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temperatures required have limited its utility in organic
synthesis due to competition with side reactions, particularly
with solvents typically employed for high-temperature
reactions, such as DMF and DMSO. However, early work by
Cram and Sahyun found that N-oxides can undergo
spontaneous Cope elimination at room temperature in polar
aprotic solvents, with rates of reaction 5 orders of magnitude
greater in anhydrous DMSO compared to water.49 Kinetic
studies suggested that this rate diwerence was attributable to
hydrogen bonding of water to the oxyanion of the N-oxide,
which increases the energy barrier for proton abstraction. Four
decades later, Jorgensen and co-workers computationally
demonstrated that the oxygen of the N-oxide could accept
up to three hydrogen bonds, decreasing its basicity and thus
the overall rate of elimination.50
Localization of the tertiary amine near labile protons permits

Cope elimination to be performed at significantly lower
temperatures, allowing for substrates containing tertiary amines
to be oxidized and immediately undergo elimination upon β
proton abstraction. We reasoned PBAEs and PAMAMs
represent ideal classes of model polymers to demonstrate the
utility of the Cope elimination as a degradation mechanism, as
these classes of polymers contain a tertiary amine along the
backbone adjacent to relatively acidic β protons (pKa,ester ≈ 25
and pKa,amide ≈ 30). Since the N-oxide acts as an intramolecular
base, we reasoned that the acidity of these β protons would
promote facile degradation under mild conditions independent
of substrate hydrophilicity. Therefore, we hypothesized that
PBAEs and PAMAMs could undergo spontaneous degradation
via a one-pot oxidation-elimination process to yield acrylic and

hydroxylamine byproducts (Figure 1). To this end, we
prepared a library of PBAEs and PAMAMs via bulk aza-
Michael polymerization of primary amines and diacrylates/
acrylamides. Utilizing conditions optimized from a small-
molecule study, we demonstrated that full degradation is
achieved within 1 h across a variety of polar aprotic solvents.
Upon identification of degradation products via 1H NMR
spectroscopy and mass spectrometry, a plausible degradation
mechanism was developed. With these data, we further
extended this protocol to more chemically robust PAMAMs,
which underwent full degradation within 18 h. Finally, we
demonstrated that a cross-linked PBAE network can undergo
facile degradation under mild conditions.

k RESULTS AND DISCUSSION
We first sought to develop a mild degradation protocol to
determine whether PBAEs would be an appropriate substrate
for Cope elimination. To this end, 2 equiv of methyl acrylate
were reacted with 1 equiv of butylamine to yield a small-
molecule β-amino ester aza-Michael adduct that would yield
easily characterized degradation products (Figure S1). After 1
h of treating the aza-Michael adduct with meta-chloroperben-
zoic acid (mCPBA) in DCM (Figure 2), an aliquot of the
reaction solution was analyzed with 1H NMR spectroscopy.
Vinyl peaks were observed at 5.82, 6.12, and 6.37 ppm,
corresponding to the vinyl protons of methyl acrylate.
Additionally, a new peak appeared at 3.74 ppm, corresponding
to the methyl ester. Further evidence of degradation was
observed as a decrease in the normalized peak integration at

Figure 1. Poly(β-amino ester)s (PBAEs) can be degraded by oxidizing the tertiary amine along the backbone to yield an N-oxide. Upon oxidation,
the N-oxide will abstract a β proton, yielding two polymeric fragments terminated with hydroxylamine and acrylate. Further oxidation results in
degradation to yield various vinyl- and hydroxylamine byproducts.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.4c01186
Macromolecules 2024, 57, 7547−7555

7548

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c01186/suppl_file/ma4c01186_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01186?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01186?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01186?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01186?fig=fig1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.4c01186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2.29−2.51 ppm from 6.0 to 4.0, indicative of a loss of two
methylene protons. Removal of unreacted mCPBA and its
byproduct (meta-chlorobenzoic acid, mCBA) was accom-
plished by treating the crude reaction solution with K2CO3
for 15 min, resulting in deprotonation and subsequent
precipitation of mCPBA and mCBA. These byproducts were
then removed by filtration, after which 1H NMR analysis of the
filtrate revealed complete disappearance of the aromatic peaks
(δ = 7.33−8.06 ppm) belonging to mCPBA and mCBA. Taken
together, these data suggest that the Cope elimination could be
an ebcient route toward PBAE degradation with simple
purification.
With good evidence that Cope elimination could be an

ewective form of degradation, we next synthesized a library of

PBAEs via bulk aza-Michael polymerization of primary amines
and diacrylates. Specifically, we chose butylamine (A) and
benzylamine (B) as monomers to install pendent groups to
tune the glass transition temperature (Tg) of the resulting
polymers lower or higher, respectively. Five commercial
diacrylates were selected to target properties such as
hydrophilicity (1),19,51,52 hydrophobicity (2 and 3),53−55

shape-memory (4),56,57 and liquid crystallinity (5).58−60

These diacrylates were chosen to exemplify the amenability
of this strategy toward the degradation of materials that could
be applicable in a number of fields. Further, we chose mostly
hydrophobic comonomers to demonstrate highly ebcient
polymer degradation independent of substrate solvophobicity.
As we utilized a combinatorial approach to prepare materials,

