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ABSTRACT: The fundamental structure of a typical mainstream two-semester organic
chemistry course, populated mostly by life science majors and taught at universities
throughout the United States, has changed little since the 1970s. However, much of the
research on learning in organic chemistry has been devoted to characterizing student
difficulties of various types, and there is now persuasive evidence that organic chemistry as
currently taught is neither effective nor relevant for a majority of students. In an attempt to
address the problems with traditional approaches to organic chemistry instruction, we have
developed an approach to the design of a transformed organic chemistry course (Organic
Chemistry, Life, the Universe and Everything or OCLUE) suitable for the vast majority of
organic chemistry students that includes (1) using the Framework of three-dimensional
learning (3DL) to support knowledge in use and (2) emphasizing biologically important
mechanisms. In this course, topics are connected to core ideas by using scientific practices,
such as constructing models and explanations, analyzing and interpreting data, and
emphasizing causal mechanistic reasoning. Here we discuss the theory and the decisions
that went into the development of the course, including the compromises made and the rationales behind those choices. The
outcome is a course that emphasizes causal mechanistic reasoning, has an increased focus on biologically prevalent reactions,
and uses spectroscopy early and often to support evidence-based arguments about structure−property relationships. The
materials we have developed are freely available to students and to potential users.
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■ THE CURRENT STATE OF UNDERGRADUATE
ORGANIC CHEMISTRY

With few exceptions, mainstream organic chemistry curricula
have remained more or less unchanged for nearly 50 years. The
precedent was set in 1959 with the publication of Morrison
and Boyd’s Organic Chemistry1,2 and has changed little over the
intervening decades. Earlier texts presented descriptions of the
synthesis and reactivity of functional groups without providing
mechanistic explanations, despite the fact that the curved
arrow notation had been introduced by Robinson in 1924.3

Morrison and Boyd’s text took the then controversial approach
of integrating mechanisms that modeled how and why
reactions happen. In the years following the release of the
first edition of Organic Chemistry, approaches to organic
chemistry instruction converged around Morrison and Boyd’s
treatment of functional groups and the use of the electron
pushing formalism to denote how electrons move during
reactions. As Raker and Holme noted, the content of
practitioner-developed ACS examinations for organic chem-
istry has changed little since the 1970s, indicating a broad
consensus as to what should be taught in such a course.4 Some
have taken consistency in content as an indication that
curricula embodying the status quo are effective. For example,
after undertaking an analysis of organic chemistry curricula in
the mid-1970s (which produced results that would look

remarkably familiar today) the organic subcommittee of the
Division of Chemical Education curriculum committee stated,
“We feel that undergraduate organic chemistry education is in an
excellent state of health”.5,6 Despite such bold declarations as to
the health of organic chemistry instruction, there is little
empirical evidence that Morrison and Boyd’s organization of
material supports most students in developing, organizing, and
using their knowledge effectively. At the same time there is a
widespread perception that organic chemistry is difficult,7 and
often irrelevant to most students’ goals.8 Moreover, many
organic chemistry courses are perceived by students as having
high student failure rates,7 suggesting that the current
approach is not optimal for a significant subpopulation of
students.
In response to these problems, there is a large body of

research on student learning in organic chemistry. The vast
majority of this literature has involved characterizing the
difficulties that students have while progressing through such
courses. By our count, there are at well over 70 peer reviewed
papers published from 2010 to the present that are focused on
characterizing how students approach organic chemistry tasks.
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Many of these reports discuss student difficulties and
misconceptions. For example, many students have trouble
with the electron pushing formalism,9−12 and the use of
mechanistic reasoning to predict the outcome of a reaction
seems to be especially problematic for both undergraduate and
graduate students.13−15 We know that students may use
heuristics rather than considering structure−property relation-
ships when considering acid strength,16 or reactions of alkyl
halides,17 and that they have problems associated with
characterizing electrophiles and nucleophiles.18,19 Similarly,
studies have looked at issues with visualization and strategies
for analyzing three-dimensional structures.20 Others have
characterized misconceptions21,22 and designed concept
inventories.23,24 Student difficulties with synthesis and spec-
troscopy have been studied and characterized,25−29 and as in
most other areas, novice and expert organic chemists have
been shown to think differently about the subject, with novices
focusing on surface features and experts looking at underlying
concepts and connections.28,30,31 Taken together, these studies
provide a great deal of evidence for the problems that students
have with organic chemistry.
On the other hand, there are fewer reports released from

2010 to the present (around 30) that investigate strategies for
helping students succeed in organic chemistry. This is almost
certainly because measuring improvements in a meaningful
way is more difficult than characterizing problems with student
thinking in a particular context. Indeed, as noted in the
National Academy Report on Discipline Based Education
Research (DBER), there are few findings in DBER for which
there is strong evidence, defined in the report as “numerous
well-designed qualitative and/or quantitative studies, with high
convergence of findings”.32 For example, it appears that the use
of visualizations and models to support student learning is not
well-understood,33 and there is no evidence-based consensus
for how visualizations should be introduced or used.34 On the
other hand, there are a number of studies that investigate the
use of physical models that show they support students.33,35,36

There are also a number of initiatives that have reported
reinventions of various aspects of the course. These include the
following: spiral curricula,37 where ideas are initially intro-
duced and then returned to later in more depth; the “organic
first” movement, where organic and general chemistry courses
are switched so that freshmen first take an introductory course
on the structure and properties of organic molecules followed
by more traditional general chemistry course;38,39 curricula
organized by mechanism instead of functional groups;40,41

curricula that emphasize biological chemistry;42 and a variety
of efforts aimed at the goal of “student engagement”.43−45 For
example, a study on the use of PLTL46 showed improvement
in student performance (as measured by course grades),
retention, and attitude for students engaged in the intervention
relative to those taught more traditionally. There are also a
number of studies on a “flipped classroom” approach that
report improvements in grades and attitudes.47,48 Flynn and
Ogilvie40 have also reported on a completely revised organic
chemistry sequence that cultivates student familiarity with the
mechanics of mechanism drawing before introducing content.
However, despite the approaches mentioned above, most
organic chemistry courses taught today look very much like an
organic chemistry course taught during the 1970s.
In this paper we describe the development of a new organic

chemistry course, including

(1) The theoretical framework for curriculum development
(2) What content is most appropriate for the majority of

organic chemistry students in the absence of external
constraints

(3) The compromises made to our vision of organic
chemistry in response to real-world constraints

(4) The actual course that was enacted; studies on the
efficacy of this approach will be presented in subsequent
publications.

