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ABSTRACT: Monomers and polymers containing amine-reactive azlactone functionality are
useful for the design of a broad range of soft materials. The vinyl monomer 2-vinyl-4,4-
dimethylazlactone (VDMA), which can be readily polymerized to poly(2-vinyl-4,4-
dimethylazlactone) (PVDMA) using free radical methods, has been widely used for these
purposes, but the synthesis of other alkenyl azlactone derivatives having other substituents in the
4-position presents several challenges. Here, we report the synthesis and characterization of novel
4’-acyl(oxy) alkenyl azlactones using approaches based on the Steglich rearrangement. We report
both stepwise and one-pot Steglich rearrangement approaches to the synthesis of 2-isopropenyl-4-
methyl-4’-acylazlactones from 2-isopropenyl-4-methylazlactone and acyl halides using DMAP
and DMAP derivatives as nucleophilic acyl transfer catalysts. This approach enables the synthesis
of disubstituted alkenyl azlactone derivatives having a variety of substituted alkyl and aryl ester
and ketone groups in the 4-position. The resulting alkenyl azlactones react readily through ring-

opening reactions with amine-based nucleophiles and can also be polymerized by AIBN-initiated



free radical polymerization to yield new amine-reactive polymers. In addition, we demonstrate an
approach to the synthesis of enantioenriched alkenyl azlactone monomers using an asymmetric
DMAP derivative and a novel procedure for the in situ activation of carboxylic acids that
eliminates the need for acyl halide-based starting materials during the Steglich rearrangement. Our
results provide new and useful approaches to the design of alkenyl azlactone-based monomers and

polymers with novel structures that would be difficult to synthesize using conventional methods.



Introduction

Polymers bearing side-chain functionality that can react in a predictable and controlled
manner with other agents are useful as building blocks for the design of new materials. Many
reactive polymers are synthesized using monomers that contain functional groups that are
chemically orthogonal to those used for polymerization but that can react further under specific
conditions or with other functional groups after polymerization. For vinyl monomers synthesized
by free radical polymerization, the range of secondary functionality that can be selected is quite
broad, with so-called ‘activated ester’ groups, such as N-hydroxysuccinimidyl (NHS) and
pentafluorophenyl (PFP) esters, being two salient and widely used examples.!> These activated
ester groups can react under relatively mild conditions with a range of nucleophiles, including
amine- and hydroxyl-functionalized species, to introduce new side-chain functionality, promote
crosslinking, or anchor polymer chains covalently onto other appropriately functionalized
surfaces. The fundamental physicochemical behaviors and potential applications of these activated
ester monomers and a host of other reactive monomers and polymers are the subject of many
comprehensive reviews. !

The work reported here was motivated broadly by the unique chemistry, versatility, and
potential practical utility of polymers functionalized with azlactone groups. Azlactone, or 5(4H)-
oxazolone, groups are cyclic structures that can react through ring-opening reactions with a range
of nucleophiles, including primary amine, hydroxyl, and thiol groups.”!> These ring-opening
reactions often occur rapidly, under mild conditions, and, in the case of primary amine-based
nucleophiles, in the absence of a catalyst. In contrast to polymers functionalized with NHS or PFP
groups, these post-polymerization ring-opening reactions do not generate additional reaction

byproducts (e.g., leaving groups, etc.). Several of these useful features are illustrated in Scheme 1,



which shows the free-radical polymerization (FRP) of the vinyl monomer 2-vinyl-4,4-
dimethylazlactone (VDMA) to form poly(2-vinyl-4,4-dimethylazlactone) (PVDMA), and (ii) the

subsequent side chain functionalization of PVDMA by treatment with an amine-based nucleophile.
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Scheme 1. Free radical polymerization of the monomer VDMA to the polymer PVDMA, followed
by subsequent ring-opening of the pendant azlactone group using a primary amine nucleophile.

Many past reports on the design of azlactone-functionalized polymers have made use of
VDMA as a monomer building block, owing, in part, to the synthetic accessibility of this monomer
and, in part, to the stability of the reactive azlactone structure under many free-radical
polymerization conditions.” - 13-2 VDMA and VDMA -based monomers are typically synthesized
from the commercially available amino acid 2-methylalanine and acryloyl chloride, and can be
readily polymerized (or copolymerized) using a range of conventional or controlled processes to
synthesize high molecular weight reactive PVDMA-based materials (that can, in turn, be
functionalized, post-polymerization, in many useful ways).” 1315 17-22. 24-30 While VDMA and
PVDMA have proven to be versatile building blocks for the design and functionalization of new
reactive materials, there has also been considerable interest in the design of monomers and
polymers containing alternative or derivative azlactone structures that could attenuate reactivity
and/or be used to tune the physicochemical properties of these materials and open the door to new

applications of azlactone-functionalized materials.



