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Visible Light Photocatalysis in the Chemistry of Radical Ions 

and Triplet Nitrenes 

 

Elliot Patrick Farney 

Under the supervision of Professor Tehshik P. Yoon 

At the University of Wisconsin–Madison 

 

The Yoon group has recently pioneered methods to access the chemistry of radical ions 

using transition metal photocatalysts.  The research presented herein describes the 

development of a radical anion cycloaddition that overcomes the thermodynamic constraints of 

electron transfer as well as novel strategies towards an enantioselective radical cation  

Diels–Alder cycloaddition.  Observations made in the latter study led to the unexpected 

discovery that the photocatalyst counteranion has marked effects on the photophysical 

properties of polypyridyl ruthenium complexes.  Attempting to utilize photoinduced electron 

transfer to generate nitrene radical anions, we obtained evidence consistent with the 

intermediacy of free triplet nitrenes.  Further studies demonstrating the feasibility of energy 

transfer from photoexcited transition metal complexes to organic azides led to the development 

of an intermolecular olefin aziridination methodology and an intramolecular cyclization strategy 

to access a variety of nitrogen-containing heterocycles. 
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1.1 Introduction 

1.1.1. Reactivity and Spin Multiplicity of Nitrenes 

Nitrenes are neutral, electrophilic, hypovalent, nitrogen-centered species1 that tend to 

exhibit higher reactivity than their well-studied, isoelectronic carbene counterparts, due in part to 

the increased electron affinity of nitrogen compared to carbon.2a  Often implicated as non-

isolable intermediates, the reactivity profile of nitrenes derives from the fact that nitrogen 

possesses only six valence electrons.  Two electrons are present in a covalent bond with a 

hydrogen atom or R group, and two electrons constitute a nitrogen lone pair.  A shown in Figure 

1-1, the remaining two electrons can be spin-paired in a single p-orbital (closed-shell singlet 

nitrene, 1-1), be spin-paired in separate orbitals (open-shell singlet nitrene, 1-2), or exist in 

separate orbitals with parallel spins (triplet nitrene, 1-3).2b
 

Figure 1-1. Spin multiplicity of nitrenes 

 

Generally, the spin state of a nitrene largely controls its reactivity.  Singlet nitrenes are 

short-lived, highly electrophilic species that tend to undergo insertion into unactivated carbon-

hydrogen bonds, add in a stereospecific fashion to olefins to form aziridines, and undergo 

nucleophilic attack by alcohols and other polarized species.  Contrastingly, triplet nitrenes tend 

to be far less reactive, with reactivity best characterized as that of a 1,1-diradical; thus, they 

undergo non-stereospecific additions to olefins and perform hydrogen-atom abstraction in lieu of 

C-H insertion. 

However, it is not only the electronic configuration that controls the reactivity of a nitrene 

but also its substituents.  Accordingly, Section 1.2 will be devoted to a discussion of those 

nitrenes that have been central to the development of both free nitrene chemistry and the field 
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of metallonitrene chemistry.  We will focus on the fundamental properties of the respective 

nitrenes, as elucidated by careful mechanistic and photophysical studies, and place 

substantially less emphasis on myriad heterocyclic architectures that have been synthesized 

with nitrene chemistry. 

 

1.1.2. Formation of Nitrenes 

Generation of nitrenes can be accomplished in a variety of ways, but nitrenes discussed 

in this review are typically formed by thermolysis or photolysis of an appropriate azide with 

subsequent extrusion of molecular nitrogen from the thermally perturbed or photochemically 

excited azide in its singlet state; both methods afford a mixture of singlet and triplet nitrenes.  

Removal of two singly bonded groups to nitrogen via α-elimination leads to singlet nitrenes.  

Triplet nitrenes can be generated by azide photolysis in the presence of a triplet sensitizer such 

as benzophenone or acetophenone or by intersystem crossing (ISC) from a singlet excited 

state.  It should be noted that the latter method is often not suitable for accessing the reactivity 

of triplet nitrenes because, unlike their carbene counterparts, triplet nitrenes are formed by very 

inefficient ISC.3 

 

1.2 Classes of Nitrenes and General Reactivity Trends 

1.2.1. Alkylnitrenes 

Alkylnitrenes have long been proposed as intermediates in a wide range of 

rearrangements.4  Studies by Stieglitz near the turn of the 20th century suggested that 

hypovalent nitrogen-derived species were intermediates in the Beckmann rearrangement, the 

decomposition of trityl azide to benzophenone phenylimine, and the rearrangement of N-halo 

amines to afford imines.5  However, efforts to spectroscopically characterize alkylnitrenes were 

unsuccessful until 1964, when Wasserman reported electron paramagnetic resonance (EPR) 
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studies of a variety of alkylnitrenes generated from UV-photolysis of alkyl azides in glass 

matrices at 4 K.6  Low temperatures promote intersystem crossing over intramolecular 

rearrangement, enabling triplet nitrenes to be efficiently formed and observed.  These nitrenes 

exhibited long lifetimes and EPR values consistent with triplet imidogen (NH) and were thus 

assigned as alkylnitrenes having a triplet ground state.  Alkylnitrenes were among the first 

species to be investigated by flash photolysis, thus paving the way for spectroscopic analysis of 

nitrenes in general.7 

Triplet alkyl nitrenes have been calculated to be ~35 kcal/mol more stable than their 

singlet counterparts and have long lifetimes (τ ~ 27 ms) due to the inability of a triplet alkyl 

nitrene to rearrange to the singlet imine.8a  However, triplet alkyl nitrenes have not been studied 

extensively in solution phase, in part because they are difficult to generate selectively due to the 

large singlet/triplet energy gap, and consequently, slow rate of ISC.  In fact, Gudmundsdóttir 

and co-workers recently reported the only conclusive solution phase studies on triplet alkyl 

nitrenes.8b  They hypothesized that triplet alkyl nitrenes could be selectively generated by 

intramolecular energy transfer from acetophenone, a well-studied sensitizer exhibiting very 

efficient intersystem crossing from the singlet to triplet manifold (1011 s–1) with a quantum yield 

near unity. 

Scheme 1-1. Intramolecular energy transfer sensitization in formation of triplet alkylnitrenes 

 

Indeed, incorporation of acetophenone and an alkyl azide within the same molecule (1-4, 

Scheme 1-1) led to selective generation of triplet alkyl nitrene 1-5 when 1-4 was submitted to 
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laser flash photolysis in solution (excimer laser, 17 ns, 150 mJ, 308 nm).8  In a separate 

experiment, prolonged irradiation of triplet alkyl nitrene 1-5 primarily formed azo dimer 1-6 that 

cyclized to pyrazole 1-7 and formed propiophenone radical 1-8 that further reacted to afford 

propiophenone 1-9 or enaminone 1-10. 

No evidence for the existence of singlet alkyl nitrenes, however, has ever been obtained.  

This is likely due to the fact that alkylnitrenes possess α-hydrogen atoms, thus enabling very 

rapid 1,2-hydrogen or alkyl migration before intersystem crossing to the triplet state can occur.  

Additionally, 1,2-hydrogen or alkyl migration are hypothesized to proceed directly from the 

singlet excited azide and bypass the singlet nitrene altogether.9  These rearrangements are 

rapid and unselective and have thus severely complicated efforts to utilize alkylnitrenes in 

synthesis (eq. 1).10   

 

Overall, alkylnitrenes have experienced very little utility in empirically-viable, solution 

phase chemistry.  Indeed, rapid rearrangement upon photolysis precludes intermolecular 

reactivity and effectively obviates C-H insertion or oxidative functionalization processes that are 

common to other classes of nitrenes to be discussed in this review. 

 

1.2.2 Vinylnitrenes 

Vinylnitrenes were first postulated as intermediates in the rearrangement of ketoximes to 

α-amino ketones (the Neber rearrangement).11  The work of Cram12a and House12b demonstrated 

that γ-elimination from 1-11 formed non-isolable azirine 1-13 via the putative vinylnitrene 1-12; 

subsequent azirine hydrolysis furnished the α-amino ketone 1-14. 
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While a concerted γ-elimination to give azirine 1-13 was ruled out based on the 

requirement for front-side displacement of a syn-oxime tosylate, conclusive evidence for the 

presence of a vinylnitrene was never obtained.13  Nevertheless, this study spurred considerable 

interest in the possibility that vinylnitrenes might be utilized in a variety of synthetically useful 

transformations. 

 
Indeed, seminal reports by Hassner,13 Taniguchi, 14a and Hemetsberger14b demonstrated 

that 2H-azirines 1-16 could be isolated from thermolysis of styrenyl azides and α-

azidocinnamates 1-15 (eq. 3).  Interestingly, re-subjecting azirines such as 1-16 to a higher 

reaction temperature led to the corresponding indole 1-17.  Subsequently, it was discovered that 

oxazoles,15a quinones,15b pyrazoles,15c β-lactams,15d and azepines15e could also be synthesized 

from readily prepared azirines. 

Scheme 1-2. Vinylnitrene trapping in thermal azirine decomposition 
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Padwa’s investigations on methacryloyl α-2H-azirine 1-18 provided the first substantive 

support for the intermediacy of a vinylnitrene in azirine decomposition and rearrangement  

(Scheme 1-2).16  The direct thermolysis of 1-18 produced pyrrole 1-21 and pyridine 1-23, 

presumably via dihydropyrrole 1-20 and dihydropyridine 1-21.  However, when 1-18 was 

thermolyzed in the presence of tris(dimethylamino)phosphine,17 phosphineimine 1-24 was 

isolated as the sole product of the reaction.  This experiment provided evidence for singlet 

vinylnitrene 1-19 as a common intermediate in formation of dihydropyrrole 1-20 and 

dihydropyridine 1-22.18 

Until recently, there were no examples of the direct detection or characterization of 

vinylnitrenes.  Parasuk and Cramer calculated that triplet vinylnitrene is 15 kcal/mol more stable 

than the lowest energy singlet state.19  The lowest energy singlet state is open shell and 

resembles a 1,3-biradical.  When compared to the 35 kcal/mol singlet–triplet gap for 

alkylnitrenes (Section 1.2.1), it is evident that (a) the vinyl group stabilizes the singlet state by 

delocalizing an unpaired spin and (b) due to the open-shell character of the singlet, less 

electron-electron repulsions exist than for closed-shell singlet alkylnitrenes.  Thus, it was 

hypothesized that triplet vinylnitrenes would be even more stable than triplet alkylnitrenes. 

Scheme 1-3. Solution phase decomposition of vinylnitrene precursors 

 

Surprisingly, this hypothesis was refuted by experimental data.  Applying the 

intramolecular triplet energy transfer strategy discussed in Section 1.2.1, Gudmondsdóttir and 

coworkers performed laser flash photolysis on 2H-azirine 1-25 and obtained solution phase 

spectroscopic data supporting the existence of triplet vinylnitrenes 1-26 (Scheme 1-3).20,21  
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Despite the apparent increased stability relative to alkylnitrenes, it was discovered that ground 

state triplet vinylnitrene 1-26 decays to isoxazole 1-27 by fast (106 s–1) intersystem crossing 

relative to the 27 ms lifetime of triplet alkylnitrenes.  In a later study, evidence was provided for 

the intermediacy of a vinylnitrene following azide decomposition.22  Indeed, intramolecular 

energy transfer from the acetophenone sensitizer in vinyl azide 1-28 resulted in biradical 1-29 

that subsequently formed vinylnitrene 1-30.  This species was detected by transient absorption 

spectroscopy and was found to undergo ISC to form azirine 1-31. 

 
Unlike triplet alkyl or aryl nitrenes, triplet vinylnitrenes do not dimerize, perform H-atom 

abstraction, or react slowly (104–107 M–1s–1) with O2 to yield nitro compounds.  Instead, the 

highly delocalized spin density inherent to vinylnitrenes imparts fascinating reactivity upon these 

short-lived intermediates, whereby photolysis of 1-28 in O2-saturated solution led to rapid  

(7 x 108 M–1s–1) C-O bond formation at the tertiary β-carbon to afford 1-32 (eq. 4).26  Therefore, 

this experiment and those in Scheme 1-3 demonstrate that the reactivity of triplet vinylnitrenes is 

best described as an iminyl biradical, a species exhibiting reactivity of a carbon-centered 

radical. 

 

1.2.3 Arylnitrenes 

1.2.3.1 Elucidating the photophysics and reactivity profile of phenylnitrene 

The complex photochemistry of arylnitrenes has long been the subject of intense study.23  

Even before elucidation of the photophysical decomposition and rearrangement pathways 

available to arylnitrenes, thermolysis and photolysis of aryl azides followed by intramolecular 

cyclization24 was used for the syntheses of many nitrogenous heterocycles.  Indeed, this is 

perhaps the most prevalent use of aryl- and heteroarylnitrenes.  This vast collection of reactions 
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is best left to several reviews,25 though a few examples will be discussed here.  This section will 

primarily be devoted to the solution-phase photochemistry of arylnitrenes.  In the last two 

decades, this area has received increased attention due to the importance of arylnitrenes in 

photoaffinity labeling and photocrosslinking to determine the higher order structure of RNA and 

RNA-protein complexes.26 

Scheme 1-4. Preliminary observations in arylnitrene chemistry 

 

The earliest investigations on arylnitrenes were not promising.  The direct photolysis and 

thermolysis of phenyl azide and most of its derivatives at concentrations >10–3 M in benzene, 

cyclohexene, or acetonitrile leads to polymeric tars and low yields (<5%) of azobenzene in lieu 

of C-H insertion products and aziridines.27  Huisgen28a,b discovered that thermolysis of phenyl 

azide 1-33 in the presence of aniline afforded 3H-azepine 1-36; Doering28c also observed its 

formation under photolytic conditions (Scheme 1-4).  It was originally hypothesized that 1-36 

could be derived from nucleophilic attack on heterocumulene 1-35.  However, this hypothesis 

failed to explain the formation of o-thioalkoxyaniline 1-37 when phenyl azide was photolyzed in 

the presence of thiols.  Thus, benzazirine 1-34 was postulated as another potential intermediate 

in aryl azide decomposition.29  Unfortunately, the relationship between benzazirine 1-34 and 1,2-

didehydroazepine 1-35 was unclear, but more troubling was that the precursor to either 1-34 or 

1-35 was not known.  Interestingly, reactions initiated by triplet sensitization in the presence of 

diethylamine gave azobenzene and aniline instead of the corresponding 3H-azepine,30 

suggesting that azobenzene and aniline arise from a triplet nitrene.31  Benzazirine 1-34, 1,2-
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didehydroazepine 1-35, and 3H-azepine 1-36, therefore, must arise from a precursor of singlet 

spin multiplicity. 

The advent of transient absorption spectroscopy was critical to unifying all the empirical 

data regarding arylnitrene reactivity.  In 1997, Platz32a and Wirz32b were finally able to detect 

singlet phenylnitrene (τ = 1 ns) by laser flash photolysis, which provided the critical link to 

explaining the formation of all primary photoproducts arising from photolysis of phenyl azide.  A 

follow-up study reported the observation of triplet phenylnitrene and revealed that its 

spectroscopic signature exhibited great similarity to singlet phenylnitrene, consistent with these 

two species having very similar open-shell electronic configurations.33  Indeed, high-level 

calculations had shown that open-shell singlet phenylnitrene is 18 kcal/mol lower in energy than 

closed-shell singlet phenylnitrene.34  This confirms that singlet phenylnitrene is the logical 

precursor to benzazirine 1-34, as the biradical nature of the open-shell singlet nitrene facilitates 

its cyclization to benzazirine.  Observation of benzazirine 1-34 proved a formidable challenge, 

but Platz obtained absorption data consistent with a t-butyl substituted benzazirine with a 

lifetime of 62 ns in solution at room temperature as a transient precursor to the corresponding 

1,2-didehydroazepine.35a  More recently, Inui and McMahon reported unprecedented, direct 

observation of 4-methoxy- and 4-methylthiobenzazirine in argon matrices at 10 K.35b  Finally, 

1,2-didehydroazepine 1-35 was independently detected by solution phase time-resolved IR and 

UV-vis spectroscopy.36 
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Scheme 1-5. Solution-phase photochemistry of phenyl azide and phenylnitrene 

 

A mechanistic picture consistent with all these data is presented in Scheme 1-5.  It has 

recently been shown by femtosecond UV-vis analysis that initial azide excitation gives rise to 

the second singlet excited azide 1-37 that undergoes rapid internal conversion (IC) to the photo-

dissociative first singlet excited azide 1-38.37  Extrusion of N2 affords a vibrationally hot singlet 

nitrene 1-39 that relaxes to open-shell singlet nitrene 1-40.  From here, formation of either 

benzazirine 1-34 or triplet nitrene 1-41 can occur.  The last notable reaction resulting from 

photolysis of phenyl azide was the formation of nitrenium ion 1-42 (τ = 110 ps).  This species is 

the only known trapped product of singlet phenylnitrene and undergoes further reaction to yield 

substituted aniline 1-43. 

 

1.2.3.2 A brief survey of arylnitrenes in synthetic chemistry 

The vast majority of reactions involving free arylnitrenes in preparative chemistry are 

intramolecular cyclizations onto aryl, heteroaryl, and alkenyl groups appended ortho to the 

nitrene moiety.25  These cyclizations proceed with retention of configuration and typically work 

best when synthesizing 5- and 6-membered heterocycles.  Carbazoles,38a benzimidazoles,38b 
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indoles,38c phenothiazines,38d carbolines,38e thienopyrroles,38f
 and strained aziridines38g can all be 

formed from either thermolysis or photolysis of arylnitrene precursors. 

A select number of intermolecular processes have also been studied.  Arylnitrenes have 

been shown to undergo intermolecular C-H insertion with excellent selectivity for insertion into 

tertiary C-H bonds [~200:7:1 (3°:2°:1°)], amounting to the highest chemoselectivity among all 

nitrenes due to stabilization of the free nitrene by electron donation from the aromatic ring.39a  

While preparative studies on this reaction are rare due to poor yields and copious aniline 

formation, it is interesting to note that conclusive evidence exists for C-H insertion by the triplet 

phenylnitrene instead of the singlet phenylnitrene.39b  This is unique to arylnitrenes.  Reports of 

intermolecular olefin aziridination via a free arylnitrene intermediate are also very scarce, likely 

due to the complex solution phase chemistry discussed in Section 1.2.3.1.  While aryl azides 

can add to olefins to give a triazoline that is subsequently decomposed to the aziridine under 

UV-irradiation, this is only feasible for strained olefins such as norbornene.40  Thus, the vast 

majority of methods for olefin aziridination by a nitrene involve metallonitrene intermediates 

(Section 1.4). 

 

1.2.4 Carbonylnitrenes 

The general categorization of “carbonylnitrenes” encompasses carbalkoxy-, alkanoyl- 

and aroylnitrenes (Scheme 1-6).41  While carbalkoxynitrenes can be formed by thermolysis, 

direct photolysis, sensitized photolysis, or α-elimination of azides, alkanoyl and aroylnitrenes 

can only be formed by sensitized photolysis.  Thermolysis, direct photolysis, or α-elimination of 

the latter two species affords isocyanates arising from Curtius or Lossen rearrangements.  

Unfortunately, these rearrangements appear to arise from the excited azide and therefore are 

highly competitive with nitrene formation, often affording isocyanate to the exclusion of nitrene. 

Because carbalkoxynitrenes are typically not prone to the intramolecular rearrangement 

and decomposition pathways that hamper many classes of nitrenes, carbalkoxynitrenes have 
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been employed in synthetic applications.  In particular, nitrene addition to olefins installs an 

aziridine, a versatile carbon electrophile that can be used to construct myriad nitrogenous 

architectures.  Olefin aziridination has also served as a valuable mechanistic probe for 

elucidating nitrene spin multiplicity.  Originally developed by Skell and Woodworth for 

carbenes,42 Lwowski applied this probe to nitrenes, and the resulting studies were of paramount 

importance in understanding nitrene reactivity. 

Scheme 1-6. General classes of carbonylnitrenes 

 

 

1.2.4.1 Olefin Aziridination as a Mechanistic Probe 

Indeed, Lwowski and co-workers found the stereospecificity of carbalkoxynitrene 

addition to olefins to be dependent on the following variables: a) mode of nitrene generation, b) 

olefin concentration, and c) olefin identity (Scheme 1-7).43  First, generating carbalkoxynitrenes 

by photolysis led to poor stereospecificity, as approximately one-third of nitrene was directly 

generated as the triplet.  On the other hand, high stereospecificity in olefin aziridination by 

carbalkoxynitrenes could be achieved by α-elimination, as from 1-44 in Scheme 1-7.  Second, 

the stereoselectivity of aziridination increased with the concentration of olefin 1-47.  This is in 

accord with Lwowski’s adaptation of Skell-Woodworth theory, which states that singlet nitrenes 
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add to olefins in a single, concerted step to afford stereospecific aziridination; triplet nitrenes 

add to olefins in two steps via a long-lived 1,3-diradical intermediate, and thus undergo 

nonstereospecific aziridination.  The observed concentration dependence on stereoselectivity 

can be rationalized as a consequence of the fact that higher olefin concentration results in a 

higher probability of intercepting the singlet nitrene 1-45 (stereospecific addition to afford 1-48) 

before ISC to the triplet manifold 1-46 (non-stereospecific addition to afford 1-48 and 1-49). 

Scheme 1-7. Stereochemistry of olefin aziridination by a carbalkoxynitrene 

 

Finally, α-methylstyrene 1-50 was investigated as a “triplet trap.”  It was predicted that 

addition of nitrene 1-46 to styrenyl olefin 1-50 would proceed faster than addition of 1-46 to 

aliphatic olefin 1-47 due to formation of a highly stabilized benzylic radical in the latter case.  

Indeed, trans-aziridne 1-49 was not observed upon addition of 1-50, consistent with selective 

consumption of triplet 1-56 by 1-50, leaving only singlet 1-45 to perform stereospecific 

aziridination of 1-47. 

These experiments combined with EPR spectroscopy provide excellent circumstantial 

evidence for nitrene spin multiplicity.  As just discussed, (ethoxycarbonyl)nitrene, which is 

known by EPR spectroscopy to have a triplet ground state, gives both the cis- and trans-

aziridines from reaction with cis-4-methyl-2-pentene.  In contrast, nitrogen- and sulfur-

substituted nitrenes (R2NN: and RSN:) are believed to have singlet ground states and exhibit 

retention of stereochemistry upon olefin addition.44 
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Schuster and co-workers have shown that both direct photolysis and triplet sensitized 

photolysis of β-naphthoyl azide in solutions containing cis- or trans–4–methyl–2–pentene, α-

deuteriostyrene, or (E)-β-deuterio-α-methylstyrene gave exclusively retention of olefin 

stereochemistry, consistent with the reacting species being a singlet nitrene.45  Since there are 

no experiments (such as the Curie law test for triplets) able to unambiguously confirm the 

existence of a singlet ground state for a transient intermediate, further circumstantial evidence in 

favor of the hypothesis was provided.  A long-lived singlet nitrene reacting with olefin before the 

triplet ground state could be reached was ruled out by determining that this singlet state would 

have to exhibit an unreasonably long lifetime of 200 ns.  Furthermore, the species produced in 

these experiments does not form azo dimer and exhibits no reactivity with O2, which is 

inconsistent with the reactivity of a triplet nitrene (see Sections 1.2.1 and 1.2.2).  Therefore, it 

was concluded that the data support ground state singlet multiplicity for aroylnitrenes with a 

small triplet/singlet gap, a necessary requirement to account for rapid ISC, as no reactivity 

arising from the higher energy triplet state was ever observed.  Recent work by Platz has 

confirmed the ground state nature of aroylnitrenes, established the very short lifetime (120 ps) 

of the singlet excited azide, and confirmed that isocyanate formation does not arise from nitrene 

rearrangement but instead from photo-Curtius rearrangement in the lowest singlet excited state 

of the aroylazide.46 

 

1.2.4.2 C(sp3)-H Insertion 

Most nitrenes exhibit some degree of chemoselectivity with respect to insertion into 

unactivated C-H bonds.  Even though substantial evidence demonstrates that nitrene C-H 

insertion occurs in a concerted fashion from the singlet manifold (see below) and thus does not 

proceed via homolytic bond cleavage, the general order of reactivity correlates well to C-H bond 

dissociation energies.  For example, the rate of insertion generally decreases in the order  

3° > 2° > 1°; this has been found to equate to approximately a 30:9:1 (3°:2°:1°) ratio of C-H 
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bond reactivity towards a carbonylnitrene.43b  However, while C-H insertion is possible for all 

nitrenes, this reaction is only preparatively feasible for using carbalkoxynitrenes or 

sulfonylnitrenes, as most other nitrenes cannot be generated in a selective manner without first 

undergoing rearrangement or decomposition.  Studies on C-H insertion by nitrenes have also 

elucidated fundamental principles that guided synthetic efforts, and as such, the discussion of 

C-H insertion will begin with a mechanistic picture. 

Scheme 1-8. Experiments probing spin multiplicity and stereospecificity in C-H insertion 

 

Seminal studies by Lwowski and co-workers (Scheme 1-8) found that (i) nitrene insertion 

into the optically active methine carbon of (S)-(+)-3-methylhexane 1-51 to afford 1-52 proceeded 

with complete retention of configuration regardless of the mode by which the putative nitrene 

was generated, and the selectivity of insertion was not dependent upon olefin concentration 

(note: not all insertion products are depicted).47a  In experiments (ii) involving equimolar 

cyclohexane and cyclohexane-d12, a primary kinetic isotope effect of 1.5 was observed, and the 

combined yield of C-H insertion products 1-55 and 1-56 was dependent on nitrene 

concentration.47b  Finally (iii), a concentration dependence on nitrene was observed in addition 

to cyclohexene, wherein higher olefin concentrations led to greater amounts of C-H insertion 

products 1-58 and 1-59 over aziridine 1-57.47c  Taken together, these data provide strong 
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support for C-H insertion by a singlet carbalkoxynitrene via an unsymmetrical transition state, as 

in 1-53 and 1-54.  These studies established a firm understanding of carbalkoxynitrene 

reactivity, and due to the absence of competing rearrangement pathways, these species were 

applied to synthesis. 

Scheme 1-9. Comparison of alkanoylnitrene and carbethoxynitrene cyclizations 

 

Indeed, the most popular use for carbalkoxynitrenes has been cyclization to lactams via 

C-H insertion, and installation of this moiety in a controlled, potentially stereoselective fashion 

spurred investigations on nitrene cyclizations in the synthesis of diterpene alkaloids and 

steroidal frameworks.  Early work by Masamune on the total synthesis of Garryine 1-62 featured 

an alkanoylnitrene cyclization as the key step (Scheme 1-9).48  Unfortunately, photo-Curtius 

rearrangement of 1-60 was the dominant process, resulting in quite poor yields of the desired 

product 1-61.  Wright and Morton studied the high-pressure thermolysis49 and photolysis of 3β-

lanost-8-enyl azidoformate 1-63 and obtained a mixture of δ-lactam 1-64 and γ-lactam 1-65 

arising from nitrene insertion into the α-methylene and α-methyl group, respectively.50  These 

cyclization events occur on the concave face of the steroid backbone, and unlike similar 

alkanoylnitrene cyclizations, this azidoformate cyclization avoids isocyanate formation.  

Interestingly, photolysis gave a similar ratio of cyclized products, but considerable quantities of 
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formate ester 1-66 were produced, presumably from the triplet nitrene.  However, the low 

chemoselectivity obtained is typical of carbalkoxynitrene cyclizations and has greatly limited 

their use beyond highly contrived substrates in which there are very few sites for C-H insertion.51  

In this regard, metallocarbalkoxynitrenes have fared far better (Section 1.7).  

 

1.2.5 Sulfonylnitrenes 

The chemistry of sulfonylnitrenes has received somewhat less attention than the other 

nitrenes discussed in this review.  Much of this has been due to the difficulty in effecting clean 

formation of sulfonylnitrenes.  Indeed, rearrangement of singlet sulfonylnitrene through a 

pseudo-Curtius pathway has been reported.  Furthermore, some thermolytic studies have 

shown decomposition of aliphatic sulfonyl azides to hydrocarbon, SO2, and N2, apparently 

catalyzed by free radicals of unknown identity, whereas aromatic sulfonyl azides do not exhibit 

this behavior.52  More problematic is that these eliminations can, depending on azide structure, 

occur from either the azide precursor or the nitrene.  The mechanistic proposals that emerge for 

transformations involving sulfonylnitrenes are confusing, as well.  Contrary to some of the older 

literature on this topic, sulfonylnitrenes are often not involved in reactions as kinetically 

competent species.53  Further, both ground state and excited state azides may react to yield the 

same products as nitrenes.  While many of these empirical difficulties and mechanistic 

ambiguities could potentially be solved by utilizing other precursors to free sulfonylnitrenes,54 

such as N-halosulfonamides, N-hydroxysulfonamides, or sulfonylimino-iodanes, there have 

been surprisingly few studies involving these species.55  Sulfonyl azides have been used for the 

vast majority of studies.56 

Photolysis of sulfonyl azides to generate free nitrenes is complex, but has allowed for 

the determination of important aspects of sulfonylnitrene chemistry.  Smolinsky, Wasserman, 

and Yager investigated the photodecomposition of aromatic sulfonyl azides by EPR at 77 K and 

identified a long-lived resonance (18 h at 77 K) for each azide.57  Furthermore, the zero-field 
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splitting parameters were of much greater magnitude than for aryl azides, suggesting significant 

interaction of unpaired spins on a ground state triplet nitrene.  This is an interesting result, 

especially when considering that the ground state of seemingly related aroylnitrenes has singlet 

multiplicity (see Section 1.2.4.2).  This has been attributed to an n→π* stereoelectronic 

interaction between the oxygen lone pair and an empty orbital on nitrogen in the closed-shell 

singlet aroylnitrene, thereby affording a species having bonding character intermediate between 

that of an oxazirine and a free acyl nitrene.  Such an effect acts to stabilize the singlet nitrene; 

this interaction is apparently attenuated for sulfonylnitrenes.41
 

Scheme 1-10. Dibenzothiophene sulfilimines as sulfonylnitrene precursors 

 

Recently, Toscano and Jenks designed dibenzothiophene sulfilimines (such as 1-67) as 

sulfonylnitrene precursors to circumvent issues arising from thermolytic or photolytic 

decomposition of sulfonyl azides (Scheme 1-10).58  While photolysis of tosyl azides followed by 

oxidative olefin functionalization led to an intractable mixture of products, photolysis of 1-67 

gave efficient olefin aziridination.  However, the chemistry of these sulfilimines was found to 

contain its own remarkable eccentricities.  Reactions with cis-oct-4-ene 1-72 gave 

predominantly trans-aziridine 1-73 and a loss of stereospecificity was observed as the olefin 

concentration was increased.  While these results could be construed as evidence for a nitrene 

ground state of singlet multiplicity, arylsulfonylnitrenes are known to be ground state triplets.  

Therefore, these results can be explained by invoking several postulates: (a) little, if any, singlet 
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nitrene 1-71 is formed on direct photolysis, (b) triplet sulfonylnitrene 1-70 exclusively arises from 

triplet 1-69 that forms by ISC from 1-68, (c) ISC from triplet 1-70 to singlet 1-71 is somewhat 

endergonic, (d) the rate of singlet quenching by olefin (kS) is markedly faster than ISC back to 

triplet nitrene (kST), and (e) kS > kT .  Thus, raising the concentration of 1-72 leads to essentially 

irreversible ISC, and given that kS > kT, a decrease in retention would be expected.  This study 

is unique in that the triplet nitrene is hypothesized to be the exclusive, initial nitrene species 

produced from photolysis of a singlet precursor.  In lieu of utilizing a triplet sensitizer for azide 

decomposition (Chapters 3 and 4), dibenzothiophene sulfilimines represent a potentially 

valuable method for selective generation of triplet sulfonylnitrenes. 

Scheme 1-11. Photolysis of 2-naphthylsulfonyl azide 

 

The sequence of events involved in the photolysis of sulfonylazides remained an enigma 

until Platz’s recent investigations on the excited state chemistry of arylsulfonylnitrenes  

(Scheme 1-11).59  Upon excitation at 330 nm, 2-naphthylsulfonyl azide 1-75 exclusively formed 

its S1 state 1-76 (τ = 32 ps), the first time this state had ever been observed.  Contrast this to 

acyl azides, which upon photolysis produce azide S1 (τ = 690 ps) and small amounts of the 

corresponding azide T1 state,46 as evidenced by product distributions arising from the 

subsequent transformation into triplet nitrene (see Section 1.2.4).  Internal conversion (IC) was 

found to be very efficient, with a quantum yield of 0.42 and a rate constant of 1.3 x 1010 s–1; 

such efficient IC is not typical for excited azides.  After extrusion of N2, the closed-shell singlet 

nitrene 1-77 (τ = 700 ± 300 ps) was formed followed by slow ISC (~6 x 107 s–1) to triplet nitrene 

1-78.  This serves to reinforce the point that unlike carbenes, triplet nitrenes are formed by 

inefficient ISC.  The results of these studies are further supported by the fact that photolysis of 
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sulfonyl azides generally leads to negligible amounts of triplet-nitrene-derived products, as the 

singlet state reacts or decays far faster than ISC. 

There are few known preparative reactions of free sulfonylnitrenes.  While C-H insertion 

of a sulfonylnitrene, for example, is a concerted reaction involving singlet nitrene, the 

selectivities for C-H insertion are much lower than that for carbalkoxynitrenes.60  Taking the 

canonical example of 2-methylbutane, ethoxycarbonylnitrene exhibits 32:10:1 selectivity 

(3°:2°:1°), while mesylnitrene shows a 9.6:4.2:1 selectivity; the latter is very poor selectivity 

when considering the bond dissociation energies of these C-H bonds.  Therefore, 

sulfonylnitrenes are far less selective, and thus, far more reactive than carbalkoxynitrenes.  

Indeed, this raised the important issue of how to attenuate the reactivity of nitrenes, and this 

topic will be the subject of the remainder of the review. 

 

1.3 Harnessing the Reactivity of Nitrenes 

Despite the rich mechanistic chemistry investigated with the aforementioned classes of 

nitrenes, most are not useful for intermolecular processes in synthetic chemistry.  Alkylnitrenes 

are highly unstable and typically undergo undesired intramolecular rearrangements before 

productive chemistry can occur.  Vinyl- and arylnitrenes are most useful in the synthesis of 

nitrogenous heterocycles from intramolecular cyclization events.  While arylnitrenes exhibit 

excellent selectivity in C-H insertion reactions, the complex chemistry of the precursor azides 

render them unsuitable for intermolecular olefin functionalization or C-H insertion.  Alkanoyl and 

aroylnitrenes suffer from photo- and thermal-Claisen and Lossen rearrangements, and tend to 

give copious isocyanate even in the most favorable cases.  Carbalkoxynitrenes exhibit good 

selectivity for C-H insertion, but are typically only used for olefin aziridination where the olefin is 

present in large excess.  Sulfonylnitrenes are generally too reactive for useful levels of 

selectivity in C-H insertion, and applications to olefin functionalization are scarce. 
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Scheme 1-12. Cu-catalyzed decomposition of benzenesulfonyl azide 

 

At this point, one must consider the origins of nitrene chemistry.  The entire field arose 

out of the desire to compare the reactivity of monovalent nitrogen with that of divalent carbon.  

Therefore, advances in nitrene chemistry closely mirrored carbene chemistry.  This is perhaps 

most clearly seen in 1967 reports by Kwart and Khan.61  Attempting to correlate the well-known 

decomposition of diazoalkanes and diazocarbonyl compounds by copper to afford stabilized 

copper-carbene complexes, Kwart and Khan studied the reaction of benzenesulfonyl azide 1-79 

with cyclohexene in the presence of stoichiometric copper-bronze (Scheme 1-12).  In analogy to 

carbene chemistry, they proposed that the aziridination, vinylic and allylic insertion products 

obtained were consistent with reaction of cyclohexene with a dative copper-imido species 1-81 

obtained from the decomposition of copper-azide complex 1-80.  This first report on putative 

metallonitrene chemistry laid the groundwork for research a decade later. 

The following three sections will place particular emphasis upon olefin aziridination as a 

vehicle for the development of metallonitrene chemistry.  This was done in lieu of an extensive 

discussion on C-H amidation chemistry so as to parallel many of the concepts discussed in 

Chapters 3 and 4. 

 

1.4 Introduction to Metallonitrene Chemistry 

The complex, often non-selective reactivity arising from photogeneration of free nitrenes 

prompted investigations on attenuating and controlling the reactivity of these electrophilic 

intermediates.  Ways in which this might be achieved derived inspiration from pioneering studies 
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by Wittig, who showed that phosphorus ylides participate in 1,2-addition to carbonyl compounds 

to afford an overall carbonyl olefination reaction.
62

  In essence, the reactivity of a formally 

carbanionic C1-synthon is modulated to that of a carbene via covalent bonding to a Lewis acidic 

phosphorus nucleus.  This “ylide”, therefore, demonstrated that formation of dipolarophilic 

compounds constitutes a methodology by which to control the innate reactivity of hypervalent 

carbon-centered intermediates.  This notion was extended to hypovalent nitrogen-centered 

intermediates when Yamada and co-workers established that reaction of an equimolar mixture 

of (diacetoxyiodo)benzene and p-toluenesulfonamide afforded N-tosyliminoaryliodinane 1-82 

(PhI=NTs), a novel I-N ylide (eq. 5).63 

 

This ylide, the tosylimide analogue of iodosobenzene, was found to exhibit electrophilic 

character in stoichiometric reactions with thioanisole and triphenylphosphine; therefore, it was 

postulated that a nitrenoid was an intermediate in these reactions.  This result was largely 

overlooked in the literature until Groves demonstrated that iron(III) porphyrins catalysed the 

insertion of oxygen from iodosobenzene into the C-H bonds of hydrocarbons, presumably via 

the intermediacy of a high-valent Fe(V) oxo compound.64  Also around this time, Sharpless 

reported that metal-oxo chemistry could be mimicked by species in which oxygen is replaced by 

a tosylimide group; these studies on osmium-catalyzed oxyamination of olefins by Chloramine-T 

represented the first reports of formal metal-catalyzed nitrene transfer.65  Taken together, the 

reports by Groves and Sharpless suggested that imido ylides such as 1-82 could be effectively 

engaged in the functionalization of hydrocarbons by transformation of the dipolarophilic ylide to 

a metallonitrene.66 

  



24 
 

Scheme 1-13. Early studies on metallonitrene transfer chemistry by Breslow and Gellman 

 

Indeed, seminal work by Breslow and Gellman found that Yamada’s PhI=NTs ylide 1-82 

underwent tosylamidation of cyclohexane in the presence of Fe(III) and Mn(III) porphyrins.67a  

While the yields of intermolecular amidation products were low for both classes of porphyrins, 

the benzylic amidation of 1-83 occurred in high yield to afford benzosultam 1-84, sulfonamide  

1-85, and olefin 1-86 (Scheme 1-13).68b  Interestingly, further studies revealed that microsomal 

cytochrome P-450-LM2 purified from rabbit liver catalyzed inter- and intramolecular amidation 

reactions in similar yields.68c  The proposed catalytically-active intermediates are high-valent 

Fe(V) and Mn(V) imido complexes, analogous to the cytochrome P450 hydroxylation chemistry 

discussed above. 

These reports on catalytic nitrene transfer began an active area of study on nitrogen 

atom transfer to alkenes via metal-nitrene intermediates.  Groves and Takahashi synthesized 

and photolyzed Mn(III) azide 1-87 to give Mn(V) nitride 1-88 (Scheme 1-14).68  Exposing this 

stable complex to trifluoroacetic anhydride (TFAA) gave acylimidomanganese (V) 

trifluoroacetate 1-89; upon reaction with 11 equiv. of cyclooctene, azirine 1-90 was produced in 

82–94% yield, thereby demonstrating the first aziridination utilizing a metallonitrene complex.  

Inspired by this study, Mansuy and co-workers developed Fe(TPP)-catalyzed imido group 

transfer from PhI=NTs to styrenyl olefins.69 
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Scheme 1-14. Manganese porphyrins for imido group transfer to olefins 

 

Such studies raised important mechanistic questions regarding imido group transfer 

(Scheme 1-14), and two possible scenarios can be envisioned.  In the “redox” pathway, the 

metal imido complex is the active imido group transfer reagent.  In the “non-redox” pathway, the 

high-valent metal-imido species serves only as a Lewis acid catalyst for the activation of the 

nitrene transfer reagent, and the datively bound imido species is preferentially transferred to 

substrate.70  These pathways have important implications on the imido group transfer step.  For 

instance, in a recent study on catalytic aziridination with Mn(V) imido complexes by Abu-Omar 

and Zdilla, reaction of solvent–ligated species 1-91 with ylide 1-92  

(Ar = 2-(tert-butylsulfonyl)benzene) afforded stable Mn(V) complex 1-93 (Scheme 1-14).71  This 
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complex failed to aziridinate olefins.  Thereafter, the inactive complex was exposed to ArI=NTs 

1-94, resulting in the irreversible formation of putative adduct 1-95.  When reacted with styrene, 

tosylated aziridine 1-97 was formed in lieu of the mesitylsulfonyl aziridine, indicating that 

complex 1-95 does not transfer its imido ligand, but rather the datively coordinated nitrenoid 

moiety.  In accordance with Hammett studies (and with computational studies discussed in 

Section 1.6), the mechanism for olefin addition is proposed to occur via a radical pathway 

through biradical 1-96.  In contrast to many aziridination protocols, this methodology used the 

olefin as the limiting reagent, though only styrenyl olefins were competent substrates. 

Other porphyrin complexes besides those of iron and manganese have proven useful for 

oxidative olefin functionalization.  In particular, Zhang has highlighted the utility of electron-

deficient, sterically-hindered cobalt(II) porphyrins in catalyzing aziridination of alkenes.72  A 

variety of nitrene precursors, including bromamine-T,72a diphenylphosphoryl azide,72b and 

arylsulfonyl azides72c,d
 were shown to participate in aziridination reactions. 

 

1.5 Further Advances in Metallonitrene Additions 

In an effort to generalize the scope of transition-metal catalyzed aziridination and to 

exercise control over product stereochemistry, Evans surmised that Cu(I) precatalysts employed 

in cyclopropanation would afford efficient imido group transfer from I-N ylides to olefins (Scheme 

1-15).  Indeed, exposure of PhI=NTs and olefin to catalytic CuOTf in MeCN led to efficient 

aziridination.73  Aliphatic olefins, acrylates, cinnamates, and enol silanes were competent 

substrates under these mild conditions.  An enantioselective aziridination was developed by 

introducing a chiral bisoxazoline (box) ligand 1-98 to the reaction conditions. 

Scheme 1-15. Evans’ Cu-catalyzed aziridination 
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While aziridination was stereospecific with cis- and trans-oct-4-ene, a dramatic 

counteranion dependence was observed for aziridination of cis-β-methylstrene.  Near 

stereospecificity in the latter reaction was obtained when the weakly coordinating ClO4
–

counteranion was complexed to Cu(I); more Lewis basic counteranions such as acetylacetonate 

(acac) and Br– led to a non-stereospecific addition.  Additionally, cis-stilbene could not be 

aziridinated in a stereospecific manner under any conditions.  These studies signaled a 

substantial difference in reaction mechanism for aliphatic and aryl-substituted olefins (see 

Section 1.6 for a complete discussion). 

Scheme 1-16. Jacobsen’s Cu-catalyzed aziridination and mechanistic proposal 

 

Jacobsen concurrently demonstrated that chiral, monomeric (diimine)copper(I) 

complexes based on the “salen” (N,N'-bis(salicylideneamino)ethane) ligand architecture 1-99 

effect enantioselective olefin aziridination (Scheme 1-16).74  However, the identity of the 

catalytically active copper-derived imido transfer species in this system and the one developed 

by Evans was not clear.  The mechanism could proceed via a dative complex such as 1-95 

(Scheme 1-14) or via a discrete (diimine)Cu=NTs intermediate.  To probe this question, several 

hypervalent iodine ylides were synthesized in which the aryl group appended to iodine was 

varied to increase steric bulk.  In no case was a change in enantioselectivity observed, 

indicating that the aryl iodide was fully dissociated from the active imido transfer agent prior to 



28 
 

enantiodetermining bond formation.  Further, reaction of photochemically generated closed-shell 

tosylnitrene under the optimized conditions gave identical enantioselectivity to the catalytic 

aziridination reaction.  Therefore, these two experiments provide strong evidence for common 

copper-nitrene intermediate 1-100. 

The ability for mid to late transition metal imido complexes to effect oxidative 

hydrocarbon functionalization was realized at an early stage in the development of 

metallonitrene chemistry.  In fact, Breslow and Gellman observed that Rh2(OAc)4 catalyzed 

intramolecular amidation (Scheme 1-13).  Inspired by this study and by those of Doyle75 on 

asymmetric, intermolecular cyclopropanations of allylic diazoacetates catalyzed by chiral Rh(II) 

carboxamidates, Müller speculated that intermolecular nitrene transfer could be catalyzed by 

Rh(II).76  After extensive optimization, it was discovered that changing the hypervalent iodonium 

ylide from PhI=NTs to PhI=NNs (Ns = p-nitrobenzenesulfonyl) afforded stereospecific 

aziridination of styrenyl and aliphatic olefins in good yields (eq. 6). 

