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Herein we propose an auto-tandem catalytic approach towards
the preparation of poly(ester—ether)s from simple alkyl acrylates
and diols. By combining oxa-Michael addition with transesterifica-
tion the preparation of hydroxy functionalised acrylate monomers
can be avoided.

Introduction

Polymerisation of acrylates is typically performed by free
radical polymerisation. Formed poly(acrylates) based on C-C
main chains are widely used as paintings, surface coatings,
adhesives, or fibres." However, the oxa-Michael addition reac-
tion” presents an alternative method for the polymerisation of
acrylates leading to potentially more easily degradable poly
(ester—ether)s in which functional groups are incorporated in
the polymer main chain. Oxa-Michael addition polymerisation
of hydroxyalkyl acrylates, also referred to as hydrogen-transfer
polymerisation, was first reported in 1975.> The polymeris-
ation of 2-hydroxyethyl acrylate (HEA) could be initiated with
LiH or PPh;. Since then few studies on the polymerisation of
hydroxy functionalized acrylates with base- or nucleophile-type
catalysts have been reported.*® Suzuki et al. presented the
homopolymerisation of hydroxy functionalized acrylate mono-
mers, such as HEA, catalysed by N-heterocyclic carbenes
(NHC) at room temperature.” Within the same group, step-
growth polymerisation of acrylic acid catalysed by NHC ligands
or PPh; was studied under harsh conditions (100 °C) and oli-
gomers with number average molecular masses (M,,) up to 400
Da were obtained.® Moreover, diacrylates and diols have been
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employed to synthesize poly(ester-ether)s catalysed by phos-
phazene base.”’ In all mentioned reactions, inert conditions
were necessary and oligomers with M,s up to 2000 Da were
obtained. Moreover, concomitant transesterification was
identified as a side reaction leading to the reconstruction of
the repeat units.**°

Further step-growth polymerisations of acrylates compris-
ing two different reaction mechanisms are a combined con-
densation and oxa-Michael addition reaction of acrylic acid
and diols catalysed by a Brgnsted acid and a tail-to-tail dimeri-
sation combined with a transesterification of hydroxy-functio-
nalized methacrylates activated by a NHC catalyst.®'" Further,
a combination of an oxa-Michael addition of HEA with a ring-
opening polymerisation catalysed by phosphazene base has
been disclosed.”

Herein, we report the direct synthesis of poly(ester-ether)s
via an auto-tandem catalysis'® of a polyaddition reaction - the
oxa-Michael reaction - and a polycondensation reaction,
namely transesterification. Starting form readily accessible
alkyl acrylate monomers and diols, instead of hydroxy functio-
nalized acrylates, polymerisation via two mechanistically dis-
tinct reactions was accessible with a single catalyst under
ambient and solvent-free conditions (Scheme 1).

For the polymerisation a single catalyst that activates both
types of reactions was chosen. The nucleophile 4-dimethyl-
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Scheme 1 Tandem polymerisation of acrylates with diols.
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aminopyridine (DMAP) and the putatively non-nucleophilic
base 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) were tested as
catalysts. DMAP has previously been reported to catalyse oxa-
Michael reactions such as the addition of alcohols to divinyl
sulfone or the phenol-yne click polymerisation of diphenols
and dialkynes.'*"> Additionally, DMAP is well known to cata-
lyse esterification reactions.'® DBU has been used as a catalyst
which efficiently promotes oxa-Michael reactions of mono-
alcohols and activated alkenes under mild conditions."” It has
also been used as catalyst in the oxa-Michael addition of gly-
cerol and acrylic compounds.’® Moreover, transesterification
reactions efficiently catalysed by DBU have been reported.’
Recently it has been used as a dual catalyst allowing DBU-
pterin salt formation and concomitant ester-amide-
transformation.>’

