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ABSTRACT: Postpolymerization modification offers a versatile
strategy for synthesizing complex macromolecules, yet modifying
acrylamide polymers like poly(N,N-dimethylacrylamide) (PDMA)
is notoriously challenging due to the inherent stability and low
reactivity of amide bonds. In this study, we unveil a novel approach
for the direct transamidation of PDMA, leveraging recent advances
in the transamidation of unactivated tertiary amide substrates. By
exploiting photoiniferter polymerization, we extended this direct
transamidation approach to ultrahigh-molecular-weight (UHMW)
PDMA, showcasing the unprecedented postpolymerization mod-
ification of synthetic polymers exceeding 106 g/mol. We also
designed acrylamide copolymers comprising both the moderately
reactive N-methyl-N-phenyl tertiary amides, along with the less
reactive, fully alkyl-substituted N,N-dimethyl amides inherent to PDMA. This disparate reactivity enabled a sequential,
chemoselective transamidation by initially targeting the more reactive pendant aryl amides with less nucleophilic aromatic amines,
and second, transamidating the untouched N,N-dimethyl amide moieties with more nucleophilic aliphatic amines, yielding a
uniquely diversified acrylamide copolymer. This work not only broadens the scope of postpolymerization modification strategies by
pioneering direct transamidation of unactivated amides but also provides a robust platform for the design of intricate
macromolecules, particularly in the realm of UHMW polymers.

■ INTRODUCTION
In recent decades, the evolution of postpolymerization
modification (PPM) strategies has been markedly shaped by
breakthroughs and advancements in highly efficient chemo-
selective transformations.1−6 PPM facilitates the synthesis of
complex macromolecules by transforming pendent reactive
groups of polymers into desired functionalities after polymer-
ization, allowing for the synthesis of (co)polymers that are
otherwise unobtainable by direct polymerization and the
precision tuning of polymer properties that are different from
their parent polymers.7,8 PPM strategies involving nucleophilic
substitution, specifically for polymers with electrophilic
carbonyls like activated esters found in poly(N-hydroxysucci-
nimide-(meth)acrylate) and poly(pentafluorophenyl(meth)-
acrylate), are among the most well-established techniques.9,10

Despite the ability to modify these reactive precursor polymers
under relatively mild conditions, their drawbacks�including
poor atom economy, the need for functional monomer
synthesis, and vulnerability to hydrolysis�have driven the
exploration of alternative techniques.11 One such technique is
the organocatalyzed transesterification and amidation of
nonactivated ester-containing polymers such as poly(methyl
acrylate).12,13

In contrast, PPM of poly(meth)acrylamides has received
considerably less attention due to the high stability and

reduced reactivity of amides toward nucleophiles. The
diminished electrophilicity of amide moieties is primarily
attributed to their high resonance energy (15−20 kcal/mol),
stemming from the delocalization of the nitrogen lone pair
electrons into the π* orbital of the carbonyl group (π*C�O)
resulting in significant planarity and stabilization of amides.14,15

Ground-state destabilization as a means to increase the
electrophilicity of amides has been achieved via geometric
alteration through twisting as well as electronic activation.16,17

Inspired by recent developments in amide bond activation and
direct N−C(O) bond cleavage by the Szostak group,18,19

Hillmyer and co-workers reported the PPM of acrylamide
polymers, specifically poly(N,N-bis(tert-butoxycarbonyl)-
acrylamide) (poly(N,N-boc2-acrylamide)), bearing twisted
and electronically activated tertiary amides that allowed for
the direct transamidation with different nucleophilic amines
(Figure 1A).20 Like previous PPM reports based on activated
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ester prepolymers, this approach relied on the tedious synthesis
of a reactive electron-deficient monomer, which may limit
polymerization scope and the shelf life of the resulting
polymers.
We were inspired by the recent methodology reported by

Szostak and co-workers,21 in which unactivated tertiary amides
were shown to undergo lithium hexamethyldisilazane
(LiHMDS)-mediated direct transamidation with a plethora
of nucleophilic and non-nucleophilic amines. We sought to
adapt this chemistry to the macromolecular realm, introducing
for the first time diversification of unactivated acrylamide
polymers (Figure 1B). We reasoned that the N,N-dimethyl
amide moieties present in poly(N,N-dimethylacrylamide)
(PDMA) could be subjected to the reaction conditions
reported by Szostak et al. for small-molecule unactivated
tertiary amide substrates to access functionalized acrylamide
polymers.21 This would allow the use of otherwise very stable
and chemically inert PDMA as a precursor polymer for PPM.

