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ABSTRACT OF THE DISSERTATION 

 

Development and Mechanistic Explorations of Novel Rhodium-Catalyzed  

Hydrothiolations and Hydroacylations 

 

By 

Erin Louise Kuker 

Doctor of Philosophy in Chemistry 

University of California, Irvine, 2024 

Professor Vy M. Dong, Chair 

 

My Ph.D. research has spanned several areas of synthetic organic chemistry, including 

divergent hydrothiolations of cyclopropenes, dynamic kinetic resolutions of aldehydes via 

hydroacylations, and regiodivergent hydroacylations of azetines.  I developed catalysts and 

methodologies to synthesize a variety of chemical motifs and performed mechanistic experiments 

to gain useful insight on how the reactions proceed.  

Chapter 1 is focused on the divergent hydrothiolation of cyclopropenes. Given the 

prevalence of sulfur in biologically relevant organic molecules, inventing methods to forge C–S 

bonds remains a worthwhile pursuit. We sought to develop a hydrothiolation that could take 

advantage of cyclopropene strain energy to provide diverse sulfide motifs from the same readily 

available materials. Through our investigation, we discovered that divergent reactivity could be 

obtained by altering the electronics of the bisphosphine ligands on a rhodium catalyst. Rh-catalysts 

with electron-rich Josiphos ligands afford cyclopropyl sulfides exclusively, whereas slightly less 

electron-rich ligands, such as DTBM-BINAP, afford allylic sulfides exclusively. A variety of 

mechanistic experiments were performed to elucidate the divergence in the mechanisms.  



 

xii 
 

Chapter 2 is focused on the dynamic kinetic resolution of aldehydes via hydroacylation. 

Dynamic kinetic resolution (DKR) is a compelling method used to prepare enantiopure materials 

from racemic starting materials with no limit in the theoretical yield. In this example, we have 

combined an intermolecular hydroacylation of acrylamides with the DKR of racemic aldehydes. 

Through this C– C bond formation the synthesis of 1,4-ketoamides is achieved with high enantio- 

and diastereoselectivity. In-depth mechanistic explorations in tandem with computations have 

allowed for the proposed catalytic cycle to be explored in this chapter.  

Chapter 3 is focused on the regiodivergent hydroacylation of azetines. Azetidines are four-

membered cyclic amines that are found in both natural products and pharmaceutical candidates, 

and azetines are their unsaturated counterparts. Inspired by the biological activity of these 

structures and the limited exploration of azetine reactivity, I imagined developing a hydroacylation 

of azetines to construct novel azetidines. I found an exciting and compelling lead result where 

electron-rich Josiphos ligands yield the chiral isomer selectively. Alternatively, the achiral 

regioisomer can be obtained with several different biaryl bisphosphine ligands, including dppe. In 

addition to optimization and scope exploration, several derivatizations of the hydroacylation 

azetidine products are demonstrated. Initial studies on the divergent mechanisms are included in 

the chapter.   
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CHAPTER 1 – Enantioselective Hydrothiolation: Diverging Cyclopropenes 

Through Ligand Control 

1.1 Introduction 

Given the prevalence of sulfur in biologically relevant organic molecules,1 inventing methods to forge 

C–S bonds remains a worthwhile pursuit.2 Hydrothiolation, the addition of a thiol across a degree of 

unsaturation, represents a straightforward and atom economical3 way of building molecules with sulfide 

functional groups.4 In previous communications,4c,4d our laboratory disclosed highly regioselective 

hydrothiolations of conjugated dienes, where regiocontrol was achieved through careful selection of the 

counterion associated with the Rh-catalyst (Figure 1.1A). Using a non-coordinating counterion, such as 

SbF6
–, allows the conjugated diene to bind the catalyst in an η4 fashion en route to allylic sulfide 

products.4c Using a coordinating counterion, such as Cl–, forces the conjugated diene to bind the catalyst 

in an η2 fashion en route to homoallylic sulfide products.4d The switch in regioselectivity was achieved 

by having chloride occupy a coordination site on the catalyst.  
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Figure 1.1 Extending hydrothiolation to cyclopropenes 

In this article, we focus on the hydrothiolation of cyclopropenes. In contrast to our previous study, 

the appropriate choice of ligand enables divergent pathways to yield either the cyclopropyl or allylic 

sulfide motifs, both architectures germane to natural products and biologically active molecules (Figure 

1.1B). 

Since their synthesis in 1922,5 cyclopropenes have captivated chemists due to their strained structures 

and high reactivity.6 Cyclopropene, the smallest possible unsaturated carbocycle, owes its unique 

reactivity to 54.1 kcal/mol of strain energy.7 Releasing the strain energy enables cyclopropenes to undergo 

cycloadditions and hydrofunctionalizations that are challenging for simpler alkenes and alkynes. In 

contrast to less strained alkenes, however, there exists a unique challenge in controlling the diverse modes 

of reactivity (Figure 1.2A). Additions to cyclopropenes are known to occur with ring-retention to yield 

cyclopropyl products,8 as well as with ring-opening to yield allylic products.9 In general, ring-retentive 

hydrofunctionalizations require softer nucleophiles, such as boranes, stannanes, and carbon 

nucleophiles.10,11 Ring opening hydrofunctionalizations require harder nucleophiles, such as amines, 
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alcohols, or phosphonates.12 However, there are exceptions to this trend, including Hou’s ring-retentive 

hydroamination10f and Yamamoto’s ring-opening addition of carbon nucleophiles.12a  

 

Figure 1.2 Diverse reactivity of cyclopropenes 

Lee demonstrated that both modes of reactivity are possible for thiol nucleophiles, depending on the 

choice of conditions (Figure 1.2B).13 The Au-catalyst opens the cyclopropene through C–C bond 

activation. The regioselectivity of the subsequent hydrothiolation depends on the choice of thiol or 

thioacid as the nucleophile. While the reactivity is novel, only racemic mixtures of the allylic sulfide are 

obtained when coupling unsymmetrical cyclopropenes to thiols. In the absence of a Au-catalyst, 

cyclopropyl sulfide products are observed.14 Rendering either variant of Lee’s cyclopropene 

hydrothiolation asymmetric would be difficult: the enantio-determining step of ring-opening 

hydrothiolation is protonation, while the ring-retentive hydrothiolation proceeds in the absence of catalyst.  
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Figure 1.3 Enabling divergent reactivity through ligand control 

To address this challenge, we hypothesized that Rh-catalysis, along with careful selection of the 

bisphosphine ligand, would enable access to both ring-opening and ring-retentive hydrothiolations of 

cyclopropenes (Figure 1.3A). Controlling the reactivity of the cyclopropene through ligands would enable 

us to select for products that are chiral, thus offering an opportunity to render the transformations 

enantioselective. Identifying ligands that can override the native reactivity of substrates is challenging. 

However, there are several examples in the literature of ligands enabling the divergent synthesis of 

constitutional isomers.15,16 Ligand-control is established primarily through governing the 

regioselectivity15 or chemoselectivity16c,16d of the transformation.  Our group has studied the reactivity of 

bisallylaldehydes under Rh-catalyzed hydroacylation (Figure 1.3B). Through the choice of bisphosphine 

ligand, we can alter the steps of the catalytic cycle and obtain different carbocycles from the same 

bisallylaldehyde starting material.16a,16b,17 Encouraged that transition metals can catalyze reactions with 

thiols,2 we focused on studying Rh-catalysts to explore how different bisphosphine ligands diverge the 

reactivity of cyclopropenes.  
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1.2 Reaction Discovery and Optimization 

To test our hypothesis, we attempted to couple cyclopropene 1a and thiophenol 2a using a variety of 

achiral bisphosphine ligands with [Rh(cod)Cl]2. Gratifyingly, we observed a correlation between 3aa:4aa 

and the bite angle of the bisphosphine ligands (Figure 1.4A). Bisphoshines with smaller bite angles (dppm, 

dppe) give exclusively cyclopropyl sulfide (±)-4aa (76% and 82%, >20:1 dr), while ligands with larger 

bite angles (rac-BINAP) form allylic sulfide (±)-3aa exclusively (80%, >20:1 rr). Bisphosphine ligands 

with intermediate bite angles furnish mixtures of 3aa and 4aa. The 1,1-dialkysubstituted cyclopropene 

(3,3-dihexylcycloprop-1-ene) has been shown to undergo addition with thiols in the absence of any 

catalysts (Figure 1.2B).13 In contrast, control experiments with cyclopropene 1a show that neither product 

is obtained in the absence of Rh-precursor or ligand, indicating that the selectivity is ligand-controlled. 

Next, we optimized for asymmetric variants of the transformation to access 3aa or 4aa with high 

enantioselectivity (Figure 1.4B). Ligands from the Josiphos family bearing alkyl substituents (L5, L6) 

afforded 3aa. Ultimately, using L5 with MeCN as solvent afforded the best yield and selectivity  for 3aa 

(90%. 95:5 er, >20:1 dr) after 6 h. Hydrothiolations promoted with axially chiral ligands bearing DTBM 

(3,5-di-tert-butyl-4-methoxyphenyl) substituents (L7, L8) afford allylic sulfide 4aa with good yields (86–

87%, >20:1 rr) when conducted at 0 °C for 30 min. The best enantioselectivity for 4aa was achieved 

when using bisphosphine L8 (96:4 er).18 Given the structural differences between chiral bisphosphines 

3aa and 4aa, both steric and electronic parameters must influence selectivity. 
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Figure 1.4 Reaction optimization using various bisphosphine ligands.  

 aReaction conditions: 1 (0.12 mmol, 2 (0.10 mmol), [Rh(cod)Cl]2 (2.5 mol%), ligand (5.0 mol%), 0.6 mL DCE, 30 °C, 6 h. 

Yields of isolated products are given. bReaction performed using MeCN for 6 h. cReaction performed at 0 °C for 30 min. 

DTBM: 3,5-di(tert-butyl)-4-methoxyphenyl. 

 

1.3 Substrate Scope 

With these conditions in hand, we evaluated the scope of the ring-retentive hydrothiolation (Table 1.1). 

High reactivity and enantioselectivity (91:9–95:5 er) are observed with aromatic thiol partners (3ab–3ag). 

However, aliphatic thiols are unreactive under these conditions (3ap and 3aq). This result most likely 

stems from the differences in their ability to bind Rh (vide infra). Thus, further tuning of the bisphospine  
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Table 1.1 Ring-retentive hydrothiolation of cyclopropenes 

 

aReaction conditions: 1 (0.12 mmol, 2 (0.10 mmol), [Rh(cod)Cl]2 (2.5 mol%), L5 (5.0 mol%), 0.6 mL MeCN, 30 °C, 6 h. 

Yields of isolated products are given. Diastereomeric ratios (dr) were determined from 1H NMR analysis of the unpurified 

reaction mixture. Enantiomeric ratios (er) were determined by SFC analysis on a chiral stationary phase. 

 

ligand will be necessary to obtain reactivity using alkyl thiols. On the other hand, aromatic thiols bearing 

halogens transform well (3ad, 87%, >20:1 dr, 94:6 er). Sterically hindered thiophenols with ortho 

substituents display good reactivity and high selectivity (3af, 73%, >20:1 dr, 95:5 er). Withdrawing 

functional groups on aromatic thiols (such as 4-(trifluoromethyl)thiophenol) give mixtures of both 
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cyclopropyl and allylic sulfide products. Aromatic thiols with extended π-systems couple to 1a with 81% 

yield and 94:6 er (3ag). 

Cyclopropenes bearing different aromatic groups are all suitable coupling partners for the 

transformation (3ba–3da). Cyclopropenes with electron rich aromatic groups (3ba) show excellent 

reactivity (83%) and selectivity (>20:1 dr, 94:6 er).19 The hydrothiolation occurs even with the addition 

of electron withdrawing substituents on the cyclopropene (3ca and 3da, 68–92%, ≥20:1 dr, 94:6 er). The 

methyl substituent can be replaced with a bulkier benzyl substituent (3ea, 61%, >20:1 dr, 92:8 er). There 

are many spirocyclic natural products containing quaternary carbons, and these quaternary centers are 

difficult to set in a stereoselective manner.20 Through a desymmetrization of the corresponding spirocyclic 

cyclopropene, sulfide 3fa is obtained in excellent yield and stereoselectivity. Cyclopropenes containing a 

methyl ether can also undergo hydrothiolation (3ga).  

Next, we explored the scope for obtaining allylic sulfides (Table 1.2). The hydrothiolation of 1a was 

carried out with structurally and electronically different thiols. Both aryl (4ab–4ao) and alkyl thiols (4ap, 

4aq) add to cyclopropene 1a.  

In general, the ring-opened allylic sulfides are obtained with excellent regioselectivity (>20:1 rr).21 

Electron rich thiophenols couple to 1a with high reactivity and good selectivities (4ab, 4ac, 4ah, 85%–

90%, 92:8–96:4 er). Electron deficient thiophenols undergo addition with good selectivities (4ai–4al, 

82%–89%, 91:9–95:5 er). Allylic sulfide 4al was originally obtained as a mixture with 3al. However, 

raising the reaction temperature allows for the exclusive formation of 4al. Sterically hindered thiophenols 

react with high enantioselectivities (4af and 4ao, >99:1 er and 95:5 er). Alkyl thiols couple, albeit with 

moderate yields and selectivities (4ap and 4aq, 63–71%, 74:26 er).  

Most of the cyclopropenes that react under the ring-retentive conditions also react under the ring-

opened hydrothiolation conditions. Cyclopropenes with either electron rich (4ba) or electron poor (4ca 

and 4da) aryl substituents can couple to 2a (58%–83%, 85:15–97:3 er). Cyclopropenes bearing larger  
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Table 1.2 Ring-opened hydrothiolaton of cyclopropenes 

 

aReaction conditions: 1 (0.12 mmol), 2 (0.1 mmol), [Rh(cod)Cl]2 (2.5 mol%), L8 (5.0 mol%), 0.4 mL DCE, 0 °C, 30 min. 

Yields of isolated products are given. Regioisomeric ratios (rr) were determined from 1H NMR analysis of the unpurified 

reaction mixture. Enantiomeric ratios (er) were determined by SFC analysis on a chiral stationary phase. bReaction 

performed at 30 °C. cReaction performed with L7 at 30 °C. 
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substituents, such as benzyl (4ea) or naphthyl (4ha) also show good reactivity, albeit with less selectivity 

(74%–88%, 85:15–88:12 er). Allylic sulfides 4ap, 4aq, 4ca, and 4ea are obtained as mixtures with their 

ring-retentive counterparts under the standard conditions. However, raising the temperature to 30 °C and 

switching the bisphosphine ligand from L8 to L7 gives exclusively the ring-opened allylic sulfide.  

 

1.4 Mechanistic Insights  

 

Figure 1.5 Proposed catalytic cycle for ring-retentive hydrothiolation. 

Based on both literature precedent and our own observations, we propose the following mechanism for 

ring-retentive hydrothiolation of cyclopropenes (Figure 1.5). The catalyst resting state is an off-cycle 

species III, with multiple thiols bound. Upon dissociation of thiols to enter the catalytic cycle, the Rh-

catalyst (I) undergoes oxidative addition to 2a to generate II. Following coordination, cyclopropene 1a 

inserts into the Rh–H bond to afford cyclopropyl-Rh(III) V. The turnover limiting step is reductive 

elimination to form the C–S bond, which furnishes 3aa and regenerates the Rh-catalyst I. The mechanistic 

experiments that led to this proposed mechanism are discussed below. 

Through studies of the initial reaction rates, we determined that the hydrothiolation was first order with 

regards to Rh-catalyst and 1a, and a negative fractional order with regards to thiol 2a. A negative order 
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in thiol has been observed in our group’s previous report on the hydrothiolation of dienes,4d leading us to 

propose an off-cycle resting state where multiple thiols are coordinated through a hydrogen-bonding 

network (III).22 The proposed resting state III is further supported by the presence of a metal hydride 

resonance at -15.9 ppm when using 1H NMR spectroscopy to monitor experiments using stoichometric 

amounts of [Rh(cod)Cl]2, dppe, and 2a.23 

 

Figure 1.6 Mechanistic experiments for ring-retentive hydrothiolation using d-2a.
 

An isotopic labelling experiment was performed with the ring-retentive conditions using deuterated 

thiophenol d-2a (Figure 1.6A). Analysis of d-3aa shows that the deuterium is incorporated exclusively 

syn relative to the sulfide. This result suggests a syn hydrorhodation operates in the catalytic cycle. No 

kinetic isotope effect (KIE) is observed when running hydrothiolations with 2a and d-2a in parallel 

(Figure 1.6B). The empirical rate law and lack of KIE support reductive elimination as the turnover-

limiting step.24 

Based on both literature precedent and our own observations, we propose the catalytic cycle for the 

ring-opening hydrothiolation depicted in Figure 1.7. After formation of Rh-catalyst I, oxidative addition 

into 2a occurs to form II, the catalyst resting state. Coordination of 1a and its subsequent insertion into 

the Rh–H bond forms cyclopropyl-Rh(III) intermediate V. The syn hydrorhodation to form V is the 
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turnover-limiting step. Ring-opening occurs, forming Rh-π-allyl complex VI. Reductive elimination 

forms the C–S bond of 4aa and regenerates catalyst I. Reductive elimination for C–S bond formation is 

favored over outer-sphere attack of 2a due to its high acidity (6.62 in H2O).25,26 

 

Figure 1.7 Proposed catalytic cycle for ring-opening hydrothiolation of cyclopropenes. 

There are two main pathways that are proposed for cyclopropene ring opening. One pathway is through 

direct activation of the σC–C bond (eq. 1).9f However, in a few cases, it is proposed that hydrometallation 

occurs first to generate a cyclopropyl-metal species.12a,12c Ring-opening of the cyclopropyl metal species 

then occurs to afford a metal-π-allyl intermediate (eq. 2). Our proposed mechanism is based on the ring-

opening pathway outlined in equation 2. The observations and mechanistic experiments that led to this 

proposed mechanism are discussed below. 

 

 

Mixtures of 3aa and 4aa are obtained when certain bisphosphine ligands are used for the 

hydrothiolation (Figure 1.4A). However, in a crossover study where 3aa is subjected to the standard ring-

opening hydrothiolation conditions, only 3aa is recovered (Figure 1.8A). This demonstrates that 3aa is  
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Figure 1.8 Determining the operative pathway for ring-opening 

not converted into 4aa during catalysis. One explanation for these results is that the ring-retentive and 

ring-opened pathways share a common intermediate, cyclopropyl-Rh(III) V (Figure 1.5). Allylic sulfide 

4aa, the product obtained under ring opening conditions, is similar to the products obtained from Rh-

catalyzed hydrothiolation of 1,3-dienes (Figure 1.8B).4c Rh-π-allyl species generally form the branched 

product upon interception with a nucleophile.27 Additionally, the correlation between the enantiomer of 

DTBM-BINAP and absolute configuration of the branched allylic sulfide product is in agreement between 

these two previous examples. The highly regioselective formation of 4aa and its absolute configuration 

support the intermediacy of Rh-π-allyl VI.  

The reactivity of cyclopropene 1g provides additional mechanistic support for the proposed 

isomerization of cyclopropyl-Rh(III) V into Rh-π-allyl complex VI. While 1g was able to couple to 2a in 

a ring-retentive fashion to access 3ga (Table 1.1), no reactivity was observed with 1g under ring-opening 

hydrothiolation conditions (Figure 1.9A). One explanation for the observed reactivity could be that  ring-

opening requires an additional coordination site on the metal. The cyclopropyl group only occupies one 

coordination site, whereas the corresponding π-allyl ligand requires two. The methyl ether of 1g could 

occupy the coordination site needed for ring-opening, thus halting the reaction. Similar reactivity is 

observed for cyclopropyl metal complexes prepared by the Puddephatt and Bergman groups.28 For these 
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Rh and Pt complexes, abstraction of the halide ligand is required to induce isomerization into metal-π-

allyl complexes (Figure 1.9B).28a–c 

 

Figure 1.9 Ring-opening of prepared cyclopropyl metal complexes. 

Additional kinetic and isotope labelling experiments were carried out to gain further mechanistic 

insights. Initial rate studies show that this process is first order with regards to Rh-catalyst and 

cyclopropene 1a, and zeroth order with regards to thiol 2a. The saturation kinetics observed with 2a 

support complex II as the catalyst resting state. The deuterium is incorporated into the terminal carbon of 

the olefin in d-4aa, with most of the deuterium incorporated trans relative to the rest of the molecule 

(Figure 1.10A). Additionally, a primary KIE of 1.6 is observed when ring opening hydrothiolations with 

2a and d-2a were carried out in parallel (Figure 1.10B). The first order dependence in 1a and primary KIE 

of 1.6 suggest that migratory insertion to form V from IV is the turnover-limiting step.  
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Figure 1.10 Deuterium labeling studies for ring-opening hydrothiolation 

There are a few possible explanations for the primarily trans incorporation of deuterium. Considering 

proposals from previous ring-opening hydrofunctionalizations, the ring-opening process might be through 

β-C elimination.12a,12c The trans-selectivity would result from a bond rotation to align the σC–C bond of 

the cyclopropane with the Rh–C bond in a syn-coplanar conformation to enable the β-elimination (Figure 

1.10C). Studies on the isomerization of cyclopropyl metal species into metal-π-allyl complexes have also 

been likened to the ring-opening process to electrocyclic ring-opening.28d Based on Woodward-Hoffman 
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rules, if cyclopropyl-Rh(III) V is treated like a cyclopropyl-anion, conrotatory electrocyclic ring-opening 

could also explain the trans-selectivity for deuterium incorporation (Figure 1.10D).29 

 

1.5 Conclusion 

While the reactivity of cyclopropenes has been extensively studied, there has yet to be a catalyst that 

takes advantage of both modes of reactivity cyclopropenes offer. Through choice of ligand on the Rh-

catalyst, thiols add to cyclopropenes, resulting in cyclopropyl sulfides or allylic sulfides. This divergent 

reactivity allows cyclopropenes to act as versatile building blocks that enables access to a diverse chemical 

space. Either hydrothiolation product can be obtained with high yield and stereocontrol. Mechanistic 

experiments suggest that the ring opening from a cyclopropyl-Rh(III) intermediate is the key step for 

achieving divergent reactivity. For the ring-retentive process, the Rh-catalyst with smaller bite-angle 

ligands and chiral ligand L5 promote reductive elimination to forge the C–S bond of the cyclopropyl 

sulfide product. For the ring-opening process, the Rh-catalyst with larger bite angle ligands and chiral 

ligand L8 promote ring-opening, isomerizing the cyclopropane ring to form allylic sulfide products. 

Initially, the ligand bite angle effect seems contradictory, given that wider bite angle ligands are known 

to accelerate reductive elimination. However, given the faster reaction rate of the ring-opening 

hydrothiolation, the wider bite angle ligands might accelerate the ring-opening process to a greater extent 

than reductive elimination. These studies provide experimental support for a mechanism that has only 

previously been proposed. Further computational studies are warranted to provide additional insight into 

the more elusive aspects, such as nuances in the ring-opening of cyclopropyl-Rh(III) V.30 Mechanistic 

insights from this study pave the way for divergent hydrofunctionalizations of cyclopropenes with a wide 

array of nucleophiles.  
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CHAPTER 2 – Dynamic Kinetic Resolution of Aldehydes via Intermolecular 

Hydroacylation 

2.1 Introduction 

While biosynthetic pathways leverage the natural polarization of molecules, chemists can develop 

alternative strategies to access elusive architectures. Specifically, 1,4-dicarbonyls have inspired creative 
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approaches for their construction. Methods to prepare this versatile motif include oxidative enolate cross-

couplings1 and umpolung transformations via  enolates,2,3 acyl radicals,4–6 or acyl anions7–9 (Figure 2.1A). 

Despite significant progress in asymmetric variants,10–14 an opportunity exists to provide complementary 

patterns via stereoconvergent catalysis.15–17 Dynamic kinetic resolutions (DKR) and dynamic kinetic 

asymmetric transformations (DyKAT) have proven efficiency in accessing pharmaceuticals.18–21 The full 

potential of these catalytic approaches remains untapped in umpolung transformations. Motivated by this 

gap, we imagined transforming racemic aldehydes into enantioenriched 1,4-dicarbonyl motifs through a 

hydroacylation featuring DKR. If successful, this intermolecular C–C bond formation reaction would 

construct relatively remote (1,4-stereogenic) centers in a single operation.   

 

Figure 2.1 A. Creative strategies to 1,4-dicarbonyls. B. Stereoconvergent catalysis to construct carbonyl α-stereocenters 

through C–C bond formations. C. State-of-the-art in DKR hydroacylation. 
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Compared to hydrogenations22–25 or alcohol acylations,26–29 DKR’s that feature C–C bond 

construction are less explored.30–34 Exciting breakthroughs in the DKR or DyKAT of ketoesters, ketones 

and aldehydes have been achieved via arylations, vinylations, alkylations and aldol reactions (Figure 

2.1B).35–39 Transition-metal catalyzed hydroacylation40–42 represents an attractive method to make ketones 

and esters through aldehyde C–H bond activation and functionalization.43 In 2008, Willis and co-workers 

disclosed a DyKAT via an intermolecular hydroacylation with sulfur-directed aldehydes and racemic 

allenes.44 Our lab developed a DKR of racemic aldehydes by intramolecular hydroacylation in 2019.45 

With α,ɣ-disubstituted cyclopentanones prepared, we proposed that the amine-catalyst facilitated 

epimerization while the Rh-catalyst activated the aldehyde. Since then, the Sato group has reported 

intramolecular hydroacylations with allenals46 and alkynes.47 While promising, these approaches have 

been limited to intramolecular variants to make cyclic ketones (Figure 2.1C).   

Through the use of chelating substrates and an appropriate catalyst, intermolecular hydroacylations 

that overcome competitive decarbonylation41,48 have been achieved. The additional coordinating group 

(e.g., phenol, sulfide, or ether) potentially blocks open coordination sites required for decarbonylation 

while promoting hydroacylation by decreasing the entropic cost through chelation.40 We chose Tanaka’s 

intermolecular hydroacylation of acrylamides (2a) using achiral, aliphatic aldehydes49 as an attractive 

platform for proof-of-concept. Achieving a DKR variant would allow the resolution of chiral, α-

substituted aldehydes and generate 1,4-ketoamides with the concomitant formation of 1,4-stereogenic 

centers. Thus, we set out to develop a dual catalytic system50–54 using Rh and amine that would (1) allow 

fast epimerization of the aldehyde reagents in preference to the ketone products, (2) enable high enantio- 

and diastereoselectivity, and (3) disfavor the formation of Rh-amine adduct and deactivation of the Rh-

catalyst.55  
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2.2 Results and Discussion  

Our model system focused on the addition of racemic α-branched aldehyde 1a to acrylamide 2a 

(Table 2.1). We first evaluated cationic Rh catalysts on the basis of Tanaka's report49 and identified a 

promising catalyst generated by hydrogenation of Rh(nbd)2BF4. The achiral bisphosphine ligand, dppb 

(L1), provided ketoamide 3aa in 67% yield and 2:1 dr (entry 1) at 80 °C, suggesting an inherent 

diastereoselectivity of this hydroacylation. In our previous DKR, 45 bulky 1-adamantylamine (1-AdNH2) 

was key to both diastereo- and enantiocontrol, presumably facilitating chemoselective racemization of the 

aldehyde starting material over the ketone product.  

Table 2.1 Optimization for DKR via intermolecular hydroacylation 

 

[a] Reaction conditions: 1a (0.3 mmol, 1.5 equiv), 2a (0.2 mmol, 1.0 equiv), Rh(nbd)2BF4 (10 mol %), ligand (10 mol %), 

amine (10 mol %), DCE (0.4 mL). [b] Isolated yields. [c] Diastereoselectivities (dr) were determined by 1H NMR analysis of 

unpurified reaction mixture. [c] Enantioselectivities (ee) were determined by chiral SFC analysis. 
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We reason that these dual catalysts act as a “frustrated lewis pair”55 because the steric bulk of the amine 

co-catalyst hinders the coordination to the Rh-catalyst. To develop an asymmetric version, we examined 

chiral bisphosphine ligands with 1-AdNH2 as the co-catalyst. The (R)-DTBM-SegPhos ligand (L2) was 

effective for the intramolecular hydroacylation of alkyl aldehydes;45 however, it showed no reactivity in 

the proposed intermolecular hydroacylation (entry 2). The (R,R)-QuinoxP* ligand (L3), reported by the 

Tanaka group,49 was unsuccessful at 60 °C, but at an elevated temperature (80 °C) furnished 3aa in 37% 

yield and 6:1 dr (entry 3). After a more comprehensive ligand survey, we discovered that JoSPOphos (L4) 

gave 3aa in 92% yield and >99% ee, and enhanced dr (12:1) (entry 8). Omitting the amine led to a 

decreased dr (4:1) (entry 4). Other bulky amines were investigated and resulted in diminished yields and 

diastereoselectivities (entry 5-6). At lower temperatures, we observed 42% yield with 14:1 dr (entry 7). 

The absolute configuration of the 1,4-stereocenters for 3aa was established as (R, R) by X-ray 

crystallography (see appendix 2). 

With a protocol in hand, we examined aldehydes 1 bearing different α-aryl substituents (Table 2.2). 

Aldehydes with para-substituted methoxy and halogens underwent DKR smoothly; ketoamides 3ba–3da 

can be prepared with moderate to high yields (65–94%) and stereoselectivites (10:1–13:1 dr, >99% ee). 

In addition, a strong electron-withdrawing trifluoromethyl substituted α-aryl aldehyde was tolerated (3ea, 

93% yield, 11:1 dr, >99% ee). Both electron-donating and -withdrawing groups could be incorporated at 

the meta-position to provide ketoamides 3fa (78% yield, 10:1 dr, >99% ee) and 3ga (92% yield, 11:1 dr, 

>99% ee). The introduction of a sterically hindered ortho-methyl substituent led to a drop in both 

reactivity (39% yield) and stereocontrol (5:1 dr, 97% ee) in forming ketoamide 3ha. Ketoamides 3ia 

bearing a napthyl group (86% yield, 13:1 dr, >99% ee) and 3ja with an acetal moiety (82% yield, 8:1 dr, 

>99% ee) were both accessible. Additional steric bulk at the alkyl substitution or removal of the aromatic 

substitution was not tolerated, as no reactivity was observed when using an α-isopropyl-substituted 
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aldehyde 1k or an α, α-dialkyl aldehyde 1l. Overall, these results showcase the first DKR’s of aldehydes 

by intermolecular hydroacylation with excellent stereocontrol.   

Table 2.2 Hydroacylation aldehye scope 

 

[a] Reaction conditions: 1a (0.3 mmol, 1.5 equiv), 2a (0.2 mmol, 1.0 equiv), Rh(nbd)2BF4 (10 mol %), L4 (10 mol %), 1-

AdNH2 (10 mol %), DCE (0.4 mL). Diastereoselectivities (dr) were determined by 1H NMR analysis of unpurified reaction 

mixture. Enantioselectivities (ee) were determined by chiral SFC analysis. 

  

Next, we investigated the acrylamide scope (Table 2.3). The 1,1-disubstituted acrylamides gave 

ketoamides 3ab (83% yield, 9:1 dr, >99% ee) and 3ac (91% yield, 9:1 dr, >99% ee). An unsubstituted 

acrylamide 2d provided 3ad (45% yield, 79% ee). The diminished yield is presumably due to competitive 
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polymerization.56,57 In place of Tanaka’s diphenyl acrylamide substrate,49 we prepared acrylamides 

derived from morpholine (2e), N,N-dibenzylamine (2f) and aniline (2g). While 3ae was produced with 

11:1 dr, selectivities for the less sterically hindered substrates were considerably lower (3af and 3ag, 8:1 

and 6:1 dr). The Weinreb amide 3ah was prepared (65% yield, 9:1 dr, >99% ee). This amide provides a 

convenient handle for further elaboration.58   

Table 2.3 Hydroacylation acrylamide scope 

 

[a] Reaction conditions: 1a (0.3 mmol, 1.5 equiv), 2a (0.2 mmol, 1.0 equiv), Rh(nbd)2BF4 (10 mol %), L4 (10 mol %), 1-

AdNH2 (10 mol %), DCE (0.4 mL). Diastereoselectivities (dr) were determined by 1H NMR analysis of unpurified reaction 

mixture. Enantioselectivities (ee) were determined by chiral SFC analysis. 

  

 

 To inspect the tolerance of different heterocycles in this DKR, we conducted a compatibility test59 

using the model reaction (Table 2.4). Reactivities and enantioselectivities were not significantly affected 

by addition of pyrrole (93% yield, 99% ee) or thiophene (96% yield, 99% ee), but the diastereocontrol 

was less effective (both 8:1 dr). Furan decreased the yield (42%), but stereoselectivity was maintained 

(10:1 dr, >99% ee). Pyridine completely inhibited the reactivity,  
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Table 2.4 Examining functional group compatibility 

 

[a] Reaction conditions: 1a (0.3 mmol, 1.5 equiv), 2a (0.2 mmol, 1.0 equiv), Rh(nbd)2BF4 (10 mol %), L4 (10 mol%), 1-

AdNH2 (10 mol %), additive (0.2 mmol, 1.0 equiv), DCE (0.4 mL). Diastereoselectivities (dr) were determined by 1H NMR 

analysis of unpurified reaction mixture. Enantioselectivities (ee) were determined by chiral SFC analysis. 

 

presumably due to strong binding to the Rh catalyst. The presence of sterically hindered 2,6-lutidine was 

tolerated; 3aa was isolated in 76% yield with comparable dr (10:1). Compared to other heterocycles, 

indole had the biggest impact on lowering diastereoselectivity (6:1 dr). The use of isopropanol led to a 

lower yield (52%), as the aldehyde 1a was consumed by a competitive pathway (based on nuclear 

magnetic resonance (NMR) spectroscopy of the unpurified mixture). \ 

 

 2.3 Mechanistic Studies 

On the basis of literature precedence40,42 and our own observations, we propose the following 

catalytic cycle for the formation of the major diastereomer (2R,5R)-3 (Figure 2.2). The active Rh catalyst 

I is formed upon coordination of L4 to the precatalyst. Acrylamide 2 chelates to complex I. Then, 

oxidative addition of II to the C–H bond of aldehyde 1 generates Rh complex III, which is coordinatively 

saturated and less likely to undergo undesired decarbonylation. The  



 

29 

 

 

Figure 2.2 Proposed hydroacylation mechanism  

 

aldehyde undergoes rapid isomerization; the matched enantiomer, (R)-1, reacts faster in hydroacylation 

leading to the observed configuration of the ketone’s a-chiral center. Subsequent migratory insertion gives 

the hydrorhodation product IV, where the facial selectivity determines the amide stereocenter 

configuration. Finally, reductive elimination releases (2R,5R)-3 and regenerate the catalyst. Because the 

epimerization of 3 with the bulky 1-AdNH2 is highly unfavorable, high diastereoselectivity can be 

preserved.  

While the general mechanism of hydroacylation has been investigated, the turnover-limiting step 

depends on the substrate and catalyst. To probe mechanistic detail for our transformation, we performed 

deuterium labeling and kinetic isotope effect (KIE) studies. With deuterated aldehyde d-1a, ketoamide d-

3aa was formed in 83% yield under standard conditions (Figure 2.3A). Analysis of d-3aa using deuterium 

NMR spectroscopy revealed an incorporation at the α-position of the amide, as well as 14% deuterium 

incorporation at the cis β-position. In addition, NMR analysis of the unpurified reaction mixture 

confirmed H/D exchange and deuterium  
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Figure 2.3 Isotopic labeling and KIE experiments. Reaction conditions: 1a (0.15 mmol, 0.75 equiv), d-1a (0.15 mmol, 0.75 

equiv), 2a (0.2 mmol, 1.0 equiv), Rh(nbd)2BF4 (10 mol %), L4 (10 mol %), 1-AdNH2 (10 mol %), DCE (0.4 mL). [a] 

Isolated yields. [b] Due to the overlap of α-proton and the trans β-proton, 83% represents the total percent of deuterium 

incorporation of both positions (orange); 14% refers to the percent of deuterium incorporation of the cis α-position (black). 

 

scrambling of unreacted d-1a at the α-position, indicating that oxidative addition is reversible. Deuterium 

incorporation into the residual acrylamide 2a was also observed. Although d-1a was not isolable, 39% 

deuterium incorporation at the terminal position of the olefin was found in recovered d-2a. The result 

suggests a competing pathway where Rh inserts to the more hindered internal site, forming a four-

membered intermediate IV’ (Figure 2.2). Reversible β-hydride elimination leads to III and aldehyde 

hydride could be exchanged to the acrylamide 2. The deuterium incorporation of both protons could be 

explained by the geminal proton scrambling in hydroacylation or the reversibility of migratory insertion 

to IV’. We therefore conclude that acrylamide coordination and oxidative addition are not turnover-

limiting.   

Competitive KIE experiments using a 1:1 mixture of 1a and d-1a were conducted to further 

elucidate probe the turnover-limiting step (Figure 2.3B). A primary kH/kD of 2.0 + 0.3 suggests that C–H 

bond cleavage is involved in the turnover-limiting step for the aldehyde.60 Given the reversibility of 



 

31 

 

oxidative addition based on deuterium labeling results, we propose that migratory insertion to IV is 

turnover-limiting.  

Although the isomerization of 1a with primary amines has been studied,61 the role of Rh on this 

racemization had yet to be explored. As shown in figure 2.4, we examined the transformation in the 

absence of 1-AdNH2. In these experiments, we recovered unreacted 1a at  

 

 

Figure 2.4 Racemization studies. Reaction conditions: 1a (0.3 mmol, 1.5 equiv), 2a (0.2 mmol, 1.0 equiv), Rh(nbd)2BF4 (10 

mol %), L4 (10 mol %), DCE (0.4 mL). [a] 10 mol %. [b] Yields and diastereoselectivities of 3aa were determined by 1H 

NMR analysis of a portion of unpurified reaction mixture using 1,3,5-trimethoxybenzne an internal standard. The other 

portion of reaction mixtures was quenched using NaBH4 (>20 equiv) in MeOH. [c] Theoretical ee of recovered 1a for kinetic 

resolution was calculated based on equivalence of 1a and yields and dr of 3aa assuming there was no racemization on a 

highly selective transformation. [d] 1a was recovered as the alcohol for determination of enantiomeric excess (ee), which 

was performed by SFC analysis on a chiral stationary phase. 

 

various time points and measured their ee. This observed value was compared to the expected ee of the 

aldehyde, in a theoretical case where there was no aldehyde racemization occurring (in other words, a 

simple and not dynamic kinetic resolution). When the experiment was quenched at 5 min (by addition of 

NaBH4 to reduce the aldehyde), minimal racemization of the starting aldehyde 1a was observed (observed 

12% ee, vs. expected 15% ee, entry 1).  At the 1 h time point, aldehyde 1a was recovered in 38% ee 

(expected 68% ee, entry 2). At 4 h, ketoamide 3aa was formed in 96% NMR yield with 4:1 dr. In a kinetic 

resolution, this result would indicate a depletion of the matched enantiomer. However, instead of a highly 
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enantioenriched 1a (>99% ee), we recovered 1a in 42% ee (entry 3). These results indicated that 

isomerization of the aldehyde occurs with Rh, in the absence of the amine co-catalyst. This conclusion 

was further supported by an observed decrease in ee of enantioenriched 1a when subjected to active Rh 

catalyst without acrylamide. Throughout the hydroacylation, (S)-1a became the major recovered 

enantiomer, which aligned with the proposal that (R)-1a is the matched substrate.  

