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ABSTRACT 

The construction of new C–C bonds remains a central facet of organic chemistry due to its 

critical role in the synthesis of pharmaceutical compounds and organic materials. Mild and 

selective methodologies are often required for efficient formation of these bonds in natural product 

total synthesis, medicinal chemistry campaigns, and more. N-heterocyclic carbenes (NHCs) have 

emerged as unique Lewis basic catalysts that mediate a range of transformations through umpolung 

(polarity reversal) reactivity. While the utility of two-electron NHC reactivity has continued to 

expand, the inability of NHC-derived operators to engage sp3 electrophiles limits their scope, thus 

highlighting the opportunity for single-electron NHC reactivity. The research described herein 

focuses on the development of methods at the interface of NHC catalysis and photocatalysis, 

leveraging the redox properties of each to construct key C–C bonds. Photoredox-catalyzed 

expansions on these processes are also described. 
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CHAPTER 1: SINGLE-ELECTRON CARBENE CATALYSIS 
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1.1 An Overview of Catalysis 

 At a simple level, a chemical reaction is the combination of two or more elements or 

compounds to make a chemically distinct product. The Arrhenius equation states that a reaction 

proceeds when reactants, A and B, collide in an appropriate orientation and with sufficient energy 

to overcome the energy barrier that exists between the reactants and the product (Figure 1-1).1 

Among other factors, this activation energy barrier (ΔG‡) dictates the outcome of a chemical 

reaction; if it is overcome, the reaction proceeds to form product. However, there is not sufficient 

energy to overcome the activation energy barrier, then the product will not be formed.2-3 

 Catalysts are chemical species that accelerate reactions by mediating an alternative, 

energetically favorable pathway from reactants to products.4 A catalytic cycle is often initiated by 

interaction of the catalyst with one or both reactants. This interaction lowers the overall energy of 

the system, and the subsequent reaction step between the starting materials, A and B, can proceed  

 

Figure 1-1. Reaction coordinate diagram of an uncatalyzed reaction (blue) and a catalyzed reaction 
(red), and a general catalytic cycle. 
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while bound to the catalyst. The activation energy associated with this rate-limiting bond formation 

step (ΔG‡CATALYZED) is significantly smaller compared to that of the corresponding uncatalyzed 

reaction (ΔG‡UNCATALYZED, Figure 1-1).5 Once the activation energy barrier is overcome, the 

product and the catalyst dissociate to afford the desired product and regenerate the catalyst, which 

is free to interact with additional molecules of A and B.  

Catalysts have become an integral component of synthetic chemistry due to their ability to 

enable chemical reactions that otherwise may not be possible. First termed “catalytic power” by 

Jöns Jakob Berzelius in 1835, the field of catalysis dates back to 1552 when Valerius Cordus 

employed sulfuric acid to catalyze the conversion of ethanol into diethyl ether for treatment of 

bacterial and viral infections.6-7 Since its initial discovery, the field of catalysis has grown rapidly 

and has branched into three primary subdisciplines: heterogeneous, homogeneous, and biological 

catalysis (Figure 1-2). Heterogeneous catalysis refers to methods in which the catalyst and the 

reactants and products are in different phases (e.g., a solid catalyzes a reaction between reagents 

in solution or in the gaseous phase). In homogeneous catalysis, the catalyst and reactants are in the 

same phase (e.g., in solution).8-9 Often considered its own class, biological catalysis refers to 

methods that employ biological sources, such as enzymes, to enhance the rate of reactions.10 

 

Figure 1-2. The three primary subdisciplines of catalysis. 
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Today, each subdiscipline has been studied extensively and has been applied to enable a broad 

spectrum of chemical transformations. 

1.2 Introduction to N-Heterocyclic Carbenes  

N-Heterocyclic carbenes (NHCs) are unique, highly reactive chemical species that are 

represented in all three subdisciplines of catalysis (vide supra). Due to their distinct steric and 

electronic properties, NHCs are commonly employed as ligands in transition metal catalysis, an 

important facet of heterogeneous and homogeneous catalysis (see section 1.3).11 While less 

common, solid-supported NHC-metal complexes (e.g., on polymers, silica, nanoparticles, etc.) 

have been developed for use in various cross coupling reactions, hydrogenations, and more.12-13 

NHCs frequently function as organocatalysts as well, spurring the evolution of umpolung (polarity 

reversal) reactivity in recent decades (see section 1.4).14 These reactive species also play an integral 

role in sustaining life in many organisms, as the heterocyclic motifs serve as cofactors in numerous 

biocatalytic processes and can thus be found in the active site of various proteins.15  

1.2.1 Properties 

The ability of NHCs to serve as versatile ligands and powerful catalysts stems from their 

exceptional tunability and unique properties. The term “NHC” broadly refers to heterocyclic 

species that feature a carbene carbon (C2) and at least one nitrogen atom within a ring system.16 

These cyclic species have a singlet ground state electronic configuration with an unoccupied p-

orbital contributing to the lowest unoccupied molecular orbital (LUMO) and a formally sp2-

hybridized lone pair at the C2 carbon contributing to the highest occupied molecular orbital 

(HOMO). The adjacent nitrogen and heteroatom (i.e., N, S, or O) are σ-electron-withdrawing and 



 
 48 
π-electron-donating, thus providing inductive stabilization by decreasing the energy of the 

occupied σ-orbital while offering mesomeric stabilization through donation of electron density 

into the unoccupied p-orbital (Figure 1-3). The cyclic configuration of NHCs further contributes 

towards stabilization of the singlet state by enforcing a bent conformation, thus providing the 

carbene carbon with more sp2-like character. 

 

Figure 1-3. Structural features and properties of NHCs. 
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NHCs can be further classified by their backbone and N-substitution, which significantly 

affect the properties of the free carbene (Figure 1-4).20 Impacting the electronics of the system, 

the backbone of an NHC can contain saturation or unsaturation, ring fusion, or substitution.21 For 

example, an aromatic backbone provides an increased degree of electronic stabilization due to 

increased delocalization.22 Similarly, the N-substituent(s) offer kinetic stabilization from steric 

bulk as well as an electronic influence.23 The ability to dynamically alter the N-substitution has 

also allowed for the development of chiral NHCs that have the potential for asymmetric 

induction.24-25  

 

Figure 1-4. Common NHC classes. 

Due to the relative ease of preparation, libraries of structurally diverse analogues have been 

developed to date.14 The free NHC is most commonly afforded by deprotonation of the 

corresponding cationic heterocyclic azolium salt for which synthetic routes have been established 

for centuries.26 The modular synthetic sequences employed to access these NHC precursors have 

enabled the ability to precisely tune the steric and electronic parameters (as measured by the buried 

volume and Tolman electronic parameter, respectively) through alteration of the backbone, N-

substitution, ring size, and more.27-30  

heteroatoms

Y

ZNR R

NNR R

NNR R

imidazolinylidene

imidazolylidene

SNR

thiazolylidene

ONR

oxazolylidene

NR

pyrrolidinylidene

R

R

NHC classification

backbone

substitution

NNR R

benzimidazolylidene

N
NNR R

N
NR R

mesoionic 
imidazolylidene

RR

N,N-diamidocarbene

N N

OO
R R

R R

triazolylidene



 
 50 
1.2.2 The Origins of N-Heterocyclic Carbenes in Synthesis 

These reactive species have their origins in an essential catalytic cycle in many living 

organisms: the synthesis of acetyl coenzyme A (acetyl-CoA). In this vital process, thiamine 

pyrophosphate acts as a coenzyme for the oxidative decarboxylation of pyruvic acid. The 

formation of a redox-active enamine enables single-electron transfers (SET) to various acceptors, 

including lipoamides, flavin adenine dinucleotide, and ferredoxin.31-32 Acylation of coenzyme-A 

occurs following two consecutive single-electron oxidations of this enamine intermediate by the 

acceptor (e.g., ferredoxin), synthesizing acetyl-coenzyme A (acetyl-CoA) and regenerating 

thiamine pyrophosphate (Scheme 1-1).  

 

Scheme 1-1. Oxidative decarboxylation of pyruvate via thiamine pyrophosphate catalysis. 

Motivated by these natural processes, chemists have developed NHCs as versatile ligands 
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Figure 1-5. Overview of NHC catalysis in synthesis. 
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Figure 1-6. Electronic properties of NHCs as ligands in transition metal catalysis. 
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cross-coupling reactions and ruthenium-catalyzed olefin metathesis.48 Grubbs’ second-generation 

olefin metathesis catalyst (SIMes-Ru(II)) is commonly employed for its low catalyst loading, high 

reactivity, and broad range of suitable substrates (Scheme 1-2). The success of this catalyst and 

similar scaffolds in metathesis reactions was acknowledged in 2005 when Professors Robert 

Grubbs, Yves Chauvin, and Richard Schrock were awarded the Nobel Prize for chemistry.49  

 

Scheme 1-2. Grubbs’ second-generation olefin metathesis catalyst. 
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1.4.1 Early Work 

 Significant efforts were made by numerous groups to understand the mechanism involved 

in NHC catalyzed umpolung reactivity. In 1958, Breslow proposed that in situ deprotonation of a 

thiazolium salt afforded the free carbene active catalyst species.33 Nucleophilic attack of the 

amphiphilic NHC on the electrophilic aldehyde occurs, and a subsequent proton transfer yields a 

species known today as the Breslow intermediate. This enamine-like Breslow intermediate is 

nucleophilic at C1, the formerly electrophilic carbonyl carbon, due to π-donation from the carbene 

heteroatoms. The acyl anion equivalent then reacts with an electrophile, and a final proton transfer 

yields a tetrahedral intermediate that can collapse to afford the desired product and regenerate the 

NHC catalyst (Scheme 1-3). This proposed mechanism explains the reversal in polarity that was 

previously observed in thiazolium-catalyzed reactions and has been adopted as the dominant 

mechanism for a large portion of NHC reactivity. Nearly four decades after Ukai disclosed the 

first NHC-catalyzed benzoin reaction, Bertrand and coworkers disclosed evidence that carbenes 

are the catalytically active species in these reactions through their synthesis of a stable 

phosphinocarbene.55 In addition to the isolation and characterization of a free carbene in 1991 by 

Arduengo, the mechanistic studies by Bertrand revealed that free carbenes are stable and robust.56 

These unique species have since been employed as organocatalysts to accomplish a plethora of 

transformations.16,57  

The benzoin condensation is one of the most well-studied NHC-catalyzed reaction to date. 

This staple reaction yields α-hydroxy ketones via condensation between two molecules of 

aldehyde, where one functions as an acyl anion equivalent and the other acts as a carbonyl 

electrophile. The benzoin reaction was first accomplished on a synthetically useful scale in 1976  
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Scheme 1-3. Breslow's proposed mechanism for the NHC-catalyzed benzoin condensation. 

by Stetter and was subsequently studied by many in the decades that followed.58 Nonetheless, 

conditions to afford product in high yield and with high selectivity were not disclosed until 2002 

by Enders and coworkers.59 Since these initial reports, homo-benzoin (i.e., the coupling of two 

identical aldehydes), cross-benzoin (i.e., the reaction of two different aldehydes), aza-benzoin (i.e., 

the condensation between an imine and an aldehyde), and intramolecular benzoin condensations 

have been developed and further studied at length, making the benzoin reaction a pillar of NHC 

organocatalysis (Scheme 1-4).60-61   

 

Scheme 1-4. General schemes for the A) homo-benzoin reaction, B) cross-benzoin reaction, C) 
aza-benzoin reaction, and D) intramolecular benzoin reaction. 
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 Another key class of NHC-catalyzed reactions was established in 1976 when Stetter 

revealed that the Breslow intermediate can undergo 1,4-additions to α,β-unsaturated compounds 

(Scheme 1-5).62 The same transformation was achieved by Stetter and Schreckenberg three years 

prior when they disclosed cyanide-catalyzed conjugate additions of aldehydes to α,β-unsaturated 

carbonylic esters, ketones, and nitriles.63 Now termed the Stetter reaction, this umpolung reactivity 

allows access to 1,4-dicarbonyl compounds, the synthesis of which is non-trivial using traditional 

approaches.64 This reaction features irreversible addition of the nucleophilic Breslow intermediate 

to a Michael acceptor, and a subsequent proton transfer and regeneration of the free carbene yields 

the desired product.  

 Notably, with the Breslow intermediate as the reactive species, the Stetter reaction is 

known to suffer from undesired benzoin reactivity. The efficiency of these reactions is therefore 

dependent on the aldehyde and the catalyst, as the benzoin condensation is a reversible process. 

To circumvent undesired reactivity, intramolecular Stetter reactions can be performed, as first 

demonstrated merely a few years following Stetter’s initial report in 1979 in the total synthesis of 

hirsutic acid C.65 The development of intramolecular Stetter reactions has thus been the focus of 

significant efforts by numerous research groups, including those of Ciganek, Enders, Rovis, and 

Harmada, allowing access to a variety of 5- and 6-membered functionalized heterocycles.66-72 First 

demonstrated by our group, the use of acylsilanes as aldehyde surrogates has also been a successful 

tactic for achieving the desired reactivity.73-75 Since the discovery and development of the Stetter 

reaction and the benzoin condensation, the field of NHC catalysis has continued to expand, 

allowing access to wide range of achiral and chiral products. 
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Scheme 1-5. Proposed mechanism for the Stetter reaction. 

1.4.2 Asymmetric Catalysis 

  The modular synthesis of azolium salts has enabled the development of numerous chiral 

carbene classes, which have been exploited to achieve an array of asymmetric syntheses. A chiral 

thiazolium precatalyst was first employed in 1966 by Sheehan and Hunneman to access the desired 

benzoin product in 22% enantiomeric excess (Scheme 1-6).76 While low, the selectivity achieved 

was one of the first examples of asymmetric organocatalysis and paved the way for the 

development of enantioselective NHC catalysis. Studies suggest that the low selectivity achieved  

 

Scheme 1-6. The first enantioselective NHC-catalyzed reaction.76 
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early on with thiazolium precatalysts can be attributed to the free rotation around the chiral 

center.77-78 

The emergence of bicyclic triazolidene carbenes by Leeper as well as triazolidene carbenes 

by Enders and Teles improved the enantioselectivities for the benzoin reaction.59,79-81 Enders was 

able to access the first Stetter products in high enantiomeric excess (74%) in his chiral triazolidene-

catalyzed synthesis of chromanones (Scheme 1-7).67 Significant development of chiral NHC 

catalysts by the groups of Rovis, Bode, and other groups over the past two decades has led to 

improved enantioselectivities in these reactions and an array of additional NHC-catalyzed 

reactions.25,82-83  

 

Scheme 1-7. A) The first enantioselective Stetter reaction by Enders, and B) a model explaining 
the facial selectivity.67 
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to access substituted cyclopentenes (Scheme 1-8).86 Trans products were primarily observed 

without the Lewis acid cocatalyst, but the addition of catalytic titanium led to a reversal of 

diastereoselectivity, yielding the cis isomer. Computational analysis by Domingo suggested that 

the cocatalysts align the Breslow intermediate and the electrophile for cis-selective C–C bond 

formation.87-88 Cooperative NHC catalysis involving Lewis acids and other catalytic modes has 

continued to grow, resulting in methods to access unique chemical scaffolds in high selectivity and 

with superior efficiency.85   

 

Scheme 1-8. A carbene- and Lewis acid-catalyzed synthesis of trisubstituted cyclopentenes.86 
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enolate to the acceptor molecule,94 and a recent report by Martin and Tomás-Mendivil revealed 

that a wide range of NHCs can generate strong reducing agents (E1/2 > –1.7 V vs. saturated calomel 

electrode (SCE)).95 Alternatively, this radical species can be accessed via single-electron reduction 

of the electron-deficient acyl azolium intermediate, which is generated by a two-electron oxidation 

of the Breslow intermediate or by NHC addition into an activated carbonyl system (e.g., acyl 

imidazole, acyl fluoride, activated esters, etc.). With modest reduction potentials (E1/2 ~ –0.8 V vs. 

SCE),95 acyl azoliums can undergo single-electron reduction from a wide range of photocatalysts 

or other reducing species.  

 

Scheme 1-9. Generation of single-electron NHC species via single-electron oxidation or reduction. 
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species.97-98 As a result, modulation of these parameters has enabled expansion of substrate scopes, 

further showcasing the potential advantages of these radical species in synthesis (Figure 1-7). 

 

Figure 1-7. Common NHC precursors used in single-electron NHC catalysis. 
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Scheme 1-10. Early oxidative esterification strategies 

1.6.2 Indirect Radical Reactivity  

The construction of C–C bonds via a single-electron manifold with NHC catalysis was first 

accomplished by the groups of Chi, Rovis, and Ye, who independently reported the single-electron 

reduction of nitro-compounds by the Breslow intermediate. In 2014, Chi and coworkers disclosed 

a β,β-coupling reaction of nitroalkenes initiated by SET between a nitroalkene and the Breslow 

intermediate (Scheme 1-11).105 The generation of the Breslow intermediate radical cation occurs 

concurrently with reduction of the nitroalkene to the radical anion, which then undergoes a 1,4-

addition to a second equivalent of nitroalkene. Two SET oxidation events of I• generate the 
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turnover by methanol produces the homo-coupled nitroalkane and ester products. Chi’s group has 

since developed various coupling and cascade reactions, including the coupling of nitrobenzyl 
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electron reductants, hydrogen-atom transfer (HAT) reagents, and more,109-113 the majority of recent 

progress in the field of single-electron carbene catalysis features oxidation of the Breslow 

intermediate to persistent I•.  
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Scheme 1-11. Transient oxidative NHC radical processes. 
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In late 2014 and 2015, Rovis and Chi independently developed enantioselective β-

hydroxylation reactions of enals with nitro compounds using chiral I-Az-G or I-Az-I, 

respectively.114-115 These reports revealed that single-electron oxidation of the NHC homoenolate 

intermediate produces a radical intermediate featuring significant radical character at the β-carbon 

(Scheme 1-12). Following in situ formation, the homoenolate was proposed to undergo a single-

electron oxidation derived radical anion yields an NHC-bound alkoxide intermediate, affording 

the enantioenriched β-hydroxylated ester following trapping with methanol. This transformation 

was recently rendered enantioselective via a chiral nitrobenzene with achiral I-Az-E by Chi and 

coworkers.116  

In the development of their β-hydroxylation protocol (vide supra), Rovis and coworkers 

observed cyclopentanone formation when non-nucleophilic solvents were employed. Optimization 

of this process led to an enantioselective homocoupling to yield 3,4-disubstituted cyclopentanones 

(Scheme 1-12).117 Following addition of the homoenolate radical cation into a second equivalent 

of homoenolate, single-electron oxidation by the nitrobenzene radical anion affords a dimer 

R2
NO2

MeOH
+

R1 H

O

Chi, 2016: reductive coupling

O2N

OH

R6
R5

Chi, 2017: 1,4-addition

O2N

R4R3

R2

O2N

NO2

Chi, 2014: β,β-coupling

NO2

NO2
R2

R2

NHC

oxidant
productsubstrate

R1

O

N N

N

R
R1 OMe

O
R2

NO2

R5 R6

O

X

R3

R4

substrateoxidant

INDIRECT OXIDATIVE RADICAL REACTIVITY



 
 64 
intermediate. A cyclopentanone acyl azolium species is then accessed via intramolecular 

cyclization, and subsequent hydrolysis and decarboxylation affords the desired product. 

Cross-coupling of the homoenolate and an enolate is also possible and was first realized by 

Ye in 2017 and was later extended to the construction of contiguous tetrasubstituted 

stereocenters.118-119 In their [3+2] annulation of dioxindole and enals, spirocyclic oxindole-γ-

lactones were isolated with high-to-excellent diastereo- and enantioselectivities (Scheme 1-12). 

While various plausible two-electron pathways can lead to the products, TEMPO-trapping and 

EPR experiments suggested a radical-based mechanism. Nitrobenzene was used as an oxidant to 

afford the homoenolate radical, and HAT to the resulting nitrobenzene radical anion provides the 

dioxindole enolate radical. Based on their mechanistic studies, the key bond-forming step is the 

cross-coupling of the homoenolate radical and enolate radical. Protonation gives the acyl azolium 

and lactonization yields the spirocyclic oxindole-γ-lactone and turns over the NHC. 

 

Scheme 1-12. β-functionalization strategies via radical homoenolate reactivity. 
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an NHC-catalyzed γ-dihalomethylenation process using carbon tetrabromide and 

bromotrichloromethane as SET oxidants to access radicals derived from dienolates (Scheme 1-

13).120 Although the mechanism is unclear, it is proposed to feature elimination of a pre-placed 

leaving group to convert the Breslow intermediate into its dienolate form. Following SET, radical-

radical coupling between a trihalomethyl radical and the extended γ-radical dienolate or radical 

addition to the γ-position of the dienolate yields a γ-substituted α,β-unsaturated acyl azolium. NHC 

turnover by an alcohol and elimination of HBr yields the desired product. This work also included 

one of the first examples of combined NHC and photoredox catalysis121,122 wherein γ-

dichloromethylenation using carbon tetrachloride as the terminal oxidant afforded the desired 

product in moderate yield.  

 

Scheme 1-13. γ-Functionalization and ε-functionalization approaches. 
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reduces an alkyl halide, and the resulting alkyl radical undergoes γ-addition to the Breslow 

dienolate or ε-addition to the Breslow trienolate. Single-electron oxidation of the resulting radical 

followed by displacement of the NHC by methanol yields the γ- or ε-alkylated product, 

respectively. The same group disclosed protocols for the photoredox and NHC-catalyzed synthesis 

of γ-difluoroalkyl-α,β-unsaturated esters from bromodifluoroacetates or iodoperfluoroalkanes as 

well as the ring-opening of cyclopropane enals to give similar γ-substituted ester products (Scheme 

1-13).124-125  

1.6.2.3 Radical Relay Processes 

 A four-component reaction was recently developed by Chen and Huang to provide β-

tertiary-γ-quaternary esters and amides (Scheme 1-14).126 Using Togni I as a trifluoromethyl 

radical source, an olefin was employed to convert the electrophilic trifluoromethyl radical into a 

nucleophilic alkyl radical, thus increasing the rate of radical-radical coupling with the homoenolate 

β-radical. Final displacement of the NHC by an alcohol or amine affords the desired ester or amide 

product, respectively.  

 

Scheme 1-14. Indirect radical relay reactivity. 
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radicals derived from redox-active esters (Scheme 1-15).127 The authors suggest that the Breslow 

enolate reduces the redox-active ester to afford I• and an alkyl radical. Direct radical-radical 

coupling afforded a range of aryl ketones and functionalized bioactive molecules.  

Since this initial report, a variety of transformations employing direct radical carbene 

operator reactivity have been developed. A similar protocol using Katritzky pyridinium salts in 

place of redox-active esters was disclosed by the Hong group in 2020 (Scheme 1-15).128 Both of 

these reactions were initially limited to the use of aryl aldehydes. In 2020, however, Ohmiya and 

Nagao redesigned the thiazolium NHC, changing the N-aryl substitution (I-Az-P) to N-neopentyl 

(I-Az-Q).98 This difference in N-substitution enabled aliphatic aldehydes to be used in oxidative 

Breslow intermediate-derived radical processes.98 Based on the substrate, both NHCs have since 

been used to effect new transformations via similar mechanisms. Ohmiya and coworkers later 

employed both NHCs in the synthesis of β-ketocarbonyl compounds from aldehydes and α-

bromoesters or α-bromoamides.129 Similarly, Liu and Shu reported a photocatalyzed amide 

synthesis featuring a reductive quenching cycle wherein the excited organophotocatalyst performs 

a single-electron oxidation of the Breslow intermediate followed by single-electron reduction of 

an imine (Scheme 1-15).130  

 

Scheme 1-15. Radical–radical coupling reactions featuring direct oxidative radical reactivity. 
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1.6.3.1 Radical Relay Processes 

Building on this reactivity, the groups of Ohmiya and Hong independently reported alkyl 

radical cascade reactions that require reaction rates of various competing reactions to be properly 

matched to achieve the desired reactivity (Scheme 1-16). In an elegant report, Ohmiya and 

coworkers added a conjugate acceptor to their standard reaction conditions to generate a more 

stabilized radical via initial alkyl radical addition into the alkene.131 Coupling with I• afforded the 

functionalized ketone. Ohmiya followed up with a similar protocol using tertiary α-bromo esters 

instead of redox-active esters to yield δ-keto esters.132 In the same report as their direct Katritzky 

salt coupling, Hong and coworkers modified their reaction conditions to achieve a three-

component radical cascade reaction.128  

Using simple aryl iodides as aryl radical precursors, Ohmiya and coworkers recently and 

disclosed a protocol for the arylacylation of styrenes as well as the C(sp3)–H acylation of secondary 

amides (Scheme 1-16).133 They suggest that aryl radical generation occurs catalytically through a 

thermodynamically unfavorable SET event with the Breslow enolate (Eox = –0.97 V vs. SCE; aryl 

iodide, Ered = –2.24 V vs. SCE). Backed by baseline DFT calculations, this pathway is 

hypothesized to be kinetically feasible due to the small reorganization energy of the Breslow 

intermediate coupled with the fast mesolytic cleavage of the C(sp2)–I bond. Unlike the 

arylacylation radical relay strategy that features the same mechanism as previous reports, their 

strategy for the α-amino C(sp3)–H acylation of secondary aryl amides employs the generated aryl 

radical as an intramolecular HAT reagent. Intramolecular 1,5-HAT likely affords an α-amino 

C(sp3)-centered radical that directly couples with I• to give a range of acylated secondary amides. 
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Scheme 1-16. Direct oxidative radical relay reactivity with alkyl radicals. 

A variety of transformations involving the ring-opening of cyclic oximes and eventual 

coupling to I• were recently reported (Scheme 1-17). In early 2021, an NHC and magnesium co-

catalyzed acylcyanoalkylation of alkenes using cycloalkanone oxime esters was reported by Du 

and coworkers.134,135 In this process, thermally controlled SET from the Breslow enolate generates 

an open-shell N-centered radical and β-scission provides the corresponding translocated transient 

cyanoalkyl radical, which is captured by an olefin. The resultant radical couples with I• to yield 

multifunctionalized nitrile-containing ketones, including motifs important in the development of  

 

Scheme 1-17. Radical relay reactions with oxime-derived radicals. 
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proteolysis targeting chimeras (PROTACs). At the same time, Guo described a 1,2-

cyanoalkylacylation of alkenes using readily available cyclobutanone oxime ethers as the source 

of cyanoalkyl radicals.136 Shortly thereafter, a ring-opening coupling between cyclopentanone 

oxime ethers or esters and I• was independently disclosed by the groups of Wan and Guo, 

respectively.137-138 

This three-component radical relay paradigm has also been extended to the 

acylhalogenation of alkenes by the groups of Li, Wang, Wu, and Ohmiya (Scheme 1-18).139-142 

Various three-component trifluoromethylation reactions employed either Togni I or 

perfluoroalkylbromides as the fluoroalkyl radical source. Ohmiya and coworkers recently 

disclosed a trichloromethylation acylation of alkenes using carbon tetrachloride as a transient 

trichloromethyl radical source.142 Featuring mechanisms similar to the original work by Ohmiya 

and Hong, these reactions afforded a variety of β-functionalized aryl ketones.  

 

Scheme 1-18. Haloalkyl radicals in radical relay processes. 
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reaction is initiated by interaction of an excited photocatalyst with phenylsulfinate to generate a 

phenylsulfonyl radical, which promptly adds into an alkene to yield a carbon-centered radical. 

Regeneration of the ground state photocatalyst occurs by single-electron oxidation of a quinone-

derived oxidant to the corresponding radical anion. Coupling of these two radical species yields a 

substituted quinone-derived intermediate, which is reduced in a second photoredox cycle 

following generation of I• by single-electron oxidation of the Breslow intermediate. Coupling of 

the resulting radical with I• yields a β-phenylsulfonyl-substituted ketone, and consecutive 

elimination of phenylsulfonate provides the vinyl ketone product.  

The majority of oxidative NHC-catalyzed three-component radical relay processes 

developed to date feature a radical NHC operator derived from an aryl aldehyde and a thiazolium-

based NHC. Recently, however, Yan and coworkers developed mesoinic I-Az-R for the 

arylacylation of alkenes (Scheme 1-19B).144 While the mechanism for initial radical generation is 

unclear,145 the authors suggest that addition of a transient aryl radical into an alkene followed by 

radical-radical coupling with I• affords a variety of β-arylated aryl ketones. This reactivity was 

extended to intramolecular annulation and cascade acylations for the construction of more complex 

motifs.  

 

Scheme 1-19. A) Radical relay via photoredox catalysis, and B) radical relay using a mesoionic 
carbene. 
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1.7 Reductive Generation of Radical Carbene Species 

While oxidatively generated radical carbene processes have seen significant recent 

development, accessing I• via single-electron reduction is less explored. In contrast to the oxidative 

pathway, the majority of reductive processes begin with displacement of a leaving group by an 

NHC to form an acyl azolium species. Subsequent excitation or single-electron reduction of this 

electron-deficient intermediate affords a diradical or I•, respectively, thus enabling a variety of 

transformations in recent years.  

1.7.1 Indirect Reactivity 

To date, limited remote or indirect functionalization strategies using reductively generated 

I• have been developed. In 2020, Hopkinson reported an NHC-catalyzed photoenolization/Diels-

Alder reaction wherein ultraviolet A (UVA) irradiation of an acyl azolium generates substituted 

chromanones (Scheme 1-20).146 In a mechanism supported by time-dependent DFT calculations 

and mechanistic studies, an acyl azolium undergoes direct excitation and intersystem crossing to 

generate a triplet diradical species. 1,5-HAT from the o-benzylic position to the carbonyl oxygen 

radical is suggested to afford the triplet dienol biradical. Subsequent rotation of the aryl group and 

relaxation gives rise to a ground state hydroxy-o-quinodimethane species. A final cycloaddition 

 

Scheme 1-20.  Indirect reductive radical carbene reactivity. 
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reaction with a trifluoromethyl aryl ketone followed by NHC ejection provides the chromanone 

product. Recent work by Hopkinson described Norrish type II reactions of acyl azoliums via a 

similar mechanism.147 

1.7.2 Direct Reactivity 

Our group reported the first examples of radical-radical coupling for C–C bond formation 

via single-electron reduction of an acyl azolium.148-149 In collaboration with the Mrksich 

laboratory, we employed a high-throughput photocapture method for the discovery of a single-

electron reductive coupling process involving an isolated acyl azolium and a Hantzsch ester as 

precursors to the radical coupling partners (Scheme 1-21).148 This reaction discovery platform 

enabled the efficient evaluation of nearly 2,000 reactions and revealed that the acyl 

benzimidazolium salt outperformed other isolated acyl azoliums screened. The desired ketone 

product was isolated in 70% yield, thus highlighting the potential utility of reductively generated 

I•. Our group later extended the synthetic utility of preformed acyl azolium species in radical 

carbene processes to the construction of C–C bonds for the synthesis of esters (Scheme 1-21).150 

Reduction by a photocatalyst enabled preformed azolium esters to be employed as stabilized 

alkoxycarbonyl radical surrogates. Radical-radical coupling with an array of potassium 

trifluoroborate-derived alkyl and benzyl radicals afforded substituted ester products. 

 

Scheme 1-21. Direct cross-coupling of reductively generated preformed acyl azolium-derived 
radicals. 
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As the first report of reductive radical carbene catalysis, we disclosed a combined 

NHC/photoredox-catalyzed process for the formation of ketones from activated carboxylic acids 

and Hantzsch esters (Scheme 1-22; see Chapter 2).149 Activation of carboxylic acids with 

carbonyldiimidazole enabled facile generation of a variety of acyl imidazoles, and catalytic NHC 

allowed for the in situ construction of the corresponding acyl azolium. Mechanistic studies 

suggested that the photocatalyst undergoes a reductive quenching cycle wherein single-electron 

oxidation of the Hantzsch ester affords the respective benzyl or alkyl radical partner. Reduction of 

the acyl azolium by the reduced photocatalyst furnishes I•, and subsequent radical-radical coupling 

followed by ejection of the NHC catalyst yields the desired ketone products. Notably, this work 

disclosed the first examples of reductively generated aliphatic radical carbene operators, albeit in 

diminished yields. The utility of this reaction was highlighted in the direct late-stage 

functionalization of pharmaceutically relevant compounds, and moderate enantioselectivity at the 

α-carbon was achieved using chiral I-Az-K.  

Subsequent reports by our group and others have demonstrated the crucial role that NHC 

structure plays on reactivity. Computational and experimental data detailed in our recent work 

suggests that reactivity is governed by radical stability, distribution (I•C1 vs. I•C2), and accessibility; 

as such, we found that employing sterically encumbering I-Az-D in place of I-Az-B as the NHC 

precursor increased the efficacy of this protocol in the construction of aliphatic and α-amino 

ketones (Scheme 1-22; see Chapter 3).97 Utilizing I-Az-O, Chi’s group disclosed a photocatalyst-

free coupling of an acyl azolium with Hantzsch ester-derived radicals (Scheme 1-22).151 

Mechanistic studies suggest that the excited state of the acyl azolium intermediate, accessed via 

direct photoexcitation with visible light, acts as a single-electron oxidant (E1/2 estimated to be +1.9 
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V vs SCE).151 Moreover, Ohmiya and coworkers recently developed an alkylation strategy using 

I-Az-D to catalyze a light-driven alkylation of acyl imidazoles with alkylborates.152 

 

Scheme 1-22. Direct reductive radical–radical coupling processes using catalytic NHC. 
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fragmentation yields the fluoroaroylated benzofuran product. Wang and coworkers then employed 

N-alkyl anilines as radical precursors to synthesize α-amino ketones.155 In a mechanistically 

similar process, single-electron oxidation of the aniline affords a radical cation that is deprotonated 

to give the radical coupling partner.  

Recently, our lab reported a tandem photocatalyzed annulation for the synthesis of 

substituted cycloalkanones (Scheme 1-22; see Chapter 4).156 Using Hantzsch esters as the 

oxidatively generated radical precursor, δ,ε-unsaturated ketones are formed in situ from the 

corresponding acyl imidazole via radical-radical coupling between a Hantzsch ester-derived 

benzylic radical and I•. Unlike other single-electron carbene processes, the formed ketone is merely 

an intermediate in this reaction. Base and photocatalyst are used in a second and distinct 

photoredox cycle to generate an α-radical, and an intramolecular 6-exo-trig cyclization yields the 

desired cyclohexanone product.  

1.7.2.1 Radical Relay Processes 

Reductively generated radical carbene species have also been employed in radical relay 

processes, further diversifying the scope of possible transformations. Studer reported an 

NHC/photoredox catalyzed three-component reaction to construct trifluoromethylated ketones, 

complementing the oxidative pathway disclosed by Li and others.139,157 In this process, Langlois 

reagent was used as the oxidatively generated radical precursor, and aroyl fluorides were employed 

as the acyl azolium precursor (Scheme 1-23). Similarly, Ohmiya and coworkers expanded the 

scope of their alkylborate coupling process (vide supra) to the alkylacylation of activated alkenes 

through a radical-relay process.152 Our group later reported the synthesis of γ-aryloxyketones using 

aryloxymethyl potassium trifluoroborate salts as the alkyl radical precursor.158  
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Scheme 1-23. Radical relay processes featuring reductively generated radical carbene species. 
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by the nucleophilic benzoate, and the resulting benzylic radical couples with reductively generated 

I• to yield the desired product (Scheme 1-23).  

Inspired by these reports, Zhang and coworkers developed an NHC/photoredox-catalyzed 

1,4-sulfonylacylation of 1,3-enynes for the synthesis of tetrasubstituted allenyl ketones (Scheme 

1-23).161 They propose an oxidative quenching cycle wherein generation of I• is followed by 

single-electron oxidation of the aryl sulfinate. Using 1,3-enynes in place of an activated alkene, 

the resulting aryl sulfonyl radical adds to the olefin to deliver a propargyl radical that is in 

resonance with a trisubstituted allenyl radical. It is suggested that the latter species undergoes 

radical-radical coupling with I• to yield the final allenyl ketone product.  

1.8 Outlook 

While NHCs have a broad spectrum of uses, their application in single-electron processes 

has significantly expanded their utility in synthesis in recent years. Their redox properties enable 

generation of I• via single-electron oxidation of the Breslow intermediate or single-electron 

reduction of the acyl azolium. The ability to access these radical species catalytically from easily 

accessible starting materials (e.g., aldehydes, acyl imidazoles, acyl fluorides, etc.) and couple them 

with reductively or oxidatively generated radical partners further highlights the advantages of this 

growing field.  

Despite the advances that have been made, significant challenges remain for the field of 

radical carbene catalysis. For example, enhanced stereocontrol has yet to be achieved in radical 

processes using chiral NHCs. Similarly, radical relay processes employing trifluoromethyl radicals 

and aryl radicals have been developed, yet methods that enable the direct coupling of these radicals 

with I• have not been accomplished. While numerous radical precursors have been successful in 
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these radical coupling processes, the field would greatly benefit from the development of new 

approaches that employ feedstock chemicals that do not require prefunctionalization as radical 

precursors. The expansion of this work into new chemical space and application of these protocols 

in the construction of complex molecules is eagerly anticipated in years to come. Future 

contributions might seek to address these challenges and ultimately realize the full potential of 

single-electron NHC species in synthesis. 
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CHAPTER 2: LIGHT-DRIVEN CARBENE CATALYSIS FOR THE SYNTHESIS OF 

ARYL KETONES 
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2.1 Open-Shell Radical Reactivity 

 The concept of a radical was first described in 1789 by Antoine-Laurent Lavoisier in his 

Traité élémentaire de chimie, a piece of writing proclaimed to be the first chemistry textbook 

written.162 As described by Lavoisier, a radical was a single element or combination of elements 

in oxygen-containing acids that cannot be broken down further.163 Over the decades and centuries 

that followed, the meaning of the term has evolved. In 1900, Moses Gomberg reported the first 

isolated free radical species in his synthesis of a stable triphenylmethyl radical by mixing 

chlorotriphenylmethane with silver, mercury, or zinc in benzene.164 After significant investigation, 

he stated: 

“The experimental evidence… forces me to the conclusion that we have to deal here with a free 
radical, tri-phenylmethyl, (C6H5)3C•. On this assumption alone do the results… become intelligible 
and receive an adequate explanation. The action of zinc results, as it seems to me, in the mere 
abstraction of the halogen, leaving the free radical, 
 

(C6H5)3CCl + Zn(0) = (C6H5)3C• + ZnCl 
 

The radical so formed is apparently stable, for it can be kept both in solution and in the dry 
crystalline state for weeks. The radical refuses to unite with another one of its kind, and thus forms 
a distinct exception to all similar reactions… This work will be continued and I wish to reserve 
the field for myself.”164 
 
 Open-shell species are molecular structures with one or more unpaired electrons. As a 

result of their incomplete valency, the majority of radicals are thermodynamically and kinetically 

unstable.165 Once produced, these species will often react quickly with surrounding molecules or 

solvent. Radicals participate in many covalent bonding processes, the most common of which 

includes coupling to form dimers, hydrogen abstraction, recombination, or disproportionation.166  

2.1.1 Stability vs. Reactivity: Persistent, Transient, and Unstable Radicals 

 In 1976, Griller and Ingold sought to classify radical species by their reactivity.167 Prior to 
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their report, carbon-centered radicals were deemed stable if they were derived from a compound 

wherein the C–H bond strength was less than that of the C–H bond strength in an alkane (~105 

kcal/mol).168 This lack of precision allowed the term “stable” to fluctuate in meaning between 

different groups and throughout many decades, introducing unnecessary ambiguity. Therefore, it 

was proposed that radical species be classified by their relative reactivity: a radical can be 

persistent or transient in nature and can be stable, stabilized, or destabilized. A transient radical, 

such as a methyl radical, decays rapidly by reaction with another equivalent of itself (i.e., H3C• + 

•CH3 → C2H6) or by reaction with the surrounding solvent. A radical is persistent if its lifetime is 

significantly greater than that of methyl under the same conditions (Figure 2-1).167 The persistence 

of a radical is influenced by its environment and can be represented quantitatively by the rate of 

radical decay under certain experimental conditions; radical persistency thus refers to kinetic 

stability. Describing the thermodynamic stability of a radical, however, a stable radical species 

refers only to that which is so unreactive under ambient conditions that it can be handled and stored 

in a similar manner to standard organic reagents. Therefore, it can be stated that all stable radicals 

are persistent, but not all persistent radicals are stable. These classifications, as defined by Griller 

and Ingold, were adopted by the rest of the chemical community and are still in use today.169-170 

 

Figure 2-1. Examples of radical species as classified by relative persistence and stability. 
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 While few truly stable radicals exist, radical species can be described by their relative 

stability, which is often dependent on the species’ substituents. The stability of radicals can be 

modulated by tuning the steric environment around the electron (Figure 2-2A).171 Kinetic 

stabilization can be afforded to organic radicals through steric protection with bulky substituents, 

which can prevent or slow the interaction of organic radicals with other species in solution. One 

of the most studied radical species to date, 2,2,6,6-tetramethylpiperidinyloxyl (II-1, TEMPO), has 

four methyl groups that generate steric hindrance to shield the radical and prevent self-reaction 

(Figure 2-2B, left structure).172 Similarly, the increased stability of the triphenylmethyl (II-2, 

trityl) radical is in part due to the steric protection afforded by the three phenyl rings (Figure 2-

2B, right structure).164,173  

 

Figure 2-2. A) Approaches for tuning radical stability. B) Examples of steric stabilization in 
radical species, including TEMPO (left) and the trityl radical (right). C) Cyclodextrin-stabilized 
benzyl radical. 
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density can be distributed across multiple atoms in conjugated systems, often decreasing the 

overall reactivity of the radical species. For example, the spin density is delocalized in the α-

positions of the phenalenyl radical (II-4), thus improving the stability of the radical species 

(Figure 2-3).174 The charge distribution can also be tuned through inductive effects afforded by 

the inclusion of electron-withdrawing and electron-donating groups. Electron-withdrawing groups 

can limit the electron transfer between radical species, while electron-donating groups can help 

stabilize organic radicals through contribution of electron  density  to the half-filled orbital.175 

Similarly, the inclusion of anionic functional groups stabilizes radical cation species, and addition 

of cationic functional groups helps to stabilize radical anion species (e.g., a positively charged 

imidazolium substituent stabilizes a radical anion).176-178  

 

Figure 2-3. Delocalization of spin density in the phenalenyl radical (II-4). 

 Apart from covalent means of tuning the activity of organic radicals, several non-covalent 

approaches have been established (Figure 2-2A). Although they feature similar strategies, such as 

steric protection and delocalization of spin densities, non-covalent approaches are more dynamic 

in nature. For example, host-guest chemistry, such as the stabilization of benzyl radicals by 

cyclodextrin (II-3), can prevent radical species from undesired self-reactions (Figure 2-2C).179 

Thermodynamic stabilization can also be achieved via π-π interactions, electrostatic interactions, 

hydrogen bonds, and coordination bonds (i.e., dative bonds).180-183 The numerous non-covalent 

strategies that have been developed enable the activity of organic radicals to be tuned dynamically 

and reversibly, offering a distinct advantage compared to more traditional covalent approaches.   

II-4
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 General trends have thus been established for radical stability based on these principles. 

The more electron donation offered by surrounding substituents, the more stable the radical 

species. For example, a methyl radical is extremely unstable, while a tertiary radical is more stable 

in comparison (Figure 2-4). Similarly, spin delocalization through resonance increases radical 

stability significantly. As a result, benzylic radicals and allylic radicals are more stable than a 

standard alkyl radical species. 

 

Figure 2-4. General trends for radical reactivity and stability. Radical reactivity increases from 
left to right. 
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2-5). While thermodynamically downhill, the low concentration of radical species at a given time 

results in a decreased probability of collision and termination.188   

 

Figure 2-5. Elementary steps of a standard radical chain reaction. 
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that exist, there has been a renaissance of radical chemistry in recent decades due in part to a kinetic 

phenomenon referred to as the persistent radical effect.191-193 This guiding principle refers to the 

efficient and selective radical cross-coupling that will dominate if distinct radical species 1) have 

sufficiently different lifetimes and 2) are generated at equal rates (Scheme 2-1).170  

 

Scheme 2-1. Selective cross-coupling between a transient and persistent radical species.  
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radical’s self-reaction is zero, while persistent radicals are merely reluctant to undergo 

homocoupling. As a result, the half-life of a persistent radical can span from seconds to years. On 

the contrary, transient radical species have half-lives of less than a millisecond (10-3 seconds).194 

As persistent and transient radicals feature significantly different half-lives and self-reaction rate 

constants, selective cross-coupling can be achieved (Scheme 2-1).195 The reaction between these 

two classes of species is highly efficient, with rate constants that are diffusion- or near-diffusion-

controlled (approximately 109 M-1 s-1).193 Due to the increased propensity of transient radicals to 

engage in homocoupling, the concentration of a persistent radical increases over time with respect 

to the concentration of a transient radical (Figure 2-6). First alluded to by Bachmann and 

coworkers in 1936, it is the inherent difference in relative stability, and therefore difference in 

relative concentration, between transient and persistent radicals that results in a highly selective 

cross-coupling reaction so long as they are generated at equal rates.195 

 

Figure 2-6. Ratio of transient radicals and persistent radicals over time. 
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access to radical species.196-197 Photochemistry is a subfield within chemistry that studies light as 

a renewable, abundant, non-toxic, and inexpensive reagent to drive chemical reactivity.198 Despite 

the vast benefits of light-driven reactivity, the utility of light as a reagent in synthesis is largely 

hampered by the inability of common organic molecules to absorb the most abundant wavelengths 

of visible light. As such, early attempts to apply photochemistry to organic synthesis often 

employed high intensity ultraviolet (UV) light.199 While use of UV light has enabled the discovery 

of new reactivity, these processes often suffer from chemoselectivity issues.200 Undesired 

reactivity can occur when using UV light because a broad array of organic compounds absorb the 

high intensity photons. Use of a catalyst that absorbs visible light and facilitates redox processes 

with selected substrates thus offers an exciting opportunity in organic synthesis (Figure 2-7).   

  

Figure 2-7. Visible-light photoredox catalysis in organic synthesis.  

2.2.1 Principles of Photoredox Catalysis 

 Photocatalysts are chromophores that can enable chemical reactions that would not 

otherwise be thermodynamically viable by harnessing the powerful redox activity that is accessed 

in their excited state. These species are often highly conjugated, which enables the absorption of 

lower energy light compared to that which can be absorbed by most organic compounds.201 While 

each photocatalytic system has unique properties, the general photophysical concepts are standard 
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across photocatalysts. Generally, a photocatalytic process is initiated by absorption of a photon. 

Absorption of light produces an electronically excited molecule via excitation of an electron from 

the singlet ground state (S0) to a singlet excited state (Sn; Figure 2-8).202 The energy gap that exists 

between the zeroth vibrational states of the electronic ground and excited states is known as the 

excited state energy (E0,0). A range of singlet excited states with different vibrational energies can 

be accessed based on the energy of the electromagnetic radiation (i.e., wavelength). As a result, 

high energy light is often required to excite the most powerful photocatalysts, which tend to have 

larger excited state energies.202 Access to the excited state of photocatalysts with a high E0,0 is thus 

frequently accompanied by loss in chemoselectivity, as a large array of molecules in solution may 

also absorb the high energy light. Choice of photocatalyst and light is thus important and can 

dictate the outcome of photochemical reactions. Within a matter of picoseconds 

 

Figure 2-8. Jablonski diagram showing the processes involved in single-electron excitation (solid 
arrow = radiative process; dashed arrow = non-radiative process). 
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following initial excitation, all higher lying excited states relax to the first singlet excited state (S1) 

via vibrational relaxation and internal conversion.202 

 The fate of the first singlet excited state is dependent on both radiative and nonradiative 

pathways.201 Radiative decay occurs when S1 transitions to lower energy states via emission of 

light in a process known as fluorescence (S1 à S0; Figure 2-8). The transition to lower energy 

states can also occur by internal conversion (IC; S1 à S0), wherein the excited electron decays 

non-radiatively back to the ground state without a change in molecular spin state. Alternatively, 

intersystem crossing (ISC) can occur to give rise to a triplet state (T1) via a spin-forbidden process 

(S1 à T1; Figure 2-8).203 Triplet states often have longer lifetimes (nanoseconds to milliseconds), 

as relaxation of an electron in the triplet state (T1 à S0) is also a spin-forbidden process. The 

ground state can be accessed via numerous pathways from the triplet state, including radiative 

decay, which results in phosphorescence, and nonradiative pathways, which are dominant under 

standard conditions. Alternatively, a photocatalyst in the triplet excited state can engage in energy 

transfer or electron transfer in a bimolecular reaction due to its long lifetime..204 Among other 

factors, the outcome of photoredox catalyzed reaction relies on photoinduced electron transfer 

(PET), which refers to the overall process of excitation and electron transfer between the excited 

state molecule (i.e., the photocatalyst) and a ground state molecule (i.e., the substrate).205 

 

Figure 2-9. Heavy metal photocatalysts commonly employed in photoredox catalysis. 
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 A large portion of photocatalysts in use today are derived from transition metals such as 

ruthenium (Ru), iridium (Ir), and more (Figure 2-9). For example, tris(2,2′-

bipyridyl)ruthenium(II) chloride (II-PC-A, Ru(bpy)3Cl2) is one of the most used photocatalysts to 

date due to its broad redox potentials.206 To engage in PET, this metal-based photocatalyst absorbs 

a photon into a mixed charge transfer band. Upon absorption of light, an electron in one of the 

photocatalyst’s metal-centered t2g orbitals (S0) is excited into a ligand-centered p*bpy orbital (S1) 

in a process known as metal-to-ligand charge transfer (MLCT; Figure 2-10).207 Although the 

resulting species initially exists in the singlet excited state (i.e., [RuIII(bpy)2(bpy•–)]2+*), the 

transition metal in the complex facilitates rapid intersystem crossing (ISC, tens to hundreds of fs) 

to generate the corresponding triplet mixed charge transfer state (T1; Figure 2-10).202 The resulting 

species features two singly occupied molecular orbitals (SOMOs), with one unpaired electron in  

 

Figure 2-10. Excitation of an electron in heavy metal-derived photocatalyst II-PC-A. 
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S0 (t2g) and another in T1 (p*). The lone electron in the excited triplet state can relax radiatively 

back to the ground state in the form of phosphorescence or can interact with a substrate.202 

2.2.2 Generation of Open-Shell Intermediates 

 Chemists have harnessed the unique redox properties of photocatalysts to access an array 

of products via single-electron oxidations or reductions (Figure 2-11). From either the excited 

singlet state (S1) or, more commonly, the longer-lived triplet excited state (T1), photocatalysts 

 

Figure 2-11. Oxidative (top) and reductive (bottom) quenching cycles of a photocatalyst following 
initial excitation to form two singly occupied molecular orbitals. 
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engage in a one-electron transfer process with another molecule in solution (i.e., the substrate).208 

Traditionally, photoredox reactions are classified by the mechanism by which the substrate and 

photocatalyst interact. The excited photocatalyst acts as a reductant in an oxidative quenching 

mechanism, wherein one electron is transferred from the photocatalyst to an acceptor molecule. 

The oxidized photocatalyst subsequently accepts one electron from a donor molecule, reducing the 

photocatalyst and returning it the ground state (Figure 2-11, top pathway).208 Alternatively, an 

excited photocatalyst can act as a oxidant in a reductive quenching mechanism. Following 

excitation, the photocatalyst can accept one electron from a donor molecule by performing a 

single-electron oxidation. The reduced photocatalyst then reduces an acceptor molecule, returning 

the photocatalyst back to the ground state (Figure 2-11, bottom pathway).208 The mechanism by 

which photoinduced electron transfers occur is governed by the thermodynamic properties of the 

substrates of interest relative to the photocatalyst.  

