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ABSTRACT: The effects of furan and maleimide substitution
on the dynamic reversibility of their Diels—Alder reactivity have
been investigated computationally and by 'H NMR spectro-
scopy. Furan and furan derivatives bearing methoxy, methyl, or
formyl groups at their 2- or 3-positions were investigated with
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maleimide and maleimide derivatives bearing N-methyl, N-allyl, and N-phenyl substituents. Computational predictions indicate that
electronic and regiochemical effects of furan substitution significantly influence their Diels—Alder reactivity with maleimide, with
reaction free energies of exo adduct formation ranging from AG = —9.4 to 0.9 kcal/mol and transition state barriers to exo adduct
formation ranging from AG*=189t025.6 kcal/mol. Much less variation was observed for the reactivity of N-substituted maleimide
derivatives and furan, with reaction and transition state free energies each falling within a range of 1.1 kcal/mol. Dynamic exchange
experiments monitored by "H NMR spectroscopy support computational predictions. The results indicate the reactivity and
reversibility of furan—maleimide cycloadditions can be tuned significantly through the addition of appropriate substituents and have
implications in the use of furan and maleimide derivatives in the construction of thermally responsive organic materials.

B INTRODUCTION

Dynamically reversible covalent bond forming reactions have
been the subject of increasing interest over the past two decades,
largely because of their relevance to biological chemistry, mo-
lecular and macromolecular materials, and supramolecular chem-
istry. Dynamic covalent reactions proceed via relatively low
activation barriers and form products that are only slightly
exergonic relative to starting reagents, thus allowing the reverse
reaction to also take place under appropriate conditions. The
potential for both forward and reverse reactivity allows for the
construction of dynamic combinatorial libraries (DCLs)"* and
forms the basis of dynamic covalent chemistry (DCC),>>
wherein mixtures of multiple components undergo continual
exchange under thermodynamic equilibrium conditions. Exam-
ples of dynamic covalent reactions include imine condensations,
aldol exchange, transesterifications, disulfide formation, boronic
ester condensations, and alkene metathesis. Dynamic covalent
exchange provides a means of adaptive proofreading as kinetic
intermediates are cycled through en route to the most thermo-
dynamically stable product (or products). Similar concepts of
dynamic reversibility have been exploited for over half a century
in the context of noncovalent self-assembly.® '® Dynamic cova-
lent chemistry has the advantage of combining the reversibility of
noncovalent self-assembly with the strength of covalent bond
formation. This adaptability, ease of synthesis, and product
stability has made dynamic covalent chemistry particularly well
suited to the construction of organic materials.

Many early applications of DCC focused on the formation of
synthetic receptors utilizing imine, ester, disulfide, and acetal
chemistries."! Template-directed dynamic assembly'> " has
enabled the efficient construction of various materials ranging
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from colloids'* and coordination complexes'® to mechanically
interlocked molecules such as rotaxanes,'® catenanes,'” suitanes,"®
Borromean rings," and Solomon knots.”® More recently sev-
eral research groups”' ~>* have used the reversible condensation
of boronate esters to assemble a variety of covalent organic
frameworks (COFs) with applications in gas uptake and
storage, orgamc photovoltaics, and catalysis. Severin® and
Nitschke® have demonstrated the simultaneous use of two or
more dynamic covalent reactions in the synthesis of macrocycles
and capsules.

It has been known for over 50 years that some Diels—Alder
reactions can be made reversible.”” The application of reversible
Diels—Alder chemistry to the dynamic covalent assembly of
organic materials, however, has only recently been explored.”**
This comes despite the fact that Diels—Alder reactions have the
desirable property of being self-contained: i.e., all atoms present in
the starting diene and dienophile are present in the resulting
adduct. The equilibrium position of reversible Diels—Alder reac-
tions, therefore, responds to temperature, solvent, and concentra-
tion but is not influenced by ancillary molecules such as water in
the case of imine and boronic ester condensations or transition-
metal catalysts in the case of alkene metathesis. The number of
Diels—Alder reactions that undergo dynamically reversible adduct
formation under mild conditions is, however, limited and there is
increasing interest in expanding the set of dynamic covalent
Diels—Alder reactions.*' ~**

