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Abstract 

 Pseudo-dimeric cyclobutanes constitute a large class of natural products. Though a [2+2] 

cycloaddition would be the most direct way to access these molecules, its use in total synthesis has 

been limited due to selectivity challenges in the cycloaddition. The work in this dissertation details the 

development of a new platform for enantioselective [2+2] photocycloadditions based on chiral 

Brønsted acid catalysis and its application to the total synthesis of (pseudo)-dimeric cyclobutane 

natural products. Initial mechanistic investigations revealed that the reaction proceeds via a 

chromophore activation mechanism in which coordination of the catalyst to the substrate 

engenders a red-shifted substrate absorption. This insight enabled the development of 

(hetero)dimerization reactions, the products of which could be transformed into enantioenriched 

natural products. 
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1.1 Previous Publication of this Work 

Portions of this work have been published previously:  

Genzink, M. J.; Kidd, J. B.; Swords, W. B.; Yoon, T. P. Chiral Photocatalyst Structures in 

Asymmetric Photochemical Synthesis. Chem. Rev. 2022, 122, 1654–1716. 

1.2 Introduction 

The chirality of a molecule can have a profound influence on its biological and physical 

properties. Methods that produce enantiomerically enriched products from achiral starting 

materials are therefore of particular importance for the synthesis of a variety of materials, including 

drug molecules, agrochemicals, and polymers. The 2001 Nobel Prize for Chemistry, awarded for 

the development of the field of asymmetric catalysis, underscores the centrality of this problem in 

contemporary synthetic chemistry.1–3 Several decades of sustained interest in enantioselective 

reaction method development has resulted in the elucidation of a large number of structurally 

diverse chiral catalyst architectures that effectively control stereochemical outcomes in almost 

every class of synthetically important transformation. 

Photochemical reactions offer a conspicuous exception to this general trend. The emergence 

of general strategies for enantioselective catalytic photoreactions is a relatively recent 

development, and the variety of organic photoreactions that can be conducted in a highly 

enantioselective manner remains comparatively limited. This is despite the long fascination 

chemists have had with light-promoted reactions, both because of the distinctive reactive 

intermediates that are most readily available by photochemical activation, and because 

photochemical reactions often result in topologically complex molecular architectures that can be 

synthesized in no other way.4–6 It stands to reason, therefore, that there exist complications specific 

to enantioselective catalytic photochemical reactions in comparison to better-established 
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asymmetric ground-state reactions. Correspondingly, the chiral catalyst structures that have proven 

to be most effective in asymmetric photochemistry have often been structurally unique. 

One central challenge common to all areas of asymmetric catalysis is the problematic 

participation of racemic background processes. Product-forming reaction pathways that occur 

outside of the stereodifferentiating environment of a chiral catalyst necessarily result in racemic 

products. Thus, no matter how enantioselective a catalytic process might be, the enantioselectivity 

of the overall reaction is diminished if background processes are competitive. There are two 

features specific to photochemical activation that are uniquely challenging in this regard. The first 

is the possibility of competitive direct photoexcitation. If an achiral substrate molecule directly 

absorbs light under the conditions of a catalytic photoreaction, the resulting photoexcited species 

can react to give racemic product prior to interacting with the chiral catalyst. Second, many of the 

most widely exploited photocatalytic systems operate via collisional activation mechanisms. When 

a photocatalyst activates an organic substrate by a diffusional electron- or energy-transfer event, 

the encounter complex is typically short-lived. If dissociation of the deactivated photocatalyst and 

activated substrate is faster than the rate of subsequent bond formation, any chiral information 

associated with the photocatalyst cannot influence the stereochemical outcome of the reaction. 

Thus, early investigations of catalytic asymmetric photochemistry that introduced chiral 

elements into well-studied organic sensitizers met with limited success.7,8 Examples that resulted 

in measurable stereoinduction generally involved the formation of an exciplex, where a  

donor–acceptor interaction between the substrate and excited-state photocatalyst results in the 

formation of a longer-lived excited-state complex. Because the exciplex extends the lifetime of the 

encounter complex, product-formation can occur within the chiral environment of the 

photocatalyst. These studies provided a valuable proof-of-principle for the possibility of 



4 

 

 

photocatalytic stereoinduction but suffered from low enantiomeric excess (ee) due to ill-defined 

substrate–catalyst interactions and relatively short exciplex lifetimes. 

Highly enantioselective catalytic photoreactions have become increasingly common over 

the past two decades. A guiding strategy that underlies many of the most successful methods in 

asymmetric photocatalysis is the preassociation principle originally articulated for 

macromolecular photoactive hosts by Inoue9 and expanded for small molecule asymmetric 

photocatalysis by Krische.10 This principle argues that the participation of background product-

forming pathways will be minimized when a chiral photocatalyst is capable of binding the 

substrate in the ground state. If the substrate in the complex is excited — either by direct excitation 

or sensitization — more readily than the free substrate, and if the rate of the photoreaction is faster 

than the rate of disassociation of the complex, then product formation will predominantly occur 

within the chiral environment of the photocatalyst with minimal competition from racemic 

background processes. Although Krische’s seminal example utilized hydrogen-bonding 

interactions as a strategy to enforce preassociation, many other strategies have subsequently been 

reported. These include the formation of electron donor–acceptor (EDA) complexes, where the 

formation of a ground-state association is driven by charge transfer between the catalyst and 

substrate; chromophore activation, where coordination of a chiral catalyst to a substrate results in 

a new compound with altered light-absorbing properties; and association-induced photoinduced 

electron transfer (PET), where photon absorption is followed by a redox cascade generating 

reactive radicals that react with a ground-state activated substrate. (Scheme 1.1). The research area 

of asymmetric photochemistry has been the subject of several previous reviews. 11–20 
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Scheme 1.1 General Mechanisms of Enantiocontrol by Chiral Chromophores in Asymmetric 

Photocatalysis 

While some privileged catalyst structures have proven to be equally applicable to both  

ground-state and excited-state asymmetric reactions, the challenges specific to photochemical 

activation have required the invention of novel catalyst structures. This chapter seeks to provide 

an examination of the field of catalytic enantioselective photochemistry through the lens of the 

structures that have proven to be useful as chiral photocatalysts. 

The term “photocatalysis” has been used in a somewhat ambiguous fashion throughout the 

literature of synthetic photochemistry. In this chapter, a broad definition of photocatalysis is 

adopted and any enantioselective catalytic reaction where the stereoinducing chiral catalyst forms 

part of the light-absorbing complex is covered, regardless of the photophysical properties of the 

species in isolation. Dual-catalytic reactions where the chromophore and the chiral stereoinducing 

co-catalyst are separate molecular entities are excluded; this topic has been reviewed previously.21 
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The scope of this chapter is also limited to solution-phase photoreactions catalyzed by small-

molecule organic photocatalysts; stereoselective photochemistry in the solid state is a broad topic 

and merits separate treatment. 22–24 

There are also important distinctions that can be made among the mechanisms of 

photocatalytic reactions involving the nature of the reactive intermediates participating in the key 

bond-forming events. Primary photoreactions are those that involve bond-forming processes of 

organic compounds in their electronically excited states. These are distinct from secondary 

photoreactions, in which the key bond-forming processes are those of photochemically generated 

reactive intermediates such as radicals or radical ions in their electronic ground states (Scheme 

1.2). While the reactivity patterns available from primary and secondary photoreactions differ 

significantly, it can sometimes be challenging to unambiguously determine which is operative in 

a given photoreaction. This chapter thus covers both classes of photocatalytic reactions, and the 

organization of the topics centers on the structure of the chiral catalyst rather than on mechanistic 

considerations. 
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Scheme 1.2 Primary Versus Secondary Photoreactions 

 

1.3 Arenes 

Much of the early work in asymmetric photochemistry involved the use of chiral arene 

sensitizers capable of forming exciplexes. An exciplex is an electronically excited molecular 

complex formed between two species that are not associated in the ground state but are held 

together by charge-transfer interactions in the excited state (Scheme 1.3).25 Exciplexes have 

unique photophysical properties relative to their individual components. They have the potential 

to fluoresce (singlet exciplex) and phosphoresce (triplet exciplex), undergo radiationless decay, or 

chemically react to form a new species.26 Hence, the best spectroscopic evidence for the formation 

of an exciplex is the observation of quenching of the sensitizer fluorescence and the appearance of 

a new emission band that does not correspond to the emission of either component of the exciplex 
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in isolation. Notably, substrate activation via exciplex formation is mechanistically distinct from 

energy transfer. In an exciplex, the exciton is shared between the sensitizer and the substrate, while 

during energy transfer, the exciton is transferred from the sensitizer to the substrate, resulting in a 

ground-state sensitizer. 

 

Scheme 1.3 Exciplex Formation and Deactivation Pathways 

Hammond reported one of the first examples of an enantioselective photoreaction in 1965 

(Scheme 1.4).27 An optically active naphthylamide sensitizer (1.2) effects the isomerization of 

cyclopropane 1.1 to a mixture of cis- and optically enriched trans-1,2-diphenylcyclopropanes upon 

irradiation with UV light. Notably, only a 12 mol% loading of 1.2 gives 1.1 in 7% ee.28,29 

Naphthylamides bound to silica were also tested as isomerization catalysts, but the 

enantioselectivity was reduced to 1% ee.30 Hammond initially proposed a triplet sensitization 

mechanism where different energy-transfer rate constants from the chiral sensitizer to (R)- and (S)-

1.1 lead to enantioenrichment.31–33 However, it was later shown that the reaction proceeds through 

a singlet exciplex.34 Interconversion of (R)- and (S)-1.1 likely occurs via cleavage of the excited 

cyclopropane to a 1,3-diradical followed by ring-closure. 

 

Scheme 1.4 Cyclopropane Isomerization Catalyzed by a Naphthylamide Sensitizer 
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Naphthylamide sensitizers were also studied by Kagan for their ability to deracemize 

sulfoxides (Scheme 1.5). When racemic sulfoxide 1.4 is irradiated in the presence of 1.5, the 

optical purity of the recovered substrate is modestly enriched (12% ee).35,36 Mechanistic studies 

on sulfoxide racemization performed by Hammond suggest that this deracemization proceeds 

through a singlet exciplex.37–39 The excited-state configurational lability of the sulfoxide could 

arise either from direct inversion via a planar electronically excited sulfoxide or from α-cleavage 

and subsequent radical–radical recombination.40,41  

 

Scheme 1.5 Sulfoxide Deracemization Catalyzed by a Naphthylamide Sensitizer 

Several chiral naphthylamide sensitizers were also examined in the 1,5-aryl shift, di-π-

methane cascade rearrangement of racemic oxepinones. The ratio of sensitization rate constants  

(kR/kS = 1.04) suggests an enantioselective transformation, but the ee of the product was not 

measured.42 Weiss reported the deracemization of 2,3-pentadiene (1.6) catalyzed by chiral 

aromatic steroid 1.7 (Scheme 1.6).43 Allenes are axially chiral and configurationally stable in the 

ground state but can undergo stereochemical inversion via a planar, achiral excited state. The 

authors did not fully elucidate the mechanism but did note that singlet and triplet sensitization from 

the chiral sensitizer is thermodynamically endergonic.  
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Scheme 1.6 Allene Deracemization Catalyzed by a Steroid Sensitizer 

 

Figure 1.1 Selected Examples of Chiral Benzenecarboxylate Sensitizers 
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Inoue studied the photochemical isomerization of achiral (Z)-cyclooctene (1.14) to chiral  

(E)-cyclooctene (1.13) using benzenecarboxylates as singlet exciplex sensitizers (Figure 1.1).44,45 

Initial reports described the production of (E)-cyclooctene in low ee (4% ee), but this process 

provided the opportunity to study the mechanism of stereoinduction in detail.46,47 The 

isomerization proceeds through a singlet exciplex consisting of the excited photocatalyst and 

cyclooctene (Scheme 1.7). Rotational relaxation within the initial exciplex produces one of two 

diastereomeric exciplexes featuring a chiral twisted excited cyclooctene ((S) or (R)-1T). While the 

exciplex-bound (Z)-cyclooctene may decay to either twisted diastereomeric complex, exciplex-

bound (S)- or (R)-cyclooctene decay to the respective (S)- or (R)-1T. After sensitizer dissociation, 

the excited twisted cyclooctene decays to either (Z)- or (E)-cyclooctene. An enantioselective 

transformation is achieved as there exists no route for the direct interconversion between the 

diastereomeric (R)- and (S)-twisted-cyclooctene exciplexes without first reforming (Z)-

cyclooctene. Thus, the enantiodetermining step of this process could be either (1) sensitizer 

quenching by (E)-cyclooctene to form diastereomeric exciplexes (kqS vs. kqR) or (2) stereoselective 

rotational relaxation from (Z)-cyclooctene to the diastereomeric twisted exciplex intermediates (kS 

vs. kR). A kinetic resolution of (E)-cyclooctene produced in situ from  

(Z)-cyclooctene was attempted to distinguish these possibilities. If different sensitizer quenching 

rates by (E)-cyclooctene dictate enantioselectivity, then an increase in ee over the course of the 

reaction is expected. On the other hand, if the ee is invariant with time the enantioselectivity is the 

result of different rates of rotational relaxation from the (Z)-cyclooctene exciplex to the twisted-

cyclooctene exciplexes. No change in the ee was observed over the course of the reaction, implying 

that rotational relaxation of the (Z)-exciplex is the enantiodetermining step. 
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Scheme 1.7 Mechanism of Cyclooctene Isomerization Catalyzed by Benzenecarboxylate 

Sensitizers 

The importance of the singlet exciplex for obtaining high levels of enantioselectivity was 

investigated using benzyl ether sensitizers, which form singlet exciplexes with (Z)-cyclooctene at 

high substrate concentrations but undergo collisional triplet energy transfer at low substrate 

concentrations. The ee obtained with the benzyl ethers decreases with decreasing substrate 

concentration, suggesting that the singlet process is more selective than the triplet. While the 

catalyst–substrate interaction is long-lived in the singlet exciplex due to the charge-transfer 

exciplex interaction, the triplet sensitized process likely only involves a fleeting interaction 

between the catalyst and alkene. Thus, the triplet alkene isomerizes after dissociation from the 

catalyst, leading to negligible asymmetric induction.48 

Extensive screening of benzenepolycarboxylate, aromatic amide, and phosphoryl ester 

sensitizers gave improved enantioselectivity and revealed a surprising relationship between ee and 
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reaction temperature (Scheme 1.8).49–52 For bornyl sensitizer 1.9a, the ee of (E)-cyclooctene 

increases with decreasing temperature, affording 1.13 in 41% ee at –88 °C. For menthyl sensitizer 

1.9b, the opposite enantiomer of 1.13 is favored at 25 °C, but the enantioselectivity decreases with 

decreasing temperatures, and at –19 °C 1.13 is formed as a racemate. Below this equipodal 

temperature, the product chirality inverts, and the ee of the antipodal enantiomer increases with 

decreasing temperature. This runs contrary to the common assumption that enantioselectivity and 

temperature should be inversely related, which is an oversimplification of the factors controlling 

enantioselectivity.  

 

Scheme 1.8 Effect of Temperature on Photosensitized Cyclooctene Isomerization 

The differential Eyring equation (eq 1.1) provides a more complete explanation of the  

temperature-dependent enantioselectivity.53 The differential activation entropy (∆∆𝑆𝑆−𝑅
‡

) and 

enthalpy (∆∆𝐻𝑆−𝑅
‡

) for a given reaction are determined by plotting ln(kS/kR) vs. T–1.54 Here, (kS/kR) 

is the ratio of rate constants leading to the enantiomeric products and can be calculated from the 

enantiomeric ratio (e.r.). When the entropy and enthalpy terms have opposite signs, they favor 

formation of the same enantiomer; if their signs are the same, the terms favor opposite enantiomers. 

Notably, if the differential activation entropy is large and the entropy and enthalpy terms favor 
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opposite enantiomers, which is the case with 1.9b, the favored enantiomer will switch with a 

change in temperature.  

∆∆𝐺𝑆−𝑅
‡ = ln (

𝑘𝑆

𝑘𝑅
) = ln(e. r. ) = −∆∆𝐻𝑆−𝑅

‡ /𝑅𝑇 + ∆∆𝑆𝑆−𝑅
‡ /𝑅  eq. 1.1 

For cyclooctene photoisomerization catalyzed by 1.9b, the differential thermodynamic 

terms are ∆∆𝐻𝑆−𝑅
‡ = –0.77 kcal mol–1 and ∆∆𝑆𝑆−𝑅

‡ = –1.30 cal mol–1 K–1. Therefore, at low 

temperatures, the enthalpy term dominates, favoring (S)-cyclooctene, while at higher temperatures 

the entropy term dominates, favoring (R)-cyclooctene. Further studies showed that the 

temperature-switching phenomenon is characteristic of ortho-benzencarboxylates, and an 

extensive screening of these sensitizers showed 1.9c to be optimal, giving 64% ee at –89 °C.55,56 

Pressure can also be used as an entropy-related tool to control enantioselectivity.57,58 The 

pressure dependence of a reaction at constant temperature is given by eq. 1.2: 

ln (
𝑘𝑆

𝑘𝑅
)
𝑇
= −(∆∆𝑉𝑆−𝑅

‡ /𝑅𝑇)𝑃 + 𝐶 eq. 1.2 

where ∆∆𝑉𝑆−𝑅
‡

 is the difference in activation volume between the diastereomeric transition states. 

Using eq. 1.2, Inoue determined ∆∆𝑉𝑆−𝑅
‡

 for a variety of sensitizers.59,60 In general,  

ortho-benzenecarboxylates show the greatest pressure dependence on enantioselectivity, and 

several instances where the product chirality switches as a function of pressure were reported. 

With 9b, (R)-cyclooctene was obtained in 11% ee at atmospheric pressure, while (S)-cyclooctene 

was obtained in 18% ee at 400 MPa. For most of the sensitizers examined, the pressure effect 

becomes discontinuous above 200–400 MPa, suggesting a change in mechanism of the 

isomerization.61 There is no observed correlation between  ∆∆𝑆𝑆−𝑅
‡

 and ∆∆𝑉𝑆−𝑅
‡

, implying that both 

temperature and pressure can be optimized independently for high enantioselectivity. The optimal 

conditions were predicted by mathematically modeling ln(𝑘𝑆/𝑘𝑅) as a function of P and T–1. In 
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theory, the maximum of the fitted three-dimensional plot corresponds to the pressure and 

temperature that should provide the highest ee.59  

The enantioselectivity of the reaction is relatively insensitive to solvent for most 

sensitizers; however, an unusual relationship was observed using saccharide sensitizer 1.9d 

(Scheme 1.9).62 The isomerization was conducted in pentane and diethyl ether at several 

temperatures between –110 °C and 25 °C. At 25 °C, (R)-cyclooctene is formed in approximately 

5% ee in both solvents. In pentane, the ee increases with decreasing temperatures, reaching 40% 

at –78 °C. On the other hand, the chirality inverts in diethyl ether with an equipodal point at –19 

°C, ultimately reaching 73% ee for (S)-cyclooctene at –110 °C. These results can be rationalized 

by the signs of the differential activation entropy and enthalpy, which for pentane are both positive, 

while for diethyl ether are both negative. The switching of product chirality as a function of solvent 

was attributed to the solvation of the ether groups of the saccharide esters. Given the solvent effect 

on enantioselectivity, the reaction was also conducted in supercritical carbon dioxide because the 

solvent properties can be dramatically tuned within a relatively narrow range of pressure and 

temperature near the critical density. The differential activation volume was determined from  

eq. 1.2; however, the relationship between ln(kS/kR) and pressure is not linear over the measured 

pressure range, suggesting that different ∆∆𝑉𝑆−𝑅
‡

 values exist in the near-critical and  

high-pressure regions.63 Together, these results demonstrate how mechanistic understanding can 

be used to tune catalyst structure in combination with reaction conditions to optimize the 

enantioselectivity of a photocatalytic reaction.  
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Scheme 1.9 Effect of Solvent on Photosensitized Cyclooctene Isomerization 

Using the same class of benzenepolycarboxylate sensitizers, several other cyclic alkenes 

were subjected to the photoisomerization conditions. In the case of (Z)-1-methylcyclooctene, the 

ee does not exceed 7%.64,65 Compared to (Z)-cyclooctene, the E/Z ratio at the photostationary state 

(PSS) is low, which was attributed to greater steric destabilization in the exciplex. The E/Z ratios 

could be improved by tethering the sensitizers to the substrate in a diastereodifferentiating 

isomerization.66–68 (Z,Z)-1,3-Cyclooctadiene undergoes photoinduced isomerization to the  

E,Z-isomer in 18% ee using 1.10b;69 however, the photoisomerization of 1,5-cyclooctadiene 

provides only 5% ee.70 The latter reaction is pressure-dependent, favoring  

(–)-(E,Z)-1,5-cyclooctadiene in 4% ee at atmospheric pressure and (+)-(E,Z)-1,5-cyclooctadiene 

in 4% ee at 300 MPa.61  

Inoue also examined planar–chiral paracyclophanes as exciplex-forming sensitizers in the 

photoisomerization of cyclooctenes (Scheme 1.10).71 Using sensitizer 1.16, the isomerization 

proceeded to give photostationary E/Z ratios of approximately 0.01, which is smaller than observed 

with simpler arenecarboxylate sensitizers (0.1–0.4). The authors hypothesized that steric hindrance 

in the exciplex of (E,Z)-1.17 compared to (Z,Z)-1.15 with the bulkier paracyclophane accounts for 

the lower E/Z ratios. Spectroscopic experiments showed that  
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(Z,Z)-1.15 efficiently quenched sensitizer 1.16 with exciplex formation confirmed by the 

appearance of a new emission feature. The enantioselectivity increased with decreasing 

temperatures, affording (E,Z)-1.17 in 87% ee at –140 °C. 

 

Scheme 1.10 Cyclooctene Isomerization Catalyzed by a Cyclophane Sensitizer 

Cycloheptene (1.18) can also be photochemically isomerized using chiral arene sensitizers; 

however, due to the thermal instability of (E)-cycloheptene, the enantioselectivity was assessed by 

trapping with 1,3-diphenylisobenzofuran in a stereospecific Diels–Alder cycloaddition (Scheme 

1.11).72 The best enantioselectivity (77% ee) was obtained with 1.9a in hexane at –80 °C. With 

most sensitizers, the ee was greater for (E)-cycloheptene than (E)-cyclooctene. This trend was 

reflected in the calculated ∆∆𝐻𝑆−𝑅
‡

 and ∆∆𝑆𝑆−𝑅
‡

 values, which are typically greater by a factor of 

2–3 for cycloheptene than for cyclooctene. The authors concluded that the approach of 

cycloheptene to the photocatalyst is less hindered, enabling a more intimate interaction in the 

exciplex and consequently greater stereocontrol.  
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Scheme 1.11 Cycloheptane Isomerization and Cycloaddition Catalyzed by Benzenecarboxylate 

Sensitizers 

Under similar photoisomerization conditions, (Z)-cyclohexene (1.20) forms a mixture of  

[2+2]-cyclodimer diastereomers via initial photochemical isomerization to the (E)-isomer 

followed by thermal cycloaddition (Scheme 1.12).73 The cycloaddition may occur by two 

mechanisms: a concerted, stereospecific dimerization, or a stepwise stereoablative radical 

dimerization. The plot of ln(kS/kR) vs. T–1 is not linear at high temperatures, which was attributed 

to the contribution of the stepwise mechanism. At low temperatures, however, the relationship is 

linear. At –78 °C, the trans-anti-trans isomer (1.21) is obtained in 68% ee using sensitizer 1.8e. 

Photochemically produced (E)-cyclohexene also reacts with 1,3-cyclohexadiene in a thermal [4+2] 

cycloaddition. Complex mixtures of dimeric products are formed, and only the exo-[4+2] product 

is obtained in appreciable ee (8%).74  
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Scheme 1.12 Cyclohexane Isomerization and Cycloaddition Catalyzed by Benzenecarboxylate 

Sensitizers 

With the insights gained from the studies of cyclic alkene isomerization discussed above, 

Inoue revisited the asymmetric isomerization of 1,2-diarylcyclopropanes originally reported by 

Hammond.27 Several arenecarboxylate sensitizers were tested, but the highest reported ee for 

trans-1.1 was 10%.75–77 

Bimolecular photoreactions are particularly difficult to control through an exciplex 

mechanism because the enantiodetermining step must occur in a ternary complex comprising the 

sensitizer and both substrates. This requirement can be satisfied by the attack of a reactant on a  

substrate–catalyst exciplex. Because the exciplex possesses a significant degree of charge transfer, 

it is often essential to conduct the reaction in nonpolar solvents to avoid dissociation into a solvent-

separated radical-ion pair from which any subsequent reaction is likely to be racemic. This is 

problematic for electron-transfer reactions, which are slow under these conditions. Hence, it can 

be challenging to obtain both good yield and high ee simultaneously. This was the case in a [2+2] 

cycloaddition of electron-rich styrenes reported by Inoue.78 While the reaction catalyzed by 1.9b 

proceeded to high yield in CH3CN, the negligible enantioselectivity observed was likely due to 

racemic reactivity from the free styrene radical cation. In pentane and ether, which both favor 

exciplex formation, no product was observed.  

 



20 

 

 

A similar effect was observed in the anti-Markovnikov photoaddition of methanol to  

1,1-diphenylpropene (1.22). Here, nonpolar solvents give the ether product in low yield (< 10%) 

and high ee (up to 27%), while polar solvents afford the product in high yield (up to 60%) and low 

ee (< 1%).79 As a potential solution to this problem, saccharide esters  of napthalenecarboxylic 

acids (1.11d, 1.11e, and 1.12e) were used as sensitizers.80 The authors proposed that these 

sensitizers provide microenvironmental polarity control where the saccharide moiety creates a 

high-polarity region in the direct vicinity of the sensitizer, allowing for electron transfer, within a 

low-polarity bulk solution, ensuring that the sensitizer and substrate do not dissociate. Using these 

sensitizers, high enantioselectivity is maintained, while the yield is improved to 20–40%. Less 

hindered alcohols generally give higher yields but lower enantioselectivity (Scheme 1.13). The 

best ee (58%) was achieved with sensitizer 1.12e using i-PrOH as the nucleophile, but the yield 

was only 1%.81 Based on computational and fluorescence quenching studies, the authors proposed 

that the difference in free energy between the diastereomeric sensitizer–substrate exciplexes is the 

primary determinant for enantioselectivity. The temperature and pressure effects on the reaction 

were evaluated, and similar effects were observed as with the cyclooctene isomerization.82–86 

When the reaction is conducted in supercritical carbon dioxide, there is a sudden increase in the 

product ee when transitioning from the near-critical to supercritical state, indicating a substantial 

difference in solvent environment in this pressure region. At the critical state, there is significant 

solvent clustering, where the local density of CO2 is greater around the exciplex than in the bulk 

solution. Further, the solvent environments for the diastereomeric exciplexes can be significantly 

different due to this clustering, increasing the difference in free energy. In a related intramolecular 

photoaddition of a tethered alcohol, this clustering behavior was manipulated by adding cosolvents 
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to reactions conducted in supercritical CO2. When ether was added to tune the cluster polarity, the 

ee increased from 30% to 45%.87–89 

 

Scheme 1.13 Polar Photoaddition of Alcohols to Alkenes Catalyzed by Naphthalenecarboxylate 

Sensitizers 

Schuster reported an enantioselective [4+2] photocycloaddition catalyzed by axially chiral 

cyanoarene sensitizer 1.28 (Scheme 1.14).90 The discovery built on prior work showing that 

electron-deficient photocatalysts promote radical cation Diels–Alder reactions between  

electron-rich dienes and dienophiles in polar solvents.91–93 While the racemic [4+2] product is 

formed when 1.26 and 1.27 are sensitized with 1.28 in MeCN, the cycloadduct 1.29 is formed in 

15% ee in toluene.94 Transient absorption experiments suggest that electron-transfer quenching of 

the excited sensitizer in polar solvents produces a radical-ion pair, while an exciplex forms in 

nonpolar solvents. The existence of the exciplex was corroborated by a new fluorescence feature 

when the singlet excited-state photocatalyst is quenched by styrene. At low temperature, two 

discrete, diastereomeric catalyst–styrene exciplexes were detected using time-resolved 

fluorescence experiments. Addition of cyclohexadiene resulted in further quenching of the 

exciplex fluorescence, leading the authors to propose the formation of a ternary excited-state 

complex, or triplex, comprised of the sensitizer, diene, and dienophile. The enantioselectivity in 

this reaction was attributed to a difference in excited-state lifetimes for the two diastereomeric 

catalyst-styrene exciplexes. 
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Scheme 1.14 Diels–Alder Cycloaddition Catalyzed by a Cyanoarene Sensitizer 

Mattay showed that a similar electron-deficient sensitizer (1.30) also catalyzes the 

enantioselective cis-trans isomerization of cyclopropanes (Scheme 1.15).95,96 Mechanistic 

experiments performed with radical cation quencher 1,2,4-trimethoxybenzene showed solvent-

dependent reactivity analogous to that observed by Schuster. In toluene, in which an exciplex is 

formed, enantioenriched trans-1.1 is obtained in 4% ee. Racemic product is obtained in MeCN, 

suggesting the existence of an electron-transfer mechanism that produces solvent-separated 

radical-ion pairs.  

 

Scheme 1.15 Cyclopropane Isomerization Catalyzed by a Cyanoarene Sensitizer 

Hanson studied axially chiral VANOL-derived catalysts as excited-state proton-transfer 

reagents for the stereoselective protonation of silyl enol ethers (Scheme 1.16).97 The shift of 

electron density upon excitation of the chromophore increases the acidity of the hydroxyl protons, 
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enabling a protonation event that would be thermodynamically unfavorable in the ground state.98 

Stoichiometric loadings of 1.32 afford ketone 1.33 in 64% yield and 35% ee. The presence of a 

bromine substituent on the arene backbone is necessary for productive reactivity, which was 

attributed to its ability to facilitate intersystem crossing. When only 1 mol% of 1.32 is used with 

one equiv of phenol as a sacrificial proton source, racemic product is formed. The authors 

hypothesized that the loss of enantioselectivity is due to excited-state proton transfer from 1.32 to 

phenol to create PhOH2
+, which then protonates the substrate.  

 

Scheme 1.16 Excited-State Protonation Catalyzed by a VANOL-Derived Sensitizer 

Sabater studied chiral pyridinium photoredox catalysts for the cyclization of 1.34 to afford 

a mixture of saturated lactone 1.36 and unsaturated lactone 1.37 (Scheme 1.17). Optimal results 

were achieved with sensitizer 1.35, which gave 7% ee for 1.36.99 The reaction proceeds through 

photoinduced electron transfer (PET) oxidation of the alkene to the radical cation, followed by 

enantiodetermining nucleophilic attack of the pendant alcohol. 
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Scheme 1.17 Polar Photoaddition Catalyzed by an Acridinium Sensitizer 

Sivaguru, Sibi, and coworkers developed an intramolecular [2+2] photocycloaddition of  

4-alkenyl coumarins (1.38) catalyzed by chiral thiourea 1.39 (Scheme 1.18).100–102 The 

photoadducts are produced with 77–96% ee using only 10 mol% chiral catalyst. Hydrogen bonding 

between the thiourea and carbonyl moieties on the catalyst and substrate organize the substrate 

within the chiral environment of the catalyst. Both the substrate and sensitizer efficiently absorb 

light, but the reaction without catalyst is slow, accounting for the lack of a significant racemic 

background reaction. Stern–Volmer quenching studies revealed that both static and dynamic 

quenching of the catalyst by the substrate is operative, and the authors proposed that both pathways 

lead to enantioenriched product. In the static quenching mechanism, the ground-state substrate-

catalyst complex absorbs light, and the substrate undergoes cyclization. In the dynamic quenching 

mechanism, unbound catalyst is excited and forms a triplet exciplex with the substrate, which can 

undergo the cycloaddition. Sivaguru also reported the enantioselective 6π-cyclization of 

acrylanilides catalyzed by chiral thioureas, but the highest enantioselectivity obtained was 13% 

ee.103 
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Scheme 1.18 Intramolecular [2+2] Cycloaddition Catalyzed by an Atropisomeric Thiourea 

Sensitizer 

1.4 Ketones 

1.4.1 Ketones without Hydrogen-Bonding Domains 

Aromatic ketones have fast rates of intersystem crossing and are often employed as triplet 

sensitizers.25 Despite the high efficiency with which they sensitize a variety of organic 

transformations, chiral aromatic ketones without hydrogen-bonding domains have not promoted 

highly enantioselective reactions. This is likely because the sensitizer quickly dissociates from the 

excited substrate after sensitization, leading to poor stereocontrol.104,105 For instance, Ouannès and 

coworkers reported the asymmetric isomerization of 1.1 using chiral indanone triplet sensitizer 

1.41 (Scheme 1.19). After 70 hours of UV irradiation, the product distribution reached a 

photostationary state consisting of a 3:1 ratio of cis:trans isomers and 3% ee for 1.1.106 

 

Scheme 1.19 Cyclopropane Isomerization Catalyzed by an Aryl Ketone Sensitizer 
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Chiral indanone sensitizer 1.43 catalyzed the kinetic resolution of ketone 1.42 via an  

oxa-di-π-methane rearrangement (Scheme 1.20). At low temperature and low levels of conversion, 

the rearranged product (1.44) was formed in 10% ee.107  

 

Scheme 1.20 Oxa-di-π-methane Rearrangement Catalyzed by an Aryl Ketone Sensitizer 

1.4.2 Chiral Ketones with Hydrogen-Bonding Domains 

Prior to 2000, most enantioselective photoreactions involved simple chiral sensitizers 

where the transfer of chiral information occurs within a transient excited-state interaction with 

limited organization. Consequently, the enantioselectivities obtained were often low, consistent 

with the lack of a well-defined substrate–catalyst interaction during the enantiodetermining step. 

In 2003, Krische proposed that two key criteria would be essential for a highly enantioselective 

photocatalytic reaction: (1) the substrate must exist in a well-defined chiral environment upon 

binding to the catalyst, and (2) the catalyst–substrate interaction must confer a kinetic advantage 

to the photoreaction.10 As a potential solution to the first challenge, Krische proposed that chiral 

hydrogen-bonding catalysts could bind a substrate in the ground state prior to excitation ensuring 

a well-defined chiral environment after substrate excitation. Krische hypothesized that the second 

criterion could also be satisfied by introducing a benzophenone triplet sensitizer within the 

structure of the catalyst, creating a binding-induced rate enhancement due to the distance 

dependence of energy transfer. With 2 equiv of catalyst 1.46, quinolone 1.45 cyclizes to 

cyclobutane 1.47 in 21% ee via a [2+2] intramolecular photocycloaddition (Scheme 1.21). 
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Notably, the catalyst loading could be lowered to 25 mol% with only a slight loss in 

enantioselectivity (19% ee). A Job plot and NMR binding studies confirmed complete catalyst-

substrate association under the reaction conditions. These results indicate that the catalyst confers 

a kinetic advantage to the reaction, and that the modest enantioselectivity is the result of poor 

enantiofacial bias within the hydrogen-bonding complex rather than a contribution from 

uncatalyzed background reaction.  

 

Scheme 1.21 Intramolecular [2+2] Cycloaddition Catalyzed by a Hydrogen-Bonding Ketone 

Sensitizer 

Thus, Krische’s hydrogen-bonding catalyst addressed the second challenge, but did not 

solve the first. The Bach group, on the other hand, initially solved the first challenge, but not the 

second. Bach prepared chiral templates derived from Kemp’s triacid that form 1:1 ground-state 

complexes with amide-containing substrates through hydrogen-bonding interactions.108 In this 
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precomplexation strategy, a superstoichiometric loading of the chiral template ensures that the 

substrate is always bound within a chiral environment after absorbing light. Bach initially 

disclosed a diastereoselective Paternò–Büchi reaction using the template strategy.109,110 Chiral 

template 1.49 is optimal for a related intramolecular enantioselective [2+2] photocycloadditon of 

2-quinolone 1.48 (Scheme 1.22).111,112 It contains both a rigid cyclohexyl backbone, restricting the 

conformational flexibility, and a sterically demanding benzoxazole moiety, producing effective 

facial differentiation in a prochiral substrate. The best enantioselectivity is achieved at low 

temperatures and in nonpolar solvents, both of which maximize hydrogen-bonding interactions. 

 

Scheme 1.22 Intramolecular [2+2] Cycloaddition via a Hydrogen-Bonding Amide Template 

Chiral hosts related to 1.49 were examined in several mechanistically diverse 

photoreactions including intramolecular [2+2]113–115, intermolecular [2+2]116–120, [4+2]121,122, and 

[4+4]123,124 cycloadditions, as well as Norrish–Yang cyclizations125,126 and electrocyclizations127. 

In several cases ee’s greater than 90% were reported; however, in every case superstoichiometric 

loadings of the template are required because the rate of photoreaction is similar for bound and 
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unbound substrate. In order to ensure high enantioselectivity, nearly all of the substrate must be 

bound to the template to prevent unbound substrate reacting through a racemic pathway.  

In 2005, Bach made a significant contribution to the field of asymmetric photocatalysis by 

incorporating a sensitizer into the chiral template.128,129 Adding an aromatic ketone sensitizer to 

the existing chiral Kemp’s acid motif retained the desired hydrogen-bonding functionality of the 

original template while introducing the ability to catalyze the photochemical reaction of the bound 

substrate. Only 30 mol% of 1.52 was required in the cyclization of pyrrolidine 1.51 to spirocycle 

1.53 in 70% ee (Scheme 1.23). The proposed mechanism invokes a ground-state hydrogen-

bonding complex between the catalyst and substrate, situating the substrate within the chiral 

environment of the photocatalyst. Excitation of the ketone catalyst is followed by PET, oxidizing 

the bound substrate. After intramolecular proton transfer, the resulting α-amino radical cyclizes, 

setting the stereochemistry and producing 1.53 after back electron transfer and protonation. 

Notably, only a catalytic loading of 1.52 is required in the reaction because cyclization does not 

occur in the absence of 1.52.  
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Scheme 1.23 Intramolecular Cyclization Catalyzed by a Hydrogen-Bonding Benzophenone 

Sensitizer 

Extension of ketone catalyst 1.52 to energy-transfer reactions required further modification 

of the catalyst structure. In an intramolecular [2+2] cycloaddition of quinolone 1.45, benzophenone 

1.52 afforded the cyclobutane in 39% ee, while xanthone 1.54 afforded the cycloadduct in 90% ee 

(Scheme 1.24).130 For both 1.52 and 1.54, the catalyst is completely bound to the substrate at the 

start of the reaction, thus the ground-state association does not account for the selectivity 

change.131 Instead, the increase in selectivity was rationalized based on the efficiency of 

sensitization and the rate of the subsequent reaction.132 Notably, substrate 1.45 absorbs at the 

irradiation wavelength. However, the xanthone photocatalyst 1.54 has a much larger extinction 

coefficient than the substrate and absorbs nearly all the photons under the reaction conditions. 

Thus, the racemic background reaction is attenuated and high enantioselectivity achieved. 

Conversely, benzophenone 1.52, which has a much lower extinction coefficient at 366 nm, does 

not effectively attenuate the competitive racemic background reaction, rationalizing the lowered 

selectivity.133 Finally, to ensure high levels of stereoinduction, the rate of the enantiodetermining 

step must outcompete the rate of substrate dissociation. After excitation, dissociation prior to 
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cyclization leads to racemic product. Unlike xanthone, photoexcited benzophenone is not planar, 

which may facilitate faster substrate dissociation.134 This dissociation hypothesis is bolstered by 

the lower ee (27%) obtained when substrate 1.48 is sensitized by the xanthone photocatalyst. Laser 

flash photolysis experiments revealed that the rate of intramolecular photoreaction for 1.45 is 

approximately three times greater than for 1.48. Hence, while 1.45 reacts prior to dissociation, 

Bach proposed that the rates of cyclization and dissociation are similar for 1.48 and result in the 

lower enantioselectivity.  

 

Scheme 1.24 Intramolecular [2+2] Cycloaddition Catalyzed by a Xanthone Sensitizer 

Given the competition between dissociation and cyclization, intermolecular photoreactions 

are considerably more difficult to design than intramolecular variants. Despite this challenge, Bach 

developed an intermolecular [2+2] photocycloaddition between pyridone 1.55 and 

acetylenedicarboxylates that is catalyzed by ent-1.54 (Scheme 1.25).135 Because the pyridone does 

not absorb the wavelengths of light used in the reaction conditions, there is not a significant 

correlation between catalyst loading and ee, however, there is a correlation between alkyne loading 

and ee. It was proposed that a higher concentration of coupling partner leads to a faster bimolecular 
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reaction and less possibility of substrate dissociation. The photochemical rearrangement of 

spirooxindole epoxides was also examined using xanthone 1.54, yielding product in up to 33% 

ee.136 Bach similarly attributed the poor selectivity to a slow rate of rearrangement relative to 

substrate dissociation from the catalyst.  

 

Scheme 1.25 Intermolecular [2+2] Cycloaddition Catalyzed by a Xanthone Sensitizer 

Although 1.54 was successful in promoting highly enantioselective reactions, there are 

several problems inherent with the xanthone chromophore that limited reaction development. First, 

photoexcited 1.54 is very active towards hydrogen atom abstraction. In toluene, the sensitizer 

decomposes in less than 10 min under 366 nm irradiation, limiting the choice of reaction 

solvents.137  The sensitizer also does not have a significant absorption in the visible region, 

necessitating irradiation at UV wavelengths that have a greater possibility of exciting free 

substrate. Thioxanthone 1.61 solves both problems: it is more stable under irradiation in toluene 

and possesses a significant absorption in the visible region. While the triplet energy of 

thioxanthone 1.61 (63 kcal/mol) is lower than xanthone 1.54 (76 kcal/mol), it is high enough to 

sensitize a variety of substrate molecules. The new sensitizer was evaluated in the canonical 

quinolone intramolecular [2+2] photoreaction producing cycloadducts in up to 96% ee under 

visible light irradiation.137 Under similar conditions, 3-alkylquinolones with tethered alkenes and 

allenes were also amenable to the intramolecular cycloaddition.138  

An intermolecular [2+2] photocycloaddition between quinolone 1.58 and a variety of 

alkene coupling partners was also catalyzed by 1.61; however, 50 equiv of the coupling partner 
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were needed to ensure cyclization occurs prior to dissociation from the catalyst (Scheme 1.26).139 

It follows from this analysis that alkenes that react at slower rates should be expected to give lower 

enantioselectivities. Vinyl acetate (1.60) reacts more than an order of magnitude slower than ethyl 

vinyl ketone (1.59) when sensitized by an achiral thioxanthone, and consequently gave 

cycloadducts in significantly lower ee (91% ee vs. 58% ee).  

 

Scheme 1.26 Intermolecular [2+2] Cycloaddition Catalyzed by a Thioxanthone Sensitizer 

Thioxanthone ent-1.61 is also an effective photocatalyst for enantioselective aza-Paternò–

Büchi reactions that produce chiral azetidines.140 Cyclic imine 1.64 was tested in the [2+2] reaction 

shown in Scheme 1.27, because N-substituted quinoxalinones were previously shown to undergo 

[2+2] cycloadditions with arylalkenes.141 A variety of styrenes were accommodated as coupling 

partners in the reaction affording azetidines in high yields and up to 98% ee. 

 

Scheme 1.27 Aza-Paternò–Büchi Reaction Catalyzed by a Thioxanthone Sensitizer 

In addition to cycloadditions, thioxanthone 1.61 has proven to be applicable to 

photocatalytic deracemization. Under optimized reaction conditions Bach found that allene 1.67 
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could be deracemized in up to 97% ee (Scheme 1.28).142,143 Mechanistically, triplet energy transfer 

to chiral allene 1.67 from thioxanthone 1.61 produces the achiral triplet-state allene.144 A measured 

quantum yield of racemization of Φ = 0.52 suggests that the excited achiral triplet allene decays 

with equal probability to 1.67 or ent-1.67. Deracemization is therefore achieved during the 

sensitization step of the reaction.  Because both the allene and sensitizer are chiral, two distinct 

diastereomeric ground-state sensitizer–allene complexes can form. NMR titrations provided 

association constants of Ka = 84 and 18 for the respective diastereomeric complexes. The stronger-

binding enantiomer is preferentially sensitized and thus selectively depleted over the course of the 

reaction, enriching the population of the weaker-binding antipode. Notably, the strategy relies on 

the fact that after sensitization the excited triplet allene dissociates from the catalyst and decays 

unselectively to the ground state leading to racemization of the stronger binding enantiomer. If, on 

the other hand, the allene always remained bound to the sensitizer during decay back to the ground 

state, retention of configuration would likely be expected. Thus, in contrast to cycloaddition 

reactions where dissociation of excited-state substrate is typically a hurdle in reaction 

development, dissociation is necessary to achieve high enantioselectivity in deracemization 

reactions. Computational studies also suggested that the separation between allene and 

thioxanthone was smaller for the stronger-binding complex, leading to more efficient energy 

transfer than the other diastereomeric complex. Thus, both the difference in ground-state 

association constants and the excited-state sensitization efficiencies for the two diastereomeric 

complexes are responsible for the high selectivity for deracemization. 
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Scheme 1.28 Allene Deracemization Catalyzed by a Thioxanthone Sensitizer 

Thioxanthone 1.61 also catalyzed the deracemization of primary amides in up to 93% ee 

(Scheme 1.29).145 A combination of experimental and computational studies again confirmed that 

both ground-state association constants and excited-state sensitization efficiencies contribute to 

the enantioselectivity. 

 

Scheme 1.29 Primary Allene Amide Deracemization Catalyzed by a Thioxanthone Sensitizer 

Xanthone 1.54 catalyzes the deracemization of cyclic sulfoxides in up to 55% ee (Scheme 

30).146 An analogous mechanism was proposed in which one enantiomer of 1.69 binds more 

strongly to 1.54 than ent-1.69, leading to more efficient sensitization for the former. Once excited, 

the substrate dissociates from the chiral catalyst and can undergo stereochemical inversion prior 

to relaxation to the ground state. Over time, the enantiomer that binds the catalyst more strongly 

is preferentially depleted via unselective racemization.  
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Scheme 1.30 Sulfoxide Deracemization Catalyzed by a Xanthone Sensitizer 

In theory, any substrates that racemize in the excited state could be amenable to 

photoderacemization. Bach and coworkers discovered the photoderacemization of  

3-cyclopropylquinolones by 1.61 serendipitously when attempting to develop an enantioselective 

di-π-methane rearrangement (Scheme 1.31).147 They observed that the enantioselectivity of the 

cyclopropane product increased from nearly 0% ee to 55% ee within the first hour of irradiation.  

 

Scheme 1.31 Di-π-Methane Rearrangement–Cyclopropane Deracemization Cascade Catalyzed 

by a Thioxanthone Sensitizer 

Detailed mechanistic studies were undertaken for the related deracemization of 

spirocyclopropyl oxindoles (Scheme 1.32).148 Transient absorption studies suggested a triplet 

energy transfer from the sensitizer to cyclopropyl substrate 1.72. The spectral position and shape 

of the transient signal of the triplet substrate also matched that calculated for the expected ring-

opened 1,3-diradical. As with allene deracemization, both the ground-state association constants 

and excited-state sensitization kinetics of the diastereomeric substrate–catalyst complexes were 
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invoked to account for the enantioenrichment of the product. The triplet lifetime of the 1,3-

diradical is 22 μs while the lifetime of the substrate–sensitizer complex is below 1 μs, implying 

that the 1,3-diradical dissociates from the catalyst prior to cyclization. This kinetic regime is 

desirable since cyclization within the chiral domain of the catalyst would favor retention of 

configuration. 

 

Scheme 1.32 Cyclopropane Deracemization Catalyzed by a Thioxanthone Sensitizer 

Despite the wide range of photochemical reactions that can be catalyzed by xanthone 1.54 

and thioxanthone 1.61, the reactions are limited to lactam-containing substrates.149 In an attempt 

to expand the range of available binding motifs, Bach and coworkers have recently prepared new 

catalysts that incorporate a thioxanthone sensitizer into an alternate chiral hydrogen-bonding 

scaffold (Figure 1.2). While thiourea-linked thioxanthone 1.74 does not induce high levels of 

enantioselectivity in a sensitized 6π-electrocyclization (12% ee),150 BINOL-derived phosphoric 

acid 1.73 catalyzes an intermolecular [2+2] cycloaddition between carboxylic acid 1.75 and 

cyclopentene (1.76) in 86% ee (Scheme 1.33).151 NMR studies demonstrated that the carboxylic 

acid substrate binds the BINOL catalyst under the reaction conditions. Computational studies 

support a 1:1 complex but suggest that several binding modes are similar in energy, which may 
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account for the moderate enantioselectivity. Takagi has studied a simpler BINOL-derived 

phosphoric acid lacking a thioxanthone substituent in asymmetric intramolecular [2+2] 

photocycloadditions of quinolones. However, in this reaction a stoichiometric loading of the acid 

template was necessary, presumably because both bound and unbound substrate react at similar 

rates.152  

 

Figure 1.2 Chiral Thioxanthone-Derived Sensitizers 

 

Scheme 1.33 Intermolecular [2+2] Cycloadditions Catalyzed by a BINOL-Derived Thioxanthone 

Sensitizer 

Thioxanthone 1.73 catalyzes the enantioselective photocycloaddition of N,O-acetal 1.78 

and alkene 1.79 in 95% ee (Scheme 1.34). NMR studies revealed that 1.78 exists as a mixture of 

the cyclic N,O-acetal and the ring-opened imine. UV-Vis absorption studies showed that a 

bathochromic shift occurs upon protonation of the imine, while emission studies providing the 

triplet energies of the iminium ion and thioxanthone catalyst (51 kcal/mol and 56 kcal/mol, 

respectively) showed that energy transfer to the iminium was exothermic. Conversely, both the 
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N,O-acetal and unprotonated imine are unable to be sensitized by the photoexcited thioxanthone 

catalyst. 

 

Scheme 1.34 Intermolecular [2+2] Cycloaddition of Iminium Ions Catalyzed by a BINOL-Derived 

Thioxanthone Sensitizer 

Masson developed a non-C2-symmetric BINOL-derived catalyst with a tethered 

thioxanthone chromophore for the enantioselective synthesis of 1,2-diamines (Scheme 1.35).153 

This reaction occurs in two steps. In the first, the nucleophilic enecarbamate reacts with the 

electrophilic azodicarboxylate in an enantioselective thermal reaction. The resulting imine is 

unstable under the reaction conditions; thus ethanethiol is added to generate α-carbamoylsulfide 

1.84. In the second step, pyrazole is added and the reaction is irradiated with blue light. The authors 

propose that α-carbamoylsulfide 1.84 is photochemically oxidized to the sulfur radical cation, 

triggering mesolytic cleavage of thiyl radical and ultimately generating imine 1.85, which is 

intercepted by pyrazole in a thermal, diastereodetermining reaction. Notably, both 

stereodetermining steps in this reaction are thermal, while the only photochemical step regenerates 

the reactive imine intermediate. 
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Scheme 1.35 1,2-Diamine Synthesis Catalyzed by a BINOL-Derived Thioxanthone Sensitizer 

1.4.3 Enamine and Iminium Chromophores 

Melchiorre introduced a new strategy in asymmetric photocatalysis in which the light-

absorbing species is an electron donor–acceptor (EDA) complex.154,155 In this strategy, an electron-

rich donor molecule and an electron-poor acceptor molecule associate in the ground state, 

comprising an EDA complex (Scheme 1.36).156 The photophysical properties of the complex are 

distinct from the donor or acceptor in isolation. This association leads to the formation of a new 

charge-transfer absorption band, which at the simplest level can be understood as an intracomplex 

electron transfer from the donosr HOMO to the acceptor LUMO. In most cases, orbital mixing 

between the donor and acceptor changes the relative position of the frontier molecular orbitals, 

stabilizing the formation of the EDA complex. The appearance of color when mixing two colorless 

compounds is a hallmark of EDA complexes and was the original observation that led Mulliken to 

formulate the charge transfer theory.157   
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Scheme 1.36 Electron Donor–Acceptor Complex Formation and Excitation 

In 2013, Melchiorre exploited this strategy to promote the enantioselective α-alkylation of 

aldehydes with alkyl halides (Scheme 1.37).158 This reaction was based on organocatalyzed 

photoredox reactions developed by MacMillan.159 In both designs, a chiral secondary amine 

organocatalyst condenses with an aldehyde to form an enamine intermediate. However, unlike the 

previous organocatalyzed reactions, an exogenous photocatalyst was not needed. Although neither 

enamine nor alkyl bromide absorb visible light individually, the mixture exhibited a broad 

absorption feature in the visible region, characteristic of the formation of an EDA complex. 

Spectrophotometric analyses confirmed the 1:1 ground-state association with an association 

constant of KEDA = 11.6 determined from Benesi–Hildebrand analysis.160 Upon excitation of the 

ground-state complex, an electron is promoted from the enamine donor to the alkyl bromide 

acceptor, forming a radical ion pair (Scheme 1.38, top). The short-lived radical anion undergoes 

bromide cleavage to produce an iminium ion and an alkyl radical. The authors first proposed a 

closed catalytic cycle in which radical-radical recombination forms an iminium intermediate which 

is then hydrolyzed to afford the α-alkylated product, but further investigations revealed that the 

quantum yield (Φ) of the reaction with both benzyl and phenacyl bromides is Φ > 20, consistent 

with a radical chain mechanism.160 Notably, the chiral catalyst is involved in both the 

photochemical initiation and the ground-state enantiodetermining radical addition into the 

enamine.  
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Scheme 1.37 Aldehyde α-Alkylation via EDA Complex Excitation 

 

Scheme 1.38 Photoinduced Enamine Catalysis Mechanisms 

A similar photo-organocatalytic strategy proved applicable to ketone substrates when 

coupled with cinchona-based primary amine catalyst 1.92 (Scheme 1.39).161 Both electron poor 

benzyl bromides (1.88) and phenacyl bromides were competent electron acceptors, but the reaction 

was limited to cyclic ketones as precursors to the chiral enamine electron donors. 



43 

 

 

 

Scheme 1.39 Ketone α-Alkylation via EDA Complex Excitation 

Melchiorre and coworkers also showed that bromomalonates (1.94) are competent electron 

acceptors in the α-alkylation of aldehydes (1.87) and enals using amine organocatalysts (Scheme 

1.40).162 Alkylated products were obtained in up to 94% ee, and complete γ-selectivity was 

observed in radical addition to enals. The authors initially assumed the intermediacy of an EDA 

complex between the enamine and bromomalonate; however, no charge transfer band was 

observed in the UV-Vis absorption spectrum of the mixture. Instead, the enamine was the only 

reaction component that significantly absorbed light under the optimized conditions. A series of 

Stern–Volmer quenching studies showed that the bromomalonate quenched the excited-state 

emission of the enamine. From this study, the authors proposed that PET reduction of the 

bromomalonate by the excited enamine followed by loss of bromide resulted in the formation of 

an electrophilic malonyl radical that would subsequently react with another equivalent of ground-

state enamine (Scheme 1.38, bottom). The chain propagation step is likely different than in the 

EDA reaction because the α-aminoradical is incapable of reducing the bromomalonate. Instead, 

the α-aminoradical abstracts bromine from another equivalent of bromomalonate. Collapse of the 

bromoamine intermediate expels bromide, forming an iminium intermediate, which is hydrolyzed 

to the product.  Notably, the photochemical step in both the EDA and PET reactions serves only 

to initiate the radical chain. Other classes of electron acceptors including (phenylsulfonyl)alkyl 
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iodides were also amenable to the PET reaction.163 After desulfonylation, α-methylation and α-

benzylation products could be obtained in high yield and enantioselectivity.  

 

Scheme 1.40 Aldehyde α-Alkylation via Direct Enamine Excitation 

A similar reaction was reported by Alemán with a thioxanthone-substituted organocatalyst 

(1.98) yielding alkylated aldehydes in high yields and enantioselectivities (Scheme 1.41). In this 

case, the bromomalonate is reduced by the thioxanthone catalyst instead of the enamine, initiating 

the radical chain.164 

 

Scheme 1.41 Aldehyde α-Alkylation Promoted by a Bifunctional Photoaminocatalyst 

In 2017, Melchiorre and coworkers showed that chiral iminium ions generated in situ by 

condensation of α,β-unsaturated aldehydes (1.100) with chiral amine catalysts (1.102) could 

promote the asymmetric β-alkylation of enals (Scheme 1.42).165 Enamine and iminium 

photocatalysis are similar yet complementary strategies. Electron-rich enamines are nucleophilic 

in the ground state and become potent single-electron reductants after photoexcitation. In contrast, 

iminium ions act as electrophiles in the ground state and are strong oxidants after photoexcitation, 

allowing the use of complementary radical precursors.  
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Scheme 1.42 Enal β-Alkylation via Direct Iminium Ion Excitation 

Melchiorre proposed a mechanism in which a chiral iminium ion directly absorbs visible 

light and functions as a single-electron oxidant to an electron-rich alkyl trimethylsilane (1.101) 

(Scheme 1.43). The silyl radical cation undergoes mesolytic fragmentation to afford a stabilized 

alkyl radical and trimethylsilyl cation. Coupling of the β-enaminyl radical intermediate with the 

alkyl radical affords an enamine, which after hydrolysis yields the β-alkylated aldehyde. This 

radical–radical coupling mechanism was proposed instead of a radical chain mechanism because 

the putative propagation step, single electron transfer (SET) between the silane and α-iminyl 

radical cation, would be endergonic. Although this method is limited to benzyl radicals or radicals 

stabilized by an adjacent heteroatom, unstabilized alkyl radicals could be accommodated when 

using a dihydropyridine radical precursor.166 This approach gave selective 1,4-addition and offers 

an advance over thermal iminium catalysis with organometallic nucleophiles, which often 

produces a mixture of 1,2- and 1,4-addition adducts.  
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Scheme 1.43 Enal β-Alkylation Mechanism 

The initial product of a radical–radical coupling under iminium photocatalysis is an 

enamine, which can further react with an electrophilic moiety if one is present. Melchiorre and 

coworkers leveraged this insight to design a photochemical cascade reaction in which the excited-

state and ground-state reactivity of organocatalytic intermediates were exploited to form 

cyclopentanols (1.106) in excellent diastereo- and enantioselectivity (Scheme 1.44).167 

Cyclopropanols (1.104) were used as electron donors, reducing the photoexcited iminium, to 

generate β-keto radical cation intermediates after ring-opening. In analogy to previous work, 

stereocontrolled radical–radical coupling affords an enamine intermediate. The ground-state 

enamine nucleophile cyclizes with the electrophilic ketone in a second stereocontrolled step. A 

redox mediator, 1,1’-biphenyl, was added to the reaction to increase efficiency. Mechanistic 
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experiments revealed that the excellent enantioselectivity of the reaction arises from a kinetic 

resolution in the thermal cyclization. The major enantiomer formed in the radical–radical coupling 

cyclizes quickly, leading to stereochemical amplification over the two steps, while the minor 

enantiomer does not cyclize.  

 

Scheme 1.44 Cyclopentanol Synthesis via Iminium Ion Catalysis 

Another example of the cascade strategy enabled the stereoselective construction of 

complex butyrolactones (1.108).168 Photoexcitation of an iminium derived from an enal substrate 

results in oxidation of alkene 1.107, the appended carboxylic acid moiety of which can cyclize 

(Scheme 1.45). Enantioselective radical–radical coupling produces cascade product 1.108 in high 

enantioselectivity. Because the first cyclization occurs in the absence of the chiral catalyst, no 

diastereoselectivity was observed. A similar cascade was subsequently developed with  

allene-appended carboxylic acids, ultimately yielding bicyclic lactones with moderate 

enantioselectivity.169 
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Scheme 1.45 Cascade Reaction via Iminium Ion Catalysis 

Toluene derivatives also reductively quench the iminium excited state leading to β-

benzylated aldehydes from the corresponding enals (Scheme 1.46).170 Following oxidation of 

toluene, the benzylic C–H bond is significantly acidified; the pKa is estimated to be –13 in 

CH3CN.171 Deprotonation results in a benzyl radical that undergoes radical–radical coupling with 

the β-enaminyl radical intermediate. Zn(OTf)2 was a necessary additive in this process; the  

Zn2+ cation was proposed to serve as an acid to promote iminium formation, while the triflate 

counteranion was proposed to deprotonate the photogenerated toluene radical cation.  

 

Scheme 1.46 C–H Functionalization of Toluene Derivatives via Iminium Ion Catalysis 

Melchiorre also demonstrated that chiral iminium ions can act as electron acceptors in 

photocatalytically active EDA complexes (Scheme 1.47).172 Aliphatic eniminium ions typically 

absorb in the UV regime (< 400 nm). The iminium produced from condensation of  
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carbazole-functionalized amine 1.112 and cyclohexanones, however, absorbs strongly in the 

visible region. This absorption band was assigned as an intramolecular charge transfer between 

the electron-rich carbazole and electron-poor iminium. Excitation of the intramolecular EDA 

complex furnishes a carbazole radical cation which oxidizes an α-silyl amine (1.111). The resulting 

radical is stereoselectively intercepted by a ground state iminium ion. The overall reaction, which 

proceeds through a chain mechanism, results in the β-alkylation of enones.   

 

Scheme 1.47 EDA Complex Formation with Iminium Electron Acceptors 

Iminium ion catalysis has also been applied to [2+2] photocycloadditions. The absorption 

profile of enones features an (n,π*) transition that is red-shifted in comparison to the (π,π*) 

transition characteristic of analogous iminium species.173 Hence, it can be difficult to minimize the 

participation of racemic background cycloadditions through direct excitation because the iminium 

ion cannot be selectively excited. However, the lowest triplet excited state is typically lower in 

energy for iminium ions than for enones, which could allow for their selective photosensitization. 

Bach developed an enantioselective [2+2] photoreaction using chiral iminium ions and a Ru triplet 

sensitizer, but catalysis was inefficient, likely due to competing unproductive electron-transfer 

quenching of the photocatalyst.174 In 2020 Alemán developed a catalytic enantioselective [2+2] 

cycloaddition that circumvented the racemic reactivity problem by employing amine catalysts with 
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stereogenic naphthyl substituents (Scheme 1.48).175 These served as electron donors in an 

intramolecular EDA complex with the electron-accepting imine. The intramolecular charge-

transfer band was sufficiently red-shifted compared to the free enone to allow for its selective 

excitation. With 20 mol% catalyst 1.115, cycloadduct 1.116 was produced in 99% yield and 80% 

ee. Computational analysis confirmed that the lowest energy transition was the expected charge 

transfer, while the reactive (π,π*) imine excited state lies slightly higher in energy. The authors 

proposed that thermal population of the (π,π*) state from the  

charge-transfer excited state produces an equilibrium population able to undergo the [2+2] 

cycloaddition. This method was also applied to an intramolecular [2+2] cycloaddition, enabling 

the synthesis of tricyclic products in high enantioselectivity.176 

 

Scheme 1.48 Intermolecular [2+2] Cycloaddition via a Chiral Iminium Chromophore  

1.4.4 Chiral Counterions 

Recently, several groups have attempted to apply chiral anion catalysis to asymmetric 

photochemistry.177,178 Chiral anions are intriguing for applications in photoredox chemistry 
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because they can associate with any cationic intermediate through electrostatic interactions, 

circumventing the need for specific substrate binding moieties such as carbonyls. Further, many 

of the most common organic and inorganic photoredox catalysts are cationic, offering a 

conceptually straightforward means to incorporate a chiral counteranion structure into an 

asymmetric photoredox reaction (Figure 1.3). 

 

Figure 1.3 Photocatalysts with Chiral Counteranions 

Luo demonstrated the feasibility of this approach by developing an asymmetric version of 

the anti-Markovnikov hydroetherification originally reported by Nicewicz.179,180 Under the 

optimized conditions an acridinium photocatalyst with a BINOL-derived phosphate counteranion 

(1.117) afforded cyclic ether 1.121 in 60% ee (Scheme 1.49). The reaction proceeds through initial 

oxidation of alkene 1.120 to the radical cation, which pairs with the chiral anion, followed by 

enantiodetermining nucleophilic attack of the pendant alcohol. Hydrogen atom transfer from 2-

phenylmalononitrile to the resulting carbon-centered radical yields the cyclic ether product.  
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Scheme 1.49 Hydroetherification via Chiral Ion-Pairing Catalysis 

Other stereoselective radical cation photoreactions have utilized chiral phosphonate 

counteranions. Tang examined chiral acridinium catalyst 1.118 in a [3+2] cycloaddition between 

2H-azirine 1.122 and azodicarboxylate 1.123; however, the 1,2,4-triazoline product (1.124) was 

only formed in 20% ee (Scheme 1.50).181  

 

Scheme 1.50 [3+2] Cycloaddition via Chiral Ion-Pairing Catalysis 

Nicewicz examined a range of BINOL-derived chiral anions with an oxopyrylium 

photocatalyst in a radical-cation Diels–Alder reaction, with a maximum selectivity of 50% ee with 

catalyst 1.119 (Scheme 1.51).182 When screening solvents, the authors observed an inverse 
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relationship between enantioselectivity and solvent dielectric constant, consistent with the 

hypothesis that an intimately interacting ion pair is critical for asymmetric induction. The generally 

modest enantioselectivities reported to date using this strategy reflect its early stage of 

development.  

 

Scheme 1.51 Diels–Alder Cycloaddition Catalyzed by an Oxopyrylium Sensitizer 

Wang developed an asymmetric dicarbofunctionalization of enamides that proceeded in 

both the presence and absence of a ruthenium photosensitizer (Scheme 1.52).183 In the absence of 

a photosensitizer, indole 1.127, enamide 1.128, and redox-active ester 1.129 were coupled in the 

presence of a chiral phosphate base to form 1.131 in 47% yield and 89% ee.  A Job plot analysis 

indicated a ground-state preorganization of the phosphate base, enamide 1.128 and ester 1.129 into 

an EDA complex. Photoexcitation of this EDA complex led to reduction of the redox-active ester 

followed by rapid decarboxylation. The formed benzyl radical and enamide-derived radical 

combine to form an iminium intermediate. In the presence of the phosphate catalyst, indole 1.127 

then attacks the electrophilic iminium cation via a Friedel–Crafts reaction to provide 

enantioenriched indole 1.131.   
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Scheme 1.52 Dicarbofunctionalization of Enamides via Ion-Pairing Catalysis 

Terada reported the radical addition of toluene-derived radicals to benzopyrylium 

intermediates to generate chromene derivatives (Scheme 1.53).184 Protonation of chromenol 1.132 

by phosphoric acid 1.133 produces a photoactive benzopyrylium intermediate that can 

photooxidize toluene. Upon deprotonation, the resulting toluyl radical undergoes addition to 

another equivalent of benzopyrylium. Reduction of the radical adduct by the reduced 

benzopyrylium affords the product and regenerates the photooxidant. Because the radical addition 

occurs in the presence of the conjugate base of the acid, the authors tested chiral phosphoric acid 

1.133 in an enantioselective reaction, obtaining 1.134 in 60% ee. 
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Scheme 1.53 Toluene Functionalization via Excitation of Benzopyrylium Intermediates 

Finally, Melchiorre developed an asymmetric perfluoroalkylation of β-ketoesters 

exploiting an EDA complex activation strategy (Scheme 1.54).185 In the presence of base and 

cinchona-derived phase transfer catalyst 1.137, β-ketoester 1.136 is converted to the corresponding 

enolate with a chiral countercation. The electron-rich enolate forms a ground-state association with 

an electron-poor perfluoroalkyl iodide (1.135) constituting an EDA complex. After excitation of 

the EDA complex and cleavage of the alkyl iodide, the pefluoroalkyl radical is proposed to be 

trapped by another equivalent of the enolate in the enantiodetermining step. The resulting ketyl 

radical abstracts an iodide from a perfluoroalkyl iodide, regenerating the alkyl radical and 

propagating a radical chain. Finally, the iodide adduct collapses to form the product. Subsequent 

computational studies suggested that multiple hydrogen-bonding interaction between the enolate 

and catalyst account for the high enantioselectivity.186 This work is notably distinct from previous 

photo-organocatalyzed reports. In prior work the chiral catalyst was covalently bonded to the 

substrate in the enamine intermediate, while in this study the catalyst is ion paired to the enolate 

electron donor.  
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Scheme 1.54 Perfluoroalkylation of Enolates via Ion-Pairing Catalysis 

In 2018, Meng showed that a cinchona-derived catalyst (1.141) tethered to a photocatalyst 

promotes β-ketoester oxidation via sensitization of oxygen in up to 86% ee (Scheme 1.55).187 In 

2019 the same group discovered that the reaction also proceeds with a similar catalyst lacking the 

photosensitizing unit (1.142).188 As in the Melchiorre precedent above, an EDA complex was 

proposed between the deprotonated substrate enolate and the catalyst. The authors proposed that 

the excited EDA complex sensitizes oxygen, which then reacts with the enolate, eventually 

affording the hydroxylated product. The reaction was also performed in a flow photomicroreactor 

where the product was obtained in similar yield and enantioselectivity in under 1 h. 
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Scheme 1.55 Aerobic Oxidation of β-Ketoesters via Ion-Pairing Catalysis 

1.5 Conclusion 

After several decades of relatively slow development, there has been a recent, rapid increase 

in the pace of discovery of photocatalytic reactions that deliver enantioselectivities on par with 

those obtained in modern ground-state asymmetric catalytic reactions. In many cases, chiral 

photocatalyst structures have been developed by adapting catalyst classes originally designed for 

use in ground-state transformations. Several of these show promise to become privileged scaffolds 

within asymmetric photochemistry as well, including the secondary-amine catalysts studied by 

Melchiorre and oxazaborolidine catalysts investigated by Bach. Various photocatalyst structures 

unique to excited-state reactions have also been created to address the specific challenges relevant 

in asymmetric photochemistry. Many of these, including the chiral (thio)xanthone catalysts 
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pioneered by Bach, incorporate a chiral moiety into the structure of a known photosensitizing 

moiety.  

While the structures of these photocatalysts are diverse, and the mechanisms by which they 

operate varied, a common design principle across multiple catalyst classes is the requirement for 

ground-state association of the substrate to the photocatalyst prior to excitation. This 

preassociation is one way to ensure that the catalyst meets the criteria described above. 

Preassociation sets the substrate within the chiral environment of the catalyst, and in most cases 

increases the rate of the enantioselective transformation over any competitive racemic background 

reactivity. However, as a consequence, the structures of these chiral catalysts and the resulting 

catalyst–substrate interactions have often been rigid and well-defined. This idea is similar to many 

of the early strategies for asymmetric catalysis in conventional, ground-state reactions; however, 

there has been a growing recognition that catalyst flexibility can be an important design strategy 

for thermally activated reactions.189 As the field of asymmetric photocatalysis continues to 

develop, it stands to reason that the breadth of potential catalyst structures for enantioselective 

photocatalysis might be similarly broad.  