 Photoredox reactions can also be classified by the net redox outcome (Figure 2-12). Redox 

neutral reactions refer to those in which substrates undergo both a single-electron oxidation and 

reduction, thus closing the catalytic cycle without the need for an additive.209 Differentiating 

 

Figure 2-12. General schematic and example of a catalytic cycle for A) net oxidative reactions 
and B) net reductive reactions. 
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photoredox reactions from traditional redox reactions, chemists can perform both oxidative and 

reductive processes simultaneously in one pot. Conversely, a net oxidative mechanism describes 

a reaction in which the substrate of interest undergoes an oxidation by the photocatalyst. An 

external stoichiometric oxidant (e.g., O2, air, etc.) is thus required to bring the reduced 

photocatalyst back to the ground state, turning it over for use in subsequent cycles (Figure 2-

12A).210 Net reductive processes are also possible, wherein a photocatalyst reduces the substrate 

of interest and thus requires a stoichiometric reductant (e.g., iPr2NEt) for catalyst turnover (Figure 

2-12B).210 With three possible net redox outcomes as well as multiple mechanisms for 

photocatalyst quenching, photoredox catalysis offers a versatile and tunable platform for redox 

reactivity.   

2.2.3 Origins of Photoredox Catalysis 

 Photoredox catalysis dates back to 1978 when Kellogg and coworkers reported increased 

rates of a hydride transfer reaction using neon fluorescent lamps and a ruthenium photocatalyst 

(Ru(bpy)3Cl2; Scheme 2-2).211 Using N-methyl 1,4-dihydropyridines (II-5) as a terminal 

reductant, alkanes and thioethers were accessed by reduction of the corresponding sulfonium ions. 

Following reports of similar reactivity,212-213 Cano-Yelo and Deronzier disclosed the first net 

oxidative photoredox catalyzed reaction to access aldehydes from carbinols using aryldiazoniums 

as the terminal oxidant.214 Around the same time, they reported the first redox-neutral photoredox 

catalyzed reaction, disclosing a photo-initiated method to synthesize phenanthrenes via the Pschorr 

reaction.215 Instrumental reports by Fukuzumi, Oda, and others continued to shine a light on 

photoredox catalysis over the decades that followed.216-221 
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Scheme 2-2. The first published report of a photocatalytic reaction by Kellogg and coworkers.211 

 Scattered reports employing visible light-mediated photoredox catalysis in organic 

chemistry continued to appear over the following few decades. However, the field exploded 

following three seminal reports that were published within a mere twelve-month period. In 2008, 

MacMillan and Nicewicz merged organocatalysis and photoredox catalysis in their development 

of a method for the direct asymmetric α-alkylation of aldehydes.222 Previously, MacMillan and 

coworkers had discovered that use of a superstoichiometric oxidant, ceric ammonium nitrate 

(CAN), enables single-electron oxidation of an enamine species.223 The resulting 3-π-electron 

radical cation features a singly occupied molecular orbital that can react with numerous π-rich 

nucleophiles. While an important discovery, the scope of reaction partners was limited to alkenes, 

and MacMillan sought to address this limitation. With visible light-absorbing ruthenium-derived 

bipyridyl catalysts gaining momentum in solar cell research at the time, MacMillan and Nicewicz 

hypothesized that photoredox catalysis using low energy visible light in place of UV light would 

allow for generation of a radical from an alkyl halide (Scheme 2-3).222  

 

Scheme 2-3. Combined enamine and photoredox catalysis for the α-functionalization of aldehydes 
developed by MacMillan and Nicewicz.222 
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 Enamine and photoredox combined catalysis were successfully merged using amine II-6 

and ruthenium-derived II-PC-A to expand the scope of the asymmetric α-alkylation process 

beyond π-rich electrophiles (Scheme 2-3).222  It was hypothesized that an electron-deficient alkyl 

radical would undergo radical addition to an electron-rich enamine that is accessed by 

condensation of amine catalyst II-6 with an aldehyde substrate.224 A sacrificial quantity of this 

enamine species would initially undergo single-electron oxidation by the excited photocatalyst to 

initiate the photoredox cycle, and single-electron reduction of an alkyl bromide (for phenacyl 

bromide, E1/2 = –0.49 V vs SCE) by the oxidized photocatalyst (for Ru(bpy)3+, E1/2 = –1.33 V vs 

SCE) would yield a reactive alkyl radical while bringing the photocatalyst back to its ground 

state.216,225-226 The authors proposed that radical addition to the enamine occurs, and the resulting 

radical species undergoes single-electron oxidation by an excited photocatalyst to afford an 

iminium intermediate. The amine catalyst II-6 is then regenerated by hydrolysis of the iminium, 

affording the desired enantioenriched α-functionalized aldehyde product. The reduced 

photocatalyst reduces another equivalent of alkyl halide, turning over the photocatalyst and 

producing an alkyl radical ready to engage with another equivalent of the enamine species.  

 Yoon and coworkers disclosed a photoredox-catalyzed [2+2] cycloaddition of dienones in 

a manuscript that was published online on the exact same day that MacMillan’s work (vide supra) 

first appeared online (Scheme 2-4).227 Krische previously disclosed that single-electron reduction 

of an enone by catalytic cobalt or copper leads to [2+2] cyclization products.228-230 Inspired by this 

report, Yoon hypothesized that ruthenium photocatalyst II-PC-A can act as a photoreductant to 

achieve the same cycloaddition process. Using sunlight (afforded by a GE sunlamp) to excite the 

photocatalyst and superstoichiometric amine to act as an external reductant, they were able to 
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access 13 cyclized products in good-to-excellent yields. The authors propose that this reaction 

proceeds through a reductive quenching mechanism, wherein the excited photocatalyst oxidizes 

the sacrificial amine reductant (i.e., iPr2NEt). The reduced photocatalyst then engages in single-

electron reduction of a lithium-activated enone species to generate a β-radical, thus initiating the 

[2+2] cycloaddition cascade while returning the photocatalyst to the ground state. 

 

Scheme 2-4. Photoredox-catalyzed [2+2] cycloaddition reported by Yoon and coworkers.227 

 A few months following the reports by MacMillan and Yoon, a photoredox-catalyzed 

method for the dehalogenation of bromopyrroloindolines and esters was disclosed by Stephenson 

and coworkers as an alternative to traditional tin-mediated dehalogenation processes (Scheme 2-

5).231 In a reductive quenching mechanism similar to that reported by Yoon, an external reductant 

is required for photocatalyst turnover. Using a 1,4-dihydropyridine (i.e., Hantzsch ester) or an 

amine and an acid to serve as a both an external reductant and a hydrogen atom source, they 

propose that ruthenium photocatalyst II-PC-A reductively dehalogenates an alkyl halide. The 

resulting radical species then abstracts a hydrogen atom from the hydrogen atom source to yield 

the desired dehalogenated product in up to 99% yield.  

 

Scheme 2-5. Photoredox-catalyzed dehalogenation reaction by Stephenson and coworkers.231 
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 These three seminal reports demonstrated the power of photoredox catalysis, sparking the 

bold resurgence of visible light-mediated single-electron chemistry.210 The field expanded 

exponentially in the years that followed and is continuing to grow today. Using light as a natural 

source of energy, redox-mediated processes can proceed under relatively mild reaction conditions, 

negating the need for toxic and harsh reagents. Photoredox catalysis has thus been employed by 

many for the synthesis of C–C and C–X (X = N, O, etc.) bonds and has allowed access to a vast 

array of chemical scaffolds under mild reaction conditions.210,232-233 

2.3 Combined Photoredox and Carbene Catalysis 

2.3.1 Significance of Ketones  

 There is an ongoing need for mild synthetic methods with broad functional group tolerance 

for the construction of C–C and C–X (X = O, N, S, etc.) bonds in natural products, pharmaceutical 

compounds, and organic materials. In particular, the formation of carbonyl-containing scaffolds 

remains a priority due to their synthetic utility and high prevalence in medicinally active 

compounds.234-241 Carbonyl-containing functional groups make up approximately 35% of the most 

common functional groups in bioactive compounds.242 Ketones, among other carbonyl motifs, are 

featured in numerous bioactive compounds (e.g., II-7 to II-10, Figure 2-13).243-246 Ketones can 

 

Figure 2-13. Selected examples of FDA approved drugs featuring a ketone functional group. 

OH

N
O

F

Cl

haloperidol propafenone

O

O

fenbufen butaperazine

N

S

O

OH

O

O

N
H

Me

OH

Me

N
NMe

II-7 II-8 II-9 II-10



 
 99 
act as a hydrogen bond acceptor and can participate in dipole-dipole interactions, properties which 

may enable the functional group to participate in critical interactions within a drug binding pocket.   

 Ketones are versatile synthetic groups that can undergo a multitude of chemical 

transformations, making them a staple functional group in many synthetic sequences (Figure 2-

14).185 For example, ketones can undergo reductions to the corresponding alcohol or alkane, or 

they can be oxidized to the corresponding carboxylic acids. Due to the polarized nature of carbonyl 

groups, ketones are also electrophilic at the carbonyl carbon and are thus targets for an array of 

nucleophilic addition reactions, offering routes to access alcohols, cyanohydrins, acetals, and 

more. Imines and enamines can be synthesized from a ketone via nucleophilic addition of the 

corresponding amine, and alkenes can be made via addition of phosphonium ylides in the Wittig 

or Horner-Wadsworth-Emmons reactions.247-248 In addition to reactions that occur at the carbonyl 

carbon, functionalization of the adjacent α-carbon is also possible using well-established enolate 

chemistry, and α,β-unsaturated ketones can undergo 1,2- and 1,4-additions using more remote 

functionalization strategies. The broad landscape of reactivity inherent to ketones highlights their 

broad utility in synthesis. 

 

Figure 2-14. Selected reactions of ketones. 
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2.3.2 Traditional Methods for the Synthesis of Ketones 

 Living organisms, including the human species, are highly dependent on ketones for 

energy. Ketones are naturally produced through the breakdown of ketogenic amino acids and fatty 

acids in a biochemical process called ketogenesis (Scheme 2-6). In humans, the production of 

ketones occurs mainly in the mitochondria of liver cells, where different enzymes, such as thiolase, 

β-hydroxy-β-methylglutaryl-CoA (HMG-CoA, II-13) synthase, and HMG-CoA lyase, catalyze 

the synthesis of acetoacetate (II-14), acetone (II-15), and D-β-hydroxybutyrate (II-16) from 

acetyl-CoA (II-11). These ketones are further metabolized, eventually leading to the energy 

required to sustain life.  

 

Scheme 2-6. Ketogenesis pathway for the generation of ketone bodies. 
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organometallic reagents (Scheme 2-7).256-261 Developed by Victor Grignard in 1900, this reaction 

employs organomagnesium halide species (RMgX, where X is usually Cl or Br) to promote 

addition of the R-group to an electrophile.256 A secondary alcohol can be accessed using an 

aldehyde as the electrophile, and use of a Weinreb amide as the electrophilic source affords a 

ketone product (via the Weinreb–Nahm reaction using Grignard reagents; Scheme 2-7).257 

 

Scheme 2-7. General scheme for addition of a Grignard reagent into a Weinreb amide. 

 The development of additional two-electron methods to access ketones from acyl 

electrophiles dates back to the 19th century. A well-known reaction for aryl ketone formation is the 

Friedel-Crafts acylation, which reacts an acyl chloride or anhydride with an arene using Lewis 

acids or strong protic acids (Scheme 2-8).262-263 Notably, stoichiometric acid is required for 

substrate activation, thus facilitating the electrophilic aromatic substitution reaction. Transition-

metal-catalyzed cross-coupling reactions, such as the Fukuyama coupling (which uses 

PdCl2(PPh3)2 as a catalyst), can also be employed to forge the C–C bond of ketone motifs.264-266 

Although their utility in synthetic chemistry is undisputed, these protocols are limited in some 

cases by low regioselectivity, poor functional group tolerance, and generation of corrosive waste.  

 

Scheme 2-8. Friedel-Crafts acylation reaction for the synthesis of aryl ketones. 
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2.3.3 Brief Overview of Radical Carbene Catalysis 

 Umpolung (polarity reversal) reactivity offers a distinct alternative to standard two-

electron chemistry for the synthesis of ketones as well as other C–C and C–X bonds that would 

not otherwise be possible (Scheme 2-9).267-269 In recent decades, N-heterocyclic carbenes (NHCs) 

have transformed the field of umpolung chemistry and emerged as a versatile tool for the catalytic 

generation of acyl anion synthons, enolates, and homoenolates.16,57,85,270-275 However, the scope of 

NHC-catalyzed transformations was limited by the inability to engage sp3 electrophiles until the 

merger of single-electron chemistry with carbene catalysis (see Chapter 1).  

 

Scheme 2-9. Umpolung reactivity for the synthesis of ketones using NHC catalysis or cyanide 
catalysis. 
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engage with an aryl iodide via oxidative addition, and the acyl radical is subsequently trapped by 

the electrophilic metal complex. Finally, reductive elimination yields the final ketone product.290 

These advances in radical chemistry have provided new modes of reactivity, and the merging of 

single-electron chemistry with umpolung reactivity has facilitated even more opportunities. 

 

Scheme 2-10. Combined photoredox and nickel catalysis for the synthesis of ketones. 
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butyldiphenoquinone as the stoichiometric oxidant in place of TEMPO (Scheme 2-11).54 While 

these NHC-catalyzed radical functionalizations have set the precedent for a variety of other 

transformations,293-294 the use of toxic and wasteful stoichiometric oxidants has limited their 

overall utility in synthesis.295 
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Scheme 2-11. Early oxidative esterification protocols using stoichiometric oxidants.  

 To circumvent the need for stoichiometric oxidants, Boydston developed a direct NHC-

catalyzed anodic oxidation of aldehydes for the formation of esters in 2012 (Scheme 1B).101 

Similarly, Studer employed air as the terminal oxidant in a cooperative NHC- and metal redox 

esterification of aldehydes (Scheme 2-12).102 While significant improvements in NHC-catalyzed 

processes have been made over the past decade, the majority of these strategies are confined to the 

formation of C–X bonds (X = O, N, etc.).  

 

Scheme 2-12. Oxidative esterification approaches using catalytic oxidants. 
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SCE) to generate an acyl azolium radical (II-I•) and an alkyl radical.90,296-298 Subsequent radical-

radical coupling affords the desired ketone following loss of the NHC. Following this initial report, 
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similar modes of oxidative reactivity have been developed for the synthesis of ketones (see Chapter 

1).131,299  

 

Scheme 2-13. Decarboxylative alkylation strategy for the synthesis of ketones developed by 
Ohmiya and coworkers. 

In line with our experience in oxidations of the Breslow intermediate and our growing 
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reactivity at the interface of NHC catalysis and photochemistry. Our work in the field of 
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variety of new transformations featuring the combination of NHCs with Lewis acids,303-308 

Brønsted acids,309 and transition metals.310-311 Similar tenets of cooperative catalysis have recently 

been exploited in photoredox chemistry, where the combination of organocatalysts,312-313 Lewis 

acids,314 Brønsted acids,315-316 and transition metals317-319 has enabled the expedient construction 

of synthetically tractable molecules. A limited number of reports explore the combination of NHC 

catalysis with photoredox catalysis.121,124,146 As such, we aimed to further bridge the existing gap 

between the fields of NHC catalysis and photocatalysis by leveraging their unique redox 

properties. We envisioned a system wherein combined NHC and photoredox catalysis would allow 

access to acyl azolium radical II-I• via single-electron reduction, and radical-radical coupling with 
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Scheme 2-14. Combined NHC and photoredox catalysis for the synthesis of ketones. 

2.3.4 Hypothesis: Combined Catalysis for Ketone Construction 

We hypothesized that in situ activation of carboxylic acid II-17 (e.g., with 

carbonyldiimidazole to make acyl imidazole II-18) followed by NHC addition would afford an 

acyl azolium, a species which has been used extensively in NHC-redox acylations for the 

preparation of esters, amides, and carboxylic acids (Scheme 2-15).16,320 Single-electron reduction 

of the resulting species would provide an acyl azolium radical II-I• that, when coupled with an 
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advancements in acyl radical chemistry, this work showcases the coupling of an alkyl radical with 

an “acyl radical surrogate” accessed from readily available carboxylic acids.  

 

Scheme 2-15. Hypothesis for the synthesis of ketones from carboxylic acids using combined NHC 
and photoredox catalysis. 
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 Contrary to Breslow enolates, acyl azoliums have been demonstrated to afford II-I• by 

single-electron reduction. Adjusted redox values for these species were again provided in the 

extensive study performed by Martin and coworkers (vide supra).95 With reduction potentials 

between –0.8 to –1.3 V vs SCE, we hypothesized that acyl azolium species might be capable of 

engaging with a photocatalyst in a photoredox cycle. A broad array of photocatalysts have been 

developed to date, and we expected that the electron transfer might be feasible using a 

photocatalyst featuring redox potentials within the necessary range.  

2.4.2 Oxidatively Generated Radical Precursors 

 It was anticipated that reduction of the acyl azolium would be coupled to the oxidation of 

an oxidatively generated radical precursor in a net neutral photoredox cycle. A landscape of alkyl 

radical sources have been developed over the past few decades for use in redox processes.338 Many 

distinct oxidatively generated radical precursors are now employed in photoredox reactions, the 

most synthetically tractable of which include 1,4-dihydropyridines (Hantzsch esters, II-19) alkyl 

silanes (II-21),339-340 bis-catecholato silicates (II-22),341 potassium trifluoroborate salts342 (11-23, 

Figure 2-15). 

 

Figure 2-15. Common oxidatively generated radical precursors. 
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While use of alkyl silanes II-21 as radical precursors is less common, bis-catecholato silicates II-

22 have been employed in numerous photoredox reactions to access alkyl radicals. The 

hypervalent silicon derivative was first synthesized by Frye in 1964 and was introduced as a 

versatile oxidatively generated radical precursor by Fensterbank in 2015.341,343 Silicates are bench-

stable and easily accessible radical sources that feature low oxidation potentials (Eox =  +0.34 to 

+0.89 V vs SCE, depending on the alkyl group), thus enabling their use under a broad range of 

photocatalytic conditions.341 Similarly, potassium trifluoroborates II-23 have gained traction for 

use as alkyl radical precursors.344 First employed as alkyl sources in transition metal catalysis, 

these atom economic salts can be oxidized between +0.75 to +1.10 V vs SCE.344-347 

 Another class of radical precursors includes those which undergo C–C homolytic bond 

cleavage to generate the radical species. Arthur Hantzsch first synthesized 1,4-dihydropyridines 

(now referred to as Hantzsch esters) in 1881.348 Inspired by nicotinamine adenine dinucleotide 

(NADH) coenzyme, these esters were originally developed as a hydride source and were later 

employed as hydrogen radical sources using light and transition metal catalysis.349-350 Hantzsch 

esters II-19 were finally developed and popularized as efficient and mild alkyl radical sources by 

Molander in 2016.319 These dihydropyridine-derived species are easily prepared from the 

corresponding aldehyde and generate inert byproducts.351-353 Moreover, Hantzsch esters are 

slightly active in the absence of photocatalyst due to their strong absorbing characteristics afforded 

by their extensive conjugation. To facilitate even more efficient generation of alkyl radicals from 

Hantzsch esters (Eox = +1.05 V vs SCE), a variety of photocatalysts can be employed using 

photoredox catalysis.319   
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2.4.3 High-throughput Experimentation  

 Our initial search for the desired reactivity was guided by our semi-high-throughput 

experimentation (HTE) platform, which allowed for numerous reaction components to be screened 

in parallel (Figure 2-16).354-356 Initial HTE screening was performed using preformed phenyl 

benzimidazolium salt II-24 instead of catalytic NHC, as a simplified system composed of only one 

catalytic cycle (i.e., photocatalytic cycle vs photocatalytic cycle and NHC catalytic cycle) was 

expected to provide initial trends in reactivity. Five photocatalysts with redox potentials spanning 

a broad range, four solvents featuring various polarities, and four oxidatively generated radical  

 

Figure 2-16. HTE results for the reaction of an isolated acyl benzimidazolium with various 
oxidatively generated radical precursors (ORPs). Results for this plate were measured qualitatively 
using UPLC-MS. [Ir-dF]PF6 = [Ir(dF[CF3]ppy)2(dtbpy)]PF6 (II-PC-B). 
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precursors were screened, and the efficiency of each set of conditions was analyzed qualitatively 

using ultra-performance liquid chromatography mass spectrometry (UPLC-MS; Figure 2-16). 

While a few sets of conditions using potassium trifluoroborate II-23a or Hantzsch ester II-19a 

afforded the desired product, it was quickly determined that bis-catecholato silicate II-22a was the 

optimal radical precursor for the reaction employing the preformed acyl benzimidazolium II-24. 

 The reaction between bis-catecholato silicate II-22a and the preformed acyl 

benzimidazolium II-24 was investigated further. Control reactions revealed that ruthenium 

photocatalyst II-PC-A was not required to synthesize the desired product; however, no reaction 

occurred in the absence of light, suggesting the potential formation of an electron donor-acceptor 

(EDA) complex (Figure 2-17A). EDA complexes are systems in which a molecular aggregation 

is formed between an electron acceptor substrate and an electron donor substrate, and this complex 

 

Figure 2-17. A) Control reactions as mechanistic studies. B) UV-visible spectrophotometry 
studies indicate EDA complex formation. C) Scaled up reaction between the isolated phenyl 
benzimidazolium and benzyl silicate. 
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absorbs light, triggering a single-electron transfer event.357 UV-visible spectrophotometry studies  

were thus performed, measuring the absorbance of each reaction component separately and as a 

mixture (Figure 2-17B). A significant red shift (of nearly 50 nm) was observed for the sample 

containing both the acyl azolium salt and the silicate, signifying formation of an EDA complex. 

Following additional optimization of the reaction conditions, the desired product II-20a was 

isolated in 71% yield, thus confirming that acyl azolium radical I• can be successfully coupled 

with an oxidatively generated radical precursor (Figure 2-17C). While this reaction has potential 

for further exploration, the general trends in reactivity were used to explore whether this reaction 

can be performed using catalytic NHC. 

A plate was executed to verify formation of an acyl azolium species (II-I) in situ from the 

corresponding acyl imidazole (II-18a, Figure 2-18). Using methanol as a nucleophile, azoliums,  

 

Figure 2-18. HTE results de-risking the catalytic system. Results for this plate were measured 
quantitatively using GCMS. 
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bases, and solvents were screened. The desired ester II-25a was observed in most of the reaction 

wells, and no ester product was identified in the absence of NHC, thus confirming formation of 

the acyl azolium. A variety of activated carboxylic acids were synthesized for use in additional 

HTE experiments, including perfluorophenyl esters and acyl imidazoles. Following addition of 

catalytic NHC, these activated carboxylic acid species were expected to yield the desired acyl 

azolium in situ.  

Different 96-well plates were designed and carried out in search of conditions for a 

combined carbene and photoredox catalyzed synthesis of ketones from carboxylic acids (Figure 

2-19). Initial screening ensued using acyl imidazoles II-18, activated esters II-26, or acyl chlorides 

II-27 as the acyl azolium precursor in combination with silanes II-21, bis-catecholato silicates II-

22, BF3K salts II-23, or Hantzsch esters II-19 as the oxidatively generated radical precursor. Each 

96-well plate screened a variety of photocatalysts, bases, NHC precursors, and solvents.   

 

Figure 2-19. General plate setup for HTE screening in search of conditions for a combined 
catalytic reaction. Act = activating group; ORP = oxidatively generated radical precursor; PC = 
photocatalyst; Az = azolium. 

1 2 3 4 5 6 7 8 9 10 11 12

A

B

C

D

E

F

G

H

PC-1
PC-2

PC-3
PC-4

base 3

base 1

base 2

photocatalyst (1 mol %)
solvent (0.1 M), 470 nm LEDs, 24 h

Ph

O
Ph

PC-1
PC-2

PC-3
PC-4

PC-1
PC-2

PC-3
PC-4

base (30 mol %)
azolium catalyst (30 mol %)

solvent 1 solvent 2 solvent 3

base 4

base 3

base 1

base 2

base 4

Ph

O

act

Az-1

Az-2

+ [ORP] Ph

II-20a



 
 114 
2.4.4 Trends in Reactivity 

 HTE enabled facile screening of over 900 unique reaction conditions and rapid 

identification of the most optimal reaction components for this transformation (Figure 2-20). 

While limited reactivity was achieved with silane II-21a and BF3K II-23a, conversion to product 

was observed using silicate II-22a and Hantzsch ester II-19a, with the latter radical precursor 

being the most efficient alkyl radical source. Only trace product was observed using acid chloride 

II-27a as the activated carboxylic acid starting material, and acyl imidazole II-18a significantly 

outperformed perfluorophenyl ester II-26a. Moreover, the reaction was most efficient in polar 

solvents, with cesium-derived bases, and with triazolium NHC precursors. Analysis of these 

reactivity trends was followed by reaction optimization using phenyl acyl imidazole (II-18a) and 

benzyl Hantzsch ester (Bn-HE, II-19a; E1/2 = +1.00 V vs SCE)358 as radical coupling partners, 

iridium-based II-PC-B as the photocatalyst, dimethytriazolium iodide (II-Az-C) as the NHC 

precursor, and cesium carbonate as the base in tetrahydrofuran (THF; Table 2-1). 

 

Figure 2-20. General trends in reactivity from analysis of HTE screening. 
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2.6 Optimization of Reaction Conditions  

A brief survey of photocatalysts, azolium catalysts, bases, and solvents allowed for 

identification of optimal reaction conditions. Due to its broad potential range (E1/2 IrIII*/IrII to E1/2 

IrIII/IrII = +1.21 to –1.37 V vs SCE),359 iridium catalyst II-PC-B was found to be the best 

photocatalyst. The use of strongly reducing catalysts (II-PC-D: E1/2 IrIII*/IrII to E1/2 IrIII/IrII = +0.31 

to –2.10 V vs SCE)360 or strongly oxidizing catalysts (II-PC-E: E1/2 PC*/PC– to E1/2 PC/PC– = 

+2.17 to –0.50 V vs SCE)361-362 resulted in lower yields, presumably because the photocatalysts 

were unable to perform both redox events efficiently (Table 2-1, entries 1-3). Easily accessible 

 

Table 2-1. Optimization of reaction conditions. 
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organophotocatalyst 2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile (4CzIPN) afforded II-20a 

in slightly diminished yield compared to II-PC-1, offering a cost-effective alternative (see Chapter 

2.11.3).  Examination of different NHC precursors revealed II-Az-C to be the only azolium 

catalyst to efficiently afford the desired ketone via the phenyl acyl azolium intermediate (E1/2 = –

1.29 V vs SCE), with all other NHC precursors having at least a three-fold decrease in reactivity 

(Table 2-1, entries 4-7). Only cesium bases allowed for significant conversion to product, with 

cesium carbonate being the most suitable base; all other bases screened showed less than a 10% 

GC yield (Table 2-1, entries 8-10). Finally, a brief solvent screen revealed acetonitrile (MeCN) to 

be the best solvent, providing a ten percent increase in yield compared to THF (Table 2-1, entries 

11-13).  

 The standard reaction conditions were independently implemented to investigate the 

sensitivity of the reaction conditions (Figure 2-21). These studied revealed little-to-no sensitivity 

to the stir rate (i.e., 0% change from standard conditions with a low stir rate (SR)). When the light  

 

Figure 2-21. Analysis of reaction sensitivity. Sensitivity is analyzed as a percent change in yield 
from standard conditions (-50% = half reaction efficiency, 0% = standard reaction efficiency, 
+50% = double reaction efficiency). SR = stir rate, C = concentration, I = intensity.  
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intensity or reaction concentration was lowered significantly (e.g., 0.05 M instead of 0.10 M), the 

reaction efficiency decreased. Similarly, high sensitivity to water and oxygen was observed, which 

was expected given the impact that high water and oxygen content often has in redox reactions 

(Figure 2-21). Based on these studies, this reaction should be reproducible using other laboratory 

setups if the standard reaction conditions are used and exposure to atmosphere is limited. 

 Isolation of the desired product was non-trivial due to coelution with the Hantzsch ester 

pyridine byproduct II-28. Various reports in the literature describe the difficulties encountered 

with removal of II-28: the byproduct is known to streak significantly on column chromatography, 

and other methods of removal (e.g., aqueous workup) have proven unsuccessful. Numerous 

strategies were employed to remove II-28 prior to chromatography (Table 2-2). Stirring with 

hydroxide at room temperature successfully removed the byproduct; however, significant 

decomposition of the desired ketone product II-20a was observed. Additional workup conditions 

included stirring with copper sulfate (CuSO4) or copper chloride (CuCl2), as copper is known to 

coordinate to pyridine, and it was hypothesized that Cu–pyridine complexation may transfer the 

byproduct to the aqueous layer. Similarly, a mild acid-base workup was attempted to remove II-

28 through protonation of the nitrogen atom. Unfortunately, these aqueous workup conditions were 

unsuccessful at removing the undesired byproduct from solution.   

 Additional purification techniques were required to remove Hantzsch pyridine II-28. 

Column chromatography was attempted using a wide array of solvent combinations with various 

additives, but coelution still occurred in most cases. It was found that careful column 

chromatography with non-polar eluent (a slow gradient from 100% hexanes up to 5-10% ethyl 

acetate in hexanes) enabled separation of II-28 from the desired ketone. Alternatively, the 
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byproduct could be removed using preparative high-performance liquid chromatography (HPLC) 

if coelution occurred using standard chromatography. Further studies on the removal of II-28 can 

be found in Chapter 4.3.1). 

 

Table 2-2. Conditions attempted for the removal of Hantzsch pyridine II-28. 
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synthesized using this method. Notably, the reaction with aliphatic substrates was achieved in 

modest yields (II-20m-p). Potentially due to the instability of aliphatic azolium radicals, methods 

featuring similar modes of NHC-mediated reactivity that have been developed to date have been 

unsuccessful when applied to aliphatic substrates.127,131 Efforts to improve the yield of reactions 

using aliphatic acyl imidazoles are discussed in detail in Chapter 3. 

 

Table 2-3. Acyl imidazole variation in the substrate scope for the synthesis of ketones from 
carboxylic acids using combined NHC and photoredox catalysis.  

2.7.2 Hantzsch Ester Variation 

A variety of Hantzsch esters were also successfully employed for the conversion of phenyl 

acyl imidazole (II-18a) to an array of ketones (Table 2-4). Substituted benzyl Hantzsch esters 

bearing electron-withdrawing and electron-donating groups, including halogenated and methoxy 

substituents, were tolerant of the reaction conditions (II-20q-t). Moreover, cyclohexyl Hantzsch 
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ester productively served as an alkyl radical precursor, suggesting that the use of non-benzylic 

alkyl radicals for the formation of aliphatic ketones is possible (II-20u). Various Meyer nitrile363 

derivatives were also examined as alkyl radical precursors and allowed for the synthesis of ketones 

containing ⍺-tertiary (II-20v-w) and ⍺-quaternary centers (II-20x-y).   

 

Table 2-4. Hantzsch ester variation in the substrate scope. [a] The corresponding Meyer nitrile 
was employed in place of the Hantzsch ester. 

2.7.3 Late-stage Functionalization of Pharmaceutical Compounds  

To demonstrate the ease and practicality of this method, the standard reaction to make 

deoxybenzoin (II-20a) was performed starting from benzoic acid (Table 2-5). In situ generation 
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chromatography-mass spectrometry (GC-MS) and subsequent subjection to the reaction 

conditions furnished II-20a in 65% yield (compared to 63% when starting from isolated II-19a). 

To further evaluate the utility of this transformation, the reaction conditions were then employed 

for the late-stage functionalization (LSF) of various pharmaceutical compounds. As a critical 

component of many medicinal chemistry campaigns or total syntheses, LSF allows for the 
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incorporation of important functional groups in the final steps of a synthesis, thus creating the need 

for efficient methodologies.364 When the in situ reaction conditions were applied to the LSF of 

telmisartan, a carboxylic acid-containing drug used for the treatment of hypertension,365 the 

desired ketone product (II-20z) was isolated in 91% yield. This direct, one-step alkylation was 

applied to various other pharmaceutical compounds to afford ketone products (II-20aa-ab) in 

moderate-to-good yields (Table 2-5).  

 

Table 2-5. Late-stage functionalization of bioactive compounds. 
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er. The efficiency with which this reduction occurred offers a potential opportunity for additional 

exploration of a one-pot procedure for the enantioselective synthesis of secondary alcohols from 

carboxylic acids in the future.  

 

Scheme 2-16. Enantioselective reduction of II-20a to II-29a using a ketoreductase (KRED). 
Codex KRED-P1-B10 and Codex KRED-P1-12 gave II-29a in >99:1 er with complete conversion 
from II-20a. 

2.8 Preliminary Investigations using a Chiral NHC 

The successful formation of product II-20v presented an opportunity to explore controlling 

enantioselectivity using chiral NHCs. A variety of chiral NHCs were screened to investigate the 

enantioselective synthesis of ketones using the combined NHC and photoredox method. Modest 

enantioselectivity was observed using II-Az-G instead of II-Az-C, and further improvement in the 

selectivity was achieved by decreasing the temperature of the reaction (Table 2-6). To the best of  

 

Table 2-6. Screen of chiral NHCs for initial investigations into an enantioselective reaction. 

Ph

O
Ph

KRED

IPA, NADPH Ph

OH
Ph

*
II-20a II-29a, >99:1 er

Ph N

O

N [Ir(dFCF3ppy)2(dtbpy)]PF6 (1 mol %)
CH3CN (0.1 M), 467 nm LEDs, 36 h

Ph

OAz (15 mol %), Cs2CO3 (15 mol %)
Me

N
H

MeMe

CO2EtEtO2C

Ph

+

Me

Ph
*

N
N N

O

Mes

BF4

N
N N

O

Ph

BF4

51:49 
52:48

-

60:40
66:34

-

N
N N

O

Mes

BF4

Me

Me

Ph

44:56
-
-

35
5 

– 20

II-Az-F II-Az-G II-Az-Htemperature (°C)

II-18a II-19v II-20v



 
 123 
our knowledge, this preliminary result demonstrates a novel enantioselective acyl-like radical-

radical coupling for the formation of ketones bearing an ⍺-stereogenic center, thus differentiating 

this work from other acyl radical processes.323,327,337,367-368 

2.9 Mechanism for the Synthesis of Aryl Ketones 

2.9.1 Mechanistic Studies 

Control reactions were performed to probe the mechanism of this reaction. As previously 

noted (vide supra), acyl imidazole II-18a is converted to product II-20a in 63% yield under the 

standard reaction conditions. No product was observed in the absence of photocatalyst or light, 

suggesting that a photoredox-catalyzed process occurs. Similarly, the reaction does not proceed 

without NHC or base, indicating an NHC-catalyzed reaction (Figure 2-22).  

 

Figure 2-22. Control reactions to probe the mechanism. 

TEMPO-trapping studies were performed to further probe the mechanism. As expected, 

the reaction did not proceed under standard conditions using TEMPO as a radical trap. Only the 

TEMPO-benzyl mass adduct was observed by ultra-performance liquid chromatography-mass 

spectrometry (UPLC-MS), thus confirming a radical mechanism and suggesting that the Hantzsch 

ester is oxidized prior to reduction of the acyl azolium (Scheme 2-17). Moreover, the potentials of 
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azolium prior to oxidation of the Hantzsch ester, as the reduction potential of the acyl azolium is 

outside the range of the photocatalyst. It is also reasonable to assert that Hantzsch ester oxidation 

occurs first due to the limited amount of acyl azolium present at a given time relative to 

superstoichiometric Hantzsch ester. The TEMPO-acyl adduct II-31 was observed when the 

reaction was run in the absence of Hantzsch ester, suggesting that single-electron reduction of acyl 

azolium II-I occurs to form II-I• and providing additional evidence for a reductive quenching cycle 

(Scheme 2-17). 

 

Scheme 2-17. TEMPO-trapping studies performed to probe the mechanism. 

2.9.2 Original Proposed Mechanism 

A detailed reaction mechanism featuring two catalytic cycles can be proposed based on the 

results of the mechanistic studies. In situ activation of benzoic acid with carbonyldiimidazole 

(CDI) affords acyl imidazole II-18. The free carbene, generated via deprotonation by cesium 

carbonate, undergoes nucleophilic addition to II-18 to give the acyl triazolium II-I. Following 

photoexcitation of the iridium photocatalyst II-PC-B (to access IrIII*), the proposed reductive 

quenching photoredox cycle involves initial oxidation of Hantzsch ester II-19 to the radical cation 

by the photoexcited photocatalyst. Fragmentation of the Hantzsch ester radical cation II-19+• 

affords the benzyl radical coupling partner, and single-electron reduction of the acyl triazolium 

provides azolium radical II-I• while regenerating the ground-state photocatalyst (IrIII). Loss of the 
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mechanistic studies of Breslow intermediates and acyl azoliums reported by Bertrand and Martin 

suggest that definitive evidence of radical intermediates in thermal NHC-catalyzed processes does 

not exist.94 In contrast, this NHC-mediated reaction is conducted under photochemical conditions. 

Moreover, the observed enantioselectivity (vide supra) provides additional evidence that an NHC-

bound radical species is most likely involved in this process. Further investigation of the 

mechanism can be found in Chapter 3. 

 

Figure 2-23. Proposed mechanism for the synthesis of ketones from carboxylic acids using 
combined NHC and photoredox catalysis. 

2.10 Conclusion 

In summary, a reductive single-electron alkylation of acyl azoliums to form ketones from 
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followed by addition of the NHC catalyst produces the acyl azolium intermediate in situ. This 

combined NHC-photoredox catalysis enables a one-electron reduction of the acyl azolium, and 

subsequent radical-radical combination allows for the facile construction of a C–C bond to furnish 

a ketone. The utility of this method in synthesis was showcased in the direct, one-step late-stage 

functionalization of pharmaceutical compounds. Importantly, preliminary results using a chiral 

NHC demonstrated that enantioselectivity is possible using this process, thus highlighting the 

potential advantage of using acyl azolium radicals in acyl radical transformations. 

2.11 Experimental Protocols and Analyses 

2.11.1 General Information 

 All reactions were carried out under an argon or nitrogen atmosphere in oven-dried 

glassware with magnetic stirring. All solvents were purified by passing through a bed of activated 

alumina, dried over 3Å molecular sieves, and then degassed using the freeze-pump-thaw method 

(3-4 cycles). Purification of reaction products was carried out by flash chromatography on Biotage 

Isolera 4 systems with Ultra-grade silica cartridges or by preparative HPLC. Reverse phase 

preparative HPLC was performed on a Gilson preparative HPLC with the following conditions: 

Phenomenex Kinetex C18 50 x 30 mm (short column) or 150 x 21 mm (long column). Gradients 

ranged from of 5-98 % acetonitrile:water with 0.1 % formic acid over 5 or 25 min, respectively, 

followed by 1 min at 98 % acetonitrile. The flow rate was 50 mL/min for the short column and 20 

mL/min for the long column. Silicycle SiliaFlash P60 silica gel 60 (230-400 mesh) was used for 

column chromatography. Analytical thin layer chromatography was performed on EM Reagent 

0.25 mm silica gel 60-F plates. Visualization was accomplished with UV light. 
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 1H NMR spectra were recorded on AVANCE III 500 MHz w/ direct cryoprobe (500 MHz) 

spectrometer and are reported in ppm using solvent as an internal standard (CDCl3 at 7.26 ppm). 

Data are reported as (ap = apparent, s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, 

b = broad; coupling constant(s) in Hz; integration.) Proton-decoupled 13C NMR spectra were 

recorded on an AVANCE III 500 MHz w/ direct cryoprobe (125 MHz) spectrometer and are 

reported in ppm using solvent as an internal standard (CDCl3 at 77.16 ppm). Reactions were 

monitored by LCMS or GCMS using a WATERS Acquity-H UPLC-MS with a single quad 

detector (ESI) or an Agilent 7890 gas chromatograph equipped with a 5975C single quadrupole 

EI-MS, respectively. High-resolution mass spectrometry (HRMS) was obtained using an Agilent 

6201 MSLC-TOF (ESI). All photocatalytic reactions were carried out in a SynLED Parallel 

Photoreactor (465-470 nm) purchased from Sigma-Aldrich. Enantioselectivity measurements were 

made on an Agilent 1290 Infinity SFC using Chiralpak IA-3, IB-3, IC-3, ID-3, IG-3 chiral 

stationary phases. Electrochemical measurements were recorded on a NuVant EZstat Pro using 

platinum working, platinum counter, and Ag/Ag+ pseudoreference electrodes in a 0.04 M solution 

in MeCN with 0.1M N(Bu)4PF6 electrolyte. Voltages are reported relative to SCE based on an 

internal ferrocene standard. [Ir(dF(CF3)ppy)2(dtbpy)]PF6 (II-PC-B) was purchased from Strem 

Chemicals and used as received or synthesized according to the literature procedure.369 No 

discrepancies were observed using synthesized or commercially available II-PC-B. 
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2.11.2 General Synthetic Procedures 

2.11.2.1 General Procedure for the synthesis of acyl imidazoles 

 

Scheme 2-18. Synthesis of acyl imidazoles from carboxylic acids. 

 Acyl imidazoles II-18a-p were prepared based on the method of Lee and Scheidt:370 The 

appropriate acid II-17 (10 mmol, 1.0 equiv) was dissolved in dry dichloromethane (0.3 M), and 

CDI (carbonyldiimidazole, 15 mmol, 1.5 equiv) was added slowly (caution, exothermic). The 

resulting mixture was stirred for 12 h at room temperature. Upon completion, the solution was 

transferred to a separatory funnel and washed with deionized water (2 x 25 mL), and then the 

organic layer was dried over MgSO4. Concentration under reduced pressure afforded the acyl 

imidazole, which was used in the following reaction without further purification. 

 All alkyl radical precursors (Hantzsch esters and Meyer nitriles) were synthesized 

according to the established literature procedure and matched the reported spectral data.285,371-372 

2.11.2.2 General Procedure 1 for the alkylation of acyl azoliums using Hantzsch esters 

 

Scheme 2-19. Combined NHC and photoredox-catalyzed synthesis of ketones. 

 All reactions were set up inside a glovebox under N2 atmosphere. To an oven-dried 2-dram 

vial containing a stir bar was added the respective Hantzsch ester II-19 (1.5 equiv, 0.38 mmol), 
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respective acyl imidazole II-18 (1.0 equiv, 0.25 mmol), iridium-derived II-PC-B (2.50 μmol, 1 

mol %), dimethyltriazolium iodide NHC precursor II-Az-C (8.8 mg, 0.15 equiv, 38 μmol), and 

cesium carbonate (12 mg, 0.15 equiv, 38 μmol). Acetonitrile (2.5 mL, 0.1M) was added, and the 

reaction was capped and taken out of the glovebox. Parafilm was wrapped around the cap to 

prevent air from entering and the vial was stirred in a SynLED Parallel Photoreactor (467 nm blue 

LEDs) with monitoring by GCMS or UPLC-MS. When complete consumption of the acyl 

imidazole was observed (typically 4-16 h), the reactions were concentrated under reduced pressure 

and then purified by column chromatography or preparative HPLC.  

2.11.2.3 General Procedure 2 for the alkylation of acyl azoliums using Meyer nitriles: 

 

Scheme 2-20. Synthesis of ketones using Meyer nitriles in place of Hantzsch esters. 

 All reactions were set up inside a glovebox under a nitrogen atmosphere. To an oven-dried 

2-dram vial containing a stir bar was added the respective Meyer nitrile II-32 (1.5 equiv, 0.38 

mmol), appropriate acyl imidazole II-18 (1.0 equiv, 0.25 mmol), 4-CzIPN (0.01 equiv, 1 mol %), 

dimethyltriazolium iodide NHC precursor II-Az-C (8.8 mg, 0.15 equiv, 38 μmol), and cesium 

carbonate (12 mg, 0.15 equiv, 38 μmol). Acetonitrile (2.5 mL, 0.1M) was added to the vial, and 

the reaction was capped and taken out of the glovebox. Parafilm was wrapped around the cap to 

prevent air from entering and the vial was in a SynLED Parallel Photoreactor (467 nm blue LEDs) 

with monitoring by GCMS or LCMS. When complete consumption of the acyl imidazole was 
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observed (typically 4-16 h), the reactions were concentrated under reduced pressure and then 

purified by column chromatography.  

2.11.2.4 General Procedure 3 for the one-pot in situ activation of carboxylic acids 

 

Scheme 2-21. One-pot reaction for the synthesis of ketones from carboxylic acids. 

 All reactions were set up inside a glovebox under nitrogen atmosphere. To an oven-dried 

2-dram vial containing a stir bar were added CDI (1.0 equiv., 0.25 mmol) and the appropriate 

carboxylic acid II-17 (1.0 equiv., 0.25 mmol). The solids were dissolved in acetonitrile (2.5 mL, 

0.1 M) and the reaction was allowed to stir in the glovebox at room temperature for 2 h or until 

the solution became homogenous. Note: If the reaction did not become homogenous, 0.400 mL of 

DMF was added to the vial to help solubilize the carboxylic acid, and the reaction was allowed to 

stir for another 4 h. At this time, to a separate vial containing a stirbar was added the respective 

Hantzsch ester II-19 (1.5 equiv., 0.38 mmol), II-PC-B (0.01 equiv., 1 mol %), and 

dimethyltriazolium iodide NHC precursor (II-Az-C, 8.8 mg, 0.15 equiv., 38 μmol). The vial 

containing the in situ generated acyl imidazole II-18 was added to the vial containing the solids, 

followed by the addition of cesium carbonate (12 mg, 0.15 equiv., 38 μmol). The vial was capped 

and taken out of the glovebox. Parafilm was wrapped around the cap to prevent air from entering 

and the vial was stirred in a SynLED Parallel Photoreactor (467 nm blue LEDs). The reaction was 

allowed to stir for 24 h unless otherwise noted. Following completion, the reactions were 

concentrated under reduced pressure and then purified by column chromatography.  
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2.11.3 Optimization of Reaction Conditions 

The reaction was optimized according to General Procedure 1 for the alkylation of acyl 

azoliums using acyl imidazole II-18a and Hantzsch ester II-19a as the radical coupling partner 

precursors. Reactions were monitored by GCMS. 

 

Table 2-7. Complete optimization table. [a] GCMS yield based on calibration curve using 1,3,5-
trimethoxybenzene as internal standard. [b] Reactions performed at a 0.10 mmol scale. 
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2.11.4 Control Experiments  

Control experiments were set up according to General Procedure 1 for the alkylation of 

acyl azoliums using the respective acyl imidazole and Hantzsch ester. 

 

Table 2-8. Control reactions as mechanistic studies. [a] GCMS yield based on calibration curve 
using 1,3,5-trimethoxybenzene as internal standard. [b] Reactions performed at a 0.10 mmol scale. 

2.11.5 Cyclic Voltammetry Graphs  

 

Figure 2-24. Cyclic voltammogram of the acyl azolium intermediate. Note: acyl azolium 
intermediate was made in situ from the corresponding acyl imidazole and Cs2CO3. 
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Figure 2-25. Cyclic voltammogram of the acyl imidazole. 

2.11.6 Enantioselective Variant SFC traces 

 

Table 2-9. Enantiomeric ratios as a function of temperature using chiral II-Az-G. 

 

Figure 2-26. SFC trace using achiral II-Az-A. 
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Figure 2-27. SFC trace using chiral II-Az-G at 35 ºC (entry 1, Table 2-9). 

 

 

Figure 2-28. SFC trace using chiral II-Az-G at 5 ºC (entry 2, Table 2-9). 

2.11.7 Tabulated Data 

 

1,2-diphenylethan-1-one (II-20a). Prepared according to General Procedure 1 for the alkylation of 

acyl azoliums using the respective acyl imidazole (43 mg, 1.0 equiv) and Hantzsch ester. II-PC-

B was used as the photocatalyst. The reaction mixture was purified by column chromatography 

(wet loaded with toluene, 5-15% ethyl acetate/hexanes) to yield the desired product as a white 

solid (63%). Can also be prepared with general procedure (3) using benzoic acid to afford the 

desired material (31 mg, 65%). Product is a known substrate and matched the literature data.373  

O
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2-phenyl-1-(p-tolyl)ethan-1-one (II-20b). Prepared according to General Procedure 1 for the 

alkylation of acyl azoliums using the respective acyl imidazole (46.5 mg, 1.0 equiv) and Hantzsch 

ester. II-PC-B was used as the photocatalyst. The reaction mixture was purified by column 

chromatography (wet loaded with toluene, 2-20% ethyl acetate/hexanes) to yield the product as a 

white solid (42 mg, 80%). Product is a known substrate and matched the literature data.373 

 

 

2-phenyl-1-(m-tolyl)ethan-1-one (II-20c). Prepared according to General Procedure 1 for the 

alkylation of acyl azoliums using the respective acyl imidazole (46.5 mg, 1.0 equiv) and Hantzsch 

ester. II-PC-B was used as the photocatalyst. The reaction mixture was purified by column 

chromatography (0-5% ethyl acetate/hexanes) to yield the product as an off-white solid (34 mg, 

65%). Product is a known substrate and matched the literature data.374 

 

 

1-(4-fluorophenyl)-2-phenylethan-1-one (II-20d). Prepared according to General Procedure 1 for 

the alkylation of acyl azoliums using the respective acyl imidazole (47.5 mg, 1.0 equiv) and 

Hantzsch ester. II-PC-B was used as the photocatalyst. The reaction mixture was purified by 

O

Me
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column chromatography (wet loaded with toluene, 2-20% ethyl acetate/hexanes) to yield the 

product as a white solid (41 mg, 76%). Product is a known substrate and matched the literature 

data.373 

 

 

1-(3-fluorophenyl)-2-phenylethan-1-one (II-20e). Prepared according to General Procedure 1 for 

the alkylation of acyl azoliums using the respective acyl imidazole (48 mg, 1.0 equiv) and 

Hantzsch ester. II-PC-B was used as the photocatalyst. The reaction mixture was purified by 

column chromatography (dry loaded with silica, 2-20% ethyl acetate/hexanes) to yield the desired 

product as a white solid (32 mg, 60%). Product is a known substrate and matched the literature 

data.375  

 

 

 1-(4-chlorophenyl)-2-phenylethan-1-one (II-20f). Prepared according to General Procedure 1 for 

the alkylation of acyl azoliums using the respective acyl imidazole (51.6 mg, 1.0 equiv) and 

Hantzsch ester. II-PC-B was used as the photocatalyst. The reaction mixture was purified by 

column chromatography (wet loaded with toluene, 2-20% ethyl acetate/hexanes) to yield the 

product as a white solid (57.7 mg, 76%). Product is a known substrate and matched the literature 

data.376 
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methyl 4-(2-phenylacetyl)benzoate (II-20g). Prepared according to General Procedure 1 for the 

alkylation of acyl azoliums using the respective acyl imidazole (57.6 mg, 1.0 equiv) and Hantzsch 

ester. II-PC-B was used as the photocatalyst. The reaction mixture was purified by preparative 

HPLC (long column, 20-90% MeCN/H2O) to yield the desired product as an off-white solid (40.2 

mg, 63%). Product is a known substrate and matched the literature data.377 

 

 

2-phenyl-1-(pyridin-3-yl)ethan-1-one (II-20h). Prepared according to General Procedure 1 for the 

alkylation of acyl azoliums using the respective acyl imidazole (43.0 mg, 1.0 equiv) and Hantzsch 

ester. II-PC-B was used as the photocatalyst. The reaction mixture was purified by preparative 

HPLC (short column, 10-90% MeCN/H2O) to yield the desired product (34.0 mg, 69%). Product 

is a known substrate and matched the literature data.378 

 

 

1-(1H-indol-3-yl)-2-phenylethan-1-one (II-20i). Prepared according to General Procedure 1 for 

the alkylation of acyl azoliums using the respective acyl imidazole (53 mg, 1.0 equiv) and 

Hantzsch ester. II-PC-B was used as the photocatalyst. The reaction mixture was purified by 

O

MeO

O

N

O

O

HN



 
 138 
column chromatography (wet loaded with toluene, 20-60% ethyl acetate/hexanes) to yield the 

desired product as a white solid (29.5 mg, 50%). Analytical data for II-20i: 1H NMR (500 MHz, 

DMSO-d6) δ 11.99 (s, 1H), 8.52 (d, J = 3.0 Hz, 1H), 8.22 – 8.11 (m, 1H), 7.46 (dt, J = 8.1, 1.0 Hz, 

1H), 7.37 – 7.33 (m, 2H), 7.32 – 7.27 (m, 2H), 7.23 – 7.14 (m, 3H), 4.15 (s, 2H). 13C NMR (126 

MHz, DMSO-d6) δ 192.6, 136.7, 136.5, 134.6, 129.3, 128.2, 126.1, 125.5, 122.8, 121.7, 121.3, 

116.0, 112.1, 45.7. HRMS (ESI/TOF) m/z: [M+Na]+ Calcd. for C16H13NONa 258.0895; Found 

258.0895. IR has been reported for this compound.379 

 

 

1-(4-(allyloxy)phenyl)-2-phenylethan-1-one (II-20j). Prepared according to General Procedure 1 

for the alkylation of acyl azoliums using the respective acyl imidazole (57 mg, 1.0 equiv) and 

Hantzsch ester. II-PC-B was used as the photocatalyst. The reaction mixture was purified by 

column chromatography (dry loaded with silica, 2-20% ethyl acetate/hexanes) to yield the desired 

product as a white solid (39.7 mg, 69%). Analytical data for II-20j: Note NMR contains a mixture 

of tautomers. 1H NMR (500 MHz, Chloroform-d) Ketone form: δ 8.03 – 7.96 (m, 2H), 7.32 (dd, J 

= 8.1, 6.8 Hz, 2H), 7.29 – 7.22 (m, 3H), 6.97 – 6.90 (m, 2H), 6.04 (ddt, J = 17.3, 10.5, 5.3 Hz, 

1H), 5.47 – 5.29 (m, 2H), 4.59 (dt, J = 5.3, 1.5 Hz, 2H), 4.23 (s, 2H). Enol form: δ 9.89 (s, 0.04 

H), 7.84 (m, 0.12 H), 7.02 (m, 0.12 H), 4.63 (m, 0.08 H). 13C NMR (126 MHz, Chloroform-d) δ 

196.3, 162.6, 135.0, 132.5, 131.0, 129.8, 129.5, 128.7, 126.9, 118.4, 114., 69.02, 45.3. HRMS 

(ESI/TOF) m/z: [M+H]+ Calcd. for C17H17O2 253.1228; Found 253.1223. FTIR (ATR) cm-1: 3098, 

3061, 3034, 2901, 1680.  

