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Abstract 

Organic synthesis problems are a common assessment tool in organic chemistry 

courses, as they give instructors the opportunity to determine studentsô ability to integrate and 

apply their knowledge of reactions and skills learned in the course. However, students often 

tend to be unsuccessful in solving them, even if they appear to have a strong grasp on other 

course material. We hypothesized that part of the reasoning behind this issue is because it can 

be challenging to integrate learning activities into the curriculum that give students the 

opportunity to apply their knowledge to synthetic problem solving, while still giving students the 

opportunity to master the underlying concepts (knowledge of organic reactions and reaction 

mechanisms). In addition, there is a gap in our understanding of the mental models students 

construct while solving these problems, as there is no evidence that they approach these 

problems in the same manner that experts do (i.e., retrosynthetic analysis). The research 

described in this thesis was performed to address these issues in two ways. First, we designed 

learning activities for students that were meant to help them develop more systematic 

approaches (whose benefits are supported by evidence) to solving synthesis problems, and 

determining if those learning activities could produce significant learning gains. The learning 

activities we designed were made available to students through out-of-class learning 

workshops, where learning gains were primarily measured through the analysis of studentsô 

synthetic problem-solving abilities, assessed immediately before and after the workshops.  

Second, we sought to obtain a better understanding of studentsô mental models when solving 

synthesis problems; specifically, we wanted to see if they had well-defined strategies for 

approaching these problems, and if they had a canonical understanding of how these strategies 

were meant to be applied. To do so, we invited students to participate in semi-structured think-

aloud interviews, where participants were asked to solve synthesis problems. We investigated 

both of these topics using a constructivist paradigm for learning, which states that knowledge is 

constructed in the mind of the learner rather than passively imparted. The process of knowledge 

construction is heavily influenced by the prior knowledge and experiences of the learner, and 

meaningful understanding of new knowledge is unlikely to occur if new knowledge cannot be 

accommodated by existing knowledge structures. Results from these studies indicated that the 

workshop-style intervention did not have any effect on studentsô ability to successfully solve 

synthesis problems, but we did observe proficiency in the ability to use expert-like strategies, 

suggesting that more practice over time could lead to the ability to solve synthesis problems 

more effectively. Our analysis of the interview data showed that some students can proficiently 

use strategies in situations that are familiar to them, but do not appear to be able to apply those 

strategies to predict outcomes in unfamiliar situations; further, we observed a strong reliance on 

the use of reasoning that was based on memorized rules. Future work could further explore the 

mental models that students construct for solving synthesis problems; we recommend the 

incorporation of specific instruction on the use of synthesis problem-solving strategies, and 

research could explore the relationship between studentsô abilities, and how synthesis is taught, 

practiced, and assessed in the organic chemistry curriculum. 
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Chapter 1 Introduction 

The domain of interest of this thesis is in Chemistry Education Research (CER). CER is a 

specific type of discipline-based education research (DBER), which encompasses a group of research 

fields that are primarily interested in defining expertise in a given discipline (relevant concepts, 

practices, and ways of thinking), and understanding how that expertise is developed, and 

identifying/developing learning objectives that help students develop that expertise.1 Therefore, the 

goal of chemistry education researchers is to determine what constitutes expertise in the domain of 

chemistry, and to obtain evidence for how that expertise could be best developed.2 

This thesis is primarily interested in how students develop expertise in organic chemistry, 

where one of the most advanced learning outcomes is the ability to apply oneôs understanding of 

mechanistic patterns and knowledge of reactions to solving multi-step synthesis problems. While 

these problems are appropriately bounded, so that they may be solved using reactions that are 

familiar to the student, the student must still recall all of the reactions and skills from their previous 

courses. This project is motivated by our prior research on how students approach synthesis 

problems, which has shown that students who use certain well-defined strategies in association with 

one another tend to be more successful in solving these problems than students who do not have a 

well-defined strategy.3 However, a limitation of this work was that it did not allow us to understand how 

students are thinking about these problems. Therefore, the goal of this research project was to obtain 

a further understanding of what strategies and reasoning processes undergraduate students use to 

solve organic synthesis problems. 

