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Abstract
Poly(ether)s represent an important class of polymers and are typically formed by ring-opening polymerization, Williamson 
ether synthesis, or self-condensation of alcohols. The oxa-Michael reaction presents another method to form poly(ether)
s with additional functional groups in the polymer backbone starting from di- or triols and electron deficient olefins such 
as acrylates, sulfones, or acrylamides. However, research on oxa-Michael polymerization is still limited. Herein, we out-
line the principles of the oxa-Michael polymerization and focus on the synthesis and preparation of poly(ether-sulfone)s, 
poly(ether-ester)s, poly(ether)s, and poly(ether-amide)s. Further, challenges as well as future perspectives of the oxa-Michael 
polymerization are discussed.
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Motivation

Poly(ether)s are a widespread polymer class and have 
received increasing interest because of their versatility 
regarding structural modifications and their excellent prop-
erties in terms of chemical and thermal stability. Depend-
ing on the monomers employed, the materials’ properties 
range from liquid to highly crystalline allowing for their 
use in a variety of applications [1]. Aliphatic poly(ether)s 

are typically formed by ring-opening polymerization (ROP) 
of the corresponding cyclic ether [2]. The worldwide pro-
duction of poly(ether)s derived from epoxides amounts to 
several million tons per year [3]. However, ROP fails in the 
synthesis of poly(ether)s containing six or more methylene 
units, as cyclic ethers show enormous stability. In this case, 
poly(ether) synthesis is performed by Williamson ether 
synthesis in which the ether bond is formed by the nucleo-
philic substitution of an alkoxide on an organohalide. This 
method is highly efficient but the use of alkyl halides limits 
its industrial applicability [4]. Alternatively, poly(ether)s can 
be produced by self-condensation of alcohols either at high 
temperatures (> 200 °C) using acidic catalysts or at lower 
temperatures (65–130 °C) using bifunctional acid–base acti-
vation [5].

Another method that allows the preparation of poly(ether)
s is the oxa-Michael polymerization which evolved as 
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hetero-variant of the Michael reaction, one of the most 
important carbon–carbon bond formation reactions in 
organic chemistry [6, 7]. In the oxa-Michael reaction, oxy-
gen-based nucleophiles such as alcohols (donors) react with 
electron-deficient α,β-unsaturated compounds (acceptors) 
whereupon an ether bond is formed. Thus, additional func-
tional groups can easily be included in the polymer back-
bone by selecting donors and acceptors with, e.g. multiple 
bonds or other functionalities.

In general, the oxa-Michael reaction satisfies “click” cri-
teria as it can be performed in high efficiency under mild 
reaction conditions. Additionally, a wide substrate scope is 
accessible, and many functional groups are tolerated. There-
fore, it is widely used in small molecule synthesis, especially 
in natural product synthesis [8–10]. However, in polymer 
chemistry the oxa-Michael reaction has received less atten-
tion so far. Instead, academic as well as industrial research-
ers have focused on other Michael variants, namely aza-
Michael [11–14], carba-Michael [14–16], and thia-Michael 
[14, 17–20] polymerization in which amines, CH-acidic 
compounds, and thiols are used as donors, respectively. The 
dominance of these Michael variants can be explained by 
the higher reactivity of the donors allowing for a relatively 
easy preparation of a large variety of polymers. However, the 
oxa-Michael addition comprises several advantages over the 
well-established aza- and thia-Michael reaction. Contrary to 
amines and thiols which often suffer from high toxicity and 
bad odor, alcohols are potentially less toxic and of low-odor. 
Moreover, alcohols show better storage stability than thiols 
which are prone to oxidative disulfide bond formation [21]. 
Further, ethers are stable compounds in contrast to thioethers 
which tend to oxidize [22]. Thus, alcohols are a promising 
Michael donor alternative which potentially might also be 
derived from renewable feedstocks [23, 24].

Nonetheless, the oxa-Michael polymerization proves to 
be significantly more challenging than other Michael vari-
ants because of the lower reactivity of alcohols compared to 
amines or thiols. On the one hand, alcohols are less acidic 
than thiols and on the other hand, alkoxides have a relatively 
poor nucleophilicity. Moreover, in the past the reversibility 
of the alcohol addition step was noted as challenging [9].

First oxa-Michael polymerizations, also termed as hydro-
gen transfer polymerizations, date as far back as the seven-
ties. However, especially in the past decades many advances 
were made. We, therefore, herein present a comprehensive 
overview of the literature reporting the preparation of 
poly(ether)s by oxa-Michael polymerization. In the follow-
ing, we term the reaction as “oxa-Michael polymerization” 
and not as “hydrogen (or proton) transfer polymerization” 
which also frequently appears in literature. We feel that the 
latter does not differentiate between the Michael variants as 
protons are essentially transferred in any Michael addition 
reaction. Moreover, hydroxyl-yne polyaddition reactions 

[25–28], which one might also consider as oxa-Michael 
polymerization are not within the scope of this review. 
However, a detailed review on hydroxyl-yne reactions and 
the applications thereof in polymer chemistry was recently 
disclosed by Worch and Dove et al. [29].

Introduction to the oxa‑Michael addition

In principle, the oxa-Michael reaction involves the addition 
of an alcohol (Michael donor) to an electron-deficient olefin 
(Michael acceptor) (Scheme 1). However, as the nucleophi-
licity of the alcohol itself is too low for a direct conjugate 
addition, a catalyst is required to generate the correspond-
ing alkoxide [8]. The first oxa-Michael reaction dates back 
to 1878 when Loydl reported the synthesis of malic acid 
from fumaric acid, which results from the reaction of an 
alkoxide with the α,β-unsaturated carbonyl compound [6]. 
When multifunctional acceptors and donors are employed, 
polymers can be formed.

