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Abstract

Novel bio-derivable tricyclic oxanorbornene polymers, based upon secondary furfurylamine
and maleic anhydride derived monomers, prepared via ring opening metathesis
polymerization (ROMP) are reported. The tricyclic oxanorbornenes with fused lactam ring are
exo Diels—Alder adducts. DFT calculations support the cycloaddition is the first step followed
by lactamization. The polymerizations are rapid and deliver polymers with targeted molar
mass and low dispersity (P). The prepared polymers with furanyl pendant groups have
reactivity toward maleimide-bearing compounds to form thermally induced crosslinked
networks through thermoreversible Diels—Alder reactions. The thermoreversible (self-healing)
behavior is confirmed by sol gel transition. This new class of bio-derived polymer could be
further modified with different active moieties as pendant groups and hence be tailored for
more applications in the future.

Keywords

Self-healing, ROMP, bio-derived, thermoreversible


mailto:d.keddie@wlv.ac.uk
mailto:mohamed.naguib@polito.it

O©CoO~NOOOITA~AWNPR

1. Introduction

Due to the limited availability of fossil resources as well as their negative contribution upon
the environment, extensive research is currently carried out to find suitable alternatives for
chemicals including polymeric materials[1-7]. Use of renewable resources is an integral
principle of green chemistry for the production of bio-based products.

Bio-based furanics are interesting platform chemicals for the synthesis of biofuel additives
and polymer precursors [8, 9]. Among these, furfural a chemical of particular interest that
could find its way to replacing crude-oil-based organics for the production of resins,
lubricants, adhesives, and plastics [9, 10]. Bio-based furfural can be obtained by dehydrating
Cs sugars derived from hemicellulose using strong acid catalysts [11-14]. Furfurylamine is a
key compound in pharmaceutical and pesticides industries and can be easily prepared by
reductive amination of furfural [15]. Additionally, maleic anhydride, a versatile petrochemical
molecule which has a wide range of applications, can be obtained renewably from furfural as
well [16, 17] for instance, by selective oxidation of furfural to furan, then 2-furanone and
finally maleic anhydride using VOx/Al>O3 catalysts[16].

A class of polymeric materials that have become extremely useful in many industries is self-
healing polymers. Self-healing is a concept that is very timely in today’s society. It applies to
materials that have the intrinsic ability to recover from a structural damaging event. This class
has the ability to autonomously repair in situ structural damage and recover functionality
using ambient and intrinsic resources. Moreover, thermally reversible crosslinked polymers
based on the Diels-Alder (DA) reaction is a promising method in the development of self-
healing materials [18-20]. The formed DA linkage can be cleaved through retro-DA reaction
at elevated temperatures. Typically, furan and maleimide moieties are extensively used for
this purpose where functionalization of polymer chains with these chemical groups is a
convenient approach to prepare multifunctional compounds with thermoreversible properties

[21-24].
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During the last two decades ring opening metathesis polymerization (ROMP) has increasingly
emerged as a powerful technique for the synthesis of tailored polymeric materials [25-29].
The development of well-defined metathesis catalysts enabled the use of this living
polymerization method for synthesis of polymers bearing a wide range of functional groups
across numerous applications [30-32]. Of particular note are the Grubbs-type Ruthenium-
based metathesis catalysts which display high functional group tolerance and are active under
mild reaction conditions [33—-35].

Recently, we have become interested in the synthesis of monomers from bio-derived
feedstocks bearing sufficient ring strain to facilitate ROMP [27, 36]. With respect to
monomers amenable to ROMP, the Diels—Alder reaction between bio-derived diene and
dienophile is particularly attractive and the reaction is known to give the strained adduct [37—
40].

