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Abstract 
 

Alkene difunctionalization reactions have allowed chemists to rapidly increase the 

complexity of molecules in a single transformation. This dissertation focuses on the 

development of Pd-catalyzed alkene difunctionalization for the synthesis of carbocycles, 

cyclic ureas and guanidines, and lactams. These reactions form two new bonds and a 

ring in a single step, providing new and important methodology for the synthesis of 

functionalized heterocycles.  

Early work in the Wolfe lab, described in Chapter 1 of this dissertation, laid the 

groundwork for the synthesis of heterocycles via Pd-catalyzed alkene difunctionalization 

reactions where a nucleophile with a tethered alkene is coupled with an exogenous 

electrophile. In later work, this three-component reaction was altered to instead have the 

nucleophile be the external piece. In Chapter 2, my work in this field is described, in which 

indole and pyrrole derivatives are coupled with aryl or alkenyl triflates bearing tethered 

alkenes to afford 3-cyclopentylindole derivatives. The products of this reaction are formed 

in moderate to good yields with excellent >20:1 diastereoselectivity when employing 

alkenyl triflates as the coupling partner. The mechanism of this transformation is proposed 

to proceed via a Pd(0)/Pd(II) catalytic cycle. 

My work has also involved the development of Pd-catalyzed alkene diamination 

reactions; the progress by others in this field is described in Chapter 3. My studies on 

alkene diamination involved the coupling of O-acylated hydroxylamine derivatives with 

guanidines or ureas bearing pendant alkenes. These reactions produced cyclic guanidine 



 xxiv 

and urea products bearing attached dialkylaminomethyl groups. The initial work on this 

transformation is detailed in Chapter 4. The products were formed in good to excellent 

yields with three different amine electrophiles. Additionally, we found the reaction 

proceeded with up to 7:1 dr favoring anti-addition to the double bond. The imperfect 

stereocontrol results from competing syn-aminopalladation vs anti-aminopalladation. 

Further studies on the scope and mechanism of these new Pd-catalyzed alkene 

diamination reactions are described in Chapter 5. Through NMR studies and isolation and 

characterization of side products, we discovered that our initially proposed Pd(0)/Pd(II) 

catalytic cycle is not operating. We have evidence to suggest the diamination reaction is 

proceeding through a Pd(II)/Pd(IV) catalytic cycle. Additionally, control experiments 

revealed that acac, not the phosphine ligand JackiePhos, is the critical ligand for Pd in 

this transformation. From these discoveries, we have been able to utilize acac-derived 

ligands to promote previously difficult or unsuccessful reactions for the formation of cyclic 

ureas, guanidines, and lactams. In addition, unexpected reactions, as well as efforts to 

develop an in situ preparation of the electrophiles, are also described. 

 



 1 

Chapter 1  

Introduction to Palladium-Catalyzed Alkene Difunctionalization Reactions 

 
1.1 Palladium-Catalyzed Alkene Difunctionalization Reactions that Proceed via 

Syn-Nucleopalladation 

Difunctionalization of alkenes is a powerful tool in organic synthesis due to the ability 

to form two new bonds in a single transformation.1 This rapidly increases the complexity 

of a molecule allowing for intricate molecules to be synthesized in fewer steps. The Wolfe 

group has focused on Pd-catalyzed alkene difunctionalization reactions since the early 

days of the lab.2 In general, these reactions combine a heteroatom nucleophile  

 

 

 

(oxygen or nitrogen) that contain a tethered alkene (1-1) and an external electrophile (an 

aryl or alkenyl halide or triflate) (1-2) in the presence of a Pd-catalyst and a base to 

produce a product in which a ring, one C-C bond and one C-heteroatom bond are formed 

(1-3, eq 1-1). The first related publication from the Wolfe group was in 2004, the synthesis 

of tetrahydrofurans from aryl bromides and γ-hydroxy alkenes (eq 1-2).3 This method was 

extended to the synthesis of other heterocycles including pyrrolidines, piperazines, 

oxazolidines, isoxazolidines, pyrazolidines, and morpholines (Scheme 1-1).2a,4 These 



 2 

types of heterocycles are of interest to the Wolfe group due to their prevalence in many 

biologically active molecules.5 

 

These reactions are proposed to proceed through a Pd(0)/Pd(II) catalytic cycle 

(Scheme 1-2). The Pd(0) species is initially oxidized by aryl-halide 1-2a to Pd(II). The Pd  

 

 

 

 

 

 

 

 



 3 

intermediate 1-4 then coordinates to the amine and alkene as shown in 1-5. Syn-

aminopalladation occurs so that the C-N and C-Pd bonds formed are syn to each other 

in 1-6. Following reductive elimination, substituted pyrrolidine 1-3a is formed concurrently 

with the regeneration of the Pd(0) catalyst.   

1.2 Syn- vs Anti-Nucleopalladation Pathways 

The Pd-catalyzed alkene difunctionalization reaction was later expanded upon in the 

lab to include N-allylsulfamides.6  However, the authors were surprised when they 

explored the stereospecificity of this reaction. Unlike analogous reactions conducted 

previously in the lab, when 1-d-1a was used in this reaction the authors isolated the anti-

product in >20:1 dr (Scheme 1-3, 1-3b). However, they found they could favor the 

formation of the syn-product (1-3c) by changing the reaction conditions from XPhos and 

toluene to CPhos and PhCF3.  

In the syn-aminopalladation pathway, the Pd is coordinated to the nucleophilic 

nitrogen prior to the aminopalladation step (Scheme 1-3). Whereas in the anti-

aminopalladation pathway, the Pd is not coordinated to the nucleophilic nitrogen prior to 



 4 

the aminopalladation and therefore the Pd and nitrogen form bonds on opposite faces of 

the alkene giving the relative anti stereochemistry. Overall, reaction conditions that favor 

a cationic Pd generally favor the anti-aminopalladation pathway. This trend was also 

observed when N-allylureas are used in the reaction (Scheme 1-4). Changing (i) the 

counterion of the electrophile to a less coordinating triflate, (ii) the counterion of the base 

to Li, and (iii) to the more polar solvent results in the anti-addition product being favored. 

The discovery of the anti-aminopalladation pathway in our alkene difunctionalization 

reactions allowed our lab to develop further methods in this field. 

1.3 Palladium-Catalyzed Alkene Difunctionalization with Exogenous Nucleophiles 

With the discovery that these types of alkene difunctionalizations can occur through 

an anti-nucleopalldation pathway, former group member Derick White was interested in 

changing the arrangement of the three required components – alkene, nucleophile, and 

electrophile – in a manner that would provide access to carbocycles. Carbocycles are 

commonly found in biologically active molecules such as steroids7 and terpenes8, which 

are vastly important molecules for both animals and plants. As shown in eq 1-1 these 
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reactions traditionally consist of a nucleophile with a tethered alkene and an exogenous 

electrophile. When the conditions were changed to employ an electrophile containing a 

tethered alkene coupled with an exogenous nucleophile the transformation proceeded 

exceedingly well to form carbocyclic product 1-8 (eq 1-3).9 Aryl triflate (1-7) was coupled  

 

 

with pyrrolidine with Pd catalysis to form one C-C bond, one C-N bond, and a ring in a 

single transformation in quantitative yields (eq 1-3). The authors were able to extend this 

to asymmetric reactions to yield products in excellent yield and er (eq 1-4). The 

mechanism of this reaction is proposed to involve a Pd(0)/Pd(II) catalytic cycle(Scheme 

1-5). After initial oxidation to the carbon-triflate bond, Pd associates to the alkene (1-9 to 

1-10). Anti-aminopalldation and deprotonation then occur followed by reductive  
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elimination to form 1-8.  

Following this initial publication, the scope was expanded beyond the use of aryl 

triflates.10 With various amine nucleophiles, this reaction is tolerant of six- and five-

membered alkenyl triflates, ones containing heterocycles or containing a second allyl 

chain, and acyclic ones (Scheme 1-6-7). The products from these reactions are formed  

 

 

 

 

 

 

 

 

 

in good to excellent yields and excellent diastereoselectivities. It is proposed that the high 

observed diastereoselectivities is due to a highly structured chair-like transition state in 

which the alkene is positioned to avoid unfavorable 1,3-diaxial strain (eq 1-5). 
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The scope was then expanded to include alcohol and stabilized carbanion 

nucleophiles (Scheme 1-8).11 These reactions again proved to be successful with aryl 

and alkenyl triflates. Additionally, the authors found the stabilized carbanion nucleophiles 

to be tolerant of internal alkenes yielding products in >20:1 dr. When carbanions 

containing epimerizable protons are employed, a 1:1 mixture of diastereomers is formed 

that are epimeric at the stereocenter adjacent to the carbonyl. (Scheme 1-8). These 

reactions are proposed to undergo a mechanism similar to the one shown in Scheme 1-

5. 

 

 

 

 

 

 

 

 

 

1.4 Conclusion 

The alkene difuctionalization reactions discussed in this chapter allow for the rapid 

formation of heterocycles and carbocycles via Pd-catalysis. The recent development of 



 8 

the anti-nucleopalladation pathway allowed for the development of new alkene 

difunctionalization reactions in which the nucleophile, rather than the electrophile, is the 

exogenous piece. This has allowed for the formation of substituted carbocycles in which 

a ring is formed in addition to (i) one C-C bond and  one C-N bond (ii) one C-C bond and 

one C-O bond or (iii) two C-C bonds. The ability to form highly substituted heterocycles 

and carbocycles in a single step continues to be a major focus of our lab today and my 

work in this area will be described in Chapter 2. 
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Chapter 2  

Palladium-Catalyzed Alkene Carboheteroarylation Reactions for the Synthesis of 

3-Cyclopentylindole Derivatives 

2.1 Introduction  

Over the past 14 years, our group has focused on the development of a number of 

new Pd-catalyzed alkene difunctionalization reactions.1 Recently, we have described a 

new class of alkene difunctionalization reactions between aryl/alkenyl triflates (e.g., 2-1a) 

bearing a tethered alkene, and exogenous amine or alcohol nucleophiles.2 These 

transformations afford products such as 2-2a-b in high yield with high diastereoselectivity, 

and generate a carbon-carbon bond, a carbon-heteroatom bond, and a carbocyclic ring 

in one step (eq 2-1). Following the report of these reactions, we sought to explore these 

reactions with carbon atom nucleophiles, such as malonates, ketones, and esters (eq 2-

2).3 High yields and diastereoselectivities were observed when using stabilized carbanion 

nucleophiles except in the cases when an epimerizable proton at a stereocenter was 

present. In these cases, the product is obtained in a 1:1 dr (2-2d). 
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To further explore the scope of this method, we sought to examine transformations of 

heteroaromatic nucleophiles, such as indole (eq 2-3). These species  

 

 

 

are inherently less nucleophilic than amines, alkoxides/phenoxides, or stabilized 

carbanions and have been shown to act as either C-nucleophiles or N-nucleophiles under 

appropriate conditions in Pd-catalyzed indole alkylation/arylation reactions (eq 2-4-5).4,5 

The reduction in reactivity, in addition to the possibility of product mixtures, gave us an 

interesting challenge for expanding the scope of Pd-catalyzed alkene difunctionalization 

reactions. Additionally, we took interest in synthesizing molecules containing indole due 

to its prevalence in natural products and pharmaceutical targets. Observed bioactivity of 

indole derivatives including anti-inflammatory, -cancer, -fungal, and -bacterial activity.6 

Others have constructed similar 3-cyclopentylindole derivatives using methods that 

typically involve either conjugate addition of indoles to α,β-unsaturated carbonyl 

compounds or condensation of indoles with cyclopentanones (eq 2-6-7).7 For example, 

King and Meng employ a chiral imidazolidinone catalyst to form a precursor to a selective 
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serotonin reuptake inhibitor 1 via conjugate addition (eq 2-6). Zhang and Lu form the 

desired precursor for their Hepatitus C virus polymerase inhibitor via condensation of their 

indole with cyclopentanone followed by reduction with Pd/C (eq 2-7). Nevertheless, we 

believe our Pd-catalyzed alkene difunctionalization method will build upon previous 

literature by allowing for the rapid construction of complex molecules due to the formation 

of two carbon-carbon bonds and a ring in a single transformation (eq 2-3).  

2.2 Optimization of Reaction Conditions 

 The synthesis of the aryl and alkenyl triflates (2-1a-h) were conducted using 

previously reported routes (Scheme 2-1).2a-c 2-1b is easily synthesized from 2-5 and 

trifluorormethanesulfonic anhydride in the presence of pyridine. The synthesis of alkenyl 

triflate 2-1a requires the use of a more polar triflating reagent 2-6, an analog of Comins’ 

reagent, which can be prepared in one step from commercially available 2-aminopyridine 

and trifluorormethanesulfonic anhydride. Once in hand, the synthesis of 2-1a is completed 

with a Tsuji-Trost allylation of cyclohexanone, and then formation of the enol-triflate. 

With the limitations mentioned previously in mind, we studied various conditions in 

attempts to promote the alkene difunctionalization with heteroaromatic nucleophiles. In  
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preliminary studies, we examined the Pd/BrettPhos-catalyzed reaction of 2-allylphenyl 

triflate (2-1b) with 5-methoxyindole (2-3a) because these conditions generally provided 

satisfactory results with amine and alcohol nucleophiles. This reaction afforded 25% of 

the C3-alkylated product 2-4a as judged by 1H NMR analysis of the crude reaction mixture  

(Table 2-1, entry 1). We did not observe the formation of the N-alkylated product. Other 

Buchwald-type biaryl phosphine ligands were screened and XPhos was found to give the 

best yield relative to conversion to product (entries 2-3). Increasing the temperature to 

105 °C resulted in a slightly improved 40% yield (entry 4). Changing the counterion of the 

tert-butoxide base to Na or K, or changing the base to LiHMDS led to a decrease in yield 

due to the formation of a number of unidentified side products (entries 5-7). However, 

when the reaction concentration was increased to 1 M the desired product was generated 

in 62% yield (entry 8).  

Despite some improvement during the initial optimization studies, the yields proved to 

be difficult to consistently reproduce. During the optimization studies, these  
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reactions were conducted in glass vials with screw caps and heated in a metal heating 

block. When we increased the reaction concentration to 1 M, we began to notice that the 

solvent would completely evaporate after the 16 hour reaction time in some of the vials. 

While in other vials, conducted under the same conditions, solvent remained. We 

observed that the reactions where the solvent had evaporated resulted in higher yields 

than the reactions with remaining solvent. We reasoned that transformations of the 

weakly nucleophilic indoles might be improved by omitting the solvent; however, when 



 16 

the reactions were conducted with no solvent, we obtained unsatisfactory results. It 

seemed the difference in the outcomes for these two sets of conditions (evaporation vs. 

neat) may be due to a need for solvent during the catalyst activation process. When 

reactions were carried out in the absence of solvent, very little liquid is present in the 

reaction mixture (typically only the aryl/alkenyl triflate substrate). It is possible in the 

absence of solvent that catalyst activation is inefficient due to the poor solubility of the 

precatalyst and ligand resulting in possible decomposition of the precatalyst (precipitation 

of unligated Pd). The decomposition may occur at rates that are comparable to or greater 

than ligation and catalyst activation. As such, we developed a protocol in which the 

reactions were conducted in benzene as the solvent (1 M) in a round bottom flask 

equipped with a short-path distillation head. After all reagents were mixed in the reaction 

vessel, the mixture was heated to 100 °C for 15-30 minutes while the benzene solvent 

was removed via distillation. The reaction temperature was then decreased to 95 °C while 

the reaction stirred for an additional three hours. This protocol provided consistent and 

reproducible results with a variety of substrates, and allowed us to decrease the reaction 

time significantly from ~16 h to ~3.5 h. 

2.3 Reaction Scope and Limitations 

With the optimized conditions in hand, we examined the reactivity of 2-allylphenyl 

triflate 2-1b or 1-allyl-2-naphthyl triflate 2-1c with several different aromatic heterocycles 

(Scheme 2-2). The coupling of 2-1b proceeded smoothly with 5-methoxyindole, 2-

methylindole, and indole to afford 2-4a-c, and 2-1c was coupled with 5-methoxyindole in 

good yield (4e). In the synthesis of 2-4c, use of 6 mol % XPhos provided comparable 

results to those obtained with 12 mol % XPhos on both our standard 0.5 mmol scale and  



 17 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a slightly larger 1 mmol scale. Use of 2,5-Dimethylpyrrole as the nucleophile produces 

the desired product 2-4d in up to 80% yield as determined by 1H NMR analysis of the 

crude reaction mixture. However, compound 2-4d is extremely air-sensitive, and a low 

isolated yield of 35% was obtained due to partial oxidation/decomposition during 

purification.8 Additionally, a second product was observed in low yields that, based on 

GC/MS and 1H NMR analysis we have tentatively assigned as an over-alkylated 2,5-

dimethylpyrrole derivative bearing 2-indanyl groups at both the C3 and C4 positions (2-8, 

eq 2-8).9 Efforts to employ N-alkyl indoles, benzofuran, or benzothiophene as the  
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nucleophile failed to provide the desired products. This suggests the substrate N–H 

proton is required to achieve the desired reactivity and may be removed prior to the 

reaction of the indole with the intermediate palladium complex 2-12 (see below in Scheme 

2-5). Additionally, attempts to conduct enantioselective reactions of 2-1c with indole 

nucleophiles have thus far been unsuccessful (eq 2-9).10  

 

 

Given that the Pd-catalyzed C3 alkylation of 3-alkylindole derivatives to afford 

products bearing a quaternary carbon center is well-established,11 we examined the 

coupling of 2-1b with 3-methylindole (2-3b). Our optimized conditions led to no reaction, 

but when the mixture was heated to 150 °C, the formation of N-alkylindole product 2-9 

was observed, albeit in low yield (eq 2-10). While attempting to further optimize this 

reaction, we found that use of CPhos as ligand and LiHMDS as base produced a mixture  
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of 2-9 along with an unexpected 5-exo cyclization/C3-alkylation product 2-10 (eq 2-11).12 

We attempted to establish the relative stereochemistry of 2-10 converting it to a bicyclic 
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derivative through Friedel-Crafts cyclization for use in nOe experiments, but this instead 

led to products 2-4b and 2-4f resulting from carbocation rearrangements (Scheme 2-3). 

Further efforts to optimize the selectivity and yields of either 2-9 or 2-10 have thus far 

been unsuccessful.  

We also examined the effect of substitution along the allyl group on reactivity, and 

found the transformations are quite sensitive to substrate steric properties. A 2-

allylphenyltriflate derivative bearing a methyl group at the internal alkene carbon atom (2-

1d) proved to be unreactive (eq 2-12). In contrast, substrate 2-1e that contains an allylic 

methyl group was transformed to 2-4g in 30% NMR yield with good diastereoselectivity 

(eq 2-13). However, compound 2-4g proved to be inseparable from unreacted 2-3c, and 

a 1:1 mixture of 2-4g:2-3c was obtained in low yield after chromatography (ca 13% of 2-

4g was obtained based on the mixture). Efforts to assign the stereochemistry through 1H 

NMR nOe experiments provided ambiguous data and therefore the stereochemistry of 2-

4g has been tentatively assigned as trans based on analogy to previously reported 

reactions in our lab.13  

Since our prior studies have shown that both aryl and alkenyl triflate electrophiles can 

be coupled with various nucleophiles (e.g., eq 2-1-2, 2-1a –> 2-2a-d),2b-c,3 we explored 

the use of alkenyl triflate electrophiles 2-1a and 2-1f-h in reactions with indoles (Scheme 
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2-4). We were pleased to find that these electrophiles were successfully coupled with 

indole and 6-chloroindole to afford 2-4h-i in good yields with high diastereoselectivity. 

Although the presence of a methyl group at the allylic position of aryl triflate 2-1e was not 

well tolerated, substrate 2-1f, which contains a methyl group at the homoallylic position, 

was coupled with indole in 50% yield (2-4j, >20:1 dr).14 In addition, substrates 2-1g-h that 

contain heteroatoms in their backbones were transformed to products 2-4k-l in low to 

moderate yields with good (10 to >20:1) diastereoselectivities. Given the hazards 

associated with the use of benzene, we also briefly examined alternative solvents for 

these transformations. Use of 2-methyl THF in the coupling of 2-1a with indole afforded  
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the desired product 2-4h in 64% yield, which is comparable to the 73% yield obtained 

with benzene. In contrast, use of toluene as solvent required a significantly higher 

temperature for the distillation step (130 °C), and the desired product was obtained in 

48% yield. However, the excellent >20:1 diastereoselectivites were retained when using 

these alternative solvents. 

2.4 Proposed Catalytic Cycle 

Our current mechanistic hypothesis for this transformation is illustrated in Scheme 2-

5, and is similar to that for reactions involving amine, alcohol, or stabilized carbanion 

nucleophiles.2,3 The catalytic cycle is initiated by reduction of the Pd(II) precatalyst to 

Pd(0), followed by oxidative addition of the triflate electrophile (e.g., 2-1b) to afford 

cationic Pd(II) species 2-11. Coordination of the alkene to the Pd-center affords 2-12, in 

which the alkene is rendered electrophilic at the internal alkene carbon. A sequence 

involving deprotonation of the indole followed by a Friedel-Crafts-like anti-
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carbopalladation gives the 6-membered palladacycle 2-13, which is converted to 2-14 

upon tautomerization of the 3H indole to a 1H indole. Reductive elimination from 2-14 

leads to formation of the second C–C bond to afford the product (2-4c) with concomitant 

regeneration of the active Pd(0) catalyst. It is also possible that the tautomerization of the 

3H indole to the 1H indole occurs after reductive elimination. 

2.5 Conclusion 

In conclusion, we have developed a new Pd-catalyzed alkene difunctionalization 

reaction that effects intramolecular arylation and intermolecular heteroarylation of the 

alkene. This reaction forms two carbon-carbon bonds in one step to afford 3-

cyclopentylindole derivatives in good yield and high diastereoselectivity. We only 

observed alkylation at the C-3 position of the indole and pyrrole derivatives under the 

optimized reaction conditions. Unfortunately, this method is thus far not applicable to N-

alkyl indoles and other heteroaromatic compounds.  

 

The work described in this chapter was published in The Journal of Organic Chemistry15 

and was adapted with permission from Kirsch, J. K.; Manske, J. L. Wolfe, J. P. Pd-

Catalyzed Alkene Carboheteroarylation Reactions for the Synthesis of 3-

Cyclopentylindole Derivatives. J. Org. Chem., 2018, 83, 13568. Copyright (2018) 

American Chemical Society. 

 

2.6 Experimental 

General: All reactions were carried out under a nitrogen atmosphere using oven or flame-

dried glassware. All palladium sources and reagents were obtained from commercial 
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sources and used without further purification unless otherwise noted. Aryl and alkenyl 

triflate substrates 2-1a,2b 2-1b-c,2a 2-1d-e,2c and 2-1f-h2b were prepared according to 

previously reported procedures. Toluene was purified using a GlassContour solvent 

system. Benzene was purified by distillation from calcium hydride under a nitrogen 

atmosphere. 2,5-Dimethylpyrrole was distilled from calcium hydride under a nitrogen 

atmosphere and stored in a re-sealable Schlenk tube in the glove box. Anhydrous 2-

methyltetrahydrofuran was obtained from commercial sources and was used without 

further purification. All yields refer to isolated compounds that are estimated to be ≥95% 

pure as judged by 1H NMR analysis unless otherwise noted. The yields reported in the 

experimental section describe the result of a single experiment, whereas yields reported 

in Schemes 2-2 & 2-4 and equations 2-10–11 are average yields of two or more 

experiments. Thus, the yields reported in the experimental section may differ from those 

shown in Schemes 2-2 & 2-4 and equations 2-10–11. 

Synthesis and Characterization of Products 

General Procedure for Pd-Catalyzed Alkene Difunctionalization Reactions. A flame-

dried round bottom flask equipped with a stirbar was cooled under a stream of N2 and 

charged with Pd(OAc)2 (4 mol %), XPhos (12 mol %), the appropriate nucleophile (0.6 

mmol, 1.2 equiv), and lithium tert-butoxide (0.7 mmol, 1.4 equiv). The tube was purged 

with N2 and a solution of the appropriate aryl or alkenyl triflate (0.5 mmol, 1.0 equiv) in 

benzene (0.5 mL, 1M) was added. A short path distillation apparatus was attached to the 

flask, and the mixture was heated to 100-105 oC until the benzene had been removed by 

distillation. The reaction temperature was decreased to 95 oC and stirring was continued 

for 3 h. The mixture was cooled to rt, satd. NH4Cl (aq) (2 mL) was added and the mixture 
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was transferred to a separatory funnel. The layers were separated, the aqueous layer 

was extracted with EtOAc (3 mL x 2), then the organic layers were combined, dried over 

anhydrous Na2SO4, filtered, and concentrated in vacuo. The crude product was then 

purified by flash chromatography on silica gel. 

