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ABSTRACT 

 

In recent years, dynamic covalent chemistry (DCC) has seen the synthesis of increasingly 

complex cyclooligomers, polymers, and diverse compound libraries. The reversible formation of 

covalent bonds characteristic of DCC reactions favors thermodynamic product distributions for 

simple unitopic reactions. Traditionally, it was also assumed that DCC self-assembly processes 

with multitopic precursors were also wholly governed by thermodynamic factors. However, 

evidence suggests that kinetic effects are increasingly influential in reactions of increasingly 

complex substrates. Part I of this Dissertation describes mechanistic investigations into dynamic 

alkyne metathesis (AM) with the aim of elucidating factors leading to pathway-dependency in AM 

self-assembly reactions. Kinetic studies reveal the kinetic regime occupied by AM and serve as 

the basis for a rule-based computational model of dynamic self-assembly. To explore the 

relationship between catalyst loading and assembly efficiency, we developed a pulsed addition 

technique to determine the kinetic profile of AM catalyst deactivation. We found that prototypical 

AM catalysts are deactivated in solution on a timescale comparable to that of a self-assembly 

reaction, potentially leading to inefficient thermodynamic error correction. 

In our exploration of more robust catalysts, we also established the orthogonality of 

dynamic imine exchange and AM. We hypothesized that tridentate AM “canopy” catalysts 

developed by Zhang, Fürstner, and Lee for AM would remain metathesis-active in the presence of 

Lewis basic moieties involved in other dynamic exchange reactions. Catalysts using a rigid trityl-

derived ligand scaffold were found to successfully engender the metathesis of imine-bearing 

substrates, while catalysts using a relatively flexible triphenolsilane ligand were not. The former 

catalyst was found to be stable to imine moieties, but metathesis-inactive in the presence of basic 
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amines, excess water, and Lewis acidic co-catalysts. Assembly and disassembly of a molecular 

ladder prepared via tandem DCC in one pot was demonstrated in the presence and absence of a 

Lewis acid catalyst. 

Part II of this Dissertation describes a novel approach to the design and manufacture of 

“regenerative” polymer thermosets and novel upcycling strategies for such species. While recent 

work has enabled the synthesis of thermosets with degradable linkages, current strategies for 

end-of-life management of these materials is still limited to upcycling strategies. Sustainability 

initiatives would benefit tremendously from the development of chemical strategies to regenerate 

polymer functionality through the restoration of the original polymerizable moieties, enabling 

reuse of degradation products in repeated polymerizations. We hypothesized that derivatives of 

dicyclopentadiene (DCPD) and its corresponding polymer possessing a potent dienophilic moiety, 

namely an enone motif, would be amenable to reactivation for ring opening metathesis 

polymerization (ROMP) by Diels-Alder reaction with cyclopentadiene. We found that a ketone-

functionalized DCPD derivative forms persistent chelates in solution-phase ROMP, slowing the 

reaction. This diminished propagation rate, coupled with the crystallinity of the monomer, 

prohibited its application in frontal polymerization. Attempts at post-polymerization modification 

of oligo(oxaDCPD) via Diels-Alder reaction with cyclopentadiene failed to furnish the desired 

product, yielding instead chain end-functionalized oligomers as determined by advanced mass 

analysis. These data provide insight into the pitfalls of both monomer design and reactivation 

strategies for future regenerative thermosets. 
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CHAPTER 1: INTRODUCTION TO KINETIC AND THERMODYNAMIC CONTROL 

IN DYNAMIC COVALENT CHEMISTRY 

1.1 Introduction to Dynamic Covalent Chemistry (DCC) 

1.1.1 Dynamic Covalent Chemistry (DCC) 

Dynamic covalent chemistry (DCC) is an efficient synthetic strategy that utilizes multitopic 

precursors designed to form reversible covalent bonds, combining advantages of error correction 

during synthesis with the stability of a covalent compound as the final product.† It has enabled the 

synthesis of a variety of molecular architectures, often isolated as a single, discrete species, 

including macrocycles,1 cages,2 and covalent organic frameworks.3,4 A literature survey on 1,100 

papers acquired through a search of the term “dynamic covalent” indicates that polymers are the 

most common target, followed by cages, macrocycles, and COFs.5 Reversible bonds commonly in 

use include imine, boronic ester, hydrazine, disulfide, alkyne, oxime and alkene exchange, listed 

in order of their frequency. These structures have found applications in host-guest chemistry,6 

organic electronic materials,7 information storage and retrieval,8 catalysis,9 biological 

applications,10 chemical sensing,11 and as building blocks for other materials, such as nanofibers.12 

 

Figure 1.1. Selected examples of DCC reactions. 

 
† This chapter has been adapted from the following publication: Greenlee, A. J.; Wendell, C. I.; Cencer, M. M.; 
Laffoon, S. D.; Moore, J. S. Kinetic and Thermodynamic Control in Dynamic Covalent Synthesis. Trends Chem. 
2020, 2 (12), 1043–1051. DOI: 10.1016/j.trechm.2020.09.005 

R1 R2 R3 R4 R1 R4 R3 R2

R
R

R
R

R
R

R
R

RN
R

RN
R

RN
R

RN
R

2H2OB
R OH

OH

HO

HO
R

O

O
RBRBoronate Ester Exchange

Imine Exchange

Olefin Metathesis

Alkyne Metathesis



2 
 

Most targets of DCC are constructed from a small number of different types of repeating 

units. Thus, DCC is commonly a cyclooligomerization process. The combination of a bimolecular 

oligomerization and intramolecular cyclization in the same reaction represents one challenge of 

dynamic covalent synthesis. Another challenge stems from the multitopic nature of DCC 

precursors. While the individual bond forming events are reversible, incorrectly joined structures 

may require multiple bond breakages to release an incorrectly placed precursor. Some erroneous 

structures fall out of dynamic equilibrium with the rest of the reaction network. Nonetheless, 

overcoming these challenges unleashes DCC’s tremendous gain in synthetic efficiency reflected 

by the number of bonds made per operational step. Moreover, DCC product yields may approach 

quantitative, whereas cyclooligomerizations relying on strong irreversible bond formations tend to 

give low yields of final product, presumably because error correction is key to synthetic success.13 

Due to the reversibility of each bond forming event, DCC is generally thought to operate 

under thermodynamic control. The same literature survey mentioned above found that 

thermodynamic products and pathways are mentioned twice as much as kinetic products and 

pathways. However, as DCC advances to increasingly complex targets, there is good reason to 

suggest that kinetic factors may become more important. In this regard, there is an analogy between 

dynamic covalent synthesis and Levinthal’s paradox for protein folding.14 Levinthal’s paradox 

states that because of the very large number of degrees of freedom in an unfolded polypeptide 

chain, the possible conformations are too vast to explore them all on the way to its native folded 

state. In a similar vein, the concatenation of multitopic precursors gives rise to a large number of 

structures on the way to the target product. These structures include polyhedra, polymers, and 

networks, and they may have very similar energies. This suggests a flat landscape, but complexes 

exhibiting multiple persistent bonds are stabilized, which produces a vast landscape with 
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somewhat regular variation. Given the complexity of DCC reaction networks and associated 

energy landscapes, synthetic intuition is unsuited to predict the outcome. Failures in experimental 

DCC often come at a high cost because multitopic, complex precursors require considerable 

structural optimization and synthetic overhead.9 Predicting outcomes is therefore essential and 

may require computational modeling to ensure a full understanding of the underlying factors that 

shape the energy landscape.  

1.1.2 Thermodynamically Controlled DCC 

The ability of dynamic systems to undergo reversible component exchange is key to the 

utility of DCC. Under thermodynamic control, even off-pathway intermediates typically error 

correct toward favorable product distributions on the timescale of the reaction (Figure 1.2).15 Work 

from the Swager group recently demonstrated the reversibility of nucleophilic aromatic 

substitution (SNAr) in the synthesis of macrocycles and covalent organic frameworks from both 

free starting material and off-pathway kinetic intermediates.16 Accessing the product distribution 

regardless of entry point into the reaction landscape is a necessary condition to classify the product 

distribution as a thermodynamic equilibrium. In a second example, arylene ethynylene 

macrocycles are formed both by alkyne metathesis cyclooligomerization and by depolymerization-

macrocyclization of linear poly(arylene ethynylene) species.17  

Thermodynamic control of DCC systems enables certain applications. For example, 

Swager and coworkers demonstrate the dynamic covalent synthesis of surfactants in situ in order 

to generate double emulsions.18 One component of the surfactant is water soluble and the other is 

oil soluble; the surfactant itself forms at the interface of the three phases. The surfactant remains 

in dynamic equilibrium, allowing the incorporation of antibodies for biosensing applications.  
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Figure 1.2. Reaction network of ladder formation under DCC. In-registry intermediates and 
products have correctly matched rungs where outer rungs bond to other outer rungs, and center 
rungs bond to other center rungs between two strands. Out-of-registry products have mismatched 
rung formation. Mismatched intermediates revert to free strands if rung scission is faster than 
intramolecular rung formation. Reproduced with permission from ref. 5. Copyright 2020, Cell 
Press. 

Systems under thermodynamic control favor distributions that maximize entropy by 

generating structures with the fewest possible number of building blocks while minimizing angle 

strain of the resultant structures. These principles have enabled the intuitive design of a wide 

variety of cyclic molecular architectures on the basis of precursor topicity and geometry.19 

Furthermore, in systems with very flat energy landscapes, slight differences in thermodynamic 
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stability lead to self-sorting and large amplifications of product concentrations, which can be 

further improved by increased catalyst loading and thermal cycling.17,20–23 Our group and the 

Cooper group demonstrated that small energetic differences arising from chiral recognition are 

sufficient to direct the homochiral self-sorting of dynamic covalent libraries (DCLs) composed of 

racemic building blocks.23,24 Zhang and coworkers recently demonstrated the synthesis of a cyclic 

porphyrin macrocycle via dynamic alkyne metathesis, which yielded the desired trimer in 82% 

compared to a mixture of trimer (18%) and dimer (20%) via a kinetically controlled cross-coupling 

cyclooligomerization.25  

While design principles are generally reliable predictors of product topology and stability, 

occasionally this thinking belies the nuances of DCC energy landscapes. Cooper and coworkers 

recently designed a computational screening procedure to predict the outcomes of imine 

condensation reactions based on product stability.26 While most combinations of aldehyde and 

amine precursors produced the predicted imine cages, several pairings of precursors led to 

structures with unexpected topologies. In these cases, the less thermodynamically favored product 

was observed, and the energetic preference for the predicted structures was determined to be small 

(around 5 kJ mol-1) compared to the observed products. The Zhang group reported similar 

phenomena in the synthesis of arylene ethynylene cages.27 Slight variations in monomer size 

yielded structures with drastically different topologies, despite a consistent face-to-edge angle 

between substrates. Taken together, these results suggest that intuitive design rules are unreliable 

predictors of complex reaction outcomes, and that pathway-dependence may contribute to DCC 

syntheses in largely unexplored ways.  Advancing DCC as a robust and reliable synthetic approach 

will likely benefit from extending the existing computational tools (vide infra). 
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1.1.3 Kinetically Controlled DCC 

The reversible bonds used in DCC enable systems to undergo error correction. The faster 

the rate of exchange, the less prone the resulting system is to kinetic traps (Figure 1.3). A ladder 

with hydrogen bonded rungs demonstrates much higher fidelity (98% vs. 62%) than an imine-

linked ladder with an identical backbone, due in part to the high exchange rate of hydrogen 

bonding.28,29 However, while rapid exchange speed rescues a system from a putative kinetic trap, 

all covalent bonds are susceptible to trapping under some circumstances. Rigid complex 

architectures, such as COFs and cages, typically synthesized via DCC tend to be predisposed 

towards kinetic control due to precursor multitopicity. Macrocycles with ditopic precursors require 

two bond breakage events before a precursor is released. After the first bond breakage, the two 

resulting reactive moieties are in close proximity and so have a faster rate of recombination than 

two unlinked precursors, an effect which is exacerbated by the rigidity of the structures. If the rate 

of bond reformation is faster than the breakage of the second bond, the macrocycle may behave as 

a kinetic trap. Kinetic trap behavior is even more likely for structures which require three or four 

bond breakages, where precursors are tritopic or tetratopic and the partially broken structures have 

higher rigidity.2,30 This is apparent in the synthesis of ladder compounds, which generally have n-

topic precursors, where n is the number of rungs. These studies show that beyond a certain number 

of rungs the structures can no longer undergo error correction and tend to form myriad mismatched 

products instead.8,31,32  
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Figure 1.3. Generic energy landscape of ladder formation. In reactions with complex energy 
landscapes, species can become kinetically trapped even if reversible chemistry is used. Kinetic 
traps can persist if small barriers funnel material back to the trapped structure rather than out of 
the kinetic trap and toward a thermodynamic minimum. In the case of molecular ladders, out-of-
registry products may be kinetic traps if rung scission is immediately followed by reformation of 
the rung. Kinetic factors such as proximity-induced high effective concentration prevent error 
correction in a dynamic system where the thermodynamic product is desired. Reproduced with 
permission from ref. 5. Copyright 2020, Cell Press. 

Rigidity also influences reaction outcomes by rendering certain transition states 

geometrically inaccessible. This is particularly relevant for reactions with conformationally 

restrictive transition states, such as the transition state leading to the metallacyclobutadiene 

intermediate in alkyne metathesis. Work by our group to synthesize a molecular Möbius strip has 

demonstrated total kinetic diastereoselectivity because only one of the two possible diastereomeric 

intermediates could form the key metallacylobutadiene transition state (Figure 1.4).33 

Solubility is an ever-present consideration in the synthesis of complex architectures. Large 

structures common in DCC have decreased kinetic solubility. Heavily conjugated structures are 

common because they are rigid enough to be shape-persistent, but large, planar π surfaces 
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contribute to insolubility due to π-π stacking, removing the compound from dynamic equilibrium 

and promoting its formation. Dichtel and coworkers developed a system which produces 

macrocycle only when it is insoluble in the reaction solvent; dissolving the macrocycle and 

bringing it back into dynamic equilibrium leads to conversion into polymer, the putative 

thermodynamic product.1 Many DCC syntheses are driven by precipitation.6,34–37 Adding 

solubilizing groups or changing the size and planarity of the π surface allows modulation of 

solubility. Northrop and coworkers produce a planar and non-planar version of the same boronate 

ester cage by inserting ethynylene units into a biaryl backbone with a 90° twist.37 They demonstrate 

that the more planar version is less soluble and more stable to protic solvents.  
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Figure 1.4. Reaction pathways leading to molecular Möbius strip. (a) Energy profile 
demonstrating kinetic diastereoselectivity in macrocyclization (b) reaction network showing 
intermediates leading to all possible stereoisomers. Structures in gray were not observed as 
products of the reaction. Reproduced with permission from ref. 33. Copyright 2020, American 
Chemical Society. 
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Supramolecular interactions in solution also affect the product distribution in some 

systems. The enthalpic benefit of the interactions themselves drive the equilibrium toward 

compounds that promote more stabilizing supramolecular interactions.1 These interactions arise 

between species within the dynamic pool or through external selection. Work from the Sanders 

group demonstrates the utility of a kinetic template in addition to hydrophobic π-π interactions in 

the synthesis of a [3]-catenane inaccessible through thermodynamic control.38 

In addition, supramolecular structures that form between cages and other complex products 

affect exchange rates. Dichtel and coworkers report an imine macrocycle that assembles into 

nanotubes which prevent further imine exchange, and Otto and coworkers report a similar 

effect.12,39 In the synthesis of knots and catenanes from a DCL, multiple products are kinetically 

trapped as a result of intramolecular π-π stacking in ambiphilic molecules, analogous to the 

hydrophobic effect in protein folding.40 

While kinetic traps may introduce synthetic obstacles, they sometimes provide products in 

higher yields than the same system under thermodynamic control. In some cases, the kinetic trap 

is also the thermodynamic product.2,41 In other cases, the pathway-dependence of kinetically 

controlled systems can be leveraged. Multiple products may be accessible from the same 

precursors under different conditions, especially useful given the high synthetic overhead of DCC 

precursors.12 Otto and coworkers have provided evidence that mechanical agitation has a strong 

influence on product distribution.11,34 Slow addition of monomer has been demonstrated to produce 

COFs with larger crystal domains than a single-addition protocol.41 

Kinetic control also allows improved information storage. Scott and coworkers show that 

a high-fidelity synthesis of an information-bearing five rung imine ladder is only achieved by 

increasing and then decreasing the concentration of scandium (III) triflate, commonly used to 
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promote imine exchange.32 This sort of chemical annealing is reminiscent of thermal annealing of 

DNA.32 Keeping the concentration at the same low levels throughout the reaction leads to 

mismatched byproducts instead; this dependence on pathway suggests that the information-bearing 

ladders are kinetic products. Lehn and coworkers have developed libraries of acyl hydrazones and 

imines generated from simple aldehyde, acyl hydrazine, and aniline building blocks.8 In the 

presence of a metal cation with the appropriate coordination geometry, kinetically trapped species 

were favored. Upon precipitation of the directing metals, the libraries were expected to return to 

equilibrium, favoring formation of the more stable acyl hydrazone. However, because the 

exchange rate of imines and acyl hydrazones is on the order of weeks, the composition of the DCL 

remained unchanged on a relevant laboratory timescale, or until it was erased by thermal cycling. 

Furthermore, the library could be trained to adopt an altered kinetic equilibrium through the 

addition of a different metal cation, demonstrating the versatility of a simple system for 

information storage. In this case, kinetic factors allow access not only to targeted materials, but 

also to emergent properties from simple chemical systems. 

In many biological and synthetic systems, molecular recognition events are triggered by a 

slow, irreversible step which occurs due to a perturbation of a system previously under 

thermodynamic control. This perturbation occurs either through internal or external selection, and 

the resulting irreversible step removes kinetically trapped species from the dynamic pool, shifting 

equilibrium to favor their formation. This phenomenon, referred to as dynamic systemic resolution 

(DSR), is one way to combine the adaptive nature of thermodynamic control with the selectivity 

of kinetic control.10 As an extension of classical dynamic kinetic resolution, this technique has 

been used for chiral resolution of epimers,42 as well as in biomimetic applications to amplify strong 

binders in the presence of receptor molecules.43  
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Unlike thermodynamic DCC syntheses, the selectivity of DSR arises from reaction kinetics 

rather than product stability. Thus, the external kinetic stimulus must be chosen judiciously: it 

must be selective enough to operate quickly on the fastest-responding component of the DCL 

without directly affecting the rest of the DCL or halting the ongoing thermodynamic equilibrium.15 

Osowa and Miljanić used irreversible oxidation to enable self-sorting of a DCL of imines.44 Slow 

oxidation of the imine species ensured that only the fastest-reacting amine and aldehyde pairs were 

removed from the dynamic pool, enabling highly efficient resolution of three discrete products 

from a library capable of producing nine different imines. Similar processes have been reported 

by Rizzuto and Nitschke in the synthesis of imine-based coordination cages.45 Antagonistic 

amplification of thermodynamically disfavored structures by kinetic requisition of more reactive 

imines resulted in the self-assembly of heteroleptic cages inaccessible by straightforward DCC 

synthesis. A major goal for DCC would be to use such DSR strategies to access and amplify 

kinetically trapped structures with low symmetry and unique functionality.46 

1.1.4 Computational Studies 

Most efforts at rationally designing DCC systems have utilized thermodynamic modeling. 

Computational predictions of reaction outcomes based on thermodynamic driving forces have been 

used to design precursors and generally rely on the assumption that reactions will reach their 

thermodynamic end point. The most common approach to thermodynamic modeling uses density 

functional theory (DFT) to locate the energy of the various possible structures that could be formed 

in a given reaction network. The lowest energy structure is then assigned as the expected product. 

