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ABSTRACT

This paper describes the design and implementation of a minimally hazardous, environmentally
friendly, and energy efficient sequential reaction sequence within a sophomore level Organic
Chemistry lab course to efficiently synthesize N-phenylmaleimide precursors for a Diels—Alder
reaction. Substituted N-phenylmaleimides are a class of very expensive precursors of
considerable interest due to their biological properties and use as intermediates in synthesis. The
synthesis described herein produces a substituted N-phenylmaleimide in two steps from maleic
anhydride and a substituted aniline followed by its Diels—Alder reaction with 2,5-dimethylfuran.
The experiment exposes students to the green chemistry principles of atom economy, use of
safer chemicals, design for energy efficiency, waste reduction, and inherently safer chemistry for
accident prevention and enables students to use 'H NMR spectroscopy to characterize the
products.

ARTICLE HISTORY
Received 12 July 2018
Accepted 1 March 2019

KEYWORDS
Undergraduate organic
chemistry; multi-step
synthesis; maleimide; Diels—
Alder; amine acylation

o o .
o} N\Ha RT (5 min) e PN 04@0
o
~ ethyl acetate RS X
| o + | | [°) |
Y OR Y~ P X
no solvent H ONa R
RT (10 min) o
grind ,60°, 60 minutes
uW. 90°C, 30 seconds
1 2a: R =4-Cl 3a: R =4-Cl 4a: R =4-Cl
2b: R = 4-OCH; 3b: R = 4-OCH, 4b: R =4
2¢: R = 4-CH, 3c: R =4-CHy OCH;4
2d: R =3-NO, 3d: R =3-NO, 4c:R'=4-CH,
4d: R =3-NO,
o] CHs o
“o o+ [ N _— @ N@
Eé Q =g A, 94°C, 60 minutes \
b :
uW, 140°C, 5 minutes CHy ©
5 4a:R=4-Cl 6a: R = 4-Cl
4b: R =4-0CH, 6b: R = 4-OCH;
4c: R =4-CH, 6c: R = 4-CHy
4d: R =3-NO, 6d: R =3-NO,

Introduction . . . . .
the multitude of synthesis experiments found in the lit-

The multi-step synthesis of natural and non-natural pro-
ducts is a vital field of Organic Chemistry (1-4). The “art of
organic synthesis” demonstrated by Woodward, Nicolau,
and others to produce molecules for use in the pharma-
ceutical, agricultural, biochemical, and other industries
demonstrates the ability of organic chemists to trans-
form bonds and functional groups to produce molecules
with desired properties. The teaching of synthetic skills
and problem-solving has long been part of the organic
chemistry lecture and laboratory curriculum. The com-
mitment of faculty to incorporating synthesis into the
curriculum is evident in a large number of multi-step
syntheses in Mayo’s classic laboratory textbook (5) and

erature. These experiments provide a variety of
approaches to teaching synthesis in the sophomore
organic chemistry curriculum with most of them focusing
on the synthesis of a biologically (6-77) or commercially
(18-24) relevant target while some are designed for ped-
agogical (25-37) reasons. The complexity of the syntheses
differ greatly and range from two (6, 7, 11-13, 16, 18, 20,
22,27, 31, 36), three (8, 10, 14, 15, 17, 21, 23, 25, 28-30, 34,
37), four (9, 26, 33, 38), five (19, 32), six (24, 39), and eight
(40) step processes. A number of the experiments engage
the sophomore organic students in research projects that
expose students to the problem-solving skills necessary
to optimize and trouble-shoot a multi-step synthesis

CONTACT Loyd D. Bastin @ Ibastin@widener.edu; Manisha Nigam

® nigamepitt.edu

@ Supplemental data for this article can be accessed at https://doi.org/10.1080/17518253.2019.1609596

© 2019 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://crossmark.crossref.org/dialog/?doi=10.1080/17518253.2019.1609596&domain=pdf&date_stamp=2019-05-24
http://creativecommons.org/licenses/by-nc/4.0/
mailto:lbastin@widener.edu
mailto:nigam@pitt.edu
https://doi.org/10.1080/17518253.2019.1609596
http://www.tandfonline.com

128 L. D. BASTIN ET AL.

(38-41) while a couple of experiments ask students to
design a synthesis (42, 43).

