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Abstract 

The complexity of the molecules are usually the factors contributing to their observed 

biological and physiological properties. Synthetic organic chemistry has been a tool used by achieving 

such complexity by starting from simple molecules, synthons. Difunctionalization of alkenes is one of 

the most commonly used techniques to achieve various heterocycles such as pyrrolidines or cyclic 

ethers. Those heterocycles are oftentimes found in many biologically active molecules found in nature 

or synthetic origin. The research presented herein aimed to investigate novel methodologies to achieve 

such transformation using the copper complex as the catalyst. In chapter I, a novel copper-catalyzed 

coupling reaction between olefins and potassium ~-aminoethyl trifluoroborates - Routes to Diversely 

functionalized pyrrolidines is reported. The method allows access to a wide range ofpyrrolidines motifs 

by starting from readily available or easily accessible olefins and potassium ~-aminoethyl 

trifluoroborates. Chapter II describes the coupling ofalkyltrifluoroborates with unsaturated alkenols and 

unsaturated carboxylic acids . Promising asymmetric catalysis results were also achieved in this study. 

Chapter III details the copper-catalyzed enantioselective synthesis of spirocyclic ethers. This work is a 

joint effort between Dr. Shuklendu Karyakarte, Ilyas Berhane and myself This method can be used to 

synthesize enantioenriched spirocyclic ethers by starting from 1,1-disubstituted alkenols. The [5 ,5]- and 

[5 ,6]- fused spirocyclic ethers were successfully synthesized with good yield and high ee. 
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Chapter I. Copper-Catalyzed Coupling Reaction between Olefins and Potassium P-Aminoethyl 
Trifluoroborates - Routes to Diversely Functionalized Pyrrolidines 

Abstract 

Pyrrolidine motifs are commonly found in many bioactive compounds, and thus, methods to 

access such motifs are valuable. In this chapter, we disclose a novel copper-catalyzed formal net [3+2] 

annulation of various alkenes to synthesize 2-aryl and 2-vinyl pyrrolidines from readily available N

carbamoyl-~-aminoethyltrifluoroborates. These reaction conditions enable the transformations of 

terminal, 1,2-disubstituted and 1, 1-disubstituted vinylarenes into pyrrolidines bearing a range of 

functionalities . Additionally, 1,3-dienes were also successfully converted to 2-vinyl pyrrolidines under 

the conditions. Radical clock mechanistic experiments support the presence of a carbon radical 

intermediate rather than the participation of a carbocation. 

Introduction 

Significance of the pyrrolidine structural motif 

Synthetic organic chemistry is the art of transforming simple organic molecules into more 

complex ones using a variety of laboratory techniques. Among those techniques, metal-catalysis and 

radical chemistry have been around for over a century. These methods continue to gain interest thanks 

to their ability to enable a wide range of transformations. The main advantages ofusing radical chemistry 

include the ability to form thermodynamically challenging products and the possibility of stereocontrol, 

despite the myth that radicals are too reactive.1 Scientists have always been interested in developing 

methods in such fields in order to be able to create challenging structures. The ability to access structural 

diversity is key for optimizing different physical, biological and chemical properties. The Chemler group 

has been developing many catalytic methods that utilize copper complexes to harness the power of 

radical chemistry in order to achieve a handful of alkene difunctionalization reactions of unactivated 

1 



alkenes. Those methods have enabled access to different families of heterocycles containing either 

oxygen, nitrogen, or both, with good to high yields and enantioselectivities (Scheme 1-1 ). Two of these 

methods are reviewed in further depth in Schemes 1-13 and 1-14. 

Scheme 1-1. A family of copper-catalyzed alkene difunctionalization reactions 

q_NHR (;A 
[Cu(II)] 1 ~ OR 

NH2R /Cu(II)] 
/ [ROH 

[Cu(II)] 

Q[Cu(II)] 

X q_
X 

X = I, Br, Cl, H 
A= 0, NR 

Summary of selected enantioselective pyrrolidine synthesis methods 

In 1996, the Beak group published an enantioselective lithiation/cyclization procedure to form 

2-arylpyrrolidines via an enantioslective lithation using nBuLi/(-)-sparteine Scheme 1-3.2 The method 

can be applied to covert benzyl alkyl carbamates into chiral 2-arylpyrrolidines with low to moderate 

yields (14- 75%) and high enantiomeric excess (ee) . In order to achieve the transformation, the 

authors had to synthesize the substrates by coupling benzylamine and 1butyl 3-chloropropylcarbamate 

to give 1butyl benzyl(3-chloropropyl)carbamate. 

2 



Scheme 1-2. Bioactive pyrrolidine-containing compounds found in nature 

nicotine 
strychnopentamine isostrychnopentamine 

Rs -R1 

3 ~ )[)
1 

0 NR20vl 'R 
I 

Clµ ~ 'Q f;
' N 

Altinicline 
nicotine derivatives N-R7 neurokinine inhibitors 

(a
R 

The benzyl alkyl carbmates were then treated with nBuLi, which was complexed with (-)-sparteine, to 

form chiral lithiated benzylamines in situ. The lithiated species then cyclized to form chiral 2-aryl 

pyrrolidines by displacing the leaving group (i.e. chloride) on the alkyl chain. Although this process is 

an enantioselective process, a stoichiometric amount of nBuLi/ (-)-spartiene is needed, making it less 

atom economical compared to catalytic processes. Another limitation of this method is the usage of 

highly reactive reagent such as nBuLi, which is not compatible with some potential functional groups. 

In addition, the reaction is done at -78 °C which could add to the difficulty in temperature control and 

the cost of the maintenance. 

Scheme 1-3. Synthesis of N-Boc 2-aryl pyrrolidines via enantioselective lithiation-cyclization 

nBuli 

Cl~N~r 
Boe (-)-sparteine 
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.

In 2006, Campos and co-workers reported a method to perform a-arylation of NBoc pyrrolidine 

using s-BuLi/(-)-sparteine and Negishi coupling, Scheme 1-4.3 This method allows access to several 

chiral 2-aryl pyrrolidines in moderate to high yields with high enantioselectivities. As this method 

employs Negishi coupling, a well-known coupling process, a wide range of arylbromides were 

successfully coupled under these reaction conditions. Those aryl rings include phenyl, indyl and pyridyl. 

A closer look at the mechanism revealed that this method is similar to what was proposed by Beak et al. 

(1998) because the success of this process is dependent on the enantioselective lithation of the a-carbon 

on the NBoc-pyrrolidine ring. The variation from the previous report is that this process converted the 

lithiated species into an organozinc which can undergo catalytic Negishi coupling using Pd+2
. Although 

this method provides a wider range of 2-arylpyrrolidines and can tolerate more variety of functional 

groups compared to the previously mentioned paper, it still shares the main drawback mentioned earlier 

due to the usage of stoichiometric amounts of s-BuLi/(-)-sparteine and ZnCh. 

Scheme 1-4. Synthesis of 2-aryl NBoc pyrrolidines via enantioselective lithiation followed by 
Negishi coupling 

1) s-Buli/ Pd-cat 

Q 
(-)-sparteine o .. Ar-X o .,M ,,Ar

2) M-X N N 
I I I
Boe Boe Boe 

M = Li or ZnX X = Cl, Br, OTf, OTs
96:4 er 

Summary of diastereoselective 2-arylpyrrolidine synthesis methods 

Another approach to construct chiral 2-arylpyrrolidines is through diastereoselective methods, 

which will be discussed in this section. 

In 2005 , Ellman et al, reported a method to access chiral 2-arylpyrrolidines by starting with chiral 

sulfinimides and Grignard reagents (Scheme I-5a).4 The methods could achieve chiral 2-arylpyrrolidines 

in high yields and high diastereoselectivities. However, the scope of substrates demonstrated was very 
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limited. To begin with, the chloroalkyl sulfinamides were synthesized from chloroalkyl aldehydes and 

the corresponding chiral sulfinamides to give imines bearing a chiral auxiliary group with high ( ee). The 

imine was then treated with Grignard reagent with an acetal protecting group tethered to the end of the 

chain. As a result, the imine was reduced to an amine group with a chiral auxiliary group on it. Removal 

of the acetal group and the auxiliary group of the nitrogen group, by using acid-catalyzed hydrolysis, 

gave an aldehyde, which could intramolecularly condense with the free tethered amine to give a cyclic 

chiral imine. Reduction of the chiral cyclic imine furnished the chiral 2-aryl pyrrolidine. A closer look 

at the reaction reveals that this process suffers from a few drawbacks such as being a lengthy process. 

The usage of a stoichiometric amount of chiral auxiliary is also not atom economical. A similar 

procedure was reported by the Prashad group in 2010. 5 In Prashad's report, chiral 2-arylpyrrolidines 

were synthesized by reduction of chiral sulfinimines using LiBHEtJ or DIBAL-H at low temperature 

followed by spontaneous cyclization by nucleophilic displacement ofa terminal chloride (Scheme I-Sb). 

The method allows access to both enantiomers of the chiral 2-aryl pyrrolidines in high yields and high 

diastereoselectivities. However, the need to use harsh reagents LiBHEtJ or DIBAL-H to achieve the 

transformation put this method in similar categories as the previously mentioned methods which suffer 

the limitations discussed earlier. 

Scheme 1-5. Synthesis of chiral pyrrolidines via chiral auxiliary 

2
BrMg~OR 

2 OR2 
0 R R 

II * ,,,,....__ - 2(a) t-Bu.,s'N- ""' I OR 
[H] 

H OR2 0 -
DIBAL-H, -78 °C N.... s~o LiBHEt3/ -78 °C 

II Cl
LiHMDS R~ 
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Summary of metal-catalyzed 2-arylpyrrolidine synthesis methods 

An Ir-catalyzed approach to achieve 2-arylpyrrolidines were reported by the Zhou group in 

2009.6 Their paper describes a procedure to perform enantioselective hydrogenation of 5-aryl-2 ,3-

dihydropyrroles using a chiral iridium-complex as their catalyst (Scheme 1-6). The development of this 

procedure was inspired by an N-Me pyrrolidine motif, which allows them to access nicotine derivatives. 

The presence of a chiral phosphorous ligand that coordinates to Ir induces the enantioselectivity in the 

final products. In this method, [Ir(COD)Cl]2 was used in conjunction with several phosphorous ligands 

to hydrogenate a variety of 5-aryl-2,3-dihydro-pyrroles under 1 atm of H2 at room temperature to yield 

2-aryl-pyrrolidines. The starting materials, 5-aryl-2,3-dihydro-1-methyl-pyrroles, were synthesized 

fromN-methyl pyrroldinone using the Grignard reagent prepared from the respective arylbromide of the 

desired compound. The need to use Grignard reagents to prepare the starting materials would limit the 

scope of accessible 5-aryl-2,3-dihydro-1-methyl-pyrrolidines because functional groups such as 

ketones, nitriles, and esters can react with Grignard reagents. The authors failed to demonstrate much of 

a functional group range for their method. 

Scheme 1-6. Iridium catalyzed hydrogenation of cyclic enamines 

H2 
[lr(COD)Clh 

o, R= 1Bu 
P-R R = NMe2

o"' R=OPh 
R= Ph 

(R1 = Ar, nsu, R2 = Me, Et, ;Pr) up to 97% ee 

One of the main critiques of reactions that use a stoichiometric amount ofcatalyst is the cost and 

the environmental impact. Thus, catalytic processes to achieve 2-aryl pyrrolidines have also been 

reported to address those critiques. 
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Intermolecular metal-catalyzed coupling reactions is an approach to obtain 2-aryl pyrrolidines 

(Scheme 1-7). In 2006, the Stahl group published a procedure to synthesize tosyl protected 2,4-

disubstituted pyrrolidines by using Pd+2/Cu+2-catalyzed coupling between alkenyl amines and alkenes 

(Scheme I-7a). 7 The methods could be used to synthesize a variety of tosyl protected 2,4-disubstituted 

pyrrolidines in moderate to good yields and moderate diastereoselectivities. The author postulated that 

the coupling reaction started with an aminopallidation of the vinyl ether or styrene followed by an exo

insertion of the pendant alkene of the allyl tosylamide into the Pd-C bond. As a result, a pyrrolidinyl Pd 

(II) complex was obtained. Subsequent ~-hydride elimination from the Pd (II) complex yielded the final 

product. In this case, oxygen and copper are the oxidants to regenerate Pd 2+ for the catalytic cycle. One 

main drawback of these methods is that only sulfonamides were demonstrated to undergo this reaction. 

Another drawback is that this method is racemic. 

Scheme 1-7. Transition metal-catalyzed synthesis of N-tosyl pyrrolidines 

~R3 
Ts TsR1 

5% Pd , 5% Cu 
(a) R2~NHTs or}JR' J-YR' 0 2 (1 atm or air) 

R1 rt 
= Me, R2 = H, Me Rz 

In 2006, the Tang group reported a ring expansion of a methylenecyclopropane (MCP) by using 

silver and gold co-catalyst to generate N-tosyl pyrrolidines (Scheme 1-8).8 This method could be used 

to convert a variety of MCPs to N-tosyl pyrrolidines bearing quaternary carbon centers in low to 

moderate yields. The authors claimed that when treated with Au(I) in the presence of TsNH2, the 

methylene cyclopropene (MCP) would first ring-open to give an aminoalkene which later participated 

in a gold-assisted ring-closing process to complete the cyclization, resulting in the formation of the 2-

aryl pyrrolidine or disubstituted pyrrolidine. Unfortunately, the amine scope was limited to tosylamines. 

Additionally, the method is racemic. 
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Scheme 1-8. Gold-catalyzed synthesis of N-tosyl pyrrolidines 

NH2Ts (1 eq) 
Au(PPh3)CI (5 mo%) 

Ag(OTf) (5 mol%) 
(b) 

PhCH3, 85 °C, 

In 2011 , the Lui group published a palladium-catalyzed cyclization of aminoalkenes to produce 

N-tosyl pyrrolidines by using Pd(OAc)2, bathocuproine, and NFSI, at 50 °C (Scheme 1-12).9 

Aminoalkenes can be converted to N-tosyl-2-aryl pyrrolidines and a quaternary center containing N

tosyl-2-aryl pyrrolidines in moderate to high yields using this method. The authors proposed that the 

reaction started with insertion of Pd+2 onto the alkene, which was then oxidized by NFSI to give Pd (IV) 

2complex. This complex then underwent a reductive elimination to give N-tosyl pyrrolidine and Pd+ , 

which restarted the cycle. This reactions were done at moderately higher temperature compared to the 

previously mentioned methods. Similar to the previous reports, the amine scope was limited to N-tosyl. 

Additionally, this reaction is racemic. 

Scheme 1-9. Pd-catalyzed synthesis of N-tosyl pyrrolidines 

Pd(OAch (5 mol%), 

(c) 
Ph~II NHTs 

Bathocuproine (5.5 mol%) , 
nBuOH (300 moI%) 

Ph/;) 

Ts 
NFSI (250 mol%) 54% 

dioxane, air, 50 °C, 8 hr yield: 58 - 83% 

Pd(OAc)i (5 mol%), 
7 exmaples 

Bathocuproine (5.5 mol%) , 
nBuOH (300 mol%) NFSI 

NFSI (250 mol%) 
Arx.> 

Ts 
dioxane, air, 50 °C, 8 hr 

Summary of methods for the synthesis of highly substituted 2-aryl pyrrolidines 

Other approaches used to achieve highly substituted 2-aryl pyrrolidines are also worth 

mentioning in this summary for the sake of comparison. The most recent reported methods involve the 

synthesis of 2-aryl pyrrolidines from vinylarenes via an intermolecular coupling between reagents that 
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can undergo polar/radical [3+2]-type bond-forming reaction sequences under mild reaction conditions 

as reported by the McMillan, and the Nicewicz group, respectively. 10
-
11 Although the methods reported 

by these groups could achieve highly functionalized 2-aryl pyrrolidines, unsubstituted pyrrolidines were 

not included in those reports. The need to have extra functional groups on the backbones of substrates 

in order to allow coordination might be the main reason why unsubstituted pyrrolidines could not be 

achieved via these methods. A brief discussion on those methods are found in the section below. 

In 2012, the McMillan group reported a procedure to synthesize highly substituted pyrrolidines 

via SOMO-activated enantioselective [3+2] coupling of aldehydes and conjugated olefins (Scheme 1-

10).10 In this report, the aldehyde functional group on the substrate plays an important role of this 

transformation. The authors postulated that the reaction began with reaction of the aldehyde group with 

imidazolidinone catalyst to form a polar radical species followed by an isomerization to give a polar 

radical enamine, which then coupled with the olefin to give an iminium species, which then underwent 

a subsequent oxidation to give a carbocation. The pendent amine group then attacked the electrophilic 

center to give the final product. This method can be used to synthesize a wide range of pyrrolidines 

having an aldehyde attached to the backbone in moderate to good yields and moderate to high 

diastereoselectivities and ee. It is also important to note that a stoichiometric amount ofFe(phen)3(SbF6)3 

(255 mol¾) was required as oxidant for this whole process. 

Scheme 1-10. Synthesis of heterocycles via polar radical [3+ 2] annulation 

0 

20 mol% cat.•TFA If R \. 
H Fe(phen)J(SbF6b 
~ R~Ar v..,,A, t-Bu...t;:.R0 NHNs + DME, Na2HPO4 

Ns H-10 °C, 12h 
R = H, Me cat.Yield: 50 - 81 % 

dr: 3:1 to 20:1 
ee: 89- 96% 
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In 2015 , the Nicewicz group disclosed a similar procedure to synthesize highly substituted 

pyrrolidines from enamides and olefins using an organic photoredox catalyst system. 11 This method can 

transform a wide range of Nff-enamides and olefins into highly subistituted pyrrolidines in low to 

moderate yields and moderate to good diastereoselectivities. The authors postulated that the reaction 

started with the excitation of the photocatalyst, which then oxidized the olefin into a cationic radical and 

reduced the acridine radical. Nucleophilic attack on the excited olefin by the enamide follwed by a 

deprotonation generated the C-centered radical I-A. This radical then undergoes 5-exo-trig cyclization 

to form the exocyclic radical 1-B. The lactam product is formed after the hydrogen transfer from an H

source, such as 4-methoxybenzenethiol to generate thiyl radical, which can then reoxidize the 

photocatalyst to reenter the catalytic cycle. It is important to note that their optimal time for the reaction 

was 3 days. 



Scheme I 11. Synthesis of highly substituted pyrrolidines 

NHTf 
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R2 H
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In 2016, the Bode group reported a method to access a variety of nitrogen containing 

heterocycles including functionalized pyrrolidines and other heterocycles with different ring sizes using 

SnAP-ex chemistry (Scheme 1-12).12 Their approach to the syntheses of the pyrrolidines began with the 

syntheses of SnAP-ex reagents, which were then treated with other aldehydes in the presence of4A MS 

followed by treatment of stoichiometric amount of Cu(OTf)2/2,6-lutidine in DCM:HFPIP to give their 

final products. The main drawback of this method is the use of highly toxic organotin as their reagent 

and the lengthy syntheses. 12 
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Scheme 1-12. Synthesis of pyrrolidines via organotin chemistry 

OMOM 
QNHBoco.,,R + 

N N R 
H H 

SnAP-eX Reagent pyrrolidines & piperidines 
X= NHBoc, OMOM 

SnBu3 

LSnBu3 
X 

C:NH2 

SnAP-eX P (1-2) SnAP-eX Pyr (3-4) 

Summary of related copper-catalyzed synthetic methods for pyrrolidines by the Chemler group 

The Chemler group has been one ofthe major contributors to the field ofcopper-catalyzed alkene 

difunctionalization since the past decade.13 We have published many procedures to perform 

difunctionalization of alkenes using copper salts and nitrogen base ligands, bis( oxazoline) family, to 

form copper complexes. Copper is regarded as a unique transition metal that can participate in various 

catalytic cycles to achieve many types of transformations. 14 However, in this section, only procedures 

to synthesize pyrrolidines will be discussed. 

In 2007, Zeng and Chemler reported a copper(II)-catalyzed enantioselective intramolecular 

carboamination of alkenes to synthesize various pyrrolidines (Scheme 1-13). 15 In his report, a handful 

of aliphatic aminoalkenes were converted to chiral pyrrolidines in moderate to high yields and 

enantioselectivities. The sulfone group on the nitrogen can also be removed using Li/NH3 to yield chiral 

unprotected pyrrolidines. 

12 

https://1-13).15
https://decade.13


Scheme 1-13. Enantioselective copper-catalyzed synthesis of chiral pyrrolidines 

Cu(OTfh (20 mol%), 
(R,R)-Ph-Box (25 mol%), R~R1 

\-N,s~
MnO2 (3 eq.),K2CO3 (1 eq) 
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In 2012, Liwosz and Chemler disclosed a copper-catalyzed enantioselective intramolecular 

alkene amination/intermolecular Heck-type coupling cascade to synthesize a variety of pyrrolidines 

(Scheme 1-14). 16 This method can transform unactivated aminoalkenes into a variety of chiral 

pyrrolidines in good to high yields and high enantioselectivities. Additionally, a 5-HT1 receptor could 

also be synthesized using this method. 16 From a mechanistic stand point, the process started with 

coordination of the amino group to the complex (I-A), leading to cis-aminocupration of the alkene 

followed by the homolysis the C-Cu bond to give a primary radical. This radical then coupled with a 

vinylarene followed by an oxidation and deprotonation to give the chiral pyrrolidine bearing highly 

substituted alkene motif. Analysis of the transition state 1-TsB revealed that the presence of the phenyl 
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group on the ligand plays an important role in the enantioselectivity determination step. The phenyl 

group forces the bulky sulfone group to be placed down while the carbon on the terminal end of alkene 

to be place upward, to assume a chair conformation, leading to the observed absolute configuration. The 

assumption was made in analogy to the previously reported carboaminations of alkene by our group. 15 

The absolute configure of the product was supported by X-ray crystal structure analysis. 

Scheme 1-14. Alkene amination-Heck type coupling cascade 
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Inspired by their biological activities against cancer and malaria, 17 
-
20 strychnopentamine and 

isostrychnopentamine had captured the Chemler group's attention. However, the currently available 

methods reported by our group could not allow access to the 2-aryl pyrrolidine motif This motif is 

indeed the distinct motif differentiating strychnopentamine and isostrychnopentamine, structurally, from 

their cousin compounds, isolated from the same plant. This encouraged us to develop a novel copper

catalyzed method that can achieve such a motif We envisioned that a copper-catalyzed coupling reaction 

ofstyrenes or dienes with potassium /3-aminoethyl trifluoroborate salts would grant us access to a variety 

of 2-aryl and 2-vinyl pyrrolidine motifs (Scheme 1-15). This method would convert potassium P

aminoethyl trifluoroborate salts into alkyl radicals, which could couple with the olefins to generate a 

new radical species. These radicals could then couple with the tethered carbamate group to furnish the 

2-aryl pyrrolidines. For this reason, potassium alkyl trifluoroborate salts, including their syntheses will 

be discussed in the following section. 

Scheme 1-15. Envisioned coupling reaction between P-amino organotrifluoroborates with 
alkenes 

[OJ 
[OJf\ f\

[Cu(ll)J [Cu(l)J NHR [Cu(ll)J [Cu(l)J 
\ I ~Ar 
'\... / ..., RHN--..._,_/ • ----- ~ \_J • 

Ar 
1-D 

Potassium alkyl trifluoroborate salt profile and their syntheses 

Many organometallics can be used as carbon radical precursors. Organoboranes' ability to 

generate carbon center radical is usually compared to other organometals such organolithiums, Grignard 

reagents, organozincs, organosilanes and organotins. Due to their high nucleophilicity and basicity, 

organolithium and Grignard reagents are not very commonly used as carbon-center radical precursor 

because they tend to react with sensitive functional groups such as esters, ketones, aldehydes, nitriles or 
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acids.21 This makes organoboranes a milder carbon radical precursors and a better choice for such 

application. Despite the fact that organoboranes are green, less toxic, and powerful radical precursors 

compared to organotin reagents, their instability discourages chemists from studying and using them in 

their studies. The main instability problem lies in their structure where the boron center has a vacant 

orbital that can accept electrons from other oxidizing molecules such as water and oxygen which are 

commonly found in air. This challenge has been smartly addressed in the 1960s by converting those 

organoboranes into its derivative, potassium organotrifluoroborate salt. 22 These potassium 

organotrifluoroborate salts exhibit high stability in air, and to moisture in contrast to their organoborane 

counterparts. They can be stored indefinitely at room temperature without precaution. This stability does 

not, however, decrease their reactivity under transmetallation coupling conditions. 21 For historical 

development ofpotassium organotrifluoroborates see, two mini reviews authored by Sylvain Darses and 

Jean-Pierre Genet in 2003 and 2008.21 
,
23 

Potassium alkyltrifluoroborates could be accessed via several methods which have been 

reviewed by Burgess et al. 24 Those methods includes hydroboration of alkenes with rhodium catalyst. 

Recently, more methods to access potassium alkyl trifluoroborate salts using inexpensive metals such 

as copper have been reported (Scheme 1-16). 25
-
28 Many of those syntheses were done via metal-catalyzed 

hydroboration of a,/3-unsaturated carbonyl substrates such as enamides, acrylates and their derivatives. 

Scheme 1-16. Synthesis of alkyltrifluoroborate salts 

1) B2Pin2 (110 molo/o), 
CuCI (3 mol¾), 

DPEPhos(3 mol%), 
NaOtBu (9 mo%) 
THF/MeOH , 3 h 

2) KHF2, MeCN, 0 °C, 3 h 

(a) 
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1) B2(OH)4 (120 molo/o), 
CuCI (2 molo/o), 

CyJohnPhos(2 molo/o), 
0 NaOtBu (30 mo%) 

EtOH, rt, 3 h 
(b) R1YR2 

R3 2) KHF2, MeOH, H2O, 
0 °C, 3 h 

R~EWG *0, .,0
B 

Cu(0H)x-Fe30 4 
(2.5 mol%) RA_,EWG ~ Potassium 

(c) 
PhMe, Me0H, J 2 

Akyltrifluoroborate 
salt 

K2C03, 60 °C 

1) B2Pin2 (120 mol%), 
CuS04 (2 mol%), 2) KHF2, 
Picoline (2 mol%), MeOH, H2O,

H20 (30 mo%) 0 °C, 3 h 
open air 

Potassium ~-aminoalkyl trifluoroborate salt syntheses have been reported by the Molander29 and the 

Overman groups, respectively. 30 In 1999, the Overman group reported a procedure to synthesize /3-

aminoalkylboranes using benzyl vinylcarbamate and (9-BBN)2. In 2007, the Molander group disclosed 

a procedure to synthesize several potassium fl-amino alkyl trifluoroborate salts, which were used in 

Suzuki-Miyaura cross-coupling reactions. 25 The potassium (2-(benzyloxycarbonylamino )ethyl)

trifluoroborate (I-la) and potassium (2-{1butoxycarbonylamino )ethyl)trifluoroborate (1-1 b) were 

synthesized using the corresponding vinylcarbamates (Scheme 1-17). Despite being discovered in 1960s, 

potassium alkyl trifluoroborate salts have just recently gained much attention as a carbon radical 

precursors thanks to their unique properties. Potassium alkyl trifluoroborate salts have been shown to 

produce a wide range of carbon radicals under various oxidation conditions. 22·3 1 They are envisioned to 

17 



replace highly toxic organostannes as radical precursors. The conditions to oxidize 

organotrifluoroborates will be summarized in the following section. 

Scheme 1-17. Synthesis of potassium P-aminoalkyl trifluoroborate salts 

Ligands
1) BH3•THF, 
ligand 
2) aq. KHF2, 
acetone 

R = Bn, tBu 

Electrochemical oxidation of polyfluorinated potassium trifluoroborate salts 

Frohn et al. (2004) published a brief report on how electrochemistry can be used to oxidize 

potassium polyfluorophenyltrifluoroborate salts K[C6Hs-nFnBF3] (n = 0 - 5) by cyclic voltammetry in 

MeCN.32 This study mainly focused on measuring the oxidation potential of several potassium 

fluorinated aryl trifluoroborate salts. This study showed that electrochemical oxidations of the salts are 

irreversible. 

In 2016, the Fuchigami group disclosed a briefreport on electrochemical analyses of several of 

organotrifluoroborates and their corresponding boronic acids and esters using cyclic voltammetry. 33 In 

the study, they measured oxidation potentials of alkyltrifluoroborates, phenyltrifluoroborate, and 

allyltrifluoroborates in nBt14NClQ4/MeCN against SCE and compared the values to the oxidation 

potential of their corresponding boronic acids and esters. For the aliphatic chains series, their nBU4N+ 

salts have comparable oxidation potentials . The oxidation potential of nC6H 13-BF3 -was measured to be 

1.80 [V vs. SCE] and 1.89 [V vs. SCE] for nC6H13-BF3 -. Longer chain aliphatic trifluoroborates seem 

to possess higher oxidation potential. The authors claimed that the negatively charged trifluoroborates 

moiety decreases the oxidation potential of organoborons. Oxidation potential of an allyltrifluoroborate 

(1.37 V vs. SCE) was also measured and compared to its boronic acid pinacol ester (2 .63 V vs. SCE). 
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When there is a longer rc-conjugation system the oxidation potential of the organotrifluoroborates were 

observed to be lower, 1.50 [V vs. SCE] for _/3-styryltrifluoroborate. The oxidation potential of the boronic 

acid pinacol ester is very high compared to the trifluoroborate. Despite the limited scope of 

organotrifluoroborates featured in this study, the data provide a good information about a general trend 

to predict oxidation potential of organoborons, which correlated to their reactivity. 

Visible-light-mediated photogeneration of carbon-centered radicals from organoboranes 

A short review authored by Blanchard and co-worker (2015) features many different methods to 

utilize photoredox catalysis to achieve the oxidation of potassium alkyl trifluoroborate salts. 22 There are 

many groups that have reported the utilization ofvisible light to oxidize the alkyl trifluoroborate salts to 

generate carbon radicals and feature them in their catalytic cycle that also involve transition metals. 

In 2012, Akita and co-workers reported a procedure to oxidize potassium alkyl trifluoroborate salts using 

photocatalyst as shown in Scheme 1-18.34 The authors used an iridium complex (Ir-dF(CF3) as 

photosensitizer ofvisible light at the wavelength of 454 nm (blue LEDs) to achieve oxidation ofa group 

of potassium alkyl triolborate and trifluoroborate salts. The oxidation potential of the Ir-dF(CF3) 

complex was measured against Cp2Fe to be +0.91 V. This oxidation potential was strong enough to only 

oxidize potassium benzyl trifluoroborate salts, whose electrochemical potential ofoxidation Eox is +O .67 

V (vs. Fe/Fe+), and its electron-rich derivatives.34 However, it could not oxidize potassium cyclohexyl 

trifluoroborate salt, whose Eox = + 1.10 V (vs . Fe/Fe+). As a result, there was no adduct of the radical 

and TEMPO formed under this reaction condition. In order to achieve the oxidation under those 

conditions, they had to convert the potassium cyclohexyl trifluoroborate into the potassium cyclohexyl 

triolborate. They could obtain product in a better yield when the potassium cyclohexyl triolborates was 

used. 

19 

https://derivatives.34


This finding is significant because it serves as a guidance for chemists to tune the oxidation potential of 

the salts to meet with the oxidation potential of their catalyst by varying the auxiliary group on the 

organoboranes. Although this report showed a proof of concept that oxidation of potassium 

trifluoroborate salts can be achieved by photoredox catalysis, the coupling partners they featured in the 

report were very limited (benzyl acrylate and TEMPO radical, as their radical scavenger). More details 

about photoredox oxidation of potassium organotrifluoroborate salts can be found in two mini reviews 

published in 2009 and 2015 by Blanchard et al. 22 Because potassium alkyl trifluoroborate salts are 

considered a greener alternate to alkyl radical sources derived from organostannanes, when combined 

with photocatalyst technologies, the process can be considered relatively environmentally friendly. 

Scheme 1-18. Photo-redox oxidation of potassium alkyltrifluoroborate salts 
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Summary of metal-calatalyzed/promoted oxidation of potassium alkyl trifluoroborates 

Silver, manganese and copper have been shown to oxidize organotrifluoroborates to generate 

alkyl radicals under thermal conditions. In the following section, a brief summary on the conditions used 

to oxidize organotrifluoroborates to form alkyl radicals, which can participate in various 

transformations, will be discussed. 

