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Abstract 

 

Development of New Diaryl Diazo Compounds and the Study of their application in C-H 

Functionalization Chemistry  

 

By Maizie Margaret Lee 

 

This dissertation is divided into four chapters discussing the work conducted throughout my tenure 

in the Davies group. 

Chapter One is an overview of dirhodium catalyst development over the past decade, and the 

impact this has had on C-H Functionalization strategies. A review Dirhodium catalysts and their 

applications is discussed. 

Chapter Two focuses on the background of diazo compounds and their reactivity. Previous work 

on donor/donor systems in discussed and examples of diaryl diazo carbenes including their 

applications in natural product synthesis are disclosed. Based on these precedence, new diaryl 

diazo compounds were synthesized and a systematic study comparing their reactivity to that of 

donor/acceptor carbenes is described. The key findings of this chapter are that diaryl diazo 

compounds exhibit similar electronics of a push/pull donor/acceptor system; and compounds with 

sterically bulky ortho substituents can behave with high diastereo- and enatio- control.  

Chapter Three leverages the findings of chapter two regarding the reactivity of diaryl diazo 

compounds to generate triarylmethanes with high levels of asymmetric induction. The C–H 

insertion of 1,4 cyclohexadiene then oxidation lead to a variety of triarylmethane compounds. This 

work demonstrates the first examples of an asymmetric intermolecular C–H insertion with diaryl 

diazo compounds, and provides more evidence for diaryl diazo compounds being in an extended 

class of donor/acceptor carbenes. 

Chapter Four investigates the strategies used to generate diazo compounds. In collaboration with 

the Stahl group at University of Wisconsin, Madison a catalytic aerobic oxidation of hydrazones 

to diazo compounds is disclosed. This method is amendable to flow conditions, making it an 

attractive method for industry. Follow up studies use heterogenous M-N-C catalyst to achieve the 

in tandem oxidation of hydrazones to diazo compounds then C–H functionalization. 
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 1 

Chapter One. Dirhodium Carbene Chemistry and Diazo Compounds  

1.1 Introduction 

 There has been significant effort in the scientific community to develop novel methods to 

access carbon-carbon(C–C) and carbon-halogen(C–X) bonds for the synthesis of materials, 

pharmaceutical drugs, and agricultural agents.1-4 Expanding the synthetic toolbox for C–C and C–

X bond manipulations allow for compounds to be made efficiently and have seen significant 

advancements in the past century.5-7 Due to the prevalence of C–H bonds in organic molecules, 

C–H functionalization has emerged as a promising tool to generate complex molecules.8-12 One of 

the main challenges with C–H functionalization is associated with selectivity due to the vast 

amount of hydrogen atoms in most organic compounds. C–H bonds can differ sterically (primary, 

secondary, tertiary, allylic, vinyl, equatorial, or axial) or they can be differentiated based on 

proximity to other functional groups, known as directing groups albeit selectivity can still be 

challenging in such cases.13  Early examples relied on intramolecular reactions or varying 

reactivity profiles of the substrates.14, 15 Radical reactions, which have gained popularity due to the 

advancement of photoredox protocols, can achieve selective C–H functionalization by selectively 

activating one substrate or using sterically encumbered hydrogen abstraction agents.16-18 Most 

notably, transition metals offer unique reactivity toward activated and unactivated C–H bonds 

through metal carbene complexes.19-21   

 The term carbene was adopted to describe divalent carbon species which can be classified 

as free carbenes or stabilized metal carbene complexes; more recently N-heterocyclic 

carbenes(NHCs) have shown unique ability in catalysis that will not be covered in this chapter.22 

Transition metal carbenes have a wide range of reactivity based on the substituents on the carbene 

and the interaction with the transition metal. This interaction allows for metal carbenes to have the 



 2 

potential for more selective reactivity compared to that of the highly reactive free carbene.23, 24 

Transition metal carbenes harness the highly reactive carbene species but have the stabilization of 

the metal-bound complex allowing for a highly selective transformation. This chapter will focus 

on the development of rhodium carbene complexes and their uses in the advancement of C–H 

functionalization chemistry. 

1.2 Metal Carbene Complexes 

 Metal carbene complexes are versatile reagents that are controlled by both the metal and 

the substituents.25, 26 Diazo compounds are one of the most common precursors and form the metal 

carbene through the elimination of nitrogen (Scheme 1a).27 Diazo compounds can be made with a 

variety of electronic properties, with substituents bearing electron-donating or electron-

withdrawing groups, which have a great effect on the reactivity and stability of the subsequent 

metal carbene.13, 28 Phenyliodonium ylides can form metal carbenes through PhIO or PhI(OAc)2 in 

the presence of an acidic methylene substrate (Scheme 1b).29 Müller developed an enantioselective 

cyclopropanation of terminal alkenes using malonate and PhIO to generate the ylide in situ. 

Similarly, sulfonium and sulfoxonium ylides can form metal carbene complexes which can be 

formed without the need for electron-withdrawing substituents at the ylide center (Scheme 1c).30, 

31 Trost first discovered sulfur ylides could decompose to carbene intermediates in 1966.32 Since 

then, sulfonium ylides have been utilized in a variety of transformations including work on metal 

or carbene-free transformations by leveraging the nucleophilicity of the sulfoxonium ylides.31, 33 

Lastly, 1,2,3-triazoles upon heating can ring-open through a Dimroth rearrangement to unveil a 

latent diazo which can then form a metal carbene in situ (Scheme 1d).34 Triazoles are attractive 

carbene precursors because they have the ability to introduce heteroatom (O or N) groups and have 

proven to be successful in many C–H functionalization reactions.35  
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Scheme 1. Access to Metal Carbene Complexes  

Metal carbenes can be formed in a variety of ways and can have an array of reactivity, which can 

be grouped into five main categories: acceptor/acceptor, acceptor only, donor/acceptor, donor 

only, and donor/donor. (Figure 1). The term “acceptor” refers to the ability of substituents to be 

electron-withdrawing and increases the metal carbene electrophilicity and reactivity. The term 

“donor” refers to the substituent’s ability to be an electron-donor which helps stabilize the metal 

carbene through resonance.  
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Figure 1. Classification of Metal Carbenes 

Acceptor only and acceptor/acceptor carbenes are highly electrophilic and can functionalize 

unactivated C–H bonds.36 Due to their reactivity, site-selectivity, and enantioselectivity of 

intermolecular C–H insertion reactions are limited.37 Conversely, donor/donor type carbenes are 

thought to offer more stabilization to the metal carbene, and not be reactive with unactivated C–H 

bonds.38 These compounds have remained underexplored due to their umpolung reactivity, 

nucleophilic diazo reacting with electrophilic carbene, but recently have shown great synthetic 

promise in intra- and inter- molecular C–H functionalization reactions.39 Further discussion of the 

application toward selective C–H insertion of donor/donor carbenes will be given in Chapter Two. 

In the middle, Donor/acceptor carbenes have emerged as a unique class of carbenes due to their 

attenuated reactivity; bearing an electron-rich and electron-poor substituent they can achieve 

highly selective transformations.26 

1.3 Dirhodium Catalysts for Highly Selective C-H Functionalization Reactions 

 Dirhodium tetracarboxylates and tetracarboxamidates have proven to be the most effective 

catalysts for the asymmetric carbene–mediated C–H functionalization reactions.40 Dirhodium 

catalysts are stable to heat and moisture, and can be handled under ambient conditions, and 

reactivity and selectivity can be tuned based on the surrounding ligands.37 The dirhodium complex 

forms a paddlewheel structure with four ligands and both axial sites are open (Figure 2). 
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Figure 2. Dirhodium Paddlewheel Complex  

 One of the first catalysts was dirhodium tetraacetate, Rh2(OAc)4, which can readily form 

the desired rhodium carbene, and perform a variety of C–H functionalization reactions in an 

asymmetric fashion.41 To achieve an  asymmetric transformation chiral ligands must be used, one 

of the first examples was the cyclopropanation of styrene by Brunner, although minimal 

enantioselectivity was achieved.42 Later, Hashimoto developed phthalimido amino acid-based 

ligands that were effective with acceptor/acceptor carbenes in C–H insertion reactions.37 The most 

notable catalysts were derived from tert-leucine, such as Rh2(S-PTTL)4 (3). Rh2(S-PTTL)4, is able 

to catalyze the C-H insertion of α-diazo ester 1 containing a tethered phenyl group to give product 

2 in high yield and 92% ee. 43
 Müller later developed a related phthalimido-based catalyst Rh2(S-

NTTL)4.44 This catalyst has been found to be an effective catalyst for reactions involving N-

sulfonyltriazoles.34 

 

 

Scheme 1. Intramolecular C-H Insertion with Rh2(S-PTTL)4 
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 Proline-based catalysts were able to achieve high degrees of selectivity for intramolecular 

C–H insertions and were later optimized by the Davies group for intermolecular 

cyclopropanation.45 Rh2(S-DOSP)4 is a tetra(N-arylsulfonylprolinate catalyst that is soluble in 

hydrocarbon solvents and performs well in a variety of intermolecular C–H insertion reactions.46 

Since its initial synthesis, Rh2(S-DOSP)4 has been utilized with donor/acceptor carbenes to perform 

many highly selective transformations.26
  Many studies have been conducted to understand the 

orientation of the ligands and it is proposed the catalyst is D2 symmetric with the arylsulfonyl 

groups existing in an up–down–up–down arrangement (Figure 3). 

 

Figure 3. Rh2(S-DOSP)4 Proposed Symmetry  

 In addition to understanding the symmetry of the ligands around the dirhodium core, the 

mechanism of the C–H functionalization reaction has been studied (Scheme 2). In the presence of 

dirhodium complex I, the diazo compound forms the zwitterion intermediate III, which extrudes 

nitrogen to form the metal bound carbene IV. In the presence of a C–H bond, the rhodium carbene 

does a C–H insertion and hydride abstraction in step V, to afford the final product VI.26 

Computational studies and X-ray characterization of the carbene intermediates help support this 

mechanism.25, 47 
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Scheme 2. General Mechanism for Rh(II) catalyzed C-H Insertion Reaction 

1.4 Next Generations of Chiral Rhodium Catalysts 

 The initial success of C–H functionalization made a dramatic impact on the field, but much 

work was needed to achieve highly selective C–H insertions. C–H bonds, as mentioned earlier can 

vary in their electronic and steric properties which can be exploited to achieve a highly specific 

transformation (Figure 4).  

 

Figure 4. C–H Bond Reactivity Trend 

 The Davies lab sought to make a variety of chiral dirhodium catalysts that are selective for 

a specific C–H bond. The second generation of catalysts included bulkier phthalimido based 

Rh2(S-PTAD)4 and Rh2(S-TCPTAD)4 (Figure 5).48 
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Figure 5. Second Generation Phthalimido Based Catalysts 

 Rh2(S-PTAD)4 worked well with methylester diazoacetates and generated benzodihydrofuran 

compounds in high yield and selectivity compared to Rh2(S-DOSP)4 and Rh2(S-PTTL)4 (Scheme 

3).
48

 Both Rh2(S-PTAD)4 and Rh2(S-PTTL)4 were able to form product 8 as one major 

diastereomer, but Rh2(S-PTAD)4 gave a significant increase to the asymmetric induction with 87% 

ee. Rh2(S-PTAD)4 has since been used to generate highly selective benzohydrofuran and 

benzodihydrofurans through the intramolecular C–H insertions of donor/donor carbenes; 

discussed in greater detail in chapter two.39 Rh2(S-TCPTAD)4 was later found to functionalize 

tertiary C–H bonds, which are electronically favored but least sterically accessible.49  



 9 

 

Scheme 3. Intramolecular C–H insertion with Methylester Diazoacetate 

 The third generation of chiral catalysts featured a triphenyl cyclopropane ligand and have 

varying substituents around the aryl rings (Figure 6). Rh2(S-TPCP)4, is the least sterically bulky 

catalyst, followed by Rh2(S-p-BrTPCP)4 and Rh2(S-p-PhTPCP)4. These catalysts were developed 

in the hope of being able to differentiate C–H bonds in a highly selective manner. 

 

Figure 6. Third Generation Triarylcyclopropane Catalysts   

 Rh2(S-2-Cl-5-BrTPCP)4 contains an o-Cl substituent on one of the phenyl rings that allow for 

selective C–H insertion to a terminal 2° C–H bonds even in the presence of electronically activated 
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benzylic C–H (Scheme 6).50 This site selectivity is thought to be due to the o-Cl substituent making 

the catalyst C4 symmetric, while other catalysts in the TPCP family adopt D2 or C2 symmetry.  

 

Scheme 6. Rh2(S-2-Cl-5-BrTPCP)4 Selectivity 

 More recently the Davies lab has begun exploring more variants around the phthalimido-

based catalysts, and in 2018 developed Rh2(S-TPPTTL)4 (15), which has an extended C4 

symmetric bowl structure. This catalyst is able to desymmetrize cyclohexane 16 and give very 

high levels of asymmetric induction (Figure 7).51 Inspired by this, more bulky catalysts have been 

synthesized and have shown promise for highly selective transformations.52 The extended 

catalysts, 17, contain functional groups around the aromatic rings. These catalysts were able to 

achieve similar selectivity profiles to Rh2(S-TPPTTL)4 in the desymmetrization of cyclohexane 

and display exceptional reactivity in some cases, such as the C–H insertion of ethyltolune even 

outperforming the parent catalyst.  
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Figure 7. C4 Symmetric Bowl Shaped Catalysts  

1.5 Select Examples of C-H Functionalization using Donor/Acceptor Diazo Compounds 

 C–H functionalization has emerged as an effective tool to generate compounds with high 

degrees of site-selectivity, regio- and enantio- control. The Davies lab in particular has made 

several chiral dirhodium catalysts capable of differentiating C–H bonds based on their steric and 

electronic profile.13 These transformations have been used in a variety of transformations toward 

natural products and pharmaceutical agents, with select examples shown below.  Venlafaxine is 

an antidepressant and has a C–H disconnection that can be easily accessed using dirhodium 

chemistry. The C–H insertion of silyl-protected methylamine 19 of phenyldiazoacetate 18 by 

Rh2(S-DOSP)4 affords the β-amino ester 20 in moderate yield and excellent selectivity, 97% ee 

(Scheme 7).53 The material can be converted to the final desired product in two steps and can be 

made as either isomer, making this an attractive -alternative to the established synthesis. 
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Scheme 7. Synthesis of Venlafaxine using C-H insertion  

 In 2021 in collaboration with the Sorensen lab, the Davies lab leveraged C–H 

functionalization to construct (–)-aflatoxin B2.54 The C–H insertion of (E)-2-hexene, 23, into the 

primary allylic C–H bond over the more electron-rich secondary allylic site could be achieved 

using 0.5 mol % Rh2(R-p-PhTPCP)4. The reaction proceeded with 11:1 regioselectivity favoring 

the desired primary insertion in excellent yield and high asymmetric induction, 98:2 er. In 

subsequent steps the authors employed the Yu group’s method for palladium-catalyzed directed 

acetoxylation, which could be cyclized to the key intermediate 25.55 This work highlights the use 

of dirhodium catalysts for site-selective C–H functionalization toward the synthesis of natural 

products. 
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Scheme 8. C-H Insertion Strategy Toward the Synthesis of Aflatoxin B2  

1.6 Bedaquiline Synthesis and Donor/Donor Hypothesis  

 The Center for Selective C–H Functionalization (CCHF) hosts molecule of the month 

meetings, wherein a known natural product or pharmaceutical drug is presented and participants 

come up with creative retrosynthetic strategies involving C–H functionalization. The semester I 

joined the lab, the chosen molecule was Bedaquiline. Bedaquiline was approved by the FDA in 

2012 for the treatment of multidrug-resistant tuberculosis.56 Bedaquiline is a diarylquinoline that 

was first synthesized by Johnson & Johnson(Scheme 9).57 It was synthesized via a highly 

convergent method, and the team was able to synthesize over 200 diarylquinolines in this manner. 

Quinoline derivative 26 was reacted with the naphthyl substrate 27 using LDA which formed the 

racemate of bedaquiline, 28. Unfortunately, the original synthesis did not construct the core in an 

asymmetric fashion, and the enantiopure material needed to be isolated by chiral chromatography.  
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Scheme 9. First Synthetic Route of Bedaquiline 

 Eric Sorensen, a member of the CCHF, thought it would be advantageous to make the key 

disconnection of Bedaquiline a C–H Insertion using a diaryl diazo compound (Scheme 10). The 

proposed disconnection unveiled some interesting questions about the potential limits of the 

current C–H functionalization chemistry performed in the Davies lab. First, diaryl diazo 

compounds were thought to be donor/donor diazo compounds and unreactive with C–H bonds, 

except in the case of intramolecular C–H bonds. The proposed C–H insertion site would be 

activated, but also sterically crowded making it an interesting substrate to test for selectivity using 

the known dirhodium catalysts in the Davies Lab.  
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Scheme 10. Proposed Retrosynthesis of Bedaquiline using Donor/Donor Diazo Compound 

1.7 Conclusions 

 C–H Functionalization has made significant impacts on the ways C–C and C–X bonds can 

be formed in a selective way. The Davies group in particular, has made significant advancements 

to asymmetric C–H functionalization through the use of donor/acceptor carbenes and the 

development of dirhodium tetracarboxylate catalysts. Although the donor/acceptor has been the 

most successful carbene precursor, ideas out of CCHF have pushed the Davies group to think of 

other candidates that may be successful, like a diaryl donor/donor type system. This idea, although 

at the time seemed far-fetched, spun out into the projects outlined in this thesis.  Chapter two aims 

to understand the reactivity of diaryl diazo compounds and demonstrates that with some functional 

group manipulation diaryl diazo compounds can behave similarly to donor/acceptor type diazo 

compounds. Chapter three moves to C–H insertion reactions and application in the synthesis of 

triarylmethanes. Lastly, chapter four describes an alternate method to generate these diazo 

compounds, making them more suitable for flow applications. The ultimate goal of the outlined 

work in this thesis is to expand the toolbox of chemical reactivity allowing other researchers to 

make compounds, especially pharmaceutical-relevant compounds, in a more efficient and robust 

manner. 
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Chapter 2. Study and Evaluation of Diaryl Diazo Compounds as Pseudo 

Donor/Acceptor Carbene Compounds  

The work discussed in this chapter has been published in the journal ACS Catalysis.1 Adapted with 

permission from ACS Catal. 2020, 10, 6240-6247. Copyright 2020 American Chemical Society. 

 

2.1 Background and Previous Work on Diaryl Diazo Compounds 

 Metal carbenes are important reactive intermediates that have been demonstrated to 

generate highly selective C–H functionalization products. As discussed in the previous chapter, 

Davies has classified these metal carbenes into five main categories based on the varying 

substituents.2 Extensive work has been done on donor/acceptor metal carbenes which feature an 

electron-withdrawing group and an electron-donating group. Donor/donor type carbenes are those 

lacking an electron-withdrawing substituent and most commonly have two aromatic rings. Until 

recently, these carbene compounds remained underexplored due to their lack of reactivity toward 

C–H bonds.3, 4 In addition, one of the major known undesired products of these compounds are 

homo-dimerization products. This occurs when the highly nucleophilic diazo compound reacts 

with the highly electrophilic metal carbene shown in Figure 1.  

 

 
 

Figure 1. Umpolung Reactivity of Donor/Donor Diazo Compounds 
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 In order to overcome this limitation most reactions explored were intramolecular reactions 

to decrease dimerization as the major byproduct.5 A promising method to generate these carbene 

compounds is through the oxidation of hydrazones to the diazo compound, which can lose nitrogen 

to form a carbene.6 Alternative precursors to donor/donor type carbenes, including propargyl esters 

and ethers, enynones, cycloheptatrienes, cyclopropenes, and allenes, have been shown to be useful 

and avoid the evolution of nitrogen, but are out of the scope of this chapter.7-16  

 Thermal and photo-decompositions of diazo compounds form free donor carbene 

intermediates, lead to uncontrolled reactions with many byproducts.17-19 Transition metal-

catalyzed diazo decomposition enables controlling the carbene reactivity for productive C–H 

insertion, X–H insertion, ylide formation, and cross coupling reactions.20-23  

 In 2001, Che and co-workers reported a reaction with diphenyldiazomethane with osmium 

porphyrin to form cyclic alkenes.24 In a subsequent publication, they demonstrated that iron 

porphyrin 1 could react with activated C–H bonds such as cyclohexene and cumene shown in 

Scheme 1.25 3-(Diphenylmethyl)cyclohexene, 2, was furnished in a 24% yield at an elevated 

temperature. The cumene insertion product 3 was produced at 59% yield. Interestingly, the authors 

noted that, in the presence of ethylbenzene, no C–H insertion product was detected at elevated 

temperatures and longer reaction times, and only the dimerization product was produced. 

Ethylbenzene is less substituted than cumene but still α to an activating benzene group, this 

example shows the limitations of a less reactive diaryl donor/donor carbene system.  
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Scheme 1. Iron Porphyrin C–H Insertion Reactions 

 Although there are other transition metals capable of promoting the decomposition of diazo 

compounds to the corresponding metal carbene, rhodium(II) complexes, as discussed in Chapter 

1 have been shown to be the most efficient. Aggarwal and co-workers reported the synthesis of 

non-racemic epoxides from carbonyls with phenyl carbene compounds in the presence of 

homochiral sulfide and 1 mol% Rh2(OAc)4.26  

 In 2014, the Shaw lab began exploring asymmetric intramolecular C–H insertion reactions 

using diaryl systems.27 They found it effective in their work to utilize the diaryl hydrazone 

precursor and oxidize to the diazo compound in situ, followed by the desired C–H insertion. This 

work enabled the synthesis of substituted benzodihydrofurans, indanes, benzodihydrothiophenes, 

and indolines shown in Scheme 2.28, 29 This method offers a rapid generation substituted five-

membered rings with a high degree of diastereo- and enantiocontrol. In addition, the optimal 

catalyst for this system was found to be Rh2(S-PTAD)4, which was previously shown to be the 

most effective catalyst for the intramolecular C–H insertion to generate benzodihydrofurans with 

the donor/acceptor methylester diazoacetate.30  
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Scheme 2. Intramolecular C–H Insertion of Diaryl Diazo Compounds 

 These ring systems are prevalent in many medicinally relevant compounds and natural 

products. The Shaw lab saw a key disconnection leading back to the key diaryl moiety and was 

able to synthesize E-δ-viniferin 6, shown in Scheme 3.27 E-δ-Viniferin is a resveratrol dimer 

isolated from grapes in response to fungal infection and is a member of the oligoresveratrol natural 

products. This work represents the first reported enantioselective synthesis of a member of the 

oligoresveratrol, and the key step was the conversion of ketone 4 to the hydrazone and subsequent 

diazo in situ generation and C–H insertion to form the highly selective benzodihydrofuran 5 in 

95:5 d.r. and 93:7 e.r. The Shaw lab has since published strategies toward the total syntheses of 

other natural products.31, 32 These works showcase substituted diaryl compounds are capable of 

achieving high degrees of selectivity for intramolecular C–H insertion, but intermolecular 

reactions, specifically C–H insertion reactions were generally unexplored. 
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Scheme 3. Synthesis of E-δ-viniferin using Intramolecular C–H Insertion of Diaryl Diazo 

Compound as the Key Step  

 One of the first examples of a dirhodium donor/donor carbene system was a study done by 

Fürstner and co-workers investigating the metal-carbene intermediate in the crystal state for 

mechanistic investigations. At –20° C, they were able to crystalize a diaryl carbene/rhodium 

complex CH2Cl2. The bond orienations of the diaryl carbene to the rhodium in the crystal structure 

is shown in the partial structure 7.  This carbene, due to the presence of both electron-rich and 

electron-poor aryls in it, demonstrates a push/pull system analogous to that of a donor/acceptor 

carbene.The p-(dimethylamino)phenyl ring shown in blue is coplanar with the Rh−carbene bond 

and stabilizes the carbene center. In contrast, the electron-deficient p-(trifluoromethyl)phenyl ring 
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is orthogonal to carbene and does not provide stabilization. The NMR data of this complex in 

solution suggests that the major form is resonance structure 7a, as the quinoid species. 

