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Understanding of the nature of science is key to the development of new curricular materials that

mirror the practice of science. Three problem types (project level, synthetic planning, and

day-to-day) in synthetic organic chemistry emerged during a thematic content analysis of the

research experiences of eight practising synthetic organic chemists. Project-level problems include

the overarching purpose of synthesizing target molecules. Synthetic planning problems include both

the retrosynthetic analysis of target molecules and subsequent development of synthetic pathway

proposals. Day-to-day problems include the ‘hurdles’ faced in research laboratories while

attempting to realize proposed synthetic pathways. Recommendations are made as to how

understanding of the three problem types impact undergraduate-level organic chemistry instruction.

Introduction

Understanding of the nature of science is a necessary component
of the collegiate science curriculum (Edelson, 1998). Both practical
experiences of chemistry research and pseudo-research experiences
(e.g., the work of the Center for Authentic Science Practice in
Education in incorporating research into the undergraduate
laboratory instruction, see www.purdue.edu/dp/caspie) show
merit for improving student understanding of the nature of
science, persistence in the study of chemistry, and interest in
careers in chemistry (Bowen and Roth, 2000; Lindsay and
McIntosh, 2000; Russell and Weaver, 2011; Samarapungaven
et al., 2006). Unfortunately, financial resources, laboratory
space, and large course enrollments preclude many institutions
of higher learning from incorporating research-like laboratory
experiences into the curriculum for all students (majors and
non-majors, alike).

The development of problem-solving abilities is a frequently
cited and fundamental outcome of the chemistry and broader
educational curriculum (Heyworth, 1999; American Chemical
Society, 2008; Zoller, 1987). The American Chemical Society
(ACS) Committee on Professional Training has proposed that
‘‘problem solving is one of the most empowering learning experi-
ences for science students’’ (2002, p. 3). It has been argued that
scientific research is fundamentally problem solving (Bodner, 1991;
Nersessian, 1995), and that through instruction on problem solving,
the practice of science can be taught (Bodner and Domin, 2000;
Society Committee on Education, 2003).

Because of these goals, the authors (JRR & MHT) then set
out to develop pseudo-research experiences for the lecture
component of second-year organic chemistry courses through
instructional problem sets, a much less resource dependent part of
the chemistry curriculum than the instructional laboratory. Pseudo-
research experiences seek to incorporate research type problems
and situations into the context of the traditional curriculum.
Using an instructional design methodology (IDM) discussed

by Jonassen and Hernandez-Serrano (2002), the authors sought
to transform the problem-solving experiences of practising
organic chemists into instructional problems for undergraduate
students. A preliminary component of the IDMwas to establish
an understanding of problem-solving experiences in synthetic
organic chemistry, i.e. the nature of synthetic organic practice.
This understanding was achieved through a review of the science
education and organic chemistry literature, a review of graduate-
level instructional textbooks and research overviews, and inter-
views with eight practising synthetic organic chemists (six graduate
students and two postdoctoral researchers) in academia. Presenta-
tion of the results from interviews with the eight practising
synthetic organic chemists is the purview of this article.
The three problem types found in synthetic research, as

discussed by the eight practising synthetic organic chemist
participants, will first be presented. This understanding of the
practice of synthetic organic chemistry will be followed by a
discussion of implications for the design and development of
sophomore-level organic chemistry instructional problems.

Methodology

Problem solving is an experience of a problem solver in a problem-
solving environment seeking, developing, and implementing a
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solution to a problem. In order to refine problems for the
undergraduate classroom, a sense of the problem-solving
experience of practising organic chemists had to be established.
The results described herein are one component of a larger study
on the holistic problem-solving experiences of practising synthetic
organic chemists based on an instructional design model. Details
of the instructional design model, participants, interview structure,
and data analysis will be outlined in this section.