Mechanism of the oxa‑Michael reaction

As aforementioned, in the oxa-Michael reaction a catalyst 
is required to ensure the formation of an alkoxide which can 
then undergo conjugate addition. Both Brønsted and Lewis 
bases have been reported to efficiently catalyze oxa-Michael 
reactions. Thus, mechanistically, two reaction pathways have 
been proposed (Scheme 2).

In the Brønsted base catalyzed reaction, a base (B) depro-
tonates the alcohol generating an alkoxide which attacks the 
electron deficient Michael acceptor in β-position to the elec-
tron withdrawing group (EWG) [30]. Thereby, a carbanion 
in α-position to the EWG is formed, which is further proto-
nated by another alcohol closing the cycle. The conjugated 
acid of the strong base  (HB+) is acting as the counter ion.

The Lewis base (LB) initiated pathway has first been 
reported by Toste and co-workers [31] and differs mainly in 
the initiation step as neutral Lewis bases with low Brønsted 
basicity are used as catalysts. Accordingly, the Lewis base 
does not deprotonate the alcohol but attacks the Michael 
acceptor and forms a strongly basic zwitterion. The zwit-
terion subsequently subtracts a proton from the alcohol, 
generating the alkoxide. This alkoxide then attacks another 
Michael acceptor leading to an ion pair which upon proton 
transfer from an alcohol releases the oxa-Michael product. 

Scheme 1
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A trimethylphosphine-catalyzed pathway of the reaction of 
methyl vinyl ketone and methanol has been calculated by 
Jiang and co-workers [32]. They found out that the transi-
tion states of the addition of the phosphine to the Michael 
acceptor and the subsequent deprotonation of methanol have 
similar free energy barriers in the range of 84 kJ  mol−1. The 
addition of the alkoxide to the Michael acceptor and protona-
tion accounts to slightly lower barriers of 67 kJ  mol−1. Thus, 
the formation of the zwitterion and the deprotonation of the 
alcohol can be considered as rate-determining steps. The 
oxa-Michael product could theoretically also be obtained 
via a  SN2 reaction. However, this pathway was ruled out as 
it has a three times higher energy barrier [32].

The Brønsted and Lewis base catalyzed mechanisms dif-
fer in two aspects. While deprotonation of the alcohol in the 
Brønsted base catalyzed mechanism is fast, the formation the 
alkoxide via the Lewis base initiation is much slower [33]. 
The important difference of the two variants during propa-
gation lies in the reactivity of the formed alkoxide species. 
The sterically demanding cations in the Lewis base initiated 
pathway lead to much higher energy alkoxide species and a 
higher energy carbanion when compared to those stabilized 
by smaller cations as in case of the Brønsted base catalyzed 
variants [34]. The higher energies translate to higher reactivi-
ties and can be explained by the greater separation between 
the anion and the cation stabilized by the larger Lewis base 
[35]. Moreover, for the thiol-Michael reaction the protonated 
base from the Brønsted base catalyzed pathway is suspected 
to be negatively impacting the reaction kinetics as an addi-
tional proton source, while the alcohol enacts as the sole pro-
ton source in the Lewis base initiated pathway [36]. There-
fore, the Lewis base initiated reaction has the potential to 

proceed at higher reaction rates with lower catalytic loading 
relative to the Brønsted base catalyzed pathway.

Catalysts in oxa‑Michael polymerizations

Only few reports on Brønsted or Lewis acid catalyzed 
oxa-Michael reactions are available [37–39], as in general 
deprotonation of the alcohol is crucial and activation of the 
Michael acceptor by Lewis acids is not sufficient. Instead, 
Brønsted or Lewis bases are as aforementioned commonly 
used as catalysts. In oxa-Michael polymerizations inorganic 
bases qualifying as Brønsted bases, e.g. alkali hydrides 
or hydroxides, have long been implemented as catalysts 
[40–42]. Recently, a variety of organocatalysts became more 
important in Michael polymerizations [43, 44].

Multiple organocatalysts ranging from nitrogen- and 
phosphorous-based species to N-heterocyclic carbenes 
[44, 45] have been used in oxa-Michael reactions (Fig. 1). 
Regarding phosphines, alkyl phosphines [31, 46] are highly 
reactive catalysts but suffer from poor oxidation stability 
and require exclusion of oxygen. However, also triphenyl 
phosphine  (PPh3) has commonly been used as catalyst [31, 
47, 48]. Recently, it could be shown that electron donat-
ing substituents such as methoxy groups on the phenyl 
rings enhance the reactivity of the phosphine catalyst. 
Tris(4-methoxyphenyl)phosphine (TMPP) and tris(2,4,6-
trimethoxyphenyl)phosphine (TTMPP) are stronger Lewis 
bases and outperform the commonly used  PPh3 [33, 49]. 
Moreover, the strong Lewis base TTMPP has been reported 
to compete with phosphazene bases in oxa-Michael polym-
erizations [33].

Scheme 2
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Phosphazene bases are extremely strong, organic Brøn-
sted bases with low nucleophilicity [50]. Among the com-
mercially available ones,  P2-tBu is highly interesting as it 
allows reactions at ambient atmosphere due to good oxygen, 
hydrolysis, and thermal stability [51]. Contrarily,  P4-tBu is 
extremely hygroscopic and requires rigorous exclusion of 
moisture [52]. In general, phosphazene bases are among 
the most efficient catalysts for oxa-Michael reactions and 
polymerizations [53].

Further, organocatalysts including amidines and guani-
dines have been tested in oxa-Michael reactions. Whereas 
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) frequently has 
been used [41, 43, 54], reactions with 1,1,3,3-tetrameth-
ylguanidine (TMG) are rather scarce, although its results 
are promising [33]. Both bases have been reported to also 
undergo nucleophilic attack with Michael acceptors [13, 55].

Amines are another class of organocatalysts which were 
studied in oxa-Michael reactions. However, triethylamine 
(TEA), N,N-diisopropyethylamine (DIPEA), 1,4-diazabi-
cyclo[2.2.2]octane (DABCO), and quinuclidine (ABCO) 

show hardly any conversion in oxa-Michael reactions 
[33, 43, 47, 56, 57]. Contrarily, 4-dimethylaminopyridine 
(DMAP) performed well in specific oxa-Michael polym-
erizations [57, 58].

