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The ubiquity of N-heterocyclic carbenes (NHCs) as ligands in transition metal-

mediated and as organocatalysts have led us to focus on the development of 

photochromic NHCs in order to influence the reactivity of various chemical 

transformations. A novel NHC based on the photochromic diarylethene scaffold has been 

synthesized and isolated. The free NHC was found to undergo electrocyclic isomerization 

upon exposure to UV radiation (λIrr = 313 nm); subsequent exposure to visible light (λIrr > 

500 nm) reversed the aforementioned cyclization. This photoinduced cyclization resulted 

in remarkable changes in the electronic properties of the NHC. Furthermore, the ring-

closed NHC was found to undergo facile N–H bond activation, facilitating the on-

demand capture and release of ammonia. Collectively, these results demonstrated the first 

known example of an isolable NHC whose electronic structure and, by extension, 

donicity could be photochemically tuned. Moreover, the ability to use light as a means to 

achieve the selective capture of ammonia represents the first example of its kind and 

provided an unprecedented degree of control over a difficult transformation. 

We sought to expand the utility of this NHC by preparing a photoswitchable 

analogue of second-generation Hoveyda-Grubbs’ catalyst. Similar to the free NHC, this 

complex was found to undergo reversible ring-closure upon successive exposure to UV 
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(λIrr = 313 nm) and visible light (λIrr > 500 nm) radiation. Changes in the corresponding 

1H NMR spectra indicated > 80% conversion to the ring-closed isomer. This complex 

was found to facilitate ring-closing metathesis (RCM) and ring-opening metathesis 

polymerization (ROMP) reactions, with both cases proceeding to high degrees of 

conversion for a variety of substrates. The activity of this catalyst was successfully 

modulated upon alternating UV (λIrr = 313) and visible light (λIrr > 500 nm) irradiation. 

Interestingly, comparatively faster RCM reaction rates (kopen/kclosed ≥ 0.50) were observed 

when the ring-closed isomer was employed, while utilization of the ring-opened isomer 

resulted in comparatively faster ROMP rates (kopen/kclosed ≤ 1.67). Furthermore, these 

examples represent an extremely rare instance of photoswitching the activity of a 

transition metal catalyst through modular electronics and highlight the potential for 

broadly applicable photoswitchable catalysis. 
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Chapter 1: Photoswitchable Catalysis  

1.1 INTRODUCTION 

 Nearly all of the essential processes in living organisms are governed by complex 

molecular units that regularly respond to external stimuli.[1] Such regulation is crucial to 

ensure that multiple coincident reaction pathways within cells can advance without 

interference and with the necessary level of control. In comparison, although numerous 

catalytic methods that display high degrees of regio-, chemo-, and stereoselectivity have 

been demonstrated, few examples that respond to external stimuli have been disclosed. 

Thus, once chosen, a catalyst typically performs with an unalterable activity, selectivity, 

and scope for a given reaction. The ability to control chemical reactivity at a level 

comparable to that displayed by biological systems, particularly through the development 

of artificial stimuli-responsive molecules, has been intensely pursued in recent years as 

such systems are expected to offer improved control over intrinsic molecular properties 

and functions. To that end, the introduction of stimuli responsive functional groups into 

known, high-performing catalysts may enable the ability to manipulate synthetic reaction 

pathways during the course of a reaction. Such responsive functional groups may impart 

a single molecule with multiple accessible catalytically active states, and thus intrinsic 

catalytic properties (e.g., activity, or selectivity) that can be adjusted at will. 

The field of switchable catalysis has rapidly expanded in recent years with 

examples emerging that utilize a variety external stimuli ranging from acid-base 

interactions[2] and mechanical force[3] to redox processes[4] and light[5] in order to 

modulate the inherent reactivity of a catalytic system. Light is generally considered to be 

an attractive stimulus for the development of switchable systems. Unlike many traditional 

methods of molecular activation (e.g., thermal, chemical), excellent spatial and temporal 
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control are achieved through photoirradiation which can be further tuned via judicious 

selection of both light source and wavelength. Vision represents an elegant example, 

wherein opsin-bound 11-cis-retinal undergoes photoisomerization to all-trans-retinal 

upon absorbing a photon that initiates a cascade of reactions ultimately leading to visual 

perception.[6] Furthermore, the ability to discriminate amongst specific wavelengths of 

light allows for selective excitation, minimizing inadvertent side reactivity from spectator 

species. 

Photoresponsive catalytic systems have been realized through several 

conceptually different methodologies, including photocatalysis, photocaged catalysis, and 

photoswitchable catalysis.[5] Photocatalysis leverages the energy of a quantum excited 

state to initiate catalysis, whereby an inactive precatalyst is irradiated to generate a 

catalytically-active, photoexcited[7] state (Figure 1.1a). Photosynthesis is a notable, albeit 

particularly sophisticated, example of photocatalysis. Conversely, photocaged catalysis is 

primarily a light-gated process whereby an inactive precatalyst undergoes an irreversible 

light induced transformation to a catalytically active form (Figure 1.1b). Noteworthy 

examples of photocaged catalysis include photoacid generators and metal complexes 

containing photo-labile ligands.[8] Photoswitchable catalysis, similar to photocaged 

catalysis, involves a catalytically active species undergoing a reversible light induced 

transformation which alters the intrinsic catalytic properties of the initial species. (Figure 

1.1c). For example, the photochemical transformation of the catalyst may alter the rate at 

which the catalyst facilitates a given transformation (A → B, k1 ≠ k2), or may enable the 

catalyst to induce an entirely different transformation (C → D). Thus, if the forward and 

reverse transformations are promoted by orthogonal wavelengths, alternating between the 

two distinct states may be envisioned to access switchable activities and/or selectivities. 
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Figure 1.1:  Various approaches used to achieve photoresponsive catalysis. a) 
Photocatalysis:  an inactive precatalyst is irradiated to generate a 
catalytically active excited state.  b) Photocaged catalysis:  an inactive 
precatalyst undergoes a light-induced transformation to generate an active 
catalyst. c) Photoswitchable catalysis: a catalytically active species 
undergoes a reversible light-induced transformation which alters the 
intrinsic catalytic properties of the initial species. 

Although fundamentally more difficult to achieve, photoswitchable catalysis 

offers the unique ability to control a developing chemical reaction. Whereas both 

photocatalysis and photocaged catalysis offer control only over the initiation step, 

photoswitchable catalysis can reversibly toggle the steric and/or electronic properties of a 

catalytically active species throughout the entire reaction. Such switchable catalysts have 

typically been achieved by incorporating appropriate photochromic[9] moieties into 

known catalytically active molecules. For example, azobenzene[10] and stilbene[11] 
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derivatives (Figure 2a), which exhibit photoinduced E → Z isomerization, have been 

employed to modify the steric environment about a catalyst. Alternatively, Diarylethenes 

(DAEs, Figure 2b)[12] which exhibit reversible photoinduced electrocyclic ring-closure, 

have been shown to enable the switching of both steric and electronic properties of 

catalysts. Most examples of photoswitchable catalytic activity involve the switching of 

steric properties to alter catalytic activity. However, the electronic nature of a catalyst is 

intrinsically linked to regio- and chemoselectivity,[13] and as such, switching the 

electronic properties of a single catalyst is expected to provide superior control over the 

outcome of a chemical reaction. Thus, the ability to remotely manipulate the electronics 

of a catalyst may be considered as the utmost degree of control. Unfortunately, 

electronically modulated systems are rare, and have only been scarcely demonstrated. 

The following sections aim to highlight some landmark advances in the still-nascent field 

of switchable catalysis, including both steric and electronic photoswitches. 

Figure 1.2:  Commonly utilized photochromic functionalities: a) azobenzene (X = N) 
and stilbene (X = CH) b) various diarylethenes. 
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1.2 PHOTOSWITCHABLE STERICS 

The vast majority of photoswitchable catalysts operate through modulation of the 

steric environment about the active site. The incorporation of an azobenzene unit into a 

known catalyst has become a standard method for achieving switchable sterics. The UV-

mediated E → Z isomerization provides a sizeable conformational change that has 

typically been exploited to reversibly block an active site. In a seminal report, Ueno and 

coworkers reported the photoisomerization of an azobenzene-capped ß-cyclodextrin 

significantly altered the rate of ß-cyclodextrin-facilitated ester hydrolysis (Figure 1.3).[14] 

The photochromic ß-cyclodextrin was previously prepared via condensation of 4,4’-bis- 

(chlorocarbony1)azobenzene with ß-cyclodextrin, and was found to undergo E → Z 

isomerization upon exposure to UV radiation (λIrr = 320–390 nm). The resulting 

conformational change resulted in a larger binding cavity for the ß-cyclodextrin, which in 

turn allowed the authors to control, to some extent, the rate of guest inclusion.[15] Indeed, 

the E-azobenzene capped ß-cyclodextrin (E-1) partially blocked the inclusion of p-

nitrophenylacetate, which hindered the rate of hydrolysis. A more favorable host-guest 

interaction (i.e., greater degree of guest binding) was observed upon UV irradiation and 

generation of the Z-azobenzene capped ß-cyclodextrin (Z-1), resulting in an enhanced 

hydrolysis rate (kZ/kE = 5.5). The authors also claimed that photoswitchable on-off 

control of a single reaction was accomplished by exploiting the thermally or 

photochemically promoted Z-1 → E-1 isomerization. Notably, Ueno and coworkers later 

reported that appending an azobenzene unit with a histidine linker to a ß-cyclodextrin 

produced a similarly photoswitchable ester hydrolysis catalyst (kZ/kE = 16).[16]  
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Figure 1.3:  Azobenzene-capped ß-cyclodextrin allows deeper binding of p-
nitrophenylacetate upon UV-induced E → Z isomerization. The Z-isomer 
exhibited enhanced rates of ester hydrolysis.  

Hecht and coworkers later exploited the same E → Z isomerization of 

azobenzenes to develop the first photoswitchable organic base.[17] Appending an 

azobenzene unit with a bulky 3,5-disubstituted phenylazo substituent to a piperidine 

skeleton through a spiro-junction resulted in a sterically shielded N-based lone pair 

(Figure 1.4). In the resting E form of the base (E-2), with the nitrogen essentially 

blocked, the authors observed significantly attenuated basicity. UV irradiation (λIrr = 365 

nm) of the photochromic base resulted in nearly quantitative conversion to the Z isomer 

(Z-2), and titration experiments revealed an increase in basicity by nearly an order of 

magnitude (ΔpKa = 0.7). Exposure to visible light (λIrr > 400 nm) reversed the 

aforementioned changes, and returned the piperidine to its E form. Furthermore, the 

photoswitchable base was utilized as an organocatalyst in the nitroaldol reaction (Henry 

reaction[18]) of 4-nitrobenzaldehyde with nitroethane. The reaction catalyzed by Z-2 was 

found to be a much more active general-base catalyst, with a rate enhancement of 35.5 

with respective to the E-2-facilitate transformation (i.e., kZ/kE = 35.5). X-ray 
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crystallographic measurements, as well as NMR and computational investigations,[19] 

confirmed the suggested conformational assignment for both E-2 and Z-2. In the E 

isomer, the piperidine adopted the expected chair conformation with the N-alkyl 

substituent in the equatorial position, allowing for effective shielding of the nitrogen by 

the 3,5-disubtituted phenylazo substituent. Conversely, the UV-induced E → Z 

isomerization twisted the phenylazo position away from the nitrogen and rendering the 

basic lone pair much more accessible. The photoswitchable piperidine was later 

immobilized on silica to realize heterogeneous photoswitchable catalysis.[20]  

Figure 1.4:  Photoswitchable azobenzene-functionalized piperidine base exhibited 
enhanced Henry reaction rates in the Z isomer relative to the E isomer due to 
steric shielding of the basic nitrogen.   

1.3 PHOTOSWITCHABLE ELECTRONICS 

Examples of photoswitchable catalysis that operate through altering the electronic 

structure of the catalyst are comparatively rare. Diarylethenes (DAEs) have been 
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essentially the sole focus of this field, as their UV-induced photocyclization results in a 

reorganization of molecular orbitals and thus a redistribution of electron density 

throughout the π-system. Cycloreversion upon exposure to visible light completely 

reverts the DAE to its original electronic structure. Moreover, many DAEs display 

exceptional fatigue resistance (> 104 cycles), [12a] a highly desirable trait for incorporation 

into photoswitchable catalysts. However, despite the fact that the switchable electronic 

properties of DAEs have already found utility in modulating a number of various 

chemical traits, such as acidity,[21] basicity,[22] coordination environment,[23] hydrogen 

bonding,[24] propensity to undergo cycloaddition,[25] and susceptibility to nucleophilic 

attack,[26] examples where the unique properties of DAEs have been exploited for 

catalytic applications are rare. 

In 2012, Branda and coworkers developed a DAE-based pyridoxal 5’-phosphate 

(PLP) enzyme cofactor mimic and reported its catalytic activity could be modulated by 

photocyclization of the DAE component.[27] As shown in Figure 1.5, a dithienylethene 

bearing both pyridinium and aldehyde functionality was prepared. In its ring-opened state 

(3o) the pyridinium and aldehyde can be considered electronically isolated, that is to say 

the reactivity of one is not influenced by the other to a significant extent. UV irradiation 

(λIrr = 365 nm) promoted the transformation of 3o to its ring-closed analogue 3c with 

conversions of up to 97%. The resulting extended π-conjugation effectively “connects” 

the pyridinium and aldehyde functionality, which allows 3c to react in an analogous 

fashion to the PLP cofactor. Subsequent visible light (λIrr > 490 nm) irradiation promoted 

cycloreversion to 3o. To demonstrate, the authors performed deuterium exchange 

experiments on samples of optically pure L-alanine. The H–D exchange process, and 

subsequent racemization of the L-alanine, requires a relatively acidic α-proton to the 

aldimine formed upon reaction of PLP mimic 3 with L-alanine. Thus the π-conjugated 
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bridge between the pyridinium and aldehyde in 3c was expected to enhance the rate of 

this reaction due to the likely propensity to form a quinonoid-type structure to stabilize 

the forming negative charge. As expected, minimal L-alanine racemization was observed 

when 3o was employed as the catalyst. Conversely, a vastly increased reaction rate was 

observed upon UV irradiation to generate 3c. The 3c-catalyzed reaction proceeds to 

nearly 30% conversion over 140 hours, while less than 3% conversion is observed over 

the same time period for the 3o-facilitated racemization. Furthermore, the reaction could 

be switched between its “off” (3o) and “on” (3c) states multiple times over the course of 

a single reaction by alternating exposure to UV and visible light. 

Figure 1.5:  A DAE-based PLP cofactor mimic containing electronically isolated 
pyridinium and aldehyde functionalities was developed. UV-induced ring-
closure produced π-conjugation that connects the two functional groups, 
allowing 3c to promote the racemization of L-alanine.   
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 Bielawski and coworkers later extended the utility of DAEs through the 

introduction of a dithienylethene unit into a prototypical N-heterocyclic carbene (NHC) 

scaffold.[28] The photochromic NHC, as its chalcogen or Ir(CO)2Cl adduct, was found to 

undergo photocyclization upon exposure to UV radiation (λIrr = 313 nm). The ring-closed 

structures exhibited diminished electron density at the C2 position, as evidenced by 

multiple spectroscopic techniques as well as X-ray diffraction analysis, which suggested 

the potential to reversibly attenuate the donating capability of an NHC in its free carbene 

state. The authors reasoned that the extended π-conjugated backbone formed as a result of 

photoisomerization was sufficiently inductively withdrawing to diminish the donicity of 

the nitrogen loan pairs into the C=X bonds. Subsequent visible light (λIrr > 500 nm) 

irradiation resulted in cycloreversion and the original electronic structure was restored.  

 Building on these results, Neilson and Bielawski utilized the same NHC scaffold 

as a photoswitchable organocatalyst for transesterification and transamidation 

reactions.[29] Similar to the aforementioned results, the in situ generated DAE-annulated 

NHC (4o) was found to undergo reversible photocyclization (4c) upon exposure to UV 

(λIrr = 313 nm) and visible light (λIrr > 500 nm). While 4o was observed to promote the 

transesterification of vinyl acetate and allyl alcohol, no conversion was observed under 

UV irradiation (λIrr = 313 nm). The conversion to 4c likely produced a more electron-

deficient carbene center which, along with the displacement of the endocyclic double-

bond of the N-heterocycle, allowed for alcohol O–H activation by the NHC, effectively 

shutting down the catalytic cycle (Figure 1.6). Subsequent visible light-induced 

cycloreversion caused an immediate increase in reaction rate, presumably due to 

releasing the previously trapped alcohol. A series of 13C NMR experiments with an 

isotopically labeled analogue of 4o supported this reaction mechanism. 

Photoisomerization to 4c resulted in an attenuation of reaction rate over an order of 
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magnitude (kvia/kUV = 12.5), although poor reaction kinetics precluded switching a single 

reaction multiple times multiple times. However, the transamidation of ethyl acetate and 

2-amino ethanol was also found to be significantly inhibited by 4c (kvia/kUV = 100). 

Moreover, the authors demonstrated that a 4o-facilitated transamidation could be halted 

via exposure to UV radiation (λIrr = 313 nm) and subsequently restarted upon visible light 

(λIrr > 500 nm) irradiation. The DAE-annulated NHC was later found to be an efficient 

photoswitchable organocatalyst for ring-opening polymerization.[30] Similarly, a Rh-

complex bearing the same NHC was reported to catalyze alkene and alkyne 

hydroboration, which constituted the first example of tuning the activating of a transition 

metal catalyst via alteration of its electronic properties.[31]  

Figure 1.6:  Proposed mechanism of DAE-annulated NHC-facilitated 
transesterifications. UV-induced photoisomerization renders the NHC 
sufficiently electrophilic to allow O–H bond activation and halt the catalytic 
cycle. Transamidation reactions should follow an analogous mechanistic 
pathway. 
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1.4 CONCLUSIONS AND OUTLOOK 

 Despite the fact that the concept of photoswitchable catalysis is fairly new, the 

field has seen tremendous growth in recent years. Although the preceding sections 

focused on a select few examples of homogeneous catalysts that have been developed, a 

variety of conceptually different approaches have been utilized to realize photoswitchable 

catalysis.[5] By far the most successful method for the photo-regulation of chemical 

reactivity has been the incorporation of photochromic units into known catalytically 

active systems. The most widely investigated to date has been the exploitation of the 

steric changes upon E → Z isomerization in azobenzene derivatives. More recently, 

diarylethenes have been utilized to achieve photoswitchable stereochemistry via changes 

in steric environments and photoswitchable catalytic activity via changes in electronic 

structure.  

 While significant progress has clearly been made, future efforts should be directed 

towards the development of photoswitchable systems that allow for more sophisticated 

control over a given reaction. The ideal photoswitchable catalyst comprises two (or more) 

distinct catalytically active states that are each accessible through independent irradiation 

wavelength, with both the forward and reverse transformations proceeding to complete 

conversion with high efficiency (i.e., large quantum yield values) and fatigue resistance. 

The development of a photoswitchable system mediated by truly orthogonal stimuli, i.e., 

each state is stable indefinitely in the absence of the required stimuli, remains an 

outstanding challenge in the field. Such a system would provide an exceptional practical 

advantage, and is expected to enable applications such as single-catalyst tandem catalysis 

and controlled cascade reaction pathways. Furthermore, perhaps the biggest challenge 

facing the field today is the transformation of photoswitchable catalysis from an 

academic exploration to a broadly applicable synthetic tool. Some improvements have 
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been made in recent years, in particular regarding the progress made in the development 

of photochromic NHCs. The prevalence of NHCs in both organocatalysis and transition 

metal-mediated catalysis represents an opportunity to vastly increase the utility of 

photoswitchable catalysts; however, the development of robust isolable photochromic 

NHCs and their corresponding transition metal complexes will be required to realize their 

full potential. Access to such photoswitchable ligands is expected to lead to enhanced 

control over various synthetically relevant transformations, including Pd-based coupling 

reactions, polymerizations, and olefin metathesis.  
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Chapter 2: Synthetic Efforts Toward a Photochromic N-Heterocyclic 
Carbene Precursor 

2.1 INTRODUCTION 

Given the versatility of N-heterocyclic carbenes (NHCs) as ligands for 

homogeneous catalysis,[1] we envisioned a photochromic NHC would provide numerous 

avenues to photoswitchable catalysis. Diarlylethenes (DAEs) are attractive photochromic 

functionalities for switchable electronics, as the photoinduced ring-closure exhibited 

upon exposure to UV light results in a redistribution of electron density throughout the 

molecule. Although this change in electronic properties has been previously shown to 

alter various chemical properties (e.g., acidity,[2) basicity,[3] hydrogen bonding[4]), only 

recently has this phenomenon been harnessed to alter catalytic processes. Recently, our 

group realized the first photoswitchable NHC by incorporating a dithienylethene (DTE) 

into the NHC scaffold, and found it performed as a photoswitchable organocatalyst.[5] 

Unfortunately dimerization prevented the isolation of the ring-closed free carbene, as the 

more stable enetetramine is formed upon photocyclization,[6] inhibiting studies and 

applications of this system (Scheme 2.1). 

Scheme 2.1: Photochromic NHC and stable enetetramine formed upon photocyclization. 

Building upon these initial examples, we directed efforts at producing a more 

stable DTE-functionalized NHC. We envisioned the introduction of substantial steric 

bulk about the carbene center would allow isolation of the catalytically-active free NHC, 
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and as such provide fundamental insight into DTE photoisomerization as well as 

broadened utility as a catalyst (e.g., simplified reaction conditions, potential 

commercialization). Moreover, bulky N-substituents are known to stabilize transition 

metal complexes[7] and often increase the catalytic activity,[8] suggesting the potential to 

photo-switch previously unexplored reactions. 

Scheme 2.2: Known precursor molecules previously utilized to generate isolable NHCs. 

Conceptually, several methods exist for generating isolable imidazol-2-ylidene 

and imidazolin-2-ylidene-type NHCs.[9] Scheme 2.2 summarizes three of the most 

common methods: deprotonation, reduction, and release of relatively labile small 

molecules. Perhaps the most straightforward method involves the deprotonation of a 

relatively acidic precursor salt with a strong base such as sodium hydride (NaH), 

potassium tert-butoxide (KOtBu), and sodium hexamethyldisilazide (NaHMDS). 

Reductive generation of carbene centers is also an elegant strategy; however, the harsh 

conditions required for imidazole-2-ylidenes typically result in unsatisfactory yields.[10] 

Likewise, the capture of small molecules to “protect” a divalent carbon center can be a 

successful method for the controlled generation of NHCs, but tends to be challenging in 
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the case of imidazole-2-ylidenes. For this reason, we chose to target an imidazolium salt 

comprising 2,4,6-trimethylphenyl N-substituents (1•HCl, Scheme 2.3).  

Scheme 2.3: Retrosynthesis of NHC precursor 1•HCl. 

2.2 RESULTS AND DISCUSSION 

From a retrosynthetic perspective, one possible synthesis of 1•HCl requires the 

preparation of sterically-hindered diazabutadiene 6. Traditionally, such compounds 

should be readily available from diketone 5; however, vicinal diimines of such significant 

steric congestion were unknown at the outset of this work. Nevertheless, diketone 5 is 

known to be accessible in three synthetic steps from substituted thiophene 2. Alpha-

oxidation of 2, followed by a Friedel-Crafts-type coupling of glyoxal hydrate 3 with 2-

methyl-5-phenylthiophene gives acyloin 3. A subsequent, presumable high-yielding, 

oxidation step would produce diketone 5. Accordingly, initial efforts toward the synthesis 

of 1•HCl focused on this synthetic route.  

Following known synthetic protocols, acylated thiophene 2 was prepared in three 

steps from 2-methylthiophene in an overall yield of 41% and/or was purchased from 

commercial sources.[5a] Alpha-oxidation of 2 with SeO2 resulted in a mixture of 
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glyoxalated thiophene and its corresponding hydrate 3 in 44% yield.[5a] As shown in 

Scheme 2.4, a screen of oxidant stoichiometry and reaction water content allowed us to 

optimize the reaction conditions to generate almost exclusively 3 in 85% yield (see 

Chapter 3, Results and Discussion).[11] Similarly, a screen of various oxidation 

conditions, including CuSO4, ZnO/DABCO/O2, and 2-iodoxybenzoic acid, to provide 

diketone 5 resulted in a yield increase from 65% to 85% and eliminated the previously 

necessary column chromatography purification step (see Chapter 3, Results and 

Discussion).[11] Unfortunately, following a literature procedure[12] for the synthesis of 

sterically hindered diimines to generate 6 resulted in only trace product formation, 

although yields of up to 4% were achieved upon careful distillation of 2,4,6-

trimethylaniline and judicious exclusion of water from the reaction mixture.  

Scheme 2.4: Attempted synthesis of 1•HCl through diimine intermediate 6. Mes-NH2 = 
2,4,6-trimethylaniline. 

 In an effort to prepare 6 more efficiently, we envisioned a brominated thiophene 

derivative would provide multiple divergent pathways moving forward. For this reason, 

substituted thiophene 7 was prepared from known protocols in in 38% yield over two 

steps (see Experimental). Likewise, bis-imidoyl chloride 8 was synthesized in 44% yield 

over two steps from known procedures (see Experimental). Although 7 could be easily 
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metallated with t-BuLi, n-BuLi, or Mg(s), any attempts to generate 6 through nucleophilic 

attack on 8 were unsuccessful (Scheme 2.5). Full conversion of the starting material was 

observed; however, the resulting crude product was a complex mixture of multiple 

products, none of which appeared to be 6. 

Scheme 2.5: Attempted synthesis of 6 via nucleophilic attack of bis-imidoyl chloride 8. 
Conditions: a) 1. n-BuLi, THF, -78 °C 2. 8, THF, -78 °C to RT. b) 1. Mg(s), 
THF, 65 °C 2. 8, THF, 65 °C. 

 With bromothiophene 7 in hand we also attempted to synthesize 6 via aldimine 

coupling, although the reaction is known to be complicated by sterics.[13] As shown in 

Scheme 2.6, a Bouveault reaction to generate aldehyde 9 followed by amine condensation 

furnished imine 10 in 32% overall yield. Upon subjecting 10 to typical aldimine coupling 

conditions (i.e. NaCN) we consistently observed no evidence indicating the formation of 

6. Contrarily, only unreacted starting material was recovered from failed aldimine 

coupling reactions. 

