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ABSTRACT

Polyesters are important materials with a wide range of applications, but there has been increasing
concern over their sustainability. One example is the need for safer, bio-derived solvents to replace
those currently in use for the polymer’s synthesis and processing. In this work, several variants of
the bio-based cellulose/levoglucosenone derived solvent Cyrene, namely the ketal derivatives
dioxolane Cygnet, dioxane Cygnet and dioxepane Cygnet were synthesized and tested as media
for enzymatic polycondensation reactions using bio-based building blocks. Dioxolane Cygnet
and dioxepane Cygnet were found to be suitable solvents for enzymatic polycondensation
reactions, with dioxolane Cygnet being the preferred solvent, yielding polymers with a Mn

>22 kDa. In addition, these solvents were tested in the biocatalyzed synthesis of
levoglucosenone-based polyesters. The alternative solvents gave superior yields to those
previously observed, demonstrating the versatility of these solvents in enzymatic
polycondensation reactions, representing the first synthetic polymer-solvent system fully
derived from cellulose.
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Introduction

Polymers are ubiquitous in the modern world, being
both incredibly useful and causing a huge environ-
mental impact. Most polymers are petroleum-derived
and do not biodegrade, leaving behind a large amount
of waste if not properly disposed and recycled. In 2015
it was estimated that in total, 4.9 billion tons of plastic
waste had been discarded in landfill or the natural
environment (1), and the detrimental effects of this to
wildlife (2), human health, and the larger ecosystems
(3) are well documented. Making all stages of the life-
cycle of a polymer more sustainable has been the
focus of many research groups, whether that is testing
alternative bio-based feedstocks (4, 5), eliminating tra-
ditional organic solvents (6, 7), or designing for

recyclability (8–11). Environmental sustainability is
underpinned by the principles of green chemistry,
which provide a framework for ‘greening’ chemical pro-
cesses (12).

Important in the field of polymer synthesis is principle
9 of Green Chemistry, which aims to use catalysts when-
ever possible (13). Catalysts are commonly used in
polymer synthesis, with Ziegler–Natta catalysts being
the most popularly employed for polyolefin production
(14). For polyester synthesis, biocatalysts are particularly
attractive from a sustainable perspective; they are
derived from renewable resources and often require
mild reaction conditions (15). Another is principle 5 of
Green Chemistry, the use of safer solvents and auxili-
aries. Solvents represent a significant portion of the
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environmental impact of a reaction, and ionic liquids,
supercritical fluids and bio based solvents have all
been tested in polymer synthesis (14).

Evaluating the ‘greenness’ of a solvent is a complex
process. Several companies and organizations have pub-
lished guides, which evaluate health, safety and environ-
mental criteria of a solvent and provide a ranking or
recommendation. Judgement is subjective and there is
no singular established list of recommended solvents.
Sanofi for example labeled acetonitrile as rec-
ommended, whereas GlaxoSmithKline concluded it
had major issues (16). Despite this, there is generally a
good consensus between the different guides. These
guides, coupled with environmental legislation such as
REACH (17) have increased pressure on chemists to
find alternative solvents that are more benign.

Polyesters are usually synthesized in organic solvents
such as diphenyl ether (DPE). This was found to be an
excellent solvent for the synthesis of polyesters, achiev-
ing polymers of up to 10 kDa for polyesters containing
diethyl succinate and 1,4-butanediol as the monomers
(18). Furthermore, more complex polymers containing
the diester derivatives of pyridine dicarboxylic acids
have also been synthesized in DPE, and very successfully;
2,4-diethyl pyridine dicarboxylate and 1,8-octanediol
produced a polymer with a number average molecular
weight (Mn) of 14.3 kDa (19). Yet its use is problematic
as it is extremely toxic to aquatic life and classed as
highly hazardous due to its low flash point, auto-ignition
temperature, and ability to form peroxides. Several
alternative solvents have been investigated, such as
short chain oxymethylene dimethyl ethers (OMEs).
These gave a consistently higher yield when compared
to DPE in the condensation of dimethyl adipate and
various diols, but a lower Mn (20). Another previous
work tested various alternative solvents in several poly-
condensation reactions of which pinacolone was the
best performing, although only produced polymers
with Mn of up to 2.5 kDa (21), which still falls short of
DPE.