Herein we report synthesis and ROMP of two derivatives of ROMP monomers based on
furfurylamine and maleic anhydride. The well-defined prepared polymers show

thermoreversible characteristics through DA reaction.
2. Experimental Section

2.1. Materials

Furfurylamine, furfural, benzaldehyde, maleic anhydride, ethyl vinyl ether (EVE), methanol,
n-butanol, and all solvents were purchased from Fisher Scientific. 3rd Generation Grubbs’
catalyst(G3)(dichloro[ 1,3-bis(2,4,6-trimethylphenyl)-2-
imidazolidinylidene](benzylidene)bis(3-bromopyridine)ruthenium(Il)), anhydrous sodium
sulfate (Na2SO4) and NaBH4 were obtained from Sigma Aldrich. All NMR solvents were
produced by Cambridge Isotope Laboratories and obtained through Goss Scientific. Silica gel

(ZEOprep 60 HYD 40-63 um) was obtained from Apollo Scientific.
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2.2. Characterization

NMR spectra were recorded on a Joel 400 MHz spectrometer at room temperature. Size
exclusion Chromatography (SEC) was conducted on EcoSEC- HLC 8320GPC system with
Dual Flow RI Detector and TSKgel super HZM-N 3um (4.6 x150mm). THF was used as the
eluent at a flow rate of 0.35 mL/min at 40 °C and polystyrene standards were used for the
calibration. The sol-gel transition is conducted in NMR tube using DMSO-dg as solvent. DFT
calculations were carried out using the Gaussview 6 Molecular Modeling program and
Gaussian 09 package at the B3LYP/6-311G (d) level of theory. The thermal gravimetric
analysis (TGA) was carried out using SDT Q600 instrument under a nitrogen atmosphere with
heating rate 5°C min .

2.3. Experimental procedures

Reductive amination of furfurylamine is carried out according to Murali et al [37].Briefly,
furfurylamine(1),(9.7 g, 0.1mol) was added to a stirred solution of aldehyde (2a or 2b, 0.105
mol) in anhydrous ethanol at room temperature. After imine formation, two equivalents of
sodium borohydride (NaBH4) were added in three portions at 10 °C. After that, the reaction
mixture was stirred for 3 h at RT, then diluted with water (200mL), acidified with aq HCI to
pH 1 and then extracted with methylene chloride. The aqueous layer was adjusted to pH 10
with sodium hydroxide solution (2M) followed by extraction with methylene chloride. The
combined extracted layer was washed with brine and dried over Na;SO4 and concentrated in
vacuo to get 3a,b (85%).'H and '*C NMR of 3a,b are shown in supporting information(Figure
1S-4S).

Preparation of Diels—Alder adduct (5a,b),the synthesized secondary furfurylamine 3a,b (0.1
mol) in 10 mL of chloroform was added to a solution of maleic anhydride 4 (0.105 mol) in
15mLof chloroform. Sequentially, the whole reaction was stirred at room temperature for 1 h

and then left for 48 h at RT. The solid product formed was filtered, washed with cold
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methanol or acetone and dried under reduced pressure to give the acid form adduct 5a,b
(~75%). 'H NMR of 5a,b is shown in Figure 1.

Esterification reactions

Synthesis of alkyl ester (6a-d);the acid adduct 5a or Sb (5 mmol) was dissolved in an excess
of corresponding alcohol (15 mL) in a round flask. Then two drops of HoSOswere added and
the reaction is allowed to proceed at suitable temperature. After specific time period, the
excess alcohol is removed under vacuum and the obtained ester was washed with cold
heptane and subsequently dried. The detailed NMR data is shown in supporting information
(Figure 5S-2385).

ROMP procedure

ROMP of prepared of monomers at ambient temperature, the synthesized alkyl ester (0.36
mmol) was dissolved in of CHCI3 or CH2CIx(1.5 mL). Then, the required amount of Grubbs
3" generation catalyst (G3) dissolved in 0.5 mL of CHCl; or CH,Clawas added to the
monomer solution with constant stirring for at least 10 min. The reaction was terminated after
specified time by the addition of excess ethyl vinyl ether followed by stirring for additional 15
min. After filtration through short plug of silica gel, the polymer was precipitated into hexane,
the hexane decanted and the polymer was dried under reduced pressure and analyzed by SEC
and NMR (see the supporting information).