However, this approach does not always account for features of product stability, such as 

permanent porosity in the case of molecular cages. Furthermore, few approaches to computational 
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modeling account for kinetic factors, namely reaction barriers to key assembly steps along 

competing reaction pathways, which may dictate product distributions.3,24,26 

A common approach to kinetic modeling, which involves manually calculating a reaction 

network and generating a master equation for all species in solution, is well-explored for biological 

systems but difficult to apply to DCC processes, which typically proceed via cyclooligomerization 

and thus involve a theoretically infinite number of unique reaction intermediates.45 Monte Carlo 

algorithms, which have been used to provide insight into the mechanism of covalent organic 

framework formation, ignore the reaction network and use repeated random sampling and 

subsequent statistical analysis to obtain insight into key intermediates and the rate determining 

step in product formation.41,43,46 In an example of correlating thermodynamic and kinetic 

considerations, the Lively group used DFT to determine the formation energies of key 

intermediates along competing imine cage assembly pathways in order to rationalize scrambled 

product distributions.43 

In DCC syntheses where kinetic traps are common, kinetic models may provide superior 

synthetic guidance compared to thermodynamic models but may be difficult to generate or 

computationally costly if many intermediates populate the dynamic pool or if the mechanism of 

error correction is unclear. Rule-based modeling combines the stochasticity of Monte Carlo 

modeling with the reaction network information provided by traditional kinetic modeling. The 

heart of a rule-based model is the rules, a set of simplified descriptors of the reactive chemistry of 

the system. These indicate changes in the bonding or state of reaction components. Once a set of 

rules sufficiently captures the attributes of a system, the model generates a reaction network and 

stochastically determines the time-dependent concentrations of all species in the course of a 

reaction simulation. Algorithmic generation of the reaction network ensures that it is complete and 
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accurate. Though rule-based models have been most widely applied to biological systems, this 

strategy is also uniquely suited to use in DCC assembly reactions, which involve comparably large 

and complex reaction networks.30 

1.2 Alkyne Metathesis for the Synthesis of Nanostructures and Materials 

1.2.1 Alkyne Metathesis 

Alkyne metathesis (AM), the redistribution of the alkylidene units of a pair of acetylene 

derivatives with the aid of a transition metal catalyst, is a close relative of the contemporary and 

tremendously successful olefin metathesis reaction. It was first reported in 1968 using a 

heterogeneous WO3/silica catalyst to engender the thermodynamic disproportionation of 2-

pentyne at high temperatures (200-400 ºC).47 Nearly a decade later, Mortreux and Blanchard 

documented the first heterogeneous AM catalyst system, which employed molybdenum 

hexacarbonyl and a phenol additive at slightly less extreme temperatures (160 ºC in the original 

report).48 The advent of high-valent transition metal alkylidyne complexes (“Schrock 

alkylidynes”) in the 1980s enabled mechanistic studies,49–51 which provided evidence suggesting 

that the reaction proceeds through a [2+2] cycloaddition, followed by isomerization of the 

metallacyclobutadiene intermediate and liberation of the product by [2+2] cycloreversion (Figure 

1.5a). These studies also indicated that the choice of ancillary ligands about the alkylidyne unit is 

a critical determinant of catalytic activity. 
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Figure 1.5. Alkyne metathesis mechanism and representative catalysts. (a) Reaction mechanism 
of AM. (b) Early Schrock type carbynes (I and II) paved the way for the more active siloxy-based 
catalysts, including bench-stable phanthroline adduct III and silica-supported species IV. (c) The 
archetypal AM catalyst generated from precursor [Mo] and triphenylsilanol. 

The first well-defined AM alkylidyne complexes developed by Schrock and co-workers 

employed tungsten or molybdenum (VI) metal centers with (perfluorinated) tert-alkoxide ligands 

(I and II).52–55 In the search for more highly active and functional group-tolerant catalyst systems, 

it was discovered that siloxy groups offer adaptive electronic characteristics ideal for metathesis. 

The “floppy” nature of the metal-oxygen-silicon linkage allows the oxygen atom to shuttle 

between the extremes of sp and sp3 hybridization throughout the course of reaction, thus changing 

the donor ability of the ligand at each elementary step in the catalytic cycle. Synthetic routes to 

catalysts of this type, including pyridine and phenanthroline-stabilized alkylidene (III) and nitride 

adducts exhibiting remarkable storage lifetimes in ambient conditions,56,57 as well as silica-

supported complexes (IV),58 have enabled the exploration of a wide range of chemical space with 

regards to catalyst design.59–62 For example, the hypothesized metallacyclobutadiene intermediate 

generated from the archetypal [Mo]/(Ph3SiOH)3 alkylidyne complex was recently isolated and 

characterized by single crystal x-ray diffraction.63 The state of the art of AM catalyst development 

is discussed in Chapter 3 (vide infra). 
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As a synthetic tool, AM possesses certain advantages over the more popular analog olefin 

metathesis. Despite considerable progress towards kinetically E- and Z-selective olefin metathesis 

catalysts, setting desired alkene geometry with high fidelity, particularly at a late stage of a 

synthetic endeavor, is still compromised by the lack of decent stereochemical resolution. Alkyne 

metathesis followed by stereoselective semireduction, or any other postmetathetic transformation 

of the triple bond, provides an alternate answer to this challenge. Indeed, Fürstner and coworkers 

have demonstrated the utility of a ring closing alkyne metathesis (RCAM) strategy in the total 

synthesis of a variety of macrocyclic natural products.64–66 

1.2.2 Molecular Architectures via Alkyne Metathesis 

In addition to their utility as synthetic handles, the ethynylene moiety possesses rigidity 

and linear geometry. These features make AM uniquely suited to generate shape-persistent 

nanoscale architectures with mechanical rigidity as well as thermal and chemical robustness. These 

facets, combined with the characteristic thermodynamic error-correction of DCC, has enabled the 

synthesis of a wide variety of functional alkynyl macrocylces, cages, and polymers in the last two 

decades (Figure 1.6).67 

 

Figure 1.6. Selected nanoscale structures prepared via AM. Reproduced from references 25 (left), 
68 (middle), and 2 (right).  
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Because AM is an equilibrium reaction, product formation requires a kinetic driving force. 

Thus, strategies to remove AM byproducts occurred concurrently with catalyst development. Early 

strategies involved the removal of small alkyne byproducts using a dynamic vacuum, though this 

entailed changes in solvent concentration and was found to be inefficient for reactions of larger 

scale. Moore and coworkers demonstrated that the removal of large, insoluble alkynes through 

precipitation circumvents potential catalyst poisoning by small molecules and enabled gram-scale 

synthesis of arylene ethynylene macrocycles, albeit with poor atom economy.68 In 2010, Fürstner 

and coworkers demonstrated that 5 Å molecular sieves (MS) could be used to trap 2-butyne, a 

byproduct of AM of the propyne group.57 Despite the practical inconvenience of installing the 

propyne group, this strategy has become the most widely used in AM DCC. 

Despite the abundance of research towards highly active catalysts and controlling the 

equilibria of AM reactions, factors giving rise to contrathermodynamic AM reaction outcomes are 

still poorly understood. Work by the Zhang group demonstrated that precursor geometry plays a 

critical role in determining product outcomes for AM cage assembly.57 Specifically, it was 

observed through dynamic scrambling experiments that fast macrocyclization of multitopic 

alkynyl precursors hinder the conversion of certain intermediates to others, leading to kinetically 

favored, but not kinetically trapped, products. Our group demonstrated that slight variations in the 

bite angle of reactive AM pendant groups can direct assembly away from discrete products and 

towards oligomers.19 

It is speculated that this apparent kinetic sensitivity of AM DCC arises from the high strain 

barriers associated with the formation of confined 2- and 3D cage structures with mechanically 

rigid ethynylene building blocks. However, this assumption may belie the complexity of AM self-

assembly. Exploration of factors related to kinetic control in self-assembly, including catalyst 
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activity and lifetime, templating effects of solvent or other guest molecule additives, and the effects 

of monomer design, including the addition of chelating, protic, or strong electron-withdrawing 

groups, all merit further study. Kinetic control may allow access to thermodynamically 

inaccessible structures, such as those with lower symmetries. Since AM is a homocoupling 

reaction, and thus lacks directionality (unlike imine condensation, e.g.), novel strategies to access 

these architectures will be required. For example, the development of unsymmetrical end groups 

with different kinetic behavior and catalyst systems capable of activating heteroatom-containing 

triple bonds deserve more attention, as they would increase the substrate pool considerably. 

Applications of kinetic control in AM to generate novel structures with shape persistency, 

extended conjugation, and well-defined internal cavities are anticipated. 
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CHAPTER 2: KINETIC AND MECHANISTIC STUDIES OF ALKYNE METATHESIS 

2.1 Introduction 

Escaping a kinetic trap may represent the rate-limiting step of a DCC synthesis.‡ Thus, 

understanding the mechanisms of error correction or escaping from a particular kinetic trap can 

provide useful guidance on optimal reaction conditions to increase the yield of a targeted product. 

The ability of a given DCC system to “error-correct,” or remove a misconnection between 

constituents which is not consistent with the topology of the desired product, is highly dependent 

on the nature of the system. Higher valency precursors are more susceptible to kinetic trapping, 

since increasing the number of misconnections decreases the probability of disconnecting them all 

simultaneously. Molecular rigidity also contributes to kinetic trapping: if exchange components 

are held in close proximity to each other after an initial bond breakage, the rate of intramolecular 

recombination will be faster than that of two unlinked moieties. The interplay of each of these 

factors with the rate of dynamic exchange determines both the probability of, and time required 

for, successful error correction. 

The complex relationship between exchange chemistries and molecular rigidity is apparent 

in molecular ladder systems, which generally have n-topic precursors, where n is the number of 

ladder rungs.  Above a certain number of rungs, the system may lose the capacity for error 

correction and instead form a myriad of mismatched products, depending on the backbone and 

exchange chemistries chosen. For example, oligo(arylene ethynylene) ladders with hydrogen 

bonded rungs demonstrates much higher fidelity (98% versus 62%) than an imine-linked ladder 

with an identical backbone, due in part to the high exchange rate of hydrogen bonding (Figure 

 
‡ Elements of the work in section 2.2.2 were previously published in Quantifying Error Correction through a Rule-
Based Model of Strand Escape from an [n]-Rung Ladder. Morgan M. Cencer, Andrew J. Greenlee, and Jeffrey S. 
Moore. Journal of the American Chemical Society 2020 142 (1), 162-168. DOI: 10.1021/jacs.9b08958. I contributed 
kinetic data for alkyne metathesis reactions for this manuscript. 
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2.1).1,2 Furthermore, imine-linked ladders with flexible peptoid backbones exhibit fidelity up to 16 

rungs, whereas rigid oligo(arylene ethynylene) imine ladders yield misregistered products above 

five rungs.3 Ladder registration is therefore a useful diagnostic tool for identifying the relationship 

between dynamic exchange chemistries and the likelihood of kinetic traps, as the “in-register” 

ladder (defined as the duplex of single ladder strands in which all rungs of one strand are aligned 

with the corresponding rungs of the opposite strand) is typically assumed to be the thermodynamic 

product. 

 

Figure 2.1. Oligo(arylene ethynylene) molecular ladders may exhibit kinetic trapping if the 
exchange chemistry of hybridization is not sufficiently fast. (a) Imine molecular ladders are 
trapped above four rungs whereas (b) hydrogen bonding ladders exhibit fidelity at much higher 
rung counts. Adapted from ref. 1, Copyright 2018, American Chemical Society, and ref. 2, 
Copyright 2011, Royal Society of Chemistry. 

 Despite the wealth of studies regarding ladder registration, mechanisms of ladder error 

correction are still poorly understood. In a study of amine and aldehyde ladder strand 

hybridization, Scott and coworkers found that ladder strands associate quickly and 

indiscriminately to form a mixture of high molecular weight oligomers, then gradually error 

correct.3 On the basis of Førster Resonance Energy Transfer and MALDI experiments, it was 
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posited that registration proceeds via rapid initial association, followed by “handshake line”-type 

shuffling (Figure 2.2). Dr. Christopher Pattillo observed a similar cyclooligomerization process in 

the assembly of alkyne-bearing oligo(ester) ladder strands.4 In this case, however, it was observed 

that ladders failed to register above only two rungs. Mass peaks corresponding to back-biting 

oligomers (e.g. cyclic trimers) and network-type precursors were also observed in the MALDI 

mass spectrum of the reaction mixture, suggesting that ladder strand oligomerization occurs 

concomitantly with oligomer self-association and higher-order network formation when the 

geometry of the oligomers permits folding. In a related body of work, Hunter and coworkers 

observed that the equilibria between self-association and oligomerization of hydrogen bonding 

oligo(arylene ethynylene) ladder strands can affect the distribution of species between different 

assembly channels, and thus the ultimate product distribution.5 In cases like these, where products 

arise which would not be expected simply through consideration of thermodynamics, 

understanding the mechanisms of error correction is crucial to improving the yield of the target 

product. 
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Figure 2.2. Proposed “handshake line” shuffling of peptoid-based imine molecular ladders. 
Following fast, indiscriminate association, ladders are assumed to pass through multiple 
misregistered hybridization states, which may be kinetically trapped. The flexibility of the peptoid 
backbone, compared to the rigid arylene ethynylene moiety, was proposed to contribute to the 
improved fidelity of longer ladders. Adapted from ref. 3. Copyright 2017, Royal Society of 
Chemistry. 

 Given the apparent system-dependency of error correction on exchange chemistries and 

backbone flexibilities, rationally predicting the outcome of ladder assembly reactions remains a 

challenge. DCC synthesis of molecular ladders, and more generally structures susceptible to 

kinetic trapping, would benefit from 1) quantitative understanding of chemical design principles 

facilitating escape from kinetic traps and 2) a rational approach to synthetic planning of routes to 

DCC. We sought to address these challenges through quantification of the rates of AM reactions, 

as well as other features of this reaction potentially associated with kinetic trapping. Specifically, 

we aimed to study the effects of precursor structure on reaction kinetics, as well as the kinetic 

profile of catalyst degradation. By integrating the results of these studies with a rule-based model, 

3/22/23, 10:06 PM c6py01951j-s1_hi-res.gif (979×753)

https://pubs.rsc.org/image/article/2017/PY/c6py01951j/c6py01951j-s1_hi-res.gif 1/1
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we also envisioned creating an in-silico predictive tool to forecast yields and potential kinetic traps 

of AM self-assembly reactions, allowing a more rational approach to planning DCC syntheses. 

2.2 Mechanistic Studies of Alkyne Metathesis Reaction Kinetics 

2.2.1 Design of Alkynyl Molecular Ladders with Kinetic “Primers” 

The Curtin-Hammett principle states that, for a reaction that has a pair of reactive 

intermediates that interconvert rapidly but react irreversibly to form two different products, the 

product distribution will depend on the difference in energy between the two rate-limiting 

transition states.6 By analogy, if the formation of a particular kinetic trap is irreversible for a given 

DCC system, the product distribution may depend on the difference in the energy barriers between 

rate-limiting on- and off-pathway assembly steps, as well as the persistence of the corresponding 

oligomeric conformers. When the speed of subunit exchange is not sufficiently faster than the rate 

of bond formation, and thus the reaction is not under thermodynamic control, the formation of a 

kinetic trap may effectively remove the resultant species from the dynamic pool, shifting the 

reaction equilibrium to favor its amplification. Indeed, coupling an irreversible, kinetically 

controlled step with thermodynamic error correction has been demonstrated to induce resolution 

of complex dynamic libraries.7–11 Though often associated with synthetic failure, we reasoned that 

leveraging this phenomenon might allow access to otherwise synthetically challenging, kinetically 

trapped structures. 

In the same way that primary structure directs folding pathways of proteins and assembly 

of viral capsids,12–14 we wondered if sequence definition in artificial oligomers could direct self-

assembly pathways to favor certain kinetically trapped structures over others.15 Hunter and 

coworkers demonstrated that the use of a covalent primer in the template oligomerization of 

supramolecular ladder strands improves the rate and fidelity of template-directed synthesis.16 
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Inspired by this work, we sought to investigate the effects of mixing pendant group reactivity in 

an AM ladder system. Specifically, we aimed to investigate the feasibility of a dynamic alkyne 

“primer” strategy, whereby one rung of a given ladder strand reacts more quickly than others in an 

initial association event, directing subsequent intramolecular rung “zipping” to favor in-register 

species. 

2.2.2 Kinetic Studies of Metathesis 

To better understand factors governing the rates of alkyne exchange, we began our 

investigation with a mechanistic study of AM. Early studies of AM catalysts indicated that catalyst 

productivity decreases for electron-poor systems.17,18 Fischer and coworkers also demonstrated 

that the electronic character of molybdenum carbyne metathesis catalysts determines the rate of 

initiation in ring opening alkyne metathesis polymerization.19 We therefore reasoned that the 

electronic character of alkynyl substrates would provide a convenient handle to control the initial 

rates of exchange in AM assembly systems. To investigate this notion, a library of isosteric para-

substituted prop-1-yn-1-ylbenzene derivatives spanning the Hammett parameter space was 

prepared by Sonogashira cross-couplings. Then, these substrates were subjected to catalytic 

metathesis in the presence of 1 mol% tris(tert-butyl(3,5-

dimethylphenyl)amino)(propylidyne)molybdenum precatalyst, abbreviated as [Mo], and 6 mol% 

triphenylsiloxy ligand. Rates of alkyne exchange for each substrate were determined by measuring 

the conversion of the propynyl species to their corresponding diphenylacetylene derivative by 1H 

NMR, then fitting the time-dependent concentration of substrate at the onset of reaction to the 

integrated first-order rate law (Figure 2.3a).20 
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Figure 2.3. Metathesis of para-substituted propynylbenzene derivatives spanning the Hammett 
parameter space. (a) Representative kinetic traces of the metathesis of propynyl substrates. (b) 
Linear free-energy analysis of the average forward rate coefficients determined for each 
substrate. 

It was determined that electron-rich derivatives reacted at a faster rate than the electron-

poor species. Linear free-energy relationship (LFER) analysis of the forward rates of reaction for 

each species in the library provides further insight into the mechanism giving rise to this 

phenomenon (Figure 2.3b). A negative Hammett constant of -1.10 ± 0.02 indicates either the 

buildup of positive charge or a decrease in negative charge in the rate determining transition state. 

For unstrained alkynes, it has been demonstrated that the rate-determining step in metathesis is the 

initial cycloaddition to form a metallacyclobutadiene intermediate.21 Thus, we reasoned that the 

electronic character of the alkyne contributes to the rate of metathesis in two ways: 

1) Metathesis starting from molybdenum alkylidyne species may proceed via either 

productive or unproductive routes. In the productive route, the carbyne transfer occurs with 

regioselectivity favoring placement of the relatively electron rich aryl alkyne next to the relatively 

electron-deficient Mo(VI) metal center. The activation barrier to this step is putatively lowered for 

more electron-rich aryl alkynes, which are expected to better stabilize the buildup of positive 
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charge on the α-carbon in the rate-determining transition state. Thus, productive metathesis is 

favored for electron-rich species, while such regioselectivity likely decreases for electron-poor 

species. 

2) Molybdenum benzylidyne species produced in situ by initial productive metathesis steps 

may also undergo either productive or unproductive metathesis. Here, regioselectivity of the 

cycloaddition placing the arene substrate next to the metal center results in unproductive 

metathesis. By the same logic outlined above, this regioselectivity would be favored for electron-

rich substrates. However, we speculate that more electron-rich benzylidyne ligands better stabilize 

the buildup of positive charge in the rate-determining transition states of both productive and 

unproductive metathesis routes. Thus, electron-rich substrates are expected to generate more active 

benzylidyne species, which exhibit greater turnover frequencies and more net instances of 

productive metathesis compared to electron-poor species (Figure 2.4). 