Over the past 10 years several groups have explored the use of
reversible Diels—Alder adduct formation in the design and
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Scheme 1. Parent [4 + 2] Cycloaddition of Unsubstituted
Furan with Maleimide To Give the Kinetic Endo and
Thermodynamic Exo Diels—Alder Adducts
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synthesis of new organic materials. The majority of such studies
utilize the reactivity of electron-rich furan derivatives with
electron-poor maleimide derivatives. The [4 + 2] cycloaddition
of furan and maleimide can be accomplished at or slightly above
room temperature, while the retrocyclization is accomplished at
elevated temperatures (Scheme 1). Wudl and co-workers have
developed transparent organic polymers that, when cracked, are
thermally remendable on account of reversible furan—maleimide
cycloadditions.*® Similar demonstrations of the utility of furan—
maleimide cycloadditions in the preparation of molecular mate-
rials include thermally reversible dendrimers and dendronized
polymers,” " surfactants,** epoxy resins,®® cross-linked poly-
mer networks,** 3¢ and the aggregation®” and manipulation®**’
of gold nanoparticles. Each of the preceding examples involve
furan compounds that are mono- or disubstituted with alkyl,
ether, ester, or amine substituents. It is well-known?”>"*° that
the substitution of furans greatly effects their reactivity with
dienophiles, such as maleimide. Despite this sensitivity to sub-
stitution, and the increasing application of furan—maleimide
cycloadditions to materials development, there have yet to be any
systematic investigations of the effects of furan and maleimide
substitution on the thermodynamics of their Diels—Alder reactivity.

We report herein computational and spectroscopic investiga-
tions of the electronic and regiochemical effects of furan sub-
stitution on the reversibility of furan—maleimide cycloaddition
reactions and discuss their implications on the use of dynamic
furan—maleimide cycloadditions in materials synthesis. The
results show that, with the appropriate substituents, furan—
maleimide cycloadditions can be tuned along a scale ranging
from exergonic to dynamically reversible to endergonic.

B RESULTS AND DISCUSSION

Diels—Alder cycloaddition reactions of furan and maleimide
have been studied both experimentally** ** and computat-
ionally.*” Furan—maleimide adduct formation proceeds to give
exo and endo products, with the exo species being the thermo-
dynamic product and endo the kinetic. Rickborn et al. report™°
that, in the case of furan reacting with N-methylmaleimide
at 40 °C in acetonitrile solution, the exo isomer is more

stable than the endo by 1.8 kcal/mol (reaction 2, Scheme 2).

In the same study the authors investigated the cycloaddition of
isobenzofuran with N-methylmaleimide (reaction 3, Scheme 2).
Adduct formation in reaction 3 involves the formation of a stable
aromatic product and is therefore considerably more favorable.
The thermodynamic equilibrium for the reaction of isobenzofur-
an and N-methylmaleimide therefore requires heating at 132 °C
in chlorobenzene in order to observe reversibility. The authors
determined a AAG.p4o.exo Value of 2.4 kcal/mol. Computational
methods presented herein were benchmarked against these
experimental studies in order to test their appropriateness, and
the results are shown in Table 1. Density functional methods at
the B3LYP/6-311 g(d,p) level deviated significantly from experi-
mental values in the gas phase in solvent models for both
acetonitrile and chlorobenzene. This observation is consistent
with prior computational research that has shown B3LYP
methods to be accurate®® for pericyclic reactions involving
hydrocarbons but unreliable*® for pericyclic reactions involving
heteroatoms. More computationally intensive MP2 and CBS
methods, on the other hand, proved significantly more accurate.

The best agreements with experimental results were achieved
utilizing single-point electronic energies obtained at the MP2/
6-311+G(d,p) level with vibrational frequency analysis carried out
at the CBS-QB3 level. Transition states were optimized similarly,

Table 1. Experimental and Calculated Reaction (AG) and
Transition State (AG¢) Free Energies for Diels—Alder
Cycloadditions between Furan and N-Methylmaleimide
(Reaction 2) and between Isobenzofuran and
N-Methylmaleimide (Reaction 3) Used To

Benchmark Computational Methods”

Reaction 2

exptl computational®

CH3CN/313 K in vacuo/298 K CH3CN/298 K CH3CN/313 K

AG AGT AG AGT AG AGT AG AGF

endo —19 249 -2.0 224 —15 225 —13 231
exo —3.7 252 —4.1 22.6 —4.5 227 —44 234

Reaction 3

exptl computational

PhCl/405 K  invacuo/298 K  PhCl/298 K  PhCl/405 K

AG AGF  AG AG* AG AGT AG AG

endo —17.1 182 —25.7 9.2 —19.6 143
exo —19.5 194 —26.5 104 —204 152
“ All values are in kcal/mol.

Scheme 2. Diels-Alder Cycloaddition Reactions between Furan and N-Methylmaleimide (Reaction 2) and between
Isobenzofuran and N-Methylmaleimide (Reaction 3), the Dynamic Reversibility of Which Have Been Studied Experimentally
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Figure 1. Chemical structures of the substituted furan (a) and maleimide (b) derivatives investigated in the present study.