 

 

 

3-(2,3-Dihydro-1H-inden-2-yl)-5-methoxy-1H-indole (2-4a). The general procedure 

was used for the coupling of 5-methoxyindole (88.3 mg, 0.6 mmol) and 2-1b (133.1 mg, 

0.5 mmol). The crude product was purified by flash chromatography on silica gel (100% 

DCM) to afford 89.1 mg (68%) of the title compound as a light pink oil. 1H NMR (500 MHz, 

CDCl3)  7.80 (s, 1 H), 7.30–7.24 (m, 3 H), 7.21– 7.16 (m, 2 H), 7.02 (dd, J = 18.2, 2.4 

Hz, 2 H), 6.86 (dd, J = 8.8, 2.4 Hz, 1 H), 3.91 (pent, J = 8.2 Hz, 1 H), 3.83 (s, 3 H), 3.43 

(dd, J = 15.4, 8.0 Hz, 2 H), 3.16 (dd, J = 15.4, 8.3 Hz, 2 H). 13C NMR (126 MHz, CDCl3) 

 153.9, 143.6, 132.0, 127.5, 126.4, 124.6, 121.2, 120.3, 112.2, 112.0, 101.7, 56.1, 40.0, 

37.1. IR (film) 3414, 2935, 2831, 1623, 1581, 1481 cm-1; HRMS (ESI+) m/z: [M + H]+ Calcd 

for C18H18NO 264.1383; Found 264.1385. 

 

 

 

3-(2,3-Dihydro-1H-inden-2-yl)-2-methyl-1H-indole (2-4b). The general procedure was 

used for the coupling of 2-methylindole (78.7 mg, 0.6 mmol) and 2-1b (133.1 mg, 0.5 

mmol). The crude product was purified by flash chromatography on silica gel (100% DCM) 
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to afford 79.7 mg (64%) of the title compound as a white solid, m.p. 158–159 ºC).  1H 

NMR (500 MHz, CDCl3)  7.72 (s, 1 H), 7.44 (d, J = 7.9 Hz, 1 H), 7.32–7.24 (m, 3 H), 7.24 

–7.19 (m, 2 H), 7.13–7.07 (m, 1 H), 7.02–6.95 (m, 1 H), 3.89 (p, J = 9.3 Hz, 1 H), 3.45 

(dd, J = 15.9, 9.8 Hz, 2 H), 3.22 (dd, J = 15.9, 8.8 Hz, 2 H), 2.42 (s, 3 H). 13C (126 MHz, 

CDCl3)  143.9, 135.7, 130.7, 127.4, 126.4, 124.6, 121.0, 119.5, 119.0, 114.5, 110.5, 

39.7, 36.7, 12.3. IR (film) 3391, 2932, 2844 cm-1; HRMS (ESI+) m/z: [M + H]+ Calcd for 

C18H18N 248.1434; Found 248.1430. 

 

 

 

3-(2,3-Dihydro-1H-inden-2-yl)-1H-indole (2-4c). The general procedure was used for 

the coupling of indole (70.3 mg, 0.6 mmol) and 2-1b (133.1 mg, 0.5 mmol). The crude 

product was purified by flash chromatography on silica gel (5% hexanes in DCM) to afford 

89.0 mg (76%) of the title compound as a pale yellow solid, m.p. 80–83 ºC). 1H NMR (500 

MHz, CDCl3)  7.91 (s, 1 H), 7.66 (d, J = 7.9 Hz, 1 H), 7.38 (d, J = 8.1 Hz, 1 H), 7.30–

7.24 (m, 2 H), 7.24–7.14 (m, 3 H), 7.12 (app t, J = 7.2 Hz, 1 H), 7.02 (d, J = 1.6 Hz, 1 H), 

3.96 (pent, J = 8.3 Hz, 1 H), 3.43 (dd, J = 15.3, 8.0 Hz, 2 H), 3.19 (dd, J = 15.3, 8.6 Hz, 2 

H). 13C (126 MHz, CDCl3)  143.5, 136.8, 127.1, 126.4, 124.6, 122.2, 120.4, 120.3, 119.6, 

119.4, 111.3, 40.1, 37.1. IR (film) 3416, 3046, 2976, 2842, 1456 cm-1; HRMS (ESI+) m/z: 

[M + H]+ Calcd for 234.1277 C17H16N; Found 234.1275. 

3-(2,3-Dihydro-1H-inden-2-yl)-1H-indole (2-4c). The general procedure was used for 

the coupling of indole (70.3 mg, 0.6 mmol) and 2-1b (133.1 mg, 0.5 mmol) except using 

6 mol % of XPhos (14.3 mg, 0.03 mmol) rather than 12 mol %. The crude product was 
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purified by flash chromatography on silica gel (5% hexanes in DCM) to afford 81.2 mg 

(70%) of the title compound as a pale yellow solid, m.p. 80–83 ºC). Spectroscopic data 

were identical to those reported above. 

3-(2,3-Dihydro-1H-inden-2-yl)-1H-indole (2-4c). The general procedure was used for 

the coupling of indole (140.6 mg, 1.2 mmol) and 2-1b (266.2 mg, 1.0 mmol). The crude 

product was purified by flash chromatography on silica gel (5% hexanes in DCM) to afford 

143.1 mg (61%) of the title compound as a pale-yellow solid, m.p. 80–83 ºC. 

Spectroscopic data were identical to those reported above. 

 

 

3-(2,3-Dihydro-1H-inden-2-yl)-2,5-dimethyl-1H-pyrrole (2-4d).8 A flame-dried Schlenk 

tube equipped with a stirbar was cooled under a stream of N2 and charged with Pd(OAc)2 

(0.0045g, 4 mol %), BrettPhos (0.0268g, 10 mol %), and lithium tert-butoxide (0.0560g, 

0.7 mmol). The tube was purged with N2 (g) and 4.5 mL of toluene and a solution of 2-1b 

(133.1 mg, 0.5 mmol) in toluene (0.5 mL) was added. 2,5-Dimethylpyrrole (61 μL, 0.6 

mmol) was added directly to the reaction mixture via syringe, then the reaction mixture 

was heated to 95 °C with stirring for 16 h. The mixture was then cooled to rt, satd. NH4Cl 

(aq) (5 mL) was added, the mixture was transferred to a separatory funnel, and the layers 

were separated. The aqueous layer was extracted with EtOAc (3 mL x 2), then the organic 

layers were combined, dried over anhydrous Na2SO4, filtered, and concentrated in vacuo. 

The crude product was then purified by flash chromatography on silica gel (5% EtOAc in 

hexanes) to afford 41.0 mg (39%) of the title compound as a yellow solid, m.p. 91–94 ºC.  

1H NMR (500 MHz, CDCl3)  7.41 (s, 1 H), 7.25–7.17 (m, 2 H), 7.17–7.10 (m, 2 H), 5.72 
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(d, J = 2.8 Hz, 1 H), 3.52 (tt, J = 9.6, 8.0 Hz, 1 H), 3.16 (dd, J = 15.3, 7.9 Hz, 2 H), 2.95 

(dd, J = 15.3, 9.6 Hz, 2 H), 2.20 (s, 6 H). 13C NMR (126 MHz, CDCl3)  143.9, 126.2, 

125.2, 124.3, 122.7, 121.9, 104.4, 41.2, 37.7, 13.1, 11.3. IR (film) 3331, 2896, 2839 cm-

1; HRMS (ESI+) m/z: [M + H]+ Calcd for C15H18N 212.1434; Found 212.1432. 

 

 

 

3-(2,3-Dihydro-1H-cyclopenta[a]naphthalen-2-yl)-5-methoxy-1H-indole (2-4e). The 

general procedure was used for the coupling of 5-methoxyindole (88.3 mg, 0.6 mmol) and 

2-1c (158.1 mg, 0.5 mmol) except using 6 mol % of XPhos (14.3 mg, 0.03 mmol) rather 

than 12 mol %. The crude product was purified by flash chromatography on silica gel 

(100% DCM) to afford 106.2 mg (68%) of the title compound as a white foam. 1H NMR 

(500 MHz, CDCl3)  7.87 (dd, J = 7.8, 1.3 Hz, 1 H), 7.84–7.76 (m, 2 H), 7.73 (d, J = 8.3 

Hz, 1 H), 7.49 (ddd, J = 8.3, 6.8, 1.5 Hz, 1 H), 7.43 (dd, J = 8.2, 6.3 Hz, 2 H), 7.24 (d, J = 

3.3 Hz, 1 H), 7.02 (dd, J = 3.7, 2.4 Hz, 2 H), 6.86 (dd, J = 8.8, 2.4 Hz, 1 H), 4.16–4.04 (m, 

1 H), 3.81 (dd, J = 15.8, 8.4 Hz, 1 H), 3.75 (s, 3 H), 3.62 (dd, J = 15.7, 8.4 Hz, 1 H), 3.46 

(dd, J = 15.8, 7.4 Hz, 1 H), 3.35 (dd, J = 15.8, 7.4 Hz, 1 H). 13C NMR (100 MHz, CDCl3)  

153.9, 140.4, 138.8, 132.8, 132.0, 130.6, 128.6, 127.4, 127.1, 126.1, 124.9, 124.4, 123.5, 

121.2, 120.8, 112.2, 112.0, 101.7, 56.0, 41.1, 38.4, 36.5. IR (film) 3420, 3052, 2930, 2832, 

1625, 1582 cm-1; HRMS (ESI+) m/z: [M + H]+ Calcd for C22H20NO 314.1539; Found 

314.1537. 

 



 29 

 

 

2-(2,3-dihydro-1H-inden-2-yl)-3-methyl-1H-indole (2-4f). Trifluoroacetic acid (10.1 μL, 

0.13 mmol, 1 equiv) was added to a mixture of diglyme (0.2 mL, 0.66M) and 2-10 (32.7 

mg, 0.13 mmol, 1 equiv). Smoking of the solution was observed. The solution was heated 

to 100 °C for 17 h. NaHCO3 (aq) solution (1 mL) and ether (1 mL) were added. The layers 

were separated, and the aqueous layer was extracted 2x with ether. The combined 

organic layers were dried with sodium sulfate and filtered.  The crude product was purified 

by flash chromatography on silica gel (1% EtOAc in Hexanes) to afford 15.5 mg (47%) of 

the title compound and 1.8 mg of 2-4b (isolated separately). 1H NMR (500 MHz, CDCl3) 

 7.54 (s, 1H), 7.50 (dd, J = 6.9, 1.9 Hz, 1H), 7.33 – 7.27 (m, 2H), 7.24 (dd, J = 5.6, 3.3 

Hz, 2H), 7.21 – 7.18 (m, 1H), 7.14 – 7.05 (m, 2H), 4.03 – 3.91 (m, 1H), 3.41 (dd, J = 15.8, 

8.3 Hz, 2H), 3.11 (dd, J = 15.8, 6.7 Hz, 2H), 2.31 (s, 3H).13C (126 MHz, CDCl3)  142.5, 

138.1, 135.1, 129.2, 127.0, 124.8, 121.4, 119.2, 118.3, 110.4, 106.7, 39.8, 36.1, 8.8.  

 

 

3-(1-Methyl-2,3-dihydro-1H-inden-2-yl)-1H-indole (2-4g). The general procedure was 

used for the coupling indole (70.3 mg, 0.6 mmol) and 2-1e (140.1 mg, 0.5 mmol) except 

using 6 mol % of XPhos (14.3 mg, 0.03 mmol) rather than 12 mol %. The crude product 

was purified by flash chromatography on silica gel (3% EtOAc in hexanes) to afford 38.2 

mg as an inseparable mixture of the title compound and indole as a yellow oil. Of this 

mixture, ca. 16.0 mg (13%) was the title compound, based on 1H NMR analysis of the 

mixture. The title compound was obtained as a ca 10:1 mixture of diastereomers. The 
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relative stereochemistry of the major isomer has tentatively been assigned as trans based 

on the outcome of a prior reaction of this substrate with a phenol nucleophile,2c but efforts 

to unambiguously assign stereochemistry by nOe have been unsuccessful. 1H NMR (500 

MHz, CDCl3)  7.95 (s, 1 H), 7.69–7.64 (m, 1 H), 7.46–7.38 (m, 1 H), 7.28 (d, J = 7.3 Hz, 

1H), 7.27–7.19 (m, 3 H), 7.17–7.05 (m, 3 H), 3.57–3.44 (m, 1 H), 3.43–3.32 (m, 2 H), 

3.27–3.17 (m, 1 H), 1.39 (d, J = 6.8 Hz, 3 H). 13C NMR (126 MHz, CDCl3)  148.1, 143.0, 

136.9, 127.3, 126.5, 124.4, 123.3, 122.2, 120.9, 120.0, 119.3, 118.8, 111.4, 46.8, 45.8, 

39.7, 18.3. IR (film) 3415, 3056, 2956 cm-1; HRMS (ESI+) m/z: [M + H]+ Calcd for C18 H18N 

248.1434; Found 248.1432. 

 

 

3-(2,3,3a,4,5,6-Hexahydro-1H-inden-2-yl)-1H-indole (2-4h). The general procedure 

was used for the coupling of indole (70.3 mg, 0.6 mmol) and 2-1a (135.1 mg, 0.5 mmol) 

except 6 mol % of XPhos (14.3 mg, 0.03 mmol) was used instead of 12 mol %. The crude 

product was purified by flash chromatography on silica gel (5% EtOAc in hexanes) to 

afford 87.4 mg (74%, >20:1 dr) of the title compound as a yellow solid, m.p. 91–93 ºC). 

1H NMR (500 MHz, C6D6)   7.73 (d, J = 7.8 Hz, 1H), 7.28 – 7.17 (m, 2H), 7.07 (d, J = 8.0 

Hz, 1H), 6.54 (s, 1H), 6.48 – 6.45 (m, 1H), 5.49 – 5.43 (m, 1H), 3.43 – 3.20 (m, 1H), 3.04 

– 2.89 (m, 1H), 2.57 – 2.44 (m, 1H), 2.33 – 2.19 (m, 2H), 2.10 – 2.01 (m, 2H), 2.00 – 1.92 

(m, 1H), 1.83 – 1.67 (m, 1H), 1.57 – 1.34 (m, 2H), 1.20 – 1.00 (m, 1H). 13C NMR (126 

MHz, C6D6)  144.3, 137.3, 122.2, 120.9, 120.1, 119.7, 119.4, 117.8, 111.4, 42.2, 41.5, 

38.2, 35.0, 29.4, 25.8, 23.1, one carbon signal is missing due to accidental equivalence. 
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IR (film) 3414, 3055, 2920, 2852 cm-1; HRMS (ESI+) m/z: [M + H]+ Calcd for C17H20N 

238.1596; Found 238.1592.  

3-(2,3,3a,4,5,6-Hexahydro-1H-inden-2-yl)-1H-indole (2-4h). The general procedure 

was used for the coupling of indole (70.3 mg, 0.6 mmol) and 2-1a (135.1 mg, 0.5 mmol) 

except 6 mol % of XPhos (14.3 mg, 0.03 mmol) was used instead of 12 mol %, and the 

reaction was carried out in 2-methyl THF solvent with an initial temperature of 110 °C.. 

The crude product was purified by flash chromatography on silica gel (5% EtOAc in 

hexanes) to afford 76.7 mg (64%, >20:1 dr) of the title compound as a yellow solid, m.p. 

91–93 ºC). Spectroscopic data were identical to those reported above. 

3-(2,3,3a,4,5,6-Hexahydro-1H-inden-2-yl)-1H-indole (2-4h). The general procedure 

was used for the coupling of indole (70.3 mg, 0.6 mmol) and 2-1a (135.1 mg, 0.5 mmol) 

except 6 mol % of XPhos (14.3 mg, 0.03 mmol) was used instead of 12 mol %, and the 

reaction was carried out in toluene solvent with an initial temperature of 130 °C. The crude 

product was purified by flash chromatography on silica gel (5% EtOAc in hexanes) to 

afford 57.2 mg (48%, >20:1 dr) of the title compound as a yellow solid, m.p. 91–93 ºC). 

Spectroscopic data were identical to those reported above.  

 

 

 

6-Chloro-3-(2,3,3a,4,5,6-hexahydro-1H-inden-2-yl)-1H-indole (2-4i). The general 

procedure was used for the coupling of 6-chlorolindole (91.0 mg, 0.6 mmol) and 2-1a 

(135.1 mg, 0.5 mmol) except 6 mol% of XPhos (14.3 mg, 0.03 mmol) was used instead 

of 12 mol %. The crude product was purified by flash chromatography on silica gel (5% 
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EtOAc in hexanes) to afford 81.9 mg (60%, >20:1 dr) of the title compound as a yellow 

solid, m.p. 86–90 ºC).  1H NMR (400 MHz, C6D6)  7.40 (d, J = 8.5 Hz, 1H), 7.21 – 7.12 

(m, 2H), 7.07 (d, J = 1.9 Hz, 1H), 6.35 (s, 1H), 5.47 (s, 1H), 3.28 – 3.07 (m, 1H), 2.89 (dd, 

J = 16.7, 10.1 Hz, 1H), 2.43 – 2.32 (m, 1H), 2.32 – 2.12 (m, 2H), 2.12 – 2.00 (m, 2H), 

1.99 – 1.90 (m, 1H), 1.84 – 1.70 (m, 1H), 1.58 – 1.41 (m, 1H), 1.32 (q, J = 11.4 Hz, 1H), 

1.18 – 1.02 (m, 1H). 13C NMR (126 MHz, C6D6)  144.0, 137.4, 126.3, 121.0, 120.9, 120.4, 

120.0, 118.0, 111.4, 42.1, 41.3, 38.0, 34.7, 29.3, 25.8, 23.0, one carbon signal is missing 

due to accidental equivalence. IR (film) 3424, 2920, 2852 cm-1; HRMS (ESI+) m/z: [M + 

H]+ Calcd for C17H19ClN 272.1201; Found 272.1191. 

 

 

3-(3a-Methyl-2,3,3a,4,5,6-hexahydro-1H-inden-2-yl)-1H-indole (2-4j).14 The general 

procedure was used for the coupling of indole (70.3 mg, 0.6 mmol) and 2-1f (142.1mg, 

0.5 mmol) except 6 mol% of XPhos (14.3 mg, 0.03 mmol) was used instead of 12 mol %. 

The crude product was purified by flash chromatography on silica gel (5% EtOAc in 

hexanes) to afford 63.1 mg (50%, >20:1 dr) of the title compound as a pale-yellow solid, 

m.p. 84–87ºC). 1H NMR (500 MHz, CDCl3)  7.86 (s, 1H), 7.63 (d, J = 7.9 Hz, 1H), 7.35 

(dd, J = 8.2, 1.0 Hz, 1H), 7.18 (ddd, J = 8.2, 7.0, 1.3 Hz, 1H), 7.09 (ddd, J = 8.1, 7.0, 1.1 

Hz, 1H), 6.97 (d, J = 2.2 Hz, 1H), 5.37 (s, 1H), 3.94 – 3.52 (m, 1H), 3.16 – 2.96 (m, 1H), 

2.53 – 2.31 (m, 1H), 2.12 (dd, J = 11.9, 7.0 Hz, 1H), 2.08 – 1.98 (m, 2H), 1.86 – 1.78 (m, 

1H), 1.73 – 1.67 (m, 2H), 1.62 (t, J = 11.6 Hz, 1H), 1.38 – 1.28 (m, 1H), 1.16 (s, 3H). 13C 

NMR (126 MHz, CDCl3)  147.2, 137.0, 127.1, 122.0, 121.9, 119.9, 119.8, 119.1, 117.4, 

111.3, 49.4, 41.5, 37.3, 36.5, 31.8, 25.5, 24.6, 19.1. IR (film) 3392, 2965, 2928, 2868, 
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2838, 1455 cm-1; HRMS (ESI+) m/z: [M + H]+ Calcd for C18H22N 252.1747; Found 

252.1749. 

 

 

 

tert-Butyl 6-(5-methoxy-1H-indol-3-yl)-1,3,5,6,7,7a-hexahydro-2H-cyclopenta[c] 

pyridine-2-carboxylate (2-4k). The general procedure was used for the coupling of 5-

methoxyindole (88.3 mg, 0.6 mmol) and 2-1g (185.7 mg, 0.5 mmol) except 6 mol% of 

XPhos (14.3 mg, 0.03 mmol) was used instead of 12 mol %. The crude product was 

purified by flash chromatography on silica gel (5% EtOAc in hexanes) to afford 61.1 mg 

(33%, >20:1 dr) of the title compound as a yellow foam. 1H NMR (500 MHz, Toluene-d8) 

 7.28 (s, 1 H), 7.05–6.93 (m, 3 H), 6.52 (s, 1 H), 5.16 (s, 1 H), 4.79–4.07 (m, 2 H), 3.60 

(s, 3 H), 3.52–3.42 (m, 1 H), 3.22 (s, 1 H), 2.90–2.71 (m, 1 H), 2.44 (s, 1 H), 2.38–2.20 

(m, 2 H), 2.08–2.01 (m, 1 H), 1.50 (s, 9H), 1.26–1.14 (m, 1 H). 13C NMR (126 MHz, 

Toluene-d8)  154.8, 144.4, 143.6, 132.9, 121.0, 120.9, 120.0, 115.6, 114.9, 112.7, 112.5, 

102.4, 79.5, 55.8, 47.6–46.1 (m), 44.5–43.8 (m), 41.8, 41.6, 38.0, 37.9, 35.7, 29.0, the 

observed complexity is due to rotamers. IR (film) 3326, 2930, 2857, 1695, 1669 cm-1; 

HRMS (ESI+) m/z: [M + H]+ Calcd for C22 H29N2O3 369.2173; Found 369.2175.  

 

 

3-(1,3,5,6,7,7a-Hexahydrocyclopenta[c]pyran-6-yl)-1H-indole (2-4l). The general 

procedure was used for the coupling of indole (70.3 mg, 0.6 mmol) and 2-1h (136.1 mg, 

0.5 mmol). The crude product was purified by flash chromatography on silica gel (10% 
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EtOAc in hexanes) to afford 69.5 mg (58%, 10:1 dr) of the title compound as a yellow 

solid, m.p. 176–179 ºC). 1H NMR (500 MHz, C6D6)  7.65 (d, J = 7.8 Hz, 1H), 7.28 – 7.18 

(m, 2H), 7.07 (d, J = 8.0 Hz, 1H), 6.56 (s, 1H), 6.41 (s, 1H), 5.22 (s, 1H), 4.30 – 4.13 (m, 

2H), 4.07 – 3.96 (m, 1H), 3.32 – 3.18 (m, 1H), 3.06 (t, J = 10.0 Hz, 1H), 2.96 – 2.79 (m, 

1H), 2.71 – 2.59 (m, 1H), 2.50 – 2.32 (m, 1H), 2.11 – 1.83 (m, 1H), 1.21 (q, J = 11.7 Hz, 

1H). 13C NMR (126 MHz, C6D6)  142.3, 137.2, 127.9, 122.3, 120.3, 120.1, 119.7, 119.5, 

117.1, 111.5, 69.6, 65.4, 41.1, 37.6, 36.6, 34.9. IR (film)16 3253, 2966, 2924, 2856, 2744, 

2718, 2709, 2702 cm-1; HRMS (ESI+) m/z: [M + H]+ Calcd for C16H18NO 240.1383; Found 

240.1383. 

 

 

 

 

3,4-bis(2,3-dihydro-1H-inden-2-yl)-2,5-dimethyl-1H-pyrrole (2-8).9 Following the 

synthesis of 2-4d, 2-8 was obtained (4.3 mg, 4%) as a mixture with 2-4d (8.4 mg) While 

we did not collect full characterization data, we have tentatively assigned the structure as 

shown above. 1H NMR Data (mixture) and GC/MS data are provided below in section 2.8. 

 

 

 

3-(2,3-Dihydro-1H-inden-2-yl)-5-methoxy-1H-indole (2-9). The general procedure was 

used for the coupling of 3-methylindole (78.7 mg, 0.6 mmol) and 2-1b (133.1 mg, 0.5 

mmol) except 6 mol% of XPhos (14.3 mg, 0.03 mmol) was used instead of 12 mol %, and 
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the reaction was stirred at 150 ºC for 3 h rather than 95 °C. The crude product was purified 

by flash chromatography on silica gel (10% DCM in hexanes) to afford 26.0 mg (21%) of 

the title compound as a light pink oil. This material was judged to be ca 85% pure by 1H 

NMR analysis. 1H NMR (500 MHz, CDCl3)  7.60 (d, J = 7.8 Hz, 1 H), 7.39 (d, J = 8.3 Hz, 

1 H), 7.34–7.22 (m, 5 H), 7.18–7.12 (m, 1 H), 6.86 (d, J = 1.3 Hz, 1 H), 5.39–5.21 (m, 1 

H), 3.54 (dd, J = 16.2, 7.8 Hz, 2 H), 3.32 (dd, J = 16.2, 5.7 Hz, 2 H), 2.31 (s, 3 H). 13C 

NMR (126 MHz, CDCl3)  141.0, 136.2, 129.0, 127.1, 124.8, 122.5, 121.5, 119.2, 118.9, 

110.7, 109.5, 55.7, 40.0, 9.8. IR (film) 3044, 2917, 2853 cm-1; HRMS (ESI+) m/z: [M + H]+ 

Calcd for C18H18N 248.1434; Found 248.1434.  