Many of the most recent investigations into new azlactone-functionalized monomers and
polymers have been reported by Heilmann, Rasmussen, and coworkers at the 3M Corporation,
with most literature reports on synthetically useful materials being limited to monomers having
alkyl, alkyl spirocycle, or phenyl (Ph) substituents at the 4-position (Figure 1A).!!-17-3! In general,
disubstitution at the 4-position has been found to be important (e.g., as exemplified by the structure
of VDMA; see Figure 1). Although it is possible to synthesize vinyl azlactones containing only
one substituent in the 4-position, monomers bearing one alkyl group and a hydrogen in the 4-
position are generally less stable and/or have proven difficult to polymerize into useful materials.
9. 11, 13, 32-34 Pagt studies have reported monosubstituted monomers to undergo rearrangement to a
corresponding ‘pseudoazlactone’ structure (e.g., p-Az, Figure 1B) that is no longer useful as a
monomer for free-radical polymerizations.” 32 3% 36 Past studies have also reported that the
presence of a hydrogen in the 4-position can lead to chain transfer reactions that can prevent the
synthesis of high molecular weight materials.!!- !> While a limited number of disubstituted amino
acids outside of 2-methylalanine are commercially available as potential starting materials for the
design of new vinyl azlactones, they are generally expensive and the synthesis of new quaternary
amino acids increases the number of synthetic steps needed, as well as the number of isolations

and purifications necessary, to synthesize and explore the properties of new monomers.
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Figure 1. a) Generalized structures of some previously reported alkenyl azlactones. b)
Rearrangement of 2-isopropenyl-4-methylazlactone to the corresponding pseudoazlactone (p-Az).

The work reported here sought to explore new routes to the synthesis of vinyl azlactones
that do not rely on the availability of disubstituted amino acid starting materials required by
conventional monomer synthesis schemes. Here we note that, while vinyl-substituted azlactones
such as VDMA are particularly useful for polymerization, there is a rich and broad literature
describing the synthesis and transformation of many other types of azlactone derivatives (e.g., in
the context of natural products synthesis and other organic chemical reactions).** 37> While many
of those structures are substantially more complex and are, in general, not well suited for
subsequent polymerization, we reasoned that those past studies could provide guidance useful for
the design of new synthetic routes to vinyl azlactones. As one example, we first identified a
modified Dakin-West synthesis first reported by Iwakura et. al., from which an intermediate 4’-
acyl azlactone could be isolated.*® This approach initially showed promise, as several alkenyl
azlactones had previously been isolated as intermediates as a result of that work, however a series
of exploratory studies revealed synthetic conditions to be relatively harsh and, in our hands,

isolation typically led to ring-opening of the azlactone.



During the course of that work, we also identified the Steglich rearrangement as a potential
alternative synthetic route to substituted vinyl azlactones. In contrast to the Dakin-West approach
and early approaches by Steglich,**-#* both of which require the use of stoichiometric or excess
pyridine, the Steglich rearrangement uses a more reactive nucleophilic acyl transfer reagent at
catalytic loadings to promote acyl group transfer from an oxazole carbonate or oxyacyl oxazole
starting material to either the C-2 or C-4 position of the heterocycle to form the corresponding
azlactone product (Figure 2).** It has been reported that the regioselectivity of the acyl transfer is
controlled by the functional group located at the C-2 position, with electron withdrawing groups
(EWGs) at the C-2 position directing the acyl group to C-2 and electron donating groups (EDGs)
directing acyl transfer to the C-4 position.** > This transformation was first reported by Steglich
et. al. in 1970 and typically uses a 4-dimethylaminopyridine (DMAP)- or 4-pyrrolidinopyridine
(PPY)-based catalyst.** The rearrangement has recently seen renewed interest following the first
reported asymmetric Steglich rearrangement by the Fu group in 1998,% which has led to many
efforts to synthesize asymmetric DMAP- and PPY-based catalysts*® 46->2 and other novel catalyst
designs useful for the synthesis of azlactones and other small molecules in which an O to C acyl

transfer takes place.?’- 38 92-60
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Figure 2. A representative and generalized Steglich-type rearrangement reaction with C-2 and C-
4 positions highlighted in red and blue, respectively. The regiochemistry resulting from the
Steglich-type rearrangement depends on the identity of the substituent at the C-2 position, R3. If
R3 is an EWG the acyl group will be transferred to C-2, and if R? is and EDG the acyl group will
be transferred to C-4.

We reasoned that the Steglich rearrangement could offer a novel route to the synthesis of a
wide range of alkenyl azlactone monomers that are disubstituted at the C-4 position and offer
several other benefits, including: (i) access to a wider range of 4’ functionalities than previously
reported, through the wide range of commercially available and readily synthesized acid chlorides
and chloroformates, and (ii) the reaction could be conducted without using pyridine as a solvent,
improving isolation in comparison to the modified Dakin-West procedure.* 46 48 49 51, 53-56
Additionally, in view of past studies on the design of asymmetric acyl transfer catalysts, it occurred
to us that this synthetic route could potentially provide access to asymmetric alkenyl azlactones
and, thereby, novel asymmetric azlactone-functionalized polymers. It was not clear at the outset of
this work, however, whether this transformation would be general toward EDGs located at the C-

2 position of the oxazole, as previous reports have focused on Ph or electron donating aryl

substituents (most commonly para-methoxyphenyl) at the C-2 position; to the best of our
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knowledge, there are no literature reports of Steglich rearrangements with vinyl or isopropenyl
functionalities at the C-2 position.*4 46 48,49, 51, 53-56