O

O



 
 139 

 

2-(4-methoxyphenyl)-1-(4-(prop-2-yn-1-yloxy)phenyl)ethan-1-one (II-20k). Prepared according 

to General Procedure 1 for the alkylation of acyl azoliums using the respective acyl imidazole (53 

mg, 1.0 equiv) and Hantzsch ester. II-PC-B was used as the photocatalyst. The reaction mixture 

was purified by column chromatography (dry loaded with silica, 2-10% ethyl acetate/hexanes) to 

yield the desired product as a white solid (34 mg, 52%). Analytical data for II-20k: 1H NMR (500 

MHz, Chloroform-d) δ 8.05 – 7.96 (m, 2H), 7.23 – 7.15 (m, 2H), 7.05 – 6.98 (m, 2H), 6.91 – 6.83 

(m, 2H), 4.75 (d, J = 2.4 Hz, 2H), 4.17 (s, 2H), 3.78 (s, 3H), 2.55 (t, J = 2.4 Hz, 1H). 13C NMR 

(126 MHz, Chloroform-d) δ 196.7, 161.5, 158.7, 131.0, 130.6, 127.0, 114.8, 114.3, 77.9, 76.4, 

56.0, 55.4, 44.6. HRMS (ESI/TOF) m/z: [M+H]+ Calcd. for C18H17O3 281.1177; Found 281.1175. 

FTIR (ATR) cm-1: 3305, 3263, 2994, 1684.  

 

 

1-(naphthalen-2-yl)-2-phenylethan-1-one (3l). Prepared according to General Procedure 1 for the 

alkylation of acyl azoliums using the respective acyl imidazole (55.6 mg, 1.0 equiv) and Hantzsch 

ester. II-PC-B was used as the photocatalyst. The reaction mixture was purified by column 

chromatography (wet loaded with toluene, 2-20% ethyl acetate/hexanes) to yield the desired 

product as a white solid (38 mg, 62%). Product is a known substrate and matched the literature 

data.373 

O

O

OMe

O



 
 140 

 

tert-butyl 4-(2-phenylacetyl)piperidine-1-carboxylate (II-20m). Prepared according to General 

Procedure 1 for the alkylation of acyl azoliums using the respective acyl imidazole (69.8 mg, 1.0 

equiv) and Hantzsch ester. II-PC-B was used as the photocatalyst. The reaction mixture was 

purified by column chromatography (wet loaded with toluene, 2-20% ethyl acetate/hexanes) to 

yield the desired product as a clear oil (31 mg, 41%). Analytical data for II-20m:  1H NMR (500 

MHz, Chloroform-d) δ 7.38 – 7.29 (m, 2H), 7.30 – 7.26 (m, 1H), 7.19 (dd, J = 7.2, 1.7 Hz, 2H), 

4.11 (m, 2H), 3.75 (s, 2H), 2.74 (t, J = 12.7 Hz, 2H), 2.59 (tq, J = 11.4, 3.8 Hz, 1H), 1.74 (m, 2H), 

1.55 (dtd, J = 13.4, 11.7, 4.3 Hz, 2H), 1.44 (s, 9H). 13C NMR (126 MHz, Chloroform-d) δ 209.5, 

154.7, 134.0, 129.5, 128.8, 127.2, 79.7, 48.0, 47.9, 28.5, 27.7. HRMS (ESI/TOF) m/z: [M+Na]+ 

Calcd. for C18H25NO3Na 326.1732; Found 326.1732. FTIR (ATR) cm-1: 3006, 2977, 2929, 1680. 

 

 

tert-butyl (S)-(3-oxo-1,4-diphenylbutan-2-yl)carbamate (II-20n). Prepared according to General 

Procedure 1 for the alkylation of acyl azoliums using the respective acyl imidazole (78.8 mg, 1.0 

equiv) and Hantzsch ester. II-PC-B was used as the photocatalyst. The reaction mixture was 

purified by preparative HPLC (short column, 30-95% MeCN/H2O) to yield the product as an off-

white solid (34 mg, 40%). Analytical data for II-20n:   1H NMR (500 MHz, Chloroform-d) δ 7.38 

– 7.22 (m, 6H), 7.11 (dd, J = 16.5, 7.3 Hz, 4H), 5.10 (d, J = 7.8 Hz, 1H), 4.63 (q, J = 7.0 Hz, 1H), 

3.77 – 3.58 (m, 2H), 3.00 (qd, J = 13.8, 6.7 Hz, 2H), 1.41 (s, 9H). 13C NMR (126 MHz, 

BocN
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NHBoc
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Chloroform-d) δ 206.7, 155.2, 136.3, 133.2, 129.7, 129.0, 128.84, 128.7, 127.2, 127.1, 80.1, 59.6, 

48.0, 37.9, 28.4. HRMS (ESI/TOF) m/z: [M+Na]+ Calcd. for C21H25NO3Na 362.1732; Found 

362.1730. FTIR (ATR) cm-1: 3379, 3029, 2978, 1723, 1681.  

 

 

1-cyclohexyl-2-phenylethan-1-one (II-20o). Prepared according to General Procedure 1 for the 

alkylation of acyl azoliums using the respective acyl imidazole (46.6 mg, 1.0 equiv) and Hantzsch 

ester. II-PC-B was used as the photocatalyst. The reaction mixture was purified by column 

chromatography (wet loaded with toluene, 0-10% ethyl acetate/hexanes) to yield the desired 

product as a clear oil (24 mg, 47%). Product is a known substrate and matched the literature data.380  

 

 

1,4-diphenylbutan-2-one (II-20p). Prepared according to General Procedure 1 for the alkylation 

of acyl azoliums using the respective acyl imidazole (50 mg, 1.0 equiv) and Hantzsch ester. II-

PC-B was used as the photocatalyst. The reaction mixture was purified by preparative HPLC (short 

column, 30-95% MeCN/H2O) to yield the product as a clear oil (23 mg, 41%). Product is a known 

substrate and matched the literature data.381 
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2-(4-methoxyphenyl)-1-phenylethan-1-one (II-20q).  Prepared according to General Procedure 1 

for the alkylation of acyl azoliums using the respective acyl imidazole (43.0 mg, 1.0 equiv) and 

Hantzsch ester. II-PC-B was used as the photocatalyst. The reaction mixture was purified by 

column chromatography (dry loaded with silica, 0-10% ethyl acetate/hexanes) to yield the desired 

product as a white solid (36 mg, 64%). Product is a known substrate and matched the literature 

data.382 

 

 

1,2-bis(4-methoxyphenyl)ethan-1-one (II-20r).  Prepared according to General Procedure 1 for 

the alkylation of acyl azoliums using the respective acyl imidazole (51 mg, 1.0 equiv) and 

Hantzsch ester. II-PC-B was used as the photocatalyst. The reaction mixture was purified by 

column chromatography (dry loaded with silica, 2-10% ethyl acetate/hexanes) to yield the desired 

product as a white solid (37 mg, 58%). Product is a known substrate and matched  literature data.382 

 

 

2-(4-fluorophenyl)-1-phenylethan-1-one (II-20s). Prepared according to General Procedure 1 for 

the alkylation of acyl azoliums using the respective acyl imidazole (43 mg, 1.0 equiv) and 
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Hantzsch ester. II-PC-B was used as the photocatalyst. The reaction mixture was purified by 

column chromatography (dry loaded with silica, 2-20% ethyl acetate/hexanes) to yield the desired 

product as a white solid (65 mg, 66%). Product is a known substrate and matched the literature 

data.383 

 

 

2-(4-chlorophenyl)-1-phenylethan-1-one (II-20t). Prepared according to General Procedure 1 for 

the alkylation of acyl azoliums using the respective acyl imidazole 43 mg, 1.0 equiv) and Hantzsch 

ester. II-PC-B was used as the photocatalyst. The reaction mixture was purified by column 

chromatography (dry loaded with silica, 0-10% ethyl acetate/hexanes) to yield the desired product 

as a white solid (44 mg, 76%). Product is a known substrate and matched the literature data.384 

 

 

cyclohexyl(phenyl)methanone (II-20u). Prepared according to General Procedure 1 for the 

alkylation of acyl azoliums using the respective acyl imidazole (43 mg, 1.0 equiv) and Hantzsch 

ester. II-PC-B was used as the photocatalyst. The reaction mixture was purified by column 

chromatography (wet loaded with toluene, 2-20% ethyl acetate/hexanes) to yield the desired 

product (24 mg, 50%). Product is a known substrate and matched the literature data.385 
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1,2-diphenylpropan-1-one (II-20v). Prepared according to General Procedure 1 for the alkylation 

of acyl azoliums using the respective acyl imidazole (43 mg, 1.0 equiv) and Hantzsch ester. II-

PC-B was used as the photocatalyst. The reaction mixture was purified by column chromatography 

(dry loaded with silica, 2-20% ethyl acetate/hexanes) to yield the desired product as a clear oil (40 

mg, 76%). Product is a known substrate and matched the literature data.386 II-Az-G was used for 

the enantioselective variant of this reaction (see below). For entry 2, the SynLED photoreactor was 

placed inside a cold room registering 5 °C. Enantiomeric ratio was measured by chiral phase SFC 

(Chiralpak IG-3, 5% MeOH/CO2, flow rate = 2.5 mL/min, 250 nm, Rt (major) = 3.6 min, Rt 

(minor) = 4.1 min; Entry 1 er: 60:40, Entry 2 er: 66:34. 

 

 

1,2,2-triphenylethan-1-one (II-20w). Prepared according to General Procedure 2 for the alkylation 

of acyl azoliums using the respective acyl imidazole (43 mg, 1.0 equiv) and Meyer nitrile. 4-CzIPN 

II-PC-F was used as the photocatalyst. The reaction mixture was purified by column 

chromatography (wet loaded with toluene, 0-20% ethyl acetate/hexanes) to yield the desired 

product as a white solid (44 mg, 50%). Product is a known substrate and matched the literature 

data.378 
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2-methyl-1,2-diphenylpropan-1-one (II-20x). Prepared according to General Procedure 2 for the 

alkylation of acyl azoliums using the respective acyl imidazole (43 mg, 1.0 equiv) and Meyer 

nitrile. II-PC-F was used as the photocatalyst. The reaction mixture was purified by column 

chromatography (wet loaded with toluene, 0-20% ethyl acetate/hexanes) to yield the desired 

product as a clear oil (28 mg, 50%). Product is a known substrate and matched the literature data.387 

 

 

2,2-dimethyl-1-phenylpropan-1-one (II-20y). Prepared according to General Procedure 2 for the 

alkylation of acyl azoliums using the respective acyl imidazole (43 mg, 1.0 equiv) and Meyer 

nitrile. Note: II-PC-B was used as the photocatalyst for this reaction. The reaction mixture was 

purified by column chromatography (dry loaded with silica, 2-10% ethyl acetate/hexanes) to yield 

the desired product as a clear oil (14 mg, 35%). Product is a known substrate and matched the 

literature data.387 

 

 

1-(4'-((1,7'-dimethyl-2'-propyl-1H,3'H-[2,5'-bibenzo[d]imidazol]-3'-yl)methyl)-[1,1'-biphenyl]-2-

yl)-2-phenylethan-1-one (II-20z). Prepared according to General Procedure 3 for the alkylation of 
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acyl azoliums (in situ activation) using telmisartan (51.5 mg, 1.0 equiv) and the respective 

Hantzsch ester. II-PC-B was used as the photocatalyst. The reaction mixture was purified by 

column chromatography (wet loaded with toluene, 60-100% ethyl acetate/hexanes) to yield the 

desired product as an off-white solid (54 mg, 91%). Analytical data for II-20z:  1H NMR (500 

MHz, Chloroform-d) δ 7.81 – 7.76 (m, 1H), 7.51 (d, J = 1.6 Hz, 1H), 7.46 (td, J = 7.5, 1.5 Hz, 

1H), 7.44 – 7.40 (m, 2H), 7.38 – 7.24 (m, 7H), 7.15 – 7.06 (m, 5H), 6.85 – 6.80 (m, 2H), 5.45 (s, 

2H), 3.73 (s, 3H), 3.55 (s, 2H), 2.98 – 2.87 (m, 2H), 2.78 (s, 3H), 1.87 (dt, J = 15.3, 7.5 Hz, 2H), 

1.03 (t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, Chloroform-d) δ 204.4, 156.5, 154.7, 143.3, 142.9, 

140.5, 140.3, 139.3, 136.7, 135.8, 135.2, 133.9, 130.8, 130.3, 129.7, 129.6, 129.5, 128.4, 128.23, 

127.7, 126.9, 126.7, 124.1, 124.0, 122.6, 122.4, 119.6, 109.7, 108.9, 49.6, 47.0, 31.9, 29.9, 22.0, 

17.0, 14.2. HRMS (ESI/TOF) m/z: [M+H]+ Calcd. for C40H37N4O 589.2967; Found 589.2965. 

FTIR (ATR) cm-1: 3062, 3028, 2964, 2931, 1692.  

 

 

(S)-2-(3-ethoxy-4-(2-phenylacetyl)phenyl)-N-(3-methyl-1-(2-(piperidin-1-

yl)phenyl)butyl)acetamide (II-20aa). Prepared according to General Procedure 3 for the alkylation 

of acyl azoliums (in situ activation) using repaglinide (45.3 mg, 1.0 equiv) and the respective 

Hantzsch ester. II-PC-B was used as the photocatalyst. The reaction mixture was purified by 

column chromatography (wet loaded with toluene, 0-40% ethyl acetate/hexanes) to yield the 

desired product as a white solid (27.1 mg, 52%). Analytical data for II-20aa: 1H NMR (500 MHz, 
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Chloroform-d) δ 7.60 (d, J = 7.8 Hz, 1H), 7.32 – 7.15 (m, 7H), 7.08 – 7.01 (m, 2H), 6.84 – 6.77 

(m, 2H), 6.72 (d, J = 8.1 Hz, 1H), 5.35 (td, J = 8.7, 6.6 Hz, 1H), 4.30 (s, 2H), 4.11 – 3.95 (m, 2H), 

3.50 (s, 2H), 2.91 (s, 2H), 2.59 (t, J = 10.2 Hz, 2H), 1.74 – 1.64 (m, 2H), 1.64 – 1.46 (m, 6H), 1.46 

– 1.37 (m, 4H), 0.90 (d, J = 6.6 Hz, 6H). 13C NMR (126 MHz, Chloroform-d) δ 199.8, 168.9, 

158.3, 152.7, 141.5, 138.8, 135.4, 131.4, 129.8, 128.5, 128.1, 127.9, 127.2, 126.7, 125.2, 123.0, 

121.5, 113.1, 64.3, 50.2, 50.1, 46.8, 44.3, 26.9, 25.5, 24.3, 22.9, 22.7, 14.9. HRMS (ESI/TOF) m/z: 

[M+H]+ Calcd. for C34H43N2O3 527.3273; Found 527.3273. FTIR (ATR) cm-1: 3300 (br), 3029, 

2980, 2955, 2876, 1676, 1640.  

 

 

(5S,8R,9S,10S,13R,14S,17R)-10,13-dimethyl-17-(5-oxo-6-phenylhexan-2-yl)dodecahydro-3H-

cyclopenta[a]phenanthrene-3,7,12(2H,4H)-trione (II-20ab). Prepared according to General 

Procedure 3 for the alkylation of acyl azoliums (in situ activation) using dehydrocholic acid (40.3 

mg, 1.0 equiv) and the respective Hantzsch ester. II-PC-B was used as the photocatalyst. The 

reaction mixture was purified by column chromatography (wet loaded with toluene, 20-80% ethyl 

acetate/hexanes) to yield the desired product as a white solid (19 mg, 40%). Analytical data for II-

20ab: 1H NMR (500 MHz, Chloroform-d) δ 7.32 (dd, J = 8.1, 6.7 Hz, 2H), 7.28 – 7.23 (m, 1H), 

7.22 – 7.18 (m, 2H), 3.68 (s, 2H), 2.99 – 2.77 (m, 3H), 2.52 (ddd, J = 17.0, 9.2, 5.1 Hz, 1H), 2.42 

(ddd, J = 16.7, 8.7, 6.7 Hz, 1H), 2.36 – 2.18 (m, 6H), 2.17 – 2.08 (m, 2H), 2.05 – 1.91 (m, 4H), 

1.87 – 1.74 (m, 2H), 1.61 (td, J = 14.3, 5.0 Hz, 1H), 1.39 (s, 3H), 1.35 – 1.26 (m, 2H), 1.25 – 1.17 
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(m, 2H), 1.03 (s, 3H), 0.76 (d, J = 6.6 Hz, 3H). 13C NMR (126 MHz, Chloroform-d) δ 212.0, 209.0, 

208.74, 208.69, 134.3, 129.4, 128.7, 127.0, 56.9, 51.7, 50.3, 49.0, 46.9, 45.6, 45.5, 45.0, 42.8, 39.0, 

38.6, 36.5, 36.0, 35.3, 35.3, 29.2, 27.5, 25.1, 21.9, 18.7, 11.9. HRMS (ESI/TOF) m/z: [M+Na]+ 

Calcd. for C31H4O4Na 499.2824; Found 499.2824 FTIR (ATR) cm-1: 3028, 2991, 2967, 1721, 

1705, 1691.   
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CHAPTER 3: SYNTHESIS OF ALIPHATIC KETONES VIA COMBINED CARBENE 

AND PHOTOREDOX CATALYSIS 
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3.1 Early Limitations of Carbene Catalysis  

 The carbonyl group is inherently electrophilic at the carbonyl carbon atom due to the 

electron-withdrawing nature of the oxygen atom. However, umpolung approaches have been 

developed to reverse the polarity of carbonyl groups, thus expanding the reactivity of these 

compounds significantly.388 For example, addition of an N-heterocyclic carbene (NHC) to an 

aldehyde forms an acyl anion equivalent known as the Breslow intermediate by formally reversing 

the polarity of the carbonyl carbon.268 

 NHCs have a broad landscape of organocatalytic reactivity (Scheme 3-1; see Chapter 1).268 

Nucleophilic addition of the Breslow intermediate into an activated alkene affords a ketone in the 

Stetter reaction, and α-hydroxy or α-amino ketones can be accessed by reaction of the Breslow 

intermediate with aldehydes or imines, respectively, in benzoin condensation reaction.58,62 These 

organocatalysts are also known to add into extended systems (i.e., α,β-unsaturated aldehydes or 

aliphatic esters to form homoenolate equivalents, which can react with ketones in a [3 + 2] 

cycloaddition or can add into Michael acceptors in a decarboxylative cycloaddition process.389-391 

 

Scheme 3-1. Overview of traditional NHC-catalyzed reactivity.  
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 While NHC catalysis has enabled access to a range of products, this two-electron reactivity 

is limited to sp2 electrophiles, highlighting the potential opportunity for single-electron NHC 

catalysis. For example, two consecutive single-electron oxidations of the Breslow intermediate 

afford an electron-deficient acyl azolium, a process which has been employed for the synthesis of 

esters from aldehydes (see Chapters 1.6.1 and 2.3.3).34,99-100,392 Inspired by these reports and the 

rise in radical chemistry in recent decades, there has been significant effort by chemists to expand 

the scope of reaction partners beyond π-containing electrophiles for the synthesis of synthetically 

valuable ketones (Scheme 3-2). 

 

Scheme 3-2. Single-electron transfers in NHC catalysis for the synthesis of C–X (X = N, O, S, 
etc.) and C–C bonds. 

3.1.1 Significance of Aliphatic Ketones 

 Ketones are a primary class of organic molecules. The broad versatility of ketones (e.g., 
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Figure 3-1. Selected examples of aliphatic ketones in pharmaceutically relevant compounds. 

3.1.2 Initial Limitations of Radical Carbene Catalysis 

 There has been a marked increase in single-electron NHC-catalyzed methods for the 

construction of C–C bonds reported in recent years in part due to the importance of ketones in 

synthesis.395-399 Various groups across the globe hypothesized that radical acyl azolium species 

III-I• could undergo radical-radical coupling with an array of coupling partners to increase the 

utility of NHCs in synthesis.127,131,148-149 The highly reducing Breslow intermediate could be 

accessed from an aldehyde and could reduce an acceptor substrate, undergoing a single-electron 

oxidation to access III-I•.127 Alternatively, an activated carboxylic acid could be employed as a 

precursor for the acyl azolium, which could undergo single-electron reduction by a donor molecule 

to yield key radical intermediate III-I•.149   

 

Scheme 3-3. Routes to access III-I• via single-electron oxidation (left) and single-electron 
reduction (right). The reader is referred to Chapter 1 for a thorough review of these processes. 
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development of similar protocols by the groups of Li,139 Wang,140 and Hong,128 among others.131,141 

While instrumental in sparking interest in the field of radical carbene catalysis, the initial work by 

Ohmiya and coworkers was limited in scope. In particular, the reaction was unsuccessful when 

applied for the synthesis of aliphatic ketones, perhaps due to the relative instability of III-I• when 

R1 is alkyl compared to that when R1 is aryl.  

 Concurrent with this work, light-driven carbene methods by our group,148,400 

Hopkinson,401-402 Studer,153,157,159 and others demonstrated complementary reactivity to 

established two-electron carbene catalysis.123,151,157 In 2020, Hopkinson and coworkers reported a 

light-activated, NHC-catalyzed Diels-Alder reaction to construct isochromanone derivatives.401 

Our group reported the first single-electron reduction of an acyl azolium (III-I) for the formation 

of ketones from carboxylic acids (see Chapter 2.3.4-2.11.7).400 Radical-radical coupling of a 

Hantzsch ester-derived alkyl radical with acyl azolium radical III-I• was achieved via a reductive 

quenching cycle. Notably, this protocol allowed for the synthesis of aliphatic ketones, but the 

yields were significantly diminished in comparison to aryl ketones (Scheme 3-4). While this work 

highlights the utility of reductively generated single-electron NHC operators, the scope was 

primarily limited to aryl substrates, such as deoxybenzoin (III-7a). 

 

Scheme 3-4. NHC and photoredox-catalyzed synthesis of ketones.400 
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the efficiency with which III-I• is generated. Unfortunately, Lewis acids were found to decrease 

the yield of III-7b compared to the standard reaction conditions (entries 2-5, Table 3-1). Given 

that the redox potential of aliphatic acyl azolium species is likely different from that of aryl acyl 

azolium species, a variety of photocatalysts were also explored. The use of organophotocatalyst 

4CzIPN afforded III-7b in the same yield as the standard iridium-derived photocatalyst, but none 

of the screened photocatalysts increased the yield (entries 6-9, Table 3-1). Bases were screened as 

well, but the reaction yield did not improve in comparison to the standard reaction conditions 

(entries 10-13, Table 3-1).  

 

Table 3-1. Screen of reaction conditions for the synthesis of aliphatic ketones using combined 
NHC and photoredox catalysis. 
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hypothesized that we could solve this pervasive issue using a combination of computational and 

experimental approaches to study the reaction mechanism.  

3.2 Radical Distribution  

 Bertrand and Martin disclosed a detailed study on the key radical intermediates in oxidative 

NHC processes in 2019.403 Contrary to many mechanistic proposals in the literature, their studies 

suggest that these oxidative pathways proceed through single-electron transfer (SET) from the 

corresponding electron-rich enolate of the Breslow intermediate or through proton-coupled 

electron transfer (PCET) from the enol. They concluded that the relevant radical intermediates in 

these reactions have radical spin density concentrated primarily on the carbene carbon (C2, 40%) 

and not on the carbonyl carbon (C1, 10%; Figure 3-2).403 While these results do not directly 

translate to our system due to substantial differences in radical generation (i.e., thermal vs. 

photochemical), their work provoked important mechanistic questions regarding the nature of 

single-electron NHC species. 

 

Figure 3-2. Mulliken spin densities of III-I• derived from diisopropylphenyl-substituted 
imidazolium reported by Martin and coworkers. Dipp = diisopropylphenyl.403 
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and SMD solvation corrections408 in acetonitrile as implemented in Gaussian 16. Acyl azoliums 

derived from benzoic acid and hydrocinnamic acid were chosen as the model substrates to study 

the reactivity of aryl and aliphatic systems, respectively (Figure 3-3, acyl imidazole starting 

materials III-5a and III-5b, respectively). To analyze the steric and electronic impact of the NHC, 

our previously optimized NHC precursor (III-Az-A) and mesityl-substituted pyrrolotriazolium 

(III-Az-B) were the primary focus of this study.  

 

Figure 3-3. A) Single-electron reduction of an in situ-formed acyl azolium (III-I) to access radical 
acyl azolium III-I•. B) Acyl imidazoles III-5a and III-5b used to study the aryl and aliphatic 
systems, respectively. C) NHC precursors III-Az-A and III-Az-B that feature different steric and 
electronic properties. 
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revealing more Mulliken spin density on C2 compared to C1 for all III-I• analyzed.409 These results 

agree with the conclusions by Martin and coworkers and suggest that the mechanism for radical-

radical coupling may be more complex than originally anticipated.  

 

Figure 3-4. Radical acyl azolium intermediates (III-I•), the corresponding spin density diagram, 
and the Mulliken spin densities of the carbonyl carbon atom (C1) and the carbene carbon atom 
(C2). 
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collapse to give the free NHC and the ketone product. It is also plausible that the C2-coupled 

intermediate could not react, thus consuming the NHC and halting the reaction progress altogether 

or could engage in undesired off-cycle reactivity. These alternative reaction pathways offer 

potential explanations for the low yields observed using aliphatic acyl imidazoles (e.g., III-5b to 

make the corresponding III-7b). 

 

Figure 3-5. Possible mechanistic pathways for the radical-radical coupling event. 
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designated in Figure 3-5) may be operative under the standard reaction conditions using III-Az-

A as the NHC precursor.  

 

Table 3-2. Mass adducts observed by UPLC-MS using stoichiometric III-Az-A. 
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reaction systems by breaking specific bonds. For example, the isodesmic reaction for III-I• can be 

written by breaking the bond between C1 and C2, and the stability of the radical on C1 and C2 can 

be analyzed (Scheme 3-5).   

 

Scheme 3-5. The isodesmic reactions of A) phenyl acyl azoliums and B) hydrocinnamyl acyl 
azoliums.  
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enable direct coupling at desired C1 for aliphatic substrates by impacting selectivity between the 

two carbon centers. 

3.4 Conformation of an Acyl Azolium Radical Species 

 Given that electronic changes were unlikely to inhibit C2-coupling, we investigated 

whether NHC steric parameters may be tuned to favor productive coupling at C1. When we 

juxtaposed the acyl azolium radicals III-I• derived from III-Az-A and III-Az-B, different 

conformations were observed for the aliphatic radical intermediate (Figure 3-6). Due to both the 

torsional flexibility of the aliphatic substrate and the orthogonality of the mesityl group, III-Az-B 

rotates 180º with respect to the carbonyl to form a stabilizing CH-π interaction (1.5 kcal/mol more 

stable), potentially leading to efficacy of III-Az-B over III-Az-A (Figure 3-6). Moreover, this 

interaction further rigidifies the conformation and enforces the steric encumbrance imposed by the 

mesityl ring, likely contributing to favorable coupling at kinetically accessible C1 (Figure 3-

6B).411 

 

Figure 3-6. Conformational analysis of III-I• derived from III-Az-A (blue) and III-Az-B (red) in 
an orientation where the mesityl ring of III-Az-B is A) syn to the carbonyl or B) anti to the 
carbonyl. 
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3.4.1 NHC Steric and Electronic Effects on Reactivity 

 NHCs with different electronic and steric parameters were examined under the standard 

reaction conditions to probe the impact of NHC structure on radical reactivity. NHC structure was 

found to have less impact on reactivity for aryl acyl azolium radicals, likely due to the conjugative 

stability imparted by the aryl ring on the radical at C1. However, for aliphatic substrates, reactivity 

was anticipated to be more NHC-dependent due to the increased radical stability at C2. Analysis 

of three NHC scaffolds allows trends in reactivity to be identified (Figure 3-7). Comparison of 

III-Az-C with fluorinated III-Az-D suggests that electron withdrawing NHCs may stabilize the 

radical at C2 even further, contributing to a decrease in yield when using III-Az-D. A significant 

steric impact can be observed by comparison of III-Az-B to sterically smaller III-Az-C. This 

analysis shows that both the NHC steric and electronic components significantly affect reactivity, 

with an increase in steric hinderance resulting in a 51% increase in NMR yield. 

 

Figure 3-7. Analysis of the electronic and steric impacts of the NHC precursor. Yields shown are 
NMR yields obtained using 1,3,5-trimethoxybenzene as an internal standard.  
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sterically hindering NHCs, both C1 and C2 of III-I• derived from previously optimized III-Az-A 

may be accessible for radical-radical coupling, resulting in little-to-no selectivity (Figure 3-8). As 

mentioned previously, radical-radical coupling at the C2-carbon center may result in undesired off 

cycle reactivity, offering a potential explanation for the decreased yields using III-Az-A. On the 

contrary, C1 is more accessible than hindered C2 using sterically bulky III-Az-B, and the steric 

hindrance imposed by the mesityl ring may enable a more selective reaction. 

 

Figure 3-8. Steric impact on accessibility of C1 and C2. 
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Figure 3-9. GCMS traces of the standard reaction with aliphatic acyl imidazoles using III-Az-A 
(top) and III-Az-B (bottom). 
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single-electron oxidation event with the excited photocatalyst. Subsequent single-electron 

reduction of the acyl azolium (III-I, ∆G = 7.6 kcal/mol) furnishes an open-shell acyl azolium 

radical species (III-I•, ∆G = 16.1 kcal/mol) with the radical distributed between C1 and C2. The 

radical coupling partner then approaches III-I• to give III-IIC1 and III-IIC2 through a three-

membered transition state (TS-3, ∆G‡ = 21.1 kcal/mol). Finally, the release of the NHC catalyst 

(TS-4, ∆G‡ = 13.4 kcal/mol) affords the observed ketone product III-7b (∆G = –16.3 kcal/mol). 

 

Figure 3-10. Updated mechanism for the NHC and photoredox-catalyzed synthesis of ketones 
from carboxylic acids. 
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will likely collapse to afford the ketone product if coupling occurs at C1. Undesired C2 coupling 

may also occur, and this intermediate may engage in off cycle reactivity. Importantly, analysis of 

the optimized transition state structures shows the key CH-π interaction that makes the transition 

state 1.5 kcal/mol more stable with mesityl-substituted III-Az-B compared to methyl-substituted 

III-Az-A. This interaction also rigidifies the system and is likely to enforce the steric encumbrance 

imposed by the NHC.  

 

Figure 3-11. Three-membered transition state with bonds forming between the incoming radical 
partner, C1, and C2, and the optimized structures identified by computational analysis of the 
transition state.  

 The energies surrounding the three-membered transition state were investigated to gain 

insight into the radical-radical coupling. Our collaborators calculated potential energy surfaces 

(PES) to further rationalize which carbon, C1 or C2, is most likely to participate in radical-radical 

coupling; this data allows for visualization of the energy landscape surrounding the transition state. 

Formation of the transition state with the dimethyl triazolium-derived acyl azolium and the 

incoming benzyl radical occurs. This III-Az-A-derived PES revealed downhill energy paths 

leading to both C1- and C2-coupling products, suggesting a non-selective reaction wherein 

considerable III-IIC2 is formed (Figure 3-12). For III-Az-B, the energy topography visually 

appears different and clearly favors coupling at C1. In contrast to the PES for III-Az-A, an uphill 

barrier exists on the path to undesired C2, which translates to a preference of 2.3 kcal/mol for C1 
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over C2, in line with the hypothesis that the mesityl group of III-Az-B may hinder coupling at the 

C2 center (Figure 3-12). These observations suggest a greater likelihood for efficient C1-coupling 

over inefficient and unproductive C2-coupling using III-Az-B as the NHC precursor (III-IIC1 and 

III-IIC2, ∆G = 9.4 and 9.2 kcal/mol, respectively). 

  

Figure 3-12. Potential energy surfaces for the transition state from acyl azolium radicals III-I• 
derived from III-Az-A (left) and III-Az-B (right). 

3.6 Substrate Scope for the Synthesis of Aliphatic Ketones 

 This proposed mechanism thus directed experimental efforts wherein benzylation of 5b 

was performed using III-Az-B as the NHC precursor. To our delight, the reaction not only 

proceeded to completion, but the desired aliphatic ketone 7b was isolated in 72% yield, a 32% 

increase compared to the reaction using III-Az-A. Given this result, the scope of aliphatic acyl 

imidazoles amenable to benzylation was investigated using III-Az-B as the NHC precursor (Table 

3-3). 
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3.6.1 Acyl Imidazole Scope 

 Additional substituted hydrocinnamic acyl imidazoles were tolerated to provide the 

respective ketones in good yields (III-7c,d, Table 3-3). The reaction proceeded smoothly with 

nitrogen- and ether-containing substrates, affording the respective ketone products (III-7e,f,i) in 

good-to-excellent yields. Of note is the successful isolation of unsaturated III-7h, an alkene-

containing product that offers a functional group handle for further diversification (albeit low-

yielding due to radical addition into the alkene). The reaction with cyclopropane acyl imidazoles 

afforded their respective ketone products (III-7j,k) in good yields, an unexpected result that 

provides additional mechanistic insight into the nature of III-I•. The distribution of radical 

character between C1 and C2 likely offers more radical stability than that of traditional acyl 

radicals, which have demonstrated radical clock-like reactivity, thus illustrating a significant 

advantage of NHC-based radical chemistry.170,412 The chemoselectivity of this process was 

demonstrated in the isolation of ester-containing III-7l, illustrating a bond construction that suffers 

from functional group incompatibility using conventional methods of ketone formation (e.g.,  

 

Table 3-3. Acyl imidazole variation using Hantzsch esters. 
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Grignard reaction, see SI). In general, use of III-Az-B instead of III-Az-A with aliphatic acyl 

imidazoles resulted in significant increases in yield (e.g., 32% increase for III-7b and 64% increase 

for III-7e) and enabled inclusion of a variety of substrates that demonstrated little-to-no reactivity 

using III-Az-A (e.g., III-7h and III-7l).  

 The reaction with other radical coupling partners was also studied to further increase the 

practicality and overall utility of this method.413-414 In addition to their ease of preparation, bis-

catecholato silicates are bench stable and offer excellent substrate diversity. Minor modification 

of the reaction conditions enabled reactivity to be achieved using bis-catecholato silicates as an 

alternative radical precursor (III-8), affording selected ketone products in comparable yields to 

those using Hantzsch esters (Table 3-4). In addition to tolerating different radical precursors as 

coupling partners, it was also determined that an organophotocatalyst (3DPAFIPN) could be 

substituted for the iridium-based photocatalyst, providing a more cost-effective variant for 

alkylation. 

 

Table 3-4. Benzylation of acyl azoliums using alkyl silicate III-8 as the oxidatively generated 
radical precursor. 
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partners viable in this reaction (Table 3-5). Benzyl Hantzsch esters containing electron-

withdrawing and electron-donating groups afforded ketones (III-7m-p) in good yields. Carbazole-

containing III-7r was isolated in high yield, offering a potential method to tag molecular probes 

for fluorescence studies.415-417 The reaction proceeded smoothly with sterically congested radical 

precursors (III-7q,s) as well as primary, secondary, and tertiary alkyl radicals (III-7t-v). 

 

Table 3-5. Substrate scope with variation of the radical partner. [a] Reaction used III-6 as the ORP 
and [Ir(dF[CF3]ppy)2(dtbpy)]PF6 as the photocatalyst. [b] Reaction used III-9 as the ORP and 
4CzIPN as the photocatalyst. [c] Reaction used III-8 as the ORP and 3DPAFIPN as the 
photocatalyst.  
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under the slightly basic conditions of this reaction, α-amino ketone III-7x was prepared directly 

from N-Boc-L-valine with moderate stereoretention (87:13 er), suggesting that alkylation of chiral 

carboxylic acids is possible without complete erosion of stereochemistry. 

 Lastly, the late-stage functionalization of bioactive compounds was accomplished using 

the same one-step protocol (Table 3-6). The benzylation of a dipeptide was successful (III-7ad), 

suggesting that this methodology may be suitable for converting short peptides into their ketone 

counterparts with additional optimization. Naproxen, an anti-inflammatory drug used to treat bone 

disorders, was directly benzylated to afford the corresponding ketone (III-7ae) in excellent yield. 

The late-stage functionalization of heterobicyclic D-biotin, a vitamin essential to metabolism, was 

also achieved to give III-7af in moderate yield, further highlighting the synthetic utility of this 

process. 

 

Table 3-6. Substrate scope for the direct late-stage functionalization of bioactive compounds 
starting from the corresponding carboxylic acids. 
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3.7 Conclusion and Outlook 

 We addressed a common limitation of single-electron NHC processes, revealing 

mechanistic insights that may be applied to this catalysis platform to further advance the field, 

expand substrate scopes, and increase the overall utility of NHCs in synthesis (Figure 3-13). The 

tunability of these single-electron operators was highlighted in a combined NHC-catalyzed and 

photoredox protocol to synthesize aliphatic ketones from activated carboxylic acids. Modulation 

of steric and electronic parameters of the NHC enabled increased yields of up to 65% compared 

to our previous results. In addition to significantly expanding the scope of this reaction, amino 

acids were directly functionalized to afford the corresponding α-amino ketones using a one-pot 

procedure, and the utility of this method was showcased in the late-state tailoring of bioactive 

compounds.  

 

Figure 3-13. Progress made towards expanding the scope of radical carbene catalysis via control 
of the steric and electronic parameters of the NHC precursor. 
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Isolera 4 systems with Ultra-grade silica cartridges. Analytical thin layer chromatography was 

performed on EM Reagent 0.25 mm silica gel 60-F plates. Visualization was accomplished with 

UV light or ceric ammonium molybdate stain followed by heating.  

 1H NMR spectra were recorded on AVANCE III 500 MHz w/ direct cryoprobe (500 MHz) 

spectrometer and are reported in ppm using solvent as an internal standard (CDCl3 at 7.26 ppm). 

Data are reported as (ap = apparent, s = singlet, d = doublet, t = apparent triplet, q = quartet, m = 

multiplet, b = broad; coupling constant(s) in Hz; integration.) Proton-decoupled 13C NMR spectra 

were recorded on an AVANCE III 500 MHz w/ direct cryoprobe (126 MHz) spectrometer and are 

reported in ppm using solvent as an internal standard (CDCl3 at 77.16 ppm). Mass spectra were 

obtained on a WATERS Acquity-H UPLC-MS with a single quad detector (ESI) or an Agilent 

7890 gas chromatograph equipped with a 5975C single quadrupole EI-MS. High-resolution mass 

spectrometry (HRMS) was obtained using an Agilent 6201 MSLC-TOF (ESI) or Bruker IMPACT 

II (ESI). Enantioselective measurements were made on an Agilent 1290 Infinity SFC using 

Chiralpak IA-3, IB-3, IC-3, ID-3, IG-3 chiral stationary phases. All photocatalytic reactions were 

carried out in a SynLED Parallel Photoreactor (465-470 nm) purchased from Sigma-Aldrich. 

[Ir(dF(CF3)ppy)2(dtbpy)]PF6was purchased from Strem Chemicals and used without purification, 

or synthesized according to the literature procedure.369 3DPAFIPN and 4CzIPN were prepared 

according to the literature procedure.418 III-Az-B, III-Az-C, and III-Az-D were prepared based 

on a known literature procedure.419   
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3.9.1 General Synthetic Procedures 

3.9.1.1 General Procedure for the Synthesis of Acyl Imidazoles: 

 

Scheme 3-6. Synthesis of acyl imidazoles from carboxylic acids. 

 The starting acyl imidazoles III-5 were prepared based on the method of Lee and Scheidt: 

The appropriate acid III-10 (10 mmol, 1.0 equiv) was dissolved in dry dichloromethane (0.3 M), 

and CDI (carbonyldiimidazole, 15 mmol, 1.5 equiv) was added slowly. The resulting mixture was 

stirred for 1-12 h at ambient temperature. Upon completion, the resulting solution was transferred 

to a separatory funnel and washed with deionized water (2 x 25 mL), and the organic layer was 

dried over MgSO4. Concentration under reduced pressure afforded the acyl imidazole product III-

5, which was used in the following reaction without further purification.  

 

 All alkyl radical precursors III-6, III-8, and III-9 were synthesized according to the 

established literature procedure and matched the reported spectral data.285,371-372,414,420-421  

3.9.1.2 General Procedure 1 for the Alkylation of Acyl Azoliums using Hantzsch Esters: 

 

Scheme 3-7. Combined NHC and photoredox-catalyzed synthesis of aliphatic ketones using III-
Az-B. 
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 All reactions were set up inside a glovebox under N2 atm. To an oven-dried 2-dram vial 

containing a stirbar was added the respective Hantzsch ester III-6 (1.5 equiv, 0.38 mmol), 

respective acyl imidazole III-5 (1.0 equiv, 0.25 mmol), [Ir(dF[CF3]ppy)2(dtbpy)]PF6 (0.01 equiv, 

1 mol %), N-mesityl-substituted pyrrolotriazolium NHC precursor (III-Az-B, 11.8 mg, 0.15 equiv, 

38 μmol), and cesium carbonate (24.4 mg, 0.30 equiv, 75 μmol). Acetonitrile (2.5 mL, 0.1 M) was 

added, and the reaction was capped and removed from the glovebox. Parafilm was wrapped around 

the cap to prevent air from entering, and the vial was stirred in a SynLED Parallel Photoreactor 

(467 nm blue LEDs). The reactions were monitored by GCMS or LCMS. When complete 

consumption of the acyl imidazole was observed (typically 4-16 h), the reactions were 

concentrated under reduced pressure and then purified by column chromatography on silica gel.  

3.9.1.3 General Procedure 2 for the Alkylation of Acyl Azoliums using Meyer Nitriles: 

 

Scheme 3-8. Synthesis of aliphatic ketones using Meyer nitriles in place of Hantzsch esters. 

 All reactions were set up inside a glovebox under N2 atm. To an oven-dried 2-dram vial 

containing a stirbar was added the respective Meyer nitrile (1.5 equiv, 0.38 mmol), appropriate 

acyl imidazole (1.0 equiv, 0.25 mmol), 4CzIPN (0.01 equiv, 1 mol %), N-mesityl-substituted 

pyrrolotriazolium NHC precursor (Az-B, 11.8 mg, 0.15 equiv, 38 μmol), and cesium carbonate 

(24.4 mg, 0.30 equiv, 75 μmol). Acetonitrile (2.5 mL, 0.1M) was added, and the reaction was 

capped and taken out of the glovebox. Parafilm was wrapped around the cap to prevent air from 

entering, and the vial was stirred in a SynLED Parallel Photoreactor (467 nm blue LEDs). The 
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reactions were monitored by GCMS or LCMS. When complete consumption of the acyl imidazole 

was observed (typically 4-16 h), the reactions were concentrated under reduced pressure and then 

purified by column chromatography.  

3.9.1.4 General Procedure 3 for the Alkylation of Acyl Azoliums using Bis-catecholato Silicates: 

 

Scheme 3-9. Synthesis of aliphatic ketones using bis-catecholato silicates in place of Hantzsch 
esters. 

 All reactions were set up inside a glovebox under N2 atm. To an oven-dried 2-dram vial 

containing a stirbar was added the respective silicate (2.0 equiv, 0.50 mmol), appropriate acyl 

imidazole (1.0 equiv, 0.25 mmol), 3DPAFIPN (0.01 equiv, 1 mol %), N-mesityl-substituted 

pyrrolotriazolium NHC precursor (11.8 mg, 0.15 equiv, 38 μmol), and cesium carbonate (12 mg, 

0.15 equiv, 38 μmol) unless otherwise stated. Acetonitrile (2.5 mL, 0.1M) was added, and the 

reaction was capped and taken out of the glovebox. Parafilm was wrapped around the cap to 

prevent air from entering, and the vial was stirred in a SynLED Parallel Photoreactor (467 nm blue 

LEDs). The reactions were monitored by GCMS. When complete consumption of the acyl 

imidazole was observed (typically 16-32 h), the reactions were concentrated under reduced 

pressure and then purified by column chromatography.  
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3.9.1.5 General Procedure 4 for the Direct Alkylation of Carboxylic Acids: 

 

Scheme 3-10. One-pot synthesis of aliphatic ketones directly from carboxylic acids. 

 All reactions were set up inside a glovebox under N2 atm. To an oven-dried 2-dram vial 

containing a stirbar was added CDI (1.0 equiv, 0.25 mmol), the appropriate amino acid or 

carboxylic acid (1.0 equiv, 0.25 mmol), the respective benzyl Hantzsch ester (2.0 equiv, 0.50 

mmol), PC-1 (0.01 equiv, 1.0 mol %), cesium carbonate (24.4 mg, 0.30 equiv, 75 μmol), and N-

mesityl-substituted pyrrolotriazolium NHC precursor (11.8 mg, 0.15 equiv, 38 μmol).  The solids 

were dissolved in acetonitrile (2.5 mL, 0.1 M). The vial was capped and taken out of the glovebox. 

Parafilm was wrapped around the cap to prevent air from entering, and the vial was stirred in a 

SynLED Parallel Photoreactor (467 nm blue LEDs). The reactions were allowed to stir for 24 h 

unless otherwise noted. Following completion, the reactions were concentrated under reduced 

pressure and then purified by column chromatography.  
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performed at a 0.1 mmol scale. Reactions with isolated yields were performed at a 0.25 mmol 

scale. 

 

 

Table 3-7. Optimization of reaction conditions with a screen of oxidatively generated radical 
precursors. 

3.9.3 NHC Screens 

3.9.3.1 NHC Screen for Aryl Systems using Phenyl Acyl Imidazole 

 These yields were determined by NMR using a stock solution of 1,3,5-trimethoxybenzene 

in CDCl3 (0.33 equiv of 1,3,5-trimethoxybenzene compared to 1.0 equiv of starting acyl imidazole) 

which was added to the crude reaction material after concentration. For consistency and 
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% Cs2CO3 (differing from the 15 mol % in the optimized reaction conditions for aryl substrates),10 

which may account for the lower NMR yields compared to isolated yields. 

 

Table 3-8. Screen of NHC precursors for the model reaction of aryl substrates. 
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may account for a slightly lower yield compared to the isolated yield for III-Az-B.  
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Table 3-9. Screen of NHC precursors for the model reaction of aliphatic substrates. *The presence 
of multiple highly stabilizing groups was found to decrease yield. 
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3.9.4 Control Experiments 

 

Table 3-10. Control experiments demonstrating that the reaction is NHC and photoredox 
catalyzed. 

Note: The same control experiments were run with the benzyl silicates III-8a, and some product 

formation was observed when entries 2-4 were applied. However, the majority of the reaction was 

unreacted starting material (after 16 h). While further experiments are ongoing to understand these 

results, the most efficient and highest yielding conditions for the benzyl silicates were observed 

with the NHC-catalyzed conditions as established in Table S-1. 

 

3.9.5 Chemoselectivity Experiment 

 

Scheme 3-11. Benzylation of a Weinreb amide to make III-7i. 

 The chemoselectivity of the alkylation strategy described herein demonstrates another 

notable benefit of this reactivity platform. For example, benzylation of a 1,4-dicarbonyl acyl 

imidazole yielded ester-containing III-7i in good yield, demonstrating a bond construction that 
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suffers from functional group incompatibility using conventional methods of ketone formation 

(e.g. Grignard reaction, see above reaction scheme). When the corresponding Weinreb amide was 

reacted with benzylmagnesium chloride, the desired product was either not produced or was 

produced in small quantities (using 1 or 5 equivalents of BnMgCl, respectively). Moreover, when 

the desired product was produced, multiple isolation attempts proved unsuccessful due to the 

abundance of over-alkylated side products (e.g. products from double- and triple-benzylation). On 

the contrary, when the corresponding acyl imidazole was subjected to our combined catalytic 

protocol, no over-alkylation was observed, thus demonstrating excellent functional group 

compatibility. 

3.9.5.1 Procedure for benzylation of Weinreb amide: 

 To a stirred solution of weinreb amide (1.0 equiv) at 0 °C in THF, was slowly added benzyl 

magnesium chloride (2 M in THF, 1.0 or 5.0 equiv) and the resulting mixture was reacted for 20 

hours at ambient temperature under N2 atm. The reaction mixture was cooled, diluted with aqueous 

HCl (2 M), and extracted with diethyl ether. The organic layer was dried over Na2SO4, filtered, 

and concentrated to yield a mixture of products that were unable to be isolated.  

3.9.6 SFC Traces 

 

Scheme 3-12. Synthesis of III-7x from the corresponding amino acid. 
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Figure 1-14. SFC traces showing that moderate retention of stereochemistry occurs using this 
process. 

3.9.10 Tabulated Data 

 

1,4-diphenylbutan-2-one (III-7b). Prepared according to General Procedure 1 for the alkylation of 

acyl azoliums using the respective acyl imidazole (50 mg, 1.0 equiv) and benzyl Hantzsch ester. 

