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ABSTRACT  

A PIII/PV=O-catalyzed C(sp3)–H amination has been realized for (dihydro)benzimidazole 

synthesis. This work reports: (1) optimization of organophosphorus-catalyzed C(sp3)–H 

functionalization; (2) scope studies to benzimidazoles by in situ oxidation of the corresponding 

dihydrobenzimidazole; and (3) insight into the reaction mechanism through in situ spectroscopic 

monitoring under catalytic conditions and Hammett linear free energy relationship studies. The 

synthetic method and mechanistic information provide insight into design principles for the 

expansion of C(sp3)–H functionalization reactions through PIII/PV=O O-atom transfer reactivity. 
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Chapter 1 

Advancements in PIII/PV=O Redox Cycling 

The ability of phosphorus to access several oxidation states has enabled its use in redox reactivity. 

Most commonly observed in the organic literature are trivalent phosphorus compounds, which can 

act as O-atom acceptors due to their oxophilic nature.1 The driving force of PIII to PV=O is 

attributed to the formation of the strong P=O bond (128-139 kcal/mol)1 and the stability of 

phosphorus in its +5-oxidation state.2 This reactivity is the foundation and driving force of several 

established synthetic transformations such as the Wittig, Appel, and Mitsunobu reactions.3 To 

overcome the undesired generation of stoichiometric quantities of phosphine oxide waste in these 

powerful reactions, catalytic cycling in the PIII/PV=O process is desirable.4 Furthermore, any 

advancements in organophosphorus-based redox catalysis could enable development of novel 

organocatalytic transformations.  

A central challenge in PIII/PV=O redox cycling, as alluded to earlier, is the high 

thermodynamic barrier of reducing strong P=O bonds, which can require harsh conditions and 

reagents such as metal hydrides that are not chemoselective.4 One key approach that has enabled 

the feasibility of PIII/PV=O redox cycling is the implementation of hydrosilanes as safer and more 

practical alternative reductant for their ability to selectively reduce P=O in the presence of sensitive 

functional groups.5 

1.1 – An Introduction to Organophosphorus-Based Redox Catalysis  

 The first report of PIII/PV=O redox cycling was described by O’Brien in 2009, achieving a 

catalytic Witting reaction using a phospholane oxide catalyst (Figure 1.1).6 By using a strained 

cyclic organophosphine oxide 1.4•[O] with C-P-C angle close to 90°, reduction of phosphine oxide 

by diphenylsilane is facilitated due to a ground-state destabilization resulting in a lower penalty 

associated with the formation of a pentacoordinate phosphorane intermediate (Figure 1B) prior to 

elimination of silanol and PIII product 1.7. In fact, the effects on ring strain of the organophosphine 

oxide and improved kinetics were studied and further supported this conclusion that the closer the 

C-P-C angle is to the ideal 90° intermediate, the faster the reduction.7 In that same vein, a larger 

angle is associated with greater geometry distortion in order to accommodate the addition of the 

hydride from silane. Minimizing the kinetic barrier of PIII/PV=O redox cycling by utilizing cyclic 
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organophosphine oxides has led to advancements in catalytic Appel7 and Staudinger8 reactions, as 

well as other reductive O-atom transfer reactions,9 which will be the focus of this report. 

 

1.2 – Geometric Tuning approach towards Catalytic Phosphine-Mediated Transformations 

Interested in the potential of organophosphorus compounds as catalysts, the Radosevich 

group has investigated the interrelationship between molecular geometry, electronic structure, and 

reactivity. Tricoordinate phosphorus species with C3v geometry predominantly react as archetypal 

nucleophiles by nature of their highest occupied molecular orbital (HOMO) manifested as a non-

bonding electron lone pair residing primarily on phosphorus. A degenerate pair of lowest 

unoccupied molecular orbitals (LUMOs) of antibonding character are high in energy and not 

readily accessible for chemistry. Distorting the local geometry from a trigonal environment by 

contraction of the angle between phosphorus substituents results in the removal of degeneracy of 

the two LUMOs (Figure 1.2). These molecular orbitals experience either increased or decreased 

destructive orbital overlap, resulting in higher or lower energy levels, respectively. In contrast, the 

phosphorus-localized HOMO would be relatively unchanged due to the high nonbonding character 

Figure 7.1 A) First example of a catalytic PIII/PV=O transformation enabled by a cyclic 

phospholane oxide and chemoselective hydrosilane reductant. B) An illustration of how geometric 

constraint of phosphine oxides facilitates reduction. 
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in that lone pair.10 The overall result is a drastically contracted HOMO-LUMO energy gap 

allowing phosphorus to react in both a nucleophilic and electrophilic (i.e. biphilic) manner. 

Constraining the molecular geometry of phosphorus molecules would thereby tune their electronic 

structure to channel biphilic reactivity.  

This geometric tuning hypothesis is supported computationally (Figure 1.3), as a series of 

cyclic phosphines and their calculated energy gaps demonstrate that four-membered ring 

phosphetane has a remarkably narrow HOMO-LUMO energy gap relative to other 

phosphacycles,12 and is thus predicted to have the greatest biphilic reactivity of the series. 

Critically, a similar LUMO-lowering effect in the P-oxide can be invoked to explain the dramatic 

rate enhancement of small-ring cyclic phosphine P-oxide reduction, in synergy with the ground 

state destabilization argument invoked earlier.  
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1.3 – Phosphetane-Catalyzed Deoxygenation Reactions  

The Radosevich lab has experimentally validated this biphilic hypothesis through the 

development of various phosphetane-catalyzed deoxygenation reactions. First, phosphetane oxide 

1.8•[O] was demonstrated to be highly effective in the deoxygenative condensation reaction of 

carboxylic acids and α-keto esters.13 Upon reduction with phenyl silane, the phosphorus species 

underwent formation to a 5-membered dioxaphospholene, a Kukhtin Ramirez adduct,14 through 
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its ability to accept electron density. Protonation of this intermediate allowed for substitution by 

the deprotonated benzoic acid, providing the final product and expelling the phosphetane P-oxide 

as a leaving group. 

Expansion of this organophosphorus redox cycling for O-atom transfer has been developed 

for substrates containing nitro functional groups. Catalytic N–N bond forming Cadogan 

heterocyclization was promoted by sequential reduction of o-substituted nitroarenes using the 

more electron-rich and kinetically stable catalyst 1.13.13Critical to this reaction is the co-localized 

nucleophilic and electrophilic nature of the catalyst that engages the nitro group in an initial 

deoxygenation event to a nitroso intermediate, which can subsequently be further deoxygenated. 

The rate limiting [3+1] cycloaddition to form intermediate Int-1.1 is supported by DFT studies 

and by virtue of the PIII resting state of the catalyst. These studies highlight the biphilic nature of 

1.13 by virtue of a lower energy LUMO that allows for the cooperative interaction of electron 

density donation from the PIII HOMO to the NO2 moiety LUMO while simultaneous donation of 

the NO2 moiety HOMO to the PIII LUMO in a concerted process.  

In a follow up study, expansion of this reactivity for catalytic C–N bond forming, an 

oxazaphosphirane nitrenoid intermediate was able to be identified at low temperature by 31P and 
15N NMR.14 In a similar sequential deoxygenation event, the PIII species would form an adduct 

with the nitroso to form Int-1.2 in a [2+1] process. Decomposition of this intermediate results in 

the loss of phosphine oxide and generation of a nitrene intermediate that undergoes C–H insertion 

for the synthesis of indole and carbazole products. This PIII/PV=O redox method was successful in 

the implementation to a catalytic intramolecular Csp2-H amination. 

1.4 – Summary and Looking Ahead 

This thesis describes the development of a catalytic PIII/PV=O redox method for C(sp3)-H 

amination, building on the above-described work of leveraging nitro groups for aryl amination 

reaction. The results shown here will tie in aspects of previous reactivity with these systems and 

Figure 1.5. Deoxygenation of nitroarenes enabled by a biphilic phosphetane. 
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new divergent reactivity in order to enhance our mechanistic understanding of PIII/PV=O cycling, 

thereby elucidating fundamental design principles for novel reactivity. 
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Chapter 2 

The Development of an Organophosphorus Catalyzed C(sp3)–H Amination Method  

With the aim of expanding catalytic phosphine/phosphine oxide (PIII/PV=O) redox cycling into 

C(sp3)–H functionalization, this chapter describes a main group catalyzed C(sp3)–H amination 

method for dihydrobenzimidazoles and the corresponding oxidized benzimidazoles. 

2.1 – Previous Work 

The ubiquitous presence of nitrogen-containing molecules in materials, agrochemicals, and 

pharmaceuticals has led to several developments in catalytic C–N bond-forming reactions.1, 2 

Amination by direct C(sp3)–H insertion has emerged as an efficient, step-economical method for 

C–N bond formation.2b-c, 3 Traditionally, nitrenes serve as the reactive intermediate that will insert 

into the C–H bond.4 Thermolysis or photolysis of azides5 form these reactive intermediates that 

undergo C–H amination, albeit unselectively. Alternative methods such as transition metal 

nitrenoids6, 7 and organonitrenoids8 have also been demonstrated to undergo direct C–H amination. 

Drawbacks to these methods arise from the use of precious metals such as Ru,9 Rh,10 Ir11 in addition 

to directing groups12 that are difficult to remove. Hence, the development of sustainable, mild, and 

metal-free catalytic amination reactions is highly attractive from both an economic and 

environmental standpoint. 

 

Figure 2.1. A) Previous work in C(sp2)–H amination. B) Formation of nitrenoid intermediate. 

Prior work for catalytic C–N bond forming reactivity is the deoxygenation of nitroarenes 

by PIII/PV=O cycling, enabling novel C(sp2)–H aminative reactivity (Figure 2.1A.) 13 The key C–

N bond-forming step is realized through a nitrene insertion into the corresponding C–H bond. This 

step is preceded by the formation of an oxazaphosphirane intermediate – observed at low 
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temperatures by 31P and 15N NMR– a novel non-metal nitrenoid. 13 Decomposition of this 

intermediate results in the loss of phosphine oxide and liberation of a nitrene intermediate that 

underwent C–H insertion. In a similar vein, previous reports by Cadogen14 and Suschitzky15 

demonstrate deoxygenation of o-N-alkyl nitroanilines in superstoichiometric trimethyl phosphite 

produced dihydrobenzimidazoles (Figure 2.1B.) analogous to photolysis15 and thermolysis16 of the 

similar o-azido anilines. This suggests that nitrene stemming from deoxygenation of the nitro 

group can undergo C(sp3)–H amination. 