■ RESULTS AND DISCUSSION
We first sought to investigate the feasibility of the LiHMDS-
mediated transamidation reaction conditions as reported by
Szostak et al. for a fully alkyl-substituted tertiary amide
substrate, a moiety acting as a suitable small-molecule mimic
for the PDMA repeat units. Fully alkyl-substituted tertiary
amides are considered the most thermodynamically stable
amides, owing to their inherent planar geometry, highest
C(acyl)−N rotation energy, and lowest carbonyl electro-
philicity.19,24 Using N,N-dimethylisobutyramide bearing α-

branching at the carbon center as a small-molecule model
surrogate for PDMA and benzylamine as the nucleophile, we
successfully obtained the transamidated product in high yield
in the presence of LiHMDS, a sterically hindered non-
nucleophilic base that has recently been utilized in electrophilic
amide bond activation.25−27 The reactions were carried out in
toluene/THF at slightly elevated temperatures (Figures 2A, S1
and S2).
Encouraged by these initial results, we shifted our focus to

the macromolecular system. Using photoiniferter polymer-
ization,28 a reversible-deactivation radical polymerization

Figure 1. (A) Transamidation of activated tertiary amides such as N,N-Boc2-benzamide has been achieved through ground-state destabilization, as
initially reported by Szostak et al.18,19 This approach was subsequently applied to a macromolecular system by Hillmyer et al.20 (B) Lithium
hexamethyldisilazane (LiHMDS)-mediated transamidation of unactivated tertiary amides (with a resonance energy (ER) of 15−20 kcal/mol)
initially pioneered by Szostak et al.21 In this work, we subject conventional acrylamide polymers to transamidation by way of a novel PPM
approach. (C) Reactivity spectrum of tertiary amides, ranging from the highly reactive ground-state destabilized twisted amides like N-acyl-
glutarimides22 to the least reactive fully alkyl-substituted amides.23

Figure 2. (A) Proof-of-concept experiment demonstrating the
feasibility of direct transamidation mediated by LiHMDS on a fully
alkyl-substituted tertiary amide, specifically using N,N-dimethylisobu-
tyramide as a model for PDMA repeat units. (B) LiHMDS-mediated
transamidation of PDMA using various amine nucleophiles.
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(RDRP) technique,29−31 we synthesized well-defined low-
molecular-weight PDMA with a number-average molecular
weight (Mn,SEC) of 8.2 kg·mol−1 and a dispersity (Đ) of 1.03 as
determined by size-exclusion chromatography (SEC) (Figure
3A). This substrate allowed us to probe the direct trans-
amidation of polymers featuring fully alkyl-substituted N,N-
dialkylamides (Figure 2B). To preclude aminolysis and
potential side reactions involving the trithiocarbonate (TTC)
end group in subsequent transamidation processes, we
photolytically removed the TTC by exposing PDMA-TTC to
long-wave UV light in the presence of a hydrogen atom donor,
resulting in PDMA with hydrogen end groups (PDMA-H).32

SEC analysis confirmed the successful end-group removal,
evidenced by the disappearance of the UV signal at 320 nm in
the trace of PDMA-H (Figure 3C). Additionally, no noticeable
alteration in molecular weight and distribution was observed,
as shown by the overlaid refractive index (RI) traces of PDMA-
TTC and PDMA-H (Figure 3B).
We then sought to apply the direct transamidation approach

