
Evolution of a Biocatalysis CURE for Organic Chemistry Students
Anna I. Wurz, Clark I. Andersen, Joi P. Walker,* and Robert M. Hughes*

Cite This: J. Chem. Educ. 2024, 101, 3163−3170 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Course-based undergraduate research experiences (CUREs) are increasingly
recognized as valuable tools for engaging students in authentic research, for removing barriers to
participation in research, and for the retention of students in STEM disciplines. Recently, we
developed a CURE sequence for organic chemistry students in which they conducted self-directed
investigations into bio- and organocatalytic approaches to the asymmetric synthesis of warfarin, a
commonly prescribed anticoagulant with the potential for serious side effects. In this CURE,
students worked on a chemistry problem with implications for modern medical practice while
learning fundamental techniques in organic synthesis, chromatography, and spectroscopy. While
engaging students in creative research activity, this CURE also emphasized working in scientific
teams, an approach that prepares students for current practices in academic and industrial research
settings. Publications on the design and implementation of CUREs have increased considerably in
the past decade, but the benefits to faculty research are not well-documented. This article describes
the evolution of this CURE from a screening-based approach to the identification of biocatalysts for
the synthesis of warfarin to a more targeted approach using small biologically inspired catalysts. The most recent iteration of the
biocatalysis CURE generated results that are included in an original research pre-print publication with student coauthors (Wurz, A.
I.; et al. ChemRxiv 2024, 10.26434/chemrxiv-2024-krf7h).
KEYWORDS: Upper-Division Undergraduate, Organic Chemistry, Chirality, Enantiomers, Collaborative/Cooperative Learning,
Undergraduate Research

■ INTRODUCTION
Recent innovations in science education have reconceptualized
traditional undergraduate research experiences (UREs).1,2

These traditional approaches, in which students perform
novel research, either in a faculty research group or through
internship-style experiences, are effective at developing
scientific skills and retaining students in scientific majors and
careers.3−6 However, accessing UREs can present challenges
for students due to limited spaces or students not under-
standing the benefits of undergraduate research.7−11 Different
approaches have been proposed to broaden student access to
research, including embedding science research directly into
the undergraduate curriculum.6,8−10,12,13 This approach,
known as Course-based Undergraduate Research Experiences
(CUREs), allows students to participate in authentic science
research within their standard coursework.12,14−16 CURE
researchers have identified principles that define a CURE,
which include discovery of new knowledge, broad relevance,
and collaborative projects, emphasizing the iterative nature of
science and laboratory skills.9,17

CUREs have the potential to shift the institutional culture
and expectations for both instruction and research, realizing
the research-scholar model of academic faculty. The research-
scholar model in modern academic institutions is characterized
by a steadfast belief in the mutually beneficial relationship
between research activities and the ability to teach the subject
to students.18,19 In this model, research informs the content

that is taught, exposing students to cutting-edge information.20

Quantitative studies, however, have repeatedly demonstrated
zero, or even negative, correlation between the various
teaching and research measures employed at the individual
academic level.20,21 This suggests a fundamental disconnect in
traditional teaching-research modalities, with an emphasis on
one or the other but not both research and teaching
synergistically. Given that these two aspects of academia not
only inform each other, but exist in synergy, resolving this
disconnect provides a very real benefit to science education.
The data suggests that CUREs offer a mechanism by which
faculty can merge these often-disparate aspects of academics
and scholarship.21 However, a recent review focused on
CUREs in chemistry evaluated sixty-eight publications between
2016 and 2022. The majority of these articles (55, 81%)
described the development of a specific CURE, while only 36%
reported dissemination of student research beyond the class or
institution.2

Realizing the 2-fold goal of CUREs, engaging under-
graduates in research and obtaining reliable data, can be
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challenging for faculty. Wolfe and Steed recently outlined the
obstacles to publishable data from CUREs, noting the lack of
reproducibility of data generated by novice students and the
need for follow up work by the faculty or graduate students.22