Dihydrolevoglucosenone, or CyreneTM, has become a
molecule of increasing interest since its use as a solvent
was reported in 2014 (22). Currently synthesized com-
mercially from cellulose in a two-step process – flash cat-
alytic pyrolysis to give levoglucosenone as an
intermediate followed by either a palladium-catalyzed
hydrogenation (22) or an OYE 2.6-mediated bioreduc-
tion (23). Cyrene’s low toxicity makes it an attractive
alternative for those researchers looking into replace-
ments for traditional dipolar aprotic solvents (24).
Cyrene is a multi-functional molecule with the potential
for countless derivatives. As of 2016, there were at least
164 molecules derived from levoglucosenone available

in the literature (25) with a current number of over 350
available molecules according to Scifinder. One promis-
ing group are the Cygnets, ketals of Cyrene that could
potentially be good replacements for dichloromethane
(25). There are few examples of using Cyrene in biocata-
lysis (26, 27), but to the best of our knowledge, only one
concerning polyester synthesis, which also tests the
Cygnet incorporating a dioxolane moiety (previously
referred to as Cygnet 0.0) (28). In this previous work,
Cyrene, dioxolane Cygnet, and mixtures of the two
were tested as a solvent for the polycondensation of
various diesters and diols. This study found dioxolane
Cygnet performed very well for every monomer combi-
nation. The condensation of dimethyl adipate and 1,8-
octanediol was particularly successful, giving a yield of
91% and polymers with a Mn of up to 20.5 kDa (28).
The focus of this work is the testing and characterization
of Cyrene (hereafter referred to as (1) and three of its
derivatives, dioxolane Cygnet, dioxane Cygnet and diox-
epane Cygnet) (hereafter referred to as cygnets (2), (3)
and (4) respectively, according to the number of
carbon atoms in the secondary ring), the latter two pre-
viously unreported, for enzymatic-catalyzed polycon-
densation reactions.

Materials & methods

Materials

Cyrene™ (≥98.5%), 1,4-butanediol (ReagentPlus® 99%),
1,8-octanediol (98%), dimethyl sebacate (99%), dimethyl
succinate (98%) and Candida antarctica lipase B (CaLB,
code: L4777) were purchased from Sigma Aldrich. Ethyl-
ene glycol (EMSURE® Reag. Ph Eur,Reag. USP ≥99.5%)
was purchased from Merck. Dimethyl adipate (99%)
was purchased from Alfa Aesar. Chloroform (≥99.8%)
and ethyl acetate (HiPerSolv CHROMANOFORM) were
purchased from VWR. Methanol was purchased from
Carl Roth.

(S)-5-(hydroxymethyl)-3-[(2S,3S)-2-(hydroxymethyl)-
5-oxotetrahydrofuran-3-yl]furan-2(5H)-one (2H-HBO-
HBO) was synthesized according to the procedure
described by Diot-Néant et al. (29).

Cygnet derivatives synthesis

Cyrene (25.6 g, 0.2 mol) with an excess of the corre-
sponding diol; ethylene glycol (24.8 g, 0.4 mol) for diox-
olane Cygnet, 1,3-propanediol (30.4 g, 0.4 mol) for
dioxane Cygnet and 1,4-butanediol (36.0 g, 0.4 mol) for
dioxepane Cygnet, was placed in a 250 mL round
bottom flask with a stirrer bar. 3 drops (approx. 250–
300 mg) of phosphoric acid was added and the reaction
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was heated to 105°C at 400 rpm until conversion was
shown to be >90% (1H-NMR). Liquid–liquid extraction
was performed to remove excess diol. 100 mL of ethyl
acetate was added to the reaction medium, and
washed with water (3 × 20 mL) using a separation
funnel. The organic layer was dried with magnesium
sulfate and filtered through paper (150 mm 595 1/2).
Ethyl acetate was subsequently removed via rotary
evaporation. Dioxolane cygnet required no further
purification, as analysis showed >99% purity (1H-NMR).

Synthesis of dioxepane cygnet required further purifi-
cation through recrystallisation. Ethyl acetate was added
to the crude dioxepane Cygnet/Cyrene mix and the sol-
ution was heated until full dissolution was observed. Sol-
ution was left to cool to room temperature, covered and
then placed in an ice bath. When crystals formed, the
solution was left to rest for 1 h and was subsequently
vacuum filtrated to obtain a white crystalline solid. This
procedure was repeated until analysis showed dioxe-
pane cygnet to be >99% pure (1H-NMR).

Optimization of polymerization procedure

In the first iteration of this procedure, dimethyl adipate
(139.4 mg, 8 × 10−4 mol) and either 1,4-butanediol
(BDO) (72.1 mg, 8 × 10−4 mol) or 1,8-octanediol (ODO)
(117.0 mg, 8 × 10−4 mol) were added to a 25-mL round
bottom flask with 2 g or 4 g of Cyrene, and 10% by
weight of monomers of CaLB. The flask was heated to
85°C and stirred at 400 rpm for 6 h, at which time the
system, was placed under vacuum (20 mbar) for a
further 18 h. Aside from mass of solvent and time
under vacuum, all parameters remained the same in sub-
sequent reactions.