Scheme 2.6: Attempted synthesis of 6 via aldimine coupling. Mes-NH2 = 2,4,6-
trimethylaniline. 
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Access to thiophene carboxaldehyde 9 allowed us to explore further alternative 

pathways to generate diimine 6. We anticipated a substituted aziridine would facilitate 

access to 6 upon nucleophilic addition from a primary amine and subsequent oxidation of 

the comparatively less-stable vicinal diamine (Scheme 2.7). As transition metal-mediated 

nitrene addition to olefins is known to be a fairly straightforward method for the 

preparation of substituted aziridines, olefin 11 was prepared via McMurry coupling of 

aldehyde 9 in 60% yield. However, aziridine 12 proved synthetically intractable and was 

not observed upon reaction of 11 with 2,4,6-trimethylphenylazide in the presence of 

tetraphenylporphyrin cobalt (II), even at temperatures > 100 °C.  

Scheme 2.7: Attempted synthesis of aziridine 12 via nitrene addition. Mes-N3 = 2,4,6-
trimethylphenylazide, TPP = tetraphenylporphyrin. 

Aggarwal and coworkers have previously shown that sulfonium ylides are 

competent aziridination agents.[14] For this reason, efforts to synthesize aziridine 12 

focused on the preparation of sulfonium salt 15 (Scheme 2.8). Sodium borohydride 

reduction of aldehyde 9 resulted in primary alcohol 13 in excellent (95%) yield, and a 

subsequent Appel reaction produced bromide 14 in good (70%) yield. Exposure of 14 to 

isothiocineole 16 in the presence of LiOTf (OTf = trifluoromethanesulfonate) generated 

sulfonium triflate 15 in 40% yield. Unfortunately, generation of the sulfonium ylide in 

the presence of imine 10 did not produce the desired aziridine. Instead, 1H NMR data 

suggested neutral exocyclic olefin 17 was the acquired product. Attempted optimization 

of the reaction conditions, including a screen of viable bases (i.e., KOtBu, KOH, K2CO3 
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NaHMDS, LDA, and P1 phosphazene base[15]), was unsuccessful. Additionally, attempts 

to synthesize an α-brominated analogue of sulfonium triflate 15 with the intent to 

generate the sulfonium ylide using lithium-halogen exchange were similarly 

unsuccessful.  

Scheme 2.8: Attempted synthesis of aziridine 12 via generation of a sulfonium ylide.  

In addition to the various synthetic routes undertaken to synthesize diimine 6 

(vide supra), we also explored feasible pathways that would bypass the necessity of 6. 

Principally, if the N-heterocycle was constructed with carbonyl or thione functionality at 

the C2 position the NHC could presumably be generated via reductive conditions. We 

envisioned a condensation-cyclization reaction between α-amino ketone 18 and 2,4,6-

trimethylphenylisocyanate would lead to the desired urea 19.[16] For this reason, 18 was 

synthesized in 33% yield in a one-pot two-step reaction in which acyloin 4 was first 



 23

subjected to SOCl2-mediated chlorination followed by nucleophilic substitution by 2,4,6-

trimethylaniline (Scheme 2.9). However, attempted cyclization with 2,4,6-

trimethylphenylisocyanate, followed by SOCl2/pyridine-mediated elimination, was 

predominantly unsuccessful. Typically only trace product was observed, but the results of 

this reaction were inconsistent and at times up to 2% yield of urea 19 could be obtained. 

Attempts to synthesize thiourea 20 via an analogous reaction with the exception of using 

2,4,6-trimethylphenylisothiocyanate in place of 2,4,6-trimethylphenylisocyanate were 

consistent with the aforementioned results, and thus unreliable. Furthermore, attempts to 

synthesize 19 and 20 by direct acid-catalyzed condensation of 4 with N,N’-bis(2,4,6-

trimethylphenyl)urea and N,N’-bis(2,4,6-trimethylphenyl)thiourea, respectively, were 

similarly unsuccessful. 

Scheme 2.9: Attempts to synthesize urea 19 and thiourea 20. 

 Considering α-amino ketone 18 is formed through nucleophilic attack on an α-

halo ketone species, we considered the possibility of forming the N-heterocycle directly 

from this intermediate. As shown in Scheme 2.10, α-chloro and α-bromo ketones 21 and 

22, respectively, were stable and isolable. Similar to the aforementioned procedure, 

treatment of acyloin 4 with neat SOCl2 in the presence of catalytic dimethylformamide 

produced 21 in 70% yield. However, the PBr3-mediated bromination of 4 resulted in an 

appreciable amount of side products, and 22 was isolated after purification in a much 

lower (30%) yield. Unfortunately, the expected nucleophilic substitution of the halide by 
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N,N’-bis(2,4,6-trimethylphenyl)formamidine followed by secondary nucleophilic attack 

on the carbonyl was not observed, even at temperatures up to 110 °C. No difference of 

reactivity was observed when either 21 or 22 were employed as the starting material.  

Scheme 2.10: Attempts to synthesize 1•HCl and 1•HBr via α-halo ketones 21 and 22, 
respectively. 

 In conjunction with attempts to build up the N-heterocycle from thiophene-based 

intermediates, methods to add the thiophene functionality directly to an already-

established NHC precursors were also explored. Halogen-functionalized analogues of 

1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene (IMes) have been previously 

investigated,[17] and represented an ideal starting point for the direct modification of NHC 

precursors (Scheme 2.11). In the presence of CBr4, IMes was converted to the dibromo 

imidazol-2-ylidene 23 in fairly low yield (35%) after recrystallization. Facile conversion 

of a benzene solution 23 to thiourea 24 was observed upon introduction of solid S8, and 

upon solvent removal 24 was isolated in 96% yield.  

Scheme 2.11: Synthesis of 24. 



 25

With thiourea 24 in hand, a series of palladium-catalyzed coupling reactions were 

performed with various test substrates in order to determine the viability of this method. 

Initially, a variety of Suzuki-Miyaura conditions were explored in an attempt to optimize 

coupling conditions. As shown in Table 2.1, despite significant variation in Pd-based 

catalyst, base, solvent, and reaction temperature none of the conditions led to the desired 

bis-coupled product. The choice of catalyst revealed no marked change in the resulting 

reaction mixture, and even PEPPSI catalysts that are known to facilitate the formation of 

sterically-encumbered coupling products[1b] failed to produce even trace amounts of 25. 

In light of the failed Suzuki-Miyaura test reactions, a series of Stille conditions 

were also investigated. This survey focused on only two aryl-tin reagents, a simple 

thiophene as a test substrate and a substituted thiophene that would lead to the desired 

products 26 and 28, respectively (Table 2.2). As the addition of either CuI or AsPh3 to 

Stille reactions has previously been shown to enhance coupling efficiency, our efforts 

focused on conditions that included these additives. However, despite the various 

additives none of the screened conditions resulted in the desired products. Similar to the 

aforementioned Suzuki-Miyaura reactions, alteration of catalyst, the presence of base, 

and reaction temperature appeared to have little effect on the outcome of the reaction. 
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Product Catalyst Base Additive Solvent 
Temperature 

(°C) 
Yield 
(%) 

25 PdCl2(PPh3)2 CsF ----- toluene/H2O 90 ----- 

26 PdCl2(PPh3)2 CsF ----- toluene/H2O 90 ----- 

27 PdCl2(PPh3)2 CsF ----- toluene/H2O 90 ----- 

25 PEPPSI-iPr KOH ----- 1,4-dioxane 65 ----- 

25 PEPPSI-iPent KOH ----- 1,4-dioxane 65 ----- 

26 Pd2(dba)3 K3PO4 Xphos 1,4-dioxane 100 ----- 

27 Pd2(dba)3 K3PO4 Xphos 1,4-dioxane 100 ----- 

26 Pd(PPh3)4 K2CO3 ----- DME/H2O 100 ----- 

27 Pd(PPh3)4 K2CO3 ----- DME/H2O 100 ----- 

27 Pd2(dba)3 CsF P(tBu)3 THF 65 ----- 

27 PdCl2 CsF P(O)Ph3 1,4-dioxane/H2O 100 ----- 

Table 2.1:  Survey of Suzuki-Miyaura conditions to synthesize test-products 25, 26, and 
27. PEPPSI = pyridine-enhanced precatalyst preparation stabilization and 
initiation, dba = dibenzylideneacetone, DME = dimethoxyethane. 
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Product Catalyst Base Additive Solvent 
Temperature 

(°C) 
Yield 
(%) 

26 Pd(PPh3)4 CsF CuI DMF 100 ----- 

28 Pd(PPh3)4 CsF CuI DMF 100 ----- 

26 PdCl2 CsF CuI, P(tBu)3 DMF 100 ----- 

28 PdCl2 CsF CuI, P(tBu)3 DMF 100 ----- 

26 Pd(dba)2 ----- AsPh3 DMF 25 – 100 ----- 

28 Pd(dba)2 ----- AsPh3 DMF 25 – 100 ----- 

Table 2.2:  Survey of Stille conditions to synthesize test-product 26 and product 28. dba 
= dibenzylideneacetone. 

 At this point, a multitude of different synthetic schemes to access NHC precursor 

1•HCl had been attempted. Considering the synthesis of diimine 6 was the only method 

to give an appreciable amount of product that could potentially lead to 1•HCl, future 

efforts focused on the optimization of this route. As shown in Table 2.3, reaction 

conditions for the transformation of diketone 5 to diimine 6 were systematically screened, 

including catalyst, solvent, and reaction temperature. A great majority of the optimization 

attempts ended in failure; however, the combination of TiCl4•2THF Lewis acid, 

tetrachloroethylene solvent, and reaction temperature of 112 °C allowed us to isolate 6 in 

25% yield after purification by Al2O3 column chromatography (see Chapter 3, Results 

and Discussion).[11] Furthermore, we consistently isolated an α-iminoketone byproduct in 

roughly equivalent yield to 6. Extended reaction times and/or elevated reaction 

temperatures did not affect the yield of this compound, and any attempts to re-subject this 
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ketone to the aforementioned reaction conditions did not result in the formation of 

diimine 6. 

Having discovered a viable and scalable, albeit low yielding, route to diimine 6, 

attention was shifted toward the synthesis of photoswitchable NHC precursor 1 (Table 

2.4). Several methods were attempted to effect the formylative cyclization, beginning 

with the AgOTf-enhanced chloromethyl pivalate cyclization to produce 1•HOTf.[12] 

While initially successful, this reaction proved to be unpredictable and generally 

unreliable and was thus abandoned. The mechanistically similar chloromethyl methyl 

ether-promoted formylative cyclization[18] was also found to be unreliable. Fortunately, 

treatment of diimine 6 with paraformaldehyde in the presence of anhydrous HCl 

effectively generated imidazolium salt 1•HCl.[11] Though only moderate (52%) yields 

were achieved, the reaction was reproducible and involved minimal purification effort 

(see Chapter 3, Results and Discussion). 
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Reagent Solvent Temperature (°C) Yield (%)a 

TiCl4 toluene 112 4 

AcOH EtOH 80 ----- 

TsOH EtOH 80 ----- 

AcOH toluene 112 ----- 

TsOH toluene 112 ----- 

TsOH p-xylene 140 ----- 

ZnCl2 toluene 50 ----- 

ZnCl2 C2H4Cl2 85 ----- 

ZnCl2 AcOH 120 ----- 

AlCl3 C2Cl4 100 ----- 

SnCl4 toluene 112 ----- 

BF3•OEt2 toluene 112 ----- 

Ti(OiPr)4 toluene 100 ----- 

YbCl3 toluene 50 ----- 

Yb(OTf)3 1,4-dioxane 102 ----- 

ZrCl4 toluene 112 ----- 

AlMe3 toluene 110 traceb 

TiCl4 toluene 23  traceb 

Table 2.3:  Survey of reaction conditions for the synthesis of diimine 6. a) Indicates 
isolated yield after purification. b) Indicates product mass observed in LC-
LRMS. c) Reaction performed under microwave (μW) conditions. 
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Reagent Solvent Temperature (°C) Yield (%)a 

TiCl4 toluene 50 traceb 

TiCl4 toluene 125 4 

TiCl4/TEA toluene 100 ----- 

TiCl4 MeCN 82 ----- 

TiCl4•2THF toluene 112 5 

TiCl4 C2Cl4 122 7 

TiCl4/AlCl3 C2Cl4 112 10 

TiCl4•2THF C2Cl4 112 25 

TiCl4•2THF C2Cl4 180c 20 

Table 2.3, cont. 

Product Reagents Solvent Temperature (°C) Yield (%) 

1•HOTf AgOTf, POM-Cl CH2Cl2 40 0 – 55 

1•HCl MOM-Cl neat 100 ----- 

1•HCl 
(CH2O)n, 

HCl•dioxane 
toluene 90 → 70 52 

Table 2.4:  Survey of reaction conditions for the synthesis of NHC precursor 1. OTf = 
trifluoromethanesulfonate, POM-Cl = chloromethyl pivalate, MOM-Cl = 
chloromethyl methyl ether. 
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2.3 CONCLUSIONS 

In summary, numerous synthetic routes were explored with the intent to 

synthesize a photochromic NHC precursor. Despite the fact that a majority of routes 

ended unsuccessfully, NHC precursor 1•HCl was obtained in decent yield. Sterically-

encumbered, vicinal diimines have proven to be exceedingly difficult to synthesize, but 6 

proved to be the key intermediate in order to realize the isolation of 1•HCl. Although the 

methodology described herein may be used to obtain small quantities of similarly 

sterically hindered diimines, the development of an efficient synthetic method for such 

compounds remains an imposing challenge. Nevertheless, the ability to synthesize 1•HCl 

has allowed us to move forward with the generation and isolation of the first isolable, 

photoswitchable NHC. Additionally, these results highlight the challenge, and inherent 

limitations, of attempts to develop an expedient synthesis of highly substituted, sterically 

challenging heterocycles. 

 

2.4 EXPERIMENTAL 

2.4.1 General Experimental Considerations 

Unless otherwise specified, reagents were purchased from commercial sources 

and used without further purification. The compounds 2,[2] 3,[5] 4,[5] 7,[19] 8,[20] 9,[2] 16,[14a] 

IMes,[21] and 23[17c] were prepared according to literature procedures. The preparation of 

compounds 5, 6, 1•HOTf, and 1•HCl is discussed in detail in Chapter 3. The compound 

2,4,6-trimethylaniline was distilled over CaH2 and stored over 4 Å molecular sieves prior 

to use. All syntheses were performed under ambient conditions unless specified 

otherwise. Solvents were dried and degassed using a Vacuum Atmospheres Company 

solvent purification system. NMR spectra were recorded using a Varian 400 or 500 MHz 
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spectrometer. Chemical shifts δ (in ppm) are referenced to tetramethylsilane using the 

residual solvent as an internal standard. For 1H NMR: CDCl3, 7.26 ppm; C6D6, 7.16 ppm; 

C7D8, 2.08 ppm. Coupling constants (J) are expressed in hertz (Hz). High resolution mass 

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

spectrometer. Low resolution mass spectra (LRMS) were obtained with an Agilent 6130 

single quadrupole (ESI) mass spectrometer equipped with an Agilent Series 1200 LC 

system.  

2.4.2 Syntheses and Characterization Data 

N-(2,4,6-trimethylphenyl)-1-(2-methyl-5-phenylthiophen-3-yl)methanimine 

(10): A round bottom flask equipped with a stir bar was charged with 250 mg (1.23 

mmol) of thiophene carboxaldehyde 9, 524 mg (3.69 mmol) of Na2SO4, and 15 mL of 

anhydrous EtOH. Afterward, 0.21 mL (1.48 mmol) of 2,4,6-trimethylaniline was added 

via syringe. The flask was fitted with a reflux condenser and heated to reflux in an oil 

bath isothermed at 80 °C. After 72 h, the reaction mixture was cooled to room 

temperature, filtered through a short plug of celite, and the solvent removed under 

reduced pressure. The resulting crude residue was purified by column chromatography on 

triethylamine-deacticated silica gel, eluting with a 7:3 (v/v) mixture of hexanes and ethyl 

acetate, to afford 234 mg (60%) of the desired product as a yellow/orange solid. 1H NMR 

(400 MHz, CDCl3): δ 2.14 (s, 6H), 2.29 (s, 3H), 2.64 (s, 3H), 6.90 (s, 2H), 7.29 (m, 1H), 

7.39 (m, 2H), 7.63 (m, 2H), 7.81 (s, 1H), 8.25 (s, 1H).  

1,2-bis(2-methyl-5-phenylthiophen-3-yl)ethane (11): This compound was 

synthesized according to a modified literature procedure.[22] An oven-dried 3-neck round 

bottom flask equipped with a stir bar and a reflux condenser was charged with 400 mg 

(6.12 mmol) Zn dust and 10 mL THF under an atmosphere of N2. The mixture was 
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cooled to -5 °C, and 0.33 mL TiCl4 (3.00 mmol) was added dropwise (caution: 

EXOTHERMIC). The mixture was warmed to room temperature, allowed to stir for 30 

minutes, and then heated to reflux in an oil bath isothermed at 67 °C. After 2.5 h, the 

reaction mixture was removed from the oil bath and cooled to -5 °C. 0.13 mL (1.61 

mmol) of pyridine and 120 mg (0.59 mmol) of 9 dissolved in 4 mL THF were added 

slowly via syringe. Mixture was returned to oil bath, heated to reflux, and allowed to stir 

for 16 h. Upon cooling to room temperature, 50 mL of 10% aqueous Na2CO3 was added 

slowly to quench the reaction, and the resulting mixture was extracted with CH2Cl2 (3 × 

10 mL). The organic layers were separated, combined, washed with deionized water (2 × 

10 mL) and brine (2 × 10 mL). The mixture was dried over MgSO4, filtered, and the 

solvent removed under reduced pressure. The resulting crude solids were recrystallized 

from toluene to afford 66 mg (60%) of the desired product as a white powder. 1H NMR 

(400 MHz, C7D8): δ 2.22 (s, 6H), 6.89 (s, 2H), 7.03 (m, 2H), 7.12 (m, 4H), 7.45 (s, 2H), 

7.51 (m, 4H). HRMS (CI) for C24H20S2: [M]+: calcd. 372.1006, Found: 372.1002. 

(2-methyl-5-phenylthiophen-3-yl)methanol (13): A round bottom flask 

equipped with a stir bar was charged with 500 mg (2.47 mmol) of thiophene 

carboxaldehyde 9 and 10 mL of THF. The mixture was cooled to 0 °C, and 187 mg (4.94 

mmol) of NaBH4 was added in 3 separate portions. The reaction was allowed to warm to 

room temperature and was stirred for 16 h. The reaction was quenched first with 

deionized water and then with 1N HCl, and the THF was removed under reduced 

pressure. The remaining aqueous layer was extracted with ethyl acetate (3 × 10 mL) and 

the organic layers combined, washed with brine (2 × 10 mL), and dried over MgSO4. The 

mixture was filtered and the solvent removed under reduced pressure to afford 470 mg 

(93%) of the desired product as a white solid. 1H NMR (400 MHz, CDCl3): δ 1.47 (br. s, 

1H), 2.47 (s, 3H), 4.61 (s, 2H), 7.22 (s, 1H), 7.25 (m, 1H), 7.35 (m, 2H), 7.54 (m, 2H). 
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3-(bromomethyl)-2-methyl-5-phenylthiophene (14): A round bottom flask 

equipped with a stir bar was charged with 450 mg (2.20 mmol) of thiophene 13 and 10 

mL of C6H6. Upon complete dissolution of 13, 400 mg (2.25 mmol) of N-

bromosuccinimide and 590 mg (2.25 mmol) of triphenylphosphine were added 

simultaneously in 3 portions each and the mixture was then allowed to stir at room 

temperature. After 16 h, the reaction was diluted with 20 mL of C6H6 and 30 mL of brine. 

The organic layer was separated, washed with brine (2 × 10 mL), dried over Na2SO4, 

filtered, and the solvent was removed under reduced pressure. The resulting crude orange 

residue was purified by column chromatography on silica gel, eluting with a 9:1 (v/v) 

mixture of hexanes and ethyl acetate, to afford 411 mg (70%) of the desired product. 1H 

NMR (400 MHz, CDCl3): δ 2.46 (s, 3H), 4.47 (s, 2H), 7.18 (s, 1H), 7.26 (m, 1H), 7.36 

(m, 2H), 7.53 (m, 2H). 

(1R,4R,5R,6R)-6-((2-methyl-5-phenylthiophen-3-yl)methyl)-4,7,7-trimethyl-

6-thioniabicyclo[3.2.1]octane trifluoromethanesulfonate (15): An 8 mL Teflon-capped 

vial equipped with a stir bar was charged with 167 mg (0.98 mmol) of isothiocineole 16 

and 2 mL CH2Cl2. Upon complete dissolution of 16, 390 mg (1.46 mmol) of thiophene 

14, and 0.98 mL of LiOTf (4.90 mmol, 5.0 M in H2O) were added sequentially, and the 

biphasic mixture was allowed to stir at room temperature. After 24 h, 1 mL deionized 

water and 2.0 mL of CH2Cl2 were added. The organic layer was separated and the 

aqueous layer was further extracted with CH2Cl2 (2 × 4 mL). The combined organic 

layers were dried over MgSO4 and the solvent was removed under reduced pressure. The 

obtained crude residue was purified by column chromatography on silica gel, eluting first 

with CH2Cl2 to remove colored impurities and then with a 19:1 (v/v) mixture of CH2Cl2 

and MeOH, to afford 196 mg (39%) of the desired product as a yellow-green solid. 1H 

NMR (400 MHz, CDCl3): δ 1.09 (d, 3H, J = 9 Hz), 1.53–1.73 (m, 4H), 1.80 (s, 3H), 1.81 
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(m, 3H), 2.13 (br. s, 1H), 2.31–2.40 (m, 2H), 2.45 (s, 3H), 2.78–2.82 (m, 1H), 3.78 (m, 

1H), 4.61 (d, 1H, J = 12 Hz), 4.84 (d, 1H, J = 12 Hz), 7.23 (m, 1H), 7.31 (m, 2H), 7.42 (s, 

1H), 7.51 (m, 2H). LRMS (ESI) for C23H29F3O3S3: [M-OTf]+: calcd. 357.2, Found: 

357.2.  

2-(mesitylamino)-1,2-bis(2-methyl-5-phenylthiophen-3-yl)ethan-1-one (18): 

This compound was synthesized according to a modified literature procedure.[16] An 

oven-dried Schlenk flask equipped with a stir bar was charged with 500 mg (1.24 mmol) 

of acyloin 4. The reaction flask was placed into a 0 °C ice bath, and 2.3 mL (31.0 mmol) 

of SOCl2 was added along with 2-3 drops of DMF. The mixture was stirred at 0 °C for 2 

h, at which point the residual SOCl2 was removed under reduced pressure. The crude 

residue was extracted with ethyl acetate, filtered, and the solvent removed under reduced 

pressure. The crude α-chloro ketone was transferred to a new, oven-dried Schlenk flask, 

and 28 mg (0.19 mmol) of NaI, 274 mg (1.98 mmol) of K2CO3, and 25 mL dry MeCN 

was added. The reaction flask was evacuated and flushed with N2 three times, and 209 μL 

(1.49 mmol) of 2,4,6-trimethylaniline was added via microsyringe. The mixture was 

heated to 60 °C and allowed to stir for 16 h, at which point the reaction was cooled to 

room temperature and poured into 25 mL of deionized water. The organic layer was 

separated, and the aqueous layer extracted with ethyl acetate (3 × 25 mL). The combined 

organic layers were washed with brine (2 × 25 mL), dried over MgSO4, filtered, and the 

solvent was removed under reduced pressure. The crude residue was purified by column 

chromatography on silica gel, eluting with a 3:1 (v/v) mixture of hexanes and ethyl 

acetate, to afford 240 mg (37%) of the desired product. 1H NMR (400 MHz, CDCl3): δ 

2.18 (overlapping s, 9H), 2.21 (s, 3H), 2.79 (s, 3H), 4.28 (br. s, 1H), 5.51 (s, 1H), 6.77 (s, 

2H), 7.14 (s, 1H), 7.23 (m, 1H), 7.26–7.38 (m, 6H), 7.42 (m, 2H), 7.49 (m, 2H). HRMS 

(CI) for C33H31NOS2: [M]+: calcd. 521.1847, Found: 321.1838. 
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2-chloro-1,2-bis(2-methyl-5-phenylthiophen-3-yl)ethan-1-one (21): This 

compound was synthesized in a partially analogous procedure to that described for 

compound 18. An oven-dried Schlenk flask equipped with a stir bar was charged with 

150 mg (0.37 mmol) of acyloin 4. The reaction flask was placed into a 0 °C ice bath, and 

1.0 mL (13.8 mmol) of SOCl2 was added along with 2-3 drops of DMF. The mixture was 

stirred at 0 °C for 2 h, at which point the residual SOCl2 was removed under reduced 

pressure. The crude residue was extracted with ethyl acetate, filtered, and the solvent 

removed under reduced pressure. This compound was typically used without further 

purification. 

2-bromo-1,2-bis(2-methyl-5-phenylthiophen-3-yl)ethan-1-one (22): This 

compound was synthesized in a partially analogous procedure to that described for 

compound 18. An oven-dried Schlenk flask equipped with a stir bar was charged with 

150 mg (0.37 mmol) of acyloin 4 and 5 mL of CH2Cl2. The reaction mixture was cooled 

to 0 °C in an ice bath, and 35 μL (0.37 mmol) of PBr3 was added. The mixture was stirred 

at 0 °C for 4 h (a bright blue color was observed after 30 min), at which poi mL of 

deionized water was added. The organic layer was separated, and the aqueous layer was 

extracted with CH2Cl2 (2 × 5 mL). The organic layers were combined, washed with 

NaHCO3 (2 × 15 mL), brine (2 × 15 mL), dried over MgSO4, filtered, and the solvent 

removed under reduced pressure. This compound was typically used without further 

purification. 