Last but not least, N-heterocyclic carbenes (NHC), 
which find numerous applications as catalysts in polym-
erization reactions [59], also proved to be efficient in 
oxa-Michael reactions [44, 60, 61]. NHCs show excep-
tionally high Lewis basicity as indicated by their methyl 
cation affinities, which are more than 100 kJ  mol−1 higher 
compared to those of  PPh3, DMAP, or DABCO [62]. The 
group of Matsuoka successfully investigated a variety of 
NHC catalysts such as TPT and IDipp in oxa-Michael 
polymerizations [44, 60].

Reactivity of Michael donor and Michael acceptor

Further influencing factors of oxa-Michael additions are 
the nature of the Michael acceptor and donor.

Fig. 1  Catalysts for oxa-Michael reactions ranging from Lewis to Brønsted bases classified in representative families
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Michael acceptor

Concerning the Michael acceptor, the nature of the electron 
withdrawing group as well as the substitution of the double 
bond governs its reactivity. According to theoretical calcula-
tions of the electrophilicities of Michael acceptors [63] and 
kinetic studies of the alcohol addition to an activated vinyl 
group [64], the reactivity of Michael acceptors decreases from 
maleimides towards acrylamides as depicted in Fig. 2.

Additionally, it was found that the reactivities of Michael 
acceptors correlate with the energy of the lowest unoccupied 
molecular orbital (LUMO) of the Michael acceptor if small 
subsets of acceptors (e.g. substituted acrylates) are regarded. 
Another possibility to determine the reactivity of a Michael 
acceptor is by calculating its methyl anion affinity, i.e. the 
negative of the Gibbs’ free energy of the addition of a methyl 
anion to a Michael acceptor [65].

Methacrylates, crotonates, and methacrylamides are widely 
used in industrial applications as they have a lower toxicity 
compared to their unsubstituted analogues [66]. However, the 
reactivity of substituted acrylates is significantly lower due 
to the inductive effect of the alkyl group and increased steric 
congestion [63]. Thus, with these acceptors no oxa-Michael 
polymerizations have been reported yet. So far, only oxa-
Michael polymerizations based on vinyl sulfones, acrylates 
and acrylamides are known (vide infra).

Michael donor

The reactivity of an alcohol in the oxa-Michael reaction 
depends on both its acidity and the nucleophilicity of its 
corresponding alkoxide. The former parameter depends on 
the molecule’s capability of delocalizing negative charge 
and is highest when the OH group is adjacent to an aro-
matic ring (pKA phenol: 10.2) or in propargylic position to 
a sp-hybridized carbon (pKA prop-2-yn-1-ol: 12.4) [67]. As 
well-stabilized anions are not prone to undergo a nucleo-
philic attack and thus, delocalize their charge, the acidity of 
an alcohol is inversely related to the nucleophilicity of the 
corresponding alkoxide.

In case of Lewis base catalysis, the efficiency of the proton 
transfer from the alcohol to the zwitterionic species depends 
on the alcohol’s acidity. It has been reported that more acidic 
alcohols enhance this reaction step especially in case of strong 
Michael acceptors. In the oxa-Michael reaction of acryloni-
trile, for instance, increasing acidity of the tested alcohols 

(propan-1-ol, prop-2-en-1-ol, and prop-2-yn-1-ol), respec-
tively, resulted in higher product conversions [33].

Further, a higher nucleophilicity of the alkoxides 
increases the reaction rate. For simple alkoxides a moderate 
increase in nucleophilicity in the order  MeO– <  EtO– < n-
PrO– < i-PrO– has been reported [68]. Recently, we showed 
that in case of weak Michael acceptors, the nucleophilic-
ity of the alkoxide is the crucial parameter. For example, 
n-propanol was much more efficient than propargyl alco-
hol in the oxa-Michael reaction with tert-butyl acrylate or 
acrylamide [33].

Thus, a balance of both acidity and nucleophilicity of 
the Michael donor is desired. Especially for weak Michael 
acceptors sufficient nucleophilicity of the alkoxide is cru-
cial, whereas with strong Michael acceptors alkoxides are 
in general nucleophilic enough to react. In these cases, the 
acidity of the alcohol is more important and governs the 
speed of the reaction.

Effects of solvent and temperature

In general, oxa-Michael polymerizations can be performed 
under mild conditions with catalytic loadings ranging 
between 5 and 20 mol%. Polymerization under solvent-free 
conditions have been reported both for Brønsted [40, 53] 
and Lewis-base [49, 58, 60, 69] catalyzed variants. Espe-
cially, Lewis base catalyzed reactions benefit from solvent-
free conditions as several examples in literature show worse 
performance in terms of yield and molar masses in presence 
of solvent (e.g. THF,  CDCl3 or benzene-d6) [33, 44, 47]. 
Our group recently studied the influence of solvents and the 
concentration dependence of the oxa-Michael reactions in 
detail. Whereas, for instance, under bulk conditions full con-
version of acrylonitrile and n-propanol was achieved with 
TTMPP (a Lewis base) within minutes, diluted mixtures 
showed hardly any conversion. Contrary, reactions catalyzed 
by  P2-tBu (a Brønsted base) were hardly affected by dilution 
[33]. The preparation of hyperbranched oxa-Michael poly-
mers catalyzed by phosphazene bases was, for example, even 
performed in N,N-dimethylformamide (DMF) [21]. Thus, 
phosphazene bases enable oxa-Michael reactions in solu-
tion. Moreover, if solvents are used, polar protic solvents 
such as tert-butanol are advantageous as they might stabilize 
anionic intermediates, promote proton transfer and activate 
the Michael acceptor by hydrogen bond donation [33, 70].