■ THE THEORETICAL FRAMEWORK FOR
CURRICULUM DEVELOPMENT

We contend that any attempt to design a chemistry learning
environment should be informed by what we know about how
people learn, both generally, and with respect to the discipline
of chemistry. There is broad consensus that students construct
their own understanding: Knowledge is not transferred whole
cloth from a “sage on the stage” to student observers.49−51 In
chemistry, the development and organization of useful
knowledge are complicated by the fact that atoms and
molecules are far removed from students’ experiences and
behave in ways that are not at all intuitive.52,53 Strategies that
can be applied successfully to navigating the observable world
very often lead students astray when applied to atomic/
molecular level behaviors. This contrasts with introductory
physics, where small-grain ideas extrapolated from experience
(called “phenomenological primitives” or p-prims) can be
applied productively in ways that seem intuitive. For example,
the idea that more effort begets a greater result can be
productive for physics students (a harder push makes the
object move more). However, heavier molecules do not
necessarily have a higher boiling point.53,54 Further, there is
little evidence that students possess a stable or usable “mental
model” of atoms and molecules which they might draw from
when called upon to predict, explain, or model chemical
phenomena.53 While it is tempting to think about student ideas
as “misconceptions” and how they may be “overcome”, we
believe it can be more fruitful to think of them in terms of
resources and habits of mind that may be more or less
appropriate to explain the phenomena under consideration.
Resources may include conceptual and factual knowledge from
coursework, ideas intuited from experience, and notions about
the appropriate use of knowledge, that are strung together in
the context of a particular prompt or instructional scenario.55,56

Furthermore, one must presume (or at last hope) that most
organic instructors do not intend for their students to merely
memorize vast swathes of reactions, but rather that their
students develop deep and useful knowledge that will help
them construct predictive and/or explanatory models for
phenomena in organic chemistry: If this is the case, we must
carefully consider how learning environments can support
cultivation and use of the resources that students will need.
Toward this end, the National Academies produced a

consensus report, A Framework for K−12 Science Education
(the Framework),57 that provides not only a review and
analysis of the extant research on science education, but also a
synthesis of this research into a vision for how science learning
environments should be structured. While the Framework was
designed for K−12 education, the underlying theories and
recommendations are equally applicable to higher education
settings.58,59 The Framework proposes that learning in science
should be “3-dimensional” and should involve leveraging
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foundational disciplinary ideas (i.e., core ideas)57,60 in practices
characteristic of work in science (i.e., science and engineering
practices), as framed by concepts that direct student
sensemaking (i.e., crosscutting concepts). Thus, coursework
in science should not simply be about knowing disaggregated
facts, or even separate topics, but about supporting students in
developing and organizing what they know in order that they
be equipped to use their knowledge to make sense of aspects of
the world around them.
There is considerable evidence that chemistry learning

environments that make connections between topics and
larger-grain “core ideas” explicitly support students in building
up, organizing, and using their intellectual “toolkit” to explain a
variety of phenomena.14,61−63 Connecting new knowledge to
core ideas helps students develop a more expert-like knowledge
framework, that can be built upon, and used, ideally in new
situations. Core ideas previously identified for college general
chemistry include the following: atomic/molecular structure
and properties (SP), electrostatic and bonding interactions
(B&I), energy (E), and change and stability in chemical
systems (C&S).60,64

However, knowing (memorizing) something is of little value
unless that information can also be used correctly, that is,
applied accurately in appropriate situations. Too often such
“inert” (memorized) information is mislabeled as knowledge
and is regurgitated on exams. Students must constantly be
engaged not only in learning new ideas, but in using those
ideas to predict, model, explain, and analyze data and
information. It has been proposed that using knowledge in
these ways helps develop the connections that lead to more
expert-like knowledge structures.57 The Scientific and En-
gineering Practices (SEPs) encompass the ways that scientists
and engineers use and develop their knowledge.57 These
practices include asking questions, designing and carrying out
investigations, analyzing and interpreting data, constructing
and using models, mathematical and computational thinking,
constructing explanations, engaging in argumentation, and
evaluating and communicating information. Together they
encompass the work of scientists but are frequently absent
from undergraduate science courses. For example, such
practices are largely absent from organic examinations65 and
introductory courses.66

The Crosscutting Concepts (CCCs) represent the third
“dimension” of three-dimensional learning and consist of
lenses that focus student attention on particular aspects of a
phenomenon to be explained. For example, when looking at
trends in ionization energy from left to right across a row in the
periodic table, one might focus on emergent regularities in data
(leveraging the CCC of patterns), or think about constructing
a model that enables explanation of differences in ionization
energy (leveraging the CCC of systems and system models), or
construct a causal account of why atoms with higher effective
nuclear charge have higher ionization energy (leveraging the
CCC of cause and effect). Phenomena, particularly in
chemistry, may be made sense of in many different ways,
and it is crucial we signal to students how we want them to use
their knowledge if we want to maximize chances of successful
engagement in sensemaking. There are a number of studies in
organic chemistry focusing on student reasoning;10,16,67,68 in
our work, we have emphasized causal mechanistic thinking
across a range of phenomena.14,63

Core-Idea-Centered General Chemistry

The general chemistry course Chemistry, Life, the Universe
and Everything (or CLUE), designed by two of the authors
(M.M.C. and M.W.K.), is an example of this approach to
curriculum design in general chemistry.64 CLUE engages
students in scientific practices such as constructing predictions,
explanations, and models and in doing so supports them as
they make connections among the core ideas of the course.
Mechanistic reasoning is emphasized to help students
understand not just that things happen, but also how and
why. Increasingly complex, intertwined progressions of core
ideas underpin the treatment of all traditional topics in the
course and guide content organization (rather than historical
precedent). Using knowledge anchored to core ideas through
the use of SEPs supports students as they make sense of ever
more complex scenario supports. For example, the core ideas
of energy, bonding and interactions, and structure−property
relationships combine to support the development of ideas
about London dispersion forces in the first chapter of the text,
providing an explanation for why neutral atoms and molecules
stick together, the strength of such interactions, and the
relationship between temperature (i.e., the kinetic energy
available through molecular collisions) and physical state. The
mechanism by which the LDFs form is emphasized. Bonding is
introduced subsequently, with a strong emphasis on a model of
bonding that relies on electrostatic interactions between
valence electrons and the nuclei of the other atoms, both to
explain why bonding releases energy and breaking bonds
requires energy. These ideas are then connected to energy
changes associated with phase changes, caused by forming or
breaking new interactions, and the core idea of stability and
change. Subsequently, these same ideas are used to build
toward understanding how acid−base reactions occur, and
how kinetic and thermodynamic factors can control the
outcome of reactions. Finally, course core ideas and SEPs are
integrated into understanding ideas about how coupled
reactions can transfer energy in biological systems.
We have amassed a wealth of data on the impact of CLUE