 

 

Figure 2. Dirhodium Complex in the Solid State Characterized by Fürstner  

 While Fürstner’s study mainly focused on structural characterization, one example 

showcased the reactivity of diaryl diazo compound 8 in the presence of 1 mol % Rh2(esp)2 to 

cyclopropanate an electron-rich p-(methoxy)styrene, shown in Scheme 4. The cyclopropane 

product 10 was afforded in 59% yield, however, the stereochemistry was not reported. This 

example utilized Rh2(esp)2 an achiral catalyst and sets up the framework to further investigate 

these diaryl compounds for their potential in enantioselective processes. Furthermore, it was noted 

that the reaction was able to form cyclopropane 10 in a diastereoselective manner, but the product 

epimerized during attempted purification by chromatography.33 Fürstner found the cyclopropane 

generated epimerized during chromatography, presumably because the N,N-dimethylamino group 

is too strong as a donor group and would favor a cyclopropane ring-opening/ring-closing reaction 

via zwitterionic intermediates.  
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Scheme 4. Cyclopropanation of p-(Methoxy)styrene 

2.2 Diaryl Diazo Compounds as Pseudo Donor/Acceptors 

 To understand this system further, in collaboration with Dr. Zhi Ren, we computationally 

and experimentally studied the cyclopropanation of styrene with varying steric and electronic 

moieties in a diaryl carbene system. In this chapter, all computational work and calculations were 

performed by Dr. Ren, and all experimental work in the lab was carried out by the author. The 

structures of the (tetraacetate)dirhodium carbene intermediates and the following 

cyclopropanation transition states were calculated and conducted at the B3LYP level of density 

functional theory34-36 with the D3BJ dispersion corrections37 using Gaussian09 program, the 6-

31(d,p) basis set for the main-group elements, and the LANL2DZ basis sets and associated 

Hay−Wadt effective core potentials for rhodium atoms.38, 39  

  Based on Fürstner’s work, we became interested in the possibility of diaryl diazo 

compounds behaving more similarly to donor/acceptor compounds. Donor/acceptor carbenes 

achieve high degrees of selectivity because the ester group remains orthogonal to the rhodium 

carbene and the electron-rich aryl ring remains in the plane stabilizing the rhodium carbene, 

shown in Figure 3. The cyclopropanation of styrene 12 by the donor/acceptor carbene 11 is a 

highly diastereoselective process. The donor group lies virtually in the same plane as the 

rhodium−carbene bond, whereas the acceptor group is orthogonal, shown in compound 11. This 

arrangement influences the approach of the styrene, 12, during the cyclopropanation: the π−π 
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interaction between the aryl group of styrene and the donor group of the carbene drives the 

diastereoselectivity of the reaction. The preferential approach of the styrene over the electron-

rich phenyl ring is depicted in the transition state 13. Figure 3a omits the ligands on the rhodium  

metal, but in the presence of chiral ligands, the process can be highly enantioselective. Based on 

the understanding of the bulkiness of a diphenyl system, we propose that in order to mitigate the 

steric clash of the two hydrogen molecules, one ring must tilt out of the plane, shown in compound 

16.  

 The premise is that both aryl groups would not be able to align in the same plane as the 

rhodium carbene at the same time, and one of the rings will be tilted out of the plane and will only 

weakly interact with the empty π orbital of the carbene: i.e., will act as an acceptor group. If the 

substituents on the rings are not equal and behave sterically and electronically different, there is a 

possibility of achieving a diastereoselective process similar to that of the donor/acceptor system. 

In Figure 3c, if one aryl ring is always tilted out of the plane, then the styrene would prefer to 

approach on the same side the phenyl in plane with the rhodium, shown in blue. This would lead 

to a highly diastereoselective cyclopropanation product 18. One of the rings will be tilted out of 

the plane and will only weakly interact with the empty −orbital of carbene, i.e., it will act as an 

acceptor group. This feature of the diarylcarbene should be even more pronounced if one of the 

aryl groups had an electron-withdrawing substituent and the other had an electron-donating 

substituent.  
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Figure 3. Diaryl System as Donor/Acceptor Carbene 

 To understand the effect of the electronics on the system, we first looked at the lowest 

occupied molecular orbital (LUMO) of rhodium bound carbenes complexes 19–22. Complex 19 

is a well-studied methyl phenyldiazoacetate donor/acceptor system. The LUMO shows 

considerable delocalization into the aryl ring and very little into the ester which is a consequence 

of stronger interaction of the ring’s occupied π orbital with the carbene’s empty π orbital. In the 

case of the diphenyl complex 20, the delocalization occurs equally into both rings, suggesting that 

the carbene will be stabilized but would not have the distinctive features of a donor/acceptor 

carbene. However, when the two rings are differentiated in the case of 21 and 22 the delocalization 

occurs mainly into the more electron-donating ring with very little electron density in the sterically 
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constrained or electron-deficient ring. For 21, with an electron-rich para methoxy group and a 

bulky ortho chloro substituent, the only delocalization occurs into the methoxy ring. For 22, 

without the electron-rich methoxy, we still see preferential delocalization into the phenyl ring 

when a para nitro group and ortho chloro subsistent is present on the other rings. These LUMO 

diagrams suggest that it would be reasonable to expect these carbenes to exhibit a reactivity profile 

similar to what is observed with a classic donor/acceptor carbene.  

 

Figure 4. LUMO Diagram of Donor/Acceptor and Diaryl Carbene Complexes 

2.3 Experimental Studies   

 Diaryl diazo compounds have been previously disclosed in the literature but most are 

generated in situ and used immediately in the reaction and therefore were previously not fully 

characterized.29, 40 One of the most common ways to prepare phenyldiazoacetate diazo compound 

is through the use of mild diazo transfer reagents such as p-ABSA in the presence of DBU as a 

base.41 This method is not feasible for a diaryl system due to their weak acidity with 

diphenylmethane having a pKa of 32 in DMSO; they require harsh bases such as n-BuLi at –78 °C 
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or NaNH2 in liquid ammonia to deprotonate.42, 43 Instead, hydrazone oxidation to the diazo is the 

most common protocol.44 Although diphenyldiazomethane is a known compound with literature 

reported syntheses, the reported oxidation conditions proved to be initially challenging.45 After 

failed attempts using the classic MnO2 oxidation, other routes were explored, shown in Scheme 

5. At the time, Dr. Wenbin Liu was working on developing a system using copper(II) acetate and 

oxygen as oxidant to convert hydrazones to diazo compounds in collaboration with the Stahl Lab 

at the University of Wisconsin, Madison. While this method yielded the desired diaryl diazo 

compound 24, it was low yielding due to favored decomposition to the dimer and ketone. This was 

attributed to the use of silica, which is slightly acidic, even after treated with triethylamine, causing 

nitrogen evolution that leads to diazo dimerization and other undesired pathways. However, this 

system was further optimized and is discussed in detail in Chapter Four.  

 

 

Scheme 5. Initial Oxidation Attempts Toward Diaryl Diazo Compounds 

 An alternative oxidation method was reported by Moody utilizing potassium N-iodo p-

toluenesulfonamide (TsNIK) as an effective oxidant.46
 
This method proved to be quite robust and 

provided a variety of diaryl diazo compounds 27–32 in high yields, shown in Scheme 6. The diazo 

compounds are stable when stored under an inert atmosphere at 4 °C for up to a month, yet long-

term storage led to decomposition products that were detected by NMR analysis.  
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Scheme 6. Hydrazone Oxidation to Diazo Compound using TsNIK Reagent 

 With the diazo compounds in hand, we first explored the possibility of asymmetric 

cyclopropanation reaction using chiral dirhodium catalyst. The reaction of 27 with styrene to form 

cyclopropane 33 proceeded in relatively low yield unless a large excess of styrene (10 equiv) was 

used as a trapping agent. A major side product was the azine 34, which is a known side product of 

diarylcarbene reactions.29, 47 This suggests that the carbene does not react very quickly with the 

styrene, allowing time for the carbene to react with additional diaryldiazomethane, which is added 

slowly via inverse addition. To increase the yield of the reaction, attempts were made to decrease 

the rate of addition up to 3 h instead of 1 h, but the diazo compound began crystallizing over the 

course of the addition and the syringe system provided a source of unreliability due to leaking. The 

Rh2(S-DOSP)4 catalyst gave relatively low levels of enantioselectivity, but this was expected 
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because Rh2(S-DOSP)4 tends to only give high enantioselectivity with donor/acceptor carbenes in 

which the acceptor group is a methyl ester and in hydrocarbon solvents.48 In contrast, both Rh2(S-

NTTL)4 and Rh2(S-PTAD)4 generated 33 with very high enantioselectivity. Remarkably, this result 

suggested that the aryl rings were differentially tilted and the two faces of the carbene were 

differentiated leading to a highly selective product. 

 

Scheme 7. Catalyst Screening of the Cyclopropanation of Diphenyldiazomethane  

 To investigate the diastereoselectivity of the diaryl diazo system p-nitro diazo compound 

24 was studied in the cyclopropanation of styrene to generate the cyclopropanation product 35. A 

series of dirhodium catalysts were tested and shown in Table 1. The d.r. for Rh2(S-DOSP)4 was 

12:1 favoring the approach of styrene on the same side as the unsubstituted phenyl ring. The 

enantioselectivity of Rh2(S-DOSP)4 was low, but this again was an expected result due to the 
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solvent. Entries 3, 4 and 6 are phthalimido-based catalysts; the unsubstituted Rh2(S-PTAD)4 gave 

the highest asymmetric induction of 92%. Naphthalimido-based catalyst Rh2(S-NTTL)4 developed 

by Müller22 gave an impressive 97% ee, but the diastereoselectivity of the reaction was just slightly 

above 1:1. Two triarylcyclopropane catalysts were tested, entries 7 and 8, where the 

diastereoselectivity of the reaction was enhanced to 8:1 with Rh2(S-p-Ph-TPCP)4.  

 

Table 1. Catalyst Screening of Cyclopropanation of Styrene with p-Nitro Diazo Compound  

As seen with the other bulkier catalysts the enantioselectivity remained less than 50% ee.  

 To understand if the enantioselectivity was greatly affected by the choice of solvent in the 
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reaction system, two other solvents that were able to solubilize the diazo compound were screened 

shown in Table 2. Both toluene and trifluorotoluene were able to form the desired 

cyclopropanation product 35 in high yield, 93 and 87%, respectively. In both cases the  

diastereoselectivity of the reaction was slightly improved to 2:1 and 3:1. The enantioselectivity 

of the reaction was slightly less than with CH2Cl2 as the solvent. Based on these results, and our 

hypothesis that the diastereoselectivity of this system could be controlled based on the 

substituents on the aryl rings CH2Cl2 was chosen as the optimal solvent.  

 

Table 2. Solvent Screen- Cyclopropanation of Styrene with p-Nitro Diazo Compound 

 To this end, incorporation of an electron-donating p-methoxy group led to the formation of 

cyclopropane 36 with 20:1 d.r. and excellent enantioselectivity with Rh2(S-PTAD)4. With Rh2(S-

NTTL)4, the d.r. was slightly less at 8:1, but the ee was maintained at 98%. The yield for 36 was 

around 60% as the more donor like characteristics allowed for more undesired dimerization 
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byproducts to form, thus lowering the yield. To determine the absolute stereoconfiguration, an 

X-ray crystal structure of 36 was obtained. When the diaryldiazomethane most closely resembles 

the characteristics of a donor/acceptor compound, bearing one electron-rich and one electron-

poor ring, as in 37, the reaction is high yielding and highly selective. The Rh2(S-PTAD)4 catalyzed 

reaction generated 37 in 88% yield, 50:1 d.r., and 92% ee. 

 

Scheme 8. Cyclopropanation of Electronically Different Diaryldiazo Compounds 

 Next, we explored the steric effects of a bulky ortho-chloro substituent on the diazo. The 

bulkiness of the chlorine should increase the tilt of the substituted aryl ring, which would then lead 

to more a diastereoselective cyclopropanation event. Indeed, as seen in Scheme 9, for all diazo 

compounds baring an o-Cl substituent, the diastereoselectivity is >50:1. Due to the decreased 

stability of the diazo compound, 10 equiv of styrene was used to increase the yield. When only an 

o-Cl substituent was used, 38, the enantioselectivity was between 82 and 85% yield. However, 
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when an electron-withdrawing p-nitro group was added (39), the enantioselectivity dropped 

significantly. This result varies from incorporating the nitro group merely, where the 

enantioselectivity was >90% for most catalysts. Although this result was initially intriguing and 

perplexing, further optimization on this substrate was not explored at the time. The addition of p-

methoxy to the other aryl ring (40) proceeded with high enantioselectivity of 93% catalyzed by 

Rh2(S-PTAD)4 and 92% catalyzed by Rh2(S-NTTL)4. The yield was slightly diminished with this 

diazo compound, presumably because the carbene is not sufficiently electrophilic leading to 

greater formation of a dimerization byproduct.  

 

Scheme 9. Cyclopropanation of Sterically Different Diaryldiazo Compounds 

2.4 Computational studies  

 The cyclopropanation of styrene with these substituted diaryl diazo compounds was then 

studied computationally, Dr. Ren performed all of the calculations discussed herein. The 
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transition states for the cyclopropanation of diazo compounds 24 and 28–32 are described in 

Scheme 10. The calculations were conducted for the approach of the styrene occurring over the 

electron-rich or the electron-deficient aryl ring, leading to four possible transition states TS1–

TS4. The most stable of the transition states, TS1, has the styrene approaching over the electron-

rich ring, shown in blue, which is most similar to the donor group in a donor/acceptor system. 

The energy differences between the calculated transition states gives a prediction for the 

diastereoselectivity of each given compound. In the case of compound 35, the smallest free energy 

difference is 1.7 kcal mol–1, which leads to a predicted diastereomeric ratio of 35 to 35’ of 16:1 

d.r. This value is slightly higher than the experimentally observed value of 6:1, however, overall 

rationalized the observed selectivity. The most notable energy differences are 37, 39, and 40 are 

around 3 kcal mol–1, which predicts the cyclopropanation to proceed with >50:1 d.r. These values 

agree with the experimentally observed values. TS1 is the preferred lowest energy transition state 

and has the electron-rich ring closer in plane to the rhodium, tilted 17–22° out of plane whereas 

the electron-deficient ring is tilted 41–57°. There was a significant increase in the tilt changing 

from the rhodium carbene complex to the transition state of the cyclopropanation. This tilting is 

similar to the behavior of that of a donor/acceptor carbene transition state and the calculated 

results show a similar high degree of selectivity. These calculations were performed with 

Rh2(OAc)4, an achiral catalyst, to minimize complexity, however, if a chiral catalyst was used 

which is capable of distinguishing the approach from the front face versus the back face of the 

rhodium carbene, then the cyclopropanation would occur with high values of both enantio- and 

diastereoselectivity.  
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Scheme 10. Computational Analysis of the Transition States for Cyclopropanation of 

Styrene with Diaryldiazo Compounds 

 

2.5 Kinetic studies via ReactIR  

 Diazo compounds have a distinct IR stretch around 2050 cm–1, which can be studied to 

measure the decomposition rate of the diazo compound in the presence of a rhodium catalyst. We 
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38 2-Cl H 53.7 (-6.1) / 20.0 (-3.8)2.6/2.0 30:1

39 2-Cl, 4-NO2 H 56.9 (-24.8) / 18.4 (9.8)4.8/3.2 >50:1

40 2-Cl 4-OMe 51.5 (-25.5) / 21.8 (15.1)3.7/2.8 >50:1
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0.0/0.0 5.9/4.7 1.7/1.7 3.7/1.9
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a The relative enthalpy and Gibbs free energies are shown as ΔH/ΔG. b The diastereomeric ratio is calculated on the 
basis of the Gibbs free energies (calculated at 25 °C and 1 atm). cThe distortion angle of the electron-poor or hindered 
aryl ring is presented in orange, and that of the electron- rich aryl ring is presented in blue. dDeviation from its carbene 
is shown in parentheses. eThe styrene is shown approaching from the front face of the carbene.
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were interested in comparing the relative rates of the diaryl diazo compounds to the well-studied 

donor/acceptor diazo compounds using ReactIR. The low yields in certain systems were proposed 

to be due to the slow rate of reaction of the diarylcarbenes with the styrene compared to the 

reactions of donor/acceptor carbenes. In order to probe this idea further ReactIR studies were 

performed to determine the reactivity of the different diazo compounds. It has been previously 

reported that aryl diazoacetates can perform at low catalyst loading (0.0025 mol %). However, 

when diaryl diazo compounds were subjected to lower catalyst loading, little to no diazo 

decomposition was observed, which indicates no formation of a rhodium carbene. The reaction 

was then tried at lab scale (1 mol %) to compare which catalyst performed at a faster rate between 

the two best performing cyclopropanation results. These results, shown in Figure 5, revealed that 

the diazo consumption is approximately 3x faster when using Rh2(S-PTAD)4 compared to Rh2(S-

NTTL)4. Previous studies conducted by Dr. Bo Wei demonstrated that at 1 mol % the 

donor/acceptor diazo, trichloroethyl (p-bromophenyl)diazoacetate reacts too fast to generate data 

points at 5 s intervals and all diazo is consumed in under 30 s. To obtain data of the decomposition 

of this diazo the cyclopropanation needed to be carried out with a catalyst loading of 0.0025 mol 

%.49 The reactions with diaryldiazomethane were conducted with 1 mol % of catalyst, due to little 

to no diazo decomposition at lower loading and at 0.0025 mol % no decomposition was observed. 

Based on these results we can conclude the diaryl diazo compound reacts at a rate that is at least 

400 times slower than the trichloroethyl (p-bromophenyl)diazoacetate. The less reactive nature 

helps to explain why the dimerization observed in our reactions because if the diazo compound is 

not quickly decomposed into rhodium carbene, the remaining diazo can compete with styrene to 

form azine dimer instead of the desired cyclopropanation product.  
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Figure 5. ReactIR Graph of the Decomposition of Diazo 29 with Rh2(S-NTTL)4 and Rh2(S-

PTAD)4 

2.6 Conclusion 

 The experimental and computational studies discussed showcase that diaryl diazo carbenes 

have many similar characteristics to that of donor/acceptor carbenes. This work demonstrates an 

expansion of the type of reactivity possible for a diaryl system by utilizing steric and electronic 

effects of substituents on the diaryl carbene system. The cyclopropanation of styrene is highly 

diastereoselective, achieving over 50:1 d.r. when an ortho substituent was used or one electron-

rich and one electron-poor aryl ring, which is a distinct feature of donor/acceptor carbenes. When 
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chiral catalysts Rh2(S-PTAD)4 and Rh2(S-NTTL)4 are used the reactions are also highly 

enantioselective. These studies set the foundation to the concept that diaryldiazomethanes can have 

an unexpected range of reactivity toward intermolecular reactions because they behave more like 

donor/acceptor carbenes rather than donor/ donor carbenes. The work discussed in this chapter has 

been published in the journal ACS Catalysis.1 Figures and analysis from this paper have been 

incorporated into this chapter. 
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2.7 Experimental Data 

2.7.1 General Considerations  

 

Substrates and reagents were purchased from the following suppliers and used without further 

purification: Sigma-Aldrich, Alfa-Aesar, Oakwood Chemical America, and Fisher Scientific.  

All solvents were purified and dried by a Glass Contour Solvent System, and stored over 4 Å 

molecular sieves 24 hours before use.  All reactions were carried out in flamed-dried glassware 

under Nitrogen unless otherwise stated. 1H NMR spectra were recorded at 600 MHz on Bruker-

600 spectrometer, Varian INOVA 500 MHz or Varian 400 MHz. 13C NMR spectra were recorded 

at 150 MHz on Bruker-600. NMR spectra samples were prepared using deuterated 

chloroform(CDCl3) with residual solvent serving as internal standard 7.26 ppm for 1H and 77.16 

ppm for 13C; or with Deuterated chloroform 0.03% TMS with residual TMS serving at internal 

standard (0.00 ppm). Abbreviations for signal multiplicity are as follows: s= singlet, d= doublet, 

t= triplet, m= multiplet, dd= doublet of doublets dt= doublet of triplets. Coupling constants(J-

values) were calculated directly from spectra.  IR spectra were collected on a Nicolet Is10 FT-IR 

spectrometer. In situ IR reaction monitoring experiments were carried out with a Mettler Toledo 

ReactIR 45m instrument equipped with a 9.5 mm x 12’’ AgX 1.5 m SiComp probe. Mass spectra 

were taken on a Thermo Finnigan LTQ-FTMS spectrometer with APCI or NSI. Thin layer 

chromatographic analysis (TLC) was performed on aluminum-sheet silica gel plates, and 

visualized with UV light. Melting point were measured in open capillary tubes with a Mel-Temp 

apparatus and recorded as a range. Racemic standards for enantiomeric determination were 

generated with reactions with Rh2(OAc)4 or from Rh2((R) and (S)-DOSP)4 which was generated 

by dissolving equimolar mixture of R and S catalyst in a minimal amount of benzene and 
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lyophilizing. High performance liquid chromatography analysis (HPLC) was performed on 

Agilent 1100 Technologies HPLC instrument.  

Caution: Diazo compounds are high energy compounds and should be handled with caution. 

Although we have had no difficulties with working with these compounds, it is advisable to carry 

out reactions on small scale behind a blast shield. Hydrazine hydrate is highly toxic compound and 

needs to be handled using the established safety protocols. In addition, Diaryl Diazo compounds 

are known to be unstable and must be handled with caution and stored in a -20 °C freezer to avoid 

decomposition over time. 

2.7.2 General Procedure for Diazo Compounds  

 

 

 

Procedure adopted from literature.50 A 50 mL dried round bottom flask was charged with 

hydrazone (1.1 mmol) and THF (4 mL) followed by tsNIK(1.2 mmol) prepared by following the 

literature procedure.4 The potassium hydroxide in 1 M solution (1 mL) was slowly added to the 

flask. The reaction was monitored by TLC, with disappearance of all starting hydrazone 

derivatives by 1.5 h. The reaction was poured into 5 mL potassium hydroxide in 1 M solution and 

extracted with diethyl ether (2 x 30 mL). The organic layers were combined then washed with 

brine (2 x 30 mL) and dried over MgSO4. After removal of the solvent, the desired diazo compound 

was obtained. If necessary diazo was purified using an alumina column under gradient 0 to 5 % 

diethyl ether in hexanes. Product was stored under Argon at -20 °C.  
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(Diazomethylene)dibenzene (27) 

Prepared using general procedure, benzophenone hydrazone (216 mg, 1.10 mmol) was used to 

afford the titled diazo compound (190 mg, 91 % yield). 1H NMR (500 MHz, CDCl3) δ 7.42 – 7.38 

(m, 2H), 7.31 (d, J=7.3 Hz 2H), 7.20 (t, J = 7.3 Hz, 1H). This is a known compound in the 

literature.50  

 

 
1-(Diazo(phenyl)methyl)-4-nitrobenzene (24) 

Prepared using general procedure, ((4-nitrophenyl)(phenyl)methylene)hydrazone (270 mg, 1.10 

mmol) was used to afford the titled diazo compound (194 mg,84 % yield). 1H NMR (600 MHz, 

CDCl3) δ 7.78 (d, J = 8.99 Hz, 2H), 7.07 – 7.00 (m, 2H), 6.95 (t, J = 7.46 Hz, 1H), 6.88 (dd, J = 

8.32, 1.25 Hz, 2H), 6.52 (d, J = 8.97 Hz, 2H). This is a known compound in the literature.51  

 

 
1-(Diazo(phenyl)methyl)-4-methoxybenzene (28) 

Prepared using general procedure, 4-methoxyphenyl)(phenyl)methylene)hydrazone (250 mg, 1.10 

mmol) was used to afford the titled diazo compound (198 mg, 80% yield). 1H NMR (500 MHz, 
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CDCl3) δ 7.38 – 7.33 (m, 2H), 7.28 (d, J = 8.97 Hz, 2H), 7.25 – 7.18 (m, 2H), 7.17 – 7.11 (m, 1H), 

6.98 (d, J = 9.01 Hz, 2H),  3.84 (s, 3H). This compound is known in the literature.51  

 

 

 
1-(Diazo(4-methoxyphenyl)methyl)-4-nitrobenzene (29) 

Prepared using general procedure, ((4-methoxyphenyl)(4-nitrophenyl)methylene)hydrazone  

 (300 mg, 1.1 mmol) was used to afford the titled diazo compound (231 mg, 78% yield). 1H NMR 

(600 MHz, CDCl3) δ 7.94 (d, J = 8.99 Hz, 2H), 6.96 (d, J = 8.76 Hz, 2H), 6.80 (d, J = 8.76 Hz, 

2H), 6.64 (d, J = 8.96 Hz, 2H), 3.37 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 159.55, 143.90, 139.77, 

129.56, 124.59, 122.20, 118.47, 115.21, 55.45, the signal due to CN2 was not observed.  IR (in 

CDCl3) 2836, 2035, 1585, 1505, 1319, 1248, 1105, 850, 830, 748, 690. HRMS (+p NSI) calculated 

for C14H12O3N [M+H-N2]+ 242.0822 found 242.0810. Melting point: 93-94 °C.  