Various possible mechanisms for the racemization of 1a were explored using density functional 

theory (DFT) calculations performed at B3LYP-D3/6-311+G** LANL2DZ (Rh, Fe) PCM (DCE) // 

B3LYP-D3/6-31G* LANL2DZ (Rh, Fe) level of theory,62,63 as implemented in Gaussian 16. We modeled 

the deprotonation of the Lewis acid (Rh) activated 1a64,65 by 1-AdNH2 to form the Rh-bound enolate as a 

pathway for racemization. (Figure 2.5, Pathway A). Alternatively, Rh could also racemize 1a through a 

β-hydride elimination pathway (Figure 2.5, Pathway B), similar to the mechanism recently proposed by 

Shi for the Ni-catalyzed epimerization of α-substituted ketones.36 Rh has also been implicated in the 

epimerization of aminophosphine ligands.66 In a previous study, we demonstrated that Rh can play a dual 

role in racemization and asymmetric hydrogenation in the DyKAT of chiral sulfoxides.67   

 

Figure 2.5 Proposed mechanisms for Rh-catalyzed epimerization of 1a 

The potential energy surface (PES) (Figure 2.6) follows the Curtin-Hammett principle; the 

equilibration of starting material enantiomers (R)-1a and (S)-1a through racemization pathways described 
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(vide supra) are lower in energy relative to the likely turnover-limiting migratory insertion step in the 

catalytic cycle (Figure 2.6, TSMI-R leads to the major enantiomer of product and TIMI-S leads to the minor 

enantiomer).  The calculated PES aligns with the experimentally observed racemization of recovered 

aldehyde (Figure 2.4, 1a), consistent with a dynamic kinetic resolution (i.e. the rate of racemization > rate 

of product formation).  

Transition state structures (TSs) for the racemization proceeding through Pathway A, for the 

deprotonation of the Lewis acid Rh complex via external base (1-AdNH2) are lowest in energy and lie 

13.2 (TSDepR) and 13.7 (TSDepS) kcal/mol above the stable Rh bound enolate intermediate IntEnolateA 

(which was arbitrarily standardized to 0.0 kcal/mol). The TSs calculated for the alternative β-hydride 

elimination mechanism (Pathway B) are TSBHE-S and TSBHE-S, which are 14.4 and 16.3 kcal/mol, 

respectively, above IntEnolateA. We also calculated transition structures for the racemization pathways 

involving p-coordinated acrylamide (2a) which are slightly higher in energy for both Pathways A and B, 

due to the more sterically hindered catalyst environment. Importantly, the calculated racemization 

pathways proceeding through both base deprotonation and β-hydride elimination mechanisms are 

accessible with respect to migratory insertion, consistent with the racemization of starting material 

aldehyde (1a) via several operative pathways prior to entering the catalytic cycle.  
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While there is an unexpected pathway for racemization involving Rh alone, the addition of 1-AdNH2 

has a strong influence on the diastereocontrol. At 1 h, there was an increase in diastereoselectivity for the 

generation of ketoamide 3aa in comparison to the experiment performed without amine co-catalyst (10:1 

vs. 8:1) and a decrease in enantioenrichment of recovered 1a (14% ee vs. 38% ee) (entry 4).  

 

The amine can act as a simple base in the racemization; however, we observed enamine formation 

(when 1a is treated with 1-AdNH2) by NMR spectroscopy which suggests a condensation mechanism 

(Figure 2.6). The E-enamine was generated using a catalytic amount of 1-AdNH2 and it is the 

thermodynamically more favorable isomer on the basis of steric strain. The hydroacylation proceeded less 

efficiently with the addition of amine (Figure 2.4, 53% vs. 70% NMR yield at 1h); this difference may be 

due to Rh-amine coordination or the presence of water generated by imine condensation. Thus, the amine 
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Figure 2.6 Free energy surface comparing the potential racemization pathways of (R)-1a and (S)-

1a. Key transition state structures for deprotonation by 1-ADNH2 (TSDep-S) and β-hydride 

elimination by Rh (TSBHE-S) are highlighted. DFT calculations were performed at B3LYP-D3/6-

311+G** LANL2DZ (Rh, Fe) PCM (DCE) // B3LYP-D3/6-31G* LANL2DZ (Rh, Fe) level of 

theory.   

 



 

35 

 

could play multiple roles in enhancing the relative rate of racemization over hydroacylation, a key 

parameter for high selectivity in DKR’s.  

 

Figure 2.7 Enamine formation studies. [a] Reaction conditions: 1a (0.15 mmol, 1.0 equiv), 1-AdNH2 (7 mol % or 1.0 equiv), 

DCE (0.2 mL). [b] Ratio determined by 1H NMR analysis of a portion of unpurified reaction mixture. With 1.0 equiv of 1-

AdNH2, aldehyde: enamine = 1:1.7.   

 

2.4 Conclusion  

In summary, we have developed a DKR using intermolecular hydroacylation by leveraging the 

chemoselective racemization of an aldehyde starting material over the ketone product with a bulky 1-

AdNH2 co-catalyst. Various ketoamides can be obtained with high control for remote 1,4-stereocenters. 

Mechanistic studies point to racemization pathways involving both Rh and amine. While this initial study 

was limited in scope to acrylamides, we expect these insights and strategies described will aid in the 

44development of future DKR’s that feature C–C bond construction.    
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CHAPTER 3 – Regio- and Enantioselective Hydroacylation of Azetines 

3.1 Introduction  

Azetidines are four-membered cyclic amines found in pharmaceutical candidates and natural products, 

such as Nicotianamine, Ximelagatran, and Azelnidipine (Figure 1A).1–6 The unique characteristics of 

azetidines, including high Fsp3 character, rigidity, and basicity, have increased their synthetic interest in 

recent years. They possess an intermediate level of reactivity fitting nicely between unstable aziridines 
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and unreactive pyrrolidines.7 Azetidines have been proposed as replacements for several functionalities 

in drug syntheses including piperidine, pyrrolidine, piperazine, proline, and more.8–15 This is in part due 

to their potential improvements in the areas of solubility, lipophilicity, and PK. 16  

 

Figure 3.1 Azetine hydroacylation background and proposal 

Despite the increasing interest in azetidines, current synthetic approaches are limited.17 This is 

especially true for enantiopure azetidines. One such way to access enantioenriched azetidines is through 

the hydro- or difunctionalization of 1- and 2-azetines.18 This area of research has been largely 
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underexplored. Recent examples of azetine difunctionalization include a Ni-catalyzed 

aryldiflouroalkylation reported by Zhang et al in 2020.19  Additionally, a Cu/Pd dual catalytic arylboration 

of enecarbamates, including azetines, was reported by Brown and coworkers in 2022 (Figure 2B).20 

However, neither of the above methods afford enantioenriched azetidine scaffolds.  In addition to these 

difunctionalizations, several cycloadditions involving azetines have been reported resulting in a range of 

bicyclic azetidine compounds.21–26 The enantioselective hydroformylation of azetines has been reported 

by Stahl and Landis in 2010, yet only one example is shown in modest regioselectivity (1:3.6) with the 

chiral isomer as the minor product (Figure 2B).27 While several other hydrofunctionalizations of 

enecarbamates have been reported28–31, none have included the 4-membered azetine variant. Additionally, 

none of the current methods of hydro- or difunctionalizations of 2-azetines allow for a switch in 

regiocontrol. 

With this gap in the literature noted, we hoped to develop a highly regio- and enantioselective 

hydroacylation of 2-azetines (Figure 1C). Previous hydroacylations of strained alkenes, such as 

cyclopropenes32,33 and cyclobutenes,34 guided our initial efforts. Furthermore, the hydroacylation of 

enamides to afford racemic amide scaffolds was reported by Bolm in 2011.35 The first and only 

hydroacylation of enamides with enantiocontrol was published earlier this year by Li and coworkers.36 

While the resulting amide products have synthetic value, a carbamate product would allow for facile 

amine deprotection using well-studied and mild conditions.37–40 Taking inspiration from Bolm and Li, we 

proposed the complimentary hydroacylation of enecarbamates in place of enamides. If successful, this 

could afford enantioenriched azetidine products that could be readily deprotected and further derivatized.  

 

3.2 Reaction Discovery and Optimization  

To probe initial reactivity, azetine 1 and salicylaldehyde 2 were subjected to various catalysts prepared 

in situ. Inspiration from previous hydroacylations of strained alkenes was used as a  
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Table 3.1 Optimization of azetine hydroacylation 

 

 

aCondition change: b5.0 mol% [Rh(cod)Cl]2 and 10 mol% ligand. c10 mol% [Rh(cod)Cl]2 and 20 mol% ligand

 

launching point for catalyst evaluation.32 Examining a range of bisphosphine ligands with 

[Rh(cod)Cl]2 led to electron rich Josiphos ligands as most promising for generation of 2-

acylazetidine 3a (Table 1). Use of ligand L5 resulted in a complex mixture of azetidine isomers 

3a and 4a as well as hydroalkoxylation product 5 (0.7:0.3:1 of A:B:C). However, slightly less 

electron donating L4 resulted in a 1:2 mixture of 4a and hydroalkoxylation product 5. The L1 

afforded azetidine 3a with the highest yield and selectivity (97%, >20:1 rr) at 80 °C in DCE. We 

reason that both the steric bulk and electronically rich nature of L1 are crucial for high 

regioselectivity. The enantiopurity of 3a was found to be high (96% ee) when L1 was employed. 

Previous reports of hydroacylations with salicylaldehyde have shown that the addition of catalytic 

amounts of base can improve reactivity.41,42 However, with the addition of K3PO4 (10 mol%) we 

saw a slight decrease in yield to 84%. Electronically rich achiral ligands (L2 and L3) in 
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combination with [Rh(cod)Cl]2 also result in formation of isomer 3a. Use of L3 selectively 

afforded 2-acylazetidine 3a (60% yield, >20:1 rr). 

Next, we aimed to obtain the other constitutional isomer, 3-acylazetidine 4a. Through additional 

ligand evaluation, we found that biaryl bisphosphine ligands, such as L6, afford 4a selectively. In 

the case of 4a, the addition of K3PO4 (10 mol%) drastically improved reactivity to afford desired 

product in 53% yield with >20:1 rr. Lowering the temperature from 80 °C to 60 °C further 

improved the yield to 98%. The temperature effect is potentially due to the propensity for azetine 

to polymerize at higher temperatures. The optimized conditions for each isomer were subsequently 

used to explore the scope of reactivity.  

 

3.3 Substrate Scope 

A variety of salicylaldehydes were evaluated with azetine 1 (Table 2A). Using unmodified 

salicylaldehyde 2a afforded the model substrate 3a in 97% yield, 98:2 er, and >20:1 rr. Alkyl 

substituents on the 2, 3, and 4 positions of the salicylaldehyde were well tolerated (3b−3d) in 

(82%−99%), (93:7−>99:1 er), and (all >20:1 rr). 3-Methoxysalicylaldehyde gave product 3e in 

slightly increased yield (99%) and maintained selectivity (98:2 er and >20:1 rr).  An allyl 

substituted salicylaldehyde afforded 3f (90% yield, 99:1 er, and >20:1 rr) with no observed side 

reactivity of the tethered alkene. We observe 3g (88% yield, 99:1 er, and >20:1 rr) with a 

pinacolborane substituent due to the potential for further derivatization with the boron handle. 

Halogenated salicylaldehyes were well tolerated with slightly lowered reactivity. 5-Chloro and 5-

bromo substituted salicylaldehyes gave 3h (65% yield, 98:2 er, and >20:1 rr) and 3i (69% yield, 

92:8 er, and >20:1 rr), respectively. Fluorinated salicylaldehydes were subjected to standard 

conditions affording 3j (67% yield, -:- er, and >20:1 rr) with a trifluoromethyl substituent at the 5  
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Table 3.2 2-Acylazetidine and 3-acylazetidine scope 

 

aCurrent efforts are underway to optimize chiral HPLC conditions for compound 3m. 

 

position and 3k (61% yieldm 97:3 er, and >20:1 rr) with a fluoro substituent at the 3 position. The 

methyl ester substitution on 3l (84% yield, 92:8 er, and >20:1 rr) could offer another potential 



 

46 

 

synthetic handle. Unfortunately, replacing the hydroxy directing group of the salicylaldehyde with 

a methoxy group resulted in no formation of desired product. Finally, a dialdehyde successfully 

underwent hydroacylation with two equivalents of azetine 1 to afford 3m in 76% yield. 

The substrate scope of the 3-acylazetidine was evaluated next (Table 2B). Unmodified 

salicylaldehyde 2 was again used as the model coupling partner to selectively form 4a (98%, >20:1 

rr). Alkyl substituents at various positions on salicyclaldehyde were tolerated to form 4b (48% 

yield, >20:1 rr), 4c (50% yield, >20:1 rr), and 4d (79% yield, >20:1 rr). Methoxy substitution was 

tolerated at the 3 and 6 positions providing 4e (39% yield, >20:1 rr) and 4f (26% yield, >20:1 rr), 

respectively. Halogenated salicylaldehydes including 5-Chloro, 5-Bromo, 5-CF3, and 3-Fluoro 

were employed to give azetidines 4g−4j in a range of yields (24%−52%) with high regioselectivity 

(all >20:1 rr). Aryl substitution was tolerated to give 4-phenyl product 4k in 24% yield with >20:1 

rr. Finally, ester substituents were shown to be tolerated when 4l was obtained in 24% yield with 

>20:1 rr.  

 

3.4 2-Acylazetidine Derivatizations and Gram-Scale Hydroacylation  

A one- gram scale hydroacylation with the 2-acylazetidine conditions was completed with a 

catalyst loading of 1.0 mol% Rh (Figure 2A). The increase from 0.10 mmol scale to a 5.0 mmol 

scale with the lowered catalyst loading resulted in a 16% loss in yield. With 3d in hand, we 

explored derivatizations. Alcohol 6 was obtained in high yield and diastereoselectivity (99% yield 

and >20:1 dr) via reduction of the ketone with NaBH4. A Grignard reduction of 3d resulted in the 

alkylated material 7 in 67% yield and 7:1 dr. The boc-protecting group was easily removed with 

the addition of HCl to afford the ammonium salt 8. Finally, we converted 3d to aryl triflate 9 which 

possesses a convenient handle for cross-coupling or reduction.43–49  
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Figure 3.2 Gram-scale hydroacylation and substrate derivatization  

 

3.5 Mechanistic Insights 

On the basis of literature and our own observations, we propose the following mechanism for 

accessing 2-acylazetidines (Figure 3C). The steps oxidative addition (I) and olefin coordination 

(II) are rapid and reversible under these reaction conditions. Following coordination, the turnover 

limiting step is the azetine 1a insertion in the Rh-H bond to afford azetidinyl-Rh(III) V. The final 

step is the reductive elimination to form the C-C bond, which furnishes 3a and regenerates the Rh-

catalyst I.  The mechanistic experiments that led to this proposed mechanism are discussed below. 
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Figure 3.3 Mechanistic experiments and proposed catalytic cycle for the formation of 2-acylazetidines 

 

We performed an isotopic labeling experiment in which we subjected deuterated 

salicylaldehyde (d-2a) and azetine (1a) to the standard 2-acylazetidine reaction conditions (Figure 
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3A). Analysis of d-3a shows that the deuterium incorporated exclusively syn relative to the newly 

formed C-C bond. This result suggests a syn hydrorhodation step in the catalytic cycle. A primary 

kinetic isotope effect (KIE) of 1.90 is observed when running the 2-acylazetidine hydroacylation 

with 2a and d-2a in competition (Figure 3B). The presence of a primary KIE supports migratory 

insertion as the turnover-limiting step. The mechanistic conclusions drawn from these findings are 

summarized in the catalytic cycle presented in Figure 3C.  

On the basis of literature and our own observations, we propose the following mechanism for 

accessing 3-acylazetidines (Figure X). The Rh-catalyst (I) undergoes oxidative addition to 2a to 

generate II. Following coordination, azetine 1a inserts into the Rh-H bond to afford azetidinyl-

Rh(III) V. The turnover limiting step is the reductive elimination to form the C-C bond, which 

furnishes 4a and regenerates the Rh-catalyst I. The mechanistic experiments that led to this 

proposed mechanism are discussed below. 

We performed an isotopic labeling experiment in which we subjected deuterated 

salicylaldehyde (d-2a) and azetine (1a) to the standard 3-acylazetidine reaction conditions. No 

kinetic isotope effect (KIE) is observed when running the 3-acylazetidine hydroacylation with 2a 

and d-2a in parallel. The lack of a KIE supports reductive elimination as the turnover-limiting step.  
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Figure 3.4 Mechanistic experiments and proposed catalytic cycle for the formation of 3-acylazetidines  

 

3.6 Conclusion  

While enzymes can diverge common building blocks into various isomers, chemists can access 

divergent products through tuning of the ligand on a transition metal. While exciting progress has 

been made in the synthesis of functionalized four-membered nitrogen heterocycles called 

azetidines, few stereo or regio-divergent approaches exist for their construction. Azetidines are 

promising motifs in natural products and medicinal chemistry due to their unique characteristics 

and stability.7  Inspired by this challenge, we have developed a divergent hydroacylation of 2-

azetines to selectively form 3-acylazetidines in high regiocontrol and 2-acylazetidines in high 

enantio- and regiocontrol. This transformation is the first reported hydroacylation of 
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enecarbamates. A wide range of salicylaldehyde derivatives were well tolerated as coupling 

partners under both optimized conditions. Alkyl, aryl, halogen, allyl, ester, and pinacolborane 

substituents on the salicyclaldehydes were successfully employed to synthesize novel azetidines. 

2-Acylazetidine compounds were further derivatized to demonstrate potential synthetic use. 

Additionally, Isotope labeling experiments in conjunction with kinetic analysis helped to shed light 

on the divergent rhodium reactivity. Future studies will focus on expanding the scope of 

enecarbamate hydroacylations.   
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CONCLUSION 

In this dissertation, I have discussed the divergent hydrothiolation of cyclopropenes, 

dynamic kinetic resolution of aldehydes via hydroacylations, and regiodivergent hydroacylation 

of azetines. The control of regio-, diastereo-, and enantioselecvity via hydrofunctionalizations has 

been explored throughout. In particular, the divergent reactivity of cyclopropenes and azetines was 

controlled through careful choice in the ligand paired with a rhodium catalyst. In chapter 1, ring-

opened allylic sulfides and ring-retained cyclopropyl sulfides were selectively formed through an 

enantioselective hydrothiolation of cyclopropenes.  In chapter 3, a controlled switch in 

regioselectivity allowed for the selective formation of enantioenriched 2-acylazetidines as well as 

achiral 3-acylazetidines via a rhodium-catalyzed hydroacylation. Chapter 2 explores another 

rhodium-catalyzed hydroacylation leading to the diastereo- and enantioselective formation of 1,4-

ketoamides. This transformation takes advantage of the racemization of racemic aldehydes to 

achieve a dynamic kinetic resolution. Over the course of these projects, I developed catalysts and 

methodologies to synthesize a variety of chemical motifs and performed mechanistic experiments 

to gain useful insight on how the reactions proceed. These studies aim to provide insight into the 

divergent reactivity of rhodium in order to overcome future synthetic challenges with the use of 

rhodium-catalysis.  
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APPENDIX 1  
 

Supporting Information for Chapter 1 

 

Enantioselective Hydrothiolation: Diverging Cyclopropenes Through Ligand 

Control 
 

Table of Contents 

1. General: ..................................................................................................................................... 58 
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6. NMR Spectra of Unknown Compounds ................................................................................. 103 
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8. X-ray Crystallography Data for 3ba ....................................................................................... 181 

 

1. General:  
Commercial reagents were purchased from Sigma Aldrich, Strem, Alfa Aesar, Acros Organics or 

TCI and used without further purification. 1,2-Dichloroethane and acetonitrile were purified using 

an Innovative Technologies Pure Solv system, degassed by three freeze-pump-thaw cycles, and 

stored over 3Å MS within a N2 filled glove box. All experiments were performed in oven-dried or 

flame-dried glassware. Reactions were monitored using either thin-layer chromatography (TLC) 

or gas chromatography using an Agilent Technologies 7890A GC system equipped with an Agilent 

Technologies 5975C inert XL EI/CI MSD. Visualization of the developed plates was performed 
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under UV light (254 nm) or KMnO4 stain. Organic solutions were concentrated under reduced 

pressure on a Büchi rotary evaporator. Purification and isolation of products were performed via 

silica gel chromatography (both column and preparative thin-layer chromatography). Column 

chromatography was performed with Silicycle Silica-P Flash Silica Gel using glass columns. 

Solvent was purchased from Fisher. 1H, 2H, 13C, and 19F NMR spectra were recorded on Bruker 

CRYO500 or DRX400 spectrometer. 1H NMR spectra were internally referenced to the residual 

solvent signal or TMS. 13C NMR spectra were internally referenced to the residual solvent signal. 

Data for 1H NMR are reported as follows: chemical shift (δ ppm), multiplicity (s = singlet, d = 

doublet, t = triplet, q = quartet, m = multiplet), coupling constant (Hz), integration. Data for 2H, 

13C, and 19F NMR are reported in terms of chemical shift (δ ppm). Infrared (IR) spectra were 

obtained on a Nicolet iS5 FT-IR spectrometer with an iD5 ATR and are reported in terms of 

frequency of absorption (cm-1). High resolution mass spectra (HRMS) were obtained on a 

micromass 70S-250 spectrometer (EI) or an ABI/Sciex QStar Mass Spectrometer (ESI). 

Enantiomeric ratio for enantioselective reactions was determined by chiral SFC analysis using an 

Agilent Technologies HPLC (1200 series) system and Aurora A5 Fusion. Cyclopropene 1a-1d, 

1f-1h used here were known compounds and synthesized according to reported methods.1,2 2a-2q 

and all other reagents used for the synthesis of non-commercial starting materials were used 

without further purification from commercial sources (Sigma Aldrich, Combi-Blocks, Solvias and 

Alfa Aesar). 
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2. Cyclopropene Hydrothiolation General Procedures and Compound 

Characterization 

2.1 Ring-Retained Hydrothiolation General Procedure and Compound 

Characterization 

  
Ring-Retained General Procedure: 

In a N2-filled glove box, [Rh(cod)Cl]2 (1.2 mg, 0.0025 mmol), L5 (2.7 mg, 0.0050 mmol), and 

MeCN (0.50 mL) were added to a 1-dram vial containing a stir bar. The resulting mixture was 

stirred for 10 min. Thiol 2 (11.0 mg, 0.10 mmol) was added followed by cyclopropene 1 (0.10 mL, 

1.2 M solution in MeCN, 0.12 mmol) to initiate the reaction. The mixture was held at 30 °C until 

no starting material was observed by TLC. The regioselectivity ratio was determined by 1H NMR 

analysis of the unpurified reaction mixture. Isolated yields (obtained by column chromatography 

on silica gel or preparative thin-layer chromatography) of the title compound are reported. 

 

((1S,2R)-2-methyl-2-phenylcyclopropyl)(phenyl)sulfane(3aa) 

Colorless oil, 90% yield, 95:5 er, >20:1 dr, [α]24
D = +13.7 (c 0.4, CHCl3). 1H NMR 

(400 MHz, CDCl3) δ 7.39 – 7.20 (m, 9H), 7.18 – 7.11 (m, 1H), 2.56 (dd, J = 8.7, 

5.5 Hz, 1H), 1.68 (dd, J = 8.7, 5.4 Hz, 1H), 1.60 (s, 3H), 0.96 (t, J = 5.4 Hz, 1H). 13C NMR (126 

MHz, CDCl3) δ 145.7, 138.6, 128.9, 128.6, 126.9, 126.6, 126.3, 125.1, 28.5, 27.9, 21.9, 20.5. IR 

(ATR): 2923, 1479, 1439, 1090, 1025, 786, 763, 689 cm-1. HRMS calculated for C16H16S [M]+ 

240.0973, found 240.0982. Chiral SFC: 100 mm CHIRALCEL AD-H, 3% iPrOH, 2.0 mL/min, 

254 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 3.6 min, tR2 (minor) = 2.5 min.  
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((1S,2R)-2-methyl-2-phenylcyclopropyl)(p-tolyl)sulfane(3ab) 

Colorless oil, 92% yield, 95:5 er, >20:1 dr, [α]24
D = +22.7 (c 0.4, CHCl3). 1H 

NMR (400 MHz, CDCl3) δ 7.38 – 7.27 (m, 5H), 7.27 – 7.20 (m, 2H), 7.11 (d, 

J = 8.1 Hz, 2H), 2.56 (dd, J = 8.7, 5.5 Hz, 1H), 2.34 (s, 3H), 1.65 (dd, J = 8.7, 5.4 Hz, 1H), 1.60 

(s, 3H), 0.94 (t, J = 5.4 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 145.9, 135.2, 134.8, 129.7, 128.6, 

127.6, 126.8, 126.3, 29.1, 28.1, 21.9, 21.1, 20.7. IR (ATR): 2922, 1601, 1492, 1445, 1115, 1090, 

1029, 801, 762, 697 cm-1. HRMS calculated for C17H18S [M]+ 254.1129, found 254.1116. Chiral 

SFC: 100 mm CHIRALCEL AD-H, 3% iPrOH, 2.0 mL/min, 254 nm, 44 °C, nozzle pressure = 

200 bar CO2, tR1 (major) = 5.2 min, tR2 (minor) = 3.3 min.  

 

(4-(tert-butyl)phenyl)((1S,2R)-2-methyl-2-phenylcyclopropyl)sulfane(3ac) 

Colorless oil, 86% yield, 91:9 er, >20:1 dr, [α]24
D = +14.7 (c 0.2, CHCl3). 1H 

NMR (400 MHz, CDCl3) δ 7.38 – 7.26 (m, 7H), 7.26 – 7.17 (m, 2H), 2.53 (dd, 

J = 8.7, 5.5 Hz, 1H), 1.63 (dd, J = 8.7, 5.5 Hz, 1H), 1.60 (s, 3H), 1.30 (s, 9H), 0.93 (t, J = 5.4 Hz, 

1H). 13C NMR (126 MHz, CDCl3) δ 148.4, 145.9, 135.0, 128.7, 126.9, 126.7, 126.3, 126.0, 34.5, 

31.5, 28.9, 27.9, 22.0, 20.6. IR (ATR): 2960, 1496, 1445, 1268, 1121, 1012, 819, 741, 697 cm-1. 

HRMS calculated for C20H24S [M]+ 296.1599, found 296.1578. Chiral SFC: 100 mm 

CHIRALCEL OJ-H, 3% iPrOH, 2.0 mL/min, 254 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 

(major) = 8.9 min, tR2 (minor) = 7.8 min.  

 

(4-chlorophenyl)((1S,2R)-2-methyl-2-phenylcyclopropyl)sulfane (3ad) 

Colorless oil, 87% yield, 94:6 er, >20:1 dr, [α]24
D = +29.4 (c 0.4, CHCl3). 1H 

NMR (400 MHz, CDCl3) δ 7.41 – 7.33 (m, 2H), 7.33 – 7.22 (m, 7H), 2.54 (dd, 
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J = 8.7, 5.4 Hz, 1H), 1.71 (dd, J = 8.7, 5.5 Hz, 1H), 1.60 (s, 3H), 0.97 (t, J = 5.4 Hz, 1H). 13C 

NMR (126 Hz, CDCl3) δ 145.4, 137.3, 131.1, 129.0, 128.7, 128.2, 126.6, 126.5, 28.7, 28.1, 22.0, 

20.5. IR (ATR): 2924, 1495, 1474, 1093, 1010, 810, 763, 697 cm-1. HRMS calculated for 

C16H15ClS [M]+ 274.0583, found 274.0584. Chiral SFC: 100 mm CHIRALCEL AD-H, 3% iPrOH, 

2.0 mL/min, 254  nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 5.7 min, tR2 (minor) = 

4.2 min.  

 

((1S,2R)-2-methyl-2-phenylcyclopropyl)(m-tolyl)sulfane (3ae) 

Colorless oil, 72% yield, 93:7 er, >20:1 dr, [α]24
D = +8.9 (c 0.3, CHCl3). 1H NMR 

(499 MHz, CDCl3) δ 7.40 – 7.29 (m, 4H), 7.29 – 7.20 (m, 1H), 7.20 – 7.10 (m, 

3H), 7.00 – 6.92 (m, 1H), 2.53 (ddd, J = 8.7, 5.5, 1.5 Hz, 1H), 2.31 (s, 3H), 1.69 (dd, J = 8.4, 5.5 

Hz, 1H), 1.59 (s, 3H), 0.95 (td, J = 5.4, 1.6 Hz, 1H). 13C NMR (125 MHz, CDCl3) δ 145.8, 138.7, 

138.4, 128.8, 128.7, 127.6, 126.7, 126.3, 126.1, 123.9, 28.7, 28.0, 21.8, 21.5, 20.6. IR (ATR): 

2922, 1592, 1495, 1444, 1083, 763, 697, 688 cm-1. HRMS calculated for C17H18S [M]+ 254.1129, 

found 254.1119. Chiral SFC: 100 mm CHIRALCEL AD-H, 3% iPrOH, 2.0 mL/min, 254 nm, 

44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 4.8 min, tR2 (minor) = 2.3 min.  

 

((1S,2R)-2-methyl-2-phenylcyclopropyl)(o-tolyl)sulfane (3af) 

Colorless oil, 73% yield, 95:5 er, >20:1 dr, [α]24
D = +10.8 (c 0.3, CHCl3). 1H 

NMR (499 MHz, CDCl3) δ 7.40 – 7.29 (m, 5H), 7.29 – 7.21 (m, 1H), 7.19 – 

7.11 (m, 2H), 7.11 – 7.02 (m, 1H), 2.49 (dd, J = 8.6, 5.6 Hz, 1H), 2.36 (s, 3H), 1.72 (dd, J = 8.6, 

5.4 Hz, 1H), 1.59 (s, 3H), 0.99 (t, J = 5.4 Hz, 1H). 13C NMR (125 MHz, CDCl3) δ 145.7, 138.0, 

135.2, 129. 9, 128.7, 126.6, 126.5, 126.3, 125.8, 124.8, 28.1, 27.7, 22.0, 20.3, 20.1. IR (ATR): 



 63 

3058, 2924, 1589, 1495, 1467, 1444, 1064, 1047, 1030, 762, 742, 696 cm-1. HRMS calculated for 

C17H18S [M]+ 254.1129, found 254.1122. Chiral SFC: 100 mm CHIRALCEL AD-H, 3% iPrOH, 

2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 3.2 min, tR2 (minor) = 

2.3 min.   

 

((1S,2R)-2-methyl-2-phenylcyclopropyl)(naphthalen-2-yl)sulfane(3ag) 

Colorless oil, 81% yield, 94:6 er, >20:1 dr, [α]24
D = -18.2 (c 0.4, CHCl3). 1H 

NMR (400 MHz, CDCl3) δ 7.83 – 7.69 (m, 3H), 7.65 (d, J = 8.0 Hz, 1H), 7.51 

– 7.32 (m, 7H), 7.31 – 7.19 (m, 1H), 2.63 (dd, J = 8.7, 5.5 Hz, 1H), 1.78 (dd, J = 8.6, 5.6 Hz, 1H), 

1.62 (s, 3H), 1.02 (t, J = 5.5 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 145.7, 136.5, 134.0, 131.5, 

128.7, 128.3, 127.9, 127.0, 126.6, 126.4, 125.6, 125.3, 124.2, 28.8, 28.0, 21.8, 20.4. IR (ATR): 

3053, 2922, 1589, 1500, 1444, 1133, 1070, 941, 812, 738, 697 cm-1. HRMS calculated for C20H18S 

[M]+ 290.1124, found 290.1129. Chiral SFC: 100 mm CHIRALCEL AD-H, 3% iPrOH, 2.0 

mL/min, 254 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 18.7 min, tR2 (minor) = 11.8 

min. 

 

((1S,2R)-2-methyl-2-(p-tolyl)cyclopropyl)(phenyl)sulfane(3ba) 

White solid, 83% yield, 94:6 er, >20:1 dr, [α]24
D = +23.9 (c 0.5, CHCl3). 1H 

NMR (400 MHz, CDCl3) δ 7.38 – 7.31 (m, 2H), 7.31 – 7.24 (m, 2H), 7.24 – 

7.18 (m, 2H), 7.18 – 7.10 (m, 3H), 2.53 (dd, J = 8.7, 5.4 Hz, 1H), 2.36 (s, 3H), 1.65 (dd, J = 8.7, 

5.4 Hz, 1H), 1.58 (s, 3H), 0.93 (t, J = 5.4 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 142.8, 138.8, 

135.9, 129.4, 128.9, 126.9, 126.6, 125.1, 28.4, 27.7, 21.9, 21.1, 20.6. IR (ATR): 2922, 1478, 1438, 

1116, 1085, 820, 736, 690 cm-1. HRMS calculated for C17H18S [M]+ 254.1129, found 254.1127. 
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Chiral SFC: 100 mm CHIRALCEL AD-H, 3% iPrOH, 2.0 mL/min, 254 nm, 44 °C, nozzle pressure = 200 

bar CO2, tR1 (major) = 4.9 min, tR2 (minor) = 3.3 min. 

 

((1S,2R)-2-methyl-2-(4-(trifluoromethyl)phenyl)cyclopropyl)(phenyl)sulfane (3ca) 

White solid, 68% yield, 94:6 er, >20:1 dr, [α]24
D = +19.4 (c 0.9, CHCl3). 1H 

NMR (400 MHz, CDCl3) δ 7.59 (d, J = 8.2 Hz, 2H), 7.38 (d, J = 8.1 Hz, 2H), 

7.35 – 7.24 (m, 4H), 7.21 – 7.11 (m, 1H), 2.57 (dd, J = 8.8, 5.6 Hz, 1H), 1.70 (dd, J = 8.7, 5.7 Hz, 

1H), 1.61 (s, 3H), 1.03 (t, J = 5.6 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 149.8 (q, J = 1.3 Hz), 

138.2, 129.0, 128.6 (d, J = 32.8 Hz), 127.2, 126.9, 125.7 (q, J = 3.8 Hz), 125.5, 124.4 (d, J = 272.2 

Hz), 29.4, 27.8, 22.4, 20.1. 19F NMR (376 MHz, CDCl3) δ – 62.6. IR (ATR): 2927, 1618, 1480, 

1439, 1323, 1164, 1088, 1067, 840, 736, 700, 602. HRMS calculated for C17H15F3S [M]+ 308.0847, 

found 308.0834. Chiral SFC: 100 mm CHIRALCEL OJ-H, 3% iPrOH, 2.0 mL/min, 254 nm, 

44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 2.3 min, tR2 (minor) = 2.6 min. 

 

((1S,2R)-2-(4-chlorophenyl)-2-methylcyclopropyl)(phenyl)sulfane (3da) 

White solid, 92% yield, 94:6 er, >20:1 dr, [α]24
D = +37.4 (c 1.3, CHCl3). 1H 

NMR (500 MHz, CDCl3) δ 7.41 – 7.30 (m, 6H), 7.30 – 7.24 (m, 2H), 7.24 – 

7.18 (m, 1H), 2.57 (dd, J = 8.8, 5.5 Hz, 1H), 1.69 (dd, J = 8.7, 5.5 Hz, 1H), 1.62 (s, 3H), 1.02 (t, J 

= 5.5 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 144.3, 138.4, 132.1, 131.0, 129.0, 128. 8, 128.5, 

128.0, 127.1, 125.4, 28.9, 27.5, 22.1, 20.4. IR (ATR): 2924, 1583, 1495, 1479, 1439, 1091, 1011, 

829, 734, 689. HRMS calculated for. C16H15ClS [M]+ 274.0583, found 274.0587. Chiral SFC: 

100 mm CHIRALCEL AD-H, 2% iPrOH, 2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar 

CO2, tR1 (major) = 7.0 min, tR2 (minor) = 5.4 min. 
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((1S,2R)-2-benzyl-2-phenylcyclopropyl)(phenyl)sulfane (3ea) 

White solid, 61% yield, 92:8 er, >20:1 dr, [α]24
D = -5.8 (c 0.6, CHCl3). 1H NMR 

(400 MHz, CDCl3) δ 7.51 – 7.40 (m, 2H), 7.40 – 7.29 (m, 2H), 7.29 – 7.08 (m, 9H), 

7.00 – 6.88 (m, 2H), 3.32 (d, J = 14.6 Hz, 1H), 3.23 (d, J = 14.6 Hz, 1H), 2.63 (dd, J = 8.5, 5.5 Hz, 

1H), 1.76 (ddd, J = 8.5, 5.5, 1.3 Hz, 1H), 1.15 (t, J = 5.5 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 

143.7, 139.6, 138.4, 129.6, 129.0, 128.8, 128.4, 128.0, 127.6, 126.6, 126.0, 125.6, 40.3, 34.7, 28.6, 

20.1. IR (ATR): 3058, 2918, 1601, 1582, 1494, 1479, 1254, 1025, 767, 737, 689. HRMS 

calculated for. C22H21S [M+H]+ 317.1364, found 317.1362. Chiral SFC: 100 mm CHIRALCEL 

AD-H, 2% iPrOH, 2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 6.4 

min, tR2 (minor) = 7.1 min. 

 

((1S,2R)-3',4'-dihydro-2'H-spiro[cyclopropane-1,1'-naphthalen]-2-yl)(phenyl)sulfane (3fa) 

Colorless oil, 98% yield, 98:2 er, >20:1 dr, [α]24
D = -30.0 (c 0.5, CHCl3). 1H NMR 

(400 MHz, CDCl3) δ 7.28 – 7.19 (m, 4H), 7.19 – 7.05 (m, 4H), 6.80 (d, J = 7.3 Hz, 

1H), 2.95 – 2.76 (m, 2H), 2.64 (dd, J = 8.7, 5.8 Hz, 1H), 2.09 (ddd, J = 13.6, 7.4, 3.2 Hz, 1H), 1.97 

– 1.79 (m, 2H), 1.78 – 1.65 (m, 2H), 1.01 (t, J = 5.7 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 140.1, 

138.5, 138.0, 129.2, 128.9, 126.6, 126.4, 125.6, 125.0, 121.9, 31.8, 30.7, 29.6, 26.4, 24.7, 22.5. IR 

(ATR): 2926, 1490, 1454, 1155, 1025, 759, 753, 689 cm-1. HRMS calculated for C18H18S [M]+ 

266.1129, found 266.1115. Chiral SFC: 100 mm CHIRALCEL AD-H, 3% iPrOH, 2.0 mL/min, 

254 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 8.6 min, tR2 (minor) = 4.5 min. 
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((1S,2R)-2-(methoxymethyl)-2-phenylcyclopropyl)(phenyl)sulfane (3ga) 

Colorless oil, 85% yield, 70:30 er, >20:1 dr, [α]24
D = +14.7 (c 0.3, CHCl3). 1H 

NMR (400 MHz, CDCl3) δ 7.45 – 7.40 (m, 2H), 7.40 – 7.34 (m, 2H), 7.34 – 7.22 

(m, 5H), 7.22 – 7.14 (m, 1H), 3.86 (d, J = 10.2 Hz, 1H), 3.82 (d, J = 10.2 Hz, 1H), 3.28 (s, 3H), 

2.66 (dd, J = 8.2, 5.6 Hz, 1H), 1.68 (dd, J = 8.2, 5.6 Hz, 1H), 1.14 (t, J = 5.5 Hz, 1H).13C NMR 

(126 MHz, CDCl3) δ 142.7, 138.1, 129.0, 128.6, 128.4, 127.6, 126.9, 125.6, 76.5, 59.0, 33.2, 27.3, 

20.0. IR (ATR): 2920, 1479, 1117, 1100, 1025, 766, 737, 689 cm-1. HRMS calculated for. 

C17H18OS [M]+ 270.1078, found 270.1066. Chiral SFC: 100 mm CHIRALCEL AD-H, 3% iPrOH, 

2.0 mL/min, 254 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 5.8 min, tR2 (minor) = 

4.4 min. 