The field of asymmetric photochemistry is poised for significant development over the next 

few decades. At this early stage in the development of the field, most examples of highly 

asymmetric photocatalytic reactions have been proof-of-principle academic investigations, and 

these insights have yet to be translated to commercial applications. As the pharmaceutical industry 

in particular becomes more interested in the scaleup of photocatalytic processes,190,191 issues 

concerning maximization of quantum yield and light flux192 may become more important than they 

have been to date. Despite the impressive advances that have emerged in the field of asymmetric 

photocatalysis in recent years, many challenges remain unsolved, perhaps the most important of 
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which is the need for generality. Some photocatalyst structures show promise to develop into 

privileged structures for enantioselective photochemical synthesis, catalyzing several highly 

enantioselective organic photoreactions with selectivities over 90% ee. These structures, however, 

are exceptional, and continued investigations are required to both establish their generality and to 

identify other classes of privileged asymmetric photocatalysts. While asymmetric photoreactions 

have the potential to greatly expedite the synthesis of complex products in unexplored areas of 

chemical diversity space, the continued development of more general methods is required before 

these reactions are used routinely by non-photochemists. We expect that the insights gained in 

research in this field to date will provide a solid foundation for continued transformative 

innovation.  
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Chapter 2 Chiral Brønsted Acid-Controlled Asymmetric [2+2] Photocycloadditions 
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2.1 Previous Publication of this Work 

Portions of this work have been published previously:  

Sherbrook, E. M.; Genzink, M. J.; Park, B.; Guzei, I. A.; Baik, M.-H.; Yoon, T. P. Chiral Brønsted 

Acid-Controlled Intermolecular Asymmetric [2+2] Photocycloadditions. Nat. Commun. 2021, 12, 

5735. 

2.2 Introduction 

A defining characteristic of modern synthetic chemistry is the capacity to conduct 

complexity-building organic reactions with high levels of stereocontrol. The strategies available 

to dictate the stereochemical outcome of photochemical reactions, however, remain significantly 

underdeveloped compared to other classes of organic reactions.1–8 The difficulty of conducting 

asymmetric photochemical reactions has often been attributed to the very short lifetimes and high 

reactivities associated with electronically excited compounds; these features challenge the ability 

of catalysts to intercept and modulate the behavior of organic excited states. In the past few years, 

highly enantioselective photoreactions have increasingly exploited chiral Lewis acids, either as 

catalysts or as co-catalysts. The insight that the same privileged classes of chiral Lewis acid 

structures that have been so enabling in ground-state asymmetric synthesis can also be applied to 

enantioselective photochemistry has increased the pace of discovery in this area. There are two 

general mechanisms by which chiral Lewis acids can influence the enantioselectivity of excited-

state photoreactions. First, Bach pioneered the chromophore activation strategy in which chiral 

Lewis acids are used to attenuate the singlet excited-state energy of α,β-unsaturated carbonyl 

compounds (Scheme 2.1a).9,10 As the absorption of the catalyst-bound substrate occurs more 

strongly at longer wavelengths than the free substrate, the activated substrate may be selectively 

excited by judicious choice of irradiation wavelength. Second, our group has developed a 

mechanistically distinctive strategy that we have termed “triplet activation”. In this approach, 
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chiral Lewis acid coordination lowers the triplet energy of α,β-unsaturated carbonyls, allowing for 

their selective activation by a triplet sensitizer over unbound substrate molecules (Scheme 

2.1b).11–13  While fundamentally distinct, both strategies use chiral Lewis acids to modify the 

excited-state properties of the substrate and preferentially activate the catalyst-bound complex, 

thereby minimizing racemic background reactivity. 

 

Scheme 2.1 Asymmetric acid-catalyzed photoreactions. a, Intramolecular [2+2] 

photocycloadditions via Lewis acid-catalyzed chromophore activation; LA = Lewis acid. b, 

Intermolecular [2+2] photocycloadditions via Lewis acid-catalyzed triplet activation. c, 

Intermolecular [2+2] photocycloadditions via Bronsted acid-catalyzed chromophore activation; 

HA = Brønsted acid. 

In the first decade of the 21st century, secondary amine and Brønsted acid organocatalysis 

emerged as an alternative approach to chiral Lewis acid catalysis for a wide range of asymmetric 

ground-state transformations.14–17  Remarkably, these catalysts could control many of the same 

classes of asymmetric transformations as better-studied chiral Lewis acids, often enabling the use 

of functionalized substrates that would not be compatible with strongly Lewis acidic catalyst 

structures. One might reasonably wonder if organocatalysts might prove equally versatile in 

asymmetric photochemistry. Very recently, Takagi demonstrated that chiral phosphoric acids are 

effective stoichiometric templates for asymmetric [2+2] photocycloaddition reactions of 

quinolones, though this interaction had little effect on the photophysical properties of the 

substrate.18 Pioneering studies by Melchiorre have demonstrated that secondary amine 
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organocatalysts can activate prochiral enals by chromophore activation: the iminium intermediates 

absorb at longer wavelengths than the free enal substrates, and the excited states have been utilized 

in a variety of useful organic transformations.19,20  Very recently, Bach demonstrated the first 

example of triplet activation by secondary amine organocatalysis, demonstrating that the vinyl 

iminium intermediate undergoes energy transfer faster than the free parent enal and can be the key 

intermediate in an enantioselective [2+2] photocycloaddition.21,22  The ability of Brønsted acid 

catalysts to engage in chromophore and triplet activation mechanisms, however, has been 

underexplored. While hydrogen-bonding and Brønsted acid catalysts have been studied 

extensively as chiral sensitizers for asymmetric photoreactions,23–25 their ability to alter the 

photophysical properties of organic substrates has not been significantly exploited. In an isolated 

example, Sivaguru described an enantioselective intramolecular [2+2] cycloaddition using a chiral 

thiourea catalyst that could activate a coumarin substrate through both static and dynamic complex 

formation.26,27  Our group also recently reported the first example of triplet activation in a racemic 

[2+2] photocycloaddition reaction in which the addition of p-TsOH co-catalyst was demonstrated 

to increase the rate of triplet energy transfer from a Ru(II) photocatalyst to 2-acyl imidazole 2.1, 

which subsequently underwent a [2+2] photocycloaddition.28 

In this work, we report a highly enantio- and diastereoselective excited-state [2+2] 

cycloaddition catalyzed by a BINOL-derived phosphoramide Brønsted acid catalyst. A 

combination of spectroscopic and computational studies indicate that this catalyst operates via the 

principle of chromophore activation (Scheme 2.1c). 

2.3 Results and Discussion 

2.3.1 Reaction Optimization 
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The discovery of this chiral organocatalytic photoreaction occurred serendipitously during 

our studies to further develop the p-TsOH/photocatalytic [2+2] cycloaddition method into an 

asymmetric reaction by use of a chiral Brønsted acid. We began by screening BINOL-derived 

Brønsted acid co-catalysts, as they constitute a privileged catalyst class in thermal asymmetric 

transformations (Scheme 2.2).29 When 2.1 and styrene were irradiated in the presence of 1 mol% 

[Ir(Fppy)2(dtbbpy)]PF6 and 20 mol% acid catalyst 2.2, the cycloadduct was obtained in 37% ee in 

a 1:2 ratio of trans-cis to trans-trans diastereomers (entry 1). We observed a reversal in the 

diastereoselectivity at –78 °C and a concomitant increase in enantioselectivity (81% ee, entry 2). 

The more acidic N-triflyl phosphoramide 2.3 led to a further increase in enantioselectivity (entry 

3), consistent with a stronger substrate-catalyst interaction.30 Finally, replacing the phenyl groups 

on the catalyst with 4-trifluoromethylphenyl groups (2.4) led to the optimal catalyst, affording the 

cycloadduct in 7:1 d.r. and 95% ee (entry 4).  

 

Scheme 2.2 Optimization Studies. aYields and diastereomer ratios determined by 1H NMR 

spectroscopy. bEnantiomeric excess of the major diastereomer determined by chiral HPLC. cRatio 
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of trans-cis isomer to trans-trans isomer. dConducted at room temperature. eConducted in the 

dark. 

 To our surprise, control experiments omitting the photocatalyst from the reaction gave 

nearly identical yield and selectivity (entry 5). This indicates that 2.4 is not only responsible for 

the selectivity of the reaction but also activates the substrate towards photoexcitation. In the 

absence of both catalysts, the racemic product was still formed in low yield, indicative of a slow 

direct photoreaction that is outcompeted by the acid-catalyzed reaction (entry 6). Notably, in this 

control experiment, the trans-trans diastereomer is favored in a 2:1 ratio, indicating that the 

diastereoselectivity of the acid-catalyzed reaction (entry 5) is a product of catalyst control. 

Chalcone was also tested as a substrate and gave diminished yields of product with no ee, 

suggesting that a sufficiently basic functionality capable of interacting with the Brønsted acid 

catalyst is required (entry 8). The trans-cis diastereoselectivity of the major product is notable: 

direct excitation and triplet sensitized reactions of acyclic enones with alkenes typically favor 

formation of the trans-trans isomer.31–34 Indeed, the direct photoreaction conducted in the absence 

of the chiral Brønsted acid (entry 6) favors the trans-trans diastereomer, and thus we conclude that 

the observed diastereoselectivity is imposed by the acid catalyst. This method constitutes the first 

enantioselective photocycloaddition that selectively accesses a simple monocyclic 

diarylcyclobutane with 1,2-cis diastereoselectivity. 

2.3.2 Substrate Scope 

We evaluated the scope of the reaction under optimized reaction conditions (Scheme 2.3). 

A variety of α,β-unsaturated carbonyl compounds with electronically varied β-aryl substituents 

(2.5–2.12) were accommodated, producing the corresponding cycloadducts in high yields and 

selectivities. Substrates with substituents at the ortho position (2.6, 2.10) reacted slower than 

corresponding substrates with meta or para substitution but were formed in higher 
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diastereoselectivity. A thienyl substrate (2.14) reacted efficiently. Finally, as this reaction does not 

require a conventional photocatalyst, substrates with oxidation or reduction potentials within the 

range of common transition metal photocatalysts are tolerated,35 including nitroarenes (2.15) and 

aryl iodides (2.16).  

 

Scheme 2.3 Scope Studies. Reactions conducted using 1 equiv 2-acyl imidazole, 10 equiv alkene, 

20 mol% 2.4 in toluene, irradiating for 14 h with a Kessil H150 LED unless otherwise noted. 

Yields represent the isolated yield of both diastereomers. Enantiomeric excess of the major 

diastereomer determined by chiral HPLC. aConducted for 24 h. 

The alkene acceptor scope also includes substitution at each position of the arene acceptor 

(2.18–2.20) and an array of electron-withdrawing (2.21–2.22) and -donating (2.23–2.24) 

substituents (Scheme 2.4). Notably, a p-alkoxy-substituted styrene (2.23) was tolerated under 

these conditions, while the same alkene undergoes rapid polymerization using our previous Lewis 

acid-catalyzed methods.11 Various functional groups including protected alcohols (2.22–2.26), a 

photolabile azide (2.27), and a protected amine (2.28) were all tolerated. Heterocycles were also 

readily transformed including benzofuran- and indole-substituted alkenes (2.31–2.32). Substituted 

and unsubstituted dienes (2.33–2.34) were competent substrates. Any substrate that features 

alternate binding sites for the chiral catalyst, however, generally affords low reactivity (2.35). 

Intriguingly, two aliphatic exocyclic alkenes (2.37–2.38) gave moderate yields and good ee to 
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afford medicinally interesting spirocyclic products.36 Cycloadditions between two densely 

functionalized reaction partners also provided high enantioselectivity (2.39), and cleavage of the 

imidazolyl group to a methyl ester occurred with no significant loss of stereochemical fidelity 

(Scheme 2.5). 

 

Scheme 2.4  Scope Studies. Reactions conducted using 1 equiv 2-acyl imidazole, 10 equiv alkene, 

20 mol% 2.4 in toluene, irradiating for 14 h with a Kessil H150 LED unless otherwise noted. 

Yields represent the isolated yield of both diastereomers. Enantiomeric excess of the major 

diastereomer determined by chiral HPLC. aConducted for 24 h. bConducted with 40 mol% acid 

catalyst 2.4. cConducted in CH2Cl2. 
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Scheme 2.5 Auxiliary Cleavage. The imidazolyl group of the cycloadduct is readily cleaved in 

good yield with retention of enantioselectivity. 

2.3.3 Mechanistic Studies 

An intriguing outcome of our optimization study was the unexpected observation that 2.4 

catalyzes this reaction without a separate triplet sensitizer. We therefore elected to investigate its 

role in greater detail. Neither 2.1 nor 2.4 absorbs appreciably in the visible region (Figure 2.1a), 

and because the emission of the light source does not overlap with the absorption of the acid 

catalyst, direct excitation of the acid catalyst is not feasible. We therefore conclude that the 

Brønsted acid is not a conventional triplet photosensitizer in this reaction. The substrate, on the 

other hand, absorbs weakly at wavelengths >400 nm, accounting for the slow background reaction 

in the absence of catalyst (Scheme 2.2, entry 6). Upon combining colorless solutions of the acid 

and substrate, the mixture became noticeably yellow, corresponding to a red shift in absorption 

that increased with added acid catalyst. The emission of the light source overlapped well with 

bound but poorly with unbound substrate, consistent with relatively minimal contribution from the 

racemic background reaction.  
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Figure 2.1 Mechanistic Studies. a, Ultraviolet-visible spectra of 2.1 and 2.4 in CH2Cl2. b, X-ray 

crystal structure of acid-bound substrate. c, Binding depiction of acid-bound substrate. d, 

HOMO(π) and LUMO(π*) of 2.1 and 2.1–H+–2.41. Note: AC-3=2.4 and 1=2.1 

 

We next performed NMR titration experiments with 1 and 2.4 in toluene-d8 and calculated 

an association constant of Ka = 7.5 x 106 (Error! Reference source not found. in Supporting 

Information). We also isolated the substrate-acid complex from diethyl ether and determined its 

structure using X-ray crystallography (Figure 2.1b,c). Key features of the interaction included an 

apparent hydrogen bond between the protonated imidazolium on the substrate and the 

phosphoramide oxygen on the catalyst. This interaction differs significantly from the typical 

chelating interactions of acyl imidazoles with chiral Lewis acid catalysts, including the chiral-at-

metal Rh catalysts Meggers has utilized in analogous asymmetric [2+2] photocycloaddition 

reactions.37,38 Further, the orientation of the substrate alkene relative to the π surface of the biaryl 

catalyst renders the top face of the enone more accessible for cycloaddition, which is consistent 

with the experimentally observed absolute configuration of the cycloadduct. While both the 

substrate and acid catalyst are white solids, the isolated crystals were yellow, indicating that the 
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complex absorbs visible light. Together these results are suggestive that the crystal structure could 

be similar to the catalytically active complex in solution.  

Based on these data, we considered two possible modes of substrate activation within the 

acid-substrate complex. First, we considered a chromophore activation mechanism in which 

protonation of the substrate lowers the relative energy of its first singlet excited state, thus making 

direct excitation by visible light achievable. This hypothesis is consistent with the red-shifted 

absorption of enones in sulfuric acid solution.39,40 Second, we considered that the chiral catalyst 

and enone substrate might form an electron donor–acceptor complex.41–45  In this scenario, a new 

intermolecular transition between the HOMO of the electron-rich phosphoramide donor and the 

LUMO of the electron-deficient imidazolium acceptor could be lower in energy than the 

intramolecular transitions on either individual species. To distinguish between these mechanisms, 

we examined the influence of various acid catalysts on the yield of the photocycloaddition 

(Scheme 2.6). If the electron donor–acceptor mechanism were operative, acid catalysts lacking the 

π conjugation of 2.4 would not form photochemically active complexes; however, a variety of 

acids increased the reaction rate, with similar apparent reaction rates using 2.4 and 2.41.  Therefore, 

the bathochromic shift in the absorption of the substrate is likely an intrinsic property of the 

protonated substrate and not the result of a specific donor–acceptor interaction.46 

 

Scheme 2.6 Effect of structurally diverse Brønsted acids on the cycloaddition. Yields and 

diastereomer ratios determined by 1H NMR spectroscopy. 
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To understand the origin of this effect, we conducted density functional theory (DFT) and 

time-dependent density functional theory (TDDFT) calculations (Figure 2.1d). Unsurprisingly, 

the HOMO and LUMO of 2.1 were found to be fully delocalized across the molecule with a 

HOMO–LUMO gap of 6.65 eV. The π-conjugation in the HOMO can be divided into an 

imidazolium and a cinnamoyl part. After protonation (2.1H+–2.41), the HOMO becomes 

significantly more localized and is dominated by the cinnamoyl part (See Supporting Information 

for details). This demixing of the two π-components upon protonation weakens the electrostatic 

impact of the proton on the HOMO energy, resulting in a relatively moderate shift of –0.36 eV. In 

contrast, the LUMO maintains delocalization across both π-domains and the LUMO energy shifts 

by –0.91 eV upon protonation. Consequently, the HOMO-LUMO gap is reduced from 6.65 to 6.10 

eV, enabling excitation by visible light. TDDFT/Tamm-Dancoff approximation (TDA) calculation 

and natural transition orbital (NTO) analysis revealed the excitation from HOMO to LUMO (π→ 

π* transition) in 2.1 and 2.1H+–2.41 to be most important, and the excitation energies of 4.40 and 

4.01 eV, respectively, were in good agreement with experimental observations.47 

Given this combination of synthetic, spectroscopic, and computational evidence, we propose 

that the BINOL-derived acid acts as a dual-purpose catalyst, altering the absorption spectrum of 

the substrate and providing a stereodifferentiating environment for the cycloaddition. The red-

shifted absorption of the bound substrate enables selective excitation of the catalyst-bound 

complex and minimal competition from direct racemic background photocycloaddition. The 

resulting excited-state substrate is preorganized relative to the chiral environment defined by the 

Brønsted acid catalyst, and styrene approaches at the accessible face of the enone, yielding highly 

enantioenriched product. 
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2.4 Conclusion 

We have developed a highly enantioselective [2+2] photocycloaddition catalyzed by a 

BINOL phosphoramide organocatalyst. We believe that these results are significant for a variety 

of reasons. First, the stereocontrol offered by this reaction is high, and the access it provides to the 

trans-cis diastereomer of diarylcyclobutanes distinguishes it synthetically from previous reports 

of asymmetric [2+2] photocycloadditions. Thus, while highly enantioselective catalysis of excited-

state reactions is a relatively new capability in synthetic chemistry, the level of comprehensive 

control these methods collectively provide are beginning to approach the sophistication available 

in more conventional asymmetric reactions. More importantly, this study demonstrates that chiral 

Brønsted acids can activate enones by altering the absorption properties of the substrate. The 

extension of the concept of chromophore activation to chiral Brønsted acid-catalyzed 

photoreactions adds a distinctive approach to the strategic toolbox available for the design of 

stereocontrolled organic photoreactions. 

 

2.5 Contributions 

Evan M. Sherbrook performed the reaction optimization, investigated the scope, and conducted 

mechanistic experiments. Matthew J. Genzink investigated the scope and conducted mechanistic 

experiments. Ilia A. Guzei collected and analyzed x-ray crystallographic data. Bohyun Park and 

Mu-Hyun Baik performed computational experiments. Tehshik P. Yoon provided expertise, 

resources, and funding.  
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Reagent Preparation: MeCN, THF, CH2Cl2, and toluene were purified by elution through 

alumina as described by Grubbs.48 Most styrenes, all dienes, phenyl vinyl sulfide, 

methylenecyclopentane, and methylenecyclobutane were purchased from SigmaAldrich and 

distilled prior to use. Catalysts 2.2 and 2.3 were prepared by established methods for the synthesis 

of BINOL-derived phosphoric acids49 and phosphoramidates.50  Excluding those prepared below, 

all other starting materials, catalysts, or solvents were used as received from the supplier. Flash-

column chromatography was performed with Silicycle 40-63 Å (230-40 mesh) silica. 

Photochemical reactions were carried out with an H150-blue Kessil Lamp (λem. (max) = ~450 nm).  

Product Characterization: Diastereomer ratios for reactions were determined by 1H NMR 

analysis of unpurified reaction mixtures vs. a phenanthrene internal standard. 1H and 13C NMR 

data were obtained using a Bruker Avance-500 spectrometer with DCH cryoprobe and are 

referenced to tetramethylsilane (0.0 ppm) and CDCl3 (77.0 ppm), respectively. This instrument 

and supporting facilities are funded by Paul J. Bender, Margaret M. Bender, and the University of 

Wisconsin. 1H, 19F, and 31P NMR data were obtained using Bruker Avance-400 spectrometer. This 

instrument and supporting facilities are funded by the NSF (CHE-1048642) and the University of 

Wisconsin. NMR data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, 

t = triplet, q = quartet, p = pentet, sext = sextet, sept = septet, m = multiplet), coupling constant(s) 

in Hz, integration. NMR spectra were obtained at 298 K unless otherwise noted.  FT-IR spectra 

were obtained using a Bruker Tensor 27 spectrometer and are reported in terms of frequency of 

absorption (cm-1). Melting points (mp) were obtained using a Stanford Research Systems DigiMelt 

MPA160 melting point apparatus and are uncorrected. Mass spectrometry was performed with a 

Thermo Q ExactiveTM Plus using ESI-TOF (electrospray ionization-time of flight). This 

instrument and supporting facilities are funded by the NIH (1S10 OD020022-1) and the University 
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of Wisconsin. Enantiomeric excesses were determined by chiral HPLC of isolated materials using 

a Waters e2695 separations module with 2998 PDA detector and Daicel CHIRALPAK® columns 

and HPLC grade i-PrOH and hexanes. Traces were acquired using Empower 3® software. Optical 

rotations were measured using a Rudolf Research Autopol III polarimeter at room temperature in 

CH2Cl2. UV-Vis absorption spectra were acquired using a Varian Cary® 50 UV-visible 

spectrophotometer with a spectrophotometer. 

2.6.2 Catalyst Synthesis 

(R)-(+)-2,2’-Bis(methoxymethoxy)-1,1’-binaphthalene: Reaction performed using a 

modification of a procedure previously reported by Taylor.51 A 500 mL round-

bottomed flask was charged with 200 mL dry THF, and 3.00 g (75.0 mmol, 2.5 

equiv.) of 60% NaH in mineral oil was added. This mixture was cooled to 0 °C 

in an ice bath. A solution of 8.59 g (30.0 mmol, 1.0 equiv.) (R)-BINOL in 550 mL dry THF was 

added over approximately 20 min via cannula, controlling the resulting gas evolution. Then, 5.70 

mL (75.0 mmol, 2.5 equiv.) freshly distilled chloromethyl methyl ether (MOMCl) was added 

portionwise at 0 °C. The reaction was warmed to room temperature and stirred overnight. The 

reaction was then slowly quenched with 20 mL sat. aq. NH4Cl. This mixture was transferred to a 

separatory funnel with 100 mL CH2Cl2. After separating the organic layer, the aqueous layer was 

extracted with 3 x 100 mL CH2Cl2. The combined organics were washed with 20 mL brine, dried 

over Na2SO4, and concentrated. The resulting material was recrystallized from CH2Cl2/pentanes 

to give 9.06 g (24.0 mmol, 80% yield) of a crystalline white solid. Spectral data were consistent 

with previously reported values.52  1H NMR (500 MHz, CDCl3) δ 7.95 (d, J = 9.0 Hz, 2H), 7.85 

(d, J = 8.3 Hz, 2H), 7.57 (d, J = 9.0 Hz, 2H), 7.34 (ddd, J = 8.0, 6.7, 1.2 Hz, 2H), 7.22 (ddd, J = 
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8.0, 6.7, 1.2 Hz, 2H), 7.15 (d, J = 8.3 Hz, 2H), 5.08 (d, J = 6.9 Hz, 2H), 4.97 (d, J = 6.9 Hz, 2H), 

3.14 (s, 6H). 

(±)-2,2’-Bis(methoxymethoxy)-1,1’-binaphthalene: Prepared and isolated through the above 

procedure for (R)-(+)-2,2’-Bis(methoxymethoxy)-1,1’-binaphthalene using 1.00 g (25.0 mmol) 

NaH in 100 mL THF, 2.86 g (10.0 mmol) (±)-BINOL in 25 mL THF, and 1.95 mL (25.0 mmol) 

MOMCl to give 2.84 g (7.6 mmol, 76% yield) of a white solid. Spectral data were consistent with 

those reported above. 

(R)-(+)-3,3’-Dibromo-2,2’-bis(methoxymethoxy)-1,1’-binaphthalene: In a flame-dried 100 mL 

round-bottomed flask, 3.74 g (10.0 mmol, 1.0 equiv.) (R)-(+)-2,2’-

bis(methoxymethoxy)-1,1’-binaphthalene was dissolved in 50 mL dry THF and 

cooled to –78 °C. Then, 12.5 mL (25.0 mmol, 2.5 equiv.) n-BuLi (2.0 M in 

hexanes) was added portionwise. This mixture was warmed to 0 °C for 1 h before returning to –

78 °C and adding a solution of 1.28 mL (25.0 mmol, 2.5 equiv.) Br2 in 10 mL pentanes. The 

reaction was then warmed to room temperature and stirred overnight. The remaining Br2 was 

quenched by stirring with 30 mL sat. aq. Na2SO3 for 30 min. The resulting heterogeneous mixture 

was transferred to a separatory funnel with 30 mL H2O. After separating the organic layer, the 

aqueous layer was extracted with 3 x 100 mL CH2Cl2. The combined organics were dried over 

Na2SO4, and concentrated. The resulting residue was dry-loaded onto silica and purified by flash 

column chromatography with a gradient of 2% → 5% → 10% EtOAc in hexanes to give 2.80 g 

(5.4 mmol, 54%) of a white solid. Spectroscopic data were consistent with previously reported 

values. 1H NMR (500 MHz, CDCl3) δ 8.27 (s, 2H), 7.80 (d, J = 8.0 Hz, 2H), 7.44 (ddd, J = 8.0, 

6.8, 1.2 Hz, 2H), 7.31 (ddd, J = 8.3, 6.8, 1.2 Hz, 2H) , 7.18 (d, J = 8.6 Hz, 2H), 4.83 (d, J = 5.9, 

2H), 4.81(d, J = 5.9, 2H), 2.57 (s, 6H).  
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(±)-3,3’-Dibromo-2,2’-bis(methoxymethoxy)-1,1’-binaphthalene: Prepared and isolated 

through the above procedure for (R)-(+)-3,3’-Dibromo-2,2’-bis(methoxymethoxy)-1,1’-

binaphthalene using 2.81 g (7.5 mmol) (±)-2,2’-bis(methoxymethoxy)-1,1’-binaphthalene in 50 

mL THF, 9.2 mL (18.25 mmol) n-BuLi (~2.0 M in hexanes), and 0.93 mL (18.25 mmol) Br2 in 10 

mL pentanes to give 2.08 g (4.0 mmol, 53% yield) of a white solid. Spectral data were consistent 

with those reported above.  

 

 

 

 

 

(R)-(+)-3,3’-Di-(4-trifluoromethyl)phenyl-[1,1’-binaphthalene]-2,2’-diol: Step 1: A 100 mL 

round-bottomed flask was charged with 2.80 g (5.35 mmol 1.0 equiv.) (R)-(+)-3,3’-dibromo-2,2’-

bis(methoxymethoxy)-1,1’-binaphthalene, 3.56 g (18.73 mmol, 3.5 equiv.) 4-

trifluoromethylphenylboronic acid, 15 mL 2 M aq. Na2CO3, and 30 mL 1,2-dimethoxyethane 

(DME) and fitted with a reflux condenser. The apparatus was purged with N2 for 15 min before 

the addition of 340 mg (0.27 mmol, 0.05 equiv.) Pd(PPh3)4. The mixture was heated to 95 °C for 

16 h. After cooling to room temperature, the mixture was filtered over a pad of Celite, the pad 

washed with EtOAc, and the resulting solution concentrated. This residue was partitioned between 

100 mL EtOAc and 25 mL H2O. After separating the organic layer, the aqueous layer was extracted 

with 3 x 20 mL EtOAc. The combined organics were dried over Na2SO4 and concentrated. Step 2: 

The resulting yellow solid, primarily composed of MOM-protected cross-coupling product, was 
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taken up in 30 mL THF, and 0.8 mL conc. HCl was added. The mixture was heated to 65 °C for 3 

h. This mixture was concentrated, and the residue partitioned between 100 mL EtOAc and 25 mL 

H2O. After separating the organic layer, the aqueous was extracted with 3 x 50 mL EtOAc. The 

combined organics were dried over Na2SO4, then concentrated directly on silica for purification 

by flash column chromatography with 2 → 5% EtOAc in hexanes to give 2.67 g (4.65 mmol, 87% 

yield) of a white solid. Spectroscopic data were consistent with previously reported values.53  1H 

NMR (500 MHz, CDCl3) δ 8.06 (s, 2H), 7.96 (d, J = 8.0 Hz, 2H), 7.87 (d, J = 8.1 Hz, 4H), 7.74 

(d, J = 8.2 Hz, 4H), 7.44 (ddd, J = 8.0, 6.8, 1.1 Hz, 2H), 7.37 (ddd, J = 8.2, 6.8, 1.2 Hz, 2H), 7.23 

(d, J = 8.2 Hz, 2H), 5.32 (s, 2H).  

 

(±)-3,3’-Di-(4-trifluoromethyl)phenyl-[1,1’-binaphthalene]-2,2’-diol: Prepared and isolated 

through the above procedure for (R)-(+)-3,3’-di-(4-trifluoromethyl)phenyl-[1,1’-

binaphthalene]-2,2’-diol. Step 1: 2.08 g (4.0 mmol) (±)-3,3’-Dibromo-2,2’-

bis(methoxymethoxy)-1,1’-binaphthalene, 2.65 (13.9 mmol) 4-trifluoromethylphenylboronic 

acid, 260 mg Pd(PPh3)4, 15 mL 2 M aq. Na2CO3, and 30 mL 1,2-DME were combined to give a 

yellow solid. Step 2: This yellow solid was combined with 20 mL THF and 0.6 mL conc. HCl to 

give 1.44 g (2.51 mmol, 63% yield) of a white solid. Spectral data were consistent with those 

reported above. 
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(R)-4-Trifluoromethylphenyl-BINOL ((trifluoromethyl)sulfonyl)phosphoramidate ((R)-

2.4):  Prepared using a modification of a procedure previously reported by Yamamoto. Step 1: A 

100 mL flame-dried round-bottomed flask was charged with 2.48 g (4.3 mmol, 1.0 equiv.) (R)-

(+)-3,3’-di-(4-trifluoromethyl)phenyl-[1,1’-binaphthalene]-2,2’-diol and 25 mL dry CH2Cl2, then 

cooled to 0 °C. To this solution was added 0.84 mL (9.0 mmol, 2.1 equiv.) freshly distilled POCl3 

and 1.90 mL (13.5 mmol, 3.1 equiv.) freshly distilled Et3N. The reaction was warmed to room 

temperature and stirred under N2 for 16 h. The resulting mixture was washed once with 10 mL 

H2O. This aqueous layer was extracted with 2 x 10 mL CH2Cl2. After drying over Na2SO4, the 

solution was concentrated to give a brown solid, which was passed through a short plug of silica 

with 5% EtOAc in pentanes to give a quantitative yield of white solid. This organic phosphoryl 

chloride and carried forward to the next step without additional purification.  Step 2: A 100 mL 

flame-dried round-bottomed flask was charged with 2.78 g (4.25 mmol, 1.0 equiv) of the organic 

phosphoryl chloride synthesized above, 634 mg (4.25 mmol, 1.0 equiv.) 

trifluromethanesulfonamide, 1.04 g (8.50 mmol, 2.0 equiv.) dimethylaminopyridine (DMAP), and 

50 mL dry CH2Cl2. This mixture was stirred under N2 at room temperature for 24 h. The crude 

reaction mixture was washed directly with 20 mL 6 M HCl and dried over Na2SO4. The resulting 

solution was concentrated directly onto silica and purified by flash column chromatography with 

10% → 50% → 70% EtOAc in pentanes. The resulting solid was dissolved in CH2Cl2, washed 

with 6 M HCl (3 x 50 mL), dried over Na2SO4, filtered, and concentrated to give 1.64 g (2.14 

mmol, 50% yield) of a white crystalline solid. (dec. pt. = 250+ °C). [α]D
22 –234.0° (c0.970, 

CH2Cl2). 
1H NMR (500 MHz, CDCl3) δ 8.13 (s, 1H), 8.05 (d, J = 8.0 Hz, 1H), 8.04 (s, 1H), 8.02 

(d, J = 8.0 Hz, 1H), 7.76 (d, J = 8.1 Hz, 2H), 7.64–7.60 (m, 7H), 7.56 (ddd, J = 8.0, 6.3, 1.4 Hz, 
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1H), 7.48 (d, J = 8.3 Hz, 1H), 7.45–7.35 (m, 3H), 6.35 (br s, 1H). 13C NMR (125 MHz, CDCl3) δ 

142.76, 142.66, 142.41, 142.33, 139.49, 139.20, 132.47, 132.45, 132.19, 132.18, 132.14, 132.02, 

132.00, 131.95, 131.91, 131.82, 130.48, 130.22, 130.02, 129.96, 129.70, 128.85, 128.64, 127.49, 

127.39, 127.33, 127.10, 127.02, 126.93, 126.85, 125.39, 125.36, 125.33, 125.30, 125.16, 124.96, 

124.94, 124.91, 124.88, 124.85, 123.00, 122.78, 122.76, 122.68, 122.33, 121.95, 121.93, 120.84, 

120.52, 119.78, 117.22, 114.67. More signals appear in this list than expected from carbons alone 

due to both C-F and C-P coupling. Due to signal overlap it was not possible to fully deconvolute 

the splitting patterns that give rise to these individual signals. I 19F NMR (377 MHz, CDCl3) δ –

62.92, –63.37, –78.32. 31P NMR (162 MHz, CDCl3) δ –5.05. HRMS (ESI) calculated for 

[C35H23F9N2O5PS]+ (M+NH4
+) requires m/z 785.0916, found 785.0918. 

 

(±)-4-Trifluoromethylphenyl-BINOL ((trifluoromethyl)sulfonyl)phosphoramidate ((±)-2.4):   

Prepared and isolated through the above procedure for (R)-A1. Step 1: 1.43 g (2.5 mmol) (+)-3,3’-

Di-(4-trifluoromethyl)phenyl-[1,1’-binaphthalene]-2,2’-diol, 0.47 mL (5.0 mmol) POCl3, and 1.03 

mL (7.5 mmol) Et3N were combined to give a white solid. Step 2: This white solid (1.47 g, 2.25 

mmol) was combined with 335 mg (2.25 mmol) trifluoromethanesulfonamide, 550 mg (4.50 

mmol) DMAP, and 25 mL CH2Cl2 to give 0.87 g (1.13 mmol, 50% yield. Spectral data were 

consistent with those reported above. 

Diethyl ((trifluoromethyl)sulfonyl)phosphoramidate (2.41): A flame-dried 250 mL round-

bottomed flask was charged  with 0.89 g (6.0 mmol, 1.0 equiv.) 

trifluoromethylsulfonamide and 1.48 g (12.0 mmol, 2.0 equiv.) 4-dimethylaminopyridine in 50 

mL CH2Cl2. To this solution, 0.87 mL (6.0 mmol, 1.0 equiv.) diethyl chlorophosphate was added 

dropwise at room temperature and the reaction was stirred for 24 h. The reaction mixture was 
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washed with 6 x 30 mL 6 M HCl then dried over Na2SO4, filtered, and concentrated. Spectral data 

were consistent with previously reported values.54 1H NMR (500 MHz, CDCl3) δ 7.30 (s, 1H), 

4.28 (m, 4H), 1.41 (t, J = 7.1 Hz, 6H).  

2.6.3 Substrate Synthesis 

2-Acetyl-1-methylimidazole: A solution of 0.84 mL (10.5 mmol, 1.05 equiv.) 1-methylimidazole 

in 25 mL dry THF was prepared in a flame-dried 100 mL round-bottomed flask. After 

cooling to –78 °C, 5.5 mL (10.5 mmol, 1.05 equiv.) n-BuLi (1.91 M in hexanes) was 

added portionwise. The reaction was warmed to 0 °C for 30 min before returning to –78 °C.  A 

solution of 1.15 mL (10.0 mmol, 1.0 equiv.) 4-acetylmorpholine in 25 mL THF was prepared in a 

flame-dried 50 mL pear-shaped flask and added to the solution of deprotonated 1-methylimidazole 

via cannula. The reaction was warmed to room temperature and stirred overnight. The resulting 

solution was stirred vigorously, then 2 mL glacial acetic acid added dropwise. This solution was 

transferred to separatory funnel with 100 mL EtOAc, then washed with 30 mL sat. aq. NaHCO3 

and 30 mL sat. aq. NaCl. Each wash solution was back-extracted with 30 mL additional EtOAc. 

The combined organics were dried over Na2SO4 and concentrated. The product was purified by 

flash column chromatography with 2:3 EtOAc/pentanes to give 700 mg (5.6 mmol, 56% yield) of 

a colorless oil. Spectral data were consistent with previously reported values.55 1H NMR (400 

MHz, CDCl3) δ 7.14 (s, 1H), 7.03 (s, 1H), 4.00 (s, 3H), 2.66 (s, 3H). 

N-Methoxy-N-methylcinnamide:  A flame-dried 50 mL round-bottomed flask was charged with 

8.64 g (52.0 mmol, 1.0 equiv.) cinnamoyl chloride and 5.34 g (54.7 mmol, 1.05 

mmol) N,O-dimethylhydroxylamine hydrochloride in 150 mL dry CH2Cl2. The 

mixture was cooled to 0 °C, and 9.20 mL (114.4, 2.2 equiv.) pyridine was added slowly. The 

reaction was then warmed to room temperature and stirred overnight. Then 1 M HCl was added, 
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the organic layer separated, and the aqueous layer extracted with 3 x 25 mL additional EtOAc. The 

combined organics were washed with 25 mL sat. aq. NaHCO3 and 25 mL sat. aq. NaCl. The 

combined organics were dried over Na2SO4 and concentrated. The products were purified by flash 

column chromatography with 1:1 Et2O/pentanes to give 8.14 g (42.6 mmol, 82% yield) of a viscous 

oil that solidified after extended drying in vacuo. Spectral data were consistent with previously 

reported values.56  1H NMR (400 MHz, CDCl3) δ 7.74 (d, J = 15.9 Hz, 1H), 7.59–7.56 (m, 2H), 

7.41–7.36 (m, 3H), 7.04 (d, J = 15.9 Hz, 1H), 3.77(s, 3H), 3.32 (s, 3H).  

2-Cinnamoyl-1-methyl-1H-imidazole (2.1): A flame-dried 100 mL round-bottomed flask was 

charged with 0.71 mL (8.93 mmol, 1.05 equiv.) N-methylimidazole and 30 

mL dry THF, then cooled to –78 °C. A volume of 3.6 mL (8.93 mmol, 1.05 

equiv.)  n-BuLi (2.50 M in hexanes) was added portionwise. The reaction was warmed to 0 °C for 

30 min, then returned to –78 °C. A solution of 1.62 g (8.50 mmol, 1.0 equiv.) N-methoxy-N-

methylcinnamide in 10 mL THF was prepared in a flame-dried pear-shaped flask and added to the 

solution of deprotonated 1-methylimidazole via cannula. The reaction was warmed to room 

temperature and stirred overnight. The resulting solution was stirred vigorously, then 2 mL glacial 

acetic acid was added dropwise. This solution was transferred to separatory funnel with 50 mL 

EtOAc and shaken with 20 mL water. The organic layer was separated and the aqueous extracted 

with 3 x 25 mL additional EtOAc. The combined organics were then washed with 30 mL sat. aq. 

NaHCO3 and 30 mL sat. aq. NaCl, dried over Na2SO4, and concentrated. The products were 

purified by flash column chromatography with 1:1 Et2O/pentanes. Yield: 1.32 g (6.2 mmol, 73% 

yield) of an off-white solid. Spectral data were consistent with previously reported values.57 1H 

NMR (400 MHz, CDCl3) δ 8.08 (d, J = 16.0 Hz, 1H), 7.83 (d, J = 16.0 Hz, 1H), 7.72–7.68 (m, 

2H), 7.43–7.38 (m, 3H), 7.23 (s, 1H), 7.09 (s, 1H), 4.10 (s, 3H). 
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General Method for the Preparation of Substituted Cinnamoyl Methylimidazole 

Derivatives: A round-bottomed flask was charged with 2-acetyl-1-methylimidazole (1.0 equiv.), 

and a mixture of EtOH and H2O. This solution was sparged briefly with N2 (5 min). Aromatic 

aldehyde (1.0–1.1 equiv., freshly distilled if possible) was then added to the solution, followed by 

a catalytic quantity of KOH. The reaction was then stirred under N2 for 12–16 h (overnight). Work-

up 1: If the resulting solution was hetereogeneous, the product was filtered and washed with H2O 

and cold EtOH to give the pure desired product. Work-up 2: If the resulting solution was 

homogeneous, the crude reaction mixture was diluted with CH2Cl2, transferred to separatory 

funnel, and shaken with H2O. The organic layer was separated and the aqueous extracted with 

three portions of CH2Cl2. The combined organics were dried over Na2SO4, concentrated, and 

purified by flash column chromatography.  

(E)-3-(4-Methoxyphenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one: Prepared using the 

general method above using 372.7 mg (3.0 mmol, 1.0 equiv.) 2-acetyl-

1-methylimidazole, 0.26 mL (3.0 mmol, 1.0 equiv.) 4-

methoxybenzaldehyde, ~25 mg (½ pellet) KOH, 6 mL EtOH, and 3 mL H2O. Work-up 2, then 

purified by flash column chromatography with 1:1 Et2O/pentanes to give 382 mg (1.58 mmol, 53% 

yield) of an off-white solid. Spectral data were consistent with previously reported values.58 1H 

NMR (400 MHz, CDCl3) δ 7.96 (d, J = 15.9 Hz, 1H), 7.80 (d, J = 15.9 Hz, 1H), 7.66 (d, J = 8.7 

Hz, 1H), 7.21 (s, 1H), 7.07 (s, 1H), 6.92 (d, J = 8.7 Hz, 1H), 4.10 (s, 3H), 3.85 (s, 3H).  

(E)-3-(2-Methoxyphenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one: Prepared using 

general method above using 499.6 mg (4.0 mmol, 1.0 equiv.) 2-acetyl-1-

methylimidazole, 0.41 mL (4.4 mmol, 1.1 equiv.) 2-methoxybenzaldehyde, 

~25 mg (½ pellet) KOH, 8 mL EtOH. Work-up 2, then purified by flash column chromatography 
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with 1:1 Et2O/pentanes to give 877 mg (3.6 mmol, 90% yield) of an off-white solid. Spectral data 

were consistent with previously reported values.59 1H NMR (400 MHz, CDCl3) δ 8.24 (d, J = 16.2 

Hz, 1H), 8.09 (d, J = 16.2 Hz, 1H), 7.76 (dd, J = 7.6, 1.6 Hz, 1H), 7.37 (ddd, J = 8.9, 7.6, 1.6 Hz, 

1H), 7.21 (s, 1H), 7.07 (s, 1H), 6.97 (t, J = 7.6 Hz, 1H), 6.93 (t, J = 8.9 Hz, 1H), 4.10 (s, 3H), 3.91 

(s, 3H). 

Methyl 4-[(1E)-3-(1-methyl-1H-imidazol-2-yl)-3-oxoprop-1-en-1-yl]benzoate: Prepared using 

the general method above using 416.0 mg (3.3 mmol, 1.0 equiv.) 2-

acetyl-1-methylimidazole, 594 mg (3.6 mmol, 1.1 equiv.) methyl 4-

formylbenzoate, ~25 mg (1/2 pellet) KOH, 6 mL MeOH60, and 3 mL H2O. Work-up 1 to give 428 

mg (1.58 mmol, 48% yield) of an off-white solid (mp = 138–140 °C). 1H NMR (400 MHz, CDCl3) 

δ 8.15 (d, J = 16.0 Hz, 1H), 8.06 (d, J = 8.3 Hz, 2H), 7.82 (d, J = 16.0 Hz, 1H), 7.75 (d, J = 8.3 

Hz), 7.24 (s, 1H), 7.11 (s, 1H), 4.11 (s, 3H), 3.94 (s, 3H).  13C NMR (125 MHz, CDCl3) δ 180.10, 

166.54, 143.94, 141.72, 139.19, 131.39, 130.06, 129.56, 128.51, 127.54, 125.02, 52.28, 36.40. 

HRMS (ESI) calculated for [C15H15N2O3]
+ (M+H+) requires m/z 271.1077, found 271.1080.  

 

(E)-1-(1-Methyl-1H-imidazol-2-yl)-3-(4-trifluoromethylphenyl)prop-2-en-1-one: Prepared 

using the general method above using 328.0 mg (3.0 mmol, 1.0 equiv.) 

2-acetyl-1-methylimidazole, 0.45 mL (3.3 mmol, 1.1 equiv.) 4-

trifluoromethylbenzaldehyde, ~25 mg (1/2 pellet) KOH, 12 mL EtOH, and 6 mL H2O. Work-up 

2, then purified by flash column chromatography with 1:1 Et2O/pentanes to give 442 mg (1.58 

mmol, 53% yield) of an off-white solid. Spectral data were consistent with previously reported 

values.59 1H NMR (400 MHz, CDCl3) δ 8.14 (d, J = 16.0 Hz, 1H), 7.81 (d, J = 16.0 Hz, 1H), 7.79 

(d, J = 8.3 Hz, 2H), 7.65 (d, J = 8.3 Hz, 2H), 7.24 (s, 1H), 7.11 (s, 1H), 4.11 (s, 3H).  
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(E)-4-(3-(1-Methyl-1H-imidazol-2-yl)-3-oxoprop-1-en-1-yl)benzonitrile: Prepared using the 

general method above using 418.0 mg (3.4 mmol, 1.0 equiv.) 2-acetyl-1-

methylimidazole, 476.0 mg (3.6 mmol, 1.1 equiv.) 4-formylbenzonitrile, 

~25 mg (1/2 pellet) KOH, 4 mL EtOH, and 2 mL H2O. Work-up 1 to give 552.0 mg (2.31 mmol, 

70% yield) of an off-white solid (mp = 228–232 °C). 1H NMR (500 MHz, CDCl3) δ 8.15 (d, J = 

16.1 Hz, 1H), 7.79-7.76 (m, 3H), 7.69 (d, J = 8.3 Hz, 2H), 7.24 (s, 1H), 7.12 (s, 1H), 4.11 (s, 3H). 

13C NMR (125 MHz, CDCl3) δ 179.72, 143.81, 140.53, 139.30, 132.59, 129.71, 128.92, 127.72, 

126.14, 118.48, 113.35, 36.38. HRMS (ESI) calculated for [C14H11N3O]+ (M+H+) requires m/z 

238.0975, found 238.097.  

(E)-3-(2-Fluorophenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one: Prepared using the 

general method above using 258.0 mg (2.1 mmol, 1.0 equiv.) 2-acetyl-1-

methylimidazole, 0.23 mL (2.2 mmol, 1.1 equiv.) 2-fluorobenzaldehyde, ~25 

mg (1/2 pellet) KOH, 8 mL EtOH, and 4 mL H2O. Work-up 1 to give 270 mg (1.17 mmol, 56% 

yield) of a white solid (mp = 136–138 °C). 1H NMR (400 MHz, CDCl3) δ 8.13 (d, J = 16.2 Hz, 

1H), 8.02 (d, J = 16.2 Hz, 1H), 7.77 (td, J = 7.6, 1.7 Hz, 1H), 7.39-7.35 (m, 1H), 7.23 (d, J = 0.9 

Hz, 1H), 7.17 (t, J = 7.6 Hz, 1H), 7.13-7.09 (m, 2H), 4.10 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 

180.36, 161.73, 144.02, 135.45, 131.85, 129.46, 128.91, 127.35, 124.84, 124.35, 123.10, 116.14, 

36.37. 19F NMR (377 MHz, CDCl3) δ –114.39. HRMS (ESI) calculated for [C13H11FN2O]+ 

(M+H+) requires m/z 231.0928, found 231.0927.  

(E)-3-(4-Chlorophenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one: Prepared using the 

general method above using 248.2 mg (2.0 mmol, 1.0 equiv.) 2-acetyl-1-

methylimidazole, 315.0 mg (2.2 mmol, 1.1 equiv.) 4-chlorobenzaldehyde, 

~25 mg (1/2 pellet) KOH, 8 mL EtOH, and 4 mL H2O. Work-up 1 to give 340.1 mg (1.38 mmol, 
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69% yield) of a white solid. Spectral data were consistent with previously reported values.58 1H 

NMR (500 MHz, CDCl3) δ 8.04 (d, J = 16.0 Hz, 1H), 7.76 (d, J = 16.0 Hz, 1H), 7.62 (d, J = 8.5 

Hz, 2H), 7.37 (d, J = 8.5 Hz, 2H), 7.22 (s, 1H), 7.09 (s, 1H), 4.10 (s, 3H). 

(E)-1-(1-Methyl-1H-imidazol-2-yl)-3-(p-tolyl)prop-2-en-1-one: Prepared using the general 

method above using 248.0 mg (2.0 mmol, 1.0 equiv.) 2-acetyl-1-

methylimidazole, 0.26 mL (2.2 mmol, 1.1 equiv.) p-tolualdehyde, ~25 

mg (1/2 pellet) KOH, 8 mL EtOH, and 4 mL H2O. Work-up 2, then purified by flash column 

chromatography with 3:7 EtOAc/hexanes to give 323.3 mg (1.43 mmol, 71% yield) of a white 

solid. Spectral data were consistent with previously reported values.58 1H NMR (500 MHz, CDCl3) 

δ 8.03 (d, J = 16.0, 1H), 7.81 (d, J = 16.0 Hz, 1H), 7.60 (d, J = 8.1 Hz, 2H), 7.22 (m, 2H), 7.20 (s, 

1H), 7.07 (s, 1H), 4.10 (s, 3H), 2.38 (s, 3H). 

(E)-1-(1-Methyl-1H-imidazol-2-yl)-3-(naphthalen-2-yl)prop-2-en-1-one: Prepared using the 

general method above using 370 mg (3.0 mmol, 1.0 equiv.) 2-acetyl-1-

methylimidazole, 0.52 mg (3.3 mmol, 1.1 equiv.) 2-napthaldehyde, ~25 

mg (1/2 pellet) KOH, 6 mL EtOH, and 3 mL H2O. Work-up 1 to give 610 mg (2.32 mmol, 78% 

yield) of an off-white solid (mp = 153–155 °C). 1H NMR (500 MHz, CDCl3) δ 8.20 (d, J = 15.9 

Hz, 1H), 8.09 (s, 1H), 8.00 (d, J = 16.0 Hz, 1H), 7.89-7.83 (m, 4H), 7.53-7.51 (m, 2H), 7.25 (s, 

1H), 7.10 (s, 1H), 4.13 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 180.47, 144.12, 143.47, 134.40, 

133.35, 132.50, 130.58, 129.36, 128.66, 128.58, 127.78, 127.29, 127.27, 126.63, 124.31, 122.97, 

36.41. HRMS (ESI) calculated for [C17H14N2O]+ (M+H+) requires m/z 263.1179, found 263.1177.  

(E)-1-(1-Methyl-1H-imidazol-2-yl)-3-(thiophen-2-yl)prop-2-en-1-one: Prepared using the 

general method above using 250.0 mg (2.0 mmol, 1.0 equiv.) 2-acetyl-1-

methylimidazole, 0.21 mL (2.2 mmol, 1.1 equiv.) 2-
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thiophenecarboxaldehyde, ~25 mg (1/2 pellet) KOH, 8 mL EtOH, and 4 mL H2O. Work-up 2, then 

purified by flash column chromatography with 4:6 EtOAc/hexanes to give 331.0 mg (1.52 mmol, 

75% yield) of an off-white solid. Spectral data were consistent with previously reported values.57 

1H NMR (400 MHz, CDCl3) δ 7.95 (d, J = 15.7 Hz, 1H), 7.84 (d, J = 15.7 Hz, 1H), 7.42 (d, J = 

5.0 Hz, 1H), 7.38 (d, J = 3.5 Hz, 1H), 7.22 (s, 1H), 7.08 (s, 1H), 7.08 (dd, J = 5.0, 3.5 Hz, 1H), 

4.09 (s, 3H).  

(E)-1-(1-Methyl-1H-imidazol-2-yl)-3-(3-nitrophenyl)prop-2-en-1-one: Prepared using the 

general method above using 248.7 mg (2.0 mmol, 1.0 equiv.) 2-acetyl-

1-methylimidazole, 331.4 mg (2.2 mmol, 1.1 equiv.) 3-

nitrobenzaldehyde, ~25 mg (1/2 pellet) KOH, 8 mL EtOH, and 4 mL H2O. Work-up 1 to give 

420.3 mg (1.63 mmol, 82% yield) of a white solid. (mp = 161–162 °C). 1H NMR (500 MHz, 

CDCl3) δ 8.53 (t, J = 2.1 Hz, 1H), 8.25-8.23 (m, 1H), 8.18 (d, J = 16.0 Hz, 1H), 7.98 (d, J = 7.9 

Hz, 1H), 7.83 (d, J = 16.0 Hz, 1H), 7.59 (t, J = 7.9 Hz, 1H), 7.25 (s, 1H), 7.12 (s, 1H), 4.11 (s, 

3H). 13C NMR (125 MHz, CDCl3) δ 179.71, 148.76, 143.78, 140.16, 136.77, 134.10, 129.86, 

129.71, 127.72, 125.70, 124.57, 123.01, 36.39. HRMS (ESI) calculated for [C13H11N3O3]
+ (M+H+) 

requires m/z 258.0873, found 258.0872.  

(E)-3-(2-Iodophenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one: Prepared using the 

general method above using 247.5 mg (2.0 mmol, 1.0 equiv.) 2-acetyl-1-

methylimidazole, 515.0 mL (2.2 mmol, 1.1 equiv.) 2-iodobenzaldehyde, ~25 

mg (1/2 pellet) KOH, 8 mL EtOH, and 4 mL H2O. Work-up 1 to give 508 mg (1.50 mmol, 75% 

yield) of an off-white solid. Spectral data were consistent with previously reported values.61 1H 

NMR (500 MHz, CDCl3) δ 8.05 (d, J = 15.8 Hz, 1H), 7.97 (d, J = 15.8 Hz, 1H), 7.91 (dd, J = 8.0, 
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1.2 Hz, 1H), 7.82 (dd, J = 7.9, 1.6 Hz, 1H), 7.37 (t, J = 8.0 Hz, 1H), 7.22 (d, J = 0.9 Hz, 1H), 7.10 

(s, 1H), 7.06 (td, J = 7.7, 1.6 Hz, 1H), 4.11 (s, 3H). 

(E)-3-(7-Methoxy-2H-1,3-benzodioxol-5-yl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one: 

Prepared using the general method above using 250.0.0 mg (2.0 mmol, 

1.0 equiv.) 2-acetyl-1-methylimidazole, 360 mg (2.0 mmol, 1.0 equiv.) 

5-methoxypiperonal, ~25 mg (1/2 pellet) KOH, 9 mL EtOH, and 1 mL 

H2O. Work-up 1 to give 480 mg (1.68 mmol, 84% yield) of a yellow solid (mp = 210–212 °C). 1H 

NMR (400 MHz, CDCl3) δ 7.91 (d, J = 15.8 Hz, 1H), 7.71 (d, J = 15.8 Hz, 1H), 7.21 (d, J = 0.8 

Hz, 1H), 7.08 (d, J = 0.8 Hz, 1H), 6.92 (d, J = 1.4 Hz, 1H), 6.88 (d, J = 1.4 Hz, 1H), 6.03 (s, 2H), 

4.10 (s, 3H), 3.95 (s, 3H).  13C NMR (125 MHz, CDCl3) δ 180.37, 149.29, 144.10, 143.77, 143.41, 

137.70, 129.83, 129.25, 127.22, 121.30, 109.31, 102.46, 102.05, 56.67, 36.41. HRMS (ESI) 

calculated for [C15H15N2O4]
+ (M+H+) requires m/z 287.1026, found 287.1027.  

 

1-(Acetoxymethyl)-4-vinylbenzene: To a solution of pyridine (0.5 mL) and acetic anhydride (0.5 

mL) in a flame-dried 50 mL round-bottomed flask was added 1.07 g (8.0 mmol, 

1.0 equiv) (4-vinylphenyl)methanol and 98 mg (0.8 mmol, 0.1 equiv.) 4-

dimethylaminopyridine. The reaction was stirred at room temperature for 20 h, then diluted with 

water (30 mL) and extracted with EtOAc (3 x 30 mL). The combined organic layers were washed 

with 1M HCl (30 mL) and sat. aq. NaHCO3 (30 mL). The organic layers were dried over Na2SO4, 

filtered, and concentrated. The residue was purified by flash column chromatography with a 

gradient of 0% Et2O in pentanes →10% Et2O in pentanes to give 1.35 g (7.7 mmol, 96%) of a 

colorless oil. Spectroscopic data were consistent with that previously reported.62 1H NMR (500 



104 

 

 

MHz, CDCl3) δ 7.41 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 8.3 Hz, 2H), 6.72 (dd, J = 17.8, 11.0 Hz, 

1H), 5.77 (dd, J = 17.8, 0.8 Hz, 1H), 5.27 (dd, J = 11.0, 0.8 Hz 1H), 5.10 (s, 2H), 2.11 (s, 3H). 

 

tert-Butyldimethyl(4-vinylbenzyloxy) silane: A vial was charged with CH2Cl2 (6 mL) and 0.39 

g (2.87 mmol, 1.0 equiv.) (4-vinylphenyl)methanol followed by 0.25 g (3.73 

mmol, 1.3 equiv.) imidazole. The reaction was stirred until everything dissolved then 0.52 g (3.44 

mmol, 1.2 equiv.) tert-butyldimethylsilyl chloride was added and the reaction was stirred at room 

temperature for 6 h. The reaction was diluted in sat. aq. NH4Cl and extracted with CH2Cl2 (3 x 10 

mL). The organic layers were combined, dried over Na2SO4, filtered, and concentrated. The 

residue was purified with flash column chromatography eluting with a gradient of 0% Et2O in 

pentanes → 2:1 pentanes:Et2O. Spectral data were consistent with previously reported values.63 

1H NMR (500 MHz, CDCl3) δ 7.38 (AA’BB’, J = 8.1 Hz, 2H), 7.28 (AA’BB’, J = 8.1 Hz, 2H), 

6.71 (dd, J = 17.6, 10.9 Hz, 1H), 5.72 (d, J = 17.6 Hz, 1H), 5.21 (d, J = 10.9 Hz, 1H), 4.73 (s, 2H), 

0.94 (s, 9H), 0.10 (s, 6H). 

 

1-(Azidomethyl)-4-vinylbenzene: A flame-dried 250 mL round-bottomed flask was charged with 

0.65 g (10.0 mmol, 2 equiv.) sodium azide and 0.76 g (5.0 mmol, 1.0 equiv.) 4-

vinylbenzyl chloride dissolved in 50 mL DMF. The mixture was stirred for 24 h at room 

temperature. The reaction was diluted with water (100 mL) and extracted with Et2O (3 x 50 mL). 

The organic layers were combined and washed with water (2 x 50 mL) and brine (50 mL). The 

organic layer was dried over Na2SO4, filtered, and concentrated. The residue was purified by flash 

column chromatography eluting from 1:9 EtOAc:hexanes to give 0.75 g (4.7 mmol, 93%) of a 

light yellow oil. Spectral data were consistent with previously reported values.64 1H NMR (500 
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MHz, CDCl3) δ 7.43 (AA'BB', J = 8.1 Hz, 2H), 7.28 (AA'BB', J = 8.1 Hz, 2H), 6.72 (dd, J = 17.7, 

10.9 Hz, 1H), 5.77 (dd, J = 17.7, 0.7 Hz, 1H), 5.28 (dd, J = 10.9, 0.7 Hz, 1H), 4.33 (s, 2H). 

 

tert-Butyl 4-vinylbenzylcarbamate: A 25 mL round-bottomed flask was charged with 0.78 g (4.9 

mmol, 1.0 equiv.) 1-azidomethyl-4-vinyl-benzene, 2.52 g (9.8 mmol, 2.0 

equiv.) triphenylphosphine, and 10:1 THF:H2O (11 mL). The reaction was stirred at room 

temperature for 24 h, then dissolved in CH2Cl2 (20 mL) and extracted with 1 N HCl (2 x 20 mL). 

The acidic aqueous phases were combined, washed with EtOAc (3 x 20 mL) and adjusted to pH 

10 by addition of 3 N NaOH. The alkaline solution was then extracted with CH2Cl2 (3 x 50 mL), 

and the combined organics were dried over Na2SO4 and concentrated in vacuo to give the desired 

amine, which was carried on without further purification. A 250 mL round bottom flask was 

charged with the crude amine as a solution in CH2Cl2 (100 mL), 1.55 g (7.3 mmol, 1.5 equiv.) di-

tert-butyl dicarbonate, 0.82 mL (5.9 mmol, 1.2 equiv.) NEt3, and 7 mL MeOH. The resulting 

solution was then stirred at room temperature overnight under an atmosphere of N2. The reaction 

was concentrated, and the residue was purified by flash column chromatography eluting from 20% 

EtOAc in hexanes to give 0.74 g (3.2 mmol, 65% over two steps) of a colorless oil. Spectral data 

were consistent with previously reported values.65 1H NMR (500 MHz, CDCl3) δ 7.38 (d, J = 9.0 

Hz, 2 H), 7.26 (d, J = 9.0 Hz, 2 H), 6.72 (dd, J = 10.9 Hz, 17.6 Hz 1H), 5.75 (dd, J = 0.9 Hz, 17.6 

Hz, 1 H), 5.25 (dd, J = 0.9 Hz, 10.9 Hz, 1 H), 4.31 (d, J = 5.0 Hz, 2 H), 1.48 (s, 9 H). 

 

5-Vinyl-1-benzofuran: A flame-dried 25 mL round-bottomed flask was charged with 4.15 g (11.5 

mmol, 1.4 equiv.) methyltriphenylphosphonium bromide in 8 mL dry THF and 

treated with 1.38 g (12.3 mmol, 1.5 equiv.) potassium tert-butoxide. The mixture was stirred for 
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30 min at room temperature before a solution of 1.20 g (8.2 mmol, 1.0 equiv.) 1-benzofuran-5-

carbaldehyde in 9 mL THF was added dropwise. The reaction was stirred for 14 h, then diluted 

with water (50 mL) and extracted with EtOAc (3 x 10 mL). The combined organic layers were 

dried over Na2SO4, filtered, and concentrated. The crude product was purified by flash column 

chromatography eluting with hexanes to give 0.89 g (6.2 mmol, 75%) of a colorless oil. Spectral 

data were consistent with previously reported values.66 1H NMR (500 MHz, CDCl3) δ 7.62-7.61 

(m, 2H), 7.46-7.38 (m, 2H), 6.82 (dd, J = 17.6, 10.8 Hz, 1H), 6.75 (dd, J = 2.0, 1.2 Hz, 1H), 5.73 

(d, J = 17.6 Hz, 1H), 5.22 (d, J = 10.8 Hz, 1H). 

 

1-Toluenesulfonyl-5-vinyl-1H-indole: A solution of 0.96 g (6.5 mmol, 1.1 equiv.) potassium 

vinyltrifluoroborate, 23 mg (0.13 mmol, 0.02 equiv.) PdCl2, 103 mg (0.39 mmol, 

0.06 equiv.) triphenylphosphine, 6.3 g (19.5 mmol, 3.0 equiv.), Cs2CO3, and 2.27 

g (6.5 mmol, 1.0 equiv.) 5-bromo-1-tosyl-1H-indole in THF/H2O (9:1) (13 mL) was stirred at 85 

°C for 22 h under a N2 atmosphere in a sealed tube. After cooling to room temperature, the reaction 

was diluted with H2O (20 mL) and extracted with CH2Cl2 (3 x 50 mL). The combined organic 

layers were dried over Na2SO4, filtered, and concentrated. The crude product was purified by flash 

column chromatography eluting from 10% EtOAc in hexanes to give 1.17 g (3.9 mmol, 61%) of a 

colorless oil. Spectral data were consistent with previously reported values.67 1H NMR (500 MHz, 

CDCl3) δ 7.93 (d, J = 8.7 Hz, 1H), 7.74 (d, J = 8.3 Hz, 1H), 7.54-7.52 (m, 2H), 7.40 (dd, J = 8.7, 

1.8 Hz, 1H), 7.21 (d, J = 8.1 Hz, 1H), 6.76 (dd, J = 17.6, 10.9 Hz, 1H), 6.63 (d, J = 3.7 Hz, 1H), 

5.71 (d, J = 17.5 Hz, 1H), 5.21 (d, J = 10.9 Hz, 1H), 2.33 (s, 3H). 
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1-Bromo-2,5-dimethoxy-4-vinylbenzene: A flame-dried 100 mL round-bottomed flask was 

charged with 1.57 g (4.4 mmol, 1.1 equiv.) methyltriphenylphosphonium 

bromide in 40 mL dry THF. The vessel was cooled to 0 °C, and 500 mg of 

potassium tert-butoxide was added. The mixture was stirred for 30 min before cooling to –78 °C, 

at which point 0.98 g of 4-bromo-2,5-dimethoxybenzaldehyde in 5 mL THF was added 

portionwise. The mixture was warmed to room temperature and stirred for 18 h. The reaction 

mixture was then diluted with 50 mL 1:1 Et2O/pentanes and filtered over a plug of Celite. The 

eluent was concentrated directly onto silica, then purified by flash column chromatography with 

10% Et2O in pentanes to give 710 mg (2.90 mmol, 66% yield) of a white solid. Spectral data were 

consistent with previously reported values.68 1H NMR (500 MHz, CDCl3) δ 7.90 (d, J = 15.9 Hz, 

1H), 7.71 (d, J = 15.9 Hz, 1H), 7.26 (s, 1H), 7.08 (s, 1H), 6.92 (d, J = 1.3 Hz, 1H), 6.88 (d, J = 1.3 

Hz, 1H), 6.03 (s, 2H), 4.10 (s, 3H), 3.95 (s, 3H). 

2.6.4 Asymmetric [2+2] Photocycloaddition Reactions 

General Procedure for Isolation-Scale Asymmetric [2+2] Cycloadditions: An oven-dried 

Schlenk tube was charged with the 1-methylimidazoyl enone (0.4 mmol, 1.0 equiv), styrene (4.0 

mmol, 10.0 equiv.), (R)-2.4 (0.08 mmol, 0.2 equiv.), and 8 mL toluene. The Schlenk was sealed 

with a glass stopper and degassed via freeze-pump-thaw technique (3 x 5 min). This was then 

cooled to –78 °C and irradiated with a Kessil Lamp (H150) for 14 h. The reaction mixture was 

then diluted 2–3x with CH2Cl2 before addition of 2 mL sat. aq. NaHCO3. The mixture was 

vigorously stirred for 1 min, the organic layer separated, and the aqueous layer extracted with 

CH2Cl2 (2 x 4 mL). The combined organics were dried over Na2SO4, concentrated, and analyzed 

by 1H NMR vs. internal standard (phenanthrene) to determine conversion and diastereomeric ratio. 

The crude mixture was then purified via flash column chromatography using Et2O/pentanes as the 
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eluent, giving an isolated mixture of separable diastereomers. The major diastereomer of each 

mixture was characterized. 

 

2-(4-Methoxyphenyl)-3-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone (2.5): 

Prepared according to the general procedure for isolation-scale asymmetric 

experiments using 95.7 mg (0.39 mmol) (E)-3-(4-methoxyphenyl)-1-(1-methyl-

1H-imidazol-2-yl)prop-2-en-1-one, 0.44 mL (4.0 mmol) of styrene, 61.3 mg 

(0.08 mmol) (R)-2.4, and 8 mL toluene. The resulting material was purified by flash column 

chromatography eluting with 1:1 Et2O/pentanes to give 84.8 mg (0.24 mmol, 62% yield) of two 

diastereomers (3:1 d.r.). Spectroscopic data were consistent with those previously reported.59 

Major Diastereomer: Viscous semisolid. 94% ee [Daicel CHIRALPAK OD-H, 5% to 50% iPrOH, 

18 minutes, 1 mL/min, t1=9.87 min, t2=13.37 min]. [α]D
22 –57.7° (c0.45, CH2Cl2). 

1H NMR (500 

MHz, CDCl3) δ 7.17 (s, 1H), 7.16–7.13 (m, 2H), 7.09–7.05 (m, 3H), 7.04 (s, 1H), 6.89 (d, J = 8.5 

Hz, 2H), 6.59 (d, J = 8.5 Hz, 2H), 4.98 (q, J = 8.8 Hz, 1H), 4.39 (t, J = 9.2 Hz, 1H), 4.03 (s, 3H), 

3.95 (td, J = 8.9, 4.8 Hz, 1H), 3.67 (s, 3H), 2.78–2.69 (m, 2H). HRMS (ESI) calculated for 

[C22H22N2O2]
+ (M+H+) requires m/z 347.1754, found 347.1750.  

 

2-(2-Methoxyphenyl)-3-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone (2.6): 

Prepared according to the general procedure for isolation-scale asymmetric 

experiments using 95.8 mg (0.40 mmol) (E)-3-(2-methoxyphenyl)-1-(1-methyl-

1H-imidazol-2-yl)prop-2-en-1-one, 0.44 mL (4.0 mmol) of styrene, 61.1 mg 

(0.08 mmol) (R)-2.4, and 8 mL toluene. The resulting material was purified by flash column 

chromatography using a gradient of 1:2 Et2O/pentanes to 1:1 Et2O/pentanes to give 68.2 mg (0.20 
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mmol, 50% yield) of two diastereomers (7:1 d.r.). Spectroscopic data were consistent with those 

previously reported.59 Major Diastereomer: Viscous semisolid. 93% ee [Daicel CHIRALPAK OD-

H, 5% to 50% iPrOH, 18 minutes, 1 mL/min, t1=9.81 min, t2=11.30 min]. [α]D
22 –115.4° (c1.71, 

CH2Cl2). 
1H NMR (500 MHz, CDCl3) δ 7.20 (s, 1H), 7.17 (d, J = Hz, 1H), 7.12 (d, J = Hz, 2H), 

7.08–7.05 (m, 2H), 7.05 (s, 1H), 7.00–6.95 (m, 2H), 6.69 (t, J = 7.5 Hz, 1H), 6.54 (d, J = 8.0 Hz, 

1H), 5.20 (q, J = 9.4 Hz, 1H), 4.62 (t, J = 9.4 Hz, 1H), 4.01 (s, 3H), 3.99 (td, J = 9.4, 3.8 Hz, 1H), 

3.65 (s, 3H), 2.81 (dt, 11.7, 9.0 Hz, 1H), 2.62 (ddd, J = 11.6, 9.5, 3.7 Hz, 1H). HRMS (ESI) 

calculated for [C22H22N2O2]
+ (M+H+) requires m/z 347.1754, found 347.1751. 