2.2 –Importance and Relevance 

With literature precedent for 1) PIII-catalyzed nitro-reduction through nitrenoids leading to 

C(sp2)–H nitrene insertion,13 and 2) the synthesis of dihydrobenzimidazoles through nitrenoid 

intermediates,14 we investigated organophosphorus-catalyzed deoxygenation as an entry into 

nitrenoid reactivity to aminate proximal C(sp3)–H bonds in an intramolecular fashion.  

A regiodefined synthesis of N1-substituted benzimidazoles via a direct and atom 

economical method is desirable. Due to their bioactive properties, benzimidazoles and their 

derivatives have found several uses in the pharmaceutical industry for their antifungal17 and 

antiviral18 properties showing potential activity against influenza and HIV19.  Their success as 

proton pump inhibitors is also well recognized as shown in the billion-dollar industry of 

esomeprazole (Nexium)20 and lansoprazole which contain the benzimidazole motif. Furthermore, 

benzimidazoles are widely utilized in chemical industry as dyes,21 optics,22 and protective 

membranes for fuel cells.23  

The most common method for the synthesis of simple benzimidazoles is the condensation 

of 1,2-diaminobenzene with carbonyl derivatives,24 but is quite limited in scope. For 1,2-

disubstituted or polycyclic benzimidazole synthesis, oxidative and reductive cyclization methods 

are utilized, which require an oxidant or reductant. Examples of conditions for oxidative 

cyclization of the commonly used o-phenylenediamine have employed hydrogen peroxide,25 

oxone26 (in conjunction with mineral acids), and TEMPO.27 Drawbacks to these methods stem 

from starting material availability where the electron-rich and oxidatively unstable o-

phenylenediamine is often synthesized from the parent o-nitroaniline, with severe limitations with 

respect to functional groups that are stable under these strong oxidizing conditions.28 Methods 

focused on reductive cyclizations of the parent o-nitro aniline substrate offer a direct method to 

these complex benzimidazole structures. Hydrogenative methods are ideal but require heavy 
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metals such as Pd.29 Methods without the use of heavy metals such as TiCl3,30 Cu,31 Na2SO3,32 and 

pyrolytic33 are prominent alternatives but often at the cost of requiring harsh conditions. Other C–

H amination methods exist through metal-mediated nitrene/nitrenoid reactivity but often require 

either azides as precursors34 that are dangerous to work with on scale35 or the use of heavy metals 

Rh,36 Ru,37 and Pd.38 In this chapter, I describe a reductive C–H aminative method for the synthesis 

of benzimidazoles, by aerobic oxidation of dihydrobenzimiazole intermediates, through a 

PIII/PV=O redox catalytic cycle. 

 
Figure 9.2. Common redox methods for benzimidazole synthesis.  

2.3 – Developing a Catalytic Protocol to C(sp3)-H Amination 

In our initial investigations, N,N-dibenzyl o-nitroaniline 2.1 was chosen as the substrate to 

evaluate the desired C(sp3)–H amination reaction. Similar conditions, as reported for the Cadogan 

cyclization,13 provided a promising initial result of the desired benzimidazole with a 40% yield 

(Table 2.1, entry 1). The unstable dihydrobenzimidazole, putatively formed thru C(sp3)–H 

amination, is presumably oxidized upon exposure to air. Vigorous bubbling with air at 100 °C is 

performed for complete conversion to the benzimidazole 2.3. Various high boiling solvents were 

tested, displaying a preference for polar and aromatic solvents, specifically benzonitrile (64%) 

(Table 2.1, entry 5). In contrast, ethereal or polar solvents with high dielectric constants eroded 

yield, which is in alignment with a previous investigation reporting these solvents inhibit Cadogan 

cyclization.39  
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Table 2.1. Solvent screen for reduction of o-N,N-dibenzyl nitroaniline.a 

 
aYield determined by 1H NMR analysis of crude reaction mixture with 1,3,5-trimethoxybenzene 

added as internal standard. 

 

The effect of added base was evaluated to diminish side product formation, leading to the 

identification of DBU as an optimal additive resulting in a notable increase in yield (88%) (Table 

2.2, entry 6).  

 

Table 2.2. Additive Screena 

 
aYield determined by 1H NMR analysis of crude reaction mixture with 1,3,5-trimethoxybenzene 

added as internal standard. 
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Other phosphorus catalysts used in other PIII/PV=O cycling reactions were evaluated. 

Superior biphillic activity was displayed by the 1,2,2,3,4,4-hexamethylphosphetane oxide over 

other phosphetane oxides, 5-membered cyclic phosphine oxides and acyclic phosphine oxides by 

its ability to turn over and effectively engage the NO2 moiety (Table 2.3, entries 2-6).   

 

Table 2.3. Catalyst Screena 

 
aYield determined by 1H NMR analysis of crude reaction mixture with 1,3,5-trimethoxybenzene 

added as internal standard. 

 

Control experiments – excluding PhSiH3 or catalyst – show no product formation (Table 

2.4, entry 4-5), with full recovery of starting material. Other hydrosilanes such as Ph2SiH2 showed 

comparable results (77%) for this reaction, but a mild hydrosilane reductant (PMHS) demonstrated 

decreased reactivity (Table 2.4, entry 7). Varying concentration, temperature, catalyst loadings, 

and reaction time converged on optimal conditions of 0.5 M in benzonitrile, 100° C, 20 mol% 

catalyst for 12 h, yielding 88% yield (Table 2.4, entry 3). 
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Table 2.4. Conditions Optimization
a
 

 
aYield determined by 1H NMR analysis of crude reaction mixture with 1,3,5-trimethoxybenzene 

added as internal standard. bIsolated Yield 

2.4 – Substrate Scope 

With these optimized conditions at hand, the scope and limitations with respect to substrate 

was determined to delineate the contours of synthetic utility (Figure 2.3). This organophosphorus-

catalyzed method for nitroarene reduction illustrates a complementary approach to existing 

methods for the synthesis of benzimidazoles with relatively mild conditions. Various N-benzyl o-

nitro anilines are readily transformed into their corresponding benzimidazoles, with yields ranging 

from 87%-95% (2.4-2.9) with shorter reaction times (12 h). Other alkylated substituted o-nitro 

anilines substrates are also amenable to these conditions, with complete conversion seen in 1.5-2 

days. These substrates display modest to excellent yields for cyclic and acyclic variants with no 

clear trend in increasing either alkyl chain length or ring size (2.10-2.17). 
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To probe chemoselectivity for alkyl versus benzylic functionalization, substrate 2.18 was 

submitted to the catalytic reaction, and a ratio of ~9:1 was found for products 2.19 and 2.20 

favoring functionalization at the benzylic position. Furthermore, sp3 amination to make a 5-

membered ring (2.24) completely dominates over sp2 amination to make a 6-membered ring (2.25). 

Additionally. when 1-(2-nitrophenyl)pyrrolidin-2-one was used as a substrate, incomplete 

oxidation product 2.22 was observed post air work up with a yield of 64%, illustrating the extreme 

Figure 2.3. Substrate Scope of the catalytic reductive C(sp3)–H amination. a1H NMR Yield 

determined with the aid of 1,3,5-trimethoxy benzene as an internal standard.  
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stability of this dihydrobenzimidazole40 and an opportunity to derivatize this intermediate into 

complex natural products.  

The dihydrobenzimidazole product 2.27 is observed more readily with the N-alkyl o-nitro 

aniline substrates, which is fully converted to benzimidazole product 2.28 by air oxidation 

conditions as mentioned previously. This prompted us to investigate the possibility of trapping this 

dihydrobenzimidazole intermediate 2.29 with a protecting group to enable isolation of the 

immediate C(sp3)–H aminated scaffold. Additionally, these intermediates would also serve as 

interesting structural motifs as they are relatively unknown in the literature. A brief optimization 

for this in situ protection using p-toluenesulfonic chloride (TsCl) in neat 2,6-lutidine N-oxide41 

provided a promising yield of 64%. A crystal structure of the tosylated dihydrobenzimidazole was 

accquired, confirming the sp3-hybridized nature of the central C atom. Ongoing work is being 

developed to expand the scope of these unique tosylated benzimidazole products.   

2.5 – Summary and Outlook 

This chapter demonstrated the development and reaction scope of a biphillic 

organophosphorus catalyzed nitroarene deoxygenation reaction for C(sp3)–H amination. An 

efficient new method for the preparation of benzimidazoles that parallels other synthetic methods 

due to the ability to functionalize both benzylic and alkyl o-nitro aniline substrates and the ability 

Figure 2.4. In Situ Protection of Dihydrobenzimidazole Intermediates. 
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to trap the highly elusive dihydrobenzimidazoles was discussed. The 1,2,2,3,4,4-

hexamethylphosphetane oxide played a crucial role in displaying superior biphillic activity for the 

cyclization event over other main group catalysts. Additionally, the use of DBU as an additive also 

greatly improved the yield, which could most likely be attributed to interfering with possible 

Buchner ring expansion side product formation.42 New directions of this work will focus on 

broadening the scope to include other heteroatom variants to the aniline moiety, such as thiazoles 

oxazoles. Preliminary data for C-H amination of benzyl(2-nitrophenyl)sulfane and 1-ethoxy-2-

nitrobenzene provided a promising 31% of 2.29 and 34% of 2.30, respectively, illustrating the 

feasibility of this proposal. The next chapter will investigate the reaction mechanism through a 

series of experiments supported by DFT computational studies.   
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Chapter 3. 

Mechanistic Investigations into C(sp3)–H Amination 

This chapter will detail the mechanistic studies performed to better understand the described 

organophosphorus catalyzed C(sp3)–H amination reaction. More specifically, studies probing the 

catalyst resting state and the C–N cyclization event are investigated experimentally and 

computationally by Density Functional Theory (DFT). 

3.1 – Probing Catalyst Resting State 

To gain insight into the catalytic resting state and possible relevant catalytic intermediates, 

in situ 31P and 1H NMR experiments were conducted. Monitoring the catalytic reaction – 1 equiv 

of 3.2, 20 mol% P1·[O], 2.5 equiv of phenylsilane, 1 equiv of DBU, 50 μL toluene-d8, 0.5 M in 

benzonitrile, 100 °C – in the 31P NMR channel (163 Hz) showed rapid depletion of P1·[O], (t1/2 

~5 min) at δ 55.5 ppm, with appearance of resonances at δ 31.7 and δ 28.5 ppm, corresponding to 

the anti and syn diastereomers of P1 respectively, which remain constant throughout the rest of 

the experiment. This result is in line with previous reactions, where the critical observation is 

phosphine oxide reduction occurs rapidly at high temperatures with the anti-P1 acting as the 

predominant catalyst resting state.  