To this end, we explore the extent to which expert-like reasoning is present in studentsô 

approaches to solving organic synthesis problems. Furthermore, we seek to determine if learning 

activities centered around the use of specific problem solving strategies we identified in previous 

research,3 which we hypothesize should foster higher-level modes of reasoning, are more effective 

than synthesis learning activities that are centered around reaction types, which we hypothesize 

should foster simpler modes of reasoning. Finally, we seek to understand how students think about 

these problems as they work through them, and to what extent their thought process reflects the 

intended learning outcomes related to organic synthesis in a patterns-of-mechanisms curriculum. 

This thesis describes three studies, each of which has its own dedicated chapter. While each 

study is related, different theoretical frameworks and methods were used for each. Therefore, the 

relevant background to the research we conducted is provided at the start of each chapter.  
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Chapter 2 of this thesis will outline the study that investigated the use of workshops to help 

students learn organic nomenclature using Nomenclature101.com, an online learning tool. This study 

has been published in Chemistry Education Research and Practice, and appears in this thesis 

unaltered from how it is presented in the journal. This study investigated the following research 

questions: 

RQ1 What learning gains have participants who have used nomenclature101.com (independently 

and when guided) made compared to participants who are taught nomenclature through a 

traditional classroom tutorial? 

RQ2 What are participants' perceptions of the usefulness, ease of use, and overall learning 

experience in each learning setting? 

This study was important as a proof-of-principle for the notion that one intervention for a single 

topic outside of class could lead to significant learning gains for participants, and lead to the decision 

to use the same format for the study outlined in Chapter 3 of this thesis. 

Chapter 3 of this thesis will address our second study, which explores RQs 1 and 2. These 

research questions are based on a major implication of our prior findings: courses that focus on 

developing skillfulness in synthetic problem solving need to provide students with the opportunity to 

practice explicitly using the strategies we identified in our research to solve authentic problems.4 This 

idea is supported by other work that has suggested that the use of abstract visual representations is 

important in supporting the problem-solving process.5-8 It follows that teaching and learning activities 

should include formative assessment9 of the ability to properly apply these strategies as much as the 

ability to actually propose a synthesis of a given target molecule. 

Therefore, the goal of the research described in Chapter 3 of this thesis was to determine if 

learning activities centered around the use of specific problem solving strategies we identified in 

previous research,3 which we hypothesize should foster higher-level modes of reasoning, are more 

effective than synthesis learning activities that are centered around reaction types, which we 

hypothesize should foster simpler modes of reasoning. We investigated this hypothesis through the 

development of three synthesis learning workshops. 

Meanwhile, Chapter 4 will address our final study, which explores RQ 3. This research 

question is based on a major limitation of our prior work investigating studentsô problem-solving 

strategies in responses to synthesis problems on exams: we were able to characterize the strategies 

they chose to write down, but we were unable to elucidate their procedural characteristics (i.e., step-

by-step process) and the reasoning behind studentsô problem solving strategies; we were only able to 
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analyze the final products of their analysis. We reasoned that it was likely that these details were 

important to make truly meaningful implications for how learning outcomes related to synthetic 

problem solving should be enacted, taught, practiced and assessed in the context of an organic 

chemistry curriculum that is organized by patterns of mechanisms rather than functional group. The 

goal of this revised curriculum is to ñimprove studentsô abilities using the electron pushing formalism, 

including predicting and explaining unknown reactions.ò 10 

These two studies, outlined in Chapters 3 and 4, investigated three main research questions, 

listed below.  

RQ1 What differences in the use of key strategies/degree of success might be observed in studentsô 

responses to synthetic problems following workshops focusing on different strategic 

approaches to solving synthetic problems?  

RQ2 What differences in metacognitive skillfulness and attitudes toward chemistry might be 

observed between participants who provide successful and unsuccessful solutions to synthetic 

problems? 

RQ3 How do students use the key strategies (taught in class and/or in the workshops) to evaluate 

and/or solve synthetic problems? 

Finally, Chapter 5 will provide a summary and synthesis of the conclusions from each of these 

three studies. 
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