In 2010, the Fensterbank group reported a copper-promoted oxidation of potassium benzyl 

trifluoroborate salts (Scheme 1-19).31 This procedure highlighted the great potential of potassium alkyl 

trifluoroborate salts as alkyl radical precursors to replace highly toxic organostannes. In their paper, a 

variety ofpotassium alkyl trifluoroborate salts were successfully oxidized using a stoichiometric amount 

of copper (II) salts, namely Cu( eh)2, Cu(OAc)2, or CuCh to give alkyl radicals that reacted with TEMPO 

in moderate to high yields . Generation ofallylic and primary alkyl radicals required higher temperature, 

120 °C, in DMSO, in order to yield TEMPO adducts . However, 2° and 3° radicals could be generated at 

room temperature using a stoichiometric amount of copper salts. They also demonstrated the coupling 

capability of the alkyl radicals, generated under the conditions, with a,/3-unsaturated carbonyls such as 

36 methylvinyl ketone and ethyl 2-(phenylsulfonylmethyl)acrylate, via Giese type reaction. 35 
- One 

drawback of this method is the usage of stoichiometric amounts of copper salt and the scope of the 

coupling partners were limited. Additionally, the reactions involving coupling partners were done at a 

very high temperature, 120 °C. 
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Scheme 1-19. Copper-promoted oxidation of potassium alkyl trifluoroborate salts 

Cu(EH)i (1 .2 eq) 
TEMPO (1.2 eq) 
DMSO, 120 °C 

~OTMP 

20 h, 75% 

~BF3K 

Cu(EH)2 (1 .2 eq) 

TEMP0(1.2eq)
DMSO, 120 °C 
~ 

OTMP + 

Q 
OTMP 

20 h, 75% 

CuCl2 (1 .2 eq) , CuCl2 (1 .2 eq) 
MVK (5.0 eq), TEMPO (3 .0 eq) 

DMSO:H2O (9:1) , aBF3K Et2O, RT 

120 °C, 24-48 h, 63% 
20 h, 75% 

In 2011 , the Molander group published a manganese-promoted oxidation of potassium alkyl 

trifluoroborate salts in the presence ofTFA/H2O at 50 °C (Scheme 1-20).37 The authors screened several 

(NH4)2S2O1 and benzoquinone. They achieved the best condition when using Mn(OAc)3 (2.5 eq), TFA 

(1 eq), AcOH:H2O (1: 1) at 50 °C. This oxidation could also produce a variety ofcarbon radical including 

primary, secondary, tertiary and alkoxy substituted. These radicals were coupled with different 

heterocycles such as quinolines, and benzo[ d]thiazoles via Minisci alkylation mechanism to yield 

alkylated heterocycles in moderate to good yield with high regioselectivity. Similarly, a drawback of 

this method is a metal-promoted reaction. 
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Scheme 1-20. Oxidation of potassium alkyl trifluoroborate salts using Mn(OAc)3 

co Mn(OAc)J (2.5 eq.) 
TFA (1 eq) ~ 

+ 
/,; AcOH:H2O (1 :1)N UN~lkyl

50 °C,18 h 

1 eq 1 eq Alkyl: 1°, 2°, 3° 
25 - 78% 

In 2013 , the Molander group disclosed another procedure to oxidize organotrifluoroborates using 

AgNQ3 (0.2 eq)/K2S2O8 (5 eq)/TFA (2 eq) to generate various alkyl radicals (Scheme 1-21).38 They also 

added the methods to synthesize those organotrifluoroborates as well. In the report, alkyl halides were 

converted to a variety oforganoborons, via copper-catalyzed borylation, followed by treatment of KHF2 

to give the corresponding potassium trifluoroborates. The radicals were generated from the salts using 

catalytic amount of silver nitrate and oxone, as their oxidant to tum silver over. These radical 

intermediates were used to couple with heterocycles to form various alkylated heterocycles via Minisci 

mechanism. 38 This method shows that it is possible to use a catalytic amount of metal such as silver to 

oxidize potassium alkyl trifluoroborate salts as long as there is sufficient oxidant to tum the metal over. 

A drawback of this report is that the radicals were shown to couple via Minisci mechanism. 

Scheme 1-21. Synthesis of potassium alkyl trifluoroborate salts and its oxidation 

K 
1) Cul/PS-Phos AgNO3 (0.2 eq.) 

B2Pin2 K2S2O8 (5 eq)
MeOLi/DMF TFA (2 eq) 

z-rx 2) KHF2, THF DCE/H2O (1:1) 
RT, 24 h 

n = 0- 2 27 - 72%
Z = 0, NR 

The Chemler group, in 2013 , also demonstrated that potassium alkyltrifluoroborates can be 

catalytically oxidized by copper salts to generate alkyl radicals, which can participate in Heck-type 

coupling reaction to give a variety ofhighly substituted alkenes (Scheme 1-22). 39 The reaction conditions 

23 

https://1-21).38


also improved on the procedure reported by the Fensterbank group in 2010. The oxidation of benzyl 

potassium trifluoroborate under Fensterbank condition gave 73% of the TEMPO adduct, while our 

catalytic conditions yielded 77% of the same adduct using catalytic amount of copper at a lower 

temperature (Scheme 1-22).31 The scope of alkyl trifluroborates included a wide range of alkyls with 

different substitution groups on them. Dr. Liwosz also demonstrated the capability of the alkyl radical 

to couple with amines and amides when there is no alkene in the reaction mixture. Radical clock probe 

was also used to support that this reaction proceeds through a radical type mechanism. It is important to 

note that alkyl radicals generated from these mentioned processes require no stabilizing group on the a

carbon, which will be discussed in later chapter. 

Scheme 1-22. Copper-catalyzed oxidation of organotrifluoroborates 

Cu(OTf)2 (20 mo I%), 
1, 10-phenathroline (25 mol%), 

vinyl arene (3 eq.) 
MnO2 (2.6 eq) 

DCE, 105 °C, 24 h 

R = Bn, cyclopentyl, CH2-CHrCO2tBu, 
CHrOC(CH3b, 

Ph 

Ph~Ph Ph~Ph Ph~Ph Ph_......,.....__N,....Ts 
H 

85% 60% 
85% E/Z = 20:1 (E,E)l(Z,E) = 1.7:1 83% 

R1 

~Ar R1 [O] R1 
-H+ 

[O] R~ Ar R~ Ar 

r'\ 1-C 

[Cu(I)] [Cu(II)] 

\___)e ® R_........
R,............__BF 3K 

nothing 
R~ R 

NH2R3 
1 NHR3 

R 
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The Fensterbank The Chemler Group's 
Group's condition catalytic condition 

Cu(EHh (1.2 eq), Cu(EHh (20 mol%), 
TEMPO TEMPO 

DMSO, 120 °C, 0 2 (1 atm) 
20 h Ph/'-.BF3K DCE, 105 °C, 24 h 

73% 77% 

As mentioned earlier, strychopentamine and isostrychnopentamine have been shown to possess 

many interesting biological activities against malaria and cancer (Scheme 1-2). The 2-aryl pyrrolidine 

motif in their structure was the distinct trait that differentiates these two compounds from their related 

compounds, isolated from the same plants. Thus, the Chemler group were inspired to construct this 

motif However, none of our current established copper-catalyzed conditions enabled us to construct 

such a motif Thus, we decided to develop a novel copper-catalyzed reaction to achieve such a 

transformation. Based on the insight obtained from the report on copper-catalyzed oxidation of 

potassium alkyl trifluoroborates published in 2013 by Dr. Liwosz, we envisioned that if the alkyl radical, 

produced under this condition, contains an amine group tethered to the end of this chain, we could 

potentially functionalize the radical (1-C) to form a pyrrolidine ring. The overall net reaction would be 

a carboamination, [3+2] annulation, of an alkene to form a pyrrolidine (Scheme 1-23). Gratifyingly, 

potassium ~-aminoethyltrifluoroborate salts could materialize this vision. With the established catalytic 

condition, a potassium ~-aminoethyltrifluoroborate salt can be oxidized, using copper catalyst, to 

generate an alkyl radical, which can couple with an alkene to generate another radical species, which 

can cyclize onto the tethered amine group to form a pyrrolidine. 
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Scheme 1-23. Envisioned coupling reaction of P-amino organotrifluoroborates and alkenes 

[OJ 
[OJ

f\ f\ 
[Cu(ll)J [Cu(l)J NHR [Cu(ll)J [Cu(l)J 

\ I ~Ar 
>-- L • RHN~• ----- ~ \J. 

Ar 
1-D 

There are many advantages for using potassium /3-aminoethyltrifluoroborate as the reagents for 

this transformations. Some of them were discussed earlier. Mainly, organotrifluoroborates are less toxic 

carbon radical precursors compared to the traditional radical precursors such as organostannes. They are 

also bench stable, which is a very desirable trait. In addition, they are commercially available or can be 

synthesized, as described in sections above. Moreover, although they have been featured in several 

reported literatures, the true potential of potassium /3-aminoethyltrifluoroborates was not fully 

demonstrated. That is, the tethered amine is either fully protected, to prevent from participating in the 

reaction. In some reports, the amine group of the primary carbamates salts did not participate in any 

27 29functionalization.25
, , , 

4041 Therefore, this novel method will attempt to address those concerns and 

ensure that the amine group on the chain can also participate in the functionalization process. 

Objectives 

This study aims to develop a novel copper-catalyzed oxidation of potassium P

aminoethyltrifluoroborates to generate amine substituted alkyl radicals, which couple with alkenes 

followed by cyclization to furnish 2-aryl or 2-vinyl pyrrolidine motifs via a net formal [3+2] annulation 

of alkenes. 

Significances of this novel method development 

This method allows access to a variety ofpyrrolidines which is a common motif in many natural 

products and biologically active compounds. Strychnopentamine, isostrychnopentamine, and nicotine 
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derivatives could potentially be synthesized using this method (Scheme 1-2). Additionally, this method 

would employ an inexpensive and less toxic metal, copper, with readily available ligands, 1, 10-

phenanthroline, to achieve the transformation. There is potential for asymmetric catalysis development 

for this method as well. From a mechanistic point of view, this type of cyclization offers an alternative 

copper-catalyzed mechanism to the metal-catalyzed difunctionalization, which has been extensively 

42studied by the Chemler group. 

Result and Discussion 

For this study, readily available potassium (2-(benzyloxycarbonyl-amino )ethyl)trifluoroborate, 

(I-la), and potassium (2-(~utoxy-carbonylamino)ethyl)trifluoroborate, (I-lb), due to the respective 

contribution of Overman30 and Molander29 were used as radical precursors and amine sources. 

To begin with, 4-1butyl styrene and I-la were screened under a set of copper-catalyzed oxidative 

coupling conditions. Table 1-1 summarizes all the results of the optimization. Ligands (Ll - L4), shown 

below, were the first parameters to be studied. These ligands were used to prepare active copper 

complexes by complexation with Cu(OTf)2 at 60 °C for 2 hours, unless noted, in the appropriate solvent. 

It is important to note that 1,10-phenathroline (Ll) was selected for two main reasons: (a) it is more 

reactive than achiral box, in this coupling reaction43 and (b) it is readily available, compared to achiral 

box, which requires synthesis. After adding 4-'Bu-styrene (200 mol¾), I-la (100 mol¾), and MnO2 

(255* mol¾) as oxidant, to the catalyst solution, the reaction was stirred at 105 °C for 24 hours. Upon 

completion, the reaction was filtered through a pad of silica gel and washed with EtOAc three times to 

give a crude oil. The crude oil was then purified by flash chromatography over silica gel to yield clean 

2-aryl pyrrolidine I-2h. The first attempt (Table 1-1 , entry 1) only yielded 38% I-2h, after purification. 

This observed low yield could have been due to the excess moisture trapped in the Cu(OTf)2, which was 

used without being flame-dried before complexation. The excess moisture on Cu(OTf)2 has been shown 
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to have detrimental effect on the catalyst's reactivity.44 In the event, the yield was improved to 66% 

when the Cu(OTf)2 was flame-dried immediately before use (Table 1-1 , entry 1). By changing ligand 

from Ll to L2, we saw no significant changes in yield of the isolated product I-2h (Table 1-1 , entry 2). 

(S,S)-Ph-Box (L2) was selected in the initial discovery screening because there is a potential for this 

reaction to be developed into an enantioselective reaction, which will be discussed later in this chapter. 

Hypothetically, this process is a two-step process requiring at least 200 mol¾ of oxidant to complete 

the catalytic cycle. By removing oxidant, MnO2, which is essential to tum over the copper, we saw a 

huge decrease in yield even in the presence of copper complex at 50 mol¾ loading after 24 hours of 

stirring. This actually emphasized the necessity of oxidant. Changing ligand to (S,S)_tBuBox (L3) 

improved yield by 7% at 50 mol¾ loading of copper without using any oxidant. This is done to rule out 

the possibilities of issues arising from the structure of ligand. Attempting to use Cu( eh)2, previously 

known to catalyzed the process in Dr. Liwosz ' work, 43 as the catalyst did not yield the desired pyrrolidine 

(entry 6 of Table 1-1). Thus, we concluded that 1,10-phenanthroline (Ll) is the best ligand for this 

transformation and this process requires oxidant to obtain optimal yield. 

Scheme 1-24. Ligands used in the copper-catalyzed coupling reaction 

0-0 ~n~ 
t-Bu t-Bu 

(Ll) 1, 10-phenanthroline (L2) (R,R)-Ph-Box (L3) (S,S)-IJ3u-Box (L4) (S,S,R,R)-bisPh-Box 
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Table 1-1. Optimization of copper-catalyzed oxidative coupling conditions 

[Cu] (20 mol%)/ 
ligand (25 mol%) 

oxidant, DCE RRy') T, 24 hr 
.00v 

~ NCbzCbzHN~BF3K2 eq. 

II-la (1 eq) 

R Copper Li~and Oxidant T(°C) Yielda 
1 1Bu Cu(OTf)2 Ll MnO2 (255 mol¾) 105 38 (66? 
2 1Bu Cu(OTf)2 L2 MnO2 (255 mol¾) 105 68 
3b 1Bu Cu(OTf)2 L2 - 105 10 
4b ~u Cu(OTf)2 L3 - 105 17 
5 1Bu Cu(OTf)2 L4 MnO2 (255 mol¾) 105 16 
6 OMe Cu(eh)2 - MnO2 (255 mol¾) 105 no rxn 
7d OMe (1.5 eq) Cu(OTf)2 Ll MnO2 (255 mol¾) 105 82 

a Isolated yield b Cu(OTf)2 (50 mol%)/Ligand (50 mol%) c Flame-dried Cu(OTf)2 d 1.5 Equiv. of alkene used. Note: MnO2 

used in these reaction has purity of 85%, <5 µm in size 

Oxidant screen 

The next parameter that we decided to look into was the oxidant. It is worth to note that MnO2 

have been used very widely in Chemler's group as an oxidant thanks to its many unique properties. 

MnO2 has a high oxidation potential, which can tum the copper catalyst over. Also, MnO2 is a 

heterogeneous oxidant which simplifies the separation process. Moreover, many [Mn] salts are stable, 

economical and relatively environmentally friendly_ 45
-
47 The result of the oxidant screen is summarized 

in Table I-2 . MnF3, which is a milder oxidant compared to MnO2, being Mn3
+, was screened. Under this 

reaction condition, using 1, 10-phenanthroline as ligand, I-2h was isolated at a lower yield, 32%, despite 

the 400 mol¾ loading of MnF3 (Table I-2 , entry 4). When L2 was used as ligand with MnF3 as the 

oxidant, only 15% of the product I-2h was isolated. Next, silver carbonate, another milder oxidant but 

slightly costlier than MnO2, was also screened. Unfortunately, it only yielded 33% of desired product I-

2h. Organic peroxide or oxygen have been shown to tum over copper catalysts. 4s-49 Therefore, they were 

also screened under the reaction condition. The use of green organic oxidants or oxygen would make 
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this method a greener process. Unfortunately, none of the organic oxidants examined yielded the desired 

products. In some cases, such as di-1butyl peroxide or di-lauryl peroxide, starting materials 

decomposition was observed (Table 1-2, entries 11-14). Attempts to lower the reaction temperature to 

minimize or avoid decomposition of the starting material was not fruitful. Oxygen was also not 

compatible under this reaction condition. Neither, Cu(OTf)2/ l , 1 0-phenanthroline/O2 nor CuCl/1 , 10-

phenanthroline/O2 system with or without TEMPO showed promise as an alternate reaction condition 

to the established one. CuO was also attempted as an oxidant but it did not show any ability to tum over 

the catalyst. Only trace amount ofproduct was observed. Therefore, we concluded that MnO2 is the best 

of oxidant that we examined. 

Table 1-2. Oxidant screens 

L2:(R, R)-Ph-Box, 
Cu(OTf)2 (20 mol%) 

L2 (25 mol%), Oxidant, 
Solvent, T, 24 h ~n~ 

Ph Ph 

2 eq 

Entry Oxidant Solvent T(°C) Yield (%)3 ee (%)i 
1 MnO2 (255 mol¾) DCE 105 68 -

2b Ag2CO3 (200 mol¾) DCE 105 33 -
3c MnO2 (255 mol¾) DCE 105 20 <5 
4b MnF3 (400 mol¾) DCE 105 32 -
5 MnF3 (400 mol¾) DCE 105 15 <5 
6 02 (1 am) PhCF3 105 trace <5 
7 02 (1 am) DCE RT 0 -
3e 02 (1 am) DCE RT 0 -
9 02 (1 am) PhCH3 105 0 -
10 02 (1 am) DCE 80 Trace <5 
11 g rBu202 (300 mol¾) DCE 105 0 -
12g rBu202 (300 mol¾) DCE 45 0 -
13g rBu202 (300 mol¾) DCE RT 0 -
14g DLP<l (300 mol¾) DCE 105 0 -
15 O2/TEMPO (20 mol¾) DCE 80 0 -
16 O2/TEMPO (20 mol¾) DCE 80 0 -
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17 CuO (400 mol¾? DCE 105 0 
105 0 

Isolated yield b 1,10-phenanthroline (25 mo!%) was used c Precomplexed copper and chiral phosphoric acid was used as 
ligand, reaction was run for 4 days d 1 mL Anhydrous DMSO was added used as co-solvent e CuCI was used f DLP = di
lauryl peroxide g Starting material were decomposed h 18-Crown-ether-6 was used i Analyzed by HPLCi Cu Cl (20 mol%)/L2 
(25 mo!%) instead ofCu(OTf)2 and (EIZ)- deca-1 ,3-diene (200 mo!%) was used instead of styrene, 

Reaction solvents and temperature screen 

Table 1-3 summarized results of attempts to optimize the reaction conditions using 4-methoxy 

styrene as substrate. A brief screen of several solvents revealed that DCE gave the highest yield 

compared to PhCH3 and PhCF3 at 105 °C. We also suspected that the substitution group on the aryl ring 

of styrene also contributes to the observed reactivity so we decided to use 4-methoxy styrene as our 

substrate, during the initial screening. By changing from 4-IJ3u group to a more electron donating group 

such as 4-methoxy, the yield was improved from 66% (I-2h) to about 82 - 89% (I-2a). Thus, 4-methoxy 

styrene was used for further screening ofalkene loading, reaction time and temperature for best coupling 

reaction condition. When 150 mol¾ of4-methoxy styrene and 255 mol¾ ofMnO2 was used 82% of the 

product I-2a was obtained (Table 1-3 , entry 1). Increasing styrene or oxidant loading did not show 

significant improvement. Lowering oxidant loading to 170 mol¾ drastically decreased the conversion 

to 57% based on crude 1H NMR analysis (Table 1-3, entry 2). This is not surprising because in theory, 

we need at least 200 mol¾ of oxidant for the process to complete. Thus, we decided to keep the loading 

of oxidant at 300 mol¾. We also wanted to know if the loading of the copper catalyst had any effect on 

this transformation. Thus, we decided to run the reaction at different copper/ligand loading. The result 

is summarized in Table 1-3. 

Lowering copper loading to 10 mol¾ while keeping MnO2 at 400 mol¾, gave similar conversion 

compared to the optimized condition (Table 1-3, entry 3). While lowering copper to 15 mol¾ and 

keeping the oxidant at 300 mol¾, 67% of the desired product was isolated, despite having highest 

conversion based on crude 1H analysis (Table 1-3 , entry 4). Thus, we decided that 20 mol¾ of copper 
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and 25 mol¾ of ligand is the optimal copper loading for this transformation. We also discovered that 

silver carbonate, a milder oxidant compared to MnO2 in terms ofoxidation potential, could also tum the 

copper over. However, the yield is less compared to the reactivity achieved by MnO2 (Table 1-3, entry 

9). Entries 5 of Table 1-3 showed that only 49% conversion was achieved after 8 hours of stirring under 

these reaction conditions. After 12 hours of stirring, 59% conversion was observed (Table 1-3, entry 6). 

The effect of temperature on the efficiency of the reaction was explored next. No reaction occurs at 

room temperature (Table 1-3, entry 7). At 95 °C, the reaction yielded 39% of the desired product (Table 

1-3, entry 8). Thus, 105 °C was kept as an optimal reaction temperature. 

Table 1-3. Screening of reaction temperature and other variables 

Cu(OTf)z, L 1 
Oxidant, DCEPOMe cPOMeT, 24 h 

,b,b 0-0I H NN e ®
Cbz.,.. ....._.........BF3K 'cbz (Ll) 1, 10-phenanthroline2 equiv. 

I-la I-2a 

Alkene [Cu] MnO2 T Yield 
(mol¾) (mol¾) (mol¾) (C) (%? 

1 150 20 300 105 82 
2 150 20 200 105 (57? 
3 150 10 400 105 (84? 
4 150 15 300 105 67(90? 
5 150 20 300 105 ( 49)b,c 

6 150 20 300 105 (59)b,d 

7 150 20 300 RT trace 
8 150 20 300 95 (39)b 
9 150 20 2ooe 105 63 

a Isolated yield, h Result was based on 1H NMR conversion. c 8 hours run d 12 hours run e Ag2CO3 was used as oxidant 
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At this point, we concluded that the optimal condition for this coupling reaction was Cu(OTf)2 (20 

mol¾), 1,10-phenanthroline (25 mol¾), MnO2 (255 mol¾), anhydrous DCE (0.1 M), 105 °C, 24 hours, 

styrene (150 - 200 mol¾), I-la (100 mol¾). 

Scope and synthesis of aminoorganotrifluoroborates 

Several potassium /3-amino alkyltrifluoroborate salts (I-la' - h) were expected to react under 

this reaction (Scheme 1-25). Thus, those organotrifluoroborates were synthesized and screened under 

the reaction conditions. Their syntheses will be discussed below. 

Scheme 1-25. potassium ~-amino alkyl trifluoroborate salts screened 

0 02 
S 0 ®,,,,,......_e ®CbzHN~e ® CbzHN~B(OHb BocHN~0 (±) 'N,,,,,......_BFK

BF3K 8F3K CbzHN 8F3K H 3 

Br 

I-la I-la' I-lb I-le 1-ld 

H 0 ~ H 0 ~ Ae ®H 0 ~ H... N~BF3 Ph..,N~BF3Ph........,,N~BF3 BocHN BF3K 

0 00 
T-te T-tf T-tg T-lh 

A group of potassium /3-aminoalkyltrifluoroborate salts (I-le - lb) were synthesized using 

reported procedures, 25-26, 50 (Scheme 1-26). The organotrifluorobrate 1-lh is commercially available. The 

synthesis began with coupling acrylolyl chlorides with different amine sources to give the corresponding 

acrylamides in moderate to good yields. The a,/3-unsaturated carbonyls were converted into 

organoborolanes using CuSQ4, picoline and B2Pin2 as prescribed by Santo et al. (2012).50 After treating 

the organoborolanes with saturated aqueous potassium bifluoride (aq. KHF2) in respective solvent at 0 
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°C, potassium trifluoroborate salts could be obtained in moderate yields. These yields could be improved 

by using appropriate recrystallization techniques. However, those techniques were not extensively 

studied at this point. 25
-
26 

Scheme 1-26. Synthesis of organoborates 

CuCI (3 mol%) 
aq. KFDPE-Phos (3 mol%) MeCN e <BNaOtBU (9 mol%) 

RHN'l0- RHN~BPin O 0 c RHN~BF3K 

B2Pin2 (1.2 eq) 0 0 3 h 0 
THF/MeOH (5 hr) 

RTR = H (72%), R = H (68%) R = Bn, I-le (46 %) 
R = Ph (92%) R = Ph (72%) R = H, 1-lf (30 %) 
R = Bn (87%) R= Bn (85%) R = Ph, I-lg (42%) 

For this screening, the potassium _/3-aminoalkyltrifluoroborates shown in Scheme 1-24 were 

coupled with 4-methoxy styrene or (E/Z)-deca-1 ,3-diene under the established reaction conditions. The 

results are summarized in Table 1-4. The salt I-le was chosen because it had a shorter alkyl chain length, 

which can produce different ring-size heterocyclic azitidines. The salt I-le is commercially available. 

Unfortunately, those coupling attempts were not successful. A factor contributing to the observations 

could be the presence of the amino group on the a-position. Having amine group at that position could 

lead to another oxidation of the radical preventing it from coupling with the alkene. Oxidation of such 

radical was claimed to occur easily under oxidizing condition. 51 However, there are also literatures 

claiming that the formation ofradical at a-carbon positioning next to amine group is possible. 50 Attempt 

to minimize the chance of the secondary oxidation of this a-amino radical was done by changing the 

amine group from carbamate to 4-bromosulfonamide (1-ld). It did not yield any product as well. Attempt 

to use a milder oxidant such as silver carbonate was not successful either. Another possible explanation 

for this observation could be the stability of the product. We are not sure how stable azetidine would be 

under the reaction conditions. Thus, there is a chance that the product could have formed but got 

decomposed. These salts would require additional work to fully understand their behaviors under this 

reaction condition. 
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Table 1-4. Result of screening of alkyl potassium trifluoroborate salts coupling partners 

Cu(OTf)2 (20 mol%) 
1, 10-phen (25 moI%)POMe ~OMeRI MnO2 (255 mol%) 

~ DCE, 105 °C orf) bf)I )n24 h n 
I-la - thT-4b T-2a 

Alkene Alkyl borate Salt [Cu] MnO2 T Yield 
(mol¾) (mol¾) (mol¾) (mol¾) ( C) (%? 

1 I-2a (150) I-la' (100) 20 255 105 52 
2 I-2a (150) I-lb (100) 20 255 105 46 
3 I-4b (200) I-le (100) 20 400 105 NR 
4 I-4b (200) I-le (100) 20b 400 105 NR 
5 I-2a (200) I-le (100) 20 300 105 NR 
6 I-2a (200) I-le (100) 20 200c 105 NR 
7 I-2a (200) I-le (200) 20 200c 105 NR 
8 I-2a (200) I-le (150) - 300 105 NR 
9 I-2a (200) 1-ld (100) 20 200c 105 NR 
10 I-2a (200) I-le (100) 20 300 105 NR 
11 I-2a (200) I-le (100) 20 200c 105 NR 
12 I-2a (200) 1-lf (100) 20 300 105 NR 
13 I-2a (200) I-lg (100) 20 300 105 NR 
14 I-2a (200) 1-lh (100) 20 300 105 NR 

.. 
a Isolation yield, b 2,2 ' -Bipyndme (25 mo!%) was used mstead ofLl , c Ag2CO3 was used as oxidant 

Since varying chain length did not give us fruitful results, we decided to change the protecting group of 

the amines and hope to synthesize different 2-aryl pyrrolidines having different functional groups on the 

amine. Unfortunately, those organotrifluoroborates were not commercially available and required 

syntheses. Gratifyingly, there are reported procedures that allow access to those organotrifluoroborates. 

The synthesis of those were discussed earlier in this section. 25-26 Attempts to couple the potassium ~

aminoethyltrifluoroborates (I-le - lg) with 4-methoxy styrene did not yield the expected products. 

Under the reaction condition, I-le, 1-lf, and I-lg, gave a side product, which resembled enamide. Those 

side products, however, were not isolated and fully analyzed for their precise structure. If the side 

product happened to be the enamide, then salts (I-le - g) must have been successfully oxidized. 

35 



However, the radicals might not have enough life-time to couple with the alkene. These salts also require 

additional work in order to find the right coupling condition that can lead to a wider range ofpyrrolidine 

synthesis. We were delighted to find that /3-amino ethylboronic acid I-la' and I-lb could couple with 

4-methoxy styrene to yield 2-aryl pyrrolidines I-2a and I-2b. It is not surprising to observe lower yield 

for these two cases. It was discussed earlier in the organoborane profile, that the organoboronic acids 

would have a higher oxidation potential, which could lead to a more sluggish oxidation to form alkyl 

radicals, leading to the observed lower yield. For I-lb case, the stability of the protecting group on the 

amine might contribute to this observed low yield. It is clear that the Cbz group can withstand the high 

temperature of these reaction conditions. Conversely, the Boe group might not, and that could lead to 

decomposition of the reagent, its intermediate or the final product formed. At this point, we concluded 

that I-la was the best salt for this coupling condition. 

Expansion of alkene scope 

Styrene family: Having identified the optimal coupling reaction conditions and the best 

potassium ~-aminoalkyltrifluoroborate I-la as the coupling partner, we continued to expand the scope 

of alkenes. The first group selected for the study was the styrenal family. This expansion of the alkene 

scope would help us determine the functional groups that these reaction conditions can tolerate. A 

subgroup that we decided to study first was electron-rich styrenes. A variety of unsubstituted 2-aryl 

pyrrolidines were successfully synthesized using the optimal reaction conditions. The results of those 

coupling reactions are shown in Scheme 1-27. The products I-2e and I-2fwere formed under the optimal 

reaction conditions in good to high yields. The styrenes used to form these products had multi electron

donating groups on, which allows the transformation to proceed smoothly under the optimal conditions. 

A ten-fold scale up synthesis of I-2f was also conducted. Gratifyingly, we isolated 70% of the product 

I-2f, which confirms the possibility of scaling up of this reaction. The products I-2a - 2h were obtained 
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in moderate to high yields under the optimal reaction conditions. Since 4-methyl and 4-~utyl (I-2g and 

I-2h) groups are moderate electron donating groups, the loading to achieve these optimal yields were 

increased to 2 equivalents. Pyrrolidine I-2c also required 2 equivalents of alkene loading in order to be 

obtained in the optimal yield. This could have been due to the position of the methoxy group. Being at 

the meta- position, the methoxy group might not have as strong electron-donating effect as being at the 

para position. The pyrrolidine I-2d also required 2 equivalents of alkene loading in addition to extra 24 

hours of stirring to achieve the reported yield. The factor responsible for this could be due to the position 

of the methoxy group being on the ortho- position. This could introduce some steric congestion, which 

could lead to a sluggish reaction. 

Scheme 1-27. Alkene scope and corresponding pyrrolidines 

I-la (100 mo1%) 

Cu(OTf)z (20 mol%) 
L 1 (25 mol%) 

MnO2 (300 mol%), DCE (Ll) 1, 10-phenanthroline 
105 °C, 24 h 
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. {) 0/ . er::ab~' ab~' 
I-2c, 68%3 l-2d , 67%a,b I-2e, 63% I-2f, 77% I-2g, 68%3 

- ,ryt-Bu
ab~ 

- (uCI
ab~ 

- (uBr
ab~ 

- ('(o,
ab~'F 

l-2h, 68%a l-2i 52%a,b, l-2j, 75%a l-2k, 56%a,b 1-21, 56%a 

IPF IPCIN c8N ~I 
o ~ I o 

NCbz NCbz 

I-2m , 35%a,b,c I-2n, 51%3 1-20 52%a,h l-2p 60%a,b
' 

CbzN~ 
- ('(Ph 

~Ph~ ab~ \_NCbz 

l-2q, 35%b I-2r 78%b,c I-2s, l-2t 61 %b I-2u not obtained 
' ' 

63%c 

a 200 mo!% Alkene was used b Reaction was run for 48 hours c Reaction was run at 95 °C 

The pyrrolidines I-2n and I-2t were successfully synthesized from styrenes bearing moderately electron

donating groups. For these alkenes, 2 equivalents of these alkenes were also needed to achieve these 

reported yields. However, the reaction time was 24 hours. Analysis of product I-2n indicated that this 

reaction is a highly chemoselective because the terminal alkene on the allylic position was not affected 

by this reaction condition. It is also important to note that the presence of the terminal alkene enables a 

variety of further functionalization of the product. 52 The compound I-2u was not obtained under this 
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coupling condition, which is not surprising as the starting alkene does not have any conjugation system. 

This entry also strengthens the chemoselectivity aspect of this reaction. 

Next, we continued to explore electron-deficient styrenes. We were delighted to discover that a 

wide range of electron-deficient styrenes also reacted under these conditions. Additionally, many 

functional groups, such as halogens, esters, amides and indolyls, could tolerate this reaction condition. 

Compounds I-2i, I-2j and I-2k were obtained from para-halogenated styrenes in moderate to good 

yields. The pyrrolidine I-2m was obtained from a pyridyl- styrene. This substrate requires a lower 

reaction temperature, 95 °C, to yield the 2-pyridyl pyrrolidine. This could have been due to the 

possibility of coordination of the pyridine nitrogen to [Cu] at high temperature leading to deactivation 

ofthe catalyst. The pyrrolidines I-2p and I-2p were obtained from para-N-methylamidyl styrenes. These 

styrenes required additional reaction time to achieve their reported yields. However, these two entries 

demonstrate the compatibility of the reaction conditions with amidyl substituents. 

It is worth to briefly discuss the styrenes that did not work under this coupling conditions. Having 

substituents on both of ortho- positions of the styrenes completely shut the reaction down. 

Scheme 1-28. Incompatible alkenes 

n 9Cl' J ~Cl 
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This could probably be due to the very high steric effect introduced by those groups. Tge nitro group on 

the meta- position can also lead to a very high electron-withdrawing effect, making the styrene too 

electron-deficient leading to low reactivity. Inactivity of 4-cyano styrene might be due to the cyano 

group that contributes a very strong electron withdrawing effect. In addition, there is also a possibility 

of decomposition of the styrene due to the presence of the cyano group under this reaction. The 4-

carboxylic acid and the alcohol ester styrenes might have been decomposed under this reaction because 

no desired products were obtained under the standard conditions. Surprisingly, unsubstituted styrene did 

not work under the standard condition. According to the crude 1H NMR of the reaction mixture, there 

could have decomposition via polymerization. Attempt to use K2CO3 to minimize or prevent that from 

happening did not work. 

1,1-Disubstituted and 1,2-disubstituted alkenes: 

The next family of alkenes we explored were 1, 1-disubstituted alkenes. These alkenes are 

53expected to yield pyrrolidines with a quaternary center, which is very desirable for many reasons. 

Delightfully, 1, 1-disubstituted alkenes underwent the reaction to give pyrrolidines with a quaternary 

center in moderate to good yields (Scheme 1-29). These alkenes require 200 mol¾ loading in order to 

achieve optimal yield. The pyrrolidines resulted from this family of alkenes have interesting structure 

because some of them are spirocycles (I-3c and I-3d), which have been shown to be a challenge to make 

in a single step.53 Next, 1,2-disubstituted alkenes were also explored under this coupling condition. 