on student outcomes; CLUE enrolled students have higher
average grades and lower DWF rates than matched cohorts of
students taught according to other approaches.58 Further, we
have evidence from longitudinal research projects not only that
CLUE students have more sophisticated understanding of
intermolecular forces,61 structure−property relationships,62

and acid−base reactions,14,63 but also that these improvements
persist throughout a full year of organic chemistry (taught in a
conventional manner). We have also shown that, in a typical
semester at Michigan State University, over 700 more students
than in earlier years have been able to continue to the next
course with a grade of 2.0 (C) or higher, and, more
importantly, to continue successfully throughout their course-
work: They do not fail the next courses in the sequence.58

Indeed, it appears that students who participate in the CLUE
curriculum do better than one might expect in the next two
semesters of an organic chemistry course; their average grades
are similar to peers who have taken more selective general
chemistry courses and who have higher ACT scores and
GPAs.14

Toward Core-Idea-Centered Organic Chemistry

The challenges to designing a meaningful organic chemistry
learning environment mirror those encountered in general
chemistry but are further magnified. While the inferences
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required to explain a nucleophilic substitution reaction can be
thought of as an extension of those that students must make to
explain differences in boiling points in terms of molecular
charge distribution, the chain of such inferences is longer and
more complex. If we want to go beyond having students simply
memorize products of a reaction, we must help them develop
the necessary causal mechanistic reasoning skills (as aligned
with the CCC cause and effect: mechanism and explanation).
That is, we want students to go beyond the idea that a reaction
occurs (e.g., generates a product), and beyond how a reaction
occurs (i.e., draw a mechanism), to construct a causal
mechanistic explanation in order to explain why a reaction
occurs. For example, to construct a causal mechanistic model
for an acid−base reaction as shown in Figure 1, students need

to figure out the charge distribution within and between the
reacting molecules by considering bond dipoles and molecular
geometries. They must then determine which sites are
electron-rich and which are electron-deficient in order to
identify likely Lewis acidic and basic sites. Such predictions
rely heavily on understanding and using the forces within and
between atoms and molecules and how they influence
molecular interactions. In addition to grounding their
reasoning in core ideas, students must be also be familiar
with a variety of skills, such as how to draw Lewis structures
and how to use the curved arrow formalism, in order to
construct and use a mechanism as a model, that is, as a
predictive tool.
The thinking required to make connections among all these

ideas can be made more explicit and measurable by articulating
performances in terms of scientific practices. In organic
chemistry courses, we expect students to be able to perform
a diverse array of tasks, including providing mechanisms for
reactions, predicting outcomes by drawing a mechanism,
constructing syntheses for particular functional groups and for
target compounds, identifying compounds using spectroscopic
data, identifying and distinguishing between different types of
isomers, and constructing energy diagrams showing the
stability of reactants, products, and different conformations.
As discussed in more detail in the assessment section, almost
all of these goals can be clarified by thinking of them in terms
of the scientific practices.
In 2015 we began development of a two-semester organic

chemistry course: Organic Chemistry, Life, the Universe and
Everything (OCLUE). While many of the design decisions are
analogous to those involved in CLUE, organic chemistry poses

new challenges and increased complexity. In the next section
we describe our vision for a hypothetical organic chemistry
curriculum, that is, what the curriculum would look like in an
ideal situation. We then describe the various compromises
associated with the enacted curriculum, a curriculum that has
been taught for three years, and discuss the factors that led to
changes from the hypothetical curriculum.

■ THE VISION FOR A TRANSFORMED ORGANIC
CHEMISTRY COURSE: ORGANIC CHEMISTRY, LIFE,
THE UNIVERSE AND EVERYTHING (OCLUE)

In this section we discuss our vision for a transformed organic
chemistry course if there were no constraints on what such a
course could look like. This vision is dictated by the student
population enrolled in a typical organic chemistry course
(rather than the perceived needs of graduate-school-bound
chemistry majors). For example, most (over 95%) of the
students at Michigan State University take organic chemistry
courses because they are required by their biology degree
program or as a preprofessional health sciences requirement.
Organic chemistry is also often a prerequisite for a
biochemistry course required by several of these programs.
This requires us to ask the following question: What do such
students need to know and to do with their organic chemistry
knowledge? As discussed earlier, the course should be
developed over interconnected progressions of the core ideas
which we have defined as structure−property relationships,
bonding and interactions, energy, and chemical change and
stability.60 These are the overarching ideas behind much of
chemistry, and when used to predict, explain, and/or model
phenomena, they provide a very different way of thinking
about what student understanding of organic chemistry would
look like. However, for a course to be “recognizable” as an
organic chemistry course it should also cover topics that are
traditionally included in such a course. The question we should
ask ourselves is which topics are relevant and necessary for a
robust comprehension of organic chemistry that would also be
useful in understanding the chemistry of biological systems?

Depth over Breadth

We do not believe that it is necessary to “cover” all the material
outlined in a typical organic chemistry text. A great deal of the
material presented is not relevant for students’ understanding
of organic chemistry, and the sheer volume of content to be
“covered” often leads them to resort to surface learning and
memorization. In our work designing college chemistry
learning environments we have chosen to emphasize depth
over breadth. As previously discussed, and as evidenced by our
work on CLUE,14,61−63 developing and organizing resources in
a mindful way requires explicit and repeated support for
students; a “drive by” approach in which whole chapters can be
covered in one or two lectures in complete isolation from other
chapters precludes the development of deep and coherent
understanding. That is, the course needs to “cover” less than
the traditional course, but in more depth and with more
explicit connections that are perceived and most importantly
used by the student.
Covering less requires us to be selective about what material

to include, and therefore, we choose to emphasize reactions
and mechanisms of biological importance (given the
aspirations of enrolled students). One way to identify such
reactions is to consult the MaCiE (Mechanism, Annotation
and Classification in Enzymes) database of enzyme catalyzed