Survey data found that faculty reported that supplemental work
was necessary to obtain publishable results.22 The faculty
survey also revealed that obtaining publishable results typically
requires multiple iterations of the CURE. Based on these
results and experiences, Wolfe and Steed identified several
“best” practices for maximizing positive outcomes for both
students and faculty regarding CURE design.22 They described
how three iterations of a CURE progressed from allowing
students to have complete intellectual freedom to a more
limited approach with an explicit goal of generating publishable
results.22

The biocatalysis-focused Organic Chemistry CURE se-
quence described in this manuscript was recently added to
the existing selection of organic CUREs. In this CURE,
students work in teams to characterize biologically derived
catalysts for carbon−carbon bond forming reactions, with a
specific emphasis on the asymmetric synthesis of pharmaceut-
ical compounds. This CURE sequence introduces students to
biocatalysis and organocatalysis chemistry concepts that might
not be covered in a traditional two-semester organic chemistry
lecture course, provides hands-on experience with carbon−
carbon bond forming reactions such as aldol and Michael
additions, and enables students to synthesize biologically active
molecules with direct links to modern medical practice. Three
successive iterations of this CURE have been completed
(Figure 1). Here we describe the evolution of this CURE
from a screening-based approach to the identification of

biocatalysts for the synthesis of warfarin to a more targeted
approach using small biologically inspired catalysts. Along the
way, students used self-guided explorations of the chemical
literature to guide their investigations, leading to alternative
approaches to solving problems in biocatalysis. The recent
iterations of the biocatalysis CURE are generating publishable
results which is consistent with the process described by Wolfe
and Steed.22,23

■ METHODOLOGY

A Warfarin-Focused CURE Sequence

Warfarin (Coumadin) is a drug currently used as an
anticoagulant and commercially manufactured as a racemic
mixture of its enantiomers, (R)- and (S)-Warfarin.24 Warfarin
enantiomers are metabolized through different pathways in the
body; (S)-Warfarin is 3−5 times more potent than (R)-
Warfarin, but (R)-Warfarin may be more effective for some
patients with genetic variations in CYP29.25 Stereoselective
synthesis of warfarin is one pathway to providing enantiomeri-
cally pure warfarin to those patients who could benefit from a
nonracemic administration of the drug. An enantioselective
approach to warfarin synthesis could be achieved through
biocatalysis, which is a promising alternative to conventional
techniques with the possibility of high selectivity and low
environmental impacts.26 While organocatalysts such as DPEN
(R,R or S,S Diphenylethylenediamine) have been identified for
enantioselective synthesis of Warfarin,27,28 the synthetic
potential of biocatalysts for this reaction, including protein-
and nucleic acid-derived catalysts for synthesis of Warfarin and
similar pharmaceutical compounds remain underexplored. For
example, Porcine Pancreatic Lipase (PPL) has been used for
(R)-Warfarin synthesis29 but the biocatalytic potential of other
lipases and commonly used biocatalytic entities for warfarin
synthesis, including promiscuous proteins such as α-amylase,
are unknown or less well characterized.
These biocatalytic entities were investigated through a

CURE format in which students select and screen biocatalysts
for their ability to catalyze warfarin synthesis from simple
substrates at small scale, with subsequent optimization of
reactions for solvent composition, catalyst loading, and
reaction temperature. In addition, students were invited to
investigate the effects of catalyst immobilization and the
inclusion of adjuvants for their effects on reaction yield,
enantiomeric excess, and catalyst reusability. The experimental
protocols the students used are included in the Supporting
Information (SI).
Participants

This study was performed at a large, primary residential four-
year, doctoral degree granting institution designated R2 by the

