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ABSTRACT: A five-week, research-based experiment suitable for second-semester introductory organic laboratory students is
described. Each student designs, prepares, and analyzes a combinatorial array of six aromatic oligoamides. Molecules are prepared
on solid phase via a six-step synthetic sequence, and purities and identities are determined by analysis of LC−MS data. This
experiment engages students in a research experience: none of the structurally diverse compounds prepared have been previously
reported in the literature. After completion of this experiment, products are evaluated for their biological activity in the author’s
research laboratory. Although execution of biological experiments falls outside the learning objectives in this course, these
applications motivate students. Through these hands-on experiences, students learn about organic chemistry reactions and
modern techniques, and their research skills are enhanced.
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Screening large numbers of diverse molecules is a common
way to identify biologically active compounds,1 and several

modern technologies in organic chemistry have been developed
to expedite the preparation and purification of such compound
collections.2−4 The efficient synthesis of combinatorial libraries
on solid phase is a widely used and very important example of
these. Herein, a research-focused laboratory experiment is
described that introduces students to both combinatorial
chemistry and multistep solid-phase synthesis. Students design
and synthesize combinatorial libraries of previously unreported,
structurally diverse molecules with potential biological
relevance. Because a large number of students participate in
laboratory courses, this is an ideal venue to prepare many
diverse compound analogs. Few reports have detailed the
incorporation of multistep solid-phase synthesis experiments in
the undergraduate organic chemistry laboratory.5−10 In
particular, student synthesis of a combinatorial array is
rare.5−8 Most laboratory experiments that engage students in
combinatorial chemistry entail one-step solution reactions to
prepare known compounds.11−17

The products prepared in this experiment comprise the
oligomeric meta- and para-substituted arylopeptoid (N-

substituted aminomethyl benzamide) scaffold.18,19 Arylopep-
toids have attracted attention owing to their ease of synthesis
on solid support,19,20 interesting conformational proper-
ties,20−22 and potential for biological activity.23 Their synthesis
on solid support entails iterating amide-bond forming reactions
and displacement of benzylic halides with primary amines.
Structural diversity has been explored by varying substitution of
the aromatic ring and by varying the N-substituents,19,20

making the synthetic sequence adaptable to combinatorial
chemistry. The six-step synthesis of dimeric molecules in this
experiment (Scheme 1) is technically and conceptually
accessible for introductory organic chemistry students. More-
over, it employs critical reactions (substitution, acylation)
traditionally covered in the introductory organic chemistry
curriculum.
This experiment introduces students to a research environ-

ment in which they apply reactions described in the literature to
prepare combinatorial arrays of new molecules. Herein,
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procedures are established for students to execute six parallel
reactions on solid support. Students vary the amines used in
reactions 2 and 4; the reactivity of some of the amines chosen
for this laboratory has not yet been reported. Consequently,
reaction outcomes are unknown. The synthesis of diverse
molecules engages students in a larger research endeavor; their
products are screened for inhibition of bacterial growth in the
author’s research laboratory. Although biological evaluations are
not executed in this experiment, the connection between
organic synthesis and potential “real-world” pharmaceutical
applications captures student interest and enthusiasm. Addi-
tionally, the advantages of research-focused curricula to
promote student learning have been well documented.24−26

Implementing this experiment was motivated by addressing
two main learning goals. First, it contextualizes and, thus,

enhances students’ understanding of important concepts,
including mechanistic details of organic transformations and
the advantages of solid-phase synthesis. Second, student
participation in these experiments strengthens research-
applicable skills, including analysis of unknown experimental
outcomes, proper laboratory notebook documentation, and
working and communicating as a research team.

■ EXPERIMENTAL SUMMARY

Overview and Timeline

These procedures have been performed twice in a second-year
undergraduate organic chemistry laboratory course designated
for chemistry and biochemistry majors, and results from the
most recent offering of the course (in 2015) are detailed here.
Enrollment for the course was 14 and 16 students supervised by

Scheme 1. Synthesis of Oligoamide Targets on Solid Phase.a

aDIEA = N,N-diisopropylethylamine, DMSO = dimethyl sulfoxide, DMF = N,N-dimethylformamide, Ac2O = acetic anhydride.