2.2 Ring-Opened Hydrothiolation General Procedures and Compound 

Characterization 

 

 

  
 

Ring-Opened General Procedure A: 

In a N2-filled glove box, [Rh(cod)Cl]2 (1.2 mg, 0.0025 mmol), L8 (5.9 mg, 0.0050 mmol), and 

DCE (0.30 mL) were added to a 1-dram vial containing a stir bar. The resulting mixture was stirred 

for 10 min. Thiol 2 (11.0 mg, 0.10 mmol) was added followed by cyclopropene 1 (0.10 mL, 1.2 M 

solution in DCE, 0.12 mmol) to initiate the reaction. The mixture was held at 0 °C until no starting 

material was observed by TLC. The regioselectivity ratio was determined by 1H NMR analysis of 

the unpurified reaction mixture. Isolated yields (obtained by column chromatography on silica gel 

or preparative thin-layer chromatography) of the title compound are reported. 
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Ring-Opened General Procedure B: 

In a N2-filled glove box, [Rh(cod)Cl]2 (1.2 mg, 0.0025 mmol), L8 (5.9 mg, 0.0050 mmol), and 

DCE (0.30 mL) were added to a 1-dram vial containing a stir bar. The resulting mixture was stirred 

for 10 min. Thiol 2 (11.0 mg, 0.10 mmol) was added followed by cyclopropene 1 (0.10 mL, 1.2 M 

solution in DCE, 0.12 mmol) to initiate the reaction. The mixture was held at 30 °C until no starting 

material was observed by TLC. The regioselectivity ratio was determined by 1H NMR analysis of 

the unpurified reaction mixture. Isolated yields (obtained by column chromatography on silica gel 

or preparative thin-layer chromatography) of the title compound are reported. 

 

Ring-Opened General Procedure C: 

In a N2-filled glove box, [Rh(cod)Cl]2 (1.2 mg, 0.0025 mmol), L7 (5.9 mg, 0.0050 mmol), and 

DCE (0.30 mL) were added to a 1-dram vial containing a stir bar. The resulting mixture was stirred 

for 10 min. Thiol 2 (11.0 mg, 0.10 mmol) was added followed by cyclopropene 1 (0.10 mL, 1.2 M 

solution in DCE, 0.12 mmol) to initiate the reaction. The mixture was held at 30 °C until no starting 

material was observed by TLC. The regioselectivity ratio was determined by 1H NMR analysis of 

the unpurified reaction mixture. Isolated yields (obtained by column chromatography on silica gel 

or preparative thin-layer chromatography) of the title compound are reported. 

 

(S)-phenyl(2-phenylbut-3-en-2-yl)sulfane (4aa) 

General Procedure A. Colorless oil, 86% yield, 96:4 er, >20:1 rr, [α]24
D = -84.3 (c 

0.4, CHCl3). The characterization data is in agreement with previously reported 

spectral data.3 1H NMR (400 MHz, CDCl3) δ 7.57 – 7.50 (m, 2H), 7.37 – 7.27 (m, 5H), 7.27 – 
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7.17 (m, 3H), 6.31 (dd, J = 17.3, 10.6 Hz, 1H), 5.15 (d, J = 10.6 Hz, 1H), 4.99 (d, J = 17.3 Hz, 

1H), 1.69 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 144. 6, 143.0, 136.9, 132.6, 128.8, 128.4, 128.3, 

127.4, 127.1, 113. 6, 56.7, 26.4. IR (ATR): 2926, 1490, 1438, 1368, 1059, 1025, 915, 747. HRMS 

calculated for C16H16S [M]+ 240.0973, found 240.0957. Chiral SFC: 100 mm CHIRALCEL AD-

H, 3% iPrOH, 2.0 mL/min, 254 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 2.2 min, 

tR2 (minor) = 2.0 min.  

 

(S)-(2-phenylbut-3-en-2-yl)(p-tolyl)sulfane (4ab) 

General Procedure A. Colorless oil. 90% yield. 96:4 er, >20:1 rr. [α]24
D = -44.0 

(c 1.0, CHCl3). 1H NMR (499 MHz, CDCl3) δ 7.56 (d, J = 7.6 Hz, 2H), 7.34 (t, 

J = 7.6 Hz, 2H), 7.27 (d, J = 7.0 Hz, 1H), 7.22 (d, J = 8.0 Hz, 2H), 7.06 (d, J = 7.9 Hz, 2H), 6.33 

(dd, J = 17.3, 10.6 Hz, 1H), 5.16 (d, J = 10.6 Hz, 1H), 4.99 (d, J = 17.3 Hz, 1H), 2.34 (s, 3H), 1.70 

(s, 3H). 13C NMR (125 MHz, CDCl3) δ 144.7, 143.1, 139.0, 137.0, 129.2, 129.0, 128.2, 127.4, 

127.0, 113.4, 56.5, 26.3, 21.4. IR (ATR): 3020, 2974, 2922, 1630, 1600, 1490, 1444, 1076, 1059, 

914, 810, 697. HRMS calculated for C17H18S [M]+ 254.1129, found 254.1106. Chiral SFC: 100 

mm CHIRALCEL OJ-H, 2% iPrOH, 2.0 mL/min, 254 nm, 44 °C, nozzle pressure = 200 bar CO2, 

tR1 (major) = 5.8 min, tR2 (minor) = 7.7 min. 

 

(S)-(4-(tert-butyl)phenyl)(2-phenylbut-3-en-2-yl)sulfane (4ac) 

General Procedure A. Colorless oil, 85% yield, 96:4 er, >20:1 rr, [α]24
D = -77.7 

(c 1.0, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.55 (d, J = 7.8 Hz, 2H), 7.32 (t, 

J = 7.5 Hz, 2H), 7.29 – 7.18 (m, 5H), 6.32 (dd, J = 17.3, 10.6 Hz, 1H), 5.15 (d, J = 10.6 Hz, 1H), 

4.99 (d, J = 17.3 Hz, 1H), 1.69 (s, 3H), 1.30 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 152.0, 144.7, 
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143.2, 136.6, 129.2, 128.2, 127.4, 127.0, 125.5, 113.4, 56.6, 34.8, 31.4, 26.4. IR (ATR): 2962, 

2867, 1633, 1597, 1489, 1444, 1363, 1267, 1059, 1014, 914, 829, 760, 697 cm-1. HRMS calculated 

for C20H24S [M]+ 296.1599, found 296.1597. Chiral SFC: 100 mm CHIRALCEL AD-H, 3% 

iPrOH, 2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 3.4 min, tR2 

(minor) = 5.6 min.  

 

(S)-(4-methoxyphenyl)(2-phenylbut-3-en-2-yl)sulfane (4ah) 

General Procedure A. Colorless oil. 86% yield. 92:8 er, >20:1 rr. [α]24
D = -

25.7 (c 1.4, CHCl3). 1H NMR (499 MHz, CDCl3) δ 7.55 (d, J = 7.5 Hz, 2H), 

7.35 (t, J = 7.6 Hz, 2H), 7.31 – 7.22 (m, 3H), 6.80 (d, J = 8.8 Hz, 2H), 6.33 (dd, J = 17.3, 10.6 Hz, 

1H), 5.17 (d, J = 10.6 Hz, 1H), 4.99 (d, J = 17.3 Hz, 1H), 3.82 (s, 3H), 1.70 (s, 3H). 13C NMR 

(125 MHz, CDCl3) δ 160.5, 144.6, 143.1, 138.8, 128.2, 127.4, 127.0, 123.3, 113.9, 113.4, 56.5, 

55.4, 26.1. IR (ATR): 3091, 2995, 1586, 1488, 1244, 1025, 905, 694. HRMS calculated for 

C17H18OS [M]+ 270.1078, found 270.1086. Chiral SFC: 100 mm CHIRALCEL OJ-H, 2% iPrOH, 

2.0 mL/min, 254 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 9.6 min, tR2 (minor) = 

13.2 min.  

 

(S)-(4-bromophenyl)(2-phenylbut-3-en-2-yl)sulfane (4ai) 

General Procedure A. Colorless oil. 88% yield. 95:5 er, >20:1 rr. [α]24
D = -35.9 

(c 1.1, CHCl3. 
1H NMR (499 MHz, CDCl3) δ 7.56 – 7.47 (m, 2H), 7.40 – 7.29 

(m, 4H), 7.29 – 7.22 (m, 1H), 7.18 – 7.11 (m, 2H), 6.29 (dd, J = 17.3, 10.6 Hz, 1H), 5.18 (dd, J = 

10.6, 0.7 Hz, 1H), 5.01 (dd, J = 17.3, 0.7 Hz, 1H), 1.69 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 

144.2, 142.7, 142.7, 138.3, 131.8, 131.6, 128.4, 127.4, 127.3, 123.6, 114.0, 57.0, 26.3. IR (ATR): 
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3056, 2973, 2926, 1471, 1068, 1009, 915, 696. HRMS calculated for C16H15BrS [M]+ 318.0078, 

found 318.0087. Chiral SFC: 100 mm CHIRALCEL OJ-H, 5% iPrOH, 2.0 mL/min, 220 nm, 

44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 4.5 min, tR2 (minor) = 6.0 min. 

 

(S)-(4-fluorophenyl)(2-phenylbut-3-en-2-yl)sulfane (4aj) 

General Procedure A. Colorless oil. 83% yield. 95:5 er, >20:1 rr. [α]24
D = -37.9 

(c 0.7, CHCl3). 1H NMR (499 MHz, CDCl3) δ 7.53 (d, J = 7.3 Hz, 2H), 7.35 (t, 

J = 7.6 Hz, 2H), 7.32 – 7.27 (m, 3H), 6.95 (t, J = 8.7 Hz, 2H), 6.32 (dd, J = 17.3, 10.6 Hz, 1H), 

5.19 (d, J = 10.6 Hz, 1H), 5.01 (d, J = 17.3 Hz, 1H), 1.70 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 

163.5 (d, J = 249.0 Hz), 144.3, 142.8, 139.1 (d, J = 8.4 Hz), 128.3, 127.9 (d, J = 3.4 Hz), 127.4, 

127.2, 115.5 (d, J = 21.6 Hz), 113.8, 56.8, 26.2. 19F NMR (376 MHz, CDCl3) δ – 112.6. IR (ATR): 

3057, 2973, 2922, 1632, 1600, 1490, 1444, 1076, 1059, 914, 810, 697. HRMS calculated for 

C16H15FS [M]+ 258.0879, found 258.0884 Chiral SFC: 100 mm CHIRALCEL OJ-H, 3% iPrOH, 

2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 4.5 min, tR2 (minor) = 

6.6 min. 

 

(S)-(2-phenylbut-3-en-2-yl)(4-(trifluoromethyl)phenyl)sulfane (4ak) 

General Procedure A. Colorless oil. 82% yield. 95:5 er, >20:1 rr. [α]24
D = -

30.6 (c 1.0, CHCl3). 
1H NMR (400 MHz, CDCl3) δ 7.55 – 7.49 (m, 2H), 7.46 

– 7.40 (m, 2H), 7.37 – 7.28 (m, 4H), 7.28 – 7.21 (m, 1H), 6.28 (dd, J = 17.3, 10.6 Hz, 1H), 5.18 

(d, J = 10.6 Hz, 1H), 5.04 (d, J = 17.3 Hz, 1H), 1.70 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 144.0, 

142.5, 137.9 (q, J = 1.7 Hz), 135.9, 130.4 (q, J = 32.5 Hz), 128.5, 127.4, 127.4, 125.2 (q, J = 3.7 

Hz), 124.2 (q, J = 270.5 Hz), 114.3, 57.4, 26.7. 19F NMR (376 MHz, CDCl3) δ – 62.9. IR (ATR): 
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3058, 2978, 2929, 1605, 1398, 1320, 1123, 1101, 1029, 836, 697. HRMS calculated for C17H15F3S 

[M]+ 308.0847, found 308.0858. Chiral SFC: 100 mm CHIRALCEL OJ-H, 2% iPrOH, 2.0 

mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 2.0 min, tR2 (minor) = 2.5 

min. 

 

(S)-(4-nitrophenyl)(2-phenylbut-3-en-2-yl)sulfane (4al) 

General Procedure B. Yellow oil. 89% yield. 91:9 er, >20:1 rr. [α]24
D = -63.8 

(c 0.7, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.93 (d, J = 8.8 Hz, 2H), 7.46 

(d, J = 7.7 Hz, 2H), 7.31 – 7.22 (m, 4H), 7.22 – 7.16 (m, 1H), 6.24 (dd, J = 17.2, 10.6 Hz, 1H), 

5.17 (d, J = 10.6 Hz, 1H), 5.06 (d, J = 17.2 Hz, 1H), 1.70 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 

147.4, 143.8, 143.3, 142.2, 134.6, 128.9, 127.9, 127.5, 123.6, 115.2, 58.2, 27.3. IR (ATR): 2975, 

1594, 1575, 1510, 1444, 1335, 1089, 911, 851, 741, 697. HRMS calculated for C16H19N2O2S 

[M+NH4]
+ 303.1167, found 303.1159. Chiral SFC: 100 mm CHIRALCEL AD-H, 3% iPrOH, 2.0 

mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 3.1 min, tR2 (minor) = 3.5 

min. 

 

(S)-(2-phenylbut-3-en-2-yl)(m-tolyl)sulfane (4ae) 

General Procedure A. Colorless oil. 90% yield. 95:5 er, >20:1 rr. [α]24
D = -40.2 

(c 0.9, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.56 – 7.47 (m, 2H), 7.36 – 7.28 

(m, 2H), 7.27 – 7.18 (m, 1H), 7.15 – 7.05 (m, 4H), 6.31 (dd, J = 17.3, 10.6 Hz, 1H), 5.15 (d, J = 

10.6 Hz, 1H), 5.00 (d, J = 17.3 Hz, 1H), 2.26 (s, 3H), 1.69 (s, 3H). 13C NMR (126 MHz, CDCl3) 

δ 144.7, 143.1, 138.1, 137.5, 133.8, 132.3, 129.6, 128.2, 128.2, 127.5, 127.1, 113. 5, 56.6, 26.4, 

21.3. IR (ATR): 3054, 2972, 2924, 1591, 1444, 1059, 914, 779, 760, 604. HRMS calculated for 
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C17H18S [M]+ 254.1129, found 254.1116. Chiral SFC: 100 mm CHIRALCEL OJ-H, 3% iPrOH, 

2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 5.3 min, tR2 (minor) = 

7.3 min.  

 

(S)-(3-chlorophenyl)(2-phenylbut-3-en-2-yl)sulfane (4am) 

General Procedure A. Colorless oil. 80% yield. 90:10 er, >20:1 rr. [α]24
D = -

43.4 (c 0.8, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.56 – 7.48 (m, 2H), 7.38 – 

7.29 (m, 2H), 7.29 – 7.22 (m, 3H), 7.20 – 7.11 (m, 2H), 6.30 (dd, J = 17.3, 10.6 Hz, 1H), 5.19 (d, 

J = 10.6 Hz, 1H), 5.03 (d, J = 17.3 Hz, 1H), 1.71 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 144.1, 

142.6, 136.3, 134.7, 133.9, 129.4, 128.9, 128.4, 127.4, 114.0, 57.2, 26.4. IR (ATR): 3057, 2973, 

2927, 1573, 1459, 1396, 1071, 1059, 917, 778, 697, 683. HRMS calculated for C16H15ClS [M]+ 

274.0583, found 274.0585. Chiral SFC: 100 mm CHIRACEL OJ-H, 5% i-PrOH, 2.0 mL/min, 

220 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 4.0 min, tR2 (minor) = 5.3 min. 

 

(S)-(3-fluorophenyl)(2-phenylbut-3-en-2-yl)sulfane (4an) 

General Procedure A. Colorless oil. 90% yield. 96:4 er, >20:1 rr. [α]24
D = -38.0 

(c 0.9, CHCl3). 1H NMR (499 MHz, CDCl3) δ 7.57 – 7.46 (m, 2H), 7.38 – 7.29 

(m, 2H), 7.29 – 7.20 (m, 1H), 7.20 – 7.12 (m, 1H), 7.10 – 7.01 (m, 1H), 7.01 – 6.91 (m, 2H), 6.29 

(dd, J = 17.3, 10.6 Hz, 1H), 5.18 (d, J = 10.6 Hz, 1H), 5.02 (d, J = 17.3 Hz, 1H), 1.70 (s, 3H). 13C 

NMR (126 MHz, CDCl3) δ 162.1 (d, J = 248.3 Hz), 144.2, 142.77, 134.9 (d, J = 7.7 Hz), 132.2 (d, 

J = 2.9 Hz), 129.5 (d, J = 8.3 Hz), 128.4, 127.4, 127.3, 123.0 (d, J = 21.3 Hz), 115.8 (d, J = 21.0 

Hz), 114.0, 57.2, 26.5. 19F NMR (376 MHz, CDCl3) δ –113.3. IR (ATR): 3060, 2978, 2928, 1596, 

1576, 1471, 1214, 878, 781, 696, 680. HRMS calculated for C16H15FS [M]+ 258.0879, found 
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258.0887. Chiral SFC: 100 mm CHIRACEL AD-H, 2% i-PrOH, 2.0 mL/min, 220 nm, 44 °C, 

nozzle pressure = 200 bar CO2, tR1 (major) = 2.5 min, tR2 (minor) = 2.1 min. 

 

(S)-(2-phenylbut-3-en-2-yl)(o-tolyl)sulfane (4af) 

General Procedure A. Colorless oil. 72% yield. >99:1 er, >20:1 rr. [α]24
D = -31.3 

(c 1.0, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.59 – 7.49 (m, 2H), 7.38 – 7.30 (m, 

2H), 7.30 – 7.18 (m, 4H), 7.08 – 6.98 (m, 1H), 6.34 (dd, J = 17.3, 10.6 Hz, 1H), 5.13 (d, J = 10.6 

Hz, 1H), 4.97 (d, J = 17.3 Hz, 1H), 2.39 (s, 3H), 1.69 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 

144.8, 143.6, 143.1, 137.8, 132.1, 130.4, 128.9, 128.3, 127.3, 127.1, 125.8, 113.4, 57.3, 26.2, 21.7. 

IR (ATR): 3056, 2971, 2925, 1489, 1444, 1057, 914, 750, 696. HRMS calculated for C17H18S 

[M]+ 254.1129, found 254.1122. Chiral SFC: 100 mm CHIRALCEL OJ-H, 2% iPrOH, 2.0 

mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 7.8 min. 

 

(S)-(2-fluorophenyl)(2-phenylbut-3-en-2-yl)sulfane (4ao) 

General Procedure A. Colorless oil. 90% yield. 95:5 er, >20:1 rr. [α]24
D = -33.1 (c 

0.7, CHCl3). 1H NMR (499 MHz, CDCl3) δ 7.57 – 7.48 (m, 2H), 7.35 – 7.26 (m, 

3H), 7.26 – 7.18 (m, 2H), 7.04 (t, J = 8.5 Hz, 1H), 6.97 (t, J = 7.6 Hz, 1H), 6.33 (dd, J = 17.3, 10.7 

Hz, 1H), 5.08 (d, J = 10.6 Hz, 1H), 4.90 (d, J = 17.3 Hz, 1H), 1.68 (s, 3H). 13C NMR (126 MHz, 

CDCl3) δ 164.2 (d, J = 247.3 Hz), 144.1, 142.7, 139.8, 131.4 (d, J = 8.2 Hz), 128.3, 127.3, 127.3, 

124.0 (d, J = 3.9 Hz), 119.7 (d, J = 18.4 Hz), 115.9 (d, J = 24.3 Hz), 113.6, 57.9, 26.3. 19F NMR 

(376 MHz, CDCl3) δ – 104.7. IR (ATR): 3087, 3056, 2980, 2928, 1588, 1487, 1221, 1155, 916, 

830, 696. HRMS calculated for C16H15FS [M]+ 258.0879, found 258.0870. Chiral SFC: 100 mm 
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CHIRALCEL AD-H, 3% iPrOH, 2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 

(major) = 2.2 min, tR2 (minor) = 1.7 min. 

 

(S)-naphthalen-2-yl(2-phenylbut-3-en-2-yl)sulfane (4ag) 

General Procedure A. Yellow solid. 74% yield. 98:2 er, >20:1 rr. [α]24
D = -89.3 (c 0.7, CHCl3). 

1H NMR (499 MHz, CDCl3) δ 7.77 (s, 1H), 7.75 – 7.70 (m, 1H), 7.70 – 7.65 

(m, 1H), 7.61 (d, J = 8.5 Hz, 1H), 7.55 – 7.47 (m, 2H), 7.45 – 7.37 (m, 2H), 

7.32 – 7.24 (m, 3H), 7.23 – 7.17 (m, 1H), 6.31 (dd, J = 17.3, 10.7 Hz, 1H), 5.10 (d, J = 10.6 Hz, 

1H), 4.95 (d, J = 17.3 Hz, 1H), 1.68 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 144.6, 143.0, 136.6, 

133.5, 133.4, 133.2, 130.1, 128.3, 128.0, 127.7, 127.5, 127.2, 126.8, 126.3, 113.7, 57.0, 26.5. IR 

(ATR): 3053, 2925, 1583, 1490, 1444, 1368, 1058, 916, 814, 742, 697. HRMS calculated for 

C20H18S [M]+ 290.1129, found 290.1124. Chiral SFC: 100 mm CHIRALCEL OJ-H, 4% iPrOH, 

2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 14.9 min, tR2 (minor) = 

19.6 min. 

 

(S)-phenethyl(2-phenylbut-3-en-2-yl)sulfane (4ap) 

General Procedure C. Colorless oil. 63% yield. 74:26 er, >20:1 rr. [α]24
D = -7.4 

(c 0.6, CHCl3). 1H NMR (499 MHz, CDCl3) δ 7.57 – 7.46 (m, J = 7.1 Hz, 2H), 

7.38 – 7.29 (m, J = 7.6 Hz, 2H), 7.29 – 7.21 (m, 3H), 7.21 – 7.16 (m, J = 13.5, 6.3 Hz, 1H), 7.16 

– 7.08 (m, J = 7.1 Hz, 2H), 6.20 (dd, J = 17.2, 10.6 Hz, 1H), 5.22 (d, J = 10.5 Hz, 1H), 5.16 (d, J 

= 17.3 Hz, 1H), 2.76 (t, J = 7.9 Hz, 2H), 2.67 – 2.53 (m, 2H), 1.74 (s, 3H). 13C NMR (125 MHz, 

CDCl3) δ 144.7, 142.8, 140.9, 128.6, 128.5, 128.4, 127.2, 127.0, 126.4, 113.4, 53.8, 36.0, 31.5, 

27.2. IR (ATR): 3026, 2924, 1630, 1600, 1490, 1444, 1369, 1029, 915, 738, 670. HRMS 
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calculated for C18H20S [M]+ 268.1286, found 268.1277. Chiral SFC: 100 mm CHIRALCEL OJ-

H, 3% iPrOH, 2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 9.7 min, 

tR2 (minor) = 19.0 min. 

 

(S)-2-(((2-phenylbut-3-en-2-yl)thio)methyl)furan (4aq) 

General Procedure C. Colorless oil, 71% yield, 74:26 er, >20:1 rr, [α]24
D = -8.0 

(c 0.7, CHCl3). 1H NMR (499 MHz, CDCl3) δ 7.52 (d, J = 7.6 Hz, 2H), 7.34 – 

7.27 (m, 3H), 7.25 – 7.18 (m, 1H), 6.26 – 6.15 (m, 2H), 6.05 (d, J = 2.5 Hz, 1H), 5.25 (d, J = 10.6 

Hz, 1H), 5.18 (d, J = 17.3 Hz, 1H), 3.58 (d, J = 14.1 Hz, 1H), 3.54 (d, J = 14.1 Hz, 1H), 1.73 (s, 

3H). 13C NMR (126 MHz, CDCl3) δ 151.7, 144.2, 142.6, 142.4, 142.0, 128.5, 127.2, 113.9, 110.6, 

107.5, 54.4, 27.2, 27.0. IR (ATR): 2970, 1631, 1597, 1490, 1444, 1149, 1063, 1009, 934, 733, 

697, 598. HRMS calculated for C15H16OS [M]+ 244.0922, found 244.0919. Chiral SFC: 100 mm 

CHIRALCEL OJ-H, 3% iPrOH, 2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 

(major) = 5.4 min, tR2 (minor) = 6.7 min. 

 

(S)-phenyl(2-(p-tolyl)but-3-en-2-yl)sulfane (4ba) 

General Procedure A. Colorless oil, 83% yield, 95:5 er, >20:1 rr, [α]24
D = -66.5 (c 

0.9, CHCl3). The characterization data is in agreement with previously reported 

spectral data.3 1H NMR (400 MHz, CDCl3) δ 7.48 – 7.39 (d, J = 8.0 Hz, 2H), 7.39 – 7.27 (m, 3H), 

7.27 – 7.20 (m, 2H), 7.18 – 7.10 (d, J = 7.9 Hz, 2H), 6.32 (dd, J = 17.3, 10.6 Hz, 1H), 5.13 (d, J = 

10.6 Hz, 1H), 4.96 (d, J = 17.3 Hz, 1H), 2.36 (s, 3H), 1.68 (s, 3H). IR (ATR): 2922, 1583, 1515, 

1479, 1438, 1112, 1024, 817, 737, 690. cm-1. HRMS calculated for C17H19S [M+H]+ 255.1207, 
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found 255.1222. Chiral SFC: 100 mm CHIRALCEL OJ-H, 3% iPrOH, 2.0 mL/min, 220 nm, 

44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 7.6 min, tR2 (minor) = 9.9 min.  

 
 

(S)-phenyl(2-(4-(trifluoromethyl)phenyl)but-3-en-2-yl)sulfane (4ca) 

General Procedure C. Colorless oil, 58% yield, 97:3 er, >20:1 rr, [α]24
D = -63.7 (c 

0.8, CHCl3). The characterization data is in agreement with previously reported 

spectral data.3 1H NMR (499 MHz, CDCl3) δ 7.62 (d, J = 7.4 Hz, 2H), 7.56 (d, J = 7.7 Hz, 2H), 

7.34 – 7.17 (m, 5H), 6.26 (dd, J = 17.3, 10.7 Hz, 1H), 5.19 (d, J = 10.5 Hz, 1H), 5.01 (d, J = 17.3 

Hz, 1H), 1.69 (s, 3H). 19F NMR (376 MHz, CDCl3) δ – 62.7. IR (ATR): 2929, 1616, 1438, 1324, 

1165, 1115, 1070, 1015, 919, 842, 748, 692. cm-1. HRMS calculated for C17H15F3S [M]+ 308.0847, 

found 308.0847. Chiral SFC: 100 mm CHIRALCEL OJ-H, 3% iPrOH, 2.0 mL/min, 220 nm, 

44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 1.6 min, tR2 (minor) = 1.9 min.  

 

(S)-(2-(4-chlorophenyl)but-3-en-2-yl)(phenyl)sulfane (4da) 

General Procedure A. Colorless oil, 65% yield, 96:4 er, >20:1 rr, [α]24
D = -33.7 (c 1.0, 

CHCl3). 1H NMR (499 MHz, CDCl3) δ 7.57 – 7.40 (m, 2H), 7.38 – 7.28 (m, 5H), 7.28 

– 7.22 (m, 2H), 6.28 (dd, J = 16.9, 10.9 Hz, 1H), 5.19 (d, J = 10.6 Hz, 1H), 5.02 (d, J 

= 17.3 Hz, 1H), 1.69 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 143.2, 142.6, 136.9, 132.9, 132.2, 

129.0, 128.9, 128.5, 128.3, 114.0, 56.2, 26.5. IR (ATR): 3057, 2926, 1489, 1438, 1096, 1012, 917, 

829, 748, 692. HRMS calculated for C16H15ClS [M]+ 274.0583, found 274.0593. Chiral SFC: 

100 mm CHIRALCEL AD-H, 2% iPrOH, 2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar 

CO2, tR1 (major) = 3.9 min, tR2 (minor) = 3.5 min. 
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(S)-(1,2-diphenylbut-3-en-2-yl)(phenyl)sulfane (4ea) 

General Procedure C. Colorless oil, 74% yield, 85:15 er, >20:1 rr, [α]24
D = +10.0 (c 

1.0, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.46 – 7.36 (m, 2H), 7.32 – 7.08 (m, 11H), 

6.94 – 6.83 (m, 2H), 6.15 (dd, J = 17.4, 10.8 Hz, 1H), 5.29 (dd, J = 10.8, 0.7 Hz, 1H), 5.24 (dd, J 

= 17.4, 0.7 Hz, 1H), 3.50 (d, J = 13.8 Hz, 1H), 3.33 (d, J = 13.8 Hz, 1H). 13C NMR (125 MHz, 

CDCl3) δ 142.0, 140. 7, 136.8, 135.9, 133.1, 131.1, 128.9, 128.4, 128.2, 127. 9, 127.6, 127.1, 

126.5, 116.0, 62.1, 46.7. IR (ATR): 3058, 3028, 1599, 1494, 1437, 1077, 1025, 911, 745, 691. 

HRMS calculated for C22H21S [M+H]+ 317.1364, found 317.1362. Chiral SFC: 100 mm 

CHIRALCEL AD-H, 3% iPrOH, 2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 

(major) = 6.4 min, tR2 (minor) = 4.0 min.  

 

(S)-phenyl(1-vinyl-1,2,3,4-tetrahydronaphthalen-1-yl)sulfane (4fa) 

General Procedure A. Colorless oil, 90% yield, 96:4 er, >20:1 rr, [α]24
D = -96.7 (c 

0.2, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.66 (d, J = 7.6 Hz, 1H), 7.41 – 7.33 (m, 

2H), 7.33 – 7.28 (m, 1H), 7.28 – 7.23 (m, 2H), 7.23 – 7.11 (m, 2H), 7.07 (d, J = 7.2 Hz, 1H), 6.24 

(dd, J = 17.2, 10.5 Hz, 1H), 5.13 (d, J = 10.5 Hz, 1H), 4.79 (d, J = 17.2 Hz, 1H), 2.81 – 2.67 (m, 

2H), 2.11 – 1.88 (m, 3H), 1.81 – 1.64 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 143.7, 137.9, 137.8, 

136.7, 133.1, 130.1, 129.4, 128.7, 128.5, 127.0, 125.8, 115.0, 57.4, 34.4, 30.3, 19.6. IR (ATR): 

2930, 1682, 1438, 1085, 1047, 1024, 746, 691 cm-1. HRMS calculated for C18H18S [M]+ 266.1129, 

found 266.1137. Chiral SFC: 100 mm CHIRALCEL OJ-H, 3% iPrOH, 2.0 mL/min, 220 nm, 

44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 5.8 min, tR2 (minor) = 7.1 min.  
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(S)-(2-(naphthalen-2-yl)but-3-en-2-yl)(phenyl)sulfane (4ha) 

General Procedure A. White solid, 88% yield, 88:12 er, >20:1 rr, [α]24
D = -36.5 (c 

0.4, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.89 – 7.79 (m, 3H), 7.79 – 7.73 (m, 

2H), 7.51 – 7.37 (m, 2H), 7.31 – 7.21 (m, 3H), 7.21 – 7.11 (m, 2H), 6.39 (dd, J = 

17.3, 10.6 Hz, 1H), 5.21 (d, J = 10.6 Hz, 1H), 5.06 (d, J = 17.3 Hz, 1H), 1.79 (s, 3H). 13C NMR 

(126 MHz, CDCl3) δ 142.9, 141.9, 136.8, 133.2, 132.5, 128.8, 128.5, 128.3, 127.9, 127.6, 126.3, 

126.2, 126.1, 125.7, 113.9, 56.9, 26.4. IR (ATR): 3055, 1674, 1478, 1438, 1022, 818, 742, 689 

cm-1. HRMS calculated for C20H18S [M]+ 290.1129, found 290.1139. Chiral SFC: 100 mm 

CHIRALCEL OJ-H, 3% iPrOH, 2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 

(major) = 13.1 min, tR2 (minor) = 16.8 min. 

 

3. Cyclopropene synthesis 

 

Cyclopropenes 1a-1d, 1f, and 1h were synthesized following these reported proecdures.1,2 

 

 

 

Cyclopropene 1g was synthesized from 2-phenylacetophenone following these reported 

proecdures.2 
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Cyclopropene 1e was synthesized from 2-phenylacetophenone following these reported 

proecdures.1,2 

  

 

 
Synthesis of prop-1-en-2-ylbenzene (6e): 

Methyltriphenylphoshphonium bromide (11 g, 30 mmol, 3.0 equiv) was added to a flame-dried 

flask under an atmosphere of N2. Anhydrous THF (40 mL) was added and the mixture was cooled 

to 0 °C.  KOtBu (3.4 g, 30 mmol, 3.0 equiv) was added all at once and the resulting mixture was 

stirred for 10 min. A solution of 2-phenylacetophenone 5e (2.0 g, 10 mmol, 1 equiv) in dry THF 

(10 mL) was added. The reaction was allowed to warm to room temperature and stirred overnight. 

The reaction was monitored by TLC for complete consumption of starting material. The mixture 

was quenched with sat. ammonium chloride and extracted with ethyl acetate (3x). The combined 

organic layers were dried with MgSO4, filtered, and concentrated under reduced pressure. The 

crude mixture was purified by column chromatography on silica gel (hexanes) to yield the desired 

product. 1H and 13C NMR spectra of the product are in agreement with previously reported data.4  

 

Synthesis of (2,2-dibromo-1-methylcyclopropyl)benzene (7e): 

Benzyltriethylammonium chloride (0.11 g, 0.46 mmol, 0.050 equiv) was added to a flask charged 

with a stir bar and placed under an atmosphere of N2. A solution of 6e (1.8 g, 9.3 mmol, 1.0 equiv) 

in bromoform (3.2 mL, 37 mmol, 4.0 equiv) was added followed by dropwise addition of 50% aq. 

NaOH (1.5 mL, 37 mmol, 4.0 equiv). The resulting mixture was heated to 60 °C and stirred 
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overnight. Upon completion determined by TLC, the reaction mixture was allowed to cool to room 

temperature, quenched with water, and extracted with dichloromethane (3x). The combined 

organic layers were dried with MgSO4, filtered, and concentrated under reduced pressure. The 

crude mixture was purified by column chromatography on silica gel (hexanes) to yield the desired 

product.  

 

Synthesis of (2-bromo-1-methylcyclopropyl)benzene (8e): 

A 0.74 M solution of ethylmagnesium bromide (5.7 mL, 4.2 mmol, 1.3 equiv) in Et2O was added 

dropwise to a cooled solution (0 °C ice bath) of dibromide 7e (1.2 g, 3.2 mmol, 1.0 equiv) and 

titanium(IV) isopropoxide (0.10 mL, 0.32 mmol, 0.10 equiv) in Et2O (6.4 mL). The reaction 

mixture was stirred for 4 h at 30 °C. The reaction was monitored by TLC for complete consumption 

of starting material. Upon completion, the reaction mixture was quenched with 10% aq. HCl and 

extracted with Et2O (3x). The combined ethereal layers were washed with brine (2x), dried with 

MgSO4, filtered, and concentrated under reduced pressure. The crude mixture was purified by 

column chromatography on silica gel (hexanes) to yield the desired product.  

 

Synthesis of (1-methylcycloprop-2-en-1-yl)benzene (1e): 

A solution of bromide 8e (0.73 g, 2.5 mmol, 1.0 equiv) in DMSO (20 mL) was added to a flask 

under an atmosphere of N2. A solution of KOtBu (0.43 g, 3.8 mmol, 1.5 equiv) in DMSO (5 mL) 

was added slowly and the resulting mixture was stirred at 30 °C overnight. The reaction was 

monitored by TLC for complete consumption of starting material. Upon completion, the reaction 

mixture was quenched with 10% aq. HCl and extracted with Et2O (3x). The combined ethereal 

layers were washed with brine (2x), dried with NaSO4, filtered, and concentrated under reduced 
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pressure. The crude mixture was purified by column chromatography on silica gel (hexanes) to 

yield the desired product. Purified product was stored in a 1.2 M solution of DCE or MeCN at 0 °C 

to prevent decomposition.  

 

 (1-benzyl-2,2-dibromocyclopropyl)benzene (7e): 

White solid. 34.8% yield. 1H NMR (500 MHz, CDCl3) δ 7.25 – 7.20 (m, 3H), 7.15 – 

7.10 (m, 3H), 7.09 – 7.04 (m, 2H), 6.86 – 6.80 (m, 2H), 3.49 (d, J = 13.8 Hz, 1H), 

3.10 (d, J = 13.9 Hz, 1H), 2.08 (d, J = 7.7 Hz, 1H), 2.02 (d, J = 7.7 Hz, 1H). 13C NMR (126 

MHz, CDCl3) δ 140.4, 138.1, 129.9, 129.6, 128.2, 128.2, 127.4, 126.6, 46.3, 41.3, 36.4, 32.9. IR 

(ATR): 3084, 3061, 3023, 2958, 1494, 1454, 1013, 757, 698. HRMS calculated for C16H14Br2 

[M + NH4]
+ 386.9799, found 386.9658. 

 

(1-benzyl-2-bromocyclopropyl)benzene (8e): 

Colorless oil. 81.7% yield. 1H NMR (500 MHz, CDCl3) δ 7.22 – 7.11 (m, 5H), 7.08 – 

7.03 (m, 2H), 7.01 – 6.95 (m, 2H), 3.38 – 3.26 (m, 2H), 3.10 (d, J = 14.4 Hz, 1H), 1.68 

(t, J = 7.2 Hz, 1H), 1.29 (t, J = 5.6 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 142.5, 139.0, 129.6, 

129.0, 128.3, 128.1, 126.8, 126.2, 43.5, 32.2, 30.2, 21.9. IR (ATR): 3059, 3026, 2916, 1493, 1445, 

765, 697. HRMS calculated for C16H15Br [M + NH4]
+ 307.0714, found 307.0695. 

 

(1-benzylcycloprop-2-en-1-yl)benzene (1e):  

Colorless oil. 34.4% yield. 1H NMR (500 MHz, CDCl3)
 δ 7.40 – 7.29 (m, 6H), 7.27 – 

7.20 (m, 4H), 7.18 – 7.15 (m, 1H), 7.15 – 7.13 (m, 1H), 3.48 (s, 2H). 13C NMR (126 MHz, CDCl3) 

δ 149.0, 140.3, 129.7, 128.3, 128.1, 126.6, 125.8, 125.5, 114.0, 43.2, 28.0. IR (ATR): 3083, 3058, 
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3025, 2915, 2851, 1640, 1493, 1444, 695. HRMS calculated for C16H14 [M]+ 207.1129, found 

207.1157. 