 

 

 

3-(Bicyclo[4.2.0]octa-1,3,50trien-7-ylmethyl)-3-methyl-3H-indole (2-10). The general 

procedure was used for the coupling of 3-methylindole (78.7 mg, 0.6 mmol) and 2-1b 

(133.1 mg, 0.5 mmol) except using 6 mol% of CPhos (13.1 mg, 0.03 mmol) as ligand, 

LiHMDS (0.1171 g, 0.7 mmol) as base, and the reaction was stirred at 150 ºC for 3 h 

instead of 95 °C. The crude product was purified by flash chromatography on silica gel 

(10% DCM in hexanes then 20% EtOAc in hexanes) to afford 23.3 mg (19%, 85% purity) 

of 2-9 and 32.7 mg (26%, >20:1 dr) of the title compound (isolated separately) as an 

orange oil. Data for 2-9 are provided above, and data for 2-10 are as follows. Although 2-

10 was generated with high diastereoselectivity, we have been unable to establish the 

relative stereochemistry. 1H NMR (500 MHz, CDCl3)  8.08 (s, 1 H), 7.66 (d, J = 7.7 Hz, 

1 H), 7.40–7.32 (m, 2 H), 7.30–7.23 (m, 1 H), 7.18–7.02 (m, 4 H), 3.10 (dd, J = 15.4, 8.2 
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Hz, 1 H), 2.99 (ddd, J = 17.7, 9.6, 8.2 Hz, 1 H), 2.81–2.67 (m, 2 H), 2.44 (dd, J = 15.9, 

9.6 Hz, 1 H), 1.47 (s, 3 H). 13C NMR (126 MHz, CDCl3)  178.1, 155.0, 143.2, 142.5, 

142.2, 128.1, 126.6, 126.5, 126.5, 124.5, 124.5, 122.3, 121.4 59.2, 45.4, 35.5, 35.2, 19.3. 

IR (film) 3021, 2934, 2245 cm-1; HRMS (ESI+) m/z: [M + H]+ Calcd for C18H18N 248.1434; 

Found 248.1434.  

Assignment of relative stereochemistry for 2-4h-l. 

The relative stereochemistry of 2-4i was assigned using 2D COSY and 1D NOESY 

analysis. The key nOe signals are shown below. Structurally related products 2-4h and 

2-4j-l were assigned based on analogy to 4i.  

 

 

 

a 
b 
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2.7 Unpublished Spectra 
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(10) Although the reaction conditions reported in eq 2-9 are not the optimized conditions 

reported in Scheme 2-2, these reaction conditions produced the desired product in ~45% 

crude yield when using XPhos for the ligand. 
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Chapter 3  

Introduction to Late-Transition-Metal-Catalyzed Alkene Diamination 

Reactions 

 
3.1 Diamination Reactions via Palladium Catalysis and Additional Oxidant 

Pd-catalyzed alkene diamination has been explored since the late 1970s when 

Bäckvall reported a stoichiometric Pd method in which diamination occurs across an 

alkene in the presence of an oxidant in up to 87% yield (eq 3-1).1 In this report, Bäckvall 

proposes a Pd(II) intermediate that is oxidized to Pd(IV) (by either mCPBA, Br2, NBS, or 

Pb(OAc)2) followed by a Sn2-like reductive elimination to form the product.   

More recent work by Mun᷉iz has demonstrated the ability to perform diamination 

reactions with catalytic amounts of Pd.2 They perform intramolecular diaminations to form 

5-5, 6-5, or 7-5 fused rings of cyclic ureas and guanidines (eq 3-2). This method requires 

the use of PhI(OAc)2 as an oxidant and is proposed to go through a Pd(II)/Pd(IV) cycle. 

The authors also report using Cu as a “transient oxidant” instead of employing 

hypervalent iodine.2b 
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Diamination of dienes has also been studied to yield cyclic ureas and 

tetrahydroquinoxalines (eq 3-3).3 However these mechanisms are proposed to go through 

a Pd(II)-π-allyl intermediate. These reactions still require the use of an external oxidant 

which can take the form of benzoquninone, O2, or O2 and Cu. 

3.2 Diamination Reactions via Palladium Catalysis with Nitrogen-Centered 

Electrophiles 

Further discoveries in the field have found conditions for Pd-catalyzed diamination 

reactions with nitrogen-centered electrophiles. In 2007 Shi reported the use of di-t-

butyldiaziridinone (3-1) as a nitrogen-centered electrophile for diamination of dienes4 and 

then followed up that work with a report of diamination of terminal olefins at the allylic and 

homoallylic positions (eq 3-4).5 In both cases, the cyclic urea is obtained as a single 

diastereomer. The reaction is proposed to go through a Pd(0)/Pd(II) cycle with a Pd(II)-

π-allyl intermediate similar to mechanisms proposed by Lloyd-Jones/Booker-Milburn and 

Zhang.3 The urea can be removed with TFA and concentrated HCl to give the diamine. 

However, the use of this single nitrogen source limits the ability to produce a range of 

heterocycles.  

 

 

 

In 2009, Michael reported another method for Pd-catalyzed alkene diamination, but 

instead uses N-fluorobenzenesulfonimide (3-2) as the nitrogen-centered electrophile and 
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an amide with a tethered alkene to form lactam products (Scheme 3-1).6  They were also 

able to optimize conditions to promote asymmetric diamination using (R)-Ph-Quinox as 

the ligand to give up to 96% ee.7 A limitation of this work is the use of a single nitrogen 

source as it limits the ability to access a wide array of products in a single transformation. 

The benzenesulfonimide groups can be removed from the product to allow for further 

functionalization; however, this requires harsh conditions in which the methylbenzoyl 

protecting group is removed along with both benzenesulfonimide groups (H2SO4, 135 °C, 

3 days). One of the benzenesulfonimide groups can be removed while leaving the amide 

intact, but the compound must be refluxed in EtOH/KOH for 18 hours.  

 

 

 

 

 

 

In a follow-up publication, the authors completed a number of experiments to 

determine the stereochemical outcomes for the aminopalladation and reductive 

elimination steps.8 These experiments allow the authors to propose that the reaction 

proceeds through a Pd(II)/Pd(IV) catalytic cycle (Scheme 3-2). The cycle begins with anti-

aminopalladation with 3-3 to give 3-4, followed by oxidative addition of N-

fluorobenzenesulfonimide. The nitrogen anion then dissociates from 3-5 and subsequent 

Sn2-like reductive elimination from 3-6 yields 3-7.  
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3.3 Diamination Reactions via Copper Catalysis 

Besides Pd-catalysis, Cu catalysis has also been widely studied for the synthesis of 

diaminated products. Chemler has reported the synthesis of α-amino substituted cyclic 

ureas and sulfamides, indolines, pyrrolidines, lactams, and isoxazolidines (eq 3-5).9  

 

 

These reactions generally provided better results with electron-deficient anilines or 

sodium azide as the amine nucleophiles. Electron-rich or neutral anilines and secondary 

amines generally resulted in lower yields. They observed high diastereoselectivity for 

allylic substituted ureas due to a highly structured transition state (Scheme 3-3). A 

limitation of this work is the requirement for either super stoichiometric amounts of Cu or 

the addition of MnO2 as a stoichiometric oxidant. Additionally, they found that these  
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reactions are not stereospecific, likely due to the formation of a radical during the catalytic 

cycle (eq 3-6). The authors also conducted this reaction with a chiral ligand to yield the 

product in up to 71% ee (eq 3-7). 

 

 

 

 

Li detailed examples of alkene diamination reactions of hydrozones with tethered 

alkenes coupled and amines via Cu catalysis (eq 3-8).10 Anilines with electron-donating 

and electron-withdrawing groups are tolerated (79-92% yield) and aliphatic amines are 

also tolerated in moderate to good yields. This method is interesting due to the absence  
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of an obvious oxidant. The authors propose that DMSO is acting as the oxidant for Cu(I) 

to Cu(II). 

Wang reports a diamination method via Cu catalysis in which O-acylated 

hydroxylamine derivatives are used as nitrogen-centered electrophiles and coupled with 

homoallylic amides (Scheme 3-4).11 The electrophiles are synthesized from their amine 

precursors allowing for a wide array of products to be formed. However, the method 

requires α-substitution on the amide to instill the Thorpe-Ingold effect.12 When a single 

stereoisomer of the deuterium-labeled homoallyic amide is used, they obtain a 1:1 mixture 

of diastereoisomers (eq 3-9). This lack of stereospecificity is likely due to the radical 

nature of the Cu catalysis as observed in the work by Chemler. 

 

 

 

The proposed mechanism (Scheme 3-5) begins with association of the Cu(II) species 

to the alkene, nitrogen, and oxygen of 3-8 to yield 3-9 followed by aminocupration. 3-10 

combines with amino radical 3-14 to from Cu(III) intermediate 3-11 and reductive 

elimination yields 3-12 and Cu(I). The Cu(I) can be oxidized by Cu(III) that is formed by 

the reduction of 3-13. There is a second proposed pathway in which 3-10 is reduced by 
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Cu(II) to form Cu(III) and 3-10’. From here, 3-10’ can undergo oxidative addition with 3-

13 and then follow the same pathway previously discussed from 3-11.  

 

 

 

 

 

 

 

 

 

 

 

 

3.4 Conclusion 

Pd- and Cu-catalyzed alkene diamination reactions have been reported for the 

synthesis of heterocycles including ureas, guanidines, lactams, tetrahydroquinoxalines, 

and isoxazolidines, among others. These methods have suffered from (i) the 

requirements for the use of external oxidants such as hypervalent iodine, Cu, O2, or Mn, 

(ii) the use of limited sources of nitrogen-centered electrophiles such as 3-1 or 3-2, and 

(iii) lack of stereospecificity. We were interested in building upon these diamination 

methods in our own lab using Pd-catalysis. The results of this work thus far are detailed 

in Chapters 4 & 5.  
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Chapter 4  

Palladium-Catalyzed Alkene Diamination Reactions of Nitrogen Electrophiles. 

Synthesis of Cyclic Guanidines and Ureas Bearing Dialkylaminomethyl Groups. 

 
4.1 Introduction 

Over the past fourteen years, our group has reported a series of Pd-catalyzed alkene 

difunctionalization reactions between aryl or alkenyl halides or triflates and alkenes 

bearing pendant nucleophiles.1 For example, treatment of an N-allyl urea or guanidine 

derivative (4-1) with an aryl halide or triflate affords heterocyclic product 4-2 in good yield 

(eq 4-1).2 These transformations are effective with a broad range of nucleophiles, the 

reactions are stereospecific with respect to alkene geometry, and substrates bearing 

substituents on the alkene or the alkyl tether are generally transformed with good to 

excellent levels of diastereoselectivity. Despite the utility of these transformations, to date, 

all reactions have involved the use of carbon-centered electrophiles, which leads to the 

formation of one C–C bond and one carbon-heteroatom bond during the alkene addition. 

When we surveyed the literature for other types of electrophiles employed, we took 

interest in work reported by Forrest Michael in 2009 in which they use N-

fluorobenzenesulfonimide (4-3) as a nitrogen-centered electrophile (eq 4-2).3,4 This 
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electrophile gives diaminated heterocyclic products via Pd catalysis in up to 94% yield, 

but the method suffers due to the use of a singular electrophile. 

In addition to 4-3, the use of O-acylated hydroxylamine derivatives as nitrogen-

centered electrophiles (4-4) in metal-catalyzed reactions has attracted considerable 

attention.5 We were interested in investigating the utility of these electrophiles in Pd-

catalyzed heterocycle-forming alkene diamination reactions,6,7,8 which we felt could 

proceed through a mechanism related to the mechanism for our Pd-catalyzed alkene 

carboamination reactions (eq 4-3). These transformations would provide heterocyclic 

products bearing an appended dialkylaminomethyl group (4-5), which are subunits 

displayed in some biologically active compounds.9 We initially proposed that the final step 

in the alkene diamination catalytic cycle would likely be an sp3C–sp3N bond-forming 

reductive elimination from an alkylpalladium complex, which is a very rare organometallic 

transformation,10 and was expected to be challenging to achieve. However, recent studies 

on alkane C–H functionalization with these electrophiles suggested that this reductive 

elimination step may be possible.10a,11 In addition, related Cu-catalyzed reactions 

reported by Wang12,13,14 are thus far not stereospecific with respect to alkene geometry 

due to the radical character of an intermediate alkylcopper complex (eq 4-4). Thus, it 
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appeared that the Pd-catalyzed process could have advantages over the Cu-catalyzed 

reactions, as our Pd-catalyzed alkene carboamination reactions are stereospecific, and 

we anticipated the new diamination reactions would also be stereospecific. 

 

 

 

The work described in this chapter is comprised of both the author’s (JKK) and Luke 

J. Peterson’s contributions. LJP conducted early reaction optimization (Table 4-1, entries 

1-10), reaction scope (Table 4-2, Table 4-3, entries 1-4), alkene addition stereochemistry 

(Table 3-4), and synthesis of starting materials. We have decided to include LJP’s results 

in this dissertation to give the reader the full story about this transformation. 

4.2 Optimization of Reaction Conditions and Precatalyst Studies 

In order to explore the feasibility of Pd-catalyzed alkene diamination reactions 

involving nitrogen electrophiles, we first examined the coupling of 4-8a with morpholino 

benzoate (4-4a) to afford cyclic guanidine product 4-9a (Table 4-1).15,16 Initially, we 

employed catalysts derived from Pd(OAc)2 and the ligands DPE-Phos, CPhos, and 

XantPhos, as these ligands provided good to excellent results in alkene carboamination 

reactions of 4-8a and related nucleophiles.1,2 No desired product was obtained with the 

CPhos or XantPhos ligands, but we were gratified to find that use of DPE-Phos led to the 

formation of the desired product in a measurable, but low yield (entries 1-3). The mass  
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balance in these transformations consisted predominantly of unreacted starting material. 

Subsequently, we turned our attention to electron-poor monodentate phosphines, as 

ligands such as P(C6F5)3 have provided good results in other Pd-catalyzed 

transformations of nitrogen electrophiles,11a,17 and it seemed that the electron-poor ligand 

may accelerate the sp3C–sp3N bond-forming reductive elimination step.18 Use of P(C6F5)3 

as ligand resulted in an improved 30% yield of 4-9a (entry 4), and after surveying several 

palladium sources, we found that use of Pd(acac)2 led to a further increase to 60% yield 

(entry 7). The combination of P[3,5-(CF3)2C6H3]3 as ligand and Pd(acac)2 as precatalyst 

was even better, with 4-9a generated in 80% yield (entry 8). Finally, we examined the 

biarylphosphine JackiePhos, which contains two 3,5-(CF3)2C6H3 groups on the 

phosphorous atom and has previously been shown to promote challenging sp2C–N bond-

forming reductive elimination;19 we were delighted to obtain a 95% NMR yield of 4-9a 

(entry 9). With this catalyst system we were able to decrease the amount of electrophile 

used from 4 equiv to 3 equiv, but use of 2 equiv or less of the electrophile resulted in 

diminished yields (entry 10). 

Once the satisfactory conditions were in hand, we conducted a few additional 

experiments to further examine the influence of precatalyst structure on yield. Although 

the Pd(acac)2/JackiePhos catalyst system provided excellent results (entry 10), use of 

Pd2(dba)3 as a precatalyst for this reaction completely inhibited product formation (entries 

5 & 11). Addition of 6 mol % dba to the otherwise optimal conditions (entry 12) resulted in 

the formation of 4-9a in only 25% yield. Use of the Buchwald G3-JackiePhos catalyst 

precursor in place of Pd(acac)2 failed to produce significant amounts of the desired 

product (≤ 5%, entries 13–14). However, when 8 mol % acac (2,4-pentanedione) was 
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added to a reaction in which the G3-JackiePhos complex was used as precatalyst, 4-9a 

was generated in 35% yield. These results indicate that: (a) the failure of Pd2(dba)3 to 

serve as a viable precatalyst is probably due to inhibition by the dba ligand rather than 

the zerovalent oxidation state of that complex; and (b) acac plays a key role in these 

reactions. Initially, we suggested the role of acac was to either facilitate reactivity of an 

intermediate along the catalytic cycle, or to inhibit catalyst deactivation. However, 

subsequent discoveries, described in Chapter 5, revealed that acac is the true ligand for 

palladium, rather than JackiePhos. 

4.3 Reaction Scope 

We explored the scope of the Pd-catalyzed coupling reactions of N-cyano and N-

tosylguanidine substrates 4-8a-d with several different electrophiles. As shown in Table 

4-220, these transformations are effective with O-benzoylhydroxylamine electrophiles 

derived from morpholine (4-3a), piperidine (4-3b), and N-boc piperazine (4-3c). However, 

efforts to employ an acyclic electrophile derived from N-methyl benzylamine led to the 

formation of a complex mixture of products. Reactions of substrates 4-8c-d bearing an 

allylic methyl group proceeded to afford 4-9f-h in good yield and moderate 

diastereoselectivity (3:1 dr). These diastereoselectivities are comparable to those 

obtained in analogous Pd-catalyzed carboamination reactions of 4-8c-d with aryl 

bromides.2a Attempts to employ substrates bearing either 1,1- or 1,2-disubstituted 

alkenes have thus far been unsuccessful.  

We also briefly explored the coupling of urea substrates 4-10a-c to afford 4-11a-f. As 

shown in Table 4-321, the reactions of 4-10a proceeded smoothly with electrophiles 

derived from morpholine 4-3a (90% yield on a 0.1 mmol scale and 76% yield on a 1.0  
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mmol scale) and piperidine (83% yield). However, use of electrophile 4-3c derived from 

N-boc piperazine led to a modest yield of the desired product. Although the presence of 

a methyl group at the allylic position was well tolerated in the reactions of guanidine 

nucleophiles 4-8c-d (Table 4-2, entries 6–8), the coupling of analogous urea substrate 4-

10b proceeded in low yield (32%) to afford 4-11d with 2:1 dr (Table 4-3, entry 4). Use of 

substrate 4-10c, which contains an N-p-chlorophenyl group, led to lower yields than were 

observed in reactions of 4-10a due to competing decomposition of the urea substrate to 

give N-allylbenzylamine and difficulties in isolation of the desired product.  
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4.4 Stereospecific Reactions and Proposed Catalytic Cycle 

In order to gain insight into the mechanism and stereospecificity of these new 

transformations, we examined the reactivity of deuterated substrates 4-d-8a-b and 4-d-

10a. As shown in Table 4-422, the coupling of 4-d-8a with 4-4a afforded anti-addition 

product 4-d-9a in 67% yield and 3:1 dr. The reactions of urea substrate 4-d-10a and N-

tosylguanidine 4-d-8b with morpholino benzoate 4-4a also proceeded via anti-addition to 

the alkene, but with higher diastereoselectivity (6:1 dr in both cases). The coupling of 

piperidin-1-yl benzoate 4-4b with 4-d-8b gave slightly higher diastereoselectivity (7:1 dr) 

than was obtained with morpholino benzoate. Thus, in contrast to the related copper-
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catalyzed diamination reactions,12 the Pd-catalyzed alkene diamination reactions are 

stereospecific, although the transfer of stereochemical information from substrate to 

product is thus far imperfect (but arguably synthetically useful).  

 

 

 

 

 

 

 

 

 

 

 

 

Based on the alkene addition stereochemistry and our previous related chemistry, we 

initially proposed that these new Pd-catalyzed alkene diamination reactions proceed via 

the catalytic cycle shown in Scheme 4-1. Initial ligation and reduction of the Pd(acac)2 

pre-catalyst leads to formation of a Pd(0) complex, which then undergoes oxidative 

addition to the O-benzoyl hydroxylamine 4-4a to afford intermediate 4-12.23 Coordination 

of the alkene to the Pd-complex followed by deprotonation and anti-aminopalladation of 

4-13 then affords 4-14, which undergoes C–N bond-forming reductive elimination to yield 

4-d-11a with concomitant regeneration of the Pd(0) catalyst. Given the considerable 
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nucleophilicity of guanidines and the use of the weak base Cs2CO3 in these reactions, it 

is also possible that deprotonation occurs after the aminopalladation event. Although we 

preferred the mechanism described, we also proposed an alternative pathway involving 

oxidation of 4-14 to Pd(IV) complex 4-15, followed by reductive elimination to afford the 

product with formation of 4-12 to close the catalytic cycle. Subsequent studies, discussed 

in Chapter 5, revealed that neither of these two proposed pathways are operable in this 

system, and the transformation proceeds through a different mechanism. 

 

 

 

 

 

 

 

 

 

 

 

The minor stereoisomer observed in these reactions most likely originates via one of 

two pathways: (a) competing syn-aminopalladation via a palladium bis(amido) complex; 

or (b) erosion of the stereochemistry of intermediate 4-14 (or 4-15, as the case may be) 

via β-hydride elimination/reinsertion to generate a tertiary β-amino palladium complex, 

which can undergo rotation around the C-CH2D bond followed by a second β-hydride 
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elimination/reinsertion to invert the stereogenic center. To probe this question, we sought 

to slow the rate of potential β-hydride elimination from 4-14 by replacing the H-atom on 

the internal alkene carbon with a deuterium atom (R = D). β-hydride elimination reactions 

from Pd typically exhibit large primary kinetic isotope effects (over 5), so substitution of D 

for H in intermediate 4-14 should decrease the rate of β-hydride elimination without having 

much impact on the rate of reductive elimination. Therefore, if formation of the minor 

stereoisomer derives from β-hydride elimination from 4-14, substitution of D for H should 

improve stereocontrol by slowing that process.  We hoped that this substitution would 

either lead to higher stereocontrol, therefore suggesting that the minor stereoisomer 

originates from β-hydride elimination,24 or would lead to no change in stereoselectivity, 

which would imply that the modest stereocontrol is due to competing syn- vs. anti- 

aminopalladation.25  

As such, we worked to synthesize doubly-deuterated alkene substrate 4-16. We 

attempted several different methods to install the 1,2 di-deutero groups (Scheme 4-2). 

Traditional methods such as reduction with D2 gas and Pd/BaSO4 or Pd/CaCO3 with 

catalyst poisons led to over reduction of N-benzylprop-2-yn-1-amine (4-17) to the alkane 

product (A). We could not replicate a literature reduction26 of 4-17 with LiAlD4 and D2O. 

Instead, we only obtained deuteration of the terminal alkyne (B). We tried the reduction 

of a TMS protected alkyne (4-18) using either LiAlD4 or under Lindlar conditions, but did 

not obtain the desired product in appreciable yields (C, D).  

We then came upon a publication by Snieckus27 in which they report an in situ prep of 

the Schwartz reagent (Cp2Zr(H)Cl). The key to their synthesis is the use of LiAlH(OtBu)3 

as the reductant to prevent the formation of over-reduced Cp2ZrH2 and other side  
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products. Most interesting to us was their report of the reduction of several alkynes to E-

alkenes in high yields with their reduction process and quench with I2 (eq 4-5).  We began 

by preparing LiAlD(OtBu)3 from LiAlD4 and freshly distilled tert-butyl alcohol (eq 4-6).28  

 

 

 

 

When we employed this modified Schwartz reduction to 4-17 with a D2O quench, we only 

observed ~50% conversion even when accounting for the acidic N-H (eq 4-7). However, 

we were delighted to find that the reaction proceeded to ~70% conversion when using N-

Boc protected amine 4-19. With extended stir times we observed 95% conversion to the 

desired product. However, analysis of the deuterium incorporation showed that the  



 65 

 

 

 

 

 

 

deuterium originating from the D2O quench was only 70% incorporated (eq 4-8). Attempts 

to fix this by using a fresh ampule of D2O and further extended stir times were 

unsuccessful. We changed strategy again and deuterated the terminal position of the 

Boc-protected amine (4-20, eq 4-9). We employed the modified Schwartz conditions, but 

this time with a H2O quench and we obtained the desired product with 95% deuterium 

incorporation at each of the alkene positions (eq 4-9). With 4-21 in hand, we finished the  

synthesis to 4-22 by TFA deprotection of the Boc group and then coupling with 4-

nitrophenyl isocyanate (eq 4-10). As shown in eq 4-11, 4-22 was subjected to our standard 

reaction conditions and this transformation afforded 4-23 in 64% yield and 6:1 dr, which 
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is comparable to that obtained in the reaction of 4-d-10a. Thus, the minor stereoisomer 

appears to result from competing syn-aminopalladation.  

 

 

 

 

4.5 Considerations 

In this chapter, we discussed the development of a new class of Pd-catalyzed alkene 

diamination reactions that involve the coupling of O-benzoyl hydroxylamine derived 

electrophiles with N-allylguanidine or urea derivatives. The transformations proceed via 

stereospecific anti-addition of the two N-atoms to the alkene with up to 7:1 dr, which is in 

sharp contrast to previously reported Cu-catalyzed reactions.12 These transformations 

appear to proceed via a rare sp3C-sp3N bond-forming reductive elimination. Chapter 5 

will discuss new discoveries including the isolation of side products and control reactions 

which led to a new mechanistic hypothesis and discovered ligand effects on this 

diamination reaction. 