Figure 1. Sequence of inferences and connections that students must
be able to make to construct a causal mechanistic explanation about
acid−base reactions.
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reactions69 to determine both the most common types of
reaction mechanisms present in biological systems, and the
most common amino acid side chains involved in catalytic
mechanisms.70 As shown in Figure 2A, a vast majority of

mechanistic steps mediated by enzyme catalysis involve proton
transfer reactions, with bimolecular nucleophilic addition being
the second most common type of mechanistic step.
Nucleophilic additions in biological systems typically involve
amino acid residues with a N, S, or O nucleophilic site adding
to a carbonyl (or phosphate ester). SN2 reactions at an sp3

hybridized center are also common. Unimolecular elimination
reactions via the conjugate base (E1cb) reactions (such as the
elimination step after an aldol reaction) are also prevalent, but
the more often taught E1 (via a cationic intermediate) and E2
reactions are rare. Electrophilic reactions (i.e., reaction at an
electron-rich substrate) are quite rare in biological systems.
Rather, most reactions involve nucleophilic amino acid
residues such as histidine or cysteine (and their termini) and
are strongly stabilized by interactions with other parts of the
enzyme and metal ions, and by interactions with the aqueous
solvent. Leaving groups are often anions of weak acids (for
example, phosphates) rather than the ubiquitous halide seen in
traditional organic courses.
Considering these data, it appears that many of the reactions

typically included in the first semester of organic chemistry are
not especially relevant to those students with biomedical
aspirations, in particular, the cognitively complex material
usually included in discussions of alkyl halides, which involves
differentiating and predicting when SN1, SN2, E1, and E2
reactions are likely to occur. In biological systems, SN1
mechanisms are rare and not, apparently, particularly
important. We might therefore de-emphasize or postpone (to
the second semester) the chemistry of carbocations, with their
concomitant complexities (rearrangements, alkyl and hydride
shifts, and eliminations). In fact, while most practicing
chemists go to great lengths to avoid generating carbocations,
a large portion of many first-semester organic chemistry
courses focus on these reactive intermediates. We are not alone
in considering the aforementioned quartet of substitution and
elimination reactions to be too complex for the first semester
of an organic chemistry course.71 Indeed, in the transformed

course designed by Flynn et al., this quartet is postponed until
students are better able to grapple with all the necessary
ideas.40 Unfortunately, organic chemistry courses patterned
after Morrison and Boyd’s progenitor text delay introduction
of reactions involving the carbonyl group (and by analogy,
imines and phosphate and sulfonate esters) until the second
semester, despite the fact that chemistry of the carbonyl and its
analogues is the most prevalent reactivity observed in
biological systems. We agree with Flynn et al.: We should
include an introduction to carbonyl chemistry (nucleophilic
attack at the carbonyl) in the first semester.
Many have sought to appeal to nonchemistry STEM majors

enrolled in organic chemistry by adding biological examples
into otherwise conventional texts so that students can see
illustrations of particular reactions in biological systems.42

However, like the physics community discovered before us,72

providing meaningful education for the vast majority of the
students who come from the biological sciences is more
difficult than simply adding “relevant” examples to conven-
tional approaches. Teaching the same material with add-on
examples does not address the problems at hand; evidence
from the CLUE transformation suggests that the curriculum as
a whole needs to be redesigned so that each topic is
progressively introduced, built upon, and connected to core
ideas. This approach stands in contrast to an isolated
intervention approach or a simple reorganization of chapters,
where the new curriculum appears as a patchwork quilt version
of its prior self. As Schunn et al. have reported, there is
evidence that wholesale curriculum design is more effective
than development of “units” that are incorporated into a pre-
existing curriculum.73

It seems clear that the traditional format and topic sequence,
which may make perfect sense to practicing organic chemists,
are not what most students need from organic chemistry.
Certainly, students should have a strong grasp of Brønsted
acid−base reactions involving a wide range of potential organic
acids and bases. However, if we want students to understand
mechanisms that are biologically prevalent, we need to
emphasize nucleophilic attack at electrophilic carbons
including carbonyls, and also the parallels between attack at
carbonyls and attack at phosphate and sulfonate esters.
Because of the prevalence of the histidine, cysteine, and
aspartic acid residues within the catalytic sites of enzymes, the
similarities and differences between N, O, and S nucleophiles
should be introduced early, and used often. Similarly, as halide
leaving groups are not prevalent in biological systems,
strategies to improve leaving group ability in physiologically
relevant contexts (e.g., by protonation of OH or by forming
phosphate or sulfonate esters) should be introduced relatively
early.
The electrophilic addition chemistry of alkenes and alkynes

does not seem to be as important as its central role in most
first-semester courses might imply. Additionally, if students are
to understand how organic reactions are catalyzed in biological
systems, it is important to explicitly discuss the role of
stabilizing interactions and solvation, activation by protonation
or by metal ion complexation, pH effects, and the coupling of
reactions that drive energetically unfavorable reactions. The
trade-off, of course, is time: We believe that taking the time to
make explicit connections to students’ other relevant knowl-
edge is valuable and within students’ capabilities given
appropriate assistance. Without this explicit assistance,
however, students may not make explicit connections between

Figure 2. (A) Frequency of enzyme mediated mechanisms (out of
872 classified reactions). (B) Relative catalytic propensity of amino
acid residues. Adapted with permission from ref 70. Copyright 2007
Elsevier.
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their chemistry and biology experiences.74,75 If the number of
reactions and associated esoteric reagents can be reduced, it
may be possible to build a more meaningful understanding of
the chemistry relevant to biological systems. All of this should
be done so that the knowledge students gain is connected and
seen as potentially useful (to them).