The reaction mixture was purified by column chromatography (0-10% ethyl acetate/hexanes) to 

yield the desired product as a clear oil (72%). Can also be prepared with General Procedure 3 to 

afford the desired material (56 mg, 58%). Product is a known compound and matches reported 

literature data.400 
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4-(4-((tert-butyldimethylsilyl)oxy)phenyl)-1-phenylbutan-2-one (III-7c). Prepared according to 

General Procedure 1 for the alkylation of acyl azoliums using the respective acyl imidazole (82 

mg, 1.0 equiv) and benzyl Hantzsch ester. The reaction mixture was purified by column 

chromatography (0-10% ethyl acetate/hexanes) to yield the product as a white solid (48 mg, 54%). 

Analytical data for III-7c: 1H NMR (500 MHz, CDCl3) δ 7.37 – 7.28 (m, 2H), 7.29 – 7.25 (m, 

1H), 7.20 – 7.10 (m, 2H), 6.97 (d, J = 8.1 Hz, 2H), 6.78 – 6.66 (m, 2H), 3.65 (s, 2H), 2.80 (t, J = 

7.7 Hz, 2H), 2.76 – 2.69 (m, 2H), 0.97 (d, J = 1.1 Hz, 9H), 0.17 (d, J = 1.1 Hz, 6H). 13C NMR (126 

MHz, CDCl3) δ 207.8, 154.0, 134.3, 133.7, 129.6, 129.3, 128.9, 127.2, 120.1, 50.6, 43.9, 29.2, 

25.8, 18.3, -4.3. FTIR (diamond, anvil, solid) cm-1: 3060, 3031, 2952, 2930, 2896, 2858, 1706, 

1608. HRMS (ESI): Mass calcd for C22H31O2Si+ [M+H]+: 355.2088; found 355.2071. 

 

 

1-phenyl-4-(pyridin-3-yl)butan-2-one (III-7d). Prepared according to the General Procedure 1 for 

the alkylation of acyl azoliums using the respective acyl imidazole and benzyl Hantzsch ester. The 

reaction mixture was purified by column chromatography (2-50% ethyl acetate/hexanes) to yield 

the product as a yellow oil (62%). Analytical data for III-7d: 1H NMR (500 MHz, CDCl3) δ 8.53 

(s, 2H), 7.62 – 7.52 (m, 1H), 7.45 – 7.33 (m, 3H), 7.32 – 7.22 (m, 3H), 3.77 (s, 2H), 2.97 (t, J = 

7.1 Hz, 2H), 2.88 (t, J = 7.4 Hz, 2H). FTIR (diamond, anvil, oil) cm-1: 3076, 3056, 2984, 2934, 

1714, 1657. HRMS (ESI): Mass calcd for C15H16NO+ [M+H]+: 226.1226; found 226.1226. 

O

TBSO

N
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tert-butyl (3-oxo-4-phenylbutyl)carbamate (III-7e). Prepared according to General Procedure 1 

for the alkylation of acyl azoliums using the respective acyl imidazole and benzyl Hantzsch ester. 

The reaction mixture was purified by column chromatography (2-20% ethyl acetate/hexanes) to 

yield the product as a clear oil (81%). Analytical data for III-7e: 1H NMR (500 MHz, CDCl3) δ 

7.38 – 7.31 (m, 2H), 7.30 – 7.25 (m, 1H), 7.19 (dd, J = 7.2, 1.6 Hz, 2H), 4.95 (s, 1H), 3.69 (s, 2H), 

3.32 (q, J = 5.9 Hz, 2H), 2.68 (t, J = 5.7 Hz, 2H), 1.40 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 

207.9, 155.9, 133.8, 129.4, 129.4, 128.8, 127.2, 79.3, 50.3, 41.9, 35.2, 28.4. FTIR (diamond, anvil, 

oil) cm-1: 3364 (broad), 3061, 3029, 2979, 2932, 1702, 1602. HRMS (ESI): Mass calcd for 

C15H21NO3Na+ [M+Na]+: 286.1414; found 286.1412. 

 

 

tert-butyl 4-(2-phenylacetyl)piperidine-1-carboxylate (III-7f). Prepared according to General 

Procedure 1 for the alkylation of acyl azoliums using the respective acyl imidazole and benzyl 

Hantzsch ester. The reaction mixture was purified column chromatography (2-20% ethyl 

acetate/hexanes) to yield the desired product a clear oil (71%). Product is a known compound and 

matches reported literature data.400 
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1,6-diphenylhexan-2-one (III-7g). Prepared according to General Procedure 1 for the alkylation 

of acyl azoliums using the respective acyl imidazole (57 mg, 1.0 equiv) and benzyl Hantzsch ester. 

The reaction mixture was purified by column chromatography (0-10% ethyl acetate/hexanes) to 

yield the product as a clear oil (63%). Can also be prepared with general procedure (3) to afford 

the desired material (63 mg, 74%). Analytical data for III-7g: 1H NMR (500 MHz, CDCl3) δ 7.38 

– 7.30 (m, 2H), 7.30 – 7.23 (m, 3H), 7.22 – 7.10 (m, 5H), 3.66 (s, 2H), 2.57 (t, J = 7.2 Hz, 2H), 

2.46 (t, J = 6.8 Hz, 2H), 1.67 – 1.49 (m, 4H). 13C NMR (126 MHz, CDCl3) δ 208.4, 142.3, 134.5, 

129.5, 128.9, 128.5, 128.4, 127.1, 125.9, 50.3, 41.9, 35.8, 30.9, 23.5. FTIR (diamond, anvil, oil) 

cm-1: 3061, 3026, 2932, 2858, 1705, 1602. HRMS (ESI): Mass calcd for C18H20ONa+ [M+Na]+: 

275.1406; found 275.1407.  

 

 

1-phenylhex-5-en-2-one (III-7h). Prepared according to General Procedure 1 for the alkylation of 

acyl azoliums using the respective acyl imidazole (38 mg, 1.0 equiv) and benzyl Hantzsch ester. 

The reaction mixture was purified by column chromatography (0-10% ethyl acetate/hexanes) to 

yield the desired product as a clear oil (14.5 mg, 33%). Can also be prepared with general 

procedure (3) to afford the desired material (11 mg, 25%). Product is a known compound and 

matches reported literature data.422 
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5-(benzyloxy)-1-phenylpentan-2-one (III-7i). Prepared according to General Procedure 1 for the 

alkylation of acyl azoliums using the respective acyl imidazole (61 mg, 1.0 equiv) and benzyl 

Hantzsch ester. The reaction mixture was purified by column chromatography (0-10% ethyl 

acetate/hexanes) to yield the desired product as a clear oil (46 mg, 69%). Can also be prepared 

with general procedure (3) to afford the desired material (35 mg, 52%). Product is a known 

compound and matches reported literature data.253  

 

 

1-cyclopropyl-2-phenylethan-1-one (III-7j). Prepared according to General Procedure 1 for the 

alkylation of acyl azoliums using the respective acyl imidazole (34 mg, 1.0 equiv) and benzyl 

Hantzsch ester. The reaction mixture was purified by column chromatography (0-10% ethyl 

acetate/hexanes) to yield the desired product as a clear oil (68%). Can also be prepared with general 

procedure (3) to afford the desired material (22 mg, 55%). Product is a known compound and 

matches reported literature data.423 

 

 

2-phenyl-1-(2-phenylcyclopropyl)ethan-1-one (III-7k). Prepared according to General Procedure 

1 for the alkylation of acyl azoliums using the respective acyl imidazole (53 mg, 1.0 equiv) and 

benzyl Hantzsch ester. The reaction mixture was purified by column chromatography (0-10% ethyl 
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acetate/hexanes) to yield the desired product as a clear oil (35.5 mg, 60%). Analytical data for III-

7k: 1H NMR (500 MHz, CDCl3) δ 7.37 – 7.31 (m, 2H), 7.30 – 7.16 (m, 6H), 7.02 – 6.97 (m, 2H), 

3.87 (s, 2H), 2.51 (ddd, J = 9.1, 6.6, 4.0 Hz, 1H), 2.22 (ddd, J = 8.0, 5.3, 4.0 Hz, 1H), 1.68 (ddd, J 

= 9.2, 5.2, 4.2 Hz, 1H), 1.34 (ddd, J = 8.1, 6.6, 4.2 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 206.5, 

140.3, 134.3, 129.7, 128.9, 128.6, 127.1, 126.7, 126.4, 51.1, 31.9, 29.8, 19.2. FTIR (diamond, 

anvil, oil) cm-1: 3030, 2980, 2971, 2888, 1691. HRMS (ESI): Mass calcd for C17H17O+ [M+H]+: 

237.1274; found 237.1273. 

 

 

methyl 4-oxo-5-phenylpentanoate (III-7l). Prepared according to General Procedure 1 for the 

alkylation of acyl azoliums using the respective acyl imidazole (46 mg, 1.0 equiv) and benzyl 

Hantzsch ester. The reaction mixture was purified by column chromatography (0-10% ethyl 

acetate/hexanes) to yield the desired product as a clear oil (67%). Can also be prepared with general 

procedure (3) to afford the desired material (16 mg, 31%). Product is a known compound and 

matches reported literature data.424 

 

 

1-(4-fluorophenyl)-4-phenylbutan-2-one (III-7m). Prepared according to General Procedure 1 for 

the alkylation of acyl azoliums using the respective acyl imidazole (50 mg, 1.0 equiv) and benzyl 

Hantzsch ester. The reaction mixture was purified by column chromatography (2-20% ethyl 
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acetate/hexanes) to yield the desired product as a pale yellow oil (39.5 mg, 65%). Analytical data 

for III-7m: 1H NMR (500 MHz, CDCl3) δ 7.57 – 7.49 (m, 2H), 7.48 – 7.43 (m, 1H), 7.43 – 7.34 

(m, 4H), 7.32 – 7.21 (m, 2H), 3.90 (s, 2H), 3.15 (t, J = 7.5 Hz, 2H), 3.04 (dd, J = 7.9, 6.7 Hz, 2H). 

13C NMR (126 MHz, CDCl3) δ 207.3, 163.08, 161.13, 140.9, 131.1, 131.0, 129.9, 129.8, 128.6, 

128.5, 126.3, 115.8, 115.6, 49.5, 43.7, 29.9. FTIR (diamond, anvil, oil) cm-1: 3062, 3028, 2980, 

2929, 1711, 1602. HRMS (ESI): Mass calcd for C16H15FNaO+ [M+Na]+: 265.0999; found 

265.0999. 

 

 

1-(4-chlorophenyl)-4-phenylbutan-2-one (III-7n). Prepared according to General Procedure 1 for 

the alkylation of acyl azoliums using the respective acyl imidazole (50 mg, 1.0 equiv) and benzyl 

Hantzsch ester. The reaction mixture was purified by column chromatography (2-20% ethyl 

acetate/hexanes) to yield the desired product as a white solid (46 mg, 71%). Analytical data for 

III-7n: 1H NMR (500 MHz, CDCl3) δ 7.30 – 7.23 (m, 4H), 7.22 – 7.16 (m, 1H), 7.15 – 7.11 (m, 

2H), 7.09 – 7.05 (m, 2H), 3.63 (s, 2H), 2.88 (t, J = 7.5 Hz, 2H), 2.82 – 2.71 (m, 2H). 13C NMR 

(126 MHz, CDCl3) δ 206.9, 140.9, 133.2, 132.6, 130.9, 128.9, 128.7, 128.5, 126.3, 49.6, 43.8, 

29.9. FTIR (diamond, anvil, solid) cm-1: 3068, 3028, 2896, 1706. HRMS (ESI): Mass calcd for 

C16H15ClNaO+ [M+Na]+: 281.0704; found 281.0704.  
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1-(4-bromophenyl)-4-phenylbutan-2-one (III-7o). Prepared according to General Procedure 1 for 

the alkylation of acyl azoliums using the respective acyl imidazole (50 mg, 1.0 equiv) and benzyl 

Hantzsch ester. The reaction mixture was purified by column chromatography (2-20% ethyl 

acetate/hexanes) to yield the product as a white solid (52 mg, 69%). Analytical data for III-7o: 1H 

NMR (500 MHz, CDCl3) δ 7.50 – 7.38 (m, 2H), 7.32 – 7.23 (m, 2H), 7.23 – 7.16 (m, 1H), 7.16 – 

7.09 (m, 2H), 7.07 – 6.98 (m, 2H), 3.61 (s, 2H), 2.88 (t, J = 7.5 Hz, 2H), 2.83 – 2.72 (m, 2H). 13C 

NMR (126 MHz, CDCl3) δ 206.8, 140.9, 133.1, 131.9, 131.3, 128.7, 128.5, 126.3, 121.2, 49.7, 

43.8, 29.9. FTIR (diamond, anvil, solid) cm-1: 3028, 2933, 2897, 1706. HRMS (ESI): Mass calcd 

for C16H15BrNaO+ [M+Na]+: 325.0198; found 325.0196. 

 

 

1-([1,1'-biphenyl]-4-yl)-4-phenylbutan-2-one (III-7p). Prepared according to General Procedure 

1 for the alkylation of acyl azoliums using the respective acyl imidazole (50 mg, 1.0 equiv) and 

benzyl Hantzsch ester. The reaction mixture was purified by column chromatography (0-10% ethyl 

acetate/hexanes) to yield the desired product as a white solid (72%). Analytical data for III-7p: 1H 

NMR (500 MHz, CDCl3) δ 7.64 – 7.53 (m, 4H), 7.46 (dd, J = 8.4, 6.9 Hz, 2H), 7.40 – 7.34 (m, 

1H), 7.31 – 7.14 (m, 7H), 3.72 (s, 2H), 2.96 – 2.88 (m, 2H), 2.87 – 2.80 (m, 2H). 13C NMR (126 

MHz, CDCl3) δ 207.5, 141.0, 140.9, 140.1, 133.2, 129.9, 128.9, 128.6, 128.5, 127.6, 127.4, 127.2, 

O
Br

O
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126.2, 50.1, 43.7, 29.9. FTIR (diamond, anvil, solid) cm-1: 3062, 3031, 2941, 2891, 1703. HRMS 

(ESI): Mass calcd for C22H20NaO+ [M+Na]+: 323.1406; found 323.1406.   

 

 

1,4-diphenylpentan-3-one (III-7q).  Prepared according to General Procedure 1 for the alkylation 

of acyl azoliums using the respective acyl imidazole (50 mg, 1.0 equiv) and benzyl Hantzsch ester. 

The reaction mixture was purified by column chromatography (2-20% ethyl acetate/hexanes) to 

yield the product as a clear oil (32 mg, 54%). Product is a known compound and matches reported 

literature data.425 

 

 

1-(9H-carbazol-9-yl)-4-phenylbutan-2-one (III-7r).  Prepared according to General Procedure 1 

for the alkylation of acyl azoliums using the respective acyl imidazole (50 mg, 1.0 equiv) and 

benzyl Hantzsch ester. The reaction mixture was purified by column chromatography (0-10% ethyl 

acetate/hexanes) to yield the desired product as a white solid (82%). Analytical data for III-7r: 1H 

NMR (500 MHz, CDCl3) δ 8.20 (d, J = 7.8 Hz, 2H), 7.54 (ddd, J = 8.3, 7.1, 1.2 Hz, 2H), 7.45 – 

7.22 (m, 7H), 7.11 (dd, J = 6.9, 1.9 Hz, 2H), 4.97 (s, 2H), 2.94 (t, J = 7.4 Hz, 2H), 2.70 (t, J = 7.4 

Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 206.3, 140.5, 140.4, 128.7, 128.5, 126.4, 126.3, 123.4, 

120.7, 119.9, 108.3, 52.9, 40.7, 29.5. FTIR (diamond, anvil, solid) cm-1: 3051, 3024, 2954, 2907, 

2894, 1718. HRMS (ESI): Mass calcd for C22H19NONa+ [M+Na]+: 336.1359; found 336.1358. 
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4-methyl-1,4-diphenylhexan-3-one (III-7s).  Prepared according to General Procedure 1 for the 

alkylation of acyl azoliums using the respective acyl imidazole (50 mg, 1.0 equiv) and benzyl 

Hantzsch ester. The reaction mixture was purified by column chromatography (2-20% ethyl 

acetate/hexanes) to yield the desired product as a clear oil (52%). Analytical data for III-7s: 1H 

NMR (500 MHz, CDCl3) δ 7.44 – 7.37 (m, 2H), 7.37 – 7.28 (m, 3H), 7.28 – 7.22 (m, 3H), 7.13 

(dd, J = 7.0, 1.8 Hz, 2H), 2.96 – 2.82 (m, 2H), 2.60 (m, 2H), 2.15 – 2.01 (m, 2H), 1.52 (s, 3H), 

0.83 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 212.1, 142.9, 141.4, 128.8, 128.5, 128.4, 

126.9, 126.6, 126.0, 56.1, 39.8, 30.6, 30.0, 20.9, 8.8. FTIR (diamond, anvil, oil) cm-1: 3085, 3060, 

2969, 2935, 1703. HRMS (ESI): Mass calcd for C19H22ONa+ [M+Na]+: 289.1563; found 289.1560. 

 

 

1-phenylhexan-3-one (III-7t). Prepared according to General Procedure 3 for the alkylation of 

acyl azoliums with slight modifications using the respective acyl imidazole (50 mg, 1.0 equiv), 

benzyl silicate (738 mg, 5.0 equiv), and 5 mol % of the photocatalyst.  The reaction mixture was 

purified by column chromatography (0-10% ethyl acetate/hexanes) to yield the desired product as 

a clear oil (14 mg, 32%). Product is a known compound and matches reported literature data.426 
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1-cyclohexyl-3-phenylpropan-1-one (III-7u). Prepared according to General Procedure 1 for the 

alkylation of acyl azoliums using the respective acyl imidazole (50 mg, 1.0 equiv) and benzyl 

Hantzsch ester. The reaction mixture was purified by column chromatography (2-20% ethyl 

acetate/hexanes) to yield the desired product as a clear oil (37%). Product is a known compound 

and matches reported literature data.427 

 

 

4,4-dimethyl-1-phenylpentan-3-one (III-7v). Prepared according to General Procedure 1 for the 

alkylation of acyl azoliums using the respective acyl imidazole (50 mg, 1.0 equiv) and Hantzsch 

ester. The reaction mixture was purified by column chromatography (2-20% ethyl acetate/hexanes) 

to yield the desired product as a clear oil (51%). Product is a known compound and matches 

reported literature data.428 

 

 

tert-butyl (3-oxo-4-phenylbutan-2-yl)carbamate (III-7w). Prepared according to General 

Procedure 4 for the alkylation of acyl azoliums (in situ activation) using the respective amino acid 

(47 mg, 1.0 equiv) and benzyl Hantzsch ester. The reaction mixture was purified by column 

chromatography (0-5% MeOH/DCM) to yield the desired product as a white solid (43 mg, 66%). 

Product is a known compound and matches reported literature data.429 
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tert-butyl (4-methyl-2-oxo-1-phenylpentan-3-yl)carbamate (III-7x). Prepared according to 

General Procedure 4 for the alkylation of acyl azoliums (in situ activation) using the respective 

amino acid (54 mg, 1.0 equiv) and benzyl Hantzsch ester. The reaction mixture was purified by 

column chromatography (0-10% ethyl acetate/hexanes) to yield the desired product as a white 

solid (63 mg, 87%). Product is a known compound and matches reported literature data.430 

 

 

tert-butyl (4,4-dimethyl-2-oxo-1-phenylpentan-3-yl)carbamate (III-7y).  Prepared according to 

General Procedure 4 for the alkylation of acyl azoliums (in situ activation) using the respective 

amino acid (76.4 mg, 1.0 equiv) and benzyl Hantzsch ester. The reaction mixture was purified by 

column chromatography (0-40% ethyl acetate/hexanes) to yield the desired product as a white 

solid (48 mg, 48%). Analytical data for III-7y: 1H NMR (500 MHz, Chloroform-d) δ 7.39 (t, J = 

7.3 Hz, 2H), 7.32 (t, J = 7.3 Hz, 1H), 7.29 – 7.22 (m, 2H), 5.18 (d, J = 9.5 Hz, 1H), 4.37 (d, J = 

9.5 Hz, 1H), 4.02 – 3.85 (m, 2H), 1.49 (s, 9H), 1.07 (s, 9H). 13C NMR (126 MHz, Chloroform-d) 

δ 208.2, 155.7, 133.4, 129.8, 128.7, 127.2, 79.9, 65.2, 50.9, 34.9, 28.4, 26.8. FTIR (diamond, anvil, 

solid) cm-1: 3370, 3299, 2973, 2943, 2907, 1728, 1698. HRMS (ESI): Mass calcd for 

C18H27NO3Na+ [M+Na]+: 328.1883; found 328.1883. 
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tert-butyl (3-oxo-1,4-diphenylbutan-2-yl)carbamate (III-7z). Prepared according to General 

Procedure 4 for the alkylation of acyl azoliums (in situ activation) using the respective amino acid 

(66 mg, 1.0 equiv) and benzyl Hantzsch ester. The reaction mixture was purified by column 

chromatography (0-10% ethyl acetate/hexanes) to yield the desired product as a white solid (36 

mg, 43%). Product is a known compound and matches reported literature data.430 

 

 

benzyl tert-butyl (6-oxo-7-phenylheptane-1,5-diyl)dicarbamate (III-7aa). Prepared according to 

General Procedure 4 for the alkylation of acyl azoliums (in situ activation) using the respective 

amino acid (95 mg, 1.0 equiv) and benzyl Hantzsch ester. The reaction mixture was purified by 

column chromatography (0-40% ethyl acetate/hexanes) to yield the desired product as a light 

yellow solid (60.5 mg, 53%). Analytical data for III-7aa: 1H NMR (500 MHz, CDCl3) δ 7.30 – 

7.15 (m, 8H), 7.11 (dd, J = 7.0, 1.7 Hz, 2H), 5.12 (d, J = 7.7 Hz, 1H), 5.00 (s, 2H), 4.68 (s, 1H), 

4.38 – 4.24 (m, 1H), 3.76 – 3.64 (m, 2H), 3.05 (m, 2H), 1.81 – 1.62 (m, 1H), 1.33 (m, 14H). 13C 

NMR (126 MHz, CDCl3) δ 206.9, 156.6, 155.7, 136.7, 133.4, 129.7, 128.9, 128.7, 128.3, 128.3, 

127.4, 80.1, 66.8, 58.7, 46.9, 40.6, 31.2, 28.5, 28.0, 22.2. FTIR (diamond, anvil, oil) cm-1: 3333, 

3063, 3031, 2979, 2933, 1756, 1693. HRMS (ESI): Mass calcd for C26H34N2O5Na+ [M+Na]+: 

477.2360; found 477.2360. 
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tert-butyl 2-(2-phenylacetyl)pyrrolidine-1-carboxylate (III-7ab). Prepared according to General 

Procedure 4 for the alkylation of acyl azoliums (in situ activation) using the respective amino acid 

and benzyl Hantzsch ester. The reaction mixture was purified by column chromatography (0-50% 

ethyl acetate/hexanes) to yield the desired product as a white solid (63%). Product is a known 

compound and matches reported literature data.431 Product is a mixture of rotamers.  

 

 

tert-butyl (1-(1H-indol-3-yl)-3-oxo-4-phenylbutan-2-yl)carbamate (III-7ac). Prepared according 

to General Procedure 4 for the alkylation of acyl azoliums (in situ activation) using the respective 

amino acid (76 mg, 1.0 equiv) and benzyl Hantzsch ester. The reaction mixture was purified by 

column chromatography (0-30% ethyl acetate/hexanes) to yield the desired product as an off-white 

solid (28 mg, 35%). Analytical data for III-7ac: 1H NMR (500 MHz, CDCl3) δ 8.09 (s, 1H), 7.58 

(d, J = 7.9 Hz, 1H), 7.36 (d, J = 8.1 Hz, 1H), 7.32 – 7.17 (m, 5H), 7.13 (t, J = 7.5 Hz, 1H), 7.02 

(d, J = 7.3 Hz, 2H), 6.93 (d, J = 2.4 Hz, 1H), 5.20 (d, J = 7.5 Hz, 1H), 4.75 (q, J = 6.8 Hz, 1H), 

3.75 – 3.56 (m, 2H), 3.30 – 3.13 (m, 2H), 1.43 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 207.4, 

155.5, 136.3, 133.4, 129.8, 128.7, 127.6, 127.2, 122.8, 122.5, 119.9, 119.1, 111.4, 110.5, 80.0, 

59.2, 47.9, 28.5, 27.8. FTIR (diamond, avil, solid) cm-1: 3346 (br), 3027, 2974, 2928, 1717, 1686. 

LRMS (EI): Product reacts via McLafferty rearrangement during analysis, mass calcd for 

C19H19N2O3+ [M-tBu+H]+: 323.1390; found 323.26. 

 

NBoc

O

Ph

O

NHBocHN

Ph



 
 197 

 

(S)-3-(6-methoxynaphthalen-2-yl)-1-phenylbutan-2-one (III-7ad). Prepared according to General 

Procedure 4 for the alkylation of acyl azoliums (in situ activation) using naproxen and the 

respective benzyl Hantzsch ester. The reaction mixture was purified by column chromatography 

(0-20% ethyl acetate/hexanes) to yield the desired product as a clear oil (89%). Product is a known 

compound and matches reported literature data.432 

 

 

(3aS,4S,6aR)-4-(5-oxo-6-phenylhexyl)tetrahydro-1H-thieno[3,4-d]imidazol-2(3H)-one (III-7ae). 

Prepared according to General Procedure 4 for the alkylation of acyl azoliums (in situ activation) 

using biotin and the respective benzyl Hantzsch ester. The reaction mixture was purified by column 

chromatography (0-10% MeOH/DCM) to yield the desired product as an off-white solid (44%). 

Analytical data for III-7ae: 1H NMR (500 MHz, CDCl3) δ 7.35 – 7.30 (m, 2H), 7.28 – 7.26 (m, 

1H), 7.22 – 7.17 (m, 2H), 5.59 (d, J = 4.3 Hz, 1H), 5.32 (s, 1H), 4.48 (ddt, J = 7.6, 5.0, 1.2 Hz, 

1H), 4.27 (ddd, J = 7.9, 4.6, 1.5 Hz, 1H), 3.67 (s, 2H), 3.11 (ddd, J = 8.4, 6.5, 4.6 Hz, 1H), 2.89 

(dd, J = 12.9, 5.0 Hz, 1H), 2.71 (d, J = 12.8 Hz, 1H), 2.47 (t, J = 7.3 Hz, 2H), 1.66 – 1.54 (m, 4H), 

1.39 – 1.30 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 208.5, 163.7, 134.4, 129.6, 128.9, 127.2 62.1, 

60.3, 55.4, 50.3, 41.6, 40.7, 28.5, 28.4, 23.6. FTIR (diamond, anvil, solid) cm-1: 3232 (broad), 

3085, 3062, 2927, 2860, 1688, 1666, 1648. HRMS (ESI): Mass calcd for C17H22N2O2SNa+ 

[M+Na]+: 341.1294; found 341.1294. 
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tert-butyl (1-oxo-1-(2-(2-phenylacetyl)pyrrolidin-1-yl)propan-2-yl)carbamate (III-7af). Prepared 

according to General Procedure 4 for the alkylation of acyl azoliums (in situ activation) using the 

respective dipeptide and benzyl Hantzsch ester. The reaction mixture was purified by column 

chromatography (5-40% ethyl acetate/hexanes) to yield the desired product as a clear oil (22%). 

Analytical data for III-7af: 1H NMR (500 MHz, CDCl3) δ 7.36 – 7.27 (m, 3H), 7.22 (d, J = 7.5 

Hz, 2H), 5.31 (d, J = 9.0 Hz, 1H), 4.68 (t, J = 6.6 Hz, 1H), 4.47 (t, J = 7.5 Hz, 1H), 3.89 – 3.79 

(m, 2H), 3.71 (d, J = 9.2 Hz, 1H), 3.58 – 3.50 (m, 1H), 1.95 (qd, J = 17.1, 14.5, 8.0 Hz, 3H), 1.74 

(q, J = 8.1, 7.0 Hz, 1H), 1.43 (s, 9H), 1.34 (d, J = 6.8 Hz, 3H), 1.26 (s, 1H). 13C NMR (126 MHz, 

CDCl3) δ 206.1, 171.7, 155.4, 133.6, 129.8, 128.8, 127.3, 79.7, 64.2, 47.9, 47.8, 47.2, 29.8, 28.5, 

25.3, 18.5. FTIR (diamond, anvil, oil) cm-1: 3636, 2980, 2971, 2884, 1721, 1709. HRMS (ESI): 

Mass calcd for C20H28N2O4Na+ [M+Na]+: 383.1941; found 383.1941. 

 

3.10 Computational Protocols and Analyses 

3.10.1 Software Packages (with Authors)  

Gaussian 16, Revision A.03 

 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, 

G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato, A. V. Marenich, J. 

Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J. 

L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings, B. Peng, A. Petrone, 

NHBoc

Me

O

N

O
Ph



 
 199 
T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, 

M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. 

Nakai, T. Vreven, K. Throssell, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. J. Bearpark, J. 

J. Heyd, E. N. Brothers, K. N. Kudin, V. N. Staroverov, T. A. Keith, R. Kobayashi, J. Normand, 

K. Raghavachari, A. P. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. M. Millam, M. 

Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas, J. B. 

Foresman, and D. J. Fox, Gaussian, Inc., Wallingford CT, 2016. 

CYLview 

 CYLview, 1.0b; Legault, C. Y., Université de Sherbrooke, 2009 (http://www.cylview.org) 

GaussView, Version 6.0.16 

 Roy Dennington, Todd A. Keith, and John M. Millam, Semichem Inc., Shawnee Mission, 

KS, 2016. 

PyMOL, Version 2.1 

 The PyMOL Molecular Graphics System, Version 2.1.1 Schrödinger, LLC, New York, 

NY, 2018 

Schrodinger Macromodel 

 Schrödinger Release 2019-4: MacroModel, Schrödinger, LLC, New York, NY, 2019. 

3.10.2 General Information  

 All computations were performed using Density Functional Theory (DFT) as implemented 

in the Gaussian 16 software package. All reactants, intermediates, transition structures, and 

products were optimized using PBE/6-31G* level of theory with LANL2DZ basis set and effective 

core potential for Cs and SMD solvation corrections in acetonitrile. All stationary points were 
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verified by frequency analyses, and all transition structures were checked with intrinsic reaction 

coordinate (IRC) computations. Furthermore, key stationary points were evaluated with restricted 

and unrestricted geometry optimizations and stability tests to verify that the most relevant and 

stable electronic configurations were being considered. Conformational search was performed 

using Schrodinger Macromodel software package. All reported energy values are free energies in 

kcal/mol, and all distances are in Ångströms (Å). Figures of structures were rendered in 

GaussView, CYLview, or PyMOL software. 

3.10.3 Acyl Azolium Radical Structures 

   

 

Figure 3-15. Rendered PyMOL images of lowest energy structures of aliphatic and aryl acyl 
azolium radicals with NHC precursors III-Az-A and III-Az-B.  
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Figure 3-16. Computed radical spin densities of lowest energy structures of aliphatic and aryl acyl 
azolium radicals with NHCs III-Az-A and III-Az-B. The radical distributed over C1 and C2 
atoms.    

 

Table 3-11. Mulliken spin densities of acyl azolium radicals 1-4. 

3.10.4 ESP map and CHELPG charges 

 Rendered images of computed electrostatic potential map (left) and CHELPG charges 

(right) for acyl azolium radicals. A summarized table can be found following the figures.  

 

 

Figure 3-17. Aliphatic acyl azolium radical with III-Az-A. 
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Figure 3-18. Aliphatic acyl azolium radical with III-Az-B. 

 

 

Figure 3-19. Aryl acyl azolium radical with III-Az-B.  

 

Figure 3-20. Aryl acyl azolium radical with III-Az-A. 

 

 

Table 3-12. Computed CHELPG charges of acyl azolium radicals. 

acyl azolium radical

1
2
3
4

carbonyl carbon (C1)

0.266
0.303
0.222
0.214

carbonyl carbon (C2)

-0.161
-0.186
-0.048
-0.039
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3.10.5 Radical stability model 

 Computed isodesmic reactions to determine the radical stability of acyl-radical in 

comparison to the corresponding acyl azolium radicals. When R = hydrocinnamyl, the NHC 

radicals are substantially lower in energy than when R = phenyl, suggesting that the radical is 

better stabilized on the azolium compared to the acyl radical for the aliphatic system.   

 

Figure 3-21. Isodesmic reactions for pyrrolotriazoliums. 
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Figure 3-22. Isodesmic reactions using substituted triazoliums and other NHC classes.   
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3.10.5 Superimposed Figures 

 Superimposed acyl azolium radicals aligned at O-C1-C2 atoms. The blue and red colored 

structure corresponds to lowest energy conformation of acyl azolium III-Az-A and III-Az-B, 

respectively. Section a) shows aryl acyl azoliums. Sections b) and c) shows aliphatic acyl azoliums. 

 

Figure 3-23. Overlayed optimized structures of the acyl azoliums. 

 In a) III-Az-A and III-Az-B both adopt a very similar conformation where the aryl acyl 

group is in the same relative orientation with respect to the NHC. III-Az-B mesityl group is syn to 

C1=O. In b), III-Az-B mesityl group is anti to C1=O, and the aliphatic acyl group adopts different 

conformations between III-Az-A and III-Az-B. In c) we show the syn confromation of the mesityl 

in aliphatic acyl azolium III-Az-B which is 1.5 kcal/mol higher than the anti. Note that the 

aliphatic acyl group of the syn-mesityl III-Az-B is now very similar to III-Az-A.  

3.10.6 Mechanistic studies 

 The complete proposed catalytic cycle and the energies (kcal/mol) for the combined 

NHC/photoredox-catalyzed construction ofcd aliphatic ketones. The radical partner used to 

compute from the photocatalytic cycle is benzyl radical. The NHC structures used to compute for 

the NHC cycle are III-Az-A (previous work) and III-Az-B (this work).  
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Figure 3-24. Proposed mechanism for the combined NHC and photoredox-catalyzed synthesis of 
ketones from carboxylic acids. The three-membered transition state is shown in the blue box, and 
the energies of each intermediate derived from the two NHC precursors are shown in the table. 

3.10.6.1 Potential Energy Surface 

 The computed 3D- and 2D-potential energy surfaces (PES) around the three-membered 

transition structures for the aliphatic acyl azolium radicals III-I• of III-Az-A and III-Az-B with 

the benzyl radical. The III-Az-A PES revealed downhill energy paths leading to both C1- and C2-
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coupling products (–1.0 and –0.3 kcal/mol, respectively), suggesting a non-selective reaction 

wherein considerable III-IIC2 is formed. For III-Az-B, the PES features a downhill energy path to 

desired C1 (–1.9 kcal/mol). In contrast, an uphill barrier exists on the path to undesired C2 (0.4 

kcal/mol), which translates to a preference of 2.3 kcal/mol for the C1 over C2, in line with our 

hypothesis that the mesityl group of III-Az-B will hinder coupling at the C2 center. These 

observations suggest a greater likelihood for efficient C1-coupling over inefficient C2-coupling 

using III-Az-B as the NHC precursor (III-IIC1 and III-IIC2, ∆G = 9.4 and 9.2 kcal/mol, 

respectively). 

 

Figure 3-25. Three-dimensional potential energy surfaces with energies (in kcal/mol). 
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Figure 3-26. Two-dimensional potential energy surfaces. 

3.10.7 Computed Structures, Electronic Energies, and Thermal Corrections as well as the Input 

Parameters 

3.10.7.1 Benzyl Hantzsch ester (Bn-HE, III-6a) 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C18H21NO4   C1[X(C18H21NO4)]  #Atoms= 44 

 Charge = 0     Multiplicity = 1 

------------------------------------------------------------------------------ 
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 SCF Energy= -1052.98877496     Predicted Change= -6.857973D-10 

=============================================================== 

 Optimization completed.            433 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00000 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00063 ||  0.00180   [ YES ]      0.00063 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C         0.550856      -0.127764      -0.041141 
       C         0.018267       1.261532      -0.389202 
       C         0.647654       2.355579       0.161419 
       C         2.652061       1.028825       0.644385 
       C         2.068476      -0.094865       0.101162 
       H         2.310073       2.980235       1.209017 
       N         1.854990       2.150709       0.821812 
       C         0.237234       3.800226       0.098923 
       H        -0.774394       3.901672      -0.310854 
       H         0.274072       4.242769       1.111844 
       H         0.942390       4.375435      -0.530358 
       C         4.090894       1.221728       1.036540 
       H         4.697123       1.526843       0.163801 
       H         4.175268       2.017407       1.797117 
       H         4.528444       0.291732       1.422850 
       C        -1.175308       1.400270      -1.245329 
       O        -1.869337       2.408123      -1.422984 
       O        -1.459844       0.220647      -1.886208 
       C         2.871850      -1.278157      -0.229024 
       O         4.101012      -1.392497      -0.158210 
       O         2.076278      -2.317512      -0.655372 
       C        -2.646757       0.247986      -2.702603 
       H        -2.551468       0.984215      -3.518331 
       H        -2.739529      -0.766755      -3.116210 
       H        -3.534496       0.494135      -2.096476 
       C         2.795904      -3.513534      -1.015625 
       H         2.027587      -4.231061      -1.338589 
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       H         3.503245      -3.317426      -1.838823 
       H         3.352408      -3.915084      -0.152327 
       C        -0.088509      -0.685768       1.282614 
       H         0.421444      -1.641801       1.503153 
       H         0.150838       0.013173       2.104723 
       H         0.285267      -0.824375      -0.847988 
       C        -1.582841      -0.911388       1.212617 
       C        -2.492613       0.049269       1.699476 
       C        -2.103446      -2.085216       0.627315 
       C        -3.879361      -0.151059       1.599414 
       H        -2.107994       0.962913       2.168209 
       C        -3.486432      -2.290616       0.525179 
       H        -1.410095      -2.845865       0.247390 
       C        -4.381447      -1.321575       1.010243 
       H        -4.567862       0.607960       1.987595 
       H        -3.868492      -3.211751       0.070803 
       H        -5.462523      -1.482255       0.934784 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -1052.98877496    Predicted Change= -6.857973D-10 

 Zero-point correction (ZPE)=         -1052.6354     0.35329 

 Internal Energy (U)=             -1052.6116     0.37714 

 Enthalpy (H)=                -1052.6106     0.37808 

 Gibbs Free Energy (G)=           -1052.6909     0.29786 

 Entropy (S)=                           0.00026905 

------------------------------------------------------------------------------ 

 Frequencies --     20.8982                30.0705                47.0096 
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3.10.7.2 Bn-HE radical-cation (intermediate [III-6a•+]) 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman guess=(mix,always) 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk UPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C18H21NO4(1+,2)   C1[X(C18H21NO4)]  #Atoms= 44 

 Charge = 1     Multiplicity = 2 

------------------------------------------------------------------------------ 

 SCF Energy= -1052.81010814     Predicted Change= -2.345371D-09 

=============================================================== 

 Optimization completed.            (Found        2        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00000 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00111 ||  0.00180   [ YES ]      0.00111 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C        -0.605296      -0.038388       0.178597 
       C        -0.080378       1.345556       0.355831 
       C        -0.800503       2.425625      -0.146628 
       C        -2.774377       0.993286      -0.495828 
       C        -2.085578      -0.112663      -0.009357 
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       H        -2.581236       2.967209      -1.001924 
       N        -2.065946       2.167015      -0.616949 
       C        -0.360307       3.856822      -0.203238 
       H         0.534695       3.960056      -0.837680 
       H        -1.161043       4.502268      -0.598508 
       H        -0.076879       4.212682       0.800603 
       C        -4.220355       1.072166      -0.879414 
       H        -4.858148       1.049494       0.021098 
       H        -4.424716       2.005457      -1.428761 
       H        -4.510457       0.210083      -1.497441 
       C         1.244341       1.564814       0.994883 
       O         1.914580       2.593089       0.918276 
       O         1.616181       0.472067       1.709808 
       C        -2.804533      -1.386455       0.254399 
       O        -4.020921      -1.547736       0.165126 
       O        -1.944852      -2.363853       0.642209 
       C         2.915713       0.567869       2.340705 
       H         2.919811       1.378758       3.087233 
       H         3.073242      -0.404235       2.827169 
       H         3.696370       0.756793       1.586883 
       C        -2.565552      -3.638819       0.944774 
       H        -1.736129      -4.303924       1.220508 
       H        -3.271036      -3.531300       1.784160 
       H        -3.097353      -4.027115       0.061689 
       C         0.071916      -0.708447      -1.170203 
       H        -0.473610      -1.656275      -1.298991 
       H        -0.170266      -0.031899      -2.004974 
       H        -0.276712      -0.697830       0.995453 
       C         1.543398      -0.958885      -1.061812 
       C         2.478747      -0.053387      -1.610672 
       C         2.020654      -2.124129      -0.417611 
       C         3.853190      -0.314349      -1.533670 
       H         2.119884       0.852599      -2.112467 
       C         3.393157      -2.383410      -0.336508 
       H         1.301448      -2.829510       0.014764 
       C         4.313977      -1.478258      -0.893648 
       H         4.567227       0.388992      -1.974888 
       H         3.748804      -3.293629       0.157693 
       H         5.388528      -1.680008      -0.829942 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 
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=============================================================== 

 SCF Energy=     -1052.81010814    Predicted Change= -2.345371D-09 

 Zero-point correction (ZPE)=         -1052.4565     0.35350 

 Internal Energy (U)=             -1052.4329     0.37711 

 Enthalpy (H)=                -1052.4320     0.37806 

 Gibbs Free Energy (G)=           -1052.5111     0.29894 

 Entropy (S)=                           0.00026537 

------------------------------------------------------------------------------ 

 Frequencies --     28.7012                39.0728                43.6617 

3.10.7.3 Hantzsch pyridine (HP) 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C11H14NO4(1+)   C1[X(C11H14NO4)]  #Atoms= 30 

 Charge = 1     Multiplicity = 1 

------------------------------------------------------------------------------ 

 SCF Energy= -782.238765413     Predicted Change= -1.719735D-08 

=============================================================== 
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 Optimization completed.            433 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00003 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00211 ||  0.00180   [ NO ]       0.00211 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C        -0.000061      -0.434851      -0.000053 
       C         1.229355       0.242080      -0.005296 
       C         1.223360       1.651562      -0.005845 
       C        -1.223345       1.651633       0.005848 
       C        -1.229446       0.242148       0.005241 
       H         0.000052       3.281747       0.000052 
       N         0.000028       2.252672       0.000015 
       C         2.413857       2.551702      -0.010264 
       H         3.008751       2.389749      -0.924429 
       H         2.114273       3.609931       0.045084 
       H         3.075539       2.314230       0.838393 
       C        -2.413729       2.551932       0.010406 
       H        -3.007930       2.390764       0.925175 
       H        -2.114010       3.610074      -0.045900 
       H        -3.076048       2.313909      -0.837579 
       C         2.525638      -0.515510      -0.019617 
       O         3.633544      -0.000374      -0.123139 
       O         2.310203      -1.843678       0.094560 
       C        -2.525724      -0.515491       0.019519 
       O        -3.633702      -0.000467       0.122808 
       O        -2.310173      -1.843661      -0.094412 
       C         3.508126      -2.662809       0.076783 
       H         4.162195      -2.401009       0.923400 
       H         3.149941      -3.696663       0.170234 
       H         4.051797      -2.524360      -0.870957 
       C        -3.508037      -2.662880      -0.076666 
       H        -3.149738      -3.696740      -0.169616 
       H        -4.052007      -2.524108       0.870854 
       H        -4.161869      -2.401457      -0.923583 
       H        -0.000079      -1.526432      -0.000100 
------------------------------------------------------------------------------ 
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 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -782.238765413    Predicted Change= -1.719735D-08 

 Zero-point correction (ZPE)=          -782.0018     0.23692 

 Internal Energy (U)=              -781.9847     0.25405 

Enthalpy (H)=                 -781.9837     0.25500 

 Gibbs Free Energy (G)=            -782.0477     0.19097 

 Entropy (S)=                           0.00021476 

------------------------------------------------------------------------------ 

 Frequencies --     23.2970                32.5421                76.3780 

 

3.10.7.4 Cs-HE  

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/genecp/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman 6d 10f 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/GenECP/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C11H13CsNO4(1+)   C1[X(C11H13CsNO4)]  #Atoms= 30 

 Charge = 1     Multiplicity = 1 
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------------------------------------------------------------------------------ 

 SCF Energy= -801.627338546     Predicted Change= -4.060192D-09 

=============================================================== 

 Optimization completed on the basis of negligible forces.            (Found        2        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00000 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00278 ||  0.00180   [ NO ]       0.00278 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C         2.421919      -0.000008       0.000012 
       C         1.730949       1.219952      -0.013528 
       C         0.309366       1.177968       0.003622 
       C         0.309343      -1.177939      -0.003580 
       C         1.730921      -1.219953       0.013573 
       N        -0.354321       0.000021       0.000011 
       C        -0.556454       2.408885       0.036437 
       H        -0.503496       2.954939      -0.921779 
       H        -1.600723       2.113923       0.223299 
       H        -0.226106       3.118105       0.812611 
       C        -0.556503      -2.408839      -0.036372 
       H        -0.503951      -2.954574       0.922054 
       H        -1.600696      -2.113900      -0.223699 
       H        -0.225879      -3.118324      -0.812179 
       C         2.482833       2.510678      -0.057192 
       O         1.996417       3.610270      -0.309984 
       O         3.802300       2.327022       0.215992 
       C         2.482781      -2.510692       0.057283 
       O         1.996386      -3.610225       0.310376 
       O         3.802189      -2.327112      -0.216226 
       C         4.607467       3.528309       0.157844 
       H         4.248602       4.270942       0.888567 
       H         5.627566       3.205594       0.408116 
       H         4.579842       3.965785      -0.853367 
       C         4.607353      -3.528401      -0.158028 
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       H         5.627397      -3.205751      -0.408608 
       H         4.579962      -3.965672       0.853278 
       H         4.248303      -4.271175      -0.888516 
       H         3.513644      -0.000022       0.000005 
       Cs       -4.281498       0.000011      -0.000028 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -801.627338546    Predicted Change= -4.060192D-09 

 Zero-point correction (ZPE)=          -801.4030     0.22425 

 Internal Energy (U)=              -801.3838     0.24350 

Enthalpy (H)=                 -801.3828     0.24445 

 Gibbs Free Energy (G)=            -801.4544     0.17286 

 Entropy (S)=                           0.00024011 

------------------------------------------------------------------------------ 

 Frequencies --     27.8675                29.7462                53.8421 

 

3.10.7.5 Neutral-HE 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/6-31G(d)/Auto Freq 
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------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C11H13NO4   C1[X(C11H13NO4)]  #Atoms= 29 

 Charge = 0     Multiplicity = 1 

------------------------------------------------------------------------------ 

 SCF Energy= -781.783066738     Predicted Change= -4.691412D-10 

=============================================================== 

 Optimization completed.            (Found        2        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00000 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00101 ||  0.00180   [ YES ]      0.00101 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 

       Type      X          Y          Z 

------------------------------------------------------------------------------ 
       C         0.000000      -0.423010      -0.000047 
       C         1.221538       0.266293      -0.000051 
       C         1.178128       1.688561      -0.000021 
       C        -1.178128       1.688560       0.000098 
       C        -1.221538       0.266293       0.000008 
       N        -0.000000       2.350921       0.000075 
       C         2.400069       2.567188      -0.000088 
       H         3.034849       2.373969      -0.881373 
       H         2.080286       3.620614       0.000131 
       H         3.035196       2.373680       0.880879 
       C        -2.400069       2.567188       0.000246 
       H        -3.034931       2.373783       0.881433 
       H        -2.080286       3.620613       0.000276 
       H        -3.035115       2.373863      -0.880820 
       C         2.512647      -0.485645      -0.000104 
       O         3.633226       0.018861      -0.000498 
       O         2.307716      -1.831017       0.000353 
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       C        -2.512646      -0.485645      -0.000030 
       O        -3.633225       0.018862      -0.000003 
       O        -2.307716      -1.831018      -0.000108 
       C         3.514314      -2.628949       0.000309 
       H         4.116970      -2.422174       0.899517 
       H         3.171351      -3.672892       0.000686 
       H         4.116570      -2.422690      -0.899283 
       C        -3.514314      -2.628949      -0.000188 
       H        -3.171351      -3.672892      -0.000194 
       H        -4.116819      -2.422453       0.899183 
       H        -4.116721      -2.422412      -0.899617 
       H         0.000000      -1.514274      -0.000094 
------------------------------------------------------------------------------ 
 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -781.783066738    Predicted Change= -4.691412D-10 

 Zero-point correction (ZPE)=          -781.5597     0.22331 

 Internal Energy (U)=              -781.5426     0.24042 

 Enthalpy (H)=                 -781.5416     0.24136 

Gibbs Free Energy (G)=            -781.6073     0.17568 

 Entropy (S)=                           0.00022029 

------------------------------------------------------------------------------ 

 Frequencies --     12.6052                13.8509                45.4035 

 

3.10.7.6 Benzyl Radical 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 
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 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk UPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C7H7(2)   C1[X(C7H7)]  #Atoms= 14 

 Charge = 0     Multiplicity = 2 

------------------------------------------------------------------------------ 

 SCF Energy= -270.562485113     Predicted Change= -4.400117D-11 

=============================================================== 

 Optimization completed.            (Found        2        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00000 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00001 ||  0.00180   [ YES ]      0.00001 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C         2.412005      -0.000000       0.000000 
       H         2.976715      -0.937572       0.000000 
       H         2.976715       0.937572      -0.000000 
       C         1.001018      -0.000000       0.000000 
       C         0.253990       1.225493      -0.000000 
       C         0.253990      -1.225493      -0.000000 
       C        -1.139314       1.218706       0.000000 
       H         0.801976       2.174977      -0.000000 
       C        -1.139314      -1.218706       0.000000 
       H         0.801976      -2.174977      -0.000000 
       C        -1.848993       0.000000       0.000000 
       H        -1.686853       2.167789       0.000000 
       H        -1.686853      -2.167788       0.000000 
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       H        -2.943956       0.000000       0.000000 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -270.562485113    Predicted Change= -4.400117D-11 

 Zero-point correction (ZPE)=          -270.4503     0.11208 

 Internal Energy (U)=              -270.4445     0.11793 

 Enthalpy (H)=                 -270.4436     0.11887 

 Gibbs Free Energy (G)=            -270.4801     0.08229 

 Entropy (S)=                           0.00012272 

------------------------------------------------------------------------------ 

 Frequencies --    192.1465               338.1702               377.1921 

 

3.10.7.7 Aliphatic Acyl Imidazole (Hydrocinnamyl Acyl Imidazole) 

 Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C12H12N2O   C1[X(C12H12N2O)]  #Atoms= 27 
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 Charge = 0     Multiplicity = 1 

------------------------------------------------------------------------------ 

 SCF Energy= -648.467270601     Predicted Change= -3.160547D-09 

=============================================================== 

 Optimization completed.            (Found        2        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00002 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00084 ||  0.00180   [ YES ]      0.00084 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C         1.572423      -0.867909      -0.037692 
       O         1.740498      -2.079873      -0.092661 
       N         2.714188      -0.005114       0.002345 
       C         4.030765      -0.447328      -0.008753 
       C         2.764324       1.391212       0.059918 
       H         4.265419      -1.509560      -0.051083 
       C         4.100424       1.706836       0.080105 
       H         1.865562       2.002749       0.078867 
       H         4.552987       2.698372       0.122993 
       N         4.886728       0.554699       0.037286 
       C         0.223847      -0.181417      -0.004991 
       H         0.169438       0.531828      -0.849997 
       H         0.165524       0.436013       0.912140 
       C        -0.944350      -1.182327      -0.063494 
       H        -0.854430      -1.781982      -0.986225 
       H        -0.860855      -1.882035       0.786172 
       C        -2.286172      -0.477180      -0.028512 
       C        -2.887900      -0.013520      -1.216067 
       C        -2.948043      -0.243765       1.193729 
       C        -4.115378       0.665313      -1.184317 
       H        -2.388816      -0.192802      -2.176291 
       C        -4.176233       0.434193       1.230273 
       H        -2.495888      -0.603704       2.125990 
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       C        -4.763615       0.892362       0.040351 
       H        -4.568927       1.013797      -2.118868 
       H        -4.677317       0.601121       2.190283 
       H        -5.723653       1.419280       0.066591 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -648.467270601    Predicted Change= -3.160547D-09 