Table 1. Timeline for Laboratory Lectures and Student Laboratory Tasks

Week Tasks

1 • Laboratory lecture: introduction to combinatorial chemistry and experimental design, introduction to use of the Bill-Board equipment
• Students design arylopeptoid product array, complete calculations for reactions 1−4 (to be completed outside of lab), execute reaction 1

2 • Students prepare solutions for reactions 2 and 4, execute reactions 2 and 3
3 • Students execute reactions 4 and 5
4 • Laboratory lecture: introduction to LC−MS techniques and instrumentation

• Students cleave reaction products from resin, prepare samples for LC−MS
• Students observe LC−MS instrument demonstration

5 • Laboratory lecture: analysis of LC−MS data
• Students analyze LC−MS data, store samples
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an instructor and one undergraduate student teaching assistant.
Five, 4 h lab periods were allocated for students to design and
execute the experiment, then analyze their experimental
outcomes (Table 1).

Materials

Parallel synthesis of six compounds in a spatially addressable
manner is enabled by the commercially available Bill-Board
apparatus.5−8 The Bill-Board apparatus comprises three
modular parts. A reaction plate arranges six reaction vessels
in a plastic grid. A plastic drain tray fitted below the reaction
plate collects rinsed solutions from reaction vessels. After the
resin cleavage reaction, the drain tray is replaced with a vial tray
for collection of the crude product solutions into glass vials.
With the Bill-Board, students use an “air-push” apparatus (a
modified plastic pipet) to pressurize reaction vessels to
accelerate drainage.
Implementation of this experiment necessitates an initial

investment in the Bill-Board equipment as well as a diversity of
reagents. In this experiment, each student is provided a Bill-
Board apparatus and an “air-push” apparatus. Institutions may
economize by pairing students on each Bill-Board and/or by
reducing the number of combinatorial reagents available.

Experimental Design and Synthesis

Students design an array of six unique arylopeptoid products
from the available reagents (Scheme 1). Working in pairs,
students collaborate to choose reagents and generate a
ChemDraw file with chemical structures of their products.
Students choose either meta- or para-substituted rings for both
rings in all compounds of the array. Students then choose at
least three different amines (1−10) for use in reactions 2 and 4
(Figure 1): three unique amines are used for reaction 2, one in

each of the three columns of the Bill-Board. For reaction 4, two
different amines are used; these can replicate the amines used in
reaction 2. Each student prepares all reaction solutions for
reactions 1−4. Solutions for reaction 5, for the resin-cleavage
reaction, and for the chloranil test are provided.
Both members of the pair prepare the same six compounds,

but each individual prepares his/her own solutions and
executes his/her own six reactions on a unique Bill-Board.
Reaction progress is monitored by the colorimetric chloranil
test: the prepared test solutions (see Supporting Information)
are added to a few beads removed from the reaction vessel. A
blue or green bead color indicates a secondary amine. Reactions
determined to be incomplete are repeated. Products are cleaved
from resin and collected into labeled vials.
To reinforce student understanding of the chemical trans-

formations and simultaneously to utilize the long reaction
times, student pairs present handouts prepared using
ChemDraw software that detail mechanisms of these reactions
and of the chloranil test.

Student Analyses of Experimental Outcomes

Each student prepares one sample per reaction for analysis by
liquid chromatography−mass spectrometry (LC−MS). Data
are collected by the instructor or a laboratory assistant, then
distributed to students. A lab lecture and handout introduces
students to the conceptual background of this instrumental
technique and guides them through data analysis. Students
assess the success and reproducibility of their reactions and
compare relative purities and polarities of the products.

Figure 1. Using the Bill-Board to design a combinatorial array of products. (A) Combinatorial schematic, including identities of amines used for the
synthesis of the example product array shown. (B) Example product array that follows this design.
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■ HAZARDS
Because all chemicals used in these experiments are hazardous,
students should have prior laboratory experience and safety
training. Work should be carried out exclusively in fume hoods
with sashes pulled to the lowest possible position, and students
and instructors should wear gloves, lab coats, pants, shoes, and
goggles at all times. Proper syringe technique should be
demonstrated and used. 2-Chlorotrityl chloride resin is an
irritant. Dichloromethane is a health hazard and a skin and eye
irritant. DMSO is flammable. DMF, methanol, and acetalde-
hyde are flammable and health hazards; DMF is a potential
reproductive toxin and methanol has acute toxicity. Acetic
anhydride is flammable, corrosive, and has acute toxicity. 4-
(Chloromethyl)benzoic acid is corrosive and an inhalation
health hazard . 3-(Chloromethyl)benzoic acid , 3-
(chloromethyl)benzoyl chloride, and 4-(chloromethyl)benzoyl
chloride are corrosives and irritants. All amines are corrosive,
and many are flammable. Isopropylamine and N,N-diisopropy-
lethylamine also have acute toxicity. Chloranil is an irritant and
toxic to the environment. 1,1,1,3,3,3-Hexafluoro-2-propanol is
corrosive and an irritant. Products are new compounds; they
should be assumed to have biological activity, and direct
contact should be strictly avoided.

