
  

 

 

 

 

 

 

 

 

Copyright 

by 

Dominika Nini Lastovickova 

2016 

 

 

  



The Dissertation Committee for Dominika Nini Lastovickova Certifies that this is 

the approved version of the following dissertation: 

 

 

The Effect of Backbone Design on Carbene Reactivity: From Small 

Molecule Activation to Redox-Switchable Catalysis 

 

 

 

 

 
Committee: 
 

Jennifer S. Brodbelt, Supervisor 

Stephen F. Martin 

Emily L. Que 

Michael J. Rose 

Christopher W. Bielawski 



The Effect of Backbone Design on Carbene Reactivity: From Small 

Molecule Activation to Redox-Switchable Catalysis 

by 

Dominika Nini Lastovickova, B.A. 

Dissertation 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

Doctor of Philosophy 

The University of Texas at Austin 

August 2016 



Dedication 

 

To my loving parents, who went against their upbringing to provide a better future for 

their children. 

 

 



 v

Acknowledgements 

 

First and foremost I would like to thank my mentor, Professor Christopher W. 

Bielawski, for allowing me to join his outstanding research group at UT Austin. I am 

grateful for his chemistry advice and his support during my time in graduate school.  

I would also like to thank my advisor, Professor Jennifer S. Brodbelt, for her 

willingness to supervise my dissertation research after Chris’s move to Ulsan National 

Institute of Science and Technology. I am extremely grateful for all of her kindness, 

guidance, and continuous support as I would not be able to obtain my Ph.D. from UT 

Austin without her devotion.  

I would also like to extend my gratitude to the members of my doctoral committee, 

Professor Stephen F. Martin, Professor Emily L. Que, and Professor Michael J. Rose, for 

being so accommodating in regards to the scheduling of my defense from abroad and 

enabling me to conclude my work at UT. Furthermore, I would also like to thank my 

undergraduate advisor Professor Joshua R. Farrell and my organic professor Dean Ronald 

M. Jarrett for sparking my interest in organic chemistry and continuing to support me even 

after I left Holy Cross.  

When I joined Chris’s UT research group in the summer of 2012, I was kindly 

welcomed and guided by many aspiring and bright coworkers. I am thankful for being able 

to work under the mentorship of Professor Jon Moerdyk, his indispensable patience, and 

for him NOT calling me an idiot even when I deserved it. I am also thankful for the best 

bench neighbor, Dr. Alex Todd, who did not only excel in his expertise in graphene, 

zeolites, and polymers but also surpassed every other lab member in his excellent singing 

abilities. I would also like to extend my gratitude for being able to work with Dr. John 



 vi

Brantley, whose chemistry proficiency and criticism were always helpful.  I would also 

like to thank him for all of our squash sessions and for his continuous support even from 

his postdoctoral positon. I would also like to thank Dr. Bethany Neilson for offering hard-

earned life/graduate school lessons and for not sugar coating anything, Dr. Dan Varnedo, 

whose advise, criticism, and attitude I have learned to appreciate only in the later years of 

graduate schools, Zach McCarty for being an excellent and heat tolerant officemate, and 

Garrett Blake, Dr. Rob Ono, Dr. Di Liu for making the lab feel complete. I would also like 

to thank all of the past and present Bielawski group members for keeping the instrument 

and lab running, and I am entirely grateful for all of the many friendships that I was able 

to make along the way. 

However, most importantly, I would like to thank soon-to-be Dr. Aaron James 

Teator, for sharing with me more than all of what typical graduate experience has to offer. 

I am infinitely thankful for all of his help and discussions about almost everything one can 

think of ranging from data analysis, experimental design, manuscript writing, and 

instrument troubleshooting to providing empathy and the source of joy during unfair or 

difficult circumstances. Aaron has been enormously tolerant and supportive, and I am truly 

thankful for having him by my side during our time in graduate school. His intelligence, 

kindness, patience, understanding, and humor as well as his ability to bring happiness and 

encouragement into my graduate school days are rare and irreplaceable features that have 

contributed to my one of a kind graduate experience. 

I would also like to thank all of the staff in various analytical facilities who were 

tremendously helpful throughout my time at UT and went above and beyond to aid me with 

the characterization of my air-sensitive and sometimes even unstable or light-sensitive 

compounds. I would like to thank Dr. Ben Shoulders, Steve Sorey, and Angela 

Spangenberg for their expertise in NMR spectroscopy and for their ability to keep all of 



 vii

the NMRs running with easy. Steve, especially, deserves a special shout out for helping 

me run months of kinetic studies, which then, sadly, did not make the cut for the paper. I 

am also grateful for the helpfulness and dedication of Ian Riddington and Jordan Dinser, 

who always seemed to return my mass spec samples seemingly fast I would also like to 

thank Vince Lynch for his patience as well as his willingness to tackle even the most 

difficult crystal structures. I also appreciate the help of Mike Ronalter and Adam Kennedy 

who always found time to grind down my NMR tubes. Moreover, I would like to extend 

my gratitude to Betsy Hamblen and Danielle Nestler who were always extremely kind and 

managed to run all of my confusing paperwork with easy, never giving up on even the most 

impossible of the tasks.   

I would also like to thank my parents who were very brave and more than a decade 

ago chose to leave their home country and moved to the U.S. in hopes of providing better 

lives and better opportunities for their children. I honestly cannot voice out the extent of 

my gratitude towards them for this risk that they were willing to take for me and my sister. 

They are the most caring and loving parents that I know and I would not be given a chance 

to pursue my studies in chemistry without their sacrifice.  

 



 viii

The Effect of Backbone Design on Carbene Reactivity: From Small 

Molecule Activation to Redox-Switchable Catalysis 

 

Dominika Nini Lastovickova, Ph.D. 

The University of Texas at Austin, 2016 

 

Supervisor:  Jennifer S. Brodbelt 

 

The ability of N-heterocyclic carbenes (NHCs) to act as organocatalysts as well as 

versatile ligands in transition metal-mediated processes led us to explore the effect of the 

NHCs backbone design on the electronic properties and the consequent reactivity of these 

NHC moieties. Bielawski and others have previously shown that the incorporation of 

carbonyls into the NHC scaffold enhanced the electrophilicity of the carbenoid center to 

generate an isolable, ambiphilic N,N’-diamidocarbene (DAC), which was shown to 

activate various small molecules. For this reason, we explored the ability of DAC to 

activate compounds containing early p-block elements. At ambient temperature, the DAC 

activated the Si-H bonds of various silanes to afford the corresponding DAC-silane 

adducts. The DAC was also found to form a coordination complex with aluminum 

trichloride and a structurally-rich, tris(aluminum) species was obtained upon exposure of 

the DAC to trimethylaluminum. Additionally, the DAC promoted the B-H bond activation 

of various BH3 complexes and the B-B bond of bis(pinacolato)diboron, constituting the 

first such examples for an isolable carbene. The resultant DAC-BH3 adducts contained 

datively coordinated Lewis bases and facilitated the hydroboration of various olefins under 

mild conditions and in the absence of exogenous initiators. 
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Furthermore, we have synthesized a series of Ru-based complexes containing a 

quinone-annulated NHC ligand to provide redox-controlled analogues of the Grubbs’ II, 

III, and Hoveyda-Grubbs II generation catalysts. All of the aforementioned complexes 

were shown to be active ring-opening metathesis polymerization (ROMP) catalysts. 

Moreover, in its neutral state, the redox-switchable analogue of Grubbs’ III generation 

catalyst was shown to selectively promote the polymerization of 1,5-cyclooctadiene (COD) 

while the addition of a reductant inhibited the ROMP of COD. Remarkably, the opposite 

pattern was observed for the polymerization of norbornene imide derivatives as the ROMP 

of these monomers was enhanced upon the reduction of the redox-switchable analogue of 

Grubbs’ III. Additionally, the neutral state of the redox-switchable analogue of Hoveyda-

Grubbs II generation catalyst was shown to selectively facilitate ring-closing metathesis 

reactions, which could be reversibly inhibited upon the introduction of a suitable reducing 

agent.  
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THE ACTIVATION AND UTILITY OF SMALL MOLECULES 
USING AMBIPHILIC CARBENE 

Chapter 1: Introduction 

1.1 HISTORICAL PERSPECTIVE 

Since the first hypothesis on the existence of divalent carbons, even the earliest 

studies focused on the initial isolation of these carbene moieties.1–3 For instance, in 1835, 

Dumas unsuccessfully attempted the dehydration of methanol in hopes of generating 

methylene.1 Nevertheless, Regnault was able to perform in situ formation of 

dichlorocarbene by exposing chloroform to basic reaction conditions.2 Unfortunately, due 

to the high instability of dichlorocarbene, this early in situ generation of carbene did not 

result in an immediate thorough investigation of neutral divalent carbons and many unique 

reactivities of dichlorcarbene, such as the activation of BH3, were not explored until much 

later.4  

However, the broad utility of carbenes started to be again recognized and deeply 

examined by Wanzlick in the late 20th century. In his early work, Wanzlick recognized that 

inherently electrophilic carbenes can be stabilized and even changed to nucleophilic 

carbenes by attaching strong electron donor substituents to the desired carbene center.5 As 

a result, Wanzlick was later able to demonstrate the use of N-heterocyclic carbenes (NHCs) 

as ligands for metal complexes (Figure 1.1, left).6   

Furthermore, Schrock and others also recognized the usefulness of carbenes as 

ligands and incorporated alkylidenes onto the transition metal centers in order to obtain 

efficient olefin metathesis catalysts (Figure 1.1, center).7–9 However, despite the success of 

Schrock catalysts in olefin metathesis and Wanzlick studies on the carbene stability 

modulation via the incorporation of strong electron donor substituents, free carbenes were 



 2

still considered to be highly reactive and therefore impractical for applications in organic 

synthesis. 

Figure 1.1: One of the earliest examples of NHC-metal complex described by Wanzlick 
(left). The carbene-metal complex developed by Schrock and utilized in 
olefin metathesis (center) and the chemical structure of the first isolable 
carbene synthesized by Arduengo in 1991 (right). 

Conversely, these understandings about divalent carbons were altered in 1991 when 

Arduengo and coworkers successfully generated the first isolable carbene (Figure 1.1, 

right).10 In combination with the nitrogen lone pair donacity to the carbene center, the 

adamantane groups have provided sufficient steric hindrance around the carbenoid carbon 

to prevent the formation of enetetramine through the dimerization of the carbene 

molecules.5 Moreover, Arduengo’s isolation of NHC sprung a significant interest in singlet 

carbenes and therefore increased the studies of NHC for their utility in organic synthesis.   

1.2 SINGLE VS TRIPLET CARBENES 

 As a result of their unique electronic structures, carbene molecules can be classified 

into two main groups: singlet and triplet. The ground state of triplet carbenes posses two 

nonbonding electrons of the same spin in two separate orbitals (Figure 1.2, right). Carbenes 

directly attached to aryl groups or hydrogens, such as methylene, are typically described 
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as triplet carbenes and suffer from high reactivity and low stability.  In contrast, the ground 

state of singlet carbenes is characterized by the presence of two paired nonbonding 

electrons with an opposite spin occupying only one orbital (Figure 1.2, left).11–12 As such, 

electron donating substituents, such as NR2, SR, OR, π-donate into the p orbitals of the 

carbenoid center, which raises the energy of the lowest unoccupied molecular orbital 

(LUMO). The higher LUMO increases the singlet–triplet gap and therefore enhances the 

stability of singlet carbenes consistent with early Wanzlick’s research.5   

Figure 1.2: General depiction of singlet and triplet carbenes. 

1.3 THE UTILITY OF STABLE NHCS 

 As NHCs are rather nucleophilic, these carbene species are capable of effective σ–

donation into transition metals, which often surpasses the electron donating ability of 

typically used ligands (i.e., phosphines). Thus, NHC-supported catalysts offer superior 

activities or selectivities and are now commonly used as ligands in various transition metal 

mediated processes, ranging from a series of Pd-catalyzed transformations to Ru-based 

olefin metathesis (Figure 1.3).13–15   
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Figure 1.3: Examples of NHC-supported Pd- (left) and Ru-based (right) catalysts. 

In addition to the versatile application of NHC ligands in organometallic catalysis, 

free NHCs were also recognized for their ability to act as organocatalysts in various 

processes including ring-opening polymerization.16–17  

1.4 MODULATING ELECTRONIC PROPERTIES OF NHCS 

   Despite the numerous realizations of NHCs in organometallic or metal-free 

catalysis, the inherent nucleophilic properties of the common imidazole NHC (IMes) 

prevented direct activation of some small molecules, such as BH3 and H2. As a result, 

efforts were directed towards the alteration of electronic properties of the carbenoid center 

by the substitution of donating nitrogen directly bonded to the carbene center. In 2007, 

Bertrand and coworkers demonstrated that replacing the electron rich nitrogen for less 

electron donating carbon atom, resulted in more electrophilic carbene center  when 

compared to typical NHC.18 As such, the newly generated electrophilic carbene was able 

to promote the activation of various small molecules including NH3, H2, and B–H bond of 

pinacolborane but not BH3. 
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Scheme 1.1: Depiction of NHC structure alteration in order to enhance the carbenes 
reactivity towards H2 (top) and NH3 (bottom). 

Furthermore, our group and others also explored the regulation of electronic 

properties of carbenes via the modification of the NHC scaffold structure.19–20 Unlike 

Bertrand, Lavigne’s as well as our group examined the effect of NHC backbone design on 

the electronic properties of the carbene center. More specifically, we demonstrated that the 

incorporation of carbonyl groups into the NHC’s backbone resulted in competition for the 

donation of the nitrogen lone pairs between the carbonyl groups and the carbene atom and 

therefore generated more electrophilic N,N’-diamidocarbene (DAC). Moreover, in 

combination with the enhanced electrophilic character of DACs, reactivity studies of DACs 

has revealed that DACs also exhibit diminished nucleophilicity when compared to the 

NHCs and CAACs and therefore feature ambiphilic properties. For instance, the DACs 

were also shown to activate a broad range of relatively inert substrates, including silanes, 

ammonia, and carbon monoxide (Figure 1.4).21–29 As a result, we envisioned that the 

attenuated σ donating properties of the DAC’s carbene nucleus should enable the necessary 

orbital overlap needed for the activation of other small molecules such as BH3. Indeed, we 

observed a facile activation of both Si–H and B–H bonds and the details of these studies 

are described in Chapter 2 and Chapter 3, respectively. 30–31  
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 Figure 1.4: Representative examples of various small molecule activations induced by 
ambiphilic DACs involving the scission of C–H, N–H, O–H, P–H, and S–H 
bonds. 

1.5 THE INCORPORATION OF STIMULI-RESPONSIVE MOIETIES INTO THE NHC 

SCAFFOLDS 

As NHC moieties are now used prevalently as ligands in organometallic catalysis 

as well as catalysts in organocatalysis, several groups focused on a selective tunability of 

the NHC activity via an application of an appropriate stimulus.32–41 One of the efficient and 

effective approaches towards on-demand modulation of the NHC activity is achieved 

through a selective tunability of the electronic properties of the carbene center. As such, 

the incorporation of stimuli responsive moieties into the backbone of NHCs can alter the 

electronic properties of the carbenoid centers upon a judicial application of external stimuli.  
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For instance, our group has previously demonstrated that the incorporation of 

photochromic diarylethene moiety into the backbone of NHC yielded light-responsive 

NHC units, which electron properties of the carbene center were reversibly influenced upon 

the NHC exposure to specific wavelengths of light.36–37 As demonstrated in Figure 1.5 

(top), UV radiation induced electrocyclic ring closure of the NHC backbone, which pulled 

electron density away from the carbenoid carbon and resulted in more electrophilic carbene 

suitable for the activation of ammonia.37  

Figure 1.5: Examples of selective and reversible modulation of electronic properties of 
NHC using light- (top) and redox- (bottom) responsive backbone 
components. 

In addition to the light-responsive NHC units, our group and others also explored 

the ability to switch between different electronic properties of carbene centers via the 

incorporation of redox-sensitive component into the NHC backbone.38–41 Indeed, the Ru- 

based catalyst containing ferrocenophane-functionalized NHC ligand showed a good 
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reactivity towards the ring-opening metathesis polymerization (ROMP) while the 

oxidation of the ferrocenophane unit significantly decreased the electron donating 

properties of the carbenoid center and therefore resulted in the inhibition of the catalytic 

activity (Figure 1.5, bottom).38 

As many of the ferrocenophane-containing redox-switchable ligands suffer from 

poor reaction yields and limit complex stability, our group and others also investigated the 

synthesis and the chemical reactivity of alternative redox-responsive ligands.24–25 For this 

reason, NHC scaffold infused with redox-sensitive quinone moiety represents an attractive 

alternative to previously described redox-switchable structures.38–41 Moreover, the neutral 

and the reduced form of the NHC demonstrated striking differences in their electron donor 

abilities (TEP = 2,055.4 cm-1 vs TEPred = 2,044.8 cm-1) These redox-induced changes in 

the electron donicities inherently effected the catalytic ability of Ni-based catalyst 

containing quinone-annulated NHC ligand and reversibly inhibited Kumada coupling upon 

the introduction of chemical reductant.41  

In light of the successful redox-switchable Kumada coupling, we sought to expand 

the application of the quinone-annulated NHC in the synthesis of well-defined polymer 

structures. As such, we synthesized the redox-switchable analogues of Grubbs’ II and III 

generation catalysts as well as the redox-switchable analogue of Hoveyda-Grubbs II 

generation catalyst (Figure 1.6). As discussed in Chapter 6, all of the catalysts facilitated 

the ROMP of 1,5-cyclooctadiene in their neutral/oxidized state while the chemical 

reduction of the quinone backbone resulted in slower rates of polymerization. Remarkably, 

the opposite trend was observed for the ROMP of norbornene imide derivatives as the 

reduced form of the catalyst facilitated the growth of polymer while the neutral/oxidized 

form of the catalyst hindered the polymerization process.  
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Figure 1.6: The redox-switchable analogues of Grubbs’ II (A) and Grubbs’ III (B) 
generation as well as Hoveyda-Grubbs II (C) generation catalysts. 

1.6 CONCLUSION & OUTLOOK 

In summary, the field of singlet carbene chemistry and their utility as 

organocatalysts or ligands in transition metal catalysis has received copious attention since 

the first isolation of “bottle able” carbene in 1991.10 As a result, NHCs are now commonly 

and preferentially used in organic synthesis for their utility as superior ligands in transition 

metal-mediated processes and can be also used as organocatalysts in ring-opening 

polymerizations or other transition metal free transformations. Moreover, small structural 

changes to the NHC scaffold can result in great alterations of the electronic properties of 

the carbene center and therefore significantly influence the activity of the carbene and the 

carbene ligand-containing transition metal complex. As such, novel electrophilic or 

ambiphilic NHCs has been developed in order to activate various small molecules and 

expand the scope of NHC-mediated organocatalytic transformations. Moreover, the 

incorporation of stimuli-responsive moieties onto the carbene scaffold has also been 
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explored and offers a valuable and irreplaceable insight into the field of switchable 

catalysis. The ever-growing amount of different NHC scaffolds and their expanding 

applications in organic synthesis in conjunction with the increasing improvement in 

switchable catalysis may soon lead to the synthesis of a series of well-controlled, multi-

functional stimuli-responsive catalysts. Such catalysts are expected to facilitate the 

development of materials with complex, previously unexplored microstructures.  
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Chapter 2: The Reactivity of Ambiphilic Carbene Towards Early p-
Block Element Compounds1 

2.1 INTRODUCTION 

The activation of abundant yet relatively inert small molecules, such as CO, H2, 

and NH3, is an important target of many contemporary transformations facilitated by 

organic compounds.1 Various carbenes, including the N-heterocyclic carbenes (NHCs), the 

cyclic alkyl amino carbenes (CAACs), and the N,N’-diamidocarbenes (DACs), have been 

extensively explored for such purposes largely due to the fact that many of these species 

mirror the reactivities displayed by some transition metals.2 More recently, efforts have 

shifted towards exploring the abilities of carbenes to active silanes, alanes, and other 

organometallic compounds. Representative examples, which involve various NHCs and 

CAACs, are summarized in Scheme 2.1.3,4 In the NHC facilitated processes, silane 

activation was followed by intramolecular ring-expansion, presumably via intramolecular 

nucleophilic attack on the silicon atom by a lone pair of electrons on a neighboring nitrogen 

atom.3a,b In contrast, when the NHCs were exposed to tetrasubstituted silicon compounds, 

such as silicon tetrachloride, the formation of Lewis acid–base adducts was observed.4 

Collectively, these reports indicated that hydride attack likely followed the formation of a 

dative carbene–Si adduct in the aforementioned carbene mediated Si-H bond activations.3a 

As summarized in Scheme 2.2, Lewis acid–base adducts similar to those previously 

described were observed when the aforementioned NHCs were treated with various 

alanes.5 As the carbene nuclei of the NHCs are only weakly electrophilic, the requisite 

hydrides may not be able to add into the carbene center and complete the formal activation 

of the corresponding Al-H bond. NHCs have also been reported to form Lewis acid–base 

                                                 
1 Portions of this chapter were adapted with permission from Lastovickova, D. N.; Moerdyk, J.P.; Kelley, 
A. R.; Bielawski, C. W. J. Phys. Org. Chem. 2015, 28, 75–78. Copyright (2015) The Royal Society of 
Chemistry. 
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adducts with various other aluminum species, including trimethylaluminum and aluminum 

trichloride.5,6 

 Scheme 2.1: Representative examples of the activation of phenylsilane by various NHCs 
followed by intramolecular ring-expansion of the corresponding adducts 
(top);3b,c formation of a Lewis acid–base adduct between two NHCs and 
silicon tetrachloride (center);4a and insertion of a CAAC into Si-H bond of 
phenylsilane (bottom).2b,3c 

Scheme 2.2: Previously reported Lewis acid–base adducts formed via coordination of 
NHCs to various aluminum compounds.5,6  
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Building on previous results which demonstrated that the CAACs activate Si–H 

bonds without intramolecular ring-expansion, the chemistry of the DACs with silanes and 

alanes was explored.2b,3c Previously, the DACs have been shown to display an enhanced 

electrophilicity in comparison to the NHCs, and have resulted in the realization of many 

new types of transformations, including the reversible activation of carbon monoxide and 

various nitriles.3c,7 As a result, we envisioned that the successful DAC mediated activation 

of Si-H and Al-H bonds may serve as an initial step toward the development of novel, 

metal-free silylations and aluminations. 

2.2 RESULTS AND DISCUSSION  

As part of an initial set of experiments, a benzene solution of a known2d DAC (i.e., 

N,N′-dimesityl-4,6-diketo-5,5-dimethylpyrimidin-2-ylidene) was treated with phenylsilane 

or diphenylsilane for 1 h at ambient temperature, which afforded 1 and 2 in 82% and 89% 

yield, respectively (Scheme 2.3). The formation of 1 and 2 was supported by 1H NMR 

spectroscopy (C6D6), which revealed a diagnostic triplet at δ 6.02 ppm for 1 and a doublet 

at δ 6.37 ppm for 2, corresponding to the salient hydrogen atoms bonded to the N,N’-

diamidosilylcarbon nucleus. In addition, new signals, which were attributed to the 

hydrogen atoms bonded to silicon, were observed at δ 3.78 ppm (d, 2H) and δ 4.58 ppm 

(d, 1H) for 1 and 2, respectively. As expected, upfield shifts of the 13C NMR resonance 

associated with the former carbene nucleus (i.e., δ 277.73 ppm) were recorded (c.f., δ 61.91 

ppm for 1 and δ 63.61 ppm for 2).2d Single crystals suitable for a single crystal X-ray 

diffraction were obtained via slow evaporation of a benzene solution of 1, which 

unambiguously confirmed the aforementioned structural assignment; see Figure 2.1. 
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Scheme 2.3: Summary of the chemistry observed between a DAC and phenylsilane, 
diphenylsilane, triphenylsilane or dimethylphenylsilane. 

 Additionally, 1 and 2 were found to be stable under ambient conditions or when 

heated to 200 °C under an inert atmosphere. The DAC appeared to be unreactive towards 

triethylsilane, triisopropylsilane and triphenylsilane, even at an elevated temperature (80 

°C). The lack of reactivity observed between the DAC and triethylsilane or 

triisopropylsilane may be due to insufficient polarization of the corresponding Si-H bonds. 

In contrast, the silicon atom in triphenylsilane may be too sterically congested to facilitate 
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activation as the DAC was able to insert into the Si-H bond of dimethylphenylsilane to 

form 3 in 42% yield upon heating of the reaction mixture to 60 °C for 13 h. 

Figure 2.1:  POV-ray representation of 1 with thermal ellipsoids drawn at 50% 
probability with most of the H-atoms omitted for clarity. Selected distances 
(Å) and angles (°): C1-Si1, 1.943(3); Si1-C25, 1.864(3); C1-N1, 1.482(3); 
C1-N2, 1.468(4); N1-C1-N2, 121.0(2); N1-C1-Si1, 113.20(19); N2-C1-Si1, 
114.84(19); C1-Si1-C25, 111.34(13). 

Treatment of the DAC with trichlorosilane or trimethoxysilane afforded the 

corresponding air stable adducts 4 and 5 in 76% and 52% yield, respectively (Scheme 2.4). 

NMR spectroscopy (C6D6) was used to elucidate the structures of the aforementioned 

products and showed a signal at δ 5.62 ppm in the 1H NMR spectrum recorded for 4, which 

was assigned to the hydrogen atom bonded to the N,N’-diamidosilylmethine. Likewise, 13C 

NMR analysis of 4 revealed a diagnostic signal at δ 70.22 ppm, which was also attributed 

to the aforementioned carbon nucleus. Similarly, spectroscopic analysis (C6D6) of 5 

revealed a salient 1H NMR resonance at δ 5.43 ppm (s, 1H) and a 13C NMR signal at δ 

61.81 ppm; these relatively upfield values were consistent with the decreased inductively 
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electron-withdrawing abilities of methoxy groups versus chlorides. Slow diffusion of 

pentane into a dichloromethane solution of 5 afforded single crystals that were suitable for 

single crystal X-ray analysis. As shown in Figure 2.2, the solid-state structure of 5 

supported the aforementioned structural assignment. No reaction was observed between 

the DAC and silicon tetrachloride, even at an elevated temperature (80 °C), presumably 

due to the diminished nucleophilic properties of the DAC when compared to prototypical 

NHCs.7a 

Scheme 2.4: Summary of the chemistry observed between a DAC and trichlorosilane, 
trimethoxysilane or silicon tetrachloride. 

Next, we exposed the DAC to more electrophilic aluminum compounds. Analogous 

to the reactivity of NHCs described in Scheme 2.2, stirring the DAC and aluminum 

trichloride in benzene for 1 h at ambient temperature afforded the Lewis acid-base adduct 

6 in 65% yield.6c The chemical structure of the product was supported by single crystal X-

ray analysis of a single crystal of 6, which was grown via recrystallization from benzene 

(Figure 2.3). The crystal structure data revealed an Al-C(1) bond length of 2.1289(19) Å 

in 6, which was significantly longer than the Al-C(1) bond length measured in the 
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analogous Lewis acid-base adduct formed between 1,3-dimesitylimidazolylidene (IMes) 

and AlCl3, 2.0168(17) Å.6c The relatively long Al-C(1) bond was consistent with a reduced 

σ donation of DAC to the aluminum center. 

Figure 2.2:  POV-ray representation of 5 with thermal ellipsoids drawn at 50% 
probability. The O3 atom was split and modeled to include both O3 and 
O3A. The O3A atom and most of the H-atoms were omitted for clarity. 
Selected distances (Å) and angles (°): C1-Si1, 1.908(2); Si1-O3, 1.626(2); 
Si1-O3A, 1.597(8); Si1-O4, 1.5932(19); Si1-O5, 1.576(2); C1-N1, 1.478(3); 
C1-N2, 1.479(3); N1-C1-N2, 108.99(16); N1-C1-Si1, 114.48(15); N2-C1-
Si1, 115.62(14); C1-Si1-O3, 101.39(10); C1-Si1-O3A, 115.7(3); C1-Si1-
O4, 110.01(10), C1-Si1-O5, 110.75(10). 

In parallel, the reactivity of the DAC toward aluminum trihydride was also 

explored. The formation of yellow precipitate was observed upon the addition of a 0.5 M 

toluene solution of AlH3 to a benzene solution of the DAC. However, attempts to 

characterize the product were unsuccessful as the product proved to be insoluble in a broad 

range of organic solvents and appeared to decompose in the presence of dimethyl sulfoxide.  
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Figure 2.3:  POV-ray representation of 6 with thermal ellipsoids drawn at 50% 
probability with omitted H-atoms for clarity. Selected distances (Å) and 
angles (°): C1-Al1, 2.1289(19); Al1-Cl1, 2.1361(10); Al1-Cl2, 2.1164(9); 
Al1-Cl3, 2.1205(10); C1-N1, 1.349(2); C1-N2, 1.354(2); N1-C1-N2, 
117.75(15); N1-C1-Al1, 122.01(12); N2-C1-Al1, 120.22(12); C1-Al1-Cl1, 
118.10(6); C1-Al1-Cl2, 107.58(5); C1-Al1-Cl3, 104.71(6), Cl1-Al1-Cl2, 
104.89(4); Cl1-Al1-Cl3, 105.83(4); Cl2-Al1-Cl3, 116.26(4). 

As a result of these observations, subsequent efforts shifted towards investigating the 

ability of DAC to datively coordinate to other aluminum complexes (i.e., 

trimethylaluminum). A slow addition of a 2 M toluene solution of Al(CH3)3 to a stirring 

toluene solution of the DAC resulted in the formation of 7 in 44% yield. As shown in 

Figure 2.4, single crystal X-ray analysis of single crystals grown via slow diffusion of 

pentane into dichloromethane solution revealed an unexpected tricyclic structure that 

included a 2-methylimidazolinium unit outfitted with cyclopropyl group and three Al 

centers. The structure of 7 was further supported by 1H, 13C, and 27Al NMR analyses 

obtained in a mixture of C6D6 and CD2Cl2, since the product was found to decompose in 

pure dichloromethane solution and was not readily soluble in benzene. Possible 
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intramolecular and intermolecular mechanisms for the formation of unusual 7 are discussed 

in the Supplementary Information of Appendix A (Scheme A.1 and A.2).  