Fig. 2  Reactivity of Michael 
acceptors as a function of the 
electron withdrawing group 
[63, 64]
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The effect of the reaction temperature has also been 
studied numerous times [44, 53, 57, 71]. Oxa-Michael 
polymerizations proceed nicely at room temperature and 
higher molar mass can be obtained compared to polymeri-
zations at elevated temperatures. The worse performance 
at high temperatures results from side reactions. In spe-
cific concurring vinyl addition reactions such as Rauhut-
Currier reaction or anionic polymerization cause lower 
molar masses [71, 72].

Oxa‑Michael polymerization

In principle a wide variety of poly(ether)s could be syn-
thesized by oxa-Michael polymerizations. Depending on 
the acceptor and donor, valuable functional groups can be 
introduced into the polymer backbone. In fact, however, 
researchers have mainly employed highly reactive Michael 
acceptors since these are most likely to react with the low-
reactive alcohols. The use of divinyl sulfone allows the 
formation of poly(ether-sulfone)s. Aliphatic polymers with 
polar sulfone groups might, e.g. be interesting in flame-
retardant materials due to good chemical and heat resist-
ance [73], in optical elements because of high refractive 
indices [74, 75] or in electrochemistry due to a wide electro-
chemical window [76]. By using diacrylates and dialcohols 
poly(ether-ester)s can be obtained [33, 53]. However, the 
oxa-Michael homopolymerization of hydroxy functional-
ized acrylates such as 2-hydroxyethyl acrylate (HEA) cre-
ates such poly(ether-ester)s as well [40]. Based on the ester 
functionalities these polymers are degradable and might 
allow depolymerization via transesterification [77, 78]. In 
case of acrylamides, poly(ether-amide)s can be synthesized 
which are, e.g. interesting as thermoresponsive fluorescent 
polymers in biological applications [79]. Such poly(ether-
amide)s also have been reported to show good biocompat-
ibility [71]. Moreover, the formation of simple poly(ether)
s with ketone or ester functionalities in the side chain is 
possible [80]. Further functionalities can also be included 
in the polymer backbone by selecting various alcohols. For 
example, Z-butenediol or butynediol introduces double or 
triple bonds and thus, allows post-modification or crosslink-
ing of the polymer [44].

In the following, oxa-Michael polymerizations reported 
in literature are summarized and structured based on the 

functionalities in the polymer backbone introduced by the 
Michael acceptor.

Poly(ether‑sulfone)s

Oxa-Michael additions using highly reactive and commer-
cially available divinyl sulfone as acceptor have frequently 
been reported during the last century. Especially in the tex-
tile industry, vinyl sulfones were applied in the modifica-
tion of cellulose. Polymeric adducts of divinyl sulfone and 
water were disclosed as crosslinking agents for cellulose 
[81]. Alternatively, masked vinyl sulfone adducts, such as 
bis(hydroxyethyl)sulfone—the adduct of divinyl sulfone and 
water—or other adducts of vinyl sulfone and alcohols, were 
used as crosslinkers [82]. Crosslinking thereof with cellulose 
proceeded under alkaline conditions at elevated temperatures 
(Scheme 3) [83–85].

Moreover, vinyl sulfone moieties were used as crosslink-
ers in resins [86] and in waterborne coatings [87]. In the 
latter, under basic conditions and upon drying, water is 
released. The thereby formed vinyl sulfone is then suscepti-
ble to crosslinking with alcohols.

Yu et al. disclosed the oxa-Michael reaction of divinyl 
sulfone and hydroxyl-based water-soluble polymers such as 
hyaluronic acid, polyethylene glycol, dextran, alginate and 
polyvinyl alcohol in alkaline aqueous media. Such polymers 
might find an application as hydrogels in biomedicine [88].

Besides utilizing divinyl sulfone as crosslinking agent 
in polymerizations via oxa-Michael addition, the synthesis 
of various poly(ether-sulfone)s has been reported. In those 
reactions divinyl sulfone polymerizes with alcohols via a 
step-growth mechanism. In the 1960s, the oxa-Michael 
polymerization of divinyl sulfone and 1,4-butanediol has 
been reported at 120 °C in the presence of sodium hydride. 
Free vinyl groups of the obtained prepolymer (molar mass 
about 700 g  mol−1) were further crosslinked with methyl 
methacrylate via radical polymerization [89]. Later, Strasser 
et al. showed the polyaddition of divinyl sulfone and various 
diols including ethylene glycol, Z-butene-1,4-diol, but-2-
yne-1,4-diol, etc. [47, 58]. Polymerization initiated by Lewis 
bases (DMAP or  PPh3) proceeded at room temperature and 
the obtained polymers were further cured at 80 °C overnight 
(Scheme 4). Polymers with number average molar masses 
(Mn) around 1000 g  mol−1 were obtained [58].

Another example including a vinyl sulfone monomer 
is the polymerization of 2-hydroxyethyl vinyl sulfone 

Scheme 3
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reported by Brendel and co-workers. 2-Hydroxyethyl vinyl 
sulfone functions as AB-type monomer comprising accep-
tor and donor in one molecule. Both Brønsted and Lewis 
bases caused homopolymerization at 40 °C within 24 h 
yielding polymers with molar masses between 2000 and 
3600 g  mol−1 [90].

Inspired by the work of Brendel, our group recently dis-
closed the formation of the identical poly(ether-sulfone) by 
the polymerization of divinyl sulfone and water. To the best 
of our knowledge, water was used for the first time as a mon-
omer in a copolymerization reaction with two components. 
Aliphatic poly(ether-sulfone)s with relatively high molar 
mass (Mn = 5300 g   mol−1, Đ = 2.5) were obtained in an 
interfacial polymerization reaction that proceeded at room 
temperature and without additional solvent (Scheme 5). 
Further, the potential use of the derived poly(ether-sulfone)
s in electrochemistry was demonstrated. The material was 
characterized as solid polymer electrolyte based on its high 
electrochemical stability, appealing conductivity and sol-
vent-free membrane preparation [57].