4,5-dibromo-1,3-dimesityl-1,3-dihydro-2H-imidazole-2-thione (24): Under an 

atmosphere of N2 in a glove box, an 8 mL Teflon-capped vial equipped with a stir bar 

was charged with 265 mg (0.57 mmol) of compound 23 and 3 mL C6H6. Upon complete 

dissolution of 23, 18.4 mg (0.57 mmol) of solid S8 was added to the vial and the mixture 

was allowed to stir at room temperature. After 16 h, the solution was filtered through a 
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0.1 μM PTFE syringe filter and the solvent was removed under reduced pressure to afford 

271 mg (96%) of the desired product as a pale yellow solid. 1H NMR (400 MHz, C6D6): δ 

2.07 (s, 6H), 2.17 (s, 12H), 6.74 (s, 4H). 
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Chapter 3: An Isolable, Photoswitchable N-Heterocyclic Carbene: 
Controlled Capture and Release of Ammonia 

3.1 INTRODUCTION1 

The ability to remotely modulate the outcome of chemical reactions constitutes a 

powerful and convenient means to achieve enhanced control and selectivity. Light 

represents an attractive external stimulus for such purposes as it is non-invasive, offers 

excellent spatial and temporal resolution, and can be precisely tuned through the 

judicious selection of radiation wavelength and power. Furthermore, the ability to 

discriminate amongst specific wavelengths of light allows for selective excitation, 

minimizing inadvertent side reactions from ostensibly spectator species. As such, the 

introduction of light-responsive functional groups into known catalysts may enable the 

toggling between multiple catalytically active states and thus an ability to switch on 

demand the intrinsic activity and/or selectivity over the course of a chemical reaction.[1] 

An attractive class of substrates for incorporating light-responsive groups are the 

N-heterocyclic carbenes (NHCs) as they have been used in a broad range of 

organometallic- and organocatalysts.[2] Since the activities and selectivities displayed by 

such catalysts are intrinsically linked to the electronic properties of the NHCs, the 

structural modulation of such moieties has been intensely pursued.[3] We recently 

developed a photoswitchable NHC by incorporating a photochromic[4] dithienylethene 

(DTE)[5] unit into an imidazolylidene backbone, and found that the corresponding 

carbene functioned as a photoswitchable organocatalyst for transesterifications and 

transamidations[6] as well as for ring-opening polymerizations.[7] Similarly, a  Rh catalyst 

bearing the same NHC was found to catalyze hydroborations.[8] All of these catalysts 

                                                 
1 Portions of this chapter were reproduced from: Teator, A. J.; Tian, Y.; Chen, M.; Lee, J. K.; Bielawski, C. 
W. Angew. Chem., Int. Ed. 2015, 54, 11559-11563. All authors contributed to the writing of the original 
manuscript and figure preparation. 
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were effectively switched between “off” (inactive) and “on” (active) states by irradiation 

with UV or visible light, respectively. Although other DTE-functionalized NHCs have 

been reported,[9] the corresponding free carbenes have not hitherto been isolable and 

required in situ generation. We envisioned introducing steric bulk about the 

photoswitchable carbene center to facilitate its isolation and to gain insight into the 

effects of the photoisomerization processes. Access to isolable, photoswitchable NHCs 

may also facilitate the selective, reversible activation of small molecules (e.g. NH3, H2, 

CO, etc.) in a controlled manner.[10] Herein, we report the first isolable, photoswitchable 

NHC and demonstrate the remote modulation of its electronic properties in the free 

carbene state as well as its utility in the on-demand capture and release of ammonia. 

3.2 RESULTS AND DISCUSSION 

As shown in Scheme 3.1, the synthesis of a NHC precursor bearing N- and N’-

mesityl groups, 1•HCl, was achieved in three steps from known acyloin 2.[6,11] Oxidation 

of 2 with 2-iodoxybenzoic acid (IBX) afforded diketone 3,[6] which was condensed with 

2,4,6-trimethylaniline to afford diazabutadiene 4.[12] Acid catalyzed formylative 

cyclization of 4 with (CH2O)n afforded 1•HCl as evidenced in part by the appearance of 

the diagnostic imidazolium 1H NMR signal at δ 11.8 ppm (CDCl3). Exposure of 1•HCl to 

AgOTf afforded 1•HOTf as a crystalline solid (see Appendix A). 

Treatment of 1•HCl with sodium hexamethyldisilazide (NaHMDS) in C6H6 

followed by solvent removal and trituration with n-pentane afforded the corresponding 

free NHC 1o, as evidenced by the absence of the aforementioned imidazolium 1H NMR 

signal and the observation of a new 13C NMR resonance at δ 219.4 ppm (C6D6), which 

was assigned to the newly formed carbene nucleus. Single crystals suitable for X-ray 

diffraction were obtained by slowly evaporating a concentrated solution of 1o in Et2O 
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and used to confirm the structural assignment (Figure 3.1). Under an atmosphere of dry 

nitrogen, 1o was found to be stable in solution over the course of several weeks or in the 

solid state for months.  

Scheme 3.1: Synthesis and photochromism of 1o. 

Figure 3.1:  POV-ray representation of 1o showing ellipsoids at 50% probability. 
Solvent molecules and H-atoms have been omitted for clarity. Selected 
distances (Å) and angles (°): C1–N1, 1.369(7); N1–C2, 1.410(8); C2–C2’, 
1.370(12); C2–C14, 1.460(8); N1-C1-N1’, 100.5(7); C1-N1-C2, 114.6(5); 
C2’-C2-N1, 105.1(3); N1-C2-C14, 123.7(5); C2’-C2-C14, 131.0(3). 

The UV-vis spectrum recorded for a solution of 1o in benzene exhibited an 

intense absorption band centered at 293 nm, which was assigned to a combination of the 

n → π* and π → π* transitions of the N-heterocycle and thiophene systems, respectively. 
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Exposure of a C6H6 solution of 1o ([1o]0 = 3.5 × 10-5 M) to UV radiation (λIrr = 313 nm) 

resulted in a color change from pale yellow to deep purple (see Appendix A). In 

agreement with the formation of an extended π-conjugated system, the change in color 

was accompanied by a decrease in the intensity of the absorption band centered at 293 

nm and the appearance of a new band centered at 574 nm (Figure 3.2).[13] Furthermore, 

an isosbestic point was observed at 328 nm, which indicated that the photoisomerization 

proceeded without appreciable byproduct formation. The spectral changes subsided as the 

photostationary state (PSS) was reached after 60 s of UV irradiation and were calculated 

to reflect a 54% conversion[14, 15, 16] of 1o to 1c. Subsequent visible light irradiation (λIrr > 

500 nm) resulted in attenuation of the broad, low-energy absorption bands and 

decoloration of the solution. The UV-vis spectrum of 1o was 95% restored after 360 s of 

irradiation with visible light, consistent with reversion of 1c to the ring-opened isomer 

1o.[17] To probe the fatigue resistance of 1, a sample was cyclically exposed to UV and 

visible radiation. As shown in Figure 2c, minimal variation (ca. 10%) was observed upon 

interconverting between the ring-opened and ring-closed states over multiple cycles. 

Having demonstrated the reversible photoisomerization of 1o, the effects of the 

process were further quantified via 13C NMR spectroscopy, as the aforementioned 

changes in electron density at the carbene center should result in modulation of its 

chemical shift. To facilitate these studies, an analogue of 1o that contained an isotopically 

labeled 13C atom at the C2 position (1o*) was synthesized via an analogous route to that 

employed for 1•HCl, with the exception that (13CH2O)n was used in the formylative 

cyclization step; 1o* displayed a 13C NMR resonance at δ 219.5 ppm (C6D6).  

Exposure of a C6D6 solution of 1o* ([1o*] = 1.0 × 10-3 M) to UV light (λIrr = 313 

nm) for 60 min produced a color change analogous to that observed with 1o, indicative of  



 43

Figure 3.2:  a) UV-vis spectral changes of 1o in C6H6 upon UV irradiation (λIrr = 313 
nm). b) UV-vis spectrum of the photostationary state (PSS) reached after 
UV irradiation of 1o for 60 s, and spectral changes of the PSS over time 
upon visible irradiation (λIrr > 500 nm). The arrows represent the evolution 
of spectral changes over time ([1o]0 = 3.5 × 10-5 M). c) UV-vis spectral 
changes of 1o in C6H6 ([1o] = 3.5 × 10-5 M) upon successive UV (λIrr = 313 
nm) and visible light (λIrr > 500 nm) irradiation. The spectra were recorded 
after 120 s and 360 s, respectively (indicated). 

Figure 3.3:  13C NMR spectra recorded in C6D6 over the course of the following 
experiment: a sample of (a) 1o* isotopically labeled at the C2 position (b) 
was exposed to UV radiation for 60 min (λIrr = 313 nm, [1o*]0 = 1.0 × 10-3 
M), and (c) subsequently exposed to visible radiation for 3 h (λIrr > 500 nm, 
[1o*]0 = 4.0 × 10-3 M).  
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photoisomerization to 1c*. The cyclization was later confirmed via 1H NMR analysis of 

the concentrated product mixture, which showed the expected upfield shifts of the proton 

signals corresponding to the phenyl and thiophene rings and a downfield shift of signals 

assigned to the protons associated with the mesityl rings. Integration of the respective 

signals revealed that 82% of 1o* was converted to 1c* upon photocyclization. Moreover, 

as shown in Figure 3.3, 13C NMR analysis revealed the substantial downfield shifting of 

the resonance that corresponded to the carbene nucleus, from δ 219.5 ppm to 243.5 ppm 

upon conversion of 1o* to 1c*, indicative of the formation of a more electron-deficient 

NHC. For comparison, the well-known NHC 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-

ylidene) (IMes) and its saturated analogue (SIMes) exhibit 13C NMR resonances at δ 

219.7 ppm and 243.8 ppm (C6D6), respectively.[18] Subsequent exposure of the UV-

irradiated solution ([1o*]0 = 4.0 × 10-3 M) to visible light (λIrr > 500 nm) decolorized the 

solution, consistent with cycloreversion to 1o*. The 1H NMR spectrum of the sample 

irradiated with visible light matched the spectrum of 1o* and signified the cycloreversion 

of 1c* to 1o*. Similarly, 13C NMR analysis showed the disappearance of the resonance 

recorded at 243.5 ppm and the growth of an upfield resonance at 219.3 ppm. 

Scheme 3.2: Synthesis and photochromism of complex 6o.  

Considering that the carbonyl stretching frequencies (νcos) of [Ir(NHC)(CO)2Cl] 

complexes often serve as benchmarks for measuring the electronic properties of NHCs 
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and other ligands,[19] an appropriate precursor (i.e., Ir complex 5) was prepared by adding 

free 1o to a dichloromethane solution of [Ir(COD)Cl]2 (COD = 1,5-cis,cis-

cyclooctadiene) and then exposed to carbon monoxide (Scheme 3.2). After isolation of 

the corresponding product (6o), the electron donating ability of 1 was investigated by 

monitoring the Δνco upon photoisomerization via infrared spectroscopy. Irradiation of a 

dichloromethane solution of 6o ([6o] = 1.0 × 10-3 M; λIrr = 313 nm) resulted in 85% 

conversion to 6c,[20] concomitant with a color change from yellow to pale blue. As shown 

in Figure 3.4, the IR spectrum of 6o showed two signals at 2065 cm-1 and 1980 cm-1, 

which were attributed to the νcos of the carbonyl ligands. However, upon irradiation and 

thus conversion to 6c, two new signals were observed at 2070 cm-1 and 1985 cm-1 along 

with diminished intensity of the signals assigned to the νcos of 6o. The appearance of the 

new signals at higher frequencies was consistent with the formation of a stronger CO π-

bond and consequently weaker donation from the NHC ligand to the metal. The Tolman 

electronic parameters (TEPs) calculated[19] from these IR data confirmed that the NHC in 

complex 6c (TEP = 2054 cm-1) featured a significantly reduced donating ability when 

compared to the NHC in complex 6o (TEP = 2049 cm-1). Although the measured TEP 

values fall within the range typically expected for NHCs, the 5 cm-1 change in TEP value 

is more than five times the difference recorded between IMes and SIMes (ΔTEP = 0.8 

cm-1).[19] 

To clarify the electronic structure differences between 1o and 1c, a series of 

molecular orbital calculations were performed. Considering the extended conjugated 

backbone of 1c, we expected less electron density to be localized at the carbene nucleus 

than in the ring-opened isomer 1o. Indeed, the former was found to display a significantly  
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Figure 3.4:  Normalized infrared spectra of 6o in dichloromethane ([6o]0 = 1.0 × 10-3 
M), spectral changes upon UV irradiation (λIrr = 313 nm) for 45 min, and 
spectral changes upon subsequent visible light irradiation (λIrr > 500 nm) for 
15 min (indicated). 

Figure 3.5: HOMO (bottom) and LUMO (top) visualization of 1o and 1c. 
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smaller HOMO coefficient at the carbene center along with a significantly larger LUMO 

coefficient, as compared to 1o (Figure 3.5). The smaller HOMO and larger LUMO 

coefficients of the ring-closed form were in accordance with its decreased donating 

ability as compared to its ring-opened isomer. Moreover, the calculated 13C NMR 

resonances of the carbene nuclei for 1o (225 ppm) and 1c (245 ppm) were in good 

agreement with the experimental values, validating the computational method employed.  

To ascertain how the modular electronic structure of 1 influences its intrinsic 

chemical reactivity, we explored the capture of ammonia with 1o and 1c. The activation 

of NH3 remains an important yet challenging synthetic endeavor due to the compound’s 

relatively high basicity[21] (pKa = 38) and N–H bond strength[22] (107 kcal/mol); indeed, 

few isolable carbenes are known to activate NH3.[10] The addition of gaseous NH3 to a 

C6D6 solution of 1o produced no noticeable change, as determined by 1H NMR 

spectroscopy. In contrast, exposure of NH3 (g) to a C6D6 solution of 1c resulted in an 

immediate color change from deep blue (λmax = 574 nm) to dark purple (λmax = 547 nm), 

concomitant with the appear-ance of new 1H NMR signals at δ 5.68 ppm (t, CH) and 1.28 

ppm (d, NH2) and consistent with the formation of 1c•NH3 (Scheme 3.3).[10]  

Scheme 3.3: Photoswitchable ammonia activation. 

Building on these results, we reasoned that the capture and subsequent release of 

NH3 over the course of a single experiment should be possible by utilizing the distinct 
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electronic states of 1. To test this hypothesis, a C6D6 solution of 1o was transferred to an 

NMR tube and cooled to −78 °C. The tube was then evacuated and the atmosphere was 

replaced with NH3 upon warming to ambient temperature. After determining that no 

reaction was observed by 1H NMR spectroscopy, the sample was subjected to UV 

radiation (λIrr = 313 nm) for 30 min, which resulted in a color change from pale yellow to 

dark purple. As shown in Figure 3.6, the 1H NMR spectrum recorded after the excess 

ammonia was removed from the reaction mixture matched that previously observed for 

1c•NH3. Subsequent visible light irradiation (λIrr > 500 nm) for 100 min followed by 1H 

NMR analysis resulted in a spectrum similar to that expected for 1o along with a new 

signal at δ −0.17 ppm (t, 3H), which was attributed to liberated NH3.[23] The presence of 

NH3 was confirmed via high resolution mass analysis of the reaction mixture headspace 

(see Appendix A).  

Figure 3.6:  1H NMR spectra recorded in C6D6 over the course of the following 
experiment: a sample of (a) 1o under an atmosphere of ammonia (b) was 
exposed to UV radiation for 30 min (λIrr = 313 nm, [1o] = 2.0 × 10-3 M), and 
(c) subsequently exposed to visible radiation for 100 min (λIrr > 500 nm). 
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3.3 CONCLUSIONS 

In sum, we have developed the first isolable, photoswitchable NHC. The free 

NHC 1o was found to undergo photoinduced electrocyclization to its ring-closed isomer 

1c upon exposure to UV light, as evidenced by UV-vis and NMR spectroscopy. The free 

NHC 1c exhibited a substantially different electronic structure, including a more electron 

deficient carbene nucleus when compared to 1o, as revealed by its downfield 13C NMR 

resonance (Δδ = +24 ppm). Subsequent exposure to visible light restored the electronic 

structure of the ring-opened NHC. MO calculations supported a shift in electron density 

away from the carbene center upon ring-closure, revealing a significantly more 

electrophilic NHC. Finally, the distinct electronic states of 1o and 1c enabled the capture 

and subsequent release of ammonia over the course of a single experiment. The on-

demand N–H bond activation constitutes the first example of its kind and was 

demonstrated with an unprecedented degree of control (i.e. the process was not mediated 

by a chemical equilibrium). Given the ubiquity of NHCs, access to an isolable, 

photoswitchable derivative coupled with the facile tuning of its electronic structure using 

light is expected to drive the design and development of photoswitchable transformations. 

3.4 EXPERIMENTAL 

3.4.1 General Experimental Considerations 

Unless otherwise specified, reagents were purchased from commercial sources 

and used without further purification. The compounds 1,2-bis(2’-methyl-5’-phenylthien-

3’-yl)-2-hydroxy-1-ethanone (2)[6] and 2-iodoxybenzoic acid (IBX)[25] were prepared 

according to literature procedures. The compound 2,4,6-trimethylaniline was distilled 

over CaH2 and stored over 4 Å molecular sieves prior to use. All syntheses were 

performed under ambient conditions unless specified otherwise. Solvents were dried and 
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degassed using a Vacuum Atmospheres Company solvent purification system. NMR 

spectra were recorded using a Varian 400 or 500 MHz spectrometer. Chemical shifts δ (in 

ppm) are referenced to tetramethylsilane using the residual solvent as an internal 

standard. For 1H NMR: CDCl3, 7.26 ppm; C6D6, 7.16 ppm; (CD3)2SO, 2.50 ppm. For 13C 

NMR: CDCl3, 77.16 ppm; C6D6, 128.06 ppm. Coupling constants (J) are expressed in 

hertz (Hz). Melting points were obtained using a Stanford Research Systems MPA100 

OptiMelt automated melting point apparatus and are uncorrected. High resolution mass 

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

Agilent 6530 QTOF (ESI) mass spectrometer. Headspace analyses for the detection of 

ammonia were performed using a Waters Micromass Autospec-Ultima GC-HRMS 

system. Infrared (IR) spectra were recorded on a Perkin Elmer Spectrum BX FTIR 

spectrometer. Elemental analyses were performed with a ThermoScientific Flash 2000 

Organic Elemental Analyzer. UV-vis spectra were acquired using a Perkin-Elmer 

Lambda 35 UV-vis Spectrometer in 6Q Spectrosil quartz cuvettes (Starna) with 1.0 cm 

path lengths and 3.5 mL nominal sample solution volumes. Beer’s law measurements 

were performed using 10, 20, 30, and 40 μM sample concentrations. The photochemical 

reactions were either performed in the quartz cuvettes or in a quartz low-pressure vacuum 

(LPV) NMR tube. The irradiation source for photochemical reactions was a 

Newport/Oriel 66942 200-500W Hg Arc lamp instrument equipped with a 350 W Hg 

lamp, a Newport 6117 liquid filter, a Newport 71445 electronic safety shutter, and a 

Newport 71260 filter holder. The source was powered by a Newport 669910 power 

supply and mounted on a Newport XL48 optical rail with a Newport 13950 shielded 

cuvette holder placed at a distance of 8 cm from the end of the source. The irradiation 

wavelength for the photocyclization reactions was obtained using a 313 nm bandpass 
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filter (Andover Corporation). A long-pass edge filter (> 500 nm) (Andover Corporation) 

was used to introduce visible light. 

3.4.2 Syntheses and Characterization Data 

1,2-bis(2’-methyl-5’-phenylthien-3’-yl)-glyoxal monohydrate: This compound 

was synthesized according to a modified literature procedure and used to prepare 2.[6] A 

round bottom flask equipped with a stir bar was charged with 7.39 g (66.6 mmol) of 

selenium(IV) dioxide, 2.7 mL of H2O and 40 mL of 1,4-dioxane, and then heated to 55 

°C until the mixture became homogeneous. At this time, 8.0 g (37.0 mmol) of 1-(2-

methyl-5-phenylthiophen-3-yl)ethan-1-one was added in one portion. The reaction vessel 

was fitted with a reflux condenser and the mixture heated to reflux. After 24 h, the 

reaction mixture was cooled to room temperature, filtered over celite to remove the Se 

containing byproducts, and concentrated under reduced pressure. The resulting orange 

residue was triturated with cold Et2O and filtered to afford 7.80 g (85% yield) of the 

desired product as a yellow powder. Spectral data were consistent with previously 

reported values.[6] 

1,2-bis-(2’-methyl-5’-phenylthien-3’-yl)-ethanedione (3): A round bottom flask 

equipped with a stir bar was charged with 2.0 g (4.94 mmol) of acyloin 2 and 120 mL of 

DMSO. Afterward, 1.66 g (5.93 mmol) of IBX was added in one portion. The resulting 

mixture was stirred vigorously at room temperature, during which time a white 

precipitate formed. After 16 h, 120 mL of H2O was added and the resulting mixture was 

extracted with CH2Cl2 (3 × 75 mL). The organic layer was separated, washed with 

NaHCO3 (2 × 100 mL), deionized water (2 × 100 mL), and brine (3 × 100 mL). The 

solvent was removed under reduced pressure to afford 1.69 g (85% yield) of the desired 
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product as a yellow solid. Spectral data were consistent with previously reported 

values.[24] 

1,4-bis(2,4,6-trimethylphenyl)-2,3-bis(2’-methyl-5’-phenylthiophen-3’-yl)-1,4-

diaza-1,3-butadiene (4): Following a modified literature procedure,[12] an oven-dried 

Schlenk flask equipped with a stir bar was charged with 1.5 g (3.73 mmol) of diketone 3, 

1.62 g (4.85 mmol) of TiCl4•2THF, and 90 mL of tetrachloroethylene under an 

atmosphere of N2. After the Schlenk flask was fitted with a rubber septum, 4.18 mL (29.8 

mmol) 2,4,6-trimethylaniline was added via syringe and the reaction mixture was heated 

to 112 °C. After 16 h, the reaction mixture was cooled to room temperature, filtered 

through celite, dried over Na2SO4, and the solvent was removed under reduced pressure. 

The resulting crude, dark brown residue was purified by column chromatography on 

neutral alumina, eluting with a 1:1 (v/v) mixture of hexanes and dichloromethane, to 

afford 594 mg (25% yield) of the desired product as a yellow solid. A mixture of two 

geometrical isomers was observed by NMR spectroscopy. m.p. 92-94 °C (dec.). 1H NMR 

(500 MHz, (CD3)2SO): δ 1.47 (s), 1.88 (s), 1.91 (s), 1.98 (s), 2.08 (s), 2.12 (s), 2.27 (s), 

2.87 (s), 6.32 (s), 6.68 (d), 6.77 (s), 7.13 (s), 7.23-7.44 (m), 7.58 (d), 7.93 (s). 13C NMR 

(100.6 MHz, CDCl3): δ 13.64, 16.26, 18.86, 19.45, 20.70, 20.76, 122.69, 125.15, 125.50, 

125.62, 125.75, 125.82, 126.60, 126.71, 127.56, 128.37, 128.97, 129.05, 129.14, 129.30, 

132.51, 133.30, 133.78, 134.10, 134.46, 135.54, 139.61, 139.68, 140.72, 142.94, 144.81, 

145.71. 1H NMR analysis was also performed at 100 °C to resolve the signals stemming 

from the aforementioned isomers. 1H NMR (500 MHz, 100 °C, (CD3)2SO): δ 1.96 (s, 

12H), 2.13 (s, 6H), 2.97 (s, 6H), 6.72 (s, 4H), 7.28-7.37 (m, 10H). IR (ATR): ν = 2915, 

1599, 1497, 1462, 1443, 1206, 1183, 1140, 1031. HRMS (ESI) for C42H41N2S2: [M+H]+: 

calcd. 637.2706, Found: 637.2718. Anal. calcd. for C42H40N2S2: C, 79.20; H, 6.33; N, 

4.40; S, 10.07; Found: C, 79.11; H, 6.44; N, 4.34; S, 9.84. 
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1,2-bis-(2’-methyl-5’-phenylthien-3’-yl)-1,3-bis(2,4,6-trimethylphenyl)-

imidazolium chloride (1•HCl): An oven-dried Schlenk flask equipped with a stir bar 

was charged with 500 mg (0.785 mmol) of the diazabutadiene 4, 29.4 mg (0.981 mmol) 

of paraformaldehyde, and 15 mL of dry toluene. The flask was fitted with a rubber 

septum, and evacuated and refilled with N2 three times. The mixture was heated to 90 °C 

for 3 h to dissolve the paraformaldehyde, after which the reaction mixture was cooled to 

room temperature. After adding 295 µL (1.18 mmol) of anhydrous HCl (4.0 M in 

dioxane), the resulting mixture was heated to 70 °C. After 16 h, the reaction mixture was 

cooled to room temperature and the residual solvent was removed under reduced 

pressure. The crude brown residue was purified by flash chromatography on neutral 

alumina, eluting first with CH2Cl2 and then 1:9 (v/v) mixture of MeOH:CH2Cl2, to afford 

277 mg (52% yield) of the desired product as an off-white solid. m.p. 176 °C (dec.). 1H 

NMR (400 MHz, CDCl3): δ 1.95 (s, 6H), 2.22 (br. s, 12H), 2.31 (s, 6H), 6.59 (s, 2H), 

7.01 (br. s, 4H), 7.21-7.24 (m, 4H), 7.27-7.36 (m, 6H), 11.82 (s, 1H). 13C NMR (100.6 

MHz, CDCl3): δ 14.21, 18.15, 21.33, 122.13, 122.69, 125.57, 127.96, 128.23, 129.19, 

129.40, 130.02, 133.11, 134.78, 140.90, 141.33, 141.39, 142.44. HRMS (ESI) for 

C43H41N2S2: [M]+: calcd. 649.2706, Found: 649.2709. Anal. calcd. for C43H41ClN2S2: C, 

75.36; H, 6.03; N, 4.09; S, 9.36; Found: C, 75.05; H, 6.24; N, 3.95; S, 9.21. 