Figure 2.4:  POV-ray representation of 7 with thermal ellipsoids drawn at 50% 
probability and the H-atoms omitted for clarity. The crystal structure 
contained a plane of symmetry and an asymmetric unit was developed for 
clarity. Selected distances (Å) and angles (°): C1-C15, 1.473(4); C1-N1, 
1.340(2); N1-C2, 1.457(3); C2-C2’, 1.532(4); C2-C3, 1.534(3); C3-C4, 
1.502(4); C3-C5, 1.513(4); C2-O1, 1.383(2); O1-Al1, 1.9901(16); O1-Al2, 
1.8902(16); N1-C1-N1’, 113.6(3); N1-C1-C15, 123.16(13); C1-N1-C2, 
109.06(17); N1-C2-C2’, 104.11(11); N1-C2-C3, 118.41(19); N1-C2-O1, 
118.67(16); C2-C3-C2’, 59.93(19); C2-C2’-C3, 60.04(9); C2-C3-C4, 
116.8(2); C2-C3-C5, 121.4(2); C4-C3-C5, 111.7(2); C2’-C2-O1, 
114.71(10); C3-C2-O1, 121.73(18); C2-O1-Al1, 128.91(13); C2-O1-Al2, 
109.21(12); Al1-O1-Al2, 119.59(8); O1-Al2-O1’, 90.64(9). 

2.3 CONCLUSION 

Herein, the first examples of treating a DAC with various silanes and alanes were 

described. The DAC was found to activate the Si-H bonds of a range of silicon containing 

species and proceeded without intramolecular ring-expansion, a side reaction often 
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observed with analogous NHCs. However, the DAC did not react with silicon tetrachloride, 

presumably due to its reduced nucleophilicity. In contrast, a Lewis acid–base adduct was 

observed when the relatively electrophilic aluminum compound, aluminum trichloride, 

was exposed to the DAC. Treatment of the DAC with trimethylaluminum resulted in the 

addition of a methyl group onto the carbene carbon, the formation of a cyclopropyl ring 

and the complexation to three aluminum centers. Overall, the chemistry observed was 

consistent with the relatively enhanced electrophilicity and attenuated nucleophilicity of 

the DAC when compared to typical NHCs, such as 1,3-dimesitylimidazolylidene (SIMes) 

and IMes.7a It is expected that the discoveries described herein will provide the framework 

for achieving new types of organocatalyzed silylations and aluminations and will lead to 

novel organometallic complexes. 

2.4 EXPERIMENTAL SECTION 

2.4.1 General Considerations 

All procedures were performed in a nitrogen-filled glove box unless otherwise 

noted. Solvents were dried and degassed by a Vacuum Atmospheres Company solvent 

purification system and stored over 4 Å molecular sieves in a nitrogen-filled glove box. 

Unless otherwise specified, reagents were purchased from commercial sources and used 

without further purification. DAC was synthesized according to a previously reported 

procedure.2d Melting points were obtained using a Stanford Research Systems MPA100 

OptiMelt automated melting point apparatus and are uncorrected. NMR spectra were 

recorded on a Varian 400, 500 or 600 MHz spectrometer. Chemical shifts (δ) are given in 

ppm and are referenced to the residual solvent (1H: C6D6, 7.15 ppm; CD2Cl2, 5.32 ppm; 

13C: C6D6, 128.0 ppm, CD2Cl2, 53.84 ppm). Linear predictions were used in all 29Si NMR 

spectra to remove the signals that corresponded to the Si in the employed NMR tubes. 
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Infrared (IR) spectra were recorded on a Thermo Scientific Nicolet iS5 system equipped 

with an iD3 attenuated total reflectance (ATR) attachment (diamond crystal) or using KBr 

pellets. High resolution mass spectra (HRMS) were obtained with a Waters Micromass 

Autospec-Ultima (CI). Elemental analyses were performed with a ThermoScientific Flash 

2000 Organic Elemental Analyzer. 

2.4.2 Syntheses 

DAC-Phenylsilane Adduct (1): Phenylsilane (32.7 µL, 0.265 mmol, 1 eq) was 

added to a stirred solution of N,N′-dimesityl-4,6-diketo-5,5-dimethylpyrimidin-2-ylidene 

(100 mg, 0.266 mmol) in benzene (3.00 mL) at ambient temperature and allowed to stir for 

1 h. After removing the residual solvent under reduced pressure, the solid residue was 

washed with series of ether and pentane washes, decanted, and then dried under vacuum to 

afford the desired product as a white solid (0.106 g, 0.219 mmol, 82% yield). Slow 

evaporation of benzene solution afforded crystals suitable for single crystal X-ray 

diffraction analysis. mp = 220-220 °C. 1H NMR (C6D6, 400.09 MHz) δ 1.51 (s, 3H), 1.88 

(s, 6H), 1.95 (s, 3H), 2.02 (s, 6H), 2.34 (s, 6H), 3.78 (d, J = 3.2 Hz, 2H), 6.02 (t, J = 3.2 

Hz, 1H), 6.35 (s, 2H), 6.57 (d, J = 7.2 Hz, 2H), 6.68 (s, 2H), 6.80 (t, J = 7.4 Hz, 2H), 6.97 

(t, J = 7.4 Hz, 1H).  13C NMR (C6D6, 100.50 MHz): δ 19.05, 19.33, 20.86, 21.01, 22.54, 

48.30, 61.91, 127.32, 127.87, 129.61, 129.77, 134.87, 136.55, 137.34, 137.35, 138.26, 

172.27. 29Si NMR (C6D6, 119.15 MHz): δ -32.99. IR (KBr): ν = 2966.1, 2920.3, 2795.6, 

2199.5, 2179.0, 1686.6, 1656.1, 1404.0, 1356.6, 1219.3, 1094.3, 913.3, 896.56, 866.9, 

852.0 cm-1. HRMS (CI): [M+H]+ calcd. for C30H37N2O2Si: 485.2624; Found: 485.2622. 

Anal. calcd. for C30H36N2O2Si: C, 74.34; H, 7.49; N, 5.78; Found: C, 74.0.; H, 7.34; N, 

5.68. 
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DAC-Diphenylsilane Adduct (2): Diphenylsilane (49.30 µL, 0.2656 mmol, 1 eq) 

was added to a stirred solution of N,N′-dimesityl-4,6-diketo-5,5-dimethylpyrimidin-2-

ylidene (100 mg, 0.2656 mmol) in benzene (3.00 mL) at ambient temperature and allowed 

to stir for 1 h. After removing the residual solvent under reduced pressure, the solid residue 

was washed with series of ether and pentane washes, decanted, and then dried under 

vacuum to afford the desired product as a white solid (0.1329 g, 0.2370 mmol, 89% yield). 

mp = 187-190 °C. 1H NMR (C6D6, 400.09 MHz) δ 1.58 (s, 3H), 1.87 (s, 6H), 1.95 

(overlapping s, 9H), 2.27 (s, 6H), 4.58 (d, J = 4.4 Hz, 1H), 6.05 (s, 2H), 6.37 (d, J = 4.4 Hz, 

1H), 6.58 (s, 2H), 6.79 (t, J = 7.4 Hz, 4H), 6.89 (overlapping m, 6H).  13C NMR (C6D6, 

125.69 MHz): δ 19.54, 19.74, 20.80, 20.94, 30.18, 48.16, 63.61, 127.29, 129.10, 129.45, 

129.50, 131.77, 134.57, 136.69, 137.50, 137.93, 138.05, 172.55. 29Si NMR (C6D6, 99.31 

MHz): δ -19.50. IR (KBr): ν = 3068.4, 2979.1, 2919.5, 2766.6, 2178.8, 2171.5, 1684.4, 

1651.9, 1609.7, 1587.0, 1483.2, 1462.6, 1428.4, 1400.4, 1368.1, 1354.5, 1330.0, 1280.3, 

1216.9, 1161.2, 1090.4, 1029.41, 886.39, 862.0, 850.1 cm-1. HRMS (CI): [M+H]+ calcd. 

for C36H41N2O2Si: 561.2937; Found: 561.2932. Anal. calcd. for C36H40N2O2Si: C, 77.10; 

H, 7.19; N, 5.00; Found: C, 77.24; H, 7.17; N, 4.73. 

DAC-Dimethylphenylsilane Adduct (3): N,N′-dimesityl-4,6-diketo-5,5-

dimethylpyrimidin-2-ylidene (500 mg, 1.3281 mmol) dissolved in C6D6 (3.00 ml) was 

added dropwise to stirring dimethylphenylsilane (1.02 mL, 6.6405 mmol, 5 eq) and 

allowed to stir at 60 °C for 13 h. The volatiles were then removed under reduced pressure 

and the solid residue was washed with hexanes to afford the desired product as a white 

powder (0.2839 g, 0.5537 mmol, 42 % yield). mp = 208-210 °C 1H NMR (C6D6, 599.75 

MHz) δ -0.18 (s, 6H), 1.51 (s, 3H), 1.85 (s, 6H), 1.89 (s, 3H). 2.03 (s, 6H), 2.32 (s, 6H). 

6.05 (s, 1H), 6.32 (m, 2H), 6.67 (overlapping m, 4H), 6.89 (m, 2H), 7.03 (m, 1H). 13C NMR 

(C6D6, 150.81 MHz): δ -0.72, 19.48, 19.56, 20.87, 21.01, 22.97, 47.89, 64.72, 127.23, 
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128.53, 128.53, 128.78, 129.39, 129.83, 133.31, 136.84, 137.00, 137.33, 137.99, 138.57, 

172.78. 29Si NMR (C6D6, 119.15 MHz): δ -6.90. IR (ATR): ν = 3566.1, 2985.6, 2158.9, 

2027.2, 1688.0, 1654.0, 1607.2, 1478.4, 1459.9, 1427.7, 1396.7, 1368.5, 1352.6, 1282.7, 

1259.4, 1246.1, 1216.4, 1157.2, 1110.9, 1089.6, 1035.0, 885.6, 861.4, 832.6 cm-1. HRMS 

(CI): [M+H]+ calcd. for C32H41N2O2Si: 513.2937; Found: 513.2944. Anal. calcd. for 

C32H40N2O2Si: C, 74.96; H, 7.86; N, 5.46; Found: C, 74.64; H, 7.87; N, 5.33. 

DAC-Trichlorosilane Adduct (4): Trichlorosilane (26.81 µL, 0.2652 mmol, 1 eq) 

was added to a stirred solution of N,N′-dimesityl-4,6-diketo-5,5-dimethylpyrimidin-2-

ylidene (100 mg, 0.2656 mmol) in benzene (3.00 mL) at ambient temperature and allowed 

to stir for 1 h. After removing the residual solvent under reduced pressure, the solid residue 

was washed with series of ether and pentane washes, decanted, and then dried under 

vacuum to afford the desired product as a white solid (0.1031 g, 0.2014 mmol, 76% yield). 

mp = 194-196 °C. 1H NMR (C6D6, 400.09 MHz) δ 1.77 (s, 3H), 1.87 (s, 3H), 2.02 (s, 6H), 

2.05 (s, 6H), 2.37 (s, 6H), 5.62 (s, 1H), 6.65 (s, 2H), 6.69 (s, 2H).  13C NMR (C6D6, 100.50 

MHz): δ 19.29, 19.87, 20.83, 23.00, 26.59, 46.73, 70.22, 130.01, 130.06, 134.96, 135.22, 

138.52, 139.64, 170.21. 29Si NMR (C6D6, 119.15 MHz): δ -2.69. IR (KBr): ν = 3314.2, 

3004.9, 2987.7, 2918.8, 2199.5, 1692.1, 1663.5, 1607.5, 1460.5, 1410.2, 1376.4, 1356.5, 

1218.6, 1161.8, 1092.3, 861.9, 854.2, 589.8 cm-1. HRMS (CI): [M+H]+ calcd. for 

C24H30N2O2SiCl3: 511.1142; Found: 511.1142. Anal. calcd. for C24H29N2O2SiCl3: C, 

56.31; H, 5.71; N, 5.47; Found: C, 56.43; H, 5.56; N, 5.37. 

DAC-Trimethoxysilane Adduct (5): Trimethoxysilane (33.81 µL, 0.2656 mmol, 

1 eq) was added to a stirred solution of N,N′-dimesityl-4,6-diketo-5,5-dimethylpyrimidin-

2-ylidene (100 mg, 0.2656 mmol) in benzene (3.00 mL) at ambient temperature and 

allowed to stir for 1 h. After removing the residual solvent under reduced pressure, the 

solid residue was washed with series of ether and pentane washes, decanted, and then dried 
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under vacuum to afford the desired product as a white solid (0.0690 g, 0.1385 mmol, 52% 

yield). Slow diffusion of pentane into dichloromethane saturated with 5 under ambient 

conditions afforded crystals suitable for single crystal X-ray diffraction analysis. mp = 215-

217 °C. 1H NMR (C6D6, 400.09 MHz) δ 1.73 (s, 3H), 1.98 (s, 3H), 2.10 (s, 6H), 2.18 (s, 

6H), 2.44 (s, 6H), 2.73 (s, 9H), 5.43 (s, 1H), 6.72 (s, 2H), 6.79 (s, 2H).  13C NMR (C6D6, 

100.50 MHz): δ 19.00, 19.12, 20.80, 21.55, 23.99, 47.45, 50.23, 61.81, 128.87, 129.23, 

136.69, 137.01, 138.59, 171.48. 29Si NMR (C6D6, 119.15 MHz): δ -57.43. IR (KBr): ν = 

2982.6, 2940.4, 2844.7, 1687.4, 1656.0, 1483.4, 1460.1, 1402.4, 1355.3, 1222.1, 1190.2, 

1160.3, 1107.0, 884.8, 815.9, 514.4 cm-1. HRMS (CI): [M+H]+ calcd. for C27H39N2O5Si: 

499.2628; Found: 499.2624. Anal. calcd. for C27H38N2O5Si: C, 65.03; H, 7.68; N, 5.62; 

Found: C, 64.82; H, 7.32; N, 5.74. 

DAC-Aluminum chloride Adduct (6): Aluminum chloride (35.42 mg, 0.2656 

mmol, 1 eq) was added to a stirred solution of N,N′-dimesityl-4,6-diketo-5,5-

dimethylpyrimidin-2-ylidene (100 mg, 0.2656 mmol) in benzene (3.00 mL) at ambient 

temperature and allowed to stir for 1 h. After removing the residual solvent under reduced 

pressure, the solid residue was washed with series of ether and pentane washes, decanted, 

and then dried under vacuum to afford the desired product as a yellow/white solid (0.0875 

g, 0.1716 mmol, 65% yield). Single crystals suitable for single crystal X-ray diffraction 

analysis were grown from a concentrated solution of benzene. mp = 164-166 °C. 1H NMR 

(C6D6, 400.09 MHz) δ 1.27 (overlapping s, 6H), 2.04 (s, 6H), 2.11 (s, 12H), 6.76 (s, 4H).  

13C NMR (C6D6, 125.70 MHz): δ 18.92, 21.04, 23.92, 52.84, 128.53, 130.80, 131.74, 

136.56, 141.79, 172.12 (the resonance corresponding to former carbene carbon was not 

observed, presumably due to coupling to the Al center). 27Al NMR (C6D6, 76.73 MHz): δ 

7.17. IR (KBr): ν = 2987.7, 2923.5, 1798.8, 1765.4, 1621.1, 1481.2, 1457.0, 1391.1, 

1333.9, 1314.0, 1271.2, 1234.1, 1193.4, 1173.2, 1083.3, 1033.4, 975.2, 937.9, 847.2, 764.7 
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cm-1. HRMS could not be obtained, presumably due to the instability of compound toward 

the ionization techniques employed (i.e., CI and ESI) as well as its sensitivity toward 

moisture. Anal. calcd. for C24H28N2O2AlCl3: C, 56.54; H, 5.54; N, 5.49; Found: C, 56.17; 

H, 5.63; N, 5.12. 

DAC-Trimethylaluminum Adduct (7): A 2 M solution of trimethylaluminum in 

toluene (0.70 ml, 1.400 mmol, 5 eq) was added to a stirred solution of N,N′-dimesityl-4,6-

diketo-5,5-dimethylpyrimidin-2-ylidene (100 mg, 0.2656 mmol) in benzene (3.00 mL) at 

ambient temperature and allowed to stir for 1 h. After removing the formed precipitate by 

PTFE filtration of the reaction mixture, the PTFE filter was first washed several times with 

toluene and then rinsed with solution mixture of dichloromethane and benzene. The 

dichloromethane/benzene residue was dried under vacuum to afford the desired product as 

an off-white pale yellow solid (0.0691 g, 0.1166 mmol, 44% yield). Slow diffusion of 

pentane into dichloromethane saturated with 7 under ambient conditions afforded crystals 

suitable for single crystal X-ray diffraction analysis. mp = 179-181 °C (decomp). 1H NMR 

(C6D6, 399.68 MHz) δ -0.86 (s, 12H), -0.28 (s, 3H), -0.14 (s, 3H), 0.96 (s, 3H), 1.09 (s, 

3H), 1.71 (3H), 1.94 (s, 6H), 2.02 (s, 6H), 2.24 (s, 6H), 6.66 (s, 2H), 6.77 (s, 2H). 13C NMR 

(C6D6, 125.70 MHz): δ -5.83, -3.88, -3.03, 11.55, 18.59, 20.72, 20.78, 20.98, 21.45, 34.15, 

83.83, 128.29, 128.53, 130.03, 131.05, 131.33, 137.07, 137.48, 141.73, 162.77. 27Al NMR 

(C6D6, 499.85 MHz): δ 53.82, 157.55. IR (KBr): ν = 3414.7, 3022.3, 2953.5, 2918.3, 

2885.3, 1611.3, 1534.3, 1482.1, 1410.8, 1383.9, 1358.7, 1268.8, 1248.1, 1213.7, 1192.8, 

1095.0, 1036.5, 1009.1, 900.6, 856.1, 787.8, 770.7, 711.3 cm-1. HRMS could not be 

obtained, presumably due to the instability of compound toward the ionization techniques 

employed (i.e., CI and ESI) as well as its sensitivity toward moisture. Anal. calcd. for 

C33H55N2O2Al3: C, 66.87; H, 9.35; N, 4.73; Found: C, 67.07; H, 9.45; N, 4.53. 
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Chapter 3: Ambiphilic Carbene Induced B-H Activation of BH3 
Complexes2 

3.1 INTRODUCTION 

Boranes are primarily utilized in the hydroboration of a wide range of unsaturated 

organic molecules, wherein B-H bonds undergo 1,2-addition across π systems.1,2 However, 

due to the intrinsic reactivity of borane complexes, hydroborations are not typically highly 

selective, can be difficult to control, and usually afford various side products. Over the past 

several decades, a number of transition metal catalysts have been developed to improve 

control over hydroboration chemistry.3-5 Such catalysts offer a superior alternative to 

classical methods via the usage of pinacolborane or derivatives thereof. More recently, 

efforts have been directed toward the activation of hydroboranes using carbenes, which in 

some cases are known to mimic the reactivity of transition metal complexes.6 The 

development of an organocatalyzed hydroboration could enable the direct use of BH3 

complexes as opposed to functionalized derivatives (i.e., BR3, HB(OR)2, etc.) as starting 

materials and/or enhance selectivities. 

Although dichlorocarbene and select carbenoids have been shown to facilitate the 

1,1-insertion of BH3 complexes, the corresponding transformations were non-selective and 

did not proceed in a controlled manner.7-8 In addition, such B-H bond activation processes 

typically result in multiple hydride additions and/or rearrangement.7-8 As such, efforts have 

been directed towards the use of carbenes that are isolable and exhibit predictable 

reactivities as means to realize organocatalyzed hydroborations.9-12 Collectively, these 

efforts have demonstrated that most isolable carbenes, including the NHCs and the 

CAACs,13 result in the formation of Lewis acid–base adducts upon exposure to BH3 (i.e., 

                                                 
2 Portions of this chapter were adapted with permission from Lastovickova, D. N.; Bielawski, C. W. 
Organomettalics 2016, 35, 706–712. Copyright (2016) American Chemical Society. 
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B-H activation is not observed, Scheme 3.1).14-17 While NHC–BH3 complexes have been 

shown to serve as hydroboration reagents, the use of a radical initiator, such as I2, is 

typically used to perform the corresponding transformations.15-22 

Scheme 3.1:  Formation of a NHC-borane Lewis acid–base adduct and 1,1-insertion of 
pinacolborane.  

The paucity of examples of isolable carbenes that facilitate the 1,1-addition of BH3 

may be attributed to an energetically unfavorable double electron transfer process wherein 

the borane is required to act as both a π acceptor and a σ donor.7-8,17,26 For this reason, B-

H activation requires a carbene with sufficient nucleophilicity to facilitate σ electron 

donation to the Lewis acidic borane as well as sufficient electrophilicity to enable π back-

bonding from the resultant BH3 complex.7-8,17,26 

Our group and others have previously demonstrated that the DACs are ambiphilic 

and exhibit diminished nucleophilicity when compared to the NHCs and CAACs. The 

DACs were also shown to activate a broad range of relatively inert substrates, including 

silanes, ammonia, and carbon monoxide.27-38 As a result, we envisioned that the attenuated 

σ donating properties of the DAC’s carbene nucleus should enable the necessary orbital 
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overlap needed to activate a B-H bond. Herein, we report the first isolable carbene-induced 

activation of various BH3 complexes and bis(pinacolato)diboron as well as 9-

borabicyclo[3.3.1]nonane (9-BBN) and pinacolborane.17 Furthermore, the resultant DAC 

activated BH3 adducts were shown to be active hydroboration reagents that operated under 

mild conditions and in the absence of initiators. 

3.2 RESULTS AND DISCUSSION 

Our efforts began by adding a CH2Cl2 solution of the free DAC dropwise to an 

excess (8.8 equiv.) borane dimethyl sulfide in a solution of dimethyl sulfide (SMe2).39 After 

the reaction mixture was stirred for 1 h at ambient temperature, the volatiles were removed 

under reduced pressure. Trituration of the resulting residue with ether and pentane afforded 

the B-H bond activated adduct 1.SMe2 as a white solid in 84% isolated yield (Scheme 3.2). 

The 1H NMR spectrum recorded for the purified product exhibited a diagnostic singlet at 

δ 5.68 ppm (CD2Cl2) that was assigned to a methine group as well as a singlet at δ 1.24 

ppm, which indicated that the SMe2 remained datively coordinated to the boron atom. The 

former assignment was supported by a 13C NMR signal recorded at δ 66.27 ppm (c.f., the 

carbene nucleus in the DAC resonates at δ 277.73 ppm). In addition, 11B NMR 

spectroscopic analysis of 1.SMe2 revealed a signal at δ -10.44 ppm which further supported 

the formation of a four-coordinate sp3 hybridized boron center. The abovementioned 

structural assignment was subsequently confirmed via single crystal X-ray diffraction 

analysis (Table 3.1). 

Isolated 1.SMe2 was observed to convert into the ring-expanded product 2 slowly 

over time. 1H NMR analysis revealed a gradual decrease of the methine signal (δ 5.86 ppm, 

C6D6) with concomitant appearance of a signal assigned to a methylene at δ 3.29 ppm. As 

shown in Figure 3.1, the structure of 2 was subsequently verified via single crystal X-ray 
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diffraction analysis. The formation of 2 suggested to us that the borane component of 

1.SMe2 retained its hydridic-like reactivity and that the datively bonded SMe2 was essential 

to the stability of the corresponding complex.15,40 As such, efforts were directed towards 

enhancing the stability of 1.SMe2. 

Scheme 3.2: DAC-induced activation of BH3-SMe2 complexes followed by 
intramolecular ring-expansion.  

Consistent with other boron complexes, the use of lower temperatures, higher 

concentrations of 1.SMe2, or excess Lewis base (i.e., 10 equiv of SMe2) effectively 

inhibited the detachment of SMe2, as determined by 1H NMR spectroscopy.1,41 While 

dissolution in non-coordinating, polar solvents, such as CD2Cl2 or CDCl3, resulted in 

intermediate rates of ring-expansion, the use of polar, coordinating solvents (e.g., THF) 

diminished the intramolecular ring-expansion process.42 The aforementioned results 

suggested to us that the use of Lewis basic additives should improve the stability of the 

BH3 activated DAC-borane adduct.1,41 

Exposing 1.SMe2 to strongly Lewis basic solvents, such as triethylamine or 

pyridine, liberated the SMe2 and resulted in the formation of the corresponding amine-

coordinated adducts. Likewise, adding a CH2Cl2 solution of the DAC to a CH2Cl2 solution 

of the borane–pyridine complex afforded 1.py, which was subsequently isolated in 90% 
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yield. The structure of the corresponding adduct was determined in part by the observation 

of a triplet at δ 5.62 ppm (CDCl3) in the respective 1H NMR spectrum, and subsequently 

assigned to a methane group. Unlike 1.SMe2, the amine-stabilized adduct 1.py did not 

undergo intramolecular ring-expansion and displayed good stability under air up to 120 °C. 

Moreover, no reaction was observed when 1.py was exposed to excess water (~2,000 

equiv.) at 80 °C. The differences in reactivity displayed by 1.SMe2 and 1.py may be gleaned 

upon inspection of the single crystal X-ray diffraction data. As expected, the solid-state 

structure of 1.py revealed a significantly shorter dative bond between the boron atom and 

the pyridine moiety (1.609(3) Å) when compared to the analogous bond measured in the 

1.SMe2 adduct (1.986(6) Å).  

Figure 3.1:  POV-ray representation of 2 showing ellipsoids at 50% probability. Selected 
distances (Å) and angles (°): C1-B1, 1.558(3); C1-N1, 1.456(3); B1-N2, 
1.423(3); B1-C1-N1, 123.28(18); C1-B1-N2, 127.2(2). 

Similarly, the adduct 1.NMe3, which was prepared by adding a C6H6 solution of the 

DAC to a C6H6 solution of the borane–trimethylamine complex, was found to be relatively 

stable. In the solid state, 1.NMe3 featured a relatively short B–N distance (1.647(3) Å) when 

compared to the aforementioned B–S bond measured for 1.SMe. Collectively, these results 

indicated that the amines coordinated more strongly to the B atom than SMe2 in 1 and 

therefore enhanced the stability accordingly.1,43-44 
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 1.SMe2 1.py 1.NMe3 

B1-Base (Å) 1.986(6) 1.609(3) 1.647(3) 

C1-B1 (Å) 1.643(7) 1.634(3) 1.649(3) 

C1-N1 (Å) 1.491(6) 1.486(3) 1.493(3) 

C1-N2 (Å) 1.496(6) 1.492(3) 1.492(3) 

Table 3.1: A summary of bond lengths for various Lewis base stabilized DAC-BH3 adducts. 
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To evaluate the scope of the DAC-mediated B-H bond activations, the free carbene 

was independently exposed to 9-BBN and pinacolborane. Addition of a stoichiometric 

quantity of a 1 M THF solution of 9-BBN to a C6H6 solution of the DAC followed by 

stirring the corresponding mixture for 1 h at room temperature resulted in the formation of 

the B-H bond activated adduct 3 in nearly quantitative yield (Figure 3.2). Likewise, the 

adduct 4 was obtained upon the addition of 1 equiv. of pinacolborane to a C6H6 solution of 

the DAC. The structural assignments were supported by 1H, 11B and 13C NMR 

spectroscopy as well as single crystal X-ray diffractometry for 4 (see the Supporting 

Information of Appendix B). 

Figure 3.2:  POV-ray representation of 3 showing ellipsoids at 50% probability. Selected 
distances (Å) and angles (°): C1-B1, 1.630(6); C1-N1, 1.478(6); C1-N2, 
1.478(6); B1-C1-N1, 110.1(4); B1-C1-N2, 119.8(4); N1-C1-N2, 108.1(3).  

We also explored the ability of the DAC to activate bis(pinacolato)diboron, a non-

hydride containing boron reagent that has also been used in catalytic hydroborations.3–5,44–

45 Introducing a stoichiometric quantity of bis(pinacolato)diboron to a C6D6 solution of 
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DAC resulted in B-B bond scission and afforded the adduct 5 in 77% yield after 

purification. The structure of 5 was supported by a resonance recorded at δ 84.35 ppm in 

the 13C NMR spectrum (C6D6) of the complex, which was assigned to the carbene derived 

nucleus, the observation of a 11B NMR signal at δ 29.96 ppm, consistent to those recorded 

for other boronic esters,46 and a single crystal X-ray diffraction analysis (Figure 3.3). The 

formation of 5 constitutes one of the few instances14,47 of carbene facilitated homonuclear 

bond activations and the first example of cleaving a B-B bond using a carbene. 

Figure 3.3:  POV-ray representation of 5 showing ellipsoids at 50% probability. Selected 
distances (Å) and angles (°): C1-B1, 1.6151(17); C1-B2, 1.6209(16); C1-
N1, 1.4941(14); C1-N2, 1.5098(14); B1-C1-B2, 105.34(9); B1-C1-N1, 
106.85(9); B1-C1-N2, 112.56(9); B2-C1-N1, 111.99(9); B2-C1-N2, 
111.37(9); N1-C1-N2, 108.67(8).  

Finally, we probed the abilities of the DAC activated BH3 adducts to add across π 

systems. Exposing 1.SMe2 to an internal olefin (i.e., 1,5-cyclooctadiene) resulted in 
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quantitative hydroboration and yielded a product identical to that obtained upon 

introducing the DAC to 9-BBN (i.e., 3). As summarized in Scheme 3.3, 1.SMe2 also 

effectively promoted the hydroboration of terminal olefins, such as monosubstituted 1-

octene, and a 1,1-disubstituted olefin in quantitative yields, as determined by 1H NMR 

spectroscopy. Furthermore, the aforementioned reactions not only proceeded under mild 

conditions and at ambient temperature but also in the absence of any initiators that are 

typically required when using NHC–BH3 type hydroboration reagents.15-22 Indeed, the 

differences between the DAC- and NHC-based reagents stem from their fundamentally 

distinct hydroboration mechanisms. While the latter proceed via radical pathways, the 

former utilize hydride-facilitated additions across various π systems. 