Instructional design model

Jonassen and Hernandez-Serrano (2002) outlined a methodology
for designing instructional materials from interviews and think-
aloud protocols with practitioners. This instructional design
model (IDM) was utilized as a framework for an overarching
study that outlined the three types of problems found in synthesis
research and presented in this paper. The IDM is based on
the idea that instructional problems can be developed from the
problem-solving experiences of ‘‘skilled practitioners.’’ For the
purposes of this study, these are individuals, not deemed experts,
that are able to solve problems intended for novice learners
and articulate the knowledge and skills necessary to solve said
problems. Data from the ‘‘skilled practitioners’’ problem-
solving experiences and reflections on these experiences were
used to generate and refine new instructional problems. This
model informed the selection of participants, development of
interview protocols, and data analysis

Description of participants

Eight practising synthetic organic chemists were sampled from
a research-focused academic institution. Participants were
given a pseudonym for this paper to protect their anonymity.
(Paraphrased statements and quotations from these chemists
will be noted by a first name pseudonym.) The participants
included six males, and two females; seven from a chemistry
department and one from a medicinal chemistry department; and,
five US citizens and three International persons. Participants’
educational background spanned from 3rd year graduate student
to postdoctoral researcher. The participant sample was purpose-
fully constrained to graduate students and postdoctoral researchers
in accordance with the instructional design methodology’s
recommendation to select ‘‘skilled practitioners.’’ While the
authors recognize that this excludes synthetic organic chemists
working in industry, the participant sample was able to
articulate a level of knowledge and skills appropriate for this
study. Participants worked in several sub-discipline and
application areas of organic chemistry: biochemistry, medicinal
chemistry, total synthesis and methodological. Five of the eight
participants worked on the design of drugs and medicinal
chemistry-focused research. Research group settings ranged
from 9 to 25 members. Experience before doctoral studies
included internships, research experiences, and work in field
biology, inorganic chemistry, materials science, medicinal
chemistry, organic synthesis, and pharmaceutical industry (both
research and pharmacy practice).

Description of interview protocols

Two semi-structured interviews were intended for each practising
synthetic organic chemist participant. The first interview, based

on a literature reported protocol (Jonassen et al., 2006), asked
questions about the participant’s background as a chemist and
general experience solving organic synthesis problems (i.e., general
definition of a research problem, problem-solving strategies,
observed changes in problem-solving ability, and a discussion of
recent and ongoing research problems). Interview 1 lasted from
20 to 47 min. The second interview, completed by six of the eight
participants, consisted of a think-aloud problem-solving protocol
followed by reflection questions on whether the participant had
experienced similar obstacles in their research experience. Two
participants opted not to participate in the second interview of the
study due to scheduling conflicts; data from their first interview
informs the results presented herein and were thus included in data
analysis. Interview 2 lasted from 35 to 57 min.

Description of think-aloud problems

Five ‘‘classroom’’ problems for practising organic chemists were
developed in consultation with a practising organic chemist prior
to the think-aloud interviews of the eight participants. The
consulting chemist had both discipline expertise and experience
teaching sophomore-level organic chemistry; this background
made the chemist qualified to provide support and guidance for
the project. These ‘‘classroom’’ problems were developed utilizing
the IDM in conjunction with literature accounts and the authors’
understanding of the practice of organic chemistry. The problems
were developed with the intent of sparking further thought and
reflection on types of problems and the problem-solving process of
synthetic organic chemistry. A description of the five ‘‘classroom’’
problems will now be described so that a reader may discern the
impact of the ‘‘classroom’’ problems on the ‘‘research’’ problem
types reported in this paper.
Two problems asked participants to confirm the identity of

a desired product and to ‘‘prepare items necessary to discuss your
work for Friday’s research group meeting’’ based on experimental
data (including proton and carbon-13 nuclear magnetic resonance
spectroscopy data for both startingmaterials and obtained reaction
products). Nuclear magnetic resonance spectroscopy is an experi-
mental technique used to identify the types, number, and chemical
environment of observed atoms.
One problem asked participants to consider two provided