In terms of product formation, monitoring in the 1H NMR channel (500 MHz) of the same 

catalytic reaction showed little consumption of o-N, N-dibenzyl nitroaniline over ca. 80 min along 

with concomitant appearance of dihydrobenzimidazole. These results implicate the catalyst resting 

state and the turnover limiting step occur during the first deoxygenation step with no observable 

intermediates, including the nitroarene. This presumably occurs via a [3+1] cycloaddition, 

similarly to our previous reports. This also implicates the C–N bond forming step occurs post-rate-

limiting and detection of intermediates spectroscopically will be futile.   
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3.2 – Mechanistic Discussion Supported by Computational Studies 

In order to probe possible intermediates, a catalytic cycle supported by density functional 

theory calculations conducted at the M06-2X/6-311++G(d,p) level was proposed (Figure 3.2). 

Analogous to previously reported nitroarene reductions by PIII,1, 2, 3 the first deoxygenation step 

occurs via a [3+1] cycloaddition of the o-nitroaniline (3.3) with phosphetane P1 for the formation 

of the pentacoordinate azadioxaphosphetane Int-3.4. The energy barrier of the transition state 

towards this intermediate was calculated as the highest energetic barrier (ΔG⧧rel = +28.1 kcal/mol) 

for this system, in line with previous calculated barriers. This rate-determining step is also 

supported by the PIII catalyst resting state as confirmed by NMR in experimental studies. Int-3.4 

decomposes by a [2+2] retro fragmentation step1 giving the o-nitrosoaniline Int-3.5 and one 

equivalent of the phosphetane oxide P1•[O], a thermodynamically favorable process (ΔGrel = -

34.5 kcal/mol with only a ΔΔG⧧rel = +7.5 kcal/mol kinetic barrier). 
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Figure 3.1. Monitored cyclization of nitroaniline 3.1 to dihydrobenzimidazole. A) Time-stacked 

in situ 31P NMR spectra (T = 100 °C, toluene-d8) at t = 0 min, 10 min, 30 min, and 60 min. 

Chemical shifts: P1•[O], δ 55.5 ppm (blue); anti-P1, δ 31.7 (orange) and syn-P1 δ 28.5 ppm. 
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Figure 3.2. Proposed mechanism for benzimidazole formation through a nitrenoid intermediate 

supported by DFT calculations. 

In terms of the C–N bond-forming step, one possible pathway may proceed through a 

second deoxygenation event by forming the favorable anti-diastereomer of the oxazaphosphirane 

intermediate Int-3.6 (ΔGrel = -38.2 kcal/mol). Int-3.6 could then decompose into the nitrenoid 

species Int-3.7, which is depicted here as the favorable o-quinodiimide resonance form (ΔGrel = -

36.2 kcal/mol). An intramolecular proton transfer to the nitrenoid position from the benzylic 

position would, with <3 kcal/mol barrier, produces an energetically downhill deprotonated 

intermediate Int-3.8 (ΔΔGrel = 2.7 kcal/mol, ΔG⧧rel = -61.5 kcal/mol). This intermediate would 

then proceed through a 6π electrocyclization process that is both kinetically (ΔG⧧rel = -54.6 

kcal/mol) and thermodynamically (ΔGrel = -109 kcal/mol) favorable. The dihydrobenzimidazole 

species Int-3.9 would then be oxidized during work up to provide the aromatic product 3.10. The 

next sections will provide experimental insight into this C–N bond-forming step. 
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In order to probe the electronic demand for the C–N bond forming event, a series of N, N-

dibenzylated substrates with differing p-substitution patterns were prepared. By evaluating the 

product ratios in an intramolecular competition study, the kinetic selectivity of the presumed post-

turnover limiting C(sp3)–H functionalization step, which must necessarily be selectivity-

determining, can be directly measured. For ease of characterization, some substrates were designed 

as competition against a trifluoromethyl-substituted benzyl group as opposed to the parent benzyl 

group. These reactions were carried out for 12 h, and their products were analyzed relative to an 

internal standard for yield (1,3,5-trimethoxybenzene) by 1H NMR and to extract the product ratios 

by both 1H and 19F NMR spectroscopy when appropriate. A plot of log([X]/[Y]) versus substituent 

constant σp- is shown in Figure 3.3, from which a Hammett sensitivity constant ρ = +0.21 was 

derived. A general trend was observed with a preference for C–H functionalization of the benzylic 

positions of electron-deficient arenes. The σp- parameter was used to consider the strong inductive 

effect by resonance and the sigma induction displayed by the ester group substrate. This positive 

ρ value informs us of a negative charge buildup on the arene ring during the selectivity-determining 

transition state that could be stabilized by electron-withdrawing substituents. This can be explained 

by a stabilization effect of the charged intermediate Int-3.8 (Figure 3.2) that would be enhanced 

by electron-withdrawing substituents in the transition state leading to the dihydrobenzimidazole, 

Int-3.9 (Figure 3.2). 
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Figure 3.3. Hammett plot of log(X/Y) for benzimidazole formation according to the reaction 

depicted against the σp- parameter. Equation: y = 0.2136x + 0.0575; R2= 0.88. 

3.4 – Intramolecular Competition KIE Study 

Based on the proposed reaction mechanism, an intramolecular competition kinetic isotope 

effect (KIE) study would provide insight into the product determining step, where a primary 

isotope effect would be expected. With 1 equiv of the corresponding deuterated substrate, N-

benzyl-2-nitro-N-(phenylmethyl-d2) aniline 3.13-d2, ran under catalytic conditions, a kinetic 

isotope effect ratio of 2.24 kH/kD was determined. This value indicates a primary KIE, informing 

the C–N bond-forming step does indeed occur post rate-limiting step. Additionally, the absence of 

isotopic scrambling 3.16 indicates that this process is not in equilibrium. This result agrees with 

the DFT studies where the transition state of the proton transfer leading to deprotonated 

intermediate Int-3.9 (Figure 3.2) is an energetically downhill process (ΔΔGrel = 2.7 kcal/mol, ΔG⧧ 

= -61.5 kcal/mol).  
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Figure 3.4. KIE of 2.24 kH/kD from intramolecular competition.  

3.5 – Possible Alternative Mechanism  

While the mechanistic results are in support of the proposed reaction mechanism, a possible 

alternative can be envisioned based on previously reported o-nitroso aniline reactivity (Figure 

3.5).20, 21 Instead of the nitroso intermediate undergoing a second deoxygenation event catalyzed 

by the phosphetane, a non-phosphorus-involved pathway could also be conceived leading to the 

desired product. First, challenging proton transfer from the benzylic position to the nitroso-group 

would yield zwitterion Int-3.17 (ΔGrel = -10.8 kcal/mol. This intermediate proceeds to form the 

cyclic hydroxylamine Int-3.18 with a strong thermodynamic driving force (ΔGrel = -54 kcal/mol). 

Dehydration would drive the formation of the aromatic product. While evidence of an uncatalyzed 

nitroso cyclization for synthesis of benzimidazoles,4 is reported, the barriers are almost 20 kcal/mol 

higher than the catalyzed pathway, and the presence of a hydroxylamine intermediate was never 

observed by 1H-NMR or mass spectroscopy in the crude reaction mixture. Furthermore, the 

observation and isolation of dihydrobenzimidazole product would be precluded if this mechanism 

were operative. Accordingly, this alternative pathway seems unlikely to be operative. Synthesis of 

an o-nitroso aniline is ongoing to evaluate this pathway experimentally. 
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Figure 3.5. Alternative mechanism for benzimidazole formation through o-nitrosoaniline 

pathway. 

3.6 – Summary 

The mechanism of the organophosphorus catalyzed C(sp3)–H amination reaction was 

studied. The catalyst resting state was determined to be the PIII phosphetane by analysis by 31P 

NMR spectroscopy. The C–N cyclization event supported by DFT is believed to proceed through 

a second deoxygenation event arriving at the oxazaphosphirane intermediate Int-3.6. This 

intermediate proceeds through an intramolecular proton transfer followed by a 6π 

electrocyclization process to arrive at the dihydrobenzimidazole. A ρ value of +0.21 derived from 

the Hammett plot indicates a buildup of negative charge in the transition state supporting the 

proposed mechanism. Additionally, the KIE study displayed a ratio kH/kD of 2.24, indicating a 

primary isotope effect and support for the C–N cyclization occurring post rate-limiting step. 

Ongoing work is focused on the synthesis of an o-nitroso aniline that will allow us to probe 

reactivity and understand reaction mechanism stoichiometrically at lowered temperature. The 
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results of this work and future directions will contribute to broadening the repertoire of nitro-

modifying reactions and provide a mechanistic rationale for iterative reaction design based on 

organophosphorus catalysis. 
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Chapter 4 

Experimental Section 

I. General Notes  

All reagents were purchased from commercial vendors (Sigma-Aldrich, Alfa Aesar, Acros, TCI, 

Oakwood Chemical, or Combi-Blocks) and used without further purification unless otherwise 

indicated. Indicated substrates were synthesized according to literature procedure. Acetonitrile, 

dichloromethane, diethyl ether, dimethylformamide, toluene, and tetrahydrofuran were purified 

and collected under argon using a Glass Contour Solvent Purification System. Anhydrous 

benzonitrile was obtained from a Sigma-Aldrich (sure-seal® bottle) and used as received. All other 

solvents were ACS grade or better and were used without further purification unless otherwise 

noted. Manipulations were conducted under an atmosphere of dry N2 gas unless otherwise noted. 

The reductive C(sp3)–N coupling reactions were carried out in glass culture tubes with a threaded 

end (13 x 100 mm; Fisher Scientific part # 14-959-35C), outfitted with a phenolic screw-thread 

open top cap with red PTFE/white silicone (VWR part #82028-444). Column chromatography was 

carried out on silica gel (SiliFlash® Irregular Silica Gel, P60 40-63μm) or aluminum oxide 

(activated, neutral, Brockmann I) as noted. 1H, 13C, 15N, 19F, and 31P NMR were collected with 

either Bruker AVANCE III HD 400 (BBO Prodigy nitrogen cryoprobe) or Bruker Neo 500 (BBO 

Prodigy nitrogen cryoprobe or BBFO SmartProbe) spectrometers and processed using 

MestReNova software. 1H NMR chemical shifts are given in ppm with respect to solvent residual 

peak (chloroform-d, δ 7.26 ppm; DMSO-d6, δ 2.50 ppm; C6D6 7.16 ppm). 13C{1H} NMR shifts 

are given in ppm with respect to (chloroform-d, δ 77.16 ppm). 31P NMR shifts are given in ppm 

with respect to 85% H3PO4 (δ 0.0 ppm) as an external standard. Multiplicities are described as s = 

singlet, br s = broad singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, td = 

triplet of doublets, m = multiplet. Coupling constants are reported in Hertz (Hz). High-resolution 

ESI mass spectra were obtained from the Mass Spectrometry Laboratory at the MIT department 

of chemistry instrumentation using Agilent QTOF 6545 with ESI ionization source. All yields 

reported are isolated yields unless stated otherwise.  