 

Methyl 4-(2-(1-methyl-1H-imidazole-2-carbonyl)-4-phenylcyclobutyl)benzoate (2.7): 

Prepared according to the general procedure for isolation-scale asymmetric 

experiments using 108.2 mg (0.40 mmol) methyl 4-[(1E)-3-(1-methyl-1H-

imidazol-2-yl)-3-oxoprop-1-en-1-yl]benzoate, 0.46 mL (4.0 mmol) of styrene, 

61.8 mg (0.08 mmol) (R)-2.4, and 8 mL toluene. The resulting material was purified by flash 

column chromatography using a gradient of 1:1 Et2O/pentanes to 3:1 Et2O/pentanes to give 90.0 

mg (0.24 mmol, 60% yield) of two diastereomers (2:1 d.r.). Major Diastereomer: Viscous 

semisolid. 91% ee [Daicel CHIRALPAK IC, 5% to 50% iPrOH, 18 minutes, 1 mL/min, t1=12.44 

min, t2=14.70 min]. [α]D
22 –97.4° (c1.590, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.72 (d, J = 8.1 

Hz, 2H), 7.19 (s, 1H), 7.13–7.03 (m, 8H), 5.07 (q, J = 9.0 Hz, 1H), 4.50 (t, J = 9.2 Hz, 1H), 4.04 

(s, 3H), 4.03–4.00 (m, 1H), 3.82 (s, 3H), 2.80–7.76 (m, 2H). 13C NMR (125 MHz, CDCl3) δ 

192.59, 167.11, 145.27, 142.40, 140.29, 129.51, 129.03, 128.12, 128.04, 127.91, 127.59, 127.50, 

126.11, 51.87, 45.63, 43.65, 42.04, 36.24, 28.64. HRMS (ESI) calculated for [C23H23N2O3]
+ 

(M+H+) requires m/z 375.1703, found 375.1699.  
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(1-Methyl-1H-imidazol-2-yl)(3-phenyl-2-(4-(trifluoromethyl)phenyl)cyclobutyl)methanone 

(2.8): Prepared according to the general procedure for isolation-scale 

asymmetric experiments using 113.5 mg (0.40 mmol) (E)-1-(1-methyl-1H-

imidazol-2-yl)-3-(4-trifluoromethylphenyl)prop-2-en-1-one, 0.46 mL (4.0 

mmol) of styrene, 62.6 mg (0.08 mmol) (R)-2.4, and 8 mL toluene. The resulting material was 

purified by flash column chromatography using a gradient of 1:3 to 1:1 Et2O/pentanes to give 91.5 

mg (0.24 mmol, 59% yield) of two diastereomers (2:1 d.r.). Spectroscopic data for both 

diastereomers were consistent with those previously reported.59 Major Diastereomer: 80% ee 

[Daicel CHIRALPAK OD-H, 5% to 50% iPrOH, 18 minutes, 1 mL/min, t1= 8.44 min, t2= 11.42 

min]. [α]D
22 –48.3° (c0.360, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.30 (d, J = 8.1 Hz, 2H), 7.19 

(d, J = 0.7 Hz, 1H), 7.16–7.13 (m, 2H), 7.10–7.05 (m, 6H), 5.04 (q, J = 9.0 Hz, 1H), 4.49 (t, J = 

9.3 Hz, 1H), 4.05 (s, 3H), 4.01 (td, J = 9.1, 5.0 Hz, 1H), 2.81–2.75 (m, 2H).  

 

4-(2-(1-Methyl-1H-imidazole-2-carbonyl)-4-phenylcyclobutyl)benzonitrile (2.9): Prepared 

according to the general procedure for isolation-scale asymmetric experiments, 

irradiating for 24 h using 95.2 mg (0.40 mmol) (E)-4-(3-(1-methyl-1H-imidazol-

2-yl)-3-oxoprop-1-en-1-yl)benzonitrile, 0.45 mL (4.0 mmol) of styrene, 60.5 mg 

(0.08 mmol) (R)-2.4, and 8 mL toluene. The resulting material was purified by flash column 

chromatography using a gradient of 1:1 Et2O/pentanes to 2:1 Et2O/pentanes to give 72.0 mg (0.21 

mmol, 53% yield) of three diastereomers (5:1 d.r.). Major Diastereomer: Viscous semisolid. 86% 

ee [Daicel CHIRALPAK OD-H, 5% to 50% iPrOH, 18 minutes, 1 mL/min, t1=11.24 min, t2=14.23 

min]. [α]D
22 –166.3° (c0.54, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.34-7.32 (m, 2H), 7.19 (d, J 



111 

 

 

= 0.9 Hz, 1H), 7.16-7.13 (m, 2H), 7.09-7.05 (m, 6H), 5.05 (q, J = 9.8 Hz, 1H), 4.48 (t, J = 9.4  Hz, 

1H), 4.05 (s, 3H), 4.02 (td, J = 9.3, 4.5 Hz, 1H), 2.84-2.73 (m, 2H). 13C NMR (125 MHz, CDCl3) 

δ 192.24, 145.49, 142.35, 139.95, 131.51, 129.62, 128.63, 128.20, 128.07, 127.63, 126.36, 119.09, 

109.56, 45.75, 43.53, 42.07, 36.22, 28.37. HRMS (ESI) calculated for [C22H19N3O]+ (M+H+) -

requires m/z 342.1601, found 342.1598.  

 

2-(2-Fluorophenyl)-3-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone (2.10): 

Prepared according to the general procedure for isolation-scale asymmetric 

experiments using 92.1 mg (0.40 mmol) (E)-3-(2-fluorophenyl)-1-(1-methyl-1H-

imidazol-2-yl)prop-2-en-1-one, 0.44 mL (4.0 mmol) of styrene, 60.3 mg (0.08 

mmol) (R)-2.4, and 8 mL toluene. The resulting material was purified by flash column 

chromatography using a gradient of hexanes to 1:1 Et2O/hexanes to give 80.7 mg (0.24 mmol, 

60% yield) of two diastereomers (10:1 d.r.). Major Diastereomer: Viscous semisolid. 95% ee 

[Daicel CHIRALPAK AD-H, 5% to 50% iPrOH, 18 minutes, 1 mL/min, t1=6.16 min, t2=7.16 

min]. [α]D
22 –90.3° (c0.33, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.20 (d, J = 1.0 Hz, 1H), 7.17-

7.15 (m, 3H), 7.12-7.09 (m, 2H), 7.07 (s, 1H), 7.03-7.01 (m, 1H), 6.97-6.94 (m, 1H), 6.85-6.81 

(m, 1H), 6.78-6.74 (m, 1H), 5.16 (q, J = 8.3 Hz, 1H), 4.66 (t, J = 9.5 Hz, 1H), 4.04 (s, 3H), 4.02 

(td, J = 9.3, 3.9 Hz, 1H), 2.85-2.79 (m, 1H), 2.75-2.70 (s, 1H). 13C NMR (125 MHz, CDCl3) δ 

192.64, 160.43, 142.62, 140.76, 129.47, 128.67, 127.90, 127.85, 127.54, 127.45, 126.95, 125.95, 

123.35, 114.39, 42.11, 41.61, 40.18, 36.23, 28.70. 19F NMR (377 MHz, CDCl3) δ -115.91. HRMS 

(ESI) calculated for [C21H19FN2O]+ (M+H+) requires m/z 335.1554, found 335.1552.  
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2-(4-Chlorophenyl)-3-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone (2.11): 

Prepared according to the general procedure for isolation-scale asymmetric 

experiments using 99.0 mg (0.40 mmol) (E)-3-(4-chlorophenyl)-1-(1-methyl-

1H-imidazol-2-yl)prop-2-en-1-one, 0.44 mL (4.0 mmol) of styrene, 61.0 mg 

(0.08 mmol) (R)-2.4, and 8 mL toluene. The resulting material was purified by flash column 

chromatography using a gradient of 1:2 Et2O/pentanes to 1:1 Et2O/pentanes to give 103.2 mg (0.29 

mmol, 73% yield) of three diastereomers (6:1 d.r.). Major Diastereomer: Viscous semisolid. 96% 

ee [Daicel CHIRALPAK OD-H, 5% to 50% iPrOH, 18 minutes, 1 mL/min, t1=8.88 min, t2=12.15 

min]. [α]D
22 –82.3° (c1.15, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.18-7.14 (m, 3H), 7.08-7.06 

(m, 4H), 7.01 (d, J = 8.5 Hz, 2H), 6.91 (d, J = 8.5 Hz, 2H), 4.98 (q, J = 9.3 Hz, 1H), 4.40 (t, J = 

9.3 Hz, 1H), 4.04 (s, 3H), 3.99-3.95 (m, 1H), 2.77-2.74 (m, 2H). 13C NMR (125 MHz, CDCl3) δ 

192.72, 142.51, 140.38, 138.25, 131.58, 129.51, 129.30, 128.20, 128.05, 127.80, 127.45, 126.07, 

45.27, 43.99, 41.90, 36.22, 28.38. HRMS (ESI) calculated for [C21H19ClN2O]+ (M+H+) requires 

m/z 351.1259, found 351.1257.  

 

(1-Methyl-1H-imidazol-2-yl)(3-phenyl-2-(p-tolyl)cyclobutyl)methanone (2.12): Prepared 

according to the general procedure for isolation-scale asymmetric experiments 

using 89.3 mg (0.40 mmol) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-(p-tolyl)prop-

2-en-1-one, 0.45 mL (4.0 mmol) of styrene, 60.4 mg (0.08 mmol) (R)-2.4, and 

8 mL toluene. The resulting material was purified by flash column chromatography using a 

gradient of 1:2 Et2O/pentanes to 1:1 Et2O/pentanes to give 74.8 mg (0.23 mmol, 57% yield) of 

three diastereomers (4:1 d.r.). Major Diastereomer: Viscous semisolid. 98% ee [Daicel 

CHIRALPAK OD-H, 5% to 50% iPrOH, 18 minutes, 1 mL/min, t1=8.34 min, t2=10.88 min]. [α]D
22 
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–102.5° (c0.16, CH2Cl2). 
1H NMR (500 MHz, CDCl3) δ 7.17 (d, J = 1.0 Hz, 1H), 7.14-7.12 (m, 

2H), 7.10-7.04 (m, 4H), 6.88-6.84 (m, 4H), 5.01 (q, J = 8.7 Hz, 1H), 4.41 (t, J = 9.2 Hz, 1H), 4.03 

(s, 3H), 3.96 (td, J = 8.9, 4.9 Hz, 1H), 2.76-2.72 (m, 2H), 2.16 (s, 3H). 13C NMR (125 MHz, 

CDCl3) δ 193.18, 142.68, 140.91, 136.59, 135.22, 129.40, 128.38, 128.29, 127.86, 127.86, 127.27, 

125.77, 45.6l0, 44.08, 41.96, 36.22, 28.59, 20.95. HRMS (ESI) calculated for [C22H22N2O]+ 

(M+H+) requires m/z 331.1805, found 331.1800.  

 

(1-Methyl-1H-imidazol-2-yl)(2-(naphthalen-2-yl)-3-phenylcyclobutyl)methanone (2.13): 

Prepared according to the general procedure for isolation-scale asymmetric 

experiments using 105.5 mg (0.40 mmol) (E)-1-(1-methyl-1H-imidazol-2-yl)-

3-(naphthalen-2-yl)prop-2-en-1-one, 0.44 mL (4.0 mmol) of styrene, 61.3 mg 

(0.08 mmol) (R)-2.4, and 8 mL toluene. The resulting material was purified by flash column 

chromatography using a gradient of 1:2 Et2O/pentanes to 1:1 Et2O/pentanes to give 63.6 mg (0.17 

mmol, 43% yield) of two diastereomers (3:1 d.r.). Major Diastereomer: Viscous semisolid. 95% 

ee [Daicel CHIRALPAK OD-H, 5% to 50% iPrOH, 18 minutes, 1 mL/min, t1=9.70 min, t2=12.48 

min]. [α]D
22 –104.6° (c0.43, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.64 (d, J = 9.4 Hz, 2H), 7.55 

(s, 1H), 7.49 (d, J = 8.5 Hz, 1H), 7.36-7.30f (m, 2H), 7.21 (d, J = 1.0 Hz, 1H), 7.13-7.12 (m, 2H), 

7.08-7.03 (m, 3H), 7.02 (dd, J = 8.5, 1.8 Hz, 1H), 6.99-6.96 (m, 1H), 5.17 (q, J = 8.9 Hz, 1H), 4.61 

(t, J = 9.0 Hz, 1H), 4.10-4.04 (m, 4H), 2.83-2.80 (m, 2H). 13C NMR (125 MHz, CDCl3) δ 193.04, 

142.64, 140.75, 137.44, 133.16, 131.90, 129.46, 128.24, 127.93, 127.66, 127.39, 127.38, 127.09, 

126.72, 126.25, 125.91, 125.49, 125.07, 45.92, 44.04, 42.01, 36.24, 28.84. HRMS (ESI) calculated 

for [C25H22N2O]+ (M+H+) requires m/z 367.1805, found 367.1803.  
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(1-Methyl-1H-imidazol-2-yl)(3-phenyl-2-(thiophen-2-yl)cyclobutyl)methanone (2.14): 

Prepared according to the general procedure for isolation-scale asymmetric 

experiments using 87.4 mg (0.40 mmol) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-

(thiophen-2-yl)prop-2-en-1-one, 0.45 mL (4.0 mmol) of styrene, 59.9 mg (0.08 

mmol) (R)-2.4, and 8 mL toluene. The resulting material was purified by flash column 

chromatography using a gradient of 15% to 50% EtOAc/hexanes to give 63.2 mg (0.20 mmol, 

49% yield) of two diastereomers (3:1 d.r.). Spectroscopic data were consistent with those 

previously reported.59 Major Diastereomer: Viscous semisolid. 89% ee [Daicel CHIRALPAK OD-

H, 5% to 50% iPrOH, 18 minutes, 1 mL/min, t1=9.46 min, t2=11.30 min]. [α]D
22 –42.0° (c0.10, 

CH2Cl2). 
1H NMR (500 MHz, CDCl3) δ 7.22–7.17 (m, 5H), 7.14–7.11 (m, 1H), 7.06 (s, 1H), 6.93 

(dd, J = 5.1, 1.1 Hz, 1H), 6.71 (dd, J = 4.9, 3.6 Hz, 1H), 6.64 (dt, J = 3.5, 1.1 Hz, 1H), 4.88 (q, J 

= 8.6 Hz, 1H), 4.62 (t, J = 8.8 Hz, 1H), 4.05 (s, 3H), 3.97 (td, J = 9.1, 5.1Hz, 1H), 2.86 (ddd, J = 

11.8, 10.2, 5.0 Hz, 1H), 2.68 (dt, J = 12.0, 8.5 Hz, 1H). HRMS (ESI) calculated for [C19H18N2OS]+ 

(M+H+) requires m/z 323.1213, found 323.1210.  

 

(1-Methyl-1H-imidazol-2-yl)(2-(3-nitrophenyl)-3-phenylcyclobutyl)methanone (2.15): 

Prepared according to the general procedure for isolation-scale asymmetric 

experiments, irradiating for 24 hours using 102.8 mg (0.40 mmol) (E)-1-(1-

methyl-1H-imidazol-2-yl)-3-(3-nitrophenyl)prop-2-en-1-one, 0.45 mL (4.0 

mmol) of styrene, 61.0 mg (0.08 mmol) (R)-2.4, and 8 mL toluene. The resulting material was 

purified by flash column chromatography using a gradient of 1:1 Et2O/pentanes to 2:1 

Et2O/pentanes to give 108.7 mg (0.30 mmol, 75% yield) of two diastereomers (6:1 d.r.). Major 

Diastereomer: Viscous semisolid. 98% ee [Daicel CHIRALPAK OD-H, 5% to 50% iPrOH, 18 
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minutes, 1 mL/min, t1=10.97 min, t2=13.51 min]. [α]D
22 –101.8° (c0.32, CH2Cl2). 

1H NMR (500 

MHz, CDCl3) δ 7.91 (s, 1H), 7.86-7.84 (m, 1H), 7.28 (d, J = 7.8 Hz, 1H), 7.20-7.13 (m, 4H), 7.10-

7.08 (m, 3H), 7.06-7.03 (m, 1H), 5.06 (q, J = 8.6 Hz, 1H), 4.52 (t, J = 9.4 Hz, 1H), 4.06-4.02 (m, 

4H), 2.87-2.77 (m, 2H). 13C NMR (125 MHz, CDCl3) δ 192.13, 147.81, 142.31, 142.01, 139.82, 

134.14, 129.67, 128.46, 128.26, 128.13, 127.59, 126.37, 122.95, 121.00, 45.34, 43.95, 41.95, 

36.20, 28.13. HRMS (ESI) calculated for [C21H19N3O3]
+ (M+H+) requires m/z 362.1499, found 

362.1496.  

 

2-(2-Iodophenyl)-3-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone (2.16): 

Prepared according to the general procedure for isolation-scale asymmetric 

experiments using 135.6 mg (0.40 mmol) (E)-3-(2-iodophenyl)-1-(1-methyl-1H-

imidazol-2-yl)prop-2-en-1-one, 0.45 mL (4.0 mmol) of styrene, 60.5 mg (0.08 

mmol) (R)-2.4, and 8 mL toluene. The resulting material was purified by flash column 

chromatography using a gradient of 1:2 Et2O/pentanes to 1:1 Et2O/pentanes to give 72.4 mg (0.16 

mmol, 41% yield) of two diastereomers (10:1 d.r.). Major Diastereomer: Viscous semisolid. 97% 

ee [Daicel CHIRALPAK AD-H, 5% to 50% iPrOH, 18 minutes, 1 mL/min, t1=5.69 min, t2=6.18 

min]. [α]D
22 –44.0° (c0.10, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.62 (dd, J = 7.9, 1.3 Hz, 1H), 

7.24-7.22 (m, 2H), 7.19 (s, 1H), 7.17 (d, J = 7.8 Hz, 1H), 7.10 (t, J = 7.6 Hz, 2H), 7.05-6.99 (m, 

3H), 6.68 (t, J = 7.5 Hz, 1H), 5.24 (q, J = 9.5 Hz, 1H), 4.55 (t, J = 9.6 Hz, 1H), 4.20, (td, J = 9.1, 

3.0 Hz, 1H), 4.02 (s, 3H), 2.85-2.79 (m, 1H), 2.65-2.60 (m, 1H). 13C NMR (125 MHz, CDCl3) δ 

192.28, 142.70, 141.63, 140.33, 138.85, 129.46, 128.68, 128.19, 127.80, 127.74, 127.51, 127.50, 

125.95, 100.84, 50.67, 42.26, 41.10, 36.23, 27.68. HRMS (ESI) calculated for [C21H19IN2O]+ 

(M+H+) requires m/z 443.0615, found 443.0611.  
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(2,3-Diphenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone (2.17): Prepared according to 

the general procedure for isolation-scale asymmetric experiments using 84.6 mg 

(0.40 mmol) 2-cinnamoyl-1-methylimidazole, 0.46 mL (4.0 mmol) styrene, 61.6 

mg (0.08 mmol) (R)-2.4, and 8 mL toluene. The resulting material was purified by flash column 

chromatography using a gradient of 1:2 to 1:1 Et2O/pentanes to give 98.0 mg (0.31 mmol, 78% 

yield) of two diastereomers (7:1 d.r.). Spectroscopic data for the major diastereomer were 

consistent with those previously reported.59 Major diastereomer: 95% ee [Daicel CHIRALPAK 

OD-H, 5% to 50% iPrOH, 18 minutes, 1 mL/min, t1=8.97 min, t2=11.84 min]. [α]D
22 –91.9° 

(c0.790, CH2Cl2). 
1H NMR (500 MHz, CDCl3) δ 7.18 (d, J = 0.8 Hz, 1H), 7.14–7.11 (m, 2H), 

7.09–7.04 (m, 6H), 6.99–6.98 (m, 3H), 5.05 (q, J = 9.0 Hz, 1H), 4.47 (t, J = 9.2 Hz, 1H), 4.04 (s, 

3H), 3.99 (td, J = 8.7, 6.0 Hz, 1H), 2.78–2.74 (m, 2H).  

 

(3-(2-Chlorophenyl)-2-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone (2.18): 

Prepared according to the general procedure for isolation-scale asymmetric 

experiments using 85.1 mg (0.40 mmol) 2-cinnamoyl-1-methylimidazole, 

0.51 mL (4.0 mmol) 2-chlorostyrene, 62.4 mg (0.08 mmol) (R)-2.4, and 8 mL 

toluene The resulting material was purified by flash column chromatography using 1:1 

Et2O/pentanes to give 109.0 mg (0.31 mmol, 78% yield) of two diastereomers (10:1 d.r.). Major 

Diastereomer: 94% ee [Daicel CHIRALPAK AD, 5% to 50% iPrOH, 18 minutes, 1 mL/min, 

t1=6.72 min, t2=8.55 min]. White solid (mp = 94–97 °C ). [α]D
22 –7.9° (c1.750, CH2Cl2). 

1H NMR 

(500 MHz, CDCl3) δ 7.39 (dd¸J = 8.0, 1.2 Hz, 1H), 7.16–6.98 (m, 10 H), 4.87 (dt, J = 9.7, 7.2 Hz, 

1H), 4.51 (dd, J = 9.4, 7.2 Hz, 1H), 4.44 (td, J = 9.2, 6.2 Hz, 1H), 4.06 (s, 3H), 2.92 (ddd, J = 12.0, 
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10.1, 6.0 Hz, 1H), 2.74–2.68 (m, 1H).  13C NMR (125 MHz, CDCl3) δ 192.85, 142.45, 139.38, 

138.15, 134.61, 129.40, 129.05, 128.15, 128.05, 127.52, 127.29, 127.23, 126.30, 126.03, 45.80, 

43.87, 39.15, 36.26, 27.14. HRMS (ESI) calculated for [C21H20ClN2O]+ (M+H+) requires m/z 

351.1259, found 351.1258.  

 

(3-(3-Chlorophenyl)-2-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone (2.19): 

Prepared according to the general procedure for isolation-scale asymmetric 

experiments using 83.0 mg (0.39 mmol) 2-cinnamoyl-1-methylimidazole, 

0.52 mL (4.0 mmol) 3-chlorostyrene, 62.1 mg (0.08 mmol) (R)-2.4, and 8 

mL toluene. The resulting material was purified by flash column chromatography eluting from 

10% acetone in pentane. to give 102.2 mg (0.29 mmol, 75% yield) of two diastereomers (4:1 d.r.). 

Major diastereomer: 95% ee [Daicel CHIRALPAK AD-H, 5% to 50% iPrOH, 28 minutes, 1 

mL/min, t1=8.46 min, t2=12.35 min]. White solid (mp = 120–124 °C). [α]D
22 = -87.4° (c = 0.7, 

CH2Cl2). 
1H NMR (500 MHz, CDCl3) δ 7.18 (s, 1H), 7.09-7.06 (m, 4H), 7.03-6.99 (m, 5H), 6.94-

6.92 (m, 1H), 5.03 (q, J = 8.9 Hz, 1H), 4.46 (t, J = 8.9 Hz, 1H), 4.04 (s, 3H), 3.96 (td, J = 9.1, 4.8 

Hz), 2.77-2.72 (m, 2H). 13C NMR (125 MHz, CDCl3) δ 192.79, 143.02, 142.50, 139.12, 133.71, 

129.47, 129.04, 128.30, 127.88, 127.84, 127.44, 126.41, 126.07, 125.99, 45.77, 43.43, 41.70, 

36.24, 28.30. HRMS (ESI) calculated for [C21H19ClN2O]+ (M+H+) requires m/z 351.1259, found 

351.1264. 

 

(3-(4-Chlorophenyl)-2-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone (2.20): 

Prepared according to the general procedure for isolation-scale asymmetric 

experiments using 85.5 mg (0.40 mmol) 2-cinnamoyl-1-methylimidazole, 
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0.48 mL (4.0 mmol) 4-chlorostyrene, 63.0 mg (0.08 mmol) (R)-2.4, and 8 mL toluene. The 

resulting material was purified by flash column chromatography using 1:1 Et2O/pentanes to give 

109.5 mg (0.31 mmol, 77% yield) of two diastereomers (8:1 d.r.). Major diastereomer: 96% ee 

[Daicel CHIRALPAK AD, 5% to 50% iPrOH, 18 minutes, 1 mL/min, t1=7.16 min, t2=9.77 min]. 

White solid (mp = 121–124 °C). [α]D
22 –104.8° (c0.460, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 

7.18 (s, 1H), 7.10–7.06 (m, 5H), 7.03–6.97 (m, 5H), 5.03 (q, J = 9.0 Hz, 1H), 4.46 (t, J = 9.3 Hz, 

1H), 4.04 (s, 3H), 3.95 (td, J = 9.3, 4.6 Hz, 1H), 2.79–2.67 (m, 2H). 13C NMR (125 MHz, CDCl3) 

δ 192.81, 142.53, 139.40, 139.28, 131.53, 129.54, 129.48, 127.97, 127.86 (2C), 127.44, 126.03, 

45.64, 43.50, 41.43, 36.25, 28.68. HRMS (ESI) calculated for [C21H20ClN2O]+ (M+H+) requires 

m/z 351.1259, found 351.1261. 

 

(3-(4-Bromophenyl)-2-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone (2.21): 

Prepared according to the general procedure for isolation-scale asymmetric 

experiments using 84.9 mg (0.40 mmol) 2-cinnamoyl-1-methylimidazole, 

0.52 mL (4.0 mmol) 4-bromostyrene, 61.4 mg (0.08 mmol) (R)-2.4, and 8 

mL toluene. The resulting material was purified by flash column chromatography eluting from a 

gradient of 1:2 Et2O/pentanes → 1:1 Et2O/pentanes to give 118.5 mg (0.30 mmol, 75% yield) of 

two diastereomers (6:1 d.r.). Major diastereomer: 92% ee [Daicel CHIRALPAK OD-H, 5% to 

30% iPrOH, 20 minutes, 1 mL/min, t1=11.18 min, t2=12.23 min]. White solid (mp = 131-135 °C). 

[α]D
22 = -84.5° (c = 1.2, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.23 (d, J = 8.4 Hz, 2H), 7.18 (s, 

1H), 7.10-7.06 (m, 3H), 7.03-6.93 (m, 5H), 5.02 (q, J = 8.9 Hz, 1H), 4.46 (t, J = 9.3 Hz, 1H), 4.04 

(s, 3H), 3.94 (td, J = 9.2, 4.5 Hz, 1H), 2.77-2.69 (m, 2H). 13C NMR (125 MHz, CDCl3) δ 192.78, 

142.51, 139.94, 139.26, 130.91, 129.94, 129.48, 127.88, 127.85, 127.44, 126.04, 119.66, 45.56, 
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43.51, 41.48, 36.24, 28.65. HRMS (ESI) calculated for [C21H19BrN2O]+ (M+H+) requires m/z 

395.0754, found 395.0757. 

 

(1-Methyl-1H-imidazol-2-yl)(2-phenyl-3-(4-(trifluoromethyl)phenyl)cyclobutyl)methanone 

(2.22): Prepared according to the general procedure for isolation-scale 

asymmetric experiments using 84.3 mg (0.40 mmol) 2-cinnamoyl-1-

methylimidazole, 0.59 mL (4.0 mmol) 4-(trifluoromethyl)styrene, 63.0 mg 

(0.08 mmol) (R)-2.4, and 8 mL toluene. The resulting material was purified by flash column 

chromatography eluting from a gradient of 1:2 Et2O/pentanes to 1:1 Et2O/pentanes to give 126.6 

mg (0.33 mmol, 83% yield) of two diastereomers (5:1 d.r.). Spectroscopic data were consistent 

with those previously reported.59 Major diastereomer: 96% ee [Daicel CHIRALPAK OD-H, 5% 

to 50% iPrOH, 13 minutes, 1 mL/min, t1=8.17 min, t2=9.45 min]. Viscous oil/semisolid. [α]D
22 = 

-74.4° (c = 2.0, CH2Cl2). 
1H NMR (500 MHz, CDCl3) δ 7.36 (d, J = 8.1 Hz, 2H), 7.19-7.16 (m, 

3H), 7.08-7.05 (m, 3H), 6.98-6.96 (m, 3H), 5.06 (q, J = 8.9 Hz, 1H), 4.51 (t, J = 9.4 Hz, 1H), 4.07-

4.02 (m, 4H), 2.82-2.73 (m, 2H). 13C NMR (125 MHz, CDCl3) δ 192.64, 145.09, 142.49, 139.03, 

129.52, 128.47, 128.15, 127.90, 127.80, 127.49, 126.15, 124.76, 123.18, 45.71, 43.50, 41.85, 

36.24, 28.47. HRMS (ESI) calculated for [C22H19F3N2O]+ (M+H+) requires m/z 385.1522, found 

385.1526. 

 

(3-(4-tert-Butoxyphenyl)-2-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone (2.23): 

Prepared according to the general procedure for isolation-scale 

asymmetric experiments using 85.2 mg (0.40 mmol) 2-cinnamoyl-1-

methylimidazole, 0.75 mL (4.0 mmol) 4-tert-butoxystyrene, 63.3 mg 
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(0.08 mmol) (R)-2.4, and 8 mL toluene. The resulting material was purified by flash column 

chromatography using a 1:1 Et2O/pentanes to give 117.9 mg (0.30 mmol, 76% yield) of two 

diastereomers (8:1 d.r.). Major diastereomer: 83% ee [Daicel CHIRALPAK AD-H, 5% to 30% 

iPrOH, 20 minutes, 1 mL/min, t1=7.90 min, t2=8.56 min]. Viscous semisolid. [α]D
22 –69.0° 

(c0.620, CH2Cl2). 
1H NMR (500 MHz, CDCl3) δ 7.17 (s, 1H), 7.04 (s, 1H), 7.03–7.00 (m, 2H), 

6.97–6.93 (m, 5H), 6.75 (d, J = 8.4 Hz, 1H), 5.03 (q, J = 9.0 Hz, 1H), 4.41 (t, J = 9.3 Hz, 1H), 4.03 

(s, 3H), 3.94 (dt, J = 9.3, 6.6 Hz, 1H), 2.76–2.73 (m, 2H), 1.23 (s, 9H). 13C NMR (125 MHz, 

CDCl3) δ 193.09, 153.13, 142.63, 139.54, 135.68, 129.40, 128.51, 128.04, 127.55, 127.33, 125.75, 

123.90, 45.97, 43.53, 41.55, 36.23, 28.72 (2C), 28.25. HRMS (ESI) calculated for [C25H29N2O2]
+ 

(M+H+) requires m/z 389.2224, found 329.2225. 

 

(3-(4-Acetoxyphenyl)-2-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone (2.24): 

Prepared according to the general procedure for isolation-scale 

asymmetric experiments 84.9 mg (0.40 mmol) 2-cinnamoyl-1-

methylimidazole, 0.61 mL (4.0 mmol) 4-acetoxystyrene, 62.7 mg (0.08 

mmol) (R)-2.4, and 8 mL toluene, The resulting material was purified by flash column 

chromatography using 1:1 Et2O/pentanes to give 84.4 mg (0.23 mmol, 56% yield) of two 

diastereomers (13:1 d.r.). Major diastereomer: 97% ee [Daicel CHIRALPAK AD, 5% to 50% 

iPrOH, 18 minutes, 1 mL/min, t1=10.79 min, t2=12.47 min]. White solid (mp = 81–83 °C). [α]D
22 

–90.0° (c1.180, CH2Cl2). 
1H NMR (500 MHz, CDCl3) δ 7.17 (s, 1H), 7.08–7.04 (m, 5H), 7.01–

6.98 (m, 3H), 6.85 (d, J = 8.6 Hz, 2H), 5.03 (q, J = 8.9 Hz, 1H), 4.45 (t, J = 9.2 Hz, 1H), 4.02 (s, 

3H), 3.98 (td, J = 8.8, 5.5 Hz, 1H), 2.77–2.71 (m, 2H), 2.22 (s, 3H). 13C NMR (125 MHz, CDCl3) 

δ 192.90, 169.42, 148.69, 142.54, 139.39, 138.39, 129.44, 129.12, 127.93, 127.78, 127.39, 125.94, 
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120.85, 45.73, 43.58, 41.47, 36.22, 28.72, 21.11. HRMS (ESI) calculated for [C23H23N2O3]
+ 

(M+H+) requires m/z 375.1703 found 375.1702. 

 

3-(4-(((tert-Butyldimethylsilyl)oxy)methyl)phenyl)-2-phenylcyclobutyl)(1-methyl-1H-

imidazol-2-yl)methanone (2.25): Prepared according to the general 

procedure for isolation-scale asymmetric experiments using 81.8 mg 

(0.39 mmol) 2-cinnamoyl-1-methylimidazole, 1.00 g (4.0 mmol) O-

(tert-butyl)dimethylsilyl(4-vinylphenyl)methanol, 60.9 mg (0.08 mmol) (R)-2.4, and 8 mL 

toluene. The resulting material was purified by flash column chromatography eluting with a 

gradient of 1:2 Et2O/pentanes to 1:1 Et2O/pentanes to give 144.3 mg (0.31 mmol, 81% yield) of 

three diastereomers (10:2:1 d.r.). Major diastereomer: 95% ee [Daicel CHIRALPAK OD-H, 5% 

to 50% iPrOH, 20 minutes, 1 mL/min, t1=6.99 min, t2=11.26 min]. Viscous oil/semisolid. [α]D
22 = 

-31.7° (c = 0.3, CH2Cl2). 
1H NMR (500 MHz, CDCl3) δ 7.18 (s, 1H), 7.09-7.03 (m, 7H), 7.00-6.96 

(m, 3H), 5.05 (q, J = 9.5 Hz, 1H), 4.62 (s, 2H) 4.45 (t, J = 9.3 Hz, 1H), 4.04 (s, 3H), 3.97 (dt, J = 

9.5, 6.6 Hz, 1H), 2.74 (dd, J = 9.0, 6.7 Hz, 2H), 0.90 (s, 9H), 0.02 (d, J = 1.8 Hz, 6H). 13C NMR 

(125 MHz, CDCl3) δ 193.14, 142.62, 139.69, 139.43, 138.90, 129.43, 128.09, 127.93, 127.69, 

127.33, 125.76, 125.76, 64.87, 45.72, 43.84, 41.73, 36.25, 28.85, 25.95, 18.39, -5.17. HRMS (ESI) 

calculated for [C28H36SiN2O2]
+ (M+H+) requires m/z 461.2619, found 461.2626. 

 

(3-(4-(Acetoxymethyl)phenyl)-2-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone 

(2.26): Prepared according to the general procedure for isolation-scale 

asymmetric experiments using 83.9 mg (0.40 mmol) 2-cinnamoyl-1-

methylimidazole, 0.71 g (4.0 mmol) 4-acetoxymethylstyrene, 61.4 mg 
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(0.08 mmol) (R)-2.4, and 8 mL toluene. The resulting material was purified by flash column 

chromatography eluting with a gradient of hexanes to 30% EtOAc in hexanes to give 110.0 mg 

(0.28 mmol, 72% yield) of three diastereomers (10:2:1 d.r.). Major diastereomer: 97% ee [Daicel 

CHIRALPAK OD-H, 5% to 50% iPrOH, 28 minutes, 1 mL/min, t1=13.45 min, t2=23.64 min]. 

Viscous oil/semisolid. [α]D
22 = -51.0° (c = 0.2, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.18 (d, J 

= 0.9 Hz, 1H), 7.12-7.05 (m, 7H), 7.02-6.98 (m, 3H), 5.04 (q, J = 9.6 Hz, 1H), 4.98 (s, 2H) 4.47 

(t, J = 9.6 Hz, 1H), 4.04 (s, 3H), 4.00 (td, J = 8.7, 6.1 Hz, 1H), 2.77-2.73 (m, 2H), 2.06 (s, 3H). 

13C NMR (125 MHz, CDCl3) δ 192.98, 170.89, 142.57, 141.08, 139.56, 133.32, 129.45, 128.43, 

127.91, 127.89, 127.75, 125.87, 66.13, 45.70, 43.73, 41.72, 36.25, 28.79, 21.05. HRMS (ESI) 

calculated for [C24H24N2O3]
+ (M+H+) requires m/z 389.1860, found 339.1867. 

 

(3-(4-(Azidomethyl)phenyl)-2-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone 

(2.27): Prepared according to the general procedure for isolation-scale 

asymmetric experiments using 82.7 mg (0.39 mmol) 2-cinnamoyl-1-

methylimidazole, 0.64 g (4.0 mmol) 1-(azidomethyl)-4-vinylbenzene, 

61.2 mg (0.08 mmol) (R)-2.4, and 8 mL toluene. The resulting material was purified by flash 

column chromatography eluting from a gradient of 1:2 Et2O/pentanes → 1:1 Et2O/pentanes to give 

114.6 mg (0.31 mmol, 79% yield) of three diastereomers (10:2:1 d.r.). Major diastereomer: 94% 

ee [Daicel CHIRALPAK AD, 5% to 50% iPrOH, 18 minutes, 1 mL/min, t1=8.51 min, t2=10.99 

min]. Viscous oil/semisolid. [α]D
22 = -88.0° (c = 0.5, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.18 

(d, J = 0.9 Hz, 1H), 7.11-7.04 (m, 7H), 7.00-6.96 (m, 3H), 5.05 (q, J = 9.1 Hz, 1H), 4.47 (t, J = 9.3 

Hz, 1H), 4.19 (s, 2H), 4.04 (s, 3H), 4.00 (dt, J = 9.7, 6.8 Hz, 1H), 2.76 (dd, J = 8.9, 6.6 Hz, 2H). 

13C NMR (125 MHz, CDCl3) δ 192.92, 142.57, 141.11, 139.40, 132.57, 129.46, 128.69, 127.95, 
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127.90, 127.76, 127.39, 125.92, 54.46, 45.78, 43.68, 41.76, 36.24, 28.51. HRMS (ESI) calculated 

for [C22H21N5O]+ (M+H+) requires m/z 372.1819, found 372.1826. 

 

tert-Butyl(4-(3-(1-methyl-1H-imidazole-2-carbonyl)-2-phenylcyclobutyl)benzyl) carbamate 

(2.28): Prepared according to the general procedure for isolation-

scale asymmetric experiments using 83.5 mg (0.39 mmol) 2-

cinnamoyl-1-methylimidazole, 0.93 g (4.0 mmol) tert-butyl 4-

vinylbenzylcarbamate, 61.7 mg (0.08 mmol) (R)-2.4, and 8 mL toluene. The resulting material 

was purified by flash column chromatography eluting from a gradient of 30% EtOAc in hexanes 

→ 50% EtOAc in hexanes to give 118.4 mg (0.27 mmol, 68% yield) of three diastereomers 

(10:2.5:1 d.r.). Major diastereomer: 95% ee [Daicel CHIRALPAK OD-H, 5% to 50% iPrOH, 28 

minutes, 1 mL/min, t1=17.23 min, t2=22.76 min]. Viscous oil/semisolid. [α]D
22 = -66.5° (c = 0.7, 

CH2Cl2). 
1H NMR (500 MHz, CDCl3) δ 7.18 (s, 1H), 7.06-7.03 (m, 7H), 6.99-6.98 (m, 3H), 5.04 

(q, J = 8.9 Hz, 1H), 4.69 (s, 1H), 4.46 (t, J = 9.3 Hz, 1H), 4.18 (d, J = 5.1 Hz, 2H), 4.04 (s, 3H), 

3.97 (td, J = 9.0, 5.1 Hz, 1H), 2.76-2.72 (m, 2H), 1.45 (s, 9H). 13C NMR (125 MHz, CDCl3) δ 

193.03, 155.82, 142.57, 140.05, 139.63, 136.21, 129.43, 128.47, 127.89, 127.73, 127.37, 127.08, 

125.83, 79.36, 45.66, 44.38, 43.74, 41.64, 36.25, 28.86, 28.41. HRMS (ESI) calculated for 

[C27H31N3O3]
+ (M+H+) requires m/z 446.2438, found 446.2436. 

 

(1-Methyl-1H-imidazol-2-yl)(2-phenyl-3-(phenylthio)cyclobutyl)methanone  (2.29): Prepared 

according to the general procedure for isolation-scale asymmetric experiments 

using 85.2 mg (0.41 mmol) 2-cinnamoyl-1-methylimidazole, 0.53 mL (4.0 

mmol) of phenyl vinyl sulfide, 121.8 mg (0.16 mmol) (R)-2.4, and 8 mL toluene. The resulting 
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material was purified by flash column chromatography using 1:1 Et2O/pentanes to give 79.9 mg 

(0.23 mmol, 57% yield) of two diastereomers (1.2:1 d.r.). Spectroscopic data for both 

diastereomers were consistent with those previously reported.59 Major Diastereomer: 78% ee 

[Daicel CHIRALPAK AD, 5% to 50% iPrOH, 18 minutes, 1 mL/min, t1= 8.44 min, t2= 12.46 

min]. [α]D
22 –4.3° (c0.470, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.34 (d, J = 7.7 Hz, 2H), 7.30–

7.28 (m, 4H), 7.25–7.18 (d, 4H), 7.12 (s, 1H), 7.02 (s, 1H), 4.48 (q, J = 9.1 Hz, 1H), 3.99 (s, 3H), 

3.93 (t, J = 9.5 Hz, 1H), 3.85 (td, J = 9.4, 7.3 Hz, 1H), 2.93 (dt, J = 10.8, 8.2 Hz, 1H), 2.22 (q, J = 

10.1 Hz, 1H). Minor Diastereomer: 75% ee [Daicel CHIRALPAK AD, 5% to 50% iPrOH, 18 

minutes, 1 mL/min, t1= 9.06 min, t2= 10.22 min]. [α]D
22 –173.0° (c0.770, CH2Cl2). 

1H NMR (500 

MHz, CDCl3) δ 7.34 (d, J = Hz, 2H), 7.29 (t, J = 7.4 Hz, 1H), 7.24–7.15 (m, 4H), 7.12–7.07 (m, 

3H), 7.04 (s, 1H), 5.14 (q, J = 8.9 Hz, 1H), 4.47 (t, J = 8.7 Hz, 1H), 4.35 (td, J = 7.8, 3.3 Hz, 1H), 

4.01 (s, 3H), 2.76 (dt, J = 11.8 7.9 Hz, 1H), 2.47 (ddd, J = 12.1, 9.5, 3.0 Hz, 1H). 

 

(1-Methyl-1H-imidazol-2-yl)(3-(naphthalen-2-yl)-2-phenylcyclobutyl)methanone (2.30): 

Prepared according to the general procedure for isolation-scale 

asymmetric experiments using 82.1 mg (0.39 mmol) 2-cinnamoyl-1-

methylimidazole, 0.61 g (4.0 mmol) 2-vinylnapthalene, 60.3 mg (0.08 

mmol) (R)-2.4, and 8 mL toluene. The resulting material was purified by flash column 

chromatography eluting from a gradient of 1:2 Et2O/pentanes to 1:1 Et2O/pentanes to give 120.0 

mg (0.33 mmol, 85% yield) of three diastereomers (5:1.5:1 d.r.). Major diastereomer: 90% ee 

[Daicel CHIRALPAK AD, 5% to 50% iPrOH, 13 minutes, 1 mL/min, t1=7.61 min, t2=9.76 min]. 

Viscous oil/semisolid. [α]D
22 = -97.7° (c = 0.4, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.75 (d, J 

= 6.9 Hz, 1H), 7.68 (d, J = 8.1 Hz, 1H), 7.65 (s, 1H), 7.52 (d, J = 8.5 Hz, 1H), 7.42-7.34 (m, 2H), 
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7.20 (d, J = 0.9 Hz, 1H), 7.07-7.05 (m, 2H), 7.03-6.98 (m, 4H), 6.94-6.91 (m, 1H), 5.12 (q, J = 9.5 

Hz, 1H), 4.55 (t, J = 9.2 Hz, 1H), 4.16 (td, J = 9.1, 4.6 Hz, 1H), 4.05 (s, 3H), 2.90-2.82 (m, 2H). 

13C NMR (125 MHz, CDCl3) δ 193.10, 142.61, 139.61, 138.56, 133.25, 131.90, 129.44, 127.94, 

127.73, 127.67, 127.45, 127.39, 127.35, 127.25, 126.07, 125.86, 125.61, 125.11, 45.75, 43.95, 

42.05, 36.27, 28.61.HRMS (ESI) calculated for [C25H22N2O]+ (M+H+) requires m/z 367.1805, 

found 367.1808. 

 

(3-(Benzofuran-5-yl)-2-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone (2.31): 

Prepared according to the general procedure for isolation-scale 

asymmetric experiments using 84.9 mg (0.40 mmol) 2-cinnamoyl-1-

methylimidazole, 570.0 mg (4.0 mmol) 5-vinyl-1-benzofuran 61.5 mg 

(0.08 mmol) (R)-2.4, and 8 mL toluene. The resulting material was purified by flash column 

chromatography using 1:1 Et2O/pentanes to give 121.2 mg (0.34 mmol, 85% yield) of three 

diastereomers (4:1 d.r.). Major diastereomer: 94% ee [Daicel CHIRALPAK OD-H, 5% to 50% 

iPrOH, 18 minutes, 1 mL/min, t1=9.081 min, t2=10.288 min]. Viscous oil/semisolid.  [α]D
22 = -

28.0° (c = 0.7, CH2Cl2). 
1H NMR (500 MHz, CDCl3) δ 7.51 (d, J = 2.2 Hz, 1H), 7.41 (s, 1H), 7.22-

7.19 (m, 2H), 7.06 (s, 1H), 7.02-6.98 (m, 4H), 6.95-6.92 (m, 2H), 6.65 (d, J = 1.2 Hz, 1H), 5.09 

(q, J = 9.2 Hz, 1H), 4.48 (t, J = 9.2 Hz, 1H), 4.10 (q, J = 7.6 Hz, 1H), 4.05 (s, 3H), 2.82-2.79 (m, 

2H). 13C NMR (125 MHz, CDCl3) δ 193.14, 153.48, 144.75, 142.63, 139.69, 135.30, 129.42, 

127.94, 127.68, 127.37, 127.09, 125.78, 125.21, 120.07, 110.57, 106.56, 45.88, 43.80, 41.91, 

36.28, 29.18. HRMS (ESI) calculated for [C23H20N2O2]
+ (M+H+) requires m/z 357.1598, found 

357.1590. 

 



126 

 

 

(1-Methyl-1H-imidazol-2-yl)(2-phenyl-3-(1-tosyl-1H-indol-5-yl)cyclobutyl)methanone 

(2.32): Prepared according to the general procedure for isolation-scale 

asymmetric experiments using 84.9 mg (0.40 mmol) 2-cinnamoyl-1-

methylimidazole, 1.17 g (4.0 mmol) 1-toluenesulfonyl-5-vinyl-1H-indole, 

61.3 mg (0.08 mmol) (R)-2.4, and 8 mL toluene. The resulting material was purified by preparative 

HPLC eluting from 0.05% dioxane in H2O to 85% MeCN/15% 0.05% dioxane in H2O 165.1 mg 

(0.32 mmol, 81% yield) of three diastereomers (4:1 d.r.). Major diastereomer: 99% ee [Daicel 

CHIRALPAK AS-H, 5% to 50% iPrOH, 28 minutes, 1 mL/min, t1=20.658 min, t2=22.136 min]. 

White solid (mp = 155–159 °C). [α]D
22 = -35.2° (c = 0.3, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 

7.68 (d, J = 8.5 Hz, 1H), 7.64 (d, J = 8.4 Hz, 2H), 7.43 (d, J = 3.7 Hz, 1H), 7.32 (s, 1H), 7.19-7.18 

(m, 3H), 7.05 (s, 1H), 6.92-6.90 (m, 6H), 6.54 (d, J = 3.7 Hz, 1H), 5.03 (q, J = 9.0 Hz, 1H), 4.45 

(t, J = 9.3 Hz, 1H), 4.06-4.01 (m, 4H), 2.77-2.74 (m, 2H), 2.35 (s, 3H).  13C NMR (125 MHz, 

CDCl3) δ 193.00, 144.61, 142.59, 139.48, 136.02, 135.26, 133.37, 130.64, 129.71, 129.41, 127.89, 

127.60, 127.38, 126.66, 126.27, 125.75, 125.72, 120.18, 112.95, 109.42, 45.87, 43.75, 41.85, 

36.26, 28.76, 21.56. HRMS (ESI) calculated for [C30H27N3O3S]+ (M+H+) requires m/z 510.1846, 

found 510.1839. 

(1-Methyl-1H-imidazol-2-yl)(3-methyl-2-phenyl-3-(prop-1-en-2-yl)cyclobutyl)methanone 

(2.33): Prepared according to the general procedure isolation-scale asymmetric 

experiments using 86.1 mg (0.41 mmol) 2-cinnamoyl-1-methylimidazole, 0.45 

mL (4.0 mmol) of 2,3-dimethylbutadiene, 61.0 mg (0.08 mmol) (R)-2.4, and 8 mL toluene. The 

resulting material was purified by flash column chromatography using a gradient of 1:2 to 1:1 

Et2O/pentanes to give 58.0 mg (0.20 mmol, 49% yield) of two diastereomers (10:1 d.r.). 

Spectroscopic data for the major diastereomer was consistent with that previously reported.59 



127 

 

 

Major diastereomer: 63% ee [Daicel CHIRALPAK AD-H, 5% to 30% iPrOH, 20 minutes, 1 

mL/min, t1= 5.75 min, t2= 8.43 min]. [α]D
22 –52.5° (c0.640, CH2Cl2). 

1H NMR (500 MHz, CDCl3) 

δ 7.31–7.25 (m, 4H), 7.19–7.16 (m, 1H), 7.18 (s, 1H), 7.04 (s, 1H), 4.91 (br s, 1H), 4.84 (p, J = 

1.4 Hz, 1H), 4.79 (q, J = 9.5 Hz, 1H), 4.13 (d, J = 10.0 Hz, 1H) 3.99 (s, 3H), 2.28 (t, J = 9.9 Hz, 

1H), 2.19 (dd, J = 10.3, 9.1 Hz, 1H), 1.78 (s, 3H), 1.10 (s, 3H). 

 

(3-Ethenyl-2-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone (2.34): Prepared 

according to the general procedure for isolation-scale asymmetric experiments 

using 85.1 mg (0.40 mmol) 2-cinnamoyl-1-methylimidazole, 2.2 mL (4.0 

mmol) of 1,3-butadiene (15% in toluene), 63.2 mg (0.08 mmol) (R)-2.4, and 6 mL toluene. The 

resulting material was purified by flash column chromatography using a gradient of 1:2 to 1:1 

Et2O/pentanes to give 78.8 mg (0.30 mmol, 74% yield) of two diastereomers (3:1 d.r.). Major 

Diastereomer: 87 % ee [Daicel CHIRALPAK AD, 5% to 50% iPrOH, 18 minutes, 1 mL/min, 

t1=6.31 min, t2=7.24 min]. Viscous oil. [α]D
22 –121.4° (c2.500, CH2Cl2). 

1H NMR (500 MHz, 

CDCl3) δ 7.28–7.25 (m, 2H), 7.20 (d, J = 7.6 Hz, 2H), 7.18 (s, 1H), 7.15 (tt, J = 7.2, 1.4 Hz, 1H), 

7.05 (s, 1H), 5.76 (ddd, J =  17.0, 10.2, 8.5 Hz, 1H), 5.03 (dq, J = 17.0, 1.0 Hz, 1H), 4.97–4.91(m, 

2H), 4.23 (t, J = 9.3 Hz, 1H), 3.33–3.27 (m, 1H), 2.52 (dt, J = 11.2, 8.7 Hz, 1H), 2.30 (ddd, J = 

11.8, 9.5, 2.6 Hz, 1H). 13C NMR (125 MHz, CDCl3) δ 192.96, 142.62, 140.02, 138.84, 129.39, 

128.00, 127.75, 125.98, 115.28, 44.21, 43.27, 40.53, 36.22, 28.86. HRMS (ESI) calculated for 

[C17H19N2O]+ (M+H+) requires m/z 267.1492, found 267.1491. Minor Diastereomer: 48% ee 

[Daicel CHIRALPAK AD, 5% to 50% iPrOH, 18 minutes, 1 mL/min, t1=6.15 min, t2=7.41 min]. 

Viscous oil. [α]D
22 –34.8° (c0.270, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.29–7.27 (m, 4H), 

7.20–7.16 (m, 1H), 7.14 (s, 1H), 7.03 (s, 1H), 6.00 (ddd, J = 17.0, 10.2, 7.0 Hz, 1H), 5.09 (dt, J = 
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17.1, 1.5 Hz, 1H), 5.03 (dt, J = 10.3, 1.3 Hz, 1H), 4.49 (td, J = 9.7, 8.7 Hz, 1H), 4.02 (s, 3H), 3.76 

(t, J = 9.7 Hz, 1H), 3.02 (pent, J =8.5 Hz, 1H), 2.59 (dt, J = 10.2, 8.4 Hz, 1H), 2.04 (q, J = 10.1 

Hz, 1H). 13C NMR (125 MHz, CDCl3) δ 192.49, 142.62, 142.55, 140.74, 129.37, 128.32, 127.22, 

126.80, 126.33, 114.50, 46.96, 44.91, 42.60, 36.17, 30.54. HRMS (ESI) calculated for 

[C17H19N2O]+ (M+H+) requires m/z 267.1492, found 267.1488. 

 

(1-Methyl-1H-imidazol-2-yl)(1-phenylspiro[3.4]octan-2-yl)methanone (2.37): Prepared 

according to the general procedure for isolation-scale asymmetric experiments 

using 85.1 mg (0.40 mmol) 2-cinnamoyl-1-methylimidazole, 0.46 mL (4.0 

mmol) methylenecyclopentane, 121.8 mg (0.16 mmol) (R)-2.4, and 8 mL toluene, The resulting 

material was purified by flash column chromatography using a gradient of 1:2 to 1:1 Et2O/pentanes 

to give 49.0 mg (0.17 mmol, 42% yield) of two of diastereomers (6:1 d.r.). Spectroscopic data for 

the major diastereomer were consistent with those previously reported.59 Major diastereomer: 85% 

ee [Daicel CHIRALPAK OD-H, 5% to 50% iPrOH, 18 minutes, 1 mL/min, t1=6.07 min, t2=6.65 

min]. [α]D
22 –71.0° (c0.600, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.28–7.27 (m, 4H), 7.19–

7.16 (m, 1H), 7.17 (s, 1H), 7.02 (s, 1H), 4.79 (q, J = 9.5 Hz, 1H), 3.98 (s, 3H), 3.91 (d, J = 10.1 

Hz, 1H), 2.21 (t, J = 9.6 Hz, 1H), 2.06 (t, J = 9.9 Hz, 1H), 1.83–1.72 (m, 2H), 1.55–1.46 (m, 4H), 

1.33–1.26 (m, 2H). 

 

(1-Methyl-1H-imidazol-2-yl)(1-phenylspiro[3.3]heptan-2-yl)methanone (2.38): Prepared 

according to the general procedure for isolation-scale asymmetric experiments 

85.0 mg (0.40 mmol) 2-cinnamoyl-1-methylimidazole, 0.37 mL (4.0 mmol) 

methylenecyclobutane, 121.0 mg (0.16 mmol) (R)-2.4, and 8 mL toluene, The resulting material 
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was purified by flash column chromatography using 1:1 Et2O/pentanes to give 65.2 mg (0.23 

mmol, 58% yield) of a single diastereomer (>20:1). 88% ee [Daicel CHIRALPAK AD, 5% to 50% 

iPrOH, 18 minutes, 1 mL/min, t1=5.86 min, t2=7.63 min]. White solid (mp = 80–82 °C ). [α]D
22 –

75.1° (c1.110, CH2Cl2). 
1H NMR (500 MHz, CDCl3) δ 7.33–7.29 (m, 4H), 7.22–7.19 (m, 1H), 

7.15 (s, 1H), 7.01 (s, 1H), 4.65 (q, J = 9.4 Hz, 1H), 3.97 (s, 3H), 3.67 (d, J = 9.8 Hz, 1H), 2.44 (dd, 

J = Hz, 1H), 2.20 (t, J = 10.3, 8.9 Hz, 1H), 2.11–2.06 (m, 1H), 2.00–1.94(m, 1H), 1.84–1.76 (m, 

3H), 1.57–1.50 (m, 1H). 13C NMR (125 MHz, CDCl3) δ 192.75, 142.80, 140.01, 129.26, 128.16, 

127.82, 127.21, 126.28, 50.21, 45.33, 40.57, 37.77, 36.18, 33.36, 29.38, 16.12. HRMS (ESI) 

calculated for [C18H21N2O]+ (M+H+) requires m/z 281.1648, found 281.1648.  

 

(3-(4-Bromo-2,5-dimethoxyphenyl)-2-(7-methoxy-2H-1,3-benzodioxol-5-yl)cyclobutyl)(1-

methyl-1H-imidazol-2-yl)methanone  (2.39): Prepared according to the 

general procedure for isolation-scale asymmetric experiments using 144.5 

mg (0.50 mmol) (E)-3-(7-methoxybenzo[d][1,3]dioxol-5-yl)-1-(1-

methyl-1H-imidazol-2-yl)prop-2-en-1-one, 582.1 mg (2.4 mmol) 4-bromo-2,5-methoxystyrene, 

74.0 mg (0.10 mmol) (R)-2.4, and 10 mL CH2Cl2. The resulting material was purified by flash 

column chromatography with 50% to 100% EtOAc in pentanes to give 173.0 mg (0.33 mmol, 65% 

yield) of two diastereomers (5:1 d.r., separated under these conditions). Major Diastereomer: 

White solid (mp = 78–82 °C, liquid phase is a very viscous oil). 93% ee [Daicel CHIRALPAK 

AD, 5% to 50% iPrOH, 20 minutes, 1 mL/min, t1=13.00 min, t2=14.46 min]. [α]D
22 –57.1° (c0.280, 

CH2Cl2). 
1H NMR (500 MHz, CDCl3) δ 7.15 (s, 1H), 7.05 (s, 1H), 6.88 (s, 1H), 6.79 (s, 1H), 6.30 

(d, J = 1.3 Hz, 1H), 6.20 (d, J = 1.3 Hz, 1H), 5.82 (dd, J = 4.5, 1.4 Hz, 2H), 4.75 (q, J = 8.1 Hz, 

1H), 4.29 (dd, J = 9.6, 7.6 Hz, 1H), 4.21 (td, J = 9.2, 6.2 Hz, 1H), 4.05 (s, 3H), 3.83 (s, 3H), 3.69 
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(s, 3H), 3.54 (s, 3H), 2.77–2.66 (m, 2H). 13C NMR (125 MHz, CDCl3) δ 192.82, 151.98, 149.80, 

148.08, 142.76, 142.44, 134.99, 133.24, 129.77, 129.38, 127.33, 115.06, 112.76, 109.01, 107.10, 

102.10, 101.06, 57.41, 56.29, 55.62, 46.03, 44.62, 36.24, 36.16, 26.76. HRMS (ESI) calculated for 

[C25H26BrN2O6]
+ (M+H+) requires m/z 529.0969,  found 529.0968. Minor Diastereomer: White 

solid (mp = 138–141 °C). 68% ee [Daicel CHIRALPAK AS-H, 5% to 30% EtOH, 35 minutes, 1 

mL/min, t1=17.84 min, t2=18.80 min. [α]D
22 –17.8° (c0.540, CH2Cl2). 

1H NMR (500 MHz, CDCl3) 

δ 7.15 (s, 1H), 7.05 (s, 1H), 7.00 (s, 1H), 6.98 (s, 1H), 6.51 (d, J = 1.3 Hz, 1H), 6.48 (d, J = 1.3 

Hz, 1H), 5.90–5.89 (m, 2H), 4.44 (q, J = 9.2 Hz, 1H), 4.04 (s, 3H), 4.02 (q, 9.9 Hz, 1H), 3.88–3.83 

(m, 1H), 3.87 (s, 3H), 3.84 (s, 3H), 3.70 (s, 3H), 2.83 (dt, J = 10.2, 8.6 Hz, 1H), 2.14 (q, J = 10.1 

Hz, 1H). 13C NMR (125 MHz, CDCl3) δ 192.37, 151.86, 150.16, 148.77, 143.38, 142.59, 137.40, 

133.69, 131.98, 129.46, 127.33, 115.87, 112.09, 109.18, 106.23, 101.23, 101.08, 57.12, 56.52, 

56.14, 47.18, 46.32, 37.63, 36.18, 31.82. HRMS (ESI) calculated for [C25H26BrN2O6]
+ (M+H+) 

requires m/z 529.0969, found 529.0967. 

2.6.5 Racemic [2+2] Photocycloaddition Reaction 

General Procedure for Racemic [2+2] Cycloadditions: An oven dried Schlenk tube was charged 

with the 1-methylimidazoyl enone (0.10 mmol, 1.0 equiv), styrene (1.0 mmol, 10.0 equiv.), (±)-

2.4 (0.02 mmol, 0.2 equiv.), and 2 mL toluene. The Schlenk was sealed with a glass stopper and 

degassed via freeze-pump-thaw technique (3 x 5 min). This was then cooled to –78 °C and 

irradiated with a Kessil Lamp (H150) for 14 h. The reaction mixture was then diluted 2–3x with 

CH2Cl2 before addition of 2 mL sat. aq. NaHCO3. The mixture was vigorously stirred for 60 s, the 

organic layer separated, and the aqueous layer extracted with CH2Cl2 (2 x 4 mL). The combined 

organics were dried over Na2SO4, concentrated, and analyzed by 1H NMR vs. internal standard 
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(phenanthrene) to determine conversion and diastereomeric ratio. The crude mixture was then 

purified via flash column chromatography using Et2O/pentanes as the eluent.  

 

2-(4-Methoxyphenyl)-3-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone ((±)-2.5): 

Prepared according to the general procedure for racemic experiments using 24.2 

mg (0.10 mmol) (E)-3-(4-methoxyphenyl)-1-(1-methyl-1H-imidazol-2-

yl)prop-2-en-1-one, 0.11 mL (1.0 mmol) styrene , 15.7 mg (0.02 mmol) (±)-2.4, 

and 2 mL toluene. The resulting material was purified by flash column chromatography using a 

gradient of 1:2 to 1:1 Et2O/pentanes to give a 65% NMR yield of two diastereomers (3:1 d.r.). 

Spectroscopic data were consistent with those reported above. 

 

2-(2-Methoxyphenyl)-3-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone ((±)-2.6): 

Prepared according to the general procedure for racemic experiments using 23.3 

mg (0.10 mmol) (E)-3-(2-methoxyphenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-

2-en-1-one, 0.11 mL (1.0 mmol) styrene , 15.6 mg (0.02 mmol) (±)-2.4, and 2 

mL toluene. The resulting material was purified by flash column chromatography using a gradient 

of 1:2 to 1:1 Et2O/pentanes to give a 64% NMR yield of two diastereomers (6:1 d.r.). Spectroscopic 

data were consistent with those reported above. 

 

Methyl 4-(2-(1-methyl-1H-imidazole-2-carbonyl)-4-phenylcyclobutyl)benzoate ((±)-2.7): 

Prepared according to the general procedure for racemic experiments using 

21.6 mg (0.10 mmol) 2-cinnamoyl-1-methylimidazole, 0.13 mL (1.0 mmol) 

phenyl vinyl sulfide, 30.1 mg (0.02 mmol) (±)-2.4, and 2 mL toluene. The 
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resulting material was purified by flash column chromatography using a 1:1 to 3:1 Et2O/pentanes 

to give 7.9 mg (0.03 mmol, 29% yield) of two diastereomers (3:1 d.r.). Spectroscopic data were 

consistent with those reported above. 

 

(1-Methyl-1H-imidazol-2-yl)(3-phenyl-2-(4-(trifluoromethyl)phenyl)cyclobutyl)methanone 

((±)-2.8): Prepared according to the general procedure for racemic experiments 

using 28.0 mg (0.10 mmol) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-(4-

trifluoromethylphenyl)prop-2-en-1-one, 0.12 mL (1.0 mmol) styrene, 15.9 mg 

(0.02 mmol) BINOL-phosphoramide catalyst (±)-2.4, and 2 mL toluene. The resulting material 

was purified by flash column chromatography using a gradient of 1:3 to 1:1 Et2O/pentanes to give 

23.5 mg (0.07 mmol, 70% yield) of two diastereomers (2:1 d.r.). Spectroscopic data were 

consistent with those reported above. 

 

4-(2-(1-Methyl-1H-imidazole-2-carbonyl)-4-phenylcyclobutyl)benzonitrile ((±)-2.9): 

Prepared according to the general procedure for racemic experiments using 24.1 

mg (0.10 mmol) (E)-4-(3-(1-methyl-1H-imidazol-2-yl)-3-oxoprop-1-en-1-

yl)benzonitrile, 0.11 mL (1.0 mmol) styrene , 15.3 mg (0.02 mmol) (±)-2.4, and 

2 mL toluene. The resulting material was purified by flash column chromatography using a 

gradient of 1:1 to 2:1 Et2O/pentanes to give a 30% NMR yield of three diastereomers (5:1 d.r.). 

Spectroscopic data were consistent with those reported above. 
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2-(2-Fluorophenyl)-3-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone ((±)-2.10): 

Prepared according to the general procedure for racemic experiments using 23.8 

mg (0.10 mmol) (E)-3-(2-fluorophenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-

en-1-one, 0.11 mL (1.0 mmol) styrene , 15.8 mg (0.02 mmol) (±)-2.4, and 2 mL 

toluene. The resulting material was purified by flash column chromatography using a gradient of 

1:2 to 1:1 Et2O/pentanes to give a 59% NMR yield of two diastereomers (10:1 d.r.). Spectroscopic 

data were consistent with those reported above. 

 

2-(4-Chlorophenyl)-3-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone ((±)-2.11): 

Prepared according to the general procedure for racemic experiments using 24.1 

mg (0.10 mmol) (E)-3-(4-chlorophenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-

en-1-one, 0.11 mL (1.0 mmol) styrene , 15.3 mg (0.02 mmol) (±)-2.4, and 2 mL 

toluene. The resulting material was purified by flash column chromatography using a gradient of 

1:2 to 1:1 Et2O/pentanes to give a 75% NMR yield of three diastereomers (5:1 d.r.). Spectroscopic 

data were consistent with those reported above. 

 

(1-Methyl-1H-imidazol-2-yl)(3-phenyl-2-(p-tolyl)cyclobutyl)methanone ((±)-2.12): Prepared 

according to the general procedure for racemic experiments using 22.6 mg (0.10 

mmol) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-(p-tolyl)prop-2-en-1-one, 0.11 

mL (1.0 mmol) styrene , 14.9 mg (0.02 mmol) (±)-2.4, and 2 mL toluene. The 

resulting material was purified by flash column chromatography using a gradient of 1:2 to 1:1 

Et2O/pentanes to give a 67% NMR yield of three diastereomers (3:1 d.r.). Spectroscopic data were 

consistent with those reported above. 
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(1-Methyl-1H-imidazol-2-yl)(2-(naphthalen-2-yl)-3-phenylcyclobutyl)methanone ((±)-2.13): 

Prepared according to the general procedure for racemic experiments using 

26.6 mg (0.10 mmol) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-(naphthalen-2-

yl)prop-2-en-1-one, 0.11 mL (1.0 mmol) styrene , 15.0 mg (0.02 mmol) (±)-

2.4, and 2 mL toluene. The resulting material was purified by flash column chromatography using 

a gradient of 1:2 to 1:1 Et2O/pentanes to give a 59% NMR yield of two diastereomers (3:1 d.r.). 

Spectroscopic data were consistent with those reported above. 

 

(1-Methyl-1H-imidazol-2-yl)(3-phenyl-2-(thiophen-2-yl)cyclobutyl)methanone ((±)-2.14): 

Prepared according to the general procedure for racemic experiments using 21.2 

mg (0.10 mmol) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-(thiophen-2-yl)prop-2-

en-1-one, 0.11 mL (1.0 mmol) styrene , 15.0 mg (0.02 mmol) (±)-2.4, and 2 mL 

toluene. The resulting material was purified by flash column chromatography using a gradient of 

1:2 to 1:1 Et2O/pentanes to give a 52% yield of two diastereomers (3:1 d.r.). Spectroscopic data 

were consistent with those reported above. 

 

(1-Methyl-1H-imidazol-2-yl)(2-(3-nitrophenyl)-3-phenylcyclobutyl)methanone ((±)-2.15): 

Prepared according to the general procedure for racemic experiments using 26.2 

mg (0.10 mmol) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-(3-nitrophenyl)prop-2-

en-1-one, 0.11 mL (1.0 mmol) styrene , 15.8 mg (0.02 mmol) (±)-2.4, and 2 mL 

toluene. The resulting material was purified by flash column chromatography using a gradient of 
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1:1 to 2:1 Et2O/pentanes to give a 33% NMR yield of two diastereomers (3:1 d.r.). Spectroscopic 

data were consistent with those reported above. 

 

2-(2-Iodophenyl)-3-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone ((±)-2.16): 

Prepared according to the general procedure for racemic experiments using 33.5 

mg (0.10 mmol) (E)-3-(2-iodophenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-

1-one, 0.11 mL (1.0 mmol) styrene , 15.0 mg (0.02 mmol) (±)-2.4, and 2 mL 

toluene. The resulting material was purified by flash column chromatography using a gradient of 

1:2 to 1:1 Et2O/pentanes to give a 49% NMR yield of two diastereomers (10:1 d.r.). Spectroscopic 

data were consistent with those reported above. 

 

(2,3-Diphenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone ((±)-2.17): Prepared 

according to the general procedure for racemic experiments using 22.4 mg (0.11 

mmol) 2-cinnamoyl-1-methylimidazole, 0.12 mL (1.0 mmol) styrene, 16.4 mg 

(0.02 mmol) BINOL-phosphoramide catalyst (±)-2.4, and 2 mL toluene. The resulting material 

was purified by flash column chromatography using a gradient of 1:2 to 1:1 Et2O/pentanes to give 

23.5 mg (0.07 mmol, 70% yield) of two diastereomers (7:1 d.r.). Spectroscopic data were 

consistent with those reported above. 

 

(3-(2-Chlorophenyl)-2-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone ((±)-2.18): 

Prepared according to the general procedure for racemic experiments using 

22.2 mg (0.10 mmol) 2-cinnamoyl-1-methylimidazole, 0.13 mL (1.0 mmol) 

2-chlorostyrene, 16.5 mg (0.02 mmol) (±)-2.4, and 2 mL toluene. The 
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resulting material was purified by flash column chromatography using a 1:1 Et2O/pentanes to give 

19.7 mg (0.06 mmol, 54% yield) of two diastereomers (10:1 d.r.). Spectroscopic data were 

consistent with those reported above. 

 

(3-(3-Chlorophenyl)-2-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone ((±)-2.19): 

Prepared according to the general procedure for racemic experiments using 

21.3 mg (0.10 mmol) 2-cinnamoyl-1-methylimidazole, 0.13 mL (1.0 

mmol) 3-chlorostyrene, 15.6 mg (0.02 mmol) (±)-2.4, and 2 mL toluene. 

The resulting material was purified by flash column chromatography using a 1:1 Et2O/pentanes to 

give a 61% NMR yield of two diastereomers (4:1 d.r.). Spectroscopic data were consistent with 

those reported above. 

 

(3-(4-Chlorophenyl)-2-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone ((±)-2.20): 

Prepared according to the general procedure for racemic experiments using 

21.2 mg (0.10 mmol) 2-cinnamoyl-1-methylimidazole, 0.12 mL (1.0 mmol) 

4-chlorostyrene, 15.3 mg (0.02 mmol) (±)-2.4, and 2 mL toluene. The 

resulting material was purified by flash column chromatography using a 1:1 Et2O/pentanes to give 

26.7 mg (0.08 mmol, 76% yield) of two diastereomers (6:1 d.r.). Spectroscopic data were 

consistent with those reported above. 

 

(3-(4-Bromophenyl)-2-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone ((±)-2.21): 

Prepared according to the general procedure for racemic experiments using 

21.2 mg (0.10 mmol) 2-cinnamoyl-1-methylimidazole, 0.13 mL (1.0 mmol) 
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4-bromostyrene, 15.4 mg (0.02 mmol) (±)-2.4, and 2 mL toluene. The resulting material was 

purified by flash column chromatography eluting from a gradient of 1:2 Et2O/pentanes → 1:1 

Et2O/pentanes to give 3.4 mg (0.01 mmol, 9% yield) of two diastereomers (6:1 d.r.). Spectroscopic 

data were consistent with those reported above. 