Crosslinked poly(ether‑sulfone)s

To obtain crosslinked poly(ether-sulfone)s, triols or higher 
functional alcohols need to be employed in the oxa-Michael 
polymerization of divinyl sulfone. Reports on trifunctional 
alcohols, namely glycerol, 2-ethyl-2-(hydroxymethyl)-
propane-1,3-diol and triethanolamine, in the reaction with 
divinyl sulfone are available. Solid, insoluble crosslinked 
materials with a glass transition temperature (Tg) in the 
range of 0–30  °C were obtained and solubility tests in 

dichloromethane revealed a soluble fraction between 3 and 
10 wt% [58, 91]. Moreover, the synthesis of poly(ethylene) 
glycol hydrogels prepared by the oxa-Michael reaction 
of ethylene glycol, divinyl sulfone and glycerol has been 
reported [92].

Another strategy towards crosslinked materials combines 
oxa-Michael polymerization and Lewis base initiated ani-
onic polymerization (Scheme 6). Diols were employed in a 
substoichiometric ratio with divinyl sulfone to obtain vinyl-
terminated oligomers. Subsequently, the oligomers were 
crosslinked via anionic polymerization. This dual-curing 
process led to significantly improved mechanical and ther-
mal properties of the obtained polymers. Insoluble materials 
with high Tg were obtained [72].

Poly(ether‑ester)s

For the synthesis of poly(ether-ester)s via oxa-Michael 
polymerization, mainly AB-type monomers are used. The 
homopolymerization of hydroxy functionalized acrylates 
such as 2-hydroxyethyl acrylate (HEA) is among the most 
well studied oxa-Michael polymerizations.

In the 1970s the oxa-Michael polymerization of HEA—
back then referred to as hydrogen transfer polymeriza-
tion—was reported for the first time with alkali hydrides or 
alkoxides as catalysts (Scheme 7a). Molar masses between 
1000 and 2000 g  mol−1 were obtained at elevated tempera-
tures (50–80 °C) under solvent-free conditions (Table 1). 
Besides Brønsted base catalysts, Lewis base initiation of 
the homopolymerization of HEA was demonstrated with 
triphenyl phosphine  (PPh3). However, with 1100 g  mol−1 

Scheme 4

Scheme 5

Scheme 6



450 K. Ratzenböck et al.

1 3

the molar mass of the obtained polymer was lower com-
pared to polymers catalyzed by alkali metal hydrides and 
alkoxides. Moreover, acrylic acid, 3-hydroxypropyl acrylate 
and 2-hydroxypropyl acrylate were polymerized in a similar 
manner [40]. 

Further on, other groups studied the polymerization 
of HEA with similar catalysts. Rozenberg, for example, 
obtained polymers with a Mn of 1100 g  mol−1 with lithium 
tert-butoxide at room temperature (Table 1) [93]. During 
the reaction, transesterification was noted as inevitable 
side reaction (Scheme 7b). However, identification of the 
polymer’s structure turned out to be challenging as main 

characteristics of the polymer such as molar mass or the 
nature of the end groups do not change thereby. End group 
distribution of the polymers showed the formation of poly-
esterdiacrylates, macrocycles and polyesterdiols [42, 93].

At the same time, Gibas et al. reported HEA based poly-
mers with a Mn of up to 9000 g  mol−1 with alkoxides and 
alkali hydrides at room temperature after 2 h (Table 1) 
[94]. No other group reported such high molar masses of 
poly(HEA) with the same catalysts thereafter. As the molar 
masses of the polymer samples were only determined after 
purification by Gibas et al., shorter polymer strands might 
have been removed unintentionally.

Scheme 7

Table 1  Summary of oxa-
Michael homopolymerization of 
HEA reported in literature

a Determined after purification (extraction in chloroform)
b Inert atmosphere
c Calculated from Mw

Catalyst (mol%) T/°C Mn/g  mol−1 Đ Time/h Conversion References

LiH (2.0) 50 1980 n.d 100 n.d Saegusa [40]
KOtBu (5.0) 80 1680 n.d 20 n.d Saegusa [40]
PPh3 (5.0) 80 1100 n.d 40 n.d Saegusa [40]
LiOtBu 20 1120 1.6 - 0.80 Rozenberg [93]
KOtBu (5.0) rt 7800a 2.6 2 0.94 Gibas [94]
NaH (5.0) rt 9200a 2.7 0.25 0.98 Gibas [94]
TPT (10.0) rtb 1500 1.7 24 n.d Matsuoka [44]
IDipp (10.0) rtb 1800 1.6 24 n.d Matsuoka [44]
P2-tBu (5.0) rtb 2300c 2.3 24 0.99 Yang [95]
TTMPP (5.0) rt 1280 2.1 24 0.98 Fischer [33]
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In the past 10 years, the polymerization of HEA was 
again studied more extensively. To enable polymerization at 
ambient reaction temperature N-heterocyclic carbenes were 
employed in the polymerization of hydroxy functionalized 
acrylates. With 10 mol% TPT (a triazol-5-ylidene based 
NHC catalyst (Fig. 1)) a polymer of HEA was synthesized 
at room temperature with a Mn of 1500 g  mol−1 in 56% yield 
[44]. Also with an imidazol-2-ylidene based NHC catalyst 
(IDipp) similar results were obtained (Table 1). Moreover, 
the use of THF as solvent reduced the molar mass and yield. 
Additionally, the possibility of post-modification of oxa-
Michael polymers with double bonds in the backbone by, 
e.g. thiol-ene click reaction was demonstrated [44].

As an alternative to hydroxy functionalized acrylates, the 
oxa-Michael polymerization of diacrylates and diols renders 
poly(ether-ester)s as well (Scheme 8).