Work-up 1: Used in the original procedure. The poly-
mers were washed with approx. 5 mL of CHCl3 and
filtered through cotton to remove the enzyme. The
flask was washed with approx. 1 mL of CHCl3 a further
three times and all fractions were collected. The
solvent was removed from the mixture via a rotary evap-
orator and transferred to a 50 mL Falcon tube. Ice cold
methanol (35 mL) were added to precipitate the
polymer. The mixture was vortexed and then centri-
fuged at 3700 rpm for 10 min at 4°C. The supernatant
was removed, and 20 mL of ice-cold methanol was
added, repeating the washing step a further two times.

Work-up 2: Used when using CHCl3 as the work-up
solvent and water as the anti-solvent. Polymers were
washed with approx. 5 mL of CHCl3 and filtered
through cotton to remove the enzyme. The flask was
washed with approx. 1 mL of CHCl3 a further three
times and all fractions were collected. The mixture was
rotary evaporated to remove the solvent and then

transferred to a 50-mL Falcon tube. Cold water (35 mL)
was added to precipitate the polymer. The mixture
was vortexed and filtered through a 150 mm 595 1/2
filter paper. The polymer was washed with water three
times.

Work-up 3: Used when CHCl3 was replaced with
Cyrene. The polymers were filtered through cotton and
the round bottom flask washed with 2 × 1 mL Cyrene.
To this was added 35 mL cold anti-solvent (water or
methanol). If the anti-solvent used was methanol, then
the centrifugation procedure in work up 1 was followed.
If the anti-solvent used was water, the filtration pro-
cedure in work-up 2 was followed.

Characterization

Nuclear magnetic resonance (NMR) spectroscopy

All 1H-NMR spectra were recorded on a Bruker Avance II
400 (resonance frequencies 400.13 MHz for 1H)
equipped with a 5 mm N2-cooled cryo probe (Prodigy)
with z–gradients at room temperature with standard
Bruker pulse programs. The samples were dissolved in
0.6 mL of CDCl3 or DMSO-d6 (98% D, Eurisotop, Saint-
Aubin, France). Chemical shifts are given in ppm, refer-
enced to residual solvent signals (7.26 ppm for CDCl3,
2.49 ppm for DMSO-d6).

Gel permeation chromatography (GPC)

BDO and ODO based polymers were dissolved in CHCl3
to a concentration between 2 and 2.5 mg/mL and
filtered through cotton wool packed into a 150 mm
glass Pasteur pipette. The analysis was performed at 30
°C on an Agilent Technologies HPLC System (Agilent
Technologies 1260 Infinity) connected to a 17,369
6.0 mm ID × 40 mm LHHR-H, 5 μm Guard column and
a 18,055 7.8 mm ID × 300 mm L GMHHR-N, 5 μm TSK
gel liquid chromatography column (Tosoh Bioscience,
Tessenderlo, Belgium) using CHCl3 as an eluent (at a
flow rate of 1 mL min−1 for 20 min). An Agilent Technol-
ogies G1362A refractive index detector was employed
for detection. Linear polystyrene calibration standards
(250–70,000 Da) purchased from Sigma-Aldrich were
used to calculate the molecular weights of the polymers.

2H-HBO-HBO-based polymers were dissolved in DMF
(10 mM LiBr) at a concentration between 2.5 and 3 mg/
mL and filtered through syringe filters (RC 0.20 µm). The
analysis was performed at 50°C using an Agilent Tech-
nologies 1260 Infinity Series liquid chromatography
system with an internal differential refractive index
detector, a viscometer detector, a laser, UV lamp and
two PLgel columns (5 µm MIXED-D 300 × 7.5 mm)
using 10 mM Lithium Bromide in HPLC grade DMF as
the mobile phase at a flow rate of 1.0 mL min−1.
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Calibration was performed with poly(methyl methacry-
late) standards from Agilent Technologies.

Thermogravimetric analysis (TGA)

TGA was performed on a Netzsch TG 209 F1 instrument.
Samples (3-8 mg) were analyzed in an Al2O3 crucible
from 20 to 700°C, with a heating rate of 10 K/min and
a cooling rate of 30 K/min under a N2 atmosphere.

Differential scanning calorimetry (DSC)

Samples between 2 and 5 mg were weighed out into
concave aluminum pans and measurements were per-
formed on a Netzsch DSC 214 polyma instrument. A
heating rate of 10 K/min was used and the temperature
range analyzed was -40–250 °C. Two cycles were com-
pleted under a N2 atmosphere.

X-ray crystallography

Diffraction data were collected at 110 K on an Oxford
Diffraction SuperNova diffractometer with Cu-Kα radi-
ation (λ = 1.54184 Å) using an EOS CCD camera. The
crystal was cooled with an Oxford Instruments Cryojet.
Diffractometer control, data collection, initial unit cell
determination, frame integration and unit-cell refine-
ment were carried out with CrysAlisPro (30). Face-
indexed absorption corrections were applied using
spherical harmonics, implemented in SCALE3 ABSPACK
(31) scaling algorithm within CrysAlisPro. OLEX2 (32)
was used for overall structure solution, refinement and
preparation of computer graphics and publication
data. Within OLEX2, the algorithms used for structure
solution were ShelXS direct methods, (33) for (3) and
ShelXT dual-space (34) for (4). Refinement by full-
matrix least-squares used the ShelXL (35) algorithm
within OLEX2 (32). All non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were placed
by difference map and allowed to refine. CCDC
numbers are: (3): 2163960 (4): 2163961.