 

1-Chloro-2-(diazo(phenyl)methyl)benzene (30) 

Prepared using general procedure, ((2-chlorophenyl)(phenyl)methylene)hydrazone (250 mg, 1.1 

mmol) was used to afford the titled diazo compound (213 mg, 83% yield). This compound is 

unstable and was immediately subject to the cyclopropanation reaction and was not stable enough 

to obtain a pure 13C NMR. 1H NMR (400 MHz, CDCl3) δ 7.52 – 7.46 (m, 2H), 7.36 – 7.29 (m, 

4H), 7.12 – 7.07 (m, 1H), 7.03 – 6.99 (m, 2H). This is a known compound in the iterature.52 
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2-Chloro-1-(diazo(phenyl)methyl)-4-nitrobenzene (31) 

Prepared using general procedure, (2-chloro-4-nitrophenyl)(phenyl)methylene)hydrazone 

 (303 mg, 1.10 mmol) was used to afford the titled diazo compound (250 mg, 81% yield). 1H NMR  

(600 MHz, CDCl3) δ 8.35 (d, J = 2.4 Hz, 1H), 8.10 (dd, J = 8.7, 2.4 Hz, 1H), 7.53 (d, J = 8.8 Hz, 

1H), 7.40 (dd, J = 8.4, 7.5 Hz, 2H), 7.25 – 7.20 (m, 1H), 7.16 – 7.13 (m, 2H). 13C NMR (150 MHz, 

CDCl3) δ 146.41, 135.79, 132.96, 129.69, 129.44, 128.87, 126.45, 126.28, 124.43, 122.02, the 

signal due to CN2 was not observed.  IR (in CDCl3) 3099, 2053, 1674, 1520, 1344, 1280, 878, 765, 

744, 696. HRMS (+p NSI) calculated for C13H9ClNO2 [M+H-N2]+ 246.0327 found 246.03148. 

Melting point: 72-74 °C. 

 

 

1-Chloro-2-(diazo(4-methoxyphenyl)methyl)benzene (32) 

Prepared using general procedure, ((2-chlorophenyl)(4-methoxyphenyl)methylene)hydrazone 

 (287 mg,1.10 mmol) was used to afford the titled diazo compound (216 mg,72% yield). The 

desired diazo was sensitive to acid and light, and was not stable enough to obtain a pure 13C NMR. 

Diazo compound was prepared, concentrated in vacuum in the dark and immediately subject to the 

cyclopropanation reaction. 1H NMR (500 MHz, CDCl3) δ 7.47 (dd, J = 7.9, 1.5 Hz, 1H), 7.41 (dd, 
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J = 7.5, 2.0 Hz, 1H), 7.31 – 7.23 (m, 2H), 6.97 – 6.89 (m, 4H), 3.80 (s, 3H). The product is sensitive 

to acid and was unstable in chloroform and other deuterated solvents.  

2.7.3 General procedure for cyclopropanation: 

 

To a flame-dried the desired dirhodium catalyst Rh2(OAc)4 (0.88 mg, 1 mol %) added by stock ( 

1.0  mL of 0.002 M  in CH2Cl2 or Rh2(S-NTTL)4 (2.90 mg, 1 mol %) or  Rh2(S-PTAD)4 (3.12 mg, 

1 mol %) was added, and the reaction vial was purged with argon three times and dissolved in 

CH2Cl2 (1.0 mL) and was charged with styrene. The corresponding diazo compound (0.2 mmol) 

was weighed in a 20 mL vial and dissolved in dry degassed DCM (4.0 mL). The diazo compound 

solution was then added to the reaction vial dropwise over 1 h at room temperature (23 °C) via a 

syringe pump. Reaction was stopped after 14 h and concentrated under vacuum for crude 1H NMR 

to determine the diasteromeric ratio. The product was purified via flash column chromatography 

(a mixture of diastereomers and enantiomers) with a gradient of 0 to 25 % diethyl ether in hexanes. 

 

 

(R)-cyclopropane-1,1,2-triyltribenzene (33) 

Prepared using general procedure, styrene (0.23 mL, 2.0 mmol, 10 equiv) with diazo compound 

27 (39 mg, 0.50 mmol) using dirhodium catalyst (1 mol %) with a reaction time of 14 h. Flash 

H
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chromatography (gradient 0 to 10 % diethyl ether/hexanes) to afford the titled product 33. 1H NMR 

(600 MHz, CDCl3) δ 7.27 (tdd, J = 10.0, 7.3, 1.8 Hz, 4H), 7.16 (td, J = 7.0, 1.9 Hz, 1H), 7.12 – 

7.02 (m, 8H), 6.87 – 6.84 (m, 2H), 2.85 (ddd, J = 8.6, 6.5, 1.7 Hz, 1H), 1.99 – 1.96 (m, 1H), 1.80 

(ddd, J = 9.4, 5.3, 1.7 Hz, 1H).13C NMR (150 MHz, CDCl3) δ 147.00, 140.20, 138.69, 131.16, 

128.33, 127.92, 127.90, 127.62, 127.41, 126.21, 125.89, 125.57, 39.31, 32.37, 20.86. This is a 

known compound in literature53  

With Rh2(OAc)4: obtained 33, 12 mg in 21 % yield. 

With Rh2(S-PTAD)4: obtained 33, 48 mg, 88 % yield, 92 % ee.   

With Rh2(S-NTTL)4: obtained 33, 47 mg, 86 % yield, 93 % ee.  

HPLC: (4900 column, hexane, 1 mL min-1 0.5 mg mL-1 30 min, UV 230 nm) retention times of 

15. 4 min (minor) and 18.6 min (major) 92 % ee with Rh2(S-PTAD)4 and of 16.60 min (minor) 

and 19.7 min (major) 93 % ee with Rh2(S-NTTL)4.  

[α]20
D  +133.8 ° (c = 0.58, CHCl3)  for 92 % ee.     

                   

 

((1S,2R)-1-(4-nitrophenyl)cyclopropane-1,2-diyl)dibenzene (35) 

Prepared using general procedure, styrene (0.09 mL, 0.80 mmol, 4 equiv) with diazo compound 

24 (48 mg, 0.50 mmol) using dirhodium catalyst (1 mol %) with a reaction time of 14 h. Flash 

chromatography (gradient 0 to 15% diethyl ether/hexanes) afforded the titled product 35. 1H NMR 

(600 MHz, CDCl3) δ 8.13 – 8.09 (m, 2H), 7.36 – 7.32 (m, 2H), 7.25 – 7.01 (m, 8H), 6.86 – 6.83 
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(m, 2H), 2.89 (dd, J = 9.1, 6.8 Hz, 1H), 2.13 (dd, J = 6.8, 5.7 Hz, 1H), 1.90 (dd, J = 9.1, 5.7 Hz, 

1H). 13C NMR (150 MHz, CDCl3) δ 154.54, 145.93, 138.38, 137.49, 131.48, 128.31, 127.90, 

127.81, 127.55, 127.00, 126.13, 123.63, 39.02, 34.08, 22.07. This is a known compound in the 

literature.53  

With Rh2(OAc)4: obtained 35, 27 mg, 43% yield. 

With Rh2(S-PTAD)4: obtained 35, 57 mg, 90% yield, 2:1 d.r.  97% ee.  

With Rh2(S-NTTL)4: obtained 35, 52 mg 82% yield, 1.2:1 d.r. 87% ee.  

With Rh2(S-DOSP)4: obtained 35, 39 mg, 62% yield, 12:1 d.r. 18% ee. 

HPLC (ADH column, hexane, 1.0 mL min-1 0.5 mg mL-1 30 min, UV 230 nm) retention times of 

12.65 min (major) and 14.12 min (minor) 92% ee with Rh2(S-PTAD)4, 12.70 min (major) and 

14.17 min (minor) 97% ee with Rh2(S-NTTL)4, and of 14.20 min (major) and 12.69 min (minor) 

20% ee with Rh2(S-DOSP)4. The diastereomer was also visible with retention times of 14.12 min 

(major) and 15.61 min (minor) 68% ee with Rh2(S-PTAD)4 and 14.2 min (major) and 15.64 min 

(minor) 87% ee with Rh2(S-NTTL)4, and of 12.69 min (major) and 13.56 min (minor) 20% ee with 

Rh2(S-DOSP)4. 

[α]20
D  +154.1° (c = 1.00, CHCl3)  for 92% ee. 

 

((1R,2R)-1-(4-methoxyphenyl)cyclopropane-1,2-diyl)dibenzene (36) 
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Prepared using general procedure, styrene (0.09 mL, 0.80 mmol, 4 equiv) with diazo compound 

28 (45 mg, 0.50 mmol) using dirhodium catalyst (1 mol %) with a reaction time of 14 h. Flash 

chromatography (gradient 0 to 15 % diethyl ether/hexanes) afforded the titled product 11c.1H 

NMR (400 MHz, , CDCl3) δ 7.35 – 7.22 (m, 4H), 7.14 (d, J = 14.77 Hz, 1H), 7.14 – 7.03 (m, 3H), 

7.01 (d, J = 8.73 Hz, 2H), 6.92 – 6.80 (m, 2H), 6.66 (d, J = 8.73 Hz, 2H), 3.71 (s, 3H), 2.81 (dd, J 

= 9.00, 6.58 Hz, 1H), 1.93 (dd, J = 6.61, 5.31 Hz, 1H), 1.80 (dd, J = 8.99, 5.31 Hz, 1H). This is a 

known compound in the literature.54  

With Rh2(OAc)4: obtained 36,23 mg, 39% yield) 

With Rh2(S-PTAD)4: obtained 36, 40 mg, 66% yield, 20:1 d.r., 97% ee. 

With Rh2(S-NTTL)4: obtained 36, 36 mg 60% yield, 8:1 d.r., 98% ee. 

With Rh2(S-DOSP)4: obtained 36, 21 mg, 36% yield, 10:1 dr, 21% ee. 

HPLC (ADH column, hexane, 1.5 mL min-1 0.5 mg mL-1 30 min, UV 230 nm) retention times of 

4.6 min (minor) and 5.3 min (major) 97 % ee with Rh2(S-PTAD)4, 4.6 min (minor) and 5.3 min 

(major) 98 % ee with Rh2(S-NTTL)4 and of 4.6 min (minor) 5.3 min (major) 21 % ee with Rh2(S-

DOSP)4.  

[α]20
D  +99.0 ° (c = 0.25, CHCl3)  for 97% ee.                  

 

1-methoxy-4-((1R,2R)-1-(4-nitrophenyl)-2-phenylcyclopropyl)benzene (37) 
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Prepared using general procedure, styrene (0.09mL, 0.90 mmol, 4 equiv) with diazo compound 29 

(54 mg, 0.50 mmol) using dirhodium catalyst (1 mol%) with a reaction time of 14 h. Flash 

chromatography (gradient 0 to 15 % diethyl ether/hexanes) afforded the titled product 37. 1H NMR 

(600 MHz, CDCl3) δ 8.10 (d, J = 8.90 Hz, 2H), 7.30 (d, J = 8.96 Hz, 2H), 7.14 – 7.07 (m, 3H), 

6.96 (d, J = 8.80 Hz, 2H), 6.89 – 6.80 (m, 2H), 6.70 (d, J = 8.77 Hz, 2H), 3.73 (s, 3H), 2.85 (dd, J 

= 9.1, 6.8 Hz, 1H), 2.08 (dd, J = 6.9, 5.6 Hz, 1H), 1.89 (dd, J = 9.1, 5.7 Hz, 1H). 13C NMR  (150 

MHz, CDCl3) δ 158.44, 155.01, 145.83, 137.64, 132.56, 130.37, 127.92, 127.82, 127.31, 126.08, 

123.60, 113.73, 55.15,38.28,34.37,22.50. IR(in CDCl3) 3004, 2932, 2835, 

2360,1593,1510,1343,1245,1031,860, 757,697. HRMS (+p APCl) calculated for C22H20O3N 

[M+H]+ 346.1438 found 346.1431. 

With Rh2(OAc)4: obtained 37, 50 mg, 73% yield. 

With Rh2(S-PTAD)4: obtained 37, 60 mg, 88% yield, >50:1 d.r., 92% ee. 

With Rh2(S-NTTL)4: obtained 37, 62 mg 90% yield, >50:1 d.r. ,87% ee. 

HPLC (ADH column, hexane, 1.0 mL min-1 0.5 mg mL-1 60 min, UV 320 nm) retention times of 

26.9 min (minor) and 32.8 min (major) 92 % ee with Rh2(S-PTAD)4 and of 27.13 min (minor) and 

33.74 min (major) 87% ee with Rh2(S-NTTL)4.  

[α]20
D  +213.3 ° (c = 1.00, CHCl3)  for 92% ee. 

 

((1S,2R)-1-(2-chlorophenyl)cyclopropane-1,2-diyl)dibenzene (38) 
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Prepared using general procedure, styrene (0.23mL, 2.0 mmol, 10 equiv) with diazo compound 30 

(46 mg, 0.50 mmol) using dirhodium catalyst (1 mol %) with a reaction time of 14 h. Flash 

chromatography (gradient 0 to 5% diethyl ether/hexanes) afforded the titled product 11e. 1H NMR 

(400 MHz, CDCl3) δ 7.74 (dd, J = 7.6, 1.7 Hz, 1H), 7.32 (dd, J = 7.9, 1.4 Hz, 2H), 7.22 – 6.96 (m, 

11H), 2.89 (dd, J = 9.2, 6.6 Hz, 1H), 2.11 (dd, J = 6.6, 5.6 Hz, 1H), 1.72 (dd, J = 9.2, 5.6 Hz, 1H).  

13C NMR (100 MHz, CDCl3) δ 143.93, 139.22, 138.27, 135.43, 132.28, 130.21, 130.11, 128.29, 

128.02, 127.67, 127.62, 126.93, 126.09, 125.75, 38.20, 31.45, 19.65. This is a known compound 

in literature.40 

With Rh2(OAc)4: obtained 38, 24 mg, 39% yield. 

With Rh2(S-PTAD)4: obtained 38, 55 mg, 91% yield, >50:1 d.r., 85% ee. 

With Rh2(S-NTTL)4: obtained 38, 44 mg 72% yield, , >50:1 d.r., 82% ee. 

HPLC (ADH column, hexane, 1.0 mL min-1 0.5 mg mL-1 30 min, UV 230 nm) retention times of 

4.72 min (minor) and 5.00 min (major) 85 % ee with Rh2(S-PTAD)4 and of 4.72 min (minor) and 

5.02 min (major) 82% ee with Rh2(S-NTTL)4.  

[α]20
D  +141.4 ° (c = 0.90, CHCl3)  for 85% ee.                    

 

((1S,2R)-1-(2-chloro-4-nitrophenyl)cyclopropane-1,2-diyl)dibenzene (39) 

Prepared using general procedure, styrene (0.23mL, 2.0 mmol, 10 equiv) with diazo compound 31 

(55 mg, 0.50 mmol) using dirhodium catalyst (1 mol%) with a reaction time of 14 h. Flash 

chromatography (gradient 0 to 15% diethyl ether/hexanes) afforded the titled product 39 1H NMR 



 53 

(600 MHz, CDCl3) δ 8.22 (d, J = 2.3 Hz, 1H), 8.14 (dd, J = 8.5, 2.4 Hz, 1H), 7.91 (d, J = 8.5 Hz, 

1H), 7.18 – 7.16 (m, 2H), 7.14 – 7.11 (m, 2H), 7.10 – 7.03 (m, 4H), 6.99 – 6.95 (m, 2H), 2.90 (dd, 

J = 9.3, 6.7 Hz, 1H), 2.20 (dd, J = 6.7, 5.9 Hz, 1H), 1.74 (dd, J = 9.3, 5.9 Hz, 1H). 13C NMR (150 

MHz, CDCl3) δ 150.96, 146.96, 137.53, 137.21, 136.48, 132.82, 130.28, 128.17, 127.96, 127.83, 

126.78, 126.16, 125.45, 121.97, 38.07, 31.46, 19.59. IR(in CDCl3) 3027, 1519,1347, 1121,892, 

775, 740,720, 697.HRMS (+p APCI) calculated for C21H16ClNO2 [M+H]+ 350.0943 found 

350.09369. 

With Rh2(OAc)4: obtained 39, 32 mg, 46% yield) 

With Rh2(S-PTAD)4: obtained 39, 64 mg, 91% yield, >50:1 d.r., 20% ee.   

With Rh2(S-NTTL)4: obtained 39,  50 mg 72% yield, >50:1 d.r., 57% ee. 

HPLC (ODH column, hexane, 1.5 mL min-1 0.5 mg mL-1 60 min, UV 280 nm) retention times of 

21.04 min (major) and 31.17 min (minor) 20% ee with Rh2(S-PTAD)4 and of 20.81 min (major) 

and 31.10 min (minor) 57% ee with Rh2(S-NTTL)4.  

[α]20
D  +107.5 ° (c = 0.52, CHCl3)  for 57% ee. 

 

1-chloro-2-((1S,2R)-1-(4-methoxyphenyl)-2-phenylcyclopropyl)benzene (40) 

Prepared using general procedure, styrene (0.23mL, 2.0 mmol, 4 equiv) with diazo compound 32 

(52 mg, 0.50 mmol) using dirhodium catalyst (1 mol %) with a reaction time of 14 h. Flash 

chromatography (gradient 0 to 15% diethyl ether/hexanes) afforded the titled product 40. 1H NMR 

(600 MHz, CDCl3) δ 7.70 (dd, J = 7.7, 1.7 Hz, 1H), 7.31 (dd, J = 7.9, 1.3 Hz, 1H), 7.26 (dd, J = 
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15.0, 1.3 Hz, 1H), 7.16 – 7.10 (m, 5H), 7.08 – 7.05 (m, 1H), 7.00 – 6.97 (m, 2H),  6.60 (d, J = 8.85 

Hz, 2H), 3.66 (s, 3H), 2.83 (dd, J = 9.1, 6.6 Hz, 1H), 2.02 (dd, J = 6.6, 5.5 Hz, 1H), 1.71 (dd, J = 

9.1, 5.6 Hz, 1H). 13C NMR  150 MHz, CDCl3) δ 157.77, 144.27, 138.48, 135.22, 132.09, 131.43, 

131.33, 130.09, 128.22, 127.87, 127.67, 126.92, 125.65, 113.06, 37.65, 31.23, 19.88. IR (in 

CDCl3) 3003, 2834, 1608, 1510, 1470, 1244, 1176, 1032, 907, 734, 695, 614. HRMS (+p NSI) 

calculated for C22H19ClONa [M+Na]+ 357.1016 found 357.1015. 

With Rh2(OAc)4: obtained 40, 18 mg, 27% yield 

With Rh2(S-PTAD)4: obtained 40, 37 mg, 56% yield, , >50:1 d.r., 93% ee.   

With Rh2(S-NTTL)4: obtained 40, 23 mg 34% yield, , >50:1 d.r., 92% ee. 

HPLC (ADH column, hexane, 1.0 mL min-1 0.5 mg mL-1 30 min, UV 230 nm) retention times6 

min (minor) and 8.51 min (major) 93 % ee with Rh2(S-PTAD)4 and of 7.16 min (minor) and 8.50 

min (major) 92% ee with Rh2(S-NTTL)4.  

[α]20
D  +73.8 ° (c = 0.58, CHCl3)  for 93% ee.   

React IR- Set Up 

 
 

 The ReactIR instrument was filled with liquid nitrogen and allowed to equilibrate while 

the reaction flask was being set-up. An oven-dried 100 mL 3-neck round-bottom flask was fitted 

with a rubber septum (left neck, 14/20), ReactIR probe (center neck, 24/40 to 19/25 adapter, 19/25 

neck), and argon inlet (right neck, 14/20). The flask was cooled to room temperature under 
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vacuum, then backfilled with argon and placed in an oil bath, with the temperature of the stir plate 

set to the desired temperature and stir rate on 700 rpm. Once the reaction flask was at the desired 

temperature, the background and water vapor spectrum were taken via the ReactIR instrument. 12 

mL CH2Cl2 through the rubber septum. The data collection was started on the ReactIRTM software, 

and the solvent was allowed to stir for 15 min. After a reference spectrum of the solvent was taken, 

styrene (pre-purified by passing through a pipette column 0.26 mL, 4 equiv) was added using a 

plastic syringe. The reaction mixture was allowed to stir while the diazo compound 29 (150 mg, 

0.56 mmol) was weighed out. A reference spectrum of styrene was taken after subtracting out the 

solvent spectrum, and then the diazo compound (solid) was added by removing and quickly 

replacing the rubber septum. A reference spectrum of the diazo compound was taken after 

subtracting out the reference spectrum of styrene, and the reaction mixture was allowed to stir for 

15 min. 1 mL of the catalyst stock solution (1 mol % Rh) was added to the reaction mixture and 

allowed to stir until the complete consumption of the diazo compound by tracking the 

disappearance of the C=N2 stretch frequencies (around 2048 cm-1). Upon reaction completion the 

solvent was removed in vacuo. The crude residue was purified based on Rf by flash column 

chromatography. Pure product fractions were combined, and solvent was evaporated to calculate 

yield. Product was characterized by chiral-HPLC. Varian Prostar to analyze enantioselectivity.  

The data was extracted directly from the software as a text-file and copied into Microsoft Excel. 

The first time point in the diazo decomposition curve was set as “00:00:00” (HH:MM:SS) by 

subtracting the relative time at that point from itself, and all subsequent time points were set by 

subtracting the relative time of the beginning of the data set from the relative time extracted. To 

normalize the absorbance, the absorbance of the first point in the data set was set as “1.0 M” (actual 

concentration of diazo compound is 0.10 M), which was obtained from dividing the absorbance of 



 56 

the first point by itself, and all subsequent absorbances were divided by the absorbance of the first 

point. In doing so, it is possible to get the relative concentration of diazo compound over the course 

of the reaction and monitor the time of its decomposition. 

 

 

     

  



 57 

2.7.4 Crude NMR for d.r. determination  
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Stacked Spectrum  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rh2(OAc)4 

Rh2(s-DOSP)4 

Rh2(s-PTAD)4 

Rh2(s-NTTL)4 
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2.7.5 1H and 13C NMR  

Compound 29 1H and 13C 
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Compound 30 1H 
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Compound 31 1H and 13C 

 
 

 



 78 

Compound 32 1H  

 
 

 

 

 

 

 

 

 

 

 

 

Compound 35 1H and 13C 
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Compound 36 1H and 13C 
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Compound 37 1H and 13C 
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Compound 38 1H and 13C 
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Compound 39 1H and 13C 
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Compound 40 1H and 13C 
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2.8 HLPC Spectra for Enatnioselective Determination  

 
 

Compound 33 Racemic Trace: 

 

 

 
 

Compound 33 Trace with Rh2(S-PTAD)4: 
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Compound 33 Trace with Rh2(S-NTTL)4: 
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Compound 35 Racemic Trace: 

 

  
 

Compound 35 Trace with Rh2(S-NTTL)4: 
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Compound 35 Trace with Rh2(S-PTAD)4: 

 

 
 

 
 

 

Compound 35 Trace with Rh2(S-DOSP)4: 
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Compound 36 Racemic Trace:  

 

 

 
 

Compound 36 Trace with Rh2(S-PTAD)4: 
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Compound 36 Trace with Rh2(S-NTTL)4: 

 

 

 
 

 

Compound 36 Trace with Rh2(S-DOSP)4: 
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Compound 37 Racemic Trace:  

 
 

 

 
 

Compound 37 Trace with Rh2(S-PTAD)4: 
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Compound 37 Trace with Rh2(S-NTTL)4: 
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Compound 38 Racemic Trace:  

 

 
 

 

 
 

Compound 38 Trace with Rh2(S-PTAD)4: 
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Compound 38 Trace with Rh2(S-NTTL)4: 
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Compound 39 Racemic Trace:  

 

 

 
 

Compound 39 Trace with Rh2(S-PTAD)4: 
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Compound 39 Trace with Rh2(S-NTTL)4: 
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Compound 40 Racemic Trace:  

 

 
 

 
 

Compound 40 Trace with Rh2(S-PTAD)4: 

 

 
 

 
Compound 40 Trace with Rh2(S-NTTL)4: 
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2.8 X-Ray Crystal Structure  

 

Crystal Data and Experimental  

 

 

Experimental. Single colorless prism crystals of MeOphenylcyclopropanedibenzene (36) were 

chosen from the sample as supplied. A suitable crystal with dimensions 0.45×0.28×0.17 mm3 was 

selected and mounted on a loop on a XtaLAB Synergy-S diffractometer. The crystal was kept at a 

constant T = 100(1) K during data collection. The structure was solved with the ShelXT solution 

program using dual methods and by using Olex2 as the graphical interface.55  The model was 

refined with olex2.refine 1.3-alpha (Bourhis et al., 2015) using full matrix least squares 

minimisation on F2. 

Crystal Data. C22H20O, Mr = 300.403, monoclinic, P21 (No. 4), a = 11.20707(10) Å, b = 

5.82419(4) Å, c = 12.84587(11) Å,  = 104.9956(9)°,  =  = 90°, V = 809.923(12) Å3, T = 

100.3(6) K, Z = 2, Z' = 1, (Cu K ) = 0.567 mm-1, 24510 reflections measured, 3230 unique 

(Rint = 0.0396) which were used in all calculations. The final wR2 was 0.0554 (all data) and R1 

was 0.0214. A colourless prism-shaped crystal with dimensions 0.45 × 0.28 × 0.17 mm3 was 

mounted on a loop. Data were collected using a XtaLAB Synergy, Dualflex, HyPix diffractometer 

equipped with an Oxford Cryosystems low-temperature device operating at T = 100.3(6) K. 
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Data were measured using  scans using Cu K  radiation. The diffraction pattern was indexed 

and the total number of runs and images was based on the strategy calculation from the program 

CrysAlisPro 1.171.40.68a (Rigaku OD, 2019). The maximum resolution that was achieved was  

= 76.99° (0.79 Å). The unit cell was refined using CrysAlisPro 1.171.40.68a (Rigaku OD, 2019) 

on 20958 reflections, 86% of the observed reflections. 