synthetic pathways to a given target molecule and ‘‘recommend
an improved synthetic route’’ with the intent of ‘‘reducing the
number of synthetic steps and increasing the overall selectivity
and yield of the synthetic pathway.’’
One problem asked participants to develop experimental

procedures for a given series of compounds based on a
literature-reported reaction methodology.
One problem asked participants to conduct a retrosynthetic

analysis and to propose a synthetic pathway for a given biologically
active target molecule. Retrosynthetic analysis is a backward
thinking strategy where the researcher begins with the target
molecule in mind and then ‘‘disconnects’’ the molecule using viable
reactions until commercially available reagents remain.
Six of the participants completed two to three of these

‘‘classroom’’ problems. The choice, number, and order of
the problems utilized for each participant was decided by the
interviewer (author JRR), in the context of the interview, in
response to the interview length and ability of participants to
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generate solutions to and reflect on the ‘‘classroom’’ problems.
The goal of the think-aloud protocol was to generate reflection
on the types of problems and the problem-solving processes of
synthetic organic chemists; therefore, the process of think
aloud problem selection is consistent with the goal of obtain-
ing data-rich reflections by the participant’s on their
‘‘research’’ problem-solving experiences. Each ‘‘classroom’’
problem, except one, was sampled three times; the total
synthesis problem was sampled four times.

Thematic content analysis

Data analysis began with transcription of the audiotaped
interviews. As transcription occurred, memos were written
about particular passages of interest including initial thoughts,
reflections, and potential problem types (Patton, 2002).
Segments of each interview where problems were described
were extracted. These problem episodes were then categorized
based on similar features and themes. Through a process of
constant comparison (Lincoln and Guba, 1985; Patton, 2002),
problem categories (i.e., themes) were condensed into three
main problem types reported in the next section.

Types of problems in research process

Three types of ‘‘research’’ problems emerged from our analysis
of interviews with practising synthetic organic chemists:
project-level problems, synthetic planning problems, and
day-to-day problems. These problems types span the research
process in synthetic organic chemistry from project conception
to completion.

Project-level problems

Project-level problems encompass the identification and selec-
tion of target molecules for synthesis. Target molecules (e.g.,
natural products and analogs) are chosen for their complexity
and functionalities (‘‘Alberto;’’ participant pseudonyms will
be noted in quotation marks throughout). In general, synthetic
targets could be an exact structure (e.g., a natural product with
bioactivity), a particular functionality or property (e.g., syn-
thetic polymeric units), or a novel structure (e.g., longifolene
at the time of its discovery). (See Scheme 1 for an example of
an exact structure target molecule, salvinorin A, a compound
with implications for understanding hallucinogens.)

Any molecule ‘‘that can be drawn [and] pretty much any-
thing that has been isolated from nature can be [synthesized]
with enough effort’’ (‘‘Ignatius;’’ & cf. Deslongchamps, 1984).
The choice of a target molecule is governed by several factors
identified by the participants: chemical resources, funding
sources, available laboratory equipment, synthetic difficulty,
the opportunity to test a new synthetic methodology, research-
er’s and research team’s knowledge, therapeutic potential,
client requirements, etc. As chemists evolve in their skills
and abilities, the complexity of target molecules and research
projects increases (‘‘Aloysuis’’). Target molecule complexity
was seen as a function of the open-endedness of the project-
level problems; the more open-ended, the more complex the
target molecule (‘‘Xavier’’). ‘‘Alberto’’ saw the open-ended-
ness of the problem as a direct function of the number of
possible synthetic pathways to a given target molecule; if every

possible pathway was considered, an upwards of ‘‘thousands’’
of paths could be posited for any given target molecule.
Project-level problems give insight into the societal applica-