II. Optimization of Reaction Conditions  

A. Optimization with N,N-dibenzyl o-nitroaniline (2.1)  

Optimization-scale reactions were conducted at 0.25 mmol of limiting substrate. To a 4 mL vial 

with magnetic stir bar was added N,N-dibenzyl o-nitroaniline (2.1), phosphine oxide catalyst 
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(P•[O], 20 mol%), and 1,3,5-trimethoxybenzene (14.0 mg, 98%, 0.33 mmol) as the internal 

standard. The thread was lined with teflon tape, capped with a black septum cap, and the septum 

was punctured with a needle under N2. The atmosphere was exchanged by three evacuation/N2 

backfill cycles. Solvent (Toluene, Dioxane, PhCF3, DMF, or Benzonitrile, 0-0.5 M) was added 

under N2, followed by additive (water, MeOH, NEt3, DIPEA, Pyridine, or DBU, 0-2.5 equiv) and 

silane (Ph2SiH2, PMHS, PhSiH3, 0–3.0 equiv.) were added. The black septum cap was wrapped in 

parafilm, and reaction vial placed in a thermostatted (60-100 °C) aluminum heating block and 

stirred at 300 rpm. After 12-24 h, the product was oxidized with rigorous bubbling of air through 

the solution for 1 h at 100°C. After cooling down an aliquot was transferred to an NMR tube, 

diluted to total volume ~0.6 mL, and analyzed by 1H NMR spectroscopy. The yield was determined 

by relative integration between 1,3,5- trimethoxybenzene (δ = 6.04 ppm, s, 3 H, 0.33 equiv.), and 

product 2.3 (δ = 5.45 ppm, s, 2H). Number of scans = 8 and relaxation delay = 4 seconds. 

 
Figure 4.10. Representative 1H NMR spectrum for yield determination for optimization of 
reductive C–N cyclization of N,N-dibenzyl o-nitroaniline (2.1) by P1•[O] (optimal conditions, 
88% 2.3) 
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Table 4.1. Complete Optimization Table 

 
aStandard conditions: 0.25 mmol substrate 2.1, 20 mol% P1•[O], 0.5 M in benzonitrile 1.5 eq. 
PhSiH3, 1.0 eq DBU at 100°C, 12h. Yield determined by 1H NMR analysis of crude reaction 
mixture with 1,3,5-trimethoxybenzene added as internal standard. bIsolated Yield 

17

18

19 No catalyst 0%

0.1 M 62%

0.5 M 97% (87%b)

20 No silane 0%

25

26

5% cat. 12h

10% cat. 24h

50%

82%

21

22

23

27

28

29

30

29%

34%

19%

64%

86%

82%

77%

80 °C 48h

0.67 eq PhSiH3

PMHS

60 °C

DBU 2.5 eq

DBU 0.5 eq

Ph2SiH2

24 2% cat. 12h 35%

Entry Deviation from standard Yield (%)

N

N
Ph

Ph

2.2

N

N
H

Ph

Ph
Air work up

2.3

100°C, 1 h

N

NO2

Ph

Ph

2.1

PhSiH3 (2.5 equiv)
DBU (1 equiv)

Benzonitrile (100°C), 12 h

20 mol%
Me

Me
P

OMe
Me

Me
Me

P1•[O]

1 Toluene 40%

2
3

4
5 Benzonitrile

PhCF3

Dioxane

DMF

27%

24%

51%
64%

6

7

8

9

10

12

Water

MeOH

NEt3

DIPEA

Pyridine

DBU

72%

61%

60%

49%

65%

88%

O’Brien catalyst

Rutjes catalyst

Triphenylphosphine

47%

5%

4%

12

13

14

15

16

Py-phosphetane

Ph-phosphetane 33%

42%
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III. Procedures for the Preparation of Starting Materials 

A. Preparation of phosphorus compounds 

 
1,2,2,3,4,4-Hexamethylphosphetane 1-oxide (P1•[O]), 2,2,3,4,4-Pentamethyl-1-

phenylphosphetane 1-oxide, 2,2,3,4,4-Pentamethyl-1-(purrolidin-1-yl)phosphetane 1-oxide were 

prepared according to literature methods.1 

3-Methyl-1-phenylphospholane 1-oxide: 

 
Prepared according to the literature procedure2 via hydrogenation (Pd/C) of commercially 

available 3-methyl-1-phenyl-2-phospholene 1-oxide. Clear pale-yellow oil obtained, 973 mg, 

96%. Spectral data are in agreement with the literature reported values.  

5-Phenylbenzo[b]phosphindole 5-oxide: 

 
According to the literature procedure,2,3 triphenylphosphine oxide was treated with phenyllithium, 

and the corresponding phosphine (5-phenyl-5H- benzo[b]phosphindole) was oxidized using H2O2. 

The phosphine can be columned prior to oxidation (silica, ethyl acetate/n-heptane 1:1 ratio) and 

recrystallized in ethyl acetate if necessary. White solid obtained, 672 g, 81%. Spectral data are in 

agreement with the literature reported values.  

B. Preparation of Benzimidazole Precursors  

General method A: Dibenzylamine (1.0 equiv) was added dropwise to 1-fluoro-2-nitrobenzene 

(3.0 equiv) at rt. The resulting mixture was stirred at 120°C for 24h. The reaction mixture was 

cooled to room temperature, diluted with a minimum amount of dichloromethane, and purified by 

column chromatography (hexane/DCM). 

General method B: Benzylbromide (2.0 equiv), 2-nitroaniline (1.0 equiv) and potassium 

carbonate (1.0 equiv) were stirred in acetonitrile (1M) at reflux overnight. After cooling down the 

mixture was extracted with ethyl acetate and water. The combined organic layers were washed 

Me

R
P

OMe
Me

Me
Me

R = Me: P1•[O]
R = Ph
R = pyrrolidino

PMe Ph

O

P Ph
O
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with brine, dried over MgSO4 and concentrated in vacuo. Product was isolated by column 

chromatography (hexane/DCM). 

General method C: 1-Fluoro-2-nitrobenzene (1.0 eqiuv), N-benzylmethylamine (1.1 equiv) and 

potassium carbonate (1.45 eq) were reacted in DMSO (0.2M) at 120°C. After 3 days, the reaction 

was allowed to cool to room temperature and added to water. The solid is filtered and washed with 

additional water. The filtrate was extracted with ethyl acetate. The combined organic layers were 

washed with brine, dried over MgSO4 and concentrated in vacuo. Product was isolated by column 

chromatography (hexane/DCM). 

N,N-dibenzyl-2-nitroaniline (2.4-SM) 

 
Synthesized according to general method A and isolated as orange oil (85%). 1H NMR (400 MHz, 

Chloroform-d) δ 7.76 (dd, J = 8.1, 1.6 Hz, 1H), 7.38 (ddd, J = 8.6, 7.3, 1.7 Hz, 1H), 7.35 – 7.21 

(m, 10H), 7.11 (dd, J = 8.3, 1.2 Hz, 1H), 7.02 (ddd, J = 8.3, 7.3, 1.3 Hz, 1H), 4.24 (s, 4H). Spectral 

data is consistent with literature characterization.4 

N,N-di-p-xylyl-2-nitroaniline (2.5-SM) 

 
Synthesized according to general method B and isolated as orange oil (31%). 1H NMR (500 MHz, 

Chloroform-d) δ 7.76 (dd, J = 8.1, 1.7 Hz, 1H), 7.36 (ddd, J = 8.7, 7.2, 1.7 Hz, 1H), 7.17 – 7.05 

(m, 9H), 7.00 (ddd, J = 8.3, 7.3, 1.3 Hz, 1H), 4.19 (s, 4H), 2.34 (s, 6H). 13C NMR (101 MHz, 

CDCl3) δ 144.99, 144.08, 137.07, 134.15, 132.76, 129.22, 128.45, 125.81, 123.46, 121.38, 56.40, 

21.26. HRMS(ESI+) calcd. for C22H23N2O2 [M+H]+ 347.1760, found 347.1658. IR (neat) ν 3022, 

2921, 2857, 1567, 1486, 1346, 808 cm-1 

N,N-di-(p-methoxybenzyl)-2-nitroaniline (2.6-SM) 

 

N

NO2

N

NO2

N

NO2

OMe

MeO
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 Synthesized according to general method A and isolated as yellow solid (90%). 1H NMR (400 

MHz, Chloroform-d) δ 7.75 (dd, J = 8.1, 1.7 Hz, 1H), 7.37 (ddd, J = 8.7, 7.3, 1.7 Hz, 1H), 7.14 (d, 

J = 8.7 Hz, 3H), 7.08 (dd, J = 8.3, 1.2 Hz, 1H), 7.01 (ddd, J = 8.3, 7.3, 1.2 Hz, 1H), 6.84 (d, J = 

8.6 Hz, 3H), 4.15 (s, 4H), 3.80 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 158.84, 144.83, 144.16, 

132.59, 129.60, 129.12, 125.59, 123.55, 121.40, 113.75, 55.85, 55.22. IR (neat) ν 3068, 2835, 

1603, 1510, 1246, 1173, 1033, 823 cm-1. 

N,N-di-(p-fluorobenzyl)-2-nitroaniline (2.7-SM) 

 
 Synthesized according to general method B and isolated as orange oil (23%). 1H NMR (400 MHz, 

Chloroform-d) δ 7.74 (dd, J = 8.0, 1.6 Hz, 1H), 7.40 (ddd, J = 8.6, 7.3, 1.7 Hz, 1H), 7.25 – 7.16 

(m, 4H), 7.13 – 7.06 (m, 2H), 7.06 – 6.94 (m, 4H), 4.16 (s, 4H). 13C NMR (101 MHz, Chloroform-

d) δ 162.14 (d, J = 245.6 Hz), 144.84, 144.26, 132.66, 132.60 (d, J = 3.5 Hz), 129.99 (d, J = 8.0 

Hz), 125.49, 123.78, 122.42, 115.34 (d, J = 21.5 Hz), 56.08. 19F NMR (376 MHz, CDCl3) δ -

114.94. HRMS(ESI+) calcd. for C20H16F2N2O2 [M+H]+ 355.1253, found 355.1256. IR (neat) ν 

3071, 2847, 1601, 1507, 1220, 827 cm-1. 

N,N-di-(p-trifluoromethylbenzyl)-2-nitroaniline (2.8-SM) 

 
Synthesized according to general method A and isolated as orange oil (23%). 1H NMR (400 MHz, 

CDCl3) δ 7.80 – 7.62 (m, 1H), 7.58 (d, J = 8.0 Hz, 2H), 7.49 – 7.36 (m, 2H), 7.16 – 7.08 (m, 1H), 

4.27 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 145.06, 143.77, 144.99, 144.92, 140.89, 132.88, 

130.06, 129.74, 128.58, 127.24, 125.61, 125.56, 125.53, 125.49, 125,40, 123.62, 123.14, 122.70, 

77.34, 77.02, 76.70, 56.79. 19F NMR (376 MHz, CDCl3) δ -62.54. 