Despite their lower yields, 1,2-disubstituted alkenes also reacted with I-la under this condition. Indene 

required a higher reaction temperature, 120 °C, in order to achieve the transformation. To attain that 

temperature, anhydrous 1,4-dioxane was used as solvent. Coupling I-la and I-lb with stilbenes gave 

the corresponding 1,2-diphenyl substituted pyrrolidines in moderate yields with very high 

diastereoselectivities. The configuration of the product was determined by converting the product I-3h 
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to a known compound, 2,3-diphenylpyrrolidine. The spectral data obtained from the conversion were 

compared to that of the reported spectra. The analysis indicated that the two phenyl groups are trans- to 

each other. 54 The reaction is very stereospecific as they yielded trans-isomer exclusively regardless of 

the configuration of the starting alkenes. 

Scheme 1-29. 1,1 and 1,2-Disubstituted alkene scope 

I-ta (100 mol¾) 

Cu(OTfh (20 mol%) 
L 1 (25 mol%) 

MnO2 (300 mol%), DCE (Ll) 1,10-phenanthroline 105 °C, 24 h 
200 mol% 1-3 

Ph PhcS-cbz~ o9-Cbz Cwcbz
A 

0 

l-3a, 52% l-3b, 68% I-3c, 62% l-3d, 57% l-3e, 64% 

from trans-stilbene: Ph ~ I-3g R = Cbz, 32% yield, >20:1 dr 
N 

Ph I-3h R = Boe, 32% yield, >20:1 drc1"'0NCbi. I from cis-stilebene: 
l-3f, 36%3 R 

I-3g, R = Cbz, 25% yield, >20:ldr 

a Reaction was run in anhydrous dioxane at 120 °Cb Reaction was run for 36 hours 

Dienes, cinnamate, dienoates and an enyne 

The next family of alkenes, studied under these reaction conditions, was the group of alkenes 

with different conjugate system, other than aryl system. Those alkenes included several dienes, dienoates 

and an enyne (Scheme 1-29). We were delighted to discover that under the standard conditions, those 

alkenes could couple with I-la to give 2-vinyl pyrrolidines in moderate to high yields with good to high 

diastereoselectivities. The pyrrolidines I-4a and I-4b were obtained from (E)-buta-1 ,3-dienylbenzene 
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and (E)-deca-1 ,3-diene, respectively, in good yields. The pyrrolidine 1-5 was obtained from but-3-en-1-

ynylbenzene when coupled with I-la under these reaction conditions. The product 1-5 was obtained 

only in 35%. The decomposition of the starting materials could be responsible for this observation. 

Gratifyingly, 1,2-disubstituted pyrrolidines, 1-6 and I-7, were successfully obtained from ethyl 

cinnamate and (2E,4E)-ethyl 5-(benzo[d][l ,3]dioxol-5-yl)penta-2,4-dienoate, respectively, in moderate 

yields with good to high diastereoselectivities. Satisfyingly, we could also transform Bexarotene methyl 

ester into its derivatives (1-8 and 1-9) (Scheme 1-30). Bexarotene methyl is a methyl ester derivative of 

a retinoid anti-cancer agent with a promising activity to treat and prevent Alzheimer diseases. 55 The 

targeted pyrrolidine 1-8 was obtained 36% yield. A constitutional isomer, 1-9, was obtained in 19%. The 

structure analysis shown to that the compound contained both internal alkene and a carbamate, instead 

of a pyrrolidine motif This product is believed to be formed via a Heck-type mechanism. This 

mechanism is a possible pathway when the cyclization is not fast enough to form pyrrolidine. 

Unfortunately, there was no E or Z selectivity observed in the alkene product. This method can transform 

bexarotene into different derivatives in one step using this condition. This would could allow ones to 

study their reactivity on the respective disease(s) . 

Scheme 1-30. Coupling reaction between diene and dienoate 

H
N 0 <3;>

Cbz,... ............... BF3K 
I-la 

Cbz, 
Cu(OTf)z (20 molo/o) 

L1 (25 molo/o) 
R~R~ 

MnO2 (300 mol%), DCE 
T-4a, R = Ph, 71% 200 mol% 105 °C, 24 h 
T-4b, R = n-Hex, 62% 

above condition ;o
Ph ~ ~ 

200 molo/o 
35% Ph 1-5 
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above condition 

33%
200 mol% 

1-6, dr>20:1 

above condition ~ 
~C02Me 

60% 
200 mol% 

I-7,dr = 5:l 

Scheme 1-31. Transformation of bexarotene methyl ester 

H
N 0 (±)

Cbz,, ..........-,.BF3K 
C02Me I-la 

Cu(OTfh (20 mol%) 
L1 (25 mol%) 

Mn02 (300 mol%), DCE 
105 °C, 24 h 

hexarotene methyl ester 1-8. 36% 1-9, 16%, F,/ 7. = I : I 

Investigation of the reaction mechanism 

In order to gain a deeper insight into the reaction mechanism, a series of vinyl cyclopropanes 

were coupled with I-la under the established reaction conditions (Scheme 1-32). The vinyl substituted 

cyclopropanes used in this study are known except for the cyclopropane containing diene and the 

trisubstituted cyclopropane bearing O'Bu group. Their syntheses are shown in Scheme 1-32. To begin 

with, the racemic (1 R, 2R)-2-phenylcyclopropanecarbaldehyde3
, underwent a Wittig reaction with 

methyltriphenylphosphonium bromide to give racemic ( ( 1R,2S)-2-vinylcyclopropyl)benzene, which 

was then treated with I-la under the established reaction conditions. Unfortunately, neither pyrrolidine 

nor Heck-product was observed after 24 hours of stirring. Initially, we thought that the cyclopropane 

ring could serve as a pseudo -sp2 hydridization that can act as a conjugation system required to achieve 

reactivity. However, it was not enough to enable the coupling reaction. Next, we decided to install an 
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actual conjugate system, a diene, in order to achieve the transformation. The synthesis of racemic-

((JR,2S)-2-(buta-1 ,3-dienyl)cyclopropyl)benzene was achieved by starting with allyltriphenylphos

phonium bromide and racemic (JR,2R)-2-phenylcyclopropanecarbaldehyde3 via Wittig reaction. When 

the alkene was allowed to couple with I-la under the standard condition, 51 % ofpyrrolidine (1-10) was 

isolated. No ring-opening product was observed. The result indicated that the rate of cyclization of the 

pendant carbamate onto the vinylic radical is faster than the rate of radical-walk to create a new radical 

which could lead to ring-opening of the cyclopropane ring. 

Scheme 1-32. Synthesis of vinyl cyclopropanes and their coupling reactions 

I-la (100 mol¾) 
CH3PPh3Br Cu(OTfh (20 mol%) 
130 mol¾ L1 (25 mol%) (a) Ph[> .,,,1'0 Ph[>.• ,,~ no reaction 

KOtBu (130 mol%) MnO2 (300 mol¾), DCE 
THF (0 °C to RT) 105 °C, 24 h 

I-1a (100 mot%)~PPh3Br 
CbzCu(OTf)2 (20 mol%) N130 molo/o L1 (25 mol%) 

(b) Ph[> .,,,1'0 Ph[>.,,,~ Ph~ 

nBuLi (130 mol%) MnO2 (300 molo/o), DCE 
THF (0 °Cto RD 105 °C, 24 h 

T-10, 51% 

Next, we studied racemic (1-((1S,2S)-2-phenylcyclopropyl)vinyl)benzene as a probe to couple with I-

la. This probe was synthesized in order to differentiate between a radical cyclopropane ring-opening 

from a metal-mediated ring-opening mechanism (Scheme 1-33). When coupled with I-la under this 

reaction condition, the probe yielded two different products, 1-11 (18%), which contained pyrrolidine 

motif and alkene 1-12 (38%), which could have been resulted from ring-opening mechanism. The 

starting cyclopropane (42%) was recovered. The regiochemistry ofl-12 indicated that the cyclopropane 

ring-opening occurred at the phenyl-bearing carbon. This supports a radical cyclopropane ring-opening 

mechanism over a metal-mediated ring opening where the less substituted organometallic would have 

been preferred. 56 
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Scheme 1-33. Cyclopropane probe to differentiate between metal vs radical ring opening 

10@1/ 
...... ~o 

1) NaH, DMSO Ph_f,_ 

T-la 

Cu(OTfh (20 mol%} 
L 1 (25 mol%) 

+ rr5 
2) KOtBu, 
CH38rPPh3, 
THF, 0 °C to RT 

l>-Ph MnO2 (300 mol%), DCE 
105 °C, 24 h 1-11, 18% 

~NHCbz 

1-12, 38% 

42% of starting alkene was recovered 

The last cyclopropane probe used in this study was the racem1c ((1R,2S,3R)-2-tert-butoxy-3-(1-

phenylvinyl)cyclo-propyl)benzene (Scheme 1-34). Application of similar probes were described by 

Newcomb and co-workers (1994) and (1996). 57-58 The authors used similar probes to distinguish 

between the two pathways through which the cyclopropane ring-opening occurred. They claimed that if 

the mechanism goes through a cationic intermediate, the cyclopropane ring would open at the oxygen

containing carbon; while the pathway that involves radical intermediate would ring-open at the phenyl

bearing carbon. 57-58 This probe can help us determine the nature of the intermediate that was formed in 

the second step. The nature of this intermediate is important for asymmetric catalysis method 

development. Based on our hypothesis, the radical formed in the second step can couple with the chiral 

Cu(II) complex followed by a reductive elimination to yield a chiral pyrrolidine. The synthesis of the 

starting alkene, 1-13, began with hydrolysis of (JS,2S,3R)-ethyl 2-tert-butoxy-3-phenylcyclo

propanecarboxylate57 with LiOH to give its carboxylic derivative which then underwent a displacement 

reaction with PhLi to give ketone. The ketone is converted to alkene via Wittig reaction to give 1-13. 

Coupling 1-13 with I-la under the optimal condition yielded 25% of naphthalene (1-14) and 12% of 

dihydronapthalene (1-15). These two products were formed via cyclopropane ring opening mechanism. 
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Interestingly, no pyrrolidine containing product was observed in this attempt. Structurally, 1-14 is related 

to 1-15. It is likely that the product (1-14) can tum into compound (1-15) via elimination of 1BuOH. 

Structural analysis of the compound (1-15) using COSY NMR technique revealed that the stereo proton 

H(b) on the 'OBu-bearing carbon was coupled by the stereo-proton on H( c) and proton on the alkene 

H(a). This result indicated that the ring-opening of the cyclopropane happened on the carbon bearing 

phenyl group which supports the radical intermediate rather than carbocation intermediate. Hence, there 

may be potential for asymmetric catalysis if the C-N bond is formed via a radical that adds to Cu(II) to 

form a Cu(III) that then undergoes reductive elimination (Scheme 1-35). 

Scheme 1-34. Cyclopropane probe to different between radical vs carbocation ring opening 

1) 2M aq. LiOH (2 M) 
EtOH (reflux, 2 h) 

H 
N 0 ©

Cbz ✓ --.._/""--BF3K 

I-la Ph 

OyOEt 
2) Phli (3 equiv. ), RT, 
40 mins, Cu(OTfh (20 mo!%) 