tion of the target molecule’s specific structure or functionality.
In the opinion of ‘‘Aloysuis,’’ target molecules have most
recently been limited to biologically active molecules. A review
of Feature Articles from the Journal of Organic Chemistry in
2010 and 2011 shows that biologically active compounds
including antibacterial, antibiotic, anticancer, antifungal, and
disease inhibitors have been a key focus of synthetic organic
chemistry research.
Project-level problems as discussed by the practising organic

chemists were centered on total syntheses of target molecules;
however, this is a limitation of the participant sample. A
second category of project-level problems is ‘methodological.’
Three of the practising synthetic organic chemists mentioned
this problem type; however, they stated that methodological
research was not considered to be the main focus of their
research initiatives. ‘‘Alberto’’ described methodology as

. . .more of optimizing a, a reaction. So, you kind of create a
new reaction, a new method to build up the structure. And,
and, the problem is having probably poor yields or side
products that you don’t want, ah side products that are
major. So, you try to reverse basically the ratio between the
compounds.

‘‘Aloysuis’’ saw total synthesis and methodology problems
working in tandem; ‘‘when you are working on total synthesis,
without knowing, you would be working on methodology
too.’’
The definition of project-level problems, as reported by the

participants, originates with the principal investigator, a fa-
culty-level research advisor. The graduate student participants
felt obligated to adopt the project-level problems and methods
for solving those problems as directed by their research
advisor. ‘‘Aloysuis’’, a sixth year graduate student, and the
two postdoctoral research associate participants noted that as
their research careers progressed, their research advisors
invited them to participate more in the definition of project-level
problems and the direction necessary to solving the problems.

Synthetic planning problems

Two closely linked problems arise in the course of synthetic
planning: (1) retrosynthetic analysis of the target molecule,

Scheme 1 An example of a project-level target molecule, salvinorin A.
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and (2) developing several proposed synthetic pathways. Both
these problems arise and are solved in tandem while planning
syntheses. The overall ability to develop synthetic plans relies on
a vast knowledge of reactions and the ability to foresee how
reactions can lead to desired products. In developing a proposed
synthetic route, a project-level problem begins to take shape and
the reality of the synthesized product becomes more apparent.

Retrosynthetic analysis, a method introduced to the organic
chemistry community by E. J. Corey, was explicitly discussed by
five of the eight practising organic chemist participants. Corey
received the Nobel Prize in 1990 for his idea of retrosynthetic
analysis (see Corey, 1988, 1991; Corey and Cheng, 1995). Retro-
synthetic analysis is a process of proposing possible ‘‘disconnec-
tions’’ (‘‘Robert’’), the reverse of forming bonds (see Fig. 1 for an
‘‘Edmund’s’’ example of a retrosynthetic analysis).

By making several disconnections within a target molecule,
a researcher intends to disconnect the target molecule into a
set of commercially available starting materials; this process
may not be as easy as stated and may involve the development
of new and modification of several known reaction types. The
retrosynthetic analysis, with possible disconnections, becomes
the foundation for proposing synthetic pathways.

If every possible disconnection were considered, the number
of pathways to a given target would be extremely large. As
discussed by the participants, several goals guide retrosynthetic
analysis and the proposal of synthetic pathways. These goals
include enantioselectivity, cost—inexpensive starting materials
and reactants, efficiency—greatest yield, efficiency—shortest path-
way (total number of steps), environmentally friendly (Anastas and
Warner, 1998), intricacy—multiple bonds/stereocenters formed in
one reaction (Fuchs, 2001), no unwanted products (i.e., side
reactions), no use of protecting groups, and no waste (i.e., atom
economy; Trost, 1991). As possible disconnections are considered
and pathways are proposed, these goals inform and constrain the
synthetic planning process.

As ‘‘Xavier’’ noted, once a pathway is set ‘‘then it’s just a
matter of getting the reactions to go.’’ ‘‘Xavier’’ is stating that

at the conclusion of the planning process, the next step is to
realize the planning in the laboratory through synthesis and
experiment. The next section will describe the day-to-day
routines in which the participants get their ‘‘reactions to go’’
and the problems that emerge during those routines.