 

The work described in this chapter was published in Organic Letters29 and was adapted 

with permission from Peterson, L. J.; Kirsch, J. K.; Wolfe. J. P. Pd-Catalyzed Alkene 

Diamination Reactions of Nitrogen Electrophiles: Synthesis of Cyclic Guanidines and 

Ureas Bearing Dialkylaminomethyl Groups. Org. Lett., 2018, 20, 3513. Copyright (2018) 

American Chemical Society. 
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4.6 Experimental 

General: All reactions were carried out under a nitrogen atmosphere in flame-dried 

glassware. All reagents, palladium precatalysts, and ligands were purchased from 

commercial sources and were used without purification unless otherwise noted. The 

substrates 1-allyl-1,3-dibenzyl-2-cyanoguanidine (4-8a),30 1,3-dibenzyl-1-(but-3-en-2-yl)-

2-cyanoguanidine (4-8c),30 N-{[allyl(benzyl)amino](benzylamino)methylene}-4-

methylbenzenesulfonamide (4-8b),30 N-{[benzyl(but-3-en-2-

yl)amino](benzylamino)methylene}-4-methylbenzenesulfonamide (4-8d),30 morpholino 

benzoate (4-4a),31 piperidin-1-yl benzoate (4-4b),31 and tert-Butyl 4-

(benzoyloxy)piperazine-1-carboxylate (4-4c)32 were prepared according to published 

procedures.33 LiAlD(OtBu)3 was prepared according to a published procedure.28 Bulk 

quantities of cesium carbonate were stored in nitrogen-filled glove box and small amounts 

were removed within a few days of use. Toluene, THF, dichloromethane and diethyl ether 

were purified using a GlassContour solvent purification system. Anhydrous dioxane was 

purchased from Sigma-Aldrich and was used without purification. Structural and 

stereochemical assignments were made on the basis of 2-D COSY and NOESY 

experiments. Ratios of diastereomers were determined by 1H NMR analysis. Yields refer 

to isolated yields of compounds estimated to be ≥95% pure as determined by 1H NMR 

analysis unless otherwise noted. The yields reported in the supporting information 

describe the result of a single experiment, whereas yields reported in Tables 4–2-4 are 

average yields of two or more experiments. Thus, the yields reported in the supporting 

information may differ from those shown in Tables 4–2-4.  

Preparation and Characterization of Benzoate Electrophiles 
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Morpholino benzoate (4-4a).31,33 A flame dried flask was cooled under a stream of 

nitrogen and charged with morpholine (1.00 g, 11.48 mmol), THF (34 mL), and Na2HPO4 

(8.149 g, 57.4 mmol). A solution of benzoyl peroxide (2.969 g, 12.26 mmol) in THF (12 

mL) was then added slowly, and the reaction was heated to reflux with stirring overnight. 

The mixture was then cooled to rt, filtered through celite, and then concentrated in vacuo. 

The crude product was then purified via flash column chromatography on silica gel 

(EtOAc:Hexanes = 15:85) to yield 1.28 g (54%) of the product as a white solid, m.p. 81–

83 °C (lit34 m.p. 82–84 °C). Characterization data for this compound matched the data 

given in the literature.34 1H NMR (400 MHz, CDCl3)   7.99 (d, J = 7.6 Hz, 2 H), 7.56 (t, J 

= 7.2 Hz, 1 H), 7.43 (t, J = 7.6 Hz, 2 H), 3.95 (br s, 2 H), 3.89–3.82 (m, 2 H), 3.43 (d, J = 

10 Hz, 2 H), 3.03 (br s, 2 H). 

 

Piperidin-1-yl benzoate (4-4b).31,33  The title compound was prepared from piperidine 

(1.25 g, 14.7 mmol), Na2HPO4 (9.39 g, 66.2 mmol), and benzoyl peroxide (3.91 g, 16.16 

mmol) using a procedure analogous to that described above for the preparation of 

morpholino benzoate. The crude product was purified via flash column chromatography 

on silica gel (EtOAc:Hexanes = 15:85) to yield 2.06 g (68%) of the product as a white 

solid, m.p. 62–64 °C (lit34 mp 55–59 °C). Characterization data for this compound matched 

the data given in the literature.34 1H NMR (400 MHz, CDCl3)  7.99 (d, J = 6.8 Hz, 2 H), 
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7.54 (t, J = 7.2 Hz, 1 H), 7.43 (t, J = 8.0 Hz, 2 H), 3.48 (br s, 2 H), 2.78–2.70 (m, 2 H), 

1.83–1.79 (m, 4 H), 1.67 (br s, 2 H). 

 

tert-Butyl 4-(benzoyloxy)piperazine-1-carboxylate (4-4c).32,33 The title compound was 

prepared from 1-Boc-piperizine (2.328 g, 12.5 mmol), Na2HPO4 (8.873 g, 62.5 mmol), 

and benzoyl peroxide (3.33 g, 13.75 mmol) using a procedure analogous to that described 

above for the preparation of morpholino benzoate. The crude product was then purified 

via flash column chromatography on silica gel (EtOAc:Hexanes = 15:85) to yield 2.50 g 

(65%) of the product as a white solid, m.p. 104–106 °C (lit35 m.p. 103–105 °C). 

Characterization data for this compound matched the data given in the literature.32 1H 

NMR (400 MHz, CDCl3)  7.98 (d, J = 7.2 Hz, 2 H), 7.56 (t, J = 7.2 Hz, 1 H), 7.43 (d, J = 

7.6 Hz, 1 H), 4.02 (br s, 2 H), 3.44–3.25 (m, 4 H), 2.90 (br s, 2 H), 1.40 (s, 9 H). 

Preparation and Characterization of Substrates 

 

1-Allyl-1-benzyl-3-(4-nitrophenyl)urea (4-10a).33 A flame-dried flask was cooled under 

a stream of nitrogen and charged with p-nitrophenyl isocyanate (0.500 g, 3.05 mmol) and 

dichloromethane (3 mL). N-benzylprop-2-en-1-ylamine (0.450 g, 3.05 mmol) was then 

added, and the reaction mixture was stirred at rt overnight. The reaction mixture was then 

concentrated in vacuo, and the crude product was purified via flash column 

chromatography on silica gel (10% ethyl acetate in hexanes) to afford 0.845 g (90%) of 

the title compound as a yellow solid, m.p. 108–110 °C. 1H NMR (500 MHz, CDCl3)   8.16–
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8.13 (m, 2 H), 7.47–7.43 (m, 2 H), 7.41–7.37 (m, 2 H), 7.35–7.31 (m, 3 H), 6.79 (br s, 1 

H), 5.93–5.84 (m, 1 H), 5.38–5.34 (m, 2 H), 4.61 (s, 2 H), 4.01 (d, J = 5 Hz, 2 H); 13C NMR 

(100 MHz, CDCl3)  154.7, 145.3, 142.5, 136.8, 133.4, 129.0, 128.0, 127.5, 125.0, 118.3, 

118.0, 50.8, 50.2; IR (film) 3332, 1654 cm-1; HRMS (ESI+) 312.1345 (312.1343 calcd for 

C17H17N3O3, M + H+). 

 

1-Benzyl-1-(but-3-en-2-yl)-3-(4-nitrophenyl)urea (4-10b).33 The title compound was 

prepared from p-nitrophenyl isocyanate (0.356 g, 2.17 mmol) and N-benzylbut-3-en-2-

ylamine (0.350 g, 2.17 mmol) using a procedure analogous to that described above for 

the synthesis of 1-allyl-1-benzyl-3-(4-nitrophenyl)urea. This procedure afforded 0.563 g 

(80%) of the title compound as a yellow solid, m.p. 90–92 °C. 1H NMR (400 MHz, CDCl3) 

 8.06 (d, J = 7.2 Hz, 2 H), 7.42–7.28 (m, 7 H), 6.74 (br s, 1 H), 6.03–5.95 (m, 1 H), 5.32–

5.27 (m, 2 H), 4.95 (br s, 1 H), 4.56 (d, J = 16.8 Hz, 1 H), 4.39 (d, J = 17.2 Hz, 1 H), 1.35 

(d, J = 6.4 Hz, 3 H); 13C NMR (100 MHz, CDCl3)  154.8, 145.2, 142.4, 138.7, 137.2, 

127.3, 128.2, 126.8, 124.9, 118.2, 116.9, 52.8, 47.8, 16.5; IR (film) 3384, 1653; HRMS 

(ESI+) 326.1502 (326.1499 calcd for C18H19N3O3, M + H+). 

 

1-Allyl-1-benzyl-3-(4-chlorophenyl)urea (4-10c).36 The title compound was prepared 

from N-benzylprop-2-en-1-amine (0.997 g, 6.6 mmol) and 4-chlorophenyl isocyanate 
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(1.44 g, 9.4 mmol) using a procedure analogous to that described above for the synthesis 

of 1-allyl-1-benzyl-3-(4-nitrophenyl)urea. This procedure afforded 1.68 g (85%) the title 

compound as a peach colored solid, m.p. 84–85 °C. 1H NMR (500 MHz, CDCl3)  7.40–

7.33 (m, 2 H), 7.37–7.27 (m, 3 H), 7.27–7.17 (m, 4 H), 6.45 (s, 1 H), 5.85 (ddt, J  = 17.3, 

10.5, 5.4 Hz, 1 H), 5.35–5.26 (m, 2 H), 4.58 (s, 2 H), 3.97 (dt, J  = 5.6, 1.7 Hz, 2 H). 13C 

NMR (126 MHz, CDCl3)  155.5, 137.7, 137.4, 133.7, 128.9, 128.8, 127.9, 127.8, 127.5, 

120.9, 117.6, 50.6, 50.0. IR (film) 3326, 1637, cm-1. HRMS (ESI+) 301.1114 (301.1102 

calcd for C17H17ClN2O M + H+). 

Preparation and Characterization of Products 

General Procedure for Pd-Catalyzed Diamination Reactions. A flame dried Schlenk 

tube equipped with a magnetic stirbar was cooled under a stream of nitrogen and charged 

with Pd(acac)2 (4 mol%), JackiePhos (16 mol%), the O-benzoylhydroxylamine derived 

electrophile (3 equiv), and Cs2CO3 (2 equiv). The tube was purged with nitrogen and then 

a solution of the N-protected guanidine or urea substrate (1 equiv) in 1,4-dioxane (0.1 M) 

was added, and the solution was heated to 100 °C with stirring until the starting material 

had been consumed as judged by TLC or 1H NMR analysis of the reaction mixture (ca 16 

h). The mixture was then cooled to rt and diluted with diethyl ether (2 mL). The resulting 

mixture was then filtered through cotton, and this procedure was repeated once more. 

The solution was then concentrated in vacuo, and the crude product was purified via flash 

column chromatography on silica gel (methanol:dichloromethane = 1:99). 
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N-(1,3-Dibenzyl-4-(morpholinomethyl)imidazolidin-2-ylidene)cyanamide (4-9a).33 

The general procedure was followed for the coupling of 1-allyl-1,3-dibenzyl-2-

cyanoguanidine (4-8a) (30.4 mg, 0.1 mmol) with morpholino benzoate (4-4a) (62.2 mg, 

0.3 mmol). This procedure afforded 36 mg (92%) of the title compound as a tan, viscous 

oil. 1H NMR (500 MHz, C6D6)  7.29–6.95 (m, 10 H), 5.24 (d, J = 15.5 Hz, 1 H), 4.56–4.46 

(m, 2 H) 4.05 (d, J = 15.5 Hz, 1 H), 3.33–3.24 (m, 4 H), 3.01 (m, 1 H), 2.64 (app t, J = 9.5 

Hz, 1 H), 2.52 (dd, J = 9.6, 7.1 Hz, 1 H), 1.87 (dd, J = 12.8, 5.6 Hz, 1 H), 1.77–1.66 (m, 4 

H), 1.53 (dd, J = 12.8. 6.9 Hz, 1 H); 13C NMR (125 MHz, CDCl3)  158.4, 135.9, 135.4, 

128.9, 128.8, 128.2, 128.1, 128.0, 127.9, 116.5, 66.7, 61.0, 54.1, 51.9, 49.5, 49.3, 47.8; 

IR (film) 2919, 2171, 1596 cm-1; HRMS (ESI+) 390.2292 (390.2288 calcd for C23H27N5O, 

M + H+). 

 

N-(1,3-Dibenzyl-4-(piperidin-1-ylmethyl)imidazolidin-2-ylidene)cyanamide (4-9b).33 

The general procedure was followed for the coupling of 1-allyl-1,3-dibenzyl-2-

cyanoguanidine (4-8a) (30.4 mg, 0.1 mmol) with piperidin-1-yl benzoate (4-4b) (61.5 mg, 

0.3 mmol). This procedure afforded 36 mg (93%) of the title compound as a tan, viscous 

oil. 1H NMR (500 MHz, C6D6)  7.26 (d, J = 7.5 Hz, 2 H), 7.17–7.03 (m, 8 H), 5.31 (d, J = 

16 Hz, 1 H), 4.51 (s, 2 H), 4.12 (d, J = 15.4 Hz, 1 H), 3.10 (dt, J = 13.1, 6.6 Hz, 1 H), 2.66 
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(t, J = 9.5 Hz, 1 H), 2.57 (dd, J = 9.6, 7.1 Hz, 1 H), 1.97 (dd, J = 12.7, 5.6 Hz, 1 H), 1.83 

(br s, 4 H), 1.61 (dd, J = 12.8, 7.1 Hz, 1 H), 1.24 (h, J = 5.6 Hz, 4 H), 1.15 (q, J = 5.8 Hz, 

2 H). 13C NMR (100 MHz, C6D6)  158.3, 136.8, 136.0, 128.6, 128.5, 128.4, 128.3, 115.9, 

61.2, 54.8, 51.9, 49.1, 47.4, 25.8, 24.0; IR (film) 2933, 2171, 1595 cm-1; HRMS (ESI+) 

388.2496 (388.496 calcd for C24H29N5, M + H+). 

 

tert-Butyl 4-{[1,3-dibenzyl-2-(cyanoimino)imidazolidin-4-yl]methyl}piperazine-1-

carboxylate (4-9c).33 The general procedure was followed for the coupling of 1-allyl-1,3-

dibenzyl-2-cyanoguanidine (4-8a) (30.4 mg, 0.1 mmol) with tert-butyl 4-

(benzoyloxy)piperazine-1-carboxylate (4-4c) (91.9 mg, 0.3 mmol). This procedure 

afforded 30 mg (61%) of the title compound as a pale yellow, viscous oil. One peak in the 

13C NMR spectrum is missing due to incidental equivalence. 1H NMR (400 MHz, CDCl3) 

 7.50–7.11 (m, 10 H), 5.28 (d, J = 15.6 Hz, 1 H), 4.83–4.61 (m, 2 H), 4.33 (d, J = 15.6 

Hz, 1 H), 3.58 (dt, J = 12.4, 6.3 Hz, 1 H), 3.38 (t, J = 9.7 Hz, 1 H), 3.28 (br s, 4 H), 3.09 

(dd, J = 9.8, 6.5 Hz, 1 H), 2.49 (dd, J = 12.9, 5.6 Hz, 1 H), 2.29–2.13 (m, 5 H), 1.42 (s, 9 

H); 13C NMR (125 MHz, CDCl3)  158.3, 154.5, 135.8, 135., 128.8, 128.2, 128.0, 127.9, 

127.8, 116.4, 79.7, 60.6, 53.4, 51.9, 49.4, 49.2, 47.7, 43.2, 28.3; IR (film) 2927, 2170, 

1685, 1595 cm–1; HRMS (ESI+) 489.2970 (489.2973 calcd for C28H36N6O2, M + H+). 
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N-[1,3-Dibenzyl-4-(morpholinomethyl)imidazolidin-2-ylidene]-4-

methylbenzenesulfonamide (4-9d).33 The general procedure was followed for the 

coupling of N-{[allyl(benzyl)amino](benzylamino)methylene}-4-

methylbenzenesulfonamide (4-8b) (43.3 mg, 0.1 mmol) with morpholino benzoate (4-4a) 

(62.2 mg, 0.3 mmol). This procedure afforded 42.5 mg (82%) of the title compound as a 

tan, viscous oil. 1H NMR (500 MHz, C6D6)  8.27 (d, J = 8.1 Hz, 2 H), 7.29 (d, J = 7 Hz, 4 

H), 7.19–7.09 (m, 4 H), 7.05 (td, J = 7.3, 4.8 Hz, 2 H), 6.82 (d, J = 7.9 Hz, 2 H), 5.48 (d, 

J = 15.3 Hz, 1 H), 4.84 (d, J = 15.0 Hz, 1 H), 4.68 (d, J = 15.0 Hz, 1 H), 4.15 (d, J = 15.3 

Hz, 1 H), 3.37–3.30 (m, 4 H), 3.14–3.07 (m, 1 H), 2.76 (t, J = 9.7 Hz, 1 H), 2.67 (dd, J = 

9.8, 6.4 Hz, 1 H), 1.91 (dd, J = 12.5, 5 Hz, 1 H), 1.89 (s, 3 H), 1.86–1.83 (m, 2 H), 1.79–

1.74 (m, 2 H), 1.67 (dd, J = 12.8, 6.9 Hz, 1 H); 13C NMR (125 MHz, CDCl3)  156.5, 142.9, 

141.1, 136.2, 135.8, 129.0, 128.8, 128.7, 128.4, 128.1, 127.9, 127.8, 125.8, 66.7, 60.7, 

54.1, 51.7, 50.8, 49.1, 48.7, 21.3;  IR (film) 2921, 1559 cm-1;  HRMS (ESI+) 519.2422 

(519.2424 calcd for C29H34N4O3S, M + H+). 

 

N-[1,3-Dibenzyl-4-(piperidin-1-ylmethyl)imidazolidin-2-ylidene]-4-

methylbenzenesulfonamide (4-9e).33 The general procedure was followed for the 

coupling of N-{[allyl(benzyl)amino](benzylamino)methylene}-4-
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methylbenzenesulfonamide (4-8b) (43.3 mg, 0.1 mmol) with piperidin-1-yl benzoate (4-

4b) (61.5 mg, 0.3 mmol). This procedure afforded 39 mg (76%) of the title compound as 

a tan, viscous oil. One signal in the 13C NMR spectrum is missing due to incidental 

equivalence. 1H NMR (400 MHz, C6D6)  8.26 (d, J = 8.0 Hz, 2 H), 7.34–7.27 (m, 4 H), 

7.14–6.96 (m, 6 H), 6.81 (d, J = 8.0 Hz, 2 H), 5.46 (d, J = 15.2 Hz, 1 H), 4.82 (d, J = 15.0 

Hz, 1 H), 4.70 (d, J = 15.0 Hz, 1 H), 4.22 (d, J = 15.3 Hz, 1 H), 3.22–3.14 (m, 1 H), 2.79 

(t, J = 9.7 Hz, 1 H), 2.70 (dd, J = 9.8, 6.3 Hz, 1 H), 2.04 (dd, J = 12.8, 5.5 Hz, 1 H), 1.89 

(s, 3 H), 1.88–1.83 (m, 4 H), 1.73 (dd, J = 12.8, 7.1 Hz, 1 H), 1.23 (br s, 4 H), 1.17–1.12 

(m, 2 H); 13C NMR (100 MHz, C6D6)  156.2, 144.3, 140.4, 137.1, 136.4, 128.8, 128.6, 

128.5, 128.45, 128.41, 127.4 126.2, 61.1, 54.8, 51.7, 50.8, 48.8, 48.7, 25.8, 24.0, 20.7; 

IR (film) 2932, 1578 cm-1; HRMS (ESI+) 517.2633 (517.2632 calcd for C30H36N4O2S, M + 

H+). 

 

(4R*,5R*)-N-[1,3-Dibenzyl-4-methyl-5-(morpholinomethyl)imidazolidin-2-

ylidene]cyanamide (4-9f).33 The general procedure was followed for the coupling of 1,3-

dibenzyl-1-(but-3-en-2-yl)-2-cyanoguanidine (4-8c) (31.8 mg, 0.1 mmol) with morpholino 

benzoate (4-4a) (62.1 mg, 0.3 mmol). This procedure afforded 32.3 mg (80%) of the title 

compound as a tan, viscous oil. This compound was obtained as a 4:1 mixture of 

diastereomers as judged by 1H NMR analysis of the crude reaction mixture. After 

purification the compound was isolated as a 3:1 mixture of diastereomers. 1H NMR data 

are for the major diastereomer, 13C NMR data are for the mixture. 1H NMR (400 MHz, 
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C6D6)  7.22–7.17 (m, 5 H), 7.15–7.02 (m, 5 H), 5.42 (d, J = 15.5 Hz, 1 H), 5.35 (d, J = 

15.5 Hz, 1 H), 4.07 (d, J = 16 Hz, 1 H), 3.85 (d, J = 16 Hz, 1 H), 3.33–3.27 (m, 4 H), 2.92 

(p, J = 6.5 Hz, 1 H), 2.72 (q, J = 6.0 Hz, 1 H), 1.84 (dd, J = 13.0 Hz, 6.0 Hz, 1 H), 1.80–

1.72 (m, 4 H), 1.50 (dd, J = 13.0, 6.5 Hz, 1 H), 0.57 (d, J = 5.2 Hz, 3 H); 13C NMR (125 

MHz, CDCl3)  158.0, 136.0, 135.8, 128.9, 128.8, 128.1, 128.0, 128.0, 127.9, 127.8, 

127.7, 116.7, 66.8, 66.7, 60.7, 59.2, 56.7, 55.1, 54.3, 54.1, 54.0, 53.9, 47.8, 47.7, 56.8, 

56.2, 18.6, 12.0; IR (film) 2925, 2170, 1591 cm-1; HRMS (ESI+) 404.2446 (404.2445 cacld 

for C24H29N5O, M + H+). 

 

(4R*,5R*)-N-[1,3-Dibenzyl-4-methyl-5-(piperidin-1-ylmethyl)imidazolidin-2-

ylidene]cyanamide (4-9g).33 The general procedure was followed for the coupling of 1,3-

dibenzyl-1-(but-3-en-2-yl)-2-cyanoguanidine (4-8c) (31.8 mg, 0.1 mmol) with piperidin-1-

yl benzoate (4-4b) (61.5 mg, 0.3 mmol). This procedure afforded 31 mg (76%) of the title 

compound as a tan, viscous oil. This compound was obtained as a 3:1 mixture of 

diastereomers as judged by 1H NMR analysis; 1H NMR data are for the major 

diastereomer, 13C NMR data are for the mixture. 1H NMR (400 MHz, CDCl3)  7.26 (d, J 

= 6.8 Hz, 2 H), 7.15–7.00 (m, 8 H), 5.45 (d, J = 15.6 Hz, 1 H), 5.30 (d, J = 15.6 Hz, 1 H), 

4.11 (d, J = 15.2 Hz, 1 H), 3.83 (d, J = 15.6 Hz, 1 H), 2.96–2.90 (m, 1 H), 2.79 (q, J = 6.0 

Hz, 1 H), 1.91 (dd, J = 13.4, 4.8 Hz, 1 H), 1.83 (br s, 4 H), 1.55 (dd, J = 12.4 Hz, 6.4 Hz, 

1 H), 1.20 (br s, 4 H), 1.18–1.12 (m, 2 H), 0.57 (d, J = 6 Hz, 3 H); 13C NMR (125 MHz, 

C6D6)  158.1, 137.1 136.7, 136.5, 136.4, 128.6, 128.56, 128.51, 128.3, 128.2, 128.1, 
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128.0, 127.8, 127.6, 116.0, 60.9, 59.3, 56.4, 55.3, 54.8, 54.6, 54.5, 53.6, 47.4, 47.2, 46.5, 

45.9, 25.8, 25.7, 24.1, 24.0, 17.8, 11.3; IR (film) 2933, 2173, 1585 cm-1; HRMS (ESI+) 

402.2650 (402.2652 calcd for C25H31N5, M + H+) 

 

(4R,5R)-N-[1,3-Dibenzyl-4-methyl-5-(morpholinomethyl)imidazolidin-2-ylidene]-4-

methylbenzenesulfonamide (4-9h).33 The general procedure was followed for the 

coupling of N-{[benzyl(but-3-en-2-yl)amino](benzylamino)methylene}-4-

methylbenzenesulfonamide (4-8d) (44.8 mg, 0.1 mmol) with morpholino benzoate (4-4a) 

(62.2 mg, 0.3 mmol). This procedure afforded 46 mg (86%) of the title compound as a 

tan, viscous oil. This compound was obtained as a 3:1 mixture of diastereomers as judged 

by 1H NMR analysis; data are for the major diastereomer. Two peaks in the 13C NMR 

spectrum are missing due to incidental equivalence. 1H NMR (400 MHz, CDCl3)  7.81 

(d, J = 8.4 Hz, 2 H), 7.32–7.11 (m, 12 H), 5.34–5.22 (m, 2 H), 4.23 (d, J = 15.2 Hz, 1 H), 

4.07 (d, J = 15.2 Hz, 1 H), 3.55–3.50 (m, 4 H), 3.31–3.27 (m, 1 H), 3.00 (q, J = 4.8 Hz, 1 

H), 2.37–2.32 (m, 1 H), 2.23–2.13 (m, 4 H), 2.04 (dd, J = 12.8, 7.6 Hz, 1 H), 0.98 (d, J = 

6.8 Hz, 3 H); 13C NMR (125 MHz, C6D6)  155.6, 144.2, 140.5, 136.9, 136.7, 128.8, 128.5, 

128.48, 128.45, 128.3, 126.2, 66.4, 60.0, 58.8, 54.2, 54.0, 49.1, 48.0, 20.7, 18.2; IR (film) 

2925, 1559 cm-1; HRMS (ESI+) 533.2580 (533.2581 calcd for C30H36N4O3S, M + H+). 
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1-Benzyl-4-(morpholinomethyl)-3-(4-nitrophenyl)imidazolidin-2-one (4-11a).33 The 

general procedure was followed for the coupling of 1-allyl-1-benzyl-3-(4-nitrophenyl)urea 

(4-10a) (31.1 mg, 0.1 mmol) with morpholino benzoate (4-4a) (62.2 mg, 0.3 mmol). This 

procedure afforded 46 mg (86%) of the title compound as a yellow solid, m.p. 108-110 

°C. 1H NMR (400 MHz, C6D6)  8.04 (d, J = 9.3 Hz, 2 H), 7.59 (d, J = 9.3 Hz, 2 H), 7.15–

7.02 (m, 5 H), 4.30–4.19 m, 2 H), 3.44–3.34 (m, 4 H), 2.85 (dd, J = 8.9, 2.8 Hz, 1 H), 2.75 

(t, J = 8.7 Hz, 1 H), 1.98 (dd, J = 13.0, 3.1 Hz, 1 H), 1.97–1.88 (m, 2 H), 1.83–1.75 (m, 2 

H), 1.71 (dd, J = 13.0, 9.3 Hz, 1 H); 13C NMR (125 MHz, C6D6)  155.8, 145.0, 142.0, 

136.6, 128.6, 128.2, 127.9, 124.6, 116.8, 66.4, 58.7, 53.8, 50.0, 47.5, 45.3; IR (film) 2921, 

1709 cm-1; HRMS (ESI+) 397.1868 (397.1870 calcd for C21H24N4O4, M + H+). 