to PDMA-H, employing the reaction conditions initially used
for the small-molecule analog. Specifically, we used benzyl-
amine (2.0 equiv relative to the N,N-dimethyl amide moieties
of PDMA) and LiHMDS (3.0 equiv) in a toluene/THF
mixture at 60 °C. Encouragingly, we achieved a 42%
conversion in the polymer system, as confirmed by 1H NMR
spectroscopy (Figure S9). Further optimization was performed
(Table S1, Figures S10−S19), which led to a quantitative
transamidation to poly(N-benzylacrylamide) (PBnA) when the
nucleophile excess was increased to 5.0 equiv and the reaction
temperature was elevated to 100 °C in toluene (Figure 3A). 1H
NMR spectroscopy revealed the complete disappearance of the
N,N-dimethyl protons and the emergence of the characteristic
protons of N-benzyl amide (Figure 3D,E). Furthermore, the
SEC trace for PBnA displayed a shift to lower elution times,
indicating an increase in molecular weight (Mn,SEC = 13.5 kg·
mol−1 and Đ = 1.03) relative to the parent PDMA-H (Figure
3B).

As compared to other approaches for efficient synthetic
upcycling of low-reactivity polymers that often rely on
continuous removal of byproducts to drive the equili-
brium,12,33,34 our strategy resembles others35 that occur
through an irreversible mechanism, obviating the need for
specialized experimental setups. Indeed, density functional
theory calculations on small-molecule substrates revealed that
the N−H bond in the secondary amide product undergoes
deprotonation by LiHMDS, resulting in a stable amidate
lithium complex, a process that helps to thermodynamically
drive the overall transformation.21 The necessity of using an
excess of LiHMDS (3.0 equiv) for complete transamidation
with benzylamine is underscored by the diminished conversion
(59%) when only 1.0 equiv of LiHMDS and otherwise
identical reaction conditions were employed (Table S1, entry
S8, and Figure S16).
Notably, the absence of LiHMDS resulted in only 30%

conversion and poor selectivity, as evidenced by the
appearance of additional peaks in the NMR spectrum (Figure
S15). In contrast, no transamidation occurred at room
temperature even with LiHMDS, underscoring the critical
role of both elevated temperature and LiHMDS for the direct
transamidation of PDMA with benzylamine (Figure S14). This
observation aligns with expectations of a heightened kinetic
barrier in the macromolecular system due to increased steric
hindrance compared with small-molecule reactions.
With optimal conditions in hand, we proceeded to expand

the substrate scope of the direct transamidation of PDMA.
Utilizing high-boiling-point primary amines like 3-phenyl-1-
propylamine and n-hexylamine, we achieved quantitative
conversion (>95%), as confirmed by 1H and 2D 1H−13C
heteronuclear single-quantum correlation (HSQC) NMR
spectroscopy (Figure 4, Figures S20−S24). More sterically
hindered primary amines, such as cyclohexylamine, gave 70%
conversion (Figure S25). Moreover, functional groups like
methoxy and tertiary amines, present in 2-methoxyethylamine
and N,N-dimethylethylenediamine, respectively, were toler-
ated, resulting in more than 80% conversion to the

Figure 3. (A) Reaction scheme of photoiniferter polymerization of DMA and subsequent photolytic TTC end-group removal to obtain PDMA-
TTC and PDMA-H, respectively. Lastly, LiHMDS-mediated direct transamidation of PDMA-H with benzylamine to yield PBnA. (B) Overlaid
differential refractive index (dRI) SEC traces of PDMA-TTC, PDMA-H, and the transamidated polymer PBnA. (C) Overlaid UV SEC traces of
PDMA-TTC and PDMA-H, confirming the removal of the TTC end-group. (D) 1H NMR spectrum of PDMA-H and (E) 1H NMR spectrum of
PBnA after transamidation of PDMA-H with benzylamine, showing the complete disappearance of the peaks of the N,N-dimethyl amide moieties of
PDMA at δ = 2.8 ppm.
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corresponding transamidated acrylamide polymers (Figures 4,
S26 and S27). Conversely, using furfuryl amine, despite its
similar pKa and nucleophilicity to benzylamine, we achieved
only moderate conversion of 50% (Figure S28). While less
efficient, secondary amines such as N,N-dibutylamine and 4-
methylpiperidine were also capable of transamidation of
PDMA, achieving moderate conversion (Figures S29 and
S30). Less nucleophilic aromatic amines like aniline and 4-
methoxyaniline yielded only trace amounts of transamidation,
a finding confirmed on our small-molecule PDMA model
substrate.
Attempting to transamidate the fully alkyl-substituted