Data reduction, scaling and absorption corrections were performed using CrysAlisPro 

1.171.40.68a (Rigaku OD, 2019). The final completeness is 99.81 % out to 76.99° in . A 

numerical absorption correction based on Gaussian integration over a multifaceted crystal model 

was performed using CrysAlisPro 1.171.40.68a (Rigaku Oxford Diffraction, 2019). An empirical 

absorption correction using spherical harmonics, implemented in SCALE3 ABSPACK scaling 

algorithm was also applied.  The absorption coefficient  of this material is 0.567 mm-1 at this 

wavelength (  = 1.54184Å) and the minimum and maximum transmissions are 0.420 and 1.000. 

The structure was solved and the space group P21 (# 4) determined by the ShelXT structure 

solution program using dual methods and refined by full matrix least squares minimisation on F2 

using version of olex2.refine 1.3-alpha.56 All non-hydrogen atoms were refined anisotropically. 

Hydrogen atom positions were calculated geometrically and refined using the riding model.  

_refine_special_details: Refinement using NoSpherA2, an implementation of NOn-SPHERical 

Atom-form-factors in Olex2.57 NoSpherA2 makes use of tailor-made aspherical atomic form 

factors calculatedon-the-fly from a Hirshfeld-partitioned electron density (ED) - not 

fromspherical-atom form factors.The ED is calculated from a gaussian basis set single determinant 

SCFwavefunction - either Hartree-Fock or B3LYP - for a fragment of the crystal embedded inan 

electrostatic crystal field.The following options were used: SOFTWARE: Tonto METHOD: rks 
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BASIS SET: def2-SVP CHARGE: 0 Multiplicity: 1 Date: 2020-01-21_17-15-31 Cluster Radius: 

0 

There is a single molecule in the asymmetric unit, which is represented by the reported sum 

formula. In other words: Z is 2 and Z' is 1. 

The Flack parameter was refined to -0.0(2). Determination of absolute structure using Bayesian 

statistics on Bijvoet differences using the Olex2 results in 0.08(6). Note: The Flack parameter is 

used to determine chirality of the crystal studied, the value should be near 0, a value of 1 means 

that the stereochemistry is wrong and the model should be inverted. A value of 0.5 means that the 

crystal consists of a racemic mixture of the two enantiomers. 

 
Figure: Thermal ellipsoid plot of the molecular structure. 
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Chapter 3. C–H Functionalization Chemistry using Diaryl Diazo Compounds 

and their Application Toward Triarylmethane Compounds 

 The work discussed in this chapter has been published in the ACS journal Organic Letters.1 

 Adapted with permission from Org. Lett. 2023, 25, 22, 4000–4004. Copyright 2023 American 

Chemical Society,  

3.1 Introduction of Intermolecular Reactivity of Diaryl Diazo Compounds 

 Previous work on diaryl diazo compounds showcased that with electronic and steric 

manipulations, although previously thought of as donor/donor compounds, these compounds are 

capable of achieving high selectivity and reactivity in the cyclopropanation of styrene behaving 

more similarly to a donor/acceptor carbenes.2 Shortly after the publication of our study discussed 

in Chapter 1 the Franz and Zhou groups concurrently published studies on the Si–H insertion 

reaction using the diaryl diazo system shown in Scheme 1.3, 4 These reports represent the first 

stereoselective intermolecular Si–H insertion reaction with diaryl diazo compounds to generate 

chiral silicon products. The Franz group has previously published work on prochiral silanes5, 6 and 

this work expands the scope of stereoselective intermolecular Si–H insertion yielding a variety of 

chiral-at-silicon benzhydryl silanes which allows access to silicon-stereogenic silanols, 

dehydrocoupling, and C–H silylation products. In addition, this method demonstrates that using a 

prochiral diazo the selectivity of Si–H insertion can be dramatically improved with up to 98:2 d.r. 

and 95:5 e.r. Metal catalysts Ru(II), Ir(I), Fe(II), Cu(II), and Rh(II), were screened but only Rh(II) 

gave the desired Si–H insertion product. Of the rhodium catalysts screened, Rh2(S-TCPTTL)4, a 

derived catalyst gave the highest levels of enantioselectivity.  

 The Zhu group highlights in their work that the level of enantioselectivity of Si–H insertion 

relies heavily on the electronic characteristics of the carbene precursor. They disclosed that when 
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the Hammett substituent constant is equal to or greater than 0.5 the enantioselectvity of the 

corresponding product is equal to or greater than 90% ee, meaning that the more different 

substituents or more donor/acceptor-like characteristics, the greater the selectivity. In addition, the 

authors developed a new class of D4-symmetric dirhodium catalysts bearing chiral spiro phosphate 

ligands, which enabled unprecedented enantioselective transformations with the formation of 19 

optically active silanes. These approaches both highlight the potential for diaryl diazo compounds 

to be synthetically useful and versatile intermediates, and demonstrates the need for further 

research into their synthetic utility in asymmetric intermolecular insertion reactions. 

 

Scheme 1. Stereoselective Si–H insertions with Diaryl Diazo Compounds 

3.2 Preliminary Results and Discussion of C–H Insertion  

 To this end, we sought to explore the potential for diaryl diazo compounds to perform C–

H functionalization on varying C–H bonds. The Davies lab in 2001, calculated the relative rates 

of reactivity for select C–H bonds.7 In competition studies, the cyclopropanation of styrene and 

the C–H insertion of the doubly activated cyclohexadiene C–H bond were both 28,000 times more 

reactive than the C–H insertion of unactivated cyclohexane. C–H bonds that are alpha to a 

heteroatom, such as oxygen or nitrogen, are more activated and react 2,700 or 1,700 times faster 
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than cyclohexane. Lastly, C–H bonds that are sterically crowded and have no electronic activation 

are less reactive than cyclohexane.  

 
 

Figure 1. Relative Rates of Reactivity of C–H Functionalization Substrates 

 Based on this reactivity profile and our previous results showing that diaryl diazo 

compounds display umpolung reactivity and can easily dimerize, we decided to first screen 

reactions with more activated substrates such as 1,4-cyclohexadiene and tetrahydrofuran (Scheme 

2). The reactions were conducted using the best-performing diaryl diazo compound in our 

previous studies, p-nitro-p’-methoxy diaryl diazo. The C–H insertion of tetrahydrofuran and 

cyclohexadiene was performed at 23 °C using Rh2(S-NTTL)4 as catalyst. In the reaction with 

tetrahydrofuran, the major outcome was the formation of carbene and azine dimer, which is a 

known byproduct in the use of diaryl diazo compounds. Although this is not an optimal result, it 

is not unexpected given the lower reactivity of the desired C–H bond.  This reaction was able to 

deliver the product, 1, in 5:1 d.r. and a high ee of 90%. With cyclohexadiene the C–H bond is 

much more activated, leading to a higher-yielding reaction of product 2 (61% yield). We 

suspected that the enantioselectivity was lower (65% ee) due to the reaction being run at 23 °C 

whereas previous reports have shown a significant increase in enantioselectivity when the 

temperature is lowered especially in the case of an activated bond such as cyclohexadiene.8   

 

H
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H
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28,000 2,700 1,700 1.0 0.07828,000



 109 

 

Scheme 2. C–H Functionalization of tetrahydrofuran and Cyclohexadiene 

 Product 2 was most intriguing due to its potential for further derivatization, namely, 

oxidation to triarylmethane compounds, as outlined in Scheme 3. We envisioned that the C–H 

insertion of a diaryl diazo compound 3 into cyclohexadiene 4 could form intermediate 5 in high 

selectivity and then be oxidized without epimerization to furnish general triarylmethanes, 6. This 

would be a viable method to access highly asymmetric triarylmethanes rapidly. Due to their 

pharmaceutical relevance, methods for their enantioselective synthesis have been extensively 

explored, but it is still challenging to achieve a broad scope.9 Our method would extend the range 

of triarylmethanes that can be readily formed with high enantioselectivity. 

 
Scheme 3. Overview of C–H Insertion and Oxidation toward Triarylmethane Compounds  
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3.3 Background of the Synthesis and Utility of Triarylmethane Compounds  

 Triarylmethanes have been well studied in the literature and have garnered relevance due 

to their unique applications in dyes, materials, and pharmaceutical applications.10, 11 Many 

methods have been developed to synthesize a variety of triarylmethanes, however, many methods 

make symmetric triarylmethanes or rely on employing stereospecific reactions.12 One of the first 

methods developed by Jarvo and Watson concurrently employed stereospecific Ni-catalyzed 

cross coupling, shown in Scheme 4a, with either chiral dibenzylic ester or ether as electrophiles.  

13 More recently, the Hazari group reported a Suzuki–Miyaura cross coupling of 

diarylbenzoates to generate triarylmethanes by selectively cleaving the C–O bond. While this 

report expanded the substrate scope allowed, only two enantioenriched products were disclosed.14 

Another route toward asymmetric triarylmethanes is shown in Scheme 4b, which goes through 

an enantiomerically enriched diaryl boron intermediate.15 The Zhu group disclosed a Rh-

catalyzed B–H insertion into a diarylcarbene to form the diaryl boron intermediate, and in a 

selected example could be further converted using Pd-catalyzed cross coupling. Rhodium 

catalysis was also disclosed by the Hayashi group through nucleophilic addition to quinone 

methides, scheme 4d.16 This approach is limited due to the need for directing and blocking groups 

on the methides. Collectively these reports show the synthetic utility of triarylmethane 

compounds and the pursuit toward a general method for a wide variety of chiral triarylmethane 

compounds. 
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Scheme 4. Previous Asymmetric Synthesis of Triarylmethane Compounds 

 These methods provide a framework for the development of new asymmetric methods to 

access a variety of triarylmethanes without the use of directing group functionality prochiral 

starting materials. To this end, we began exploring the reaction of diayl diazo compounds with 

cyclohexadienefollowed by oxidation to afford a variety of asymmetric triarylmethane 

compounds in high enantioselectivity. 
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3.4 Synthetic Studies and Results 

 The study began via evaluation of the C−H insertion reaction of 1,4-cyclohexadiene, 4, 

with 4-nitro-4′-methoxydiphenyldiazomethane (7), to generate product 2. The initial reaction was 

run at 23 °C and gave only a moderate level of enantioselectivity (65% ee). Hence, further screens 

were performed at –20 °C and the enantioselectivity of the transformation was greatly enhanced. 

Rh2(S-DOSP)4 gave a very low level of asymmetric induction at 3% ee (Entry 1), which was not 

unexpected because previous literature shows an ester group is needed as the acceptor group to 

achieve a high degree of selectivity.17 Rh2(S-2-Cl-5-BrTPCP)4, a triarylcyclopropane carboxylate 

catalyst (Entry 2) significantly boosted the asymmetric induction of the C−H insertion with 79% 

ee.  

 

Table 1. Screening of Dirhodium Catalyst for C–H insertion into 1,4-Cyclohexadiene  
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As seen in our cyclopropanation study, the best class of catalysts was the naphthylimido- and 

phthalimido-derived catalysts.2, 18, 19 Rh2(S-NTTL)4,  a napthylimido catalyst (Entry 3), generated 

2 in 94% ee and 73% yield. The phthalimido-derived catalysts gave excellent results. For 

example, Rh2(S-TCPTAD)4 (Entry 6) gave 97% ee. Most impressively, Rh2(S-PTAD)4 (Entry 7) 

generated product 2 in 77% yield and 99% ee. 

 The oxidation of 1,4-cyclohexadienes to benzene compounds is well established.20 It was 

expected that the C–H functionalization product 2 could be readily oxidized using established 

methods for convenient, asymmetric construction of triarylmethanes. Indeed, oxidation using 2,3-

dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) generated the desired triarylmethane product 8 

with no racemization (Scheme 5). 

          
 

Scheme 5. Stereoretentive Oxdixation to Triarylmethane  

 With the optimized reaction conditions in hand, the rhodium-catalyzed C–H insertion 

reaction with cyclohexadiene followed by DDQ oxidation was applied to a series of 

diaryldiazomethanes lacking ortho substituents to generate triarylmethane products 9–13 

(Scheme 6). The reaction conditions were compatible with a variety of substituents, but 

compounds with more donor/acceptor-like character gave the highest degree of asymmetric 

induction. Substrates containing a strong electron-withdrawing group such as nitro or 

trifluoromethyl gave the highest levels of asymmetric induction, as seen with 9 and 10. The 

reactions with a p-CF3 substituent gave triarylmethane 10 in 80% yield and 85% ee, whereas the 



 114 

reaction with a p-chloro substituent afforded 11 in 61% yield and 79% ee. Electron-rich or 

electron-deficient heterocyclic substrates can be incorporated into the diazo compound as 

illustrated in the formation of 12 and 13, although the enantioselectivity was lower (45 and 77% 

ee, respectively). Typical reactions were conducted on a 0.3 mmol scale, but the reaction is easily 

scalable and product 8 was prepared on a 1 mmol scale in 90% yield and 99% ee. 

 
 

Scheme 6. Scope of Triarylmethane Derivatives with Cyclohexadiene  

 Next, the scope of the cyclohexadiene substrate was expanded to 1-methyl-1,4-

cyclohexadiene (Scheme 7). Products 14–17 did not contain ortho chloro substituents and were 

generated in moderate yield and ee. Diazo compound with only a p-nitro group generated 14 in 

76% ee. When a p-methyl was added to the other ring (15) which does not highly increase electron 

density to the aryl ring, the ee remained unchanged at 76%. When diazo compounds containing 
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an o-Cl substituent were included, the enantioselectivity decreased. Triarylmethane product 17 

was generated in excellent yield and a modest 74% ee. However, with the incorporation of a p-

methoxy on the other aryl ring as seen in 18, the enanatioselectivity of the reaction was only 20% 

ee. This result was initially perplexing, as in previous studies more electron-rich character with 

an ortho substituent increased the overall reaction performance. 

 
 

Scheme 7. C−H Functionalization of 1-Methyl-1,4-cyclohexadiene 

 

 Based on the non-symmetric nature of the cyclohexadiene, we investigated if the C–H 

insertion step was not diastereoselective causing an overall decrease in the ee of the final 

triarylmethane compound. Diazo compound 19, was chosen as a good substrate to investigate 
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because it has both an electron-donating p-OMe and an electron-withdrawing p-CF3 group. This 

substrate was also chosen because the diastereomers were able to be resolved on chiral HPLC for 

analysis. The C−H functionalization reaction using diaryldiazomethane 19 produces a mixture of 

diastereomers 20a and 20b in a 3:1 ratio. On prolonged standing, the major diastereomer 

crystallized from the mixture, and the relative and absolute configuration of 20a could be 

determined by X-ray crystallography. 2D NMR correlations also confirmed the anti relationship 

of the hydrogen atoms at the site of C–H insertion. The major diastereomer 20a was produced 

with a higher level of asymmetric induction (86% ee) compared to the minor diastereomer 20b 

(52% ee). The two diastereomers are difficult to separate by chromatography, and thus the 

combined mixture was oxidized to the corresponding triarylmethane compound 21 in 79% ee. 

This value agreed with the calculated value assuming that both 20a and 20b are generated with 

the same level of asymmetric induction and that the oxidation of both occurs without 

epimerization. The absolute configuration of 21 is assigned R because it is derived from 20a of a 

known absolute configuration. All other absolute configurations of the triarylmethanes are 

tentatively assigned by analogy. 

 



 117 

 
 

Scheme 8. Analysis of C–H Insertion of 1-Methyl-1,4-cyclohexadiene 

 The ultimate goal of this work is to generate highly asymmetric triarylmethanes in a 

straightforward manner. The one-pot oxidation is desirable, but would not be practical if the scope 

is limited to symmetric cyclohexadienes. We envisioned that with a different catalyst system, the 

diastereoselectivity of the intermediate could be enhanced which would lead to an overall highly 

asymmetric triarylmethane product. As such, a catalyst screening was employed on 1-methyl-1,4-

cyclohexadiene using diaryl diazo compound 22, bearing an o-chloro subsituent (Table 2). A 
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reference to the previously optimized catalyst with cyclohexadiene is shown in Entry 1.Rh2(S-

TCPTAD)4, a chlorinated version of Rh2(S-PTAD)4 (Entry 2), gave only 6% ee. Rh2(S-NTTL)4 

(Entry 3) also gave a very low level of asymmetric induction. Switching to Rh2(S-PTTL)4 gave a 

slight increase up to 51% ee (Entry 4), but was still lower than Rh2(S-PTAD)4. Finally, Rh2(S-

TPPTTL)4 (Entry 5) significantly enhanced chiral induction to 88% ee. Rh2(S-TPPTTL)4 has been 

previously shown to give superior asymmetric induction in cyclopropanation reactions with 

ortho-substituted aryldiazoacetates, and similar characteristics are observed here in the reaction 

with ortho-substituted diaryldiazomethanes.21 

 
 

Table 2. Screening of Dirhodium Catalyst forC–H Insertion into 1-Methyl-1,4-

cyclohexadiene  

 In Scheme 9, diazo compounds containing an ortho-substituent were employed for the C–

H functionalization of a variety of substituted cyclohexadiene compounds, which could then be 
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oxidized to the desired triarylmethane. Triarylmethane 23, derived from a diaryldiazomethane 

bearing an electron-donating methoxy group was produced in 82% yield and 87% ee. 

Triarylmethane 24, which lacks the methoxy group, was generated with a slightly lower 

enantioselectivity (83% ee). Triarylmethanes 25 and 18, derived from diaryldiazomethanes 

having an electron-donating group, an electron-withdrawing group, and an o-chloro group, were 

generated with the highest levels of enantioselectivity (98 and 91% ee, respectively). These trends 

are consistent with our understanding that diaryl diazo compounds that closely model that of a 

donor/acceptor diazo compound through electronic and steric properties give higher levels of 

asymmetric induction. This is an impressive result, particularly because triarylmethane 18, 

catalyzed by Rh2(S-PTAD)4 gave a mere 20% ee. The reaction could be also extended to various 

substituted cyclohexadienes, resulting in the formation of 27−29. Triarylmethane 27, with a 

bulkier 1-naphthyl group gave moderate yield and asymmetric induction of 43% and 65% ee. 

Electron-rich 1-methoxy-1,4-cyclohexadiene gave rise to product 28 with 75% ee. The formation 

of 29 is an interesting transformation because the C−H functionalization was site selective, 

favoring by a 12:1 ratio insertion α to the methyl group versus insertion α to the isopropyl group 

in γ-terpene. 
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Scheme 9. C−H Functionalization of Cyclohexadienes with o-Cl Diaryldiazomethanes 

3.4 Conclusions  

 This work demonstrates diaryl diazo compounds previously thought to be donor/donor 

carbenes can be highly selective and useful toward intermolecular C–H functionalization. We have 

developed a facile enantioselective synthesis of triarylmethanes using rhodium-catalyzed C–H 

insertion of cyclohexadienes with diaryldiazomethanes. This system is compatible with a variety 

of aryl substituents including examples of two heterocycles. This method can tolerate electron-rich 

and electron-poor aryl substituents and with Rh2(S-TPPTTL)4 o-chloro substituents. Furthermore, 

this work provides evidence that diaryl diazo compounds should be further explored and have 

broad synthetic potential in C–H functionalization reactions. The work discussed in this chapter 
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has been published in the ACS journal Organic Letters. Figures and analysis from this paper have 

been incorporated into this chapter.1 
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3.5 Experimental Procedures and Data 

3.5.1 General Considerations   

Caution: Diazo compounds are high energy compounds and should be handled with caution. 

Although we have had no difficulties with working with these compounds, it is advisable to carry 

out reactions on small scale behind a blast shield. Hydrazine hydrate is highly toxic compound and 

needs to be handled using the established safety protocols. In addition, Diaryl Diazo compounds 

are known to be unstable and must be handled with caution and stored in a -20 °C freezer to avoid 

decomposition over time. 

Substrates and reagents were purchased from the following suppliers and used without further 

purification: Sigma-Aldrich, Alfa-Aesar, Oakwood Chemical America, and Fisher Scientific.  

All solvents were purified and dried by a Glass Contour Solvent System, and stored over 4 Å 

molecular sieves 24 hours before use.  All reactions were carried out in flamed-dried glassware 

unless otherwise stated. 1H NMR spectra were recorded at 600 MHz on Bruker-600 spectrometer, 

Varian INOVA 500 MHz or Varian 400 MHz. 13C NMR spectra were recorded at 150 MHz on 

Bruker-600. NMR spectra samples were prepared using deuterated chloroform(CDCl3) with 

residual solvent serving as internal standard 7.26 ppm for 1H and 77.16 ppm for 13C; or with 

Deuterated chloroform 0.03% TMS with residual TMS serving at internal standard (0.00 ppm). 

Abbreviations for signal multiplicity are as follows: s= singlet, d= doublet, t= triplet, m= multiplet, 

dd= doublet of doublets dt= doublet of triplets. The coupling constants J, are reported in Hertz and 

integration is provided, along with assignments, as indicated.  Structural assignments were made 

with additional information from gCOSY, gHSQC, and gHMBC experiments. Optical rotations 

were measured on Autopol IV automatic polarimeter by Rudolph Research Analytical. 

Crystallographic data was obtaining through the Emory X-ray Crystallography center using the 

ShelXT 2018 solution program.   IR spectra were collected on a Nicolet Is10 FT-IR spectrometer. 
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Mass spectra were taken on a Thermo Finnigan LTQ-FTMS spectrometer with APCI ESI or NSI. 

Thin layer chromatographic analysis (TLC) was performed on aluminum-sheet silica gel plates, 

and visualized with UV light. Racemic standards for enantiomeric determination were generated 

with reactions with Rh2(OAc)4 or from Rh2((R) and (S)-DOSP)4 which was generated by 

dissolving equimolar mixture of R and S catalyst in a minimal amount of benzene and lyophilizing. 

High performance liquid chromatography analysis (HPLC) was performed on Agilent 1100 

Technologies HPLC instrument.  

3.5.2 Preparation of diaryl/heteroaryl diazo compound 

Procedure adopted from literature.2 A 50 mL dried round bottom flask was charged with desired 

hydrazone (1.1 mmol) and THF (4 mL) followed by tsNIK(1.2 mmol) prepared by following the 

literature procedure.4 Potassium hydroxide in 1 M solution (1 mL) was slowly added to the reaction 

flask. The reaction was monitored by TLC, with disappearance of all starting hydrazone 

derivatives by 1.5 h. The reaction was poured into 5 mL potassium hydroxide in 1 M solution and 

extracted with diethyl ether (2 x 30 mL). The organic layers were combined then washed with 

brine (2 x 30 mL) and dried over MgSO4. After removal of the solvent, the desired diazo compound 

was obtained. If necessary, the diazo compound was purified using an alumina column with a 

solvent gradient of 0 to 5% diethyl ether in hexanes. The product was stored under argon at –20 

°C.  

 

 

2-chloro-1-(diazo(4-methoxyphenyl)methyl)-4-nitrobenzene (SI 1) 

The diazo compound was prepared from (E)-((2-chloro-4-nitrophenyl)(4-methoxyphenyl)-

methylene)hydrazone and was obtained as a red solid on a 2.6 mmol scale in 71% yield (550 mg). 
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1H NMR (600 MHz, CDCl3) δ 8.33 (d, J = 2.4 Hz, 1H), 8.06 (dd, J = 8.8, 2.4 Hz, 1H), 7.39 (d, J 

= 8.8 Hz, 1H), 7.14 (d, J = 8.8 Hz, 2H), 6.99 (d, J = 8.8 Hz, 2H), 3.86 (s, 3H). 

13C NMR (151 MHz, CDCl3) δ 158.7, 145.8, 136.7, 131.8, 128.6, 127.0, 126.5, 122.0, 120.3, 

115.2, 55.5 (The resonance resulting from the diazo carbon was not observed).  

IR: 3090, 3007, 2963, 2044, 1506, 1473, 1302, 1274, 1246, 1184, 1119, 875, 841, 739 cm-1. 

HRMS (+p APCl) m/z:  calcd for C14H10ClN3O3 [M+H-N2] 276.0427; found 276.0426. 

 

 

3-(diazo(4-fluorophenyl)methyl)pyridine (SI 2) 

The diazo compound was prepared from (Z)-3-((4-fluorophenyl)(hydrazineylidene)methyl)- 

pyridine and was obtained as a red/purple solid at a 3.70 mmol scale in 69% yield (548 mg).  

1H NMR (400 MHz, CDCl3) δ 8.49 (dd, J = 4.9, 1.7 Hz, 2H), 7.45 – 7.36 (m, 2H), 7.25 – 7.16 (m, 

2H), 7.02 (dd, J = 6.3, 1.7 Hz, 2H). 

C NMR: Compound was not stable enough in CDCl3 to obtain 13C. 

19F NMR (376 MHz, CDCl3) δ -113.3. 