Figure 1. CURE trajectories and outcomes. Top: An initial one-semester CURE focused on screening and optimization of biocatalyst-based
approaches to the synthesis of warfarin. Middle: A second two-semester CURE sequence built on the first but focused on the synthesis of
cyclodextrin-derived organocatalysts. Bottom: A third two-semester CURE returned to the screening strategy of the first but focused on small
molecule organocatalysts.
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Carnegie classification of institutions of higher education
across all three iterations.30 Participants were chosen from a
pool of students who indicated interest in the CURE using a
web-based form. For the first iteration of the CURE, Organic
Chemistry I students were invited to join the Biocatalysis
CURE for the following semester, with the CURE taking the
place of the standard Organic Chemistry II laboratory course.
For the second and third iterations of the CURE, General
Chemistry II students preparing to enter Fall Organic
Chemistry I were invited to join the Fall CURE. These
students had the option to continue the CURE for the Organic
Chemistry II laboratory course as well. While chemistry and
biology majors comprised most of the students selected for the
CURE, students from other disciplines (Neuroscience,
Nutrition, Physical Therapy, Biomedical Engineering) were
additionally selected to participate. Previous publications
established that the CURE students were not significantly
different from the selection pool based on sex, GPA, and
ethnicity.31,32 This study was approved for exempt Human
Subject Research UMCIRB 20−000808.
CURE Facilities

The organic chemistry CURE classes were housed in a
dedicated laboratory specific for CURE instruction. The facility
had six workstations that accommodated up to four students
for each team. Shared stations include a fume hood, a center
bench, and bench space on the peripheral walls housing
instrumentation such as two rotary evaporators, a lyophilizer,
and an HPLC. Other required instrumentation was available in
the PI’s laboratory, including a centrifuge and a UV−vis
spectrometer, or in dedicated rooms for NMR and mass
spectrometry.
Team Science

An important feature of the CURE was to provide training in
developing a productive team. At the outset of the CURE
project, students were instructed on Team Science principles,
which would inform how their teams could function
successfully.33,34 The student teams were tasked with creating
key elements needed for team function - communication plans,
research plans, and conflict resolution strategies.35 Students
received instruction in Team Science concepts within the
framework of Team Knowledge, Team Skills, and Team
Attitudes adapted from Enhancing the Effectiveness of Team
Science.34 These competencies are listed in Table 1 and
students were encouraged to use these elements to facilitate
experimental design and data collection and analysis.
Using the Team Science principles allowed the CURE to

progress as a research group, with students preparing to work
with their teams long-term. They were encouraged to exchange
phone numbers and email with their teammates. This was

done to build trust and cohesion with each other and to
emphasize collective efficacy in the project thereby creating a
safe place to discuss ideas and to use failure as a method of
improvement and learning.
The goal with Iterations 2 and 3 were for the teams to

remain consistent throughout two-semesters, however, some
attrition was inevitable. This presented a challenge to the
remaining team members to bring new students into the team
and up to speed on the progress of the research, but with the
implementation of Team Science principles in the CURE
(Table 1), students new to the research were easily
incorporated into the team. At the conclusion of each iteration,
and at the end of each semester in Iterations 2 and 3, some
students participated in a focus group where they were
encouraged to share what they’ve learned or skills they’ve
developed regarding research and Team Science.
CURE Design and Implementation
Each organic CURE lab is a substitute for the conventional
organic laboratory course and must be taken as a corequisite to
the corresponding lecture course. The lab met twice a week,
Monday and Tuesday, for 1.5 h each day (total 3 h per week; 1
credit hour). For each semester, teams of 2−3 students were
given semester-long projects involving the synthesis, purifica-
tion, and characterization of pharmaceutical compounds such
as warfarin. Students’ performances throughout the semester
were graded based on the assignments listed in Table 2; all

assignments, except for the individual writing prompt, were
completed and submitted as a team. Designated time to work
on assignments was provided during class; however, teams
were encouraged to collaborate outside of class as needed
using the team’s agreed-upon communication plan. To
facilitate regular communication between team members,
each team drafted a communication plan discussing preferred
modes and frequency of communication, conflict resolution
strategies, and course or project specific situations.
The students were introduced to research plans within the

first week of class. Using an online discussion board associated
with the course Web site, teams initially detailed a short
description of the research project, along with the intended
final product. Then, they reflected on their progress regularly
during the semester, adjusted what tasks needed to be done
considering where they were in the research process, and
identified how those steps were expected to help them
accomplish their project goals. Where possible, teams
designated specific individuals to take on specific responsibil-
ities for the project. Students were given time in class to
complete their plans, but if more time was needed, teams

Table 1. Team Science Competencies

Knowledge Skills Attitudes

Task Understanding Communication Team Orientation
Shared Mental Models Assertiveness Team Trust
Role Knowledge Conflict Resolution Team Cohesion
Teammate
Characteristics