Scheme 3.3: 1.SMe2 mediated initiator-free hydroboration of various internal and 
terminal olefins. 
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3.3 CONCLUSION 

In summary, a DAC was successfully used to activate B-H as well as B-B bonds 

found in a wide range of borane complexes and comprise the first such examples for an 

isolable carbene. The resulting DAC-BH3 adducts were found to be Lewis acidic and 

coordinated to various Lewis bases. While the SMe2 stabilized adduct readily underwent 

intramolecular ring-expansion, exposure to amines enhanced coordination and 

significantly increased the stability of the corresponding adducts. As the 1,1-insertion 

adducts described herein are Lewis acidic and promote hydroboration of olefins under 

ambient temperature without a need for initiators they may facilitate the realization of a 

hydroboration organocatalyst. 

3.4 EXPERIMENTAL SECTION 

3.4.1 General Consideration 

All procedures were performed in a nitrogen-filled glove box unless otherwise 

noted. Solvents were dried and degassed by a Vacuum Atmospheres Company solvent 

purification system and stored over 4 Å molecular sieves in a nitrogen-filled glove box. 

Unless otherwise specified, reagents were purchased from commercial sources and used 

without further purification. N,N′-dimesityl-4,6-diketo-5,5-dimethylpyrimidin-2-ylidene 

was synthesized according to previously reported procedures.29 Melting points were 

obtained using a Stanford Research Systems MPA100 OptiMelt automated melting point 

apparatus and are uncorrected. NMR spectra were recorded on a Varian 400, 500, or 600 

MHz spectrometer or a Bruker 400 MHz spectrometer. Chemical shifts (δ) are given in 

ppm and are referenced to the residual solvent (1H: CDCl3, 7.26 ppm; C6D6, 7.16 ppm; 

CD2Cl2, 5.32 ppm; THF-d8, 1.72 ppm and 3.58 ppm; 13C: CDCl3, 77.16 ppm; C6D6, 128.06 

ppm; CD2Cl2, 53.84 ppm; 19F: -63.73 ppm, CF3C6H5 in CDCl3). Linear predictions were 
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applied to all 11B NMR spectra to remove the signals that corresponded to the boron found 

in the glass of the NMR tubes used in the corresponding experiments; the 11B NMR 

spectrum of C6D6 as a ‘blank’ was also collected as a reference. To increase the stability 

of the DAC activated BH3 complexes (i.e., to minimize intramolecular ring-expansion) and 

thus improve their corresponding 11B NMR spectra, an excess of a borane reagent was 

added to each sample analyzed. Infrared (IR) spectra were recorded on a Thermo Scientific 

Nicolet iS5 system equipped with an iD3 attenuated total reflectance (ATR) attachment 

(diamond crystal) or using KBr pellets or using Agilent Technologies Cary 630 FTIR 

equipped with attenuated total reflectance (ATR) attachment (Ge crystal). High resolution 

mass spectra (HRMS) were obtained with a Waters Micromass Autospec-Ultima (CI), 

Waters Xevo G2-XS Q-ToF (ESI), or Agilent 6530 QTOF (ESI) mass spectrometer. 

Elemental analyses were performed with a ThermoScientific Flash 2000 Organic 

Elemental Analyzer. 

3.4.2 Syntheses  

DAC-BH3
.SMe2 (1.SMe2): N,N′-dimesityl-4,6-diketo-5,5-dimethylpyrimidin-2-

ylidene (300 mg, 0.7968 mmol) dissolved in dichloromethane (1.00 mL) was added to a 

stirred solution containing 10 M borane dimethyl sulfide complex in excess dimethyl 

sulfide  (0.70 mL, 7.0 mmol, 8.8 eq) at ambient temperature and allowed to stir for 1 h. 

After removing the residual solvent under reduced pressure, the solids were washed with a 

series of exposures to ether and pentane, and then dried under vacuum to afford the desired 

product as a white solid (0.303 g, 0.6702 mmol, 84% yield). Single crystals suitable for X-

ray diffraction analysis were grown from a concentrated solution of dichloromethane at -

20 °C. mp ≥ 175 °C (dec.). 1H NMR (CD2Cl2, 499.86 MHz): δ 1.24 (s, 6H), 1.47 (s, 3H), 

1.62 (s, 3H), 2.14 (s, 6H), 2.22 (s, 6H), 2.26 (s, 6H), 5.68 (s, 1H), 6.88 (s, 2H), 6.90 (s, 



 41 

2H); the signal for the two H atoms bonded to boron was not observed due to 1H–11B spin–

spin coupling.46 13C NMR (CD2Cl2, 125.70 MHz): δ 19.02, 19.34, 19.88, 20.72, 22.34, 

25.72, 26.08, 47.46, 66.27, 128.64, 129.03, 136.409, 137.25, 137.57, 173.43. 11B NMR 

(C6D6, 192.42 MHz): δ -10.44 (bs). IR (KBr): ν = 3342.5, 2919.9, 2858.6, 2380.7, 2304.8, 

1694.9, 1652.4, 1607.2, 1486.3, 1464.2, 1398.9, 1386.8, 1371.6, 1281.4, 1248.1, 1221.9, 

1164.2, 1098.3, 1066.8, 1031.9, 850.7, 756.3, 723.3, 568.3 cm-1. HRMS (CI): [M-H]+ 

calcd. for C26H38N2O2BS: 451.2591; Found: 451.2588. Anal. calcd. for C26H37N2O2BS: C, 

69.02; H, 8.24; N, 6.19; S, 7.09; Found: C, 68.92; H, 8.24; N, 6.18; S, 6.81. 

DAC-BH3
.py (1.py): N,N′-dimesityl-4,6-diketo-5,5-dimethylpyrimidin-2-ylidene 

(100 mg, 0.2656 mmol) dissolved in dichloromethane (1.00 mL) was added to a stirred 8 

M solution containing borane pyridine complex in dichloromethane (0.20 mL, 1.6 mmol, 

6.0 eq) at ambient temperature and allowed to stir for 1 h. After removing the residual 

solvent under reduced pressure, the solids were washed with series of exposures to ether 

and pentane, and then dried under vacuum to afford the desired product as a white solid 

(0.112 g, 0.2386 mmol, 90% yield). Slow diffusion of pentane into dichloromethane 

saturated with 1.py under ambient conditions afforded crystals suitable for X-ray 

diffraction analysis. mp = 212 °C. 1H NMR (C6D6, 400.18 MHz): δ 1.62 (s, 3H), 1.80 (s, 

3H), 1.87 (s, 6H), 2.05 (s, 6H), 2.42 (s, 6H), 3.06 (br q, J = 97.38 Hz, 2H), 5.58 (t, J = 4.00 

Hz, 1H), 6.22 (t, J = 8.00 Hz, 2H), 6.36 (s, 2H), 6.73 (m, 3H), 7.14 (d, J = 4.00 Hz, 2H). 

13C NMR (CDCl3, 125.70 MHz): δ 19.21, 19.73, 21.02, 21.18, 22.59, 47.43, 68.39, 125.12, 

128.60, 128.87, 129.21, 135.70, 136.99, 137.50, 137.87, 139.54, 147.03, 173.36. 11B NMR 

(C6D6, 160.37 MHz): δ -7.90 (bs). IR (KBr): ν = 3002.4, 2979.3, 2915.3, 2435.1, 2410.8, 

2356.8, 2305.3, 2280.4, 1667.0, 1639.6, 1606.6, 1486.9, 1457.4, 1416.3, 1369.6, 1353.8, 

1234.0, 1210.7, 1175.2, 1139.5, 1109.2, 1092.9, 844.3, 752.7, 700.2, 687.6, 683.6 cm-1. 
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HRMS (ESI): [M+H]+ calcd. for C29H37N3O2B: 470.29790; Found: 470.29880. Anal. 

calcd. for C29H36N3O2B: C, 74.20; H, 7.73; N, 8.95; Found: C, 73.85; H, 7.47; N, 9.12. 

DAC-BH3
.NMe3 (1.NMe3): N,N′-dimesityl-4,6-diketo-5,5-dimethylpyrimidin-2-

ylidene (500 mg, 1.3281 mmol) was dissolved in benzene (5.0 mL) and added dropwise 

into a stirred benzene (2.0 mL) solution of the borane trimethylamine complex (0.48 g, 

6.5798 mmol, 5 eq). The reaction mixture was then allowed to stir at ambient temperature 

for 3 d. After removing the residual solvent under reduced pressure, the solid residue was 

washed with series of exposures to ether and pentane, and then dried under vacuum to 

afford the desired product as a white solid (0.2332 g, 0.5189 mmol, 39% yield). Slow 

evaporation of benzene solution containing 1.NMe3 afforded crystals suitable for X-ray 

diffraction analysis. mp = 184-191 °C. 1H NMR (CD2Cl2, 400.18 MHz): δ 1.46 (s, 3H), 

1.64 (s, 12H), 2.23 (s, 6H), 2.24 (s, 6H), 2.33 (s, 6H), 4.47 (s, 1H), 6.87 (s, 2H), 6.90 (s, 

2H); the signal for the two H atoms bonded to boron was not observed due to 1H–11B spin–

spin coupling.46 13C NMR (CD2Cl2, 100.63 MHz): δ 19.41, 20.59, 20.91, 20.96, 27.65, 

46.14, 129.31, 130.11, 135.44, 136.27, 137.54, 139.49, 169.70. 11B NMR (C6D6, 160.37 

MHz): δ -3.73 (bs). IR (ATR): ν = 3019.3, 2985.3, 2916.0, 2873.5, 2465.9, 2430.8, 1661.8, 

1634.8, 1606.9, 1480.1, 1458.6, 1432.1, 1215.7, 1161.4, 1143.0, 1099.3, 982.5, 857.5, 

845.7 cm-1. HRMS (ESI): [M+H]+ calcd. for C27H41N3O2B: 450.3292; Found: 450.3290. 

Anal. calcd. for C27H40N3O2B: C, 72.15; H, 8.97; N, 9.35; Found: C, 71.81; H, 8.96; N, 

9.13. 

DAC-BH3
.SMe2 Ring Expanded Adduct (2): A benzene solution (1.0 mL) of 

1.SMe2 (100 mg, 0.2068 mmol) was stirred for 24 h at ambient temperature. The residual 

volatiles were then removed under reduced pressure which afforded the desired product as 

a white solid (0.074 g, 0.1903 mmol, 92% yield). Slow evaporation of a benzene solution 

afforded crystals suitable for X-ray diffraction analysis. mp = 175-183 °C. 1H NMR (C6D6, 
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499.86 MHz): δ 1.54 (s, 6H), 1.95 (s, 6H), 1.96 (s, 6H), 2.12 (s, 3H), 2.13 (s, 3H), 3.29 (s, 

2H), 6.75 (s, 4H); the signal for the H atom bonded to boron was not observed due to 1H–

11B spin–spin coupling.46 13C NMR (C6D6, 125.70 MHz): δ 17.49, 18.75, 20.84, 20.90, 

25.86, 129.52, 129.72, 133.86, 134.04, 137.17, 140.53, 141.47, 168.56, 176.25. 11B NMR 

(C6D6, 160.37 MHz): δ 47.71 (bs). IR (KBr): ν = 2977.5, 2923.4, 2861.5, 2449.5, 1682.9, 

1651.7, 1606.2, 1482.9, 1463.9, 1405.2, 1372.6, 1354.5, 1211.8, 1159.6, 1102.6, 1082.0, 

1035.4, 851.2 cm-1. HRMS (ESI): [M+H]+ calcd. for C24H32N2O2B: 391.25557; Found: 

391.25543. Anal. calcd. for C24H31N2O2B: C, 73.85; H, 8.01; N, 7.18; Found: C, 73.60; H, 

7.65; N, 7.38. 

DAC-9-BBN (3): Method A: A 0.5 M THF solution of 9-borabicyclo[3.3.1]nonane 

(0.53 mL, 0.2656 mmol, 1 eq) was added to a stirred solution of N,N′-dimesityl-4,6-diketo-

5,5-dimethylpyrimidin-2-ylidene (100 mg, 0.2656 mmol) in benzene (3.00 mL) at ambient 

temperature and allowed to stir for 1 h. After removing the residual solvent under reduced 

pressure, the solids were washed with series of exposures to ether and pentane, and then 

dried under vacuum to afford the desired product as a white solid (0.132 g, 0.2656 mmol, 

>99% yield).  

Method B: An excess of 1,5-cyclooctadiene (0.07 mL, 0.5713 mmol, 26 eq) was added to 

a stirred solution of 1.SMe2 (10 mg, 0.0221 mmol) in benzene (0.70 mL) at ambient 

temperature and allowed to stir for 20 h. The removal of the volatiles under reduced 

pressure afforded the desired product as a white solid in quantitative yield as determined 

by 1H NMR spectroscopy. mp = 197-203 °C. 1H NMR (C6D6, 499.86 MHz): δ 0.77 (m, 

6H), 1.36 (bs, 2H), 1.49 (m, 4H), 1.50 (s, 3H), 1.56 (m, 2H), 1.99 (s, 9H), 2.10 (s, 6H), 

2.38 (s, 6H), 6.34 (s, 1H), 6.62 (s, 2H), 6.67 (s, 2H). 13C NMR (C6D6, 125.70 MHz): δ 

19.25, 19.49, 20.81, 21.10, 22.69, 22.82, 34.33, 48.15, 129.85, 129.99, 136.76, 136.88, 

138.46, 138.87, 172.55. 11B NMR (C6D6, 192.42 MHz): δ 86.58 (bs). IR (KBr): ν = 2986.3, 



 44 

2971.9, 2923.8, 2846.3, 1690.9, 1656.3, 1483.2, 1447.9, 1407.8, 1379.3, 1356.4, 1323.0, 

1244.9, 1221.3, 1164.9, 1013.1, 858.05 cm-1. HRMS (ESI): [M+H]+ calcd. for 

C32H44N2O2B: 499.34960; Found: 499.34840. Anal. calcd. for C32H43N2O2B: C, 77.10; H, 

8.69; N, 5.62; Found: C, 77.28; H, 8.53; N, 5.64. 

DAC-Pinacolborane (4): Pinacolborane (33.99 mg, 0.2656 mmol, 1 eq) was added 

to a stirred solution of N,N′-dimesityl-4,6-diketo-5,5-dimethylpyrimidin-2-ylidene (100 

mg, 0.2656 mmol) in benzene (3.00 mL) at ambient temperature. The solution was then 

stirred at ambient temperature for 1 h. Afterward, the volatiles were removed under reduced 

pressure which afforded the desired product as a white solid (0.130 g, 0.2655 mmol, >99% 

yield). Slow diffusion of hexanes into benzene saturated with 4 afforded crystals suitable 

for single crystal X-ray diffraction analysis. mp = 274 °C. 1H NMR (C6D6, 400.09 MHz): 

δ 0.33 (s, 12H), 1.54 (s, 3H), 2.01 (s, 3H), 2.05 (s, 6H), 2.22 (s, 6H), 2.50 (s, 6H), 5.92 (s, 

1H), 6.65 (s, 2H), 6.71(s, 2H). 13C NMR (C6D6, 150.82 MHz): δ 18.91, 19.19, 20.80, 21.26, 

22.47, 23.91, 48.36, 84.28, 127.92, 128.08, 128.29, 128.53, 129.13, 129.41, 136.01, 

136.59, 137.73, 139.71, 171.77. 11B NMR (C6D6, 129.42 MHz): δ 28.83. IR (KBr): ν = 

2979.1, 2932.6, 2863.7, 1693.8, 1659.6, 1487.8, 1459.1, 1387.0, 1345.0, 1265.6, 1211.7, 

1170.6, 1141.5, 965.9, 852.0, 604.6 cm-1. HRMS (CI): [M+H]+ calcd. for C30H42N2O4B: 

505.3238; Found: 505.3236. Anal. calcd. for C30H41N2O4B: C, 71.43; H, 8.19; N, 5.55; 

Found: C, 71.55; H, 8.09; N, 5.80. 

DAC-Bispinacolatoboron (5): Bis(pinacolato)diboron (67.45 mg, 0.2656 mmol, 

1 eq) was added to a stirred solution of N,N′-dimesityl-4,6-diketo-5,5-dimethylpyrimidin-

2-ylidene (100 mg, 0.2656 mmol) in benzene (3.00 mL) at ambient temperature and then 

stirred for 1 h. After removing the volatiles under reduced pressure, the residual solids were 

washed with series of exposures to ether and pentane, and then dried under vacuum to 

afford the desired product as a white solid (0.129 g, 0.2045 mmol, 77% yield). Slow 
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evaporation of benzene and dichloromethane solution containing 5 afforded crystals 

suitable for single crystal X-ray diffraction analysis. mp = 193-194 °C. 1H NMR (C6D6, 

399.68 MHz): δ 0.47 (bs, 12H), 1.05 (bs, 12H), 2.10 (s, 6H), 2.21 (s, 6H), 2.55 (s, 12H), 

6.74 (s, 4H). 13C NMR (C6D6, 125.70 MHz): δ 20.66, 21.41, 24.28, 49.29, 84.35, 129.35, 

137.04, 138.59, 175.88. 11B NMR (C6D6, 160.37 MHz): δ 29.96. IR (KBr): ν = 2980.8, 

2926.9, 1672.0, 1641.0, 1473.2, 1412.1, 1372.0, 1356.9, 1338.1, 1227.9, 1206.5, 1137.5, 

967.5, 847.2, 597.8 cm-1. HRMS (CI): [M+H]+ calcd. for C36H53N2O6B2: 630.4011; Found: 

630.4026. Anal. calcd. for C36H52N2O6B2: C, 68.59; H, 8.31; N, 4.44; Found: C, 68.55; H, 

8.36; N, 4.63. 

DAC-BH3
.1-Octene (6): An excess of 1-octene (0.06 mL, 0.3788 mmol, 5 eq) was 

added to a stirred dichloromethane solution (3.00 mL) of 1.SMe2 (37.7 mg, 0.0833 mmol) 

at ambient temperature and allowed to stir for 21 h. The removal of the volatiles under 

reduced pressure afforded the desired product as a white solid in quantitative yield as 

determined by 1H NMR spectroscopy (0.049 g, 0.0797 mmol, 96% isolated yield). mp = 

109-112 °C. 1H NMR (C6D6, 499.86 MHz): δ 0.80-1.28 (br m, 34H), 1.60 (s, 3H), 2.02 (s, 

9H), 2.09 (s, 6H), 2.43 (s, 6H), 6.10 (s, 1H), 6.60 (s, 2H), 6.68 (s 2H). 13C NMR (C6D6, 

125.70 MHz): δ 14.28, 19.46, 19.48, 20.81, 21.25, 22.96, 23.01, 29.52, 29.67, 32.27, 48.41, 

37.49, 129.76, 129.91, 135.25, 136.03, 138.02, 138.68, 172.27. 11B NMR (C6D6, 160.37 

MHz): δ 87.67 (br s). HRMS (ESI): [M+H]+ calcd. for C40H64N2O2B: 615.5061; Found: 

615.5052. Anal. calcd. for C40H63N2O2B: C, 78.15; H, 10.33; N, 4.56; Found: C, 77.84; H, 

10.37; N, 4.22. 

DAC-BH3
.Methylenecyclopentane (7): Five drops of methylene cyclopentane 

were added to a stirred dichloromethane (3.00 mL) solution of 1.SMe2 (49 mg, 0.1083 

mmol) at ambient temperature and allowed to stir for 17 h. The removal of the volatiles 

under reduced pressure afforded the desired product as a white solid in quantitative yield 
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as determined by 1H NMR spectroscopy (0.057 g, 0.1028 mmol, 95% isolated yield). mp 

= 150-152 °C. 1H NMR (C6D6, 499.86 MHz): δ 0.18–0.86 (m, 4H), 1.23 (d, J = 7.00 MHz, 

4H), 1.30-1.43 (br m, 12H), 1.58 (s, 3H), 1.98-1.99 (overlapping s, 9H), 2.10 (s, 6H), 2.40 

(s, 6H), 6.05 (s, 1H), 6.57 (s, 2H), 6.65 (s 2H). 13C NMR (C6D6, 125.70 MHz): δ 19.55, 

19.66, 20.78, 21.56, 23.19, 25.42, 35.39, 36.19, 48.03, 66.74, 129.87, 129.89, 135.81, 

136.36, 138.11, 138.92. 11B NMR (C6D6, 160.37 MHz): δ 83.16 (br s). IR (KBr): ν = 

3464.3, 2950.4, 2859.4, 1689.6, 1659.2, 1606.0, 1480.7, 1462.9, 1443.9, 1369.7, 1356.1, 

1323.6, 1239.7, 1216.2, 1162.5, 1096.3, 848.2 cm-1. HRMS (ESI): [M+H]+ calcd. for 

C36H52N2O2B: 555.4122; Found: 555.4127. Anal. calcd. for C36H51N2O2B: C, 77.96; H, 

9.27; N, 5.05; Found: C, 77.85; H, 8.87; N, 4.95. 

DAC.Boron Trichloride (DAC.BCl3): A 1.0 M solution of boron trichloride in 

hexane (265.6 µL, 0.2656 mmol, 1 eq) was added dropwise to a stirred solution of N,N′-

dimesityl-4,6-diketo-5,5-dimethylpyrimidin-2-ylidene (100 mg, 0.2656 mmol) in benzene 

(3.00 mL) at ambient temperature. The solution was stirred at ambient temperature for 1 h. 

Subsequent removal of the volatiles under reduced pressure afforded the desired product 

as a yellow solid (0.131 g, 0.2656 mmol, >99% yield). Single crystals suitable for X-ray 

diffraction analysis were grown from a concentrated solution of benzene. mp = 135-190 

°C (dec.). 1H NMR (C6D6, 499.86 MHz): δ 1.30 (s, 6H), 2.04 (s, 6H), 2.18 (s, 12H), 6.70 

(s, 4H). 13C NMR (C6D6, 125.70 MHz): δ 19.53, 20.85, 23.27, 52.27, 128.45, 129.76, 

130.31, 133.67, 136.11, 140.11, 172.12. 11B NMR (C6D6, 160.37 MHz): δ 3.67 (s). IR 

(KBr): ν = 3030.5, 2991.8, 2920.6, 1784.6, 1750.7, 1716.6, 1682.8, 1608.5, 1478.8, 1468.8, 

1411.5, 1387.1, 1349.4, 1311.4, 1279.0, 1240.1, 1090.4, 1020.8, 979.3, 944.5, 908.3, 

878.8, 857.8, 746.4, 728.2, 721.8, 708.4, 684.4 cm-1. HRMS (ESI): [M-Cl]+ calcd. for 

C24H28N2O2BCl2: 457.16200; Found: 457.16090. Anal. calcd. for C24H28N2O2BCl3: C, 

58.39; H, 5.72; N, 5.67; Found: C, 58.23; H,5.87; N, 5.78. 
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DAC.Boron Trifluoride (DAC.BF3): A solution of 46.5% boron trifluoride diethyl 

etherate in diethyl ether (70.49 µL, 0.2656 mmol, 1 eq) was added dropwise to a stirred 

solution of N,N′-dimesityl-4,6-diketo-5,5-dimethylpyrimidin-2-ylidene (100 mg, 0.2656 

mmol) in benzene (3.00 mL) at ambient temperature. The solution was stirred at ambient 

temperature for 1 h. After the removal of the volatiles under reduced pressure, the residual 

solids were washed with series of exposures to ether and pentane, and then dried under 

vacuum to afford the desired product as a white solid (0.085 g, 0.1911 mmol, 72% yield). 

Slow evaporation of benzene solution afforded crystals suitable for X-ray diffraction 

analysis. mp = 213-215 °C. 1H NMR (C6D6, 399.68 MHz): δ 1.26 (s, 6H), 2.05 (s, 6H), 

2.14 (s, 12H), 6.75 (s, 4H). 13C NMR (C6D6, 100.50 MHz): δ 18.30, 21.04, 24.13, 52.18, 

129.69, 133.51, 135.01, 139.60, 172.15. 11B NMR (C6D6, 128.39 MHz): δ -1.02 (q, J = 

30.39 Hz). 19F NMR (C6D6, 376.51 MHz): δ -139.04 (q, J = 30.12 Hz). IR (KBr): ν = 

2920.0, 1745.9, 1474.8, 1451.3, 1396.6, 1282.3, 1138.0, 1097.4, 996.0, 913.0 cm-1. HRMS 

(ESI): [M-F]+ calcd. for C24H28N2O2BF2: 425.2212; Found: 425.2304. Anal. calcd. for 

C24H28N2O2BF3: C, 64.88; H, 6.35; N, 6.31; Found: C, 64.56; H, 6.31; N, 6.18. 

2DAC-BH3 Ring Expanded Adduct (2DAC-BH3): A 10 M borane dimethyl 

sulfide in excess dimethyl sulfide (12.06 µL, 0.1206 mmol, 0.5 eq) was added to a stirred 

solution of N,N′-dimesityl-4,6-diketo-5,5-dimethylpyrimidin-2-ylide-ne (100 mg, 0.2656 

mmol) in benzene (3.00 mL) at ambient temperature and allowed to stir for 1 h. The 

reaction mixture was passed through a PTFE filter and the volatiles were removed under 

reduced pressure to afford the desired product as a purple solid (0.0849 g, 0.1107 mmol, 

92% yield). Slow diffusion of hexanes into benzene saturated with 6 afforded crystals 

suitable for X-ray diffraction analysis. mp = 204-206 °C. 1H NMR (C6D6, 400.09 MHz): δ 

1.08 (s, 6H), 1.58 (s, 6H), 1.67 (s, 12H), 2.05 (s, 6H), 2.10 (6H), 2.17 (12H), 4.63 (s, 2H), 

5.33 (1H), 6.50 (s, 2H), 6.58 (s, 2H), 6.67 (s, 2H), 6.80 (s, 2H). 13C NMR (C6D6, 125.70 
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MHz): δ 17.92, 18.10, 19.70, 20.33, 20.73, 20.92, 23.44, 26.29, 27.32, 45.61, 46.73, 53.73, 

66.16, 128.84, 129.57, 129.72, 129.98, 130.09, 131.49, 134.17, 135.11, 137.19, 137.35, 

137.49, 137.65, 138.59, 138.84, 141.57, 168.06, 170.32, 176.86. 11B NMR (C6D6, 160.37 

MHz): δ 48.60 (bs). IR (KBr): ν = 2921.3, 2360.3, 1710.0, 1679.6, 1654.0, 1606.3, 1481.9, 

1461.2, 1406.0, 1369.4, 1265.0, 1223.2, 1192.5, 1146.6, 1117.2, 1091.2, 1032.9, 849.7, 

685.0 cm-1. HRMS (ESI): [M+H]+ calcd. for C48H60N4O4B: 767.47013; Found: 767.47111. 

Anal. calcd. for C48H59N4O4B: C, 75.18; H, 7.76; N, 7.31; Found: C, 75.44; H, 7.48; N, 

7.16. 
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Chapter 4: Sterically Modulated Olefin Hydroboration via the B-H 
Bond Activated DAC-BH3 adduct 

4.1 INTRODUCTION 

Hydroboration of conjugated organic molecules is one of the most common and 

versatile techniques to obtain anti-Markovnikov alcohols from alkene substrates.1–2 

However, the utility of hydroboration can be also extended to halogenation, oxidation, as 

well as hydrogenation of unsaturated compounds.3–5 Due to its wide application, attempts 

were conducted to convert hydroboration into a catalytic, rather than stoichiometric, 

process.6-9 To avoid metal conducted catalysis, carbene molecules, such as CAACs and 

NHCs, which closely mimic the electronic properties of transition metals, have been 

reacted with BH3 complexes to initiate the activation of the B-H bond and contribute the 

catalytic hydroboration.10 However, NHCs and CAACs were not able to directly activate 

the B-H bond of BH3 complexes.11-14 Instead, these carbenes displaced the datively 

coordination Lewis base of BH3 complexes, such as SMe2, to form water and air stable 

NHC–BH3 Lewis acid–base adducts (Scheme 4.1). By themselves, NHC–BH3 adducts 

were not able to react with olefin species, typically prone to hydroboration, at room 

temperature. However, at elevated temperatures or upon the addition of initiator, such as 

I2, NHC–BH3 Lewis acid–base adducts facilitated hydroboration of a wide range of organic 

molecules through radical mechanism (Scheme 4.1).12–22  

Scheme 4.1: NHC–BH3 Lewis acid–base adduct-mediated hydroboration of olefins 
initiated by I2.12-22 



 53 

In contrast, to the carbene species mentioned above, our group has previously 

demonstrated that ambiphilic DAC activated the B-H bond of BH3 complexes to yield 

DAC-BH3
.Lewis base adducts.23 Unlike NHC, DAC did not displace the datively bonded 

Lewis base but instead activated the B-H of BH3 while maintaining the Lewis base 

coordination to stabilize the newly formed DAC-BH3 adduct (Scheme 4.2). The extent of 

basicity of the Lewis base was directly correlated to the stability of DAC-BH3 adduct, 

where SMe2 only weakly stabilized 1a, making it prone to intramolecular ring-expansion, 

resulting in 2 (Scheme 4.2). The intramolecular ring-expansion initiated from a 

nucleophilic attack of the nitrogen atoms onto a rather electrophilic boron atom, which was 

facilitated by the weak attachment between sulfur and boron atom. In DAC-BH3
.py adduct 

1b more Lewis basic pyridine formed a stronger dative bond with boron atom, lowering its 

electrophilicity and therefore preventing the undesired side reaction to yield 2. 

Furthermore, coordination of pyridine made 1b inert to water and air at elevated 

temperatures, expanding its practicality in future reactions.23 

Scheme 4.2: The B-H bond activation and its subsequent intramolecular ring expansion.22 

To explore the potential applications of the B-H bond activated DAC-BH3 adducts 

1a and 1b were reacted with series of unactivated olefin species. Unlike the previously 

mentioned NHC–BH3 adducts, which required an initiator, such as I2, and/or elevated  
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reaction temperature to endorse the hydroboration, both 1a was able to hydroborate π 

systems of a wide range of unactivated olefins without any external stimulus. 1a 

successfully added across double bonds at room temperature while 1b required higher 

reaction temperatures.24 As a result, we will herein further discuss and report the utility and 

the reagent scope of 1a in the first initiator-free carbene-mediated hydroboration processes.  

4.2 RESULTS AND DISCUSSION 

Upon addition of an excess of terminal olefin, such as 1-hexene and previously 

reported 1-octene, into a solution of 1a, two olefin species were hydroborated by a single 

molecule of 1a to yield compounds 3 and 4,23 respectively (Scheme 4.3). The 

hydroboration of two olefin species and the formation of 3 and 4 was supported by 1H, 13C, 

and 1B NMR spectroscopy as well as mass spectrometry. More specifically, the 1H NMR 

revealed a singlet resonance peaks at δ 6.09 ppm (C6D6) for 3 and δ 6.10 ppm (C6D6) for 

4,23 which was assigned to the methine group. Furthermore, when excess of 1,5-hexadiene 

was added to 1a, both double bonds of the same 1,5-hexadiene molecule were hydroborated 

by a single borane adduct 1a to form 5, endorsing that intramolecular hydroboration is 

much faster than its intermolecular counterpart (Scheme 4.4). 