 

4. Mechanism studies for cyclopropene hydrothiolation 

4.1. Deuterium-Labeling Study 

Synthesis of d-2a:  

 

Benezenethiol 2a (1.62 g, 15 mmol) was dissolved in D2O (3.0 g, 150 mmol) and vigorously stirred for 2 hours 

at room temperature. The clear solution was concentrated in vacuo and resulted in d-2a with 86% D incorporation 

which was determined by 1H NMR. Colorless oil, 84% yield. 1H NMR (400 MHz, d6-benzene) δ 7.01 – 6.92 

(m, 2H), 6.91 – 6.78 (m, 3H), 3.00 (s, 0.14H). 
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Synthesis of d-3aa: 

 

 

Following the “Ring-Retained General Procedure”, d-2a was used as the thiol partner. Colorless 

oil, 81% yield, >20:1 rr. 1H NMR (400 MHz, CDCl3) δ 7.40 – 7.29 (m, 7H), 7.28 – 7.22 (m, 2H), 

7.18 – 7.11 (m, 1H), 2.55 (d, J = 8.4 Hz, 1H), 1.60 (s, 3H), 0.96 (t, J = 5.6 Hz, 0.27 H). Deuterium 
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incorporation was determined by 1H NMR. Percent deuterium (% D) incorporation is depicted as 

the amount of deuterium in place of a single hydrogen atom at that site. 

 

 

Synthesis of d-4aa:  

 

Following the “Ring-Opened General Procedure A”, d-2a was used as the thiol partner. 

Colorless oil, 83% yield, >20:1 rr. 1H NMR (400 MHz, CDCl3) δ 7.55 (d, J = 7.8 Hz, 2H), 7.37 – 

7.29 (m, 5H), 7.24 (dd, J = 14.6, 7.2 Hz, 3H), 6.33 (d, J = 17.3 Hz, 1H), 5.15 (dd, J = 10.6, 5.8 Hz, 
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0.27 H), 4.99 (dd, J = 17.3, 5.4 Hz, 0.87 H), 1.71 (s, 3H). Deuterium incorporation was determined 

by 1H NMR. Percent deuterium (% D) incorporation is depicted as the amount of deuterium in 

place of a single hydrogen atom at that site. 
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4.2 Initial rate studies  

  
The kinetic profile of the reaction was studied by obtaining initial rates of reaction for different 

concentrations of (1-methylcycloprop-2-en-1-yl)benzene 1a, benzenethiol 2a, and Rh-catalyst.4 

No products of decomposition are observed for the system. The rates were monitored by GC-FID 

analysis using 1,3,5-trimethoxybenzene as an internal standard. 

 

Determination of the reaction order in (1-methylcycloprop-2-en-1-yl)benzene 1a (entries 1-

5) 

Representative procedure (entry 1): 

In a N2-filled glove box, a 0.025 M solution of catalyst was prepared by combining [Rh(cod)Cl]2 
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(7.4 mg, 0.015 mmol), L5 (16 mg, 0.030 mmol), and MeCN (1.2 mL). The resulting mixture was 

stirred for 10 min. A second 0.50 M solution of thiol 2a was prepared by combining 2a (66 mg, 

0.60 mmol) and MeCN (1.2 mL). A vial was charged with a stir bar and 1,3,5-trimethoxybenzene 

(3.4 mg, 0.020 mmol). Catalyst solution (0.20 mL, 5.0 mol% Rh) was added to the vial, followed 

by 2a (0.20 mL, 0.10 mmol). MeCN (0.10 mL) was added so that the final reaction volume was 

0.6 mL. The vial was sealed with a Teflon cap. 1a (0.10 mL, 1.2 M solution in MeCN, 0.12 mmol) 

was added to the sealed vial to initiate the reaction. 20 µL aliquots were taken every 5 minutes and 

quenched in 2 mL of ethyl acetate. No further catalysis occurs after dilution in ethyl acetate. The 

appearance of 3aa was monitored by internally referenced GC-FID analysis. 

 

Determination of the reaction order in Rh-catalyst (entries 6-10)  

Representative procedure (entry 6): 

In a N2-filled glove box, a 0.30 M solution of catalyst was prepared by combining [Rh(cod)Cl]2 

(9.9 mg, 0.020 mmol), L5 (22 mg, 0.040 mmol), and MeCN (1.3 mL). The resulting mixture was 

stirred for 10 min. A second 0.50 M solution of thiol 2a was prepared by combining 2a (66 mg, 

0.60 mmol) and MeCN (1.2 mL). A vial was charged with a stir bar and 1,3,5-trimethoxybenzene 

(2.0 mg, 0.012 mmol). Catalyst solution (0.10 mL, 3.0 mol% Rh) was added to the vial, followed 

by 2a (0.20 mL, 0.10 mmol). MeCN (0.13 mL) was added so that the final reaction volume was 

0.6 mL. The vial was sealed with a Teflon cap. 1a (0.17 mL, 1.2 M solution in MeCN, 0.20 mmol) 

was added to the sealed vial to initiate the reaction. 20 µL aliquots were taken every 5 minutes and 

quenched in 2 mL of ethyl acetate. No further catalysis occurs after dilution in ethyl acetate. The 

appearance of 3aa was monitored by internally referenced GC-FID analysis. 
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Determination of the reaction order in benzenethiol 2a (entries 11-14) 

Representative procedure (entry 11): 

In a N2-filled glove box, a 0.050 M solution of catalyst was prepared by combining [Rh(cod)Cl]2 

(7.4 mg, 0.015 mmol), L5 (16 mg, 0.030 mmol), and MeCN (0.60 mL). The resulting mixture was 

stirred for 10 min. A second 0.50 M solution of thiol 2a was prepared by combining 2a (77 mg, 

0.70 mmol) and MeCN (1.4 mL). A vial was charged with a stir bar and 1,3,5-trimethoxybenzene 

(4.8 mg, 0.029 mmol). Catalyst solution (0.10 mL, 5.0 mol% Rh) was added to the vial, followed 

by 2a (0.16 mL, 0.080 mmol). MeCN (0.17 mL) was added so that the final reaction volume was 

0.6 mL. The vial was sealed with a Teflon cap. 1a (0.17 mL, 1.2 M solution in MeCN, 0.20 mmol) 

was added to the sealed vial to initiate the reaction. 20 µL aliquots were taken every 5 minutes and 

quenched in 2 mL of ethyl acetate. No further catalysis occurs after dilution in ethyl acetate. The 

appearance of 3aa was monitored by internally referenced GC-FID analysis. 

 

 

Table S1. Kinetic Data for Ring-Retained Cyclopropene Hydrothiolation. 
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Figure S1. Plots of initial reaction rates at different concentrations of 1a.  

 
Figure S2. Plot of logkobs vs log[1a] (slope = 0.98) for ring-retained cyclopropene hydrothiolation (first order).  
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Figure S3. Plots of initial reaction rates at different concentrations of Rh.  

 
Figure S4. Plot of logkobs vs log[Rh] (slope = 1.0) for ring-retained cyclopropene hydrothiolation (first order).  

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0 5 10 15 20 25 30 35

[3
a
a
] 

(M
)

Time (min)

0.005 M
0.0067 M
0.0083 M
0.01 M
0.012 M

y = 1x - 3.3242
R² = 1

-7.1

-7

-6.9

-6.8

-6.7

-6.6

-6.5

-6.4

-6.3

-6.2

-6.1

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0

lo
g

 k
o

b
s

log [Rh]



 91 

 
Figure S5. Plots of initial reaction rates at different concentrations of 2a.  

 
Figure S6. Plot of logkobs vs log[2a] (slope = -0.28) for ring-retained cyclopropene hydrothiolation.  
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Determination of the reaction order in (1-methylcycloprop-2-en-1-yl)benzene 1a (entries 1-

5) 

Representative procedure (entry 1): 

In a N2-filled glove box, a 0.010 M solution of catalyst was prepared by combining [Rh(cod)Cl]2 

(1.5 mg, 0.0030 mmol), L8 (7.2 mg, 0.0060 mmol), and DCE-d4 (0.60 mL). The resulting mixture 

was stirred for 10 min. A second 1.0 M solution of thiol 2a was prepared by combining 2a (66 mg, 

0.60 mmol) and DCE-d4 (0.60 mL). 1,3,5-trimethoxybenzene (2.0 mg, 0.012 mmol) was added to 

a J. Young NMR tube. Catalyst solution (0.10 mL, 1.0 mol% Rh) was then added to the J. Young 

NMR tube, followed by 2a (0.10 mL, 0.10 mmol). DCE-d4 (0.20 mL) was added so that the final 

reaction volume was 0.50 mL. The J. Young NMR tube was sealed with a Teflon cap. 1a (0.10 mL, 

1.2 M solution in DCE-d4, 0.12 mmol) was added to the sealed tube to initiate the reaction. A 1H 

NMR spectrum was taken every minute with one scan. The appearance of 4aa was monitored by 

comparing the integration of one of the vinyl protons of the product (5.16 ppm) to the internal 

standard (3.77 ppm). 

 

Determination of the reaction order in Rh-catalyst (entries 6-9)  

Representative procedure (entry 6): 

In a N2-filled glove box, a 0.010 M solution of catalyst was prepared by combining [Rh(cod)Cl]2 

(1.5 mg, 0.0030 mmol), L8 (7.2 mg, 0.0060 mmol), and DCE-d4 (0.60 mL). The resulting mixture 

was stirred for 10 min. A second 1.0 M solution of thiol 2a was prepared by combining 2a (66 mg, 

0.60 mmol) and DCE-d4 (0.60 mL). 1,3,5-trimethoxybenzene (2.0 mg, 0.012 mmol) was added to 

a J. Young NMR tube. Catalyst solution (0.10 mL, 1.0 mol% Rh) was then added to the J. Young 

NMR tube, followed by 2a (0.080 mL, 0.080 mmol). DCE-d4 (0.22 mL) was added so that the 
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final reaction volume was 0.50 mL. The J. Young NMR tube was sealed with a Teflon cap. 1a 

(0.10 mL, 1.2 M solution in DCE-d4, 0.12 mmol) was added to the sealed tube to initiate the 

reaction. A 1H NMR spectrum was taken every minute with one scan. The appearance of 4aa was 

monitored by comparing the integration of one of the vinyl protons of the product (5.16 ppm) to 

the internal standard (3.77 ppm). 

 

Determination of the reaction order in benzenethiol 2a (entries 10-13) 

Representative procedure (entry 10): 

In a N2-filled glove box, a 0.050 M solution of catalyst was prepared by combining [Rh(cod)Cl]2 

(4.9 mg, 0.010 mmol), L8 (7.2 mg, 0.0060 mmol), and DCE-d4 (0.60 mL). The resulting mixture 

was stirred for 10 min. A second 1.0 M solution of thiol 2a was prepared by combining 2a (66 mg, 

0.60 mmol) and DCE-d4 (0.60 mL). 1,3,5-trimethoxybenzene (2.0 mg, 0.012 mmol) was added to 

a J. Young NMR tube. Catalyst solution (0.10 mL, 1.0 mol% Rh) was then added to the J. Young 

NMR tube, followed by 2a (0.080 mL, 0.080 mmol). DCE-d4 (0.22 mL) was added so that the 

final reaction volume was 0.50 mL. The J. Young NMR tube was sealed with a Teflon cap. 1a 

(0.10 mL, 1.2 M solution in DCE-d4, 0.12 mmol) was added to the sealed vial to initiate the 

reaction. A 1H NMR spectrum was taken every minute with one scan. The appearance of 4aa was 

monitored by comparing the integration of one of the vinyl protons of the product (5.16 ppm) to 

the internal standard (3.77 ppm). 
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Table S2. Kinetic Data for Ring-Opened Cyclopropene Hydrothiolation. 

  

 
Figure S7. Plots of initial reaction rates at different concentrations of 1a.  
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Figure S8. Plot of logkobs vs log[1a] (slope = 1.1) for ring-opened cyclopropene hydrothiolation (first order).  

 
Figure S9. Plots of initial reaction rates at different concentrations of Rh.  
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Figure S10. Plot of logkobs vs log[Rh] (slope = 0.95) for ring-opened cyclopropene hydrothiolation (first 

order).  

 
Figure S11. Plots of initial reaction rates at different concentrations of 2a.  
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Figure S12. Plot of logkobs vs log[2a] (slope = -0.04) for ring-opened cyclopropene hydrothiolation (zero 

order).  

 

4.3 Initial rate KIE studies 

  
In a N2-filled glove box, a 0.025 M solution of catalyst was prepared by combining [Rh(cod)Cl]2 

(3.7 mg, 0.0075 mmol), L5 (8.1 mg, 0.015 mmol), and MeCN (0.60 mL). The resulting mixture 

was stirred for 10 min. A vial was charged with a stir bar and 1,3,5-trimethoxybenzene (5.1 mg, 

0.030 mmol). Catalyst solution (0.20 mL, 5.0 mol% Rh) was added to the vial, followed by 2a (11 

mg, 0.10 mmol) or d-2a (11 mg, 0.10 mmol) and MeCN (0.23 mL). The vial was sealed with a 

Teflon cap. 1a (0.17 mL, 1.2 M solution in MeCN, 0.20 mmol) was added to the sealed vial to 

initiate the reaction. 30 µL aliquots were taken every 5 minutes and quenched in 2 mL of ethyl 
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was monitored by internally referenced GC-FID analysis.5 

 

adjusted initial rate of deuterium species (considering 25% of 2a in d-2a): 

0.0086 = 0.75 KD + 0.25 × 0.012 

KD = 0.0075 

Calculation of KIE: KH/KD = 0.012/0.0075 = 1.6 

Figure S13. Initial Rate KIE for ring-retained hydrothiolation 
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NMR tube. Catalyst solution (0.10 mL, 5.0 mol% Rh) was then added to the J. Young NMR tube, 

followed by 2a (11 mg, 0.10 mmol) or d-2a (11 mg, 0.10 mmol) and DCE-d4 (0.30 mL). The J. 

Young NMR tube was sealed with a Teflon cap. 1a (0.10 mL, 1.2 M solution in DCE-d4, 0.12 

mmol) was added to the sealed tube to initiate the reaction. A 1H NMR spectrum was taken every 

minute with one scan. The appearance of 4aa or d-4aa was monitored by comparing the integration 

of one of the vinyl protons of the product (5.16 ppm) to the internal standard (3.77 ppm).5 

 

adjusted initial rate of deuterium species (considering 25% of 2a in d-2a): 

0.0016 = 0.75 KD + 0.25 × 0.0015 

KD = 0.0016 

Calculation of KIE: KH/KD = 0.0015/0.0016 = 0.94 

Figure S14. Initial Rate KIE for ring-opened hydrothiolation 
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4.4 Cross-over studies 

 

 

 

Ring-retained crossover experiment:  

In a N2-filled glove box, [Rh(cod)Cl]2 (1.2 mg, 0.0025 mmol), L5 (2.7 mg, 0.0050 mmol), and 

MeCN (0.60 mL) were added to a 1-dram vial containing a stir bar. The resulting mixture was 

stirred for 10 min. Thiol 2b (11 mg, 0.10 mmol) was added followed by 3aa (24 mg, 0.10 mmol). 

The mixture was stirred at 30 °C for 6 h. We observed no reactivity (i.e. incorporation of 2b to 

form product 3ab), but rather remaining starting materials after 6 h. Production of 3ab was 

monitored by GC-FID.  

 

 

 

Ring-opening crossover experiment: 

In a N2-filled glove box, [Rh(cod)Cl]2 (0.74 mg, 0.0015 mmol), L8 (3.6 mg, 0.0030 mmol), and 

DCE (0.30 mL) were added to a 1-dram vial containing a stir bar. The resulting mixture was stirred 

for 10 min. Thiol 2h (8.4 mg, 0.060 mmol) was added followed by 4ab (15 mg, 0.060 mmol). The 

mixture was stirred at 30 °C for 3h. We observed no reactivity (i.e. incorporation of 2c to form 



 101 

product 4ah), but rather remaining starting materials after 3 h. 4ab was re-isolated after preparatory 

TLC (hexanes) and confirmed by 1H NMR.   

4.5 NMR Studies 

Stoichiometric rhodium hydride experiment: 

In a N2-filled glovebox, [Rh(cod)Cl]2 (4.9 mg, 0.010 mmol), dppe (8.0 mg, 0.020 mmol), and 

DCE-d4 (0.x mL) were added to a 1-dram vial containing a stir bar. the resulting mixture was 

stirred for 10 min, followed by the addition of 2a (11 mg, 0.10 mmol). The mixture was transferred 

to a J. Young NMR tube and sealed with a Young’s valve. A multiplet at –15.9 ppm was observed 

in 1H NMR spectrum (Figure S15). Based on this study and the empirical rate law, we assign III 

as the resting state.  
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Figure S15. 1H NMR (400 MHz) spectrum for a mixture of [Rh(dppe)Cl]2 and 2a in DCE-d4 (δ 3.73 ppm). 
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6. NMR Spectra of Unknown Compounds 

((1S,2R)-2-methyl-2-phenylcyclopropyl)(phenyl)sulfane(3aa) 
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((1S,2R)-2-methyl-2-phenylcyclopropyl)(p-tolyl)sulfane(3ab) 
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(4-(tert-butyl)phenyl)((1S,2R)-2-methyl-2-phenylcyclopropyl)sulfane(3ac) 

 

  



 106 

(4-chlorophenyl)((1S,2R)-2-methyl-2-phenylcyclopropyl)sulfane (3ad) 
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((1S,2R)-2-methyl-2-phenylcyclopropyl)(m-tolyl)sulfane (3ae)  
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((1S,2R)-2-methyl-2-phenylcyclopropyl)(o-tolyl)sulfane (3af)  
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((1S,2R)-2-methyl-2-phenylcyclopropyl)(naphthalen-2-yl)sulfane(3ag)  
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((1S,2R)-2-methyl-2-(p-tolyl)cyclopropyl)(phenyl)sulfane(3ba)  
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((1S,2R)-2-methyl-2-(4-(trifluoromethyl)phenyl)cyclopropyl)(phenyl)sulfane (3ca) 
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((1S,2R)-2-(4-chlorophenyl)-2-methylcyclopropyl)(phenyl)sulfane (3da) 
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((1S,2R)-2-benzyl-2-phenylcyclopropyl)(phenyl)sulfane (3ea) 
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((1S,2R)-3',4'-dihydro-2'H-spiro[cyclopropane-1,1'-naphthalen]-2-yl)(phenyl)sulfane (3fa) 
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((1S,2R)-2-(methoxymethyl)-2-phenylcyclopropyl)(phenyl)sulfane (3ga)
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(S)-phenyl(2-phenylbut-3-en-2-yl)sulfane (4aa)  
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(S)-(2-phenylbut-3-en-2-yl)(p-tolyl)sulfane (4ab)  
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(S)-(4-(tert-butyl)phenyl)(2-phenylbut-3-en-2-yl)sulfane (4ac)  

  



 120 

(S)-(4-methoxyphenyl)(2-phenylbut-3-en-2-yl)sulfane (4ah)  
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(S)-(4-bromophenyl)(2-phenylbut-3-en-2-yl)sulfane (4ai)  
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(S)-(4-fluorophenyl)(2-phenylbut-3-en-2-yl)sulfane (4aj)  
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(S)-(2-phenylbut-3-en-2-yl)(4-(trifluoromethyl)phenyl)sulfane (4ak) 
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 126 

(S)-(4-nitrophenyl)(2-phenylbut-3-en-2-yl)sulfane (4al)  
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(S)-(2-phenylbut-3-en-2-yl)(m-tolyl)sulfane (4ae)  
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(S)-(3-chlorophenyl)(2-phenylbut-3-en-2-yl)sulfane (4am)  
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(S)-(3-fluorophenyl)(2-phenylbut-3-en-2-yl)sulfane (4an)  
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(S)-(2-phenylbut-3-en-2-yl)(o-tolyl)sulfane (4af) 
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(S)-(2-fluorophenyl)(2-phenylbut-3-en-2-yl)sulfane (4ao)  
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 134 

(S)-naphthalen-2-yl(2-phenylbut-3-en-2-yl)sulfane (4ag)  
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(S)-phenethyl(2-phenylbut-3-en-2-yl)sulfane (4ap)  

  



 136 

(S)-2-(((2-phenylbut-3-en-2-yl)thio)methyl)furan (4aq)  
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(S)-phenyl(2-(p-tolyl)but-3-en-2-yl)sulfane (4ba)  
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(S)-phenyl(2-(4-(trifluoromethyl)phenyl)but-3-en-2-yl)sulfane (4ca) 
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(S)-(2-(4-chlorophenyl)but-3-en-2-yl)(phenyl)sulfane (4da)  

  



 140 

(S)-(1,2-diphenylbut-3-en-2-yl)(phenyl)sulfane (4ea)  
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(S)-phenyl(1-vinyl-1,2,3,4-tetrahydronaphthalen-1-yl)sulfane (4fa) 
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(S)-(2-(naphthalen-2-yl)but-3-en-2-yl)(phenyl)sulfane (4ha)  
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(1-benzyl-2,2-dibromocyclopropyl)benzene (7e)  

 
  



 144 

(1-benzyl-2-bromocyclopropyl)benzene (8e)  
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(1-benzylcycloprop-2-en-1-yl)benzene (1e)  
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7. SFC Spectra 
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8. X-ray Crystallography Data for 3ba 

X-ray crystallography data for ((1S,2R)-2-methyl-2-(p-tolyl)cyclopropyl)(phenyl)sulfane 

(3ba) 

  

 

Experimental Summary 

A colorless crystal of approximate dimensions 0.032 x 0.229 x 0.280 mm was mounted in a 

cryoloop and transferred to a Bruker SMART APEX II diffractometer. The APEX21 program 

package was used to determine the unit-cell parameters and for data collection (60 sec/frame scan 

time). The raw frame data was processed using SAINT2 and SADABS3 to yield the reflection data 

file.  Subsequent calculations were carried out using the SHELXTL4 program package.  The 

diffraction symmetry was mmm and the systematic absences were consistent with the orthorhombic 

space group P212121 that was later determined to be correct. 

The structure was solved by direct methods and refined on F2 by full-matrix least-squares 

techniques.  The analytical scattering factors5 for neutral atoms were used throughout the analysis.  

Hydrogen atoms were included using a riding model. 
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Least squares analysis yielded wR2 = 0.0781 and Goof = 1.081 for 165 variables refined against 

3434 data (0.75 Å), R1 = 0.0326 for those 3191 data with I > 2.0(I).  The absolute structure was 

assigned by refinement of the Flack parameter6. 

Definitions: 

wR2 = [[w(Fo
2-Fc

2)2] / [w(Fo
2)2] ]1/2 

R1 = ||Fo|-|Fc|| / |Fo| 

Goof = S = [[w(Fo
2-Fc

2)2] / (n-p)]1/2  where n is the number of reflections and p is the total 

number of parameters refined. 

The thermal ellipsoid plot is shown at the 50% probability level. 

Table 1. Crystal data and structure refinement for 3ba. 

Identification code  4ah 

Empirical formula  C17 H18 S 

Formula weight  254.37 

Temperature  93(2) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  P212121 

Unit cell dimensions a = 6.2171(9) Å  = 90°. 

 b = 6.2816(9) Å  = 90°. 

 c = 35.277(5) Å  = 90°. 

Volume 1377.7(3) Å3 

Z 4 

Density (calculated) 1.226 Mg/m3 

Absorption coefficient 0.214 mm-1 

F(000) 544 

Crystal color colorless 

Crystal size 0.280 x 0.229 x 0.032 mm3 

Theta range for data collection 2.309 to 28.298° 

Index ranges -8 ≤ h ≤ 8, -8 ≤ k ≤ 8, -46 ≤ l ≤ 47 
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Reflections collected 30744 

Independent reflections 3434 [R(int) = 0.0458] 

Completeness to theta = 25.242° 99.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.8621 and 0.8226 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3434 / 0 / 165 

Goodness-of-fit on F2 1.081 

Final R indices [I>2sigma(I) = 3191 data] R1 = 0.0326, wR2 = 0.0760 

R indices (all data, 0.75 Å) R1 = 0.0369, wR2 = 0.0781 

Absolute structure parameter 0.04(3) 

Largest diff. peak and hole 0.241 and -0.246 e.Å-3 

Table 2. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Å2 x 103) 

for 3ba. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________________   

S(1) 9342(1) 2927(1) 3128(1) 21(1) 

C(1) 8283(3) 1175(3) 3474(1) 18(1) 

C(2) 9892(3) -19(3) 3712(1) 22(1) 

C(3) 8440(3) 1592(3) 3902(1) 16(1) 

C(4) 9501(3) 3630(3) 4036(1) 21(1) 

C(5) 6565(3) 794(3) 4131(1) 15(1) 

C(6) 5667(3) -1212(3) 4062(1) 17(1) 

C(7) 3904(3) -1940(3) 4269(1) 19(1) 

C(8) 2969(3) -704(3) 4551(1) 20(1) 

C(9) 3863(3) 1289(3) 4622(1) 21(1) 
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C(10) 5625(3) 2027(3) 4416(1) 19(1) 

C(11) 1032(3) -1499(4) 4771(1) 28(1) 

C(12) 7299(3) 4873(3) 3071(1) 17(1) 

C(13) 7705(3) 6477(3) 2805(1) 21(1) 

C(14) 6168(3) 8028(4) 2735(1) 24(1) 

C(15) 4226(4) 8018(3) 2931(1) 23(1) 

C(16) 3839(3) 6439(3) 3198(1) 21(1) 

C(17) 5357(3) 4856(3) 3269(1) 18(1) 

________________________________________________________________________________  

Table 3. Bond lengths [Å] and angles [°] for 3ba. 

_____________________________________________________  

S(1)-C(1)  1.771(2) 

S(1)-C(12)  1.774(2) 

C(1)-C(2)  1.507(3) 

C(1)-C(3)  1.538(3) 

C(2)-C(3)  1.513(3) 

C(3)-C(5)  1.503(3) 

C(3)-C(4)  1.516(3) 

C(5)-C(10)  1.399(3) 

C(5)-C(6)  1.399(3) 

C(6)-C(7)  1.395(3) 

C(7)-C(8)  1.388(3) 

C(8)-C(9)  1.392(3) 

C(8)-C(11)  1.517(3) 

C(9)-C(10)  1.393(3) 
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C(12)-C(17)  1.395(3) 

C(12)-C(13)  1.400(3) 

C(13)-C(14)  1.387(3) 

C(14)-C(15)  1.393(3) 

C(15)-C(16)  1.388(3) 

C(16)-C(17)  1.394(3) 

 

C(1)-S(1)-C(12) 103.88(9) 

C(2)-C(1)-C(3) 59.56(13) 

C(2)-C(1)-S(1) 116.60(14) 

C(3)-C(1)-S(1) 123.30(14) 

C(1)-C(2)-C(3) 61.22(13) 

C(5)-C(3)-C(2) 118.51(16) 

C(5)-C(3)-C(4) 116.89(16) 

C(2)-C(3)-C(4) 116.33(17) 

C(5)-C(3)-C(1) 114.90(16) 

C(2)-C(3)-C(1) 59.22(13) 

C(4)-C(3)-C(1) 118.53(16) 

C(10)-C(5)-C(6) 117.16(18) 

C(10)-C(5)-C(3) 121.70(17) 

C(6)-C(5)-C(3) 121.14(17) 

C(7)-C(6)-C(5) 121.21(18) 

C(8)-C(7)-C(6) 121.41(19) 

C(7)-C(8)-C(9) 117.63(19) 

C(7)-C(8)-C(11) 120.93(19) 
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C(9)-C(8)-C(11) 121.44(19) 

C(8)-C(9)-C(10) 121.3(2) 

C(9)-C(10)-C(5) 121.3(2) 

C(17)-C(12)-C(13) 119.83(19) 

C(17)-C(12)-S(1) 123.89(15) 

C(13)-C(12)-S(1) 116.27(15) 

C(14)-C(13)-C(12) 120.04(19) 

C(13)-C(14)-C(15) 120.4(2) 

C(16)-C(15)-C(14) 119.4(2) 

C(15)-C(16)-C(17) 120.95(19) 

C(16)-C(17)-C(12) 119.37(18) 

_____________________________________________________________  

Table 4. Anisotropic displacement parameters (Å2 x 103) for 3ba. The anisotropic 

displacement factor exponent takes the form: -2 2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

S(1) 18(1)  26(1) 19(1)  2(1) 5(1)  0(1) 

C(1) 18(1)  18(1) 16(1)  -1(1) 1(1)  0(1) 

C(2) 19(1)  18(1) 29(1)  0(1) 2(1)  5(1) 

C(3) 16(1)  14(1) 17(1)  0(1) -3(1)  1(1) 

C(4) 22(1)  18(1) 21(1)  -1(1) -4(1)  -5(1) 

C(5) 16(1)  14(1) 14(1)  1(1) -4(1)  3(1) 

C(6) 20(1)  15(1) 17(1)  -2(1) -2(1)  3(1) 

C(7) 20(1)  16(1) 22(1)  2(1) -4(1)  -2(1) 
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C(8) 19(1)  24(1) 16(1)  5(1) -2(1)  1(1) 

C(9) 26(1)  22(1) 16(1)  -2(1) 1(1)  2(1) 

C(10) 25(1)  14(1) 18(1)  -1(1) -3(1)  2(1) 

C(11) 25(1)  33(1) 25(1)  2(1) 4(1)  -2(1) 

C(12) 20(1)  19(1) 12(1)  -2(1) -3(1)  -3(1) 

C(13) 24(1)  26(1) 13(1)  0(1) 1(1)  -9(1) 

C(14) 34(1)  21(1) 17(1)  3(1) -5(1)  -7(1) 

C(15) 29(1)  20(1) 21(1)  -1(1) -7(1)  -2(1) 

C(16) 21(1)  22(1) 19(1)  -3(1) -1(1)  -2(1) 

C(17) 23(1)  18(1) 14(1)  0(1) 0(1)  -3(1) 

______________________________________________________________________________  

Table 5. Hydrogen coordinates (x 104) and isotropic displacement parameters (Å2 x 103) 

for 3ba. 

________________________________________________________________________________  

 x  y  z  U(eq) 

________________________________________________________________________________  

  

H(1A) 7002 330 3392 21 

H(2A) 11430 355 3683 27 

H(2B) 9611 -1545 3762 27 

H(4A) 10727 3961 3872 31 

H(4B) 10002 3449 4298 31 

H(4C) 8458 4799 4026 31 

H(6A) 6270 -2094 3871 21 

H(7A) 3331 -3310 4217 23 
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H(9A) 3258 2163 4814 25 

H(10A) 6199 3394 4471 23 

H(11A) 716 -2970 4696 41 

H(11B) -214 -596 4714 41 

H(11C) 1340 -1445 5043 41 

H(13A) 9034 6503 2672 25 

H(14A) 6441 9103 2552 29 

H(15A) 3175 9083 2883 28 

H(16A) 2520 6438 3334 25 

H(17A) 5072 3775 3451 22 

________________________________________________________________________________ 
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Table 6.  Torsion angles [°] for 3ba. 

________________________________________________________________  

C(12)-S(1)-C(1)-C(2) -153.01(15) 

C(12)-S(1)-C(1)-C(3) -83.44(17) 

S(1)-C(1)-C(2)-C(3) 114.70(17) 

C(1)-C(2)-C(3)-C(5) 103.54(19) 

C(1)-C(2)-C(3)-C(4) -109.00(19) 

C(2)-C(1)-C(3)-C(5) -109.64(18) 

S(1)-C(1)-C(3)-C(5) 146.75(15) 

S(1)-C(1)-C(3)-C(2) -103.61(18) 

C(2)-C(1)-C(3)-C(4) 105.3(2) 

S(1)-C(1)-C(3)-C(4) 1.7(3) 

C(2)-C(3)-C(5)-C(10) 156.99(18) 

C(4)-C(3)-C(5)-C(10) 9.7(3) 

C(1)-C(3)-C(5)-C(10) -135.95(19) 

C(2)-C(3)-C(5)-C(6) -23.9(3) 

C(4)-C(3)-C(5)-C(6) -171.17(17) 

C(1)-C(3)-C(5)-C(6) 43.2(2) 

C(10)-C(5)-C(6)-C(7) 0.3(3) 

C(3)-C(5)-C(6)-C(7) -178.90(17) 

C(5)-C(6)-C(7)-C(8) 0.1(3) 

C(6)-C(7)-C(8)-C(9) -0.4(3) 

C(6)-C(7)-C(8)-C(11) 179.07(18) 

C(7)-C(8)-C(9)-C(10) 0.3(3) 

C(11)-C(8)-C(9)-C(10) -179.15(19) 
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C(8)-C(9)-C(10)-C(5) 0.0(3) 

C(6)-C(5)-C(10)-C(9) -0.3(3) 

C(3)-C(5)-C(10)-C(9) 178.82(18) 

C(1)-S(1)-C(12)-C(17) -0.28(19) 

C(1)-S(1)-C(12)-C(13) -179.21(15) 

C(17)-C(12)-C(13)-C(14) -0.8(3) 

S(1)-C(12)-C(13)-C(14) 178.16(16) 

C(12)-C(13)-C(14)-C(15) 0.8(3) 

C(13)-C(14)-C(15)-C(16) -0.1(3) 

C(14)-C(15)-C(16)-C(17) -0.6(3) 

C(15)-C(16)-C(17)-C(12) 0.5(3) 

C(13)-C(12)-C(17)-C(16) 0.2(3) 

S(1)-C(12)-C(17)-C(16) -178.73(15) 
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1. General  

Commercial reagents were purchased from Sigma Aldrich, Strem, Alfa Aesar, Acros Organics, 

Combi-blocks or TCI and used without further purification. 2-phenylpropanal (1a) was purchased 

from Sigma Alrich and distilled before use. Dichloroethane was purchased from Sigma Aldrich, 

distilled and stored over 3Å MS within a N2 filled glove box. All experiments were performed in 

oven-dried or flame-dried glassware under an atmosphere of Ar or in a glove box with a N2 

atmosphere unless otherwise stated. Reactions were monitored using either thin-layer 

chromatography (TLC; EMD Silica Gel 60 F254 plates) or gas chromatography using an Agilent 

Technologies 7890A GC system equipped with an Agilent Technologies 5975C inert XL EI/CI 
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MSD. Visualization of the developed plates was performed under UV light (254 nm) or KMnO4 

stain. Organic solutions were concentrated under reduced pressure on a Büchi rotary evaporator. 

Purification and isolation of products were performed via silica gel chromatography (both column 

and preparative thin-layer chromatography). Column chromatography was performed with 

Silicycle Silica-P Flash Silica Gel using glass columns. Solvents were purchased from Sigma 

Aldrich. 1H, 2H, 13C, and 19F spectra were recorded on Bruker AVANCE-600, CRYO-500 or DRX-

400 spectrometer. 1H NMR spectra were internally referenced to the residual solvent signal or 

TMS. 2H and 13C NMR spectra were internally referenced to the residual solvent signal. Data for 

1H NMR are reported as follows: chemical shift (δ ppm), multiplicity (s = singlet, d = doublet, t = 

triplet, q = quartet, m = multiplet), coupling constant (Hz), integration. Data for 2H, 13C and 19F 

NMR are reported in terms of chemical shift (δ ppm). Infrared (IR) spectra were obtained on a 

Nicolet iS5 FT-IR spectrometer with an iD5 ATR and are reported in terms of frequency of 

absorption (cm-1). High resolution mass spectra (HRMS) were obtained on a micromass 70S-250 

spectrometer (EI) or an ABI/Sciex QStar Mass Spectrometer (ESI). Enantiomeric excess (ee) for 

enantioselective reactions were determined by chiral SFC analysis using an Agilent Technologies 

HPLC (1200 series) system and Aurora A5 Fusion.  

2. Optimization for DKR Hydroacylation 

General procedure for racemic conditions: In a N2-filled glovebox, Rh source (0.010 mmol, 10 

mol %), L1 (0.010 mmol, 10 mol %) and DCE (0.2 mL) were added to a 1-dram vial with a stir 

bar. After stirring for 5 min, acrylamide 2a (0.10 mmol, 1.0 equiv) and aldehyde 1a (20 μL, 20.1 

mg, 0.15 mmol, 1.5 equiv) were added to the vial. The vial was sealed a Teflon-line screw cap and 

stirred at 80 °C for 24 h. The reaction mixture was then concentrated in vacuo. The 

diastereoselectivity was determined by 1H NMR analysis of the unpurified reaction mixture. The 
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product was purified by preparative thin layer chromatography (hexanes/ethyl acetate 5:1) and 

isolated as a mixture of diastereomers. 

[Rh(L1)Cl]2 was prepared according to a reported method.[39]   

 

Table S1. Screening conditions for Rh source for racemic condition. 
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General procedure for asymmetric conditions: In a N2-filled glovebox, Rh(nbd)2BF4 (7.4 mg, 

0.020 mmol, 10 mol %), ligand (0.020 mmol, 10 mol %) and solvent (0.2 mL) were added to a 1-

dram vial with a stir bar. After stirring at 60 °C for 5 min, the mixture was transferred to a Schlenk 

tube and washed with solvent (0.4 mL). The tube was sealed and removed from the glovebox and 

placed on a Schlenk line. The catalyst solution was subjected to two freeze-pump-thaw cycles and 

backfilled with H2 gas. After stirring under H2 atmosphere for 30 min at room temperature, the 

solvent was completely removed under vacuum. The tube was evacuated and backfilled with Ar. 

The catalyst was then transferred with solvent (0.4 mL) to a 10-mL Schlenk flask containing 1-

AdNH2 (3.0 mg, 0.020 mmol, 10 mol %), acrylamide 2a (47.4 mg, 0.20 mmol, 1.0 equiv) and 

aldehyde 1a (40 μL, 40.2 mg, 0.30 mmol, 1.5 equiv) via cannulation. The flask was sealed with a 

Teflon-line screw cap and stirred at 60 °C for 24 h. The reaction mixture was then concentrated in 

vacuo. The diastereoselectivity was determined by 1H NMR analysis of the unpurified reaction 

mixture. The product was purified by preparative thin layer chromatography (hexanes/ethyl acetate 

5:1) and isolated as a mixture of diastereomers. 
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Table S2. Screening conditions for asymmetric conditions. 
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3. General Procedure for DKR Hydroacylation 

In a N2-filled glovebox, Rh(nbd)2BF4 (7.4 mg, 0.020 mmol, 10 mol %), L4 (9.9 mg, 0.020 mmol, 

10 mol %) and DCE (0.2 mL) were added to a 1-dram vial with a stir bar. After stirring at 60 °C 

for 5 min, the mixture was transferred to a Schlenk tube and washed with DCE (0.4 mL). The tube 

was sealed and removed from the glovebox and placed on a Schlenk line. The catalyst solution 

was subjected to two freeze-pump-thaw cycles and backfilled with H2 gas. After stirring under H2 

atmosphere for 30 min at room temperature, the solvent was completely removed under vacuum. 

The tube was evacuated and backfilled with Ar. The catalyst was then transferred with DCE (0.4 

mL) to a 10-mL Schlenk flask containing 1-AdNH2 (3.0 mg, 0.020 mmol, 10 mol %), acrylamide 

2 (47 mg, 0.20 mmol, 1.0 equiv) and aldehyde 1 (40 μL, 40. mg, 0.30 mmol, 1.5 equiv) via 

cannulation. The flask was sealed with a Teflon-line screw cap and stirred at 60 °C for 24 h. The 

reaction mixture was then concentrated in vacuo. The diastereoselectivity was determined by 1H 

NMR analysis of the unpurified reaction mixture. The product was purified by preparative thin 

layer chromatography (hexanes/ethyl acetate 5:1) and isolated as a mixture of diastereomers. The 

product mixture can be further recrystallized from hexanes and PhMe to isolate the major 

diastereomer 3. 