Providing Teammate
Guidance

Value of Conflict

Team Objectives and
Resources

Problem Analysis Collective Efficacy

Understanding Group
Dynamics

Project Particular
Analysis

Interdisciplinary
Appreciation

Table 2. CURE Graded Assignments

Assignment Percentage

Research Paper:
Introduction 10%
Experimental 10%
Results and Discussion 10%

Team Science Elements:
Communication Plan 5%
Research Plan 5%
Individual Writing Prompt 10%
Literature Meeting (2) 10%
Notebook Check (3) 30%
Poster and Presentation 10%
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communicated outside of class hours to discuss their results
and formulate a plan. This document helped each team
progress more efficiently through the research process and
better take advantage of working in a team. Other assignments
throughout the semester were group literature meetings, a
discussion of two instructor-approved peer-reviewed papers
relevant to the research topic, in addition to three notebook
checks to ensure proper documentation of experiments and
compliance with record keeping standards. During the second
half of the semester, teams submitted sections of their final
research paper: Introduction, Experimental, and Results and
Discussion. Each student within the team participated as a lead
author or a coauthor for at least one of the sections. The last
day of class each team gave a final presentation using a
conference-style poster of their research and future directions
with questions and discussion after each poster.
Individual writing prompts were due a week after the poster

presentations. The purpose of the prompt was to promote
further investigations into the research topic by reading
research articles and formulating a new project to fill a gap
in scientific knowledge. Students were instructed to create a
proposal for the design and synthesis of a biocatalyst or
organocatalyst that could be used in the asymmetric synthesis
of a pharmaceutical compound (other than warfarin) that is
currently provided/administered in its racemic form. The
proposal needed to include synthetic methods for making the
catalyst, selection of a target pharmaceutical compound,
methods for evaluating catalytic activity, an assessment of the
environmental impacts of the proposed synthesis, in addition
to a description of a team-based approach that will achieve
these research goals. A summary of the timeline of assignments
is detailed in Figure 2, and the instructions provided to the
students to complete the writing prompt is found in the SI.

Students were trained in research skills such as thin-layer
chromatography, HPLC, mass spectrometry, and NMR. Some
skills (TLC setup and visualization methods, such as UV/vis

and anisaldehyde staining; Chiral HPLC) were taught by
instructor/TA demonstration in class; others were conducted
by departmental staff (for instance, students attended an NMR
training session with the instrument specialist and a training
session with the manager of the Mass Spectrometer facility).
These sessions took place during regularly scheduled class
times.

Iteration 1: Biocatalyst Screening CURE. In the first
iteration of the CURE, 17 students were divided into 6 teams
of 3−4 students, and two teams worked with one of two
potential protein biocatalysts (PPL or and α-Amylase) or an L-
proline organocatalyst to synthesize warfarin from 4-hydrox-
ycoumarin and benzylideneacetone (Figures 3 and S1). This
project was based on previously published work from our
laboratory conducted by graduate and undergraduate students,
which explored biocatalytic approaches to synthesize the
Wieland−Miescher ketone.26 During the first course meeting,
students are introduced to the concepts of biocatalysis and
catalytic promiscuity, and introduced to their relevance to the
principles of green chemistry. They were also provided a
course pack that includes several literature examples of
biocatalysts in organic chemistry. After initial investigation of
their chosen catalysts under a standard set of reaction
conditions, student teams were then encouraged to expand
their investigations to explore other solvent systems, catalyst
loading, reaction temperatures, reaction adjuvants, and
immobilization methods. The weekly timeline for the research
conducted is provided in Table S1.