 

(1-Methyl-1H-imidazol-2-yl)(2-phenyl-3-(4-(trifluoromethyl)phenyl)cyclobutyl)methanone 

((±)-2.22): Prepared according to the general procedure for racemic 

experiments using 21.7 mg (0.10 mmol) 2-cinnamoyl-1-methylimidazole, 

0.15 mL (1.0 mmol) 4-(trifluoromethyl)styrene, 16.1 mg (0.02 mmol) (±)-

2.4, and 2 mL toluene. The resulting material was purified by flash column chromatography eluting 

from a gradient of 1:2 Et2O/pentanes → 1:1 Et2O/pentanes to give 33.6 mg (0.09 mmol, 85% yield) 

of two diastereomers (5:1 d.r.). Spectroscopic data were consistent with those reported above. 

 

(3-(4-tert-Butoxyphenyl)-2-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone ((±)-

2.23): Prepared according to the general procedure for racemic 

experiments using 22.2 mg (0.10 mmol) 2-cinnamoyl-1-methylimidazole, 

0.19 mL (1.0 mmol) 4-tert-butoxystyrene, 16.0 mg (0.02 mmol) (±)-2.4, 

and 2 mL toluene. The resulting material was purified by flash column chromatography using a 

1:1 Et2O/pentanes to give 28.0 mg (0.07 mmol, 69% yield) of two diastereomers (4:1 d.r.). 

Spectroscopic data were consistent with those reported above. 
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(3-(4-Acetoxyphenyl)-2-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone ((±)-2.24): 

Prepared according to the general procedure for racemic experiments using 

21.1 mg (0.10 mmol) 2-cinnamoyl-1-methylimidazole, 0.15 mL (1.0 

mmol) 4-acetoxystyrene, 16.0 mg (0.02 mmol) (±)-2.4, and 2 mL toluene. 

The resulting material was purified by flash column chromatography using a 1:1 Et2O/pentanes to 

give 22.6 mg (0.06 mmol, 61% yield) of two diastereomers (8:1 d.r.). Spectroscopic data were 

consistent with those reported above. 

 

3-(4-(((tert-Butyldimethylsilyl)oxy)methyl)phenyl)-2-phenylcyclobutyl)(1-methyl-1H-

imidazol-2-yl)methanone ((±)-2.25): Prepared according to the 

general procedure for racemic experiments using 20.6 mg (0.10 mmol) 

2-cinnamoyl-1-methylimidazole, 247.9 mg (1.0 mmol) tert-

butyldimethyl(4-vinylbenzyloxy) silane, 15.4 mg (0.02 mmol) (±)-2.4, and 2 mL toluene. The 

resulting material was purified by flash column chromatography eluting from a gradient of 1:2 

Et2O/pentanes → 1:1 Et2O/pentanes to give 40.0 mg (0.09 mmol, 89% yield) of three 

diastereomers (3:1 d.r.). Spectroscopic data were consistent with those reported above. 

 

(3-(4-(Acetoxymethyl)phenyl)-2-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone 

((±)-2.26): Prepared according to the general procedure for racemic 

experiments using 21.3 mg (0.10 mmol) 2-cinnamoyl-1-

methylimidazole, 180.0 mg (1.0 mmol) 1-(acetoxymethyl)-4-

vinylbenzene, 16.0 mg (0.02 mmol) (±)-2.4, and 2 mL toluene. The resulting material was purified 

by flash column chromatography eluting from a gradient of 1:2 Et2O/pentanes → 1:1 
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Et2O/pentanes to give a 70% NMR yield of three diastereomers (3:1 d.r.). Spectroscopic data were 

consistent with those reported above. 

 

(3-(4-(Azidomethyl)phenyl)-2-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone 

((±)-2.27): Prepared according to the general procedure for racemic 

experiments using 20.5 mg (0.10 mmol) 2-cinnamoyl-1-

methylimidazole, 158.0 mg (1.0 mmol) 1-(azidomethyl)-4-

vinylbenzene, 15.3 mg (0.02 mmol) (±)-2.4, and 2 mL toluene. The resulting material was purified 

eluting from a gradient of 1:2 Et2O/pentanes → 1:1 Et2O/pentanes to give a 57% NMR yield of 

three diastereomers (3:1 d.r.). Spectroscopic data were consistent with those reported above. 

 

tert-Butyl(4-(-3-(1-methyl-1H-imidazole-2-carbonyl)-2-phenylcyclobutyl)benzyl) carbamate 

((±)-2.28): Prepared according to the general procedure for racemic 

experiments using 21.4 mg (0.10 mmol) 2-cinnamoyl-1-

methylimidazole, 233 mg (1.0 mmol) tert-butyl 4-

vinylbenzylcarbamate, 15.0 mg (0.02 mmol) (±)-2.4, and 2 mL toluene. The resulting material was 

purified by flash column chromatography eluting from a gradient of 30% EtOAc/hexanes → 50% 

EtOAc/hexanes to give 27.4 mg (0.06 mmol, 61% yield) of three diastereomers (3:1 d.r.). 

Spectroscopic data were consistent with those reported above. 

 

(1-Methyl-1H-imidazol-2-yl)(2-phenyl-3-(phenylthio)cyclobutyl)methanone  ((±)-2.29): 

Prepared according to the general procedure for racemic experiments using 21.6 

mg (0.10 mmol) 2-cinnamoyl-1-methylimidazole, 0.13 mL (1.0 mmol) phenyl 
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vinyl sulfide, 30.1 mg (0.02 mmol) (±)-2.4, and 2 mL toluene. The resulting material was purified 

by flash column chromatography using a 1:1 Et2O/pentanes to give 7.9 mg (0.03 mmol, 29% yield) 

of two diastereomers (1.3:1 d.r.). Spectroscopic data were consistent with those reported above. 

 

(1-Methyl-1H-imidazol-2-yl)(3-(naphthalen-2-yl)-2-phenylcyclobutyl)methanone ((±)-2.30): 

Prepared according to the general procedure for racemic experiments 

using 22.0 mg (0.10 mmol) 2-cinnamoyl-1-methylimidazole, 150.4 mg 

(1.0 mmol) 2-vinylnapthalene, 15.0 mg (0.02 mmol) (±)-2.4, and 2 mL 

toluene. The resulting material was purified by flash column chromatography eluting from a 

gradient of 1:2 Et2O/hexanes → 1:1 Et2O/hexanes to give 33.1 mg (0.09 mmol, 87% yield) of three 

diastereomers (2:1 d.r.). Spectroscopic data were consistent with those reported above. 

 

(3-(Benzofuran-5-yl)-2-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone ((±)-2.31): 

Prepared according to the general procedure for racemic experiments 

using 20.7 mg (0.10 mmol) 2-cinnamoyl-1-methylimidazole, 142.0 mg 

(1.0 mmol) 5-vinyl-1-benzofuran, 15.4 mg (0.02 mmol) (±)-2.4, and 2 mL 

toluene. The resulting material was purified by flash column chromatography eluting from a 

gradient of 1:2 Et2O/pentanes → 1:1 Et2O/pentanes to give 30.2 mg (0.09 mmol, 87% yield) of 

three diastereomers (4:1 d.r.). Spectroscopic data were consistent with those reported above. 

 

(1-Methyl-1H-imidazol-2-yl)((1S,2S,3S)-2-phenyl-3-(1-tosyl-1H-indol-5-

yl)cyclobutyl)methanone ((±)-2.32): Prepared according to the general 

procedure for racemic experiments using 21.4 mg (0.10 mmol) 2-
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cinnamoyl-1-methylimidazole, 295.1 mg (1.0 mmol) 1-toluenesulfonyl-5-vinyl-1H-indole, 15.6 

mg (0.02 mmol) (±)-2.4, and 2 mL toluene. The resulting material was purified by flash column 

chromatography eluting from 20% acetone/pentanes to give an 80% NMR yield of three 

diastereomers (4:1 d.r.). Spectroscopic data were consistent with those reported above. 

 

(1-Methyl-1H-imidazol-2-yl)(3-methyl-2-phenyl-3-(prop-1-en-2-yl)cyclobutyl)methanone 

((±)-2.33): Prepared according to the general procedure for racemic 

experiments using 22.0 mg (0.10 mmol) 2-cinnamoyl-1-methylimidazole, 0.11 

mL (1.0 mmol) 2,3-dimethylbutadiene, 15.8 mg (0.02 mmol) (±)-2.4, and 2 mL toluene. The 

resulting material was purified by flash column chromatography using a gradient of 1:2 to 1:1 

Et2O/pentanes to give 17.7 mg (0.06 mmol, 57% yield) of two diastereomers (10:1 d.r.). 

Spectroscopic data were consistent with those reported above. 

 

 (3-Ethenyl-2-phenylcyclobutyl)(1-methyl-1H-imidazol-2-yl)methanone ((±)-2.34): Prepared 

according to the general procedure for racemic experiments using 21.1 mg (0.10 

mmol) 2-cinnamoyl-1-methylimidazole, 0.55 mL (1.0 mmol) 1,3-butadiene 

(15% in toluene), 15.8 mg (0.02 mmol) (±)-2.4, and 2 mL toluene. The resulting material was 

purified by flash column chromatography using a gradient of 1:2 to 1:1 Et2O/pentanes to give 17.0 

mg (0.06 mmol, 64% yield) of two diastereomers (3:1 d.r.). Spectroscopic data were consistent 

with those reported above. 
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(1-Methyl-1H-imidazol-2-yl)(1-phenylspiro[3.4]octan-2-yl)methanone ((±)-2.37): Prepared 

according to the general procedure for racemic experiments using 21.6 mg (0.10 

mmol) 2-cinnamoyl-1-methylimidazole, 0.08 mL (1.0 mmol) 

methylenecyclopentane, 30.7 mg (0.04 mmol) (±)-2.4, and 2 mL toluene. The resulting material 

was purified by flash column chromatography using a gradient of 1:2 to 1:1 Et2O/pentanes to give 

14.2 mg (0.05 mmol, 47% yield) of two diastereomers (6:1 d.r.). Spectroscopic data were 

consistent with those reported above. 

 

(1-Methyl-1H-imidazol-2-yl)(1-phenylspiro[3.3]heptan-2-yl)methanone ((±)-2.38): Prepared 

according to the general procedure for racemic experiments using 22.4 mg (0.11 

mmol) 2-cinnamoyl-1-methylimidazole, 0.10 mL (1.0 mmol) 

methylenecyclobutane, 34.0 mg (0.04 mmol) (±)-2.4, and 2 mL toluene. The resulting material 

was purified by flash column chromatography using a 1:1 Et2O/pentanes to give 11.0 mg (0.04 

mmol, 37% yield) of a single diastereomer. Spectroscopic data were consistent with those reported 

above. 

 

(3-(4-Bromo-2,5-dimethoxyphenyl)-2-(7-methoxy-2H-1,3-benzodioxol-5-yl)cyclobutyl)(1-

methyl-1H-imidazol-2-yl)methanone  ((±)-2.39) Prepared according to 

the general procedure for racemic experiments using  142.8 mg (0.50 

mmol) (E)-3-(7-methoxybenzo[d][1,3]dioxol-5-yl)-1-(1-methyl-1H-

imidazol-2-yl)prop-2-en-1-one, 244.1 mg (1.0 mmol) 4-bromo-2,5-

methoxystyrene, 78.0 mg (0.10 mmol) (±)-2.4, and 10 mL CH2Cl2. The resulting material was 

purified by flash column chromatography with 50% → 100% EtOAc in pentanes to give 137.0 mg 
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(0.26 mmol, 52% yield) of two diastereomers (5:1 d.r., separated under these conditions). 

Spectroscopic data were consistent with those reported above. 

2.6.6 Cleavage Reactions of Complex Cycloadduct 

Methyl 3-(4-bromo-2,5-dimethoxyphenyl)-2-(7-methoxy-2H-1,3-benzodioxol-5-

yl)cyclobutane-1-carboxylate (2.40)  A flame-dried 6 mL vial with a stir 

bar was charged with 100.5 mg (0.19 mmol, 1.0 equiv.) of the major 

diastereomer of cycloadduct 2.39 and 1.5 mL dry CH2Cl2, and the 

solution stirred under N2 for 10 min. To this was added 30 µL (0.25 mmol, 

1.3 equiv.) freshly distilled MeOTf, and the reaction mixture stirred for 3 h at room temperature. 

This solution was then concentrated in vacuo and dried under vacuum for 30 min to remove any 

remaining MeOTf. The resulting yellow foam was then taken up in 1.5 mL dry CH2Cl2, to which 

was added 0.32 mL (8.0 mmol, 40.0 equiv.) distilled MeOH and 4.5 mg (0.04 mmol, 0.2 equiv.) 

1,4-diazabicyclo[2.2.2]octane (DABCO), and the reaction mixture stirred for 3 h at room 

temperature. The reaction mixture was concentrated and purified by flash column chromatography 

with 10% to 50% EtOAc/pentanes to give 63.4 mg (0.13 mmol, 70% yield) of a viscous semisolid. 

92% ee [Daicel CHIRALPAK AD, 5% to 50% iPrOH, 20 minutes, 1 mL/min, t1=9.30 min, 

t2=10.73 min] [α]D
22 –64.2° (c1.090, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 6.79 (s, 1H) , 6.76 

(s, 1H), 6.19 (d, J = 1.1 Hz, 1H), 6.01 (d, J = 1.1 Hz, 1H), 5.86–5.85 (m, 2H), 4.19 (td, J = Hz, 

1H), 4.13 (t, J = 8.8 Hz, 1H), 3.81 (s, 3H), 3.73 (s, 3H), 3.68 (s, 3H), 3.49 (s, 3H), 3.43 (q, J = 8.5 

Hz, 1H), 2.72 (dt, J = 12.1, 8.5 Hz, 1H), 2.57–2.51 (m, 1H). 13C NMR (125 MHz, CDCl3) δ 174.98, 

152.04, 149.83, 148.18, 142.79, 134.38, 133.47, 129.21, 115.26, 112.33, 109.26, 106.87, 101.75, 

101.16, 57.33, 56.32, 55.59, 51.98, 47.51, 41.52, 36.76, 25.53. HRMS (ESI) calculated for 

[C22H27BrNO7]
+ (M+NH4

+) requires m/z 496.0965, found 496.0965.  
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Methyl 3-(4-bromo-2,5-dimethoxyphenyl)-2-(7-methoxy-2H-1,3-benzodioxol-5-

yl)cyclobutane-1-carboxylate ((±)-2.40)  Racemic material prepared 

according to the procedure above for the analogous enriched product (±)-

2.39 using 86.2 mg (0.16 mmol, 1.0 equiv.) (3-(4-bromo-2,5-

dimethoxyphenyl)-2-(7-methoxy-2H-1,3-benzodioxol-5-yl)cyclobutyl)(1-methyl-1H-imidazol-2-

yl)methanone and 25 µL (0.20 mmol, 1.3 equiv.) MeOTf in 1 mL CH2Cl2, and then 0.25 mL (6.0 

mmol, 40.0 equiv.) MeOH, and 3.5 mg (0.3 mmol, 0.2 equiv.) DABCO in 1 mL CH2Cl2. The 

resulting material was purified by flash column chromatography with 10% to 50% EtOAc in 

pentanes to give 12.0 mg (0.03 mmol, 15% yield) of two diastereomers (5:1 d.r., separated under 

these conditions). Spectroscopic data were consistent with those reported above. 

2.6.7 Mechanistic Experiments 
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2.6.7.1 Absorbance Data 

 

Figure 2.2 Comparative absorption spectra of the Brønsted acid catalyst (AC-3=2.4), substrate 

(1=2.1), and 20 and 100 mol% loading of acid catalyst in substrate dissolved in CH2Cl2. The 

spectra were all recorded in quartz tubes under ambient conditions. 

2.6.7.2 NMR Titration Experiments 

Experimental Details: A stock solution of 2.4 (11.0 mg, 0.014 mmol) was prepared in d8-toluene 

(700 µL) and added to a solution of 2.1 (2.1 mg, 0.01 mmol) in d8-toluene (500 µL) in a 7” NMR 

tube in 50 µL increments. Then a more concentrated stock solution of 2.4 (94.6 mg, 0.12 mmol), 

prepared in d8-toluene (1.2 mL), was added to the same tube in 200 µL increments. 1H NMR 

spectra were acquired on a 600 mHz instrument with a DCI-F cryoprobe. The titration was 

quantified by monitoring the chemical shift of the imidazole methyl protons (~3.4 ppm in 2.1 

alone) of the substrate, which moved upfield with increasing 2.4. When multiple peaks appeared, 

chemical shifts were averaged.  
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Figure 2.3 Preliminary binding isotherm, measured vs. calculated. Note: AC-3=2.4 

These data were fit to a 1:1 binding model following the method developed by Thordarson.69 

Microsoft Excel was used to estimate Ka by minimizing difference between experiment and 

predicted chemical shifts using nonlinear regression analysis. 

2.6.8 Assignment of Diastereomers by 1D-NOE 
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Figure 2.4 Observed nOe Enhancements 

 

2.6.9 X-Ray Crystallographic Data 
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CCDC-2022776 and CCDC-2022777 contain full crystallographic data for the structures described 

in this manuscript. These data can be obtained free of charge from the Cambridge Crystallographic 

Data Centre. 

 

((1R,2R,3R)-3-(4-Bromophenyl)-2-phenylcyclobutyl)(1-methyl-1H-imidazol-2-

yl)methanone (2.21) 

 

 

 

Data Collection: A colorless crystal with approximate dimensions 0.12 × 0.08 × 0.06 mm3 was 

selected under oil under ambient conditions and attached to the tip of a MiTeGen MicroMount©. 

The crystal was mounted in a stream of cold nitrogen at 100(1) K and centered in the X-ray beam 

by using a video camera. 

The crystal evaluation and data collection were performed on a Bruker D8 VENTURE PhotonIII 

four-circle diffractometer with Cu Kα (λ = 1.54178 Å) radiation and the detector to crystal distance 

of 4.0 cm.70 

The initial cell constants were obtained from a 180° φ scan conducted at a 2θ = 50° angle with the 

exposure time of 1 second per frame. The reflections were successfully indexed by an automated 

indexing routine built in the APEX3 program. The final cell constants were calculated from a set 

of 9313 strong reflections from the actual data collection. 
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 The data were collected by using the full sphere data collection routine to survey the 

reciprocal space to the extent of a full sphere to a resolution of 0.80 Å. A total of 67343 data were 

harvested by collecting 34 sets of frames with 0.5º scans in  and φ with an exposure time 0.5-8.3 

sec per frame. These highly redundant datasets were corrected for Lorentz and polarization effects. 

The absorption correction was based on fitting a function to the empirical transmission surface as 

sampled by multiple equivalent measurements.71 

  

Structure Solution and Refinement: The systematic absences in the diffraction data were 

uniquely consistent for the space group P212121 that yielded chemically reasonable and 

computationally stable results of refinement.72–77 

A successful solution by the direct methods provided most non-hydrogen atoms from the E-map. 

The remaining non-hydrogen atoms were located in an alternating series of least-squares cycles 

and difference Fourier maps. All non-hydrogen atoms were refined with anisotropic displacement 

coefficients. All hydrogen atoms were included in the structure factor calculation at idealized 

positions and were allowed to ride on the neighboring atoms with relative isotropic displacement 

coefficients. 

The absolute configuration was established based on resonant scattering effects: the three chiral 

centers C7, C8, C15 are all R. The crystal may contain 1.4(17) % of the opposite enantiomer.  

The final least-squares refinement of 228 parameters against 3859 data resulted in residuals R 

(based on F2 for I≥2σ) and wR (based on F2 for all data) of 0.0192 and 0.0505, respectively. The 

final difference Fourier map was featureless. 

 

Summary 
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Crystal Data for C21H19BrN2O (M =395.29 g/mol): orthorhombic, space group P212121 (no. 

19), a = 8.1192(6) Å, b = 10.5977(10) Å, c = 20.6785(17) Å, V = 1779.3(3) Å3, Z = 4, T = 

100.0 K, μ(CuKα) = 3.226 mm-1, Dcalc = 1.476 g/cm3, 67343 reflections measured (8.552° ≤ 2Θ 

≤ 159.016°), 3859 unique (Rint = 0.0257, Rsigma = 0.0109) which were used in all calculations. The 

final R1 was 0.0192 (I > 2σ(I)) and wR2 was 0.0505 (all data). 

 

 

Figure 2.5 A molecular drawing of yoon61 shown with 50% probability ellipsoids 

 

Table 2.1 Crystal data and structure refinement for yoon61 

Identification code yoon61 

Empirical formula C21H19BrN2O 

Formula weight 395.29 
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Temperature/K 100.0 

Crystal system orthorhombic 

Space group P212121 

a/Å 8.1192(6) 

b/Å 10.5977(10) 

c/Å 20.6785(17) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 1779.3(3) 

Z 4 

ρcalcg/cm3 1.476 

μ/mm-1 3.226 

F(000) 808.0 

Crystal size/mm3 0.12 × 0.08 × 0.06 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 8.552 to 159.016 

Index ranges -10 ≤ h ≤ 10, -11 ≤ k ≤ 13, -26 ≤ l ≤ 25 

Reflections collected 67343 

Independent reflections 3859 [Rint = 0.0257, Rsigma = 0.0109] 

Data/restraints/parameters 3859/0/228 

Goodness-of-fit on F2 1.049 
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Final R indexes [I>=2σ (I)] R1 = 0.0192, wR2 = 0.0505 

Final R indexes [all data] R1 = 0.0192, wR2 = 0.0505 

Largest diff. peak/hole / e Å-3 0.52/-0.41 

Flack parameter 0.014(17) 

 

Table 2.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for yoon61. Ueq is defined as 1/3 of the trace of the orthogonalised UIJ tensor. 

Atom x y z U(eq) 

Br1 5073.7(3) 5024.5(2) 167.5(2) 24.31(7) 

O1 3736.3(19) -3544.1(13) 1740.6(7) 20.9(3) 

N1 568(2) -2460.4(16) 674.6(8) 18.2(3) 

N2 691(2) -4349.4(16) 1146.7(8) 18.0(3) 

C1 5111(3) 3450.2(18) 611.7(9) 20.7(4) 

C2 4851(4) 2351(2) 267.3(10) 31.0(5) 

C3 4931(4) 1195.7(19) 588.0(10) 28.0(5) 

C4 5247(2) 1129.8(18) 1248.8(9) 16.8(4) 

C5 5489(2) 2258.5(19) 1580.6(9) 18.5(4) 

C6 5429(3) 3422.8(19) 1270.3(10) 19.3(4) 

C7 5354(2) -98.1(19) 1616.4(9) 17.9(3) 

C8 3642(2) -624.0(18) 1859.3(9) 16.2(4) 

C9 2248(2) 271.1(17) 1999.3(9) 15.9(4) 

C10 2384(3) 1114.7(19) 2518.3(10) 18.2(4) 

C11 1135(3) 1975.6(19) 2648.7(10) 19.5(4) 
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C12 -265(3) 2004.8(19) 2266.8(10) 20.9(4) 

C13 -414(3) 1167.4(19) 1748.8(10) 21.0(4) 

C14 833(2) 307.2(18) 1618.0(10) 18.4(4) 

C15 3602(2) -1508.8(18) 1253.4(10) 16.3(4) 

C16 5504(3) -1318.7(19) 1206.9(11) 19.7(4) 

C17 3003(2) -2835.5(18) 1377.4(9) 16.5(4) 

C18 1456(2) -3209.7(18) 1060.6(9) 16.4(4) 

C19 -805(3) -3132(2) 523.5(10) 20.5(4) 

C20 -749(3) -4301(2) 812.4(10) 20.6(4) 

C21 1208(3) -5428.5(19) 1537.1(11) 25.1(4) 

  

 

 

Table 2.3 Anisotropic Displacement Parameters (Å2×103) for yoon61. The Anisotropic 

displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

Br1 35.55(12) 17.60(11) 19.78(11) 4.01(7) 0.43(8) -0.57(11) 

O1 23.3(7) 16.5(7) 22.8(7) 2.7(5) -2.6(6) 1.3(6) 

N1 21.7(8) 17.3(8) 15.6(7) 0.1(6) -0.3(6) 0.3(6) 

N2 22.4(8) 13.9(8) 17.8(8) -0.9(6) 3.4(6) -1.5(7) 

C1 25.9(10) 16.8(8) 19.5(9) 2.8(7) 1.8(9) -0.1(8) 

C2 54.4(15) 23.5(10) 15.1(8) 1.2(8) -4.3(10) -6.8(11) 

C3 47.0(13) 18.0(9) 19.0(9) -2.2(7) -1.0(10) -7.0(11) 
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C4 14.4(9) 16.8(8) 19.2(8) 1.5(7) 0.3(8) -2.5(7) 

C5 19.8(9) 19.7(9) 16.1(8) -1.0(7) -2.2(7) -0.9(7) 

C6 22.2(10) 16.2(9) 19.4(9) -2.6(7) -1.1(8) -0.3(7) 

C7 16.7(8) 16.3(8) 20.8(8) -0.4(7) -1.6(7) -1.3(8) 

C8 19.9(9) 13.6(8) 15.0(8) 1.4(7) -1.2(7) -0.9(8) 

C9 18.9(9) 13.5(9) 15.4(8) 2.9(7) 1.7(7) -1.0(7) 

C10 20.0(9) 18.1(9) 16.7(9) 0.6(8) -0.8(7) -2.0(8) 

C11 24.0(10) 16.4(9) 18.1(9) -1.4(7) 5.7(8) -1.2(8) 

C12 21.3(10) 16.5(8) 24.8(9) 3.2(7) 6.8(8) 1.5(8) 

C13 18.1(9) 20.4(9) 24.4(9) 3.1(8) -0.8(8) 0.1(8) 

C14 19.9(9) 16.9(10) 18.6(9) 0.7(7) -0.6(7) -0.7(7) 

C15 18.6(9) 13.2(9) 17.1(9) -0.3(7) 0.5(7) -0.5(7) 

C16 17.8(10) 15.7(9) 25.5(10) 0.1(8) 3.2(8) 0.6(7) 

C17 20.2(9) 13.9(8) 15.6(9) -2.9(7) 3.7(7) 1.6(7) 

C18 20.3(9) 12.8(9) 16.2(9) -0.4(7) 2.4(7) -0.3(7) 

C19 22.2(10) 22.1(10) 17.3(9) -3.1(8) -1.5(8) -0.2(8) 

C20 21.4(10) 20.5(10) 20.0(9) -5.7(8) 2.4(8) -4.5(8) 

C21 31.4(11) 14.2(9) 29.8(11) 3.1(8) 1.6(9) -2.4(8) 

  

Table 2.4 Bond Lengths for yoon61 

Atom Atom Length/Å   Atom Atom Length/Å 

Br1 C1 1.9047(19)   C7 C8 1.580(3) 
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O1 C17 1.218(2)   C7 C16 1.551(3) 

N1 C18 1.337(3)   C8 C9 1.505(3) 

N1 C19 1.359(3)   C8 C15 1.565(3) 

N2 C18 1.370(2)   C9 C10 1.401(3) 

N2 C20 1.359(3)   C9 C14 1.394(3) 

N2 C21 1.461(3)   C10 C11 1.390(3) 

C1 C2 1.381(3)   C11 C12 1.384(3) 

C1 C6 1.386(3)   C12 C13 1.396(3) 

C2 C3 1.394(3)   C13 C14 1.389(3) 

C3 C4 1.392(3)   C15 C16 1.560(3) 

C4 C5 1.393(3)   C15 C17 1.510(3) 

C4 C7 1.510(3)   C17 C18 1.471(3) 

C5 C6 1.392(3)   C19 C20 1.376(3) 

 

Table 2.5 Bond Angles for yoon61 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

C18 N1 C19 105.57(17)   C10 C9 C8 119.36(17) 

C18 N2 C21 129.16(18)   C14 C9 C8 121.89(17) 

C20 N2 C18 106.89(17)   C14 C9 C10 118.73(18) 

C20 N2 C21 123.89(18)   C11 C10 C9 120.66(19) 

C2 C1 Br1 119.16(15)   C12 C11 C10 120.18(19) 

C2 C1 C6 121.15(18)   C11 C12 C13 119.65(19) 
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C6 C1 Br1 119.68(15)   C14 C13 C12 120.21(19) 

C1 C2 C3 119.22(18)   C13 C14 C9 120.58(18) 

C4 C3 C2 121.30(18)   C16 C15 C8 87.22(15) 

C3 C4 C5 117.80(18)   C17 C15 C8 115.39(16) 

C3 C4 C7 123.24(17)   C17 C15 C16 116.71(16) 

C5 C4 C7 118.96(17)   C7 C16 C15 89.78(15) 

C6 C5 C4 121.96(18)   O1 C17 C15 121.44(18) 

C1 C6 C5 118.56(18)   O1 C17 C18 121.73(18) 

C4 C7 C8 114.43(15)   C18 C17 C15 116.78(17) 

C4 C7 C16 116.66(15)   N1 C18 N2 110.89(17) 

C16 C7 C8 87.05(14)   N1 C18 C17 124.49(17) 

C9 C8 C7 120.04(16)   N2 C18 C17 124.55(18) 

C9 C8 C15 121.06(16)   N1 C19 C20 110.17(19) 

C15 C8 C7 88.57(14)   N2 C20 C19 106.46(18) 

 

Table 2.6 Torsion Angles for yoon61 

A B C D Angle/˚   A B C D Angle/˚ 

Br1 C1 C2 C3 177.9(2)   C8 C15 C17 O1 -62.3(2) 

Br1 C1 C6 C5 -178.48(16)   C8 C15 C17 C18 115.14(19) 

O1 C17 C18 N1 177.69(19)   C9 C8 C15 C16 144.89(18) 

O1 C17 C18 N2 1.1(3)   C9 C8 C15 C17 -96.7(2) 

N1 C19 C20 N2 -0.2(2)   C9 C10 C11 C12 0.2(3) 
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C1 C2 C3 C4 0.8(4)   C10 C9 C14 C13 0.3(3) 

C2 C1 C6 C5 0.3(4)   C10 C11 C12 C13 -0.2(3) 

C2 C3 C4 C5 -0.3(4)   C11 C12 C13 C14 0.1(3) 

C2 C3 C4 C7 -179.7(2)   C12 C13 C14 C9 -0.2(3) 

C3 C4 C5 C6 -0.3(3)   C14 C9 C10 C11 -0.3(3) 

C3 C4 C7 C8 -85.6(3)   C15 C8 C9 C10 -175.22(17) 

C3 C4 C7 C16 13.9(3)   C15 C8 C9 C14 3.3(3) 

C4 C5 C6 C1 0.3(3)   C15 C17 C18 N1 0.2(3) 

C4 C7 C8 C9 -27.8(2)   C15 C17 C18 N2 -176.36(17) 

C4 C7 C8 C15 97.73(17)   C16 C7 C8 C9 -145.87(17) 

C4 C7 C16 C15 -95.58(18)   C16 C7 C8 C15 -20.31(14) 

C5 C4 C7 C8 95.1(2)   C16 C15 C17 O1 38.0(3) 

C5 C4 C7 C16 -165.46(18)   C16 C15 C17 C18 -144.57(18) 

C6 C1 C2 C3 -0.9(4)   C17 C15 C16 C7 -137.69(17) 

C7 C4 C5 C6 179.14(18)   C18 N1 C19 C20 -0.6(2) 

C7 C8 C9 C10 -66.9(2)   C18 N2 C20 C19 0.9(2) 

C7 C8 C9 C14 111.6(2)   C19 N1 C18 N2 1.2(2) 

C7 C8 C15 C16 20.17(14)   C19 N1 C18 C17 -175.82(18) 

C7 C8 C15 C17 138.53(17)   C20 N2 C18 N1 -1.3(2) 

C8 C7 C16 C15 20.36(14)   C20 N2 C18 C17 175.69(18) 

C8 C9 C10 C11 178.27(17)   C21 N2 C18 N1 -178.76(19) 

C8 C9 C14 C13 -178.25(18)   C21 N2 C18 C17 -1.8(3) 
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C8 C15 C16 C7 -20.56(14)   C21 N2 C20 C19 178.49(19) 

 

Table 2.7 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters (Å2×103) 

for yoon61 

Atom x y z U(eq) 

H2 4619.53 2382.77 -182.81 37 

H3 4766.55 438.29 350.83 34 

H5 5700.8 2232.8 2032.21 22 

H6 5601.23 4182.29 1504.7 23 

H7 6190.32 -63.96 1970.92 22 

H8 3837.21 -1153.89 2252.08 19 

H10 3338.36 1098.38 2783.72 22 

H11 1242.39 2545.24 3000.88 23 

H12 -1119.3 2591.64 2356.56 25 

H13 -1371.71 1185.85 1485.01 25 

H14 721.02 -261.34 1265.57 22 

H15 3012.63 -1108.6 881.57 20 

H16A 6147.7 -1994.33 1420.14 24 

H16B 5902.89 -1170.14 760.94 24 

H19 -1677.08 -2837.7 257.02 25 

H20 -1557.85 -4946.31 783.94 25 

H21A 2335.79 -5666.13 1420.27 38 

H21B 467.27 -6141.6 1456.51 38 
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H21C 1167.21 -5201.51 1996.22 38 

 

Equimolar (1:1) Complex of 2.1 and 2.4 

 

 

 

Data Collection: A yellow crystal with approximate dimensions 0.38 × 0.32 × 0.25 mm3 was 

selected under oil under ambient conditions and attached to the tip of a MiTeGen MicroMount©. 

The crystal was mounted in a stream of cold nitrogen at 100(1) K and centered in the X-ray beam 

by using a video camera. 

The crystal evaluation and data collection were performed on a Bruker D8 VENTURE PhotonIII 

four-circle diffractometer with Cu Kα (λ = 1.54178 Å) radiation and the detector to crystal distance 

of 4.0 cm.70 

The initial cell constants were obtained from a 180° φ scan conducted at a 2θ = 50° angle with the 

exposure time of 1 second per frame. The reflections were successfully indexed by an automated 

indexing routine built in the APEX3 program. The final cell constants were calculated from a set 

of 9509 strong reflections from the actual data collection. 

 The data were collected by using the full sphere data collection routine to survey the 

reciprocal space to the extent of a full sphere to a resolution of 0.78 Å. A total of 203898 data were 

harvested by collecting 43 sets of frames with 0.9º scans in  and φ with an exposure time 2.4 – 4 

sec per frame. These highly redundant datasets were corrected for Lorentz and polarization effects. 
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The absorption correction was based on fitting a function to the empirical transmission surface as 

sampled by multiple equivalent measurements.71 

 

Structure Solution and Refinement: The systematic absences in the diffraction data were 

uniquely consistent for the space group P212121 that yielded chemically reasonable and 

computationally stable results of refinement.26–31 

A successful solution by the direct methods provided most non-hydrogen atoms from the E-map. 

The remaining non-hydrogen atoms were located in an alternating series of least-squares cycles 

and difference Fourier maps. All non-hydrogen atoms were refined with anisotropic displacement 

coefficients unless specified otherwise. All hydrogen atoms except H3(N3) were included in the 

structure factor calculation at idealized positions and were allowed to ride on the neighboring 

atoms with relative isotropic displacement coefficients. 

The crystal structure consists of a C35H18F9NO5PS anion, C13H13N2O cation, and two molecules 

of solvent Et2O.  

There is positional disorder in the structure. The CF3 group at C7 is disordered over three positions 

in a 55.2(4):29.7(4):15.1(4) ratio. The disordered CF3 groups were refined with restraints and 

constraints. The O7 diethyl ether is disordered over two positions with the major component 

contribution of 83.7(4) %. The minor disorder component was refined isotropically with geometry 

restraints. The O8 diethyl ether is disordered over two positions with the major component 

contribution of 64.7(13) %. Both disorder components were refined isotropically with geometry 

and atomic displacement parameter restraints. 

The absolute structure was unequivocally established based on resonant scattering effects. The 

crystal is an inversion twin with a 2.3(11) % contribution of the inverted component.  
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The final least-squares refinement of 804 parameters against 11554 data resulted in residuals R 

(based on F2 for I≥2σ) and wR (based on F2 for all data) of 0.0266 and 0.0685, respectively. The 

final difference Fourier map was featureless. 

 

Summary 

 

Crystal Data for C56H51F9N3O8PS (M =1128.03 g/mol): orthorhombic, space group P212121 (no. 

19), a = 13.6603(16) Å, b = 16.608(2) Å, c = 23.617(3) Å, V = 5358.1(12) Å3, Z = 4, T = 100.0 K, 

μ(CuKα) = 1.594 mm-1, Dcalc = 1.398 g/cm3, 203898 reflections measured (6.506° ≤ 2Θ ≤ 

158.416°), 11554 unique (Rint = 0.0437, Rsigma = 0.0215) which were used in all calculations. The 

final R1 was 0.0266 (I > 2σ(I)) and wR2 was 0.0685 (all data). 
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Figure 2.6 A molecular drawing of the hydrogen bonding interactions between the cation and 

anion in yoon62a shown with 50% probability ellipsoids. Selected H atoms are shown. Minor 

disorder components and solvent molecules are omitted. 
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Figure 2.7 A molecular drawing of the hydrogen bonding interactions between the cation and 

anion in yoon62a shown with 50% probability ellipsoids. Selected H atoms are shown. Minor 

disorder components and solvent molecules are omitted.  
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Figure 2.8 A molecular drawing of the anion in yoon62a shown with 50% probability ellipsoids. 

All disorder components at C7 are shown whereas all H atoms are omitted. 



166 

 

 

 

Figure 2.9 A molecular drawing of yoon62a shown with 50% probability ellipsoids. The two 

diethyl ether solvent molecules are shown with their disorder components. All H atoms are 

omitted. 

Table 2.8 Crystal data and structure refinement for yoon62a 

Identification code yoon62a 

Empirical formula [C13H13N2O][C35H18F9NO5PS]·2Et2O 

Formula weight 1128.03 

Temperature/K 100.0 

Crystal system orthorhombic 

Space group P212121 

a/Å 13.6603(16) 

b/Å 16.608(2) 

c/Å 23.617(3) 
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α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 5358.1(12) 

Z 4 

ρcalcg/cm3 1.398 

μ/mm-1 1.594 

F(000) 2336.0 

Crystal size/mm3 0.38 × 0.32 × 0.25 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 6.506 to 158.416 

Index ranges -17 ≤ h ≤ 17, -21 ≤ k ≤ 20, -28 ≤ l ≤ 30 

Reflections collected 203898 

Independent reflections 11554 [Rint = 0.0437, Rsigma = 0.0215] 

Data/restraints/parameters 11554/118/804 

Goodness-of-fit on F2 1.095 

Final R indexes [I>=2σ (I)] R1 = 0.0266, wR2 = 0.0684 

Final R indexes [all data] R1 = 0.0268, wR2 = 0.0685 

Largest diff. peak/hole / e Å-3 0.21/-0.28 

Flack parameter 0.023(11) 
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Table 2.9 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for yoon62a. Ueq is defined as 1/3 of of the trace of the orthogonalised 

UIJ tensor. 

Atom x y z U(eq) 

S1 5114.7(4) 2929.8(3) 2722.4(2) 22.34(10) 

P1 4381.0(3) 3306.6(3) 3799.8(2) 15.68(9) 

F1 6981.0(11) 2686.6(11) 2525.5(7) 52.3(4) 

F2 6593.8(10) 3929.3(8) 2660.3(6) 38.2(3) 

F3 6669.1(9) 3114.4(8) 3365.7(5) 33.4(3) 

C8B 8874(12) 5536(8) 3193(3) 27.3(9) 

F4 9069.0(9) 5768.5(10) 2662.4(6) 41.8(4) 

F5B 9343(18) 6056(11) 3527(5) 43.8(17) 

F6B 9325(17) 4833(9) 3273(7) 47.9(17) 

C8 8904(4) 5392(3) 3154.6(15) 27.3(9) 

F5 9435(3) 5770(3) 3547.3(13) 43.8(17) 

F6 9275(3) 4651(2) 3115(2) 47.9(17) 

C8A 8839(8) 5261(5) 3082(3) 27.3(9) 

F5A 9471(8) 5406(5) 3500(3) 43.8(17) 

F6A 9075(8) 4526(4) 2898(3) 47.9(17) 

C33 1886.2(15) -369.6(12) 3744.8(9) 29.5(4) 

F7 2064.6(13) -418.9(9) 3192.6(6) 48.9(4) 

F8 2448.0(12) -925.7(8) 3994.4(7) 47.0(4) 

F9 962.9(10) -612.9(8) 3821.1(7) 45.8(4) 
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O1 4936.4(13) 3168.4(10) 2149.3(6) 32.6(3) 

O2 5076.6(13) 2079.6(9) 2842.2(6) 33.9(4) 

O3 4789.3(9) 2582.2(8) 4075.4(5) 19.2(3) 

O4 4751.6(9) 4068.6(7) 4156.7(5) 17.3(2) 

O5 3214.5(9) 3364.1(7) 3852.9(5) 17.0(2) 

N1 4570.5(12) 3485.2(9) 3143.5(7) 20.9(3) 

C1 6418.9(16) 3182.6(13) 2826.1(9) 28.9(4) 

C2 4284.0(13) 4813.9(10) 4079.8(7) 17.0(3) 

C3 4808.0(13) 5439.8(10) 3799.3(7) 17.3(3) 

C4 5847.2(13) 5362.1(11) 3615.6(7) 17.8(3) 

C5 6548.9(14) 4946.6(11) 3934.3(8) 19.4(4) 

C6 7525.4(14) 4959.4(12) 3778.9(8) 22.4(4) 

C7 7819.1(14) 5378.9(12) 3297.4(8) 24.1(4) 

C9 7131.9(15) 5785.5(13) 2973.7(8) 24.3(4) 

C10 6155.2(14) 5778.0(12) 3132.0(8) 21.4(4) 

C11 4322.8(14) 6160.7(11) 3722.9(8) 20.0(3) 

C12 3345.1(14) 6274.0(11) 3892.3(8) 20.1(4) 

C13 2846.8(15) 7009.5(11) 3776.3(9) 24.8(4) 

C14 1882.1(15) 7097.2(12) 3917.2(9) 27.3(4) 

C15 1370.8(15) 6461.5(12) 4180.4(9) 25.2(4) 

C16 1834.3(14) 5753.3(12) 4307.4(8) 22.1(4) 

C17 2837.4(14) 5641.4(11) 4173.9(8) 19.1(3) 
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C18 3352.0(13) 4907.3(11) 4290.4(8) 17.7(3) 

C19 2888.0(13) 4247.3(11) 4622.0(8) 17.7(3) 

C20 2559.4(13) 4374.2(11) 5192.9(8) 18.6(3) 

C21 2685.0(14) 5115.8(12) 5484.4(8) 22.9(4) 

C22 2398.6(15) 5197.4(12) 6036.4(9) 25.0(4) 

C23 1960.5(14) 4547.9(13) 6328.0(8) 24.9(4) 

C24 1831.5(14) 3825.2(12) 6061.0(8) 21.9(4) 

C25 2134.9(13) 3716.5(11) 5490.8(8) 19.2(4) 

C26 2041.3(13) 2960.1(11) 5221.8(8) 18.6(3) 

C27 2390.7(12) 2818.9(11) 4683.2(8) 16.9(3) 

C28 2826.3(13) 3482.5(11) 4396.7(7) 16.7(3) 

C29 2299.2(12) 2005.8(11) 4426.9(8) 17.4(3) 

C30 2385.0(13) 1321.2(11) 4769.5(8) 20.4(4) 

C31 2268.2(14) 555.1(12) 4550.8(9) 22.5(4) 

C32 2056.3(13) 458.4(12) 3977.7(8) 22.3(4) 

C34 1954.4(13) 1129.0(12) 3632.3(8) 21.5(4) 

C35 2078.1(13) 1896.6(11) 3851.7(8) 19.6(3) 

O6 4700.5(12) -5.6(9) 5287.7(6) 31.3(3) 

N2 4660.8(12) -307.6(10) 4099.1(7) 24.2(3) 

N3 4543.0(12) 972.7(10) 3938.2(7) 19.5(3) 

C36 4778(2) -1102.4(13) 4368.2(11) 36.8(5) 

C37 4548.9(15) -209.2(12) 3527.5(9) 26.5(4) 
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C38 4473.1(15) 595.3(12) 3429.2(8) 23.1(4) 

C39 4656.6(13) 422.4(11) 4348.9(8) 20.5(4) 

C40 4706.9(13) 572.9(12) 4967.2(8) 22.0(4) 

C41 4729.5(14) 1412.4(12) 5152.3(8) 22.5(4) 

C42 4701.4(14) 1599.0(13) 5703.7(8) 25.1(4) 

C43 4650.8(14) 2409.5(13) 5941.9(9) 26.4(4) 

C44 4499.4(18) 2501.1(16) 6523.0(10) 35.5(5) 

C45 4409.8(19) 3259.9(17) 6762.5(10) 40.4(5) 

C46 4482.4(16) 3940.0(15) 6427.2(11) 35.8(5) 

C47 4642.8(15) 3859.4(14) 5849.8(10) 30.4(4) 

C48 4723.3(14) 3105.4(13) 5604.9(9) 26.7(4) 

O7 5399.6(14) 7273.6(10) 4732.1(8) 32.2(5) 

C49 3991(3) 7173(2) 5320.1(15) 44.3(8) 

C50 4945(3) 6799(2) 5157.1(15) 35.6(8) 

C51 6336(2) 6981.9(17) 4584.8(14) 39.6(7) 

C52 6702(2) 7442(2) 4081.6(16) 51.3(9) 

O7A 4344(9) 7401(8) 5264(7) 59(4) 

C49A 3106(14) 8205(10) 5675(10) 67(6) 

C50A 3368(10) 7379(9) 5473(9) 56(5) 

C51A 4715(11) 6629(8) 5136(11) 40(6) 

C52A 5740(9) 6720(9) 4914(6) 39(4) 

O8 1287(4) 3835(4) 2319(3) 51.6(13) 
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C53 2121(7) 4877(7) 2795(3) 74(3) 

C54 2165(5) 4035(6) 2590(3) 64(2) 

C55 1206(4) 3018(4) 2179(2) 48.6(14) 

C56 243(5) 2885(5) 1893(3) 49.2(14) 

O8A 1378(9) 4157(8) 2359(5) 59(3) 

C53A 1924(9) 5374(10) 2762(5) 67(4) 

C54A 2103(9) 4487(10) 2722(6) 64(4) 

C55A 1414(13) 3309(8) 2334(9) 95(6) 

C56A 595(15) 3008(10) 1967(8) 92(6) 

 

Table 2.10 Anisotropic Displacement Parameters (Å2×103) for yoon62a. The Anisotropic 

displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

S1 29.3(2) 19.7(2) 18.0(2) -1.15(16) 4.85(17) -5.17(18) 

P1 16.09(19) 14.61(19) 16.34(19) 1.21(16) 1.69(16) -0.35(16) 

F1 39.9(8) 62.8(10) 54.4(9) -19.0(8) 16.1(7) 13.0(7) 

F2 36.2(7) 39.9(7) 38.4(7) 7.3(6) 5.2(6) -16.0(6) 

F3 28.9(6) 38.0(7) 33.4(7) 2.1(5) -0.8(5) 1.8(5) 

C8B 20.2(12) 35(2) 26.7(14) 10.6(15) 0.6(12) -2.7(15) 

F4 22.0(6) 69.2(10) 34.2(7) 25.4(7) 4.5(5) -1.8(6) 

F5B 25.3(14) 67(5) 38.9(10) 17(2) -9.4(8) -22(4) 

F6B 36(2) 50(2) 58(4) 14(3) 22(3) 16.9(19) 

C8 20.2(12) 35(2) 26.7(14) 10.6(15) 0.6(12) -2.7(15) 
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F5 25.3(14) 67(5) 38.9(10) 17(2) -9.4(8) -22(4) 

F6 36(2) 50(2) 58(4) 14(3) 22(3) 16.9(19) 

C8A 20.2(12) 35(2) 26.7(14) 10.6(15) 0.6(12) -2.7(15) 

F5A 25.3(14) 67(5) 38.9(10) 17(2) -9.4(8) -22(4) 

F6A 36(2) 50(2) 58(4) 14(3) 22(3) 16.9(19) 

C33 28.4(10) 23.7(10) 36.3(11) -2.8(9) 6.2(9) -5.0(8) 

F7 76.3(11) 31.6(7) 38.8(8) -13.9(6) 15.6(7) -11.4(7) 

F8 51.2(9) 20.2(6) 69.6(10) -5.0(6) -8.3(8) 2.7(6) 

F9 33.5(7) 31.7(7) 72.1(10) -13.2(7) 9.4(7) -16.6(6) 

O1 44.4(9) 34.2(8) 19.3(7) -0.6(6) 3.3(6) -9.3(7) 

O2 52.2(10) 20.0(7) 29.4(7) -3.3(6) 11.0(7) -7.1(7) 

O3 20.9(6) 17.1(6) 19.5(6) 1.2(5) 1.0(5) 1.5(5) 

O4 16.0(6) 15.1(6) 20.9(6) 1.7(5) -0.2(5) 0.5(5) 

O5 16.5(6) 17.7(6) 16.8(6) 0.9(5) 0.9(5) -2.0(5) 

N1 22.3(8) 20.3(7) 20.2(7) 4.2(6) 1.5(6) -0.7(6) 

C1 27.4(10) 30.9(10) 28.3(10) -1.0(8) 9.7(8) 1.4(8) 

C2 18.9(8) 13.3(8) 18.7(8) 0.8(6) -1.5(7) -0.4(6) 

C3 17.4(8) 18.2(8) 16.4(7) -0.6(7) -0.2(7) -2.8(6) 

C4 18.5(8) 17.4(8) 17.3(8) -1.6(6) -0.1(6) -3.3(7) 

C5 20.5(8) 19.5(8) 18.2(8) 2.7(7) 0.5(7) -2.8(7) 

C6 19.2(8) 26.3(9) 21.7(9) 5.1(8) -2.0(7) 0.0(7) 

C7 19.6(9) 28.8(10) 24.0(9) 4.7(8) 1.8(7) -2.9(8) 
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C9 22.2(9) 29.1(10) 21.6(9) 6.9(8) 2.1(7) -2.2(8) 

C10 19.9(9) 24.3(9) 19.9(9) 4.0(7) -0.5(7) 0.0(7) 

C11 22.2(8) 16.4(8) 21.3(8) 2.3(7) 0.9(7) -4.3(7) 

C12 22.7(9) 17.1(8) 20.7(9) -0.8(7) 0.2(7) -0.6(7) 

C13 27.9(9) 17.2(8) 29.2(10) 2.3(8) 2.5(8) 1.8(7) 

C14 29.4(10) 19.5(9) 33.0(11) 2.2(8) 0.1(8) 7.6(8) 

C15 20.3(9) 25.6(10) 29.7(10) -0.9(8) 2.5(8) 5.2(7) 

C16 21.0(9) 21.2(9) 24.2(9) -0.6(7) 2.8(7) 0.4(7) 

C17 19.7(8) 17.3(8) 20.2(8) -1.4(7) 0.2(7) 0.3(7) 

C18 18.4(8) 16.9(8) 17.9(8) -0.6(6) 0.0(7) -1.2(7) 

C19 13.3(7) 18.8(8) 20.9(9) 2.5(7) 0.3(7) 0.3(6) 

C20 14.0(8) 20.9(9) 20.8(9) 0.5(7) 0.5(6) 1.5(7) 

C21 22.1(9) 21.8(9) 24.8(9) -0.5(7) 0.8(7) -1.2(7) 

C22 24.1(9) 24.6(10) 26.2(10) -4.6(8) -0.2(7) 0.2(8) 

C23 22.8(9) 33.3(10) 18.7(9) -0.7(8) 0.9(7) 2.2(8) 

C24 17.4(8) 27.3(9) 20.9(9) 3.3(7) 0.9(7) -0.1(7) 

C25 14.2(8) 22.9(9) 20.5(9) 1.3(7) -0.9(7) 0.7(7) 

C26 15.8(8) 20.0(8) 19.9(8) 4.2(7) -0.6(6) -1.1(7) 

C27 11.5(7) 18.2(8) 21.2(8) 1.5(7) -1.6(6) -0.2(6) 

C28 13.5(7) 21.0(8) 15.7(8) 0.8(6) -0.7(6) -0.1(6) 

C29 12.4(7) 18.4(8) 21.4(8) 0.9(7) 1.4(6) -2.3(6) 

C30 17.1(8) 21.9(9) 22.4(9) 2.6(7) 0.2(7) -1.6(7) 



175 

 

 

C31 21.1(9) 18.9(9) 27.4(10) 4.1(7) 3.9(7) -0.8(7) 

C32 17.0(8) 21.0(9) 29.0(10) -0.9(7) 5.4(7) -3.3(7) 

C34 17.0(8) 25.8(9) 21.8(9) -1.8(7) 2.5(7) -5.2(7) 

C35 15.5(8) 21.3(9) 21.9(9) 3.1(7) 0.8(7) -2.5(6) 

O6 37.9(8) 29.1(7) 27.0(7) 9.4(6) -1.5(6) 0.6(6) 

N2 25.7(8) 18.9(8) 28.1(8) 1.6(6) -1.5(7) -2.1(6) 

N3 19.9(7) 17.6(7) 21.0(8) 1.6(6) -1.5(6) -0.8(6) 

C36 49.2(14) 18.6(9) 42.7(12) 7.0(9) -4.8(11) -0.3(9) 

C37 29.7(10) 23.2(9) 26.5(9) -3.5(8) -1.5(8) -3.8(8) 

C38 24.5(9) 23.3(9) 21.5(9) -0.6(7) -2.9(7) -3.3(7) 

C39 17.9(8) 18.8(8) 24.9(9) 1.8(7) 0.1(7) -0.3(7) 

C40 15.5(8) 27.2(9) 23.4(9) 4.8(8) -1.1(7) -0.5(7) 

C41 20.4(9) 25.1(9) 22.0(9) 4.0(7) -1.4(7) -3.8(7) 

C42 20.8(9) 31.5(10) 22.9(9) 3.8(8) -2.6(7) -6.3(8) 

C43 20.5(9) 34.0(11) 24.8(10) -1.2(8) -3.5(8) -6.0(8) 

C44 38.9(12) 41.4(12) 26.2(10) -2.5(9) -2.1(9) -10.9(10) 

C45 38.7(12) 53.6(14) 29.0(11) -10.6(11) 1.2(10) -10.2(12) 

C46 23.6(10) 40.6(12) 43.3(13) -15.9(10) -4.7(9) -2.0(9) 

C47 19.5(9) 33.2(11) 38.6(12) -2.4(9) -8.4(8) 0.4(8) 

C48 18.4(9) 35.0(11) 26.6(9) -1.2(8) -5.7(7) -1.4(8) 

O7 36.3(10) 20.6(9) 39.8(10) 1.2(7) -4.1(8) -1.3(7) 

C49 51(2) 43.3(17) 38.3(16) -3.1(14) -0.8(14) -17.9(17) 
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C50 50.0(19) 23.4(13) 33.5(16) 1.9(12) -12.0(14) -10.5(15) 

C51 40.5(16) 25.0(13) 53.3(18) -14.7(12) -11.4(13) 4.4(11) 

C52 37.9(16) 50.0(19) 66(2) -21.5(17) 8.4(15) -3.7(14) 

O8 49(2) 63(3) 42.9(19) 1(2) -12.7(15) -3(2) 

C53 88(5) 94(7) 40(3) -24(4) -1(3) -31(5) 

C54 66(3) 81(5) 45(3) 19(3) -24(2) -17(3) 

C55 42(3) 59(3) 45(3) 11(2) -11(2) 4(2) 

C56 46(3) 60(3) 42(2) 6(2) -14(2) -1(3) 

O8A 63(5) 70(6) 44(4) 17(4) 1(3) 13(4) 

C53A 69(6) 92(9) 39(4) 0(6) -5(4) -16(6) 

C54A 66(6) 64(6) 62(6) 10(5) -16(5) 5(5) 

C55A 103(8) 82(7) 100(8) 17(6) -6(6) 15(6) 

C56A 90(12) 92(10) 94(11) 11(8) 6(9) -7(9) 

 

Table 2.11 Bond Lengths for yoon62a 

Atom Atom Length/Å   Atom Atom Length/Å 

S1 O1 1.4311(15)   C20 C21 1.421(3) 

S1 O2 1.4410(15)   C20 C25 1.423(3) 

S1 N1 1.5468(17)   C21 C22 1.368(3) 

S1 C1 1.847(2)   C22 C23 1.413(3) 

P1 O3 1.4772(13)   C23 C24 1.367(3) 

P1 O4 1.6026(13)   C24 C25 1.420(3) 
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P1 O5 1.6013(13)   C25 C26 1.414(3) 

P1 N1 1.5992(16)   C26 C27 1.379(3) 

F1 C1 1.331(2)   C27 C28 1.424(2) 

F2 C1 1.322(3)   C27 C29 1.485(3) 

F3 C1 1.324(3)   C29 C30 1.400(3) 

C8B F4 1.337(6)   C29 C35 1.403(3) 

C8B F5B 1.335(6)   C30 C31 1.383(3) 

C8B F6B 1.333(6)   C31 C32 1.394(3) 

C8B C7 1.486(16)   C32 C34 1.387(3) 

F4 C8 1.339(4)   C34 C35 1.387(3) 

F4 C8A 1.338(5)   O6 C40 1.223(2) 

C8 F5 1.334(4)   N2 C36 1.474(3) 

C8 F6 1.334(4)   N2 C37 1.368(3) 

C8 C7 1.520(6)   N2 C39 1.348(3) 

C8A F5A 1.334(6)   N3 C38 1.359(2) 

C8A F6A 1.334(6)   N3 C39 1.342(2) 

C8A C7 1.497(11)   C37 C38 1.360(3) 

C33 F7 1.329(3)   C39 C40 1.483(3) 

C33 F8 1.338(3)   C40 C41 1.461(3) 

C33 F9 1.337(2)   C41 C42 1.339(3) 

C33 C32 1.499(3)   C42 C43 1.460(3) 

O4 C2 1.405(2)   C43 C44 1.396(3) 
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O5 C28 1.403(2)   C43 C48 1.407(3) 

C2 C3 1.425(2)   C44 C45 1.387(4) 

C2 C18 1.376(3)   C45 C46 1.383(4) 

C3 C4 1.490(2)   C46 C47 1.388(3) 

C3 C11 1.380(3)   C47 C48 1.384(3) 

C4 C5 1.401(3)   O7 C50 1.419(4) 

C4 C10 1.400(3)   O7 C51 1.412(4) 

C5 C6 1.384(3)   C49 C50 1.493(5) 

C6 C7 1.393(3)   C51 C52 1.499(5) 

C7 C9 1.386(3)   O7A C50A 1.422(8) 

C9 C10 1.386(3)   O7A C51A 1.411(7) 

C11 C12 1.407(3)   C49A C50A 1.496(8) 

C12 C13 1.425(3)   C51A C52A 1.501(8) 

C12 C17 1.424(3)   O8 C54 1.399(8) 

C13 C14 1.367(3)   O8 C55 1.401(8) 

C14 C15 1.410(3)   C53 C54 1.481(10) 

C15 C16 1.369(3)   C55 C56 1.495(7) 

C16 C17 1.418(3)   O8A C54A 1.420(8) 

C17 C18 1.434(3)   O8A C55A 1.412(7) 

C18 C19 1.489(2)   C53A C54A 1.495(8) 

C19 C20 1.437(3)   C55A C56A 1.501(8) 

C19 C28 1.380(3)         
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Table 2.12 Bond Angles for yoon62a 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

O1 S1 O2 116.81(9)   C15 C16 C17 120.70(18) 

O1 S1 N1 111.17(9)   C12 C17 C18 118.57(17) 

O1 S1 C1 103.10(10)   C16 C17 C12 118.55(17) 

O2 S1 N1 116.15(9)   C16 C17 C18 122.84(17) 

O2 S1 C1 103.39(10)   C2 C18 C17 118.69(16) 

N1 S1 C1 104.05(9)   C2 C18 C19 120.07(16) 

O3 P1 O4 106.99(7)   C17 C18 C19 121.22(16) 

O3 P1 O5 112.94(7)   C20 C19 C18 121.24(16) 

O3 P1 N1 121.13(8)   C28 C19 C18 120.07(16) 

O5 P1 O4 103.07(7)   C28 C19 C20 118.55(16) 

N1 P1 O4 108.19(8)   C21 C20 C19 122.96(17) 

N1 P1 O5 103.05(8)   C21 C20 C25 118.35(17) 

F4 C8B C7 113.5(10)   C25 C20 C19 118.61(17) 

F5B C8B F4 105.8(8)   C22 C21 C20 120.87(18) 

F5B C8B C7 118.7(13)   C21 C22 C23 120.66(19) 

F6B C8B F4 107.1(9)   C24 C23 C22 120.00(18) 

F6B C8B F5B 105.2(8)   C23 C24 C25 120.75(18) 

F6B C8B C7 105.7(12)   C24 C25 C20 119.35(17) 

F4 C8 C7 111.3(3)   C26 C25 C20 119.79(16) 
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F5 C8 F4 107.0(3)   C26 C25 C24 120.84(17) 

F5 C8 F6 106.0(4)   C27 C26 C25 122.32(17) 

F5 C8 C7 112.5(3)   C26 C27 C28 116.84(16) 

F6 C8 F4 107.8(4)   C26 C27 C29 120.11(16) 

F6 C8 C7 111.9(3)   C28 C27 C29 123.04(16) 

F4 C8A C7 112.8(6)   O5 C28 C27 118.98(16) 

F5A C8A F4 106.5(6)   C19 C28 O5 117.31(15) 

F5A C8A F6A 104.5(6)   C19 C28 C27 123.71(17) 

F5A C8A C7 109.1(7)   C30 C29 C27 119.71(16) 

F6A C8A F4 106.2(6)   C30 C29 C35 118.19(17) 

F6A C8A C7 117.1(7)   C35 C29 C27 122.02(16) 

F7 C33 F8 106.53(18)   C31 C30 C29 121.45(18) 

F7 C33 F9 106.65(18)   C30 C31 C32 119.52(18) 

F7 C33 C32 112.83(17)   C31 C32 C33 119.61(18) 

F8 C33 C32 112.51(18)   C34 C32 C33 120.34(18) 

F9 C33 F8 105.86(17)   C34 C32 C31 119.96(18) 

F9 C33 C32 111.98(17)   C35 C34 C32 120.41(18) 

C2 O4 P1 118.96(11)   C34 C35 C29 120.45(17) 

C28 O5 P1 117.13(11)   C37 N2 C36 123.00(18) 

S1 N1 P1 126.18(10)   C39 N2 C36 128.11(17) 

F1 C1 S1 110.18(16)   C39 N2 C37 108.89(17) 

F2 C1 S1 110.38(15)   C39 N3 C38 109.47(16) 
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F2 C1 F1 108.56(18)   C38 C37 N2 107.12(18) 

F2 C1 F3 108.58(18)   N3 C38 C37 107.27(17) 

F3 C1 S1 110.93(14)   N2 C39 C40 125.60(17) 

F3 C1 F1 108.14(18)   N3 C39 N2 107.26(16) 

O4 C2 C3 118.32(15)   N3 C39 C40 127.04(17) 

C18 C2 O4 118.26(15)   O6 C40 C39 118.45(18) 

C18 C2 C3 123.40(16)   O6 C40 C41 124.38(18) 

C2 C3 C4 123.41(16)   C41 C40 C39 117.14(16) 

C11 C3 C2 116.89(16)   C42 C41 C40 120.72(18) 

C11 C3 C4 119.64(16)   C41 C42 C43 126.10(19) 

C5 C4 C3 122.56(16)   C44 C43 C42 119.1(2) 

C10 C4 C3 118.77(16)   C44 C43 C48 118.5(2) 

C10 C4 C5 118.43(17)   C48 C43 C42 122.41(18) 

C6 C5 C4 120.64(17)   C45 C44 C43 120.9(2) 

C5 C6 C7 120.14(17)   C46 C45 C44 120.2(2) 

C6 C7 C8B 120.2(4)   C45 C46 C47 119.7(2) 

C6 C7 C8 118.0(2)   C48 C47 C46 120.7(2) 

C6 C7 C8A 118.7(3)   C47 C48 C43 120.1(2) 

C9 C7 C8B 118.7(4)   C51 O7 C50 112.4(2) 

C9 C7 C8 122.1(2)   O7 C50 C49 109.5(3) 

C9 C7 C8A 120.5(3)   O7 C51 C52 108.8(2) 

C9 C7 C6 119.92(18)   C51A O7A C50A 112.9(9) 
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C10 C9 C7 119.93(18)   O7A C50A C49A 108.2(9) 

C9 C10 C4 120.93(18)   O7A C51A C52A 108.6(9) 

C3 C11 C12 122.32(17)   C54 O8 C55 113.9(5) 

C11 C12 C13 120.90(17)   O8 C54 C53 109.8(6) 

C11 C12 C17 119.77(17)   O8 C55 C56 108.6(5) 

C17 C12 C13 119.32(17)   C55A O8A C54A 112.7(8) 

C14 C13 C12 120.34(18)   O8A C54A C53A 107.7(7) 

C13 C14 C15 120.33(18)   O8A C55A C56A 109.3(9) 

C16 C15 C14 120.71(19)           

 

Table 2.13 Hydrogen Bonds for yoon62a 

D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/° 

N3 H3 O3 0.86(3) 1.87(3) 2.714(2) 170(2) 

C41 H41 O3 0.95 2.27 3.202(2) 166.2 

C48 H48 O3 0.95 2.79 3.716(2) 164.9 

 

 

Table 2.14 Torsion Angles for yoon62a 

A B C D Angle/˚   A B C D Angle/˚ 

P1 O4 C2 C3 -109.76(16)   C13 C12 C17 C18 -179.60(18) 

P1 O4 C2 C18 71.67(19)   C13 C14 C15 C16 1.1(3) 

P1 O5 C28 C19 76.47(18)   C14 C15 C16 C17 -0.4(3) 
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P1 O5 C28 C27 -103.82(16)   C15 C16 C17 C12 -1.5(3) 

C8B C7 C9 C10 -167.2(6)   C15 C16 C17 C18 -179.05(18) 

F4 C8B C7 C6 165.1(6)   C16 C17 C18 C2 171.51(18) 

F4 C8B C7 C9 -27.4(12)   C16 C17 C18 C19 -7.2(3) 

F4 C8 C7 C6 175.7(2)   C17 C12 C13 C14 -2.1(3) 

F4 C8 C7 C9 -6.0(4)   C17 C18 C19 C20 -59.9(2) 

F4 C8A C7 C6 -172.2(4)   C17 C18 C19 C28 124.48(19) 

F4 C8A C7 C9 18.7(8)   C18 C2 C3 C4 174.51(17) 

F5B C8B C7 C6 -69.7(10)   C18 C2 C3 C11 -2.5(3) 

F5B C8B C7 C9 97.9(9)   C18 C19 C20 C21 -2.4(3) 

F6B C8B C7 C6 47.9(9)   C18 C19 C20 C25 -179.08(16) 

F6B C8B C7 C9 -144.5(8)   C18 C19 C28 O5 0.0(2) 

C8 C7 C9 C10 -177.8(3)   C18 C19 C28 C27 -179.67(16) 

F5 C8 C7 C6 -64.2(4)   C19 C20 C21 C22 -177.10(18) 

F5 C8 C7 C9 114.1(3)   C19 C20 C25 C24 178.22(16) 

F6 C8 C7 C6 55.1(4)   C19 C20 C25 C26 -0.3(3) 

F6 C8 C7 C9 -126.7(3)   C20 C19 C28 O5 -175.70(15) 

C8A C7 C9 C10 169.4(4)   C20 C19 C28 C27 4.6(3) 

F5A C8A C7 C6 -54.2(6)   C20 C21 C22 C23 -0.7(3) 

F5A C8A C7 C9 136.7(4)   C20 C25 C26 C27 3.2(3) 

F6A C8A C7 C6 64.1(7)   C21 C20 C25 C24 1.4(3) 

F6A C8A C7 C9 -105.0(5)   C21 C20 C25 C26 -177.08(17) 
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C33 C32 C34 C35 177.75(17)   C21 C22 C23 C24 0.9(3) 

F7 C33 C32 C31 -155.72(19)   C22 C23 C24 C25 0.1(3) 

F7 C33 C32 C34 27.6(3)   C23 C24 C25 C20 -1.3(3) 

F8 C33 C32 C31 -35.1(3)   C23 C24 C25 C26 177.23(17) 

F8 C33 C32 C34 148.18(18)   C24 C25 C26 C27 -175.33(17) 

F9 C33 C32 C31 83.9(2)   C25 C20 C21 C22 -0.5(3) 

F9 C33 C32 C34 -92.7(2)   C25 C26 C27 C28 -2.1(3) 

O1 S1 N1 P1 165.06(12)   C25 C26 C27 C29 178.19(16) 

O1 S1 C1 F1 -69.98(17)   C26 C27 C28 O5 178.46(15) 

O1 S1 C1 F2 49.90(16)   C26 C27 C28 C19 -1.9(3) 

O1 S1 C1 F3 170.31(15)   C26 C27 C29 C30 -35.1(2) 

O2 S1 N1 P1 28.27(17)   C26 C27 C29 C35 141.56(18) 

O2 S1 C1 F1 52.12(17)   C27 C29 C30 C31 177.56(17) 

O2 S1 C1 F2 172.00(14)   C27 C29 C35 C34 -177.06(16) 

O2 S1 C1 F3 -67.60(16)   C28 C19 C20 C21 173.22(17) 

O3 P1 O4 C2 -164.13(12)   C28 C19 C20 C25 -3.4(3) 

O3 P1 O5 C28 66.70(14)   C28 C27 C29 C30 145.22(18) 

O3 P1 N1 S1 4.19(17)   C28 C27 C29 C35 -38.1(3) 

O4 P1 O5 C28 -48.39(13)   C29 C27 C28 O5 -1.9(2) 

O4 P1 N1 S1 128.09(12)   C29 C27 C28 C19 177.82(17) 

O4 C2 C3 C4 -4.0(3)   C29 C30 C31 C32 -0.3(3) 

O4 C2 C3 C11 179.06(15)   C30 C29 C35 C34 -0.3(3) 
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O4 C2 C18 C17 -174.91(15)   C30 C31 C32 C33 -177.35(17) 

O4 C2 C18 C19 3.8(2)   C30 C31 C32 C34 -0.7(3) 

O5 P1 O4 C2 -44.83(14)   C31 C32 C34 C35 1.1(3) 

O5 P1 N1 S1 -123.22(12)   C32 C34 C35 C29 -0.6(3) 

N1 S1 C1 F1 173.89(15)   C35 C29 C30 C31 0.8(3) 

N1 S1 C1 F2 -66.23(16)   O6 C40 C41 C42 -3.0(3) 

N1 S1 C1 F3 54.17(17)   N2 C37 C38 N3 0.2(2) 

N1 P1 O4 C2 63.85(14)   N2 C39 C40 O6 -4.1(3) 

N1 P1 O5 C28 -160.90(12)   N2 C39 C40 C41 177.80(17) 

C1 S1 N1 P1 -84.61(14)   N3 C39 C40 O6 171.78(19) 

C2 C3 C4 C5 -37.0(3)   N3 C39 C40 C41 -6.3(3) 

C2 C3 C4 C10 148.69(18)   C36 N2 C37 C38 -179.30(19) 

C2 C3 C11 C12 -2.3(3)   C36 N2 C39 N3 179.1(2) 

C2 C18 C19 C20 121.38(19)   C36 N2 C39 C40 -4.3(3) 

C2 C18 C19 C28 -54.2(2)   C37 N2 C39 N3 0.0(2) 

C3 C2 C18 C17 6.6(3)   C37 N2 C39 C40 176.58(18) 

C3 C2 C18 C19 -174.66(16)   C38 N3 C39 N2 0.1(2) 

C3 C4 C5 C6 -173.24(18)   C38 N3 C39 C40 -176.37(18) 

C3 C4 C10 C9 173.99(18)   C39 N2 C37 C38 -0.1(2) 

C3 C11 C12 C13 -176.15(18)   C39 N3 C38 C37 -0.2(2) 

C3 C11 C12 C17 2.6(3)   C39 C40 C41 C42 175.00(18) 

C4 C3 C11 C12 -179.38(16)   C40 C41 C42 C43 -175.45(18) 
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C4 C5 C6 C7 -0.9(3)   C41 C42 C43 C44 171.8(2) 

C5 C4 C10 C9 -0.5(3)   C41 C42 C43 C48 -6.5(3) 

C5 C6 C7 C8B 167.5(7)   C42 C43 C44 C45 -177.5(2) 

C5 C6 C7 C8 178.4(2)   C42 C43 C48 C47 178.15(19) 

C5 C6 C7 C8A -169.1(4)   C43 C44 C45 C46 -0.8(4) 

C5 C6 C7 C9 0.1(3)   C44 C43 C48 C47 -0.1(3) 

C6 C7 C9 C10 0.4(3)   C44 C45 C46 C47 0.2(4) 

C7 C9 C10 C4 -0.2(3)   C45 C46 C47 C48 0.5(3) 

C10 C4 C5 C6 1.1(3)   C46 C47 C48 C43 -0.5(3) 

C11 C3 C4 C5 139.87(19)   C48 C43 C44 C45 0.8(3) 

C11 C3 C4 C10 -34.4(3)   C50 O7 C51 C52 172.1(3) 

C11 C12 C13 C14 176.64(19)   C51 O7 C50 C49 176.1(2) 

C11 C12 C17 C16 -176.02(17)   C50A O7A C51A C52A 179.4(17) 

C11 C12 C17 C18 1.6(3)   C51A O7A C50A C49A 171.6(19) 

C12 C13 C14 C15 0.2(3)   C54 O8 C55 C56 -179.9(6) 

C12 C17 C18 C2 -6.0(3)   C55 O8 C54 C53 -171.7(6) 

C12 C17 C18 C19 175.28(17)   C54A O8A C55A C56A 177.1(14) 

C13 C12 C17 C16 2.8(3)   C55A O8A C54A C53A -174.1(14) 

 

Table 2.15 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 

(Å2×103) for yoon62a 

Atom x y z U(eq) 

H5 6352.46 4653.03 4260.3 23 
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H6 7996.41 4681.51 4001.12 27 

H9 7330.36 6068.96 2643.73 29 

H10 5688.05 6059.21 2909.07 26 

H11 4661.08 6595.71 3549.8 24 

H13 3186.85 7441.11 3600.22 30 

H14 1554.43 7588.8 3837.35 33 

H15 697.51 6525.38 4270.51 30 

H16 1480.26 5332.3 4486.94 27 

H21 2971.48 5560.56 5293.36 27 

H22 2495.37 5695.85 6225.66 30 

H23 1755.53 4613.29 6709.62 30 

H24 1535.6 3390.84 6259 26 

H26 1726.44 2534.1 5419.01 22 

H30 2526.57 1384.75 5160.74 25 

H31 2331.81 97.74 4789.64 27 

H34 1798.83 1061.8 3243.1 26 

H35 2012.77 2351.78 3611.06 23 

H3 4545(18) 1483(16) 3991(10) 23 

H36A 4222.77 -1204.81 4620.59 55 

H36B 5387.31 -1110.92 4587.51 55 

H36C 4803.31 -1520.01 4075.37 55 

H37 4528.14 -624.6 3251.31 32 
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H38 4387.25 846.66 3071.35 28 

H41 4764.62 1830.33 4878.36 27 

H42 4715.65 1163.46 5964.34 30 

H44 4457.3 2037.51 6757.43 43 

H45 4298.3 3312.65 7157.81 49 

H46 4422.81 4459.84 6591.41 43 

H47 4697.86 4326.89 5620.18 37 

H48 4827.78 3057.61 5208.66 32 

H49A 3565.12 7204.89 4987.02 66 

H49B 4107.76 7716.47 5467.88 66 

H49C 3675.63 6844.68 5612.25 66 

H50A 5376.69 6763.4 5492.68 43 

H50B 4831.89 6247.38 5012.63 43 

H51A 6298.27 6401.12 4492.89 48 

H51B 6792.14 7050.83 4907.06 48 

H52A 6229.46 7396.39 3771.33 77 

H52B 7333.84 7220.88 3960.76 77 

H52C 6783.49 8010.13 4183.87 77 

H49D 3120.28 8580.81 5355.61 101 

H49E 3578.41 8378.24 5962.77 101 

H49F 2447.77 8196.06 5840.01 101 

H50C 3318.2 6988.92 5788.33 68 
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H50D 2914.2 7209.25 5168.83 68 

H51C 4298.07 6365.89 4847.3 47 

H51D 4717.05 6289.74 5480.16 47 

H52D 5737.23 7083.59 4587.1 59 

H52E 5991.57 6192.68 4799.23 59 

H52F 6159.1 6944.69 5211.66 59 

H53A 1905.9 5229.53 2486.49 111 

H53B 2771.42 5044.53 2924.22 111 

H53C 1656.18 4913.23 3110.05 111 

H54A 2717.82 3973.63 2321.99 76 

H54B 2276.13 3666.55 2912.99 76 

H55A 1248 2685.11 2525.62 58 

H55B 1746.99 2860.71 1922.69 58 

H56A 222.69 3192.41 1538.98 74 

H56B -286.7 3064.9 2142.56 74 

H56C 162.28 2310.77 1810.18 74 

H53D 2027.13 5620.75 2389.64 100 

H53E 2379.14 5610.74 3035.91 100 

H53F 1249.76 5470.08 2885.39 100 

H54C 2764.48 4382.51 2567.26 77 

H54D 2059.75 4238.22 3102.38 77 

H55C 1350.77 3081.38 2719.5 114 
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H55D 2050.93 3134.19 2175.29 114 

H56D 641.05 3258.38 1591.82 138 

H56E -33.79 3148.37 2140.29 138 

H56F 643.54 2422.15 1928.48 138 

  

Table 2.16 Atomic Occupancy for yoon62a 

Atom Occupancy   Atom Occupancy   Atom Occupancy 

C8B 0.151(4)   F5B 0.151(4)   F6B 0.151(4) 

C8 0.552(4)   F5 0.552(4)   F6 0.552(4) 

C8A 0.297(4)   F5A 0.297(4)   F6A 0.297(4) 

O7 0.837(4)   C49 0.837(4)   H49A 0.837(4) 

H49B 0.837(4)   H49C 0.837(4)   C50 0.837(4) 

H50A 0.837(4)   H50B 0.837(4)   C51 0.837(4) 

H51A 0.837(4)   H51B 0.837(4)   C52 0.837(4) 

H52A 0.837(4)   H52B 0.837(4)   H52C 0.837(4) 

O7A 0.163(4)   C49A 0.163(4)   H49D 0.163(4) 

H49E 0.163(4)   H49F 0.163(4)   C50A 0.163(4) 

H50C 0.163(4)   H50D 0.163(4)   C51A 0.163(4) 

H51C 0.163(4)   H51D 0.163(4)   C52A 0.163(4) 

H52D 0.163(4)   H52E 0.163(4)   H52F 0.163(4) 

O8 0.647(13)   C53 0.647(13)   H53A 0.647(13) 

H53B 0.647(13)   H53C 0.647(13)   C54 0.647(13) 
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H54A 0.647(13)   H54B 0.647(13)   C55 0.647(13) 

H55A 0.647(13)   H55B 0.647(13)   C56 0.647(13) 

H56A 0.647(13)   H56B 0.647(13)   H56C 0.647(13) 

O8A 0.353(13)   C53A 0.353(13)   H53D 0.353(13) 

H53E 0.353(13)   H53F 0.353(13)   C54A 0.353(13) 

H54C 0.353(13)   H54D 0.353(13)   C55A 0.353(13) 

H55C 0.353(13)   H55D 0.353(13)   C56A 0.353(13) 

H56D 0.353(13)   H56E 0.353(13)   H56F 0.353(13) 

 

2.6.10 Computational Data 

Computational Methods: All geometry optimizations were conducted using DFT78 as 

implemented in the Jaguar 9.1 suite79 of ab initio quantum chemistry programs with Becke’s three-

parameter exchange functional B3LYP including Grimme’s D3 dispersion correction levels of 

theory,80-85 together with Pople’s 6-31G** basis set.86-91 Analytical vibrational frequencies within 

the harmonic approximation were calculated using the 6-31G** basis to confirm proper 

convergence to well-defined minima or saddle points on the potential energy surface. Additional 

single point calculations on each optimized geometry were carried out using time-dependent DFT 

(TDDFT) as implemented in the Q-Chem 5.0 suite92 of ab initio quantum chemistry programs with 

Handy’s Coulomb-attenuating range-separated functional CAM-B3LYP including Grimme’s D3 

dispersion correction levels of theory.93 Standard double-ζ quality 6-31G** basis set was used. 