though using less computationally intensive MP2/6-31+G(d)
electronic energies. Reaction and transition state free energies
were obtained in the gas phase at 298 K, solvated in either
CH;CN or PhClI at 298 K, and solvated at experimental tem-
peratures (313 or 405 K). Computations accurately predict the
endo isomer to be favored kinetically and the exo isomer to be
favored thermodynamically in each case for reactions 2 and 3.
The closest agreement between calculated and experimental
reaction and transition state free energies for the reaction of
furan with N-methylmaleimide, reaction 2, was obtained when
including solvent and correcting for the experimental tempera-
ture. Calculated reaction free energies in this case are within
0.7 kcal/mol of experimental values. Calculations accurately
reproduce the experlmentally observed difference in transition
state free energies of AAG* endo-exo = 0.3 kcal/mol for reaction 2,
while absolute predictions of the exo and endo transition state
free energies are within 1.2 kcal/mol. Likewise, correcting for
solvent and experimental temperatures gave the best agreement
for the reaction of isobenzofuran with N-methylmaleimide
(reaction 3). Calculated reaction free energies for this reaction
deviate from experimental values to a greater extent in absolute
terms (0.9—2.5 kcal/mol), though they still reproduce experi-
mental trends. With these benchmarking studies at hand, the
effects of furan and maleimide substitution on their Diels—Alder
reactivity were then investigated.

Figure 1 shows the series of substituted furan and maleimide
compounds chosen for this study. Furan and furan derivatives
with a methoxy, formyl, and methyl substituent at either the 2- or
3-position were investigated. This particular series was chosen for
their widely varying electronic character (electron donating,
withdrawing, and alkyl) as well as the commercial availability
of most compounds in the series. In the current study only
monosubstituted furan derivatives were investigated. Maleimide
and maleimide derivatives with methyl, vinyl, and phenyl sub-
stituents were also studied.

Electronic Effects. Table 2 summarizes the calculated reaction
and transition state energies and free energies for Diels—Alder
cycloadditions between furan (1) and maleimide (5) as well as
between furan derivatives 2a,b—4a,b and maleimide derivatives
6—8. It is well-known that Diels—Alder cycloadditions involving
electron-rich dienes and electron-poor dienophiles proceed
more favorably.””** This trend is borne out across the series of
compounds investigated computationally. The effects of adding
alkoxy, alkyl, and aldehyde sutstibutents to furan, whether at the
2- or 3-position, generally follow what would be expected, given
their Hammett parameters. The greatest increase in exergonicity
of adduct formation is seen with the most electron donating
methoxy substituent. In the case of 2-methoxyfuran (2a),
formation of the exo adduct with maleimide is predicted to

Table 2. Calculated Reaction Enthalpies (AH), Transition
State Enthalpies (AH¢ ), Reaction Free Energies (AG), and
Transition State Free Energies (AG") (kcal/mol) for
Furan—Maleimide Diels—Alder Cycloadditions

0 0
"o + [ NR ——» [[O0] N-R
RVQ/ < -
o) R o
9-18

1-4 5-8

furan maleimide product isomer AH AH® AG AG* AGymecn AG*MeCN

1 S 9 endo —160 94 —1.2 23.1 —1.1 23.0
exo —181 95 —33 232 —36 23.0
2a s 10 endo —219 6.6 —58 213 —59 20.5
exo —22.6 63 —64 213 —6.0 20.8
2b 5 11 endo —223 58 —74 196 —75 18.9
exo —242 64 —94 200 —94 19.3
3a S 12 endo —18.0 72 —2.7 214 —24 21.3
exo —193 7.6 —4.0 216 —4.0 21.6
3b S 13 endo —189 6.8 —39 208 —3.6 20.9
exo —203 7.7 =S54 213 S8 21.0
4a s 14 endo —11.4 12.1 32 259 3.5 25.6
exo —144 113 03 251 0.9 254
4b S 15 endo —14.1 104 0.5 24.1 1.0 24.8
exo —18.0 104 —34 240 —37 24.3
1 6 16 endo —173 87 —3.0 224 —15 22.5
exo —192 9.0 —45 226 —45 22.7
1 7 17 endo —165 81 —17 219 —14 219
exo —184 87 —3.6 225 —38 22.1
1 8 18 endo —16.7 80 —2.0 219 —24 21.8

exo —185 87 —38 223 —48 21.6

proceed with AG = —6.0 kcal/mol. This value is 2.4 kcal/mol
more favorable than the parent reaction with unsubstituted furan.
The effect is even greater in the case of 3-methoxyfuran (2b),
where adduct formation is predicted to be favored by —9.4 kcal/
mol, which is 5.8 kcal/mol more favorable than the parent
reaction with unsubstituted furan. In addition to increasing the
reaction free energy, methoxy substitution lowers the transition
state free energy barrier to adduct formation relative to unsub-
stituted furan (1) by 1.5—2.2 kcal/mol. While methoxy substitu-
tion is predicted to both increase the exergonicity of and lower
the barrier to adduct formation, computations predict the greater
effect is seen in the overall reaction free energy: i.e. the effect is
more pronounced for AG than for AG?. These results predict
that the addition of strongly electron donating substituents to
furan should decrease their utility as partners with maleimide in
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dynamic covalent chemical applications. The significantly lower
reaction free energies result in high barriers to retrocyclization:
e.g,, the cycloaddition of 3- methoxyfuran (2b) with maleimide
(5) to give the product 11-exo has AG" =19.3 kecal/mol, whereas
its retrocyclization requires AG* = 28.7 keal /mol.