 

Du Bois reported that electrophilic Rh-carboxamide catalyst 1-102 (tfacam = CF3CONH) 

catalyzed an intermolecular olefin aziridination to give 1-103 using trichlorosulfamate ester  

1-101 as the metallonitrene precursor (eq. 7).77  Unlike most intermolecular nitrene transfer 
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reactions, the hypervalent iodonium yilde was generated in-situ.  Further, other sulfamate esters 

and phosphoramidates were tolerated in the aziridination event, though protecting group 

removal at the aziridine stage was not investigated. 

This chemistry was subsequently studied by Lebel, who demonstrated that α-elimination 

from N-tosyloxycarbamate 1-104 to afford a putative singlet carbalkoxynitrene in the presence 

of Rh2(OAc)4 effected intramolecular aziridination, affording 1-105 (eq. 8).78a  Given that a 

hypervalent iodine oxidant is not required for nitrene formation, this methodology can be used in 

scenarios where competitive functional group oxidation might pose an issue.  Additionally, 

iodobenzene is not generated as a stoichiometric byproduct.  Lebel later developed closely 

related aziridination conditions in which the dinuclear rhodium catalyst was replaced by 

Cu(pyridine)4(BF4)2.
78b  While styrenyl and aliphatic olefins were efficiently aziridinated, a loss of 

stereospecificity was observed. 

Significantly, all of the Rh-catalyzed aziridinations discussed above occurred in a 

stereospecific manner, while Mn, Fe, Co, and Cu catalysts typically afford non-stereospecific 

aziridination for styrenyl olefins and stilbenes.  Since metallonitrene complexes are believed to 

exist in a triplet spin configuration, it must be the case that spin inversion followed by the second 

C-N bond forming event is faster than C-C bond rotation when employing Rh. 

 

1.6 Mechanistic Studies on Metallonitrene Chemistry 

Until this point, little consideration has been given to the spin state of the metal nitrene.  

However, as discussed in the previous section, it has been observed that the identity of the 

metal is directly responsible for the mechanisms by which these metal nitrene reactions 

proceed.  For Cu, Fe, and Mn catalysts, loss of stereospecificity is often observed when 

aromatic substitution is introduced on the olefin, whereas Rh and Ag catalysts maintain 

stereospecificity.  
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Scheme 1-17. Proposed mechanism of aziridination via a metallonitrene intermediate 

 

A thorough study on Cu and Ag catalysts in the presence of PhI=NTs revealed that both 

metals form triplet metal nitrenes 1-106 (LnCuIIN•Ts and LnAgNTs) to begin the reaction 

(Scheme 1-17).79
  The metallonitrene subsequently attacks the olefin to give activated complex 

1-107 having triplet multiplicity (parallel spins on N and C) en route to formation of the first C-N 

bond.  From here, the mechanisms diverge.  In the case of Ag (and likely Rh), the energy 

required to cross from the triplet manifold to the singlet manifold (minimum energy crossing 

point (MECP)) followed by the second C-N bond formation is substantially lower than the 

pathway involving C-C bond rotation in 1-107.  Therefore, the second C-N bond forms before C-

C bond rotation can occur and thus stereospecificity is maintained in a concerted but 

asynchronous pathway. 

For Cu (and likely Fe and Mn), however, discrete triplet biradical intermediate 1-108 

forms from 1-107, and the relative values of the corresponding MECP and the barrier for 

rotation around the C−N bond will control the stereochemistry.  Therefore, when styrenyl 

substrates are employed, a benzylic radical is formed in species 1-108.  This radical is stabilized 

by delocalization into the aryl ring, allowing C-C bond rotation to occur before closure to the 

aziridine, resulting in a loss of stereospecificity.  On the other hand, alkyl radicals are not 
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stabilized by resonance delocalization, thereby destabilizing 1-108 relative to a benzylic radical 

and affecting a faster rate of ring closure before C-C bond rotation can occur. 

 

1.7 Triplet Sensitized Aziridination and Conclusions 

Arguably the most straightforward method to synthesize aziridines involves the addition 

of nitrene intermediates to olefins.  As discussed in the first half of this chapter, these 

electrophilic, hypovalent species are most directly formed in situ via photodecomposition of 

organic azides.  However, these photochemical methods suffer from low yields of the desired 

aziridine and poor chemoselectivity due to competing hydrogen atom abstraction and C-H 

insertion pathways arising from multiple electronic excited states of the nitrene.  Indeed, the 

initial sensitization event affords singlet nitrene that often reacts far faster than ISC to the triplet 

manifold.  Though it appears plausible to hypothesize that some of this complexity could be 

avoided by selective generation of triplet nitrene, no methods affecting a single-step 

aziridination in this manner have been reported. 

However, Gudmondsdottir has demonstrated that triplet alkyl- and vinylnitrenes can be 

selectively synthesized by intramolecular energy transfer from an acetophenone sensitizer, 

thereby circumventing the singlet manifold entirely.  While these nitrenes simply dimerize, 

decompose, or rearrange, sulfonylnitrenes and carbalkoxynitrenes are far less prone to these 

unproductive events.  Jenks reported the only known literature method that currently exists for 

selectively generating sulfonylnitrenes in their triplet state, and carbonylnitrenes had never 

previously succumbed to triplet sensitization. 

Recent investigations in our laboratory have shown that sulfonylnitrenes (Chapter 3), 

arylnitrenes (Chapter 4), and carbonylnitrenes can be selectively generated with putative triplet 

spin multiplicity from azide precursors.  These methodologies, based upon visible light-induced 

energy transfer from polypyridyl transition metal sensitizers, effectively avoid the highly reactive 
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singlet manifold and offer a means by which to study the reactivity inherent to free triplet 

nitrenes without use of intramolecular energy transfer.  We believe that this unexplored area in 

nitrene chemistry offers significant synthetic advances while potentially having a profound 

impact on solution phase spectroscopic studies of these versatile intermediates. 
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Chapter 2. Cleavable Redox Auxiliaries in Photocatalyzed Intermolecular [2+2] 

Cyclobutanations 
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Tyson, E. L.; Farney, E. P.; Yoon, T. P. Photocatalytic [2+2] cycloadditions of enones with 

cleavable redox auxiliaries. Org. Lett. 2012, 14(4), 1110–1113. 
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2.1 Introduction 

Cyclobutanes are synthetically valuable due to their prevalence in a diverse range of 

natural products1 as well as their utility in generating expanded carbocyclic frameworks via 

strain-releasing fragmentation reactions.2  Synthesis of these strained carbocycles, however, 

remains challenging, and having access to the nearly 1900 cyclobutane-containing natural 

products would greatly expand the pool of structures available for diversification in the 

pharmaceutical industry. 

Figure 2-1. Cyclobutane-containing natural products 

 
 

One of the most widely-employed methods for generating the cyclobutane motif is 

photoinitated formal [2+2] cycloaddition3 of cyclic enones with ultraviolet (UV) light (Scheme 2-

1).4 UV photoexcitation of an enone forms the enone singlet excited state (S1) followed by 

intersystem crossing (ISC) to the first triplet excited state (T1).  Reaction of the newly formed 

triplet intermediate with an acceptor alkene affords a 1,4-biradical intermediate that participates 

in a second-bond forming event to effect the formal cyclobutanation. 
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Scheme 2-1. Photosensitized cyclobutanation of cyclic enones 

 
Attempts to extend this chemistry to significantly more versatile acyclic enones have 

generally not been successful, primarily due to energy-wasting cis-trans isomerization that 

occurs in the T1 state and interferes with productive cycloaddition.5  Further, selectivity in 

photochemical cyclobutanation reactions can be poorly defined; complex mixtures of head-to-

head and head-to-tail regioisomeric products can be formed, along with mixtures of trans-fused 

and cis-fused stereoisomers (Scheme 2-1).6  Thus, efficient, high-yielding, stereocontrolled 

cycloadditions of acyclic enones is a challenging problem. 

Scheme 2-2. Cyclobutanation by controlled potential electrolysis 

 

In the search for a potentially generalizable solution, our research group was inspired by 

the work of Krische and Bauld on electrochemically-induced radical anion cyclizations of 

tethered bis-enones 2-1 (Scheme 2-2).7  Indeed, this method avoids formation of the 

problematic triplet excited state of the enone and thus can be applied to acyclic enones.8  

Single-electron reduction of an aromatic enone affords a putative radical anion intermediate that 

participates in stepwise bond forming events with an appropriate Michael acceptor.  However, 

controlled potential electrolysis led to a high concentration of radical anion intermediate,9 and a 

multitude of products arising from undesired pathways was observed.  We found that this redox 
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neutral, intramolecular, formal cyclobutanation could be better effected by visible-light 

photocatalysis10 using polypyridyl ruthenium(II) sensitizers in the presence of a tertiary amine 

reductive quencher and subsequently extended our initial publication to intermolecular 

systems11 (Scheme 2-3). 

Scheme 2-3. Intermolecular cycloaddition of acyclic enones by photocatalysis 

 

This methodology presumably generates very low concentrations of the putative radical 

anion intermediate and thus affords controlled cycloadditions to give cyclobutanes in high 

yields.12  Additionally, we were pleased to observe excellent control of regiochemistry and 

relative stereochemistry in cyclobutane formation.  However, we found the involvement of an 

aryl enone in the reaction to be a strict requirement for successful cycloaddition.  In turn, this 

restricted our methodology to the synthesis of cyclobutanes containing an aryl ketone, a 

functional group not amenable to rapid, facile diversification.  We proposed a mechanism for the 

cycloaddition that rationalizes this constraint.  The key reactive intermediate in this process is an 

enone radical anion generated by single electron transfer from a photogenerated Ru(bpy)3
+ 

complex to a Lewis acid-activated enone.  The one-electron reduction of aryl enones is 

significantly more facile than the corresponding reduction of less-conjugated enone substrates.  
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Enoate esters, for example, possess reduction potentials ~700 mV more negative than aryl 

enones,13 which precludes formation of the corresponding enoate radical anions under these 

photocatalytic conditions. 

 

2.2 Results and Discussion 

We sought to address this limitation via the use of a cleavable “redox auxiliary”,14,15 a 

motif that temporarily modulates the reduction potential of an otherwise redox inactive enoate 

substrate, facilitating reduction and cycloaddition prior to its cleavage from the cyclobutane 

product.  Ideally, this strategy would enable access to cyclobutane carboxamides, esters, 

thioesters, and acids – products otherwise inaccessible without the aid of the cleavable 

auxiliary.  To begin, we examined the homodimerization of α,β-unsaturated carbonyl 

compounds that have been validated as surrogates of carboxylate esters in other synthetic 

methods (Scheme 2-4). 

Scheme 2-4. Dimerization of candidate enones 

 

Upon exposure to the conditions we had optimized for intermolecular [2+2] cycloaddition 

of aryl enones, unsaturated acyl phosphonates16 2-2 underwent rapid decomposition.  N-acyl 

pyrroles17 2-3 and pyrazoles18 2-4 reacted sluggishly and gave unsatisfactory yields of the 

corresponding dimerized cyclobutanes.  On the other hand, α,β-unsaturated 2-acylimidazoles19 

2-5 reacted smoothly and furnished the desired [2+2] cyclodimer in 82% yield.20  We therefore 

elected to continue our studies using enones bearing an N-methylimidazol-2-yl auxiliary group. 
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Table 2-1. Optimization studies on the crossed, intermolecular [2+2] cycloaddition 

 

entry 
Ru(bpy)3Cl2 

(mol%)a 
LiBF4 

(equiv.)a 
time (min) 

yieldb 2-6 
(d.r.) 

yieldb 2-7 

1 5.0 2 90 43% (5:1) 24% 

2 5.0 4 90 42% (10:1) 13% 

3 5.0 0.5 120 21% (2:1) 50% 

4 2.5 2 150 51% (5:1) 19% 

5 2.5 2 90 67% (>10:1) <5% 

a
Amounts of photocatalyst and LiBF4 are with respect to the theoretical yield of product 2-6. 

b
Aryl enone 

added dropwise over a 45 min period. 

 
Next, we studied the crossed intermolecular [2+2] cyclization of acyl imidazole 2-5 with 

methyl acrylate (Table 2-1).  The conditions we had previously reported for [2+2] cycloaddition 

of phenyl enones with methyl acrylate afforded only 43% of the desired crossed cycloadduct in 

5:1 d.r.; the undesired homodimerization of 2-5 to afford 2-7 was a significant competitive 

process (entry 1).  Higher concentrations of the Lewis acidic additive (LiBF4) increased the d.r. 

without increasing the yield of 2-6 (entry 2), while lower Lewis acid loading favored 

homodimerization (entry 3).  We observed a modest increase in selectivity for the heterodimer 

when the catalyst loading was lowered to 2.5 mol % (entry 4). The best yield and highest 

diastereoselectivity were obtained when 2-5 was added slowly via syringe pump to the reaction 

mixture, which presumably minimizes the homodimerization by minimizing the concentration of 

2-5 with respect to methyl acrylate while keeping the ratio of Lewis acid to substrate high.  By 

using this slow addition protocol, the desired heterodimer 2-6 could be isolated in 67% yield and 

with excellent diastereoselectivity (entry 5). 
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Table 2-2. Substrate scope of the intermolecular [2+2] cycloadditiona 

 
a
Unless otherwise noted, reactions were performed with 5.0 equiv. Michael acceptor with respect to 1.0 

equiv. aryl enone, 2.5 mol% Ru(bpy)3Cl2, 2.0 equiv. LiBF4, and 2.0 equiv. i-Pr2NEt in MeCN (0.1 M with 
respect to aryl enone); aryl enone was added dropwise over a period of 45 min.  Isolated yields and 
diastereomer ratios are the averaged results of two reproducible experiments. 

b
0.5 equiv. LiBF4 was 

used. 
c
4.0 equiv. LiBF4 was used; aryl enone was added in one portion. 

 

Table 2-2 summarizes experiments probing the scope of the crossed intermolecular 

[2+2] cycloaddition using 2-acyl imidazoles.  A variety of Michael acceptors, including α,β-

unsaturated esters (2-6), thioesters, (2-8), and ketones (2-9) provided good yields and high 

diastereoselectivities in cycloadditions with 2-5.  As we had observed in our previous studies, 

high selectivity for the crossed cycloadduct requires the use of a,β-unsubstituted Michael 

acceptor as the reaction partner. However, β-substitution on the acyl imidazole is easily 

accommodated.  Substrates of increased steric demand worked well in this reaction (2-10, 2-11, 

and 2-12), and protected heteroatom functional groups were tolerated under optimized reaction 

conditions (2-13, 2-14, and 2-15). 
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Table 2-3. Substrate scope of the intramolecular [2+2] cycloadditiona 

 
a
Unless otherwise noted, reactions were performed using 2.5 mol% Ru(bpy)3Cl2, 0.5 equiv. LiBF4, and 2.0 

equiv. i-Pr2NEt in MeCN (0.1 M with respect to substrate). Isolated yields and diastereomer ratios are the 
averaged results of two reproducible experiments. 

b
0.5 equiv. i-Pr2NEt was used. 

 
We also explored intramolecular [2+2] cycloadditions of 2-acylimidazoles (Table 2-3). In 

these experiments, we observed somewhat higher yields when the loading of LiBF4 was 

reduced to 0.5 equiv.  These conditions enabled intramolecular cycloadditions with a variety of 

acceptor moieties, including esters (2-16, 2-17), ketones (2-18), and amides (2-19).  The use of 

an α-substituted Michael acceptor required prolonged reaction times, but the expected 

cycloadduct bearing a quaternary stereocenter (2-20) was produced with excellent 

diastereoselectivity. 

Finally, we investigated conditions for transformation of the 2-acylimidazole moiety into 

carboxylic acid derivatives (Table 2-4).19  The auxiliary group of cycloadduct 2-16 can easily be 

N-alkylated with MeOTf to afford the corresponding imidazolium salt.  Upon recrystallization, this 

white crystalline material is stable to prolonged storage on the bench for at least six months.21  

Displacement of the imidazolyl group proceeds smoothly with a variety of oxygen nucleophiles 

without loss of stereochemical integrity (entries 1-3).  While bulky tertiary alcohols did not react 

with the imidazolium salt (entry 4), the more nucleophilic tert-butyl thiol produced the 

corresponding thioester in quantitative yield (entry 5). Finally, the 2-acylimidazolium moiety 

could be transformed into an amide functional group upon treatment with either primary or 

secondary amines (entries 6 and 7). Thus, the use of this redox auxiliary strategy enables the 
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synthesis of a variety of cyclobutane carboxylic acid derivatives that would not otherwise be 

accessible using our previously reported photocatalytic [2+2] cycloaddition methodology. 

Table 2-4. Cleavage of the redox auxiliarya 

 

entry NucH yieldb d.r. 

1c H2O 52%c >10:1 

2c MeOH 86%c >10:1 

3 i-PrOH 88%c >10:1 

4 t-BuOH 0% ― 

5 t-BuSH 99% >10:1 

6d BnNH2 98% >10:1 

7d pyrrolidine 75% >10:1 
a
Unless otherwise noted, cleavage of the imidazolium group was conducted using an excess of the 

nucleophile and 3.5 equiv. DBU in CH2Cl2. 
b
Isolated yields. 

c
Cleavage conducted in Et2O. 

d
No DBU 

added. 

 

2.3 Conclusions 

We have circumvented a limitation in the scope of the photocatalytic [2+2] cycloaddition 

developed in our laboratory by using unsaturated 2-acylimidazole groups as redox auxiliaries. 

These heteroaryl groups facilitate the reduction of the enone substrate to the key radical anion 

intermediate required for cycloaddition and are then susceptible to cleavage with a variety of 

nucleophiles under mild conditions. This redox auxiliary approach could be applied to other 

reactions that involve the reduction of carbonyl compounds to the corresponding radical anions.  

Continued studies in our laboratory will apply these concepts to other reactions of 

photogenerated radical ions. 
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2.4 Contributions 

Dr. Liz Tyson performed the experiments in Scheme 2-4.  She also carried out the 

experiments in Tables 2-3 and 2-4. 

 

2.5 Experimental 

2.5.1 General Information 

A 23 W GE compact fluorescent light bulb was used for all photochemical reactions.  

i-Pr2NEt was purified by distillation from CaH2 immediately prior to use.  Ru(bpy)3Cl2·6H2O was 

purchased from commercial sources and used without further purification.  Methyl acrylate was 

washed with aqueous NaOH, distilled water, brine, dried over CaCl2, and fractionally distilled 

immediately prior to use.  Benzene, CH2Cl2, THF, and MeCN were purified by elution through 

alumina.  All other reagents were purchased from commercial sources and purified immediately 

prior to use.  Chromatography was performed with Purasil 60Å silica gel (230–400 mesh).  All 

glassware was oven-dried for at least 1 h before use.  Diastereomer ratios for all compounds 

were determined by 1H NMR analysis of the unpurified reaction mixtures.  1H and 13C NMR data 

for all previously uncharacterized compounds were obtained using Varian Inova-500 and Varian 

Unity-500 spectrometers and are referenced to TMS (0.00 ppm) and CDCl3 (77 ppm), 

respectively.  IR spectral data were obtained using a Bruker Vector 22 spectrometer (thin film on 

NaCl).  Mass spectrometry was performed with a Micromass LCT (electrospray ionization, time-

of-flight analyzer or electron impact).  These facilities are funded by the NSF (CHE-9974839, 

CHE-9304546) and the University of Wisconsin.  Cyclic voltammograms (CV) were taken on a 

BAS Epsilon-EC instrument using MeCN with 0.1 M tetrabutylammonium hexafluorophosphate 

(n-Bu4NPF6) and 1 mM substrate.  The electrodes were as follows: glassy carbon (working), Pt 

wire (auxiliary) and Ag/AgNO3 (0.1 M nBu4NPF6, 0.01 M Ag/AgNO3) (reference).  The potentials 

were referenced versus the ferrocene/ferrocenium redox couple, by externally added ferrocene. 
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2.5.2 Synthesis and Characterization of Starting Materials 

(E)-4,4-Dimethyl-1-(1-methyl-1H-imidazol-2-yl)pent-2-en-1-one (2-21): To a flame-dried 100 

mL round bottomed flask was added 1-(1-methyl-1H-imidazole-2-yl)-2-

(triphenylphosphoranylidene)-ethanone22 (1.33 g, 3.45 mmol), benzene (18 mL), 

and freshly distilled trimethylacetaldehyde (2.97 g, 34.5 mmol). The reaction was heated to 75 

°C and stirred for 105 h under N2.  After cooling to room temperature, the solvent was removed 

in vacuo, and the residue was purified by chromatography on a silica gel column (3:1 

hexanes:EtOAc) to afford 0.563 g (2.93 mmol, 85 % yield) of a clear, viscous oil. IR (thin film): 

2961, 1666, 1619, 1408 cm–1; 1H NMR: (499.9 MHz, CDCl3) δ 7.34 (d, J = 16.0 Hz, 1H), 7.18 (d, 

J = 0.9 Hz, 1H), 7.13 (d, J = 16.0 Hz, 1H), 7.05 (s, 1H), 4.05 (s, 3H), 1.16 (s, 9H); 13C NMR: 

(125.7 MHz, CDCl3) δ 181.3, 158.5, 143.9, 129.1, 127.1, 121.2, 36.3, 34.1, 28.7; HRMS (EI) 

calc’d for [C11H16N2ONa]+ requires m/z 215.1160, found m/z 215.1155. 

(E)-4-Benzyloxy-1-(1-methyl-1H-imidazol-2-yl)but-2-en-1-one (2-22): To a flame-dried 25 mL 

round bottomed flask was added 1-(1-methyl-1H-imidazole-2-yl)-2-(triphenyl-

phosphoranylidene)-ethanone (0.782 g, 2.03 mmol), benzene (11 mL), and 

freshly distilled benzyloxyacetaldehyde (0.336 g, 2.24 mmol). The reaction was heated to 70 °C 

and stirred for 5 h under N2.  After cooling to room temperature the solvent was removed in 

vacuo, and the residue was purified by chromatography on a silica gel column (3:2 

hexanes:EtOAc) to afford 0.485 g (1.89 mmol, 93% yield) of a clear, viscous oil that turned 

slightly yellow upon standing. IR (thin film): 2922, 1724, 1669, 1625, 1407 cm–1; 1H NMR: (500.2 

MHz, CDCl3) δ 7.65 (dt, J = 16.0, 2.0 Hz, 1H), 7.36 (m, 4H), 7.29 (m, 1H), 7.17 (d, J = 1.0 Hz, 

1H), 7.14 (dt, J = 16.0, 4.5 Hz, 1H), 7.04 (s, 1H), 4.58 (s, 2H), 4.27 (dd, J = 5.0, 2.0 Hz, 2H), 

4.03 (s, 3H); 13C NMR: (125.7 MHz, CDCl3) δ 180.3, 143.6, 143.3, 137.9, 129.4, 128.4, 127.8, 

127.3, 126.3, 72.7, 69.3, 36.2. HRMS (EI) calc’d for [C15H16N2O2Na]+ requires m/z 279.1109, 

found m/z 279.1104. 



51 
 

(E)-1-(1-Methyl-1H-imidazol-2-yl)-6-triisopropylsilanyloxy-hex-2-en-1-one (2-23): To a 

flame-dried 25 mL round bottomed flask was added 1-(1-methyl-1H-

imidazole-2-yl)-2-(triphenylphosphoranylidene)-ethanone (0.612 g, 1.59 

mmol), benzene (8 mL), and 4-((tris(1-methylethyl)silyl)oxy)-butanal23 (0.389 g, 1.59 mmol). The 

reaction was warmed to 60 °C and stirred for 22 h under N2.  After cooling to room temperature 

the solvent was removed in vacuo, and the residue was purified by chromatography on a silica 

gel column (4:1 hexanes:EtOAc) to afford 0.318 g (0.907 mmol, 57% yield) of a clear, viscous 

oil. IR (thin film): 2943, 2866, 1668, 1622, 1409 cm–1; 1H NMR: (500.2 MHz, CDCl3) δ 7.42 (dt, J 

= 15.7, 1.6 Hz, 1H), 7.17 (dt, J = 15.7, 7.1 Hz, 1H), 7.17 (d, J = 0.7 Hz, 1H), 7.04 (s, 1H), 4.05 

(s, 3H), 3.74 (t, J = 6.3 Hz, 1H), 2.42 (ddt, J = 7.3, 7.2, 1.5 Hz, 2H), 1.77 (m, 2H), 1.06 (m, 21H); 

13C NMR: (125.7 MHz, CDCl3) δ 180.8, 148.6, 143.8, 129.1, 127.1, 126.2, 62.7, 36.3, 31.6, 29.3, 

18.0, 11.9; HRMS (EI) calc’d for [C19H34N2O2SiNa]+ requires m/z 373.2287, found m/z 373.2282. 

(E)-tert-Butyl-4-(3-(1-methyl-1H-imidazol-2-yl)-3-oxoprop-1-en-1-yl)-piperidine-1-

carboxylate (2-24): To a flame-dried 25 mL round-bottomed flask was 

added 1-(1-methyl-1H-imidazole-2-yl)-2-(triphenylphosphoranylidene)-

ethanone (0.587 g, 1.53 mmol), benzene (8 mL), and 4-formylpiperidine-1-carboxylic acid tert-

butyl ester24 (0.391 g, 1.83 mmol). The reaction was heated to 75 °C and was stirred for 44 h 

under N2.  After cooling to room temperature the solvent was removed in vacuo, and the residue 

was purified by chromatography on a silica gel column (7:3 hexanes:EtOAc) to afford 0.354 g 

(1.11 mmol, 73% yield) of a clear, viscous oil. IR (thin film): 2934, 1690, 1688, 1621, 1410 cm–1; 

1H NMR: (500.2 MHz, CDCl3) δ 7.41 (dd, J = 15.8, 1.4 Hz, 1H), 7.18 (d, J = 0.8 Hz, 1H), 7.06 (s, 

1H), 7.04 (dd, J = 15.8, 6.7 Hz, 1H), 4.13 (m, 2H), 4.05 (s, 3H), 2.79 (m, 2H), 2.41 (m, 1H), 1.80 

(d, J = 12.5 Hz, 2H), 1.45 (m, 10H), 1.40 (ddd, J = 13.2, 5.1, 1.1 Hz, 1H); 13C NMR: (125.7 MHz, 

CDCl3) δ 180.7, 154.8, 150.8, 143.7, 129.3, 127.2, 124.7, 79.5, 43.5, 39.0, 36.3, 30.7, 28.4; 

HRMS (EI) calc’d for [C17H25N3O3Na]+ requires m/z 342.1794, found m/z 342.1789. 
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(E)-7-(1-Methyl-1H-imidazol-2-yl)-7-oxohept-5-enal (2-25): 1-(1-Methyl-1H-imidazole-2-yl)-2-

(triphenylphosphoranylidene)-ethanone (5.6 g, 14.6 mmol) was placed in a 

100 mL round-bottomed flask with 36 mL (0.4 M) CH2Cl2. 6 mL of a 50 wt. % 

in water solution of glutaraldehyde (3 g, 30.0 mmol) was added. The mixture was heated to 45 

ºC and stirred overnight. Upon completion, the reaction was filtered over Celite and the filtrate 

was concentrated in vacuo. The residue was triturated three times with diethyl ether to remove 

triphenylphosphine oxide. The crude reaction mixture was then purified by chromatography on a 

silica gel column (2:1 hexanes:acetone) to afford 2.8 g (13.6 mmol, 93% yield) of a light yellow 

oil. IR (thin film) 2944, 2728, 1720, 1665, 1619, 1408 cm–1; 1H NMR: (499.9 MHz, CDCl3) δ 9.78 

(t, J = 1.4 Hz, 1H), 7.43 (dt, J = 15.7, 1.6 Hz, 1H), 7.18 (s, 1H), 7.07 (m, = 1H), 7.06 (s, 1H), 

4.05 (s, 3H), 2.51 (td, J = 7.4, 1.4 Hz, 2H), 2.37 (qd, J = 7.4, 1.4 Hz, 2H), 1.88 (dq, J = 7.3, 7.4 

Hz, 2H); 13C NMR: (125.7 MHz, CDCl3) δ 201.7, 180.4, 146.7, 129.2, 127.2, 127.0, 43.0, 42.7, 

36.2, 31.7, 20.5; HRMS (EI) calc’d for [C11H14N2O2Na]+ requires m/z 229.0948, found m/z 

229.0958. 

 
(2E,7E)-Benzyl-9-(1-methyl-1H-imidazol-2-yl)-9-oxonona-2,7-dienoate (2-26):  A 25 mL 

round-bottomed flask was charged with 2-25 (950 mg, 4.6 mmol), benzyl 

2-(triphenylphosphoranylidene)acetate25 (2.5 g, 6.1 mmol) and 5 mL (0.9 

M) CH2Cl2. The solution was stirred at room temperature for 18 h. The solvent was then 

removed in vacuo and the residue was triturated three times with diethyl ether to remove 

triphenylphosphine oxide. The crude reaction mixture was then purified by chromatography on a 

silica gel column (4:1 to 3:1 hexanes:acetone) to afford 1.4 g (4.1 mmol, 90 % yield) of a clear 

viscous oil. IR (thin film) 2950, 1732, 1670, 1409 cm–1; 1H NMR: (499.9 MHz, CDCl3) δ 7.41 (dt, 

J = 15.6, 1.7 Hz, 1H), 7.37 (m, 5H), 7.17 (d, J = 0.9 Hz, 1H), 7.04 (s, 1H), 7.08 (dt, J = 15.7, 7.2 

Hz, 1H), 7.00 (dt, J = 16.1, 6.8 Hz, 1H), 5.89 (dt, J = 15.6, 1.5 Hz, 1H), 5.17 (s, J = Hz, 2H), 4.04 

(s, 3H), 2.35 (qd, J = 7.4, 1.7 Hz, 2H), 2.26 (qd, J = 7.4, 1.7 Hz, 2H), 1.69 (m, 2H); 13C NMR: 
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(125.7 MHz, CDCl3) δ 180.5, 166.3, 148.9, 147.3, 143.6, 136.1, 129.2, 128.5, 128.2, 128.1, 

127.1, 126.8, 121.6, 66.0, 36.3, 31.9, 31.6, 26.4; HRMS (EI) calc’d for [C20H21N2O3+H]+ requires 

m/z 338.1625, found m/z 338.1621. 

(2E,7E)-Ethyl-9-(1-methyl-1H-imidazol-2-yl)-9-oxonona-2,7-dienoate (2-27):  A 25 mL round-

bottomed flask was charged with 2-25 (750 mg, 3.42 mmol), ethyl 2-

(triphenylphosphoranylidene)acetate26  (2.03 g, 5.3 mmol) and 6 mL (0.6 

M) CH2Cl2. The solution was stirred at room temperature for 6 h. The solvent was then removed 

in vacuo and the residue was triturated three times with diethyl ether to remove 

triphenylphosphine oxide. The crude reaction mixture was then purified by chromatography on a 

silica gel column (4:1 to 2:1 hexanes:acetone) to afford 810 mg (2.93 mmol, 86% yield) of a light 

yellow viscous oil. IR (thin film) 2936, 1716, 1667, 1408 cm–1; 1H NMR: (499.9 MHz, CDCl3) δ 

7.43 (dt, J = 15.5, 1.8 Hz, 1H), 7.17 (d, J = 0.9 Hz, 1H), 7.09 (dt, J = 15.5, 5.7 Hz, 1H), 7.05 (s, 

1H), 6.94 (dt, J = 15.5, 6.7 Hz), 5.83 (dt, J = 15.5, 1.5 Hz, 1H), 4.19 (q, J = 7.4 Hz, 2H), 4.05 (s, 

3H), 2.35 (qd, J = 7.4, 1.8 Hz, 2H), 2.26 (qd, J = 7.4, 1.8 Hz, 2H), 1.71 (dt, J = 7.4, 7.2 Hz, 2H), 

1.29 (t, J = 7.1 Hz, 3H); 13C NMR: (125.7 MHz, CDCl3) δ 180.6, 166.6, 148.1, 147.3, 143.6, 

129.2, 127.1, 126.8, 121.9, 60.2, 36.25, 31.9, 31.5, 26.5, 14.2; HRMS (EI) calc’d for 

[C15H19N2O3+H]+ requires m/z 276.1469, found m/z 276.1458. 

(2E,7E)-1-(1-Methyl-1H-imidazol-2-yl)deca-2,7-diene-1,9-dione (2-28):  A 25 mL round-

bottomed flask was charged with 2-25 (250 mg, 1.21 mmol), 1-

(triphenylphosphoranylidene)propan-2-one27 (660 mg, 2.1 mmol) and 10 

mL (0.12 M) CH2Cl2. The solution was stirred at room temperature for 12 h. The solvent was 

then removed in vacuo and the crude reaction mixture was loaded directly onto a silica gel 

column and eluted with 2:1 hexanes:acetone to afford 180 mg (0.73 mmol, 60% yield) of a 

colorless viscous oil. IR (thin film) 2932, 1667, 1620, 1407, 1362 cm–1; 1H NMR: (499.9 MHz, 
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CDCl3) δ 7.43 (dt, J = 15.7, 1.4 Hz, 1H), 7.18 (d, J = 0.9 Hz, 1H), 7.09 (dt, J = 15.7, 6.8 Hz, 1H), 

7.06 (s, 1H), 6.79 (dt, J = 15.7, 6.8 Hz, 1H), 6.09 (dt, J = 15.7, 1.4 Hz, 1H), 4.05 (s, 3H), 2.35 

(qd, J = 7.2, 1.7 Hz, 2H), 2.28 (qd, J = 7.2, 1.3 Hz, 2H), 2.25 (s, 3H), 1.73 (m, 2H); 13C NMR: 

(125.7 MHz, CDCl3) δ 198.5, 180.4, 147.2, 147.1, 143.5, 131.6, 129.2, 127.1, 126.8, 36.2, 31.9, 

31.7, 26. 8, 26.5; HRMS (EI) calc’d for [C14H18N2O2+Na]+ requires m/z 269.1261, found m/z 

269.1249. 

 
(2E,7E)-1-(1-Methyl-1H-imidazol-2-yl)-9-morpholinonona-2,7-diene-1,9-dione (2-29): A 25 

mL round-bottomed flask was charged with 1.0 equivalent NaH 

dissolved in 3 mL dry THF at room temperature. Diethyl (2-morpholino-

2-oxoethyl)phosphonate28 was added to the stirring solution dropwise (60.5 mg, 0.228 mmol, 1.2 

equiv), and the reaction was allowed to stir until solution became clear. A solution of 2-25 (40 

mg, 0.194 mmol) in 0.5 mL dry THF was added dropwise, and the reaction was stirred for 15 

min. The reaction was then diluted with 5 mL diethyl ether and washed with water. The organic 

layer was separated and dried over Na2SO4. After filtration, the solution was concentrated in 

vacuo and purified by chromatography on a silica gel column (1:1 acetone:hexanes) to afford 35 

mg (0.11 mmol, 57% yield) of a colorless oil. IR (thin film) 2858, 1662, 1618, 1407 cm–1; 1H 

NMR: (499.9 MHz, CDCl3) δ 7.42 (dt, J = 15.7, 1.5 Hz, 1H), 7.16 (d, J = 0.9 Hz, 1H), 7.09 (dt, J 

= 15.7, 6.7 Hz, 1H), 7.05 (s, 1H), 6.89 (dt, J = 15.1, 7.0 Hz, 1H), 6.23 (dt, J = 15.0, 1.5 Hz, 1H), 

4.05 (s, 1H), 3.5-3.75 (m, 8H), 2.36 (qd, J = 7.4, 1.7 Hz, 2H), 2.27 (qd, J = 7.4, 1.6 Hz, 2H), 1.72 

(m, 2H); 13C NMR: (125.7 MHz, CDCl3) δ 180.5, 165.5, 147.4, 146.0, 143.6, 129.2, 127.2, 126.8, 

120.1, 66.8, 46.1, 42.2, 36.3, 31.9, 31.9, 26.7: HRMS (EI) calc’d for [C17H23N3O3+H]+ requires 

m/z 318.1813, found m/z 318.1812. 
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(2E,7E)-Ethyl-2-methyl-9-(1-methyl-1H-imidazol-2-yl)-9-oxonona-2,7-dienoate (2-30):  A 25 

mL round-bottomed flask was charged with 2-25 (470 mg, 1.62 mmol), 

ethyl 2-(triphenylphosphoranylidene)propanoate29 (1.17 g, 3.23 mmol) and 

25 mL (0.06 M) CH2Cl2. The solution was stirred at room temperature overnight. The solvent 

was then removed in vacuo and the crude reaction mixture was loaded directly onto a silica gel 

column and eluted with 3:1 hexanes:acetone to afford 180 mg (0.619 mmol, 38% yield) as a 

colorless viscous oil. IR (thin film) 2360, 2254, 1700, 1666, 1621 cm–1; 1H NMR: (499.9 MHz, 

CDCl3) δ 7.43 (dt, J = 15.5, 1.9 Hz, 1H), 7.17 (d, J = 1.0 Hz, 1H), 7.11 (dt, J = 15.6, 7.1 Hz, 1H), 

7.05 (s, 1H), 6.75 (tq, J = 6.75, 1.7 Hz, 1H), 4.19 (q, J = 7.0 Hz, 2H), 4.05 (s, 3H), 2.36 (qd, J = 

7.1, 1.5 Hz, 2H), 2.23 (q, J = 7.3 Hz, 2H), 1.83 (q, J = 1.0 Hz, 3H), 1.70 (dq, J = 7.6, 15.0 Hz, 

2H), 1.30 (t, J = 7.0 Hz, 3H); 13C NMR: (125.7 MHz, CDCl3) δ 180.5, 168.1, 147.6, 143.6, 141.1, 

129.2, 128.4, 127.1, 126.6, 60.4, 36.2, 32.1, 28.1, 27.1, 14.2, 12.4; HRMS (EI) calc’d for 

[C16H22N2O3+H]+ requires m/z 291.1704, found m/z 291.1712. 

 

2.5.3 Photocycloadditions 

(3,4-Dimethylcyclobutane-1,2-diyl)bis((1-methyl-1H-imidazol-2-yl)methanone) (2-7). To an 

oven-dried 25 mL Schlenk tube was added 99.6 mg (0.663 mmol) (E)-1-(1-

methyl-1H-imidazole-2-yl)-but-2-en-1-one, 12.7 mg (0.017 mmol) 

Ru(bpy)3Cl2·6H2O, 61.7 mg (0.663 mmol) LiBF4, 120 μL (0.651 mmol) i-Pr2NEt, and 3.3 mL 

acetonitrile. The solution was degassed using three freeze-pump-thaw cycles in the dark. The 

Schlenk tube was backfilled with nitrogen and irradiated for 4 h. Upon completion of the 

reaction, the reaction was diluted with acetone, passed through a silica plug, and the solvent 

was removed in vacuo. Purified by chromatography (2:1 hexanes:acetone) to afford 82.5 mg 

(0.275 mmol, 83% yield, >10:1 d.r.) of the cycloadduct. Experiment 2: 99.8 mg (0.664 mmol) 

enone, 12.6 mg (0.017 mmol) Ru(bpy)3Cl2·6H2O, 61.9 mg (0.666 mmol) LiBF4, 120 μL (0.651 

mmol) i-Pr2NEt, and 3.3 mL acetonitrile. Isolated 80.7 mg (0.269 mmol, 81% yield, >10:1 d.r.). 
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IR (thin film): 2954, 2921, 1665, 1405 cm–1; 1H NMR: (500.2 MHz, CDCl3) δ 6.96 (d, J = 0.7 Hz, 

2H), 6.94 (s, 2H), 4.14 (dd, J = 5.6, 3.2 Hz, 2H), 4.00 (s, 6H), 2.18 (m, 2H), 1.21 (m, 6H); 13C 

NMR: (125.7 MHz, CDCl3) δ 191.8, 143.1, 129.0, 126.6, 48.9, 38.5, 36.0, 19.1; HRMS (EI) 

calc’d for [C16H20N4O2Na]+ requires m/z 323.1484, found m/z 323.1479. 

 

General procedure A: Intermolecular [2+2] cycloadditions (Figure 1): A dry 25 mL Schlenk 

tube was charged with the Michael acceptor (5 equiv) followed by a solution of 

Ru(bpy)3Cl2·6H2O (0.025 equiv) and LiBF4 (0.5–4.0 equiv) in dry MeCN (1.33 M with respect to 

the Michael acceptor).  A second 25 mL Schlenk tube was charged a solution of imidazole 

enone (1 equiv) in dry MeCN (0.16 M with respect to the aryl enone). i-Pr2NEt (2 equiv) was 

then added to the first tube.  The solutions were degassed using three freeze-pump-thaw cycles 

under nitrogen in the dark. The Schlenk tubes were then placed in a water bath and irradiated 

using a 23 W compact fluorescent light bulb placed at a distance of 20 cm.  The imidazole 

enone solution was added dropwise via syringe pump over a period of 45 min to the solution 

containing the Michael acceptor. Additional time was allowed for the reaction to reach 

completion (total reaction times listed in Table 3 refer to dropwise addition and subsequent 

irradiation combined).  Upon completion of the reaction, the reaction was diluteed with ethyl 

acetate, passed through a silica plug, and the solvent was removed in vacuo.  The resulting 

residue was purified by chromatography on a silica gel column. 

 

General procedure B: Intramolecular [2+2] cycloadditions (Figure 2): A dry 25 mL Schlenk 

tube was charged with a solution of the bisenone (1 equiv), Ru(bpy)3Cl2·6H2O (0.025 equiv), 

LiBF4 (0.5 equiv), and i-Pr2NEt (2 or 0.5 equiv) in acetonitrile (0.1 M). The solution was then 

degassed using three freeze-pump-thaw cycles under nitrogen in the dark. The Schlenk tube 

was then irradiated using a 23 W floodlight placed at a distance of 20 cm. Upon completion of 

the reaction, the reaction was passed through a silica plug using 100% ethyl acetate or acetone 
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as the eluent, the solvent was removed in vacuo, and the residue was purified by 

chromatography on a silica gel column.  

 

Methyl-3-methyl-2-(1-methyl-1H-imidazole-2-carbonyl) cyclobutanecarboxylate (Table 2-2, 

2-6): Prepared according to general procedure A using 104.2 mg (0.694 

mmol) (E)-1-(1-methyl-1H-imidazole-2-yl)-but-2-en-1-one, 315 μL (3.50 mmol) 

methyl acrylate, 13.3 mg (0.018 mmol) Ru(bpy)3Cl2·6H2O, 130 mg (1.39 mmol) LiBF4, 242 μL 

(1.39 mmol) i-Pr2NEt, 6.94 mL acetonitrile and an irradiation time of 90 min. Purified by 

chromatography (23:2 hexanes:acetone) to afford 110 mg (0.466 mmol, 67% yield, >10:1 d.r.) 

of the cycloadduct as a clear oil. Experiment 2: 104.7 mg (0.697 mmol) enone, 315 μL (3.50 

mmol) methyl acrylate, 13.1 mg (0.017 mmol) Ru(bpy)3Cl2·6H2O, 132 mg (1.41 mmol) LiBF4, 

245 μL (1.41 mmol) i-Pr2NEt, and 6.97 mL acetonitrile. Isolated 111 mg (0.470 mmol, 67% yield, 

>10:1 d.r.). IR (thin film): 2954, 1733, 1668, 1411 cm–1; 1H NMR (499.9 MHz, CDCl3) δ 7.14 (d, J 

= 0.9 Hz, 1H), 7.05 (s, 1H), 4.21 (dd, J = 8.9, 8.9 Hz, 1H), 4.02 (s, 3H), 3.66 (s, 3H), 3.46 (ddd, J 

= 9.0, 9.0, 9.0 Hz, 1H), 2.42 (m, 1H), 2.33 (ddd, J = 10.2, 8.8, 8.8 Hz, 1H), 1.92 (ddd, J = 10.3, 

9.4, 9.4 Hz, 1H), 1.26 (d, J = 6.6 Hz, 3H); 13C NMR: (125.7 MHz, CDCl3) δ 190.9, 174.4, 142.6, 

129.5, 127.3, 52.2, 51.7, 36.1, 35.1, 32.5, 29.3, 20.8; HRMS (EI) calc’d for [C12H16N2O3Na]+ 

requires m/z 259.1059, found m/z 259.1054. 