1,2-bis-(2’-methyl-5’-phenylthien-3’-yl)-1,3-bis(2,4,6-trimethylphenyl)-

imidazolium trifluoromethanesulfonate (1•HOTf): A 8 mL vial equipped with a stir 

bar was charged with 25 mg (0.036 mmol) of 1•HCl and 2.5 mL of CH2Cl2. After 9.2 mg 

(0.036 mmol) of silver(I) trifluoromethanesulfonate was added in one portion, the 

resulting mixture was stirred at room temperature. After 30 min, the reaction mixture was 

filtered through a 0.2 µm PTFE filter, and the residual solvent was removed under 

reduced pressure. The crude residue was dissolved in a minimal amount of CH2Cl2, 
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precipitated with n-pentane, and filtered to afford 26.5 mg (92% yield) of the desired 

product as an off-white solid. Elemental analysis was performed on single crystals 

obtained from the slow evaporation of a 1:1 (v/v) Et2O:benzene solution which contained 

7/6 benzene molecules per unit cell after drying, as determined by 1H NMR spectroscopy. 

m.p. 131 °C (dec.). 1H NMR (400 MHz, CDCl3): δ 1.97 (s, 6H), 2.18 (br. s, 12H), 2.34 (s, 

6H), 6.59 (s, 2H), 7.04 (br. s, 4H), 7.22-7.36 (m, 10H), 9.85 (s, 1H). 13C NMR (100.6 

MHz, CDCl3): δ 14.20, 17.75, 21.30, 121.91, 122.34, 125.57, 128.30, 128.48, 129.12, 

129.20, 130.02, 132.99, 134.64, 139.56, 141.11, 141.69, 142.68. 19F (376.3 MHz, 

CDCl3): δ -78.74. HRMS (ESI) for C43H41N2S2: [M]+: calcd. 649.2706, Found: 649.2712. 

Anal. calcd. for C49H47N2S2: C, 68.82; H, 5.44; N, 3.15; S, 10.81; Found: C, 69.20; H, 

5.19; N, 2.79; S, 11.11. 

4,5-bis-(2’-methyl-5’-phenylthien-3’-yl)-1,3-bis(2,4,6-trimethylphenyl)-

imidazolylidene (1o): Under an atmosphere of N2 in a glove box, a 20 mL vial equipped 

with a stir bar was charged with 100 mg (0.146 mmol) of 1•HCl and 3 mL of  benzene. 

In a separate 8 mL vial, 28.1 mg (0.153 mmol) NaHMDS was dissolved in 3 mL of 

benzene. The base solution was added slowly to the vial containing 1•HOTf. The 

resulting mixture was stirred at room temperature for 30 min, filtered through a 0.2 µm 

PTFE filter, and the solvent was removed under reduced pressure. The crude solids were 

triturated with Et2O and n-pentane to yield 75 mg (80% yield) of the free NHC 1o as a 

white powder. m.p. 178 °C (dec.). 1H NMR (400 MHz, C6D6): δ 1.92 (s, 6H), 2.05 (s, 

6H), 2.28 (br. s, 12H), 6.74 (br. s, 4H), 6.91 (s, 2H), 6.93 (t, J = 7.4, 2H), 7.02 (t, J = 7.5, 

4H) 7.32 (dd, J = 8.5, 4H). 13C NMR (125.7 MHz, C6D6): δ 14.13, 18.48, 21.01, 124.32, 

125.70, 127.27, 127.54, 128.38, 129.15, 129.22, 134.60, 135.98, 137.41, 137.54, 137.81, 

140.81, 219.42. UV-vis (C6H6): λmax = 293 nm (ε = 25591 dm3 mol-1). HRMS (CI) for 
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C43H39N2S2: [M]+: calcd. 647.2555, Found: 647.2553. Anal. calcd. for C43H40N2S2: C, 

79.59; H, 6.21; N, 4.32; S, 9.88; Found: C, 79.65; H, 5.88; N, 4.26; S, 10.07. 

Photocyclized NHC 1c: Method A. Under a N2 atmosphere in a glove box, a 1 

mM solution of 1o in C6D6 was transferred to quartz cuvettes in 4.0 mL portions, capped, 

removed from the glove box, and subjected to UV radiation (λIrr = 313 nm) for 60 min. 

After the cuvettes were returned to the glove box, the 4 mL portions were combined and 

the solvent was removed under reduced pressure to afford a mixture of 1c and 1o 

(relative ratio = 77:23), as determined by 1H NMR spectroscopy (C6D6). Method B. 

Under a N2 atmosphere in a glove box, a quartz LPV NMR tube equipped with a Teflon 

screw cap was charged with 0.6 mL of a 2.0 mM stock solution of 1o in C6D6. The NMR 

tube was then subjected to UV radiation (λIrr = 313 nm) for 30 min, coupled with 

vigorous shaking every 10 min to insure proper mixing, to afford a mixture of 1c and 1o 

(relative ratio = 78:22), as determined by 1H NMR spectroscopy (C6D6). 1H NMR (400 

MHz, C6D6): δ 1.90 (br. s, 2.6H), 2.04 (br. s, 2.6H), 2.18 (s, 6H), 2.28 (s, 6H), 2.31 (s, 

6H), 2.54 (s, 6H), 5.61 (s, 2H), 6.73 (br. s, 2H), 6.83 (br. m, 4H), 6.86 (m, 3H), 6.91 (m, 

5.9H), 7.02 (m, 2.9H), 7.29 (m, 5H). UV-vis (C6H6): λmax = 290 nm, λmax = 391 nm, λmax 

= 574 nm (ε = 13338 dm3 mol-1). 

Recovery of 1o After Photoisomerization: Under a N2 atmosphere in a glove 

box, a 2.0 mM stock solution of 1,3,5-trimethoxybenzene was prepared by dissolving 

1.35 mg (0.008 mmol) of the aforementioned compound in 4.0 mL of C6D6. A 2.0 mM 

solution of 1o in C6D6 was subsequently prepared by dissolving 2.0 mg (0.003 mmol) of 

1o in 1.5 mL of the aforementioned stock solution, and 0.6 mL was transferred to a 

quartz LPV NMR tube equipped with a Teflon screw cap. The NMR tube was then 

subjected to UV radiation (λIrr = 313 nm) for 30 min, coupled with vigorous shaking 

every 10 min to insure proper mixing, to afford a mixture of 1c and 1o, as determined by 
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1H NMR spectroscopy (C6D6). The NMR tube was then subjected to visible light 

irradiation (λIrr > 500 nm) for 60 min, coupled with vigorous shaking every 10 min to 

insure proper mixing. 1H NMR analysis, along with integration of the resonance at δ 3.31 

ppm (set to 9H) for reference, revealed a 96% recovery of 1o. 

[Ir{4,5-bis(2’-methyl-5’-phenylthien-3’-yl)-1,3-bis(2,4,6-trimethylphenyl)-

imidazolylidene}(COD)Cl] (5): Under an atmosphere of N2 in a glove box, a 8 mL vial 

equipped with a stir bar was charged with 35 mg (0.054 mmol) of 1o and 1 mL of dry 

C6H6. In a separate 8 mL vial, 17.2 mg (0.026 mmol) of [Ir(COD)Cl]2 (COD = 1,5-

cyclooctadiene) was dissolved in 0.5 mL of dry C6H6. The solution of 1o was added 

slowly to the solution of [Ir(COD)Cl]2, and the resulting mixture stirred at room 

temperature. After 16 h, the vial was removed from the glove box, the reaction mixture 

was filtered through a 0.2 µm PTFE filter and the residual solvent was removed under 

reduced pressure. The crude orange residue was purified by column chromatography on 

silica gel, eluting with a 1:1 (v/v) mixture of hexanes and EtOAc, to afford 38 mg (74% 

yield) of the desired product as a yellow/brown solid. m.p. 260 °C (dec.). The 1H and 13C 

NMR analyses were performed at 55 °C to reduce peak broadening that may be due to 

steric hindrance. 1H NMR (500 MHz, 55 °C, CDCl3): δ 1.32-1.79 (br. m, 8H), 1.89 (s, 

6H), 2.05-2.95 (br. s, 18H), 3.10 (br. s, 2H), 4.24 (br. s, 2H), 6.55 (s, 2H), 6.95 (br. s, 

4H), 7.21-7.25 (m, 6H), 7.29-7.32 (m, 4H). 13C NMR (125.7 MHz, 55 °C, CDCl3): δ 

14.19, 18.82, 20.36, 21.18, 29.44, 33.91, 51.07, 82.57, 123.67, 125.6, 126.17, 127.53, 

128.13, 128.99, 129.66, 134.20, 134.79, 135.39, 138.18, 138.79, 140.63, 181.90. HRMS 

(ESI) calcd. for C51H52IrN2S2, [M+]: 947.3172, Found: 947.3160; calcd. for 

C51H52ClIrN2S2, [M]+: 982.2861, Found: 982.2882. Anal. calcd. for C51H52ClIrN2S2: 

C, 62.20; H, 5.32; N, 2.84; S, 6.51; Found: C, 62.55; H, 5.59; N, 2.73; S, 6.27.  
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[Ir{4,5-bis(2’-methyl-5’-phenylthien-3’-yl)-1,3-bis(2,4,6-trimethylphenyl)-

imidazolylidene}(CO)2Cl] (6o): A 8 mL vial equipped with a stir bar was charged with 

39 mg (0.040 mmol) of 6 and 2.5 mL of CH2Cl2. The vial was fitted with a rubber 

septum, and carbon monoxide (1 atm) was bubbled through the solution from a balloon 

with an attached needle while stirring at ambient temperature. After 1 h, the balloon was 

detached and the solvent was removed under reduced pressure. The crude solids were 

triturated with n-pentane to remove the residual COD and filtered to afford 33 mg (88% 

yield) of the desired product as a yellow powder. m.p. 246 °C (dec.). 1H NMR (400 MHz, 

CDCl3): δ 1.90 (s, 6H), 2.03 (br. s, 6H), 2.33 (s, 6H), 2.53 (br. s, 6H), 6.54 (s, 2H), 6.97 

(br. s, 4H), 7.21-7.27 (m, 6H), 7.30-7.34 (m, 4H). 13C NMR (100.6 MHz, CDCl3): 14.19, 

19.08, 21.34, 122.99, 125.07, 125.49, 127.72, 128.83, 129.04, 129.38, 133.50, 133.73, 

135.77, 139.24, 139.58, 141.05, 168.55, 176.29, 180.22. UV-vis (CH2Cl2): λmax = 269 nm 

(ε = 33786 dm3 mol-1), λmax = 378 nm (ε = 3394 dm3 mol-1). IR (CH2Cl2): νCO 2065, 1980 

cm-1. HRMS (ESI) for C45H40ClIrN2O2S2: [M]+: calcd. 895.2132, Found: 895.2084. Anal. 

calcd. for C45H40ClIrN2O2S2: C, 57.95; H, 4.32; N, 3.00; S, 6.88; Found: C, 57.90; H, 

4.71; N, 2.99; S, 6.85.  

Photocyclization of Ir Complex 6o (6c): A solution of 7.5 mg (0.008 mmol) of 

3o in 8 mL CH2Cl2 was prepared under an atmosphere of nitrogen. Afterward, 4 mL 

portions of the aforementioned solution were transferred to two separate septum-capped 

quartz cuvettes and carbon monoxide (1 atm) was bubbled through each cuvette via a 

needle attached to a balloon for 5 min. Each cuvette was subjected to UV radiation (λIrr = 

313 nm) for 1 h. The 4 mL portions were then combined and the residual solvent was 

removed under reduced pressure to afford a mixture of 3o and 3c (relative ratio = 83:17), 

as determined by 1H NMR spectroscopy (C6D6). 1H NMR (400 MHz, C6D6): δ 1.81 (s, 

1.09H), 1.93 (s, 1.05H), 2.06 (s, 6.03H), 2.47 (m, 20.05H), 5.31 (s, 2H), 5.51 (s, 0.32H), 
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6.75-6.76 (m, 4.99H), 6.86-7.05 (m, 9.95H). UV-vis (CH2Cl2): λmax = 387 nm, λmax = 655 

nm. IR (CH2Cl2): νCO 2070, 1985 cm-1. 

Photoreversion of Ir Complex 6c to 6o: A solution of the product mixture 

described above, diluted with CH2Cl2 so that the concentration was approximately 1 mM, 

was added in 4 mL portions to quartz cuvettes. The cuvettes were then subjected to 

visible light radiation (λIrr > 500 nm) for 15 min. The 4 mL portions were then combined 

and the residual solvent was removed under reduced pressure. 1H NMR (400 MHz, 

C6D6): δ 1.81 (s, 6H), 1.93 (s, 6H), 2.37 (br. s, 12H), 6.68 (br. s, 4H), 6.75 (s, 2H), 6.93-

6.97 (m, 2H), 7.01-7.04 (m, 4H), 7.23-7.26 (m, 4H). IR (CH2Cl2): νCO 2065, 1980 cm-1. 

Synthesis of the 13C-labeled NHC 1o*. As shown in the Scheme 3.4, the 13C-

labeled NHC 1o* was synthesized using an analogous route to that employed for 1o, with 

the exception that 13C-enriched paraformaldehyde was used in the formylative cyclization 

of 4. Subsequent treatment of 1*•HCl with 1 equivalent of NaHMDS in benzene 

followed by solvent evaporation and trituration from pentane afforded the labeled, free 

NHC 1o*. 

Scheme 3.4: Synthesis and photochromism of 13C-labelled NHC, 1o*. 

1,2-bis-(2’-methyl-5’-phenylthien-3’-yl)-1,3-bis(2,4,6-trimethylphenyl)-2-13C-

imidazolium chloride (1*•HCl): Using the procedure described above afforded 108 mg 

(50% yield) of the desired product as an off-white solid. m.p. 176 °C (dec.). 1H NMR 

(400 MHz, CDCl3): δ 1.95 (s, 6H), 2.23 (br. s, 12H), 2.30 (s, 6H), 6.58 (s, 2H), 7.01 (br. 

s, 4H), 7.21-7.23 (m, 4H), 7.27-7.35 (m, 6H), 11.71 (d, J = 223, 1H). 13C NMR (100.6 
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MHz, CDCl3): δ 14.18, 18.10, 21.29, 122.07, 122.61, 125.53, 127.92, 129.16, 129.32, 

129.98, 133.06, 134.75, 140.85, 140.89, 141.36, 142.44, 147.74. HRMS (ESI) for 

C42[13C]H41N2S2: [M]+: calcd. 650.2724, Found: 650.2733. 

4,5-bis-(2’-methyl-5’-phenylthien-3’-yl)-1,3-bis(2,4,6-trimethylphenyl)-2-13C-

imidazolylidene (1o*): Using the procedure described above afforded 36 mg (76% yield) 

of the desired product as an white powder. 1H NMR (400 MHz, C6D6): δ 1.91 (s, 6H), 

2.05 (s, 6H), 2.27 (br. s, 12H), 6.74 (br. s, 4H), 6.90 (s, 2H), 6.93 (t, J = 7.6, 2H), 7.02 (t, 

J = 7.5, 4H) 7.32 (dd, J = 8.5, 4H). 13C NMR (100.6 MHz, C6D6): δ 219.5 HRMS (ESI) 

for C42[13C]H40N2S2: [M]+: calcd. 649.2666, Found: 649.2678. 

Photocyclization of 1o* (1c*): Under a N2 atmosphere in a glove box, a 1 mM 

solution of 1o* in benzene was transferred to quartz cuvettes in 4.0 mL portions, capped, 

removed from the glove box, and subjected to UV radiation (λIrr = 313 nm) for 60 min. 

The cuvettes were returned to the glove box and the residual solvent was removed under 

reduced pressure in the dark. This procedure was repeated until the entirety of the 

benzene solution had been irradiated. The UV-treated solids were then dissolved in 

approximately 0.3 mL C6D6 and analyzed via NMR spectroscopy. We note that 

photocyclizations are concentration dependent and do not necessarily reflect the 

photostationary state (PSS). 1H NMR (400 MHz, C6D6): δ 1.91 (s, 1.4H), 2.06 (s, 1.6H), 

2.19 (s, 6.2H), 2.30 (m, 13.7H), 2.54 (s, 5.8H), 5.61 (s, 2H), 6.83 (br. s, 4H), 6.85-7.04 

(m), 7.28-7.38 (m). 13C NMR (100.6 MHz, C6D6): δ 243.5. 

Photoreversion of 1c* (1o*): Under a N2 atmosphere in a glove box, a solution 

of the product mixture described above, diluted with C6H6 so that the carbene’s 

concentration was approximately 4.0 mM, was added in 4 mL portions to quartz cuvettes. 

The cuvettes were then subjected to visible light radiation (λIrr > 500 nm) for 1 h and 

subsequently returned to the glove box. The 4 mL portions were combined and the 
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residual solvent was removed under reduced pressure. 1H NMR (400 MHz, C6D6): δ 1.92 

(s, 6H), 2.06 (s, 6H), 2.28 (br. s, 12H), 6.74 (br. s, 4H), 6.91 (s, 2H), 6.93 (t, J = 7.6, 2H), 

7.02 (t, J = 7.5, 4H) 7.33 (dd, J = 8.5, 4H). 13C NMR (100.6 MHz, C6D6): δ 219.3. 

Capture of Ammonia (1c•NH3): Under a N2 atmosphere in a glove box, a 2 mM  

stock solution of 1o in benzene was transferred to quartz cuvettes in 4.0 mL portions. 

Each cuvette was fitted with a rubber septum, removed from the glove box, and ammonia 

(1 atm) was bubbled through the solution from a balloon with an attached needle while 

stirring at ambient temperature. After 1 min, the balloon was detached from the reaction 

vessel and the solution was subjected to UV radiation (λIrr = 313 nm) for 90 min. The 

cuvette was returned to the glove box and the residual solvent was removed under 

reduced pressure in the dark. m.p. 186 °C (dec.) 1H NMR (400 MHz, C6D6): δ 1.28 (d, J 

= 8.2, 2H), 2.14 (s, 3H), 2.16 (s, 3H), 2.16 (s, 3H), 2.17 (s, 3H), 2.24 (s, 3H), 2.28 (s, 

3H), 2.50 (s, 3H), 2.55 (s, 3H), 5.59 (s, 1H), 5.65 (s, 1H), 5.68 (t, J = 8.2, 1H), 6.75 (br. 

m, 2.5H), 6.85 (m, 5.3H), 6.97 (m, 6.9H), 7.37 (m, 5H). 13C NMR (125.7 MHz, C6D6) δ 

18.37, 18.60, 19.10, 19.15, 21.04, 21.06, 30.34, 30.51, 66.46, 67.14, 88.59, 112.96, 

113.15, 116.11, 117.15, 125.85, 125.91, 127.11, 127.24, 128.35, 128.58, 128.59, 129.57, 

129.64, 129.92, 130.29, 130.50, 131.07, 134.42, 135.12, 135.91, 135.93, 137.52, 137.93, 

138.12, 138.14, 138.25, 139.09, 139.63, 139.75. UV-vis (C6H6): λmax = 383 nm, λmax = 

401 nm, λmax = 547 nm. HRMS (CI) for C43H43N3S2: [M]+: calcd. 665.2898, Found: 

665.2881. 

Release of Ammonia: Under an inert N2 atmosphere in a glove box, the UV 

treated solids described above were dissolved in 3.0 mL of C6H6 and transferred to a 

quartz cuvette equipped with a stir bar. The cuvette was fitted with a rubber septum, 

removed from the glove box, and subjected to visible light radiation (λIrr > 500 nm) for 

60 min. The cuvette headspace was subsequently analyzed by high resolution mass 
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spectrometry by manual injection via syringe. HRMS (CI) for NH3: [M]+: calcd. 17.0265, 

Found: 17.0265. 

Controlled Capture and Release of Ammonia: Under a N2 atmosphere in a 

glove box, a quartz LPV NMR tube equipped with a Teflon screw cap was charged with 

0.6 mL of a 2.0 mM stock solution of 1o in C6D6. The NMR tube was removed from the 

glove box, cooled to −78 °C, and the atmosphere removed under reduced pressure and 

subsequently replaced with ammonia from a balloon upon warming to ambient 

temperature. After 1H NMR analysis, the NMR tube was subjected to UV radiation (λIrr = 

313 nm) for 30 min, coupled with vigorous shaking every 10 min to insure proper 

mixing. The NMR tube was then cooled to −20 °C, evacuated, and warmed to ambient 

temperature under static vacuum; this process was repeated twice to remove the excess 

ammonia. 1H NMR analysis revealed the presence of 1c•NH3. The NMR tube was then 

subjected to visible light radiation (λIrr > 500 nm) for 100 min, coupled with vigorous 

shaking every 10 min to ensure proper mixing. Subsequent 1H NMR analysis revealed 

signals matching those expected for 1o as well as free ammonia. 1H NMR (400 MHz, 

C6D6): δ -0.17 (t, J = 43.0, 3H), 1.90 (s, 6H), 2.05 (s, 6H), 2.28 (s, 6H), 6.73 (br. s, 4H), 

6.89 (br. s, 2H), 6.93 (t, J = 7.4, 2H), 7.02 (t, J = 7.5, 4H) 7.31 (br. d, 4H). 

Recovery of 1o Upon Release of Ammonia: Under a N2 atmosphere in a glove 

box, a 2.0 mM stock solution of 1,3,5-trimethoxybenzene was prepared by dissolving 

1.35 mg (0.008 mmol) of the aforementioned compound in 4.0 mL of C6D6. A 2.0 mM 

solution of 1o in C6D6 was subsequently prepared by dissolving 2.0 mg (0.003 mmol) of 

1o in 1.5 mL of the aforementioned stock solution, and 0.6 mL was transferred to a 

quartz low-pressure vacuum (LPV) NMR tube equipped with a Teflon screw cap. The 

NMR tube was removed from the glove box and cooled to −78 °C. The atmosphere was 

then removed under reduced pressure and subsequently replaced with ammonia from a 



 62

balloon upon warming to ambient temperature. The NMR tube was then subjected to UV 

radiation (λIrr = 313 nm) for 30 min, coupled with vigorous shaking every 10 min to 

insure proper mixing. The NMR tube was then cooled to −20 °C, evacuated, and warmed 

to ambient temperature under static vacuum; this process was repeated twice to remove 

the excess ammonia. 1H NMR analysis revealed the presence of 1c•NH3. The NMR tube 

was then subjected to visible light irradiation (λIrr > 500 nm) for 100 min, coupled with 

vigorous shaking every 10 min to insure proper mixing. Subsequent 1H NMR analysis, 

along with integration of the resonance at δ 3.31 ppm (set to 9H) for reference, revealed a 

75% recovery of 1o. 

3.4.3 Additional Spectroscopic Data 

Figure 3.7:  a) UV-vis spectral changes of 6o in dichloromethane upon UV irradiation 
(λIrr = 313 nm). The spectra were recorded after 30, 60, 90, 120, and 180 s 
(indicated). b) UV-vis spectral changes of the photostationary state (PSS) 
reached after UV irradiation of 6o for 180 s, and spectral changes of the PSS 
upon visible irradiation (λIrr > 500 nm). The spectra were recorded after 30, 
60, 120, and 240 s (indicated). The arrows represent the evolution of 
spectral changes over time. [6o]0 = 3.0 × 10-5 M. 
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Figure 3.8:  a) UV-vis spectral changes of 1o in benzene upon UV irradiation (λIrr = 313 
nm). The spectra were recorded after 10, 20, 30, 60, and 120 s (indicated). 
b) UV-vis spectral changes of the photostationary state (PSS) reached after 
UV irradiation of 1o for 120 s, and spectral changes of the PSS upon visible 
irradiation (λIrr > 500 nm). The spectra were recorded after 30, 60, 120, 300, 
and 900 s (indicated). The arrows represent the evolution of spectral 
changes over time. The PSS reflects a 77% conversion to 1c; however, the 
larger value of λmax evident after visible irradiation reflects some 
photodegradation. [1o]0 = 3.0 × 10-5 M. 
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Chapter 4: Photoswitchable Polymerization Catalysts 

4.1 INTRODUCTION2 

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 produced various copolymers exhibiting relatively simple but well-defined 

microstructures, such an approach often becomes impractical as the desired level of 
                                                 
2 Portions of this chapter were reproduced from: Teator, A. J.; Lastovickova, D. N.; Bielawski, C. W. 
Chem. Rev. 2016, 116, 1969-1992. All authors contributed to the writing of the original manuscript and 
figure preparation. 
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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 4.1). 

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 4.1:  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. 

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 labo ratory, 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.  

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 
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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.  

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  

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.    

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 
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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. 

The remainder of this chapter will discuss recent advances in the burgeoning field 

of photoswitchable 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 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 photochemically controlled “switches” will be described 

within the context of the various polymerizations to which they have been applied. 

4.2 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 
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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.  

Recently, Boydston and co-workers reported an elegant metal-free, switchable 

ROMP by employing an organic photo-redox catalyst (Scheme 4.1).31 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 

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. 
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Scheme 4.1: Mechanism of reversible ROMP activation and deactivation via 
photoirradiation of a pyrylium organocatalyst. 

4.3 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.32-34 

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.35 External stimuli such as light and heat, as well as the chemical alteration 
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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. 

Photoinduced transformations that modify the steric environment about a catalytic 

center as well as those that lead to a change in the electronic properties of a catalyst have 

both been implemented to modulate ROP reactivity. Harada and co-workers designed a 

switchable ROP system that took advantage of the trans/cis photoisomerization of a 

cinnamoyl group to reversibly change the steric hindrance around the active site of a 

catalyst, resulting in significant variations in the respective polymerization rates (Scheme 

4.2).36 Based on a host-guest enzyme model that regulated sequence-controlled 

polymerizations of biological structures, this photoswitchable ROP process employed α-

cyclodextrin (α-CD) as the catalytic host. The cinnamoyl functionalized α-CD 2-O-trans-

cinnamoyl-α-cyclodextrin (2-trans-CIO-α-CD) was demonstrated to function as a ROP-

active catalyst and facilitated the polymerization of δ-valerolactone (VL) at 100 °C. Upon 

entry of the monomer guest into the cavity of the host, the carbonyl of the VL is activated 

towards nucleophilic attack and facilitates polymer chain growth. Under these conditions, 

the ROP of VL proceeded with excellent monomer conversion (82%) and afforded a 

polymer with a relatively high degree of polymerization (DP = 41.2). UV irradiation (λ = 

280 nm) of the reaction mixture was found to convert 2-trans-CIO-α-CD to its cis isomer 

(2-cis-CIO-α-CD), which increased the steric bulk around the catalytic cavity and 

effectively prevented monomer incorporation. As a result, the monomer conversion was 

relatively low (12%) and polymers with relatively a low degree of polymerization (DP = 

8.1) were produced.  
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Scheme 4.2: Photoswitchable polymerization of VL controlled via trans/cis isomerization 
of 2-CIO-α-CD that reversibly prevents monomer incorporation into the 
catalytically-active cavity. 