In 2018, Jiang and co-workers were the first to employ 
phosphazene bases in the oxa-Michael polymerization [53]. 
Rapid polymerization of ethylene glycol and neopentyl 
glycol diacrylate could be observed with 5 mol%  P2-tBu at 
room temperature or 50 °C under solvent-free conditions 
yielding polymers with a molar mass in the range of 3300 
and 3600 g  mol−1. The polymerization of diacrylates was 
feasible with primary and secondary alcohols. However, the 
phosphazene base was not effective in catalyzing the reac-
tion of tertiary alcohols with acrylates. Transesterification 
occurred as side reaction and was facilitated by elevated 
temperatures (50 or 100 °C) or increasing catalyst loading 
[53].

The phosphazene base  P2-tBu was further used to cat-
alyze the homopolymerization of HEA at room tempera-
ture, yielding macromolecules with a Mn of 2300 g  mol−1 
(Table 1) [95]. Moreover, ring opening polymerization of 
ε-caprolactone combined with an oxa-Michael polymeriza-
tion of HEA or neopentyl glycol diacrylate was disclosed 
with the aforementioned  P2-tBu [95, 96]. The copolymeri-
zation of HEA and acrylamides via oxa- and aza-Michael 
reaction with  P4-tBu was studied as well [97].

Recently, it could be shown that besides phos-
phazene bases, also a strong Lewis base, namely 

tris(2,4,6-trimethoxyphenyl)phosphine (TTMPP), can 
efficiently catalyze the oxa-Michael polymerization of 
acrylates. In general, electron-rich phosphine catalysts 
such as  PPh3, TMPP, or TTMPP initiate the polymeriza-
tion of HEA [49]. However, TTMPP clearly outperformed 
other Lewis base catalysts in terms of double bond con-
version and molar mass of the formed polymer (Mn about 
1280 g  mol−1) after 24 h at room temperature [33]. In case 
of TMPP, elevated temperatures (80 °C) were needed to 
achieve similar double bond conversions as with TTMPP. 
However, it was noted that at the same time higher tem-
peratures yielded lower molar masses compared to room 
temperature experiments. This is the result of another dou-
ble bond consuming reaction, namely the Rauhut–Currier 
reaction (depicted as side reaction in Scheme 7c), which 
is facilitated at high temperatures. Consumption of the 
acrylate by Rauhut–Currier reaction resulted in a higher 
double-bond conversion but caused a deviation in stoichi-
ometry deteriorating oxa-Michael polymerization. Thus, 
polymers with a lower molar mass were obtained at ele-
vated temperatures [49].

Besides, the polymerization of 1,4-butanediol dia-
crylate with 1,4-butanediol was studied with TTMPP 
within our group [33]. Moreover, the performance of 
TTMPP and  P2-tBu was compared in this reaction. Both 
catalysts show similar good conversion of the acrylate 
(> 85% after 1 h) and exceed common organocatalysts 
 (PPh3, DMAP, DBU, TMG) by far. However, the mac-
romolecules obtained with  P2-tBu show a higher molar 
mass (Mn = 2500 g  mol−1) compared to TTMPP initiated 
polymers (Mn = 1400 g  mol−1) [33]. Nonetheless, so far 
AA-BB type oxa-Michael polymerizations of acrylates and 
diols have not been reported with any other catalysts than 
phosphazene base or TTMPP.

Another approach towards poly(ether-ester)s was 
demonstrated by concomitant oxa-Michael and trans-
esterification reaction (Scheme 9). Transesterification, 
an omnipresent side reaction in oxa-Michael chemistry 
of acrylates, was utilized in the polymerization of com-
mercially available monoacrylates and diols. By this 

Scheme 8
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approach the pre-synthesis of AB type monomers such 
as hydroxy functionalized acrylates could be avoided. 
Various oligomers with molecular mass between 700 
and 1000 g  mol−1 were obtained from ethyl acrylate and 
diols such as (Z)-2-butene-1,4-diol, 2-butyne-1,4-diol, 
or 1,2-propanediol with 5 mol% DBU as catalyst within 
24 h [69].

Besides, copolymerization of acrylic acid and diols has 
been reported via combined oxa-Michael addition and con-
densation reaction. The polymerization of acrylic acid and 
ethylene glycol yielded polymers of a molar mass up to 
1300 g  mol−1 at 80 °C with Brønsted acids. Moreover, solely 
acrylic acid could be oligomerized with Brønsted bases or 
acids (Mn about 400 g  mol−1). The obtained polyester was 
further either depolymerized or used in radical copolym-
erization with additional vinyl monomers [60]. In addition, 
reports on oligomerization of 2-trifluoromethacrylic acid by 
oxa-Michael addition are available [39].

Coupled or hyperbranched poly(ether‑ester)s

In general, the reaction of diacrylates and diols or 
hydroxy-functionalized AB type acrylates only renders 
soluble, linear polymers which suffer from low molar 
masses (< 10.000 g   mol−1). Although known for aza- 
[98–100], carba- [101, 102] and thia- [103–105] Michael 
reaction, the formation of crosslinked materials starting 
from triacrylates and alcohols has not been reported so 
far. Neither Brønsted nor Lewis bases allow the polym-
erization of triacrylates with polyols. However, another 
approach towards high molar mass materials includes 

the combination of the oxa-Michael reaction with other 
coupling reactions similar as shown for crosslinked 
poly(ether-sulfone)s. Alternatively, hyperbranched poly-
mers can be formed from  ABx type monomers.

Coupled poly(ether‑ester)s

Lately, the group of Jiang disclosed the preparation of high 
molar mass polymers by combining the oxa-Michael polym-
erization with the Rauhut–Currier reaction, a coupling reac-
tion of two acrylates (Scheme 10) [71]. Before, Rauhut–Cur-
rier units were usually regarded as hindering because they 
cause a disadvantageous shift in stoichiometry. However, in 
a new context the reaction was utilized to link oxa-Michael 
polymer strands at a later stage in the polymerization.

