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Introduction

Microwave heating has been a versatile and powerful tool for
synthetic chemists since the 1980s, advancing nanomaterial
assembly, drug discovery, peptide synthesis, and more.**
The two mechanisms by which microwaves generate heat,
ionic conduction and dipolar rotation, rely on an ion or
molecule’s ability to align itself with the ever-oscillating
electric field of a microwave.® In general, highly polarized
species undergo ionic conduction and dipolar rotation

most readily, while low-polarity species are slowest to heat.

A common measure of polarity is the dielectric constant

(€’), which measures a compound’s ability to store electrical
charges. Though useful, this value can sometimes contradict
another important dielectric parameter, the dielectric loss
constant (£”), which measures a solvent’s ability to dissipate
absorbed microwave energy to its surroundings. In microwave
heating, the dielectric loss constant (") provides the best
gauge of a material’s ability to efficiently absorb microwaves
and undergo heating. Typically, high-absorbing materials have an
€’ greater than 14, while low-absorbing solvents have an €” less
than 1 (Table 1).°

A common misconception regarding microwave heating,
however, is that microwaves can benefit only experiments
employing polar solvent systems. The advantages of microwave
heating can be harnessed despite the dielectric characteristics
of a solvent; most reactions involve polar and/or ionic species
that can interact directly and instantaneously with microwave
energy, even if the solvent does not absorb effectively.

Discover 2.0

To demonstrate the efficacy of microwave heating in
transformations employing low-polarity solvents, the simple
modification and optimization of a Diels-Alder reaction in toluene
(Scheme 1) was adapted from an established protocol employing
water.® This common cycloaddition is favored for its ability to
produce ring structures and two new carbon-carbon bonds.

Table 1: The Dielectric Constants and Dielectric Loss Constants
of Six Common Solvents®

Solvent Dielectric Constant (<) Dielectric Loss Constant (<)
DMSO 45.0 37.125
Water 80.4 9.889
Acetonitrile 375 2.325
DCM 9.1 0.382
Toluene 24 0.096
Hexanes 1.9 0.038
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Scheme 1: Microwave-Heated Diels-Alder Reaction in Toluene
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Materials and Methods

Reagents

Toluene was obtained from VWR (Radnor, PA). Maleimide and
2,3-dimethyl-1,3-butadiene were obtained from TCI Chemicals
(Tokyo, Japan).

Procedure

A 10 mL vessel, equipped with stir bar, was charged with
maleimide (1.0 equiv.), 2,3-dimethyl-1,3-butadiene (2.0 equiv.),
and solvent (2.5 — 4.95 mL). Then, the vial was sealed with

a Teflon-lined silicon cap and placed in the Discover® 2.0
microwave cavity. The reaction mixture was heated to a specified
temperature for an indicated period of time. Then, the solution
was cooled to room temperature and analyzed via thin layer
chromatography. The crude yield was obtained through rotary
evaporation of the reaction mixture.

Results

To start, experimental conditions from the literature-
established® microwave-assisted Diels-Alder reaction were
tested; heating maleimide and 2,3-dimethyl-1,3-butadiene at
110 °C for 5 min in water resulted in a 94% yield, consistent
with reported values (Table 2, entry 1). Employing toluene
with otherwise identical reaction conditions did not affect
experimental outcome; a comparable yield of 96% was
observed (Table 2, entry 2).

From this point, the efficacy of microwave heating with

toluene was further investigated; a series of experiments with
diminishing reaction concentration was studied (and optimized).
Diluting reaction concentration to 0.20 mM (maleimide), one
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tenth of the original concentration, did not result in quantitative
conversion to product after 5 min, at 110 °C (Table 2, entry 3).
A simple temperature optimization to 120 °C secured complete
conversion and satisfactory yield (Table 2, entry 4).

Following this adjustment, an experiment where the reaction
concentration was decreased by an additional 50% and then
heated at 120 °C for 5 min was performed; again, incomplete
conversion to product was observed (Table 2, entry 5) due

to the low concentration of reactants. To restore quantitative
conversion this time, an increase in both temperature and time
was implemented; heating the solution at 130 °C for 10 min
afforded the desired product in 97% yield (Table 2, entry 6).

A final dilution of reaction concentration to 0.050 mM
(maleimide) resulted in incomplete conversion when heated
under the previous conditions (Table 2, entry 7); extending
reaction time by 5 min, however, restored quantitative
conversion (Table 2, entry 8).

Conclusion

The efficacy of microwave heating in transformations employing
low-polarity solvents was demonstrated through the simple
modification and optimization of a Diels-Alder reaction. Though
originally performed in a moderately polar solvent (water)®,

the microwave heating of maleimide and 2,3-dimethyl-1,3-
butadiene in low-polarity toluene yielded identical results. Even
when diluted nearly 40-fold, quantitative conversion to product
was achieved. Due to the microwave-absorbing properties of
polar reactants typical of synthetic transformations, microwave
heating is a simple and effective technology in the practice

of all types of synthetic chemistry, despite the dielectric
characteristics of the solvent in use.

Table 2: Optimization of Diminishing-Concentration Diels-Alder Reactions in Toluene

Entry Maleimide (mM) Diene (mM) Solvent Temperature (°C) Time (min) Yield (%)

1 1.95 3.90 Water 110 5 94

2 1.95 3.90 Toluene 110 5 96

3 0.20 0.40 Toluene 110 5 Incomplete conversion
4 0.20 0.40 Toluene 120 5 93

5 0.10 0.20 Toluene 120 5 Incomplete conversion
6 0.10 0.20 Toluene 130 10 97

7 0.050 0.10 Toluene 130 10 Incomplete conversion
8 0.050 0.10 Toluene 130 15 95
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