L1 (25 mo!%) 
~~~ 

.,,::; .,,::; 
+ ~OtBc 

PhAO...-t-Bu 
3) PPh3CH3Br (1.5 equiv.) 

MnO2 (300 mo!%), DCE 
105 °C, 24 h CbzHN CbzH~ 

KOtBu (1.5 equiv.) 
THF (0 °C to RT) 

S-13 
1-14, 25% 1-15, 12% 

overnight 

Figure 1-1. COSY spectra of compound 1-15 

H(a) ll (b) H (c) 

1>4·R ·22Mff'l,Cl ...,•tubR1l ·ll-»t,c 
l>'l·R-221·><PLCl-d·tui.Jl •JH- 30-

COSY confirms the structure oftliis compound. 
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The proposed mechanism 

We proposed that the reaction started with the oxidation of the ~-amino ethyltrifluoroborate to 

generate a carbon radical which then coupled with the olefin to generate a new radical species. This 

radical can either undergo an oxidation to form a carbocation followed by cyclization of the tethered 

amine group to give a pyrrolidine. Alternatively, the radical species could couple with the copper (II) 

complex to give a copper (III) complex having nitrogen attached to it. The reductive elimination of 

generate the product and the copper (I) complex, which can be oxidized to reenter the cycle (Scheme I-

35). 

Scheme 1-35. The proposed mechanism 
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Enantioselective attempts 

A Number of attempts to develop enantioselective conditions of this transformation have been 

conducted in order to synthesize enantioenriched pyrrolidines. The frst step, to achieve this goal was to 

apply the coupling reaction conditions in the presence chiral ligands, L2,59 L3,59
-
60 and L444 instead of 

Ll , 1,10-phenathroline. These ligands (L2 - L4) have been shown to induce enantioselectivy in many 

59transformations, reported by the Chemler and other groups.44
• -

61 The first attempt was to couple 4-

1butytl styrene with I-la using in the presence of Cu(OTf)2/(R,R)-Ph-Box (L2), MnO2, 4 A MS, DCE at 
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105 °C. After 24 hours of stirring, 68% of the desired product I-2h was isolated. Unfortunately, chiral 

HPLC anaylasis revealed that the product was racemic. Although the ligand L2 have been commonly 

used to achieve numerous enantioselective carboaminaations, in the Chemler group, it did not give a 

promising result, in this transformation. Despite having shown that the reaction proceeded through a 

radical intermediate in the second step, the oxidation of benzylic radical to form a carbocation species 

seems to be a possibility without the right ligand on copper at elevated temperature. The carbocation is 

a challenge for the asymmetric catalysis in this transformation because it bypasses the need of copper 

catalyst to achieve the cyclization leading to racemic cyclization. In order to rule out the possibility of 

the oxidation of intermediate radical species into a carbocation, by MnO2, an attempt, where only 

Cu(OTf)2/L2 (50 mol¾/55 mol¾) was used as the catalyst, was conducted. The high copper/ligand 

loading was used to ensure that sufficient product could be formed and isolated under reasonable time. 

Unfortunately, the chiral HPLC analysis of the products obtained from those reactions were racemic. 

Note that 4-1butyl styrene was used to avoid the potential oxidation of the benzylic radical because 4-

1butyl is not very electron-donating. Using Cu(OTf)2/L3 complex under this coupling condition, without 

oxidant, did not yield enantioenriched pyrroldine either. Cu(OTf)2/L4 also did not show any 

improvement in term of yield and enantioselectivity. Surprisingly, the yield of the reaction used 

Cu(OTf)2/L4 was very low. Potentially, the presence ofmany phenyl groups might gave rise to additonal 

steric which could hinder the reaction. 

Scheme 1-36. Chhiral ligands used in the copper-catalyzed coupling reaction 

~11~ 
t-Bu t-Bu 

(L2) (R,R)-Ph-Box (L3) (S,S)-rBu-Box (L4) (S,S,R,R)-bisPh-Box 
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Table 1-5. Enantioselective attempts of copper-catalyzed oxidative coupling conditions 

[Cu]/ligand 
oxidant, DCE 

t-BuY';i 105 °C, 24 h 

0v 
2 eq. 

1 
3b 
4b 

5 

Copper 
Cu(OTf)2 
Cu(OTf)2 
Cu(OTf)2 
Cu(OTf)2 

Ligand 
L2 
L2 
L3 
L4 

Oxidant 
Mn02 (255 mol¾) 
-
-
Mn02 (255 mol¾) 

Yielda 
68 
10 
17 
16 

ee% 
<5 
<5 
<5 
<5 

a Isolated yield b Cu(OTf)2 (50 mol%)/L2 (50 mo!%), flame dned Cu(OTf)2 

Table 1-6. Enantioselective attempts using different oxidants 

L2:(R, R)-Ph-Box, 
Cu(OTf)2 (20 mol%) 

cP
t-BuL2 (25 mol%), Oxidant, 

Solvent, T, 24 h h
H ~n~N- .,,.....___0 ©

Cbz,... '-.,/ -BF3K N Ph Ph 
'Cbz 

2 eq I-la 
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Entry Oxidant Solvent T(°C) Yield (%)3 ee(¾Y 
1 MnO2 (255 mol¾) DCE 105 68 -

2b Ag2CO3 (200 mol¾) DCE 105 33 -
3c MnO2 (255 mol¾) DCE 105 20 <5 
4 MnF3 (400 mol¾) DCE 105 32 <5 
5 MnF3 (400 mol¾) DCE 105 15 <5 
6 02 (1 am) PhCF3 105 trace <5 
7 02 (1 am) DCE RT 0 -
3e 02 (1 am) DCE RT 0 -
9 02 (1 am) PhCH3 105 0 -
10 02 (1 am) DCE 80 Trace <5 
11 g rBu2O2 (300 mol¾) DCE 105 0 -
12g rBu2O2 (300 mol¾) DCE 45 0 -
13g rBu2O2 (300 mol¾) DCE RT 0 -
14g DLP<l (300 mol¾) DCE 105 0 -
15 O2/TEMPO (20 mol¾) DCE 80 0 -
16 O2/TEMPO (20 mol¾) DCE 80 0 -
17 CuO (400 mol¾? DCE 105 0 -
13i 02 (1 atm) PhCH3 105 0 -

a Isolated yield h 1,10-phenanthroline (25 mo!%) was used c Precomplexed copper and chiral phosphoric acid was used as 
ligand, reaction was run for 4 days d 1 mL Anhydrous DMSO was added used as co-solvent e CuCI was used f DLP = di
lauryl peroxide g Starting material were decomposed h 18-Crown-ether-6 was used i Analyzed by HPLCi Cu Cl (20 mol%)/L2 
(25 mo!%) instead ofCu(OTf)2 and (EIZ)- deca-1 ,3-diene (200 mo!%) was used instead of styrene, 

As mentioned earlier, different oxidants have been attempted in order to search for a mild green 

oxidant that can also achieve enantioselectivity for this transformation. The reason why we want to 

have a mild oxidant is because we want to minimize the oxidation of the benzylic or vinylic radical to 

form a carbocation species. MnF3 have been shown to be an alternate milder oxidant, despite a slight 

lower yield, but the product obtained was racemic. Coupling 4-methoxy styrene under this reaction 

condition using L2 also gave racemic pyrrolidine. Additionally, we also investigated electron-deficient 

styrenes. 4-Fluoro styrene gave racemic product under this reaction condition using L2. Attempts to use 

other electron-deficient styrenes such as 4-cyano, 3-nitro, and 2,6-dichloro styrenes did not yield 

pyrrolidines, as discussed earlier. 

Conclusion 
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We have successfully developed a novel copper-catalyzed oxidative coupling of ~-amino 

organotrifluoroborates, and styrenes or dienes to synthesize a wide range of pyrrolidines. This method 

provides routes to generate alkyl radical from a greener source, organotrifluoroborates, compared to 

organostannanes. In addition, it provides an alternate route to access 2-aryl and 2-vinyl pyrrolidines in 

a single step via a formal [3+2] annulation of alkenes. Moreover, this method expands the utility of~

amino organotrifluoroborates by utilizing the tethered carbamate group to form a C-N bond. 

Future work 

This alternate route to synthesize various 2-aryl and 2-vinyl pyrrolidines is still at an early stage 

of development and requires additional works to perfect it. The enantioselective variant of this method 

would greatly impact the field ofheterocycle syntheses. One of the major challenges of the development 

of asymmetric catalysis condition for this transformation is the possibility of the carbocation formation 

via oxidation of the radical intermediate. This factor is intensified when this reaction is carried out at 

high temperature under oxidizing conditions. Thus, reducing the temperature of the reaction to room 

temperature could minimize or avoid the possible carbocation formation. There are a few potential ways 

to achieve such goals. Lowering the oxidation potential of/3-aminoethyltrifluoroborates might enable us 

to oxidize them at lower temperature or room temperature using the established condition. This can be 

done by changing the counter ion from K+ to nBU4N+ as suggested by the Fuchigami group ' s study33 or 

the auxiliary on the organoboranes can be changed to triolborate esters, which have been shown to lower 

their oxidation potential.34 Using a photocatalyst to generate the alkyl radicals from potassium P

aminoethyltrifluoroborates could potentially allow the reaction to occur at room temperature. Analysis 

of the catalytic cycle of an iridium-catalyzed visible-light induced oxidation of alkyl trifluoroborates, 

proposed by the Akita group (2012), revealed that the alkyltrifluoroborates participated in a reductive 

quenching of the excited photoredox iridium (III) catalyst to give Ir(II). The Ir(II) was then oxidized by 
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TEMPO radical to form Ir(III) and TEMPO anion. Another equivalent of the TEMPO was used as the 

radical trap to capture the alkyl radical generated. Thus, if we could find a suitable oxidant that can 

oxidize the Ir(II) to Ir(III) and also Cu(I) to Cu(II), then there is a possibility that this transformation can 

be achieved at room temperature. To be qualified as the oxidants to catalyze both steps, they need to 

have these properties: (a) they must not absorb the incoming visible light, (b) they must have sufficient 

oxidizing power to oxidize both catalysts in the appropriate reaction solvent (i.e. DCE). Despite having 

high oxidizing power, MnO2 is a black solid, which blocks visible light from reaching the photocatalyst. 

Some potential metal salts or metal oxides that are not black in color, such as Fe2O3 (Fe3+), CuO (Cu2+), 

Mn(OAc)3, MnF3, AgNO3 (Ag+), Ag2SO4 (Ag+) and Ag2CO3 (Ag+) could be tried under this condition 

to examine their oxidizing power. It is worth to note that these are hetereogenous oxidant, similar to 

MnO2. If oxidizing Ir(II) to Ir(III) becomes a problem other photocatalysts could be attempted. A brief 

report on redox profile of photocatalysts and common reductants, and oxidants were compiled by D. 

DiRocco in 2014.62 A recent review authored by Weaver and co-worker (2016) also provided many 

important information regarding many commercially available photoredox catalysts including their 

oxidation potential and their application in various transformation. 63 Despite the reported literature to 

successfully cooperate TEMPO34 radical or oxygen as the oxidant of Ir photocatalyst, it might not be 

applicable in this transformation because those reagents could capture the radical intermediates 

produced preventing it from reacting with designated coupling partners. 

Alternatively, we can avoid using sacrificial oxidant and use electrochemical set up to achieve oxidation 

of both ~-aminoethyltrifluoroborates and the copper catalyst. A recent review, authored by Baran and 

co-workers (2017), discussed the developments of synthetic organic electrochemical methods developed 

since 2000.64 Additionally, the Lou group (2017) has recently disclosed a method to enatioselectively 

couple tertiary amines with simple ketones using electrochemical oxidation.65 The benefit of this 
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approach is that the process can avoid the need of thermal activation and can cooperate solar energy as 

the source of the electricity to achieve oxidation. These factors would improve the green factor of this 

transformation. Another advantage of this approach is the ability to tune the applied oxidizing power 

without the need to screen various oxidants that usually come with specific range of oxidation potential. 

A few initial screen of oxidizing conditions under electrochemical set up can be achieved to identify 

potential issues. Those issues could be the decomposition ofstarting materials under the electrochemical 

process. 

Scheme 1-37. Possible route to achieve this transformation at lower temperature 
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Experimental 

All reagents were used out of the bottle as purchased from the supplier without further purification 

unless otherwise noted. 1H NMR spectra were recorded in CDCb (using 7.26 ppm for reference of 

CHCh) at 300, 400 or 500 MHz unless otherwise noted. 13C NMR spectra were recorded in CDCh 

(using 77.0 ppm as internal reference) at 75.5 MHz unless otherwise noted. IR spectra were taken neat 

1using a Nicolet-Impact 420 FTIR. Wave numbers in cm- are reported for characteristic peaks. High 

resolution mass spectra were obtained at SUNY Buffalo ' s mass spec. facility on a ThermoFinnigan 

MAT XL spectrometer. Bis(trifluoromethylsulfonyloxy)copper, 1,10-phenanthroline, were purchased 

from Acros. Potassium (2-(tert-butoxycarbonylamino )ethyl) trifluoroborate salt and potassium benzyl 

N-[2-(trifluoroboran-uidyl)ethyl]carbamate salt and potassium (2-( tert-butoxycarbonylamino )ethyl) 

trifluoroborate salt were purchased from Frontier Scientific. Activated manganese(IV) oxide (MnO2, 

- 85%, <5µm) was purchased from Aldrich and used without further purification. 4-Methoxy styrene, 

ethene-1 , 1-diyldibenzene, prop-1-en-2-ylbenzene, 4-chloro styrene and 4A molecular sieves ( <50 µm) 

were purchased from Acros and used without further purification. 2-Methoxy-styrene, 4-methyl styrene, 

4-tert-butyl styrene, and lH-indene were purchased from Aldrich and used without further purification. 

4-Vinyl-benzoic acid, 1-fluoro-4-vinylbenzene and 1-bromo-4-vinylbenzene were purchased from Alfa 

Aesar and used without further purification. Bexarotene (free acid) was purchased from LC laboratories. 

The following known alkenes were synthesized using published procedures:1-methoxy-3-

vinylbenzene66, 5-vinylbenzo[d] [ 1,3]dioxole67, 1,2-dimethoxy-4-vinylbenzene68, 4-vinylbiphenyl69, 7-

vinyl-lH-indole 70, 3-methylene-2,3-dihydrobenzofuran43 , (E)-deca-1 ,3-diene71 , (E)-buta-1 ,3-

dienylbenzene72 
, 1-methoxy-4-(prop-1-en-2-yl)benzene73 , 1-methy43lene-1 ,2,3,4-tetrahydronaph-

thalene74, (2E,4E)-methyl 5-(benzo[d][l ,3]dioxol-5-yl)penta-2,4-dienoate75 . 4A Molecular sieves (<50 

µm) were flamed activated before addition to the reaction mixture. 
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Synthesis of novel alkenes 

N-(4-fluorophenyl)-4-vinylbenzamide 

To a 50 mL round-bottomed flask, 4-vinylbenzoic acid (296 mg, 2.0 mmol, 1.0 equiv.) and hydroxy

benzotriazole (HOBT) (324mg, 2.4 mmol, 1.2 equiv.) was dissolved in 10 mL ofanhydrous DCM under 

Ar. After 5 minutes, diisopropyl ethylamine (DIPEA) (1.8 mL, 6.0 mmol, 3.0 equiv.) and 4-fluoro-N

methylaniline (257 mg, 2.2 mmol, 1.1 equiv.) were added to the mixture respectively. The mixture was 

stirred at RT until it turned homogeneous. To the stirring clear solution, N,N'-diisopropyl carbodiimide 

(DIC) (277 mg, 2.2 mmol, 1.1 equiv.) was added and the reaction was allowed to stirred at RT overnight. 

Upon completion, the reaction was diluted with 50 mL EtOAc and washed with 30 mL of saturated aq. 

NaHCQ3_The aqueous phase was extracted with EtOAc (30 mL x 3). The combined organic phase was 

dried over Na2SO4 and concentrated in vacuo. The crude oil was purified by using flash column 

chromatography on SiO2 (10% EtOAc:hexanes) to give N-(4-fluorophenyl)-4-vinylbenzamide (260 mg, 

51%) as colorless oil. Rf= 0.4; 1H NMR (400 MHz, CDCh): 8 7.28 - 7.17 (m, 4H), 7.05 - 6.98 (m, 

2H), 6.97 - 6.87 (m, 2H), 6.61 (dd, J = 17.6, 10.9 Hz, lH), 5.72 (d, J = 17.6 Hz, lH), 5.26 (dd, J = 10.9, 

0.6 Hz, lH); 13C NMR (101 MHz, CDCh): 8 170.2, 159.5, 141.0, 138.8, 136.0, 134.8, 129.0, 128.5, 

128.4, 125.6, 116.2, 116.0, 115.3, 38.6; IR neat film: 2927, 1702, 1641 , 1508, 848, 700 cm-1
; HRMS 
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N-(4-chlorophenyl)-4-vinylbenzamide 

N-( 4-chlorophenyl)-4-vinylbenzamide was synthesized from 4-chloro-N-methylaniline (155 mg, 1.1 

mmol, 1.1 equiv.) and4-vinyl benzoic acid (148 mg, 1.0 mmol, 1.0 equiv.) using the same procedure as 

described above. N-(4-chlorophenyl)-4-vinylbenzamide was purified by using flash column 

chromatography on SiO2 (10% EtOAc:hexanes) to give N-(4-chlorophenyl)-4-vinylbenzamide (165 mg, 

61 %) as colorless oil. Rf= 0.4; 1H NMR (400 MHz, CDCh): 8 7.27 - 7.23 (m, 4 H), 7.20 (d, J = 9.0 Hz, 

2 H), 6.98 (d, J = 8.6 Hz, 2 H), 6.63 (dd, J = 10.9, 17.5 Hz, 1 H), 5.73 (d, J = 17.5 Hz, 1 H), 5.28 (d, J 

= 11.3 Hz, 1 H), 3.47 (s, 3 H); 13 C NMR (101 MHz, CDCh): 8 169.8, 143 .2, 138.6, 135.6, 134.4, 131.6, 

129.0, 128.8, 127.7, 125.4, 115.2, 38.0; IR neat film: 3086, 1740, 1645, 1492, 1358, 1102, 835, 686 cm-

1; HRMS (ESI) calcd for [C16H1sO1N1Clit: 272.0848 found 272.0838. 

N()jz 

/) 

Benzyl 7-vinyl-lH-indole-1-carboxylate 

To a 50 mL round-bottomed flask 7-vinyl-lH-indole (143 mg, 1.0 mmol, 1.0 equiv.) was dissolved in 

10 mL of DMSO:DME (1:10) and cooled to O °C followed by addition ofNaH (25 mg, 1.1 mmol, 1.1 

equiv., 99%) and stirred for 30 min. Benzyl chloroformate (204 mg, 1.2 mmol, 1.2 equiv.) was then 

added and the reaction was allowed to warm to room temperature and was stirred overnight. Upon 

completion, the reaction was diluted with 50 mL EtOAc and washed with 30 mL of saturated aq. 

NaHCQ3_The aqueous phase was extracted with EtOAc (30 mL x 3). The combined organic phase was 

dried over Na2SO4 and concentrated in vacuo. The crude oil was purified by using flash column 

chromatography on SiO2 (10% EtOAc:hexanes) to give benzyl 7-vinyl-lH-indole-1-carboxylate as 

colorless oil (227 mg, 82%). Rf= 0.8; 1H NMR (400 MHz, CDCh): 8 7.62 (d, J= 3.9 Hz, 1 H), 7.53 -
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7.31 (m, 9 H), 7.26 - 7.22 (m, 1 H), 6.58 (d, J = 3.9 Hz, 1 H), 5.56 (dd, J = 1.6, 17.5 Hz, 1 H), 5.41 (s, 

2 H), 5.23 (dd, J= 1.4, 10.7 Hz, 1 H); 13C NMR (400 MHz, CDCh): 8 137.0, 135.0, 132.1 , 128.7, 128.6, 

127.8, 126.8, 124.5, 123 .7, 120.5, 113 .0, 108.4, 68 .9; IR neat film: 3066, 2957, 1746, 1409, 1316, 729 

cm-1; HRMS (ESI) calcd for [C1sH1s02N1Na1t: 300.1006 found 300.0994. 

Methyl 4-(1-( 4,5,5,8,8-pentamethyl-5,6, 7,8-tetrahydronaphthalen-2-yl)vinyl)benzoate 

(Bexarotene methyl ester) 

In a 10 mL oven-dried round bottom flask, bexarotene free acid (178 .7 mg, 0.5 mmol, 1.0 equiv.) and 

anhydrous potassium carbonate (345 mg, 2.5 mmol, 5.0 equiv.) were dissolved in anhydrous acetone (2 

mL) under Ar. Methyl iodide (85 µL, 0.6 mmol, 1.2 equiv.) was added at RT. The reaction was allowed 

to stir at that temperature overnight. The solid was filtered and washed with anhydrous acetone (10 mL). 

The combined organic phase was concentrated in vacuo to give a crude oil which was purified over 

silica gel (20% EtOAc:hexanes) to give bexarotene methyl ester (178 .7 mg, 99%) as pale yellow 

crystals. Rf= 0.6; 1H NMR (400 MHz, CDCh) 8 ppm 7.95 (d, J=8 Hz, 2 H) 7.34 (d, J=9 Hz, 2 H) 7.12 

(s, 1 H) 7.07 (s, 1 H) 5.81 (d, J=l Hz, 1 H) 5.32 (s, 1 H) 3.91 (s, 3 H) 1.94 (s, 3 H) 1.70 (s, 4 H) 1.30 (s, 

6 H) 1.27 (s, 6 H). This data matched the data reported for this compound. 76 
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General procedure for copper-catalyzed oxidative coupling between alkenes and p-aminoethyl
trifluoroborate 

H 
® 0 .,,......_ -N 
KF38- ........,,,. 'CO2R5 

1 a Rs =Bn, 1 b Rs =tBu 

cat. Cu(OTfh I 1, 10-phenanthroline 
MnO2, DCE, 105 °C, 24 h 

or or 

Ar= benzene and pyridine derivatives, indoles 
R14 = H, alkyl, aryl, CO2R, alkynyl; 
Rs = Bn or t-Bu 

Cu(OTf)2 (20 mol¾) was placed in a glass pressure tube, under an argon atmosphere. The Cu(OTf)2 was 

gently flamed-dried under vacuum then back-filled with argon for 3 times. The tube was allowed to 

reach ambient temperature before adding an oven-dried stir bar and a freshly prepared solution of 1, 10-

phenanthroline (25 mol¾) in anhydrous DCE, added via syringe through a Teflon septum. The tube 

was capped and the reaction mixture was placed in a 60 °C oil bath and stirred. After 2 hours, the 

catalyst solution was cooled to ambient temperature and potassium trifluoroborate 1 (1 equiv.) and solid 

MnO2 (2.55 equiv. based on 85% purity) were added under argon followed by the addition of solution 

of alkene (1.5 - 2.5 equiv.) in anhydrous DCE. The mixture was sonicated for a few seconds and then 

placed in a 105 °Coil bath and stirred. After the noted time (28 - 48 h), the reaction mixture was cooled 

to ambient temperature, diluted with EtOAc (ca. 10 mL), sonicated and filtered through a short pad of 

silica gel. The silica gel was washed with additional EtOAc (150 - 250 mL), and the organic mixture 

was concentrated in vacuo. The crude residue was purified by flash chromatography on silica gel as 

described below. 
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Representative coupling protocol 

H 
El e....-..... _N
KF3B' ........,, 'Cbz 

1a 1.00 equiv. 

Cu(OTfh (20 molo/o) 
1, 10-phenanthroline (25 mol¾) - {Yo, 

Mn02 (255 molo/o) ab~DCE, 105 °C, 24 h 
1.50 equiv. 2a 

(±)-Benzyl 2-( 4-methoxyphenyl)pyrrolidine-1-carboxylate (I-2a) 

Cu(OTf)2 (9.0 mg, 0.025 mmol, 20 mol¾,) was placed in a glass pressure tube, under an argon 

atmosphere. The Cu(OTf)2 was flamed dried under vacuum then back filled with argon for 3 times. The 

tube was allowed to reach ambient temperature before a freshly prepared solution of 1, 10-phenanthroline 

(5 .6 mg, 0.031 mmol, 25 mol¾) in anhydrous DCE was added via syringe through a teflon septum. A 

magnetic stir bar was added and the tube was capped. The reaction mixture was placed in a 60 °Coil 

bath and stirred. After 2 hours, the catalyst solution was cooled to ambient temperature and potassium 

benzyl N-[2-(trifluoroboranuidyl)ethyl]carbamate (I-la) (37.1 mg, 0.13 mmol, 1.00 equiv.) and solid 

MnO2 (32 .6 mg, 0.38 mmol, 2.55 equiv. based on 85% purity) were added under argon followed by the 

addition of a solution of 4-methoxy styrene (25.2 mg, 0.19 mmol, 1.50 equiv.) in anhydrous DCE. The 

mixture was sonicated for a few seconds and then placed in a 105 °C oil bath and stirred. After the noted 

time 24 h, the reaction mixture was cooled to ambient temperature, diluted with EtOAc (ca. 10 mL), 

sonicated and filtered through a short pad of silica gel. The silica gel was washed with additional EtOAc 

(150 - 250 mL), and concentrated in vacuo. The crude was purified by flash chromatography on silica 

gel (10 - 11 % EtOAc/hexanes gradient) to give title product I-2a (32.0 mg, 82%) as colorless oil. Rf= 

0.8; 1H NMR (400 MHz, CDCh, 25 °C) rotomeric mixture : 8 7.45 - 7.28 (m, 2 H), 7.23 - 7.01 (m, 3 H), 

6.94 (brs, 1 H), 6.83 (d, J = 7.4 Hz, 2 H), 5.22 - 4.82 (m, 3 H), 3.80 (brs, 3 H), 3.73 - 3.54 (m, 2 H), 2.37 
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  - 2.20 (m, 1 H), 2.02 - 1.75 (m, 3 H); 13C NMR (75 MHz, CDCh, 25 QC) rotomeric mixture: □ 8 158.4, 

155 .1, 136.8, 136.4, 135 .7, 128.4, 128.1, 127.8, 127.4, 127.3, 126.6, 113 .7, 66.5 , 60.7, 60.5 , 55.3 , 47.5 , 

47.1, 35.9, 34.7, 23.6, 22.9; 13C NMR (101 MHz, CDCb, 50 QC) rotomeric mixture: 8 158.6, 155.0, 

137.1, 136.1, 128.2, 127.6, 126.6, 113 .9, 66.6, 60.7, 55.3 , 47.5 , 35.7, 23 .2; IR neat thin film: 2954, 2928, 

1696, 1512, 1411 , 1352, 1245, 738, 697 cm-1; HRMS (ESI) calcd for [C19H22O3N1t: 312.1594 found 

312.1595 . 

'o-o-{J 
Boe 

(±)-Benzyl 2-(4-methoxyphenyl)pyrrolidine-1-carboxylate (I-2b)77 

Following the representative procedure, I-2b was obtained from 4-methoxy styrene (25.2 mg, 0.19 

mmol, 1.50 equiv.), potassium (2-(tert-butoxycarbonylamino )ethyl) trifluoroborate salt (31.4 mg, 0.13 

mmol, 1.00 equiv.) and 50 mg of flamed activated 4 A mol. sieves, after 24 h stirring at 105 QC. The 

product I-2b (16.1 mg, 46%) was isolated as colorless oil after flash column chromatography on silica 

gel (10-11 % EtOAc/hexanes gradient). The 1H NMR at ambient temperature agreed with the reported 

spectra.77 Rf= 0.8; 1H NMR (400 MHz, CDCh, 25 QC): rotomeric mixture 8 7.08 (d, J = 8.2 Hz, 2 H), 

6.83 (d, J = 9.0 Hz, 2 H), 4.89 and 4.72 (2 brs, lH), 3.79 (s, 3 H), 3.49 - 3.67 (m, 2H), 2.36 - 2.17 (m, 1 

H), 2.00 - 1.69 (m, 3 H), 1.44 (brs, 3 H), 1.31 - 1.08 (brs, 6 H). 1H NMR (400 MHz, CDCh, 50 QC): 8 

7.08 (d, J = 8.6 Hz, 2 H), 6.83 (d, J = 9.0 Hz, 2 H), 4.90 - 4.65 (m, 1 H), 3.79 (s, 3 H), 3.49 - 3.67 (m, 

2H), 2.36-2.17 (m, 1 H), 2.00- 1.71 (m, 3 H), 1.27 (brs, 9 H). 

Note: The 1H NMR spectra recorded at -20 QC published by Campos et al (2006)3 showed that the 

rotomeric peaks were clearly resolved while the same peaks from the same compound appearing on the 

spectra at ambient temperature, published by Doyle & MacMillan et al (2014)78 
, were not as clearly 
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resolved. This shows that by varying the temperature, the equilibrium between the two rotomers is 

affected. This phenoma is also reported by Ley et. al (2012). 79 The authors claim that variable

temperature (VT) NMR technique can be used to distinguish equilibrating species such as rotomers from 

non-equilibrating diastereomers. In our case, by recording the 1H NMR NMR spectra at 50 QC, the 

rotomeric peaks were combined to form a single peak indicating that the 2 signals at 4.89 ppm and 4.72 

ppm were rotomeric. The same phenomena can also be observed for the peaks 1.44 and 1.08 ppm that 

combines to form a broad singlet at 1.27 ppm. 

(±)-Benzyl 2-(3-methoxyphenyl)pyrrolidine-1-carboxylate (I-2c) 

Following the representative procedure, I-2c was obtained from 3-methoxystyrene (33.6 mg, 0.25 mmol, 

2 equiv.) after 24 h stirring at 105 QC. The product I-2c (26.5 mg, 68%) was isolated as colorless oil 

after flash column chromatography on silica gel (10-11 % EtOAc/hexanes gradient). Rf= 0.8; 1H NMR 

(400 MHz, CDCh, 25 QC) rotomeric mixture: 8 7.49 - 7.10 (m, 5 H), 6.94 (brs, 1 H), 6.85 - 6.62 (m, 3 

H), 5.24 - 4.85 (m, 3 H), 3.88 - 3.52 (m, 5 H), 2.39 - 2.21 (m, 1 H), 2.02 - 1.78 (m, 3 H); 13 C NMR (101 

MHz, CDCh, 25 QC) rotomeric mixture: 8 159.7, 155.0, 146.1 , 145.3, 136.7, 129.4, 128.4, 128.1 , 127.9, 

127.4, 127.3, 117.8, 112.0, 111.8, 111.5, 111.2, 66.7, 66.5 , 61.2, 61.0, 55.1 , 47.6, 47.1 , 35.8, 34.7, 23.5 , 

22.9; IR neat thin film: 2948, 1698, 1600, 1585, 1408, 1256, 1198, 770, 697 cm-1; HRMS (EI) calcd for 

[C19H22O3N1]: 311.1516 found 311.1517. 
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(±)-Benzyl 2-(2-methoxyphenyl)pyrrolidine-1-carboxylate (I-2d) 

Following the representative procedure, I-2d was obtained from 2-methoxy styrene (33.6 mg, 0.25 

mmol, 2 equiv.) after 48 h stirring at 105 QC. The product I-2d (26.1 mg, 67%) was isolated as colorless 

oil after flash column chromatography on silica gel (10 - 11 % EtOAc/hexanes gradient). Rf= 0.8; 1H 

NMR (400 MHz, CDCh, 25 QC) rotomeric mixture 8 7.46 - 7.29 (m, 2 H), 7.26 - 7.11 (m, 2 H), 7.03 (t, 

J= 9.0 Hz, 1 H), 6.98 - 6.80 (m, 3 H), 5.34 - 5.21 (m, 1 H), 5.21 - 4.89 (m, 2 H), 3.88 - 3.75 (m, 3 H), 

3.75 - 3.51 (m, 2 H), 2.27 (d, J= 8.2 Hz, 1 H), 1.85 (d, J= 4.7 Hz, 3 H); 13C NMR (75 MHz, CDCh, 25 

QC) rotomeric mixture: 8 156.0, 155.0, 154.6, 137.1 , 137.0, 132.2, 131.3, 128.4, 127.9, 127.6, 127.3, 

125.8, 125.4, 120.3, 120.2, 110.3, 66.6, 66.3 , 56.8, 56.1 , 55.3 , 47.5 , 47.1 , 33.8, 32.8, 23.3 , 22.8; IR (neat 

film) : 2928, 1702, 1489, 1411 , 1351 , 1244, 1104, 1116, 753 , 697 cm-1
; HRMS (ESI) calcd for 

(±)-Benzyl 2-(3,4-dimethoxyphenyl)pyrrolidine-1-carboxylate (I-2e) 

Following the representative procedure, I-2e was obtained from 3,4-dimethoxy styrene ( 40.1 mg, 0.25 

mmol, 2.0 equiv.) after 24 h stirring at 105 QC. The product I-2e (26.9 mg, 63%) was isolated as colorless 

oil after flash column chromatography on silica gel (10 - 25% EtOAc/hexanes gradient). Rf= 0.8; 1H 
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NMR (400 MHz, CDCh, 25 QC) rotomeric mixture: 8 7.46 - 7.14 (m, 5 H), 6.95 (brs, 1 H), 6.87 - 6.54 

(m, 3 H), 5.22 - 4.76 (m, 3 H), 3.96 - 3.55 (m, 8 H), 2.41 - 2.18 (m, 1 H), 2.04 - 1.80 (m, 3 H); 13C NMR 

(101 MHz, CDCh,25 QC) rotomeric mixture: 8 155 .1, 148.9, 147.8, 137.0, 128.1, 127.9, 127.5, 127.4, 

117.4, 111.1 , 108.9, 66.6, 60.8, 55 .9, 55.8, 47.6, 47.1 , 35.9, 34.7, 23.6, 23 .0; IR neat film: 2939, 1697, 

1514, 767, 698 cm-1; HRMS (ESI) calcd for [C20H24Q4N1t:342.1711 found 342.1705 . 

(±)-Benzyl 2-(benzo[d][l,3]dioxol-5-yl)pyrrolidine-1-carboxylate (I-2f) 

Following the representative procedure, I-2f was obtained from 5-vinylbenzo[d][l ,3]dioxole (55 .5 mg, 

0.38 mmol, 1.5 equiv.) after 24 h stirring at 105 QC. The product I-2f (62.6 mg, 77%) was isolated as 

colorless oil after flash column chromatography on silica gel (10 - 25% EtOAc/hexanes gradient). Rf= 

0.8; 1H NMR (500 MHz, CDCh, 25 QC) rotomeric mixture: 8 7.57 - 7.12 (m, 3 H), 7.00 (br.s, 1 H), 6.91 

- 6.53 (m, 2 H), 6.10 - 5.82 (m, 2 H), 5.31 - 4.77 (m, 3 H), 3.78 - 3.54 (m, 2 H), 2.43 - 2.16 (m, 1 H), 

2.11 - 1.77 (m, 3 H); 13C NMR (126 MHz, CDCh, 25 QC) rotomeric mixture : 8 154.9, 147.7, 146.3, 

138.4, 137.6, 136.9, 136.7, 128.4, 128.1, 127.8, 127.5, 127.3, 118.5, 108.1, 108.0, 106.1, 100.9, 66.7, 

66.5, 61.1 , 60.8, 47.5, 47.1, 35 .9, 34.8, 23 .5, 22.8; 13C NMR (126 MHz, CDCh, 60 QC): 8 155 .0, 147.8, 

146.4, 138.4, 137.0, 128.2, 127.6, 118.7, 108.1, 106.2, 100.9, 66.7, 61.1 , 47.4, 35.6, 23.2; IR neat thin 

film: 2971 , 2950, 2881 , 1698, 1487, 1409, 1353, 1235, 1036, 771 , 697 cm-1; HRMS (EI) calcd for 

[C19H19Q4N1]: 325 .1309 found 325 .1310. 
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(±)-Benzyl 2-p-tolylpyrrolidine-1-carboxylate (I-2g) 

Following the representative procedure, I-2g was obtained from 4-methyl styrene (29.5 mg, 0.25 mmol, 

2.0 equiv.) after 24 h stirring at 105 QC. The product I-2g (22 .6 mg, 61 %) was isolated as colorless oil 

after flash column chromatography on silica gel (10-11 % EtOAc/hexanes gradient). Rf= 0.8; 1H NMR 

(400 MHz, CDCh, 25 QC) rotomeric mixture: 8 7.52 - 6.77 (m, 8 H), 5.26 - 4.83 (m, 3 H), 3.78 - 3.46 

(m, 2 H), 2.48 - 2.17 (m, 4 H), 2.05 - 1.76 (m, 3 H); 13 C NMR (75 MHz, CDCh, 25 QC) rotomeric 

mixture 8: 155.0, 141.3, 140.5, 137.0, 136.8, 136.2, 129.0, 128.4, 128.1 , 127.9, 127.4, 127.2, 125.4, 

66.4, 61.1 , 60.8, 47.6, 47.1, 35 .9, 34.8, 23 .6, 22 .8, 21.0; IR neat thin film: 2963 , 1701 , 1409, 1259, 1079, 

1017, 765 , 797, 697 cm-1; HRMS (ESI) calcd for [C19H22O2N1]: 296.1645 found 296.1654. 

t-Bu 

(±)-Benzyl 2-( 4-tert-butylphenyl)pyrrolidine-1-carboxylate (I-2h) 

Following the representative procedure, I-2h was obtained from 4-tert-butyl styrene (40.0 mg, 0.25 

mmol, 2.00 equiv.) after 24 h stirring at 105 QC. The product I-2h (28 .7mg, 68%) was isolated as 

colorless oil after flash column chromatography on silica gel (10 - 11 % EtOAc/hexanes gradient) . Rf= 

0.8; 1H NMR (400 MHz, CDCh, 25 QC) rotomeric mixture: 8 7.49 - 7.28 (m, 4 H), 7.21 - 7.01 (m, 4 H), 