Increasing Complexity

Another problem with creating meaningful materials for
biology and health majors is the complexity and historical
contingency (the result of evolutionary processes) of biological
systems. Many biological molecules are far more structurally
complex than the chemical systems that we use in introductory
organic chemistry courses. Students can rapidly become
overwhelmed by the cognitive demand of decoding such
structures and will fall back on memorization strategies that
most organic chemists believe are not appropriate. Most
students enter OChem without the level of facility in reading
and interpreting chemical structures required to make sense of
even simple organic structures.76,77 Consequently, they do not
(and cannot) see such structures as models that convey
information about the properties and function of physiolog-
ically relevant molecules. Development of such skills takes time
and must be approached explicitly, something that may not
occur in conventional courses.76 Dependence on decoding
complex representations (and conflation of memorization with
understanding) is not unique to chemistry or organic
chemistry; many introductory biology and biochemistry
courses appear to underestimate the difficulties involved in
making sense of structural representation of complex (and
simple) molecules.78,79 The introduction of such complex
structures must be done carefully and intentionally. Students
must be supported as they look for meaning in the structure at
reactive centers, since we know that otherwise learners tend to
focus on surface features.80

■ THE COMPROMISES

All of this being said, there are a number of compromises that
we have had to make in response to the nature of our student
population and the operation of the course. While it would be
ideal to design a course using the best available evidence and
theories, with the goal of emphasizing the material that is
relevant to biological systems, several real-world issues make
this problematic. The most important local reason at Michigan
State University (MSU), is that students are not likely to take
both semesters of organic chemistry with the same professor.
At this institution registration takes place a year in advance,
and students do not know who teaches a particular section at
the time they sign up. Therefore, each professor must agree to
“cover” the same general topics in the first semester of the
course. Inevitably this has led to trade-offs and compromises.
In our case this means that we have (reluctantly) agreed to
keep the nucleophilic substitution/elimination (SN1/SN2/E1/
E2) mechanisms in the first semester. In return, professors
teaching from a traditional text agreed to move spectroscopy
into the first semester, so that it can be used as an evidence
base for what we know about structure−property relationships.
On a more universal note, many of our students intend to

take preprofessional admissions tests, and while the MCAT has
been revised fairly recently, it still hews rather closely to a
traditional topic set;81,82 we would be doing our premedical
students a disservice if we removed whole sections that are
covered on the MCAT whether or not they are, in our opinion,

actually relevant to a future biological/health career or practice.
The result of all these considerations is that, in our initial pilot
tests, we were unable to enact all of the ideas about scope and
sequence discussed earlier. That being said, we have been able
to keep a focus on biologically important mechanisms and
remain faithful to the theoretical approach that relies on core
ideas connected by scientific practices as discussed below.

■ THE ENACTMENT OF OCLUE: TRANSFORMATION
IN PRACTICE

In the development of the General Chemistry course CLUE,
particular attention was paid to the sequential development of
the interconnected progressions of the core ideas. Because we
were assuming that students brought little relevant knowledge
to the course, we were able to “more or less” start from scratch.
In the case of organic chemistry, there are a number of
concepts, skills, and practices that are, ideally, prerequisites for
the course. At a minimum, students should bring with them a
facility with simple structural representations, an under-
standing of bonding models, and an appreciation for acid−
base chemistry. Unfortunately, there is ample evidence that
many students do not develop a robust and useful under-
standing of this prior knowledge. For example, studies have
shown that organic chemistry students struggle to draw
appropriate Lewis structures,76 many students believe that
intermolecular forces operate within molecules (rather than
between them),83 and, even by the end of organic chemistry,
only about 50% of students understand that structural
representations can be used to predict physical and chemical
properties.83,84 At MSU the students enrolled in OCLUE have
a variety of backgrounds. Only around 50% of students have
taken two semesters of CLUE General Chemistry, around 25%
have taken a more selective version of general chemistry, and
around 25% have not taken a relevant General Chemistry II
course (GC II is not required at MSU for enrollment in OC I).
Because of all of these factors, we emphasize the important

prior knowledge including structural representations and
bonding models at the beginning of OC I. These ideas are
(re)introduced in the context of acid−base chemistry, because
we believe that for meaningful learning to occur students must
understand the purpose of what they are learning; otherwise, it
will not be connected and may be easily forgotten.85 The
beginning of the course is an expanded version of that
commonly found in many organic texts. The Lewis acid−base
model is emphasized because it is integral to organic chemistry
and leads naturally into an introduction to simple nucleophilic
substitution (SN2 reactions) and attack at a ketone carbonyl.
Parallels between SN2 substitutions and attack at a carbonyl
carbon are highlighted throughout this discussion. This
background section takes 3−4 weeks of class time. During
this period, we introduce the expectation that students will
learn not only what happens during a reaction, but also why it
happens. That is, we introduce students to constructing causal
mechanistic explanations, and to using mechanistic arrows. We
introduce the electron pushing formalism in the context of
acid−base, nucleophilic substitution, and addition reactions,
and we emphasize that they are more than a tool; that is, not
only do they represent a model for how electrons flow in a
reaction, but also they must be used with an understanding of
why the electrons move this way.
The next unit introduces spectroscopy. While spectroscopy

does not appear in some textbooks until the second semester,
we believe it is crucial to provide students with evidence as to
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why structure impacts reactivity as well as to show how the
structures of reaction products are characterized. Leaving
spectroscopy to the middle of the second semester means
students must take much of organic chemistry on faith.
Including spectroscopy early provides opportunities to
incorporate the practice of the “analysis and interpretation of
data” throughout the course and affords the option of using
evidence from this analysis to inform arguments.
Following the discussion of spectroscopy is a unit on the

structure of organic compounds that includes conformational
analysis and an emphasis on why certain conformations are
more stable than others. In earlier work, we found that
students often did not understand the meaning of the term
“potential energy”,86 and that they were unlikely to be able to
predict potential energy changes resulting from interactions
(repulsions) in different conformations. The information from
these studies was integrated into CLUE during discussions of
the relationship between forces and energy, and these ideas are
reviewed in OCLUE. We expect this overview will be
particularly beneficial to students who have not considered
ideas about potential energy in prior coursework. Once
students are familiar with and understand how three-dimen-
sional structures adopt particular conformations, they are then
introduced to chiral species and the different types of
stereoisomers. The use of hand-held models is emphasized,
as Stieff et al. have found that such use improves a student’s
ability to deduce configurations at chiral centers and removes
any gender disparity in this skill.36

