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ABSTRACT: As nonrenewable resources deplete and educators seek relevant
interdisciplinary content for organic chemistry instruction, biobased laboratory
experiments present themselves as potential alternatives to petroleum-based trans-
formations, which offer themselves as sustainable variations on important themes.
Following the principles of green chemistry and the powerful biorefinery model it is
possible to create pedagogically sound and modern laboratory experiments employing
readily available renewable reactants and reagents to convey important organic
chemistry principles. In a reverse approach compared to total synthesis, these
experiments should serve to not only make the undergraduate organic chemistry
laboratory more green and sustainable but also educate the next generation with both
historically important developments and cutting-edge research.
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Implementing Biobased Protocols in the Laboratory. Since the
inception of green chemistry, there has been a concerted effort
to develop green educational materials that has resulted in a
variety of green chemistry experiments.1−4 Notably, many of
these have been developed for the organic chemistry
curriculum.5−8 Despite efforts to achieve truly sustainable
experiments, most of the admirable improvements to time
honored syntheses focus on the development of greener
processes and neglect to afford greener products or vice
versa.5,7 It should be noted that this is not at the fault of the
principles of green chemistry nor the experiment developers
but should serve to highlight the difficulty it takes to develop
multifaceted sustainable experiments simultaneously following
numerous green principles. In an effort to further advance
organic chemistry experiments into pedagogy that is both
educational and sustainable, it should serve that the next
generation of sustainable experiments focuses on the dual
development of green processes and products. To aid this
development there comes to the forefront a second green
chemical ideology to augment the principles of green
chemistry: the biorefinery model.9

The biorefinery model exists in parallel to the petroleum
refinery and represents the industrial handling of biobased
materials with biotechnological and chemical processes to
afford chemicals, fuels, and materials.10,11 Two main advantages
to the biorefinery model stem from its use of renewable
biomaterials over crude oil distillates as feedstocks and
biocatalysis to modify these chemicals, thus taking into
consideration both product and process. In viewing the
biorefinery model it becomes evident that unlike facile green
chemistry efforts the model is wholly sustainable as it
incorporates multiple principles of green chemistry into one

paradigm, including renewable feedstocks, design for degrada-
tion, safer biocompatible solvents, and potentially others. This
combination of green principles should serve to inspire the next
generation of sustainable organic chemistry research and
pedagogical experiments.
There have been sustainable experiments published in this

journal, which serve to promote the use of biobased materials in
educational practices (Figure 1).12−14 They have well
demonstrated the incorporation of either biobased reactants15

or reagents,16 and some serve to demonstrate the total
synthesis of one natural product into another.17 Common are
laboratories that detail the isolation and identification of
biological molecules that may serve the introductory organic
chemistry class,18−20 but a rare few detail transformations of
these molecules21,22 truly following the biorefinery model by
identifying cheap and readily available starting materials for use.
Beyond these, there exists a set of laboratories, polymer-
izations,23 and interdisciplinary experiments24 that detail the
development of materials from biomass. These are more
advanced experiments that serve to connect the organic lab to
applied study inviting a wider context into the undergraduate
organic laboratory. Lastly, there are a variety of experiments
that demonstrate the conversion of oils and fats to
biodiesel,25−31 a popular experiment that might well be the
epitome of the biorefinery model, especially when biotransfor-
mations are used.32
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It must be noted that using complex natural mixtures, and
leveraging tools that verge on biochemistry, augments the
complexity of these experiments. One common practical
observation of those who run these experiments is the extra
time some of these transformations take or that workup may
entail. Though these may be challenges in the laboratory, each
instructor must weigh the advantages of working with biobased
materials. Some may come to find these experiments
impractical but may be interested in lecturing about them as
alternatives, whereas other may find the added time an
appropriate introduction for students to real world consid-
erations of organic chemistry transformations.
One of the significant differences between these experiments

and traditional total synthesis experiments is the pathway of the
biomaterial. While total synthesis experiments utilize petro-
leum-derived reagents to synthesize a biologically available
molecule, these experiments serve to use readily available
biomaterials to synthesize products of similar complexity and
utility. Thus, by incorporating biobased experiments into a
curriculum it should not serve to diminish the impact or
relevance of a laboratory, but rather serve to provide a
worthwhile learning experience without sacrificing the environ-
mental or economic sustainability of the course.
The arguments for incorporating green chemistry into the

curriculum also serve to promote the development and
incorporation of biobased reagents and reactants into experi-
ments (following the seventh principle of green chemistry) and
thus the promotion of the biorefinery model as a guide for both
teaching and research.3,33,34 As chemists and educators alike
strive to develop sustainable experiments that exist as
economically feasible, educational, and environmentally benign
experiments, the biorefinery model may serve as a guide
alongside the principles of green chemistry. In an effort to
effectuate this model, the first step is to push the seventh
principle and replace the petroleum-derived materials from at
least some of our laboratories and with biobased alternatives.
This will serve not only to help to bridge the gap between green

experiments and sustainable experiments but also to inspire the
next generation of sustainable scientists when students realize
they can use their chemistry to synthesize starting from the
biosphere around them. Beyond the inclusion of these
experiments and biobased reactants and reagents there needs
to be a paradigm shift toward linking applied research and the
organic chemistry laboratory. This can be done by taking the
sustainable research developments in laboratories and con-
tinually and iteratively incorporating elements into the
coursework, until the laboratories reflect the topics and work
being done by researchers at or near the student’s institution,
along with the chemistry of natural products specific to their
environment. A final step is the permeation of foundational
materials into lecture courses such as general chemistry or
organic chemistry. Although many green pedagogical develop-
ments may begin in the laboratory, more efforts are needed to
teach topics including biotransformations, waste recycling, and
the production and processing of safe chemicals in lecture so
students can connect theory to their experimentation. When
the lecture and laboratory can reflect the same principles and
ideas, this cohesion should prove to influence and inspire
students of all interests. Many inventive and elegant experi-
ments have been created to demonstrate the powerful
principles of the using naturally renewable resources; the next
step is combining them into a curriculum, which evokes the
power of the biorefinery model.
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Figure 1. Biobased organic chemistry laboratories representing a range of topics and techniques.
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