6.86 (d, J = 6.2 Hz, 1 H), 5.29 - 4.85 (m, 3 H), 3.81 - 3.55 (m, 2 H), 2.20 - 2.10 (m, 1 H), 2.06 - 1.68 (m, 
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3 H), 1.36 - 1.24 (m, 9); 13 C NMR (75 MHz, CDCh, 25 QC) rotomeric mixture: 8 155 .0, 149.5, 141.2, 

140.3, 137.1 , 136.8, 128.4, 128.0, 127.9, 127.4, 127.2, 125.8, 125 .2, 66.5, 60.8, 47.6, 47.1, 35 .8, 34.6, 

34.4, 31.4, 23 .6, 22.9; IR neat thin film: 2961 , 1702, 1410, 1353, 1261 , 1103, 797, 696 cm-1; HRMS 

(ESI) calcd for [C22H2sO2N1t: 338.2115 found 338.2122 . 

F 

(±)-Benzyl 2-( 4-fluorophenyl)pyrrolidine-1-carboxylate (I-2i) 

Following the representative procedure, I-2i was obtained from 4-fluoro styrene (30.5 mg, 0.25 mmol, 

2.0 equiv.) after 36 h stirring at 105 QC. The product I-2i (19.5 mg, 52%) was isolated as colorless oil 

after flash column chromatography on silica gel (10-11 % EtOAc/hexanes gradient) . Rf= 0.8; 1H NMR 

(400 MHz, CDCh, 25 QC) rotomeric mixture 8: 7.61 - 7.29 (m, 3 H), 7.24 - 6.83 (m, 6 H), 5.23 - 4.81 

(m, 3 H), 3.79 - 3.53 (m, 2 H), 2.40 - 2.19 (m, 1 H), 2.00 - 1.72 (m, 3 H); 13 C NMR (75 MHz, CDCh, 

25 QC) rotomeric mixture 8: 163 .3, 160.1 , 154.9, 140.0, 139.2, 136.9, 136.6, 128.4, 128.2, 127.9, 127.6, 

127.4, 127.1, 127.0, 115 .3, 115 .0, 66.6, 60.7, 60.5, 47.6, 47.1, 35 .9, 34.8, 23 .6, 22 .9; IR neat thin film: 

2954, 1702, 1604, 1509, 1411 , 1353, 1222, 1111 , 830, 697 HRMS (ESI) calcd for 

Cl 

(±)-Benzyl 2-( 4-chlorophenyl)pyrrolidine-1-carboxylate (I-2j) 
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Following the representataive procedure, I-2j was obtained from p-chloro styrene (34.5 mg, 0.25 mmol, 

2.0 equiv.) after 36 h stirring at 105 QC. The product I-2j (29.6 mg, 75%) was isolated as colorless oil 

after flash column chromatography on silica gel (10-11 % EtOAc/hexanes gradient). Rf= 0.8; 1H NMR 

(400 MHz, CDCh, 25 QC) rotomeric mixture 8 7.45 - 7.27 (m, 2 H), 7.25 - 7.00 (m, 4 H), 6.98 - 6.82 (m, 

1 H), 5.20 - 4.81 (m, 3 H), 3.74 - 3.55 (m, 2 H), 2.41 - 2.21 (m, 1 H), 2.00 - 1.74 (m, 3H); 13 C NMR 

(101 MHz, CDCh, 25 QC) rotomeric mixture 8 154.9, 142.9, 142.1, 137.4, 136.9, 136.5, 132.4, 128.5, 

128.2, 127.9, 127.6, 127.4, 126.9, 66.7, 60.8, 60.6, 47.6, 47.2 , 35 .9, 34.7, 23 .6, 22 .9; IR neat thin film: 

2927, 1700, 1490, 1409, 1352, 1090, 1013, 821 , 697 cm-1; HRMS (ESI) calcd for [C1sH19O2N1Cht: 

316.1099 found 316.1101. 

Br 

(±)-Benzyl 2-( 4-bromophenyl)pyrrolidine-1-carboxylate (I-2k) 

Following the representative procedure, I-2k was obtained from 4-bromo styrene (45.8 mg, 0.25mmol, 

2.0 equiv.) after 48 h stirring at 105 QC. The product I-2k (25 .1 mg, 56%) was isolated as colorless oil 

after flash column chromatography on silica gel (10-11 % EtOAc/hexanes gradient) . Rf= 0.8; 1H NMR 

(400 MHz, CDCh, 25 QC) rotomeric mixture: 8 7.49 - 7.27 (m, 4 H), 7.23 - 7.16 (m, 2 H), 7.14 - 6.97 

(m, 2 H), 6.97 - 6.85 (m, 1 H), 5.20 - 4.80 (m, 3 H), 3.73 - 3.57 (m, 2 H), 2.41 - 2.24 (m, 1 H), 1.97 -

1.74 (m, 3 H); 13C NMR (101 MHz, CDCh, 25 QC) rotomeric mixture: 8 155.0, 143.4, 142.6, 141.0, 

140.9, 139.7, 137.0, 136.7, 128.7, 128.4, 128.1, 127.9, 127.4, 127.0, 125 .9, 66.7, 66.5 , 61.1 , 60.9, 47.6, 

47.2 , 35 .9, 34.7, 23.6, 23 .0; IR neat thin film: 2967, 1700, 1487, 1408, 1352, 818, 696 cm-1; HRMS (EI) 

calcd for [C1sH1sO2N1Bri]: 359.0515 found 359.0517. 
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OMe 

F 

(±)-Benzyl 2-(3-fluoro-4-methoxyphenyl)pyrrolidine-1-carboxylate (1-21) 

Following the representative procedure, 1-21 was obtained from 2-fluoro-1-methoxy-4-vinylbenzene (38 

mg, 0.25 mmol, 2.0 equiv.) after 24 h stirring at 105 QC. The product 1-21 (23 .1 mg, 56%) was isolated 

as colorless oil after flash column chromatography on silica gel (10 -25% EtOAc/hexanes gradient). Rf 

= 0.8; 1H NMR (500 MHz, CDCh, 25 QC) rotomeric mixture: 8 7.54 - 7.12 (m, 4 H), 7.09 - 6.71 (m, 4 

H), 5.26 - 4.74 (m, 3 H), 3.88 (brs., 2 H), 3.86 (brs ., 1 H), 3.76 - 3.51 (m, 2 H), 2.41 - 2.19 (m, 1 H), 

2.01 - 1.75 (m, 3 H); 13C NMR (75 MHz, CDCh, 25 QC) rotomeric mixture : 8 154.9, 153 .9, 150.7, 146.3, 

146.2, 137.5, 136.8, 136.6, 128.5, 128.5, 128.4, 128.2, 128.1 , 127.9, 127.6, 127.3, 121.1 , 121.0, 113 .5, 

113.4, 113 .3, 66.7, 66.6, 60.5, 60.2, 56.3 , 47.5, 47.0, 35 .7, 34.6, 23 .5, 22 .8; IR neat film: 2950, 1700, 

1517, 1409, 698 cm-1; HRMS (ESI) calcd for [C19H21O3N1F1] : 330.1500 found 330.1503. 

F 

(±)-Benzyl 2-( 6-fluoropyridin-3-yl)pyrrolidine-1-carboxylate (1-2m) 

Following the representative procedure, l-2m was obtained from 2-fluoro-5-vinylpyridine (30.1 mg, 

0.25 mmol, 2.00 equiv.) after 48 h, stirring at 95 QC. The product l-2m (13.1 mg, 35%) was isolated as 

yellow oil after flash column chromatography on silica gel (10-11 % EtOAc/hexanes gradient) . Rf= 0.8; 

1H NMR (400 MHz, CDCh, 25 QC) rotomeric mixture: 8 8.15 - 7.94 (m, 1 H), 7.66 - 7.46 (m, 1 H), 7.42 
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- 7.16 (m, 4 H), 7.09 - 6.74 (m, 2 H), 5.20 - 4.80 (m, 3 H), 3.77 - 3.55 (m, 2 H), 2.37 (br. s. , 1 H), 2.00 -

1.76 (m, 3 H); BC NMR (101 MHz, CDCh, 25 QC) rotomeric mixture: 8 163.9, 154.8, 145.2, 145.0, 

142.0, 138.7, 138.4, 136.5, 128.3, 127.9, 127.7, 109.3, 109.0, 67.0, 58.7, 58.3 , 47.6, 47.1 , 35.8, 34.5 , 

23.7, 23.1 ; IR neat film: 2955 , 1700, 1597, 1483, 1408, 698 HRMS (ESI) calcd for 

(±)-Benzyl 2-( 4-allylphenyl)pyrrolidine-1-carboxylate (I-2n) 

Following the representative procedure, I-2n was obtained from 1-allyl-4-vinylbenzene (36.1 , 0.25 

mmol, 2.0 equiv.) after 24 h, stirring at 105 QC. The product I-2n (20.5 mg, 51%) was isolated as 

colorless oil after flash column chromatography on silica gel (10 - 11 % EtOAc /hexanes gradient). Rf 

= 0.8; 1H NMR (300 MHz, CDCh, 25 QC) rotomeric mixture: 8 7.48 - 7.01 (m, 8 H), 6.99 - 6.74 (m, 1 

H), 6.08 - 5.87 (m, 1 H), 5.23 - 4.85 (m, 4 H), 3.77 - 3.55 (m, 2 H), 3.38 (d, J = 6.2 Hz, 2 H), 2.39 - 2.19 

(m, 1 H), 2.04 - 1.72 (m, 3 H); BC NMR (75 MHz, CDCh, 25 QC) rotomeric mixture: 8 155.0, 142.1 , 

141.3, 138.4, 137.5, 137.0, 136.8, 128.5, 128.1 , 127.9, 127.4, 127.2, 126.1 , 125.6, 115.7, 66.5 , 61.0, 

60.8, 47.6, 47.1 , 39.8, 35.9, 34.7, 23.6, 22.9; IR neat film: 2978, 1702, 1409, 1352, 1009, 771 , 661 cm 

1
; HRMS (EI) calcd for [C21H23O2Ni] : 321.1727 found 321.1723. 
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Q 
~ /N

l_N~O 
Cbz 

(±)-Benzyl 2-( 4-(( 4-fluorophenyl)(methyl)carbamoyl)phenyl)pyrrolidine-1-carboxylate (1-20) 

Following the representative procedure, 1-20 was obtained from N-(4-fluorophenyl)-N-methyl-4-

vinylbenzamide (63 .8 mg, 0.25 mmol, 2.0 equiv.) after 48 h, stirring at 105 QC. The product 1-20 (28 .1 

mg, 52%) was isolated as colorless oil after flash column chromatography on silica gel (20 - 50% 

EtOAc/hexanes gradient). Rf= 0.4; 1H NMR (400 MHz, CDCh, 25 QC) rotomeric mixture: 8 7.54 - 7.11 

(m, 6 H), 7.10 - 6.62 (m, 7 H), 5.22 - 4.76 (m, 3 H), 3.71 - 3.52 (m, 2 H), 3.48 (br. s, 3 H), 2.36 - 2.14 

(m, 1 H), 1.95 - 1.67 (m, 3 H); 13C NMR (75 MHz, CDCh, 25 QC) rotomeric mixture: 8 170.3, 162.4, 

159.1, 154.9, 146.2, 145.4, 141.3, 141.0, 136.8, 136.5, 134.2, 134.0, 128.9, 128.5, 128.4, 128.2, 127.9, 

127.6, 127.2, 125.4, 125 .0, 116.2, 115.9, 66.6, 60.8, 47.6, 47.0, 38.6, 35 .7, 34.5, 23.4, 22 .9; IR neat film: 

2922, 2851 , 2649, 2286, 2324, 1703, 1647, 1576, 1492, 1413, 1392, 753 cm-1; HRMS (EI) calcd for 

Cl 

Q 
~/N

l_N~O 
Cbz 

(±)-Benzyl 2-( 4-( ( 4-chlorophenyl)( methyl)carbamoyl)phenyl)pyrrolidine-1-carboxylate (1-2p) 

Following the representative procedure, l-2p was obtained from N-(4-chlorophenyl)-N-methyl-4-

vinylbenzamide (67.8 mg, 0.25 mmol, 2.0 equiv.) after 36 h, stirring at 105 QC. The product l-2p (33 .6 

mg, 60%) was isolated as colorless oil after flash column chromatography on silica gel (20 - 50% 
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EtOAc/hexanes gradient). Rf= 0.4; 1H NMR (400 MHz, CDCh, 25 QC) rotomeric mixture: 8 7.64 -

6.73 (m, 13H), 5.25 -4.74 (m, 3H), 3.76-3 .54 (m, 2H), 3.44 (s, 3H), 2.38 - 2.14 (m, lH), 1.97 - 1.71 

(m, 3H); 13C NMR (75 MHz, CDCh, 25 QC) rotomeric mixture: 8 170.2, 154.9, 146.3, 145 .6, 143.5, 

136.5, 134.0, 133 .8, 132.0, 129.3, 128.9, 128.4, 128.2, 128.0, 127.7, 127.2, 125 .0, 66.6, 60.8, 47.6, 47.1, 

38.5 , 35.7, 34.5 , 23.4, 22.9; IR neat film: 2922, 2851 , 2649, 2286, 2324, 1703, 1647, 1576, 1492, 1413, 

1392, 753 cm-1
; HRMS (EI) calcd for [C26H2sO3N2Ch]: 448.1548; found 448 .1558. 

(±)-Benzyl 2-( 4-(methoxycarbonyl)phenyl)pyrrolidine-1-carboxylate (I-2q) 

Following the representative procedure, I-2q was obtained from methyl-4-vinylbenzoate (40.1 mg, 0.25 

mmol, 2.0 equiv.) after 24 h, stirring at 105 QC. The product I-2q (15.3 mg, 35%) was isolated as 

colorless oil after flash column chromatography on silica gel (10 - 11 % EtOAc/hexanes gradient) . Rf= 

0.4; 1H NMR (300 MHz, CDCh, 25 QC) rotomeric mixture: 8 7.96 (d, J = 7.8 Hz, 2 H), 7.49 - 7.07 (m, 

6 H), 6.89 (d, J = 6.8 Hz, 1 H), 5.24 - 4.89 (m, 3 H), 3.98 - 3.85 (m, 3 H), 3.76 - 3.58 (m, 2 H), 2.44 -

2.28 (m, 1 H), 1.99 - 1.78 (m, 3 H); 13C NMR (75 MHz, CDCh, 25 QC) rotomeric mixture: 8 166.9, 

154.9, 148.9, 136.5, 129.8, 128.7, 128.5, 128.2, 128 .0, 127.6, 127.4, 127.1 , 125 .5, 66.8, 61.3 , 61.0, 52 .1, 

47.7, 47.2, 35 .8, 23.0, 22 .6; IR neat film: 2978, 1702 (broad, overlap), 1409, 1352, 1009, 771 , 661 cm-

1; HRMS (EI) calcd for [C20H21O4N!] : 339.1465; found 339.1463. 
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(±)-Benzyl 7-(1-(benzyloxycarbonyl)pyrrolidin-2-yl)-lH-indole-1-carboxylate (I-2r) 

Following the representative procedure, I-2r was obtained from benzyl 7-vinyl-lH-indole-1-

carboxylate (69.3 mg, 0.25 mmol, 2.0 equiv.) after 48 h, stirring at 105 QC. The product 2r (44.4 mg, 

78%) was isolated after flash column chromatography on silica gel (10 - 13%EtOAc/hexanes gradient) . 

Rf= 0.8; 1H NMR (400 MHz, CDCh, 25 QC) rotomeric mixture: 8 7.63 (d, J= 4.1 Hz, 1 H), 7.53 - 7.28 

(m, 7 H), 7.26 - 6.99 (m, 4 H), 6.95 - 6.78 (m, 1 H), 6.65 - 6.50 (m, 1 H), 6.15 (d, J = 8.2 Hz, 0.3 H), 

6.06 (dd, J = 2.6, 7.9 Hz, 0.6 H), 5.46 - 5.29 (m, 2 H), 5.23 - 5.07 (m, 1 H), 5.07 - 4.89 (m, 1 H), 3.80 -

3.53 (m, 2 H), 2.50 - 2.19 (m, 1 H), 2.05 - 1.69 (m, 3 H); 13C NMR (75 MHz, CDCh, 25 QC) rotomeric 

mixture: 8 155 .1, 154.8, 151.0, 150.9, 137.2, 136.9, 135.1 , 135 .0, 132.4, 131.7, 130.9, 128.7, 128.5, 

128.4, 128.1 , 127.8, 127.2, 126.9, 123 .7, 123 .5, 122.6, 122.1, 119.8, 108.5, 68.9, 66.6, 66.3, 59.6, 59.0, 

47.6, 47.2, 34.9, 34.2, 23 .1, 22 .6; IR neat film: 2928, 1748, 1696, 1410, 1312, 1203, 1023, 729, 697 cm-

1; HRMS (ESI) calcd for [C2sH21O4N2t : 455 .1965; found 455.1967. 

(±)-Benzyl 2-(1-tosyl-lH-indol-5-yl)pyrrolidine-1-carboxylate (1-2s) 

Following the representative procedure, 1-2s was obtained from 1-tosyl-5-vinyl-lH-indole (48.3 mg, 

0.16 mmol, 1.3 equiv.) after 48 h, stirring at 105 QC. The product 1-2s (37.3 mg, 63%) was isolated after 

flash column chromatography on silica gel (10-13 % EtOAc/hexanes gradient) . Rf= 0.8; 1HNMR (400 
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MHz, CDCh, 25 QC) rotomeric mixture : 8 7.92 (d, J = 7.4 Hz, 1 H), 7.79 (d, J = 7.4 Hz, 2 H), 7.55 (d, J 

= 7.8 Hz, 1 H), 7.45 - 6.99 (m, 7 H), 6.87 (br. s., 1 H), 6.69 (d, J = 5.8 Hz, 1 H), 6.58 (br. s. , 1 H), 5.22 

- 4.78 (m, 3 H), 3.80 - 3.53 (m, 2 H), 2.33 (d, J = 12.9 Hz, 4 H), 2.00 - 1.77 (m, 3 H); 13 C NMR (75 

MHz, CDCh, 25 QC) rotomeric mixture: 8 155.0, 144.9, 139.6, 138.7, 137.0, 136.5, 135 .3, 133 .8, 130.8, 

129.9, 128.4, 128.2, 127.9, 127.3, 127.0, 126.8, 126.6, 122.5, 118.1, 117.9, 113.4, 109.0, 66.7, 66.5, 

61.2, 61.0, 47.6, 47.2, 36.1, 35.0, 23 .5, 22 .9, 21.5 ; IR neat film: 2925 , 1697, 1455, 1411 , 1367, 1354, 

1171 , 1138, 1126, 1107, 1092811 , 770, 676, 584 cm-1; HRMS (EI) calcd for [C21H26O4N2S1]: 474.1608; 

found 474.1602. 

(±)-Benzyl 2-(biphenyl-4-yl)pyrrolidine-1-carboxylate (I-2t) 

Following the representative procedure, I-2t was obtained from 4-vinylbiphenyl (90.0 mg, 0.25 mmol, 

2.0 equiv.) after 24 h stirring at 105 QC. The product I-2t (27.2 mg, 61 %) was isolated as colorless oil 

after flash column chromatography on silica gel (10-11 % EtOAc/hexanes gradient). Rf= 0.8; 1H NMR 

(400 MHz, CDCh, 25 QC) rotomeric mixture 8: 7.70 - 7.04 (m, 13 H), 6.92 (d, J= 5.8 Hz, 1 H), 5.27 -

4.86 (m, 3 H), 3.83 - 3.56 (m, 2 H), 2.45 - 2.28 (m, 1 H), 2.11 - 1.81 (m, 3 H); 13 C NMR (101 MHz, 

CDCh, 25 QC) rotomeric mixture 8: 155 .0, 143.4, 142.6, 141.0, 140.9, 139.7, 137.0, 136.7, 128.7, 128.4, 

128.1, 127.9, 127.5, 127.0, 125 .9, 66.7, 66.5, 61.1 , 60.9, 47.7, 47.2 , 35.9, 34.8, 23.6, 23 .0; IR neat thin 

film:2958 , 1701 , 1410, 1351 , 1107, 766, 698cm-1;HRMS(EI)calcdfor[C24H23N1O2]:357.1723 ; found 

357.1728. 
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(±)-Benzyl 2-methyl-2-phenylpyrrolidine-1-carboxylate (I-3a) 

Following the representative procedure, I-3a was obtained from a-methyl styrene (29.6 mg, 0.25 mmol, 

2.0 equiv.) after 24 h, stirring at 105 QC. The product I-3a (19.2 mg, 52%) was isolated as colorless oil 

after flash column chromatography on silica gel (10-11 %EtOAc/hexanes gradient) . Rf= 0.8; 1H NMR 

(500 MHz, CDCh, 25 QC) rotomeric mixture: 8 7.72 - 7.06 (m, 8 H), 6.81 (d, J= 6.8 Hz, 1 H), 5.13 

(ABq, L'lVAB = 20 Hz, JAB= 13 Hz, lH), 4.96 (ABq, L'lVAB = 30 Hz, JAB= 13 Hz, lH), 3.93 - 3.63 (m, 2 

H), 2.22 - 2.00 (m, 2 H), 1.91 (s, 1 H), 1.89 - 1.68 (m, 3 H); BC NMR (75 MHz, CDCh, 25 QC) rotomeric 

mixture 8: 154.9, 153 .8, 147.6, 146.4, 137.3, 136.5, 128.4, 128.1, 128.0, 127.7, 127.3, 126.2, 126.1, 

124.9, 66.4, 66.2, 66.1 , 65.4, 49.3 , 48.4, 45 .9, 44.5 , 25.9, 25 .5, 22.0, 21.9; IR neat film: 2970, 1691 , 

1402, 1351 , 761 , 698 cm-1; HRMS (EI) calcd for [C19H21 O2Ni] : 295 .1567 found 295 .1578. 

'om. 
(±)-Benzyl 2-( 4-methoxyphenyl)-2-methylpyrrolidine-1-carboxylate (I-3b) 

Following the representative procedure, I-3b was obtained from 1-methoxy-4-(prop-1-en-2-yl)benzene 

(33 .5 mg, 0.25 mmol, 2.00 equiv.) after 24 h, stirring at 105 QC. The product I-3b (27.6 mg, 68%) was 

isolated as colorless oil after flash column chromatography on silica gel (10-13% EtOAc/hexanes 

gradient). Rf= 0.8; 1H NMR (400 MHz, CDCb, 25 QC) rotomeric mixture : 8 7.36 - 7.19 (m, 3 H), 7.15 

- 7.00 (m, 3 H), 6.81 - 6.67 (m, 3 H), 5.02 (ABq, L'lVAB = 14 Hz, JAB = 13 Hz, lH), 4.87 (ABq, L'lVAB = 

36 Hz, JAB= 13 Hz, lH), 3.78 - 3.59 (m, 5 H), 2.07 - 1.90 (m, 2 H), 1.84 - 1.59 (m, 5 H); BC NMR (101 

MHz, CDCh, 25 QC) rotomeric mixture: 8 158.0, 155.0, 153.7, 139.8, 138.6, 137.3, 136.6, 128.4, 128.0, 
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127.7, 127.4, 126.0, 113 .5, 113.4, 66.4, 66.2, 65 .7, 65.0, 55 .2, 49.2, 48.4, 45 .9, 44.5, 26.0, 25 .6, 22 .0, 

21.9; IR neat film: 2968, 2933 , 1698, 1608, 1512, 1406, 1352, 1248, 830, 738, 698 cm-1; HRMS (EI) 

calcd for [C20H23Q3N1]: 325.1672; found 325 .1674. 

(±)-Benzyl 3,4-dihydro-2H-spiro[naphthalene-1,2'-pyrrolidine]-1 '-carboxylate (I-3c) 

Following the representative procedure, I-3c was obtained from 1-methylene-1 ,2,3,4-

tetrahydronaphthalene (36.0 mg, 0.25 mmol, 2.0 equiv.) after 24 h, stirring at 105 QC. The product I-3c 

(24.9 mg, 62%) was isolated as colorless oil after flash column chromatography on silica gel (10-

11 %EtOAc/hexanes gradient). Rf= 0.8; 1H NMR (300 MHz, CDCh, 25 QC) rotomeric mixture: 8 7.43 

- 7.27 (m, 2 H), 7.24 - 6.95 (m, 6 H), 6.67 - 6.58 (m, 1 H), 5.03 (ABq, 0.8 H, L'lVAB = 10 Hz, JAB= 13 

Hz), 4.81 (ABq, 1.2 H, L'lVAB = 10 Hz, JAB= 12 Hz), 3.94 - 3.64 (m, 2 H), 2.80 - 2.41 (m, 3 H), 2.35 -

2.16 (m, 2 H), 2.16 - 1.63 (m, 7 H); 13C NMR (75 MHz, CDCh, 25 QC) rotomeric mixture: 8 154.5, 

153 .1, 143 .3, 142.4, 137.3, 137.1, 136.3, 135.5, 128.7, 128.5, 128.4, 128.0, 127.7, 127.4, 126.4, 126.1, 

126.0, 126.0, 125 .6, 125 .1, 66.6, 66.1, 65 .6, 65.3, 49.3 , 48.6, 44.4, 43 .3, 33 .6, 32.6, 29.4, 23 .0, 22 .8, 

22.4, 21.8; IR neat film: 2927, 1692, 1410, 1352, 1130, 754, 698 cm-1; HRMS (EI) calcd for 
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Benzyl 2H-spiro[benzofuran-3,2'-pyrrolidine]-1 '-carboxylate (I-3d) 

Following the representative procedure, I-3d was obtained from 3-methylene-2,3-dihydrobenzofuran 

(33 .0 mg, 0.25 mmol, 2.0 equiv.) after 24 h, stirring at 105 QC. The product I-3d (22 .1 mg, 57%) was 

isolated as colorless oil after flash column chromatography on silica gel (10-20% EtOAc/hexanes 

gradient). Rf= 0.8; 1H NMR (400 MHz, CDCb, 25 QC) rotomeric mixture : 8 7.41 - 7.27 (m, 2 H), 7.25 

- 7.05 (m, 3 H), 6.94 - 6.73 (m, 2 H), 6.70 (d, J= 7.8 Hz, 1 H), 5.11 (d, J= 12.5 Hz, 1 H), 5.01 - 4.75 

(m, 2 H), 4.64 (d, J= 9.4 Hz, 1 H), 4.28 (d, J= 9.0 Hz, 1 H), 3.77 - 3.58 (m, 2 H), 2.32 - 2.19 (m, 2 H), 

2.16 - 2.00 (m, 1 H), 1.98 - 1.79 (m, 1 H); 13 C NMR (75 MHz, CDCh, 25 QC) rotomeric mixture : 8 

160.0, 154.4, 141.2, 136.8, 136.6, 136.6, 136.0, 130.7, 129.9, 129.1, 128.4, 128.1, 127.5, 127.9, 127.5, 

122.5, 122.3, 122.3, 120.7, 120.6, 109.9, 81.0, 80.0, 70.3, 69.9, 66.9, 66.5 , 48 .3, 47.5, 43.5 , 42 .0, 23 .5, 

23 .0; IR neat film: 2967, 2886, 1699, 1604, 1480, 1406, 1352, 799, 750, 698 cm-1; HRMS (EI) calcd 

for [C19H20O3Ni]+: 310.1438; found 310.1434. 

(\ ,,Ph 

l__NAPh 
Cbz 

Benzyl 2,2-diphenylpyrrolidine-1-carboxylate (I-3e) 

Following the representative procedure, I-3e was obtained from 1,1-dipheylethylene (45 .0 mg, 0.25 

mmol, 2.0 equiv.) after 24 h, stirring at 105 QC. The product I-3e (28.6 mg, 64%) was isolated as 

colorless oil after flash column chromatography on silica gel (10-11 %EtOAc/hexanes gradient) . Rf= 

0.8; 1H NMR (300 MHz, CDCh, 25 QC) rotomeric mixture: 8 7.97 - 6.89 (m, 13 H), 6.88 - 6.48 (m, 1 
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H), 5.24- 4.92 (m, 0.8 H), 4.86 - 4.57 (m, 1.1 H), 4.00 - 3.71 (m, 2 H), 2.77 - 2.51 (m, 2 H), 1.94 - 1.67 

(m, 2 H); 13C NMR (75 MHz, CDCh, 25 QC) rotomeric mixture: 8 155 .2, 153 .9, 143 .5, 137.2, 136.1, 

127.9, 127.7, 126.7, 73.0, 66.5 , 49.2, 48.6, 47.9, 46 .0, 22.7, 22.1 ; IR neat film: 2973 , 1712, 1447, 1405, 

1350, 1125, 756, 698 cm-1; HRMS (EI) calcd for [C24H23O2Ni] : 357.1723; found 357.1716. 

~ 
u-'~~z 

(±)-Benzyl 2,3,3a,4-tetrahydroindeno[l,2-b]pyrrole-1(8bH)-carboxylate (I-3f) 

Following the representative procedure, I-3f was obtained from lH-indene (36.3 mg, 0.31 mmol, 2.5 

equiv.) after 36 h, stirring at 120 QC in anhydrous 1,4-dioxane. The product I-3f (13.2 mg, 36%) was 

isolated as colorless oil after flash column chromatography on silica gel (0 -10% EtOAc/hexanes 

gradient). Rf= 0.8; 1H NMR (400 MHz, CDCh, 25 QC) rotomeric mixture: 8 7.76 (d, J= 7.0 Hz, 0.5 H), 

7.56 - 7.28 (m, 6 H), 7.25 - 7.03 (m, 2.5 H), 5.47 - 5.09 (m, 3 H), 3.69 - 3.48 (m, 1 H), 3.47 - 3.35 (m, 1 

H), 3.19 -3.05 (m, 2 H), 2.77 (d, J= 13.6 Hz, 1 H), 2.18 -2 .02 (m, 1 H), 1.72 - 1.59 (m, 1 H); 13C NMR 

(101 MHz, CDCh, 25 QC) rotomeric mixture: 8 155 .6, 155 .0, 143.4, 142.8, 141.8, 141.6, 137.0, 128.4, 

128.2, 128.0, 127.8, 126.9, 126.2, 125 .1, 124.9, 67 .0, 66.9, 66.7, 66.3, 46.7, 46.4, 42.4, 41.3 , 36.3, 36.1, 

31.1 , 30.3; IR neat film: 2928, 1699, 1412, 1112, 747, 698 cm-1; HRMS (EI) calcd for [C19H19O2N1] : 

293 .1410; found 293 .1406. 

fh 
()-Ph

N 
Cbz 

(±)-Benzyl 2,3-diphenylpyrrolidine-1-carboxylate (I-3g) 
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Following the representative procedure, I-4b was obtained from trans-stilbene (56.3 mg, 0.31 mmol, 2.5 

equiv.) after 24 h stirring at 105 QC. The product I-4b (14.3 mg, 32%, > 20: 1 dr)was isolated as colorless 

oil after flash column chromatography on silica gel (10 - 11 % EtOAc/hexanes gradient). 

Note: when cis-stilbene was used as starting materials, the same product and same diastereomer (11.2 

mg, 25%) was formed. By analogy to the I-3h, the Boc-functionalized analog (vide infra), the structure 

was assigned to have trans- configuration. Rf= 0.8; 1H NMR (400 MHz, CDCh, 25 QC) rotomeric 

mixture: 8 7.56 - 6.99 (m, 14 H), 6.78 (d, J = 6.2 Hz, 1 H), 5.27 - 4.76 (m, 3 H), 4.10 - 3.88 (m, 1 H), 

3.84 - 3.66 (m, 1 H), 3.34 - 3.21 (m, 1 H), 2.43 - 2.24 (m, 1 H), 2.18 - 2.01 (m, 1 H); 13C NMR (75 MHz, 

CDCh, 25 QC) rotomeric mixture: 8 154.9, 142.3, 142.5, 141.3, 136.5, 128.7, 128.4, 127.3, 126.9, 125.6, 

68.3 , 66.8, 55.4, 54.1 , 47.4, 46.9, 32.5 , 31.8; IR neat film: 2947, 1698, 1408, 1349, 1109, 754, 697 cm-

Ph 

0-Ph 
N
Boe 

(±)-Tert-butyl 2,3-diphenylpyrrolidine-1-carboxylate (I-3h) 

Following the representative procedure, I-3h was obtained from trans-stilbene (12.9 mg, 0.312 mmol, 

2.50 equiv.) and potassium (2-(tert-butoxycarbonylamino )ethyl) trifluoroborate salt after 36 h stirring at 

105 QC. The product I-3h (12.9 mg, 32%, > 20:1 dr) was isolated as colorless oil was isolated after flash 

column chromatography on silica gel (10 - 11 % EtOAc/hexanes gradient). Rf= 0.8; 1H NMR (400 

MHz, CDCh, 25 QC) rotomeric mixture:8 7.43 - 6.97 (m, 10 H), 4.94 (brs, 0.2 H), 4.65 (brs, 0.7 H), 4.04 

- 3.78 (m, 1 H), 3.71 (d, J= 6.6 Hz, 1 H), 3.24 (d, J= 6.6 Hz, 1 H), 2.35 - 2.21 (m, 1 H), 2.21 - 1.98 (m, 

1 H), 1.46 (d, J= 5.8 Hz, 2 H), 1.23 - 1.02 (m, 7 H); 1HNMR (400 MHz, CDCh, 50 QC): D8 7.39-6.97 

(m, 10 H), 5.01 - 4.54 (m, 1 H), 4.05 - 3.83 (m, 1 H), 3.79 - 3.62 (m, 1 H), 3.32 - 3.16 (m, 1 H), 2.35 -
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2.21 (m, 1 H), 2.11 (d, J = 8.6 Hz, 1 H), 1.56 - 0.94 (m, 9 H); 13C NMR (101 MHz, CDCh, 25 °C) 

rotomeric mixture : 8 154.4, 144.0, 141.1 , 128.6, 128.1, 127.4, 126.9, 126.7, 125.8, 79.4, 68 .8, 67.5, 55 .5, 

54.4, 46.9, 32.0, 28. lIR neat film: 2974, 1693, 1393, 1166, 698 cm-1; HRMS (ESI) calcd for 

[C21H2sO2N1 N a1t: 346.1788; found 346.1782. 

Determination of configuration of (±)-(2S,3R)-benzyl 2,3-diphenylpyrrolidine-1-carboxylate and 

(±)-(2S,3R)-tert-butyl 2,3-diphenylpyrrolidine-1-carboxylate (3h) 

Boc-pyrrolidine I-3h (16 mg, 0.049 mmol) was treated with CF3CO2H (1 mL) in anhydrous DCM (2 

mL) at O °C and stirred overnight. The product 2,3-diphenylpyrrolidine (8 mg, 73%) was isolated as 

yellow oil after flash column chromatography on silica, 50% EtOAc/hexanes. Rf= 0.8; 1H NMR 

(300MHz, CDCh) 8 7.49 - 6.92 (m, 10 H), 4.19 (d, J= 9.4 Hz, 1 H), 3.48 - 3.16 (m, 3 H), 3.00 (brs, 1 

H), 2.53 - 2.36 (m, 1 H), 2.24 - 2.02 (m, 1 H); HRMS (EI) calcd for [C16H1?N1]: 223 .1356; found 

223 .1360. The 1H NMR data for the cis-2,3-diphenylpyrrolidine has been previously reported by 

Szymoniak. Our spectrum was similar but not identical, indicating we had formed the trans

diastereomer. The coupling constant for the doublet signal of the H alpha to N on the tertiary amine 

carbon ( at 4 .19 ppm) was also larger in our diastereomer than in Szymoniak' s, as would be expected for 

the respective cis and trans diastereomers. 80 

2 

Ph~ 

(±)-(E)-benzyl 2-styrylpyrrolidine-1-carboxylate (I-4a) 

Following the representative procedure, I-4a was obtained from (E)-buta-1 ,3-dienylbenzene (65 .1 mg, 

0.50 mmol, 2.0 equiv.) after 24 h, stirring at 105 °C. The product I-4a (52.2 mg, 68%) was isolated as 

colorless oil after flash column chromatography on silica gel (0 - 10% EtOAc/hexanes gradient). 1H 
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NMR (400 MHz, CDCh, 25 QC) rotomeric mixture: 8 7.58 - 7.02 (m, 9 H), 6.62 - 6.01 (m, lH), 5.36 -

5.01 (m, 1 H), 4.68 - 4.42 (m, 1 H), 3.69 - 3.44 (m, 2H), 2.28 - 1.68 (m, 4 H); 13C NMR (101 MHz, 

CDCh, 25 QC) rotomeric mixture: 8 155.0, 154.8, 136.7, 130.1 , 129.8, 128.4, 127.8, 127.3, 126.3, 66.7, 

58.9, 46.7, 46.3 , 32.5 , 31.5, 23.6, 22.9; IR neat film: 2962, 1698, 1449, 1411 , 1353, 1093, 1028, 965 , 

750, 695 cm-1; HRMS (EI) calcd for [C20H21O4N1] : 307.1567 found 307.1566. 

Cbz 

~ 
(±)- (E)-benzyl 2-( oct-1-enyl)pyrrolidine-1-carboxylate (I-4b) 

Following the representative procedure, I-4b was obtained from (E)-deca-1 ,3-diene (69 mg, 0.50 mmol, 

2.0 equiv.) after 24 h, stirring at 105 QC. The product I-4b (49.0 mg, 62%) was isolated as colorless oil 

after flash column chromatography on silica gel (0-10% EtOAc/hexanes gradient). Rf= 0.8; 1H NMR 

(400 MHz, CDCh, 25 QC) rotomeric mixture: 8 7.42 - 7.26 (m, 5 H), 5.57 - 5.26 (m, 2 H), 5.19 - 5.05 

(m, 2 H), 4.45 - 4.23 (m, 1 H), 3.55 - 3.34 (m, 2 H), 2.04 - 1.76 (m, 4 H), 1.76 - 1.62 (m, 2 H), 1.43 -

1.13 (m, 8 H), 0.96 - 0.79 (m, 3 H); BC NMR (75 MHz, CDCh, 25 QC) rotomeric mixture: 8 155.1 , 

150.3, 137.2, 136.1 , 130.9, 130.0, 129.5, 128.3, 127.7, 126.5, 123.1 , 66.5 , 58.6, 46.6, 32.5 , 32.1 , 31.7, 

29.6, 29.2, 28.8, 27.4, 23.5 , 22.6, 14.1 ; BC NMR (75 MHz, CDCh) 8 155.1 , 154.7, 150.3, 146.0, 137.1 , 

136.1 , 130.9, 130.0, 129.5, 128.3, 127.7, 126.5, 123.1 , 66.5 , 58.8, 58.6, 46.6, 46.3 , 32.1 , 31.7, 29.2, 28.8, 

23.5 , 22.6, 14.1 ; IR neat film: 2956, 2926, 2856, 1703, 1411 , 1353, 1114, 1094, 769, 735 , 697 cm-1; 

HRMS (EI) calcd for [C20H30O2N1]: 316.2271 ; found 316.2275. 

Ph 

~z 

(±)-Benzyl 2-(phenylethynyl)pyrrolidine-1-carboxylate ( 4d) 
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Following the representative procedure, I-4d was obtained from but-3-en-1-ynylbenzene (32.0 mg, 0.25 

mmol, 2.0 equiv.) after 24 h, stirring at 105 QC. The product I-4d (13.3 mg, 35%) was isolated as yellow 

oil after flash column chromatography on silica gel (0-10% EtOAc/hexanes gradient). Rf= 0.8; 1H NMR 

(300 MHz, CDCh, 25 QC) rotomeric mixture: 8 7.53 - 7.12 (m, 10 H), 5.44 - 5.02 (m, 2 H), 4.93 - 4.68 

(m, 1 H), 3.74 - 3.29 (m, 2 H), 2.26 - 2.03 (m, 3 H), 2.03 - 1.90 (m, 1 H); BC NMR (75 MHz, CDCh, 

25 QC) rotomeric mixture: 8 154.5, 136.9, 131.7, 128.4, 128.1 , 122.9, 89.4, 82.2, 66.8, 49.2 , 48.7, 46.2 , 

45.8 , 34.0, 33.3 , 23.7; IR neat film: 3062, 2972, 2929, 2836, 1718, 1692, 1651 , 1513, 1393, 1246, 1165, 

1113, 1036, 828, 713 cm-1; HRMS (EI) calcd for [C20H19N1O2]: 305.1410; found; 305.1406. 

(±)-1-benzyl 3-ethyl 2-phenylpyrrolidine-1,3-dicarboxylate (I-Sa) 

Following the representative procedure, I-Sa was obtained from but-3-en-1-ynylbenzene (55 mg, 0.31 

mmol, 2.5 equiv.) after 24 h, stirring at 105 QC. The product I-Sa (14.6 mg, 33%, > 20: 1 dr) was isolated 

as colorless oil after flash column chromatography on silica gel (0-10% EtOAc/hexanes gradient). By 

analogy to the I-3h and 1-7, the structure is assigned to have trans configuration. Rf= 0.8; 1H NMR 

(400 MHz, CDCh, 25 QC) rotomeric mixture: 8 7.56 - 7.07 (m, 8H), 6.97 - 6.75 (m, lH), 5.44 - 4.82 

(m, 3H), 4.18 (q, J = 7.1 Hz, lH), 3.98 - 3.61 (m, 2H), 3.09 - 2.87 (m, lH), 2.33 - 2.08 (m, 2H), 1.26 

(t, J = 6.9 Hz, 3H); BC NMR (101 MHz, CDCh, 25 QC) rotomeric mixture: 8 172.6, 154.7, 142.8, 142.1 , 

136.8, 136.5, 128.6, 128.1 , 127.9, 127.4, 127.2, 125.5, 66.7, 64.0, 63.5 , 61.1 , 53.3, 52.1 , 46.9, 46.4, 26.8, 

14.1 ; IR neat film: 2981 , 1732, 1705, 1410, 1352, 1179, 1113, 769, 699 cm-1; HRMS (ESI) calcd for 
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0

j 
CO~e 

(1-7)-trans (1-7)-cis 

(E)l(Z)-benzyl 3-acetyl-2-(2-(benzo[d] [1,3]dioxol-5-yl)vinyl)pyrrolidine-1-carboxylate (I-7) 

Following the representative procedure, 1-7-trans and 1-7-cis were obtained from (2E,4E)-methyl 5-

(benzo[d][l ,3]dioxol-5-yl)penta-2,4-dienoate (67.5 mg, 0.3125 mmol, 2.5 equiv.) after 24 h, stirring at 

105 QC. The product 1-7-trans and 1-7-cis (30. 7 mg, 60%) ( dr = 5: 1) were obtained as a mixture from by 

flash column chromatography on silica gel (0-20% EtOAc/hexanes gradient) . The two diastereomers 

were further separated by HPLC (85 :15 to 75 :25 hexanes:EtOAc gradient). 

(1-7)-trans : HPLC (85 :15 to 75:25 hexanes:EtOAc gradient, Varian Dynamax 250x21.4 mm (LxID) 

microsorb 100-5 Si), Rt: 56 mins. 1H NMR (500 MHz, CDCh, 25 QC) rotomeric mixture: 8 7.46 - 7.09 

(m, 4 H), 6.93 - 6.62 (m, 3 H), 6.53 - 6.19 (m, 1 H), 6.05 - 5.80 (m, 3 H), 5.33 - 4.92 (m, 2 H), 4.87 -

4.68 (m, 1 H), 3.79 - 3.62 (m, 4 H), 3.62 - 3.45 (m, 1 H), 3.00 - 2.82 (m, 1 H), 2.30 - 2.06 (m, 2 H); 1H 

NMR (500 MHz, CDCh, 60 QC) rotomeric mixture: 8 7.42 - 7.18 (m, 5 H), 6.84 (br. s., 1 H), 6.73 (s, 2 

H), 6.39 (d, J= 15 .6 Hz, 1 H), 5.99 - 5.87 (m, 3 H), 5.26 - 4.99 (m, 2 H), 4.81 (br. s., 1 H), 3.81 - 3.65 

(m, 4 H), 3.65 - 3.44 (m, 1 H), 3.00 - 2.84 (m, 1 H), 2.29 - 2.07 (m, 2 H); 13 C NMR (126 MHz, CDCh, 

25 QC) rotomeric mixture: 8 173 .1, 147.9, 147.3, 139.4, 136.7, 130.8, 130.6, 128.4, 127.8, 126.8, 121.3, 

108.2, 105.8, 101.0, 66.9, 61.6, 52 .2, 50.1, 45 .9, 26.6; 

(1-7)-cis: HPLC (85:15 to 75 :25 hexanes :EtOAc gradient, Varian Dynamax 250x21.4 mm (LxID) 

microsorb100-5Si), Rt: 60 mins. 1H NMR (500 MHz, CDCh, 25 QC) rotomeric mixture: 8 7.45 -7.14 

(m, 5 H), 6.90 - 6.63 (m, 3 H), 6.46 (d, J= 16.1 Hz, 0.4H), 6.30 (d, J= 15 .6 Hz, 0.6 H), 5.98 - 5.90 (m, 
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2 H), 5.81 (dd, J = 14.9, 6.6 Hz, 1 H), 5.21 - 5.00 (m, 2 H), 4.86 - 4.70 (m, 1 H), 3.75 - 3.66 (m, 1 H), 

3.63 (s, 3 H), 3.48 (d, J = 7.8 Hz, 1 H), 3.23 (brs, 1 H), 2.35 (d, J = 9.3 Hz, 1 H), 2.11 (dt, J = 12.8, 6.5 

Hz, 1 H); 1H NMR (500 MHz, CDCh, 60 °C) rotomeric mixture: 8 7.42 - 7.25 (m, 6 H), 6.81 (brs, 1 H), 

6.72 (brs, 2 H), 6.36 (brs, 1 H), 5.93 (s, 2 H), 5.82 (dd, J = 15.9, 7.6 Hz, 1 H), 5.24 - 5.01 (m, 2 H), 4.79 

(brs, 1 H), 3.75 - 3.67 (m, 1 H), 3.64 (s, 2 H), 3.56 - 3.43 (m, 1 H), 3.29 - 3.15 (m, 1 H), 2.45 - 2.26 (m, 

1 H), 2.11 (dt, J = 12.3, 6.3 Hz, 1 H); IR neat film: 2952, 1732, 1696, 1629, 1491 , 1091 , 812, 759 cm-1; 

HRMS (EI) calcd for [C23H23O6N1]: 409.1520; found 409.1520. 

Note: nOe experiment was done to determine relative configuration. (see below) 

Determination of absolute configuration of compound (I-7) 

(f) 

(dl ~HH 

'o NCbz 
/a~~,• :_ : (h) 

CnOe (cJ 
H '-

The configuration of the major product (I-7) was done by using nOe analysis . Upon the irradiation of 

proton Ha (2.91 ppm), the nOe signal between Ha and He at 5.89-5 .93 ppm was observed. This is a clear 

indication that the proton Ha and the proton He of the alkene must be on the same side in order for this 

nOe signal to occur. From this analysis, it can be concluded that the configuration of major product (1-

7) is trans. 
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Benzyl 2-( 4-( methoxycarbonyl)phenyl)-2-(3,5,5,8,8-pentamethyl-5,6, 7,8-tetrahydronaphthalen-2-

yl)pyrrolidine-1-carboxyla te (1-8) 

NHCbz 

(E/Z)-Methyl 4-( 4-(benzyloxycarbonylamino )-1-( 4,5,5,8,8-pentamethyl-5,6, 7,8-tetrahydro

naphthalen-2-yl)but-1-enyl)benzoate (1-9) 

Following the representative procedure, 1-8 was obtained from bexarotene methyl ester (90.5 mg, 0.25 

mmol, 2.0 equiv.) after 36 h, stirring at 105 QC. The product 1-8 (24.3 mg, 36%) was isolated as colorless 

oil after flash column chromatography on silica gel (0 - 25% EtOAc/hexanes gradient) Rf= 0.8; Also 

1:1 E/Z mixture of Heck products 1-9 were also obtained (11 .1 mg, 16%). Rf= 0.4; 1H NMR (300 MHz, 

CDCh, 25 QC) rotomeric mixture: 8 8.15 - 7.62 (m, 2 H), 7.59 - 6.84 (m, 8 H), 6.61 (d, J= 5.9 Hz, 1 H), 