Scheme 4.3:  Facile 1a-mediated hydroboration of two terminal olefin molecules (i.e., 1-
hexene and 1-octene). 
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Scheme 4.4: Intramolecular hydroboration of 1,5-hexadiene. 

We have also investigated the hydroboration reactivity of 1a towards sterically 

more challenging internal olefins. When 1a was reacted with an excess of more sterically 

demanding internal olefins, such as cyclohexene, we have observed successful 

hydroboration of only one olefin molecule. We hypothesize that the initial formation of 

DAC-BH3-internal olefin adduct 6 (not observed) was followed by an intramolecular ring-

expansion of this highly reactive intermediate to produce 7 in quantitative yields (Scheme 

4.5). The 1H NMR showed salient singlet at δ 3.61 ppm (C6D6), which corresponded to two 

hydrogen atoms at the former carbenoid center, supporting the formation of ring-expanded 

adduct 7.   

Scheme 4.5:  Hydroboration of cyclic internal olefin promoted by 1a and followed by a 
consequent intramolecular ring-expansion of the newly formed DAC-BH2-
alkane adduct. 
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The investigation of hydroborating capacity of 1a towards internal olefins was 

further expanded by reacting 1a with 1,3- and 1,4-cyclohexadiene. Similarly to the 

cyclohexene, the formation of intramolecular ring-expanded adducts was also observed 

upon hydroboration of these cyclic olefins. While the hydroboration of 1,4-cyclohexadiene 

readily produced 8 as a single product, supported by the appearance of sole doublet of 

triplets at δ 3.55 ppm (C6D6), the hydroboration of 1,3-cyclohexadiene yielded the isomeric 

mixture of 8 and 9 (Scheme 4.6). The mixture of isomer was supported by two distinct 1H 

NMR doublet of triplets at δ 3.58 ppm and δ 3.77 ppm (C6D6), which were assigned to the 

two hydrogen atoms attached to the former carbenoid center in compounds 8 and 9, 

respectively.  

Scheme 4.6:  DAC-BH3
.SMe2 adduct 1a-mediated hydroboration of cyclic olefins. 

Several acyclic terminal olefins, such as cis- and trans-2-hexene or cis- and trans-3-

hexene, were also tested for their susceptibility towards hydroboration. Upon the addition 

of cis- or trans-2-hexene to the CH2Cl2 solution of 1a we have observed the appearance of  
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Scheme 4.7:  DAC-BH3
.SMe2 adduct 1a-mediated hydroboration of internal acyclic 

olefins. 

Figure 4.1:  Front and side view POV-ray representation of 11 showing ellipsoids at 
50% probability. Most of hydrogen atoms were omitted for clarity. Selected 
distances (Å) and angles (°): C1-B1, 1.575(8); B1-28, 1.587(9); C25-C26, 
1.484(14); C26-C27, 1.527(10); C27-C28, 1.524(10); C28-C29, 1.580(10); 
C29-C30, 1.484(12); C1-B1-C28, 116.0(5). 

a minor doublet of triplets at δ 3.45 ppm and a major doublet of triplets at δ 3.67 ppm in 

1H NMR (CD2Cl2), which could be attributed to the non-regioselective character of this 

transformation to yield both product 10 and 11, respectively (Scheme 4.7). Upon heating 

the NMR sample to 55 °C, two doublet of triplets were converted to a single doublet of 
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triplets, as was previously observed by Curran and coworkers due to the chain walking 

nature of carbene-BH3 hydroborated alkyl chain compounds.15-22 Additionally, when cis- 

or trans-3-hexene was introduced to 1a, the reaction yielded 11 as the sole product 

indicated by a presence of one doublet of triplets at δ 3.66 ppm (C6D6). The structure of 11 

was also unambiguously confirmed using single crystal X-ray crystallography, which 

unsurprisingly showed a higher level of disorder around the alkyl chain of the molecule 

(Figure 4.1). 

While the above mentioned 1a-mediated hydroborations of a single internal olefin 

increased the steric hindrance and electrophilic character of the boron center and therefore  

resulted in intramolecular ring-expansion, we have previously reported a successful 

hydroboration of both double bonds of 1,5-cyclooctadiene (1,5-COD) using 1a to 

quantitatively yield 12 (Scheme 4.8).23 Since 1,5-COD contains internal olefins, one might 

have predicted that only one double bond would undergo hydroboration by 1a, which 

would be followed by intramolecular ring-expansion, resembling the hydroboration 

products of 1,3- and 1,4-cyclohexene. Nevertheless, the boat-like configuration of 1,5-

COD might have facilitated the hydroboration of both olefins by placing both double bonds 

in a close proximity with the boron and hydride atoms. As a result, the terminal double 

bonds of 1,5-COD were more sterically accessible and kinetically prone to hydroboration. 

Scheme 4.8:  DAC-BH3
.SMe2 adduct 1a-mediated hydroboration of sterically accessible 

internal double bonds of 1,5-COD to form DAC-9-BBN adduct 12.23 



 59 

Since the hydroboration of sterically accessible olefins appeared to be faster than 

the intramolecular ring-expansion of the alkene adducts, additional competitive studies 

were performed to investigate this mechanism in more details. Upon the initial addition of 

excess cyclohexene into the benzene solution of 1a, we have observed a facile and clean 

formation of ring-expanded adduct 7, which was supported by 1H NMR analysis of the 

crude reaction mixture. Consequent addition of terminal 1-octene did not effect the 

structure of 7 as this compound was shown to be no longer prone towards further 

hydroboration processes. For this reason and due to the fast nature of the hydroboration 

reaction, a mixture of 1:1 cyclohexene:1-octene was then added into a benzene solution of 

1a instead. The reaction products, analyzed by 1H NMR and LRMS, displayed a mixture 

of products, containing 3, the ring-expanded adduct 4 as well as DAC-BH3-octene-

cyclohexene adduct 13 (Scheme 4.9). The formation of these adducts supported the above 

proposed mechanism of hydroboration, indicating that sterically accessible olefin was 

necessary for the second hydroboration to occur, as seen via the formation of DAC-BH-

octane-cyclohexane adduct 13. Moreover, the ring-expanded DAC-BH3 adduct 2 was not 

able to hydroborate olefins. Therefore, it further supported the statement that DAC-

BH3
.SMe2 first hydroborated olefins and then underwent ring-expansion process oppose to 

undergoing ring-expansion first, followed by hydroboration of olefin. 

Scheme 4.9:  Competitive hydroboration between sterically accessible terminal olefin and 
more sterically challenging internal olefin. 
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4.3 CONCLUSION 

In conclusion, we have demonstrated that the B-H activated DAC-BH3 adduct 1a 

maintained its hydridic capability and readily hydroborated a variety of olefins. 

Collectively, these reactions have provided an insight into the mechanism of 1a-mediated 

hydroborations, suggesting that the initial hydroboration across one π system of sterically 

challenging olefin, such as cyclohexene, increased the steric bulk around the boron atom, 

weakening the dative coordination with SMe2. In addition, the newly formed B-C bond 

increased the electrophilic properties of the boron atom and contributed to the 

destabilization of these intermediates, therefore facilitating their intramolecular ring-

expansion. Although, the hydroboration of most internal olefins was followed by an 

intramolecular ring-expansion, a single molecule of DAC-BH3 adduct 1a was able to 

hydroborate two molecules of terminal or two sterically accessible and kinetically 

favorable internal olefins making 1a a promising candidate for carbene controlled 

hydroboration. 

4.4 EXPERIMENTAL SECTION 

4.4.1 General Consideration 

All procedures were performed in a nitrogen-filled glove box unless otherwise 

noted. Solvents were dried and degassed by a Vacuum Atmospheres Company solvent 

purification system and stored over 4 Å molecular sieves in a nitrogen-filled glove box. 

Unless otherwise specified, reagents were purchased from commercial sources and used 

without further purification. N,N′-dimesityl-4,6-diketo-5,5-dimethylpyrimidin-2-ylidene 

was synthesized according to previously reported procedures.25 Melting points were 

obtained using a Stanford Research Systems MPA100 OptiMelt automated melting point 

apparatus and are uncorrected. NMR spectra were recorded on a Varian 400, 500, or 600 
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MHz spectrometer. Chemical shifts (δ) are given in ppm and are referenced to the residual 

solvent (1H: CDCl3, 7.26 ppm; C6D6, 7.16 ppm; CD2Cl2, 5.32 ppm; 13C: CDCl3, 77.16 ppm; 

C6D6, 128.06 ppm; CD2Cl2, 53.84 ppm). Linear predictions were applied to all 11B NMR 

spectra to remove the signals that corresponded to the boron found in the glass of the NMR 

tubes used in the corresponding experiments; the 11B NMR spectrum of C6D6 as a ‘blank’ 

was also collected as a reference. Infrared (IR) spectra were recorded on a Thermo 

Scientific Nicolet iS5 system equipped with an iD3 attenuated total reflectance (ATR) 

attachment (diamond crystal) or using KBr. High resolution mass spectra (HRMS) were 

obtained with a Waters Micromass Autospec-Ultima (CI) or Agilent 6530 QTOF (ESI) 

mass spectrometer. Low resolution mass spectra (LRMS) were obtained with an Agilent 

6130 single quadrupole mass spectrometer equipped with an Agilent Series 1200 LC 

system. Elemental analyses were performed with a ThermoScientific Flash 2000 Organic 

Elemental Analyzer. 

4.4.2 Syntheses  

DAC-BH3
.SMe2 + 1-hexene (3): Excess 1-hexene (0.1 ml, 0.8056 mmol, 4.6 eq) 

was added dropwise to a stirred solution of adduct 1a (79.6 mg, 0.1759 mmol) dissolved 

in dichloromethane (2.0 mL) was stirred for 17 h at ambient temperature whereupon the 

volatiles were removed under reduced pressure to afford the desired product as a white 

solid (0.0.961 g, 0.1720 mmol, 98% yield). mp = 120 – 123 °C. 1H NMR (C6D6, 499.86 

MHz) δ 0.98 (bm, 26H), 1.59 (s, 3H), 2.01 (overlapping s, 9H), 2.08 (s, 6H), 2.41 (s, 6H), 

6.09 (s, 1H), 6.58 (overlapping s, 2H), 6.66 (overlapping s, 2H). 13C NMR (C6D6, 125.70 

MHz): δ 14.28, 19.45, 19.47, 20.78, 21.26, 22.84, 22.97, 24.34, 31.94, 48.40, 67.49, 

129.76, 129.91, 135.24, 136.02, 138.01, 138.66, 172.26. IR (KBr): ν = 3447.0, 2956.3, 

2920.9, 2856.1, 1692.8, 1658.4, 1606.3, 1481.4, 1464.9, 1456.9, 1410.5, 1357.2, 1321.5, 
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1211.5, 1165.5 cm-1. HRMS (ESI): [M+H]+ calcd. for C36H56N2O2B: 559.4435; Found: 

559.4442. Anal. calcd. for C36H55N2O2B: C, 77.40; H, 9.92; N, 5.01; Found: C, 77.05; H, 

10.11; N, 5.12. 

DAC-BH3
.SMe2 + 1,5-hexadiene (5): Excess 1,5-hexadiene (3 drops) was added 

dropwise to a stirred solution of adduct 1a (10.8 mg, 0.0237 mmol) dissolved in benzene 

(1.0 mL) was stirred for 20 h at ambient temperature whereupon the volatiles were removed 

under reduced pressure to afford the desired product as a white solid (0.0106 g, 0.0224 

mmol, 95% yield). mp = 173 – 176 °C. 1H NMR (C6D6, 499.86 MHz) δ 0.41–1.07 (bm, 

12H), 1.57 (t, J = 5.0 Hz, 3H), 2.00 (overlapping s, 9H), 2.07 (s, 6H), 2.38 (t, J = 4.5 Hz , 

6H), 5.98 (s, 1H), 6.57 (s, 2H), 6.66 (s, 2H). 13C NMR (C6D6, 125.70 MHz): δ 19.16, 19.30, 

19.40, 19.47, 20.77, 21.30, 22.88, 22.95, 32.69, 33.31, 48.36, 66.41, 129.49, 129.88, 

135.15, 136.04, 138.06, 138.76, 172.24. 11B NMR (C6D6, 160.37 MHz): δ 78.98 (s). IR 

(KBr): ν = 3427.4, 2976.9, 2918.2, 2859.3, 1684.9, 1656.9, 1606.3, 1482.0, 1459.5, 1441.0, 

1410.2, 1372.3, 1358.4, 1311.52, 1187.8, 1099.1, 1012.4, 849.6, 725.4, 569.5, 511.7 cm-1. 

HRMS (ESI): [M+H]+ calcd. for C30H42N2O2B: 473.3339; Found: 473.3345. Anal. calcd. 

for C30H41N2O2B: C, 76.26; H, 8.75; N, 5.93; Found: C, 76.08; H, 8.39; N, 5.93. 

DAC-BH3
.SMe2 + cyclohexene (7): Excess cyclohexene (5 drops) was added 

dropwise to a stirred solution of adduct 1a (80.6 mg, 0.1781 mmol) dissolved in 

dichloromethane (1.0 mL) was stirred for 15 h at ambient temperature whereupon the 

volatiles were removed under reduced pressure to afford the desired product as a white 

solid (0.0780 g, 0.1651 mmol, 93% yield). 1H NMR (C6D6, 499.86 MHz) δ 0.74 (bm, 4H), 

1.32 (bm, 2H), 1.40 (bm, 4H), 1.77 (s. 6H), 2.05 (s, 6H), 2.09 (s, 3H), 2.13 (s, 3H), 2.16 (s, 

6H), 3.61 (s, 2H), 6.76 (s, 2H), 6.81 (s, 2H). 13C NMR (C6D6, 125.70 MHz): δ 17.82, 19.06, 

20.87, 20.92, 26.02, 26.41, 27.40, 29.39, 31.78, 47.39, 129.70, 129.87, 134.26, 134.41, 

136.70, 136.84, 138.92, 142.24, 168.38, 176.76. 11B NMR (C6D6, 160.37 MHz): δ 53.35 
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(s). IR (KBr): ν = 3445.4, 2919.8, 2847.9, 2372.4, 2280.5, 1694.6, 1645.2, 1620.3, 1607.6, 

1485.7, 1458.2, 1398.7, 1382.1, 1367.63, 1343.7, 1243.7, 1197.6, 1168.4, 1091.0, 755.9, 

688.0 cm-1. HRMS (ESI): [M+H]+ calcd. for C30H41N2O2B: 473.33390; Found: 473.33470.  

DAC-BH3
.SMe2 adduct + 1,4-cyclohexadiene ring expanded adduct (8): Excess 

1,4-cyclohexadiene (4 drops) was added to a stirred solution of adduct 1a (20 mg, 0.0442 

mmol) dissolved in dichloromethane (0.5 mL) was stirred for 30 min at ambient 

temperature whereupon the volatiles were removed under reduced pressure to afford the 

desired product as a white solid (0.0187g, 0.03975 mmol, 90% yield). mp = 153 – 159 °C. 

1H NMR (C6D6, 499.86 MHz) δ 0.96 (s, 2H), 1.57 (s, 4H), 1.77 (s, 3H), 1.80 (s, 3H), 2.03 

(s, 6H), 2.05 (s, 3H), 2.14 (s, 6H), 2.15 (s, 3H), 3.56 (dt, Jd = 35.00 Hz, Jt = 21.00 Hz, 2H), 

5.43 (t, J = 1.5 Hz, 1H), 5.60 (m, 1H), 6.70 (m, 1H), 6.72 (m, 1H), 6.81 (s, 2H). 13C NMR 

(C6D6, 125.70 MHz): δ 17.80, 17.84, 19.02, 19.06, 20.84, 20.92, 25.34, 25.77, 26.00, 26.03, 

26.07, 26.76, 27.43, 47.07, 124.61, 126.86, 129.68, 129.79, 129.85, 129.86, 134.20, 

134.26, 134.28, 134.47, 136.80, 136.85, 138.77, 142.21, 168.31, 176.69. 11B NMR (C6D6, 

160.37 MHz): δ 52.87 (s). IR (KBr): ν = 3016.7, 2916.6, 1700.13, 1683.9, 1668.4, 1652.5, 

1506.1, 1484.0, 1457.2, 1398.0, 1367.9, 1344.8, 1305.3, 1256.5, 1235.3, 1207.5, 1164.1, 

1095.3, 850.4 cm-1. HRMS (ESI): [M+H]+ calcd. for C30H39N2O2B: 472.32130; Found: 

472.32120 Anal. calcd. for C30H39N2O2B: C, 76.59; H, 8.36; N, 5.95; Found: C, 76.64; H, 

8.32; N, 6.02. 

DAC-BH3
.SMe2 + 1,3-cyclohexadiene isomer mixture (8+9): Excess 1,3-

cyclohexadiene (4 drops) was added to a stirred solution of adduct 1a (20 mg, 0.0442 

mmol) dissolved in dichloromethane (0.5 mL) was stirred for 30 min at ambient 

temperature whereupon the volatiles were removed under reduced pressure to afford the 

desired product as a white solid in quantitative yield. mp = 72 – 96 °C. 1H NMR (C6D6, 

499.86 MHz) δ 0.91 – 1.70 (br m, 14H), 1.76 (s, 3H), 1.77 (s, 3H), 1.80 (overlapping s, 
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6H), 2.03 (s, 6H), 2.05 (s, 6H), 2.08 (overlapping s, 6H), 2.10 (s, 3H), 2.13 (s, 3H), 2.14 

(s, 6H), 2.15 (s, 6H), 3.56 (dt, Jd = 34.49 Hz, Jt = 20.99 Hz, 2H), 3.73 (dt, Jd = 35.99 Hz, Jt 

= 14.50 Hz, 2H), 5.35 (m, 1H), 5.49 (m, 1H), 5.67 (m, 1H), 5.85 (m, 1H), 6.73 (m, 6H), 

6.81 (s, 2H). 13C NMR (C6D6, 125.70 MHz): δ 17.78, 17.80, 17.84, 19.02, 19.03, 19.05, 

19.13, 20.85, 20.87, 20.90, 20.92, 22.33, 22.59, 22.79, 22.93, 24.69, 25.22, 25.34, 25.40, 

25.45, 25.77, 26.00, 26.03, 26.05, 26.71, 27.43, 29.40, 30.01, 47.07, 47.64, 53.34, 53.44, 

124.73, 129.82, 129.91, 134.13, 134.20, 134.26, 134.28, 134.47, 134.50, 136.76, 136.80, 

136.85, 136.86, 138.77, 138.91, 142.16, 142.20, 168.24, 168.31, 176.69, 176.78. 11B NMR 

(C6D6, 160.37 MHz): δ 52.81 (br s). IR (KBr): ν = 3014.0, 2920.1, 2856.7, 1700.2, 1652.5, 

1484.0, 1464.9, 1397.7, 1367.2, 1305.6, 1239.8, 1164.0, 1095.3, 850.5 cm-1. HRMS (ESI): 

[M+H]+ calcd. for C30H39N2O2B: 471.31830; Found: 471.31870. Anal. calcd. for 

C30H39N2O2B: C, 76.59; H, 8.36; N, 5.95; Found: C, 76.70; H, 8.39; N, 5.57. 

DAC-BH3
.SMe2 + cis-2-hexene isomer mixture 2:1 (10+11): Excess of cis-2-

hexene (5 drops) was added to a stirred solution of adduct 1a (84.4 mg, 0.1865 mmol) 

dissolved in dichloromethane (2.0 mL) was stirred for 16 h at ambient temperature 

whereupon the volatiles were removed under reduced pressure to afford the products 10 

and 11 as a white solid in 5:1 mixture (0.0765 g, 0.1612 mmol, 86% yield). mp = 60 – 63 

°C. 1H NMR (C6D6, 499.86 MHz) δ 0.79 (m, 7H), 1.16 (m, 6H), 1.64 (s, 3H), 1.70 (s, 3H), 

2.01 (m, 12H), 2.10 (s, 12H), 2.12 (s, 3H), 2.14 (s, 3H), 2.25 (m, 9H), 2.31 (m, 6H), 3.43 

(m, 1H), 3.70 (dt, Jd = 31.50 Hz, Jt = 20.99 Hz, 2H), 6.86 – 6.91 (s, 2H), 6.95 (s, 4H). 13C 

NMR (C6D6, 125.70 MHz): δ 14.03, 16.47, 17.80, 17.86, 19.01, 20.85, 20.90, 22.71, 22.96, 

24.61, 24.73, 25.93, 26.01, 26.04, 26.11, 31.34, 33.45, 46.27, 53.35, 129.53, 129.60, 

129.70, 129.88, 134.19, 134.22, 134.67, 136.74, 136.83, 138.76, 142.32, 168.37, 176.57. 

11B NMR (C6D6, 160.37 MHz): δ 53.72 (br s). IR (KBr): ν = 3480.4, 2922.6, 2869.5, 

2857.6, 1699.5, 1695.0, 1652.2, 1608.7, 1483.7, 1464.0, 1397.7, 1381.4, 1366.5, 1262.7, 



 65 

1241.6, 1229.0, 1199.1, 1164.0 cm-1. HRMS (CI): [M+H]+ calcd. for C30H44N2O2B: 

475.3496; Found: 475.3492. Anal. calcd. for C30H43N2O2B: C, 75.94; H, 9.13; N, 5.90; 

Found: C, 75.83; H, 9.26; N, 5.76. 

DAC-BH3
.SMe2 + trans-2-hexene isomer mixture (10+11): Excess of trans-2-

hexene (5 drops) was added to a stirred solution of adduct 1a (89.4 mg, 0.1976 mmol) 

dissolved in dichloromethane (2.0 mL) was stirred for 3 h at ambient temperature 

whereupon the volatiles were removed under reduced pressure to afford the desired product 

as a white solid (0.0860 g, 0.1812 mmol, 92% yield). mp = 64 – 67 °C. 1H NMR (C6D6, 

499.86 MHz) δ 0.63 (m, 3H), 0.72 (t, J = 7.25 Hz, 3H), 0.79 – 1.18 (m, 7H), 1.79 (s, 6H), 

2.07 – 2.12 (m, 12H), 2.16 (m, 3H), 3.66 (dt, Jd = 31.24 Hz, Jt = 20.74 Hz, 2H), 6.76 (s, 

2H), 6.79 (s, 2H). 13C NMR (C6D6, 125.70 MHz): δ 14.03, 16.47, 17.80, 17.86, 19.02, 

20.85, 20.91, 22.71, 22.98, 24.61, 24.73, 25.94, 26.02, 26.04, 26.11, 31.34, 33.45, 46.27, 

53.35, 129.53, 129.60, 129.70, 129.88, 134.20, 134.23, 134.67, 136.73, 136.82, 138.79, 

142.34, 168.33, 176.58. 11B NMR (C6D6, 160.37 MHz): δ 57.66 (bs). IR (KBr): ν = 3480.4, 

2954.6, 2922.6, 2869.5, 2857.6, 1699.5, 1695.0, 1652.2, 1608.7, 1483.7, 1464.0, 1397.7, 

1381.4, 1366.5, 1262.7, 1241.6, 1229.0, 1199.1, 1164.0 cm-1. HRMS (CI): [M+H]+ calcd. 

for C30H44N2O2B: 475.3496; Found: 475.3503. Anal. calcd. for C30H43N2O2B: C, 75.94; 

H, 9.13; N, 5.90; Found: C, 75.54; H, 9.08; N, 5.74. 

DAC-BH3
.SMe2 + cis-3-hexene isomer mixture (11): Excess of cis-3-hexene (5 

drops) was added to a stirred solution of adduct 1a (57.1 mg, 0.1262 mmol) dissolved in 

dichloromethane (2.0 mL) was stirred for 3 h at ambient temperature whereupon the 

volatiles were removed under reduced pressure to afford the desired product as a white 

solid (0.0581 g, 0.1224 mmol, 97% yield). Single crystals suitable for single crystal X-ray 

diffraction were grown using a slow evaporation of saturated benzene solution of products 

11. mp = 60 – 64 °C. 1H NMR (C6D6, 499.86 MHz) δ 0.63 (m, 3H), 0.72 (t, J = 7.25 Hz, 
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3H), 0.80 – 1.17 (m, 7H), 1.80 (s, 6H), 2.08 – 2.12 (m, 12H), 2.16 (m, 3H), 3.67 (dt, Jd = 

31.24 Hz, Jt = 20.99 Hz, 2H), 6.77 (s, 2H), 6.79 (s, 2H). 13C NMR (C6D6, 125.70 MHz): δ 

14.02, 16.47, 17.81, 17.86, 19.01, 20.84, 20.90, 22.72, 22.98, 24.61, 24.73, 25.94, 26.01, 

26.04, 26.11, 31.34, 33.46, 46.26, 53.36, 129.53, 129.60, 129.70, 129.88, 134.20, 134.23, 

134.68, 136.73, 136.83, 138.80, 142.34, 168.36, 176.58. 11B NMR (C6D6, 160.37 MHz): δ 

56.20 (bs). HRMS (CI): [M+H]+ calcd. for C30H44N2O2B: 475.3496; Found: 475.3498. 

Anal. calcd. for C30H43N2O2B: C, 75.94; H, 9.13; N, 5.90; Found: C, 76.16; H, 9.10; N, 

5.87. 

DAC-BH3
.SMe2 + trans-3-hexene isomer mixture (11): Excess of trans-3-hexene 

(4 drops) was added to a stirred solution of adduct 1a (12.03 mg, 0.0266 mmol) dissolved 

in dichloromethane (2.0 mL) was stirred for 22 h at ambient temperature whereupon the 

volatiles were removed under reduced pressure to afford the desired product as a white 

solid in quantitative yield. mp = 58 – 62 °C. 1H NMR (C6D6, 499.86 MHz) δ 0.63 (m, 3H), 

0.72 (t, J = 7.25 Hz, 3H), 0.78 – 1.19 (m, 7H), 1.79 (s, 6H), 2.08 – 2.12 (m, 12H), 2.16 (m, 

3H), 3.67 (dt, Jd = 31.24 Hz, Jt = 20.74 Hz, 2H), 6.76 (s, 2H), 6.79 (s, 2H). 13C NMR (C6D6, 

125.70 MHz): δ 14.02, 16.46, 17.79, 17.84, 19.01, 20.85, 20.90, 22.71, 22.97, 24.60, 24.72, 

25.92, 25.99, 26.02, 26.09, 31.33, 33.44, 46.28, 53.33, 129.57, 129.61, 129.71, 129.87, 

134.15, 134.18, 134.65, 136.76, 136.86, 138.76, 142.27, 168.45, 176.53. 11B NMR (C6D6, 

160.37 MHz): δ 53.71 (bs). HRMS (CI): [M+H]+ calcd. for C30H44N2O2B: 475.3496; 

Found: 475.3497. Anal. calcd. for C30H43N2O2B: C, 75.94; H, 9.13; N, 5.90; Found: C, 

76.24; H, 9.10; N, 5.79. 

DAC-BH3
.SMe2 + 1-octene+cyclohexene (13): Excess 1:1 mixture of 1-octene 

and cyclohexene (3 drops) was added dropwise to a stirred solution of adduct 1a (10 mg, 

0.0221 mmol) dissolved in dichloromethane (0.7 mL) was stirred for 12 h at ambient 

temperature whereupon the crude reaction mixture was analyzed by 1H NMR and LRMS 
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to show mixture of products 4, 7, and 13. LRMS for 4 (ESI): [M+H]+ calcd. for 

C40H64N2O2B: 615.5; Found: 615.5. LRMS for 7 (ESI): [M+H]+ calcd. for C30H42N2O2B: 

473.3; Found: 473.3. LRMS for 13 (ESI): [M+H]+ calcd. for C38H58N2O2B: 585.5; Found: 

585.5. 
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REDOX-SWITCHABLE CATALYSIS 

Chapter 5: Redox-Switchable Modulation of Catalytic Reactivity3 

5.1 INTRODUCTION 

5.1.1 Switchable Polymerization 

The intrinsic physical properties and functionalities displayed by synthetic 

polymers are directly correlated to their respective microstructures. For example, complex 

biopolymers (e.g., proteins and DNA) are often responsible for governing various essential 

processes in living organisms and serve as inspirational illustrations of this central 

relationship. For this reason, the rational design and synthesis of polymeric materials with 

tailored microstructures of ever-increasing sophistication remains a central focus in 

macromolecular chemistry.1-5 Perhaps unsurprisingly, the degree of microstructural 

regularity and intricacy exhibited by the aforementioned biopolymers has yet to be attained 

in synthetic macromolecules. Such an achievement would represent the utmost control over 

a synthetic polymerization reaction and thus has been actively pursued. 

Since minor changes in tacticity, head-to-tail structure, sequence, and/or chain 

topology can have significant effects on the macroscopic properties of a synthetic polymer, 

the advent of controlled or living polymerization techniques provided the first means to 

transcend primary structural control and enabled access to a wealth of well-defined 

microstructures.6-7 Historically, the combination of judiciously timed monomer additions 

as well as careful attention to pre-determined monomer reactivity ratios in conjunction with 

living polymerization methodologies have been utilized in attempts to manipulate the 

microstructures of polymeric materials. Although controlled monomer addition has 

                                                 
3 Portions of this chapter were adapted with permission from Teator, A. J.; Lastovickova, D. N.; Bielawski, 
C. W. Chem. Rev. 2016, 116, 1969–1992. Copyright (2016) American Chemical Society. A.J.T. and D.N.L. 
contributed equally to the preparation of the original manuscript. 
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produced various copolymers exhibiting relatively simple but well-defined 

microstructures, such an approach often becomes impractical as the desired level of 

polymer complexity increases. As such, many advanced polymeric architectures (e.g., 

symmetrically-gradient, gradient-block, and other periodic copolymers) that are expected 

to possess novel physical properties are often synthetically intractable.8-9  

An attractive solution to the aforementioned challenges may lie within the nascent 

field of switchable catalysis, whereby the chemical reactivity of a catalyst is selectively 

toggled between multiple, distinct states through the application of external stimuli.10-14 

This has been a rapidly expanding area of research, with examples emerging that utilize a 

variety of different approaches in order to modulate the inherent reactivity of a catalytic 

system. The application of switchable catalysis to polymerizations has been a more recent 

development, but has nonetheless experienced an almost instantaneous proliferation. While 

early examples focused on the ability to cycle a polymerization reaction between “on” 

(active) and “off” (inactive) states, relatively advanced switching characteristics that allow 

for selective monomer discrimination are now being explored and may lead to new classes 

of polymeric materials that feature sophisticated microstructures (Figure 5.1). 