Since the publication of Green Chemistry: Theory and
Practice by Anastas and Warner 20 years ago (44), there
has been a multitude of experiments published to illus-
trate green chemistry through the redesign of organic
reactions (45, 46). However, there have been many
fewer multi-step synthesis experiments published that
incorporate green chemistry principles into the synthetic
design (47-55). Three of these green syntheses are
accomplished without isolation and purification of the
intermediate products (49, 53, 55). Several of the exper-
iments are designed to introduce students to multi-
step synthesis using commonly discussed sophomore
organic chemistry reactions (48, 51, 52, 54). The other
experiments accomplish this goal while exposing the
students to the synthesis of a biologically and/or com-
mercially important compound (47, 49, 50, 53, 55).

We set out to develop a multi-step green synthesis for
the sophomore organic chemistry course that produces a
commercially valuable product and utilizes a Diels-Alder
reaction. The Diels—Alder reaction has found exceptional
utility in organic synthesis (56-58) and has been utilized
in the synthesis of a number of biologically active mol-
ecules (57, 59-61). The Diels-Alder reaction provides
further utility in organic synthesis due to its reversible
nature. Chen et al. developed a thermally re-mendable
polymer based on the reversibility of the Diels—Alder reac-
tion between furan and maleimides (62). Weizman et al.
developed an advanced undergraduate experiment to syn-
thesize self-healing polymers based on a reversible Diels—
Alder reaction (63). The synthesis of polymers with malei-
mide moieties was further demonstrated by Nho et al. for
the preparation of polyethylene glycol-maleimide (PEG-
maleimide) polymers (64). PEG is water soluble and biologi-
cally inert and non-toxic (64). These properties allow the
creation of bio-compatible materials using PEG-maleimide
polymers that are conjugated to specific proteins or anti-
bodies (64). These properties could allow for the application
of self-repairing polymers in the medical field.

The great utility of the Diels—Alder reaction has resulted
in several experiments designed for the sophomore organic
chemistry laboratory that demonstrate the utility of the
Diels—Alder reaction (65-69). Additionally, Amin and Shaw
have published greener procedures utilizing solar
irradiation (70) and microwave heating (77) as alternative
heat sources. McKenzie et al. published a room tempera-
ture, solventless method that illustrates several green chem-
istry principles and couples the Diels—Alder reaction with an
intramolecular nucleophilic acyl substitution (72). Several
multi-step synthesis experiments utilizing a Diels—Alder
step have been designed for the sophomore organic chem-
istry course (73-77). One of these experiments utilizes a

green Diels-Alder by performing a solvent-free reaction at
room temperature (73). A couple of undergraduate exper-
iments have been published utilizing maleimides as the die-
nophile in the Diels-Alder reaction (78, 79).

In addition to being an excellent dienophile, the malei-
mide moiety (Scheme 1(a)) is a core structural feature in
several novel pharmaceuticals and crop safeners among
other applications (80-82). Trujillo-Ferrara et al. have syn-
thesized aryl-substituted maleimides (Scheme 1(b)) for
application as new acetylcholinesterase inhibitors which
are currently being investigated for the treatment of Alz-
heimer’s disease (80). Trujillo-Ferrara et al. produced five
different aryl-substituted maleimides with solventless
methods and obtained high yields ranging from 78% to
99%. Maleimides find further application in the agricul-
tural industry as herbicides and fungicides (82).

Cooley and Williams designed a multi-step synthesis
utilizing a maleimide in a Diels—Alder reaction as an
inquiry-based NMR experiment for the undergraduate
organic chemistry laboratory (79). The synthesis utilizes
an amine acylation of aniline to produce maleanilic
acid developed by Cava et al. (83). The maleanilic acid
is then converted to N-phenylmaleimide, and the N-phe-
nylmaleimide is used as the dienophile in a Diels—Alder
reaction with furan. The Diels—Alder reaction produces
significant amounts of the endo and exo product and is
used to demonstrate the NMR differences of the stereo-
isomers. The maleanilic acid synthesis and Diels—Alder
reaction use diethyl ether and the maleimide synthesis
uses cyclohexane. Diethyl ether and cyclohexane are
generally accepted as non-green solvents (84).