In the sections below, we report on the synthesis and characterization of a variety of novel
4’-acyl(oxy)alkenyl azlactones using a Steglich rearrangement approach. We demonstrate that this
approach can be used to design disubstituted vinyl azlactone VDMA derivatives having a variety
of different alkyl and aryl ester and ketone groups in the 4-position. Several of these new
monomers react readily through ring-opening reactions with amine-based nucleophiles and can be
polymerized to provide access to novel amine-reactive polymers. In addition, we report (i) a
modified and more economic ‘one pot’ procedure for the synthesis of these monomers that reduces
the number of required isolation and purification steps required, (ii) a novel approach to the in situ
activation of carboxylic acids for Steglich rearrangement, and (iii) the basis of an approach to the
synthesis of enantioenriched vinyl azlactone monomers using an asymmetric DMAP-based
catalyst. Overall, our results show that the Steglich rearrangement can provide new and useful

approaches to the design of new vinyl azlactone-based monomers and, thereby, access to novel

reactive polymer structures that would be difficult to synthesize using conventional methods.

Materials and Methods

A full account of the materials and methods used in this study can be found in the
Supporting Information. This information includes (i) detailed information about all chemicals and
materials used and descriptions of all analytical methods used, including instrument types and
parameters, (ii) detailed descriptions of general and specific experimental procedures for all
starting materials, catalysts, O-acyl oxazoles, 4’-acyl(oxy) azlactones, and azlactone polymers,

including all relevant characterization data, (iii) supplemental data for several synthesized O-acyl



oxazoles, the reaction scheme for an asymmetric catalyst, and tables summarizing all monomers
and polymers synthesized, characterized, and discussed in the main text, and (iv) NMR spectra for
all synthesized starting materials, catalysts, O-acyl oxazoles, 4’-acyl(oxy) azlactones, and

azlactone polymers.

Results and Discussion

Steglich Rearrangement to Yield a Model 4°-Acyl Alkenyl Azlactone Monomer

To begin our investigation of the Steglich rearrangement as an approach to the synthesis of
alkenyl azlactones, we selected alkenyl azlactone 2-isopropenyl-4-methylazlactone 2 (Scheme 2)
as a model substrate. This substrate is monosubstituted in the 4-position with a methyl substituent
that we reasoned would minimize potential steric effects that could impact the rearrangement. We
selected a substrate having an isopropenyl group, rather than a vinyl group, at the 2-position for
these initial studies, based on initial experiments suggesting that this isopropenyl-based monomer
exhibited greater stability toward undesired autopolymerization and other forms of degradation
than the corresponding vinyl derivatives. Compound 2 can be readily synthesized in two steps
from alanine, a readily available amino acid, and methacryolyl chloride by first synthesizing
methacryloylalanine 1 through the Schotten-Baumann reaction, followed by dehydrative ring
closing using N,N’-diisopropylcarbodiimide (Scheme 2). In general, compound 2 could be isolated
in sufficient purity for all subsequent transformations without the need for additional purification

steps, preventing loss of yield due to decomposition during purification.
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Scheme 2. Synthesis of model monosubstituted alkenyl azlactone 2 and subsequent O-acyloxy
oxazole 3a and Steglich rearrangement to 4,4’-alkenyl azlactone 4a using ethyl chloroformate as
a model acyl group, yielding novel ester functionality at the C-4 position.

Following a procedure similar to that previously reported by Ruble et. al.,*® the addition of
ethyl chloroformate and triethylamine (TEA) to compound 2 led to a rapid reaction resulting in
oxazole carbonate 3a in good yield after column purification. A Steglich rearrangement of 3a was
then attempted using conditions again similar to Ruble er. al.,*® using dichloromethane (DCM) as
the solvent, as this had previously been reported to be suitable in initial work by Steglich,** and
DMAP as the nucleophilic acyl transfer reagent. This resulted in a rapid reaction that yielded 4,4’-
derivatized azlactone 4a, exhibiting a novel ethyl ester substituent, in good yield (Scheme 2). As
discussed above and illustrated in Figure 2, past studies have suggested that the regiochemistry of
the Steglich-type rearrangement can be influenced by the electronic nature of the R? substituent at
the C-2 position, with electron-donating groups favoring acyl migration to the C-4 position. The
observation of successful rearrangement of 3a to 4a, along with the results of rearrangements to
yield other isopropenyl monomer derivatives discussed below, suggests that the isopropenyl
substituent at the R? position may behave as an electron-donating group in this context. Additional
details of all synthetic protocols, work up procedures, and methods used for purification and

characterization of compounds can be found in the Supporting Information. Table S1 of the
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Supporting Information provides a tabular summary of the structures and provides other useful
information for all new 4,4’-derivatized azlactone monomers synthesized and characterized in this
study.