Conductor-like screening model for realistic

solvation (COSMO-RS) computational studies

Solvent conformers and surface energies were calcu-
lated with COSMOconfX (version 4.0; COSMOlogic
GmbH & Co. KG, Leverkusen, Germany, 2015) using Tur-
bomole at the BP (B88-VWN-P86) density functional
theory level and triple-z valence polarized (TZVP) basis
set. COSMOthermX (version C30_1705; COSMOlogic
GmbH & Co. KG, 2017) was used to visualize the molecu-
lar surface charges, σ-profiles, and σ-potentials. COSMO-
RS calculations are courtesy of, and authorized for the
purposes of, Circa Group Pty Ltd.

Results and discussion

Optimization of the enzymatic polycondensation

reactions

Hydrophobic, high boiling point solvents are the classic
solvent choice for enzymatic polycondensation reac-
tions (36). Diphenyl ether (DPE) in particular is noted
for yielding polymers with high molecular weights and
has been used for the synthesis of both aliphatic (37,
38) and aromatic (39) polyesters, despite its status as a
non-green solvent. More recently, oxymethylene
dimethyl ethers have been used to enzymatically syn-
thesize polyesters using dimethyl adipate and diols of
varying length (20). Greener solvents such as TMO and
pinacolone have also been tested in this reaction with
success (21). However, all previous studies have the dis-
advantage of using toxic solvents such as CHCl3 during
the work-up stage, which were eliminated from the pro-
cedure developed in the present study.

The enzymatic polycondensation of dimethyl adipate
with either 1,4-butanediol (BDO) or 1,8-octanediol (ODO)
was carried out firstly using Cyrene (1) as the reaction
solvent and a ‘green’ alternative to DPE. This was suc-
cessful (Figures S29–S30), albeit initial yields for the
BDO-based polymers were markedly low (reactions 1
and 3, Figure 1). The reaction protocol was then opti-
mized by varying (1) reaction time, (2) amount of reac-
tion solvent, and (3) choice of work-up solvent (Figure
1 and Table S1 in ESI). The choice of work-up solvent
and anti-solvent has a large influence on the final state
of the isolated polymer, with the workup solvent that
must be able to dissolve the polymer sufficiently so
that minimal amounts are lost during filtration, and sub-
sequent addition of the anti-solvent must alter the solu-
bility parameters enough that the polymer crashes out
in the solvent blend. Here, (1) was chosen as an alterna-
tive workup solvent to chloroform as its success as a
reaction solvent showed it had a compatible solubility
profile with both our model polymers.

When looking to optimize this reaction, increasing
the reaction time from 24 to 96 h increased the reaction
yield by ∼10% for both the BDO and the ODO-based
polymers (reaction 3 and 4, Figure 1). Although CHCl3
was replaced by (1)mainly due to its issues with toxicity,
when (1)was paired with water as an anti-solvent, it also
resulted in the obtainment of higher polymer yields. The
highest yield reported was 95% (reaction 12, Figure 1),
from the ODO polymer synthesis using a (1)/water
solvent/anti-solvent workup, and repetition of this
experiment gave similar yields (Table S8 and Figure
S31). Decreasing the solvent mass from 4 g to 2 g
resulted in a drastic increase in yield for both reactions
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(up to 51% for the BDO based polymer, and 91% for the
ODO based), showing that a higher monomers/solvent
ratio greatly increases the polymer yield (reaction 5
and 6, Figure 1). In fact, ODO-based polymers had a con-
sistently higher yield compared to BDO-based polymers,
which has previously been attributed to both higher
solubility of the shorter chain polymer products in the
anti-solvent and preference of the immobilized CaLB
for the more hydrophobic 1,8-octanediol(20). Aside
from reaction 1 in Figure 1, there was little difference
in monomer conversion, all having reported values
>95% (Figure S7).

(1) was generally a superior work-up solvent com-
pared to CHCl3. The only observed exception was
when CHCl3 was combined with methanol as an anti-
solvent where a slightly higher yield (an increase of
6%) was observed for the ODO-based polymer while
no differences were observed for the BDO-based
polymer (reactions 5 and 6 compared to reactions 9
and 10, Figure 1). Despite this, when CHCl3 was substi-
tuted with (1), there was always an increase in weight
average molecular weight (Mw) and number average
molecular weight (Mn), and often a decrease in dispersity
(Đ) making the polymers more interesting for further
applications.