 

S-Ethyl 3-methyl-2-(1-methyl-1H-imidazole-2-carbonyl)cyclobutanecarbothioate (Table 2-

2, 2-8): Prepared according to general procedure A using 109.4 mg (0.728 

mmol) (E)-1-(1-methyl-1H-imidazole-2-yl)-but-2-en-1-one, 426 mg (3.67 mmol) 

ethyl prop-2-enethioate,11 13.5 mg (0.018 mmol) Ru(bpy)3Cl2·6H2O, 137 mg (1.46 mmol) LiBF4, 

255 μL (1.46 mmol) i-Pr2NEt, 7.28 mL acetonitrile and an irradiation time of 90 min. Purified by 

chromatography (47:3 hexanes:acetone) to afford 150 mg (0.563 mmol, 77% yield, > 10:1 d.r.) 

of the cycloadduct as a clear oil. Experiment 2: 108.6 mg (0.723 mmol) enone, 421 mg (3.62 
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mmol) (S)-ethyl-prop-2-enethioate, 13.4 mg (0.018 mmol) Ru(bpy)3Cl2·6H2O, 136 mg (1.45 

mmol) LiBF4, 255 μL (1.46 mmol) i-Pr2NEt, and 7.23 mL acetonitrile. Isolated 155 mg (0.582 

mmol, 80% yield, >10:1 d.r.). IR (thin film): 2963, 2931, 1668, 1410 cm–1; 1H NMR: (500.2 MHz, 

CDCl3) δ 7.15 (s, 1H), 7.06 (s, 1H), 4.26 (dd, J = 8.5, 8.5 Hz, 1H), 4.03 (s, 3H), 3.68 (ddd, J = 

8.9, 8.9, 8.9 Hz 1H), 2.86 (q, J = 7.5 Hz, 2H), 2.39 (m, 1H), 2.33 (ddd, J = 10.1, 8.7, 8.7 Hz, 1H), 

1.96 (ddd, J = 10.4, 9.3, 9.3 Hz, 1H), 1.26 (d, J = 6.6 Hz, 3H), 1.22 (t, J = 7.5 Hz, 3H); 13C NMR: 

(125.7 MHz, CDCl3) δ 200.0, 190.7, 142.6, 129.5, 127.3, 52.6, 43.1, 36.1, 32.5, 29.8, 23.0, 20.7, 

14.7; HRMS (EI) calc’d for [C13H18N2O2SNa]+ requires m/z 289.0987, found m/z 289.0982. 

 

1-(3-Methyl-2-(1-methyl-1H-imidazole-2-carbonyl)cyclobutyl)ethanone (Table 2-2, 2-9): 

Prepared according to general procedure A using 106.8 mg (0.711 mmol) (E)-

1-(1-methyl-1H-imidazole-2-yl)-but-2-en-1-one, 290 μL (3.57 mmol) 3-buten-2-

one, 13.4 mg (0.018 mmol) Ru(bpy)3Cl2·6H2O, 33.6 mg (0.358 mmol) LiBF4, 250 μL (1.44 mmol) 

i-Pr2NEt, 7.11 mL acetonitrile and an irradiation time of 90 min.  Purified by chromatography 

(17:3 hexanes:acetone) to afford 119 mg (0.540 mmol, 76% yield, >10:1 d.r.) of the 

cycloadduct. Experiment 2: 103.4 mg (0.689 mmol) enone, 280 μL (3.45 mmol) 3-buten-2-one, 

12.8 mg (0.0171 mmol) Ru(bpy)3Cl2·6H2O, 32.3 mg (0.344 mmol) LiBF4, 240 μL (1.38 mmol) i-

Pr2NEt, and 6.89 mL acetonitrile. Isolated 111 mg (0.504 mmol, 73% yield, >10:1 d.r.) of the 

cycloadduct as a clear oil. IR (thin film): 2958, 1707, 1665, 1409 cm–1; 1H NMR: (500.2 MHz, 

CDCl3) δ 7.15 (d, J = 0.6 Hz, 1H), 7.05 (s, 1H), 4.13 (dd, J = 8.8, 8.8 Hz, 1H), 4.03 (s, 3H), 3.56 

(ddd, J = 9.1, 9.1, 9.1 Hz, 1H), 2.42 (app qq, J = 8.5, 6.8 Hz, 1H), 2.27 (ddd, J = 10.3, 8.9, 8.9 

Hz, 1H), 2.08 (s, 3H), 1.84 (ddd, J = 10.4, 9.5, 9.5 Hz, 1H), 1.23 (d, J = 6.7 Hz, 3H); 13C NMR: 

(125.7 MHz, CDCl3) δ 208.4, 191.4, 142.6, 129.6, 127.3, 51.6, 42.9, 36.1, 32.0, 28.5, 27.5, 20.9; 

HRMS (EI) calc’d for [C12H16N2O2Na]+ requires m/z 243.1109, found m/z 243.1104. 

 

 



59 
 

1-(3-Ethyl-2-(1-methyl-1H-imidazole-2-carbonyl)cyclobutyl)ethanone (Table 2-2, 2-10): 

Prepared according to general procedure A using 103.5 mg (0.630 mmol) (E)-

1-(1-methyl-1H-imidazole-2-yl)-pent-2-en-1-one, 260 μL (3.21 mmol) 3-buten-2-

one, 11.7 mg (0.016 mmol) Ru(bpy)3Cl2·6H2O, 29.5 mg (0.315 mmol) LiBF4, 220 μL (1.26 mmol) 

i-Pr2NEt, 6.30 mL acetonitrile and an irradiation time of 90 min. Purified by chromatography 

(17:3 hexanes:acetone) to afford 115 mg (0.491 mmol, 78% yield, >10:1 d.r.) of the cycloadduct 

as a clear oil. Experiment 2: 103.4 mg (0.630 mmol) enone, 255 μL (3.15 mmol) 3-buten-2-one, 

11.8 mg (0.016 mmol) Ru(bpy)3Cl2·6H2O, 29.5 mg (0.315 mmol) LiBF4, 220 μL (1.26 mmol) i-

Pr2NEt, and 6.30 mL acetonitrile. Isolated 113 mg (0.482 mmol, 77% yield, >10:1 d.r.). IR (thin 

film): 2960, 2930, 2874, 1709, 1667, 1410 cm–1; 1H NMR: (500.2 MHz, CDCl3) δ 7.14 (s, 1H), 

7.07 (s, 1H), 4.22 (dd, J = 8.7, 8.7 Hz, 1H), 4.03 (s, 3H), 3.51 (ddd, J = 9.2, 9.2, 9.2 Hz, 1H), 

2.31 (m, 1H), 2.23 (ddd, J = 10.2, 9.2, 9.2 Hz, 1H), 2.08 (s, 3H), 1.83 (ddd, J = 10.4, 9.4, 9.4 Hz, 

1H), 1.69 (d of quint, J = 12.7, 7.3 Hz, 1H), 1.49 (ddq, J = 12.8, 7.4, 7.3 Hz, 1H), 0.79 (t, J = 7.4 

Hz, 3H); 13C NMR: (125.7 MHz, CDCl3) δ 208.5, 191.7, 142.6, 129.5, 127.4, 49.9, 43.5, 37.9, 

36.1, 28.5, 27.5, 26.3, 10.8; HRMS (EI) calc’d for [C13H18N2O2Na]+ requires m/z 257.1266, found 

m/z 257.1261. 

 

1-(3-iso-Propyl-2-(1-methyl-1H-imidazole-2-carbonyl)cyclobutyl)ethanone (Table 2-2, 2-

11): Prepared according to general procedure A using 108.6 mg (0.609 mmol) 

(E)-4-methyl-1-(1-methyl-1H-imidazol-2-yl)-pent-2-en-1-one, 250 μL (3.08 

mmol) 3-buten-2-one, 11.5 mg (0.015 mmol) Ru(bpy)3Cl2·6H2O, 114 mg (1.22 mmol) LiBF4, 212 

μL (1.22 mmol) i-Pr2NEt, 6.09 mL acetonitrile and an irradiation time of 2 h.  Purified by 

chromatography (23:2 hexanes:acetone) to afford 111 mg (0.447 mmol, 73% yield, >10:1 d.r.) 

of the cycloadduct as a clear oil. Experiment 2: 106.7 mg (0.599 mmol) enone, 245 μL (3.02 

mmol) 3-buten-2-one, 11.3 mg (0.015 mmol) Ru(bpy)3Cl2·6H2O, 112 mg (1.20 mmol) LiBF4, 210 

μL (1.20 mmol) i-Pr2NEt, and 5.99 mL acetonitrile. Isolated 110 mg (0.443 mmol, 74% yield, 
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>10:1 d.r.). IR (thin film): 2957, 2873, 1709, 1665, 1418 cm–1; 1H NMR: (500.2 MHz, CDCl3) δ 

7.15 (s, 1H), 7.06 (s, 1H), 4.36 (dd, J = 8.7, 8.7 Hz, 1H), 4.02 (s, 3H), 3.32 (ddd, J = 8.9, 8.9, 8.9 

Hz, 1H), 2.24 (m, 1H), 2.17 (ddd, J = 10.3, 8.8, 8.8 Hz, 1H), 2.07 (s, 3H), 1.86 (ddd, J = 10.3, 

9.4, 9.4 Hz, 1H), 1.64 (m, 1H), 0.83 (d, J = 6.5 Hz, 3H), 0.73 (d, J = 6.5 Hz, 3H); 13C NMR: 

(125.7 MHz, CDCl3) δ 208.3, 192.4, 142.7, 129.5, 127.5, 48.4, 44.5, 42.6, 36.2, 33.4, 27.7, 24.9, 

19.6, 18.8; HRMS (EI) calc’d for [C14H20N2O2Na]+ requires m/z 271.1422, found m/z 271.1417. 

 

1-(3-(tert-Butyl)-2-(1-methyl-1H-imidazole-2-carbonyl)cyclobutyl)ethanone (Table 2-2, 2-

12): To a 25 mL Schlenk tube that had been evacuated and purged with N2 

was added 106.4 mg (0.553 mmol, 1.0 equiv) (E)-4,4-dimethyl-1-(1-methyl-1H-

imidazol-2-yl)-pent-2-en-1-one, 112 μL (1.38 mmol, 2.5 equiv) 3-buten-2-one, 10.5 mg (0.014 

mmol, 0.025 equiv) Ru(bpy)3Cl2·6H2O, 207 mg (2.21 mmol, 4.0 equiv) LiBF4, 193 μL (1.11 

mmol, 2.0 equiv) i-Pr2NEt, and 5.53 mL acetonitrile. The solution was subsequently degassed 

using three freeze-pump-thaw cycles under nitrogen in the dark. The Schlenk tube was then 

placed in a water bath and irradiated for 14 h. Upon completion of the reaction, the reaction was 

diluted with ethyl acetate, passed through a silica plug, and the solvent was removed in vacuo. 

Purified by chromatography (4:1 hexanes:EtOAc) to afford 97 mg (0.370 mmol, 66% yield, 

>10:1 d.r.) of the cycloadduct as a clear oil. Experiment 2: 106.3 mg (0.553 mmol) enone, 112 

μL (1.38 mmol) 3-buten-2-one, 10.3 mg (0.014 mmol) Ru(bpy)3Cl2·6H2O, 206 mg (2.20 mmol) 

LiBF4, 195 μL (1.12 mmol) i-Pr2NEt, and 5.53 mL acetonitrile. Isolated 93 mg (0.354 mmol, 65% 

yield, >10:1 d.r.). IR (thin film): 2957, 1709, 1666, 1409 cm–1; 1H NMR: (500.2 MHz, CDCl3) δ 

7.16 (d, J = 0.7 Hz, 1H), 7.06 (s, 1H), 4.53 (dd, J = 9.2 Hz, 1H), 4.02 (s, 3H), 3.25 (ddd, J = 9.2, 

9.2, 9.2 Hz, 1H), 2.43 (ddd, J = 10.1, 9.0, 9.0 Hz, 1H), 2.06 (s, 3H), 1.99 (m, 2H), 0.80 (s, 9H); 

13C NMR: (125.7 MHz, CDCl3) δ 208.1, 192.7, 142.8, 129.6, 127.6, 46.4, 45.2, 44.2, 36.1, 31.6, 

27.6, 26.4, 21.8; HRMS (EI) calc’d for [C15H22N2O2Na]+ requires m/z 285.1579, found m/z 

285.1574. 
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1-(3-((Benzyloxy)methyl)-2-(1-methyl-1H-imidazole-2-carbonyl)cyclobutyl)ethanone (Table 

2-2, 2-13): Prepared according to general procedure A using 108.7 mg (0.424 

mmol) (E)-4-benzyloxy-1-(1-methyl-1H-imidazol-2-yl)-but-2-en-1-one, 175 µL 

(2.16 mmol) 3-buten-2-one, 7.8 mg (0.010 mmol) Ru(bpy)3Cl2·6H2O, 79.9 mg 

(0.852 mmol) LiBF4, 148 μL (0.848 mmol) i-Pr2NEt, 4.24 mL acetonitrile and an irradiation time 

of 145 min. Purified by chromatography (7:3 hexanes:EtOAc) to afford 72 mg (0.221 mmol, 52% 

yield, >10:1 d.r.) of the cycloadduct as a clear oil. Experiment 2: 108.0 mg (0.723 mmol) enone, 

170 μL (2.10 mmol) 3-buten-2-one, 7.9 mg (0.011 mmol) Ru(bpy)3Cl2·6H2O, 79.1 mg (0.844 

mmol) LiBF4, 147 μL (0.844 mmol) i-Pr2NEt, and 4.21 mL acetonitrile. Isolated 70 mg (0.214 

mmol, 51% yield, >10:1 d.r.). IR (thin film): 2927, 1708, 1666, 1410 cm–1; 1H NMR: (500.2 MHz, 

CDCl3) δ 7.27 (m, 5H), 7.12 (d, J = 0.7 Hz, 1H), 7.03 (s, 1H), 4.51 (s, 2H), 4.36 (dd, J = 8.7 Hz, 

1H), 4.00 (s, 3H), 3.67 (dd, J = 9.7, 5.4 Hz, 1H), 3.59 (dd, J = 9.6, 6.8 Hz, 1H), 3.55 (ddd, J = 

9.2, 9.2, 9.2 Hz, 1H), 2.70 (m, 1H), 2.25 (ddd, J = 10.3, 9.0, 9.0 Hz, 1H), 2.11 (s, 3H), 2.10 (ddd, 

J =10.3, 9.4, 9.4 Hz, 1H); 13C NMR: (125.7 MHz, CDCl3) δ 208.2, 191.1, 142.4, 138.5, 129.5, 

128.2, 127.5, 127.4, 127.3, 73.1, 72.8, 46.7, 43.6, 36.0, 35.5, 27.5, 24.3; HRMS (EI) calc’d for 

[C19H22N2O3Na]+ requires m/z 349.1528, found m/z 349.1523. 

 

tert-Butyl-4-(3-acetyl-2-(1-methyl-1H-imidazole-2-carbonyl)cyclobutyl)piperidine-1-

carboxylate (Table 2-2, 2-14): Due to the hygroscopic nature of the piperdine 

enone, benzene (3 x 1 mL) was added to the enone, and the volatiles were 

removed in vacuo three times immediately prior to the reaction.  Prepared 

according to general procedure B using 109.5 mg (0.343 mmol) 4-[(E)-3-(1-methyl-1H-imidazol-

2-yl)-3-oxo-propenyl]-piperidine-1-carboxylic acid tert-butyl ester, 140 μL (1.73 mmol) 3-buten-2-

one, 6.4 mg (0.009 mmol) Ru(bpy)3Cl2·6H2O, 64.2 mg (0.686 mmol) LiBF4, 119 μL (0.686 mmol) 

i-Pr2NEt, 3.43 mL acetonitrile and an irradiation time of 2 h. Purified by chromatography (2:3 

hexanes:EtOAc) to afford 100 mg (0.257 mmol, 75% yield, >10:1 d.r.) of the cycloadduct as a 
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clear oil. Experiment 2: 111.4 mg (0.349 mmol) enone, 143 μL (1.76 mmol) 3-buten-2-one, 6.5 

mg (0.009 mmol) Ru(bpy)3Cl2·6H2O, 65.3 mg (0.697 mmol) LiBF4, 121 μL (0.698 mmol) i-

Pr2NEt, and 3.49 mL acetonitrile. Isolated 105 mg (0.270 mmol, 77% yield, >10:1 d.r.). IR (thin 

film): 2976, 2930, 2853, 1688, 1667, 1410, 1366 cm–1; 1H NMR: (500.2 MHz, CDCl3) δ 7.14 (s, 

1H), 7.07 (s, 1H), 4.37 (dd, J = 8.7, 8.7 Hz, 1H), 4.02 (s, 3H), 4.02 (m, 2H), 3.37 (ddd, J = 9.4, 

9.4, 9.4 Hz, 1H), 2.62 (m, 2H), 2.31 (pent, J = 8.9 Hz, 1H), 2.19 (ddd, J = 10.1, 9.5, 9.5 Hz, 1H), 

2.07 (s, 3H), 1.90 (ddd, J = 10.2, 9.6, 9.6 Hz, 1H), 1.66 (m, 1H), 1.50 (m, 2H), 1.42 (s, 9H), 0.99 

(qd, J = 12.5, 4.3 Hz, 1H), 0.88 (qd, J = 12.1, 4.2 Hz, 1H); 13C NMR: (125.7 MHz, CDCl3) δ 

208.0, 191.9, 154.8, 142.4, 129.6, 127.7, 79.2, 47.9, 44.8, 41.3, 39.9, 36.2, 29.1, 28.5, 27.9, 

24.7; HRMS (EI) calc’d for [C21H31N3O4Na]+ requires m/z 412.2212, found m/z 412.2207. 

 

1-(2-(1-Methyl-1H-imidazole-2-carbonyl)-3-(3-((triisopropylsilyl)oxy)propyl)cyclobutyl) 

ethanone (Table 2-2, 2-15): Prepared according to general procedure A using 

112.3 mg (0.320 mmol) (E)-1-(1-methyl-1H-imidazol-2-yl)-6-

triisopropylsilanyloxy-hex-2-en-1-one, 130 μL (1.60 mmol) 3-buten-2-one, 6.0 

mg (0.008 mmol) Ru(bpy)3Cl2·6H2O, 60.4 mg (0.644 mmol) LiBF4, 112 μL (0.641 mmol) i-

Pr2NEt, 3.20 mL acetonitrile and an irradiation time of 90 min. Purified by chromatography (4:1 

hexanes:EtOAc) to afford 92 mg (0.219 mmol, 68% yield, >10:1 d.r.) of the cycloadduct as a 

clear oil. Experiment 2: 113.2 mg (0.323 mmol) enone, 131 μL (1.61 mmol) 3-buten-2-one, 6.1 

mg (0.008 mmol) Ru(bpy)3Cl2·6H2O, 60.7 mg (0.647 mmol) LiBF4, 113 μL (0.649 mmol) i-

Pr2NEt, and 3.23 mL acetonitrile. Isolated 92 mg (0.219 mmol, 68% yield, >10:1 d.r.). IR (thin 

film): 2942, 2866, 2360, 1711, 1667, 1409 cm–1; 1H NMR: (500.2 MHz, CDCl3) δ 7.13 (s, 1H), 

7.04 (s, 1H), 4.22 (dd, J = 8.8, 8.8 Hz, 1H), 4.02 (s, 3H), 3.60 (t, J = 6.7 Hz, 2H), 3.51 (ddd, J = 

9.2, 9.2, 9.2 Hz, 1H), 2.39 (m, 1H), 2.24 (ddd, J = 10.3, 9.4, 9.4 Hz, 1H), 2.08 (s, 3H), 1.84 (ddd, 

J = 10.1, 9.6, 9.6 Hz, 1H), 1.75 (m, 1H), 1.46 (m, 3H), 1.01 (m, 21H); 13C NMR: (125.7 MHz, 

CDCl3) δ 208.3, 191.6, 142.6, 129.6, 127.4, 63.2, 50.2, 43.5, 36.2, 36.1, 31.9, 30.1, 27.5, 26.8, 
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18.0, 11.9; HRMS (EI) calc’d for [C23H40N2O3SiNa]+ requires m/z 443.2706, found m/z 443.2701. 

 

Benzyl 7-(1-methyl-1H-imidazole-2-carbonyl)bicyclo[3.2.0]heptane-6-carboxylate (Table 2-

3, 2-16): Prepared according to general procedure B using 203.3 mg (0.601 

mmol) (2E,7E)-benzyl 9-(1-methyl-1H-imidazol-2-yl)-9-oxonona-2,7-dienoate, 

11.3 mg (0.015 mmol) Ru(bpy)3Cl2·6H2O, 27.8 mg (0.299 mmol) LiBF4, 220 μL (1.194 mmol) i-

Pr2NEt, 6.0 mL acetonitrile, and an irradiation time of 90 min. Purified by chromatography (3:1 

hexanes:acetone) to afford 166.7 mg (0.493 mmol, 82% yield,  >10:1 d.r.) of the cycloadduct as 

a clear oil. Experiment 2: 202.6 mg (0.600 mmol) bisenone, 11.5 mg (0.015 mmol) 

Ru(bpy)3Cl2·6H2O, 27.7 mg (0.300 mmol) LiBF4, 220 μL (1.19 mmol) i-Pr2NEt, and 6.0 mL 

acetonitrile. Isolated 160.8 mg (0.476 mmol, 79% yield, >10:1 d.r.). IR (thin film) 2930, 2361, 

1667, 1623 cm–1; 1H NMR: (499.9 MHz, CDCl3) δ 7.26 (m, 3H), 7.16 (m, 2H), 7.03 (d, J = 0.9 

Hz, 1H), 6.90 (s, 1H), 4.93 (s, 2H), 4.01 (dd, J = 10.5, 5.7 Hz, 1H), 3.83 (s, 3H), 3.21 (m, 1H), 

3.16 (dd, J = 10.5, 5.7 Hz, 1H), 3.02 (m, 1H), 1.90 (m, 2H), 1.73 (m, 2H), 1.58 (m, 2H); 13C 

NMR: (125.7 MHz, CDCl3) δ 191.5, 173.3, 142.6, 135.8, 128.6, 128.2, 127.8, 127.8, 126.5, 77.3, 

77.0, 76.7, 65.9, 46.1, 44.8, 39.5, 37.9, 35.7, 32.3, 32.1, 25.0; HRMS (EI) calc’d for [C20H21N-

2O3+H]+ requires m/z 338.1625, found m/z 338.1614. 

 

Ethyl 7-(1-methyl-1H-imidazole-2-carbonyl)bicyclo[3.2.0]heptane-6-carboxylate (Table 2-3, 

2-17): Prepared according to general procedure B using 99.6 mg (0.361 

mmol), (2E,7E)-ethyl 9-(1-methyl-1H-imidazol-2-yl)-9-oxonona-2,7-dienoate, 

6.7 mg (0.009 mmol) Ru(bpy)3Cl2·6H2O, 16.8 mg (0.181 mmol) LiBF4, 135 μL 

(0.733 mmol) i-Pr2NEt, 3.6 mL acetonitrile, and an irradiation time of 135 min. Purified by 

chromatography (2:1 hexanes:acetone) to afford 84 mg (0.493 mmol, 85% yield, >10:1 d.r.) of 

the cycloadduct as a clear oil. Experiment 2: 101.1 mg (0.366 mmol) bisenone, 6.6 mg (0.009 

mmol) Ru(bpy)3Cl2·6H2O, 16.7 mg (0.179 mmol) LiBF4, 135 μL (0.733 mmol) i-Pr2NEt, and 3.6 
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mL acetonitrile. Isolated 82 mg (0.476 mmol, 82% yield, >10:1 d.r.). IR (thin film) 2952, 2855, 

1730, 1672, 1409 cm–1; 1H NMR: (499.9 MHz, CDCl3) δ 7.08 (d, J = 0.9 Hz, 1H), 6.99 (s, 1H), 

4.00 (s, 3H), 3.97 (ddd, J = 10.2, 5.2, 1.0 Hz, 1H), 3.93 (dq, J = 7.3, 0.9 Hz, 2H), 3.23 (m, 1H), 

3.11 (ddd, J = 10.5, 5.6, 0.9 Hz, 1H), 2.97 (m, 1H), 1.90 (m, 2H), 1.73 (m, 2H), 1.60 (m, 2H), 

1.03 (dd, J = 7.5, 7.5 Hz, 3H); 13C NMR: (125.7 MHz, CDCl3) δ 191.7, 173.5, 142.8, 128.7, 

126.4, 60.1, 46.2, 45.1, 39.5, 37.6, 35.9, 32.4, 32.1, 25.0, 13.9; HRMS (EI) calc’d for [C15H19N-

2O3+H]+ requires m/z 276.1469, found m/z 276.1461. 

 

1-7-(1-Methyl-1H-imidazole-2-carbonyl)bicyclo[3.2.0]heptan-6-yl)ethanone (Table 2-3, 2-

18): Prepared according to general procedure B using 101.6 mg (0.413 mmol) 

(2E,7E)-1-(1-methyl-1H-imidazol-2-yl)deca-2,7-diene-1,9-dione, 17.5 mg (0.010 

mmol) Ru(bpy)3Cl2·6H2O, 19.2 mg (0.206 mmol) LiBF4, 37 μL (0.201 mmol) i-

Pr2NEt, 4.0 mL acetonitrile, and an irradiation time of 16.5 h. Purified by chromatography (3:1 

hexanes:acetone) to afford 66.7 mg (0.271 mmol, 66% yield, >10:1 d.r.) of the cycloadduct as a 

clear oil. Experiment 2: 100.5 mg (0.408 mmol) bisenone, 7.4 mg (0.010 mmol) 

Ru(bpy)3Cl2·6H2O, 18.7 mg (0.201 mmol) LiBF4, 37 μL (0.201 mmol) i-Pr2NEt, and 4.0 mL 

acetonitrile. Isolated 64.5 mg (0.262 mmol, 65% yield, >10:1 d.r.). IR (thin film) 2949, 2862, 704, 

1671, 1409 cm–1; 1H NMR: (499.9 MHz, CDCl3) δ 7.02 (d, J = 0.9 Hz, 1H), 6.97 (s, 1H), 4.02 (s, 

3H), 3.84 (ddd, J = 10.2, 5.5, 1.0 Hz, 1H), 3.33 (dd, J = 10.2, 5.5 Hz, 1H), 3.22 (m, 1H), 2.84 (m, 

1H), 1.96 (s, 3H), 1.93 (m, 2H), 1.73 (m, 2H), 1.60 (m, 2H); 13C NMR: (125.7 MHz, CDCl3) δ 

207.9, 192.2, 143.2, 128.4, 126.2, 53.8, 46.3, 39.9, 36.6, 35.8, 32.8, 32.0, 26.3, 25.0; HRMS 

(EI) calc’d for [C14H18N2O2Na]+requires m/z 269.1261, found m/z 269.1266. 
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(1-Methyl-1H-imidazol-2-yl)-7-(morpholine-4-carbonyl)bicyclo[3.2.0]heptan-6-

yl)methanone (Table 2-3, 2-19): Prepared according to general procedure B 

using 98.5 mg (0.311 mmol), (2E,7E)-1-(1-methyl-1H-imidazol-2-yl)-9-

morpholinonona-2,7-diene-1,9-dione, 5.8 mg (0.008 mmol) Ru(bpy)3Cl2·6H2O, 14.7 mg (0.158 

mmol) LiBF4, 110 μL (0.597 mmol) i-Pr2NEt, 3.1 mL acetonitrile, and an irradiation time of 3 h. 

Purified by chromatography (1:3 hexanes:acetone) to afford 70.0 mg (0.220 mmol, 70% yield, 

>10:1 d.r.) of the cycloadduct as a light yellow oil. Experiment 2: 100.6 mg (0.317 mmol) 

bisenone, 6.1 mg (0.008 mmol) Ru(bpy)3Cl2·6H2O, 14.5 mg (0.156 mmol) LiBF4, 110 μL (0.597 

mmol) i-Pr2NEt, and 3.1 mL acetonitrile. Isolated 68.4 mg (0.216 mmol, 68% yield, >10:1 d.r.).  

IR (thin film) 3055, 2987, 1677, 1636, 1422 cm–1; 1H NMR: (499.9 MHz, CDCl3) δ 7.02 (d, J = 

0.9 Hz, 1H), 6.97 (s, 1H), 4.01 (s, 3H), 3.83 (ddd, J = 10.1, 5.9, 1.2 Hz, 1H), 3.53 (m, 2H), 3.25-

3.47 (m, 8H), 2.91 (m, 1H), 1.92 (m, 2H), 1.53-1.76 (m, 4H); 13C NMR: (125.7 MHz, CDCl3) δ 

191.4, 171.6, 143.2, 128.1, 126.0, 66.7, 66.3, 46.0, 45.8, 44.3, 41.9, 39.6, 37.1, 35.8, 32.3, 32.2, 

25.2; HRMS (EI) calc’d for [C17H23N3O3+H]+ requires m/z 318.1813, found m/z 318.1810. 

 

Ethyl 6-methyl-7-(1-methyl-1H-imidazole-2-carbonyl)bicyclo[3.2.0]heptane-6-carboxylate 

(Table 2-3, 2-20): Prepared according to general procedure B using 88.7 mg 

(0.305 mmol) (2E,7E)-ethyl 2-methyl-9-(1-methyl-1H-imidazol-2-yl)-9-oxonona-

2,7-dienoate, 6.0 mg (0.008 mmol) Ru(bpy)3Cl2·6H2O, 14.3 mg (0.154 mmol) LiBF4, 115 μL 

(0.624 mmol) i-Pr2NEt, 3.1 mL acetonitrile, and an irradiation time of 24 h. Purified by 

chromatography (5:1 hexanes:acetone) to afford 59.0 mg (0.203 mmol, 66% yield, >10:1 d.r.) of 

the cycloadduct as a light yellow oil. Experiment 2: 84.9 mg (0.294 mmol) bisenone, 5.7 mg 

(0.008 mmol) Ru(bpy)3Cl2·6H2O, 14.5 mg (0.156 mmol) LiBF4, 115 μL (0.624 mmol) i-Pr2NEt, 

and 3.1 mL acetonitrile. Isolated 56.7 mg (0.195 mmol, 66% yield, >10:1 d.r.). IR (thin film) 

2956, 2254,1719, 1669, 1410 cm–1; 1H NMR: (499.9 MHz, CDCl3) δ 7.06 (s, 1H), 6.97 (s, 1H), 

3.98 (s, 3H), 3.96 (m, 2H), 3.41 (m, 1H), 3.38 (m, 1H), 2.86 (dd, J = 7.7, 7.7 Hz, 1H), 1.89 (m, 
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2H), 1.79 (m, 1H), 1.64 (dd, J = 13.4, 6.7 Hz, 1H), 1.52 (m, 2H), 1.48 (s, 3H), 1.05 (t, J = 7.2 Hz, 

3H); 13C NMR: (125.7 MHz, CDCl3) δ 191.8, 176.2, 143.4, 128.6, 126.1, 60.3, 54.2, 48.9, 42.2, 

36.4, 35.7, 31.4, 27.0, 26.3, 18.7, 13.9; HRMS (EI) calc’d for [C16H22N2O3+Na]+ requires m/z 

313.1523, found m/z 313.1520. 

 

2.5.4 Cleavage of the Auxiliary Group 

2-(7-((Benzyloxy)carbonyl)bicyclo[3.2.0]heptane-6-carbonyl)-1,3-dimethyl-1H-imidazol-3-

ium triflate (2-31): In an oven-dried round-bottomed flask was placed a 

solution of cyclobutane 2-16 (405 mg, 1.20 mmol) in dry dichloromethane (12 

mL, 0.1 M). Neat methyl trifluoromethanesulfonate (135 μL, 1.193 mmol) was 

added dropwise, and the solution was stirred for 16 h. Upon completion, the reaction was 

quenched with acetone and the volatiles were removed in vacuo. The triflate salt was 

recrystallized from acetone/diethyl ether to afford 282.5 mg (0.800 mmol, 67%) of a colorless 

solid (m.p.: 135–140 ºC). IR (thin film) 3629, 3093, 2262, 1634 cm–1; 1H NMR: (500.2 MHz, 

CD3CN) δ 7.30 (m, 5H), 7.19 (m, 2H), 5.00, 4.92 (ABq, 2H, JAB = 12 Hz), 3.87 (s, 6H), 3.54 (ddd, 

J = 10.0, 4.4, 0.9 Hz, 1H), 3.35 (ddd, J = 10.0, 5.6, 1.0 Hz, 1H), 3.13 (m, 1H), 3.05 (m, 1H), 1.88 

(m, 2H), 1.71 (m, 2H), 1.59 (m, 2H); 13C NMR: (125.7 MHz, CDCl3) δ 191.4, 171.6, 143.2, 128.1, 

126.0, 66.7, 66.3, 46.0, 45.8, 44.3, 41.9, 39.6, 37.1, 35.8, 32.3, 32.2, 25.2; HRMS (EI) calc’d for 

[C21H25N2O6]
+ requires m/z 353.1860, found m/z 353.1851.  

 

7-((Benzyloxy)carbonyl)bicyclo[3.2.0]heptane-6-carboxylic acid (Table 2-4, entry 1, 2-32):  

In an oven-dried 1.5 dram vial was placed 49.6 mg (0.099 mmol) of 2-31 in 1.5 

mL dry diethyl ether.  The vial was sealed with a septum and flushed with a 

nitrogen atmosphere. 50 μL (0.33 mmol, 3.5 equiv) of DBU was added, and the 

reaction was stirred for several minutes before addition of 0.2 mL (11.1 mmol, 111 equiv) H2O. 

After 2 h, the solution was acidified with 1 mL acetic acid, concentrated in vacuo and purified by 
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chromatography on a silica column (3:1 Hex:EtOAc + 1% AcOH) to afford 14 mg (0.051 mmol, 

52% yield, >10:1 d.r.) of a clear oil. IR(thin film) 3629, 3093, 2262, 1634 cm–1; 1H NMR: (499.9 

MHz, CDCl3) δ 7.33 (m, 5H), 5.08, 5.11 (ABq, 2H, JAB = 12.6 Hz), 3.07 (m, 2H), 2.90 (m, 2H), 

1.89 (m, 1H), 1.52-1.79 (m, 5H); 13C NMR: (125.7 MHz, CDCl3) δ 173.0, 135.8, 128.5, 128.3, 

128.2, 66.6, 43.2, 39.5, 39.2, 32.1, 24.9; HRMS (EI) calc’d for [C16H18O4+H+] requires m/z 

273.1132, found m/z 273.1130. 

 

6-Benzyl 7-methyl bicyclo[3.2.0]heptane-6,7-dicarboxylate (Table 2-4, entry 2, 2-33): In an 

oven-dried 1.5 dram vial was placed  51.4 mg (0.102 mmol) of 2-31 in 1.5 mL 

dry diethyl ether. The vial was sealed with a septum and flushed with a nitrogen 

atmosphere. 50 μL (0.33 mmol, 3.5 equiv) of DBU was added, and the reaction was stirred for 

several minutes before addition of 0.5 mL (12.3 mmol, 111 equiv) methanol. After 2 h, the 

solution was concentrated in vacuo and purified by chromatography on a silica column (10:1 

Hex:EtOAc) to afford 25.4 mg (0.088 mmol, 86% yield, >10:1 d.r.) of a clear oil. IR (thin film) 

2953, 1731,1647, 1309 cm–1; 1H NMR: (499.9 MHz, CDCl3) δ 7.34 (m, 5H), 5.13 (s, 2H), 3.69 (s, 

3H), 3.59 (dd, J = 10.4, 8.6 Hz, 1H), 3.09 (dd, J = 6.5, 0.8 Hz, 1H), 2.98 (m, 1H), 2.88 (m, 1H), 

1.76 (m, 3H), 1.62-1.42 (m, 3H); 13C NMR: (125.7 MHz, CDCl3) δ 174.1, 172.4, 136.0, 128.5, 

128.1, 128.0, 66.3, 51.5, 41.6, 40.8, 39.7, 38.2, 32.4, 28.5, 25.3; HRMS (EI) calc’d for 

[C17H20O4Na]+ requires m/z 311.1254, found m/z 311.1259. 

 

6-Benzyl 7-iso-propyl bicyclo[3.2.0]heptane-6,7-dicarboxylate (Table 2-4, entry 3, 2-34): In 

a 1.5 dram vial was placed 49.2 mg (0.098 mmol) of 2-31 in 1.5 mL 

dichloromethane. The vial was sealed with a septum and flushed with a 

nitrogen atmosphere.  50 μL (0.33 mmol, 3.5 equiv) of DBU were added, and 

the reaction was stirred for several minutes before addition of 0.2 mL (2.59 mmol, 26 equiv) 

isopropanol. After 2 h, the solution was concentrated in vacuo and purified by column 
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chromatography (9:1 Hex:EtOAc) to afford 27.6 mg (0.087 mmol, 88% yield) of a clear oil. IR 

(thin film) 2957, 1725, 1263, 1194 cm–1; 1H NMR: (499.9 MHz, CDCl3) δ 7.34 (m, 5H), 5.13 (s, 

2H), 5.04 (sept, J = 6.3 Hz, 1H), 3.52 (dd, J = 8.8, 10.1 Hz, 1H), 3.09 (dd, J = 6.5, 8.7 Hz, 1H), 

2.98 (m, 1H), 2.87 (m, 1H), 1.82-1.62 (m, 4H), 1.48 (m, 2H), 1.24 (t, J = 5.5 Hz, 6H); 13C NMR: 

(125.7 MHz, CDCl3) δ 174.2, 171.4, 136.1, 128.5, 128.1, 127.9, 77.3, 77.0, 76.7, 67.9, 66.2, 

41.6, 40.7, 39.9, 38.3, 32.4, 28.2, 25.3, 22.0, 21.9; HRMS (EI) calc’d for [C19H24O4Na]+ requires 

m/z 339.1567, found m/z 339.1562. 

 

Benzyl 7-((tert-butylthio)carbonyl)bicyclo[3.2.0]heptane-6-carboxylate (Table 2-4, entry 5, 

2-35): In a 1.5 dram vial was placed 51.2 mg (0.1023 mmol) of the 2-31 in 1.5 

mL dichloromethane. The vial was sealed with a septum and flushed with a 

nitrogen atmosphere.  50 μL (0.33 mmol, 3.5 equiv) of DBU were added and 

let stir for several minutes before addition of 0.150 mL (1.33 mmol, 13 equiv) tert-butylthiol. After 

3.5 h, the reaction was concentrated in vacuo and purified by column chromatography (10:1 

Hex:EtOAc) to afford 35.1 mg (0.101 mmol, 88% yield, >10:1 d.r.) of a clear oil. IR (thin film) 

3629, 3093, 2262, 1634 cm–1; 1H NMR: (500.2 MHz, CDCl3) δ 7.33 (m, 5H), 5.12 (m, 2H), 3.66 

(dd, J = 10.1, 8.7 Hz, 1H), 3.19 (dd, J = 8.7, 6.3 Hz, 1H), 2.99 (m, 1H), 2.86 (m, 1H), 1.78 (m, 

4H), 1.47 (s, 9H), 1.44 (m, 2H); 13C NMR: (125.7 MHz, CDCl3) δ 198.1, 173.9, 136.1, 128.5, 

128.1, 127.9, 66.2, 48.2, 47.6, 40.6, 40.6, 40.1, 32.2, 30.0, 27.3, 25.3; HRMS (EI) calc’d for 

[C21H24N2O6+H]+ requires m/z 353.1860, found m/z 353.1851.  

 

Benzyl 7-(benzylcarbamoyl)bicyclo[3.2.0]heptane-6-carboxylate (Table 2-4, entry 6, 2-36): 

In a 1.5 dram vial was placed 47.0 mg (0.099 mmol) of 2-31 in 1.5 mL 

dichloromethane. The vial was sealed with a septum and flushed with a 

nitrogen atmosphere. 200 μL (1.83 mmol, 20 equiv) benzylamine were added. After 2 h, the 

solution was concentrated in vacuo and purified by chromatography on a silica column (5:1 
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Hex:EtOAc) to afford 33.3 mg of a colorless oil (0.916 mmol, >10:1 d.r.). IR (thin film) 3305, 

2954, 1729, 1649 cm–1; 1H NMR: (500.2 MHz, CDCl3) δ 7.29 (m, 10H), 5.73 (t, J = 5.6 Hz, 1H), 

5.11 (ABq, 2H), 4.43 (d, J = 5.6 Hz, 2H), 3.37 (t, J = 9.8 Hz, 1H), 3.17 (dd, J = 8.4, 5.6 Hz, 1H), 

2.89 (m, 2H), 1.80 (m, 4H), 1.48 (m, 2H); 13C NMR: (125.7 MHz, CDCl3) δ 174.3, 170.7, 138.3, 

135.9, 128.7, 128.5, 128.2, 128.0, 127.8, 127.5, 66.4, 43.5, 41.7, 41.0, 40.5, 38.1, 32.3, 27.9, 

25.7; HRMS (EI) calc’d for [C21H24N2O6+H]+ requires m/z 353.1860, found m/z 353.1851.  

 

Benzyl 7-(pyrrolidine-1-carbonyl)bicyclo[3.2.0]heptane-6-carboxylate (Table 2-4, entry 7, 2-

37): In an oven-dried 1.5 dram vial was placed 50.1 mg (0.099 mmol) of 2-31 

in 1.5 mL dichloromethane. 100 μL (1.20 mmol, 12.0 equiv) distilled pyrrolidine 

were added After 12 h, the solution was concentrated in vacuo and purified by 

column chromatography (1:1 Hex/EtOAc with 2% TEA) to afford 24 mg to afford (0.741 mmol, 

>10:1 d.r.) of a colorless oil. IR (thin film) 3629, 3093, 2262, 1634 cm–1; 1H NMR: (500.2 MHz, 

CDCl3) δ 7.35 (m, 5H), 5.12 (s, 2H), 3.56-3.42 (m, 3H), 3.38 (dd, J = 6.8, 6.8 Hz, 1H), 3.36 (dd, 

J = 6.8, 6.8 Hz, 1H), 3.22 (m, 1H), 2.94 (m, 1H), 2.86 (m, 1H), 1.97-1.73 (m, 7H), 1.45 (m, 3H); 

13C NMR: (125.7 MHz, CDCl3) δ 175.0, 169.0, 136.2, 128.5, 128.4, 128.0, 128.0, 77.3, 77.0, 

76.8, 66.2, 45.6, 45.5, 40.7, 40.5, 40.3, 37.4, 32.4, 28.2, 26.1, 25.4, 24.3; HRMS (EI) calc’d for 

[C20H24NO3+H]+ requires m/z 327.1829, found m/z 327.1833. 

 

One-pot methylation-esterification procedure: An oven-dried Schlenk flask containing 99.8 

mg (0.295 mmol) cyclobutane 2-16 and 1.5 mL dry dichloromethane (0.2 M) was stirred under 

N2 before careful addition of freshly distilled MeOTf (40 μL, 0.341 mmol, 1.1 equiv). The flask 

was sealed, and the reaction was stirred at room temperature for 90 min. The volatiles were 

removed in vacuo, and the residue was dissolved in 1.5 mL dichloromethane.  To this solution 
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were added 100 μL DBU (0.669 mmol, 2.3 equiv) and 500 μL (12.5 mmol, 44 equiv) freshly 

distilled methanol. The vessel was sealed and the reaction was stirred for 90 min under N2.  The 

reaction was then concentrated and the crude residue loaded directly onto silica for purification 

by chromatography (4:1 Hex:EtOAc) to afford 49.5 mg of a colorless oil (0.1717 mmol, 58% 

yield).  

 

2.5.5 Stereochemical Assignments by nOe 
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Chapter 3. Photogenerated Nitrenes for Intermolecular Olefin Aziridination 
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3.1 Introduction 

Oxidative olefin functionalization provides a powerful means to construct carbon-carbon 

and carbon-heteroatom bonds in a wide variety of skeletal frameworks.1
  Within the context of 

carbon-nitrogen bond formation,2 olefin aziridination installs a well-behaved carbon electrophile 

that serves as a versatile platform for the regio- and stereoselective synthesis of myriad 

architectures, including diamines,3a amino alcohols,3b β-amino acids,3c aminosulfides,3d and a 

plethora of nitrogenous heterocycles.
3e-g

  Such diverse reactivity primarily results from the 

significant ring strain (~27 kcal/mol) inherent to aziridines.
4
 

Despite the vast utility of this strained heterocycle, efficient single-step olefin 

aziridination methods remain scarce, particularly in comparison to analogous methods for 

epoxidation.  Deriving inspiration from oxo-group transfer chemistry to effect catalytic 

epoxidation, hypervalent iodonium ylides such as N-tosyliminoaryliodinane (PhI=NTs) were 

introduced as nitrene sources for imido group transfer reactions to carbon-hydrogen bonds and 

alkenes via catalysis by heme enzymes and biomimetic metalloporphyrins.5  These seminal 

publications began an entire field of study devoted to transition metal-catalyzed nitrene transfer 

via the putative intermediacy of metallonitrenes.  The archetypal PhI=NTs ylide has been widely 

used in this field as an imido group transfer reagent and has typically proven uniquely 

competent as a nitrene source.  Thus, the variety of aziridines accessible in a single synthetic 

step has long proven to be quite limited. 