 Zero-point correction (ZPE)=          -648.2541     0.21309 

 Internal Energy (U)=              -648.2411     0.22615 

 Enthalpy (H)=                 -648.2401     0.22710 

 Gibbs Free Energy (G)=            -648.2964     0.17079 

 Entropy (S)=                           0.00018885 

------------------------------------------------------------------------------ 

 Frequencies --     24.9497                33.7785                51.1490 

 

3.10.7.8 Imidazole 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/6-31G(d)/Auto Freq 
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------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C3H4N2   C1[X(C3H4N2)]  #Atoms= 9 

 Charge = 0     Multiplicity = 1 

------------------------------------------------------------------------------ 

 SCF Energy= -225.965153602     Predicted Change= -8.884589D-08 

=============================================================== 

 Optimization completed.            (Found        2        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00004 ||  0.00045   [ YES ]      0.00001 ||  0.00030   [ YES ] 

 Displ      0.00104 ||  0.00180   [ YES ]      0.00104 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       N         0.213220      -1.226543      -0.000065 
       C        -0.961882      -0.598936       0.000078 
       C         1.159865      -0.214064       0.000145 
       H        -1.944511      -1.069962       0.000050 
       C         0.548882       1.026871      -0.000183 
       H         2.228061      -0.436461      -0.000459 
       H         0.931503       2.045828       0.000710 
       N        -0.805233       0.758472       0.000090 
       H        -1.552151       1.453866      -0.000713 
------------------------------------------------------------------------------ 
 Statistical Thermodynamic Analysis 
 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 
=============================================================== 
 SCF Energy=     -225.965153602    Predicted Change= -8.884589D-08 
 Zero-point correction (ZPE)=          -225.8956     0.06949 
 Internal Energy (U)=              -225.8918     0.07331 
 Enthalpy (H)=                 -225.8908     0.07426 
 Gibbs Free Energy (G)=            -225.9219     0.04318 
 Entropy (S)=                           0.00010422 
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------------------------------------------------------------------------------ 

 Frequencies --    537.6491               633.5015               669.6671 

 

3.10.7.9 Imidazolium Anion 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C3H3N2(1-)   C1[X(C3H3N2)]  #Atoms= 8 

 Charge = -1    Multiplicity = 1 

------------------------------------------------------------------------------ 

 SCF Energy= -225.466352877     Predicted Change= -4.223013D-07 

=============================================================== 

 Optimization completed.            (Found        2        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00017 ||  0.00045   [ YES ]      0.00005 ||  0.00030   [ YES ] 

 Displ      0.00130 ||  0.00180   [ YES ]      0.00130 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
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------------------------------------------------------------------------------ 
       N         0.393746       1.157863       0.000287 
       C         1.109229       0.001777      -0.000126 
       C        -0.909104       0.697295      -0.000489 
       H         2.206377       0.003707      -0.001037 
       C        -0.906489      -0.700304       0.000329 
       H        -1.757510       1.390724       0.000663 
       H        -1.751985      -1.397332      -0.001206 
       N         0.397869      -1.156393       0.000185 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -225.466352877    Predicted Change= -4.223013D-07 

 Zero-point correction (ZPE)=          -225.4101     0.05624 

 Internal Energy (U)=              -225.4064     0.05986 

 Enthalpy (H)=                 -225.4055     0.06080 

 Gibbs Free Energy (G)=            -225.4362     0.03009 

 Entropy (S)=                           0.00010302 

------------------------------------------------------------------------------ 

 Frequencies --    641.8769               687.7108               724.9630 

 

3.10.7.10 Cs-Imidazolium 

 Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/genecp/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 
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 freq=noraman 6d 10f 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/GenECP/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C3H3CsN2   C1[X(C3H3CsN2)]  #Atoms= 9 

 Charge = 0     Multiplicity = 1 

------------------------------------------------------------------------------ 

 SCF Energy= -245.318511806     Predicted Change= -3.535592D-07 

=============================================================== 

 Optimization completed.            (Found        1        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00026 ||  0.00045   [ YES ]      0.00006 ||  0.00030   [ YES ] 

 Displ      0.00706 ||  0.00180   [ NO ]       0.00706 ||  0.00180   [ NO ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       N         1.531401       0.004838       0.000442 
       C         2.386182      -1.054302       0.000122 
       C         2.393421       1.086498       0.000222 
       H         2.021543      -2.088582       0.000222 
       C         3.710471       0.622069      -0.000308 
       H         2.015400       2.114398       0.000402 
       H         4.646821       1.190369      -0.000648 
       N         3.710272      -0.759691      -0.000168 
       Cs       -1.751199       0.002585      -0.000038 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 
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=============================================================== 

 SCF Energy=     -245.318511806    Predicted Change= -3.535592D-07 

 Zero-point correction (ZPE)=          -245.2618     0.05661 

 Internal Energy (U)=              -245.2557     0.06276 

 Enthalpy (H)=                 -245.2548     0.06371 

 Gibbs Free Energy (G)=            -245.2970     0.02144 

 Entropy (S)=                           0.00014177 

------------------------------------------------------------------------------ 

 Frequencies --     18.3093                44.2638                73.9989 

 

3.10.7.11 Cs-Dimethyl-Triazolium (Cs-III-Az-A) 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/genecp/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman 6d 10f 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/GenECP/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C4H7CsN3(1+)   C1[X(C4H7CsN3)]  #Atoms= 15 

 Charge = 1     Multiplicity = 1 

------------------------------------------------------------------------------ 

 SCF Energy= -340.313521946     Predicted Change= -7.029789D-08 
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=============================================================== 

 Optimization completed.            (Found        1        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00002 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.01228 ||  0.00180   [ NO ]       0.01228 ||  0.00180   [ NO ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C        -1.690577      -0.005881      -0.000232 
       C        -3.870029       0.608598      -0.000561 
       N        -2.563797      -1.045052      -0.000285 
       H        -4.741144       1.262397      -0.000706 
       N        -3.911444      -0.706868      -0.000496 
       N        -2.570758       1.060870      -0.000409 
       C        -2.229324      -2.462662      -0.000242 
       H        -1.135257      -2.559363       0.000298 
       H        -2.645745      -2.947195       0.897826 
       H        -2.644843      -2.947069      -0.898801 
       C        -2.172066       2.467509      -0.000390 
       H        -3.074634       3.095728      -0.000750 
       H        -1.576210       2.691136       0.898403 
       H        -1.575598       2.690979      -0.898813 
       Cs        2.554316      -0.001721       0.000353 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -340.313521946    Predicted Change= -7.029789D-08 

 Zero-point correction (ZPE)=          -340.2006     0.11287 

 Internal Energy (U)=              -340.1909     0.12259 
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 Enthalpy (H)=                 -340.1899     0.12353 

 Gibbs Free Energy (G)=            -340.2427     0.07077 

 Entropy (S)=                           0.00017699 

------------------------------------------------------------------------------ 

 Frequencies --     10.5461                16.8647                30.1380 

 

3.10.7.12 Cs-5,5-Mes-triazolium (Cs-III-Az-B) 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/genecp/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman 6d 10f 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/GenECP/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C14H17CsN3(1+)   C1[X(C14H17CsN3)]  #Atoms= 35 

 Charge = 1     Multiplicity = 1 

------------------------------------------------------------------------------ 

 SCF Energy= -726.930594031     Predicted Change= -9.407375D-09 

=============================================================== 

 Optimization completed.            (Found        1        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00000 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 
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 Displ      0.00443 ||  0.00180   [ NO ]       0.00443 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C        -1.500335      -0.698726      -0.024317 
       C        -3.558462       0.268508       0.122582 
       N        -1.485336       0.665076       0.058255 
       N        -2.743660       1.300353       0.149340 
       N        -2.854187      -0.913280       0.017385 
       C        -3.730012      -2.093685       0.016066 
       H        -3.407406      -2.815463      -0.749353 
       H        -3.688317      -2.579834       1.006340 
       C        -5.119959      -1.468492      -0.276165 
       H        -5.310466      -1.493442      -1.362132 
       H        -5.927876      -2.021217       0.226106 
       C        -5.033054       0.013855       0.198960 
       H        -5.384045       0.127937       1.241238 
       H        -5.623218       0.700298      -0.428255 
       C        -0.311146       1.496988       0.035470 
       C         0.153568       1.989540      -1.203570 
       C         0.324796       1.815382       1.256083 
       C         1.303011       2.800189      -1.198578 
       C         1.470461       2.628932       1.206918 
       C         1.978995       3.125578      -0.008296 
       H         1.674815       3.192608      -2.152932 
       H         1.973301       2.887852       2.146834 
       C        -0.560593       1.665342      -2.493396 
       H        -0.562119       0.578492      -2.694291 
       H        -1.618227       1.982991      -2.459417 
       H        -0.076444       2.170237      -3.344893 
       C         3.226408       3.978058      -0.033268 
       H         4.137647       3.349769      -0.036301 
       H         3.263736       4.612712      -0.934643 
       H         3.287796       4.629987       0.855101 
       C        -0.209068       1.308217       2.574155 
       H        -1.270336       1.582346       2.712097 
       H        -0.155295       0.206042       2.638146 
       H         0.367349       1.727023       3.414905 
       Cs        2.496249      -2.312391      -0.048896 
------------------------------------------------------------------------------ 
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 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -726.930594031    Predicted Change= -9.407375D-09 

 Zero-point correction (ZPE)=          -726.6506     0.27990 

 Internal Energy (U)=              -726.6315     0.29907 

 Enthalpy (H)=                 -726.6305     0.30002 

 Gibbs Free Energy (G)=            -726.7055     0.22509 

 Entropy (S)=                           0.00025131 

------------------------------------------------------------------------------ 

 Frequencies --      9.4494                14.5851                18.4004 

 

3.10.7.12 Hydrocinnamyl Acyl Azolium Cation with III-Az-A (III-I) 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C13H16N3O(1+)   C1[X(C13H16N3O)]  #Atoms= 33 

 Charge = 1     Multiplicity = 1 
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------------------------------------------------------------------------------ 

 SCF Energy= -743.448196702     Predicted Change= -6.050572D-09 

=============================================================== 

 Optimization completed on the basis of negligible forces.             (Found        2        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00000 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00274 ||  0.00180   [ NO ]       0.00274 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C         3.479978      -1.254990      -0.108496 
       C         2.685951      -0.204899       0.396618 
       C         1.277143      -0.471056       0.885155 
       C         0.260009      -0.491507      -0.290785 
       C         3.222967       1.097395       0.413826 
       C         4.520707       1.346107      -0.059401 
       C         5.301618       0.292500      -0.559282 
       C         4.777098      -1.010222      -0.581993 
       C        -1.113949      -0.918114       0.171121 
       O        -1.336665      -2.006124       0.698413 
       C        -2.304286      -0.011234      -0.037731 
       N        -3.578446      -0.460774      -0.227539 
       C        -4.369711       0.645837      -0.339865 
       N        -3.668660       1.759986      -0.208938 
       N        -2.389605       1.335576      -0.027388 
       C        -1.344598       2.340630       0.185868 
       C        -4.047982      -1.851432      -0.316375 
       H         3.076788      -2.274928      -0.123954 
       H         1.224709      -1.447563       1.397302 
       H         0.973946       0.303879       1.611176 
       H         0.577659      -1.258825      -1.022370 
       H         0.245407       0.475092      -0.817691 
       H         2.618368       1.923089       0.808269 
       H         4.923236       2.364681      -0.033433 
       H         6.315746       0.484014      -0.926403 
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       H         5.382037      -1.839530      -0.964897 
       H        -5.442481       0.595187      -0.515862 
       H        -1.841706       3.234138       0.585353 
       H        -0.859468       2.577261      -0.773798 
       H        -0.611674       1.962216       0.910530 
       H        -5.078675      -1.824006      -0.693187 
       H        -4.015040      -2.313235       0.679883 
       H        -3.408227      -2.410074      -1.013123 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -743.448196702    Predicted Change= -6.050572D-09 

 Zero-point correction (ZPE)=          -743.1782     0.26992 

 Internal Energy (U)=              -743.1619     0.28624 

 Enthalpy (H)=                 -743.1610     0.28718 

 Gibbs Free Energy (G)=            -743.2247     0.22344 

 Entropy (S)=                           0.00021378 

------------------------------------------------------------------------------ 

 Frequencies --     13.9224                29.1879                33.4324 

 

3.10.7.13 Hydrocinnamyl Acyl Azolium Radical with III-Az-A (intermediate III-I•) 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 
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 freq=noraman guess=(mix,always) 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk UPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C13H16N3O(2)   C1[X(C13H16N3O)]  #Atoms= 33 

 Charge = 0     Multiplicity = 2 

------------------------------------------------------------------------------ 

 SCF Energy= -743.562650139     Predicted Change= -1.861257D-08 

=============================================================== 

 Optimization completed.            (Found        1        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00000 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00654 ||  0.00180   [ NO ]       0.00654 ||  0.00180   [ NO ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C         3.474906      -1.236862      -0.151253 
       C         2.659689      -0.228092       0.405135 
       C         1.215747      -0.509913       0.761101 
       C         0.268415      -0.434891      -0.466883 
       C         3.216302       1.055396       0.581360 
       C         4.543962       1.325291       0.214389 
       C         5.342282       0.311642      -0.338680 
       C         4.802123      -0.972240      -0.519939 
       C        -1.137071      -0.924065      -0.124794 
       O        -1.296003      -2.162278       0.151366 
       C        -2.260283      -0.033744      -0.106127 
       N        -3.596641      -0.445019       0.027855 
       C        -4.375090       0.677107      -0.002484 
       N        -3.677140       1.783225      -0.128688 
       N        -2.363507       1.354313      -0.195857 
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       C        -1.321800       2.365849      -0.193997 
       C        -4.113640      -1.808766       0.096128 
       H         3.061678      -2.243526      -0.290768 
       H         1.116424      -1.523955       1.189751 
       H         0.870292       0.207250       1.528689 
       H         0.658135      -1.121572      -1.243444 
       H         0.290980       0.578159      -0.899226 
       H         2.599793       1.851411       1.017119 
       H         4.956612       2.329260       0.364783 
       H         6.379766       0.518980      -0.622894 
       H         5.418721      -1.772176      -0.945186 
       H        -5.460589       0.636628       0.072394 
       H        -1.810531       3.325338       0.027184 
       H        -0.819046       2.436987      -1.174340 
       H        -0.574743       2.151691       0.588318 
       H        -5.209125      -1.742698       0.177461 
       H        -3.697296      -2.333950       0.966124 
       H        -3.845293      -2.367513      -0.813813 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -743.562650139    Predicted Change= -1.861257D-08 

 Zero-point correction (ZPE)=          -743.2954     0.26718 

 Internal Energy (U)=              -743.2787     0.28393 

 Enthalpy (H)=                 -743.2777     0.28487 

 Gibbs Free Energy (G)=            -743.3438     0.21878 

 Entropy (S)=                           0.00022166 

------------------------------------------------------------------------------ 

 Frequencies --     14.9465                21.1525                31.3952 
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3.10.7.14 Benzyl Radical and Hydrocinnamyl Acyl Azolium Radical with III-Az-A transition 

structure (Intermediate III-TS-3) 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) 

 opt=(gdiis,maxcycle=250,ts,calcfc,noeigentest) freq=noraman 

 guess=(mix,always) 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C20H23N3O   C1[X(C20H23N3O)]  #Atoms= 47 

 Charge = 0     Multiplicity = 1 

------------------------------------------------------------------------------ 

 SCF Energy= -1014.14659399     Predicted Change= -6.726309D-11 

=============================================================== 

 Optimization completed.            (Found        2        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00000 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00068 ||  0.00180   [ YES ]      0.00068 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C        -3.241745      -2.179407      -0.955599 
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       C        -2.790843      -0.875108      -0.662926 
       C        -1.442023      -0.393998      -1.159793 
       C        -0.299097      -0.820142      -0.217142 
       C        -3.616793      -0.045316       0.122389 
       C        -4.853798      -0.503112       0.602582 
       C        -5.288387      -1.804293       0.304853 
       C        -4.476919      -2.642001      -0.477531 
       C         1.078618      -0.472765      -0.786079 
       O         1.198733       0.022238      -1.927099 
       C         2.279683      -0.900452      -0.038305 
       N         2.390902      -1.715144       1.076328 
       N         3.556756      -0.933103      -0.596050 
       C         4.028107      -0.280568      -1.816615 
       C         1.448516      -1.881527       2.173352 
       H        -2.615958      -2.837196      -1.571562 
       H        -1.240734      -0.803317      -2.165199 
       H        -1.442523       0.705151      -1.258372 
       H        -0.342117      -1.916916      -0.066280 
       H        -0.443072      -0.364338       0.778400 
       H        -3.284833       0.973989       0.354978 
       H        -5.481592       0.160647       1.207694 
       H        -6.254986      -2.162212       0.676009 
       H        -4.809236      -3.657404      -0.721249 
       H         3.524137      -0.698913      -2.698508 
       H         5.112021      -0.455924      -1.885319 
       H         3.831781       0.801170      -1.773327 
       H         1.995744      -2.377479       2.986697 
       H         0.592759      -2.508290       1.879883 
       H         1.086136      -0.898747       2.520325 
       C         2.003939       1.338300       0.777750 
       H         2.904972       1.550781       0.190651 
       C         0.878850       2.209537       0.572807 
       H         2.201239       1.002682       1.803959 
       C         0.725955       2.958572      -0.635961 
       C        -0.164990       2.338178       1.541844 
       C        -0.387681       3.776847      -0.852936 
       H         1.508901       2.889514      -1.399576 
       C        -1.271804       3.163947       1.321208 
       H        -0.078932       1.785831       2.486420 
       C        -1.398805       3.890473       0.120456 
       H        -0.467001       4.341747      -1.789622 
       H        -2.043474       3.249961       2.095764 
       H        -2.264879       4.539121      -0.048787 
       H         5.427471      -1.762692       0.097075 
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       C         4.361638      -1.626594       0.272250 
       N         3.703739      -2.100108       1.302168 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -1014.14659399    Predicted Change= -6.726309D-11 

 Zero-point correction (ZPE)=         -1013.7649     0.38162 

 Internal Energy (U)=             -1013.7418     0.40471 

 Enthalpy (H)=                -1013.7409     0.40565 

 Gibbs Free Energy (G)=           -1013.8202     0.32639 

 Entropy (S)=                           0.00026585 

------------------------------------------------------------------------------ 

 Frequencies --    -57.2429                12.1516                19.0047 

 

3.10.7.15 Benzyl Radical and Hydrocinnamyl Acyl Azolium Radical with III-Az-A (intermediate 

III-IIC1) 

------------------------------------------------------------------------------ 

 Using  Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman 
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 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C20H23N3O   C1[X(C20H23N3O)]  #Atoms= 47 

 Charge = 0     Multiplicity = 1 

------------------------------------------------------------------------------ 

 SCF Energy= -1014.17011907     Predicted Change= -1.823276D-09 

=============================================================== 

 Optimization completed.            (Found        2        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00000 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00130 ||  0.00180   [ YES ]      0.00130 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C        -4.162472      -1.549281       0.488280 
       C        -3.642118      -0.250128       0.298925 
       C        -2.186878       0.047742       0.587941 
       C        -1.227100      -0.487175      -0.490930 
       C        -4.512532       0.746810      -0.187900 
       C        -5.855562       0.459298      -0.479232 
       C        -6.356469      -0.837706      -0.287756 
       C        -5.502835      -1.842126       0.198790 
       C         0.267568      -0.520457       0.018497 
       C         0.755317       0.985692       0.230271 
       N         1.498773       1.418425       1.295070 
       C         1.668400       2.772807       1.168019 
       N         1.084790       3.234920       0.083797 
       N         0.530517       2.113752      -0.490076 
       C        -0.194351       2.308908      -1.745866 
       C         2.074360       0.612354       2.383043 
       H        -3.504064      -2.338100       0.872992 
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       H        -2.053292       1.140430       0.705599 
       H        -1.867282      -0.430026       1.533766 
       H        -1.363976       0.047984      -1.447303 
       H        -1.462420      -1.550460      -0.683178 
       H        -4.130597       1.764784      -0.335596 
       H        -6.512551       1.252374      -0.853991 
       H        -7.404593      -1.064325      -0.511865 
       H        -5.884780      -2.856892       0.358423 
       H         2.224020       3.371981       1.886648 
       H         0.026897       1.489265      -2.441940 
       H         0.159455       3.258723      -2.168940 
       H        -1.277729       2.368924      -1.558787 
       H         1.575516      -0.371008       2.305786 
       H         1.871276       1.122571       3.336811 
       H         3.161483       0.527552       2.228828 
       O         0.376128      -1.241048       1.128055 
       C         1.151544      -1.075181      -1.202042 
       H         0.997404      -0.472531      -2.116727 
       C         2.617340      -1.171321      -0.879106 
       H         0.730520      -2.080529      -1.388523 
       C         3.553454      -0.270282      -1.429658 
       C         3.085271      -2.141980       0.036358 
       C         4.912691      -0.333690      -1.083673 
       H         3.210151       0.488042      -2.144621 
       C         4.442509      -2.206073       0.386597 
       H         2.360633      -2.829400       0.482118 
       C         5.362685      -1.302837      -0.171952 
       H         5.621878       0.372684      -1.530055 
       H         4.785805      -2.967047       1.097106 
       H         6.423744      -1.358524       0.095827 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -1014.17011907    Predicted Change= -1.823276D-09 

 Zero-point correction (ZPE)=         -1013.7856     0.38450 

 Internal Energy (U)=             -1013.7630     0.40710 
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 Enthalpy (H)=                -1013.7620     0.40804 

 Gibbs Free Energy (G)=           -1013.8401     0.33000 

 Entropy (S)=                           0.00026174 

------------------------------------------------------------------------------ 

 Frequencies --     15.6557                27.7609                32.6105 

 

3.10.7.16 Benzyl Radical and Hydrocinnamyl Acyl Azolium Radical with III-Az-A (Intermediate 

III-IIC2) 

------------------------------------------------------------------------------ 

 Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C20H23N3O   C1[X(C20H23N3O)]  #Atoms= 47 

 Charge = 0     Multiplicity = 1 

------------------------------------------------------------------------------ 

 SCF Energy= -1014.17297418     Predicted Change= -8.606276D-10 

=============================================================== 

 Optimization completed.            (Found        2        times) 



 
 243 
 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00000 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00147 ||  0.00180   [ YES ]      0.00147 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C        -4.475454       0.268272      -1.046777 
       C        -3.937073      -0.325903       0.114330 
       C        -3.200987      -1.650952       0.025192 
       C        -1.770961      -1.523743      -0.533442 
       C        -4.095195       0.347429       1.342091 
       C        -4.771352       1.575923       1.410171 
       C        -5.300894       2.155633       0.246871 
       C        -5.149473       1.496809      -0.984266 
       C        -0.771509      -0.950737       0.454923 
       O        -1.015412      -0.838108       1.655728 
       C         0.679652      -0.632944      -0.072198 
       N         1.475526      -1.867148       0.061463 
       C         2.092330      -2.109781      -1.145745 
       N         1.743260      -1.300687      -2.103576 
       N         0.687792      -0.522301      -1.550935 
       C         0.495325       0.770608      -2.185257 
       C         1.583394      -2.666223       1.266620 
       H        -4.369163      -0.244536      -2.010808 
       H        -3.157360      -2.124936       1.020991 
       H        -3.761189      -2.332975      -0.639407 
       H        -1.743429      -0.926890      -1.462995 
       H        -1.387685      -2.520237      -0.833196 
       H        -3.676175      -0.097788       2.251080 
       H        -4.885943       2.080134       2.376332 
       H        -5.831055       3.112926       0.298708 
       H        -5.563798       1.937725      -1.897906 
       H         2.810883      -2.923291      -1.257220 
       H         0.370270       0.603917      -3.268161 
       H         1.331475       1.480924      -2.035129 
       H        -0.432131       1.226313      -1.798683 
       H         0.653320      -3.226997       1.479720 
       H         1.815459      -2.039334       2.145364 
       H         2.402148      -3.389906       1.130371 



 
 244 
       C         1.247132       0.569889       0.770063 
       H         1.069795       0.294940       1.824875 
       C         2.695855       0.956481       0.564191 
       H         0.595004       1.438703       0.567257 
       C         3.753841       0.160985       1.057925 
       C         3.031414       2.167321      -0.080564 
       C         5.092434       0.542447       0.878421 
       H         3.531350      -0.759982       1.606105 
       C         4.367353       2.556300      -0.255458 
       H         2.228079       2.821403      -0.439757 
       C         5.406990       1.738838       0.215681 
       H         5.893150      -0.095498       1.269334 
       H         4.595395       3.503331      -0.757259 
       H         6.451930       2.037942       0.079263 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -1014.17297418    Predicted Change= -8.606276D-10 

 Zero-point correction (ZPE)=         -1013.7891     0.38379 

 Internal Energy (U)=             -1013.7662     0.40675 

 Enthalpy (H)=                -1013.7652     0.40769 

 Gibbs Free Energy (G)=           -1013.8446     0.32828 

 Entropy (S)=                           0.00026636 

------------------------------------------------------------------------------ 

 Frequencies --     10.5731                14.9950                25.7699 
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3.10.7.17 Benzyl Radical and Hydrocinnamyl Acyl Azolium Radical with III-Az-A transition 

structure (III-TS-4) 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) 

 opt=(gdiis,maxcycle=250,ts,calcfc,noeigentest) freq=noraman 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C20H23N3O   C1[X(C20H23N3O)]  #Atoms= 47 

 Charge = 0     Multiplicity = 1 

------------------------------------------------------------------------------ 

 SCF Energy= -1014.16363718     Predicted Change= -4.555326D-11 

=============================================================== 

 Optimization completed.            (Found        2        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00000 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00024 ||  0.00180   [ YES ]      0.00024 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C        -4.244774      -1.673999       0.454649 
       C        -3.579633      -0.432054       0.365731 
       C        -2.112782      -0.311183       0.721364 
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       C        -1.180000      -0.813025      -0.395010 
       C        -4.314162       0.682290      -0.088937 
       C        -5.666629       0.563271      -0.446341 
       C        -6.312871      -0.679245      -0.354831 
       C        -5.595504      -1.798875       0.098285 
       C         0.298942      -0.926170       0.056428 
       C         0.773750       1.115000       0.099306 
       N         1.349941       1.676360       1.212581 
       C         1.263117       3.045921       1.124835 
       N         0.661891       3.415460       0.013959 
       N         0.377896       2.205683      -0.598979 
       C        -0.291007       2.249318      -1.894769 
       C         2.037794       0.946754       2.282457 
       H        -3.693732      -2.552544       0.812649 
       H        -1.872060       0.743989       0.949704 
       H        -1.880129      -0.898233       1.628511 
       H        -1.284818      -0.201019      -1.306570 
       H        -1.478034      -1.845170      -0.674680 
       H        -3.817694       1.658355      -0.157769 
       H        -6.217165       1.444951      -0.793435 
       H        -7.368873      -0.774658      -0.630358 
       H        -6.091955      -2.772443       0.180001 
       H         1.652938       3.724615       1.881657 
       H        -0.072272       1.322718      -2.442137 
       H         0.100645       3.110693      -2.455539 
       H        -1.380138       2.361712      -1.765253 
       H         1.672886      -0.090686       2.265659 
       H         1.814607       1.429249       3.245994 
       H         3.125495       0.967655       2.104487 
       O         0.518580      -1.395372       1.209164 
       C         1.235616      -1.346923      -1.122762 
       H         0.998346      -0.749975      -2.020818 
       C         2.706727      -1.271534      -0.806543 
       H         0.951551      -2.396843      -1.342237 
       C         3.530710      -0.294412      -1.402782 
       C         3.290869      -2.155580       0.127568 
       C         4.893975      -0.199759      -1.080844 
       H         3.096550       0.397419      -2.134833 
       C         4.652275      -2.062239       0.454200 
       H         2.662648      -2.914843       0.603216 
       C         5.460138      -1.083441      -0.148033 
       H         5.515123       0.564136      -1.562197 
       H         5.085671      -2.759199       1.180684 
       H         6.524356      -1.014119       0.103191 



 
 247 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -1014.16363718    Predicted Change= -4.555326D-11 

 Zero-point correction (ZPE)=         -1013.7802     0.38335 

 Internal Energy (U)=             -1013.7575     0.40609 

 Enthalpy (H)=                -1013.7566     0.40703 

 Gibbs Free Energy (G)=           -1013.8367     0.32688 

 Entropy (S)=                           0.00026882 

------------------------------------------------------------------------------ 

 Frequencies --   -147.3475                 9.5521                17.3551 

 

3.10.7.18 Hydrocinnamyl Acyl Azolium Radical with III-Az-B Cation (Intermediate III-I•) 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C23H26N3O(1+)   C1[X(C23H26N3O)]  #Atoms= 53 
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 Charge = 1     Multiplicity = 1 

------------------------------------------------------------------------------ 

 SCF Energy= -1130.07024547     Predicted Change= -1.564536D-09 

=============================================================== 

 Optimization completed.            (Found        2        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00000 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00168 ||  0.00180   [ YES ]      0.00168 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C         1.613975      -2.526413       0.112530 
       C         0.647243      -1.330348       0.054409 
       C        -0.797742      -1.743923       0.131472 
       C         3.059751      -2.075266       0.042073 
       C         5.740103      -1.175522      -0.092234 
       C         3.706087      -1.918301      -1.200505 
       C         3.779080      -1.774909       1.216262 
       C         5.108039      -1.329114       1.151933 
       C         5.034758      -1.472505      -1.269294 
       O        -1.182220      -2.906303       0.252135 
       C        -1.882144      -0.697097       0.055873 
       N        -1.838778       0.661168       0.010389 
       N        -3.096426       1.216274      -0.034200 
       C        -3.906723       0.166758      -0.020226 
       N        -3.200517      -1.003050       0.029058 
       C        -4.060440      -2.205070       0.065874 
       C        -5.441059      -1.611912      -0.323483 
       C        -5.378090      -0.086174      -0.012678 
       C        -0.695763       1.548040      -0.002003 
       C         1.454772       3.326154      -0.031242 
       C        -0.162266       1.930636      -1.251346 
       C        -0.215774       2.035296       1.232290 
       C         0.869347       2.926665       1.184627 
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       C         0.921099       2.824365      -1.233171 
       C        -0.719847       1.404075      -2.550376 
       C        -0.830934       1.622792       2.546459 
       C         2.638310       4.262949      -0.046667 
       H         1.387489      -3.211300      -0.723476 
       H         1.435638      -3.086488       1.047132 
       H         0.793016      -0.743872      -0.874324 
       H         0.849607      -0.618300       0.879002 
       H         6.778547      -0.830753      -0.144124 
       H         3.161624      -2.154233      -2.123000 
       H         3.291737      -1.898173       2.191117 
       H         5.652296      -1.105473       2.076202 
       H         5.521649      -1.361304      -2.244488 
       H        -3.682822      -2.958394      -0.637915 
       H        -4.030484      -2.615763       1.087749 
       H        -5.609731      -1.761469      -1.401749 
       H        -6.251984      -2.109950       0.226722 
       H        -5.913015       0.529510      -0.751630 
       H        -5.785576       0.153001       0.986169 
       H         1.261601       3.323311       2.128196 
       H         1.354401       3.139967      -2.189373 
       H        -1.804172       1.596777      -2.637017 
       H        -0.216721       1.880447      -3.406436 
       H        -0.575921       0.311032      -2.637587 
       H        -0.374852       2.184194       3.377018 
       H        -1.919898       1.807132       2.563047 
       H        -0.681133       0.545438       2.744863 
       H         3.587853       3.694801      -0.036177 
       H         2.642796       4.922691       0.837087 
       H         2.645169       4.889788      -0.954281 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -1130.07024547    Predicted Change= -1.564536D-09 

 Zero-point correction (ZPE)=         -1129.6339     0.43625 

 Internal Energy (U)=             -1129.6078     0.46236 
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 Enthalpy (H)=                -1129.6069     0.46331 

 Gibbs Free Energy (G)=           -1129.6928     0.37744 

 Entropy (S)=                           0.00028799 

------------------------------------------------------------------------------ 

 Frequencies --     21.3484                25.0964                27.5922 

 

3.10.7.19 Hydrocinnamyl Acyl Azolium Radical with III-Az-B Radical (Intermediate III-I•) 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman guess=(mix,always) 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk UPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C23H26N3O(2)   C1[X(C23H26N3O)]  #Atoms= 53 

 Charge = 0     Multiplicity = 2 

------------------------------------------------------------------------------ 

 SCF Energy= -1130.18330607     Predicted Change= -6.235583D-08 

=============================================================== 

 Optimization completed.            (Found        1        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00000 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 
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 Displ      0.05949 ||  0.00180   [ NO ]       0.05949 ||  0.00180   [ NO ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C        -1.649725      -2.307796      -0.320473 
       C        -0.781314      -1.243411       0.395386 
       C         0.674435      -1.700407       0.473808 
       C        -3.124523      -1.969126      -0.295136 
       C        -5.875016      -1.282833      -0.217169 
       C        -3.912285      -2.258355       0.839465 
       C        -3.743278      -1.329785      -1.388868 
       C        -5.104637      -0.989452      -1.353432 
       C        -5.272829      -1.919236       0.880660 
       O         0.953860      -2.902613       0.798114 
       C         1.742210      -0.804173       0.143170 
       N         1.792275       0.561354      -0.178978 
       N         3.089495       0.970447      -0.547692 
       C         3.803466      -0.126892      -0.418512 
       N         3.070043      -1.192503       0.021514 
       C         3.831810      -2.443243       0.088076 
       C         5.291637      -1.918048       0.029129 
       C         5.223321      -0.532746      -0.679161 
       C         0.804773       1.578461       0.009628 
       C        -1.095419       3.630318       0.345320 
       C         0.420941       1.954095       1.320489 
       C         0.280714       2.228201      -1.134911 
       C        -0.662872       3.250364      -0.939284 
       C        -0.537078       2.973593       1.457493 
       C         1.030656       1.306846       2.540052 
       C         0.711694       1.829832      -2.525686 
       C        -2.141007       4.706036       0.524418 
       H        -1.463499      -3.276999       0.174812 
       H        -1.305523      -2.405166      -1.366780 
       H        -1.178789      -1.096898       1.420941 
       H        -0.878733      -0.273048      -0.119966 
       H        -6.938447      -1.021273      -0.188206 
       H        -3.450748      -2.761185       1.698388 
       H        -3.147670      -1.100122      -2.281090 
       H        -5.565226      -0.497330      -2.217449 
       H        -5.866495      -2.158151       1.770283 
       H         3.591804      -2.992175       1.008556 
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       H         3.573460      -3.080399      -0.776644 
       H         5.673568      -1.788226       1.055410 
       H         5.953651      -2.622461      -0.496337 
       H         5.954878       0.190624      -0.286302 
       H         5.392303      -0.622143      -1.767989 
       H        -1.077384       3.758397      -1.818752 
       H        -0.841793       3.274827       2.467421 
       H         2.134172       1.304797       2.486292 
       H         0.732246       1.845357       3.454227 
       H         0.715197       0.252859       2.650139 
       H         0.153735       2.401825      -3.284772 
       H         1.790861       2.006453      -2.682854 
       H         0.538663       0.753616      -2.709174 
       H        -3.161423       4.277706       0.500990 
       H        -2.088307       5.459576      -0.279947 
       H        -2.028118       5.221902       1.493211 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -1130.18330607    Predicted Change= -6.235583D-08 

 Zero-point correction (ZPE)=         -1129.7493     0.43399 

 Internal Energy (U)=             -1129.7228     0.46043 

 Enthalpy (H)=                -1129.7219     0.46137 

 Gibbs Free Energy (G)=           -1129.8106     0.37268 

 Entropy (S)=                           0.00029747 

------------------------------------------------------------------------------ 

 Frequencies --     14.8986                18.9027                22.2969 
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3.10.7.20 Benzyl Radical and Hydrocinnamyl Acyl Azolium Radical with III-Az-B Transition 

Structure (Intermediate III-TS-3) 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # opt=(modredundant,maxcycle=250,gdiis) pbepbe/6-31g(d)/auto 

 scrf=(smd,solvent=ch3cn) density=current 

 scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 Modredundant Input:  B       3      54 F 

 Modredundant Input:  B      11      54 F 

 Modredundant Input: 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) 

 opt=(nofreeze,gdiis,maxcycle=250,ts,calcfc,noeigentest) freq=noraman 

 geom=allcheck guess=read 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C30H33N3O   C1[X(C30H33N3O)]  #Atoms= 67 

 Charge = 0     Multiplicity = 1 

------------------------------------------------------------------------------ 

 SCF Energy= -1400.76258698     Predicted Change= -5.609635D-10 

=============================================================== 

 Optimization completed on the basis of negligible forces.            (Found        3        times) 
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 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00000 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00180 ||  0.00180   [ YES ]      0.00180 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C        -1.686958       1.555708      -1.384231 
       C        -0.740462       1.189003      -0.213339 
       C         0.614817       0.703624      -0.729003 
       C        -2.963329       2.215558      -0.902325 
       C        -5.329471       3.445409       0.057601 
       C        -2.988898       3.591161      -0.590411 
       C        -4.146095       1.469529      -0.726045 
       C        -5.319358       2.076110      -0.250648 
       C        -4.158714       4.201948      -0.114889 
       O         1.281929       1.421371      -1.504128 
       C         1.163585      -0.612696      -0.332997 
       N         0.531309      -1.789326       0.094317 
       N         1.383377      -2.915858      -0.005165 
       C         2.456484      -2.432546      -0.583198 
       N         2.363264      -1.089401      -0.851041 
       C         3.462956      -0.591718      -1.691495 
       C         4.527073      -1.701329      -1.488577 
       C         3.739331      -2.993769      -1.123732 
       C        -0.859189      -2.044098       0.341428 
       C        -3.585304      -2.603777       0.790209 
       C        -1.716372      -2.251031      -0.768683 
       C        -1.326752      -2.174142       1.670008 
       C        -2.692785      -2.450698       1.865262 
       C        -3.073499      -2.516023      -0.518902 
       C        -1.186625      -2.239591      -2.183158 
       C        -0.404377      -2.040820       2.857648 
       C        -5.055584      -2.853952       1.029986 
       H        -1.931701       0.646826      -1.961897 
       H        -1.136444       2.236455      -2.057770 
       H        -0.556426       2.107095       0.376403 
       H        -1.218014       0.459592       0.460309 
       H        -6.244589       3.921724       0.426108 
       H        -2.079543       4.189364      -0.727625 
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       H        -4.144993       0.399322      -0.966455 
       H        -6.228448       1.477300      -0.124503 
       H        -4.158023       5.273059       0.116276 
       H         3.120955      -0.526412      -2.739523 
       H         3.797137       0.400185      -1.365559 
       H         5.151719      -1.831110      -2.385264 
       H         5.184521      -1.421590      -0.648089 
       H         3.529570      -3.612395      -2.015502 
       H         4.269380      -3.629152      -0.396601 
       H        -3.066271      -2.553226       2.891497 
       H        -3.744899      -2.677895      -1.371332 
       H        -0.688713      -1.288265      -2.440756 
       H        -0.439750      -3.041111      -2.330829 
       H        -2.004025      -2.399741      -2.904923 
       H         0.549236      -2.570526       2.692560 
       H        -0.156174      -0.984156       3.065021 
       H        -0.879592      -2.453926       3.762674 
       H        -5.629020      -1.908147       0.985377 
       H        -5.234152      -3.298182       2.023653 
       H        -5.482146      -3.525416       0.264935 
       C         1.716173       0.546511       1.502720 
       H         1.955229      -0.414371       1.975675 
       C         2.829743       1.443042       1.296223 
       H         0.775061       0.982609       1.857229 
       C         4.175503       0.976014       1.380726 
       C         2.641513       2.810898       0.939676 
       C         5.259824       1.819599       1.119505 
       H         4.353761      -0.067455       1.669092 
       C         3.730158       3.651965       0.681594 
       H         1.622260       3.209343       0.882835 
       C         5.047171       3.165548       0.764053 
       H         6.281511       1.430461       1.202219 
       H         3.551403       4.700595       0.415929 
       H         5.896735       3.827664       0.565057 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -1400.76258698    Predicted Change= -5.609635D-10 
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 Zero-point correction (ZPE)=         -1400.2137     0.54884 

 Internal Energy (U)=             -1400.1810     0.58154 

 Enthalpy (H)=                -1400.1800     0.58249 

 Gibbs Free Energy (G)=           -1400.2811     0.48139 

 Entropy (S)=                           0.00033908 

------------------------------------------------------------------------------ 

 Frequencies --   -151.6028                13.4440                17.9378 

 

3.10.7.21 Benzyl Radical and Hydrocinnamyl Acyl Azolium Radical with III-Az-B (Intermediate 

III-IIC1) 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C30H33N3O   C1[X(C30H33N3O)]  #Atoms= 67 

 Charge = 0     Multiplicity = 1 

------------------------------------------------------------------------------ 

 SCF Energy= -1400.78621291     Predicted Change= -5.006776D-10 

=============================================================== 
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 Optimization completed on the basis of negligible forces.            (Found        2        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00000 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00242 ||  0.00180   [ NO ]       0.00242 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C         2.117446      -0.184914       0.906743 
       C         1.742579      -0.079504      -0.589567 
       C         0.217345       0.024446      -0.953440 
       C         3.615920      -0.285397       1.112655 
       C         6.430257      -0.467031       1.416191 
       C         4.422820       0.872695       1.104191 
       C         4.248416      -1.534969       1.277442 
       C         5.641050      -1.627827       1.427321 
       C         5.814659       0.785168       1.253814 
       C        -0.520514      -1.247257      -0.429689 
       N        -1.767417      -1.441475       0.097025 
       N        -2.176468      -2.783230       0.063047 
       C        -1.140454      -3.393130      -0.468148 
       N        -0.131156      -2.513628      -0.766468 
       C         0.964003      -3.129122      -1.533384 
       C         0.366223      -4.514725      -1.902826 
       C        -0.779770      -4.784576      -0.882789 
       C        -2.759160      -0.491448       0.535993 
       C        -4.764565       1.273461       1.372977 
       C        -3.626515       0.057025      -0.436337 
       C        -2.875212      -0.207167       1.911546 
       C        -3.888008       0.687110       2.303694 
       C        -4.616106       0.948146       0.010354 
       C        -3.474239      -0.289524      -1.897989 
       C        -1.949285      -0.828961       2.928430 
       C        -5.857944       2.213259       1.824387 
       H         1.626631      -1.071913       1.350813 
       H         1.733316       0.699662       1.446753 
       H         2.173391      -0.935779      -1.134866 
       H         2.213175       0.820233      -1.026321 
       H         7.516874      -0.536589       1.536818 
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       H         3.949038       1.854444       0.979397 
       H         3.637725      -2.446486       1.294966 
       H         6.109799      -2.609656       1.558628 
       H         6.420781       1.698138       1.248519 
       H         1.174386      -2.488374      -2.402992 
       H         1.863829      -3.207300      -0.901366 
       H        -0.053208      -4.469889      -2.921156 
       H         1.134676      -5.301447      -1.881596 
       H        -1.630900      -5.327049      -1.321509 
       H        -0.423731      -5.361009      -0.009510 
       H        -3.992577       0.928691       3.368255 
       H        -5.291425       1.397882      -0.727629 
       H        -4.151171       0.323596      -2.515110 
       H        -2.430543      -0.134388      -2.243034 
       H        -3.718600      -1.353013      -2.080574 
       H        -0.911517      -0.466052       2.810204 
       H        -2.276215      -0.583872       3.951858 
       H        -1.918691      -1.928562       2.829262 
       H        -5.640031       2.639545       2.817824 
       H        -6.828500       1.686580       1.896551 
       H        -5.995920       3.043838       1.110702 
       O        -0.012013      -0.069163      -2.282506 
       C        -0.374583       1.332205      -0.288670 
       H        -0.370810       1.261152       0.814982 
       C         0.341998       2.594155      -0.717315 
       H        -1.427802       1.399060      -0.605546 
       C         0.394447       2.969004      -2.079591 
       C         0.962884       3.437825       0.227869 
       C         1.052643       4.141492      -2.478269 
       H        -0.064786       2.299495      -2.813866 
       C         1.616854       4.616236      -0.168307 
       H         0.924776       3.170495       1.291251 
       C         1.664602       4.973034      -1.524941 
       H         1.084905       4.411454      -3.540306 
       H         2.086471       5.257430       0.586370 
       H         2.171300       5.893050      -1.837012 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 
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 SCF Energy=     -1400.78621291    Predicted Change= -5.006776D-10 

 Zero-point correction (ZPE)=         -1400.2340     0.55214 

 Internal Energy (U)=             -1400.2017     0.58443 

 Enthalpy (H)=                -1400.2008     0.58538 

 Gibbs Free Energy (G)=           -1400.3014     0.48476 

 Entropy (S)=                           0.00033748 

------------------------------------------------------------------------------ 

 Frequencies --     13.9712                17.4171                26.3916 

 

3.10.7.22 Benzyl Radical and Hydrocinnamyl Acyl Azolium Radical with III-Az-B (Intermediate 

III-IIC2) 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C30H33N3O   C1[X(C30H33N3O)]  #Atoms= 67 

 Charge = 0     Multiplicity = 1 

------------------------------------------------------------------------------ 

 SCF Energy= -1400.78614818     Predicted Change= -1.015846D-08 
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=============================================================== 

 Optimization completed.            (Found        1        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00000 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00671 ||  0.00180   [ NO ]       0.00671 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C         1.976515       1.162755      -1.445304 
       C         0.852021       1.037310      -0.399052 
       C        -0.345936       0.243332      -0.902193 
       C         3.103661       2.054109      -0.963941 
       C         5.178919       3.736144      -0.018646 
       C         4.134161       1.542632      -0.148192 
       C         3.133119       3.423601      -1.297307 
       C         4.159801       4.258810      -0.830393 
       C         5.162563       2.373675       0.321033 
       O        -0.535373       0.064031      -2.105557 
       C        -1.330531      -0.389641       0.138788 
       N        -0.790909      -1.747743       0.655483 
       N        -1.662798      -2.813603       0.240334 
       C        -2.649041      -2.233607      -0.375552 
       N        -2.564124      -0.863807      -0.478283 
       C        -3.474303      -0.334180      -1.502609 
       C        -4.581578      -1.417075      -1.498601 
       C        -3.855290      -2.737627      -1.121227 
       C         0.608044      -2.101247       0.588636 
       C         3.360510      -2.844220       0.627638 
       C         1.187750      -2.752421      -0.541674 
       C         1.400129      -1.862443       1.745752 
       C         2.760099      -2.227779       1.736958 
       C         2.549297      -3.104487      -0.491563 
       C         0.412706      -3.107279      -1.792244 
       C         0.821490      -1.255477       3.002462 
       C         4.826409      -3.212100       0.631189 
       H         1.548134       1.561878      -2.380441 
       H         2.361837       0.151890      -1.672375 
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       H         1.231743       0.601424       0.541989 
       H         0.482101       2.045701      -0.124067 
       H         5.983358       4.385439       0.343867 
       H         4.128265       0.478942       0.119866 
       H         2.342407       3.836862      -1.935515 
       H         4.165923       5.319407      -1.105592 
       H         5.955945       1.954894       0.950192 
       H        -3.857379       0.661259      -1.230572 
       H        -2.967563      -0.265374      -2.481929 
       H        -5.329977      -1.171389      -0.725736 
       H        -5.096931      -1.479196      -2.469588 
       H        -4.480733      -3.420409      -0.523530 
       H        -3.526454      -3.291775      -2.019993 
       H         3.358896      -2.043001       2.637845 
       H         2.990219      -3.601615      -1.365349 
       H         1.110713      -3.354350      -2.610350 
       H        -0.238841      -3.982872      -1.624829 
       H        -0.236455      -2.284830      -2.131209 
       H        -0.225293      -1.566703       3.151380 
       H         1.414926      -1.555208       3.883032 
       H         0.826026      -0.150184       2.970817 
       H         5.220038      -3.290904       1.658788 
       H         5.004726      -4.172651       0.116956 
       H         5.432408      -2.449556       0.105203 
       C        -1.629124       0.541886       1.365649 
       H        -0.683971       0.985432       1.720162 
       C        -2.665925       1.623313       1.128682 
       H        -1.989638      -0.132998       2.159863 
       C        -2.339829       2.867674       0.550169 
       C        -4.009801       1.392485       1.494348 
       C        -3.325399       3.841896       0.328726 
       H        -1.301394       3.084686       0.276738 
       C        -4.998417       2.363414       1.275072 
       H        -4.279238       0.436811       1.959408 
       C        -4.659677       3.592324       0.686689 
       H        -3.047436       4.802086      -0.119959 
       H        -6.034180       2.161453       1.569872 
       H        -5.428440       4.354018       0.517016 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 
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=============================================================== 

 SCF Energy=     -1400.78614818    Predicted Change= -1.015846D-08 

 Zero-point correction (ZPE)=         -1400.2348     0.55129 

 Internal Energy (U)=             -1400.2024     0.58372 

 Enthalpy (H)=                -1400.2014     0.58467 

 Gibbs Free Energy (G)=           -1400.3019     0.48422 

 Entropy (S)=                           0.00033689 

------------------------------------------------------------------------------ 

 Frequencies --     11.8280                17.6194                18.8611 

 

3.10.7.23 Benzyl Radical and Hydrocinnamyl Acyl Azolium Radical with III-Az-B Transition 

Structure (Intermediate III-TS-3) 

 Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) 

 opt=(gdiis,maxcycle=250,ts,calcfc,noeigentest) freq=noraman 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C30H33N3O   C1[X(C30H33N3O)]  #Atoms= 67 

 Charge = 0     Multiplicity = 1 

------------------------------------------------------------------------------ 
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 SCF Energy= -1400.77745763     Predicted Change= -2.293181D-09 