 
Figure 2.4. Productive (blue) and unproductive (red) metathesis pathways starting from 
molybdenum alkylidyne and molybdenum benzylidyne species. Ligands on the molybdenum 
metal center are omitted for clarity. We posit that electron-rich substrates facilitate more rapid 
catalyst turnover by stabilizing the buildup of positive charge on the α and α’ carbons (indicated 
in orange) in rate-determining transition states. 
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To further support this hypothesis, kinetic experiments were repeated at slightly elevated 

catalyst loadings and longer reaction times. Global fitting of the reaction traces with the integrated 

reversible first-order rate law gave both forward and reverse rate coefficients for the reaction. 

Reverse rate coefficients were found to correlate with forward rate coefficients, indicating that 

electron-rich substrates undergo metathesis more rapidly in both the forward and reverse directions 

(Figure 2.5b). This result is consistent with our mechanistic analysis, and suggests that varying the 

electronic character of alkynyl substrates allows access to a wide range of kinetic behavior in AM. 

 
Figure 2.5. Reaction traces and LFER of extended metathesis studies. (a) Reaction traces of para-
substituted propynylbenzene derivatives allowed to reach equilibrium over 2.5 h. (b) LFER of 
reverse rate coefficients determined by global fitting of the kinetic traces using the reversible first 
order rate law. 

This newfound understanding of AM also allows us to draw quantitative comparisons 

between AM and other DCCs. Comparison by Dr. Morgan Cencer of experimentally derived AM 

rate coefficients to those found in literature for other dynamic exchange chemistries (and 

normalized for catalyst loadings) reveals that AM is orders of magnitude slower than other typical 

DCCs.22 This analysis provides insight into the apparent relative frequency of kinetic trapping 
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phenomena in AM self-assembly literature, as kinetic trapping is known to occur more commonly 

in systems with slow exchange chemistries.23 

2.2.3 Attempts to Synthesize Primed Alkynyl Molecular Ladders 

In order to investigate the effects of varying rung reactivity in an AM ladder system, we 

next attempted to synthesize a series of three- and five-rung oligo(ester) ladders bearing relatively 

electron-rich propyne pendant groups on the central rung. We hypothesized that sufficiently 

different rates of reaction between central and peripheral rungs would direct assembly to favor the 

in-register three-rung molecular ladders. In collaboration with Dr. Joshua Laffoon, synthetic routes 

to para-N(CH3), -O(CH3), and -CH3 ladder rung monomers were devised (Figure 2.6). However, 

the demanding synthesis of the para-methoxy and -methyl derivatives, as well as the synthetic 

intractability of the para-dimethylamino derivative, impeded our ability to test our hypothesis. 

Future work in this area will benefit from an operationally simple synthetic route to length- and 

sequence-defined molecular ladder strands. 
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Figure 2.6. Synthesis of oligo(ester) alkynyl molecular ladders with mixed reactivity. The para-
methyl three-rung ladder was synthesized in 1.6% overall yield. 

2.3 Determination of the Kinetic Profile of AM Catalyst Decomposition 

DCC assembly reactions typically employ high catalyst loadings to accelerate error 

correction, as slow rates of dynamic exchange are known to contribute to the formation of off-

target, kinetically persistent byproducts. For the same reason, long reaction times are also 

employed to allow ample opportunities for intermediates to error correct.24 However, this strategy 

is contingent on the assumption that a sufficiently high concentration of catalyst is active 

throughout the duration of the reaction to continually facilitate dynamic exchange. If catalyst 

deactivation occurs competitively with dynamic error correction, self-assembly may stall out. 

Determination of the kinetic profiles of DCC catalyst deactivation would provide 

tremendous insight into strategies for improving self-assembly. For example, the Scott group 

demonstrated that alternately raising and lowering scandium triflate concentrations mitigated 
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kinetic trapping in the hybridization of imine-based peptoid molecular ladders.25 Similarly, self-

assembly reactions using catalysts susceptible to deactivation at high concentrations might benefit 

from slow rates of addition of catalyst as opposed to high initial loadings. This knowledge would 

also inform theoretical frameworks of DCC assembly reactions employing kinetic parameters. 

Despite the need for greater understanding of catalyst deactivation in DCC self-assembly 

reactions, this problem remains largely unaddressed, due in part to practical difficulties associated 

with determining instantaneous catalyst activity in dynamic exchange reactions. Most AM 

catalysts are susceptible to poisoning by air, water, Lewis basic functional groups, ring-expansion 

polymerization of 2-butyne,17 and bimolecular decomposition.26,27 It is therefore likely that AM 

catalysts decompose to some degree during self-assembly reactions, but accurate identification of 

all possible decomposition products renders quantification of total catalyst deactivation 

challenging. Rational design of DCC syntheses would benefit from a generalizable, operationally 

simple approach to determine catalyst death profiles. 

2.3.1 Design of Pulsed Addition Experiments 

Taking inspiration from Grubbs and coworkers’ studies of catalyst deactivation in the 

pulsed-addition ring opening metathesis polymerization (PA-ROMP) of norbornene imides,28 we 

have developed a technique to determine the rate of catalyst deactivation in an AM reaction. In 

analogy to the PA-ROMP system, which enables calculation of initiator deactivation as a function 

of polymer molecular weight, we reasoned that catalyst death in an AM system could be 

determined indirectly as a function of time-dependent changes in catalyst activity. Specifically, we 

expected that solution aging of an AM reaction mixture would result in catalyst deactivation, as 

indicated by decreases in the rates of conversion of an alkynyl probe in an irreversible cross-

metathesis reaction. Since the rate of metathesis is first order in catalyst for an irreversible reaction 
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(eq 1), the anticipated attrition of observed rate coefficients (kobs) upon solution aging would 

directly reflect changes in the concentration of active catalyst (eq 2): 

  (1) 

  (2) 

where A is the alkynyl substrate, Mo is the metathesis catalyst, and x is the solution aging time. 

Thus, we anticipated that pulsed addition of an alkynyl analyte at predetermined intervals would 

enable quantification of the instantaneous degree of catalyst death. 

2.3.2 Quantifying Catalyst Death Using Pulsed Addition Experiments 

Benzoyl biphenyl-substituted propyne 7 was selected as the probe for these studies, owing 

to its unique AM reaction profile. Upon cross-metathesis, this species generates 2-butyne, which 

is scavenged by 5 Å molecular sieves, and bis(benzoyl biphenyl) acetylene 8, which is insoluble 

in typical AM reaction solvents (Figure 2.7a). Removal of metathesis products from the dynamic 

pool by sequestration and precipitation renders the reaction irreversible, allowing a simple first-

order approximation of the reaction kinetics. Metathesis of 7 in the presence of 5 Å molecular 

sieves and 5 mol% AM catalyst generated from molybdenum precatalyst [Mo] and Ph3SiOH 

resulted in near quantitative conversion of the substrate within 10 minutes, as indicated by HPLC 

analysis. The reaction profile was fit with the integrated first-order rate law to afford a kobs,0 of 

0.48 ± 0.09 min-1. This value represents the activity of a fresh catalyst solution in which no 

deactivation has occurred (Figure 2.7b). 
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Figure 2.7. Metathesis of 7 to generate 8 and 2-butyne. (a) Reaction conditions. Both products are 
removed from the dynamic pool, rendering metathesis irreversible. (b) Representative kinetic trace 
of the conversion of 7 used to determine kobs,0. 

Next, PA experiments were performed. To simulate conditions of an AM self-assembly 

reaction, one equivalent of 7 was allowed to react with the preactivated catalyst in the presence of 

molecular sieves. After a period of solution aging ranging between one and six hours, another 

equivalent of 7 was added to the reaction mixture and substrate conversion was measured by 

HPLC. Each reaction trace was fit with a unique rate coefficient, kobs,x, using the integrated first-

order rate law. The rate of conversion of 7 was observed to decrease with extended solution aging. 

We attribute this effect to catalyst deactivation. Comparison of the rate coefficients determined 
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from PA experiments to that of the fresh catalyst solution, kobs,0, using eq 2 revealed a roughly 

exponential decay profile of catalyst activity (Figure 2.8). The rate coefficient of catalyst death for 

this fit was determined to be 0.31 ± 0.01 s-1. However, it was found that the decay profile could 

also be sufficiently described by the integrated second-order rate law, precluding determination of 

both the order in catalyst and primary mechanism of catalyst deactivation. 

 

Figure 2.8. Reaction traces and kinetic analysis of pulsed addition experiments. (a) Reaction 
conditions. (b) Kinetic traces of the conversion of 7 after 0 – 6 hours of catalyst deactivation. (c) 
Rate coefficients determined from pulsed addition trials vs. time allowed for catalyst deactivation. 
The attrition (d) Ratios of rate coefficients for reactions using fresh and deactivated catalyst. This 
ratio is directly related to the instantaneous degree of catalyst death in the reaction mixture.  
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primarily the result of bimolecular decomposition, and thus likely influenced by the initial 

concentration of catalyst. 

To determine the relationship between initial catalyst concentration and deactivation rate, 

PA experiments were performed again using a catalyst loading of 10 mol% relative to 7. Again, 

each trace was fit to a first-order decay profile and compared to the rate of conversion of 7 by fresh 

catalyst at 10 mol% loading. As evidenced by the more rapid decrease of kobs,x/kobs,0 compared to 

5 mol% catalyst loading trials, higher initial catalyst loadings accelerate catalyst deactivation 

(Figure 2.9). This is consistent with our hypothesis that bimolecular decomposition contributes 

significantly to catalyst deactivation in this system. Fitting the time-dependent change in kobs,x/kobs,0 

to both first- and second-order rate equations revealed that the rate of catalyst deactivation was 

better described by a first-order decay profile and afforded a rate coefficient of 0.53 ± 0.03 s-1. 

Doubling the initial concentration of catalyst from 5 to 10 mol % increased the rate of catalyst 

deactivation by a factor of 1.7 ± 0.1. 
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Figure 2.9. First order decay profiles for pulsed addition experiments using 5 and 10 mol% 
catalyst loading. 

Together, these data suggest that catalyst deactivation is between zeroth and first order in 

catalyst. This could be the result of predominantly unimolecular decomposition pathways or 

saturation kinetics in the formation of inactive catalytic species. The latter explanation is consistent 

with the mechanism of bimolecular decomposition of metal-alkylidyne species proposed and later 

demonstrated on canopy-type systems by Fürstner and coworkers,26,27 who determined that the 

collision of two active catalyst entities reversibly forms a dimetallatetrahedrane, which may either 

undergo the retro dimerization or liberate a disubstituted acetylene and M≡M complex (Scheme 

2.1). Our data is consistent with the notion that catalyst deactivation occurs in the absence of a 

large dynamic pool, and thus through processes not associated with metathesis. 
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Scheme 2.1. Putative bimolecular decomposition pathway of molybdenum alkylidyne catalyst 
[Mo]/Ph3SiOH. 

It must be noted that the catalyst deactivation profile observed in this system does not likely 

represent the profile for a typical AM self-assembly reaction for several reasons. In the presence 

of a molar excess of alkyne relative to catalyst, saturation of active catalyst species by alkynes 

would decrease the frequency of bimolecular collisions of metal-carbynes. Furthermore, reversible 

deactivation pathways associated with the metathesis process, such as the formation of off-

pathway metallatetrahedranes observed for some catalyst species,29 are unaccounted for in our 

system, as are the effects of temperature in shifting deactivation equilibria. Future work should 

seek to elucidate the contributions of each of these phenomena to the overall kinetic profile of 

catalyst deactivation. 

Our results imply that the rate of catalyst deactivation must be considered in DCC self-

assembly reactions. If the kinetic profile of catalyst deactivation is on the order of a reaction 

timescale, longer reaction times may not improve the yield of targeted thermodynamic products, 

as it is commonly assumed. Slow addition of catalyst, for example, might enable a more 

economical approach to higher yields of DCC structures than increasing initial catalyst loadings. 

In analogy to thermal cycling, which has been demonstrated to facilitate thermodynamic error 

correction of nucleotide duplexes as well as scrambling of alkynyl macrocycles,30–32 periodic 

additions of small amounts of catalyst might also be considered. 
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2.4 Conclusion 

In this chapter, we report kinetic and mechanistic studies of AM in service of improving 

our understanding of kinetic control in DCC self-assembly. Our initial study was envisioned to 

proceed through a systematic evaluation of the effects of electronic character on the rates of initial 

and steady-state dynamic alkyne exchange. The rates of metathesis of a library of para-substituted 

propynylbenzene derivatives spanning the Hammett parameter space were measured and a linear 

free-energy relationship was observed. Electron-rich alkynes were determined to undergo 

metathesis more rapidly, likely due to the stabilization of positive charge in the rate-determining 

cycloaddition transition state. Comparison of the range of AM exchange rates to those of other 

well-studied DCCs indicated that AM is significantly slower than other typical DCC systems. This 

result is consistent with observations that AM systems are highly susceptible to kinetic trapping. 

Unfortunately, attempts to quantify differences in the efficiency of self-assembly of molecular 

ladders bearing alkyne rungs of mixed reactivity were impeded by lengthy and inefficient synthetic 

routes to ladder strand precursors. 

We also demonstrated a generalizable pulsed addition strategy to elucidate the 

instantaneous degree of catalyst activity, and thus total catalyst deactivation, of an AM catalyst. 

We found that the prototypical AM catalyst [Mo]/(Ph3SiOH)3, in the absence of a dynamic pool, 

is deactivated on a timescale comparable to a typical AM reaction, and that increased catalyst 

loading accelerates catalyst deactivation. Based on catalyst loading experiments, we reason that 

this deactivation is likely the result of bimolecular decomposition. 

These studies further demonstrate the importance of considering kinetic aspects of self-

assembly in planning DCC syntheses. Understanding the range of dynamic behaviors of a given 

exchange chemistry is crucial to designing DCC systems capable of escaping kinetic traps. When 
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kinetic trapping is inevitable, as it may be in systems limited by slow exchange chemistries, 

promoting the kinetic selectivity of certain assembly pathways using precursors with mixed 

reactivity may improve the yield of targeted products. Similarly, awareness of factors leading to 

attrition of efficient error-correction are crucial to improving product yields. In an AM system, for 

example, slow addition of catalyst, as opposed to high initial loadings, may mitigate premature 

catalyst deactivation. This study further complements our previously reported synthetic and 

computational studies on ladder molecular cage formation, as well as key pathways considerations 

in 2- and 3D systems. We envision that these studies will lead to further studies on pathway control 

in DCC systems. We are particularly interested in studying in more detail whether varying and 

mixing precursor reactivity can affect product outcomes. 

2.5 Supporting Information 

2.5.1 General Considerations 

All reactions were performed in oven (c.a. 165 ºC) or flame-dried glassware under an atmosphere 

of dry argon or nitrogen unless otherwise noted. All solvents used were either anhydrous 

commercial grade (Aldrich/Fisher) or purified by a solvent purification system unless otherwise 

noted. All alkyne metathesis reactions were conducted in an argon- filled glovebox in oven-dried 

glassware, using anhydrous (Aldrich), argon-degassed solvents. All reagents were purchased from 

commercial sources and used without further purification. Molybdenum(VI) propylidyne 

precatalyst [Mo] was prepared according to published literature procedures. Chromatographic 

purifications were conducted via MPLC on a Biotage Isolera 1 using Silicycle SiliaSep cartridges 

(230-400 mesh, 40-63 μm). Column separation conditions are reported in column volumes (CV) 

of gradient solvent mixtures. 1H and 13C NMR spectra were recorded on a Carver B500 Bruker 

Avance III HD NMR spectrometer at room temperature (298 K) and chemical shifts were 
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referenced to the residual solvent peak (CDCl3 1H NMR δ = 7.26 ppm). Kinetic experiments were 

performed using a Varian Unity INOVA 400 MHz NMR spectrometer and are referenced to 

residual solvent peaks (C6D6 1H NMR δ = 7.16 ppm). Mass spectra were obtained through the 

Mass Spectrometry Facility, School of Chemical Sciences, University of Illinois. High resolution 

electron impact (EI) mass spectra were obtained on a Micromass 70-VSE TOF spectrometer and 

electrospray ionization (ESI) mass spectra were obtained on a Waters Synapt G2-Si TOF 

spectrometer. 1H and 13C NMR were processed using MestReNova software v12.0.4-22023. 

Reported yields are of isolated material which in some cases were corrected for trace residual 

solvent. 

2.5.2 Synthesis and Characterization of Compounds 

General Procedure for Synthesis of para-Substituted (prop-1-yn-1-yl)benzene Derivatives 

 

A 100 mL Schlenk flask was charged with magnetic stir bar, Pd(PPh3)2Cl2 (35 mg, 0.05 mmol), 

CuI (19 mg, 0.1 mmol), and the appropriate 4-iodobenzene precursor (1 mmol) in dry toluene (12.5 

mL). Dry triethylamine (12.5 mL) was added, and the reaction was cooled to -78 ºC. Propyne gas 

was bubbled into the reaction mixture and the system was stirred at -78 °C for ten minutes and 25 

°C for 18 hours. The reaction was quenched with saturated aqueous NH4Cl (50 mL) and extracted 

with CH2Cl2 (3 × 25 mL). The organic layer was washed with brine, dried over Na2SO4, and 

concentrated in vacuo. The crude oil was purified by flash column chromatography in hexanes 

only to afford the corresponding propynyl species. 

I

R R

H3C

Pd(PPh3)2Cl2 (5 mol%)
CuI (10 mol%)
Toluene/TEA
Propyne gas

-78 ºC  to 25 ºC, 18h
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N,N-dimethyl-4-(prop-1-yn-1-yl)aniline: Yellow solid; Yield 93%; 

1H NMR (500 MHz, CDCl3) δ 7.33 (d, J = 8.7 Hz, 2H), 6.66 (d, J = 

8.7 Hz, 2H), 2.99 (s, 6H), 2.09 (s, 3H); 13C{1H} NMR (126 MHz, 

CDCl3) δ 149.73, 132.48, 111.99, 111.21, 83.01, 80.32, 40.32, 4.43; HRMS (EI) m/z: [C11H13N]+ 

calculated: 159.1048; found: 159.1051. 

1-methoxy-4-(prop-1-yn-1-yl)benzene: Yellow oil; Yield 95%; 1H 

NMR (500 MHz, CDCl3) δ 7.32 (d, J = 8.8 Hz, 2H), 6.81 (d, J = 8.8 

Hz, 1H), 3.79 (s, 3H), 2.03 (s, 3H); 13C{1H} NMR (126 MHz, CDCl3) 

δ 159.14, 132.93, 116.31, 113.95, 84.23, 79.55, 77.41, 77.16, 76.91, 55.36, 4.42; HRMS (EI) m/z: 

[C10H10O]+ calculated: 146.0732; found: 146.0732. 

1-methyl-4-(prop-1-yn-1-yl)benzene: Colorless oil; Yield 36%; 1H 

NMR (500 MHz, CDCl3) δ 7.29 (d, J = 8.2 Hz, 2H), 7.09 (d, J = 8.2 Hz, 

1H), 2.34 (s, 3H), 2.05 (s, 3H); 13C{1H} NMR (126 MHz, CDCl3) δ 

137.61, 131.49, 129.10, 121.06, 85.08, 79.87, 77.41, 77.16, 76.91, 21.52, 4.45; HRMS (EI) m/z: 

[C10H10]+ calculated: 130.0783; found: 130.0779. 