During our initial work, we found that, while this model reaction is relatively robust, there
is a possible side reaction that can occur during the formation of the O-acylated oxazole 3 that
leads compound 2 to rearrange to form pseudoazlactone p-Az. This well-known rearrangement
was discussed briefly in the Introduction, above.” 3% 3% 3¢ We believe that this rearrangement is
most likely to occur after the deprotonation of compound 2 by TEA, but before the resulting
enolate can react with the acyl chloride (in this case, ethyl chloroformate). Formation of this side
product can be addressed, at least in part, by the order of addition of the reagents, for example by
adding the base and acyl chloride via co-addition, as this should allow for more rapid reactivity of
the enolate of 2, providing less time in solution to rearrange or react to form other possible side
products. We also found, similar to a previous report,®® that it is important to perform these
reactions under anhydrous conditions; in the O-acylation step, it is likely that adventitious water
may also assist with proton transfer and rearrangement and thus also promote side reactions. In the
Steglich rearrangement step, water can prevent formation of the desired product 4 and result,
instead, in the reformation of starting material 2. The Steglich rearrangement catalytic cycle
(Scheme 3) has been previously proposed to proceed through an intermolecular reaction where the
azlactone enolate of 2 forms an ion pair with the acyl pyridinium formed by DMAP and the acyl
group to be transferred.*® At this step, the enolate is sufficiently basic to be protonated by water or

other proton sources, resulting in the reformation of 2.
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Figure 3. Schematic depicting the general Steglich rearrangement catalytic cycle proposed by
Ruble et. al.,*® modified here to show the appropriate substrates and catalyst used in this present
study.

Characterization of Ring-Opening Reactions and Polymerization of Azlactone Monomer 4a

We next investigated whether novel 4,4’-derivatized azlactone 4a, having both a methyl
and an ester substituent in the C-4 position, would maintain the facile ring-opening reactivity
toward primary amines and hydroxyl groups generally associated with azlactones such as VDMA.
VDMA and the resulting polymer PVDMA react rapidly with primary amines at room temperature
without the need for a catalyst, but only react with primary alcohols in the presence of a base
catalyst such as 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU).% 12 13. 18.28 Azlactone 4a reacted with
n-decylamine rapidly and quantitatively in situ (within 10 minutes) in DMSO-ds to yield ring-
opened product 5a, as determined by '"H NMR spectroscopy (Scheme 3; see additional details
provided in the Supporting Information for these and all other related experiments described here).
As anticipated, we observed no reaction by either 'H or 13C NMR when azlactone 4a was treated

with 1-decanol under otherwise identical conditions. However, we did observe ring-opening when
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azlactone 4 was treated with primary alcohols in the presence of DBU as a catalyst. As depicted in
Scheme 3, treatment of 4a with pentanol and DBU at 50 °C using conditions similar to a previous
report®® resulted in the complete overnight conversion of 4a to compound 6a, as evidenced by 'H
and 13C NMR spectroscopy (see additional details in the NMR Spectra section of the Supporting
Information). The results of these studies demonstrate that the installation of an acyl group in the
C-4 position of the azlactone ring does not negatively influence reactivity with primary amines
and alcohols relative to that typically associated with coventional vinyl azlactone-based monomers

such as VDMA.
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Scheme 3. Reactions of 4a with the model primary amine n-decylamine (a) and the model primary
alcohol 1-pentanol (b).
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The results of additional experiments demonstrated that novel isopropenyl-functionalized
azlactone 4a could be successfully polymerized using conventional free radical polymerization

methods. Initial attempts to polymerize monomer 4a using AIBN as an initiator and reaction
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conditions commonly used to polymerize VDMA (e.g., 60° C for 24 hours)®! revealed this
monomer to polymerize to polymer(4a), albeit more slowly and in lower yields (<5 %) relative to
VDMA. This result is generally consistent with the results of past studies reporting that
isopropenyl derivatives of VDMA polymerize more slowly than vinyl-substituted VDMA.!3
However, we were able to polymerize monomer 4a to polymer(4a) in higher yields (20 %) after
polymerization for 48 hours at 70° C (Scheme 4). Characterization of polymer(4a) by GPC
revealed it to have a monomodal molecular weight distribution (Figure 4) with a number-average
molecular weight (M) of 11.2 kDa relative to polystyrene standards and a dispersity (D) of ~1.8
(see Supporting Information; Table S2 of the Supporting Information provides a tabular summary
of the structures and provides other useful information for all new azlactone-functionalized and

side-chain substituted polymers synthesized and characterized in this study.).
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Scheme 4. AIBN-initiated free radical polymerization of monomer 4a to polymer(4a) and
subsequent post-polymerization reaction of polymer(4a) with n-proplyamine to yield side chain
substituted polymer(4a-Pr).
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Figure 4. Plot showing the GPC refractive index trace of polymer(4a).

Additional quantitative characterization of polymer(4a) by 3C NMR showed that the
azlactone ring of polymer(4a) remained closed and unhydrolyzed during extended polymerization
and subsequent isolation. Subsequent treatment of polymer(4a) with n-propylamine revealed the
azlactone side groups to react rapidly and quantitatively to yield ring-opened and propyl-
substituted polymer(4a-Pr) (Scheme 4; as determined by "H NMR spectroscopy; see NMR Spectra
section of the Supporting Information for additional details). Additionally, there was no evidence
of reaction of the primary amine at the 4’-ester group, indicating that the reaction between primary
amines and novel azlactones with ester groups at the 4-position can be directed selectively to the
azlactone carbonyl carbon. The results of these experiments demonstrate that the novel structure
of acyl- and isopropenyl-substituted azlactone 4a made accessible via the Steglich rearrangement
retains both the reactivity and relative stability to undergo free radical polymerization without
premature ring-opening of the azlactone ring, as well as the ability to react further, after
polymerization, with primary amines to provide access to new substituted polymers with novel

structures. In the sections below, we report additional useful modifications of this general approach
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and explore the generality and scope of the Steglich rearrangement for the synthesis of additional

alkenyl azlactone monomers with novel structures.