Figure 2. One-pot oxidation-elimination of dimethyl 3,3′-(butylazanediyl)dipropionate (DMBADDP) yields a hydroxylamine and methyl acrylate.
1H NMR analysis of the crude reaction mixture (yellow spectrum) reveals the appearance of vinyl peaks (δ = 5.82, 6.12, and 6.37 ppm) and a
methyl peak (δ = 3.74 ppm), corresponding to the generation of methyl acrylate. Quantitative removal of meta-chloroperbenzoic acid (mCPBA)
and meta-chlorobenzoic acid (mCBA) could be achieved by treating the crude reaction mixture with potassium carbonate and filtering the
precipitate ow (green), as indicated by the complete disappearance of aromatic peaks (δ = 7.33−8.06 ppm).

Figure 3. Library of poly(β-amino ester)s (PBAEs) synthesized via bulk aza-Michael polymerization of primary amines (A = butylamine (BuNH2)
and B = benzylamine (BnNH2)) and diacrylates (1 = diethylene glycol diacrylate (DEGDA), 2 = 1,6-hexanediol diacrylate (HDDA), 3 = neopentyl
glycol diacrylate (NPDA), 4 = bisphenol A glycerolate diacrylate (BPADA), and 5 = 2-methyl-1,4-phenylene bis(4-(3-(acryloyloxy)propoxy)-
benzoate) (RM257)) at 90 °C for 20 h.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.4c01186
Macromolecules 2024, 57, 7547−7555

7549

https://pubs.acs.org/doi/10.1021/acs.macromol.4c01186?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01186?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01186?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01186?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01186?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01186?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01186?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01186?fig=fig3&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.4c01186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


each polymer was named according to the combination of
amine (A or B) and diacrylate (1−5) (Figure 3). All
polymerizations were performed in bulk at 90 °C for 20 h,
allowing the obtained polymers to be characterized without
further purification (Figure 3). Generally, each PBAE was a
viscous yellow oil, in addition to P4A and P4B, which were
yellow, rubbery solids at room temperature. The PBAEs were
then characterized via 1H NMR spectroscopy, size exclusion
chromatography (SEC), and diwerential scanning calorimetry
(DSC) to determine the structure, molecular weight, and Tg,
respectively.
Polymer structures were elucidated via 1H NMR spectros-

copy using either the methyl (δ = 0.82−0.88 ppm) of the butyl
pendent group or the methylene (δ = 3.55−3.59 ppm) of the
benzyl pendent group as internal standards. PBAEs prepared
from butylamine were consistently higher molecular weight
than those prepared from benzylamine, as determined by SEC
using multiangle light scattering (SEC-MALS) (Table 1).

Reyniers and co-workers have reported that the addition of
primary amines to acrylates in aprotic solvents is faster than

subsequent addition of the newly formed secondary amine to a
second acrylate.61 Key to this was finding that the proton
transfer occurs mainly through assisted shuttling via an
unreacted primary amine, which suggests that more basic
amines should polymerize faster via aza-Michael polymer-
ization. Therefore, this diwerence in molecular weight is likely
due to lower steric hindrance and a slightly higher basicity of
butylamine (pKa = 10.7)62 compared to benzylamine (pKa =
9.5).63 Moreover, the ewect of the pendent group was
demonstrated via DSC, as P1A, P2A, and P3A exhibited Tg
values around 25−30 °C lower than their benzyl pendent
group analogs. Polymers with aromatic backbones displayed
higher Tg values than those with aliphatic backbones, with P5A
and P5B undergoing glass transitions at −7.6 and 2.3 °C,
respectively. Incorporating H-bonding motifs within an
aromatic backbone further increased the Tg values of P4A
and P4B to 23 and 32 °C.
With a library of diverse PBAEs prepared, we next explored

their degradation profiles. PBAEs were subjected to our
previously developed Cope elimination conditions. As a model
substrate, P3B was chosen for degradation studies as it exhibits
the fewest number of signals in 1H NMR spectroscopy,
allowing for more convenient characterization. P3B was
dissolved in DCM to yield a 10% w/v solution and
subsequently treated with mCPBA (Figure 4A). Within 5
min, mCBA, the byproduct of oxidation, precipitated out of the
solution, indicative of reaction progression. SEC analysis
revealed that quantitative degradation was achieved within 15
min with no further change in elution volume after this point
(Figure 4B). When these conditions were applied to the other
PBAEs, similar degradation profiles were observed, with shifts
to shorter elution times being achieved within 1 h (Figures
S27−36). Furthermore, degradation was found to be amenable
to several solvents, such as EtOAc, THF, 1,4-dioxane, and
DMF, with full degradation noted within 1 h in all cases
(Figure S37).

