
supported by earlier work from Ripley and Watson, who also
observed large differences for the stereoisomers of 2,3-BDO in
ring-opening polymerizations. In any case, this work remains
relevant, showing that the 2,3-BDO stereoisomer batch used can
strongly affect early transesterification results for several
catalysts.

In the runs with the Sb,0; catalyst, the mixtures were
a suspension during the reaction. This likely contributed to the
near-zero conversion, as the catalyst may not have been di-
ssolved. Similarly, in the runs with Ca(OAc),-2H,0, a suspen-
sion was observed at the beginning of the reaction; however, by
the end, the solution had become clear. This change suggests
a possible ligand exchange or hydrate removal that could have
improved catalyst solubility and thereby performance. The
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experiment using meso-2,3-BDO with La(acac); also showed
some turbidity, this time only at the end of the reaction, indi-
cating incomplete dissolution of a (side) product or a complex
formed from the catalyst.

The p-TSA experiments showed a noticeable number of
additional peaks in the NMR spectrum, raising concerns about
potential overlap with the product signals. Therefore, the
observed conversion may not accurately reflect the true reaction
outcome.

From a model reaction to the P23BT polymer: La(acac); or
Zn(OAc),

The model reactions were primarily performed to rapidly assess
whether the isomeric nature of the 2,3-BDO batch influences
the observed TE conversion (when using established catalysts).
The focus of this study was not catalyst selection, since regular
catalyst screenings have already been carried out for 2,3-BDO.”*
However, for both La(acac); and Zn(OAc),-2H,0 the results of
the model reaction were highly promising and to our knowl-
edge, have not yet been tested for 2,3-BDO based aromatic
polyesters. Additionally, both elements used for the catalyst,
lanthanum and zinc, have low environmental impact scores per
kilogram.*”

Therefore, these catalysts were further evaluated in polymer
synthesis using dimethyl terephthalate (DMT) in combination
with a commercial 2,3-BDO batch. This batch was a mixture of
stereoisomers and predominantly contained the meso-isomer
(78% determined by NMR spectroscopy) together with S,S and/
or R,R (indistinguishable by NMR). To produce the polymer
poly(2,3-butylene terephthalate) (P23BT), a transesterification
(TE) step (Scheme 2) was followed by a polycondensation (PC)
step.

For both catalysts, the TE of DMT (0.080 mol scale) was
monitored over time (Fig. 2). Neither Zn(OAc),-2H,O nor
La(acac); approached close to full conversion (=99%) after 28
hours of TE. Based on the model reaction, La(acac); was ex-
pected to show higher initial TE activity than Zn(OAc),-H,O.
However, this was not observed in the experiments with DMT:
after 0.5 h of TE, La(acac); showed a 15% conversion towards
2,3-BDO ester, compared to 28% for Zn(OAc), (Fig. 4). This is
probably due to the changes in experimental conditions and
starting materials.

The model reaction only focused on the initial phase of TE
and was conducted at lower temperature and without excess
diol. Furthermore, phenyl benzoate has phenol as a good
leaving group, which only weakly participates in the reverse
reaction. In contrast, the methyl ester of DMT requires contin-
uous removal of methanol by distillation to shift the

OH

(e} OMe OH catalyst O, o]
>—<: :>—< + > HO >—< :>—<
MeO O HO o (¢}

DMT 2,3-BDO P23BT Oligomer
n

n+1 +2n MeOH

Scheme 2 Transesterification step of DMT and 2,3-BDO.
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Fig. 4 Transesterification over time for DMT and commercial 2,3-
BDO catalysed by 0.3 mol% La(acac)s or Zn(OAc),; percentages are
calculated relative to terephthalate and divided by two to account for
its bifunctionality (this ensures that the maximum achievable
percentage 2,3-BDO ester is 100%). *A T, of 210 °C was used;
however 2,3-BDO refluxes (pb ~ 180 °C), and therefore the temper-
ature in the mixture might vary depending on the presence of free 2,3-
BDO. Time zero is when the setpoint for T is reached; nonlinear
curve fitting (“exponential decay”) using data analysis software, Origin,
is provided solely as a visual guide and not as evidence that the data
follow this model.

equilibrium. The excess (+1 eq.) of diol used is advantageous
and results in oligomers with predominantly 2,3-BDO end
groups. An additional complexity is the shift in hydroxyl func-
tionality over time: free 2,3-BDO (green circle, Scheme 2) is
gradually replaced by oligomer-bound 2,3-BDO with terminal
hydroxyl groups (purple circle). These hydroxyl groups may
differ in reactivity. Moreover, unlike free 2,3-BDO (bp ~ 180 °C),
oligomers are not easily distilled, and their viscosity is different.
These are all factors that can influence the efficiency of meth-
anol removal and TE rate. In the model reaction this effect was
minimal for most catalysts, due to the low conversions and,
therefore, limited formation of terminal hydroxyl groups. In
addition, distillation of the byproduct, phenol, is not required.