This paper presents a similar synthetic pathway to the
one presented by Cooley and Williams but utilizes greener
conditions for each step of the synthesis (Scheme 2). Our
main objectives are to enable students to: (a) identify and
understand various Green Chemistry principles associated
with a green reaction such as atom economy, use of safer
chemicals, waste reduction, design for energy efficiency,
and inherently safer chemistry for accident prevention;
and (b) enable students to use 'H NMR spectroscopy
data to identify the synthesized Diels—Alder product.

(a) (b)
R

R=H, OAc, CO,H, NH,, OCHs

Scheme 1. (a) Maleimide moity. (b) Maleimides synthesized by
Trujillo-Ferrara et al. (80) as potential acetylcholinesterase
inhibitors.
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Scheme 2. Sequential syntheses of exo-2-(phenyl)-3a,4,7,7a-tetrahydro-4,7-dimethyl-4,7-epoxy-1H-isoindole-1,3(2H )-dione derivatives

(6a-d) via N-(phenyl)maleimide derivatives (4a-d).

Experimental
Product characterization

All products were analyzed by a Perkin Elmer dual-beam
FTIR spectrometer at a resolution of 4 cm™'. The products
were also characterized by "H and '*C NMR using a Bruker
400-MHz NMR spectrometer. Deuterated dimethyl sulfox-
ide (d°®-DMSO) with 0.05% (v/v) TMS was used as the
solvent for all maleanilic acids and N-(3-nitrophenyl)malei-
mide. Deuterated chloroform (CDCls) with 0.3% (v/v) TMS
was used as the solvent for the maleimides (except N-(3-
nitrophenyl)maleimide) and maleimide-dimethylfuran
cycloadducts. Reactions were also analyzed by thin-layer
chromatography (TLC) using silica-gel plates containing
a fluorescent indicator (Sigma-Aldrich, SKU Z122785)
and a 1:1 solvent system of hexane and ethyl acetate.
The TLC plates were viewed using a UV lamp. The TLC
analysis gives similar results with a 1:1 heptane and
ethyl acetate solvent system. Products were dissolved in
ACS grade acetone for spotting. Melting points were
determined by a Stanford Research Systems DigiMelt
MPA-160 at a 1.0°C/min ramp rate.

Solvent-free synthesis of N-(4-chloro)maleanilic
acid (3)

Tofacilitate mixing, 10 mmol (0.98 g) of maleic anhydride (1)
was melted in a small porcelain mortar on a hotplate set to

medium-low heat. Once melted, the mortar was removed
from the heat and 10 mmol (1.28 g) of 4-chloroaniline (2)
was added. This mixture was ground for 10 min after
which the product was recovered and added to a 50 mL
beaker containing 10 mL of ethyl acetate. The mixture was
stirred with a stirring rod for 1 min and the product was
recovered by vacuum filtration, washed with 20 mL ethyl
acetate, and air-dried by spreading on a watch glass.

Alternative synthesis #1 of N-(4-chloro)maleanilic
acid (3) used at University of Pittsburgh at
Johnstown

In separate beakers, 6 mmol (0.588 g) of maleic anhydride
(1) and 6 mmol (0.765 g) of 4-chloroaniline (2) were dis-
solved in ~8 mL of ethyl acetate. The maleic anhydride
solution was added to the 4-chloroaniline solution while
it was stirred vigorously with a magnetic stir bar for
about 5 min while an additional 5 mL of ethyl acetate
was added. The product was recovered by vacuum
filtration, washed with an additional 3 mL of ethyl
acetate, and air-dried by spreading on a watch glass.

Alternative synthesis #2 of N-(4-chloro)maleanilic
acid (3) used at Widener University

In separate beakers, 6 mmol (0.588 g) of maleic anhy-
dride (1) and 6 mmol (0.765 g) of 4-chloroaniline (2)
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were dissolved in 5 mL ethyl acetate. The maleic anhy-
dride solution was added to the 4-chloroaniline solution
while it was stirred vigorously with a magnetic stir bar for
about 5 min. The product was recovered by vacuum
filtration, washed with an additional 3 mL of ethyl
acetate, and air-dried by spreading on a watch glass.