Table 1. Summary of PBAEs and PAMAMs Prepared via
Aza-Michael Polymerization

polymer divinyl monomer amino monomer Mn,SEC (g mol−1) Tg (°C)
P1A DEGDA BuNH2 5,320 −54
P1B DEGDA BnNH2 4,010 −27
P2A HDDA BuNH2 5,410 −75
P2B HDDA BnNH2 2,640 −50
P3A NPDA BuNH2 5,630 −54
P3B NPDA BnNH2 5,070 −24
P4A BPADA BuNH2 33,350 23
P4B BPADA BnNH2 6,970 32
P5A RM257 BuNH2 9,210 −8
P5B RM257 BnNH2 3,910 2
P6A MBA BuNH2 5,510 29
P6B MBA BnNH2 4,150 50

Figure 4. (A) P3B was degraded by treatment with a solution of mCPBA for 1 h to yield a mixture of three major degradation products. (B) Size
exclusion chromatography (SEC) revealed quantitative degradation within 15 min with no change in retention volume afterward. (C) After
degradation, peaks corresponding to hydroxylamine (δ = 10.4 ppm) and vinyl (5.73−6.47 ppm) protons appeared, suggesting degradation through
the Cope elimination. (D) Three major degradation products were identified via electrospray ionization mass spectrometry (ESI-MS)
corresponding to an acrylate (1), diacrylate (2), and dihydroxylamine (3).
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To further demonstrate the versatility of oxidative
degradation, we performed hydrolysis studies at pH = 9 on
P1A (1 h) and P3B (6 h), hydrophilic, and hydrophobic
PBAEs, respectively. As noted in previous studies, the
hydrophilic PBAE underwent substantial degradation, whereas
the hydrophobic PBAE exhibited minimal degradation. In
comparison, both P1A and P3B demonstrated full degradation
within 1 h upon oxidation in DCM (Figure S38). Furthermore,
we developed an aqueous degradation protocol utilizing H2O2
to expand the solvent scope and serve as an appropriate
comparison between hydrolysis and oxidation. Specifically, we
found that P1A degraded fully within 1 h, analogous to the
organic degradation protocol. Furthermore, P3B, despite being
hydrophobic, underwent full degradation within 6 h, whereas
little hydrolytic degradation was observed (Figure S39). These
data indicate that Cope elimination can provide a more
ebcient means of degradation than hydrolysis. While SEC
analysis provided evidence of degradation, we next sought to
elucidate byproduct structures and mechanism via 1H NMR
spectroscopy and mass spectrometry.

1H NMR analysis revealed the disappearance of the
methylene peaks (δ = 2.41 and 2.72 ppm) between the
backbone amine and ester as well as the appearance of
hydroxylamine (δ = 10.4 ppm) and vinyl (5.73−6.47 ppm)
peaks (Figure 4C). The appearance of multiple peaks from 1.8

to 4.1 ppm suggests a mixture of degradation products.
Electrospray ionization mass spectrometry (ESI-MS) was
performed to gain further insight into the identity of the
degradation fragments (Figure 4D). We observed three major
products formed from the Cope elimination: an acrylate (1), a
diacrylate (2), and a dihydroxylamine (3). These products
suggest that upon oxidation of the tertiary amine, the N-oxide
can abstract a proton from one of two possible methylenes.
After the first elimination reaction, the polymer chain is
cleaved into two fragments: one containing a terminal
hydroxylamine and the other containing a terminal acrylate.
Subsequent oxidation and elimination of the fragments can
produce either an acrylate with a pendent hydroxylamine, the
original diacrylate, or a dihydroxylamine (Figure S40). With a
better understanding of the possible degradation products, we
hypothesized that the Cope elimination could be further
developed to degrade more robust polyamide substrates.64−67