■ RESULTS AND DISCUSSION
To emulate a research laboratory, students prepared reaction
solutions using directions comparable to those in the literature.
For example, for reaction 2, students were instructed to add 20
equiv of amine as a 2 M solution in DMSO. A worksheet to
guide them through these challenging calculations was
developed (Supporting Information). Calculations were
checked by an instructor prior to the start of the experiments.
In the course of the most recent laboratory iteration, 42

syntheses were undertaken. Because two pairs’ libraries
coincidentally included two identical compounds, the synthesis
of 40 unique molecules was undertaken. None has been
reported in the literature previously, so reaction outcomes were
unknown prior to this laboratory experiment. As is common in
chemistry research, not all syntheses were equally successful
(Supporting Information). The majority of syntheses (25, 60%)
reproducibly furnished the desired product in at least 50%
crude purity as evaluated by integration of the UV chromato-
gram. Another three compounds were prepared in more than
50% crude purity by one of the two partners. Fifteen
compounds were prepared reproducibly in at least 80% crude
purity. These results validated the robustness of these reactions
and their suitability to the skill set of introductory organic
chemistry students.

Analysis of the class data revealed some reactivity trends.
Both meta- and para-substituted reagents are suitable for these
reactions; both were present in the 15 purest compounds. All
10 amines available were used, but the 15 products prepared
reproducibly with over 80% crude purity comprise only amines
1−6; these represented the most reliable, efficient reagents for
this synthesis. At least one of the 10 compounds prepared
reproducibly in 50−80% crude purity contains one or more of
the remaining amines (7−10). These amines were thus also
competent reagents for these syntheses. Lower purities may be
attributable to inexperience of the students or to product or
reagent instability.
Results from the biological evaluation of student-prepared

compounds in the author’s research laboratory were
communicated to students by e-mail after completion of the
course. To date, no compounds that inhibit bacterial growth
have been identified.
Assessment of student learning was carried out by weekly

evaluation of laboratory notebooks and mechanism presenta-
tions. Because all students synthesized different and new
molecules, detailed and organized record keeping was
emphasized and carefully checked. Mechanism presentations
contributed to their conceptual understanding of reactions in
this laboratory, as suggested by student survey responses (vide
infra).
Student learning in this laboratory was also assessed by

analyzing survey responses for Student Assessment of their
Learning Gains27 (full instrument included in the Supporting
Information). Students reported substantial gains in under-
standing of solid-phase chemistry, interpretation of data, and
working with others (Table 2). Additionally, students reported
gains in their enthusiasm for chemistry and confidence as
researchers, and were uniformly strongly supportive of the
research-based project and the mechanism presentations to
help their learning.

■ SUMMARY

A new laboratory experiment was developed that engages
second-year undergraduate students in the combinatorial
synthesis of novel, diverse molecules with potential bioactivity.
This research-focused experiment represented an engaging way
for students to prepare diverse molecules for application in the
author’s research program. Simultaneously, students were
trained in modern techniques while augmenting their under-
standing of concepts typically taught in an organic chemistry
sequence. Moreover, students learned essential research skills,
including notebook keeping, experimental design, and analyzing
new experimental outcomes.

Table 2. Selected Survey Response Data from 19 Students’ Self-Reported Learning Gains

Question Averagea
Standard
Deviation

As a result of your work in this class, what gains did you make in your understanding of the following: experimental organic chemistry reactions on
solid support?

4.5 0.8

As a result of your work in this class, what gains did you make in the following skills: analyze and interpret experimental data? 4.4 0.7

As a result of your work in this class, what gains did you make in the following skills: working with others 4.4 0.7

As a result of your work in this class, what gains did you make in the following: enthusiasm for chemistry? 4.6 0.6

As a result of your work in this class, what gains did you make in the following: confidence that you can be a good independent researcher in
faculty-supervised research?

4.3 0.7

How much did the following aspects of the class help your learning: the instructional approach taken in this class (i.e., focus on research topics)? 4.4 0.6

How much did the following aspects of the class help your learning: class reaction mechanism presentations? 4.4 0.8
aScale: 1 = no gains/help, 2 = a little gain/help, 3 = moderate gain/help, 4 = good gain/help, 5 = great gain/help. From 19 students, 2013 and 2015
laboratory courses.
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