Results and discussion

Initially, the polymerisation of 1 equivalent methyl acrylate (1)
with 1 equivalent (Z)-2-butene-1,4-diol (4) using 5 mol% DMAP
or DBU was tested under solvent-free conditions. In order to
avoid the evaporation of the acrylate the reaction was started at
50 °C well below the boiling point of 1 (80 °C) in a closed reac-
tion vessel. Upon full consumption of the acrylate (typically
after 2 h, for details see ESI}) the reaction temperature was
increased to 80 °C and the reaction vessel was opened in order
to facilitate transesterification by removing the formed alcohol
by evaporation. After 24 h overall reaction time, the outcome
of the reaction was analysed using 'H- and C-NMR spec-
troscopy, infrared spectroscopy (IR), size exclusion chromato-
graphy (SEC) and in some cases matrix-assisted laser desorp-
tion ionization time of flight mass spectrometry (MALDI-TOF
MS). In case of DMAP, oligomers with a M, of 430 Da deter-
mined by SEC were observed (Table 1, entry 1). By changing
the catalyst to DBU the M, could be more than doubled
(Table 1, entry 2). To rule out any unwanted side reactions e.g.
saponification caused by traces of water, the reaction was per-
formed under inert conditions in the presence of 4 A mole-
cular sieve using dried reagents. As the obtained oligomers
showed a similar molecular mass (Table 1, entry 3) and no evi-
dence for the formation of carboxylic acid or carboxylate
groups in any experiment could be retrieved from C-NMR
measurements, the use of inert conditions does not have any
benefits. However, in entries 1-3, using 1 as the acrylate,
methanol formed during the transesterification. Methanol
itself is a reactive Michael donor and thus, is competing with 4
in the oxa-Michael reaction. A 3-methoxypropionate species
formed in considerably large amounts (20% of all end groups
- determined by "H-NMR spectroscopy (ESI Table 31)) as side
product during the reaction causing undesired chain termin-
ation. Previously, it has been shown in our group that MeOH
reacts faster than EtOH in case of oxa-Michael addition and
t-BuOH does not show any reactivity.>! Therefore, ethyl acrylate
(2) was studied as an alternative Michael acceptor. Even
though ethanol can also react as Michael donor, less side

This journal is © The Royal Society of Chemistry 2020
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Table 1 oxa-Michael addition combined with transesterification of

alkyl acrylates (1-3) and (2)-2-butene-1,4-diol (4) under various reaction
conditions?

/\[(OR + o . o o\—o>+
o Z ROH 7 \—/ n
HO

1: R=Me 4

2:R=Et

3:R=tBu
Entry R Catalyst (loading [mol%]) M, " [Da] pb
1 Me DMAP (5) 430 1.2
2 Me DBU (5) 910 1.5
3¢ Me DBU (5) 950 1.6
4 Et DBU (5) 950 1.6
5 ‘Bu DBU (5) — —
6 Et DMAP (5) 530 1.2
7 Et DBU (2.5) 760 1.5
8 Et DBU (10) 810 1.5
o Et DBU (10) 810 1.5
10° Me DBU (5) 1180 1.8

¢Reaction conditions: 1 equiv. acrylate, 1 equiv. diol, reaction tempera-
ture first 50 °C (until oxa-Michael reaction complete) then 80 °C, total
reaction time 24 h, no solvent used. ® Number average molecular mass
and dispersity (P) determined by SEC in THF relative to poly(styrene)
standards. °Water-free conditions. ¢ Oxa-Michael reaction was per-
formed at 20 °C. “ Reaction temperature first 50 °C for 2.5 h, then 5 h
at 80 °C under vacuum.

product formation (8% of chains terminated with 3-ethoxypro-
pionate) and a similar molecular mass in comparison to
methyl acrylate could be observed with DBU as catalyst
(Table 1, entry 4). Moreover, t-butyl acrylate (3) was studied, as
formed #-BuOH should be inactive in terms of oxa-Michael
addition reaction (Table 1, entry 5). However, in this case
hardly any transesterification could be observed and cis-di-t-
butyl-3,3’-(but-2-ene-1,4-diyloxy)dipropionate was identified as
main product (ESI Fig. 341). These findings are in accordance
with Oget et al. who reported that in the oxa-Michael addition
reaction of heptanols and ¢-butyl acrylate hardly any transester-
ification takes place.'® Subsequently, 2 was used as Michael
acceptor in all further experiments. In case of DMAP, only
shorter oligomers formed, mainly because transesterification
remained a challenge, leaving approx. 30% ethyl ester groups
unreacted (Table 1, entry 6, ESI Fig. 32t). Similarly, using a
lower DBU loading of 2.5 mol%, the transesterification efficacy
suffered, resulting in approx. 18% ethyl ester end groups and
leading to a rather low M,, value of 760 Da (Table 1, entry 7).
Increasing the DBU loading to 10 mol% did not result in an
increase in molecular mass (Table 1, entry 8), but other than
in entry 7 no ethyl ester groups were detected and complete
transesterification could be achieved (ESI Fig. 287).