 

(2R,5R)-2-methyl-4-oxo-N,N,5-triphenylhexanamide (3aa) 

White solid, 92% yield, 12:1 dr, >99% ee, [α]23
D = -15.3° (c 0.074, DCM). 

1H NMR (600 MHz, CDCl3) δ 7.63 – 7.28 (m, 10H), 7.26 – 7.23 (m, 2H), 

7.21 – 7.12 (m, 3H), 3.78 (d, J = 7.0 Hz, 1H), 3.12 – 2.98 (m, 2H), 2.24 – 

2.16 (m, 1H), 1.38 (d, J = 6.9 Hz, 3H), 0.97 (d, J = 6.7 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 

210.0, 176.4, 143.2, 141.1, 129.8, 129.3, 129.0, 128.7, 128.1, 128.1, 127.9, 127.2, 126.8, 126.2, 

53.1, 45.6, 33.5, 17.6, 17.5. IR (ATR): 2979, 2932, 1704, 1662, 1590, 1489, 1450, 1392, 1268, 
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967, 754, 655, 623 cm-1. HRMS calculated for C25H26NO2 [M+H]+ 372.1964, found 372.1964. 

Chiral SFC: 100 mm CHIRALCEL AD-H, 10% iPrOH, 2.5 mL/min, 220 nm, 44 °C, nozzle 

pressure = 200 bar CO2, tR1 (major) = 3.6 min, tR2 = 4.5 min, tR3 (minor) = 6.0 min, tR4 = 15.4 min. 

 

(2R,5R)-5-(4-methoxyphenyl)-2-methyl-4-oxo-N,N-diphenylhexanamide (3ba) 

Colorless oil (mixture of diastereomers), 83% yield, 11:1 dr, >99% 

ee. 1H NMR (400 MHz, CDCl3) δ 7.60 – 7.28 (m, 8H), 7.18 (bs, 

2H), 7.13 – 7.06 (m, 2H), 6.84 (d, J = 8.6 Hz, 2H), 3.78 (s, 3H), 3.72 

(q, J = 7.0 Hz, 1H), 3.10 – 2.98 (m, 2H), 2.25 – 2.15 (m, 1H), 1.35 (d, J = 6.9 Hz, 3H), 0.97 (d, J 

= 6.6 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 210.3, 176.4, 158.8, 143.2, 143.2, 133.1, 129.7, 

129.2, 129.1, 129.0, 127.9, 126.8, 126.1, 114.4, 55.4, 52.2, 45.5, 33.5, 17.6, 17.5. IR (ATR): 2931, 

1710, 1663, 1510, 1491, 1394, 1246, 1178, 1032, 908, 757, 728, 701 cm-1. HRMS calculated for 

C26H27NO3Na [M+Na]+ 424.1889, found 424.1890. Chiral SFC: 100 mm CHIRALCEL AD-H, 

10% iPrOH, 2.5 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 5.3 min, tR2 

(minor) = 6.5 min, tR3 = 7.5 min, tR4 = 12.6 min. 

(2R,5R)-5-(4-chlorophenyl)-2-methyl-4-oxo-N,N-diphenylhexanamide (3ca) 

Yellow oil (mixture of diastereomers), 94% yield, 13:1 dr, >99% ee. 

1H NMR (600 MHz, CDCl3) δ 7.59 – 7.29 (m, 8H), 7.28 (d, J = 8.1 

Hz, 2H), 7.23 (s, 2H), 7.13 (d, J = 8.0 Hz, 2H), 3.76 (q, J = 7.0 Hz, 1H), 3.13 – 3.00 (m, 2H), 2.21 

– 2.13 (m, 1H), 1.36 (d, J = 6.9 Hz, 3H), 0.98 (d, J = 6.1 Hz, 3H).
 13C NMR (151 MHz, CDCl3) δ 

209.6, 176.2, 143.1, 142.9, 139.4, 133.1, 129.7, 129.4, 129.2, 129.0, 128.9, 127.9, 126.7, 126.2, 

52.3, 45.6, 33.5, 17.6, 17.4. IR (ATR): 2972, 2929, 1708, 1668, 1590, 1489, 1260, 1103, 795, 673 

cm-1. HRMS calculated for C25H24ClNO2Na [M+Na]+ 428.1393, found 428.1408. Chiral SFC: 
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100 mm CHIRALCEL AD-H, 5% iPrOH, 2.5 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar 

CO2, tR1 (major) = 16.3 min, tR2 (minor) = 19.5 min, tR3 = 21.7 min, tR4 = 28.9 min. 

 

(2R,5R)-5-(4-bromophenyl)-2-methyl-4-oxo-N,N-diphenylhexanamide (3da) 

Pale yellow oil (mixture of diastereomers), 65% yield, 10:1 dr, >99% 

ee. 1H NMR (400 MHz, CDCl3) δ 7.54 – 7.29 (m, 10H), 7.26 – 7.11 

(m, 3H), 7.08 (d, J = 8.5 Hz, 2H), 3.75 (q, J = 6.9 Hz, 1H), 3.14 – 2.97 (m, 2H), 2.24 – 2.11 (m, 

1H), 1.37 (d, J = 7.0 Hz, 3H), 0.99 (d, J = 6.7 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 209.4, 

176.2, 140.0, 132.1, 132.1, 129.8, 129.8, 129.0, 126.8, 121.2, 52.4, 45.7, 33.5, 17.6, 17.4. IR 

(ATR): 3066, 2971, 2929, 1708, 1667, 1590, 1489, 1451, 1260 cm-1. HRMS calculated for 

C25H24BrNO2Na [M+Na]+ 472.0888, found 472.0894. Chiral SFC: 100 mm CHIRALCEL AD-

H, 7% iPrOH, 2.0 mL/min, 254 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 19.3 min, 

tR2 (minor) = 22.0 min, tR3 = 25.0 min, tR4 = 30.2 min. 

 

(2R,5R)-2-methyl-4-oxo-N,N-diphenyl-5-(4-(trifluoromethyl)phenyl)hexanamide (3ea) 

Pale yellow solid (mixture of diastereomers), 93% yield, 11:1 

dr, >99% ee. 1H NMR (600 MHz, CDCl3) δ 7.57 (d, J = 8.0 Hz, 2H), 

7.47 (d, J = 54.8 Hz, 5H), 7.32 (d, J = 8.0 Hz, 4H), 7.25 – 7.12 (m, 

3H), 3.86 (q, J = 6.9 Hz, 1H), 3.15 – 2.99 (m, 2H), 2.16 (dd, J = 17.0, 2.9 Hz, 1H), 1.41 (d, J = 7.0 

Hz, 3H), 0.99 (d, J = 6.8 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 209.2, 176.2, 144.9, 143.2, 

143.1, 129.8, 129.6 (q, J = 32.1 Hz), 129.2, 129.0, 128.5, 128.0, 126.7, 126.2, 126.0 (q, J = 3.8 

Hz), 124.2 (q, J = 272.0 Hz), 52.8, 45.8, 33.5, 17.6, 17.5. 19F NMR (565 MHz, CDCl3) δ -62.49. 

IR (ATR): 2983, 2936, 1710, 1659, 1490, 1324, 1264, 1127, 1108, 1069, 760, 700, 693 cm-1. 

HRMS calculated for C26H24F3NO2Na [M+Na]+ 462.1657, found 462.1675. Chiral SFC: 100 mm 
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CHIRALCEL AD-H, 4% iPrOH, 1.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 

(major) = 11.8 min, tR2 = 14.3 min, tR3 (minor) = 16.3 min, tR4 = 17.6 min. 

 

(2R,5R)-5-(3-methoxyphenyl)-2-methyl-4-oxo-N,N-diphenylhexanamide (3fa) 

Pale yellow oil (mixture of diastereomers), 78% yield, 10:1 

dr, >99% ee. 1H NMR (600 MHz, CDCl3) δ 7.64 – 7.26 (m, 8H), 

7.22 (dd, J = 8.2, 7.5 Hz, 2H), 7.19 – 7.15  (m, 1H), 6.80 – 6.76 (m, 2H), 6.74 – 6.71 (m, 1H), 3.78 

(s, 3H), 3.75 (q, J = 7.0 Hz, 1H), 3.10 – 2.99 (m, 2H), 2.26 – 2.19 (m, 1H), 1.37 (d, J = 6.9 Hz, 

3H), 0.98 (d, J = 6.7 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 209.9, 176.4, 160.1, 143.0, 142.6, 

130.0, 129.8, 129.8, 129.3, 129.0, 127.9, 126.8, 126.2, 120.5, 113.8, 112.5, 55.3, 53.1, 45.6, 33.5, 

17.6, 17.4. IR (ATR): 3060, 2973, 2930, 2850, 1710, 1651, 1597, 1490, 1369, 1296 cm-1. HRMS 

calculated for C26H28NO3 [M+H]+ 402.2069, found 402.2057. Chiral SFC: 100 mm CHIRALCEL 

AD-H, 20% iPrOH, 1.0 mL/min, 254 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 4.2 

min, tR2 = 5.9 min, tR3 (minor) = 6.4 min, tR4 = 12.3 min. 

 

(2R,5R)-5-(3-chlorophenyl)-2-methyl-4-oxo-N,N-diphenylhexanamide (3ga) 

Pale yellow solid (mixture of diastereomers), 92% yield, 11:1 

dr, >99% ee. 1H NMR (600 MHz, CDCl3) δ 7.62 – 7.29 (m, 8H), 7.25 

– 7.21 (m, 4H), 7.19 (s, 1H), 7.08 (d, J = 7.0 Hz, 1H), 3.76 (q, J = 7.4 Hz, 1H), 3.14 – 2.98 (m, 

2H), 2.21 – 2.16 (m, 1H), 1.37 (d, J = 7.0 Hz, 3H), 0.99 (d, J = 6.5 Hz, 3H). 13C NMR (151 MHz, 

CDCl3) δ 209.2, 176.2, 143.1, 142.9, 134.8, 130.3, 130.2, 129.7, 129.2, 129.0, 128.2, 127.9, 127.4, 

126.7, 126.3, 126.2, 52.6, 45.7, 33.5, 17.5, 17.4. IR (ATR): 2975, 2932, 1713, 1663, 1593, 1490, 

1394, 1265, 908, 756, 729, 699, 692 cm-1. HRMS calculated for C25H24ClNO2Na [M+Na]+ 
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428.1393, found 428.1407. Chiral SFC: 100 mm CHIRALCEL AD-H, 10% iPrOH, 2.5 mL/min, 

220 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 4.0 min, tR2 = 5.6 min, tR3 (minor) = 

7.0 min, tR4 (minor) = 16.8 min. 

 

(2R,5R)-2-methyl-4-oxo-N,N-diphenyl-5-(o-tolyl)hexanamide (3ha) 

Pale yellow solid (mixture of diastereomers), 39% yield, 5:1 dr, 97% ee. 

1H NMR (600 MHz, CDCl3) δ 7.60 – 7.27 (m, 9H), 7.26 – 7.21 (m, 2H), 

7.19 – 7.15 (m, 2H), 6.99 – 6.92 (m, 1H), 3.99 (q, J = 6.9 Hz, 1H), 3.10 – 

3.06 (m, 1H), 2.96 (dd, J = 17.5, 10.7 Hz, 1H), 2.40 (s, 3H), 2.15 (dd, J = 17.7, 3.6 Hz, 1H), 1.33 

(d, J = 6.9 Hz, 3H), 0.97 (d, J = 7.0 Hz, 3H).
 13C NMR (151 MHz, CDCl3) δ 210.6, 176.4, 143.2, 

142.9, 139.6, 136.0, 131.0, 129.8, 129.2, 129.0, 127.9, 127.1, 127.1, 126.8, 126.7, 126.2, 49.1, 

45.5, 33.6, 20.0, 17.6, 16.8. IR (ATR): 2971, 2926, 1710, 1668, 1592, 1490, 1386, 1264, 757, 728, 

701, 692 cm-1. HRMS calculated for C26H27NO2Na [M+Na]+ 408.1939, found 408.1919. Chiral 

SFC: 100 mm CHIRALCEL OJ-H, 1% iPrOH, 2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 

bar CO2, tR1 (minor) = 15.7 min, tR2 (major) = 21.3 min, tR3 = 24.8 min, tR4 = 27.2 min. 

 

 

(2R,5R)-2-methyl-5-(naphthalen-2-yl)-4-oxo-N,N-diphenylhexanamide (3ia) 

White solid (mixture of diastereomers), 86% yield, 13:1 dr, >99% ee. 

1H NMR (500 MHz, CDCl3) δ 7.85 – 7.78 (m, 3H), 7.69 (bs, 1H), 7.58 

– 7.27 (m, 12H), 7.19 (s, 1H), 3.97 (q, J = 6.9 Hz, 1H), 3.13 (dd, J = 

17.3, 10.6 Hz, 1H), 3.05 (ddd, J = 10.4, 6.8, 3.3 Hz, 1H), 2.22 (dd, J = 17.3, 3.2 Hz, 1H), 1.48 (d, 

J = 6.9 Hz, 3H), 0.95 (d, J = 6.8 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 210.1, 176.4, 138.5, 
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133.7, 132.6, 129.2, 129.2, 128.8, 127.8, 127.8, 127.0, 126.8, 126.4, 126.1, 126.0, 126.0, 53.2, 

45.8, 33.6, 17.6, 17.4. IR (ATR): 3057, 2974, 2931, 1708, 1664, 1591, 1490, 1452, 1387, 1264 

cm-1. HRMS calculated for C29H27NO2Na [M+Na]+ 444.1939, found 444.1938. Chiral SFC: 250 

mm CHIRALCEL AD-H, 20% iPrOH, 2.0 mL/min, 254 nm, 44 °C, nozzle pressure = 200 bar 

CO2, tR1 (major) = 9.2 min, tR2 (minor) = 10.3 min, tR3 = 11.5 min, tR4 = 16.2 min. 

 

(2R,5R)-5-(benzo[d][1,3]dioxol-5-yl)-2-methyl-4-oxo-N,N-diphenylhexanamide (3ja) 

Pale yellow oil (mixture of diastereomers), 82% yield, 8:1 dr, >99% ee. 

1H NMR (400 MHz, CDCl3) δ 7.63 – 7.27 (m, 8H), 7.25 – 7.14 (m, 

2H), 6.74 (d, J = 8.4 Hz, 1H), 6.69 – 6.65 (m, 2H), 5.95 – 5.91 (m, 2H), 

3.70 (q, J = 6.9 Hz, 1H), 3.11 – 2.98 (m, 2H), 2.28 – 2.19 (m, 1H), 1.34 (d, J = 6.9 Hz, 3H), 0.99 

(d, J = 6.7 Hz, 3H).
 13C NMR (101 MHz, CDCl3) δ 210.0, 176.3, 148.1, 146.8, 134.8, 129.2, 126.8, 

126.8, 121.4, 108.7, 108.7, 108.2, 101.2, 52.6, 45.5, 33.5, 17.6, 17.5. IR (ATR): 2974, 2932, 2898, 

1709, 1663, 1591, 1503, 1394 cm-1. HRMS calculated for C26H25NO4Na [M+Na]+ 438.1681, 

found 438.1682. Chiral SFC: 100 mm CHIRALCEL AD-H, 10% iPrOH, 2.0 mL/min, 254 nm, 

44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 7.3 min, tR2 = 8.8 min, tR3 (minor) = 11.4 min, 

tR4 = 15.2 min. 

 

(2S,5R)-4-oxo-N,N,2,5-tetraphenylhexanamide (3ab) 

Pale yellow solid (mixture of diastereomers), 83% yield, 9:1 dr, >99% ee. 

1H NMR (600 MHz, CDCl3) δ 7.37 – 7.24 (m, 8H), 7.23 – 7.12 (m, 10H), 

6.91 – 6.86 (m, 2H), 4.24 (dd, J = 11.2, 3.6 Hz, 1H), 3.88 (q, J = 6.9 Hz, 1H), 3.46 (dd, J = 17.8, 

11.3 Hz, 1H), 2.36 (dd, J = 17.8, 3.5 Hz, 1H), 1.44 (d, J = 6.9 Hz, 3H). 13C NMR (151 MHz, 
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CDCl3) δ 209.7, 172.7, 143.1, 142.3, 140.8, 138.7, 129.7, 129.4, 129.0, 128.9, 128.7, 128.6, 128.1, 

127.9, 127.9, 127.2, 126.5, 126.2, 53.2, 46.9, 46.1, 17.5. IR (ATR): 3060, 1027, 2977, 2935, 2908, 

1710, 1663, 1596, 1490, 1451 cm-1. HRMS calculated for C30H28NO2 [M+H]+ 434.2120, found 

434.2125. Chiral SFC: 100 mm CHIRALCEL AD-H, 3% iPrOH, 2.0 mL/min, 254 nm, 44 °C, 

nozzle pressure = 200 bar CO2, tR1 = 13.6 min, tR2 (major) = 16.6 min, tR3 (minor) = 20.1 min, tR4 

= 26.4 min. 

 

(2R,5R)-2-benzyl-4-oxo-N,N,5-triphenylhexanamide (3ac) 

Pale yellow oil (mixture of diastereomers), 91% yield, 9:1 dr, 96% ee. 1H 

NMR (400 MHz, CDCl3) δ 7.35 – 7.13 (m, 18H), 6.82 – 6.67 (m, 2H), 

3.30 – 3.17 (m, 1H), 3.02 (dd, J = 17.4, 9.8 Hz, 1H), 2.89 (dd, J = 13.3, 6.7 Hz, 1H), 2.46 (dd, J = 

13.2, 8.0 Hz, 1H), 2.31 (dd, J = 17.5, 4.4 Hz, 1H), 1.38 (d, J = 6.9 Hz, 3H). 13C NMR (151 MHz, 

CDCl3) δ 210.0, 174.8, 143.2, 142.7, 140.6, 138.7, 133.2, 129.6, 129.2, 129.0, 128.7, 128.5, 128.4, 

128.1, 127.9, 127.2, 126.8, 126.6, 53.2, 43.6, 40.8, 38.7, 17.5.  IR (ATR): 3027, 2973, 2930, 1708, 

1663, 1490, 1394 cm-1. HRMS calculated for C31H29NO2Na [M+Na]+ 470.2096, found 470.2094. 

Chiral SFC: 100 mm CHIRALCEL AD-H, 20% iPrOH, 2.0 mL/min, 254 nm, 44 °C, nozzle 

pressure = 200 bar CO2, tR1 (major) = 3.3 min, tR2 = 3.9 min, tR3 (minor) = 6.8 min, tR4 = 15.4 min. 

  

(R)-4-oxo-N,N,5-triphenylhexanamide (3ad) 

Pale yellow oil (mixture of diastereomers), 45% yield, 79% ee. 1H NMR 

(400 MHz, CDCl3) δ 7.43 – 7.26 (m, 10H), 7.26 – 7.17 (m, 5H), 3.84 (q, 

J = 7.1 Hz, 1H), 2.91 – 2.78 (m, 1H), 2.62 – 2.47 (m, 2H), 2.38 – 2.24 (m, 1H), 1.41 (d, J = 7.0 

Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 210.1, 172.1, 142.8, 140.9, 129.8, 129.1, 129.0, 128.1, 
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127.6, 127.3, 127.2, 127.2, 126.8, 126.5, 53.1, 36.3, 29.9, 17.5. IR (ATR): 3060, 2974, 2930, 1710, 

1668, 1594, 1491, 1374, 1271 cm-1. HRMS calculated for C24H23NO2Na [M+Na]+ 380.1627, 

found 380.1630. Chiral SFC: 100 mm CHIRALCEL AD-H, 10% iPrOH, 2.0 mL/min, 254 nm, 

44 °C, nozzle pressure = 200 bar CO2, tR1 (minor) = 8.0 min, tR2 (major) = 9.7 min. 

 

(2R,5R)-2-methyl-1-morpholino-5-phenylhexane-1,4-dione (3ae) 

Yellow oil (mixture of diastereomers), 53% yield, 11:1 dr, 97% ee. 1H 

NMR (600 MHz, CDCl3) δ 7.32 (t, J = 7.5 Hz, 2H), 7.24 (d, J = 7.6 Hz, 

1H), 7.22 – 7.18 (m, 2H), 3.78 (q, J = 7.0 Hz, 1H), 3.75 – 3.41 (m, 8H), 

3.12 (m, 1H), 2.97 (dd, J = 17.8, 9.0 Hz, 1H), 2.31 (dd, J = 17.8, 4.3 Hz, 1H), 1.35 (d, J = 6.8 Hz, 

3H), 0.95 (d, J = 6.9 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 210.0, 174.5, 140.8, 129.1, 128.1, 

127.3, 67.1, 66.9, 53.1, 46.3, 45.3, 42.4, 31.0, 17.5, 17.3. IR (ATR): 2991, 2930, 2855, 1710, 1635, 

1435, 1233, 1113, 1030, 701 cm-1. HRMS calculated for C17H23NO2Na [M+Na]+ 312.1576, found 

312.1561. Chiral SFC: 100 mm CHIRALCEL AD-H, 6% iPrOH, 1.0 mL/min, 220 nm, 44 °C, 

nozzle pressure = 200 bar CO2, tR1 (minor) = 8.0 min, tR2 = 9.3 min, tR3 = 10.5 min, tR4 (major) = 

14.2 min. 

 

(2R,5R)-N,N-dibenzyl-2-methyl-4-oxo-5-phenylhexanamide (3af) 

Colorless oil (mixture of diastereomers), 75% yield, 8:1 dr, >99% ee. 1H 

NMR (400 MHz, CDCl3) δ 7.42 – 7.27 (m, 10H), 7.25 – 7.14 (m, 5H), 

4.66 – 4.51 (m, 4H), 3.82 (q, J = 6.9 Hz, 1H), 3.33 – 3.20 (m, 1H), 3.06 (dd, J = 17.5, 9.3 Hz, 1H), 

2.34 (dd, J = 17.6, 4.4 Hz, 1H), 1.39 (d, J = 6.9 Hz, 3H), 0.98 (d, J = 6.9 Hz, 3H). 13C NMR (101 

MHz, CDCl3) δ 210.0, 176.6, 140.9, 137.6, 136.9, 129.1, 129.0, 128.7, 128.2, 128.1, 127.7, 127.4, 
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127.3, 127.1, 53.3, 50.2, 48.3, 46.0, 32.0, 18.0, 17.5. IR (ATR): 3027, 2971 2930, 1710, 1636, 

1494, 1452, 1223, 730, 697 cm-1. HRMS calculated for C27H29NO2Na [M+Na]+ 422.2096, found 

422.2115. Chiral SFC: 100 mm CHIRALCEL OJ-H, 1% iPrOH, 2.0 mL/min, 220 nm, 44 °C, 

nozzle pressure = 200 bar CO2, tR1 = 10.9 min, tR2 (major) = 12.1 min, tR3 (minor) = 17.2 min, tR4 

= 28.9 min. 

 

(2R,5R)-2-methyl-4-oxo-N,5-diphenylhexanamide (3ag) 

Yellow solid (mixture of diastereomers), 61% yield, 6:1 dr, 95% ee. 1H 

NMR (600 MHz, CDCl3) δ 7.66 (s, 1H), 7.54 – 7.47 (m, 2H), 7.36 – 7.27 

(m, 5H), 7.23 – 7.18 (m, 2H), 7.08 (t, J = 7.4 Hz, 1H), 3.77 (q, J = 6.9 

Hz, 1H), 2.93 (dd, J = 18.1, 9.4 Hz, 1H), 2.89 – 2.79 (m, 1H), 2.43 (dd, J = 18.1, 3.8 Hz, 1H), 1.38 

(d, J = 7.0 Hz, 3H), 1.10 (d, J = 6.9 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 210.5, 174.0, 140.5, 

138.2, 129.2, 129.1, 128.0, 127.5, 124.2, 120.0, 53.2, 45.4, 37.1, 17.8, 17.4. IR (ATR): 3306, 3061, 

2972, 2931, 1712, 1667, 1598, 1541, 1493, 1441, 731, 693 cm-1. HRMS calculated for 

C19H21NO2Na [M+Na]+ 318.1470, found 318.1459. Chiral SFC: 100 mm CHIRALCEL AD-H, 

6% iPrOH, 2.0 mL/min, 240 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 = 11.1 min, tR2 = 12.0 

min, tR3 (minor) = 15.0 min, tR2 (major) = 18.6 min. 

 

(2R,5R)-N-methoxy-N,2-dimethyl-4-oxo-5-phenylhexanamide (3ah) 

Yellow oil (mixture of diastereomers), 65% yield, 9:1 dr, >99% ee. TLC 

Rf = 0.3 (hexanes/ethyl acetate 5:1). 1H NMR (500 MHz, CDCl3) δ 7.33 

(t, J = 7.4 Hz, 2H), 7.27 (d, J = 7.7 Hz, 1H), 7.22 (d, J = 6.9 Hz, 2H), 3.84 – 3.76 (m, 4H), 3.27 (s, 

1H), 3.20 (s, 3H), 2.95 (dd, J = 17.9, 9.7 Hz, 1H), 2.30 (dd, J = 17.9, 4.4 Hz, 1H), 1.37 (d, J = 6.8 
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Hz, 3H), 0.99 (d, J = 7.0 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 209.9, 176.6, 140.9, 129.0, 

128.0, 127.2, 61.4, 53.0, 44.7, 32.2, 31.4, 17.4, 17.1. IR (ATR): 2973, 2933, 1712, 1652, 1453, 

1353, 992, 731, 701 cm-1. HRMS calculated for C15H22NO3 [M+H]+ 264.1600, found 264.1598. 

Chiral SFC: 100 mm CHIRALCEL AD-H, 4% iPrOH, 1.0 mL/min, 220 nm, 44 °C, nozzle 

pressure = 200 bar CO2, tR1 (minor) = 4.6 min, tR2 = 6.4 min, tR3 = 11.2 min, tR4 (major) = 18.6 

min. 

4. Synthesis of Aldehyde Substrates 

General procedure A 

 

The reaction was performed according to the following procedures.[40a-d]  

(Methoxymethyl)-triphenylphosphonium chloride (5.2 mmol, 1.4 equiv) was suspended in 

anhydrous THF (8 mL) and the mixture was cooled to 0 ℃. Potassium tert-butoxide (5.2 mmol, 

1.4 equiv) was added under positive pressure and the reaction mixture turned dark red. The reaction 

was stirred at 0 ℃ for 30 min and the ketone (3.7 mmol, 1.0 equiv) was added dropwise. After 

stirring overnight, the reaction was quenched with addition of water and extracted with Et2O (3 × 

50 mL). The combined organic solutions were dried over Na2SO4, filtered, and concentrated. The 

resulting oil was purified by flash column chromatography (silica gel, 2.5% EtOAc/Hex) to afford 

enol ether in mostly 1:1 ratio of E/Z isomers.  

Enol ether was dissolved in a 4:1 mixture of acetone and water (8 mL) and the solution was cooled 

to 0 ℃. Conc. HBr (48% aqueous solution, 3 mL) was added dropwise, and the mixture was 

allowed to warm up to room temperature and stirred overnight. The reaction was quenched with 

sat. NaHCO3 and the solution was extracted with DCM (3 × 20 mL). The combined organic layers 
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were dried over Na2SO4, filtered and concentrated. The resulting oil was purified by flash column 

chromatography (silica gel, 5% ethyl acetate/hexanes) to afford aldehyde 1. 

 

2-(4-methoxyphenyl)propanal (1b) 

Prepared according to General Procedure A. Colorless oil, 35% yield over 

two steps. 1H NMR (400 MHz, CDCl3) δ 9.65 (d, J = 1.5 Hz, 1H), 7.17 – 

7.09 (m, 2H), 6.95 – 6.87 (m, 2H), 3.81 (s, 3H), 3.58 (qd, J = 7.1, 1.5 Hz, 

1H), 1.41 (d, J = 7.0 Hz, 3H). The 1H NMR spectrum is in accordance with the previous 

literature.[40a-d] 

 

2-(4-chlorophenyl)propanal (1c) 

Prepared according to General Procedure A. Colorless oil, 24% yield over two 

steps. 1H NMR (400 MHz, CDCl3) δ 9.66 (d, J = 1.4 Hz, 1H), 7.39 – 7.31 (m, 

2H), 7.19 – 7.11 (m, 2H), 3.62 (qd, J = 7.1, 1.4 Hz, 1H), 1.44 (d, J = 7.1 Hz, 3H). The 1H NMR 

spectrum is in accordance with the previous literature.[40a,b] 

 

2-(4-(trifluoromethyl)phenyl)propanal (1e) 

Prepared according to General Procedure A. Colorless oil, 17% yield over 

two steps.1H NMR (400 MHz, CDCl3) δ 9.70 (d, J = 1.3 Hz, 1H), 7.65 (d, J 

= 8.0 Hz, 2H), 7.35 (d, J = 8.0 Hz, 2H), 3.73 (qd, J = 7.1, 1.3 Hz, 1H), 1.49 

(d, J = 7.1 Hz, 3H). The 1H NMR spectrum is in accordance with the previous literature.[40a,b] 

 

 



207 
 

2-(3-chlorophenyl)propanal (1g) 

Prepared according to General Procedure A. Colorless oil, 35% yield over two 

steps. 1H NMR (400 MHz, CDCl3) δ 9.67 (d, J = 1.4 Hz, 1H), 7.37 – 7.27 (m, 

2H), 7.22 (dt, J = 2.3, 1.0 Hz, 1H), 7.17 – 7.06 (m, 1H), 3.62 (qd, J = 7.1, 1.4 Hz, 1H), 1.45 (d, J 

= 7.1 Hz, 3H). The 1H NMR spectrum is in accordance with the previous literature.[40d]  

 

2-(o-tolyl)propanal (1h) 

Pale yellow oil, 25% yield over two steps. 1H NMR (400 MHz, CDCl3) δ 9.67 (d, 

J = 1.2 Hz, 1H), 7.26 – 7.16 (m, 3H), 7.08 – 7.01 (m, 1H), 3.85 (qd, J = 7.0, 1.3 

Hz, 1H), 2.37 (s, 3H), 1.42 (d, J = 7.0 Hz, 3H). The 1H NMR spectrum is in accordance with the 

previous literature.[40d] 

 

3-methyl-2-phenylbutanal (1k) 

Colorless oil, 73% over two steps. 1H NMR (400 MHz, CDCl3) δ 9.72 (d, J = 3.3 

Hz, 1H), 7.41 – 7.35 (m, 2H), 7.34 – 7.27 (m, 1H), 7.24 – 7.17 (m, 3H), 3.21 (dd, 

J = 9.5, 3.3 Hz, 1H), 2.53 – 2.38 (m, 1H), 1.07 (d, J = 6.6 Hz, 3H), 0.79 (d, J = 6.7 Hz, 3H). The 

1H NMR spectrum is in accordance with the previous literature.[40e] 

 

General procedure B:  

 

The reaction was performed according to the following procedure.[40a,f]  
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The carboxylic acid (14 mmol, 1.0 equiv) was dissolved in DCM (14 mL) and thionyl chloride (42 

mmol, 3.0 equiv) and DMF (0.14 mmol, 10 mol %) was added to the solution. After stirring at 

room temperature for 1 h, the solvent was removed in vacuo to give the acid chloride, which was 

used without further purification. The acid chloride was redissolved in DCM (9.8 mL) and MeOH 

(4.2 mL). Et3N (28 mmol, 2.0 equiv) was added dropwise, and the solution was stirred overnight 

at room temperature. The reaction mixture was concentrated and then dissolved in Et2O. The 

mixture was washed with sat. NaHCO3 solution, brine, and then water. The organic layer was dried 

over MgSO4, and concentrated to give the ester which was used without purification. 

NaH (13 mmol, 1.1 equiv) as a 60% dispersion in mineral oil was suspended in DMF (23 mL), the 

resulting slurry was cooled to 0 °C. The ester (12 mmol, 1.0 equiv) was added dropwise and the 

reaction was stirred for 5 min. MeI (13 mmol, 1.1 equiv) was added dropwise and the reaction was 

allowed to warm to room temperature and stirred overnight. The reaction was quenched with sat. 

NH4Cl and diluted with Et2O. The layers were separated, and the aqueous layer was extracted with 

Et2O (3 × 50 mL). The combined organic layers were dried over MgSO4, filtered, and concentrated. 

The resulting oil was purified by flash column chromatography (silica gel, 6% ethyl 

acetate/hexanes) to afford α-branched ester. 

LAH (21 mmol, 2.2 equiv) was suspended in THF (20 mL) and cooled to 0 °C. The carboxylic 

acid (9.0 mmol, 1.0 equiv) was dissolved in THF (25 mL) and added to the LAH solution. The 

reaction was allowed to warm up to room temperature and stirred for 1 h. Then, the reaction was 

cooled to 0 °C again and quenched with dropwise addition of water, then 15% KOH, and then 

water. The mixture was stirred for 15 min, and white precipitate formed. MgSO4 was added and 

mixture was filtered through Celite, concentrated to give the alcohol which was used without 

purification. 
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Alcohol (5.7 mmol, 1.0 equiv) and pyridine (9.1 mmol, 1.6 equiv) were dissolved in DCM (23 

mL) and the solution was cooled to 0 °C. DMP (9.7 mmol, 1.7 equiv) was added in one portion 

under positive pressure. The reaction was stirred at room temperature for 2.5 h and then quenched 

by addition of sat. Na2S2O3. The mixture was stirred for 15 min and the layers were separated. The 

aqueous layer was extracted with DCM (3 × 50 mL) and the combined organic layers were dried 

over MgSO4, filtered and concentrated. The resulting oil was purified by flash column 

chromatography (15% E2O/hexanes) to afford the aldehyde 1. 

 

2-(4-bromophenyl)propanal (1d) 

Prepared according to General Procedure B. Pale yellow oil, 5% yield over 

four steps. 1H NMR (400 MHz, CDCl3) δ 9.66 (d, J = 1.4 Hz, 1H), 7.56 – 

7.47 (m, 2H), 7.13 – 7.05 (m, 2H), 3.60 (qd, J = 7.1, 1.4 Hz, 1H), 1.44 (d, J = 7.1 Hz, 3H). The 1H 

NMR spectrum is in accordance with the previous literature.[40a,b] 

 

2-(3-methoxyphenyl)propanal (1f) 

Prepared according to General Procedure B. Colorless oil, 26% yield over 

four steps. 1H NMR (400 MHz, CDCl3) δ 9.68 (d, J = 1.5 Hz, 1H), 7.30 (t, 

J = 7.9 Hz, 1H), 6.88 – 6.77 (m, 2H), 6.75 (t, J = 2.2 Hz, 1H), 3.81 (s, 3H), 3.69 – 3.54 (m, 1H), 

1.44 (d, J = 7.1 Hz, 3H). The 1H NMR spectrum is in accordance with the previous literature.[40g]  
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2-(naphthalen-2-yl)propanal (1i) 

Prepared according to General Procedure B. White solid, 30% yield over four 

steps.1H NMR (400 MHz, CDCl3) δ 9.77 (dd, J = 1.4, 0.6 Hz, 1H), 7.90 – 7.79 

(m, 3H), 7.68 (s, 1H), 7.53 – 7.44 (m, 2H), 7.32 (dd, J = 8.4, 1.8 Hz, 1H), 3.81 

(q, J = 6.9 Hz, 1H), 1.55 (dd, J = 7.0, 0.6 Hz, 3H). The 1H NMR spectrum is in accordance with 

the previous literature.[40a-d] 

 

2-(benzo[d][1,3]dioxol-5-yl)propanal (1j) 

Prepared according to General Procedure B. Colorless oil, 24% yield over four 

steps. 1H NMR (400 MHz, CDCl3) δ 9.64 (d, J = 1.5 Hz, 1H), 6.81 (dd, J = 7.8, 

0.6 Hz, 1H), 6.71 – 6.63 (m, 2H), 5.96 (s, 2H), 3.48 (q, J = 7.0 Hz, 1H), 1.40 

(dd, J = 7.1, 1.5 Hz, 3H). The 1H NMR spectrum is in accordance with the previous literature.[40a,b] 

 

2-cyclohexylpropanal (1l) 

Prepared according to General Procedure B (Esterification was done with 

LiHMDS (1.0 M in THF) in place of NaH.).5 Colorless oil, 26% yield over four 

steps. 1H NMR (400 MHz, CDCl3) δ 9.66 (d, J = 2.3 Hz, 1H), 2.27 – 2.16 (m, 1H), 1.82 – 1.57 

(m, 6H), 1.37 – 1.06 (m, 5H), 1.04 (d, J = 7.0 Hz, 3H). The 1H NMR spectrum is in accordance 

with the previous literature.[40c] 
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5. Synthesis of Acrylamide Substrates 

General Procedure C: 

 

The reaction was performed according to the following procedure.[41a] 

Secondary amine (29 mmol, 1.5 equiv), triethylamine (5.3 mL, 3.9 g, 38 mmol, 2.0 equiv) was 

dissolved in DCM (50 mL) and cooled to 0 °C. Acryloyl chloride (19 mmol, 1.0 equiv) was added 

dropwise and the reaction was allowed to warm up to room temperature and stirred for 16 h. The 

reaction was cooled to 0 °C and quenched with sat. NH4Cl. The layers were separated, and the 

aqueous layer was extracted with DCM (3 × 30 mL). The combined organic layers were dried over 

MgSO4, filtered, and concentrated. The resulting oil was purified by flash column chromatography 

(silica gel, 2–10% ethyl acetate/hexanes). 2a and 2d were purified with another recrystallization 

from hexanes and PhMe at 0 °C to afford the acrylamide. 

 

N,N-diphenylmethacrylamide (2a) 

Prepared according to General Procedure C. White solid, 67% yield. 1H NMR (400 

MHz, CDCl3) δ 7.44 – 7.05 (m, 10H), 5.24 (s, 1H), 5.18 (s, 1H), 1.85 (s, 3H). The 1H 

NMR spectrum is in accordance with the previous literature.[41b] 

 

N,N-diphenylacrylamide (2d) 

Prepared according to General Procedure C. White solid, 69% yield. 1H NMR (500 

MHz, CDCl3) δ 7.37 (t, J = 7.7 Hz, 4H), 7.27 – 7.21 (m, 6H), 6.47 (ddd, J = 16.8, 2.0, 



212 
 

0.7 Hz, 1H), 6.27 – 6.13 (m, 1H), 5.63 (ddd, J = 10.3, 2.0, 0.7 Hz, 1H). The 1H NMR spectrum is 

in accordance with the previous literature.[41c] 

 

2-methyl-1-morpholinoprop-2-en-1-one (2e) 

Prepared according to General Procedure C. Yellow oil, 51% yield. 1H NMR (400 

MHz, CDCl3) δ 5.21 (dt, J = 2.8, 1.4 Hz, 1H), 5.04 (p, J = 1.1 Hz, 1H), 3.78 – 3.52 (m, 

8H), 1.95 (dd, J = 1.7, 1.1 Hz, 3H). The 1H NMR spectrum is in accordance with the 

previous literature.[41d] 

 

 

N,N-dibenzylmethacrylamide (2f) 

Prepared according to General Procedure C. Brown oil, 57% yield. 1H NMR (400 

MHz, CDCl3) δ 7.32 (m, 6H), 7.17 (m, 4H), 5.18 (dt, J = 2.8, 1.3 Hz, 1H), 5.15 (p, J = 

1.1 Hz, 1H), 4.54 (s, 4H), 2.03 (dd, J = 1.7, 1.1 Hz, 3H). The 1H NMR spectrum is in accordance 

with the previous literature.[41e]  

 

N-methoxy-N-methylmethacrylamide (2h) 

Prepared according to General Procedure C (Pyridine (4 equiv) was used in place of 

triethylamine.). Colorless oil, 35% yield. 1H NMR (400 MHz, CDCl3) δ 5.31 – 5.28 

(m, 1H), 5.25 – 5.21 (m, 1H), 3.65 (s, 3H), 3.23 (s, 3H), 1.98 – 1.97 (m, 2H). The 1H NMR 

spectrum is in accordance with the previous literature.[41f]  

General Procedure D: 
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The reaction was performed according to the following procedure.[41a]  

The carboxylic acid (9 mmol, 1.0 equiv) was dissolved in DCM (17 mL) and thionyl chloride (1.3 

mL, 2.1 g, 18 mmol, 2.0 equiv) and DMF (6.9 µL, 6.5 mg, 0.090 mmol, 10 mol %) were added to 

the solution. The reaction was allowed to stir at room temperature for 1 h and the solvent was 

removed in vacuo to give acryloyl chloride as a pale yellow oil, which was used without further 

purification. 