IR: 3036, 2042, 1585, 1507, 1493, 1446, 1220, 1159, 988, 942 cm-1 

HRMS (+APCl) m/z: calcd for C12H9ONF [M+OH-N2] 202.0663; found 202.0666. 
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3.5.3 General procedures 

 

a.) C-H insertion reaction of C-H Insertions: 

 

 

To a flame-dried 12 mL dram vial with a stir bar the desired dirhodium catalyst (1 mol %) was 

added, and the reaction vial was purged with nitrogen three times and then the catalyst was 

dissolved in CH2Cl2 (1.0 mL). The vial was placed in a salt/ice bath to reach –20 °C and was 

charged with substituted cyclohexadiene (4 equiv). The corresponding diazo compound (0.30 

mmol) was weighed in a 20 mL vial and dissolved in dry degassed DCM (5.0 mL) under N2. The 

diazo compound solution was then added to the reaction vial dropwise over 1 h at (–20 °C) via a 

syringe pump. The reaction was stopped after 14 h.  The product was purified via flash column 

chromatography with a gradient of 0 to 15 % diethyl ether in hexanes. 

b.) one-pot C-H insertion followed by oxidation to TRAM: 

 

 

To a flame-dried 16 mL dram vial the desired dirhodium catalyst (1 mol %) was added, and the 

reaction vial was purged with nitrogen three times and dissolved in CH2Cl2 (1.0 mL). The vial was 

placed in a salt/ice bath to reach –20 °C and was charged with substituted cyclohexadiene (4 equiv) 

The corresponding diazo compound (0.30 mmol) was weighed in a 20 mL vial and dissolved in 
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dry degassed DCM (5.0 mL) under N2. The diazo compound in DCM solution was then added to 

the reaction vial dropwise over 1 h at (–20 °C) via a syringe pump. In some cases, a small aliquot 

was kept for HPLC analysis of C-H insertion intermediate.  After 14 h, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone (DDQ) (2.5 equiv) was added into the mixture and allowed to stir for 2 h. The 

reaction was stopped, and filtered through a celite plug to remove excess DDQ. The mixture was 

purified via flash column chromatography with a gradient of 0 to 10% diethyl ether in hexanes to 

afford the desired triarylmethane compounds, as white solids (racemic compounds) or an oil 

(enantioenriched material).  

 

(R)-1-(cyclohexa-2,5-dien-1-yl(4-methoxyphenyl)methyl)-4-nitrobenzene (2) 

 Compound 2 was obtained according to general procedure a from the C–H functionalization 

reaction between 1,4-cyclohexadiene (0.1 mL, 0.2 mmol, 4 equiv) and 1-(diazo(4-

methoxyphenyl)methyl)-4-nitrobenzene (54 mg, 0.2 mmol, 1.0 equiv), catalyzed by Rh2(S-

PTAD)4 (3.12 mg, 0.002 mmol, 1.0 mol %). The product was purified by flash column 

chromatography on silica gel (gradient elution: 0 – 2% diethyl ether in pentane) to afford a white 

solid in 77% yield (49 mg). 

1H NMR  (400 MHz, CDCl3) δ 8.14 (d, J = 8.7 Hz, 3H), 7.45 (d, J = 8.8 Hz, 3H), 7.19 (d, J = 8.7 

Hz, 3H), 6.85 (d, J = 8.7 Hz, 3H), 5.73 (dtd, J = 10.4, 3.3, 1.7 Hz, 4H), 5.53 (ddd, J = 10.8, 3.6, 

2.0 Hz, 1H), 5.45 (ddd, J = 10.8, 3.7, 2.1 Hz, 1H), 3.91 (d, J = 9.7 Hz, 2H), 3.61 (ddt, J = 6.4, 3.3, 

1.6 Hz, 1H), 2.63 (dtd, J = 8.3, 3.4, 1.7 Hz, 4H). 

13C NMR (101 MHz, CDCl3) δ 158.4, 151.3, 146.4, 133.5, 129.2, 127.0, 126.7, 126.1, 125.8, 
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123.7, 114.2, 57.4, 55.3, 39.1, 26.5. 

IR(in CDCl3): 3030, 2836, 1605,1509,1345, 1253,1179, 1034, 806, 695 cm-1. 

HRMS ( -APCI) m/z: calcd for C20H18NO3 - [M]-  320.1292; found 320.1285. 

[α]22
D  –27.5 (c 1.18, CHCl3) 

HPLC conditions: HPLC (ADH column, 1.0 mL/min 1% i-PrOH in n-hexane 30 min, UV 230 

nm) retention times of  

17.1 (minor) and 18.0min (major) 94 % ee with Rh2(S-NTTL)4. 

17.1 (minor) and 18.0 min (major) 99 % ee with Rh2(S-PTAD)4. 

17.8 (minor) and 18.8 min (major) 79 % ee with Rh2(S-TPPTTL)4. 

17.6 (minor) and 18.5 min (major) 97 % ee with Rh2(S-TCPTAD)4. 

17.4 (minor) and 18.3 min (major) -79 % ee with Rh2(S-2-Cl-5-Br-TPCP)4. 

 

  

(R)-1-methoxy-4-((4-nitrophenyl)(phenyl)methyl)benzene (8) 

Compound 8 was obtained through the oxidation of Compound 2. Compound 2 was placed in a 

16 mL dram vial charged with a stir bar. 1.2 equiv of 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone 

(DDQ) was added and components were dissolved in 4 mL DCM. The reaction was complete after 

2 h and the desired triarylmethane was observed by NMR. The crude mixture was filtered through 

a short pipette column to remove DDQ and desired product was obtained as an oil in 88 % yield 

(57 mg). 
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Compound 8 was also scaled up to a 1 mmol. To a flame-dried 50 mL round bottom flask charged 

with a stirbar Rh2(S-PTAD)4 (15.6 mg, 0.010 mmol, 1.0 mol %) and was added, and the reaction 

vial was purged with nitrogen three times and dissolved in CH2Cl2 (4.0 mL). The flask was placed 

in a salt/ice bath to reach –20 °C and was charged with 1,4-cyclohexadiene (0.38 mL,4 mmol, 4 

equiv). In a 20mL vial 1-(diazo(4-methoxyphenyl)methyl)-4-nitrobenzene (269 mg, 1.00 mmol, 1 

equiv) was dissolved in CH2Cl2 (16mL). The diazo solution was split into two 12mL syringes and 

was then added to the reaction vial dropwise over 1 h at (–20 °C) via a syringe pump. After 14 h, 

2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (568 mg, 2.5 equiv) was added into the 

mixture and allowed to stir for 2 h. The reaction was stopped, and filtered through a celite plug to 

remove excess DDQ. The mixture was purified via flash column chromatography with a gradient 

of 0 to 10% diethyl ether in hexanes to afford the desired triarylmethane compound in 90% yield 

(319 mg). 

1H NMR (400 MHz, CDCl3) δ 8.13 (d, J = 8.7 Hz, 2H), 7.38 – 7.17 (m, 5H), 7.08 (d, J = 7.3 Hz, 

2H), 7.00 (d, J = 8.4 Hz, 2H), 6.85 (d, J = 8.7 Hz, 2H), 5.58 (s, 1H), 3.79 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 158.5, 152.0, 146.5, 142.7, 134.4, 130.3, 130.2, 129.3, 128.7, 

126.9, 123.6, 114.1, 55.9, 55.3. 

IR:  3027, 2932, 2835, 1605, 1510, 1345, 1302, 1248, 1178, 1032, 826  cm-1. 

HRMS (+APCI) m/z: calcd for C20H17NO3 [M+H]+
 320.1286; found 320.1278. 

[α]22
D –2.7 (c 1.00, CHCl3) 

HPLC conditions: (OD column,1.0 mL/min 1% i-PrOH in n-hexane 30 min, UV 230 nm) 

retention times of 17.3 (major) and 22.5 min (minor) 99% ee with Rh2(S-PTAD)4. 
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(S)-1-methyl-4-((4-nitrophenyl)(phenyl)methyl)benzene (9) 

Compound 9 was obtained according to general procedure b from the C–H functionalization 

reaction between 1,4-cyclohexadiene (0.12 mL, 1.2 mmol, 4 equiv) and 1-(diazo(4-

nitrophenyl)methyl)-4-methylbenzene (76 mg, 0.3 mmol, 1.0 equiv), catalyzed by Rh2(S-PTAD)4 

(4.68 mg, 0.003 mmol, 1.0 mol %). The product was purified by flash column chromatography on 

silica gel (gradient elution: 0 – 5% diethyl ether in hexanes) to afford colorless oil in 81 % yield 

(73 mg). 

1H NMR (600 MHz, CDCl3) δ 8.16 (d, J = 8.7 Hz, 2H), 7.37 – 7.25 (m, 5H), 7.16 (d, J = 7.9 Hz, 

2H), 7.12 (d, J = 7.3 Hz, 2H), 7.01 (d, J = 8.1 Hz, 2H), 5.63 (s, 1H), 2.37 (s, 3H). 

13C NMR (151 MHz, CDCl3) δ 151.9, 146.5, 142.5, 139.4, 136.6, 130.2, 129.4, 129.3, 129.2, 

128.7, 126.9, 123.6, 56.3, 21.0. 

IR: 3025, 2921, 1593, 1514, 1450, 1343, 1110, 820, 778 cm-1. 

HRMS (+APCI)  m/z: calcd for C20H17NO2[M+H]+
  304.1338; found 304.1334. 

[α]23
D 5.5 (c 1.28, CHCl3) 

HPLC conditions: HPLC (ODH column, 1.0 mL/min 0.5% i-PrOH in n-hexane 45 min, UV 230 

nm) retention times of 12.3 (major) and 16.0 min (minor) 94% ee with Rh2(S-PTAD)4. 
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(R)-1-methoxy-4-(phenyl(4-(trifluoromethyl)phenyl)methyl)benzene (10) 

Compound 10 was obtained according to general procedure b from the C–H functionalization 

reaction between 1,4-cyclohexadiene (0.12 mL, 1.2 mmol, 4 equiv) and 1-(diazo(4-

(trifluoromethyl)phenyl)methyl)-4-methoxybenzene (88 mg, 0.3 mmol, 1.0 equiv), catalyzed by 

Rh2(S-PTAD)4 (4.68 mg, 0.003 mmol, 1.0 mol %). The product was purified by flash column 

chromatography on silica gel (gradient elution: 0 – 5% diethyl ether in hexanes) to afford 6 as a 

colorless oil in 80 % yield (83 mg). 

1H NMR: (600 MHz, CDCl3) δ 7.55 (d, J = 8.2 Hz, 1H), 7.32 (t, J = 7.3 Hz, 1H), 7.30 – 7.23 (m, 

1H), 7.11 (d, J = 7.3 Hz, 1H), 7.03 (d, J = 8.7 Hz, 1H), 6.86 (d, J = 8.7 Hz, 1H). This matches 

literature reported values.4 

[α]22
D –3.4 (c 1.22, CHCl3) 

HPLC (ODH column, hexane, 1.0 mL/min 0.5% i-PrOH in n-hexane 25 min, UV 230 nm) 

retention times of 6.2 (minor) and 7.2 min (major) 85 % ee with Rh2(S-PTAD)4. 

 

 

(S)-1-chloro-4-((4-methoxyphenyl)(phenyl)methyl)benzene (11) 
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Compound 11 was obtained according to general procedure b from the C–H functionalization 

reaction between 1,4-cyclohexadiene (0.12 mL, 1.2 mmol, 4 equiv) and 1-chloro-4-(diazo(4-

methoxyphenyl)methyl)benzene (78 mg, 0.3 mmol, 1.0 equiv), catalyzed by Rh2(S-PTAD)4 (4.68 

mg, 0.003 mmol, 1.0 mol %). The product was purified by flash column chromatography on silica 

gel (gradient elution: 0 – 5% diethyl ether in hexanes) to afford colorless oil in 61 % yield (57 mg). 

1H NMR (600 MHz, CDCl3) δ 7.31 – 7.22 (m, 5H), 7.11 (d, J = 7.6 Hz, 2H), 7.06 (d, J = 8.3 Hz, 

2H), 7.02 (d, J = 8.6 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H), 5.49 (s, 1H), 3.81 (s, 3H). 

13C NMR (151 MHz, CDCl3) δ 158.2, 143.7, 142.8, 135.6, 132.1, 130.7, 130.5, 130.3, 129.3, 

128.4, 126.5, 113.8, 55.4, 55.3. 

IR: 3026, 2930, 2834, 1509, 1488, 1248, 1177, 1034, 819, 700 cm-1. 

HRMS (+APCI) m/z: calcd for C20H17ClO [M+] 308.0968; found 308.0966. 

HPLC conditions: HPLC (ODH column, hexane, 0.8 mL/min 0.2 i-PrOH in n-hexane 20 min, 

UV 230 nm) retention times of 14.4 (minor) and 15.6 min (major) 79 % ee with Rh2(S-PTAD)4. 

 

 

(R)-5-(phenyl(4-(trifluoromethyl)phenyl)methyl)benzofuran (12) 

Compound 12 was obtained according to general procedure b from the C–H functionalization 

reaction between 1,4-cyclohexadiene (0.12 mL, 1.2 mmol, 4 equiv) and 5-(diazo(4-

(trifluoromethyl)phenyl)methyl)benzofuran (91 mg, 0.3 mmol, 1.0 equiv), catalyzed by Rh2(S-

PTAD)4 (4.68 mg, 0.003 mmol, 1.0 mol %). The product was purified by flash column 

chromatography on silica gel (gradient elution: 0 – 5% diethyl ether in hexanes) to afford a 
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colorless oil in 86% yield (91 mg).  

1H NMR (600 MHz, CDCl3) δ 7.63 (d, J = 2.2 Hz, 1H), 7.56 (d, J = 7.9 Hz, 2H), 7.45 (d, J = 8.5 

Hz, 1H), 7.33 (t, J = 7.6 Hz, 2H), 7.27-7.24 (m, 5 H), 7.14 (d, J = 7.6 Hz, 2H), 7.09 (dd, J = 8.5, 

1.89 Hz, 1H), 6.71 (d, J = 2.2 Hz, 1H), 5.73 (s, 1H). 

13C NMR (151 MHz, CDCl3) δ 153.8, 145.5, 143.3, 137.6, 129.8, 129.4, 128.7, 128.5, 127.6, 

126.7, 125.9, 125.28, 125.25 (q, J = 3.8 Hz), 125.23, 121.7, 111.3, 106.6, 56.5. 

19F NMR (565 MHz, CDCl3) δ -62.4. 

IR: 2927, 2855, 1708, 1617, 1494, 1466, 1324, 1163, 1121, 1108, 1066, 1030, 1018, 887, 851 cm-

1.  

[α]22
D –6.8 (c 1.00, CHCl3) 

HRMS (+APCI) m/z: calcd for C22H15F3O [M+H]+ 353.1153; found 353.1167.  

HPLC conditions: HPLC (ADH column, hexane, 0.5 Ml/min, 1.0% i-PrOH in n-hexane 30 min, 

UV 230 ) retention times of  10.5 min (minor) and 11.3 min (major) 40 % ee with Rh2(S-PTAD)4.  

 

(S)-3-((4-fluorophenyl)(phenyl)methyl)pyridine (13) 

Compound 13 was obtained according to general procedure b from the C–H functionalization 

reaction between 1,4-cyclohexadiene (0.12 mL, 1.2 mmol, 4 equiv) and 3-(diazo(4-

fluorophenyl)methyl)pyridine (64 mg, 0.3 mmol, 1.0 equiv), catalyzed by Rh2(S-PTAD)4 (4.68 

mg, 0.003 mmol, 1.0 mol %). The product was purified by flash column chromatography on silica 

gel (gradient elution: 0 – 5% diethyl ether in hexanes) to afford colorless oil in 81 % yield (64 mg). 
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1H NMR (600 MHz, CDCl3) δ 8.55 (d, J = 5.2 Hz, 2H), 7.37 – 7.31 (m, 2H), 7.30 – 7.27 (m, 1H), 

7.14 – 6.99 (m, 8H), 5.51 (s, 1H). 

13C NMR (151 MHz, CDCl3) δ 162.5, 160.9, 152.6, 149.9, 141.9, 137.9 (d, J = 3.1 Hz), 130.8 (d, 

J = 7.9 Hz), 129.2, 128.7, 128.6, 127.0, 124.5, 115.5, 115.4, 55.5. 

19F NMR (565 MHz, CDCl3) δ -115.8. 

IR: 3026, 2922, 2850, 1594, 1506, 1412, 1224, 1159, 1014, 816, 788 cm-1. 

HRMS (+APCI) m/z: calcd for C18H14FN[M+H]+ 264.1188; found 264.1187. 

HPLC conditions: via CH insertion product HPLC (ODH column, 1.0 mL/min 2.25 % i-PrOH 

in n-hexane 30 min, UV 230 nm) retention times of 16.2 (major) and 25.0 min (minor) 77 % ee 

with Rh2(S-PTAD)4. 

 

 

(S)-1-Methyl-3-((4-nitrophenyl)(phenyl)methyl)benzene (14) 

Compound 14 was obtained according to general procedure b from the C–H functionalization 

reaction between 1-methyl,1,4-cyclohexadiene (0.1 mL, 1.2 mmol, 4 equiv) 1-

(diazo(phenyl)methyl)-4-nitrobenzene (72 mg, 0.3 mmol, 1.0 equiv), catalyzed by Rh2(S-PTAD)4 

(4.68 mg, 0.003 mmol, 1.0 mol %). The product was purified by flash column chromatography on 

silica gel (gradient elution: 0 – 5% diethyl ether in hexanes) to afford 21 as a colorless oil in 89 % 

yield (81 mg). 

1H NMR (600 MHz, CDCl3) δ 8.14 (d, J = 8.7 Hz, 2H), 7.35 – 7.24 (m, 5H), 7.21 (t, J = 7.6 Hz, 

1H), 7.12 – 7.06 (m, 3H), 6.92 (s, 1H), 6.88 (d, J = 7.9 Hz, 1H), 5.60 (s, 1H), 2.31 (s, 3H). 
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13C NMR (151 MHz, CDCl3) δ 151.8, 146.5, 142.4, 142.3, 138.4, 130.3, 130.1, 129.3, 128.7, 

128.6, 127.7, 126.9, 126.4, 123.6, 56.7, 21.5. 

IR: 3026, 2902, 1602, 1514,1343, 1108, 1076, 1030, 1015, 857, 748 cm-1.  

HRMS (+APCI) m/z: calcd for C20H17NO2 [M+H]+
 304.1337; found 304.1329. 

[α]23
D  –5.1 (c 1.09 CHCl3) 

HPLC conditions: HPLC (OD column, 1.0 mL/min 0.5 % i-PrOH in n-hexane 30 min, UV 210 

nm) retention times of 13.5 (minor) and 16.0 min (major) 76 % ee with Rh2(S-PTAD)4. 

 

 

(S)-1-Methyl-3-((4-nitrophenyl)(p-tolyl)methyl)benzene (15) 

Compound 15 was obtained according to general procedure b from the C–H functionalization 

reaction between 1-methyl,1,4-cyclohexadiene (0.1 mL, 1.2 mmol, 4 equiv) 1-(diazo(4-

nitrophenyl)methyl)-4-methylbenzene (76mg, 0.3 mmol, 1.0 equiv), catalyzed by Rh2(S-PTAD)4 

(4.68 mg, 0.003 mmol, 1.0 mol %). The product was purified by flash column chromatography on 

silica gel (gradient elution: 0 – 5% diethyl ether in hexanes) to afford colorless oil in 51% yield 

(48 mg). 

1H NMR (600 MHz, CDCl3) δ 8.16 (d, J = 8.7 Hz, 2H), 7.30 (d, J = 8.7 Hz, 2H), 7.22 (t, J = 7.6 

Hz, 1H), 7.15 (d, J = 7.8 Hz, 2H), 7.09 (d, J = 7.5 Hz, 1H), 7.00 (d, J = 8.0 Hz, 2H), 6.94 (s, 1H), 

6.89 (d, J = 7.6 Hz, 1H), 5.58 (s, 1H), 2.37 (s, 3H), 2.33 (s, 3H). 

13C NMR (151 MHz, CDCl3) δ 152.0, 146.5, 142.5, 139.4, 138.3, 136.6, 130.2, 130.0, 129.4, 

129.2, 128.5, 127.7, 126.4, 123.5, 56.3, 21.5, 21.0. 
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IR: 3021, 2920, 1603, 1514, 1489, 1455, 1343, 1109, 841, 763 cm-1. 

[α]23
D –3.9 (c 0.75, CHCl3) 

HRMS (+APCI) m/z: calcd for C21H19NO2 [M+H]+ 318.1494; found 318.1491. 

HPLC conditions: (ADH column, 0.5 mL/min 0.5% i-PrOH in n-hexane 25 min, UV 230 nm) 

retention times of 16.3 (major) and 17.1 min (minor) 76 % ee with Rh2(S-PTAD)4. 

 

 

(R)-1-((4-methoxyphenyl)(4-nitrophenyl)methyl)-3-methylbenzene(16) 

Compound 16 was obtained according to general procedure b from the C–H functionalization 

reaction between 1-methyl,1,4-cyclohexadiene ( 0.1 mL, 1.2 mmol, 4 equiv) and 1-(diazo(4-

methoxyphenyl)methyl)-4-nitrobenzene (81 mg, 0.3 mmol, 1.0 equiv), catalyzed by Rh2(S-

PTAD)4 (4.68 mg, 0.003 mmol, 1.0 mol %). The product was purified by flash column 

chromatography on silica gel (gradient elution: 0 – 5% diethyl ether in hexanes) to afford colorless 

oil in 83 % yield (83 mg). 

1H NMR (600 MHz, CDCl3) δ 8.16 (d, J = 8.8 Hz, 2H), 7.30 (s, 1H), 7.28 (d, J = 2.9 Hz, 2H), 

7.22 (t, J = 7.6 Hz, 1H), 7.09 (d, J = 7.6 Hz, 1H), 7.02 (d, J = 8.6 Hz, 2H), 6.92 (s, 1H), 6.87 (d, J 

= 8.6 Hz, 2H), 5.56 (s, 1H), 3.82 (s, 3H), 2.32 (s, 3H). 

13C NMR (151 MHz, CDCl3) δ 158.4, 152.2, 146.5, 142.6, 138.3, 134.5, 130.3, 130.2, 130.0, 

128.5, 127.6, 126.3, 123.5, 114.0, 55.8, 55.3, 21.5. 

IR: 2930, 1605, 1489, 1346,1302,1249, 1179, 1110, 849 cm-1. 

HRMS (+APCI) m/z: calcd for C21H19NO3[M+H]+ 334.1443; found 334.1439. 
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[α]22
D –6.6 (c 1.00, CHCl3) 

HPLC conditions: HPLC (ODH column, 0.8 mL/min 2.25 i-PrOH in n-hexane 30 min, UV 230 

nm) retention times of: 

12.4 (major) and 14.1 min (minor) 93 % ee with Rh2(S-PTAD)4. 

12.3 (major) and 14.0 min (minor) 91 % ee with Rh2(S-NTTL)4. 

12.3 (major) and 14.0 min (minor) 77 % ee with Rh2(S-TPPTTL)4. 

12.3 (major) and 14.0 min (minor) 84 % ee with Rh2(S-PTTL)4. 

 

 

(R)-2-chloro-4-nitro-1-(phenyl(m-tolyl)methyl)benzene(17) 

Compound 17 was obtained according to general procedure b from the C–H functionalization 

reaction between 1-methyl, 1,4-cyclohexadiene (0.1mL, 1.2 mmol, 4 equiv) and  

2-chloro-1-(diazo(phenyl)methyl)-4-nitrobenzene (82 mg, 0.3 mmol, 1.0 equiv), catalyzed by 

Rh2(S-TPPTTL)4 (4.93 mg, 0.003 mmol, 1.0 mol %). The product was purified by flash column 

chromatography on silica gel (gradient elution: 0 – 2% diethyl ether in pentane) to afford colorless 

oil in 94 % yield (96 mg). 

1H NMR (600 MHz, CDCl3) δ 8.30 (d, J = 2.4 Hz, 1H), 8.05 (dd, J = 8.6, 2.36 Hz, 1H), 7.35 (t, J 

= 7.5 Hz, 2H), 7.32 – 7.27 (m, 1H), 7.23 (t, J = 7.6 Hz, 1H), 7.17 (d, J = 8.6 Hz, 1H), 7.11 (d, J = 

7.5 Hz, 1H), 7.07 (d, J = 7.4 Hz, 2H), 6.90 (s, 1H), 6.85 (d, J = 7.6 Hz, 1H), 5.98 (s, 1H), 2.33 (s, 

3H). 
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13C NMR (151 MHz, CDCl3) δ 149.3, 146.8, 141.1, 140.9, 138.4, 135.5, 131.7, 130.1, 129.4, 

128.7, 128.6, 127.9, 127.1, 126.5, 124.9, 121.5, 53.6, 21.5. 

IR: 3027, 2922, 1600, 1518,1395, 1137, 1045, 892 cm-1. 