In the second half of the first semester, we return to
nucleophilic substitutions and introduce the SN1 mechanism,
the effect of substrate structure, nucleophile, leaving group,
solvents, and temperature, and the experimental evidence for
the two mechanisms. This leads directly into elimination
reactions, both E1 and E2, the effect of all the other variables
and base strength, and stereoelectronic requirements. In our
opinion (and that of others)71 this complex interplay of
expected reaction mechanism, reagents, and conditions is one
of the most cognitively difficult units in any organic chemistry
course. Ideally, this material would be simplified here and
reintroduced in semester two, but currently, that is not possible
due to student scheduling problems and necessary curricular
compromises as discussed earlier.
In the second semester, we begin with a review of OC I in

the context of alcohols, ethers, thiols, and amines. This allows
review of acid−base chemistry and SN1, SN2, E1, and E2
mechanisms once more, with a wider array of substrates,
nucleophiles, and bases that are more applicable to biological
systems than those covered in the first semester. Nucleophilic
attack at carbonyl carbons, and, by analogy, phosphates and
sulfates, is then introduced. This discussion includes treatment
of aldehydes, ketones, carboxylic acids and derivatives,
phosphates, and esters. At this point we begin to introduce
the effects of conjugation on functional groups, first with
conjugated alkenes, which are compared and contrasted with
conjugated ketones, and then with aromatic systems. Electro-
philic and nucleophilic aromatic substitutions are introduced
and unpacked shortly after the introduction of aromaticity.
Particular attention is paid to aromatic bases and the rationale
for why some nitrogenous aromatics are basic and some are
not.
In the final third of the second semester we revisit the

chemistry of carbonyls to emphasize the reactivity at α
carbons, condensation reactions, and the parallels between

simple model systems and biological reactions that both build
and break up complex polymeric molecules. In the final
sections we discuss a range of biological systems that include
sugars, glycolysis, peptide bond formation, and activation of
reactants by ATP in preparation for coupling reactions. We
make explicit connections between these complex biological
systems and the foundational carbonyl reactivity discussed
earlier in the semester.
In some ways OCLUE as we enacted it looks similar to a

traditional curriculum, albeit with fewer topics and less
emphasis on memorization of specific reaction conditions
and reagents. It is the connections to core ideas and emphasis
on reasoning as defined by engagement in SEPs that constitute
the major differences in approach. Tables 1 and 2 provide
examples of traditional topics and associated learning
objectives.
The materials developed for the course are freely available87

and include the following: (1) There is a text, modeled on the
CLUE text, that is intended to provide the narrative driver and
the “essential basics” for the course. It contains no boxes, no
asides (except for footnotes to resources and literature), and
while it does have questions to consider designed to promote
reflection as students are reading, there are no end-of-chapter
practice problems. Rather, the text is a description of how and
why the course is organized this way and provides students
with a thread of ideas to follow. (2) Instructor resources are
available including lecture outline PowerPoint slides that can
be elaborated using an iPad or other drawing technology,
clicker questions, and learning objectives. (3) There are a wide
range of both formative and summative assessments including
homework, recitation worksheets, and exams. As with CLUE,
we do not use or recommend randomly generated multiple
choice or fill in the blank questions. The formative assessment
items are designed to support student learning, rather than test
it, and are a major component of the course. For example,
students complete both retrospective tasks that are designed to
consolidate ideas, and prospective tasks that introduce new
material and allow students to use their knowledge and skills
to, for example, predict outcomes for systems that will be
discussed in the next class. These tasks are delivered via the
beSocratic system,88,89 a web-based system that can recognize
and respond to some inputs (for example, the placement of
mechanistic arrows). While skills can be practiced using this
system, its major advantage is that students can write and draw
freely and thereby engage in practices such as modeling,
explanation, or argumentation in order to make connections
among the ideas and skills they are learning. beSocratic can
simulate the use of pencil and paper tasks but also provides the
added benefit of recording all student actions (for example, the
order in which they write mechanisms) for later analysis. At
MSU, students also attend a weekly recitation where they work
on more complex activities in groups. Summative assessment
tasks are a mixture of more traditional organic chemistry tasks
(e.g., predict products, draw mechanisms), and tasks that have
the potential to elicit evidence that students are engaging with
core ideas and practices in both multiple choice and short
answer formats. On a typical exam, about 50% of the points
come from the latter types of tasks. In contrast, Stowe and
Cooper report that few traditional exams (including an ACS
organic exam) allow explicit engagement with scientific
practices.65
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■ EXAMPLE TASKS THAT ENGAGE STUDENTS IN
SCIENTIFIC PRACTICES

The kinds of activities that are central to a course send a strong
message to students about what knowledge and skills they are
expected to master.90−92 If students listen to lectures and then
go away and practice rote skills, and reaction completion by
pattern recognition and/or memorization, we should not be
surprised if they take away the message that organic chemistry
is about memorization, or when students cannot use their
knowledge in new situations. Evidence-based instructional
practices93 that emphasize student-centered instruction have
been shown to improve student outcomes across a range of
disciplines;94 however, there are also studies that show that
even students who have been in active learning classrooms may
emerge with profoundly problematic ideas (such as the idea
that intermolecular forces operate within molecules83). If
student-centered instruction is not focused on making
connections to core ideas by using scientific practices, it is
entirely possible that students will not develop a coherent and
useful understanding of the domain under study. Actively
learning fragmented pieces of knowledge will fail to result in
more connected knowledge structure, although it may improve
recall of those knowledge fragments. It is our contention that
student-centered instruction must be accompanied by activities
that require students to engage with core ideas and practices.
While the major goal for designing formative assessments is

that they support student learning, assessments should also
provide information to instructors about what students know
and can do. In other words, assessments should be constructed
for, and used for, the purposes of making evidentiary
arguments about what students know and are able to do.95

We have previously argued the importance of knowledge in use
(i.e., the use scientific practices58), and here, we discuss the
importance of assessing such practices within the context of
organic chemistry. Further examples of these assessment tasks
are provided in Supporting Information S1.
Models and Modeling: Explanation

The practice of developing and using models involves
developing a simplified representation of a system that is
grounded in principles or evidence, and that enables prediction
or explanation of a phenomenon.96,97 For example, a reaction
mechanism can be thought of a model of the reaction system,
where the components of the model are the molecules
(starting material or products), the distribution of the electron
density, and how the electrons move during a reaction (the
electron pushing formalism arrows). There are three major
tasks that one might expect an organic chemistry student to
master:

(1) Draw the products of a reaction step when given the
starting materials and mechanism.

(2) Draw a mechanism when given the starting materials
and products.

(3) Draw a mechanism to predict the product of a reaction.