 Modulating the activity and/or selectivity of a polymerization catalyst can be 

achieved through a number of different methodologies. These methods often entail the 

incorporation of stimuli-responsive functional groups into known catalytic systems as well 

as the direct alteration of the intrinsic properties (i.e., oxidation state) of the catalytically 

active species. Ideally, a chosen stimulus must transmit energy in a discriminate manner to 

allow for site-specific transformations. Therefore, a careful consideration of the available 

stimuli (e.g., photo, thermal, redox, etc.) is essential to achieve high degrees of spatial and 

temporal control. 
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Figure 5.1:  Utilizing external stimuli to switch between different forms of active 
catalyst may allow for selective monomer discrimination amongst a mixture 
and result in polymeric materials with designer architectures.   

5.1.2 Thermal Modulation  

Perhaps the simplest method to induce a chemical transformation is through thermal 

activation. However, despite the relative ease with which temperature can be adjusted in 

the laboratory, the application of thermal energy as a reactivity switch is a fundamentally 

more difficult task. Elevated reaction temperatures result in a broad distribution of 

energies, which can often give rise to undesirable reactivity and/or decomposition 

pathways. Indeed, while changes in temperature have been exploited to activate latent 

polymerization catalysts, 14-17 the application of heat to switch polymerization reactions is 

relatively rare. 
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5.1.3 Chemical Modulation  

The introduction of chemical stimuli regularly elicits structural changes in 

biomolecules and therefore represents an attractive trigger to mimic the control seen in 

natural processes. In fact, the incorporation of pH-responsive ligands into metal-based 

catalysts was one of the earliest forays into the development of switchable polymerization 

systems. Conceptually, there have been two fundamental approaches to utilizing acid-base 

chemistry to affect the outcome of polymerization reactions: control over ligand 

dissociation in order to block coordination sites and modulation of electron density 

available at the metal center. While polymerizations that can be activated by changes in 

solution pH have been demonstrated, few reports exist where acid-base interactions have 

been utilized to switch the activity displayed by a catalyst over the course of a single 

polymerization reaction.  

5.1.4 Photochemical Modulation  

Thus far, electromagnetic radiation has been the most widely studied stimulus. 

Light is particularly attractive as a stimulus because it is non-invasive and offers an almost 

unparalleled level of control through careful selection of irradiation wavelength and power. 

A wide variety of available photosensitizers combined with the general ease in which UV 

and/or visible light can be introduced has enabled a surge in the number of photoswitchable 

polymerization catalysts. Additionally, the establishment of photoredox catalysis as an 

efficient means to convert light energy into chemical energy has resulted in new 

polymerization methods with precise control over catalyst and/or polymer oxidation 

state.18-20 
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5.1.5 Redox Modulation 

As many metal complexes exhibit low redox potentials, external control over 

oxidation and reduction events can impart significant control over catalytic processes. 

Historically, redox control has been accomplished electrochemically as well as via the 

introduction of chemical oxidants or reductants and have given rise to redox switchable 

polymerizations. More recently, photoredox catalysts, which utilize excited state electron 

transfer processes, have provided an alternative means to modulate oxidation states and 

have helped to overcome some of the limitations (e.g., dependencies on certain electrodes 

or electrolytes) that may hamper other methods.    

5.1.6 Mechanical Modulation 

In contrast to the above described methods, the integration of mechanoresponsive 

functionalities into pre-designed molecular scaffolds has emerged as a means to direct 

chemical reactivity.21-22 The incorporation of polymer chains into catalytically active metal 

complexes provides a handle to which extrinsic forces can be applied, subsequently 

inducing mechanochemical transformations. Ultrasonication has proven to be an efficient 

method for the application of external force as ultrasound-induced cavitation events 

produce substantial solvo-dynamic shear that is maximized in the middle of polymer chains 

and can result in site-specific bond activations. Although the scope of mechanochemically 

switchable polymerization systems continues to develop, this method stands out for 

harnessing acoustic energy to selectively trigger useful chemical transformations. 

This and following section aims to highlight advances in the burgeoning field of 

redox-switchable polymerization catalysts and includes examples that range from ring-

opening metathesis polymerizations and ring-opening polymerizations to controlled radical 

polymerizations and beyond. Focus will be directed toward catalysts that demonstrate truly 

switchable behavior; that is, chemical reactivity that can be selectively modulated at will 
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over the course of a single reaction. Polymerizations that are stimuli-induced or otherwise 

regulated but are not necessarily switchable by this definition fall outside the scope of this 

review and have been elegantly covered elsewhere.23-27 Likewise, switchable reagents28 

that efficiently modulate polymerization activity but operate through the use of multiple 

reaction vessels and/or require a significant change in reaction conditions as part of the 

switching process will not be discussed. In the following sections, various redox “switches” 

will be described within the context of the various polymerizations to which they have been 

applied. 

5.2 RING-OPENING METATHESIS POLYMERIZATION 

Ring-opening metathesis polymerization (ROMP) is a powerful technique for the 

preparation of highly regular polymeric materials from cyclic olefins and has given rise to 

a number of unique polymer architectures.29-30 A diverse range of commercially available, 

highly active, and functional group tolerant ROMP catalysts has resulted in an abundance 

of reports that provide valuable insight into monomer scope, stereochemical outcome, and 

reaction mechanism. Although the development of switchable ROMP catalysts has only 

recently been pursued, significant progress has already been made. Numerous studies have 

reported that the activity of ROMP catalysts can be selectively turned between “on” (i.e., 

relatively active) and “off” (i.e., relatively inactive) states upon the application of 

mechanical force or via the manipulation of an oxidation state or pH. 

In 2013, Plenio and co-workers reported an oxidation-triggered ROMP by 

incorporating a latent ferrocene chelate into a Grubbs-type catalyst.31 A ferrocene-

appended Schiff base ligand displayed tunable donicity upon oxidation of the Fe center 

which promoted ligand dissociation and effectively activated the catalyst toward the 

ROMP of cyclooctene. Later in 2013, Bielawski and co-workers developed ruthenium-
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indenylidene metathesis-active complex 1, which featured a redox-active diaminocarbene-

[3]ferrocenophane (FcDAC) ligand in place of the prototypical NHC (Scheme 5.1).32 

Oxidation of the FeII center in complex 1 was found to occur at a lower potential relative 

to the RuII center, therefore allowing site-selective redox activity and controlled generation 

of complex 2. The addition of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) to an 

ongoing ROMP reaction of cis,cis-1,5-cyclooctadiene (COD) resulted in attenuation of the 

observed polymerization rate (kred/kox = 37.5). Subsequent addition of decamethylferrocene 

(Fc*) reverted the FeIII center to FeII and restored approximately 35% of the initial catalytic 

activity. The authors postulated that the reduced donating ability of the oxidized FcDAC 

ligand was responsible for the diminished ROMP activity, although the possibility of 

concurrent oxidation of the Ru center could not be excluded. 

Scheme 5.1:  Remote tuning of ROMP activity via redox modulation of a ferrocenophane 
ligand. 

Building on these results, the same group reported switchable ROMP activity 

through the oxidation and reduction of the commercially available Grubbs’ second 

generation catalyst.33, 34 Precipitation of the catalytically active complex was observed 

upon oxidation of the RuII center to RuIII, indicating that Ru-centered redox processes could 

also be used to modulate catalytic activity. Similar to the method described above, the 
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addition of DDQ to an ongoing ROMP reaction of COD significantly decreased the 

observed reaction rate (kred/kox = 80). Subsequent addition of Fc* to the reaction mixture 

restored roughly 27% of the initial catalytic activity, and the polymerization proceeded to 

high conversion. The “off”/“on” behavior of this system was attributed to the reversible 

solubility of the active catalyst as the addition of DDQ resulted in the precipitation of the 

oxidized catalyst, and therefore could be also used to remove the catalyst from the reaction 

mixture. 

Scheme 5.2: Mechanism of reversible ROMP activation and deactivation via 
photoirradiation of a pyrylium organocatalyst. 

Recently, Boydston and co-workers reported an elegant metal-free, switchable 

ROMP by employing an organic photo-redox catalyst (Scheme 5.2).35 Visible light (λ = 

450–480 nm) irradiation of a pyrylium photocatalyst generated an excited species capable 

of oxidizing electron-rich vinyl ethers. The resulting vinyl ether cation reacted with 
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norbornene to form a [2+2] adduct, followed by rapid ring-opening to initiate the ROMP 

reaction. A subsequent single-electron transfer event allowed for reversible deactivation 

through reduction of the propagating radical chain ends and regeneration of the original 

pyrylium photocatalyst. While no polymerization was observed in the absence of light, 

further visible light irradiation enabled reactivation of the polymer chain growth. The 

authors were able to achieve excellent temporal kinetic control through intermittent light 

exposure, effectively shutting down the ROMP propagation multiple times over the course 

of a single reaction. In addition, this method effectively demonstrated that externally-

controlled ROMP reactions are not restricted to transition metal complexes. 

5.3 RING-OPENING POLYMERIZATION 

The ring-opening polymerization (ROP) of cyclic esters serves as a resourceful and 

versatile method for the production of poly(ester)s, many of which provide eco-friendly 

alternatives to petroleum-based poly(olefin)s. The cross-discipline interest to produce well-

defined poly(ester)s has resulted in a large number of available methods for performing 

ROP reactions that utilize organo- as well as transition metal catalysis.36-38 Given the utility 

of these ROP-prepared materials, it is desirable to possess full control over the 

corresponding polymerization process. While remarkable progress has been made, access 

to polyesters with rationally designed microstructures, and thus tailored physical 

properties, remains highly sought-after and has driven the quest for switchable ROP 

catalysts.39 External stimuli such as light and heat, as well as the chemical alteration of 

ROP catalysts to promote a change in the electronic properties of the catalytic centers, have 

been used to selectively induce and inhibit the ROP of various monomers. 

Redox-induced changes in the electronic properties of the catalytic centers in 

transition-metal catalysts have also been shown to affect the rates of ROP reactions. The 
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first instance of redox-mediated ROP reactivity was described in 2006 by Gibson and co-

workers who incorporated a ferrocenyl-substituted salen ligand into a titanium-based 

polymerization catalyst to generate 3 (Scheme 5.3).40 When the ferrocene components of 

3 existed in their reduced FeII form, the complex catalyzed the ROP of rac-lactide (rac-

LA) at 70 °C, resulting in 18% monomer conversion after 8 h. Oxidation of the ferrocene 

moieties by silver triflate (AgOTf) formed the positively charged derivative 4. The 

decreased electron density at the TiIV catalytic site resulted in more tightly bound alkoxy 

ligands which hindered the growth of polymer chains (kred/kox ≈ 30). Subsequent 

introduction of ferrocene (FeCp2) to the reaction mixture reduced the FeIII centers to their 

neutral FeII states and restored the catalytic activity of 3. Characterization of the polymers 

produced indicated that their molecular weight distributions were relatively low (Ð < 1.2). 

Likewise, the polymerizations catalyzed by 3 remained well controlled even after multiple 

redox switching events. 

Scheme 5.3:  Reversible inhibition of ROP activity by modifying the Lewis acidity of a 
ferrocene-appended Ti-salen complex. 

Another remotely controlled redox system was reported by Diaconescu and co-

workers, who achieved excellent regulation of the polymerization rates of various 

monomers using either yttrium- or indium-based alkoxide catalysts 5 or 7, respectively 

(Scheme 5.4).41 The yttrium- and indium-based catalysts contained ferrocene-appended 

phosfen Schiff base ligands, which acted as remote handles for redox switching ROP 
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activity. The YIII complex 5 displayed analogous reactivity to TiIV complex 3 and was 

relatively inactive toward the polymerization of L-LA or trimethylene carbonate when the 

ferrocene moiety was oxidized to cationic 6 using ferrocenium tetrakis(3,5-

bis(trifluoromethyl)phenyl)borate (FcBArF). Subsequent reduction of the FeIII center to FeII 

using cobaltocene (CoCp2) decreased the electron withdrawing ability of the phosfen 

ligand and enhanced polymer chain growth. The ROP of L-LA could be switched between 

“on” (i.e., relatively active) and “off” (i.e., relatively inactive) states numerous times via 

the oscillation between the two different oxidation states of the ferrocene component of the 

catalyst. Even after multiple switching cycles, the YIII catalyst 6 did not seem to suffer a 

loss in activity, as the polymerization rate from before and after oxidation cycle remained 

relatively constant, and afforded well-defined polymers with narrow dispersities (Ð = 

1.03–1.07). The opposite effect was observed when In-based catalyst 7 was used to 

facilitate the ROP of trimethylene carbonate: in its oxidized state, the FeIII-containing 

cationic complex 8 initiated the polymer growth but appeared to be inhibited in its reduced 

(neutral) FeII state. 

Scheme 5.4:  In- and Y-based redox switchable polymerizations of L-LA and trimethylene 
carbonate, respectively.  

Diaconescu and co-workers also examined a series of zirconium- and titanium-

based catalysts comprising ferrocenyl substituents that were capable of selective 
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discrimination between two different monomers upon oxidation or reduction (Scheme 

5.5).42 In the reduced (neutral) state, the ZrIV and TiIV complexes promoted the 

polymerization of L-LA at 100 °C but were inactive towards the ROP of CL. Oxidation of 

the ROP catalysts with FcBArF to form the cationic FeIII-containing derivatives resulted in 

the opposite reactivity where the oxidized catalysts induced the ROP of CL yet resulted in 

no significant monomer consumption of L-LA. Furthermore, this discrimination enabled a 

one-pot synthesis of block copolymers of L-LA and CL. Initially, the neutral TiIV complex 

9 was used to convert L-LA to polymer in 58% conversion. Subsequent formation of the 

cationic derivative 10 via the addition of FcBArF facilitated the polymerization of CL (18% 

conversion) and ultimately afforded poly(L-LA-b-CL) as a well-defined (Ð = 1.12) 

copolymer. 

Scheme 5.5:  Ti- and Zr-based ROP catalysts containing redox switchable ligands that 
enable the preferential polymerization of certain monomers. 

The ability to select between different monomers from within a mixture appears to 

be exclusive to the aforementioned TiIV complex 9 as similar selectivities were not 
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observed with the ZrIV-based catalyst 11. After the initial polymerization of L-LA, 

mediated by the reduced derivative of 11, the addition of FcBArF as an oxidant did not 

promote the ROP of CL. The authors ascribed the inability of the corresponding in situ 

oxidized ZrIV complex (12) to induce the polymerization of CL to the high Lewis acidity 

of the Zr center. In addition, the strong coordination of L-LA to the active site blocked the 

complexation of CL, and thus prevented polymerization. 

In 2011, the same group demonstrated that redox switchable ROP systems were not 

limited to remote redox-sensitive ligands and could be extended to the direct modulation 

of the oxidation state of the catalytic metal center.43 As shown in Scheme 5.6, the salen-

ligated CeIII complex 13 induced the ROP of L-LA as well as rac-LA and resulted in 

poly(LA)s with narrow dispersities (Ð = 1.12–1.34). The subsequent addition of FcBArF 

effectively oxidized the CeIII center to a CeIV derivative and resulted in the formation of 

the charged complex 14, which was found to be inactive towards the polymerization of L-

LA. The addition of CoCp2 reversed the oxidation reaction and produced the initial CeIII 

complex 13, which in turn restored the polymerization of L-LA. The redox switching was 

repeated multiple times without significant losses in conversion or polymerization rate, 

although slightly broadened molecular weight distributions (Ð = 1.53–1.73) were 

observed. 

Scheme 5.6:  Redox switchable ROP of L-LA based on the tunable oxidation state of a 
Ce-salen catalyst. 
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In 2013, Okuda and co-workers reported that the polymerization of meso-lactide 

(meso-LA) could also be controlled with a redox switchable Ce-based catalyst (Scheme 

5.7).44 Two (OSSO)-type bis(phenolate) ligands were incorporated into a neutral CeIV 

complex (15), which could be reduced to generate the anionic CeIII complex 16. The 

complex 16 was found to catalyze the polymerization of meso-LA at 40 °C, with 20% 

monomer conversion achieved after 45 min. While oxidation of the CeIII center to CeIV 

with FcBArF halted the polymer growth, the subsequent addition of CoCp2 regenerated 15 

and resumed the ROP of meso-LA, which yielded polydisperse polymers (Ð = 2.25) in 

high conversion. 

Scheme 5.7:  Redox switchable ROP of meso-LA using a Ce-OSSO complex.  

Recently, iron-based complexes have also been utilized in redox switchable ROP 

systems. Byers and co-workers reported a bis(imino)pyridine-FeII catalyst that effectively 

polymerized rac-LA in the presence of an alcohol initiator.45 Upon the addition of FcPF6, 

the rate of the polymerization reaction was diminished due to the formation of the ROP-

inactive FeIII analogue. Subsequent addition of a reductant (i.e., CoCp2) restored the initial 

FeII catalyst, which again facilitated the polymerization of rac-LA. The in situ redox switch 

could be performed multiple times over the course of a single ROP of rac-LA and 
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proceeded with excellent control to yield well-defined polymers with narrow molecular 

weight distributions (Ð = 1.058–1.199). 

The opposite reactivity pattern was observed during the redox-controlled 

polymerization of CL using an alcohol-activated FeIIICl3 catalyst with a coordinating pincer 

ligand. Lang and co-workers reported that the reduced FeII form of the catalyst was inactive 

towards the polymerization of CL, even in the presence of excess alcohol initiator at 100 

°C.46 Subsequent addition of FcPF6 formed the corresponding oxidized FeIII complex, 

which underwent protonolysis with the alcohol initiator to initiate the ROP of CL. The 

addition of CoCp2 effectively shut down the polymerization process as the additional 

consumption of the remaining monomer was not observed. The polymerization of CL using 

this system was highly selective, yielding well-defined polymers with narrow dispersities 

(Ð = 1.08–1.18). 

5.4 COPPER-MEDIATED REVERSIBLE-DEACTIVATION RADICAL POLYMERIZATION 

Since the first recognition of the “living” radical polymerization of styrene in 

1957,47 substantial efforts have been directed towards the development of highly controlled 

radical polymerizations (CRP) to afford well-defined polymers. In particular, significant 

progress has been made in modulating copper-mediated radical polymerizations, which are 

typically induced by a CuI activator complex that reacts with an alkyl halide to generate a 

dormant CuII complex and an active radical species which facilitates polymerization 

(Scheme 5.8).48 The polymerization process can be deactivated by CuII species, which 

quenches the propagating radicals and, ultimately, reduces the polydispersities of the 

polymers produced. Since copper-mediated radical polymerizations depend on the 

equilibrium between the active CuI and the deactivating CuII complex, it is desirable to 

efficiently control their precise ratio in the reaction mixture and selectively switch between 
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these two oxidation states to enable on-demand tuning of the polymerization process. 

However, despite the numerous techniques to generate reduced CuI species, only a limited 

number of stimuli have been shown to facilitate the in situ modulation of copper-mediated 

radical polymerizations. 

Scheme 5.8:  General mechanism for switchable Cu-mediated reversible-deactivation 
radical polymerizations. 

The wide range of possible triggers to enable tunable copper-mediated radical 

polymerizations was demonstrated by Matyjaszewski and co-workers, who used an 

electrochemical stimulus to efficiently activate and deactivate the growth of polymer 

chains.49 Similar to the photoswitchable systems described above, the electrochemically 

switchable controlled polymerization was performed using a CuIIBr2/Me6TREN type 

catalyst and initiated with EtBP in acetonitrile. The CuII species was successfully reduced 

to CuI under an applied potential of −0.69 V using platinum working and counter electrodes 

with a silver reference electrode, which ultimately initiated a polymerization reaction 

(Scheme 5.9). Adjusting the potential to −0.40 V inhibited the polymer chain growth as the 

reduced potential was not sufficient to reduce the CuII species. Indeed, the shift from an 

anodic to a cathodic process halted the formation of CuI and effectively stopped the 

polymerization reaction. The electrochemically-controlled radical polymerizations were 

amenable to in situ kinetic switching via the application of alternating potentials. 
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Moreover, a series of well-defined (Ð = 1.06) polymers with tunable molecular weights 

were prepared via modulation of the applied potential. 

Scheme 5.9:  Electrochemical modulation of a Cu-mediated radical polymerization. 

Zhou and co-workers later extended the electrochemically switchable technique to 

the synthesis of well-defined polymer brushes. Polymer chain growth on a gold surface 

was regulated by selectively altering the potential that was applied to the reaction mixture 

containing a CuIICl2/bpy (bpy = 2,2’-bipyridyl) catalyst system.50 The radical initiator-

modified surface consisted of a gold-coated silicon wafer and ω-mercaptoundecyl 

bromoisobutyrate based initiator. With this system, 3-sulfopropyl methacrylate potassium 

salt (SPMA) monomers were polymerized from the surface to afford brushes. The radical 

polymerization of SPMA proceeded in a controlled fashion for up to 5 h when a relatively 

low negative potential of −0.16 V was applied using a platinum gauze working electrode 

and a platinum wire counter electrode with a saturated calomel electrode (SCE) reference 

electrode. Moreover, polymer growth could be turned “off” by adjusting the applied 

potential to 0.02 V, which resulted in the accumulation CuII species that ultimately 

terminated propagating radicals. When the potential was changed back to −0.16 V, the 

dormant CuII complexes were reduced to active CuI species which effectively restored the 

polymerization of SPMA. 
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5.5 PHOTOREDOX-MEDIATED RADICAL POLYMERIZATION 

Photoredox catalysts are quickly becoming popular components in systems used to 

control reversible-deactivation radical polymerizations. Increased understanding of the 

photoredox process has led to a multitude of both organo- and transition metal-mediated 

photoredox polymerization techniques reported within the past few years. Though similar 

in scope and activity to Cu-mediated radical polymerizations, the divergent 

activation/deactivation process merits a separate discussion. 

Scheme 5.10:  General mechanism of photoredox-mediated radical polymerizations 
(PCat = photocatalyst, D = donor). 

As shown in Scheme 5.10, visible light irradiation of a given photocatalyst (PCat) 

generates an excited state (PCat*) that can then participate in either reductive or oxidative 

quenching pathways. In reductive quenching, a sacrificial donor, which is typically a non-

nucleophilic amine, reduces the excited catalyst to generate PCat•. This complex is a 

powerful reductant capable of homolyzing a carbon–initiator bond and initiating 

polymerization reactions. Propagating chains can be deactivated through oxidation by the 

excited PCat*, or by hydrogen atom abstraction from the oxidized donor amines. In 
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contrast, the oxidative pathway proceeds via direct reduction of an initiator species (PMn–

I) by PCat* to generate carbon-based radicals that initiate polymerization reactions. The 

resulting PCat I- is a powerful oxidant and capable of deactivating the propagating radical 

to regenerate the ground-state photocatalyst (PCat). The polymerization can be re-initiated 

upon reduction of the now-dormant polymer chains by PCat*. While examples utilizing 

the reductive quenching pathway are known, the majority of reported photoredox-mediated 

polymerizations occur through the oxidative quenching mechanism. As the switchable 

behavior of this system is intrinsically limited to visible light irradiation, this section will 

be divided by catalyst type rather than stimulus type for clarity. 

5.5.1 Ruthenium-Based Photoredox Catalysts 

While the potential to use Ru-based photosensitizers to reversibly initiate radical 

polymerizations was recognized as early as 1985,51 switchable polymerization activity was 

demonstrated only recently by Choi and co-workers.52 The combination of the RuII-

polypyridine catalyst [Ru(bpy)3]Cl2 with a sacrificial amine donor (i.e., N,N-

diisopropylethylamine) was found to generate carbon-based radicals via reduction of EBiB 

under visible light irradiation (λ > 420 nm). The resulting radical species initiated the free 

radical polymerization of various methacrylates, including MMA, ethyl- (EMA), butyl- 

(BMA), tert-butyl- (TBMA), isobutyl- (IBMA), glycidyl- (GMA), and 2-ethoxyethyl 

methacrylate (EEMA), all of which proceeded to relatively high conversions. Catalyst 

loadings as low as 0.01 mol % were demonstrated to be effective, although the method was 

limited to methacrylate monomers and proved inefficient for St and acrylates. No monomer 

consumption was observed in the absence of the light source, allowing the polymerization 

of MMA to be effectively switched “off” (i.e., relatively inactive) and then back “on” (i.e., 

relatively active) multiple times over the course of a reaction by altering the 
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photoirradiation process. While the polymerization was clearly light-driven and enabled 

switchable characteristics, the authors reported a gradual rise in dispersity with each 

switching cycle, likely due to irreversible chain termination occurring through hydrogen 

atom abstraction from the sacrificial donor. Despite the undesired termination, the number 

of residual active initiators was sufficient to induce the polymerization reaction and 

resulted in high monomer conversions even after multiple switching cycles. 

In parallel, Alexandrova and co-workers reported the polymerization of St, n-butyl 

acrylate (BA), and MMA using the ruthenium metalacycle, cis-

[Ru(ppy)(phen)(MeCN)2][PF6] (ppy = 2-pyridylphenyl; phen = phenanthroline).53 

Subjecting the Ru-precatalyst to visible light radiation (λ > 400 nm) resulted in the 

dissociation of one acetonitrile ligand and generated a reactive 16-electron intermediate. 

Oxidative halide addition of EBiB produced a carbon-centered radical species and initiated 

a polymerization reaction. The authors observed no polymerization activity in the absence 

of light and reported that solvent (i.e., acetone) coordination of the light-induced vacant 

site prevented further radical production. Additionally, reversible deactivation was 

accomplished through reductive halide transfer from the 17-electron Ru complex to the 

propagating radical species. Although low dispersity (Ð = 1.22) poly(MMA) could be 

synthesized, the polymerizations of BA and St typically afforded polymers with relatively 

high molecular weight distributions (Ð = 1.5–1.6). The in situ switching of a single 

polymerization of MMA by alternating exposure of the reaction mixture to photoirradiation 

was repeated multiple times, but only modest conversions were achieved after several 

switching cycles. The reduced activity was likely due to decomposition of the metastable 

solvento-Ru-complex, which could irreversibly rearrange into thermodynamically more 

stable dimeric complexes, rendering the catalyst permanently inactive. 
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In 2014, Boyer and co-workers extended the utility of [Ru(bpy)3]Cl2 as a 

photoredox initiator for radical polymerizations to a combined photoinduced electron 

transfer-reversible addition-fragmentation chain transfer (PET-RAFT) process.54 In 

combination with appropriate thiocarbonylthio RAFT initiators, [Ru(bpy)3]Cl2 was found 

to be an effective catalyst for the polymerization of MMA, methyl acrylate (MA), and N,N-

dimethylacrylamide (DMA) under visible light irradiation (λ = 435 nm). All of these 

polymerizations resulted in high monomer conversions and yielded materials with narrow 

molecular weight distributions (Đ < 1.15). Moreover, despite a short induction period and 

slower propagation rates, the presence of oxygen had no effect on the outcome of the 

polymerization reactions. In this case, the photoexcited Ru-complex produced via 

photoirradiation served a dual purpose: reduction of the thiocarbonylthio initiator to initiate 

the polymerization process along with coincident reduction of oxygen to non-participating 

super-oxide. The polymerization of MMA could be selectively cycled between “off” (i.e., 

relatively inactive) and “on” (i.e., relatively active) states multiple times in the absence as 

well as in presence of oxygen. This switchable system was further applied to the 

preparation of block copolymers, such as poly(MA-b-MA) and poly(DMA-b-DMA). 

Notably, a waiting period of one month in the absence of light before a second addition of 

monomer was demonstrated. Furthermore, the possibility to switch “off” the reaction at 

will was utilized to obtain multiblock copolymers of poly(MA) and poly(DMA). These 

syntheses proceeded via 10 and 5 sequential monomer additions, respectively, and were 

facilitated by the removal of the light source at ca. 95% conversion for each individual 

block. 

The PET-RAFT technique was also extended to the polymerizations of various 

methacrylates, acrylates, and acrylamides in aqueous and biological media (i.e., in the 

presence of bovine serum albumin) to afford well-defined polymers with Đ values typically 
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less than 1.3.55 The aqueous PET-RAFT of DMA was similarly switched between inactive 

and active states by oscillating between periods of darkness and photoirradiation (λ = 435 

nm). Moreover, the system may offer the possibility of forming well-defined block 

copolymers from a variety of monomer architectures outfitted with protein-based end-

groups. Collectively, these results revealed that PET-RAFT facilitated by the visible light 

irradiation of [Ru(bpy)3]Cl2 is a versatile polymerization technique amenable to a variety 

of monomers and provides an high degree of control.   

Scheme 5.11:  Photoredox modulation of a step-growth thiolene polycondensation 
(ArNH2 = p-toluidine). 

More recently, Xu and Boyer reported a step-growth polymerization based on the 

thiolene reaction that was facilitated by [Ru(bpy)3]Cl2.56 As shown in Scheme 5.11, the 

reaction proceeded through a reductive quenching pathway whereby p-toluidine 

transferred an electron to the photoexcited Ru complex (RuII*) to ultimately generate a 

thiyl radical species via hydrogen atom abstraction. The newly formed thiyl radical reacted 

with a comparatively electron-rich alkene, which in turn generated a carbon-based radical 

that was subsequently quenched by a free thiol and yielded a new thiyl radical. As opposed 

to the use of a traditional sacrificial donor, the anilinium species lost H+ to re-enter the 
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catalytic cycle, while the ground-state photocatalyst was regenerated by oxidative 

quenching from atmospheric oxygen. The combination of [Ru(bpy)3]Cl2 and p-toluidine 

with a dithiol and a diene resulted in a photoinitiated step-growth polycondensation when 

irradiated at λ = 461 nm. Though there were effectively three simultaneously-operating 

redox cycles, the authors observed no polymerization activity in the absence of light and 

showed that the polymerization technique was switchable. Overall, the technique provides 

a highly-controlled alternative to the traditional thermally- and UV-induced thiolene 

polycondensation methods. 