 

1-Benzyl-4-(morpholinomethyl)-3-(4-nitrophenyl)imidazolidin-2-one (4-11a). 

The general procedure was followed for the coupling of 1-allyl-1-benzyl-3-(4-

nitrophenyl)urea (4-10a) (0.3113 g, 1 mmol) with morpholino benzoate (4-4a) (0.6216 g, 

3 mmol). This procedure afforded 0.3022 g (76%) of the title compound as a yellow solid. 

Spectroscopic data matched those reported above. 
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1-Benzyl-3-(4-nitrophenyl)-4-(piperidin-1-ylmethyl)imidazolidin-2-one (4-11b).33 The 

general procedure was followed for the coupling of 1-allyl-1-benzyl-3-(4-nitrophenyl)urea 

(4-10a) (31.1 mg, 0.1 mmol) with piperidin-1-yl benzoate (4-4b) (61.5 mg, 0.3 mmol). This 

procedure afforded 32.2 mg (82%) of the title compound as a yellow solid, m.p. 92-95 °C. 

1H NMR (400 MHz, CDCl3)  8.18 (d, J = 9.3 Hz, 2 H), 7.75 (d, J = 9.3 Hz, 2 H), 7.41–

7.26 (m, 5 H), 4.50–4.45 (m, 2 H), 4.30 (t, J = 8.8 Hz, 1 H), 3.46 (t, J = 8.8 Hz, 1 H), 3.33 

(dd, J = 9.2, 2.8 Hz, 1 H), 2.54 (dd, J = 13.0, 3.2 Hz, 1 H), 2.43 (br s, 2 H), 2.37–2.20 (m, 

3 H), 1.52–1.45 (m, 4 H), 1.40–1.35 (m, 2 H); 13C NMR (100 MHz, CDCl3)  156.5, 145.5, 

141.8, 136.2, 128.8, 128.2, 127.7, 124.9, 117.1, 59.8, 55.3, 51.4, 47.8, 46.2, 25.9, 23.9; 

IR (film) 2932, 1710 cm-1; HRMS (ESI+) 395.2074 (395.2078 calcd for C22H26N4O3, M + 

H+). 

 

tert-Butyl 4-{[1-benzyl-3-(4-nitrophenyl)-2-oxoimidazolidin-4-yl]methyl}piperazine-

1-carboxylate (4-11c).33 The general procedure was followed for the coupling of 1-allyl-

1-benzyl-3-(4-nitrophenyl)urea (4-10a) (31.1 mg, 0.1 mmol) with tert-butyl 4-

(benzoyloxy)piperazine-1-carboxylate (4-4c) (91.9 mg, 0.3 mmol). This procedure 

afforded 21 mg (42%) of the title compound as a yellow solid, m.p. 98-102 °C. 1H NMR 

(500 MHz, C6D6)  8.04 (d, J = 9.1 Hz, 2 H), 7.57 (d, J = 9.0 Hz, 2 H), 7.14–7.03 (m, 5 H), 
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4.28–4.18 (m, 2 H), 3.41–3.35 (m, 1 H), 3.22 (br s, 4 H), 2.79 (dd, J = 8.9, 2.7 Hz, 1 H), 

2.71 (t, J = 8.7 Hz, 1 H), 1.91–1.83 (m, 3 H), 1.81–1.72 (m, 2 H), 1.67 (dd, J = 13.1, 9.2 

Hz, 1 H), 1.46 (s, 9 H); 13C NMR (125 MHz, C6D6)  155.8, 154.0, 145.0, 142.0, 136.6, 

128.6, 128.2, 127.9, 124.6, 116.7, 79.1, 58.2, 53.1, 50.2, 47.5, 45.2, 28.1, 28.0; IR (film) 

2927, 1693 cm-1; HRMS (ESI+) 496.2548 (496.2554 calcd for C26H33N5O5, M + H+). 

 

(4R*,5R*)-1-Benzyl-5-methyl-4-(morpholinomethyl)-3-(4-nitrophenyl)imidazolidin-

2-one (4-11d).33 The general procedure was followed for the coupling of 1-benzyl-1-(but-

3-en-2-yl)-3-(4-nitrophenyl)urea (4-10b) (32.5 mg, 0.1 mmol) with morpholino benzoate 

(4-4a) (62.2 mg, 0.3 mmol). This procedure afforded 13 mg (34%) of the title compound 

as a viscous yellow oil. This compound was obtained as a 2:1 mixture of diastereomers 

as judged by 1H NMR analysis; 1H NMR data are for the major diastereomer; 13C NMR 

data are for the mixture. 1H NMR (400 MHz, CDCl3)  8.21–8.18 (m, 2 H), 7.75–7.68 (m, 

2 H), 7.37–7.24 (m, 5 H), 4.93 (d, J = 15.2 Hz, 1 H), 4.06 (d, J = 15.2 Hz, 1 H), 3.89–3.86 

(m, 1 H), 3.57–3.51 (m, 5 H), 2.55–2.36 (m, 4 H), 2.29–2.23 (m, 2 H), 1.25 (d, J = 6 Hz, 

3 H); 13C NMR (125 MHz, CDCl3)  157.1, 155.6, 145.5, 145.3, 142.3, 141.9, 136.7, 136.4, 

128.8, 128.7, 128.2, 128.1, 127.8, 127.7, 125.0, 124.7, 118.9, 117.3, 66.9, 66.7, 58.8, 

58.7, 55.5, 54.2, 54.0, 53.7, 51.9, 51.1, 45.1, 45.0, 18.9, 13.0; IR (film) 2923, 1708 cm–1 

; HRMS (ESI+) 411.2027 (411.2027 calcd for C22H26N4O4, M + H+). 



 81 

 

1-Benzyl-3-(4-chlorophenyl)-4-(morpholinomethyl)imidazolidin-2-one (4-11e). The 

general procedure was followed for the coupling of 1-allyl-1-benzyl-3-(4-

chlorophenyl)urea (4-10c) (30.1 mg, 0.1 mmol) with morpholino benzoate (4-4a) (62.2 

mg, 0.3 mmol). This procedure afforded 17.5 mg (45%) of the title compound as a clear 

oil. 1H NMR (400 MHz, CDCl3)  7.46 (d, J = 8.8 Hz, 2 H), 7.38–7.27 (m, 7 H), 4.46 (s, 2 

H), 4.27 (tt, J = 8.6, 3.8 Hz, 1 H), 3.66–3.54 (m, 4 H), 3.45 (t, J = 8.9 Hz, 1 H), 3.29 (dd, 

J = 9.0, 4.1 Hz, 1 H), 2.55 (dd, J = 12.9, 3.3 Hz, 1 H), 2.50–2.23 (m, 5 H);13C NMR (125 

MHz, CDCl3)  157.4, 137.7, 136.7, 128.9, 128.7, 128.3, 128.2, 127.6, 121.1, 66.8, 59.6, 

54.2, 51.1, 47.9, 46.4; IR (film) 2917, 1700 cm–1; HRMS (ESI+) 386.1634 (386.1635 calcd 

for C21H24ClN3O2, M + H+). 

 

1-Benzyl-3-(4-chlorophenyl)-4-(piperidin-1-ylmethyl)imidazolidin-2-one (4-11f). The 

general procedure was followed for the coupling of 1-allyl-1-benzyl-3-(4-

chlorophenyl)urea (4-10c) (30.1 mg, 0.1 mmol) with piperidin-1-yl benzoate (4-4b) (61.5 

mg, 0.3 mmol). This procedure afforded 7.0 mg (18%) of the title compound as a clear 

oil. 1H NMR (400 MHz, CDCl3)  7.48 (d, J = 8.6 Hz, 2 H), 7.38–7.27 (m, 7 H), 4.55–4.37 

(m, 2 H), 4.24 (td, J = 8.9, 4.5 Hz, 1 H), 3.44 (t, J = 8.8 Hz, 1 H), 3.28 (dd, J = 9.1, 4.0 Hz, 

1 H), 2.51 (dd, J = 12.9, 3.1 Hz, 1 H), 2.42 (br m, 2 H), 2.35–2.20 (m, 3 H), 1.55–1.43 (m, 
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4 H), 1.37 (p, J = 6.2 Hz, 2 H);13C NMR (125 MHz, CDCl3)  157.7, 138.0, 137.0, 129.0, 

128.8, 128.4, 128.2, 127.7, 121.1, 60.3, 55.5, 51.6, 48.0, 46.9, 26.1, 24.2; IR (film) 2934, 

1703 cm–1; HRMS (ESI+) 384.1847 (384.1837 calcd for C22H26ClN3O, M + H+). 

Assignment of relative stereochemistry for 4-9f-h and 4-11d.  

The relative stereochemistry of 4-9g was assigned using 2D COSY and 1D NOESY 

analysis, based on the low energy conformations described above. The key NMR 

signals are shown below. Structurally related products 4-9f, 4-9h, and 4-11d were 

assigned based on analogy to 4-9g 
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Synthesis of deuterated substrates and products 

 

(Z)-N-Benzylprop-2-en-3-d-1-amine (4-S1).33 A flame dried flask was cooled under a 

stream of nitrogen and charged with N-benzylprop-2-en-1-ylamine (1.00 g, 6.84 mmol) 

and diethyl ether (12 mL). The solution was cooled to -42 °C, and then n-butyllithium 

(8.2 mmol, 2.5 M in hexanes) was added slowly. After 30 min tert-butyl lithium (15 mmol, 

1.7 M in pentane) was added slowly. After stirring at -42 °C for 30 min the reaction was 

transferred to an ice-water bath and allowed to stir for 1 hour. The reaction was then 

cooled to -78 °C, and deuterium oxide was added (2.5 mL, 136.8 mmol). After stirring 



 84 

overnight the reaction was cooled on an ice-water bath, and then quenched with water 

(15 mL). The mixture was extracted with diethyl ether (2 x 20 mL) and separated. The 

combined organic layers were then dried, filtered, and evaporated. The crude product 

was purified via flash column chromatography on silica gel using 30% ethyl acetate in 

hexanes as the eluant to afford 0.568 g (56%) of the title compound as a pale yellow oil, 

with 84% deuterium incorporation as determined by 1H NMR analysis. 1H NMR (400 MHz, 

CDCl3)  7.31 (d, J = 4.5 Hz, 4 H), 7.2−7.18 (m, 1 H), 6.03−5.79 (m, 1 H), 5.22−5.15 (m, 

1 H), 5.12−5.06 (m, 1 H), 3.78 (s, 3 H), 3.27 (d, 6 Hz, 2 H). 

 

(Z)-1-[Allyl-3-d]-1,3-dibenzyl-2-cyanoguanidine (4-d-8a).30,33 A round bottom flask was 

charged with methyl N-benzyl-N'-cyanocarbamimidothioate30 (0.196 g, 0.96 mmol), 

ethanol (10 mL), and mercuric oxide (0.312 g, 1.44 mmol), then purged with nitrogen. 

Triethylamine (0.5 mL, 3.84 mmol) was added followed by (Z)-N-benzylprop-2-en-3-d-1-

amine (4-S1) (0.170 g, 1.15 mmol). The reaction mixture was then stirred at rt for 72 h. 

The mixture was filtered through celite. The celite was rinsed with acetone, and the 

solution was concentrated in vacuo. The crude product was purified via flash column 

chromatography on silica gel (methanol:dichloromethane = 1:99) to yield 0.153 g (52%) 

of the title compound as a clear, viscous oil. 1H NMR (400 MHz, CDCl3)  7.41−7.28 (m, 

6 H), 7.24-7.18 (m, 4 H), 5.80−5.72 (m, 1 H), 5.23 (d, J = 10.4 Hz, 1 H), 5.15 (d, J = 17.2 

Hz, 1 H), 4.98 (br, 1 H), 4.74 (d, J = 5.2 Hz, 2 H), 4.58 (s, 2 H), 3.95 (d, J = 5.2 Hz, 2 H); 

13C NMR (100 MHz, CDCl3)  159.0, 137.1, 135.8, 129.0, 128.9, 128.0, 127.9, 127.7, 
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127.3, 118.2 (t, J = 23.5 Hz, 117.2, 52.2, 51.4, 47.5; IR (film) 3249, 2162, 1536 cm-1; 

HRMS (ESI+) 306.1827 (306.1823 calcd for C19H19DN4, M + H+). 

 

(Z)-N-{[Allyl-3-d](benzyl)amino}-benzylaminomethylene-4-

methylbenzenesulfonamide (4-d-8b). 30,33 A round bottom flask was charged with 

dimethyl tosylcarbonimidodithioate30 (0.569 g, 1.70 mmol), ethanol (17 mL), and mercuric 

oxide (0.548 g, 2.53 mmol), then purged with nitrogen. Triethylamine (0.95 mL, 

6.75 mmol) was added followed by (Z)-N-benzylprop-2-en-3-d-1-amine (4-S1) (0.300 g, 

2.0 mmol). The reaction mixture was then stirred at rt for 72 h. The mixture was filtered 

through celite. The celite was rinsed with acetone, and the solution was concentrated in 

vacuo. The crude product was purified via flash column chromatography on silica gel 

(methanol:dichloromethane = 1:99) to yield 0.363 g (49%) of the title compound as a white 

solid, m.p. 79–81 °C. 1H NMR (400 MHz, CDCl3)  7.59 (d, J = 8.4 Hz, 2 H), 7.33−7.20 

(m, 6 H), 7.18−7.06 (m, 6 H), 6.96 (br s, 1 H), 5.75−5.67 (m, 1 H), 5.16 (d, J = 10.4 Hz, 1 

H), 5.08 (d, J = 17.3 Hz, 1 H), 4.47 (s, 2 H), 4.37 (d, J = 5.9  Hz, 2 H), 2.37 (s, 3 H); 13C 

NMR (100 MHz, CDCl3)  159.9, 141.7, 141.0, 136.9, 136.4, 132.3, 129.1, 128.9, 128.7, 

128.0, 127.61, 127.6, 127.58, 127.4, 126.0, 118.6 (t, J = 25 Hz), 51.8, 51.75, 49.7; IR 

(film) 3322, 1564 cm-1; HRMS (ESI+) 435.1965 (435.1960 calcd for C25H26DN3O2S, M + 

H+). 
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(Z)-1-(Allyl-3-d)-1-benzyl-3-(4-nitrophenyl)urea (4-d-10a).33 The title compound was 

prepared from p-nitrophenyl isocyanate (0.244 g, 1.48 mmol) and (Z)-N-benzylprop-2-en-

3-d-1-amine (4-S1) (0.220 mg, 1.48 mmol) using a procedure analogous to that described 

above for the synthesis of 1-allyl-1-benzyl-3-(4-nitrophenyl)urea. This procedure afforded 

0.245 g (53%) of the title compound as a yellow solid, m.p. 108–110 °C. 1H NMR (400 

MHz, CDCl3)  7.89 (d, J = 9.2 Hz, 2 H), 7.12–7.04 (m, 7 H), 6.17 (s, 1 H), 5.37–5.30 (m, 

1 H), 4.83–4.76 (m, 2 H), 4.17 (s, 2 H), 3.34 (d, J = 4.8 Hz, 2 H); 13C NMR (125 MHz, 

CDCl3)  154.8, 145.3, 142.5, 136.9, 133.3, 129.1, 128.0, 127.5, 125.0, 118.3, 117.8 (t, J 

= 23.6 Hz), 50.9, 50.2; IR (film) 3346, 1652 cm-1; HRMS (ESI+) 313.1405 (313.1405 calcd 

for C17H16N3O3, M + H+). 

 
(Z)-1-(Allyl-2,3-d2)-1-benzyl-3-(4-nitrophenyl)urea (4-22). A round-bottom flask 

equipped with a stirbar was charged with benzylamine (11.8 mL, 108 mmol) and cooled 

to 0 ºC. Propargyl bromide (2 mL, 18 mmol, 80 wt% in toluene) was added dropwise and 

the mixture was warmed to rt and stirred overnight. The mixture was then concentrated 

in vacuo and the crude product was purified via flash column chromatography on silica 

gel (10% ethyl acetate in hexanes) to afford 2.11 g (81%) of N-benzylprop-2-yn-1-amine 
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as a yellow oil. 1H NMR (400 MHz, CDCl3)  7.38–7.30 (m, 3 H), 7.28–7.26 (m, 2 H), 3.89 

(s, 2 H), 3.44 (d, J = 2.4 Hz, 2 H), 2.26 (t, J = 2.4 Hz, 1 H), 1.50 (s, 1 H). 

A round-bottom flask equipped with a stirbar was charged with di-tert-butyl 

dicarbonate (0.5786 g, 2.65 mmol) and THF (0.5 mL). The mixture was cooled to 0 ºC 

and a solution of N-benzylprop-2-yn-1-amine (0.35 g, 2.41 mmol) in THF (0.7 mL) was 

added dropwise. The mixture was warmed to rt and stirred overnight, then THF (5 mL) 

and 1 M NaOH (5 mL) were added and the resulting mixture was stirred vigorously at rt 

for 24 h. The mixture was then diluted with ether and transferred to a separatory funnel. 

The layers were separated, the aqueous layer was extracted with ether (3 x 10 mL) and 

the combined organic layers were washed with satd. aq ammonium chloride (1 x 25 mL) 

and brine (1 x 25 mL). The organic layer was dried over anhydrous sodium sulfate and 

concentrated in vacuo to afford tert-butyl benzyl(prop-2-yn-1-yl)carbamate as a clear oil 

(0.4743 g, 80%) that was used without further purification. 1H NMR (400 MHz, CDCl3)  

7.38–7.30 (m, 2 H), 7.30–7.24 (m, 3 H), 4.55 (s, 2 H), 3.97 (d, J = 53.8 Hz, 2 H), 2.21 (s, 

1 H), 1.49 (s, 9 H).  

A flame dried flask was cooled under a stream of nitrogen and charged with THF (2 

mL) and n-butyllithium (0.4 mL, 0.90 mmol, 1.1 equiv, 2.5 M in THF). The solution was 

cooled to –78 ºC and a solution of tert-butyl benzyl(prop-2-yn-1-yl)carbamate (0.2 g, 0.815 

mmol) in THF (2 mL) was added dropwise. The resulting mixture was stirred at –78 °C 

for 20 min, then warmed to 0 ºC and quenched with D2O (0.15 mL, 10 equiv). The mixture 

was diluted with ether and transferred to a separatory funnel. The layers were separated, 

the aqueous layer was extracted with ether (3 x 10 mL) and the combined organic layers 

were washed with brine (1 x 25 mL). The organic layer was dried over anhydrous sodium 
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sulfate and concentrated in vacuo, and the crude product was purified via flash column 

chromatography on silica gel (2% ethyl acetate in hexanes) to afford 0.1522 g (76%) of 

tert-butyl benzyl(prop-2-yn-1-yl-3-d)carbamate as a clear oil. This material was judged to 

have ca 95% deuterium incorporation at the terminal alkyne position, plus ca 25% 

deuterium incorporation at the benzylic position as judged by 1H NMR analysis. The 

doubly deuterated material was not separated, and was carried forward through the 

synthesis. 1H NMR (400 MHz, CDCl3)  7.36–7.30 (m, 2 H), 7.30–7.23 (m, 3 H), 4.54 (s, 

2 H), 4.04 (s, br, 1 H), 3.90 (s, br, 1 H ), 1.49 (s, 9 H).  

A flame dried flask was cooled under a stream of nitrogen and charged with 

zirconocene dichloride (0.3654 g, 1.25 mmol, 2.8 equiv) and THF (1.5 mL). The mixture 

was stirred vigorously, and then a solution of tert-butyl benzyl(prop-2-yn-1-yl-3-

d)carbamate (0.110 g, 0.466 mmol) in THF (1 mL) was added. A solution of LiAlD(OtBu)3 

(0.32g, 2.8 equiv) in THF (0.5 mL) was added quickly, and the resulting mixture was 

stirred at rt for 30 min. Water (0.22 mL, 12 mmol, 26.8 equiv) was added dropwise, and 

the resulting mixture was stirred at rt for 2 h. The solution was then filtered through celite, 

rinsed with ethyl acetate and concentrated in vacuo. The crude product was purified via 

flash column chromatography on silica gel using 2% ethyl acetate in hexanes as the 

eluant to afford 0.0913 g (82%) of (Z)-tert-butyl-(allyl-2,3-d2)(benzyl)carbamate as a clear 

oil. This material was judged to have ca 95% deuterium incorporation at both the internal 

alkene position and at the terminal alkene position, and was obtained as one 

stereoisomer (>20:1 dr) as judged by 1H NMR analysis. This material also contained ca 

25% d-incorporation at the benzylic position (carried through from the previous 

intermediate). 1H NMR (500 MHz, CDCl3)  7.32 (t, J = 7.4 Hz, 2 H), 7.28–7.20 (m, 3 H), 
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5.12 (s, 1 H), 4.40 (s, 2 H), 3.84 (br s, 1 H), 3.72 (br s, 1 H), 1.47 (s, 9 H); 1H NMR (500 

MHz, C6D6)  7.28–7.03 (m, 5 H), 4.92 (s, 1 H), 4.43 (br s, 1 H), 4.24 (br s, 1 H), 3.83 (br 

s, 1 H), 3.56 (br s, 1 H), 1.44 (s, 9 H).  

A 25 mL vial was charged with (Z)-tert-butyl-(allyl-2,3-d2)(benzyl)carbamate (0.0913 

g, 0.37 mmol) and dichloromethane (0.37 mL, 1 M) and the solution was cooled to 0 ºC. 

Trifluoroacetic acid (0.37 mL, 1 M) was added dropwise and the solution was warmed to 

rt and stirred overnight. Toluene (2 mL) was added, and the resulting solution was 

concentrated in vacuo. Additional toluene (2 mL) was added, the mixture was 

concentrated again, and this process was repeated two additional times. This afforded 

the trifluoroacetate salt of (Z)-N-benzylprop-2-en-2,3-d2-1-ylamine as a crude oil that was 

carried on to the next step without purification.  

A round-bottom flask equipped with a stirbar was charged with dichloromethane (2 

mL) and 4-nitrophenyl isocyanate (0.06 g, 0.37 mmol, 1 equiv). A solution of the crude 

(Z)-N-benzylprop-2-en-2,3-d2-1-ylamine trifluroacetate salt (from the previous step) in 

dichloromethane (1.7 mL) was added, then triethylamine (0.2 mL, 0.44 mmol, 3.9 equiv) 

was added dropwise and the resulting solution was stirred at rt overnight. The mixture 

was then concentrated in vacuo, and the crude product was purified via flash column 

chromatography on silica gel using 10% ethyl acetate in hexanes as the eluant to afford 

0.112 g (98%) of the title compound as a yellow solid, m.p. 105–107 °C. This material 

was determined to contain ca 95% deuterium incorporation at each of the alkene 

positions, along with ca 25% deuterium incorporation at the benzylic position (carried 

through from earlier intermediates) by 1H NMR, 2D NMR, and HRMS analysis. 1H NMR 

(400 MHz, CDCl3)  8.15 (d, J = 8.9 Hz, 2 H), 7.45 (d, J = 8.8 Hz, 2 H), 7.39 (t, J = 7.5 Hz, 
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2 H), 7.34 (d, J = 7.1 Hz, 3 H), 6.79 (s, 1 H), 5.33 (s, 1 H), 4.61 (m, 2 H), 4.01 (s, 2 H); 

Note: the unusual multiplicity for the peak at  4.61 is due the ~25% deuterium 

incorporation at the benzylic position. 13C NMR (125 MHz, CDCl3)  154.9, 145.4, 142.8, 

137.0, 133.2 (t, J = 24.0 Hz), 129.2, 128.2, 127.7, 125.2, 118.5, 117.8 (t, J = 23.5 Hz), 

51.0, 50.0; IR (film) 3347, 1657, 1610 cm-1; HRMS (ESI+) 314.1468 (314.1468 calcd for 

C17H15D2N3O3, M + H+).  