Consequently, the model reactions are not fully predictive of
TE results for DMT under polymerization conditions. Further-
more, although one catalyst may appear more active during the
first hour, its advantage may diminish over time. In this case,
neither Zn(OAc),-2H,0 nor La(acac); reached the high conver-
sion (=99%) required before proceeding to PC and both seemed
to stabilize at yields around 90%. Thus, the system likely
reached an equilibrium and full conversion is not reached,
possibly due to methanol diffusion and removal limitations at
this temperature. (Alternatively, the catalyst could have deacti-
vated.) During the polymerization reactions some important
observations were made in separate experiments, which also
could have had an influence. In the experiment with La(acac)s,
a slight suspension was visible, consistent with observations
from the model reaction. This is possibly related to the forma-
tion of other insoluble La-complex(es). In the Zn(OAc), 2H,0
experiment, over the long TE step, substantial distillation was
observed, allowing some 2,3-BDO to co-distil with methanol
rather than refluxing. This limits the comparability of the
catalysts at later time points during the TE step.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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For both experiments, a final PC step was carried out to
obtain the polyester. During PC, two oligomers couple via
transesterification of diol end groups, releasing the excess 2,3-
BDO, which is removed at reduced pressure and elevated
temperature. To achieve optimal polymer synthesis, fewer than
1% of the original methoxy groups should remain before initi-
ating PC. This was not the case for these two experiments and
the resulting polymers had low M, values (see Table 1) and still
contained methyl-ester end groups. For La(acac)s, a substantial
fraction of 2,3-BDO end groups also remained, indicating
exceptionally low catalyst activity during PC, which may be
linked to the insolubility of the suspected formed La-complexes.

Meso- and R,R-2,3-BDO-based P23BT: Zr and Ti butoxide

A large difference between meso-2,3-BDO and R,R-BDO was
observed for several catalysts in the model reaction. However,
these were tested at the small scale using a model compound for
only an hour at 145 °C in air. Therefore Zr(OBu), and Ti(OBu),
catalysts were used in polymer synthesis, to see if the differ-
ences related to the stereoisomeric nature of 2,3-BDO were
observed here as well. Because of the limited availability of
stereoisomerically pure 2,3-BDO, a smaller scale was chosen
and less excess diol was used compared to the previous poly-
merization experiments. The transesterification of DMT
(0.30 mol scale) during the TE step was monitored over 24 h for
both stereoisomers using either Zr(OBu), or Ti(OBu), (Fig. 5).

This set-up differs substantially from the small-scale phenol-
based model reactions, as it operates at a higher temperature,
reaches higher degrees of oligomerisation, and requires
continuous removal of methanol. As a result, the overall process
becomes more complex, and additional characteristics of the
specific 2,3-BDO stereoisomers may become relevant. The oil-
bath temperature is increased above the boiling point of 2,3-
BDO, ensuring reflux. Because meso-2,3-BDO has a slightly
higher boiling point (184 °C) than the other stereoisomers, the
effective reaction temperature in the glassware set-up may also
be slightly higher in its presence, potentially contributing to
improved conversion.”® Moreover, the continuous removal of
methanol could be influenced by this temperature difference,
and it may co-distil more readily with one stereoisomer than
another.

Nevertheless, due to the relatively large differences observed,
as shown in Fig. 5, we consider the intrinsic reactivity of the
individual 2,3-BDO stereoisomers during the early stages of the
transesterification to be one of the dominant factors
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Fig.5 Transesterification over time for DMT (1 eq.) and meso- or R,R-
2,3-BDO (~1.84 eq.) using 0.08 mol% Zr(OBu),4 (left) and 0.15 mol%
Ti(OBu)4 (right); percentages are calculated relative to terephthalate
and divided by two to account for its bifunctionality (this ensures that
the maximum achievable percentage 2,3-BDO ester is 100%). An T of
210 °C was used; however 2,3-BDO refluxes (pb ~ 180 °C), and
therefore the temperature in the mixture might vary depending on the
presence of free 2,3-BDO. Time zero is when setpoint for Ty is
reached; nonlinear curve fitting (“exponential decay”) using data
analysis software, Origin, is provided solely as a visual guide and not as
evidence that the data follow this model.

influencing the observed differences. Especially because no
single stereoisomer shows a clearly superior performance
across the two catalysts, as will be discussed below, similar
trends are observed in both the polymerization and the phenyl-
ester model reactions with the latter unaffected by factors
influencing distillation and reflux temperature.