Iteration 2: Organocatalyst Synthesis CURE. In its
second iteration, the biocatalysis CURE was expanded to a 2-
semester format, Organic Chemistry I and II laboratory course,
in which an initial cohort of 19 students was divided into 6
teams of 3−4 students. The focus was also shifted from
screening and optimization of protein biocatalysts to the
synthesis and characterization of potential organocatalytic
molecules. In this CURE, teams were tasked with the synthesis
of cyclodextrin derivatives and investigate their organocatalytic
potential (Figure 4). The student teams chose between three
different cyclodextrins (α, β, and γ) and five different CuAAC
(a Cu(I) catalyzed azide−alkyne cycloaddition)36 ready amine-
bearing alkyne ligands (Figure S2). Amine-bearing ligands
were selected in order to investigate their ability to promote
imine-formation in the warfarin reaction. The CuAAC reaction
was introduced to students as a “click reaction”, and the
general utility and orthogonal properties of click reactions was
emphasized throughout the course.
In the first semester of this two-semester sequence, students

worked on the functionalization of cyclodextrins with azide
components to enable click-type CuAAC reactions between
azido cyclodextrins and alkyne ligands (Figure 4). In the
second semester of the two-semester sequence, students
investigated the organocatalytic potential of their reaction

Figure 2. General timeline of CURE lab assignments and goals.

Figure 3. CURE-lab warfarin synthesis. Warfarin synthesis is used for all three biocatalysis/organocatalysis CUREs as a model reaction. This
reaction is readily performed under small scale, room temperature conditions and amenable to a variety of solvent conditions.
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products in several different carbon−carbon bond forming
reactions. At the start of the second semester, the number of
teams decreased to 5 after a loss of 7 students for various
reasons: some students were not required to take a second
semester of organic chemistry for their majors (e.g., public
health or engineering) and thus opted out of the second
semester CURE laboratory; in at least one case, students were
unable to advance in the CURE due to lack of academic
success in first semester organic chemistry. The weekly
timeline for the research conducted is provided in Table S2.
Iteration 3: Organocatalytic Screening CURE. The

third iteration of the CURE continued with the two-semester
format, this time with a focus on screening small molecules
with organocatalytic potential. For the first semester, 18
students were divided into six teams of 3 students. In this
project, students quantified reaction yields and the enantiose-
lectivities of their catalysts in a warfarin synthesis. The weekly
timeline for the research conducted is provided in Table S3.

■ RESULTS AND DISCUSSION

Iteration 1: Biocatalyst Screening CURE

After initial experiments to establish the baseline biocatalytic
potential of PPL, α-amylase, and L-Proline in a standard
warfarin synthesis, student teams organized a strategy to
optimize these reactions. These optimizations included catalyst
loading, solvent composition, and the addition of adjuvants
selected based upon prior reports of their success in promoting
catalysis and/or enantioselectivity in other biocatalytic
reactions.26,37,38 In particular, imidazole was selected as an
adjuvant that promotes catalysis based on our prior work using
PPL with imidazole to increase the yield of C−C bond forming
reactions.26 The teams analyzed their warfarin reactions for
yield and enantioselectivity. Results from these experiments are
described further in the SI (Iteration 1 results, Table S4 and
Figure S2). Overall, Iteration 1 successfully established
experimental protocols and analytical methodologies for
small scale warfarin synthesis, identified promising biocatalysts
and adjuvants, and explored several optimization strategies that
could be carried forward to future CURE iterations.
Iteration 2: Organocatalyst Synthesis CURE

In addition to imidazole, multiple adjuvants for the biocatalytic
reactions were investigated in the first CURE iteration (Table
S4 and Figure S3) These results indicated that α-cyclodextrin
might be a promising adjuvant (when combined with an L-
proline organocatalyst) for promoting enantioselectivity in
warfarin synthesis. As a result, iteration 2 of the CURE focused
on the synthesis of cyclodextrin derivatives with organo-
catalytic potential. During the first semester, the main goal for
the teams was to synthesize a cyclodextrin conjugate; during