[α]22
D 16.9 (c 0.83, CHCl3) 

HRMS (+APCI) m/z: calcd for C20H16ClNO2 [M+H]+ 338.0948; found 338.0946. 

HPLC conditions: (ODH column, 0.8 mL/min 0.3 % i-PrOH in n-hexane 30 min, UV 230 nm) 

retention times of: 

17.1 min (minor) and 23.3 min (major) 74 % ee with Rh2(S-PTAD)4. 

17.2 (minor) and 22.9 min (major) 6 % ee with Rh2(S-TCPTAD)4. 

17.3 (major) and 22.5 min (minor) -6 % ee with Rh2(S-NTTL)4. 

17.8 (minor) and 22.6 min (major) 51 % ee with Rh2(S-PTTL)4. 

18.2 (minor) and 22.7 min (major) 88 % ee with Rh2(S-TPPTTL)4. 

 

(R)-2-chloro-1-((4-methoxyphenyl)(m-tolyl)methyl)-4-nitrobenzene (18) 

Compound 18 was obtained according to general procedure b from the C–H functionalization 

reaction between 1-methyl, 1,4-cyclohexadiene (0.1mL, 1.2 mmol, 4 equiv) 2-chloro-1-(diazo(4-

methoxyphenyl)methyl)-4-nitrobenzene (92 mg, 0.3 mmol, 1.0 equiv), catalyzed by Rh2(S-

TPPTTL)4 (4.93 mg, 0.003 mmol, 1.0 mol %). The product was purified by flash column 

chromatography on silica gel (gradient elution: 0 – 2% diethyl ether in pentane) to afford colorless 

oil in 86% yield (95 mg). 
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1H NMR (600 MHz, CDCl3) δ 8.29 (d, J = 2.3 Hz, 1H), 8.05 (dd, J = 8.7, 2.35 Hz, 1H), 7.22 (t, J 

= 7.61 Hz, 1H), 7.17 (d, J = 8.6 Hz, 1H), 7.10 (d, J = 7.5 Hz, 1H), 6.98 (d, J = 8.5 Hz, 2H), 6.88 

(d, J = 8.8 Hz, 2H), 6.84 (d, J = 7.7 Hz, 1H), 5.92 (s, 1H), 3.82 (s, 3H), 2.33 (s, 3H). 

13C NMR (151 MHz, CDCl3) δ 158.6, 149.7, 146.8, 141.3, 138.4, 135.4, 133.1, 131.6, 130.4, 

130.1, 128.5, 127.8, 126.4, 124.9, 121.5, 114.1, 55.3, 52.8, 21.5. 

IR: 2929,2836, 1607, 1510, 1462, 1348, 1248, 1178, 1034, 892 cm-1.  

HRMS (+APCI) m/z: calcd for C21H18ClNO3[M+H]+ 368.1053 found 368.1048. 

[α]23
D –4.1 (c 1.00, CHCl3) 

HPLC conditions: HPLC (ODH column, 1.0mL/min 1.0% i-PrOH in n-hexane 15 min, UV 230 

nm) retention times of 9.5 (minor) and 11.0 min (major) 91% ee with Rh2(S-TPPTTL)4.  

 

 

(R)-1-((4-methoxyphenyl)(4-(trifluoromethyl)phenyl)methyl)-3-methylbenzene (21) 

Compound 21 was obtained according to general procedure b from the C–H functionalization 

reaction between 1-methyl,1,4-cyclohexadiene (0.1mL, 1.2 mmol, 4 equiv) and 1-(diazo(4-

(trifluoromethyl)phenyl)methyl)-4-methoxybenzene (88 mg, mg, 0.3 mmol, 1.0 equiv), catalyzed 

by Rh2(S-PTAD)4 (4.68 mg, 0.003 mmol, 1.0 mol %). The product was purified by flash column 

chromatography on silica gel (gradient elution: 0 – 5% diethyl ether in hexanes) to afford colorless 

oil in 85 % yield (91 mg). 
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1H NMR (600 MHz, CDCl3) δ 7.52 (d, J = 8.0 Hz, 2H), 7.22 (d, J = 8.0 Hz, 2H), 7.18 (t, J = 7.5 

Hz, 1H), 7.04 (d, J = 7.5 Hz, 1H), 7.00 (d, J = 8.7 Hz, 2H), 6.91 (s, 1H), 6.86 (d, J = 7.5 Hz, 1H), 

6.84 (d, J = 8.7 Hz, 2H), 5.50 (s, 1H), 3.79 (s, 3H), 2.29 (s, 3H). 

13C NMR (151 MHz, CDCl3) δ 158.3, 148.5, 143.2, 138.1, 135.2, 130.3, 130.0, 129.7, 128.4, 

127.4, 126.4, 125.2, 125.24(q, J = 3.71 Hz), 125.22, 125.19, 113.9, 55.8, 55.3, 21.5. 

19F NMR (565 MHz, CDCl3) δ -62.4. 

IR: 2930, 1606, 1510, 1323, 1250, 1067, 1035, 834, 792 cm-1.  

HRMS (–APCI) m/z: calcd for C22H18F3O [M–] 355.1315; found 355.1308. 

[α]23
D –10.7 (c 1.00, CHCl3) 

HPLC conditions: HPLC (ODH column, 1.0 mL/min 1% i-PrOH in n-hexane 25 min, UV 230 

nm) retention times of 4.8 (minor) and 5.3 min (major) 79 % ee with Rh2(S-PTAD)4. 

 

 

(S)-1-chloro-2-((4-methoxyphenyl)(phenyl)methyl)benzene(23) 

Compound 23 was obtained according to general procedure b from the C–H functionalization 

reaction between 1,4-cyclohexadiene (0.12 mL, 1.2 mmol, 4 equiv) and 1-chloro-2-(diazo(4-

methoxyphenyl)methyl)benzene (78 mg, 0.3 mmol, 1.0 equiv), catalyzed by Rh2(S-TPPTTL)4 

(4.93 mg, 0.003 mmol, 1.0 mol %). The product was purified by flash column chromatography on 

silica gel (gradient elution: 0 – 2% diethyl ether in pentane) to afford colorless oil in 82 % yield 

(76 mg). 
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1H NMR (600 MHz, CDCl3) δ 7.43 – 7.38 (m, 1H), 7.31 (t, J = 7.5 Hz, 2H), 7.25 (t, J = 7.3 Hz, 

1H), 7.21 – 7.18 (m, 2H), 7.10 (d, J = 7.4 Hz, 2H), 7.02 (d, J = 8.7 Hz, 2H), 6.99 – 6.95 (m, 1H), 

6.86 (d, J = 8.7 Hz, 2H), 5.94 (s, 1H), 3.82 (s, 3H). 

13C NMR (151 MHz, CDCl3) δ 158.2, 143.0, 141.9, 134.7, 134.5, 131.1, 130.5, 129.7, 129.5, 

128.3, 127.7, 126.6, 126.4, 113.7, 55.2, 52.6. 

IR: 3060, 3025, 2930, 2834, 1608, 1508, 1450, 1246, 1177, 1050, 1035 cm-1.  

HRMS (+APCI) m/z: calcd for C20H17ClO [M]+ 308.0968 found 308.0965. 

[α]22
D  –8.8 (c 1.06, CHCl3) 

HPLC conditions (Characterized as C-H intermediate): (ADH column, 0.5 mL/min 0.5 % i-PrOH 

in n-hexane 30 min, UV 230 nm) retention times of 13.9 (major) and 14.9 min (minor) 87 % ee 

with Rh2(S-TPPTTL)4, and retention times of 13.9 (major) and 15.8 min (minor) 98 % ee with 

Rh2(S-PTAD)4. 

 

 

(R)-1-chloro-2-(phenyl(m-tolyl)methyl)benzene(24) 

Compound 24 was obtained according to general procedure b from the C–H functionalization 

reaction between 1-methyl, 1,4-cyclohexadiene (0.1mL, 1.2 mmol, 4 equiv) and 1-chloro-2-

(diazo(phenyl)methyl)benzene (69 mg, 0.3 mmol, 1.0 equiv), catalyzed by Rh2(S-TPPTTL)4 (4.93 

mg, 0.003 mmol, 1.0 mol %). The product was purified by flash column chromatography on silica 

gel (gradient elution: 0 – 2% diethyl ether in pentane) to afford colorless oil in 67 % yield (59 mg). 
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1H NMR (400 MHz, CDCl3) δ 7.46 – 7.39 (m, 1H), 7.34 (t, J = 7.5 Hz, 2H), 7.30 – 7.18 (m, 4H), 

7.15 – 7.06 (m, 3H), 7.03 – 6.98 (m, 1H), 6.96 (s, 1H), 6.90 (d, J = 7.9 Hz, 1H), 5.98 (s, 1H), 2.34 

(s, 3H). 

13C NMR (151 MHz, CDCl3) δ 142.7, 142.5, 141.7, 138.0, 134.6, 131.2, 130.4, 129.7, 129.6, 

128.4, 128.2, 127.7, 127.3, 126.64, 126.59, 126.5, 53.4, 21.5. 

HRMS (+APCI) m/z: calcd for C20H17Cl[M]+ 292.1019 found 292.1013. 

IR: 3059, 3024, 2919, 1600, 1589, 1493, 1467, 1125, 1050, 1039 cm-1. 

[α]23
D  2.1 (c 1.55, CHCl3) 

HPLC conditions as C-H Insertion product:  HPLC (ODH column, 0.8 mL/min .1 % i-PrOH in 

n-hexane 45 min, UV 230 nm) retention times of 9.5 (major) and 15.2 min (minor) 83% ee with 

Rh2(S-TPPTTL)4. 

The major enantiomer was assigned to the major peak based on the assumption that this 

compound will follow the pattern shown in Scheme 5. The major enantiomer is assigned based 

on the crystal structure obtained from compound 20a, however which peak corresponds to the 

minor enantiomer is unclear. Based on the oxidation of both diasteromers to the subsequent 

TRAM compound, we obtain a calculated ee of 83% based on the 90:10 ratio and an estimated 

ee value of 83% was assigned.   

 

 

 

(S)-2-chloro-1-((4-methoxyphenyl)(phenyl)methyl)-4-nitrobenzene(25) 
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Compound 25 was obtained according to general procedure b from the C–H functionalization 

reaction between 1,4-cyclohexadiene (0.12mL, 1.2 mmol, 4 equiv) 2-chloro-1-(diazo(4-

methoxyphenyl)methyl)-4-nitrobenzene (92 mg, 0.3 mmol, 1.0 equiv), catalyzed by Rh2(S-

TPPTTL)4 (4.93 mg, 0.003 mmol, 1.0 mol %). The product was purified by flash column 

chromatography on silica gel (gradient elution: 0 – 2% diethyl ether in pentane) to afford a 

colorless oil in 81 % yield (90 mg). 

1H NMR (600 MHz, CDCl3) δ 8.29 (d, J = 2.4 Hz, 1H), 8.05 (dd, J = 8.6, 2.4 Hz, 1H), 7.35 (t, J 

= 7.4 Hz, 2H), 7.29 (t, J = 7.5 Hz, 1H), 7.17 (d, J = 8.6 Hz, 1H), 7.08 (d, J = 7.3 Hz, 2H), 6.99 (d, 

J = 8.7 Hz, 2H), 6.89 (d, J = 8.7 Hz, 2H), 5.96 (s, 1H), 3.83 (s, 3H). 

13C NMR (151 MHz, CDCl3) δ 158.6, 149.6, 146.8, 141.4, 135.4, 133.0, 131.6, 130.4, 129.3, 

128.7, 127.1, 124.9, 121.5, 114.1, 55.3, 52.9. 

IR: 3027, 2931, 2835, 1608, 1509, 1346, 1247, 1177, 1360, 1031, 824,736 cm-1. 

HRMS (+APCI) m/z: calcd for C20H16ClNO3[M+H]+ 354.0897 found 354.0889.  

[α]23
D –9.4 (c 1.00, CHCl3) 

HPLC conditions: HPLC (ODH column, 0.25 mL/min 2.0 % i-PrOH in n-hexane 60 min, UV 

230 nm) retention times of 35.0 (minor) and 41.9 min (major) 98 % ee with Rh2(S-TPPTTL)4. 

 

 

(R)-1-chloro-2-((4-methoxyphenyl)(m-tolyl)methyl)benzene(26) 

Compound 26 was obtained according to general procedure b from the C–H functionalization 

reaction between 1-methyl, 1,4-cyclohexadiene (0.1mL, 1.2 mmol, 4 equiv) and 1-chloro-2-
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(diazo(4-methoxyphenyl)methyl)benzene (78 mg, 0.3 mmol, 1.0 equiv), catalyzed by Rh2(S-

TPPTTL)4 (4.93 mg, 0.003 mmol, 1.0 mol %). The product was purified by flash column 

chromatography on silica gel (gradient elution: 0 – 2% diethyl ether in pentane) to afford a 

colorless oil in 79 % yield (77 mg). 

1H NMR (600 MHz, CDCl3) δ 7.42 – 7.38 (m, 1H), 7.22 – 7.18 (m, 3H), 7.07 (d, J = 7.5 Hz, 1H), 

7.02 (d, J = 8.6 Hz, 2H), 7.00 – 6.97 (m, 1H), 6.94 (s, 1H), 6.90 – 6.85 (m, 3H), 5.91 (s, 1H), 3.82 

(s, 3H), 2.33 (s, 3H). 

13C NMR (151 MHz, CDCl3) δ 158.1, 142.9, 142.0, 137.9, 134.8, 134.5, 131.1, 130.5, 130.2, 

129.7, 128.2, 127.6, 127.2, 126.55, 126.52, 113.7, 55.2, 52.5, 21.5. 

IR: 3003, 2927, 2834, 1608, 1509, 1465, 1440,1281, 1247, 1177, 1037 cm-1. 

HRMS (+APCI) m/z: calcd for C21H19ClO[M+H]+ 323.1203 found 323.1198.  

HPLC condition as the C-H Insertion intermediate: HPLC (ADH column, 0.25 mL/min 0.5 % 

i-PrOH in n-hexane 45 min, UV 230 nm) retention times of 23.0 min (major) and 29.5 min (minor) 

>83% ee with Rh2(S-TPPTTL)4. 

The major enantiomer was assigned to the major peak based on the assumption that this 

compound will follow the pattern shown in Scheme 8. The major enantiomer is assigned based 

on the crystal structure obtained from compound 20a, however which peak corresponds to the 

minor enantiomer is unclear.  

Ee was calculated to be >82% based on the assumption that the diasteriomeric peak could be any 

of the minor peaks, and the ee is then assumed subtracting the sum of the 3 minor peaks.  
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(R)-1-((2-chloro-4-nitrophenyl)(phenyl)methyl)naphthalene (27) 

Compound 27 was obtained according to general procedure b from the C–H functionalization 

reaction between 1,8a-dihydronaphthalene (0.16 mL, 1.2 mmol, 4 equiv) and 2-chloro-1-

(diazo(phenyl)methyl)-4-nitrobenzene (82 mg, 0.3 mmol, 1.0 equiv), catalyzed by Rh2(S-

TPPTTL)4 (4.93 mg, 0.003 mmol, 1.0 mol %). The product was purified by flash column 

chromatography on silica gel (gradient elution: 0 – 10% diethyl ether in pentane) to afford an oil 

in 43% yield (49 mg). 

1H NMR (600 MHz, CDCl3) δ 8.34 (d, J = 2.4 Hz, 1H), 7.99 (dd, J = 8.6, 2.4 Hz, 1H), 7.91 (d, J 

=7.9 Hz, 1H), 7.83 (t, J = 7.6 Hz, 2H), 7.50 (ddd, J = 8.2, 6.8, 1.3 Hz, 1H), 7.46 (ddd, J = 7.6, 6.4, 

1.3 Hz, 1H), 7.42 – 7.30 (m, 4H), 7.11 (d, J = 6.9 Hz, 2H), 7.07 (d, J = 8.6 Hz, 1H), 6.89 (d, J = 

7.2 Hz, 1H), 6.65 (s, 1H). 

13C NMR (151 MHz, CDCl3) δ 149.1, 147.0, 140.5, 137.5, 135.3, 134.1, 131.7, 131.5, 129.7, 

129.0, 128.9, 128.2, 127.3, 127.2, 126.7, 125.9, 125.2, 125.0, 123.6, 121.6, 50.4. 

IR: 3063, 2962, 2358,1738, 1558,1395, 1136, 894 cm-1. 

HRMS (+APCI) m/z: calcd for C23H16ClNO2 [M+H]+ 374.0948 found 374.0942. 

[α]22
D 3.5 (c 1.32, CHCl3) 

HPLC conditions: HPLC (ADH column, 1.0 mL/min 1% i-PrOH in n-hexane 30 min, UV 230 

nm) retention times of 10.5 (minor) min and 12.9 (major) min with 65 % ee Rh2(S- TPPTTL)4. 

 

 

(R)-2-chloro-1-((3-methoxyphenyl)(phenyl)methyl)-4-nitrobenzene (28) 
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Compound 28 was obtained according to general procedure b from the C–H functionalization 

reaction between 1-methoxycyclohexa-1,4-diene (0.16mL, 1.2 mmol, 4 equiv) and 2-chloro-1-

(diazo(phenyl)methyl)-4-nitrobenzene (82mg, 0.3 mmol, 1.0 equiv), catalyzed by Rh2(S-

TPPTTL)4 (4.93 mg, 0.003 mmol, 1.0 mol %). The product was purified by flash column 

chromatography on silica gel (gradient elution: 0 – 5% diethyl ether in pentane) to afford an oil in 

33% yield (36 mg).  

1H NMR (400 MHz, CDCl3) δ 8.29 (d, J = 2.4 Hz, 1H), 8.05 (dd, J = 8.6, 2.37 Hz, 1H), 7.37 – 

7.26 (m, 4H), 7.17 (d, J = 8.6 Hz, 1H), 7.08 (d, J = 6.7 Hz, 2H), 6.84 (dd, J = 8.3, 2.6 Hz, 1H), 

6.65 (d, J = 7.6 Hz, 1H), 6.61 (t, J = 2.2 Hz, 1H), 5.97 (s, 1H), 3.78 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 159.9, 149.0, 146.9, 142.6, 140.8, 135.5, 131.7, 129.7, 129.4, 

128.7, 127.2, 124.9, 121.9, 121.5, 115.8, 111.9, 55.2, 53.6. 

IR: 2920, 2851, 1735, 1598, 1519, 1493, 1454, 1376, 1348, 1136, 1075, 1046, 893 cm-1. 

HRMS (+APCI) m/z: calcd for C20H17ClNO3 [M+H]+ 354.0897 found 354.0892. 

[α]23
D  4.2 (c 0.99, CHCl3) 

HPLC: (ODH column, 1.0 mL/min 1% i-PrOH in n-hexane 30 min, UV 230 nm) retention times 

of: 15.3 (major) and 18.9 min (minor) 75 % ee with Rh2(S-TPPTTL)4. 

 

(R)-2-chloro-1-((5-isopropyl-2-methylphenyl)(phenyl)methyl)-4-nitrobenzene (29) 

Compound 29 was obtained according to general procedure b from the C–H functionalization 

reaction between 1-isopropyl-4-methylcyclohexa-1,4-diene (0.19 mL, 1.2 mmol, 4 equiv) and 2-
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chloro-1-(diazo(phenyl)methyl)-4-nitrobenzene (82mg, 0.3 mmol, 1.0 equiv), catalyzed by Rh2(S-

TPPTTL)4 (4.93 mg, 0.003 mmol, 1.0 mol %). The product was purified by flash column 

chromatography on silica gel (gradient elution: 0 – 5% diethyl ether in pentane) to afford an oil in 

28% yield (32 mg). 

1H NMR (400 MHz, CDCl3) δ 8.30 (d, J = 2.3 Hz, 1H), 8.05 (dd, J = 8.6, 2.37 Hz, 1H), 7.37 – 

7.24 (m, 3H), 7.16 (d, J = 7.8 Hz, 1H), 7.13 – 7.05 (m, 2H), 7.06 – 6.99 (m, 2H), 6.54 (d, J = 1.9 

Hz, 1H), 6.02 (s, 1H), 2.76 (hept, J = 6.9 Hz, 1H), 2.16 (s, 3H), 1.14 (dd, J = 6.9, 1.66 Hz, 6H) 

13C NMR (101 MHz, CDCl3) δ 149.2, 146.7, 140.4, 139.3, 135.5, 134.0, 131.5, 130.7, 129.59, 

129.56, 128.7, 127.2, 127.1, 124.9, 124.8, 121.5, 50.9, 33.6, 24.1, 24.0, 19.2. 

IR:  2961, 1526, 1450,1347, 1258, 1020, 861 cm-1.  

HRMS (+APCI) m/z: calcd for C23H22ClNO2 [M+H]+ 380.1417 found 380.1407. 

[α]23
D –4.7 (c 1.00, CHCl3) 

HPLC (ODH column, 1.5 mL/min 0%  i-PrOH in n-hexane 60 min, UV 230 nm) retention times 

of 17.34 (minor) and 21.74 min (major) 73 % ee with Rh2(S-TPPTTL)4. 
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3.6. 1H 13C and 19F NMR Spectra for Characterization of Compounds. 

Determination of Diastereomers of compound 20a and 20b. 
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2D COSY: 

 

Correlation between methyl group and Hd boxed in purple.  
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2-chloro-1-(diazo(4-methoxyphenyl)methyl)-4-nitrobenzene (SI-1) 
1H NMR (600 MHz, CDCl3) 

 
13C NMR (600 MHz, CDCl3) 
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3-(diazo(4-fluorophenyl)methyl)pyridine (SI-2) 
1H NMR (400 MHz, CDCl3) 

 
19F NMR (400 MHz, CDCl3) 
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Compound 2 
1H NMR  (400 MHz, CDCl3) 

 
13C NMR (400 MHz, CDCl3) 
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Compound 8 
1H NMR (400 MHz, CDCl3) 

 
13C NMR (400 MHz, CDCl3) 
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Compound 9 
1H NMR (600 MHz, CDCl3) 

  
13C NMR (600 MHz, CDCl3) 
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Compound 11 
1H NMR (600 MHz, CDCl3) 

 
13C NMR (600 MHz, CDCl3) 
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Compound 12  
1H NMR (600 MHz, CDCl3)  
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13C NMR (600 MHz, CDCl3) 
 

 

 

 

 

 

 

 

 

 

 

 

 

     

 

 

 

 

 

    

 

 

 

19F NMR (600 MHz, CDCl3) of compound 8. 
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Compound 13 
1H NMR (600 MHz, CDCl3) 

 
13C NMR (600 MHz, CDCl3) 
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19F NMR (600 MHz, CDCl3) of compound 9. 
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Compound 14  
1H NMR (600 MHz, CDCl3) 

 
13C NMR (600 MHz, CDCl3) 
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Compound 14 
1H NMR (600 MHz, CDCl3) 

  
13C NMR (600 MHz, CDCl3)
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Compound 15 
1H NMR (600 MHz, CDCl3) 

 
13C NMR (600 MHz, CDCl3) 
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Compound 17 
1H NMR (600 MHz, CDCl3) 

 
13C NMR (600 MHz, CDCl3) 
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Compound 18 
1H NMR (600 MHz, CDCl3) 

 
13C NMR (600 MHz, CDCl3) 
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Compound 21 
1H NMR (600 MHz, CDCl3) 

  

13C NMR (600 MHz, CDCl3) 
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19F NMR (600 MHz, CDCl3) of compound 21. 
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Compound 23 
1H NMR (600 MHz, CDCl3) 

 

13C NMR (600 MHz, CDCl3) 
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Compound 24 
1H NMR (400 MHz, CDCl3) 

 
13C NMR (600 MHz, CDCl3) 
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Compound 25 
1H NMR (600 MHz, CDCl3) 

 
13C NMR (600 MHz, CDCl3) 
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Compound 26 
1H NMR (600 MHz, CDCl3) 

 
13C NMR (600 MHz, CDCl3) 
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Compound 27 
1H NMR (600 MHz, CDCl3) 

 
13C NMR (600 MHz, CDCl3) 
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Compound 28 
1H NMR (400 MHz, CDCl3) 

 

13C NMR (400 MHz, CDCl3) 
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Compound 29 
1H NMR (400 MHz, CDCl3) 

 
13C NMR (400 MHz, CDCl3) 

 

With Rh2(S-PTAD)4 
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Compound 29 NOE 
1H-1H COSY NMR (400 MHz, CDCl3) 
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Compound 29  

Crude 1H NMR (400 MHz, CDCl3) 

Selectivity with Rh2(S-TPPTTL)4 
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3.7 X-Ray Crystallographic Data for Compound 20a. 

  

 

Experimental. Single colorless plate-shaped crystals of Compound 20a. were chosen 

from the sa mple as supplied. A suitable crystal with dimensions 0.36 × 0.27 × 0.14 mm3 

was selected and mounted on a loop with paratone on a XtaLAB Synergy diffractometer. 