On a more practical level, many aziridination methods require a large excess of olefin 

relative to nitrene precursor, limiting the utility of aziridination reactions upon complex alkene 

substrates.  For example, Fe(III) and Fe(IV) porphyrin complexes catalyze styrene aziridination 

with catalyst:ylide:styrene = 1:100:10000.6  Even the widely-utilized Cu-catalyzed aziridination 

developed by Evans requires a 5-fold excess of olefin relative to nitrene precursor.7  While 

select aziridination protocols reported by Du Bois,8 Lebel,9 and Zhang10 are able to achieve 

aziridination using the olefin as the limiting reagent, intermolecular aziridinations capable of this 
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at low catalyst loadings across both internal and terminal styrenyl and aliphatic olefins with no 

byproduct separation remain elusive.  Indeed, most of the aforementioned methodologies 

employ PhI=NTs and therefore necessarily generate stoichiometric iodobenzene as a 

byproduct, often complicating purification efforts.  Finally, functional group compatibility was not 

thoroughly explored in many of these reports, and expanding the repertoire of substrates 

amenable to aziridination is highly desirable. 

As discussed in Chapter 1, transition metal identity has profound implications on the 

relative stereochemistry of the product aziridine.11  While all metallonitrenes are thought to have 

triplet ground states, the transition metal determines the rate at which ring-closure to aziridine 

occurs after the first C-N bond-forming event.  If ring closure is fast relative to C-C bond rotation, 

the aziridination is stereospecific, even though the mechanism proceeds via a diradical 

intermediate.  While this is the case for Rh and Ag, other transition metals including Cu, Fe, Mn, 

and Co give non-stereospecific addition.  Thus, the complex nature of metal nitrene chemistry 

constitutes a drawback of this methodology. 

Arguably the most straightforward method for olefin aziridination involves the addition of 

a free nitrene.  However, most methods for free nitrene formation and subsequent aziridination 

suffer from low yields of the desired aziridine and poor chemoselectivity due to competing 

hydrogen atom abstraction and C-H insertion pathways arising from multiple electronic states of 

the nitrene (Chapter 1).  Being able to selectively generate a single nitrene species would 

alleviate complications arising from thermolysis, α-elimination, or direct photolysis of nitrene 

precursors. 

 

3.2 System Design 

Considering the significant limitations and mechanistic nuances of metal-catalyzed and 

photochemical methodologies for efficient, intermolecular olefin aziridination, we sought a 

fundamentally different approach.  At the outset, we surmised that one electron reduction of 
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readily available organic azides would directly generate a nitrene radical anion.  While never 

previously implicated as an intermediate in olefin aziridination, nitrene radical anions have been 

generated in the gas phase by dissociative electron attachment and are known to exhibit a 

reactivity profile similar to that of a free triplet nitrene, despite the extra electron occupancy.12
  

Based on the work discussed in Chapter 2, it was hypothesized that room temperature, visible-

light PET from a polypyridyl transition metal photosensitizer to an organic azide followed by 

extrusion of N2 would be the ideal methodology by which to generate a nitrene radical anion.  

Subsequent trapping of the nitrene radical anion by an olefin would afford either the respective 

aziridine or the product of olefin hydroamination.  Without multiple spin states available, the 

intrinsic reactivity of this relatively unexplored species could be studied within the context of 

oxidative olefin functionalization.  We also considered that the breadth of nitrene precursors 

could be expanded significantly, as the additional electron present in nitrene radical anions is 

known to shut down the deleterious rearrangement pathways that plague aryl nitrenes, for 

example. 

Scheme 3-1. Photochemical reduction of aryl azides by Ru(bpy)3
2+ 

 

Lending credence to our proposal for nitrene radical anion generation was recent work 

by Liu and coworkers on the photochemical reduction of aryl azides by Ru(bpy)3
2+ (Scheme 3-

1).13
  In the presence of an electron donor, Ru(bpy)3

2+* is reduced to Ru(bpy)3
+; one-electron 

reduction of an aryl azide (3-1) by Ru(bpy)3
+ gives an azido radical anion (3-2).  Subsequent 

extrusion of molecular nitrogen affords a putative nitrene radical anion (3-3) that undergoes 
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reduction to the corresponding aniline (3-4) via protonation and hydrogen atom abstraction.  

While this report strengthened the validity of our experimental design and hypothesis, the nature 

of the reactive intermediate was never studied, and it was unclear if this proposed nitrene 

radical anion would undergo productive aziridination with styrenyl and aliphatic olefins. 

 

3.3 Initial Results 

To test the feasibility of atom transfer from a reduced organic azide to an olefin, reaction 

conditions similar to those developed for cyclobutanation of aryl enones (Chapter 2) were 

applied to a system containing tosyl azide (3-5) and styrene (3-6) (eq. 1).  The major product of 

the reaction was reduction of tosyl azide to p-toluenesulfonamide (3-7) with the non-

characterizable minor products (34%) presumably arising from reaction between the radical 

cation of diisopropylethylamine with the reduced azide intermediate.  Since nitrene radical 

anions have both free radical and anionic character, formation of p-toluenesulfonamide was 

expected, especially when the precedent of Liu is considered.  Additionally, it is well-established 

that reductive quenching of Ru(bpy)3
2+* by N,N-diisopropylethylamine affords an amine radical 

cation, the α-protons of which are approximately 20 pKa units more acidic than the parent 

tertiary amine.14
  Facile deprotonation by tosylnitrene radical anion affords an ethylimine that is 

speculated to undergo rapid decomposition. 

 

Control experiments revealed that both Ru(bpy)3
2+ and i-Pr2NEt were required for the 

reduction of TsN3 to TsNH2.  Indeed, while electron transfer from Ru(bpy)3
+  

(E°(Ru2+/+) = –1.28 V vs. SCE)15 to 3-5 (E°(TsN3/TsN•–) = –1.29 V)16 is isoergic, electron transfer 

from Ru(bpy)3
2+* (E°(Ru3+/2+*) = –0.81 V) to 3-5 is highly endergonic (E°rxn = –0.48 V).  In the 
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absence of styrene the same products in the same distribution were observed, indicating that 

styrene was not participating.  A wide range of other acceptors, including 1-hexene, 

cyclohexene, methyl vinyl ketone, and methyl acrylate failed to undergo reaction, and the same 

products as above were obtained in all cases.  Reductive quenchers lacking α-amino protons 

diminished sulfonamide formation, but no additional identifiable products were recovered from 

the crude reactions. 

These data suggested that i-Pr2NEt was directly responsible for undesired sulfonamide 

formation.  Accordingly, when i-Pr2NEt was omitted, very little (<5%) of 3-7 was formed.  The 

lack of styrene aziridination was not surprising given that reduction of 3-5 by Ru(bpy)3
2+* is 

endergonic.  Therefore, a screen was initiated to identify a photocatalyst complex that could 

carry out reduction of 3-5 directly from the excited state.  Gratifyingly, heteroleptic iridium 

complex 3-8 (ppy = 2-phenylpyridine, dtbbpy = 4,4′-di-tert-butyl-2,2′-dipyridyl)17 afforded 

aziridine 3-9 in 20% yield after 62 h (Scheme 3-2). 

Scheme 3-2. Azide reduction with iridium complex 3-8 in the absence of reductive quencher 

 

 

3.4 Optimization Studies 

A brief solvent optimization found that replacement of MeCN with CH2Cl2 gave 3-9 in 

slightly higher yield (28%) after 62 h.  It was postulated that the reaction could be accelerated by 

having a substantially higher concentration of putative nitrene radical anion relative to olefin.  

Indeed, using styrene (3-6) as the limiting reagent and employing 2.5 equiv of TsN3 (3-5) 

relative to 3-6 afforded complete conversion of 3-6 in 48 h.  Aziridine 3-9 was obtained in 
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modest yield (53%) along with remaining 3-6 (19%), aldimine 3-10, and a very small amount of 

phenylacetaldehyde 3-11 (eq. 2). 

 
Control experiments demonstrated that both light and photocatalyst were required to 

achieve azide consumption and, consequently, aziridination.  This suggests that the transition 

metal catalyst is not simply acting as a Lewis acid to facilitate azide decomposition to the 

putative nitrene radical anion.18
  A solvent screen showed that relatively nonpolar, chlorinated 

solvents were optimal, as CDCl3, CH2Cl2 and 1,2-dichloroethane all afforded 3-9 in modest 

yields after 48 h.  Catalyst loading was found to have a substantial effect on the rate of 

consumption of 3-6.  While 10 mol% of 3-8 gave the overall fastest consumption of 3-6 (9% 

remaining after 48 h) and highest yield of 3-9 (57%), it was decided that 2.5 mol% of 3-8 would 

be used due to the impracticability of employing such high loadings of the iridium catalyst. 

Table 3-1. Concentration and scale-up studies 

 

entry 
[3-6] 
(M) 

3-6 
(mmol) 

time 
(h) 

conversion 
(3-6) 

consumption 
(3-5)a 

yieldb  
3-9 

yield  
3-10 

mass 
balance 

1 0.05 0.08 48 78% 0.82 equiv. 38% 14% 74% 

2 0.2 0.08 48 100% 1.00 equiv. 58% 18% 76% 

3 0.4 0.08 24 100% 1.02 equiv. 63% 14% 77% 

4 0.4 0.50 86 86% 0.98 equiv. 46% 16% 76% 

a
Based on 2.5 equiv. azide. 

b
All yields are 

1
H NMR yields vs. 1,4-bis(trimethylsilyl)benzene as an internal 

standard 

 

As expected for an intermolecular process, increasing the concentration of 3-6 from  

0.1 M to 0.4 M led to a substantial decrease in the time required to reach complete conversion 
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of styrene (Table 3-1).  Performing the reaction under aerobic conditions led to a substantially 

lower rate of azide consumption, poor yield of 3-9, and low mass balance.  This is likely due to 

competitive quenching of the catalyst excited state by O2. 

Attempts to scale the reaction to synthetically useful quantities were met with 

considerable difficulty.  A reaction using 0.5 mmol of 3-6 required 86 h to achieve 86% 

conversion of 3-6.  Additionally, we observed significant erosion in mass balance if the latter 

reaction was allowed to proceed to full conversion of 3-6.  1H NMR analysis revealed that 3-10 

was decomposing over the course of the reaction, thus identifying the confounding variable 

accounting for both yield of aziridination and modest mass balances. 

In an effort to ameliorate the sluggish reactivity, we hypothesized that addition of either 

Lewis or Brønsted acids would activate the parent azide toward photochemical degradation.  

This, in turn, should facilitate generation of the supposed nitrene radical anion intermediate.  

Screening a wide range of transition metal, lanthanide, and lanthanoid Lewis acids as well as an 

assortment of Brønsted acids with pKa values ranging from -6 to 9 (DMSO) gave no 

improvement in the yield of aziridination.  Addition of water (up to 10 equiv.) had no deleterious 

effect on the reaction.  Given that the photocatalytic reactions studied here are proposed 

electron transfer processes in non-aqueous solutions, an electrolyte should have profound 

consequences on ion paring, solution conductivity, reversibility of electron transfer, and 

thermodynamics of multielectron processes.19  Strongly- and weakly-coordinating 

tetrabutylammonium salts were investigated, but even at concentrations as high as 400 mM in 

electrolyte, no significant effects were observed. 
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3.5 Mechanistic Studies 

3.5.1. Proposal for the Intermediacy of a Nitrene Radical Anion 

A mechanism consistent with these preliminary results is shown in Scheme 3-3.  Single 

electron reduction of 3-5 by [Ir(III)]+* forms an azide radical anion [3-5]•–; these species are 

known to be highly unstable and undergo extrusion of molecular nitrogen to form nitrene radical 

anion 3-12.  Radical addition to 3-6 gives distonic radical anion 3-13 that undergoes facile 

oxidation by Ir(IV) to benzylic cation 3-14, thus returning the photosensitizer to ground state 

Ir(III).  At this point, ring closure furnishes aziridine 3-9.  However, a 1,2-hydride shift is 

postulated to give aldimine 3-10, and hydrolysis of 3-10 by adventitious water leads to 

phenylacetaldehyde 3-11. 

Scheme 3-3. Proposed mechanism for photocatalyzed aziridination via a nitrene radical anion 

 

A variety of experiments were designed to probe this mechanistic proposal.  To begin, 

para-substituted arylsulfonyl azides were synthesized and submitted to the reaction conditions 

(Table 3-2).  Surprisingly, the yield of aziridine was found to be lowest for the most electron 

deficient (3-15 and 3-16) and most electron rich (3-19) azides; decomposition of 3-15 was 

expected to lead to the most electrophilic, and thus the most reactive nitrene radical anion in the 

series with respect to olefin aziridination.  Unexpectedly, the initial rates of formation of aziridine, 

aldimine, and aldehyde were found to be identical for 3-16 and 3-5.  However, as discussed in 
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Section 3.4, both the aldimine and aldehyde decompose over the course of the reaction.  

Additionally, we found the rate of aldimine decomposition to be fastest for aldimines synthesized 

from electron-deficient nitrene radical anion precursors (3-15 and 3-16).  Indeed, when the 

reaction is allowed to proceed for an additional 24 h, complete disappearance of both aldimine 

and aldehyde is observed in all cases, while the yield of aziridine remains unchanged.  We were 

very surprised to observe that octanesulfonyl azide 3-20 gave successful aziridination, as one 

electron reduction of 3-20 by the excited state of 3-8 [Ir(ppy)2(dtbbpy)]+*  

(E°(Ir4+/3+*) = –0.96 V) was determined to be highly endergonic (E°rxn = –0.63 V). 

Table 3-2. Survey of sulfonyl azides 

 

entry R 
conversion 

(3-6) 
conversion 

(azide)a 
yieldb 

aziridine 
yield 

aldimine 
yield 

aldehyde 

1 3,5-(CF3)2Ph (3-15) 28% 12% 7% ― ― 

2 4-CF3Ph (3-16) 33% 21% 17% ― ― 

3 4-ClPh (3-17) 71% 29% 31% 7% ― 

4 Ph (3-18) 79% 29% 43% 11% ― 

5 4-CH3Ph (3-5) 85% 32% 42% 17% ― 

6 4-OMePh (3-19) 83% 14% 20% 8% 8% 

7 C8H17 (3-20) 35% 28% 20% 8% ― 

a
Based on 2.5 equiv. azide; 

b
All yields are 

1
H NMR yields vs. 1,4-bis(trimethylsilyl)benzene as a calibrated 

internal standard 

 

To determine if the initial rate of azide decomposition varies among azides, time course 

studies were carried out for 3-16 and 3-5.  These data collected within the first 2 h of reaction 

showed a 3.6-fold higher rate of consumption of 3-16 (8.38 x 10–4 M–1s–1) relative to 3-6  

(2.30 x 10–4 M–1s–1).  Since the free energy change for electron transfer should be greater as 

inductive removal of electron density from the azido moiety increases, these data support a 
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more kinetically facile reduction of electron-deficient azides versus electron-rich azides.  While 

the initial rate of consumption of 3-16 was higher than 3-5, this rate dramatically decreased after 

2 h, whereas the rate of consumption of 3-8 followed a much shallower trajectory.  This 

suggested a mechanism involving catalyst decomposition.  Indeed, monitoring the reaction by 

1H NMR spectroscopy revealed decomposition of Ir(ppy)2(dtbbpy)+ to multiple products that 

could not be isolated.  Heteroleptic iridium complexes are known to be susceptible to radical 

addition on the ligand framework, affording photochemically inert complexes.20 

Table 3-3. Survey of olefins in photosensitized aziridination 

 

entry R 
conversion 

(olefin) 
conversion 

(3-5) 
yield 

aziridine 
yield 

aldimine 
yield 

aldehyde 

1 4-CF3Ph (3-21) 76% 0.73 equiv. 41% 3% 7% 

2 4-ClPh (3-22) 88% 0.88 equiv. 43% 12% 5% 

3 Ph (3-6) 85% 0.79 equiv. 42% 17% 0% 

4 4-CH3Ph (3-23) 77% 0.77 equiv. 34% 19% 0% 

5 4-OAcPh (3-24) 58% 0.70 equiv. 34% 12% 0% 

6 C6H13 (3-25) 85% 0.79 equiv. 42% 8% 11% 

 

We also conducted a survey of alkenes (Table 3-3).  It is evident from these data that 

the aziridination is essentially insensitive to the electronic nature of the styrene or aliphatic 

olefin.  Given that the mechanistic proposal in Scheme 3-3 invokes the intermediacy of a 

benzylic radical and a benzylic cation, rate-determining nitrene radical anion addition would 

manifest in greater rates of aziridination for more electron-rich olefins.  Indeed, increasing 

electron density at the benzylic position should stabilize an incipient cation or radical and thus 

lead to higher rates of reaction.  However, this is not observed, as styrenyl olefin 3-21 and 

aliphatic olefin 3-25 give comparable reactivity.  Therefore, radical addition to the olefin is likely 

not rate-determining. 



86 
 

One of the most intriguing aspects of the system is that aziridination proceeds despite a 

highly endergonic electron transfer from [Ir(ppy)2(dtbbpy)]+* (E°(Ir4+/3+*) = –0.96 V) to sulfonyl 

azides.  For example, the Gibbs free energy of electron transfer to 3-5  

(E°(TsN3/TsN•–) = –1.29 V) is endergonic (E°rxn = –0.33 V).  This prompted an investigation into 

the electronic properties of the photocatalyst (Table 3-4).  Specifically, we hypothesized that a 

more strongly-donating ligand set around Ir would lead to a more electron rich complex and thus 

faster azide reduction and more rapid aziridination.  In accordance with crystal-field theory, the 

ligand-field splitting energy of [Ir(CΛN)2(NΛN)]+ catalysts (where CΛN = cyclometalating ligand 

and NΛN = neutral ligand), and consequently the reduction potentials of all the species in the 

catalytic cycle, can be tuned by varying substituents on the CΛN ligands; the identity of the NΛN 

ligand is critical to ensure redox reversibility, prevent self-quenching, and modulate both the 

excited state lifetime of the complex and quantum yield of phosphorescence.17 

Thus, a variety of complexes were synthesized and submitted to the reaction conditions 

(Table 3-4).  These data showed that the CΛN and NΛN ligands could not be tuned strictly 

independently.  That is, the π-donor/acceptor and σ-donor/acceptor properties of the NΛN 

ligand would have direct effects on the redox properties of the overall complex.  For example, 

[Ir(ppy)2(Me4phen)]+ exhibited nearly equivalent reactivity to the original [Ir(ppy)2(dtbbpy)]+ 

complex.  This was surprising because Me4phen is reported to increase the quantum yield of 

phosphorescence of the parent complex by a factor of two and increase the excited state 

lifetime by a factor of four.  It is clear from these data that the most competent iridium 

complexes for this aziridination contain an electron neutral cyclometalating ligand (ppy or ptpy) 

and 4,4′-di-tert-butyl-2,2′-dipyridyl as the electron rich neutral ligand. 
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Table 3-4. Survey of iridium photocatalysts 

 

 

entry catalyst complex 
conversion 

(3-6) 
conversion 

(3-5)a 
yieldb 3-9 yield 3-10 

1 Ir(ppy)2(dtbbpy)(PF6) 85% 0.79 equiv. 42% 17% 

2 Ir(ppy)2(phen)(PF6) 72% 0.62 equiv. 33% 7% 

3 Ir(ppy)2(Me4phen)(PF6) 86% 0.86 equiv. 40% 10% 

4 Ir(ppy)2(biimidMe2)(PF6) 17% 0.10 equiv. 0% 0% 

5 Ir(ppy)2(NHCMe2)(PF6) 12% 0.09 equiv. 3% 0% 

6 Ir(ppy)2(4,4′-NMe2bpy)(PF6) 76% 0.80 equiv. 45% 5% 

7 Ir(ppy)3 26% 0.13 equiv. 4% 0% 

8 Ir(ptpy)2(dtbbpy)(PF6) 72% 0.70 equiv. 30% 4% 

9 Ir(ptpy)2(phen)(PF6) 63% 0.61 equiv. 30% 9% 

10 Ir(p-OMeppy)2(dtbbpy)(PF6) 59% 0.40 equiv. 24% 7% 

11 Ir(m-OMeppy)2(dtbbpy)(PF6) 14% 0.20 equiv. 6% 0%  

12 Ir(dF(CF3)ppy)2(dtbbpy)(PF6) 36% 0.10 equiv. 0% 0% 

13 Ir(atl)2(dtbbpy)(PF6) 74% 0.77 equiv. 45% 11% 
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This catalyst survey prompted an evaluation of the proposed mechanism.  In particular, 

we considered a more detailed analysis of the sensitization events and electron transfer steps 

leading to formation of the putative nitrene radical anion.  As shown in Scheme 3-4, 

photoexcitation of [Ir(III)] to give [Ir(III)]* results in the formation of encounter complex 3-26 

between [Ir(III)]* and the azide.  At this point, electron transfer (ketrans) from [Ir(III)]* to the azide 

affords encounter complex 3-27 between [Ir(IV)] and an azide radical anion that rapidly 

decomposes to the nitrene radical anion (k-N2).  The radical anion in encounter complex 3-28 

can either donate an electron to [Ir(IV)] to regenerate the [Ir(III)] ground state or escape (kesc) 

from the ion pair and become solvated. 

Scheme 3-4. Sensitization and electron transfer steps in nitrene radical anion formation 

 

Given this analysis, we sought to determine if electron transfer or cage escape was rate 

determining.  We predicted that if cage escape was rate-determining, increased solvent polarity 

should decrease ion pairing between the oxidized photocatalyst and the nitrene radical anion 

intermediate thus increasing the rate of cage escape and, in turn, increasing the rate of 

aziridination.  In order to evaluate the widest scope of solvents, an iridium complex having the 

highly lipophilic, very weakly-coordinating tetrakis[(3,5-trifluoromethyl)phenyl]borate (BArF
4
–) 

counteranion was synthesized.  Unlike Ir(ppy)2(dtbbpy)(PF6), Ir(ppy)2(dtbbpy)(BArF
4) was soluble 

in all organic solvents tested.  This comprehensive solvent screen revealed no correlation 

between solvent dielectric and rate of aziridination.  In fact, highly polar solvents, such as 

acetonitrile and DMF gave somewhat poorer reactivity.  According to the argument presented 

above, this result is incongruent with rate-determining cage escape.  Furthermore, the 



89 
 

mechanistic proposal in Scheme 3-3 invokes charged intermediates that should be stabilized in 

polar solvents; such a proposal is at odds with a near complete lack of dependence on solvent 

dielectric.  These data, along with those presented in Tables 3-1 and 3-2 suggest that electron 

transfer from the photocatalyst to the azide may be rate determining. 

 

3.5.2 Preliminary Exploration of Substrate Scope 

We hypothesized that a substrate scope study might allow us to gain further insight to 

the nature of the intermediate involved in aziridination.  However, before exploring substrate 

scope, light source optimization studies were undertaken to ameliorate the sluggish reactivity 

observed.  Gratifyingly, using monochromatic (λ = 452 nm) blue light-emitting diodes (LEDs)21 

led to a nearly twofold increase in reactivity for aziridination of 3-6 (Table 3-5, entry 1). 

Scheme 3-5. Aziridination of allylsilane 3-35 

 

Silyl ethers 3-29, 3-31, and 3-33 were tolerated, though the poor mass balance is due to 

decomposition of products 3-30, 3-32, and 3-34 to the corresponding α-amino acetophenones.  

Aziridination of allyltrimethylsilane 3-35 was successful, though a 1:1 mixture of 3-36 (35% 

yield) and aldimine 3-46 (35% yield) was obtained (Scheme 3-5).  This is in contrast to the 

aziridination of 1-octene 3-25 (Table 3-4, entry 6), in which the ratio between aziridine and 

aldimine remained constant at 5:1 throughout the course of the reaction.  This dramatic contrast 

can be understood by considering biradical intermediate 3-45.  Stabilization of the alkyl radical 

by the β-silyl group leads to long-lived intermediate 3-45 in which a 1,2-hydrogen atom shift is 

competitive with aziridination.  Indeed, stabilization of alkyl radicals by the β-silicon effect is well-

documented.22 
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Table 3-5. Preliminary exploration of substrate scopea
 

entrya substrate product time yieldb 

1 
 

3-6 
 

3-9 

24 h 61%c 

2  
3-29 

 
3-30 

20 h 51%c 

3  
3-31 

 
3-32 

20 h 22% 

4 

 
3-33 

 
3-34 

20 h 42% 

5  
3-35 

 
3-36 

20 h 35% 

6 

 
3-37 

 
3-38 

45 h 40%c 

7d  
3-39 

 
3-40 

20 h ― 

8d 
 

3-41 
 

3-42 

20 h ― 

9  
3-43  

3-44 

20 h 99% 

a
All reactions were conducted using 0.25 mmol of substrate, 2.5 equiv. of 3-5, and 2.5 mol% 3-8 in 0.63 

mL of CH2Cl2 under air-free conditions 
b
Yields were obtained by 

1
H NMR using trimethyl(phenyl)silane as 

an internal standard, unless otherwise specified. 
c
Isolated yield, purification conditions not optimized. 

d
No 

aziridine was obtained in these experiments. 

 

Tri-O-acetyl-D-glucal 3-37 underwent aziridination.  However, the corresponding 

aziridine was readily hydrolysed on silica and resulted in formation of the corresponding amino 

alcohol (3-38) in moderate yield.  Unfortunately, other electron-rich heterocycles such as 3-39 

and 3-41 decomposed under the reaction conditions.  Interestingly, thioanisole (3-43) afforded 
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iminosulfide 3-44 instead of radical addition to the aromatic nucleus.  This behavior is most 

consistent with the behavior of a nitrene.12
 

 

3.5.3 Proposal for the Intermediacy of a Free Nitrene via Energy Transfer 

Multiple pieces of evidence shed doubt on our initial mechanistic proposal for electron 

transfer outlined in Scheme 3-3.  As discussed above, the reaction is insensitive to solvent 

dielectric, an unexpected result for a reaction proceeding via a proposed series of charged 

intermediates.  Further, the computed endothermicity of electron transfer between [Ir(III)]+* and 

TsN3 is sufficiently high to argue against the thermodynamic plausibility of this step.  Even 

octanesulfonyl azide served as a competent nitrene precursor despite an electron transfer event 

computed to be endergonic by 630 mV.  Finally, the interesting observation of iminosulfide 

formation instead of radical addition to the aromatic nucleus of thioanisole appears consistent 

with a nitrene intermediate. 

Scheme 3-6. Electron transfer versus concerted electron exchange 

 

The requirement for both photocatalyst and light in order to affect aziridination (Section 

3.4) necessitates a molecular orbital interaction between photocatalyst and azide.  This frontier 
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orbital interaction can either lead to (a) full electron transfer (charge transfer) from photocatalyst 

to azide or (b) electron exchange (electronic energy transfer) between photocatalyst and azide 

(Scheme 3-6).  Indeed, there is strong precedent for energy transfer from octahedrally saturated 

ruthenium complexes to organic substrates,23 and heteroleptic iridium complexes are known to 

undergo energy transfer in bimetallic arrays with ruthenium polypyridyl complexes.24  These 

studies led us to posit that iridium photocatalyst 3-8 could be acting as a triplet sensitizer of 

azide decomposition.25,26  That is, instead of electron transfer from the excited state of 3-8 

(Scheme 3-6, top), a concerted electron exchange could occur between the excited state and 

azide (Scheme 3-6, bottom).  This presumably would afford access to free triplet 

sulfonylnitrenes in a selective manner, thereby avoiding formation of the highly reactive singlet 

sulfonylnitrene state typically formed by classical photochemical methods.27 

 

To ascertain whether the putative nitrene intermediate was of singlet or triplet spin 

multiplicity, experiments probing the stereospecificity of aziridination were executed.  

Specifically, olefin aziridination proceeding via a singlet nitrene should afford stereospecific 

aziridination, whereas a triplet nitrene should undergo non-stereospecific aziridination.28  In the 

event, cis-oct-4-ene (3-47) and trans-oct-4-ene (3-48) were independently subjected to 

photocatalyzed aziridination in the presence of azide 3-5 (eq. 3).  After 7 days, both reactions 

afforded a 75% yield of aziridine 3-49 (d.r. = 2.6:1 trans:cis).  Additionally, both olefins 

underwent gradual equilibration to a 4:1 mixture of trans:cis-oct-4-ene.  This equilibration did not 

occur in the absence of TsN3.  While the involvement of a nitrene radical anion cannot be 

conclusively excluded by these data, the lack of stereospecificity provides evidence against 

formation of a singlet nitrene and appears to be most consistent with reaction of a triplet nitrene. 
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Scheme 3-7. Probing reactivity of the photogenerated intermediate 

 

We surmised that corroborating evidence for the intermediacy of a sulfonyl nitrene could 

be obtained by investigating the decomposition of mesitylsulfonyl azide 3-50 and 

isopropylphenylsulfonyl azide 3-52 (Scheme 3-6).  For instance, free triplet sulfonylnitrene 

intermediate 3-53 should afford benzosultam product 3-55 via hydrogen atom abstraction from 

the proximal isopropyl groups followed by radical rebound in species 3-54.  Indeed, exposure of 

3-50 and 3-52 to the optimized reaction conditions for 7 days afforded benzosultams 3-51 and 

3-55 in moderate yields.  As discussed in Chapter 1, benzosultam product 3-55 is observed 

when the corresponding hypervalent iodonium ylide of 3-52 is reacted in the presence of either 

Rh2(OAc)4 or porphyrin complexes of Fe or Mn; the resulting metallonitrenes are thought to exist 

as ground state triplets.29  Thus, formation of benzosultam products in our chemistry appears 

consistent with a triplet nitrene.  A singlet nitrene is unlikely because the photosensitizer is 

incapable of sensitization from the singlet excited state (S1) due to very rapid (~100 fs) ISC to 

the first triplet excited state (T1).
30  Furthermore, even the energy contained within the incident 

electromagnetic field (450 nm, 64 kcal/mol) is insufficient to access S1 of a sulfonyl azide.  

However, it is important to note that these experiments do not rigorously exclude a nitrene 

radical anion intermediate.31,32 
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3.6 Conclusions 

We have successfully demonstrated photocatalytic aziridination of both aliphatic and 

styrenyl olefins in the presence of aromatic sulfonyl azides.  Significantly, we discovered that the 

olefin could be used as the limiting reagent, an advantage over many metallonitrene-mediated 

aziridination protocols requiring vast excesses of olefin relative to nitrene precursor. 

The data obtained in these studies demonstrate that a nitrogen-centered intermediate is 

generated under mild conditions from a precursor amenable to facile synthetic modification, thus 

allowing for a broad scope of aziridine products.  This intermediate is generated in a selective 

manner, thus avoiding complexities arising from singlet and triplet manifolds typically observed 

in direct photolysis of organic azides.  Decomposition of the sulfonyl azide precursor to the 

intermediate only affords dinitrogen as a byproduct, thereby avoiding formation of stoichiometric 

organic byproduct.  Mechanistic analyses provided strong evidence that this intermediate is a 

free triplet nitrene, though a nitrene radical anion cannot explicitly be excluded.  This discussion 

continues in Chapter 4, where further evidence is provided for a triplet sensitization mechanism. 
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Chapter 4. Visible-Light Sensitization of Vinyl Azides by Transition-Metal 

Photocatalysis 
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4.1 Introduction 

The use of visible light activated transition metal complexes to catalyze synthetically 

useful reactions has received increasing attention over the past few years.1  These new 

methods are attractive both because of the greater operational facility of photoreactions that can 

use visible light instead of high-energy UV light and because of the lower propensity of complex 

organic molecules to undergo photodecomposition under lower-energy visible light irradiation.  

Almost all of these powerful new reactions, both those developed in our laboratory and in 

others’, have involved substrate activation steps that proceed by photoinduced electron transfer 

(PET) from polypyridyl ruthenium or iridium sensitizers. 

The previous chapter described our discovery that visible-light induced 

photosensitization of aromatic sulfonyl azides in the presence of heteroleptic iridium complexes 

afforded efficient aziridination of styrenyl and aliphatic olefins.  As discussed in Section 3.5, we 

obtained substantial evidence supporting the intermediacy of a free nitrene.2,3
  We were 

particularly drawn to nitrenes due to their importance in a wide range of carbon–nitrogen bond-

forming reactions, including several that produce synthetically useful heterocycles such as 

aziridines,4 indoles,5 and pyrroles.6  Traditional methods for accessing nitrenes rely on their 

photochemical generation from azides.  This attractive strategy liberates only dinitrogen as a 

stoichiometric byproduct.7  However, the photolysis of azides with short-wavelength, high-

energy UV light generally results in poor functional group tolerance and competitive 

photodecomposition processes that often diminish the overall yield of these reactions.8  

Therefore, we were interested in further exploring visible light PET as a potentially generalizable 

method for selectively generating nitrenes and harnessing their reactivity under mild conditions. 
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4.2 Reaction Design 

As a test of our hypothesis regarding the role of the photocatalyst as a triplet sensitizer 

of azide decomposition (Chapter 3), we investigated the photocatalytic transformation of dienyl 

azides into pyrroles via a putative free triplet nitrene intermediate (eq. 1).  Driver has reported 

that this overall transformation can be achieved by Lewis acid catalysis, although the method is 

limited to α-azidoesters and does not tolerate strongly Lewis basic substituents.9  The Lewis 

acid-catalyzed reaction was proposed to proceed via a chelate-controlled Schmidt-like 

cyclization that does not involve a discrete nitrene intermediate.  This cyclization reaction thus 

offered an interesting, synthetically valuable benchmark to test our mechanistically distinct ideas 

about photocatalytic activation of azides. 

 

Dienyl azide 4-1 is insufficiently electron-deficient to be easily reduced by either 

ruthenium or iridium photocatalysts.  For example, reduction of 4-1 (E°(RN3/RN•–) = –1.81 V) by 

[Ir(ppy)2(dtbbpy)]+* (E°(Ir4+/3+*) = –0.96 V)10 is endergonic by 850 mV.  On the other hand, we 

calculated that the first electronically excited triplet state of 4-1 (ET = 45.4 kcal/mol)11 was 

energetically well poised for sensitization by the long-lived [Ir(ppy)2(dtbbpy)]+* triplet state  

(ET = 50 kcal/mol).10 

Our initial experiments probing this hypothesis are outlined in Table 4-1.  We began with 

conditions from the photocatalytic aziridination discussed in Chapter 3; MeCN was used in place 

of CH2Cl2 to ensure homogeneity of all sensitizers screened.  In the event, irradiation of a 

degassed solution of 4-1 in MeCN with a blue LED light source in the presence of iridium 

photocatalysts 4-4 and 4-5 resulted in formation of the expected pyrrole 4-3 along with a non-

isolable compound we assigned by 1H NMR as 2H-azirine 4-11.  Analogous azirines have been 

implicated as intermediates in the pyrolytic conversion of styrenyl azides to indoles.12  It should 
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Table 4-1. Initial investigations on triplet sensitization of dienyl azide 4-1 

 

entrya sensitizer (loading) solvent (concentration) time yield 2 (yield 4)b 

1 4-4 (2.5 mol%) MeCN (0.4 M) 1.5 h 11% (32%) 

2 4-5 (2.5 mol%) MeCN (0.4 M) 1.5 h 9% (32%) 

3 4-6 (2.5 mol%) MeCN (0.4 M) 1.5 h 12% (31%) 

4 4-7 (2.5 mol%) MeCN (0.4 M) 1.5 h 9% (22%) 

5 4-8 (2.5 mol%) MeCN (0.4 M) 1.5 h 21% (48%) 

6 4-9 (2.5 mol%) MeCN (0.4 M) 1.5 h 17% (28%) 

7 4-10 (2.5 mol%) MeCN (0.4 M) 1.5 h 25% (39%) 

8 4-10 (2.5 mol%) DMSO (0.4 M) 1.5 h 22% (48%) 

9 4-10 (2.5 mol%) acetone (0.4 M) 1.5 h 21% (41%) 

10 4-10 (2.5 mol%) CH2Cl2
 (0.4 M) 1.5 h 28% (32%) 

11 4-10 (2.5 mol%) CHCl3 (0.4 M) 1.5 h 30% (27%) 

12 4-10 (2.5 mol%) CHCl3 (0.1 M) 1.5 h 34% (24%) 

13 4-10 (2.5 mol%) CHCl3 (0.1 M) 5 h 94% (0%) 

14 4-10 (1 mol%) CHCl3 (0.1 M) 5 h 91% (0%) 

15 none CHCl3 (0.1 M) 5 h 0% (0%) 

16c 4-10 (1 mol%) CHCl3 (0.1 M) 5 h 0% (0%) 

17d 4-10 (1 mol%) CHCl3 (0.1 M) 5 h 73% (12%) 

18e none MeCN (0.1 M) 5 h 49% (0%) 
a
Reactions conducted using 0.25 mmol of 4-1 under air-free conditions with irradiation from a blue LED 

strip unless otherwise noted. 
b
Yields determined by 

1
H NMR analysis using an internal standard. 

c
Reaction conducted in the dark. 

d
Reaction irradiated with a 23 W compact fluorescent lightbulb. 

e
Reaction irradiated at 254 nm in a Rayonet reactor. 
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be noted that these reactions were stopped at partial conversions of 4-1 in order to accurately 

ascertain rates of conversion. 

Given the low yields and sluggish reactivity using the iridium photosensitizers, a series of 

ruthenium polypyridyl photocatalysts (4-6–4-10) was surveyed.  Despite the fact that the excited 

state reduction potentials of the photocatalysts assayed span almost a volt (–0.05 V and –0.94 

V vs. SCE for 4-7 and 4-8, respectively),13 similar levels of conversion to 4-3 were observed in 

each case after 90 min of irradiation (entries 3–7).  This observation would be surprising for a 

mechanism involving photoinduced reduction of 4-1.  On the other hand, it is consistent with a 

triplet energy transfer process, as the excited state triplet energies of these five photocatalysts 

are quite similar (45–47 kcal/mol).14 

We also studied solvent effects on the efficiency of the transformation (entries 7–11) and 

observed little dependence on solvent polarity, as reactions in chloroform (ε = 4.81) and 

acetonitrile (ε = 36.6) gave similar results.  These data, too, support an energy transfer 

mechanism, as charged radical ion intermediates would be strongly destabilized in nonpolar 

media.  We observed a modest increase in conversion upon decreasing the concentration of 4-1 

(entry 12), and extending the reaction time to 5 h provided complete conversion to pyrrole 4-3 

(entry 13), which confirmed that 4-11 is fully converted to 4-3 over the course of the reaction.  

Interestingly, we noted that the conversion of 4-11 to 4-3 proceeds in the absence of light, 

indicating that this transformation is a thermal process.  Lowering the catalyst loading to 1 mol% 

had little effect on the yield of the reaction (entry 14), and under these optimized conditions, we 

observed that irradiation of 4-1 cleanly produced 4-3 in 91% yield after 5 h of irradiation. 

Control experiments demonstrated that both photocatalyst and light are required for 

reaction of 4-1 (entries 15 and 16).  On the other hand, the reaction can be conveniently 

conducted using a variety of visible light sources; while intense blue LED strips provided 

somewhat faster rates, reactions irradiated with household light bulbs nevertheless provide 

good yields (entry 17).  Direct photoreactions of 4-1 using 254 nm UV light suffered from 
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significant photodecomposition, resulting in much lower yields and poor overall mass balance 

(entry 18), verifying our contention that the ability to use visible light in these reactions indeed 

provides a significant synthetic advantage. 

 

4.3 Results and Discussion 

Table 4-2 summarizes our investigations into the scope of this transformation.  Both 

electron-rich and electron-poor aryl substituents can be present on the dienyl unit, and the 

corresponding pyrroles can be isolated in nearly quantitative yields (entries 1–5).  Although 

heterocyclic substituents are not well tolerated under Driver's Lewis acid-catalyzed process, 

these substrates were smoothly transformed to pyrroles 4-19 and 4-21 under our optimized 

conditions.  As expected, aliphatic dienyl azides were compatible with the reaction conditions 

(entries 6–8).  Vinyl substitution was also tolerated, affording 4-27 containing a versatile handle 

for further synthetic elaboration (entry 9).  Tricyclic fused heterocycles were also accessible 

from γ-substituted azidoacrylates (entry 10). 

Dienyl azides lacking an α-ester substituent are also readily transformed into pyrroles 

(entries 11–13).  We found that this class of substrates does not react under the Lewis acid 

catalyzed conditions reported by Driver, even after prolonged reaction times, presumably due to 

the lack of the chelating moiety involved in the Schmidt-type activation of the azide.  

Conversely, 1-azido-4-phenylbutadiene 4-30 smoothly undergoes cyclization to afford pyrrole  

4-31 in excellent yield after 4 h of irradiation. 

Aliphatic dienyl azide 4-32 also underwent cyclization, although the conversion to pyrrole 

was modest after extended irradiation.  We attribute the slow rate of reaction to the higher triplet 

energy of the less conjugated dienyl azide, computed to be 52 kcal/mol.11  This value is 

somewhat higher than the triplet excited state of Ru(dtbbpy)3
2+* (ET = 47 kcal/mol),14 which 

would be consistent with inefficient triplet energy transfer.  On the other hand, the 

[Ir(dF(CF3)ppy)2(dtbbpy)]+ complex (4-5) we found to be optimal for visible light triplet 
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Table 4-2. Pyrrole synthesis substrate scope study 

entry
a
 substrate product time yield 

1  

4-12 

 

4-13 

3 h 99% 

2 
 

4-14 
 

4-15 

4 h 99% 

3 
 

4-16 
 

4-17 

2.5 h 95% 

4  
4-18 

 
4-19 

4 h 98% 

5 
 

4-20 
 

4-21 

3 h 86% 

6  
4-1 

 
4-3 

8 h 93% 

7  
4-22 

 
4-23 

11 h 89% 

8  
4-24 

 
4-25 

14 h 86% 

9  
4-26 

 
4-27 

2 h 89% 

10  
4-28 

 

4-29
 

4 h 96% 

11  
4-30  

4-31 

3 h 92% 

12 
 

4-32  
4-33 

36 h 47% 

13
b 

12 h 70% 

14 
 

4-34 
 

4-35 

12 h 70% 

15 

 
4-36 

 
4-37 

20 h 75% 

a
Data represent the averaged isolated yields from two reproducible experiments. 

b
Conducted using 

[Ir(dF(CF3)ppy)2(dtbbpy)](PF6) 4-5 (1 mol%) as photocatalyst. 
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sensitization of styrenes2a has a significantly higher-energy triplet state (ET = 61 kcal/mol),10 and 

using this photocatalyst, we could isolate the cyclized pyrrole product in 70% yield after 12 h. 

Furthermore, sensitization of aryl azides proceeded smoothly to afford indoles (entries 

14–15).  This is noteworthy because direct photolysis of aryl azides in solution at room 

temperature produces a singlet nitrene that typically undergoes rapid rearrangement to the 

corresponding non-isolable didehydroazepine.15,16  Indeed, direct irradiation of 4-36 at 350 nm 

resulted in complete consumption of the starting azide within 1 h but produced only 51% yield of 

indole 4-37 as a part of a complex, inseparable mixture. 

Scheme 4-1. 2H-Azirine trapping experiment in the presence of cyclopentadiene 

 

We were intrigued by the appearance of transitory intermediate 4-11 at partial 

conversions of dienyl azide 4-1.  We assigned the structure of this intermediate as azirine 4-11 

based upon analogy to the photochemical production of azirines by UV irradiation of β-styrenyl 

azides.12  The identity of 4-11 was confirmed by adding 1 equiv. of cyclopentadiene to a 

photocatalytic transformation of 4-1, which produced the hetero-Diels–Alder cycloadduct 

expected from interception of the highly reactive C=N moiety in 71% isolated yield and as a 

single diastereomer.  Notably, this trapping experiment, too, is markedly more efficient under 

photocatalytic conditions; the same experiment conducted by direct UV photolysis at 254 nm 

produced only 40% of the trapped hetero-Diels–Alder cycloadduct along with inseparable 

decomposition products. 
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Scheme 4-2. Isolation and manipulation of 2H-azirine 4-40 

 

The azirine can be produced in high yields in cases where subsequent ring expansion to 

the five-membered heterocycle is prohibited.  For example, irradiation of the aryl-substituted 

vinyl azide 4-39 in the presence of photocatalyst 4-5 generated azirine 4-40 in 90% yield.  While 

4-11 is not amenable to isolation due to facile reactivity with molecular oxygen, 4-40 was 

obtained as a bench-stable white solid. 

However, like 4-11, most azirines are engage in a wide range of transformations due to 

their high ring strain (~26 kcal/mol), a reactive π-bond, and their propensity to undergo ring 

cleavage.  Indeed, cleavage of the weaker σ C-N bond can afford vinyl nitrenes, iminocarbenes, 

or nitrile ylides.17  As such, azirines can be used in the synthesis of myriad heterocyclic 

compounds.  Hetero-Diels–Alder cycloaddition with cyclopentadiene to afford cycloadduct 4-41 
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is rapid and high-yielding.  To highlight the utility of azirines generated under photocatalyzed 

azide decomposition, we converted 4-40 to a variety of other aziridines by addition of 

nucleophiles and radicals to the C=N bond (4-42, 4-43 and 4-44). Finally, we found that 4-40 

can be easily converted to highly substituted pyrrole 4-45 by reaction with a stabilized 

phosphonium ylide. 

 

4.4 Mechanistic Studies and Considerations 

4.4.1 Sensitization of Vinyl Azides 

Having established a broad substrate scope for the visible light-mediated sensitization of 

azidoacrylates, we sought to further understand the mechanism by which the reaction proceeds.  