In addition to photoisomerization, photocyclization was another light-controlled 

process that was demon-strated to regulate the ROP of various monomers. In 2013, 

Neilson and Bielawski developed a photoswitchable organocatalytic polymerization of 

cyclic lactones based on an in situ generated photochromic NHC.37 As shown in Scheme 

4.3, the ROP-active dithienylethene-annulated NHC 14 was prepared by the addition of 

sodium hexamethyldisilazide (NaHMDS) to the corresponding precatalyst 13. In the 

presence of an alcohol initiator (i.e., benzyl alcohol), photochromic NHC 14 effectively 

catalyzed the ROP of VL as well as ε-caprolactone (CL), likely via the formation of 

imidazolium alkoxide 15. NMR data indicated that 15, which represented the resting state 

of the catalyst, underwent photoinduced electrocyclic ring-closure to generate the 

catalytically inactive covalently bound NHC-alcohol adduct 16 upon exposure to UV 
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radiation (λ = 313 nm). The extended conjugation along the backbone of photocyclized 

16 resulted in a more electron deficient carbenoid center that prevented the release of the 

alkoxide unit and rendered 16 relatively unreactive towards ROP (kamb/kUV = 114). 

Visible light irradiation (λ > 500 nm) reversed the photocyclization, regenerated the 

catalytically active imidazolium alkoxide 15 and restored the ROP activity (kvis/kUV = 17). 

While the reversible photocyclization of the NHC organocatalyst allowed for the ROP 

reaction to be switched between “off” (i.e., relatively inactive) and “on” (i.e., relatively 

active) states upon selective irradiation, each switching cycle resulted in roughly 13% 

catalyst decomposition. 

Scheme 4.3: Photoswitchable ROP activity using a photo-induced electrocyclic ring-
closure of a photochromic diarylethene-annulated NHC organocatalyst. 

4.4 COPPER-MEDIATED REVERSIBLE-DEACTIVATION RADICAL POLYMERIZATION 

Since the first recognition of the “living” radical polymerization of styrene in 

1957,38 substantial efforts have been directed towards the development of highly 

controlled radical polymerizations (CRP) to afford well-defined polymers. In particular, 
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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 4.4).39 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 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 4.4: General mechanism for switchable Cu-mediated reversible-deactivation 
radical polymerizations. 

4.4.1 Ultraviolet Light Control 

In 2010, Kwak and Matyjaszewski combined the concept of iniferter 

polymerization with atom transfer radical polymerization (ATRP) to selectively regulate 

the rate of radical polymerizations (Scheme 4.5).40 While iniferters typically serve as the 

initiators, transfer agents, and terminating agents of various polymerization processes, the 

iniferter 2-(N,N-diethyldithiocarbamyl)isobutyric acid ethyl ester (EMADC) was used as 
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a photocleavable moiety to modulate the polymerization rate of methyl methacrylate 

(MMA). Exposure of a mixture of EMADC, CuIIBr2 catalyst, and 

hexamethyltriethylenetetramine (HMTETA) ligand to UV (λ = 230–400 nm) radiation at 

30 °C facilitated the polymerization of MMA and produced well-defined (Ð = 1.27) 

polymers. In the absence of UV radiation, the formation of the dithiocarbamate radicals 

that promoted the polymerization process was suspended and the rate of polymerization 

decreased significantly (kUV/kamb ≈ 67). The polymer chain growth of MMA could be 

restored upon re-exposure to UV radiation and the photoswitchable process was repeated 

multiple times. The presence of CuIIBr2 and HMTETA ligand was required to ensure 

efficient chain transfer reactions that produce CuIBr/HMTETA and yield polymers with 

narrow molecular weight distributions, which were previously not accessible from typical 

iniferter mediated polymerizations.  

Scheme 4.5: Photoswitchable combined iniferter-ATRP-type polymerizations. 

Alternatively, several other reports focused on controlling copper-catalyzed 

polymerizations without the need for an iniferter that would facilitate the polymerization. 

These systems employed various photoinitiators to directly adjust the relative amounts of 

CuII deactivator and CuI activator species in the reaction mixture upon exposure to light. 

In 2010, Yagci and co-workers demonstrated a UV switchable radical polymerization of 

MMA in methanol using CuIIBr2 ligated to N,N,N’,N’’,N’’-

pentamethyldiethylenetriamine (PMDETA) to mediate the reaction and ethyl 2-

bromopropionate (EtBP) as an initiator.41 The authors utilized the ability of methanol to 
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solvate the deactivating CuIIBr2/PMDETA complex and achieved a homogenous 

polymerization. UV irradiation (λ = 350 nm) of the reaction mixture reduced the 

CuIIBr2/PMDETA deactivator complex to an active form (i.e., CuIBr/PMDETA), which 

induced radical formation via the homolysis of EtBP and initiated the chain growth of 

poly(MMA). The presence of methanol also aided the oxidation of the CuI as well as the 

reduction of the CuII species, producing hydroxymethyl radicals and formaldehyde, 

respectively. The additional formation of CuII limited the concentration of propagating 

radicals and therefore resulted in poly(MMA)s with narrow dispersities (Đ = 1.06 – 1.13). 

Moreover, the reaction could be switched between “off” (i.e., relatively inactive) and 

“on” (i.e., relatively active) states by periodically varying the light source. The same 

group later demonstrated the utility of the selectively controlled “on” and “off” 

polymerization processes in the synthesis of block copolymers of MMA and azide-

functionalized styrene.42,43 By modifying the reaction conditions and choose the proper 

ligand, initiator, and solvent, photoinduced ATRP and CuAAC were simultaneously used 

to grow polymers in a well-controlled manner.   

Matyjaszewski, Yagci, and co-workers further expanded the versatility of UV-

controlled radical polymerization by altering the identity of the photoinitiator under 

various conditions.44 The authors applied UV switchable control to the polymerization of 

oligo(ethylene glycol) monomethyl ether methacrylate (OEOMA) in inverse 

microemulsion media. The presence of different surfactants (i.e., poly(oxyethylene) (3) 

oleyl ether and poly(oxyethylene) (6) oleyl ether) in hexane along with aqueous monomer 

solutions containing OEOMA resulted in the formation of biphasic reaction mixtures. 

The aqueous layer also contained Ciba® Irgacure® 2959 (1-[4-(2-hydroxyethoxy)-

phenyl]-2-hydroxy-2-methyl-1-propane-1-one) photoinitiator, a poly(ethylene glycol) 

bromide macroinitiator, and a CuIIBr2 catalyst ligated to PMDETA or tris(2-
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pyridylmethyl)amine (TPMA) and which produced micelles that encapsulated the water-

soluble reactants upon stirring. UV irradiation (λ = 350 nm) stimulated the Irgacure® 

photoinitiator to reduce the CuII complex to a CuI species, which then facilitated the 

polymerization process via radical formation from the macroinitiator and yielded 

relatively well-defined (Đ = 1.20–1.40) polymers. The polymer chain growth was 

hindered in the absence of UV light, but could be restored upon subsequent 

photoirradiation. The Irgacure® photoinitiator acted as an effective “on” (i.e., relatively 

active) and “off” (i.e., relatively inactive) switch for the polymerization while polymer 

molecular weights were determined by the size of the micelles. 

Irgacure® was not the only photoinitiator to successfully reduce the CuII 

deactivator upon exposure to UV radiation. In 2014, Yagci and co-workers reported the 

use of zinc oxide nanoparticles and mesoporous graphitic carbon nitride as effective 

photoinitiators of copper-mediated polymerizations.45,46 In the presence of ethyl α-

bromoisobutyrate (EBiB) initiator, a CuIIBr2/PMDETA complex facilitated the 

polymerization of MMA under exposure to UV radiation (λ = 350 nm). However, in the 

absence of UV light, CuI species were not being regenerated from their corresponding 

CuII precursors, which effectively prevented polymer growth. The polymerization process 

could be later restarted when exposed to UV radiation. The methods involving zinc oxide 

nanoparticles as well as the mesoporous graphitic carbon nitride exhibited high control 

over the corresponding polymerization and afforded materials with low polydispersities 

(Đ = 1.11–1.28).  

Haddleton and co-workers further demonstrated that the use of photoinitiators was 

not required to achieve UV-regulated copper-mediated radical polymerizations.47 By 

utilizing a mixture of CuIIBr2 catalyst with an aliphatic tertiary amine-based ligand (i.e., 

Me6TREN; TREN = tris(2-aminoethyl)amine) in the presence of various α–hydroxyl- and 



 80

vic-diol-functionalized initiators, temporal kinetic control over the radical polymerization 

of several different monomers was achieved. The authors proposed that the 

polymerization was started by the photoactivated free Me6TREN ligand, which reacted 

with the initiator via outer-sphere electron-transfer to generate carbon-based radicals that 

initiated the chain propagation reaction. Styrene (St), MMA and various acrylates were 

all successfully polymerized to high monomer conversion (> 90%) after only 90 min of 

UV irradiation (λ ≈ 360 nm). Moreover, the polymerization process was effectively 

stopped in the absence of light, and subsequent re-exposure to UV irradiation restored the 

continued growth of polymer chains. Polymerizations were also induced when exposed to 

sunlight, but required extended reaction times (15 h) to reach high conversion. Reflective 

of the excellent control bestowed by this switchable polymerization process, well-defined 

(Đ = 1.03–1.17) polymers were synthesized under optimized conditions.  

Later studies from the same group demonstrated almost quantitative monomer 

conversion with excellent control over polymer distribution (Ð ≈ 1.03) was also possible 

using only ppm quantities of the preformed CuII formate catalyst, 

[Cu(Me6TREN)(O2CH)](ClO4).48 This ionic complex in conjunction with EBiB was 

observed to promote the polymerization of various acrylates, such as methyl acrylate 

(MA), upon exposure to UV radiation (λ = 320–390 nm). In contrast, polymer chain 

growth ceased in the absence of light. The polymerization could be repeatedly hindered 

and restored via alternating exposures to UV radiation while preserving the high control 

over the resulting polymers that were produced (Ð ≈ 1.10). In comparison to the previous 

system, a photoactivated amine that initiated the polymerization upon UV irradiation was 

not required; instead, the formate component of the copper catalyst reduced the CuII 

species to an active CuI complex and directly facilitated the radical polymerization. 
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4.4.2 Visible Light Control 

To avoid the need for specialized equipment necessary for UV-controlled copper-

mediated radical polymerizations, several groups have been able to utilize visible light to 

selectively turn “off” and “on” polymerization reactions. In 2014, Yagci and co-workers 

harvested the photoredox properties of dimanganese decacarbonyl (Mn2(CO)10) to induce 

and inhibit the copper-mediated radical polymerization of MMA, MA, and St upon 

alternating exposure to visible light.49 Under visible light irradiation  (λ = 400–500 nm), 

Mn2(CO)10 underwent homolytic cleavage to generate .Mn(CO)5 radicals which later 

reduced CuIIBr2/PMDETA. The resulting active CuI species, along with the alkyl halide 

initiator EtBP, promoted the controlled polymerization of MMA (Ð = 1.13–1.48). 

However, the growth of polymer chains was suspended in the absence of light since 

.Mn(CO)5 radicals did not appear to form under these conditions. Chain propagation was 

restored upon subsequent re-exposure to visible light, demonstrating the switchable 

character of the system.  

In 2012, Mosnáček and Ilčíková reported that ppm amounts of a conventional 

CuIIBr2 catalyst ligated to PDMETA or TPMA could promote the polymerization of 

MMA in the presence of initiators, such 2-bromopropionitrile (BPN) or EBiB, when 

exposed to visible light (λ = 350–550 nm).50 The polymerization method featured no 

photoinitiators; rather, visible light irradiation directly induced the reduction of the CuII 

deactivator to a CuI activator species which triggered polymer growth. After optimization 

of the type of initiator and the catalyst/ligand combination, a series of poly(MMA) was 

obtained with relatively low molecular weight distributions (Ð = 1.12–1.56). The 

photoregulated character of the optimized system was later demonstrated to reversibly 

alter the rates of CuIIBr2/TPMA-catalyzed polymerization of MMA via periodic 

exposures to visible light.50,51 In addition, the polymerization of MMA tolerated low 
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levels of oxygen primarily because visible light was highly effective in regenerating CuI 

species even after they were oxidized by O2.51 It was also shown that the generation of 

active CuI catalyst was not limited to broadband irradiation (λ = 350–550 nm) but was 

also possible upon exposure at specific wavelengths (i.e., λ = 366, 405, 408, 436,  or 546 

nm). 

Irradiation at single wavelengths (λ = 392 or 450 nm) as well as the use of a 

broadband light source (i.e., sunlight) were also applied to selectively modulate Cu-

mediated polymerizations. In 2012, by Matyjaszewski and co-workers utilized light at the 

aforementioned wavelengths to successfully turn “on” the polymerization of various 

acrylate and methacrylate monomers.52 The authors further reported that irradiation at λ = 

631 nm or the absence of light halted the reaction and yielded no polymeric products. The 

photoswitchable mechanism employed in this procedure was similar to the photoinitiator-

free systems described above, where visible light was used to generate a CuI activator 

species from deactivated CuII complex directly via the photoinduced homolytic cleavage 

of a Cu–Br bond. The process was significantly hindered in the absence of light but could 

be repeatedly restarted upon exposure to light of sufficient energy. 

The usefulness, durability, and simplicity of visible light-modulated copper-

mediated radical polymerization processes were also demonstrated through the use of 

inexpensive and widely accessible fluorescent lamps (λ = 400–750 nm). In a recent study, 

Jordan and co-workers utilized a fluorescent lamp light source in the CuIIBr2/PMDETA-

catalyzed generation of brushes of poly(MMA).53 Upon exposure to light, the CuII species 

were successfully reduced. Similar to the systems mentioned previously, the CuI species 

generated in situ effectively facilitated the polymerization of MMA in the presence of 

EBiB initiator. Turning off the fluorescent lamp hindered the polymerization of MMA 

but subsequent re-exposure of the reaction mixture to photoirradiation restored the 
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polymer chain growth. Ultimately, the process allowed for the formation of several 

homopolymers and block copolymer brushes which were grown from initiator-

incorporated silicon dioxide surfaces consisting of self-assembled monolayers (SAMs) of 

3-aminopropyltriethoxysilane (APTES) and 2-bromoisobutyryl bromide (BiBB).  

4.5 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. 

As shown in Scheme 4.6, 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 

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 
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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. 

Scheme 4.6: General mechanism of photoredox-mediated radical polymerizations (PCat 
= photocatalyst, D = donor). 

4.5.1 Transition Metal-Based Photoredox Catalysts 

While the potential to use Ru-based photosensitizers to reversibly initiate radical 

polymerizations was recognized as early as 1985,54 switchable polymerization activity 

was demonstrated only recently by Choi and co-workers.55 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 
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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 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).56 

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 (Đ = 1.22) 

poly(MMA) could be synthesized, the polymerizations of BA and St typically afforded 

polymers with relatively high molecular weight distributions (Đ = 1.5–1.6). The in situ 

switching of a single polymerization of MMA by alternating exposure of the reaction 
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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. 

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.57 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, 
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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 less than 1.3.58 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.   

More recently, Xu and Boyer reported a step-growth polymerization based on the 

thiol-ene reaction that was facilitated by [Ru(bpy)3]Cl2.59 As shown in Scheme 4.7, 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 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 
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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 thiol-ene polycondensation methods. 

Scheme 4.7: Photoredox modulation of a step-growth thiolene polycondensation (ArNH2 
= p-toluidine). 

The first switchable controlled/living radical polymerization mediated by an 

iridium-based photoredox catalyst was reported by Fors and Hawker in 2012.60 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 4.8). 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. 
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Scheme 4.8: Generalized mechanism of photoredox-mediated radical polymerizations 
utilizing fac-Ir(ppy)3 as a photocatalyst. 

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 

< 1.5).61 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. 

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.62 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 
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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. 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.63 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.64 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.65 

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 4.9). 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 = 
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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 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 4.9: 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 polymerization of functional acrylates and access polymers with short perfluoroalkyl 
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end-groups.66 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.67 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. 

4.5.2 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.68 As shown in Scheme 4.10, 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 (Đ < 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 opposed to traditional Ru- and Ir-based photoredox 

catalysts, the excited PTH was not adequately oxidizing to generate radicals from amine 
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functionalities, allowing for the controlled polymerization of other monomers, such as 2-

(dimethylamino)ethyl methacrylate (DMAEMA). 

Scheme 4.10:  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.69 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.70 In the presence of visible light, the PTH/iniferter combination was 

used to initiate the polymerization of certain acrylamides and acrylates, and consistently 

produced polymers with excellent control over molecular weight and narrow dispersity 

values (Đ < 1.1). Removal of the light source deactivated propagating radicals to form a 
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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.71 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.72 In an analogous fashion 

to photosynthesis, photon absorption generated an excited chlorophyll species (Chl a*) 

that could participate in an electron transfer reaction when an appropriate acceptor 

substrate was present (Scheme 4.11). The excited state produced by irradiation with blue 

or red light (λ = 461 or 635 nm) was capable of reducing a thiocarbonylthio initiator to 
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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 (Đ < 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 Mg 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 4.11:  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 4.11.73 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 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 
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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.74 

4.6 OLEFIN ADDITION POLYMERIZATION 

Palladium-based catalysts have also been employed to facilitate the 

polymerization of terminal olefins, but often proceed through non-radical pathways. The 

Pd-catalyzed polymerizations typically begin with the coordination of the monomer 

component to the Pd active site, followed by insertion of the coordinated monomer into a 

Pd-alkyl bond, which induces polymer chain growth. Until recently, switchable non-

radical olefin polymerization has been a largely unexplored area of controlled 

polymerization methods. However, in 2015, Akita, Inagaki, and co-workers developed 

visible light-controlled homo- and copolymerizations of terminal olefins based on A 

bichromophoric cationic iridium-palladium complex (36) (Scheme 4.12).75 The authors 

demonstrated that in the absence of light, the PdII center successfully catalyzed the 
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polymerization of 2,2,2-trifluoroethyl vinyl ether (TFEVE) but was inactive towards the 

polymerization of St, yielding only the dimeric species 37 instead. Upon exposure to 

visible light radiation (λ > 420 nm), the PdII species facilitated the polymerization of both 

TFEVE and St to afford relatively well-defined (Ð = 1.4–1.5) random poly(TFEVE/St) 

copolymers. It should be noted that the polymerization of TFEVE was not halted during 

the irradiation period; rather, it was proposed that photoexcitation of the PdII center by 

the IrIII chromophore led to diminished activation energy for the Pd-alkyl insertion step of 

the corresponding catalytic cycle. As a result, the polymerization of the previously 

inactive monomer (i.e., St) was enabled in addition to the polymerization of the more 

favored TFEVE monomer. Although the polymerization of TFEVE proceeded with no 

incorporation of St in the absence of light, visible light irradiation resulted in almost 

equivalent (1:1.15) incorporation of TFEVE and St after 48 h. The switchable Pd-

catalyzed olefin polymerization method offered excellent tunability of the polymerization 

process and produced relatively well-defined (Ð = 1.5) copolymers.  

Scheme 4.12:  Block copolymer formation via selective monomer discrimination in a 
bichromophoric transition metal-catalyzed polymerization. 
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4.7 CONCLUSIONS 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 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 
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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 5: Photoswitchable Olefin Metathesis  

5.1 INTRODUCTION 

Since the inception of well-defined metathesis-active transition metal complexes, 

olefin metathesis reactions have grown to significant prominence in synthetic chemistry. 

In particular, ring-opening metathesis polymerizations (ROMP) have provided access to a 

multitude of highly regular polymeric materials with a wealth of functionality.1 

Historically, improvements to existing homogeneous olefin metathesis catalysts have 

focused on enhancing typical catalytic properties, such as activity, selectivity, or 

functional group tolerance. However, the drive to realize increasingly complex polymeric 

architectures has fuelled research in the relatively nascent field of externally regulated 

polymerizations.[2]  

Light represents an ideal stimulus for the modulation of polymerizations due to 

excellent spatio-temporal resolution and the ability to achieve selective chromophore 

excitation in a non-invasive manner. In recent years, a variety of light-regulated 

polymerization methods have been disclosed, including controlled radical 

polymerizations,[3] olefin addition polymerizations,[4] ring-opening polymerizations,[5] 

and ROMP.[6] Despite the substantial interest, few examples have been disclosed that 

involve photo-modulating the activity of transition-metal based ROMP catalysts. Thus 

far, the reported examples comprise cycling a polymerization reaction between on (i.e., 

active) and off (i.e., inactive) states by effecting a change in the coordination 

environment about the metal center.[6a-c] However, restricting the reaction to two possible 

kinetic states constitutes a limitation in both versatility and control over the ongoing 

reaction, and likely prevents more advanced switching characteristics (e.g., monomer 

discrimination, tacticity control). As such, we sought to develop an alternative avenue of 
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photocontrol, particularly through photochemically tuning the electronics of the metal 

center. 

An attractive method for imparting photoswitchable behaviour to metal 

complexes involves the incorporation of known photochromic[7] ligands into the 

coordination sphere. We[8] and others[9] have demonstrated that the photo-induced 

electrocyclization of a N-heterocyclic carbene (NHC) scaffold bearing an annulated 

dithienylethene (DTE)[10] unit remarkably altered the donating ability of the NHC. 

Furthermore, DTE-functionalized NHCs can facilitate the selective, reversible capture of 

small molecules,[11] and have been shown to be efficient photoswitchable 

organocatalysts.[5b,12] The UV-induced ring-closure of the aforementioned NHC was also 

found to influence the activity of a Rh-based hydroboration catalyst, which could be 

switched between relatively inactive and relatively active states upon exposure to UV or 

visible light, respectively.[13] Considering these earlier successes, we envisioned 

substituting the prototypical NHC (i.e., SIMes[14]) in the Hoveyda-Grubbs second 

generation catalyst with a DTE-functionalized NHC to photomodulate ROMP activity via 

changes in NHC donicity. Herein we report the first photochromic Hoveyda-Grubbs-type 

catalyst and demonstrate the remote tuning of its catalytic activity using light.  

5.2 RESULTS AND DISCUSSION 

As shown in Scheme 5.1, the synthesis of Hoveyda-Grubbs-type catalyst 3o was 

achieved in a single step from photoswitchable NHC 1. Treatment of a hexane suspension 

of 1, as its stable free carbene, with Hoveyda-Grubbs 1st generation catalyst (2) at 60 °C 

for 4 h followed by filtration and trituration with diethyl ether afforded pure 3o in 95% 

yield as a crystalline solid. The complex 3o exhibited a diagnostic downfield 1H NMR 

signal at δ 16.7 ppm (CD2Cl2) indicative of a benzylidene moiety, and in the expected 
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range based on analogous complexes.[15] Further evidence was provided by the 

observation of the 13C NMR resonance assigned to the former carbene center of 1 at δ 

177.0 ppm (CD2Cl2) which represented an upfield shift (Δδ = −42 ppm) relative to the 

free carbene consistent with coordination to the Ru-center in 3o. Additionally, a 

benzylidene-type resonance observed at δ 293.8 ppm (CD2Cl2) was comparable to similar 

previously reported complexes.[15]  

Scheme 5.1: Synthesis and photochromism of 3o. 

Single crystals obtained by slow evaporation of a concentrated benzene solution 

of 3o were analysed by X-ray diffraction, which confirmed the structural assignment. As 

shown in Figure 5.1, the compound exhibits a distorted square pyramidal geometry in 

which the benzylidene (C44) occupies the apical position. The measured Ru−C1 (1.994(4) 

Å) and Ru−C44 (1.834(5) Å) distances are commensurate with the analogous bond 

lengths in Hoveyda-Grubbs second generation catalyst (HGII).[15a] Additional similarities 

between solid state bond lengths and bond angles suggested to us that 3o possesses a 

comparable electronic structure to that of HGII.  
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Figure 5.1:  POV-ray representation of 3o; ellipsoids set at 50% probability. Solvent 
molecules and H-atoms were omitted for clarity. Selected distances (Å) and 
angles (°): C1–Ru1 1.994(4), C1–N1 1.364(1), C1–N2 1.372(5), Ru1–C44 
1.834(5), Ru1–O1 2.252(3), Ru1–Cl1 2.3352(11), Ru1–Cl2 2.3354(11), C1–
Ru1–O1 178.43(15), C1–Ru1–C44 101.83(18), C1–Ru1–Cl1 92.25(12), 
C1–Ru1–Cl2 93.73(12), N1–C1–N2 104.3(3). 

The UV-vis spectrum recorded for 3o in dichloromethane exhibited an intense 

absorption band centered at 298 nm which was assigned to a combination of the n → π* 

and π → π* transitions of the N-heterocycle and aryl rings, respectively, as well as a 

prominent metal-to-ligand charge-transfer (MLCT) absorption band centered at 380 nm. 

Exposure of this solution ([3o]0 = 3.0 × 10-5 M) to UV radiation (λIrr = 313 nm) resulted 

in a gradual color transformation from pale green to deep blue-green. Concomitant with 

this color change was a decrease in the intensity of the absorption band centered at 298 

nm along with the appearance of new absorption bands centered at 440 nm and 620 nm 

(Figure 5.2a). The growing intensity of the lower energy absorption bands upon 

increasing irradiation time was consistent with the formation of an extended π-conjugated 

system and ring-closure to form 3c (Scheme 5.1). After 6.5 min of UV irradiation the 
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spectral changes subsided as a photostationary state (PSS) was reached, which reflected 

69% conversion of 3o to its ring-closed isomer 3c.[16,17] The broad low-energy absorption 

bands were diminished upon exposure to visible light radiation (λIrr > 500 nm), along 

with decoloration of the solution, and the UV-vis spectrum of 3o was restored (95%) 

after 6.5 min (Figure 5.2b). The presence of an isosbestic point at 318 nm, in both the 

forward and reverse cyclization processes, indicated that 3o underwent 

photoisomerization without appreciable byproduct formation.  