Preparation of bismaleimide (crosslinker)

N,N,-Hexamethylenebismaleimide (8) was prepared according to the procedure described by
Lacerda et.al [41]. Firstly, the exo-3,6-epoxy-1,2,3,6-tetrahydrophthalic anhydride adduct was
prepared by reaction of furan and maleic anhydride in methylene chloride.
Hexamethylenediamine (5g, 43.1 mmol) was added to a solution of exo-3,6-epoxy-1,2,3,6-
tetrahydrophthalic anhydride (14.3 g, 86.2 mmol) in methanol (150 mL). The solution was
stirred at 60 °C for 3 days as a precipitate formed progressively. The suspension was filtered

and the solid residue washed with cold methanol. Then deprotecting of the maleimide groups

-5-
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is carried out by refluxing in toluene for 24 h. the final product is collected after removing the
solvent in powder form (see the supporting information for NMR details).

Sol-gel experiment

A mixture of 7a or 7b (2 mmol of furanyl groups) with bismaleimide8(1 mmol) in DMSO
(ImL) in a vial was placed in an oil-bath at 50 °C. The free standing gel (DA) is noticed after

12 hrs. The formed gel in the vial was undergone retro-DA when heated at 150 °C for 10 min.
3. Results and Discussion

3.1. Monomers preparation

Previous attempts for the cycloaddition of maleic anhydride and furfurylamine in various
solvents proved unsuccessful [38]. N-Substituted furfurylamines have been prepared using
suitable reducing agent (Scheme 1). The synthesized secondary amines undergo cycloaddition

reaction with maleic anhydride to give the tricylic molecules [39, 40, 42].

Scheme 1: Syntheses of bio-derived monomers Sa and 5b from furfurylaminel, aldehydes 2a

or 2b and maleic anhydride4

1- stir 2.5 h 0= O~ 0
O o} o} A~ v
2- NaBH N R —
)\, + Jor 2 0 pat
NHy ~ H ethanol/RT 4 R
1 2a,b 3a,b - 4
a R= furan ~85 % amidatiop/ 0O~ "OH
_ DA reaction 5a.b
b R= phenyl a, ~75 %

In details, the reductive amination of furfurylamine (1) and furfural (2a) as fully bio-based
starting molecules resulted in difurfurylamine (3a) which readily undergoes cycloaddition
reaction at room temperature in the presence of maleic anhydride (4) as dienophile to give
tricyclic compound (5a). Similarly, using of benzaldehyde instead of furfural lead to the

preparation of the tricyclic adduct (5b) (Scheme 1).
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Figure 1: 'H NMR (400 MHz/CDCl;) spectra of the benzyl 5b (a) and furyl Sa (b)monomers

As shown in '"H NMR of both DA adducts (Figure 1),The lack of a 3J¢7 coupling in the
synthesized molecules indicates endo arrangement of H-7 and H-7a protons and, thus, exo
orientation of the carboxyl and amide substituents as reported previously in literature [40].

There are two proposed pathways for this reaction as shown in Scheme 2. Based on DFT
calculations, it is suggested that the secondary furfurylamine derivatives first undergo Diels—
Alder cycloaddition reactions with maleic anhydride prior to amidation. Additionally, the
pathway through TS3 is favored over TS2 (about 3.01 kJ/mol for R=furanyl and 1.26 kJ/mol
for R=phenyl) resulted in formation of exo intermediate (III).Then, the lactamization reaction
is directly undergone giving the thermodynamic stable five-membered isomer (IV).(See

Scheme 2). These theoretical findings are in a good agreement with experimental results.



O©CoO~NOOOITA~AWNPR

Scheme 2:Gibbs free energies (kJ/mol) for important transition states and products of

secondary furfurylamine with maleic anhydride. R= furanyl(Fu) or phenyl(Ph).
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3.2. Bio-derived polymer by ROMP

The obtained DA adducts in their acid form undergo uncontrolled ROMP due to the acid
functionality [36, 43]. On the other hand, these adducts show reasonable thermal stability and
their corresponding methyl and butyl esters were simply prepared via Fischer esterification

using few drops of H2SO4 in reasonable yields (Scheme 3).