5.25 - 5.01 (m, 0.5 H),, 4.94 - 4.48 (m, 1.5 H), 4.00 - 3.66 (m, 5 H), 2.89 - 2.36 (m, 2 H), 2.08 - 1.86 (m, 

4 H), 1.85 - 1.57 (m, 6 H), 1.36 - 1.00 (m, 12 H); 13C NMR (75 MHz, CDCh, 25 QC) rotomeric mixture: 

166.9, 155 .1, 153 .5, 149.6, 148.9, 143.4, 141.5, 137.2, 136.8, 136.4, 135 .8, 131.7, 130.2, 128.6, 128.5, 

128.3, 127.9, 127.5, 125 .8, 125.4, 77.4, 76.6, 72 .5, 66.6, 51.9, 49.1, 48 .6, 44.2, 42 .8, 35 .2, 35 .1, 33 .8, 
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33 .7, 31.9, 31.6, 23.2, 22 .7, 22 .3; IR neat film: 2980, 2970, 2927, 1723, 1660, 1388, 1278, 1260, 1109, 

799, 699 cm-1; HRMS (EI) calcd for [C3sH41Q4N1] : 539.3030 found 539.3036. 

Alkene 1-9 (E and Z mixture, 1:1 , 11.1 mg, 16%): 

Rf= 0.4; 1H NMR (500MHz, CDCh, 25 QC) 8: 8.04 - 7.84 (m, 4 H), 7.41 - 7.18 (m, 14 H), 7.09 (d, J= 

8.3 Hz, 2 H), 6.97 (d, J = 19.0 Hz, 2 H), 6.26 (t, J = 7.3 Hz, 1 H), 5.72 (t, J = 7.3 Hz, 1 H), 5.20 - 4.99 

(m, 4 H), 4.78 - 4.51 (m, 2 H), 3.90 (d, J= 7.8 Hz, 6 H), 3.44 - 3.21 (m, 4 H), 2.49 (q, J= 7.2 Hz, 2 H), 

2.27 - 2.09 (m, 2 H), 2.02 - 1.84 (m, 6 H), 1.69 ( d, J = 8.8 Hz, 8 H), 1.31 (s, 6 H), 1.27 (s, 12 H), 1.23 

(br. s., 6 H); 13C NMR (75 MHz, CDCh, 25 QC) rotomeric mixture: 8 167.0, 156.3, 145.7, 144.1, 143 .2, 

142.4, 135 .1, 132.9, 129.6, 128.5, 128.1, 127.9, 126.2, 66.7, 52 .0, 40.6, 35 .2, 34.0, 33 .9, 31.9, 30.7, 29.7, 

19.3; IR neat film : 3341 , 2957, 2924, 1722 (overlap), 1605, 1278, 1110, 772, 698 cm-1; HRMS (ESI) 

calcd for [C3sH41Q4N1N ai]: 539.2939 found 539.2932 . 

Radical clock studies 

Synthesis of radical clock probe 

Ph''''~ 

( ± )( (lR,2S)-2-(buta-1,3-dienyl)cyclopropyl) benzene 

To the suspension of allyltriphenylphosphonium bromide (498 mg, 1.30 mmol, 1.30 equiv.) in 5 mL of 

anhydrous THF at O QC was added solution of 1.6 M nBuLi in THF (0.81 mL) dropwise . The ice-bath 

was removed and the red mixture was allowed to warm up to room temperature and stir for 30 minutes. 

Then, a solution of racemic 2-phenylcyclopropanecarbaldehyde18 (146 mg, 1.00 mmol, 1.00 equiv.) in 

1.0 mL of anhydrous THF was added dropwise at O QC. When the addition was completed, the ice-bath 
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was removed and the reaction was allowed to warm up to room temperature and stir overnight. Once all 

the aldehyde was consumed, the reaction was quenched with 10 mL ofbrine. The aq. layer was extracted 

with EtiO (15 mL x 3) and dried overNa2SO4 then concentrated to give crude oil. The diene was purified 

by using silica gel column chromatography (10:1, hexanes:EtiO). The product was obtained as pale 

yellow oil (54.6 mg, 32%). The product was the mixture ofE and Z isomer (1:1). Rf= 0.9; 1H NMR 

(400 MHz, CDCh) 8 6.99 - 7.35 (m, 10 H), 6.75 (dt, J=16.89, 10.69 Hz, 1 H), 6.31 (dt, J=l 7.19, 10.35 

Hz, 1 H), 6.16 (dd, J=14.65 , 10.74 Hz, 1 H), 6.01 (t, J=l0.94 Hz, 1 H), 5.43 (dd, J=14.84, 8.59 Hz, 1 

H), 5.20 (d, J=17.19 Hz, 1 H), 4.91 - 5.13 (m, 3 H), 1.88 - 2.06 (m, 2 H), 1.63 - 1.76 (m, 1 H), 1.21 -

1.36 (m, 2 H), 1.04 - 1.17 (m, 2 H); 13C NMR (101MHz ,CDCh) 8 142.0, 137.0, 136.8, 134.9, 132.5, 

129.3, 128.3, 128.2, 125.7, 125.7, 125.6, 116.9, 114.6, 26.8, 25.8, 25.7, 23.3 , 17.5, 17.1 ; IR (thin film) : 

3027, 1723, 1697, 1644, 968, 748, 696; HRSM (EI) [C 13H14t 170.1090; found 170.1091. 

1) 2M aq. LiOH (2 M) 
EtOH (reflux, 2 h) 
2) PhLi (3 equiv.), RT,

O~OEt 40 mins, 

PhAO,...t-Bu 
3) PPh3CH3Br (1.5 equiv.) 
KOtBu (1 .5 equiv.) 

0.5 mmol 57.4 mg (0 .19 mmol) 38% 
THF (0 °C to RT)

131 mg overnight 

To the solution of (1S ,2S,3R)-ethyl 2-tert-butoxy-3-phenylcyclopropanecarboxylate (131 mg, 0.50 

mmol) in absolute ethanol (2 mL) was added aq. solution of LiOH (2 M) (0.5 mL, 1 mmol, 2 equiv.). 

After 2 hours of reflux, the volatile component was evaporated under high vacuum and the liquid phase 

was extracted with EtOAc until the organic phase show no spot on TLC. The combined organic phase 

was dried over N a2SO4 and concentrated and placed under high vacuum to give a white solid which was 

used for the next step without purification. (Note: the compound seems to be acid sensitive so silica gel 

column chromatography was avoided). 
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Conversion of acid to ketone 

After placing the solid under high vacuum for 4 hours, the white solid was dissolved in anhydrous Et2O 

(2 mL) followed by the addition of solution of PhLi (I.SM in THF) (0.8 mL, 1.5 mmol, 3 equiv.) in 2 

mL of anhydrous EtiO dropwise. The red solution was allowed to stir at room temperature for another 

20 minutes. Meanwhile, a solution of NH4Cl (5 gin 250 mL DI water) was prepared and stored. The 

reaction was quenched with 2.5 mL of the NH4Cl solution described above. The reaction turned yellow 

and the phases were separated. The aq. phase was separated with Et2O (5 mL). The combined organic 

phase was washed with brine until the aq. phase is neutral to pH paper. The organic phase was then dried 

over Na2SO4 and concentrated to give a yellow oil which was used for the Wittig reaction step without 

purification. 

Wittig reaction step 

To the suspension of methyltriphenylphosphonium bromide (267 mg, 0.75 mmol, 1.50 equiv.) was 

suspended in 2.5 mL of anhydrous THF at to O °C was added solution of potassium tert-butoxide (84 

mg, 0.75 mmol, 1.50 equiv.) in THF (2.5 mL) dropwise. The ice-bath was removed and the yellow 

mixture was allowed to warm up to room temperature and stir for 30 minutes. Then, a solution of the 

crude oil from the previous step in 1.0 mL of anhydrous THF was added dropwise at O °C. When the 

addition was completed, the ice-bath was removed and the reaction was allowed to warm up to room 

temperature and stir overnight. Once all the starting material was consumed, the reaction was quenched 

with 10 mL of brine. The aq. layer was extracted with EtiO (15 mL x 3) and dried over Na2SO4 then 

concentrated to give crude oil. The alkene was purified by using silica gel column chromatography (10 

hexanes:1 EtiO) to yellow oil (57.4 mg, 0.19 mmol, 38%). Rf= 0.8; 1H NMR (400MHz, CDCh) 6 : 

7.52 (d, J = 7.8 Hz, 2 H), 7.36 - 7.27 (m, 7 H), 7.20 (dd, J = 4.1, 8.4 Hz, 1 H), 5.39 (s, 1 H), 5.05 (s, 1 
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H), 3.66 (dd, J= 4.1 , 6.1 Hz, 1 H), 2.28 - 2.21 (m, 1 H), 2.14 (t, J= 6.6 Hz, 1 H), 1.12 (s, 9 H); 13C 

NMR (101MHz, CDCh) 6 : 147.0, 140.6, 138.4, 133 .8, 133 .6, 128.7, 128.5, 128.4, 128.3, 128.1 , 128.0, 

127.7, 127.6, 126.8, 126.4, 126.0, 125.4, 109.6, 74.9, 59.2, 32.9, 31.6, 27.8; IR (thin film): 3059, 3025, 

2974, 1189, 720, 696; HRMS (EI) calcd for [C21H24Ot: 292 .1822; found 292 .1821. 

Probing the copper-catalyzed reaction with radical clocks 

Cu(OTfh (20 mol%) 
1, 10-phenanthroline (25 mol%) 

,. Mn02 (3 .00 equiv.) PhA~~ +Ph'' ~ Cbz1_)DCE(0.13M) 
105 °C, 24 h 

1-10, 51 % 

Following the representative procedure, (1-10) was obtained from (±) (1-((1S,2S)-2-

phenylcyclopropyl)vinyl)benzene (85 .2 mg, 0.5 mmol, 2 .00 equiv.), and potassium benzyl N-[2-

(trifluoroboranuidyl)ethyl]carbamate (I-la) (71.2 mg, 0.25 mmol, 1.00 equiv.) after 24 h stirring at 105 

°C. Following flash column chromatography on silica gel (10 - 20 % EtOAc/hexanes gradient) the 

pyrrolidine (1-10) (47.2 mg, 51 %) as a mixture of both E/Z and rotomer mixture, colorless oil. Rf= 0.8; 

1H NMR (300 MHz, CDCh) 8 6.92 - 7.57 (m, 10 H), 5.36 - 5.61 (m, 1 H), 4.98 - 5.36 (m, 3 H), 4.22 -

4.52 (m, lH), 3.12 - 3.54 (m, 2 H), 1.49 - 2.12 (m, 6 H), 0.82 - 1.31 (m, 2 H); 13C NMR (75MHz, CDCh) 

6: 155.0, 142.6, 142.4, 137.1, 132.9, 132.8, 128.9, 128.4, 128.3, 127.8, 125.6, 66.6, 58 .5, 46.6, 46.2, 

32.6, 31.7, 26.1 , 25 .0, 23 .6, 22.8, 16.8; IR (thin film) : 2970, 2877, 1698, 1411 , 748, 697; HRMS (ESI) 
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Cu(Olfh (20 mol%) Ph
1, 10-phenanthroline (25 mol%) 
Mn02 (3.00 equiv.) N~ + ~ + Ph,l(A..Ph
DCE (0.13 M) Ph (JCbz
105 °C, 24 h 

2 equiv. NHCbz 42% 
1-11, 18% recovered1-12, 13% 

Following the representative procedure, a mixture of pyrrolidine (1-11) and dihydronapthalene (1-12) 

were obtained from (±) (1-((1S,2S)-2-phenylcyclopropyl)vinyl)benzene (110 mg, 0.5 mmol, 2.00 

equiv.)19, and potassium benzyl N-[2-(trifluoroboranuidyl)ethyl]carbamate (I-la) (71.2 mg, 0.25 mmol, 

1.00 equiv.) after 24 h stirring at 105 °C. Following flash column chromatography on silica gel (10 - 20 

% EtOAc/hexanes gradient) the pyrrolidine (1-11) (17.9 mg, 18%), as colorless oil, were obtained as a 

mixture of diastereomers and rotomers. Dihydronapthalene (1-12) (37.5 mg, 38%) was isolated as 

colorless oil. The regiochemistry of (1-12) structure is supported by COSY. 

Benzyl 2-phenyl-2-(2-phenylcyclopropyl)pyrrolidine-1-carboxylate (1-11) 

Rf= 0.8; 1H NMR (400MHz, CDCh) 8 7.49 - 6.83 (m, 29 H), 6.66 (d, J= 7.4 Hz, 1 H), 5.32 - 4.98 (m, 

3.6 H), 4.98 - 4.83 (m, 0.4 H), 4.40 (d, J= 12.1 Hz, 0.35 H), 3.89 (d, J= 4.3 Hz, 2 H), 3.72 - 3.52 (m, 2 

H), 2.92 (d, J = 27.3 Hz, 0.2 H), 2.59 - 2.38 (m, 0.8 H), 2.26 - 1.90 (m, 3.1 H), 1.90 - 1.68 (m, 8 H), 1.38 

- 1.17 (m, 2 H), 1.17 - 0.91 (m, 2.2 H), 0.77 - 0.62 (m, 0.8 H); 13C NMR (101MHz, CDCh) 8 155 .0, 

153 .8, 147.5, 146.7, 142.2, 137.3, 136.6, 128.4, 128.2, 128.1 , 128.0, 127.8, 127.7, 127.6, 127.4, 127.3, 

126.8, 126.5, 126.4, 126.0, 125 .9, 125 .7, 125 .5, 125.4, 125.3, 69.7, 69.2, 66.6, 66.5, 66.3, 66.2, 49.5, 

48 .8, 38.9, 38.0, 37.8, 36.7, 30.8, 30.4, 29.2, 23 .0, 21.6, 21.3 , 20.9, 18.5, 14.9, 11.5, 11.4; IR (thin film) : 

3028, 2952, 2877, 1687, 1400, 1351 , 755 , 697; HRMS (ESI) calcd for [C21H2sO2N1t: 398.2115 found 

398.2113 . 

Benzyl 3-( 4-phenyl-3,4-dihydronaphthalen-1-yl)propylcarbamate (1-12) 
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Rf= 0.4; 1H NMR (300 MHz, CDCh) 6: 7.52 - 7.02 (m, 13 H), 6.85 (d, J= 7.6 Hz, 1 H), 5.89 - 5.74 

(m, 1 H), 5.10 (brs, 2 H), 4.75 (brs, 1 H), 4.05 (t, J= 8.2 Hz, 1 H), 3.32 - 3.11 (m, 2 H), 2.69 - 2.44 (m, 

4 H), 1.77 (d, J= 5.9 Hz, 2 H); 13C NMR (75 MHz, CDCh) 6: 156.4, 144.1 , 139.0, 136.6, 135.6, 134.4, 

128.5, 128.4, 128.3, 128.1 , 127.1 , 126.7, 126.4, 123.9, 122.7, 66.6, 44.1 , 40.8 , 31.4, 29.9, 28.5; IR (thin 

film): 3332, 3028,2937, 1698, 1518, 1453, 1248, 761 , 699 cm-1; HRMS (ESI) calcd for [C21H2sO2N1t: 

398.2115 found 398.2114. 

Cu(OTf)i (20 mol%) 
1, 10-phenanthroline (25 mol%) 

Ph _.JLPh Ph ~--::::o't-BuMnO2 (3.00 equiv.) Ph 

+ o o +7 DCE (0.13 M)
..,0 105 °C, 24 ht-Bu 
2 equiv. NHCbz NHCbz 

52 %1-13 1-14, 20% 1-15, 12% recovered 

Following the representative procedure, naphthalene 1-14, and dihydronapthalene 1-15 were obtained 

from (±)((1R,2S,3R)-2-tert-butoxy-3-(1-phenylvinyl)cyclopropyl)benzene (72.4 mg, 0.25 mmol, 2.00 

equiv.), and potassium benzyl N-[2-(trifluoroboranuidyl)ethyl]carbamate (I-la) (35.6 mg, 0.13 mmol, 

1.00 equiv.) after 24 h stirring at 105 °C. Following flash column chromatography on silica gel (10 - 20 

% EtOAc/hexanes gradient) the pyrrolidine a mixture of product naphthalene 1-13, and 

dihydronapthalene 1-14 (24.4 mg). The mixture was separated using HPLC (85% hexanes: 15% EtOAc 

to 80% hexanes: 20% EtOAc). Napthalene 1-13, retention time = 28 minutes, 12.3 mg (25%) and 

dihydronapthalene 1-14 retention time= 31 minutes, 7.3 mg (12%). The 4-phenylnapthalene isomer 1-

13 was assigned in preference to its 3-phenylnapthalene isomer based on NMR spectra correlation with 

literature compounds 1-methyl-4-phenylnapthalene20 and 1-methyl-3-phenylnapthalene21 . The 

regiochemistry of dihydronapthanlene of 1-14 is supported by COSY. 

Benzyl 3-( 4-phenylnaphthalen-1-yl)propylcarbamate (1-14) 
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Rf= 0.8; 1H NMR (300MHz, CDCh) 6 : 8.06 (d, J = 8.2 Hz, 1 H), 7.92 (d, J = 8.2 Hz, 1 H), 7.60 - 7.28 

(m, 13 H), 5.12 (s, 2 H), 4.81 (br. s. , 1 H), 3.45 - 3.25 (m, 2 H), 3.16 (t, J= 7.3 Hz, 2 H), 2.12 - 1.95 (m, 

2 H); 13C NMR (75MHz, CDCh) 6: 156.4, 140.9, 139.0, 136.9, 136.6, 132.0, 131.9, 130.1 , 128.5, 128.2, 

128.1, 127.1 , 127.0, 126.6, 125 .7, 125 .6, 123 .8, 66.7, 41.0, 30.8, 30.3; IR (thin film) : 3417, 3332, 3061 , 

3032, 2870, 2936, 1698, 1515, 1243, 769, 701 ; HRMS (ESI) calcd for M+Na, [C21H2sO2NNat: 

418 .1778 found418.1780. 

Benzyl 3-(3-tert-butoxy-4-phenyl-3,4-dihydronaphthalen-1-yl)propylcarbamate (1-15) 

Rf= 0.4; 1H NMR (300MHz, CDCh) 6 : 7.60 - 7.30 (m, 8 H), 7.24 - 7.06 (m, 5 H), 7.02 - 6.88 (m, 1 H), 

5.79 - 5.69 (m, 1 H), 5.09 (br. s. , 2 H), 4.91 - 4.78 (m, 1 H), 4.35 - 4.28 (m, 1 H), 4.15 (d, J= 7.6 Hz, 1 

H), 3.36 - 3.24 (m, 2 H), 2.58 - 2.48 (m, 2 H), 1.86 - 1.73 (m, 2 H), 1.04 (s, 9 H); 13C: is coming; IR 

(thin film) : 3335, 3029, 2927, 1719, 1131 , 756, 698; HRMS (ESI) calcd for M+Na, [C31H3sQ3NNat: 

492.2509 found 492.2500. The 13C NMR spectra was not obtained. Upon sitting in CDCh ( overnight 

NMR), the sample decomposed to give naphthalene 1-14. 
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Chapter II. Synthesis of oxygen-containing heterocycles via copper-catalyzed oxidative coupling 
between potassium alkyl trifluoroborate salts and alkenols and alkenoic acids 

Abstract 

Saturated cyclic ethers with a quaternary center are ubiquitous in natural and synthetic bioactive 

compounds. Constructing such motifs in a single step is a challenge for organic chemists. Thus, methods 

to achieve such a goal are much appreciated. In this chapter, we disclose novel copper-catalyzed syntheses 

of a large variety of oxygen-containing heterocycles via coupling reactions between unstabilized alkyl 

radicals, generated from potassium alkyltrifluoroborate salts, and alkenols or alkenoic acids. The methods 

could be used to achieve various ring sizes, thus far the synthesis of 5-, and 6-membered cyclic ethers 

have been achieved in moderate to good yields. Promising preliminary results of asymmetric catalysis of 

this transformation will be demonstrated in this chapter. 

Introduction 

Biologically active compounds containing saturated cyclic ethers 

Saturated cyclic ethers are oxygen-containing heterocycles, which are one of the most prevalent 

motifs found in many natural or synthetic compounds. Therefore, methods to access such motifs have 

attracted considerable attention due to their important physiological and biological activities. 1 Some 

bioactive cyclic ethers are shown in Scheme 11-1. Many of these compounds function as antagonists. The 

first compound is a Ca-receptor antagonist. 2 Next, Sonepiprazole (U-101387) is a selective D4 receptor 

antagonist with high affinity (Ki = 10 nM).2 The dopamine receptor plays an important role in the 

regulation of physiological functions such as mood and emotion. 2 Talopram is a selective norepinephrine 

reuptake inhibitor, which was studied in the 1960s and 1970s as depression management. It is also 

structurally related to other selective serotonin reuptake inhibitors, talsupram, citalopram and melitracen, 

a tricyclic antidepressant (TCA). 3 
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Scheme 11-1. Bioactive compounds with cyclic ether motifs 
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Inspired by those unique properties, chemists have developed a number of methods to synthesize 

cyclic ethers. Among these, transition metal-catalyzed alkene carboetherifications reactions are 

undergoing intensive investigations. This approach typically involves cyclization of the alcohol moiety 

onto the pendant metal-activated olefin. Transition metals used to achieve those transformations are 

usually copper, iron, gold, silver, iridium, or palladium. In the following section, different methods to 

achieve various cyclic ether motifs will be summarized. 

Summary of recent metal-catalyzed syntheses of cyclic ethers 

This approach typically involves cyclization of an alcohol moiety onto a pendant metal-activated 

alkene, followed by a subsequent C-C bond formation. 4 In 2016, the Tang group published a procedure to 

synthesize enantioenriched 1,4-benzodioxanes and chromans from allyloxy phenols using palladium salts 

and phosphine ligands (Scheme 11-2). 5 Under the reaction conditions, allyloxy phenols were converted 

into various 1,4-benzodioxanes and chromans in moderate to good yields with high enantioselectivities. 
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However, this method could only yield 2,3-dihydrobenzofuran in 60% and 15% ee from the corresponding 

allyloxy phenol. Moreover, that was the only example demonstrated. The paper also featured two 

additional syntheses of chromans in low to good yields with good enantioselectivities. From a mechanistic 

point of view, the reaction started with the oxidative addition of aryl bromide to form a palladium (II) 

complex (II-A). In the presence of NaO'Bu, base-assisted ligand exchange occurred, leading to the 

formation of the Pd (II) complex (11-B). This complex could give a Heck-type product via a reductive 

elimination pathway. Alternatively, the complex could undergo a syn-oxopalladiation to give the 

palladium complex (11-C), which could result in the formation of the cyclic product (Scheme 11-2). A 

drawback of this method is the limited scope chromans and dihydrobenzofurans that can be achieved by 

using this method. 

In 2016, the Wolfe group published a procedure to achieve aryl substituted 2,3-dihydro-benzofuran 

and chroman motifs from 2-allyl phenols by using Pd(OAc )2/CPhos ligand, in the presence of LiO'Bu, at 

a moderately high temperature (Scheme 11-3).6 This method enables coupling of different 2-allyl phenols 

and aryl or vinyl triflates to yield cyclic ethers in low to high yields with moderate to high 

diastereoselectivities. The proposed mechanism is similar to the catalytic cycle proposed by the Tang 

group (2016). It started with the oxidative addition ofPd0 onto the aryl or vinyl triflate to form a cationic 

Pd (II) complex (11-F) which could bind to the phenol, bearing the olefin moiety, to form another Pd (II) 

complex (11-G). This complex then coordinated to the deprotonated phenol followed by anti-palladation 

of alkene to form the intermediate 11-H. Reductive elimination ofPd from the intermediate 11-H gave the 

cyclic product and Pd0
, which reenters the catalytic cycle. The scope of this reaction is generally limited 

to sp2-carbon coupling partners, e.g. aryl and vinyl halides. 

99 



Scheme 11-2. Synthesis of [1,4]-dioxanes 
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Scheme 11-3. Synthesis of cyclic ether via Pd-catalyzed cyclization 
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Among the metals investigated, copper salts have been acclaimed for their low cost and low 

toxicity. 1• 
7 Its moderately low oxidation potential allows copper (I) to be easily oxidized to copper (II), 

which can fit into many catalytic processes. Copper's possible oxidation states Oto 3 allow it to participate 

in single or two-electron transfer processes. 7 This property allows copper salts to be used as either catalysts 

or cocatalysts. Another interesting property of copper salts is the ability to coordinate strongly to chiral 

nitrogen-base ligands such bis( oxazolines ), or bipyridines. Their stable complexes can be used to induce 

or transfer chirality from the catalysts to the final products. When compared to some other transition 

metals that can only synergize with phosphine ligands, which are usually air-sensitive, copper is more 
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user-friendly and has a lower cost of maintenance. Recent progress in copper-catalyzed heterocycles 

syntheses can be found in these reviews. 1• 
7 

The Chemler group has also developed methods to access cyclic ethers using copper-catalyzed 

processes. In 2012, we published a copper-catalyzed carboetherification of alkenes. 8 The report featured 

a doubly intramolecular carboetherification to form enantioenriched bicyclic ethers using Cu(OTf)2/(R,R)

Ph-Box complex (Scheme 11-4). This method featured a wide range of aliphatic alkenols, more than 20 

examples, with good to high yields and high diastereoselectivities and enantioselectivities. We proposed 

that the reaction started with cis-oxycupration of copper (II) complex with the aliphatic alkenol to form 

II-TS-A, which is analogous to aminocupration. 9 The configuration of the transition state showed that the 

large R-group was placed on the equatorial position resulting in the formation of2,5-trans-tetrahydrofuran 

diastereomer (11-1) . Homolysis of the C-Cu bond gave a primary carbon radical 11-J, which can couple 

with the aromatic ring on the backbone of the substrate, to form another cyclic structure 11-K. The catalytic 

cycle was completed with the reformation of aromaticity and the oxidation of Cu(I) to Cu(II), which then 

reentered the catalytic cycle. 

Scheme 11-4. Copper-catalyzed double intramolecular carboetherification reaction 
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In 2014, we also published an enantioselective carboetherification/intermolecular Heck-type 

coupling using Cu(OTf)2/(S,S)-rBu-Box as the catalyst. 10 In this paper, the scope of the reaction was 

expanded to include an intermolecular coupling with vinylarenes to give enantioenriched cyclic ethers 

with highly substituted alkenes on the backbone. The reaction is believed to follow the same catalytic 

cycle proposed in the previous paper (Scheme 11-5). 8 The paper featured a more detailed mechanistic study 

using DFT calculation to identify the major transition state 11-TS-B that dictates the stereochemistry of 
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the products. The interaction between the hydrogen of the terminal alkene and the hydrogen on the carbon, 

bearing t-Bu group on the ligand increases the energy of the transition state 11-TS-C. The formation of 

the radical intermediate 11-M could either bite onto an aryl ring on the backbone of the substrate or get 

coupled with an external vinylarene as a radical acceptor to generate a new radical species 11-N. After the 

oxidative deprotonation of the intermediate 11-N, the final product was obtained. A limitation of this 

method is that only five-membered rings cyclic ethers syntheses were demonstrated. 

Scheme 11-5. Enantioselective carboetherification/intermolecular Heck-type coupling 
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The proposed mechanism 
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Summary of radical-type cyclization 

A more recent complementary approach involves a C-C bond formation via an alkyl radical 

addition to an alkene followed by a metal-facilitated C-O bond formation. Radical chemistry is a very 

powerful tool in organic synthesis and is widely recognized by its unique ability to overcome steric 

challenges of some synthetic targets. 11 Although both the racemic and enantioselective transformations 

have been reported, oftentimes the range of alkyl coupling partrlers is limited to a few stabilized alkyl 

radicals such as perfluoroalkyl, 12 a-cyano,13 and a-carbonyl radicals .14 Some of the related radical induced 

cyclizations will be discussed in the following section. 
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In 2012, the Buchwald group reported a procedure to convert alkenols into cyclic ethers by using 

Togni's reagent and Cu(I)/2,2' -biquinoline (Scheme 11-6). 15 The authors performed their cyclization on a 

variety ofaliphatic alkenols and alkenoic acids to form various ring-size (3 , 4, and 5) cyclic ethers . Togni's 

reagent was used as the methyltrifluoro radical precursor. This radical is stabilized by the presence of the 

three fluoro groups. They proposed that the reaction began with the generation of trifluoromethyl radical 

from the Togni' s reagent. The radical then coupled with the olefin to generate a new radical species, which 

could undergo a cyclization with either the alcohol or the carboxylic acid moiety, which was tethered to 

the backbone of the substrate, to give cyclic ethers or y-lactones . They were not sure if the cyclization 

occurred through a radical intermediate or an organocopper complex. However, both routes led to the 

same product. The method allows access to epoxides, oxetan-2-ones, lactones, tetrahydrofurans, and 

chromans in low to good yields . One of the limitations of the paper is the lack of mechanistic 

understanding. In addition, the scope was limited to the highly stabilized, trifluoromethyl radical. It is also 

a racemic reaction. 

Scheme 11-6. Synthesis of cyclic ethers via radical induced cyclization 
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In 2015 , Buchwald and co-workers published an improved version of this procedure. This paper 

featured syntheses ofy-lactones from aliphatic alkenoic acids (Scheme 11-7).16 This report provided a more 

in-depth elaboration on the mechanism, which was lacking in the previous report. A wider scope of 

radicals was demonstrated in this report. Radicals such as azide, sulfone, aryl, carbonyl, alkyl, and aryl 

could be generated using this method. However, the expansion of the methods to generate unstabilized 

alkyl radicals was still limited. Only one case of the unstabilized alkyl radical, methyl radical, was 

illustrated. In addition, the yield of the coupling reaction using the methyl radical was very low, 20%. 

Their method employed Cu(MeCN)4PF6/(S,S)-t-BuBox complex as their catalyst to oxidize the Togni's 

reagent. In order to oxidize the other radical precursors, PhI(OAc)2, was used as the co-oxidant. Those 

radicals were then coupled with the aliphatic alkenoic acids followed by cyclization to furnish cyclic 

ethers. The scope of alkenes includes styrenal and enynoic acids. Under the reaction conditions, various 

lactones were obtained in moderate to good yields and moderate to high enantioselectivities (Scheme 11-

7). According to their proposed mechanism, there was a coordination between the carboxylic acid moiety 

and the chiral Cu(II) complex, which allowed the chirality transfer to the final cyclic product. Surprisingly, 

aliphatic alkenols were not examined in this study. This creates an opportunity for the development of 

methods that can generate unstabilized radicals to achieve such cyclization on alkenols . This cyclization 

relied on only the highly stabilized radicals. Development of a more general route for in situ production 

of alkyl radicals would be an asset to this type of cyclization. 

107 

https://11-7).16


Scheme 11-7. Improved synthesis of cyclic ethers via radical cyclization 
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Another recent report authored by Zhu et al (2106) described a method that utilized a-cyano alkyl 

radicals, generated from acetonitrile derivatives by using Cu (II) complex, to synthesize 1,3-

dihydroisobenzofurans (Scheme II-8). 17 This process could be used to convert various 2-vinyl benzylic 

alcohols into various nitrile substituted 1,3-dihydroisobenzofurans in low to good yields. The authors 

postulated that the process was initiated by the generation an a-cyano alkyl radical from the corresponding 

derivative of acetonitrile using copper (II) catalyst. The radical then coupled with the olefin to generate a 

new benzylic radical species, which could get oxidized by Cu+2 to give a benzylic carbocation followed 

by the addition of the alcohol moiety to furnish the cyclic product. Alternatively, the benzylic radical 
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could also combine with the Cu (II) complex via oxycupration to form a new copper complex, as shown 

below. This complex can undergo a reductive elimination to give the same product. These two pathways 

yield the same product. However, the latter one could, in theory, transfer the chirality from the catalyst to 

the final product. Nevertheless, no enantioselective attempts were disclosed in their report. Similarly, 

although this method is an efficient way to produce alkyl radicals but the scope of the alkyl radicals is 

limited to stabilized alkyl radicals, a-cyanoalkyl radicals. Additionally, this method is racemic. 

Scheme 11-8. The synthesis of cyclic ethers via a-cyano radical induced cyclization 
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Summary of methods to generate alkyl radicals 

Since this study involves utilization of unstabilized alkyl radicals in a cyclization, some methods 

to generate unstabilized alkyl radicals will be discussed. In 2003 , the Studer group disclosed a procedure 

to generate a ,a-dicarbonyl alkyl radicals from dicarbonyl TEMPO adducts at an elevated temperature 

without using any metal catalyst (Scheme 11-9). 14 Basically, the reaction conditions rely on thermal 

decomposition as a means to access the alkyl radicals. Unsurprisingly, the alkyl radicals require the 

dicarbonyl group on the a-carbon to stabilize them. In the presence of vinylarenes, those alkyl radicals 

generated another radical species, which coupled with the free TEMPO radical to give the final products 

in low to moderate yields. One of the main drawbacks of this reaction is the requirement of high 

temperature (135 °C). Moreover, reactions could take up to 5 days to complete or achieve an acceptable 

yield in most cases. Similarly, the scope ofradical is limited to the only a ,a-dicarbonyl stabilized radicals. 
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Scheme 11-9. Generation of alkyl radical from a,a-dicarboxylate using heat 
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Alternate approaches to generate unstabilized alkyl radicals using transition metals have been 

reported. Some of those methods were mentioned in the earlier chapter. The following section will only 

discuss the methods to generate those alkyl radicals, which were used in alkene coupling reactions. 

Oftentimes, those radicals are derived from peroxides or peroxy acids, which are not bench-stable. 18 The 

transition metals are used as oxidants in this type of radicals' generation. 

Recently, in 2017, the Bao group published methods utilizing Fe(OTf)3 as their catalyst to generate 

alkyl radicals from the corresponding alkyl peroxy acid or peresters (Scheme II-10). 19 In this method, 

freshly prepared alkyl peroxy acids or peresters, from their parent carboxylic acids, were oxidized by the 

iron catalyst and peroxides, as co-oxidants, to give various alkyl radicals. These alkyl radicals were then 
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coupled with conjugated olefins to generate new benzylic or vinylic radicals, which later got oxidized to 

form benzylic or vinylic carbocations. The nucleophilic attack of the alcohol moiety, intermolecularly or 

intramolecularly, gave the carboetherification products in moderate to high yields. A wide range of 