We consider these tasks to be in order of increasing
complexity. Task 1 requires students to produce a drawing of
the result of the mechanistic arrows. This is a necessary skill,
but we do not consider such a task as incorporating core ideas
or practices because it simply requires students to be able to
interpret the meaning of the arrows. Task 2 may or may not
elicit thinking about the causal mechanisms by which species
react, but without explicit evidence we cannot infer that

students who complete such a task are using the electron
pushing formalism to explain the course of the reaction. That
is, it does not provide evidence that they are using the core
ideas of structure−property relationships or interactions and
bonding to support their thinking about the course of the
reaction.9,13 Similarly, task 3, which could be thought of as a
predictive modeling task, also does not produce explicit
evidence about how students are reasoning about the use of
mechanistic arrows. For example, we know that many students
do not use mechanistic arrows in a predictive way and some
may add arrows after drawing the product.9

Assessment items that do not require explicit reasoning
about how and why reactions occur cannot provide evidence of
the ideas that students are using, whether they are using the
electron pushing formalism as part of a model or just because
“it gets me to the product”.13 To address this issue we typically
design assessment tasks that explicitly ask students to reason
about the reaction they are asked to model. We have shown
that such tasks can provide a richer evidence base about how
students understand acid−base reactions,14,63 and there are a
number of reports discussing how prompting students to
verbalize about particular tasks can contribute to a more
metacognitive approach to the task.98 Box 1 provides a generic

prompt that allows us to identify the reasoning, both
mechanistic (how the electrons move) and causal (how and
why the species interact), that underlies a reaction.
It is almost certain that most instructors discuss why and

how reactions occur, but it is far less certain that students can
leverage fundamental ideas to reason across phenomena as
they move through the course. For example, Anderson and
Bodner have reported on “Parker”, a good student who did
well in general chemistry but did not seem to hear when the
instructor explained how and why reactions occur.99 It is our
contention that students must constantly and consistently be
asked to provide causal mechanistic explanations if they are to
develop facility with the use of core ideas to make sense of
reactions both familiar and unfamiliar.
Mechanisms are not the only types of models in organic

chemistry. For the example in Box 2, students are asked to
draw a mechanism to show how kinetic and thermodynamic
products form from a simple diene. Again, we must go beyond
the simple mechanism to elicit evidence of student under-
standing by asking students to construct another model, in this
case an energy diagram. Graphs may be viewed as models
because they can serve as tools to predict or explain a given
phenomenon.56 Next, students are asked to predict which
product will be produced at a given temperature and to link
their models together with their understanding of structure−
property relationships and energy changes via explanation.
Additional examples of modeling assessments are provided in
the Supporting Information (SI).

Box 1. Generic Task Designed To Elicit Causal Mechanistic
Reasoning

For a reaction (shown):

(a) Construct a mechanism using curved arrows for the
formation of the product

(b) Explain in words how the reaction takes place
(c) Explain in words why the reaction happens in this way
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Constructing Explanations: Cause and Effect

Scientists are united by the desire to understand and the need
to explain what happens in the natural world and why. The act
of constructing a scientific explanation requires coordination of
scientific principles relevant to the phenomenon in question in
order to clarify why events proceeded as they did. As
previously discussed, explaining organic chemical phenomena
is particularly difficult because it requires an operational
understanding of structure−property relationships, different
models of bonding and types of interactions, energy, and many
other resources. Implicit in (almost) every organic reaction is
an understanding of why and how particular parts of molecules
interact. Why does the nucleophile attack the electron-deficient
carbon? Why does the first step of addition to a double bond
involve interaction with an electrophile? What do those curved
arrows actually mean? In OCLUE we explicitly invoke
explanations about how and why reactions occur as we discuss
the mechanism. Students learn to use curved arrows as
representations of electron flow, and at the same time, they are
asked to construct written explanations discussing the cause
(typically electrostatic interactions) and the effect of such
interactions. The assessment item in Box 3 illustrates how the

addition of a reasoning component (part b) can elicit evidence
of student thinking about structure−property relationships
affecting this process at the molecular level. For additional
examples of explanation in short response questions such as
these, see the SI.

Analysis and Interpretation of Data: Constructing an
Argument

Argumentation has been extensively studied in chemistry
classrooms,100,101 although not, to our knowledge, in the
context of spectroscopic determination of structure. Analysis
and interpretation of spectroscopic data is certainly an
important aspect of organic chemistry. It is therefore surprising
that spectroscopy is often relegated to the course’s second
semester. Spectroscopy is one of the few ways that we can
provide students with actual evidence about the organic species
and the reactions we are discussing, and therefore, it can
provide an ongoing thread through the course: What do we
know and how do we know it? There are at least two
approaches to using spectroscopy: the first required students to
analyze spectroscopic data to determine the structure of an
unknown. This type of question is one of the few traditional
Organic chemistry tasks that incorporate scientific practices, in
this case evaluation and interpretation of data and construction
of an argument from evidence. The second involves using
spectroscopic data to provide evidence of how the structure of
a molecule can affect its properties. For example (Box 4),

students might be asked to predict relative carbonyl stretches
in infrared spectra, followed by reasoning about the scientific
principles that govern this phenomenon, or when provided
with a 13C NMR spectrum might assign signals on the basis of
which carbon(s) they would predict to be most deshielded.
Synthesis

In the Framework, “designing solutions” is designated as an
engineering, rather than science, practice. In fact, especially in
chemistry, there is no demarcation line between science and
engineering. Many chemists “design solutions” for a host of
problems. For example, they design drugs to target specific
enzyme sites, and more generally they design materials for
specific purposes. Focus on design can be incorporated into an
organic course under the more recognizable “synthesis”. As
noted by Raker and Towns,102 a typical synthesis task in
organic chemistry provides a target and asks students to
synthesize it from given starting materials. What is often
missing is why one would want to synthesize this compound in
the first place. A synthesis task in which a student is asked to
design a compound with particular properties (for example a
substance that would be negatively charged at pH 7, that also
has a hydrophobic moiety), or a substance that would interact
with a (simplified) enzyme binding site, might engage students

Box 2. Task Designed To Elicit Use of a Graphical Model
To Predict and Explain

(a) Construct a mechanism using curved arrows for the
formation of products A and B.

(b) Draw an energy diagram for the formation of both
products A and B. Explicitly label the reactants,
products, activation energies, and the structure(s) of
any intermediates.

(c) Which product would predominate at low temper-
atures? Explain your choice using your mechanism from
part a and your graph in part b and drawing on your
knowledge of energy, molecular structure, and electro-
static forces.

Box 3. Task Designed To Elicit an Explanation Based on
Structure−Property Relationships

(a) Is this reaction likely to occur as written (yes or no)?
(b) Explain your answer, being sure to support your

response with a discussion of the factors that affect
the rates and outcomes of nucleophilic substitutions. Be
sure to indicate how and why the structure of the
reactants affects their reactivity.