Methyl substitution is also predicted to increase the favor-
ability of adduct formation, though to a lesser extent. Reacting
2-methylfuran (3a) with maleimide (5) lowers the free energy of
endo and exo product formation by 1.3 and 0.4 kcal/mol,
respectively. This increase in favorability increases slightly when
3-methylfuran (3b) is used as the starting diene, with endo and
exo product formation predicted to be more favorable by 2.5
and 2.2 kcal/mol, respectively, relative to unsubstituted furan.
Calculated free energy barriers to the formation of Diels—
Alder adducts between methylfurans and maleimide are lower
than the corresponding barriers for the parent adducts by
1.4—1.7 kcal/mol, in the case of 2-methylfuran, and 2.0—
2.1 kcal/mol, in the case of 3-methylfuran. It is therefore
predicted that the increased favorability of adduct formation is,
within error, balanced out by a decrease in the free energy barrier
to adduct formation.

In effect, alkyl substitution provides a means of developing
more complex and synthetically useful furan dienes to be used as
partners with maleimide dienophiles in dynamic covalent chemi-
cal applications without disrupting the dynamic reversibility of
Diels—Alder adduct formation. These results are especially
important given the increasing number of examples wherein
furan dienes, substituted at either the 2-position or the 3-position
with either alkyl groups or alkyl ethers, have been used in
conjunction with maleimide derivatives for the dynamic covalent
synthesis of organic materials such as surfactants, polymers, and
dendrimers. Indeed, Kakkar et al. have experimentally observed®"
the differences in reactivity of furans substituted at their 2-posi-
tion with either alkyl or ester functionalities: 2-alkyl furans
underwent reversible Diels—Alder reactions with maleimides
to give thermoresponsive dendrimers, whereas direct substitu-
tion with electron-poor ester functionalities resulted in furans
that were unreactive toward maleimides. These experimental
observations are in agreement with the computational predic-
tions presented herein. Furthermore, it is predicted that while both
2- and 3-methylfuran will react reversibly with maleimide at high
temperatures, alkyl substitution at the 3-position will result in a
more stable, more robust Diels—Alder adduct on return to
ambient temperatures. Such subtle distinctions are important for
the development of, for example, thermally remendable polymers.

Interestingly, and somewhat counterintuitively, computations
predict the addition of an electron-withdrawing aldehyde sub-
tituent to furan results in either endergonic or exergonic Diels—
Alder reactivity with maleimide, depending on the regiochem-
istry of furan substitution. Reacting maleimide with 2-furalde-
hyde (4a) is predicted to be endergonic by 3.5 and 0.9 kcal/mol
for endo and exo isomers, respectively. The same reaction with
3-furaldehyde (4b), on the other hand, is predicted to be endergonic
by 1.0 kcal/mol in the case of the endo adduct and exergonic by
3.7 keal/mol in the case of exo adduct formation. This significant
distinction again highlights the notable difference in reactivity of
furans substituted at the 2-position and those substituted at the
3-position. Across the series of furan derivatives studied, those
substituted at the 3-position react with maleimide to give exo
Diels—Alder adducts that are 1.8—4.8 kcal/mol more favored
than their corresponding 2-substituted isomers. This difference
is greatest in the case of 2-furaldehyde versus 3-furaldehyde.

Table 3. Calculated Reaction Enthalpies for the Reactions
between Furan and Dimethyl Ether, Ethane, and
Acetaldehyde To Produce either a 2- or 3-Substituted
Furan and Methane”

a:R=0CH; _
b: R = CH, Ij/o + HeC-R — > O + CH,
c:R=CHO R’
R
Reaction AHg-sup) Reaction AHg.sub) AHg.sub)-(2-sub)
(4a) . 95 (5a) . 66 29
o) /Co
(4b) @ -8.4 (6b) RS 5.7 2.7
R
(40) 8.2 (50) 7.4 0.8

“ Enthalpies are given in kcal/mol.

Aldehyde substitution is predicted to increase the free energy
barriers to adduct formation by 1.3—2.6 kcal/mol relative to an
unsubstituted furan. These results are generally supportive of the
precedent that electron-poor dienes, such as 4a, react less
favorably with electron-poor dienophiles than electron-rich
dienes, such as 2b. It is surprising, however, that the electron-
poor diene furan 4b is predicted to react as favorably with
maleimide § as is the unsubstituted and more electron rich
parent furan 1. This notable difference in predicted reactivity
necessitated a more thorough investigation of the regiochemical
effects of furan substitution.