the second semester, the goal was to complete the synthesis
and characterization and test the cyclodextrin conjugate
activity toward catalysis of warfarin synthesis. Teams were
assigned either α-, β-, or γ-cyclodextrin (two teams per
cyclodextrin), with the end goal of creating an amine-
functionalized cyclodextrin (Figure 4). Amine-bearing ligands
were chosen with the idea that some of them might promote
minimum ion formation with the benzylidene acetone
substrate (as proposed for DPEN-catalyzed warfarin syn-
thesis). Sequestration of substrates within the cyclodextrin
bowl was proposed as a secondary mechanism for promoting
catalysis. The teams each worked on their own synthesis of a
“clickable” cyclodextrin, but the teams with the same type of
cyclodextrin were encouraged to collaborate and compare
results (Table S2).39,40 We note that while all teams made
considerable progress over the course of the semester, some
ran out of time to complete their projects. For example, some
teams struggled to purify and characterize their click reaction
products. In hindsight, we realize that student teams may
benefit from dedicating more effort to small-scale optimization
studies before proceeding with larger scale coupling reactions
and will make this adjustment in future CUREs. Overall, this
two semester CURE cohort successfully identified a practical
route to β-cyclodextrin functionalization that could be
achieved within the time constraints of course-based academic
research, created at least two proto-catalysts with promising
initial results, and established new research directions that can
be addressed in future CUREs. The results from this iteration
are included in the SI.
Iteration 3: Organocatalyst Screening CURE

For the organocatalyst screening CURE, student teams
selected amino acid and other amine-bearing small molecules
from a 12-compound library and investigated their ability to
catalyze the synthesis of warfarin, characterizing reaction yield
and enantioselectivity. Promising results from this CURE led
to publishable data. As a result, students in the second
semester of this CURE, in addition to conducting additional
synthesis of cyclodextrin conjugates (following optimized
procedures developed in the second iteration of the CURE),
assisted with the writing of a research manuscript that has be
submitted for peer review and published online Project details
are not provided in this manuscript due to pending
publication.23

Limitations

The Organic Chemistry CURE was designed to last two
semesters, and a limitation to this study is that, while the
second iteration was indeed two semesters, the first iteration
only included students for one semester. Research has
suggested the greatest benefit to students in undergraduate

Figure 4. CURE-lab cyclodextrin derivatization strategy. The proposed route to potential organocatalyst-cyclodextrin hybrid molecules.
Cyclodextrins can be monotosylated using various reaction conditions. In this CURE, students used tosylation of β-cyclodextrin with tosylimidazole
to synthesize monotosyl β-cyclodextrin, followed by displacement of the tosyl moiety with azide and subsequent coupling to alkyne-bearing
molecules using a click-type CuAAC reaction.
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research occurs with at least three semesters of experience41

and there has been some work to maximize student research
time by introducing multidisciplinary CURE projects which
allow students to continue research within their undergraduate
study.42 While our Biocatalysis CURE project covers at most
two semesters for participating students, this project has
demonstrated that students gain important organic chemistry
skills and team science competencies, even in a one semester
format.
Iterations 2 and 3 took place over two successive semesters,

and an effort was made to keep the teams intact. However, as
noted in the Methodology section, several students did not to
continue the second semester. This proved challenging for
those students’ teammates, as they had bonded with their
teams from the prior semester and felt that their plans and the
methods they had practiced would be impacted by having a
teammate replaced with a new, inexperienced student. An
aspect of the Team Science training imparted on the CURE
students was developing a positive attitude toward working in
teams, including appreciating team cohesion. Having their
team disrupted tested the teams’ communication, record
keeping, and planning prowess. In interviews with students
following Iterations 2 and 3, students who lost team members
or who joined the CURE midway through the experience
emphasized the transition was facilitated by utilizing the
research and communication plans. In the end of semester
focus group, a student that joined the project for the second
semester remarked:

Yeah, as soon as I came in on the first day, [my team] ran
through the entire notebook with me. They gave me like, a
super quick rundown of what everything they had done the
past semester, and then I just kind of jumped in. There
might have been some points where I didn’t necessarily know
what I was doing, but they’ve been very good to like, clue me
in on like, “Oh well, we’re doing this because we did this last
semester.”
While attrition can be expected in college courses there is

little impact on peers and no impact on the outcome of the
course. In contrast, losing a member of a research team could
impact the research and as described in the limitations can be
of concern to the CURE students. These cases are certain to
occur in courses that emphasize team-based science, and we
encourage faculty to emphasize the importance of team skills,
such as communication and research planning to minimize
disruption to the research project.