1-bromo-4-(prop-1-yn-1-yl)benzene: Yellow oil; Yield 89%; 1H NMR 

(500 MHz, CDCl3) δ 7.41 (d, J = 8.4 Hz, 2H), 7.24 (d, J = 8.5 Hz, 2H), 

2.03 (s, 3H); 13C{1H} NMR (126 MHz, CDCl3) δ 133.11, 131.57, 123.14, 

121.74, 87.28, 78.90, 77.41, 77.16, 76.91, 4.50 ppm; HRMS (EI) m/z: [C9H7Br]+ calculated: 

193.9731; found: 193.97365. 

4-(prop-1-yn-1-yl)phenyl acetate: Brow solid, Yield 93%; 1H 

NMR (500 MHz, CDCl3) δ 7.39 (d, J = 8.7 Hz, 2H), 7.01 (d, J = 

8.6 Hz, 2H), 2.29 (s, 3H), 2.04 (s, 3H); 13C{1H} NMR (126 MHz, 

N

H3C

CH3

CH3

O

H3C

CH3

CH3

H3C

Br

H3C

O
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CDCl3) δ 169.36, 150.02, 132.73, 121.89, 121.64, 86.04, 79.05, 77.41, 77.16, 76.91, 21.27, 4.45; 

HRMS (EI) m/z: [C11H10O2]+ calculated: 174.0681; found: 174.0683. 

1-(prop-1-yn-1-yl)-4-(trifluoromethyl)benzene: Colorless oil; Yield 

65%; 1H NMR (500 MHz, CDCl3) δ 7.54 (d, J = 8.2 Hz, 2H), 7.48 (d, J 

= 8.2 Hz, 2H), 2.07 (s, 3H) ppm; 13C{1H} NMR (126 MHz, CDCl3) δ 

131.87, 129.32, 128.08, 125.25, 123.10, 88.87, 78.82, 4.44 ppm; 19F NMR (470 MHz, CDCl3) δ 

5.78 (s, 3F) ppm; HRMS (EI) m/z: [C10H7F3]+ calculated: 184.0500; found: 184.0501. 

General Procedure for Kinetic Measurements of Alkyne Metathesis 

 

In an Ar-filled glovebox, a 500 mHz NMR tube was charged with para-substituted (prop-1-yn-1-

yl)benzene derivative (0.01 mmol) and 1,3,5-trimethoxybenzene (0.005 mmol) in 0.6 mL C6D6 

and sealed with a septum cap. After locking and shimming, an initial 1H NMR spectrum was 

acquired, the sample was ejected, and 100 μL of stock solution of [Mo] (0.1 mM) and 

triphenylsilanol (0.6 mM) in C6D6 was injected. The tube was inverted to mix and reinserted into 

the probe. After 30 s of shimming adjustment, 1H NMR spectra were acquired every 20s at ambient 

temperature. Concentrations of the propynyl substrate were determined using 1,3,5-

trimethoxybenzene as an internal standard. Forward rate coefficients ka were determined by fitting 

the first-order integrated rate law to the time-dependent concentration of the propynyl substrate 

observed at the beginning of the reaction. Reported rate coefficients and associated errors were 

R
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determined by the average of three trials. To determine reverse rate coefficients, kd, the same 

procedure was repeated using 150 µL of stock solution of [Mo] and triphenylsilanol. 1H spectra 

were acquired every 20 s for 160 min at ambient temperature. Reverse rate coefficients and thus 

equilibrium constants K, were calculated by fitting the first-order reversible integrated rate law to 

the time-dependent concentration of the propynyl substrate. 

 

Figure 2.10. Representative array of the first 30 spectra acquired in the metathesis of prop-1-yn-
1-ylbenzene. Formation of the 2-butyne byproduct is indicated by the increasing intensity of the 
singlet peak at δ = 1.50 ppm. 
  

1.251.301.351.401.451.501.551.601.651.701.751.801.851.901.952.00

f1 (ppm)
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Figure 2.11. Representative kinetic traces and fits for the metathesis of N,N-dimethyl-4-(prop-1-
yn-1-yl)aniline (blue) and 1-(prop-1-yn-1-yl)-4-(trifluoromethyl)benzene (red). 

Substrate σpara ka × 104 (s-1) 𝐥𝐨𝐠(𝒌𝒂 𝒌𝑯
& ) 

N(CH3)2 -0.83 4.5 ± 0.1 0.85 ± 0.02 

OCH3 -0.27 1.60 ± 0.04 0.41 ± 0.01 

CH3 -0.17 0.63 ± 0.02 0.004 ± 0.02 

H 0 0.63 ± 0.01 0.00 ± 0.01 

Br 0.232 0.348 ± 0.005 -0.256 ± 0.01 

OAc 0.31 0.426 ± 0.04 -0.17 ± 0.04 

CF3 0.54 0.104 ± 0.004 -0.7 ± 0.03 

 
Table 2.1. Forward rate coefficients and associated errors determined by initial rate studies.  
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Figure 2.12. Representative reaction trace of the metathesis of para-methoxy propynylbenzene 
derivative with global fitting to the reversible first-order integrated rate law. Equilibrium 
concentrations of substrate [A]eq were determined by 1H NMR using 1,3,5-trimethoxybenzene as 
an internal standard. Association constants ka determined from initial studies and normalized for 
catalyst loading (assuming the rate of metathesis is first order in catalyst) were used to calculate 
the corresponding kd values. 
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Substrate kd × 104 (s-1) 𝐥𝐨𝐠(𝒌𝒅 𝒌$𝑯
& ) 

N(CH3)2 25.3 ± 0.4 1.20 ± 0.01 

OCH3 1.57 ± 0.04 -0.009 ± 0.05 

CH3 2.4 ± 0.2 0.17 ± 0.05 

H 1.6 ± 0.2 0.00 ± 0.04 

Br 1.19 ± 0.02 -0.13 ± 0.04 

OAc 2.0 ± 0.1 0.09 ± 0.04 

CF3 0.096 ± 0.007 -1.2 ± 0.3 

 
Table 2.2. Reverse rate coefficients and associated errors determined by global fitting of AM 
reaction traces to the first order reversible rate law. 

Synthesis of phenyl(4'-(prop-1-yn-1-yl)-[1,1'-biphenyl]-4-yl)methanone (7): 

 

A 50 mL Schlenk flask was charged with 4-benzoyl-4’-bromobiphenyl (1.35 g, 4 mmol, 1 equiv), 

2-butynoic acid (420 mg, 4 mmol, 1.25 equiv), 1,4-bis(diphenylphosphino)butane (34 mg, 0.08 

mmol, 0.02 equiv), and Pd(PPh3)2Cl2 (28 mg, 0.04 mmol, 0.01 equiv). Reagents were dissolved in 

DMSO (12 mL), then DBU (1.8 mL, 12 mmol, 3 equiv) was added in one portion. The reaction 

was then sealed and heated at 110 ºC overnight in an oil bath. After cooling to room temperature, 

saturated NH4Cl was added. The layers were then separated and the aqueous layer was extracted 

3x with DCM. The combined organic layers were washed with water and brine, dried with Na2SO4, 

and filtered over celite. The reaction mixture was purified via silica gel chromatography using 

Br

O

H3C

OPd(PPh3)2Cl2 (1 mol%)
dppb (2 mol%)

DBU (3 equiv)
DMSO
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DCM to afford 7 as a yellow solid (470 mg, 40% yield). 1H NMR (500 MHz, CDCl3) δ 7.89 (d, J 

= 8.4 Hz, 2H), 7.83 (d, J = 8.4 Hz, 2H), 7.69 (d, J = 8.4 Hz, 2H), 7.64 – 7.60 (m, 1H), 7.58 (d, J = 

8.4 Hz, 2H), 7.53 – 7.47 (m, 4H), 2.09 (s, 3H); 13C{1H} NMR (126 MHz, CDCl3) δ 196.43, 144.61, 

139.06, 137.87, 136.52, 132.56, 132.23, 130.91, 130.15, 128.47, 127.22, 126.93, 124.19, 87.42, 

79.56, 77.41, 77.16, 76.91, 4.61; HRMS (ESI) m/z: [C22H17O]+ calculated: 297.1279; found: 

297.1274. 

General Procedure for Pulsed Addition Experiments 

 

Determination of kobs,0: All setup was performed in an Ar-filled glovebox. In a 20 mL scintillation 

vial, 7 (22 mg, 0.075 mmol, 1 equiv) and mesitylene (4 µL, 0.0375 mmol, 0.5 equiv) were 

dissolved in CCl4 (2 mL). In a third, 2-dram vial, [Mo] (11 mg, 0.017 mmol) and Ph3SiOH (28 

mg, 102 mmol) were dissolved in CCl4 (3.5 mL). The catalyst solution was allowed to pre-stir for 

15 minutes, then 1.5 mL was transferred to the vial containing substrate 7. 100 µL aliquots of the 

reaction were taken every 30s and passed over a short silica plug and diluted to a volume of 1 mL 

with CCl4, then submitted for HPLC analysis. The time-dependent concentration of substrate was 

determined by HPLC using mesitylene as an internal standard. 

Pulsed Addition Experiments: In a 20 mL scintillation vial, 7 (22 mg, 0.075 mmol, 1 equiv) and 

mesitylene (4 µL, 0.0375 mmol, 0.5 equiv) was dissolved in CCl4 (2 mL). An identical stock 

solution was prepared in a separate 20 mL vial for later use. In a third, 2-dram vial, [Mo] (11 mg, 

H3C

O [Mo] (5 mol%)
Ph3SiOH (30 mol%)
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0.017 mmol) and Ph3SiOH (28 mg, 102 mmol) were dissolved in CCl4 (3.5 mL). The catalyst 

solution was allowed to pre-stir for 15 minutes, then 1.5 mL was transferred to one vial containing 

substrate 7. The reaction was allowed to proceed for a predetermined time period between 1 and 6 

hours, at which point the stock solution of 7 was added to the reaction mixture. Reaction progress 

was then monitored for 15 minutes. 

 

Figure 2.13. (a) First- and (b) second-order fit of catalyst deactivation for 5 mol% catalyst loading 
PA experiments. 

 
Figure 2.14. Pulsed addition experiments using 10 mol% initial catalyst loading. (a) Reaction 
traces for the conversion of substrate 7 after 0-5 hours of catalyst deactivation. (b) Rate 
coefficients, kobs,x, determined for each pulsed addition experiment.  
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2.5.3 NMR Spectra 
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CHAPTER 3: ONE-POT IMINE FORMATION AND ALKYNE METATHESIS 

ENABLED BY CATALYST CHOICE 

3.1 Introduction 

Typically, DCC syntheses rely on a single type of chemical transformation leading to highly 

symmetric architectures containing only one type of functionality.§ By contrast, orthogonal DCC 

(ODCC) offers great potential to construct molecular architectures with low symmetry and well-

defined chemical functionalities.1,2 However, explorations of ODCC have been hindered by the 

lack of functional group tolerance and chemical incompatibilities of multi-component dynamic 

exchange reactions. 

Alkyne metathesis (AM) in particular, owing to the sensitivity of typical operative metal 

carbyne complexes to poisoning by air, water, and polar moieties, suffers from poor tolerance to 

even relatively mildly Lewis basic functional groups. Recently, the Fürstner,3 Lee,4 and Zhang5–8 

groups made considerable AM catalyst advances using tripodal ligand frameworks (Chart 3.1). 

Through the chelating effect, these scaffolds engender molybdenum carbyne species with 

improved robustness to hydrolysis and deleterious coordination to the metal center.3,9 These 

studies have yielded a library of catalysts with impressive functional group tolerance and activity, 

which we posit will enable AM to operate in parallel with other dynamic covalent reactions. 

Recently, we reported the synthesis of a molecular cage via sequential imine condensation and 

AM using a canopy catalyst developed by Zhang et al. (Figure 3.1).10 However, the sensitivity of 

the metathesis catalyst to poisoning by unreacted amine groups mandated extensive purification 

between steps. Because one of the unique advantages of DCC is its operational simplicity, it is 

 
§ The work in this chapter was adapted from the following publication: Tandem Imine Formation and Alkyne 
Metathesis Enabled by Catalyst Choice. Andrew J. Greenlee, Heyu Chen, Chloe I. Wendell, and Jeffrey S. Moore. 
The Journal of Organic Chemistry 2022 87 (13), 8429-8436. DOI: 10.1021/acs.joc.2c00538 
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desirable to avoid such purifications whenever possible. The development of ODCC for AM would 

streamline procedures for synthetically challenging multifunctional architectures. 

 
Chart 3.1. Representative alkyne metathesis catalysts generated from precursor [Mo] and tripodal 
ligand scaffolds. 

Another rarely explored advantage of ODCC is the ability to leverage differences in 

reaction rates, or orders of addition, to achieve preorganization in self-assembly. This general 

strategy is used in nature to direct protein folding: fast, dynamic exchange processes (e.g. H-bond 

exchange) are often coupled with slower dynamic reactions (e.g. disulfide exchange) to lock 

proteins into their native tertiary structures.11 Analogous reaction strategies have been used in the 

synthesis of structures like hydrogels12 and nanowires,13 as well as in the resolution of complex 

dynamic libraries,14,15 but rarely have these strategies been explored in the dynamic covalent 

synthesis of discrete, well-controlled molecular architectures. AM, in particular, is well-suited for 

this strategy, as it is considerably slower than many common DCC reactions.16 However, its kinetic 

sensitivity is underutilized in DCC syntheses.17 Development of ODCC synthetic strategies 

involving AM might therefore also allow access to its underexplored kinetic manifold. 
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Figure 3.1. Developments in AM ODCC. (a) A molecular cage prepared via sequential orthogonal 
imine formation and alkyne metathesis. Reprinted from ref. 10. Copyright 2019, Royal Society of 
Chemistry. (b) A molecular ladder prepared via one-pot ODCC without intermittent isolation and 
purification. 

To these ends, we sought to investigate the cross-reactivity of AM and imine formation 

and to develop protocols for one-pot syntheses of molecular structures via AM ODCC. Herein, we 

report the first example of AM operating in the same pot as another dynamic covalent reaction 

applied to the synthesis of a three-rung molecular ladder. 

3.2 Orthogonal Imine Exchange and Alkyne Metathesis 

3.2.1 Compatibility of AM Canopy Catalysts with Imine Exchange 

Imine formation was selected as the orthogonal complement to AM because it is relatively well 

established and amenable to a variety of functional groups and reaction conditions.18 We reasoned 

that 5 Å molecular sieves, included in AM reactions for removal of the 2-butyne byproduct,19,20 

might also effectively remove condensate generated by imine formation. Furthermore, molecular 

sieves have been shown to catalyze imine formation via redistribution of adventitious acid in 
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reaction media.21 Thus, we anticipated that imine exchange would likely tolerate AM reaction 

conditions, while the sensitivity of AM catalysts might create challenges for one-pot ODCC. 

Specifically, we envisioned that imine or primary amine functionalities might poison the catalyst, 

as would hydrolysis by water generated from condensation reactions. 

We began our study by investigating the efficacy of two different AM canopy catalysts in 

the assembly of an imine-bearing 3-rung molecular ladder. Precursor 7, a single strand of ladder 

8, was synthesized from diamine 3 and aldehyde 6 (Scheme 3.1). Imine linkages form the strand 

segment with alkyne rungs as pendant groups. Ladder assembly was attempted using catalyst III 

or VI, generated from the corresponding ligand scaffold (L-III or L-VI) and molybdenum-

trisamide alkylidyne precatalyst [Mo]. High (30 mol%) catalyst loadings were used to ensure 

thermodynamic error correction. The resulting mixture was heated at 40 °C for 18 h, then analyzed 

by MALDI-MS and size exclusion chromatography (SEC). The mass spectrum of the reaction 

mixture containing catalyst III showed only low molecular weight peaks, indicating that 

cyclooligomerization via AM likely did not occur. By contrast, the mass spectrum of the reaction 

containing catalyst VI showed a single peak corresponding to the target molecular ladder 8 (Figure 

3.2). SEC analysis of the reaction mixture using catalyst VI also showed conversion to a higher 

molecular weight species, presumed to be ladder 8.  A high molecular weight tail is present in the 

metathesis reaction mixtures. 
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Scheme 3.1. Synthesis of ladder precursor 7 from diamine 3 and aldehyde 6.  

From these results, we concluded that the reportedly more active and robust catalyst VI 

can achieve AM of imine-bearing species, while the silyl analog III cannot. Independently, Zhang, 

Fürstner, and Lee have suggested that the differences in activity of these canopy catalysts may 

arise from ligand flexibility, though these effects are not yet completely understood.5,22,23 It has 

been suggested that the inability of ancillary ligands to distort limits catalyst geometries that 

contribute to the formation off-pathway intermediates. It is possible that the flexibility of ligand 

L-III also negates some of the stabilizing effects imparted by its “canopy” design, such as tightly 

blocking active binding sites. This notion is supported by the ability of the more rigid analog IV 

to catalyze the metathesis of imine-bearing substrates,10 although these ligands show drastically 

different sensitivities to steric and electronic effects and therefore defy direct comparison. This 

discrepancy will require a more nuanced follow-up study in the future.  
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Figure 3.2. MALDI-TOF-MS and SEC results of the dimerization of strand 7 to ladder 8. a) 
Reaction conditions. b) MALDI-MS mass spectrum of the reaction mixture. Expected exact mass 
[M8 + H]+ = 1267.7 g mol-1. All MALDI-MS data were collected in reflectron positive ion mode 
using a DCTB matrix. c) SEC chromatograms comparing precursor 7 (green) and the metathesis 
reaction mixture (red). 

To determine whether metathesis operates in parallel with imine formation, we next 

attempted the synthesis of 8 via simultaneous addition of all reaction components. Precursors 3 

and 6, in a molar ratio of 1:2.2 to avoid excess of primary amine, were combined with a solution 

of preactivated VI in CCl4 and added to a slurry of 5 Å MS in CCl4. MALDI-MS characterization 

revealed primarily low molecular weight species as well as a trace amount of 8 and some 

metathesis products (Figure 3.3). The absence of high molecular weight species from the spectrum 

suggests incomplete AM cyclooligomerization, though the presence of the peak corresponding to 

8 indicates some catalytic activity. We reasoned that the primary amine groups of 3 deactivated 

the catalyst, stifling metathesis activity. This explanation is consistent with previous reports of 

catalyst deactivation by basic amines.24 
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Figure 3.3. MALDI-MS analysis of the attempted ODCC assembly of ladder 8 via simultaneous 
addition of metathesis catalyst and imine-forming substrates 3 and 6. The peak at m/z = 1268.6 
indicates the presence of molecular ladder 8 in the reaction mixture. 

To circumvent poisoning of the catalyst, a pre-stir strategy was employed. When diamine 
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thermodynamic product) in the product distribution also suggests that AM is under thermodynamic 

control under the reaction conditions.25  

 

Figure 3.4. Characterization of the reaction mixture from the pre-stir experiment. a) Reaction 
conditions. b) MALDI-MS mass spectrum of the reaction mixture. c) SEC chromatogram of the 
reaction mixture. We reason that the broad, high molecular weight shoulder is from longer, out of 
register oligomers of 7. 
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sieves in the reaction. Given the robustness of canopy-type catalysts to hydrolysis,3 we reasoned 

that catalyst VI might tolerate water produced as a result of imine formation. The activity of 

catalyst VI in the absence of molecular sieves was previously demonstrated by Zhang and 

coworkers, albeit only over short timescales and in solvents highly immiscible with water.6 We 

feared that in a molar excess of water, and on the timescales required for cyclooligomerization, 

hydrolytic decomposition of the catalyst would impede error correction. As predicted, metathesis 

of both strand 7 and pre-stirred 3 and 6 under open air conditions failed. SEC traces of both reaction 
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mixtures revealed only strand 7, indicating that metathesis did not occur (Figure 3.5). To 

investigate whether the catalytic inactivity could have been the result of poisoning by adventitious 

water, reactions were also run in an inert atmosphere under dynamic vacuum to remove 2-butyne. 