Regiochemical Effects. The results of Table 2 indicate that
furan substitution at the 3-position consistently leads to more
negative reaction free energies and lower transition state barriers
than substitution at the 2-position. This effect is present across
the series of substituted furans 2—4 and is most pronounced in
the case of aldehyde substitution. Isodesmic reactions were used
to determine the origin of this increased favorability of adduct
formation involving 3-substituted furans.

As can be seen in Table 3, isodesmic reactions corresponding
to substitution of furan relative to methyl are exothermic in all
cases, though they are more exothermic for substitution at the
2-position than at the 3-position. The 2-position of unsubstituted
furan is more electropositive than the 3-position, which explains
why substitution at the 2-position is most favored in the case of
methoxy (reaction 4a, AH = —9.5 kcal/mol), the strongest
donating substituent. This also explains the differences in favor-
ability between substitution at the 2-position versus 3-position
(AAH (3 sub)—(2.sub)) across the three substituents investigated,
which is smallest for the most withdrawing aldehyde substituent
(reactions Sc—4c, 0.8 kcal/mol) and greatest for the most
donating methoxy (reactions Sa—4a, 2.9 kcal/mol). The overall
trend in Table 2 indicates that the 3-substituted regioisomer of a
given substituent is destabilized relative to the 2-substituted
regioisomer. This difference ultimately plays an important role
in the Diels—Alder reactivity of substituted furans with maleimide.

Isodesmic reactions in Table 4 were used to evaluate the
effects of substitution on the furan—maleimide Diels—Alder
adduct. Adduct formation has the two prominent effects of (i)
alkylation at the 2- and S-positions of the furan moiety and (ii)
changing the 7-system of the furan moiety from a 2,4-diene to a
3-alkene. These changes in alkylation and conjugation alter the
trends in substituent favorability, as can be seen by comparing
related isodesmic reactions in Tables 3 and 4. Methoxy substitution,
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Table 4. Calculated Reaction Enthalpies for the Reactions
between Furan—Maleimide Diels-Alder Adduct 9 and
Dimethyl Ether, Ethane, and Acetaldehyde To Produce
the Indicated 2- or 3-Substituted Adduct and Methane”

o

0O
a:R=0CH;,
b: R = CHg ‘a NH + HiC-R ——» ‘a NH + CH,
c:R=CHO R
[¢] R ¢]

AH(z.sun) AH(g-sup)
Reaction endo exo Reaction endo exo
(6a) o] 4155  -14.1 (7a) o) 130  -127
(6b) NH -10.4 -9.6 (7b) R'NH -86 79
(6¢) R O 36 45 (70) o 55 74

“ Enthalpies are given in kcal/mol.

for example, is 4.6—6.4 kcal/mol more favorable in reactions 6a and
7a than in reactions 4a and Sa. This effect appears to be primarily the
result of the change in conjugation rather than increased alkylation,
given that the increases in reaction exothermicities on going from
Table 3 to Table 4 are roughly the same whether methoxy sub-
stitution occurs at the 2-position (comparing reactions 4a and 6a) or
the 3-position (comparing reactions Sa and 7a). Methyl substitution
in reactions 6b and 7b shows only a modest increase in exothermi-
city of 1.2—2.9 kcal/mol relative to reactions 4b and Sb. For both
methoxy and methyl substituents, substitution of the Diels—Alder
adduct at the 2-position of the furan moiety is predicted to be more
favorable than substitution at the 3-position, a trend also observed in
Table 3.

In the case of aldehyde substition this preference is reversed:
i.e,, substitution at the 3-position of the furan moiety is more
exothermic than that at the 2-position (Table 4). This role
reversal can be explained by the fact that aldehyde substitution
at the 3-position retains s7-conjugation between the adduct and
the aldehyde C=0, which is lost for aldehyde substitution at the
2-position. Taken together, the results presented in Tables 3 and
4 show that aldehyde substitution at the 2-position of furan
(reaction 4c) is stabilized relative to substitution at the 3-position
(reaction Sc), whereas the Diels—Alder adduct in reaction 6c¢ is
destabilized relative to the Diels—Alder adduct in reaction 7c.
The increase in favorability of aldehyde substitution of the
Diels—Alder adduct at the 3-position (1.9—2.9 kcal/mol) out-
weighs the 0.8 kcal/mol destabilization of aldehyde substitution
of furan at the 3-position relative to the 2-position (Table 3). The
difference in predicted reactivity between 2-furaldehyde and
3-furaldehyde with maleimide can therefore be attributed to
two main factors: (i) aldehyde substitution at the more electro-
positive 2-position is less favorable than at the 3-position and (ii)
the loss of 7-conjugation upon Diels—Alder adduct formation in
the case of 2-furaldehyde further disfavors adduct formation,
whereas 77-conjugation is retained in the case of 3-furaldehyde.
The enthalpic effects investigated in isodesmic reactions of
Tables 3 and 4 are able to support the predicted though counter-
intuitive reaction free energies presented in Table 2: namely, that
formation of an exo Diels—Alder adduct between 3-furaldehyde
and maleimide is predicted to be exothermic despite the electron-
withdrawing nature of the aldehyde substituent. In the case of
2-furaldehyde reacting with maleimide, both exo and endo adduct
formation is endothermic and unfavorable. Indeed, reacting