 

(4S*,4’R*)-N-(1,3-Dibenzyl-4-(morpholinomethyl-d)imidazolidin-2-

ylidene)cyanamide (4-d-9a).33 The general procedure was followed for the coupling of 

(Z)-1-[allyl-3-d]-1,3-dibenzyl-2-cyanoguanidine (4-d-8a) (30.5 mg, 0.1 mmol) with 

morpholino benzoate (4-4a) (62.2 mg, 0.3 mmol). This procedure afforded 26 mg (67%) 

of the title compound as a tan, viscous oil. This compound was obtained as a 3:1 mixture 

of diastereomers as judged by 1H NMR analysis; data are for the mixture. 1H NMR (500 

MHz, C6D6)  7.17–7.12 (m, 4 H), 7.11–6.98 (m, 6 H), 5.25 (d, J = 15.5 Hz, 1 H), 4.52 (q, 

J = 15.1 Hz, 2 H), 4.08–4.02 (m, 1 H), 3.29 (br s, 4 H), 3.01 (q, J = 7.4 Hz, 1 H), 2.65 (dd, 

J = 11.5, 7.3 Hz, 1 H), 2.54 (q, J = 8.2 Hz, 1 H), 1.89–1.84 (m, 1 H), 1.78–1.68 (m, 4 H), 

1.58–1.51 (m, 1 H); 13C NMR (125 MHz, CDCl3)  158.4, 135.9, 135.4, 128.9, 128.8, 

128.2, 128.1, 128.0, 127.9, 66.7, 60.5 (t, J = 21.9 Hz), 54.0, 51.8, 49.5, 49.3, 47.8; IR 

(film) 2924, 2169, 1583 cm-1; HRMS (ESI+) 391.2355 (391.2351 calcd for C23H26DN5O, 

M + H+). 
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(4S*,4’R*)-1-Benzyl-4-(morpholinomethyl-d)-3-(4-nitrophenyl)imidazolidin-2-one (4-

d-11a).33 The general procedure was followed for the coupling of (Z)-1-(allyl-3-d)-1-

benzyl-3-phenylurea (4-d-10a) (31.2 mg, 0.1 mmol) with morpholino benzoate (4-4a) 

(62.2 mg, 0.3 mmol). This procedure afforded 28 mg (70%) of the title compound as a 

yellow solid, m.p. 102-104 °C. This compound was obtained as a 6:1 mixture of 

diastereomers as judged by 1H NMR analysis; data are for the mixture. 1H NMR (400 

MHz, C6D6)  8.04 (d, J = 9.3 Hz, 2 H), 7.61 (d, J = 9.3 Hz, 2 H), 7.14–7.02 (m, 5 H), 4.31–

4.19 (m, 2 H), 3.52–3.24 (m, 5 H), 2.85 (dd, J = 8.9, 2.8 Hz, 1 H), 2.75 (t, J = 8.7 Hz, 1 

H), 1.95–1.88 (m, 3 H), 1.83–1.79 (m, 2 H), 1.72 (dd, J = 13.7, 9.3 Hz, 1 H); 13C NMR 

(125 MHz, CDCl3)  156.4, 145.2, 142.0, 136.1, 128.8, 128.3, 127.9, 124.9, 117.4, 66.7, 

58.9 (t, J = 19.0 Hz), 54.2, 50.8, 47.8, 45.9; IR (film) 2922, 1710 cm-1; HRMS (ESI+) 

398.1929 (398.1933 calcd for C21H23DN4O4, M + H+). 

 

(4S*,4’R*)-N-[1,3-dibenzyl-4-(morpholinomethyl-d)imidazolidin-2-ylidene]-4-

methylbenzenesulfonamide (4-d-9d).33 The general procedure was followed for the 

coupling of (Z)-N-{[allyl-3-d](benzyl)amino}benzylaminomethylene-4-

methylbenzenesulfonamide (4-d-8b) (43.5 mg, 0.1 mmol) with morpholino benzoate (4-

4a) (62.2 mg, 0.3 mmol). This procedure afforded 39 mg (75%) of the title compound as 
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a tan, viscous oil. This compound was obtained as a 6:1 mixture of diastereomers as 

judged by 1H NMR analysis; data are for the mixture. 1H NMR (400 MHz, C6D6)  8.26 (d, 

J = 8.2 Hz, 2 H), 7.28 (d, J = 6.8 Hz, 4 H), 7.20–6.98 (m, 6 H), 6.81 (d, J = 8.1 Hz, 2 H), 

5.47 (d, J = 15.4 Hz, 1 H), 4.83 (d, J = 15.0 Hz, 1 H), 4.66 (d, J = 14.9 Hz, 1 H), 4.12 (d, 

J = 15.3 Hz, 1 H), 3.33 (br s, 4 H), 3.15–3.05 (m, 1 H), 2.75 (t, J = 9.7 Hz, 1 H), 2.66 (d, 

J = 7.3 Hz, 1 H), 1.92–1.87 (m, 4 H), 1.84–1.70 (m, 4 H), 1.77–1.72 (m, 1 H); 13C NMR 

(125 MHz, CDCl3)  156.5, 142.9, 141.2, 136.1, 135.7, 129.9, 128.8, 128.7, 128.6, 128.4, 

128.1, 127.9, 127.8, 125.8, 66.7, 60.2 (t, J = 19 Hz), 54.1, 51.6, 50.8, 49.0, 48.7, 21.4; IR 

(film) 2922, 1559 cm-1; HRMS (ESI+) 520.2482 (520.2487 cacld for C29H33DN4O3S, M + 

H+). 

 

(4S*,4’R*)-N-[1,3-Dibenzyl-4-(-piperidin-1-ylmethyl-d)imidazolidin-2-ylidene]-4-

methylbenzenesulfonamide (4-d-9e).33 The general procedure was followed for the 

coupling of (Z)-N-{[allyl-3-d](benzyl)amino}-benzylaminomethylene-4-

methylbenzenesulfonamide (4-d-8b) (43.5 mg, 0.1 mmol) with piperidin-1-yl benzoate (4-

4b) (61.5 mg, 0.3 mmol). This procedure afforded 40 mg (77%) of the title compound as 

a tan, viscous oil. This compound was obtained as a 7:1 mixture of diastereomers as 

judged by 1H NMR analysis; data are for the mixture. 1H NMR (500 MHz, C6D6)  8.26 (d, 

J = 8.0 Hz, 2 H), 7.33 (d, J = 7.5 Hz, 2 H), 7.28 (d, J = 7.5 Hz, 2 H), 7.15–7.07 (m, 4 H), 

7.05–7.00 (m, 2 H), 6.82 (d, J = 8 Hz, 2 H), 5.46 (d, J = 15 Hz, 1 H), 4.82 (d, J = 14.5 Hz, 

1 H), 4.65 (d, J = 15.5 Hz, 1 H), 4.22 (d, J = 15 Hz, 1 H), 3.19 (q, J = 9.5 Hz, 1 H), 2.80 
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(t, J = 9.5 Hz, 1 H), 2.72 (dd, J = 16.5 Hz, 6.5 Hz, 1 H), 2.05–2.00 (m, 1 H), 1.89 (s, 3 H), 

1.86 (br s, 4 H), 1.76–1.71 (m, 1 H); 13C NMR (125 MHz, C6D6)  156.2, 144.3, 140.4, 

137.1, 136.5, 128.8, 128.6, 128.7, 128.6, 128.5, 128.4, 127.5, 126.2, 60.7 (t, J = 22 Hz), 

54.8, 51.7, 50.8, 48.8, 48.7, 25.8, 24.1, 20.7; IR (film) 2931, 1559 cm-1; HRMS (ESI+) 

518.2692 (518.2695 calcd for C30H35DN4O2S, M + H+). 

 
(4S*,4’R*)-1-Benzyl-4-(morpholinomethyl-d)-3-(4-nitrophenyl)imidazolidin-2-one-4-

d (4-23). A flame dried Schlenk tube was cooled under a stream of nitrogen and charged 

with (Z)-1-(allyl-2,3-d2)-1-benzyl-3-(4-nitrophenyl)urea (4-22) (0.0313 g, 0.1 mmol), 

Pd(acac)2 (0.0012g, 0.004 mmol), JackiePhos (0.0127 g, 0.016 mmol), morpholino 

benzoate (4-4a) (0.0622g, 0.3 mmol), Cs2CO3 (0.0652 g, 0.2mmol), and dioxane (1mL, 

0.1 M). The solution was heated to 100 ºC for 16 h, then was cooled to rt, filtered through 

cotton, rinsed with diethyl ether, and concentrated in vacuo. The crude product was 

purified via flash column chromatography on silica gel using 40% ethyl acetate in hexanes 

as the eluant to afford 25.4 mg (64%) of the title compound as a yellow solid, m.p. 105–

106 °C. This material was obtained as a 6:1 mixture of diastereomers as judged by 1H 

NMR analysis; data are for the major isomer. Note: this material also contains ca 25% 

deuterium incorporation at the benzylic position, which was carried over from the starting 

material, based on 1H and 2D NMR analysis. 1H NMR (500 MHz, CDCl3)  8.22 (d, J = 9.4 

Hz, 2 H), 7.75 (d, J = 8.8 Hz, 2 H), 7.40–7.29 (m, 5 H), 4.58–4.40 (m, 2 H), 3.62 (q, J = 

9.4 Hz, 4 H), 3.49 (d, J = 9.1 Hz, 1 H), 3.36 (d, J = 9.3 Hz, 1 H), 2.59 (s, 1 H), 2.50 (d, J 
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= 8.0 Hz, 2 H), 2.37 (q, J = 9.7, 8.8 Hz, 2 H; 1H NMR (500 MHz, C6D6)  8.05 (d, J = 9.3 

Hz, 2 H), 7.60 (d, J = 9.2 Hz, 2 H), 7.21–7.02 (m, 5 H), 4.36–4.09 (m, 2 H), 3.35–3.49 (m, 

4 H), 2.84 (d, J = 8.8 Hz, 1 H), 2.73 (d, J = 8.8 Hz, 1 H), 1.98–1.88 (m, 3 H), 1.81 (ddd, J 

= 10.5, 6.1, 3.1 Hz, 2 H); 13C NMR (125 MHz, CDCl3)  156.5, 145.4, 142.2, 136.3, 129.0, 

128.4, 128.0, 125.1, 117.5, 66.9, 59.0 (t, J = 20.3 Hz), 54.3, 50.7 (t, J = 20.9 Hz), 48.0, 

45.9; IR (film) 2924, 2853, 1710 cm-1; HRMS (ESI+) 399.1995 (399.1996 calcd for 

C21H22D2N4O4, M + H+).   

Computational Details – Energy minimization for assignment of stereochemistry 

of deuterated products by nOe. 

All geometries were optimized using the spin-restricted B3LYP37 density functional and 

the 6-31G* basis set. All density functional calculations were performed using 

Spartan’16.38 The calculations are meant to be used for qualitative purposes only.  
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Deuterium Labelling Studies – Assignment of product stereochemistry 

In order to determine the relative stereochemical configuration of the deuterated products 

4-d-9a, 4-d-9d, 4-d-9e, and 4-d-11a, the calculated ground state energy conformations30 

shown above were used in conjunction with 2D COSY and 1D 1H nOe analysis of the all-

proteo analogs of these compounds. The low energy conformation is shown in the box 

on the previous page, and is copied on the 1H NMR, COSY, and 1D nOe spectra of 4-9a 

shown on the following pages. Irradiation of the signal corresponding to H atom a’’ led to 
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a strong nOe correlation to H g, and a weak correlation to H i (plus a strong correlation to 

the germinal H atom a’). In contrast, irradiation of H atom a’ resulted only in nOe 

correlations to H d and H a’’. The stereochemistry of the deuterated compounds was then 

assigned on the basis of which signal (H g vs. H i) was missing from the 1H NMR spectra 

of the deuterated products. 
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Chapter 5  

Palladium-Catalyzed Alkene Diamination of N-Allyureas, N-Allylguanidines, and 

Allylamides Utilizing Acac-Derived Ligands 

 
5.1 Introduction

As previously discussed in Chapter 4, in 2018 we reported the Pd-catalyzed alkene 

diamination of guanidines and ureas bearing tethered alkenes with O-acylated 

hydroxylamine derivatives to provide cyclic guanidines or ureas bearing appended 

aminoalkyl groups in good to excellent chemical yield (Chapter 4, Tables 4-2-4).1 In 

addition, reactions involving deuterated alkene substrates proceed with modest 

diastereoselectivity favoring products resulting from anti-addition of the two nitrogen 

atoms to the alkene. 

We initially hypothesized that the mechanism of these reactions is similar to that of 

related alkene carboamination reactions, involving a typical Pd(0)/Pd(II) catalytic cycle 

(Chapter 4, Scheme 4-1).1,2,3 In this chapter, we describe new experiments that have led 

us to revise our mechanistic hypothesis, along with the discovery that acac (2,4-

pentanedione) and simple acac derivatives serve as highly effective ligands for this 

transformation. 

5.2 Control Experiments and Precatalyst Effects  

Following our preliminary studies, we set out to further examine this reaction and its 

mechanism. We elected to first explore the putative oxidative addition of the morpholino 

benzoate electrophile 5-1a to either Pd(0) or Pd(II). However, in initial scouting 
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experiments we were surprised to find that the phosphine ligand JackiePhos did not bind 

to Pd(acac)2 as judged by a lack of change of the 31P NMR chemical shift of free 

JackiePhos vs the mixture of JackiePhos and Pd(acac)2 (eq 5-1). In order to explore the 

possibility of oxidative addition to a Pd(0)/JackiePhos complex, we carried out NMR 

studies in which the Buchwald Pd(II)(JackiePhos) G3 precatalyst was reduced in situ, as 

judged by 31P NMR analysis, and then treated with 5-1a (eq 5-2). Surprisingly, we saw no 

evidence for oxidative addition of 5-1a to this Pd(0) complex. In addition, we did not 

observe any evidence for oxidative addition of 5-1a to the Pd(II) complex Pd(acac)2 at 

100 °C, either with or without JackiePhos present (eq 5-3). The results of these 

experiments immediately suggested two things: (i) since JackiePhos does not appear to 

bind to Pd(acac)2, it may not be the actual ligand for palladium in these alkene diamination 

reactions; and (ii) our original mechanistic hypothesis is likely incorrect, as the proposed 

initial oxidative addition step does not appear to be viable with this catalyst system. 

 

 

 

 

 

Given these results, we decided to revisit the influence of pre-catalyst and ligand on 

the outcome of the coupling reactions between 5-1a and N-allylurea substrate 5-2a. We 

had previously reported that the coupling of 5-1a with 5-2a and Cs2CO3 in the presence 

of Pd(acac)2 and JackiePhos afforded a 90% isolated yield of the desired product 5-3a 

(Table 5-1, entry 1). We first carried out the key control experiment in which JackiePhos 
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was omitted from these conditions and obtained the same result as when JackiePhos 

was included (entry 2). This result suggests that the actual ligand for palladium is acac, 

not JackiePhos, and is further supported by the fact that Pd(TFA)2 or other simple 

palladium pre-catalysts alone gave poor results (entries 3-4), but use of Pd(TFA)2 and 

acac as additional ligand provided 5-3a in >95% yield (entry 5).  

 

 

 

 

 

 

 

 

 

 

 

When we originally studied this transformation1, we observed a clear trend where the 

yields steadily improved as we moved to bigger and more electron-deficient ligands. 

(Table 4-1). At the time, however, we neglected to perform a control reaction in which the 

phosphine ligand was absent and therefore misinterpreted the ligand trend. We now 

believe the trend simply reflects inhibition of the reaction by phosphine ligands. The 

ligands that do not bind to the metal as well – due to being bulky and electron-poor – 
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inhibit the reaction less than the more electron-rich ligands, leading to a higher observed 

yield. 

5.3 Revised Mechanistic Hypothesis and Stereochemical Details 

The experiments described in eq 5-1-3 & Table 5-1 suggest our initial Pd(0)/Pd(II) 

mechanistic hypothesis is  incorrect; therefore, we sought to gain additional information 

about the mechanism of these transformations. In order to probe whether our reactions 

may proceed via a Pd(II)/Pd(IV) catalytic cycle that is similar to the catalytic cycle reported 

by Michael4, we first sought to confirm that alkene aminopalladation could occur in the 

absence of the electrophile. As such, 5-2a was treated with Cs2CO3 and a stoichiometric 

amount of Pd(acac)2 (Scheme 5-1). These conditions afforded a roughly 1:1:4 mixture of 

products 5-5-7 in 62% combined yield. All three of these products likely arise from alkene 

aminopalladation (5-2a to 5-4), with 5-5 likely derived from β-hydride elimination of 5-4, 

5-6 potentially resulting from protonolysis of 5-4, and 5-7 coming from aryl C–H 

functionalization of 5-4. Therefore, we have evidence to suggest that (i) the electrophile 

is not necessary for aminopalladation to occur and (ii) the aminopalladation is viable with 

a Pd(II) precatalyst in the absence of an obvious metal oxidant.3,5 
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In our initial studies1, we found that the Pd(acac)2/JackiePhos -catalyzed coupling of 

5-d-2a with 5-1a afforded 5-d-3d in 60% yield and 6:1 dr6 (Table 5-2, entry 1). A similar 

outcome was obtained when Pd(acac)2 alone (no phosphine) was used as the catalyst 

for this reaction (entry 2). When we reduce the amount of 5-1a to 1.5 equiv, we obtained 

similar isolated yields, but with much lower dr (entries 4-5). We proposed in our previous 

report1 that competing syn-aminopalladation led to our observed moderate dr. The 

observation that the dr is also dependent on the amount of electrophile present suggests 

that the mechanistic step involving the electrophile (likely oxidative addition-see below) is 

slow. We believe having a higher concentration of the electrophile in the reaction helps 

promote this slow step. 

 

 

 

 

 

 

 

 

 

 

Since product 5-d-3a results from net anti-addition to the alkene, we sought to gain 

additional information about the stereochemistry of alkene aminopalladation and 

reductive elimination. The overall anti-addition could result from either anti-
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aminopalladation followed by reductive elimination with retention of configuration or may 

derive from syn-aminopalladation and subsequent reductive elimination with inversion of 

configuration. The related transformation reported by Michael has been demonstrated to 

proceed via anti-aminopalladation, followed by reductive elimination with inversion of 

configuration.4c In order to determine the alkene addition stereochemistry, we elected to 

take advantage of the relatively facile aminopalladation/C–H functionalization sequence 

described above in Scheme 5-1 (5-2a to 5-7). As shown in Table 5-3, treatment of 

deuterated alkene substrate 5-d-2a with Pd(acac)2 and Cs2CO3 in the presence (entry 1) 

or absence of JackiePhos (entry 2) afforded 5-d-7 in modest yield (37 and 20%, 

respectively), with ca 1.5:1 diastereoselectivity favoring the product resulting from anti-

aminopalladation.7  

Given the low diastereoselectivity of the conversion of 5-d-2a to 5-d-7 (1.5:1 dr, Table 

5-3) relative to that for the conversion of 5-d-2a to 5-d-3a (6:1 dr, Table 5-2), it seemed 

possible that the aminopalladation stereoselectivity was being eroded by reversible β-

hydride elimination from complex 5-d-4.8 However, the cyclization/C–H functionalization 

of di-deuterated substrate 5-d2-2a, which should undergo much slower β-deuterium 
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elimination from complex 5-d2-4 than the rate for β-hydride elimination from complex 5-

d-4,9 proceeded with comparable (1.6:1) diastereoselectivity (Table 5-3, entry 3). This 

suggests that the selectivity for anti- vs. syn aminopalladation is modest, and that since 

the overall conversion of 5-d-2a to 5-d-7 (and 5-d2-2a to 5-d2-7) proceeds with net anti-

addition, the C–N bond forming reductive elimination must occur with retention of 

configuration. Thus, although these transformations are mechanistically similar to the 

reactions previously described by Michael, the nature of the nitrogen nucleophile has an 

impact on the stereochemistry of reductive elimination, and transformations of the more 

electron-rich amine-derived electrophiles (this work) appear to involve stereoretentive, 

rather than stereoinvertive (Michael), reductive elimination.  

Collectively, the results of the experiments shown in eq 5-1-3, Schemes 5-1, and 

Tables 5-1-3 suggest the mechanism of this transformation involves initial, and possibly 

reversible, anti-aminopalladation of the alkene to generate intermediate 5-9 (Scheme 5- 
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2). Oxidative addition of the amine electrophile to 5-9 provides 5-10, and then reductive 

elimination affords the observed product (5-3a) with regeneration of the Pd(II) catalyst.  

5.4 Influence of Acac Structure on Reactivity 

The use of acac as a “standalone” (no added phosphine) ligand in Pd-catalyzed cross-

coupling reactions is extremely rare, and the influence of acac ligand structure on 

reactivity in Pd-catalyzed reactions has not been thoroughly explored. In 2007, Guo 

reported phosphine-free conditions for Pd-catalyzed Mizoroki-Heck and Suzuki-Miyaura 

reactions in which they found acac (5-12b) and 5-12a (see Table 5-4) can act as ligands 

for these transformations.10 Later work has also found that the Fujiwara-Moritani reaction 

can also be promoted with acac as the ligand for palladium.11 In order to determine 

whether acac analogs may be worth examining, we quickly screened the reactivity of 

Pd(acac-F6)2. Interestingly, this complex bearing an electron-deficient acac derivative 

gave very poor results (Table 5-4, entry 2, 10% yield of 5-3a) in comparison to the results 

obtained with Pd(acac)2 (entry 1, 90% yield). This result indicated the structure of the 

acac ligand does influence reactivity.  

Accordingly, we explored the coupling of more challenging urea substrates 5-2b and 

5-2c with several different acac-derived ligands. With our original catalyst system of 

Pd(acac)2/JackiePhos, the coupling of 5-2b with 5-1a afforded 5-3b in 90% crude yield 

and 45% isolated yield (Table 5-4, entry 3). The low isolated yield is due to difficulties in 

separating 5-3b from side products formed in low amounts. By omitting JackiePhos and 

using a catalyst composed of Pd(TFA)2/acac, we observed 74% crude yield (entry 4). 

Changing the ligand to 5-11 or 5-12a (entries 5-6) resulted in significantly reduced yields. 

However, using acac derivatives 5-12c-e gave a boost in yield to 83-88% (entries 7-9). 
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We saw the best crude yield when we employed the electron-rich derivative 5-12f and 

obtained the isolated product in 84% yield (entry 10). 
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We then turned our attention to the more electron-rich urea 5-2c. We had previously 

observed <5% of product when using the Pd(acac)2/JackiePhos catalyst system (entry 

11). However, by only removing the JackiePhos, we observed 30% of 5-3c (entry 12).  

This is further increased to 75% when using ligand 5-12f (entry13). However, issues 

with isolation resulted in only 42% isolated product. We were overall very pleased to learn 

that JackiePhos inhibits this reaction and the use of electron-rich acac-derived ligands 

can lead to improved results. We believe ligand 5-12f allows for a more facile oxidation 

to Pd(IV) (Scheme 5-2, 5-9 to 5-10) which leads to an increase in the desired product (5-

3c) formation. 

5.5 Further Exploration of the Substrate Scope 

We learned through these studies that JackiePhos is not needed for the reaction to 

proceed and is even inhibitory in some cases. Additionally, we believe a Pd(II)/Pd(IV) 

mechanistic cycle is occurring for this transformation and that acac is the true ligand for 

palladium. Using more electron-rich acac-derivatives likely helps promote challenging 

reactions by potentially assisting with the difficult oxidation to Pd(IV).  

We next applied this information to study other reactions that we have found to be 

difficult with the previous conditions. Group member Gabriel A. Gonzalez, has been 

studying electrophiles beyond those reported in our previous publication.1 When using 

electrophile 5-1b with urea 5-2a and Pd(acac)2, he obtained a 47% isolated yield, but 

employing ligand 5-12f, his yield increased to 78% (Scheme 5-3).12 He observed a similar 

trend when using 5-1c; the yield increased from 78 to 85%. We are very pleased that we 

have been able to increase the scope of this reaction to include acyclic, primary amines, 
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and amines containing additional functional groups. GAG is continuing to study this 

transformation and further increase the scope of the electrophile. 

 

 

 

 

 

 

 

 

In addition to ureas, we previously studied the diamination transformation with N-

allylguanidines and obtained the cyclic guanidine product in good yields.1 We performed 

the analogous reaction in the absence of JackiePhos however, we only obtained ~80% 

crude yield when using our best ligand 5-12f and 5 equiv of 5-1a (eq 5-4). We are unsure 

why the yield has decreased in the absence of JackiePhos, although it may be due to 

different levels of experience working with the highly polar guanidine products. Future 

studies will be directed toward optimizing phosphine-free conditions with N-

allylgaunidines.  
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In addition to ureas and guanidines, we were interested in expanding the scope of the 

reaction to include other substrates. Mason S. Faculak began looking at amides with a 

tethered allyl group to form lactam products containing α-amino substitution. He found 

that 5-16  couples with 5-1a and forms 5-17 in 68% isolated yield (eq 5-5).13 At this point, 

the gem-dimethyl substitution is necessary for reactivity; future studies will be devoted to 

expanding the scope of the substrate and maintaining reactivity with the removal of gem-

disubstitution.   

Inspired by a report by Michael,4b we were interested in applying chiral ligands to our 

system to induce enantioselectivity. Two ligands were screened for these preliminary 

results (eq 5-6). 2,6-Bis[(4S)-4-phenyl-2-oxazolinyl]pyridine14 gave back starting material 

in addition to side products and other unidentified materials. (R)-Ph-Quinox was more 

promising, yielding about 30% by crude 1H NMR, but other side products and 

decomposition of starting material was also observed. We attempted to isolate the 

product to measure the er by chiral HPLC, but the HPLC data was inconclusive.  
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5.6 Further Unpublished Work 

Previous studies in the Wolfe lab have shown that the reaction conditions such as 

solvent, electrophile, and counterion of the base, can have significant impact on the ratio 

of products resulting from syn- or anti-aminopalladation pathways (Chapter 1, Scheme 1-

3-4.15 Conditions that stabilize a catanionic Pd promote the anti-aminopalladation 

pathway. When we discovered that competing syn-aminopalladation was resulting in 

moderate diastereoselectivities for our diamination reactions, (Chapter 4, Section 4.4) we 

looked to change our reaction conditions to help promote the anti-pathway. The previous 

study showed that less coordinating counterions, such as triflate, resulted in a more 

catanionic Pd. We were interested in varying the substitution on the phenyl ring of our 

benzoyl group to test whether substitution with electron withdrawing groups would result 

in a higher diastereomeric ratio. The synthesis of these substituted electrophiles required 

the synthesis of 5-1a, then hydrolysis to form the hydroxylamine and then the desired 

products were formed via acyl transfer with the appropriate acid chloride (eq 5-7).  