Eigenstates of the time-dependent Hamiltonians were constructed based on configuration 

interaction singles (CIS), that is equivalent to the Tamm-Dancoff Approximation (TDA).94  
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Supplementary Computational Analysis 

 

 

Figure 2.10 PMO diagram for 2.1 and 2.1–H+–2.41. Each molecule was fragmented into the 

cinnamoyl part and the remaining portion of the molecule. 

 

To understand the broken conjugation on FMO, we first fragmented the compound 2.1 and 2.1H+–

2.41 into the cinnamoyl part and the remaining portion of the molecule. Our computation results 

revealed that the highest π orbital in cinnamoyl (–8.04 eV) has a node on the carbonyl carbon. 

Therefore, the resonance between the interacting orbitals is interrupted between this cinnamoyl π 

and the highest π in the imidazole ring in 2.1 (–7.68 eV) and the HOMO becomes dominated by 

the cinnamoyl-π orbital. The resulting spatial distance between the proton and the HOMO orbital 

leads to a modest energetic change of only 0.37 eV. 
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Table 2.17 TDDFT calculated singlet excited states for 2.1. Only orbital contributions > 10% are 

shown. 

State Energy 

(nm) 

Energy 

(eV) 

f Contributions 

1 334.8 3.703 0.00004 D(53) → V(1) (86.1%) 

2 282.2 4.394 1.16149 D(56) --> V(1) (93.0%) 

3 249.1 4.978 0.00653 D(54) --> V(1) (61.7%) 

D(56) --> V(3) (20.3%) 

4 243.7 5.088 0.08326 D(55) --> V(1) (91.6%) 

5 231.2 5.363 0.00282  D(51) --> V(1) (81.4%) 

D(51) --> V(2) (12.1%) 

6 208.2 5.956 0.04560 D(52) --> V(1) (89.8%) 

7 200.4 6.186 0.04391 D(54) --> V(1) (14.4%) 

D(56) --> V(2) (61.5%) 

8 194.9 6.362 0.06528  D( 54) --> V(1) (20.5%) 

D(54) --> V(2) (11.5%) 

D(56) --> V(2) (15.1%) 

D(56) --> V(3) (38.1%) 
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Table 2.18 TDDFT calculated singlet excited states for 2.1–H+–2.41. Only orbital contributions 

> 10% are shown. 

State Energy 

(nm) 

Energy 

(eV) 

f Contributions 

1 338.7 3.661 0.00014 D(122) --> V(1) (79.5%) 

2 309.2 4.010 0.87410 D(129) --> V(1) (91.9%) 

3 271.4 4.569 0.04493 D(127) --> V(1) (79.3%) 

D(129) --> V(3) (10.3%) 

4 264.2 4.693 0.00107 D(128) --> V(1) (97.6%) 

5 234.3 5.291 0.01716 D(126) --> V(1) (79.2%) 

6 232.8 5.326 0.15182 D(125) --> V(1) (80.5%) 

7 220.7 5.618 0.00229 D(124) --> V(1) (70.1%) 

8 213.4 5.809 0.04765 D(129) --> V(2) (70.0%) 

D(129) --> V(3) (10.7%) 

 

 

Figure 2.11 Natural transition orbital (NTO) pairs of 2nd singlet excitation (S0 → S2) for (a) 2.1 

and (b) 2.1–H+–2.41. Each pair contributes more than 96% to the related excited state. 
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Cartesian coordinates of the optimized geometries. The cartesian coordinates of optimized 

geometries are given below in the standard XYZ format, and units are in Å. 

=============================== 

2.1 

=============================== 

   O    6.427155495  -0.013798882  12.497465134 

   N    6.380298138  -0.552938819   9.674313545 

   N    6.262246132   1.651308775   9.317615509 

   C    6.474403381  -1.845172048  10.348769188 

   H    5.596687317  -2.009943008  10.975714684 

   H    7.353263378  -1.869160295  10.993429184 

   H    6.544090748  -2.624626160   9.587005615 

   C    6.316075325  -0.363703907   8.321063995 

   H    6.328906536  -1.195492744   7.632079601 

   C    6.243782997   1.002601027   8.123047829 

   H    6.180833817   1.533893704   7.182896137 

   C    6.346301079   0.699837625  10.247368813 

   C    6.375602245   0.931176066  11.702610016 

   C    6.336915970   2.346733093  12.118599892 

   H    6.287567139   3.084631205  11.326156616 

   C    6.340665817   2.670814991  13.426256180 

   H    6.372227192   1.840114236  14.131397247 
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   C    6.296317101   4.011807919  14.006219864 

   C    6.216101646   4.141147137  15.405135155 

   H    6.196213245   3.243177414  16.017929077 

   C    6.158703327   5.394928455  16.009717941 

   H    6.094607353   5.471621513  17.091623306 

   C    6.183991432   6.548630238  15.225126266 

   H    6.140460491   7.528513432  15.692538261 

   C    6.268150330   6.438290119  13.832900047 

   H    6.291178703   7.333881855  13.218034744 

   C    6.323471546   5.187180042  13.229275703 

   H    6.393694401   5.118445396  12.148109436 

=============================== 

2.1–H+–2.41 

=============================== 

   P   -1.407773614   0.520450652  -1.871919990 

   O   -0.164231136   0.664911628  -1.019078016 

   N   -1.522876382   1.393084526  -3.231966972 

   S   -0.239011571   1.750511408  -4.092240334 

   O    0.379219294   3.045600891  -3.744997501 

   O    0.703656375   0.622903526  -4.302136421 

   O   -1.618558407  -1.047259450  -2.152693748 

   C   -2.404579163  -2.970228910  -3.332762480 

   C   -2.588449001  -1.477125049  -3.139763832 
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   O   -2.736045361   0.898019850  -1.031085014 

   C   -2.333542824   3.306372881  -0.571093976 

   C   -3.291325808   2.238179684  -1.082799077 

   F   -1.968050838   2.971671104  -5.689023972 

   C   -1.057345867   1.994343758  -5.744192123 

   F   -1.656311989   0.859720528  -6.136800766 

   F   -0.123743474   2.321418524  -6.648033142 

   H   -3.123731136  -3.344753504  -4.069211960 

   H   -1.393488646  -3.183697939  -3.691421986 

   H   -2.558938265  -3.504368305  -2.390373707 

   H   -3.594598293  -1.238955021  -2.772246361 

   H   -2.418439865  -0.924975991  -4.070244312 

   H   -2.845417976   4.275095940  -0.563575327 

   H   -2.005577087   3.081357718   0.447150946 

   H   -1.458104610   3.391085386  -1.220987558 

   H   -3.590227842   2.449120045  -2.114103079 

   H   -4.186699867   2.180752277  -0.456925184 

   C    2.545766354   2.367328644   1.087745190 

   O    3.353884935   2.886400223   1.862089992 

   N    4.155934334   2.533445597  -0.853134990 

   C    5.257688046   3.192629814  -0.143432140 

   C    4.180199623   2.197299719  -2.187635899 

   C    2.957149744   2.162981033  -0.336523533 
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   N    2.246168375   1.604953885  -1.334408879 

   H    1.249796391   1.210805058  -1.265318036 

   C    2.977432728   1.614094496  -2.487123251 

   H    5.598648071   2.565735340   0.679095328 

   H    4.917398453   4.140673637   0.270473778 

   H    6.063294888   3.356174469  -0.860095203 

   H    5.036273003   2.407986641  -2.807801485 

   H    2.563154697   1.232409239  -3.409425974 

   C    1.202345371   1.926411033   1.430601001 

   H    0.591178358   1.497008562   0.648649037 

   C    0.712462544   2.046100616   2.686457396 

   H    1.355920553   2.490784645   3.444935322 

   C   -0.621438026   1.632383823   3.102500439 

   C   -1.031252742   1.866956353   4.428695202 

   C   -1.527670860   1.012682557   2.212691069 

   H   -0.341636807   2.341548443   5.122364998 

   C   -2.306092978   1.503654957   4.855424881 

   H   -2.607722282   1.691848874   5.881597996 

   C   -3.194145679   0.899906158   3.962406874 

   H   -4.189340591   0.617787480   4.294123173 

   C   -2.799879313   0.656728029   2.641683102 

   H   -3.481677055   0.190041915   1.937102437 

   H   -1.245238423   0.808451891   1.187050581 
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Vibrational frequencies (in cm-1) of the optimized structures 

=============================== 

2.1 

=============================== 

         30.53    40.09    60.45    98.84   118.22   148.12 

        186.67   204.87   216.07   238.68   286.09   310.51 

        407.45   413.42   453.60   501.17   546.47   587.62 

        630.06   632.42   667.74   702.96   711.64   752.69 

        767.92   791.86   798.37   855.63   867.26   906.88 

        913.04   935.59   939.37   977.26  1001.96  1013.67 

       1043.64  1047.24  1060.91  1085.16  1106.57  1116.51 

       1153.65  1197.91  1198.92  1218.30  1242.97  1257.31 

       1322.91  1335.41  1348.08  1371.79  1374.33  1406.65 

       1451.44  1463.81  1487.27  1492.28  1504.27  1527.35 

       1540.42  1552.41  1630.56  1655.99  1668.89  1732.38 

       3073.41  3155.86  3158.09  3166.80  3172.90  3179.67 

       3189.55  3199.48  3206.71  3224.60  3248.68  3276.49 

=============================== 

2.1–H+–2.41 

=============================== 

          2.79    16.72    20.78    28.35    37.84    39.83 

         44.90    51.62    53.03    59.95    65.33    71.93 

         79.37    89.47    91.21   104.63   113.82   120.57 
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        135.01   163.16   169.31   180.98   186.81   196.62 

        199.82   205.22   228.16   254.20   257.02   269.70 

        274.91   285.81   292.15   299.84   317.11   323.34 

        348.20   349.77   407.11   410.08   417.82   436.64 

        450.82   458.75   498.68   499.03   513.07   542.34 

        543.94   550.65   564.25   586.70   630.58   631.55 

        634.62   644.62   702.14   703.99   716.00   750.22 

        757.96   779.07   793.15   794.80   800.51   824.98 

        832.63   844.06   866.85   891.48   897.17   927.50 

        931.43   934.42   947.98   978.40   992.50  1013.29 

       1016.27  1031.24  1052.15  1058.24  1062.27  1065.98 

       1071.74  1078.31  1105.65  1122.75  1123.86  1129.91 

       1131.58  1152.50  1153.05  1163.85  1187.39  1191.51 

       1197.62  1199.02  1223.98  1225.15  1229.81  1242.44 

       1246.17  1257.57  1263.58  1312.81  1322.68  1328.71 

       1332.82  1365.82  1378.05  1396.65  1406.92  1408.78 

       1419.62  1439.32  1440.36  1446.59  1467.06  1486.65 

       1493.70  1496.81  1505.19  1508.44  1510.16  1516.34 

       1520.79  1523.82  1537.60  1539.78  1544.67  1627.31 

       1648.31  1660.63  1675.20  1730.92  2559.50  3040.20 

       3049.66  3051.18  3066.34  3091.16  3097.39  3115.34 

       3123.98  3125.02  3137.03  3149.05  3164.27  3176.42 

       3184.13  3186.36  3187.91  3199.53  3208.65  3227.68 
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       3245.00  3268.12  3306.06  
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2.6.11 NMR Data 
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205 

 

 

 

 
 

 

 
13C NMR 

 

 
1H NMR 

 



206 

 

 

 

 
1H NMR 

 

 
13C NMR 

 



207 

 

 

 

 

 
1H NMR 

 

 
13C NMR 

 



208 

 

 

 
 

 
19F NMR 

 



209 

 

 

 

 

 
1H NMR 

 

 
13C NMR 

 



210 

 

 

 

 
1H NMR 

 

 
13C NMR 

 



211 

 

 

 
 

 

 
13C NMR 

 

 
1H NMR 

 



212 

 

 

 

 

2.7 
13C NMR 

 

2.7 
1H NMR 

 



213 

 

 

 

 

2.9 
13C NMR 

 

2.9 
1H NMR 

 



214 

 

 

 

 

2.10 
13C NMR 

 

2.10 
1H NMR 

 



215 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.10 
19F NMR 

 



216 

 

 

 

 

 

 

2.11 
1H NMR 

 



217 

 

 

 

  

 

 



218 

 

 

 

 

 

  



219 

 

 

 

 

 

 



220 

 

 

 

 

 

 



221 

 

 

 

 

 

 

 



222 

 

 

 

 

 

 



223 

 

 

 

 

 

 

 



224 

 

 

 

 

 

 



225 

 

 

 

 



226 

 

 

 
 

 

 

 



227 

 

 

 

  

 

 

 



228 

 

 

 

 

 



229 

 

 

 

 

 

 



230 

 

 

 

 

 

 



231 

 

 

 

 

 

 



232 

 

 

 

 

 

 



233 

 

 

 

 

 

 



234 

 

 

 

 

 

 



235 

 

 

 

 

 

 



236 

 

 

 
 

 

 

 



237 

 

 

  
 

 

 

 

 



238 

 

 

 
 

 

 

 



239 

 

 

 
 

 

 

 
 



240 

 

 

 
 

 

 

   
 



241 

 

 

2.6.12 HPLC Data 

 

2.5 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK OD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 285.0 nm. 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 50.13 9.750 8015689 557798 

2 49.87 13.185 7974187 394103 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 96.97 9.869 32171708 2072111 

2 3.03 13.374 1004823 53875 
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2.6 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK OD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 285.0 nm. 

 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.57 9.914 30595009 1665034 

2 50.43 11.410 31128716 1821414 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 96.51 9.810 25105171 1366802 

2 3.49 11.304 907184 54271 
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2.7 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK IC, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 285.0 nm. 

 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.30 12.428 11713056 856183 

2 50.70 14.705 12046092 726276 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 4.69 12.437 984839 76126 

2 95.31 14.697 20027600 1171914 
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2.8 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK OD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 285.0 nm. 

 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.80 8.527 6786719 480179 

2 50.20 11.953 6842091 407223 

 

Scalemic Chromatogram 

      
Peak % Area Retention Time Area Height 

1 89.84 8.444 103377818 738048 

2 10.16 11.421 1173611 81243 
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2.9 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK OD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 285.0 nm. 

 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 50.09 11.413 4177021 263466 

2 49.91 14.480 4161384 191452 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 92.76 11.243 18002516 1154979 

2 7.24 14.227 1404431 74207 
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2.10 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 285.0 nm. 

 

 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.98 6.212 4565931 536238 

2 50.02 7.196 4568814 462728 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 97.69 6.156 5575042 643845 

2 2.31 7.156 131780 14391 
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2.11 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK OD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 285.0 nm. 

 

 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.66 8.830 8123700 580289 

2 50.34 12.469 8235993 444490 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 97.96 8.878 6372481 476435 

2 2.04 12.150 132649 9274 
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2.12 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK OD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 285.0 nm. 

 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.98 8.439 6025706 469776 

2 50.02 11.108 6031563 393085 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 98.99 8.338 22801875 1888333 

2 1.01 10.883 232310 20538 
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2.13 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK OD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 285.0 nm. 

 

 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.96 9.720 8453746 502796 

2 50.04 12.384 8465751 434381 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 97.66 9.697 9617702 539301 

2 2.34 12.481 229998 12779 
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2.14 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK OD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 285.0 nm. 

 

 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.86 9.402 1638697 116327 

2 50.14 11.185 1648042 110812 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 94.58 9.458 10663442 833712 

2 5.42 11.301 610988 45976 
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2.15 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK OD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 285.0 nm. 

 

 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.90 11.289 3597092 249200 

2 50.10 14.098 3611037 191412 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 98.80 10.972 25497032 1775923 

2 1.20 13.507 309999 19321 
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2.16 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

20 minutes, 1 mL/min, 285.0 nm. 

 

 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.84 5.709 3816214 473791 

2 50.16 6.191 3839989 442580 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 98.28 5.691 4093630 506805 

2 1.72 6.176 71674 9489 
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2.17 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK OD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 295.0 nm. 
 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.16 8.837 6844274 493024 

2 50.84 11.718 7078999 428301 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 97.55 8.966 24201086 1729670 

2 2.45 11.843 608085 42774 
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2.18 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AD, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 285.0 nm. 
 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 50.19 6.740 7983942 10419808 

2 49.81 8.529 7923782 864460 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 96.88 6.722 10250099 1265982 

2 3.12 8.551 329693 36031 
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2.19 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 285.0 nm. 
 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 50.00 8.512 4865982 461766 

2 50.00 12.330 4865231 359873 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 97.44 8.461 29518349 2513279 

2 2.56 12.345 774187 64286 
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2.20 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AD, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 285.0 nm. 
 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 50.13 7.080 13336366 1633332 

2 49.87 9.570 13269671 1283622 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 98.24 7.163 17804766 2064862 

2 1.79 9.786 318815 30470 
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2.21 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK OD-H, 

10.00 µL, gradient 5% to 30% iPrOH/hexanes, 

20 minutes, 1 mL/min, 285.0 nm. 

 

 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.92 11.087 6271700 300296 

2 50.08 12.071 6290694 328124 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 95.89 11.180 2684924 124948 

2 4.11 12.226 115218 6870 
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2.22 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK OD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

13 minutes, 1 mL/min, 280.0 nm. 
 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.89 8.169 9741011 733077 

2 50.11 9.448 9785893 757999 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 97.96 8.196 3904779 292916 

2 2.04 9.446 81183 6513 
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2.23 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK OD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 285.0 nm. 

 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.32 7.900 8150154 866166 

2 50.68 8.560 8374564 854725 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 91.50 7.897 12010713 1308606 

2 8.50 8.555 1115558 119100 
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2.24 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK OD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 285.0 nm. 

 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 50.54 10.707 6903222 418287 

2 49.46 12.246 6754542 308996 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 98.26 10.789 35347991 2066329 

2 1.74 12.472 626226 33837 
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2.25 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK OD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 285.0 nm. 
 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.92 6.768 19293809 1476222 

2 50.08 10.957 19357563 1074753 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 97.65 6.989 3307673 245547 

2 2.35 11.264 79739 4704 
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2.26 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK OD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 280.0 nm. 
 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.66 13.383 23641117 1176330 

2 50.34 23.479 23961968 721251 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 98.67 13.448 27623051 1298019 

2 1.33 23.636 373592 14428 
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2.27 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AD, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 280.0 nm. 
 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.70 8.633 7691352 848642 

2 50.30 10.980 7784586 659174 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 96.78 8.512 2865539 2865539 

2 3.22 10.989 119972 119972 
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2.28 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK OD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 285.0 nm. 
 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.25 16.942 7089598 412447 

2 50.75 22.583 7304797 283175 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 97.45 17.228 21877872 1254062 

2 2.55 22.763 573270 22464 
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2.29 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AD, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 285.0 nm. 

 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.62 8.607 6435841 718229 

2 50.38 12.852 6534797 440270 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 90.84 8.435 19057924 2126287 

2 9.16 12.459 1921213 151508 
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2.29 – Minor Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK OD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 285.0 nm. 

 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 50.02 9.214 4597067 255909 

2 49.98 10.449 4593163 200910 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 12.45 9.056 999244 56884 

2 87.55 10.216 7025160 305015 
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2.30 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

13 minutes, 1 mL/min, 280.0 nm. 
 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.38 7.705 26951400 2618716 

2 50.62 9.779 27633264 2251612 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 95.05 7.609 21961022 2117815 

2 4.95 9.763 1143222 110920 
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2.31 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK OD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 285.0 nm. 

 
 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 50.29 9.080 9278212 752544 

2 49.71 10.341 9171396 696002 

 

Scalemic Chromatogram 

  
Peak % Area Retention Time Area Height 

1 97.02 9.081 37854855 2658322 

2 2.98 10.288 1161872 95801 
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2.32 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AS-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 285.0 nm. 

 
 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 50.84 20.231 1425708 44483 

2 49.16 21.703 1378662 33699 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 99.36 20.658 16949841 490473 

2 2.45 22.136 108667 3556 
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2.33 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AD, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 295.0 nm. 

 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 50.53 5.485 6398300 898523 

2 49.47 8.050 6264920 656586 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 81.38 5.748 9802518 1401129 

2 18.62 8.433 2243334 255768 
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2.34 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AD, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 295.0 nm. 

 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.18 6.580 5619294 767670 

2 50.82 7.450 5806639 714161 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 93.48 6.312 21698128 2379222 

2 6.52 7.242 1513611 185695 
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2.35 – Minor Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AD, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 295.0 nm. 

 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.99 6.389 3780701 529097 

2 50.01 7.556 3782575 481054 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 74.35 6.154 6640710 802202 

2 26.65 7.414 2290774 290511 
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2.37 – Major Diastereomer 

Run Details: HPLC, Diacel CHIRALPAK OD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 295.0 nm. 

 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.10 6.182 5361808 425302 

2 50.90 6.784 5559201 427104 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 7.52 6.066 519995 48805 

2 92.48 6.653 6395904 471931 
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2.38 

Run Details: HPLC, Daicel CHIRALPAK AD, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

18 minutes, 1 mL/min, 285.0 nm. 

 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.53 5.673 8797392 1391958 

2 50.47 7.434 8962578 1091598 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 93.99 5.863 12847379 2044953 

2 6.01 7.634 820925 108421 
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2.39 – Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AD, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

20 minutes, 1 mL/min, 285.0 nm. 

 

 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.98 13.115 3596281 256807 

2 50.02 14.538 3599837 230267 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 95.88 13.095 6183232 448302 

2 4.12 14.593 265927 18169 
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2.39 – Minor Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AS-H, 

10.00 µL, gradient 5% to 30% EtOH/hexanes, 

35 minutes, 1 mL/min, 285.0 nm. 

 

 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.86 17.764 5725848 269376 

2 50.14 18.674 5758071 261335 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 15.92 17.841 885618 41061 

2 84.08 18.795 4678118 197836 
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2.40 

Run Details: HPLC, Daicel CHIRALPAK AD, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

20 minutes, 1 mL/min, 285.0 nm. 

 

 

 

Racemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 49.86 9.311 611954 48313 

2 50.14 10.738 615302 46848 

 

Scalemic Chromatogram 

 
Peak % Area Retention Time Area Height 

1 4.20 9.483 212731 20891 

2 95.80 10.907 4848368 405365 
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Chapter 3 Total Synthesis of Truxinate Natural Products Enabled by Enantioselective 

[2+2] Photocycloadditions   
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3.1 Introduction 

The truxinates constitute a class of natural products that formally derive from the head-to-

head [2+2] cyclodimerization of cinnamic acid derivatives. This large family of secondary 

metabolites consists of over 100 known members.1,2 They vary in their relative and absolute 

stereochemistry; they can be either true homodimers or pseudodimers of structurally analogous 

but chemically distinct cinnamates; and they collectively exhibit a range of biological activities 

(Scheme 3.1a,b).3–5 More broadly, the truxinates are representative of a larger group of dimeric 

cyclobutane natural products that have presented a formidable challenge in synthetic chemistry for 

many decades. 

Two complementary approaches have proven to be most general for the preparation of these 

compounds to date. Arguably the more successful of these, pioneered by Baran and Reisman, 

involves the iterative modification of each carbon of minimally functionalized cyclobutane 

scaffolds by directed C–H functionalization (Scheme 3.1c).6–10 By carefully tuning the directing 

group and reaction conditions, this strategy can provide complete control over the identity and 

stereochemistry of the substituent on each carbon of the cyclobutane core. However, the syntheses 

resulting from this strategy are necessarily linear, and because every C–H functionalization event 

can require different conditions, the resulting step counts can be comparatively high. 
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Scheme 3.1 (A) Chemical structures of dimeric cyclobutane natural products. (B) Chemical 

structures of pseudo-dimeric cyclobutane natural products. (C) Synthetic strategies towards 

truxinate and truxillate natural products. (D) Selectivity challenges in asymmetric 

heterodimerization reactions. (E) Synthesis of pseudo-dimeric cyclobutane natural products via 

enantioselective photocycloadditions. 

Photochemical [2+2] cycloadditions could potentially provide a more direct approach 

because they enable the construction of up to four stereocenters of a fully substituted cyclobutane 
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in a single step.11 Control over the outcome of these reactions, however, presents a set of selectivity 

issues that can each present a formidable challenge (Scheme 3.1d). First, fully substituted 

cyclobutane rings can feature four stereogenic centers, and [2+2] photocycloadditions can thus 

result in up to sixteen possible stereochemical outcomes. Second, the chemoselective 

heterodimerization of two chemically distinct cinnamates can be challenging, particularly using 

structurally analogous reaction partners with similar electronic and optical properties. Finally, 

[2+2] photocycloaddition reactions can result in both head-to-head and head-to-tail regioisomers, 

and the cyclodimerization of even relatively polarized alkenes is often non-regioselective under 

the high-energy conditions of photochemical activation.12 Thus even simple photocycloaddition 

reactions can result in complex mixtures of products. For example, in a seminal study of the BF3-

promoted cyclodimerization of methyl cinnamate, Lewis identified 12 of 17 possible 

regiochemically, enantiomerically, and diastereomerically distinct products that were formed with 

poor overall selectivity; heterodimerization reactions would presumably result in even more 

complex product mixtures.13 As a result, there have been no stereocontrolled syntheses of the 

truxinate or truxillate natural products reported to date that take advantage of the potential 

efficiencies provided by enantioselective catalytic [2+2] photocycloaddition reactions. 

3.2 Results and Discussion 

A hallmark of the recent renewal of interest in photochemical synthesis has been the 

development of the first general strategies for highly stereoselective asymmetric photocatalysis.14–

16 In this context, our laboratory has contributed to this effort by developing several highly 

enantioselective methods for [2+2] photocycloaddition.17,18 Among these, we imagined that the 

highly enantioselective Brønsted acid catalyzed [2+2] photocycloaddition of C-

cinnamoylimidazoles developed recently in our laboratory might provide a valuable entry towards 
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the enantioselective synthesis of truxinate natural products for two reasons.19,20 First, the 

imidazolyl unit can be readily cleaved under mild conditions to afford a wide range of carboxylic 

acid derivatives. We imagined that successful application of this method to the synthesis of the 

truxinate natural products might enable the uniquely direct synthesis of a large fraction of the 

known members of this class. Second, this reaction operates by a principle that Bach has termed 

“chromophore activation.”16 While a solution of 3.1 does not absorb appreciably in the visible 

region, addition of 3.2 leads to a red-shifted absorption (see Chapter 2 for UV-Vis experiments). 

Because the absorption of the catalyst-bound substrate occurs more strongly at longer wavelengths 

than the free substrate, the protonated substrate can be selectively excited by judicious choice of 

irradiation wavelength. We speculated that appropriate selection of a cinnamate reaction partner 

that does not absorb at these longer wavelengths might enable a controlled heterodimerization that 

would enable the synthesis of the pseudo-dimeric truxinates as well. 

3.2.1 Dimerization Optimization and Substrate Scope 

Our investigations began by applying our previously reported conditions to the 

dimerization of C-cinnamoylimidazole 3.1 (Scheme 3.2). We were delighted to find that 

irradiation with a Kessil Tuna Blue LED in the presence of chiral acid 3.2 results in the formation 

of 3.4 in 87% yield and with exceptionally high selectivity (99% ee, 11:1 d.r.). The 

phosphoramidate catalyst (3.2) was uniquely effective in promoting the photocycloaddition as the 

corresponding phosphoric acid catalyst 3.3 gave a mixture of diastereomers in low ee. Irradiation 

of 3.1 in the absence of catalyst gave a low yield of cycloadduct, indicative of a slow racemic 

background racemic reaction, albeit in lower d.r. compared to the catalyzed reaction. Finally, the 

imidazole substrate is also necessary for achieving high ee and yield as irradiation of chalcone 

gave mostly decomposition. The reaction proved remarkably general when using a wide variety of 
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sterically and electronically dissimilar substrates (Scheme 3.2). Notably, the major diastereomer 

formed in this reaction is the all-trans-configured cycloadduct. This stereochemistry is 

characteristic of the δ-truxinate subfamily of natural products that constitutes the largest subset of 

truxinate natural products. Though a small amount of the Cs-symmetric β-diastereomer is typically 

formed in the reaction, it is easily separated from the desired δ-isomer via column chromatography. 

When performing the reaction on a 5 mmol scale with a 5 mol% catalyst loading, 3.4 was formed 

in similar yield and selectivity (74% and 99% ee), and the acid catalyst could be recovered in 94% 

yield.  Importantly, enantioenriched cycloadduct 3.4 is readily converted into δ-truxinic acid, the 

simplest, parent member of this class of natural products. We employed an approach popularized 

by Evans in which methylation of the imidazole yields an imidazolium intermediate that is primed 

to act as a leaving group in an acyl substitution reaction.21–23 Addition of aqueous NaOH to a 

solution of the dimethylated intermediate provided δ-truxinic acid in 90% yield without loss of 

stereochemical purity. 



291 

 

 

 

Scheme 3.2 Optimization, substrate scope, and cleavage for the enantioselective dimerization 

reaction. a 5mol% catalyst.  

3.2.2 Total Synthesis of Dimeric Truxinates 

The high generality of this cyclodimerization and the facile cleavage of the imidazolyl 

ketone offers a straightforward and general strategy towards the stereocontrolled synthesis of the 

dimeric δ-truxinates. Isatiscycloneolignan A is a highly oxidized δ-truxinate that has shown 

neuroprotective effects against injured human neuroblastoma cells.24  Isatiscycloneolignan and 

other compounds extracted from Isatis indigotica have been extensively studied for their 

pharmacological activity since the herb is often employed in traditional Chinese medicine.25  When 

we subjected 3.18 to the optimized enantioselective dimerization conditions the desired δ-truxinate 

was afforded in 65% yield and 85% ee (Scheme 3.3). We suspected that the lower 

enantioselectivity could be explained by direct excitation of catalyst-unbound 3.18 leading to 

racemic background reactivity. Indeed, the absorption of 3.18 has a significant overlap with the 
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emission spectrum of the Tuna Blue Kessil (Figure 3.2 in Supporting Information). To avoid this 

direct excitation, we changed the light source to a Kessil 456 nm lamp with a red-shifted emission 

profile relative to the Tuna Blue. These conditions afforded the truxinate in 99% ee. Though not 

necessary to obtain high ee, we also found that lowering the temperature to –78 °C led to an 

increased yield and d.r., giving 3.19 in 98% yield, 6:1 d.r., and 99% ee. From 3.19, one-pot acyl 

substitution with methanol and acid-catalyzed phenol deprotection afforded isatiscycloneolignan 

A in 83% yield.  

We next synthesized barbarumamide C, a δ-truxinate isolated from Goji berries (Lycium 

barbarum L.), utilizing a similar synthetic strategy.26   The cycloaddition substrate for this 

synthesis was prepared by aldol condensation with piperonal, an inexpensive phytochemical 

feedstock. Under the same photocycloaddition conditions as above, the cycloadduct was produced 

in 92% yield, >20:1 d.r., and 99% ee. The imidazole moieties could be readily transformed into 

the required amides by methylation of the imidazole moieties and displacement with 4-

methoxyphenethylamine. This sequence proceeded smoothly in 80% yield, giving barbarumamide 

C in 3 steps from commercially available materials. 
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Scheme 3.3 Total syntheses of dimeric truxinate natural products. 

We next wondered if our method would be applicable to the synthesis of cyclobutane 

dimers that arise from alkenes with extended π systems. One example is nigramide R, an amide 

alkaloid isolated from the roots of Piper nigrum, which exhibits inhibitory activity against 

cytochrome P450 2D6.27,28   Our synthesis started from piperine (3.23), which can be directly 

isolated in large quantities by extraction from black pepper or purchased at modest cost.29  
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Lithiation of 1-methylimidazole and addition to piperine yielded 3.24 in 85% yield. In addition to 

the typical selectivity challenges encountered in [2+2] cycloadditions, site-selective alkene 

reactivity is also a concern with conjugated polyene systems. Indeed, when testing different 

cycloaddition reaction conditions, we observed the formation of a mixture of desired δ-truxinate 

3.25, β-truxinate 3.26, and another δ-truxinate (3.27) that arises from cycloaddition of the two 

alkenes proximal to the benzodioxole moieties. Substrate decomposition was the dominant 

reaction pathway at room temperature with 3.25 being formed in 13% yield. Lowering the 

temperature to –78 °C gave 3.25 in an increased 56% yield and 50% ee. Given the extended 

conjugation of diene 3.24 relative to the monoenes employed in our method, we suspected that 

racemic background reactivity was again a problem. Under 456 nm irradiation, 3.25 was afforded 

in 86% ee; however, the undesired β-truxinate 3.26 was also formed in an increased 19% yield. 

We had previously observed that solid samples of 3.24, an orange solid, are unstable for long 

periods under ambient light, undergoing solid-state photocycloadditions to form β-truxinate 3.26 

as the major isomer. We suspected that 3.24 is not fully soluble under cryogenic conditions leading 

to solid-state photodimerization to the β-truxinate. Indeed, when we lowered the concentration of 

the photoreaction five-fold, the ratio of 3.25:3.26 (δ:β) increased from 2:1 to 10:1 giving desired 

isomer 3.25 in 59% yield and 92% ee. The cyclobutane intermediate was then transformed to 

nigramide R using the standard approach in 50% yield. This synthesis illustrates the ability of 

convergent [2+2] photocycloadditions to streamline the synthesis of truxinate natural products: the 

only previous synthesis of nigramide R was an eight-step, racemic synthesis completed by 

Donohoe in 2016, while the present work is a 3-step, enantioselective synthesis.30   

3.2.3 Heterodimerization Optimization and Substrate Scope 
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Access to the pseudo-dimeric members of the truxinate class requires the development of 

an enantioselective heterodimerization. The development of cross-selective intermolecular [2+2] 

cycloadditions, however, remains a challenge, and no previous syntheses of truxinate natural 

products have incorporated an enantioselective intermolecular heterodimerization. The methods 

for [2+2] heterodimerizations that have been reported to date require that only one reaction 

component can be excited while the other is used in excess to favor cross-selectivity.31–35 This 

strategy is challenging in the context of truxinate synthesis because the two alkenes are 

electronically similar, making it difficult to preferentially excite one alkene. Indeed, Reiser 

observed the photocycloaddition of two structurally similar cinnamate esters results in statistical 

mixtures of hetero- and homodimeric products.36  We hypothesized that the chromophore 

activation mechanism employed in our dimerization reaction could be leveraged not only as a 

strategy for enantioselective photoreactions, but also for cross-selective cycloadditions. 

Specifically, in the reaction of an acyl imidazole and a coupling partner, we proposed that only the 

imidazole substrate will exhibit an acid-induced red-shifted absorption and could therefore be 

selectively excited. While this approach ensures that no coupling partner dimer will be formed as 

it is not excited under the reaction conditions, the undesired imidazole dimer could still form. To 

ensure the selective formation of the heterodimer, we employed a slow addition of the imidazole 

into the reaction mixture. 
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Scheme 3.4 Heterodimerization scope and synthesis of piperarborenine D. a Reaction conducted 

at –78 °C.  

Given the prevalence of amides in pseudo-dimeric cyclobutane natural products we 

initially evaluated Weinreb cinnamamides as coupling partners in a heterodimerization (Scheme 

3.4, top). We were pleased to find that using acid catalyst 3.2, heterodimers were afforded in good 

yields and excellent enantioselectivities at room temperature. As with the enantioselective 

dimerization, only the truxinate regioisomer was observed, however, in this case, the β-

diastereomer was formed as the major diastereomer. A wide variety of aryl groups were tolerated, 

typically reacting with excellent enantioselectivity and good diastereoselectivity. Ketones and 

esters are also tolerated in the reaction, preferentially giving the β-isomer, albeit in lower 

diastereoselectivity. 

3.2.4 Total Synthesis of Piperarborenine D 
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We next applied our heterodimerization reaction to the synthesis of a pseudo-dimeric truxinate 

natural product (Scheme 3.4, bottom). Isolated from the shrub Piper arborescens, piperarborenine 

D exhibits cytotoxicity against several different cancer cell lines.37  Racemic piperarborenine D 

was synthesized separately by both Baran6 and Beeler38  using intramolecular cycloadditions of 

tethered alkenes to achieve formal cross-selectivity. Using our enantioselective heterodimerization 

method, the desired β-truxinate was prepared in 83% yield, 6:1 d.r., and 99% ee from imidazole 

3.43 and coupling partner 3.45 using a Kessil 467 nm lamp. This result exemplifies the advance 

of this method as compared to previous cycloadditions utilized in pseudo-dimeric cyclobutane 

natural product synthesis. The cycloaddition is selective, affording the desired cyclobutane in high 

yield and high ee, while tolerating the imide and aryl functionality present in piperarborenine D. 

We prepared piperarborenine D in 71% yield by subjection of the cycloadduct to methylation 

followed by acyl substitution with lithiated 3.46. This constitutes the shortest and first 

enantioselective synthesis of piperarborenine D. 

3.2.5 Mechanistic Studies 

Though we hypothesized from the outset of this study that different acid-coordination 

environments could lead to different stereochemical outcomes, we were surprised to find that the 

same chiral acid catalyst favored different isomers in the dimerization and heterodimerization. 

Given that the same photoactive species is involved in both cases (3.1⋅3.2), we questioned whether 

the divergent selectivity resulted from the different coupling partners. While a wide range of 

coupling partners including amides, ketones, and esters, predictably favor the β-isomer in the 

heterodimerization, the use of 3.1 as a coupling partner in the dimerization appears to be the 

exception, giving the δ-isomer. We wondered whether this selectivity reversal could be explained 
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by the ability of the non-excited 3.1 to coordinate to 3.2. If the photoreaction between photoexcited 

3.1⋅3.2 is faster with ground-state 3.1⋅3.2 than ground-state 3.1, we would expect a significantly 

different acid coordination environment in the homo- and heterodimerizations, thus rationalizing 

the diastereodivergence. To test this hypothesis, we examined the ratio of homo- to heterodimeric 

products in the photocycloaddition of 3.1 and methyl cinnamate as a function of acid loading 

(Scheme 3.5, top). If the major product-forming pathway for the homodimer occurs via interaction 

of excited 3.1⋅3.2 with another equivalent of ground state 3.1⋅3.2 while the heterodimer occurs via 

reaction of excited 3.1⋅3.2 and ground-state methyl cinnamate, we would expect the ratio of 

homodimer: heterodimer to increase with increased acid loading. Indeed, a clear trend emerges as 

the heterodimer is favored with 5 mol% 3.2 while the homodimer is favored in a greater than 2:1 

ratio with 100 mol% 3.2.  

 

Scheme 3.5 Mechanistic studies. Competition experiment between homo- and heterodimerization 

as a function of acid loading (top). Approaches of ground-state coupling partner leading to both 

diastereomers for the heterodimerization (bottom left). Approaches of ground-state coupling 

partner leading to both diastereomers for the homodimerization (bottom right). 
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The diastereoselectivity of the homo- and heterodimeric products as a function of acid 

loading provides further evidence for the proposed mechanism. For the heterodimerization, the 

diastereoselectivity is not dependent on catalyst loading, which is expected if only one acid catalyst 

is involved in the heterodimerization. Based on our previous x-ray crystallographic and 

computational studies on the binding of 3.1 to 3.2 (see Chapter 2),20 we would expect that approach 

of a ground-state coupling partner to excited 3.1⋅3.2 could occur to give either the δ- or β-isomers 

(Scheme 3.5, bottom left). In this case, the observed d.r. is largely dependent on the identity of the 

coupling partner. On the other hand, the homodimerization shows a significant dependence on acid 

loading, increasing from 6:1 d.r. with 5 mol% catalyst to >50:1 d.r. with 100 mol% catalyst. In 

analogy to the heterodimerization, any reaction between 3.1⋅3.2 and free 3.1 could give either the 

δ- or β-isomer. However, both photoexcited 3.1⋅3.2 and ground-state 3.1⋅3.2 present the same 

prochiral face of the alkene to solution, and their reaction would therefore be expected to produce 

the C2-symmetric δ-stereoisomer. At low catalyst loadings, the unprotonated imidazole substrate 

is present at substantially higher concentrations than the protonated imidazole, consistent with the 

increased proportion of the β-isomer. Conversely, when 1 equiv of 3.2 is present, 3.1 is completely 

protonated, leading to exclusive formation of the δ-isomer.  

3.3 Conclusion 

In summary, we have developed a unified strategy for the synthesis of truxinate natural 

products utilizing a highly enantioselective photocycloaddition that can be applied to both homo- 

and heterodimerization of cinnamate synthons. This report constitutes the first use of an 

enantioselective [2+2] photocycloaddition in a truxinate synthesis, thereby greatly expediting 

access to members of this class. For several of these natural products, ours is the first asymmetric 

synthesis, and is also an improvement in both step count and overall yield as compared to previous 
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racemic syntheses. Finally, mechanistic experiments revealed the origin of diastereodivergence 

between the homo- and heterodimerization. While the homodimerization occurs with two acid 

catalysts, selectively giving the δ-diastereomer, the heterodimerization occurs with one acid 

catalyst, and the diastereoselectivity is dependent on the coupling partner.  

3.4 Contributions 

Matthew J. Genzink performed the reaction optimization, investigated the scope, completed 

the total syntheses, and performed the mechanistic experiments. Matthew D. Rossler performed 

the dimerization scope. Herman Recendiz helped in the synthesis of barbarumamide C. Tehshik 

P. Yoon provided expertise, resources, and funding.  

3.5 Supporting Information 

3.5.1 General Information 

Reagent Preparation: MeCN, THF, CH2Cl2, and toluene were purified by elution through 

alumina as described by Grubbs.39 Excluding those prepared below, all other starting materials, 

catalysts, or solvents were used as received from the supplier. Flash column chromatography 

(FCC) was performed with Silicycle 40–63 Å (230–40 mesh) silica. Photochemical reactions were 

carried out with a Kessil Lamp (model H150, λem. (max) = ~450 nm) unless otherwise indicated.  

Product Characterization: Diastereomer ratios for reactions were determined by 1H NMR 

analysis of crude reaction mixtures vs. a phenanthrene internal standard. 1H and 13C NMR data 

were obtained using a Bruker Avance-500 spectrometer with DCH cryoprobe and are referenced 

to tetramethylsilane (0.0 ppm) and CDCl3 (77.0 ppm), respectively. This instrument and 

supporting facilities are funded by Paul J. Bender, Margaret M. Bender, and the University of 

Wisconsin. 19F and 31P NMR data were obtained using Bruker Avance-400 spectrometer. This 
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instrument and supporting facilities are funded by the NSF (CHE-1048642) and the University of 

Wisconsin. NMR data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, 

t = triplet, q = quartet, p = pentet, sext = sextet, sept = septet, m = multiplet), coupling constant(s) 

in Hz, integration. NMR spectra were obtained at 298 K unless otherwise noted.  FT–IR spectra 

were obtained using a Bruker Tensor 27 spectrometer and are reported in terms of frequency of 

absorption (cm-1). Melting points (mp) were obtained using a Stanford Research Systems DigiMelt 

MP3.260 melting point apparatus and are uncorrected. Mass spectrometry was performed with a 

Thermo Q ExactiveTM Plus using ESI–TOF (electrospray ionization–time of flight). This 

instrument and supporting facilities are funded by the NIH (1S10 OD020022-1) and the University 

of Wisconsin. Enantiomeric excesses were determined by chiral HPLC of isolated materials using 

a Waters e2695 separations module with 2998 PDA detector and Daicel CHIRALPAK® columns 

and HPLC grade i-PrOH and hexanes. Traces were acquired using Empower 3® software. Optical 

rotations were measured using a Rudolf Research Autopol III polarimeter at room temperature in 

CH2Cl2. UV–Vis absorption spectra were acquired using a Varian Cary® 50 UV–visible 

spectrophotometer with a spectrophotometer. 

3.5.2 Catalyst Synthesis 

 (R)-(+)-2,2’-bis(methoxymethoxy)-1,1’-binaphthalene: A 500 mL RBF was charged with 200 

mL THF, followed by 3.03 g (75.8 mmol, 2.5 equiv) of 60% NaH in mineral 

oil. This mixture was cooled to 0 °C and 8.50 g (29.7 mmol, 1.0 equiv) (R)-

BINOL was added as a solution in 50 mL THF via cannula over 

approximately 20 minutes, controlling the resulting gas evolution. Then 5.69 mL (74.9 mmol, 2.5 

equiv) freshly distilled chloromethyl methyl ether (MOMCl) was added portionwise at 0 °C. The 

reaction was then warmed to room temperature and stirred overnight. The reaction was slowly 
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quenched with sat. aq. NH4Cl (20 mL). This mixture was transferred to a separatory funnel with 

CH2Cl2 (50 mL). After separating the organic layer, the aqueous layer was extracted with CH2Cl2 

(3 x 50 mL). The combined organics were washed with brine (20 mL), dried over Na2SO4, and 

concentrated. The resulting material was recrystallized from CH2Cl2/pentanes to give 9.65 g (25.8 

mmol, 87% yield) of a crystalline white solid. Spectral data was consistent with that previously 

reported.40  1H NMR (500 MHz, CDCl3) δ 7.95 (d, J = 9.0 Hz, 2H), 7.85 (d, J = 8.3 Hz, 2H), 7.57 

(d, J = 9.0 Hz, 2H), 7.34 (ddd, J = 8.0, 6.7, 1.2 Hz, 2H), 7.22 (ddd, J = 8.0, 6.7, 1.2 Hz, 2H), 7.15 

(d, J = 8.3 Hz, 2H), 5.08 (d, J = 6.9 Hz, 2H), 4.97 (d, J = 6.9 Hz, 2H), 3.14 (s, 6H).  

(±)-2,2’-Bis(methoxymethoxy)-1,1’-binaphthalene: Prepared and isolated through the above 

procedure for (R)-(+)-2,2’-Bis(methoxymethoxy)-1,1’-binaphthalene using 3.22 g (80.5 mmol) 

60% NaH in THF (200 mL), 8.62 g (30.1 mmol) (±)-BINOL in THF (50 mL), and 6.10 mL (80.0 

mmol) MOMCl to give 9.00 g (24.0 mmol, 80% yield) of a white solid. Spectral data was 

consistent with that reported above. 

(R)-(+)-3,3’-dibromo-2,2’-bis(methoxymethoxy)-1,1’-binaphthalene: In a flame dried 500 mL 

RBF 4.50 g (12.0 mmol, 1.0 equiv) (R)-(+)-2,2’-bis(methoxymethoxy)-1,1’-

binaphthalene was prepared in 200 mL Et2O. To this solution 14.4 mL (36.1 

mmol, 3.0 equiv) nBuLi (2.5 M in hexanes) was added portionwise. After 3 

hours 120 mL THF was added and the reaction was stirred for 1 hour. The reaction was cooled to 

0 °C and 11.70 g (36.1 mmol, 3.0 equiv) 1,2-dibromo-1,1,2,2-tetrachloroethane was added in one 

portion. The reaction was stirred for 15 minutes before it was quenched with sat. aq. NH4Cl (10 

mL) and water (10 mL). The phases were separated, and the aqueous phase was extracted with 

Et2O (2 x 50 mL). The combined organics were dried over Na2SO4 and concentrated. The resulting 

residue was dry loaded onto silica and purified by flash column chromatography eluting from 5% 
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EtOAc in hexanes to give 5.55 g (10.4 mmol, 87%) of a white solid. Spectroscopic data was 

consistent with that previously reported.52 1H NMR (500 MHz, CDCl3) δ 8.27 (s, 2H), 7.80 (d, J = 

8.0 Hz, 2H), 7.44 (ddd, J = 8.0, 6.8, 1.2 Hz, 2H), 7.31 (ddd, J = 8.3, 6.8, 1.2 Hz, 2H) , 7.18 (d, J = 

8.6 Hz, 2H), 4.83 (d, J = 5.9, 2H), 4.81(d, J = 5.9, 2H), 2.57 (s, 6H).  

 

(±)-3,3’-dibromo-2,2’-bis(methoxymethoxy)-1,1’-binaphthalene: Prepared and isolated 

through the above procedure for (R)-(+)-3,3’-Dibromo-2,2’-bis(methoxymethoxy)-1,1’-

binaphthalene using 8.90 g (23.8 mmol) (±)-2,2’-Bis(methoxymethoxy)-1,1’-binaphthalene in 

Et2O (350 mL), 29.4 mL (73.7 mmol) nBuLi (2.5 M in hexanes), THF (230 mL), and 23.2 g (71.3 

mmol) 1,2-dibromo-1,1,2,2-tetrachloroethane to give 11.52 g (21.6 mmol, 91% yield) of a white 

solid. Spectral data was consistent with that reported above.  

 

(R)-(+)-3,3’-di-(4-trifluoromethyl)phenyl-[1,1’-binaphthalene]-2,2’-diol: Step 1: A 250 mL 

RBF was charged with 4.79 g (9.00 mmol 1.0 equiv) (R)-(+)-3,3’-dibromo-2,2’-

bis(methoxymethoxy)-1,1’-binaphthalene, 5.98 g (31.50 mmol, 3.5 equiv) 4-

trifluoromethylphenylboronic acid, 2 M aq. Na2CO3 (25 mL), and 1,2-dimethoxyethane (50 mL) 

and fitted with a reflux condenser. The apparatus was purged with N2 for 15 min before the addition 

of 520 mg (0.45 mmol, 0.05 equiv) Pd(PPh3)4. The mixture was heated to 95 °C for 16 hours. After 

cooling to room temperature, the mixture was filtered over a pad of Celite, the pad was washed 



304 

 

 

with EtOAc, and the resulting solution concentrated. This residue was partitioned into EtOAc (100 

mL) and H2O (25 mL). The layers were separated and the aqueous layer was extracted with EtOAc 

(3 x 20 mL). The combined organics were dried over Na2SO4 and concentrated. Step 2: The 

resulting yellow solid, primarily composed of MOM-protected cross-coupling product, was taken 

up in THF (60 mL), and 1.35 mL conc. HCl (15.8 mmol, 1.75 equiv) was added. The mixture was 

heated to 65 °C for 3 hours. This mixture was concentrated, and the residue partitioned into EtOAc 

(100 mL) and H2O (25 mL). The layers were separated, and the aqueous layer was extracted with 

EtOAc (3 x 20 mL). The combined organics were dried over Na2SO4, then concentrated directly 

on silica for purification by FCC eluting from 5% EtOAc in hexanes to give 5.05 g (8.79 mmol, 

98% yield) of a white solid. Spectroscopic data was consistent with that previously reported.41  1H 

NMR (500 MHz, CDCl3) δ 8.06 (s, 2H), 7.96 (d, J = 8.0 Hz, 2H), 7.87 (d, J = 8.1 Hz, 4H), 7.74 

(d, J = 8.2 Hz, 4H), 7.44 (ddd, J = 8.0, 6.8, 1.1 Hz, 2H), 7.37 (ddd, J = 8.2, 6.8, 1.2 Hz, 2H), 7.23 

(d, J = 8.2 Hz, 2H), 5.32 (s, 2H).  

 

(±)-3,3’-di-(4-trifluoromethyl)phenyl-[1,1’-binaphthalene]-2,2’-diol: Prepared and isolated 

through the above procedure for (R)-(+)-3,3’-di-(4-trifluoromethyl)phenyl-[1,1’-binaphthalene]-

2,2’-diol. Step 1: 11.50 g (21.6 mmol) (±)-3,3’-Dibromo-2,2’-bis(methoxymethoxy)-1,1’-

binaphthalene, 14.36 g (75.6 mmol) 4-trifluoromethylphenylboronic acid, 1.28 g Pd(PPh3)4 (1.1 

mmol), 2 M aq. Na2CO3 (54 mL), and 1,2-DME (144 mL) were combined to give a yellow solid. 

Step 2: This yellow solid was combined with THF (130 mL) and conc. HCl (4 mL) to give 12.4 g 

(21.6 mmol, 100% yield) of a white solid. Spectral data was consistent with that reported above. 

 



305 

 

 

 

(R)-4-trifluoromethylphenyl-BINOL ((trifluoromethyl)sulfonyl)phosphoramidate (3.2):  

Step 1: A 250 mL flame-dried RBF was charged with 4.93 g (8.58 mmol, 1.0 equiv) (R)-(+)-3,3’-

di-(4-trifluoromethyl)phenyl-[1,1’-binaphthalene]-2,2’-diol and CH2Cl2 (50 mL) then cooled to 0 

°C. To this solution was added 1.68 mL (18.0 mmol, 2.1 equiv) freshly distilled POCl3 and 3.71 

mL (26.6 mmol, 3.1 equiv) freshly distilled Et3N. The reaction was warmed to room temperature 

and stirred for 16 hours. The reaction was washed with H2O (10 mL). This aqueous layer was 

extracted with CH2Cl2 (2 x 10 mL). After drying over Na2SO4, the solution was concentrated to 

give a brown solid which was passed through a short plug of silica with 5% EtOAc in hexanes to 

give a white solid. This organic phosphoryl chloride was carried forward to the next step without 

additional purification.  Step 2: A 250 mL flame-dried RBF was charged with organic phosphoryl 

chloride synthesized above, 1.33 g (8.92 mmol, 1.0 equiv) trifluromethanesulfonamide, 2.14 g 

(17.5 mmol, 2.0 equiv) dimethylaminopyridine, and CH2Cl2 (100 mL). This mixture was stirred at 

room temperature for 24 h. The crude reaction mixture was washed directly with 6 M HCl (20 mL) 

and dried over Na2SO4. The resulting solution was concentrated directly onto silica and purified 

by FCC with 10% → 50% → 70% EtOAc in hexanes. The resulting solid was dissolved in CH2Cl2, 

washed with 6 M HCl (3 x 50 mL), dried over Na2SO4, filtered, and concentrated to give 5.79 g 

(7.54 mmol, 88% yield) of a fine white crystalline solid. Spectroscopic data was consistent with 

that previously reported.42 1H NMR (500 MHz, CDCl3) δ 8.13 (s, 1H), 8.05 (d, J = 8.0 Hz, 1H), 
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8.04 (s, 1H), 8.02 (d, J = 8.0 Hz, 1H), 7.76 (d, J = 8.1 Hz, 2H), 7.64–7.60 (m, 7H), 7.56 (ddd, J = 

8.0, 6.3, 1.4 Hz, 1H), 7.48 (d, J = 8.3 Hz, 1H), 7.45–7.35 (m, 3H), 6.35 (br s, 1H).  

 

(±)-4-trifluoromethylphenyl-BINOL ((trifluoromethyl)sulfonyl)phosphoramidate ((±)-3.2):   

Prepared and isolated through the above procedure for (R)-3.2. Step 1: 12.7 g (22.1 mmol) (±)-

3,3’-Di-(4-trifluoromethyl)phenyl-[1,1’-binaphthalene]-2,2’-diol, 4.3 mL (46 mmol) POCl3, 9.5 

mL (68 mmol) Et3N, and DCM (130 mL) were combined to give a white solid. Step 2: This white 

solid was combined with DCM (250 mL),  3.32 g (22.3 mmol) trifluoromethanesulfonamide, 5.39 

mg (44.1 mmol) DMAP to give 11.6 g (15.1 mmol, 68% yield). Spectral data was consistent with 

that reported above. 

3.5.3 Substrate Synthesis 

General Procedure A: A flame-dried vial was charged with diethyl (2-(methoxy(methyl)amino)-

2-oxoethyl)phosphonate (1.20 equiv) and THF (0.5 M). To this reaction, 60% NaH in mineral oil 

(1.20 equiv) was added portionwise. The reaction was cooled to –78 °C and aldehyde (1.00 equiv) 

dissolved in THF (0.5 M) was added. The reaction was stirred at –78 °C for 1 hour then allowed 

to warm overnight. Water was added to the reaction and the layers were separated. The organic 

layer was washed with sat. aq. NaHCO3. The combined aqueous layers were extracted with EtOAc 

(2x). The combined organic phases were washed with sat. aq. NaCl, dried over Na2SO4, and 

concentrated. The products were purified by FCC eluting from EtOAc/hexanes. 

General Procedure B: A flame-dried vial was charged with substituted cinnamic acid (1.00 

equiv), N,O-dimethylhydroxylamine hydrochloride (1.50 equiv), and CH2Cl2 (0.33 M). To the 

solution was added DMAP (0.20 equiv), EDC (1.50 equiv), and Et3N (1.50 equiv) dropwise. The 

mixture was stirred for 16 hours. The reaction was washed with water, 1 M HCl (2x), and sat. aq. 
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NaHCO3, dried over Na2SO4, and concentrated. The products were purified by FCC eluting from 

EtOAc/hexanes. 

General Procedure C: A flame-dried vial was charged with acyl chloride (1.00 equiv), N,O-

dimethylhydroxylamine hydrochloride (1.10 equiv), and DCM (0.5 M). At 0 °C pyridine (2.50 

equiv) was added dropwise and the reaction was stirred at room temperature for 2 hours. To the 

reaction was added 1 M HCl and the aqueous phase was separated and extracted with Et2O (2x). 

The combined organic phases were washed with sat. aq. NaHCO3 and sat. aq. NaCl, dried over 

Na2SO4, and concentrated. The products were purified by FCC eluting from EtOAc/hexanes. 

General Procedure D: A flame-dried vial was charged with 2-acetyl-1-methylimidazole (1.0 

equiv), and mixture of EtOH and H2O. This solution was sparged briefly with N2 (~5 minutes). 

Aromatic aldehyde (1.0-1.1 equiv, freshly distilled if possible) was then added to the solution, 

followed by a catalytic quantity of KOH. This was then stirred under N2 for 12-16 h (overnight). 

Work-up 1: If the resulting solution was heterogeneous, the product was filtered and washed with 

H2O and cold EtOH to give the pure desired product. Work-up 2: If the resulting solution was 

homogeneous, the crude reaction mixture was diluted with CH2Cl2 and transferred to separatory 

funnel and shaken with H2O. The organic layer was separated and the aqueous extracted with 3-

fold with additional CH2Cl2. The combined organics were dried over Na2SO4, concentrated, then 

purified by FCC.  

General Procedure E: A flame dried RBF was charged with 1-(1-methyl-1H-imidazol-2-yl)-2-

(triphenyl-l5-phosphaneylidene)ethan-1-one (1.0 equiv), aromatic aldehyde (1.0 equiv, freshly 

distilled if possible) and toluene (0.1 M). The RBF was fitted with a reflux condenser and a septum 

was fitted on top. The reaction was heated at 95 ºC under N2 gas, overnight. Work-up: Crude 

reaction mixture was diluted with 1M HCl and diethyl ether. Layers separated and the organic 
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layer was extracted with 1M HCl x2. Aqueous layers were combined and washed with ethyl 

acetate. In the separatory funnel, the aqueous layer was neutralized with sat. aq. Na2CO3 and then 

extracted with DCM x3. Organic layers were combined, dried over Na2SO4, filtered, concentrated, 

then purified by FCC.  

2-acetyl-1-methylimidazole: A solution 2.51 mL (31.5 mmol, 1.05 equiv) 1-methylimidazole in 

THF (75 mL) was prepared in a flame-dried 250 mL RBF. After cooling to –78 °C, 

14.4 mL (10.5 mmol, 1.20 equiv) nBuLi (2.5 M in hexanes) was added portionwise. 

The reaction was warmed to 0 °C for 30 minutes before returning to –78 °C.  A solution of 3.47 

mL (30.0 mmol, 1.0 equiv) 4-acetylmorpholine in THF (50 mL) was prepared in a flame-dried 100 

mL conical bottom flask and added to the solution of deprotonated 1-methylimidazole via cannula. 

The reaction was warmed to room temperature and stirred overnight. The resulting solution was 

stirred vigorously and AcOH (5 mL) was added dropwise. This solution was transferred to 

separatory funnel with EtOAc (100 mL), then washed with sat. aq. NaHCO3 (30 mL) and sat. aq. 

NaCl (30 mL). Each wash solution was extracted with EtOAc (20 mL). The combined organic 

layers were dried over Na2SO4 and concentrated. The product was purified by FCC eluting from 

50% EtOAc in hexanes to give 2.95 g (23.8 mmol, 79% yield) of a colorless oil. The compound 

was consistent with reported spectroscopic data.43 1H NMR (500 MHz, CDCl3) δ 7.14 (s, 1H), 7.03 

(s, 1H), 4.00 (s, 3H), 2.66 (s, 3H). 

2-cinnamoyl-1-methyl-1H-imidazole: A flame-dried 250 mL RBF was charged with 1.50 mL 

(18.8 mmol, 1.20 equiv) N-methylimidazole and THF (50 mL), then cooled to 

–78 °C. A volume of 7.80 mL (18.8 mmol, 1.20 equiv) nBuLi (2.4 M in 

hexanes) was added portionwise. The reaction was warmed to 0 °C for 30 minutes, then returned 

to –78 °C. A solution of 3.01 g (15.7 mmol, 1.0 equiv) N-methoxy-N-methylcinnamide in THF 
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(20 mL) was prepared in a flame-dried conical bottom flask and added to the solution of 

deprotonated 1-methylimidazole via cannula. The reaction was warmed to room temperature and 

stirred overnight. The resulting solution was stirred vigorously, then AcOH (5 mL) was added 

dropwise. This solution was transferred to a separatory funnel with EtOAc (50 mL) and water (20 

mL). The organic layer was separated and the aqueous extracted with EtOAc (3 x 25 mL). The 

combined organic layers were then washed with sat. aq. NaHCO3 (30 mL) and sat. aq. NaCl (30 

mL), dried over Na2SO4, and concentrated. The product was purified by FCC eluting from 40% 

EtOAc in hexanes to give 2.86 g (13.5 mmol, 86% yield) of a white solid. The compound was 

consistent with reported spectroscopic data.44 1H NMR (500 MHz, CDCl3) δ 8.08 (d, J = 16.0 Hz, 

1H), 7.83 (d, J = 16.0 Hz, 1H), 7.72–7.68 (m, 2H), 7.43–7.38 (m, 3H), 7.23 (s, 1H), 7.09 (s, 1H), 

4.10 (s, 3H). 

diethyl (2-(methoxy(methyl)amino)-2-oxoethyl)phosphonate: A flame-dried 50 mL RBF was 

charged  with 3.00 g (21.8 mmol, 1.00 equiv) 2-chloro-N-methoxy-N-

methylacetamide and 3.62 g (21.8 mmol, 1.00 equiv) triethyl phosphite and 

heated to 100 °C for 18 hours. The reaction was distilled under high vacuum at 120 °C and the 

fraction distilling above 120 °C was collected to give 4.21 g (17.6 mmol, 81% yield) of a colorless 

liquid. The compound was consistent with reported spectroscopic data.45 1H NMR (500 MHz, 

CDCl3) δ 4.23–4.13 (m, 4H), 3.78 (s, 3H), 3.22 (s, 3H), 3.17 (d, J = 22.0 Hz, 2H), 1.35 (t, J = 7.1 

Hz, 6H). 