Using water as an anti-solvent gave a higher yield
when compared to methanol. However, when the Mn

and Mw are considered, although the polymers worked
up in CHCl3/H2O have much higher molecular weights
than the CHCl3/MeOH polymers, this trend reversed
when the work-up was performed in (1). A possible
explanation for this trend is that the addition of water
to (1) forms a geminal diol through hydration of the
ketone moiety (40), which increases the overall polarity
of the mixture (41). In our system, the wt% of (1) is
approx. 11%, and previous studies have found the
majority of (1) to be converted into its geminal diol at
this concentration (42). The (1)/H2O antisolvent system
is therefore very different when compared to the (1)/
MeOH one. When comparing the two solvent systems,
a blend of Cyrene and water (in the appropriate ratio)
assuming all Cyrene has been converted to the
geminal diol has a δP of 38.7 compared to 21.4 for the
Cyrene/MeOH system (Table S9). As the Cyrene/H2O
system is much more polar, more polymer crashes out,
including lower molecular weight oligomers. This both
increases dispersity and decreases Mn and Mw for this
system. Using a MeOH-based anti-solvent system
resulted in higher Mw polymers, which can be seen in
Figure 1(c and d), when comparing the Mw of reactions

Figure 1. Overview of all reactions performed during the optimization stage. Percentage yield of (a) BDO-based polymers and (b)
ODO-based polymers. Number average (Mn) and weight average (Mw) molecular weight of (c) BDO-based polymers and (d) ODO-
based polymers. A complete Figure legend can be found in the ESI as Table S1.
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9 and 11, and reactions 10 and 12. The ODO-based
polymer worked-up in (1)/MeOH gave the highest Mn/
Mw in this data set; 7.7/17.6 kDa respectively.

2-methyl tetrahydrofuran (MeTHF) was also tested as
a work-up solvent due to its low boiling point; if the
reaction solvent wanted to be recovered for recycling,
this could easily be removed via evaporation. A
MeTHF/MeOH work-up procedure was focused on due
to the miscibility of both these solvents. For the ODO-
based polymer, the molecular weights produced by
MeTHF/MeOH were lower than those using (1) in the
work-up, although the yield had a slight increase (reac-
tions 10 and 14, Table S1). For the BDO-based polymer,
the MeTHF/MeOH work-up had the highest Mw

(12.3 kDa) and the second highest Mn (4.9 kDa). Yield
was also considerably higher for this polymer, an
increase to 83% compared to the 49% obtained by (1)/
MeOH.

Synthesis and structure of Cygnets

When first synthesized in the literature, Cygnet 0.0 (2)

formation was acid catalyzed by KSF-200 (25, 28). This
catalytic system functioned well but if the hetero-
geneous catalyst was not freshly prepared, the product
would be slightly discolored, presumably from leaching
in the system. Discolored (2) gave poorer yields and con-
versions as compared to that prepared with fresh cata-
lyst. To negate this, phosphoric acid was selected as a
weak homogeneous acid to facilitate acetal formation
over the ketone (Figure 2a). Due to the high boiling
point of the diols (which acted as both solvent and reac-
tant), the reactions were carried out in an open vessel
and at elevated temperature to drive off water pro-
duced. The excess diol and removal of water helped
push the equilibrium towards the right (Figure 2a) and
favor the formation of the cygnet acetal. Cygnets (2),
(3) and (4) were successfully synthesized using this
method (Figures S1–S6). Upon cooling (2) crystallized
instantaneously, (3) within minutes and (4) required
hours (Figure 2b). The crystal structure of the novel (3)
and (4) was also resolved (Figure 2c and Tables S4–S5).

Enzymatic polycondensations with Cygnets

DSC analysis was performed on all three Cygnets (Figure
S9 in ESI). Dioxane Cygnet (3) exhibited a melting point
of 86.2°C and experimental testing showed it did not
completely melt in the reactor when set at 85°C, the
optimal temperature for the enzymatic polycondensa-
tion reaction (43). Only dioxolane (2) and dioxepane
Cygnet (4) were therefore tested in the model polycon-
densation reaction. (1) and (2) have been previously

used in enzymatic polycondensations (28), while (3)

and (4) have never been reported before. The polarity
of ketals (2) – (4) were calculated as lower than (1)

(44) and more similar to the conventional solvent diphe-
nyl ether.