5.5.2 Iridium-Based Photoredox Catalysts 

The first switchable controlled/living radical polymerization mediated by an 

iridium-based photoredox catalyst was reported by Fors and Hawker in 2012.57 Visible 

light (fluorescent lamp) irradiation of the Ir catalyst fac-[Ir(ppy)3] in the presence of ethyl-

2-bromo-2-phenyl acetate (EBPA) successfully generated a carbon-based radical through 

oxidative quenching, which consequently initiated the polymerization of MMA (Scheme 

5.12). The polymerization proved to be highly tunable, with close agreement between 

theoretical and experimental molecular weights, and produced polymers with relatively 

low dispersity (Đ < 1.25). No monomer conversion was observed in the absence of light 

and multiple switching cycles were demonstrated by repeatedly turning “off” the polymer 

chain growth upon the removal of the light source for 1 h intervals. Additionally, fac-

[Ir(ppy)3] also facilitated the polymerization of methacrylic acid (MAA) monomers, a 

difficult transformation for traditional ATRP methods. 

Hawker and co-workers later utilized this system in the controlled radical 

polymerization of various acrylates, including MA, BMA, and TBMA, and again 

demonstrated high monomer conversions to generate relatively well-defined polymers (Đ 
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< 1.5).58 In combination with benzyl α-bromoisobutyrate, fac-[Ir(ppy)3] was shown to 

display switchable properties. Indeed, periodic removal of the light source allowed the 

polymerization reaction to be switched “on” (i.e., relatively active) and “off” (i.e., 

relatively inactive) multiple times, with no observable change in overall conversion or 

dispersity values. The incorporation of up to 50% acrylic acid (AA) in a random 

copolymerization with ethyl acrylate further demonstrated the robust nature of the fac-

[Ir(ppy)3]-mediated polymerization method. 

Scheme 5.12:  Generalized mechanism of photoredox-mediated radical polymerizations 
utilizing fac-Ir(ppy)3 as a photocatalyst. 

In 2014, Boyer and co-workers reported fac-[Ir(ppy)3]-mediated PET-RAFT (vide 

supra) of a multitude of monomers, including acrylates, methacrylates, acrylamides, and 

others.59 As in the [Ru(bpy)3]Cl2-mediated PET-RAFT process, oxidative quenching of the 

photoexcited (λ = 435 nm) catalyst by a thiocarbonylthio species initiated the 

polymerization. All of the monomers investigated provided polymers with tunable 

molecular weights and low molecular weight distributions. Suspended chain propagation 

was observed in the absence of light, and a single polymerization of MMA could be toggled 

between active and inactive states through intermittent exposure to visible light radiation. 
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The switchable process was also utilized in the synthesis of a triblock copolymer by 

successive additions of MA, n-butyl acrylate, and tert-butyl acrylate after “off” (inactive) 

periods. Additionally, the polymerizations of vinyl acetate as well as N-vinylpyrrolidinone 

(NVP) could selectively be turned “off” (i.e., relatively inactive) and “on” (i.e., relatively 

active) by switching the light source accordingly, respectively, even in the presence of 

oxygen.60 The polymerization of NVP in the bulk was also investigated in the absence of 

oxygen and similar switching characteristics were observed. 

Later in 2014, the same group demonstrated the PET-RAFT of acrylate-based 

monomers 3-oxobutyl acrylate (OBA) and 3-(trimethylsilyl)prop-2-yn-1-yl acrylate 

(TMSPA) as well as acrylates containing various alkyl chains of various lengths.61 The 

switchable activity of fac-[Ir(ppy)3]-mediated PET-RAFT was again demonstrated by 

switching the polymerization of n-hexyl acrylate between “off” (i.e., relatively inactive) 

and “on” (i.e., relatively active) states multiple times. In addition, the process was used to 

generate a novel triblock copolymer, poly(OBA-b-MA-b-TMSPA). The polymerizations 

were allowed to proceed for 24 h after each successive monomer addition, while the light 

was removed to deactivate the catalyst between additions.  

Most recently, Boyer and coworkers demonstrated stereocontrol in fac-[Ir(ppy)3]-

mediated PET-RAFT polymerizations through the addition of a Lewis acid mediator.62 The 

combination of fac-[Ir(ppy)3] with Y(OTf)3 in the presence of a trithiocarbonate initiator 

facilitated the PET-RAFT of DMA to generate well defined (Đ < 1.3), stereoregular 

polymers in high yield (Scheme 5.13). While atactic poly(DMA) was observed in the 

absence of Lewis acid, the addition of Y(OTf)3 ([Y(OTf)3]/[DMA] = 0.05) to the reaction 

mixture resulted in predominately isotactic (meso/racemic = 0.83/0.17) polymers. 

Furthermore, the authors found that the addition of DMSO deactivated Y(OTf)3 and 

utilized this relationship to synthesize atactic-b-isotactic as well as isotactic-b-atactic 
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stereoblock polymers. Remarkably, the controlled addition of DMSO to an ongoing 

polymerization resulted in the formation of stereogradient poly(DMA). The polymerization 

could be halted at a defined interval of forming isotactic poly(DMA) by removing the 

reaction mixture from light, at which point DMSO was added to deactivate a portion of the 

Y(OTf)3 catalyst. This process was repeated several times which resulted in a 

stereogradient poly(DMA) that transitioned from isotactic towards an increasingly atactic 

stereochemistry. 

Scheme 5.13:  Combined PET-RAFT/Lewis acid-mediated photoredox polymerizations 
that utilize fac-[Ir(ppy)3] and Y(OTf)3. 

While the majority of efforts directed toward Ir-based photoredox-mediated 

polymerizations has thus far focused on the combination of fac-[Ir(ppy)3] with α-halo-ester 

initiators, some recent studies have attempted to extend the utility of these systems through 

the use of novel initiators or other Ir-based photocatalysts. Yang and co-workers reported 

the use of perfluoro-1-iodohexane in conjugation with fac-[Ir(ppy)3] to initiate the 
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polymerization of functional acrylates and access polymers with short perfluoroalkyl end-

groups.63 Additionally, Lalevée and co-workers synthesized the novel Ir-complex 

Ir(btp)2(tmd) (btp = 2-(2’-benzothienyl)pyridine; tmd = 2,2,6,6-tetramethyl-3,5-

heptanedione) and demonstrated its utility in the photoredox-mediated polymerizations of 

various acrylates.64 In both cases, the authors were able to show switchable activities 

similar to those described in the previous examples, where the polymerizations were 

effectively switched between “off” (i.e., relatively inactive) and “on” (i.e., relatively active) 

states by removing and replacing the light source, respectively. 

5.5.3 Niobium-Based Photoredox Catalysts 

Heterogeneous photoredox-mediated polymerization catalysts represent a 

relatively unexplored area. In 2014, Liu and co-workers reported the synthesis of surface-

modified Nb(OH)5 nanoparticles and demonstrated their photoredox activity in RAFT 

polymerizations.65 The surface-grafting of benzyl alcohol to the Nb(OH)5 particles resulted 

in a graft density of roughly 0.114 mmol g-1 and a red-shifted the absorbance of the material 

into the visible region. Visible light irradiation (λ > 420 nm) resulted in electron transfer to 

the Nb centers through ligand-to-metal charge transfer and generated oxygen-centered 

radical cations. Subsequent proton loss afforded relatively stable benzylic radicals, which 

then reacted with the trithiocarbonate RAFT agents present in solution and initiated the 

RAFT process. The method proved effective for the RAFT polymerization of several 

acrylamides and methacrylates, typically producing low dispersity (Ð < 1.25) materials in 

decent yields. No monomer conversion was observed in the absence of light, and a single 

polymerization reaction of N-isopropylacrylamide (NiPAAm) was switched between 

inactive and active states by varying the light stimulus. 
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The same group later reported an improved functionalization procedure and 

achieved a benzyl alcohol graft density of roughly 0.888 mmol g-1 by using NbCl5 

nanoparticles as the starting material.66 Exposure of the functionalized nanoparticles to 

visible light radiation (λ > 420 nm) in the presence of EBiB efficiently initiated the ATRP-

type polymerization of various acrylates in a similar manner to that described above. The 

system was again shown to display switchable activity in the polymerization of NiPAAm, 

although the conversion was somewhat diminished compared to the RAFT system. Simple 

centrifugation allowed for recovery of the Nb-nanoparticles and the authors demonstrated 

up to five recycles of the same catalyst without significant losses of control or activity. 

5.5.4 Organic-Based Photoredox Catalysts 

In order to expand beyond transition metal-based catalysts, Hawker and co-workers 

investigated the use of organic dyes as photoredox mediators for ATRP reactions.67 As 

shown in Scheme 5.14, visible light (λ = 380 nm) irradiation of 10-phenylphenothiazine 

(PTH) produced a sufficiently reducing excited state to generate carbon-based radicals 

from a traditional ATRP initiator (EBPA). Initially, the polymerization of MMA was found 

to proceed in a controlled manner to furnish low dispersity (Ð < 1.3) poly(MMA). 

Reversible deactivation was found to occur in an analogous manner to transition metal-

based predecessors, allowing for the reaction to be reversibly switched to an inactive state 

by removing the light source. The authors demonstrated that the ATRP of benzyl 

methacrylate (BnMA) could be switched between “off” (i.e., relatively inactive) and “on” 

(i.e., relatively active) states up to six times over the course of a single reaction without 

significantly impacting monomer conversion or polymer dispersity. This metal-free 

method enabled the polymerization of various ATRP-type monomers with molecular 

weights and dispersities comparable to traditional Cu-catalyzed systems. Additionally, as 
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opposed to traditional Ru- and Ir-based photoredox catalysts, the excited PTH was not 

adequately oxidizing to generate radicals from amine functionalities, allowing for the 

controlled polymerization of other monomers, such as 2-(dimethylamino)ethyl 

methacrylate (DMAEMA). 

Scheme 5.14:  Photoredox-mediated organocatalyzed radical polymerization utilizing 
PTH as a photocatalyst. 

Theriot and co-workers also reported a metal-free ATRP system that utilized 

perylene as the organic photoredox catalyst.68 Exposure to visible light (using pure white 

LEDs) in the presence of EBPA was found to facilitate the polymerization of MMA. 

Observed molecular weights were higher than predicted and only modest yields could be 

achieved without significant increases in dispersity. However, despite these limitations, the 

authors were able to demonstrate the switchable properties of the system by oscillating the 

polymerization of MMA between “off” (i.e., relatively inactive) and “on” (i.e., relatively 

active) states in an analogous fashion to the PTH-mediated ATRP. 

More recently, Johnson and co-workers demonstrated a controlled radical 

polymerization method based on a trithiocarbonate iniferter by utilizing the PTH-

photoredox system.69 In the presence of visible light, the PTH/iniferter combination was 
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used to initiate the polymerization of certain acrylamides and acrylates, and consistently 

produced polymers with excellent control over molecular weight and narrow dispersity 

values (Ð < 1.1). Removal of the light source deactivated propagating radicals to form a 

macro-iniferter that could be re-initiated upon further visible light irradiation, allowing for 

the controlled reversible deactivation of the polymerization. In addition, the authors 

showed that the rate of polymerization of NiPAAm could be regulated multiple times by 

periodic photoirradiation over the course of a single reaction without affecting the 

molecular weight distributions of the resulting polymers. 

In 2014, Boyer and co-workers enhanced their PET-RAFT polymerization method 

by investigating a variety of organic photoredox agents.70 Irradiation of several different 

organic dyes with blue LEDs (λ = 461 nm) in the presence of a thiocarbonylthio initiator 

and MMA revealed eosin Y to be the most efficient photoredox mediator. Proceeding via 

an oxidative quenching pathway, similar to the preceding example that involved a fac-

[Ir(ppy)3]-mediated PET-RAFT, the polymerizations of MMA and several other functional 

monomers were shown to reach fairly high conversions while maintaining narrow 

dispersities (Đ < 1.3). As previously observed, radical generation was intrinsically linked 

to photoirradiation and allowed for temporal kinetic control over the polymerization of 

MMA. Eosin Y-mediated PET-RAFT was also demonstrated to tolerate monomers 

containing functional groups that readily oxidize, such as DMAEMA. Remarkably, the 

authors also showed that the redox cycle could be switched to a reductive quenching 

process through the addition of trimethylamine, which acted as a sacrificial electron donor 

to render the system oxygen-tolerant. 

Building on these results, Boyer and co-workers subsequently employed 

chlorophyll a (Chl a) as a photoredox mediator for PET-RAFT.71 In an analogous fashion 

to photosynthesis, photon absorption generated an excited chlorophyll species (Chl a*) that 
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could participate in an electron transfer reaction when an appropriate acceptor substrate 

was present (Scheme 5.15). The excited state produced by irradiation with blue or red light 

(λ = 461 or 635 nm) was capable of reducing a thiocarbonylthio initiator to initiate the PET-

RAFT process. Similar to the group’s previous examples, a variety of acrylates, 

methacrylates, and acrylamides were tolerated with relatively good control over molecular 

weights and low dispersity values (Ð < 1.2). The switchable behavior of the chlorophyll-

mediated process was demonstrated via the repeated inhibition and reactivation of a single 

polymerization of MA upon selective removal or introduction of the light source. Although 

chlorophyll a is not strictly an organo-catalyst, the porphyrin-coordinated g center is redox-

neutral and did not appear to participate in the electron transfer process. Instead, the PET 

event originated from the excitation of the conjugated aromatic π-system of the porphyrin, 

and thus can be considered a nominally organo-controlled photoredox process. 

Scheme 5.15:  Photoredox-modulated PET-RAFT polymerizations promoted by 
chlorophyll a or ZnTPP.  

Boyer and coworkers later reported that the porphyrin-based switchable photoredox 

polymerization was also possible using the Zn- porhyrin complex (ZnTPP) shown in 

Scheme 5.15.72 Through a similar mechanism to the system described above, the metal 

center of ZnTPP did not partake in the electron transfer event during the activation of 
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initiators. Instead, the authors proposed that Zn may coordinate the initiator compounds 

and therefore ensure more efficient activation. ZnTPP-mediated photoredox 

polymerization was shown to be most efficient with trithiocarbonate initiators and could 

be promoted with a range of different wavelengths (i.e., λ = 435–655 nm). Moreover, the 

rate of polymerization depended on the specific wavelength used where an exposure to 

yellow light (λ = 565 nm) resulted in the fastest polymerizations followed by green and 

orange light sources (λ = 522 and 595 nm, respectively). Red and blue lights (λ = 635 and 

460 nm, respectively) displayed the lowest polymerization rates. Furthermore, only trace 

amounts of ZnTPP catalyst (i.e., 50 ppm) were required to promote the polymerization of 

a range monomers, including a variety of methacrylates and methacrylamides as well as 

St. Upon the exposure to red light, the polymerizations of various monomers yielded 

relatively well-defined (Ð = 1.04–1.40) polymers, even in the presence of oxygen. The 

polymerization of MA was also effectively turned “on” (i.e., relatively active) and “off” 

(i.e., relatively inactive) upon alteration between the presence and absence of blue or red 

light sources, demonstrating the switchable property of this ZnTPP-mediated photoredox 

system.73 

5.6 CONCLUSION AND OUTLOOK 

Various forms of external stimuli have been shown to be effective for the in situ 

regulation of a broad range of polymerization techniques. Photoirradiation and redox 

events have been the most widely investigated “switches” thus far; however, other stimuli 

including acid-base interactions, mechanochemical force, electrochemical potential, and 

changes in temperature have all been successfully employed to reversibly modulate the 

rate, stereochemical preference and/or other outcomes of various polymerization reactions. 

Although many of the reported switchable polymerization catalysts have only been 
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explored for relatively straightforward “on”/“off” kinetic control, some recent examples 

have begun to venture into more complex switching behaviors, such as the selective 

polymerization of specific monomers within a mixture to control block copolymer 

architectures. In the past decade, a multitude of reports have emerged providing valuable 

fundamental insight into switchable polymerization methodologies, but the limited number 

of available techniques with advanced switchable activity highlights the infancy of the field 

as a whole.  

While significant progress has clearly been made, future efforts should be directed 

towards achieving more sophisticated control over the switchable characteristics of a 

system. For instance, the synthesis of complex materials with precisely tailored 

microstructures may be possible through the development of a polymerization catalyst 

capable of two discrete switching mechanisms induced by orthogonal external stimuli. 

Alternatively, the development of novel switchable polymerization catalysts containing 

multiple distinct catalytic centers that can be selectively switched “on” and “off” 

independent of each other could also lead to an enhanced level of control over polymer 

architecture (e.g., tacticity, composition, topology, etc.) Nevertheless, the nascent field of 

switchable polymerizations represents a useful alternative to conventional methods and is 

expected to facilitate the realization of new polymeric materials that are currently 

challenging or impossible to synthesize using known techniques. 
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Chapter 6: Redox-Switchable Ring-Opening Metathesis Polymerization 

6.1 INTRODUCTION 

As the structural intricacy of polymeric materials is directly correlated to the 

inherent functionalities and physical properties of respective polymers, the rational design 

and enhanced control over the synthesis of polymeric structures to result in increasingly 

sophisticated tailored microstructures is a crucial aspect of macromolecular chemistry.1-5
  

Although biopolymers with complex microstructures (e.g., proteins and DNA) are well-

known, the degree of microstructural regularity and intricacy exhibited by the 

aforementioned biopolymers has yet to be achieve in synthetic macromolecules. In efforts 

to obtain a superior control over a synthetic polymerization reaction, the combination of 

judiciously timed monomer additions as well as careful attention to predetermined 

monomer reactivity ratios in conjunction with living polymerization has been utilized in 

attempts to tune the microstructures of polymeric materials.6,7 More recently, switchable 

catalysis, whereby the chemical reactivity and/or selectivity of a polymerization catalyst is 

modulated through the application of external stimuli, has also been applied in the 

development of polymeric structures with advanced microstructures.8−12  

Although switchable catalysis may be achieved through the application of various 

different stimuli (e.g., photo, thermal, redox, etc.), redox-switchable catalysis is 

particularly appealing due to its simplicity in stimuli introduction (e.g., via the addition of 

chemical reductants and oxidants) as well as the instantaneous alteration of electronic 

properties of the catalysts.13–19 For example, Gibson and co-workers first demonstrated that 

the incorporation of ferrocenyl-substituted salen ligand into a titanium-based 

polymerization catalyst enabled redox-induced changes to selectively “turn on” and “turn 

off” the ring-opening polymerization (ROP) of rac-lactide (Figure 6.1).20 In subsequent 

years, Diaconescu and co-workers expanded the utility of redox-switchable catalysis by 
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described an elegant synthesis of an alternative ferrocene containing Ti-based catalyst that 

enabled selective discrimination between L-lactide and ε-caprolactone upon oxidation or 

reduction (Figure 6.1).21 Furthermore, our group and others have previously demonstrated 

that the ring-opening metathesis polymerization (ROMP) can be also selectively “turned 

on” and “turned off” upon careful oxidation and reduction of ferrocene-annulated Grubbs-

type catalysts without changing the oxidation state of the catalytic center (Figure 6.1).22–23  

Figure 6.1:  Previously reported redox-switchable transition metal catalysts containing 
redox-responsive ferrocenyl substituents.  

Despite their unique properties, many of the redox-switchable ligands suffer from 

poor reaction yields and limited complex stability. 20–23 As a result, our group and others 

have investigated the synthesis and the chemical reactivity of alternative redox-responsive 

ligands.24–25 More specifically, N-heterecyclic carbenes (NHCs) are commonly used and 

well-explored ligands in transition metal-mediated processes.26–27 Due to their strong 

electrophilic properties as well as their distinctive steric parameters, NHCs display superior 

reactivity when compared to other common ligands, such as phosphines.28–30 For this 
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reason, NHC scaffolds infused with redox-sensitive moieties represent an attractive 

alternative to previously described redox-switchable structures.31–32 Our group has 

previously demonstrated that Ni-based catalyst containing redox-responsive quinone-

annulated NHC ligand 1 was shown to reversibly inhibit Kumada coupling upon the 

introduction of chemical reductant (Scheme 6.1).33 The striking differences in the chemical 

reactivity between the neutral and the reduced form of the catalyst could be attributed to 

the significant variations in the electron donicity of the NHC ligand upon the reduction of 

its quinone moiety (TEP = 2,055.4 cm-1 vs TEPred = 2,044.8 cm-1).31–32  

Due to the prominent increase in the electron donating properties of reduced 1, we 

also envisioned that the synthesis of 1-infused redox-switchable analogues of Grubbs-type 

catalysts would enable reversible inhibition or enhancement of ROMP processes. Upon the 

synthesis of the aforementioned redox-switchable Grubbs-type catalysts (Scheme 6.1), we 

have discovered that 3 did not only enabled ROMP reactions to cycle between “on” (active) 

and “off” (inactive) states, but also enabled selective discrimination between different 

ROMP monomer units, constituting a first such example in redox-switchable ROMP 

methodologies. As a result, herein described redox-switchable ROMP catalysts provide a 

novel insight into polymer tacticity through selective modulation of ROMP activity of 

different monomers to obtain new classes of polymeric materials featuring sophisticated 

microstructures.  

6.2 RESULTS AND DISCUSSION 

In order to realize redox-controlled ROMP reactions, our efforts focused on the 

syntheses of redox-switchable analogues of Grubbs’ type catalysts by the institution of 

quinone-annulated NHC ligand 1 onto the Ru center (Scheme 6.1). Initially, we have 

prepared free carbene 1 following a modified literature procedure in quantitative yield.31–
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32 Upon the isolation of 1, Grubbs’ I generation catalyst (G1) was introduced into a benzene 

solution of 1 and allowed to stir for 14 h at ambient temperature. After the removal of 

volatiles under reduced pressure and consequent series of pentane washes, the redox-

switchable analogue of Grubbs’ II generation 2 was obtained in 86% yield. The generation 

of 2 was supported by the presence of benzilydene signal at δ 19.23 ppm in 1H NMR 

(CD2Cl2) and at δ 298.90 ppm in the corresponding 13C NMR as well as the appearance of 

new signal at δ 29.02 ppm in 31P NMR (CD2Cl2).  

Scheme 6.1:  The synthesis of redox-switchable analogues of Grubbs’ II and III 
generation catalysts.  

Furthermore, dissolution of 2 in pyridine resulted in an immediate color change 

from gray-brown to green and afforded the formation of 3, the redox-switchable analogue 

of Grubbs’ III generation catalyst (G3). The subsequent removal of volatiles under reduced 

pressure, followed by a series of pentane washed enabled the isolation of 3 in 88% yield. 

The generation of 3 was accompanied by a downfield chemical shift of benzilydene signal 

in 13C NMR (δ 316.98 ppm in CD2Cl2) as well as a slight chemical shift to δ 19.03 ppm in 

1H NMR (CD2Cl2). The structure of 3 was also supported by the 15N NMR analysis, which 

displayed a salient nitrogen signal at δ 258.01 ppm, indicating the presence of a single 

pyridine molecule at the Ru center of the catalyst. The single crystal X-ray diffraction 
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analysis of 3 further confirmed the presence of a single molecule of pyridine bonded to the 

Ru as opposed to the typical two molecules observed in Grubbs’ III generation catalyst 

(G3).30  

Scheme 6.2:  The synthesis of redox-switchable analogues of Hoveyda-Grubbs II 
generation catalyst.  

In order to complete our library of Ru-based redox-responsive olefin metathesis 

catalysts, we have also synthesized the quinone-infused analogue of Hoveyda-Grubbs II 

generation catalyst (HG2). Following the previously reported procedure for the generation 

of HG2, commercially obtained Hoveyda-Grubbs I generation catalyst (HG1) was added 

into the hexane solution of 1 and stirred for 4 h at 60 °C.34 The subsequent removal of 

volatiles and purification afforded the redox-switchable HG2 analogue 4 in 91% yield. As 

expected, the NMR analysis of 4 displayed the position of benzilydene resonances to be 

more upfield when compared to 3 (i.e., 1H NMR (CD2Cl2) δ 16.12 ppm and 13C NMR 

(CD2Cl2) δ 297.22 ppm, respectively). Slow evaporation of a benzene solution of 4 allowed 

the formation of single crystals suitable for single crystal X-ray analysis and therefore 

enabled us to compare the solid state structures of 3 and 4 in more details.  
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Bond Lengths (Å) /  
Bond Angles (°) 

3 
(NQG3) 

4 
(NQHG2) 

C1–Ru1 2.014(11) 1.982(7) 

C1–N1 1.376(13) 1.362(8) 

C1–N2 1.366(14) 1.365(9) 

Ru1–C30 1.837(11) 1.829(7) 

Ru1–N3 / O3 2.137(9) 2.225(5) 

Ru1–Cl1 2.375(3) 2.345(2) 

Ru1–Cl2 2.369(3) 2.348(2) 

C1-Ru1-C30 95.6(5) 102.9(3) 

C1-Ru1-N3 / O3 165.4(4) 177.5(2) 

N1-C1-N2 104.2(8) 104.0(6) 

C1-Ru1-Cl1 87.8(3) 92.5(2) 

C1-Ru1-Cl2 95.3(3) 94.7(2) 

Table 6.1:  A summary of bond lengths (Å) and bond angles (°) obtain upon single 
crystal X-ray analyses of 3 and 4. 

As summarized in Table 6.1, the Ru-carbenoid bond length was shown to be shorter 

in 4 (1.982(7) Å) when compared to complex 3 (2.014 (11) Å), suggesting a stronger π-

backbonding between the quinone-annulated NHC ligand and the Ru center. The enhanced 

π-backbonding interaction in complex 4 was also supported by the analysis of the 13C NMR 
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resonances, as evidenced by a more upfield carbenoid resonance signal in 4 relative to 3 (δ 

198.15ppm vs 205.07 ppm). 

Moreover, with the successful synthesis of 2 – 4 in hand, we sought to examine the 

electrochemical properties of these redox-switchable Ru-based olefin metathesis catalysts 

in more details. The cyclic voltammograms of 2 and 4, recorded in dry CH2Cl2 using 

platinum working, platinum counter, and silver quasi-reference electrodes. Upon the 

performance of multiple repeated cyclic voltammetry scans, the cyclic voltammograms 

displayed reversible redox processes with only minimal variations in their corresponding 

E1/2 values (2, -0.65 V; 3, -0.61 V and 4, -0.63 V). The minor differences in the 

electrochemical properties were likely to originate from the slightly stronger π-

backbonding between the Ru center and the NHC ligand in complexes 2 and 4, which 

resulted in more electron rich quinone component when compared to 3. 

The electrochemical properties of complexes 2 – 4 were also selectively and 

reversibly altered using chemical reagents. For instance, after the addition of chemical 

reductants (i.e.; cobaltocene (CoCp2)) into the C6D6 or CD2Cl2 solution of 3 and 4, we have 

observed a color change from green to red, indicating the reduction of the quinone moiety 

of 3 and 4 to produce complexes  3red and 4red (Figure 6.2). The broadening of the 1H NMR 

signals of was also observed due to the paramagnetic nature of the reduced radical quinone 

component of 3red and 4red. Additionally, the introduction of chemical oxidant (i.e., 

ferrocenium hexafluorophosphate (FcPF6) or ferrocenium tetrafluoroborate (FcBF4)) 

oxidized both 3red and 4red successfully to regenerate 3 and 4. 
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Figure 6.2:  The reversible reduction and oxidation of the quinone-annulated catalysts 2 
– 4 using chemical reductants and oxidants, such as CoCp2 and FcPF6, 
respectively. 

In order to evaluate the catalytic activity of 2 – 4, initials studies focused on the 

ROMP of 1,5-cyclooctadiene (COD). As shown in Figure 6.3, all of the complexes were 

shown to promote the polymerization of COD. Upon the addition of neutral state of catalyst 

2 to CH2Cl2 monomer solution, we observed a significant delay in the initiation of the 

polymerization of COD (Figure 6.3A), which is consistent with the previous studies on the 

mechanism of Ru-mediated ROMP processes. On the contrary, the 3- and 4-mediated 

polymerization of COD were extremely fast (kobs = 6.7 x 10-3 s-1 and kobs = 8.6 x 10-3 s-1, 

respectively) and both reactions reached 90 % completion in less than 5 minutes.  
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Figure 6.3:  Relative rates of COD polymerization using the redox-switchable ROMP 
catalysts (A: catalyst 2, B: catalyst 3, C: catalyst 4) at 0.6445 M 
concentration of the monomer ([M] / [I] = 3,000) at r.t. 
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Due to the aforementioned fast polymerization of COD, consequent studies to 

influence the polymerization rates by reducing the quinone component of catalysts 3 and 4 

were unsuccessful. As a result, we investigated viable condition to slow down the 

polymerization reactions in order to better control the tacticity of the produced monomers. 

After testing a series of reaction conditions, including the addition of competing ligands as 

well as the alteration of monomer loading, concentration, and solvent, we have achieved a 

significant decrease in the polymerization rate at the monomer concentration of 0.032 M 

and [M] / [I] = 300 while observing no undesired side reactions or catalyst decomposition.  

As shown in Table 6.2, in addition to COD, the catalysts 3- and 4- mediated ROMP 

of COD were approximately 2 times faster than the polymerizations performed in the 

presence of chemical reductant. For this reason, we explored the reactivity of 3 and 4 

towards the ROMP of various norbornene imide derivatives. Both 3 and 4 were able to 

promote polymerizations of propyl functionalized norbornene imide monomer 5 as well as 

ethyl hexyl functionalized derivative 6.  