Development of a One-Pot Steglich Rearrangement

During our initial work on the synthesis of 4’-acyl azlactone 4a, we reasoned that it should
be possible to adapt the general, two-step Steglich rearrangement procedure described above to a
more efficient ‘one-pot’ approach, in which O-acyl oxazole 3 would be formed in sifu, followed,
without isolation, by the direct addition of DMAP and subsequent rearrangement to azlactone 4.
Such an approach would be a desirable modification to the synthetic procedure we reported above,
at least in part because it would obviate the need for the time- and resource-intensive isolation and
purification of oxazole 3. To our knowledge, one-pot procedures for the Steglich rearrangement
have only been reported twice previously, with neither approach using a DMAP-based catalyst.>*
5> During our work on the stepwise Steglich rearrangement, we observed the initial acylation of

compound 2 to be rapid and to proceed without the generation of side products that would interfere

with the proposed rearrangement catalytic cycle.
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Scheme 5. 4’-acyl(oxy) alkenyl azlactone monomers synthesized through a one-pot Steglich
rearrangement method. ®NMR yield of isolated crude product. "NMR yield after silica column
chromatography. Table S1 of the Supporting Information also provides a tabular summary of the
structures and provides other useful information for these and all other new 4,4’-derivatized
azlactone monomers synthesized and characterized in this study.

To explore the feasibility of a one-pot approach, we reacted compound 2 with ethyl
chloroformate and TEA as previously described, but instead of isolating 3a once the initial
acylation was completed (as monitored by TLC), we added catalytic DMAP, dissolved in

anhydrous DCM, directly to the reaction mixture. This one-pot method (Scheme 5) yielded the
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desired 4,4’-derivatized azlactone 4a in 54% yield after isolation and purification (additional
details of these procedures are included in the Supporting Information). This yield is identical to
the yield of 4a across the O-acylation and Steglich rearrangement steps in the initial stepwise
procedure above (54%, Scheme 2). The results of additional experiments revealed that, for this
one-pot method to yield the azlactone product, the acyl halide must be either the limiting reagent
or equal in equivalents to compound 2. If an excess of the acid halide is used in this one-pot
approach, the corresponding acyl pyridinium salt will be formed upon the addition of DMAP, with
no nucleophile to reform the DMAP catalyst, leading to deactivation of the catalyst and the
formation of only the O-acyl oxazole intermediate instead of the desired 4,4’-derivatized
azlactone. It is likely that the conditions used for this one-pot transformation could be further
optimized to increase overall economy and product yield. Further optimization of this specific
reaction was not a direct goal of this current study; the general conditions used above were
sufficient to provide a synthetic platform useful for additional exploration of substrate scope and

azlactone structure in all other studies described below.

Exploration of Acyl Halide Generality in One-Pot Steglich Rearrangement

We used the one-pot reaction approach described above to investigate the range of different
acyl groups that could be used in the Steglich rearrangment to synthesize new alkenyl azlactones
with novel ester and ketone substituents. We found that, in addition to reaction with other
chloroformates (such as benzyl chloroformate, leading to azlactone 4b), a range of acyl halides
could also be used (Scheme 5). We used decanoyl chloride and 2-bromopropionyl bromide to

synthesize azlactones 4¢ and 4d in excellent and moderate isolated yields, respectively, and acetyl
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chloride, benzoyl chloride, adipoyl chloride, and 2-(2-(2-methoxyethoxy)ethoxy)acetyl chloride
(S4) to synthesize azlactones 4e through 4h, respectively, in good crude yields.

We found 4’-acyloxy alkenyl azlactones 4a and 4b to be readily purified by silica gel
column chromatography. However, we found silica gel column chromatography to promote
degradation during the purification of 4’-acyl alkenyl azlacatones 4d-4h, with reformation of
compound 2 or formation of pseudoazlactone p-Az as the terminal product. The fate of the acyl
group is unknown; in some cases the corresponding carboxylic acid could be identified by NMR
and, in other cases, we could not determine the structure of the terminal degradation product for
the acyl group. This degradation reduced the isolated yield of azlactone 4d and prevented the
isolation of azlactones 4e-4h in pure form when silica gel column chromatography was used. We
note, in this context, that a past computational study has reported that, while rearrangement from
O-acyl(oxy)oxazole to 4’-acyl(oxy)azlactone for both acyloxy (ester) and acyl (ketone)
substituents on similar azlactone substrates are energetically favorable, the rearrangement of the
4’-acyl product was approximately 6 kcal/mol less favorable.5? If such a difference were present
in the compounds investigated here, it could play a role in explaining the relative instabilities of
the 4’-acyl alkenyl azlactones observed under the silica gel column purification conditons used
here. We speculate that silica gel-promoted degradation may occur via elimination of the acyl
group, which has previously been reported for compound 4e, resulting in the reformation of 2.4
This previously reported degradation of 4e was proposed to be promoted by the nucleophilic attack
of a carboxylate on the carbonyl of the acyl functional group leading to elimination. Support for
this view is provided by the observation of peaks characteristic of 2 in the 'H NMR spectra of the

corresponding partially degraded azlactone products after column purification (all other impurities
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from the crude were otherwise successfully removed during chromatography, further facilitating
this observation).