Conversion to ladder 8 was achieved for strand 7 but not for a pre-stirred mixture of 3 and 6, 

suggesting that molecular sieves act not only as efficient scavengers of 2-butyne, but also of 

moisture produced during the reaction. These results also demonstrate that, despite improved 

stability of canopy catalysts, even robust species such as VI are susceptible to hydrolysis. 

Figure 3.5. Metathesis of strand 7 or precursors 3 and 6 in the absence of molecular sieves. When 
7 is subjected to metathesis under dynamic vacuum conditions, ladder 8 is generated. By contrast, 
when 7 is generated in situ by reaction of 3 and 6, or when the reaction takes place in open air, 
metathesis products are not observed. These results suggest that the catalyst is susceptible to 
deactivation by water. (a) SEC traces of reaction mixtures run under open air or dynamic vacuum 
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Figure 3.5 (cont) conditions. The trace of strand 7 is included for reference. (b) MALDI mass 
spectrum of the metathesis reaction mixture of strand 7 under dynamic vacuum conditions. 

3.2.2 Compatibility of Alkyne and Imine Exchange Catalysts 

Given the success of these preliminary experiments, we next explored the effects of a Lewis acid 

catalyst on cross-reactivity. Many applications of imine exchange DCC rely on a Lewis acid 

catalyst such as Sc(OTf)3 not only for acceleration of transimination, but also for in-situ 

deprotection of acetals.26 Ideally, AM would tolerate these conditions, though ligand exchange 

between the Lewis acidic Sc(III) and Mo(VI) metal centers could threaten metathesis activity. 

Metathesis of 7 with 40 mol% Sc(OTf)3 yielded a multitude of products, as indicated by a broad 

SEC trace. Multiple peaks were observed by MALDI-MS with masses corresponding to out-of-

register oligomers of 7 (Figure 3.6b and c). This misregistration of ladder precursors is indicative 

of an inability of the metathesis system to “error correct,” since products containing fewer 

constituent building blocks are favored over larger oligomers.25,27,28 Moreover, many of the out-

of-register species bear propyne functional groups, suggesting catalyst deactivation occurs on a 

competitive timescale with cyclooligomerization. When the reaction mixture was resubjected to 

metathesis in the absence of Sc(OTf)3, only ladder 8 was observed by MALDI-MS and SEC 

(Figure 3.6). The apparent error-correction of out-of-register species to 8 further supports our 

assignment of the in-register ladder as the thermodynamic product of metathesis, as well as our 

hypothesis that Sc(OTf)3 inhibits metathesis. 
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Figure 3.6. Metathesis of ladder precursor 7 in the presence of Sc(OTf)3. (a) Reaction conditions. 
When 7 is subjected to metathesis in the presence of Sc(OTf)3, high molecular weight  oligomers 
are observed. When the reaction mixture is then resubjected to metathesis, only ladder 8 is 
observed. (b) SEC chromatograms of the reaction mixture before (red) and after (blue) error-
correction. (c) MALDI mass spectra of the assembly reaction mixtures before (red) and after (blue) 
resubjecting to metathesis. Schematic representations of ladder 8 and out-of-register oligomers 
generated from metathesis in the presence of Sc(OTf)3 are shown next to the corresponding mass 
peaks. 

To further explore the possible antagonistic effects of Sc(III) on metathesis, we next 

attempted a one-pot synthesis of 8 from its constituent aldehyde and amine building blocks. 

Intriguingly, sequential reaction of 3 and 6 via Sc(OTf)3-mediated imine formation followed by 

AM yielded a different product distribution than previous self-assembly trials. In addition to ladder 

8, MALDI-MS revealed a high molecular weight species tentatively assigned to structure 10, 

identified as the cyclic tetramer of ladder precursor 7 (Figure 3.7a and b). SEC analysis further 

confirmed the shift in product distribution, as well as the presence of low molecular weight species 
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potentially indicative of incomplete assembly of precursor 7. Generally, under acidic conditions, 

the rate of imine formation and hydrolysis is fast and favors the hydrolyzed amine and aldehyde 

products.29 Thus, it is possible that in the presence of the Sc(III) catalyst, transimination occurs in 

parallel with AM, leading to partial deactivation of the metathesis catalyst by the primary amine 

as well as Sc(OTf)3. 

  

Figure 3.7. Assembly of ladder 8 in the presence of a Lewis Acid catalyst. (a) Reaction conditions 
and the proposed structure of 10. (b) MALDI-MS mass spectrum of the assembly reaction mixture. 
(c) SEC chromatogram of the reaction mixture. The presence of both high and low molecular 
weight byproducts indicates potential strand misregistration via AM. Expected mass [M10•]+ = 
2533.3 g mol-1. 

The presence of mass peaks corresponding to 10 in earlier assembly experiments also 

suggests that this structure may represent a particularly stable kinetic trap for this system, and thus 
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times.30 The absence of other oligomers and out-of-register species in the mass spectrum further 

support this notion and suggests only limited cross-reactivity between the catalysts. 

3.2.3 Dynamic Disassembly Experiments 

In ODCC with multitopic precursors, access to a particular product distribution may require 

continuous dynamic exchange for multiple parallel reactions. Thus, we next turned our attention 

to the nature of imine exchange in our system. Previous studies have demonstrated that amine-

imine interchange proceeds even in the absence of an acid catalyst.31 Therefore, we suspected that 

imine exchange occurs under our reaction conditions. To probe the equilibrium and dynamic 

nature of the system, a stationary state perturbation experiment was performed. Precursors 3 and 

6 (1:2 ratio) were allowed to react via sequential imine formation and AM, either in the presence 

or absence of Sc(OTf)3, to generate 8. Then, the reaction mixtures were charged with 30 equiv of 

methylamine and stirred at 25 ºC for 18 h. Analysis by 1H NMR spectroscopy revealed an 

abundance of ladder disassembly product 9a and a disappearance of peaks corresponding to 

metathesis products in both cases (Figure 3.8). Together, these results indicate that imine exchange 

is dynamic under orthogonal reaction conditions, even in the absence of a molecular Brønsted or 

Lewis acid catalyst. 
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Figure 3.8. Disassembly of ladder 8 proceeds even in the absence of a molecular acid catalyst, 
indicating amine/imine exchange is dynamic. Left: ODCC assembly and disassembly of ladder 8 
via dynamic imine exchange. Right: Comparison of 1H NMR spectra of the assembly mixture 
(top), the disassembly mixture (middle), and the independently synthesized imine 9a (bottom). 
The reaction mixtures were filtered through basic alumina and concentrated to dryness. Peak labels 
correspond to the disassembly product 9a. NMR performed in CDCl3, 500 MHz, 25 °C. 

The measured success of these experiments indicates the robustness of catalyst VI to 

catalytic imine exchange conditions, as well as the potential for self-assembly by catalytic ODCC 

using multitopic imine and alkyne-bearing precursors. However, the apparent sensitivity of even 

the most stable canopy-type catalyst to water and primary amines poses a challenge for future 

synthetic applications of AM in ODCC. Jia and coworkers recently reported novel Re(V) AM 

catalysts that are stable to air and moisture as well as polar and protic moieties.32,33 These systems, 

which have been demonstrated to promote catalytic metathesis in wet solvent, hold tremendous 

promise for the evolution of AM in ODCC systems and will require further investigation in the 

future. 
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3.3 Conclusion 

A one-pot ODCC approach to imine exchange and AM has been developed. The efficacy 

of the sequential reaction strategy was demonstrated in the synthesis of a 3-rung molecular ladder, 

as well as its disassembly by transimination in the presence and absence of a Lewis acid catalyst. 

The protocols developed herein open the door to facile syntheses of well-defined molecular 

architectures bearing both imine and ethynylene functionalities, expanding the scope of DCC 

further to increasingly complex materials and chemical systems. 

3.4 Supporting Information 

3.4.1. General Considerations 

All reactions were performed in oven (c.a. 165 ºC) or flame-dried glassware under an 

atmosphere of dry argon or nitrogen unless otherwise noted. All solvents used were either 

anhydrous commercial grade (Aldrich/Fisher) or purified by a solvent purification system unless 

otherwise noted. All alkyne metathesis reactions were conducted in an argon- filled glovebox in 

oven-dried glassware, using anhydrous (Aldrich), argon-degassed solvents. All reagents were 

purchased from commercial sources and used without further purification. Molybdenum(VI) 

propylidyne precatalyst [Mo], (5-iodo-1,3-phenylene)dimethanol, and ligand L-III were each 

prepared according to published literature procedures.8,34,35 Triphenol ligand L-VI was generously 

gifted to us by the Zhang group and used as received. Molecular sieves (5 Å powdered) were dried 

in a vacuum oven at 200 ºC for 5 days prior to use in alkyne metathesis reactions.20 

Chromatographic purifications were conducted via MPLC on a Biotage Isolera 1 using Silicycle 

SiliaSep cartridges (230-400 mesh, 40-63 μm). Column separation conditions are reported in 

column volumes (CV) of gradient solvent mixtures. 1H and 13C nuclear magnetic resonance spectra 

(NMR, 500 MHz) were recorded at room temperature (298 K) and chemical shifts were referenced 
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to the residual solvent peak. Structural assignments were made with additional information from 

gCOSY, gHSQC, and gHMBC experiments. Elemental analysis was obtained through the 

Microanalysis Laboratory, School of Chemical Sciences, University of Illinois using an Exeter 

Analytical CE 440 Analyzer. Mass spectra were obtained through the Mass Spectrometry Facility, 

School of Chemical Sciences, University of Illinois. High resolution electron impact (EI) mass 

spectra were obtained on a Micromass 70-VSE TOF spectrometer and electrospray ionization 

(ESI) mass spectra were obtained on a Waters Synapt G2-Si TOF spectrometer. Matrix-assisted 

laser desorption/ionization (MALDI) mass spectrometry was performed on a Bruker Daltonics 

UltrafleXtreme MALDI using DCTB matrix. MALDI spectra were plotted using OriginPro 2018 

software. 1H and 13C NMR were processed using MestReNova software v12.0.4-22023. Reported 

yields are of isolated material which in some cases were corrected for trace residual solvent.  

3.4.2 Synthesis and Characterization of Compounds 

2,2'-(2,2'-(5-iodo-1,3-phenylene)bis(acetyl))dibenzoic 

acid (1). In a 250 mL round bottom flask charged with stir 

bar, triphenylphosphine (4.75 g, 18.2 mmol, 2.4 equiv) and 

(5-iodo-1,3-phenylene)dimethanol (2.00 g, 7.57 mmol, 1 equiv) were combined and dissolved in 

THF (75 mL). Diisopropyl azodicarboxylate (3.67 g, 18.2 mmol, 2.4 equiv) was added dropwise 

and the mixture was stirred for 3 h at room temperature. After adding water and stirring briefly, 

the white precipitate was collected by filtration and washed thoroughly with water (ca. 100 mL) 

and dried under vacuum to give the product as a white powder (3.64 g, 92% yield). The 1H and 

13C NMR spectra corresponded to the values reported in literature for this compound.36 m.p. = 

245–247 ºC; 1H NMR (500 MHz, CDCl3): δ 7.85 (dd, J = 5.5, 3.1 Hz, 4H), 7.72 (dd, J = 5.4, 3.2 

O

O

N N
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Hz, 4H), 7.64 (d, J = 1.4 Hz, 2H), 7.47 (s, 1H), 4.76 (s, 4H); 13C{1H} NMR (126 MHz, CDCl3): δ 

168.0, 138. 9, 136.9, 134.3, 132.2, 128. 5, 123.7, 94.9, 77.4, 77.2, 76.9, 40.8. 

2,2'-((5-(prop-1-yn-1-yl)-1,3-phenylene)bis(met-

hylene))bis(isoindoline-1,3-dione) (2). In a 100 mL Schlenk 

tube charged with stir bar, iodide 7 (3.42 g, 6.98 mmol, 1 

equiv), Pd(PPh3)2Cl2 (49 mg, 0.070 mmol, 1 mol %), 1,4 

(bisdiphenylphosphino)butane (60 mg, 0.14 mmol, 2 mol%), and but-2-ynoic acid (733 mg, 8.72 

mmol, 1.25 equiv) were dissolved in DMSO. To the mixture was added DBU (3.23 g, 20.9 mmol, 

3 equiv), then the tube was sealed and the reaction was stirred at 110 °C overnight in an oil bath. 

After cooling to room temperature, saturated aqueous NH4Cl was added. The layers were then 

separated and the aqueous layer was extracted 3x with DCM. The combined organic layers were 

washed with water and brine, dried with Na2SO4, and filtered over celite. The reaction mixture 

was purified via silica gel chromatography using DCM to afford 2 as a yellow solid (1.38 g, 46% 

yield). m.p. = 240–243 ºC; 1H NMR (500 MHz, CDCl3): δ 7.85 (dd, J = 5.4, 3.1 Hz, 4H), 7.71 (dd, 

J = 5.5, 3.1 Hz, 4H), 7.41 (s, 1H), 7.31 (s, 2H), 4.78 (s, 4H), 1.98 (s, 3H); 13C{1H} NMR (126 

MHz, CDCl3): δ 168.0, 137.0, 134.2, 132.2, 130.9, 128.1, 125.1, 123.6, 86.8, 77.4, 77.2, 76.9, 

41.2, 4.4; HRMS (ESI) m/z: [M+Na]+ Calcd for C25H20N2O4Na 435.1321; Found 435.1335. 

 (5-(prop-1-yn-1-yl)-1,3-phenylene)dimethanamine (3). In a three-

neck 500 mL round bottom flask charged with stir bar and jacketed 

condenser, bis-phthalimide 2 (1.34 g, 3.08 mmol, 1 equiv) was dissolved 

in ethanol (100 mL) and toluene (50 mL). The reaction mixture was then 

charged with hydrazine hydrate (926 mg, 18.5 mmol, 6 equiv) and stirred at 85 °C overnight in an 

oil bath. After cooling to room temperature, the mixture was concentrated and redissolved in 10 

O

O

N N
O

O

CH3

H2N NH2

CH3



 84 

% NaOH. The aqueous layer was extracted 3x with CHCl3 and separated. The combined organic 

layers were then acidified with 10% HCl and the aqueous layer was collected, neutralized to pH 

~9 with 1M HCl, and extracted 5x with CHCl3. The mixture was then dried over Na2SO4, filtered 

over celite, and concentrated to afford 3 as a yellow oil (420 mg, 78% yield). 1H NMR (500 MHz, 

CDCl3): δ 7.21 (s, 2H), 7.17 (s, 1H), 3.81 (s, 4H), 2.03 (s, 3H), 1.38 (s, 4H); 13C{1H} NMR (126 

MHz, CDCl3): δ 143.8, 128. 7, 125.3, 124.4, 85.8, 79.8, 77.4, 77.2, 76.9, 46.3, 4.4; HRMS (ESI) 

m/z: [M+H]+ Calcd for C11H15N2 175.1235; Found 175.1234. 

 (5-(prop-1-yn-1-yl)-1,3-phenylene)dimethanol (4). In a 500 mL round 

bottom flask charged with stir bar, 5-iodo-1,3-phenylene)dimethanol (8.3 

g, 31 mmol, 1 equiv), Pd(PPh3)2Cl2 (1.1 g, 1.6 mmol, 5 mol %), CuI (600 

mg, 3.14 mmol, 10 mol%), and triphenylphosphine (412 mg, 1.57 mmol, 

5 mol%) were dissolved in triethylamine (100 mL) and toluene (100 mL). The reaction mixture 

was then cooled to -78 ºC using a dry ice/acetone bath and propyne gas was added to the reaction 

mixture. (Note: excess propyne was used. The propyne gas was bubbled through the mixture and 

into the headspace of the reaction from a small lecture bottle via an 18-gauge metal needle with an 

argon balloon as pressure release. The gas was added in approximately 4 ten-second bursts.) The 

reaction mixture was allowed to stir at -78 ºC for 5 minutes after which the bath was removed, and 

the mixture was stirred at 25 ºC for 24 hours. The black reaction mixture was then filtered through 

a short plug of silica gel with Et2O and concentrated directly onto celite. The reaction was purified 

via silica gel flash chromatography with a 10 CV gradient of 0-80% EtOAc/Hexane (CV = column 

volume) to afford 4 as an off-white solid (5.37g, 97% yield). m.p. = 86–90 ºC. 1H NMR (500 MHz, 

Acetone-d6): δ 7.28 (s, 1H), 7.24 (s, 2H), 4.59 (d, J = 6.4 Hz, 4H), 4.24 (t, J = 5.8 Hz, 2H), 2.01 (s, 

3H); 13C{1H} NMR (126 MHz, Acetone-d6): δ 203.2, 140.6, 125.7, 121.9, 121.6, 82.8, 77.6, 61.1, 

HO OH

CH3
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27.3, 27.1, 27.0, 26.8, 26.7, 26.5, 26.4, 0.9; HRMS (EI+) m/z: [M•]+ Calcd for C11H12O2 176. 0837; 

Found 176.0840.  

 (3-(((tert-butyldimethylsilyl)oxy)methyl)-5-(prop-1-yn-1-

yl)phenyl)methanol (5). In a two-neck 100 mL round bottom flask 

charged with stir bar, diol 4 (717 mg, 4.07 mmol, 1 equiv) was added 

to a solution of imidazole (277 mg, 4.07 mmol, 1 equiv) in DCM (40 

mL). The reaction mixture was charged with TBSCl (624 mg, 4.14 mmol, 1.01 equiv) and allowed 

to stir at room temperature. After 1 h, the reaction slurry was filtered over celite and the filtrate 

was concentrated onto silica. The reaction mixture was purified via silica gel flash chromatography 

using a gradient of 0-10-30-60% EtOAc/Hexanes to afford 5 as a color-less oil which solidified 

into a white solid upon further drying (752 mg, 64% yield). 1H NMR (500 MHz, CDCl3): δ 9.97 

(s, 1H), 7.76 (s, 1H), 6.63 (s, 1H), 7.58 (s, 1H), 4.75 (s, 2H), 2.07 (s, 3H), 0.95 (s, 9H), 0.11 (s, 

6H); 13C{1H} NMR (126 MHz, CDCl3): δ 142.0, 141.1, 128.7, 128.5, 124.3, 124.1, 85.9, 79.8, 

77.4, 77.2, 76.9, 65.2, 64.7, 26.1, 18.6, 4.5, -5.1; HRMS (EI+) m/z: [M-H–]+ Calcd for C17H25O2Si 

289.1624; Found 289.1634. 

3-(((tert-butyldimethylsilyl)oxy)methyl)-5-(prop-1-yn-1-

yl)benzaldehyde (6). In a 50 mL round bottom flask charged with stir bar, 

alcohol 5 (877 mg, 3.02 mmol, 1 equiv), PCC (976 mg, 4.53 mmol, 1.5 

equiv), and celite (1.5 g) were combined in dry DCM (14 mL). The reaction 

was stirred overnight at room temperature, then passed over a short silica pad with DCM as eluent. 

The filtrate was further purified via flash column chromatography using a gradient of 0-10% 

EtOAc/Hexanes to afford 6 as a colorless oil (545 mg, 63% yield). 1H NMR (500 MHz, CDCl3): 

δ 9.97 (s, 1H), 7.76 (s, 1H), 7.73 (s, 1H), 7.58 (s, 1H), 4.75 (s, 2H), 2.07 (s, 3H), 0.95 (s, 9H), 0.11 
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(s, 6H); 13C{1H} NMR (126 MHz, CDCl3): δ 191.8, 142.7, 136.4, 134.6, 131.6, 125.8, 125.1, 87.4, 

78.6, 77.3, 77.0, 76.8, 64.0, 25.9, 18.4, 4.4, -5.3; HRMS (EI+) m/z: [M•]+ Calcd for C17H24O2Si 

288.1546; Found 288.1551. 