N,N-diethylcinnamamide: A flame-dried 24 mL vial was charged with 0.35 mL (3.33 mmol, 1.10 

equiv) diethylamine, 0.53 mL (3.79 mmol, 1.25 equiv) triethylamine, and 

DCM (6 mL). In one portion 505 mg (3.03 mmol, 1.00 equiv) cinnamoyl 

chloride was added to the reaction and the reaction was stirred for 30 minutes. The reaction was 
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diluted with DCM (20 mL) and washed with 1 M HCl (10 mL) and sat. aq. NaCl (10 mL). The 

organic layer was dried over Na2SO4, and concentrated to give 620 mg (3.05 mmol, 100% yield) 

of a yellow solid. The compound was consistent with reported spectroscopic data.46 1H NMR (500 

MHz, CDCl3) δ 7.70 (d, J = 15.4 Hz, 1H), 7.53–7.52 (m, 2H), 7.37–7.35 (m, 3H), 6.82 (d, J = 15.4 

Hz, 1H), 3.51–3.47 (m, 4H), 1.28–1.18 (m, 6H).  

 N-methyl-N-phenylcinnamamide: A flame-dried 24 mL vial was charged with 0.33 mL (3.00 

mmol, 1.00 equiv) N-methylaniline, 0.52 mL (3.75 mmol, 1.25 equiv) 

triethylamine, and DCM (6 mL). In one portion 500 mg (3.00 mmol, 1.00 

equiv) cinnamoyl chloride was added to the reaction and the reaction was stirred for 30 minutes. 

The reaction was diluted with DCM (20 mL) and washed with 1 M HCl (10 mL) and sat. aq. NaCl 

(10 mL). The organic layer was dried over Na2SO4, and concentrated. The product was purified 

by FCC eluting from 30% EtOAc in hexanes to give 720 mg (3.03 mmol, 100% yield) of a yellow 

oil. The compound was consistent with reported spectroscopic data.46 1H NMR (500 MHz, CDCl3) 

δ 7.67 (d, J = 15.6 Hz, 1H), 7.46–7.43 (m, 1H), 7.35–7.27 (m, 5H), 7.25–7.23 (m, 2H), 6.37 (d, J 

= 15.6 Hz, 1H), 3.42 (s, 3H).  

(E)-N-methoxy-N-methyl-3-(thiophen-2-yl)acrylamide: Synthesized according to General 

Procedure A to give 660 mg (3.53 mmol, 95% yield) of an off-white solid. 

The compound was consistent with reported spectroscopic data.45 1H NMR 

(500 MHz, CDCl3) δ 7.84 (d, J = 15.6 Hz, 1H), 7.34 (d, J = 5.0 Hz, 1H), 7.26–7.25 (m, 1H), 7.05 

(dd, J = 5.1, 3.6 Hz, 1H), 6.82 (d, J = 15.5 Hz 1H), 3.76 (s, 3H), 3.30 (s, 3H). 

(E)-3-(4-(benzyloxy)phenyl)-N-methoxy-N-methylacrylamide: Synthesized according to 

General Procedure A to give 940 mg (3.16 mmol, 90% yield) of a 

white solid. The compound was consistent with reported 
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spectroscopic data.47 1H NMR (500 MHz, CDCl3) δ 7.68 (d, J = 15.8 Hz, 1H), 7.53–7.51 (m, 2H), 

7.44–7.38 (m, 4H), 7.35–7.33 (m, 1H), 6.98–6.97 (m, 2H), 6.90 (d, J = 15.8 Hz, 1H), 5.10 (s, 2H), 

3.76 (s, 3H), 3.30 (s, 3H).  

(E)-3-(1H-indol-5-yl)-N-methoxy-N-methylacrylamide: Synthesized according to General 

Procedure A to give 710 mg (3.08 mmol, 88% yield) of a white solid. 

The compound was consistent with reported spectroscopic data.48 1H 

NMR (500 MHz, CDCl3) δ 8.31 (s, 1H), 7.88 (d, J = 15.7 Hz, 1H), 7.86 (s, 1H), 7.48 (dd, J = 8.5, 

1.7 Hz, 1H), 7.39 (d, J = 8.5 Hz, 1H), 7.24–7.23 (m, 1H), 7.01 (d, J = 15.7 Hz, 1H), 6.60–6.59 (m, 

1H), 3.79 (s, 3H), 3.32 (s, 3H). 

tert-butyl (E)-5-(3-(methoxy(methyl)amino)-3-oxoprop-1-en-1-yl)-1H-indole-1-carboxylate: 

A flame-dried 24 mL vial was charged with 605 mg (2.63 mmol, 1.00 

equiv) (E)-3-(1H-indol-5-yl)-N-methoxy-N-methylacrylamide and 

MeCN (8 mL). To this solution was added 688 mg (3.15 mmol, 1.20 equiv) Boc2O and 3.2 mg 

(0.03 mmol, 0.01 equiv) DMAP at ambient temperature. The reaction was stirred for 20 hours then 

quenched with H2O (10 mL). The aqueous layer was extracted with EtOAc (3 x 10 mL). The 

combined organic layers were washed with sat. aq. NaCl (10 mL), dried over Na2SO4, filtered, and 

concentrated. The product was purified by FCC eluting from 50% EtOAc in hexanes to give 755 

mg (2.29 mmol, 87% yield) of a white solid (mp 127–129 ºC). 1H NMR (500 MHz, CDCl3) δ 8.13 

(d, J = 8.7 Hz, 1H), 7.84 (d, J = 15.7 Hz, 1H), 7.75 (d, J = 1.7 Hz, 1H),  7.61 (d, J = 3.7 Hz, 1H), 

7.56 (dd, J = 8.7 Hz, J = 1.7 Hz, 1H), 7.05 (d, J = 15.7 Hz, 1H), 6.59 (dd, J = 3.7 Hz, J = 0.8 Hz, 

1H), 3.79 (s, 3H), 3.32 (s, 3H), 1.68 (s, 9H). 13C NMR (125 MHz, CDCl3) δ 167.5, 149.7, 144.3, 

136.3, 131.1, 130.1, 127.1, 124.2, 121.6, 115.6, 114.6, 107.6, 84.3, 62.1, 32.8, 28.4. HRMS (ESI) 

calculated for [C18H23N2O4]
+ (M+H+) requires m/z 331.1652, found 331.1647. 
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 (E)-N-methoxy-N-methyl-3-(2-(trifluoromethyl)phenyl)acrylamide: Synthesized according 

to General Procedure B to give 743 mg (2.87 mmol, 96% yield) of a white 

solid. The compound was consistent with reported spectroscopic data.49 

1H NMR (500 MHz, CDCl3) δ 8.09 (dq, J = 15.6, 2.4 Hz, 1H), 7.73 (d, J = 7.8 Hz, 1H), 7.70 (d, J 

= 7.8 Hz, 1H), 7.56 (t, J = 7.0 Hz, 1H), 7.46 (t, J = 7.6 Hz, 1H), 6.98 (d, J = 15.6 Hz, 1H), 3.76 (s, 

3H), 3.32 (s, 3H).  

(E)-3-(benzo[d][1,3]dioxol-5-yl)-N-methoxy-N-methylacrylamide: Synthesized according to 

General Procedure C to give 451 mg (1.92 mmol, 64% yield) of a 

white solid. The compound was consistent with reported 

spectroscopic data.49 1H NMR (500 MHz, CDCl3) δ 7.64 (d, J = 15.7 Hz, 1H), 7.09 (d, J = 1.7 Hz, 

1H), 7.04 (dd, J = 8.1, 1.8 Hz, 1H), 6.86 (d, J = 15.7 Hz, 1H), 6.81 (d, J = 8.0 Hz, 1H), 6.00 (s, 

2H), 3.76 (s, 3H), 3.30 (s, 3H). 

(E)-N-methoxy-3-(4-methoxyphenyl)-N-methylacrylamide: Synthesized according to General 

Procedure B to give 595 mg (2.69 mmol, 90% yield) of a white solid. 

The compound was consistent with reported spectroscopic data.45 1H 

NMR (500 MHz, CDCl3) δ 7.69 (d, J = 15.8 Hz, 1H), 7.54–7.52 (m, 2H), 6.93–6.89 (m, 3H), 3.84 

(s, 3H), 3.76 (s, 3H), 3.30 (s, 3H). 

 (E)-3-(4-chlorophenyl)-N-methoxy-N-methylacrylamide: Synthesized according to General 

Procedure B to give 430 mg (1.91 mmol, 64% yield) of a white solid. 

The compound was consistent with reported spectroscopic data.45 1H 

NMR (500 MHz, CDCl3) δ 7.68 (d, J = 15.8 Hz, 1H), 7.51–7.49 (m, 2H), 7.37–7.35 (m, 2H), 7.01 

(d, J = 15.8 Hz, 1H), 3.77 (s, 3H), 3.31 (s, 3H).  
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 (E)-3-(4-fluorophenyl)-N-methoxy-N-methylacrylamide: Synthesized according to General 

Procedure C to give 540 mg (2.58 mmol, 95% yield) of a white solid. 

The compound was consistent with reported spectroscopic data.50 1H 

NMR (500 MHz, CDCl3) δ 7.70 (d, J = 15.8 Hz, 1H), 7.57–7.54 (m, 2H), 7.09–7.06 (m, 2H), 6.96 

(d, J = 15.8 Hz, 1H), 3.77 (s, 3H), 3.31 (s, 3H).  

(E)-N-methoxy-N-methylcinnamamide: Synthesized according to General Procedure C to give 

5.31 g (27.8 mmol, 94% yield) of a white solid. The compound was 

consistent with reported spectroscopic data.51  1H NMR (500 MHz, 

CDCl3) δ 7.74 (d, J = 15.9 Hz, 1H), 7.59–7.56 (m, 2H), 7.41–7.36 (m, 3H), 7.04 (d, J = 15.9 Hz, 

1H), 3.77(s, 3H), 3.32 (s, 3H).  

(E)-1-(1-methyl-1H-imidazol-2-yl)-3-phenylprop-2-en-1-one: Synthesized according to 

General Procedure D using 502.3 mg (4.0 mmol, 1.0 equiv) 2-acetyl-1-

methylimidazole, 0.5 mL (4.4 mmol, 1.1 equiv) benzaldehyde, ~25 mg 

(1/2 pellet) KOH, EtOH (16 mL), and H2O (8 mL). Work-up 2, then the product was purified by 

FCC eluting from 30% EtOAc in pentanes to give 671.2 mg (3.16 mmol, 78% yield) of a white 

solid. The compound was consistent with reported spectroscopic data.44 1H NMR (400 MHz, 

CDCl3) δ 8.08 (d, J = 16.0 Hz, 1H), 7.83 (d, J = 16.0 Hz, 1H), 7.72–7.68 (m, 2H), 7.43–7.38 (m, 

3H), 7.23 (s, 1H), 7.09 (s, 1H), 4.10 (s, 3H).  

(E)-3-(4-methoxyphenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one: Synthesized 

according to General Procedure D using 372.7 mg (3.0 mmol, 1.0 

equiv) 2-acetyl-1-methylimidazole, 0.26 mL (3.0 mmol, 1.0 equiv) 

4-methoxybenzaldehyde, ~25 mg (½ pellet) KOH, EtOH (6 mL), and H2O (3 mL). Work-up 2, 

then the product was purified by FCC eluting from 50% Et2O in pentanes to give 381.9 mg (1.58 
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mmol, 53% yield) of an off-white solid. The compound was consistent with reported spectroscopic 

data.42 1H NMR (400 MHz, CDCl3) δ 7.96 (d, J = 15.9 Hz, 1H), 7.80 (d, J = 15.9 Hz, 1H), 7.66 

(d, J = 8.7 Hz, 1H), 7.21 (s, 1H), 7.07 (s, 1H), 6.92 (d, J = 8.7 Hz, 1H), 4.10 (s, 3H), 3.85 (s, 3H).  

(E)-3-(3-methoxyphenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one: Synthesized 

according to  General Procedure D using 383.1 mg (3.0 mmol, 1.0 

equiv) 2-acetyl-1-methylimidazole, 0.45 mL (3.3 mmol, 1.1 equiv) 

3-methoxybenzaldehyde, ~25 mg (½ pellet) KOH, EtOH (10 mL), and H2O (5 mL). Work-up 2, 

then the product was purified by FCC eluting from 40% EtOAc in pentanes to give 564.7 mg (2.33 

mmol, 76% yield) of a light-yellow solid. The compound was consistent with reported 

spectroscopic data.42 1H NMR (400 MHz, CDCl3) δ 8.05 (d, J = 16.1 Hz, 1H), 7.80 (d, J = 16.1 

Hz, 1H), 7.32 (t, J = 7.7 Hz, 1H), 7.28 (dt, J = 7.7, 1.5 Hz, 1H), 7.23 (s, 1H), 7.21 (t, J = 1.8 Hz, 

1H), 7.09 (s, 1H), 6.95 (ddd, J = 7.8 2.4, 1.2 Hz, 1H), 4.10 (s, 1H), 3.86 (s, 1H).  

(E)-3-(2-methoxyphenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one: Synthesized 

according to General Procedure D using 499.6 mg (4.0 mmol, 1.0 equiv) 

2-acetyl-1-methylimidazole, 0.41 mL (4.4 mmol, 1.1 equiv) 2-

methoxybenzaldehyde, ~25 mg (½ pellet) KOH, EtOH (8 mL). Work-up 2, then the product was 

purified by FCC eluting from 50% Et2O in pentanes to give 877.2 mg (3.6 mmol, 90% yield) of 

an off-white solid. The compound was consistent with reported spectroscopic data.42 1H NMR 

(400 MHz, CDCl3) δ 8.24 (d, J = 16.2 Hz, 1H), 8.09 (d, J = 16.2 Hz, 1H), 7.76 (dd, J = 7.6, 1.6 

Hz, 1H), 7.37 (ddd, J = 8.9, 7.6, 1.6 Hz, 1H), 7.21 (s, 1H), 7.07 (s, 1H), 6.97 (t, J = 7.6 Hz, 1H), 

6.93 (t, J = 8.9 Hz, 1H), 4.10 (s, 3H), 3.91 (s, 3H). 

(E)-1-(1-methyl-1H-imidazol-2-yl)-3-(naphthalen-2-yl)prop-2-en-1-one: Synthesized 

according to General Procedure D using 370.0 mg (3.0 mmol, 1.0 
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equiv) 2-acetyl-1-methylimidazole, 0.52 mg (3.3 mmol, 1.1 equiv) 2-napthaldehyde, ~25 mg (1/2 

pellet) KOH, EtOH (6 mL), and H2O (3 mL). Work-up 1 to give 610.3 mg (2.32 mmol, 78% yield) 

of an off-white solid. The compound was consistent with reported spectroscopic data.42 1H NMR 

(500 MHz, CDCl3) δ 8.20 (d, J = 15.9 Hz, 1H), 8.09 (s, 1H), 8.00 (d, J = 16.0 Hz, 1H), 7.89–7.83 

(m, 4H), 7.53–7.51 (m, 2H), 7.25 (s, 1H), 7.10 (s, 1H), 4.13 (s, 3H). 

(E)-3-(4-chlorophenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one: Synthesized 

according to General Procedure D using 248.2 mg (2.0 mmol, 1.0 

equiv) 2-acetyl-1-methylimidazole, 315.0 mg (2.2 mmol, 1.1 equiv) 4-

chlorobenzaldehyde, ~25 mg (1/2 pellet) KOH, EtOH (8 mL), and H2O (4 mL). Work-up 1 to give 

340.1 mg (1.38 mmol, 69% yield) of a white solid. The compound was consistent with reported 

spectroscopic data.42 1H NMR (500 MHz, CDCl3) δ 8.04 (d, J = 16.0 Hz, 1H), 7.76 (d, J = 16.0 

Hz, 1H), 7.62 (d, J = 8.5 Hz, 2H), 7.37 (d, J = 8.5 Hz, 2H), 7.22 (s, 1H), 7.09 (s, 1H), 4.10 (s, 3H). 

(E)-1-(1-methyl-1H-imidazol-2-yl)-3-(p-tolyl)prop-2-en-1-one: Synthesized according to 

General Procedure D using 248.0 mg (2.0 mmol, 1.0 equiv) 2-acetyl-

1-methylimidazole, 0.26 mL (2.2 mmol, 1.1 equiv) p-tolualdehyde, 

~25 mg (1/2 pellet) KOH, EtOH (8 mL), and H2O (4 mL). Work-up 2, then the product was 

purified by FCC eluting from 30% EtOAc in hexanes to give 323.3 mg (1.43 mmol, 71% yield) of 

a white solid. The compound was consistent with reported spectroscopic data.42 1H NMR (500 

MHz, CDCl3) δ 8.03 (d, J = 16.0, 1H), 7.81 (d, J = 16.0 Hz, 1H), 7.60 (d, J = 8.1 Hz, 2H), 7.22 

(m, 2H), 7.20 (s, 1H), 7.07 (s, 1H), 4.10 (s, 3H), 2.38 (s, 3H). 

(E)-1-(1-methyl-1H-imidazol-2-yl)-3-(o-tolyl)prop-2-en-1-one: Synthesized according to 

General   Procedure D using 198.1 mg (1.5 mmol, 1.0 equiv) 2-acetyl-1-

methylimidazole, 0.2 mL (1.7 mmol, 1.1 equiv) 2-methylbenzaldehyde, 
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~25 mg (1/2 pellet) KOH, EtOH (6 mL), and H2O (3 mL). Work-up 1 to give 275.3 mg (1.22 

mmol, 76% yield) of an off-white solid. The compound was consistent with reported spectroscopic 

data.52 1H NMR (500 MHz, CDCl3) δ 8.15 (d, J = 15.9 Hz, 1H), 8.02 (d, J = 15.9 Hz, 1H), 7.81 (d, 

J = 7.6 Hz, 1H), 7.29 (t, J = 6.7 Hz, 1H), 7.25–7.19 (m, 3H), 7.08 (s, 1H), 4.11 (s, 3H), 2.50 (s, 

3H).  

(E)-3-(2-fluorophenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one: Synthesized according 

to General Procedure D using 258.0 mg (2.1 mmol, 1.0 equiv) 2-acetyl-1-

methylimidazole, 0.23 mL (2.2 mmol, 1.1 equiv) 2-fluorobenzaldehyde, 

~25 mg (1/2 pellet) KOH, EtOH (8 mL), and H2O (4 mL). Work-up 1 to give 269.9 mg (1.17 

mmol, 56% yield) of a white solid. The compound was consistent with reported spectroscopic 

data.42 1H NMR (400 MHz, CDCl3) δ 8.13 (d, J = 16.2 Hz, 1H), 8.02 (d, J = 16.2 Hz, 1H), 7.77 

(td, J = 7.6, 1.7 Hz, 1H), 7.39–7.35 (m, 1H), 7.23 (d, J = 0.9 Hz, 1H), 7.17 (t, J = 7.6 Hz, 1H), 

7.13–7.09 (m, 2H), 4.10 (s, 3H). 

(E)-1-(1-methyl-1H-imidazol-2-yl)-3-(thiophen-2-yl)prop-2-en-1-one: Synthesized according 

to General Procedure D using 250.0 mg (2.0 mmol, 1.0 equiv) 2-acetyl-1-

methylimidazole, 0.21 mL (2.2 mmol, 1.1 equiv) 2-

thiophenecarboxaldehyde, ~25 mg (1/2 pellet) KOH, EtOH (8 mL), and H2O (4 mL). Work-up 2, 

then the product was purified by FCC eluting from 40% EtOAc in hexanes to give 331.0 mg (1.52 

mmol, 75% yield) of an off-white solid. The compound was consistent with reported spectroscopic 

data.42 1H NMR (400 MHz, CDCl3) δ 7.95 (d, J = 15.7 Hz, 1H), 7.84 (d, J = 15.7 Hz, 1H), 7.42 

(d, J = 5.0 Hz, 1H), 7.38 (d, J = 3.5 Hz, 1H), 7.22 (s, 1H), 7.08 (s, 1H), 7.08 (dd, J = 5.0, 3.5 Hz, 

1H), 4.09 (s, 3H). 
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(E)-3-(2-iodophenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one: Synthesized according 

to General  Procedure D using 247.5 mg (2.0 mmol, 1.0 equiv) 2-acetyl-1-

methylimidazole, 515.0 mL (2.2 mmol, 1.1 equiv) 2-iodobenzaldehyde, 

~25 mg (1/2 pellet) KOH, EtOH (8 mL), and H2O (4 mL). Work-up 1 to give 508.4 mg (1.50 

mmol, 75% yield) of an off-white solid. The compound was consistent with reported spectroscopic 

data.53 1H NMR (500 MHz, CDCl3) δ 8.05 (d, J = 15.8 Hz, 1H), 7.97 (d, J = 15.8 Hz, 1H), 7.91 

(dd, J = 8.0, 1.2 Hz, 1H), 7.82 (dd, J = 7.9, 1.6 Hz, 1H), 7.37 (t, J = 8.0 Hz, 1H), 7.22 (d, J = 0.9 

Hz, 1H), 7.10 (s, 1H), 7.06 (td, J = 7.7, 1.6 Hz, 1H), 4.11 (s, 3H). 

(E)-3-(3-bromophenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one: Synthesized 

according to General  Procedure D using 503.8 mg (4.0 mmol, 1.0 

equiv) 2-acetyl-1-methylimidazole, 0.51 mL (4.4 mmol, 1.1 equiv) 3-

bromobenzaldehyde, ~25 mg (1/2 pellet) KOH, EtOH (16 mL), and H2O (8 mL). Work-up 2, then 

the product was purified by FCC eluting from 30% EtOAc in hexanes to give 637.2 mg (2.19 

mmol, 54% yield) of an off-white solid (mp = 104–108 ºC). 1H NMR (600 MHz, CDCl3) δ 8.06 

(d, J = 16.0 Hz, 1H), 7.85 (t, J = 1.8 Hz, 1H), 7.72 (d, J = 16.0 Hz), 7.60–7.56 (m, 1H), 7.52–7.48 

(m, 1H), 7.29–7.24 (m, 1H), 7.23 (s, 1H), 7.09 (s, 1H), 4.09 (s, 3H). 13C NMR (150 MHz, CDCl3) 

δ 180.0, 143.9, 141.4, 137.0, 133.1, 131.1, 130.3, 129.5, 127.5, 127.4, 124.1, 123.0, 36.4. HRMS 

(ESI) calculated for [C13H11BrN2O]+ (M+H+) requires m/z 291.0128, found 291.0125.  

(E)-3-(4-ethynylphenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one: Synthesized 

according to  General  Procedure D using 254.4 mg (2.05 mmol, 1.0 

equiv) 2-acetyl-1-methylimidazole, 289.3 mg (2.2 mmol, 1.1 equiv) 

4-ethynylbenzaldehyde, ~25 mg (1/2 pellet) KOH, EtOH (8 mL), and H2O (4 mL). Work-up 1 to 

give 166.2 mg (0.7 mmol, 34% yield) of a white solid (mp = 138–140 °C). 1H NMR (600 MHz, 
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CDCl3) δ 8.08 (d, J = 16.0 Hz, 1H), 7.78 (d, J = 16.0 Hz, 1H), 7.65 (d, J = 8.3 Hz, 2H), 7.52 (d, J 

= 8.3 Hz, 2H), 7.23 (s, 1H), 7.09 (s, 1H), 4.10 (s, 3H), 7.20 (s, 1H). 13C NMR (150 MHz, CDCl3) 

δ 180.2, 144.0, 142.1, 135.3, 132.5, 129.4, 128.5, 127.4, 124.0, 123.7, 83.3, 79.3, 36.4. HRMS 

(ESI) calculated for [C15H12N2O]+ (M+Na+) requires m/z 259.0852, found 259.0840.  

(E)-3-(4-(tert-butyl)phenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one: Synthesized 

according to  General  Procedure D using 254.8 mg (2.05 mmol, 1.0 

equiv) 2-acetyl-1-methylimidazole, 0.37 mL (2.2 mmol, 1.1 equiv) 4-

(tert-butyl)benzaldehyde, ~25 mg (1/2 pellet) KOH, EtOH (8 mL), and H2O (4 mL). Work-up 2, 

then the product was purified by FCC eluting from 20% EtOAc in pentanes to give 458.3 mg (1.71 

mmol, 83% yield) of a white solid (mp = 102–107 ºC). 1H NMR (600 MHz, CDCl3) δ 8.05 (d, J = 

16.0 Hz, 1H), 7.83 (d, J = 16.0 Hz, 1H), 7.64 (d, J = 8.4 Hz, 2H), 7.42 (d, J = 8.4 Hz, 2H), 7.22 (s, 

1H), 7.07 (s, 1H), 4.09 (s, 3H), 1.33 (s, 9H). 13C NMR (150 MHz, CDCl3) δ 180.6, 154.1, 144.1, 

143.4, 132.2, 129.2, 128.7, 127.2, 125.8, 121.9, 36.4, 34.9, 31.2. HRMS (ESI) calculated for 

[C17H20N2O]+ (M+Na+) requires m/z 291.1468, found 291.1465.  

(E)-1-(1-methyl-1H-imidazol-2-yl)-3-(6-(trifluoromethyl)pyridin-3-yl)prop-2-en-1-one: 

Synthesized  according to General  Procedure E using 214.4 mg (0.56 

mmol, 1.0 equiv) 1-(1-methyl-1H-imidazol-2-yl)-2-(triphenyl-l5-

phosphaneylidene)ethan-1-one, 98.5 mg (0.56 mmol, 1.0 equiv) 6-

(trifluoromethyl)nicotinaldehyde, and 5.6 mL Toluene (0.1 M). Work-up crude reaction mixture 

then purify by FCC with 7:3 EtOAc/pentanes to give 115.1 mg (0.41 mmol, 73% yield) of a white 

powder (mp 102–105 ºC). 1H NMR (400 MHz, CDCl3) δ 8.94 (d, J = 2.1 Hz, 1H), 8.22 (d, J = 

16.2 Hz, 1H), 8.18 (dd, J = 8.1, 2.0 Hz, 1H), 7.81 (d, J = 16.2 Hz, 1H), 7.73 (d, J =  8.2 Hz, 1H), 

7.25 (s, 1H), 7.14 (s, 1H), 4.11 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 179.3, 150.2, 148.8 (q, J = 
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35.0 Hz), 143.6, 137.3, 135.8, 133.5, 129.8, 127.9, 127.0, 121.4 (q, J = 274.1 Hz), 120.6 (q, J = 

2.8 Hz), 36.4. 19F NMR (377 MHz, CDCl3) δ –67.98. HRMS (ESI) calculated for [C13H10F3N3O]+ 

(M+H+) requires m/z 282.08487, found 282.0849.  

3.5.4 Asymmetric [2+2] Dimerization Photocycloaddition Reactions 

General Procedure for Isolation-Scale Asymmetric [2+2] Photodimerization Reactions: A 12 

mL vial was charged with 1-methylimidazoyl enone (0.4 mmol, 1.0 equiv), (R)-3.2 (0.08 mmol, 

0.2 equiv), and toluene (8 mL). The dram vial was then sealed with a white teflon cap and irradiated 

with a Kessil H150 Tuna Blue lamp for 24 hours at room temperature in a water bath. The crude 

reaction mixture was transferred to a small Erlenmeyer flask with CH2Cl2 and triethylamine (0.6 

mL) was added. The resulting solution was dried over Na2SO4, filtered, concentrated, and analyzed 

by 1H-NMR vs. internal standard (phenanthrene) to determine yield and diastereomeric ratio. The 

crude mixture was then purified by flash column chromatography (FCC) eluting from EtOAc in 

pentanes to isolate a single diastereomer. Only the major diastereomer of each reaction was 

characterized despite three diastereomers being present in the crude NMR. The reported 

diastereomer ratio is a ratio of the major diastereomer to the combined minor diastereomers. 

(3,4-diphenylcyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-yl)methanone) (3.4): 

Prepared by combining 1.061 g (5 mmol, 1.0 equiv) (E)-1-(1-methyl-

1H-imidazol-2-yl)-3-phenylprop-2-en-1-one, 193.0 mg (0.25 mmol, 

0.05 equiv) (R)-3.2, and toluene (100 mL) in a 500 mL RBF. The 

reaction was irradiated with two Kessil H150 Tuna Blue lamps for 24 hours at room temperature 

with fans for cooling. The crude product was purified by FCC eluting from a gradient of 20% → 

80% EtOAc in pentanes to give 203.1 mg (0.237 mmol, 94% recovered yield) (R)-3.2 and 789.3 

mg (1.86 mmol, 74% yield) of one diastereomer (6:1 d.r.). Major diastereomer: 99% ee [Daicel 
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CHIRALPAK AS-H, 5% to 50% iPrOH, 28 min, 1 mL/min, t1=11.12 min, t2=12.47 min]. White 

solid (mp 149–151 ºC). [α]D
22 +5.1° (c0.935, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.41–7.37 

(m, 4H), 7.30–7.24 (m, 4H), 7.21–7.16 (m, 2H), 6.87 (s, 2H), 6.79 (s, 2H), 4.73–4.68 (m, 2H), 

4.14–4.09 (m, 2H), 4.01 (s, 6H). 13C NMR (125 MHz, CDCl3) δ 190.7, 143.0, 142.1, 128.9, 128.4, 

127.3, 126.7, 126.6, 49.4, 45.1, 35.9. HRMS (ESI) calculated for [C26H25N4O2]
+ (M+H+) requires 

m/z 425.19720, found 425.1972. 

 (3,4-bis(3-bromophenyl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-yl)methanone): 

Prepared according to the general procedure for isolation-scale 

asymmetric experiments using 117.8 mg (0.40 mmol, 1.0 equiv) (E)-3-

(3-bromophenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one, 62.5 

mg (0.08 mmol, 0.2 equiv) (R)-3.2, and toluene (8 mL). The resulting 

material was purified by FCC eluting from a gradient of 40% → 60% EtOAc in pentanes to give 

62.1 mg (0.11 mmol, 53% yield) of one diastereomer (5:1 d.r.). Major diastereomer: 99% ee 

[Daicel CHIRALPAK AD, 5% to 50% iPrOH, 28 min, 1 mL/min, t1=10.94 min, t2=13.16 min]. 

White solid (mp = 55–60 ºC). [α]D
22 +29.3° (c0.45, CH2Cl2). 

1H NMR (600 MHz, CDCl3) δ 7.54 

(t, J = 1.9 Hz, 2H), 7.36–7.32 (m, 2H), 7.32–7.28 (m, 2H), 7.16 (t, J = 7.8Hz, 2H), 6.91 (s, 2H), 

6.81 (s, 2H), 4.68–4.61 (m, 2H), 4.08–4.02 (m, 2H), 4.03 (s, 6H). 13C NMR (150 MHz, CDCl3) δ 

190.0, 144.0, 142.8, 130.3, 130.1, 130.0, 129.0, 126.9, 126.0, 122.7, 49.3, 44.5, 35.9. HRMS (ESI) 

calculated for [C26H22Br2N4O2Na]+ (M+Na+) requires m/z 603.0002, found 603.0003. 
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(3,4-bis(4-ethynylphenyl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-yl)methanone) 

(3.13): Prepared according to the general procedure for isolation-scale 

asymmetric experiments using 94.9 mg (0.40 mmol, 1.0 equiv) (E)-3-

(4-ethynylphenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one, 

63.5 mg (0.08 mmol, 0.2 equiv) (R)-3.2, and toluene (8 mL). The 

resulting material was purified by FCC eluting from a gradient of 40% → 60% EtOAc in pentanes 

to give 49.8 mg (0.106 mmol, 53% yield) of one diastereomer (12:1 d.r.). Major diastereomer: 

99% ee [Daicel CHIRALPAK AS-H, 5% to 50% iPrOH, 28 min, 1 mL/min, t1=13.33 min, 

t2=15.78 min]. White solid (mp = 163–166 ºC). [α]D
22 +106.8° (c1.65, CH2Cl2). 

1H NMR (600 

MHz, CDCl3) δ 7.42 (d, J = 8.3 Hz, 4 H), 7.33 (d, J = 8.3 Hz, 4H), 6.91 (s, 2H), 6.81 (d, J = 0.9 

Hz, 2H), 4.74–4.67 (m, 2H), 4.08–4.02 (m, 2H), 4.02 (S, 6H), 3.04 (s, 2H).  13C NMR (150 MHz, 

CDCl3) δ 190.3, 142.8, 142.7, 132.3, 129.0, 127.2, 126.9, 120.5, 83.6, 77.0, 49.0, 45.2, 35.9. 

HRMS (ESI) calculated for [C30H25N4O2]
+ (M+H+) requires m/z 473.1972, found 473.1971. 

(3,4-bis(4-(tert-butyl)phenyl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-

yl)methanone) (3.9): Prepared according to the general procedure for 

isolation-scale asymmetric experiments using 108.2 mg (0.40 mmol, 

1.0 equiv) (E)-3-(4-(tert-butyl)phenyl)-1-(1-methyl-1H-imidazol-2-

yl)prop-2-en-1-one, 61.6 mg (0.08 mmol, 0.2 equiv) (R)-3.2, and 

toluene (8 mL). The resulting material was purified by FCC eluting from a gradient of 40% → 

60% EtOAc in pentanes to give 83.2 mg (0.16 mmol, 77% yield) of one diastereomer (10:1 d.r.). 

Major diastereomer: 96% ee [Daicel CHIRALPAK OD-H, 5% to 50% iPrOH, 28 min, 1 mL/min, 

t1=8.48 min, t2=9.65 min]. White solid (mp = 158–161 ºC). [α]D
22 +116.0° (c0.05, CH2Cl2). 

1H 

NMR (400 MHz, CDCl3) δ 7.33 (d, J = 8.5 Hz, 4H), 7.29 (d, J = 8.5 Hz, 4H), 6.88 (s, 2H), 6.79 
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(s, 2H), 4.67–4.62 (m, 2H),  4.12–4.07 (m, 2H), 4.02 (s, 6H), 1.27 (s, 18H). 13C NMR (100 MHz, 

CDCl3) δ 190.9, 149.3, 143.1, 139.1, 128.8, 127.0, 126.6, 12535, 49.7, 44.5, 35.9, 34.4, 31.4. 

HRMS (ESI) calculated for [C34H41N4O2]
+ (M+H+) requires m/z 537.3224, found 537.3226. 

(3,4-di(naphthalen-2-yl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-yl)methanone): 

Prepared according to the general procedure for isolation-scale 

asymmetric experiments using  105.1 mg (0.4 mmol, 1.0 equiv) (E)-

1-(1-methyl-1H-imidazol-2-yl)-3-(naphthalen-2-yl)prop-2-en-1-

one,  61.9 mg (0.08 mmol, 0.2 equiv) (R)-3.2, and toluene (8 mL). 

The resulting material was purified by FCC eluting from a gradient of 50% → 70% EtOAc in 

pentanes to give 70.2 mg (0.13 mmol, 67% yield) of one  diastereomer (12:1 d.r.). Major 

diastereomer: 99% ee [Daicel CHIRALPAK AS-H, 5% to 50% iPrOH, 28 min, 1 mL/min, 

t1=14.10 min, t2=16.01 min]. Off-white solid (mp 184–187 ºC). [α]D
22 +108.4° (c0.585, CH2Cl2).

 

1H NMR (500 MHz, CDCl3) δ 7.89 (s, 2H), 7.81–7.74 (m, 6H), 7.54 (dd, J = 8.5, 1.8 Hz, 2H), 

7.45–7.37 (m, 4H), 6.91 (s, 2H), 6.83 (s, 2H), 4.94–4.88 (m, 2H), 4.38–4.32 (m, 2H), 4.06 (s, 6H). 

13C NMR (125 MHz, CDCl3) δ 190.7, 143.0, 139.5, 133.5, 132.5, 129.0, 128.2, 127.8, 127.6, 

126.8, 125.9, 125.82, 125.79, 125.4, 49.3, 45.7, 35.9. HRMS (ESI) calculated for [C34H29N4O2]
+ 

(M+H+) requires m/z 525.2285, found 525.2284. 

(3,4-bis(4-chlorophenyl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-yl)methanone) 

(3.10): Prepared according to the general procedure for isolation-scale 

asymmetric experiments using 100.2 mg (0.4 mmol, 1.0 equiv) (E)-3-(4-

chlorophenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one, 61.4 mg 

(0.08 mmol, 0.2 equiv) (R)-3.2, and toluene (8 mL). The resulting 

material was purified by FCC eluting from a gradient of 50% → 70% EtOAc in pentanes to give 
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71.9 mg (0.15 mmol, 72% yield) of one diastereomer (8:1 d.r.). Major diastereomer: 99% ee 

[Daicel CHIRALPAK AS-H, 5% to 50% iPrOH, 28 min, 1 mL/min, t1=11.88 min, t2=14.50 min]. 

Off-white solid (mp 155–158 ºC). [α]D
22 +64.5° (c0.44, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 

7.30 (d, J = 8.5 Hz, 4H), 7.25 (d, J = 8.5 Hz, 4H), 6.91 (s, 2H), 6.82 (s, 2H), 4.70–4.65 (m, 2H), 

4.02 (s, 6H), 4.00–3.96 (m, 2H). 13C NMR (125 MHz, CDCl3) δ 190.3, 142.8, 140.2, 132.6, 129.0, 

128.63, 128.60, 126.9, 49.1, 44.9, 35.9. HRMS (ESI) calculated for [C26H23Cl2N4O2]
+ (M+H+) 

requires m/z 493.11926, found 493.1188. 

(3,4-di(thiophen-2-yl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-yl)methanone) 

(3.14): Prepared according to the general procedure for isolation-scale 

asymmetric experiments using 89.3 mg (0.4 mmol, 1.0 equiv) (E)-1-(1-

methyl-1H-imidazol-2-yl)-3-(thiophen-2-yl)prop-2-en-1-one, 62.8 mg 

(0.08 mmol, 0.2 equiv) (R)-3.2, and toluene (8 mL). The resulting material was purified by FCC 

eluting from a gradient of 50% → 70% EtOAc in pentanes to give 55.3 mg (0.13 mmol, 61% yield) 

of one diastereomer (11:1 d.r.). Major diastereomer: 96% ee [Daicel CHIRALPAK AD, 5% to 

50% iPrOH, 28 min, 1 mL/min, t1=17.54 min, t2=20.17 min]. Off-white solid (mp 129–132 ºC). 

[α]D
22 +166.0° (c0.20, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.16 (dd, J = 5.0, 1.2 Hz, 2H), 7.05 

(dd, J = 3.5, 1.2 Hz, 2H), 6.93 (dd, J = 5.1, 3.5 Hz, 2H), 6.90 (s, 2H), 6.82 (s, 2H), 4.72–4.65 (m, 

2H), 4.24–4.17 (m, 2H), 4.03 (s, 6H). 13C NMR (125 MHz, CDCl3) δ 189.7, 145.0, 142.9, 129.0, 

126.9, 126.8, 124.3, 124.1, 50.5, 42.7, 35.9. HRMS (ESI) calculated for [C22H21N4O2S2]
+ (M+H+) 

requires m/z 437.11004, found 437.1102.  
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 (3,4-di-p-tolylcyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-yl)methanone) (3.11): 

Prepared according to the general procedure for isolation-scale 

asymmetric experiments using 93.1 mg (0.4 mmol, 1.0 equiv) (E)-1-(1-

methyl-1H-imidazol-2-yl)-3-(p-tolyl)prop-2-en-1-one, 60.4 mg (0.08 

mmol, 0.2 equiv) (R)-3.2, and toluene (8 mL). The resulting material 

was purified by FCC eluting from a gradient of 50% → 70% EtOAc in pentanes to give 71.2 mg 

(0.16 mmol, 76% yield) of one diastereomer (15:1 d.r.). Major diastereomer: 96% ee [Daicel 

CHIRALPAK AS-H, 5% to 50% iPrOH, 28 min, 1 mL/min, t1=9.55 min, t2=10.85 min]. Off-white 

solid (mp 50–57 ºC). [α]D
22 +66.6° (c0.625, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.27 (d, J = 

8.1 Hz, 4H), 7.08 (d, J = 7.9 Hz, 4H), 6.87 (s, 2H), 6.80 (s, 2H), 4.70–4.64 (m, 2H), 4.05–3.99 (m, 

2H), 4.01 (s, 6H), 2.29 (s, 6H). 13C NMR (125 MHz, CDCl3) δ 190.9, 143.1, 139.1, 136.1, 129.1, 

128.9, 127.2, 126.6, 49.4, 45.1, 35.9, 21.1. HRMS (ESI) calculated for [C28H29N4O2]
+ (M+H+) 

requires m/z 453.2285, found 453.2279.  

(3,4-di-o-tolylcyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-yl)methanone) (3.5): 

Prepared according to the general procedure for isolation-scale 

asymmetric experiments using 93.2 mg (0.4 mmol, 1.0 equiv) (E)-1-(1-

methyl-1H-imidazol-2-yl)-3-(o-tolyl)prop-2-en-1-one, 61.2 mg (0.08 

mmol, 0.2 equiv) (R)-3.2, and toluene (8 mL). The resulting material was purified by FCC eluting 

from a gradient of 50% → 70% EtOAc in pentanes to give 73.1 mg (0.16 mmol, 78% yield) of one 

diastereomer (7:1 d.r.). Major diastereomer: 98% ee [Daicel CHIRALPAK IC, 5% to 50% iPrOH, 

28 min, 1 mL/min, t1=10.50 min, t2=14.25 min]. Off-white solid (mp 146–150 ºC). [α]D
22 +67.9° 

(c0.84, CH2Cl2). 
1H NMR (500 MHz, CDCl3) δ 7.76 (d, J = 7.8 Hz, 2H), 7.23 (t, J = 7.0 Hz, 2H), 

7.07 (td, J = 7.4, 1.3 Hz, 2H), 7.01 (d, J = 6.7 Hz, 2H), 6.87 (s, 2H), 6.79 (s, 2H), 4.82–4.76 (m, 
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2H), 4.36–4.31 (m, 2H), 4.01 (s, 6H), 2.11 (s, 6H). 13C NMR (125 MHz, CDCl3) δ 190.9, 143.1, 

140.4, 136.2, 129.9, 128.9, 127.0, 126.6, 126.4, 126.3, 49.0, 42.1, 35.9, 20.1. HRMS (ESI) 

calculated for [C28H29N4O2]
+ (M+H+) requires m/z 453.22850, found 453.2277.  

(3,4-bis(4-methoxyphenyl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-yl)methanone) 

(3.12): Prepared according to the general procedure for isolation-scale 

asymmetric experiments using 99.7 mg (0.4 mmol, 1.0 equiv) (E)-3-

(4-methoxyphenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one, 

63.9 mg (0.08 mmol, 0.2 equiv) (R)-3.2, and toluene (8 mL). The 

resulting material was purified by FCC eluting from a gradient of 60% → 80% EtOAc in pentanes 

to give 77.2 mg (0.16 mmol, 77% yield) of one diastereomer (9:1 d.r.). Major diastereomer: 93% 

ee [Daicel CHIRALPAK AS-H, 5% to 50% iPrOH, 28 min, 1 mL/min, t1=15.63 min, t2=18.62 

min]. Off-white solid (mp 108–112 ºC). [α]D
22 +68.0° (c0.465, CH2Cl2). 

1H NMR (500 MHz, 

CDCl3) δ 7.30 (d, J = 8.7 Hz, 4H), 6.88 (s, 2H), 6.82 (d, J = 8.8 Hz, 4H), 6.80 (s, 2H), 4.68–4.61 

(m, 2H), 4.02 (s, 6H), 3.99–3.94 (m, 2H), 3.76 (s, 6H). 13C NMR (125 MHz, CDCl3) δ 190.9, 

158.3, 143.1, 134.3, 128.9, 128.3, 126.6, 113.8, 55.2, 49.5, 45.1, 35.9. HRMS (ESI) calculated for 

[C28H29N4O4]
+ (M+H+) requires m/z 485.21833, found 485.2183. 

(3,4-bis(2-fluorophenyl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-yl)methanone) 

(3.6): Prepared according to the general procedure for isolation-scale 

asymmetric experiments using 92.2 mg (0.4 mmol, 1.0 equiv) (E)-3-(2-

fluorophenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one, 61.5 mg 

(0.08 mmol, 0.2 equiv) (R)-3.2, and toluene (8 mL). The resulting material was purified by FCC 

eluting from a gradient of 50% → 70% EtOAc in pentanes to give 52.7 mg (0.12 mmol, 57% yield) 

of one diastereomer (4:1 d.r.). Major diastereomer: 99% ee [Daicel CHIRALPAK IC, 5% to 50% 
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iPrOH, 28 min, 1 mL/min, t1=15.83 min, t2=17.03 min]. Light orange solid (mp 145–148 ºC). 

[α]D
22 +55.5° (c0.155, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.60 (td, J = 7.5, 1.9 Hz, 2H), 7.19–

7.14 (m, 2H), 7.12 (td, J = 7.5, 1.4 Hz, 2H), 6.93 (ddd, J = 10.4, 8.0, 1.4 Hz, 2H), 6.90 (s, 2H), 

6.81 (s, 2H), 4.80–4.75 (m, 2H), 4.46–4.41 (m, 2H), 4.03 (s, 6H). 13C NMR (125 MHz, CDCl3) δ 

190.0, 160.8 (d, J = 246.0 Hz), 142.9, 128.9, 128.7 (d, J = 4.6 Hz), 128.5 (d, J = 15.3 Hz), 128.2 

(d, J = 8.3 Hz), 126.8, 124.2 (d, J = 3.5 Hz), 115.1 (d, J = 22.1 Hz), 48.7, 37.7, 35.9. 19F NMR 

(377 MHz, CDCl3)  δ –116.17. HRMS (ESI) calculated for [C26H23F2N4O2]
+ (M+H+) requires m/z 

461.1784, found 461.1780.  

(3,4-bis(2-iodophenyl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-yl)methanone) 

(3.7): Prepared according to the general procedure for isolation-scale 

asymmetric experiments using 132.4 mg (0.4 mmol, 1.0 equiv) (E)-3-(2-

iodophenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one, 61.1 mg 

(0.08 mmol, 0.2 equiv) (R)-3.2, and toluene (8 mL). The resulting 

material was purified by FCC eluting from a gradient of 50% → 70% EtOAc in pentanes to give 

64.4 mg (0.095 mmol, 48% yield) of one diastereomer (14:1 d.r.). Major diastereomer: 99% ee 

[Daicel CHIRALPAK AD, 5% to 50% iPrOH, 28 min, 1 mL/min, t1=13.57 min, t2=16.19 min]. 

Off-white solid (mp 215–218 ºC). [α]D
22 +37.6° (c0.41, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 

7.93 (dd, J = 7.9, 1.6 Hz, 2H), 7.70 (dd, J = 7.8, 1.3 Hz, 2H), 7.42 (td, J = 7.6, 1.3 Hz, 2H), 6.92 

(s, 2H), 6.88 (td, J = 7.6, 1.7 Hz, 2H), 6.86 (s, 2H), 4.90–4.84 (m, 2H), 4.44–4.39 (m, 2H), 4.04 

(s, 6H). 13C NMR (125 MHz, CDCl3) δ 190.1, 144.0, 142.9, 139.2, 129.2, 129.1, 128.7, 128.6, 

126.9, 101.2, 50.6, 48.5, 36.0. HRMS (ESI) calculated for [C26H23I2N4O2]
+ (M+H+) requires m/z 

676.9905, found 676.9908. 
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(3,4-bis(2-methoxyphenyl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-yl)methanone) 

(3.8): Prepared according to the general procedure for isolation-scale 

asymmetric experiments using 100.2 mg (0.4 mmol, 1.0 equiv) (E)-3-(2-

methoxyphenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one, 63.8 

mg (0.08 mmol, 0.2 equiv) (R)-3.2, and toluene (8 mL). The resulting material was purified by 

FCC eluting from a gradient of 60% → 80% EtOAc in pentanes to give 55.1 mg (0.11 mmol, 55% 

yield) of one diastereomer (5:1 d.r.). Major diastereomer: 98% ee [Daicel CHIRALPAK IC, 5% 

to 50% iPrOH, 28 min, 1 mL/min, t1=19.64 min, t2=22.85 min]. Off-white solid (mp 213–216 ºC). 

[α]D
22 –15.8° (c0.80, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.50 (dd, J = 7.5, 1.7 Hz, 2H), 7.15 

(td, J = 7.8, 1.7 Hz, 2H), 6.92 (td, J = 7.5, 1.2 Hz, 2H), 6.89 (s, 2H), 6.86 (s, 2H), 6.72 (dd, J = 8.2, 

1.1 Hz, 2H), 4.70–4.66 (m, 2H), 4.44–4.39 (m, 2H), 4.06 (s, 6H), 3.45 (s, 6H). 13C NMR (125 

MHz, CDCl3) δ 191.2, 157.3, 143.3, 130.6, 128.8, 127.9, 127.4, 126.3, 120.4, 109.8, 54.7, 48.7, 

38.6, 36.0. HRMS (ESI) calculated for [C28H29N4O4]
+ (M+H+) requires m/z 485.2183, found 

485.2182.  

(3,4-bis(3-methoxyphenyl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-

yl)methanone): Prepared according to the general procedure for 

isolation-scale asymmetric experiments using 98.3 mg (0.4 mmol, 

1.0 equiv) (E)-3-(3-methoxyphenyl)-1-(1-methyl-1H-imidazol-2-

yl)prop-2-en-1-one, 63.2 mg (0.08 mmol, 0.2 equiv) (R)-3.2, and toluene (8 mL). The resulting 

material was purified by FCC eluting from a gradient of 60% → 80% EtOAc in pentanes to give 

68.2 mg (0.14 mmol, 69% yield) of one diastereomer (10:1 d.r.). Major diastereomer: 99% ee 

[Daicel CHIRALPAK AD, 5% to 50% iPrOH, 28 min, 1 mL/min, t1=15.85 min, t2=17.31 min]. 

Light orange solid (mp 75–78 ºC). [α]D
22 +83.0° (c1.75, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 
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7.19 (t, J = 8.2 Hz, 2H), 7.00–6.96 (m, 4H), 6.88 (s, 2H), 6.80 (s, 2H), 6.75–6.71 (m, 2H), 4.72–

4.67 (m, 2H), 4.09–4.05 (m, 2H), 4.01 (s, 6H), 3.76 (s, 6H). 13C NMR (125 MHz, CDCl3) δ 190.6, 

159.7, 143.8, 143.0, 129.4, 128.9, 126.7, 119.6, 112.7, 112.4, 55.2, 49.2, 45.2, 35.9. HRMS (ESI) 

calculated for [C28H29N4O4]
+ (M+H+) requires m/z 485.2183, found 485.2180. 

(3,4-bis(6-(trifluoromethyl)pyridin-3-yl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-

yl)methanone) (3.15): Prepared according to the general procedure for 

isolation-scale asymmetric experiments using 113.6 mg (0.4 mmol, 1.0 

equiv) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-(6-

(trifluoromethyl)pyridin-3-yl)prop-2-en-1-one, 63.7 mg (0.08 mmol, 

0.2 equiv) (R)-3.2, and toluene (8 mL). The resulting material was purified by FCC eluting from 

a gradient of 70% → 90% EtOAc in pentanes to give 92.1 mg (0.16 mmol, 81% yield) of one 

diastereomer (6:1 d.r.). Major diastereomer: 98% ee [Daicel CHIRALPAK AS-H, 5% to 50% 

iPrOH, 28 min, 1 mL/min, t1=13.91 min, t2=16.50 min]. White solid (mp 186–189 ºC). [α]D
22 

+38.5° (c0.39, CH2Cl2). 
1H NMR (500 MHz, CDCl3) δ 8.71 (d, J = 2.2 Hz, 2H), 7.98 (dd, J = 8.1, 

2.2 Hz, 2H), 7.67 (d, J = 8.1 Hz, 2H), 6.98 (s, 2H), 6.88 (s, 2H), 4.89–4.84 (m, 2H), 4.17–4.12 (m, 

2H), 4.04 (s, 6H). 13C NMR (125 MHz, CDCl3) δ 189.1, 149.2, 147.2 (q, J = 34.0 Hz), 142.4, 

139.7, 136.0, 129.5, 127.4, 121.5 (q, J = 273.9 Hz), 120.5 (q, J = 2.8 Hz), 48.4, 43.0, 35.9. 19F 

NMR (377 MHz, CDCl3) δ –67.86. HRMS (ESI) calculated for [C26H21F6N6O2]
+ (M+H+) requires 

m/z 563.1625, found 563.1624.  

3.5.5 Racemic [2+2] Dimerization Photocycloaddition Reaction 

 

General Procedure for Racemic [2+2] Photodimerization Reactions: A non-oven dried 12 mL 

dram vial was charged with 1-methylimidazoyl enone (0.1 mmol, 1.0 equiv), (±)-3.2 (0.02 mmol, 



329 

 

 

0.2 equiv), and 2 mL (0.05 M) toluene. The dram vial was then sealed with a white teflon cap and 

irradiated with a Kessil H150 Tuna Blue lamp for 24 hours at room temperature in a water bath. 

The crude reaction mixture was transferred to a small Erlenmeyer flask with CH2Cl2 and 

triethylamine (0.6 mL) added. The resulting solution was dried over Na2SO4, filtered, 

concentrated, and analyzed by 1H-NMR vs. internal standard (phenanthrene) to determine 

conversion and diastereomeric ratio. The crude mixture was then purified via flash column 

chromatography (FCC) using EtOAc/pentanes as the eluent to isolate a single diastereomer. Only 

the major diastereomer of each reaction was characterized despite three diastereomers being 

present in the crude NMR. 

(3,4-diphenylcyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-yl)methanone): Prepared 

according to the general procedure for racemic experiments using 214.1 

mg (1.0 mmol, 1.0 equiv) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-

phenylprop-2-en-1-one, 153.8 mg (0.2 mmol, 0.2 equiv) (±)-3.2, and 

toluene (20 mL). The resulting material was purified by FCC eluting from 50% EtOAc in pentanes 

to give a 73% NMR yield of three diastereomers (5:1 d.r.). Spectroscopic data was consistent with 

those reported above. 

 

(3,4-bis(3-bromophenyl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-yl)methanone): 

Prepared according to the general procedure for racemic experiments 

using 32.0 mg (0.1 mmol, 1.0 equiv) (E)-3-(3-bromophenyl)-1-(1-

methyl-1H-imidazol-2-yl)prop-2-en-1-one, 18.1 mg (0.02 mmol, 0.2 

equiv) (±)-3.2, and toluene (2 mL). The resulting material was purified 
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by FCC eluting from a gradient of 50% → 70% EtOAc in pentanes to give a 68% NMR yield of 

three diastereomers (5:1 d.r.). Spectroscopic data was consistent with those reported above.  

 

 

(3,4-bis(4-ethynylphenyl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-yl)methanone): 

Prepared according to the general procedure for racemic experiments 

using 24.2 mg (0.1 mmol, 1.0 equiv) (E)-3-(4-ethynylphenyl)-1-(1-

methyl-1H-imidazol-2-yl)prop-2-en-1-one, 16.4 mg (0.02 mmol, 0.2 

equiv) (±)-3.2, and toluene (2 mL). The resulting material was purified 

by FCC eluting from a gradient of 50% → 70% EtOAc in pentanes to give an 82% NMR yield of 

three diastereomers (8:1 d.r.). Spectroscopic data was consistent with those reported above.  

 

 

(3,4-bis(4-(tert-butyl)phenyl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-

yl)methanone): Prepared according to the general procedure for 

racemic experiments using 29.2 mg (0.1 mmol, 1.0 equiv) (E)-3-(4-

(tert-butyl)phenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one, 

17.7 mg (0.02 mmol, 0.2 equiv) (±)-3.2, and toluene (2 mL). The 

resulting material was purified by FCC eluting from a gradient of 50% → 60% EtOAc in pentanes 

to give a 69% NMR yield of three diastereomers (7:1 d.r.). Spectroscopic data was consistent with 

those reported above. 
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(3,4-di(naphthalen-2-yl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-yl)methanone): 

Prepared according to the general procedure for racemic 

experiments using 53.3 mg (0.2 mmol, 1.0 equiv) (E)-1-(1-methyl-

1H-imidazol-2-yl)-3-(naphthalen-2-yl)prop-2-en-1-one, 32.2 mg 

(0.04 mmol, 0.2 equiv) (±)-3.2, and toluene (2 mL). The resulting material was purified by FCC 

eluting from 50% EtOAc in pentanes to give a 71% NMR yield of three diastereomers (11:1 d.r.). 

Spectroscopic data was consistent with those reported above. 

 

(3,4-bis(4-chlorophenyl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-yl)methanone): 

Prepared according to the general procedure for racemic experiments 

using 48.1 mg (0.2 mmol, 1.0 equiv) (E)-3-(4-chlorophenyl)-1-(1-

methyl-1H-imidazol-2-yl)prop-2-en-1-one, 30.3 mg (0.04 mmol, 0.2 

equiv) (±)-3.2, and toluene (2 mL). The resulting material was purified 

by FCC eluting from 50% EtOAc in pentanes to give a 65% NMR yield of three diastereomers 

(7:1 d.r.). Spectroscopic data was consistent with those reported above. 

 

(3,4-di(thiophen-2-yl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-yl)methanone): 

Prepared according to the general procedure for racemic experiments 

using 22.4 mg (0.1 mmol, 1.0 equiv) (E)-1-(1-methyl-1H-imidazol-2-

yl)-3-(thiophen-2-yl)prop-2-en-1-one, 16.4 mg (0.02 mmol, 0.2 equiv) 

(±)-3.2, and toluene (2 mL). The resulting material was purified by FCC eluting from a gradient 

of 50% → 70% EtOAc in pentanes to give a 48% NMR yield of three diastereomers (10:1 d.r.). 

Spectroscopic data was consistent with those reported above. 
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(3,4-di-p-tolylcyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-yl)methanone): Prepared 

according to the general procedure for racemic experiments using 23.2 

mg (0.1 mmol, 1.0 equiv) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-(p-

tolyl)prop-2-en-1-one, 16.3 mg (0.02 mmol, 0.2 equiv) (±)-3.2, and 

toluene (2 mL). The resulting material was purified by FCC eluting from 

a gradient of 50% → 70% EtOAc in pentanes to give a 90% NMR yield of three diastereomers 

(7:1 d.r.). Spectroscopic data was consistent with those reported above. 

 

(3,4-di-o-tolylcyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-yl)methanone): Prepared 

according to  the general procedure for racemic experiments using 23.2 

mg (0.1 mmol, 1.0 equiv) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-(o-

tolyl)prop-2-en-1-one, 16.6 mg (0.02 mmol, 0.2 equiv) (±)-3.2, and 

toluene (2 mL). The resulting material was purified by FCC eluting from 

a gradient of 50% → 60% EtOAc in pentanes to give a 49% NMR yield of three diastereomers 

(5:1 d.r.). Spectroscopic data was consistent with those reported above. 

 

(3,4-bis(4-methoxyphenyl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-

yl)methanone):  Prepared according to the general procedure for 

racemic experiments  using 26.3 mg (0.1 mmol, 1.0 equiv) (E)-3-(4-

methoxyphenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one, 

18.0 mg (0.02 mmol, 0.2 equiv) (±)-3.2, and toluene (2 mL). The 

resulting material was purified by FCC eluting from a gradient of 60% → 80% EtOAc in pentanes 
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to give a 59% NMR yield of three diastereomers (5:1 d.r.). Spectroscopic data was consistent with 

those reported above.  

 

(3,4-bis(2-fluorophenyl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-yl)methanone): 

Prepared according to the general procedure for racemic experiments  

using 24.2 mg (0.1 mmol, 1.0 equiv) (E)-3-(2-fluorophenyl)-1-(1-

methyl-1H-imidazol-2-yl)prop-2-en-1-one, 16.7 mg (0.02 mmol, 0.2 

equiv) (±)-3.2, and toluene (2 mL). The resulting material was purified 

by FCC eluting from a gradient of 50% → 70% EtOAc in pentanes to give a 60% NMR yield of 

three diastereomers (3:1 d.r.). Spectroscopic data was consistent with those reported above.  

 

(3,4-bis(2-iodophenyl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-yl)methanone): 

Prepared according to the general procedure for racemic experiments  

using 36.2 mg (0.1 mmol, 1.0 equiv) (E)-3-(2-iodophenyl)-1-(1-methyl-

1H-imidazol-2-yl)prop-2-en-1-one, 17.2 mg (0.02 mmol, 0.2 equiv) (±)-

3.2, and toluene (2 mL). The resulting material was purified by FCC 

eluting from a gradient of 50% → 70% EtOAc in pentanes to give a 44% NMR yield of three 

diastereomers (13:1 d.r.). Spectroscopic data was consistent with those reported above.  

 

(3,4-bis(2-methoxyphenyl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-

yl)methanone): Prepared according to the general procedure for racemic 

experiments  using 24.3 mg (0.1 mmol, 1.0 equiv) (E)-3-(2-

methoxyphenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one, 16.6 
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mg (0.02 mmol, 0.2 equiv) (±)-3.2, and toluene (2 mL). The resulting material was purified by 

FCC eluting from a gradient of 60% → 80% EtOAc in pentanes to give a 53% NMR yield of three 

diastereomers (4:1 d.r.). Spectroscopic data was consistent with those reported above. 

(3,4-bis(3-methoxyphenyl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-

yl)methanone): Prepared according to the general procedure for 

racemic experiments  using 25.0 mg (0.1 mmol, 1.0 equiv) (E)-3-

(3-methoxyphenyl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-

one, 17.2 mg (0.02 mmol, 0.2 equiv) (±)-3.2, and toluene (2 mL). The resulting material was 

purified by FCC eluting from a gradient of 60% → 80% EtOAc in pentanes to give a 82% NMR 

yield of three diastereomers (8:1 d.r.). Spectroscopic data was consistent with those reported 

above. 

(3,4-bis(6-(trifluoromethyl)pyridin-3-yl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2- 

yl)methanone): Prepared according to the general procedure for 

racemic experiments  using 28.1 mg (0.1 mmol, 1.0 equiv) (E)-1-(1-

methyl-1H-imidazol-2-yl)-3-(6-(trifluoromethyl)pyridin-3-yl)prop-2-

en-1-one, 16.2 mg (0.02 mmol, 0.2 equiv) (±)-3.2, and toluene (2 mL). 

The resulting material was purified by FCC eluting from a gradient of 60% → 80% EtOAc in 

pentanes to give a 76% NMR yield of three diastereomers (4:1 d.r.). Spectroscopic data was 

consistent with those reported above. 

3.5.6 Asymmetric [2+2] Heterodimerization Photocycloaddition Reactions 

General Procedure for Asymmetric Crossed [2+2] Photoreactions: A 24 mL flame-dried vial 

was charged with cinnamate (0.6 mmol, 3.0 equiv), (R)-3.2 (0.04 mmol, 0.2 equiv), and toluene 

(4 mL). In a 10 mL flame-dried volumetric flask a solution of cinnamoyl imidazole in toluene was 
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prepared (0.05 M). Using a syringe pump 4.00 mL (0.2 mmol, 1.0 equiv) of the prepared cinnamoyl 

imidazole solution was added over 22 hours to the cinnamate solution while under irradiation with 

2 Kessil H150 Tuna Blue lamps. The reaction was cooled with an air hose (reactions run at 

approximately 35 °C) and not degassed. After 24 hours of irradiation Et3N (0.1 mL) was added to 

the reaction, which decreases broadening in the NMR. The reaction was concentrated and analyzed 

by 1H-NMR vs internal standard (phenanthrene) to determine yield and diastereomeric ratio. The 

crude mixture was the purified by FCC eluting from EtOAc in hexanes. The major diastereomer 

was characterized.  

Note: for the asymmetric reactions we used Hamilton, 1000 series GASTIGHT, PTFE luer lock, 5 

mL syringes. We found that these syringes quantitatively transfer the substrate into the reaction 

better than plastic syringes.  

N-methoxy-N-methyl-2-(1-methyl-1H-imidazole-2-carbonyl)-3,4-diphenylcyclobutane-1-

carboxamide (3.29): Prepared according to the general procedure for 

isolation-scale asymmetric experiments using 42.4 mg (0.2 mmol, 1.0 

equiv) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-phenylprop-2-en-1-one, 

31.2 mg (0.04 mmol, 0.2 equiv) (R)-3.2, 115.3 mg (0.6 mmol, 3.0 equiv) N-methoxy-N-

methylcinnamamide and toluene (8 mL). The resulting material was purified by FCC eluting from 

a gradient of 30% → 70% EtOAc in hexanes to give 60.4 mg (0.15 mmol, 75% yield) of two 

diastereomers (10:1 d.r.). Major diastereomer: 99% ee [Daicel CHIRALPAK AS-H, 5% to 50% 

iPrOH, 28 min, 1 mL/min, t1=8.14 min, t2=9.33 min]. White solid (mp 38–42 ºC). [α]D
22 +59.5° 

(c0.41, CH2Cl2). 
1H NMR (500 MHz, CDCl3) δ 7.13–7.06 (m, 8H), 7.00–6.98 (m, 4H), 4.93–4.89 

(m, 1H), 4.66–4.63 (m, 1H), 4.44–4.41 (m, 1H), 4.27–4.24 (m, 1H), 4.02 (s, 3H), 3.54 (s, 3H), 

3.03 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 190.8, 173.7, 143.0, 139.6, 139.4, 128.6, 128.2, 128.0, 
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127.9, 127.8, 126.3, 126.1, 125.9, 61.4, 46.2, 45.4, 43.8, 43.3, 35.9, 32.5. HRMS (ESI) calculated 

for [C24H26N3O3] (M+H+) requires m/z 404.1969, found 404.1966.  

N-methoxy-N-methyl-2-(1-methyl-1H-imidazole-2-carbonyl)-3-phenyl-4-(2-

(trifluoromethyl)phenyl)cyclobutane-1-carboxamide (3.37): 

Prepared according to the general procedure for isolation-scale 

asymmetric experiments using 42.4 mg (0.2 mmol, 1.0 equiv) (E)-1-(1-

methyl-1H-imidazol-2-yl)-3-phenylprop-2-en-1-one, 30.5 mg (0.04 mmol, 0.2 equiv) (R)-3.2, 

156.9 mg (0.6 mmol, 3.0 equiv) (E)-N-methoxy-N-methyl-3-(2-

(trifluoromethyl)phenyl)acrylamide and toluene (8 mL). The resulting material was purified by 

FCC eluting from a gradient of 30% → 70% EtOAc in hexanes to give 68.5 mg (0.15 mmol, 73% 

yield) of two diastereomers (>20:1 d.r.). Major diastereomer: 97% ee [Daicel CHIRALPAK OD-

H, 5% to 50% iPrOH, 28 min, 1 mL/min, t1=9.30 min, t2=10.95 min]. White solid (mp 62–65 ºC). 

[α]D
22 +56.0° (c0.20, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.49 (d, J = 7.8 Hz, 1H), 7.32–7.26 

(m, 2H), 7.14 (t, J = 7.5 Hz, 1H), 7.16–7.00 (m, 7H), 5.00–4.96 (m, 1H), 4.75–4.72 (m, 1H), 4.64–

4.61 (m, 1H), 4.50–4.46 (m, 1H), 4.03 (s, 3H), 3.50 (s, 3H), 3.01 (s, 3H). 13C NMR (125 MHz, 

CDCl3) δ 190.5, 173.1, 142.93, 138.8, 138.2, 131.1 129.1, 128.9 (q, J = 29.7 Hz), 128.6, 127.9, 

127.9, 126.5, 126.3, 126.1, 125.7 (q, J = 5.8 Hz), 124.3 (q, J = 274.1 Hz), 61.3, 45.8, 43.9, 43.1, 

41.3, 36.0, 32.5. 19F NMR (377 MHz, CDCl3) δ –58.9. HRMS (ESI) calculated for 

[C25H25F3N3O3]
+ (M+H+) requires m/z 472.1843, found 472.1839.  

N-methoxy-2-(4-methoxyphenyl)-N-methyl-4-(1-methyl-1H-imidazole-2-carbonyl)-3-

phenylcyclobutane-1-carboxamide (3.30): Prepared according to the 

general procedure for isolation-scale asymmetric experiments using 

42.4 mg (0.2 mmol, 1.0 equiv) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-
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phenylprop-2-en-1-one, 32.1 mg (0.04 mmol, 0.2 equiv) (R)-3.2, 135.2 mg (0.6 mmol, 3.0 equiv) 

(E)-N-methoxy-3-(4-methoxyphenyl)-N-methylacrylamide and toluene (8 mL). The resulting 

material was purified by FCC eluting from a gradient of 30% → 100% EtOAc in hexanes to give 

68.4 mg (0.16 mmol, 79% yield) of two diastereomers (7:1 d.r.). Major diastereomer: 99% ee 

[Daicel CHIRALPAK AS-H, 5% to 50% iPrOH, 28 min, 1 mL/min, t1=11.56 min, t2=13.87 min]. 

White solid (mp 45–50 ºC). [α]D
22 +40.0° (c0.34, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.11–

7.08 (m, 3H), 7.04–7.02 (m, 1H), 7.01–6.96 (m, 5H), 6.66 (d, J = 8.7 Hz, 2H), 4.91–4.87 (m, 1H), 

4.63–4.59 (m, 1H), 4.38–4.34 (m, 1H), 4.21–4.18 (m, 1H), 4.03 (s, 3H), 3.70 (s, 3H), 3.53 (s, 3H), 

3.02 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 190.9, 173.8, 157.9, 143.1, 139.6, 131.8, 129.3, 128.6, 

128.0, 127.8, 126.2, 125.8, 113.3, 61.4, 55.1, 46.1, 44.8, 44.4, 43.3, 35.9, 32.5. HRMS (ESI) 

calculated for [C25H28N3O4]
+ (M+H+) requires m/z 434.2074, found 434.2069. 

2-(benzo[d][1,3]dioxol-5-yl)-N-methoxy-N-methyl-4-(1-methyl-1H-imidazole-2-carbonyl)-3-

phenylcyclobutane-1-carboxamide (3.38): Prepared according to the 

general procedure for isolation-scale asymmetric experiments using 

42.4 mg (0.2 mmol, 1.0 equiv) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-

phenylprop-2-en-1-one, 31.1 mg (0.04 mmol, 0.2 equiv) (R)-3.2, 142.0 mg (0.6 mmol, 3.0 equiv) 

(E)-3-(benzo[d][1,3]dioxol-5-yl)-N-methoxy-N-methylacrylamide and toluene (8 mL). The 

resulting material was purified by FCC eluting from a gradient of 30% → 100% EtOAc in hexanes 

to give 49.4 mg (0.11 mmol, 55% yield) of two diastereomers (3:1 d.r.). Major diastereomer: 96% 

ee [Daicel CHIRALPAK AS-H, 5% to 50% iPrOH, 28 min, 1 mL/min, t1=13.20 min, t2=16.17 

min]. White solid (mp 39–43 ºC). [α]D
22 +51.4° (c0.72, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 

7.14–7.11 (m, 2H), 7.08–7.02 (m, 4H), 6.99 (s, 1H), 6.58–6.53 (m, 3H), 5.82 (s, 2H), 4.89–4.85 

(m, 1H), 4.60–4.56 (m, 1H), 4.33–4.31 (m, 1H), 4.20–4.16 (m, 1H), 4.02 (s, 3H), 3.57 (s, 3H), 
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3.02 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 190.9, 173.7, 147.5, 146.0, 143.2, 139.6, 133.9, 128.8, 

128.1, 128.1, 126.5, 126.1, 121.6, 108.9, 107.9, 100.9, 61.6, 46.3, 45.4, 44.4, 43.6, 36.1, 32.7. 