The aqueous degradation of PAMAMs has been reported to
be extremely slow and inebcient. A recent study by Ranucci
and Ferruti found that linear PAMAMs undergo faster
degradation in high-pH solutions (pH > 7); however, most
substrates exhibited less than 50% degradation after 90 days.46
Moreover, the authors demonstrated that the primary
degradation mechanism of linear PAMAMs was a series of
retro-aza-Michael additions, with minimal evidence of

Figure 5. (A) As the PAMAMs were insoluble in most organic media, P6A was dissolved in water and treated with H2O2 to undergo Cope
elimination. (B) Full degradation was observed after 18 h at both 50 and 24 °C. (C) ESI-MS revealed a similar degradation profile to the PBAEs,
with three major products of the Cope elimination. (D) After degradation, the solution became bright yellow, with a bright blue fluorescence (λmax
= 459 nm) observed upon irradiation with UV light. This fluorescence was attributed to hydroxylamine degradation products (1 and 3). (E)
Kinetic analysis of degradation via Cope elimination revealed a linear increase in fluorescence intensity (λ = 459 nm) over time.
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hydrolysis observed. With this in mind, we prepared two
PAMAMs (P6A and P6B) via the aza-Michael polymerization
of N,N′-methylene bis(acrylamide) (MBA) with BuNH2 or
BnNH2. Since MBA is a high-melting-point solid (Tm = 182
°C), polymerization was performed at 80 °C for 18 h in a 2:1
MeOH/H2O solvent mixture. After polymerization, it was
noted that P6B had precipitated, whereas the solution of P6A
remained homogeneous. Nevertheless, both polymers were
obtained as fine, white powders dissimilar to the viscous yellow
PBAEs. SEC characterization revealed monomodal traces
(Figures S22 and S24) with moderate molecular weights
(Mn,P6A = 5,500 g mol−1 and Mn,P6B = 4,150 g mol−1). Similar
to the case for the PBAE series, there was a 21 °C diwerence in
Tg between P6A (29 °C) and P6B (50 °C). This increase in Tg
compared to that of the PBAEs can be attributed to H-bonding
and a shorter linker between the amide units. Because the
polymers were only partially soluble in highly polar solvents,
such as water and methanol, we elected to utilize an aqueous
degradation protocol with H2O2 as described earlier.
With this in mind, we first attempted PAMAM degradation

in water at 50 °C to ensure its solubility. To this end, P6A
(10% w/w) was added to water and allowed to dissolve over an
hour. Upon dissolution, hydrogen peroxide (2 equiv) was
introduced and the reaction was allowed to proceed for 8 h.
SEC analysis of the reaction solution revealed quantitative
degradation of P6A (Figure 5B, red). As heating of peroxides
can be dangerous, we next attempted to perform the
degradation at room temperature. We reasoned that since
the PAMAMs were minimally soluble, the solution would
become homogeneous over time as the solubilized PAMAMs
would degrade into water-soluble byproducts. Attempting to
dissolve P6A and P6B in water at 10% w/v resulted in
heterogeneous mixtures even after 3 h. Upon the addition of

hydrogen peroxide, however, both solutions became com-
pletely homogeneous within 15−20 min. Interestingly, after 1
h of dissolution, it was found that minimal degradation had
occurred. We attribute this rate reduction to the H-bonding of
both water and the amides to the newly formed N-oxide, which
has been shown to retard the rate of elimination.21 Despite
this, we found that quantitative degradation was still achieved
within 18 h. Furthermore, it should be noted that P6A
exhibited no degradation within 18 h when subjected to
hydrolysis conditions (pH = 9), suggesting that oxidative
degradation is the primary contributor to polymer degradation
(Figure S43). Notably, the oxidative degradation solution
became increasingly yellow as the reaction proceeded. Removal
of the residual hydrogen peroxide and water via lyophilization
yielded the degradation byproducts as a bright yellow powder.
Structural elucidation via ESI-MS confirmed that the

degradation profiles of PAMAMs were similar to those of
PBAEs, with three major peaks being attributed to an
acrylamide, diacrylamide, and dihydroxylamine (Figure 5C).
Comparing the absorbance of P6A before and after
degradation, we found that P6A exhibited no absorbance
from 270 to 750 nm. However, after degradation, a strong
absorbance was observed from 270 to 425 nm (Figure S45).
Moreover, fluorescence spectroscopy of the degradation
products revealed a strong emission in the blue light region
(λmax = 459 nm) when excited by ultraviolet (UV) light (365
nm) (Figure S46). As methylene bis(acrylamide) is a colorless
solid, we rationalized that the color and fluorescence are likely
from the hydroxylamine products. We reasoned that we could
leverage the increase in the hydroxylamine fluorophore
concentration over time to kinetically monitor the degradation
process. Aliquots were taken periodically, and the fluorescence
was monitored over time via fluorescence spectroscopy. As