  

 

 

 

(1E,1'E)-N,N'-((5-(prop-1-yn-1-yl)-1,3-phenylene)bis(methylene))bis(1-(3-(((tert-

butyldimethylsilyl)oxy)methyl)-5-(prop-1-yn-1-yl)phenyl)methanimine) (7). In a 2-dram vial 

charged with magnetic stir bar and 4 Å molecular sieves, diamine 3 (100 mg, 0.57 mmol, 1 equiv) 

and aldehyde 4 (480 mg, 1.66 mmol, 2.9 equiv) were dissolved in CHCl3 (3 mL) and EtOH (3 

mL). Acetic acid (34 µL) was added and the mixture was allowed to stir overnight at 55 °C. After 

cooling to room temperature, the mixture was diluted with CHCl3 and filtered. The organic layer 

was washed with methanol and concentrated to afford a colorless oil. The residue, which contained 

residual aldehyde 4, was further purified by column chromatography using 1:9 

triethylamine/hexanes as eluent to afford 7 as a colorless oil (54 mg, 13% yield). Note: NMR 

indicates the presence of residual 4. The purity of 7 was determined to be 90% by 1H NMR. 1H 

NMR (500 MHz, CDCl3): δ 8.32 (s, 2H), 7.67 (s, 2H), 7.63 (s, 2H), 7.43 (s, 2H), 7.21 (s, 1H), 4.76 

(s, 4H), 4.72 (s, 4H), 2.05 (s, 6H), 2.03 (s, 3H), 0.95 (s, 18H), 0.10 (s, 12H); 13C{1H} NMR (126 

MHz, CDCl3): δ 161.7, 142.2, 139.7, 136.2, 134.8, 131.4, 130.3, 129.8, 127.1, 125.0, 124.6, 86.35, 

85. 9, 79.9, 79.5, 77.4, 77.2, 76.9, 64.8, 64.5, 29.9, 26.1, 18.6, 4.5, -5.1; HRMS (ESI) m/z: [M+H]+ 

Calcd for C45H59N2O2Si2 715.4115; Found 715.4109; Anal. Calcd for C45H58N2O2Si2: C, 75.58; 

H, 8.17; N, 3.92. Found: C, 75.61; H, 8.26; N, 3.81. 

N N

CH3
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5-Iodoisophthalaldehyde (S1). In a 100 mL round bottom flask charged with 

magnetic stir bar was added (5-iodo-1,3-phenylene)dimethanol (1.38 g, 5.28 mmol, 

1 equiv), pyridinium chlorochromate (3.42 g, 15.8 mmol, 3 equiv), and celite (5.28 

g, 1 g per mmol diol). The reagents were dissolved in dry DCM (50 mL) and stirred overnight 

under an atmosphere of nitrogen, after which the mixture passed over a three-inch silica plug and 

concentrated to dryness to afford S1 as a white solid (1.26 g, 92% yield). The 1H and 13C NMR 

spectra corresponded to the values reported in literature for this compound.36 1H NMR (500 MHz, 

CDCl3): δ 10.02 (s, 2H), 8.45 (s, 2H), 8.32 (s, 1H); 13C{1H} NMR (126 MHz, CDCl3): δ 189.6, 

143.3, 138.5, 130.0, 95.3, 77.4, 77.2, 76.9; HRMS (EI+) m/z: [M•]+ Calcd C8H5O2I 259.9334; 

Found 259.9340. 

3-(hydroxymethyl)-5-iodobenzaldehyde (S2). In a 25 mL multi-neck round 

bottom flask charged with magnetic stir bar, S1 (1.26 g, 4.85 mmol, 1 equiv) 

was dissolved in THF (7.5 mL) and EtOH (2.5 mL). The mixture was cooled 

to 0 °C, at which point NaBH4 (64.3 mg, 1.70 mmol, 0.35 equiv) was added. The mixture was 

stirred for 1 h at room temperature, then concentrated directly onto celite and purified via flash 

chromatography using a gradient of 0-50% EtOAc/Hexanes to afford S2 as a colorless oil which 

solidified into a waxy, white solid upon further drying (631 mg, 50% yield). 1H NMR (500 MHz, 

CDCl3): δ 9.88 (s, 1H), 8.08 (s, 1H), 7.96 (s, 1H), 7.80 (s, 1H), 4.73 (s, 2H), 2.42 (s, 1H); 13C{1H} 

NMR (126 MHz, CDCl3): δ 190.9, 144.2, 141.4, 138.0, 137.6, 127.0, 94.9, 77.4, 77.2, 76.9, 63.6; 

HRMS (EI+) m/z: [M•]+ Cacld for C8H7O2I 261.9491; Found 261.9500. 

3-(((tert-butyldimethylsilyl)oxy)methyl)-5-iodobenzaldehyde (S3). In a 

multi- neck 10 mL vial charged with magnetic stir bar was added S2 (1.16 

g, 4.43 mmol, 1 equiv) and imidazole (602 mg, 8.85 mmol, 2 equiv). The 
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reagents were dissolved in dry DCM (5 mL), then TBSCl (800 mg, 5.3 mmol, 1.2 equiv) was 

added. The mixture was stirred at room temperature for 2 h, then partitioned between EtOAc and 

water. The mixture was extracted with EtOAc and the combined organic layers were washed with 

brine, dried over Mg2SO4, and concentrated onto silica. The mixture was purified via flash 

chromatography using a gradient of 0-10% EtOAc/Hexanes to afford S2 as a colorless oil (1.48 g, 

89% yield); 1H NMR (500 MHz, CDCl3): δ 9.91 (s, 1H), 8.08 (s, 1H), 7.93 (s, 1H), 7.78 (s, 1H), 

4.75 (s, 2H), 0.95 (s, 9H), 0.12 (s, 6H); 13C{1H} NMR (126 MHz, CDCl3): δ 190.8, 144.8, 140.6, 

137.9, 136.9, 126.4, 94.5, 77.3, 77.0, 76.8, 63.5, 31.6, 25.9, 22.7, 18.4, 14.1, -5.3; HRMS (EI+) 

m/z: [M•]+ Cacld for C14H21IO2Si 376.0356; Found 376.0349. 

5,5'-(ethyne-1,2-diyl)bis(3-(((tert-

butyldimethylsilyl)oxy)methyl)benzaldehyde) (S4). In a 10 mL 

multi-neck flask equipped with magnetic stir bar and jacketed 

condenser was added S3 (250 mg, 0.66 mmol, 1 equiv), 

Pd(PPh3)2Cl2 (28 mg, 40 μmol, 6 mol%), and CuI (13 mg, 66 μmol, 10 mol%). The flask was 

backfilled with nitrogen three times, then was added, sequentially, toluene (3.3 mL), DBU (600 

mg, 3.9 mmol, 6 equiv), trimethylsilylacetylene (33 mg, 33 μmol, 0.5 equiv), and water (5 μL). 

The mixture was stirred at 80 ºC overnight in an oil bath, then quenched with water and extracted 

with DCM. The organic layer was washed 1x each with 10% HCl and brine, then dried over 

Mg2SO4. The mixture was further purified via flash column chromatography using a gradient of 

0-50% EtOAC/Hexanes to afford S4 as a white foam (28 mg, 16% yield). 1H NMR (500 MHz, 

CDCl3): δ 10.03 (s, 2H), 7.93 (s, 2H), 7.83 (s, 2H), 7.75 (s, 2H), 4.82 (s, 4H), 0.97 (s, 18H), 0.15 

(s, 12H); 13C{1H} NMR (126 MHz, CDCl3): δ 191.7, 143.3, 136.7, 134.8, 131.8, 127.0, 124.0, 

OTBSO

TBSO O
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89.4, 77.4, 77.16, 76.9, 64.1, 26.1, 18.6, -5.1; HRMS (EI+) m/z: [M•]+ Calcd for C30H42O4Si2 

522.2622; Found 522.2624. 

(1E,1'E)-1,1'-(ethyne-1,2-diylbis(5-(((tert-

butyldimethylsilyl)oxy)methyl)-3,1-phenylene))bis(N-

methylmethanimine) (9a). Dialdehyde S1 (28 mg, 54 μmol, 1 

equiv) was dissolved in a minimal amount of CHCl3 (~1 mL). 

Methylamine (0.53 mL of a 2.0 M THF solution) was added to the mixture, followed by a small 

drop of acetic acid. The reaction was allowed to stir overnight at room temperature, then passed 

over a short plug of neutral alumina, dried with Na2SO4, filtered, and concentrated to afford 9a as 

a colorless oil (29 mg, >99% yield). 1H NMR (500 MHz, CDCl3): δ 8.27 (q, J = 1.8 Hz, 1H), 7.75 

(d, J = 1.8 Hz, 1H), 7.62 (d, J = 1.6 Hz, 1H), 7.55 (d, J = 1.5 Hz, 1H), 4.76 (s, 2H), 3.53 (d, J = 

1.6 Hz, 3H), 0.96 (s, 9H), 0.12 (s, 6H); 13C{1H} NMR (126 MHz, CDCl3): δ 161.8, 142.4, 136.5, 

131.2, 130.0, 125.4, 123.7, 89.4, 77.4, 77.2, 76.9, 64.5, 48.4, 26.1, 18.6, 1.2, -5.1; HRMS (EI+) 

m/z: [M•]+ Calcd for C32H48O2Si2N2 548.3254; Found 548.3246. 

General Procedure for Ladder Assembly from 7 

In an argon-filled glovebox, a solution of 7 (10 mg, 14 µmol, 1 equiv) was dissolved in a slurry of 

5 Å molecular sieves (120 mg) in CCl4 (1 mL). In a separate vial, precatalyst [Mo] (2.8 mg, 4.2 

µmol, 30 mol % relative to 7) and either ligand L-III or L-VI (each 1.5 mg, 4.2 µmol, 1 equiv 

relative to [Mo]) were combined in 3.6 mL CCl4 and stirred at 25 or 70 °C, respectively, for 10 

minutes in a heating block. The reactant and catalyst mixtures were then combined and stirred 

overnight at 40 °C. After cooling to room temperature, the mixture was filtered over a short pad 

of neutral alumina with chloroform as eluent, concentrated, and redissolved in 5 mL of dry THF. 

The resulting solution was analyzed by MALDI-MS with DCTB as a matrix. 

OTBSN

TBSO N
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Figure 3.9. MALDI-MS analysis of the AM assembly of ladder precursor 7 using catalysts 
generated from [Mo] and either (a) L-III or (b) L-VI (positive ion mode, DCTB matrix). The mass 
of molecular ladder 8 is displayed for reference. 

General Procedure for ODCC Assembly of Ladder 8 from Diamine 3 and Aldehyde 6 

In an argon-filled glovebox, diamine 3 (2.4 mg, 14 µmol, 1 equiv) and aldehyde 6 (8.9 mg, 31 

µmol, 2.2 equiv) were each dissolved in 500 µL CCl4. The mixtures were combined in a slurry of 

5 Å molecular sieves (120 mg) in CCl4 (1 mL) and stirred overnight at 40 °C. In a separate vial, 

precatalyst [Mo] (2.8 mg, 4.2 µmol, 30 mol %) and L-VI (1.5 mg, 4.2 µmol, 1 equiv relative to 

[Mo]) were combined in 3.6 mL CCl4 and stirred at 70 °C for 10 minutes in a heating block. 

Following catalyst activation, the mixtures were combined and stirred at 40 °C overnight. The 

reaction mixture was then cooled to room temperature, passed over a short silica plug with 

chloroform as eluent, and concentrated to dryness. The resultant oil was redissolved in 5 mL dry 

THF and analyzed by MALDI-MS with DCTB as a matrix.  

N N OTBSTBSO
N N OTBSTBSO

[Mo]/L-VI or III (30 mol%)

5 Å MS
CCl4 (3 mM)
40 °C, 18h N N OTBSTBSO

7
8

[M8+H]+ : 1264.47

L = SiMe

3

OHL-III

L =
CH

3

OH

CN

L-VI

(a)

(c)(b)
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Figure 3.10. MALDI-MS analysis of the assembly of ladder 8 from diamine 3 and aldehyde 6. 
Analysis revealed the presence of high molecular weight oligomer 10, as well as an unidentified 
species at m/z = 1385.5. 

Metathesis of 3 and 6. 

In an argon-filled glovebox, diamine 6 (5.0 mg, 28 µmol, 1 equiv) and aldehyde 3 (18.3 mg, 63 

µmol, 2.2 equiv) were each dissolved in 500 µL CCl4. Meanwhile, precatalyst [Mo] (5.7 mg, 8.5 

µmol, 30 mol%) and L-VI (3.1 mg, 8.5 µmol, 1 equiv relative to [Mo]) were combined in 8.2 mL 

CCl4 and stirred at 70 °C for 10 minutes. Following catalyst activation, the solutions of 3 and 6 

were added to a slurry of 5 Å molecular sieves (100 mg) in CCl4 (200 µL), followed by the catalyst 

solution. The mixture was stirred at 40 °C overnight in a heating block, then allowed to cool to 

room temperature and filtered over a short pad of neutral alumina with chloroform as eluent. The 

NH2TBSO

O

H2N

N N OTBSTBSO

TBSO OTBSNN

1) 5 Å MS
CCl4 (3 mM)
40 °C, 18h

2) [Mo]/L-VI (30 mol%)
40 °C, 18h

+

6 3
8

[M8+H]+ : 1267.58

[M10
•]+ : 2532.92

1385.52
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mixture was then concentrated, redissolved in 5 mL dry THF, and analyzed by MALDI-MS with 

DCTB as a matrix. 

 
Figure 3.11. MALDI-MS analysis of the attempted ODCC assembly of ladder 8 via simultaneous 
addition of metathesis catalyst and imine-forming substrates 3 and 6. The peak at m/z = 1268.6 
indicates the presence of molecular ladder 8 in the reaction mixture. 

Assembly of Ladder 8 without Molecular Sieves 

The general procedures for assembly of ladder 8 from strand 7, or from precursors 3 and 6, were 

followed.  For assembly in open air conditions, solutions of substrate and catalyst VI were 

combined, then removed from the glovebox and stirred at 40 °C in a heating block for 18h in a 20 

mL reaction vial without a cap. For vacuum-driven reactions, the solutions of substrate and catalyst 

VI were combined in the glovebox, then stirred at 40 °C for 5h, during which a dynamic vacuum 

was applied to the mixture in 30-minute intervals. The mixture was then stirred overnight in a 

[M8+H]+ : 1267.52

NH2TBSO

O

H2N

N N OTBSTBSO

TBSO OTBSNN

[Mo]/L-VI (30 mol%)
5 Å MS

CCl4 (3 mM)
40 °C, 18h

+

6 3
8
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heating block inside the glovebox at 40 °C. Reaction mixtures were then filtered over plugs of 

neutral alumina and concentrated. The resulting oily residues were redissolved in 5 mL dry THF 

and analyzed by SEC and MALDI-MS. 

Assembly of Ladder 8 in the Presence of Sc(OTf)3 

The general procedures for assembly of ladder 8 from strand 7, or from precursors 3 and 6, were 

followed. When solutions of substrate and catalyst were combined, a solution of Sc(OTf)3 (2.8 mg, 

5.6 µmol, 40 mol%) in 0.4 mL CCl4 was also added to the mixture. Following analysis by MALDI-

MS and SEC, the residue obtained from reaction of 7 (8 mg) was redissolved in CCl4 (1 mL) and 

subjected to the general procedure for the synthesis of ladder 8. After stirring for 18h in a heating 

block, the mixture was filtered over a pad of neutral alumina, concentrated, and redissolved in 

THF. The solutions were then analyzed by SEC and MALDI-MS. 

 
Figure 3.12. Characterization of the metathesis reaction of 7 in the presence of Sc(OTf)3. (a) 
Normalized MALDI-MS of the initial reaction mixture. The masses of major peaks are indicated. 

N N OTBSTBSO
N N OTBSTBSO

Sc(OTf)3 (40 mol%)
[Mo]/L-VI (30 mol%)

5 Å MS
CCl4 (3 mM)
40 °C, 18h N N OTBSTBSO

7
8

+ out of register
oligomers

[Mo]/L-VI (30 mol%)
5 Å MS

CCl4 (3 mM)
40 °C, 18h
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Figure 3.12 (cont) (b) SEC chromatogram of the initial reaction mixture. The broad shoulder at 
shorter elution time is attributed to the oligomers of 7 observed by MALDI. 

General Procedure for Ladder Disassembly Experiments 

Following the general procedure for ODCC assembly of molecular ladder 8, a 100 µL aliquot of 

the reaction mixture was taken, filtered through a short pad of neutral alumina, concentrated to 

dryness, and analyzed by 1H NMR. The remaining reaction mixture was charged with methylamine 

(840 µL of a 2 M solution in THF, 30 equiv relative to 3 or 7) and stirred overnight at room 

temperature. The mixture was then filtered over neutral alumina and solvent and excess 

methylamine were removed in vacuo. The mixture was then redissolved in 750 µL CDCl3 and 

analyzed by 1H NMR. 
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3.4.3 NMR Spectra 
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1H-1H COSY spectrum of ladder precursor 7 (500 MHz, CDCl3). 

 
Aromatic and benzylic region of the 1H-1H COSY spectrum of ladder precursor 7 (500 MHz, 
CDCl3). Correlations used for structural assignment are highlighted. 
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1H-13C HSQC spectrum of ladder precursor 7 (500 MHz, CDCl3). 

 
Aromatic and benzylic region of the 1H-13C HSQC spectrum of ladder precursor 7 (500 MHz, 
CDCl3). 
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1H-13C HMBC spectrum of ladder precursor 7 (500 MHz, CDCl3). 

 
Aromatic and benzylic region of the 1H-13C HMBC spectrum of ladder precursor 7 (500 MHz, 
CDCl3). Correlations used for structural assignment are highlighted. 
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1H-1H NOESY spectrum of ladder precursor 7 (500 MHz, CDCl3). 

 
Aromatic and benzylic region of the 1H-1H NOESY spectrum of ladder precursor 7 (500 MHz, 
CDCl3). Selected correlations used for structural assignment are highlighted. 
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1H-1H COSY spectrum of disassembly product 9a (500 MHz, CDCl3). Cross-peaks used for 
structural assignment are highlighted. 

1H-13C HSQC spectrum of disassembly product 9a (500 MHz, CDCl3). 
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1H–13C HMBC spectrum of disassembly product 9a (500 MHz, CDCl3).  

 
Aromatic and benzylic region of the 1H–13C HMBC spectrum of disassembly product 9a. 
Correlations used for structural assignments are highlighted. 
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CHAPTER 4: TOWARDS REGENERATIVE THERMOSETS USING FRONTAL RING-

OPENING OLEFIN METATHESIS POLYMERIZATION 

4.1 Introduction 

Energy efficient manufacturing of thermoset polymers and polymer-based composites with 

realistic end-of-life strategies presents one of the most significant scientific and societal challenges 

for this century. Thermoset polymers and composites possess the necessary chemical and 

mechanical properties critical for achieving lightweight, durable structures in transportation, civil, 

and energy infrastructure, but the vast energy input and cure times required for initial manufacture 

render current approaches to generate these materials unsustainable.1 Present technologies for 

manufacturing high-performance thermoset parts typically rely on energy-intensive curing in 

large, expensive autoclaves or ovens, often operating on the order of several hours.2 Consequently, 

there has been much interest in producing these materials with less energy, reducing their cost and 

environmental impact. 