Day-to-day problems

Day-to-day problems were the most frequently discussed problems
by the eight participants; however, literature evidence of this
problem type, beyond doctoral dissertations accounts, is sparse.
Day-to-day problems, as defined by the participants, are

most typical of what would be considered a ‘‘problem’’ in the
problem-solving literature (Hayes, 1989; Wheatley, 1984).
‘‘Aloysuis’’ defined a problem as a ‘‘challenge that keeps you
from going to the next step;’’ he also described problems as
‘‘dead ends.’’ ‘‘Bernadette’’ stated that a ‘‘problem then is
anything that needs to be fixed. Not working the way it
should;’’ she also used the term ‘‘hiccup’’ to describe these
kinds of problems. ‘‘Xavier’’ described day-to-day problems as
anything ‘‘unexpected’’ or ‘‘hurdles’’ to be jumped. These three
participant’s problem definitions mirror two commonly referenced
definitions from the problem-solving literature: Hayes (1989) has
stated that ‘‘whenever there is a gap between where you and now
and where you want to be, and you don’t know how to find a way
to cross the gap, you have a problem.’’ And, Wheatley (1984) has
stated that problem solving is ‘‘what you do, when you don’t
know what to do.’’ Elements of both of these literature definitions
were found in the participant’s responses.
Problems of the day-to-day type arise in the context of four

routine processes: (1) The physical setup of glassware, heating
and stirring apparatuses, and vessels and tools for adding
reagents to the reaction vessel (‘‘Edmund’’). (2) The purification of
reactants and products (‘‘Edmund,’’ & ‘‘Ignatius’’). (3) The char-
acterization of products (‘‘Bernadette,’’ ‘‘Edmund,’’ ‘‘Ignatius,’’ &
‘‘Xavier’’). (4) Property testing of products (e.g., biological activity;
‘‘Alberto,’’ ‘‘Bernadette,’’ ‘‘Claudia,’’ ‘‘Edmund’’).
Within these four routine processes, the eight participants

identified seven common day-to-day problems: (1) The formation
of byproducts or unexpected products. This problem often emerges
during the characterization process. Under certain circumstances a
single unwanted product is the only product isolated. Under other
circumstances, mixtures of byproducts and the intended product
are obtained. Mixtures of products often lead to re-purification
and re-characterization.
(2) Impure starting materials and reactants. Participants

discussed that after discovering that the expected product was not
obtained that they would often refer back to the characterization of
the starting materials. By following the characterization backwards,
being conscious of potential byproducts, participants were able to
determine whether the starting material was impure or not the
compound originally thought.
(3) Insoluble starting materials, reactants, or products.When

all solvent was removed from the reaction mixture, the pro-
ducts solidified into an insoluble product that prohibited it to
be characterized by common methods (i.e., liquid phase
nuclear magnetic resonance spectroscopy).
(4) Instrument failure. Instruments being used in synthesis

research are most commonly associated with characterization

Fig. 1 ‘‘Edmund’s’’ partial retrosynthetic analysis of salvinorin A.

‘‘Edmund’’ uses double-tailed arrows to show his backward thinking

from the target molecule to precursor molecules. He notes reaction

names and reagents in this figure while considering how to synthesize

the target molecule.
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of the product; although, for those conducting their own
biological activity testing, this also could include instruments
used as such in that process.

(5) Reaction does not go to completion; low yields are
obtained. This was determined by comparing their obtained
product yields to those reported in the literature. The second
way this is determined is through monitoring the reaction and
noting residual starting materials.

(6) Reaction does not produce any product. This problem
type is of two forms: First, no reaction is observed; only
starting materials were obtained after a given amount of time
determined by the participant and research advisor. Second,
a reaction occurred but labile products were obtained
(i.e., decomposition of starting materials and products occurred);
these labile products were unable to be separated and characterized.
In both these cases, some variable associated with the reaction
conditions led to the lack of formation of products or the decom-
position of products.