Synthesis of N-(4-chlorophenyl)maleimide (4)
with thermal heating

In a 25 mL round-bottom flask, a slurry was created by
combining 5.85 mmol (1.32 g) of N-(4-chloro)maleanilic
acid (3), 1.83 mmol (0.15g) of anhydrous sodium
acetate, and 31.7 mmol (3 mL) of acetic anhydride. The
reaction was held between 60-70°C for 60 min. The reac-
tion mixture was poured into a 100 mL beaker that con-
tained 50 mL of ice-cold DI-water and stirred vigorously
with a magnetic stir bar for a few minutes. The product
was collected by vacuum filtration and recrystallized in
ethanol. The product was air-dried until the following
lab period (1 week).

Synthesis of N-(4-chlorophenyl)maleimide (4)
with microwave heating

In a 10 mL borosilicate glass reaction vial with a PTFE-
coated silicone septum, a slurry was created by combin-
ing 5.85 mmol (1.32 g) of N-(4-chloro)maleanilic acid (3),
3.65 mmol (0.3 g) of anhydrous sodium acetate, and
31.7 mmol (3 mL) of acetic anhydride. The reaction was
heated using an Anton Paar Monowave 400 microwave
at 90°C for 30 s. The flask was heated as fast as possible
to reach 90°C and continuously stirred at 1200 rpm for
the duration of the experiment. After cooling to 55°C, the
reaction mixture was poured into a 100 mL beaker that
contained 50 mL of Dl-water chilled to 0°C and stirred vig-
orously with a magnetic stir bar for a few minutes. The
product was recovered by vacuum filtration and washed
with cold Dl-water (2x10mL) and recrystallized in
ethanol. The product was air-dried for a minimum of 24 h,

Diels-Alder reaction with thermal heating

In a 3 mL conical vial, 0.44 mmol (100 mg) of N-(4-chlor-
ophenyl)maleimide (4) was combined with 9.3 mmol
(1.0 mL) of 2,5-dimethylfuran (5). After attaching a
water condenser, an aluminum block was used to hold
the reaction at reflux (approximately 92-94°C) for
60 min. The reaction was cooled to room temperature
before the vial was placed in an ice-bath. The product
was recovered by vacuum filtration and recrystallized
in ethanol. The product was air-dried until the following
laboratory (1 week).

Diels-Alder reaction with microwave heating

In a 10 mL borosilicate glass reaction vial with a PTFE-
coated silicone septum, 0.44 mmol (100 mg) of N-(4-
chlorophenyl)maleimide (4) was combined with
4.63 mmol (0.5 mL) of 2,5-dimethylfuran (5). The reaction
was heated using an Anton Paar Monowave 400 micro-
wave at 140°C for 5 min. The flask was heated as fast
as possible to reach 140°C and continuously stirred at
1200 rpm for the duration of the experiment. The reac-
tion was cooled to room temperature before the vial
was placed in an ice-bath. The product was recovered
by vacuum filtration and recrystallized in ethanol. The
product was air-dried for a minimum of 24 h.

Results and discussion

The three-step sequential synthesis presented in
Scheme 2 provides a cost-effective, green synthesis of
N-phenylmaleimides for subsequent use in a Diels-
Alder reaction with 2,5-dimethylfuran. The synthesis is
easily accomplished in two or three 3-h sophomore
organic chemistry laboratory sessions. The synthesis is
also amenable to analysis by TLC, melting point, IR spec-
troscopy, and/or "H NMR spectroscopy and is an excel-
lent capstone experiment for the second semester of
the sophomore organic chemistry laboratory curriculum.
The experiment has been performed in two different
semesters at the University of Pittsburgh at Johnston
by about 30 students each semester.