tertiary amide, N,N-dimethylisobutyramide, using 4-methox-
yaniline resulted in low conversions, even after extended
reaction times for 2 days at elevated temperatures (Figures S31
and S32). LiHMDS-mediated transamidation of tertiary alkyl
amides with less nucleophilic aromatic amines proved to be
thermodynamically unfavorable.36 This is exacerbated by the
electron-donating nature of the three alkyl groups (R1−3)
present in fully aliphatic tertiary amides (R1-C(�O)-N(R2)-
R3), which further diminish the reactivity of these amides
toward nucleophilic acyl substitution.37 This result sharply
contrasts with the high efficiency of LiHMDS-mediated
transamidation observed in small-molecule tertiary amides
with aryl substituents, such as N,N-dimethylbenzamide, with
anilines, as demonstrated by the Szostak group (Figure 1B).21

To date, the PPM of synthetic ultrahigh-molecular-weight
(UHMW) polymers, specifically those with molecular weights
exceeding 106 g·mol−1, has not been reported, despite growing

interest in engineering functional UHMW polymers to better
mimic the size of naturally occurring macromolecules such as
mucins and lubricins.38−40 We reasoned that recent advances
in accessing UHMW acrylamide and (meth)acrylate polymers
through photoiniferter polymerization,41,42 particularly
PDMA,43,44 along with the direct transamidation of PDMA,
paves the way for new opportunities in the diversification of
UHMW polymers. As a proof of concept, we subjected well-
defined UHMW PDMA (Mn,SEC = 1220 kg·mol−1, Đ = 1.14,
degree of polymerization (DPn) = 12,000) synthesized by
photoiniferter polymerization to the optimized transamidation
conditions using benzylamine in the presence of LiHMDS
(Figure 5A). Subsequent 1H NMR spectroscopy revealed the

quantitative conversion of UHMW PDMA to the trans-
amidated UHMW PBnA, evident from the appearance of the
characteristic proton peaks corresponding to PBnA (Figures
5B and S33). Notably, SEC analysis of the transamidated
UHMW polymer indicated an increase in molecular weight
(Mn,SEC = 2050 kg·mol−1, Đ = 1.26), aligning closely with the
theoretical molecular weight (Mn,theory = 1935 kg·mol−1)
predicted by 1H NMR spectroscopy, assuming complete
transamidation (Figure 5C). Remarkably, the SEC trace of
the UHMW PBnA remained monomodal with relatively low Đ
after the transamidation process, suggesting the absence of side
reactions that would lead to polymer degradation or cross-
linking and reinforcing the feasibility of LiHMDS-mediated
direct transamidation for acrylamide polymers in the UHMW
range. Notably, attempts to directly polymerize N-benzylacry-
lamide targeting UHMW (DPn = 12,000) under optimal
photoiniferter conditions resulted in polymers with signifi-
cantly lower molecular weights than expected, as evidenced by
the marked discrepancy between the measured Mn,SEC = 204
kg·mol−1 and theoretical Mn,theory = 1670 kg·mol−1, along with
broad molecular weight distributions (Đ > 2) (Figure S32).
These findings demonstrated an uncontrolled polymerization,

Figure 4. Amine scope of the LiHMDS-mediated direct trans-
amidation of poly(N,N-dimethylacrylamide) for R1 = Me and poly(N-
methyl-N-phenylacrylamide) for R1 = Ph. Reaction conditions for R1
= Me: toluene at 100 °C and 5.0 equiv of aamine nucleophile; for R1 =
Ph: toluene/THF (2:3) at 60 °C and 2.0 equiv of aamine nucleophile.
bConversion was determined using 1H NMR spectroscopy.