(7) The reaction is not reproducible from literature accounts
or previous research experience. When the reproducibility
problem arose, the participant was either repeating literature
procedures or their own procedures and was unable to get the
reaction to occur or go to completion (e.g., achieve a similar
yield as previously obtained).

Implications for undergraduate education

Problem-based learning (PBL), most notably used in medical
education (Hmelo, 1998), is a viable pedagogical method for
exploring how to incorporate the practice of organic chemistry
into the instruction of organic chemistry. PBL, when utilized
in chemical education, has largely focused on creating problem
scenarios for more ‘‘meaningful’’ learning (Jonassen, 1997,
2003) of the traditional canon of organic chemical knowledge
(American Chemical Society, 1972, 1976) rather than taking
‘‘advantage of the new directions and existing research that
chemists are pursuing’’ to develop new teaching methods
(Jacobs, 2003). Problem choice is critical to PBL instructional
practices (Norman, 1988). The types of problems that will be
proposed in this section expand upon the traditional knowl-
edge base of sophomore-level organic chemistry and include
education on the nature of organic chemistry practice; these
problems ‘‘begin to focus our attention on teaching the process
of problem solving instead of focusing so heavily on the
outcomes of problem solving’’ (Cartrette, 2003, p. 216).

Problem-based learning ‘‘situates learning in complex problem-
solving contexts. It provides students with opportunities to consider
how the facts they acquire relate to a specific problem at hand’’
(Hmelo-Silver, 2004, p. 261). The three problem types found in this
study provide the context (Jonassen, 2003) necessary for instruc-
tional designers to develop instructional problems centered on
‘‘authentic’’ problem-solving contexts (Overton and Potter, 2008).
The implications of each problem type on developing instructional
problems will be discussed.

Project-level problems

In the opinion of the authors, there is difficulty in describing
how a student may encounter a project-level problem given
that research advisors (i.e., course instructors in the

classroom) most always are defining and directing the nature
of research problems. Nevertheless, the broader implication is
in the societal application of the chosen problems. As was
previously noted, each project-level problem resides in a given
societal application; such a focus provides additional oppor-
tunity for meaningful learning (Bretz, 2001; Edelson, 1998;
Jonassen and Land, 2000; Novak, 1977). When developing
instructional problems, target structures for multiple-step
synthesis problems should be chosen with the potential societal
application in mind. For example, Scheme 2 shows a valuable
target, 1, for developing new antibiotics and non-specific kinase
inhibitors (Lackner et al., 2005), a medicinal chemistry focused
target.
The analogous target, 2, could be given as a viable multiple-step

synthetic target appropriate for sophomore-level students; synthesis
of target 1 is beyond the knowledge of a sophomore-level organic
chemistry student. However used in a problem prompt, 1 and 2
should include a discussion on where the molecule, 1, was
discovered, the importance of synthesizing analogues in
medicinal chemistry (if this has not already been presented),
data on the biological activity, and references to appropriate
literature articles discussing the target molecule. Some have
attempted to include such societal applications in their curriculum
(Doxsee, 1990; Ferguson, 1980; Harrison, 1989; Kelley and
Gaither, 2007); however, broad based adoption of this implication
has not occurred in the organic chemistry curriculum.