An important consideration is the observation of 2H-azirine 4-11 by 1H NMR spectroscopy, as 

this suggests the azirine is an intermediate in the formation of pyrrole 4-3.  The question of how 

azirine 4-11 is generated from the lowest triplet excited state of 4-1 presents two possibilities as 

shown in Scheme 4-3, namely Path A (extrusion of nitrogen to generate a triplet vinyl nitrene 

followed by cyclization) or Path B (concerted rearrangement with loss of nitrogen). 

Scheme 4-3. Pathways for generation of azirine 4-11 

 

Early studies of L’abbé and Mathys provided support for concerted rearrangement to 

give 4-11, though the authors noted that formation of a discrete triplet vinyl nitrene intermediate 

could not explicitly be excluded.12  At the time of these studies, triplet vinyl nitrenes had never 

been observed, and thus concerted rearrangement was much more widely accepted.  Recently, 



108 
 

however, Gudmonsdottir provided solution phase IR, UV-Vis, and EPR data consistent with the 

existence of triplet vinyl nitrenes.18a  Subsequent studies demonstrated direct observation of 

triplet vinyl nitrenes in glassy matricies.18b  Given the confirmed existence of triplet vinyl nitrenes, 

it appears that both pathways in Scheme 4-3 are equally plausible. 

Scheme 4-4. Pathways for conversion of azirine 4-11 to pyrrole 4-3 

 

The transformation of azirine 4-11 to pyrrole 4-3 is also of interest.  This could occur by 

suprafacial [1,3]-sigmatropic alkyl shift to give 4-47 followed by a [1,5]-hydrogen shift to afford 

pyrrole 4-3 (Path A).  Alternatively, energy transfer from the ruthenium sensitizer to 4-11 could 

produce triplet nitrene 4-2, a resonance structure of which is iminyl biradical 4-48 (Path B); 

radical cyclization of 4-48 would afford species 4-47.  Path B is effectively ruled out by the 

observation that conversion of 4-11 to 4-3 is a thermal process; ISC from singlet azirine 4-11 to 

triplet vinylnitrene 4-2 is thermally disallowed, as a spin flip would have to occur.  Given that the 

conversion of 4-11 to 4-3 is a thermal process, Path C can be envisioned, wherein C-N bond 

cleavage of 4-11 produces singlet vinyl nitrene 4-49 followed by nitrene insertion into the  C-H 

bond of the diene.  This seems unlikely given that the ground state of vinylnitrenes is the triplet, 

with the first singlet state lying 15 kcal/mol higher in energy, a prohibitive energy barrier for a 
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room-temperature rearrangement.  However, rigorous quantum mechanical calculations on 

dienylnitrenes have not been performed, and these species have not been characterized.  Thus 

Path C cannot be rigorously excluded based solely on analogy to vinylnitrenes.  Even with these 

considerations, Path A appears most likely. 

 

4.4.2 Sensitization of Aryl Azides 

We surmised that an arylnitrene could be trapped in an intramolecular sense by 

photocatalytic activation of azidonaphthalene 4-50 (eq. 3).  Unlike substrates 4-34 and 4-36,  

4-50 possesses a discontinuous π spin system between the naphthalene and allyl moieties, 

thereby precluding an electrocyclization mechanism by which rearrangement would follow 

sensitization.  Therefore, observation of aziridine 4-52 necessarily demands a mechanism 

involving the intramolecular trapping of photogenerated triplet nitrene 4-51 by the pendant 

olefin.  We calculated the triplet excited state energy of 4-50 to be 62.0 kcal/mol,11 suggesting 

that 4-50 could be efficiently sensitized by iridium photocatalyst 4-5.  Indeed, visible light 

irradiation of 4-50 for 5 h in the presence of this Ir complex resulted in the clean production of 

aziridine 4-52, thus providing substantive evidence for the intermediacy of a triplet nitrene and 

validating the hypotheses presented in this and the previous chapter. 

 

Scheme 4-5 outlines our working mechanism for the photocatalytic generation of pyrrole 

4-3. Irradiation of Ru(dtbbpy)3
2+ with visible light at 452 nm produces its long-lived excited state; 

exergonic energy transfer to dienyl azide 4-1 produces excited triplet azide 4-46.  Azide 4-46 

can either expel dinitrogen to afford azirine 4-11 directly or can expel dinitrogen to give free 
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nitrene 4-2 that undergoes ISC to 4-11.  Slow but high-yielding rearrangement of 4-11 produces 

pyrrole 4-3. 

Scheme 4-5. Energy transfer mechanism from [Ru] sensitizer to azidoacrylates 

 

4.4.3 Photophysical Considerations 

Up to this point, triplet sensitization has been presented as a mechanism by which a 

photosensitizer with a given triplet state can, upon excitation, transfer its energy to a substrate 

having a triplet state of similar energy.  However, this notion is not rigorously correct.  As shown 

in the Jablonski diagram presented in Scheme 4-6, photocatalyst excitation occurs when light 

having energy equal to the S0-S1 gap interacts with the photocatalyst. 

  



111 
 

Scheme 4-6. Jablonski diagram for triplet energy transfer 

 

Specifically, the oscillating electromagnetic (EM) field of light is comprised of oscillating 

dipolar electric and magnetic force fields.  When electrons in a molecule (a given photocatalyst, 

for this discussion) possess a resonance oscillation frequency (v) that corresponds to a 

resonance oscillation frequency of an oscillating electric diplole (photon) in the electromagnetic 

field, the resonance condition (E = hv) for absorption is obeyed.  This induces an exchange of 

energy from the electromagnetic field with the electrons of the photocatalyst, thus driving the 

electrons of the photocatalyst into oscillation and producing the first singlet excited state (S1).
19  

Due to significant spin-orbit coupling resulting from the interaction between the d orbitals on Ru 

and the appropriate ligand π orbitals, intersystem crossing (ISC) is extremely rapid (<100 fs)20 

and produces the first triplet state in near quantitative quantum yield.  In the absence of a 

quencher (dienyl azide substrate, in this case), radiative relaxation to the ground state 

(phosphorescence) will occur.  However, in the presence of a quencher (dienyl azide) having a 

triplet state closely matched in energy to that of [Ru], energy from the visible portion of the EM 

field is harnessed by the ruthenium photocatalyst and transferred to the quencher. 

The photocatalyst is required because direct transfer of energy from the EM field to the 

dienyl azide is not possible due to the high-lying S1 state (dienyl azide λmax = 291 nm).  

Furthermore, the S0→T1 transition is spin-forbidden by quantum mechanics, and thus the 
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extinction coefficient (εA) for this transition is small.  This fact leads to an important conclusion 

regarding the mechanism for coupled transition.  Indeed, one could imagine that emission of a 

photon from [Ru] T1 could be used to directly excite the dienyl azide (S0→T1).  However, this is 

effectively ruled out as a possible mechanism because of the direct proportionality between the 

spectral overlap integral and εA.  Another potential mechanism for triplet-triplet energy transfer 

involves dipole-dipole energy transfer (Förster resonance energy transfer), in which the requisite 

resonance condition is achieved via through-space overlap of the dipolar electric fields of [Ru]2+* 

and the dienyl azide.  This mechanism, too, is ruled out because S0→T1 transitions have very 

small oscillator strengths, and thus, very small transition dipoles.  As such, dipolar coupling 

between [Ru]2+* and the dienyl azide will be weak. 

Given the infeasibility of the aforementioned mechanisms operating via through-space 

interactions, a final mechanism for triplet-triplet energy transfer involves direct orbital overlap 

between [Ru]2+* and the dienyl azide.  While it has been demonstrated in this and the previous 

chapter that full electron transfer (charge transfer) from sensitizer to substrate is not plausible, 

an induced electron exchange interaction between [Ru]2+* and the dienyl azide (Dexter energy 

transfer) appears completely feasible given the computational data for a close match between 

[Ru]2+* T1 and dienyl azide T1.  This “close match” implies that the energies of the 

photosensitizer HOMO and LUMO as well as the energies of the substrate sensitizer HOMO 

and LUMO are of similar energy, a necessary requirement for exergonic electron exchange to 

occur. 

 

4.5 Conclusions 

We have demonstrated that photocatalytic activation of aryl and vinyl azides with visible 

light provides a convenient method to access the chemistry of nitrenes.  Indeed, one of the most 

intriguing implications of these investigations is the possibility that visible light photocatalysis 

might provide a convenient method to access all of the diverse reactivity of free nitrenes under 
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exceptionally mild conditions.  The ability to use low-energy visible light in this application 

minimizes complications arising from photodecomposition and thus provides uniformly higher 

yields than direct photoexcitation with UV light.  In addition, the methodologies developed in this 

and the previous chapter allow for the efficient transfer of energy from the EM field of light to an 

organic substrate.  This notion carries powerful implications for the re-investigation of 

transformations requiring UV-irradiation as well as the development of novel reactions for which 

redox operations are infeasible. 
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4.6 Experimental 

4.6.1. General Information 

Dichloromethane, tetrahydrofuran, diethyl ether, toluene, and acetonitrile were dried by 

passage through columns of activated alumina.  HPLC grade CHCl3 was washed with 1 M 

NaOH and deionized H2O, passed through a column of activated, basic Brockmann I Al2O3, and 

fractionally distilled from K2CO3 immediately prior to use.  Irradiations were performed using a 1 

W blue light-emitting diode (LED) strip (λ = 465-470 nm) purchased from Creative Lighting 

Solutions.  Chromatography was performed with Purasil 60 Å silica gel (230–400 mesh).  1H and 

13C NMR data for all previously uncharacterized compounds were obtained using Varian Inova-

500 and Bruker-500 spectrometers and are referenced to TMS (0.00 ppm) or residual protio 

solvent signal.  IR spectral data were obtained using a Bruker Vector 22 spectrometer (thin film 

on NaCl).  Melting points were obtained using a Mel-Temp II (Laboratory Devices, Inc., USA) 

melting point apparatus.  Mass spectrometry was performed with a Micromass LCT 

(electrospray ionization, time-of-flight analyzer or electron impact).  These facilities are funded 

by the NSF (CHE-9974839, CHE-9304546) and the University of Wisconsin. 

The catalyst complexes [Ir(dF(CF3)ppy)2(dtbbpy)](PF6)
10 and Ru(dtbbpy)3(PF6)2

14 were 

prepared according to literature procedures. Compounds 4-12, 4-14, 4-16, 4-18, and 4-39 were 

prepared as described by Seeberger,21 and compound 4-34 was prepared according to a 

procedure reported by Driver.22  Compounds 4-41 and 4-44 were prepared according to 

Gilchrist23 and Lemos,24 respectively. 
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4.6.2. Synthesis of Cyclization Substrates 

(2Z,4E)-Methyl 2-azidohexa-2,4-dienoate (4-1).  Prepared using a 

modification of the procedure reported by Driver.9  To a 100 mL round 

bottomed flask that had been flame-dried under high vacuum and purged with N2 was added 

THF (14 mL) and hexamethyldisilazane (4.84 g, 30.0 mmol).  The mixture was cooled to 0 °C 

after which sec-BuLi (24.0 mL of a 1.37 M solution in cyclohexane, 32.8 mmol) was added 

slowly.  (Note: we found that use of n-BuLi led to formation of significant amounts of the butyl 

ester ((2Z,4E)-butyl 2-azidohexa-2,4-dienoate), and purification of the desired product away 

from the butyl ester derivative was very difficult).  To ensure quantitative deprotonation, the 

reaction was stirred at 0 °C for an additional 10 min and thereafter cooled to –78 °C.  After 10 

min at –78 °C, a solution of freshly distilled crotonaldehyde (2.00 g, 28.5 mmol) in methyl 

azidoacetate (13.1 g, 114.1 mmol) was added dropwise over 1 h.  Throughout the addition, a 

thick, dark sludge formed and continuous, vigorous stirring was required to achieve acceptable 

yields.  Subsequently, the reaction was warmed to –10 °C and stirred until complete 

consumption of crotonaldehyde was observed (2 h).  Thereafter, the mixture was warmed to rt 

and stirred for 2 h.  At this time, the reaction was diluted with Et2O (20 mL) and quenched via 

the slow addition of H2O (20 mL).  The organic layer was separated, and the aqueous layer was 

extracted with Et2O (2 x 30 mL).  The organic layers were combined and washed with H2O (2 x 

30 mL), brine (1 x 30 mL), dried over Na2SO4, filtered, and the volatiles were removed in vacuo 

to give a brown oil that was purified via flash column chromatography using a solvent gradient 

(99:1 to 24:1 hexanes:EtOAc) to afford the product (1.45 g, 8.66 mmol, 30% yield) as a pale 

yellow oil.  Spectral data were in complete agreement with reported values.9 

(2Z,4E)-Methyl 2-azido-5-(pyridin-3-yl)penta-2,4-dienoate (Table 4-2, 

entry 5, 4-20).  Prepared according to the procedure of Seeberger.21 A 

flame-dried 50 mL round bottomed flask under an atmosphere of N2 was charged with trans-3-
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(3-pyridyl)acrolein (500 mg, 3.76 mmol), dry MeOH (5.3 mL), and methyl azidoacetate (1080 

mg, 9.39 mmol).  The solution was cooled to –15 °C, and after 10 min, a solution of NaOMe 

(freshly prepared from 216 mg Na (9.39 mmol) in 5.3 mL MeOH) was added dropwise over 20 

min.  The reaction was stirred at –15 °C for an additional 90 min, then slowly warmed to 4 °C 

and stirred for 12 h.  Subsequently, the heterogeneous mixture was poured into ice-cold 

saturated aqueous NH4Cl (15 mL).  The resulting precipitate was isolated on a fritted funnel and 

washed with deionized H2O until the filtrate came through clear.  The beige solid was dissolved 

in CH2Cl2 and dried over Na2SO4.  The organic solution was filtered, and the volatiles were 

removed in vacuo to give a residue that was purified by flash column chromatography using a 

solvent gradient (1:1 to 1:2 hexanes:EtOAc) to afford the title compound (455 mg, 1.98 mmol, 

52% yield) as a pale yellow solid (mp = 99.7–100.4 °C).  IR (neat) 2115, 1705, 1598, 1438, 

1374, 1248, 971 cm–1. 1H NMR: (500.2 MHz, CDCl3) δ 8.66 (d, J = 1.8 Hz, 1H), 8.52 (dd, J = 

4.8, 1.6 Hz, 1H), 7.82 (app dt, J = 8.0, 1.8 Hz, 1H), 7.29 (dd, J = 8.1, 4.9 Hz, 1H), 7.22 (dd, J = 

15.9, 11.2 Hz, 1H), 6.78 (d, J = 15.9 Hz, 1H), 6.74 (dd, J = 11.2, 0.9 Hz, 1H), 3.89 (s, 3H); 13C 

NMR: (125.8 MHz, CDCl3) δ 163.4, 149.7, 149.2, 134.8, 133.1, 132.1, 126.7, 125.9, 124.1, 

123.6, 52.8; HRMS (EI) calculated for [C11H10N4O2]
+ requires m/z 230.0804, found m/z 202.0737 

([M-N2]
+, requires m/z 202.0742). 

(2Z,4E)-Methyl 2-azido-6-methylhepta-2,4-dienoate (Table 4-2, entry 7, 4-

22).  Prepared in a similar manner to (2Z,4E)-methyl 2-azidohexa-2,4-

dienoate 1 using (E)-4-methylpent-2-enal (980 mg, 10.0 mmol),25 methyl azidoacetate (4.60 g, 

40.0 mmol), hexamethyldisilazane (1.69 g, 10.5 mmol), sec-BuLi (8.38 mL of a 1.37 M solution 

in cyclohexane, 11.5 mmol), and THF (5.0 mL).  Purified via flash column chromatography using 

a solvent gradient (99:1 to 24:1 hexanes:EtOAc) to afford the product (683 mg, 3.50 mmol, 35% 

yield) as a pale yellow oil.  IR (neat) 2122, 1714, 1673, 1374, 1271, 1231 cm–1. 1H NMR: (500.2 

MHz, CDCl3) δ 6.58 (d, J = 11.0 Hz, 1H), 6.39 (ddd, J = 15.4, 11.2, 1.4 Hz, 1H), 6.04 (ddd, J = 
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15.4, 6.8, 0.7 Hz, 1H), 3.84 (s, 3H), 2.44 (d of septets, J = 6.8, 1.3 Hz, 1H), 1.05 (d, J = 6.8 Hz, 

6H); 13C NMR: (125.8 MHz, CDCl3) δ 162.8, 149.6, 127.0, 122.8, 120.4, 51.5, 30.8, 20.8; HRMS 

(EI) calculated for [C9H13N3O2]
+ requires m/z 195.1008, found m/z 167.0941 ([M-N2]

+, requires 

m/z 167.0946). 

(2Z,4E)-Methyl 2-azido-6,6-dimethylhepta-2,4-dienoate (Table 4-2, entry 

8, 4-24).  Prepared in a similar manner to (2Z,4E)-methyl 2-azidohexa-2,4-

dienoate 1 using (E)-4,4-dimethylpent-2-enal (650 mg, 5.79 mmol),25 ethyl azidoacetate (2.67 g, 

23.2 mmol), hexamethyldisilazane (0.982 g, 6.08 mmol), sec-BuLi (4.86 mL of a 1.37 M solution 

in cyclohexane, 6.66 mmol), and THF (2.9 mL).  Purified via flash column chromatography using 

a solvent gradient (99:1 to 24:1 hexanes:EtOAc) to afford the product (376 mg, 1.79 mmol, 31% 

yield) as a pale yellow oil.  IR (neat) 2126, 1717, 1689, 1498, 1442, 1239 cm–1. 1H NMR: (500.2 

MHz, CDCl3) δ 6.59 (dd, J = 11.0, 0.5 Hz, 1H), 6.36 (dd, J = 15.5, 10.9 Hz, 1H), 6.07 (dd, J = 

15.5, 0.6 Hz, 1H), 3.84 (s, 3H), 1.07 (s, 9H); 13C NMR: (125.8 MHz, CDCl3) δ 162.8, 153.4, 

127.3, 122.9, 118.3, 51.5, 33.2, 28.1; HRMS (EI) calculated for [C10H15N3O2] requires m/z 

209.1164, found m/z 209.1159. 

(2Z,4E)-Methyl 2-azidohepta-2,4,6-trienoate (Table 4-2, entry 9, 4-26).  A 

flame-dried 50 mL round bottomed flask under an atmosphere of N2 was 

charged with (E)-penta-2,4-dienal (600 mg, 7.31 mmol),26 dry MeOH (10.3 mL), and methyl 

azidoacetate (2103 mg, 18.3 mmol).  The solution was cooled to –15 °C, and after 10 min, a 

solution of NaOMe (freshly prepared from 420 mg Na (18.3 mmol) in 10.3 mL MeOH) was 

added dropwise over 20 min.  The reaction was stirred at –15 °C for an additional 90 min, then 

slowly warmed to 4 °C and stirred for 12 h.  Subsequently, the heterogeneous mixture was 

poured into ice-cold saturated aqueous NH4Cl (25 mL) and extracted with EtOAc (3 x 40 mL).  

The organic layer was dried over Na2SO4, filtered, and the volatiles were removed in vacuo.  

The resulting residue was purified via flash column chromatography (99:1 hexanes:EtOAc) to 
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afford the trienyl azide (458 mg, 2.56 mmol, 35% yield) as a yellow oil that was used 

immediately.  IR (neat) 2124, 1714, 1684, 1438, 1368, 1234 cm–1. 1H NMR: (499.8 MHz, C6D6) 

δ 6.56 (ddd, J = 14.9, 11.4, 0.5 Hz, 1H), 6.46 (d, J = 11.4 Hz, 1H), 6.19 (dtd, J = 17.0, 10.8, 0.5 

Hz, 1H), 6.07 (ddd, J = 14.7, 10.9, 0.5 Hz, 1H), 5.07 (ddd, J = 16.9, 1.4 Hz, 1H), 4.99 (dd, J = 

10.8, 1.3 Hz, 1H), 3.25 (s, 3H); 13C NMR: (125.7 MHz, C6D6) δ 162.9, 139.3, 136.7, 126.6, 

126.1, 125.9, 120.7, 51.7; HRMS (EI) calculated for [C8H9N3O2]
+ requires m/z 179.0695, found 

m/z 151.0628 ([M-N2]
+, requires m/z 151.0633). 

3,4-Dihydronaphthalene-2-carbaldehyde (4-53).  Prepared according to the 

procedure of Mock and Tsou.27  To a 250 mL round bottomed flask that had 

been flame-dried under high vacuum and purged with N2 was added distilled triethyl 

orthoformate (6.72 g, 45.4 mmol), which was then cooled to –30 °C.  Subsequently, a solution of 

BF3·Et2O (7.73 g, 54.5 mmol) in CH2Cl2 (23 mL) was added dropwise over 20 min.  The 

resulting slurry was stirred at –30 °C for an additional 5 min then warmed to 0 °C for 15 min.  

The solution was thereafter cooled to –78 °C and α-tetralone (3.32 g, 22.7 mmol) was added 

dropwise over 5 min followed by dropwise addition of diisopropylethylamine (8.80 g, 68.1 mmol) 

over 30 min.  The reaction was then warmed to –20 °C and stirred for 30 min and slowly 

warmed to –10 °C over 90 min.  Thereafter, the reaction was poured into saturated aqueous 

NaHCO3 (250 mL) and CH2Cl2 (150 mL) was added followed by vigorous stirring for 10 min.  

The resulting layers were separated, and the organic layer was washed with cold, 0.5 M H2SO4 

(1 x 50 mL) and cold H2O (1 x 50 mL) and dried over Na2SO4.  The organic layer was filtered, 

and the volatiles were removed in vacuo to afford a viscous, orange oil that was purified by 

Kugelrohr distillation (0.05 Torr, 200 °C glass oven temperature) to give 2-(diethoxymethyl)-3,4-

dihydronaphthalen-1(2H)-one (5.24 g, 21.1 mmol, 93% yield) as a clear oil whose spectral data 

matched the reported literature values.28  A dry 250 mL round bottomed flask equipped with an 

addition funnel was charged with 2-(diethoxymethyl)-3,4-dihydronaphthalen-1(2H)-one (3.20 g, 
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12.9 mmol) and EtOH (25 mL).  The mixture was cooled to 0 °C, and then a solution of NaBH4 

(1.71 g, 45.1 mmol) in EtOH (55 mL) was added dropwise over 10 min.  The reaction was 

heated to 80 °C and stirred for 30 min.  Thereafter, the mixture was cooled to 0 °C and 6 M HCl 

was added dropwise over 20 min until H2 evolution had ceased and the solution achieved a pH 

of 1. Subsequently, the reaction was heated to 80 °C and stirred for 4 h. At this time, the 

solution was cooled to rt and poured into brine (300 mL). EtOAc (150 mL) was added, and the 

organic layer was separated and washed with brine (1 x 50 mL), dried over Na2SO4, filtered, 

and the volatiles were removed in vacuo to afford a crude orange oil.  Purification by flash-

column chromatography on silica (9:1 hexanes:EtOAc) afforded the carbaldehyde (682 mg, 4.31 

mmol, 33% yield over two steps) as a pale yellow oil.  Spectral data were in complete 

agreement with previously reported values.29 

(Z)-Methyl 2-azido-3-(3,4-dihydronaphthalen-2-yl)acrylate (Table 4-2, 

entry 10, 4-28).  Prepared in a similar manner to (2Z,4E)-methyl 2-azido-5-

(pyridin-3-yl)penta-2,4-dienoate 4-20 using 3,4-dihydronaphthalene-2-carbaldehyde 4-53 (600 

mg, 3.79 mmol), MeOH (5.3 mL), methyl azidoacetate (1091 mg, 9.49 mmol), and a solution of 

NaOMe (prepared from 218 mg Na (9.48 mmol) in 5.3 mL MeOH).  The resulting residue was 

purified by flash-column chromatography using a solvent gradient (9:1 to 7:1 hexanes:EtOAc) to 

afford the title compound (534 mg, 2.09 mmol, 55% yield) as a pale yellow solid (mp = 62.6–

64.0 °C). IR (neat) 2122, 1717, 1672, 1354, 1231 cm–1. 1H NMR: (499.8 MHz, CDCl3) δ 7.14 (m, 

4H), 6.88 (s, 1H), 6.66 (s, 1H), 3.88 (s, 3H), 2.85 (m, 2H), 2.80 (m, 2H); 13C NMR: (125.7 MHz, 

CDCl3) δ 164.3, 136.0, 135.0, 134.8, 133.8, 128.5, 127.8, 127.4, 126.7, 123.9, 52.9, 27.9, 25.6; 

HRMS (EI) calculated for [C14H13N3O2]
+ requires m/z 255.1003, found m/z 255.1002. 

((1E,3E)-4-azidobuta-1,3-dien-1-yl)benzene (Table 4-2, entry 11, 4-30).  

Prepared according to the procedure of Guo.30  A 25 mL round bottomed flask 

was charged with anhydrous CuSO4 (42.5 mg, 0.267 mmol) and sodium azide (208 mg, 3.19 
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mmol).  Then MeOH (8.0 mL) was added followed immediately by ((1E,3E)-4-phenylbuta-1,3-

dien-1-yl)boronic acid (463 mg, 2.66 mmol).31 The heterogeneous brown solution was vigorously 

stirred open to the atmosphere for 18 h.  Thereafter, the volatiles were removed in vacuo, and 

the crude residue was dissolved in CH2Cl2 and filtered through a pad of silica (1:1 

hexanes:EtOAc).  The volatiles were removed in vacuo to give a dark yellow oil that was purified 

via flash column chromatography on silica (20:1 hexanes:EtOAc) to afford the product (163 mg, 

0.95 mmol, 36% yield) as a pale yellow solid (mp = 51.4–53.1 °C).  IR (neat) 2102, 1346, 1264, 

976, 907 cm–1. 1H NMR: (500.2 MHz, CDCl3) δ 7.41-7.36 (m, 2H), 7.35-7.29 (m, 2H), 7.26-7.20 

(m, 1H), 6.70 (ddd, J = 15.4, 10.9, 0.6 Hz, 1H), 6.49 (dd, J = 15.6, 0.7 Hz, 1H), 6.25 (dd, J = 

13.3, 0.7 Hz, 1H), 6.12 (ddd, J = 13.2, 10.8, 0.8 Hz, 1H); 13C NMR: (125.8 MHz, CDCl3) δ 137.1, 

131.5, 129.1, 128.7, 127.5, 126.1, 124.9, 120.7; HRMS (EI) calculated for [C10H9N3]
+ requires 

m/z 171.0796, found m/z 143.0730 ([M-N2]
+, requires m/z 143.0735). 

2-((1E,3E)-Dodeca-1,3-dien-1-yl)benzo[d][1,3,2]dioxaborole (4-54).  To a 25 mL round 

bottomed flask with a stir bar that had been flame-dried 

under high vacuum and purged with N2 was added (E)-

dodec-3-en-1-yne (1.39 g, 8.46 mmol).32,33  To the stirred compound was added freshly distilled 

catecholborane34 (1.02 g, 8.46 mmol) over 5 min.  Thereafter, the reaction was heated to 70 °C 

and stirred for 3 h, resulting in the formation of a dark brown oil.  After cooling the mixture to rt, 

the crude oil was purified by Kugelrohr distillation at 0.05 Torr (impurity collected at 50–80 °C, 

product distilled at 132 °C) to afford the title compound (1.74 g, 6.12 mmol, 72% yield) as a 

clear oil.  IR (neat) 2937, 2856, 2379, 2345, 1649, 1455, 1136, 1002 cm–1.  1H NMR: (500.2 

MHz, CDCl3) δ 7.34 (dd, J = 17.7, 10.4 Hz, 1H), 7.21 (app dd, J = 5.8, 3.3 Hz, 2H), 7.07 (app 

dd, J = 5.8, 3.3 Hz, 2H), 6.26 (dd, J = 15.2, 10.5 Hz, 1H), 6.06 (dt, J = 14.7, 7.1 Hz, 1H), 5.75 (d, 

J = 17.7 Hz, 1H), 2.17 (dt, J = 7.9, 7.7 Hz, 2H), 1.44 (tt, J = 7.9, 7.6 Hz, 2H), 1.29 (m, 10H), 0.89 

(t, J = 6.8 Hz, 3H); 13C NMR: (125.8 MHz, CDCl3) δ 152.9, 148.3, 142.0, 132.1, 122.5, 112.2, 



121 
 

32.8, 31.8, 29.4, 29.2, 29.2, 28.9, 22.7, 14.1; HRMS (EI) calculated for [C18H25BO2]
+ requires 

m/z 284.1948, found m/z 284.1979. 

(1E,3E)-Dodeca-1,3-dien-1-ylboronic acid (4-55).  A 50 mL 

round bottomed flask was charged with 2-((1E,3E)-dodeca-1,3-

dien-1-yl)benzo[d][1,3,2]dioxaborole 4-54 (1.74 g, 6.12 mmol).  Cold H2O (29.2 mL) was added 

over 5 min, and the resulting heterogeneous mixture was vigorously stirred at rt for 2 h.  The 

white precipitate that formed was isolated on a 15 mL medium fritted glass funnel, washed with 

copious H2O, and air-dried for 15 min to afford the title compound (1.10 g, 5.25 mmol, 86% 

yield) as a white solid (mp = 88.3–90.2 °C).  IR (neat) 2927, 2853, 2360, 2344, 1648, 1455, 

1136, 1001 cm–1. 1H NMR: (500.2 MHz, (CD3)2CO) δ 6.95 (dd, J = 17.6, 10.3 Hz, 1H), 6.66 (s, 

2H), 6.13 (ddd, J = 15.1, 10.3, 0.7 Hz, 1H), 5.84 (dt, J = 14.7, 7.2 Hz, 1H), 5.44 (d, J = 17.6 Hz, 

1H), 2.11 (dtd, J = 7.7, 7.3, 1.1 Hz, 2H), 1.41 (tt, J = 7.9, 7.5 Hz, 2H), 1.30 (m, 10H), 0.88 (t, J = 

6.9 Hz, 3H); 13C NMR: (125.8 MHz, (CD3)2CO) δ 149.3, 139.3, 134.6, 34.1, 33.5, 30.8, 30.7, 

24.2, 15.2; HRMS (EI) calculated for [C12H23BO2]
+ requires m/z 210.1791, found m/z 210.1779. 

(1E,3E)-1-Azidododeca-1,3-diene (Table 4-2, entries 12-13, 4-32).  

A 25 mL round bottomed flask was charged with anhydrous CuSO4 (76.6 mg, 0.480 mmol) and 

sodium azide (374 mg, 5.76 mmol).  Then MeOH (14.4 mL) was added followed immediately by 

(1E,3E)-dodeca-1,3-dien-1-ylboronic acid 4-55 (1009 mg, 4.80 mmol).  The heterogeneous 

brown solution was stirred vigorously open to the atmosphere for 12 h.  Thereafter, the volatiles 

were removed in vacuo and the crude residue was dissolved in CH2Cl2 and filtered through a 

pad of silica (1:1 hexanes:EtOAc).  The volatiles were removed in vacuo and the residue was 

purified via flash column chromatography on silica (hexanes) to afford the title compound (318 

mg, 1.53 mmol, 32% yield) as a pale yellow oil.  IR (neat) 2102, 1651, 1611, 1457, 972 cm–1. 1H 

NMR: (499.8 MHz, C6D6) δ 5.85 (dd, J = 13.2, 11.0 Hz, 1H), 5.75 (ddt, J = 15.0, 10.8, 1.3 Hz, 

1H), 5.45 (d, J = 13.2 Hz, 1H), 5.39 (dt, J = 14.6, 7.1 Hz, 1H), 1.96 (dtd, J = 7.9, 7.3, 1.3 Hz, 



122 
 

2H), 1.27 (m, 12H), 0.91 (t, J = 6.9 Hz, 3H); 13C NMR: (125.7 MHz, C6D6) δ 133.9, 126.7, 126.4, 

120.6, 32.8, 32.0, 29.6, 29.4, 29.3, 29.3, 22.8, 14.1; HRMS (EI) calculated for [C12H21N3]
+ 

requires m/z 207.1735, found m/z 179.1669 ([M-N2]
+, requires m/z 179.1674). 

(E)-1-Styrylnaphthalen-2-amine (4-56).  To a 100 mL round bottomed flask was 

added 1-bromonaphthalen-2-amine (500 mg, 2.25 mmol),35 trans-2-

phenylvinylboronic acid (500 mg, 3.38 mmol), K2CO3 (1245 mg, 9.01 mmol), and 

Pd(PPh3)4 (260 mg, 0.225 mmol).  The system was equipped with a reflux condenser, 

evacuated, and purged with N2 before adding toluene (23 mL), EtOH (9 mL), and H2O (4.5 mL).  

The reaction was heated to 100 °C and refluxed for 72 h.  Thereafter, the reaction was cooled to 

rt and diluted with H2O (30 mL) and CH2Cl2 (30 mL).  The organic layer was separated, and the 

aqueous layer was extracted with CH2Cl2 (2 x 30 mL).  The combined organic layers were 

washed with H2O (1 x 30 mL) and brine (1 x 30 mL), dried over Na2SO4, filtered, and 

concentrated in vacuo.  The crude residue was purified via flash column chromatography on 

silica using a solvent gradient (20:1 to 10:1 hexanes:EtOAc) to afford the title compound (359 

mg, 1.46 mmol, 65% yield) as a bright yellow solid (mp = 74.9–76.5 °C).  IR (neat) 3448, 3377, 

3055, 3023, 2361, 2339, 1618, 1512, 1394, 1280, 1146 cm–1. 1H NMR: (500.0 MHz, CDCl3) δ 

7.92 (d, J = 8.6 Hz, 1H), 7.71 (d, J = 8.0 Hz, 1H), 7.62 (d, J = 8.6 Hz, 1H), 7.60 (m, 2H), 7.40 (m, 

4H), 7.32 (tt, J = 7.2, 1.2 Hz, 1H), 7.25 (td, J = 8.1, 1.2 Hz, 1H), 7.00 (d, J = 8.8 Hz, 1H), 6.97 (d, 

J = 16.8 Hz, 1H), 4.13 (s, 2H); 13C NMR: (125.7 MHz, CDCl3) δ 141.5, 137.4, 135.2, 133.2, 

128.8, 128.7, 128.3, 128.2, 127.8, 126.5, 126.3, 123.7, 123.4, 122.4, 118.4, 115.3; HRMS (EI) 

calculated for [C18H16N3]
+ requires m/z 246.1278, found m/z 246.1282. 

(E)-2-Azido-1-styrylnaphthalene (Table 4-2, entry 14, 4-34).  To a 100 mL round 

bottomed flask was added (E)-1-styrylnaphthalen-2-amine (4-56) (200 mg, 0.815 

mmol) followed by H2O (4.5 mL) and glacial AcOH (4.5 mL).  The heterogeneous 

mixture was cooled to 0 °C and allowed to stir for 10 min before adding NaNO2 (78.8 mg, 1.14 
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mmol) in a single portion.  The resulting dark orange mixture was stirred at 0 °C for 1 h.  

Subsequently, NaN3 (79.4 mg, 1.22 mmol) was added portionwise over 3 min and the resulting 

yellow solution was warmed to rt and stirred for 45 min.  The reaction was diluted with H2O (30 

mL) and Et2O (30 mL) and transferred to a 250 mL Erlenmeyer flask with a large stir bar.  The 

solution was vigorously stirred while solid Na2CO3 was added until pH ~ 7.  The organic layer 

was separated and the aqueous layer was extracted with Et2O (2 x 30 mL).  The organic layers 

were combined and washed with H2O (2 x 20 mL) and brine (1 x 20 mL) before being dried over 

Na2SO4.  The volatiles were removed in vacuo and the residue was purified via flash column 

chromatography on silica using a solvent gradient (50:1 to 25:1 hexanes:EtOAc) to afford the 

title compound (139 mg, 0.512 mmol, 63% yield) as an off-white solid (mp = 95.5–96.1 °C).  IR 

(thin film) 3081, 3061, 2953, 2327, 2111, 2051, 1640, 1619, 1598, 1299 cm–1. 1H NMR: (500.0 

MHz, CDCl3) δ 8.21 (d, J = 8.7 Hz, 1H), 7.83 (d, J = 7.8 Hz, 1H), 7.82 (d, J = 8.7 Hz, 1H), 7.60 

(d, J = 7.5 Hz, 2H), 7.51 (td, J = 6.9, 1.3 Hz, 1H), 7.43 (m, 4H), 7.37 (d, J = 8.8 Hz, 1H), 7.31 (tt, 

J = 7.1, 1.3 Hz, 1H), 7.04 (d, J = 16.8 Hz, 1H); 13C NMR: (125.7 MHz, CDCl3) δ 137.3, 136.4, 

134.3, 132.5, 131.3, 129.1, 128.8, 128.5, 128.0, 127.1, 126.6, 125.3, 125.2, 125.1, 121.9, 117.2, 

HRMS (EI) calculated for [C18H13N3]
+ requires m/z 271.1109, found m/z 243.1044 ([M-N2]

+, 

requires m/z 243.1043).  

1-Allyl-2-azidonaphthalene (Table 4-2, entry 15, 4-36).  To a flame-dried 25 mL 

round bottomed flask was added 1-bromonaphthalen-2-amine (290 mg, 1.31 

mmol).35  The flask was equipped with a reflux condenser and the system was evacuated and 

purged with N2 before adding DMF (3.3 mL), allyltributylstannane (519 mg, 1.56 mmol), and 

Pd(PPh3)4 (151 mg, 0.131 mmol).  The mixture was heated to 85 °C and stirred for 40 h.  

Thereafter, the reaction was cooled to rt and diluted with H2O (5 mL) and Et2O (10 mL).  The 

organic layer was separated, and the aqueous layer was extracted with Et2O (4 x 5 mL).  The 

combined organic layers were washed with H2O (4 x 5 mL) and subsequently dried over 
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Na2SO4.  The volatiles were removed in vacuo and the residue was purified via flash column 

chromatography on silica (9:1 hexanes:EtOAc) to afford 1-allylnaphthalen-2-amine (176 mg, 

0.960 mmol, 73% yield) as a pale yellow oil.  To a 100 mL round bottomed flask was added 1-

allylnaphthalen-2-amine (171 mg, 0.933 mmol) followed by H2O (5.2 mL) and glacial AcOH (5.2 

mL).  The heterogeneous mixture was cooled to 0 °C and allowed to stir for 10 min before 

adding NaNO2 (90.1 mg, 1.31 mmol) in a single portion.  The resulting dark orange mixture was 

stirred at 0 °C for 1 h.  Subsequently, NaN3 (91 mg, 1.40 mmol) was added portionwise over 3 

min and the resulting yellow solution was warmed to rt and stirred for 1 h.  The reaction was 

diluted with H2O (30 mL) and Et2O (30 mL) and transferred to a 250 mL Erlenmeyer flask with a 

large stir bar.  The solution was vigorously stirred while solid Na2CO3 was added until pH ~ 7.  

The organic layer was separated and the aqueous layer was extracted with Et2O (2 x 30 mL).  

The organic layers were combined and washed with H2O (2 x 20 mL) and brine (1 x 20 mL) 

before being dried over Na2SO4.  The volatiles were removed in vacuo and the residue was 

purified via flash column chromatography on silica (50:1 hexanes:EtOAc) to afford the title 

compound (151 mg, 0.722 mmol, 77% yield) as a pale yellow oil.  IR (thin film) 3081, 3061, 

2953, 2327, 2111, 2051, 1640, 1619, 1598, 1299 cm–1. 1H NMR: (500.0 MHz, CDCl3) δ 7.94 (d, 

J = 8.6 Hz, 1H), 7.81 (m, 2H), 7.52 (td, J = 6.8, 1.2 Hz, 1H), 7.43 (t, J = 7.8 Hz, 1H), 7.35 (d, J = 

8.7 Hz, 1H), 6.00 (ddt, J = 17.3, 10.6, 6.2 Hz, 1H), 5.02 (dd, J = 10.3, 1.6 Hz, 1H), 4.96 (dd, J = 

17.3, 1.6 Hz, 1H), 3.82 (d, J = 6.0 Hz, 2H); 13C NMR: (125.7 MHz, CDCl3) δ 135.9, 134.6, 132.9, 

131.2, 128.7, 128.7, 127.0, 125.2, 125.0, 124.2, 116.9, 115.7, 30.7, HRMS (EI) calculated for 

[C13H11N3]
+ requires m/z 209.0948, found m/z 209.0944. 

4.6.3. Cyclizations of Vinyl and Aryl Azides 

General procedure for visible light sensitization of azides:  To an oven-dried 25 mL Schlenk 

tube with a stir bar was added the azide (0.75 mmol, 1 equiv.), Ru(dtbbpy)3(PF6)2 or 

[Ir(dF(CF3)ppy)2(dtbbpy)](PF6) (0.0075 mmol, 0.01 equiv.), and freshly distilled CHCl3 (7.5 mL, 
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0.1 M).  The solution was submitted to three freeze-pump-thaw cycles, purged with N2, and 

irradiated at rt with a 1 W blue light-emitting diode (LED) strip (λ = 465–470 nm).  Upon 

completion of the reaction, the mixture was concentrated in vacuo, and the crude residue was 

purified by flash column chromatography to afford the pure pyrrole. 

Methyl 5-phenyl-1H-pyrrole-2-carboxylate (Table 4-2, entry 1, 4-13).  

Experiment 1: Prepared according to the General Procedure using 172 mg 

(0.75 mmol) of (2Z,4E)-methyl 2-azido-5-phenylpenta-2,4-dienoate 4-12,9 9.0 mg (0.0075 mmol) 

of Ru(dtbbpy)3(PF6)2, 7.5 mL of chloroform, and an irradiation time of 3 h.  Purified by flash 

column chromatography on silica using a solvent gradient (7:1 to 5:1 hexanes:EtOAc) to afford 

148 mg (0.74 mmol, 98% yield) of the pyrrole as a white solid. Experiment 2: 172 mg (0.75 

mmol) of dienyl azide, 9.2 mg (0.0077 mmol) of Ru(dtbbpy)3(PF6)2, and 7.5 mL of chloroform.  

Isolated 150 mg (0.75 mmol, 99% yield).  All spectral data were in complete agreement with 

previously reported values.9 

Methyl 5-(4-methoxyphenyl)-1H-pyrrole-2-carboxylate (Table 4-2, 

entry 2, 4-15).  Experiment 1: Prepared according to the General 

Procedure using 195 mg (0.75 mmol) of (2Z,4E)-methyl 2-azido-5-(4-methoxyphenyl)penta-2,4-

dienoate 4-14,9 9.1 mg (0.0076 mmol) of Ru(dtbbpy)3(PF6)2, 7.5 mL of chloroform, and an 

irradiation time of 4 h.  Purified by flash column chromatography on silica using a solvent 

gradient (4:1 to 3:1 hexanes:EtOAc) to afford 171 mg (0.74 mmol, 98% yield) of the pyrrole as a 

white solid.  Experiment 2: 194 mg (0.75 mmol) of dienyl azide, 9.0 mg (0.0075 mmol) of 

Ru(dtbbpy)3(PF6)2, and 7.5 mL of chloroform.  Isolated 172 mg (0.74 mmol, 99% yield).  All 

spectral data were in complete agreement with previously reported values.9 

Methyl 5-(4-(trifluoromethyl)phenyl)-1H-pyrrole-2-carboxylate 

(Table 4-2, entry 3, 4-17).  Experiment 1: Prepared according to the 

General Procedure using 224 mg (0.75 mmol) of (2Z,4E)-methyl 2-azido-5-(4-
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(trifluoromethyl)phenyl)penta-2,4-dienoate 4-16,9 9.0 mg (0.0075 mmol) of Ru(dtbbpy)3(PF6)2, 

7.5 mL of chloroform, and an irradiation time of 2.5 h.  Purified by flash column chromatography 

on silica using a solvent gradient (8:1 to 6:1 hexanes:EtOAc) to afford 194 mg (0.72 mmol, 96% 

yield) of the pyrrole as a white solid.  Experiment 2: 223 mg (0.75 mmol) of dienyl azide, 9.1 mg 

(0.0076 mmol) of Ru(dtbbpy)3(PF6)2, and 7.5 mL of chloroform.  Isolated 190 mg (0.71 mmol, 

95% yield).  All spectral data were in complete agreement with previously reported values.9 

Methyl 5-(furan-2-yl)-1H-pyrrole-2-carboxylate (Table 4-2, entry 4, 4-19).  