Figure 5.2:  a) UV-vis spectral changes of 3o in CH2Cl2 upon UV irradiation (λIrr = 313 
nm). b) UV-vis spectrum of the photostationary state (PSS) reached after 
UV irradiation of 3o for 390 s, and the observed spectral changes of the PSS 
upon visible light irradiation (λIrr > 500 nm). The arrows point to the 
evolution of spectral changes over time ([3o]0 = 3.0 × 10-5 M). 

 The reversible photoisomerization of 3o was further quantified by monitoring the 

shift of the salient 1H NMR benzylidene resonance upon ring-closure to form 3c. 

Subjection of a C6D6 solution of 3o ([3o]0 = 1.0 × 10-3 M) in a quartz NMR tube to UV 

irradiation (λIrr = 313 nm) in 30 min increments for 120 min resulted in a gradual color 

change analogous to that observed at higher dilution, which indicated photocyclization to 

3c. As shown in Figure 5.3, 1H NMR analysis showed the continuous growth of an 
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upfield shifted benzylidene resonance (δ 16.66 ppm) relative to 3o (δ 16.97 ppm). 

Integration of the respective signals revealed that 80% of 3o had been converted to 3c. 

Subsequent exposure of the UV-irradiated solution to visible light (λIrr > 500 nm) in 30 

min increments resulted in diminishing intensity of the benzylidene resonance at δ 16.66 

ppm concomitant with increasing intensity of the benzylidene resonance at δ 16.97 ppm. 

After 60 min of irradiation, the 1H NMR spectrum of the sample matched the spectrum of 

3o which suggested nearly complete cycloreversion of 3c to 3o.  

Figure 5.3:  Series of 1H NMR spectra recorded in C6D6 over the following experiment: 
A sample of 3o was exposed to UV radiation (λIrr = 313 nm) in 30 min 
increments for a total of 120 min and subsequently exposed to visible 
radiation (λIrr > 500 nm) in 30 min increments for a total of 60 min ([3o]0 = 
1.0 × 10-3 M).  
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 Having demonstrated that 3o undergoes reversible photocyclization with high 

fidelity, we sought to utilize the photochromic Ru complex in olefin metathesis 

transformations. Initial efforts were focused on ring-closing metathesis (RCM), as these 

reactions are a common activity benchmark for metathesis-active complexes due to their 

synthetic importance and high degree of reproducibility.[18] In a preliminary screen, the 

introduction of 3o (1 mol %) to a C6D6 solution of diethyl diallylmalonate (4, [4]0 = 

0.014 M) resulted in RCM to the ring-closed product 5. 1H NMR spectroscopic analysis 

revealed the reaction proceeded with a pseudo-first-order rate constant, kvis of 1.92 × 10-4 

s-1, and reached 74% conversion after 120 min (Figure 5.4a). To determine if the UV-

induced cyclization provokes any significant alteration of catalyst activity, a solution of 

3o ([3o]0 = 1.0 × 10-3 M) was first subjected to UV irradiation (λIrr = 313 nm) for 120 min 

to generate 3c which was then tested under identical conditions to those described above. 

Gratifyingly, inspection of the 1H NMR data showed the reaction proceeded to 85% 

conversion over the course of 120 min with a pseudo-first-order rate constant, kUV of 2.90 

× 10-4 s-1. The observed rate difference (kvis/kUV = 0.66) indicated a difference in activity 

was present between the ring-opened and ring-closed catalyst, with 3c performing RCM 

at a faster rate and continuing to higher conversion in the same amount of time.[19] In 

order to accentuate small differences in catalytic activity, an analogous set of experiments 

utilizing the more sterically demanding diethyl allyl methallylmalonate (6) to generate a 

tri-substituted RCM product (7) were also performed (Figure 5.4b).[18] In accordance with 

the aforementioned conclusions, the reaction proceeded to higher conversion (95%) at a 

faster rate with 3c (kUV = 1.29 × 10-4 s-1) when compared to the observed reaction rate 

(kvis = 6.49 × 10-5 s-1) and conversion (85%) for 3o. The calculated rate constants 

exhibited a larger activity enhancement (kvis/kUV = 0.50) than was observed with the 

RCM of 4, further suggesting the photoisomerization was influencing catalytic 
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activity.[20] Unfortunately, any attempts to effect the in situ ring-closure of 3o by UV-

irradiation of an ongoing RCM reaction were unsuccessful. The reaction continued under 

active UV-irradiation but slowed immediately upon removing the reaction from the UV 

source, suggesting the catalytically active form of the catalyst was unstable toward UV 

light.  

Figure 5.4:  Plots of the percent conversion of a) 4 to disubstituted olefin 5 and b) 6 to 
trisubstituted olefin 7 facilitated by either 3o (red) or 3c (blue). The 
reactions were monitored over time by integration of respective 1H NMR 
resonances. [4]0 = [6] = 0.014 M. 

 Encouraged by these results, subsequent efforts were shifted toward investigating 

the effect of the reversible photocyclization in ROMP. In an initial test, a C6D6 solution 

of 1,5-cis,cis-cyclooctadiene (COD, [COD]0 = 0.043 M) was treated with 3o ([M]/[I] = 

300), and the reaction was monitored by 1H NMR spectroscopy.[21] Complete conversion 

to polybutadiene (> 95%) was observed after 30 min (Figure 5.5a). Although an initial 

induction period was observed, the polymerization proceeded with pseudo-first-order 
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kinetics upon complete initiation. Integration of the respective 1H NMR signals indicated 

3o catalyzed the polymerization of COD with a rate constant, kvis, of 1.64 × 10-3 s-1. 

Conversely, when freshly prepared 3c (vide supra) is utilized in place of 3o the 

polymerization exhibits an relatively extended induction period along with an attenuated 

rate constant, kUV, of 1.08 × 10-3 s-1 (kvis/kUV = 1.52). The inhibition of catalytic activity 

upon utilization of the ring-closed catalyst 3c is the opposite trend of that observed in the 

case of RCM, where 3c consistently showed higher activity. The ROMP of norbornene 

imide derivative 8 facilitated by photoswitchable catalyst 3 was also investigated. As 

expected, the addition of 3o ([M]/[I] = 300) to a C6D6 solution of 8 ([8]0 = 0.043 M) 

resulted in the polymerization of 8 to form 9 (Figure 5.5b). A slight induction period was 

observed, and the polymerization proceeded to > 90% conversion over the course of 50 

min. Similar to the ROMP of COD, pseudo-first-order kinetics were observed and a rate 

constant, kvis, of 2.11 × 10-3 s-1 was calculated. Performing the analogous experiment with 

freshly prepared 3c resulted in significant attenuation of the reaction rate (kUV = 1.29 × 

10-3 s-1, kvis/kUV = 1.64), which again evidenced the effect of the photoisomerization on 

the catalytic activity of 3.  

 In an effort to build on the aforementioned results, we sought to modulate the 

activity of catalyst 3 during an ongoing ROMP reaction. However, UV irradiation (λIrr = 

313 nm) of a C6D6 solution of COD undergoing 3o-mediated ROMP proved intractable. 

Despite an obvious color change from nearly colorless to pale green indicating the 

conversion of 3o to 3c, the presence of UV radiation appeared to significantly enhance 

the rate of ROMP. Similar to what was observed in the RCM study, the reaction was 

nearly halted upon removal of the light source and subsequent exposure to visible light 

(λIrr > 500 nm) to ostensibly regenerate 3o did not re-activate the polymerization. Given 

the apparent sensitivity of the catalytic intermediate to UV radiation, we instead pursued  
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Figure 5.5:  Plots of the percent conversion of a) COD to polybutadiene and b) 8 to 9 
facilitated by either 3o (red) or 3c (blue). The reactions were monitored over 
time by integration of respective 1H NMR resonances. [COD]0 = [8]0 = 
0.043 M. 

the development of a “turn on” type reaction whereby a 3c-facilitated ROMP is subjected 

to visible light to generate 3o and accelerate the reaction. To investigate the feasibility of 

this process, a C6D6 solution of COD was allowed to polymerize ([M]/[I] = 300) in the  

presence of freshly prepared 3c (vide supra) for 15 min, at which point the solution was 

irradiated with visible light (λIrr > 500 nm) for 20 min to promote cycloreversion (Figure 

5.6a). Inspection of the 1H NMR data revealed a clear increase in reaction rate; however, 

calculation of reaction rates was complicated by the initial induction period of the 

polymerization. In order to eliminate the effects of initiation kinetics on the 

polymerization rate calculations, an analogous experiment was performed whereby 

additional COD (300 eq. rel. to 3o) was added after 15 min of polymerization. The 

reaction was allowed to continue for a further 5 min, at which the mixture was exposed to 

visible light (λIrr > 500 nm) for 20 min to promote cycloreversion (Figure 5.6b). 
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Calculation of the polymerization rates before (kUV = 1.15 × 10-3) and after (kUV = 1.15 × 

10-3) photoirradiation indicated a rate enhancement upon conversion of 3c to 3o. The 

degree of rate acceleration (kvis/kUV = 1.67) was in agreement with the observed kvis/kUV 

ratio obtained when utilizing each individual catalyst, which suggested the rate difference 

was likely due to the photoswitching of the ring-closed 3c to the ring-opened 3o. 

Figure 5.6:  Plots of the percent conversion versus time for the polymerization of COD 
catalyzed by 3c. The reactions were monitored over time by integration of 
respective 1H NMR resonances. a) COD was allowed to polymerize in the 
dark for 15 min (blue), irradiated with visible light for 20 min, and returned 
to the dark for a further 20 min (red). b) COD was allowed to polymerize in 
the dark for 20 min (blue), additional COD was added and reaction kept in 
the dark for 5 min (blue), irradiated with visible light for 20 min, and 
returned to the dark for a further 20 min (red). [COD]0 = 0.043 M. 

The origin of the rate differences described above, particularly with regard to the 

trend reversal in RCM versus ROMP reactions, cannot be readily explained solely by 

reaction rates. The fact that the less-donating form of the NHC (3c) promotes RCM at a 

faster rate and the more-donating form of the NHC (3o) promotes ROMP at a faster rate, 
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there is a clear difference in rate determining step. An in silico investigation into the 

reaction mechanism is ongoing. Although speculative, we expect little change in the 

steric environment about the Ru-center upon photoisomerization. This suggests the rate 

differences may be due to alteration of the electronic structure of the catalyst as a result 

of modulating the donicity of the NHC ligand. 

5.3 CONCLUSIONS 

 In summary, we have developed the first Hoveyda-Grubbs-type catalyst bearing a 

photochromic DTE-functionalized NHC ligand. The complex 3o was found to undergo 

electrocyclic isomerization to its ring-closed analogue 3c upon exposure to UV radiation, 

as evidenced by UV-vis and NMR spectroscopy. Integration of the respective diagnostic 

benzylidene 1H NMR signals indicated > 80% conversion to 3c, and subsequent exposure 

to visible light reversed the aforementioned ring-closure. The ring-opened and ring-

closed forms of the catalyst were both found to be metathesis-active, and their activities 

were dependent upon the conformational state of the NHC ligand. The ring-opened 3o 

was found to facilitate RCM reactions at a faster rate than 3c, while the ring-closed 3c 

was observed to be the more active ROMP catalyst. Furthermore, the cycloreversion of 

3c to form 3o was exploited to modulate the rate of an ongoing ROMP reaction. Visible 

light irradiation of a 3c-facilitated ROMP of COD resulted in cycloreversion to 3o 

concomitant with an enhancement in polymerization rate. The external regulation of 

olefin metathesis reactions constitutes a rare example of photoswitchable catalysis, 

particularly one involving a transition metal that absorbs in the UV region. Given the 

prevalence of NHCs as ligands in transition metal-mediated catalysis, the methodology 

described herein is expected to be extended to a wide variety of transformations. 
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5.4 EXPERIMENTAL  

5.4.1 General Experimental Considerations 

Unless otherwise specified, reagents were purchased from commercial sources 

and used without further purification. The compound 4,5-bis-(2’-methyl-5’-phenylthien-

3’-yl)-1,3-bis(2,4,6-trimethylphenyl)-imidazolylidene (1)[11] was prepared according to 

literature procedures. All syntheses were performed under an inert nitrogen atmosphere 

unless specified otherwise. Solvents were dried and degassed using a Vacuum 

Atmospheres Company solvent purification system. NMR spectra were recorded using a 

Bruker 400 MHz spectrometer. Chemical shifts δ (in ppm) are referenced to 

tetramethylsilane using the residual solvent as an internal standard (1H and 13C) or using 

the unified scale relative to the absolute frequency for 1H of 0.1% TMS in CDCl3 (31P). 

For 1H NMR: C6D6, 7.16 ppm; CD2Cl2, 5.32 ppm. For 13C NMR: C6D6, 128.06 ppm; 

CD2Cl2, 53.84 ppm. Coupling constants (J) are expressed in hertz (Hz). High resolution 

mass spectra (HRMS) were obtained with a Waters Xevo G2-XS Q-ToF (ESI) mass 

spectrometer. Elemental analyses were performed with a ThermoScientific Flash 2000 

Organic Elemental Analyzer. 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. Beer’s law measurements were performed 

using 10, 20, 30, 40 and 50 μM sample concentrations. The photochemical reactions were 

performed in the quartz cuvettes, in a Spectrosil quartz NMR tube, or in a quartz low-

pressure vacuum (LPV) NMR tube. The irradiation source for photochemical reactions 

was a Newport/Oriel 66942 200-500W Hg Arc lamp instrument equipped with a 350 W 

Hg lamp, a Newport 6117 liquid filter, a Newport 71445 electronic safety shutter, and a 

Newport 71260 filter holder. The source was powered by a Newport 669910 power 

supply and mounted on a Newport XL48 optical rail with a Newport 13950 shielded 
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cuvette holder placed at a distance of 8 cm from the end of the source. The irradiation 

wavelength for the photocyclization reactions was obtained using a 313 nm bandpass 

filter (Andover Corporation). A long-pass edge filter (> 500 nm) (Andover Corporation) 

was used to introduce visible light. 

5.4.2 SYNTHESES AND CHARACTERIZATION DATA 

(4,5-bis-(2’-methyl-5’-phenylthien-3’-yl)-1,3-bis(2,4,6-trimethylphenyl)-

imidazolylidene)Cl2Ru=CH-o-OiPrC6H4 (3o): This compound was synthesized 

according to a modified literature procedure.[22] Under a N2 atmosphere in a glove box, an 

8 mL Teflon-capped vial equipped with a stir bar was charged with 50 mg (0.077 mmol) 

of NHC 1, 48.6 mg (0.081 mmol) of Hoveyda-Grubbs 1st generation catalyst, and 3.0 mL 

of hexanes. The resulting suspension was heated to 60 °C in the sealed vial and stirred 

vigorously, during which time a gradual color change from red-brown to deep green was 

observed. After 4 h, the reaction was cooled to room temperature and the solids were 

collected on a glass frit, washed with Et2O (3 × 5mL), and dried under high vacuum to 

afford 71 mg (95% yield) of the desired product as a deep green solid. 1H NMR (400 

MHz, CD2Cl2): δ 1.33 (d, J = 6.1, 6H), 1.98 (s, 6H), 2.03 (br. s, 6H), 2.44 (s, 6H), 2.61 

(br. s, 6H), 4.94 (septet, J = 6.1, 1H), 6.87 (s, 3H), 6.90 (s, 1H), 6.96 (m, 1H), 7.02 (m, 

1H), 7.10 (m, 1H), 7.25 (m, 3H), 7.32 (m, 9H), 7.59 (m, 1H), 16.72 (s, 1H). 13C NMR 

(100.6 MHz, CD2Cl2): δ 14.45, 19.86 (br.), 21.34, 21.44, 75.69, 113.45, 122.21, 122.94, 

123.66, 125.65, 126.01, 127.83, 129.29, 129.48 (br.), 130.57, 134.23, 134.76 (br.), 139.02 

(br.), 139.66, 140.31, 140.67, 146.03, 152.58, 176.99, 293.86 (d, J = 14.6). HRMS (ESI) 

for C53H52Cl2N2S2ORu: [M]+: calcd. 968.1942, Found: 968.1922. Anal. calcd. for 

C53H52Cl2N2S2ORu: C, 65.69; H, 5.41; N, 2.89; S, 6.62; Found: C, 65.96; H, 5.53; N, 

2.87; S, 6.97. 
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Photocyclized Ru-Complex (3c): Method A. Under a N2 atmosphere in a glove 

box, a 1.0 mM solution of 3o in C6D6 or CD2Cl2 was transferred to quartz cuvettes in 4.0 

mL portions, capped, removed from the glove box, and subjected to UV radiation (λIrr = 

313 nm) for 120 min. After the cuvettes were returned to the glove box, the 4 mL 

portions were combined and the solvent was removed under reduced pressure to afford a 

mixture of 3c and 3o (relative ratio = 83:17), as determined by 1H NMR spectroscopy 

(C6D6). Method B. Under a N2 atmosphere in a glove box, a Spectrosil quartz NMR tube 

was charged with 0.7 mL of a 1.0 mM stock solution of 3o in C6D6. The NMR tube was 

then subjected to UV radiation (λIrr = 313 nm) for 120 min, coupled with vigorous 

shaking every 30 min to insure proper mixing, to afford a mixture of 3c and 3o (relative 

ratio = 83:17), as determined by 1H NMR spectroscopy (C6D6). 1H NMR (400 MHz, 

C6D6): δ 1.33 (d, J = 6.1, 6H), 2.25 (s, 6H), 2.56 (s, 6H), 2.58 (br. s, 12H), 4.53 (septet, J 

= 6.1, 1H), 5.48 (s, 2H), 6.34 (d, J = 8.2, 2H), 6.63 (t, J = 7.4, 2H), 6.89 (br. m, 6.4H), 

6.97 (br. m, 5.4H), 7.07 (br. m, 3.8H), 7.29 (d, J = 7.3, 4H), 7.33 (m, 0.9H). UV-vis 

(C6H6): λmax = 287 nm, λmax = 369 nm, λmax = 453 nm (ε = 17230 dm3 mol-1), λmax = 639 

nm (ε = 16665 dm3 mol-1). 

General Procedure Used for Ring-Closing Metathesis Reactions: Under a N2 

atmosphere in a glove box, 6.0 μL (0.025 mmol) of diethyl diallylmalonate (4) was 

diluted to a total volume of 1.50 mL with C6D6 to make a 16.67 mM stock solution of 

substrate. 2.8 mg (0.003 mmol) of 3o was dissolved in 2.89 mL of C6D6 to make a 1.0 

mM stock solution of catalyst. 0.6 mL of substrate stock solution was added to an NMR 

tube fitted with a septum screw cap, and the NMR tube was placed into an NMR 

spectrometer to equilibrate at 293 K. After 5 min the NMR tube was ejected, 0.1 mL of 

catalyst stock solution was injected, and the NMR tube was turned upside down twice 

and returned to the NMR spectrometer. The reaction was subsequently monitored by 1H 
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NMR spectroscopy. For experiments that utilize 3c: 0.5 mL of catalyst stock solution was 

first added to a Spectrosil quartz NMR tube, subjected to UV irradiation (λIrr = 313 nm) 

for 120 min, and 0.1 mL of this mixture was subsequently injected analogously to above 

in place of 3o stock solution.  

General Procedure Used for Ring-Opening Metathesis Polymerization: Under 

a N2 atmosphere in a glove box, 43 μL (0.073 mmol) of 1,5-cis,cis-cyclooctadiene (COD) 

was diluted to a total volume of 1.47 mL with C6D6 to make a 0.05 M stock solution of 

monomer. 2.8 mg (0.003 mmol) of 3o was dissolved in 2.89 mL of C6D6 to make a 1.0 

mM stock solution of catalyst. 0.6 mL of monomer stock solution was added to an NMR 

tube fitted with a septum screw cap, and the NMR tube was placed into an NMR 

spectrometer to equilibrate at 293 K. After 5 min the NMR tube was ejected, 0.1 mL of 

catalyst stock solution was injected, and the NMR tube was turned upside down twice 

and returned to the NMR spectrometer. The polymerization was subsequently monitored 

by 1H NMR spectroscopy. For experiments that utilize 3c: 0.5 mL of catalyst stock 

solution was first added to a Spectrosil quartz NMR tube, subjected to UV irradiation (λIrr 

= 313 nm) for 120 min, and 0.1 mL of this mixture was subsequently injected 

analogously to above in place of 3o stock solution. For the photoswitching experiments, a 

single reaction was set up as described above and irradiated with visible light (λIrr > 500 

nm) after the indicated amount of time.  
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Appendix A 

X-RAY CRYSTALLOGRAPHY 

Colorless single crystals of 1•HOTf were obtained by slow evaporation of a 

saturated 1:1 (v/v) diethyl ether and benzene solution; this compound crystallized in the 

monoclinic space group P21/c. Colorless single crystals of 1o were obtained by slow 

evaporation of a saturated diethyl ether solution; this compound crystallized in the 

orthorhombic space group I b a 2. Crystallographic measurements were carried out on a 

Nonius Kappa CCD diffractometer using a graphite monochromator with MoKα 

radiation (λ = 0.71073 Å) at 120 K using an Oxford Cryostream low temperature device 

or on a Rigaku AFC12 diffractometer with a Saturn 724+ CCD using a graphite 

monochromator with MoKα radiation (λ = 0.71073 Å) at 120 K using a Rigaku XStream 

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] or Rigaku 

Americas Corporation’s Crystal Clear version 1.40.[2] The structure was solved by direct 

methods which successfully located most of the non-hydrogen atoms, and refined by full-

matrix least-squares on F2 with anisotropic displacement parameters for the non-

hydrogen atoms using ShelXL-2013.[3] Key details of the crystal and structure refinement 

are summarized in Table A1. Further crystallographic details may be found in the 

respective CIF files which were deposited at the Cambridge Crystallographic Centre, 

Cambridge, UK. The CCDC reference numbers for 1•HOTf and 1o were assigned as 

1003446 and 1003447, respectively. 
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Figure A1:  ORTEP diagram of 1•HOTf with thermal ellipsoids drawn at the 50% 
probability. Solvent molecules and H-atoms have been omitted for clarity. 
Selected distances (Å) and angles(°): C9–N1, 1.326(3); C9–N2, 1.332(3); 
N1–C26, 1.402(3); N2–C19, 1.401(3); C26–C19, 1.365(3); C26–C10, 
1.463(3); C19–C59, 1.466(3); N1-C9-N2, 108.6(2); C9-N1-C26, 109.3(2); 
C9-N2-C19, 109.2(2); C26-C19-N2, 106.4(2); C19-C26-N1, 106.5(2); N1-
C26-C10, 120.4(2); N2-C19-C59, 120.8(2); C26-C19-C59, 132.8(2); C19-
C26-C10, 133.0(2). 
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 1•HOTf 1o 
Formula C44H41F3N2O3S3 • 2(C6H6) C43H40N2S2 • C4 H10 O 

Mr 955.18 723.01 
crystal size (mm3) 0.20 × 0.10 × 0.05 0.30 × 0.22 × 0.14 

crystal system Monoclinic Orthorhombic 
space group P21/c I b a 2 

a (Å) 18.8970 22.4800 
b (Å) 16.2000 45.4955 
c (Å) 17.0190 15.6977 
α (°) 90 90 
β (°) 103.649 90 
γ (°) 90 90 

V (Å3) 5062.9 16054.6 
Z 4 16 

ρcalc (g cm-3) 1.253 1.20 
µ (mm-1) 0.203 0.170 
F(000) 2008 6176 
T (K) 120 120 

scan mode Ω Ω 
 

hkl range 
-24 → 24 
-21 → 21 
-22 → 22 

-26 → 26 
-54 → 54 
-18 → 18 

measd reflns 182487 91234 
unique reflns [Rint] 11669 [0.075] 14064 [0.110] 
refinement reflns 11669 14064 

refined parameters 612 1006 
GOF on F2 1.006 1.006 

R1a (all data) 0.055 (0.100) 0.066 (0.092) 
wR2 (all data) 0.114 (0.153) 0.145 (0.160) 
Ρfin (max/min) 

(e Å-3) 
0.342 
-0.389 

0.500 
-0.593 

a R1 = ∑||Fo| − |Fc||/∑|Fo|. b wR2 = {[∑w(Fo2 − Fc2)2]/[∑w(Fo2)2]}1/2. 

Table A1: Summary of crystal data, data collection, and structure refinement details. 
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PICTORIAL REPRESENTATIONS OF PHOTOCHEMICAL EXPERIMENTS 

Figure A2:  Pictorial representation of the following experiment: a) a C6H6 solution of 
1o b) was exposed to UV radiation (λIrr = 313 nm) for 180 s and then c) 
subsequently irradiated with visible light (λIrr > 500 nm) for 360 s. [1o]0 = 
5.0 × 10-5 M. 

Figure A3:  Pictorial representation of the following experiment: a) a C6H6 solution of 
1o b) was exposed to UV radiation (λIrr = 313 nm) for 60 min and then c) 
subsequently irradiated with visible light (λIrr > 500 nm) for 120 min. [1o]0 
= 1.0 × 10-3 M. 
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Figure A4:  Pictorial representation of the following experiment: a) a C6H6 solution of 
1o under an atmosphere of NH3 b) was exposed to UV radiation (λIrr = 313 
nm) for 180 s and then c) subsequently irradiated with visible light (λIrr > 
500 nm) for 360 s. [1o]0 = 5.0 × 10-5 M. 