Synthetic planning problems

This type of problem is most commonly thought of in terms of
instructional problems already in use; sophomore-level students
should be familiar with multiple-step synthesis problems. The
development of synthetic pathways from simultaneous forward
and backwards thinking (Cartrette, 2003) is a common problem-
solving behavior. However, this problem type, as it is currently
used in instruction, does not always embrace and give due
diligence to importance of synthetic planning in research. It
should be argued that retrosynthetic analysis is a key tenet to
the field; it is rooted in the fundamental idea of beginning with the
end in mind. It is a type of thinking that has application in reverse
engineering, artistic sculpting, and party planning to name a few.
Of course, the tools and knowledge necessary to solve each of
those problems is different; the implications for teaching this
critical problem-solving skill are enormous.
Organic chemistry instructors give more ‘‘predict-the-product’’

problems thanmultiple-step syntheses problems (Raker and Towns,
2010). Why? Because they are easier to grade? Multiple-step
syntheses often have multiple correct answers that could complicate
a rigid grading scheme. But, very seldom, if ever, do practising

Scheme 2 Sample target molecules for multiple-step synthesis

problems.
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organic chemists recite their knowledge of chemical reactions as a
canon of individual reactions. References materials are available
to practising chemists that have a tangible organization of their
knowledge (Caruthers and Coldham, 2004; Gallego and Sierra,
2004; Li, 2003; Mackie et al., 1999); however, each reaction unto
itself is not the focus of achieving research goals. Multiple-step
synthesis problems should becomemore of a focus in encouraging
students to discover how the reactions, in combination, can and
are used to synthesize complex target molecules (Bhattacharyya
and Bodner, 2005). Such a focus could help to alleviate the
perception that learning chemistry is ‘‘an enormous and onerous
chore’’ of memorization (Hendrickson, 1978).

Day-to-Day problems

This last problem type has the most promise for how sophomore-
level organic chemistry instruction could be redesigned. The
practising organic chemist participants spent the most time work-
ing on these types of problems in their research. It must be noted
that experimental evidence, such as spectroscopic data, is at the
heart of discovering many problems of this type. If problems such
as these are to be incorporated into the curriculum, spectroscopy
and other data measures (e.g., product distribution ratios) must
take a more central role in lecture and be moved toward the
beginning of the two-semester (yearlong) instructional sequence.
Such a focus on experimental evidence is often found at the
graduate level, the last stage of classroom training for future

chemists, as shown in several graduate-level textbooks
(Boger, 1999; Caruthers and Coldham, 2004; March and Smith,
2001; Norman and Coxon, 1993; Smith, 1984). We believe there is
great utility in teaching students, at the beginning of their under-
graduate organic chemistry education, the manner in which we
come to know what we have synthesized in a given reaction and
underlying chemical principles (e.g., resonance, induction,
aromaticity). When students have the opportunity to make
discoveries and develop their own conclusions from the experi-
mental data, more meaningful learning can occur (Spencer, 1999).
Knowledge of infrared (IR) spectroscopy, mass spectro-

metry (Mass Spec), and nuclear magnetic resonance (NMR)
spectroscopy taught earlier in the course can then serve as a
foundation for posing problems where students are to discover
the formation of unexpected products or impure starting
materials and reagents. For example, Fig. 2 shows a two-step
reaction and final product 1H NMR data.
A student would be asked to confirm if the product was or

was not obtained. The product shown in Fig. 2 was not
obtained. The spectroscopic data (and knowledge of hydro-
halogentation reaction mechanisms) should lead a student to
conclude that tert-pentylbenzene was the obtained product; in
other words, the intended intermediate, 2-chloro-3-methyl-
butane, was not obtained. (This problem has been pilot-tested
with sophomore-level organic chemistry students who were
able to successfully generate solutions.) This type of problem
reaffirms the role data has in understanding chemical reactions
while providing students with real life experiences of how the
chemistry they are taught is utilized.

Summary

The results of this study of eight practising organic chemists
provided a foundation for considering how undergraduate organic
chemistry instruction can better mirror the practice of science. The
three problem types found (i.e., project-level, synthetic planning,
and day-to-day) provide a framework for the reform of current
instructional problems and practices. Further research is need to
explore the impact of new curricular problems on student under-
standing of the nature of organic chemistry practice and the
traditional sophomore-level organic chemistry topics.
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