Diphenylamine (2.3 g, 13 mmol, 1.5 equiv) was dissolved in DCM and Et3N (2.5 mL, 1.8 g, 18 

mmol, 2.0 equiv) was added. The solution was cooled to 0 °C. Acryloyl chloride was added 

dropwise and the color changed from colorless to orange. The reaction was stirred overnight at 

room temperature and quenched with water. The layers were separated and then extracted with 

DCM (3 × 40 mL). The combined organic layers were washed with sat. NaHCO3 and brine, dried 

over MgSO4, filtered and concentrated. The product was purified by flash column chromatography 

(5% ethyl acetate/hexanes) then recrystallization from hexanes and PhMe at 0 °C to afford the 

acrylamide 2. 

 

2-phenyl-N,N-diphenylacrylamide (2b) 

Prepared according to General Procedure D. Yellow solid, 30% yield over two steps. 

1H NMR (400 MHz, CDCl3) δ 7.53 – 6.93 (m, 15 H), 5.63 (s, 1H), 5.55 (s, 1H). The 

1H NMR spectrum is in accordance with the previous literature.[41g] 

 

2-benzyl-N,N-diphenylacrylamide (2c) 
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Prepared according to General Procedure D. White solid, 50% yield over two steps. 1H 

NMR (400 MHz, CDCl3) δ 7.34 – 7.08 (m, 11H), 6.99 – 6.89 (m, 4H), 5.30 (q, J = 0.9 

Hz, 1H), 5.15 (td, J = 1.6, 0.8 Hz, 1H), 3.49 (s, 2H). The 1H NMR spectrum is in accordance with 

the previous literature.[41h] 

 

 

Efforts Towards Other Substituted Acrylamides 

The following are acrylamides that were attempted to synthesize using the corresponding 

procedures. 

  

 

 

 

Synthesis of the N,N-diphenyl-2-(((triisopropylsilyl)oxy)methyl)acrylamide(S1) was attempted 

based on the reported method.[41a] S5 was successfully prepared and amination was performed 
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according to General Procedure D. However, S5 kept polymerizing and purification was not 

successful. 

 

2-(((triisopropylsilyl)oxy)methyl)acrylic acid (S5) 

Colorless oil, 34% yield over three steps. 1H NMR (CDCl3, 400 MHz) δ 11.07 (s, 

1H), 6.37 (m, 1H), 6.09 (m, 1H), 4.44 (m, 2H), 1.17 – 1.08 (m, 3H), 1.05 (d, J = 6.8 

Hz, 18H). The 1H NMR spectrum is in accordance with the previous literature.[42] 

 

 

Synthesis of the N,N-diphenyl-2-(thiophen-3-yl)acrylamide (S2) and N,N-diphenyl-2-(1-tosyl-1H-

indol-3-yl)acrylamide (S3) was attempted based on the reported method.[41a]  

For S2, aldol condensation was not successful and the starting acetate degraded, presumably due 

to its sensitivity to heat. We then prepared S2 through Pd-catalyzed cross-coupling but no 

reactivity was observed for hydroacylation with S2, likely due to residual amount of Pd in the 

mixture. Therefore, we decided not to prepare our substrates through cross-couplings. 

For S3, tosylation was first performed based on reported method to obtain S6.[43] Aldol 

condensation was successful with S6 and the acrylate (S7) was purified. However, S7 was not 

stable and dimerized in vacuo overnight. 
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methyl 2-(1-tosyl-1H-indol-3-yl)acetate (S6) 

Yellow oil, 50% yield. 1H NMR (600 MHz, CDCl3) δ 7.97 (d, J = 8.3 Hz, 

1H), 7.81 – 7.73 (m, 2H), 7.57 (s, 1H), 7.49 (d, J = 7.9 Hz, 1H), 7.32 (ddd, J = 

8.2, 6.6, 1.3 Hz, 1H), 7.23 (m, 3H), 3.71 (s, 3H), 3.70 (s, 2H), 2.34 (s, 3H). 

The 1H NMR spectrum is in accordance with the previous literature.[43] 

 

methyl 2-(1-tosyl-1H-indol-3-yl)acrylate (S7) 

S6 (2.2 g, 6.3 mmol, 1.0 equiv) was dissolved in DMF (42 mL) and 

paraformaldehyde (380 mg, 13 mmol, 2.0 equiv), K2CO3 (860 mg, 6.3 mmol, 

1.0 equiv) were added sequentially. The resulting mixture was allowed to stir at 

90 ℃ overnight. The solution was cooled to room temperature and diluted with brine then 

extracted with hexanes (4 × 100 mL). The combined organic layers were washed with brine and 

water, dried over MgSO4, filtered and concentrated in vacuo. The product (S2) was purified by 

silica gel column chromatography (10% ethyl acetate/hexanes) to give a yellow oil. Product 

dimerized in vacuo overnight. Proof of initial success in synthesis: 1H NMR (400 MHz, CDCl3) δ 

8.04 (d, J = 8.3 Hz, 1H), 7.95 (s, 1H), 7.78 (d, J = 8.0 Hz, 2H), 7.59 (d, J = 7.9 Hz, 1H), 7.32 (t, J 

= 7.7 Hz, 1H), 7.24 (t, J = 7.6 Hz, 1H), 7.14 (dd, J = 8.4, 2.6 Hz, 2H), 6.53 (s, 1H), 6.12 (s, 1H), 

3.84 (s, 3H), 2.25 (s, 3H). 
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Synthesis of the 3-methylene-1-phenylindolin-2-one (S4) was attempted based on the reported 

method.[44] S8 was successfully prepared but S4 was polymerized in vacuo. 

 

3-hydroxy-1-phenyl-3-((trimethylsilyl)methyl)indolin-2-one (S8) 

1-phenylisatin (1.5 g, 6.7 mmol, 1.0 equiv) was suspended in Et2O (25 mL) and 

the mixture was cooled to -78 °C. Freshly made 

[(trimethylsilyl)methyl]magnesium chloride (13 mmol, 2.0 equiv, 0.77 M in Et2O) 

was added slowly. The mixture was allowed to stir at -78 °C for 15 min and then warmed to room 

temperature to stir for 18 h. The reaction was quenched with MeOH, and then concentrated in 

vacuo to give a reddish brown solid. The product (S1) was purified through flash column 

chromatography (20% ethyl acetate/hexanes) to give a pale yellow solid (910 mg, 2.9 mmol, 44%). 

1H NMR (600 MHz, CDCl3) δ 7.57 – 7.50 (m, 2H), 7.46 – 7.42 (m, 3H), 7.40 (td, J = 7.3, 1.3 Hz, 

1H), 7.28 – 7.22 (m, 1H), 7.12 (td, J = 7.5, 1.0 Hz, 1H), 6.86 (d, J = 7.9 Hz, 1H), 3.12 (s, 1H), 1.65 

(d, J = 0.9 Hz, 2H), -0.20 (s, 9H). 13C NMR (151 MHz, CDCl3) δ 177.8, 143.0, 134.3, 130.9, 

129.7, 129.7, 128.1, 126.2, 124.6, 123.7, 110.0, 75.8, 28.8, -0.9. IR (ATR): 3336, 2958, 2249, 

1705, 1613, 1498, 1200, 728, 701 cm-1. HRMS calculated for C18H21NO2SiNa [M+Na]+ 334.1239, 

found 334.1249. 

 

3-methylene-1-phenylindolin-2-one (S4) 

S8 (0.60 g, 1.9 mmol, 1.0 equiv) was dissolved in DCM (39 mL) and the solution 

was cooled to –78 °C. Boron trifluoride–diethyl ether (1.2 mL, 1.4 g, 9.6 mmol, 

5.0 equiv) was added slowly. The mixture was stirred at –78 °C for 2 h, and then 

at 0 °C for another 1 h.  The mixture was poured into saturated aqueous NaHCO3 solution and 
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extracted with DCM (3 × 50 mL). The combined organic layers were washed again with NaHCO3, 

dried with MgSO4, filtered and concentrated in vacuo. The product (S4) was polymerized under 

high concentration. 

 

6. Mechanistic Experiments  
6.1. NMR Studies for Enamine Formation 

In a N2-filled glovebox, 1-AdNH2 (7 mol % or 1.0 equiv), 1a (20 µL, 20 mg, 0.15 mmol, 1.0 

equiv), and DCE (0.2 mL) were added to a 1-dram vial. The reaction mixture was stirred at 60 ℃ 

for 30 min. The mixture (75 µL) was transferred into an NMR tube, diluted with CDCl3 (0.65 mL), 

and removed from the glovebox to perform 1H NMR spectroscopy. The selected chemical shift for 

1D NOE was 6.61, which proved to be the E-enamine. Referenced to TMS. 

  

1a 

1a + amine (7 mol %) 

1a + amine (1.0 equiv) 

1a + amine (1.0 equiv) 
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6.2. Racemization Studies 

Racemization under reaction condition 

All reactions prepared according to “General Procedure for DKR Hydroacylation” with 1,3,5-

trimethyoxybenzene as an internal standard and quenched at various time points with exposure to 

atmosphere. The majority of the reaction mixture was reduced with immediate subjection into 

NaBH4 (>20 equiv) in MeOH (~20 mL). Reduction was quenched through addition of sat. NH4Cl 

and the mixture was extracted with DCM. The combined organic layers were dried over Na2SO4, 

filtered and concentrated. The reduced 1a was recovered by preparative thin layer chromatography 

(hexanes/ethyl acetate 5:1) for determination of enantiomeric excess (ee). NMR yield and 

diastereoselectivity of 3aa were determined by 1H NMR analysis of the unreduced reaction 

mixture. Theoretical ee of 1a if under kinetic resolution (KR) were calculated based on product 

NMR yield and diastereoselectivity assuming no racemization of 1a. 

 

 

 

Sample calculation for theoretical ee after 5 min: 

 

Results: 3aa 9:1 dr, 24% NMR yield 
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Theoretical (R)-1a = starting equiv – major diastereomer yield = 0.75 – 9/10 * 0.24 = 0.534 

Theoretical (S)-1a = starting equiv – minor diastereomer yield = 0.75 – 1/10 * 0.24 = 0.726 

Theoretical ee = (Theoretical (S)-1a – Theoretical (R)-1a) / (Theoretical (S)-1a + Theoretical (R)-

1a) *100% = (0.726-0.534) / (0.726+0.534) *100% = 15% 

 

Racemization of enantioenriched (R)-2-phenylpropanal (1a) 

Enantioenriched (R)-1a was prepared according to the reported methods[40a,f] from (R)-2-

phenylpropanoic acid (43% yield over two steps). (R)-1a was reduced to the corresponding alcohol 

to determine ee. 

 

 

Racemization with 1-AdNH2:  

In a N2-filled glovebox, 1-AdNH2 (4.6 mg, 7 mol %), (R)-1a (60 µL, 60 mg, 0.45 mmol, 1.0 equiv), 

and DCE (0.6 mL) were added to a 1-dram vial. The reaction mixture was stirred at 60 ℃ and 

aliquots (0.1 mL) were taken at various time points and removed from the glove box. The aliquots 

were reduced with immediate subjection into NaBH4 (>20 equiv) in MeOH (~5 mL). Reduction 

was quenched with sat. NH4Cl and the mixture was extracted with DCM. The combined organic 

layers were dried over Na2SO4, filtered and concentrated. The unpurified reaction mixture was 

used directly to determine ee. Background reaction was performed with 1a (20 µL, 20 mg, 0.15 

mmol, 1.0 equiv) in DCE (0.2 mL). 
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Racemization with other bases: 

In a N2-filled glovebox, base (7 mol %), (R)-1a (20 µL, 20 mg, 0.15 mmol, 1.0 equiv), and DCE 

(0.2 mL) were added to a 1-dram vial. The reaction mixture was stirred at 60 ℃ for 1 h and then 

removed from the glove box. Reactions were reduced with immediate subjection into NaBH4 (>20 

equiv) in MeOH (~5 mL). Reduction was quenched through addition of sat. NH4Cl and the mixture 

was extracted with DCM. The combined organic layers were dried over Na2SO4, filtered and 

concentrated. The unpurified reaction mixture was used directly to determine ee. 

 

Racemization with [Rh]: 

Reactions were prepared according to “General Procedure for DKR Hydroacylation” without the 

use of 2a. After 1 h, reaction was quenched with exposure to atmosphere and reduced with 

immediate subjection into NaBH4 (>20 equiv) in MeOH (~20 mL). Reduction was quenched 

through addition of sat. NH4Cl and the mixture was extracted with DCM. The combined organic 

layers were dried over Na2SO4, filtered and concentrated. The unpurified reaction mixture was 

used directly to determine ee. 
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6.3. Deuterium-Labeling Study 
Synthesis of 2-phenylpropanal-1-d (d-1a) 

 

The reaction was performed according to the following procedure.[45] 2-phenylpropanal (1a) (1.2 

g, 8.9 mmol, 1.0 equiv) was dissolved in DCM (15 mL) and propane-1,3-dithiole (0.99 mL, 1.1 g, 

9.8 mmol, 1.1 equiv) was added. The solution was cooled down to 0 °C and BF3 · OEt2 (0.57 mL, 

0.64 g, 4.5 mmol, 0.5 equiv) was added dropwise. The reaction was stirred at 0 °C for 1 h and was 

allowed to warm to room temperature. The mixture was stirred overnight and quenched with sat. 

NaHCO3 solution and extracted with DCM (3 × 30 mL). The combined organic layers were 

washed with brine, dried over MgSO4, filtered, and concentrated. The resulting oil was purified by 

flash column chromatography (silica gel, 3% ethyl acetate/hexanes) to afford the 2-(1-

phenylethyl)-1,3-dithiane as a colorless oil (1.7 g, 7.6 mmol, 85%).  
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2-(1-phenylethyl)-1,3-dithiane (7.6 mmol, 1.0 equiv) was dissolved in dry THF (13 mL) and the 

solution was cooled to 0 °C. n-BuLi (1.4 M in hexanes, 0.63 g, 9.8 mmol, 1.3 equiv) was added 

dropwise. The solution was allowed to stir at 0 °C for an additional 1 h followed by addition of 

D2O (1.2 mL, 1.4 g, 68 mmol, 9.0 equiv). White precipitate formed and the solution was allowed 

to stir for an additional 20 min at room temperature. The solution was diluted with water and 

extracted with Et2O (3 × 70 mL). The combined organic layers were dried over Na2SO4, filtered 

and concentrated in vacuo. 1H NMR shows 100% D incorporation. d-dithiane was purified through 

flash column chromatography (4% ethyl acetate/hexanes) to give a pale yellow oil (1.1 g, 5.1 

mmol, 67%). 1H NMR (400 MHz, CDCl3) δ 7.36 – 7.29 (m, 2H), 7.27 (d, J = 1.5 Hz, 2H), 7.25 

(d, J = 7.3 Hz, 1H), 3.09 (q, J = 7.1 Hz, 1H), 2.87 – 2.74 (m, 4H), 2.11 – 2.02 (m, 1H), 1.81 (ddtd, 

J = 14.0, 11.0, 7.6, 4.2 Hz, 1H), 1.48 (d, J = 7.1 Hz, 3H). 

 

The reaction was performed according to the following procedure.[46] Lithium dodecyl sulfate (820 

mg, 3.0 mmol, 20 mol %) was dissolved in water (50 mL). Under positive pressure was added I2 

(380 mg, 1.5 mmol, 10 mol %), S7 (3.4 g, 15.1 mmol, 1.0 equiv, washed with 2 mL DCM), and 

30% H2O2 (6.2 mL, 6.8 g, 60. mmol, 4.0 equiv). The reaction was stirred at room temperature for 

2 h and the mixture was cooled to 0 °C. The reaction was quenched with addition of 10% Na2S2O3. 

The solution was stirred at 0 °C for 5 min and then extracted with ethyl acetate (3 × 50 mL). The 

combined organic layers were washed with water, dried over MgSO4, filtered and concentrated in 

vacuo. The product (d-1a) was purified by distillation to give a colorless oil (720 mg, 5.3 mmol, 

35% yield). 1H NMR shows 98% D incorporation. 1H NMR (400 MHz, CDCl3) δ 7.43 – 7.35 (m, 

2H), 7.34 – 7.28 (m, 1H), 7.24 – 7.19 (m, 2H), 3.63 (q, J = 7.1 Hz, 1H), 1.45 (d, J = 7.1 Hz, 3H). 
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Synthesis of d-3aa: 

 
 

Following the “General Procedure for DKR Hydroacylation”, d-1a was used as the aldehyde 

coupling partner. The target compound d-3aa was obtained (83% yield). Deuterium incorporation 

was determined by 1H and 2H NMR. Percent deuterium (% D) incorporation is depicted as the 

amount of deuterium in place of one single hydrogen atom at 2.20 and two hydrogen atoms at 3.06. 

 

1H NMR (400 MHz, CDCl3) δ 7.52 – 7.35 (m, 5H), 7.35 – 7.29 (m, 5H), 7.24 – 7.06 (m, 5H), 3.79 

(q, J = 6.9 Hz, 1H), 3.11 – 3.00 (m, 1.17 H), 2.20 (d, J = 17.9 Hz, 0.86H), 1.39 (d, J = 6.9 Hz, 3H), 
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0.98 (d, J = 6.5 Hz, 3H). HRMS calculated for C25H24DNO2Na [M+Na]+ 395.1847, found 

395.1841. 
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Fig S1. 1H NMR spectrum for unpurified reaction mixture with important peaks labeled. Peaks 

of d-1a were integrated and the % deuteration went down from 98% to 79% after the reaction. 

d-2a 

d-3aa 
d-3aa d-3aa 

d-1a d-1a 
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Fig S2. 2H NMR spectrum for unpurified reaction mixture with important peaks labeled.  

  

d-1a 

d-2a 

d-3aa 

d-3aa d-1a 
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6.4. Competitive KIE 

Following the “General Procedure for DKR Hydroacylation”, a stock solution (40 µL, 40 mg, 0.30 

mmol, 1.5 equiv) of 1:1 mixture of 1a and d-1a was used as the aldehyde coupling partner and 2f 

(53 mg, 0.15 mmol, 1.0 equiv) was used as the acrylamide accepter. Reactions were quenched 

after 30 min with exposure to atmosphere. NMR yield was determined by 1H NMR analysis of the 

unpurified reaction mixture with 1,3,5-trimethyoxybenzene as an internal standard. H/D ratio was 

determined by 1H NMR analysis of the purified product based on the hydrogen atom at 3.27. KIEs 

were calculated using the Melander-Saunder equation.[31] The reaction was repeated three times 

and the reported KIE was the average of the triplicate with 95% confidence. 
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7. X-Ray Crystallographic Data 
(2R,5R)-2-methyl-4-oxo-N,N,5-triphenylhexanamide (3aa) 
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Experimental Summary 

A colorless crystal of approximate dimensions 0.180 x 0.195 x 0.307 mm was mounted in a 

cryoloop and transferred to a Bruker X8 Prospector diffractometer system.  The APEX31 program 

package was used to determine the unit-cell parameters and for data collection (10 sec/frame scan 

time).  The raw frame data was processed using SAINT2 and SADABS3 to yield the reflection data 

file.  Subsequent calculations were carried out using the SHELXTL4 program package.  The 

diffraction symmetry was mmm and the systematic absences were consistent with the 

orthorhombic space group P212121 that was later determined to be correct. 

The structure was solved by direct methods and refined on F2 by full-matrix least-squares 

techniques.  The analytical scattering factors5 for neutral atoms were used throughout the analysis.  

Hydrogen atoms were located from a difference-Fourier map and refined (x,y,z and Uiso).  

Least squares analysis yielded wR2 = 0.1296 and Goof = 1.027 for 353 variables refined against 

3753 data (0.83 Å), R1 = 0.0487 for those 3564 data with I > 2.0(I).  The absolute structure was 

assigned by the synthetic method employed. 

Definitions: 

 wR2 = [[w(Fo
2-Fc

2)2] / [w(Fo
2)2] ]1/2 

 R1 = ||Fo|-|Fc|| / |Fo| 

 Goof = S = [[w(Fo
2-Fc

2)2] / (n-p)]1/2  where n is the number of reflections and p is the total 

 number of parameters refined. 

 The thermal ellipsoid plot is shown at the 50% probability level. 
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Table 1. Crystal data and structure refinement for 3aa. 

Identification code  3aa 

Empirical formula  C25H25NO2 

Formula weight  371.46 

Temperature  93(2) K 

Wavelength  1.54178 Å 

Crystal system  Orthorhombic 

Space group  P212121 

Unit cell dimensions a = 9.2503(8) Å a = 90°. 

 b = 14.7442(13) Å b = 90°. 

 c = 15.1902(14) Å g = 90°. 

Volume 2071.8(3) Å3 

Z 4 

Density (calculated) 1.191 Mg/m3 

Absorption coefficient 0.588 mm-1 

F(000) 792 

Crystal color colorless 

Crystal size 0.307 x 0.195 x 0.180 mm3 

Theta range for data collection 4.178 to 68.139° 

Index ranges -11 ≤ h ≤ 11, -17 ≤ k ≤ 17, -18 ≤ l ≤ 14 

Reflections collected 17417 

Independent reflections 3753 [R(int) = 0.0650] 

Completeness to theta = 67.679° 99.8 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.8643 and 0.7682 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3753 / 0 / 353 

Goodness-of-fit on F2 1.027 

Final R indices [I>2sigma(I) = 3564 data] R1 = 0.0487, wR2 = 0.1272 
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R indices (all data, 0.83 Å) R1 = 0.0508, wR2 = 0.1296 

Absolute structure parameter -0.1(3) 

Largest diff. peak and hole 0.164 and -0.261 e.Å-3 
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Table 2. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Å2 

x 103) for 3aa.  

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

______________________________________________________________________________ 

 x y z U(eq) 

______________________________________________________________________________ 

O(1) 7619(3) 6227(2) 1779(2) 35(1) 

O(2) 4694(3) 6274(2) 533(1) 31(1) 

N(1) 4359(3) 5501(2) 1807(2) 21(1) 

C(1) 9098(4) 7398(2) 1164(2) 25(1) 

C(2) 7680(4) 6994(2) 1491(2) 25(1) 

C(3) 6359(4) 7584(2) 1447(2) 25(1) 

C(4) 5012(4) 7139(2) 1849(2) 24(1) 

C(5) 4678(4) 6274(2) 1342(2) 22(1) 

C(6) 10200(4) 6661(2) 945(2) 31(1) 

C(7) 3722(4) 7790(3) 1820(3) 35(1) 

C(8) 9677(3) 8049(2) 1862(2) 23(1) 

C(9) 9965(4) 8950(2) 1652(2) 27(1) 

C(10) 10549(4) 9533(2) 2275(2) 29(1) 

C(11) 10833(4) 9224(3) 3119(2) 33(1) 

C(12) 10543(4) 8326(3) 3333(2) 33(1) 

C(13) 9968(4) 7744(2) 2713(2) 26(1) 

C(14) 4261(4) 5492(2) 2754(2) 22(1) 

C(15) 5445(4) 5231(2) 3258(2) 23(1) 

C(16) 5327(4) 5202(2) 4166(2) 28(1) 

C(17) 4047(4) 5426(2) 4574(2) 31(1) 

C(18) 2866(4) 5681(3) 4076(2) 33(1) 

C(19) 2962(4) 5720(2) 3165(2) 28(1) 

C(20) 4410(4) 4631(2) 1380(2) 22(1) 

C(21) 5577(4) 4407(2) 849(2) 29(1) 
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C(22) 5677(5) 3536(3) 503(3) 34(1) 

C(23) 4630(4) 2892(2) 684(2) 33(1) 

C(24) 3460(5) 3124(2) 1197(2) 31(1) 

C(25) 3334(4) 3995(2) 1543(2) 26(1) 

______________________________________________________________________________ 

 

Table 3. Bond lengths [Å] and angles [°] for 3aa. 

_____________________________________________________  

O(1)-C(2)  1.215(4) 

O(2)-C(5)  1.229(4) 

N(1)-C(5)  1.374(4) 

N(1)-C(20)  1.438(4) 

N(1)-C(14)  1.441(4) 

C(1)-C(2)  1.524(5) 

C(1)-C(6)  1.527(5) 

C(1)-C(8)  1.527(4) 

C(1)-H(1A)  1.00(4) 

C(2)-C(3)  1.501(5) 

C(3)-C(4)  1.535(5) 

C(3)-H(3A)  0.97(4) 

C(3)-H(3B)  1.05(4) 

C(4)-C(5)  1.521(4) 

C(4)-C(7)  1.531(5) 

C(4)-H(4A)  1.00(4) 

C(6)-H(6A)  1.02(4) 

C(6)-H(6B)  1.06(5) 

C(6)-H(6C)  0.89(4) 

C(7)-H(7A)  1.02(5) 

C(7)-H(7B)  0.92(5) 
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C(7)-H(7C)  1.01(5) 

C(8)-C(9)  1.392(5) 

C(8)-C(13)  1.394(5) 

C(9)-C(10)  1.388(5) 

C(9)-H(9A)  0.97(4) 

C(10)-C(11)  1.386(6) 

C(10)-H(10A)  1.04(5) 

C(11)-C(12)  1.389(6) 

C(11)-H(11A)  0.97(4) 

C(12)-C(13)  1.381(5) 

C(12)-H(12A)  1.09(5) 

C(13)-H(13A)  1.05(5) 

C(14)-C(15)  1.390(5) 

C(14)-C(19)  1.395(5) 

C(15)-C(16)  1.385(5) 

C(15)-H(15A)  0.92(4) 

C(16)-C(17)  1.377(5) 

C(16)-H(16A)  1.05(4) 

C(17)-C(18)  1.381(6) 

C(17)-H(17A)  0.92(5) 

C(18)-C(19)  1.389(5) 

C(18)-H(18A)  1.10(4) 

C(19)-H(19A)  0.93(4) 

C(20)-C(21)  1.388(5) 

C(20)-C(25)  1.390(5) 

C(21)-C(22)  1.390(5) 

C(21)-H(21A)  0.94(4) 

C(22)-C(23)  1.385(6) 

C(22)-H(22A)  0.86(4) 

C(23)-C(24)  1.376(6) 
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C(23)-H(23A)  0.99(5) 

C(24)-C(25)  1.393(5) 

C(24)-H(24A)  0.99(5) 

C(25)-H(25A)  0.99(4) 

 

C(5)-N(1)-C(20) 120.1(3) 

C(5)-N(1)-C(14) 122.3(3) 

C(20)-N(1)-C(14) 116.4(2) 

C(2)-C(1)-C(6) 111.6(3) 

C(2)-C(1)-C(8) 108.7(3) 

C(6)-C(1)-C(8) 111.4(3) 

C(2)-C(1)-H(1A) 112(2) 

C(6)-C(1)-H(1A) 106(2) 

C(8)-C(1)-H(1A) 107(2) 

O(1)-C(2)-C(3) 121.2(3) 

O(1)-C(2)-C(1) 121.4(3) 

C(3)-C(2)-C(1) 117.4(3) 

C(2)-C(3)-C(4) 113.3(3) 

C(2)-C(3)-H(3A) 106(2) 

C(4)-C(3)-H(3A) 109(2) 

C(2)-C(3)-H(3B) 111(2) 

C(4)-C(3)-H(3B) 111(2) 

H(3A)-C(3)-H(3B) 105(3) 

C(5)-C(4)-C(7) 110.6(3) 

C(5)-C(4)-C(3) 108.8(3) 

C(7)-C(4)-C(3) 110.7(3) 

C(5)-C(4)-H(4A) 108(2) 

C(7)-C(4)-H(4A) 109(2) 

C(3)-C(4)-H(4A) 109(2) 

O(2)-C(5)-N(1) 121.1(3) 
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O(2)-C(5)-C(4) 120.3(3) 

N(1)-C(5)-C(4) 118.6(3) 

C(1)-C(6)-H(6A) 108(2) 

C(1)-C(6)-H(6B) 114(3) 

H(6A)-C(6)-H(6B) 109(4) 

C(1)-C(6)-H(6C) 112(2) 

H(6A)-C(6)-H(6C) 106(3) 

H(6B)-C(6)-H(6C) 107(4) 

C(4)-C(7)-H(7A) 113(3) 

C(4)-C(7)-H(7B) 111(3) 

H(7A)-C(7)-H(7B) 103(4) 

C(4)-C(7)-H(7C) 115(3) 

H(7A)-C(7)-H(7C) 106(4) 

H(7B)-C(7)-H(7C) 109(4) 

C(9)-C(8)-C(13) 118.9(3) 

C(9)-C(8)-C(1) 120.5(3) 

C(13)-C(8)-C(1) 120.6(3) 

C(10)-C(9)-C(8) 120.6(3) 

C(10)-C(9)-H(9A) 120(2) 

C(8)-C(9)-H(9A) 119(2) 

C(11)-C(10)-C(9) 120.0(3) 

C(11)-C(10)-H(10A) 121(3) 

C(9)-C(10)-H(10A) 119(3) 

C(10)-C(11)-C(12) 119.6(3) 

C(10)-C(11)-H(11A) 124(2) 

C(12)-C(11)-H(11A) 117(2) 

C(13)-C(12)-C(11) 120.4(3) 

C(13)-C(12)-H(12A) 119(2) 

C(11)-C(12)-H(12A) 120(2) 

C(12)-C(13)-C(8) 120.4(3) 
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C(12)-C(13)-H(13A) 121(2) 

C(8)-C(13)-H(13A) 119(2) 

C(15)-C(14)-C(19) 119.9(3) 

C(15)-C(14)-N(1) 120.2(3) 

C(19)-C(14)-N(1) 119.9(3) 

C(16)-C(15)-C(14) 119.7(3) 

C(16)-C(15)-H(15A) 124(2) 

C(14)-C(15)-H(15A) 116(2) 

C(17)-C(16)-C(15) 120.6(3) 

C(17)-C(16)-H(16A) 125(2) 

C(15)-C(16)-H(16A) 114(2) 

C(16)-C(17)-C(18) 119.9(3) 

C(16)-C(17)-H(17A) 121(3) 

C(18)-C(17)-H(17A) 119(3) 

C(17)-C(18)-C(19) 120.5(3) 

C(17)-C(18)-H(18A) 125(2) 

C(19)-C(18)-H(18A) 114(2) 

C(18)-C(19)-C(14) 119.4(3) 

C(18)-C(19)-H(19A) 123(2) 

C(14)-C(19)-H(19A) 117(2) 

C(21)-C(20)-C(25) 120.0(3) 

C(21)-C(20)-N(1) 120.0(3) 

C(25)-C(20)-N(1) 119.9(3) 

C(20)-C(21)-C(22) 119.4(4) 

C(20)-C(21)-H(21A) 120(2) 

C(22)-C(21)-H(21A) 120(2) 

C(23)-C(22)-C(21) 120.8(4) 

C(23)-C(22)-H(22A) 122(3) 

C(21)-C(22)-H(22A) 117(3) 

C(24)-C(23)-C(22) 119.5(3) 
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C(24)-C(23)-H(23A) 124(3) 

C(22)-C(23)-H(23A) 116(3) 

C(23)-C(24)-C(25) 120.6(3) 

C(23)-C(24)-H(24A) 117(2) 

C(25)-C(24)-H(24A) 122(2) 

C(20)-C(25)-C(24) 119.7(3) 

C(20)-C(25)-H(25A) 121(2) 

C(24)-C(25)-H(25A) 119(2) 

_____________________________________________________________  

 

Table 4. Anisotropic displacement parameters (Å2 x 103) for 3aa.  

The anisotropic displacement factor exponent takes the form: -2p2[ h2 a*2U11 + ...  + 2 h k a* 

b* U12 ] 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

O(1) 34(1)  24(1) 46(2)  11(1) 1(1)  0(1) 

O(2) 46(2)  27(1) 19(1)  3(1) -3(1)  -4(1) 

N(1) 27(1)  17(1) 18(1)  0(1) -1(1)  -2(1) 

C(1) 34(2)  21(2) 20(2)  -1(1) 0(1)  -3(1) 

C(2) 34(2)  21(2) 19(2)  -1(1) -4(1)  -4(1) 

C(3) 32(2)  19(2) 24(2)  2(1) -1(1)  -3(1) 

C(4) 30(2)  20(1) 24(2)  0(1) 0(1)  -2(1) 

C(5) 21(2)  21(2) 24(2)  2(1) -4(1)  2(1) 

C(6) 35(2)  29(2) 29(2)  -6(2) 9(2)  -6(2) 

C(7) 33(2)  24(2) 48(2)  -1(2) 2(2)  2(2) 

C(8) 22(2)  23(2) 23(1)  -3(1) 2(1)  -3(1) 

C(9) 28(2)  25(2) 27(2)  1(1) 1(1)  0(1) 

C(10) 28(2)  22(2) 37(2)  -5(1) 3(1)  -1(1) 
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C(11) 31(2)  36(2) 31(2)  -12(2) -3(2)  -2(2) 

C(12) 35(2)  39(2) 24(2)  -2(1) -3(1)  2(2) 

C(13) 30(2)  23(2) 26(2)  1(1) 1(1)  2(1) 

C(14) 28(2)  16(1) 22(2)  -1(1) 1(1)  -6(1) 

C(15) 27(2)  19(1) 24(2)  2(1) 0(1)  1(1) 

C(16) 39(2)  21(2) 25(2)  4(1) -6(2)  -3(2) 

C(17) 48(2)  26(2) 20(2)  1(1) 5(2)  -5(2) 

C(18) 37(2)  33(2) 30(2)  -6(2) 10(2)  -5(2) 

C(19) 26(2)  30(2) 28(2)  -4(1) 0(1)  0(1) 

C(20) 28(2)  20(2) 17(1)  -3(1) -4(1)  2(1) 

C(21) 28(2)  27(2) 33(2)  -3(1) -1(2)  -1(2) 

C(22) 34(2)  36(2) 33(2)  -11(2) 0(2)  10(2) 

C(23) 47(2)  21(2) 30(2)  -5(1) -12(2)  5(2) 

C(24) 47(2)  22(2) 23(2)  -1(1) -3(2)  -4(2) 

C(25) 33(2)  23(2) 22(2)  1(1) -1(1)  -2(1) 

______________________________________________________________________________  

 

Table 5. Hydrogen coordinates (x 104) and isotropic displacement parameters (Å2 x 103) 

for 3aa. 

______________________________________________________________________________ 

 x  y  z  U(eq) 

______________________________________________________________________________ 

  

H(1A) 8970(40) 7760(20) 610(20) 15(8) 

H(3A) 6190(40) 7700(30) 830(30) 21(9) 

H(3B) 6560(50) 8220(30) 1730(30) 29(10) 

H(4A) 5220(40) 6970(30) 2470(30) 25(9) 

H(6A) 9800(50) 6280(30) 440(30) 32(10) 

H(6B) 10450(50) 6230(40) 1480(30) 50(13) 

H(6C) 11030(40) 6890(20) 750(20) 15(8) 
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H(7A) 2790(50) 7510(30) 2050(30) 42(12) 

H(7B) 3490(50) 7930(30) 1250(30) 39(12) 

H(7C) 3860(50) 8370(30) 2160(30) 41(12) 

H(9A) 9800(40) 9160(20) 1060(30) 20(9) 

H(10A) 10790(50) 10190(30) 2090(30) 39(12) 

H(11A) 11220(40) 9600(30) 3580(30) 30(10) 

H(12A) 10720(50) 8080(30) 4000(30) 41(12) 

H(13A) 9760(50) 7070(30) 2870(30) 38(11) 

H(15A) 6280(40) 5100(20) 2960(20) 13(8) 

H(16A) 6260(40) 4980(30) 4490(30) 23(9) 

H(17A) 3940(50) 5370(30) 5180(30) 40(12) 

H(18A) 1810(50) 5880(30) 4340(30) 35(11) 

H(19A) 2180(50) 5840(30) 2800(30) 27(10) 

H(21A) 6300(40) 4840(30) 730(20) 20(9) 

H(22A) 6440(50) 3410(30) 200(30) 25(10) 

H(23A) 4770(50) 2290(30) 410(30) 37(11) 

H(24A) 2730(50) 2650(30) 1300(30) 37(11) 

H(25A) 2510(40) 4140(20) 1940(30) 25(9) 

______________________________________________________________________________ 

 

Table 6.  Torsion angles [°] for 3aa. 