 

 

 

With the various substituted electrophiles 5-1d-g, we subjected each to the reaction 

conditions including JackiePhos with 5-d-2a (Table 5-5). At the time we conducted these 

reactions, we had not yet discovered that JackiePhos was not needed for the reaction to 

proceed. With the JackiePhos conditions, each of the substituted electrophiles showed 

yields lower than the original 5-1a (entry 1), and the observed dr of each reaction was 

moderate (3:1-7:1) with the slightly higher drs observed with the electrophiles containing 
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electron donating groups (entry 4-5). It was noted that the more electron-poor 

electrophiles such as 5-1d, decomposed rapidly after synthesis and purification. It is 

possible that the more electron-deficient electrophiles are more prone to hydrolysis 

therefore lowering the concentration in the reaction leading to lower observed yields and 

dr. 

Another question we were interested in studying was if the benzoate anion that is 

formed upon oxidative addition of the electrophile was facilitating the deprotonation of the 
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urea in the diamination reaction. We ran the reaction without Cs2CO3 and replacing 

Cs2CO3 with sodium benzoate (eq 5-8). In both cases we obtained about 30% of an  

 

 

 

 

unexpected product. After extensive 2-D NMR studies and HRMS data, we have assigned 

this product to be 5-18. We believe this product is forming via C-H activation that is 

directed by the carbonyl of the benzoyl group of 5-1a to form 5-19. 5-19 can undergo 

transmetallation with 5-9 and after reductive elimination form 5-18. The benzoyl group is 

hydrolyzed at some point following the transformation (Scheme 5-4). The formation of 5-

18 will be studied further in the future. 

Around the time we had finished the studies shown in Table 5-5, eq 5-8, and Scheme 

5-4, we discovered that JackiePhos was not the true ligand for palladium and we found 

evidence pointing to a Pd(II)/Pd(IV) catalytic cycle. In this new system, we still observed 
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only moderate dr when employing a single stereoisomer of our urea substrate (Table 5-

2). We were interested in changing the base and counterion of the base to determine if 

these changes influenced the ratio of anti to syn addition products. We began our tests 

first with 5-2a, to see if these bases were able to produce the desired product 5-3a. We 

were surprised to find that the product was only obtained when Cs2CO3 and LiOtBu were 

used (Table 5-6, entries 1-2). With each of the tert-butoxide bases and Li2CO3 varying 

amount of various side products were formed (entries 2-5). The formation of products 5-

5-7 is discussed previously in this chapter in section 5.3. 5-20 is formed from base-

mediated decomposition of the urea. We were very intrigued by the formation of 5-21  
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where a C-N and C-O bond had formed. We hypothesized that this product could be 

formed if the electrophile is becoming deacylated under the reaction conditions. When we 

mix 5-1a with LiOtBu in dioxane for 1 hour, we observe complete deacylation to form 5-

22 (eq 5-9).  

 

 

 

Even after 5 minutes, the deacylation is 75% complete. From these observations, we 

propose that side product 5-21 is formed from substitution of the morpholino group in 5-

10 with 5-22’ (or 5-22), which is formed in the reaction mixture, followed by reductive 

elimination to form the C-O bond (5-21, eq 5-10). To test this hypothesis further, we 

synthesized hydroxylamine 5-22 and subjected it to the optimized reaction conditions in 

a 1:1 ratio with 5-1a (eq 5-11). In this preliminary reaction, we were pleased to obtain 

42% of 5-21 by crude 1H NMR. We plan to further optimize this transformation with 

hydroxylamine derivatives in addition to other nucleophiles in the future. 

 



 121 

With further evidence that the electrophile 5-1a may act as a sacrificial oxidant when 

a second nucleophile is present, we were interested to study whether this reaction would 

proceed if we replaced 5-1a with an oxidant and morpholine. We believe that these 

reaction conditions may either allow for the in situ formation of 5-1a or the oxidant might 

oxidize Pd(II) to Pd(IV) and morpholine would undergo reductive elimination with the alkyl-

Pd intermediate to form the desired product. Either way, this would eliminate the need to 

synthesize and purify 5-1a, which requires the use of DMF in the reaction and column 

chromatography purification.  

We began our studies with (diacetoxyiodo)benzene as the oxidant. However, we did 

not observe the formation of 5-2a either with or without a pre-stir with the oxidant and 

morpholine (eq 5-12) We then used benzoyl peroxide (98% peroxide, 2% water) in the 

reaction and again did not observe the desired product (eq 5-13). We were very surprised 

to find 30% product by crude 1H NMR when we employed 75% benzoyl peroxide (25% 
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water) (eq 5-14). When we added an additional 5 equiv of water, we saw the crude yield 

increase to 50%. It is very apparent that water is important in this reaction, but the reason 

why is still unclear to us. However, this effect has also been described by Yamamoto and 

Banerjee, who recently reported a new procedure for the synthesis of O-

benzoylhydroxylamines.16 We looked at other oxidants such as H2O2 in water and 

mCPBA; H2O2 resulted in the formation of aminopalladation side products while the use 

of mCPBA result in an explosion of the reaction contents prior to heating. To further 

increase the yield of the reaction we used our Pd(TFA)2/5-12f catalyst system and 

incorporated a pre-stir of the peroxide, morpholine, base, water, and dioxane for 30 min 

at rt prior to the addition of the Pd, ligand, and urea and heating. This resulted in 55% 

crude NMR yield however, a small amount of side product, that we believe to be 5-23, 

resulted in difficulties in clean isolation (eq 5-15). Heating the contents of the pre-stir 

decreased the amount of desired product formed. Further studies need to be conducted 

to further optimize this reaction. However, we believe this has protocol will be very useful 

in the future because it will eliminate the need to synthesize and purify every electrophile 

that someone is interested in testing in their system. Additionally, we could potentially 

expand this protocol to include other exogenous nucleophiles beyond amines. 

5.7 Conclusion 

Through careful analysis of control reactions and characterization of isolated side 

products, we have determined that earlier hypotheses related to our Pd-catalyzed alkene 

diamination reaction were incorrect. We found evidence to support a Pd(II)/Pd(IV) 

catalytic cycle in which anti-aminopalladation occurs prior to oxidation of the metal by O-

acylated hydroxylamines. Additionally, we discovered that acac, not JackiePhos, is the 



 123 

true ligand for palladium in this transformation. These important discoveries led us to 

further optimize the acac ligand structure to facilitate challenging reactions, including 

those that had previously been unsuccessful. We are also using this as an opportunity to 

ask new questions and explore these new avenues. As such, this research will continue 

to be pursued in the Wolfe lab.  

 

Portions of the work described in this chapter are in preparation for publication. 

 

5.8 Experimental 

General: All reactions were carried out under a nitrogen atmosphere using oven or flame-

dried glassware. All palladium sources and reagents including 5-11 and 5-12a-e were 

obtained from commercial sources and used without further purification unless otherwise 

noted. N-Allylurea and guanidines 5-2a-c1, 5-d-2a1, 5-d2-2a1, 5-1417, and 5-16,18 ligand 

5-12f,1920 and electrophiles 5-1b21-c21,22 were prepared according to previously reported 

procedures. Dioxane was purified by distillation from Na metal and benzophenone. 

calcium hydride under a nitrogen atmosphere. All yields refer to isolated compounds that 

are estimated to be ≥95% pure as judged by 1H NMR analysis unless otherwise noted. 

The yields reported in the experimental section describe the result of a single experiment, 

whereas yields reported in Schemes 5-2 & 5-4 and equations 2-10–11 are average yields 

of two or more experiments. Thus, the yields reported in the experimental section may 

differ from those shown in Schemes 2-2 & 2-4 and equations 2-10–11. 
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Procedures for eq 5-1-3 

For eq 5-1: JackiePhos was added to an NMR tube and a 31P NMR was taken. We 

observed two peaks, leading us to believe that the bottle contained both JackiePhos and 

JackiePhos-oxide. 31P NMR (dioxane)  18.687, -19.401 ppm. 

Triphenylphosphine oxide was added to an NMR tube and a 31P NMR was taken. 31P 

NMR (dioxane)  20.950. 

JackiePhos and Triphenylphosphine oxide were added to an NMR tube and a 31P NMR 

was taken. 31P NMR (dioxane)  20.950, 18.546, -19.609 

In an NMR tube, JackiePhos (104.5 mg, 0.13 mmol, 4 equiv), Pd(acac)2 (10 mg, 0.033 

mmol, 1 equiv), triphenylphosphine oxide (as a NMR reference std), and dioxane (2 mL) 

were shaken and a 31P NMR was taken. 31P NMR (dioxane)  20.950, 18.696, -19.429. 

 

For eq 5-2: In an NMR tube, JakiePhosPdG3 (20 mg, 0.017 mmol, 1 equiv) and 1 mL of 

C6D6 were added and 31P NMR and 1H NMR were taken. NaOtBu (3 mg, 0.031 mmol, 1.8 

equiv) was added and the NMR tube shaken and then 31P NMR and 1H NMR were taken. 

5-1a (3.6 mg, 0.017 mmol, 1 equiv) was added and the NMR tube shaken and then 31P 

NMR and 1H NMR were taken. The NMR tube was placed in an oil bath heated to 70 °C 

for 30 min and then 31P NMR and 1H NMR were taken. Evidence for oxidative addition 

was not observed. 

 

For eq 5-3: Pd(acac)2 (20 mg, 0.066 mmol, 1 equiv), 5-1a (13.7 mg, 0.066 mmol, 1 equiv), 

and 1 mL of d8-toluene were added to an NMR tube. A 1H NMR was taken of the mixture 

at rt, after 15 minutes of heating at 95 °C, and after an additional 30 minutes of heating 
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at 95 °C. Evidence of oxidative addition was not observed. A similar reaction was 

repeated by JPW and evidence of oxidative addition was not observed. 

Pd(acac)2 (5 mg, 0.0164 mmol, 1 equiv), JackiePhos (26.1 mg, 0.0328 mmol, 2 equiv), 

5-1a (3.4 mg, 0.0164 mmol, 1 equiv), triphenylphosphine oxide (as a NMR reference std) 

and 1 mL of dioxane were added to an NMR tube. A 31P NMR was taken of the mixture 

at rt, and after 15 minutes of heating at 95 °C. Evidence of oxidative addition was not 

observed. 

Synthesis and Characterization of Substrates and Ligands 

 

 

Morpholino benzoate (5-1a).  Morpholine (1mL, 11.5 mmol, 1 equiv) was added to a 

stirring mixture of K2HPO4 (4.01 g, 23 mmol, 2 equiv), benzoyl peroxide (3.25 g, 13.4 

mmol, 1.2 equiv) and DMF (58 mL, 0.2M). The reaction was stirred under Nitrogen 

atmosphere for 18 h. 50 mL of satd. Na2S2O3 (aq) was added to the reaction and stirred 

for 20 minutes. 75 mL of EtOAc was added and the layers were separated. The aqueous 

layer was extracted with EtOAc 3x 75 mL. The combined organic layers were washed 

with water 3x 100 mL, 1M NaOH 1x 100 mL, and brine 1x 100 mL. The organic layer was 

dried with anhydrous Na2SO4, filtered, and concentrated in vacuo. The crude mixture was 

purified by flash chromatography on silica gel (20% EtOAc in hexanes) to afford 1.38 g 

(58%) of the title compound as a white solid. The characterization data matched 

previously reported literature.1,23 
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General procedure for the Synthesis of 5-1d-g. (eq 5-7).  

5-1a (1.18g, 5.7 mmol, 1 equiv), K2CO3 (1.58 g, 11.4 mmol, 2 equiv), and methanol (11.4 

mL, 0.5M) were added to a flame-dried rbf. The solution was stirred under N2 for 3 h after 

which the methanol was removed in vacuo. 15 mL of EtOAc and 15 mL of water were 

added to the resulting solid and the layers were separated. The aqueous layer was 

extracted with EtOAc 3x 20 mL. The combined organic layers were dried with anhydrous 

Na2SO4, filtered, and concentrated in vacuo. The crude mixture containing 5-22 was 

carried over to the next step. An alternative synthesis of 5-22 is described below. 

5-22, DCM (17 mL, 0.33M), and triethylamine (0.79 mL, 5.7 mmol, 1 equiv) were added 

to a rbf and cooled to 0°C with an ice-water bath. The appropriate acid chloride (5.7 mmol, 

1 equiv) was added dropwise to the reaction mixture. The ice-water bath was removed, 

and the mixture stirred at rt for 16 h. 10 mL of water was added to the reaction and the 

layers were separated. The aqueous layer was extracted with DCM 3x 20 mL. The 

combined organic layers were dried with anhydrous Na2SO4, filtered, and concentrated 

in vacuo. The crude mixture was purified by flash chromatography on silica gel. 

 

 

 

morpholino 2,3,4,5,6-pentafluorobenzoate (5-1d). The title compound was 

synthesized following the general procedure. The crude product was purified by flash 

chromatography on silica gel (20% EtOAc in hexanes) to afford 0.7084 g (42%) of the title 

compound as an orange oil. 1H NMR (500 MHz, CDCl3)  4.10 – 3.93 (m, 2H), 3.91 – 3.73 
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(m, 2H), 3.56 – 3.33 (m, 2H), 3.18 – 2.83 (m, 2H). IR (film) 2866, 1754, 1652, 1524, 1495 

cm-1; HRMS (ESI+) 298.0499 (298.0497 calcd for C11H9F5NO3, M + H+). 

 

 

 

Morpholino 4-nitrobenzoate (5-1e). The title compound was synthesized following the 

general procedure. The crude product was purified by flash chromatography on silica gel 

(20% EtOAc in hexanes) to afford 0.3814 g (27%) of the title compound as an oil. 1H NMR 

(500 MHz, CDCl3) δ 8.30 (d, J = 8.6 Hz, 2H), 8.18 (d, J = 8.6 Hz, 2H), 4.11 – 3.93 (m, 

2H), 3.92 – 3.81 (m, 2H), 3.57 – 3.41 (m, 2H), 3.13 – 3.00 (m, 2H). 

 

 

 

Morpholino 2-methylbenzoate (5-1f). The title compound was synthesized following the 

general procedure except NaH (2 equiv) was used as the base instead of triethylamine 

and it allowed to stir with 5-24 and DCM for 10 min at rt prior to being cooled to 0°C and 

the addition of the acid chloride. The crude product was purified by flash chromatography 

on silica gel (1% methanol in DCM) to afford 0.2781 g (35%) of the title compound as an 

oil. 1H NMR (500 MHz, CDCl3)  7.81 (d, J = 7.8 Hz, 1H), 7.41 (t, J = 7.7 Hz, 1H), 7.31 – 

7.16 (m, 3H), 4.06 – 3.77 (m, 4H), 3.55 – 3.40 (m, 2H), 3.17 – 2.94 (m, 2H), 2.59 (s, 3H). 
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Morpholino 4-methoxybenzoate (5-1g). The title compound was synthesized following 

the general procedure except NaH (2 equiv) was used as the base instead of triethylamine 

and it allowed to stir with 5-24 and DCM for 10 min at rt prior to being cooled to 0°C and 

the addition of the acid chloride. The crude product was purified by flash chromatography 

on silica gel (1% methanol in DCM) to afford 0.1820 g (2j1%) of the title compound as a 

white solid. 1H NMR (500 MHz, CDCl3) δ 7.95 (d, J = 8.9 Hz, 2H), 6.90 (d, J = 8.9 Hz, 2H), 

3.99 – 3.90 (m, 2H), 3.89–3.80 (m, 2H), 3.84 (s, 3H),z 3.46 – 3.37 (m, 2H), 3.13 – 2.90 

(m, 2H). 

Preparation and Characterization of Products 

General Procedure for Pd-Catalyzed Alkene Difunctionalization Reactions: Tables 

5-1-6, Schemes 5-1, 5-3, and eq 5-4-6, 5-8, 5-11, 5-12-15 

A flame-dried Schlenck tube equipped with a stirbar was cooled under a stream of N2 and 

charged with the appropriate palladium source (4 mol %), the appropriate ligand (8-16 

mol %), the appropriate urea, guanidine, or amide substrate (0.2 mmol, 1 equiv), the 

appropriate electrophile (0.3-0.6 mmol, 1.5-3.0 equiv) and cesium carbonate (0.4 mmol, 

2 equiv). After purging the Schlenck tube with N2, dioxane (2 mL, 0.1 M) was added and 

the reaction was headed to 100 oC for 16 h. The crude reaction mixture was filter through 

cotton with diethyl ether and concentrated in vacuo. The crude product was then purified 

by flash chromatography on silica gel. 
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1-Benzyl-4-(morpholinomethyl)-3-(4-nitrophenyl)imidazolidin-2-one (5-3a). For 

Table 5-4: The general procedure was used for the coupling of 5-2a (62.3 mg, 0.2 mmol, 

1 equiv) with morpholino benzoate (5-1a) (62.2 mg, 0.3 mmol, 1.5 equiv) using a catalyst 

composed of  Pd(acac)2 (2.4 mg, 0.008 mmol, 4 mol %) except the reaction was run for 

1 h. The crude product was purified by flash chromatography on silica gel (10% 3:1 (ethyl 

acetate:ethanol) in hexanes) to afford 56.5 mg (71%) of the title compound as a yellow 

oil. The characterization data matched previously reported data.1 The material was judged 

to have a 50:50 er by chiral HPLC analysis (ChiralCel ODH, 25 cm x 4.6 mm, 90% hexane 

+ 0.1 % DEA 10% IPA, 1.5 mL/min, λ 333 nm, RT = 20.657 min and 28.275 min) 

For eq 5-12: The general procedure was used for the coupling of 5-2a (62.3 mg, 0.2 mmol, 

1 equiv) except with morpholine (26 μL, 0.3 mmol, 1.5 equiv) and (diacetoxyiodo)benzene 

(96.6 mg, 0.3 mmol, 1.5 equiv) using a catalyst composed of  Pd(acac)2 (2.4 mg, 0.008 

mmol, 4 mol %). The crude reaction mixture was filter through cotton with diethyl ether 

and concentrated in vacuo. No desired product was observed.  

For eq 5-13: The general procedure was used for the coupling of 5-2a (62.3 mg, 0.2 mmol, 

1 equiv) except with morpholine (52 μL, 0.6 mmol, 3 equiv), and benzoyl peroxide (98%) 

(145.3 mg, 0.6 mmol, 3 equiv) using a catalyst composed of  Pd(acac)2 (2.4 mg, 0.008 

mmol, 4 mol %) and 4 equiv of Cs2CO3 (260.6 mg, 0.8 mmol) was used instead of 2 equiv. 

At the completion of the reaction, aq NH4Cl (satd.) (2 mL) and EtOAc (2 mL) was added 

to the reaction. The layers were separated, and the aqueous layer was extracted with 
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EtOAc 3x 2 mL. The combined organic layers were washed with brine 1x 5 mL and dried 

with anhydrous Na2SO4, filtered, and concentrated in vacuo. No desired product was 

observed.  

For eq 5-14: The general procedure was used for the coupling of 5-2a (31.1 mg, 0.1 mmol, 

1 equiv) except with morpholine (26 μL, 0.3 mmol, 3 equiv), and benzoyl peroxide (75%) 

(72.7 mg, 0.3 mmol, 3 equiv) using a catalyst composed of  Pd(acac)2 (1.2 mg, 0.004 

mmol, 4 mol %). 4 equiv of Cs2CO3 (130.3 mg, 0.4 mmol) was used instead of 2 equiv 

and the reaction was conducted at 0.1 mmol and 1 mL of dioxane was used. If appropriate 

water (9 μL, 0.5 mmol, 5 equiv) was added to the reaction. At the completion of the 

reaction, aq NaHCO3 (satd.) (2 mL) and EtOAc (2 mL) was added to the reaction. The 

layers were separated, and the aqueous layer was extracted with EtOAc 3x 2 mL. The 

combined organic layers were washed with brine 1x 5 mL and dried with anhydrous 

Na2SO4, filtered, and concentrated in vacuo. The desired product observed by 1H NMR 

was not purified. 

For eq 5-15: A flame-dried Schlenck tube equipped with a stirbar was cooled under a 

stream of N2 and charged with benzoyl peroxide (75%) (145.3mg, 0.6 mmol, 3 equiv), 

Cs2CO3 (260.6 mg, 0.8 mmol, 4 equiv), morpholine (52 μL, 0.6 mmol, 3 equiv), water (18 

μL, 1 mmol, 5 equiv), and 0.7 mL of dioxane. The solution was stirred at rt for 30 min after 

which 5-2a (62.3 mg, 0.2 mmol, 1 equiv), Pd(TFA)2 (2.7 mg, 0.008, 4 mol %), and 5-12f 

(4.5 mg, 0.016 mmol, 8 mol %) were added as a solution in 0.3 mL of dioxane (0.2M total 

in reaction). The urea is difficult to dissolve at rt in dioxane so the addition was difficult. 

The reaction was headed to 100 oC for 16 h. The crude reaction mixture was filter through 

cotton with diethyl ether and concentrated in vacuo. The crude product was then purified 
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by flash chromatography on silica gel. At the completion of the reaction, aq NaHCO3 

(satd.) (2 mL) and EtOAc (2 mL) was added to the reaction. The layers were separated, 

and the aqueous layer was extracted with EtOAc 3x 2 mL. The combined organic layers 

were washed with brine 1x 5 mL and dried with anhydrous Na2SO4, filtered, and 

concentrated in vacuo. The crude product was purified by flash chromatography on silica 

gel (10% 3:1 (ethyl acetate:ethanol) in hexanes) to afford a mixture of 5-3a and potentially 

5-23. The reaction mixture was not purified further. 

 

 

 

(4S*, 4'R*)-1-Benzyl-4-(morpholinomethyl-d)-3-(4-nitrophenyl)imidazolidin-2-one 

(5-d-3a). From Table 5-2: The general procedure was used for the coupling of 5-d-2a 

(62.3 mg, 0.2 mmol, 1 equiv) with morpholino benzoate (5-1a) (62.2 mg, 0.3 mmol, 1.5 

equiv or 124.3 mg, 0.6 mmol, 3 equiv) using a catalyst composed of  Pd(acac)2 (2.4 mg, 

0.008 mmol, 4 mol %) and either no ligand or JackiePhos (12.7 mg, 0.016 mmol, 8 mol 

%) The crude product was purified by flash chromatography on silica gel (10% 3:1 (ethyl 

acetate:ethanol) in hexanes) to afford 58.6 mg (6:1 dr, 74%, entry 2), 62.8 mg (2.2:1 dr, 

79%, entry 3), 60.3 mg (2.8:1 dr, 76%, entry 4), and 59.0 mg (6.7:1, 74%, ref 6) of the title 

compound as a yellow foam. This characterization data matched previously reported 

data.1 

From Table 5-5: The general procedure was used for the coupling of 5-d-2a (31.2 mg, 

0.1 mmol, 1 equiv) with appropriate morpholino benzoate (5-1a, or d-g) (0.3 mmol, 3 

equiv) using a catalyst composed of  Pd(acac)2 (1.2 mg, 0.004 mmol, 4 mol %) and 
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JackiePhos (4.8 mg, 0.006 mmol, 6 mol %) except it was conducted on a 0.1 mmol scale 

with 1 mL of dioxane. The crude product was purified by flash chromatography on silica 

gel (10% 3:1 (ethyl acetate:ethanol) in hexanes) to afford 18.3 mg (4:1 dr, 46%, entry 2), 

12.4 mg (3:1 dr, 31%, entry 3), 13.4 mg (7:1 dr, 34%, entry 4), and 22.2 mg (7:1 dr, 56%, 

entry 5) of the title compound as a yellow foam. This characterization data matched 

previously reported data.1 

 

 

 

1-Benzyl-4-(morpholinomethyl)-3-(4-nitrophenyl)imidazolidin-2-one (5-3a’). The 

general procedure was used for the coupling of 5-2a (31.1 mg, 0.1 mmol, 1 equiv) with 

morpholino benzoate (5-1a) (31.1 mg, 0.15 mmol, 1.5 equiv) using a catalyst composed 

of  Pd(TFA)2 (1.3 mg, 0.004 mmol, 4 mol %) and 1,3-bis(4-methoxyphenyl)propane-1,3-

dione (5-12f) (4.5 mg, 0.016 mmol, 8 mol %) except the reaction was run at 0.1 mmol 

scale with 1 mL of dioxane. The crude product was purified by flash chromatography on 

silica gel (10% 3:1 (ethyl acetate:ethanol) in hexanes) to afford <5 mg of the title 

compound as a yellow oil.1 We attempted to measure the er by chiral HPLC using the 

conditions listed for 5-3a, but the data was inconclusive.  