26.0 !
#2-CHO

2-CHOm
20 #3-CHO
3-CHOm
24.0
23.0 mexo—eendo
AG " o ] methy
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220 . Z-Me ¢ * | phenyl
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2-OMe lf e
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Figure 2. Plot comparing calculated reaction free energies (AG, x axis)
and transition state free energies (AG¢, y axis) in acetonitrile for
furan—maleimide Diels—Alder cycloadditions investigated in this study.
Endo isomers are symbolized by diamonds, while exo isomers are
symbolized by squares. Adducts containing substituted furans are shown
in either red (endo) or blue (exo) and labeled according to their
substitution. Adducts containing substituted maleimides are shown in
gray. Endo and exo adducts of the unsubstituted furan—maleimide
Diels—Alder adduct are shown in green.

3-furaldehyde with maleimide results in the formation of
minor amounts of adduct 15 (see the Supporting Information),
whereas all attempts to react 2-furaldehyde with maleimide to
give adduct 14 resulted in no reaction, in line with the predicted
results.

Computational results presented herein suggest that the reac-
tivity and reversibility of Diels—Alder reactions between substi-
tuted furans and maleimide can be tuned through the addition of
appropriate substituents. Adduct formation can range from being
strongly exergonic and thus irreversible (e.g, the reaction of
3-methoxyfuran 2b with maleimide 5) to slightly exergonic with
increased reversibility (e.g., the reaction of 2-methylfuran 3a with
maleimide $) to endergonic (e.g, the reaction of 2-furaldehyde 4a
with maleimide S5). These results have significant implications
for the use of furan—maleimide cycloadditions in the dynamic
covalent synthesis of organic materials. While methoxy substitu-
tion is predicted to lower the barrier to adduct formation and result
in more stable Diels—Alder adducts, this favorability comes at the
cost of significantly hindering reversibility.

Maleimide substitution was also investigated, and the results
are presented in Table 2. The reactivity of N-alkyl-, N-allyl-, and
N-phenyl-substituted maleimides with furan were studied. Sub-
stitution of maleimide dienophiles is predicted to have a less
pronounced effect on reaction and transition state energetics
than substitution of furan dienes. Overall, all three substituted
maleimides increase the exergonicity of Diels—Alder adduct
formation relative to unsubstituted maleimide by 0.2—1.3 kcal/
mol, with methyl substitution showing the greatest effect.
Maleimide substitution is also predicted to lower free energy
barriers to adduct formation by 0.3—1.4 kcal/mol. While the
effects of maldimide substitution are not as large or as variable as
the effects of furan substitution, it is notable that the predicted
decrease in transition state barriers is, within error, equal to the
decrease in reaction free energies. It can therefore be expected
that the addition of alkyl or aromatic groups to maleimide will
not hinder but, rather, will likely facilitate their use in dynamic
covalent chemical applications with furan and furan derivatives
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Scheme 3. Dynamic Exchange Reactions Involving the Exchange of Maleimide (a) or Furan (b) Moieties Studied by '"H NMR

Spectroscopy
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Figure 3. Partial "H NMR spectra recorded at t = 0 h (top), t = 51 h l l L

methylmaleimide exchange and equilibration between adducts 9 and 16.

by slightly increasing the thermodynamic favorability of Diels—
Alder adduct formation without significantly changing the kinetics
of dynamic exchange.

Figure 2 summarizes the key results and predictions of the
computational investigations reported herein. Computed reac-
tion free energies (AG) and transition state free energies (AG")
for Diels—Alder cycloadditions for each furan/maleimide com-
bination solvated in acetonitrile are plotted along the x and y axes,
respectively. Endo isomers of Diels—Alder products are indi-
cated by diamonds, while exo isomers of Diels—Alder products
are represented as squares. Products of the parent reaction
between furan and maleimide are shown in green. Diels—Alder
adducts involving substituted maleimide (N-methyl, N-vinyl, or
N-phenyl) are shown in gray. In all other cases endo isomers are

30 28 26 24 22 20 18 16 ppm

Figure 4. Partial "H NMR spectra recorded at t = 0 h (top), t = 93 h
(middle), and t = 400 h (bottom), demonstrating furan/2-methylfuran
exchange and equilibration of adducts 9 and 12.