Frontal polymerization (FP) is a promising curing strategy that substantially reduces 

manufacturing burdens by using the enthalpy of polymerization to provide the energy for materials 

synthesis, rather than requiring a sustained input of energy from an external source.3 In frontal 

polymerization, a solution of a monomer and a latent initiator is activated locally, typically with 

heat, until the initiator is activated for polymerization of the monomer. Heat released from this 

initial polymerization event further drives reaction, resulting in a propagating reaction wave that 

rapidly transforms the available monomer into polymer. Though a multitude of FP chemistries 

have been developed in recent years, FP manufacturing of materials used for high-performance 

applications specifically requires chemical systems that are stable and processable at low 
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temperatures for wide windows (typically several hours), possess high energy density and 

reactivity, and generate chemically and thermally robust polymer products. 

In the last two decades, ring opening metathesis polymerization (ROMP), which exploits 

reversible C=C bond scission to exchange alkene fragments from two different substrates, has 

emerged as a versatile reaction motif, particularly in the synthesis of robust materials.4 The 

enthalpic driving force behind ROMP is provided by the ring opening of highly strained cyclic 

alkenes. Thus, neat ROMP systems typically exhibit significant heat generation, making them 

uniquely suited for FP.5 Norbornene derivatives in particular have been thoroughly explored for 

frontal ring-opening metathesis polymerization (FROMP) approaches to manufacturing polymer 

thermosets. Of these systems, the most attractive for manufacturing of high-performance materials 

utilizes endo-dicyclopentadiene (DCPD) and a thermally activated Grubbs-type ruthenium 

catalyst.6,7 In addition to the high energy density, high reactivity, and low viscosity required for 

FROMP, the polydicyclopentadiene (pDCPD) product generated from FP is a highly cross-linked 

thermoset with high fracture toughness, impact resistance, stiffness and chemical resistance 

(Figure 4.1).8–10  

 

Figure 4.1. FROMP of DCPD in a test tube geometry. (a) Scheme for thermally initiated FROMP 
of DCPD. (b) Conversion of liquid monomer (pink) to cured thermoset (yellow) takes place 
through a propagating thermal wave. Adapted from ref. 6. Copyright 2017, American Chemical 
Society. 
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Although the high density of covalent crosslinks formed during FROMP leads to excellent 

thermomechanical properties, this same feature creates challenges for sustainable end-of-life 

management of thermoset components.11 When the end-of-life-use of a thermoset component is 

reached, these materials are often downcycled, incinerated, or discarded in landfills.12 Existing 

processes for recycling thermosets often rely on mechanical grinding to facilitate material 

processing, resulting in a decrease in mechanical properties.13,14 Fortunately, new end-of-life 

strategies involving cleavable or dynamic linkages have emerged to address these challenges. The 

incorporation of a cleavable comonomer into FROMP-generated pDCPD thermosets yields 

polymers with attributes similar to virgin pDCPD but with a chemically deconstructible polymer 

network. Work from the Xia and Moore groups demonstrated the FROMP synthesis and 

degradation of pDCPD thermosets containing 2,3-dihydrofuran (DHF), which yields acid-labile 

linkages.15 The Johnson group also demonstrated successful degradation and upcycling into 

polyurethanes of pDCPD copolymerized with silyl ether moieties (Figure 4.2).16 Though chemical 

upcycling is a highly effective strategy for extending the life use of a material, it does not ultimately 

divert that material from waste streams. Sustainability initiatives for end-of-life management of 

thermosets would benefit tremendously from the development of new chemical approaches not 

only to polymer degradation, but also energy-efficient regeneration. Here, regeneration is defined 

as restoration of the original polymerizable moiety following chemical degradation, enabling reuse 

of the degradation product in repeated polymerizations. 
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Figure 4.2. Recent strategies for the FROMP synthesis of degradable DCPD copolymers. (top) 
FROMP with dihydrofuran and subsequent deconstruction yields branched oligomers with 
terminal aldehyde and alcohol functionalities (b) Cyclic silyl ethers yield alcohol-terminated 
degradation products, which can be upcycled into polyurethane products. 

Because FROMP curing is driven by chemical energy stored in the resin, realizing 

regenerative thermosets that undergo repeated FROMP requires reactivation of degradation 

products through the installation of FROMP-able functional groups. To achieve this, we 

envisioned a strategy in which oligomeric pDCPD degradation products are functionalized with 

strained cyclic olefins via Diels-Alder (DA) cycloaddition, and thus effectively transformed into 

ROMP-active macromonomers (Figure 4.3a). We reasoned that these degradation products could 

be solubilized in liquid DCPD to produce a resin suitable for a subsequent generation of FROMP 

curing. An early attempt by Suslick et al. to reactivate oligomeric DPCD (oDCPD) with 

cyclopentadiene generated in-situ by thermal cracking of DCPD resulted in the addition of an 

average of 1.3 cyclopentadiene (CP) units per oligomer, as determined by Kendrick mass 

analysis.17 It was speculated that cycloaddition occurred selectively at the more reactive chain 

ends, rather than the polymer backbone or pendant cyclopentene groups. We reasoned that a more 

potent dienophile functionality would improve the degree of CP incorporation in the reactivation 

step (Figure 4.3b). To this end, I sought to investigate 1) the compatibility of �icyclopentadiene-

1-one (oxaDCPD, 1), a DCPD derivative possessing an enone moiety in the pendant 
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cyclopentadiene group, with FROMP conditions and 2) the efficacy of the more potent enone 

moiety in the reactivation of oligomeric DCPD derivatives via DA reaction. 

 

Figure 4.3. Scheme of the reactivation of degradable DCPD thermosets. (a) Proposed reactivation 
cycle of DCPD thermoset degradation products. (b) Prior work on the Diels-Alder reaction of 
DCPD oligomers prepared via frontal polymerization. Reaction was assumed to occur only at the 
chain ends. (c) Proposed path to DCPD oligomers amenable to reactivation through either ketone-
functionalized monomers or oligomeric degradation products. The work presented herein concerns 
the former strategy. 

4.2 Synthesis of Precursor 1 

Synthetic routes to 1 through both chemical and photochemical oxidation of DCPD have 

been previously reported.18–21 We sought to compare the efficiencies of both approaches on 
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of DCPD with oxygen gas, a reptile lamp as a light source, and tetraphenylporphyrin 

photosensitizer revealed slow conversion of starting material: a maximum isolated yield of 28% 

was recorded after six days of continuous irradiation (Figure 4.4). Furthermore, the scale of 
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photosensitization. By contrast, a two-step chemical approach using a Riley oxidation to generate 

the allylic alcohol 2, followed by oxidation with pyridinium chlorochromate afforded ketone 1 on 

an 8 gram scale, albeit in lower overall yields and with additional purification steps. It is likely 

that our unoptimized photochemical setup played a significant role in the sluggish conversion of 

DCPD in the photochemical case. Neither the penetration depth of the light nor the potential 

mismatch of emission and absorption profiles of the light source and photosensitizer were 

investigated. Future attempts to generate 1 or other oxa-congeners of DCPD would likely be 

improved using dedicated photochemical and flow apparatuses. Electrochemical approaches to 

allylic oxidation also show promise as potential strategies to access oxidation products of 

norbornene derivatives.22 

 

Figure 4.4. Photochemical and chemical synthetic strategies to access 1 from DCPD. (a) Reaction 
conditions for photochemical allylic oxidation of DCPD (left) and two-step chemical oxidation of 
DCPD (right). (b) Unoptimized photochemical setup used for photochemical oxidation. (c) Time-
dependent conversion of DCPD as monitored by GCMS. Conversion was estimated as the ratio of 
the product peak area to the sum of the product and substrate peak areas. 
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4.3 Solution-Phase ROMP Studies of oxaDCPD 

Though only a single atom substitution distinguishes 1 from its precursor, we anticipated 

that this relatively minor functional group change could drastically affect the ability of this species 

to undergo polymerization. Though a variety of oxa-norbornene derivatives are reported to 

undergo ROMP in the presence of highly active metathesis catalysts, the formation of oxygen-

complexed propagating species is known to slow the rate of polymerization.23 This effect is 

pronounced when complexation occurs through the formation of kinetically stable 5- and 6-

membered rings, as we might expect for ring-opening metathesis intermediates of 1 and more 

generally for norbornene derivatives with oxygen atoms attached directly to the 5/6 positions.23 

Therefore, we began our investigation with kinetic ROMP studies of 1 to better understand 

potential incompatibilities of the monomer with FROMP conditions. 

To gain quantitative insight into ROMP behavior of 1, solution-phase polymerization 

experiments were performed with Grubbs 2nd generation catalyst (GC2). In addition to 1, DCPD 

and 1,5-cyclooctadiene (COD) were chosen as reference substrates. At a monomer to initiator 

loading of 300:1 and concentration of 0.6 mM, DCPD and COD were observed to undergo 

complete conversion within 15 minutes, as monitored by 1H NMR. By contrast, 1 was observed to 

reach only 2% conversion after 2 hours (Figure 4.5a). To better understand this discrepancy, 

experiments were repeated in THF-d8 at elevated catalyst loadings and reaction concentrations. 

Under these conditions, complete conversion of 1 was achieved in roughly 30 minutes, 

accompanied by the appearance of a broad signal at 17.83 ppm. This signal has been shown to 

correspond to species in which a carbonyl or alcohol oxygen atom attached to the 

cyclopentylmethylene ligand coordinates to the ruthenium metal center.24 The relatively slow 

propagation kinetics of 1, coupled with the absence of the chelate peak from the corresponding 
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DCPD and COD spectra, suggest that polymerization of 1 is impeded by the formation of an 

oxygen-complexed species. This represents a considerable challenge for applications to FROMP, 

which requires fast, highly enthalpic polymerization conditions to sustain a front. Nonetheless, the 

ability of 1 to undergo ROMP led us to continue to investigate its suitability for FROMP. 

 

Figure 4.5. Solution-phase kinetic ROMP experiments with different monomers. (a,c) Reaction 
conditions for ROMP of DCPD, 1, and COD. (b,d) Time-dependent substrate conversion for the 
corresponding reaction scheme. (e) Carbene region of the 1H NMR spectrum of the ROMP of 
DCPD with [M]0/[I]0 = 10 in THF-d8. (f) Carbene region at t = 10 min for the polymerization of 
1. The carbene peak at 17.83 ppm is indicative of oxygen chelation. 
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4.4 Practical Considerations in the FROMP of OxaDCPD Copolymer Mixtures 

Though FP has been reported for a several solid-monomer systems,25,26 typical systems 

employ liquid monomers or gel resins. Monomer melting is endothermic, which redirects heat 

away from the polymerization and dampens propagation rates. Furthermore, undesirable geometric 

perturbations occur with coincident melting and polymerization. These processability challenges 

generally dictate that solid monomers be dissolved in solvent or liquid comonomer. For example, 

DCPD is typically mixed with 5 wt% 5-ethylidene-2-norborne to depress the melting point below 

room temperature. By contrast, processing of the solid, highly crystalline monomer 1 (m.p. = 56 

ºC) represented an additional challenge for FROMP applications. 

Anticipating that 1 would be unable to undergo FROMP on its own, owing to its slow 

reaction kinetics and high melting point, we first sought to generate liquid resins of 1, GC2, and a 

solubilizing comonomer. Attempts to depress the melting point of 1 with small amounts (>10 wt% 

ENB) were unsuccessful, as evidenced by precipitation events during cooling from 70 ºC. It was 

determined that formulations of 1 and ENB were only stable in the liquid state above 40 wt% ENB. 

Gratifyingly, this 60:40 wt% 1:ENB resin underwent FROMP successfully, albeit with relatively 

slow front velocities (νf = 0.12 ± 0.09 mm s-1) (Figure 4.6). We attribute this phenomenon to the 

sluggish reaction kinetics of 1. The resultant rubbery polymer product was swelled in DCM over 

18 hours, resulting in a 683% increase in mass. This indicates that the structure is likely only lightly 

crosslinked. 
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Figure 4.6. FROMP of a 60:40 wt% 1:ENB using 100 ppm (mol/mol) GC2 relative to norbornene 
functionality and 1 equiv tributylphosphite (TBP) relative to catalyst. 

In order to better understand the effects of incorporating 1 in polymer thermosets, we next 

studied formulations of 1 and DCPD. As in the case of ENB formulations, resins were only found 

to persist in the liquid state at room temperature above 50 wt% DCPD. Front velocities were found 

to decrease roughly asymptotically with increasing concentration of 1, reaching a minimum of 

0.30 ± 0.01 mm s-1, compared to 8.06 ± 0.06 mm s-1 in the case of pure DCPD. Maximum front 

temperatures, by contrast, did not depreciate considerably with the inclusion of 1 (Figure 4.7). To 

quantitatively compare these formulations, differential scanning calorimetry (DSC) experiments 

were performed. In these studies, samples were subjected to a linear heat gradient and the 

subsequent exothermic events associated with polymerization were quantified. With increasing 

concentration of 1, the onset temperature and normalized enthalpy of initial curing events were 

t = 0 t = 1 min t = 2 min t = 3 min t = 4 min
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found to decrease, from 166.82 ºC and 205.89 J g-1 for a resin of 10 wt% 1 to 139.57 ºC and 63.51 

J g-1 for a resin of 40 wt% 1. In several cases, this change was accompanied by a secondary 

exotherm centered around 181 ºC, which increased in intensity with increasing 1 content. Glass 

transition temperatures (Tg) determined by DSC for these resins were grouped narrowly around 

133 ºC, considerably lower than those previously reported for pDCPD (~160 ºC). 

 

Figure 4.7. Characterization of 1:DCPD FROMP resins. (a) Frontal velocities (νf ) and maximum 
front temperatures (Tmax) of different formulations of 1 and DCPD with 100 ppm GC2/TBP 
relative to norbornene functionality. Representative differential scanning calorimetry (DSC) plots 
for the first (b) and second (c) heating scan for resins derived by 1 and DCPD. 

The apparent relationship between comonomer formulation and bulk cure profile suggests 

that DCPD and 1 form a eutectic mixture with distinct curing regimes, or undergo a secondary, 

exothermic chemical reaction at high temperature. The sum of both enthalpies of cure for each 

resin formulation were similar to those reported previously for pure DCPD. This further supports 

our observations that comonomer formulations of 1 and DCPD exhibit sufficient exothermicity to 

engender polymerization, though the two-step cure profile generated by DSC is not likely 

representative of a frontal cure profile, and thus the thermomechanical properties of the resultant 

polymers required additional characterization. 

To better understand the possible discrepancies between bulk and frontal curing, and to 

evaluate the thermomechanical properties of different comonomer formulations, dynamic 

mechanical analysis (DMA) was performed on frontally polymerized resins of DCPD and 1. It was 
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observed that the intensity of the tan(δ) peak decreases with increasing concentration of 1. This 

may be attributed to an increase in the ratio of amorphous and crystalline domains of the material 

Surprisingly, thermosets synthesized via FROMP all displayed closely grouped Tg values near that 

of pure pDCPD and roughly 50 ºC lower than those determined by DSC. This data, along with the 

multi-stage cure profile observed for bulk cure samples, suggests that frontal and bulk 

polymerization of comonomer formulations of DCPD and 1 generate samples with drastically 

different thermomechanical properties. DSC studies of frontally cured formulations of 1 and other 

comonomers are currently underway to investigate this phenomenon. Future explorations of FP 

systems should consider these discrepancies, as well as the validity of different characterization 

techniques, when evaluating different comonomer formulations. 

 

Figure 4.8. Representative DMA plots for polymers generated from FROMP of DCPD and 1. (a) 
DMA of pure FP-derived pDCPD. (b-e) DMA plots for polymers generated from 10, 20, 30, and 
40 wt% 1:DCPD, respectively. The storage and loss moduli are given in blue and green, 
respectively, and the ratio of these curves affords the red tan(δ) trace. The maxima of the tan(δ) 
curve correspond to transition temperatures within the resultant polymer.  
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FROMP of neat 1 was not attempted. However, future work should seek to explore efficient 

bulk cure techniques to access polymers of 1 (1p). Recent studies of thermosets generated by 

reaction injection molding of 1 indicate that 1p exhibits higher Tg, enhanced storage modulus, and 

increased hardness and compression strength compared to pDCPD synthesized via the same 

method.18 These features were attributed to inter-chain interactions, particularly vinylic C—

H•••O=C hydrogen bonds and dipole-dipole interactions between ketone groups. Comparison of 

this material to thermosets generated by the FROMP of a finely ground powder of 1, or of the 

liquid monomer at elevated temperatures, would be useful for future development of sustainable 

approaches to high-performance polymer materials. 

4.5 Diels-Alder Reactions of Oligo(oxaDCPD) 

Having established the feasibility of FROMP of comonomer formulations of 1, we next 

investigated strategies for reactivation of oligomeric products for FROMP. We expected that 

reaction conditions for DA of cyclopentadiene and monomer 1 would enable the same 

transformation of the corresponding oligomers. Thus, we began our investigation with small 

molecule studies. Following previously reported procedures, 1 was treated with aluminum chloride 

and freshly distilled CP in toluene at room temperature.27 Thin layer chromatography (TLC) and 

GC-MS analysis indicated that the reaction was complete after 90 minutes, furnishing a mixture 

of diastereomers in 84% yield. Consistent with previous reports, NMR analysis indicated that the 

product distribution was populated by two stereoisomers: endo-anti-exo (major product) and endo-

anti-endo (minor) (Scheme 4.1). 
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Scheme 4.1. Diels-Alder reaction of 1 with cyclopentadiene furnishes a mixture of diastereomeric 
tricyclic systems. 

Encouraged by the efficiency of the DA reaction, we next attempted to translate this 

process to ROMP oligomers containing 1. To simplify analysis of reaction mixtures, oligomers of 

1 (1o) were used as a model system in place of degradation products of 1, DCPD, and a cleavable 

comonomer. 1o was synthesized via solution-phase ROMP using Grubbs 3rd generation catalyst 

(GC3). Low monomer to initiator loadings and high concentrations of a chain transfer agent (cis-

4-octene) were employed to limit molecular weight. MALDI-TOF analysis and analytical size 

exclusion chromatography (SEC) revealed a narrowly dispersed product mixture (PDI = 1.1) with 

Mn = 3909 Da, corresponding to an average degree of polymerization of Χn = 26 for polymers with 

butene-functionalized chain ends. Unfortunately, attempts at DA using standard conditions 

resulted in no reaction, as indicated by MALDI mass analysis and SEC. Switching solvent systems 

to dichloromethane, in which 1o displayed superior solubility, resulted in a shift in the product 

distribution, as indicated by the appearance of new aliphatic signals in the 1H NMR spectrum, the 

presence of a high molecular weight shoulder in the SEC trace of the reaction mixture, as well as 

the presence of a new set of peaks in the MALDI mass spectrum (Figure 4.9). 
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Figure 4.9. Synthesis and attempted post-polymerization modification of 1o. (a) Reaction scheme 
for oligomerization and subsequent Diels-Alder reaction. (b) SEC traces for 1o (red) and the DA 
adduct of 1o with cyclopentadiene (blue). (c) MALDI-TOF spectra of 1o (red) and the DA adduct 
of 1o with cyclopentadiene (blue). 

To unambiguously identify the speciation of the DA product distribution, Kendrick mass 

analysis was employed (Figure 4.10). It was determined, as in the case of oDCPD, that only one 
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neighboring pendant cyclopentenone functional groups renders the enone moiety inaccessible for 

dienophilic attack compared to monomer 1. This is further evidenced by the observation that 

extended reaction times (18h) fail to furnish more highly CP-functionalized products, suggesting 

that chain ends readily undergo DA while the polymer backbone and pendant groups are unreactive 
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under standard conditions. Future studies should seek to elucidate the effects of elevated 

temperatures and different solvent systems on the reactivity of this system. 