Several workup procedures were tested. All exper-
iments had >94% conversion (Figure S7), and those
experiments that were repeated showed similar yields
(Table S8 and Figure S31). In all conditions, use of (2) as
the reaction solvent gave higher yields for the BDO-
based polymers, as seen in Figure 3 (and Table S2 in
ESI), while it gave similar yields to (1) for the ODO-
based polymers. The only exception to this was when
the workup solvent was changed from (1) to MeTHF;
when using this workup, the BDO-based polymer syn-
thesized in (1) had a superior yield to the one synthesized
in (2), at 83% vs 73% respectively (reactions 13 and 19 in
Table S1 and S2). ODO polymers in general gave good
yields (>80%). This is in line with data collected from
the optimization of the reaction. Moreover, as it is poss-
ible to notice from Figure 3 (and Table S1 in ESI), the
(1)/water workup gave the highest yields for all three sol-
vents for both polymers. Each solvent gave very similar
yields for ODO but decreased from (2) to (1) and then
(4) for the BDO-based polymer, which can be seen in
Figure 3(a) comparing reactions 11, 17 and 23. Overall,
(1) and (2) seemed to be the best solvents for these reac-
tions. When comparing equivalent conditions, (4) never
outperformed (1) or (2).

Although the use of MeTHF was solely to test if the
reaction solvent could be recovered, polymer yield was
also high. 1H-NMR of (2), showed no significant differ-
ences when compared to unused solvent (Figure S8 in
ESI) demonstrating the recyclability of the reaction
solvent.

For those polymers synthesized in (2), the BDO-based
polymers always had a higher Mw and Mn compared to
the ODO-based polymers. This can be explained
through the computational analysis published in a pre-
vious paper (21). It was calculated that the lowest
energy conformation of BDO has an intramolecular
hydrogen bond, unlike ODO which may form two inter-
molecular hydrogen bonds. COSMO-RS calculations indi-
cated that ODO was more stable in solution than BDO at
85°C, and therefore less reactive. The electronic proper-
ties of the Cygnet solvents were calculated using the
COSMO-RS method to assist in the understanding of
polarity and solubility. This is a continuum solvation
model combined with statistical thermodynamics to
describe the energy and charge densities of molecules
in a (virtual) conductor. From this information, chemical
potentials and other thermodynamic properties can be
calculated.
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Amongst the tested solvents, we observed that (2)
performed much better in these reactions when com-
pared to (4) and (1) It is known that polarity affects
the activity of CaLB activity (45) which is consistent
with the ketal (2) (δP value of 8.2) yielding polymers
with higher Mw when compared to the more polar
ketone (1) (δP value of 12.4). Solvent (4) with a δP

value of 6.6 is only slightly less polar than (2), but
the yield and molecular weights of these polymers
were consistently significantly lower than (2),
meaning that either δP (a function of dipole moment
and molar volume) is an insufficient measure of
polarity in this case or there are other factors
affecting the resulting polymer yield and molecular
weight.

A previous study indicates a log P/log KOW between 2
and 4.5 is optimal for efficient polymerization reactions
with CaLB and that a lower log P value corresponds to
a slow polymerization (46). The biocatalyst CaLB is well
documented to prefer less polar solvents as media, as
solvents with high polarity disrupt water molecules
bound to the enzyme, in a process called water stripping
(47). However, the calculated log P values of (2) and (4)

fall outside this ‘optimal’ range and (2), despite

producing polymers with both a higher yield and Mw,
has a lower log P compared to (4).

Iemhoff and co-workers argue that the log P is insuffi-
cient to determine the effect a solvent will have on enzy-
matic reactions, and used the Kamlet–Taft
solvatochromic scales instead, more specifically the H-
bond accepting (β) parameter along with molar
volume (Vm) (48). When looking at enzymatic reactions,
they found the highest initial rates of reaction for sol-
vents which are bulky with low β values. This was attrib-
uted to (1) bulky solvents are detrimental to the
formation of a structured solvation environment,
which encourages the substrate to move into the
enzyme environment and (2) a high β (hydrogen bond
accepting ability) means the solvent will interact with
the water molecules in the enzyme environment, and
potentially strip them from the biocatalyst. A compari-
son of these values (Table S3) shows (2) to have a
much lower β value compared to (1), similar to that of
diphenyl ether which may explain why this solvent pro-
duced polymers with the highest molecular weights.
However, (2) is a solid at 25°C and the KAT parameters
had to be measured at 60°C (25), making it difficult to
compare to other β values.

Figure 2. Synthesis and structure of Cygnets. (a) reaction for the formation of Cygnets (n = 1, 2, 3); (b) structures of Cyrene (1), Diox-
olane Cygnet (2), Dioxane Cygnet (3) and Dioxepane Cygnet (4). (c) crystal structures of the novel (3) and (4).
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The Cygnet class of solvents (2–4) differs from precur-
sor (1) due to the functional group interconversion from
ketone to ketal. Ketals generally possess a smaller dipole
moment than ketones. The Cygnets are more electrone-
gative than (1), as calculated with σ-profiles using the
COSMO-RS method (Figure 4a). Compound (4) has a
greater charge density (e/Å2) on the ketal oxygen
atoms than (2), and both have more lipophilic surface
area than (1) due to the introduction of ketal methylene
groups. For reference, the work up solvent MeTHF has
less negatively charged surface area than (2) or (4) by
virtue of only having a single oxygen atom, but the
charge density is greater. The Cygnet solvents have a
ketal and an acetal moiety (4 oxygen atoms in total)
that compete to withdraw electron density from the
molecule, resulting in lower charge density than an
ether. The σ-profile of DPE indicates a different character
to the Cygnet solvents (Figure 4a). DPE is in fact more
similar to toluene than an ether due to electron
donation into the π-electron system. Hansen Solubility
Parameters (HSP, see Figure S28 in ESI) imply that com-
pounds (2) & (4) are more similar to DPE than they are to
(1). HSP relate to solubility, and dissolving the reactants
is essential. Keeping the polymer in solution will help
produce longer polymers as it was observed in this