Remarkably, upon the reduction of 3 using CoCp2, the polymerization rates of both 

monomers 5 and 6 were increased. The enhancement in the polymerization of norbornene 

imide derivatives upon the reduction of the catalyst 3 was the opposite of what we observed 

for COD and therefore demonstrated the ability of 3 to discriminate between various 

monomers based on the different oxidation state of the catalyst. Despite the significant 

delays in the polymer initiations, catalyst 4red was also shown to selectively promote the 

polymerization of the ethyl hexyl functionalized monomer 6 while the neutral/oxidized 4 

enhanced the polymerization of propyl functionalized 5. Collectively, the results have 

suggested that an increased steric hindrance around the monomer units was necessary to 

ensure the redox-controlled monomer selectivity of Hoveyda-Grubbs analogue 4. 
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Catalyst Monomer 
Time 
(sec) 

Rate (s-1) % Conversion a 

3 COD 606 5.7 x 10-3 97 

3red COD 1,005 3.4 x 10-3 98 

4 COD 22,371 1.0 x 10-4 90 

4red COD 42,942 5.0 x 10-5 b 82 

3 5 2,126 1.1 x 10-3 93 

3red 5 1,177 2.0 x 10-3 97 

4 5 1,720 1.3 x 10-3 89 

4red 5 3,013 6.8 x 10-4 c 85 

3 6 1,814 5.3 x 10-4 65 

3red 6 2,182 1.0 x 10-3 91 

4 6 1,933 6.3 x 10-4 d 66 

4red 6 1,396 1.1 x 10-3 e 76 

  

Table 6.2:  Polymerizations were monitored by 1H NMR spectrometry and performed in 
CD2Cl2 at 0.03231 M concentration of the respective monomer with [M] / 
[I] = 300 for COD and 5 and [M] / [I] = 220 for 6. a) All polymerization 
reaction reached completion. b) Polymerization showed a significant 
initiation delay (kred0 = 9.9 x 10-6 s-1). As a result, the rate of polymerization 
was recorded after 10,064 sec (13% conversion). c) Polymerization showed 
a significant initiation delay (kred0 = 1.6 x 10-4 s-1). As a result, the rate of 
polymerization was recorded after 628 sec (27% conversion). d) 
Polymerization showed a significant initiation delay (kox0 = 2.0 x 10-4 s-1). 
As a result, the rate of polymerization was recorded after 425 sec (20% 
conversion). e) Polymerization showed a significant initiation delay (kred0 = 
5.9 x 10-4 s-1). As a result, the rate of polymerization was recorded after 282 
sec (27% conversion). See Appendix D.1. 

Considering the substantial differences between the polymer initiation rates and the 

polymerization rates of complex 4-mediated ROMP, in situ switching studies have focused 

on catalyst 3-mediated processes. Unfortunately, the attempts to alter the rates of 
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polymerization in situ via the introduction of chemical reagents were initially unsuccessful 

due to the high polymer conversions in short amount of time. For instance, the 

polymerizations of COD reached 97% conversion after 10 minutes and therefore were 

impractical for in situ redox-controlled ROMP (Table 6.2).  

In efforts to diminish the rate of polymerization for more practical redox-controlled 

ROMP methodology, successive kinetic studies were executed at depressed temperatures. 

Performing the polymerization of monomer 6 at 10 °C, decreased the rate of 

polymerization by approximately 70% for 3- and 39% for 3red-mediated ROMP. As shown 

in Table 6.3, the decreased reaction temperature did not only slow down the ROMP but 

also enhanced the rate differences between the 3- and 3red-mediated polymerizations of 6 

(kox / kred = 0.53 at 20 °C and kox / kred = 0.26 at 10 °C).  

 

Catalyst Monomer 
Temp 
(°C) 

Time 
(sec) 

Rate (s-1) % Conversion a 

3 COD 20 606 5.7 x 10-3 97 

3 COD 10 2,369 1.2 x 10-3 95 

3red COD 20 1,005 3.4 x 10-3 98 

3red COD 10 2,362 4.2 x 10-4 b 80 

3 6 20 1,814 5.3 x 10-4 65 

3 6 10 2,364 1.6 x 10-4 36 

3red 6 20 2,182 1.0 x 10-3 91 

3red 6 10 2,361 6.1 x 10-4 77 

Table 6.3:  Polymerizations were monitored by 1H NMR spectrometry and performed in 
CD2Cl2 at 0.03231 M concentration of the respective monomer with [M] / 
[I] = 300 for COD and [M] / [I] = 220 for 6. a) All polymerization reaction 
reached completion. b) Polymerization displayed a fast initiation rate (kred0 = 
1.5 x 10-3 s-1). As a result, the rate of polymerization was recorded after 359 
sec (49% conversion). See Appendix D.1. 
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The polymerization rates of COD were also effectively decreased at low 

temperatures. The complex 3-mediated polymerization was shown to be 79% slower at 10 

°C while the 3red-mediated ROMP process was 88% slower when compared to the 

polymerization reaction performed at 20 °C (Table 6.3). In an agreement with the low 

temperature polymerization studies for monomer 6, the rate differences between the 3- and 

3red-facilitated ROMP reactions were greater at 10 °C (kox / kred = 1.7 at 20 °C and kox / kred 

= 2.9 at 10 °C, Figure 6.4). However, in contrast to the uniformly decreased polymerization 

rates of 6 at 10 °C, we have not observed homogenous decrease in the rate of 3red-mediated 

polymerization of COD at low temperatures (Figure 6.4 and Appendix D.1). More 

specifically, we have observed initial enhancement in the polymerization of COD during 

the first 6 minutes of the reaction (kred0 = 1.4 x 10-3 s-1, 49% conversion), followed by a 

depression of the reaction rate to kred1 = 5.0 x 10-4 s-1. 

Figure 6.4:  Relative polymerization rates of COD and 6 using the redox-switchable 
ROMP catalysts 3 (blue) and 3red (red) at 0.0321 M concentration of the 
monomer ([M] / [I] = 300 for COD and [M] / [I] = 220 for 6) at 10 °C.  
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We have hypothesized that the changes in the polymerization of COD in the 

presence of 3red catalyst could be attributed to the different rates of monomer initiation. 

For this reason, we have examined the variations of the polymerization rates in the 3- and 

3red-catalyzed ROMPs as well as the durability of these processes by the introduction of 

additional monomer after allowing the reaction to reach high monomer conversions. Upon 

the polymerization of COD using the neutral catalyst 3 the ROMP reaction proceeded at 

constant rate (kox1 = 1.3 x 10-3 s-1) until 88% conversion at which point additional 300 

equiv. of monomer were introduced into the reaction mixture (Figure 6.5). Indeed, the 

ROMP of COD continued at constant reaction rate (kox2 = 1.1 x 10-3 s-1), demonstrating the 

durability of the polymerization process. As mentioned above, the polymerization of COD 

in the presence of reduced catalyst 3red was initially facilitated at a faster rate (kred0 = 1.5 x 

10-3 s-1) until approximately 50% conversion. After these initial 6 minutes of the 

polymerization, the reaction rate has decreased significantly to kred1 = 4.2 x 10-4 s-1 until 

80% monomer conversion was achieved. Successive introduction of additional COD (300 

equiv.) has persisted to polymerize with only minimal changes (kred2 = 3.5 x 10-4 s-1) 

indicating that the reaction rate remained constant after the initiation of the catalyst. 

Additionally, we also explored the robustness of the 3- and 3red-mediated 

polymerization of complex 6 (Figure 6.5). Upon enabling the 3-catalyzed ROMP of 6 to 

proceed to 70% completion, the subsequent introduction of additional monomer ([M] / [I] 

= 300) was shown to polymerize at unchanged rate (kox1 = 1.9 x 10-4 s-1 vs kox2 = 1.4 x 10-

4 s-1) demonstrating the maintenance of activity of the polymerization. As shown in Figure 

6.5, the 3red-catalyzed ROMP showed slight decrease in the reaction rate after the second 

addition of 6 (kred1 = 7.0 x 10-4 s-1 vs kox2 = 4.4 x 10-4 s-1). Nevertheless, the reduced form 

of catalyst 3 was still shown to enhance the ROMP of norbornene imide monomer 6 
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without significant changes to the relative reaction rates (kox1 / kred1 = 0.27 vs kox2 / kred2 = 

0.32). 

Figure 6.5:  The polymerization of 300 equiv. of 0.0321 M COD (top) or 6 (bottom) 
using the redox-switchable ROMP catalysts 3 (blue) and 3red(red), followed 
by a successive introduction of additional monomer ([M] / [I] = 220) at 10 
°C to demonstrate the durability of the polymerization.  
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In order to avoid complications from the fast initiation observed in the 

polymerization of COD catalyzed by the reduced form of catalyst 3, the ROMP reactions 

were allowed to proceed to approximately 80 – 90% monomer conversion before the 

introduction of additional monomer and subsequent in situ redox-switching of the 

catalyst’s activity. Accordingly, the polymerization of COD was initially allowed to reach 

86% completion at which point additional 300 equiv. of COD was added to continue the 

polymer growth while the reaction rate remained unaffected (kox1 = 1.2 x 10-3 s-1 vs kox2 = 

1.3 x 10-3 s-1, Figure 6.6). Moreover, upon the addition of chemical reductant, the catalyst 

3 was effectively reduced to 3red, which resulted in facile inhibition of the polymerization 

process (kox1 / kred1 = 2.5). Moreover, after the introduction of FcPF6 the catalyst 3red was 

effectively oxidized to its neutral state 3, and the catalytic activity of 3 towards the 

polymerization of COD was successfully restored (kox2 / kred1 = 5.0).   

 Figure 6.6:  The polymerization of 300 equiv. of COD (0.0321 M) followed by a 
successive introduction of additional monomer ([M] / [I] = 300) at 10 °C 
and alternating introduction of CoCp2 and FcPF6 in order to modulate the 
polymerization rates by switchable between the neutral/oxidized (blue) and 
reduced (red) form of catalysts 3.  
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To demonstrate the tunability of the polymerization of norbornene imide monomer 

6 using the redox-switchable catalyst 3, we also controlled the rates of polymer growth of 

6 via the judicial additional of chemical reductants and oxidants (Figure 6.7). Unlike the 

ROMP of COD, the polymerization of 6 did not suffer from variations in the initiation rates 

and therefore the reaction rates could be modulated without the need for catalyst 

initialization. As demonstrated in Figure 6.7 (top), the neutral/oxidized form of catalyst 3 

promoted the ROMP of 6 at kox1 = 2.1 x 10-4 s-1. Unlike the catalyst 3-promoted 

polymerization of COD, the addition of CoCp2 to reduce the catalyst to 3red caused 

enhancement in the rate of polymerization by a factor of 5.7 (kox1 / kred1 = 0.18). The 

polymerization of norbornene imide monomer 6 was then reversibly inhibited upon the 

introduction of FcPF6 (kox2 / kred1 = 0.13), which oxidized the quinone component of the 

catalyst to return the catalyst to its neutral/oxidized state 3. Furthermore, the polymer 

growth of 6 was again restored after a second reduction of 3 to 3red via the addition of 

CoCp2 which increased the rate of ROMP by a factor of 5 (kox2 / kred2 = 0.25).  

The effectiveness and resilient nature of the redox-switchable catalyst 3 was further 

demonstrated upon the initial polymerization of 6, which was followed by a subsequent 

monomer addition before the introduction of FcPF6. As expected, the added chemical 

oxidant caused the regeneration of neutral 3 from 3red that hindered the ROMP of 6 by a 

factor of 5.9 (kox1 / kred2 = 0.17, Figure 6.7, bottom). The successive addition of CoCp2 

generated the reduced 3red and recovered the polymer growth to achieve a complete 

consumption of 6 (kox2 / kred2 = 0.397), collectively demonstrating that the selective 

polymerization of different monomers could be also performed in more practical in situ 

modulated polymerization using redox-switchable analogue of G3. 
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Figure 6.7: The reversible modulation of the polymerization rates of monomer 6 (0.02 
M, [M] / [I] = 220) using the redox-controlled reactivity of the catalyst 3 
with (bottom) and without (top) accounting for the complete initiation of the 
catalyst at 10 °C (blue = 3 and red = 3red).  
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In order to assess the ability of catalyst 3 to selectively discriminate between 

different monomer units depending on the electronic state of the catalyst, we performed in 

situ redox-switching of 3 in the presence of both COD and monomer 6. To ensure a 

complete catalyst initiation, we first polymerized 220 equiv. of monomer 6 by the 

neutral/oxidized catalyst 3. After the reaction achieved 74% conversion, 0.1 ml of CD2Cl2 

solution containing both COD and 6 ([M] / [I] = 300 for each monomer) was added to the 

reaction mixture (Figure 6.8). Consistent with the data described above, we have again 

observed that the complex 3red enhanced polymerization rates of monomer 6 (kred1 = 5.0 x 

10-4 s-1, kred2 = 1.1 x 10-4 s-1) while the neutral/oxidized form 3 inhibited the polymer growth 

(kox1 = 1.8 x 10-4 s-1, kox2 = 6.7 x 10-5 s-1).  

Interestingly, the polymerization of COD displayed the opposite reactivity 

switching in comparison to the above described reactivity pattern of COD. As shown in 

Figure 6.8, after the addition of monomer 6, the polymerization of COD was also promoted 

by the reduced catalyst 3red (kred1 = 9.6 x 10-4 s-1, kred2 = 2.4 x 10-4 s-1) whereas the ROMP 

rates were diminished by the neutral/oxidized complex 3 (kox1 = 7.2 x 10-4 s-1, kox2 = 3.8 x 

10-4 s-1). Remarkably, despite the absence of previously observed ROMP enhancement of 

COD in the presence of the neutral catalyst 3, the catalyst 3red still displayed preferential 

selective polymerization of COD as evidenced by the increased ROMP rates of COD in 

relation to the polymerization rates of monomer 6 (kCODrox1 / k6oox1 = 4.0 vs kCODred1 / k6red1 

= 1.9 and kCODrox2 / k6oox2 = 5.7 vs kCODred2 / k6red2 = 2.3). As a result, even in the presence 

of both monomers, the redox-switchable catalyst 3 was capable of selectively controlling 

the polymer sequence via preferential polymerization of different monomers upon judicial 

alteration of electronic properties of catalyst 3.  
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Figure 6.8: The reversible modulation of the polymerization rates of both COD (□) and 
monomer 6 (■) (0.0321 M, [M] / [I] = 300 per monomer) using the redox-
controlled reactivity of the catalyst 3 at 10 °C after an initiation of the 
catalyst using 220 equiv. of 6 (0.0236 M), not shown in efforts to enhance 
the clarity of the graph. The list of polymerization rates for monomer 6: kox0 
= 1.8 x 10-4 s-1 (not shown), kox1 = 1.8 x 10-4 s-1, kred1 = 5.0 x 10-4 s-1, kox2 = 
6.7 x 10-5 s-1, kred2 = 1.1 x 10-4 s-1 and the list of polymerization rates for 
COD: kox1 = 7.2 x 10-4 s-1, kred1 = 9.6 x 10-4 s-1, kox2 = 3.8 x 10-4 s-1, kred2 = 
2.4 x 10-4 s-1 (blue = 3 and red = 3red). 

To fully understand the redox-controlled modulation of the polymerization rates of 

COD and monomer 6, we have also examined the selective nature of the redox-controlled 

catalyst 3 using a series of computational analyses. As summarized in Figures 6.9 and 6.10, 

the computational studies suggested that the differences between the monomer preferences 

of 3, the neutral/oxidized form of the catalyst, and the reduced state 3red, could be attributed 

to the possible changes in the rate-determining step of the polymerization process. The 

calculation results revealed that the ROMP rate of COD monomer was dependent on the 

retro-[2+2] cycloaddition step during the polymer formation. Furthermore, the 

neutral/oxidized NHC ligand of complex 3 facilitated this transformation (∆G‡
ox = 6.0 
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kcal/mol vs ∆G‡
red = 8.4 kcal/mol), and therefore the polymerization of COD was amplified 

in the presence of catalyst 3.  

Figure 6.9: The representation of the computed reaction pathways for the 
polymerization of 6 using the redox-controlled reactivity of the catalyst 3 in 
CH2Cl2. M06/SDD-6-311+G(d,p)/SMD(CH2Cl2)//B3LYP/LANL2DZ-6-
31G(d). Computational analyses were performed by Professor Peng Liu. 

Remarkably, the computation results further suggested that the polymerization rate 

of model norbornene was no longer determined by the retro-[2+2] cycloaddition, but was 

instead dependent on the initial addition of the monomer unit to the catalyst via [2+2] 

cycloaddition. Moreover, the computational data indicated that the [2+2] cycloaddition was 

facilitated by a stronger electron donation from the adjacent NHC ligand, which 
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electronically enriched the Ru center and therefore promoted the monomer addition to the 

catalyst.  

Figure 6.10: The representation of the computed reaction pathways for the 
polymerization of COD using the redox-controlled reactivity of the catalyst 
3 in CH2Cl2. M06/SDD-6-311+G(d,p)/SMD(CH2Cl2)//B3LYP/LANL2DZ-
6-31G(d). Computational analyses were performed by Professor Peng Liu. 

6.3 CONCLUSION 

In summary, we developed a series of novel redox-switchable analogues of Grubbs-

type catalysts, which were shown to promote the polymerization of COD and norbornene 

imide derivatives. Moreover, we have demonstrated the first redox-controlled selective 

discrimination of different monomer units using the redox-switchable ROMP catalyst 3, 

which enhanced the polymerization of COD but hindered the ROMP of norbornene imide 
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derivatives. In contrast, the polymerization of norbornene imide derivatives was reversibly 

amplified upon the reduction of the quinone moiety of the catalyst 3 to generate 3red 

whereas the catalyst 3red inhibited the polymer growth of COD. The computational 

analyses demonstrated that the alteration in monomer selectivities spurred from the 

different rate determining steps of each polymerization. The polymerization rate of COD 

was shown to be determined by the retro-[2+2] cycloaddition and therefore enforced by a 

weaker electron donor ligand present in the neutral complex 3 while the ROMP of 

norbornene imide derivatives was defined by the monomer [2+2] cycloaddition, thus 

promoted by a stronger electron donating abilities of the NHC ligand observed in the 

reduced 3red. The various in situ redox-switching studies further demonstrated the versatile 

tunability of ROMP processes and a novel insight into the utility of redox-controlled 

ROMP catalysts in the development of advanced polymeric architectures (e.g., 

symmetrically gradient, gradient-block, and other periodic copolymers) that are expected 

to possess novel physical properties are often synthetically intractable. 

6.4 EXPERIMENTAL SECTION 

6.4.1 General Consideration 

All procedures were performed in a nitrogen-filled glove box unless otherwise 

noted. Solvents were dried and degassed by a Vacuum Atmospheres Company solvent 

purification system and stored over 4 Å molecular sieves in a nitrogen-filled glove box. 

Unless otherwise specified, reagents were purchased from commercial sources and used 

without further purification. The free carbene 131–32 and monomer 535 was synthesized 

following a modified previously reported procedures. NMR spectra were recorded on a 

Bruker 400 MHz spectrometer. Chemical shifts (δ) are given in ppm and are referenced to 

TMS using the residual solvent (1H: C6D6, 7.16 ppm; CD2Cl2, 5.32 ppm; 13C: C6D6, 128.06 
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ppm; CD2Cl2, 53.84 ppm) or using the unified scale relative to the absolute frequency for 

1H of 0.1% TMS in CDCl3 (31P, 15N). High resolution mass spectra (HRMS) were obtained 

with a Waters Xevo G2-XS Q-ToF (ESI, APCI) mass spectrometer. Elemental analyses 

were performed with a ThermoScientific Flash 2000 Organic Elemental Analyzer. 

Electrochemical experiments were conducted on CH Instruments Electrochemical 

Workstations (series 660C and 700B) using a gastight, three-electrode cell under an 

atmosphere of dry nitrogen. The cell was equipped with platinum working, platinum 

counter, and silver quasi-reference electrodes. Measurements were performed in dry 

CH2Cl2 with 0.1 M [tetra-n-butylammonium][PF6] (TBAP) as the electrolyte and 

decamethylferrocene (Fc*) or ferrocene (Fc) as the internal standard. Unless otherwise 

noted, all potentials were determined at 100 mV s-1 scan rates and references to saturated 

calomel electrode (SCE) by shifting (Fc*)0/+ to -0.057 V (CH2Cl2) and (Fc)0/+ to 0.46 V 

(CH2Cl2).36 UV-vis spectra were acquired using a Agilent Cary 100 UV-vis Spectrometer 

in 6Q Spectrosil quartz cuvettes (Starna) with 1.0 cm path lengths and 3.5 mL nominal 

sample solution volumes.  

6.4.2 Syntheses 

NQG2 (2): Commercially obtained Grubbs’ I generation catalyst (189.4 mg, 

0.2301 mmol, 1 eq) was added to a stirred solution of 1 (100 mg, 0.2301 mmol, 1eq) in 

benzene (5.00 mL) at ambient temperature and allowed to stir for 14 h. The reaction 

mixture was then PTFE filtered and the volatiles were removed under reduced pressure. 

The solid residue was washed with series of pentane washes and then dried under vacuum 

to afford the desired product as a gray-brown solid (0.1936 g, 0.1975 mmol, 86% yield). 

1H NMR (C6D6, 400.18 MHz) δ 1.04 (br s, 11H), 1.36 (br m, 11H), 1.54 (br s, 6H), 1.75 

(br m, 3H), 2.02 (s, 3H), 2.22 (m, 11H), 2.44 (overlapping s, 6H), 5.90 (br s, 1H), 6.89 (br 
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s, 2H), 7.17 (m, 4H), 7.45 (t, J = 7.2 Hz, 1H), 7.70 (m, 2H), 7.93 (m, 1H), 7.98 (m, 1H), 

8.99 (br s, 1H), 19.23 (s, 1H).  13C NMR (C6D6, 100.64 MHz): δ 14.26, 18.57, 20.00, 21.33, 

21.54, 23.04, 26.51, 28.11, 28.21, 29.43, 31.91, 31.97, 32.08, 126.97, 127.07, 129.15, 

129.33, 130.12, 132.17, 133.38, 134.12, 134.52, 134.67, 136.20, 139.74, 140.41, 151.84, 

173.67, 174.10, 207.30, 208.14, 298.90. 31P NMR (C6D6, 161.99 MHz): δ 29.02. HRMS 

(APCI): [M+]+ calcd. for C54H65N2O2Cl2P1Ru1: 976.3213; Found: 976.3271. Anal. calcd. 

for C54H65N2O2Cl2P1Ru1: C, 66.38; H, 6.71; N, 2.87; Found: C, 66.72; H, 6.88; N, 2.95.   

NQG3 (3):  Purified 2 (87.6 mg, 0.0897 mmol, 1 eq) was directly dissolved in 

excess pyridine (0.30 mL, 16.2061 mmol, 181 eq) and allowed to stir for 3 h at ambient or 

1 h at 60 °C. Upon completion, the volatiles were removed under reduced pressure. The 

solid residue was then washed with series of pentane or hexanes washes and subsequently 

dried under vacuum to afford the desired product as a green solid (0.0633 g, 0.0817 mmol, 

91% yield). 1H NMR (CD2Cl2, 400.18 MHz) δ 2.02 (s, 6H), 2.37 (s, 6H), 2.40 (s, 3H), 2.44 

(s, 3H), 6.89 (s, 2H), 7.01 (t, J = 6.8 Hz, 2H), 7.14 (m, 3H), 7.54 (q, J = 7.6 Hz, 2H), 7.68 

(overlapping d, J = 7.2 Hz, 2H), 7.74 (t, J = 2.8 Hz, 2H), 7.82 (d, J = 4.8 Hz, 2H), 8.02 (br 

m, 2H), 8.54 (m, 1H), 19.03 (s, 1H).  13C NMR (CD2Cl2, 100.64 MHz): δ 18.33, 20.57, 

21.41, 122.07, 123.58, 123.95, 124.17, 127.05, 127.16, 128.34, 129.61, 129.77, 130.66, 

131.18, 132.26, 134.41, 134.70, 135.97, 136.73, 137.33, 138.90, 150.29, 151.73, 152.36, 

158.29, 173.50, 174.40, 205.07, 316.89. 15N NMR (CD2Cl2, 40.56 MHz): δ 258.01. HRMS 

(APCI): [M+]+ calcd. for C41H37N3O2Cl2Ru1: 775.1312; Found: 775.1322. Anal. calcd. for 

C41H37N3O2Cl2Ru1: C, 63.48; H, 4.81; N, 5.42; Found: C, 63.24; H, 4.86; N, 5.89. 

NQHG2 (4):  Commercially obtained Hoveyda-Grubbs I generation catalyst (132 

mg, 0.2198 mmol, 1 eq) was added to a stirred solution of 1 (100 mg, 0.2301 mmol, 1.05 

eq) in hexanes (6.00 mL) and allowed to stir for 4 h at 60 °C. The reaction mixture was 

then PTFE filtered and the volatiles were removed under reduced pressure. The solid 
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residue was then washed with series of ether washes, subsequently dissolved in CH2Cl2 

and then again PTFE filtered. The volatiles were removed under reduced pressure to afford 

the desired product as a green solid (0.1505 g, 0.1994 mmol, 91% yield). 1H NMR (CD2Cl2, 

400.18 MHz) δ 1.28 (d, J = 6.0 Hz, 3H), 2.22 (br s, 12H), 2.52 (br s, 6H), 4.98 (sept, J = 

6.0 Hz, 1H), 6.91 (d, J = 8.4 Hz, 2H), 6.99 (m, 2H), 7.19 (br s, 4H), 7.60 (m, 1H), 7.76 (m, 

2H), 8.05 (m, 2H), 16.12 (s, 1H).  13C NMR (CD2Cl2, 100.64 MHz): δ 21.30, 21.44, 76.43, 

113.46, 122.94, 127.14, 129.68, 130.83, 132.05, 134.44, 134.68, 140.82, 145.41, 153.01, 

198.15, 297.22. HRMS (APCI): [M+]+ calcd. for C39H38N2O3Cl2Ru1: 754.1308; Found: 

754.1296. Anal. calcd. for C39H38N2O3Cl2Ru1: C, 62.07; H, 5.08; N, 3.71; Found: C, 62.45; 

H, 5.31; N, 3.87. 

(+-)-2-(2-ethyl-hexyl)-(3ac,7ac)-3a,4,7,7a-tetrahydro-4r,7c-methano-isoindole 

-1,3-dione (6): Cis-5-norbornene-exo-2,3-dicarboxylic anhydride (1 g, 6.0916 mmol) was 

added into a 50 mL round bottom flask and dissolved in toluene (20 mL) followed by a 

successive addition of 2-ethyl-1-hexylamine (1.1 mL, 6.7154 mmol, 1.1 eq.). The reaction 

mixture was allowed to stir at reflux for 20 h. Upon completion, the volatiles were removed 

under reduced vacuum and the residual gel was dissolved in a minimal amount of CH2Cl2 

and passed through a short plug of silica gel. The volatiles were then again removed under 

reduced pressure to afford the desired product as a clear colorless gel (1.4346 g, 5.2027 

mmol, 85% yield). 1H NMR (CD2Cl2, 400.18 MHz) δ 0.86 (m, 6H), 1.25 (m, 9H), 1.46 (dt, 

Jd = 9.6 Hz, Jt = 1.6 Hz, 1H), 1.65 (sept, J = 6.2 Hz, 1H), 2.64 (s, 2H), 3.21 (t, J = 1.6 Hz, 

2H), 3.31 (m, 2H), 6.27 (t, J = 1.6 Hz, 2H).  13C NMR (CD2Cl2, 100.64 MHz): δ 10.55, 

14.23, 23.36, 24.29, 28.85, 30.92, 38.23, 42.68, 43.11, 45.60, 48.14, 138.16, 178.51. 

HRMS (ESI): [M+H]+ calcd. for C17H25N1O2: 276.1885; Found: 276.1964. 
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6.4.3 General Polymerization Procedure 

 Septum-capped NMR tube was charged with 0.50 mL monomer solution of the 

appropriate concentration in the respective solvent of choice and the NMR top was further 

sealed with PTFE tape to minimize the introduction of moisture into the reaction mixture. 

The 1H NMR spectrum of the pure monomer solution was then collected at either 10 °C or 

20 °C and followed by a subsequent addition of the appropriate amount of catalyst dissolve 

in 0.10 mL of the same solvent as the monomer solution. The NMR tube was vigorously 

shaken rigorously before being inserted back into the NMR instrument at which point the 

rate of polymerization was recorded using 4 scan spectrum collection. The spectra to obtain 

ROMP rates, which were used in the initial evaluation and comparison of the different 

catalysts activities towards different monomers was recorded for 40 minutes in 60 second 

intervals or in 5 second intervals until completion.  

The in situ redox-switching experiments for monomer 6 were collected by charging 

the septum capped NMR tube with 0.50 mL CD2Cl2 solution of monomer 6 and sealing the 

NMR top with PTFE tape to minimize the introduction of moisture. 1H NMR analysis of 

the initial solution then recorded and followed by the addition of 0.10 mL CD2Cl2 solution 

of 3 to afford 0.0321 M monomer solution ([M] / [I] = 300). The NMR tube was shaken 

vigorously and 30 1H NMR spectra were collected in 5 second intervals. Subsequently, 1.5 

equiv. of CoCp2 (10 μL in CD2Cl2) was injected into the NMR tube using Hamilton gastight 

microsyringe. The NMR tube was then shaken vigorously and inserted into the NMR to 

collect 10 1H NMR spectra at 5 second intervals. To oxidize the catalyst, FcPF6 or FcBF4 

in 15 μL CD2Cl2 solution (1.5 equiv. in respect to CoCp2) was injected into the NMR tube 

using Hamilton gastight microsyringe, which was followed by a vigorous shaking of the 

NMR tube. The subsequent 30 1H NMR spectra were collected at 5 second intervals. CoCp2 

in 20 μL CD2Cl2 solution (1.5 equiv. in respect to FcPF6 or FcBF4) was added into the 
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NMR tube using Hamilton gastight microsyringe. The NMR tube was shaken vigorously 

and the final 1H NMR spectra were recorded in 5 second intervals for 1.5 h or until the 

completion of the reaction.  

The in situ redox-switching experiments of the individual or the mixture 

polymerizations of monomer 6 and COD was performed by charging the septum capped 

NMR tube with 0.50 mL CD2Cl2 solution of monomer. The NMR tube top was then sealed 

with PTFE tape to minimize the introduction of moisture and 1H NMR analysis of the 

initial solution was recorded. The addition of 0.10 mL CD2Cl2 solution of 3 to afford 

0.0321 M monomer solution ([M] / [I] = 300) was followed the vigorous shaking of the 

NMR tube was shaken vigorously and subsequent collection of 30 (monomer 6) or 20 

(COD) 1H NMR spectra in 60 second intervals. The 1H NMR spectra for the successive 

redox-switches were recorded in the similar fashion to the above described in situ 

procedure. 
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Appendices 

APPENDIX A: SUPPLEMENTARY INFORMATION FOR CHAPTER 2 

A.1 Proposed Mechanisms for the Formation of 7 

Scheme A.1: Proposed Intramolecular mechanism for the formation of 7. 
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Scheme A.2: Proposed Intermolecular mechanism for the formation of 7. 