With Zr(OBu), as the catalyst, the transesterification rate for
R,R-2,3-BDO was higher than for meso-2,3-BDO. At ¢t = 1 h
a degree of transesterification of 8.7% was observed for the
meso, compared to 20% for the R,R. The magnitude of this
difference exceeds a factor of two, aligning well with the
difference in conversion values of 2.7% and 6.6% observed in
the corresponding model reaction.

For the titanium catalyst, both the model reaction and the
DMT transesterification showed a significantly higher conver-
sion for the meso stereoisomer, achieving around 4.4 times
higher conversion at ¢ = 1 h compared to the R,R isomer.
Overall, the trends found for the two stereoisomers in the model

Table1l Polymerization of DMT (0.8 mol) and commercial 2,3-BDO using La(acac)s and Zn(OAc),; starting material ratio, reaction time and final

M, and M,, of the polyester

Catalyst® (0.3 mol%) Eq. 2,3-BDO“ TE (h) 2,3-BDO ester’% at t = 27.5 h PC (h) + 1.5° M, M,, (kg mol™")
La(acac); 2.00 28.5 89 5.5 0.9 1.4
Zn(OAc),-2H,0 1.99 28.5 93 5.5 6.3 13.6

“ Based on mol DMT at the start. ” Percentages are calculated relative to terephthalate and divided by two to account for its bifunctionality (this
ensures that the maximum achievable percentage 2,3-BDO ester is 100%). © A total duration of 5.5 h stands for gradual pressure reduction and

temperature increase, “transition time”, of 1.5 h + 4 h of PC = 5.5 h.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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reaction proved to be a reliable predictor for the polymerization
of DMT across the different stereoisomers.

As expected, the conversion of DMT in time is not linear, and
the rate decreases as reactant concentrations decrease over time
and the system approaches complete conversion. The absolute
difference in conversion between the stereoisomers becomes
less pronounced at high conversions; for example, in the
experiments using Ti(OBu),, DMT conversions of >99% and
92% were obtained for the different stereoisomers. Although
this difference may appear small in absolute terms, it is very
significant. To achieve high molecular weight products,
a conversion close to 100% is required and an increase from
92% to >99% conversion can require several additional hours.

Though the comparison is not ideal due to the different
catalyst loadings used, the difference between the performance
of zirconium and titanium butoxides for the R,R-stereoisomer
(in green) is noteworthy. While zirconium shows a higher
conversion rate at the start of the transesterification (TE) step,
titanium surpasses it over time. After 24 hours, the R,R-2,3-BDO
esters reached 76% for zirconium and 92% for titanium. While
the exact reason for this difference is not confirmed, one
possible explanation is catalyst deactivation over time, poten-
tially caused by side products formed through dehydration of
2,3-BDO. In such a scenario, the higher catalyst loading used in
the titanium experiments would be beneficial. Another plau-
sible factor could be changes in the starting materials over the
course of the reaction. As previously explained, the nature of the
available hydroxyl groups changes (as indicated by colour in
Scheme 2) and this is not accounted for in the model reaction
due to the low conversions (often <10%) reached after ~1 h.

Another difference is the extent to which 2,3-BDO remains
available during the reaction. In some reactions, unreacted 2,3-
BDO persists for a longer period, increasing the likelihood that
free diol, unlike the bound 2,3-BDO ester, distils off together
with methanol. This minor loss of free diol alters the effective
stoichiometry and can slightly shift the achievable TE
equilibrium.