________________________________________________________________  

C(6)-C(1)-C(2)-O(1) 20.1(4) 

C(8)-C(1)-C(2)-O(1) -103.2(3) 

C(6)-C(1)-C(2)-C(3) -160.2(3) 

C(8)-C(1)-C(2)-C(3) 76.6(3) 

O(1)-C(2)-C(3)-C(4) 3.7(4) 

C(1)-C(2)-C(3)-C(4) -176.1(3) 

C(2)-C(3)-C(4)-C(5) -60.8(3) 
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C(2)-C(3)-C(4)-C(7) 177.5(3) 

C(20)-N(1)-C(5)-O(2) 16.4(5) 

C(14)-N(1)-C(5)-O(2) -176.8(3) 

C(20)-N(1)-C(5)-C(4) -163.7(3) 

C(14)-N(1)-C(5)-C(4) 3.0(5) 

C(7)-C(4)-C(5)-O(2) 75.9(4) 

C(3)-C(4)-C(5)-O(2) -45.9(4) 

C(7)-C(4)-C(5)-N(1) -103.9(4) 

C(3)-C(4)-C(5)-N(1) 134.2(3) 

C(2)-C(1)-C(8)-C(9) -123.4(3) 

C(6)-C(1)-C(8)-C(9) 113.2(4) 

C(2)-C(1)-C(8)-C(13) 58.6(4) 

C(6)-C(1)-C(8)-C(13) -64.8(4) 

C(13)-C(8)-C(9)-C(10) 0.8(5) 

C(1)-C(8)-C(9)-C(10) -177.3(3) 

C(8)-C(9)-C(10)-C(11) -0.8(5) 

C(9)-C(10)-C(11)-C(12) 0.6(5) 

C(10)-C(11)-C(12)-C(13) -0.4(6) 

C(11)-C(12)-C(13)-C(8) 0.3(6) 

C(9)-C(8)-C(13)-C(12) -0.5(5) 

C(1)-C(8)-C(13)-C(12) 177.5(3) 

C(5)-N(1)-C(14)-C(15) -95.9(4) 

C(20)-N(1)-C(14)-C(15) 71.3(4) 

C(5)-N(1)-C(14)-C(19) 86.1(4) 

C(20)-N(1)-C(14)-C(19) -106.7(3) 

C(19)-C(14)-C(15)-C(16) -0.3(5) 

N(1)-C(14)-C(15)-C(16) -178.3(3) 

C(14)-C(15)-C(16)-C(17) 0.3(5) 

C(15)-C(16)-C(17)-C(18) 0.1(5) 

C(16)-C(17)-C(18)-C(19) -0.4(6) 
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C(17)-C(18)-C(19)-C(14) 0.4(6) 

C(15)-C(14)-C(19)-C(18) -0.1(5) 

N(1)-C(14)-C(19)-C(18) 178.0(3) 

C(5)-N(1)-C(20)-C(21) 46.1(4) 

C(14)-N(1)-C(20)-C(21) -121.4(3) 

C(5)-N(1)-C(20)-C(25) -137.9(3) 

C(14)-N(1)-C(20)-C(25) 54.6(4) 

C(25)-C(20)-C(21)-C(22) -1.7(5) 

N(1)-C(20)-C(21)-C(22) 174.3(3) 

C(20)-C(21)-C(22)-C(23) -0.1(5) 

C(21)-C(22)-C(23)-C(24) 1.4(5) 

C(22)-C(23)-C(24)-C(25) -0.9(5) 

C(21)-C(20)-C(25)-C(24) 2.3(5) 

N(1)-C(20)-C(25)-C(24) -173.8(3) 

C(23)-C(24)-C(25)-C(20) -1.0(5) 
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8. NMR Spectra of Unknown Compounds 
(2R,5R)-2-methyl-4-oxo-N,N,5-triphenylhexanamide (3aa)  
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(2R,5R)-5-(4-methoxyphenyl)-2-methyl-4-oxo-N,N-diphenylhexanamide (3ba) 
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(2R,5R)-5-(4-chlorophenyl)-2-methyl-4-oxo-N,N-diphenylhexanamide (3ca) 
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(2R,5R)-5-(4-bromophenyl)-2-methyl-4-oxo-N,N-diphenylhexanamide (3da) 
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(2R,5R)-2-methyl-4-oxo-N,N-diphenyl-5-(4-(trifluoromethyl)phenyl)hexanamide (3ea) 
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(2R,5R)-5-(3-methoxyphenyl)-2-methyl-4-oxo-N,N-diphenylhexanamide (3fa) 
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(2R,5R)-5-(3-chlorophenyl)-2-methyl-4-oxo-N,N-diphenylhexanamide (3ga) 
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(2R,5R)-2-methyl-4-oxo-N,N-diphenyl-5-(o-tolyl)hexanamide (3ha)  
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(2R,5R)-2-methyl-5-(naphthalen-2-yl)-4-oxo-N,N-diphenylhexanamide (3ia) 
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(2R,5R)-5-(benzo[d][1,3]dioxol-5-yl)-2-methyl-4-oxo-N,N-diphenylhexanamide (3ja) 

 

 



264 
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(2S,5R)-4-oxo-N,N,2,5-tetraphenylhexanamide (3ab) 
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(2R,5R)-2-benzyl-4-oxo-N,N,5-triphenylhexanamide (3ac) 
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*Major and minor diastereomer overlap at 1.39 ppm. One peak from each of the doublets was 

used for determination of dr.  
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(R)-4-oxo-N,N,5-triphenylhexanamide (3ad) 
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(2R,5R)-2-methyl-1-morpholino-5-phenylhexane-1,4-dione (3ae)  
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 (2R,5R)-N,N-dibenzyl-2-methyl-4-oxo-5-phenylhexanamide (3af) 
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(2R,5R)-2-methyl-4-oxo-N,5-diphenylhexanamide (3ag) 
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 (2R,5R)-N-methoxy-N,2-dimethyl-4-oxo-5-phenylhexanamide (3ah) 
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methyl 2-(1-tosyl-1H-indol-3-yl)acrylate (S7) (Proof of Initial Success in Synthesis) 
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3-hydroxy-1-phenyl-3-((trimethylsilyl)methyl)indolin-2-one (S8)  
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9. SFC traces 
(2R,5R)-2-methyl-4-oxo-N,N,5-triphenylhexanamide (3aa)  

 

 

Racemic 

 
 

 
Enantioenriched 
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(2R,5R)-5-(4-methoxyphenyl)-2-methyl-4-oxo-N,N-diphenylhexanamide (3ba) 

 

 

Racemic 

 
 

 
Enantioenriched 
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(2R,5R)-5-(4-chlorophenyl)-2-methyl-4-oxo-N,N-diphenylhexanamide (3ca) 

 

 

Racemic 

 
 

 
 

 
Enantioenriched 
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(2R,5R)-5-(4-bromophenyl)-2-methyl-4-oxo-N,N-diphenylhexanamide (3da) 

 

 

Racemic 

 
 

 
 

 
Enantioenriched 
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(2R,5R)-2-methyl-4-oxo-N,N-diphenyl-5-(4-(trifluoromethyl)phenyl)hexanamide (3ea) 

 

 

Racemic 

 
 

 
 

 
Enantioenriched 
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(2R,5R)-5-(3-methoxyphenyl)-2-methyl-4-oxo-N,N-diphenylhexanamide (3fa) 

 

 

Racemic 

 

 
 

 
 

 
Enantioenriched 
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(2R,5R)-5-(3-chlorophenyl)-2-methyl-4-oxo-N,N-diphenylhexanamide (3ga) 

 

 

Racemic 

 
 

 

 
 

 
Enantioenriched 
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(2R,5R)-2-methyl-4-oxo-N,N-diphenyl-5-(o-tolyl)hexanamide (3ha) 

 

Racemic 

 
 

 

 
 

 
Enantioenriched 
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(2R,5R)-2-methyl-5-(naphthalen-2-yl)-4-oxo-N,N-diphenylhexanamide (3ia) 

 

Racemic 

 

 

 
 

 
Enantioenriched 
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(2R,5R)-5-(benzo[d][1,3]dioxol-5-yl)-2-methyl-4-oxo-N,N-diphenylhexanamide (3ja) 

 

 

Racemic 

 
 

 

 
 

 
Enantioenriched 
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(2S,5R)-4-oxo-N,N,2,5-tetraphenylhexanamide (3ab) 

 

Racemic 

 
 

 

 
 

 
Enantioenriched 
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(2R,5R)-2-benzyl-4-oxo-N,N,5-triphenylhexanamide (3ac) 

 

Racemic 

 
 

 

 
 

 
Enantioenriched 
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(R)-4-oxo-N,N,5-triphenylhexanamide (3ad) 

 

 

Racemic 

 
 

 

 
 

 
Enantioenriched 
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(2R,5R)-2-methyl-1-morpholino-5-phenylhexane-1,4-dione (3ae) 

 

Racemic 

 
 

 

 
 

 
Enantioenriched 
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(2R,5R)-N,N-dibenzyl-2-methyl-4-oxo-5-phenylhexanamide (3af) 

 

Racemic 

 
 

 

 
 

 
Enantioenriched 
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(2R,5R)-N,N-dibenzyl-2-methyl-4-oxo-5-phenylhexanamide (3ag) 

 

Racemic 

 
 

 

 
 

 
Enantioenriched 
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(2R,5R)-N-methoxy-N,2-dimethyl-4-oxo-5-phenylhexanamide (3ah) 

 

Racemic 

 
 

 

 
 

 
Enantioenriched 
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1. General 
Commercial reagents were purchased from Sigma Aldrich, Strem, Alfa Aesar, Acros Organics, 

Combi-Blocks, or TCI and were used without further purification, unless otherwise stated. 1,2-

Dichloroethane was purified using an Innovative Technologies Pure Solv system, degassed by 

three freeze-pump-thaw cycles, and stored within a N2-filled glove box. Solvents were purchased 

from Fisher. All experiments were performed in oven-dried or flame-dried glassware. Reactions 
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were monitored using either thin-layer chromatography (TLC) or gas chromatography using an 

Agilent Technologies 7890A GC system equipped with an Agilent Technologies 5975C inert XL 

EI/CI MSD. Visualization of the developed plates was performed under UV light (254 nm), 

KMnO4 stain, or iodine stain. Organic solutions were concentrated under reduced pressure on a 

Büchi rotary evaporator. Column chromatography was performed with Silicycle Silica-P Flash 

Silica Gel using glass columns. 1H, 13C and 19F NMR spectra were recorded on Bruker 

AVANCE600, CRYO500 or DRX400 spectrometers. 1H NMR spectra were internally referenced 

to the residual solvent signal. 13C NMR spectra were internally referenced to the residual solvent 

signal. Data for 1H NMR are reported as follows: chemical shift (δ ppm), multiplicity (s = singlet, 

d = doublet, t = triplet, q = quartet, m = multiplet), coupling constant (Hz), integration. Data for 

13C NMR are reported in terms of chemical shift (δ ppm). Infrared (IR) spectra were obtained on 

a Nicolet iS5 FT-IR spectrometer with an iD5 ATR and are reported in terms of frequency of 

absorption (cm-1). High resolution mass spectra (HRMS) were obtained on a micromass 70S-250 

spectrometer (EI) or an ABI/Sciex QStar Mass Spectrometer (ESI). Enantiomeric ratio for 

enantioselective reactions was determined by chiral SFC analysis using an Agilent Technologies 

HPLC (1200 series) system and Aurora A5 Fusion.  

 

2. Azetine Hydroacylation General Procedures and Compound 

Characterization 

2.1 General Procedure A  

 

General Procedure A: 

In an N2-filled glove box, [Rh(COD)Cl]2 (1.2 mg, 0.0025 mmol), SL-J009-1 (2.8 mg, 0.0050 

mmol), and DCE (0.20 mL) were added to a 1-dram vial without a stir bar. The resulting mixture 

was allowed to sit for 10 minutes at room temperature. Aldehyde 2a (12 mg, 0.10 mmol) was 

added followed by 2-Azetine 1 (23 mg, 0.15 ml, 1M in DCE) to initiate the reaction. The mixture 

was heated to 80 ˚C and kept at that temperature until no starting material was observed by TLC 
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or GC-MS. The regioselectivity was determined by 1H NMR analysis of the crude mixture. 

Isolated yields were obtained by preparative thin-layer chromatography (25% Ethyl Acetate in 

Hexanes). 

 

2.2 Gram-Scale Procedure 
 

 
 

Gram-Scale Procedure: 

In an N2-filled glove box, [Rh(COD)Cl]2 (12.3 mg, 0.025 mmol), SL-J009-1 (27.7 mg, 0.050 

mmol), and DCE (10 mL) were added to a 25 mL Schlenk flask without a stir bar. The resulting 

mixture was allowed to sit for 10 minutes at room temperature. Aldehyde 2d (681 mg, 5.00 mmol) 

was added followed by 2-Azetine 1 (1.16 g, 7.50 ml, 1M in DCE) to initiate the reaction. The 

mixture was heated in an oil bath at 80 ˚C outside of the glovebox until no starting material was 

observed by TLC or GC-MS. The regioselectivity was determined by 1H NMR analysis of the 

crude mixture. The crude mixture was purified by column chromatography on silica gel (25% ethyl 

acetate in hexanes) to yield the desired product. 1.20 grams isolated, 82% yield.  

 

2.3 Compound Characterization for 3a-3m 
 

tert-butyl (R)-2-(2-hydroxybenzoyl)azetidine-1-carboxylate (3a) 

White solid, 97% yield, 99:1 er, >20:1 rr, [α]24
D = +165.1 (c 0.5, CHCl3). 1H NMR 

(400 MHz, CDCl3) δ 12.01 (s, 1H), 7.55 – 7.46 (m, 2H), 7.02 (d, J = 8.2 Hz, 1H), 6.93 

– 6.84 (m, 1H), 5.57 (dd, J = 9.6, 5.6 Hz, 1H), 4.06 – 3.93 (m, 2H), 2.69 (dtd, J = 11.2, 

9.2, 6.3 Hz, 1H), 2.20 (ddt, J = 11.3, 8.8, 5.6 Hz, 1H), 1.41 (s, 9H). 13C NMR (126 

MHz, CDCl3) δ 201.4, 163.1, 155.9, 136.9, 129.0, 119.2, 119.0, 117.0, 80.3, 63.0, 46.8, 28.4, 21.9. 

IR (ATR): 3068, 2974, 2897, 1667, 1646, 1453, 1428, 1151, 757, 745, 678 cm-1. HRMS calculated 

for C15H19NO4Na [M+Na]+ 300.1212, found 300.1223. Chiral SFC: 100 mm CHIRALCEL AD-
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H, 5% iPrOH, 2.0 mL/min, 332 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 4.7 min, 

tR2 (minor) = 9.9 min. 

 

tert-butyl (R)-2-(2-hydroxy-3-methylbenzoyl)azetidine-1-carboxylate (3b) 

White solid, 99% yield, 98:2 er, >20:1 rr, [α]24
D = +156.1 (c 0.5, CHCl3). 1H NMR 

(400 MHz, CDCl3) δ 12.31 (s, 1H), 7.36 (t, J = 7.4 Hz, 2H), 6.79 (t, J = 7.7 Hz, 1H), 

5.57 (dd, J = 9.6, 5.6 Hz, 1H), 4.05 – 3.92 (m, 2H), 2.74 – 2.63 (m, 1H), 2.26 (s, 3H), 

2.17 (ddt, J = 11.3, 8.8, 5.6 Hz, 1H), 1.41 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 

201.5, 161.5, 155.9, 137.6, 128.1, 126.5, 118.6, 116.1, 80.2, 63.2, 46.8, 28.4, 22.0, 15.7.  IR 

(ATR): 2974, 2360, 1699, 1643, 1427, 1390, 1365, 1275, 1246, 1141, 750. HRMS calculated for 

C16H21NO4Na [M+Na]+ 314.1368, found 314.1357. Chiral HPLC: 250 mm CHIRALCEL IA, 5% 

iPrOH, 2.0 mL/min, 254 nm, tR1 (major) = 4.3 min, tR2 (minor) = 7.9 min. 

 

tert-butyl (R)-2-(2-hydroxy-4-isopropylbenzoyl)azetidine-1-carboxylate (3c) 

White solid, 99% yield, 93:7 er, >20:1 rr, [α]24
D = +88.2 (c 0.5, CHCl3). 1H NMR 

(400 MHz, CDCl3) δ 12.04 (s, 1H), 7.44 (d, J = 8.3 Hz, 1H), 6.87 (d, J = 1.3 Hz, 1H), 

6.75 (dd, J = 8.3, 1.5 Hz, 1H), 5.54 (dd, J = 9.6, 5.6 Hz, 1H), 4.06 – 3.89 (m, 2H), 

2.88 (dt, J = 13.8, 6.9 Hz, 1H), 2.78 – 2.57 (m, 1H), 2.18 (ddt, J = 11.2, 8.9, 5.6 Hz, 

1H), 1.40 (s, 9H), 1.23 (d, J = 6.9 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 200.7, 

163.4, 159.3, 155.9, 129.0, 118.1, 116.3, 115.0, 80.2, 63.0, 46.9, 34.6, 28.4, 23.4, 21.9. IR (ATR): 

2965, 1699, 1640, 1390, 1364, 1240, 1213, 1182, 1141, 772, 734, 715. HRMS calculated for 

C18H25NO4Na [M+Na]+ 342.1681, found 342.1683. Chiral SFC: 100 mm CHIRALCEL AD-H, 

3% iPrOH, 2.0 mL/min, 265 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 6.6 min, tR2 

(minor) = 15.0 min. 

 

tert-butyl (R)-2-(2-hydroxy-5-methylbenzoyl)azetidine-1-carboxylate (3d) 

White solid, 79% yield, >99:1 er, >20:1 rr, [α]24
D = +109.1 (c 0.1, CHCl3). 1H NMR 

(600 MHz, CDCl3) δ 11.87 (s, 1H), 7.34 – 7.27 (m, 2H), 6.93 (d, J = 8.4 Hz, 1H), 

5.57 (dd, J = 9.4, 5.6 Hz, 1H), 4.06 – 3.99 (m, 1H), 3.97 (dt, J = 13.9, 7.0 Hz, 1H), 

2.74 – 2.66 (m, 1H), 2.29 (s, 3H), 2.22 – 2.15 (m, 1H), 1.41 (s, 9H). 
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13C NMR (151 MHz, CDCl3) δ 201.2, 161.0, 155.9, 138.0, 128.6, 128.3, 118.7, 116.7, 80.3, 63.0, 

47.1, 28.4, 22.0, 20.7. IR (ATR): 2971, 1667, 1650, 1615, 1451, 1436, 1307, 1234, 1219, 1159, 

944, 824, 762, 661, 597. HRMS calculated for C16H21NO4Na [M+Na]+ 314.1368, found 314.1375. 

Chiral SFC: 100 mm CHIRALCEL AD-H, 5% iPrOH, 4.0 mL/min, 220 nm, 44 °C, nozzle 

pressure = 200 bar CO2, tR1 (major) = 1.9 min, tR2 (minor) = 4.7 min. 

 

tert-butyl (R)-2-(2-hydroxy-3-methoxybenzoyl)azetidine-1-carboxylate (3e) 

White solid, 99% yield, 99:1 er, >20:1 rr, [α]24
D = +102.6 (c 0.7, CHCl3). 1H NMR 

(600 MHz, CDCl3) δ 12.26 (s, 1H), 7.12 (d, J = 8.2 Hz, 1H), 7.06 (d, J = 7.9 Hz, 

1H), 6.84 (t, J = 8.1 Hz, 1H), 5.55 (dd, J = 9.6, 5.6 Hz, 1H), 4.01 (dd, J = 14.8, 8.1 

Hz, 1H), 3.95 (td, J = 8.4, 5.8 Hz, 1H), 3.90 (s, 3H), 2.73 – 2.64 (m, 1H), 2.18 (ddd, 

J = 14.3, 11.2, 5.6 Hz, 1H), 1.40 (s, 9H). 13C NMR (151 MHz, CDCl3) δ 201.7, 153.3, 149.2, 

120.0, 118.7, 117.3, 116.9, 80.2, 63.3, 56.2, 47.1, 31.0, 28.3, 21.9. IR (ATR): 2973, 1697, 1644, 

1455, 1390, 1363, 1250, 1140, 1087, 962, 919, 737, 594. HRMS calculated for C16H21NO5Na 

[M+Na]+ 330.1317, found 330.1315. Chiral SFC: 100 mm CHIRALCEL AD-H, 3% iPrOH, 3.0 

mL/min, 332 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 (major) = 11.0 min, tR2 (minor) = 22.0 

min. 

 

tert-butyl (R)-2-(3-allyl-2-hydroxybenzoyl)azetidine-1-carboxylate (3f) 

White solid, 90% yield, 99:1 er, >20:1 rr, [α]24
D = +119.2 (c 0.6, CHCl3). 1H 

NMR (400 MHz, CDCl3) δ 12.36 (s, 1H), 7.45 – 7.31 (m, 2H), 6.83 (t, J = 7.7 Hz, 

1H), 6.00 (ddt, J = 23.0, 10.6, 6.6 Hz, 1H), 5.57 (dd, J = 9.6, 5.6 Hz, 1H), 5.10 

(dd, J = 7.0, 1.4 Hz, 1H), 5.07 (s, 1H), 4.08 – 3.90 (m, 2H), 3.43 (d, J = 6.6 Hz, 

2H), 2.76 – 2.61 (m, 1H), 2.18 (ddt, J = 11.3, 8.8, 5.6 Hz, 1H), 1.41 (s, 9H). 13C NMR (126 MHz, 

CDCl3) δ 201.5, 161.1, 155.9, 136.8, 136.0, 130.0, 127.0, 118.8, 116.4, 116.3, 80.2, 63.2, 47.0, 

33.6, 28.4, 22.0. IR (ATR): 2975, 2916, 1698, 1639, 1613, 1431, 1390, 1365, 1276, 1239, 1142, 

1045, 913, 751, 610. HRMS calculated for C18H23NO4Na [M+Na]+ 340.1525, found 340.1527. 

Chiral SFC: 100 mm CHIRALCEL AD-H, 3% iPrOH, 2.0 mL/min, 265 nm, 44 °C, nozzle 

pressure = 200 bar CO2, tR1 (major) = 15.1 min, tR2 (minor) = 22.4 min. 
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tert-butyl (R)-2-(2-hydroxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoyl) 

azetidine-1-carboxylate (3g) 

Yellow solid, 88% yield, 99:1 er, >20:1 rr, [α]24
D = +156.4 (c 0.3, CHCl3). 1H NMR 

(500 MHz, CDCl3) δ 12.30 (s, 1H), 7.99 (s, 1H), 7.90 (d, J = 8.3 Hz, 1H), 6.99 (d, 

J = 8.4 Hz, 1H), 5.71 (dd, J = 9.6, 5.7 Hz, 1H), 4.08 – 3.91 (m, 2H), 2.83 – 2.68 (m, 

1H), 2.26 – 2.12 (m, 1H), 1.39 (s, 9H), 1.33 (s, 12H). 13C NMR (151 MHz, CDCl3) 

δ 201.8, 165.4, 143.0, 136.5, 118.2, 116.7, 84.1, 80.2, 62.8, 46.9, 31.0, 28.3, 24.9, 24.9, 21.9. IR 

(ATR): 2977, 1703, 1645, 1587, 1363, 1270, 1245, 1141, 1094, 965, 772, 731, 689. HRMS 

calculated for C21H30BNO6Na [M+Na]+ 425.2100, found 425.2108. Chiral SFC: 100 mm 

CHIRALCEL AD-H, 3% iPrOH, 2.0 mL/min, 332 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 

(minor) = 3.1 min, tR2 (major) = 4.0 min. 

 

tert-butyl (R)-2-(5-chloro-2-hydroxybenzoyl)azetidine-1-carboxylate (3h) 

White solid, 65% yield, 98:2 er, >20:1 rr, [α]24
D = +81.4 (c 0.6, CHCl3). 1H NMR 

(400 MHz, CDCl3) δ 11.91 (s, 1H), 7.49 (d, J = 2.5 Hz, 1H), 7.43 (dd, J = 8.9, 2.5 Hz, 

1H), 6.98 (d, J = 8.9 Hz, 1H), 5.51 (dd, J = 9.6, 5.6 Hz, 1H), 4.06 – 3.94 (m, 2H), 2.71 

(dtd, J = 11.2, 9.0, 6.3 Hz, 1H), 2.20 (ddt, J = 11.3, 8.8, 5.7 Hz, 1H), 1.41 (s, 9H). 13C 

NMR (126 MHz, CDCl3) δ 200.8, 161.6, 155.8, 136.8, 128.2, 123.9, 120.6, 117.6, 80.5, 62.8, 46.9, 

28.4, 21.8. IR (ATR): 2977, 2780, 1674, 1646, 1598, 1478, 1457, 1440, 1425, 1388, 1364, 1269, 

1156, 1121, 827, 675. HRMS calculated for C15H18ClNO4Na [M+Na]+ 334.0822, found 334.0831. 

Chiral SFC: 100 mm CHIRALCEL AD-H, 5% iPrOH, 3.0 mL/min, 332 nm, 44 °C, nozzle 

pressure = 200 bar CO2, tR1 (major) = 2.3 min, tR2 (minor) = 4.4 min. 

 

tert-butyl (R)-2-(5-bromo-2-hydroxybenzoyl)azetidine-1-carboxylate (3i) 

White solid, 69% yield, 92:8 er, >20:1 rr, [α]24
D = +82.1 (c 0.05, CHCl3). 1H NMR 

(400 MHz, CDCl3) δ 11.93 (s, 1H), 7.63 (d, J = 2.4 Hz, 1H), 7.56 (dd, J = 8.9, 2.3 Hz, 

1H), 6.93 (d, J = 8.9 Hz, 1H), 5.51 (dd, J = 9.6, 5.6 Hz, 1H), 4.05 – 3.94 (m, 2H), 2.76 

– 2.66 (m, 1H), 2.20 (ddt, J = 11.3, 8.8, 5.7 Hz, 1H), 1.41 (s, 9H). 13C NMR (126 

MHz, CDCl3) δ 200.7, 162.0, 155.7, 139.6, 131.3, 121.0, 118.3, 110.8, 80.5, 62.8, 47.4, 28.4, 21.8. 

IR (ATR): 2974, 2776, 1675, 1646, 1592, 1477, 1457, 1440, 1423, 1364, 1268, 1177, 1156, 1118, 

825, 661, 625. HRMS calculated for C15H18BrNO4Na [M+Na]+ 378.0317, found 378.0302. Chiral 
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SFC: 100 mm CHIRALCEL AD-H, 5% iPrOH, 3.0 mL/min, 332 nm, 44 °C, nozzle pressure = 

200 bar CO2, tR1 (major) = 2.6 min, tR2 (minor) = 4.9 min. 

 

tert-butyl (R)-2-(2-hydroxy-5-(trifluoromethyl)benzoyl)azetidine-1-carboxylate (3j) 

White solid, 67% yield, 79:21 er, >20:1 rr, [α]24
D = +57.1 (c 0.03, CHCl3). 1H NMR 

(400 MHz, CDCl3) δ 12.31 (s, 1H), 7.81 (s, 1H), 7.72 (dd, J = 8.8, 1.8 Hz, 1H), 7.13 

(d, J = 8.8 Hz, 1H), 5.59 (dd, J = 9.6, 5.7 Hz, 1H), 4.09 – 3.90 (m, 2H), 2.74 (dtd, J 

= 15.6, 9.1, 6.4 Hz, 1H), 2.23 (ddt, J = 11.4, 8.7, 5.8 Hz, 1H), 1.41 (s, 9H). 13C NMR 

(126 MHz, CDCl3) δ 201.2, 165.3, 133.2 (apparent d, J = 3.1 Hz), 126.5 (q, J = 4.0 Hz), 123.7 (q, 

J = 542.8 Hz), 121.6 (q, J = 33.8 Hz), 119.8 (2C), 116.4, 80.5, 62.7, 47.3, 28.3, 21.7. 19F NMR 

(565 MHz, CDCl3) δ -61.9. IR (ATR): 2985, 2743, 1678, 1645, 1614, 1440, 1368, 1323, 1313, 

1277, 1182, 1154, 1112, 1077, 1061, 839, 662, 623. HRMS calculated for C16H18F3NO4Na 

[M+Na]+ 368.1086, found 368.1086. Chiral HPLC: 250 mm CHIRALCEL IA, 5% iPrOH, 2.0 

mL/min, 254 nm, tR1 (minor) = 4.7 min, tR2 (major) = 8.3 min. 

 

tert-butyl (R)-2-(3-fluoro-2-hydroxybenzoyl)azetidine-1-carboxylate (3k) 

White solid, 61% yield, 97:3 er, >20:1 rr, [α]24
D = +107.8 (c 0.3, CHCl3). 1H NMR 

(600 MHz, CDCl3) δ 12.02 (s, 1H), 7.31 (dd, J = 15.9, 8.6 Hz, 2H), 6.84 (d, J = 4.1 

Hz, 1H), 5.54 (dd, J = 8.6, 5.8 Hz, 1H), 4.06 – 3.93 (m, 2H), 2.75 – 2.64 (m, 1H), 2.27 

– 2.12 (m, 1H), 1.41 (s, 9H). 13C NMR (151 MHz, CDCl3) δ 201.5, 152.7, 151.5, 

151.3 (d, J = 76.9 Hz), 124.0 (d, J = 3.9 Hz), 122.3 (d, J = 17.3 Hz), 118.7 (d, J = 3.1 Hz), 118.6 

(d, J = 6.5 Hz), 80.5, 63.1, 46.7, 28.3, 21.78. 19F NMR (565 MHz, CDCl3) δ -135.2. IR (ATR): 

2975, 1697, 1652, 1588, 1506, 1454, 1390, 1364, 1276, 1245, 1140, 1098, 972, 929, 743, 598. 

HRMS calculated for C15H18FNO4Na [M+Na]+ 318.1118, found 318.1104. Chiral SFC: 100 mm 

CHIRALCEL AD-H, 3% iPrOH, 3.0 mL/min, 332 nm, 44 °C, nozzle pressure = 200 bar CO2, tR1 

(major) = 5.7 min, tR2 (minor) = 15.5 min. 

 

tert-butyl (R)-2-(2-hydroxy-5-(methoxycarbonyl)benzoyl)azetidine-1-carboxylate (3l) 
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White solid, 84% yield, 92:8 er, >20:1 rr, [α]24
D = +92.9 (c 0.4, CHCl3). 1H NMR 

(600 MHz, CDCl3) δ 12.43 (s, 1H), 8.28 (s, 1H), 8.14 (d, J = 8.6 Hz, 1H), 7.05 (d, 

J = 8.6 Hz, 1H), 5.66 (dd, J = 8.9, 6.0 Hz, 1H), 4.07 – 3.97 (m, 2H), 3.91 (s, 3H), 

2.82 – 2.73 (m, 1H), 2.26 – 2.14 (m, 1H), 1.41 (s, 9H) ppm. 13C NMR (151 MHz, 

CDCl3) δ 201.7, 166.6, 165.9, 155.8, 137.6, 131.6, 121.4, 119.1, 116.5, 80.4, 62.8, 52.4, 46.74, 

28.4, 21.9 ppm. IR (ATR): 2974, 1721, 1679, 1634, 1598, 1463, 1447, 1433, 1269, 1158, 1117, 

948, 853, 769, 668. HRMS calculated for C17H21NO6Na [M+Na]+ 358.1266, found 358.1257. 

Chiral SFC: 100 mm CHIRALCEL AD-H, 2% iPrOH, 2.0 mL/min, 240 nm, 44 °C, nozzle 

pressure = 200 bar CO2, tR1 (major) = 18.6 min, tR2 (minor) = 21.4 min. 

  

di-tert-butyl 2,2'-(5-(tert-butyl)-2-hydroxyisophthaloyl)(2R,2'R)-bis(azetidine-1-

carboxylate) (3m) 

Yellow solid, 76% yield, XX:X er, >20:1 rr, [α]24
D = +61.9 (c 0.6, CHCl3). 

1H NMR (400 MHz, CDCl3) δ 12.86 (s, 1H), 7.99 (s, 2H), 5.56 (dd, J = 8.3, 

5.4 Hz, 2H), 4.09 – 3.69 (m, 4H), 2.82 – 2.58 (m, 2H), 2.25 – 2.06 (m, 2H), 

1.42 (s, 18H), 1.31 (s, 9H). 13C NMR (151 MHz, CDCl3) 199.1, 160.9, 155.9, 

142.2, 133.4, 80.1, 65.9, 46.3, 34.5, 31.3, 28.5, 25.5, 21.7 ppm. IR (ATR): 2970, 1699, 1651, 1598, 

1450, 1390, 1364, 1289, 1245, 1142, 1090, 1050, 971, 920, 860, 772, 865. HRMS calculated for 

C28H40N2O7Na [M+Na]+ 517.2914, found 517.2921. Chiral SFC: 150 mm CHIRALCEL AD-H, 

2% iPrOH, 2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO2. 

 

2.4 General Procedure B  

 

General Procedure B: 

In an N2-filled glove box, [Rh(COD)Cl]2 (2.5 mg, 0.0050 mmol), dppe (4.0 mg, 0.010 mmol), and 

DCE (0.20 mL) were added to a 1-dram vial without a stir bar. The resulting mixture was allowed 

to sit for 10 minutes at room temperature. Aldehyde 2 (12 mg, 0.10 mmol) was added followed by 
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K3PO4 (2.1 mg, 0.010 mmol) and 2-Azetine 1 (23 mg, 0.15 ml, 1M in DCE) to initiate the reaction. 

The mixture was heated to 60 ˚C and kept at that temperature until no starting material was 

observed by TLC or GC-MS. The regioselectivity was determined by 1H NMR analysis of the 

crude mixture. Isolated yields were obtained by preparative thin-layer chromatography.1 

 

2.5 Compound Characterization for 4a-4l 
 

tert-butyl 3-(2-hydroxybenzoyl)azetidine-1-carboxylate (4a) 

White solid, 98% yield, >20:1 rr. 1H NMR (500 MHz, CDCl3) δ 12.04 (s, 1H), 7.53 

– 7.47 (m, 1H), 7.40 (dd, J = 8.0, 1.4 Hz, 1H), 7.02 (d, J = 8.4 Hz, 1H), 6.90 (t, J = 

7.6 Hz, 1H), 4.32 – 4.15 (m, 5H), 1.44 (s, 9H) ppm. 13C NMR (126 MHz, CDCl3) δ 

203.2, 163.0, 156.3, 137.0, 129.4, 119.4, 119.1, 117.9, 80.1, 51.1, 35.6, 28.5 ppm. IR 

(ATR): 2962, 1694, 1635, 1392, 1360, 1151, 1107, 762, 687 cm-1. HRMS calculated for 

C15H19NO4Na [M+Na]+ 300.1212, found 300.1222. 

 

tert-butyl 3-(2-hydroxy-3-methylbenzoyl)azetidine-1-carboxylate (4b) 

White solid, 48% yield, >20:1 rr. 1H NMR (600 MHz, CDCl3) δ 12.35 (s, 1H), 7.37 

– 7.34 (m, 1H), 7.26 – 7.24 (m, 1H), 6.82 – 6.78 (m, 1H), 4.28 – 4.14 (m, 5H), 2.27 

(s, 3H), 1.44 (s, 9H) ppm. 13C NMR (151 MHz, CDCl3) δ 203.4, 161.5, 156.3, 137.7, 

128.2, 127.0, 118.7, 117.1, 80.0, 51.0, 35.7, 28.5, 15.7 ppm. IR (ATR): 2975, 2929, 

1698, 1634, 1403, 1380, 1365, 1348, 1269, 1245, 1132, 1083, 770, 751, 732 cm-1. HRMS 

calculated for C16H21NO4Na [M+Na]+ 314.1368, found 314.1353. 

 

tert-butyl 3-(2-hydroxy-4-isopropylbenzoyl)azetidine-1-carboxylate (4c) 

Colorless oil, 73% yield, >20:1 rr. 1H NMR (600 MHz, CDCl3) δ 12.07 (s, 1H), 7.32 

(d, J = 8.3 Hz, 1H), 6.87 (d, J = 1.3 Hz, 1H), 6.77 (dd, J = 8.3, 1.5 Hz, 1H), 4.30 – 

4.10 (m, 5H), 2.89 (dt, J = 13.8, 6.9 Hz, 1H), 1.44 (s, 9H), 1.24 (d, J = 6.9 Hz, 6H) 

ppm. 13C NMR (151 MHz, CDCl3) δ 202.5, 163.3, 159.5, 156.29, 129.5, 118.3, 

116.4, 116.0, 80.1, 51.1, 35.5, 34.6, 28.5, 23.4 ppm. IR (ATR): 2960, 2933, 1689, 

1633, 1406, 1382, 1243, 1156, 1113, 1054, 808, 772, 732 cm-1. HRMS calculated for 

C18H25NO4Na [M+Na]+ 342.1681, found 342.1668. 
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tert-butyl 3-(2-hydroxy-5-methylbenzoyl)azetidine-1-carboxylate (4d) 

Colorless oil, 84% yield, >20:1 rr. 1H NMR (400 MHz, CDCl3) δ 11.87 (s, 1H), 

7.30 (dd, J = 8.5, 1.8 Hz, 1H), 7.16 (s, 1H), 6.92 (d, J = 8.5 Hz, 1H), 4.33 – 4.07 (m, 

5H), 2.29 (s, 3H), 1.44 (s, 9H) ppm. 13C NMR (125 MHz, CDCl3) δ 203.0, 161.0, 

156.3, 138.1, 129.1, 128.5, 118.8, 117.6, 80.1, 51.0, 35.5, 28.5, 20.7 ppm. IR (ATR): 

2975, 1698, 1639, 1393, 1364, 1277, 1245, 1133, 956, 784, 771, 734 cm-1. HRMS calculated for 

C16H21NO4Na [M+Na]+ 314.1368, found 314.1364. 

 

tert-butyl 3-(2-hydroxy-3-methoxybenzoyl)azetidine-1-carboxylate (4e) 

Yellow oil, 55% yield, >20:1 rr. 1H NMR (500 MHz, CDCl3) δ 12.27 (s, 1H), 7.07 

(d, J = 7.9 Hz, 1H), 7.01 (dd, J = 8.2, 1.1 Hz, 1H), 6.85 (t, J = 8.1 Hz, 1H), 4.29 – 

4.13 (m, 5H), 3.91 (s, 3H), 1.44 (s, 9H) ppm. 13C NMR (151 MHz, CDCl3) δ 203.5, 

156.3, 153.4, 149.4, 120.5, 118.9, 118.0, 117.4, 80.1, 56.4, 51.0, 36.0, 28.5 ppm. 

IR (ATR): 2975, 1694, 1638, 1455, 1437, 1403, 1355, 1251, 1133, 1088, 966, 771, 735 cm-1. 

HRMS calculated for C16H21NO5Na [M+Na]+ 330.1317, found 330.1310. 

 

tert-butyl 3-(2-hydroxy-6-methoxybenzoyl)azetidine-1-carboxylate (4f) 

Colorless oil, 40% yield, >20:1 rr. 1H NMR (500 MHz, CDCl3) δ 12.91 (s, 1H), 

7.37 (t, J = 8.3 Hz, 1H), 6.60 (d, J = 8.2 Hz, 1H), 6.37 (d, J = 8.1 Hz, 1H), 4.26 – 

4.06 (m, 5H), 3.88 (s, 3H), 1.45 (s, 9H) ppm. 13C NMR (151 MHz, CDCl3) δ 

203.5, 165.2, 161.0, 156.5, 136.9, 111.3, 110.0, 101.2, 101.2, 79.8, 56.1, 41.3, 

28.5 ppm. IR (ATR): 2924, 1698, 1622, 1601, 1457, 1392, 1363, 1158, 1092, 773, 747 cm-1. 

HRMS calculated for C16H21NO5Na [M+Na]+ 330.1317, found 330.1306. 

 

tert-butyl 3-(5-chloro-2-hydroxybenzoyl)azetidine-1-carboxylate (4g) 

White solid, 60% yield, >20:1 rr. 1H NMR (600 MHz, CDCl3) δ 11.95 (s, 1H), 7.44 

(dd, J = 8.9, 1.6 Hz, 1H), 7.35 (s, 1H), 6.99 (d, J = 8.9 Hz, 1H), 4.31 – 4.07 (m, 5H), 

1.45 (s, 9H) ppm. 13C NMR (151 MHz, CDCl3) δ 202.4, 161.5, 156.2, 137.0, 128.6, 

124.1, 120.8, 118.5, 80.3, 50.9, 35.6, 28.5 ppm. IR (ATR): 3058, 2928, 2930, 2895, 

1685, 1640, 1475, 1401, 1347, 1272, 1184, 1169, 1138, 953, 901, 837, 797, 774, 751, 647 cm-1. 

HRMS calculated for C15H18ClNO4Na [M+Na]+ 334.0822, found 334.1811. 
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tert-butyl 3-(5-bromo-2-hydroxybenzoyl)azetidine-1-carboxylate (4h) 

White solid, 55% yield, >20:1 rr. 1H NMR (400 MHz, CDCl3) δ 11.97 (s, 1H), 7.57 

(dd, J = 8.9, 2.3 Hz, 1H), 7.50 (d, J = 2.3 Hz, 1H), 6.94 (d, J = 8.9 Hz, 1H), 4.28 – 

4.09 (m, 5H), 1.45 (s, 9H) ppm. 13C NMR (151 MHz, CDCl3) δ 202.4, 161.9, 156.2, 

139.7, 131.7, 121.1, 119.1, 110.9, 80.3, 51.0, 35.6, 28.5 ppm. IR (ATR): 2964, 2923, 

1682, 1638, 1474, 1405, 1345, 1298, 1271, 1169, 1138, 950, 898, 838, 796, 772, 755, 626 cm-1. 