Scheme 3: Synthesis of monomers 6a-d via Fischer esterification

@ @ aR =furan R'= methyl, 75%
R'OH

N - N bR =furan R'= butyl, 80%
r 0 H,S0,/ heat ( o} c R = phenyl R'= methyl, 83%
R O O H R O O R' d R = phenyl R'= butyl, 86%

5a,b 6a-d

ROMP of the corresponding esters using 3™ generation Grubbs catalyst (G3) succeeded to

give well controlled polymers with relatively low dispersity in few minutes with almost

-8 -
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complete conversion (>98%) (See Scheme 4). The significant high initiation activity of the
G3 catalyst (largeki’k,) makes it a convenient choice for this ex0,exo monomers. Unlike
polymers with phenyl pendent group, those with furfuryl moiety show higher dispersity that
could be explained by interaction between pendant furan ring and G3 during ROMP process

(see Table 1).

Scheme 4: Ring opening metathesis polymerization of tricyclic esters

0]
@ N aR =furan R'= methyl
G3

N > N o b R = furan R: = butyl
( Q , CDCl3, RT ( “R' ¢ R = phenyl R' = methyl
R O O R R 0 0] d R = phenyl R'= butyl

6a-d
7a-d

The resultant polymers were fully characterized by NMR (see Figure2 and supporting
information). To further investigate the ROMP, different monomer to catalyst ratio ([M]/[1])
is used. A linear relationship between ([M]/[1]) and number average molar mass (M,) was
observed illustrating good control over the polymerization process (see Table 1 and
Figure37S). The prepared bio-derived polymers show high thermal stability especially those
with phenyl pendant groups as indicated by thermogravimetric analysis (TGA) (Figure 36S).

Table 1:Characterization data of the ROMP-prepared polymers

entry polymer Catalyst (I) [M]/[1] Mn(calc)  Mn(SEC) D
[gmol!]  [gmol!]
1 7b G3 25:1 8280 25630 1.27
2 7b G3 50:1 16560 48300 1.30
3 7b G3 100:1 33120 85700 1.41
4 7d G3 25:1 8525 22500 1.09
5 7d G3 50:1 17050 66050 1.15
6 7d G3 100:1 34100 85500 1.10
7 7d G3 200:1 68200 204600 1.48
8 7a G3 100:1 28920 67350 1.37
9 Tc G3 100:1 29900 59050 1.17
9.
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Figure 2: 'H NMR (400 MHz/CDCls) spectra of the butyl esters monomers:(a) furyl 6b, and
(b) phenyl 6d; and their corresponding polymers:(c) furyl 7b, and (d) phenyl 7d.

3.3. Thermoreversible properties

Furthermore, the synthesized polymer with pendant furanyl groups (7a,b) has the ability for
thermally crosslinking in the presence of bismaleimide (8) through DA reaction (see
Scheme5). The DA-crosslinked networks were examined with sol-gel transition in DMSO.
Where the mixture of 7b and 8 turned to a gel after 12 h at 50 °C. The crosslinking behavior
is also monitored by NMR in DMSO-ds and obviously the gel formation caused the
disappearance of polymer spectra as shown in Figure 3. The occurrence of retro-DA reaction

was observed through sol-gel-sol transition at 150 °C for 5 min.

-10 -
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Scheme 5: Thermoreversible crosslinking of synthesized polymer bearing furfuryl moiety
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Figure 4: "H NMR(400MHz/DMSO-ds) monitoring of thermal crosslinking via Diel-Alder

reaction between furyl-functional polymer (7b) and bismaleimide (8).

4. Conclusions
Successfully new bio-derived polymers with self-healing properties based on furfurylamine
and maleic anhydride had been synthesized. The polymerization process was carried out via

ROMP as a powerful controlled polymerization technique. Using G3 as the metathesis

-11 -
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catalyst yielding polymers of low D in few minutes. The resulting synthesized polymers
possess outstanding thermal properties. Polymers bearing furanyl pendant groups show
thermoreversible crosslinking ability with suitable bismaleimide through Diels—Alder
mechanism. These marvelous properties indicate the potential of these polymers as self-

healing material in addition to wide range of applications.
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