N,N-dibenzyl-3-nitropyridin-2-amine (2.9-SM) 

 

N

NO2

F

F

N

NO2

CF3

F3C

N N

NO2

Ph

Ph
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Synthesized according to general method A and isolated as orange oil (1.470 g, 91% Yield). 1H 

NMR (400 MHz, CDCl3) δ 8.40 (dd, J = 4.5, 1.8 Hz, 1H), 8.14 (dd, J = 8.0, 1.8 Hz, 1H), 7.29 (pd, 

J = 8.0, 2.0 Hz, 7H), 7.21 – 7.15 (m, 4H), 6.80 (dd, J = 8.0, 4.5 Hz, 1H), 4.63 (s, 4H). Spectral 

data is consistent with literature characterization.5 

N,N-dipropyl-2-nitroaniline (2.11-SM) 

 
Synthesized according to general method A and isolated as orange oil (64%). 1H NMR (400 MHz, 

Chloroform-d) δ 7.68 (dd, J = 8.1, 1.7 Hz, 1H), 7.40 (ddd, J = 8.6, 7.2, 1.7 Hz, 1H), 7.15 (dd, J = 

8.4, 1.2 Hz, 1H), 6.91 (ddd, J = 8.3, 7.2, 1.2 Hz, 1H), 3.12 – 3.03 (m, 4H), 1.55 (dq, J = 14.7, 7.4 

Hz, 4H), 0.87 (t, J = 7.4 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 145.12, 143.13, 132.51, 125.78, 

122.18, 119.67, 54.32, 20.66, 11.39. HRMS(ESI+) calcd. for C12H19N2O2 [M+H]+ 223.1447, found 

223.1443. IR (neat) ν 2962, 2874, 1602, 1513, 1343, 850, 742 cm-1. 

N,N-dibutyl-2-nitroaniline (2.12-SM) 

 
Synthesized according to general method A and isolated as orange oil (84%). 1H NMR (400 MHz, 

Chloroform-d) δ 7.66 (dd, J = 8.1, 1.6 Hz, 1H), 7.38 (ddd, J = 8.7, 7.2, 1.6 Hz, 1H), 7.12 (dd, J = 

8.5, 1.2 Hz, 1H), 6.94 – 6.83 (m, 1H), 3.08 (t, J = 7.3 Hz, 4H), 1.67 – 1.42 (m, 4H), 1.28 (dt, J = 

15.0, 7.4 Hz, 4H), 0.87 (t, J = 7.3 Hz, 6H). Spectral data is consistent with literature 

characterization.6 

3-nitro-2-(piperidin-1-yl)pyridine (2.14-SM) 

 
Synthesized according to general method A and isolated as orange solid (96%). 1H NMR (400 

MHz, CDCl3) δ 8.33 (dd, J = 4.5, 1.8 Hz, 1H), 8.13 (dd, J = 8.0, 1.8 Hz, 1H), 6.70 (dd, J = 8.0, 4.5 

Hz, 1H), 3.46 – 3.39 (m, 5H), 1.71 (q, J = 2.5 Hz, 7H). Spectral data is consistent with literature 

characterization.7 

1-(2-Nitrophenyl)azepane (2.16-SM) 

N

NO2

N

NO2

N N

NO2
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Synthesized according to general method A and isolated as orange oil (94%). 1H NMR (400 MHz, 

Chloroform-d) δ 7.71 (dd, J = 8.2, 1.7 Hz, 1H), 7.37 (ddd, J = 8.7, 7.0, 1.7 Hz, 1H), 7.09 (dd, J = 

8.7, 1.1 Hz, 1H), 6.76 (ddd, J = 8.2, 7.0, 1.1 Hz, 1H), 3.42 – 3.22 (m, 4H), 1.83 (tp, J = 6.1, 1.8 

Hz, 4H), 1.62 (dt, J = 5.9, 2.7 Hz, 4H). Spectral data is consistent with literature characterization.6 

N-phenyl-N-methyl-2-nitroaniline (2.17-SM) 

 
To a solution of 2-nitrodiphenylamine (2.14 g, 10 mmol) in DMF (25 mL) was added KOtBu (1.46 

g, 13 mmol) and subsequently iodomethane (0.81 mL, 13 mmol). The mixture was stirred at room 

temperature for 2 h, poured onto water and extracted with ethyl acetate. The organic phase was 

evaporated and the remaining oily product purified by column chromatography on silica gel 

(hexane/ethyl acetate). The product was isolated as dark red oil (0.80 g, 3.5 mmol, 35%). 1H NMR 

(400 MHz, DMSO-d6) δ 7.93 (dd, J = 8.1, 1.6 Hz, 1H), 7.76 (td, J = 7.8, 1.6 Hz, 1H), 7.54 (dd, J 

= 8.1, 1.3 Hz, 1H), 7.44 (ddd, J = 8.5, 7.5, 1.4 Hz, 1H), 7.22 – 7.12 (m, 2H), 6.79 (tt, J = 7.3, 1.1 

Hz, 1H), 6.65 (dq, J = 7.1, 1.5, 1.0 Hz, 2H), 3.26 (s, 3H). Spectral data is consistent with literature 

characterization.8 

N-benzyl-N-methyl-2-nitroaniline (2.18-SM) 

 
Synthesized according to general method C, the reaction was heated for 5h, and isolated as orange 

oil (56%). 1H NMR (400 MHz, Chloroform-d) δ 7.79 (dd, J = 8.2, 1.7 Hz, 1H), 7.50 – 7.20 (m, 

6H), 7.10 (dd, J = 8.4, 1.1 Hz, 1H), 6.92 (ddd, J = 8.1, 7.1, 1.2 Hz, 1H), 4.41 (s, 2H), 2.81 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 145.86, 140.89, 137.04, 133.08, 128.64, 127.62, 127.43, 126.32, 

120.20, 119.24, 58.71, 40.35. HRMS(ESI+) calcd. for C14H15N2O2 [M+H]+ 243.1128, found 

243.1134. IR (neat) ν 3063, 2805, 1603, 1511, 1344, 735, 698 cm-1. 

4-(2-Nitrophenyl)morpholine (2.21-SM) 

N

NO2

N

NO2

Ph

N

NO2

Me
Ph
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Synthesized according to general method A, except that it was heated for 1h, and isolated as orange 

oil (82%). 1H NMR (400 MHz, Chloroform-d) δ 7.76 (dd, J = 8.1, 1.6 Hz, 1H), 7.55 – 7.41 (m, 

1H), 7.15 (d, J = 8.2 Hz, 1H), 7.07 (t, J = 7.7 Hz, 1H), 3.89 – 3.74 (m, 4H), 3.15 – 2.98 (m, 4H). 

Spectral data is consistent with literature characterization.6 

1-(2-nitrophenyl)pyrrolidin-2-one (2.22-SM) 

 
Synthesized according to general method A, and isolated as orange oil (95%).1H NMR (400 MHz, 

CDCl3) δ 7.98 (dd, J = 8.2, 1.5 Hz, 1H), 7.65 (td, J = 7.7, 1.5 Hz, 1H), 7.43 (td, J = 7.8, 1.4 Hz, 

1H), 7.37 (dd, J = 8.0, 1.4 Hz, 1H), 3.91 (t, J = 7.0 Hz, 2H), 3.72 (s, 7H), 2.56 (t, J = 8.0 Hz, 2H), 

2.29 (tt, J = 7.7, 6.7 Hz, 2H), 2.06 (s, 1H), 1.27 (t, J = 7.1 Hz, 1H). Spectral data is consistent with 

literature characterization.9 

N-benzyl-N-phenyl-2-nitroaniline (2.23-SM) 

 
To a solution of 2-nitrodiphenylamine (2.14 g, 10 mmol) in DMF (25 mL) was added KOtBu (1.46 

g, 13 mmol) and subsequently benzyl bromide (1.55 mL, 13 mmol). The mixture was stirred at 

room temperature for 2 h. The solvent was removed under vacuum, 1,4- diazabicyclo[2,2,2]octane 

(DABCO; 560 mg, 5 mmol) was added to precipitate unreacted benzyl bromide from ethanol, 

followed by crystallization of the product from ethanol in the fridge overnight. The product was 

isolated as an orange/red solid (2.50 g, 8.2 mmol, 82%). 1H NMR (400 MHz, DMSO-d6) δ 7.90 

(dd, J = 8.1, 1.6 Hz, 1H), 7.71 (ddd, J = 8.2, 7.4, 1.6 Hz, 1H), 7.55 (dd, J = 8.2, 1.3 Hz, 1H), 7.41 

– 7.35 (m, 3H), 7.34 – 7.28 (m, 2H), 7.28 – 7.20 (m, 1H), 7.16 – 7.10 (m, 2H), 6.84 – 6.76 (m, 

1H), 6.75 – 6.66 (m, 2H), 4.98 (s, 2H). Spectral data is consistent with literature characterization.10 

C. Substrates used for Mechanistic Studies 

General Procedure: 

N

NO2

O

NO2

N

O

N

NO2

Ph
Ph
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To a round bottom flask with a stir bar was added o-halonitrobenzene (1.5 equiv), followed by the 

addition of amine (1.0 equiv) dropwise at rt. The mixture was moved to an oil bath at 120°C for 

24h. The reaction mixture cooled to rt was diluted with minimum amount CH2Cl2, filtered through 

a short path of silica gel. The orange fractions were collected and evaporated to afford the 

corresponding o-nitroanilines. 

N-benzyl-N-(4-methoxybenzyl)-2-nitroaniline (3.11a-SM): 

 
Following a modification of the general procedure using N-benzyl-1-(4-

methoxyphenyl)methanamine (1.9 g, 8.42 mmol) was added dropwise to 1-fluoro-2-nitrobenzene 

(0.59 mL, 5.62 mmol) at rt. The crude product was purified by column chromatography on silica 

gel by hexane/DCM to yield product as an orange oil (812 mg, 41%). 1H NMR (400 MHz, 

Chloroform-d) δ 7.73 (d, J = 8.0 Hz, 1H), 7.41-7.20 (m, 7H), 7.17-7.10 (d, J = 8.4 Hz, 2H), 7.10-

7.06 (d, J = 8.1 Hz, 1H), 7.03-6.96 (t, J = 7.7 Hz, 1H), 6.87-6.77 (m, 2H), 4.20 (s, 2H), 4.15 (s, 

2H), 3.78 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 159.02, 144.92, 144.30, 137.32, 135.73, 135.64, 

132.77, 129.77, 129.14, 128.55, 128.50, 127.47, 126.31, 126.28, 125.77, 124.71, 124.66, 123.61, 

121.63, 118.69, 118.49, 113.91, 56.49, 56.33, 55.35. 