In the zirconium-catalysed TE of both stereoisomers, the
formation of 2,3-BDO esters reaches only 67% (meso) and 76%
(R,R), respectively, indicating that substantial amounts of
methyl ester remain (at ¢ = 23.5 h, see Table 2) when continuing
to the PC step. These high residual levels of methyl ester make it
nearly impossible to achieve high M,, polyesters. Consequently,
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the resulting polyesters contained a significant amount of
methyl ester end groups (roughly 7-8% of the total amount of
esters). Additionally, during the PC step, a white sublimate was
observed in the distillation arm, likely due to the presence of
DMT. The resulting polymers had M, values of less than 3 kg
mol " (see Table 2), which are significantly below the desired
values needed for several applications.

In the titanium-catalysed experiments, a higher catalyst
loading of 0.15 mol% was used to increase the likelihood of
obtaining a polyester with a reasonable molecular weight. After
24 hours, >99% conversion of the methyl esters of DMT towards
the meso-2,3-BDO ester was successfully achieved. After PC, this
resulted in a final product with an My, of 16.1 kg mol " (Table 2).
This exceeds values reported in previous studies on this
polyester.'®'*

These M,, values are also considerably higher than those
obtained in the zirconium-catalysed experiments. As noted
above, a direct comparison between Zr(OBu), and Ti(OBu), is
not fully representative due to the different catalyst loadings
used and uncertainties regarding catalyst stability and the
mentioned factors influencing the reachable equilibrium.

However, the expected key factor explaining the different
final results is that all reactions were advanced to the PC step at
the same absolute time point for comparability, while poten-
tially still far from the expected maximum conversion of the
methanol-ester, which is inherently limited by the equilibrium
position. As a result, substantial amounts of methyl ester
remained at the onset of PC, especially for the Zr-catalysed
reactions, and once PC begins these esters can no longer be
efficiently removed. Together, these effects explain why the
zirconium-catalysed reactions yield markedly lower M, values,
~3 M, than the titanium-catalysed ones.

Properties of P23BT based on R,R- or meso-2,3-BDO

The effect of molecular weight on the material properties is
evident when looking at the T, values of the final polyesters:
while the low-M,, polyesters catalysed by Zr(OBu), exhibited T,
values around 80 °C, and the polyester derived from meso-2,3-
BDO using Ti(OBu), reached a T, of 120 °C (Table 2 and Fig. 6).
For most polyesters, the T, increases with M, until it reaches
a plateau, typically at around 20 kg mol '.>® Because the M,
values achieved in this study remain below this threshold, any

Table 2 Polymerization reactions summarized; starting materials, reaction time and final M,,, M,,, T4 and thermal degradation values

2,3-BDO TE 2,3-BDOester’% 1.5h°+PC M, M,,
Catalyst (loading)* (eq.) (h) att=23.5h (h) (kgmol™") (kgmol™") PDI T, (°C) Taso (°C) Tamax (°C) Tim
Zr(OBu), (0.08%)  Meso (1.85) 24  67% 5.5 2.9 5.2 1.8 81 —
Zr(OBu), (0.08%) RR (1.85) 24  76% 5.75 2.7 5.1 1.9 76 —
Ti(OBu), (0.15%)  Meso (1.84) 24  99% 6 16.1 36.3 2.3 120 333 382 —
Ti(OBu), (0.15%) R,R(1.82) 24  92% 6 10.1 20.6 2.0 115 335 384 —

“ Based on mol DMT at the start. ” Percentages are calculated relative to terephthalate, divided by two to account for its bifunctionality. This ensures
that the maximum achievable percentage 2,3-BDO ester is 100%. ¢ Value in table of, for example, 5.5 h, stands for 1.5 h of transition time (pressure
reduction and temperature increase) + 4 h of PC. Tymax is the temperature at which the maximum rate of weight loss occurs, while Ty45% is the
temperature where 95% of the initial mass is still present. T,,, denotes the melting temperature; “—” indicates that no transition is observed.
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Fig.6 DSC curve of the second heating of P23BT polyesters based on
meso- or R,R-2,3-BDO, using either the Zr(OBu)4 or Ti(OBu)4 catalyst.

observed differences in Ty are largely influenced by variations in
M,,. Therefore, based on our results, no definitive conclusions
can be drawn regarding the influence of using a specific 2,3-
BDO stereoisomer on the T.

The achieved M, appears to be partly limited by side reac-
tions, as indicated by NMR data and consistent with previously
published observations.' In the spectrum (see the SI) some
additional peaks are visible indicating potential formation of 1-
methyl allyl ester, which can be formed by dehydration of 2,3-
BDO. Additionally, other small unidentified peaks are visible,
which could be ethers or other side products. This issue may be
improved by optimizing the PC step, which currently proceeds
at elevated temperatures for several hours.