further distinguished as being red, while exo isomers are blue.
Several notable trends can be ascertained from the plotted
reaction and transition state free energies: (i) in all cases the
exo isomer is the thermodynamic product, as indicated by a more
negative AG; (ii) in all cases except aldehyde substitution the
endo isomer is the kinetic product, as indicated by a lower AG*
value; (iii) reactions between maleimide and 3-substituted furans
invariably lead to both more stable Diels—Alder adducts and
lower transition state barriers than the same reaction with the
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corresponding 2-substituted furan; (iv) there is little variability
(=1.0 kcal/mol) in the Diels—Alder reactivity of furan with
N-alkyl, N-vinyl, or N-phenyl maleimide; (v) the Diels—Alder
reactivity of maleimide with substituted furans varies considerably,
depending on the electronic character of the furan substituent and
whether the substituent is attached at the 2- or 3-position of furan.

"H NMR Spectroscopy. With the above computational pre-
dictions at hand, it became of interest to experimentally study the
dynamic reversibility of furan—maleimide Diels—Alder reactivity
through exhange reactions. Two dynamic exchange reactions
were investigated spectroscopically: (i) exchange of the malei-
mide moiety of adduct 9 with N-methylmaleimide (Scheme 3a)
and (ii) exchange of the furan moiety of adduct 9 with 2-methyl-
furan (Scheme 3b). For the dynamic exchange outlined in
Scheme 3a, computations predict an equilibrium ratio of 22:78
between adducts 9 and 16, given the relative stabilities of their
exo and endo adducts computed in acetonitrile at 348 K.>* A 0.25
M solution of furan—maleimide adduct 9 and N-methylmalei-
mide 6 in CD3CN was prepared in a screw-top NMR tube and
heated at 75 °C. Spectra were periodically recorded to monitor
the extent of maleimide exchange. Figure 3 shows a time
sequence of "H NMR spectra demonstrating the dynamic
covalent exchange of maleimide with N-methylmaleimide. At
0.25 M and 75 °C the exchange requires approximately 320 h
(see the Supporting Information). Heating a more concentrated
sample (2.0 M) of the same 1:1 mixture at 100 °C allows the
same equilibrium to be reached overnight as opposed to requir-
ing 8 days. As previously stated, dynamic covalent Diels—Alder
reactions are self-contained and only depend on temperature,
concentration, and solvent. Spectroscopically the ratio of furan—
maleimide adduct 9 and furan—N-methylmaleimide adduct 16
is 36:64, as determined by 1ntegrat10n of well isolated signals
corresponding to hydrogen atoms H> and H® (Figure 3). This
experimentally measured ratio is in good agreement with the
computational prediction that N-methylmaleimide forms a
more stable adduct with furan than maleimide does; however,
experimental results do suggest computations may overestimate
the stability of adduct 16 relative to 9. Given the exponential
relationship between percent contribution and relative free energy,
a small error in computed free energies can have a significant effect
on the predicted product ratios. Even so, the computationally
predicted ratio agrees quite well with the experimental adduct ratio
and, most importantly, computations and experiment agree that
adduct 16 is more stable than adduct 9.

Scheme 3b outlines the exchange of the unsubstituted furan
moiety of adduct 9 with 2-methylfuran 3a. Computations in
Table 3 predict the exo and endo isomers of 2-methylfuran—
maleimide adduct 12 to be 0.4 and 1.3 kcal/mol more stable,
respectively, than the exo and endo isomers of unsubstituted
furan—maleimide adduct S. The ratio of adducts 5 and 12 at
equilibrium is therefore predicted to be 35:65. A 0.25 M CD;CN
solution containing equimolar amounts of furan—maleimide
adduct 9 and 2-methylfuran 3a was sealed in a screw-c ap NMR
tube and heated at 75 °C. Periodic momtormg of the H' proton
signal of furan—maleimide adduct 9 and the H® and H proton
signals of 2-methylfuran—maleimide adduct 12 by 'H NMR
spectroscopy indicated equilibrium was reached after 260 h (see
the Supporting Information). Again, a more concentrated sample
can be equlhbrated overnight at 100 °C. Integration of protons
H” and H*** in Scheme 3b indicates an equilibrium ration of
50:50 between adducts 12 and 9. The spectroscopic ratio is in
general agreement with the computationally predicted ratio.

It is notable that the exchange of 2-methylfuran 3a with furan 1
occurs faster than exchange of N-methylmaleimide 6 with
maleimide S. This experimental observation is in line with the
computationally predicted relative ratios of free energy barriers
for these reactions. Specifically, the barriers to cycloaddition of
2-methylfuran 3a with maleimide § are predicted to be 1.1—-1.7
kcal/mol lower than the barriers to cycloaddition of unsubsti-
tuted furan with maleimide (S) or unsubstituted furan with N-
methylmaleimide (6). Transition state free energies of the last
two cycloaddition reactions—unsubstituted furan 1 reacting
with either maleimide § or N-methylmaleimide 6—are identical
within error (£0.5 kcal/mol). The observation that maleimide
exchange (Figure 3) is observed to require a longer time to reach
equilibrium than furan exchange (Figure 4) supports the com-
putationally predicted trend in free energy cycloaddition barriers.