Figure 6. (A) PBAE covalent adaptable network (CAN) was prepared by solution-casting trimethylolpropane triacrylate and hexamethylene
diamine. (B) Upon compression molding, a yellow transparent material was obtained. Dynamic mechanical analysis revealed a Tg of 36 °C
(purple), as well as a rubbery plateau indicative of constant cross-link density. (C) Two CANs were added to a vial of DCM, with one vial being
treated with mCPBA toward degradation. (D) FT-IR spectroscopy was performed on the CAN before (purple) and after (red) degradation. The
appearance of peaks corresponding to hydroxylamine (1551 and 3160−3670 cm−1) and vinyl (3100 cm−1) products suggests degradation through
Cope elimination. (E) After 24 h, the oxidized CAN had completely degraded, yielding a clear solution with insoluble mCBA precipitated at the
bottom.
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hypothesized, the fluorescence increased over time (Figure
S46), indicating an increase in hydroxylamine concentration.
When the fluorescence at 459 nm was plotted against time, a
linear relationship was observed (Figure 5E), suggesting that
fluorescence spectroscopy could be an ewective means to
monitor the reaction progress.
Finally, we explored the viability of this approach toward

degrading polymeric networks. To this end, we prepared a
covalent adaptable network (CAN) by solution-casting
trimethylolpropane triacrylate and hexamethylene diamine.27
The solvent was allowed to evaporate, and the film was cured
at 90 °C for 4 h under a vacuum (Figure 6A).
Thermogravimetric analysis revealed a degradation onset
(T95) at around 259 °C, awording a wide processing window
(Figure S47). Upon compression molding at 180 °C, yellow
optically transparent disks and bars were obtained. From
DMA, the CAN exhibited a Tg of 36 °C as well as a rubbery
plateau, indicative of constant cross-link density (Figure 6B).
To demonstrate the applicability of the Cope elimination
toward network degradation, two PBAE CAN disks were each
added to a vial of DCM (Figure 6D). mCPBA was added to
one vial, and the other was kept unoxidized as a control. After
24 h, the oxidized CAN had completely degraded, leaving a
clear solution with insoluble mCBA sediment at the bottom.
Conversely, the control maintained its structure over 24 h,
indicating that degradation occurred after oxidation through
Cope elimination. Fourier-transform infrared (FT-IR) spec-
troscopy of the CAN before and after degradation revealed
three distinct peaks indicative of degradation through Cope
elimination (Figure 5C). Specifically, it was found that an O−
H peak (3160−3670 cm−1) and N−O peak (1551 cm−1)
appeared (attributed to the hydroxylamine), while a C−H
stretch peak appeared at 3100 cm−1 (attributed to the vinyl C−
H bond). From these data, we highlight that cross-linked
networks containing β-amino esters can be ewectively degraded
under mild conditions via the Cope elimination.

k CONCLUSIONS
While ebcient degradation of PBAEs and PAMAMs is
typically limited to hydrophilic substrates at a high pH, we
showed that Cope elimination can be used as a versatile
synthetic tool for degradation independent of hydrophilicity.
We demonstrated this by preparing a library of PBAEs and
PAMAMs across a range of material properties via aza-Michael
polymerization. Utilizing a mild, organic degradation protocol
with mCPBA as an oxidant, SEC revealed that all PBAEs could
undergo full degradation within 1 h regardless of structure.
Furthermore, PAMAMs were also found to be amenable to
quantitative degradation through Cope elimination via an
aqueous protocol with hydrogen peroxide. Similar degradation
profiles were observed for both PBAEs and PAMAMs via 1H
NMR spectroscopy and ESI-MS. Degradation is likely to occur
through the oxidation of backbone tertiary amines to N-oxides
that undergo a spontaneous intramolecular β-proton abstrac-
tion. This yields two polymeric fragments bearing an acryloyl
and hydroxylamino terminal end. Further degradation yields
three main small-molecule productsan acryloyl, a bisacryloyl,
and a bishydroxylamino product. As PBAEs and PAMAMs are
primarily used as biomaterials, future studies will need to be
performed to consider the role of biologically derived reactive
oxygen species (e.g., superoxide, singlet oxygen, peroxynitrite)
toward polymer oxidation and degradation.68−71 Furthermore,
we foresee this strategy being amenable toward the

degradation of thiol-Michael-derived polymers, where thio-
ethers can be oxidized to sulfoxides which can abstract acidic
protons. While this report focuses on polymer degradation, we
believe the Cope elimination bears great potential in polymer
science as a synthetic tool for applications such as
postpolymerization modification, sensing, and responsive
materials.
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