We also considered the possibility that elimination was being promoted by the acidity
inherent to silica gel. However, attenuation of acidity by addition of TEA to either the eluent or as
a silica gel pre-wash step was not successful; we were only able to isolate the corresponding
hydrolyzed (ring-opened) alkenyl azlactones under these conditions. We were also unable to
successfully isolate these products using basic alumina as the solid support for chromatography.
We were, ultimately, unable to identify chromatography conditions that would permit the isolation
of pure 4e-4h without significant degradation of the product. Additional studies will be required
to understand the mechanism of degradation observed here. In addition, we note that samples of
crude azlactones 4e-4h arising from the work-up of our one-pot Steglich rearrangements did not
degrade further upon standing under ambient conditions in the absence of silica gel. We therefore
consider it likely that other purification methods, for example fractional distillation, which was
found to be impractical on the scales on which we were operating in this current study, could be
used to isolate azlactones 4e-4h in pure forms. Additionally, depending on acyl halide
functionality, the corresponding 4’-acyl alkenyl azlactones can be isolated as solids, as is the case
for azlactones 4¢ and 4d, allowing for alternative purification methods such as trituration to yield
the pure product without degradation side products, as in the case of 4d.

Despite challenges associated with the silica gel column purification of certain 4’-acyl-
based compounds, the results above, when combined, demonstrate that the one-pot Steglich
rearrangement can provide a useful, generalized, and modular approach to the incorporation of a
wide range of acyloxy (ester) and acyl (ketone) functionality to alkenyl azlactones of potential

utility in the context of polymer chemistry. In general, we found alkyl (4a, 4b, 4¢, and 4e), benzyl
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(4b), aryl (4f), oligoethylene glycol (4h), halogen containing functional groups (4d), and even bis-
ketoalkyl (4g) functionalities to be tolerated (Scheme 5). Only in the case where there was
significant steric bulk alpha to the acyl group, such as when a-bromoisobutyryl bromide was used
as the acylating reagent (3j), did rearrangement not occur; in such cases, the intermediate O-acyl
oxazole could be isolated in good yield (e.g., see details for compound 3j in the Supporting
Information).

In the general context of polymer chemistry, the one-pot Steglich rearrangement provides
access to a broad range of new functionalities and offers approaches to rapidly synthesize and
screen for monomers and polymers with new physicochemical properties. We note here, however,
that while the one-pot Steglich approach is straightforward and economical, the two-step Steglich
approach also provides opportunities to isolate and purify new O-acyl oxazoles (e.g., by executing
only the first step of the stepwise process illustrated in Scheme 2). In addition to the one-pot
synthesis of the acyl azlactone products described above, we also synthesized and isolated novel
O-acyl oxazoles 3¢, 3i, and 3j using this approach (Scheme S1); the full synthesis and
characterization of these additional compounds are included in the Supporting Information.
Interestingly, O-acyl oxazoles are stable to purification by silica gel column chromatography,
unlike their corresponding azlactone derivatives (vide supra). Although these O-acyl oxazoles
were not a direct focus of this current study, these novel compounds could also be useful as
monomers for the synthesis of new oxazole polymers, which could possibly be transformed, post-
polymerization, into the corresponding 4’-acyl azlactone polymer derivatives by polymer
analogous Steglich rearrangement. Additional studies of the free radical polymerization and
characterization of the post-polymerization reactivities of these novel ester- and ketone-

functionalized azlactone monomers are described below.
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Polymerization and Post-Polymerization Modification of Ester- and Ketone-Containing Azlactone
Monomers 4b and 4c

We next performed a series of studies to explore the impacts of novel 4-acyl substituents
described above on the behaviors of these compounds during conventional AIBN-initiated free
radical polymerization (Scheme 6). Both monomers 4b and 4¢ polymerized readily and the
resulting polymers [polymer(4b) and polymer(4¢)] were subsequently characterized by FTIR,
NMR, and GPC. As anticipated based on our experience with the polymerizaiton of monomer 4a,
discussed above, FTIR and NMR revealed the the cyclic azlactone functionality in both polymers
to remain intact and unhydrolyzed after polymerization and isolation. Analysis of polymer(4c)
revealed it to have a monomodal molecular weight distribution (Figure 5) with a D of ~1.6 and a
M of 18.9 kDa relative to polystyrene standards. In contrast, polymer(4b) exhibited a bimodal
molecular weight distribution (Figure 5), with one large peak with an estimated My of 10.3 kDa
(D ~1.8) and a smaller peak with a substantially higher molecular weight (this peak was not
baseline separated from the larger peak, but had a very high estimated/apparent M, of ~300 kDa
relative to polystyrene standards). The reasons for this bimodal distribution are not clear; we
observed this higher molecular weight peak in polymer isolated from the polymerization of
monomer 4b in multiple polymerization reactions under several different stringent and air-free
reaction conditions. Characterization of the isolated polymer by NMR and FTIR revealed peaks
consistent with the free-radical polymerization of 4b and did not reveal evidence of ring-opening

reactions or other side reactions of the monomer or polymer.
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Scheme 6. Polymerization of alkenyl azlactones synthesized through the one-pot procedure and
subsequent post-polymerization reaction with excess propylamine.
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Figure 5. GPC refractive index traces for polymer(4¢) (A) and polymer(4b) (B).