■ IMPLICATIONS
Three iterations of a biocatalysis/organocatalysis-focused
CURE have been conducted, with the enantioselective
synthesis of warfarin as a primary goal. All three CUREs
were interconnected, with promising approaches carried
forward from one iteration to the next. For example, promising
adjuvants (cyclodextrins) identified in Iteration 1 were the
basis for Iteration 2, while organocatalysts employed in both
Iteration 1 and 2 prompted additional investigation of amine-
bearing small molecules in Iteration 3. Notably, the approaches
undertaken in Iteration 3 generated results that are included in
peer-reviewed original research with student coauthors. In our
estimation, multiple iterations of this CURE were critical for
reaching the point where publishable results have been
achieved.23

CUREs have the potential to merge the often-disparate
aspects of academics and scholarship by bridging the teaching-

research nexus.21 Realizing the goal of publishable research
may require iterative CUREs with research conducted by
different student cohorts. We have described a three-year (four
semester) CURE sequence that has achieved publishable data
by using findings from each iteration to inform the research of
the next. The iterative nature of research should distinguish
CUREs from other types of laboratory experiences, however
the point by Wolfe and Steed was that each iteration needs to
be deliberate in focusing the research on the goal of
publishable findings.22 Wolfe and Steed identified “best
practices” and the goal of this manuscript was to illustrate
the efficacy of this process.22

In addition, each iteration of the biocatalysis-focused CURE
resulted in direct outcomes for student participants. Several
students elected to continue as independent researchers in
either the PI’s laboratory or in other laboratories at the
university; some of these students have also returned to the
CURE as “near-peer” mentors. For a subset of students
continuing in research, this CURE has helped them identify
future directions for independent research. Research products
from this course have also been the basis for presentations at
scientific meetings in which students have been acknowledged
as key contributors.43
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Cyclodextrin Derivatives with Cinchona Alkaloids Used in Asym-
metric Organocatalytic Reactions. Beilstein J. Org. Chem. 2019, 15,
830−839.
(40) Pisaneschi, F.; Cordero, F.; Lumini, M.; Brandi, A. Click
Chemistry: A Straightforward Route to Decorated Prolines. Synlett
2007, 2007 (18), 2882−2884.
(41) Rodenbusch, S. E.; Hernandez, P. R.; Simmons, S. L.; Dolan, E.
L. Early Engagement in Course-Based Research Increases Graduation
Rates and Completion of Science, Engineering, and Mathematics
Degrees. LSE 2016, 15 (2), ar20.
(42) Allen, W. E.; Hosbein, K. N.; Kennedy, A. M.; Whiting, B.;
Walker, J. P. Design and Implementation of an Organic to Analytical
CURE Sequence. J. Chem. Educ. 2021, 98, 2199.
(43) Wurz, A. I.; Walker, J. P.; Hughes, R. M. Optimization of
Warfarin Synthesis Using Biocatalysts and Adjuvants for Enantiose-
lectivity: A CURE Approach. Presented at the 73rd Southeastern
Regional ACS Meeting, San Juan, Puerto Rico, 2022; paper 983.

Journal of Chemical Education pubs.acs.org/jchemeduc Article

https://doi.org/10.1021/acs.jchemed.4c00118
J. Chem. Educ. 2024, 101, 3163−3170

3170

https://doi.org/10.1080/10406638.2017.1326949
https://doi.org/10.1080/10406638.2017.1326949
https://doi.org/10.1080/10406638.2017.1326949
https://doi.org/10.1002/adsc.200303016
https://doi.org/10.1002/adsc.200303016
https://doi.org/10.3762/bjoc.15.80
https://doi.org/10.3762/bjoc.15.80
https://doi.org/10.3762/bjoc.15.80
https://doi.org/10.1055/s-2007-991065
https://doi.org/10.1055/s-2007-991065
https://doi.org/10.1187/cbe.16-03-0117
https://doi.org/10.1187/cbe.16-03-0117
https://doi.org/10.1187/cbe.16-03-0117
https://doi.org/10.1021/acs.jchemed.1c00129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.1c00129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/jchemeduc?ref=pdf
https://doi.org/10.1021/acs.jchemed.4c00118?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