No melting points were observed for any of the polyesters,
even when just a single stereoisomer was used. In the case of
meso-2,3-BDO, the methyl branches are randomly oriented due
to its incorporation as either “R,S” or “S,R”, making the absence
of crystallinity logical. Although the R,R-stereoisomer would
result in an ordered repeating structure, these types of
branched diols are known to significantly disrupt crystallinity.
For instance, Van der Klis et al. found some crystallinity only
after 3 months under crystallinity inducing conditions for
a polyester based on the methyl branched secondary diol, S,S-
2,5-hexanediol.*® Thus, given the conditions employed in our
original DSC measurement, the absence of crystallinity is not
surprising. The methyl branches could very well interfere with
the ability of the aromatic rings to engage in effective -7
stacking interactions. To promote crystallization, several
approaches were tested for both polyesters, including extended
isothermal annealing steps during DSC analysis. For the poly-
ester based on R,R-2,3-BDO, three DSC programs were applied,
each incorporating prolonged holds at temperatures above the

Fig. 7 Left: meso-2,3-BDO-based P23BT. Right: R,R-2,3-BDO-based
P23BT.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 TGA curve of P23BT produced from meso- (blue) or R,R-2,3-
BDO (green) using Ti(OBu)y4; the curves are almost identical.

glass transition temperature, specifically at 140 °C or 130 °C for
480 min (see “annealing programmes” in the Experimental
section). These annealing temperatures were selected under the
assumption that any crystallization would occur near this range.
The programs also employed progressively slower heating and
cooling rates to facilitate crystal formation. In all the DSC
programs, no crystallinity was observed for P23BT based on R,R-
2,3-BDO. The polyester derived from the meso stereoisomer was
similarly tested using a DSC method with an extended hold at
130 °C, but this also failed to induce crystallization. By visual
inspection (Fig. 7), the meso-2,3-BDO-based polyesters made
using Ti(OBu), did show less transparency compared to the
polyesters based on the R,R stereoisomer. However, if this is
related to crystallinity, the DSC results should have reflected
this.

Thermogravimetric analysis was performed on P23BT poly-
esters synthesized using the Ti(OBu), catalyst from both meso-
and R,R-2,3-BDO. The corresponding TGA curves are shown in
Fig. 8, with Ty5% and Tgmax values shown in Table 2 (derivative
curves are provided in the SI). No large differences were
observed between the two stereoisomer-based polyesters. The
temperatures at 5% weight loss and the maximum degradation
rates differed by only a few degrees with the R,R-based polyester
showing a slightly higher thermal stability despite its lower M,,.

Consistent with previous work on P23BT, thermal degrada-
tion did not occur as a single step but rather in two stages: the
first having a maximum rate just above 350 °C, and the second
corresponding to the maximum degradation rate at 382 °C or
384 °C (Table 2).

Conclusions

The catalysts tested for the transesterification of phenyl
benzoate with meso- or R,R-2,3-BDO showed clear reactivity
differences, yet these model reactions did not accurately predict
DMT transesterification under polymerization conditions. Early
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catalytic activity in the model system was not maintained in
actual polymerizations, and catalysts such as Zn(OAc),-2H,0
and La(acac);, despite initial promise, performed poorly in
polyester synthesis.

Even so, the model reactions were useful for identifying
stereoisomer-dependent effects. Several catalysts showed
different performances with meso- versus R,R-2,3-BDO, trends
later confirmed for Ti(OBu), and Zr(OBu), in polyester
synthesis. With Ti(OBu),, meso-2,3-BDO enabled >99% conver-
sion in the first TE step and yielded a polyester with M, = 16 kg
mol ™' and T, = 120 °C, whereas R,R-2,3-BDO gave lower
conversions. The opposite trend was observed for Zr(OBu),.
These results underscore the importance of both catalyst
selection and the stereoisomeric nature of the 2,3-BDO batch
used. Further research into the catalytic mechanisms is
required to clarify the origin of this difference.

DSC analysis of the two P23BT polyesters, meso- vs. R,R-2,3-
BDO-based, showed no crystallinity in either material. Across all
curves obtained from both the annealing programmes and the
standard DSC protocol, no melting points were observed. The
large differences in T, for the two polyesters were attributed to
variations in M,,, and TGA revealed similar weight-loss profiles
for both polyesters and were consistent with previous literature.
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