In detail, they found that higher molar masses can be 
obtained in the polymerization of HEA when the tem-
perature is kept at − 5 °C for 12 h and increased to 80 °C 
for another 6 h with 1 mol%  P2-tBu as catalyst. By using 
low temperatures in the early polymerization stage, the 
Rauhut–Currier side reaction could be suppressed. Later, 
elevated temperatures were beneficial as they lower the vis-
cosity in the system and thus, promote end group mobil-
ity leading to higher molar masses. With this approach, the 
weight average molar mass (Mw) of poly(HEA) could be 
more than doubled (15.3 kg  mol−1 vs. 6.9 kg  mol−1). The 
reaction was further exploited by introducing a small amount 
of diacrylate (2 mol%) and  P4-tBu, showing a stronger basic-
ity than  P2-tBu, at the last polymerization stage at elevated 
temperature (80 °C). Again, high temperatures promoted 
both the mobility of the end groups and the Rauhut–Currier 
reaction. The diacrylate, namely 1,4-butanediol diacrylate, 

Scheme 9

Scheme 10
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then reacted either with an acrylate end group in a 
Rauhut–Currier fashion or with a hydroxy end group via 
oxa-Michael addition. Thus, due to the additional cou-
pling the molar mass could be increased to 355.8 kg  mol−1 
(Đ = 9.8) over 24 h at 80 °C which is the highest that has 
ever been reported for polymers derived from oxa-Michael 
reactions. The obtained polymer was further used to prepare 
biodegradable materials by UV-curing with microfluidic 
spinning [71].

Hyperbranched poly(ether‑ester)s

The excess of a reactive group as, e.g. in case of  ABx type 
monomers enables the formation of hyperbranched polymers 
[106]. Few examples of hyperbranched oxa-Michael poly-
mers have been reported. The synthesis of hyperbranched 
polymers starting from acrylates functionalized with two 
hydroxy groups, in specific from 2,2-bis(hydroxymethyl)-
propyl acrylate, was attempted by Kadokawa et al. [48, 107]. 
In the reaction,  PPh3 (5 mol%) was used as catalyst at tem-
peratures above 80 °C. Reaction times of up to 48 h resulted 
in polymers with molar masses around 1200 to 2700 g  mol−1 
in 22% yield at most [48].

Furthermore, phosphazene bases were used for the for-
mation of hyperbranched polymers with high molar masses 
(Mw > 40 kg  mol−1). Polymers were synthesized starting 
from trifunctional hydroxyl monomers and diacrylates in 
DMF (Scheme 11) [21]. Besides hyperbranched poly(ether-
ester)s, poly(amino-ether-ester)s were synthesized from 
triethanolamine and diacrylate via oxa-Michael polymeri-
zation catalyzed by  P2-tBu at room temperature in solution 
[108].

Methacrylates in poly(ether‑ester)s

Even though methacrylates are interesting monomers due 
to their higher stability and lower toxicity compared to 

acrylates, the use thereof in oxa-Michael polymerization is 
scarce. The low reactivity of methacrylates allows only slow 
oligomerization [54]. Gibas et al. showed the synthesis of 
oligo(ether–ester)s based on 2-hydroxyethyl methacrylate 
(HEMA) or monomethacrylates of di-, tri- and tetraethyl-
ene glycols with NaH or KOtBu. Thermal treatment (80 to 
100 °C) of the monomers for 2 h, followed by a reaction at 
room temperature over several days was required to obtain 
oligomers (with a Mn of about 700 g  mol−1). As transes-
terification occurred as side reaction, irregular structures 
formed. Without elevated temperatures, no oligomerization 
was observed. However, longer thermal treatment resulted 
in gelation which is most likely a result of free radical or 
anionic polymerization of the double bond at high tempera-
tures [54]. Alternatively, HEMA was oligomerized at 80 °C 
initiated by potassium [92].

Poly(ether)

Linear poly(ether)s with ketone or ester functionalities in 
the side chain of the polymer were synthesized by oxa-
Michael polymerization starting from AB type monomers 
with β-substituted vinyl groups (Scheme 12). Poly(ether)
s with molar masses of up to 1400 g  mol−1 were obtained 
by a procedure at low temperatures (-40 °C) in THF with a 
Brønsted base catalyst [80].

Subclass poly(ether‑lactone)s

Moreover, Eugene Chen introduced naturally occurring Tuli-
palin B, a hydroxyl-functionalized methylene butyrolactone, 
in Michael chemistry [109]. Polymerization thereof could 
be initiated by NHC catalysts or phosphazene bases. In any 
case, polymers with a molar mass up to 13.2 kg  mol−1 were 
obtained. Although the mechanism is yet not fully resolved, 
results indicated the formation of a branched copolymer of 
poly(vinyl-ether-lactone)s. Carba-Michael reactions causes 

Scheme 11

Scheme 12
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poly(vinyl-lactone)s units, whereas oxa-Michael polymeri-
zation gives poly(ether-lactone) repeat units (Scheme 13). 
Additionally, olefinic moieties, most likely derived from 
dehydration and branching were observed in the polymer. 
Branching probably resulted from the interaction of unre-
acted OH groups with vinyl units in the polymer in an oxa-
Michael fashion [109, 110].

Poly(ether‑amide)s

Poly(ether-amide)s synthesized from acrylamides and alco-
hols are a rare class of oxa-Michael polymers. Li et al., for 
instance, reported the synthesis of hyperbranched poly(ether-
amide)s [111, 112].  AB2 or  AB3 type amide monomers were 
synthesized starting from (meth)acryloyl chloride and mul-
tihydroxyl primary amines. In the following, the Michael 
addition was initiated by either KOtBu or  PPh3 and the 
homopolymerization was performed at 60 °C over 2 days in 
solution (Scheme 14). Thereafter, the surface was modified 
by another Michael addition of N-isopropylacrylamide with 
the hydroxyl end groups to introduce a temperature sensitive 
functionality [112].