=============================================================== 

 Optimization completed on the basis of negligible forces.            (Found        2        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00000 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00217 ||  0.00180   [ NO ]       0.00217 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C         2.045024      -0.196143       0.841361 
       C         1.878422      -0.192231      -0.691714 
       C         0.490649       0.159594      -1.286989 
       C         3.459350      -0.549096       1.257375 
       C         6.125527      -1.208238       1.962660 
       C         4.440940       0.454220       1.398553 
       C         3.840632      -1.889055       1.476834 
       C         5.159515      -2.218002       1.825938 
       C         5.760864       0.130689       1.747553 
       C        -0.682466      -1.320107      -0.422978 
       N        -1.961440      -1.403027       0.041514 
       N        -2.615594      -2.621525      -0.230539 
       C        -1.685785      -3.290151      -0.877805 
       N        -0.535072      -2.546197      -1.005561 
       C         0.501654      -3.220547      -1.801155 
       C        -0.288230      -4.397394      -2.436082 
       C        -1.533567      -4.630456      -1.527055 
       C        -2.724005      -0.378726       0.706009 
       C        -4.254490       1.595060       1.984163 
       C        -3.632606       0.383344      -0.063192 
       C        -2.578739      -0.203117       2.098262 
       C        -3.355332       0.796104       2.713080 
       C        -4.384161       1.367314       0.600683 
       C        -3.798290       0.145283      -1.545617 
       C        -1.638903      -1.061347       2.910448 
       C        -5.054465       2.680850       2.665273 
       H         1.332677      -0.920657       1.277370 
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       H         1.785710       0.798632       1.245999 
       H         2.193137      -1.165587      -1.106248 
       H         2.572177       0.558022      -1.122830 
       H         7.154679      -1.462579       2.238870 
       H         4.161464       1.502446       1.234315 
       H         3.089849      -2.683095       1.377570 
       H         5.432077      -3.265591       1.996763 
       H         6.505792       0.927048       1.856301 
       H         0.904139      -2.506655      -2.535757 
       H         1.312326      -3.563226      -1.135839 
       H        -0.623011      -4.108291      -3.446051 
       H         0.334222      -5.299941      -2.527065 
       H        -2.427917      -4.933955      -2.092944 
       H        -1.341553      -5.404588      -0.761553 
       H        -3.257854       0.946376       3.795100 
       H        -5.091543       1.971211       0.019291 
       H        -4.460675       0.905764      -1.989769 
       H        -2.829708       0.176237      -2.077480 
       H        -4.237654      -0.849286      -1.744702 
       H        -0.580377      -0.834430       2.686664 
       H        -1.797086      -0.895711       3.988511 
       H        -1.787778      -2.135342       2.699827 
       H        -5.154332       2.491141       3.747204 
       H        -6.065543       2.770368       2.231923 
       H        -4.565253       3.666583       2.548029 
       O         0.317270      -0.064701      -2.521759 
       C        -0.166188       1.436652      -0.681255 
       H        -0.230294       1.372245       0.417371 
       C         0.589747       2.691602      -1.079013 
       H        -1.195398       1.484154      -1.074790 
       C         0.698200       3.070406      -2.435435 
       C         1.205865       3.508593      -0.108444 
       C         1.397649       4.227424      -2.806377 
       H         0.238317       2.431372      -3.196746 
       C         1.905709       4.669221      -0.476528 
       H         1.126622       3.234929       0.950829 
       C         2.004215       5.033568      -1.828125 
       H         1.468921       4.503205      -3.864766 
       H         2.372532       5.290449       0.296214 
       H         2.547500       5.939716      -2.118006 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 
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 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -1400.77745763    Predicted Change= -2.293181D-09 

 Zero-point correction (ZPE)=         -1400.2268     0.55057 

 Internal Energy (U)=             -1400.1945     0.58295 

 Enthalpy (H)=                -1400.1935     0.58389 

 Gibbs Free Energy (G)=           -1400.2950     0.48238 

 Entropy (S)=                           0.00034045 

------------------------------------------------------------------------------ 

 Frequencies --   -142.7697                14.6396                17.8816 

 

3.10.7.24 1,4-Diphenylbutan-2-one 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C16H16O   C1[X(C16H16O)]  #Atoms= 33 

 Charge = 0     Multiplicity = 1 

------------------------------------------------------------------------------ 
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 SCF Energy= -693.705462121     Predicted Change= -7.816427D-09 

=============================================================== 

 Optimization completed on the basis of negligible forces.            (Found        2        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00000 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00415 ||  0.00180   [ NO ]       0.00415 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       O         0.987310      -0.710784       1.223430 
       C         0.660749      -0.305945       0.110424 
       C         1.679759      -0.061249      -1.015552 
       C         3.115504       0.047790      -0.562775 
       C         3.763864       1.297709      -0.529592 
       C         5.093906       1.407976      -0.094792 
       C         5.796308       0.265073       0.317635 
       C         5.159635      -0.986563       0.291511 
       C         3.830744      -1.092794      -0.144057 
       C        -0.789711      -0.032662      -0.264846 
       C        -1.805400      -0.496914       0.793423 
       C        -3.232794      -0.183292       0.392747 
       C        -3.996853      -1.110012      -0.345715 
       C        -5.308590      -0.810162      -0.744015 
       C        -5.881264       0.427254      -0.409284 
       C        -5.132401       1.359547       0.326719 
       C        -3.821251       1.054873       0.722908 
       H         1.551406      -0.913552      -1.714336 
       H         1.369103       0.835785      -1.581517 
       H         3.219706       2.193502      -0.852394 
       H         5.582116       2.388728      -0.081309 
       H         6.835413       0.347916       0.654583 
       H         5.701276      -1.884711       0.608591 
       H         3.341745      -2.073224      -0.168025 
       H        -0.882990       1.058014      -0.443439 
       H        -0.992626      -0.501930      -1.247602 
       H        -1.563754      -0.009047       1.754133 
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       H        -1.687055      -1.584306       0.949206 
       H        -3.557007      -2.080687      -0.605953 
       H        -5.886368      -1.547124      -1.313050 
       H        -6.906473       0.661899      -0.715848 
       H        -5.572315       2.325701       0.598348 
       H        -3.243881       1.785526       1.302737 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -693.705462121    Predicted Change= -7.816427D-09 

 Zero-point correction (ZPE)=          -693.4367     0.26875 

 Internal Energy (U)=              -693.4211     0.28431 

 Enthalpy (H)=                 -693.4202     0.28525 

 Gibbs Free Energy (G)=            -693.4839     0.22147 

 Entropy (S)=                           0.00021392 

------------------------------------------------------------------------------ 

 Frequencies --     12.8246                20.5497                33.6782  

 

3.10.7.25 Radical Stability Model: Benzaldehyde 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman 
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 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C7H6O   C1[X(C7H6O)]  #Atoms= 14 

 Charge = 0     Multiplicity = 1 

------------------------------------------------------------------------------ 

 SCF Energy= -345.159845738     Predicted Change= -6.517587D-10 

=============================================================== 

 Optimization completed.            (Found        2        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00001 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00005 ||  0.00180   [ YES ]      0.00005 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C         1.994380       0.472304       0.000005 
       O         2.866334      -0.397731      -0.000009 
       H         2.269908       1.559346       0.000017 
       C         0.538577       0.210487       0.000003 
       C        -0.358460       1.298620      -0.000000 
       C         0.042333      -1.111378       0.000004 
       C        -1.740113       1.069416      -0.000002 
       H         0.037295       2.321593       0.000001 
       C        -1.336350      -1.337918       0.000001 
       H         0.755101      -1.943166       0.000008 
       C        -2.227454      -0.247940      -0.000003 
       H        -2.437725       1.913350      -0.000004 
       H        -1.724945      -2.361716       0.000002 
       H        -3.307779      -0.429106      -0.000006 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 
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 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -345.159845738    Predicted Change= -6.517587D-10 

 Zero-point correction (ZPE)=          -345.0526     0.10720 

 Internal Energy (U)=              -345.0461     0.11368 

 Enthalpy (H)=                 -345.0452     0.11463 

 Gibbs Free Energy (G)=            -345.0833     0.07652 

 Entropy (S)=                           0.00012783 

------------------------------------------------------------------------------ 

 Frequencies --    118.4465               212.7984               229.7500 

 

3.10.7.26 Radical Stability Model: Benzaldehyde Radical Anion 

 Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman guess=(mix,always) 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk UPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C7H6O(1-,2)   C1[X(C7H6O)]  #Atoms= 14 

 Charge = -1    Multiplicity = 2 

------------------------------------------------------------------------------ 
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 SCF Energy= -345.232059079     Predicted Change= -7.771700D-09 

=============================================================== 

 Optimization completed.            (Found        2        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00003 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00046 ||  0.00180   [ YES ]      0.00046 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C         1.989193       0.478456       0.000018 
       O         2.912522      -0.402256       0.000009 
       H         2.263395       1.574620       0.000036 
       C         0.575074       0.233334      -0.000015 
       C        -0.386392       1.306482      -0.000018 
       C         0.039634      -1.108600      -0.000021 
       C        -1.755726       1.060620       0.000002 
       H        -0.015866       2.342034      -0.000037 
       C        -1.332984      -1.340364       0.000001 
       H         0.754057      -1.941039      -0.000042 
       C        -2.262404      -0.268450       0.000022 
       H        -2.455560       1.907017      -0.000003 
       H        -1.703568      -2.374809      -0.000003 
       H        -3.341001      -0.458650       0.000050 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -345.232059079    Predicted Change= -7.771700D-09 

 Zero-point correction (ZPE)=          -345.1283     0.10373 

 Internal Energy (U)=              -345.1216     0.11039 
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 Enthalpy (H)=                 -345.1207     0.11133 

 Gibbs Free Energy (G)=            -345.1596     0.07240 

 Entropy (S)=                           0.00013058 

------------------------------------------------------------------------------ 

 Frequencies --    138.7644               194.4067               257.9753 

 

3.10.7.27 Radical Stability Model: III-Az-A cation 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C4H8N3(1+)   C1[X(C4H8N3)]  #Atoms= 15 

 Charge = 1     Multiplicity = 1 

------------------------------------------------------------------------------ 

 SCF Energy= -320.962989686     Predicted Change= -3.828699D-08 

=============================================================== 

 Optimization completed.            (Found        1        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00002 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 
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 Displ      0.00917 ||  0.00180   [ NO ]       0.00917 ||  0.00180   [ NO ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C        -0.001787      -0.886699      -0.005945 
       C         0.604811       1.204567      -0.003593 
       N        -1.072041      -0.091263       0.003582 
       H        -0.000760      -1.974676      -0.012084 
       H         1.252063       2.079364      -0.008239 
       N        -0.715326       1.229094       0.004067 
       N         1.082521      -0.083052      -0.011025 
       C        -2.481610      -0.472737       0.002266 
       H        -2.542314      -1.568922       0.005646 
       H        -2.960566      -0.060033       0.902317 
       H        -2.958556      -0.065502      -0.901420 
       C         2.488293      -0.507369       0.008520 
       H         3.090677       0.278695      -0.465987 
       H         2.810888      -0.653725       1.050428 
       H         2.584245      -1.445229      -0.554515 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -320.962989686    Predicted Change= -3.828699D-08 

 Zero-point correction (ZPE)=          -320.8369     0.12602 

 Internal Energy (U)=              -320.8298     0.13314 

 Enthalpy (H)=                 -320.8289     0.13408 

 Gibbs Free Energy (G)=            -320.8684     0.09453 

 Entropy (S)=                           0.00013265 

------------------------------------------------------------------------------ 
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 Frequencies --     60.1491               116.5450               179.9420 

 

3.10.7.28 Radical Stability Model: III-Az-A Radical 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman guess=(mix,always) 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk UPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C4H8N3(2)   C1[X(C4H8N3)]  #Atoms= 15 

 Charge = 0     Multiplicity = 2 

------------------------------------------------------------------------------ 

 SCF Energy= -321.028771197     Predicted Change= -5.640531D-08 

=============================================================== 

 Optimization completed.            (Found        1        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00002 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00376 ||  0.00180   [ NO ]       0.00376 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C         0.000764      -0.967030      -0.235778 
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       C         0.591164       1.191282       0.066376 
       N        -1.109914      -0.078948      -0.277779 
       H        -0.058045      -1.833594       0.454805 
       H         1.238117       2.060815       0.186270 
       N        -0.718581       1.254352      -0.030898 
       N         1.088859      -0.076933      -0.033855 
       C        -2.428421      -0.472268       0.178221 
       H        -2.737079      -1.386934      -0.353816 
       H        -2.454214      -0.670640       1.271406 
       H        -3.140287       0.334449      -0.055823 
       C         2.473374      -0.487434       0.082472 
       H         3.101304       0.400701       0.247889 
       H         2.600672      -1.179302       0.936197 
       H         2.805693      -1.002092      -0.836943 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -321.028771197    Predicted Change= -5.640531D-08 

 Zero-point correction (ZPE)=          -320.9070     0.12168 

 Internal Energy (U)=              -320.8995     0.12919 

 Enthalpy (H)=                 -320.8986     0.13014 

 Gibbs Free Energy (G)=            -320.9392     0.08949 

 Entropy (S)=                           0.00013635 

------------------------------------------------------------------------------ 

 Frequencies --     96.7277               121.5175               169.3285 

 

3.10.7.28 Radical Stability Model: III-Az-B Cation 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 
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=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C14H18N3(1+)   C1[X(C14H18N3)]  #Atoms= 35 

 Charge = 1     Multiplicity = 1 

------------------------------------------------------------------------------ 

 SCF Energy= -707.578903028     Predicted Change= -1.657186D-10 

=============================================================== 

 Optimization completed.            (Found        2        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00000 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00033 ||  0.00180   [ YES ]      0.00033 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C         1.281959      -0.103588       1.138185 
       C         2.462436      -0.017269      -0.707122 
       N         0.481957      -0.042286       0.060487 
       H         0.957569      -0.151200       2.175211 
       N         1.207175       0.012863      -1.118538 
       N         2.536304      -0.085588       0.666042 
       C         3.919187      -0.154652       1.177159 
       H         4.037593       0.516235       2.039535 
       H         4.120931      -1.193342       1.484928 
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       C         4.728552       0.279462      -0.073902 
       H         4.928459       1.361593      -0.020418 
       H         5.690896      -0.249568      -0.124489 
       C         3.830028      -0.023246      -1.311649 
       H         4.040031      -1.019706      -1.740547 
       H         3.938323       0.720509      -2.115565 
       C        -0.961694      -0.014125       0.039653 
       C        -1.606900       1.241209       0.035253 
       C        -1.654075      -1.242353      -0.007672 
       C        -3.011003       1.236753      -0.002525 
       C        -3.057743      -1.182926      -0.043284 
       C        -3.752591       0.040582      -0.034209 
       H        -3.537837       2.198139      -0.011484 
       H        -3.620958      -2.122585      -0.084936 
       C        -0.830892       2.535279       0.060579 
       H        -0.270934       2.656153       1.005980 
       H        -0.093273       2.583471      -0.760266 
       H        -1.512701       3.394565      -0.039387 
       C        -5.262087       0.072125      -0.046310 
       H        -5.662134       0.141268       0.983140 
       H        -5.642669       0.947015      -0.600318 
       H        -5.682002      -0.841062      -0.500079 
       C        -0.928434      -2.565320      -0.030898 
       H        -0.179808      -2.604380      -0.842274 
       H        -0.389277      -2.751549       0.915974 
       H        -1.640719      -3.392063      -0.180495 
------------------------------------------------------------------------------ 

Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -707.578903028    Predicted Change= -1.657186D-10 

 Zero-point correction (ZPE)=          -707.2859     0.29298 

 Internal Energy (U)=              -707.2693     0.30954 

 Enthalpy (H)=                 -707.2684     0.31048 

 Gibbs Free Energy (G)=            -707.3313     0.24754 
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 Entropy (S)=                           0.00021112 

------------------------------------------------------------------------------ 

 Frequencies --     28.8945                32.9258                49.8949 

 

3.10.7.29 Radical Stability Model: III-Az-B Radical 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman guess=(mix,always) 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk UPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C14H18N3(2)   C1[X(C14H18N3)]  #Atoms= 35 

 Charge = 0     Multiplicity = 2 

------------------------------------------------------------------------------ 

 SCF Energy= -707.650433229     Predicted Change= -6.454269D-07 

=============================================================== 

 Optimization completed.            (Found        1        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00006 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.09594 ||  0.00180   [ NO ]       0.09594 ||  0.00180   [ NO ] 

------------------------------------------------------------------------------ 
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      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       C        -1.298494      -0.870919       0.874175 
       C        -2.479279       0.544509      -0.429318 
       N        -0.477522      -0.014577       0.096270 
       H        -1.057424      -1.001748       1.939870 
       N        -1.236627       0.853450      -0.736571 
       N        -2.580309      -0.440186       0.507867 
       C        -3.952266      -0.816592       0.831755 
       H        -4.066105      -1.913711       0.842406 
       H        -4.228087      -0.428800       1.831054 
       C        -4.751951      -0.136229      -0.314375 
       H        -4.934500      -0.871395      -1.115756 
       H        -5.726862       0.236527       0.034662 
       C        -3.842324       1.007577      -0.855066 
       H        -4.078089       1.976716      -0.377724 
       H        -3.929508       1.144236      -1.944729 
       C         0.929866      -0.014133       0.035411 
       C         1.645496      -1.236739      -0.157152 
       C         1.637638       1.217454       0.180336 
       C         3.047537      -1.194555      -0.177158 
       C         3.040617       1.195795       0.119722 
       C         3.774334       0.006620      -0.048342 
       H         3.592125      -2.135561      -0.330770 
       H         3.581101       2.143824       0.239418 
       C         0.941156      -2.547611      -0.413166 
       H         0.300667      -2.861216       0.431384 
       H         0.271338      -2.476839      -1.290815 
       H         1.676336      -3.345699      -0.610961 
       C         5.284964       0.011767      -0.095176 
       H         5.720755      -0.661612       0.666641 
       H         5.664819      -0.335162      -1.075290 
       H         5.689013       1.023531       0.078996 
       C         0.922576       2.520156       0.452097 
       H         0.351661       2.877674      -0.423206 
       H         0.189356       2.412717       1.272652 
       H         1.645397       3.303105       0.736745 
------------------------------------------------------------------------------ 

Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 
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=============================================================== 

 SCF Energy=     -707.650433229    Predicted Change= -6.454269D-07 

 Zero-point correction (ZPE)=          -707.3614     0.28902 

 Internal Energy (U)=              -707.3445     0.30592 

 Enthalpy (H)=                 -707.3435     0.30687 

 Gibbs Free Energy (G)=            -707.4070     0.24335 

 Entropy (S)=                           0.00021303 

------------------------------------------------------------------------------ 

 Frequencies --     37.9889                40.0262                57.0642 

 

3.10.7.30 Radical Stability Model: Perfluorophenyl Dihydropyrrolotriazolium Cation 

------------------------------------------------------------------------------ 

 Using  Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C11H7F5N3(1+)   C1[X(C11H7F5N3)]  #Atoms= 26 

 Charge = 1     Multiplicity = 1 

------------------------------------------------------------------------------ 
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 SCF Energy= -1085.48520719     Predicted Change= -1.040908D-08 

=============================================================== 

 Optimization completed.            (Found        2        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00002 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00135 ||  0.00180   [ YES ]      0.00135 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       F         0.620019      -2.396992       0.247118 
       C         1.245896      -1.217161       0.119347 
       C         2.643480      -1.179121       0.133859 
       F         3.347162      -2.311197       0.275565 
       C         3.305753       0.049639       0.012584 
       F         4.642953       0.089499       0.030242 
       C         2.574506       1.236482      -0.129892 
       F         3.214633       2.407564      -0.254746 
       C         1.176899       1.193621      -0.160133 
       F         0.492124       2.332921      -0.320531 
       C         0.502085      -0.033451      -0.029505 
       N        -0.916461      -0.069001      -0.030265 
       C        -1.718649      -0.864841      -0.767981 
       N        -2.965076      -0.533846      -0.420226 
       C        -2.889198       0.465580       0.527523 
       C        -4.254602       0.873448       0.975785 
       C        -5.155648       0.240828      -0.127993 
       C        -4.350612      -0.939573      -0.732059 
       N        -1.636133       0.777599       0.797884 
       H        -1.396130      -1.604885      -1.497138 
       H        -4.458028       0.442079       1.972557 
       H        -4.363505       1.965902       1.050265 
       H        -6.118303      -0.104411       0.274879 
       H        -5.352693       0.987043      -0.914065 
       H        -4.473534      -1.057628      -1.817695 
       H        -4.545591      -1.900206      -0.228604 
------------------------------------------------------------------------------ 
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 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -1085.48520719    Predicted Change= -1.040908D-08 

 Zero-point correction (ZPE)=         -1085.3132     0.17197 

 Internal Energy (U)=             -1085.2974     0.18776 

 Enthalpy (H)=                -1085.2964     0.18871 

 Gibbs Free Energy (G)=           -1085.3568     0.12836 

 Entropy (S)=                           0.00020242 

------------------------------------------------------------------------------ 

 Frequencies --     45.7289                48.0690                62.0661 

 

3.10.7.31 Perfluorophenyl Dihydropyrrolotriazolium Radical 

------------------------------------------------------------------------------ 

 Using  Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman guess=(mix,always) 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk UPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C11H7F5N3(2)   C1[X(C11H7F5N3)]  #Atoms= 26 
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 Charge = 0     Multiplicity = 2 

------------------------------------------------------------------------------ 

 SCF Energy= -1085.57332947     Predicted Change= -1.024848D-08 

=============================================================== 

 Optimization completed.            (Found        2        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00001 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00089 ||  0.00180   [ YES ]      0.00089 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 

       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       F         0.660556      -2.425072       0.175907 
       C         1.256768      -1.211231       0.078915 
       C         2.650275      -1.178053       0.074457 
       F         3.343139      -2.333210       0.167899 
       C         3.337972       0.041970       0.014245 
       F         4.688132       0.077657       0.049646 
       C         2.590277       1.225567      -0.067336 
       F         3.230430       2.410844      -0.168230 
       C         1.196285       1.196659      -0.099859 
       F         0.559711       2.376101      -0.274690 
       C         0.467616      -0.026575      -0.003737 
       N        -0.913252      -0.074958      -0.011121 
       C        -1.735377      -1.169314      -0.376648 
       N        -3.011289      -0.620793      -0.276493 
       C        -2.917875       0.628992       0.252964 
       C        -4.277098       1.170992       0.582127 
       C        -5.209491       0.155487      -0.141806 
       C        -4.378036      -1.144852      -0.300087 
       N        -1.676245       1.032515       0.444187 
       H        -1.452888      -1.809378      -1.216541 
       H        -4.429159       1.158925       1.677116 
       H        -4.419582       2.207833       0.238602 
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       H        -6.140950      -0.027192       0.414680 
       H        -5.475758       0.543614      -1.138781 
       H        -4.579840      -1.675384      -1.244815 
       H        -4.521919      -1.850485       0.539522 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -1085.57332947    Predicted Change= -1.024848D-08 

 Zero-point correction (ZPE)=         -1085.4057     0.16757 

 Internal Energy (U)=             -1085.3891     0.18421 

 Enthalpy (H)=                -1085.3881     0.18515 

 Gibbs Free Energy (G)=           -1085.4509     0.12239 

 Entropy (S)=                           0.0002105 

------------------------------------------------------------------------------ 

Frequencies --     39.7013                45.5555                64.3031 

 

3.10.7.32 Phenyl Dihydropyrrolotriazolium Cation 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman 

 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RPBEPBE/6-31G(d)/Auto Freq 
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------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C11H12N3(1+)   C1[X(C11H12N3)]  #Atoms= 26 

 Charge = 1     Multiplicity = 1 

------------------------------------------------------------------------------ 

 SCF Energy= -589.793576417     Predicted Change= -9.138990D-09 

=============================================================== 

 Optimization completed.            (Found        2        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00001 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00067 ||  0.00180   [ YES ]      0.00067 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       N        -0.087247       0.071663       0.031757 
       C        -1.520303       0.027661       0.013880 
       C        -2.151491      -1.186844      -0.295880 
       C        -3.550893      -1.230740      -0.319777 
       C        -4.303220      -0.077541      -0.047583 
       C        -3.653081       1.127761       0.259473 
       C        -2.254443       1.189418       0.301093 
       C         0.709588       1.124345      -0.238050 
       N         1.964307       0.670701      -0.116077 
       C         1.895893      -0.660459       0.223721 
       C         3.264448      -1.232692       0.404072 
       C         4.157173      -0.138368      -0.257112 
       C         3.344665       1.183149      -0.210964 
       N         0.642417      -1.064359       0.323181 
       H        -1.553756      -2.074005      -0.519740 
       H        -4.052791      -2.172893      -0.561034 
       H        -5.396730      -0.118792      -0.070750 
       H        -4.234150       2.027409       0.484248 
       H        -1.748540       2.121054       0.571163 
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       H         0.387649       2.124106      -0.518878 
       H         3.478900      -1.344760       1.482287 
       H         3.373498      -2.221158      -0.067216 
       H         5.121390      -0.026584       0.258857 
       H         4.352842      -0.408695      -1.307048 
       H         3.455570       1.807173      -1.108933 
       H         3.549773       1.786964       0.687791 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -589.793576417    Predicted Change= -9.138990D-09 

 Zero-point correction (ZPE)=          -589.5809     0.21265 

 Internal Energy (U)=              -589.5699     0.22365 

 Enthalpy (H)=                 -589.5689     0.22460 

 Gibbs Free Energy (G)=            -589.6188     0.17475 

 Entropy (S)=                           0.00016719 

------------------------------------------------------------------------------ 

 Frequencies --     30.1210                65.0318               106.3996 

 

3.10.7.33 Phenyl Dihydropyrrolotriazolium Radical 

Using Gaussian 16:  ES64L-G16RevA.03 25-Dec-2016 

=============================================================== 

 # pbepbe/6-31g(d)/auto scf=(maxcycle=300,direct,vshift=200,tight,yqc) 

 density=current scrf=(solvent=ch3cn,smd) opt=(gdiis,maxcycle=250) 

 freq=noraman guess=(mix,always) 
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 #N Geom=AllCheck Guess=TCheck SCRF=Check GenChk UPBEPBE/6-31G(d)/Auto Freq 

------------------------------------------------------------------------------ 

 Pointgroup= C1   Stoichiometry= C11H12N3(2)   C1[X(C11H12N3)]  #Atoms= 26 

 Charge = 0     Multiplicity = 2 

------------------------------------------------------------------------------ 

 SCF Energy= -589.877828814     Predicted Change= -4.031291D-09 

=============================================================== 

 Optimization completed.            (Found        2        times) 

 Item      Max Val.    Criteria    Pass?      RMS Val.    Criteria    Pass? 

 Force      0.00001 ||  0.00045   [ YES ]      0.00000 ||  0.00030   [ YES ] 

 Displ      0.00040 ||  0.00180   [ YES ]      0.00040 ||  0.00180   [ YES ] 

------------------------------------------------------------------------------ 

      Atomic         Coordinates (Angstroms) 
       Type      X          Y          Z 
------------------------------------------------------------------------------ 
       N        -0.109926       0.067518       0.022195 
       C        -1.496106       0.016974       0.016228 
       C        -2.178669      -1.226854      -0.068001 
       C        -3.574509      -1.253975      -0.091165 
       C        -4.329248      -0.064661      -0.032481 
       C        -3.650143       1.164024       0.057832 
       C        -2.253074       1.220415       0.084671 
       C         0.704591       1.228020       0.021764 
       N         1.986983       0.676763      -0.072596 
       C         1.896553      -0.676118       0.036290 
       C         3.257938      -1.292551       0.164958 
       C         4.184880      -0.099608      -0.213097 
       C         3.352993       1.183533       0.052549 
       N         0.653898      -1.117915       0.091582 
       H        -1.598679      -2.151572      -0.119726 
       H        -4.083755      -2.222209      -0.159596 
       H        -5.423102      -0.096724      -0.053564 
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       H        -4.217563       2.100151       0.114909 
       H        -1.745652       2.184717       0.179476 
       H         0.422909       2.078331      -0.611618 
       H         3.421880      -1.624678       1.206753 
       H         3.395937      -2.169015      -0.488013 
       H         5.122436      -0.099601       0.362900 
       H         4.440453      -0.154940      -1.284214 
       H         3.546344       1.983091      -0.681321 
       H         3.510868       1.592695       1.068469 
------------------------------------------------------------------------------ 

 Statistical Thermodynamic Analysis 

 Temperature= 298.150 Kelvin       Pressure= 1.00000 Atm 

=============================================================== 

 SCF Energy=     -589.877828814    Predicted Change= -4.031291D-09 

 Zero-point correction (ZPE)=          -589.6689     0.20883 

 Internal Energy (U)=              -589.6575     0.22029 

 Enthalpy (H)=                 -589.6565     0.22123 

 Gibbs Free Energy (G)=            -589.7074     0.17037 

 Entropy (S)=                           0.00017059 

------------------------------------------------------------------------------ 

 Frequencies --     51.9637                68.1840               120.7233 
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CHAPTER 4: SYNTHESIS OF CYCLOALKANONES BY A TANDEM CARBENE AND 

PHOTOCATALYZED ANNULATION 
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Photocatalyzed Annulation J. Am. Chem. Soc. 2022, 144, 7030–7037. Copyright 2022 American 

Chemical Society.  
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4.1 The Need for Convergent Syntheses of Privileged Small Molecules  

 The convergent synthesis of privileged small molecules remains a significant challenge 

among the organic and medicinal chemistry communities. The vast majority of medicinal 

chemistry campaigns over the last century have focused on the synthesis of molecules featuring 

achiral or “flat” chemical architectures.434 Yet, significant fundamental limitations exist for these 

classes of molecules: they represent only a small portion of chemical space, may have limited, 

nonselective interactions with three-dimensional target proteins, and often have low solubility or 

poor bioavailability due to their ability to engage in π-stacking interactions with one another.240  

The ongoing demand for the discovery and development of efficacious drugs requires the 

exploration of new chemical space. As a result, there has been a dramatic shift away from flat 

aromatic compounds towards three-dimensional structures with stereogenic centers in recent 

years.435  

4.1.1 Cyclic Ketones in the Pharmaceutical Industry 

 The synthesis of carbocyclic and heterocyclic scaffolds is of importance in the context of 

drug discovery.436-439 In particular, cyclic ketones and derivatives thereof are common motifs in a 

multitude of bioactive compounds.440-441 For example, ketamine is a commonly employed 

anesthetic, and tramadol is an opioid used to treat moderate-to-severe pain (IV-1 and IV-3, 

respectively, Figure 4-1). Ertugliflozin, a substituted oxepane scaffold, is a medication prescribed 

for the treatment of type 2 diabetes (IV-4, Figure 4-1).  These scaffolds or similar motifs can often 

be accessed from cycloalkanones, thus highlighting the need for methods that enable the 

convergent construction of cyclic ketones.442-444 
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Figure 4-1. Bioactive compounds featuring a cyclohexanone motif or a derivative thereof. 

4.1.2 Common Synthetic Routes for the Construction of Cyclic Ketones 

 Cyclohexanones are most frequently synthesized in industry by oxidative or reductive 

processes (Scheme 4-1). For example, reduction of substituted phenols or alkoxybenzenes is 

known to afford to the corresponding cyclohexanone product.445-446 Alternatively, oxidative 

processes have been developed for the synthesis of cyclic ketones, such as the oxidation of 

cyclohexane derivatives via irradiation of an oxygen-loaded zeolite with visible light.447 First 

reported in 1980, the Chapman-Stevens oxidation reaction describes the use of sodium 

hypochlorite (i.e., bleach) to oxidize alcohols to the corresponding ketone product.448 These 

reductive or oxidative processes often require elevated temperatures and strong redox agents or 

are plagued by over-reduction or over-oxidation, thus limiting their overall utility in the synthesis 

of complex small molecules.  

 

Scheme 4-1. Approaches towards the synthesis of cyclohexanone via oxidation or reduction. 
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 Various cyclization processes can also allow access to substituted cyclic motifs (Scheme 

4-2). Numerous cycloaddition reactions have been developed to date, such as the Diels-Alder 

reaction, which often forms six-membered rings via a [4 + 2] reaction.449-451 Other cyclization 

processes (e.g., Dieckmann condensation,452-453 Robinson annulation,454 etc.) offer alternative 

routes for accessing cyclic scaffolds. However, the application of these processes in the synthesis 

of structurally complex cyclohexanones are limited due to electronic requirements, vigorous 

reaction conditions, or the requirement for functional group interconversions (Scheme 4-2). 

 

Scheme 4-2. Established approaches to access cyclic motifs via a cyclization process.  

4.1.3 Radical Cascade and Radical Relay Mechanisms 

 The recent renaissance of radical chemistry through the emergence of photocatalysis210,277-

278,455-458 and electrosynthesis279,281,459-460 has resulted in new approaches for the formation of C–C 

bonds by enabling non-traditional disconnections. While the versatile reactivity enabled by these 

radical redox strategies is unquestionable, significant limitations still exist. In particular, the 

majority of approaches in recent years for the photocatalytic synthesis of ketones concentrate on 

accessing acyclic products.288,290,461-462 Early radical chemistry focused on the synthesis of fused 

ring systems via radical cascade mechanisms. For example, Parker and Fokas developed a tandem 

radical cyclization strategy for the formal total synthesis of morphine (Scheme 4-3).463 Apart from 

work focused on the synthesis of fused ring systems via radical cascade mechanisms, the synthesis 

of carbocyclic or heterocyclic rings via radical C–C bond formation remains underexplored.455,464-
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Scheme 4-3. The formal total synthesis of morphine by Parker and Fokas via a radical cascade 
mechanism.463  

 Structural complexity can be achieved efficiently by the formation of multiple bonds in a 

one-pot procedure, yet few protocols have been established for the construction of highly 

functionalized cyclic products. Recent advancements in metal catalysis,466 photoredox 

strategies,288,327,337 and single-electron carbene chemistry127,149,395-398 have enabled the facile 

construction of ketones via C–C bond formation, and these reactivity modes have been extended 

to radical relay processes for the formation of multiple bonds in a single reaction (Scheme 4-

4).131,139,157-158,299,464,466-468 While these strategies can afford highly functionalized products, they 

tend to feature 1,3-bond formation patterns, thus restricting their scope and overall utility. As a 

result, development of a new methodology for the synthesis of multi-functionalized cyclic 

scaffolds would allow for the exploration of new chemical space. 

 

Scheme 4-4. General synthetic schemes of radical coupling and radical cascade reactions for the 
construction of ketones. 
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and their functionalization using single-electron catalysis is of great interest.153,470-479 Following 

early reports using superstoichiometric oxidants, such as o-iodoxybenzoic acid (IBX), for the 

oxidation of benzylic groups, photoredox catalysis and electrochemistry have been employed to 

enable a single-electron oxidation of benzylic C–H bonds.480 For example, Liu’s research group 

reported a benzylic C–H functionalization process using electrochemistry to perform the single-

electron oxidation (Scheme 4-5).481 Additionally, our group developed a combined photoredox 

and enzymatic approach for C–H benzylic hydroxylations.482 Radical species featuring benzylic 

stabilization have been shown to undergo radical-radical coupling with a variety of radical 

coupling partners in recent years, thus allowing access to an array of functionalized benzylic 

compounds.  

 

Scheme 4-5. Electrochemical benzylic C–H functionalization strategy developed by Liu and 
coworkers.481   

 The efficient synthesis of benzylic ketones has also received significant attention, as 

ketones are highly valuable functional groups that are often the center of reactivity and 

diversification. Advancements in the construction of these prevalent motifs include the α-arylation 

of ketones (via transition metal catalysis) and various radical coupling strategies (via acyl/ketyl 

radicals).97,149,153,483-495 For example, Studer and coworkers recently developed a benzylic C–H 

acylation process using combined NHC and photoredox catalysis wherein single-electron 

oxidation of a benzylic C–H bond affords a radical cation, and subsequent deprotonation by base 

yields a stabilized benzylic radical (Scheme 4-6).153 However, few strategies exist for the mild α-

functionalization of benzylic ketones.  
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Scheme 4-6. A combined NHC and photoredox-catalyzed method developed by Studer and 
coworkers for benzylic C–H acylation.153 

4.2 Hypothesis for the Tandem-catalyzed Synthesis of Cycloalkanones 

 Given our recent investigations on the synthesis of ketones in combination with the rise in 

single-electron benzylic oxidations, we envisioned that oxidation of benzylic ketones might be 

possible. We hypothesized that combined carbene and photoredox catalysis121,123,496 would allow 

for the construction of two contiguous C–C bonds via a novel radical α-functionalization of in situ 

generated benzylic ketones under mild reaction conditions. We thus aimed to develop a tandem 

carbene and organophotoredox-catalyzed convergent synthesis of α,β-disubstituted 

cyclohexanones (Figure 4-2).  

 

Figure 4-2. Combined carbene and photoredox catalysis for the synthesis of cyclic ketones. 
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transformations in one pot for the rapid synthesis of complex cyclic scaffolds. In contrast to 

established radical relay processes wherein radical addition into an alkene occurs first, the 

increased stability of benzylic radicals170 would allow for initial generation of a linear ketone via 

a light-driven, carbene-catalyzed intermolecular radical-radical coupling. Subsequently, single-

electron oxidation of the corresponding enol in a second photoredox cycle would enable 

intramolecular cyclization to the α,β-disubstituted cyclohexanone product (Scheme 4-7). 
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Scheme 4-7. Hypothesized mechanism for the construction of cycloalkanones via a tandem 
photocatalyzed process. 

4.3 Reaction Discovery 

 A process was envisioned in which an acyl azolium radical (IV-I•) derived from δ,ε-

unsaturated acyl imidazole IV-8 and an alkyl radical derived from an oxidatively generated radical 

precursor (e.g., a Hantzsch ester, IV-9) could be accessed using combined carbene and photoredox 

catalysis. Two mechanistic possibilities exist for the combination of acyl azolium radical IV-I• and 

an oxidatively generated radical (Figure 4-3). Radical-radical coupling of IV-I• and the alkyl 

radical could occur to give linear ketone intermediate IV-10 (produced via pathway 1). Given the 

recent establishment of single-electron benzylic oxidations, we envisioned that if the alkyl radical 

is a benzyl radical, then a deprotonation followed by single-electron oxidation would afford α-

radical IV-II•. Intramolecular cyclization could then occur with the pendant alkene, and a single-

electron reduction of the final γ-radical IV-III• followed by protonation would yield the 

corresponding desired IV-11. Alternatively, it may be possible for the oxidatively generated 

radical to initially undergo radical addition into the alkene given the precedence set by over 20 

radical relay reactions that have been developed over the past few years;96 an unstable alkyl radical 

would be expected to add into the alkene first, in this case producing a more stabilized ε-radical 

(IV-I•', produced via pathway 2). Intramolecular radical-radical coupling would then occur to give 

the final desired cyclic ketone IV-11'. 
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Figure 4-3. Possible mechanistic pathways to access cyclic ketones from IV-8. 

 Initial efforts searching for reactivity involved screening a variety of oxidatively generated 

radical precursors, including Hantzsch esters (IV-9), biscatecholato silicates (IV-12), BF3K salts 

(IV-13), and various trifluoromethyl radical sources (e.g., Langlois reagents, IV-14). Reactions 

were monitored by GCMS, where the fragmentation pattern could be used to identify connectivity. 

A small peak corresponding to the desired product mass (IV-11r' = 230 g/mol) was observed for 

the reaction between a tert-butyl substituted Hantzsch ester IV-9r and acyl imidazole IV-8a 

(Scheme 4-8). Analysis of the fragmentation pattern suggested that the product features a 1,3-bond 

formation pattern with a core α-phenyl cyclohexanone scaffold.  

 

Scheme 4-8. Synthesis of IV-11r', and the corresponding fragmentation pattern observed by 
GCMS analysis. 
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 The corresponding reaction using 4-chloro-benzyl Hantzsch ester (IV-9c) was setup and 

analyzed. Although a similar fragmentation pattern for the core cyclohexanone motif was 

expected, analysis of the fragmentation pattern suggested that the cyclohexanone product featured 

a 1,2-bond formation pattern instead of the 1,3-bond formation pattern that was anticipated based 

on previous results (vide supra; Scheme 4-9). These results suggest that the mechanism may be 

dependent on the stability of the radical coupling partner. A less stable alkyl radical, such as a tert-

butyl radical, may undergo radical addition to a styrenyl alkene to yield the thermodynamically 

more stable benzylic radical. On the contrary, a more stabilized benzyl radical partner may undergo 

radical-radical coupling with IV-I• to yield a closed-shell linear ketone intermediate (IV-10). This 

intermediate could then undergo cyclization via pathway 2 (Figure 4-3). 

 

Scheme 4-9. Synthesis of IV-11c and the corresponding fragmentation pattern observed by GCMS 
analysis.  
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 Using our previously optimized reaction conditions for the synthesis of aliphatic ketones 
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carbene (NHC) precursor, and base was unnecessary. The reaction was thus optimized using 

benzyl Hantzsch IV-9a as the oxidatively generated radical precursor. The initial hit reaction 

conditions provided only trace amounts of the product, only visible by GCMS, and approximately 

31% 1H NMR spectroscopic yield of the linear ketone intermediate IV-10a, confirming the 
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feasibility of the first reaction step. Given that this process features two distinct photoredox cycles 

by the same photocatalyst, choice of photocatalyst unsurprisingly was found to be critical in 

optimizing for the desired reactivity. Highly oxidizing or highly reducing photocatalysts were not 

suitable for this process (Table 4-1, entries 3-4), as their range of redox potentials were not broad 

enough to enable the various oxidations and reductions. When organophotocatalyst 3DPAFIPN 

was employed, significant cyclized product was observed (Table 4-1,  entry 1), suggesting that 

the necessary redox potentials fall near its redox range (E1/2 PC*/PC•– to E1/2  PC/PC•– = +1.09  to 

–1.59 V vs. SCE).458 Although this process was optimized with Hantzsch esters,351-352,497 use of 

organophotocatalyst 4CzIPN afforded product using benzyl potassium trifluoroborate salts (Bn–

BF3Ks)413,498 as an alternative oxidatively-generated radical precursor (ORP; Table 4-1, entry 5).  

 

Table 4-1. Optimization of the reaction conditions. [a] 1H NMR spectroscopic yield was measured 
using 1,3,5-trimethoxybenzene as the internal standard. [b] Isolated yield. IV-Az-A = 5,5-Mes. 

 Concentration was also expected to impact reactivity significantly given that this process 

features both intermolecular and intramolecular processes. The amount of linear ketone increased 

with increasing concentration, which is in alignment with the linear ketone being formed through 

an intermolecular radical-radical coupling (Figure 4-4). On the contrary, the amount of cyclized 
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material increased with a decrease in concentration, as an intramolecular process is required to 

form the cyclized material. A concentration of 0.025 M was found to increase the yield to 45%, 

while keeping the amount of unreacted linear ketone intermediate to a minimum. Final 

optimization of the remaining factors, such as stir rate, light intensity, and more, further increased 

the amount of cyclohexanone product up to 55% 1H NMR spectroscopic yield (entry 1, Table 4-

1). 

 

Figure 4-4. 1H NMR spectroscopic yield of the cyclized product (IV-11a) and linear intermediate 
(IV-10a) as a function of reaction concentration. 1H NMR spectroscopic yield was measured using 
1,3,5-trimethoxybenzene as the internal standard. 

 Initial attempts at product isolation resulted in a yield that was approximately 20% lower 

than expected based on the 1H NMR spectroscopic yield. After significant investigation, it was 

determined that the diminished yield was due to coelution of the product with the Hantzsch 

pyridine byproduct, which is produced when the Hantzsch ester is oxidized to afford the benzyl 

radical coupling partner. Unfortunately, Hantzsch pyridine is known to streak on column 

chromatography, with multiple reports in the literature documenting difficult separations from 
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hydrochloric acid) protonates the Hantzsch pyridine, pulling it into the aqueous layer. When this 

acidic workup was followed by column chromatography, the product was isolated in 52% yield. 

Pure isolated product was subjected to the workup conditions to ensure that the final product is not 

negatively affected by the acidic workup, and over 90% of the product was re-isolated following 

five vigorous aqueous washes with concentrated hydrochloric acid. The latter data suggests that 

these workup conditions may be used if separation by column chromatography is not suitable as 

the sole purification technique.  

4.3.2 Examination of Reaction Sensitivity  

 The optimized reaction was evaluated for its sensitivity to demonstrate the practical nature 

of this protocol and ensure a high degree of reproducibility with differing reaction setups (Table 

4-2).499 Only minor deviations in yield were observed for small changes in concentration, light 

intensity, and temperature. As expected, it was found that high oxygen levels are detrimental to 

the reaction efficiency, with a dramatic change in yield (i.e., 0% yield) when air was bubbled 

through the reaction solution prior to irradiation. Similarly, addition of water decreased the 

 

Table 4-2. Reaction sensitivity screen. A) Details regarding experimental setup. B) Percent 
changes in yield in comparison to the standard reaction conditions. 
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reaction efficiency, but normal reactivity was restored using non-degassed acetonitrile without 

additional drying under inert atmosphere (i.e., low oxygen and low water). The demonstrated 

overall robustness of this reaction suggests that little-to-no difficulty should be encountered when 

these reactions are run in other laboratories. 

4.4 Substrate Scope of Cycloalkanones 

4.4.1 Hantzsch Ester Variation 

 These reaction conditions were used to synthesize cycloalkanones with a variety of 

substituted α-aryl substituents (Table 4-3). Substituted benzyl radical precursors featuring 

electron-withdrawing or electron-donating groups were found to be suitable coupling partners and 

allowed for significant conversion to the corresponding cyclohexanone products (IV-11b-f).500 

Many benzylic oxidation strategies are inefficient or completely ineffective with electron-poor 

arenes, as electron-withdrawing groups increase the oxidation potential of the arene ring 

significantly. The strategy reported herein, however, tolerates electron-withdrawing groups, with 

yields up to 66% (IV-11d) over two C–C bond-forming steps in our one-pot procedure. This 

difference in reactivity likely stems from the mechanism of oxidation, wherein deprotonation of 

the α-position gives the enol, which can be oxidized at lower potentials. 

4.4.2 Acyl Imidazole Variation 

 A diverse array of β-substituted cycloalkanones was accessed using this protocol. Various 

substituted β-benzyl cyclohexanone products were isolated in moderate-to-good yields (IV-11g-

i,k, Table 4-3). Disubstituted alkenes were also tolerated, with isolation of IV-11j in 81% yield. 

Cyclohexanones featuring heteroaromatic substitution were also constructed using this tandem 
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cyclization process, with thiophene-substituted IV-11l and furan-containing IV-11m isolated in 

moderate-to-good yields. The diversity of products that may be synthesized under these reaction 

conditions was further showcased by isolation of δ-ester IV-11n in high yield, providing a 

functional group handle for diversification. Isolation of 4-geminal-diester IV-11o in excellent 

yield suggests that highly functionalized cyclohexanones may be synthesized using this method 

by pre-functionalization of the linear starting material; moreover, the excellent yield obtained for 

 

Table 4-3. Substrate scope for the tandem photocatalyzed synthesis of cycloalkanones. 
Diastereomers were assigned by analogy to X-ray crystal structures of IV-11k. [a] Isolated from 
the corresponding pentenoyl imidazole IV-8. 
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IV-11o demonstrates the potential utility of this method for the construction of key synthetic 

building blocks. Although these conditions were optimized for the synthesis of cyclohexanone 

derivatives, isolation of IV-11p and IV-11q suggests that this process may be employed for the 

synthesis of cyclopentanones and other cycloalkanones with additional optimization. 

4.5 Diversification of Products  

 Reactions of cyclic ketones have been extensively reported in the literature (e.g., reduction 

to the corresponding cyclohexane, condensation with an amine, etc.), highlighting their broad 

versatility as synthetic intermediates.501-508 As such, the utility of this process in synthesis was 

demonstrated through a brief series of product diversification reactions (Figure 4-5). When IV-

11a was subjected to modified Beckmann conditions, the corresponding caprolactam IV-15a was 

isolated in 77% yield.509 Similarly, subjecting IV-11a to standard Baeyer-Villiger conditions 

enabled the corresponding lactone IV-16a to be furnished in quantitative yield.510 A multitude of 

additional diversification directions can be envisioned for these products given their synthetic 

utility.  

 

Figure 4-5. Diversification of products to access lactam IV-15a and lactone IV-16a. 
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4.6 Mechanism for the Synthesis of Cycloalkanones  

4.6.1 Mechanistic Studies 

 While the mechanism of the carbene-catalyzed radical-radical coupling has been 

studied,97,403 key mechanistic experiments were employed to study the reaction mechanism of the 

benzylic ketone/enol oxidation. Subjecting linear ketone IV-10a	to the organophotocatalyst and 

light under basic conditions yielded cyclic IV-11a in 90% yield, supporting linear ketone IV-10a	

as an intermediate in this reaction and offering an alternative route to access these products (Figure 

4-6). Control experiments strongly indicate a photocatalytic transformation, as no reaction 

occurred in the absence of base, photocatalyst, or light (Figure 4-6). Moreover, a TEMPO trapping 

experiment suggests production of an α-benzylic radical, as the mass of TEMPO-adduct IV-17a 

was observed by high-resolution mass spectrometry (HRMS) and the structure was elucidated by 

unpurified 1H NMR spectroscopy analysis (Figure 4-6).  

 

Figure 4-6. Mechanistic studies starting from linear ketone intermediate IV-10a. TEMPO = 
2,2,6,6-tetramethylpiperidin-1-yl)oxyl radical.  

 Stern-Volmer fluorescence quenching experiments provide kinetic information regarding 

the photophysical intermolecular deactivation processes (i.e., photocatalyst quenching) and are 

frequently employed to study the mechanism of photoredox reactions.511 Stern-Volmer quenching 

experiments were used to evaluate the mechanism of this tandem process, and the results reveal 

that both IV-10a and a basic mixture of IV-10a with cesium carbonate (IV-10a-Cs) quench the 
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photocatalyst, with the basic mixture being the more prominent quencher (Figure 4-7). Together 

with the requirement of basic reaction conditions as indicated by the control experiments (vide 

supra), these results suggest that the enol or cesium enolate IV-10a-Cs likely undergoes single-

electron oxidation by the photocatalyst.  

 

Figure 4-7. Stern-Volmer fluorescence quenching experiment, revealing that IV-10a-Cs quenches 
the photocatalyst to a greater degree than IV-10a. 

 Lastly, the reaction was run under standard reaction conditions in deuterated acetonitrile to 

shed light on the final step of this reaction. Analysis of the isolated cyclized product revealed 

significant deuterium incorporation at the ketone α-positions, an expected result given the acidity 

of these protons. Moreover, approximately 50% deuterium incorporation was identified at the γ-

benzylic position (blue highlight, Scheme 4-10), suggesting that the mechanism terminates by 

hydrogen-atom abstraction from the solvent512 or reduction followed by protonation.513 

 

Scheme 4-10. Deuterium incorporation experiment to study the final step of the reaction and the 
fate of γ-benzylic radical IV-III•. 
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4.6.2 Proposed Mechanism for the Tandem Cyclization Process 

 Using our previous knowledge and the results of these mechanistic experiments, we 

propose a mechanism featuring two distinct photoredox cycles which operate productively in 

concert (Figure 4-8). Single-electron oxidation of the oxidatively-generated radical precursor IV-

9 yields the corresponding radical cation, which fragments to provide benzylic radical IV-9•. 

Single-electron reduction of acyl azolium IV-I, derived in situ from acyl imidazole IV-8, affords 

acyl azolium radical IV-I•. Intermolecular radical-radical coupling and loss of the NHC gives 

linear ketone intermediate IV-10. Single-electron oxidation of the corresponding enol or cesium 

enolate IV-10-Cs affords α-benzylic radical IV-II•, which engages in an intramolecular cyclization 

with the alkene. The resulting γ-benzylic radical IV-III• may undergo hydrogen atom transfer 

 

Figure 4-8. Proposed mechanism for the tandem photocatalyzed annulation process.  
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(HAT) or be reduced by the photocatalyst to the corresponding anion, which deprotonates the 

solvent or bicarbonate to afford the desired cyclohexanone product IV-11. 

4.7 Summary of Combined NHC and Photoredox Catalysis 

4.7.1 Overview of Results 

 In summary, a tandem carbene and photoredox-catalyzed strategy for the convergent 

synthesis of α,β-disubstituted cyclic ketones has been developed. This process enables the 

construction of two contiguous C–C bonds via a formal [5 + 1] cycloaddition and highlights a 

novel method for the α-functionalization of ketones under mild reaction conditions. Through the 

combination of two distinct processes in one pot, this reaction offers a route to synthesize complex 

cycloalkanone products that can be leveraged to access scaffolds relevant in both the 

pharmaceutical and materials industries. 

4.7.2 Future Directions 

 The reactivity difference observed using non-benzylic radical coupling partners led to the 

discovery of a trifluoromethylation cyclization process. Using Langlois reagent as an oxidatively 

generated trifluoromethyl radical source, a β-trifluoromethyl substituted cyclohexanone was 

observed by GCMS and unpurified 1H NMR spectroscopy analysis. Control experiments revealed 

that the reaction works in the absence of IV-Az-A, which is in alignment with a different 

mechanism from the tandem NHC and photoredox-catalyzed annulation described above. Based 

on the preliminary mechanistic studies, the proposed mechanism is initiated by single-electron 

oxidation of Langlois reagent (IV-14) by the excited photocatalyst to afford trifluoromethyl radical 

IV-18•. The unstable alkyl radical undergoes addition to the pendant alkene of acyl imidazole IV-
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8 to afford ε-radical IV-19•, and single-electron reduction of IV-19• by the reduced photocatalyst 

yields anion IV-19–. Intramolecular cyclization into the acyl imidazole carbonyl yields the final 

desired cycloalkanone product IV-20.  