Figure 5. (A) Reaction scheme for the LiHMDS-mediated trans-
amidation of UHMW PDMA with benzylamine to obtain UHMW
poly(N-benzylacrylamide) (PBnA). (B) 1H NMR spectrum of
transamidated UHMW PBnA, recorded in DCM-d2. (C) Overlaid
SEC traces of the UHMW PDMA and UHMW PBnA showing the
shift to lower elution time upon transamidation.
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potentially attributed to chain transfer to a monomer involving
benzylic hydrogen abstraction. This emphasizes the merit of
directly transamidating readily accessible UHMW PDMA as a
promising approach to obtaining a broad range of UHMW
acrylamide polymers.
In pursuit of expanding the reaction scope of this

transamidation method to accommodate less nucleophilic
aromatic amines, we sought to incorporate N-alkyl-N-aryl
tertiary amides into acrylamide polymers. These aryl amides
exhibit enhanced reactivity toward direct acyl N−C(O) bond
cleavage with less nucleophilic aromatic amines, compared to
fully alkyl-substituted tertiary amides like the N,N-dimethyl
amides found in PDMA.45 Specifically, we synthesized N-
methyl-N-phenyl-acrylamide (MPA) which features an elec-
tron-withdrawing phenyl substituent on nitrogen, leading to
resonance destabilization and thereby weakening the N−C(O)
bond (Figures 6A, S3, and S4). For instance, the resonance

stabilization of N-methyl-N-phenylbenzamide (ER = 13.5 kcal/
mol) is significantly lower than that of N,N-dialkyl tertiary
amides, such as N,N-dimethylbenzamide (ER = 16.0 kcal/mol)
and N,N-dimethylacetamide (ER = 18.3 kcal/mol).46 Given
that MPA has previously only been polymerized through
metallocene-mediated coordination polymerization47 and
conventional radical polymerization methods in the context
of stereoregular polymers,48,49 we initially explored the kinetics
and control of copolymerizing MPA and DMA using
photoiniferter polymerization. Our aim was to achieve varying
molecular weights and levels of MPA incorporation, resulting
in different P(DMA-co-MPA) copolymers (Figures 6A and

S33−S50). SEC analysis showed clean shifts of the traces to
lower elution times as the polymer chains grew over the course
of the copolymerization (Figure 6B). Additionally, the linear
pseudo-first-order kinetics plot indicated a constant radical
concentration throughout the copolymerization (Figure 6C).
Moreover, Mn,SEC showed a linear increase with conversion and
aligned well with the theoretical number-average molecular
weight determined by 1H NMR spectroscopy (Mn,theory)
(Figure 6D). All of these results together indicated that
photoiniferter copolymerization of DMA and MPA was well
controlled. Furthermore, 1H NMR spectroscopy revealed that
the molar ratio of unreacted MPA to DMA remained constant
during copolymerization, suggesting that both monomers were
incorporated at similar rates and were uniformly distributed
along the polymer chain (Figure 6E). Statistical copolymeriza-
tion of DMA and MPA was confirmed by determining the
reactivity ratios of DMA (rDMA = 0.83) and MPA (rMPA =
1.01). This was achieved by applying a nonterminal fitting
model to the monomer conversion versus time data, utilizing
the Beckingham−Sanoja−Lynd (BSL) equations.50 Detailed
information regarding this analysis is provided in the ESI
(Figure S63).
With the statistical copolymers in hand, we explored the

LiHMDS-mediated transamidation using the less nucleophilic
aromatic amine, 4-methoxyaniline, under modified reaction
conditions, specifically THF/toluene mixture at 60 °C. Owing
to the higher acidity of anilines (pKa = 25−30 in DMSO)51,52
compared to aliphatic primary amines (pKa = 35−40 in
DMSO),53 these derivatives undergo deprotonation when
exposed to the strong base LiHMDS (pKa = 25.8 in THF).

54

This required the use of a more polar and coordinating solvent,
such as THF, to solubilize the likely formed lithium complex
with the deprotonated aniline anion,21 suggesting that different
mechanisms are at play in LiHMDS-mediated transamidation
when using aliphatic versus aromatic amines. Remarkably, 1H
NMR spectroscopy revealed selective transamidation of the
more reactive N-methyl-N-phenyl amide moieties of P(DMA-
co-MPA) copolymers containing 5 or 50 mol % of MPA, while
the DMA-derived amide remained unaffected, resulting in
poly(DMA-co-N-(4-methoxyphenyl) acrylamide) (P(DMA-co-
MeOPA)) (Figures S37−S40 and S48−S50). Additionally, the
selectivity between DMA and MPA moieties was confirmed
using 2D HSQC spectroscopy, which resolved overlapping
signals in broad polymeric peaks evident in the 1H NMR
spectra (Figures S39, S49, and S50). This implies that the
reactivity trend of tertiary amides, as dictated by the type of
nitrogen substituent according to the work of Szostak et al.,
can also be applied to macromolecular systems.
Exploiting photoiniferter polymerization to access extraordi-