The crystal was kept at a steady T = 100.00(10) K during data collection. The structure 

was solved with the ShelXT 2018/2 (Sheldrick, 2018) solution program using dual 

methods. The model was refined with Jana2020 (Palatinus, 2020) using least squares 

minimisation on F2. 

Crystal Data.  C22H21F3O, Mr = 358.4, monoclinic, P21 (No. 4), a = 7.331(2) Å, b = 

6.002(2) Å, c = 21.088(4) Å,  = 105.13(3)°,  =  = 90°, V = 895.7(4) Å3, T = 

100.00(10) K, Z = 2, Z' = 1, (Cu K ) = 0.846, 11165 reflections measured, 3291 unique 

(Rint = 0.0536) which were used in all calculations. The final wR2 was 0.1293 (all data) and 

R1 was 0.0513 (I≥3 (I)). 
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The repeating unit for the two overlapping twin domains treated as a single crystal  .
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3.8 HPLC Spectra for Enantioselectivity Determination  

 
Compound 2-Table 1 Racemic Trace: 

 

 
 

 
Compound 2- Table 1 Trace with Rh2(S-DOSP)4: 

 
 

HPLC (ADH column, 1.0 mL/min 1% i-PrOH in n-hexane 30 min, UV 230 nm) retention times 

of 17.38 (minor) and 18.32 min (major) 3 % ee with Rh2(S-DOSP)4. 
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Compound 2- Table 1 Trace with Rh2(S-2Cl-5BRTPCP)4: 

 

 
 

HPLC (ADH column, 1.0 mL/min 1% i-PrOH in n-hexane 30 min, UV 230 nm) retention times 

of 17.37 (minor) and 18.31 min (major) -79 % ee with Rh2(S-2CL5BrTPCP)4. 

 

Compound 2- Table 1 Trace with Rh2(S-NTTL)4: 

 

 

 
HPLC (ADH column, 1.0 mL/min 1% i-PrOH in n-hexane 30 min, UV 230 nm) retention times 

of 17.1(minor) and 18.0min (major) 94 % ee with Rh2(S-TPPTTL)4. 
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Compound 2- Table 1 Trace with Rh2(S-TPPTTL)4: 

 
 

 
HPLC (ADH column, 1.0 mL/min 1% i-PrOH in n-hexane 30 min, UV 230 nm) retention times 

of 17.80 (minor) and 18.77 min (major) 79 % ee with Rh2(S-TPPTTL)4. 

 

 

Compound 2- Table 1 Trace with Rh2(S-PTTLL)4: 

 

 

 
 

HPLC (ADH column, 1.0 mL/min 1% i-PrOH in n-hexane 30 min, UV 230 nm) retention times 

of 17.40  (minor) and 18.3 min (major)  98 % ee with Rh2(S-PTTL)4. 
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Compound 2- Table 1 Trace with Rh2(S-TCPTAD)4: 

 

 
 

 
HPLC (ADH column, 1.0 mL/min 1% i-PrOH in n-hexane 30 min, UV 230 nm) retention times 

of 17.58 (minor) and 18.52 min (major) 97 % ee with Rh2(S-TCPTAD)4. 

 

 

Compound 2- Table 1 Trace with Rh2(S-PTAD)4: 

 

 

 
HPLC (ADH column,1.0 mL/min 1% i-PrOH in n-hexane 30 min, UV 230 nm) retention times 

of 17.06 (minor) and 18.00 min (major) 99 % ee with Rh2(S-PTAD)4. 
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Compound 8-Racemic: 

 

 
 

 
 

 

Compound 8 Trace with Rh2(S-PTAD)4: 

 

 
 

 

HPLC (OD column,1.0 mL/min 1% i-PrOH in n-hexane 30 min, UV 230 nm) retention times of 

17.3 (major) and 22.5 min (minor) 99% ee with Rh2(S-PTAD)4. 
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Compound 8- Rh2(S-PTAD)4: 1mmol scale 

 

 

 
 

 
 

HPLC (OD column,1.0 mL/min 1% i-PrOH in n-hexane 30 min, UV 230 nm) retention times of 

17.9 (major) and 23.9 min (minor) 99% ee with Rh2(S-PTAD)4. 
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Compound 9-Racemic  

 

 
Compound 9 Trace with Rh2(S-PTAD)4: 

 

 
 

HPLC (ODH column, 1.0 mL/min 0.5 % i-PrOH in n-hexane 45 min, UV 230 nm) retention 

times of 12.25 (major) and 15.97 min (minor) 93 % ee with Rh2(S-PTAD)4. 



 185 

 
Compound 10 Racemic: 

 

 
 

Compound 10 Trace with Rh2(S-PTAD)4: 

 

 
HPLC (ODH column, hexane, 1.0 mL/min 0.5% i-PrOH in n-hexane 25 min, UV 230 nm) 

retention times of 6.2 (minor) and 7.2 min (major) 85 % ee with Rh2(S-PTAD)4 
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Compound 11 Racemic: 

 

 
Compound 11 Trace with Rh2(S-PTAD)4: 

 

 

HPLC (ODH column, hexane, 0.8 mL/min 0.2% i-PrOH in n-hexane 20 min, UV 230 nm) 

retention times of 14.40 (minor) and 15.64 min (major) 79 % ee with Rh2(S-PTAD)4. 
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Compound 12-C-H insertion product Racemic: 

 

 

 
 

 

Compound 12-C-H insertion Trace with Rh2(S-PTAD)4: 
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Compound C-H insertion product -Racemic  
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Compound 13 C-H insertion product Rh2(S-PTAD)4: 

 

 
 

HPLC (ADH column, 1.0 mL/min 2.25 % i-PrOH in n-hexane 30 min, UV 230 nm) retention 

times of 16.2 (major) and 25.03 min (minor) 77 % ee with Rh2(S-PTAD)4. 
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 Compound 14 -Racemic  

 

 

 

Compound 14 Trace with Rh2(S-PTAD)4: 

 

 
HPLC (OD column, 1.0 mL/min 0.5 % i-PrOH in n-hexane 30 min, UV 210 nm) retention times 

of 13.54 (minor) and 16.02 min (majorr) 76 % ee with Rh2(S-PTAD)4. 
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Compound 15 -Racemic  

 

 
 

Compound 15 Trace with Rh2(S-PTAD)4: 
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 Compound 16 –Racemic. 

 

 
 

Compound 16 Trace with Rh2(S-PTAD)4: 

 

 
HPLC (ODH column, 0.8 mL/min 2.25 % i-PrOH in n-hexane 30 min, UV 230 nm) retention 

times of 12.40 (major) and 14.09 min (minor) 93 % ee with Rh2(S-PTAD)4. 
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Compound 18 –Racemic 

 

 

 
Compound 18 Trace with Rh2(S-PTAD)4: 

 

 
HPLC (ODH column, 1.0mL/min 1.0 % i-PrOH in n-hexane 15 min, UV 230 nm) retention 

times of 9.45 (minor) and 11.02 min (major) 91 % ee with Rh2(S-TPPTTL)4 
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Compound 20  (C-H) intermediate -Racemic  

 
 

 
This trace tells us peaks 1 and 3 are enantionmers and 2 and 4 are the other set of diastereomers.  

 

Compound 20 (C-H) intermediate Trace with Rh2(S-PTAD)4: 

 

 

 
Major Diasteriomer: peak 3 and 1. Minor Diasteriomer peak 4 and 2.  
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Compound 21 -Racemic  

 

 
 

 
Compoun 21 Trace with Rh2(S-PTAD)4: 

 

 

 
HPLC (ODH column, 1.0 mL/min 1% i-PrOH in n-hexane 25 min, UV 230 nm) retention times 

of 4.76 (minor) and 5.26 min (major) 79 % ee with Rh2(S-PTAD)4. 
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Compound 17 -Racemic Table 2. Catalyst Screen  

 

 

 
 

Compound 17 Trace with Rh2(S-PTAD)4: 
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Compound 17 Trace with Rh2(S-TCPTAD)4: 

 

 
Compound 17 Trace with Rh2(S-NTTL)4: 
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Compound 17 Trace with Rh2(S-PTTL)4: 

 

 
 

Compound 17 Trace with Rh2(S-TPPTTL)4: 
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Compound 23 –Racemic 

 

 
 

Compound 23 Rh2(S-TPPTTL)4: 

 

 

 
 

HPLC (ADH column, 0.5 mL/min 0.5 % i-PrOH in n-hexane 30 min, UV 230 nm) retention 

times of 13.86 (major) and 14.90 min (minor) 87 % ee with Rh2(S-TPPTTL)4. 
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Compound 24 as C-H Insertion Intermediate –Racemic 

 

 
 

 
 

Compound 24 as C-H Insertion Intermediate Trace with Rh2(S-TPPTTL)4: 

 

 

 
HPLC (ODH column, 0.8 mL/min .1 % i-PrOH in n-hexane 45 min, UV 230 nm) retention times 

of 9.5 (major) and 13.1 min (minor) 85 % ee with Rh2(S-TPPTTL)4 for the major diastereomer; 

11. .6 (major) and 15.2 min (minor) 70 % ee with Rh2(S-TPPTTL)4 for the minor diastereomers. 
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Compound 25 –Racemic 

 

 
 

Compound 25 Trace with Rh2(S-TPPTTL)4: 

 

 
 

HPLC (ODH column, 0.25 mL/min 2.0 % i-PrOH in n-hexane 60 min, UV 230 nm) retention 

times of 35.04 (minor) and 41.88 min (major) 98 % ee with Rh2(S-TPPTTL)4. 



 202 

 
Compound 26 as C-H Insertion Intermediate –Racemic 

 

 
In racemic reaction d.r. is 1:1; making it unclear which peak corresponds to which enantiomer.  

 

Compound 26 as C-H Insertion Intermediate Trace with Rh2(S-TPPTTL)4: 

 

 
HPLC (ADH column, 0.25 mL/min 0.5 % i-PrOH in n-hexane 45 min, UV 230 nm) retention 

times of 23.02(major) and 29.47 min (minor) with Rh2(S-TPPTTL)4 
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Compound 18 –Racemic 

 

 

 
Compound 18 Trace with Rh2(S-TPPTTL)4: 

 

 
HPLC (ODH column, 1.0mL/min 1.0 % i-PrOH in n-hexane 15 min, UV 230 nm) retention 

times of 9.45 (minor) and 11.02 min (major) 91 % ee with Rh2(S-TPPTTL)4 
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Compound 27 –Racemic 

 
 

 

 
 

Compound 27 Trace with Rh2(S-TPPTTL)4: 
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Compound 28 –Racemic 

 

 
 

 

Compound 28 Trace with Rh2(STPPTTL)4: 

 

 
 

HPLC (ODH column, 1.0 mL/min 1% i-PrOH in n-hexane 30 min, UV 230 nm) retention times 

of 15.2 (major) and 19.0 min (minor) 75 % ee with Rh2(S-TPPTTL)4. 
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Compound 29 –Racemic 

 

 
 

Compound 29 Trace with Rh2(S-TPPTTL)4: 
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Chapter 4.  Oxidation of Hydrazones to Diazo Compounds- Strategies and Flow 

Conditions  

A portion of the work has been published in the ACS Catalysis journal.1 Adapted with permission 

from ACS Catal. 2021, 11, 5, 2676–2683. Copyright 2021 American Chemical Society. 

4.1 Introduction of Diazo Synthesis Strategies 

 Diazo compounds are useful synthetic reagents capable of a variety of transformations, 

most notably they are key precursors to carbene compounds discussed throughout this 

dissertation.2-5 There are a variety of methods to access diazo compounds as shown in Scheme 1.2 

While these methods are all successful in the generation of diazo compounds, there are drawbacks 

and limitations to each approach. The first method employs a diazo transfer reagent, also known 

as Regitz diazo transfer agents, which utilizes sulfonyl azides and suitable bases, Scheme 1a.6 The 

transformation proceeds through deprotonation to form an enolate that can react with the azide 

reagent. Tosyl azide (TsN3) or mesyl (MsN3) were the initially used diazo transfer reagents, but 

several other variants have been developed such as 4-acetamidobenzenesulfonyl azide, which has 

enhanced stability and o-nitrobenzenesulfonyl azide (o-NBSA), which is more reactive7, 8 

However, these reagents still require the use of potentially explosive azides and produce a one-to-

one mol ratio of product to sulfonamide byproduct.9 To avoid the use of azides, hydrazones as 

diazo compound precursors are a promising alternative. The Bamford-Stevens reaction converts a 

tosylhydrazone compound to the corresponding diazo compound under basic conditions and heat 

(Scheme 1b).10 This method had been well utilized but has a disadvantage of generating 

toluenesulfinic acid byproduct.11 Alternatively, hydrazone compounds can be oxidized to diazo 

compounds using a variety of stoichiometric metal oxidants or hypervalent iodine reagents 

(Scheme 1d).12-17  Due to the widespread synthetic utility of diazo compounds, conditions that are 
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safe and avoid stoichiometric oxidants or byproducts would be highly valuable.  

 

Scheme 1. Common Strategies to Synthesize Diazo Compounds 

4.2 Hydrazone Oxidation of Diazo Compounds: Initial Work by Davies and Stahl Labs 

 In collaboration with the Stahl Lab at the University of Wisconsin, Madison Dr. Wenbin 

Liu and Dr. Jack Twilton pioneered the aerobic oxidation of hydrazone compounds to diazo 

compounds using catalytic amounts of copper acetate (10 mol %) in the presence of a base, with 

oxygen as the terminal oxidant.1 This work allowed for the generation of a variety of 

aryldiazoacetates to be formed in high yield, with water as the major byproduct (Scheme 2). This 

method converted hydrazone compounds with varying aryl substituents and ester groups including 

heterocycles. However, when this system was applied to diphenyl diazo hydrazone less than 5% 

of the desired product was observed. Diaryl diazo compounds are known to be less stable and 

readily decompose but the most common way to form them is through hydrazone oxidation. This 

method was believed to be incompatible with the diaryl system due to the use of silica gel, which 
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is slightly acidic and could lead to diazo degradation.  

 

 

Scheme 2. Select Examples of Oxidation of Hydrazone to Diazo Compounds Using Cu 

(Data from Dr. Wenbin Lui) 

 

The method developed by Dr. Lui and Dr. Twilton demonstrated that catalytic oxidation of 

hydrazones could be achieved in high yield and minimal byproducts. At the time I was generating 

diaryl diazo compounds using hypervalent iodide TsNIK reagent discussed in Chapter 2 and had 
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a particular interest in expanding their method to achieve high conversion of diaryl hydrazone 

compounds. 

4.3 Oxidation of Diaryl Hydrazone to Diazo Compounds Results and Discussion  

 Melissa Hall (Hopkins), a graduate student in the Stahl lab was able to join the project and 

work in collaboration with the Davies lab to develop conditions for the oxidation of diaryl 

hydrazones to diazo compounds. The initial screening, performed by Melissa, was on the biphenyl 

hydrazone compound 12. It was found diaryl diazo 11 was relatively unstable and was converted 

in situ to acetate 11a for analysis. Switching from pyridine as base to the stronger base, DMAP, 

increased yield from 7% to 17%, entry 3. Removal of silica from the reaction system lead to a 

yield of 34%, entry 4. Based on this trend, we sought to look at alternate electron-rich pyridine 

bases P1-P4. 9–Azajulolidine, P4, showed the best reactivity at 5 mol % Cu(TFA)2·H2O resuling 

in 87% yield. 9–Azajulolidine has the amino group coplanar to the pyridine π-system which 

enhances the basicity relative to the other 4-aminopyridine derivatives. 
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Table 1.  Optimization of Diaryl hydrazone Oxidation (Data from Melissa Hall) 

 These optimized reaction conditions were then employed to a series of diaryl hydrazone 

derivatives (Scheme 3). The innate reactivity of the diaryl diazomethane derivatives can lead to 

large differences in NMR and isolated yields. For example, p-methoxy diazo 13 was converted in 

89% yield, but the isolated amount was 62% yield. More stable diazo compounds have an electron- 

withdrawing group and little deviation from the NMR yield, as seen in 14 (92% vs. 90%), 16 (91% 
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vs. 86%,) and 17 (85% vs. 82%). These results are likely due to a combination of factors, including 

the more acidic nature of the N−H bonds of the hydrazone starting materials, which leads to 

enhanced reactivity and increased stability of the diazo products under the reaction conditions and 

during isolation.  

 

Scheme 3. Scope of Diaryl Hydrazone Oxidation 

 To showcase the utility of this method a tandem one-pot oxidation then cyclopropanation 

was tested, Scheme 4. The crude diaryl diazomethane derivative 14, obtained from aerobic 

dehydrogenation of the corresponding hydrazone 18 using a Cu(TFA)2/ 9–Azajulolidine catalyst 

system, was used directly in the cyclopropanation of styrene with Rh2(S-PTAD)4 as the catalyst. 

The cyclopropane product 19 was obtained in moderate yield and good stereoselectivity (56% 

yield, 2:1 d.r., and 94% ee). This is advantageous, especially for less stable diaryl diazo compounds 
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where isolation of the diazo compound leads to diminished yields. 

 

 

Scheme 4. Tandem Oxidation Cyclopropanation  

 This project details a new Cu-catalyzed method for the aerobic oxidation of hydrazone to 

diazo compounds using a low-cost catalyst, with ambient air as the oxidant. A diverse class of 

substrates can be accessed through minimal variation of base and reactions produce water as the 

sole byproduct. In addition, this method allows for subsequent C-H Functionalization reactions 

without the need for isolation or purification. This work has now been published online in the ACS 

Catalysis journal; figures and analyses from this paper have been adapted and incorporated into 

this chapter.1 
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4.4 Heterogeneous Metals on Nitrogen-Doped Carbon- Oxidation and Flow Applications 

 The conversion of hydrazones to diazo compounds in flow is highly advantageous to avoid 

handling large quantities of diazo compounds, especially for industrial processes. The Ley group 

in 2015 demonstrated a flow system using MnO2 as an oxidant for the generation of unstable mono-

substituted diazo intermediates which were then subjected to a downstream sp2-sp3 cross-coupling 

reaction.18 Over the two-step process the desired product could be generated in up to 96% yield. 

The Charette group also developed a similar system, using Ag2O and base in a packed column to 

generate diazoalkane compounds.19, 20 Although these methods provided the desired diazo 

compounds, stoichiometric metal waste, especially on larger scales, is undesirable. Avoiding 

stoichiometric metals as oxidants and starting materials that produce byproducts makes the Cu 

system described previously an excellent alternative method for flow systems. To this end, Dr. Bo 

Wei from the Davies lab, in collaboration with Taylor Hatridge in Chris Jones’ lab at Georgia Tech 

developed a three-phase packed bed reactor protocol that utilized the aerobic copper oxidation to 

generate diazo compounds in flow, Scheme 5.21 The column is a mixture of Cu(OAc)2·H2O and 

excess silica and the bottom has a silica plug to capture any solubilized Cu catalyst from the 

reaction stream. The desired hydrazone and DMAP were dissolved into dichloromethane and the 

liquid solution enters the glass column. Oxygen is added into the column by an ulta-zero air 

cylinder and controlled using a gas flow meter. This system allowed for the was able to oxidize 

hydrazone 20 to diazo 1, which was subjected to a variety of rhodium-catalyzed C–H 

Functionalization reactions. The products were able to be formed in high yield and 

enantioselectivity. The reactor was able to maintain high conversion over 11 residence times, but 

product conversion did start to drop a bit at 4.5 residence times to 90%. The authors note a potential 

drawback to this system is the Cu catalyst leaching over time, which could have negative impacts 
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on downstream rhodium chemistry.  

 

 

Scheme 5. Copper-Catalyzed, Aerobic Oxidation of Hydrazone in a Packed Bed Reactor  

4.5  Heterogeneous MNC Results and Discussion 

 In collaboration with Melissa Hall at the University of Wisconsin, Madison we began 

investigating the use of metals on nitrogen-doped carbon (M-N-C) as heterogeneous catalysts for 

the formation of diazo compounds. Metals on nitrogen-doped carbon (M-N-C) materials have been 

used in electrochemical oxygen reduction towards platinum-group metal-free fuel cells wherein 
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oxygen (O2) accepts electrochemically generated protons and electrons to generate water.22 M-N-

C materials are efficient at shuttling protons and electrons, making them ideal materials for aerobic 

oxidation.23  Previous reports show M-N-C materials can be used in the aerobic oxidation of 

organic substrates with  O2 as the oxidant.24, 25 Fe-N-C is a commercially available material known 

as Pajarito Powder™ (PAJ-Fe-N-C), and had been studied for fuel cell applications.22, 23 We 

envisioned this material could be a competent heterogeneous catalyst to oxidize hydrazones to 

diazo compounds and would generate water as the sole byproduct. This would make isolation of 

the product simple, with only the removal of the heterogeneous catalyst needed, making the system 

amenable to flow conditions on a large scale. The initial screening of M-N-C materials was 

performed by Melissa Hall. This screen, revealed that M-N-C materials can catalyze hydrazone 

oxidation to diazo compounds under mild conditions, but also promote efficient catalysis in the 

absence of an added base (Table 2). Three hydrazones were tested in the initial screen because we 

have seen in our previous work the substituents of the hydrazone can affect the overall conversion. 

Ru/C and Pt/C, entries 1 and 2 respectively, gave a moderate yield of 1 and 3, but for the diaryl 

hydrazone 17 almost no product was observed. Different cobalt on carbon catalysts were tested, 

but conversion was low in all cases, entries 3,4, and 6. Fe-Pc-C was able to convert the diaryl 

hydrazone to the corresponding diazo 17, in a 21% yield, but only a 12% conversion to diazo 3 

was observed. Switching to the Pajarito Powder, entry 8, gave a significant increase to the 

conversion across all 3 hydrazones.  In the presence of 3 mol % PAJ-Fe-N-C and O2, hydrazone 

20 was converted to product 1 in 99% yield. In addition, diazo 17 was formed in 75% yield and 

diazo 3 in 76% yield, entry 8. 
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Table 2. Screening of Heterogeneous Catalyst for Hydrazone Oxidation (Data collected by 

Melissa Hall)  

 

 The optimized conditions were then employed to a variety of hydrazones. Donor/acceptor 

aryl diazoacetate compounds were able to be formed in high yields, with different phenyl and ester 

substituents. Diaryl diazo compounds were also formed in high yields with both electron-donating 
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and electron-withdrawing aryl rings. The diversity of the substituents highlights the utility of this 

method, without the need for further modification to accommodate different substrates as we saw 

in the previous Cu-catalyzed oxidation system. In only three cases, the addition of 2 mol % DBU 

was observed to increase yield for lower-performing substrates. The ortho-methoxy diazo 29 was 

formed in only 33% yield, but with the addition of 2 mol % DBU could be increased up to 90% 

yield.  

 

Scheme 6. Substrate scope of M-N-C-catalyzed oxidation of hydrazones. (Data collected in 

collaboration with Melissa Hall) 

 

Reaction conditions: Hydrazone (0.01 mmol) in 0.5 mL of C2H4Cl was added  to a vial with catalyst 
and additive in 1.5 mL of C2H4Cl under O2 at 23 °C. The mixture was stirred vigorously for 2 hrs. A 
stock solution of IS (1,3,5-triemthoxybenzene) was added and assay yield was determined by 
calibrated UPLC analysis.
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             To test the utility of the current method, a one-pot oxidation then cyclopropanation of 

styrene with diaryl hydrazone 25 was tested. Firstly, control experiments outlined in Table 3 were 

screened based on the slight drop in ee from batch (87% ee) to one pot (83% ee). We believe the 

slight drop in enantioselectivity in this transformation is due to water formation during the 

oxidation. One method of water removal from the system is the use of molecular sieves, however, 

in the case of the diaryl system, these significantly diminish the level of asymmetric induction of 

the system. One hypothesis is due to the slightly acidic nature of mol. sieves.26 Another method 

for the elimination of water in a system is the use of HFIP, due to its enhanced hydrogen bonding 

ability.27, 28 Previous studies have shown that although in some cases HFIP can rescue the rhodium 

catalyst from poisons, water or nitrogen nucleophiles it can also greatly affect the asymmetric 

induction of a system; beneficially for some catalysts such as Rh2(S-NTTL)4 or harmful to others 

Rh2(S-PTAD)4.29 To test if the M-N-C was causing the decrease in ee, the M-N-C catalyst was 

filtered through a large frit before addition to the rhodium reaction. This led to the desired 

cyclopropanation product in 78% yield, 50:1 d.r. and 83% ee, entry 1. The crude solution of the 

diazo mixture with the M-N-C catalyst led to very similar result of 75% yield, 50:1 d.r. and 83% 

ee. The slight drop in yield may be due to addition of the heterogeneous M-N-C catalyst which 

could interfere with stirring. We began to suspect the drop in ee could be a result of the amount of 

oxygen in the system. To test if air could be replaced as a terminal oxidant, the reaction was run 

without an oxygen balloon, Entry 3. Product was able to be formed, however, the yield was greatly 

diminished to 38%. Another possibility for the lowered ee was the use of oxygen in the first step. 