Experiment 1: Prepared according to the General Procedure using 164 mg 

(0.75 mmol) of (2Z,4E)-methyl 2-azido-5-(furan-2-yl)penta-2,4-dienoate 4-18,9 9.1 mg (0.0076 

mmol) of Ru(dtbbpy)3(PF6)2, 7.5 mL of chloroform, and an irradiation time of 4 h.  Purified by 

flash column chromatography on silica using a solvent gradient (4:1 to 3:1 hexanes:EtOAc) to 

afford 142 mg (0.74 mmol, 99% yield) of the pyrrole as a white solid.  Experiment 2: 164 mg 

(0.75 mmol) of dienyl azide, 9.0 mg (0.0075 mmol) of Ru(dtbbpy)3(PF6)2, and 7.5 mL of 

chloroform.  Isolated 138 mg (0.72 mmol, 96% yield).  All spectral data were in complete 

agreement with previously reported values.9 

Methyl 5-(pyridin-3-yl)-1H-pyrrole-2-carboxylate (Table 4-2, entry 5, 4-

21).  Experiment 1: Prepared according to the General Procedure using 173 

mg (0.75 mmol) of (2Z,4E)-methyl 2-azido-5-(pyridin-3-yl)penta-2,4-dienoate 4-20, 9.2 mg 

(0.0077 mmol) of Ru(dtbbpy)3(PF6)2, 7.5 mL of chloroform, and an irradiation time of 3 h.  

Purified by flash column chromatography on silica using a solvent gradient (1:1 to 1:2 

hexanes:EtOAc) to afford 132 mg (0.65 mmol, 87% yield) of the pyrrole as a white solid (mp = 

147.9–149.4 °C).  Experiment 2: 173 mg (0.75 mmol) of dienyl azide, 9.0 mg (0.0075 mmol) of 

Ru(dtbbpy)3(PF6)2, and 7.5 mL of chloroform.  Isolated 132 mg (0.65 mmol, 86% yield).  IR 

(neat) 3321, 2952, 1689, 1645, 1436, 1283, 1156 cm–1. 1H NMR: (500.2 MHz, CDCl3) δ 9.96 (m, 

1H), 8.93 (dd, J = 2.2, 0.7 Hz, 1H), 8.55 (dd, J = 4.8, 1.8 Hz, 1H), 7.89 (app dtd, J = 8.0, 2.2, 1.7 
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Hz, 1H), 7.34 (ddd, J = 8.0, 4.9, 0.7 Hz, 1H), 6.99 (dd, J = 3.9, 2.5 Hz, 1H), 6.60 (dd, J = 3.8, 2.7 

Hz, 1H), 3.90 (s, 3H); 13C NMR: (125.8 MHz, CDCl3) δ 161.8, 148.6, 146.4, 133.7, 132.0, 127.5, 

124.1, 123.6, 117.0, 108.9, 51.8; HRMS (EI) calculated for [C11H10N2O2]
+ requires m/z 

202.0742, found m/z 202.0740. 

Methyl 5-methyl-1H-pyrrole-2-carboxylate (Table 4-2, entry 6, 4-3).  

Experiment 1: Prepared according to the General Procedure using 126 mg 

(0.75 mmol) of (2Z,4E)-methyl 2-azidohexa-2,4-dienoate 4-1, 9.0 mg (0.0075 mmol) of 

Ru(dtbbpy)3(PF6)2, 7.5 mL of chloroform, and an irradiation time of 8 h.  Purified by flash column 

chromatography on silica using a solvent gradient (9:1 to 7:1 hexanes:EtOAc) to afford 96 mg 

(0.69 mmol, 92% yield) of the pyrrole as a white solid.  Experiment 2: 126 mg (0.75 mmol) of 

dienyl azide, 9.0 mg (0.0075 mmol) of Ru(dtbbpy)3(PF6)2, and 7.5 mL of chloroform.  Isolated 99 

mg (0.71 mmol, 95% yield).  All spectral data were in complete agreement with previously 

reported values.9,36 

Methyl 5-isopropyl-1H-pyrrole-2-carboxylate (Table 4-2, entry 7, 4-23).  

Experiment 1: Prepared according to the General Procedure using 146 mg 

(0.75 mmol) of (2Z,4E)-methyl 2-azido-6-methylhepta-2,4-dienoate 4-21, 9.0 mg (0.0075 mmol) 

of Ru(dtbbpy)3(PF6)2, 7.5 mL of chloroform, and an irradiation time of 11 h.  Purified by flash 

column chromatography on silica using a solvent gradient (9:1 to 7:1 hexanes:EtOAc) to afford 

111 mg (0.66 mmol, 89% yield) of the pyrrole as a white solid (mp = 59.8–61.8 °C).  Experiment 

2: 147 mg (0.75 mmol) of dienyl azide, 9.0 mg (0.0075 mmol) of Ru(dtbbpy)3(PF6)2, and 7.5 mL 

of chloroform.  Isolated 112 mg (0.67 mmol, 89% yield).  IR (neat) 3311, 2956, 1682, 1496, 

1221, 1158 cm–1. 1H NMR: (500.2 MHz, CDCl3) δ 9.10 (br s, 1H), 6.83 (dd, J = 3.6, 2.5 Hz, 1H), 

5.98 (m, 1H), 3.83 (s, 3H), 2.96 (septet, J = 6.8 Hz, 1H), 1.28 (d, J = 6.8 Hz, 6H); 13C NMR: 

(125.8 MHz, CDCl3) δ 161.9, 144.8, 120.8, 115.9, 106.1, 51.3, 27.4, 22.3; HRMS (EI) calculated 

for [C9H13NO2]
+ requires m/z 167.0946, found m/z 167.0938. 
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Methyl 5-(tert-butyl)-1H-pyrrole-2-carboxylate (Table 4-2, entry 8, 4-25).  

Experiment 1: Prepared according to the General Procedure using 157 mg 

(0.75 mmol) of (2Z,4E)-methyl 2-azido-6,6-dimethylhepta-2,4-dienoate 4-24, 9.0 mg (0.0075 

mmol) of Ru(dtbbpy)3(PF6)2, 7.5 mL of chloroform, and an irradiation time of 14 h.  Purified by 

flash column chromatography on silica using a solvent gradient (9:1 to 7:1 hexanes:EtOAc) to 

afford 115 mg (0.63 mmol, 85% yield) of the pyrrole as a white solid (mp = 125.0–126.8 °C).  

Experiment 2: 157 mg (0.75 mmol) of dienyl azide, 9.0 mg (0.0075 mmol) of Ru(dtbbpy)3(PF6)2, 

and 7.5 mL of chloroform.  Isolated 119 mg (0.66 mmol, 88% yield).  IR (neat) 3333, 2952, 

1689, 1492, 1274, 1171 cm–1. 1H NMR: (500.2 MHz, CDCl3) δ 8.98 (br s, 1H), 6.82 (dd, J = 3.7, 

2.5 Hz, 1H), 6.00 (dd, J = 3.7, 2.7 Hz, 1H), 3.83 (s, 3H), 1.32 (s, 9H); 13C NMR: (125.8 MHz, 

CDCl3) δ 161.9, 147.8, 120.8, 115.7, 105.7, 51.4, 31.8, 30.3; HRMS (EI) calculated for 

[C10H15NO2]
+ requires m/z 181.1103, found m/z 181.1100. 

Methyl 5-vinyl-1H-pyrrole-2-carboxylate (Table 4-2, entry 9, 4-27).  

Experiment 1: Prepared according to the General Procedure using 134 mg 

(0.75 mmol) of (2Z,4E)-methyl 2-azidohepta-2,4,6-trienoate 4-26, 9.1 mg (0.0076 mmol) of 

Ru(dtbbpy)3(PF6)2, 7.5 mL of chloroform, and an irradiation time of 2 h.  Purified by flash column 

chromatography on silica using a solvent gradient (8:1 to 7:1 hexanes:EtOAc) to afford 99 mg 

(0.65 mmol, 87% yield) of the pyrrole as a white solid (mp = 100.3–101.4 °C).  Experiment 2: 

134 mg (0.75 mmol) of dienyl azide, 9.1 mg (0.0076 mmol) of Ru(dtbbpy)3(PF6)2, and 7.5 mL of 

chloroform.  Isolated 102 mg (0.67 mmol, 90% yield). IR (neat) 3285, 1682, 1483, 1439, 1331, 

1257, 1149, 1052 cm–1. 1H NMR: (500.2 MHz, CDCl3) δ 9.26 (m, 1H), 6.86 (dd, J = 3.8, 2.4 Hz, 

1H), 6.55 (dd, J = 17.8, 11.2 Hz, 1H), 6.27 (dd, J = 3.7, 2.7 Hz, 1H), 5.57 (d, J = 17.9 Hz, 1H), 

5.22 (d, J = 11.4 Hz, 1H), 3.86 (s, 1H); 13C NMR: (125.8 MHz, CDCl3) δ 161.6, 135.3, 126.3, 

122.5, 116.3, 113.1, 109.7, 51.5; HRMS (EI) calculated for [C8H9NO2]
+ requires m/z 151.0633, 

found m/z 151.0628. 
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Methyl 4,5-dihydro-1H-benzo[g]indole-2-carboxylate (Table 4-2, entry 10, 

4-29).  Experiment 1: Prepared according to the General Procedure using 191 

mg (0.75 mmol) of (Z)-methyl 2-azido-3-(3,4-dihydronaphthalen-2-yl)acrylate 

4-28, 9.1 mg (0.0076 mmol) of Ru(dtbbpy)3(PF6)2, 7.5 mL of chloroform, and an irradiation time 

of 4 h.  Purified by flash column chromatography on silica using a solvent gradient (6:1 to 4:1 

hexanes:EtOAc) to afford 164 mg (0.72 mmol, 96% yield) of the pyrrole as a white solid (mp = 

145.3–147.0 °C).  Experiment 2: 191 mg (0.75 mmol) of dienyl azide, 9.0 mg (0.0075 mmol) of 

Ru(dtbbpy)3(PF6)2, and 7.5 mL of chloroform.  Isolated 165 mg (0.73 mmol, 97% yield).  IR 

(neat) 3303, 2844, 1686, 1448, 1300, 766 cm–1. 1H NMR: (499.8 MHz, CDCl3) δ 9.75 (br s, 1H), 

7.47 (m, 1H), 7.19 (m, 3H), 6.78 (d, J = 2.2 Hz, 1H), 3.90 (s, 3H), 2.94 (t, J = 7.1 Hz, 1H), 2.75 

(t, J = 7.1 Hz, 1H); 13C NMR: (125.7 MHz, CDCl3) δ 162.2, 136.4, 133.0, 128.6, 128.1, 127.0, 

126.7, 121.9, 121.8, 120.4, 114.4, 51.7, 29.8, 21.5; HRMS (EI) calculated for [C14H13NO2]
+ 

requires m/z 227.0946, found m/z 227.0950. 

2-Phenyl-1H-pyrrole (Table 4-2, entry 11, 4-31).  Experiment 1: Prepared 

according to the General Procedure using 129 mg (0.75 mmol) of ((1E,3E)-4-

azidobuta-1,3-dien-1-yl)benzene 4-30, 9.1 mg (0.0076 mmol) of Ru(dtbbpy)3(PF6)2, 7.5 mL of 

chloroform, and an irradiation time of 3 h.  Purified by flash column chromatography on silica 

using a solvent gradient (7:1 to 6:1 hexanes:EtOAc) to afford 100 mg (0.70 mmol, 93% yield) of 

the pyrrole as a white solid.  Experiment 2: 128 mg (0.75 mmol) of dienyl azide, 9.0 mg (0.0075 

mmol) of Ru(dtbbpy)3(PF6)2, and 7.5 mL of chloroform.  Isolated 97 mg (0.68 mmol, 90% yield).  

All spectral data were in complete agreement with a sample of commercially available material. 

2-Octyl-1H-pyrrole (Table 4-2, entries 12-13, 4-33).  Experiment 1: Prepared 

according to the General Procedure using 156 mg (0.75 mmol) of (1E,3E)-1-

azidododeca-1,3-diene 4-32, 9.0 mg (0.0075 mmol) of Ru(dtbbpy)3(PF6)2, 7.5 mL of chloroform, 

and an irradiation time of 36 h.  Purified by flash column chromatography on silica using a 
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solvent gradient (10:1 to 8:1 hexanes:EtOAc) to afford 61 mg (0.34 mmol, 45% yield) of the 

pyrrole as a clear oil that turned yellow upon standing.  Experiment 2: 156 mg (0.75 mmol) of 

dienyl azide, 9.2 mg (0.0077 mmol) of Ru(dtbbpy)3(PF6)2, and 7.5 mL of chloroform.  Isolated 66 

mg (0.37 mmol, 49% yield).  Experiment 3: Prepared according to the General Procedure using 

156 mg (0.75 mmol) of (1E,3E)-1-azidododeca-1,3-diene 4-32, 8.4 mg (0.0075 mmol) of 

[Ir(dF(CF3)ppy)2(dtbbpy)](PF6), 7.5 mL of chloroform, and an irradiation time of 12 h.  Purified by 

flash column chromatography on silica using a solvent gradient (10:1 to 8:1 hexanes:EtOAc) to 

afford 91 mg (0.51 mmol, 68% yield) of the pyrrole.  Experiment 4: 156 mg (0.75 mmol) of dienyl 

azide, 8.3 mg (0.0074 mmol) of [Ir(dF(CF3)ppy)2(dtbbpy)](PF6), and 7.5 mL of chloroform.  

Isolated 95 mg (0.53 mmol, 71% yield).  IR (neat) 3383, 2952, 2931, 2856, 1567, 1467, 1093 

cm–1.  1H NMR: (500.2 MHz, CDCl3) δ 7.89 (br s, 1H), 6.66 (dd, J = 2.7, 1.6 Hz, 1H), 6.13 (app 

dt, J = 3.0, 2.6 Hz, 1H), 5.91 (m, 1H), 2.59 (m, 2H), 1.62 (tt, J = 7.9, 6.7 Hz, 2H), 1.30 (m, 10H), 

0.88 (t, J = 6.7 Hz, 3H); 13C NMR: (125.7 MHz, CDCl3) δ 133.0, 116.0, 108.3, 104.9, 32.0, 29.8, 

29.5, 29.5, 29.3, 27.8, 22.8, 14.2; HRMS (EI) calculated for [C12H21N]+ requires m/z 179.1674, 

found m/z 179.1669. 

2-Phenyl-1H-indole (Table 4-2, entry 14, 4-35).  Experiment 1: Prepared 

according to the General Procedure using 166 mg (0.75 mmol) of (E)-1-azido-2-

styrylbenzene 4-34, 9.0 mg (0.0075 mmol) of Ru(dtbbpy)3(PF6)2, 7.5 mL of chloroform, and an 

irradiation time of 20 h.  Purified by flash column chromatography on silica (20:1 

hexanes:EtOAc) to afford 107 mg (0.55 mmol, 74% yield) of the pyrrole as a white solid.  

Experiment 2: 166 mg (0.75 mmol) of dienyl azide, 9.0 mg (0.0075 mmol) of Ru(dtbbpy)3(PF6)2, 

and 7.5 mL of chloroform.  Isolated 110 mg (0.57 mmol, 76% yield).  All spectral data were in 

complete agreement with previously reported values.2 
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2-Phenyl-3H-benzo[e]indole (Table 4-2, entry 15, 4-37).  Experiment 1: 

Prepared according to the General Procedure using 204 mg (0.75 mmol) of (E)-2-

azido-1-styrylnaphthalene 4-36, 9.1 mg (0.0076 mmol) of Ru(dtbbpy)3(PF6)2, 7.5 

mL of chloroform, and an irradiation time of 6 h.  Purified by flash column chromatography on 

silica (9:1 hexanes:EtOAc) to afford 169 mg (0.69 mmol, 93% yield) of the pyrrole as a white 

solid (mp = 136.6–137.1 °C).  Experiment 2: 204 mg (0.75 mmol) of dienyl azide, 9.0 mg 

(0.0075 mmol) of Ru(dtbbpy)3(PF6)2, and 7.5 mL of chloroform.  Isolated 167 mg (0.69 mmol, 

92% yield).  IR (neat) 3427, 3048, 1621, 1603, 1484, 1455, 1333, 1181, 1026 cm–1. 1H NMR: 

(500.0 MHz, CDCl3) δ 8.65 (br s, 1H), 8.27 (d, J = 8.1 Hz, 1H), 7.90 (d, J = 8.1 Hz, 1H), 7.72 (m, 

2H), 7.61 (d, J = 8.8 Hz, 1H), 7.56 (m, 2H), 7.47 (m, 2H), 7.43 (td, J = 6.9, 1.0 Hz, 1H), 7.38 (d, 

J = 1.9 Hz, 1H), 7.32 (tt, J = 7.2, 1.2 Hz, 1H); 13C NMR: (125.7 MHz, CDCl3) δ 136.1, 133.2, 

132.5, 129.4, 129.1, 128.6, 128.1, 127.4, 125.9, 124.9, 124.3, 123.6, 123.4, 123.0, 112.5, 99.3; 

HRMS (EI) calculated for [C18H14N]+ requires m/z 244.1121, found m/z 244.1116.  

8a,9-Dihydro-8H-azirino[1,2-a]benzo[e]indole (4-56).  Prepared according to 

the General Procedure using 103 mg (0.49 mmol) of 1-allyl-2-azidonaphthalene 

(4-54), 5.5 mg (0.0049 mmol) of [Ir(dF(CF3)ppy)2(dtbbpy)](PF6), 4.9 mL of chloroform, and an 

irradiation time of 5 h.  Purified by flash column chromatography on silica (3:2 hexanes:EtOAc) 

to afford 71 mg (0.39 mmol, 81% yield) of the aziridine as an off-white solid (mp = 78.4–80.8 

°C).  IR (neat) 3060, 3024, 2988, 2904, 2850, 1625, 1586, 1517, 1460, 1257, 1157 cm–1. 1H 

NMR: (500.0 MHz, CDCl3) δ 7.84 (d, J = 8.3 Hz, 1H), 7.68 (d, J = 8.7 Hz, 1H), 7.64 (d, J = 8.4 

Hz, 1H), 7.49 (d, J = 8.6 Hz, 1H), 7.47 (m, 1H), 7.39 (m, 1H), 3.69 (d, J = 16.8 Hz, 1H), 3.56 (dd, 

J = 16.8, 7.4 Hz, 1H), 3.18 (m, 1H), 2.46 (d, J = 5.3 Hz, 1H), 1.41 (d, J = 3.9 Hz, 1H); 13C NMR: 

(125.7 MHz, CDCl3) δ 155.7, 131.5, 131.3, 130.0, 128.6, 128.0, 126.3, 124.4, 123.5, 119.5, 

41.2, 39.4, 31.7; HRMS (EI) calculated for [C13H11N]+ requires m/z 181.0886, found m/z 

181.0884. 
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4.6.4. nOe Studies and Manipulation of the Azirine Intermediate 

Methyl 3-((E)-prop-1-en-1-yl)-2-azatricyclo[3.2.1.02,4]oct-6-ene-4-carboxylate 

(4-38).  To an oven-dried 25 mL Schlenk tube with a stir bar was added 41.8 mg 

(0.25 mmol) of (2Z,4E)-methyl 2-azidohexa-2,4-dienoate 4-1, 16.5 mg (0.25 

mmol) of freshly cracked cyclopentadiene, 3.0 mg (0.0025 mmol) of Ru(dtbbpy)3(PF6)2, and 2.5 

mL of CH3CN.  The solution was submitted to three freeze-pump-thaw cycles, purged with N2, 

and irradiated at rt with a 1 W blue light-emitting diode (LED) strip (λ = 465–470 nm) for 150 

min.  Thereafter, the reaction was diluted with 1:1 hexanes:EtOAc (1 mL) and eluted through a 

short silica plug.  The volatiles were removed in vacuo, and the residue was purified via flash 

column chromatography on silica (3:2 hexanes:EtOAc) to afford the title compound (36.1 mg, 

0.176 mmol, 71% yield) as a clear oil.  IR (neat) 3060, 3024, 2988, 2904, 2850, 1625, 1586, 

1517, 1460, 1257, 1157 cm–1. 1H NMR: (500.0 MHz, CDCl3) δ 6.19 (dd, J = 5.4, 2.4 Hz, 1H), 

5.73 (m, 1H), 5.72 (dq, J = 16.0, 6.6 Hz, 1H), 5.47 (ddq, J = 16.0, 8.0, 1.6 Hz, 1H), 4.20 (s, 1H), 

3.78 (s, 3H), 3.53 (s, 1H), 2.09 (d, J = 8.1 Hz, 1H), 2.02 (dt, J = 8.1, 1.8 Hz, 1H), 1.69 (d, J = 8.1 

Hz, 1H), 1.67 (dd, J = 6.6, 1.5 Hz, 1H); 13C NMR: (125.7 MHz, CDCl3) δ 172.3, 132.6, 130.4, 

128.6, 126.3, 66.8, 58.9, 54.6, 52.4, 49.6, 47.4, 18.0; HRMS (EI) calculated for [C12H16NO2]
+ 

requires m/z 206.1176, found m/z 206.1173. 

 

The relative stereochemistry of 4-38 was determined using NOESY1D spectra  – Varian’s 

standard NOESY1D Chempack sequence was used with a typical setup as follows: mix=0.7 x 

T1(shortest) ~ 1 s, d1=3 x T1(longest) ~ 12 s, nt=16, ss=-2, selective pulse using a seduce 

shape.  The numbers shown are % enhancements measured as ratios of integrals, normalized 

by number of protons involved, of the enhanced to selected protons. 
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Methyl 2-(2,6-dichlorophenyl)-2H-azirine-3-carboxylate (4-40).  Prepared 

according to the General Procedure using 204 mg (0.75 mmol) of vinyl azide 4-

39, 8.4 mg (0.0049 mmol) of [Ir(dF(CF3)ppy)2(dtbbpy)](PF6), 7.5 mL of chloroform, and an 

irradiation time of 8 h.  Thereafter, the volatiles were removed in vacuo and the resulting residue 

was recrystallized from benzene/hexanes to afford 165 mg (0.68 mmol, 90% yield) of the azirine 

as an off-white solid.  All spectral data were in complete agreement with previously reported 

values.5c 

Methyl 3-(2,6-dichlorophenyl)-2-methoxyaziridine-2-carboxylate (4-42).  

To a flame-dried 12 mL vial was added a solution of NaOMe (freshly prepared 

from 5.7 mg Na (0.25 mmol) in 1.23 mL MeOH).  The solution was cooled to 0 °C and then THF 

(1.23 mL) was added.  The solution was stirred for 5 min before adding methyl 2-(2,6-

dichlorophenyl)-2H-azirine-3-carboxylate 4-40 (30 mg, 0.123 mmol) in a single portion.  The 

reaction immediately turned light yellow and was stirred for 10 min, at which time TLC analysis 

indicated complete consumption of the azirine.  The reaction was quenched with H2O (5 mL) 

and extracted into EtOAc (2 x 25 mL).  The organic layers were combined and washed with 

brine (1 x 25 mL), dried over Na2SO4, filtered, and concentrated in vacuo to give a clear residue 

that was purified was purified via flash column chromatography using a solvent gradient (4:1 to 

2:1 hexanes:EtOAc) to afford the title product (31 mg, 0.11 mmol, 91% yield) as a clear oil as a 

single diastereomer. IR (neat) 3277, 1740, 1533, 1121, 777 cm–1. 1H NMR: (500.0 MHz, CDCl3) 

δ 7.29 (d, J = 8.0 Hz, 2H), 7.17 (t, J = 8.0 Hz, 1H), 3.71 (s, 3H), 3.57 (s, 3H) 3.47 (d, J = 9.8 Hz, 

1H), 2.61 (d, J = 9.7 Hz, 1H); 13C NMR: (125.7 MHz, CDCl3) δ 169.6, 135.6, 130.8, 129.5, 
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128.5, 73.9, 54.8, 53.3, 46.8; HRMS (EI) calculated for [C11H12Cl2NO3]
+ requires m/z 276.0189, 

found m/z 276.0194. 

Methyl 3-(2,6-dichlorophenyl)aziridine-2-carboxylate (4-43).  To a flame-

dried 24 mL vial was added methyl 2-(2,6-dichlorophenyl)-2H-azirine-3-

carboxylate 4-40 (120 mg, 0.492 mmol).  The system was evacuated and 

purged with N2 three times before adding CH2Cl2 (4.9 mL).  The homogenous solution was 

cooled to –78 °C and subsequently a solution of Bu4NBH4 (127 mg, 0.492 mmol) in CH2Cl2 (4.9 

mL) was added dropwise over 5 min.  The reaction was stirred for an additional 30 min, after 

which 1H NMR showed no remaining azirine.  The reaction was warmed to 0 °C and H2O (5 mL) 

was added to quench the reaction.  The organic layer was separated and further extracted with 

H2O (2 x 5 mL), washed with brine (1 x 5 mL), dried over Na2SO4, filtered, and the volatiles were 

removed in vacuo to afford 198 mg of a viscous yellow oil.  The residue was dissolved in CH2Cl2 

(2 mL) and eluted through a short plug of silica gel (4:1 hexanes:EtOAc).  The volatiles were 

removed in vacuo and the resulting residue was purified via flash column chromatography on 

silica (5:1 hexanes:EtOAc) to afford the title compound (72 mg, 0.293 mmol, 58% yield) as a 

clear oil as a single diastereomer.  IR (neat) 3282, 1723, 1546, 1132, 798 cm–1. 1H NMR: (500.0 

MHz, CDCl3) δ 7.29 (d, J = 8.0 Hz, 2H), 7.17 (t, J = 8.0 Hz, 1H), 3.65 (s, 3H), 3.27 (br s, 1H), 

3.10 (br s, 1H), 2.02 (br s, 1H); 13C NMR: (125.7 MHz, CDCl3) δ 171.1, 136.0, 131.5, 129.4, 

128.4, 52.6, 39.1, 36.9; HRMS (EI) calculated for [C10H9Cl2NO2]
+ requires m/z 245.0010, found 

m/z 245.0008.  The relative stereochemistry was determined by performing a D2O shake – the 

broad singlets at δ 3.27 and δ 3.10 resolved to δ 3.27 (dd, J = 9.6, 5.8 Hz, 1H), 3.10 (dd, J = 

7.8, 5.8 Hz, 1H).  The 3J = 5.8 Hz coupling is consistent with a cis relationship of the aziridine 

ring protons. 
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Methyl 2-(2,6-dichlorophenyl)-5-phenyl-1H-pyrrole-3-carboxylate (4-45).  To 

a flame-dried 12 mL vial under N2 was added methyl 2-(2,6-dichlorophenyl)-2H-

azirine-3-carboxylate 4-40 (100 mg, 0.41 mmol) and 1-phenyl-2-(triphenyl-

phosphanylidene)-ethanone (156 mg, 0.41 mmol) followed by CH2Cl2 (2.0 mL).  The reaction 

was stirred at rt for 24 h after which the mixture was directly purified via flash column 

chromatography using a solvent gradient (5:1 to 2:1 hexanes:EtOAc) to afford the title product 

(82 mg, 0.24 mmol, 58% yield) as a white solid (mp = 161.6–163.1 °C).  IR (neat) 3319, 2962, 

1689, 1645, 1436, 1137 cm–1. 1H NMR: (500.0 MHz, CDCl3) δ 8.54 (br s, 1H), 7.53 (d, J = 7.3 

Hz, 2H), 7.42 (m, 4H), 7.30 (m, 2H), 7.04 (d, J = 3.0 Hz, 1H), 3.71 (s, 3H); 13C NMR: (125.7 

MHz, CDCl3) δ 164.4, 136.6, 132.6, 131.4, 131.1, 131.0, 130.6, 129.1, 127.9, 127.3, 124.1, 

116.3, 107.4, 51.2; HRMS (EI) calculated for [C18H14Cl2NO2]
+ requires m/z 346.0397, found m/z 

346.0409. 
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5.1 Introduction 

Despite increasing efforts in recent years, new methods for the enantioselective 

formation of chiral compounds by photochemical methods remain scarce.  One common 

explanation for the dearth of successful methods is that the high energy content  

(80–120 kcal/mol) of a photoactivated substrate gives rise to rapid radiative and non-radiative 

relaxation pathways as well as low activation barriers for subsequent transformations.  In 

addition, our group and Bach’s have emphasized the need to outcompete the occurrence of any 

racemic background reactivity.  Thus, photocatalytic stereocontrol is an inherently challenging 

problem for which there is no general solution. 

The most frequently employed method to achieve catalytic enantioselective 

photochemical reactions in solution involves exciplex formation using a selectively excited chiral 

sensitizer.1  However, our group, among others, has demonstrated that visible light induced 

electron transfer can be employed to achieve a diverse range of bond forming events.  Given 

that these electron transfer reactions proceed via the intermediacy of radical ions, the challenge 

of effecting enantiofacial discrimination in these reactions involves the differentiation of 

enantiotopic faces of a radical ion in diastereomeric transition states.  Herein we present 

previously unexplored concepts for imparting stereochemical control upon reactions involving 

radical cation chemistry. 

The reemergence of radical chemistry in the synthetic literature coincides with the 

improved control over chemo-, regio-, and stereoselectivity in such transformations.2  While 

early approaches to enantioselective radical reactions relied upon a covalently bound chiral 

auxiliary-radical pair to control the configuration of a newly-formed stereogenic center,3 a 

number of recent investigations have obviated the need for enantiofacial control via chiral 

auxiliaries.  First, facial discrimination can occur when a Lewis acid coordinated to a chiral 

ligand set chelates a substrate.4  Our group has demonstrated this strategy within the context of 

a photocatalytic [2+2] radical anion cycloaddition, in which a two-catalyst system consisting of 
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Ru(bpy)3
2+ and a chiral Lewis acid cocatalyst promotes a highly stereoselective cycloaddition.5  

Alternatively, it is possible to differentiate the enantiotopic faces of a prochiral radical with chiral 

reagents, such as chiral hydrogen-atom donors.6  However, chiral templates based upon purely 

noncovalent interactions that achieve comparable levels of stereocontrol have only lately been 

established.  In recent studies, Bach and co-workers were able to demonstrate that a chiral 

hydrogen-bonding template induced high levels of enantioselectivity in radical reactions.7 

These former studies prompted our continued investigations pertaining to the control of 

absolute stereochemistry in bimolecular reactions of radical ion intermediates.  In particular, we 

wondered if we might be able to develop a general approach for asymmetric induction in 

reactions of radical cation intermediates, which cannot coordinate readily to an electrophilic 

chiral Lewis acid.  Transformations involving these highly electrophilic species have thus far 

failed to succumb to classical paradigms of asymmetric induction. 

The only reported reaction proceeding via a putative radical cation intermediate for 

which modest levels of enantioinduction (up to 58%) were achieved is the chiral 

arene(poly)carboxylate-sensitized anti-Markovnikov addition of alcohol nucleophiles to 1,1-

diphenylpropene (Scheme 5-1).8a  A detailed mechanistic analysis revealed that 

enantioselectivity is imparted by the relative stability of diastereomeric exciplexes formed from 

the ground state of electron rich alkene 5-1 and the excited state of naphthalene sensitizer 5-

2.8b  Specifically, it was found that the combination of nonpolar solvents and polar chiral 

saccharide moieties covalently bound to the sensitizer facilitates electron transfer from 5-1 to 

give a chiral radical ion pair between the radical cation of 5-1 and reduced 5-2.  The dissociation 

energy of this chiral ion pair, however, is prohibitively high due to low bulk solvent polarity, and 

hence the chiral information is effectively transferred from the sensitizer to substrate within the 

proposed confined radical ion pair. 
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Scheme 5-1. Arene(poly)carboxylate-sensitized addition of alcohol nucleophiles 

 

While this strategy provided the first example of moderate levels of absolute 

stereochemical control in reactions proceeding via a putative radical cation intermediate, the 

requirement for a large excess of the polar nucleophile (i-PrOH) revealed a dramatic tradeoff 

between chemical and optical yield as [i-PrOH] was increased.  A common occurrence in 

asymmetric photochemical reactions proceeding via electron transfer, this trend was previously 

observed by Schuster in the context of Diels–Alder reactions sensitized by axially chiral 

dicyanonaphthalene frameworks.1d,9  This is a potentially powerful strategy to induce 

asymmetrical facial bias in radical ion reactions as well as reactions resulting in significant 

charge polarization prior to nucleophilic attack.  However, generalization of these studies is 

challenging, as exciplex formation cannot easily be predicted a priori and is often sensitive to 

small structural perturbations. 

 

5.2 System Design: First-Generation Approach 

We sought a fundamentally different strategy for achieving asymmetric induction in 

radical cation reactions.  Based on recent work in our research group, we hypothesized that 

photoinduced electron transfer from an electron rich styrene to a ruthenium bipyridyl complex 

containing a chiral counteranion would afford a chiral ion pair.  Indeed, maintaining charge 

neutrality requires that the radical cation be counterbalanced by an opposing negative charge, 

namely the counteranion introduced with the ruthenium complex.  Based on the studies of Inoue 
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and Schuster, interception of this chiral ion pair with a diene was expected to afford 

enantioenriched cycloadduct. 

Our photocatalyzed radical cation Diels–Alder cycloaddition chemistry offered an ideal 

platform to test this hypothesis (Scheme 5-2).10, The proposed mechanism begins with 

excitation of Ru(bpy)3
2+ and metal-to-ligand charge transfer (MLCT) to give the mildly reducing 

triplet Ru(bpy)3
2+*.  In the presence of methyl viologen (MV) 5-5 oxidative quenching occurs to 

afford a strongly oxidizing Ru(bpy)3
3+ species.  Thereafter, one-electron oxidation of electron-

rich tethered styrenyl substrate 5-3 (Eox = +1.22 V)11 affords delocalized radical cation 5-7.  

Subsequent intramolecular cycloaddition proceeds to furnish 5-8 that suffers reduction via chain 

propagation to yield 5-4. 

Scheme 5-2. Mechanistic proposal for a photocatalyzed radical cation Diels–Alder cycloaddition 
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Radical cation 5-7 exists as an ion pair with the only counterbalancing negative charge 

in solution: that (PF6
–) which is introduced with the photocatalyst and methyl viologen.  It follows 

that a decrease in solvent dielectric should result in a substantial increase in Coulombic 

attraction between 5-7 and PF6
–.  If the energy of this attraction is greater than the thermal 

energy available to separate the charges, 5-7 and PF6
– will form a strong ion pair (a contact ion 

pair).12  It seemed plausible that a chiral counteranion might afford transfer of stereochemical 

information within this contact ion pair. 

 

5.3 Results and Discussion: First-Generation Approach 

To begin study of the reaction depicted in Scheme 5-2 a variety of Ru(bpy)3
2+(X*–)2 and 

MV(X*–)2 complexes were synthesized, where X*– denotes a chiral counteranion.  As to the 

identity of X*–, we elected to study chiral conjugate bases derived from 1,1′-binaphthyl-2,2′-diol  

(BINOL, 5-9) monophosphoric acids 5-11 (Scheme 5-3).13  The chiral ion pairs between chiral 

phosphate anions and prochiral cations, including iminium ions,14 metal ions,15 and 

carbocations,16 have led to the development of highly enantioselective transformations.  

Additionally, BINOL derivatives are amenable to facile synthesis.17
 

A library of BINOL derivatives (Scheme 5-3) was prepared from common precursor 5-10 

according to known methods, and the resulting acids were converted to their respective 

ammonium phosphate or silver (I) phosphate salts.17,18,19  Subsequently, conditions for 

counteranion metathesis with Ru(bpy)3Cl2 and MVCl2 were realized by heating the complexes in 

MeOH followed by chromatography on neutral Al2O3.  However, when the resulting chiral 

Ru(bpy)3(X*)2 and MV(X*)2 complexes were evaluated in the intramolecular radical cation Diels-

Alder reaction, inconsistent and irreproducible reactivity was observed.  Hypothesizing 

incomplete salt metathesis or photodecomposition arising from residual silver salts, the BINOL 

derivatives were prepared as their sodium salts.  The resulting Ru(bpy)3(X*)2 and MV(X*)2 

complexes were also further purified by diffusion recrystallization.  With this more rigorous 
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methodology, all synthesized Ru(bpy)3(X*)2 and MV(X*)2 species exhibited the expected 

stoichiometry for 1:2 complexes and gave reproducible reactivity. 

Scheme 5-3. Synthesis of substituted BINOL 5-10 and derivatization 

 

These newly synthesized complexes were evaluated in the intramolecular Diels-Alder 

reaction (Table 5-1).  To begin, a nonpolar solvent screen was undertaken with Ru(bpy)3(X*)2 

and MV(X*)2 complexes containing chiral phosphate counteranions 5-11–, 5-12–, and 5-13–.  

However, it was discovered that these complexes afforded < 5% conversion of 5-3 in solvents 

with a lower dielectric constant than acetone (ε = 21.0).  In contrast, all of the other 

Ru(bpy)3(X*)2 and MV(X*)2 complexes gave moderate reactivity in CH2Cl2 and CHCl3.  

Reactions carried out in other common nonpolar organic solvents (PhCH3, Et2O, THF, PhCF3) 

gave essentially no conversion of 5-3, likely due to poor solubility of the Ru(bpy)3(X*)2 and 

MV(X*)2 complexes in these solvents. 
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Table 5-1. Chiral catalyst and oxidative quencher screena 

 

entry X* pKa (HX*)e solvent yield 5-4b d.r. 5-4b e.e. 
(major)c 

remaining 
5-3b 

1 5-11– 

3.86 
MeNO2 15% 3:1 26% 68% 

2 5-11– CH2Cl2 < 5% ― ― ― 

3 5-12– 3.77 MeNO2 13% 3:1 35% 75% 

4 5-13– 2.63 MeNO2 < 5% ― ― ― 

5 5-14– 

― 

MeNO2 64% 7:1 10% 0% 

6 5-14– CH2Cl2 12% 3.5:1 27% 62% 

7 5-14– CHCl3 < 5% ― ― 85% 

8 5-15– 
3.34 

CH2Cl2 11% 2:1 22% 37% 

9 5-15– CHCl3 6% 5:1 ― 27% 

10 5-16– 
― 

CH2Cl2 32% 5:1 17% 35% 

11 5-16– CHCl3 8% 5:1 28% 55% 

12 5-17– 
― 

CH2Cl2 16% 4.3:1 8% 21% 

13 5-17– CHCl3 < 5% ― ― 36% 

14 5-18– 
1.74 

CH2Cl2 12% 1.2:1 ― 73% 

15 5-18– CHCl3 9% 1.5:1 ― 70% 

16 5-20– ― MeNO2 11% 2.5:1 9% 45% 

a
To an oven-dried 25-mL Schlenk tube with a magnetic stirrer was added Ru(bpy)3(X*)2 and MV(X*)2 

followed by a stock solution of 5-3 (0.05 mmol) and trimethyl(phenyl)silane internal standard (0.05 mmol) 
in dry solvent (0.05 M).  The solution was submitted to 3 freeze-pump-thaw cycles, purged with N2 and 
irradiated at room temperature with a 23 W (1380 lumens) compact fluorescent bulb for 45 h. 
b
Subsequently, an aliquot was collected for 

1
H NMR analysis to determine yield 5-4, d.r. 5-4 and 

remaining 5-3, and the reaction was thereafter diluted with EtOAc and passed through a silica plug eluting 
with EtOAc.  Volatiles were removed in vacuo and the crude mixture was submitted to silica gel 
chromatography to obtain a purified mixture of diastereomers. 

c
Determined by SFC analysis on Daicel 

OD-H chiral stationary phase eluting with MeOH (6%, isocratic, 3 mL/min total flow rate). 
d
Reactions 

affording low conversion of 5-3 to 5-4 precluded further analysis, and these results are denoted with a 
“―”. 

e 
pKa values (± 0.08) are reported for the conjugate acids of X* in DMSO solvent; unreported data is 

denoted with a “―”.
20
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We were pleased to observe enantioselectivity with all of the complexes studied, thus 

providing proof-of-principle for our original hypotheses.  Interestingly, 5-11– and 5-12– gave 

moderate enantioselectivity in MeNO2.  This was unexpected because the high dielectric 

constant of MeNO2 could preclude tight ion pair formation and thus disrupt effective 

transmission of stereochemical information from the chiral phosphate anion.  Furthermore, the 

sluggish reactivity observed with complexes containing 5-11–, 5-12–, and 5-13– (entries 1–4) led 

us to consider the implications of ion pairing on reactivity.  As the counteranion Lewis basicity is 

decreased, the resulting radical cation-counteranion pair becomes less stabilized.  To a first 

approximation, this decreased thermodynamic stability of the ion pair might lead to a decrease 

in the free energy required to overcome the activation barrier for the first bond forming event 

(Scheme 5-2, 5-7 → 5-8).  Therefore, we hypothesized that BINOL counteranions exhibiting 

lower Lewis basicity than phosphate should lead to substantially increased reactivity. 

Indeed, complexes containing less basic N-triflyl-phosphoramide  

(5-14–, 5-15–, 5-16–, 5-17–) (entries 5–13) gave significantly improved reactivity compared to the 

phosphate counteranions (compare entries 1 and 5).  To see if this reactivity trend was general, 

bis-sulfonamide (5-18–) and bis-sulfonic acid (5-19–) complexes were prepared and screened.  

However, 5-18– (entries 14 and 15) afforded lower reactivity compared to the N-triflyl-

phosphoramides, and complexes containing 5-19– rapidly decomposed under the photocatalysis 

conditions.  In an attempt to leverage the optical yields observed with phosphate counteranions 

(entries 1 and 3) and the reactivity observed with less coordinating N-triflyl-phosphoramides 

(entries 5 and 10), Ru(bpy)3(X*)2 and MV(X*)2 complexes containing N-phosphinyl 

phosphoramide 5-20 were prepared.  However, these complexes gave poor reactivity. 

This final result led to a study of catalyst integrity throughout the photoreaction.  

Hypothesizing that rapid catalyst death could be contributing to the sluggish reactivity observed 

will all of the complexes studied in Table 5-1, an experiment was carried out at high catalyst 

loadings (5 mol% Ru(bpy)3(5-11–)2 and 15 mol% MV(5-11–)2).  Indeed, 1H NMR analysis 
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revealed disappearance of bpy ligand protons throughout the reaction in tandem with multiple 

new resonances.  Attempts at isolation of these new species were unsuccessful, even at larger 

reaction scales.  However, a literature search uncovered several reports documenting a 

decomposition mode of polypyridyl Ru(II) complexes in low dielectric solvents (Scheme 5-4).21,22  

This decomposition pathway, known as photoanation, occurs when a polypyridyl Ru(II) complex 

containing a Lewis basic counteranion in its second coordination sphere is irradiated.  For 

example, upon dissolution in CH2Cl2 with irradiation at 436 nm, Gleria and co-workers 

discovered that [Ru(bpy)3
2+](2Cl–) underwent rapid transformation to Ru(bpy)2Cl2. 

Scheme 5-4. Photoanation chemistry of polypyridyl Ru(II) complexes in nonpolar solvents 

 

At this point, a critical analysis of our first-generation approach was necessary.  Most 

significantly, enantioenriched cycloadduct was obtained in many of the reactions studied, 

validating the hypothesis that a chiral counteranion can control the stereochemistry of radical 

cation reactions.  Many elements of this approach, however, conspired against its success.  To 
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begin, low reactivity and moderate mass balance was observed for all complexes studied.  

While photoanation is undoubtedly responsible for attenuated reactivity, it is highly likely that the 

counteranion is non-innocent and substantially affects the rate of chain propagation as well as 

the electrochemical potentials of the photocatalyst (see Chapter 6).  In terms of counteranion 

basicity, Table 5-1 lists known dissociation constants for the parent acids, where it can be 

observed that the pKa values for all the scaffolds investigated span a narrow range (1.7–3.9).  

This current limitation in the field of chiral Brønsted acid catalysis thereby precluded a thorough 

study of the relationship between counteranion Lewis basicity and enantioinduction in our 

system.  Finally, preparation of the small library of Ru(bpy)3(X*)2 and MV(X*)2 complexes proved 

tedious and non-amenable to rapid screening. 

 

5.4 Second-Generation Approach 

The preceding analysis of our first-generation approach to an enantioselective 

transformation proceeding via a putative radical cation led to a broader survey of methods by 

which to induce asymmetry in reactions involving substantial charge polarization.  Indeed, given 

the discussion in Section 5.2, the Diels–Alder reaction appeared to be an ideal model system 

upon which to base this analysis (Scheme 5-5). 

Scheme 5-5. Mechanistic constructs for enantioselective Diels-Alder reactions 
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Perhaps the most widely employed method to achieve facial discrimination in traditional 

Diels–Alder chemistry is chiral Lewis acid complexation to electron-deficient carbonyl 

compounds.23  This complexation lowers the dienophile LUMO energy, thus facilitating 

cycloaddition.  Chiral Brønsted acid catalysis24 follows similar logic but relies on moderate  

(4–15 kcal/mol, 1.5–2.2 Å) electrostatic interactions to achieve control over absolute 

stereochemistry.  The chiral imidazolidinone organocatalyst approach pioneered by MacMillan25a 

replaces lone pair coordination with selective π-bond formation, resulting in a highly directional 

mode of asymmetric induction, opening the possibility of utilizing ketone-derived dienophiles.  

However, the method is somewhat limited by pronounced steric effects due to covalent 

bonding.25b 

Anion-binding catalysis offers a fundamentally different paradigm for asymmetric 

induction.  Deriving inspiration from the fields of anion recognition26 and enzymology27, this 

mode of catalysis utilizes chiral hydrogen bond-assisted heterolysis of polar C-X bonds (anion-

abstraction), the result of which is liberation of a reactive cationic species with simultaneous 

formation of a chiral ion pair.28,29  Alternatively, the chiral hydrogen bond donor can directly 

control the reactivity and facial bias of ion-paired intermediates (anion-binding, Scheme 5-5).  