work. The surface charge information contained in a σ-
profile can be used to calculate the chemical potential
arising from the introduction of a charge into solution.
The resulting σ-potential can be compared between sol-
vents to identify similar behaviors (Figure 4b). There is a
favorable interaction between positive charges and
Cygnets (2) and (4), greater than for (1). Conversely,
DPE is not a good medium for charged species. This
general stabilization of electronic charges does not
transfer to specific interactions (which may be more rel-
evant), for the Kamlet–Taft parameters indicate (2) forms
weaker hydrogen bonds than (1) (since it has a smaller β
value). Again, this makes (2) more similar to DPE which
benefits the enzymatic synthesis process. The surface
charges of each solvent used to carry out the reactions
are given in Figure 4(c) where red indicates negative
surface charges with yellow representing a weak nega-
tive charge. Blue portions of the molecules represent
positive surface charges, and green is a neutral surface
charge.

Overall, although (1) and (2) were similar in terms of
percentage yield, use of (2) in synthesis gave a much
higher Mw (Table S2 and Figures S10–S15). The use of
methanol as an anti-solvent instead of water also
increased Mw and Mn. The BDO based polymer

Figure 3. Overview of all reactions performed using the Cygnets (2) and (4) as the reaction solvents and CaLB as the biocatalyst.
Percentage yield of (a) BDO-based polymers and (b) ODO-based polymers. Number average (Mn) and weight average (Mw) molecular
weight of (c) BDO-based polymers and (d) ODO-based polymers. A complete Figure legend can be found in the ESI as Table S2.
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synthesized in (2) and worked up in (1) and methanol
gave a Mw/Mn of 38.1/22.1 kDa, the highest observed
in this work. While (4) could not compare with the
Mw/Mn yielded by (2), use of MeTHF as a workup
solvent gave the highest Mn and Mw seen for this
solvent.

Thermal analysis of polymers

DSC analysis (Figures S18–S27) show that all polymers
have a crystalline character. BDO-based polymers have
a double melting peak on their second heating step
only (Figure 5a), which has been observed before for
many different polyesters (49–51). This multiple
melting behavior has a number of explanations, but
the one most commonly accepted is the melting of
smaller crystals, followed by recrystallisation and sub-
sequent melting of these larger crystals at a higher

temperature(52), proof of which has been seen in poly
(butylene naphthalate) (53). In Figure 5 the Tm of BDO
and ODO-based polymers were plotted for comparison,
showing (1) produced polymers with the highest Tm
while (4) produced polymers with the lowest (43 °C for
BDO-based and 61 °C for ODO-based). Despite these
little variations, there was not a huge range in the
ΔTm, as all polymers were within 6°C and 11°C of each
other for ODO and BDO-based polymers respectively
(Table S7).

Looking at the TGA data, ODO-based polymers had
less variation in Td compared to BDO based polymers
(Figures S16 and S17), possibly because the molecular
weights of these polymers were more consistent
(Figure 3). ODO based polymers generally had
higher Td with the exception of those BDO based
polymers synthesized in (2), which may again be
due to the high molecular weights obtained for

Figure 4. Determination of the electronic properties of the reaction solvents using the COSMO-RS software. (a) Sigma-profiles of the
solvents; (b) Sigma-potentials of the solvents; (c) COSMO-surfaces of the solvents.
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Figure 5. Thermal analysis of those polymers worked up using Cyrene (1)/water in all three reaction solvents. Graphed is the DSC
analysis for (a) BDO based polymers and (b) ODO based polymers (second heating cycle). Also shown is TGA analysis for (c) BDO
based polymers, and (d) ODO based polymers. (1) is show in light green, (2) in dark green and (4) in blue.