Amine acylation

The first step of the synthesis is acylation of 4-chloroani-
line (2) with maleic anhydride (1) at room temperature to
produce N-(4-chloro)maleanilic acid (3). An amine acyla-
tion reaction is extremely atom efficient as all the atoms
from the reagents are incorporated into the maleanilic
acid. The synthesis was successfully accomplished
under solvent-free conditions. Similar solvent-free pro-
cedures have been reported by Trujillo-Ferrara et al.
(80) and Saedi (85) but have not been adapted for the
undergraduate teaching lab. While Trujillo-Ferrara et al.
report 96-99% vyields for several N-phenylmaleimic
acids, the reaction requires 2 h of reaction time and
uses 90 mL of water to wash the product (a significant
increase in E-factor). The Saidi method reports a 92%
yield of N-(4-chloro)maleanilic acid (3) with a 30 min
reaction time followed by recrystallization with ethanol.
The average student yields after only 10 min of reaction
were 66%. To complete the amine acylation and cycliza-
tion steps in one laboratory period, we opted for a reac-
tion time of 10 min. The method described here opts for



washing with ~30 mL of ethyl acetate rather than a
recrystallization with ethanol to avoid the energy costs
of a recrystallization and the heating of a flammable
solvent. The two methods produce similar E-factors of
20-30.

The acylation of 4-chloroaniline (2) was also accom-
plished using two alternative methods with ethyl
acetate as a reaction solvent. The use of a solvent
reduced the reaction time to ~5 min. Alternative synthesis
#1 reduced the total amount of ethyl acetate used by
~6 mL, and produced student yields of 62%. While the
student yields were slightly lower for this method, the
research student yields were slightly higher for this
method. Alternate synthesis #2 reduced the amount of
ethyl acetate by an additional 11 mL significantly reducing
the E-factor of the reaction from ~30 to 6. Alternate syn-
thesis #2 also resulted in a significantly higher percent
yield of 87% for N-(4-chloro)maleanilic acid (3). The
modified method was used by 37 students at Widener
University this past semester. The 'H NMR for every
student indicated a very pure product using this method.

The reaction can be analyzed thoroughly using any
combination of TLC, melting point, IR spectroscopy,
and "H NMR spectroscopy. The IR and 'H NMR of the mal-
eanilic acid are easily interpreted by the students. The 'H
NMR shows six distinct peaks (Table 1) and the IR clearly
indicates carboxylic acid and amide groups. The reaction
can be followed or analyzed after completion by TLC
(Figure 1(a)). The melting point of the maleamic acid
(~190°C) is significantly higher than 4-chloroaniline
(72.5°C) and maleic anhydride (52.5°C) (Table 2).

Synthesis of maleimide

The second step of the synthesis uses a modification of a
classic method (83, 86) to cyclize N-(4-chloro)maleanilic
acid (3) to N-(4-chlorophenyl)maleimide (4) utilizing
excess acetic anhydride and catalytic sodium acetate at
60-70°C. The reaction was accomplished using a reaction
temperature of about 15°C lower than the reported
methods with similar yields (70%) in our research labs;
however, the average student yields were 55%. The
lower student yields are likely due to overheating of the
reaction as care must be taken to maintain a reaction
temperature below 70°C and preferably around 65°C.
The literature method was also modified to replace cyclo-
hexane with ethanol as the recrystallization solvent. The
reaction can be analyzed thoroughly using any combi-
nation of TLC, melting point, IR spectroscopy, and H
NMR spectroscopy. The reaction can be followed or ana-
lyzed after completion by TLC (Figure 1(b)). The melting
points of the maleamic acid (~190°C) and maleimide
(~115°C) are significantly different (Table 2). The IR
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Table 1. Summary of "H NMR data for each step of the sequential