These two representative examples of exchange processes
demonstrate the utility and practicality of dynamic exchange
involving substituted derivatives of furan dienes and maleimide
dienophiles. They lend support to the computational predictions
in this study and serve to further highlight the influences of furan
and maleimide substitution on the dynamic reversibility of their
Diels—Alder reactivity.

Conclusions. The importance of dynamic covalent chemistry
to materials organic synthesis has been well established and
continues to generate increasing interest. The application of
reversible Diels—Alder reactions in the dynamic covalent synth-
esis of organic materials has only recently been explored. The
results presented herein provide valuable insight into the elec-
tronic and regiochemical effects of furan and maleimide sub-
stitution on their applicability in dynamic covalent applications.
Care must be taken when selecting which diene and dienophile
combinations are used in dynamic covalent chemical applica-
tions, as differences in their electronic characteristics and sub-
stitution of the furan dienes at the 2- or 3-position greatly effect
their reaction and transition state energetics. Even with the
relatively limited series of monosubstituted derivatives studied
herein, it can be shown that furan—maleimide reactivity can be
tuned across a considerable range of reactivity: varying from
largely exergonic and therefore irreversible reactions to mildly
exergonic reactions with favorable exchange kinetics to unfavorable
endergonic reactions. Selection of appropriate subsituents can help
optimize materials properties, depending on whether increased
reversibility, decreased reversibility, or particular exchange reactions
are desired for a particular application. Given the increasing use of
these systems in mendable macromolecules, such differences can
have, and are already being shown to have, pronounced implications
on material properties. Further investigations of a wider range of
substituents, disubstituted compounds, and additional dynamic
exchange competition studies are underway.

Bl COMPUTATIONAL AND EXPERIMENTAL METHODS

Computational Details. All calculations were performed with the
Gaussian09 suite of programs.53 Prior to geometry optimization,
dihedral scans were performed at a low level of theory (HF/3-21G) to
approximate the global energy minimum conformation of molecular
species containing easily rotating torsion angles. Optimizations of
ground state geometries for global minimum conformations were then
carried out to full convergence at the MP2/ 6-311+G(d,p)** and CBS-
QB3°° levels of theory. Single-point electronic energies were computed
at the MP2/6-311+G(d,p) level using MP2 optimized geometries.
Vibrational analyses were carried out at the CBS-QB3 level, and the
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resulting frequencies were used for thermochemical calculations. Similar
computational methodologies have been shown to be reliable for Diels—
Alder reactions involving furan and maleimide.*”” Transition state searches
were performed using the QST2 method®® at the B3LYP/6-31 1G(d,p)
level and then refined by Berny optimization at the MP2/6-31+G(d)
and CBS-QB3 levels. Transition states were distinguished by having a
single imaginary vibrational frequency corresponding to the vibrational
mode that connects Diels—Alder adducts to their separated diene and
dienophile components. Gas-phase single-point electronic energies for
transition states were calculated at the MP2/6-31+G(d) level, with
vibrational analysis being carried out at the CBS-QB3 level for zero-
point and thermal corrections. Solvation free energies were calculated
utilizing the PCM reaction field model®” in acetonitrile (¢ = 35.688).

Chemicals. Chemicals were obtained from commercial sources and
used as purchased. Diels—Alder adducts of unsubstituted as well as
derivatized furan and maleimide compounds were prepared according to
literature procedures.®®

"H NMR Spectroscopic Studies. Dynamic exchange reactions
were carried out directly in screw-cap NMR tubes. "H NMR spectra
were obtained using a 300 MHz NMR spectrometer, and chemical shifts
are reported as parts per million (ppm) downfield from the signal of
Me,Si. Equimolar amounts of an unsubstituted furan—maleimide
Diels—Alder adduct and either N-methylmaleimide or 2-methylfuran
were dissolved in 1.0 mL of CD;CN in a screw-cap NMR tube to give a
0.25 M solution. The top of the NMR tube was then wrapped tightly in
Teflon tape. An initial "H NMR spectrum was obtained at 298 K
immediately after sample preparation and taken as time = 0 h. The NMR
tube was then suspended in a stirred mineral oil bath kept at a constant
348 K, except when the sample was periodically removed from the oil
bath and cooled to room temperature and an "H NMR spectrum was
obtained. Such monitoring of the dynamic exchange process initially
consisted of acquiring spectra at 1 h intervals, gradually ramping up to
longer time intervals between acquisitions. The integration of diagnostic
proton signals corresponding to different dynamic exchange products
was used to evaluate the extent of exchange as a function of time.
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