Unlike the previously discussed methods, ion-pairing allows for non-covalent catalysis of 

reactions proceeding via charged intermediates.  Through this analysis, we hypothesized that 

reactions of radical cation intermediates might succumb to enantiodiscrimination utilizing ion-

pairing catalysis in the presence of a chiral hydrogen-bond donor (Scheme 5-6). 

Scheme 5-6. Anion-binding strategy applied to a radical cation intermediate 
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To begin these investigations, we elected to pursue the intermolecular variant of our 

first-generation approach due to the poor mass balances often observed at long reaction times 

with tethered styrenyl substrates such as 5-3 (Table 5-1).  Additionally, the reaction shown in 

Scheme 5-7 generates a single diastereomer, thus avoiding issues pertaining to isomer 

separation and analysis. 

Scheme 5-7. Photocatalyzed intermolecular radical cation Diels–Alder reaction 

 

Scheme 5-7 depicts our current mechanistic understanding of the photocatalyzed 

intermolecular radical cation Diels-Alder reaction,10b with particular emphasis on ion-paired 

intermediates.  In a similar fashion to Scheme 5-2, a sufficiently electron rich substrate, such as 

anethole 5-21 undergoes oxidative quenching (E°(R/R•+) = +1.13 V)11 with the highly oxidizing 

triplet Ru(bpz)3
2+* to form ion-paired intermediate 5-24.  Reaction with isoprene (5-22) in a 

formal Diels–Alder reaction occurs to afford 5-25.  Reduction by Ru(bpz)3
+ or chain propagation 

furnishes cycloadduct 5-23.  While our initial publication used oxygen as a terminal oxidant to 
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turn over Ru(bpz)3
+, we found that omitting oxygen gave only a moderate decrease in reaction 

efficiency, thereby underscoring the feasibility of product formation by chain propagation.  

Indeed, as in the first-generation approach, preliminary experiments (Section 5.5) revealed that 

omission of oxygen led to significantly higher mass balances, likely due to the absence of non-

productive reactivity from superoxide radical anion (O2
•–) formation. 

 

5.5 Results and Discussion: Second-Generation Approach 

With a model system identified, we wished to investigate a possible correlation between 

counteranion basicity and reaction rate in a series of nonpolar (ε < 12) solvents.  However, 

experience in our laboratory has shown that Ru(bpz)3
2+ complexes not containing the BArF

4
– 

counteranion are insoluble in solvents less polar than acetone.  Therefore, in order to continue 

investigations, the catalyst Ru(dfmb)3
2+ (dfmb = 4,4′-bis(trifluoromethyl)-2,2′-bipyridine) was 

prepared (Table 5-2).30  While this species was found to have a less oxidizing triplet excited 

state (E°(Ru2+*/+) = +1.16 V) than Ru(bpz)3
2+ (E°(Ru2+*/+) = +1.35 V), Ru(dfmb)3(BArF

4)2 5-26 

afforded comparable reactivity to Ru(bpz)3(BArF
4)2.

10  Additionally, with the exception of complex 

5-27, all other complexes shown in Table 5-2 were soluble in nonpolar solvents such as CH2Cl2 

and CHCl3, thereby enabling comprehensive investigations. 

Electron-poor ureas can hydrogen-bond to a variety of anions, including phosphates, 

sulfates, and benzoates.31  Thus, we synthesized a variety of complexes bearing counteranions 

with the potential to undergo hydrogen-bonding to ureas and thioureas.  Indeed, a strong 

correlation between counteranion basicity and reactivity was quickly established; Table 5-2 

displays these results in order of increasing Lewis basicity  

(ArF = 3,5-bis(trifluoromethyl)phenyl).  Complexes 5-26 and 5-27 containing the weakly-

coordinating BArF
4
– and TfO– counteranions, respectively, demonstrated far more rapid 

conversion to cycloadduct than complexes containing aryl sulfonate (5-28 and 5-30), aryl 

sulfinate (5-29), benzyl phosphate (5-31) or aryl carboxylate (5-32) anions.  Notably, the acidity 
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of the parent acids span more than 23 pKa units (–15 [TfOH] to 8.5 [est., ArF-CO2H]), thus 

highlighting a potential advantage of this second-generation approach. 

Table 5-2. Counteranion survey with Ru(dfmb)3
2+ complexesa 

 

entry [Ru] time yieldb 5-23 remainingb 5-21 

1 5-26 20 min 98% ― 

2 5-27 24 h 55% 37% 

3 5-28 24 h 14% 80% 

4 5-29 24 h 7% 83% 

5 5-30 24 h 2% 95% 

6 5-31 24 h 0% 100% 

7 5-32 24 h 0% 100% 

a
To an oven-dried 25-mL Schlenk tube with a magnetic stirrer was added [Ru] followed by a stock 

solution of 5-21 (0.061 mmol), 5-22 (0.18 mmol), and trimethyl(phenyl)silane internal standard (0.061 
mmol) in dry CH2Cl2 (0.08 M).  The solution was submitted to 3 freeze-pump-thaw cycles, purged with N2, 
and irradiated at room temperature with a 23 W CFL. 

b
Subsequently, an aliquot was collected for 

1
H NMR 

analysis to determine yield 5-23 and remaining 5-21. 

 

We wished to determine if the presence of a hydrogen-bond donor would accelerate 

catalysis beyond that of the background reactivity just established.  In 

the event, chiral urea 5-33 was synthesized and evaluated with 

complexes 5-28 and 5-29 under the conditions described in Table 5-2.  
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After 24 h, we were delighted to observe that the reaction containing 5-29 and  

5-33 exhibited a threefold increase in rate over background; a twofold increase was observed 

with 5-28 and 5-33.  Therefore, 5-29 was used for further studies. 

 

5.5.1 Jacobsen-Type Ureas as H-Bond Donors 

Given the substantial increase over background activity observed with 5-33, a small 

library of chiral ureas originally developed by Jacobsen32 was synthesized and submitted to the 

optimized reaction conditions (Table 5-3).  While 5-34 gave similar reactivity to 5-33, no 

enantioinduction was observed.  Diaminocyclohexyl urea 5-35 and sulfinamides (R)- and (S)- 

5-3632c derived from Ellman’s auxiliary inhibited reactivity, likely due to photoanation resulting 

from the high Lewis basicity of the tertiary amine and sulfinamide nitrogen, respectively.  

However, ureas containing an α-aryl pyrrolidine moiety (5-37, 5-38, 5-39)32d,e afforded modest 

enantioselectivity (entries 6–12), thus providing proof-of-principle for this mode of 

enantioinduction.  A brief solvent screen with 5-38 uncovered that use of nonpolar aromatic 

solvents (entries 10–11) affords significantly improved asymmetric induction.  Given the 

increase in enantioselectivity observed upon exchanging the 4-F-phenyl nucleus of 5-37 with a 

naphthyl moiety, it appeared reasonable to propose a positive relation between quadrupole 

moment or polarizability of the aryl substituent and enantioselectivity.  Indeed, Jacobsen has 

observed this trend in an α-aryl pyrrolidine urea-catalyzed electrocyclization cascade 

proceeding via an iminium ion.32e  Therefore, 5-39 was synthesized to test this hypothesis, but 

no increase in enantioinduction was observed. 
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Table 5-3. Hydrogen-bond donor studiesa 

 

entry chiral urea solvent yieldb 5-23 e.e.c remainingb 5-21 

1 5-33 CH2Cl2 24% 0% 61% 

2 5-34 CH2Cl2 23% 0% 72% 

3 5-35 CH2Cl2 0% ― 96% 

4 (R)-5-36 CH2Cl2 10% 0% 80% 

5 (S)-5-36 CH2Cl2 11% 0% 77% 

6 5-37 CH2Cl2 23% 4% 65% 

7 5-38 CH2Cl2 23% 9% 70% 

8 5-38 CHCl3 5% 11% 85% 

9 5-38 THF 3% 17% 96% 

10 5-38 PhCF3 11% 21% 81% 

11 5-38 PhCH3 5% 29% 89% 

12 5-39 CH2Cl2 18% 9% 76% 

a,b
See Table 5-2. After 72 h, diluted with 25:1 hexanes:EtOAc and purified on silica gel using this eluent. 

c
Sample was dissolved in 6:1 hexanes:i-PrOH (2 mL) and e.e was determined by HPLC analysis on 

Daicel OJ-H chiral stationary phase eluting with 99:1 hexanes:i-PrOH (isocratic, 1 mL/min flow rate, 278 
nm; enantiomers had retention times of 5.4 and 5.9 min, residual 5-21 had a retention time of 15.8 min). 
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The results in Table 5-3 demonstrate a tradeoff between chemical and optical yield 

(entries 7–11).  While this trend was expected from the studies presented by Inoue and 

Schuster,8b,9c we came to realize an important facet of our methodology: counteranion basicity 

can easily be modulated via electronic modification to the counteranion itself or by electrostatic 

perturbation using a hydrogen-bond donor.  It follows that the strongest perturbation should 

occur in the presence of a potent hydrogen-bond donor, that is, a species having substantially 

acidic H-X bonds.  Given that thiourea is substantially more acidic (pKa = 21.0) than urea  

(pKa = 26.9),33 an obvious experiment entailed replacing the urea functionality of 5-38 with a 

thiourea.  However, the thiourea analogue completely inhibited the radical cation cyclization.34  

Furthermore, Schreiner’s thiourea ((ArFNH)2CS)28b neither inhibited nor accelerated reactivity 

above background.  Given these data, thioureas were not investigated further, despite 

enhanced H-bond donation. 

 
5.5.2 Diaminocyclohexyl Ureas: Impetus and Structure-Activity Relationships 

The results with Schreiner’s thiourea in tandem with the hypothesis of a correlation 

between reaction rate and hydrogen-bond donor ability lead to the search for non-oxidizable H-

bond donors possessing acidic H-X bonds.  Given the greater reactivity observed with sulfonate 

catalyst 5-28 compared to sulfinate catalyst 5-29 (Table 5-2), we opted to employ 5-28 for the 

remainder of our studies.  Recent investigations by Ellman demonstrated that replacement of 

the methinyl-peptide residue in 5-38 with a sulfinamide or sulfonamide affords a substantial 

increase in urethane proton acidity.35  In accordance with these observations, sulfinamido urea 

5-40 and sulfamoyl urea 5-41 were prepared (Scheme 5-8).  Gratifyingly, 5-40 and 5-41 

accelerated the rate of Diels-Alder cycloaddition by 7-fold and 4-fold above background, 

respectively, thus verifying our hypothesis.  Given the latter result, we surmised that 

replacement of the urethane carbonyl with a sulfoxide would dramatically alter reactivity, but 

sulfuric diamide 5-42 inhibited reactivity. 
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Scheme 5-8. Survey of sulfonamide, sulfonamide, and sulfamoyl ureas 

 

The substantial increase in catalysis observed with sulfinamide urea 5-40 prompted a 

search for H-bond donors having a high affinity for sulfonates.  Recent investigations by 

Jacobsen and co-workers on aryl sulfonate- and trifluoromethylsulfonate-catalyzed [4+2] 

cycloadditions between N-aryl imines and electron-rich olefins (Povarov reaction, Scheme 5-9) 

demonstrated high enantioinduction in the presence of sulfinamido urea (S)-5-36 (Table 5-3).36  

Surprisingly, measurable binding between weakly basic triflate and (S)-5-36 was observed  

(K = 9000 ± 2000 M–1). 

Scheme 5-9. Asymmetric induction for an intermolecular, sulfonate-catalyzed Povarov reaction 

 

Interestingly, preliminary experiments revealed that (S)-5-36 inhibited our radical cation 

Diels-Alder cycloaddition (Table 5-3, entry 5).  Considering the high Lewis basicity (pKa ~ 22) of 

the sulfinamide nitrogen, photoanation is almost certainly operative, and further analysis of this 
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reaction by 1H NMR spectroscopy revealed that, indeed, ~50% of photocatalyst 5-28 had 

decomposed within 8 h of reaction.  Nevertheless, we felt that the diaminocyclohexyl scaffold 

could serve as a highly modular platform and were inspired by the work of Sakakura and 

Ishihara37 on increasingly potent H-bond donors derived from this framework. 

In the event, a small library of chiral diaminocyclohexyl ureas was prepared and 

screened under the standard reaction conditions (Table 5-4).  In general, ureas containing a 

Lewis basic nitrogen atom (5-43a, 5-36) gave poor reactivity.  However, by rendering this 

nitrogen atom increasingly less basic, reactivity dramatically improved (entries 3–5).  Indeed,  

5-43d gave the largest increase over background reactivity observed to that point.  Various 

BINOL and TADDOL frameworks (not shown) were appended to the 5-45 scaffold, but low 

reactivity and no significant enantioselectivity was observed.  By replacing the amide or 

sulfinamide functionality in the 5-43 series with a sulfonamide, reactivity improved further 

(entries 6–11), and the reaction containing 5-44e reached completion in 8 h.  This represents an 

approximate 20-fold increase above racemic background. 

Given the promising results with 5-44c, a variety of chiral amines, chiral amino acids, 

and chiral cystic acids (e.g. 5-45) were synthesized and appended to the chiral framework of  

5-44.  In general, all of these hydrogen bond donors afforded 30–35% yield of 5-23 with e.e. 

values between 1–5% (entry 11).  Replacing the chiral diaminocyclohexyl backbone of 5-44e 

with (1R,2R)-bisphenylethylenediamine or (1R,2R)-bis(1-naphthyl)ethylenediamine gave no 

measureable improvement in e.e.  Replacement of the 3,5-bis(trifluoromethyl)phenyl (ArF) 

moiety bonded to the urea with a phenyl group or a tosylate lead to a dramatic loss in reactivity.  

Finally, fusing the peptidomimetic scaffold of urea 5-38 with the diaminocyclohexylsulfonamide 

fragment of 5-44e gave urea 5-46.  However, as shown in entry 12, a urea bonded to an 

electron-deficient aromatic nucleus appears necessary for competent reactivity. 
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Table 5-4. Evaluation of chiral diaminocyclohexyl urea scaffoldsa 

 

entry chiral urea R or R′ yieldb 5-23 e.e.c remainingb 5-21 

1 5-43a COMe ― ― 100% 

2 (R) or (S)-5-36 SOt-Bu 8% –2% 92% 

3 5-43b CO(ArF) 35% 3% 57% 

4 5-43c CONH(ArF) 63% 4% 26% 

5 5-43d COCF3 82% 1% 14% 

6 5-44a 2,4,6-(i-Pr)3Ph 26% –3% 71% 

7 5-44b NH(n-octyl) 37% –2% 55% 

8 5-44c n-octyl 55% –2% 42% 

9 5-44d Ph 87% –3% 9% 

10 5-44e ArF 93% –6% ― 

11 5-45 ― 35% –4% 56% 

12 5-46 ― 12% –1% 88% 

a,b,c
See Tables 5-2, 5-3 for complete experimental and analytical details; reactions stopped after 14 h of 

irradiation. 
 

Overall, this study uncovered a variety of highly competent H-bond donors.  Indeed, 

when compared to the Jacobsen-type ureas screened in Table 5-3, our novel H-bond donors 

provided dramatically improved reactivity.  However, very low optical yields were observed for 
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all of these diaminocyclohexyl urea structures, and attempts to introduce further elements of 

chirality gave no improvements in stereochemical induction. 

To this point, the only substrate investigated has been trans-anethole (5-21).  This flat 

styrene derivative is relatively devoid of functionality.  Hence, achieving non-covalent 

enantiodiscrimination is likely relying upon the large quadrupole moment of an aromatic nucleus 

(naphthalene, phenanthrene) on the chiral hydrogen bond donor (5-38, 5-39) to electrostatically 

interact with one face of the transient radical cation intermediate derived from oxidation of 5-21.  

We hypothesized that introduction of Lewis basic functionality on the substrate would facilitate a 

second mode of interaction with a chiral hydrogen bond donor.  Further, we stipulated that 

introducing an acidic H–X bond on the substrate would create hydrogen-bonding interactions 

with the counteranion of the photocatalyst.  These two distinct approaches were executed in a 

substrate engineering campaign (see Table S5-1, p. xx).  However, though several intriguing 

results emerged, no improvements in enantioselectivity were observed. 

Figure 5-1. Expanded SAR studies for peptidomimetic and diaminocyclohexyl urea scaffolds 

 
 

As exemplified by the structure-activity relationship (SAR) studies shown in Figure 5-1, 

small perturbations on the two major scaffolds investigated thus far often resulted in 

dramatically reduced catalysis.  Wishing to further investigate the Jacobsen-type peptidomimetic 

framework due to promising levels of enantioinduction (Table 5-3) we realized that the most 
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significant factor limiting derivatization is the requirement for the ArF moiety directly bonded to 

the urea. 

5.5.3 Pyridinium and Quinolinium Ureas H-Bond Donors 

This latter realization was also made by Seidel and co-workers and prompted design of 

new H-bond catalysts (Scheme 5-10) in which the ArF substituent (as in 5-47) was replaced with 

a protonated pyridine (as in 5-48) or quinoline nucleus.38  In accordance with their hypothesis, 

these pyidinium and quinolinium H-bond donors were substantially more active. 

Scheme 5-10. Pyridinium ureas as hydrogen-bond donors in nitroolefin/indole addition 

 
Surmising that this novel design principle could guide efforts in development of new 

Jacobsen-type peptidomimetic scaffolds for our radical cation Diels-Alder cycloaddition, a 

variety of pyridinium and quinolinium ureas were synthesized and submitted to the standard 

reaction conditions (Table 5-5).  We were pleased to observe that the presence of quinolinium 

urea 5-49a gave very rapid reactivity, with the cycloaddition reaching full conversion in 30 min 

(entry 1), nearly a 20-fold increase over urea 5-44e (Table 5-4).  Based on extensive work from 

Fukuzumi39 and recent reports from Nicewicz40 on acridinium-sensitized additions to alkenes, it 

was hypothesized that the quinolinium urea might be acting as a photoinduced electron transfer 

(PET) sensitizer.  Indeed, the first singlet excited state (S1) of quinolinium salts is known to be a 

powerful one-electron oxidant (Ered(S1) = +2.4 – +2.8 V vs. SCE).39  In accord with these data, 

omission of photocatalyst 5-28 (entry 2) gave full conversion of 5-21.41  Given this result, we 

surmised that the quinolinium urea could potentially play two roles: that of a PET sensitizer and 

that of a chiral hydrogen-bond donor.  However, screening various chiral scaffolds based on  
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5-49a did not improve stereoinduction, and enantioselectivity with 5-49a did not improve at 

lower temperatures. 

Table 5-5. Pyridinium and quinolinium ureas as H-bond donors and PET sensitizers 

 

entry 5-28 chiral urea X– time 
yieldb 

5-23 
e.e.c 

remainingb  

5-21 

1 5 mol% 5-49a BArF
4
– 30 min 87% 4% ― 

2 ― 5-49a BArF
4
– 30 min 87% 6% ― 

3 ― 5-49b ArFSO3
– 24 h ― ― 99% 

4 ― 5-50 BArF
4
– 30 min 50% ― 37% 

5 ― 5-51 BArF
4
– 30 min 98% ― ― 

6 ― 5-52a (O) BArF
4
– 30 min 45% 3% 51% 

7 ― 5-52a (S) BArF
4
– 30 min 58% 4% 38% 

8 ― 5-52b (S) TfO– 24 h 3% ― 97% 

9 ― 5-52c (S) ArFSO3
– 24 h ― ― 99% 

10 5 mol% 5-52c (S) ArFSO3
– 24 h ― ― 90% 

11 5 mol% 5-52d (O) ArFSO3
– 14 h 7% ― 88% 

a,b,c
See Tables 5-2, 5-3 for complete experimental and analytical details. 

 

Perhaps most curious was a pronounced counteranion effect; indeed, when BArF
4
– was 

exchanged for ArFSO3
–, no catalysis was observed (entry 3).  Surprisingly, pyridinium ureas and 

thioureas 5-52 were competent PET sensitizers when the BArF
4
– counteranion was employed 

(entries 6–11),42 though here too we observed a counteranion effect.  The lack of catalysis with 

5-52c (S) lead to the hypothesis that this structure might be an ideal, potent H-bond donor.  
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Therefore, we introduced 5-52c (S) to the standard reaction conditions with photocatalyst 5-28 

but only observed inhibition of reactivity (entry 10).  Suspecting thiourea oxidation, the 

corresponding urea was submitted, but inhibition was once again observed (entry 11), likely due 

to the basic hydroxyl group on the chiral aminoindanol scaffold. 

While this line of inquiry was stymied by irreproducible data, low levels of 

stereoinduction, and a pronounced counteranion effect, these results along with those in Table 

5-2 ultimately inspired the studies performed in Chapter 6.  At this time, we were lead back to 

the hypothesis outlined in Section 5.5.2: design of an H-bond donor framework that would 

effectively bind the tetrahedral sulfonate anion in catalyst 5-28 would be ideal for achieving rapid 

catalysis.  Furthermore, we desired that this scaffold be amenable to introduction of chirality at a 

late stage in its synthesis, thus opening the door to rapid, facile diversification. 

 

5.5.4 C3-Symmetric Phosphotriamides and Synthesis of Non-Symmetric Derivatives 

for Introduction of Chirality 

We initiated a literature search for an H-bond donor with high affinity for the tetrahedral 

sulfonate anion in catalyst 5-28.  Originally investigated43 as neutral alternatives to acidic 

pyridinium and guanidinium H-bond catalysts, phosphotriamide 5-53 and thiophosphotriamide 5-

54 (Scheme 5-11) were shown by Gale and co-workers44 to have high affinity (Ka > 104 M–1) for 

sulfate (SO4
2–).  A recent comparison between 5-53, Schreiner’s thiourea 5-55, and squaramide 

5-56 in Gassman’s45 Brønsted-acid promoted ionic Diels–Alder cycloaddition (Scheme 5-11) 

revealed pronounced rate acceleration in the presence of the thiophosphotriamide.46  
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Scheme 5-11. Phosphotriamides as sulfonate anion-binding scaffolds in an ionic cycloaddition 

 

Given the proposed mode of anion binding and the acceleration in catalysis in systems 

containing sulfonate anions, we hypothesized that 5-53 and 5-54 would effectively bind the p-

toluenesulfonate anion of catalyst 5-30 and afford significant rate increases over the Jacobsen-

type ureas in our radical cation Diels–Alder system.  To our great delight, 5-53 and 5-54 

demonstrated a far superior reactivity profile compared to all other H-bond donors studied to this 

point (Table 5-6).  Indeed, when 5-54 was added to a reaction containing the p-toluenesulfonate 

anion of catalyst 5-30, a massive increase in reactivity was observed (entries 1–2), in 

agreement with the results in Scheme 5-11.  A similar increase was noted in the presence of 

catalyst 5-28 (entries 3–5), and the greater acidity of the N-H protons in 5-54 relative to 5-53 led 

to faster catalysis.  Unfortunately, after screening many C3-symmetric phosphotriamides and 

thiophosphortriamides (not shown), it became quickly apparent that small electronic 

perturbations gave far less active hydrogen-bond donors. 
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Table 5-6. Phosphotriamide and thiophosphotriamide study 

 

entry catalyst phosphotriamide R time yieldb 5-23 remainingb 5-21 

1 5-30 ― ― 20 h 2% 93% 

2 5-30 5-54 ― 20 h 95% 2% 

3 5-28 ― ― 20 h 15% 80% 

4 5-28 5-53 ― 90 min 73% 22% 

5 5-28 5-54 ― 90 min 93% 3% 

6 5-28 5-57 ― 20 h 18% 78% 

7 5-28 5-58 ― 20 h 13% 81% 

8 5-28 5-59a 3-CF3Ph 20 h 81% 13% 

9 5-28 5-59b n-octyl 20 h 13% 86% 

10 5-28 5-60a 3-CF3Ph 20 h 9% 88% 

11 5-28 5-60b n-octyl 20 h 17% 75% 

12 5-28 5-60c –CH2CO2Et 20 h 13% 85% 

a,b
See Tables 5-2, 5-3 for complete experimental and analytical details. 

 

As in previous studies, here too we observed a strong relationship between reaction rate 

and highly electron deficient aryl groups appended to the hydrogen-bonding nucleus.  However, 

there was no obvious method by which the C3-symmetric ArF frameworks of 5-53 and 5-54 could 

be rendered chiral.  This led us to hypothesize that synthesis of non-symmetric phosphotriamide 

architectures containing two ArF moieties (5-59 and 5-60) might allow for large electronic 

variations in the remaining position (R).  Such frameworks had never previously been 
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synthesized, and thus, novel routes to these scaffolds were developed.  After substantial 

optimization, we arrived at the methods shown in Scheme 5-12. 

Scheme 5-12. Syntheses of novel, non-symmetric phosphotriamides 

 

Several unexpected results were obtained when these scaffolds were employed (Table 

5-6).  When a single trifluoromethyl group from the corresponding C3-symmetric 

phosphotriamide 5-53 was omitted to give 5-59a, a substantial decrease in catalysis occurred 

(compare entries 4 and 8).  Even more drastic was the inhibition of reactivity observed with  

5-60a (compare entries 3, 5, and 10).  Unfortunately, alkyl groups (5-62b and 5-63b) 

dramatically slowed reactivity (entries 9, 11).  We hypothesize this is, in part, due to 

photoanation resulting from substantially increased nitrogen 

basicity.  Surmising that the presence of an α-ester moiety would 

(a) significantly increase N-H acidity47 and (b) provide a model 

system for peptidomimetic hybrid 5-61, 5-60c was synthesized.  The resulting scaffold afforded 

no increase in the rate of catalysis (entry 12), thereby obviating preparation of 5-61 and its 

congeners.  Taken together, the data in Table 5-6 demonstrate a very promising class of H-

bond donors that exhibit pronounced sensitivity to electronic effects. 

Given the requirement for a phosphotriamide possessing two ArF aniline moieties in 

conjunction with a third electron-deficient aniline, derivatives based on these criteria were 

synthesized (Scheme 5-13).  Due to inefficient phosphoramidic dichloride formation when 

employing electron-deficient anilines (Scheme 5-12, R′ = CF3) a new route had to be devised.  
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In the event, meta-substituted TBS-protected anilines were subjected to the phosphotriamide 

synthesis outlined in Scheme 5-13.  Subsequent deprotection followed by an optimized Cr(VI)-

catalyzed oxidation protocol afforded a series of meta-benzoic acids that we imagined could 

serve as a branching point for the facile union of myriad chiral moieties with the 

phosphotriamide scaffold.  The meta-benzoic acids were either submitted to amidation or 

esterification to yield analogues 5-62, 5-63, 5-64, and 5-65. 

Scheme 5-13. Synthesis of tris-aryl phosphotriamides and [Diels-Alder studies] 

 

As denoted by the bracketed results in Scheme 5-13, only 5-63 and 5-64 afforded 

increases over background catalysis in the radical cation Diels–Alder when submitted to the 

conditions in Table 5-6 for 20 h.  While photoanation may be occurring in the presence of 5-62 

and 5-65 as a result of the weakly nucleophilic amide nitrogen atoms, the low reactivity obtained 

with 5-64 was surprising, given the similar σm values for CF3 and CO2Me.48 

The pronounced electronic sensitivity led us to conclude that only an ArF-aniline or 

functionalized ArF-aniline moiety would be tolerated as the third substituent.  We hypothesized 

that functionalization of the ArF moiety could be realized according to the chemistry outlined in 

Scheme 5-14. 
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Scheme 5-14. Attempted syntheses of substituted phosphotriamides 

 

Nitration of 2,4-bis(trifluoromethyl)bromobenzene 5-66 afforded the highly substituted 

precursor 5-67 that served as a versatile intermediate.  Buchwald amidation49 was complicated 

by extensive hydrodehalogenation, a well-known deleterious side-reaction when employing 

electron-deficient substrates.  Gratifyingly, after optimization, conditions were discovered to 

affect this coupling in moderate yield followed by reduction to afford 5-68.  When submitted to 

phosphotriamide formation no product was observed.  We surmised that issues with this step 

could be avoided by installing the pyrrolidinone after phosphotriamide synthesis (5-71).  

However, 5-70 was recalcitrant to formation of the corresponding phosphoramidic dichloride 

under our optimized conditions.  While thermal energy greatly increased the rate of consumption 

of 5-70, the prolonged heating required to achieve complete conversion appeared to 

decompose any dichloride that formed. 

Finally, we were intrigued by the possibility of stereochemical information relay from an 

axially chiral backbone, such as enantiopure TF-BIPHAM 5-72.50  Double deprotonation of 5-72 

followed by treatment with a phosphoryl dichloride and subsequent oxidation should afford 5-73.  
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We hypothesized that intramolecular capture of the phosphoramidyl monochloride intermediate 

from the first P-N bond forming event would be significantly more efficient than our protocol for 

intermolecular reaction with 2 equivalents of ArFNHLi (Scheme 5-14).  Racemic material was 

prepared from 5-67 via Cu-mediated oxidative coupling followed by high pressure reduction with 

H2 on Adam’s catalyst.  Employing the procedure for phosphoramide synthesis from BINAM-

type ligands reported by Denmark and co-workers,51 we were unable to synthesize 5-73.  Other 

approaches also were unsuccessful, likely due to the poor nucleophilicity of the BIPHAM ligand.  

Unfortunately, the series of studies in Scheme 5-14 was stymied by the highly electron-deficient 

nature of the requisite aniline precursors.  Indeed, we are unaware of any reports in which such 

electron-deficient aniline-based ligands undergo successful P-N bond formation, an apparent 

current limitation in the field of organophosphorus chemistry. 

 

5.6 Concluding Remarks and Future Directions 

We remain intrigued by the transition state organization required to achieve high levels 

of enantioselectivity (Scheme 5-15).  As the counteranion X– is rendered less basic, the radical 

cation-anion pair is rendered less stable, and thus more reactive.  However, a reduction in 

basicity directly correlates with a reduction in electrostatic attraction between the radical cation 

and X–, and thus less effective relay of stereochemical information in the enantiodetermining 

step.  These notions were borne out particularly well in the intermolecular system.  That is, the 

putative ternary ion pair must assemble and have sufficient lifetime for participation in a 

bimolecular collision with a diene in order to obtain efficient stereochemical relay.  Indeed, 

reaction from the chiral ternary ion pair competes with reaction from the prochiral binary ion pair.  

Contrastingly, in our first generation approach every radical cation–chiral phosphate ion pair 

formed, even those in chain propagation steps, must necessarily be a chiral ion pair.  However, 

we believe that either approach has the potential to be a novel design strategy for achieving 

asymmetry in reactions proceeding via radical ion chain propagation. 
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Scheme 5-15. Comparison between first- and second-generation approaches 

 

A closely related, more nuanced issue centers upon the mode in which the radical cation 

is generated.  In the vast majority of reports regarding anion-pairing catalysis, the chiral 

hydrogen-bond donor induces substrate ionization to a reactive intermediate (anion-abstraction 

catalysis).  In our system, the chiral hydrogen-bond donor does not induce radical cation 

formation, but instead must diffuse from the bulk solution and bind to the photocatalyst 

counteranion if enantiodiscrimination is to be achieved (anion-binding catalysis).  This distinction 

between anion-abstraction and anion-binding catalysis may have profound ramifications for 

asymmetric induction, especially if cycloaddition can occur without complete ionization to the 

radical cation-anion pair.  Assuming nearly diffusion-controlled cycloaddition after radical cation 

formation (achievable by tethering the diene to the species undergoing ionization) we postulate 

that a system in which a chiral H-bond donor induces ionization to the putative radical cation 

may give superior asymmetric induction. 

A major advantage of our second-generation approach 

is the modularity and facile synthesis of chiral H-bond donors.  

However, the field of chiral anion-binding catalysis is just 

beginning, and thus, the diversity of scaffolds is currently quite 

limited.  Ureas and thiourea structures have dominated the field, but our studies clearly 
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demonstrate the need for novel structures.  Encouraged by the very promising results obtained 

with pyridinium ureas and phosphotriamides, we propose that future studies further investigate 

scaffolds such as those in Scheme 5-14 as well as species similar to 5-74.  Due to the presence 

of the Lewis basic sulfonate, this pyridinium urea cannot act as a PET sensitizer but remains a 

potent H-bond donor. 

One of the most pervasive empirical issues surrounding our two approaches is 

photocatalyst decomposition via photoanation.  To the best of our knowledge, this pathway is 

unavoidable when homoleptic polypyridyl Ru(II) compounds are irradiated in nonpolar solvent in 

the presence of Lewis basic anions and/or nucleophiles.  However, heteroleptic polypyridyl 

Ru(II) complexes are known to be significantly less prone to photoanation, and may prove 

particularly advantageous in future experiments. 

In closing, we have developed novel modes for achieving asymmetric induction in 

reactions of radical cation intermediates.  Indeed, proof-of-concept and strong support for our 

hypotheses was observed in both our first- and second-generation systems.  The asymmetric 

induction we have attempted to achieve, however, is entirely reliant upon strictly non-covalent, 

electrostatic interactions.  Compared to either covalent catalysis or Lewis-acid catalysis, both of 

which induce enantioselectivity through strongly distance-dependent steric destabilization of all 

but the dominant pathway,52 the interactions inherent to ion-pairing and hydrogen-bonding are 

far weaker, less distance dependent, and less directional.  In fact, given that the level of 

transition structure organization necessary for high stereoinduction is often achieved through 

highly directional catalyst–substrate interactions,29 ion-pairing represents perhaps the least 

directional strategy currently known for achieving asymmetric catalysis.  This also makes ion-

pairing both a powerful approach to the challenge of stereoinduction and a strategy that we 

hope to further exploit in future investigations. 
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5.7 Experimental 

5.7.1 General Information 

Dichloromethane, tetrahydrofuran, diethyl ether, toluene, and acetonitrile (HPLC grade 

solvents) were dried by passage through columns of activated alumina.  Ethylene glycol 

(Aldrich) was used as received.  Water was purified by a Milli-Q system (Millipore Corporation) 

to achieve a resistivity of 18.2 MΩ cm–1 at 25 °C.  Chromatography was performed with Purasil 

60 Å silica gel (230–400 mesh) or with neutral alumina (Aldrich product # 11028).  High vacuum 

refers to a reduced pressure that was measured to be 60 mTorr using a McLeod gauge.  

Anethole (5-21) was purified by chromatography on silica gel (hexanes: EtOAc = 20:1) and was 

subsequently submitted to fractional distillation under high vacuum at 95 °C.  Purified anethole 

was stored at room temperature in a vial wrapped in aluminum foil.  Isoprene (5-22) was 

fractionally distilled from CaH2 under N2 at 45°C and stored at 5 °C.  1H, 13C, 19F, 31P, and 11B 

NMR data for all previously uncharacterized compounds were obtained using Bruker Avance III 

400 MHz and Bruker Avance III 500 MHz spectrometers and are referenced to TMS (0.00 ppm) 

or residual protio solvent signal.  The NMR facilities are supported by the NSF (CHE-1048642, 

CHE-9208463, S10 RR08389-01), the University of Wisconsin, and a generous gift from Paul J. 

Bender. 

  



174 
 

5.7.2 Synthesis of Polypyridyl Ru(II) Complexes 

 

2-iodo-4-(trifluoromethyl)pyridine (5-76).  A 250 mL round-bottom flask with a magnetic stirrer 

was charged with 2-chloro-4-(trifluoromethyl)pyridine 5-75 (Oakwood Chemical) (8.00 g, 44.1 

mmol, 5.67 mL, 1 equiv.), NaI (15.8 g, 106 mmol, 2.4 equiv.), glacial AcOH (5.04 mL, 88.1 

mmol, 2 equiv.), and CH3CN (55 mL, 0.8 M).  To the resulting faint yellow solution was added 

conc. H2SO4 (239 μL, 4.41 mmol, 0.1 equiv.) in a single portion, and the reaction turned bright 

red.  The reaction was equipped with a water-cooled condenser before being placed in a 90 °C 

oil bath for 6 h.  After the allotted time had elapsed, the resulting brown reaction was allowed to 

cool to rt, and the solvent was removed in vacuo.  To the remaining residue was added H2O (75 

mL) and, with rapid stirring, solid NaHCO3 until the reaction mixture reached pH = 7.  The 

aqueous mixture was transferred to a separatory funnel and extracted with CH2Cl2 (3 x 100 mL).  

Residual iodine was removed by washing the combined organic phases with a saturated 

solution of sodium bisulfite (2 x 75 mL).  The organic layer was washed with brine (1 x 50 mL), 

dried over Na2SO4, filtered, and the solvent was removed in vacuo to afford a yellow oil that was 

purified via flash column chromatography on silica (hexanes:EtOAc = 20:1) to afford 8.25 g 

(30.2 mmol, 69% yield) of 5-76 as a clear oil.  1H NMR (500.0 MHz, CDCl3)  8.57 (d, J = 5.1 

Hz, 1H), 7.96 (s, 1H), 7.49 (d, J = 5.1 Hz, 2H); 13C NMR (125.7 MHz, CDCl3)  151.6, 139.5 (q, 

JC-F = 34.3 Hz), 130.7 (q, JC-F = 3.6 Hz), 121.6 (q, JC-F = 273.3 Hz), 118.5 (q, JC-F = 3.6 Hz), 

118.0.  These data are consistent with previously reported values.53  Note: proper storage of the 
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iodopyridine must be considered if not used immediately.  To increase the shelf life of this 

reagent, store in a cool, dark place. 

4,4′-bis(trifluoromethyl)-2,2′-bipyridine (5-77).  A 250 mL round-bottom flask with a magnetic 

stirrer was charged with Pd(OAc)2 (339 mg, 1.51 mmol, 0.05 equiv.) and Cs2CO3 (11.8 g, 36.3 

mmol, 1.2 equiv.).  The flask was equipped with a water-cooled condenser and was purged with 

N2.  Subsequently, a solution of 5-76 (8.25 g, 30.2 mmol, 1 equiv.) in i-PrOH (60 mL, 0.5 M) was 

added.  The reaction was heated to an oil bath temperature of 80 °C under N2 for 5 h.  After the 

allotted time had elapsed, the reaction was allowed to cool to room temperature and was filtered 

through a pad of Celite.  The filter cake was washed with CH2Cl2 (3 x 50 mL), and the volatiles 

were removed in vacuo to afford a brown solid.  Insoluble impurities were removed by washing 

the brown solid with CH2Cl2, filtering, and removing CH2Cl2 in vacuo.  The crude product was 

purified via flash column chromatography on silica (hexanes:EtOAc = 10:1) to afford 2.46 g 

(8.41 mmol, 56% yield) of 5-77 as a bright yellow solid.  1H NMR (500.0 MHz, CDCl3)  8.89 (d, 

J = 5.0 Hz, 2H), 8.73 (s, 2H), 7.59 (d, J = 5.0 Hz, 2H); 13C NMR (125.7 MHz, CDCl3)  156.1, 

150.3, 139.6 (q, JC-F = 34.3 Hz), 122.8 (q, JC-F = 273.3 Hz), 119.9 (q, JC-F = 3.6 Hz),  

117.2 (q, JC-F = 3.6 Hz).  These data are consistent with previously reported values.54 

Ru(dfmb)3Cl2 (5-78).  A 100 mL round-bottom flask with a magnetic stirrer was charged with 

RuCl3•XH2O (Strem Chemicals) (379 mg, 1.83 mmol, 1 equiv.) and 5-77 (1.87 g, 6.40 mmol, 3.5 

equiv.).  The flask was equipped with a water-cooled condenser and was purged with N2.  

Subsequently, ethylene glycol (30 mL, 0.06 M) was added and the reaction was heated to an oil 

bath temperature of 205 °C under N2 for 12 h.  The resulting dark red/black mixture was allowed 

to cool to rt.  The crude reaction was added dropwise to a rapidly stirred mixture of 

Et2O/acetone (1:1, 250 mL) over 15 min.  The resulting homogeneous mixture was transferred 

to a dropping funnel and added slowly to a rapidly stirred solution of Et2O (1.4 L) over 1 h.  A red 

solid crashed out of solution during the addition and was isolated via slow filtration on a medium 
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porosity fritted funnel.  The solid was washed with Et2O (2 x 30 mL), then passed through the 

fritted funnel with CH3CN.  The volatiles were removed and the solid was dried under high 

vacuum.  Thereafter, the dry solid was dissolved in CH3OH (100 mL) and added dropwise to a 

rapidly stirred solution of Et2O (350 mL) over 45 min.  A red solid precipitated throughout the 

addition and was isolated on a fritted funnel and washed with Et2O (2 x 30 mL).  The purified 

solid was dried under high vacuum at 70 °C for 2 h to afford 1.40 g (1.38 mmol, 76% yield) of  

5-78 as a red solid.  1H NMR (500.0 MHz, CD3OD)  9.40 (s, 6H), 8.15 (d, J = 5.9 Hz, 6H), 7.87 

(dd, J = 5.9, 1.6 Hz, 6H); 13C NMR (125.7 MHz, CD3OD)  159.1, 155.0, 141.1 (q, JC-F = 35.8 

Hz), 125.6 (q, JC-F = 3.3 Hz), 123.5 (q, JC-F = 274.6 Hz), 123.3 (q, JC-F = 3.3 Hz); 19F NMR (376.5 

MHz, CD3OD)  –66.1. 

Ru(dfmb)3(BArF
4)2 (5-26).  A 25 mL round-bottom flask with a magnetic stirrer was charged with 

5-78 (100 mg, 0.0987 mmol, 1 equiv.) and H2O (4.2 mL, 0.02 M).  To this solution was added a 

solution of NaBArF
4 (Alfa Aesar) (179 mg, 0.202 mmol, 2.05 equiv.) in CH3OH (1.4 mL, 0.07 M).  

An orange precipitate immediately formed, and the solution became difficult to stir.  Additional 

H2O (2 mL) was added, stirring was continued for 10 min, and the orange solid was isolated on 

a fritted funnel, washed with H2O (2 x 3 mL), and dried.  The dried solid was dissolved in 

acetone/CH2Cl2 (1:1, ~5 mL) and purified via gravity elution through a column of neutral Al2O3 

using CH2Cl2 as the eluent.  The first band that eluted was determined to be the desired 

product, so these fractions were pooled, the volatiles were removed in vacuo, and the resulting 

solid was dried under high vacuum.  This residue was dissolved in a minimum volume of CH2Cl2 

(5 mL) and passed through a 0.2 μm Whatman PTFE filter to remove residual NaBArF
4.  To the 

filtrate was slowly added hexanes (30 mL) and an orange solid precipitated.  The solid was 

isolated on a fritted funnel and dried under high vacuum to afford 220 mg (0.0819 mmol, 83% 

yield) of 5-26 as a reddish/orange solid.  1H NMR (500.0 MHz, CD3OD)  9.41 (s, 6H), 8.14 (d, J 

= 5.9 Hz, 6H), 7.86 (dd, J = 5.9, 1.6 Hz, 6H), 7.60 (m, 24H); 13C NMR (125.7 MHz, CD3OD)  
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162.9 (q, JC-B = 49.7 Hz), 159.2, 154.8, 141.4 (q, JC-F = 35.9 Hz), 135.8, 130.4 (qq, JC-F = 31.6, 

3.1 Hz), 125.7 (q, JC-F = 271.6 Hz), 125.5 (q, JC-F = 3.5 Hz), 124.1 (q, JC-F = 273.8 Hz), 123.3 (q, 

JC-F = 3.2 Hz), 118.5 (m); 19F NMR (376.5 MHz, CD3OD)  –64.3, –66.2; 11B NMR (160.5 MHz, 

CD3OD)  –6.77. 

Sodium 3,5-bis(trifluoromethyl)benzenesulfonate (ArFSO3Na) (5-79).  A 25 mL round-bottom 

flask with a magnetic stirrer was charged with 3,5-bis(trifluoromethyl)benzenesulfonyl chloride 

(Matrix Scientific) (3.35 g, 10.70 mmol) and H2O (12 mL, 0.9 M).  A reflux condenser was 

attached, and the heterogeneous reaction was heated to an oil bath temperature of 107 °C and 

stirred for 3 h.  Thereafter, the reaction was briefly cooled and a distillation head was attached.  

The residual H2O and dissolved HCl (g) was distilled off and the resulting pale yellow solid 

remaining in the distillation flask was dried in vacuo.  This solid was dissolved in H2O (10 mL) 

and 4 M NaOH was added to the resulting homogeneous solution to achieve pH = 7.  

Throughout this process, a white solid precipitated from solution and was isolated.  Two 

successive recrystallizations from boiling H2O (~10 mL) followed by drying under high vacuum 

in a desiccator over P2O5 for 12 h provided 2.47 g (7.81 mmol, 73% yield) of 5-79 as colorless 

needles.  1H NMR (500.0 MHz, CD3OD)  8.34 (s, 2H), 8.06 (s, 1H), 13C NMR (125.7 MHz, 

CD3OD)  149.6, 133.0 (q, JC-F = 33.8 Hz), 127.7 (q, JC-F = 3.5 Hz), 124.8 (septet, JC-F = 3.8 Hz), 

124.6 (q, JC-F = 272.4 Hz); 19F NMR (376.5 MHz, CD3OD)  –64.5. 