 

Figure 4.10. Kendrick plots of 1o and its DA adduct with CP. Species with identical chain-ends 
possess an identical remainder of Kendrick mass values and therefore horizontally align. The 
relative intensity of each species was determined from the area under the corresponding MALDI 
peak and is reflected in the radius of the circular points. The absence of new species from the 
Kendrick plot, with the exception of distributions whose moduli correspond to 1o derivatives 
functionalized with one or two CP units, suggest that DA addition of CP occurs only at the 
sterically accessible chain ends.  

4.6 Conclusions 

This chapter reports the synthesis and characterization of a ketone-functionalized 

derivative of DCPD, its compatibility with established FROMP systems, and the DA activity of 
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catalytic approaches as potential solutions to the challenge of sustainable and efficient 

manufacturing of functionalized DCPD derivatives. Solution-phase ROMP studies, in 

combination with FROMP studies of comonomer formulations of 1 and various norbornene 

derivatives, indicate the far-reaching effects that monomer functionalization can have on reaction 

kinetics, resin stability, and thermomechanical characteristics of the resultant polymer thermosets. 

Specifically, the slow ROMP kinetics of 1, determined to arise from the formation of persistent 

oxygen chelated species, was observed to translate to frontal polymerization. The crystallinity of 

1 also mandated comonomer formulations with ENB and DCPD to enable FROMP. These 

practical considerations, initially overlooked in the design of 1, will inform future selection and 

design of novel FROMP monomers. 

Though attempts at reactivation of 1o with CP were unsuccessful, the studies presented in 

this chapter nonetheless provide extremely valuable information regarding potential barriers to 

post-synthetic modification of pDCPD derivatives. The apparent difference in reactivity of 

oligomer chain ends compared to backbone and pendant functional groups indicate the role 

polymer chain dynamics likely play in altering monomer reactivity. Explorations of these 

phenomena, as well as investigations of new strategies for oligomer reactivation, are currently 

underway. 

4.7 Supporting Information 

4.7.1 General Considerations 

All reactions were performed in oven (c.a. 165 ºC) or flame-dried glassware under an atmosphere 

of dry argon or nitrogen unless otherwise noted. All solvents used were either anhydrous 

commercial grade (Aldrich/Fisher) or purified by a solvent purification system unless otherwise 

noted. All reagents were purchased from commercial sources and used without further purification. 
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Since DCPD is a solid at room temperature, 5 wt% ENB was added to depress the melting point. 

All references to DCPD herein refer to this 95:5 DCPD:ENB solution. Chromatographic 

purifications were conducted via MPLC on a Biotage Isolera 1 using Silicycle SiliaSep cartridges 

(230-400 mesh, 40-63 μm). Column separation conditions are reported in column volumes (CV) 

of gradient solvent mixtures. 1H and 13C NMR spectra were recorded on a Carver B500 Bruker 

Avance III HD NMR spectrometer at room temperature (298 K) and chemical shifts were 

referenced to the residual solvent peak (CDCl3 1H NMR δ = 7.26 ppm). Kinetic experiments were 

performed using a Varian Unity INOVA 600 MHz NMR spectrometer and are referenced to 

residual solvent peaks (CDCl3 1H NMR δ = 7.26 ppm and THF-d8 δ = 3.58 ppm). Mass spectra 

were obtained through the Mass Spectrometry Facility, School of Chemical Sciences, University 

of Illinois. High resolution electron impact (EI) mass spectra were obtained on a Micromass 70-

VSE TOF spectrometer and electrospray ionization (ESI) mass spectra were obtained on a Waters 

Synapt G2-Si TOF spectrometer. Matrix-assisted laser desorption/ionization (MALDI) mass 

spectrometry was performed on a Bruker Daltonics UltrafleXtreme MALDI using DCTB matrix. 

MALDI, DSC, and DMA traces were plotted using OriginPro 2018 software. 1H and 13C NMR 

were processed using MestReNova software v12.0.4-22023. Reported yields are of isolated 

material which in some cases were corrected for trace residual solvent. 

4.7.2 Synthesis and Characterization of Compounds 

Photochemical Synthesis of 1 

1 was synthesized according to previously reported photochemical procedures18,20,21 with the 

following modifications: in a 500 mL round bottom flask fitted with reflux condenser and charged 

with magnetic stir bar, dimethylaminopyridine (244 mg, 2 mmol, 0.02 equiv) and 

tetraphenylporphyrin (13.5 mg, 22 µmol) were dissolved in dichloromethane (90 mL). To this 
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solution was added DCPD (13g, 98 mmol, 1 equiv), acetic anhydride (9.55 mL, 100 mmol, 4 

equiv), and pyridine (4 mL, 49 mmol, 0.5 equiv). The reaction mixture was purged with oxygen 

gas for ten minutes, then placed under an oxygen atmosphere. The mixture was allowed to stir for 

6 days, during which time the solution was continuously irradiated with a white light-emitting 

reptile lamp. Reaction progress was monitored via GC-MS. The reaction mixture was diluted with 

DCM and washed with sat. aqueous NaHCO3 until basic, then subsequently washed with 1M HCl 

until mint green. The organic phase was then washed with sat. aqueous CuSO4 and brine, dried 

over Na2SO4, and filtered over celite. The reaction mixture was purified via silica gel 

chromatography using DCM to afford 1 as a beige oil which solidifies upon standing at room 

temperature (4.00 g, 28 % yield). The 1H and 13C NMR spectra corresponded to the values reported 

in literature for this compound. m.p. = 56 ºC; 1H NMR (500 MHz, CDCl3) δ 7.38 (dd, J = 5.7, 2.6 

Hz, 1H), 5.96 (d, J = 6.3 Hz, 1H), 5.94 (dd, J = 5.7, 3.0 Hz, 1H), 5.78 (dd, J = 5.7, 3.0 Hz, 1H), 

3.41 (s, 1H), 3.22 (s, 1H), 2.96 (s, 1H), 2.80 (t, J = 5.1 Hz, 1H), 1.76 (d, J = 8.4 Hz, 1H), 1.62 (d, 

J = 8.5 Hz, 1H); 13C{1H} NMR (126 MHz, CDCl3) δ 210.89, 164.71, 137.08, 132.71, 132.50, 

77.41, 77.16, 76.91, 52.87, 50.37, 48.40, 45.13, 44.19. 

Chemical Synthesis of 1 

1-Dicyclopentadienol (S1): Synthesized according to previously reported procedures19,28 with the 

following modifications: dicyclopentadiene (69 g, 0.5 mol, 1 equiv), was dissolved in a mixture 

of tetrahydrofuran (250 mL) and water (25 mL). Selenium dioxide (33 g, 0.3 mol, 0.4 equiv), was 

added, and the solution was stirred and heated under reflux for 18 hours. The resulting dark brown 

mixture was then filtered from selenium and poured into two liters of water. The heavy dark oil 

was drawn off and the aqueous solution was extracted with ether. The organic solutions were 

combined, washed with water and dried over Na2SO4. Removal of solvent, followed by vacuum 
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distillation of the crude product, gave 1-dicyclopentadienol as a pale yellow, viscous oil (21.4 g, 

28% yield). The 1H and 13C NMR spectra corresponded to the values reported in literature for this 

compound. b.p. = 84 ºC (3 mmHg); 1H NMR (500 MHz, CDCl3): δ 5.91 (dd, J = 5.7, 3.0 Hz, 1H), 

5.82 (dd, J = 5.7, 3.0 Hz, 1H), 5.78 – 5.71 (m, 1H), 5.61 – 5.55 (m, 1H), 4.04 (m, 1H), 3.35 (m, 

1H), 3.03 (m, 1H), 2.77 (m, 1H), 2.51 (m, 1H), 1.95 (s, 1H), 1.54 (m, 1H), 1.37 (m, 1H); 13C NMR 

(126 MHz, CDCl3, d ppm): δ 137.76, 135.41, 134.63, 132.38, 78.92, 54.64, 53.37, 51.23, 44.77, 

44.62. 

1: In a 2L round bottom flask charged with magnetic stir bar, pyridinium chlorochromate (22g, 

101 mmol, 1.5 equiv) was dissolved in dichloromethane (400 mL). A solution of alcohol S1 (10g, 

68 mmol, 1 equiv) was then transferred via cannula to the mixture and the reaction was allowed to 

stir for 18h at room temperature. The resulting slurry was then filtered over celite, concentrated 

directly onto silica, and purified via chromatography in 20% ethyl acetate/hexanes to afford 1 as 

an off-white oil which solidified upon standing at room temperature (8.07 g, 82% yield). The 

physical characteristics for this material matched exactly those of the product obtained through 

photochemical oxidation. 

General Procedure for Diels-Alder Cycloaddition of 1 and Cyclopentadiene 

In an oven-dried 2-dram vial charged with magnetic stir bar, 1 (200 mg, 1.37 mmol, 1 equiv) and 

AlCl3 (55 mg, 0.41 mmol, 0.3 equiv) were dissolved in dry toluene (2 mL). The reaction was 

cooled to 0 ºC, at which point freshly distilled cyclopentadiene (0.4 mL, 4.79 mmol, 3.5 equiv) 

was added and the mixture was allowed to warm to room temperature, at which point a color 

change from yellow to brown was observed. After stirring for 90 minutes, the reaction was 

quenched with water and extracted with dichloromethane. The combined organic layers were 

washed with water and brine, then dried over Na2SO4 and concentrated directly onto silica. 
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Purification by column chromatography in 3% ethyl acetate/hexanes afforded a white solid 

determined by 1H and 13C NMR to be a mixture of isomers of the Diels-Alder adducts of 1 (243 

mg, 84% yield). 1H NMR (500 MHz, CDCl3): δ 6.20 (dd, J = 5.9, 3.0 Hz, 2H), 6.15 (ddd, J = 16.5, 

5.7, 3.0 Hz, 7H), 6.07 (td, J = 5.6, 2.9 Hz, 7H), 5.65 (s, 1H), 3.21 (ddt, J = 4.5, 2.9, 1.4 Hz, 3H), 

3.08 (dtt, J = 10.5, 3.5, 1.7 Hz, 8H), 2.96 (p, J = 1.6 Hz, 3H), 2.85 – 2.80 (m, 3H), 2.59 (dd, J = 

8.4, 4.7 Hz, 1H), 2.51 (ddd, J = 8.7, 4.3, 2.1 Hz, 3H), 2.45 – 2.38 (m, 2H), 1.94 (d, J = 7.8 Hz, 

3H), 1.78 (dt, J = 7.8, 2.1 Hz, 3H), 1.47 (ddt, J = 29.0, 8.3, 1.9 Hz, 4H), 1.40 – 1.23 (m, 11H); 

13C{1H} NMR (126 MHz, CDCl3) δ 222.81, 138.39, 137.33, 137.12, 137.09, 136.14, 135.89, 

135.50, 77.28, 77.03, 76.77, 60.47, 60.28, 59.67, 59.16, 51.38, 51.25, 50.10, 49.88, 48.23, 48.03, 

47.65, 47.52, 47.36, 46.85, 46.57, 46.49, 45.80, 45.64, 44.62. 

General Procedure for Ring Opening Metathesis Oligomerization of 1 

In an oven-dried 20 mL scintillation vial charged with magnetic stir bar, Grubbs 3rd generation 

catalyst (40 mg, 55 µmol, 1 equiv) was dissolved in DCM (8 mL). Then, cis-4-octene (5 µL, 0.30 

mmol, 5.3 equiv) was added and the mixture was allowed to stir for 30 minutes at room 

temperature, at which point a solution of 1 (200 mg, 1.37 mmol, 25 equiv) and cis-4-octene (1.1 

µL, 60 µmol, 1.1 equiv) in DCM (2.4 mL) was added, resulting in a color change from green to 

brown. The reaction was allowed to stir for an additional 30 minutes, then poured directly into 

methanol (100 mL) to precipitate the polymer product. Following centrifugation, the solid was 

collected via filtration through a 0.45 µm nylon membrane filter and washed with additional 

methanol. The resulting brown powder was dried under high vacuum to afford 1o (132 mg, 66% 

yield).  
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General Procedure for Diels-Alder Cycloaddition of 1o and Cyclopentadiene 

The General Procedure for Diels-Alder Cycloaddition of 1 and Cyclopentadiene was followed with 

the following modifications: in an oven-dried 2-dram vial charged with magnetic stir bar, 1o (150 

mg) was dissolved in either dry toluene or dry dichloromethane (2 mL). The reaction was cooled 

to 0 ºC, then and AlCl3 (41 mg, 0.31 mmol) was added in one portion. The reaction was stirred for 

30 minutes, at which point freshly distilled cyclopentadiene (0.3 mL, 3.57 mmol) was added and 

the mixture was allowed to warm to room temperature. After stirring for an additional 90 minutes, 

the reaction mixture was poured directly into methanol to precipitate the polymer product. The 

resulting beige powder was isolated by filtration over a 0.45 µm nylon membrane filter and washed 

with additional methanol, dried under high vacuum, and analyzed by NMR, SEC, and MALDI-

MS. 

4.7.3 Solution-Phase and Frontal Polymerization Experiments 

General Procedure for Kinetic Studies of Solution-Phase ROMP 

In an Ar-filled glovebox, a 500 mHz NMR tube was charged with GC2 (1 mg, 1.2 µmol, 1 equiv), 

1,3,5-trimethoxybenzene, and CDCl3 (1.9 mL). After locking and shimming, an initial 1H NMR 

spectrum was acquired, the sample was ejected, and 100 μL of stock solution of ROMP monomer 

(DCPD, COD, or 1) (3.6 M) in CDCl3 was injected. After 30 s of shimming adjustment, 1H NMR 

spectra were acquired every 30 seconds for 30 minutes. An additional spectrum was acquired for 

each monomer after 2 hours. at 2.5 min, 5 min, 10 min, and every subsequent 10 min at ambient 

temperature for 120 min. For experiments at elevated catalyst loading, the same procedure was 

used with the following modifications: a 500 mHz NMR tube was charged with GC2 (8.5 mg, 

0.01 mmol, 1 equiv) and 1,3,5-trimethoxybenzene in THF-d8 (900 µL). After acquiring an initial 

1H NMR spectrum, 100 μL of stock solution of ROMP monomer (DCPD or 1) (1 M) in THF-d8 
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was injected. 1H NMR spectra were acquired at 2.5 min, 5 min, 10 min, and every subsequent 10 

min at ambient temperature for 120 min. Substrate conversion was determined by comparing the 

integration of a growing polymer peak to that of a monomer peak using the following relationship: 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝐻%

𝐻% + 𝐻&
 

Where Hp and Hm refer to the integration of the polymer and monomer peak, respectively. In the 

case of the polymerization of 1 at elevated catalyst loadings, a new propagating carbene peak at δ 

= 17.83 ppm appeared after 10 minutes. 

General Procedure for FROMP Formulations of 1 with DCPD or ENB 

In an 20 mL scintillation vial, a total of 3g of monomer 1 and DCPD or ENB were combined to 

generate a mixture between 0 and 40 wt% of 1. The mixture was melted at 70 ºC, then cooled to 

room temperature and charged with tributylphosphite (0.6-1.0 µL, 1 mmol per 10,000 mmol 

norbornene functionality), then Grubbs 2nd generation catalyst (1.8-1.9 mg, 1 equiv relative to 

phosphite). The solution was then sonicated for 5 minutes and used for FROMP experiments as 

detailed below. 

Front Velocity and Temperature Profile Measurements 

The resins described above were transferred to 13 x 100 mm glass test tubes (total resin volume 

ca. 3 mL). A K-type thermocouple (TMQSS, Omega) was inserted into the center of the test tube 

such that the tip was ca. 1 cm below the surface of the resin. FP was initiated by direct contact of 

a hot 40 W soldering iron (Weller, WLC100) to the side of the glass test tube at a height 

corresponding to the surface of the resin solution. Front propagation was captured on a Canon EOS 

T3i Rebel camera, which provided UHD 4K video footage (3840 x 2160 @ 30 fps). The front 

velocities (νf) were determined for from this recorded footage using the open source physics (OSP) 

software package Tracker®. Each video was analyzed three times and the front velocity of the 
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sample was determined by the average of the three analyses. Temperature profiles (and maximum 

front temperature, Tmax) were recorded by the inserted thermocouple. 

Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) liquid resin cure kinetic measurements were performed 

with a TA Instruments Q250 differential scanning calorimeter. Resins formulated according to the 

general procedure for FROMP formulations of 1 with DCPD were transferred into aluminum 

hermetic DSC pans at room temperature and sealed. The sample mass was determined using an 

analytical balance and was carefully maintained between 5 mg and 10 mg. The specific heat 

capacity was determined between 25 °C and 200 °C by comparison with a sapphire standard. Each 

sample was subjected to 3 thermal cycles (heat, cool, and second heat). The first heat scan occurred 

from 0 to 200 ºC at a rate of 5 ºC min-1. The second heat scan occurred at a rate of 10 ºC min-1 over 

the same temperature regime. Glass transition temperatures (Tg) were determined from the 

midpoint of the thermal transition observed in the second heating scan. 
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wt% 1 

Onset 

Temperature 

(ºC) 

Primary 

Peak 

Temperature  

(ºC) 

Primary 

Peak 

Enthalpy 

(J g-1) 

Secondary 

Peak 

Enthalpy (J 

g-1) 

Total 

Enthalpy (J 

g-1) 

Tg (º 

C) 

0 162 167.39 238.3 -- 238.3 133.96 

10 134.69 166.82 205.89 181.87 273.64 133.3 

20 108.15 152.53 155.93 178.36 278.25 133.63 

30 148.16 175.74 150.3 -- 150.3 133.2 

40 140.86 139.57 63.51 184.73 309.21 133.63 

Table 4.1. DSC data obtained from two heating cycles of resins derived from 1 and DCPD. 
Transition temperatures were calculated from the mid-point of the thermal transitions in the second 
heating scan.  

Dynamic Mechanical Analysis 

Dynamic mechanical analysis (DMA) tests were performed on a TA Instruments DMA 850 with 

supplied tensile grips under a nitrogen atmosphere. Plaque molds with gauge dimensions of 9.0 x 

3.4 x 1.0 mm were fabricated with RTV-630 silicone molding compound; a glass slide (75.0 x 

25.0 x 1.0 mm) was clamped atop the open face of the mold, and resins prepared according to the 

general procedure for FROMP formulations of 1 with DCPD were injected from the top of the 

mold using a syringe. FP was initiated by direct contact of a hot 40 W soldering iron (Weller, 

WLC100) to the top of the glass slide. The temperature of the sample was increased linearly at 5 

°C min-1 from 25 to 250°C for all catalyst systems. Glass transition temperatures (Tg) were 

determined using the peak of tan(δ). 
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4.7.4 NMR Spectra 

 

 

1 
(1H NMR, CDCl3, 500 MHz) 

1 
(13C{1H} NMR, CDCl3, 126 MHz) 
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1H-1H COSY spectrum of 1 (500 MHz, CDCl3). Correlations used for structural assignment are 
highlighted. 
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1H-13C HSQC spectrum of 1 (500 MHz, CDCl3). Correlations used for structural assignment are 
highlighted. 
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1H-13C HMBC spectrum of 1 (500 MHz, CDCl3). 
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1H NMR (CDCl3, 500 MHz) of 1o. 

 
Cru 

Crude 1H NMR (CDCl3, 500 MHz) of the product distribution from Diels-Alder reaction of 1o 
and CP. 
  

O
n
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Overlaid spectra of 1o (red) and the Diels-Alder adduct of 1o and CP (blue) showing the 
appearance of new peaks in the alkyl and vinyl regions. 
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