conjugated alkenes including vinylarenes and dienes were demonstrated in this study. The method allows 

access to various alkyl radicals such as 1°, 2°, and 3 °. However, only one example to demonstrate the 

synthesis of a cyclic ether was illustrated. In addition, the cyclic ether was obtained in 45% under the 

reaction condition. Since this is a decarboxylative oxidation type reaction, aliphatic alkenoic acids cannot 

be used to achieve lactones. The authors also advised exercising caution when heating up these peroxides 

or perester at high temperature, indicating a risk associated with these procedures. They also stated that 

their method would require the peroxy acids or peresters to be made in-situ and used directly in the 

following reaction. Additionally, the method is racemic. 

Scheme 11-10. Iron-catalyzed alkyl radical generation from peroxides 
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Alkyl halides can also be used as radical precursors by using metal catalysts namely cobalt, 

palladium, nickel, iridium, and copper salts. 20 In 2013 , the Liu group disclosed a procedure to generate 

alkyl radicals from a-bromo alkyl carboxylates by using an iridium complex under visible light (11, = 450 

nm) (Scheme 11-11).21 The backbone of the strategy relies on the carboxylate group on the a-carbon to 

stabilize the alkyl radical generated. This method enabled the transformation of various vinylarenes to y

lactones in moderate to high yields . According to the proposed mechanism, the reaction requires an 

external nucleophile source such as water to achieve the cyclization. One of the drawbacks of this method 

is similar to what has been mentioned earlier- the need for a stabilizing group on the alkyl radical. This 

method cannot be used to synthesize the tetrahydrofuran motifs because the alcohol group on the a-carbon 

were not demonstrated to stabilize the alkyl radicals produced. Moreover, this reaction is racemic. 

Scheme 11-11. Generation of alkyl radical from alkyl halide and photocatalysis 
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In a recent review authored by Li et al. (2018), alkyltrifluoroborates have been used as alkyl radical 

precursors in many transformations. 22 According to the summary, the number of methods utilizing 

photoredox oxidation oforganotrifluoroborates to their corresponding alkyl radicals has greatly increased. 

Unfortunately, the utility of those alkyl radicals to construct heterocycle motifs is still rare. We have 

discussed the advantages and unique properties of organotrifluoroborates in the previous section. They 

are good sources of alkyl radicals, which are greener and user-friendly compared to the traditional 

organostannanes. In addition, the applications of these unstabilized alkyl radicals in catalytic asymmetric 

transformations are very rare. 
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The Chemler group in 2013 demonstrated that potassium alkyltrifluoroborates can be oxidized to 

generate a range of alkyl radicals, which participated in copper-catalyzed Heck-type coupling reactions to 

yield highly substituted alkenes. 23 Our method can generate alkyl radicals that require no stabilizing group 

on the a-carbon.24 Later, in 2016, our group disclosed a copper-catalyzed oxidation of ~

aminoalkyltrifluoroborates to generate alkyl radicals bearing carbamate groups that can undergo a net 

[3+2] annulation with alkenes to form various pyrrolidines.25 This transformation is an alkene 

carboamination that enables the concise synthesis of2-aryl or 2-vinyl pyrrolidines. The study serves as an 

inspiration to expand the scope of this kind of cyclization by using different heteroatom-substituted 

alkenes. Although we aimed to make this transformation an enantioselective method, those attempts have 

not yet been successful (discussed in Chapter 1). Therefore, we aimed to investigate this type cyclization 

further, hoping to develop an enantioselective cyclization using alkyltrifluoroborates as the unstabilized 

alkyl radical source. 

Objectives 

In this study, we aimed to expand the utility of alkyltrifluoroborates to synthesize a variety of 

saturated oxygen heterocycles via inter- then intramolecular alkene carboetherfication catalyzed by copper 

(II) salts . Another factor that inspired us to study this cyclization is the cyclic ether motifs that are very 

prevalent in both natural and synthetic compounds (Scheme II-1) . The application of 

organotrifluoroborates is inspired by many advantages and unique properties of alkyltrifluoroborates as 

green and user-friendly radical precursors, which was discussed earlier. Additionally, we aimed to expand 

the study of copper-catalyzed oxidation to achieve unstabilized alkyl radicals from a larger variety of 

alkyltrifluoroborates. Those salts will also contain different functional groups on their backbone. 

However, those functional groups are not required for the stabilization of the radicals produced. The 

envisaged cyclization is shown in the Scheme II-12. The alkenols and alkenoic acids are classified into 
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three different families (Scheme II-13). The 11-2 series would give five-membered rings after cyclization. 

The 11-4 series would generate six-membered cyclic ethers, while the 11-6 series would generate seven

membered cyclic ethers. This study also aims to address the gap concerning the lack of utilization of such 

unstabilized alkyl radicals in asymmetric catalysis transformations. 

Scheme 11-12. Envisaged scope of the synthesis of cyclic ethers 
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Significance of this study 

This study enables access to a handful of saturated cyclic ethers motifs from alkenoic acids and 

alkenols by using inexpensive transition-metal catalysts, copper salts. In addition, green and stable alkyl 

radical precursors will be used to achieve a wide range of unstabilized alkyl radicals. The alkyl radicals 

generated using this method required no additional stabilizing functional group(s) (i.e. polyfluoro, 

dicarbonyl etc.) on the a-carbon. Tetrahydrofurans, y-lactones, pyrans, isochromans, isobenzofurans and 

novel 1,4-morpholines or 1,4-morpholinones are envisioned to be accessible via this method. Those 

saturated cyclic ethers would also contain at least a quaternary center, which is constructed in one step. 

Hopefully, this method can be used to achieve a variety ofnovel compounds bearing the morpholine motif, 

which is commonly found in many recent marketed drugs. 

Proposed mechanism 

We hypothesized that in the presence of the copper (II) complex, potassium akyltrifluoroborates 

would be oxidized to generate alkyl radicals. The radicals would then couple with the olefin moiety to 

generate benzylic or vinylic radicals. The new radical intermediates could then couple with the Cu(II) 

complex, which coordinates to the hydroxyl group of either the alcohol or the acid group of the substrate, 

to form a Cu(III) complex. The complex would then undergo a reductive elimination to give cyclic ethers 

and Cu(I), which would get oxidized to Cu(II) to reenter the catalytic cycle (Scheme 11-14). Alternatively, 

the new benzylic radical can also get oxidized to generate a benzylic carbocation, to which the alcohol or 

acid group could cyclize onto to furnish the final product. 
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Scheme 11-14. The proposed mechanism 
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Result and Discussion 

In this chapter, we disclose a novel copper-catalyzed oxidation ofalkyltrifluoroborates to generate 

unstabilized alkyl radicals, which can couple with alkenols or alkenoic acids to form various saturated 

cyclic ethers with different ring sizes. The study began with optimization studies to find the best conditions 

to couple alkenols with organotrifluoroborates. Based on the insight provided by our previously reported 

cyclization in 2016,25 alkenes requires at least a conjugation system in order to couple with the alkyl 

radicals generated under these conditions. Theoretically, 1°, 2 °, or 3 ° alcohols are expected to undergo the 

coupling reaction with the organotrifluoroborates under this reaction condition. The tertiary alcohol II-2a 

was chosen for the optimization to simplify the analysis of the initial results. In addition, the 3 ° alcohols 

have more steric hindrance at the alcohol moiety. This steric could reduce the tendency to form the Chan

Lam side- product. 26 Secondary alcohols were avoided at this stage because they could give diastereomers, 

which could complicate the analysis of the results. Since the same starting material can be used to 

synthesize both II-2a and II-2b, we decided to synthesize both alkenols. The compound II-2a and II-2b 
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could be synthesized from ethyl 4-oxo-4-phenylbutanoate39 via a Wittig reaction followed by a LAH 

reduction or reaction with MeMgCl (3.05 M, 5.0 eq) to give the desired alkenols (Scheme 11-15). 

Scheme 11-15. Synthesis of alkenols 

1) PPh3CH3Br, K01Bu, THF (86%) 

2) LAH,THF (67%) 

_ ~ k 
Ph 7f "-"" 'OH 

TT-2a 

1) PPh 3CH3Br, K01Bu, THF (86%) 
2 M MeCl ,THF 72% Ph~OH 

IT-2b 

Having obtained the starting materials, I continued to examine their reactivities under the reaction 

conditions. A summary of the optimization results can be found in Table 11-1 . Gratifyingly, we discovered 

that II-2a reacted with the potassium benzyl trifluoroborate II-la in the presence of Cu(OTf)2/ l ,l0-

phenanthroline (20 mol¾:25 mol¾), MnO2 (255 mol¾), in anhydrous DCE stirred at 105 °C to give the 

product II-3a in 65% yield after 22 hours of stirring (entry 1, Table 11-1). Addition of a mild base K2CO3 

(1 eq.) did not show any significant improvement to the yield of the product II-3a (entry 2, Table 11-1). 

Table 11-1. Optimization table 

Cu(OTfb (X mol%)/L 1 (Y mol%), 
MnO2 (Z mol%), DCE, 105 °C, 24 h, 4 A MS Phi o_f_ 

e ® 
PXJ 

Ph,,............_BF3K 

II-2a (150 mol¾) II-la 100 mol¾ II-3a 

List of ligands used 
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~ 

;ni 'N_,..... 
~N 

~d-0 ~ ob
N N _,.....N....__ 

(l , l 0)-phenanthroline (S,S)-t-BuBox TMEDA bipyridine (S)-t-BuPyrox 

L1 L2 LJ L4 LS 

Cu(OTf)2 (mol%) Ligand (mol%) [O] (mol%) Is. Yield 

1a 20 Ll (25) MnO2 (255) 65 

2b 20 Ll (25) MnO2 (255) 68 

3c 20 Ll (25) MnO2 (255) 88 

4c 10 Ll (13) MnO2 (255) 84 

5 10 Ll (13) MnO2 (133) 66 

6 10 L2 (13) MnO2 (255) 53 

r 10 L2 (13) Ag2CO3 (200) 87 

8 10 L3 (13) MnO2 (2 .55) (45% conv.) 

9 20 L4 (25) MnO2 (255) 74 

10 20 L5 (25) MnO2 (255) 72 

a Run for 22 hours, no 4A MS used b 1 eq of K2CO3 used, 24 hr, no 4A MS used c Add II-la m 2 equal port10ns at ½ time 
interval. 

Addition of 4 A MS to the reaction improved the yield to 88% (entry 3, Table 11-1). A thorough analysis 

of the 1H NMR of the crude mixture from these reactions revealed that a singlet peak at - 2.9 ppm was 

always present. This peak belongs to the side product, 1,2-diphenylethane, a dimer formed after 2 benzylic 

radicals coupled with each other.23 Dr. Liwosz also observed the same side product when the alkene was 

excluded from his reaction conditions.23 The formation of the dimer could be avoided by either increasing 

the loading of alkene to ensure that all of the radicals generated had coupling partrlers. Alternatively, we 

could also add the II-la in portions. This was done to maintain high alkene : radical ratio . Thus, I decided 

to test the hypothesis by adding the II-la in 2 equal portions at a 12-hour time interval, which is the half 
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time required for the reaction to complete. The crude 1H NMR of this attempt showed virtually no peak 

at - 2.9 ppm. Therefore, I concluded that reactive alkyltrifluoroborate such as II-la would require a 

controlled addition in order to minimize side product and increase the efficiency of the reagent. It is also 

safe to generalize that if the rate of dimerization between to two alkyl radicals is too high, the portion

wise addition of the salt is advised. 

The copper/ligand loading is also another important variable of this transformation. Thus, I evaluated 

different copper/ligand loadings. When the copper/ligand loading was lowered to 10 mol¾:13 mol¾, the 

optimal yield of II-3a was still obtained ( entry 4, Table 11-1 ). The next variable to be investigated was the 

oxidant loading. Theoretically, this cyclization requires at least 2 equivalents of oxidant, thus, lowering 

oxidant loading to 133 mol¾ reduced the isolated yield to 66% (entry 5, Table 11-1). Interestingly, when 

Cu(OTf)2/L2 (10 mol¾:13 mol¾) was used, only 53% of the product was isolated (entry 6, Table 11-1). 

When oxidant was switched to Ag2CO3, under the same reaction conditions high yield could be obtained 

again ( entry 7, Table 11-1 ). The reason why L2 was used in this optimization is that we were also interested 

in developing asymmetric catalysis for this transformation. The asymmetric catalysis aspect of this 

reaction will, however, be discussed in more detail in the later section. Changing the chiral ligand to 

another chiral ligand LS did not affect the isolated yield of II-3a, at copper: ligand (20 mol¾:25 mol¾) 

loading (entry 10, Table 11-1). Two additional achiral ligands L3 and L4 were selected as ligands for 

screening because they have a similar structure compared to 1, 10-phenanthroline (Ll ), except for their 

structural rigidity. These two ligands are also commercially available and comparable in term of cost. If 

needed these ligands can also be transformed into the chiral version for asymmetric catalysis studies. The 

achiral bis( oxazoline) ligand was not included in this screening because it was already shown, by Dr. 

Liwosz, to give a lower yield compared to 1, 10-phenanthroline. In addition, it is not commercially 

available and requires synthesis. Unfortunately, the ligand L3 did not show as good reactivity as Ll under 
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this coupling condition. The ligand L4 showed a similar reactivity to the ligand Ll under the same reaction 

condition. From these data, it can be concluded that II-la (100 mol¾), II-2a (150 mol¾), Cu(OTf)2/ l ,l0-

phenanthroline (10 mol¾/13 mol¾), MnO2 (255 mol¾), 4 A mole. sieves, in DCE at 105 °C is the best 

condition for this transformation. However, a more general condition was set to be Cu(OTf)2/ l ,l0-

phenanthroline (20 mol¾/25 mol¾) because some of the organotrifluoroborates are not as reactive as Il

la. It is worth noting that in some cases, a minute amount of structurally unconfirmed side product is 

observed under this reaction condition. Based on the polarity and 1H NMR of the impure mixture of the 

product, the side-product is predicted to be the product formed via a Chan-Lam coupling mechanism 

because this coupling is well known for its ability to form C-O or C-N functional group on either oxygen 

or nitrogen heteroatom using organoboranes. 26 

Expansion of potassium alkyltrifluoroborate salts scope 

The next aspect of this study was to expand the scope of alkyltrifluoroborates. A few 

organotrifluoroborates, which have different functional groups on their backbone were evaluated under 

the reaction conditions (Scheme II-16). We were delighted to discover that this coupling condition could 

generate a wide range of unstabilized alkyl radicals such as those containing different functional groups 

such as an ester, a dihydropyran, and a nitrile on their backbone. 

Scheme 11-16. Scope of the potassium alkyltrifluoroborate salts 

0~e®e © Oe® 
NC

'le® Cle® 0 BF3KPh..,,........_,_BF3K BF3K BF3K BF3K 't-Bu 
11-la 11-lb 11-tc II-Id II-le 

A summary ofthe attempts to expand the scope ofthe alkyltrifluoroborates can be found in Scheme 

II-17. Under the optimized condition, a variety of tetrahydrofuran derivatives have been successfully 

synthesized in moderate to high yields from their corresponding organotrifluoroborates and alkenol II-2a 
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and II-2b (Scheme II-17). As described in the optimization section, II-la salt is the most reactive one and 

could achieve the transformation under both optimized and best conditions with II-2a to give cyclic ether 

II-3a in 84% yield. Coupling II-la with II-2b, a primary alcohol, gave II-3b in a lower yield, 65%. As 

discussed earlier, primary alcohols are expected to have higher tendency of the C-O coupling type via a 

Chan-Lam coupling with a radical, resulting in the observed lower yield of the cyclic product. The lack 

of Thorpe-Ingold effect might also contribute to the observed slower rate of cyclizaiton. 

Scheme 11-17. Products resulted from alkenols coupling reaction 

x:>r-rPh CN 

~ 
~ CO,tBu 

~O Ph OPh 

ll -3a ll-3b ll-3c ll-3d" ll-3e" 

84% 65% 73% 42% 68% 

a run PhCH3 at 120 "C 

Next, we were excited to try a new salt II-le, which have not been demonstrated in our previously 

reported copper-catalyzed oxidation conditions. The salt II-le generated an ethyl radical, bearing a nitrile 

group at the end of the chain, under this reaction condition. The nitrile group is located on the ~-carbon, 

which only stabilizes the radical through a weak inductive effect. Unlike the alkyl radicals, generated 

using the other methods mentioned above, these radicals require no stabilizing group(s) on the a-carbon. 

When coupled with the II-2a under the standard condition, II-le gave the cyclic ether II-3c in 73% yield. 

The product II-3c, which has a pendent nitrile group on one end, can be transformed into another 

functional group such as an alcohol, an amine, an amide, or a carboxylic acid. This entry also encourages 

more attempts to include other alkyltrifluoroborates with various chain length containing a nitrile group, 

in order to achieve a broader range of cyclic ethers containing a nitrile group. 
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Next, cyclopentyl radicals, which was generated from the salt II-ld under the standard condition, 

also coupled with the alkenol II-2a to give the cyclic ether II-3d in 42% yield. A similar reactivity was 

observed by Dr. Liwosz while trying to oxidize this salt to achieve his Heck-type coupling product. 23 The 

Akita group also encountered the same problem while trying to oxidize a cyclic aliphatic 

alkyltrifluoroborate using their method. 27 The reason responsible for the low reactivity could have been 

due to the high oxidation potential of saturated aliphatic alkyltrifluoroborates. The trend was described by 

the Fuchigami group (2016) and discussed in the previous chapter. 28 Moreover, the salt II-ld is sterically 

hindered, which makes it more difficult to transmetallate. This factor could also contribute to the observed 

low reactivity. Perhaps, conversion of the potassium salt into a triolborate ester salt might lower its 

oxidation. Alternatively, switching from potassium cation to nBuN4+ cation of the salt could lower the 

oxidation potential leading to a better yield. The alkyltrifluoroborate II-le has an ester group on the /3-

carbon also tolerated this reaction condition. The cyclic ether II-3e was obtained in 68% yield, when II-

2a was coupled with II-le, under this condition with a few modifications. In order to achieve this yield, 

the reaction was done at 120 °C and 24 hours of stirring. Due to the low boiling point of DCE, the solvent 

was also switched to PhCH3. 

An attempt to synthesize dihydroisobenzofurans using a known alkenol 2-(2-vinylphenyl)propan-

2-ol29 II-2d and II-la under the standard reaction condition was done. Under the racemic condition, the 

product II-3f was obtained in 80% yield (Scheme 11-18). When the ligand was switched from Ll to L2, 

interestingly, only 26% of the desired product II-3f was isolated. The majority of the mass consisted of 

an unidentified product. Currently, the potential structure was assigned to be the dimer II-3f' as shown 

below. The predicted structure was based on the possibility of the higher rate of cyclization of the alcohol 

onto the olefin compared to the rate of addition of the alkyl radical to the olefin. The former case would 
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generate a primary carbon radical which could dimerize to give this side product. This substrate requires 

revisiting in order to fully understand what actually happened to the substrate when chiral ligand was used. 

Scheme 11-18. Attempt to synthesize dihydroisobenzofurans 

Cu(OTfh (20 mol%)/L 1 or L2 (25 mol%), 
MnO2 (255 mol%), DCE, 105 °C, 24 h, 4 AMS 

~H # 
e @ ~ + 

Ph......----BF3K Ph 
II-2d (200 mo!%) 100 mol% II-3f II-3f' 

with L 1 (1 , 10)-phenanthroline, 80% 
with L2 (S,S)-t-Bu-Box, 26% 

Syntheses of y-lactones and isobenzofuranones from alkenoic acids 

Interesting biological activities of y-lactones, with a quaternary center, inspired us to develop 

methods to achieve such motifs. Alkenoic acids II-2e and II-2f were chosen as the starting materials for 

these coupling conditions as shown in Scheme 11-19. The results of those attempts can be found in Scheme 

11-19. By coupling alkenoic acids II-2e and II-2fwith different alkyltrifluoroborates (II-la- le), a variety 

ofy-lactones and isobenzofuranones, bearing a quaternary center, were obtained in moderate to high yields 

(Scheme 11-19). 

Scheme 11-19. Synthesis of y-lactones and isobenzofurans 

Cu(OTfh (20 mol%)/L 1 (25 mol%), Rl ,o✓oMn02 (255 mol%), 
DCE, 105 °C, 24 h, 4 A MS 

Ph~R1 

R1 
0 ®

R..,........,__BF3K R1 = H, Me 
II-2e II-2f 

II-la - le 
100 mol% 
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Cu(OTfh (20 mol%)/L1 (25 mol%), 
MnO2 (255 mol%), 

DCE, 105 °C, 24 h, 4 A MS 

e ® 
R.,.......__BF3K 

II-la - le 
100 mol% 

Ph:xr0 0 

Ph Ph 
CN 

0 

Ph h~ ::::--~ I. 
Il-3k 

II-Jg 
52% 

11-Jh 
52% 

II-Ji 
69% 

11-Jj 
66% 

75% 
(10 mo!% Cu 

Pti 11-31 
24% 

and 13% Ll) 

A quick look at the overall of this transformation indicates that this transformation yields slightly less 

product than the syntheses oftetrahydrofurans. Under the standard condition, II-2e coupled with II-la to 

give the lactone II-Jg in 52%. This is not surprising to us because the carboxylic acid group has a tendency 

to coordinate to the catalysts which could change their catalytic behaviors. For this reason, carboxylic 

acids have not been studied vigorously in our copper-catalyzed cyclization. However, this result showed 

that carboxylic groups can also participate in our catalytic copper-catalyzed cyclization. The compound 

II-3h was obtained from the salt II-la and the acid II-2f, having a germinal dimethyl group on the a

carbon, in 52% yield. We expected a higher yield from this substrate due to the presence of the dimethyl 

on the chain, which could contribute to the Thorpe-Ingold effect to improve the rate of the cyclization. 

However, we did not see any significant increase in the yield. 

Next, the alkenoic acid II-2g was evaluated under this coupling reaction conditions with the 

alkyltrifluoroborates II-la- le (Scheme 11-19). The alkenoic acid II-2g was chosen because it has another 

phenyl group on the olefin moiety, which increases the numbers of the conjugated n systems. This is 

expected to improve the ability of the substrate to accept the alkyl radicals. We were glad to find that the 
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product II-3i was obtained in 69% yield when II-la was coupled with II-2g under the standard condition. 

It seems that this system is more reactive than the alkenoic acid II-2e. When coupled with II-le, an 

alkyltrifluoroborate bearing a nitrile group on the ~-carbon, the alkenol II-2g yielded an isobenzofuran II-

3j in 66%, under the standard reaction condition (Scheme 11-19). The isobenzofuran II-3k was obtained 

from II-2g and 11-ld in 74% yield when copper/ligand loading was 10 mol¾/13 mol¾. This is another 

entry that shows that the alkenoic acid II-2g is more reactive than II-2e. Interestingly, when 2-

vinylbenzoic acid II-2h was coupled with II-la under the standard condition, only yielded 24% of 11-31 

(Scheme 11-19). This substrate requires further investigation in order to improve the yield. According to 

what we have observed in term of the effects of the substituent, the low reactivity could have been due to 

the hydrogen group being not as electron-donating as the alkyl or aryl group. 

Synthesis of six-membered ring cyclic ethers from alkenols 

Having achieved the transformation of five-membered ring cyclic ethers, we continued to expand 

the methodology to include synthesis of six-member ring cyclic ethers. In order to achieve this goal, an 

alkenol with one carbon extra on its chain was examined under these coupling conditions. To begin with, 

we examined the substrate II-4a under the standard reaction condition. The alkenol II-4a was synthesized 

by treating the compound methyl 5-phenylhex-5-enoate30 II-lg with MeMgCl (3.05 Min THF) to give 

the titled compound III-4a in 92%. Under the reaction conditions, the compound II-Sa was obtained in 

60% yield from II-4a and II-la (Scheme 11-20). We were also pleased to also successfully synthesize II

Sb from 2-(2-vinylphenyl)ethanol II-4b using II-la as the alkyl radical precursor. Under an unoptimized 

condition, the compound II-Sb was isolated in 42% yield. This moderate yield is due to a similar trend 

observed when 1 ° alcohols were used. A tertiary alcohol version ofthis substrate might give a higher yield 

under these coupling reaction conditions. It is worth to note that the compound II-Sb is an isochroman, 

which is also commonly found in natural products and biologically active compounds. 3 1 Additional 
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alkenols in this family are currently being investigated by another member of the Chemler group, Jonathan 

Shikora. 

Scheme 11-20. Syntheses of six-membered ring cyclic ethers 

Cu(OTfh (20 mol%) 
/L 1 (25 mol%), Mn02 (255 mol%), MeMgCI, 

DCE, 105 °C, 24 h, 4A MSTHFPh"'ya PhY!+ 
0 °C to RT e @ %-....._,o OH Ph,.........,,._BF3K 

Ph 
100 mol% 

II-lg ll-4a, 92% II-Sa, 60% 

Cu(OTfh (20 mol%) 
/L 1 (25 mol%), Mn02 (255 mol%), 

DCE, 105 °C, 24 h, 4 A MS 

e @
Ph,............._BF3K 

100 molo/o ~ 
Ph 

II-4b ll-Sb, 42% 

In order to corporate more heteroatoms on the cyclic ethers, synthesized using this method, another 

family of alkenols were synthesized from readily available amino acids. The substrate II-4c was 

synthesized from a-bromo methylstyrene and N-tosyl methyl glycine ester (Scheme 11-21). The synthesis 

began with the deprotonation of the nitrogen group of the amino acid, methyl ester N-tosyl glycine, using 

NaH. The deprotonated amino acid then was treated with the a-bromo methylstyrene via SN2 to give the 

ester intermediate 11-lh in 32% yield. The ester intermediate 11-lh was then treated with MeMgCl (3 .05 

Min THF) to yield the alcohol II-4c in 70% yield. The first attempt to couple II-4c with II-la , under the 

standard condition, yielded 1,4-morpholine II-Sc in 49% yield (Scheme 11-21). 
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Scheme II 21. Synthesis of morpholines 

Ph~Br Cu(OTfh (20 mol¾) 
/L 1 (25 mol¾), MnO2 (255 mol%), h 

Ts O 1) NaH , DMF II Ts I ,,, DCE, 105 °C, 24 h, 4 AMS 

H,NJO ------• Ph.-A-_-N~OH ------------ Ph~rs 
2) MgMeCI, THF e @1 

Ph,.,.......... BF3K Ph11-4c, 22% 
TT-laover 2 steps II-Sc (49%)

100 mol¾ 

Enantioselectivity studies 

Methods to achieve enantioenriched saturated cyclic ethers are valuable for many obvious reasons. 

Thus, we also aimed to develop an enantioselective version of this transformation. The first attempt to 

synthesize enantioenriched cyclic ethers was done with 2-(2-vinylphenyl)propan-2-ol II-2d and II-la in 

the presence of Cu(OTf)2/(S,S)-t-Bu-Box complex and Mn02 or Ag2C03 as the oxidant (Scheme 11-22). 

Both attempts gave lower yields, compared to their racemic attempts. The factors responsible for this were 

discussed earlier. When Ag2C03 was used as the oxidant, only 35% of the product II-3f was isolated. 

According to the chiral GC analysis, using a CP-Chirasil-Dex CB column, the product has an ee of 8%. 

Unfortunately, the attempt with Mn02 as oxidant yield a racemic product. 

Scheme 11-22. Synthesis of the isobenzofuran 

~ 
Ph 

Cu(OTf)2 (20 mol%) 
/L2 (25 mol%), Ag2C03 (200 mol%), 

DCE, 105 °C, 24 h, 4 A MS 

e @ 
~H R.,......___ BF3K 

100 mol% II-3f 
II-2d Mn02 (26%, ee = 0%) 

Ag2C03 (35%, ee = 8%) 

Inspired by this result, we decided to try this condition on the substrate II-2a . The result of a few 

attempts to apply the asymmetric catalysis conditions on the alkenol, II-2a is summarized in the Table 11-

2. Despite the higher yields compared to that of the II-3f under these conditions, the products were 
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racemic. More vigorous effort is needed to investigate the asymmetric catalysis conditions for the alkenol. 

Variables such as ligands, reaction temperatures, solvents, oxidants, are the variables that require most 

attention for this aspect of the study. As observed in the alkenoic acid case, a better ee was obtained at a 

lower temperature using MTBE, which will be discussed next. 

Table 11-2. Enantioselective attempts with alkenols 

Cu(OTfh (X molo/o)/L (Y molo/o), Phi Oj_
Oxidant 

DCE, 105 °C, 24 h, 4 A MS PXJ 
0 EE> 

Ph,........,,..BF3K
ll-2b(l50mol%) ll-3b 

100 mol¾ 

(S,S )-t-Bu Box (S)-t-BuPyrox 

L4L2 

Cu(OTf)2 Ligand Oxidant ( eq.) Yield ee%3 

1 10 mol¾ L2 (13 mol¾) MnO2 (2.6) 53 0 

2 10 mol¾ L2 (13 mol¾) Ag2CO3 (2.0) 87 0 

3 20 mol¾ L4 (25 mol¾) MnO2 (2.6) 72 0 

a The ee% was studied by GC analysis usmg a CP-Ch1ras1l-Dex CB colunm 

We next turned our attention to II-2e. In order to address the limitation regarding the limited scope 

of alkyl radicals to cyclize alkenoic acids, reported by Buchwald and co-workers, 16 we decided to choose 

II-2e as the coupling partner with various unstabilized alkyl radicals, generated under our reaction 

conditions. The Table 11-3 below summarizes the results of those attempts. We were glad to observe that 
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the product II-3g was obtained in 62% yield with a higher enantioselectivity (ee=16%) under the standard 

condition. (Table 11-3 , entry 2). 

Table 11-3. Enantioselectivity study of alkenoic substrates 

Cu(OTfb (20 mol%)/L2 (25 mol%), Ph:xr0 0MnO2 (255 mol%), 
Solvent, T °C, 24 h, 4 A MSPh½OH Ph 

0 e @ 
Ph/'-.BF3K II-3b (S,S)-t-Bu-BoxII-2b (150 mol¾) 

L2100 mol% 

Solvent T(°C) Yield(%) eec 

ia DCE 105 57 -

2 DCE 105 62 16% 

3b PhCF3 105 NR -

4 MTBE 75 51 33% 