synthesis.
Product 'H NMR peaks
3a Alkene 6.3 ppm (d, 1H), 6.5 ppm (d, 1H)
Aromatic 7.4 ppm (d, 2H), 7.7 ppm (d, 2H)
Amide, acid  10.5 ppm (s, T1H), 13.0 ppm (s, 1H)
4a Alkene 6.9 ppm (s, 2H)
Aromatic 7.3 ppm (d, 2H), 7.4 ppm (d, 2H)
6a Aliphatic 1.8 ppm (s, 6H), 3.0 ppm (s, 2H)
Alkene 6.4 ppm (s, 2H)
Aromatic 7.2 ppm (d, 2H), 7.4 ppm (d, 2H)
3b Aliphatic 3.7 ppm (s, 3H)
Alkene 6.3 ppm (d, TH), 6.5 ppm (d, TH)
Aromatic 6.9 ppm (d, 2H), 7.6 ppm (d, 2H)
Amide 10.4 ppm (s, TH)
4b Aliphatic 3.9 ppm (s, 3H)
Alkene 6.9 ppm (s, 2H)
Aromatic 7.0 ppm (d, 2H), 7.2 ppm (d, 2H)
6b Aliphatic 1.8 ppm (s, 6H), 3.0 ppm (s, 2H)
Alkene 6.4 ppm (s, 2H)
Aromatic 7.2 ppm (d, 2H), 7.4 ppm (d, 2H)
3c Aliphatic 2.3 ppm (s, 3H)
Alkene 6.3 ppm (d, TH), 6.5 ppm (d, TH)
Aromatic 7.2 ppm (d, 2H), 7.5 ppm (d, 2H)
Amide 10.4 ppm (s, TH)
4c Aliphatic 2.4 ppm (s, 3H)
Alkene 6.8 ppm (s, 2H)
Aromatic 7.2 ppm (d, 2H), 7.3 ppm (d, 2H)
6¢ Aliphatic 1.8 ppm (s, 6H), 3.0 ppm (s, 2H)
Alkene 6.4 ppm (s, 2H)
Aromatic 7.2 ppm (d, 2H), 7.4 ppm (d, 2H)
3d Alkene 6.3 ppm (d, 1H), 6.5 ppm (d, 1H)
Aromatic 7.6 ppm (t, TH), 7.9 ppm (m, 2H), 8.6 ppm (s, TH)
Amide 11 ppm (s, 1H)
4d Alkene 7.2 ppm (s, 2H)
Aromatic 7.8 ppm (m, 2H), 8.3 ppm (m, 2H)
6d Aliphatic 1.8 ppm (s, 6H), 3.0 ppm (s, 2H)
Alkene 6.4 ppm (s, 2H)
Aromatic 7.6 ppm (m, 2H), 8.3 ppm (m, 2H)

(c)

(b)

Figure 1. (a) TLC of p-chloroaniline (2a, left) and N-(4-chloro)ma-
leanilic acid (3a, right). (b) TLC of N-(4-chloro)maleanilic acid (3a,
left) and N-(4-chlorophenyl)maleimide (4a, right). (c) TLC of N-(4-
chlorophenyl)maleimide (4a, left) and Diels—Alder product (6a,
right). TLCs were performed using silica-gel plates containing a
fluorescent indicator and a 1:1 solvent system of hexane and
ethyl acetate.

spectra clearly indicate the loss of a hydroxyl group, and
the "H NMR shows three distinct peaks and demonstrates
the symmetry created by the ring cyclization (Table 1).
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Table 2. Reaction conditions, percent yield, E-factors, and
melting points for each step of the sequential synthesis.

Percent Melting
Product Method yield (%) E-factor” point (°C)
3a Solvent-free 71% (r) 17 (r) 190-194
66% (s) 18 (s)
3a Ethyl acetate #2 87% (r) 6 (r) 188-190
62% (s) 26 (s)
3b Ethyl acetate #1 88% (r) 19 180-182
3c Ethyl acetate #1 85% (r) 21 194-196
3d Ethyl acetate #1 75% (r) 20 180-182
4a Thermal heating 70% (r) 86 114-115
55% (s) 109
4a Microwave heating 73% (r) 82 115-116
4b Thermal heating 49% (r) 129 150-151
4c Thermal heating 62% (r) 108 140-142
4d Thermal heating 70% (r) 81 123-124
6a Thermal heating 46% (s) 15 122-124
6a Microwave heating 44% (r) 15 124-126
6b Thermal heating 25% (r) 8 112-113
6¢ Thermal heating 60% (r) 12 165-167
6d Thermal heating 14% (r) 47 108-109

Notes: (r) - yield produced by undergraduate research students. (s) - yield
produced by sophomore organic chemistry students.

?E-factor was determined by estimating the amount of waste generated from
the amount of solvent used in each method (reaction and purification).

The two-step sequence presented here provides a
cost-effective synthesis of N-(4-chlorophenyl)maleimide
(4). The cost of the raw materials to produce one gram
of N-(4-chlorophenyl)maleimide (4) is $2.75. The com-
mercial cost of N-(4-chlorophenyl)maleimide (4) from
Millipore-Sigma is $133 per gram.