 

 

 

1-Benzyl-3-(4-chlorophenyl)-4-(morpholinomethyl)imidazolidin-2-one (5-3b). The 

general procedure was used for the coupling of 5-2b (60.2 mg, 0.2 mmol, 1 equiv) with 
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morpholino benzoate (5-1a) (62.2 mg, 0.3 mmol, 1.5 equiv) using a catalyst composed of  

Pd(TFA)2 (2.7 mg, 0.008 mmol, 4 mol %) and 1,3-bis(4-methoxyphenyl)propane-1,3-

dione (5-12f) (4.5 mg, 0.016 mmol, 8 mol %). The crude product was purified by flash 

chromatography on silica gel (10% 3:1 (ethyl acetate:ethanol) in hexanes) to afford 65.4 

mg (85%) of the title compound as a yellow oil. This characterization data matched 

previously reported data.1 

 

 

 

1-Benzyl-3-(4-methoxyphenyl)-4-(morpholinomethyl)imidazolidin-2-one (5-3c). The 

general procedure was used for the coupling of 5-2c (59.3 mg, 0.2 mmol, 1 equiv) with 

morpholino benzoate (5-1a) (124.4 mg, 0.6 mmol, 3 equiv) using a catalyst composed of  

Pd(TFA)2 (2.7 mg, 0.008 mmol, 4 mol %) and 1,3-bis(4-methoxyphenyl)propane-1,3-

dione (5-12f) (4.5 mg, 0.016 mmol, 8 mol %). The crude product was purified by flash 

chromatography on silica gel (10% 3:1 (ethyl acetate:ethanol) in hexanes) to afford 34.5 

mg (45%) of the title compound as a clear oil. 1H NMR (500 MHz, CDCl3)  7.40 – 7.27 

(m, 7H), 6.93 – 6.83 (m, 2H), 4.56 – 4.36 (m, 2H), 4.23 (bs, 1H), 3.80 (s, 3H), 3.60 (bs, 

4H), 3.45 (bs, 1H), 3.26 (bs, 1H), 2.54 (bs, 1H), 2.47 – 2.25 (m, 5H).13C NMR (126 MHz, 

CDCl3) at 50°C  158.5, 156.7, 137.4, 132.4, 128.8, 128.5, 127.7, 123.6, 114.6, 67.0, 

60.5, 55.7, 54.4, 52.4, 48.4, 47.2. IR (film) 2915, 2852, 1693, 1512 cm-1; HRMS (ESI+) 

382.2123 (382.2125 calcd for C22H28N3O3, M + H+). 
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 1-Benzyl-4-methyl-3-(4-nitrophenyl)-1,3-dihydro-2H-imidazol-2-one (5-5). The 

general procedure was used except 5-1a was not included in the reaction. Instead 5-2a 

(15.6 mg, 0.05 mmol, 1 equiv), Pd(acac)2 (15.2 mg, 0.05 mmol, 1 equiv), Cs2CO3 (32.6 

mg, 0.1 mmol, 2 equiv), and dioxane (0.5 mL, 0.1M) were heated to 100 °C for 16 h. The 

crude product was not isolated.  

The general procedure was used except 5-1a was not included in the reaction. Instead 

5-2a (31.1 mg, 0.1 mmol, 1 equiv), Pd(acac)2 (30.5 mg, 0.1 mmol, 1 equiv), and NaOtBu 

(19.2 mg, 0.2 mmol, 2 equiv), and dioxane (1 mL, 0.1M) were heated to 100 °C for 16 h. 

The crude product was purified by flash chromatography on silica gel (20% ethyl acetate 

in hexanes) and then further purified by prep TLC (40% EtOAc in hexanes) to afford 5.1 

mg (17%) of the title compound as a yellow oil. 1H NMR (500 MHz, CDCl3)  8.33 (d, J = 

8.9 Hz, 2H), 7.56 (d, J = 8.9 Hz, 2H), 7.41 – 7.29 (m, 5H), 6.05 (s, 1H), 4.81 (s, 2H), 2.01 

(s, 3H). 13C NMR (126 MHz, CDCl3)  152.6, 146.3, 141.1, 136.7, 129.0, 128.3, 128.2, 

127.2, 124.7, 118.2, 109.1, 47.3, 11.8. IR (film) 3116, 2926, 1690, 1641, 1594 cm-1; 

HRMS (ESI+) 310.1185 (310.1186 calcd for C17H16N3O3, M + H+).  

 

 

1-benzyl-4-methyl-3-(4-nitrophenyl)imidazolidin-2-one (5-6). The general procedure 

was used except 5-1a was not included in the reaction. Instead 5-2a (15.6 mg, 0.05 mmol, 

1 equiv), Pd(acac)2 (15.2 mg, 0.05 mmol, 1 equiv), Cs2CO3 (32.6 mg, 0.1 mmol, 2 equiv), 
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and dioxane (0.5 mL, 0.1M) were heated to 100 °C for 16 h. The crude product was not 

isolated.  

The general procedure was used except 5-1a was not included in the reaction. Instead 

5-2a (31.1 mg, 0.1 mmol, 1 equiv), Pd(acac)2 (30.5 mg, 0.1 mmol, 1 equiv), and NaOtBu 

(19.2 mg, 0.2 mmol, 2 equiv), and dioxane (1 mL, 0.1M) were heated to 100 °C for 16 h.  

The crude product was purified by flash chromatography on silica gel (20% ethyl acetate 

in hexanes) to afford 4.9 mg (16%) of the title compound as a yellow oil.1H NMR (500 

MHz, CDCl3)  8.22 (d, J = 9.4 Hz, 2H), 7.73 (d, J = 9.3 Hz, 2H), 7.41 – 7.28 (m, 5H), 4.60 

– 4.44 (m, 2H), 4.44 – 4.31 (m, 1H), 3.57 (app. t, J = 8.8 Hz, 1H), 3.00 (dd, J = 8.9, 3.8 

Hz, 1H), 1.35 (d, J = 6.2 Hz, 3H). 13C NMR (126 MHz, CDCl3)  156.5, 145.2, 142.2 136.3, 

129.0, 128.4, 128.0, 125.1, 118.0, 48.9, 48.1, 29.9, 19.2. IR (film) 2917, 2849, 1710, 1596 

cm-1; HRMS (ESI+) 312.1342 (312.1343 calcd for C17H18N3O3, M + H+). 

 

 

2-Benzyl-7-nitro-1,2,9,9a-tetrahydro-3H-imidazo[1,5-a]indol-3-one (5-7). The general 

procedure was used except 5-1a was not included in the reaction. Instead 5-2a (15.6 mg, 

0.05 mmol, 1 equiv), Pd(acac)2 (15.2 mg, 0.05 mmol, 1 equiv), Cs2CO3 (32.6 mg, 0.1 

mmol, 2 equiv), and dioxane (0.5 mL, 0.1M) were heated to 100 °C for 16 h. The crude 

product was not isolated.  

The general procedure was used except 5-1a was not included in the reaction. Instead 

5-2a (31.1 mg, 0.1 mmol, 1 equiv), Pd(acac)2 (30.5 mg, 0.1 mmol, 1 equiv), and NaOtBu 

(19.2 mg, 0.2 mmol, 2 equiv), and dioxane (1 mL, 0.1M) were heated to 100 °C for 16 h.  

The crude product was purified by flash chromatography on silica gel (20% ethyl acetate 
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in hexanes) and then further purified by prep TLC (40% EtOAc in hexanes) to afford < 5 

mg (~16%) of the title compound as a yellow oil.1H NMR (500 MHz, CDCl3)  8.18 (d, J = 

8.7 Hz, 1H), 8.05 (s, 1H), 7.57 (d, J = 8.7 Hz, 1H), 7.40 – 7.27 (m, 5H), 4.71 (p, J = 9.1 

Hz, 1H), 4.59 (d, J = 14.9 Hz, 1H), 4.32 (d, J = 15.0 Hz, 1H), 3.73 (t, J = 9.1 Hz, 1H), 3.38 

(dd, J = 16.2, 9.4 Hz, 1H), 3.27 (t, J = 8.7 Hz, 1H), 3.01 (dd, J = 16.2, 9.2 Hz, 1H). 13C 

NMR (126 MHz, CDCl3)  157.3, 148.7, 144.0, 136.1, 133.2, 129.0, 128.4, 128.1, 125.3, 

121.1, 114.4, 56.4, 51.2, 48.1, 36.0. IR (film) 2922, 1712, 1596 cm-1; HRMS (ESI+) 

310.1195 (310.1186 calcd for C17H16N3O3, M + H+). 

 

 

 

(9R*,9aR*)-2-benzyl-7-nitro-1,2,9,9a-tetrahydro-3H-imidazo[1,5-a]indol-3-one-9-d 

(5-d-7). From Table 5-3: The general procedure was used except 5-1a was not included 

in the reaction. Instead 5-d-2a (31.2 mg, 0.1 mmol, 1 equiv), Pd(acac)2 (30.4 mg, 0.1 

mmol, 1 equiv), JackiePhos , if appropriate, (159.3 mg, 0.2 mmol, 2 equiv),  Cs2CO3 (65.2 

mg, 0.2 mmol, 2 equiv), and dioxane (0.1 mL, 0.1M) were heated to 100 °C for 16 h. The 

crude product was via prep TLC (40% EtOAc in hexanes) to afford the title compound as 

a yellow oil 11.6 mg (entry 1, 1.7:1 dr, 37%) and 6.3 mg (entry 2, 1.5:1 dr, 20%)  1H NMR 

for entry 1: (500 MHz, CDCl3)  8.18 (dd, J = 8.7, 2.3 Hz, 1H), 8.08 – 7.99 (m, 1H), 7.57 

(d, J = 8.7 Hz, 1H), 7.40 – 7.25 (m, 5H), 4.70 (q, J = 8.7 Hz, 1H), 4.59 (d, J = 14.9 Hz, 

1H), 4.32 (d, J = 14.9 Hz, 1H), 3.73 (t, J = 9.1 Hz, 1H), 3.36 (d, J = 9.5 Hz, 0.40H), 3.27 

(t, J = 9.3, 8.0 Hz, 1H), 2.99 (d, J = 9.2 Hz, 0.65H). 1H NMR for entry 2: (500 MHz, CDCl3) 

 8.18 (dd, J = 8.6, 2.3 Hz, 1H), 8.10 – 8.01 (m, 1H), 7.57 (d, J = 8.7 Hz, 1H), 7.40 – 7.25 
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(m, 5H), 4.71 (q, J = 8.7 Hz, 1H), 4.59 (d, J = 14.9 Hz, 1H), 4.32 (d, J = 14.9 Hz, 1H), 3.73 

(t, J = 9.1 Hz, 1H), 3.36 (d, J = 9.4 Hz, 0.43H), 3.27 (t, J = 8.6 Hz, 1H), 2.99 (d, J = 9.3 

Hz, 0.64H). 

 

 

 

(9R*,9aR*)-2-benzyl-7-nitro-1,2,9,9a-tetrahydro-3H-imidazo[1,5-a]indol-3-one-9,9a-

d2 (5-d2-7). From Table 5-3: The general procedure was used except 5-1a was not 

included in the reaction. Instead 5-d2-2a (15.9 mg, 0.05 mmol, 1 equiv), Pd(acac)2 (15.3 

mg, 0.05 mmol, 1 equiv), Cs2CO3 (32.6 mg, 0.1 mmol, 2 equiv), and dioxane (0.05 mL, 

0.1M) were heated to 100 °C for 16 h. The crude product (1.6:1 dr, 38% crude 1H NMR 

yield). was purified via a pipet column (2% methanol in DCM) followed by prep TLC (40% 

EtOAc in hexanes). The isolated yield was not written down in the lab notebook and due 

to Covid-19, the author was unable to determine the mass of the sample. 1H NMR (500 

MHz, CDCl3)  8.18 (d, J = 8.4 Hz, 1H), 8.05 (s, 1H), 7.57 (dd, J = 8.7, 2.4 Hz, 1H), 7.39 

– 7.27 (m, 5H), 4.63 – 4.52 (m, 1H), 4.35 – 4.29 (m, 1H), 3.72 (d, J = 9.2 Hz, 1H), 3.36 

(s, 0.45H), 3.26 (d, J = 9.3 Hz, 1H), 2.99 (s, 0.70H). 

 

 

 

1-Benzyl-4-((benzyl(methyl)amino)methyl)-3-(4-nitrophenyl)imidazolidin-2-one (5-

13a).12 The general procedure was used for the coupling of 5-2a (62.3 mg, 0.2 mmol, 1 

equiv) with morpholino benzoate (5-1b) (97.0 mg, 0.4 mmol, 2 equiv) using a catalyst 
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composed of  Pd(TFA)2 (2.7 mg, 0.008 mmol, 4 mol %) and 1,3-bis(4-

methoxyphenyl)propane-1,3-dione (5-12f) (4.5 mg, 0.016 mmol, 8 mol %) except the 

crude reaction mixture was filtered through Celite. The crude product was purified by flash 

chromatography on silica gel (30% 3:1 (ethyl acetate:ethanol) in hexanes) to afford 70.3 

mg (82%) of the title compound as a yellow oil. 1H NMR (500 MHz, CDCl3)  8.16 (d, J = 

9.3 Hz, 2H), 7.64 (d, J = 9.3 Hz, 2H), 7.38 – 7.25 (m, 8H), 7.21 (d, J = 6.6 Hz, 2H), 4.41 

(q, J = 10.8 Hz, 2H), 4.21 (m, 1H), 3.52 (d, J = 12.9 Hz, 1H), 3.47 – 3.39 (m, 2H), 3.30 

(dd, J = 9.1, 2.5 Hz, 1H), 2.60 (d, J = 2.7 Hz, 1H), 2.48 – 2.41 (m, 1H), 2.29 (s, 3H). 13C 

NMR (126 MHz, CDCl3)   156.5, 145.5, 141.9, 138.5, 136.3, 129.2, 128.9, 128.6, 128.4, 

128.0, 127.7, 125.1, 117.3, 63.5, 57.6, 52.0, 47.9, 45.8, 44.0. IR (film) 2921, 2850, 1712, 

1595, 1503 cm-1; HRMS (ESI+) 431.2063 (431.2085 calcd for C25H27N4O3, M + H+). 

 

 

 

1-Benzyl-3-(4-nitrophenyl)-4-((4-(pyrimidin-2-yl)piperazin-1-yl)methyl)imidazolidin-

2-one (5-13b).12 The general procedure was used for the coupling of 5-2a (62.3 mg, 0.2 

mmol, 1 equiv) with morpholino benzoate (5-1c) (13.7 mg, 0.4 mmol, 2 equiv) using a 

catalyst composed of  Pd(TFA)2 (2.7 mg, 0.008 mmol, 4 mol %) and 1,3-bis(4-

methoxyphenyl)propane-1,3-dione (5-12f) (4.5 mg, 0.016 mmol, 8 mol %) except the 

crude reaction mixture was filtered through Celite. The crude product was purified by flash 

chromatography on silica gel (30% 3:1 (ethyl acetate:ethanol) in hexanes) to afford 85.9 

mg (91%) of the title compound as a yellow oil. 1H NMR (500 MHz, CDCl3)  8.30 (d, 2H), 

8.21 (d, J = 9.3 Hz, 2H), 7.76 (d, J = 9.2 Hz, 2H), 7.40 – 7.29 (m, 5H), 6.49 (dd, J = 6.6, 
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2.9 Hz, 1H), 4.51 (q, J = 14.9 Hz, 2H), 4.40 (m, J = 8.6 Hz, 1H), 3.75 (m, 4H), 3.53 (t, J = 

8.8 Hz, 1H), 3.41 (d, J = 9.2 Hz, 1H), 2.64 (d, J = 13.0 Hz, 1H), 2.59 – 2.53 (m, J = 10.0, 

4.6 Hz, 2H), 2.49 – 2.35 (m, 3H). IR (film) 2925, 2851, 1709, 1585, 1548, 1501 cm-1; 

HRMS (ESI+) 474.2251 (474.2255 calcd for C25H28N7O3, M + H+). 

 

 

 

N-(1,3-Dibenzyl-4-(morpholinomethyl)imidazolidin-2-ylidene)cyanamide (5-15). The 

general procedure was used for the coupling of 5-14 (30.4 mg, 0.1 mmol, 1 equiv) with 

morpholino benzoate (5-1a) (103.6 mg, 0.5 mmol, 5 equiv) using a catalyst composed of  

Pd(TFA)2 (1.3 mg, 0.004 mmol, 4 mol %) and 1,3-bis(4-methoxyphenyl)propane-1,3-

dione (5-12f) (2.3 mg, 0.008 mmol, 8 mol %) except the reaction was conducted on a 0.1 

mmol scale with 1 mL of dioxane. The crude product was not purified and ~80% of the 

title compound was observed by 1H NMR matching characterization data previously 

reported data.1 

 

 

 

1-Methoxy-3,3-dimethyl-5-(morpholinomethyl)pyrrolidin-2-one (5-17).13 The general 

procedure was used for the coupling of 5-15 (31.4 mg, 0.2 mmol, 1 equiv) with morpholino 

benzoate (5-1a) (124.4 mg, 0.6 mmol, 3 equiv) and a catalyst composed of Pd(TFA)2 (2.7 

mg, 0.008 mmol, 4 mol %) used ligand 1,3-bis(4-methoxyphenyl)propane-1,3-dione (5-

12f) (4.5 mg, 0.016 mmol, 8 mol %). The crude product was purified by flash 
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chromatography on silica gel (20% 3:1 (ethyl acetate:ethanol) in hexanes) to afford 33.4 

mg (69%) of the title compound as a pale-yellow oil. 1H NMR (500 MHz, C6D6)  3.59 (s, 

3H), 3.56 – 3.51 (m, 4H), 3.41 (m, 1H), 2.42 (dd, J = 12.5, 4.4 Hz, 1H), 2.21 – 2.07 (m, 

4H), 2.03 (dd, J = 12.6, 7.3 Hz, 1H), 1.56 (dd, J = 12.7, 7.2 Hz, 1H), 1.31 (dd, J = 12.7, 

7.9 Hz, 1H), 1.13 (s, 3H), 0.97 (s, 3H).13C NMR (126 MHz, CDCl3)  176.3, 66.7, 62.6, 

61.5, 54.4, 52.7, 38.1, 37.5, 25.9, 25.2. IR (film) 2961, 2930, 2853, 2812, 1706 cm-1; 

HRMS (ESI+) 243.1707 (243.1703 calcd for C12H23N2O3, M + H+). 

 

 

 

1-Benzyl-4-((4-hydroxymorpholin-2-yl)methyl)-3-(4-nitrophenyl)imidazolidin-2-one 

(5-18). The general procedure was used for the coupling of 5-2a (31.1 mg, 0.1 mmol, 1 

equiv) with morpholino benzoate (5-1a) (62.2 mg, 0.3 mmol, 3 equiv) using a catalyst 

composed of  Pd(acac)2 (1.2 mg, 0.004 mmol, 4 mol %) and JackiePhos (4.8 mg, 0.006 

mmol, 6 mol %) except the reaction was conducted with sodium benzoate (28.8 mg, 0.2 

mmol, 2 equiv) as the base and was run on a 0.1 mmol scale with 1 mL of dioxane. The 

crude product was purified by flash chromatography on silica gel (1% methanol in DCM) 

followed by prep-TLC (5% methanol in DCM) to afford 7.2 mg (18%) of the title compound 

as a yellow oil. The reaction with no base followed the same procedure as above except 

no base was used. 1H NMR (500 MHz, C6D6)  8.61 (s, 1H), 8.03 (d, J = 9.1 Hz, 2H), 7.61 

(d, J = 8.7 Hz, 2H), 7.24 (d, J = 7.5 Hz, 2H), 7.18 – 7.16 (m, 2H), 7.10 (t, J = 7.4 Hz, 1H), 

4.66 (d, J = 15.4 Hz, 1H), 4.28 (d, J = 15.4 Hz, 1H), 3.70 (br. s, 1H), 3.47 – 3.40 (m, 1H), 

3.19 (dd, J = 12.0, 4.4 Hz, 1H), 3.16 – 3.09 (m, 2H), 2.95 – 2.86 (m, 1H), 2.83 (ddd, J = 
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9.4, 7.3, 4.7 Hz, 1H), 2.77 (ddd, J = 13.2, 8.1, 3.6 Hz, 1H), 2.52 – 2.43 (m, 2H), 1.28 – 

1.21 (m, 1H), 1.00 – 0.86 (m, 1H). 13C NMR (126 MHz, C6D6)  156.0, 146.9, 142.5, 138.5, 

128.9, 128.4 128.0, 125.3, 117.9, 75.0, 65.3, 62.6, 58.3, 50.9, 50.8, 49.6, 32.7. IR (film) 

3312, 3086, 2920, 2858, 2247, 1672, 1597, 1550 cm-1; HRMS (ESI+) 413.1825 (413.1819 

calcd for C21H25N4O5, M + H+). 

 

 

 

 

1-Benzyl-4-((morpholinooxy)methyl)-3-(4-nitrophenyl)imidazolidin-2-one (5-21). For 

Table 5-6: The general procedure was used for the coupling of 5-2a (62.3 mg, 0.2 mmol, 

1 equiv) with morpholino benzoate (5-1a) (62.2 mg, 0.3 mmol, 1.5 equiv) using a catalyst 

composed of  Pd(acac)2 (2.4 mg, 0.008 mmol, 4 mol %) except the reaction was run with 

LiOtBu (32.0 mg, 0.4 mmol, 2 equiv) as the base. The crude product was purified by flash 

chromatography on silica gel (1% methanol in DCM) to afford 5.3 mg (6%) of the title 

compound as a yellow oil. 1H NMR (500 MHz, CDCl3)  8.22 (d, J = 9.3 Hz, 2H), 7.83 (d, 

J = 9.3 Hz, 2H), 7.42 – 7.28 (m, 5H), 4.57 (d, J = 14.9 Hz, 1H), 4.53 – 4.45 (m, 1H), 4.42 

(d, J = 14.9 Hz, 1H), 3.95 – 3.82 (m, 3H), 3.67 (dd, J = 11.2, 7.6 Hz, 1H), 3.57 – 3.46 (m, 

3H), 3.36 (dd, J = 9.2, 2.8 Hz, 1H), 3.06 – 2.96 (m, 2H), 2.59 (dtd, J = 18.6, 10.8, 3.4 Hz, 

2H). 1H NMR (500 MHz, C6D6)  8.03 (d, J = 9.3 Hz, 2H), 7.69 (d, J = 9.3 Hz, 2H), 7.16 – 

7.03 (m, 5H), 4.29 (d, J = 14.8 Hz, 1H), 4.17 (d, J = 14.9 Hz, 1H), 3.67 – 3.59 (m, 1H), 

3.53 (d, J = 11.7 Hz, 2H), 3.39 (dd, J = 11.3, 2.8 Hz, 1H), 3.26 – 3.12 (m, 3H), 2.83 (dd, 

J = 8.8, 2.7 Hz, 1H), 2.71 (t, J = 8.8 Hz, 1H), 2.58 – 2.46 (m, 2H), 2.36 (dtd, J = 21.3, 
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10.7, 3.3 Hz, 2H). 13C NMR (126 MHz, CDCl3)  156.6, 145.3, 142.2, 136.2, 129.0, 128.4, 

128.1, 125.1, 117.6, 69.6, 66.3, 66.2, 56.8, 56.0, 51.6, 48.0, 45.3.13C NMR (126 MHz, 

C6D6)  156.2, 145.4, 142.4, 137.0, 129.0, 128.6, 128.4, 125.0, 117.2, 69.3, 66.2, 66.0, 

57.0, 56.1, 51.2, 47.9, 44.8.  IR (film) 2924, 2854, 1711, 1595 cm-1; HRMS (ESI+) 

413.1823 (413.1819 calcd for C21H25N4O5, M + H+).  

1-Benzyl-4-((morpholinooxy)methyl)-3-(4-nitrophenyl)imidazolidin-2-one (5-21). For 

eq 5-11: The general procedure was used for the coupling of 5-2a (62.3 mg, 0.2 mmol, 1 

equiv) with except with morpholino benzoate (5-1a) (78.7 mg, 0.38 mmol, 1.9 equiv) and 

5-22 (38.8 mg, 0.38 mmol, 1.9 equiv) using a catalyst composed of  Pd(acac)2 (2.4 mg, 

0.008 mmol, 4 mol %). The crude product was not purified. 

 

 

Morpholin-4-ol (5-22). For eq 5-9: 5-1a (31.1 mg, 0.15 mmol, 1 equiv), LiOtBu (16.0 mg, 

0.2 mmol, 1.3 equiv) and dioxane (1 mL, 0.15 M) were stirred at 100 °C for 1 h. Water (1 

mL) and EtOAc (1 mL) were added to the flask and the layers separated. The aqueous 

layer was extracted with EtOAc 3x 1 mL. The combined organic layers were dried with 

anhydrous Na2SO4, filtered, and concentrated in vacuo. 100% of the title compound was 

observed by 1H NMR, but an isolated yield was not obtained. The following 

characterization data is from synthesizing 5-22 for eq 5-11. 1H NMR (500 MHz, C6D6)  

3.91 (d, J = 12.6, 2.2 Hz, 2H), 3.59 (t, J = 11.6, 2.2 Hz, 2H), 3.19 – 3.09 (m, 2H), 2.86 – 

2.69 (m, 2H). 
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5.9 Unpublished Spectra 

HPLC spectra for 5-1a 
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