HRMS (ESI) calculated for [C25H26N3O5]+ (M+H+) requires m/z 448.1867, found 448.1863. 

2-(4-fluorophenyl)-N-methoxy-N-methyl-4-(1-methyl-1H-imidazole-2-carbonyl)-3-

phenylcyclobutane-1-carboxamide (3.31): Prepared according to the 

general procedure for isolation-scale asymmetric experiments using 

42.4 mg (0.2 mmol, 1.0 equiv) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-

phenylprop-2-en-1-one, 30.2 mg (0.04 mmol, 0.2 equiv) (R)-3.2, 126.2 mg (0.6 mmol, 3.0 equiv) 

(E)-3-(4-fluorophenyl)-N-methoxy-N-methylacrylamide and toluene (8 mL). The resulting 

material was purified by FCC eluting from a gradient of 30% → 70% EtOAc in hexanes to give 

65.1 mg (0.15 mmol, 77% yield) of two diastereomers (18:1 d.r.). Major diastereomer: 98% ee 

[Daicel CHIRALPAK AD-H, 5% to 50% iPrOH, 28 min, 1 mL/min, t1=18.46 min, t2=21.15 min]. 

White solid (mp 41–44 ºC). [α]D
22 +50.9° (c0.11, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.12–

7.08 (m, 3H), 7.05–6.98 (m, 6H), 6.80 (t, J = 8.8 Hz, 2H), 4.91 (t, J = 9.3 Hz, 1H), 4.60 (t, J = 9.4 

Hz, 1H), 4.36–4.33 (m, 1H), 4.25 (dd, J = 10.3, 6.2 Hz, 1H), 4.02 (s, 3H), 3.55 (s, 3H), 3.03 (s, 

3H). 13C NMR (125 MHz, CDCl3) δ 190.7, 173.5, 161.3 (d, J = 244.6 Hz), 142.9, 139.2, 135.4, 

129.7, 129.6, 128.6, 127.9, 126.4, 126.1, 114.7 (d, J = 21.2 Hz), 61.4, 46.0, 44.7, 44.1, 43.3, 35.9, 

32.5. 19F NMR (377 MHz, CDCl3) δ –116.8. HRMS (ESI) calculated for [C24H25FN3O3]
+ (M+H+) 

requires m/z 422.1875, found 422.1870.  

2-(4-chlorophenyl)-N-methoxy-N-methyl-4-(1-methyl-1H-imidazole-2-carbonyl)-3-

phenylcyclobutane-1-carboxamide (3.32): Prepared according to the 

general procedure for isolation-scale asymmetric experiments using 

42.4 mg (0.2 mmol, 1.0 equiv) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-
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phenylprop-2-en-1-one, 31.0 mg (0.04 mmol, 0.2 equiv) (R)-3.2, 136.7 mg (0.6 mmol, 3.0 equiv) 

(E)-3-(4-chlorophenyl)-N-methoxy-N-methylacrylamide and toluene (8 mL). The resulting 

material was purified by FCC eluting from a gradient of 30% → 70% EtOAc in hexanes to give 

70.4 mg (0.16 mmol, 80% yield) of two diastereomers (7:1 d.r.). Major diastereomer: 97% ee 

[Daicel CHIRALPAK OD-H, 5% to 50% iPrOH, 28 min, 1 mL/min, t1=13.47 min, t2=15.08 min]. 

White solid (mp 65–69 ºC). [α]D
22 +75.7° (c1.34, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.13–

7.06 (m, 5H), 7.05–7.03 (m, 1H), 7.00–6.96 (m, 5H), 4.90 (t, J = 9.2 Hz, 1H), 4.61 (t, J = 9.4 Hz, 

1H), 4.35–4.32 (m, 1H), 4.24 (dd, J = 10.5, 6.3 Hz, 1H), 4.02 (s, 3H), 3.55 (s, 3H), 3.03 (s, 3H). 

13C NMR (125 MHz, CDCl3) δ 190.6, 173.4, 142.9, 139.1, 138.3, 131.9, 129.5, 128.7, 128.1, 

128.0, 127.9, 126.4, 126.1, 61.4, 46.1, 44.8, 43.9, 43.3, 35.9, 32.5. HRMS (ESI) calculated for 

[C24H24ClN3O3Na]+ (M+Na+) requires m/z 460.1398, found 460.1393. 

N-methoxy-N-methyl-2-(1-methyl-1H-imidazole-2-carbonyl)-3-phenyl-4-(thiophen-2-

yl)cyclobutane-1-carboxamide: Prepared according to the general 

procedure for isolation-scale asymmetric experiments using 42.4 mg 

(0.2 mmol, 1.0 equiv) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-

phenylprop-2-en-1-one, 31.2 mg (0.04 mmol, 0.2 equiv) (R)-3.2, 119.5 mg (0.6 mmol, 3.0 equiv) 

(E)-N-methoxy-N-methyl-3-(thiophen-2-yl)acrylamide and toluene (8 mL). The resulting material 

was purified by FCC eluting from a gradient of 30% → 70% EtOAc in hexanes to give 47.3 mg 

(0.12 mmol, 58% yield) of two diastereomers (4:1 d.r.). Major diastereomer: 98% ee [Daicel 

CHIRALPAK AS-H, 5% to 50% iPrOH, 28 min, 1 mL/min, t1=11.34 min, t2=12.71 min]. [α]D
22 

+65.3° (c1.05, CH2Cl2). 
1H NMR (500 MHz, CDCl3) δ 7.18–7.14 (m, 2H), 7.12–7.08 (m, 4H), 

7.00–6.98 (m, 2H), 6.77 (dd, J = 5.1, 3.5 Hz, 1H), 6.70–6.69 (m, 1H), 4.98–4.94 (m, 1H), 4.63–

4.59 (m, 1H), 4.47–4.44 (m, 1H), 4.36–4.33 (m, 1H), 4.01 (s, 3H), 3.59 (s, 3H), 3.03 (s, 3H). 13C 
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NMR (125 MHz, CDCl3) δ 190.7, 173.2, 143.6, 143.1, 139.1, 128.9, 128.1, 128.1, 126.6, 126.6, 

126.5, 125.3, 124.1, 61.6, 46.4, 45.9, 44.1, 41.3, 36.1, 32.7. HRMS (ESI) calculated for 

[C22H23N3O3SNa]+ (M+Na+) requires m/z 432.1352, found 432.1347.  

 

tert-butyl 5-(2-(methoxy(methyl)carbamoyl)-3-(1-methyl-1H-imidazole-2-carbonyl)-4-

phenylcyclobutyl)-1H-indole-1-carboxylate (3.39): Prepared 

according to the general procedure for isolation-scale asymmetric 

experiments using 42.4 mg (0.2 mmol, 1.0 equiv) (E)-1-(1-methyl-1H-

imidazol-2-yl)-3-phenylprop-2-en-1-one, 30.7 mg (0.04 mmol, 0.2 

equiv) (R)-3.2, 200.2 mg (0.6 mmol, 3.0 equiv) tert-butyl (E)-5-(3-(methoxy(methyl)amino)-3-

oxoprop-1-en-1-yl)-1H-indole-1-carboxylate and toluene (8 mL). The resulting material was 

purified by FCC eluting from a gradient of 30% → 100% EtOAc in hexanes to give 69.4 mg (0.13 

mmol, 64% yield) of two diastereomers (3:1 d.r.). Major diastereomer: 99% ee [Daicel 

CHIRALPAK AD-H, 5% to 50% iPrOH, 28 min, 1 mL/min, t1=15.67 min, t2=25.21 min]. White 

solid (mp 81–83 ºC). [α]D
22 +74.2° (c0.45, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.48 (d, J = 

7.9 Hz, 1H), 7.48 (d, J = 3.8 Hz, 1H), 7.31 (d, J = 1.8 Hz, 1H), 7.10–6.95 (m, 8H), 6.42 (d, J =  3.7 

Hz, 1H), 4.97–4.93 (m, 1H), 4.71–4.67 (m, 1H), 4.46–4.44 (m, 1H), 4.34–4.31 (m, 1H), 4.03 (s, 

3H), 3.51 (s, 3H), 3.03 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 191.2, 174.0, 149.9, 143.3, 139.8, 

134.3, 133.9, 130.5, 128.7, 128.1, 128.0, 126.4, 126.0, 125.1, 120.5, 114.7, 107.4, 83.6, 61.6, 46.5, 

45.7, 44.9, 43.5, 36.1, 32.7, 28.4. HRMS (ESI) calculated for [C31H35N4O5]
+ (M+H+) requires m/z 

543.2602, found 543.2597.  
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N-methyl-2-(1-methyl-1H-imidazole-2-carbonyl)-N,3,4-triphenylcyclobutane-1-

carboxamide (3.33): Prepared according to the general procedure for 

isolation-scale asymmetric experiments using 42.4 mg (0.2 mmol, 1.0 

equiv) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-phenylprop-2-en-1-one, 

30.7 mg (0.04 mmol, 0.2 equiv) (R)-3.2, 142.6 mg (0.6 mmol, 3.0 equiv) N-methyl-N-

phenylcinnamamide and toluene (8 mL). The resulting material was purified by FCC eluting from 

a gradient of 30% → 50% EtOAc in hexanes to give 51.5 mg (0.12 mmol, 57% yield) of two 

diastereomers (>20:1 d.r.). Major diastereomer: 98% ee [Daicel CHIRALPAK AS-H, 5% to 50% 

iPrOH, 28 min, 1 mL/min, t1=7.33 min, t2=9.12 min]. White solid (mp 55–58 ºC). [α]D
22 +115.6° 

(c0.32, CH2Cl2). 
1H NMR (500 MHz, CDCl3) δ 7.25–7.22 (m, 3H), 7.16–7.15 (m, 2H), 7.13–7.13 

(m, 1H), 7.02–6.93 (m, 7H), 6.85–6.83 (m, 2H), 6.69–6.68 (m, 2H), 4.77–4.74 (m, 1H), 4.40–4.36 

(m, 1H), 4.18–4.13 (m, 2H), 4.08 (s, 3H), 3.01 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 190.9, 

172.0, 143.7, 143.2, 139.5, 138.9, 129.5, 128.2, 128.1, 127.9, 127.7, 127.6, 127.6, 127.3, 126.0, 

125.9, 125.7, 46.7, 46.5, 45.1, 42.5, 37.1, 35.8. HRMS (ESI)f calculated for [C29H27N3O2Na]+ 

(M+Na+) requires m/z 472.1996, found 472.1988.  

N,N-diethyl-2-(1-methyl-1H-imidazole-2-carbonyl)-3,4-diphenylcyclobutane-1-

carboxamide (3.34): Prepared according to the general procedure for 

isolation-scale asymmetric experiments using 42.4 mg (0.2 mmol, 1.0 

equiv) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-phenylprop-2-en-1-one, 

31.1 mg (0.04 mmol, 0.2 equiv) (R)-3.2, 123.2 mg (0.6 mmol, 3.0 equiv) N,N-diethylcinnamamide 

and toluene (8 mL). The resulting material was purified by FCC eluting from a gradient of 50% 

→ 70% EtOAc in hexanes to give 55.4 mg (0.13 mmol, 67% yield) of two diastereomers (>20:1 

d.r.). Major diastereomer: 98% ee [Daicel CHIRALPAK AD, 5% to 50% iPrOH, 28 min, 1 
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mL/min, t1=13.36 min, t2=20.66 min]. White solid (mp 137–139 ºC). [α]D
22 +92.8° (c0.36, 

CH2Cl2). 
1H NMR (500 MHz, CDCl3) δ 7.14–7.11 (m, 2H), 7.08–7.04 (m, 6H), 7.01–6.98 (m, 

1H), 6.97–6.96 (m, 1H), 6.95–6.93 (m, 2H), 4.81 (t, J = 9.6 Hz, 1H), 4.70 (t, J = 9.8 Hz, 1H), 4.30 

(dd, J = 10.0, 5.1 Hz, 1H), 4.06 (dd, J = 10.3, 5.0 Hz, 1H), 4.03 (s, 3H), 3.41–3.30 (m, 2H), 3.02–

2.93 (m, 2H), 1.03 (t, J = 7.1 Hz, 3H), 0.80 (t, J = 7.1 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 

191.0, 171.3, 143.1, 139.9, 139.7, 128.3, 128.2, 128.0, 127.8, 127.7, 126.3, 125.9, 125.7, 46.6, 

46.3, 45.7, 42.5, 42.1, 40.2, 35.7, 14.4, 12.5. HRMS (ESI) calculated for [C26H30N3O2]
+ (M+H+) 

requires m/z 416.2333, found 416.2327.  

1-(2-(1-methyl-1H-imidazole-2-carbonyl)-3,4-diphenylcyclobutyl)ethan-1-one (3.35): 

Prepared according to the general procedure for isolation-scale asymmetric 

experiments using 42.4 mg (0.2 mmol, 1.0 equiv) (E)-1-(1-methyl-1H-

imidazol-2-yl)-3-phenylprop-2-en-1-one, 30.1 mg (0.04 mmol, 0.2 equiv) 

(R)-3.2, 90.1 mg (0.6 mmol, 3.0 equiv) (E)-4-phenylbut-3-en-2-one and toluene (8 mL). The 

resulting material was purified by FCC eluting from a gradient of 30% → 50% EtOAc in hexanes 

to give 48.4 mg (0.14 mmol, 68% yield) of two diastereomers (4:1 d.r.). Major diastereomer: 90% 

ee [Daicel CHIRALPAK AD, 5% to 50% iPrOH, 28 min, 1 mL/min, t1=11.67 min, t2=15.00 min]. 

Isolated as a low-melting semi-solid. [α]D
22 +78.3° (c0.24, CH2Cl2). 

1H NMR (500 MHz, CDCl3) 

δ 7.15–7.13 (m, 2H), 7.10–7.00 (m, 8H), 6.96–6.94 (m, 2H), 4.89–4.85 (m, 1H), 4.52–4.48 (m, 

1H), 4.30 (dd, J = 9.9, 6.5 Hz, 1H), 4.15 (dd, J = 10.3, 6.5 Hz, 1H), 4.05 (s, 3H), 2.04 (s, 3H).13C 

NMR (125 MHz, CDCl3) δ 207.4, 191.4, 143.1, 139.1, 138.9, 128.9, 128.2, 128.1, 127.9, 127.9, 

126.6, 126.5, 126.1, 53.8, 46.1, 45.8, 42.7, 35.9, 28.9. HRMS (ESI) calculated for [C23H23N2O2]
+ 

(M+H+) requires m/z 359.1754, found 359.1750.  
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methyl 2-(1-methyl-1H-imidazole-2-carbonyl)-3,4-diphenylcyclobutane-1-carboxylate 

(3.36): Prepared according to the general procedure for isolation-scale 

asymmetric experiments with the exception of irradiating at –78 °C using 

42.4 mg (0.2 mmol, 1.0 equiv) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-

phenylprop-2-en-1-one, 30.5 mg (0.04 mmol, 0.2 equiv) (R)-3.2, 127.2 mg (0.6 mmol, 3.0 equiv) 

methyl cinnamate and toluene (8 mL). The resulting material was purified by FCC eluting from a 

gradient of 30% → 50% EtOAc in hexanes to give 53.4 mg (0.14 mmol, 71% yield) of two 

diastereomers (3:1 d.r.). Major diastereomer: 81% ee [Daicel CHIRALPAK AS-H, 5% to 50% 

iPrOH, 28 min, 1 mL/min, t1=8.76 min, t2=10.01 min]. White solid (mp 62–65 ºC). [α]D
22 +6.4° 

(c0.25, CH2Cl2). 
1H NMR (500 MHz, CDCl3) δ 7.14–7.00 (m, 12H), 5.01 (dd, J = 10.5, 7.2 Hz, 

1H), 4.55 (dd, J = 10.3, 7.1 Hz, 1H), 4.35 (dd, J = 10.1, 7.2 Hz, 1H), 4.14 (dd, J = 10.5, 7.2 Hz, 

1H), 4.05 (s, 3H), 3.55 (s, 3H). 

8.71 (dd, J = 2.2 Hz, 1H). 13C NMR (125 MHz, CDCl3) δ 190.6, 173.1, 142.9, 138.9, 138.8, 129.2, 

128.1, 128.0, 127.9, 127.9, 126.9, 126.3, 126.2, 51.8, 46.1, 45.3, 45.2, 43.4, 36.0. HRMS (ESI) 

calculated for [C23H23N2O3]
+ (M+H+) requires m/z 375.1703, found 375.1698.  

N-methoxy-3-(3-methoxyphenyl)-N-methyl-2-(1-methyl-1H-imidazole-2-carbonyl)-4-

phenylcyclobutane-1-carboxamide: Prepared according to the 

general procedure for isolation-scale asymmetric experiments using 

48.5 mg (0.2 mmol, 1.0 equiv) (E)-3-(3-methoxyphenyl)-1-(1-

methyl-1H-imidazol-2-yl)prop-2-en-1-one, 30.4 mg (0.04 mmol, 0.2 equiv) (R)-3.2, 115.5 mg (0.6 

mmol, 3.0 equiv) N-methoxy-N-methylcinnamamide and toluene (8 mL). The resulting material 

was purified by FCC eluting from a gradient of 30% → 100% EtOAc in hexanes to give 63.7 mg 

(0.15 mmol, 74% yield) of two diastereomers (8:1 d.r.). Major diastereomer: 99% ee [Daicel 
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CHIRALPAK AS-H, 5% to 50% iPrOH, 28 min, 1 mL/min, t1=11.44 min, t2=12.37 min]. White 

solid (mp 32–35 ºC). [α]D
22 +41.3° (c0.30, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.15–7.12 (m, 

2H), 7.09–7.05 (m, 4H), 7.02–6.98 (m, 2H), 6.62 (d, J = 7.6 Hz, 1H), 6.56 (dd, J = 8.2, 2.6 Hz, 

1H), 6.49 (s, 1H), 4.89 (t, J = 9.3 Hz, 1H), 4.62 (t, J = 9.6 Hz, 1H), 4.44–4.38 (m, 1H), 4.26–4.23 

(m, 1H), 4.03 (s, 3H), 3.59 (s, 3H), 3.54 (s, 3H), 3.04 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 

190.8, 173.8, 159.2, 143.0, 141.1, 139.7, 128.7, 128.6, 128.3, 128.0, 126.3, 126.2, 120.4, 113.5, 

111.9, 61.4, 55.0, 46.4, 45.4, 43.8, 43.4, 35.9, 32.6. HRMS (ESI) calculated for [C25H28N3O4]
+ 

(M+H+) requires m/z 434.2074, found 434.2067.  

 

3-(4-chlorophenyl)-N-methoxy-N-methyl-2-(1-methyl-1H-imidazole-2-carbonyl)-4-

phenylcyclobutane-1-carboxamide (3.41): Prepared according to the 

general procedure for isolation-scale asymmetric experiments using 

49.3 mg (0.2 mmol, 1.0 equiv) (E)-3-(4-chlorophenyl)-1-(1-methyl-

1H-imidazol-2-yl)prop-2-en-1-one, 31.3 mg (0.04 mmol, 0.2 equiv) (R)-3.2, 114.7 mg (0.6 mmol, 

3.0 equiv N-methoxy-N-methylcinnamamide and toluene (8 mL). The resulting material was 

purified by FCC eluting from a gradient of 30% → 70% EtOAc in hexanes to give 67.8 mg (0.16 

mmol, 77% yield) of two diastereomers (>20:1 d.r.). Major diastereomer: 99% ee [Daicel 

CHIRALPAK AS-H, 5% to 50% iPrOH, 28 min, 1 mL/min, t1=9.99 min, t2=12.26 min]. [α]D
22 

+56.2° (c0.21, CH2Cl2). 
1H NMR (500 MHz, CDCl3) δ 7.16–7.13 (m, 2H), 7.09–7.04 (m, 6H), 

7.00 (s, 1H), 6.90 (d, J = 8.1 Hz, 2H), 4.82 (t, J = 9.4 Hz, 1H), 4.61 (t, J = 9.6 Hz, 1H), 4.42–4.38 

(m, 1H), 4.23–4.20 (m, 1H), 4.02 (s, 3H), 3.54 (s, 3H), 3.04 (s, 3H). 13C NMR (125 MHz, CDCl3) 

δ 190.6, 173.6, 142.9, 139.3, 138.1, 131.7, 129.3, 128.7, 128.2, 128.1, 127.9, 126.4, 61.4, 46.5, 
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45.4, 43.9, 42.8, 35.9, 32.6. HRMS (ESI) calculated for [C24H25ClN3O3]
+ (M+H+) requires m/z 

438.1579, found 438.1574.  

3-(4-(tert-butyl)phenyl)-N-methoxy-N-methyl-2-(1-methyl-1H-imidazole-2-carbonyl)-4-

phenylcyclobutane-1-carboxamide: Prepared according to the 

general procedure for isolation-scale asymmetric experiments using 

53.7 mg (0.2 mmol, 1.0 equiv) (E)-3-(4-(tert-butyl)phenyl)-1-(1-

methyl-1H-imidazol-2-yl)prop-2-en-1-one, 30.7 mg (0.04 mmol, 0.2 equiv) (R)-3.2, 116.4 mg (0.6 

mmol, 3.0 equiv) N-methoxy-N-methylcinnamamide and toluene (8 mL). The resulting material 

was purified by FCC eluting from a gradient of 30% → 100% EtOAc in hexanes to give 51.4 mg 

(0.11 mmol, 56% yield) of two diastereomers (>20:1 d.r.). Major diastereomer: 85% ee [Daicel 

CHIRALPAK OD-H, 5% to 50% iPrOH, 28 min, 1 mL/min, t1=10.62 min, t2=12.42 min]. [α]D
22 

+18.3° (c0.24, CH2Cl2). 
1H NMR (500 MHz, CDCl3) δ 7.12–7.08 (m, 5H), 7.05–7.04 (m, 3H), 

6.98 (s, 1H), 6.91 (d, J = 8.1 Hz, 2H), 4.90–4.87 (m, 1H), 4.61–4.57 (m, 1H), 4.43–4.39 (m, 1H), 

4.27–4.23 (m, 1H), 4.02 (s, 3H), 3.54 (s, 3H), 3.03 (s, 3H), 1.19 (s, 9H). 13C NMR (125 MHz, 

CDCl3) δ 191.0, 173.8, 148.6, 143.1, 139.7, 136.3, 128.6, 128.3, 127.8, 127.6, 126.3, 126.0, 124.7, 

61.4, 46.4, 45.3, 43.7, 43.1, 35.9, 34.2, 32.6, 31.3. HRMS (ESI) calculated for [C28H34N3O3]
+ 

(M+H+) requires m/z 460.2595, found 460.2590.  

N-methoxy-N-methyl-2-(1-methyl-1H-imidazole-2-carbonyl)-4-phenyl-3-(thiophen-2-

yl)cyclobutane-1-carboxamide (3.40): Prepared according to the 

general procedure for isolation-scale asymmetric experiments using 

43.7 mg (0.2 mmol, 1.0 equiv) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-

(thiophen-2-yl)prop-2-en-1-one, 30.5 mg (0.04 mmol, 0.2 equiv) (R)-3.2, 115.6 mg (0.6 mmol, 3.0 

equiv) N-methoxy-N-methylcinnamamide and toluene (8 mL). The resulting material was purified 
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by FCC eluting from a gradient of 30% → 70% EtOAc in hexanes to give 52.4 mg (0.13 mmol, 

64% yield) of two diastereomers (5:1 d.r.). Major diastereomer: 97% ee [Daicel CHIRALPAK 

AD, 5% to 50% iPrOH, 28 min, 1 mL/min, t1=19.42 min, t2=23.34 min]. White solid (mp 107–

109 ºC). [α]D
22 +45.1° (c0.39, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.20–7.12 (m, 5H), 7.09 (d, 

J = 0.9 Hz, 1H), 6.99 (d, J = 1.0 Hz, 1H), 6.96 (dd, J = 5.2, 1.2 Hz, 1H), 6.75 (dd, J = 5.1, 3.5 Hz, 

1H), 6.67 (d, J = 3.5 Hz, 1H), 4.81–4.73 (m, 2H), 4.58–4.54 (m, 1H), 4.25–4.22 (m, 1H), 4.03 (s, 

3H), 3.57 (s, 3H), 3.00 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 190.1, 173.3, 143.4, 142.9, 139.0, 

128.7, 128.1, 128.0, 126.5, 126.4, 126.3, 125.0, 123.9, 61.5, 49.0, 45.9, 43.0, 39.3, 35.9, 32.5. 

HRMS (ESI) calculated for [C22H24N3O3S]+ (M+H+) requires m/z 410.1533, found 410.1527.  

3.5.7 Racemic [2+2] Heterodimerization Photocycloaddition Reactions 

General Procedure for Racemic Crossed [2+2] Photoreactions: An 8 mL flame-dried vial was 

charged with cinnamate (0.3 mmol, 3.0 equiv), (±)-3.2 (0.02 mmol, 0.2 equiv), and toluene (2 mL). 

A 4 mL flame-dried vial was charged with cinnamoyl imidazole (0.1 mmol, 1.0 equiv) and toluene 

(2 mL). Using a syringe pump, the cinnamoyl imidazole solution was added over 22 hours to the 

cinnamate solution while under irradiation with 2 Kessil H150 Tuna Blue lamps. The reaction was 

cooled with an air hose (reactions run at approximately 35 °C) and not degassed. After 24 hours 

of irradiation Et3N (0.1 mL) was added to the reaction, which decreases broadening in the NMR. 

The reaction was concentrated and analyzed by 1H-NMR vs internal standard (phenanthrene) to 

determine yield and diastereomeric ratio. The crude mixture was the purified by FCC eluting from 

EtOAc in hexanes. The major diastereomer was characterized.  

Note: for the racemic reactions we used plastic syringes, however, we observed solid cinnamoyl 

imidazole behind the syringe plunger after the reaction finished, indicating that not all of the 
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substrate was added to the reaction. This problem was solved in the asymmetric reactions using 

glass syringes. 

N-methoxy-N-methyl-2-(1-methyl-1H-imidazole-2-carbonyl)-3,4-diphenylcyclobutane-1-

carboxamide: Prepared according to the general procedure for racemic 

crossed [2+2] photoreactions using 21.4 mg (0.10 mmol) (E)-1-(1-

methyl-1H-imidazol-2-yl)-3-phenylprop-2-en-1-one, 57.5 mg (0.30 

mmol) N-methoxy-N-methylcinnamamide, 15.4 mg (0.02 mmol) 3.2, and toluene (4 mL). The 

crude material was purified by FCC eluting from a gradient of 50% → 100% EtOAc in hexanes to 

give a 74% NMR yield of two diastereomers (8:1 d.r.). Spectroscopic data was consistent with 

those reported above.  

N-methoxy-N-methyl-2-(1-methyl-1H-imidazole-2-carbonyl)-3-phenyl-4-(2-

(trifluoromethyl)phenyl)cyclobutane-1-carboxamide: Prepared 

according to the general procedure for racemic crossed [2+2] 

photoreactions using 20.0 mg (0.09 mmol) (E)-1-(1-methyl-1H-

imidazol-2-yl)-3-phenylprop-2-en-1-one, 78.0 mg (0.30 mmol) (E)-N-methoxy-N-methyl-3-(2-

(trifluoromethyl)phenyl)acrylamide, 15.9 mg (0.02 mmol) 3.2, and toluene (4 mL). The crude 

material was purified by FCC eluting from a gradient of 50% → 100% EtOAc in hexanes to give 

a 50% NMR yield of two diastereomers (>20:1 d.r.). Spectroscopic data was consistent with those 

reported above.  

N-methoxy-2-(4-methoxyphenyl)-N-methyl-4-(1-methyl-1H-imidazole-2-carbonyl)-3-

phenylcyclobutane-1-carboxamide: Prepared according to the 

general procedure for racemic crossed [2+2] photoreactions using 21.5 

mg (0.10 mmol) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-phenylprop-2-
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en-1-one, 67.3 mg (0.30 mmol) (E)-N-methoxy-3-(4-methoxyphenyl)-N-methylacrylamide, 14.9 

mg (0.02 mmol) 3.2, and toluene (4 mL). The crude material was purified by FCC eluting from a 

gradient of 50% → 100% EtOAc in hexanes to give a 59% NMR yield of two diastereomers (6:1 

d.r.). Spectroscopic data was consistent with those reported above.  

2-(benzo[d][1,3]dioxol-5-yl)-N-methoxy-N-methyl-4-(1-methyl-1H-imidazole-2-carbonyl)-3-

phenylcyclobutane-1-carboxamide: Prepared according to the 

general procedure for racemic crossed [2+2] photoreactions using 21.0 

mg (0.10 mmol) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-phenylprop-2-

en-1-one, 69.4 mg (0.30 mmol) (E)-3-(benzo[d][1,3]dioxol-5-yl)-N-

methoxy-N-methylacrylamide, 14.7 mg (0.02 mmol) 3.2, and toluene (4 mL). The crude material 

was purified by FCC eluting from a gradient of 50% → 100% EtOAc in hexanes to give a 47% 

NMR yield of two diastereomers (9:1 d.r.). Spectroscopic data was consistent with those reported 

above.  

2-(4-fluorophenyl)-N-methoxy-N-methyl-4-(1-methyl-1H-imidazole-2-carbonyl)-3-

phenylcyclobutane-1-carboxamide: Prepared according to the 

general procedure for racemic crossed [2+2] photoreactions using 20.3 

mg (0.10 mmol) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-phenylprop-2-

en-1-one, 61.2 mg (0.29 mmol) (E)-3-(4-fluorophenyl)-N-methoxy-N-methylacrylamide, 14.0 mg 

(0.02 mmol) 3.2, and toluene (4 mL). The crude material was purified by FCC eluting from a 

gradient of 50% → 100% EtOAc in hexanes to give a 71% NMR yield of two diastereomers (11:1 

d.r.). Spectroscopic data was consistent with those reported above.  



349 

 

 

2-(4-chlorophenyl)-N-methoxy-N-methyl-4-(1-methyl-1H-imidazole-2-carbonyl)-3-

phenylcyclobutane-1-carboxamide: Prepared according to the 

general procedure for racemic crossed [2+2] photoreactions using 21.2 

mg (0.10 mmol) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-phenylprop-2-

en-1-one, 67.7 mg (0.30 mmol) (E)-3-(4-chlorophenyl)-N-methoxy-N-methylacrylamide, 15.4 mg 

(0.02 mmol) 3.2, and toluene (4 mL). The crude material was purified by FCC eluting from a 

gradient of 50% → 100% EtOAc in hexanes to give a 65% NMR yield of two diastereomers (12:1 

d.r.). Spectroscopic data was consistent with those reported above.  

N-methoxy-N-methyl-2-(1-methyl-1H-imidazole-2-carbonyl)-3-phenyl-4-(thiophen-2-

yl)cyclobutane-1-carboxamide: Prepared according to the general 

procedure for racemic crossed [2+2] photoreactions using 22.7 mg 

(0.11 mmol) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-phenylprop-2-en-1-

one, 66.0 mg (0.33 mmol) (E)-N-methoxy-N-methyl-3-(thiophen-2-yl)acrylamide, 17.1 mg (0.02 

mmol) 3.2, and toluene (4 mL). The crude material was purified by FCC eluting from a gradient 

of 50% → 100% EtOAc in hexanes to give a 42% NMR yield of two diastereomers (8:1 d.r.). 

Spectroscopic data was consistent with those reported above.  

tert-butyl 5-(2-(methoxy(methyl)carbamoyl)-3-(1-methyl-1H-imidazole-2-carbonyl)-4-

phenylcyclobutyl)-1H-indole-1-carboxylate: Prepared according to 

the general procedure for racemic crossed [2+2] photoreactions using 

21.2 mg (0.10 mmol) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-

phenylprop-2-en-1-one, 97.0 mg (0.29 mmol) tert-butyl (E)-5-(3-

(methoxy(methyl)amino)-3-oxoprop-1-en-1-yl)-1H-indole-1-carboxylate, 15.4 mg (0.02 mmol) 

3.2, and toluene (4 mL). The crude material was purified by FCC eluting from a gradient of 50% 
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→ 100% EtOAc in hexanes to give a 41% NMR yield of two diastereomers (8:1 d.r.). 

Spectroscopic data was consistent with those reported above.  

N-methyl-2-(1-methyl-1H-imidazole-2-carbonyl)-N,3,4-triphenylcyclobutane-1-

carboxamide: Prepared according to the general procedure for racemic 

crossed [2+2] photoreactions using 20.7 mg (0.10 mmol) (E)-1-(1-

methyl-1H-imidazol-2-yl)-3-phenylprop-2-en-1-one, 68.0 mg (0.29 

mmol) N-methyl-N-phenylcinnamamide, 15.9 mg (0.02 mmol) 3.2, and toluene (4 mL). The crude 

material was purified by FCC eluting from a gradient of 50% → 100% EtOAc in hexanes to give 

a 55% NMR yield of two diastereomers (8:1 d.r.). Spectroscopic data was consistent with those 

reported above.  

N,N-diethyl-2-(1-methyl-1H-imidazole-2-carbonyl)-3,4-diphenylcyclobutane-1-

carboxamide: Prepared according to the general procedure for racemic 

crossed [2+2] photoreactions using 21.0 mg (0.10 mmol) (E)-1-(1-

methyl-1H-imidazol-2-yl)-3-phenylprop-2-en-1-one, 68.0 mg (0.33 

mmol) N,N-diethylcinnamamide, 15.0 mg (0.02 mmol) 3.2, and toluene (4 mL). The crude material 

was purified by FCC eluting from a gradient of 50% → 100% EtOAc in hexanes to give a 40% 

NMR yield of two diastereomers (>20:1 d.r.). Spectroscopic data was consistent with those 

reported above.  

1-(2-(1-methyl-1H-imidazole-2-carbonyl)-3,4-diphenylcyclobutyl)ethan-1-one: Prepared 

according to the general procedure for racemic crossed [2+2] 

photoreactions using 21.4 mg (0.05 mmol) (E)-1-(1-methyl-1H-imidazol-

2-yl)-3-phenylprop-2-en-1-one, 73.1 mg (0.50 mmol) (E)-4-phenylbut-3-

en-2-one, 7.5 mg (0.01 mmol) 3.2, and toluene (2 mL). The crude material was purified by FCC 
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eluting from a gradient of 30% → 50% EtOAc in hexanes to give a 46% NMR yield of two 

diastereomers (4:1 d.r.). Spectroscopic data was consistent with those reported above.  

methyl 2-(1-methyl-1H-imidazole-2-carbonyl)-3,4-diphenylcyclobutane-1-carboxylate: 

Prepared according to the general procedure for racemic crossed [2+2] 

photoreactions using 21.0 mg (0.10 mmol) (E)-1-(1-methyl-1H-imidazol-

2-yl)-3-phenylprop-2-en-1-one, 49.6 mg (0.31 mmol) methyl cinnamate, 

14.3 mg (0.02 mmol) 3.2, and toluene (4 mL). The crude material was purified by FCC eluting 

from a gradient of 30% → 70% EtOAc in hexanes to give a 71% NMR yield of two diastereomers 

(1:1 d.r.). Spectroscopic data was consistent with those reported above.  

N-methoxy-3-(3-methoxyphenyl)-N-methyl-2-(1-methyl-1H-imidazole-2-carbonyl)-4-

phenylcyclobutane-1-carboxamide: Prepared according to the 

general procedure for racemic crossed [2+2] photoreactions using 

25.2 mg (0.10 mmol) (E)-3-(3-methoxyphenyl)-1-(1-methyl-1H-

imidazol-2-yl)prop-2-en-1-one, 59.7 mg (0.31 mmol) N-methoxy-N-methylcinnamamide, 16.0 mg 

(0.02 mmol) 3.2, and toluene (4 mL). The crude material was purified by FCC eluting from a 

gradient of 30% → 70% EtOAc in hexanes to give a 65% NMR yield of two diastereomers (7:1 

d.r.). Spectroscopic data was consistent with those reported above.  

3-(4-chlorophenyl)-N-methoxy-N-methyl-2-(1-methyl-1H-imidazole-2-carbonyl)-4-

phenylcyclobutane-1-carboxamide: Prepared according to the 

general procedure for racemic crossed [2+2] photoreactions using 23.0 

mg (0.10 mmol) (E)-3-(4-chlorophenyl)-1-(1-methyl-1H-imidazol-2-

yl)prop-2-en-1-one, 59.1 mg (0.31 mmol) N-methoxy-N-methylcinnamamide, 14.3 mg (0.02 

mmol) 3.2, and toluene (4 mL). The crude material was purified by FCC eluting from a gradient 
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of 50% → 100% EtOAc in hexanes to give a 56% NMR yield of one diastereomer (>20:1 d.r.). 

Spectroscopic data was consistent with those reported above.  

3-(4-(tert-butyl)phenyl)-N-methoxy-N-methyl-2-(1-methyl-1H-imidazole-2-carbonyl)-4-

phenylcyclobutane-1-carboxamide: Prepared according to the 

general procedure for racemic crossed [2+2] photoreactions using 27.9 

mg (0.10 mmol) (E)-3-(4-(tert-butyl)phenyl)-1-(1-methyl-1H-

imidazol-2-yl)prop-2-en-1-one, 59.2 mg (0.31 mmol) N-methoxy-N-methylcinnamamide, 15.7 mg 

(0.02 mmol) 3.2, and toluene (4 mL). The crude material was purified by FCC eluting from a 

gradient of 30% → 100% EtOAc in hexanes to give a 48% NMR yield of one diastereomer (>20:1 

d.r.). Spectroscopic data was consistent with those reported above.  

N-methoxy-N-methyl-2-(1-methyl-1H-imidazole-2-carbonyl)-4-phenyl-3-(thiophen-2-

yl)cyclobutane-1-carboxamide: Prepared according to the general 

procedure for racemic crossed [2+2] photoreactions using 21.4 mg 

(0.10 mmol) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-(thiophen-2-

yl)prop-2-en-1-one, 57.5 mg (0.30 mmol) N-methoxy-N-methylcinnamamide, 15.4 mg (0.02 

mmol) 3.2, and toluene (4 mL). The crude material was purified by FCC eluting from a gradient 

of 50% → 100% EtOAc in hexanes to give a 41% NMR yield of two diastereomers (5:1 d.r.). 

Spectroscopic data was consistent with those reported above.  

3.5.8 Synthetic Derivatization of Cycloadducts 

dimethyl 3,4-diphenylcyclobutane-1,2-dicarboxylate: An oven-dried 4 mL dram vial was 

charged with 42.1 mg (0.1 mmol, 1 equiv, 92% ee) (3,4-

diphenylcyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-yl)methanone) 

and then dissolved in 0.5 mL (0.2 M) CH2Cl2. The solution was stirred under 
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N2 for 5 minutes, and then 57 µL (0.5 mmol, 5 equiv) methyl trifluoromethanesulfonate was added. 

The vial was sealed and stirred for 1.5 hours. Then, the solvent and any remaining methyl 

trifluoromethanesulfonate was removed on a rotary evaporator, and then dried on high vac for 30 

minutes. Once dry, 3.4 mg (0.02 mmol, 0.2 equiv) DABCO and 0.2 mL (4.5 mmol, 45 equiv) 

methanol were added, and then redissolved in 0.5 mL (0.2 M) CH2Cl2. The solution was stirred 

for 2 hours and then condensed on a rotary evaporator and purified by FCC using a gradient of 1:9 

to 2:3 EtOAc/pentanes to give 11.2 mg (0.034 mmol, 35% yield) of  product (no erosion of ee 

occurred). Major diastereomer: 98% ee [Daicel CHIRALPAK IC, 5% to 50% iPrOH, 28 min, 1 

mL/min, t1=7.55 min, t2=13.03 min]. Clear viscous liquid. [α]D
22 -8.0° (c0.45, CH2Cl2). 

1H NMR 

(500 MHz, CDCl3) δ 7.35-7.27 (m, 8H), 7.27-7.22 (m, 2H), 3.76-3.71 (m, 2H), 3.74 (s, 6H), 3.52-

3.47 (m, 2H). 13C NMR (125 MHz, CDCl3) δ 173.0, 141.0, 128.6, 127.1, 126.8, 52.2, 47.3, 44.4. 

HRMS (ESI) calculated for [C20H20O4]
+ (M+H+) requires m/z 325.14344, found 325.1430. 

dimethyl 3,4-diphenylcyclobutane-1,2-dicarboxylate: Racemic material prepared according to 

the procedure above for the analogous product using 41.8 mg (0.1 mmol, 1 

equiv) (3,4-diphenylcyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-

yl)methanone) and 0.11 mL (1.0 mmol, 10 equiv) methyl 

trifluoromethanesulfonate in 0.5 mL (0.2 M) CH2Cl2, and then 3.7 mg (0.02 mmol, 0.2 equiv) 

DABCO and 0.2 mL (4.5 mmol, 45 equiv) methanol in 0.5 mL (0.2 M) CH2Cl2. The resulting 

material was purified by FCC using a gradient of 1:4 to 2:3 EtOAc/pentanes to give 8.3 mg (0.02 

mmol, 30% yield) of a single product. Spectroscopic data was consistent with those reported 

above. 
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N1,N2-dibenzyl-3,4-diphenylcyclobutane-1,2-dicarboxamide: An oven-dried 4 mL dram vial 

was charged with 43.3 mg (0.1 mmol, 1 equiv) 3,4-

diphenylcyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-

2-yl)methanone and then dissolved in 0.5 mL (0.2 M) DCM. 

The solution was stirred under N2 for 5 minutes, and then 0.11 mL (1.0 mmol, 10 equiv) methyl 

trifluoromethanesulfonate was added. The vial was sealed and stirred for 1.5 hours. Then, the 

solvent and any remaining methyl trifluoromethanesulfonate was removed on a rotary evaporator, 

and then dried on high vac for 30 minutes. Once dry, 0.5 mL (4.5 mmol, 45 equiv) benzylamine 

was added and then redissolved in 0.5 mL (0.2 M) DCM. The solution was stirred overnight and 

then worked up with 1M HCl wash x3. The crude product was purified by FCC using a gradient 

of 3:7 to 2:3 EtOAc/pentanes to give 31.9 mg (0.067 mmol, 67% yield) of product. White powder 

(mp 173–177 ºC). 1H NMR (500 MHz, CDCl3) δ 7.34-7.20 (m, 20H), 6.37-6.29 (m, 2H), 4.49 (dd, 

J = 14.9, 6.0 Hz, 2H), 4.40 (dd, J = 14.9, 5.7 Hz, 2H), 3.77-3.71 (m, 2H), 3.33-3.27 (m, 2H). 13C 

NMR (125 MHz, CDCl3) δ 172.4, 140.9, 138.0, 128.8, 128.7, 127.49, 127.46, 127.2, 127.0. 46.9, 

46.6, 43.5. HRMS (ESI) calculated for [C32H30N2O2]
+ (M+H+) requires m/z 475.2380, found 

475.2379.  

dibenzyl 3,4-diphenylcyclobutane-1,2-dicarboxylate: An oven dried 4 mL dram vial was 

charged with 43.3 mg (0.1 mmol, 1 equiv, 98% ee) (3,4-

diphenylcyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-yl)methanone) 

and then dissolved in 1 mL (0.1 M) phenylmethanol. The glass threads of the 

dram vial were then wrapped in one layer of teflon tape, and then a white teflon cap was tightly 

secured. Finally, teflon tape was wrapped securely around the cap and vial, and the vial was stirred 

at 150 ºC overnight. After the reaction was completed, the phenylmethanol was removed via 



355 

 

 

distillation using a high vac and gradually warming the crude reaction mixture to 100 ºC. Once the 

majority of the phenylmethanol was removed, the crude product was purified by FCC using a 

gradient of pure pentane to 1:4 EtOAc/pentanes to give 26.3 mg (0.055 mmol, 54% yield) of 

product (no erosion of ee occurred). Major diastereomer: 97% ee [Daicel CHIRALPAK AS-H, 

5% to 50% iPrOH, 28 min, 1 mL/min, t1=6.83 min, t2=7.58 min]. Light yellow viscous liquid. 

[α]D
22 -2.5° (c0.65, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.34-7.20 (m, 20H), 5.20 (d, J = 12.4 

Hz, 2H), 5.15 (d, J = 12.4 Hz, 2H), 3.81-3.75 (m, 2H), 3.55-3.49 (m, 2H). 13C NMR (125 MHz, 

CDCl3) δ 172.2, 140.9, 135.7, 128.6, 128.5, 128.2, 127.9, 127.1, 126.9, 66.7, 47.0, 44.8. HRMS 

(ESI) calculated for [C32H28O4]
+ (M+Na+) requires m/z 499.1880, found 499.1877.  

dibenzyl 3,4-diphenylcyclobutane-1,2-dicarboxylate: Racemic material prepared according to 

the procedure above for the analogous product using 42.1 mg (0.1 mmol, 1 

equiv) (3,4-diphenylcyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-

yl)methanone) and 1 mL (0.1 M) phenylmethanol. The resulting material was 

purified by FCC using a gradient of pure pentane to 1:4 EtOAc/pentanes to give 29.8 mg (0.063 

mmol, 65% yield) of product. Spectroscopic data was consistent with those reported above. 

3.5.9 Natural Product Synthesis 

 

(E)-3-(4-((tert-butyldimethylsilyl)oxy)-3,5-dimethoxyphenyl)acrylic acid: A flame dried 25 

mL RBF was charged with 1.59 g (7.09 mmol, 1.00 equiv) sinapic acid, 

1.45 g (21.3 mmol, 3.00 equiv) imidazole, and dissolved in DMF (10 

mL). The reaction was cooled to 0 ºC prior to adding 2.24 g (14.9 mmol, 

2.10 equiv) tert-butyldimethylsilyl chloride. The reaction was stirred at room temperature for 4 

hours then H2O (20 mL) was added, and the reaction was extracted with Et2O (3 x 20 mL). The 
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combined organic layers were dried over Na2SO4, filtered, and concentrated. The residue was 

dissolved in MeOH (10 mL) and H2O (5 mL), and 500 mg K2CO3 was added. The mixture was 

stirred for 30 minutes at room temperature. The reaction mixture was diluted with EtOAc (20 mL) 

and washed with sat. aq. NH4Cl (1 x 10 mL). The organic layer was dried over Na2SO4, filtered, 

concentrated, and purified by FCC eluting from a gradient of 30% → 50% EtOAc in hexanes to 

give 1.84 g (5.44 mmol, 77% yield) of a white solid. The compound was consistent with reported 

spectroscopic data.54 1H NMR (500 MHz, CDCl3) δ 7.70 (d, J = 15.8 Hz, 1H), 6.76 (s, 2H), 6.32 

(d, J = 15.8 Hz, 1H), 3.83 (s, 6H), 1.01 (s, 9H), 0.15 (s, 6H). 

(E)-3-(4-((tert-butyldimethylsilyl)oxy)-3,5-dimethoxyphenyl)-1-(1-methyl-1H-imidazol-2-

yl)prop-2-en-1-one (3.18): A flame dried 25 mL RBF under N2 was 

charged 175 mg (2.1 mmol, 2.2 equiv) 1-methyl-1H-imidazole and 

THF (2 mL).  The reaction was cooled to –78 ºC for 20 minutes 

before adding 0.92 mL (2.3 M, 2.1 mmol, 2.2 equiv) n-butyllithium dropwise. The solution was 

stirred at –78 ºC for 5 minutes, then allowed to warm to room temperature for 30 minutes before 

being cooled to –78 ºC for 20 minutes. To the reaction was added 327 mg (1.0 mmol, 1.0 equiv) 

(E)-3-(4-((tert-butyldimethylsilyl)oxy)-3,5-dimethoxyphenyl)acrylic acid as a solution in THF (4 

mL). The resulting solution was stirred at –78 ºC for 10 minutes, then allowed to warm to room 

temperature for 40 minutes. The reaction was slowly quenched with sat. aq. NaHCO3 (2 mL). The 

aqueous layer was extracted with EtOAc (3 x 10 mL). The combined organic layers were dried 

over Na2SO4, concentrated, then purified by FCC eluting from a gradient of 40% → 60% EtOAc 

in pentanes to give 244 mg (0.61 mmol, 63% yield) of a white solid (mp 102–106 ºC). 1H NMR 

(500 MHz, CDCl3) δ 7.91 (d, J = 15.8 Hz, 1H), 7.76 (d, J = 15.8 Hz, 1H), 7.22 (s, 1H), 7.07 (s, 

1H), 6.89 (s, 2H), 4.10 (s, 3H), 3.85 (s, 6H), 1.01 (s, 9H), 0.15 (s, 6H). 13C NMR (125 MHz, 
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CDCl3) δ 180.49, 151.76, 144.35, 144.21, 137.34, 129.14, 127.61, 127.11, 120.63, 106.14, 55.87, 

36.42, 25.75, 18.78, –4.56. HRMS (ESI) calculated for [C21H30N2O4Si] requires m/z 403.2048, 

found 403.2047.   

(3,4-bis(4-((tert-butyldimethylsilyl)oxy)-3,5-dimethoxyphenyl)cyclobutane-1,2-diyl)bis((1-

methyl-1H-imidazol-2-yl)methanone) (3.19):   To a vial was 

added 101.0 mg (0.25 mmol, 1.0 equiv) (E)-3-(4-((tert-

butyldimethylsilyl)oxy)-3,5-dimethoxyphenyl)-1-(1-methyl-1H-

imidazol-2-yl)prop-2-en-1-one, 38.4 mg (0.04 mmol, 0.2 equiv) 

(R)-3.2, and toluene (5 mL). The reaction was irradiated with a Kessil 456 nm lamp for 24 hours 

at –78 ºC. After the reaction, Et3N (0.1 mL) was added and the reaction was concentrated. The 

resulting material was purified by FCC eluting from a gradient of 30% → to 100% EtOAc in 

hexanes to give 91.0 mg (0.11 mmol, 90% yield) of two diastereomer (6:1 d.r.). Major 

diastereomer: 99% ee [Daicel CHIRALPAK AD, 5% to 50% iPrOH, 28 min, 1 mL/min, t1=10.13 

min, t2=11.94 min]. Off-white solid (mp 54–61 ºC). [α]D
22 +26.5° (c0.31, CH2Cl2). 

1H NMR (500 

MHz, CDCl3) δ 6.92 (s, 2H), 6.85 (s, 2H), 6.59 (s, 4H), 4.77–4.71 (m, 2H), 4.04 (s, 6H), 3.87–3.82 

(m, 2H), 3.73 (s, 12H), 0.98 (s, 18H), 0.09 (s, 12H). 13C NMR (125 MHz, CDCl3) δ 191.0, 151.4, 

143.0, 134.9, 132.8, 128.9, 126.8, 104.1, 55.7, 48.4, 46.8, 36.0, 25.8, 18.7, –4.7. HRMS (ESI) 

calculated for [C42H61N4O8Si2]
+ (M+H+) requires m/z 805.40224, found 805.4026. 

(±)-(3,4-bis(4-((tert-butyldimethylsilyl)oxy)-3,5-dimethoxyphenyl)cyclobutane-1,2-

diyl)bis((1-methyl-1H-imidazol-2-yl)methanone): An 8 mL vial 

was charged with 45.4 mg (0.1 mmol, 1.0 equiv) (E)-3-(4-((tert-

butyldimethylsilyl)oxy)-3,5-dimethoxyphenyl)-1-(1-methyl-1H-

imidazol-2-yl)prop-2-en-1-one, 17.1 mg (0.02 mmol, 0.2 equiv) 
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(±)-3.2, and toluene (2 mL). The reaction was irradiated with a Kessil H150 Tuna Blue lamp for 

24 hours at room temperature. After the reaction, Et3N (0.1 mL) was added and the reaction was 

concentrated and analyzed 1H-NMR vs. internal standard (phenanthrene) to give a 45% NMR yield 

of three diastereomers (1:1 d.r.). The resulting material was purified by FCC eluting from a 

gradient of 30% → 80%  EtOAc in hexanes. Spectroscopic data was consistent with those reported 

above. 

Isatiscycloneolignan A (3.20): A 4 mL dram vial was charged with 16.0 mg (0.02 mmol, 1 equiv) 

(3,4-bis(4-((tert-butyldimethylsilyl)oxy)-3,5-

dimethoxyphenyl)cyclobutane-1,2-diyl)bis((1-methyl-1H-

imidazol-2-yl)methanone) and then dissolved in DCM (0.5 mL). 

To this solution was added 16.5 mg (0.1 mmol, 5 equiv) methyl 

trifluoromethanesulfonate. The vial was sealed and stirred for 24 hours at room temperature. The 

reaction was concentrated and 5.0 mg (0.04 mmol, 2 equiv) DMAP and MeOH (0.5 mL) was 

added. The reaction was stirred for 24 hours. To the reaction was added 5 drops of 6 M HCl and 

was stirred for an additional 24 hours at which point the reaction was concentrated and purified by 

FCC using a gradient of 20% to 100% EtOAc in hexanes to give 7.9 mg (0.017 mmol, 83% yield) 

of a white powder (mp 110–114 ºC). [α]D
22 –18.6° (c0.84, CH2Cl2). 

1H NMR (500 MHz, CDCl3) 

δ 6.51 (s, 4H), 5.45 (s, 2H), 3.86 (s, 12H), 3.75 (s, 6H), 3.55–3.53 (m, 2H), 3.45–3.43 (m, 2H). 13C 

NMR (125 MHz, CDCl3) δ 173.2, 147.3, 134.1, 132.3, 103.7, 56.5, 52.4, 48.5, 44.5.  

HRMS (ESI) calculated for [C24H28O10Na]+ (M+Na+) requires m/z 499.1575, found 499.1566.  

(2E,4E)-5-(benzo[d][1,3]dioxol-5-yl)-1-(1-methyl-1H-imidazol-2-yl)penta-2,4-dien-1-one 

(3.24): A flame dried 250 mL RBF under N2 was charged with 

1.27 g (15.4 mmol, 1.10 equiv) 1-methyl-1H-imidazole and THF 
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(45 mL).  The reaction was cooled to –78 ºC for 20 minutes before adding 7.01 mL (2.5M, 17.5 

mmol, 1.25 equiv) n-butyllithium dropwise. The solution was stirred at –78 ºC for 5 minutes, then 

allowed to warm to room temperature for 30 minutes before being cooled to –78 ºC for 20 minutes. 

To the reaction was added 4.00 g (14.0 mmol, 1.00 equiv) piperine as a solution in THF (45 mL). 

The resulting solution was stirred at –78 ºC for 10 minutes, then allowed to warm to room 

temperature overnight. The reaction was slowly quenched with AcOH (2 mL) and EtOAc (50 mL) 

was added. The reaction was washed with sat. aq. NaHCO3 (1 x 20 mL) and sat. aq. NaCl (1 x 20 

mL). Each aqueous layer was extracted with EtOAc (1 x 20 mL). The combined organic layers 

were dried over Na2SO4, concentrated, then purified by FCC eluting from a gradient of 0% → 10% 

EtOAc in DCM to give 3.36 g (11.9 mmol, 85% yield) of a yellow solid (mp 168–170 ºC). 1H 

NMR (500 MHz, CDCl3) δ 7.57 (m, 2H), 7.18 (d, J = 0.9 Hz, 1H), 7.05 (s, 1H), 7.02 (d, J = 1.7 

Hz, 1H), 6.95 (m, 2H), 6.88 (m, 1H), 6.80 (d, J = 8.0 Hz, 1H), 5.99 (s, 2H), 4.07 (s, 3H). 13C NMR 

(125 MHz, CDCl3) δ 180.86, 148.68, 148.32, 144.16, 143.64, 141.46, 130.84, 129.19, 127.00, 

125.80, 125.56, 123.14, 108.59, 105.98, 101.41, 36.29. HRMS (ESI) calculated for [C16H15N2O3]
+ 

(M+H+)  requires m/z 283.1077, found 283.1075.  

(±)-3,4-bis((E)-2-(benzo[d][1,3]dioxol-5-yl)vinyl)cyclobutane-1,2-diyl)bis((1-methyl-1H-

imidazol-2-yl)methanone): An 8 mL vial was charged with 15.0 

mg (0.05 mmol, 1.0 equiv) (2E,4E)-5-(benzo[d][1,3]dioxol-5-yl)-

1-(1-methyl-1H-imidazol-2-yl)penta-2,4-dien-1-one and toluene (4 

mL). The reaction was irradiated with a Kessil H150 Tuna Blue 

lamp for 24 hours at –78 °C. After the reaction, Et3N (0.1 mL) was added, and the reaction was 

concentrated and analyzed 1H-NMR vs. internal standard (phenanthrene) to give an 87% NMR 

yield of three isomers (7:1:1 d.r.). The resulting material was purified by FCC eluting from a 
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gradient of 50% → 70%  EtOAc in hexanes. Spectroscopic data was consistent with those reported 

above.  

 

3,4-bis((E)-2-(benzo[d][1,3]dioxol-5-yl)vinyl)cyclobutane-1,2-diyl)bis((1-methyl-1H-

imidazol-2-yl)methanone) (3.25): To a vial was added 14.1 mg 

(0.25 mmol, 1.0 equiv) (2E,4E)-5-(benzo[d][1,3]dioxol-5-yl)-1-(1-

methyl-1H-imidazol-2-yl)penta-2,4-dien-1-one, 8.0 mg (0.01 

mmol, 0.2 equiv) (R)-3.2, and toluene (10 mL). The reaction was 

irradiated with a Kessil 456 nm lamp for 24 hours at –78 ºC. After the reaction, Et3N (0.1 mL) was 

added, and the reaction was concentrated and analyzed 1H-NMR vs. internal standard 

(phenanthrene) to give an 85% NMR yield of four isomers (11:3:1:1 d.r.). The resulting material 

was purified by FCC eluting from a gradient of 50% → to 70% EtOAc in hexanes. A reverse phase 

column was also run eluting from a gradient of 0% to 100% MeCN in water to give 8.3 mg (0.015 

mmol, 59% yield) of the desired isomer. Major diastereomer: 92% ee [Daicel CHIRALPAK OD-

H, 5% to 60% iPrOH, 28 min, 1 mL/min, t1=23.00 min, t2=28.01 min]. White solid (mp 70–74 

ºC). [α]D
22 +48.4° (c0.38, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 6.92–6.89 (m, 6H), 6.77 (dd, J 

= 8.1, 1.7 Hz, 2H), 6.71 (d, J = 8.1, 2H), 6.24–6.19 (m, 2H), 5.92 (s, 4H), 4.51–4.49 (m, 2H), 4.02 

(s, 6H), 3.32–3.29 (m, 2H). 13C NMR (125 MHz, CDCl3) δ 190.7, 147.9, 146.9, 143.0, 131.8, 

130.3, 129.1, 128.7, 126.8, 120.9, 108.2, 105.7, 100.9, 48.1, 43.9, 36.0. HRMS (ESI) calculated 

for [C32H28N4O6Na]+ (M+H+) requires m/z 587.1901, found 587.1899.  
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Nigramide R (3.28): A 4 mL dram vial was charged with 13.0 mg (0.02 mmol, 1 equiv) (2E,4E)-

5-(benzo[d][1,3]dioxol-5-yl)-1-(1-methyl-1H-imidazol-2-

yl)penta-2,4-dien-1-one and dissolved in DCM (0.5 mL). To the 

solution was added 18.9 mg (0.12 mmol, 5 equiv) methyl 

trifluoromethanesulfonate. The vial was sealed and stirred for 24 

hours. Then, 39.2 mg (0.46 mmol, 20 equiv) piperidine was added and the reaction was stirred for 

an additional 24 hours. The reaction was diluted with 1 M HCl (5 mL) and extracted with DCM 

(2 x 10 mL). The organic layers were dried over Na2SO4, filtered, concentrated, and purified by 

FCC using a gradient of 50% to 80% EtOAc/hexanes to give 6.8 mg (0.012 mmol, 52% yield) of 

a colorless oil. [α]D
22 +56.0° (c0.40, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 6.87 (d, J = 1.5 Hz, 

2H), 6.76–6.71 (m, 4H), 6.36 (d, J = 15.7 Hz, 2H), 6.14–6.09 (m, 2H), 5.93 (s, 4H), 3.71–3.64 (m, 

4H), 3.53–3.48 (m, 2H), 3.42–3.47 (m, 4H), 3.01–2.97 (m, 2H), 1.59–1.39 (m, 12H). 13C NMR 

(125 MHz, CDCl3) δ 170.6, 148.2, 147.3, 131.6, 131.2, 128.8, 121.1, 108.5, 105.7, 101.2, 46.9, 

46.4, 43.4, 42.3, 27.0, 25.9, 24.7. HRMS (ESI) calculated for [C34H39N2O6]
+ (M+H+) requires m/z 

571.2803, found 571.2800.  

(E)-3-(benzo[d][1,3]dioxol-5-yl)-1-(1-methyl-1H-imidazol-2-yl)prop-2-en-1-one (3.21): 

Synthesized according to  General  Procedure D using 374 mg (3.01 

mmol, 1.0 equiv) 2-acetyl-1-methylimidazole, 510 mg (3.40 mmol, 

1.1 equiv) benzo[d][1,3]dioxole-5-carbaldehyde, ~25 mg (1/2 pellet) KOH, EtOH (8 mL), and 

H2O (4 mL). Work-up 1, to give 651 mg (2.54 mmol, 84% yield) of a yellow solid (mp = 180–184 

ºC). 1H NMR (500 MHz, CDCl3) δ 7.91(d, J = 15.9 Hz, 1H), 7.75 (d, J = 15.9 Hz, 1H), 7.24 (d, J 

= 1.7 Hz, 1H), 7.21 (d, J = 1.0 Hz, 1H), 7.16 (dd, J = 8.1 Hz, 1.8 Hz, 1H), 7.07 (s, 1H), 6.83 (d, J 

= 8.0 Hz, 1H), 6.02 (s, 2H), 4.09 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 180.7, 150.1, 148.6, 
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144.3, 143.5, 129.7, 129.4, 127.3, 125.6, 121.1, 108.7, 107.3, 101.8, 36.5. HRMS (ESI) calculated 

for [C14H13N2O3]
+ (M+H+) requires m/z 257.0921, found 257.0916.  

(3,4-bis(benzo[d][1,3]dioxol-5-yl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-

yl)methanone): Prepared according to the general procedure for 

isolation-scale asymmetric experiments with the exception that a 

Kessil 456 nm lamp was used instead of a Kessil H150 Tuna Blue lamp 

and the reaction was conducted at –78 °C. To a vial was added 25.2 

mg (0.10 mmol, 1.0 equiv) (E)-3-(benzo[d][1,3]dioxol-5-yl)-1-(1-methyl-1H-imidazol-2-yl)prop-

2-en-1-one, 15.8 mg (0.02 mmol, 0.2 equiv) (R)-3.2, and toluene (5 mL). The resulting material 

was purified by FCC eluting from a gradient of 50% → 70% EtOAc in hexanes to give 23.1 mg 

(0.09 mmol, 92% yield) of one diastereomer (>20:1 d.r.). Major diastereomer: 99% ee [Daicel 

CHIRALPAK AD, 5% to 60% iPrOH, 35 min, 1 mL/min, t1=22.85 min, t2=29.47 min]. White 

solid (mp 171–174 ºC). [α]D
22 +71.4° (c0.21, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 6.90–6.89 

(m, 4H), 6.83 (dd, J = 8.0, 1.8 Hz, 2H), 6.81 (s, 2H), 6.72 (d, J = 8.0 Hz, 2H), 5.90 (s, 4H), 4.60–

4.58 (m, 2H), 4.02 (s, 6H), 3.94–3.92 (m, 2H). 13C NMR (125 MHz, CDCl3) δ 190.9, 147.9, 146.5, 

143.2, 136.2, 129.1, 126.9, 120.6, 108.4, 108.0, 101.0, 49.8, 45.6, 36.1. HRMS (ESI) calculated 

for [C28H25N4O6]
+ (M+H+) requires m/z 513.1769, found 513.1760.  

(±)-(3,4-bis(benzo[d][1,3]dioxol-5-yl)cyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-

yl)methanone): An 8 mL vial was charged with 24.9 mg (0.10 mmol, 

1.0 equiv) (E)-3-(benzo[d][1,3]dioxol-5-yl)-1-(1-methyl-1H-

imidazol-2-yl)prop-2-en-1-one, 15.1 mg (0.02 mmol, 0.2 equiv) (±)-

3.2,  and toluene (5 mL). The reaction was irradiated with a Kessil 

H150 Tuna Blue lamp for 24 hours at rt. After the reaction, Et3N (0.1 mL) was added, and the 
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reaction was concentrated and analyzed 1H-NMR vs. internal standard (phenanthrene) to give a 

50% NMR yield of three isomers (>20:1 d.r.). The resulting material was purified by FCC eluting 

from a gradient of 50% → 70% EtOAc in hexanes. Spectroscopic data was consistent with those 

reported above.  

Barbarumamide C (3.22): A 4 mL dram vial was charged with 25.0 mg (0.05 mmol, 1 equiv) 

(3,4-bis(benzo[d][1,3]dioxol-5-

yl)cyclobutane-1,2-diyl)bis((1-methyl-1H-

imidazol-2-yl)methanone)and then 

dissolved in DCM (0.5 mL). The solution was stirred under N2 for 5 minutes, and then 40 mg (0.24 

mmol, 5 equiv) methyl trifluoromethanesulfonate was added. The vial was sealed and stirred for 

24 hours. Then, the solvent and any remaining methyl trifluoromethanesulfonate was removed on 

a rotary evaporator, and then dried on high vac for 30 minutes. Once dry, 150 mg (1.0 mmol, 20 

equiv) 2-(4-methoxyphenyl)ethan-1-amine was added and then redissolved in DCM (0.5 mL). The 

solution was stirred for 24 hours, concentrated, and purified by FCC using a gradient of 50% to 

70% EtOAc/hexanes to give 25.5 mg (0.039 mmol, 80% yield) of a white powder (mp 192–194 

ºC). [α]D
22 +83.8° (c0.21, CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 7.05 (d, J = 8.6 Hz, 4H), 6.81 

(d, J = 8.6, 4H), 6.70–6.69 (m, 4H), 6.59 (dd, J = 8.0, 1.7 Hz, 2H), 6.03 (t, J = 5.8, 2H), 5.93 (s, 

4H), 3.78 (s, 6H), 3.55–3.48 (m, 2H), 3.45–3.34 (m, 2H), 3.38–3.34 (m, 2H), 2.97–2.95 (m, 2H), 

2.74 (t, J = 7.1 Hz, 4H). 13C NMR (125 MHz, CDCl3) δ 172.6, 158.5, 148.2, 146.9, 134.9, 130.7, 

129.9, 120.3, 114.2, 108.6, 107.5, 101.2, 55.4, 47.1, 46.9, 40.8, 34.9. HRMS (ESI) calculated for 

[C38H39N2O8]
+ (M+H+) requires m/z 651.2701, found 651.2700.  
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(E)-1-(1-methyl-1H-imidazol-2-yl)-3-(3,4,5-trimethoxyphenyl)prop-2-en-1-one (3.43): A 

flame dried 50 mL RBF under N2 was charged with 0.74 mL (9.2 

mmol, 2.2 equiv) 1-methyl-  1H-imidazole and THF (8 mL).  The 

reaction was cooled to –78 ºC for 20 minutes before adding 3.70 mL 

(2.5M, 9.2 mmol, 2.2 equiv) n-butyllithium dropwise. The solution was stirred at –78 ºC for 5 

minutes, then allowed to warm to room temperature for 30 minutes before being cooled to –78 ºC 

for 20 minutes. To the reaction was added 1.00 g (4.2 mmol, 1.0 equiv) (E)-3-(3,4,5-

trimethoxyphenyl)acrylic acid as a solution in THF (8 mL). The resulting solution was stirred at –

78 ºC for 10 minutes, then allowed to warm to room temperature for 40 minutes. The reaction was 

slowly quenched with sat. aq. NaHCO3 (2 mL). The aqueous layer was extracted with EtOAc (3 x 

10 mL). The combined organic layers were dried over Na2SO4, concentrated, then purified by FCC 

eluting from a gradient of 40% → 100% EtOAc in hexanes to give 870 mg (2.88 mmol, 69% yield) 

of a yellow solid (mp 142–146 ºC). 1H NMR (500 MHz, CDCl3) δ 7.95 (d, J = 15.9 Hz, 1H), 7.75 

(d, J = 15.9 Hz, 1H), 7.23 (d, J = 1.0 Hz, 1H), 7.09 (d, J = 0.9 Hz, 1H), 6.92 (s, 2H), 4.11 (s, 3H), 

3.92 (s, 6H), 3.90 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 180.4, 153.4, 144.1, 143.7, 140.4, 130.4, 

129.3, 127.3, 121.8, 106.0, 61.0, 56.3, 36.4. HRMS (ESI) calculated for [C16H19N2O4] (M+H+) 

requires m/z 303.1339, found 303.1334.   

(E)-1-(3-(3,4-dimethoxyphenyl)acryloyl)-5,6-dihydropyridin-2(1H)-one (3.45): A flame dried 

100 mL RBF under N2 was charged with 312 mg (1.5 mmol, 1.00 

equiv) (E)-3-(3,4-dimethoxyphenyl)acrylic acid, 0.25 mL (1.8 mmol, 

1.20 equiv) triethylamine, and THF (10 mL). The reaction was cooled to 0 ºC prior to addition of 

0.22 mL (1.8 mmol, 1.20 equiv) pivaloyl chloride and then stirred for one hour. In a separate flask 

153 mg (1.6 mmol, 1.05 equiv) 5,6-dihydropyridin-2(1H)-one was dissolved in THF (10 mL) and 
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cooled to –78 ºC prior to addition of 0.72 mL (2.5 M, 1.8 mmol, 1.20 equiv) n-butyllithium. The 

mixture was stirred for 45 minutes and then the anhydride was added to the cooled lithiated amide 

and the resulting reaction was stirred for an additional 1 hour. The reaction was then allowed to 

warm to room temperature and quenched with sat. aq. NH4Cl (10 mL). The reaction was 

transferred to a separatory funnel with additional water and was extracted with EtOAc (3 x 20 

mL). The combined organic layers were washed with brine (1 x 20 mL), dried over Na2SO4, 

filtered, concentrated and then purified by FCC eluting from a gradient of 30% → 70% EtOAc in 

hexanes to give 320 mg (1.11 mmol, 74% yield) of a yellow solid. The compound was consistent 

with reported spectroscopic data.55 1H NMR (500 MHz, CDCl3) δ 7.73 (d, J = 15.5 Hz, 1H), 7.42 

(d, J = 15.5 Hz, 1H), 7.16 (dd, J = 8.3, 2.1 Hz, 1H), 7.11 (d, J = 2.0 Hz, 1H), 6.94 (dt, J = 9.7, 4.2 

Hz, 1H), 6.86 (d, J = 8.3 Hz, 1H), 6.05 (dt, J = 9.7, 1.8 Hz, 1H), 4.04 (t, J = 6.5 Hz, 2H), 3.92 (s, 

3H), 3.91 (s, 3H), 2.49–2.45 (m, 2H). 