The reaction progress was monitored by NMR spectroscopy
(ESI Fig. 33f). Even though both reactions, oxa-Michael
addition as well as transesterification, can be observed after
several minutes, the oxa-Michael reaction proceeds at a faster
rate. After 24 h of total reaction time the reaction is in equili-
brium, preventing further chain growth. Longer curing at
80 °C (3 d) did not increase the molecular mass. The oxa-
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Michael reaction itself proceeded also at room temperature,
albeit at a slightly slower rate. However, for transesterification
elevated temperatures are necessary.>” The polymer’s M,, is not
influenced by the initial reaction temperature (Table 1, entry 9).
Finally, the principal possibility of obtaining higher molecular
masses in this reaction was demonstrated by applying vacuum
during the second reaction step (Table 1, entry 10).

The reaction product of 2 and 4 using 5 mol% DBU at
50 °C under bulk conditions (Table 1, entry 4) was investi-
gated in detail. The "H-NMR spectrum is dominated by the
signals representing the repeat units of the oligomer giving
rise to five nearly equally intense signals at 5.70, 4.68, 4.10,
3.69 and 2.58 ppm corresponding to the olefinic hydrogens,
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the methylene groups of the esterified and etherified diol,
and the methylene groups resulting from the oxa-Michael
addition respectively (Fig. 1, top). Four different end groups
were identified. With 72% end group A, featuring a free OH-
group stemming from a 2-butene-1,4-diol unit, is the most
abundant one, exhibiting a signal at 4.21 ppm. It cannot be
differentiated whether A is located on the oxa-Michael
addition side (E,), the transesterification side (Eg), or on both
ends. Signals at 6.41 and 6.11 ppm are attributed to residual
vinyl end groups B (8%). Side product formation by ethanol
led to a 3-ethoxypropionate end group C (8%) with signals at
3.48 and 1.17 ppm. About 12% of the ethyl ester did not
undergo transesterification giving rise to signals at 4.18 and

generic repeat unit
10 A

75 7.0 6.5 6.0 5.5 5.0 4.5

4.0

3.0

g N
I ﬁ“\_r )r_/Jr Q i = 134104 o 2
miz=1347.60 @
mlz 1287.62
® OH
H‘[‘O—\_/—O N‘/KN Na
8= oH ”{°_\=/'°)_/+° /
Na o) 9
miz = 1329.64 o

s »—”L@

miz = 1289.64

Novo /o _§

m/z = 1301.56

hm, i

m/z = 1389.61

4 0% 0, )_/-}NQ

8 )=N
miz=1389.70 O

1280 1300 1320 1340

1360

1380 1400 1420 1440

m/z

Fig. 1 Top: *H-NMR spectrum of poly2/4 in CDCls including a peak assignment of the repeat unit (coloured) and the end-groups (representative
peaks marked with capital letters); bottom: detail of the MALDI-TOF MS with peak assignment; the repeat unit is 142.06 Da; note that the sketched

structures are representative for the many isomeric species possible.
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1.25 ppm (end group D). Based on this evaluation, an average
degree of polymerisation (n) of 5.5 was calculated (for details
see ESIt). Accordingly, the M, is about 770 Da, a value which
compares fairly well with the M, of 950 Da determined by
SEC. MALDI-TOF MS confirmed the presence of the end
groups identified by NMR spectroscopy (Fig. 1). Additionally,
species bearing [DBU]" moieties, most likely as end groups,
were identified. Moreover, series containing decomposition
products of DBU were observed. As recently described, traces
of H,O can cause hydrolysis of DBU resulting in primary
amines®® which can then react in an aza-Michael addition
manner. Further evidence of such species is provided by IR
spectroscopy as the formed lactam derivative gives rise to
bands at 1648 cm™' (C=0) and 1575 cm™' (N-H) (ESI
Fig. 7t1). However, species of such decomposition adducts
were only observed in minor amounts. According to NMR
spectroscopy and MALDI-TOF MS the most abundant species
bears alcohol end groups.