 

Figure 4-9. Proposed mechanism for the β-trifluoromethylation cyclization process. [a] GCMS 
yield using 1,3,5-trimethoxybenzene as an internal standard. 
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72% 1H NMR spectroscopic yield. To date, attempts to isolate the product have resulted in a 46% 

yield, perhaps due to the high solubility of the product in the high-boiling reaction solvent (Table 

4-4). Attempts to troubleshoot the isolation of this product can be found in Ada Kwong’s thesis in 

Appendix A2. 

 

Table 4-4. Optimized reaction conditions for the trifluoromethylation cyclization process. [a] 
GCMS yield using 1,3,5-trimethoxybenzene as an internal standard. [b] 1H NMR spectroscopic 
yield using 1,3,5-trimethoxybenzene as an internal standard. [c] Isolated yield on a 0.20 mmol 
reaction scale.  
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(3-4 cycles). Purification of reaction products was carried out by flash chromatography on Biotage 

Isolera 4 or Biotage Dalton 2000 (ELSD-A120) systems with ultra-grade silica cartridges. 

Analytical thin layer chromatography was performed on EM Reagent 0.25 mm silica gel 60-F 

plates. Visualization was accomplished with UV light or ceric ammonium molybdate (CAM) stain 

followed by heating.  

 1H NMR spectra were recorded on an AVANCE III 500 MHz w/ direct cryoprobe (500 

MHz) spectrometer and are reported in ppm using solvent as an internal standard (CDCl3 at 7.26 

ppm). Data are reported as (ap = apparent, s = singlet, d = doublet, t = apparent triplet, q = quartet, 

m = multiplet, b = broad; coupling constant(s) in Hz; integration) Proton-decoupled 13C NMR 

spectra were recorded on an AVANCE III 500 MHz w/ direct cryoprobe (126 MHz) spectrometer 

and are reported in ppm using solvent as an internal standard (CDCl3 at 77.16 ppm). Mass spectra 

were obtained on a WATERS Acquity-H UPLC-MS with a single quad detector (ESI) or an 

Agilent 7890 gas chromatograph equipped with a 5975C single quadrupole EI-MS. High-

resolution mass spectrometry (HRMS) was obtained using an Agilent 6201 MSLC-TOF (ESI) or 

Bruker IMPACT II (ESI). Fluorescence data was obtained on an Agilent Cary Eclipse 

Fluorescence Spectrophotometer using Eppendorf UVette 220-1600 nm disposable single sealed 

cuvettes (height of cuvette was adjusted to obtain clear path). All photocatalytic reactions were 

carried out using Kessil PhotoReaction PR160L 456 nm lights. [Ir(dF(CF3)ppy)2(dtbpy)]PF6 

(purchased from Strem Chemicals) and Mes-Acr-Ph (purchased from Sigma Aldrich) were used 

without purification. Fac-Ir(ppy)3 was synthesized according to the literature procedure.514 

3DPAFIPN and 4CzIPN were prepared according to the literature procedure.418 N-mesityl 

pyrrolotriazolium (IV-Az-A, 5,5-Mes) was prepared based on a known literature procedure.419   
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4.8.2 General Synthetic Procedures and Spectral Data for New Compounds 

 All oxidatively-generated radical precursors (ORPs; substituted benzyl Hantzsch esters 

(IV-9) and Bn–BF3K) were synthesized according to the established literature procedure and 

matched the reported spectral data.285,371,421,515  

4.8.2.1 General Procedure 1 for the Synthesis of Carboxylic Acids: 

 

 

Scheme 4-11. Synthesis of carboxylic acids via a Wittig reaction. 
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4.8.2.2 General Procedure 2 for the Synthesis of Acyl Imidazoles: 

 

Scheme 4-12. Synthesis of acyl imidazoles from the corresponding carboxylic acid. 

 The starting acyl imidazoles IV-8 were prepared based on the method of Lee and 

Scheidt.370 The appropriate acid (10 mmol, 1.0 equiv) was dissolved in dichloromethane (0.3 M), 

and carbonyldiimidazole (CDI, 12 mmol, 1.2 equiv) was added slowly. The resulting solution was 

stirred for 1-12 h at room temperature. Upon completion, the resulting solution was transferred to 

a separatory funnel and washed with deionized water (2x25 mL), and the organic layer was dried 

over MgSO4. Concentration under reduced pressure afforded the acyl imidazole product, which 

was used in the subsequent reaction (see General Procedure 3) without further purification.  

4.8.2.3 General Procedure 3 the Synthesis of Cycloalkanones  

 

Scheme 4-13. Synthesis of cycloalkanones using combined NHC and photoredox catalysis in a 
tandem photocatalyzed process. 

 All reactions were set up inside of a glovebox under N2 atmosphere. To an oven-dried 20-

mL vial containing a stir bar the respective acyl imidazole IV-8 (0.20 mmol, 1.0 equiv), the 

respective Hantzsch ester IV-9 (0.50 mmol, 2.5 equiv), 3DPAFIPN (10 μmol, 0.05 equiv), N-

mesityl pyrrolotriazolium precursor (IV-Az-A; 60 μmol, 0.30 equiv), and cesium carbonate (0.20 

mmol, 1.0 equiv) were added. Acetonitrile (0.025 M) was added, the reaction was capped, and the 

vial was removed from the glovebox. Parafilm was wrapped around the cap to prevent air from 

OH

O

R N
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R
N

CDI (1.2 equiv)

(CH2Cl2, 0.3 M)
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O
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(1.0 equiv)

3DPAFIPN (5 mol %)
456 nm LEDs

CD3CN (0.025 M)

IV-Az-A (30 mol %)
Cs2CO3 (1.0 equiv)
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H

CO2EtEtO2C

MeMe
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(2.5 equiv)

+
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entering, and the vial was stirred and irradiated with 456 nm LEDs. The reactions were monitored 

by GCMS. When complete consumption of the acyl imidazole was observed (between 16–48 h), 

the reaction was concentrated under reduced pressure and then purified by column 

chromatography on silica gel (ethyl acetate/hexanes). If the Hantzsch pyridine byproduct cannot 

be easily separated by column chromatography, non-acid sensitive products can be dissolved in 

DCM and washed with concentrated HCl (3 x 15 mL) to remove the Hantzsch pyridine byproduct. 

4.8.3 Optimization of Reaction Conditions 

The reaction was optimized according to General Procedure 3 for the synthesis of cycloalkanones 

from acyl imidazoles IV-8 and the corresponding oxidatively generated radical precursor.  

 

 

NMes

N
N
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KF3B Ph
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[Ir(dFCF3ppy)2(dtbpy)]PF6 fac-Ir(ppy)3 Ph-Mes-Acr
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entry 

1
2
3
4
5
6
7
8

deviation from standard

none
[Ir(dF[CF3]ppy)2(dtbpy)]PF6 instead of 3DPAFIPN

fac-Ir(ppy)3 instead of 3DPAFIPN
Mes-Acr-Ph instead of 3DPAFIPN

Bn–BF3K + 4CzIPN instead of Bn–HE + 3DPAFIPN
0.01 M instead of 0.025 M
0.05 M instead of 0.025 M
0.1 M instead of 0.025 M

yield of IV-11a (%)a

55 (52)b
0

trace
0

35
21
26
15

3DPAFIPN (5 mol %)
456 nm LEDs

CH3CN (0.025 M)

IV-Az-A (30 mol %)
Cs2CO3 (1.0 equiv)

IV-11a

N

O

N
Ph

IV-8a

O
Ph

Ph

O
PhPh

IV-10a

+

yield of IV-10a (%)a

7
31

trace
0
7
8
5
6

N
H

CO2EtEtO2C

MeMe

Ph

IV-9a (2.5 equiv)

+



 
 314 
Table 4-5. Optimization of the reaction conditions. [a] 1H NMR spectroscopic yield was measured 
using 1,3,5-trimethoxybenzene as the internal standard. [b] Isolated yield.  

4.8.4 Sensitivity Screen 

 Each reaction was performed on a 0.05 mmol scale and was set up in a glovebox to ensure 

air-free conditions. A stock solution was made to be used for 11 reactions (10 reaction total with 

1 extra reaction to be used if an error is made during setup) containing the acyl imidazole IV-8a 

(132 mg, 0.55 mmol, 1 equiv), benzyl Hantzsch ester IV-9a (472 mg, 1.38 mmol, 2.5 equiv), 

3DPAFIPN (17.8 mg, 27.5 μmol, 0.05 equiv), and IV-Az-A (52.0 mg, 0.165 mmol, 0.3 equiv). 

Cesium carbonate (16.3 mg, 0.05 mmol, 1.0 equiv) was added to 11 2-dram vials. Under inert 

atmosphere, dried (over 3.0 Å molecular sieves) and freeze-pump-thawed CH3CN (11.0 mL) was 

added to the stock solution vial. After ensuring that all reaction components were dissolved, 1.0 

mL of the stock solution was added to each 2-dram vial. See table below to determine additional 

amount of additional degassed and dried CH3CN (or non-degassed CH3CN per the table) that 

should be added to each vial. The vials were capped, removed from the glovebox, additive was 

added if detailed below (entries 3 and 5), and the caps were wrapped in parafilm. The vials were 

stirred at 1000 rpm and were irradiated 7 cm from 456 nm LEDs unless otherwise noted in the 

table below. After 16 h, the reactions were promptly stopped, solvent was evaporated under 

reduced pressure, and 2.8 mg of trimethoxybenzene standard was added to each reaction vial (note: 

reactions were purposely stopped prior to completion to accurately measure the impact that each 

variable has on reactivity and efficiency). CDCl3 (1.0 mL) was added to dissolve the unpurified 

reaction mixture, which was then filtered through a cotton and celite plug into an NMR tube for 

1H NMR spectroscopy analysis.  
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 1H NMR spectroscopic yields were calculated. The deviation from the control reaction was 

calculated (yield of control – yield of reaction) and converted into a percentage value to visualize 

the impact that each variable has compared to the control reaction (e.g., –100% deviation reflects 

a –100% change from the control reaction à 0% yield). The radar diagram was plotted using the 

Excel spreadsheet provided by Glorius et al.499 as general template (note: the percent deviation 

from the control reaction was plotted). 

 

Table 4-6. Reaction sensitivity screen in the synthesis of IV-11a. [a] 1H NMR spectroscopic yield 
using 1,3,5-trimethoxybenzene as internal standard. [b] Non-degassed CH3CN. Headspace of 
reaction is nitrogen atmosphere. [c] A 20-mL syringe was filled with air and bubbled through the 
reaction solution prior to irradiation. [d] Reaction vial was clamped on a hot plate in front of the 
light source. A thermocouple was placed into a vial of CH3CN to measure temperature. 

entry 

1
2
3
4
5
6
7
8
9

10

experiment

high c (–10% Vrxn)
low c (+10% Vrxn)

high H2O (H2O = +1% Vrxn)
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high O2
low T
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low intensity (d·4)
high intensity (d/4)

control

yield IV-11a (%)a

21
20
10
22
0

26
23
26
22
26

Vstock solution (mL)

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

Vpure CH  CN (mL)

0.8
1.2
1.0
1.0b

1.0
1.0
1.0
1.0
1.0
1.0

additive or change in setup

-
-

+ H2O (20 uL)
-

+ air (10·Vrxn = 20 mL)c

fan placed over reaction
reaction heated to 50 ºCd

28 cm from light
1.8 cm from light

-

3

3DPAFIPN (5 mol %)
456 nm LEDs
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N
Ph
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O
Ph

Ph
N
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CO2EtEtO2C

MeMe

Ph
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+
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Figure 4-10. Graph showing the reaction sensitivity as a percentage change compared to the 
standard reaction conditions for small changes to the reaction setup.  

4.8.5 Control Experiments 

 Control experiments were run for the reaction of acyl imidazoles IV-8 to IV-11 and linear 

ketone intermediate IV-10 to desired cyclized product IV-11.  

 

Table 4-7. Control reactions for the synthesis of IV-11a from IV-8a. [a] 1H NMR spectroscopic 
yield using 1,3,5-trimethoxybenzene as internal standard.  
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Table 4-8. Control reactions for the synthesis of IV-11a from IV-10a. [a] Isolated yield at a 0.20 
mmol scale. 

4.8.6 TEMPO-Trapping Experiment 

 Linear ketone IV-10a (4.5 mg, 17 μmol, 1.0 equiv), cesium carbonate (5.5 mg, 17 μmol, 

1.0 equiv), 3DPAFIPN (0.6 mg, 0.9 μmol, 0.05 equiv), and TEMPO (5.3 mg, 34 μmol, 2 equiv) 

were added a 2-dram vial equipped with a stir bar. CH3CN (680 μL, 0.025 M) was added to the 

reaction vial. The vial was capped, the cap was wrapped in parafilm, and the reaction was irradiated 

with 456 nm LEDs for 24 h. Upon completion, the solvent was removed under reduced pressure, 

1,3,5-trimethoxybenzene was added as an internal standard, and CDCl3 was added to dissolve all 

reaction components. The solution was then filtered through a cotton and celite plug into an NMR 

spectroscopy tube for 1H NMR spectroscopy analysis. A sample of this unpurified mixture was 

used for HRMS analysis to identify any TEMPO adducts by mass.  

 

Scheme 4-14. TEMPO-trapping experiment. 

 Cyclized IV-11a was not identified by 1H NMR spectroscopy analysis. Production of IV-

17a is suggested by the following analysis of the unpurified 1H NMR spectrum:  

entry 
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- A spectrum of clean IV-10a has an integration ratio of Ha : Hb : Hc = 1 : 1 : 2. 

- The unpurified 1H NMR spectrum of the TEMPO-trapping reaction has a ratio of Ha : Hb : 

Hc = 1 : 1 : 1.2, suggesting that IV-17a was formed in ~40%. 

HRMS (ESI): Mass calcd for C28H38NO2 [M+H]+: 420.2902; found 420.2903. 

4.8.7 Stern-Volmer Fluorescence Quenching  

 Stern-Volmer fluorescence quenching experiments were run at room temperature under an 

inert N2 atmosphere. The solutions were irradiated at 380 nm and fluorescence was measured from 

400-720 nm. A slit width of 5 nm was used. The data summarized in the tables is the fluorescence 

intensity measured three times for each sample. The data shown in the graphs is the average of 

three experiments. 

 Stock solution SL-1 was made by adding CH3CN (360 μL) to IV-10a (95 mg, 0.36 mmol). 

Cesium carbonate was weighed into cuvettes according to the table below. The appropriate amount 

of SL-1 was added to cuvettes according to the table below. Stock solution SL-2 was made by 

adding CH3CN (10.0 mL) to 3DPAFIPN (1.29 μg, 2.00 μmol). SL-2 (110 μL) was dispensed into 

cuvettes according to the table below. Additional CH3CN was added to each cuvette to bring the 

total volume up to the amount listed in the table below. Each sample was capped, removed from 

the glovebox, and measured in triplicate. 

 

O

Ph Ph

IV-10a

Cs2CO3 3DPAFIPN
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Table 4-9. Setup information for the Stern-Volmer fluorescence quenching experiments. 

4.8.7.1 Measured Emission Data 

           

 

Figure 4-11. Emission and quenching data. 

entry 

A1
A2
A3
A4
A5
A6
B1
B2
B3
B4
B5
B6

base+PC
PC
total

[Quencher] (M)

0.02
0.03
0.05
0.06
0.08
0.12
0.02
0.03
0.05
0.06
0.08
0.12
0.12

-
1.08

VSL-2 (μL)

110
110
110
110
110
110
110
110
110
110
110
110
110
110
N/A

Vpure CH  CN (μL)

970
960
940
930
910
870
970
960
940
930
910
870

1000
1000
N/A

VSL-1 (μL)

20
30
50
60
80

120
20
30
50
60
80

120
0
0

840

Cs2CO3 (mg)

0
0
0
0
0
0
7

10
16
19
26
39
39
0

156

Vtotal

1100
1100
1100
1100
1100
1100
1100
1100
1100
1100
1100
1100
1100
1100
N/A

3

0
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100
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200

250
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In
te

ns
ity

Wavelength (nm)

3DPAFIPN

Quenching with IV-10a
[IV-10a] = 0.02 M

[IV-10a] = 0.03 M

[IV-10a] = 0.05 M

[IV-10a] = 0.06 M

[IV-10a] = 0.08 M

[IV-10a] = 0.12 M

Quenching with IV-10a + Cs2CO3

[IV-10a + base] = 0.02 M

[IV-10a + base] = 0.03 M

[IV-10a + base] = 0.05 M

[IV-10a + base] = 0.06 M

[IV-10a + base] = 0.08 M

[IV-10a + base] = 0.12 M

λmax = 530 nm



 
 320 
4.8.7.2 Intensity Data 

Selected at 530 nm (λmax measured for 3DPAFIPN) 

 

Table 4-10. Measured intensity data at 530 nm for A) IV-10a and B) IV-10a-Cs. 

             

 

Figure 4-12. Graphs of the Stern-Volmer Fluorescence quenching data. 
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4.8.8 Deuterium Labeling Studies 

 

Scheme 4-15. Reaction conditions for the deuterium labeling studies used to study the reaction 
mechanism.  

 Acyl imidazole IV-8a (24.0 mg, 0.10 mmol, 1.0 equiv), benzyl Hantzsch ester IV-9a (85.9 

mg, 0.25 mmol, 2.5 equiv), cesium carbonate (32.6 mg, 0.10 mmol, 1.0 equiv), and 3DPAFIPN 

(3.2 mg, 5.0 μmol, 0.05 equiv) were added a 20-mL vial equipped with a stir bar. CD3CN (4.0 mL, 

0.025 M) was added to the reaction vial. The vial was capped, the cap was wrapped in parafilm, 

and the reaction was irradiated with 456 nm LEDs for 24 h. Upon completion, 1,3,5-

trimethoxybenzene was added as an internal standard, and the solution was filtered through a 

cotton and celite plug into an NMR spectroscopy tube for 1H NMR spectroscopy analysis. A 

sample of this unpurified mixture was used for HRMS analysis to identify compounds with 

deuterium incorporation. The reaction mixture was then purified by column chromatography (0-

10% ethyl acetate/hexanes). A sample of the purified product was dissolved in CD3CN for 1H 

NMR spectroscopy analysis. A sample of pure IV-11a-D2 (obtained from a reaction run in 

CH3CN) was dissolved in CD3CN for 1H NMR spectroscopy analysis and was used for 

comparison. 

4.8.8.1 HMRS Data 

HRMS (ESI): Mass calcd for C19H18D2ONa [M+Na]+: 289.1538; found 289.1532 

HRMS (ESI): Mass calcd for C19H17D3ONa [M+Na]+: 290.1601; found 290.1595 – tallest peak  

HRMS (ESI): Mass calcd for C19H16D4ONa [M+Na]+: 291.1663; found 291.1652 
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Ph
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4.8.8.2 1H NMR Spectroscopy Data 

 

 

 

 

Figure 4-13. 1H NMR spectroscopy data comparison of the standard reaction for the synthesis of 
IV-11a-D2 (top) and IV-11a (bottom). 

4.8.9 Further Exploration of the Reaction Scope: Proof of Concept 

 The reaction was run with various additional Hantzsch esters to further explore the scope 

of the reaction with respect to the oxidatively generated radical coupling partner.   

 

Scheme 4-16. General reaction scheme for the synthesis of IV-11 from IV-8. 
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4.8.9.1 Products and results: 

 

 An inseparable mixture of regioisomers was isolated, possibly due to the increased 

reactivity/decreased stability of the thiophene-derived radical compared to benzylic radicals. 

 

 

 As expected, only linear ketone was isolated when disubstituted Hantzsch esters were 

employed, possibly due to the increased steric bulk surrounding the reacting center and the 

increased stability of the generated α-radical. 

4.8.10 Additional Experimental Procedures and Tabulated Data 

4.8.10.1 Tabulated Data for Carboxylic Acid Starting Materials  

 

 

6-phenylhex-5-enoic acid. Prepared according to General Procedure 1 for the synthesis of 

carboxylic acids using benzaldehyde (1.02 mL, 10 mmol, 1.0 equiv). The crude material was 

purified by column chromatography (0-40% CH2Cl2(1% AcOH):hexanes) to yield the product as 

a clear and colorless oil (1.69 g, 89%). Analytical data matched the reported data.516  

N
H

CO2EtEtO2C

MeMe

S
O

Ph

Ph

IV-9s
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O
Ph
Ph

S

IV-11s'

+

N
H

CO2EtEtO2C

MeMe

PhMe

IV-9t

O
Ph Ph

Me

IV-10t

OH

O

Ph

Mass calcd for C23H22OS: 346.1 

LRMS: found 346.1 

 

Mass calcd for C20H22O: 278.2 

LRMS: found 278.2 
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6-(thiophen-2-yl)hex-5-enoic acid. Prepared according to General Procedure 1 for the synthesis of 

carboxylic acids using thiophene-2-carbaldehyde (0.93 mL, 10 mmol, 1.0 equiv). The crude 

material was purified by column chromatography (0-80% CH2Cl2(1% AcOH):hexanes) to yield 

the product as a clear oil (1.02 g, 52%). Analytical data for the major isomer of 6-(thiophen-2-

yl)hex-5-enoic acid: 1H NMR (500 MHz, CDCl3) δ 7.10 (dt, J = 5.2, 1.0 Hz, 1H), 6.94 (dd, J = 

5.1, 3.5 Hz, 1H), 6.88 (dd, J = 3.6, 1.1 Hz, 1H), 6.54 (ddt, J = 15.7, 1.7, 0.9 Hz, 1H), 6.02 (dt, J = 

15.6, 7.0 Hz, 1H), 2.41 (t, J = 7.5 Hz, 2H), 2.25 (qd, J = 7.2, 1.5 Hz, 2H), 1.81 (q, J = 7.4 Hz, 2H). 

13C NMR (126 MHz, CDCl3) δ 180.29, 142.77, 129.31, 127.36, 124.72, 124.32, 123.50, 33.44, 

32.13, 24.19.	Analytical data for the minor isomer: 1H NMR (500 MHz, CDCl3) δ 7.29 – 7.23 (m, 

1H), 7.01 (dd, J = 5.1, 3.6 Hz, 1H), 6.99 (dd, J = 3.7, 1.2 Hz, 1H), 6.58 (dt, J = 11.6, 1.9 Hz, 1H), 

5.55 (dt, J = 11.5, 7.2 Hz, 1H), 2.50 (td, J = 7.4, 1.8 Hz, 2H), 2.47 – 2.43 (m, 2H), 1.90 – 1.84 (m, 

2H). 13C NMR (126 MHz, CDCl3) δ 180.20, 140.43, 129.37, 127.55, 126.90, 125.29, 122.89, 

33.70, 28.57, 24.48.	FTIR (diamond, anvil, oil) cm-1: 3104, 3070, 3025, 2933, 1702, 1519.  HRMS 

(ESI): Mass calcd for C10H11O2S [M–H]–: 195.0485; found 195.0488.	

 

 

6-(furan-2-yl)hex-5-enoic acid. Prepared according to General Procedure 1 for the synthesis of 

carboxylic acids using furan-2-carbaldehyde (0.83 mL, 10 mmol, 1.0 equiv). The crude material 

was purified by column chromatography (0-60% CH2Cl2(1% AcOH):hexanes) to yield the product 

as a clear oil (0.59 g, 33%). Analytical data for the major isomer of 6-(furan-2-yl)hex-5-enoic acid: 

OH

OS

OH

OO
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1H NMR (500 MHz, Chloroform-d) δ 7.37 (d, J = 1.8 Hz, 1H), 6.39 (dd, J = 3.3, 1.8 Hz, 1H), 6.25 

(d, J = 3.5 Hz, 1H), 6.22 (dt, J = 11.7, 1.5 Hz, 2H), 5.50 (dt, J = 11.7, 7.4 Hz, 1H), 2.54 (qd, J = 

7.4, 1.7 Hz, 2H), 2.43 (t, J = 7.5 Hz, 2H), 1.83 (p, J = 7.5 Hz, 2H). 13C NMR (126 MHz, CDCl3) 

δ 180.25, 153.18, 141.59, 129.32, 118.35, 111.19, 109.39, 33.64, 28.49, 24.50.	Analytical data for 

the minor isomer of 6-(furan-2-yl)hex-5-enoate: 1H NMR (500 MHz, Chloroform-d) δ 7.31 (d, J 

= 1.8 Hz, 1H), 6.35 (dd, J = 3.3, 1.8 Hz, 1H), 6.25 – 6.18 (m, 1H), 6.15 (d, J = 3.0 Hz, 1H), 6.11 

(dd, J = 15.8, 7.0 Hz, 1H), 2.41 (t, J = 7.5 Hz, 2H), 2.25 (qd, J = 7.2, 1.3 Hz, 2H), 1.81 (p, J = 7.4 

Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 180.18, 153.03, 141.54, 128.35, 119.71, 111.25, 106.58, 

33.41, 32.06, 24.21. FTIR (diamond, anvil, oil) cm-1: 3116, 3024, 2933, 2664, 1703, 1531.	HRMS 

(ESI): Mass calcd for C10H11O3 [M–H]–: 179.0714; found 179.0714.	

 

 

6-(4-(trifluoromethyl)phenyl)hex-5-enoic acid. Prepared according to General Procedure 1 for the 

synthesis of carboxylic acids using 4-(trifluoromethyl)benzaldehyde (1.37 mL, 10 mmol, 1.0 

equiv). The crude material was purified by column chromatography (0-40% CH2Cl2(1% 

AcOH):hexanes) to yield the product as a clear oil (1.56 g, 60%). Analytical data for the major 

isomer of 6-(thiophen-2-yl)hex-5-enoic 6-(4-(trifluoromethyl)phenyl)hex-5-enoic acid: 1H NMR 

(500 MHz, CDCl3) δ 7.54 (d, J = 8.2 Hz, 2H), 7.42 (d, J = 8.1 Hz, 2H), 6.44 (d, J = 15.8 Hz, 1H), 

6.29 (dt, J = 15.8, 6.9 Hz, 1H), 2.42 (t, J = 7.4 Hz, 2H), 2.31 (qd, J = 7.2, 1.3 Hz, 2H), 1.86 (q, J 

= 7.4 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 180.07, 132.31, 129.92, 129.05, 128.97 (q, J = 32.1 

Hz), 126.27, 125.59 (q, J = 3.8 Hz), 124.54 (q, J = 271.7 Hz), 33.48, 32.39, 24.11.	Analytical data 

for the minor isomer: 1H NMR (500 MHz, CDCl3) δ 7.58 (d, J = 8.1 Hz, 2H), 7.36 (d, J = 8.0 Hz, 

OH

O
F3C
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2H), 6.49 (d, J = 11.7 Hz, 1H), 5.75 (dt, J = 11.6, 7.4 Hz, 1H), 2.40 – 2.33 (m, 4H), 1.83 – 1.76 

(m, 2H). 13C NMR (126 MHz, CDCl3) δ 179.95, 141.09, 133.58, 129.01 (q, J = 32.3 Hz), 128.96, 

126.27, 125.25 (q, J = 3.9 Hz), 124.49 (q, J = 271.7 Hz), 33.48, 27.89, 24.68.	

 

The data for all other carboxylic acids synthesized via General Procedure 1 matched the reported 

spectral data.517-522 

4.8.10.2 Procedure for the synthesis of 3,3-bis(ethoxycarbonyl)-6-phenylhex-5-enoic acid 

 

Scheme 4-17. Alkylation of diethyl 2-cinnamylmalonate. 

1-(tert-butyl) 2,2-diethyl-5-phenylpent-4-ene-1,2,2-tricarboxylate: diethyl 2-cinnamylmalonate 

(0.24 g, 0.87 mmol, 1 equiv) was added dropwise to a suspension of NaH (60% dispersion in 

mineral oil; 22 mg, 0.92 mmol, 1.05 equiv) in THF (9 mL, 0.1 M) at room temperature. The 

mixture was allowed to stir for 20 minutes, and then tert-butyl-2-bromoacetate (0.15 mL, 1.05 

mmol, 1.2 equiv) was added dropwise. The resulting mixture stirred for 10 h and was then 

quenched with HCl (3 M, 2 mL). The solution was extracted with ethyl acetate (3 x 10 mL), and 

the combined organic layers were washed with brine and dried over anhydrous MgSO4. The 

solvent was removed under reduced pressure, and column chromatography (CH2Cl2) eluted the 

product as a clear, colorless oil (270 mg, 80%). Analytical data for 1-(tert-butyl) 2,2-diethyl-5-

phenylpent-4-ene-1,2,2-tricarboxylate: 1H NMR (500 MHz, CDCl3) δ 7.32 – 7.27 (m, 4H), 7.24 – 

7.18 (m, 1H), 6.45 – 6.40 (m, 1H), 6.09 (dt, J = 15.6, 7.7 Hz, 1H), 4.21 (q, J = 7.1 Hz, 4H), 2.94 – 

Ph

EtO2C
EtO2C

OtBuO

Ph
CO2Et

CO2Et
Br

OtBu

O
+ NaH (1.05 equiv)

THF (0.1 M)
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2.90 (m, 4H), 1.43 (s, 9H), 1.25 (t, J = 7.1 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 170.20, 169.63, 

137.12, 134.50, 128.62, 127.57, 126.36, 124.04, 81.29, 61.71, 55.84, 38.67, 36.98, 28.11, 14.20.	

 

 

Scheme 4-18. Saponification reaction to yield free carboxylic acid for the synthesis of IV-11o. 

3,3-bis(ethoxycarbonyl)-6-phenylhex-5-enoic acid: To a flask equipped with a stir bar and 1-(tert-

butyl) 2,2-diethyl-5-phenylpent-4-ene-1,2,2-tricarboxylate (240 mg, 0.62 mmol, 1 equiv) 

dissolved in CH2Cl2 (20 mL, 30 mM) was added trifluoroacetic acid (0.47 mL, 6.2 mmol, 10 equiv) 

at room temperature. The reaction stirred for 10 h, and the solvent was evaporated under reduced 

pressure. The unpurified reaction mixture was diluted with CH2Cl2 (20 mL) and aqueous HCl (0.1 

M, 15 mL). The organic layer was separated, and the mixture was further extracted with CH2Cl2 

(2 x 10 mL). The combined organic extract was then dried over anhydrous MgSO4, filtered, and 

concentrated under reduced pressure to give the pure named carboxylic acid (200 mg, 97%). 1H 

NMR (500 MHz, CDCl3) δ 7.34 – 7.26 (m, 4H), 7.25 – 7.20 (m, 1H), 6.50 – 6.42 (m, 1H), 6.06 

(dt, J = 15.5, 7.7 Hz, 1H), 4.23 (q, J = 7.1 Hz, 4H), 3.04 (s, 2H), 2.94 (dd, J = 7.6, 1.3 Hz, 2H), 

1.26 (t, J = 7.1 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 176.09, 169.96, 136.93, 134.93, 128.66, 

127.73, 126.41, 123.52, 62.06, 55.70, 37.30, 37.21, 14.14. HRMS (ESI): Mass calcd for C18H22O6 

[M+Na]+: 357.1314; found 357.1314. 
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4.8.10.3 Tabulated Data for Cycloalkanones IV-11 

 

3-benzyl-2-phenylcyclohexan-1-one (IV-11a). Prepared according to General Procedure 3 using 

the respective acyl imidazole (48 mg, 1.0 equiv) and benzyl Hantzsch ester. The reaction mixture 

was purified by column chromatography (0-10% ethyl acetate/hexanes) to yield the product as a 

tan solid (27 mg, 52%). Analytical data for IV-11a: 1H NMR (500 MHz, CDCl3) δ 7.43 – 7.36 (m, 

2H), 7.36 – 7.27 (m, 1H), 7.30 – 7.21 (m, 2H), 7.20 – 7.14 (m, 3H), 7.04 – 6.98 (m, 2H), 3.38 (dd, 

J = 11.4, 1.0 Hz, 1H), 2.60 (dd, J = 13.1, 2.8 Hz, 1H), 2.53 (dddd, J = 13.7, 4.6, 3.0, 1.6 Hz, 1H), 

2.45 (tdd, J = 13.6, 6.0, 1.1 Hz, 1H), 2.37 – 2.18 (m, 2H), 2.08 (ddp, J = 13.0, 6.9, 3.4 Hz, 1H), 

1.95 (dqd, J = 13.6, 3.5, 1.6 Hz, 1H), 1.75 – 1.61 (m, 1H), 1.50 (tdd, J = 13.1, 11.0, 3.6 Hz, 1H). 

13C NMR (126 MHz, CDCl3) δ 210.03, 140.06, 137.43, 129.53, 129.25, 128.67, 128.36, 127.23, 

126.20, 63.80, 47.19, 42.14, 41.40, 30.61, 25.75. FTIR (diamond, anvil, solid) cm-1: 3081, 3060, 

3024, 2941, 2912, 2860, 1705, 1603, 1584. HRMS (ESI): Mass calcd for C19H20ONa [M+Na]+: 

287.1412; found 287.1417. 

 

 

3-benzyl-2-(4-fluorophenyl)cyclohexan-1-one (IV-11b). Prepared according to General 

Procedure 3 using the respective acyl imidazole (48 mg, 1.0 equiv) and 4-fluoro-benzyl Hantzsch 

O

O
F
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ester. The reaction mixture was purified by column chromatography (0-10% ethyl acetate/hexanes) 

to yield the product as a yellow-green oil (34 mg, 60%). Analytical data for IV-11b: 1H NMR (500 

MHz, CDCl3) δ 7.24 (m, 2H), 7.22 – 7.15 (m, 1H), 7.18 – 7.04 (m, 4H), 7.02 – 6.87 (m, 2H), 3.40 

– 3.34 (m, 1H), 2.62 – 2.49 (m, 2H), 2.44 (tdd, J = 13.6, 13.6, 6.0, 1.1 Hz, 1H), 2.28 – 2.16 (m, 

2H), 2.14 – 2.03 (m, 1H), 1.99 – 1.92 (m, 1H), 1.73 – 1.60 (m, 1H), 1.50 (tdd, J = 13.6, 13.6, 10.7, 

3.6 Hz, 1H).	13C NMR (126 MHz, CDCl3) δ 209.88, 162.03 (d, J = 245.1 Hz), 139.83, 133.09 (d, 

J = 3.3 Hz), 130.99 (d, J = 7.9 Hz), 129.22, 128.42, 126.29, 115.60 (d, J = 21.3 Hz), 63.05, 47.51, 

42.12, 41.38, 30.72, 25.80.	FTIR (diamond, anvil, oil) cm-1: 3083, 3061, 3026, 2927, 2858, 1712, 

1603. HRMS (ESI): Mass calcd for C19H19FONa [M+Na]+: 305.1318; found 305.1321.	

 

 

3-benzyl-2-(4-chlorophenyl)cyclohexan-1-one (IV-11c). Prepared according to General 

Procedure 3 using the respective acyl imidazole (48 mg, 1.0 equiv) and 4-chloro-benzyl Hantzsch 

ester. The reaction mixture was purified by column chromatography (0-10% ethyl acetate/hexanes) 

to yield the product as a yellow oil (34 mg, 57%). Analytical data for IV-11c: 1H NMR (500 MHz, 

CDCl3) δ 7.40 – 7.32 (m, 2H), 7.27 – 7.13 (m, 3H), 7.13 – 7.04 (m, 2H), 7.03 – 6.96 (m, 2H), 3.36 

(d, J = 10.9 Hz, 1H), 2.56 (dd, J = 9.5, 4.1 Hz, 1H), 2.56 – 2.49 (m, 1H), 2.44 (tdd, J = 13.7, 6.1, 

1.1 Hz, 1H), 2.28 – 2.21 (m, 1H), 2.25 – 2.16 (m, 1H), 2.14 – 2.03 (m, 1H), 1.96 (ddt, J = 13.7, 

3.3, 2.0 Hz, 1H), 1.73 – 1.60 (m, 1H), 1.50 (tdd, J = 13.5, 10.6, 3.6 Hz, 1H). 13C NMR (126 MHz, 

CDCl3) δ 209.59, 139.71, 135.94, 133.03, 130.90, 129.23, 128.88, 128.43, 126.32, 63.20, 47.34, 

O
Cl
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42.10, 41.37, 30.66, 25.77. FTIR (diamond, anvil, oil) cm-1: 3083, 3061, 3027, 2920, 2851, 1712, 

1597, 1577. HRMS (ESI): Mass calcd for C19H19ClONa [M+Na]+: 321.1022; found 321.1029. 

 

 

3-benzyl-2-(4-bromophenyl)cyclohexan-1-one (IV-11d). Prepared according to General 

Procedure 3 using the respective acyl imidazole (48 mg, 1.0 equiv) and 4-bromo-benzyl Hantzsch 

ester. The reaction mixture was purified by column chromatography (0-10% ethyl acetate/hexanes) 

to yield the product as a light green oil (46 mg, 66%). Analytical data for IV-11d: 1H NMR (500 

MHz, CDCl3) δ 7.52 (d, J = 8.0 Hz, 2H), 7.24 (d, J = 7.4 Hz, 2H), 7.21 – 7.15 (m, 1H), 7.04 (d, J 

= 8.0 Hz, 2H), 6.99 (d, J = 7.5 Hz, 2H), 3.35 (d, J = 10.8 Hz, 1H), 2.62 – 2.49 (m, 2H), 2.43 (td, J 

= 13.6, 6.1 Hz, 1H), 2.29 – 2.16 (m, 2H), 2.09 (ddd, J = 13.4, 6.3, 3.2 Hz, 1H), 1.99 – 1.92 (m, 

1H), 1.66 (qt, J = 13.4, 4.0 Hz, 1H), 1.50 (tdd, J = 13.7, 10.4, 3.7 Hz, 1H). 13C NMR (126 MHz, 

CDCl3) δ 209.44, 139.68, 136.48, 131.81, 131.29, 129.23, 128.43, 126.33, 121.19, 63.27, 47.28, 

42.08, 41.37, 30.66, 25.76. FTIR (diamond, anvil, oil) cm-1: 3083, 3061, 3026, 2936, 2862, 1710, 

1602, 1592. HRMS (ESI): Mass calcd for C19H19BrONa [M+Na]+: 365.0517; found 365.0517. 

 

 

3-benzhydryl-2-(4-bromophenyl)cyclohexan-1-one (IV-11e). Prepared according to General 

Procedure 3 using the respective acyl imidazole (63 mg, 1.0 equiv) and 4-bromo-benzyl Hantzsch 

O
Br

O

Ph

Br

Ph
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ester. The reaction mixture was purified by column chromatography (0-10% ethyl acetate/hexanes) 

to yield the product as a white solid (45 mg, 54%). Analytical data for IV-11e: Major rotamer: 1H 

NMR (500 MHz, CDCl3) δ 7.54 – 7.44 (m, 2H), 7.39 – 7.27 (m, 2H), 7.29 – 7.19 (m, 3H), 7.21 – 

7.13 (m, 3H), 7.16 – 7.09 (m, 2H), 7.02 – 6.95 (m, 2H), 3.90 (d, J = 6.0 Hz, 1H), 3.38 (d, J = 9.2 

Hz, 1H), 3.12 (tdd, J = 9.4, 6.0, 3.2 Hz, 1H), 2.50 (dtd, J = 14.1, 5.2, 1.4 Hz, 1H), 2.45 – 2.28 (m, 

1H), 2.22 – 2.03 (m, 2H), 1.77 (qdd, J = 10.6, 6.5, 2.8 Hz, 1H), 1.68 – 1.58 (m, 1H). 13C NMR 

(126 MHz, CDCl3) δ 210.49, 142.98, 140.78, 136.68, 131.87, 130.76, 130.16, 128.62, 128.45, 

128.12, 126.96, 126.44, 121.14, 60.26, 52.42, 46.27, 41.37, 26.24, 24.48. FTIR (diamond, anvil, 

solid) cm-1: 3085, 3059, 3026, 2939, 2867, 1706, 1797. HRMS (ESI): Mass calcd for C25H23BrONa 

[M+Na]+: 441.0830; found 441.0829.  

 

 

3-benzyl-2-(4-methoxyphenyl)cyclohexan-1-one (IV-11f). Prepared according to General 

Procedure 3 using the respective acyl imidazole (48 mg, 1.0 equiv) and 4-methoxy-benzyl 

Hantzsch ester. The reaction mixture was purified by column chromatography (0-10% ethyl 

acetate/hexanes) to yield the product as a white solid (20 mg, 34%). Analytical data for IV-11f: 

1H NMR (500 MHz, CDCl3) δ 7.26 – 7.18 (m, 2H), 7.21 – 7.14 (m, 1H), 7.11 – 7.05 (m, 2H), 7.04 

– 6.98 (m, 2H), 6.97 – 6.89 (m, 2H), 3.82 (s, 3H), 3.35 – 3.29 (m, 1H), 2.62 (d, J = 10.1 Hz, 1H), 

2.52 (dddd, J = 13.6, 4.5, 2.9, 1.6 Hz, 1H), 2.43 (tdd, J = 13.6, 6.0, 1.1 Hz, 1H), 2.29 – 2.16 (m, 

2H), 2.08 (ddq, J = 12.7, 6.4, 3.4 Hz, 1H), 1.95 (ddt, J = 13.6, 3.4, 2.1 Hz, 1H), 1.73 – 1.59 (m, 

O
OMe
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1H), 1.49 (tdd, J = 13.2, 10.6, 3.5 Hz, 1H), 13C NMR (126 MHz, CDCl3) δ 210.44, 158.65, 140.15, 

130.44, 129.41, 129.27, 128.35, 126.17, 114.14, 62.98, 55.36, 47.38, 42.16, 41.41, 30.70, 25.79. 

FTIR (diamond, anvil, solid) cm-1: 3060, 3026, 3000, 2920, 2851, 1712, 1653, 1613, 1584. HRMS 

(ESI): Mass calcd for C20H22O2Na [M+Na]+: 317.1518; found 317.1520. 

 

 

3-(3-fluorobenzyl)-2-phenylcyclohexan-1-one (IV-11g). Prepared according to General Procedure 

3 using the respective acyl imidazole (52 mg, 1.0 equiv) and benzyl Hantzsch ester. The reaction 

mixture was purified by column chromatography (0-10% ethyl acetate/hexanes) to yield the 

product as a yellow-green solid (36 mg, 63%). Analytical data for IV-11g: 1H NMR (500 MHz, 

CDCl3) δ 7.46 – 7.36 (m, 2H), 7.34 – 7.27 (m, 1H), 7.19 (td, J = 8.0, 6.1 Hz, 1H), 7.18 – 7.12 (m, 

2H), 6.87 (tdd, J = 8.5, 2.6, 1.0 Hz, 1H), 6.81 – 6.75 (m, 1H), 6.71 (dt, J = 9.9, 2.1 Hz, 1H), 3.36 

(dd, J = 11.3, 1.0 Hz, 1H), 2.63 – 2.50 (m, 2H), 2.45 (tdd, J = 13.6, 6.0, 1.1 Hz, 1H), 2.35 – 2.16 

(m, 2H), 2.10 (ddq, J = 12.7, 6.5, 3.4 Hz, 1H), 1.94 (dqd, J = 13.5, 3.4, 1.6 Hz, 1H), 1.76 – 1.59 

(m, 1H), 1.50 (tdd, J = 13.2, 10.9, 3.6 Hz, 1H). 13C NMR (126 MHz, Chloroform-d) δ 209.71, 

162.85 (d, J = 245.6 Hz), 142.62 (d, J = 7.1 Hz), 137.21, 129.78 (d, J = 8.3 Hz), 129.49, 128.74, 

127.34, 124.87 (d, J = 2.7 Hz), 115.99 (d, J = 20.7 Hz), 113.11 (d, J = 21.0 Hz), 63.72, 47.04, 

42.08, 41.19 (d, J = 1.7 Hz), 30.63, 25.68. FTIR (diamond, anvil, solid) cm-1: 2940, 2868, 1710, 

1616, 1588. HRMS (ESI): Mass calcd for C19H19FONa [M+Na]+: 305.1318; found 305.1319. 

 

O
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3-(4-bromobenzyl)-2-phenylcyclohexan-1-one (IV-11h). Prepared according to General 

Procedure 3 using the respective acyl imidazole (64 mg, 1.0 equiv) and benzyl Hantzsch ester. The 

reaction mixture was purified by column chromatography (0-10% ethyl acetate/hexanes) to yield 

the product as a yellow solid (29 mg, 42%). Analytical data for IV-11h: 1H NMR (500 MHz, 

CDCl3) δ 7.44 – 7.33 (m, 4H), 7.33 – 7.27 (m, 1H), 7.17 – 7.11 (m, 2H), 6.90 – 6.84 (m, 2H), 3.35 

(dd, J = 11.3, 1.0 Hz, 1H), 2.59 – 2.49 (m, 2H), 2.44 (tdd, J = 13.7, 6.1, 1.2 Hz, 1H), 2.31 – 2.16 

(m, 2H), 2.14 – 2.03 (m, 1H), 1.92 (dqd, J = 13.5, 3.4, 1.6 Hz, 1H), 1.75 – 1.61 (m, 1H), 1.48 (tdd, 

J = 13.1, 10.8, 3.6 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 209.65, 138.98, 137.24, 131.45, 130.98, 

129.50, 128.73, 127.33, 120.03, 63.68, 47.03, 42.06, 40.81, 30.58, 25.67. FTIR (diamond, anvil, 

solid) cm-1: 3068, 3033, 2952, 2918, 2866, 1701. HRMS (ESI): Mass calcd for C19H19BrONa 

[M+Na]+: 365.0517; found 365.0516. 

 

 

2-(4-chlorophenyl)-3-(4-(trifluoromethyl)benzyl)cyclohexan-1-one (IV-11i). Prepared according 

to General Procedure 3 using the respective acyl imidazole (62 mg, 1.0 equiv) and benzyl Hantzsch 

ester. The reaction mixture was purified by column chromatography (0-10% ethyl acetate/hexanes) 
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to yield the product as a yellow-green oil (34 mg, 46%). Analytical data for IV-11i: 1H NMR (500 

MHz, CDCl3) δ 7.50 (d, J = 8.0 Hz, 2H), 7.41 – 7.25 (m, 2H), 7.12 – 7.06 (m, 4H), 3.36 (d, J = 

11.0 Hz, 1H), 2.61 (dd, J = 13.3, 3.0 Hz, 1H), 2.55 (dddd, J = 13.7, 4.5, 2.8, 1.7 Hz, 1H), 2.45 (tdd, 

J = 13.8, 6.1, 1.1 Hz, 1H), 2.31 (dd, J = 13.2, 9.9 Hz, 1H), 2.28 – 2.18 (m, 1H), 2.11 (ddq, J = 

12.5, 6.2, 3.3 Hz, 1H), 1.91 (dqd, J = 13.2, 3.4, 1.5 Hz, 1H), 1.74 – 1.61 (m, 1H), 1.51 (tdd, J = 

13.2, 11.1, 3.6 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 209.05, 143.86, 135.63, 133.21, 130.85, 

129.47, 128.97, 128.70 (q, J = 32.3 Hz), 125.37 (q, J = 3.7 Hz), 124.08 (q, J = 271.3 Hz), 63.12, 

47.15, 41.99, 41.25, 30.65, 25.65. FTIR (diamond, anvil, oil) cm-1: 3067, 3045, 2937, 2865, 1712, 

1618, 1579. HRMS (ESI): Mass calcd for C20H18ClF3ONa [M+Na]+: 389.0896; found 389.0892. 

 

 

3-benzhydryl-2-phenylcyclohexan-1-one (IV-11j). Prepared according to General Procedure 3 

using the respective acyl imidazole (63 mg, 1.0 equiv) and benzyl Hantzsch ester. The reaction 

mixture was purified by column chromatography (0-10% ethyl acetate/hexanes) to yield the 

product as a light yellow solid (56 mg, 82%). Analytical data for IV-11j: 1H NMR (500 MHz, 

CDCl3) δ 7.36 (dd, J = 8.2, 6.8 Hz, 2H), 7.33 – 7.27 (m, 3H), 7.26 – 7.20 (m, 5H), 7.19 – 7.13 (m, 

5H), 3.95 (d, J = 6.8 Hz, 1H), 3.46 (d, J = 8.1 Hz, 1H), 3.25 (tdd, J = 8.3, 6.8, 3.5 Hz, 1H), 2.57 – 

2.48 (m, 1H), 2.40 – 2.29 (m, 1H), 2.18 – 2.10 (m, 1H), 2.06 (dddd, J = 16.6, 10.5, 4.7, 3.0 Hz, 

1H), 1.85 – 1.73 (m, 1H), 1.62 (dtd, J = 13.3, 8.7, 3.3 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 

211.31, 143.22, 141.29, 137.74, 129.93, 128.81, 128.73, 128.63, 128.43, 128.13, 127.13, 126.81, 

O
Ph
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126.39, 60.18, 52.41, 45.62, 41.14, 25.60, 24.11. HRMS (ESI): Mass calcd for C25H24ONa 

[M+Na]+: 363.1725; found 363.1722. Note: the small set of peaks in the 1H NMR spectrum 

represent a rotamer. 

 

 

2-(4-fluorophenyl)-3-(4-methoxybenzyl)cyclohexan-1-one (IV-11k). Prepared according to 

General Procedure 3 using the respective acyl imidazole (54 mg, 1.0 equiv) and benzyl Hantzsch 

ester. The reaction mixture was purified by column chromatography (0-10% ethyl acetate/hexanes) 

to yield the product as a tan solid (22 mg, 35%). Analytical data for IV-11k: 1H NMR (500 MHz, 

CDCl3) δ 7.15 – 7.04 (m, 4H), 6.94 – 6.87 (m, 2H), 6.82 – 6.75 (m, 2H), 3.77 (s, 3H), 3.39 – 3.31 

(m, 1H), 2.56 – 2.47 (m, 2H), 2.43 (tdd, J = 13.6, 6.0, 1.1 Hz, 1H), 2.23 – 2.13 (m, 2H), 2.09 (ddq, 

J = 12.7, 6.4, 3.4 Hz, 1H), 2.00 – 1.92 (m, 1H), 1.73 – 1.60 (m, 1H), 1.57 – 1.39 (m, 1H). 13C NMR 

(126 MHz, CDCl3) δ 210.00, 162.00 (d, J = 245.2 Hz), 158.09, 133.15 (d, J = 3.3 Hz), 131.73, 

130.97 (d, J = 7.9 Hz), 130.17, 115.57 (d, J = 21.2 Hz), 113.76, 62.93, 55.36, 47.59, 42.12, 40.37, 

30.68, 25.81. FTIR (diamond, anvil, solid) cm-1: 3034, 3005, 2931, 2856, 1710, 1605, 1584. 