Ru(dfmb)3(ArFSO3)2 (5-28).  A 50 mL round-bottom flask with a magnetic stirrer was charged 

with 5-78 (450 mg, 0.444 mmol, 1 equiv.), 5-79 (393 mg, 1.24 mmol, 2.8 equiv.) and MeOH (22 

mL, 0.02 M).  A reflux condenser was attached, and the reaction was heated to an oil bath 

temperature of 75 °C and stirred for 90 min.  After cooling to room temperature, MeOH was 

removed in vacuo to afford a red residue that was dissolved in acetone/CH2Cl2 (1:1, ~8 mL) and 

subsequently purified via gravity elution through a column of neutral Al2O3 using acetone/CH2Cl2 
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(1:1) as the eluent.  The first band that eluted was determined to be the desired product, so 

these fractions were pooled, and the volatiles were removed in vacuo.  The product was 

dissolved in a minimum volume of EtOAc and passed through a 0.2 μm Whatman PTFE filter to 

remove residual 5-78 and 5-79.  The filtrate was layered with hexanes and left to crystallize at  

5 °C.  The red needles that formed were isolated, washed with hexanes, and dried under high 

vacuum at 100 °C for 3 h to obtain 593 mg (0.379 mmol, 85% yield) of 5-28 as a reddish/orange 

solid.  1H NMR (500.0 MHz, CD3OD)  9.36 (s, 6H), 8.23 (s, 4H), 8.15 (d, J = 5.9 Hz, 6H), 8.05 

(s, 2H), 7.87 (d, J = 5.9 Hz, 6H); 13C NMR (125.7 MHz, CD3OD)  159.3, 155.1, 149.7, 141.5 (q, 

JC-F = 35.5 Hz), 133.0 (q, JC-F = 33.6 Hz), 127.6 (q, JC-F = 3.6 Hz), 125.7 (m), 124.8 (m), 124.7 

(q, J = 277.7 Hz), 123.9 (q, JC-F = 273.2 Hz), 123.4 (q, J = 3.6 Hz); 19F NMR (376.5 MHz, 

CD3OD)  –64.5, –66.1. 

Sodium 3,5-bis(trifluoromethyl)benzenesulfinate (ArFSO2Na) (5-80).  A 100 mL round-

bottom flask with a magnetic stirrer was charged with 3,5-bis(trifluoromethyl)benzenesulfonyl 

chloride (Matrix Scientific) (2.00 g, 6.40 mmol, 1 equiv.) and H2O (19 mL, 0.33 M).  To the 

heterogeneous mixture was added Na2SO3 (1.29 g, 10.2 mmol, 1.6 equiv.) and NaHCO3 (0.860 

g, 10.2 mmol, 1.6 equiv.).  A reflux condenser was attached, and the reaction was heated to an 

oil bath temperature of 107 °C and stirred for 3 h.  Thereafter, the reaction was cooled to room 

temperature and H2O was removed in vacuo.  To the resulting off-white solid was added EtOH 

(20 mL) and the heterogeneous suspension was heated to a boil and filtered.  The filter was 

rinsed with EtOH (2 x 10 mL) and the EtOH was removed in vacuo to afford a white powder.  

Recrystallization from H2O provided 1.36 g (4.54 mmol, 71% yield) of 5-80 as colorless needles.  

1H NMR (500.0 MHz, CD3OD)  8.20 (s, 2H), 7.97 (s, 1H); 13C NMR (125.7 MHz, CD3OD)  

161.4, 133.0 (q, JC-F = 33.4 Hz), 126.4 (q, JC-F = 3.5 Hz), 124.9 (q, JC-F = 272.4 Hz), 124.0 

(septet, JC-F = 3.8 Hz); 19F NMR (376.5 MHz, CD3OD)  –64.3. 
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Ru(dfmb)3(ArFSO2)2 (5-29). Prepared according to the procedure outlined for 5-28 using 5-78 

(126 mg, 0.124 mmol, 1 equiv.), 5-80 (86.5 mg, 0.274 mmol, 2.2 equiv.) and MeOH (6.2 mL, 

0.02 M).  Obtained 151 mg (0.0986 mmol, 78% yield) of 5-29 as a reddish/orange solid.  1H 

NMR (500.0 MHz, CD3OD)  9.36 (s, 6H), 8.24 (s, 4H), 8.15 (d, J = 5.9 Hz, 6H), 8.05 (s, 2H), 

7.87 (d, J = 5.9 Hz, 6H); 13C NMR (125.7 MHz, CD3OD)  159.3, 155.1, 149.7, 141.5 (q, JC-F = 

35.5 Hz), 133.0 (q, JC-F = 33.6 Hz), 127.6 (q, JC-F = 3.6 Hz), 125.7 (m), 124.8 (m), 124.7 (q, J = 

277.7 Hz), 123.9 (q, JC-F = 273.2 Hz), 123.4 (q, J = 3.6 Hz); 19F NMR (376.5 MHz, CD3OD)  –

64.5, –66.1. 

Ru(dfmb)3(OTs)2 (5-30). Prepared according to the procedure outlined for 5-28 using 5-78 

(80.5 mg, 0.0795 mmol, 1 equiv.), p-toluenesulfonic acid sodium salt (43.2 mg, 0.222 mmol, 2.8 

equiv.) and MeOH (4.0 mL, 0.02 M).  Obtained 77.1 mg (0.0584 mmol, 73% yield) of 5-30 as a 

reddish/orange solid.  1H NMR (500.0 MHz, CD3OD)  9.39 (s, 6H), 8.15 (d, J = 5.9 Hz, 6H), 

7.86 (d, J = 5.9 Hz, 6H), 7.69 (d, J = 8.1 Hz, 4H), 7.23 (d, J = 8.1 Hz, 4H), 2.37 (s, 6H); 13C NMR 

(125.7 MHz, CD3OD)  159.3, 155.1, 143.8, 141.8, 141.5 (q, JC-F = 35.4 Hz), 129.9, 127.0, 125.7 

(q, JC-F = 3.4 Hz), 123.9 (q, JC-F = 272.7 Hz), 123.4 (q, JC-F = 3.4 Hz), 21.4; 19F NMR (376.5 MHz, 

CD3OD)  –66.1. 

Ru(dfmb)3(PF6)2 (5-81). To a 25 mL round bottom flask with a magnetic stirrer was charged 5-

78 (261 mg, 0.258 mmol, 1 equiv.) and H2O (13 mL, 0.02 M).  To the resulting dark red solution 

was added ammonium hexafluorophosphate (88.2 mg, 0.541 mmol, 2.1 equiv.).  A 

reddish/orange solid immediately precipitated and stirring was continued for 10 min before the 

solid was isolated on a fritted funnel, washed with H2O (2 x 3 mL), and dried.  Recrystallization 

from an acetone/Et2O bilayer provided 252 mg (0.199 mmol, 77% yield) of 5-81 as a 

reddish/orange solid.  1H NMR (500.0 MHz, (CD3)2SO)  9.57 (s, 6H), 8.03 (d, J = 6.0 Hz, 6H), 

7.88 (dd, J = 6.0, 1.4 Hz, 6H); 13C NMR (125.7 MHz, (CD3)2SO)  157.4, 153.8, 137.9 (q, JC-F = 
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34.7 Hz), 124.0 (q, JC-F = 3.4 Hz), 122.5 (q, JC-F = 273.4 Hz), 121.9 (q, JC-F = 3.4 Hz); 19F NMR 

(376.5 MHz, (CD3)2SO)  –63.0, –70.1 (d, JF-P = 711.2 Hz); 31P NMR (162.0 MHz, (CD3)2SO)  –

144.2 (septet, JP-F = 711.5 Hz). 

 

Table S5-1. Substrate survey in the radical cation Diels-Alder cycloaddition 
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Chapter 6. Counteranion Effects on the Properties of Polypyridyl Ru(II) 

Complexes 
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6.1 Introduction 

The photochemistry of tris-chelated polypyridyl Ru(II) complexes has been the subject of 

intense investigation for many decades.1  Visible light induced excitation of the [Ru(L)3]
2+ singlet 

ground state followed by rapid intersystem crossing affords a long-lived, redox active metal-to-

ligand charge transfer (MLCT) triplet excited state [Ru(L)3]
2+* that is a potent source of 

electrochemical potential.2  Taking advantage of the rich bimolecular quenching events made 

possible by the slow, radiationless decay of this MLCT excited state, our group,3 among others,4 

has recently demonstrated that a variety of polypyridyl Ru(II) complexes catalyze a broad array 

of carbon–carbon and carbon–heteroatom bond forming reactions mediated by reactive open-

shell radicals. 

While the photophysical properties of these homoleptic sensitizers have been intensively 

studied in polar solvents such as water (ε = 78) and acetonitrile (ε = 37.1), their use in nonpolar 

organic solvents (ε < 20) has received far less attention, primarily because reports of utilizing 

these photoinduced electron transfer sensitizers in synthetic organic chemistry were scarce 

before 2008.  Empirically, however, the most commonly utilized ruthenium sensitizers exhibit 

sparing solubility in the solvents typically employed in synthetic applications due to their charge 

and to the presence of hydrophilic inorganic counteranions (Cl–, PF6
–, ClO4

–, BF4
–).  This issue 

was certainly not localized to inorganic sensitizers, and research programs were launched in an 

attempt to identify counteranions that would enable study of naked cationic metal complexes in 

nonpolar organic solvents.5  Indeed, this locus of research in tandem with the advent of weakly-

coordinating, lipophilic couneranions such as BArF
4
– was critical in answering fundamental 

questions regarding the reactivity, coordination geometries, and solution-phase behaviour of 

myriad transition metal, lanthanaide, and lanthanoid complexes.6 

Counteranion identity, however, had never been observed to modulate the chemical 

properties of polypyridyl ruthenium sensitizers, and as such, the aforementioned advances were 
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not deemed to be critical for eliciting desired reactivity from these photocatalyst complexes.  

Indeed, there was no reason to posit otherwise – the importance of ion-pairing is diminished in 

the high dielectric solvents inherent to the majority of investigations in the field of inorganic 

photochemistry. 

 

6.2 Results and Discussion 

6.2.1 Photophysical Studies and the Kinetics of Excited State Quenching 

In the course of investigating radical cation Diels-Alder cycloadditions promoted by 

visible light irradiation of [Ru(bpy)3]
2+ derivatives7 (Chapter 5), we were surprised to observe a 

dramatic dependence of the reaction rate on the identity of the photocatalyst counteranion.  

When mixtures of anethole (5-21) and isoprene (5-22) in CH2Cl2 (ε = 8.93) were exposed to a 

series of [Ru(dfmb)3](X)2 complexes under anaerobic conditions, a decrease in cycloaddition to 

afford 5-23 occurred as the Lewis basicity of the counteranion X– was increased (Table 5-2, 

Table 6-1).  Thus, complex 5-26 containing a weakly coordinating counteranion such as BArF
4
– 

afforded rapid conversion to the cycloadduct, whereas complexes 5-28, 5-29, and 5-30 

containing significantly more coordinating sulfonate and sulfinate counteranions gave sluggish 

conversion.  To the best of our knowledge, this represents the first study revealing a strong 

correlation between photocatalyst counteranion and reaction rate in an organic transformation. 

Given the nonpolar nature of CH2Cl2, it appears reasonable to expect that tight ion 

pairing between the cationic Ru(dfmb)3
2+ and X– may have a significant influence on the 

luminescence properties of Ru(dfmb)3
2+.  Indeed, recent investigations have implicated 

formation of tight or contact ion pairs in perturbing the absorption spectra of polypyridyl Ru(II) 

complexes as well as the excited state lifetimes and the quantum yields of photoluminescence.8  

Furthermore, Schuster9 and Tatikolov10 observed marked changes in the inherent electronic 



190 
 

structure and photophysical properties of cationic cyanines as the result of electrostatic 

interactions in both penetrated and solvent separated ion pairs. 

Table 6-1. Counteranion survey with Ru(dfmb)3
2+ complexesa 

 

entry [Ru] time yieldb 5-23 remainingb 5-21 

1 5-26 20 min 98% ― 

2 5-28 20 h 15% 80% 

3 5-29 20 h 10% 85% 

4 5-30 20 h 2% 95% 
a
To an oven-dried 25-mL Schlenk tube with a magnetic stirrer was added [Ru] followed by a stock 

solution of 5-21 (0.061 mmol), 5-22 (0.18 mmol), and trimethyl(phenyl)silane internal standard (0.061 
mmol) in dry CH2Cl2 (0.08 M).  The solution was submitted to 3 freeze-pump-thaw cycles, purged with N2, 
and irradiated at room temperature with a 23 W CFL. 

b
Subsequently, an aliquot was collected for 

1
H NMR 

analysis to determine yield 5-23 and remaining 5-21. 

 
We surmised that the photocatalyst counteranion could be responsible for modulating 

any of three key properties relevant to product formation: (a) the ground state (S0) luminescence 

and electrochemical properties,11 (b) the excited triplet state (T1) phosphorescence and kinetics 

of quenching by anethole, and/or (c) the chain length in radical cation propagation. 

To begin, we examined the absorption properties of complexes 5-26, 5-28, and  

[Ru(dfmb)3](PF6)2 (5-81) in CH2Cl2 (Table 6-2, column 3).12  Electronic absorption data collected 

by UV-vis analysis showed a MLCT transition near 458 nm for all three complexes (Section 

6.4.3).  The same experiments conducted in MeCN gave common absorption maxima at 458 

nm.  Thus, the S0→S1 transition is minimally perturbed by counteranion identity.13 
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Table 6-2. Photophysical data for polypyridyl ruthenium sensitizers 

 
 

entry {Ru} λabs (nm) λem (nm) KSV (M–1) τ (ns) kq
obs (M–1s–1) 

1 5-26 453 573 1738 520 3.34 x 109 

2 5-81 458 605 419.0 856 4.89 x 108 

3 5-28 458 618 60.89 948 6.42 x 107 

 
Steady-state room temperature photoluminescence spectra of the complexes were 

collected in CH2Cl2 by irradiating samples at the MLCT peak wavelength and monitoring 

phosphorescence intensity (Section 6.4.3). We observed large bathochromic shifts of the 

characteristic CT emission band near 600 nm (Table 6-2, column 4) and increased 

photoluminescence intensity as the Lewis basicity of the counteranion was increased.  These 

observations indicate that the counteranion has a significant effect on the electronic nature of 

Ru(dfmb)3
2+*.  Though the precise reasons behind the decrease in photoluminescence intensity 

remain unclear at this time, Meyer has observed that a decrease in integrated steady state 

photoluminescence is fundamentally related to changes in the radiative and nonradiative rate 

constants for excited state decay.8b Studies carried out in MeCN, in contrast, revealed no 

bathochromic shift in the CT emission band at 608 nm and identical photoluminescence 

intensities.  Thus this effect on the photophysical properties of the MLCT state emerge only in 

nonpolar organic solvents such as CH2Cl2. 

y = 1738x + 1
R² = 0.9997

y = 419.0x + 1
R² = 0.9903

y = 60.89x + 1
R² = 0.9376
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Subsequently, the phosphorescence quenching of Ru(dfmb)3
2+* by anethole was studied 

(Table 6-2) and was found to obey (R2 > 0.93 for all cases) Stern-Volmer kinetics for dynamic 

quenching (eq 1): 

𝐼𝑜

𝐼
= 1 + 𝐾𝑆𝑉[anethole] =  1 + 𝑘𝑞

𝑜𝑏𝑠𝜏[anethole] (1) 

where I0 and I represent the photoluminescence intensity in the absence and presence of 

anethole quencher, respectively, kq
obs is the empirically-determined rate at which anethole 

quenches the photocatalyst excited state, and  is the excited state lifetime.  The Stern-Volmer 

constant (KSV) for each complex was determined from the slope of the appropriate linear 

regression, and we observed a marked, 30-fold change in KSV between 5-26 and 5-28.  Since 

KSV is the product of kq and , we independently measured  and found relatively small 

differences for complexes 5-26, 5-28, and 5-81. These measurements, however, enabled us to 

calculate kq for each of the complexes, which was found to vary 50-fold between 5-26 and 5-28.  

Therefore, we conclude that the photocatalyst counteranion dramatically alters the rate at which 

Ru(dfmb)3
2+* is quenched by anethole. 

 

6.2.2 Electrochemical Studies 

Given the differences observed in the phosphorescence data, it seemed plausible that 

excited state redox potentials could be affected by counteranion identity.  In accord with this 

hypothesis, the electrochemical properties of 5-26, 5-28, 5-30, and 5-81 were investigated by 

obtaining a series of cyclic voltammograms in CH2Cl2 using Bu4N
+X– salts as supporting 

electrolytes, with X– corresponding to the respective photocatalyst counteranion.  As shown in 

Table 6-3, lowering counteranion Lewis basicity resulted in significant anodic shifts of Ru2+/+ 

ground state potentials.  Using these potentials and the assumption that the Helmholtz free 

energy change for the S0→T1 transition can be approximated by the corresponding minimum-to-

minimum energy difference (E0,0),
14 the catalytically-relevant first triplet excited state redox 
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potentials (Ru2+*/+) were computed and were found to span a range of 480 mV.14  Of all the 

counteranions examined, BArF
4
– clearly has the largest influence on redox potential.  However, 

the reasons for the substantial potential difference between BArF
4

– and the other counteranions, 

especially PF6
–, are currently not understood. 

Table 6-3. Electrochemical data in CH2Cl2 and the dependence on counteranion 

 
 

entry {Ru} E0,0 (eV) Ru2+/+ (V) Ru2+*/+ (V) Ru+/0 (V) Ru0/– (V) 

1 5-26 2.17 –0.65 +1.52 ― ― 

2 5-81 2.05 –0.89 +1.16 ― ― 

3 5-28 2.01 –0.93 +1.08 –1.09 –1.48 

4 5-30 1.99 –0.95 +1.04 –1.10 –1.49 

 
The same experiments conducted in MeCN revealed minimal differences in redox 

potential between the four photocatalyst complexes (Section 6.4.4).  This observation was 

consistent with the expected result, given that the high polarity of MeCN relative to CH2Cl2 

precludes ion-pairing. 
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6.2.3 Free Energy of Electron Transfer and the Kinetics of Excited State Quenching 

The photoluminescence and electrochemical data just presented led to the following 

question: why does the sensitizer counteranion modulate the rate (kq) at which the excited state 

is quenched by anethole (Table 6-2, column 7)?  To gain insight into this matter, we began by 

considering the following scheme for phosphorescence quenching by adiabatic outer sphere 

electron transfer (eqs 2–6): 

 

where Q (quencher) represents anethole, {Ru} represents Ru(dfmb)3
2+* (counteranion omitted 

for clarity), and the various rate constants are as defined.  The rate of non-radiative decay of the 

photocatalyst excited state can be expressed as follows (eq. 7): 

 
where kq is the effective second-order rate constant for non-radiative excited state decay.  Using 

the steady-state approximation (that is, [({Ru*}2+∙∙∙∙∙Q)] = [({Ru*}+∙∙∙∙∙Q•+)] = 0), the semiempirical 

Rehm–Weller formula15 relating kq to the free energy of reaction can be derived (eq. 8) with the 

respective variables defined (eq. 9–11): 
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where ΔVd is the encounter volume and Z is a frequency factor related to the reciprocal 

dielectric relaxation time of the solvent.  Combining eqs. 10 and 11 with eq. 8, we obtain eq. 12 

with the respective variables defined (eqs. 13–14): 

 
where ΔGºet is the Gibbs free energy (units: J mol–1) of photoinduced direct electron transfer (no 

exciplex formation) from the excited state {Ru*}2+, NA is Avogadro’s number (6.022 × 1023 mol–1), 

e is the elementary charge (1.602 × 10–19 C), Eº(Q•+/Q) is the oxidation potential of anethole 

(1.13 V vs. SCE), Eº(Ru2+*/+) is the reduction potential of the Ru2+*/+ couple (units: V), ε0 is 

vacuum permittivity (8.854 × 10–12 C2 J–1 m–1), εr is the dielectric constant of the medium (8.93 

for CH2Cl2), a is the distance of the charged species after electron transfer (units: m), ΔE0,0 is 

the vertical excitation energy of {Ru} (units: J mol–1), ΔG‡
et is the activation free energy, and 

ΔG‡
et (0) is the activation free enthalpy when ΔGºet = 0.  We favor the Marcus quadratic equation 

(eq. 14) over the empirically-derived relation for ΔG‡
et obtained by Rehm and Weller, as their 

relation generally tends to underestimate kq for highly exergonic electron transfers and 

overestimate kq for less exergonic and endergonic electron transfers.  However, we 
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acknowledge the argument presented by Schuster that if |ΔGºet| >> ΔG‡
et (0), it is more 

favorable, from an empirical standpoint, to use the Rehm–Weller relation or the hyperbolic 

Marcus relation empirically derived by Agmon and Levine.16 

Examining the variables in eqs. 12–14 within the context of sensitizer counteranion 

revealed some interesting observations.  To begin, we considered eq. 13, where Eº(Ru2+*/+) and 

ΔE0,0 are both strongly dependent upon counteranion identity in nonpolar solvent, as 

demonstrated by the results in Tables 6-2 and 6-3.  To ascertain the magnitude of the 

relationship between counteranion identity and the driving force for electron transfer, ΔGºet 

(assuming a = 5 × 10–10 m (5 Å)) was computed (Table 6-4, column 3) for the reaction between 

anethole and photocatalysts 5-26, 5-28, and 5-81.  The data demonstrate that changing the 

counteranion from BArF
4
– to ArSO3

– decreases the thermodynamic driving force for 

photoinduced electron transfer by 13.8 kcal mol–1. 

Table 6-4. Empirical and computed thermochemical and kinetic data for excited state quenching 

entry {Ru} ΔGºet (kcal mol–1) ΔG‡
et (kcal mol–1) kq

obs (M–1 s–1) kq
calc (M–1 s–1) 

1 5-26 –66.2 2.85 3.34 × 109 4.07 × 109 

2 5-81 –55.2 4.18 4.89 × 108 2.76 × 108 

3 5-28 –52.4 4.77 6.42 × 107 1.03 × 108 

 

Subsequently, we wished to determine the validity of our proposed mathematical model 

relating kq and ΔGºet.  Given the very large negative ΔGºet values, it was suspected that our 

model might place these electron transfer events in the Marcus inverted region; obviously, these 

electron transfer events are not in the inverted region because kq
obs decreases as ΔGºet 

becomes more positive.  Thus, we wished to see if it were possible to fit our empirical data to 

eq. 12.  It has been established that for the reactions of a given donor (anethole) with a series of 

related acceptors (polypyridyl ruthenium photocatalysts), kd, k–d, Z, and kdecay can be considered 

constant.16  Indeed, we postulate counteranion identity has no effect on any variable in the 
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Smoluchowski equation for kd,
17 nor does counteranion change k–d, Z, or kdecay.  Values for kd 

and k–d/kdecay were taken as: kd = 8 × 109 M–1s–1 and k–d/kdecay = 7.18 

In the event, eq. 14 was inserted into eq. 12, and the experimental data was fit by 

plotting log(kq
obs) versus ΔGºet.  A nonlinear optimization protocol (SSE = 0.111) afforded values 

for k–d/Z = 2.42 × 10–2 and ΔG‡
et (0) = 23.8 kcal mol–1, both of which appear reasonable given 

the results of Haim.18  Utilizing these values, the rate of excited state quenching by anethole 

was calculated to give kq
calc values (Table 6-4) that were in reasonable agreement with 

empirically-determined kq
obs values from the Stern-Volmer studies in Table 6-2.  Indeed, our 

proposed model places these electron transfer events well outside the Marcus inverted region 

and accounts for the decreasing rate of excited state quenching as the exergonicity of electron 

transfer is decreased in tandem with an increase in counteranion Lewis basicity.  We recognize 

the small size of this data set and propose quenching studies on catalysts 5-30, 5-31, and 5-32 

(see Table 5-2), all of which contain counteranions of considerably greater basicity than those 

studied in Table 6-2.  Hypothetically, the values of kq obtained from these data  

(kq(5-30) > kq(5-31) > kq(5-32)) would correlate well with increasingly positive values of ΔGºet 

(ΔGºet(5-30) < ΔGºet(5-31) < ΔGºet(5-32)), thereby considerably expanding the data set and 

improving our model. 

 

6.2.4 Counteranion Effects on Chain Propagation 

An important implication of these results is that the counteranion is responsible for 

greatly modulating both the ground and excited state photocatalyst properties in a nonpolar 

organic solvent.  In fact, the ability to alter these properties via facile salt metathesis can be 

viewed as a strategy for reaction optimization.  Traditional methods for fundamentally altering 

the properties of polypyridyl [Ru] complexes rely on de novo synthesis via pyrolysis of Ru(III) 

and an appropriate ligand under reducing conditions.19  Furthermore, direct manipulation of 
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quenching kinetics via facile anion metathesis of the corresponding ground state polypyridyl 

{Ru} complex may allow precise control of electron transfer events in complex transformations. 

Up to this point, however, a correlation between counteranion identity and chain length 

of the charge-carrying radical cation has not been considered.  Indeed, while quenching of T1 

may be responsible for the vast rate differences observed in Table 6-1, chain length could 

conceivably be affected by counteranion basicity.  This conclusion led us to consider the relative 

energies of the ion pairs formed upon one-electron oxidation of anethole by  

Ru(dfmb)3
2+*.  Lower energy, more stable, and thus less reactive ion pairs between the radical 

cation of anethole and the counteranion of the photocatalyst are expected when the 

counteranion has greater Lewis basicity.20  Modulating this Lewis basicity changes the dynamic 

dipolar charge distribution between radical cation and anion and thus changes the inherent 

reactivity of the ion pair.  Furthermore, the short lifetime of a high energy ion-paired intermediate 

precludes deleterious off-cycle termination and/or back electron transfer steps that decrease the 

overall efficiency of the transformation. 

Specifically, we surmised that if excited state quenching was rate-determining, 

attenuating counteranion basicity in complexes 5-28 and 5-30 via addition of an exogenous 

hydrogen-bond donor (Chapter 5) would increase kq and lead to an increase in the rate of 

radical cation Diels-Alder cycloaddition.  However, if chain propagation is principally responsible 

for dictating reactivity, a difference in chain length commensurate with the difference in rates of 

cycloaddition would be observed. 

In the event, C3-symmetric thiophosphotriamide 5-54 was subjected to the standard 

conditions (Table 6-5).  To our delight, the reaction containing photocatalyst 5-28 and 

phosphotriamide 5-54 was complete in 2 h in nearly quantitative yield.  The reaction containing 

photocatalyst 5-30 and 5-54 reached nearly quantitative yield in same time it took to attain 5% 

conversion in the absence of 5-54.  No background reactivity was observed in the absence of  

5-28 or 5-30. 
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Table 6-5. Quantum yield and chain length determinationsa 

 

entrya {Ru}b [5-54] (M) 
quantum yield 

(Φ) 
fraction of photons quenched by 

5-21 
chain length 

1 5-26 ― 22.0 0.99 22.0 

2 5-28 ― 0.59 0.83 0.71 

3 5-28 1.6 × 10–2 7.4 0.91 8.0 
a
Data collected at λ = 436 nm with a Hitachi F-4500 spectrofluorometer using degassed samples and is 

the average of two reproducible experimental runs. 
b
8.0 × 10

–4
 M. 

 
To ascertain the precise role of hydrogen-bond donor 5-54, quenching kinetics were 

carried out for complex 5-28 in the presence of 5-54.  The Stern-Volmer quenching constant 

was found to be 133.4 M–1.  While this represents a twofold increase over the value of KSV for  

5-28 in the absence of 5-54 (Table 2, entry 3), this increase does not correlate with the 

dramatically enhanced reactivity observed in the presence of 5-54.  Thus, it can be concluded 

that the rate-determining step of the radical cation Diels-Alder catalysed by 5-28 does not 

involve excited state quenching by anethole.  However, the presence of 5-54 increased the 

chain length by a factor of 12.  Therefore, we propose that 5-54 exerts its largest influence on 

chain propagation and this is what accounts for the dramatic difference in reactivity observed in 

the presence of 5-54. 

 

6.3 Conclusions 

We have demonstrated that counteranion identity profoundly affects the nature of both 

ground and excited state properties of polypyridyl Ru(II) complexes in nonpolar organic solvent.  

Indeed, the use of photocatalyst counteranion to independently tune excited state properties 

represents a new reaction development paradigm for controlling kinetics of electron transfer in 



200 
 

the context of organic photoredox catalysis.  Furthermore, we discovered that attenuating 

counteranion basicity using a hydrogen-bond donor led to a dramatic increase in the chain 

length for radical cation propagation. 

 

6.4 Experimental 

6.4.1 General Information 

Dichloromethane, tetrahydrofuran, diethyl ether, toluene, and acetonitrile (HPLC grade 

solvents) were dried by passage through columns of activated alumina.  Ethylene glycol 

(Aldrich) was used as received.  Water was purified by a Milli-Q system (Millipore Corporation) 

to achieve a resistivity of 18.2 MΩ cm–1 at 25 °C.  Chromatography was performed with Purasil 

60 Å silica gel (230–400 mesh) or with neutral alumina (Aldrich product # 11028).  High vacuum 

refers to a reduced pressure that was measured to be 60 mTorr using a McLeod gauge.  

Anethole was purified by chromatography on silica gel (hexanes: EtOAc = 20:1) and was 

subsequently submitted to fractional distillation under high vacuum at 95 °C.  Purified anethole 

was stored at room temperature in a vial wrapped in aluminum foil.  Isoprene was fractionally 

distilled from CaH2 under N2 at 45°C and stored at 5 °C.  1H, 13C, 19F, 31P, and 11B NMR data for 

all previously uncharacterized compounds were obtained using Bruker Avance III 400 MHz and 

Bruker Avance III 500 MHz spectrometers and are referenced to TMS (0.00 ppm) or residual 

protio solvent signal.  The NMR facilities are supported by the NSF (CHE-1048642, CHE-

9208463, S10 RR08389-01), the University of Wisconsin, and a generous gift from Paul J. 

Bender. 
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6.4.2 Radical Cation Diels–Alder Cycloadditions 

General procedure for experiments in Table 6-1:  A stock solution of anethole 5-21 (54.6 mg, 

55.3 μL, 0.368 mmol), isoprene 5-22 (75.3 mg, 111 μL, 1.11 mmol), and trimethyl(phenyl)silane 

internal standard (55.4 mg, 63.4 μL, 0.368 mmol) in dry CH2Cl2 (4.38 mL) was prepared.   

810 μL aliquots of this stock solution were added to oven-dried 25 mL Schlenk tubes containing 

the appropriate ruthenium photocatalyst (6.14 × 10–4 mmol, 1 mol%).  This afforded reaction 

mixtures containing 5-21 (9.1 mg, 0.0614 mmol, 1 equiv.), 5-22 (12.5 mg, 0.184 mmol, 3 equiv.), 

trimethyl(phenyl)silane internal standard (9.2 mg, 0.0614 mmol, 1 equiv.) in CH2Cl2 (0.77 mL, 

0.08 M).  A stir bar was added to each reaction, and the solutions were submitted to three 

freeze-pump-thaw cycles, purged with N2, and irradiated at room temperature using a 23 W 

compact fluorescent light (CFL) bulb.  The yield of cycloadduct 5-23 and remaining 5-21 were 

determined by 1H NMR analysis of the unpurified reaction mixtures.  1H NMR analysis of 5-23 

was consistent with previously reported values.7a 

 

General procedure for experiments in Table 6-5:  A stock solution of 5-21, 5-22, and 

trimethyl(phenyl)silane internal standard in dry CH2Cl2 was added to oven-dried 25 mL Schlenk 

tubes containing the appropriate ruthenium photocatalyst (6.14 × 10–4 mmol, 1 mol%) and 

thiophosphotriamide 5-54 (9.2 mg, 0.0123 mmol, 20 mol%)21.  A stir bar was added to each 

reaction, and the solutions were submitted to three freeze-pump-thaw cycles, purged with N2, 

and irradiated at room temperature using a 23 W compact fluorescent light (CFL) bulb. 
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6.4.3 UV-Vis, Phosphorescence Spectra, and Chain Length Measurements 

Solution spectra were measured in CH2Cl2 or acetonitrile at a ruthenium photocatalyst 

concentration of 3.9 × 10–5 M.  UV-vis absorption spectra were recorded at room temperature 

using a Cary 50 diode-array spectrophotometer over a scan range of 600 nm→200 nm at a 

scan rate of 300 nm/min. 
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Steady-state photoluminescence spectra were obtained at room temperature using a Hitachi 

F4500 fluorescence spectrophotometer with a scan range of 478 nm→678 nm at a scan rate of 

240 nm/min.  Solution spectra were measured in CH2Cl2 or acetonitrile at a ruthenium 

photocatalyst [Ru] concentration of 3.9 × 10–5 M.  The following sample preparation procedure 

was carried out in the dark.  Samples were degassed by three freeze-pump-thaw cycles and 

subsequently transferred to fluorescence cuvettes that had been purged with N2 for 30 min.  The 

excitation wavelength for photoluminescence measurements was determined by the peak 

MLCT wavelength of the appropriate ruthenium photocatalyst acquired by UV-vis spectroscopy.  

All photoluminescence spectra were acquired normal to the incident beam.  Excited state 

quenching kinetics experiments were carried out as follows: the luminescence intensity of a  

3.9 × 10–5 M solution of [Ru] in CH2Cl2 was measured.  Subsequently, aliquots of a  

1.6 × 10–2 M stock solution of anethole quencher in CH2Cl2 were added to 2.0 mL of  

7.8 × 10–5 M solutions of [Ru] in CH2Cl2.  The final solution volume was adjusted to 4.0 mL via 

dilution with CH2Cl2.  Samples were degassed as described above, and the luminescence 

intensities were determined.  The ratio of unquenched to quenched intensity was plotted against 

[anethole], and it was found that samples obeyed (R2 > 0.93) Stern-Volmer kinetics. 
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Luminescence Quenching Data Using Anethole as the Excited State Quencher 
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Luminescence Quenching Data Using Anethole as the Excited State Quencher in the Presence 
of thiophosphotriamide 
 

 

To ascertain whether thiophosphotriamide hydrogen-bond donor 5-54 was changing the 

photophysical properties of the ruthenium complexes, a series of UV-vis and luminescence 

spectra were collected.  In addition, 5-54 was employed as a potential quencher in an excited 

state kinetics study similar to those performed with anethole.  No correlation was observed 

between added 5-54 and the ratio of unquenched to quenched intensity, indicating a lack of 

excited state quenching by 5-54. 
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Chain lengths of radical cation Diels-Alder cycloadditions were determined as follows.  

The quantum yields (Φ) for the respective reactions were determined by the method outlined by 

Cismesia and Yoon.22
  To ascertain chain length, the following formula was employed: 

𝑐ℎ𝑎𝑖𝑛 𝑙𝑒𝑛𝑔𝑡ℎ =
Φ(τ−1 + 𝑘𝑞,𝑎𝑛𝑒𝑡ℎ𝑜𝑙𝑒[𝑎𝑛𝑒𝑡ℎ𝑜𝑙𝑒] + 𝑘𝑞,𝑖𝑠𝑜𝑝𝑟𝑒𝑛𝑒[𝑖𝑠𝑜𝑝𝑟𝑒𝑛𝑒] + 𝑘𝑞,[2+2][2 + 2])

𝑘𝑞,𝑎𝑛𝑒𝑡ℎ𝑜𝑙𝑒[𝑎𝑛𝑒𝑡ℎ𝑜𝑙𝑒]
 

where τ is the excited state lifetime of the respective photocatalyst (τ–1 = kr + knr), kq,anethole, 

kq,isoprene, and kq,[2+2] are the rates of excited state quenching by the designated species, and 

[anethole], [isoprene], and [2+2] are the concentrations of the designated species.  The [2+2] 

product results from homodimerization of anethole and forms in very small amounts (~2%) at 

low conversions of anethole.  Furthermore, the rate of excited state quenching by isoprene was 

very small.  Therefore, the final two terms in the numerator were determined to be negligible, 

and thus were ignored.  Using this formula, chain lengths were determined for radical cation 

Diels-Alder cycloadditions. 

Sample preparation for excited state lifetime measurements was as follows: a  

3.9 × 10–5 M solution of the respective ruthenium photosensitizer in CH2Cl2 was degassed by 3 

freeze-pump-thaw cycles and transferred to a N2-purged curvette using standard Schlenk 

technique.  Lifetime measurements were collected by the frequency-domain method with an ISS 

K2 mulltifrequency cross-correlation phase and modulation fluorometer.  The excitation source 
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was intensity modulated through varying MHz frequencies at the sample’s absorption maximum, 

producing shifts in the intensity and phase of fluorescence emission.  Comparison to a standard 

(in this case fluorescein and glycogen) allows lifetime determination.  Data was analyzed in 

Vinci (ISS). 

 

6.4.4 Cyclic Voltammetry Experiments 

Cyclic voltammetry was performed on a BASi EC Epsilon potentiostat connected to a 

BASi C3 cell stand and analyzed on a PC using Epsilon software.  A three electrode setup was 

employed: Pt wire counter electrode, glassy carbon working electrode, and a Ag/AgNO3 (0.01 M 

AgNO3, 0.1 M Bu4NPF6 in CH3CN) quasi reference electrode containing a polished silver wire 

immersed in the electrolyte solution.  The entire assembly of this electrode was contained in a 

glass body, the tip of which consisted of a Vycor plug.  The electrolyte solution in the electrode 

was replaced daily to ensure the Vycor plug was free of contaminants.  With this setup, Fc/Fc+ 

(0.1 M Bu4NPF6 in CH3CN) was measured to be 0.093 V vs. Ag/AgNO3.  A typical experiment 

was performed as follows: dry solvent and Bu4NX electrolyte (0.1 M) (for example, Bu4NBArF
4 

was used in the analysis of Ru(dfmb)3(BArF
4)2) were introduced to the cell, the solution was 

sparged with dry N2 with stirring for 5 min, and subsequently a voltammogram was recorded to 

establish background.  Thereafter, the appropriate ruthenium catalyst complex (0.001 M) was 

introduced under N2 and a second spectrum was collected.  Finally, ferrocene internal standard 

(~0.001 M) was added, and a final voltammogram was collected.  After referencing to ferrocene, 

voltammograms were referenced to SCE by adding 0.30 V to all potentials.  Stirring was 

performed prior to each run to ensure exposure of electrodes to fresh analyte.  The scan rate 

was 100 mV/sec.  Between each catalyst complex analyzed, the glassy carbon working 

electrode was polished on Al2O3, sonicated in ultrapure H2O, and washed in the organic solvent 

used for analysis. 
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For experiments performed in CH2Cl2, the working and reference electrodes were placed 

as close as possible without touching to minimize Ohmic drop in the poorly conductive, highly 

resistive CH2Cl2 solvent.  IR compensation experiments were performed in CH2Cl2 in the 

presence of an appropriate Bu4NX electrolyte.23  The uncompensated resistance was found to 

vary slightly with Bu4NX electrolyte, and was typically between 550–850 Ohm.  However, when 

IR compensation was applied, the half-wave potentials of both ferrocene and the catalyst redox 

couple of interest showed minimal (< 30 mV) shits, and due to distortions sometimes introduced 

into the data by using IR compensation, compensation was not employed.  It should be noted 

that all redox couples in CH2Cl2 exhibited quasi-reversible behavior, with 90 mV < ΔEp < 180 mV 

(peak separation increased with increasing Lewis basicity of X– in supporting electrolyte and 

catalyst complex) and 1.1 < ipc/ipa < 1.4.  Redox couples in CH3CN exhibited reversible, 

Nernstian behavior. 

 

Preparation of supporting electrolytes 

Tetrabutylammonium tetrakis-(3,5-bis(trifluoromethyl)phenyl)borate (Bu4NBArF
4) (6-1).  To 

a 25 mL round-bottom flask with a stir bar was added NaBArF
4 (1.33 g, 1.53 mmol, 1 equiv.) and 

distilled acetone (5.0 mL, 0.3 M).  The solution was stirred until homogeneous, and 

subsequently, a solution of tetrabutylammonium chloride (426 mg, 1.53 mmol, 1 equiv.) in 

acetone (1.2 mL) was added.  NaCl immediately precipitated from solution.  The reaction was 

stirred for an additional 15 min before being filtered through a 0.2 μM Whatman filter.  Acetone 

was removed in vacuo and the resulting viscous oil was dried under high vacuum for 1 h.  

Thereafter, the oil was dissolved in CH2Cl2 (10 mL), filtered, and CH2Cl2 was removed in vacuo.  

The oil was again dried on high vacuum and crystallization was induced by cooling to –78 °C 

and allowing slow warming to room temperature under high vacuum.  The resulting white solid 

was dried to constant mass to obtain 1.68 g (1.52 mmol, 99% yield) of a white, hygroscopic 
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solid. 1H NMR (500.0 MHz, CDCl3)  7.69 (s, 8H), 7.53 (s, 4H), 2.99 (m, 8H), 1.53 (m, 8H), 1.33 

(dq, J = 14.8, 7.2 Hz, 8H), 0.93 (t, J = 7.2 Hz, 12H); 13C NMR (125.7 MHz, CDCl3)  161.7 (q, JC-

B = 49.6 Hz), 134.8, 128.8 (qq, JC-F = 31.6, 3.1 Hz), 124.5 (q, JC-F = 271.6 Hz), 117.4 (m), 58.9, 

23.6, 19.5, 13.1; 19F NMR (376.5 MHz, CDCl3)  –62.4 

 

Tetrabutylammonium 3,5-bis(trifluoromethylbenzenesulfonate (6-2).  A 100 mL round-

bottom flask with a magnetic stirrer was charged with 3,5-bis(trifluoromethyl)benzenesulfonyl 

chloride (Matrix Scientific) (1.99 g, 6.35 mmol) and H2O (15 mL, 0.4 M).  A reflux condenser was 

attached, and the heterogeneous reaction was heated to an oil bath temperature of 107 °C and 

stirred for 3 h.  Thereafter, the reaction was briefly cooled and a distillation head was attached.  

The residual H2O and dissolved HCl (g) was distilled off and the resulting pale yellow solid 

remaining in the distillation flask was dried in vacuo.  This solid was dissolved in H2O (4 mL, 1.6 

M) and a 1.0 M solution of tetrabutylammonium hydroxide in MeOH was added to achieve pH = 

7.  Subsequently, H2O and MeOH were removed in vacuo, the residue obtained was dried on 

high vacuum and thereafter was dissolved in CH2Cl2 and filtered to remove insoluble solids.  

Recrystallization from H2O followed by drying under high vacuum provided  

2.06 g (3.85 mmol, 61% yield) of 6-2 as colorless needles. 1H NMR (500.0 MHz, CDCl3)  8.40 

(s, 2H), 7.81 (s, 1H), 3.30 (m, 8H), 1.65 (m, 8H), 1.42 (dq, J = 14.8, 7.2 Hz, 8H), 0.99 (t, J = 7.2 

Hz, 12H); 13C NMR (125.7 MHz, CDCl3)  149.4, 131.2 (q, JC-F = 33.4 Hz), 126.8 (q, JC-F = 3.5 

Hz), 123.0 (q, JC-F = 272.4 Hz), 122.5 (septet, JC-F = 3.8 Hz), 58.8, 23.9, 19.7, 13.5; 19F NMR 

(376.5 MHz, CDCl3)  –62.8. 

 

Tetrabutylammonium p-toluenesulfonate (6-3).  A 25 mL round-bottom flask with a magnetic 

stirrer was charged with p-toluenesulfonic acid monohydrate (1.00 g, 5.26 mmol) and H2O (3 

mL, 1.8 M).  A 1.0 M solution of tetrabutylammonium hydroxide in MeOH was added over 5 min 
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to achieve pH = 7 (5.2 mL added).  The exothermic reaction was allowed to stir for 15 min, and 

subsequently, H2O and MeOH were removed in vacuo.  The residue obtained was dissolved in 

CH2Cl2, transferred to a separatory funnel, separated from residual H2O, and filtered to remove 

insoluble solids.  Removal of CH2Cl2 in vacuo followed by recrystallization from H2O and drying 

under high vacuum provided 1.38 g (3.85 mmol, 63% yield) of 6-3 as colorless needles.  

Spectral data were consistent with previously reported values.24 

Table S6-1. Electrochemical data in CH3CN and the dependence on counteranion 

 
 

entry {Ru} E0,0 (eV) Ru2+/+ (V) Ru2+*/+ (V) Ru+/0 (V) Ru0/– (V) 

1 5-26 2.04 –0.93 +1.11 –1.11 –1.35 

2 5-81 2.04 –0.93 +1.11 –1.10 –1.35 

3 5-28 2.04 –0.95 +1.09 –1.11 –1.34 

4 5-30 2.04 –0.98 +1.06 –1.11 –1.35 
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Appendix. NMR Spectra for New Compounds 
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A.1 List of Compounds for Chapter 2 
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A.3 List of Compounds for Chapter 5 
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A.4 List of Compounds for Chapter 6 
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