Figure 6. (a) Method of synthesizing 2H-HBO-HBO through dimerization of levoglucosenone and the following Baeyer-Villiger oxi-
dation. (b) Reaction of 2H-HBO-HBO with acyl chloride to form corresponding polyester (29). (c) Enzymatic polycondensation with
diesters performed in this work.
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these polymers. Reaction 15, which had the highest
molecular weight seen in this work, also had the
highest Td5 and Td10 out of all polymers tested at
362°C and 376°C respectively (Table S6). A previous
work observed very low decomposition temperatures
for BDO-based polymers (although using a different
diester) which was attributed to lower molecular
weights (19). Following the trend observed for the
DSC data, polymers worked up in methanol always
had a higher Td5. The largest difference was in the
BDO based polymer synthesized in (1), comparing
the methanol and water workups resulted in a differ-
ence of 23°C. (4) produced polymers had the lowest
Td5 for both diols used (Table S6).

Polycondensations with levoglucosenone-based

monomers

To test that these solvents are applicable to a whole
range of enzymatic polycondensations, other monomers
were tested under the best conditions found above.

The bio-derived (S)-5-(hydroxymethyl)-3-[(2S,3S)-2-
(hydroxymethyl)-5-oxotetrahydrofuran-3-yl]furan-2(5H)-
one monomer (also named 2H-HBO-HBO) (Figure 6a)
was selected, as a sustainable alternative to fossil-
based monomers and to show the versatility of the
Cyrene precursor levoglucosenone as a platform mol-
ecule. 2H-HBO-HBO was condensed with acyl chlorides
in a previous paper to yield several polyesters with
different carbon chain lengths (Figure 6) (29). In this
work, we describe for the first time its enzymatic poly-
condensation in a sustainable system composed of
solvent and monomer, that were both obtained from
levoglucosenone (Figure 6c).

In the aforementioned previous work on the poly(2H-
HBO-HBO adipate) polymer, a yield of 38%was obtained,
and the Mn was also rather limited, reaching molecular
weights of around 3.4 kDa. Attempts to improve this
reaction with CaLB as the biocatalyst, dicarboxylic
acids methyl esters as an alternative to acyl chlorides
and reactions in bulk or using (1) as the solvent were
performed. As it is possible to observe from Figure 7,

Figure 7. (a) The yield, and (b) the number average and weight average molecular weights, of poly(2-HBO-HBO adipate), enzymati-
cally synthesized using Cyrene, (2) and (4) as the reaction solvent and precipitated in water. * = indicates polymerization reaction did
not occur.
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use of (2) and (4) were successful yielding some poly-
mers, albeit the yield from (2) is extremely low. Cyrene
underwent side reactions in the presence of 2H-HBO-
HBO, presumably through its ketone group, as (2) and
(4) did not.

In contrast to the results obtained from the octane-
diol and butanediol based polymers, (4) was by far the
best solvent for the synthesis of poly(2H-HBO-HBO
adipate), in terms of both yield and molecular weight.
The highest yield obtained in this work was 25%
(Figure 6a), which falls short of the 38% obtained
when reacting with acyl chlorides. On the other hand,
there is a huge improvement in the molecular weight,
as a Mn of 8.4 kDa was achieved, the highest seen for
this polymer.

This could be because poly(2HBO adipate) polymer is
more soluble in (4) compared to (2). Using the DIY func-
tion in HSPiP software, the Hansen solubility parameters
of several poly(2HBO adipate) oligomers of various mol-
ecular weights were calculated (Table S10). The 2H-HBO-
HBO monomer is closer to (2) than (4) in HSPiP space; it
has a calculated relative energy distance (RED) of 1.66
versus 1.9 (Table S11). However, when the monomer
reacts with dimethyl adipate to form short chain oligo-
mers, the RED from (4) decreases to 1.87, while the
RED from (2) increases to 2.08. This trend continues as
the molecular weight of the oligomer increases, which
can be seen in Table S11, although the difference
between the REDs is slight.

This is the first report of a fully Cyrene-based system
where both the polymer and the reaction media are
derived from the cellulose-based levoglucosenone
therefore consisting in an extremely novel and promis-
ing green chemistry approach for the synthesis of bio-
based polyesters.

Conclusions

Novel Cyrene derivatives developed in this study are
extremely promising candidates as solvents for enzy-
matic polycondensation reactions. The solvents syn-
thesis method has been improved through the use of
phosphoric acid as an alternative to KSF 200 and the
elimination of toluene from the work up procedure.
Enzymatic synthesis reactions were also greened up
completely removing chloroform from the work up pro-
cedure and substituting it with water or the green
solvent methyl-tetrahydrofuran. In fact, in these model
reaction, dioxolane Cygnet has been shown to preserve
enzyme activity that allowed the obtainment of poly-
mers with a Mw of up to 38 kDa, a vast improvement
when compared to the more polar Cyrene. Finally, as a
completely environmentally friendly system where all

reaction components are obtained from Nature (biocata-
lyst, solvent and polymer), the enzymatic polycondensa-
tion of 2H-HBO-HBO, a bicyclic diol synthesized from
levoglucosenone, has been successfully demonstrated
in Cyrene as the first fully cellulose-derived polymer-
solvent synthetic system.
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