narily high DPn, we also synthesized a UHMW version of
P(DMA-co-MPA) featuring 10 mol % MPA (Mn,SEC = 935 kg
mol−1, Đ = 1.11). SEC characterization revealed a uniform
shift of molecular weight during the polymerization, polymers
with low Đ, and good agreement between experimental and
theoretical molecular weights, all of which indicated controlled
polymerization (Figure S53). Finally, we performed a
sequential transamidation experiment of UHMW P(DMA-co-
MPA), initially with 4-methoxyaniline and then with benzyl-
amine, to demonstrate the chemoselectivity between pendent
N,N-dimethyl and N-methyl-N-phenyl amide groups (Figure
7A). Following the first reaction with the less nucleophilic 4-
methoxyaniline, 1H NMR spectroscopy indicated complete
transamidation of the N-methyl-N-phenyl amide moieties,

Figure 6. (A) Reaction scheme of the photoiniferter copolymerization
of DMA and MPA. (B) Evolution of SEC traces over time during
copolymerization showing monomodal shifts toward lower elution
volumes. (C) Pseudo-first-order kinetics for the photoiniferter
copolymerization of DMA and MPA using the averaged concentration
of both monomers, where the black line indicates the linear fit with R2
= 0.995. (D) Mn,SEC versus monomer conversion showing good
agreement with Mn,theory up to high conversion while maintaining low
dispersity (Đ). (E) Ratio of unreacted MPA to DMA throughout the
copolymerization, indicating proportional and statistical incorporation
of each comonomer into the polymer.
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while the N,N-dimethyl amides remained unaltered, as
evidenced by the aromatic intensities in the transamidated
copolymer (4H) aligning well with those of the starting
material (5H) (Figures 7C,D and S53−S59). A subsequent
reaction with benzylamine, using the previously optimized
reaction conditions, yielded the doubly transamidated polymer
product UHMW P(BnA-co-MeOPA) (Figures 7E and S60).
Additional confirmation of the chemoselectivity between the
pendant DMA and MPA moieties was provided by 2D HSQC
NMR spectroscopy (Figure S62). Notably, SEC analysis
showed a distinct shift to a lower elution volume,
corresponding to an increase in molecular weight (Mn,SEC =
1640 kg mol−1), which aligned well with the theoretical
molecular weight calculated from quantitative conversion as
verified by 1H NMR spectroscopy (Mn,theory = 1546 kg mol−1)
(Figure 7B). This represents the first demonstration of a
chemoselective PPM on a UHMW copolymer with an
extraordinarily high DPn of approximately 10,000.

■ CONCLUSIONS
In summary, we have successfully reported a novel PPM
technique that utilizes the LiHMDS-mediated transamidation
of unactivated tertiary amides to diversify acrylamide polymers,
especially poly(N,N-dimethylacrylamide) (PDMA). Unlike
traditional PPM approaches that require additional functional
monomer synthesis and may suffer from poor atom economy
and susceptibility to hydrolysis, our method makes use of the
bench-stable and typically inert PDMA as a precursor polymer.
The method demonstrated a broad substrate scope, tolerating
amines with pendent functional groups, and achieved
quantitative to moderate conversions. Building on recent
advances in UHMW polymer synthesis, we unveiled new
possibilities for modifying UHMW acrylamide polymers. We
also demonstrated that our method could be extended to
acrylamide copolymers that incorporate more activated N-

alkyl-N-aryl tertiary amides, expanding the scope to less
nucleophilic aromatic amines and allowing for the chemo-
selective transamidation of acrylamide copolymers containing
amides with differing reactivities, as ultimately exemplified on a
UHMW copolymer. The current study enriches the toolset
available for the precision synthesis of advanced polymers,
showcasing the untapped potential of leveraging small-
molecule chemistry for macromolecular modifications. Future
work focuses on further expanding the substrate scope and
exploring the practical applications of these newly synthesized
polymers.
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