1-(2-(3,4-dimethoxyphenyl)-4-(1-methyl-1H-imidazole-2-carbonyl)-3-(3,4,5-

trimethoxyphenyl)cyclobutane-1-carbonyl)-5,6-

dihydropyridin-2(1H)-one: To a flame-dried 100 mL RBF was 

added 86.2 mg (0.30 mmol, 3.0 equiv) (E)-1-(3-(3,4-

dimethoxyphenyl)acryloyl)-5,6-dihydropyridin-2(1H)-one, 15.4 

mg (0.02 mmol, 0.2 equiv) (R)-3.2, and toluene (2 mL). In another flask 30.2 mg (0.1 mmol, 1.0 

equiv) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-(3,4,5-trimethoxyphenyl)prop-2-en-1-one was 

dissolved in toluene (3 mL) and DCM (1 mL). The reaction mixture was cooled to 0 ºC and 

irradiated with 2 Kessil 467 nm lamps. During the reaction, the substrate solution was added at a 

rate of 0.2 mL/hour via syringe pump such that all the substrate was added after 20 hours. The 

reaction was irradiated for a total of 24 hours.  The resulting material was purified by FCC eluting 
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from a gradient of 50% EtOAc/hexanes → EtOAc→ 10% MeOH/EtOAc to give 48.0 mg (0.08 

mmol, 81% yield, 6:1 d.r.). Major diastereomer: 99% ee [Daicel CHIRALPAK AD-H, 30% to 

80% iPrOH, 30 min, 1 mL/min, t1=18.46 min, t2=23.92 min]. White solid (mp 75–80 ºC). [α]D
22 –

63.9° (c0.31, CH2Cl2). 
1H NMR (500 MHz, CDCl3) δ 7.12 (s, 1H), 7.00 (s, 1H), 6.82 (dt, J = 9.7, 

4.2 Hz, 1H), 6.78 (dd, J = 8.4, 2.1 Hz, 1H), 6.69 (d, J = 8.3, 1H), 6.49 (d, J = 2.1, 1H), 6.42 (s, 

2H), 5.88 (dt, J = 9.8, 1.8 Hz, 1H), 5.41 (t, J = 9.2, 1H), 4.60–4.50 (m, 1H), 4.45–4.42 (m, 1H), 

4.27 (t, J = 9.1, 1H), 4.15–4.10 (m, 1H), 3.97 (s, 3H), 3.85–3.81 (m, 1H), 3.78 (s, 3H), 3.72 (s, 

3H), 3.68 (s, 6H), 3.65 (s, 3H), 2.36–2.33 (m, 2H). 13C NMR (125 MHz, CDCl3) δ 191.3, 175.3, 

165.1, 152.9, 148.7, 147.8, 145.2, 142.7, 136.4, 135.2, 132.5, 129.0, 127.1, 126.0, 120.6, 112.6, 

111.0, 105.7, 61.0, 56.3, 56.1, 48.8, 48.1, 45.5, 44.5, 41.4, 36.4, 24.8. HRMS (ESI) calculated for 

[C32H35N3O8Na]+ (M+Na+) requires m/z 612.2316, found 612.2309.  

(±)-1-(2-(3,4-dimethoxyphenyl)-4-(1-methyl-1H-imidazole-2-carbonyl)-3-(3,4,5-

trimethoxyphenyl)cyclobutane-1-carbonyl)-5,6-

dihydropyridin-2(1H)-one: To a flame-dried 50 mL RBF was 

added 43.1 mg (0.15 mmol, 3.0 equiv) (E)-1-(3-(3,4-

dimethoxyphenyl)acryloyl)-5,6-dihydropyridin-2(1H)-one, 7.7 

mg (0.01 mmol, 0.2 equiv) (±)-3.2, and toluene (2 mL). In another flask 15.1 mg (0.05 mmol, 1.0 

equiv) (E)-1-(1-methyl-1H-imidazol-2-yl)-3-(3,4,5-trimethoxyphenyl)prop-2-en-1-one was 

dissolved in toluene (3 mL) and DCM (1 mL). The reaction mixture was cooled to 0 ºC and 

irradiated with 2 Kessil 467 nm lamps. During the reaction, the substrate solution was added at a 

rate of 0.2 mL/hour via syringe pump such that all the substrate was added after 20 hours. The 

reaction was irradiated for a total of 24 hours.  After the reaction, Et3N (0.1 mL) was added, and 

the reaction was concentrated and analyzed 1H-NMR vs. internal standard (phenanthrene) to give 
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an 81% NMR yield (6:1 d.r.). The resulting material was purified by FCC eluting from a gradient 

of 50% EtOAc/hexanes → EtOAc→ 10% MeOH/EtOAc. Spectroscopic data was consistent with 

those reported above.  

Piperarborenine D (3.47): A dram vial was charged with 75.0 mg (0.13 mmol, 1 equiv) 1-(2-

(3,4-dimethoxyphenyl)-4-(1-methyl-1H-imidazole-2-carbonyl)-3-

(3,4,5-trimethoxyphenyl)cyclobutane-1-carbonyl)-5,6-

dihydropyridin-2(1H)-one and then dissolved in DCM (5.0 mL). 

To the solution was added 42.4 mg (0.25 mmol, 2 equiv) methyl 

trifluoromethanesulfonate. The vial was sealed and stirred for 2 hours and then the reaction was 

concentrated and placed on high vacuum for 1 hour. The methylated intermediate was dissolved 

in DME (5 mL) and cooled to –50 °C. To a separate flame-dried vial was added DME (3 mL) and 

cooled to –50 °C prior to addition of 18 μL (0.13 mmol, 1 equiv) diisopropylamine, and 51 μL (2.5 

M, 0.13 mmol, 1 equiv) n-butyllithium. This reaction was stirred for 10 minutes prior to addition 

of a solution of 12.3 mg (0.13 mmol, 1 equiv) 5,6-dihydropyridin-2(1H)-one (DHP) in DME (2 

mL). After addition of DHP the reaction was stirred for 10 minutes at –50 °C and then added in 

one portion to the cooled methylated intermediate. Immediately after the addition, the reaction was 

removed from the cooling bath and allowed to warm to 0 °C over 10 minutes at which point it was 

quenched with sat. aq. NH4Cl (2 mL). The reaction was transferred to a separatory funnel with 

EtOAc and water and the reaction was extracted with EtOAc (3 x 20 mL). The combined organic 

layers were dried over Na2SO4, filtered, and concentrated. The resulting material was purified by 

FCC eluting from a gradient of 70% EtOAc/hexanes → EtOAc→ to give 54.3 mg (0.09 mmol, 

71% yield) of a white solid (mp 50–57 ºC). [α]D
22 +12.9° (c0.42, CH2Cl2). 

1H NMR (500 MHz, 

CDCl3) δ 6.87–6.83 (m, 2H), 6.73 (dd, J = 8.3, 1.9 Hz, 1H), 6.69 (d, J = 8.3 Hz, 1H), 6.37 (d, J = 
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1.8 Hz, 1H), 6.19 (s, 2H), 5.94 (td, J = 9.6, 1.8 Hz, 2H), 4.80–4.73 (m, 2H), 4.21–4.18 (m, 1H), 

4.14–4.11 (m, 1H), 4.04–3.94 (m, 4H), 3.77 (s, 3H), 3.72 (s, 3H), 3.65 (s, 6H), 3.62 (s, 3H), 2.40–

2.37 (m, 4H). 13C NMR (125 MHz, CDCl3) δ 175.4, 175.3, 165.1, 164.9, 152.8, 148.6, 147.6, 

145.2, 145.2, 136.5, 134.9, 131.8, 125.9, 125.9, 120.1, 112.2, 110.9, 105.7, 60.9, 56.1, 56.0, 55.9, 

48.7, 48.2, 46.1, 45.9, 41.3, 24.7, 24.7. HRMS (ESI) calculated for [C33H36N2O9Na]+ (M+Na+) 

requires m/z 627.2313, found 627.2305.  

3.5.10 Incompatible Substrates 

 

Figure 3.1 Incompatible dimerization and heterodimerization substrates. Note: < 10% yield was 

observed if no yield is given above.  

3.5.11 Monomethylation gives Unsymmetrical Products 
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Scheme 3.6 Monomethylation of 3.4 in toluene 

 

Scheme 3.7 Monomethylation approach gives access to enantiopure, unsymmetrically 

substituted cyclobutanes from dimerization. 

3.5.12 UV-Vis Absorption Experiments 
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Figure 3.2 Absorption spectra of 3.19 and 3.19 with 3.2 and emission spectra of Tuna Blue and 

456 nm Kessil lamps  
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Figure 3.3 Absorption spectra of 3.24 and 3.24 with 3.2 and emission spectra of Tuna Blue and 

456 nm Kessil lamps 

3.5.13 Non-Linear Effect Experiments 

Given the proposed mechanism in which two acid catalysts are expected to participate in 

the dimerization reaction, a non-linear effect experiment was conducted to interrogate the 

relationship between product enantioselectivity as a function of catalyst enantioselectivity. A non-

linear effect was not observed as is shown in the data below.  

Setup: two stock solutions were made with one containing 3.1 and (R)-3.2 and the other 3.1 and 

(±)-3.2. Six reactions were set up, each having varying amounts of stock solution 1 and 2 with 

each total volume totaling 1 mL such that each reaction had the same total amount of substrate, 

catalyst, and solvent. Each reaction was irradiated for 16 h with a Kessil H150 Tuna Blue lamp 

prior to workup and column chromatography to get product for HPLC analysis.  

Stock solution 1: 3.1 (0.05 M), (R)-3.2 (0.01 M) 
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Stock solution 1: 3.1 (0.05 M), (±)-3.2 (0.01 M) 

Reaction 1: 0.143 mL stock solution 1, 0.857 mL stock solution 2 

Reaction 2: 0.286 mL stock solution 1, 0.714 mL stock solution 2 

Reaction 3: 0.429 mL stock solution 1, 0.571 mL stock solution 2 

Reaction 4: 0.571 mL stock solution 1, 0.429 mL stock solution 2 

Reaction 5: 0.714 mL stock solution 1, 0.286 mL stock solution 2 

Reaction 6: 0.857 mL stock solution 1, 0.143 mL stock solution 2 

 

Figure 3.4 Non-linear effect experiment for dimerization of 3.1 with 3.2 

3.5.14 X-Ray Crystallographic Data 

((1S,2S,3R,4R)-3,4-diphenylcyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-
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Data Collection: A colorless crystal with approximate dimensions 0.15 × 0.11 × 0.07 mm3 was 

selected under oil under ambient conditions and attached to the tip of a MiTeGen MicroMount©. 

The crystal was mounted in a stream of cold nitrogen at 100(1) K and centered in the X-ray beam 

by using a video camera. 

The crystal evaluation and data collection were performed on a Bruker D8 VENTURE PhotonIII 

four-circle diffractometer with Cu Kα (λ = 1.54178 Å) radiation and the detector to crystal distance 

of 4.0 cm.56  

The initial cell constants were obtained from a 180° φ scan conducted at a 2θ = 50° angle with the 

exposure time of 1 second per frame. The reflections were successfully indexed by an automated 

indexing routine built in the APEX3 program. The final cell constants were calculated from a set 

of 9073 strong reflections from the actual data collection. 

The data were collected by using a hemisphere data collection routine to survey the reciprocal 

space to the extent of a full sphere to a resolution of 0.8 Å. A total of 39025 data were harvested 

by collecting 17 sets of frames with 0.6º scans in and φ with an exposure time 0.5–3 sec per frame. 

These highly redundant datasets were corrected for Lorentz and polarization effects. The 

absorption correction was based on fitting a function to the empirical transmission surface as 

sampled by multiple equivalent measurements.57 
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Structure Solution and Refinement: The systematic absences in the diffraction data were 

uniquely consistent for the space group P212121 that yielded chemically reasonable and 

computationally stable results of refinement.58–63  

A successful solution by the direct methods provided most non-hydrogen atoms from the E-map. 

The remaining non-hydrogen atoms were located in an alternating series of least-squares cycles 

and difference Fourier maps. All non-hydrogen atoms were refined with anisotropic displacement 

coefficients. All hydrogen atoms were included in the structure factor calculation at idealized 

positions and were allowed to ride on the neighboring atoms with relative isotropic displacement 

coefficients. 

The absolute configuration was unequivocally established by anomalous scattering effects: C1(S), 

C2(S), C3(R), C4(R). 

The final least-squares refinement of 292 parameters against 4235 data resulted in residuals R 

(based on F2 for I≥2σ) and wR (based on F2 for all data) of 0.0277 and 0.0667, respectively. The 

final difference Fourier map was featureless. 

 

Summary: Crystal Data for C26H24N4O2 (M =424.49 g/mol): orthorhombic, space group 

P212121 (no. 19), a = 10.3510(12) Å, b = 11.8569(15) Å, c = 17.478(2) Å, V = 2145.1(4) Å3, Z 

= 4, T = 99.99 K, μ(CuKα) = 0.681 mm-1, Dcalc = 1.314 g/cm3, 39025 reflections measured 

(9.012° ≤ 2Θ ≤ 144.53°), 4235 unique (Rint = 0.0300, Rsigma = 0.0183) which were used in all 

calculations. The final R1 was 0.0277 (I > 2σ(I)) and wR2 was 0.0667 (all data). 



375 

 

 

 

Figure 3.5 A molecular drawing of Yoon59a shown with 50% probability ellipsoids. All H atoms 

are omitted. 
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Table 3.1 Crystal data and structure refinement for yoon59a. 

Identification code yoon59a 

Empirical formula C26H24N4O2 

Formula weight 424.49 

Temperature/K 99.99 

Crystal system orthorhombic 

Space group P212121 

a/Å 10.3510(12) 

b/Å 11.8569(15) 

c/Å 17.478(2) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 2145.1(4) 

Z 4 

ρcalcg/cm3 1.314 

μ/mm-1 0.681 

F(000) 896.0 

Crystal size/mm3 0.15 × 0.11 × 0.07 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 9.012 to 144.53 

Index ranges -12 ≤ h ≤ 12, -14 ≤ k ≤ 14, -19 ≤ l ≤ 21 
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Reflections collected 39025 

Independent reflections 4235 [Rint = 0.0300, Rsigma = 0.0183] 

Data/restraints/parameters 4235/0/292 

Goodness-of-fit on F2 1.047 

Final R indexes [I>=2σ (I)] R1 = 0.0277, wR2 = 0.0664 

Final R indexes [all data] R1 = 0.0280, wR2 = 0.0667 

Largest diff. peak/hole / e Å-3 0.25/-0.22 

Flack parameter 0.01(4) 

 

Table 3.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for yoon59a. Ueq is defined as 1/3 of of the trace of the orthogonalised 

UIJ tensor. 

Atom x y z U(eq) 

O1 7158.2(11) 5788.9(10) 7759.5(7) 23.6(3) 

O2 4763.5(11) 3755.1(11) 5335.5(7) 28.4(3) 

N1 9244.2(13) 4217.9(11) 7382.1(7) 17.8(3) 

N2 7736.6(13) 3162.8(11) 6814.4(7) 18.9(3) 

N3 7432.6(13) 3621.6(12) 4817.7(7) 20.5(3) 

N4 7827.3(13) 5112.1(12) 5558.5(7) 20.9(3) 

C1 5640.9(14) 4634.3(13) 7081.6(8) 17.0(3) 

C2 5311.3(14) 5140.1(13) 6272.7(8) 17.0(3) 

C3 3897.9(14) 5251.8(13) 6556.1(8) 16.6(3) 

C4 4429.2(14) 5238.5(13) 7394.1(8) 16.4(3) 
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C5 6952.7(15) 4925.2(13) 7398.8(8) 17.3(3) 

C6 7962.6(15) 4102.6(13) 7210.5(8) 16.8(3) 

C7 9870.0(15) 5127.8(14) 7805.1(9) 22.3(3) 

C8 9851.6(16) 3307.0(14) 7078.2(10) 22.3(3) 

C9 8914.0(16) 2671.8(14) 6727.7(10) 22.0(3) 

C10 5591.0(15) 4376.6(13) 5604.6(9) 18.9(3) 

C11 6931.7(15) 4387.2(13) 5322.4(8) 18.3(3) 

C12 6807.5(18) 2676.7(16) 4434.7(11) 31.3(4) 

C13 8703.8(16) 3878.0(15) 4735.0(10) 24.1(3) 

C14 8931.5(16) 4794.0(15) 5192.2(10) 24.9(4) 

C15 3051.3(15) 6222.4(13) 6317.2(8) 17.8(3) 

C16 3535.6(17) 7310.1(14) 6227.0(9) 22.3(3) 

C17 2719.7(19) 8195.6(14) 6034.6(9) 26.5(4) 

C18 1408.6(19) 8008.9(15) 5927.7(10) 28.3(4) 

C19 910.3(18) 6935.6(15) 6023.6(10) 27.5(4) 

C20 1732.3(16) 6046.6(14) 6211.9(9) 21.4(3) 

C21 3653.6(14) 4688.2(13) 8017.0(9) 17.0(3) 

C22 3309.7(15) 3546.6(14) 7980.8(9) 19.7(3) 

C23 2615.8(16) 3040.1(14) 8568.3(9) 22.5(3) 

C24 2247.6(15) 3667.6(16) 9203.0(9) 23.8(3) 

C25 2557.6(16) 4808.6(16) 9239.5(9) 23.6(3) 

C26 3255.5(14) 5312.2(14) 8651.8(9) 19.5(3) 
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Table 3.3 Anisotropic Displacement Parameters (Å2×103) for yoon59a. The Anisotropic 

displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

O1 22.0(6) 22.2(6) 26.6(6) -5.7(5) -1.8(5) -0.9(5) 

O2 20.3(6) 32.7(7) 32.1(6) -13.0(5) 0.0(5) -2.7(5) 

N1 16.4(6) 19.5(6) 17.6(6) 0.5(5) -1.3(5) -0.4(5) 

N2 19.2(7) 17.5(6) 20.0(6) 1.4(5) -2.2(5) 0.8(5) 

N3 19.7(7) 23.8(7) 18.0(6) -2.5(5) -0.7(5) 4.1(5) 

N4 20.3(7) 22.5(7) 19.9(6) 1.3(5) -0.8(5) -0.4(6) 

C1 15.4(7) 18.1(7) 17.5(7) 0.2(6) 0.8(6) 0.5(6) 

C2 15.9(7) 18.4(7) 16.8(7) 0.0(6) 0.1(6) -0.9(6) 

C3 16.7(7) 17.4(7) 15.6(7) -1.0(6) 0.8(6) -0.6(6) 

C4 14.2(7) 18.2(7) 16.8(7) -0.3(6) -0.7(5) -0.2(6) 

C5 17.0(7) 20.0(7) 15.1(7) 1.6(6) 1.6(6) -1.5(6) 

C6 16.3(7) 19.1(7) 15.1(7) 3.5(6) -1.3(6) -1.9(6) 

C7 17.3(7) 25.2(8) 24.4(8) -2.8(6) -3.1(6) -3.5(6) 

C8 18.0(8) 23.3(8) 25.5(8) 0.5(7) -1.5(6) 5.0(6) 

C9 20.8(8) 19.4(7) 25.9(8) -1.1(6) -1.6(6) 4.0(6) 

C10 19.9(8) 19.6(7) 17.2(7) -0.3(6) -0.8(6) 1.1(6) 

C11 20.5(8) 20.6(7) 13.8(7) 1.4(6) -0.5(6) 2.9(6) 

C12 27.0(9) 31.4(9) 35.6(9) -14.9(8) -1.5(8) 2.7(7) 

C13 18.8(8) 29.1(8) 24.5(8) 0.5(7) 3.2(6) 5.8(7) 
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C14 18.0(7) 29.5(8) 27.4(8) 1.0(7) 0.7(6) -1.7(7) 

C15 21.8(7) 21.0(7) 10.5(6) -1.1(6) 1.2(6) 2.7(6) 

C16 27.9(8) 21.8(7) 17.1(7) -1.8(6) -1.0(6) -1.4(7) 

C17 43.5(11) 18.5(7) 17.4(7) -0.8(6) -1.6(7) 2.0(8) 

C18 37.7(10) 24.8(9) 22.4(8) -1.1(7) -1.3(7) 13.0(8) 

C19 24.2(9) 31.2(9) 27.2(8) -0.8(7) 0.2(7) 9.8(7) 

C20 22.3(8) 21.4(8) 20.5(7) 0.1(6) 1.6(6) 2.5(6) 

C21 12.5(7) 21.0(7) 17.5(7) 3.2(6) -2.7(6) 1.2(6) 

C22 16.7(7) 21.2(8) 21.2(7) 0.7(6) 0.0(6) 2.1(6) 

C23 18.8(7) 22.0(8) 26.6(8) 5.9(6) -2.3(6) 0.1(6) 

C24 17.6(7) 34.7(9) 19.3(7) 8.7(7) 0.0(6) -0.6(7) 

C25 20.0(7) 34.0(9) 16.9(7) -1.5(7) -0.6(6) 0.9(7) 

C26 16.9(7) 22.7(8) 18.9(7) -0.5(6) -4.0(6) 0.8(6) 

  

Table 3.4 Bond Lengths for yoon59a. 

Atom Atom Length/Å   Atom Atom Length/Å 

O1 C5 1.2213(19)   C3 C15 1.506(2) 

O2 C10 1.224(2)   C4 C21 1.502(2) 

N1 C6 1.367(2)   C5 C6 1.467(2) 

N1 C7 1.459(2)   C8 C9 1.373(2) 

N1 C8 1.358(2)   C10 C11 1.473(2) 

N2 C6 1.333(2)   C13 C14 1.369(3) 
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N2 C9 1.359(2)   C15 C16 1.393(2) 

N3 C11 1.368(2)   C15 C20 1.393(2) 

N3 C12 1.457(2)   C16 C17 1.389(2) 

N3 C13 1.358(2)   C17 C18 1.388(3) 

N4 C11 1.330(2)   C18 C19 1.383(3) 

N4 C14 1.363(2)   C19 C20 1.394(2) 

C1 C2 1.573(2)   C21 C22 1.401(2) 

C1 C4 1.544(2)   C21 C26 1.396(2) 

C1 C5 1.507(2)   C22 C23 1.390(2) 

C2 C3 1.550(2)   C23 C24 1.389(2) 

C2 C10 1.506(2)   C24 C25 1.392(3) 

C3 C4 1.565(2)   C25 C26 1.390(2) 

  

Table 3.5 Bond Angles for yoon59a. 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

C6 N1 C7 128.01(13)   N1 C8 C9 106.47(14) 

C8 N1 C6 106.49(13)   N2 C9 C8 110.44(14) 

C8 N1 C7 125.49(13)   O2 C10 C2 121.70(14) 

C6 N2 C9 104.99(13)   O2 C10 C11 122.41(14) 

C11 N3 C12 129.67(14)   C11 C10 C2 115.84(13) 

C13 N3 C11 106.69(14)   N3 C11 C10 124.57(14) 

C13 N3 C12 123.62(14)   N4 C11 N3 111.40(14) 
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C11 N4 C14 105.06(14)   N4 C11 C10 123.95(14) 

C4 C1 C2 87.99(11)   N3 C13 C14 106.39(15) 

C5 C1 C2 116.03(12)   N4 C14 C13 110.45(15) 

C5 C1 C4 119.71(12)   C16 C15 C3 121.99(14) 

C3 C2 C1 87.13(11)   C16 C15 C20 118.45(15) 

C10 C2 C1 115.22(13)   C20 C15 C3 119.51(14) 

C10 C2 C3 118.73(13)   C17 C16 C15 120.57(16) 

C2 C3 C4 88.08(11)   C18 C17 C16 120.45(17) 

C15 C3 C2 121.73(13)   C19 C18 C17 119.67(16) 

C15 C3 C4 118.16(12)   C18 C19 C20 119.78(17) 

C1 C4 C3 87.65(11)   C15 C20 C19 121.07(16) 

C21 C4 C1 119.27(13)   C22 C21 C4 121.53(14) 

C21 C4 C3 119.67(12)   C26 C21 C4 120.24(14) 

O1 C5 C1 122.60(14)   C26 C21 C22 118.23(15) 

O1 C5 C6 123.31(14)   C23 C22 C21 121.04(15) 

C6 C5 C1 114.05(13)   C24 C23 C22 120.03(15) 

N1 C6 C5 125.16(14)   C23 C24 C25 119.60(15) 

N2 C6 N1 111.60(14)   C26 C25 C24 120.22(16) 

N2 C6 C5 123.18(14)   C25 C26 C21 120.86(15) 

  

Table 3.6 Torsion Angles for yoon59a. 

A B C D Angle/˚   A B C D Angle/˚ 
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O1 C5 C6 N1 -2.9(2)   C5 C1 C2 C3 -145.02(13) 

O1 C5 C6 N2 -179.75(14)   C5 C1 C2 C10 94.42(16) 

O2 C10 C11 N3 -9.2(2)   C5 C1 C4 C3 141.51(14) 

O2 C10 C11 N4 174.39(15)   C5 C1 C4 C21 -95.46(17) 

N1 C8 C9 N2 -0.62(19)   C6 N1 C8 C9 0.33(18) 

N3 C13 C14 N4 0.1(2)   C6 N2 C9 C8 0.66(18) 

C1 C2 C3 C4 22.38(11)   C7 N1 C6 N2 179.97(14) 

C1 C2 C3 C15 144.68(14)   C7 N1 C6 C5 2.8(2) 

C1 C2 C10 O2 93.25(18)   C7 N1 C8 C9 -179.57(14) 

C1 C2 C10 C11 -83.95(17)   C8 N1 C6 N2 0.08(17) 

C1 C4 C21 C22 -46.3(2)   C8 N1 C6 C5 -177.08(14) 

C1 C4 C21 C26 133.70(15)   C9 N2 C6 N1 -0.45(17) 

C1 C5 C6 N1 174.88(14)   C9 N2 C6 C5 176.78(14) 

C1 C5 C6 N2 -2.0(2)   C10 C2 C3 C4 139.71(14) 

C2 C1 C4 C3 22.46(11)   C10 C2 C3 C15 -97.98(17) 

C2 C1 C4 C21 145.48(13)   C11 N3 C13 C14 -0.11(18) 

C2 C1 C5 O1 85.88(18)   C11 N4 C14 C13 0.02(19) 

C2 C1 C5 C6 -91.92(16)   C12 N3 C11 N4 178.61(16) 

C2 C3 C4 C1 -22.81(11)   C12 N3 C11 C10 1.8(3) 

C2 C3 C4 C21 -145.48(14)   C12 N3 C13 C14 -178.70(16) 

C2 C3 C15 C16 -37.1(2)   C13 N3 C11 N4 0.13(18) 

C2 C3 C15 C20 145.60(15)   C13 N3 C11 C10 -176.65(15) 
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C2 C10 C11 N3 167.96(14)   C14 N4 C11 N3 -0.10(18) 

C2 C10 C11 N4 -8.4(2)   C14 N4 C11 C10 176.71(14) 

C3 C2 C10 O2 -8.0(2)   C15 C3 C4 C1 -148.19(14) 

C3 C2 C10 C11 174.79(13)   C15 C3 C4 C21 89.14(18) 

C3 C4 C21 C22 59.06(19)   C15 C16 C17 C18 -0.1(2) 

C3 C4 C21 C26 -120.92(16)   C16 C15 C20 C19 -0.2(2) 

C3 C15 C16 C17 -177.51(14)   C16 C17 C18 C19 0.9(3) 

C3 C15 C20 C19 177.16(14)   C17 C18 C19 C20 -1.3(3) 

C4 C1 C2 C3 -22.69(11)   C18 C19 C20 C15 1.0(3) 

C4 C1 C2 C10 -143.25(13)   C20 C15 C16 C17 -0.2(2) 

C4 C1 C5 O1 -17.6(2)   C21 C22 C23 C24 0.2(2) 

C4 C1 C5 C6 164.56(13)   C22 C21 C26 C25 1.2(2) 

C4 C3 C15 C16 69.55(18)   C22 C23 C24 C25 1.2(2) 

C4 C3 C15 C20 -107.76(16)   C23 C24 C25 C26 -1.4(2) 

C4 C21 C22 C23 178.59(14)   C24 C25 C26 C21 0.2(2) 

C4 C21 C26 C25 -178.80(14)   C26 C21 C22 C23 -1.4(2) 

  

Table 3.7 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters (Å2×103) 

for yoon59a. 

Atom x y z U(eq) 

H1 5509.55 3798.77 7082.1 20 

H2 5719.85 5897.12 6201.64 20 
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H3 3431.54 4528.23 6455.33 20 

H4 4662.09 6023.34 7551.84 20 

H7A 9471.77 5197.67 8311.56 33 

H7B 9766.9 5837.83 7524.65 33 

H7C 10791.62 4958.85 7863.07 33 

H8 10748.73 3141.92 7103.13 27 

H9 9066.57 1985.67 6462.01 26 

H12A 6280.25 2958.36 4010 47 

H12B 6254.68 2275.76 4799.75 47 

H12C 7466.84 2160.32 4236.82 47 

H13 9314.1 3497.16 4421.81 29 

H14 9744.54 5156.98 5246.66 30 

H16 4431.9 7447.61 6297.72 27 

H17 3061.38 8934.13 5975.69 32 

H18 855.94 8615.16 5789.3 34 

H19 11 6804.74 5961.26 33 

H20 1387.48 5308.9 6269.51 26 

H22 3554.71 3112 7547.89 24 

H23 2393.07 2264.26 8535.79 27 

H24 1787 3320.09 9609.79 29 

H25 2291.5 5244.82 9667.3 28 

H26 3464.14 6091.14 8682.72 23 
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(1R,2S,3R,4S)-N-methoxy-N-methyl-2-(1-methyl-1H-imidazole-2-carbonyl)-3,4-

diphenylcyclobutane-1-carboxamide 

 

 

 

 

Data Collection: A colorless crystal with approximate dimensions 0.38 x 0.19 x 0.01 mm3 was 

selected under oil under ambient conditions and attached to the tip of a MiTeGen MicroMount©. 

The crystal was mounted in a stream of cold nitrogen at 150(1) K and centered in the X-ray beam 

by using a video camera. 

The crystal evaluation and data collection were performed on a Bruker D8 VENTURE PhotonIII 

four-circle diffractometer with Cu Kα (λ = 1.54178 Å) radiation and the detector to crystal distance 

of 4.0 cm.  

The initial cell constants were obtained from a 180° φ scan conducted at a 2θ = 50° angle with an 

exposure time of 1 second per frame. The reflections were successfully indexed by an automated 

indexing routine built into the APEX3 program. The final cell constants were calculated from a 

set of 9823 strong reflections from the actual data collection. 

 The data were collected by using a full sphere data collection routine to survey reciprocal 

space to the extent of a full sphere to a resolution of 0.78 Å. A total of 66522 data were harvested 

by collecting 22 sets of frames with 0.7 – 1.0º scans in  and φ with exposure times of 1.0 – 5.0 

sec per frame. These highly redundant datasets were corrected for Lorentz and polarization effects. 
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The absorption correction was based on fitting a function to the empirical transmission surface as 

sampled by multiple equivalent measurements.  

 

Structure Solution and Refinement: The systematic absences in the diffraction data were 

uniquely consistent for the space group P212121 that yielded chemically reasonable and 

computationally stable results of refinement.  

A successful solution by direct methods provided most non-hydrogen atoms from the E-map. The 

remaining non-hydrogen atoms were located with an alternating series of least-squares cycles and 

difference Fourier maps. All non-hydrogen atoms were refined with anisotropic displacement 

coefficients. All hydrogen atoms (except atom H2, bound to atom C2) were included in the 

structure factor calculation at idealized positions and were allowed to ride on the neighboring 

atoms with relative isotropic displacement coefficients.  

The absolute configuration of the molecule was unequivocally [Flack x = 0.02(4), Hooft y = 

0.02(3)] established by anomalous dispersion effects: C1 – S; C2 – R; C3 – S; C4 – R.  

The final least-squares refinement of 278 parameters against 4527 data resulted in residuals R 

(based on F2 for I≥2σ) and wR (based on F2 for all data) of 0.0291 and 0.0745, respectively. The 

final difference Fourier map was featureless. 

 

Summary: Crystal Data for C24H25N3O3 (M =403.47 g/mol): orthorhombic, space group 

P212121 (no. 19), a = 6.7520(7) Å, b = 10.2010(10) Å, c = 30.453(3) Å, V = 2097.5(4) Å3, Z = 4, 

T = 150.0 K, μ(Cu Kα) = 0.687 mm-1, Dcalc = 1.278 g/cm3, 50076 reflections measured (5.804° 

≤ 2Θ ≤ 158.968°), 4527 unique (Rint = 0.0309, Rsigma = 0.0146) which were used in all 

calculations. The final R1 was 0.0291 (I > 2σ(I)) and wR2 was 0.0745 (all data). 
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Figure 3.6 A molecular drawing of Yoon70a shown with 50% probability ellipsoids; all minor 

disorder components are omitted. 
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Figure 3.7 A molecular drawing of Yoon70a displaying the disordered H-atoms bound to C9 with 

selected atom labels. All atoms are shown with 50% probability ellipsoids; all H-atoms that are 

not bound to C9 or to chiral carbons are omitted.    
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Table 3.8 Crystal data and structure refinement for Yoon70a. 

Identification code Yoon70a 

Empirical formula C24H25N3O3 

Formula weight 403.47 

Temperature/K 150.0 

Crystal system orthorhombic 

Space group P212121 

a/Å 6.7520(7) 

b/Å 10.2010(10) 

c/Å 30.453(3) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 2097.5(4) 

Z 4 

ρcalcg/cm3 1.278 

μ/mm-1 0.687 

F(000) 856.0 

Crystal size/mm3 0.38 × 0.19 × 0.01 

Radiation Cu Kα (λ = 1.54178) 

2Θ range for data collection/° 5.804 to 158.968 

Index ranges -8 ≤ h ≤ 8, -12 ≤ k ≤ 12, -38 ≤ l ≤ 38 



391 

 

 

Reflections collected 50076 

Independent reflections 4527 [Rint = 0.0309, Rsigma = 0.0146] 

Data/restraints/parameters 4527/0/278 

Goodness-of-fit on F2 1.036 

Final R indexes [I>=2σ (I)] R1 = 0.0291, wR2 = 0.0742 

Final R indexes [all data] R1 = 0.0295, wR2 = 0.0745 

Largest diff. peak/hole / e Å-3 0.20/-0.17 

Flack parameter 0.02(4) 

 

Table 3.9 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for Yoon70a. Ueq is defined as 1/3 of of the trace of the orthogonalised 

UIJ tensor. 

Atom x y z U(eq) 

O1 6281.3(17) 429.5(12) 6988.9(4) 27.2(3) 

O2 6510.5(17) 233.2(11) 5866.5(4) 26.1(3) 

O3 2744.6(19) 1559.3(13) 5211.9(4) 28.2(3) 

N1 1599.3(19) 356.6(13) 6445.7(4) 19.8(3) 

N2 2878(2) -1300.3(13) 6829.7(4) 19.8(3) 

N3 4153(2) 661.8(15) 5371.5(4) 25.0(3) 

C1 4985(2) 2047.5(15) 6501.4(5) 16.6(3) 

C2 4512(2) 2139.0(15) 6004.1(5) 17.4(3) 

C3 6167(2) 3212.1(15) 5966.3(5) 17.9(3) 

C4 7022(2) 2702.0(15) 6421.4(5) 16.8(3) 
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Atom x y z U(eq) 

C5 4956(2) 742.3(15) 6738.5(5) 18.1(3) 

C6 3180(2) -67.5(15) 6665.8(5) 17.4(3) 

C7 250(2) -630.6(16) 6474.3(5) 23.0(3) 

C8 1012(2) -1653.6(16) 6708.4(5) 23.1(3) 

C9 4267(3) -2140.5(17) 7066.8(6) 27.3(4) 

C10 5135(2) 940.6(15) 5749.7(5) 19.2(3) 

C11 4914(3) -222(2) 5041.2(6) 37.5(4) 

C12 782(3) 1043(2) 5281.3(7) 36.2(4) 

C13 5455(2) 4616.2(15) 5951.0(5) 19.1(3) 

C14 6877(3) 5606.9(17) 5922.7(5) 25.7(3) 

C15 6335(3) 6917.7(18) 5896.9(6) 30.4(4) 

C16 4354(3) 7267.2(17) 5902.1(6) 31.0(4) 

C17 2933(3) 6301.2(18) 5935.0(6) 32.6(4) 

C18 3477(3) 4981.7(17) 5960.4(6) 26.0(3) 

C19 7932(2) 3611.5(14) 6752.8(5) 17.1(3) 

C20 9906(2) 3412.0(16) 6873.7(5) 21.8(3) 

C21 10828(2) 4216.7(18) 7180.7(6) 25.9(4) 

C22 9799(3) 5246.0(16) 7372.0(5) 23.0(3) 

C23 7838(3) 5454.4(16) 7253.3(5) 21.8(3) 

C24 6906(2) 4646.7(15) 6948.0(5) 20.1(3) 
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Table 3.10 Anisotropic Displacement Parameters (Å2×103) for Yoon70a. The Anisotropic 

displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

O1 21.1(5) 31.9(7) 28.6(6) 8.9(5) -7.3(5) -1.9(5) 

O2 26.5(6) 21.5(6) 30.3(6) -4.4(5) -7.1(5) 5.3(5) 

O3 30.3(6) 29.6(7) 24.6(5) 6.4(5) -9.3(5) -0.8(5) 

N1 16.6(6) 18.6(6) 24.1(6) 0.6(5) -2.1(5) 0.8(5) 

N2 20.5(6) 16.5(6) 22.3(6) 1.3(5) -0.3(5) 1.4(5) 

N3 28.1(7) 25.2(7) 21.7(6) -2.0(5) -6.9(5) 2.1(6) 

C1 13.9(6) 17.1(7) 18.8(6) -0.7(5) -1.5(5) -0.3(6) 

C2 16.8(7) 14.7(7) 20.9(7) 1.5(5) -3.8(6) -1.5(6) 

C3 18.8(7) 17.4(7) 17.6(7) -0.6(5) 0.8(5) -1.9(6) 

C4 14.0(6) 16.8(7) 19.7(6) -1.1(5) -0.3(5) 0.1(6) 

C5 15.5(6) 21.1(7) 17.8(6) -0.6(5) 0.6(5) 1.1(6) 

C6 18.1(7) 16.2(7) 17.9(6) 0.0(5) 0.1(5) 1.5(6) 

C7 17.7(7) 21.7(8) 29.6(8) -1.4(6) -1.8(6) -1.1(6) 

C8 21.8(8) 17.5(7) 30.0(8) -0.6(6) 1.8(6) -3.4(6) 

C9 31.5(9) 20.8(8) 29.5(8) 6.2(6) -4.7(7) 4.5(7) 

C10 19.8(7) 17.7(7) 20.0(7) 0.9(5) -2.2(6) -4.3(6) 

C11 48.9(11) 39.1(11) 24.5(8) -10.1(7) -3.3(8) 2.9(10) 

C12 28.8(9) 44.4(12) 35.5(9) 4.0(8) -9.8(8) -1.7(8) 

C13 24.1(7) 17.9(7) 15.2(6) -0.4(5) -1.1(5) -1.8(6) 
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Atom U11 U22 U33 U23 U13 U12 

C14 27.7(8) 23.8(8) 25.5(8) -0.7(6) 2.8(7) -5.3(7) 

C15 40.0(10) 21.5(8) 29.8(9) -0.3(7) 3.0(8) -9.5(8) 

C16 46.6(11) 16.8(8) 29.8(8) -2.1(6) -2.7(8) 0.8(7) 

C17 30.0(9) 23.8(9) 43.9(10) -5.0(7) -5.4(8) 3.8(7) 

C18 25.7(8) 19.2(8) 33.0(8) -2.2(6) -4.0(7) -1.5(6) 

C19 16.5(7) 16.0(7) 18.9(6) 1.6(5) -0.2(6) -2.1(6) 

C20 17.1(7) 21.8(8) 26.4(7) -3.0(6) -0.7(6) 0.9(6) 

C21 17.7(7) 30.1(9) 30.0(8) -1.6(7) -5.8(6) -1.4(7) 

C22 27.3(8) 22.1(8) 19.6(6) -1.1(6) -5.0(6) -4.5(7) 

C23 26.5(8) 19.0(7) 19.8(7) -0.8(6) -0.4(6) 3.4(6) 

C24 17.8(7) 21.4(7) 21.1(7) -0.6(6) -3.6(6) 2.9(6) 

  

Table 3.11 Bond Lengths for Yoon70a. 

Atom Atom Length/Å   Atom Atom Length/Å 

O1 C5 1.2183(19)   C3 C13 1.511(2) 

O2 C10 1.229(2)   C4 C19 1.502(2) 

O3 N3 1.4065(19)   C5 C6 1.473(2) 

O3 C12 1.442(2)   C7 C8 1.365(2) 

N1 C6 1.3326(19)   C13 C14 1.397(2) 

N1 C7 1.361(2)   C13 C18 1.387(2) 

N2 C6 1.368(2)   C14 C15 1.389(3) 
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Atom Atom Length/Å   Atom Atom Length/Å 

N2 C8 1.361(2)   C15 C16 1.384(3) 

N2 C9 1.462(2)   C16 C17 1.379(3) 

N3 C10 1.359(2)   C17 C18 1.397(2) 

N3 C11 1.445(2)   C19 C20 1.398(2) 

C1 C2 1.5509(19)   C19 C24 1.396(2) 

C1 C4 1.548(2)   C20 C21 1.391(2) 

C1 C5 1.515(2)   C21 C22 1.387(2) 

C2 C3 1.569(2)   C22 C23 1.389(2) 

C2 C10 1.507(2)   C23 C24 1.393(2) 

C3 C4 1.589(2)         

  

Table 3.12 Bond Angles for Yoon70a. 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

N3 O3 C12 109.45(13)   N1 C6 C5 123.06(13) 

C6 N1 C7 105.30(13)   N2 C6 C5 125.62(13) 

C6 N2 C9 128.56(14)   N1 C7 C8 110.30(14) 

C8 N2 C6 106.42(13)   N2 C8 C7 106.74(14) 

C8 N2 C9 124.94(14)   O2 C10 N3 119.42(15) 

O3 N3 C11 113.95(13)   O2 C10 C2 122.59(13) 

C10 N3 O3 119.10(13)   N3 C10 C2 117.97(14) 

C10 N3 C11 123.14(15)   C14 C13 C3 117.98(14) 
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Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

C4 C1 C2 90.20(11)   C18 C13 C3 124.07(14) 

C5 C1 C2 121.04(12)   C18 C13 C14 117.95(15) 

C5 C1 C4 117.77(12)   C15 C14 C13 121.27(17) 

C1 C2 C3 88.09(11)   C16 C15 C14 120.14(17) 

C10 C2 C1 113.30(12)   C17 C16 C15 119.27(17) 

C10 C2 C3 109.23(12)   C16 C17 C18 120.64(18) 

C2 C3 C4 88.08(11)   C13 C18 C17 120.73(17) 

C13 C3 C2 115.92(13)   C20 C19 C4 118.50(14) 

C13 C3 C4 116.92(12)   C24 C19 C4 123.40(14) 

C1 C4 C3 87.47(11)   C24 C19 C20 118.10(14) 

C19 C4 C1 121.59(12)   C21 C20 C19 121.21(15) 

C19 C4 C3 122.16(13)   C22 C21 C20 120.29(15) 

O1 C5 C1 121.26(14)   C21 C22 C23 118.96(15) 

O1 C5 C6 123.03(14)   C22 C23 C24 120.92(15) 

C6 C5 C1 115.61(12)   C23 C24 C19 120.53(14) 

N1 C6 N2 111.23(13)           

  

Table 3.13 Torsion Angles for Yoon70a. 

A B C D Angle/˚   A B C D Angle/˚ 

O1 C5 C6 N1 169.51(15)   C4 C19 C24 C23 179.99(14) 

O1 C5 C6 N2 -6.8(2)   C5 C1 C2 C3 -142.02(14) 
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A B C D Angle/˚   A B C D Angle/˚ 

O3 N3 C10 O2 -172.34(14)   C5 C1 C2 C10 -31.87(19) 

O3 N3 C10 C2 6.1(2)   C5 C1 C4 C3 144.47(13) 

N1 C7 C8 N2 0.07(18)   C5 C1 C4 C19 -88.78(17) 

C1 C2 C3 C4 18.43(10)   C6 N1 C7 C8 -0.38(18) 

C1 C2 C3 C13 -100.73(13)   C6 N2 C8 C7 0.27(17) 

C1 C2 C10 O2 -27.4(2)   C7 N1 C6 N2 0.55(17) 

C1 C2 C10 N3 154.18(14)   C7 N1 C6 C5 -176.22(14) 

C1 C4 C19 C20 131.17(15)   C8 N2 C6 N1 -0.52(17) 

C1 C4 C19 C24 -48.6(2)   C8 N2 C6 C5 176.15(14) 

C1 C5 C6 N1 -6.9(2)   C9 N2 C6 N1 176.20(15) 

C1 C5 C6 N2 176.83(13)   C9 N2 C6 C5 -7.1(2) 

C2 C1 C4 C3 18.69(11)   C9 N2 C8 C7 -176.60(15) 

C2 C1 C4 C19 145.44(14)   C10 C2 C3 C4 -95.61(12) 

C2 C1 C5 O1 134.25(16)   C10 C2 C3 C13 145.23(13) 

C2 C1 C5 C6 -49.30(19)   C11 N3 C10 O2 -15.7(2) 

C2 C3 C4 C1 -18.48(11)   C11 N3 C10 C2 162.81(16) 

C2 C3 C4 C19 -144.76(14)   C12 O3 N3 C10 -106.86(17) 

C2 C3 C13 C14 179.25(13)   C12 O3 N3 C11 94.41(18) 

C2 C3 C13 C18 -1.2(2)   C13 C3 C4 C1 99.78(14) 

C3 C2 C10 O2 69.00(18)   C13 C3 C4 C19 -26.5(2) 

C3 C2 C10 N3 -109.41(15)   C13 C14 C15 C16 0.5(3) 
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A B C D Angle/˚   A B C D Angle/˚ 

C3 C4 C19 C20 -119.83(16)   C14 C13 C18 C17 1.0(2) 

C3 C4 C19 C24 60.3(2)   C14 C15 C16 C17 0.3(3) 

C3 C13 C14 C15 178.46(15)   C15 C16 C17 C18 -0.4(3) 

C3 C13 C18 C17 -178.53(15)   C16 C17 C18 C13 -0.3(3) 

C4 C1 C2 C3 -18.93(11)   C18 C13 C14 C15 -1.1(2) 

C4 C1 C2 C10 91.22(13)   C19 C20 C21 C22 -0.4(3) 

C4 C1 C5 O1 25.5(2)   C20 C19 C24 C23 0.2(2) 

C4 C1 C5 C6 -158.06(12)   C20 C21 C22 C23 0.3(2) 

C4 C3 C13 C14 77.43(18)   C21 C22 C23 C24 0.1(2) 

C4 C3 C13 C18 -103.02(18)   C22 C23 C24 C19 -0.3(2) 

C4 C19 C20 C21 -179.64(15)   C24 C19 C20 C21 0.2(2) 

 

Table 3.14 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 

(Å2×103) for Yoon70a. 

Atom x y z U(eq) 

H1 4116.38 2677.12 6663.34 20 

H2 3170(30) 2424(19) 5916(6) 21 

H3 7096 3017.83 5719 21 

H4 8002.78 1992.95 6357.21 20 

H7 -1038.54 -610.42 6349.14 28 

H8 365.22 -2457.16 6774.07 28 

H9A 5472.57 -2254.07 6891.6 33 
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Atom x y z U(eq) 

H9B 3655.74 -2997.57 7119.34 33 

H9C 4605.16 -1733.34 7348.49 33 

H9D 3683.08 -2402.58 7348.02 33 

H9E 5499.91 -1659.08 7120.28 33 

H9F 4550.49 -2923.31 6891.13 33 

H11A 3835.25 -771.29 4929.71 56 

H11B 5941.04 -779.51 5170.88 56 

H11C 5483.05 286.68 4799 56 

H12A 647.84 204.94 5126.96 54 

H12B -199.13 1665.06 5167.87 54 

H12C 562.62 908.89 5596.21 54 

H14 8241.85 5379.67 5921.13 31 

H15 7325.69 7576.04 5875.59 37 

H16 3977.45 8162.75 5883.11 37 

H17 1571.65 6534.89 5940.46 39 

H18 2481.47 4327.85 5984.42 31 

H20 10630.79 2714.28 6743.97 26 

H21 12168.59 4060.62 7259.76 31 

H22 10425.16 5799.58 7580.88 28 

H23 7122.17 6157.82 7382.26 26 

H24 5561.97 4801.54 6871.92 24 
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Table 3.15 Atomic Occupancy for Yoon70a. 

Atom Occupancy   Atom Occupancy   Atom Occupancy 

H9A 0.67(2)   H9B 0.67(2)   H9C 0.67(2) 

H9D 0.33(2)   H9E 0.33(2)   H9F 0.33(2) 
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3.5.15 NMR Data 
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3.5.16 Comparison of Natural and Synthetic Natural Product NMR Spectra 

Table 3.16 1H NMR Comparison between Synthetic and Natural Isatiscycloneolignan A 

Synthetic 3.20 (DMSO-d6) Natural 3.20 (DMSO-d6) 

8.24 8.29 

6.58 6.58 

3.73 3.73 

3.66 3.66 

3.49 3.48 

3.32 3.32 
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Table 3.17 13C NMR Comparison between Synthetic and Natural Isatiscycloneolignan A 

Synthetic 3.20 (DMSO-d6) Natural 3.20 (DMSO-d6) 

172.4 172.4 

147.9 147.9 

134.6 134.6 

131.2 131.2 

104.4 104.5 

56.0 56.0 

51.8 51.9 

47.5 47.6 

44.0 44.0 

 

Table 3.18 1H NMR Comparison between Synthetic and Natural Nigramide R 

Synthetic 3.28 (CDCl3) Natural 3.28 (CDCl3) 

6.87 6.87 

6.75 6.75 

6.72 6.72 

6.36 6.36 

6.11 6.11 

5.93 5.93 

3.68 3.68 

3.65 3.66 

3.50 3.51 
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3.40 3.40 

2.99 2.99 

1.59 1.59 

1.52 1.53 

1.44 1.44 

 

Table 3.19 13C NMR Comparison between Synthetic and Natural Nigramide R 

Synthetic 3.28 (CDCl3) Natural 3.28 (CDCl3) 

170.6 170.5 

148.2 148.0 

147.3 147.2 

131.6 131.4 

131.2 131.1 

128.8 128.7 

121.1 120.9 

108.5 108.3 

105.7 105.6 

101.2 101.1 

46.9 46.7 

46.4 46.3 

43.4 43.3 

42.3 42.1 

27.0 26.9 
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25.9 25.7 

24.7 24.6 

 

Table 3.20 1H NMR Comparison between Synthetic and Natural Barbarumamide C 

Synthetic 3.22 (CDCl3) Natural 3.22 (CDCl3) 

7.05 7.05 

6.81 6.81 

6.69 6.69 

6.59 6.59 

6.03 6.02 

5.93 5.93 

3.78 3.78 

3.55-3.48 3.54-3.47 

3.45-3.38 3.45-3.38 

3.35 3.35 

2.96 2.95 

2.74 2.74 

 

Table 3.21 13C NMR Comparison between Synthetic and Natural Barbarumamide C 

Synthetic 3.22 (CDCl3) Natural 3.22 (CDCl3) 

172.7 172.5 

158.5 158.3 

148.2 148.0 
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146.9 146.7 

134.9 134.8 

130.7 130.6 

129.9 129.7 

120.3 120.1 

114.2 114.0 

108.6 108.4 

107.5 107.3 

101.2 101.1 

55.4 55.2 

47.1 46.9 

46.9 46.8 

40.8 40.6 

34.9 34.7 

 

Table 3.22 1H NMR Comparison between Synthetic and Natural Piperarborenine D 

Synthetic 3.47 (CDCl3) Natural 3.47 (CDCl3) 

6.86 6.88 

6.84 6.85 

6.72 6.74 

6.69 6.70 

6.37 6.38 

6.19 6.20 
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5.94 5.94 

4.79 4.80 

4.75 4.75 

4.19 4.20 

4.13 4.13 

4.01 4.01 

3.99 3.99 

3.77 3.78 

3.72 3.73 

3.65 3.66 

3.62 3.63 

2.39 2.40 

 

Table 3.23 13C NMR Comparison between Synthetic and Natural Piperarborenine D 

Synthetic 3.47 (CDCl3) Natural 3.47 (CDCl3) 

175.4 175.2 

175.3 175.1 

165.1 164.9 

164.9 164.8 

152.8 152.6 

148.6 148.4 

147.6 147.4 

145.2 145.1 
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145.2 145.0 

136.5 136.3 

134.9 134.7 

131.8 131.6 

125.9 125.7 

125.9 125.7 

120.1 119.9 

112.2 112.0 

110.9 110.7 

105.7 105.5 

60.9 60.7 

56.1 56.1 

56.1 55.9 

56.0 55.8 

55.9 55.7 

48.7 48.5 

48.2 48.1 

46.1 45.9 

45.9 45.7 

41.3 41.1 

24.7 24.5 

24.7 24.5 
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3.5.17 HPLC Data 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AS-H, 

5.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 283 nm. 

 

 

 

 

Racemic Chromatogram 
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Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AD, 

5.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 255 nm. 

 

 

 

 

 

Racemic Chromatogram 

 

  

Scalemic Chromatogram 
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Major Diastereomer  

Run Details: HPLC, Daicel CHIRALPAK AS-H, 

5.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 258 nm. 

 

 

 

 

 
Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer  

Run Details: HPLC, Daicel CHIRALPAK OD-H, 

5.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 255 nm. 

 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AS-H, 

5.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 232 nm. 

 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AS-H, 

5.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 255 nm. 

 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AD, 

5.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 253 nm. 

 

 

 

 

Racemic Chromatogram 

 
 

 Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AS-H, 

5.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 253 nm. 

 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 

 



475 

 

 

Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK IC, 

5.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 257 nm. 

 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AS-H, 

5.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 274 nm. 

 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK IC, 

5.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 254 nm. 

 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AD, 

5.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 300 nm. 

 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 

 
  



479 

 

 

Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK IC, 

5.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 269 nm. 

 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AD, 

5.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 251 nm. 

 

 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AS-H, 

5.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 277 nm. 

 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK IC, 

5.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 223 nm. 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK OD-H, 

5.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 255 nm 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AS-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 285 nm 

 

 

 

 

Racemic Chromatogram 

 
 

 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK OD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 285 nm 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AS-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 285 nm 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AS-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 280 nm 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 285 nm 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 

 
 



489 

 

 

Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK OD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 285 nm 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 

 
 

 



490 

 

 

Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AS-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 275 nm. 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 270 nm. 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AS-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 270 nm 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AD, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 270 nm 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AD, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 285 nm 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AS-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 285 nm 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AS-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 279 nm 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 

 
 



497 

 

 

Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AS-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 280 nm 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK OD-H, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 280 nm 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AD, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 280 nm 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AD, 

10.00 µL, gradient 5% to 50% iPrOH/hexanes, 

28 minutes, 1 mL/min, 285 nm. 

 

 

 

 

 

 

Racemic Chromatogram 

  
 

Scalemic Chromatogram
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK OD-H, 

10.00 µL, gradient 5% to 60% iPrOH/hexanes, 

30 minutes, 1 mL/min, 285 nm 

 

 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AD, 

10.00 µL, gradient 5% to 60% iPrOH/hexanes, 

35 minutes, 1 mL/min, 280 nm 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Major Diastereomer 

Run Details: HPLC, Daicel CHIRALPAK AD-H, 

10.00 µL, gradient 30% to 80% iPrOH/hexanes, 

30 minutes, 1 mL/min, 271 nm 

 

 

 

 

 

Racemic Chromatogram 

 
 

Scalemic Chromatogram 
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Chapter 4 Progress Towards the Asymmetric Total Synthesis of Sceptrin   
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4.1 Introduction 

Sceptrin, a pyrrole-imidazole natural product with potent antiviral, antibacterial,1 and anti-

histaminic2,3 activity, was first isolated in 1981 from the marine sponge Agelas sceptrum by 

Faulkner and Clardy.4 Since its initial discovery, extensive effort has been invested in 

understanding the biosynthetic origins of sceptrin and other pyrrole-imidazole natural products.5–

7 It is presumed that sceptrin arises from a head-to-head dimerization of hymenidin, which is 

supported by the isolation of hymenidin from Agelas sceptrum (Scheme 4.1). Though hymenidin 

and other pyrrole-imidazole alkene monomers can be synthesized efficiently,8,9 both Clardy and 

Baran reported that the dimerization of hymenidin via a [2+2] photocycloaddition was 

unsuccessful.4,10 Given that sceptrin is isolated as a pure enantiomer, and that Agelas sceptrum is 

found at sufficient depths where little light penetrates, it is likely that dimerization of hymenidin 

in nature is also not a photochemical process. Instead, Romo and Chen have proposed and provided 

experimental evidence for an enzyme-mediated radical-cation cycloaddition.11,12 While synthetic 

[2+2] cycloadditions proceeding through radical-cation intermediates have been reported,13 

applying these methods to the dimerization of hymendin is difficult given the possibility for 

formation of [3+2] and [4+2] dimers in addition to the desired [2+2] product. 

 

Scheme 4.1 Biosynthetic proposal for sceptrin. 

Given the challenges associated with the direct dimerization of hymenidin, previous 

synthetic strategies have focused on [2+2] cycloadditions of alkene monomers with substituents 

that can be subsequently elaborated to the required pyrrole and imidazole moieties.14,15 Perhaps 
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the most elegant example of this approach was demonstrated by Jamison and coworkers in 2020 

with a 4-step, racemic synthesis of sceptrin.16 In this report, a hymenidin surrogate was employed 

in a triplet-sensitized [2+2] photocycloaddition to form 4.4 in 41% yield. This synthesis represents 

a significant improvement in both step count and overall yield as compared to the previous two 

asymmetric syntheses of sceptrin published by Baran17,18 and Chen (see Supporting Information 

for full synthetic routes).12,19 In these cases as with the Jamison synthesis, a [2+2] 

photocycloaddition was employed to construct the cyclobutane core, however unlike the Jamison 

synthesis, the asymmetric syntheses required several steps to transform the cyclobutane 

substituents to the required pyrrole and imidazole moieties.  

 

Scheme 4.2 Key all-trans cyclobutane intermediates in previous sceptrin syntheses. 
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One explanation for the significantly longer asymmetric syntheses relative to the racemic 

synthesis is the difficulty in accessing the all-trans, enantioenriched cyclobutane present in 

sceptrin. Though an enantioselective [2+2] photocycloaddition could provide rapid access to this 

core, no such reaction has been reported in the literature.20 Indeed, both Baran and Chen developed 

creative, yet circuitous, workarounds to access the enantioenriched cores. The stereochemistry in 

the Baran synthesis was set using an enzymatic desymmetrization of an oxanorbornadiene 

intermediate, while Chen employed a chiral pool reagent to construct a diene which underwent a 

diastereoselective cycloaddition (Scheme 4.2). Given the extensive synthetic manipulations 

required to convert these initial cycloadducts to sceptrin, we hypothesized that an enantioselective 

cycloaddition could greatly expedite access to sceptrin.  

4.2 Results and Discussion 

 We aimed to apply our chiral acid-catalyzed [2+2] photocycloaddition method to an 

enantioselective synthesis of sceptrin (see Chapters 2 and 3 for method development). 

Dimerization of an acyl imidazole would give rapid access to an enantioenriched all-trans 

cyclobutane. Further manipulation of the imidazole and aryl groups to the required pyrrole and 

imidazole moieties, respectively would give access to sceptrin (Scheme 4.3). Given the difficulty 

in working with free guanidines, we chose to start our investigations with a protected urea that 

could be converted into a guanidine at the end of the synthesis.  
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Scheme 4.3 Proposed synthetic route to sceptrin. 

Aldol condensation between 4.9 and 4.10 (accessed in three steps from imidazole) gave 4.11 

in 80% yield (Scheme 4.4). Initial efforts to dimerize 4.11 under our previously developed 

conditions were met with little success, however lowering the reaction temperature to –78 °C and 

irradiating with a 525 nm light source proved to be crucial, ultimately affording the desired 

diastereomer in 92% yield and > 90% ee when performed on gram scale (Scheme 4.5).  

 

Scheme 4.4 Aldol condensation to form substrate for cycloaddition. 



514 

 

 

 

Scheme 4.5 Optimization of photochemical [2+2] cycloaddition. 

 Though the typical imidazole cleavage conditions proceeding through methylated 

imidazolium intermediates proved unsuccessful on 4.12, heating 4.12 in benzylamine led to 

diamide product 4.14 in 75% yield.21 From here, several different deprotection conditions were 

attempted to remove the benzyl groups. Hydrogenation in the presence of Pd/C returned starting 

material. Several different oxidative and acidic deprotections gave extensive decomposition.  
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Scheme 4.6 Attempts at benzyl deprotection 

4.3 Conclusion 

Future synthetic efforts will focus on avoiding the problems encountered with the benzyl 

deprotection. We plan to use a different protecting group on the urea as well as a different 

nucleophile in the imidazole cleavage step. We will target protecting groups that can be removed 

under conditions where the cyclobutane intermediates are stable including hydrogenolysis and 

mildly acidic conditions. 

4.4 Contributions 

Matthew J. Genzink performed the experimental work. Tehshik P. Yoon provided expertise, 

resources, and funding.  

4.5 Supporting Information 

4.5.1 Previous Sceptrin Syntheses 
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Scheme 4.7 Asymmetric sceptrin synthesis by Baran. 
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Scheme 4.8 Asymmetric sceptrin synthesis by Chen 
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Scheme 4.9 Racemic synthesis of sceptrin by Jamison 

4.5.2 General Information 

Reagent Preparation: MeCN, THF, CH2Cl2, and toluene were purified by elution through 

alumina as described by Grubbs.22 Excluding those prepared below, all other starting materials, 

catalysts, or solvents were used as received from the supplier. Flash column chromatography 

(FCC) was performed with Silicycle 40–63 Å (230–40 mesh) silica. Photochemical reactions were 

carried out with a Kessil Lamp (model H150, λem. (max) = ~450 nm) unless otherwise indicated.  

Product Characterization: Diastereomer ratios for reactions were determined by 1H NMR 

analysis of crude reaction mixtures vs. a phenanthrene internal standard. 1H and 13C NMR data 

were obtained using a Bruker Avance-500 spectrometer with DCH cryoprobe and are referenced 

to tetramethylsilane (0.0 ppm) and CDCl3 (77.0 ppm), respectively. This instrument and 
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supporting facilities are funded by Paul J. Bender, Margaret M. Bender, and the University of 

Wisconsin. This instrument and supporting facilities are funded by the NSF (CHE-1048642) and 

the University of Wisconsin. NMR data are reported as follows: chemical shift, multiplicity (s = 

singlet, d = doublet, t = triplet, q = quartet, p = pentet, sext = sextet, sept = septet, m = multiplet), 

coupling constant(s) in Hz, integration. NMR spectra were obtained at 298 K unless otherwise 

noted.  Mass spectrometry was performed with a Thermo Q ExactiveTM Plus using ESI–TOF 

(electrospray ionization–time of flight). This instrument and supporting facilities are funded by the 

NIH (1S10 OD020022-1) and the University of Wisconsin. UV–Vis absorption spectra were 

acquired using a Varian Cary® 50 UV–visible spectrophotometer with a spectrophotometer. 

4.5.3 Compound Synthesis 

1,3-dibenzyl-2-oxo-2,3-dihydro-1H-imidazole-4-carbaldehyde (4.10): To a solution of 

imidazole (2.04 g, 30.0 mmol, 1.0 equiv) in DMF (100 mL) was added sodium 

hydride (1.32 g, 33.0 mmol, 1.1 equiv, 60 %wt) and benzyl bromide (7.14 mL, 60.0 

mmol, 2.0 equiv). The solution was stirred at room temperature for 2 h before addition 

of Cu(II)Cl2 (4.03 g, 30.0 mmol, 1.0 equiv) and sodium hydride (2.40 g, 60.0 mmol, 2.0 equiv, 60 

%wt). The reaction was stirred at 80 °C and oxygen was bubbled through the reaction for 12 h. 

The reaction was then cooled to 0 °C and POCl3 (6.99 mL, 75.0 mmol, 2.5 equiv) was added 

dropwise. The reaction was stirred at 0 °C for 30 min and then at room temperature for 2 h. The 

solvent was removed under reduced pressure and the residue was dissolved in DCM (500 mL). 

Water (100 mL) followed by sat. aq. NaHCO3 was added until no more bubbles evolved. The 

layers were separated and the organic layer was washed with 10% ammonium hydroxide / sat. aq. 

NH4Cl (5 x 50 mL) followed by brine (50 mL) and then dried over sodium sulfate, filtered, and 

concentrated. The crude product was purified via FCC eluting from a gradient of 20% to 40% 



520 

 

 

EtOAc in hexanes to give to give 3.70 g (12.7 mmol, 42% yield) of a yellow oil. The compound 

was consistent with reported spectroscopic data.23 1H NMR (500 MHz, CDCl3) δ 9.17 (s, 1H), 

7.44–7.24 (m, 10H), 6.91 (s, 1H), 5.25 (s, 2H), 4.89 (s, 2H).  

 

 (E)-1,3-dibenzyl-4-(3-(1-methyl-1H-imidazol-2-yl)-3-oxoprop-1-en-1-yl)-1,3-dihydro-2H-

imidazol-2-one (4.11): To a 100 mL RBF was added 1.59 g (12.8 mmol, 

1.0 equiv) 1-(1-methyl-1H-imidazol-2-yl)ethan-1-one (4.9), 3.75 g (12.8 

mmol, 1.0 equiv) 1,3-dibenzyl-2-oxo-2,3-dihydro-1H-imidazole-4-carbaldehyde (4.10), 72 mg 

(1.28 mmol, 0.1 equiv) KOH, EtOH (30 mL), and H2O (15 mL). The reaction was stirred at room 

temperature for 16 hours at which point brine (100 mL) and DCM (100 mL) were added to the 

reaction. The layers were separated and the aqueous layer was further extracted with DCM (4 x 50 

mL). The combined organic layers were dried over sodium sulfate, filtered, and concentrated. The 

crude solid was then suspended in pentanes (50 mL) and the solid was crushed into a suspended, 

fine powder. The suspension was then filtered and washed further with pentanes (50 mL) to give 

4.10 g (10.3 mmol, 80% yield) a yellow solid. 1H NMR (500 MHz, CDCl3) δ 7.62 (d, J = 15.9 Hz, 

1H), 7.40–7.31 (m, 10H), 7.25–7.24 (m, 1H), 7.13 (d, J = 0.9 Hz, 1H), 7.01 (s, 1H), 6.83 (s, 1H), 

5.09 (s, 2H), 4.89 (s, 2H), 4.01 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 179.7, 153.8, 144.1, 137.0, 

136.1, 129.4, 129.2, 129.0, 128.5, 128.4, 128.4, 127.8, 127.4, 127.3, 121.4, 119.8, 114.6, 47.9, 

45.4, 36.4. HRMS (ESI) calculated for [C24H23N4O2]
+ (M+H+) requires m/z 399.1816, found 

399.1810.  
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4,4'-(3,4-bis(1-methyl-1H-imidazole-2-carbonyl)cyclobutane-1,2-diyl)bis(1,3-dibenzyl-1,3-

dihydro-2H-imidazol-2-one) (4.12): To a 500 mL RBF was added 1.00 

g (2.51 mmol, 1.0 equiv) 4.11, and 97 mg (0.12 mmol, 0.05 equiv) 3.2 

in toluene (400 mL). The reaction was capped with a septum and sparged 

with N2 for 15 minutes. The reaction was then irradiated with a 525 nm 

Kessil lamp for 24 h at –78 °C. The reaction was concentrated to produce an orange foam that was 

then purified via FCC eluting from a 50% to 100% EtOAc/hexanes gradient followed by a 0% to 

15% MeOH in EtOAc gradient to give a to give 920 mg (1.15 mmol, 92% yield) of a yellow foam. 

1H NMR (500 MHz, CDCl3) δ 7.37–7.34 (m, 4H), 7.33–7.29 (m, 2H), 7.22–7.20 (m, 4H), 7.15–

7.13 (m, 4H), 7.12–7.08 (m, 4H), 7.07–7.03 (m, 2H), 6.80 (s, 2H), 6.64 (d, J = 0.8 Hz, 2H), 5.37 

(s, 2H), 4.94 (d, J = 16.0 Hz, 2H), 4.80 (d, J = 15.2 Hz, 2H), 4.60 (d, J = 16.0 Hz, 2H), 4.54 (d, J 

= 15.1 Hz, 2H), 4.05–4.03 (m, 2H), 3.91 (s, 6H), 3.53–3.52 (m, 2H). 13C NMR (125 MHz, CDCl3) 

δ 188.8, 153.8, 142.6, 138.1, 137.3, 129.0, 128.9, 128.6, 127.9, 127.8, 127.2, 127.1, 126.9, 123.5, 

107.9, 52.1, 47.3, 44.5, 36.0, 31.3. HRMS (ESI) calculated for [C48H45N8O4]
+ (M+H+) requires 

m/z 797.3558, found 797.3556. 

N,N-dibenzyl-3,4-bis(1,3-dibenzyl-2-oxo-2,3-dihydro-1H-imidazol-4-yl)cyclobutane-1,2-

dicarboxamide (4.14): To a 40 mL dram vial under an inert atmosphere 

was added 198 mg (0.24 mmol, 1.0 equiv) 4,4'-(3,4-bis(1-methyl-1H-

imidazole-2-carbonyl)cyclobutane-1,2-diyl)bis(1,3-dibenzyl-1,3-dihydro-

2H-imidazol-2-one) (4.12) and benzylamine (10 mL). The reaction was 

heated to 150 °C for 16 h. The benzylamine was removed from the reaction via vacuum distillation 

to give 158 mg (0.19 mmol, 75% yield) of a yellow oil. The crude product was purified via FCC 

eluting from a gradient of 50% to 100% EtOAc in hexanes. 1H NMR (500 MHz, CDCl3) δ 7.36–
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7.32 (m, 6H), 7.27–7.26 (m, 6H), 7.23–7.21 (m, 4H), 7.14–7.10 (m, 10H), 6.99–6.97 (m, 4H), 5.85 

(t, J = 5.9 Hz, 2H), 5.39 (s, 2H), 4.83 (d, J = 16.1 Hz, 2H), 4.73 (d, J = 15.0 Hz, 2H), 4.63 (d, J = 

15.0 Hz, 2H), 4.52 (d, J = 16.2 Hz, 2H), 4.30 (dd, J = 14.7, 6.1 Hz, 2H), 4.21 (dd, J = 14.7, 5.7 

Hz, 2H), 3.09 (m, 2H), 2.70 (m, 2H). 13C NMR (125 MHz, CDCl3) δ 170.6, 153.7, 137.9, 137.7, 

137.0, 129.0, 129.0, 128.9, 128.1, 128.1, 127.9, 127.8, 127.6, 126.9, 122.9, 107.8, 47.8, 47.4, 44.7, 

43.9, 35.0. HRMS (ESI) calculated for [C54H51N6O4]
+ (M+H+) requires m/z 847.3966, found 

847.3954.  

4.5.4 UV-Vis Absorption Experiments 

 

Figure 4.1 Absorption spectra of 4.3 and 4.3 with 3.2.  
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4.5.5 NMR Data 
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