A.2 X-ray Crystallography  

General Considerations: Clear colorless single crystals of 1 were grown from a 

concentrated solution of benzene. This compound crystallized in the primitive monoclinic 

space group P 1 21/c 1 with four molecules in the asymmetric unit. Colorless single crystals 

of 5 were grown by solvent evaporation of pentane into dichloromethane solution of the 

compound. This compound crystallized in the primitive triclinic space group P-1 with two 
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molecules in the asymmetric unit. Clear yellow single crystals of 6 were grown from a 

concentrated solution of benzene. This compound crystallized in the primitive triclinic 

space group P-1 with two molecules of 5 and four benzene molecules. Solvent evaporation 

of pentane into a saturated solution afforded clear crystals of 7. This compound crystallized 

in the primitive orthorhombic space group P n m a with four molecules of 7 in the 

asymmetric unit. Crystallographic measurements were carried out on a Rigaku SCX-Mini 

with Mercury 2+ CCD or a Rigaku AFC-12 with Saturn 724+ CCD area detector 

diffractometer using graphite-monochromated Mo-Kα radiation (λ = 0.71075 Å) at 100 K 

or 150 K using a Rigaku XStream or an Oxford Cryostream low temperature device. A 

sample of suitable size and quality was selected and mounted onto a nylon loop. Data 

reductions were performed using DENZO-SMN.1 The structures were solved by direct 

methods which successfully located most of the non-hydrogen atoms. Subsequent 

refinements on F2 using the SHELXTL/PC package (version 5.1) allowed location of the 

remaining non-hydrogen atoms.2 Key details of the crystal and structure refinement data 

are summarized in Table A.1. CCDC 1019180-1019183 contains the crystallographic data 

for 1, 5, 6, and 7, respectively. 
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 DAC-H3SiPh (1) DAC-HSiOMe3 (5) DAC-AlCl3 (6) DAC-AlMe3 (7) 

Formula C30H36N2O2Si C27H38N2O5Si 
C24H28N2O2AlCl3 
2C6H6

C33H55N2O2Al3 

Mr 484.70 498.68 666.03 592.73 
crystal size 0.20  0.20  0.20 0.23  0.18  0.08 0.20  0.20  0.20 0.20  0.20  0.20
crystal system monoclinic triclinic Triclinic orthorhombic
space group P 1 21/c 1 P-1 P-1 P n m a 
a (Å) 8.7413(18) 9.8855(25) 10.6600(35) 9.8252(18)
b (Å) 22.2113(46) 10.6845(26) 11.1280(34) 23.9076(41)
c (Å) 13.7603(29) 12.9951(33) 16.7040(51) 15.0040(28)
 () 90 84.635(5) 106.692(19) 90 
 () 92.061(5) 82.957(6) 95.1122(15) 90 
 () 90 82.025(5) 108.571(13) 90 
V (Å3) 2669.91(11) 1344.94(15) 1763.24(177) 3524.39(11)
Z 4 2 2 4 
calc (g cm-3) 1.21 1.23 1.25 1.12 

 (mm-1) 0.117 0.126 0.318 0.137 
F(000) 1040.0 536.0 700.0  1288.0 
T (K) 150(2) 150(2) 150(2) 100(2) 
scan mode     
hkl range -10  +10 

-26  +26 
-16  +16 

-11  +11
-12  +12 
  -15  +15 

-12  +12
-13  +13 
-19  +19 

-11  +11
-27  +28 
-17  +17 

measd reflns 34140 15776 25510 53249 
unique reflns 4690 [0.151] 4739 [0.033] 6169 [0.058] 3175 [0.057]
refinement reflns 4690 4739 6169 3175 

refined 324 337 405 202 
GOF on F2 1.006 1.006 1.006 1.006 
R1a (all data) 0.064  (0.102) 0.055 (0.062) 0.042 (0.047) 0.053 (0.054) 
wR2b (all data) 0.147  (0.169) 0.055 (0.152) 0.116 (0.120) 0.133 (0.134) 
fin (max/min) 
(e Å-3) 

0.241 
-0.308 

0.621 
-0.449 

0.372 
-0.275 

0.606 
-0.280 

a R1 = ƩǀǀFoǀ - ǀFcǀǀ/ƩǀFoǀ. b wR2 = {[Ʃw(Fo2 – Fc2)2]/Ʃw(Fo2)2]}1/2. 

Table A.1: Summary of crystal data, data collection, and structure refinement details. 
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APPENDIX B: SUPPLEMENTARY INFORMATION FOR CHAPTER 3 

B.1 POV-Ray Representation of Single Crystal X-ray Structures 

Figure B.1:  POV-Ray representation of 4 with thermal ellipsoids set to 50% probability. 
Most of the H atoms have been omitted for clarity.  

Figure B.2:  POV-Ray representation of 2DAC-BH3 with thermal ellipsoids set to 50% 
probability. The H atoms have been omitted for clarity. 
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Figure B.3:  POV-Ray representation of DAC-BCl3 with thermal ellipsoids set to 50% 
probability. The H atoms have been omitted for clarity. 

Figure B.4:  POV-Ray representation of DAC-BF3 with thermal ellipsoids set to 50% 
probability. The H atoms have been omitted for clarity. 

B. 2 X-ray Crystallography 

General Considerations: Colorless single crystals of 1.SMe2 were grown from a 

concentrated solution of dichloromethane at -20 °C. This compound crystallized in the 

primitive monoclinic space group P21/n with four molecules of 1.SMe2 and four molecules 

of dichloromethane in the asymmetric unit. Slow diffusion of pentane into dichloromethane 
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saturated with 1.py under ambient conditions afforded colorless blocks. This compound 

crystallized in the primitive orthorhombic space group Pca21 with four 

crystallographically independent molecules and four interstitial molecules of water in the 

unit cell. Colorless single crystals of 1.NMe3 were grown via a slow evaporation of benzene 

solution of 1.NMe3. This compound crystallized in the primitive triclinic space group P21 

with two sets of two molecules of 1.NMe3 in the asymmetric unit. Slow diffusion of 

hexanes into benzene saturated with 2 afforded single crystals. This compound crystalized 

in primitive triclinic space group P-1 with four sets of two molecules of 2 in the asymmetric 

unit cell. Slow evaporation of benzene solution saturated with 4 afforded colorless crystals. 

This compound crystallized in the primitive monoclinic space group P21/m with two 

molecules of benzene and two molecules of 4 in the asymmetric unit. However, due to the 

complications from pseudosymmetry around the central axis of symmetry that interfered 

with the proper modelling of the disorder of the 9-BBN unit, the crystal structure was 

solved using a lower symmetry space group (monoclinic P21). Slow evaporation of 

benzene and dichloromethane mixed solution saturated with 4 afforded colorless crystals. 

This compound crystallized in the primitive triclinic space group P-1 with two molecules 

in the asymmetric unit. Colorless single crystals of 5 were grown via a slow evaporation 

of benzene and dichloromethane mixed solution of 5 under ambient conditions. This 

compound crystallized in the primitive orthorombic space group Pnnc with eight molecules 

of 5 in the asymmetric unit. Clear yellow single crystals of DAC-BCl3 were grown from a 

concentrated solution of benzene. This compound crystallized in the primitive triclinic 

space group P-1 with two molecules in the asymmetric unit. Colorless single crystals of 

DAC-BF3 were grown by slow evaporation of benzene solution. This compound 

crystallized in the primitive monoclinic space group P21/c with four molecules in the 

asymmetric unit. Slow evaporation of benzene solution of 2DAC-BH3 produces colorless 
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crystals. This compound crystallized in the primitive monoclinic space group P2/c with 

four molecules 2DAC-BH3 and benzene in the asymmetric unit. Crystallographic 

measurements were carried out on a Nonius Kappa CCD, a Rigaku Mini CCD, or a Rigaku 

AFC-12 with Saturn 724+ CCD area detector diffractometer using graphite-

monochromated Mo-Kα radiation (λ = 0.71073 Å) at 120 K or 150 K using a Rigaku 

XStream or an Oxford Cryostream low temperature device or on a XtaLab P200 with 

Rigaku Pilatus 200K area detector or Agilent SuperNova Dual Source Cu at zero with 

AtlasS2 CCD plate detector diffractometer using a collimatied or multilayer mirror 

monochromator Cu-Kα radiation (λ = 1.54184 Å) at 93 K, 123 K, or 130 K using Rigaku 

Low-Temperature Gas Spray Cooler or an Oxford Cryostream low temperature device. A 

sample of suitable size and quality was selected and mounted onto a nylon loop. Data 

reductions were performed using DENZO-SMN, Agilent Technologies CrysAlisPro V 

1.171.37.31, CrystalClear-SM Expert 2.1 b45 (Rigaku, 2015) or CrystalClear 1.40 

(2008).1-4 The structures were solved by direct methods which successfully located most 

of the non-hydrogen atoms. Subsequent refinements on F2 using the SHELXTL/PC 

package (version 5.1) allowed location of the remaining non-hydrogen atoms.5 Key details 

of the crystal and structure refinement data are summarized in Table B.1 and B.2. As 

indicated in Tables B.1 and B.2, CCDC 1022986-1022987, 1022989-1022990, 1022992, 

and 1422628-1422634 contain the crystallographic data for the crystal structures reported 

herein. 

  



 144 

 1.SMe2 1.py 1.NMe3 2 2DAC-BH3 

CCDC 1022989 1022990 1422628,1422632 1022992 1422631 
Formula C26H37N2O2BS C29H36N3O2B C27H40N3O2B C24H31N2O2B C48H59N4O4B 
Mr 452.46 469.44 449.4 390.33 766.80
crystal size (mm3) 0.20  0.20  0.20 0.20  0.20  0.20 0.25 x 0.15 x 0.09 0.20  0.20  0.20 0.10  0.10  0.10
crystal system monoclinic orthorhombic monoclinic triclinic monoclinic
space group P 1 21/n 1 P c a 21 P I 21 I P -1 P I  2/c I
a (Å) 16.852(12) 22.5736(33) 8.8352(12) 11.658(28) 16.8362(3)
b (Å) 13.4987(97) 8.3284(12) 12.6874(17) 12.6990(30) 12.0920(3)
c (Å) 12.8256(90) 13.9430(21) 12.1513(17) 15.4975(36) 23.6248(4)
 () 90 90 90.000(0) 85.322(5) 90.000(0)
 () 90.981(11) 90 109.329(3) 72.721(5) 91.107(2)
 () 90 90 90.000(0) 88.791(5) 90.000(0)
V (Å3) 2917.07(36) 2621.31(7) 1285.33(15) 2183.60(38) 4808.72(3)
Z 4 4 2 4 4
calc (g cm-3) 1.22 1.23 1.16 1.19 1.06 

 (mm-1) 0.320 0.079 0.072 0.074 0.524
F(000) 1144.0 1048.0 488.0 840.0 1648.0 
T (K) 120(2) 150(2) 150(3) 120(2) 130(2)
scan mode     
hkl range -20  +20

-16  +16 
-15  +15 

-26  +26
-9  +9 
-16  +16 

-10  +10
-15  +15 
-14  +14 

-13  +13
-15  +15 
-18  +18 

-19  +20
-14  +13 
-28  +18 

measd reflns 41353 36680 18790 29315 16102
unique reflns [Rint] 5129 [0.152] 4610 [0.094] 4504 7676 [0.057] 9019 [0.025]
refinement reflns 5129 4610 4504 7676 9019 

refined parameters 324 341 317 547 530
GOOF on F2 1.006 1.006 1.006 1.006 1.006
R1a (all data) 0.093 (0.122) 0.040 (0.044) 0.032(0.034) 0.054 (0.070) 0.043 (0.056) 
wR2b (all data) 0.171 (0.187) 0.101 (0.103) 0.079(0.080) 0.129 (0.142) 0.110 (0.123) 
fin (max/min) 
(e Å-3) 

0.620 
-0.502 

0.180 
-0.220 

0.156 
-0.157 

0.259 
-0.250 

0.279 
-0.191 

       a R1 = ƩǀǀFoǀ - ǀFcǀǀ/ƩǀFoǀ. b wR2 = {[Ʃw(Fo2 – Fc2)2]/Ʃw(Fo2)2]}1/2. 

Table B.1: Summary of crystal data, data collection, and structure refinement for 1.SMe2, 1.py, 1.NMe3, 2, and 2DAC-BH3.
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 DAC-9BBN (3) DAC-Bpin (4) DAC-bispin (5) DAC-BCl3 DAC-BF3 

CCDC 1429210 1422629,1422634 1422630,1422633 1022986 1022987 
Formula C38H49N2O4B C30H41N2O4B C36H52N2O6B2 C24H28N2O2BCl3 C24H28N2O2BF3 

Mr 576.60 504.46 630.41 493.66 444.30
crystal size (mm3) 0.24  0.22  0.13 0.23  0.12  0.06 0.39  0.33  0.15 0.20  0.20  0.20 0.39  0.11  0.10
crystal system Monoclinic triclinic orthorhombic triclinic M onoclinic
space group P 1 21 I P-1 P c c n P -1 P 1 21/c 1
a (Å) 8.1720(70) 8.1190(20) 20.2950(30) 9.5178(39) 15.5890(17)
b (Å) 16.7830(80) 11.8750(30) 18.1860(20) 10.8696(43) 16.4336(17)
c (Å) 12.1300(70) 14.9580(50) 19.2810(30) 14.2715(48) 9.1255(10)
 () 90.000(0) 82.730(20) 90.000(0) 102.578(10) 90
 () 100.440(20) 86.700(30) 90.000(0) 108.454(22) 90.038(3)
 () 90.000(0) 82.128(18) 90.000(0) 97.337(9) 90
V (Å3) 1636.10(63) 1415.88(52) 7116.33(17) 1335.73(134) 2337.80(4)
Z 2 2 8 2 4
calc (g cm-3) 1.17 1.18 1.18 1.32 1.26 

 (mm-1) 0.543 0.611 0.621 0.371 0.096
F(000) 576.6  544.0  2720.0 558.0 936.0 
T (K) 123(2) 123(2) 93(2) 100(2) 120(2)
scan mode     
hkl range -9  +9

-11  +20 
-14  +10 

-6  +9
-14  +14 
-18  +17 

-24  +12
-21  +20 
-23  +23 

-11  +11
-12  +12 
-16  +16 

-18  +18
-18  +18 
 -10  +10 

measd reflns 15042 25486 53226 18988 4056
unique reflns [Rint] 4509 [0.047] 5148 [0.039] 6502 [0.021] 4680 [0.080] 4056 [0.000]
refinement reflns 4509 5148 6502 4680 4056 
refined parameters 396 346 431 324 298
GOOF on F2 1.006 1.006 1.006 1.006 1.006
R1a (all data) 0.053 (0.064) 0.046 (0.060) 0.035 (0.038) 0.053  (0.075) 0.031 (0.033) 
wR2b (all data) 0.146 (0.153) 0.125 (0.133) 0.091 (0.093) 0.111  (0.122) 0.089 (0.090) 
fin (max/min) 
(e Å-3) 

0.302 
-0.208 

0.584 
-0.221 

0.298 
-0.246 

0.289 
-0.315 

0.223 
-0.161 

       a R1 = ƩǀǀFoǀ - ǀFcǀǀ/ƩǀFoǀ. b wR2 = {[Ʃw(Fo2 – Fc2)2]/Ʃw(Fo2)2]}1/2. 

Table B.2: Summary of crystal data, data collection, and structure refinement details for 4, 5, DAC-BCl3, and DAC-BF3.
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APPENDIX C: SUPPLEMENTARY INFORMATION FOR CHAPTER 4 

C.1 X-ray Crystallography 

General Considerations: Colorless single crystals of 11 were grown via a slow 

evaporation of benzene solution of 11. This compound crystallized in the primitive triclinic 

space group P-1 with two molecules of 11 in the asymmetric unit. Crystallographic 

measurements were carried out on a XtaLab P200 with Rigaku Pilatus 200K area detector 

diffractometer using a multilayer mirror monochromator Cu-Kα radiation (λ = 1.54184 Å) 

at 123 K using Rigaku Low-Temperature Gas Spray Cooler. A sample of suitable size and 

quality was selected and mounted onto a nylon loop. Data reductions were performed using 

DENZO-SMN, Agilent Technologies CrysAlisPro V 1.171.37.31, CrystalClear-SM 

Expert 2.1 b45 (Rigaku, 2015) or CrystalClear 1.40 (2008).1-4 The structures were solved 

by direct methods which successfully located most of the non-hydrogen atoms. Subsequent 

refinements on F2 using the SHELXTL/PC package (version 5.1) allowed location of the 

remaining non-hydrogen atoms.5 Key details of the crystal and structure refinement data 

are summarized in Table C.1. 
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 DAC-BH3cis-3-hexene (11) 

Formula C30H43N2O2B 
Mr 474.5
crystal size (mm3) 0.20  0.20  0.20
crystal system triclinic
space group P -1
a (Å) 9.4460(13)
b (Å) 12.5512(21)
c (Å) 12.8280(17)
 () 97.463(6)
 () 110.784(9)
 () 96.693(5)
V (Å3) 1387.99(60)
Z 2
calc (g cm-3) 1.14 

 (mm-1) 0.070
F(000) 516.0 
T (K) 123(2)
scan mode 
hkl range -10  +11

-14  +14 
-15  +15 

measd reflns 16265
unique reflns [Rint] 4766 [0.090]
refinement reflns 4766 

refined parameters 326
GOF on F2 1.006
R1a (all data) 0.132 (0.188) 
wR2b (all data) 0.340 (0.385) 
fin (max/min) 
(e Å-3) 

0.965 
-0.493 

a R1 = ƩǀǀFoǀ - ǀFcǀǀ/ƩǀFoǀ. b wR2 = {[Ʃw(Fo2 – Fc2)2]/Ʃw(Fo2)2]}1/2. 

Table C.1:  Summary of crystal data, data collection, and structure refinement details. 

C.2 References 

[1] DENZO-SMN. (1997): Z. Otwinowski, W. Minor in Methods in Enzymology, 276: 
Macromolecular Crystallography, part A, (Eds.: C. W. Carter, Jr., R. M. Sweets) 
Academic Press, 1997, 307–326. 

[2] CrysAlisPro. Agilent Technologies (2013). Agilent Technologies UK Ltd., Oxford, 
UK, SuperNova CCD System, CrysAlicPro Software System, 1.171.37.31. 

[3] CrystalClear-SM Expert 2.1 b45 (2015). Rigaku Americas Corportion, The 
Woodlands, TX. 

[4] CrystalClear 1.40 (2008). Rigaku Americas Corportion, The Woodlands, TX. 

[5] Sheldrick, G.M. A short history of SHELX. Acta Cryst. 2008, A64, 112–122. 
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APPENDIX D: SUPPLEMENTARY INFORMATION FOR CHAPTER 6 

D.1 X-ray Crystallography 

General Considerations: Slow diffusion of hexane into benzene saturated with 3 afforded 

green single crystal of 3. This compound crystallized in the primitive monoclinic space 

group P 21/c with four crystallographically independent molecules in the unit cell. Green 

single crystals of 4 were grown from a concentrated solution of tetrahydrofuran at -20 °C. 

This compound crystallized in the primitive monoclinic space group P21 with two 

molecules of 4 and two molecules of tetrahydrofuran in the asymmetric unit. 

Crystallographic measurements were carried out on a XtaLab P200 with Rigaku Pilatus 

200K area detector diffractometer using a multilayer mirror monochromator Cu-Kα 

radiation (λ = 1.54184 Å) at 123 K using Rigaku Low-Temperature Gas Spray Cooler. A 

sample of suitable size and quality was selected and mounted onto a nylon loop. Data 

reductions were performed using DENZO-SMN, Agilent Technologies CrysAlisPro V 

1.171.37.31, CrystalClear-SM Expert 2.1 b45 (Rigaku, 2015) or CrystalClear 1.40 

(2008).1-4 The structures were solved by direct methods which successfully located most 

of the non-hydrogen atoms. Subsequent refinements on F2 using the SHELXTL/PC 

package (version 5.1) allowed location of the remaining non-hydrogen atoms.5 Key details 

of the crystal and structure refinement data are summarized in Table D.1. 
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 NQG3 (3) NQHG2 (4) 

Formula C41H37N3O2Cl2Ru C43H46N2O3Cl2Ru 
Mr 775.7 826.8
crystal size (mm3) 0.20  0.20  0.20 0.20  0.20  0.20
crystal system Monoclinic Monoclinic
space group P 21/c P 21
a (Å) 10.6465(26) 8.3800(70)
b (Å) 15.9433(41) 21.5800(200)
c (Å) 22.6256(58) 11.0723(97)
 () 90.000(0) 90.000(0)
 () 91.537(6) 109.143(44)
 () 90.000(0) 90.000(0)
V (Å3) 3839.10(18) 1891.60(307)
Z 4 2
calc (g cm-3) 1.34 1.45 

 (mm-1) 0.585 5.016
F(000) 1592.0 856.0 
T (K) 123(2) 123(2)
scan mode  
hkl range -12  +12 

-15  +19 
-17  +27 

-3  +9 
-26  +26 
-13  +13 

measd reflns 20926 40249
unique reflns [Rint] 6939 [0.144] 6894 [0.097]
refinement reflns 6939 6894 

refined parameters 448 477
GOF on F2 1.006 1.039
R1a (all data) 0.090 (0.160) 0.038 (0.052) 
wR2b (all data) 0.236 (0.297) 0.0.81 (0.089) 
fin (max/min) 
(e Å-3) 

4.400 
-0.646 

0.836 
-0.478 

a R1 = ƩǀǀFoǀ - ǀFcǀǀ/ƩǀFoǀ. b wR2 = {[Ʃw(Fo2 – Fc2)2]/Ʃw(Fo2)2]}1/2. 

Table D.2:  Summary of crystal data, data collection, and structure refinement details. 
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D.3 Kinetic Analyses 

Pseudo-First Order Kinetic Analyses for Ring-Opening Metathesis Polymerization 
Reactions Catalyzed by Redox-Switchable Catalysts 3 and 3red 

The ring-opening metathesis polymerization of COD as well as norbornene imide 

derivatives 5 and 6 may be represented as: 

PBA   

Due to the large [M] / [I] ratio, the monomer (A) will always be present in a large 

excess over the quantities of the catalyst 3 or 3red (B). Assuming no side reactions, pseudo-

first order kinetics may be assumed and the following rate law applies: 

][]][[
][

0 AkBAk
dt

Pd


 

The integrated form of the above equation could be written as: 

ktAA  0]ln[]ln[  

For this reason, plotting -ln([A] vs. t (s) should give a linear plot where k is equal 

to the slope of the line, as shown in Figures D.1 – D.28. 
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Figure D.1:  Reaction rates for the polymerization of COD using the redox-switchable 
ROMP catalysts 2 (blue) at 0.6445 M concentration of the monomer ([M] / 
[I] = 3,000) at 20 °C.  
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Figure D.2:  Reaction rates for the polymerization of COD using the redox-switchable 
ROMP catalysts 3 (blue) at 0.6445 M concentration of the monomer ([M] / 
[I] = 3,000) at 20 °C.  
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Figure D.3:  Reaction rates for the polymerization of COD using the redox-switchable 
ROMP catalysts 4 (blue) at 0.6445 M concentration of the monomer ([M] / 
[I] = 3,000) at 20 °C.  
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Figure D.4:  Reaction rates for the polymerization of COD using the redox-switchable 
ROMP catalysts 3 (blue) at 0.0321 M concentration of the monomer ([M] / 
[I] = 300) at 20 °C.  
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Figure D.5:  Reaction rates for the polymerization of COD using the redox-switchable 
ROMP catalysts 3red (red) at 0.0314 M concentration of the monomer ([M] / 
[I] = 300) at 20 °C.  
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Figure D.6:  Reaction rates for the polymerization of COD using the redox-switchable 
ROMP catalysts 4 (blue) at 0.0321 M concentration of the monomer ([M] / 
[I] = 300) at 20 °C.  
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Figure D.7:  Reaction rates for the polymerization of COD using the redox-switchable 
ROMP catalysts 4red (red) at 0.0314 M concentration of the monomer ([M] / 
[I] = 300) at 20 °C.  
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Figure D.8:  Reaction rates for the polymerization of 5 using the redox-switchable 
ROMP catalysts 3 (blue) at 0.0321 M concentration of the monomer ([M] / 
[I] = 300) at 20 °C.  
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Figure D.9:  Reaction rates for the polymerization of 5 using the redox-switchable 
ROMP catalysts 3red (red) at 0.0314 M concentration of the monomer ([M] / 
[I] = 300) at 20 °C.  
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Figure D.10: Reaction rates for the polymerization of 5 using the redox-switchable 
ROMP catalysts 4 (blue) at 0.0321 M concentration of the monomer ([M] / 
[I] = 300) at 20 °C.  

  



 162 

Figure D.11: Reaction rates for the polymerization of 5 using the redox-switchable 
ROMP catalysts 4red (red) at 0.0314 M concentration of the monomer ([M] / 
[I] = 300) at 20 °C.  
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Figure D.12: Reaction rates for the polymerization of 6 using the redox-switchable 
ROMP catalysts 3 (blue) at 0.0236 M concentration of the monomer ([M] / 
[I] = 220) at 20 °C.  
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Figure D.13: Reaction rates for the polymerization of 6 using the redox-switchable 
ROMP catalysts 3red (red) at 0.0230 M concentration of the monomer ([M] / 
[I] = 220) at 20 °C. 
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Figure D.14: Reaction rates for the polymerization of 6 using the redox-switchable 
ROMP catalysts 4 (blue) at 0.0236 M concentration of the monomer ([M] / 
[I] = 220) at 20 °C.  
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Figure D.15: Reaction rates for the polymerization of 6 using the redox-switchable 
ROMP catalysts 4red (red) at 0.0230 M concentration of the monomer ([M] / 
[I] = 220) at 20 °C. 
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Figure D.16: Reaction rates for the polymerization of COD using the redox-switchable 
ROMP catalysts 3 (blue) at 0.0321 M concentration of the monomer ([M] / 
[I] = 300) at 10 °C.  
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Figure D.17: Reaction rates for the polymerization of COD using the redox-switchable 
ROMP catalysts 3red (red) at 0.0314 M concentration of the monomer ([M] / 
[I] = 300) at 10 °C.  
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Figure D.18: Reaction rates for the polymerization of 6 using the redox-switchable 
ROMP catalysts 4 (blue) at 0.0236 M concentration of the monomer ([M] / 
[I] = 220) at 10 °C.  
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Figure D.19: Reaction rates for the polymerization of 6 using the redox-switchable 
ROMP catalysts 4red (red) at 0.0230 M concentration of the monomer ([M] / 
[I] = 220) at 10 °C. 
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Figure D.20: Reaction rates for the polymerization of COD using the redox-switchable 
ROMP catalysts 3 (blue) at 10 °C with the initial monomer concentration of 
0.0321 M ([M] / [I] = 300). After ~90% conversion additional monomer 
([M] / [I] = 300) was added to the reaction mixture to result in cumulative 
concentration of 0.0604 M.  
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Figure D.21: Reaction rates for the polymerization of COD using the redox-switchable 
ROMP catalysts 3red (red) at 10 °C with an initial monomer concentration of 
0.0314 M ([M] / [I] = 300). After ~90% conversion additional monomer 
([M] / [I] = 300) was added to the reaction mixture to result in cumulative 
concentration of 0.0539 M.  
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Figure D.22: Reaction rates for the polymerization of 6 using the redox-switchable 
ROMP catalysts 3 (blue) at 10 °C with an initial concentration of 0.0236 M 
([M] / [I] = 220). At ~90% conversion additional monomer ([M] / [I] = 220) 
was added to the reaction mixture to result in cumulative concentration of 
0.0405 M.  
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Figure D.23: Reaction rates for the polymerization of 6 using the redox-switchable 
ROMP catalysts 3red (red) at 10 °C with an initial monomer concentration 
0.0230 M ([M] / [I] = 220). At ~90% conversion additional monomer ([M] / 
[I] = 220) was added to the reaction mixture to result in cumulative 
concentration of 0.0396 M.  
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Figure D.24: Reaction rates for the polymerization of COD using the redox-switchable 
ROMP catalysts 3 (blue) at 10 °C with an initial monomer concentration of 
0.0321 M ([M] / [I] = 300). At ~90% conversion additional monomer ([M] / 
[I] = 300) was added to the reaction mixture to result in cumulative 
concentration of 0.0604 M followed by a set of redox-switches using CoCp2 
and FcPF6 or FcBF4 (concentrations were adjusted accordingly).  
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Figure D.25: Reaction rates for the polymerization of 6 using the redox-switchable 
ROMP catalysts 3 (blue) at 10 °C with an initial monomer concentration of 
0.0236 ([M] / [I] = 220) followed by a set of redox-switches using CoCp2 
and FcPF6 or FcBF4 (concentrations were adjusted accordingly).  
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Figure D.26: Reaction rates for the polymerization of 6 using the redox-switchable 
ROMP catalysts 3red (red) at 10 °C with an initial monomer concentration of 
0.0230 M ([M] / [I] = 220). At ~90% conversion additional monomer ([M] / 
[I] = 220) was added to the reaction mixture to result in cumulative 
concentration of 0.0396 M. followed by a set of redox-switches using CoCp2 
and FcPF6 or FcBF4 (concentrations were adjusted accordingly).  
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Figure D.27: Reaction rates for the polymerization of 6 using the redox-switchable 
ROMP catalysts 3 (blue) at 10 °C with an initial monomer concentration of 
0.0321 M ([M] / [I] = 300). At ~90% conversion mixture of monomers ([6] / 
[I] = 300 and [COD] / [I] = 300) was added to the reaction mixture 
(cumulative concentration of 6 is 0.0396 M). Subsequently, a set of redox-
switches was performed using CoCp2 and FcPF6 or FcBF4 (concentrations 
were adjusted accordingly).  
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Figure D.28: Reaction rates for the polymerization of COD using the redox-switchable 
ROMP catalysts 3 (blue) at 10 °C after the initialization of the catalyst using 
6. At ~90% conversion of 6, a mixture of monomers ([6] / [I] = 300 and 
[COD] / [I] = 300) was added to the reaction mixture (cumulative 
concentration of COD is 0.0275 M). Subsequently, a set of redox-switches 
was performed using CoCp2 and FcPF6 or FcBF4 (concentrations were 
adjusted accordingly).  
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