Another approach towards oxa-Michael based hyper-
branched poly(ether-amide)s was reported by Jiang’s group. 
N,N′-methylenebis(acrylamide) was reacted with triols 
at room temperature in DMF using  P2-tBu as catalyst for 
36 h. Thereby, thermoresponsive nonconjugated fluorescent 
poly(ether-amide)s with potential application in cell imaging 
or drug delivery were synthesized [79].

Degradability and reprocessability

As recyclability of polymers is more important than ever, 
herein, also the degradability and reprocessability of poly-
mers synthesized by oxa-Michael addition is addressed. In 
general, efficient methods for the depolymerization and deg-
radation of poly(ester)s or poly(amide)s have been reported 
[78, 113, 114]. Jiang and coworkers disclosed enzymatic 
degradation of poly(ether-ester)s and poly(ether-ester-
amide)s prepared by oxa-Michael polymerization [71, 95]. 
Full degradation of a copolymer derived from HEA and 
acrylamide, for example, was observed in lipase B phosphate 
buffer solution within 18 days [71].

Scheme 13

Scheme 14
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Within our group, we selected a different approach and 
studied the potential of the reverse oxa-Michael reaction in 
polymerization. Recently, we showed that the oxa-Michael 
reaction is highly reversible in both small molecules and 
polymers. Oxa-Michael polymers were degraded at elevated 
temperature (140 °C) in the presence of a Brønsted base 
catalyst or were depolymerized in additional presence of 
alcohols. Further, an exemplary oxa-Michael poly(ether-
sulfone) network could be reprocessed at elevated tempera-
tures under basic conditions (Fig. 3) and showed dynamic 
properties in rheology studies [91]. Thus, this example can 
be regarded as the first oxa-Michael based covalent adapt-
able network (CAN). Santos et al. recently demonstrated 
the dynamic exchange of phenols in vinyl ethers derived 
from hydroxyl-yne reactions [115]. CANs based on aza- and 
thiol-Michael reaction and the reprocessability thereof have 
already received increasing attention over the past years [98, 
116, 117].

Moreover, also poly(ether-sulfone) networks prepared 
by dual-curing based on oxa-Michael reaction and anionic 
polymerization (see 'Crosslinked poly(ether-sulfone)s') show 
a similar reprocessing behavior. Thus, even if lower amounts 
of oxa-Michael repeat units are present in the polymer, the 
self-healing characteristics of the network are retained [72].

Challenges and perspectives

One of the main challenges of the oxa-Michael polymeriza-
tion is the difficulty to form high molar mass poly(ether)s  
and cross-linked polymers, which are essential to achieve 
material properties required for high-performance applica-
tions. Complications do not only arise from the low acidity 
of the alcohols and the poor nucleophilicity of the corre-
sponding alkoxides, but also from the lack of non-toxic, 
highly reactive Michael acceptors. Additionally, stoichio-
metric imbalance, caused for example by Rauhut-Currier 

reactions in case of acrylates, is detrimental for the step-
growth mechanism of the oxa-Michael polymerization. 
Moreover, the obtained products are thermodynamically 
only slightly favored over their educts impeding the for-
mation of polymers with high molar masses. Instead, 
equilibrium mixtures of monomers and polymers are 
obtained. Thus, only poly(ether)s with low molar mass 
(< 10.000 g  mol−1) are accessible and hardly any networks 
based on oxa-Michael chemistry have been reported.

Moreover, the number of catalysts active in oxa-
Michael polymerization is limited. While this issue does 
not present a problem for highly reactive divinyl sulfone, 
diacrylates and acrylamide can only be converted by phos-
phazene bases, especially  P2-tBu and the strong Lewis 
base TTMPP. Another challenge stems from the solubil-
ity of the Michael donor and acceptor in each other under 
solvent-free conditions which are necessary to increase 
reactivity. Further, only few liquid or soluble polyols are 
available.

However, the oxa-Michael polymerization comprises sev-
eral green aspects as it is an atom efficient reaction which 
can be carried out under mild, solvent-free conditions at 
ambient atmosphere. Moreover, potentially less toxic and 
cheap alcohols derived from renewable feedstocks might be 
utilized in the future [23, 24]. Thus, to take advantage of the 
benefits, oxa-Michael oligomers or polymers with low molar 
mass might be used as prepolymers in the future. Vinyl ter-
mination of poly(ether)s allows further crosslinking of the 
polymers by e.g. radical or anionic polymerization [60, 72]. 
Additionally, the choice of functionalized alcohols might 
allow subsequent reactions, e.g. if double or triple bonds 
are included in the polymer backbone. Thus, these options 
present a work-around to obtain polymer networks and allow 
a variety of applications.

Moreover, the reversibility of the oxa-Michael reaction 
opens new perspectives for future applications as depo-
lymerization and reprocessability become increasingly 

Fig. 3  a Poly(ether-sulfone) network incl. DBU as catalyst; b photo of cut material (presented in a) in an aluminium mold; c photo of uniform 
membrane obtained after hot press treatment (140 °C, 1 h, 50 bar) of the cut pieces depicted in b. Reproduced from Ref. [91]
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important in industry. In this respect, including oxa-Michael 
units in a network might allow depolymerization or repro-
cessability of the material, while retaining the material’s 
properties. Therefore, the combination of different polym-
erization reactions enables the preparation of polymers with 
overall improved properties.

Conclusion

The oxa-Michael reaction represents a facile method to form 
poly(ether)s with versatile properties as various functional 
groups for further modification can easily be included in 
the polymer backbone. In this review several fundamental 
aspects within oxa-Michael reactions have been addressed. 
Further, various classes of poly(ether)s, accessible by oxa-
Michael polymerization, were presented according to func-
tionalities introduced by the Michael acceptor. Recent work 
on the degradability and reprocessability of poly(ether) 
based polymers and networks was outlined. Finally, chal-
lenges and the potential of the oxa-Michael polymerization 
in terms of possible synthetic routes to obtain better material 
properties and the recyclability of poly(ether)s derived from 
oxa-Michael polymerization were discussed.
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