The reaction is not atom efficient with only 51% of the
reactant atoms being incorporated into the maleimide.
Trujillio-Ferrara et al. (80) report a slightly more atom
efficient conversion of N-(4-chloro)maleanilic acid (3) to
N-(4-chlorophenyl)maleimide (4) in the absence of
acetic anhydride but the reaction requires heating at
80-85°C for 4 h. To implement this method in the under-
graduate laboratory, the reaction time would need to be
cut to 1-1.5 h and would result in much lower yields.

Kumar et al. report two solvent-free methods for con-
verting maleanilic acids to maleimides (87). The first
method reacts the maleanilic acid with dicyclohexylcar-
bodiimide by grinding at room temperature for 8 min.
The atom economy is moderate at 48% and the resulting
maleimide is produced in a 67% yield. The reaction
requires the same workup with ice-cold water as our
method but requires an additional wash with chloroform
to remove the dicyclohexylurea by-product. This method
is intriguing if the hazardous chloroform wash could be
replaced with a greener solvent. Therefore, we
attempted this method using an ethyl acetate wash
but this resulted in low yields of the maleimide. The
second method reported by Kumar et al. involves the
grinding at room temperature of the maleanilic acid
with an alkylating agent, potassium carbonate, and tetra-
butylammonium bromide for 8 min. The resulting

maleimide is produced in a 71% yield. This method
requires about half the water wash as the method
reported here. However, the atom economy is only
27% and the method requires the use of either a
highly flammable or significantly hazardous alkylating
agent.

Additionally, there are two reports of the synthesis of N-
(4-chlorophenyl)maleimide directly from maleic anhydride
and 4-chloroaniline that are extremely atom efficient
(atom economy for both is 92%). Reddy et al. report that
the grinding method utilized here results in the maleimide
product (88), however, we have been unable to reproduce
this result. Le et al. use an ionic liquid to directly synthesize
maleimides from an anhydride and aniline (89). While Le’s
method is atom efficient, the reaction requires a signifi-
cantly higher reaction temperature of 140°C and synthesis
of the ionic liquid. The synthesis of the ionic liquid requires
a wash with THF which negates the low E-factor of the ionic
liquid mediated cyclization reaction.

Diels-Alder reaction

The Diels—Alder reaction is a highly efficient and green
reaction that can be utilized to control the configuration
of multiple stereocenters and can be enantioselective.
The third step of the synthesis utilizes a solvent-free
Diels-Alder reaction between N-(4-chlorophenyl)malei-
mide (4) and 2,5-dimethylfuran (5) via a 10.5 mmol
excess of the furan. After 1 h of refluxing, the reaction
produces a 46% yield of exo-2-(4-chlorophenyl)-
3a,4,7,7a-tetrahydro-4,7-dimethyl-4,7-epoxy-1H-isoindole-
1,3(2H)-dione (6). The yield could be improved with
additional heating time. The product precipitates as a
white powder upon cooling. Barr and Wustholz report a
Diels—Alder reaction between N-phenylmaleimide and
1,3-cyclohexadiene in ethyl acetate (90). While they
achieved higher student yields (78%), the E-factor of
their reaction is significantly higher because of the ethyl
acetate solvent. We found the 46% yield acceptable and
plenty of product for TLC, melting point, IR, and 'H NMR
analysis. Cooley (79) and Barr (90) also report significant
yields (~90%) for a room temperature Diels—Alder reaction
involving N-phenylmaleimide after 7 days.