HRMS (ESI): Mass calcd for C20H21FO2Na [M+Na]+: 335.1424; found 335.1421. 
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2-phenyl-3-(thiophen-2-ylmethyl)cyclohexan-1-one (IV-11l). Prepared according to General 

Procedure 3 using the respective acyl imidazole (49 mg, 1.0 equiv) and benzyl Hantzsch ester. The 

reaction mixture was purified by column chromatography (0-10% ethyl acetate/hexanes) to yield 

the product as a green oil (31 mg, 57%). Analytical data for IV-11l: 1H NMR (500 MHz, CDCl3) 

δ 7.42 – 7.35 (m, 2H), 7.34 – 7.27 (m, 1H), 7.18 – 7.05 (m, 3H), 6.90 (dd, J = 5.1, 3.4 Hz, 1H), 

6.67 (d, J = 3.3 Hz, 1H), 3.39 (d, J = 11.8 Hz, 1H), 2.75 (ddd, J = 14.8, 3.4, 1.0 Hz, 1H), 2.60 – 

2.50 (m, 2H), 2.50 – 2.29 (m, 2H), 2.19 – 2.07 (m, 1H), 2.11 – 2.03 (m, 1H), 1.82 – 1.69 (m, 1H), 

1.58 (tdd, J = 13.2, 11.2, 3.4 Hz, 1H).	13C NMR (126 MHz, CDCl3) δ 209.85, 141.79, 137.00, 

129.55, 128.68, 127.31, 126.88, 125.95, 123.75, 63.07, 46.75, 42.02, 34.92, 30.69, 25.61. FTIR 

(diamond, anvil, oil) cm-1: 3064, 3029, 2925, 2852, 1710. HRMS (ESI): Mass calcd for 

C17H18OSNa [M+Na]+: 293.0976; found 293.0974.	

 

 

3-(furan-2-ylmethyl)-2-phenylcyclohexan-1-one (IV-11m). Prepared according to General 

Procedure 3 using the respective acyl imidazole (46 mg, 1.0 equiv) and benzyl Hantzsch ester. The 

reaction mixture was purified by column chromatography (0-10% ethyl acetate/hexanes) to yield 

the product as a yellow solid (21 mg, 41%). Analytical data for IV-11m: 1H NMR (500 MHz, 
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CDCl3) δ 7.37 (dd, J = 8.3, 6.9 Hz, 2H), 7.30 – 7.27 (m, 2H), 7.15 – 7.11 (m, 2H), 6.26 (dd, J = 

3.1, 1.9 Hz, 1H), 5.92 (d, J = 3.1 Hz, 1H), 3.36 (d, J = 11.3 Hz, 1H), 2.60 – 2.49 (m, 2H), 2.47 – 

2.32 (m, 3H), 2.12 (ddq, J = 12.8, 6.4, 3.4 Hz, 1H), 2.02 (dqd, J = 13.9, 3.5, 1.6 Hz, 1H), 1.83 – 

1.70 (m, 1H), 1.65 – 1.53 (m, 1H).	13C NMR (126 MHz, CDCl3) δ 209.94, 153.60, 141.38, 137.07, 

129.57, 128.60, 127.24, 110.24, 107.06, 63.04, 44.53, 42.01, 32.99, 30.95, 25.67.	FTIR (diamond, 

anvil, solid) cm-1: 3410, 3061, 3031, 2957, 2852, 1803, 1711, 1630, 1588. HRMS (ESI): Mass 

calcd for C17H18O2Na [M+Na]+: 277.1205; found 277.1205.	

 

 

ethyl 2-(3-oxo-2-phenylcyclohexyl)acetate (IV-11n). Prepared according to General Procedure 3 

using the respective acyl imidazole (47 mg, 1.0 equiv) and benzyl Hantzsch ester. The reaction 

mixture was purified by column chromatography (0-20% ethyl acetate/hexanes) to yield the 

product as a light yellow solid (36 mg, 69%). Analytical data for IV-11n: 1H NMR (500 MHz, 

CDCl3) δ 7.38 – 7.30 (m, 2H), 7.32 – 7.23 (m, 1H), 7.11 – 7.06 (m, 2H), 4.10 – 3.96 (m, 2H), 3.41 

(dd, J = 12.2, 1.0 Hz, 1H), 2.57 (dddd, J = 13.8, 4.5, 2.8, 1.7 Hz, 1H), 2.51 (ddt, J = 12.0, 8.4, 3.4 

Hz, 1H), 2.50 – 2.41 (m, 1H), 2.22 – 2.00 (m, 4H), 1.91 – 1.78 (m, 1H), 1.72 – 1.60 (m, 1H), 1.19 

(t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 209.16, 172.29, 136.53, 129.59, 128.62, 127.41, 

62.78, 60.51, 42.05, 41.94, 39.62, 31.39, 25.63, 14.31. FTIR (diamond, anvil, solid) cm-1: 3063, 

3030, 2927, 2854, 1718. HRMS (ESI): Mass calcd for C16H20O3Na [M+Na]+: 283.1310; found 

283.1309. 
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diethyl 3-benzyl-5-oxo-4-phenylcyclohexane-1,1-dicarboxylate (IV-11o). Prepared according to 

General Procedure 3 using the respective acyl imidazole (77 mg, 1.0 equiv) and benzyl Hantzsch 

ester. The reaction mixture was purified by column chromatography (0-40% ethyl acetate/hexanes) 

to yield the product as an off-white solid (72 mg, 88%). Analytical data for IV-11o: 1H NMR (500 

MHz, CDCl3) δ 7.42 – 7.35 (m, 2H), 7.34 – 7.27 (m, 1H), 7.27 – 7.20 (m, 2H), 7.20 – 7.13 (m, 

1H), 7.17 – 7.10 (m, 2H), 7.01 – 6.95 (m, 2H), 4.25 – 4.14 (m, 3H), 4.17 – 4.07 (m, 1H), 3.19 (d, 

J = 11.3 Hz, 1H), 3.16 (dd, J = 15.1, 2.7 Hz, 1H), 2.70 – 2.64 (m, 1H), 2.57 (dd, J = 15.0, 0.9 Hz, 

1H), 2.45 (dt, J = 14.1, 2.9 Hz, 1H), 2.36 – 2.21 (m, 2H), 1.96 (dd, J = 14.0, 12.1 Hz, 1H), 1.22 (t, 

J = 7.1 Hz, 3H), 1.12 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 205.20, 170.62, 170.38, 

139.04, 137.18, 129.64, 129.05, 128.79, 128.50, 127.44, 126.41, 62.67, 62.05, 62.02, 55.88, 45.60, 

41.93, 40.68, 34.96, 14.10. FTIR (diamond, anvil, solid) cm-1: 3062, 3028, 2981, 2927, 2855, 1728, 

1603. HRMS (ESI): Mass calcd for C25H28O5Na [M+Na]+: 431.1835; found 431.1833. 

 

 

3-benzyl-2-phenylcyclopentan-1-one (IV-11p). Prepared according to General Procedure 3 using 

the respective acyl imidazole (45 mg, 1.0 equiv) and benzyl Hantzsch ester. The reaction mixture 

was purified by column chromatography (0-10% ethyl acetate/hexanes) to yield the product as a 
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yellow oil (14 mg, 28%). Analytical data for IV-11p: 1H NMR (500 MHz, CDCl3) δ 7.43 – 7.34 

(m, 2H), 7.33 – 7.23 (m, 3H), 7.25 – 7.17 (m, 1H), 7.20 – 7.00 (m, 4H), 3.05 – 2.94 (m, 2H), 2.63 

– 2.51 (m, 2H), 2.54 – 2.43 (m, 1H), 2.27 (ddd, J = 19.0, 11.9, 8.9 Hz, 1H), 2.15 – 2.03 (m, 1H), 

1.68 – 1.56 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 217.65, 139.34, 137.51, 129.26, 128.96, 

128.93, 128.49, 127.30, 126.39, 62.40, 46.66, 39.94, 38.41, 26.88.	FTIR (diamond, anvil, oil)       

cm-1: 3085, 3061, 3027, 2958, 2923, 2852, 1743, 1601, 1587. HRMS (ESI): Mass calcd for 

C18H18ONa [M+Na]+: 273.1256; found 273.1254.	

 

 

3-benzyl-2-(4-bromophenyl)cyclopentan-1-one (IV-11q). Prepared according to General 

Procedure 3 using the respective acyl imidazole (45 mg, 1.0 equiv) and 4-bromo-benzyl Hantzsch 

ester. The reaction mixture was purified by column chromatography (0-10% ethyl acetate/hexanes) 

to yield the product as a white solid (13 mg, 20%). Analytical data for IV-11q: 1H NMR (500 

MHz, CDCl3) δ 7.54 – 7.46 (m, 2H), 7.31 – 7.26 (m, 2H), 7.24 – 7.17 (m, 1H), 7.20 – 7.06 (m, 

2H), 7.05 – 6.98 (m, 2H), 3.01 – 2.90 (m, 2H), 2.59 – 2.41 (m, 3H), 2.25 (ddd, J = 19.1, 11.8, 8.8 

Hz, 1H), 2.15 – 2.03 (m, 1H), 1.68 – 1.57 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 216.93, 139.00, 

136.48, 132.04, 130.64, 129.24, 128.55, 126.51, 121.31, 61.82, 46.55, 39.89, 38.25, 26.86.	FTIR 

(diamond, anvil, solid) cm-1: 3061, 3027, 2957, 2924, 2853, 1742, 1602, 1572. HRMS (ESI): Mass 

calcd for C18H17BrONa [M+Na]+: 351.0361; found 351.0358.	

 

O Br



 
 340 
4.8.10.4 Procedure for the Synthesis of Linear Ketone IV-10a 

 This procedure can be used for the first two steps of an alternative 3-step protocol to access 

cyclohexanones if NHC is not readily available. 

 

Scheme 4-19. Synthesis of a Weinreb amide from the corresponding carboxylic acid. 

 To an oven-dried flask equipped with a stir bar at 0 °C was added 6-phenylhex-5-enoic 

acid (1.00 g, 5.26 mmol, 1.0 equiv) in CH2Cl2 (12.0 mL, 0.45 M). N,O-dimethyl hydroxylamine 

hydrochloride (770 mg, 7.89 mmol, 1.5 equiv), triethylamine (745 mg,  7.34 mmol, 1.4 equiv), 4-

dimethylaminopyridine (DMAP; 90 mg, 0.74 mmol, 0.14 equiv), and 1-ethyl-3-(-3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC; 1.41 g, 7.34 mmol, 1.4 equiv). The 

reaction mixture was allowed to warm to room temperature and stirred for 24 h under N2 

atmosphere. The unpurified reaction mixture was filtered through a pad of celite. The collected 

organic layer was washed with aqueous HCl (10 mL, 0.5 M). The aqueous later was extracted with 

CH2Cl2 (3 x 20 mL). The combined organic layers were dried over anhydrous MgSO4, filtered, 

and concentrated under reduced pressure. N-methoxy-N-methyl-6-phenylhex-5-enamide was 

isolated as a clear and colorless oil (1.20 g, 97%) and was used without further purification.  

 

Scheme 4-20. Synthesis of IV-10a from the corresponding Weinreb amide. 

 A stirred solution of unpurified N-methoxy-N-methyl-6-phenylhex-5-enamide (1.20 g, 

5.20 mmol, 1.0 equiv) in THF (14.0 mL, 0.3 M) was cooled to 0 °C. Benzyl magnesium chloride 
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(2 M in THF; 5.1 mL, 2.0 equiv) was slowly added to the reaction solution, and the resulting 

mixture was stirred for 20 h at room temperature under N2 atmosphere. The reaction mixture was 

cooled, diluted with aqueous HCl (2 M), and extracted with diethyl ether. The organic layer was 

dried over Na2SO4, filtered, and concentrated to yield the crude ketone. Purification by column 

chromatography (0-20% ethyl acetate/hexanes) afforded 3a' as a clear and colorless oil (0.44 g, 

32% yield). Analytical data for 1,7-diphenylhept-6-en-2-one (3a'): 1H NMR (500 MHz, CDCl3) δ 

7.28 – 7.21 (m, 7H), 7.18 – 7.13 (m, 3H), 6.28 (dt, J = 15.8, 1.5 Hz, 1H), 6.07 (dt, J = 15.8, 7.0 

Hz, 1H), 3.63 (s, 2H), 2.46 (t, J = 7.3 Hz, 2H), 2.12 (qd, J = 7.1, 1.4 Hz, 2H), 1.75 – 1.66 (m, 2H). 

13C NMR (126 MHz, CDCl3) δ 208.36, 137.66, 134.38, 130.74, 129.94, 129.53, 128.84, 128.62, 

128.29, 127.11, 126.08, 50.38, 41.19, 32.34, 23.23.	HRMS (ESI): Mass calcd for C19H20ONa 

[M+Na]+: 287.1412; found 287.1407.	

4.8.10.5 Synthetic Procedure and Tabulated Data for IV-15a 

 

Scheme 4-21. Synthesis of IV-15a from IV-11a. 

6-benzyl-7-phenylazepan-2-one (IV-15a). To a stirred solution of Cu(OTf)2 (5.4 mg, 0.015 mmol, 

0.15 equiv) in TFE/CH2Cl2 (1:4, 2.0 mL, 0.05 M) was added cyclohexanone IV-11a (26 mg, 0.10 

mmol, 1.0 equiv), amino hydrogen sulphate (HOSA; 34 mg, 0.30 mmol, 3.0 equiv), and 

CsOH·H2O (50 mg, 0.30 mmol, 3.0 equiv) at room temperature. The reaction mixture was 

maintained at room temperature and stirred overnight. After completion, the mixture was diluted 

Cu(OTf)2 (15 mol %)
H3NO4S (3.0 equiv)

CsOH·H2O (3.0 equiv)
CH2Cl2:TFE (4:1, 0.05 M)

70 ºC

NH
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with CH2Cl2 (10 mL) and washed with saturated aqueous Na2CO3 (3 × 5 mL). The combined 

organic layers were washed with brine (5 mL) and dried (anhydrous MgSO4). Column 

chromatography (0-20% EtOAc/hexane) afforded IV-15a as an off-white solid (22 mg, 

77%). Analytical data for IV-15a: 1H NMR (500 MHz, CDCl3) δ 7.41 (td, J = 7.3, 1.6 Hz, 2H), 

7.37 – 7.29 (m, 3H), 7.24 (dd, J = 8.1, 6.7 Hz, 2H), 7.20 – 7.13 (m, 1H), 7.06 – 7.00 (m, 2H), 5.74 

(d, J = 4.9 Hz, 1H), 4.25 (dd, J = 8.3, 4.9 Hz, 1H), 2.56 (ddd, J = 13.7, 10.6, 2.8 Hz, 1H), 2.50 – 

2.41 (m, 2H), 2.36 – 2.28 (m, 1H), 2.15 (dd, J = 13.5, 10.1 Hz, 1H), 1.99 – 1.80 (m, 2H), 1.65 – 

1.54 (m, 1H), 1.49 – 1.38 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 177.57, 140.96, 140.16, 129.45, 

129.00, 128.54, 128.26, 126.99, 126.26, 62.22, 44.95, 39.42, 36.67, 33.44, 29.85, 21.14. FTIR 

(diamond, anvil, solid) cm-1: 3400, 3226, 3084, 3061, 3027, 2928, 2857, 1659, 1602. HRMS (ESI): 

Mass calcd for C19H21NONa [M+Na]+: 302.1521; found 302.1521. 

4.8.10.6 Synthetic Procedure and Tabulated Data for IV-16a 

 

Scheme 4-22. Synthesis of IV-16a from IV-11a. 

6-benzyl-7-phenyloxepan-2-one (IV-16a). To a solution of substituted cyclohexanone IV-11a (26 

mg, 0.10 mmol, 1.0 equiv) in CH2Cl2 (2.0 mL, 0.05 M) at 0 °C was added mCPBA (2.4 equiv). 

After stirring at room temperature overnight, the reaction mixture was quenched with 10% K2CO3 

solution and a saturated aqueous solution of Na2S2O3. The aqueous layer was separated and 

extracted with CH2Cl2. The combined organic layer was dried with anhydrous MgSO4, filtered, 

IV-11a IV-16a
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and concentrated under reduced pressure. The named product was isolated as a white solid without 

additional purification (28 mg, 100% yield). Analytical data for IV-16a: 1H NMR (500 MHz, 

CDCl3) δ 7.45 – 7.35 (m, 4H), 7.35 (ddt, J = 7.0, 5.2, 2.9 Hz, 1H), 7.26 – 7.20 (m, 2H), 7.20 – 7.13 

(m, 1H), 7.02 – 6.96 (m, 2H), 5.11 (d, J = 8.5 Hz, 1H), 2.83 (ddd, J = 14.9, 10.8, 4.3 Hz, 1H), 2.69 

(ddd, J = 14.3, 6.2, 4.1 Hz, 1H), 2.38 (ddt, J = 12.1, 8.5, 3.9 Hz, 2H), 2.12 (dd, J = 14.3, 12.0 Hz, 

1H), 1.99 – 1.85 (m, 1H), 1.75 – 1.62 (m, 1H), 1.49 (dddd, J = 13.8, 11.1, 7.7, 2.8 Hz, 1H). 13C 

NMR (126 MHz, CDCl3) δ 174.70, 139.59, 138.81, 129.00, 128.89, 128.72, 128.55, 127.40, 

126.35, 86.07, 45.31, 38.45, 34.16, 31.58, 20.36.	FTIR (diamond, anvil, solid) cm-1: 3085, 3062, 

3028, 2936, 2863, 1727, 1603. HRMS (ESI): Mass calcd for C19H20O2Na [M+Na]+: 303.1361; 

found 303.1362. 

4.8.11 X-ray Crystal Structure Data	

 

 Single crystals of C19H20O IV-11a were recrystallized via the slow evaporation of 

chloroform at 23 °C. A suitable crystal was selected and mounted in inert oil on a XtaLAB 

Synergy, single source at offset/far, HyPix diffractometer. The crystal was kept at 100.01(10) K 

during data collection. Using Olex2,523 the structure was solved with the ShelXT6524 structure 

solution program using Intrinsic Phasing and refined with the ShelXL7525 refinement package 

using Least Squares minimization. SADABS-2014/5 (Bruker, 2014/5) was used for absorption 

correction.  

O
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 Crystal Data for C19H20O IV-11a (M =264.35 g/mol): monoclinic, space group I2/a (no. 

15), a = 26.0179(5) Å, b = 5.44220(10) Å, c = 21.3303(4) Å, β = 106.364(2)°, V = 2897.91(10) 

Å3,  Z = 8, T = 100(3) K, μ(MoKα) = 0.073 mm-1, Dcalc = 1.212 g/cm3, 70305 reflections measured 

(3.98° ≤ 2Θ ≤ 67.758°), 5481 unique (Rint = 0.0423, Rsigma = 0.0204) which were used in all 

calculations. The final R1 was 0.0407 (I > 2σ(I)) and wR1 was 0.1210 (all data). Further information 

can be found in the CIF file. This crystal structure was deposited in the Cambridge 

Crystallographic Data Centre and assigned as 2127979. 

 Refinement Details: No special refinement necessary.  

 

 

Figure 4-14. Crystal data for IV-11a. 
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 Single crystals of C20H21FO2 IV-11k were recrystallized via the slow evaporation of 

chloroform at 23 °C. A suitable crystal was selected and mounted in inert oil on a XtaLAB Synergy 

R, DW system, HyPix diffractometer. The crystal was kept at 100.01(10) K during data collection. 

Using Olex2,523 the structure was solved with the ShelXT6524 structure solution program using 

Intrinsic Phasing and refined with the ShelXL7525 refinement package using Least Squares 

minimization. SADABS-2014/5 (Bruker, 2014/5) was used for absorption correction.  

 

 Crystal Data for C20H21FO2 (M =312.37 g/mol): orthorhombic, space group P212121 (no. 

19), a = 7.54959(12) Å, b = 11.97293(19) Å, c = 17.9915(3) Å, V = 1626.26(4) Å3, Z = 4, T = 

100.01(10) K, μ(CuKα) = 0.718 mm-1, Dcalc = 1.276 g/cm3, 16112 reflections measured (8.872° ≤ 

2Θ ≤ 157.578°), 3372 unique (Rint = 0.0305, Rsigma = 0.0214) which were used in all calculations. 

The final R1 was 0.0299 (I > 2σ(I)) and wR2 was 0.0791 (all data). Further information can be 

found in the CIF file. This crystal structure was deposited in the Cambridge Crystallographic Data 

Centre and assigned as 2127980. 

 Refinement Details: No special refinement necessary. 

O

OMe

F



 
 346 

 

Figure 4-15. Crystal data for IV-11k. 
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CHAPTER 5: PHOTOCATALYZED ⍺-FUNCTIONALIZATION OF CARBONYL 

COMPOUNDS 
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5.1 Current Strategies for the α-Functionalization of Carbonyl Compounds 

 The carbonyl group is a central component of organic synthesis. Carbonyl-containing 

compounds are versatile synthetic precursors, allowing access to amines, alcohols, alkanes, and a 

vast array of additional functional groups. Moreover, carbonyl groups are prominent in many 

bioactive compounds (Figure 5-1).393,526-529 For example, approximately 90% of the top 200 small 

molecule pharmaceutical compounds by retail sales in 2020 contain a carbonyl group, making 

ketones, esters, and amides some of the most common functional groups among drugs in the 

market today.469  

 

Figure 5-1. A small selection of carbonyl-containing compounds in the pharmaceutical industry. 

 The utility of the carbonyl group in organic synthesis is primarily driven by its inherent 

reactivity. Traditionally, compounds featuring carbonyl groups are electrophilic at the carbonyl 

carbon and, under the right conditions, are nucleophilic at the α-carbon. Deprotonation at the α-

carbon of a carbonyl carbon forms the corresponding nucleophilic enolate, which can engage in 

various alkylation chemistries (Figure 5-2). Analogous to enolates, silyl enol ethers and enamines 

represent classes of stabilized nucleophiles. Silyl enol ethers are synthesized through enolate 

addition to a silyl electrophile, and in situ formation of enamines occurs through nucleophilic 

addition of an amine to a carbonyl group.530 The recent rise in radical chemistry has also led to the 

development of α-functionalization strategies using silyl enol ether radicals or enamine-based 

radical species.  
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Figure 5-2. Synthetic routes to access α-functionalized carbonyl compounds. 

5.1.1 Traditional Enolate Chemistry   

 Enolates are formed via deprotonation of carbonyl compounds, including ketones, 

aldehydes, and esters. These nucleophilic species exist in low concentrations when formed using 

weaker bases, but quantitative conversion from the carbonyl compound (e.g., a ketone) to the 

corresponding enolate often occurs using strong bases, such as lithium diisopropylamide (LDA). 

The reactivity of different bases can be harnessed to achieve regioselective deprotonation with 

unsymmetrical ketones (Scheme 5-1).531 For example, deprotonation of α-methyl cyclohexanone 

(V-6) with a strong base under controlled reaction conditions (e.g., LDA at –78 ºC) occurs at Ha 

to afford the kinetic enolate, while use of an alkoxide base (i.e., a weaker base) deprotonates Hb to 

yield the thermodynamically stable, more substituted enolate. These organic anions are employed 

in various organic processes to enable a broad landscape of reactivity.  

 

Scheme 5-1. Kinetic versus thermodynamic enolate formation. 
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 Enolates are also known to engage with other carbonyl compounds through nucleophilic 

addition to the carbonyl carbon. The aldol reaction was first discovered by Alexander Borodin in 

1869 and describes the reaction between two carbonyl compounds, commonly a ketone enolate 

and an aldehyde electrophile (Scheme 5-2A). Offering a route to access β-hydroxy carbonyl 

compounds or α,β-unsaturated ketones (via the aldol condensation), the aldol reaction has been a 

staple reaction in the field of organic chemistry for centuries. Rainer Ludwig Claisen later reported 

the nucleophilic addition of esters to another carbonyl compound (often another ester) to yield β-

keto esters or β-diketones, a reaction now termed the Claisen condensation reaction (Scheme 5-

2B). These organic anions are employed in various additional processes to enable access to an 

array of organic compounds.  

 

Scheme 5-2. Common enolate reactions, including A) the aldol reaction and B) the Claisen 
condensation. 

5.1.2 Pre-functionalization to Silyl Enol Ethers  

 Silyl groups as often used as protecting groups in organic chemistry through the formation 

of silyl ethers or enol ethers. Silyl enol ethers have increased utility in organic synthesis due to 

their ability to act as stabilized enolates. These silicon-derived substrates are mildly nucleophilic 

and often react with carbocations and activated electrophiles, such as an aldehyde in the presence 

of a Lewis acid. For example, silyl enol ethers are known to engage in alkylation processes, 

including the Mukaiyama aldol reaction, various Michael reactions, and more.532-533  

 Photochemistry and various redox processes have been applied to chemistry involving silyl 

enol ethers to expand the scope of this class of compounds significantly. In 1987, Gassman and 
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Bottorff reported a photoinduced single-electron oxidation of silyl enol ethers (E1/2 = +1.29 V vs 

SCE) to access a radical cation species (V-7+•) via excitation of 1-cyanonapthalene, which acts as 

a strong single-electron oxidant (E1/2 = +1.84 V vs SCE; Scheme 5-3A).534 The addition of 

methanol resulted in a light mediated desilylation process to access cyclohexanone (V-8) from the 

corresponding silyl enol ether (V-7) using high energy 300 nm light. Similarly, Kochi and Rathore 

reported the formation of silyl enol ether radical cations less than one decade later (Scheme 5-

3A).535 The authors propose formation of an EDA complex between tetranitromethane and silyl 

enol ethers under thermal or photochemical conditions to afford α-nitro ketones (e.g., V-9). 

Thomson and coworkers developed numerous approaches to the oxidative coupling of ketones 

using silyl bis-enol ethers (Scheme 5-3B).536 Using electrochemistry, photochemistry, or 

cerium(IV) ammonium nitrate (CAN; a traditional oxidative metal complex employed for 

comparison purposes) to oxidize the silyl bis-enol ether, they were able to access a range of 1,4-

diketones with modest-to-excellent diastereoselective ratios.  

 

Scheme 5-3. A) Early evidence for silyl enol ether radical cation formation by Gassman (left)534 
and Kochi (right),535 respectively. B) Synthesis of 1,4-diketones by Thomson and coworkers that 
features a silyl bis-enol ether radical cation intermediate.536  
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 While these reports demonstrate the existence of silyl enol ether radical cations, few reports 

describe the radical-radical coupling of silyl enol ether radicals with reductively generated radicals 

or the addition of silyl enol ether radicals to alkenes. For example, He and coworkers recently 

reported a deaminative difluoroalkylation process using difluoroenoxysilanes, but they propose 

addition of a reductively generated alkyl radical to the α-position of a silyl enol ether (Scheme 5-

4).537 Single-electron reduction of a Katritzky salt (V-10) affords a reactive radical species, which 

undergoes regioselective addition to the α-position of the silyl enol ether. The authors suggest that 

the resulting radical species engages in single-electron transfer with the photocatalyst, and loss of 

triethylsilane affords the final α-functionalized ketone product. Alternative reports feature similar 

mechanisms, wherein radical addition to a silyl enol ether leads to product formation.538   

 

Scheme 5-4. Deaminative difluoroalkylation reaction employing difluoroenoxysilanes reported by 
He.537 

5.1.3 In Situ Pre-functionalization via Enamine Catalysis  

 Inspired by nature’s use of the aldolase class of enzymes to catalyze the aldol reactions, 

chemists began using amines as catalysts for carbonyl-based chemistry. Due to their inherent 

reactivity, ketones and aldehydes can react with primary or secondary amines to generate the 

corresponding enamines via dehydration. In 1971, two research groups independently reported an 

intramolecular enantioselective aldol reaction catalyzed by (S)-proline, a reaction now termed the 

Hajos-Parrish-Eder-Sauer-Wiechert reaction (commonly, the Hajos-Parrish reaction).539-540 Over 
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antibodies that catalyze the intramolecular aldol reaction.541 Shortly thereafter, a collaboration 

between the Barbas group and Benjamin List’s group led to the development of an intermolecular 

amino acid-catalyzed asymmetric aldol reaction.542 For example, the reaction between acetone (V-

11) and isovaleraldehyde (V-12) afforded the desired aldol product (V-14) in excellent yield and 

enantioselectivity using proline (V-15) as a catalyst (Scheme 5-5). They proposed that the enamine 

intermediate (V-13) raises the highest occupied molecular orbital (HOMO), thus increasing 

nucleophilicity compared to the corresponding enol ether. Significant work by List and coworkers 

continued to expand the field of enamine catalysis over the following decades. Today, enamine 

catalysis has enabled the construction of β-hydroxy ketones, β-amino ketones, β-nitro ketones, α-

halogen ketones, and more.543 

 

Scheme 5-5. An example of the proline-catalyzed asymmetric aldol reaction developed by List 
and coworkers.542 

 Combined enamine and photoredox catalysis was first reported by MacMillan in 2008 (see 

Chapter 2.2.3).222 This work was later extended to the β-functionalization of ketones using base 

and catalytic amine and has since led to the development of other processes, including several α-

amination and α-hydroxylation reactions.312 Inspired by these reports, Gianetti and coworkers 

described a strategy for the α-arylation of cyclic ketones using low energy, green light-mediated 

photoredox catalysis in early 2022 (Scheme 5-6).544 Mechanistic studies suggest two potential 
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(Eox = +0.58 V vs SCE) by their newly developed photoreducing acridinium catalyst affords an 

imine radical cation. Radical-radical coupling with an aryl radical accessed by single-electron 

reduction of an aryl iodide (Ered = –1.9 V vs SCE) yields the final α-aryl ketone product. 

Alternatively, they state that product may be afforded by a reductive quenching cycle featuring 

halogen atom abstraction (XAT), wherein an oxidized amine or enamine abstracts the halogen 

atom from the aryl halide to produce the aryl radical. A subsequent radical chain process furnishes 

the final α-aryl product.   

 

Scheme 5-6. Photoredox-catalyzed α-arylation strategy developed by Gianetti.544  

5.2 Strategy for the Mild α-Functionalization of Carbonyl Compounds 

 While numerous approaches for the α-functionalization of carbonyl compounds have been 

described, each method features limitations which restrict its utility in synthesis. Enamine 

chemistry requires additives and suffers from various scope limitations, and use of silyl enol ethers 

requires pre-functionalization of the corresponding carbonyl compound. While well-established, 

enolate chemistry often involves harsh or strenuous reaction conditions, limiting its overall 

potential. Moreover, few known procedures feature a versatile α-radical for functionalization of 

carbonyl compounds. Although enamine catalysis and the use of silyl enol ethers have enabled the 

development of various methodologies for the functionalization of carbonyl compounds via both 

two-electron and single-electron pathways, no general and mild method for the α-functionalization 

of carbonyl compounds currently exists. 
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 We recently expanded our combined NHC and photoredox platform to the synthesis of 

complex, disubstituted cycloalkanones (see Chapter 4.2-4.8). This process features a radical-

radical coupling between an oxidatively generated radical precursor (i.e., a Hantzsch ester, V-16) 

and an acyl azolium radical to form a linear ketone intermediate (Figure 5-3). Mechanistic 

experiments suggest that deprotonation of the linear ketone intermediate forms a cesium enolate 

or enol in situ, and subsequent single-electron oxidation in a distinct photoredox cycle affords an 

α-radical. Cyclization into the pendant alkene yields the final ketone product. Inspired by the latter 

portion of this mechanism, we anticipated that this reactivity may be applied to the development 

of a broad strategy for the α-functionalization of carbonyl compounds, including esters, ketones, 

and amides.   

 

Figure 5-3. Tandem photoredox-catalyzed annulation strategy for the synthesis of cyclohexanones 
as inspiration for an α-functionalization strategy. ORP = oxidatively generated radical precursor.  
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species via radical cross-coupling (Figure 5-4). This process would enable the mild α-

functionalization of carbonyl compounds in one-step with readily available starting materials.  

 

Figure 5-4. Strategy for the mild α-functionalization of carbonyl compounds via photoredox or 
electrochemical single-electron oxidation of an in situ formed enol or enolate. RRP = reductively 
generated radical precursor. 

5.3 Reaction Discovery  

5.3.1 Introduction to Reductively Generated Radical Precursors   

 A variety of the reaction components were screened to begin testing this hypothesis. In a 

similar manner to oxidatively generated radical precursors (see Chapter 2.4.2), an array of 
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radical coupling processes in recent decades. Alkyl halides (V-17) represent one of the most atom-

economic and readily available radical precursor classes utilized to date. However, their relatively 

high reduction potentials (e.g., alkyl chloride, Ered = –2.70 V vs SCE; alkyl bromide, Ered = –2.10 

V vs SCE; alkyl iodide, Ered = –1.90 V vs SCE) significantly reduce their overall utility as 

reductively generated radical precursors in synthesis (Figure 5-5).545 In addition to their broad use 
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can occur via single-electron reduction by a photocatalyst (Ered = –1.60 V vs SCE for 1,4-

dicyanobenzene (V-18a); Ered = –0.99 V vs SCE for 4-cyanopyridine (V-18b)).546-547  

 

Figure 5-5. Reduction potentials of common reductively generated radical precursors. Potentials 
reported versus SCE. 

 A variety of reductively generated radical precursors can also be synthesized for use in 

radical coupling reactions. For example, hypervalent iodides, such as aryliodonium salts (V-19, 

Ered = –0.6 to –0.7 V vs SCE),548 Togni reagent II (V-20, Ered = –1.58 V vs SCE),549 Umemoto’s 

reagent (V-21, Ered = –0.63 V vs SCE),550 and various difluoroalkyl radical sources (e.g., 

BrCF2CO2Et, V-22, Ered = –0.89 V vs SCE),551 can be synthesized or purchased from commercial 

sources (Figure 5-5). Redox-active esters, such as N-(acyloxy)phthalimides (V-23), have been 

used in single-electron transfer processes since the early 1990’s and have become popular reagents 

for use as reductively generated radical precursors in recent years due to their low reduction 

potential (Ered = –1.20 to –1.45 V vs SCE)338 and relative ease of synthesis.217 Featuring even lower 
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electron reduction (Ered = –0.90 V vs SCE)552 to afford versatile alkyl radical coupling partners 

(Figure 5-5).  

5.3.2 Initial Broad Reactivity Screens 

 A series of broad reactivity screens were employed to test for the desired reactivity. An 

initial reactivity screen investigated the use of various carbonyl compounds, including a benzylic 

ketone (V-24a), ethyl ketone (V-24b), and ethyl phenylacetate (V-25a). Styrene (V-26a) and 

diphenylethylene (V-26b) were tested as reacting partners as well as an array of reductively 

generated radical precursors (Figure 5-6). Six photocatalysts, including highly reducing and 

highly oxidizing photocatalysts, organophotocatalysts, and metal-derived photocatalysts, were 

screened for each combination of carbonyl compound and reacting partner.  

 

Figure 5-6. Reaction components employed in initial reactivity screens. 

 The majority of reaction component combinations that were screened did not yield the 

desired product, but the combination of diphenylethylene (V-26b) with ethyl phenylacetate (V-
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the product to be isolated in 48% yield. Control reactions were performed to obtain preliminary 

mechanistic insight. The reaction does not proceed in the absence of base, photocatalyst, or light, 

which suggests a base-promoted and photoredox-catalyzed reaction. The reaction was conducted 

with styrene (V-26a) in place of V-26b, but no product was observed (Scheme 5-7B). The relative 

thermodynamic instability of the radical following addition to V-26a compared to addition to V-

26b offers a potential explanation for the lack of reactivity using V-26a. Nonetheless, the apparent 

limited scope for this reaction initiated additional screening of reaction conditions.  

 

Scheme 5-7. Initial hit reaction for the addition of a ketone (V-24b) to alkenes A) V-26b and B) 
V-26a, respectively. Reactions were performed at a 0.20 mmol scale. 
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solvents of differing polarities. Given that acid-promoted enolization is also possible, a variety of 

Lewis acids were screened for the addition of V-24b into V-26a. Analysis of the resulting data 

suggests that basic enolization is more efficient for the α-functionalization of carbonyl compounds, 

as only one minor hit reaction was identified using Lewis acids (Figure 5-7). On the contrary, 

 

Figure 5-7. High-throughput experimentation results for the reaction of V-24b with various 
reacting partners.  
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product was observed in numerous reactions under basic reaction conditions. Polar solvents (e.g., 

dimethylformamide (DMF) and acetonitrile (CH3CN)) outperformed more nonpolar solvents (e.g., 

tetrahydrofuran (THF) and dichloroethane (DCE); Figure 5-7). 

The reaction between ketone V-24b and styrene (V-26a) using potassium tert-butoxide was 

found to be efficient in DMF (Scheme 5-8). Brief reaction optimization ensued and resulted in an 

increase in the equivalents of V-26a from two to five equivalents. Control reactions were run due 

to the high basicity of potassium tert-butoxide to ensure that the reaction proceeds via a radical 

mechanism. No product was observed in the absence of base, indicating that deprotonation at the 

α-position is required for the reaction. However, the reaction proceeded without photocatalyst and 

without light, perhaps due to single-electron transfer promoted by the combination of potassium 

tert-butoxide and DMF (Scheme 5-8).553 

 

Scheme 5-8. Optimized reaction conditions using potassium tert-butoxide as the base for the α-
functionalization of V-24b. 
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photoredox-catalyzed α-functionalization process. The results from screening revealed product 

formation in acetonitrile and THF, with acetonitrile being the optimal solvent for both radical 

addition into an alkene and radical-radical coupling processes. Moreover, cesium-derived bases, 

such as cesium carbonate, outperformed all the other bases that were tested (Figure 5-8).  

 

Figure 5-8. High-throughput experimentation for the α-functionalization of esters. 
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5.4 Optimization of Reaction Conditions 

 Various reactions were scaled up based on analysis of the high-throughput experimentation 

results. The reaction between V-25a and styrene (V-26a) afforded the desired product V-29a in 

25% isolated yield. Significant optimization was thus required to develop a synthetically useful 

approach for the α-functionalization of esters. A screen of photocatalysts revealed no increase in 

yields using highly oxidizing photocatalysts (e.g., acrindium photocatalysts) or other 

photocatalysts with a broad range of redox potentials (entries 1-3, Table 5-1). Other bases and 

solvents proved ineffective in increasing the yield of V-29a (entries 4-8, Table 5-1). Use of THF 

as the reaction solvent did not produce any product, and DMF decreased the yield significantly 

(entries 8-9, Table 5-1). Moreover, increasing the photocatalyst loading led to a decrease in yield, 

and changes in the reaction concentration did not lead to improvements in the yield (entries 9-15, 

Table 5-1). The optimized reaction conditions thus employ cesium carbonate as the base, 

organophotocatalyst 3DPAFIPN, and acetonitrile as the solvent (entry 1, Table 5-1). 

 

Table 5-1. Optimization of the reaction conditions for the synthesis of α-functionalized esters. [a] 
1H NMR spectroscopic yield using 1,3,5-trimethoxybenzene as the internal standard. 
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 Initial investigation of the ester substrate scope is currently underway using the optimized 

reaction conditions. Benzyl ester V-29a was isolated in high yield (Table 5-2). Electron-

withdrawing and electron-donating substituents appear to be tolerated on both the ester and alkene 

components, affording V-29b-d in moderate-to-good yields. Isolation of additional products is in 

progress. A large variety of esters have been synthesized via esterification of the corresponding 

carboxylic acid, and their use in this reaction will occur shortly.  

 

Table 5-2. Initial investigation of the substrate scope. Yields are isolated. 
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the reaction is photocatalyzed. Product was observed in 22% 1H NMR spectroscopic yield in the 

absence of photocatalyst, but the yield was significantly less than that obtained using the standard 

reaction conditions (i.e., 83% isolated yield). Cyclic voltammetry was also used to probe the 

reaction mechanism. Interestingly, cyclic voltammetry of V-25a revealed no redox events in the 
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presence and absence of base. Together, this mechanistic data is indicative of a light-driven, 

photoredox-catalyzed process. However, additional mechanistic experiments are required to 

further explore the mechanism of this reaction (e.g., PCET, EDA complex formation, etc.).  

 

Scheme 5-9. Control reactions for the α-functionalization of V-25a. 

5.5.2 Proposed Mechanism  

 Based on the results of the completed mechanistic studies, we propose a mechanism for 

the α-functionalization of esters that is driven by light. Deprotonation of ester V-25 by cesium 

carbonate forms V-25-Cs, which likely undergoes single-electron oxidation by the excited 

organophotocatalyst to yield V-25•. Addition of V-25• into an alkene produces intermediate V-30,  

 

Scheme 5-10. Proposed mechanism for the α-functionalization of esters. 
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a radical species which can undergo single-electron reduction by the reduced photocatalyst or 

engage in hydrogen atom transfer to afford the final α-functionalized ester product (V-29). 

5.6 Future Directions  

 Additional investigation into the mechanism is necessary to better understand the 

mechanism by which this reaction proceeds. UV-visible spectrophotometry should be employed 

to test for formation of an EDA complex between the ester and the alkene component. A shift in 

the absorption would be expected when the two reagents are combined in solution if an EDA 

complex is being formed. TEMPO-trapping experiments should also be performed to confirm a 

radical mechanism, and identification of TEMPO adducts will provide additional insight into the 

radical species present throughout the course of the reaction. Light/dark studies can be used to 

study the final step of the reaction to determine whether a radical chain mechanism is occurring or 

if single-electron reduction by the photocatalyst completes the photoredox cycle and turns over the 

photocatalyst.  

 Investigation of radical-radical coupling processes for the α-functionalization of esters and 

ketones has been initiated. Numerous reductively generated radical precursors were screened for 

productive radical cross-coupling with the ester α-radical species. It was determined that radical-

radical coupling is possible using various reductively generated radical precursors, including 

Katritzky salts (V-10a), aryl iodoniums (V-19a), α-bromo esters (V-22a), and redox active esters 

(V-23b; Figure 5-9, see Chapter 5.7.4 for additional details for the screening of reductively 

generated radical precursors). Optimization of this radical-radical coupling process should be 

pursued, and exploration of the substrate scope should follow. 
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Figure 5-9. Reductively generated radical precursors ranked by reactivity for radical-radical 
coupling with the ester α-radical species. 

 Lastly, this α-functionalization platform can be further expanded to afford an array of 

additional products. The asymmetric functionalization may be achieved using an α-oxo or α-

heteroaryl ester in combination with a chiral Lewis acid (Figure 5-10). Alternatively, 

enantioselectivity may be possible using a chiral ester starting material, such as that derived from 

trans-2-phenylcyclohexanol (Figure 5-10).554-555 Use of α,β-unsaturated ketones and esters may 

 

Figure 5-10. Future directions for the α-functionalization of carbonyl compounds using base-
promoted, light-driven photoredox catalysis. 
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allow access to their γ-substituted analogues. Deprotonation at the γ-position would lead to the 

corresponding cesium dienolate, which may undergo single-electron oxidation by a photocatalyst 

or via electrochemical means to afford a γ-radical species. Radical-radical coupling or addition 

into an alkene would yield the final γ-substituted ester or ketone product (Figure 5-10). 

5.7 Experimental Synthesis Protocols and Analyses 

5.7.1 General Information   

 All reactions were carried out under an argon or nitrogen atmosphere in oven-dried 

glassware with magnetic stirring. All solvents were degassed using freeze-pump-thaw method (3-

4 cycles). Purification of reaction products was carried out by flash chromatography on Biotage 

Isolera 4 or Biotage Dalton 2000 (ELSD-A120) systems with ultra-grade silica cartridges. 

Analytical thin layer chromatography was performed on EM Reagent 0.25 mm silica gel 60-F 

plates. Visualization was accomplished with UV light or ceric ammonium molybdate (CAM) stain 

followed by heating.  

 1H NMR spectra were recorded on an AVANCE III 500 MHz w/ direct cryoprobe (500 

MHz) spectrometer and are reported in ppm using solvent as an internal standard (CDCl3 at 7.26 

ppm). Data are reported as (ap = apparent, s = singlet, d = doublet, t = apparent triplet, q = quartet, 

m = multiplet, b = broad; coupling constant(s) in Hz; integration) Proton-decoupled 13C NMR 

spectra were recorded on an AVANCE III 500 MHz w/ direct cryoprobe (126 MHz) spectrometer 

and are reported in ppm using solvent as an internal standard (CDCl3 at 77.16 ppm). Mass spectra 

were obtained on a WATERS Acquity-H UPLC-MS with a single quad detector (ESI) or an 

Agilent 7890 gas chromatograph equipped with a 5975C single quadrupole EI-MS. High-
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resolution mass spectrometry (HRMS) was obtained using an Agilent 6201 MSLC-TOF (ESI) or 

Bruker IMPACT II (ESI). Fluorescence data was obtained on an Agilent Cary Eclipse 

Fluorescence Spectrophotometer using Eppendorf UVette 220-1600 nm disposable single sealed 

cuvettes (height of cuvette was adjusted to obtain clear path). All photocatalytic reactions were 

carried out using Kessil PhotoReaction PR160L 456 nm lights. [Ir(dF(CF3)ppy)2(dtbpy)]PF6 

(purchased from Strem Chemicals) and Mes-Acr-Ph (purchased from Sigma Aldrich) were used 

without purification. Fac-Ir(ppy)3 was synthesized according to the literature procedure.514 

3DPAFIPN and 4CzIPN were prepared according to the literature procedure.418  

5.7.2 General Synthetic Procedures and Spectral Data for New Compounds 

5.7.2.1 General Procedure 1 for the Synthesis of Ethyl Esters: 

 

Scheme 5-11. Synthesis of ethyl esters from the corresponding carboxylic acid. 

 A solution of carboxylic acid (10.0 mmol, 1.0 equiv) in ethanol (80.0 mmol, 8.0 equiv) 

with concentrated sulfuric acid (0.30 mmol, 0.03 equiv) was stirred at room temperature overnight. 

The cooled solution was poured into ice water (30 mL) and was extracted with ethyl acetate (3 x 

20 mL). The combined organic layers were washed with brine (1 x 30 mL), dried over anhydrous 

magnesium sulfate, and concentrated under reduced pressure to give the desired ethyl ester. In 

most cases, the ester was used without further purification. 
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5.7.2.3 General Procedure 2 the Synthesis of Substituted Esters 

 

Scheme 5-12. Synthesis of substituted esters using base-promoted photoredox catalysis. 

 All reactions were set up inside of a glovebox under N2 atmosphere. The respective ester 

V-25 (0.20 mmol, 1.0 equiv), the respective alkene V-26 (1.00 mmol, 5.0 equiv), 3DPAFIPN (2.00 

μmol, 0.01 equiv), and cesium carbonate (0.24 mmol, 1.2 equiv) were added to an oven-dried 2-

dram vial containing a stir bar. Acetonitrile (0.15 M) was added, the reaction was capped, and the 

vial was removed from the glovebox. Parafilm was wrapped around the cap to prevent air from 

entering, and the vial was stirred and irradiated with 456 nm LEDs. The reactions were monitored 

by GCMS. When complete consumption of ester V-25 was observed (between 16–48 h), the 

reaction was concentrated under reduced pressure and then purified by column chromatography 

on silica gel (ethyl acetate/hexanes).  

5.7.3 Optimization of Reaction Conditions 

 The reaction was optimized according to General Procedure 2 for the synthesis of 

substituted esters. 
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Table 5-3. Optimization of the reaction conditions. [a] 1H NMR spectroscopic yield measured 
using 1,3,5-trimethoxybenzene as the internal standard. Reactions were performed at a 0.1 mmol 
scale.  

5.7.4 Screen of Reductively Generated Radical Precursors 

 A variety of reductively generated radical precursors were screened in search of a desired 

radical-radical cross-coupling process.  

 

Table 5-4. Photocatalyst screen for radical-radical coupling with redox active ester V-23a. 
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Table 5-5. Photocatalyst screen for radical-radical coupling with redox active ester V-23b. 

 

 

Table 5-6. Photocatalyst screen for radical-radical coupling with aryl iodonium V-19a. 

 

 

Table 5-7. Photocatalyst screen for radical-radical coupling with ester halide V-22a. 
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Table 5-8. Photocatalyst screen for radical-radical coupling with Katritzky salt V-10a. 

5.7.5. Tabulated Data 

 

Ethyl 2,4-diphenylbutanoate (V-29a). Prepared according to General Procedure 2 for the synthesis 

of substituted esters. The crude material was purified by column chromatography (0-30% 

EtOAc:hexanes) to yield V-29a as a clear and colorless oil (44 mg, 83%). Analytical data matched 

the reported data.556  
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for the synthesis of substituted esters. The crude material was purified by column chromatography 

(0-30% EtOAc:hexanes) to yield V-29b as a clear and colorless oil (48 mg, 67%). Analytical data 

matched the reported data. 1H NMR (500 MHz, CDCl3) δ 7.29 (ddt, J = 10.7, 7.9, 3.1 Hz, 3H), 

photocatalyst (1 mol %), 456 nm LEDs
CH3CN (0.15 M), 20 h

Cs2CO3 (1.2 equiv)
+

EtO

O
Ph EtO

O
Ph

(5.0 equiv)

entry

1
2
3
4

product mass by GCMS

yes
yes
yes
yes

photocatalyst

3DPAFIPN
fac-Ir(ppy)3

[Ir(dtbbpy)(ppy)2]PF6
[Ir(dFCF3ppy)2(dtbpy)]PF6

V-25a V-10a V-29i

Ph
N Ph

Ph

Ph

PhBF4

EtO

O
Ph

Ph

EtO

O

Ph

F



 
 374 
7.23 – 7.15 (m, 1H), 7.17 – 7.12 (m, 2H), 7.15 – 7.01 (m, 2H), 6.96 (tdd, J = 8.4, 2.6, 1.0 Hz, 1H), 

4.21 – 4.05 (m, 2H), 3.54 (t, J = 7.7 Hz, 1H), 2.57 (t, J = 7.7 Hz, 2H), 2.39 (dq, J = 13.6, 7.8 Hz, 

1H), 2.14 – 2.02 (m, 1H), 1.22 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 173.45, 163.02 

(dd, J = 487.4, 245.9 Hz), 141.45 (d, J = 7.4 Hz), 141.17, 130.18 (d, J = 8.4 Hz), 128.59, 126.22, 

123.92 (d, J = 2.9 Hz), 115.07 (d, J = 21.9 Hz), 114.38 (d, J = 21.0 Hz), 61.11, 50.81, 50.79, 35.04, 

33.61, 14.28. 

 

 

Ethyl 2-phenyl-4-(p-tolyl)butanoate (V-29c). Prepared according to General Procedure 2 for the 

synthesis of substituted esters. The crude material was purified by column chromatography (0-

30% EtOAc:hexanes) to yield V-29c as a clear and colorless oil (29 mg, 41%). Analytical data for 

V-29c: 1H NMR (500 MHz, CDCl3) δ 7.39 – 7.29 (m, 4H), 7.29 – 7.23 (m, 1H), 7.12 – 7.02 (m, 

4H), 4.19 – 4.03 (m, 2H), 3.54 (t, J = 7.7 Hz, 1H), 2.53 (t, J = 7.7 Hz, 2H), 2.44 – 2.28 (m, 1H), 

2.32 (s, 3H), 2.13 – 2.02 (m, 1H), 1.21 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 174.04, 

139.12, 138.36, 135.56, 129.20, 128.74, 128.48, 128.14, 127.35, 60.88, 51.08, 35.23, 33.23, 21.16, 

14.29.  
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Ethyl 4-(4-methoxyphenyl)-2-phenylbutanoate (V-29d). Prepared according to General Procedure 

2 for the synthesis of substituted esters. The crude material was purified by column 

chromatography (0-30% EtOAc:hexanes) to yield V-29d as a clear and colorless oil (37 mg, 50%). 

Analytical data for V-29d: 1H NMR (500 MHz, CDCl3) δ 7.31 – 7.20 (m, 3H), 7.21 (d, J = 3.3 Hz, 

2H), 7.20 – 7.11 (m, 1H), 6.69 (dt, J = 8.3, 2.4 Hz, 2H), 6.64 (t, J = 2.1 Hz, 1H), 4.14 – 3.98 (m, 

2H), 3.73 (s, 3H), 3.49 (t, J = 7.7 Hz, 1H), 2.49 (t, J = 7.7 Hz, 2H), 2.35 (dq, J = 13.5, 7.8 Hz, 1H), 

2.04 (ddd, J = 13.1, 8.0, 6.5 Hz, 1H), 1.15 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 

173.98, 159.72, 143.09, 139.04, 129.49, 128.76, 128.13, 127.39, 121.00, 114.27, 111.43, 60.91, 

55.27, 51.05, 34.98, 33.73, 14.29. 
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