Entry 4, sparging the reaction with nitrogen for 15 mins, was able to recover the ee to 87%.   Entry 

5 confirmed that the M-N-C catalyst was necessary to oxidize the hydrazone to a diazo compound, 

and no product was formed without it. Without the rhodium catalyst, no desired cyclopropane 
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product was formed, this also indicated there is minimal to no iron leaching from the M-N-C 

catalyst, entry 6. This was an initial concern because iron in the presence of diazo compounds can 

form carbenes, but the cyclopropanation would not be asymmetric leading to a diminished overall 

ee of the system.30  

 

Table 3. One Pot Oxidation– C-H Functionalization Conditions Control Experiments 

  With the necessary control experiments concluded, we tested the optimized tandem 

oxidation then C-H Functionalization on the p-NO2 p-OMe hydrazone, 25 with a variety of 

substrates, unsubstituted biphenyl hydrazone, and donor/acceptor p-Br TCE hydrazone (Scheme 

5). The diaryl hydrazone compound afforded the desired cyclopropanation product 33, in 63% 

yield and 92% ee even with the presence of 10 equiv of water needed to get the full conversion to 

the diazo compound. C–H insertion reactions were also well tolerated in the system, with the C–
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H insertion of 1,4-cyclohexadiene compound 34 in 72% yield and 99% ee.  The C–H insertion of 

cyclohexane was also well tolerated affording the desired product, 36, in 69% yield and 97% ee. 

The reaction was scaled up to a 1 mmol scale, to afford the cyclopropane compound 3 with a slight 

boost in yield to 83%, and maintained 87% ee. 

 

 

Scheme 7. Scope of One Pot Oxidation– C-H Functionalization 

 As discussed at the beginning of this chapter, flow conditions to generate diazo compounds 

and perform downstream C-H Functionalization chemistry is highly desirable. By using a 

heterogeneous M-N-C catalyst where the only byproduct is water, our system is primed to be 
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adaptable to continuous flow conditions. Melissa Hall was able to build an initial flow-reactor 

system to showcase the potential of the current method in flow. An HPLC pump was fastened to 

a glass reaction tube to pump hydrazone substrate at a known rate with an additional gas inlet for 

the incorporation of oxygen. The hydrazone material flows through the reaction tube to be oxidized 

to the diazo compound, and is added dropwise to a flask containing the desired substrate and 

rhodium catalyst. This system is in the initial testing stages, however, is a good proof of concept.  

We envision this flow system would be an excellent way to make less stable compounds in situ, 

such as the diphenyl diazo compound. 

4.6 Conclusions 

 Diazo compounds are useful synthetic intermediates used throughout the chemical 

literature but remain a safety concern.11, 31, 32 Hydrazone oxidation is an alternate method to avoid 

the use of sodium azide, but stoichiometric byproducts or metals needed to generate the diazo 

compounds made these methods less attractive. In collaboration with the Stahl lab, the Davies lab 

has developed a Cu-catalyzed method for aerobic hydrogenation of hydrazones to the 

corresponding diazo compounds. The catalyst is low-cost and commercially available, the reaction 

is performed at ambient temperature and with air as the source of oxidant, making this method 

easily accessible. This method was also applied to the synthesis of cyclopropanes in a tandem 

hydrazone oxidation followed the rh-catalyzed cyclopropanation reaction and maintained high 

degrees of selectivity. Further studies conducted by the Jones and Davies lab, demonstrated these 

conditions could be applied to a flow system using a three-phase packed bed reactor. Inspired by 

these results a heterogenous catalytic-oxidation method was developed by the Stahl and Davies 

lab using commercially available Pajarito Powder™ (PAJ-Fe-N-C). This system was able to 

achieve high conversion of hydrazone to diazo compounds using 3 mol % metal loading, without 
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the use of base as an additive. The oxidation conditions were applied in tandem with Rh-catalyzed 

C-H Functionalization with a variety of substrates. The cyclopropanation and C-H insertions were 

accomplished in high yields and maintained high diastereo- and enantioselectivity. This method is 

currently being applied to flow conditions to study the scalability.  
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4.7 Experimental Data  

4.7.1 General Considerations  

 

All solvents for reactions were purified and dried by a Glass Contour Solvent System unless 

otherwise stated. 1H and 13C NMR spectra were recorded at 600 MHz (13C at 151 MHz) on Bruker-

600 spectrometer or IVONA-600 spectrometer or at 400 MHz (13C at 101 MHz) on a Bruker 

Avance III 400 spectrometer at 25 °C or a at 500 MHz (13C at 125.7 MHz) on a Bruker Avance 

III 500 spectrometer at 25 °C. Unless otherwise stated, NMR spectra were run in solutions of 

deuterated chloroform (CDCl3) with tetramethylsilane (TMS) as an internal standard (0 ppm for 

1H, and 0 ppm for 13C), and were reported in parts per million (ppm). Abbreviations for signal 

multiplicity are as follow: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, dd = 

doublet of doublet, etc. Coupling constants (J values) were calculated directly from the spectra. IR 

spectra were collected on a Nicolet iS10 FT-IR spectrometer and reported in unit of cm-1. Mass 

spectra were taken on a Thermo Finnigan LTQ-FTMS spectrometer with APCI, ESI or NSI or a 

Thermo X Exactive PlusTM Q-IT-MS with ESI.  

Substrates and reagents were purchased from the following suppliers and used without further 

purification: Sigma-Aldrich, Alfa-Aesar, Oakwood Chemical America, and Fisher Scientific.  

Racemic standards for enantiomeric determination were generated with reactions with Rh2(OAc)4 

or from Rh2((R) and (S)-DOSP)4 which was generated by dissolving equimolar mixture of R and 

S catalyst in a minimal amount of benzene and lyophilizing. High performance liquid 

chromatography analysis (HPLC) was performed on Agilent 1100 Technologies HPLC 

instrument. 
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4.7.2 General Procedure for Diaryl Hydrazone Oxidation  

 

To an 8 mL vial fitted with a cross shaped stir bar, was added 0.20 mmol of diaryl hydrazone 

substrate. A solution of Cu(TFA)2•H2O (5 mol%, 3.1 mg, 0.01 mmol) and 9- azajulolidine (20 

mol%, 7.0 mg, 0.04 mmol) in 1,2-Dichloroethane (2.0 mL) was added via an air displacement 

pipette and the vial was capped with septa fitted cap. A 16-gauge needle was inserted through the 

septa to facilitate movement of air and the reaction was stirred vigorously at 0 °C for 16 h. The 

reaction was stopped, concentrated and the crude material was purified using an alumina column 

under gradient of 0 to 5 % diethyl ether in hexanes to obtain purified diaryl diazo compounds.  

 

(diazomethylene)dibenzene (11)  

Compound 11 was obtained as a purple solid in 58% yield (22 mg) following the general procedure 

above using (diphenylmethylene)hydrazine (0.20 mmol) as starting material. Spectroscopic data 

matched that previously reported.33 

1H NMR (500 MHz, CDCl3) δ 7.42 – 7.38 (m, 2H), 7.33 – 7.30 (m, 2H), 7.20 (ddt, J = 8.5, 7.3, 

1.2 Hz, 1H).  

 

1-(diazo(phenyl)methyl)-4-methoxybenzene (13)  

Compound 13 was obtained as a purple solid in 62 % yield (28 mg) following the general 

Ar1 Ar2

N
NH2
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air (1 atm), DCE

0 °C,  o.n.

Ar1 Ar2
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procedure above using ((4-methoxyphenyl)(phenyl)methylene)hydrazine (0.20 mmol) as starting 

material. Spectroscopic data matched that previously reported.34 

1H NMR (500 MHz, CDCl3)  δ 7.38 – 7.33 (m, 2H), 7.28 – 7.26 (m, 2H), 7.22 – 7.19 (m, 2H), 

7.15 – 7.10 (m, 1H), 6.99 – 6.95 (m, 2H), 3.84 (s, 3H).  

 

1-(diazo(phenyl)methyl)-4-nitrobenzene (14)  

Compound 14 was obtained as an orange solid in 90% yield (43 mg) following the general 

procedure above using ((4-nitrophenyl)(phenyl)methylene)hydrazine (0.20 mmol) as starting 

material. Spectroscopic data matched that previously reported.34 

1H NMR (600 MHz, CDCl3)) δ 7.80 – 7.77 (m, 2H), 7.05 (dd, J = 8.3, 7.1 Hz, 2H), 6.97 – 6.93 

(m, 1H), 6.89 (dd, J = 8.4, 1.2 Hz, 2H), 6.55 – 6.51 (m, 2H).  

 

3-(diazo(phenyl)methyl)pyridine (15) Compound 15 was obtained as dark-pink oil in 79% 

yield (30 mg) following the general procedure above using 3-(hydrazineylidene(phenyl)methyl) 

pyridine (38.2 mg) as starting material.  

1H NMR (400 MHz, Acetone-d6) δ 8.43 (d, J = 2.7 Hz, 1H), 8.28 (d, J = 3.2 Hz, 1H), 7.55 (dt, J 

= 8.2, 2.0 Hz, 1H), 7.34 (t, J = 7.8 Hz, 2H), 7.29 (dd, J = 8.1, 4.7 Hz, 1H), 7.20 (d, J = 8.0 Hz, 

2H), 7.13 (t, J = 7.4 Hz, 1H).  

13C NMR (101 MHz, Acetone-d6) δ 146.78, 146.23, 131.82, 129.46, 128.40, 126.17, 126.11, 

124.96, 123.84. (The resonance resulting from the diazo carbon was not observed).  
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IR (neat): 3034, 2925, 2036, 1597, 1578, 1494, 1416, 1291, 1268, 1020, 931, 800, 752, 708, 694, 

660 cm-1.  

HRMS (ESI-MS) calcd for C12H10N3 [M+H] – 196.0869 found - 196.0870. calcd for C12H10N 

[M- N2+H] – 168.0808 found - 168.0809  

 

2-chloro-1-(diazo(phenyl)methyl)-4-nitrobenzene (16)  

Compound 28 was obtained as a red/orange solid in 86% yield (47 mg) following the general 

procedure above using ((2-chloro-4-nitrophenyl)(phenyl)methylene)hydrazine (0.20 mmol) as 

starting material. Spectroscopic data matched that previously reported.34 

1H NMR (600 MHz, CDCl3) δ 8.35 (d, J = 2.4 Hz, 1H), 8.10 (dd, J = 8.7, 2.4 Hz, 1H), 7.53 (d, J 

= 8.8 Hz, 1H), 7.40 (dd, J = 8.4, 7.5 Hz, 2H), 7.25 – 7.20 (m, 1H), 7.16 – 7.13 (m, 2H).  

 

1-(Diazo(4-methoxyphenyl)methyl)-4-nitrobenzene (17) 

Compound 17 was prepared using general procedure, ((4-methoxyphenyl)(4-nitrophenyl) 

methylene)hydrazone (54 mg, 0.20 mmol) was used to afford the titled diazo compound (82% 

yield). Spectroscopic data matched that previously reported.34 

1H NMR (600 MHz, CDCl3) δ 7.94 (d, J = 8.99 Hz, 2H), 6.96 (d, J = 8.76 Hz, 2H), 6.80 (d, J = 

8.76 Hz, 2H), 6.64 (d, J = 8.96 Hz, 2H), 3.37 (s, 3H). 

 



 230 

 

Tandem Sequence for Cyclopropane Synthesis with Diaryl Hydrazone  

A 20 mL scintillation vial was charged with Cu(TFA)2•H2O (2.8 mg 0.010 mmol, 5 mol%), 9- 

azajulolidine (7.0 mg, 0.040 mmol) and 1 mL DCE. The initial mixture was stirred vigorously with 

a stir bar (600 rpm) under air for 5 min before hydrazone was added. In a 4 mL scintillation vial, 

((4-nitrophenyl)(phenyl)methylene)hydrazine ( 48 mg, 0.2 mmol, 1.0 equiv) was dissolved in 1.0 

mL of DCE. The hydrazone/DCE solution was then transferred by syringe in one portion to the 

initial mixture of Cu(TFA)2•H2O/DCE solution. The reaction was stirred for 0.5 h before next 

step.  

A 20 mL scintillation vial equipped with a stir bar was flame dried under vacuum. After cooling 

down, the vail was charged with Rh2(S-PTAD)4 (2.8 mg, 1.0 mol%, 0.002 mmol), then flushed 

with nitrogen for 3 times and the nitrogen balloon was left on the septum. Then HFIP (0.42 mL, 

20 equiv, 4.0 mmol), styrene (104.2 mg, 115 μL, 5.0 equiv, 1.0 mmol) and 2.0 mL sparged DCE 

(sparged with nitrogen for 2 h before use) were added sequentially via syringe, the mixture was 

stirred at 600 rpm for 10 min before crude diazo compound 23 injection. The crude diazo 

compound mixture from copper-catalyzed oxidation (~1.5 mL) was added by syringe to the 

styrene/Rh2(S-PTAD)4/HFIP solution in one portion. The reaction was then stirred 1 h under 

nitrogen at 23 °C. After completion the solution was concentrated under rotovap and purified by 

flash column chromatography (0%, then 5%-15 % Et2O in Hexanes). The product was obtained 
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as a mixture of diastereomers as a white solid (34 mg, 56 % yield, 2:1 dr, 94% ee).  

Spectroscopic data matched that previously found in the literature.34 

1H NMR (600 MHz, CDCl3) δ 8.13 – 8.09 (m, 2H), 7.36 – 7.32 (m, 2H), 7.25 – 7.01 (m, 8H), 

6.86 – 6.83 (m, 2H), 2.89 (dd, J = 9.1, 6.8 Hz, 1H), 2.13 (dd, J = 6.8, 5.7 Hz, 1H), 1.90 (dd, J = 

9.1, 5.7 Hz, 1H).  

HPLC (ADH column, hexane, 1.0 mL min-1 0.5 mg mL-1 30 min, UV 230 nm) retention times of 

12.65 min (major) and 13.55 min (minor) 94% ee with Rh2(S-PTAD)4.   

General Conditions for C-H Insertion  

 

 
 

To a flame dried 8 mL dram vial charged with a stir bar, 3 mol % M–N–C (61mg) is added followed 

by 0.2 mmol of the desired hydrazone. If an additive is needed it is added to the material; H2O 

(0.04 mL,10 equiv) or DBU (0.2 mol %), and 2 mL of DCM is added to solubilize the material, 

and an O2 balloon is placed through the septa. The mixture is stirred at 700 rpm over 2 h. The 

solution is then sparged with Nitrogen for ~15 min without allowing the DCM to dry out.  

A separate flame dried 8 mL dram vial is charged with a sir bar. The desired Rh catalyst (1 mol 

%) is added and the vial is purged with nitrogen 3x. 1 mL of DCM, substrate (4 equiv) and additive 

if noted (20 mol % HFIP or mol sieves) is added and the mixture and is stirred at 420 rpm. The 

purged MNC diazo mixture is added to the Rh solution via a syringe pump over the course of 1 h. 

The reaction was stopped filtered through celite and the crude NMR was analyzed. The reaction 

was purified via flash chromatography with a gradient of 1%-10% diethyl ether in Hexanes.  
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1-methoxy-4-((1R,2R)-1-(4-nitrophenyl)-2-phenylcyclopropyl)benzene (32) 

Compound 32 was prepared from ((4-methoxyphenyl)(4-nitrophenyl)methylene)hydrazone 

(54mg, 0.20 mmol), Rh2(S-PTAD)4 (3.12 mg, 1 mol %), and styrene (0.12 mL, 4 equiv). The 

product was isolated as an off-white solid 51.6 mg, 75% yield. The NMR is consistent with 

literature reported values.34  

1H NMR (600 MHz, CDCl3) δ 8.10 (d, J = 8.90 Hz, 2H), 7.30 (d, J = 8.96 Hz, 2H), 7.14 – 7.07 

(m, 3H), 6.96 (d, J = 8.80 Hz, 2H), 6.89 – 6.80 (m, 2H), 6.70 (d, J = 8.77 Hz, 2H), 3.73 (s, 3H), 

2.85 (dd, J = 9.1, 6.8 Hz, 1H), 2.08 (dd, J = 6.9, 5.6 Hz, 1H), 1.89 (dd, J = 9.1, 5.7 Hz, 1H).  

HPLC conditions: HPLC (ADH column, 0.5 mL/min 3% i-PrOH in n-hexane 35 min, UV 230 

nm) retention times of 20.7 (minor) and 28.0 min (major) 87 % ee with Rh2(S-PTAD)4. 

 

(R)-cyclopropane-1,1,2-triyltribenzene (33)   

Compound 33 was prepared (diphenylmethylene)hydrazone (39 mg, 0.20 mmol), H2O (0.04 mL, 

10 equiv), Rh2(S-PTAD)4 (3.12 mg, 1 mol %), HFIP (0.42 mL, 4 equiv), and styrene (0.12 mL, 4 

equiv). The product was isolated as an off-white solid 54 mg, 63% yield. The NMR is consistent 

with literature reported values.13  
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1H NMR (600 MHz, CDCl3) δ 7.27 (tdd, J = 10.0, 7.3, 1.8 Hz, 4H), 7.16 (td, J = 7.0, 1.9 Hz, 1H), 

7.12 – 7.02 (m, 8H), 6.87 – 6.84 (m, 2H), 2.85 (ddd, J = 8.6, 6.5, 1.7 Hz, 1H), 1.99 – 1.96 (m, 1H), 

1.80 (ddd, J = 9.4, 5.3, 1.7 Hz, 1H).  

HPLC conditions: HPLC (ODH column, 1.0 mL/min 0.1% i-PrOH in n-hexane 30 min, UV 230 

nm) retention times of 14.1 (major) and 22.1 min (minor) 92 % ee with Rh2(S-PTAD)4. 

 

(R)-1-(cyclohexa-2,5-dien-1-yl(4-methoxyphenyl)methyl)-4-nitrobenzene (34) 

Compound 34 was prepared from ((4-methoxyphenyl)(4-nitrophenyl)methylene)hydrazone (54 

mg, 0.20 mmol), Rh2(S-PTAD)4 (3.12 mg, 1 mol %), and cyclohexadiene (0.14 mL, 4 equiv). The 

product was isolated as an off-white solid 48 mg, 72% yield. The NMR is consistent with literature 

reported values.33  

1H NMR  (400 MHz, CDCl3) δ 8.14 (d, J = 8.7 Hz, 3H), 7.45 (d, J = 8.8 Hz, 3H), 7.20 (d, J = 8.7 

Hz, 3H), 6.85 (d, J = 8.7 Hz, 3H), 5.73 (dtd, J = 10.4, 3.3, 1.7 Hz, 4H), 5.53 (ddd, J = 10.8, 3.6, 

2.0 Hz, 1H), 5.45 (ddd, J = 10.8, 3.7, 2.1 Hz, 1H), 3.91 (d, J = 9.7 Hz, 2H), 3.61 (ddt, J = 6.4, 3.3, 

1.6 Hz, 1H), 2.63 (dtd, J = 8.3, 3.4, 1.7 Hz, 4H).  

HPLC conditions: HPLC (ADH column, 1.0 mL/min 1% i-PrOH in n-hexane 30 min, UV 230 

nm) retention times of 17.1 (minor) and 18.0 min (major) 99% ee with Rh2(S-PTAD)4. 
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2,2,2-trichloroethyl (1S,2R)-1-(4-bromophenyl)-2-phenylcyclopropane-1-carboxylate (22) 

Compound 22 was prepared by the general procedure from 2,2,2-trichloroethyl (Z)-2-(4-

bromophenyl)-2-hydrazoneylideneacetate (75 mg, 0.20 mmol), DBU (0.60 μL, 2 mol %), Rh2(S-

p-PhTPCP)4 (3.5 mg, 1 mol %), styrene (0.12 mL, 4 equiv), and HFIP (0.42 mL, 20 equiv) with 

5-10 mol sieves. The product was isolated as an off-white solid 57.3 mg, 64% yield. The NMR is 

consistent with literature reported values.35  

1H NMR (400 MHz, CDCl3) δ 7.27 – 7.26 (m, 2H), 7.15 – 7.04 (m, 3H), 6.97 – 6.89 (m, 2H), 

6.80 (dd, J = 6.7, 2.9 Hz, 2H), 4.83 (d, J = 11.9, 1.1 Hz, 1H), 4.64 (d, J = 11.9, 1.1 Hz, 1H), 3.22 

(dd, J = 9.5, 7.5 Hz, 1H), 2.28 (dd, J = 9.4, 5.2 Hz, 1H), 1.96 (dd, J = 7.5, 5.2 Hz, 1H).  

HPLC conditions: HPLC (ADH column, 1.0 mL/min 1% i-PrOH in n-hexane 30 min, UV 230 

nm) retention times of 6.2 (major) and 7.6 min (minor) 97% ee with Rh2(S-p-PhTPCP)4. 

Batch to batch Scale up conditions: HPLC conditions: HPLC (ADH column, 1.0 mL/min 1% i-

PrOH in n-hexane 30 min, UV 230 nm) retention times of 6.3 (major) and 7.8 min (minor) 97% 

ee with Rh2(S-p-PhTPCP)4. 

  

2,2,2-trichloroethyl (R)-1-(4-bromophenyl)-2-phenylcycloprop-2-ene-1-carboxylate (35) 
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Compound 35 was prepared from 2,2,2-trichloroethyl (Z)-2-(4-bromophenyl)-2-

hydrazoneylideneacetate (54mgs, 0.20 mmol), DBU (0.60 μL, 2 mol %), Rh2(S-p-PhTPCP)4 (3.5 

mgs, 1 mol %), phenylacetylene (0.09 mL, 4 equiv), and HFIP (0.42 mL, 20 equiv) with 5-10 mol 

sieves. The product was isolated as an off-white solid 65 mg, 73% yield. The NMR is consistent 

with literature reported values.21 

1H NMR: (400 MHz, Chloroform-d) δ 7.65 – 7.55 (m, 2H), 7.46 – 7.37 (m, 5H), 7.35 – 7.29 (m, 

2H), 7.20 (s, 1H), 4.81 (d, J = 12.0 Hz, 1H), 4.76 (d, J = 12.0 Hz, 1H).  

ADH_30min_1.0ML_1 .0%.M HPLC conditions: HPLC (ADH column, 1.0 mL/min 1% i-PrOH 

in n-hexane 30 min, UV 230 nm) retention times of 18.0 (minor) and 21.7 min (major) 97% ee 

with Rh2(S-p-PhTPCP)4. 

 

2,2,2-trichloroethyl (R)-2-(4-bromophenyl)-2-cyclohexylacetate (36) 

Compound 36 was prepared from 2,2,2-trichloroethyl (Z)-2-(4-bromophenyl)-2-

hydrazoneylideneacetate (54mgs, 0.20 mmol), DBU (0.60 μL, 2 mol %), 

Rh2(S-TPPTTL)4 (4.9 mgs, 1 mol %), cyclohexane (0.09 mL, 4 equiv) and HFIP (0.42 mL,20 

equiv) with 5-10 mol sieves. The product was isolated as an off-white solid 59 mg, 69% yield. The 

NMR is consistent with literature reported values.36 

1H NMR: (400 MHz, Chloroform-d) δ 7.46 – 7.38 (m, 2H), 7.24 – 7.17 (m, 2H), 4.74 (d, J = 12.0 

Hz, 1H), 4.61 (d, J = 12.1 Hz, 1H), 3.33 (d, J = 10.7 Hz, 1H), 2.03 (qt, J = 11.1, 3.4 Hz, 1H), 1.84 

(dd, J = 11.8, 5.2 Hz, 1H), 1.78 – 1.69 (m, 1H), 1.69 – 1.57 (m, 2H), 1.38 – 1.21 (m, 2H), 1.19 – 

1.01 (m, 3H), 0.75 (td, J = 15.4, 13.8, 10.3 Hz, 1H).  
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HPLC conditions: HPLC (ADH column, 1.0 mL/min 0.1% i-PrOH in n-hexane 30 min, UV 230 

nm) retention times of 9.4 (minor) and 16.2 min (major) 97% ee with Rh2(S-TPPTTL)4. 
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4.8 HPLC Spectra for Enatnioselective Determination   

 
Compound 19 Racemic trace: 

 

 

  
 
Compound 19 trace with Rh2(S-PTAD)4: 
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Compound 32 Racemic trace: 

 
 

Compound 32 trace with Rh2(S-PTAD)4: 
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Compound 33 Racemic trace: 

 

 
 

 

Compound 32 trace with Rh2(S-PTAD)4: 
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Compound 34 Racemic trace: 

 
 

 
 

Compound 34 trace with Rh2(S-PTAD)4: 
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Compound 22 Racemic trace: 

 

 
 

Compound 22 trace with Rh2(S-p-PhTPCP)4: 
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Compound 22 trace with Rh2(S-p-PhTPCP)4: 

Batch to Batch 5 mmol scale: 
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Compound 35 Racemic trace: 

 

 

 
 

 

Compound 35 trace with Rh2(S-p-PhTPCP)4: 
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Compound 36 Racemic trace: 

 
 

 

Compound 35 trace with Rh2(S-p-TPPTTL4: 
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