N-(4-methylbenzyl)-2-nitro-N-(4-(trifluoromethyl)benzyl)aniline (3.11b-SM): 

 
Following a modification of the general procedure using N-(4-methylbenzyl)-1-(4-

(trifluoromethyl)phenyl)methanamine (2.1 g ,7.52 mmol) was added dropwise to 1-fluoro-2-

nitrobenzene (0.52 mL, 5.01 mmol) at rt. The crude product was purified by column 

chromatography on silica gel by hexane/DCM to yield product as an orange oil (311 mg, 16%). 
1H NMR (500 MHz, CDCl3) δ 7.74 (dd, J = 8.1, 1.6 Hz, 1H), 7.54 (d, J = 8.1 Hz, 2H), 7.38 (d, J 

N

NO2
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= 8.6 Hz, 3H), 7.14 – 6.97 (m, 6H), 4.24 (s, 2H), 4.15 (s, 2H), 2.32 (s, 3H). 13C NMR (126 MHz, 

CDCl3) δ 144.65, 144.49, 141.59, 137.43, 133.63, 132.89, 129.87, 129.61, 129.36, 128.66, 128.53, 

125.79, 125.55, 125.52, 125.36, 123.60, 123.20, 122.33, 57.33, 55.95, 21.26. 19F NMR (471 MHz, 

CDCl3) δ -62.46. 

N-benzyl-N-(4-fluorobenzyl)-2-nitroaniline (3.11c-SM): 

 
Following a modification of the general procedure using N-benzyl-1-(4-fluorophenyl) (1.77 g, 8.22 

mmol) was added dropwise to 1-fluoro-2-nitrobenzene (0.58 mL, 5.48 mmol) at rt. The crude 

product was purified by column chromatography on silica gel by hexane/DCM to yield product as 

an orange oil (739 mg, 40%). 1H NMR (400 MHz, CDCl3) δ 7.74– 7.71 (dd, J = 8.1, 1.6 Hz, 1H), 

7.39-7.34 (t, J = 8.0, 1H), 7.30– 7.17 (m, 9H), 7.24 – 7.14 (m, 1H), 7.11 – 6.91 (m, 4H), 4.18 (s, 

2H), 4.16 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 163.51, 161.07, 144.99, 144.40, 132.81, 132.76, 

132.73, 130.18, 130.10, 125.63, 123.92, 122.56, 115.59, 115.38, 56.22. 19F NMR (376 MHz, 

CDCl3) δ -115.12. 

N-benzyl-2-nitro-N-(4-(trifluoromethyl)benzyl)aniline (3.11d-SM): 

 
Following a modification of the general procedure using N-benzyl-1-(4-

(trifluoromethyl)phenyl)methanamine (2.12 g, 8.00 mmol) was added dropwise to 1-fluoro-2-

nitrobenzene (0.56 mL, 5.33 mmol) at rt. The crude product was purified by column 

chromatography on silica gel by hexane/DCM to yield product as an orange oil (313 mg, 15%). 
1H NMR (500 MHz, CDCl3) δ 7.74 (dd, J = 8.1, 1.6 Hz, 1H), 7.54 (d, J = 8.0 Hz, 2H), 7.41 – 7.34 

(m, 3H), 7.34 – 7.17 (m, 5H), 7.12 – 7.01 (m, 2H), 4.25 (s, 2H), 4.20 (s, 2H). 13C NMR (126 MHz, 

CDCl3) δ 144.75, 144.40, 141.47, 136.75, 132.92, 129.68, 128.70, 128.57, 127.77, 125.80, 125.62, 

125.59, 125.56, 125.53, 123.65, 122.51, 57.55, 56.19. 19F NMR (471 MHz, CDCl3) δ -62.49. 

Methyl 4-((benzyl(2-nitrophenyl)amino)methyl)benzoate (3.11e-SM): 
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Following a modification of the general procedure using methyl 4-((benzylamino)methyl)benzoate 

(1.50 g, 5.87 mmol) was added dropwise to 1-fluoro-2-nitrobenzene (0.41 mL, 3.92 mmol) at rt. 

The crude product was purified by column chromatography on silica gel by hexane/DCM to yield 

product as an orange oil (324 mg, 21%). 1H NMR (500 MHz, CDCl3) δ 8.07 – 7.87 (m, 2H), 7.73 

(dd, J = 8.1, 1.6 Hz, 1H), 7.36 (ddd, J = 8.6, 7.3, 1.6 Hz, 1H), 7.22 – 7.17 (m, 2H), 7.07 (dd, J = 

8.4, 1.2 Hz, 1H), 7.03 (td, J = 7.7, 1.2 Hz, 1H), 4.22 (d, J = 24.4 Hz, 4H), 3.89 (s, 3H). 13C NMR 

(126 MHz, CDCl3) δ 142.62, 136.84, 132.89, 130.64, 129.93, 129.46, 128.67, 128.59, 128.45, 

127.73, 125.81, 123.64, 122.30, 57.52, 56.32, 52.23. 

N-benzyl-2-nitro-N-(phenylmethyl-d2)aniline (3.13-SM): 

 
Following a modification of the general procedure using N-benzyl-1-phenylmethan-d2-amine 

(3.00 g, 15.1 mmol) was added dropwise to 1-fluoro-2-nitrobenzene (0.79 mL, 7.52 mmol) at rt. 

The crude product was purified by column chromatography on silica gel by hexane/DCM to yield 

product as an orange oil (555 mg, 23%). 1H NMR (600 MHz, CDCl3) δ 7.74 (dd, J = 8.2, 1.7 Hz, 

1H), 7.38 – 7.32 (m, 1H), 7.31 – 7.20 (m, 9H), 7.07 (dd, J = 8.3, 1.3 Hz, 1H), 6.99 (ddd, J = 8.4, 

7.3, 1.2 Hz, 1H), 4.21 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 144.88, 144.23, 137.22, 137.07, 

132.82, 128.57, 128.55, 128.52, 127.55, 127.52, 125.83, 123.51, 121.67, 108.03, 56.72. 

IV. Synthetic Examples. 

A. General Procedure 

General method E: The nitrocompound (0.50 mmol, 1.0 equiv) and phosphetane oxide (0.10 

mmol, 0.20 equiv) were weighed into an oven-dried 4-mL vial charged with stirring bar. The thread 

was lined with teflon tape and the vial was then purged with N2. Next dry benzonitrile (1.0 mL, 

0.5 M) was added, followed by phenylsilane (154 µL, 1.25 mmol, 2.5 eq) and DBU (75 µL, 0.50 

mmol, 1.0 equiv). The reactions were then heated and stirred overnight at 100°C. The intermediate 

dihydrobenzimidazole was then oxidized by bubbling air through the solution for 1 h at 
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100°C. After cooling, ammonium fluoride in methanol was added to degrade the silanes. This 

mixture was stirred for 1 h after which the reaction was filtered over a silica plug and rinsed with 

EtOAc, concentrated in vacuo and purified by column. 

General method F: The nitrocompound (0.50 mmol, 1.0 eq) and phosphetane oxide (0.10 mmol, 

0.20 eq) were weighed into an oven-dried 4-mL vial charged with stirring bar. The thread was 

lined with teflon tape and the vial was then purged with N2. Next dry benzonitrile (1.0 mL, 0.5 M) 

was added, followed by phenylsilane (154 µL, 1.25 mmol, 2.5 equiv) and DBU (75 µL, 0.50 mmol, 

1.0 equiv). The reactions were then heated and stirred overnight at 100°C.  After cooling, a 1M 

aqueous solution of NaOH was added to degrade the silanes. This mixture was stirred for 1 h after 

which the reaction was extracted 3x with EtOAc and 2x with DCM, the combined organic layers 

were dried over MgSO4, concentrated in vacuo and purified by column. 

B. Analytical Data  

1-benzyl-2-phenyl-1H-benzo[d]imidazole (2.4): 

 
Prepared according to general method E using N,N-dibenzyl-2-nitroaniline (159 mg, 0.50 mmol). 

The crude product was purified by column chromatography on silica gel (Hex/EtOAc = 4.2:1.8) 

to yield product as a white solid (123 mg, 87%). 1H NMR (400 MHz, Chloroform-d) δ 7.90 (d, J 

= 8.0 Hz, 1H), 7.76 – 7.68 (m, 2H), 7.56 – 7.43 (m, 3H), 7.40 – 7.30 (m, 4H), 7.31 – 7.21 (m, 2H), 

7.17 – 7.08 (m, 2H), 5.49 (s, 2H). Spectral data is consistent with literature characterization.13 

1-(4-methylbenzyl)-2-(p-tolyl)-benzo[d]imidazole (2.5): 

 
Prepared according to general method E using N,N-bis(4-methylbenzyl)-2-nitroaniline (173 mg, 

0.50 mmol). The crude product was purified by column chromatography on silica gel (Hex/EtOAc 

= 4.2:1.8) to yield product as a white solid (139 mg, 89%). 1H NMR (400 MHz, Chloroform-d) δ 

7.89 (d, J = 8.0 Hz, 1H), 7.62 (d, J = 8.0 Hz, 2H), 7.18-7.33 (m, 5H), 7.15 (d, J = 8.0 Hz, 2H), 7.01 
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(d, J = 8.0 Hz, 2H), 5.43 (s, 2H), 2.43 (s, 3H), 2.36 (s, 3H). Spectral data is consistent with literature 

characterization.13 

1-(4-methoxybenzyl)-2-(4-methoxyphenyl)-benzo[d]imidazole (2.6): 

 
Prepared according to general method E using N,N-bis(4-methoxybenzyl)-2-nitroaniline (189 mg, 

0.50 mmol). The crude product was purified by column chromatography on silica gel (Hex/EtOAc 

= 7:3) to yield product as a white solid (164 mg, 95%). 1H NMR (500 MHz, Chloroform-d) δ 7.87 

(d, J = 8.2 Hz, 1H), 7.71 – 7.58 (m, 2H), 7.31 (ddd, J = 8.1, 5.5, 2.9 Hz, 1H), 7.26 – 7.21 (m, 2H), 

7.05 (d, J = 8.6 Hz, 2H), 6.99 (d, J = 8.8 Hz, 2H), 6.93 – 6.82 (m, 2H), 5.40 (s, 2H), 3.86 (s, 3H), 

3.80 (s, 3H). Spectral data is consistent with literature characterization.13 

1-(4-fluorobenzyl)-2-(4-fluorophenyl)-1H-benzo[d]imidazole (2.7): 

 
Prepared according to general method E using N,N-bis(4-fluorobenzyl)-2-nitroaniline (177 mg, 

0.50 mmol). The crude product was purified by column chromatography on silica gel (Hex/EtOAc 

= 4.2:1.8) to yield product as a white solid (120 mg, 74%). 1H NMR (400 MHz, Chloroform-d) δ 

7.86 (d, J = 8.0 Hz, 1H), 7.68-7.58 (m, 2H), 7.36-7.08 (m, 5H), 7.07-6.93 (m, 4H), 5.39 (s, 2H). 
13C{1H} NMR (101 MHz, CDCl3) δ 165.09, 163.60, 162.60, 161.14, 153.16, 143.15, 135.98, 

132.05, 131.34, 127.76, 126.27, 123.38, 123.00, 120.16, 116.31, 116.20, 116.09, 115.99, 110.42, 

47.78.19F NMR (565 MHz, CDCl3) δ -110.02, -114.06.  