Figure A5:  Pictorial representation of the following experiment: a) a C6D6 solution of 
1o under an atmosphere of NH3 b) was exposed to UV radiation (λIrr = 313 
nm) for 30 min, excess ammonia was then removed, and then the reaction 
vessel was c) subsequently irradiated with visible light (λIrr > 500 nm) for 
100 min. [1o]0 = 2.0 × 10-3 M. 
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1H NMR SPECTROSCOPIC DATA FOR PHOTOCHEMICAL REACTIONS 

Figure A6:  1H NMR spectrum of the mixture of 1c and 1o obtained after irradiation of a 
solution of 1o in C6D6 ([1o] = 2.0 × 10-3 M, λIrr = 313 nm, relative ratio = 
78:22, C6D6). 
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Figure A7: 13C NMR spectrum of 1o* (C6D6). 
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Figure A8: 13C NMR spectrum of the mixture of 1c* and 1o* obtained after irradiation 
of 1o* in a solution of C6H6 ([1o*] = 1.0 × 10-3 M, λIrr = 313 nm, relative 
ratio = 77:23, C6D6). * The signal at δ 82.6 ppm was tentatively assigned to 
a H2O induced decomposition product. 
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Figure A9: 13C NMR spectrum of 1o* after the mixture of 1o* and 1c* obtained after 
UV irradiation was subjected to visible light radiation ([1o*]0 = 1.0 × 10-3 
M, λIrr > 500 nm, C6D6). 
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Figure A10: 1H NMR spectrum of 1c•NH3 obtained after a C6D6 solution of 1o under an 
atmosphere of NH3 was subjected to UV radiation for 30 min. Excess NH3 
removed as described above ([1o] = 2.0 × 10-3 M, λIrr = 313 nm, C6D6). 
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Figure A11: 13C NMR spectrum of 1c•NH3 obtained after a C6D6 solution of 1o under an 
atmosphere of NH3 was subjected to UV radiation for 30 min. Excess NH3 
removed as described above ([1o] = 2.0 × 10-3 M, λIrr = 313 nm, C6D6). 
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HIGH-RESOLUTION MASS SPECTROMETRY HEAD SPACE ANALYSIS 

Figure A12: HRMS analysis of the cuvette headspace after a C6H6 solution of 1c•NH3 
was subjected to visible light radiation for 60 min ([1c•NH3]0 = 1.0 × 10-3 
M, λIrr > 500 nm). a) Gas chromatogram of the aforementioned mixture. b) 
HRMS analysis taken at an elution time of 0.611 min. These data represent 
the instrument background signal and reveals the presence of [OH]+ ions 
(m/z = 17.0014) from residual water contained within the instrument. c) 
HRMS analysis taken at an elution time of 2.770 min after injection of 
cuvette headspace. These data reveal the presence of NH3 (m/z = 17.0265) 
and background [OH]+ ions (m/z = 17.0027). 
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COMPUTATIONAL DETAILS 

 All calculations were performed using density functional theory as implemented 

in Gaussian09.[4] Geometries were fully optimized at the B3LYP/6-31G(d) level of theory 

and frequencies were calculated; no scaling factor was applied.[5] The optimized 

structures have no negative frequencies. The temperature for the calculations was 298 K. 

Molecular orbitals were generated with an isovalue of 0.02. To calculate the 13C NMR 

resonances of the carbene nuclei in 1o and 1c, the methodology of Tantillo and Rablen 

was used;[6] chemical shifts were calculated using scaling factors of -0.9602  (slope) and 

190.0651 (intercept). The NMR calculations (Gauge-Independent Atomic Orbital 

(GIAO)) were performed as a single point at the B3LYP/6-31+G(d,p) level of theory in 

benzene.[7] The integral equation formalism variant of the polarizable continuum model, 

using radii and non-electrostatic terms for Truhlar and coworkers’ SMD solvation model, 

was utilized.[8] 

1o B3LYP/6-31G(d) opt freq 

SCF Done:  E(RB3LYP) = -2568.54956230    

Zero-point correction = 0.710991 (Hartree/Particle) 

 Thermal correction to Energy = 0.756485 

 Thermal correction to Enthalpy = 0.757429 

 Thermal correction to Gibbs Free Energy = 0.626815 

 Sum of electronic and zero-point Energies = -2567.838572 

 Sum of electronic and thermal Energies = -2567.793078 

 Sum of electronic and thermal Enthalpies = -2567.792133 

 Sum of electronic and thermal Free Energies = -2567.922747 
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                     E (Thermal)             CV                S 

                      KCal/Mol        Cal/Mol-Kelvin    Cal/Mol-Kelvin 

 Total                  474.701            172.098            274.900 

 

                         Standard orientation: 

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0        0.000007    2.664860    0.000007 

      2          6           0       -0.671408    0.442983    0.143363 

      3          6           0        0.671420    0.442981   -0.143341 

      4          7           0        1.043775    1.803660   -0.212135 

      5          7           0       -1.043759    1.803662    0.212166 

      6          6           0       -1.360761   -1.713007    1.258395 

      7          6           0       -1.600247   -0.670081    0.382165 

      8          6           0       -2.867992   -0.793839   -0.281135 

      9          6           0       -3.585162   -1.908857    0.064932 

     10         16           0       -2.689072   -2.844300    1.248990 

     11          1           0       -3.216963   -0.080256   -1.017610 

     12          6           0       -0.184162   -1.950442    2.156992 

     13          1           0       -0.493918   -2.383226    3.114640 

     14          1           0        0.548271   -2.630384    1.704509 

     15          1           0        0.329994   -1.005990    2.355874 

     16          6           0        1.360752   -1.713014   -1.258375 
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     17          6           0        1.600255   -0.670083   -0.382155 

     18          6           0        2.868006   -0.793847    0.281132 

     19          6           0        3.585167   -1.908868   -0.064940 

     20         16           0        2.689064   -2.844305   -1.248994 

     21          1           0        3.216988   -0.080266    1.017606 

     22          6           0        0.184136   -1.950454   -2.156948 

     23          1           0       -0.548285   -2.630399   -1.704453 

     24          1           0       -0.330029   -1.006004   -2.355819 

     25          1           0        0.493875   -2.383233   -3.114603 

     26          6           0       -4.907349   -2.327706   -0.416731 

     27          6           0       -5.276988   -3.683082   -0.475752 

     28          6           0       -5.841024   -1.362653   -0.839144 

     29          6           0       -6.533776   -4.060940   -0.944264 

     30          1           0       -4.566444   -4.446396   -0.169496 

     31          6           0       -7.091677   -1.744778   -1.318223 

     32          1           0       -5.588470   -0.308677   -0.766604 

     33          6           0       -7.445974   -3.094875   -1.372331 

     34          1           0       -6.796749   -5.114747   -0.982867 

     35          1           0       -7.798171   -0.983165   -1.637911 

     36          1           0       -8.424675   -3.390233   -1.740375 

     37          6           0        4.907353   -2.327725    0.416715 

     38          6           0        5.277020   -3.683098    0.475641 

     39          6           0        5.840996   -1.362683    0.839223 

     40          6           0        6.533806   -4.060963    0.944151 

     41          1           0        4.566499   -4.446403    0.169311 
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     42          6           0        7.091648   -1.744817    1.318301 

     43          1           0        5.588418   -0.308708    0.766761 

     44          6           0        7.445973   -3.094911    1.372312 

     45          1           0        6.796802   -5.114768    0.982679 

     46          1           0        7.798117   -0.983213    1.638064 

     47          1           0        8.424673   -3.390275    1.740356 

     48          6           0       -2.371039    2.293479    0.478784 

     49          6           0       -3.134194    2.795056   -0.588984 

     50          6           0       -2.864725    2.287241    1.793439 

     51          6           0       -4.424187    3.262181   -0.317618 

     52          6           0       -4.160190    2.764965    2.014121 

     53          6           0       -4.957670    3.252565    0.974874 

     54          1           0       -5.023194    3.651112   -1.138635 

     55          1           0       -4.551864    2.761890    3.029439 

     56          6           0        2.371050    2.293486   -0.478767 

     57          6           0        3.134223    2.795058    0.588992 

     58          6           0        2.864711    2.287265   -1.793432 

     59          6           0        4.424206    3.262196    0.317605 

     60          6           0        4.160166    2.765005   -2.014135 

     61          6           0        4.957662    3.252602   -0.974899 

     62          1           0        5.023227    3.651124    1.138614 

     63          1           0        4.551821    2.761944   -3.029460 

     64          6           0       -2.575113    2.853205   -1.990382 

     65          1           0       -3.314261    3.258761   -2.687791 

     66          1           0       -1.679618    3.483389   -2.019772 
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     67          1           0       -2.275048    1.861937   -2.353636 

     68          6           0       -2.024338    1.797129    2.947344 

     69          1           0       -1.929257    0.704667    2.941191 

     70          1           0       -1.012193    2.213241    2.901593 

     71          1           0       -2.473083    2.087569    3.902076 

     72          6           0       -6.342214    3.792660    1.249079 

     73          1           0       -6.850808    3.216419    2.029781 

     74          1           0       -6.301125    4.835378    1.591343 

     75          1           0       -6.966787    3.769974    0.349944 

     76          6           0        2.024293    1.797176   -2.947324 

     77          1           0        1.929174    0.704719   -2.941171 

     78          1           0        1.012160    2.213322   -2.901554 

     79          1           0        2.473029    2.087605   -3.902063 

     80          6           0        2.575175    2.853182    1.990404 

     81          1           0        3.314331    3.258747    2.687798 

     82          1           0        1.679667    3.483346    2.019821 

     83          1           0        2.275143    1.861903    2.353657 

     84          6           0        6.342189    3.792732   -1.249123 

     85          1           0        6.850642    3.216741   -2.030098 

     86          1           0        6.301091    4.835572   -1.591017 

     87          1           0        6.966894    3.769713   -0.350087 

 --------------------------------------------------------------------- 
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1c B3LYP/6-31G(d) opt freq 

SCF Done:  E(RB3LYP) = -2568.51847693 

Zero-point correction = 0.712490 (Hartree/Particle) 

 Thermal correction to Energy = 0.756757 

 Thermal correction to Enthalpy = 0.757701 

 Thermal correction to Gibbs Free Energy = 0.630823 

 Sum of electronic and zero-point Energies = -2567.805987 

 Sum of electronic and thermal Energies = -2567.761720 

 Sum of electronic and thermal Enthalpies = -2567.760776 

 Sum of electronic and thermal Free Energies = -2567.887654 

 

                     E (Thermal)             CV                S 

                      KCal/Mol        Cal/Mol-Kelvin    Cal/Mol-Kelvin 

 Total                  474.872            170.906            267.037 

 

                         Standard orientation: 

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0        0.000007   -2.880867    0.000008 

      2          6           0        0.721810   -0.669820   -0.025010 

      3          6           0       -0.721811   -0.669820    0.025063 

      4          7           0       -1.081317   -2.037044   -0.013470 

      5          7           0        1.081320   -2.037036    0.013500 
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      6          6           0        0.648567    1.769432   -0.421026 

      7          6           0        1.451953    0.482524   -0.140255 

      8          6           0        2.859633    0.718330   -0.140766 

      9          6           0        3.233046    2.032255   -0.073422 

     10         16           0        1.839450    3.144336    0.024641 

     11          1           0        3.581970   -0.086988   -0.187937 

     12          6           0       -0.648557    1.769429    0.421138 

     13          6           0       -1.451944    0.482522    0.140374 

     14          6           0       -2.859626    0.718329    0.140954 

     15          6           0       -3.233042    2.032253    0.073612 

     16         16           0       -1.839445    3.144323   -0.024560 

     17          1           0       -3.581957   -0.086990    0.188176 

     18          6           0        0.398854    1.852817   -1.947950 

     19          1           0       -0.073705    2.797178   -2.225179 

     20          1           0        1.356150    1.773411   -2.469728 

     21          1           0       -0.246931    1.031528   -2.275478 

     22          6           0       -0.398860    1.852831    1.948063 

     23          1           0        0.073609    2.797234    2.225300 

     24          1           0       -1.356149    1.773329    2.469837 

     25          1           0        0.247002    1.031602    2.275593 

     26          6           0        2.430419   -2.533134    0.015842 

     27          6           0        3.155576   -2.543563    1.218404 

     28          6           0        2.992637   -2.994920   -1.186229 

     29          6           0        4.474745   -3.009282    1.190316 

     30          6           0        4.311825   -3.456510   -1.162536 
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     31          6           0        5.070695   -3.470402    0.012584 

     32          1           0        5.045514   -3.019940    2.116669 

     33          1           0        4.757574   -3.814322   -2.088464 

     34          6           0       -2.430407   -2.533155   -0.015951 

     35          6           0       -3.155697   -2.542951   -1.218439 

     36          6           0       -2.992500   -2.995609    1.185932 

     37          6           0       -4.474875   -3.008671   -1.190451 

     38          6           0       -4.311686   -3.457188    1.162127 

     39          6           0       -5.070696   -3.470429   -0.012913 

     40          1           0       -5.045734   -3.018836   -2.116756 

     41          1           0       -4.757336   -3.815502    2.087909 

     42          6           0        4.598565    2.560877   -0.049563 

     43          6           0        4.865410    3.913442   -0.336753 

     44          6           0        5.689113    1.724453    0.269639 

     45          6           0        6.168418    4.406713   -0.317809 

     46          1           0        4.045675    4.576755   -0.596228 

     47          6           0        6.988219    2.220107    0.284045 

     48          1           0        5.512420    0.684451    0.526277 

     49          6           0        7.237107    3.564211   -0.010287 

     50          1           0        6.347505    5.453532   -0.548219 

     51          1           0        7.811429    1.556403    0.535208 

     52          1           0        8.252893    3.949457    0.005764 

     53          6           0       -4.598562    2.560877    0.049768 

     54          6           0       -4.865406    3.913437    0.336979 

     55          6           0       -5.689110    1.724463   -0.269462 
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     56          6           0       -6.168412    4.406713    0.318030 

     57          1           0       -4.045674    4.576744    0.596476 

     58          6           0       -6.988214    2.220120   -0.283871 

     59          1           0       -5.512421    0.684465   -0.526119 

     60          6           0       -7.237101    3.564221    0.010482 

     61          1           0       -6.347497    5.453529    0.548455 

     62          1           0       -7.811424    1.556424   -0.535052 

     63          1           0       -8.252885    3.949470   -0.005574 

     64          6           0        2.534514   -2.067362    2.509068 

     65          1           0        2.336194   -0.988706    2.487685 

     66          1           0        1.577323   -2.567196    2.694104 

     67          1           0        3.196611   -2.269214    3.356207 

     68          6           0        2.193175   -3.002143   -2.466284 

     69          1           0        1.295049   -3.620068   -2.357285 

     70          1           0        1.858701   -1.993354   -2.737253 

     71          1           0        2.788938   -3.395555   -3.295198 

     72          6           0        6.485072   -4.002424    0.013637 

     73          1           0        6.496872   -5.096016    0.113032 

     74          1           0        7.006935   -3.757533   -0.917945 

     75          1           0        7.067046   -3.593701    0.846203 

     76          6           0       -2.192918   -3.003559    2.465908 

     77          1           0       -1.294938   -3.621630    2.356545 

     78          1           0       -1.858185   -1.994967    2.737282 

     79          1           0       -2.788693   -3.397202    3.294704 

     80          6           0       -2.534835   -2.066061   -2.508947 
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     81          1           0       -2.337220   -0.987277   -2.487308 

     82          1           0       -1.577319   -2.565240   -2.694045 

     83          1           0       -3.196755   -2.268135   -3.356172 

     84          6           0       -6.485074   -4.002449   -0.014090 

     85          1           0       -6.496888   -5.095982   -0.114134 

     86          1           0       -7.006809   -3.758112    0.917709 

     87          1           0       -7.067164   -3.593232   -0.846332 

 --------------------------------------------------------------------- 
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Appendix B 

X-RAY CRYSTALLOGRAPHY  

Green single crystals of 3o were obtained by slow evaporation of a saturated 

benzene solution; this compound crystallized in the triclinic space group P-1. 

Crystallographic measurements were carried out on a Rigaku XtaLAB P200 

diffractometer with a Rigaku Pilatus 200K area detector using multi-layer mirror 

monochromated Cu-KλÅ) radiation. Measurements were recorded at 123 

K using a Rigaku Low-Temperature Gas Spray Cooler low temperature device. A sample 

of suitable size and quality was selected and mounted onto a nylon loop. Data reductions 

were performed using CrystalClear-SM Expert 2.1 b45 (Rigaku, 2015).[1] The structure 

was solved by direct methods (ShelXT) which successfully located most of the non-

hydrogen atoms, and refined by full-matrix least-squares on F2 with anisotropic 

displacement parameters for the non-hydrogen atoms using ShelXL-2014/6.[2] Key details 

of the crystal and structure refinement are summarized in Table B1. 
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 3o 
Formula C53H52Cl2N2S2ORu • 0.5(C6 H6) 

Mr 1008.11 
crystal size (mm3) 0.08 × 0.05 × 0.02 

crystal system Triclinic 
space group P-1 

a (Å) 13.0991 
b (Å) 14.6391 
c (Å) 15.6057 
α (°) 116.309 
β (°) 101.829 
γ (°) 104.590 

V (Å3) 16054.6 
Z 2 

ρcalc (g cm-3) 1.39 
µ (mm-1) 4.770 
F(000) 1046 
T (K) 123 

scan mode Ω 
 

hkl range 
-15 → 13 
-17 → 14 
-14 → 18 

measd reflns 30237 
unique reflns [Rint] 8679 [0.100] 
refinement reflns 8679 

refined parameters 591 
GOF on F2 1.006 

R1a (all data) 0.050 (0.086) 
wR2 (all data) 0.103 (0.119) 
Ρfin (max/min) 

(e Å-3) 
1.618 
-0.566 

a R1 = ∑||Fo| − |Fc||/∑|Fo|. b wR2 = {[∑w(Fo2 − Fc2)2]/[∑w(Fo2)2]}1/2. 

Table B1: Summary of crystal data, data collection, and structure refinement details. 
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RING-OPENING METATHESIS POLYMERIZATION CONDITIONS 

Catalyst Monomer (M) [M]/[I] Solvent Temp. (°C) Time (s)a Rate (s-1) Conversion (%)b 

3o COD (0.21 M) 1500 C6D6 20 499 5.08 × 10-3 86 
3c COD (0.21 M) 1500 C6D6 20 864 3.07 × 10-3 87 
3o COD (0.14 M) 1000 C6D6 20 1002 3.61 × 10-3 95 
3c COD (0.14 M) 1000 C6D6 20 1002 2.70 × 10-3 86 
3o COD (0.21 M) 1500 CD2Cl2 20 1004 1.76 × 10-3 80 
3c COD (0.21 M) 1500 CD2Cl2 20 1006 2.09 × 10-3 77 
3o COD (0.14 M) 1000 CD2Cl2 20 998 1.41 × 10-3 72 
3c COD (0.14 M) 1000 CD2Cl2 20 1013 1.44 × 10-3 63 
3o COD (0.43 M) 1500 CD2Cl2 20 315 8.75 × 10-3 82 
3c COD (0.43 M) 1500 CD2Cl2 20 258 8.29 × 10-3 84 
3o COD (0.14 M) 1000 C7D8 20 572 4.21 × 10-3 84 
3c COD (0.14 M) 1000 C7D8 20 1005 2.75 × 10-3 86 
3o COD (0.14 M) 1000 C7D8 10 1018 1.48 × 10-3 67 
3c COD (0.14 M) 1000 C7D8 10 2015 1.02 × 10-3 71 
3o COD (0.14 M) 1000 C7D8 0 2293 4.91 × 10-4 48 
3c COD (0.14 M) 1000 C7D8 0 2348 -----c 11 

3o 
N-propyl norbornene imide 

(0.14 M) 
1000 C6D6 20 326 3.65 × 10-3 64 

3c 
N-propyl norbornene imide 

(0.14 M) 
1000 C6D6 20 315 2.31 × 10-3 47 

Table B2:  Survey of reaction conditions for the ring-opening metathesis polymerization of COD and N-propyl norbornene 
imide facilitated by photoswitchable catalyst 3. a Values represent the maximum time included in kinetic rate 
analyses. b Values represent the conversion at this time point. Most reactions continued to full conversion at 
extended times. c Complete initiation of the catalyst was not observed. 
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PSEUDO-FIRST-ORDER KINETIC ANALYSES FOR CHAPTER 5 

The ring-closing metathesis of diethyl diallylmalonate (4), the ring-closing 

metathesis of diethyl allyl methallylmalonate (6), the ring-opening metathesis 

polymerization of COD, and the ring-opening metathesis polymerization of 

functionalized norbornene imide (8) catalyzed by Ru-catalyst (3o) may be represented as:  
																						

 

  Under the assumption that no side-reactions are taking place, any of the above 

listed substrates (A) will always be present in a large excess over the catalyst (B). As 

such, pseudo-first-order kinetics may be used for rate calculations. The following rate law 

applies: 

 

 The integrated form of the rate equation is represented as: 

ln ln  

This equation suggests that plotting ln[A] versus t (s) should give a linear plot 

where k is equal to the slope of the line. Selected examples are shown in Figures B1-B12. 
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Figure B1:  Plot of −ln[4] vs. time (s) for the ring-closing metathesis of 4 catalyzed 
by 3o (1 mol %) at 20 °C ([4]0 = 0.014 M). 
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Figure B2:  Plot of −ln[4] vs. time (s) for the ring-closing metathesis of 4 catalyzed by 
3c (1 mol %) at 20 °C ([4]0 = 0.014 M). 
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Figure B3:  Plot of −ln[6] vs. time (s) for the ring-closing metathesis of 6 catalyzed by 
3o (1 mol %) at 20 °C ([6]0 = 0.014 M). 
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Figure B4:  Plot of −ln[6] vs. time (s) for the ring-closing metathesis of 6 catalyzed 
by 3c (1 mol %) at 20 °C ([6]0 = 0.014 M). 
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Figure B5:  Plot of −ln[COD] vs. time (s) for the ring-opening metathesis 
polymerization of COD catalyzed by 3o ([M]/[I] = 300) at 20 °C ([COD]0 = 
0.043 M). 
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Figure B6:  Plot of −ln[COD] vs. time (s) for the ring-opening metathesis 
polymerization of COD catalyzed by 3c ([M]/[I] = 300) at 20 °C ([COD]0 = 
0.043 M). 
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Figure B7:  Plot of −ln[8] vs. time (s) for the ring-opening metathesis polymerization of 
8 catalyzed by 3o ([M]/[I] = 300) at 20 °C ([8]0 = 0.043 M). 
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Figure B8:  Plot of −ln[8] vs. time (s) for the ring-opening metathesis polymerization of 
8 catalyzed by 3c ([M]/[I] = 300) at 20 °C ([8]0 = 0.043 M). 
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Figure B9:  Plot of −ln[COD] vs. time (s) for the ring-opening metathesis 
polymerization of COD catalyzed by 3 ([M]/[I] = 300) at 20 °C ([COD]0 = 
0.043 M). A solution of COD was allowed to polymerize in the presence of 
3c for 15 min, at which point the solution was irradiated with visible light 
(λIrr > 500 nm) for 20 min. The reaction was then allowed to react further for 
an additional 20 min. 
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Figure B10: Plot of −ln[COD] vs. time (s) for the ring-opening metathesis 
polymerization of COD catalyzed by 3 ([M]/[I] = 300) at 20 °C ([COD]0 = 
0.043 M). A solution of COD was allowed to polymerize in the presence of 
3c for 20 min, at which time additional COD (300 Eq.) was added. The 
solution was then irradiated with visible light (λIrr > 500 nm) for 20 min, and 
allowed to further react for an additional 20 min. 
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Figure B11: Plot of −ln[diallyl sulfide] vs. time (s) for the ring-closing metathesis of 
diallyl sulfide catalyzed by 3o (1 mol %) at 20 °C ([diallyl sulfide]0 = 0.014 
M). 
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Figure B12: Plot of −ln[diallyl sulfide] vs. time (s) for the ring-closing metathesis of 
diallyl sulfide catalyzed by 3c (1 mol %) at 20 °C ([diallyl sulfide]0 = 0.014 
M). 

 

REFERENCES  

[1] CrystalClear-SM Expert 2.1 b45 Rigaku Americas Corportion, The Woodlands, 
TX, 2008. 

[2] Sheldrick, G.M. A short history of SHELX. Acta Cryst. 2008, A64, 112–122. 

 
  



 160

Bibliography 

Akita, M. Organometallics 2011, 30, 43. 

Alder, R. W.; Blake, M. E.; Chaker, L.; Harvey, J. N.; Paolini, F.; Schütz, J. Angew. 
Chem., Int. Ed. 2004, 43, 5896. 

Alexandrova, A. V.; Masek, T.; Polyakova, S. M.; Leito, I.; Lyapkalo, I. M. Eur. J. Org. 
Chem. 2013, 2013, 1811. 

Alfredo, N. V.; Jalapa, N. E.; Morales, S. L.; Ryabov, A. D.; Le Lagadec, R.; 
Alexandrova, L. Macromolecules 2012, 45, 8135. 

Anastasaki, A.; Nikolaou, V.; Brandford-Adams, F.; Nurumbetov, G.; Zhang, Q.; 
Clarkson, G. J.; Fox, D. J.; Wilson, P.; Kempe, K.; Haddleton, D. M. Chem. 
Commun. 2015, 51, 5626. 

Anastasaki, A.; Nikolaou, V.; Zhang, Q.; Burns, J.; Samanta, S. R.; Waldron, C.; 
Haddleton, A. L.; McHale, R.; Fox, D.; Percec, V.; Wilson, P.; Haddleton, D. M. 
J. Am. Chem. Soc. 2014, 136, 1141. 

Arduengo III, A. J.; Davidson, F.; Dias, H. V. R.; Goerlich, J. R.; Khasnis, D.; Marshall, 
W. J.; Prakasha, T. K. J. Am. Chem. Soc. 1997, 119, 12742. 

Arduengo III, A. J.; Dias, H. V. R.; Harlow, R.; Kline, M. J. Am. Chem. Soc. 1992, 114, 
5530. 

Back, O.; Henry-Ellinger, M.; Martin, C. D.; Martin, D.; Bertrand, G. Angew. Chem., Int. 
Ed. 2013, 52, 2939. 

Bally, T.; Rablen, P. R. J. Org. Chem. 2011, 76, 4818. 

Bandara, H. M. D.; Burdette, S. C. Chem. Soc. Rev. 2012, 41, 1809. 

Becke, A. D. J. Chem. Phys. 1993, 98, 1372. 

Becke, A. D. J. Chem. Phys. 1993, 98, 5648. 

Benhamou, L.; Chardon, E.; Lavigne, G.; Bellemin-Laponnaz, S.; Cesar, V. Chem. Rev. 
2011, 111, 2705. 

Benhamou, L.; Vujkovic, N.; César, V.; Gornitzka, H.; Lugan, N.; Lavigne, G. 
Organometallics 2010, 29, 2616. 

Berlin, J. M.; Campbell, K.; Ritter, T.; Funk, T. W.; Chlenov, A.; Grubbs, R. H. Org. 
Lett. 2007, 9, 1339. 

Bianchi, J. P.; Price, F. P.; Zimm, B. H. J. Polym. Sci. 1957, 25, 27–38. 