Polymer(4b) reacted rapidly and exhaustively via the anticipated azlactone ring-opening

reaction when treated with an excess of n-propylamine in solution to form polymer(4b-Pr)
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(Scheme 6), similar to results discussed above for polymer(4a) and past reports on the reactivity
of other azlactone-containing polymers, including PVDMA. Polymer(4¢), which contains a
ketone-functionalized subsituent in the 4-position rather than the ester functionality found in
polymer(4a) and polymer(4b), also reacted rapidly and quantitatively when treated with an excess
of n-propylamine. However, careful characterization of the product polymer by NMR revealed
evidence of both exhaustive azlactone ring-opening and exhaustive reaction of propylamine with
the side chain ketone functionality to yield the corresponding and novel imine-functionalized
product polymer(4c-Pr) (see Scheme 6). This observation of imine formation is interesting, albeit
not completely unexpected, and represents, to our knowledge, a new mode of dual reactivity for
alkenyl azlactone monomers that can provide access to polymers with novel structures and that
may exhibit new properties. Additional investigation will be required to understand the potential
scope of this approach and the extent to which it can be further tuned and controlled; it is not yet
clear, for example, whether ring-opening and imine formation could be performed selectively or
independently under certain conditions, which could lead to new routes for dual functionalization
of these reactive polymers. It is also worth noting, in this context, that the possibility of leveraging
the reactivity of the ketone under conditions that do not promote ring-opening could also provide
new routes to novel monomer structures.

We initially synthesized c-bromo-functionalized alkenyl azlactone 4d (Scheme 5) to
explore the range of functionality that could be installed in this class of monomer using our one-
pot Steglich rearrangement conditions, as discussed above and, in part, because of the structural
similarity of that monomer to other 2-bromoisobutyryloxy-functionalized ‘inimer’ monomers used
for the controlled radical polymerization of polymer brushes and other highly branched materials.®*

This monomer did not polymerize cleanly using the conventional radical polymerization methods
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explored in this study. Characterization by GPC revealed a multimodal trace indicating low
molecular weight polymer and oligomers, and NMR spectroscopy revealed a mixture of peaks that
could not be identified as an expected polymer product.

Finally, we note that, as discussed above, we were unable to adequately purify some of the
4-acyl-substituted monomers described above due to their sensitivity to degradation during silica
gel chromotography. Nevertheless, we also conducted preliminary polymerization studies using
impure samples of these monomers to explore feasibility and gain potential insights into the
impacts of new 4’-functionality on polymerization behavior. As one example, we explored the
AlIBN-initiated polymerization of benzoyl-substituted monomer 4f. Characterization by GPC
revealed a multimodal trace consistent with the formation of polymer, and characterization by
NMR revealed peaks consistent with the desired vinyl polymer, suggesting that the phenyl
substituent does not prevent polymerization. However, we are unable to draw additional
conclusions on the structures or properties of the polymer product on the basis of our initial studies

using this crude monomer.

Streamlined Monomer Synthesis via in situ Activation of Carboxylic Acids During Steglich

Rearrangment

During the course of the studies above, we conducted additional investigations to determine
whether it was possible to modify our one-pot approach to the Steglich Rearrangement to
synthesize 4’-acyl alkenyl azlactones directly using carboxylic acids rather than the highly reactive
and more expensive acyl halides used above. This approach would be attractive for several reasons
and seemed reasonable because the mechanism of this reaction, as exemplified for the synthesis

of monomer 4a from isopropenyl azlactone 2 in Scheme 2, relies on the formation of the ion pair
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of the enolate of azlactone 2 and the acyl pyridinium formed by the acylation of DMAP (see also
Figure 3). While this ion pair is generally achieved by the reaction of O-acyl oxazole 3 with DMAP
(Scheme 2), it is also reasonable to deprotonate 2 to the enolate with bases such as TEA, as the
pKa of 2 has been noted to be ~9,3* % and several carboxylic acid activating reagents described in
the peptide coupling literature allow for the formation of the acyl pyridinium if DMAP is in
solution.®® We reasoned that, under appropriate reaction conditions, it should be possible to enter
the catalytic cycle not at oxazole 3 (e.g., Figure 3) but at the ion-pair, which should then behave

as expected in the Steglich rearrangment (Figure 3).

1) HATU, 2.2 equiv DIPEA, DCM Y
o 0" N
\/\)J\ > a
OH
2) 2, 20 mol% DMAP, -30 °C o]
4i, 46%°

Scheme 7. One-pot in situ activation of carboxylic acids and Steglich rearrangement. ®NMR yield
after silica column chromatography.