The scope of the reaction was further tested by employing
2-butyne-1,4-diol (5), ethylene glycol (6), 1,4-butanediol (7),
and 1,2-propanediol (8) as diols and 2 as acrylate under opti-
mized conditions. Results are gathered in Table 2. All intro-
duced alcohols allowed polymerisation resulting in oligomers
with similar molecular masses between 560 and 700 Da.
Again, DBU performed better than DMAP (Table 2, entries 2
and 3). The results of the reaction of ethylene glycol (6) with 2
and the oxa-Michael addition polymerisation of 2-hydroxyethyl
acrylate (HEA) using the same reaction conditions were com-
pared. The homopolymerisation of HEA resulted in a polymer
with a M, of 880 Da while reacting 2 and 6 gave a lower M,, of
600 Da (ESI Fig. 317). This observation can be rationalised by
the importance of adjusting the right stoichiometry of the
reactants in the auto-tandem polymerisation. The relatively
low molecular masses obtained here are attributed to the reac-
tion conditions (catalyst choice, reaction time and tempera-

Table 2 Various di-alcohols (4-8) in the auto-tandem oxa-Michael
addition and transesterification polymerisation of ethyl acrylate (2) cata-
lysed with 5 mol% DBU

OH HO_~ o
OH 6 HO\)\
/\)/HO\/\ /\/\/OH OH
HO A 5 HO 7 8

Entry Diol Yield” [%] n® M, ° [Da] De
1 4 98 5.5 950 1.6
24 5 89 1.9 420 1.1
3 5 99 2.8 560 1.3
4 6 93 n.d.f 600 1.3
5 7 95 3.1 700 1.4
6 8 87 n.d.f 590 1.3

“Crude yield after 24 h reaction time, calculated according to: massyeac-
tion mixturc/(massmonomers + MmasScatalyst — maSSEtOH) X 100. bRepeat
units calculated from '"H-NMR spectra. ‘Number average molecular
mass and dispersity determined by SEC in THF relative to poly
(styrene) standards. “ Reaction performed with 5 mol% DMAP. °Not
determined due to overlapping signals.
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ture), as in literature similar oligomers from hydroxy-functio-
nalized acrylates are described with M,-values of 155 to 2400
Da.””® Thus, it can be assumed that by tuning the reaction con-
ditions or changing the catalyst not only for the homopolymer-
isation of HEA but also for the herein presented auto-tandem
polymerisation, higher molecular masses might be accessible.
The principle feasibility of such an optimization was demon-
strated by applying vacuum during the second reaction step
(Table 1, entry 10).

Mechanistically, the reaction is initiated either by deproto-
nation of the alcohol or by nucleophilic attack of the base/
nucleophile on the Michael acceptor in a 1,4- or 1,2-fashion,
generating a strongly basic zwitterion, which can subsequently
deprotonate an alcohol. During propagation, the formed alkox-
ide undergoes either an oxa-Michael addition or a transesterifi-
cation with the acrylate. In the later stage, additional transes-
terification of newly formed esters is feasible, resulting in
structural diverse oligomers. Thus, not only alternating oxa-
Michael addition and transesterification fragments, but also
di-ester and di-ether structure elements as well as cyclic
species are likely to be present (ESI Fig. 67).*°

Conclusions

This work demonstrates the accessibility of poly(ester-ether)s
from alkyl acrylates and diols by an auto-tandem catalysis.
Concomitant oxa-Michael addition and transesterification
reactions induced by the same base or nucleophile result in
the desired macromolecule. Adjusting the stoichiometry of the
acrylate and the diol has been identified as the critical step of
this approach. Moreover, the reaction can be performed
without exclusion of humidity and pre-preparation of hydroxy
functionalised acrylate monomers, traditionally employed in
the oxa-Michael (or the hydrogen-transfer) polymerisation, is
no longer required.
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