HRMS calculated for C15H18BrNO4Na [M+Na]+ 378.0317, found 378.0324. 

 

tert-butyl 3-(2-hydroxy-5-(trifluoromethyl)benzoyl)azetidine-1-carboxylate (4i) 

White solid, 30% yield, >20:1 rr. 1H NMR (500 MHz, CDCl3) δ 12.34 (s, 1H), 7.72 

(d, J = 8.8 Hz, 1H), 7.67 (s, 1H), 7.14 (d, J = 8.8 Hz, 1H), 4.28 – 4.21 (m, 5H), 1.45 

(s, 9H) ppm. 13C NMR (151 MHz, CDCl3) δ 202.9, 165.3, 156.2, 133.4 (q, J = 3.1 

Hz), 126.9 (q, J = 4.0 Hz), 123.7 (q, J = 271.5 Hz), 121.9 (q, J = 33.7 Hz), 120.1, 

117.3, 80.3, 50.9, 35.6, 28.5 ppm. 19F NMR (565 MHz, CDCl3) δ -61.95 ppm. IR (ATR): 2977, 

1695, 1647, 1394, 1363, 1322, 1279, 1161, 1119, 1080 cm-1. HRMS calculated for 

C16H18F3NO4Na [M+Na]+ 368.1086, found 368.1103. 

 

tert-butyl 3-(3-fluoro-2-hydroxybenzoyl)azetidine-1-carboxylate (4j) 

White solid, 52% yield, >20:1 rr. 1H NMR (600 MHz, CDCl3) δ 12.05 (s, 1H), 7.35 

– 7.29 (m, 1H), 7.20 (dt, J = 8.1, 1.4 Hz, 1H), 6.86 (td, J = 8.1, 4.5 Hz, 1H), 4.29 – 

4.08 (m, 5H), 1.44 (s, 9H) ppm. 13C NMR (151 MHz, CDCl3) δ 203.3, 156.2, 152.1 

(d, J = 248.8 Hz), 151.6 (d, J = 12.7 Hz), 124.4 (d, J = 3.8 Hz), 122.5 (d, J = 17.3 

Hz), 119.7 (d, J = 3.0 Hz), 118.7 (d, J = 6.6 Hz), 80.2, 50.9, 36.0, 28.5 ppm. 19F NMR (565 MHz, 

CDCl3) δ -135.16 (dd, J = 10.4, 4.5 Hz) ppm. IR (ATR): 2976, 2894, 1698, 1651, 1453, 1393, 

1364, 1349, 1271, 1246, 1134, 1071, 851, 770, 746 cm-1. HRMS calculated for C15H18FNO4Na 

[M+Na]+ 318.1118, found 318.1104. 
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tert-butyl 3-(3-hydroxy-[1,1'-biphenyl]-4-carbonyl)azetidine-1-carboxylate (4k) 

White solid, 24% yield, >20:1 rr. 1H NMR (500 MHz, CDCl3) δ 12.14 (s, 1H), 7.63 

– 7.60 (m, 2H), 7.50 – 7.39 (m, 4H), 7.25 (d, J = 1.7 Hz, 1H), 7.15 (dd, J = 8.3, 1.7 

Hz, 1H), 4.33 – 4.17 (m, 5H), 1.46 (s, 9H) ppm. 13C NMR (151 MHz, CDCl3) δ 

202.7, 163.3, 156.3, 149.8, 139.3, 129.9, 129.1, 129.0, 127.4, 118.4, 117.0, 116.7, 

80.1, 51.1, 35.6, 28.5 ppm. IR (ATR): 2929, 1699, 1630, 1393, 1362, 1247, 1195, 1158, 1133, 

949, 751, 685 cm-1. HRMS calculated for C21H23NO4Na [M+Na]+ 376.1525, found 376.1508. 

 

tert-butyl 3-(2-hydroxy-5-(methoxycarbonyl)benzoyl)azetidine-1-carboxylate (4l) 

Colorless oil, 46% yield, >20:1 rr. 1H NMR (500 MHz, CDCl3) δ 12.44 (s, 1H), 

8.19 – 8.12 (m, 2H), 7.05 (d, J = 8.5 Hz, 1H), 4.26 (t, J = 4.6 Hz, 5H), 3.91 (s, 

3H), 1.45 (s, 9H) ppm. 13C NMR (151 MHz, CDCl3) δ 203.4, 166.5, 165.8, 156.2, 

137.7, 132.0, 121.5, 119.3, 117.4, 80.2, 52.4, 35.6, 28.5 ppm. IR (ATR): 2926, 

1709, 1688, 1392, 1365, 1122, 1088, 767 cm-1. HRMS calculated for C17H21NO6Na [M+Na]+ 

358.1266, found 358.1253. 

3. Azetine Synthesis 
 

 

 
 

 

tert-butyl azete-1(2H)-carboxylate (1)  

Synthesized according to reported procedures from commercially available tert-

butyl 3-chloroazetidine-1-carboxylate.1 Further purified via fractional distillation 

under reduced pressure to afford a colorless oil. Upon purification, azetine 1 was 

stored as a 1M solution in DCE. The solution was stored in a dark freezer for up to a month. 1H 

and 13C NMR spectra of the product are in agreement with previously reported data.1 H NMR 

(500 MHz, CDCl3) δ 6.56 (s, 1H), 5.51 (s, 1H), 4.38 (s, 2H), 1.46 (s, 9H) ppm. 13C NMR (126 

MHz, CDCl3) δ 151.9, 138.7, 111.8, 80.3, 58.4, 28.4 ppm. 
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4. Azetidine Derivatization  
 

4.1 Sodium Borohydride Reduction 

 

 

The procedure for the synthesis of compound 6 was adapted from a previously published method.2 

To a round bottom flask containing a stir bar was added 4d (29 mg, 0.10 mmol, 1 equiv) and 

absolute ethanol (10 mL). This mixture was stirred at room temperature under a nitrogen 

atmosphere until 4d was completely dissolved. NaBH4 (4.2 mg, 0.11 mmol, 1.1 equiv) was then 

added. The reaction was monitored for completion by TLC. Upon complete consumption of 

starting material, the mixture was concentrated, and the residue was redissolved in DCM. The 

organic mixture was washed with water (x3), dried with magnesium sulfate, filtered, and 

concentrated. The crude material was purified by column chromatography (30% ethyl acetate in 

hexanes) to afford 6 in 99% yield. 

 

tert-butyl (R)-2-((S)-hydroxy(2-hydroxy-5-methylphenyl)methyl)azetidine-1-carboxylate 

(6) 

White solid, 99% yield, >20:1 dr. 1H NMR (500 MHz, CDCl3) δ 8.66 (s, 1H), 6.97 

(d, J = 8.2 Hz, 1H), 6.76 (d, J = 8.3 Hz, 2H), 4.84 (d, J = 9.0 Hz, 1H), 4.61 (q, J = 

8.1 Hz, 1H), 3.91 – 3.71 (m, 2H), 2.23 (s, 3H), 2.01 (dt, J = 16.5, 7.9 Hz, 1H), 1.95 

– 1.83 (m, 1H), 1.48 (s, 9H) ppm. 13C NMR (125 MHz, CDCl3) δ 158.3, 154.6, 

130.1, 129.0, 128.5, 121.2, 117.4, 81.5, 81.2, 65.8, 46.3, 28.5, 20.6, 19.1 ppm. IR (ATR): 3218, 

2971, 2912, 1644, 1500, 1410, 1366, 1245, 1152, 828, 773 cm-1. HRMS calculated for 

C16H23NO4Na [M+Na]+ 316.1525, found 316.1524. 

 

4.2 Methyl Grignard Addition 
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The procedure for the synthesis of compound 7 was adapted from a previously published method.3 

To a solution of 4d (29.0 mg, 0.10 mmol, 1 equiv) in THF (2 mL) at 0 ˚C was added MeMgBr 

(0.40 mL, 0.60 mmol, 1.5 M in diethyl ether, 6 equiv). The mixture was stirred at 0 ˚C until no 

starting material was observed by TLC. Upon completion, the mixture was quenched with 

saturated aqueous NH4Cl and extracted with ethyl acetate (x3). The organic layers were combined, 

washed with water (x1), and brine (x1). The resulting solution was dried with MgSO4, filtered, and 

concentrated. The crude compound was purified by flash column chromatography on silica gel 

(30% ethyl acetate in hexanes) to afford 7 in 67% yield and 7:1 dr. 

 

tert-butyl (R)-2-((S)-1-hydroxy-1-(2-hydroxy-5-methylphenyl)ethyl)azetidine-1-carboxylate 

(7)  

White solid, 67% yield, 7:1 dr. 1H NMR (600 MHz, CDCl3) δ 9.30 (s, 1H), 6.94 (dd, 

J = 8.2, 1.6 Hz, 1H), 6.76 (d, J = 8.2 Hz, 1H), 6.68 (s, 1H), 4.56 (t, J = 7.5 Hz, 1H), 

3.82 (dd, J = 16.6, 8.3 Hz, 1H), 3.71 (dd, J = 15.9, 7.7 Hz, 1H), 3.67 (s, 1H), 2.23 (s, 

3H), 2.15 (dd, J = 15.3, 7.7 Hz, 2H), 1.63 (s, 3H), 1.48 (s, 9H) ppm. 13C NMR (151 

MHz, CDCl3) δ 158.9, 154.3, 129.6, 128.4, 126.6, 124.9, 117.9, 80.9, 79.93, 70.3, 47.9, 28.9, 28.5, 

20.8, 18.6 ppm. IR (ATR): 3436, 3284, 2923, 2853, 1627, 1450, 1432, 1146, 821, 771 cm-1. 

HRMS calculated for C17H25NO4Na [M+Na]+ 330.1681, found 330.1665. 

 

4.3 Boc Deprotection 
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To a round bottom flask containing azetidine 4d (50 mg, 0.17 mmol, 1.0 equiv) was added 4M 

HCl in 1,4-dioxane (0.43 mL, 1.70 mmol, 10 equiv). This mixture was stirred for 1 hour at room 

temperature under air. The reaction mixture was concentrated to dryness under reduced pressure 

to give azetidine 8.  

 

(R)-2-(2-hydroxy-5-methylbenzoyl)azetidin-1-ium chloride (8)  

White solid, 99% yield. 1H NMR (500 MHz, D2O) δ 7.51 (d, J = 8.5 Hz, 1H), 7.47 

(s, 1H), 7.00 (d, J = 8.5 Hz, 1H), 4.28 (dd, J = 18.4, 9.5 Hz, 1H), 4.04 (dd, J = 16.6, 

10.2 Hz, 1H), 3.15 (dd, J = 17.5, 10.7 Hz, 1H), 2.68 (dd, J = 20.3, 10.2 Hz, 1H), 2.31 

(s, 3H) ppm (proton alpha to ketone proposed to be overlapping with D2O peak) ppm. 

13C NMR (125 MHz, D2O) δ 215.5, 158.4, 139.2, 130.4, 129.6, 117.9, 116.1, 43.6, 

30.3, 24.0, 19.4 ppm. IR (ATR): 2921, 1644, 1495, 1288, 1224, 1169, 831, 729 cm-1. HRMS 

calculated for C11H14NO2 [M]+ 192.1024, found 192.1025. 

 

4.4 Phenol to Aryl Triflate 
 

 
 

The procedure for the synthesis of compound 9 was adapted from a previously published method.4 

Azetidine 4d (44 mg, 0.15 mmol, 1 equiv) was added to a round bottom flask containing a stir bar 

followed by DCM (6.0 ml) and pyridine (1.0 mL, 0.75 mmol, 5 equiv). This solution was cooled 

to 0 ̊ C and trifluoromethanesulfonic anhydride (1.7 mL, 0.30 mmol, 2 equiv) was added dropwise. 

Following addition, the mixture was warmed to room temperature and stirred for 12 hours. Upon 

completion, the solution was washed with brine (x3). The organic layer was dried with sodium 

sulfate, filtered, and concentrated. The crude compound was purified by column chromatography 

on silica gel (20% ethyl acetate in hexanes) to afford 9 in 46% yield.  

 

tert-butyl (R)-2-(5-methyl-2-(((trifluoromethyl)sulfonyl)oxy)benzoyl)azetidine-1-

carboxylate (9)  
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White solid, 46% yield. 1H NMR (600 MHz, CDCl3) δ 7.62 (s, 1H), 7.42 (d, J 

= 8.1 Hz, 1H), 7.30 – 7.25 (m, 1H), 5.36 (dd, J = 9.2, 5.3 Hz, 1H), 4.06 (dd, J 

= 15.1, 8.0 Hz, 1H), 3.95 (dd, J = 14.0, 8.3 Hz, 1H), 2.64 – 2.56 (m, 1H), 2.45 

(s, 3H), 2.27 (tt, J = 10.7, 5.4 Hz, 1H), 1.41 (s, 9H) ppm. 13C NMR (151 MHz, 

CDCl3) δ 195.9, 155.7, 145.1, 139.0, 134.5, 131.1, 130.0, 122.3, 118.7 (q, J = 320.8 Hz), 80.3, 

64.9, 46.9, 29.8, 28.4, 21.0 ppm. 19F NMR (565 MHz, CDCl3) δ -73.07 ppm. IR (ATR): 2981, 

2889, 1694, 1418, 1382, 1206, 1139, 1120, 884, 607 cm-1. HRMS calculated for C17H20F3NO6SNa 

[M+Na]+ 446.0861, found 446.0865. 

5. Mechanistic Studies for Azetine Hydroacylation 
 

5.1 Deuterium-Labeling Studies 
 

Synthesis of d-2a:  

Deuteration reactions were run in 5 mL vials with a screw cap septa and stirred at 1000 rpm. A 

dry, argon flushed 5 mL vial equipped with a magnetic stir bar was charged with NHC (23.5 mg, 

0.055 mmol, 0.05 eq.), flushed with argon followed by the addition of 500 µL (1 M) anhydrous 

toluene. DIPEA (10 µL, 0.055 mmol, 0.05 eq.), D2O (600 µL, 33 mmol, 30 eq.) and then 

salicylaldehyde (117 µL, 1.1 mmol) was added. The reaction vial was closed with a screw cap then 

wrapped with teflon tape and electrical tape and the mixture was stirred at 50 ˚C for 24 h. After 

the reaction, an aliquot (50 µL) was taken for 1H NMR measurements. Crude residue was purified 

by preparatory TLC using Hex:Et2O (90:10) combination to give colorless liquid. 

 

Deuterium incorporation = 92% (crude: 93%), Reaction yield = 54% (68 mg). NMR spectra are 

given on pages xx-xx. 

 

1H NMR (400 MHz, CDCl3) δ 9.92 (s, 1H), 7.59-7.52 (m, 2H), 7.05-6.99 (m, 2H). 

H

O

OH

D

O

OH

NHC (5 mol %)
DIPEA (5 mol %)

D2O (30 eq.)
Toluene (1.0 M)

50 °C, 16 h

N N

Cl

(92%)
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Synthesis of d-3a: 

  

Following General Procedure A, d-2a was used as the aldehyde partner. White solid, 85% yield, 

>20:1 rr. 1H NMR (400 mHz, CDCl3) δ 12.03 (s, 1H), 7.55 – 7.48 (m, 2H), 7.03 (d, J = 8.4 Hz, 

1H), 6.92 – 6.88 (m, 1H), 5.58 (dd, J = 9.6, 5.6 Hz, 1H), 4.15 – 3.95 (m, 2H), 2.69 (dtd, J = 11.4, 

9.1, 6.8 Hz, 1H), 2.22 (m, 1H), 1.42 (s, 9H). Deuterium incorporation was determined by 1H NMR. 

Percent deuterium (% D) incorporation is depicted as the amount of deuterium in place of a single 

hydrogen atom at that site. 

NBoc

O

HO

D
(91%)

NBoc

[Rh(COD)Cl]2 (2.5 mol%)
SL-J009-1 (5 mol%)

d-2 (1 equiv)
DCE, 80 ºC

D

O

OH

d-2
1H NMR (400 MHz, CDCl3)

(92%)
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5.2 Initial Rate Kinetic Isotope Effect (KIE) Studies 
 

Parallel KIE Studies 

In a N2-filled glovebox, a 0.1 M solution of catalyst was prepared by combining [Rh(COD)Cl]2 

(53.9 mg, 0.109 mmol), dppe (86.9 mg, 0.22 mmol), and DCE (1.1 mL) in a 1-dram vial. 10 side-

by-side reactions were charged with triphenylmethane (1.0 mg, 4.0 µmol). Catalyst solution (0.10 

mL, 10 mol% Rh) was added to each vial, followed by K3PO4 (2.1 mg, 9.8 µmol), Aldehyde 2a 

(12 mg, 0.10 mmol) or d-2a (12 mg, 0.10 mmol), and 2-Azetine 1a (23 mg, 0.15 ml, 1M in DCE) 

to initiate the reaction. The mixture was stirred at 60 ˚C, with one reaction vial containing 2a and 

one reaction vial containing d-2a, stopped every 20 minutes and quenched with 2 mL of ethyl 

acetate. No further catalysis occurs after dilution with ethyl acetate. The appearance of 3a or d-3a 

was monitored by internally referenced GC-FID analysis. 

 

NBoc

O

HO

D
(91%)

d-3
1H NMR (400 MHz, CDCl3)
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adjusted initial rate of deuterium species (considering 9% of 2a in d-2a):  

2 x 10-5 = 0.91 KD + 0.09 × (2 x 10-5)  

KD = 2 x 10-5  

Calculation of KIE: KH/KD = (2 x 10-5)/(2 x 10-5) = 1 

Figure S13. Initial Rate KIE for 3-acyl 

 

 

adjusted initial rate of deuterium species (considering 9% of 2a in d-2a):  

8 x 10-6 = 0.91 KD + 0.09 × (8 x 10-6)  
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KD = 8 x 10-6  

Calculation of KIE: KH/KD = (8 x 10-6)/(8 x 10-6) = 1 

Figure S13. Initial Rate KIE for 3-acyl 

 

 

 

 

adjusted initial rate of deuterium species (considering 9% of 2a in d-2a):  

1 x 10-5 = 0.91 KD + 0.09 × (1 x 10-5)  

KD = 1 x 10-5  

Calculation of KIE: KH/KD = (1 x 10-5)/(1 x 10-5) = 1 

Figure S13. Initial Rate KIE for 3-acyl 

 

 

Competition KIE Studies 

In a N2-filled glovebox, a 0.1 M solution of catalyst was prepared by combining [Rh(COD)Cl]2 

(4.8 mg, 0.010 mmol), SL-J009-1 (10.8 mg, 0.020 mmol), and DCE (0.10 mL) in a 1-dram vial. 

3 side-by-side reactions were charged with 1,3,5-trimethoxybenzene (1.0 mg, 5.9 µmol). Catalyst 

solution (0.025 mL, 2.5 mol% Rh) was added to the vial, followed by Aldehyde 2a (12 mg, 0.10 

mmol) and d-2a (12 mg, 0.10 mmol), and 2-Azetine 1a (23 mg, 0.15 ml, 1M in DCE) was added 

to initiate the reaction. The mixture was stirred at 80 ˚C, with one reaction vial stopped every 5 

minutes and quenched with 2 mL of ethyl acetate. No further catalysis occurs after dilution with 
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ethyl acetate. The mixture was transferred to an NMR tube and an 1H NMR spectrum was taken 

where the appearance of 3aa or d-3aa was monitored by comparing the integration of key protons 

of the product (2.69 ppm) for 3aa or (2.22 ppm) for d-3aa, to the internal standard (3.75 ppm).  

 

Table S1. Competitive Kinetic Isotope Effect Data for 2-Acyl Hydroacylation 
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7. NMR Spectra of Unknown Compounds 
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tert-butyl (R)-2-(2-hydroxybenzoyl)azetidine-1-carboxylate (3a) 
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tert-butyl (R)-2-(2-hydroxy-3-methylbenzoyl)azetidine-1-carboxylate (3b) 
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tert-butyl (R)-2-(2-hydroxy-4-isopropylbenzoyl)azetidine-1-carboxylate (3c) 
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tert-butyl (R)-2-(2-hydroxy-5-methylbenzoyl)azetidine-1-carboxylate (3d) 
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tert-butyl (R)-2-(2-hydroxy-3-methoxybenzoyl)azetidine-1-carboxylate (3e) 
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tert-butyl (R)-2-(3-allyl-2-hydroxybenzoyl)azetidine-1-carboxylate (3f)  
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tert-butyl(R)-2-(2-hydroxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoyl) azetidine-1-

carboxylate (3g)  
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tert-butyl (R)-2-(5-chloro-2-hydroxybenzoyl)azetidine-1-carboxylate (3h) 
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tert-butyl (R)-2-(5-bromo-2-hydroxybenzoyl)azetidine-1-carboxylate (3i) 
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tert-butyl (R)-2-(2-hydroxy-5-(trifluoromethyl)benzoyl)azetidine-1-carboxylate (3j) 
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tert-butyl (R)-2-(3-fluoro-2-hydroxybenzoyl)azetidine-1-carboxylate (3k) 
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tert-butyl (R)-2-(2-hydroxy-5-(methoxycarbonyl)benzoyl)azetidine-1-carboxylate (3l) 
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di-tert-butyl 2,2'-(5-(tert-butyl)-2-hydroxyisophthaloyl)(2R,2'R)-bis(azetidine-1-carboxylate) 

(3m) 
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tert-butyl 3-(2-hydroxybenzoyl)azetidine-1-carboxylate (4a) 
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tert-butyl 3-(2-hydroxy-3-methylbenzoyl)azetidine-1-carboxylate (4b)  
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tert-butyl 3-(2-hydroxy-4-isopropylbenzoyl)azetidine-1-carboxylate (4c)  
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tert-butyl 3-(2-hydroxy-5-methylbenzoyl)azetidine-1-carboxylate (4d)  
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tert-butyl 3-(2-hydroxy-3-methoxybenzoyl)azetidine-1-carboxylate (4e)  
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tert-butyl 3-(2-hydroxy-6-methoxybenzoyl)azetidine-1-carboxylate (4f)  
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tert-butyl 3-(5-chloro-2-hydroxybenzoyl)azetidine-1-carboxylate (4g)  
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tert-butyl 3-(5-bromo-2-hydroxybenzoyl)azetidine-1-carboxylate (4h)  
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tert-butyl 3-(2-hydroxy-5-(trifluoromethyl)benzoyl)azetidine-1-carboxylate (4i)  
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tert-butyl 3-(3-fluoro-2-hydroxybenzoyl)azetidine-1-carboxylate (4j)  
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tert-butyl 3-(3-hydroxy-[1,1'-biphenyl]-4-carbonyl)azetidine-1-carboxylate (4k)  
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tert-butyl 3-(2-hydroxy-5-(methoxycarbonyl)benzoyl)azetidine-1-carboxylate (4l)  
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tert-butyl azete-1(2H)-carboxylate (1)  
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tert-butyl (R)-2-((S)-hydroxy(2-hydroxy-5-methylphenyl)methyl)azetidine-1-carboxylate (6)  
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tert-butyl (R)-2-((S)-1-hydroxy-1-(2-hydroxy-5-methylphenyl)ethyl)azetidine-1-carboxylate (7)  
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(R)-2-(2-hydroxy-5-methylbenzoyl)azetidin-1-ium chloride (8)  
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tert-butyl (R)-2-(5-methyl-2-(((trifluoromethyl)sulfonyl)oxy)benzoyl)azetidine-1-carboxylate (9)  
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8. SFC Spectra  
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9. X-ray Crystallography Data for 7 
 

A colorless crystal of approximate dimensions 0.138 x 0.258 x 0.283 mm was mounted in a 

cryoloop and transferred to a Bruker X8 Prospector APEX II diffractometer system.  The APEX31 

program package was used to determine the unit-cell parameters and for data collection (15 

sec/frame scan time).  The raw frame data was processed using SAINT2 and SADABS3 to yield 

the reflection data file.  Subsequent calculations were carried out using the SHELXTL4 program 

package.  The systematic absences were consistent with the monoclinic space groups P21 and 

P21/m.  It was later determined that space group P21 was correct. 

 

The structure was solved by direct methods and refined on F2 by full-matrix least-squares 

techniques.  The analytical scattering factors5 for neutral atoms were used throughout the analysis.  

Hydrogen atoms H(1) and H(2) were located from a difference-map and refined (xyz and Uiso).  

The remaining hydrogen atoms were included using a riding model. 

 

Least-squares analysis yielded wR2 = 0.0734 and Goof = 1.047 for 212 variables refined against 

3041 data (0.83 Å), R1 = 0.0283 for those 3023 data with I > 2.0(I).  The absolute structure was 

assigned by refinement of the Flack parameter6. 

   

References: 

   

1. APEX3  Version 2018.1-0, Bruker AXS, Inc.; Madison, WI  2018. 

   

2. SAINT  Version 8.38a, Bruker AXS, Inc.; Madison, WI  2013. 

   

3. Sheldrick, G. M. SADABS, Version 2014/5, Bruker AXS, Inc.; Madison, WI  2014.  

   

4. Sheldrick, G. M. SHELXTL, Version 2014/7, Bruker AXS, Inc.; Madison, WI  2014.  

 

5. International Tables for Crystallography 1992, Vol. C., Dordrecht: Kluwer Academic 

Publishers. 

 

6. Parsons, S., Flack, H. D., Wagner, T. Acta Cryst. B69, 249-259, 2013. 

 

_________________________________________________________________________ 

 

Definitions: 

 

 wR2 = [[w(Fo
2-Fc

2)2] / [w(Fo
2)2] ]1/2 

 

 R1 = ||Fo|-|Fc|| / |Fo| 

 

 Goof = S = [[w(Fo
2-Fc

2)2] / (n-p)]1/2  where n is the number of reflections and p is the total 

 number of parameters refined. 

 

 The thermal ellipsoid plot is shown at the 50% probability level. 
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Table 1. Crystal data and structure refinement for vmd45. 

Identification code  vmd45 (Erin Kuker) 

Empirical formula  C17 H25 N O4 

Formula weight  307.38 

Temperature  93(2) K 

Wavelength  1.54178 Å 

Crystal system  Monoclinic 

Space group  P21 

Unit cell dimensions a = 8.35900(10) Å  = 90°. 

 b = 11.0425(2) Å  = 94.9670(6)°. 

 c = 9.1481(2) Å  = 90°. 

Volume 841.24(3) Å3 

Z 2 

Density (calculated) 1.213 Mg/m3 

Absorption coefficient 0.697 mm-1 

F(000) 332 

Crystal color colorless 

Crystal size 0.283 x 0.258 x 0.138 mm3 

Theta range for data collection 4.852 to 68.321° 

Index ranges -10 ≤ h ≤ 9, -13 ≤ k ≤ 13, -10 ≤ l ≤ 10 

Reflections collected 17066 

Independent reflections 3041 [R(int) = 0.0471] 

Completeness to theta = 67.679° 99.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.8643 and 0.7943 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3041 / 1 / 212 

Goodness-of-fit on F2 1.047 

Final R indices [I>2sigma(I) = 3023 data] R1 = 0.0283, wR2 = 0.0733 

R indices (all data, 0.83 Å) R1 = 0.0285, wR2 = 0.0734 

Absolute structure parameter -0.04(8) 

Largest diff. peak and hole 0.164 and -0.151 e.Å-3 
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Table 2. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Å2 x 103) 

for vmd45. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________________   

O(1) 8410(2) 4452(1) 6019(2) 17(1) 

O(2) 3925(2) 5848(1) 4241(2) 22(1) 

O(3) 9024(1) 5936(1) 2197(1) 16(1) 

O(4) 11120(2) 6973(1) 3387(1) 15(1) 

N(1) 8928(2) 6479(1) 4525(2) 14(1) 

C(1) 9172(2) 7250(2) 5831(2) 16(1) 

C(2) 7415(2) 6988(2) 6143(2) 18(1) 

C(3) 7253(2) 6147(2) 4780(2) 14(1) 

C(4) 7006(2) 4794(2) 5120(2) 15(1) 

C(5) 6834(2) 4020(2) 3724(2) 18(1) 

C(6) 5496(2) 4618(2) 5951(2) 14(1) 

C(7) 3999(2) 5117(2) 5448(2) 16(1) 

C(8) 2638(2) 4841(2) 6165(2) 18(1) 

C(9) 2745(2) 4080(2) 7373(2) 19(1) 

C(10) 4207(2) 3585(2) 7909(2) 19(1) 

C(11) 5556(2) 3871(2) 7177(2) 16(1) 

C(12) 4366(3) 2753(2) 9220(3) 30(1) 

C(13) 9771(2) 6489(2) 3362(2) 12(1) 

C(14) 9884(2) 5601(2) 905(2) 17(1) 

C(15) 10459(3) 6719(2) 148(2) 26(1) 

C(16) 11252(3) 4745(2) 1378(2) 23(1) 

C(17) 8579(3) 4962(2) -66(2) 23(1) 

________________________________________________________________________________ 
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Table 3. Bond lengths [Å] and angles [°] for vmd45. 

_____________________________________________________  

O(1)-C(4)  1.425(2) 

O(2)-C(7)  1.365(2) 

O(3)-C(13)  1.336(2) 

O(3)-C(14)  1.483(2) 

O(4)-C(13)  1.246(2) 

N(1)-C(13)  1.325(2) 

N(1)-C(1)  1.467(2) 

N(1)-C(3)  1.485(2) 

C(1)-C(2)  1.547(3) 

C(2)-C(3)  1.551(3) 

C(3)-C(4)  1.544(3) 

C(4)-C(5)  1.533(3) 

C(4)-C(6)  1.541(2) 

C(6)-C(11)  1.390(3) 

C(6)-C(7)  1.407(3) 

C(7)-C(8)  1.395(3) 

C(8)-C(9)  1.385(3) 

C(9)-C(10)  1.389(3) 

C(10)-C(11)  1.397(3) 

C(10)-C(12)  1.507(3) 

C(14)-C(15)  1.515(3) 

C(14)-C(16)  1.517(3) 

C(14)-C(17)  1.519(3) 

 

C(13)-O(3)-C(14) 121.64(14) 

C(13)-N(1)-C(1) 127.09(15) 

C(13)-N(1)-C(3) 134.56(16) 

C(1)-N(1)-C(3) 94.67(14) 

N(1)-C(1)-C(2) 88.56(14) 

C(1)-C(2)-C(3) 88.95(13) 

N(1)-C(3)-C(4) 114.54(14) 

N(1)-C(3)-C(2) 87.75(13) 

C(4)-C(3)-C(2) 114.89(16) 

O(1)-C(4)-C(5) 110.25(15) 
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O(1)-C(4)-C(6) 110.56(15) 

C(5)-C(4)-C(6) 108.62(15) 

O(1)-C(4)-C(3) 104.73(14) 

C(5)-C(4)-C(3) 112.09(16) 

C(6)-C(4)-C(3) 110.57(15) 

C(11)-C(6)-C(7) 117.73(16) 

C(11)-C(6)-C(4) 119.93(16) 

C(7)-C(6)-C(4) 122.16(17) 

O(2)-C(7)-C(8) 121.81(17) 

O(2)-C(7)-C(6) 118.23(16) 

C(8)-C(7)-C(6) 119.95(18) 

C(9)-C(8)-C(7) 120.52(18) 

C(8)-C(9)-C(10) 121.04(18) 

C(9)-C(10)-C(11) 117.61(19) 

C(9)-C(10)-C(12) 122.38(19) 

C(11)-C(10)-C(12) 120.00(18) 

C(6)-C(11)-C(10) 123.15(18) 

O(4)-C(13)-N(1) 122.14(17) 

O(4)-C(13)-O(3) 124.77(16) 

N(1)-C(13)-O(3) 113.09(15) 

O(3)-C(14)-C(15) 110.84(16) 

O(3)-C(14)-C(16) 109.49(16) 

C(15)-C(14)-C(16) 112.15(17) 

O(3)-C(14)-C(17) 102.07(15) 

C(15)-C(14)-C(17) 110.57(17) 

C(16)-C(14)-C(17) 111.27(17) 

_____________________________________________________________  
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Table 4. Anisotropic displacement parameters (Å2 x 103) for vmd45. The anisotropic 

displacement factor exponent takes the form: -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

O(1) 11(1)  14(1) 24(1)  3(1) 0(1)  1(1) 

O(2) 12(1)  26(1) 27(1)  8(1) -1(1)  4(1) 

O(3) 14(1)  19(1) 14(1)  -3(1) 2(1)  -2(1) 

O(4) 11(1)  14(1) 20(1)  -1(1) 1(1)  -1(1) 

N(1) 12(1)  14(1) 15(1)  -2(1) 1(1)  -2(1) 

C(1) 19(1)  15(1) 15(1)  -3(1) 1(1)  -1(1) 

C(2) 19(1)  15(1) 22(1)  -2(1) 7(1)  1(1) 

C(3) 9(1)  14(1) 19(1)  1(1) 3(1)  0(1) 

C(4) 11(1)  14(1) 20(1)  -1(1) 0(1)  0(1) 

C(5) 16(1)  17(1) 22(1)  -2(1) 2(1)  -1(1) 

C(6) 12(1)  13(1) 18(1)  -3(1) 0(1)  -2(1) 

C(7) 14(1)  14(1) 19(1)  -2(1) -1(1)  -1(1) 

C(8) 12(1)  18(1) 25(1)  -4(1) 0(1)  1(1) 

C(9) 15(1)  21(1) 23(1)  -6(1) 7(1)  -4(1) 

C(10) 20(1)  20(1) 19(1)  -1(1) 4(1)  -4(1) 

C(11) 12(1)  16(1) 21(1)  -1(1) 0(1)  0(1) 

C(12) 24(1)  36(1) 30(1)  11(1) 6(1)  -2(1) 

C(13) 10(1)  10(1) 17(1)  1(1) 0(1)  2(1) 

C(14) 21(1)  18(1) 14(1)  -2(1) 4(1)  2(1) 

C(15) 36(1)  22(1) 22(1)  3(1) 7(1)  -3(1) 

C(16) 27(1)  22(1) 21(1)  -5(1) 0(1)  6(1) 

C(17) 26(1)  24(1) 19(1)  -5(1) -1(1)  0(1) 

______________________________________________________________________________ 
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Table 5. Hydrogen coordinates (x 104) and isotropic displacement parameters (Å2 x 103) 

for vmd45. 

________________________________________________________________________________  

 x  y  z  U(eq) 

________________________________________________________________________________  

  

H(1) 8450(30) 3690(30) 6080(30) 32(8) 

H(2) 3000(40) 6160(30) 4020(30) 43(8) 

H(1A) 9381 8110 5610 20 

H(1B) 9980 6934 6591 20 

H(2A) 6708 7708 6053 22 

H(2B) 7313 6560 7082 22 

H(3A) 6454 6456 3991 17 

H(5A) 6696 3168 3989 28 

H(5B) 7801 4105 3198 28 

H(5C) 5896 4291 3092 28 

H(8A) 1629 5178 5821 22 

H(9A) 1805 3895 7842 23 

H(11A) 6563 3538 7534 20 

H(12A) 3297 2575 9531 45 

H(12B) 5019 3146 10026 45 

H(12C) 4883 1997 8956 45 

H(15A) 11283 7128 797 40 

H(15B) 9552 7270 -80 40 

H(15C) 10913 6483 -762 40 

H(16A) 12073 5180 2002 35 

H(16B) 11724 4434 509 35 

H(16C) 10841 4068 1930 35 

H(17A) 8217 4245 443 34 

H(17B) 9008 4715 -984 34 

H(17C) 7672 5514 -283 34 

________________________________________________________________________________ 
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Table 6.  Torsion angles [°] for vmd45. 

________________________________________________________________  

C(13)-N(1)-C(1)-C(2) 158.81(18) 

C(3)-N(1)-C(1)-C(2) -1.99(14) 

N(1)-C(1)-C(2)-C(3) 1.90(14) 

C(13)-N(1)-C(3)-C(4) 87.2(3) 

C(1)-N(1)-C(3)-C(4) -114.44(16) 

C(13)-N(1)-C(3)-C(2) -156.4(2) 

C(1)-N(1)-C(3)-C(2) 1.98(14) 

C(1)-C(2)-C(3)-N(1) -1.87(13) 

C(1)-C(2)-C(3)-C(4) 114.23(16) 

N(1)-C(3)-C(4)-O(1) 38.3(2) 

C(2)-C(3)-C(4)-O(1) -61.18(18) 

N(1)-C(3)-C(4)-C(5) -81.3(2) 

C(2)-C(3)-C(4)-C(5) 179.28(14) 

N(1)-C(3)-C(4)-C(6) 157.38(15) 

C(2)-C(3)-C(4)-C(6) 57.9(2) 

O(1)-C(4)-C(6)-C(11) -18.7(2) 

C(5)-C(4)-C(6)-C(11) 102.4(2) 

C(3)-C(4)-C(6)-C(11) -134.24(18) 

O(1)-C(4)-C(6)-C(7) 166.31(17) 

C(5)-C(4)-C(6)-C(7) -72.6(2) 

C(3)-C(4)-C(6)-C(7) 50.8(2) 

C(11)-C(6)-C(7)-O(2) -179.70(17) 

C(4)-C(6)-C(7)-O(2) -4.6(3) 

C(11)-C(6)-C(7)-C(8) -0.9(3) 

C(4)-C(6)-C(7)-C(8) 174.16(18) 

O(2)-C(7)-C(8)-C(9) 178.90(17) 

C(6)-C(7)-C(8)-C(9) 0.2(3) 

C(7)-C(8)-C(9)-C(10) 0.7(3) 

C(8)-C(9)-C(10)-C(11) -0.7(3) 

C(8)-C(9)-C(10)-C(12) -179.9(2) 

C(7)-C(6)-C(11)-C(10) 0.9(3) 

C(4)-C(6)-C(11)-C(10) -174.32(17) 

C(9)-C(10)-C(11)-C(6) -0.1(3) 

C(12)-C(10)-C(11)-C(6) 179.2(2) 
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C(1)-N(1)-C(13)-O(4) 17.1(3) 

C(3)-N(1)-C(13)-O(4) 169.70(18) 

C(1)-N(1)-C(13)-O(3) -162.82(16) 

C(3)-N(1)-C(13)-O(3) -10.2(3) 

C(14)-O(3)-C(13)-O(4) 14.1(3) 

C(14)-O(3)-C(13)-N(1) -166.02(15) 

C(13)-O(3)-C(14)-C(15) -64.7(2) 

C(13)-O(3)-C(14)-C(16) 59.5(2) 

C(13)-O(3)-C(14)-C(17) 177.50(16) 

________________________________________________________________  

 

 

Table 7.  Hydrogen bonds for vmd45  [Å and °]. 

____________________________________________________________________________  

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

____________________________________________________________________________  

 O(1)-H(1)...O(4)#1 0.84(4) 1.99(4) 2.813(2) 167(3) 

 O(2)-H(2)...O(4)#2 0.85(3) 1.86(4) 2.7078(18) 173(3) 

____________________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  

#1 -x+2,y-1/2,-z+1    #2 x-1,y,z       

 