1-(4-(trifluoromethyl)benzyl)-2-(4-(trifluoromethyl)phenyl)-1H-benzo[d]imidazole (2.8): 

 
Prepared according to general method E using 2-nitro-N,N-bis(4-(trifluoromethyl)benzyl)aniline 

(227 mg, 0.50 mmol). The crude product was purified by column chromatography on silica gel 
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(Hex/EtOAc = 4.2:1.8) to yield product as a white solid (185 mg, 88%). 1H NMR (400 MHz, 

Chloroform-d) δ 7.91 (d, J = 8.0 Hz, 1H), 7.78 (d, J = 8.0 Hz, 2H), 7.73 (d, J = 8.0 Hz, 2H), 7.62 

(d, J = 8.0 Hz, 2H), 7.37 (t, J = 8.0 Hz, 1H), 7.31 (t, J = 8.0 Hz, 1H), 7.21 (t, J = 8.0 Hz, 3H), 5.52 

(s, 2H). 13C{1H} NMR (101 MHz, CDCl3) δ 152.54, 143.29, 140.15, 136.08, 133.48, 132.27, 

132.01, 130.78, 130.52, 129.67, 126.44, 126.41, 126.33, 126.05, 126.02, 125.03, 124.08, 123.52, 

122.87, 120.65, 110.44, 48.18. 19F NMR (565 MHz, CDCl3) δ -62.67, -62.90.  

3-benzyl-2-phenyl-3H-imidazo[4,5-b]pyridine (2.9): 

 
Prepared according to general method E using N,N-dibenzyl-3-nitropyridin-2-amine (160 mg, 0.50 

mmol). The crude product was purified by column chromatography on silica gel (Hex/EtOAc = 

4:1) to yield product as a white solid (141 mg, 98%). 1H NMR (500 MHz, Chloroform-d) δ 8.42 

(dd, J = 3.4 Hz, 1.4 Hz, 1H), 8.12 (dd, J = 6.5 Hz, 1.3 Hz, 1H), 7.73 – 7.60 (m, 2H), 7.55 – 7.40 

(m, 3H), 7.34 – 7.21 (m, 4H), 7.16 – 7.04 (m, 2H), 5.62 (s, 2H). Spectral data is consistent with 

literature characterization.14 

1-methyl-1H-benzo[d]imidazole (2.10): 

 
Prepared according to general method E using N,N-dimethyl-2-nitroaniline (83 mg, 0.50 mmol). 

The crude product was purified by column chromatography on silica gel (EtOAc) to yield product 

as a brown liquid (52 mg, 79%). 1H NMR (500 MHz, Chloroform-d) δ 7.79 (m, 2H), 7.36 (m, 1H), 

7.28 (m, 2H), 3.79 (s, 3H). Spectral data is consistent with literature characterization.6 

1-propyl-2-ethyl-1H-benzo[d]imidazole (2.11): 

 

 
Prepared according to general method E using 2-nitro-N,N-dipropylaniline (111 mg, 0.50 mmol). 

The crude product was purified by column chromatography on silica gel (EtOAc) to yield product 

as a brown oil (73 mg, 81%). 1H NMR (500 MHz, Chloroform-d) δ 7.72 (dt, J = 8 Hz, 3Hz, 1H), 

7.29-7.24 (m, 1H), 7.23-7.17 (m, 2H), 4.02 (t, J = 7 Hz, 2H), 2.86 (q, J = 8 Hz, 2H), 1.80 (h, J = 7 
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Hz, 2H), 1.45 (t, J = 8 Hz, 2H), 0.94 (h, J = 8 Hz, 3H). Spectral data is consistent with literature 

characterization.6 

1-butyl-2-propyl-1H-benzo[d]imidazole (2.12): 

 
Prepared according to general method E using N,N-dibutyl-2-nitroaniline (125 mg, 0.50 mmol). 

The crude product was purified by column chromatography on silica gel (EtOAc) to yield product 

as a brown oil (67 mg, 62%). 1H NMR (500 MHz, Chloroform-d) δ 7.72 (m, 1H), 7.31-7.26 (m, 

1H), 7.23-7.18 (m, 2H), 4.08 (t, J = 8 Hz, 2H), 2.83 (t, J = 8 Hz, 2H), 1.93 (h, J = 1 Hz, 2H), 1.77 

(m, 2H), 1.39 (h, J = 1 Hz, 2H), 1.07 (t, J = 2 Hz, 3H), 0.96 (t, J = 2 Hz, 3H). Spectral data is 

consistent with literature characterization.6 

1,2,3,4-tetrahydrobenzo[4,5]imidazo[1,2-a]pyridine (2.13): 

 
Prepared according to general method E using 1-(2-nitrophenyl)piperidine (103 mg, 0.50 mmol). 

The crude product was purified by column chromatography on silica gel (EtOAc) to yield product 

as a brown solid (68 mg, 77%). 1H NMR (400 MHz, Chloroform-d) δ 7.72 – 7.61 (m, 1H), 7.35 – 

7.12 (m, 3H), 4.04 (t, J = 6.0 Hz, 2H), 3.08 (t, J = 6.4 Hz, 2H), 2.23 – 2.08 (m, 2H), 2.01 (ddp, J 

= 9.3, 6.2, 3.4, 3.0 Hz, 2H). Spectral data is consistent with literature characterization.6 

6,7,8,9-tetrahydroimidazo[1,2-a:5,4-b']dipyridine (2.14): 

 
Prepared according to general method E using 3-nitro-2-(piperidin-1-yl)pyridine (103 mg, 0.50 

mmol). The crude product was purified by column chromatography on silica gel (Hex/EtOAc = 

4:1) to yield product as a white solid (32 mg, 41%). 1H NMR (500 MHz, Chloroform-d) δ 7.78 

(dd, J = 3.2 Hz, 1.6 Hz, 1H), 6.91 (dd, J = 7.9 Hz, 1.6 Hz, 1H), 6.84-6.75 (m, 1H), 3.80 (s, 2H), 

1.77-1.65 (m, 4H), 1.64-1.54 (m, 2H). Spectral data is consistent with literature characterization.15 

2,3-dihydro-1H-benzo[d]pyrrolo[1,2-a]imidazole (2.15): 
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Prepared according to general method E using 1-(2-nitrophenyl)pyrrolidine (96 mg, 0.50 mmol). 

The crude product was purified by column chromatography on silica gel (EtOAc) to yield product 

as a brown solid (68 mg, 86%). 1H NMR (400 MHz, Chloroform-d) δ 7.72-7.66 (m, 1H), 7.32-

7.24 (m, 2H), 7.23-7.13 (m, 2H), 4.09 (t, J = 6.4 Hz, 2H), 3.05 (t, J = 6.4 Hz, 2H), 2.70 (q, J = 6.4 

Hz, 2H). Spectral data is consistent with literature characterization.6 

7,8,9,10-tetrahydro-6H-benzo[4,5]imidazo[1,2-a]azepine (2.16):  

 
Prepared according to general method E using 1-(2-nitrophenyl)azepane (110 mg, 0.50 mmol). 

The crude product was purified by column chromatography on silica gel (EtOAc) to yield product 

as a brown solid (83 mg, 89%). 1H NMR (400 MHz, Chloroform-d) δ 7.71-7.63 (m, 1H), 7.31-

7.15 (m, 3H), 4.02-4.06 (m, 2H), 3.19-3.00 (m, 2H), 2.01-1.88 (m, 2H), 2.01-1.88 (m, 2H), 1.87-

1.67 (m, 4H). Spectral data is consistent with literature characterization.6 

1-phenyl-1H-benzo[d]imidazole (2.17): 

 
Prepared according to general method E using N-methyl-2-nitro-N-phenylaniline (114 mg, 0.50 

mmol). The crude product was purified by column chromatography on silica gel (Hex/EtOAc = 

4:1) to yield product as a white solid (68 mg, 70%). 1H NMR (400 MHz, Chloroform-d) δ 8.10 (s, 

1H), 7.93-7.82 (m, 1H), 7.60-7.41 (m, 6H), 7.38-7.27 (m, 2H). Spectral data is consistent with 

literature characterization.16 

1-methyl-2-phenyl-1H-benzo[d]imidazole (2.19): 

 
Prepared according to general method E using N-benzyl-N-methyl-2-nitroaniline (121 mg, 0.50 

mmol). The crude product was purified by column chromatography on silica gel (Hex/EtOAc = 

4:1) to yield product as a white solid (74.9 mg, 72%). 1H NMR (400 MHz, Chloroform-d) δ 7.87-

7.80 (m, 1H), 7.79-7.72 (m, 2H), 7.57-7.46 (m, 3H), 7.43-7.36 (m, 1H), 7.36-7.27 (m, 2H), 3.83 

(s, 3H). Spectral data is consistent with literature characterization.17 

1-benzyl-1H-benzo[d]imidazole (2.20): 
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Prepared according to general method E using N-benzyl-N-methyl-2-nitroaniline (121 mg, 0.50 

mmol). The crude product was purified by column chromatography on silica gel (EtOAc) to yield 

product as a white solid (9.37 mg, 9%). 1H NMR (400 MHz, Chloroform-d) δ 7.98 (s, 1H), 7.88-

7.79 (m, 1H), 7.38-7.32 (m, 6H), 7.22-7.15 (m, 2H), 5.37 (s, 2H). Spectral data is consistent with 

literature characterization.18 

3,4-dihydro-1H-benzo[4,5]imidazo[2,1-c][1,4]oxazine (2.21): 

 
Prepared according to general method E using 4-(2-nitrophenyl)morpholine (104 mg, 0.50 mmol). 