(c) Provide an alternate approach to the production of
CH3Br from CH3OH.

Box 4. Task That Requires Analysis and Interpretation of
Data, Where Students Must Support Their Argument with
an Explanation That Involves Structure−Property
Relationships

You have three unmarked vials I, II, and III, each of which
contains either an acid chloride, an ester, or an amide. You
choose to identify them by collecting infrared spectra on the
samples. You observe in each spectrum a strong peak around
1700 cm−1. For sample I the peak appears at 1650 cm−1, for
vial II at 1780 cm−1, and for vial III at 1710 cm−1. Using this
data

(a) Identify the contents of vials I, II, and III.
(b) Explain how you made this determination. Be sure to

discuss how and why the structure of each substance
affects the energy of the absorption peak.
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in “designing solutions”. An example of such a task is shown in
Box 5.

The Role of Skills

We define skills as those things students must learn to be able
to do that typically follow a set of rules. For example, assigning
a configuration or E−Z isomerism requires application of the
Cahn−Ingold−Prelog convention; knowing what arrows mean
in terms of electron movement, bond breaking, and formation;
and translating among different representational systems, e.g.,
from Lewis to line structures to Newman projections. All of
these skills must be explicitly taught and practiced, but they do
not require any reasoning or connections to core ideas on the
part of the student. It should be noted that while some have
proposed that organic chemistry requires particular spatial
skills, there is little evidence that this is the case. For example,
Stieff has shown that teaching students explicit heuristics for
assigning configuration increases students’ ability in this area.36

Careful attention to teaching these skills, and the purpose for
learning them, is of significant importance. However, that
being said, the skills alone do not mean much if students
cannot use their knowledge in the context of scientific
practices. Finally, we do not consider meaningful use of
mechanistic arrows solely as a rule-based skill (although
obviously students must understand what arrows mean).
Rather, arrows are parts of a model of a reaction, and their use
should be accompanied by an understanding of structure−
property relationships (where electron density is located), and
why electrons might move in a particular way (usually related
to electrostatic attractions).

■ SUMMARY
Here we have described the development of a new approach to
organic chemistry that prioritizes connections to core ideas and
supports students as they engage in scientific practices. Our
original intent was to completely redesign the course in terms
of both the scope and sequence. However, it was not possible
to omit major sections of a traditional course without putting
some students at a disadvantage if they were unable to
continue in the transformed section. Additionally, even though
the MCAT has undergone a purported update,81 in fact little
has changed, and we would be doing students a disservice if we
did not cover most “traditional” topics, even though many of
them are not necessary to understand the chemistry of
biological systems. These constraints mean that, at present, we
still retain the cognitively demanding, but largely biologically
irrelevant, quartet of SN1, SN2, E1, and E2 mechanisms in
semester one. However, we are able to introduce spectroscopy
early so that students can make evidentiary arguments about
structure and properties. Additionally, we have emphasized
causal mechanistic reasoning, and modeling in the context of
reaction mechanisms. ̀
The attentive reader will note that we do not offer evidence

for the efficacy of our approach in this contribution, but rather
we outline the theoretical principles that influenced final
course design and provide examples of how materials were

constructed to emphasize scientific practices. We will report on
our assessment of the effects of the curriculum in separate
publications. We will note, however, that, despite the fact that
the course has been somewhat streamlined, students from
OCLUE score around the national average on the two-
semester organic chemistry exam authored by the ACS
Examinations Institute.103 That is, we are “doing no harm”,
but we should also note that this exam does not assess
mechanistic reasoning and students who do well on it have also
been shown to have problematic ideas about chemical
phenomena and, often, are unable to construct reaction
mechanisms appropriately.9,104 To this end, we are conducting
longitudinal, replicated studies to determine how the course
impacts student reasoning about reactions, mechanistic arrow
use, and understanding of organic chemistry as a coherent and
connected discipline.

■ IMPLICATIONS FOR TEACHING
So what might the organic chemistry instructor take from all of
this? Even though compromises were made in translating the
hypothetical OCLUE curriculum to the real world, it does not
“look” like a typical organic chemistry course; just as with the
CLUE curriculum, it would require considerable effort on the
part of the instructor to change from a more traditional
approach. For those who are dissatisfied with the current state
of organic chemistry instruction, but do not want or are unable
to adopt a new curriculum, we recommend the following ideas:

(1) Attempt to connect everything that is taught to the four
core ideas we identified previously: structure−property
relationships, bonding and interactions, energy, and
stability and change. In this way students will have a
chance to build connected networks of ideas that are
accessible.60 Examples of how to explicitly assess these
connections are provided in the Supporting Information
and have also been published for the general chemistry
context.105

(2) Ensure that students use their knowledge, rather than
memorize and regurgitate. The easiest way to accom-
plish this is to incorporate the scientific practices into
everything that students do. They should predict, model,
explain, and argue on a daily basis. Homework and
group activities that involve scientific practices as well as
content send a strong message to students about what is
important. This should be followed by summative
assessments that also engage students in these practices.
Make sure to allow adequate time for students to grapple
with using their knowledge to make sense of assessment
scenarios. Engaging in scientific practices such as
explanation takes more thought and time on the part
of the student than regurgitating memorized facts and
mechanisms. Many organic examinations are composed
of a large number of questions, which means students
may not have time to think and therefore must
memorize how to do problems.

(3) All activities assigned to students should be designed
with particular goals in mind, and it should be clear to
students what these goals are. Students should under-
stand what they are doing and why they are doing it.

(4) Rather than adding biological applications (in boxes) on
top of an existing curriculum, we recommend that more
attention be paid to the development of complexity in
structure over time, with emphasis on supporting

Box 5. Synthesis Task with a Specific Target That Will
Address a Problem

Starting from benzene and any other reactants and reagents,
design a synthesis of a substance that will dissolve in aqueous
solution at pH 7
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students in identifying the appropriate reactive parts of
the molecules and explicitly connecting these biological
examples to their relevant prior knowledge. The catalytic
mechanisms of enzymes make a good (and surprisingly
compact) scaffold to link organic chemistry to biological
systems.

(5) Emphasize the reactions that actually occur in biological
systems and the nucleophiles and leaving groups that are
present in such systems (rather than focusing on the
halides).

(6) Finally, we emphasize that learning in this way requires
time and effort on the part of students. It is important to
provide them with a supportive learning environment
where mistakes can be made without penalty, and where
students have the opportunity to reflect on what they are
doing and why they are doing it.
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