Bielawski, C. W.; Grubbs, R. H. Prog. Polym. Sci. 2007, 32, 1. 

Biju, A. T.; Hirano, K.; Fröhlich, R.; Glorius, F. Chem. Asian J. 2009, 4, 1786. 



 161

Blanco, V.; Carlone, A.; Hänni, K. D.; Leigh, D. A; Lewandowski, B. Angew. Chem. Int. 
Ed. Engl. 2012, 51, 5166. 

Blanco, V.; Leigh, D. A.; Marcos, V. Chem. Soc. Rev. 2015, 44, 5341. 

Blanksby, S. J.; Ellison, G. B. Acc. Chem. Res. 2003, 36, 255. 

Brantley, J. N.; Wiggins, K. M.; Bielawski, C. W. Polym. Int. 2013, 62, 2. 

Breslow, D. S. Prog. Polym. Sci. 1993, 18, 1141. 

Broderick, E. M.; Guo, N.; Vogel, C. S.; Xu, C.; Sutter, J.; Miller, J. T.; Meyer, K.; 
Mehrkhodavandi, P.; Diaconescu, P. L. J. Am. Chem. Soc. 2011, 133, 9278. 

Broderick, E. M.; Guo, N.; Wu, T.; Vogel, C. S.; Xu, C.; Sutter, J.; Miller, J. T.; Meyer, 
K.; Cantat, T.; Diaconescu, P. L. Chem. Commun. 2011, 47, 9897. 

Buncel, E.; Menon, B. J. Organomet. Chem. 1977, 141, 1. 

Chatani, S.; Kloxin, C. J.; Bowman, C. N. Polym. Chem. 2014, 5, 2187. 

Chen, M.; Zhong, M.; Johnson, J. A. Chem. Rev. 2016, DOI: 
10.1021/acs.chemrev.5b00671. 

Chen, P. Acc. Chem. Res. 2016, 49, 1052. 

Ciesienski, K. L.; Franz, K. J. Angew. Chem., Int. Ed. 2011, 50, 814. 

Ciftci, M.; Tasdelen, M. A.; Li, W.; Matyjaszewski, K.; Yagci, Y. Macromolecules 2013, 
46, 9537. 

Ciftci, M.; Tasdelen, M. A.; Yagci, Y. Polym. Chem. 2014, 5, 600. 

Cole, M. L.; Jones, C.; Junk, P. C. New J. Chem. 2002, 26, 1296. 

Corberán, R.; Mas-Marzá, E.; Peris, E. Eur. J. Inorg. Chem. 2009, 2009, 1700. 

Crystal Clear 1.40. Rigaku Americas Corp., The Woodlands, TX, 2008. 

CrystalClear-SM Expert 2.1 b45 Rigaku Americas Corportion, The Woodlands, TX, 
2008. 

Dadashi-Silab, S.; Doran, S.; Yagci, Y. Chem. Rev. 2016, DOI: 
10.1021/acs.chemrev.5b00586. 

Dadashi-Silab, S.; Tasdelen, M. A.; Asiri, A. M.; Khan, S. B.; Yagci, Y. Macromol. 
Rapid Commun. 2014, 35, 454. 

Dadashi-Silab, S.; Tasdelen, M. A.; Kiskan, B.; Wang, X.; Antonietti, M.; Yagci, Y. 
Macromol. Chem. Phys. 2014, 215, 675. 

Dechy-Cabaret, O.; Martin-Vaca, B.; Bourissou, D. Chem. Rev. 2004, 104, 6147–6176. 

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. 



 162

Diesendruck, C. E.; Iliashevsky, O.; Ben-Asuly, A.; Goldberg, I.; Lemcoff, N. G. 
Macromol. Symp. 2010, 293, 33. 

Ditchfield, R. Mol. Phys. 1974, 789. 

Doran, S.; Yagci, Y. Polym. Chem. 2015, 6, 946–952. 

Dove, A. P.; Li, H.; Pratt, R. C.; Lohmeijer, B. G. G.; Culkin, D. A.; Waymouth, R. M.; 
Hedrick, J. L. Chem. Commun. 2006, 2881. 

Dröge, T.; Glorius, F. Angew. Chem., Int. Ed. 2010, 49, 6940. 

Duan, G.; Wong, N. W.-T.; Yam, V. W.-W. New J. Chem. 2011, 35, 2267. 

Duan, G.; Zhu, N.; Yam, V. W.-W. Chem. Eur. J. 2010, 16, 13199. 

Duan, X.-F.; Zeng, J.; Lu, J.-W.; Zhang, Z.-B. J. Org. Chem. 2006, 71, 9873. 

Ebrey, T.; Koutalos, Y. Prog. Retin. Eye Res. 2001, 20, 49. 

Endo, K.; Grubbs, R. H. J. Am. Chem. Soc. 2011, 133, 8525. 

Fagnoni, M.; Dondi, D.; Ravelli, D.; Albini, A. Chem. Rev. 2007, 107, 2725. 

Fernandez-Acebes, A.; Lehn, J.-M. Chem. Eur. J. 1999, 5, 3285. 

Flanigan, D. M.; Romanov-Michailidis, F.; White, N. A.; Rovis, T. Chem. Rev. 2015, 
115, 9307. 

Fors, B. P.; Hawker, C. J. Angew., Chem. Int. Ed. 2012, 51, 8850. 

Fortman, G. C.; Nolan, S. P. Chem. Soc. Rev. 2011, 40, 5151. 

Frey, G. D.; Lavallo, V.; Donnadieu, B.; Schoeller, W. W.; Bertrand, G. Science 2007, 
316, 439. 

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, 
J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; 
Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; 
Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; 
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; 
Montgomery, J., J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; 
Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; 
Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; 
Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, 
C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; 
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; 
Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; 
Daniels, A. D.; Farkas, Ö.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J., 
Gaussian, Inc., Wallingford CT, 2009. 

Fu, C.; Xu, J.; Tao, L.; Boyer, C. ACS Macro Lett. 2014, 3, 633. 



 163

Fürstner, A.; Alcarazo, M.; Krause, H.; Lehmann, C. W. J. Am. Chem. Soc. 2007, 129, 
12676. 

Garber, S. B.; Kingsbury, J. S.; Gray, B. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2000, 
122, 8168. 

Gauglitz, G. in Photochromism: Molecules and Systems, Vol. 1 (Eds: Dürr, H.; Bouas-
Laurent, H.), Elsevier Science B.V., Amsterdam, 2003, p. 15. 

Gessler, S.; Randl, S.; Blechert, S. Tett. Lett. 2000, 41, 9973. 

Goetz, A. E.; Boydston, A. J. J. Am. Chem. Soc. 2015, 137, 7572. 

Goetz, A. E.; Pascual, L. M. M.; Dunford, D. G.; Ogawa, K. A.; Knorr Jr., D. B.; 
Boydston, A. J. ACS Macro Lett. 2016, 5, 579. 

Gostl, R.; Senf, A.; Hecht, S. Chem. Soc. Rev. 2014, 43, 1982. 

Graff, J. L.; Sanner, R. D.; Wrighton, M. S. J. Am. Chem. Soc. 1979, 101, 273. 

Guillaume, S. M.; Kirillov, E.; Sarazin, Y.; Carpentier, J.-F. Chem. Eur. J. 2015, 21, 
7988. 

Hadjichristidis, N.; Iatrou, H.; Pitsikalis, M.; Mays, J. Prog. Polym. Sci. 2006, 31, 1068. 

Hafner, A.; Muhlebach A.; van der Schaaf, P. Angew. Chem., Int. Ed. 1997, 36, 2121. 

Hahn, F. E.; Jahnke, M. C. Angew. Chem., Int. Ed. 2008, 47, 3122. 

Harvey, E. C.; Feringa, B.; Vos, J. G.; Browne, W. R.; Pryce, M. T. Coord. Chem. Rev. 
2015, 282-283, 77. 

Hawker, C. J.; Wooley, K. L. Science 2005, 309, 1200–1205. 

Hennig, H. Coord. Chem. Rev. 1999, 182, 101. 

Herder, M.; Pätzel, M.; Grubert, L.; Hecht, S. Chem. Commun. 2011, 47, 460. 

Herder, M.; Schmidt, B. M.; Grubert, L.; Patzel, M.; Schwarz, J. Hecht, S. J. Am. Chem. 
Soc. 2015, 137, 2738. 

Herrmann, W. A. Angew. Chem., Int. Ed. 2002, 41, 1290. 

Hilf, S.; Kilbinger, A. F. M. Nature Chem. 2009, 1, 537. 

Hopkinson, M. N.; Richter, C.; Schedler, M.; Glorius, F. Nature 2014, 510, 485. 

Hudnall, T. W.; Bielawski, C. W. J. Am. Chem. Soc. 2009, 131, 16039. 

Illa, O.; Arshad, M.; Ros, A.; McGarrigle, E. M.; Aggarwal, V. K. J. Am. Chem. Soc. 
2010, 132, 1828. 

Illa, O.; Namutebi, M.; Saha, C.; Ostovar, M.; Chen, C. C.; Haddow, M. F.; Nocquet-
Thibault, S.; Lusi, M.; McGarrigle, E. M.; Aggarwal, V. K. J. Am. Chem. Soc. 
2013, 135, 11951. 



 164

Inoue, S. J. Polym. Sci., Part A: Polym. Chem. 2000, 38, 2861. 

Irie, M. Chem. Rev. 2000, 100, 1685. 

Irie, M.; Fukaminato, T.; Matsuda, K.; Kobatake, S. Chem. Rev. 2014, 114, 12174. 

Irie, M.; Sakemura, K.; Okinaka, M.; Uchida, K. J. Org. Chem. 1995, 60, 8305. 

Iwai, K.; Uesugi, M.; Takemura, F. Polym. J. 1985, 17, 1005. 

Izquierdo, J.; Huston, G. E.; Cohen, D. T.; Scheidt, K. A. Angew. Chem., Int. Ed. 2012, 
51, 11686. 

Jain, R. J.; Bally, T.; Rablen, P. R. J. Org. Chem. 2009, 74, 4017. 

Jafarpour, L.; Stevens, E. D.; Nolan, S. P. J. Organomet. Chem. 2000, 606, 49. 

Kamber, N. E.; Jeong, W.; Waymouth, R. M. Chem. Rev. 2007, 107, 5813. 

Karthikeyan, S.; Potisek, S. L.; Piermattei, A.; Sijbesma, R. P. J. Am. Chem. Soc. 2008, 
130, 14968. 

Kawai, S. H.; Gilat, S. L.; Lehn, J.-M. Eur. J. Org. Chem. 1999, 2359. 

Kelly III, R. A.; Clavier, H.; Giudice, S.; Scott, N. M.; Stevens, E. D.; Bordner, J.; 
Samardjiev, I.; Hoff, C. D.; Cavallo, L.; Nolan, S. P. Organometallics 2007, 27, 
202. 

Khramov, D. M.; Rosen, E. L.; Er, J. A. V.; Vu, P. D.; Lynch, V. M.; Bielawski, C. W. 
Tetrahedron 2008, 64, 6853. 

Kohn, W.; Becke, A. D.; Parr, R. G. J. Phys. Chem. 1996, 100, 12974. 

Konkolewicz, D.; Schröder, K.; Buback, J.; Bernhard, S.; Matyjaszewski, K. ACS Macro 
Lett. 2012, 1, 1219. 

Konkolewicz, D.; Wang, Y.; Zhong, M.; Krys, P.; Isse, A. A.; Gennaro, A.; 
Matyjaszewski, K. Macromolecules 2013, 43, 8749. 

Kwak, Y.; Matyjaszewski, K. Macromolecules 2010, 43, 5180. 

Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785. 

Lee, P. H.-M.; Ko, C.-C.; Zhu, N.; Yam, V. W.-W. J. Am. Chem. Soc. 2007, 129, 6058. 

Lee, S.; You, Y.; Ohkubo, K.; Fukuzumi, S.; Nam, W. Chem. Sci. 2014, 5, 1463. 

Lee, W.-S.; Ueno, A. Macromol. Rapid. Commun. 2001, 22, 448. 

Leibfarth, F. A.; Mattson, K. M.; Fors, B. P.; Collins, H. A.; Hawker, C. J. Angew. 
Chem., Int. Ed. 2013, 52, 199. 

Lemieux, V.; Gauthier, S.; Branda, N. R. Angew. Chem., Int. Ed. 2006, 45, 6820. 

Lemieux, V.; Spantulescu, M. D.; Baldridge, K. K.; Branda, N. R. Angew. Chem., Int. Ed. 
2008, 47, 5034. 



 165

Lindauer, D.; Beckert, R.; Döring, M.; Fehling, P.; Görls, H. J. Prakt. Chem. 1995, 337, 
143. 

Liu, Q.; Liu, L.; Ma, Y.; Zhao, C.; Yang, W. J. Polym. Sci., Part A: Polym. Chem. 2014, 
52, 3283. 

Lodewyk, M. W.; Siebert, M. R.; Tantillo, D. J. Chem. Rev. 2012, 112, 1839. 

Lodewyk, M. W.; Soldi, C.; Jones, P. B.; Olmstead, M. M.; Larrucea, J. R.; Shaw, J. T.; 
Tantillo, D. J. J. Am. Chem. Soc. 2012, 134, 18550. 

Lodewyk, M. W.; Tantillo, D. J. J. Nat. Prod. 2011, 74, 1339. 

Luning, U. Angew. Chem., Int. Ed. 2012, 51, 8163. 

Lutz, P. J. Macromol. Symp. 2001, 161, 53. 

Luzzio, F. A. Tetrahedron 2001, 57, 915. 

Malmström, E. E.; Hawker, C. J. Macromol. Chem. Phys. 1998, 199, 923. 

Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. J. Phys. Chem. B, 113, 2009, 6378. 

Mao, C.; MacLeod, M. J.; Johnson, J. A. ACS Macro Lett. 2015, 4, 566. 

Matyjaszewski, K. Macromol. Symp. 2001, 174, 51. 

Matyjaszewski, K. Prog. Polym. Sci. 2005, 30, 858. 

Matyjaszewski, K.; Tsarevsky, N. V. J. Am. Chem. Soc. 2014, 136, 6513. 

May, P. A.; Moore, J. S. Chem. Soc. Rev. 2013, 42, 7497. 

Miertuš, S.; Scrocco, E.; Tomasi, J. Chem. Phys., 55, 1981, 117. 

Miyake, G. M.; Theriot, J. C. Macromolecules, 2014, 47, 8255. 

Moade, G.; Keddie, D.; Guerrero-Sanchez, C.; Rizzardo, E.; Thang, S. H. Macromol. 
Symp. 2015, 350, 34. 

Moerdyk, J. P.; Bielawski, C. W. Chem. Commun. 2014, 50, 4551. 

Moerdyk, J. P.; Blake, G. A.; Chase, D. T.; Bielawski, C. W. J. Am. Chem. Soc. 2013, 
135, 18798. 

Mosnáček, J.; Eckstein-Andicsová, A.; Ilčíková, M. Polym. Chem. 2015, 6, 2523. 

Mosnáček, J.; Ilčíková, M. Macromolecules 2012, 45, 5859. 

Murata, K.; Saito, K.; Kikuchi, S.; Akita, M.; Inagaki, A. Chem. Commun. 2015, 51, 
5717. 

Murtezi, E.; Yagci, Y. Macromol. Rapid Commun. 2014, 35, 1782. 

Nakashima, T.; Goto, M.; Kawai, S.; Kawai, T. J. Am. Chem. Soc. 2008, 130, 14570. 

Narayanam, J. M. R.; Stephenson, C. R. J. Chem. Soc. Rev. 2011, 40, 102. 



 166

Naumann, S.; Buchmeiser, M. R. Catal. Sci. Technol. 2014, 4, 2466. 

Naumann, S.; Buchmeiser, M. R. Macromol. Rapid Commun. 2014, 35, 682. 

Neilson, B. M.; Bielawski, C. W. ACS Catal. 2013, 3, 1874. 

Neilson, B. M.; Bielawski, C. W. Chem. Commun. 2013, 49, 5453. 

Neilson, B. M.; Bielawski, C. W. J. Am. Chem. Soc. 2012, 134, 12693. 

Neilson, B. M.; Bielawski, C. W. Organometallics 2013, 32, 3121. 

Neilson, B. M.; Lynch, V. M.; Bielawski, C. W. Angew. Chem., Int. Ed. 2011, 50, 10322. 

O’Brien, C. J.; Kantchev, E. A. B.; Valente, C.; Hadei, N.; Chass, G. A.; Lough, A.; 
Hopkinson, A. C.; Organ, M. G. Chem. Eur. J. 2006, 12, 4743. 

Odo, Y.; Matsuda, K.; Irie, M. Chem. Eur. J. 2006, 12, 4283. 

Ogawa, K. A.; Goetz, A. E.; Boydston, A. J. J. Am. Chem. Soc. 2015, 137, 1400. 

Ogawa, K. A.; Goetz, A. E.; Boydston, A. J. Synlett. 2016, 27, 203. 

Ogle, J. W.; Zhang, J.; Reibenspies, J. H.; Abboud, K. A.; Miller, S. A. Org. Lett. 2008, 
10, 3677. 

Osaki, M.; Takashima, Y.; Yamaguchi, H.; Harada, A. Org. Biomol. Chem. 2009, 7, 
1646. 

Papper, V.; Likhtenshtein, G. I. J. Photochem. Photobiol. A 2001, 140, 39. 

Pascual-Ahuir, J. L.; Silla, E.; Tuñón, I. J. Comp. Chem., 15, 1994, 1127. 

Peters, M. V.; Stoll, R. S.; Kuhn, A.; Hecht, S. Angew. Chem., Int. Ed. 2008, 47, 5968. 

Piermattei, A.; Karthikeyan, S.; Sijbesma, R. P. Nat. Chem. 2009, 1, 133. 

Rablen, P. R.; Pearlman, S. A.; Finkbiner, J. J. Phys. Chem. A 1999, 103, 7357. 

Ravelli, D.; Dondi, D.; Fagnoni, M.; Albini, A. Chem. Soc. Rev. 2009, 38, 1999. 

Ritleng, V.; Henrion, M.; Chetcuti, M. J ACS Catal. 2016, 6, 890. 

Ritter, T.; Hejl, A.; Wenzel, A. G.; Funk, T. W.; Grubbs, R. H. Organometallics, 2006, 
25, 5740. 

Samachetty, H. D.; Branda, N. R. Chem. Commun. 2005, 2840. 

Sashuk, V.; Danylyuk, O. Chem. Eur. J. 2016, 22, 6528. 

Schrock, R. R. Acc. Chem. Res. 2014, 47, 2457. 

Shanmugam, S.; Boyer, C. J. Am. Chem. Soc. 2015, 137, 9988. 

Shanmugam, S.; Xu, J.; Boyer, C. Chem. Sci. 2015, 6, 1341–1349. 

Shanmugam, S.; Xu, J.; Boyer, C. J. Am. Chem. Soc. 2015, 137, 9174. 



 167

Shanmugam, S.; Xu, J.; Boyer, C. Macromolecules 2014, 47, 4930. 

Sheldrick, G.M. A short history of SHELX. Acta Cryst. 2008, A64, 112. 

Shirai, M.; Tsunooka, M. Bull. Chem. Soc. Jpn. 1998, 71, 2483. 

Siemeling, U.; Färber, C.; Bruhn, C.; Leibold, M.; Selent, D.; Baumann, W.; von 
Hopffgarten, M.; Goedecke, C.; Franking, G. Chem. Sci. 2010, 1, 697. 

Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J. J. Phys. Chem. 1994, 98, 
11623. 

Stoll, R. S.; Hecht, S. Angew. Chem., Int. Ed. 2010, 49, 5054. 

Stoll, R. S.; Hecht, S. Org. Lett. 2009, 11, 4790. 

Stoll, R. S.; Peters, M. V.; Kühn, A.; Heiles, S.; Goddard, R.; Bühl, M.; Thiele, C. M.; 
Hecht, S. J. Am. Chem. Soc. 2009, 131, 357. 

Sud, D.; McDonald, R.; Branda, N. R. Inorg. Chem. 2005, 44, 5960. 

Sud, D.; Wigglesworth, T. J.; Branda, N. R. Angew. Chem., Int. Ed. 2007, 46, 8017. 

Sutar, R. L.; Levin, E.; Butilkov, D.; Reany, O.; Lemcoff, N. G. Angew. Chem., Int. Ed. 
2016, 55, 764. 

Tanaka, Y.; Ishisaka, T.; Inagaki, A.; Koike, T.; Lapinte, C.; Akita, M. Chem. Eur. J. 
2010, 16, 4762. 

Tasdelen, M. A.; Uygun, M.; Yagci, Y. Macromol. Chem. Phys. 2010, 211, 2271. 

Taylor, S. W.; Fahy, E.; Ghosh, S. S. Trends Biotechnol. 2003, 21, 82. 

Teator, A. J.; Lastovickova, D. N.; Bielawski, C. W. Chem. Rev. 2016, 116, 1969. 

Teator, A. J.; Tian, Y.; Chen, M.; Lee, J. K.; Bielawski, C. W. Angew. Chem., Int. Ed. 
2015, 54, 11559. 

Telitel, S.; Dumur, F.; Telitel, S.; Soppera, O.; Lepeltier, M.; Guillaneuf, Y.; Poly, J.; 
Morlet-Savary, F.; Fioux, P.; Fouassier, J.-P.; Gigmes, D.; Lalevée, J. Polym. 
Chem. 2015, 6, 613. 

Thomas, C. M. Chem. Soc. Rev. 2010, 39, 165. 

Tran, H.; Brunet, A.; Griffith, E. C.; Greenberg, M. E. Sci. STKE 2003, 172, RE5. 

Treat, N. J.; Fors, B. P.; Kramer, J. W.; Christianson, M.; Chiu, C.-Y.; de Alaniz, J. R.; 
Hawker, C. J. ACS Macro Lett. 2014, 3, 580. 

Treat, N. J; Sprafke, H.; Kramer, J. W.; Clark, P. G.; Barton, B. E.; de Alaniz, J. R.; Fors, 
B. P; Hawker, C. J. J. Am. Chem. Soc. 2014, 136, 16096. 

Tsuji, Y.; Hoffmann, R. Angew. Chem., Int. Ed. 2014, 53, 4093. 



 168

Tzur, E.; Lemcoff, N. G. In Handbook of Metathesis, set; Grubbs, R. H.; Wenzel, A. G.; 
O’Leary, D. J.; Khosravi, E., Ed. Wiley-VCH: Weinheim, Germany, 2015, pp 
283–312. 

Uchida, K.; Inagaki, A.; Akita, M,; Organometallics, 2007, 26, 5030. 

Ueno, A.; Takahashi, K.; Osa, T. J. Chem. Soc., Chem. Commun. 1981, 3, 94. 

Ueno, A.; Yoshimura, H.; Saka, R.; Osa, T. J. Am. Chem. Soc. 1979, 101, 2779. 

Valente, C.; Calimsiz, S.; Hoi, K. H.; Mallik, D.; Sayah, M.; Organ, M. G.  Angew. 
Chem,. Int. Ed. 2012, 51, 3314. 

van der Schaaf, P.; Hafner, A. Angew. Chem., Int. Ed. 1996, 35, 1845. 

Vasudevan, K. V.; Butorac, R. R.; Abernethy, C. D.; Cowley, A. H. Dalton Trans. 2010, 
39, 7401. 

Vidavsky, Y.; Lemcoff, N. G. Beilstein J. Org. Chem. 2010, 6, 1106. 

Webster, O. W. Science 1991, 251, 887. 

Wilson, D.; Branda, N. R. Angew. Chem., Int. Ed. 2012, 51, 5431. 

Wolinski, K.; Hilton, J. F.; Pulay, P. J. J. Am. Chem. Soc. 1990, 112, 8251. 

Xu, J.; Boyer, C. Macromolecules 2015, 48, 520. 

Xu, J.; Jung, K.; Atme, A.; Shanmugam, S.; Boyer, C. J. Am. Chem. Soc. 2014, 136, 
5508. 

Xu, J.; Jung, K.; Boyer, C. Macromolecules 2014, 47, 4217. 

Xu, J.; Jung, K.; Corrigan, N. A.; Boyer, C. Chem. Sci. 2014, 5, 3568. 

Xu, J.; Shanmugam, S.; Duong, H. T.; Boyer, C. Polym. Chem. 2015, 6, 5615. 

Xuan, J.; Xiao, W.-J. Angew. Chem., Int. Ed. 2012, 51, 6828. 

Yagci, Y.; Jockusch, S.; Turro, N. J. Macromolecules 2010, 43, 6245. 

Yagci, Y.; Reetz, I. Prog. Polym. Sci. 1998, 23, 1485. 

Yagci, Y.; Tasdelen, M. A. Prog. Polym. Sci. 2006, 31, 1133. 

Yam, V. W.-W.; Lee, J. K.; Ko, C.-C.; Zhu, N. J. Am. Chem. Soc. 2009, 131, 912. 

Yamago, S.; Nakamura, Y. Polymer 2013, 54, 981. 

Yoon, H. J.; Kuwabara, J.; Kim, J.-H.; Mirkin, C. A. Science 2010, 330, 66. 

Yoon, T. P.; Ischay, M. A.; Du, J. Nature Chem. 2010, 2, 527. 

Zall, A.; Bensinger, D.; Schmidt, B. Eur. J. Org. Chem. 2012, 1439. 

Zhang, G.; Song, I. Y.; Ahn, K. H.; Park, T.; Choi, W. Macromolecules 2011, 44, 7594. 

Zhang, T.; Chen, T.; Amin, I.; Jordan, R. Polym. Chem. 2014, 5, 4790. 



 169

Vita 

 

Aaron J. Teator received a B.S. degree in chemistry in 2012 from the University 

of Nevada, Reno. While at UNR, he conducted research in rationally-designed 2D 

materials under the mentorship of Prof. Benjamin King. After his undergraduate studies, 

he matriculated into the Chemistry Ph.D. program at the University of Texas at Austin, 

where he subsequently joined the research group of Prof. Christopher Bielawski. His 

graduate research focused on the development of externally switchable chemical 

reactivity, particularly through the synthesis and utilization of photochromic N-

heterocyclic carbenes. 

 

 

 

Permanent email: aaronteator@utexas.edu 

This dissertation was typed by Aaron J. Teator. 

 

 

 