The analysis of this reaction nicely demonstrates the
power of '"H NMR and the limitations of melting point
and IR spectroscopy. There is a slight difference in the R;
values (Figure 1(c)) of N-(4-chlorophenyl)maleimide (4)
and the Diels-Alder adduct (6). Additionally, the melting
points of the N-(4-chlorophenyl)maleimide (4) (~115°C)
and 6 (~124°C) are similar (Table 2). The IR spectra of 6
do not readily identify the addition of functional groups.
Thus, the students must rely on '"H NMR to identify the
product. The 'H NMR shows five distinct, clearly



identifiable peaks for the diastereotopic hydrogens while
beautifully demonstrating the symmetry of a structurally
complex molecule (Table 1). While we did not ask the stu-
dents to identify whether the endo or exo product was
produced. We found that the exo product was typically
favored 95:5 under the presented reaction conditions.
Identification of the exo:endo ratio using 'H NMR spectra
in a Diels—Alder reaction involving a maleimide-furan
cycloadduct was described by Cooley and Williams (79).
The peak corresponding to the C5 and C6 protons
appears at ~A3.0 ppm for the exo product and at
~A3.4 ppm for the endo product. Given this information,
students could be asked to calculate the exo:endo ratio
using the integrations.

Implementation with other anilines and dienes

The synthesis also works nicely using p-methoxyaniline
(2b), p-methylaniline (2c), and m-nitroaniline (2d) in
place of p-chloroaniline (2a). While no modifications to
the conditions of alternative synthesis #1 were necessary
using p-methoxyaniline or p-methylaniline, the amine acy-
lation with m-nitroaniline required 45 min of stirring using
the alternative ethyl acetate method. However, the malei-
mide formation (4b-d) and Diels—Alder reaction (6b-d) did
not require any modification. While the reactions with
these three alternative anilines have not been
implemented in the sophomore organic chemistry lab,
they have been successfully completed multiple times
by undergraduate research students with nice yields
(Table 2) and easily interpreted 'H NMR spectra (Table 1)
for the maleimic acid (3b-d) and maleimide (4b-d) pro-
ducts. The yields for the Diels-Alder reaction using the
N-(4-methoxyphenyl)maleimide and N-(3-nitrophenyl)ma-
leimide were significantly lower but the 'H NMR spectra
are easily obtained and interpreted (Table 1).

The Diels-Alder reaction was also performed using 2,3-
dimethylbutadiene and furan with N-(4-chlorophenyl)ma-
leimide (4). The reaction with 2,3-dimethylbutadiene
worked nicely but the 'H NMR interpretation is signifi-
cantly more complicated for undergraduates and 2,3-
dimethylbutadiene is significantly more expensive than
2,5-dimethylfuran. The reaction also works nicely with
furan as demonstrated by Cooley and Williams (79) but
the NMR is more difficult to interpret and the low
boiling point of furan introduces an additional hazard.

Implementation of a microwave reactor

A microwave reactor can be utilized in the second and
third steps of the synthesis. We explored optimal tempera-
ture and reaction times in an Anton Parr Monowave 400
for maleimide formation and the Diels—Alder reaction.
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Synthesis of maleimide

For the cyclization of N-(4-chloro)maleanilic acid (3) to N-
(4-chlorophenyl)maleimide (4), we found the optimal
microwave reaction conditions to be 90°C for 30 s. The
reaction showed a slight increase in yield from 70% to
73% but the reaction time is reduced by 99% with a
moderate increase in the reaction temperature (50%).

Diels-Alder reaction

For the Diels-Alder reaction between N-(4-chlorophe-
nyl)maleimide (4) and 2,5-dimethylfuran (5), we found
the optimal microwave reaction conditions to be 140°C
for 5 min. The reaction showed a similar percent yield
of 44% but the reaction time is reduced by 92% with a
moderate increase in the reaction temperature (50%).
Additionally, the excess amount of 2,5-dimethylfuran
was reduced from 1 to 0.5 mL. This decrease reduces
the E-factor for the microwave version from 15 to 8.

Conclusions

A three-step sequential synthesis for the undergraduate
organic chemistry laboratory has been developed that pro-
duces a commercially and biologically important N-phenyl-
maleimide in two-steps. The product is then utilized as the
dienophile in a Diels—Alder reaction with 2,5-dimethylfuran
to produce a cycloadduct that also has potential biological
applications. Students were excited by the drastic color
change in the amine acylation step. Students were intri-
gued to synthesize an expensive commercial product (N-
(4-chlorophenyl)maleimide) for a fraction of its commercial
price. Since synthesis is a major emphasis in the Organic Il
curriculum, students enjoyed performing a sequential syn-
thesis in the laboratory.

Note

1. The waste generated for each calculation was estimated
by summing the amount of solvent required by each
method (reaction and purification).
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