We conducted screening studies using several different carboxylic acid activating agents and
identified, at least in the context of this current study, the combination of hexafluorophosphate
azabenzotriazole tetramethyl uronium (HATU) and N,N-diisopropylethylamine (DIPEA) to be a
useful carboxylic acid activating agent for this transformation. After activation of the carboxylic
acid using this approach, the DMAP catalyst could be added, along with azlactone starting material
2 (Scheme 7). We found that slow addition of compound 2 allowed for better yield of 4 and less
byproduct resulting from the rearrangement of compound 2 to the pseudoazlactone p-Az (see
additional discussion of this rearrangement above). As a model to demonstrate feasibility, we used

this approach of in situ activation to synthesize azlactone 4i in 46% yield from the one-pot in situ
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activation of valeric acid, followed by subsequent reaction and Steglich rearrangement using
compound 2. Similar to the 4’ ketone products reported from our one-pot Steglich rearrangement
above 4e-h (Scheme 5), 4i also exhibited instability during silica column chromatography. The
synthesis of 4i establishes proof of concept for this in sifu activation-based approach. Overall, we
anticipate this approach to be general; with additional development, it could open the door to the
synthesis of alkenyl azlactone derivatives having a broader range of ketone functional groups
without the need to synthesize or purchase acyl chlorides, or store, handle, and manipulate these

highly reactive reagents.

Toward Stereoselective Synthesis of Novel Azlactone Monomers: Stereoselective Steglich

Rearrangement Using an Asymmetric DMAP Derivative

We note that the novel alkenyl azlactones described above are disubstituted at the C-4 position
and, because these two substituents are different, contain a stereogenic center at that position.
While the rearrangments that lead to those monomers are expected to occur without
stereoselectivity because DMAP is achiral, it is possible that the stereochemistry could be biased
if appropriate asymmetric catalysts were untilized.>* 5! In a final series of experiments, we
explored the use of an asymmetric DMAP-based catalyst in the Steglich rearrangement to affect
the asymmetric rearrangement of O-acyl oxazole 3 to yield enantioenriched azlactone monomer 4.
From a range of previously reported asymmetric DMAP-based catalysts, we selected catalyst 7,
previously reported by Cao et. al.,*’ because it is relatively straightforward to synthesize (four
steps) and is scalable. To explore the general feasibility of this approach, we attempted the
asymmetric rearrangement of 3¢ to 4c* (Scheme 8; * indicating the use of the asymmetric catalyst

7, and resulting enantioenrichment of the product monomer) using catalyst 7, as we had previously
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achieved excellent yields for this rearrangement (94%) and were able to obtain the monomer 4¢ as

a pure product.

\N"'"
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Scheme 8. Asymmetric Steglich rearrangement of 3¢ to the enantioenriched product 4¢* using
asymmetric DMAP-based catalyst 7.

The product of this reaction was then analyzed by supercritical fluid chromatography-mass
spectrometry (SFC-MS) using a chiral column. This analysis revealed the enantiomeric excess (ee)
of resulting disubstituted monomer 4¢* to be 22% (additional results of chiral chromatography and
other structural characterization of monomer 4c¢* can be found in the Supporting Information).
Although this level of enantioerichment is low, this result demonstrates that it is possible to use
this chiral catalyst approach to influence the stereochemistry of 4,4’-disubstituted alkenyl
azlactone monomers. We did not seek to further optimize the conditions of this reaction to achieve
higher enantioselectivity as part of this current study. With further development, however, this
approach could prove useful for the synthesis of monomers and reactive, azlactone-functionalized
polymers with optical activities or other novel behaviors that could arise from control over the
stereochemistry at this position of a subsequently functionalized polymer (e.g., after ring-opening

by treatment with an amine-based nucleophile, etc.).
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Summary and Conclusions

We have reported new stepwise and one-pot approaches to the synthesis of alkenyl
azlactone monomers based on the Steglich rearrangement. These approaches enable the synthesis
of a family of novel 2-isopropenyl-4-methyl-4’-acylazlactones that would be difficult or
impractical to synthesize using other methods reported for the synthesis of alkenyl azlactone-based
monomers. These novel monomers, which have a variety of different substituted alkyl and aryl
ester and ketone groups in the 4-positions of their rings, retained the anticipated reactivity of the
azlactone functionality with nucleophiles and can be polymerized using conventional, AIBN-
initiated free radical polymerization methods to synthesize novel amine-reactive polymers.

Building from a base provided by the classical stepwise Steglich rearrangement, we also
developed a one-pot procedure allowing for the in situ formation and subsequent reaction of O-
acyl oxazoles to the corresponding azlactone monomers without isolation and purification of the
oxazole intermediate. This method allowed us to more efficiently explore the generality of the
Steglich rearrangement, showing that a broad range of acyl halides (e.g., containing alkyl, aryl,
benzyl, oligoethylene glycol, bis-acyl halide, and halogen-containing functional groups) are
compatible with the rearrangement. Polymers synthesized from several of these monomers were
demonstrated to retain azlactone functional group ring-opening reactivity when treated with
nucleophilic primary amines, with polymers possessing ketone functionality also able to form the
corresponding imine product when treated with excess amine. Finally, we also reported conditions
useful for (i) the synthesis of enantioenriched alkenyl azlactone monomers and (ii) the in situ
activation and subsequent reaction of carboxylic acids that removes the need to use acyl halides to

promote the Steglich rearrangement.
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Overall, the results of this study provide new and useful approaches to the design of alkenyl
azlactone-based monomers and polymers with novel structures. Our results also demonstrate that
the stepwise Steglich rearrangement approach can be used to isolate new O-acyl oxazole
intermediates that could also provide access to new monomer and polymer structures. Additional
studies to characterize and further explore the structures, properties, and behaviors of polymers
and other materials synthesized from the new alkenyl azlactone monomers reported here are

currently underway. The results of these additional studies will be reported in due course.
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