The crude product was purified by column chromatography on silica gel (EtOAc) to yield product 

as a brown oil (64 mg, 73%). 1H NMR (400 MHz, Chloroform-d) δ 7.77-7.69 (m, 1H), 7.38-7.26 

(m, 3H), 4.02-4.06 (m, 2H), 5.10-5.00 (s, 2H), 4.26-4.11 (m, 4H). Spectral data is consistent with 

literature characterization.6 

1,2-diphenyl-1H-benzo[d]imidazole (2.24): 

 
Prepared according to general method E using N-benzyl-2-nitro-N-phenylaniline (152 mg, 0.50 

mmol). The crude product was purified by column chromatography on silica gel (EtOAc) to yield 

product as a brown oil (70 mg, 50%). 1H NMR (400 MHz, Chloroform-d) δ 7.90 (d, J = 7.9 Hz, 

1H) 7.61-7.54 (m, 2H), 7.54-7.43 (m, 3H), 7.40-7.21 (m, 8H). Spectral data is consistent with 

literature characterization.19 

5-tosyl-1,2,3,4,4a,5-hexahydrobenzo[4,5]imidazo[1,2-a]pyridine (2.28): 

 
Prepared according to general method F using using 1-(2-nitrophenyl)piperidine (103 mg, 0.50 

mmol). The crude product was purified by column chromatography on silica gel (Hex/EtOAc = 

99:1) to yield product as a white solid (20.8 mg, 25%).  1H NMR (400 MHz, Chloroform-d) δ 7.58 

(d, J = 8.1 Hz, 2H), 7.47 (d, J = 7.7 Hz, 1H), 7.17 (d, J = 8.0 Hz, 2H), 6.94 (t, J = 7.7 Hz, 1H), 
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6.65 (t, J = 7.7 Hz, 1H), 6.26 (d, J = 7.7 Hz, 1H), 5.16 (dd, J = 10.4, 3.7 Hz, 1H), 3.50 (ddt, J = 

14.2, 4.2, 1.9 Hz, 1H), 2.83 (ddd, J = 14.6, 12.3, 3.5 Hz, 1H), 2.36 (s, 3H), 1.91 (dddd, J = 25.4, 

12.4, 6.6, 3.3 Hz, 2H), 1.75 (tdd, J = 13.1, 10.2, 3.5 Hz, 1H), 1.63 – 1.35 (m, 3H). 13C NMR (101 

MHz, CDCl3) δ 143.86, 142.44, 134.65, 130.46, 129.44, 127.22, 125.91, 117.34, 117.31, 105.75, 

79.63, 43.55, 31.01, 22.89, 22.60, 21.58. HRMS(ESI+) calcd. for C18H21N2O2S [M+H]+ 329.1318, 

found 329.1324. IR (neat) ν 3055, 2939, 2857, 1597, 1482, 1352, 1165, 1092, 739, 665, 572 cm-1. 
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C. X-ray Data for N-Tosyl-benzimidazolines 

 5-tosyl-1,2,3,4,4a,5-hexahydrobenzo[4,5]imidazo[1,2-a]pyridine  
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Crystal Data and Structure Refinement Information  

Identification code       5-tosyl-1,2,3,4,4a,5-hexahydrobenzo[4,5]imidazo[1,2-a]pyridine  

Empirical formula      C18H20N2O2S 

Formula weight      328.42 

Temperature       100.0 K  

Wavelength       0.71073 nm  

Crystal system      monoclinic 

Unit cell dimensions      a = 11.4707(3) Å = 90 °.  

b = 11.7864(3) Å = 104.8630(9)°. 

c = 12.4304(3) Å = 90 °.  

Volume       1624.34(7) Å3  

Z        4  

Density (calculated)      1.343 Mg/m3  

Absorption coefficient     0.211mm-1  

F(000)        696 

Theta range for data collection    2.156 to 31.558 °. 

Index ranges       -16 ≤ h ≤ 16, -17 ≤ k ≤ 17, -18 ≤ l ≤ 18   

Reflections collected      70051 

Independent reflections     5441 [Rint = 0.0296] 

Completeness to theta = 25.242°    100.0 %  

Absorption correction     None  

Refinement method      Full-matrix least-squares on F2  

Data / restraints / parameters     5441/0/210 

Goodness-of-fit on F2     1.046 

Final R indices [I>2sigma(I)]    R1 = 0.0339, wR2 = 0.0932 

R indices (all data)      R1 = 0.0392, wR2 = 0.0972 

Extinction coefficient      n/a 

Largest diff. peak and hole     0.383/-0.391 eÅ-3 
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V. Mechanistic Experiments. 

A. In situ NMR experiments  

In situ NMR Studies of Catalytic Reaction: To an oven-dried purged septum-sealed NMR tube was 

added 3.1 (80 mg, 0.25 mmol, 1 equiv), P1•[O] (8.7 mg, 0.05 mmol, 20 mol%), dry benzonitrile 

(0.5 mL), DBU (38 µL, 0.25 mmol, 1.0 equiv), and toluene-d8 (50 µL). The tube was inserted into 

the NMR probe thermostatted at 100°C and a t = 0 spectrum was obtained. The tube was ejected 

from the probe, phenylsilane (77 µL, 0.625 mmol, 2.5 equiv) was added via syringe, and the NMR 

tube was reinjected into the probe. The appearance of a methine proton (N–CH–N) at δ 5.33 ppm 

for 3.2 (δ 7.49 ppm) was monitored by 1H NMR spectroscopy at 100°C. 31P NMR spectra was also 

obtained contemporaneously. Phosphetane P1•[O] (δ 55.5 ppm) is consumed within 5 min and 

replaced by two signals (δ 31.7 and 28.5 ppm). 

 
Figure 3.1 (from text) 

B. Computational Studies 

i. General Computational Information: All calculations were performed using density functional 

theory (DFT) implemented in Gaussian 09 suite of programs.11 Geometry optimizations were 

carried out in the gas phase with DFT Gaussian12 M06-2X/6-311+G* basis set. Frequency 
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calculations were conducted at the same level as the geometry optimizations, and thermal free 

correction terms were found. 

ii.  DFT Energy Landscape of P III/PV=O redox catalyzed C-N bond forming step 

 
Figure 4.11. Computed reaction profiles from nitroso intermediate Int-3.5. 

iii. Cartesian Coordinates for Stationary Points 

 
Int. 3.7 

Sum of electronic and thermal Free Energies = -
650.905340 
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C -4.1903660000 -0.5736430000 0.4078910000 
C -3.3656610000 -1.2591370000 -0.4228210000 
C -1.9370880000 -0.9380570000 -0.5857650000 
C -1.5287580000 0.4195580000 -0.0627850000 
C -2.4241970000 1.0818950000 0.8343750000 
C -3.6825020000 0.5913800000 1.0513960000 
H -5.2051990000 -0.8977960000 0.6062170000 
H -3.6664290000 -2.1791910000 -0.9109320000 
H -2.1115340000 1.9678630000 1.3704820000 
H -4.3232830000 1.1250030000 1.7472860000 
N -0.3997010000 1.0081100000 -0.4295190000 
N -1.1363770000 -1.8474880000 -0.9672780000 
C 0.6204520000 0.4071690000 -1.3075740000 
H 0.8798320000 1.1670830000 -2.0500050000 
H 0.1833030000 -0.4652410000 -1.7894160000 
C -0.0451390000 2.3278080000 0.0900840000 
H 0.8599780000 2.6639400000 -0.4099830000 
H -0.8461680000 3.0430500000 -0.1010140000 
H 0.1586540000 2.2836700000 1.1622910000 
C 1.8500660000 0.0085700000 -0.5244490000 
C 1.7802130000 -1.0419460000 0.3932070000 
C 3.0534950000 0.6893280000 -0.6956780000 
C 2.9043040000 -1.3976580000 1.1285490000 
H 0.8457880000 -1.5850240000 0.4906090000 
C 4.1803000000 0.3304110000 0.0402400000 
H 3.1171300000 1.5004720000 -1.4162700000 
C 4.1049400000 -0.7119430000 0.9563730000 
H 2.8463650000 -2.2199060000 1.8331750000 
H 5.1136250000 0.8630700000 -0.1046010000 
H 4.9801480000 -0.9937560000 1.5314800000 

 

C. Hammett Correlation Experiments 

Catalytic Hammett Studies: The nitrocompound (0.25 mmol, 1.0 equiv), phosphetane oxide 

P1•[O] (8.7 mg, 0.05 mmol, 0.20 equiv), and 1,3,5-trimethoxybenzene (14.0 mg, 0.0832 mmol, 

0.33 equiv) were weighed into an oven-dried 4-mL vial charged with stirring bar. The thread was 

lined with teflon tape, and the vial was then purged with N2. Dry benzonitrile (0.5 mL, 0.5 M) was 

added, followed by phenylsilane (77 µL, 0.625 mmol, 2.5 equiv) and DBU (38 µL, 0.25 mmol, 

1.0 equiv). The reactions were then heated and stirred overnight at 100°C. The 

dihydrobenzimidazole was then oxidized by bubbling air through the solution for 1 h at 

100°C. After cooling down 0.15 mL of crude reaction mixture was transferred into a NMR tube in 

addition to 5 mL of chloroform-d. In each case complete consumption of starting material was 
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observed. Spectra were collected and the ratio of the visible benzyl peaks from products was 

obtained by integration. 

 

 
Table 4.2: Experimental Hammett Values 

 
 

 
Figure 3.3 (from text). 
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Figure 12.4. Representative 1H NMR spectrum for ratio determination for Hammett correlation 
experiments of N-benzyl-N-(4-methoxybenzyl)-2-nitroaniline by P1•[O]. 

 
D. Intramolecular Competition KIE Study 

Catalytic KIE Studies: The nitrocompound (0.25 mmol, 1.0 equiv), phosphetane oxide (8.7 

mg, 0.05 mmol, 0.20 equiv), and 1,3,5-trimethoxybenzene (14 mg, 0.083 mmol, 0.33 equiv) were 

weighed into an oven-dried 4-mL vial charged with stirring bar. The thread was lined with teflon 

tape, and the vial was then purged with N2. Next dry benzonitrile (0.5 mL, 0.5 M) was added, 

followed by phenylsilane (77 µL, 0.625 mmol, 2.5 equiv) and DBU (38 µL, 0.25 mmol, 1.0 equiv). 

The reactions were then heated and stirred overnight at 100°C. The dihydrobenzimidazole was 

then oxidized by bubbling air through the solution for 1 h at 100°C. After cooling down 0.15 mL 

of crude reaction mixture was transferred into a NMR tube in addition to 5 mL of chloroform-d. 

In each case complete consumption of starting material was observed. Spectra were collected and 

the ratio of the visible benzyl peak was integrated against the 4-H aromatic peak from product. 
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Figure 3.4 (from text). 

 
Figure 4.13. Representative 1H NMR spectrum for kH/kX ratio determination for Intramolecular 
Competition KIE experiments of Hammett correlation experiments of N-benzyl-2-nitro-N-
(phenylmethyl-d2)aniline by P1•[O]. 
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VI. Spectral Data 
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