a 1,10-Phenanthrolme was used as the hgant, b Oxygen balloon at latm was used c Chiral GC analysis usmg CP-Ch1ras1l-Dex CB column 

An attempt to use oxygen as a green oxidant was not fruitful (Table 11-3 , entry 3). There were few 

variables that we changed in order to see if there is an improvement in the observed ee. The first variable 

we thought to have an effect on the ee was the solvent. Thus, we decided to change DCE, whose dielectric 

constant, E = 10.26, to methyl ~utyl ether (MTBE) with a less E = 2.6.42 The effect of solvent on 

enantioselective transformation was described by Jessop and co-worker (2016). 34 Buchwald and co

workers (2015) also observed higher enantioselectivities when using MTBE as the solvent. 16 An attempt 

to run this reaction in MTBE at 105 °C, not shown, failed due to the big differences between the desired 

temperature and the boiling point of MTBE causing the solvent to evaporate. Therefore, the reaction 

temperature was reduced to 75 °C. Satisfyingly, we could isolate the product II-3h in 51 % yield with 33% 
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ee (Table 11-3 , entry 4). Further investigation regarding the optimization to improve the ee of this 

transformation is currently conducted by another member of the Chemler group, Jonathan Shikora. 

Conclusion 

We have developed a novel copper-catalyzed tandem coupling reaction of potassium alkyl 

trifluoroborate salts with alkenols and alkenoic acids to achieve various ring size oxygen-contain 

heterocycles with a quaternary center. This method could expand the utility of the application of 

unstabilized radicals to achieve various cyclization. 

Future work 

This project is still in the progress ofdevelopment, currently being done by another member of the 

Chemler group, Jonathan Shikora. There are many exciting unexplored aspects with regard to the 

asymmetric transformation of this cyclization. Currently, we are compiling all the necessary data for 

publications. Meanwhile, Jonathan Shikiora are investigating more reaction variables for asymmetric 

catalysis. There are few variables that we are planning to look into. First of all, there are several metal 

oxidants that are needed to be tested under these reaction conditions. Silver triflate is one of the mild 

oxidants, as an alternative oxidant to silver carbonate. The alkenol can also be evaluated in MTBE again 

to see if there is an improvement in the observed ee. More variety of chiral ligands are needed to be 

screened in order to evaluate their effect on the ee. An aspect of the ligand that our group has not paid 

much of attention to is the functional group on the bridge between the two oxazoline groups. In most 

cases, our group could achieve high ee with (S,S)-t-Bu-Box which is also commercially available. 

However, for this cyclization, we might require us look into different part of the ligand. Unfortunately, 

those ligands will require synthesis.35 The expansion ofscope to include more examples of 1,4-morpholine 

also requires special attention. 
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The carboxylic acid version of this substrate is also worth exploring. The carboxylic acid derivative can 

also be synthesized using the same intermediate 11-lh via a hydrolysis of the ester by using an aqueous 

basic solution. The fact that there are chiral amino acids readily available, a wide range of chiral 

morpholines can be synthesized using this method. The family of substrates would also provide us with 

more insight regarding the diastereoselective possibilities in of this reaction (Scheme 11-23). In addition, 

it could benefit biological studies, where the novel morpholines, bearing quaternary centers, can be tested 

for their activities. A brief review authored by Shrivastava and co-workers highlighted the significances 

of the morpholine motifs in pharmacology.32 Another short review authored by Pal 'chikov summarized 

recent methods to synthesize morpholine motifs found in the marketed drugs. 33 However, none of those 

methods demonstrated the ability to generate morpholines bearing quaternary centers at the a-position to 

the oxygen and nitrogen. Thus, this coupling condition would open a new route to access these unexplored 

morpholines. 

A prediction can be made about what products can be expected from these coupling condition by analyzing 

the 3D conformation of the possible intermediates (Scheme 11-23). A certain diastereomer would be 

expected to form more readily due to the size ofR group on the chiral carbon of the amino acids. How the 

group is oriented in the transition state would dictate the thermodynamic stability of the final product. To 

our best knowledge, there are no methods to access to such motifs in one step. The available methods 

oftentimes generated 1,4-morpholine, bearing an existing tertiary oxygen or nitrogen bearing stereocenter. 

With the proper design, we could also install a variety of functional groups on the substrates. These 

substrates will be investigated by another member of the Chemler group, Jonathan Shikora. 
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Scheme II 23. Envisioned of the synthesis of 1,4-morpholines 
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Experimental 

General Information 

All reagents were used out of the bottle as purchased from the supplier without further purification unless 

otherwise noted. 1H NMR spectra were recorded in CDCh (using 7.26 ppm for reference of CHCh) at 

300, 400 or 500 MHz unless otherwise noted. 13 C NMR spectra were recorded in CDCb (using 77.0 ppm 

as internal reference) at 75.5 MHz unless otherwise noted. IR spectra were taken neat using a Nicolet

Impact 420 FTIR. Wave numbers in cm-1 are reported for characteristic peaks. High resolution mass 

spectra were obtained at SUNY Buffalo ' s mass spec. facility on a ThermoFinnigan MAT XL 

spectrometer. Bis( trifluoromethylsulfonyloxy)copper, and 1, 10-phenanthroline, were purchased from 

Acros. Potassium (3-tert-butoxy-3-oxopropyl)trifluoroborate, potassium cyclopentyltrifluoroborate, 

potassium (2-cyanoethyl)trifluoroborate, potassium trifluoro(tetrahydro-2H-pyran-4-yl)borate, and 

potassium benzyltrifluoroborate were purchased from Frontier Scientific and used as supplied. Activated 

manganese(IV) oxide (MnO2, - 85%, <5µm) was purchased from Aldrich and used without further 

purification. 4A Molecular sieves ( <50 µm) were purchased from Acros and freshly flame-dried before 

used. Enantiomeric excess was determined by high-performance liquid chromatography (HPLC) using 

Chiralpak AD-RH or Regis (S, S)-Whelk chiral analytical column (UV detection at 254nm) or by gas 

chromatography (GC), CP-Chirasil-Dex CB column. 

List of known compounds in the literature 

2-(2-Vinylphenyl)propan-2-ol (II-2d), 29 4-Phenylpent-4-enoic acid (II-2e), 16 2-(1-phenylvinyl)-benzoic 

acid (II-2g), 36 2-vinylbenzoic acid (II-2h),37 methyl 2-( 4-methylphenylsulfonamido )-acetate. 38 
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Synthesis of novel substrates 

1) PPh3CH3Br, KOtBu, THF 
2) LAH,THF Ph~OH 

ll-2a 

1) PPh3CH3Br, K01Bu, THF _ /",. k 
._____2......_M...._M_e_C.....l,T_H_F______ Ph l ......,,,, 'OH 

ll-2b 

To a suspension of methyltriphenylphosphonium bromide (1.43 g, 4.0 mmol, 2.0 eq) in THF (15 mL) at 

0 °C was added KO1Bu (448.8 mg, 4.0 mmol, 2.0 eq). The mixture slowly turned yellow. After 90 minutes 

of stirring at O °C, a solution of ethyl 4-oxo-4-phenylbutanoate ( 412.0 mg, 2.0 mmol, 1.0 eq) in THF was 

added to the mixture. The reaction slowly turned into a milky white mixture. The reaction was allowed to 

warm to room temperature and was stirred overnight. After completion, as monitored by TLC, the reaction 

was cooled to O °C and brine was added. After 10 minutes of stirring, the two phases were separated. The 

aqueous phase was then extracted with ether (x3). The combined organic phase was then dried over 

Na2SO4 and concentrated to give a crude mixture, which was purified by flash chromatography on silica 

gel (hexane:EtOAc, 9:1) to give pure ethyl 4-phenylpent-4-enoate (350.9 mg, 86%). Rf= 0.8; 1H NMR 

(400 MHz, CDCh) 8 7.48-7.24 (m, 5H), 5.30 (s, lH), 5.09 (d, J= 1.3 Hz, lH), 4.12 (q, J= 7.2 Hz, 2H), 

3.03 - 2.72 (m, 2H), 2.65 - 2.27 (m, 2H), 1.24 (t, J = 7.2 Hz, 3H). The 1H NMR matches to the reported 

data.39 

To the solution of ethyl 4-phenylpent-4-enoate (330 mg, 1.65 mmol) in anhydrous THF at O °C, 

MeMgCl (2.0 mL, 4.0 eq, 3.5 M solution in THF) was added slowly. The reaction was allowed to warm 

up to room temperature and stir overnight. TLC was used to monitor the progress of the reaction before 

quenching. After completion, the reaction was cooled to O °C again and sat. aq. NH4Cl was added. The 

two phases were separated and the aqueous phase was then extracted with EtOAc (x3). The combined 
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organic layers were then dried over Na2SO4 and concentrate to give crude mixture, which was purified by 

flash chromatography on silica gel (hexane:EtOAc, 3:1) to pure alkenol II-2a (215 mg, 67%), as a clear 

oil. Rf= 0.5 ; 1H NMR (300 MHz, CDCh) 8 7.61 - 6.96 (m, 5H), 5.28 (s, lH), 5.10 (d, J = 1.4 Hz, lH), 

2.71 -2.47 (m, 2H), 1.73 - 1.51 (m, 2H), 1.26 (s, 6H). 13C NMR (75 MHz, CDCh) 8 148.7, 141.2, 128.3, 

127.4, 126.1 , 112.1 , 70.9, 42.5 , 30.1 , 29.3. IR (neat) 3371 , 3082, 2969, 1627, 1495, 1444, 1376,931 , 777 

1cm- . HRMS (ESI) calcd for [C13H1sO1Nat:213.1250 found 213.1248. 

To the solution of ethyl 4-phenylpent-4-enoate (165 mg, 0.83 mmol) in anhydrous THF at O °C, 

solid LAH (63 mg, 2.0 eq) was added. The reaction was allowed to warm to room temperature and was 

stirred overnight. TLC was used to monitor the progress of the reaction before quenching. After 

completion, the reaction was cooled to O°C and sat. aq. NH4Cl was added. The two phases were separated 

and the aqueous phase was then extracted with EtOAc (x3). The combined organic phase was then dried 

over Na2SO4 and concentrate to give crude mixture, which was purified by flash chromatography on silica 

gel (hexane:EtOAc, 3:1) to pure alkenol II-2b (96.8 mg, 72%), as a clear oil. Rf= 0.5; 1H NMR (400 

MHz, CDCh) 8 7.55 - 7.27 (m, 5H), 5.30 (d, J = 1.5 Hz, lH), 5.10 (d, J = 1.5 Hz, lH), 3.67 (t, J = 6.4 

Hz, 2H), 2.75 - 2.41 (m, 2H), 1.91 - 1.64 (m, 2H), 0.90 (t, J = 7.0 Hz, lH). The spectra matched to the 

literature value.40 

Ph~OH 

2-Methyl-6-phenylhept-6-en-2-ol (II-4a) 

The compound II-4a was synthesized using the same procedure to make II-2a by starting with ethyl 5-

oxo-5-phenylpentanoate (200 mg, 0.92 mmol) and MeMgCl (3.05 Min THF, 1.5 mL, 4.6 mmol, 5.0 eq) 

in anhydrous THF. The crude mixture was purified by flash chromatography on silica gel over silica gel 

(hexane:EtOAc, 3:1) to pure alkenol II-4a (172 mg, 92%), as a clear oil. Rf= 0.5; 1H NMR (400 MHz, 
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1 

CDCb) 7.54 - 7.07 (m, 5H), 5.28 (d, J = 1.6 Hz, 2H), 5.07 (d, J = 1.4 Hz, 2H), 2.73 - 2.38 (m, 2H), 1.62 

- 1.36 (m, 4H), 1.17 (s, 6H). 13C NMR (101 MHz, CDCh) 8 148.4, 141.2, 128.3, 127.3, 126.1 , 112.4, 

70.9, 43.4, 35.7, 29.2, 22.9. IR (neat) 3364, 3081 , 2968, 2942, 1626, 1600, 1574, 1027, 939, 778 cm- . 

HRMS (ESI) calcd for [C14H2oONat: 227.1406 found 227.1409. 

Methyl 2-( 4-methyl-N-(2-phenylallyl)phenylsulfonamido )acetate (11-lh) 

To a solution ofmethyl 2-(4-methylphenylsulfonamido)acetate41 (392 mg, 2 mmol, 1.0 eq) in anhydrous 

DMF (10 mL) was added solid NaH (52.8 mg, 2.2 mmol, 1.1 eq). After the solution turned into a clear 

solution, a solution of(3-bromoprop-1-en-2-yl)benzene (392 mmol, 2.0 mmol, 1.0 eq) in DMF was added. 

Upon completion, as monitored by TLC, brine was added followed by addition of EtOAc and phase 

separation. The aqueous phase was extracted with EtOAc (x3). The combine organic phase was then 

washed with DI water to get rid of excess DMF followed by the concentration of the solvent to give a 

crude mixture, which was purified by flash chromatography on silica gel over silica gel (hexane:EtOAc, 

8:1) to pure ester (230.0 mg, 32%). Rf= 0.7 1H NMR (400 MHz, CDCh) 8 7.65 (d, J= 8.3 Hz, lH), 7.40 

- 7.33 (m, 2H), 7.32 - 7.15 (m, 4H), 5.47 (s, lH), 5.18 (d, J = 2.0 Hz, lH), 4.39 (s, 2H), 3.91 (s, 2H), 3.50 

(s, 3H), 2.40 (s, 3H). 13C NMR (101 MHz, CDCh) 8 169.2, 143.5, 141.8, 137.7, 129.5, 128.5, 128.2, 

127.5, 126.2, 117.2, 51.9, 51.1 , 46.4, 21.5. IR (neat) 2953 , 1742, 1631 , 1598, 1496, 1437, 660 cm-1. HRMS 

(ESI) calcd for [C19H21O4NaSNt:382.1083 found 382.1082. 

N-(2-hydroxy-2-methylpropyl)-4-methyl-N-(2-phenylallyl)benzenesulfonamide (II-4c) 
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The compound II-4c was synthesized using the same procedure to make II-2a by starting with the 

compound methyl 2-(4-methyl-N-(2-phenylallyl)phenylsulfonamido)acetate 11-lh (200 mg, 0.56 mmol, 

1.0 eq) and MeMgCl (3.05 Min THF, 0.9 mL, 2.8 mmol, 5.0 eq) in anhydrous THF. The crude mixture 

was purified by flash chromatography on silica gel over silica gel (hexane:EtOAc, 3: 1) to pure alkenol II-

4c (140 mg, 70%), as a clear oil. Rf= 0.5 ; 1H NMR (400 MHz, CDCh) 8 7.68 (d, J = 8.3 Hz, lH), 7.47 -

7.12 (m, 6H), 5.46 (d, J = 0.8 Hz, lH), 5.20 (d, J = 1.2 Hz, OH), 4.27 (s, 2H), 3.12 (s, 2H), 3.02 (s, lH), 

2.43 (s, 3H), 1.15 (s, 5H). 13C NMR (101 MHz, CDCh) 8 143.7, 143 .3, 138.5, 135 .1, 129.7, 128.4, 128.1 , 

127.7, 126.4,116.5, 71.0, 59.4, 55 .1, 27.6, 21.5. IR (neat) 3515, 2974, 2926, 1630, 1598, 1575, 1494, 1444, 

1306, 973 , 872, 776 cm-1
. HRMS (ESI) calcd for [C20H26O4NSt:360.1628 found 382.1630. 

Synthesis of oxygen-containing heterocyles via copper-catalyzed coupling: 

e © 
R1 ............. BF3K 

Cu(OTfh (20 mol%) 
L1 (25 mol%), 

Mn02 (255 mol%), Ph½ DCE, T, 24 h 6bOH 

L1: (1 , 10)-phenanthroline 

Cu(OTf)2 (20 mol¾) was placed in a glass pressure tube, under an argon atmosphere. The Cu(OTf)2 was 

gently flamed-dried under vacuum then back-filled with argon for 3 times. The tube was allowed to reach 

ambient temperature before adding an oven-dried stir bar and a freshly prepared solution of (1 ,10)

phenanthroline (25 mol¾) in anhydrous DCE, added via syringe through a Teflon septum. The tube was 

capped and the reaction mixture was placed in a 60 °C oil bath and stirred. After 2 hours, the catalyst 

solution was cooled to ambient temperature and potassium trifluoroborate (1.0 eq.) and solid MnO2 (2.6 

equiv. based on 85% purity) were added under argon followed by the addition of solution of alkene (1.5 

- 2.5 equiv.) in anhydrous DCE. The mixture was sonicated for a few seconds and then placed in a 105 
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°C oil bath and stirred. After the noted time (28 - 48 h), the reaction mixture was cooled to ambient 

temperature, diluted with EtOAc ( ca. 10 mL ), sonicated and filtered through a short pad of silica gel. The 

silica gel was washed with additional EtOAc (150 - 250 mL), and the organic mixture was concentrated 

in vacuo . The crude residue was purified by flash chromatography on silica gel as described below. 

Representative procedure to synthesize phenoltetrahydrofurans derivatives 

Cu(OTfh (20 mol¾)/L 1 (25 mol¾), 
Mn02 (255 mol¾), Phi oJ 

DCE, 105 °C, 24 h, 4 A MS 

p~e ® 
Ph.,........,,BF3K 

ll-2a (150 mol¾) 
ll-3aII-la 100 mol% 

Note: additions of2 equal portions o/11-la was done at every 12 hours interval. 

2,2-Dimethyl-5-phenethyl-5-phenyltetrahydrofuran (II-3a) 

Cu(OTf)2 (9.0 mg, 0.025 mmol, 20 mol¾,) was placed in a glass pressure tube, under an argon atmosphere. 

The Cu(OTf)2 was flamed dried under vacuum then back filled with argon for 3 times. The tube was 

allowed to reach ambient temperature before a freshly prepared solution of 1, 10-phenanthroline ( 5. 6 mg, 

0. 031 mmol, 25 mol % ) in anhydrous DCE was added via syringe through a teflon septum. A magnetic 

stir bar was added and the tube was capped. The reaction mixture was placed in a 60 °C oil bath and 

stirred. After 2 hours, the catalyst solution was cooled to ambient temperature and potassium benzyl 

trifluoroborate salt II-la (25 .0 mg, 0.13 mmol, 1.0 equiv.) and solid MnO2 (32.6 mg, 0.38 mmol, 2.6 

equiv. based on 85% purity) were added under argon followed by the addition of a solution of alkenol II-

2a (37.0 mg, 0.19 mmol, 1.5 equiv.) in anhydrous DCE. The mixture was sonicated for a few seconds and 

then placed in a 105 °Coil bath and stirred. After the noted time, 24 h, the reaction mixture was cooled 

to ambient temperature, diluted with EtOAc (ca. 10 mL), sonicated and filtered through a short pad of 

silica gel. The silica gel was washed with additional EtOAc (50 - 60 mL), and concentrated in vacuo . The 
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crude was purified by flash chromatography on silica gel (9:1 hexanes/EtOAc) to give title product II-3a 

(30.5 mg, 84%) as colorless oil. Rf= 0.9 1HNMR (400 MHz, CDCh) 8 7.50-7.42 (m, 2H), 7.33 (t, J= 

7.7 Hz, 2H), 7.25 - 7.18 (m, 3H), 7.17 - 7.05 (m, 3H), 2.67 (ddd, J = 13.7, 11.8, 5.4 Hz, lH), 2.38 -2.22 

(m, 3H), 2.19 - 1.95 (m, 2H), 1.92 - 1.80 (m, lH), 1.77 - 1.67 (m, lH), 1.40 (s, 3H), 1.30 (s, 3H). 13C 

NMR (101 MHz, CDCh) 8 148.1 , 142.3, 128.3, 128.2, 127.8, 126.1 , 125.5, 125.3, 86.9, 81.8, 46.0, 38.8, 

138.3, 30.8, 29.6, 28 .9. IR (neat film) 3025, 2968, 1602, 695 , 699 cm- . HRMS (ESI) calcd for 

[C20H24O1Nat: 303 .1719 found303 .1723. 

2-Phenethyl-2-phenyltetrahydrofuran (II-3b) 

Following the representative procedure using the potassium salt II-la (20.9 mg, 0.13 mmol, 1.0 eq) and 

alkene II-2b (30.8 mg, 0.19 mmol, 1.5 eq) gave the titled compound II-3b (20.1 mg, 65%) as colorless 

oil after flash column chromatography (9:1 hexane/EtOAc). Rf= 0.9; 1HNMR (300 MHz, CDCh) 8: 7.43 

- 7.28 (m, 6H), 7.22 (t, J = 7.0 Hz, 2H), 7.16 - 7.07 (m, 2H), 4.10 - 3.83 (m, 2H), 2.75 - 2.55 (m, lH)), 

2.45 - 1.75 (m, 4H). 13 C NMR (101 MHz, CDCh) 8 148.4, 141.2, 128.3, 127.3, 126.1, 112.4, 70.9, 43.4, 

135 .7, 29.2, 22.9. IR (neat) 3061 , 3025, 2925, 2861 , 1721 , 1602, 1494, 911 , 762 cm- . HRMS (ESI) calcd 

for [C14H2oONat: 275.1406 found 275.1422. 

O Ph 

~N 

4-(5,5-Dimethyl-2-phenyltetrahydrofuran-2-yl)butanenitrile (II-3c) 
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Following the representative procedure using the potassium salt II-le (20.9 mg, 0.13 mmol, 1.0 eq) and 

alkene II-2a (37.0 mg, 0.19 mmol, 1.5 eq) gave the titled compound II-3c (23.1 mg, 73%) as colorless oil 

after flash column chromatography (8:1 hexane/EtOAc). Rf= 0.8; 1H NMR (400 MHz, CDCh) 8 7.57 -

7.00 (m, 5H), 2.40 - 2.11 (m, 3H), 1.96 - 1.75 (m, 3H), 1.73 - 1.59 (m, 2H), 1.49 - 1.13 (m, 8H). 13C 

NMR (101 MHz, CDCh) 8 147.4, 128.0, 126.4, 125.2, 119.9, 86.5 , 82.1 , 42.6, 39.4, 38.0, 29.5 , 28.8, 20.7, 

17.3. IR and Mass (pending) 

~ 
2-(Cyclopentylmethyl)-5,5-dimethyl-2-phenyltetrahydrofuran (II-3d) 

Following the representative procedure using the potassium salt II-ld (22 .8 mg, 0.13 mmol, 1.0 eq) and 

alkene II-2a (37.0 mg, 0.19 mmol, 1.5 eq) gave the titled compound II-3d (17.5 mg, 42%) as colorless 

oil after flash column chromatography (10 :1 hexane/EtOAc). Rf= 0.9; 1H NMR (500 MHz, CDCh) 8 7.45 

- 7.36 (m, 2H), 7.31 - 7.26 (m, 2H), 7.18 (t, J= 7.5 Hz, lH), 2.34-2.06 (m, 2H), 1.96 - 1.55 (m, 6H), 

1.51 - 1.28 (m, 8H), 1.23 (s, 2H), 1.14- 1.00 (m, lH), 0.91 -0.76 (m, lH). 13C NMR (75 MHz, CDCh) 

8 148.8, 127.6, 125 .9, 125 .5, 87.4, 81.4, 50.4, 39.2, 38.2, 36.4, 34.3, 33 .9, 29.6, 29.0, 24.9, 24.9. IR (neat) 

2966, 2868, 1447, 1379, 1137, 702. HRMS (ESI) calcd for [C20H31O3t : 281.1876 found 281.1880. 
O Ph 

t-Bu 
cf 

0 

tert-Butyl 4-(5,5-dimethyl-2-phenyltetrahydrofuran-2-yl)butanoate (II-3e) 

Following the representative procedure using the potassium salt II-le (30.7 mg, 0.13 mmol, 1.0 eq) and 

alkene II-2a (37.0 mg, 0.19 mmol, 1.5 eq) gave the titled compound II-3e (28.0 mg, 68%) as colorless oil 

after flash column chromatography (6 :1 hexane/EtOAc). Rf= 0.7; 1H NMR (300 MHz, CDCh) 8 7.45 -
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7.35 (m, 2H), 7.35 - 7.26 (m, 2H), 7.23 - 7.13 (m, lH), 2.33 - 2.17 (m, 2H), 2.12 (t, J = 7.6 Hz, 2H), 1.88 

- 1.49 (m, 8H), 1.40 (s, 9H), 1.34 (s, 3H), 1.23 (s, 3H).13C NMR (75 MHz, CDCh) 8 173.0, 148.2, 127.8, 

126.1 , 125.3, 86.9, 81.6, 79.8, 43.4, 38.2, 35.8, 29.5 , 28.9, 28.1 , 20.2. IR (neat film) 2969, 1727, 1446, 

1365, 702. HRMS (ESI) calcd for [C20H31O3t : 319.2268 found 319.2274. 

Ph 
0 

0 Ph 
e et yl-5-phenyldihydrofuran-2(3H)-one (II-3g) 

Following the representative procedure using the potassium salt II-la (25.0 mg, 0.13 mmol, 1.0 eq) and 

alkene II-2e (34.3 mg, 0.19 mmol, 1.5 eq) gave the titled compound II-3h (18.0 mg, 52%) as colorless oil 

after flash column chromatography (6 :1 hexane/EtOAc). Rf= 0.5 ; 1H NMR (400 MHz, CDCh) 8 7.47 -

7.29 (m, 5H), 7.26-7.02 (m, 5H), 2.81-2.17 (m, 8H). 13C NMR (75 MHz, CDCh) 8 176.6, 142.5, 141.2, 

128.7, 128.4, 128.2, 127.7, 126.0, 124.6, 89.1 , 44.4, 35.5 , 30.3 , 28.6. IR (neat thin film) 3026, 2933 , 1773, 

11602, 1192, 766, 700 cm- . HRMS (ESI) calcd for [C21H26ONat: 289.1199 found 289.1197. 

Ph

'A
0 

3,3-Dimethyl-5-phenethyl-5-phenyldihydrofuran-2(3H)-one (II-3h) 

Following the representative procedure using the potassium salt II-la (25.0 mg, 0.13 mmol, 1.0 eq) and 

alkene II-2f (39.8 mg, 0.19 mmol, 1.5 eq) gave the titled compound II-3h (19.9 mg, 52%) as colorless oil 

after flash column chromatography (6 :1 hexane/EtOAc). Rf= 0.5 ; 1H NMR (400 MHz, CDCh) 8 7.50 -

7.20 (m, 7H), 7.18 - 7.01 (m, 3H), 2.71 (td, J = 11.2, 3.9 Hz, lH), 2.47 (ABq, JAB= 16.6 Hz, LlvAB= 34.0 

Hz, 2H), 2.32 - 2.11 (m, 3H), 1.33 (s, 3H), 0.96 (s, 3H). 13C NMR (75 MHz, CDCh) 8 176.6, 142.5, 

141.2, 128.7, 128.4, 128.2, 127.7, 126.0, 124.6, 89.1 , 44.4, 35.5 , 30.3 , 28.6. IR (neat thin film) 3027, 2971 , 

1764, 1602, 926, 723. HRMS (ESI) calcd for [C20H20O2Nat: 317.1512 found 317.1510. 
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Ph~ 
::;;,,-

I 

3-Phenethyl-3-phenylisobenzofuran-1(3H)-one (II-3i) 

Following the representative procedure using the potassium salt II-la (25 .0 mg, 0.13 mmol, 1.0 eq) and 

alkene II-2g (43.7 mg, 0.19 mmol, 1.5 eq) gave the titled compound II-3i (28.2 mg, 69%) as colorless oil 

after flash column chromatography (6 :1 hexane/EtOAc). Rf = 0.6; 1H NMR (300 MHz, CDCb) 8 7.92 

(dd, J = 7.5, 1.0 Hz, lH), 7.70 - 7.64 (m, lH), 7.60 - 7.48 (m, 4H), 7.45 - 7.25 (m, 3H), 7.25 - 7.03 (m, 

5H), 2.86 - 2.73 (m, lH), 2.68 - 2.56 (m, lH), 2.54 - 2.37 (m, 2H). 13 C NMR (75 MHz, CDCh) 8 170, 

152.8, 140.9, 140.2, 134.4, 129.2, 128.9, 128.5, 128.2, 126.1, 126.0, 125.4, 124.9, 122.0, 89.7, 42 .3, 30.1. 

1IR (neat) 3027, 2923 , 1760, 1599, 750 cm- . HRMS (ESI) calcd for [C22H1sO2Nat: 337.1199 found 

337.1197. 

CN 

4-(3-0xo-1-phenyl-1,3-dihydroisobenzofuran-1-yl)butanenitrile (II-3j) 

Following the representative procedure using the potassium salt II-le (20.9 mg, 0.13 mmol, 1.0 eq) and 

alkene II-2g (43 .7 mg, 0.19 mmol, 1.5 eq) gave the titled compound II-3j (23 .8 mg, 69%) as colorless oil 

after flash column chromatography (5:1 hexane/EtOAc). Rf= 0.6; 1H NMR (400 MHz, CDCb) 8 7.90 (d, 

J= 7.6 Hz, lH), 7.69 (td, J= 7.5 , 1.2 Hz, lH), 7.61 -7.47 (m, 4H), 7.43 -7.35 (m, 2H), 7.35 -7.26 (m, 

lH), 2.75 - 2.60 (m, lH), 2.41 -2.22 (m, 4H), 1.76- 1.52 (m, 4H). 13C NMR (101 MHz, CDCh) 8 169.6, 

152.5, 139.5, 134.7, 129.5, 129.0, 128.5, 126.1, 125 .0, 124.7, 122.0, 119.0, 89.0, 39.1, 21.1 , 17.0. IR (neat) 
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12943 , 2245 , 1762, 1598, 1496, 1465, 954, 606 cm- . HRMS (ESI) calcd for [C1sH1sO3Nat:300.0995 

found 300.0990. 

3-Phenyl-3-((tetrahydro-2H-pyran-4-yl) methyl)iso benzofuran-1 (3H)-o ne (11-3k) 

Following the representative procedure using Cu(OTf)2/1,10-phenanthroline (10 mol¾:13 mol¾), the 

potassium salt II-lb (25.0 mg, 0.13 mmol, 1.0 eq) and alkene II-2g (43.7 mg, 0.19 mmol, 1.5 eq) gave 

the titled compound II-3k (30.0 mg, 75%) as colorless oil after flash column chromatography (6:1 

hexane/EtOAc). Rf= 0.6; 1H NMR (500 MHz, CDCh) 8 7.88 (d, J = 7.5 Hz, lH), 7.65 (t, J = 7.3 Hz, lH), 

7.58 - 7.47 (m, 4H), 7.40 - 7.33 (m, 2H), 7.30 (td, J = 7.2, 6.3 , 3.2 Hz, lH), 3.90 - 3.66 (m, 2H), 3.20 

(dtd, J = 28.0, 11.8, 2.3 Hz, 2H), 2.51 (dd, J = 14.8, 4.9 Hz, lH), 2.06 (dd, J = 14.8, 6.7 Hz, lH), 1.50 -

1.42 (m, 2H), 1.42 -1.25 (m, 2H). 13 C NMR (75 MHz, CDCh) 8 170.0, 153.6, 140.7, 134.4, 129.2, 128.8, 

128.1 , 126.0, 124.9, 124.6, 122.1 , 89.9, 67.7,67.7, 47.3 , 34.1 , 33.9, 31.2. IR (neat) 2915 , 2842, 1761 , 1598, 

11098, 703 cm- . HRMS (ESI) calcd for [C20H21O3t:309.1481 found 309.1481 

Ph/4
0 

3-Phenethylisobenzofuran-1(3H)-one (11-31) 

Following the representative procedure using the potassium salt II-la (20.9 mg, 0.13 mmol, 1.0 eq) and 

alkene II-2h (28.9 mg, 0.19 mmol, 1.5 eq) gave the titled compound 11-31 (7.4 mg, 24%) as colorless oil 

after flash column chromatography (6 :1 hexane/EtOAc). Rf= 0.6; 1H NMR (400 MHz, 75 MHz, CDCh) 

8 7.91 (d, J = 7.6 Hz, lH), 7.66 (td, J = 7.5 , 1.2 Hz, lH), 7.53 (t, J = 7.5 Hz, lH), 7.44 - 7.37 (m, lH), 

7.30 (dd, J = 8.1 , 6.7 Hz, lH), 7.22 (dd, J = 7.7, 2.1 Hz, 2H), 5.47 (dd, J = 8.8, 3.5 Hz, lH), 2.94 - 2.76 
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(m, 2H), 2.46 - 2.26 (m, lH), 2.13 - 1.95 (m, lH). 13C NMR (75 MHz, CDCh) 8 170.6, 149.8, 140.5, 

134.0, 129.1 , 128.6, 128.5, 126.3, 125.8, 121.6, 110.0, 80.3 , 36.7, 31.3. IR() 3027, 2924, 1755, 1601 , 750, 

1695 cm- . HRMS (ESI) calcd for [C16H14O2Nat: 261.0886 found 261.0887. 

tVPh 
2,2-dimethyl-6-phenethyl-6-phenyltetrahydro-2H-pyran (II-Sa) 

Following the representative procedure using the potassium salt II-la (25.0 mg, 0.13 mmol, 1.0 eq) and 

alkene II-4a (37.3 mg, 0.19 mmol, 1.5 eq) gave the titled compound II-Sa (22.9 mg, 60%) as colorless oil 

after flash column chromatography (9:1 hexane/EtOAc). Rf= 0.9; 1H NMR (400 MHz, CDCh) 8 7.53 -

7.47 (m, 2H), 7.32 (t, J = 7.6 Hz, 2H), 7.28 - 7.16 (m, 3H), 7.15 - 6.99 (m, 3H), 2.50 -2.19 (m, 3H), 2.11 

(td, J = 12.8, 4.5 Hz, lH), 1.94 (td, J = 12.8, 5.2 Hz, lH), 1.78 - 1.62 (m, 3H), 1.59 - 1.35 (m, 2H), 1.29 

(s, 3H), 0.86 (s, 3H). 13C NMR (101 MHz, CDCh) 8 147.0, 142.8, 128.2, 128.1 , 127.7, 126.3, 126.2, 

125.4, 121.4, 76.3 , 72.5 , 47.7, 36.9, 32.4, 31.5 , 30.0, 28.9, 16.9. IR() 3026, 2937, 1603, 1108, 748, 699. 

HRMS (ESI) calcd for [C21H26ONat: 317.1876 found 317.1881. 

~ 
Ph 

1-Phenethylisochroman (II-Sb) 

Following the representative procedure using the potassium salt II-la (33.0 mg, 0.13 mmol, 1.0 eq) and 

alkene II-4b (28.1 mg, 0.19 mmol, 1.5 eq) gave the titled compound II-Sb (13.0 mg, 42 %) as colorless 

oil after flash column chromatography (9 :1 hexane/EtOAc). Rf= 0.8; 1H NMR (400 MHz, CDCh) 7.44-

6.85 (m, 9H), 4.78 (dd, J = 8.4, 3.0 Hz, lH), 4.29 - 3.99 (m, lH), 3.93 - 3.66 (m, lH), 3.13 - 2.91 (m, 

lH), 2.85 -2.64 (m, 3H), 2.32 -1.99 (m, 2H) .13C NMR (101 MHz, CDCh) 8 142.3, 138.1 , 134.0, 128.9, 
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128.5, 128.3, 126.2, 126.1 , 125.7, 124.7, 75.1 , 63.2, 37.7, 31.5, 29.2. IR() 3025, 2925 , 2854, 1603, 1108, 

748, 699. HRMS (ESI) calcd for [C17H1sONat: 261.1250 found 261.1254. 

References 

1. (a) Guo, X.-X. ; Gu, D.-W. ; Wu, Z. ; Zhang, W. , Chem. Rev. 2015, 115 (3), 1622-1651 ; (b) Zhu, 

X.; Chiba, S. , Chem. Soc. Rev. 2016, 45 (16), 4504-4523. 

2. Merchant, K. M. ; Gill, G. S. ; Harris, D. W. ; Huff, R. M.; Eaton, M. J. ; Lookingland, K. ; Lutzke, 

B. S. ; Mccall, R. B.; Piercey, M. F. ; Schreur, P. J. ; Sethy, V. H. ; Smith, M. W. ; Svensson, K. A. ; Tang, 

A.H. ; Vonvoigtlander, P. F. ; Tenbrink, R. E. , J Pharmacol. Exp. Ther. 1996, 279 (3), 1392-1403. 

3. Eildal, J. N. N. ; Andersen, J. ; Kristensen, A. S. ; J0rgensen, A. M. ; Bang-Andersen, B. ; J0rgensen, 

M.; Strnmgaard, K. , J Med. Chem. 2008, 51 (10), 3045-3048. 

4. (a) Hu, N. ; Li, K. ; Wang, Z. ; Tang, W. , Angew. Chem. Int. Ed. 2016, 55, 5044-5048; (b) Hutt, J. 

T. ; Wolfe, J.P. , Org. Chem. Front. 2016, 3, 1314-1318; (c) Hopkins, B. A. ; Garlets, Z. J. ; Wolfe, J.P. , 

Angew. Chem. Int. Ed. 2015, 54, 13390-13392; (d) Bovino, M. T.; Liwosz, T. W.; Kendel, N. E.; Miller, 

Y. ; Tyminska, N. ; Zurek, E. ; Chemler, S. R. , Angew. Chem. Int. Ed. 2014, 53, 6383-6387; (e) Miller, Y. ; 

Miao, L.; Hosseini, A. S.; Chemler, S. R. , J Am. Chem. Soc. 2012, 134, 12149-12156; (f) Ward, A. F. ; 

Xu, Y. ; Wolfe, J. P. , Chem. Commun. 2012, 48, 609-611 ; (g) Nicolai, S.; Erard, S. ; Gonzalez, D. F. ; 

Waser, J. , Org. Lett. 2010, 12, 384-387; (h) Tietze, L. F. ; Sommer, K. M. ; Zinngrebe, J. ; Stecker, F. , 

Angew. Chem. Int. Ed. 2004, 44, 257-259; (i) Tietze, L. F. ; Spiegl, D. A. ; Stecker, F. ; Major, J. ; Raith, C.; 

Grobe, C. , Chem. Eur. J 2008, 14, 8956-8963. 

5. Hu, N. ; Li, K. ; Wang, Z. ; Tang, W. , Angew. Chem. Int. Ed. 2016, 55 (16), 5044-5048. 

6. Hutt, J. T.; Wolfe, J.P. , Organic Chemistry Frontiers 2016, 3 (10), 1314-1318. 

7. Chemler, S. R. ; Fuller, P.H. , Chemical Society Reviews 2007, 36 (7), 1153-1160. 

147 



8. Miller, Y. ; Miao, L. ; Hosseini, A. S. ; Chemler, S. R. , J Am. Chem. Soc. 2012, 134 (29), 12149-

12156. 

9. Zeng, W. ; Chemler, S. R. , J Am. Chem. Soc. 2007, 129 (43), 12948-12949. 

10. Bovino, M. T. ; Liwosz, T. W. ; Kendel, N. E. ; Miller, Y. ; Tyminska, N. ; Zurek, E. ; Chemler, S. R. , 

Angew. Chem. Int. Ed. 2014, 53 (25), 6383-6387. 

11. Larhed, M. ; Olofsson, K. , Microwave methods in organic synthesis. Springer: 2006; Vol. 266. 

12. (a) Kawamura, S. ; Dosei, K. ; Valverde, E. ; Ushida, K. ; Sodeoka, M. , J Org. Chem. 2017, 82, 

12539-12553; (b) Zhu, R.; Buchwald, S. L. , J Am. Chem. Soc. 2015, 137, 8069-8077; (c) Cheng, Y. F.; 

Dong, X. Y. ; Gu, Q. S. ; Yu, Z. L. ; Liu, X. Y. , Angew. Chem. Int. Ed. 2017, 56, 8883-8886. 

13. (a) Ha, T. M.; Wang, Q. ; Zhu, J. , Chem. Commun. 2016, 52, 11100-11103; (b) Bunescu, A. ; Wang, 

Q. ; Zhu, J. , Org. Lett. 2015, 17, 1890-1893; (c) Chatalova-Sazepin, C.; Wang, Q. ; Sammis, G. M.; Zhu, 

J. , Angew. Chem. Int. Ed. 2015, 54, 5443-5446. 

14. Wetter, C.; Jantos, K. ; Woithe, K. ; Studer, A. , Org. Lett. 2003, 5, 2899-2902. 

15. Zhu, R.; Buchwald, S. L. , J Am. Chem. Soc. 2012, 134 (30), 12462-12465. 

16. Zhu, R.; Buchwald, S. L. , J Am. Chem. Soc. 2015, 137 (25), 8069-8077. 

17. Ha, T. M.; Wang, Q.; Zhu, J. , Chem. Comm. 2016, 52 (74), 11100-11103. 

18. (a) Qian, B.; Chen, S. ; Wang, T. ; Zhang, X.; Bao, H. , J Am. Chem. Soc. 2017, 139, 13076-13082; 

(b) Jian, W.; Ge, L. ; Jiao, Y. ; Qian, B.; Bao, H. , Angew. Chem. Int. Ed. 2017, 56, 3650-3654. 

19. Jian, W.; Ge, L.; Jiao, Y.; Qian, B. ; Bao, H. , Angew. Chem. Int. Ed. 2017, 56 (13), 3650-3654. 

20. Tang, S.; Liu, K.; Liu, C.; Lei, A. , Chem. Soc. Rev. 2015, 44 (5), 1070-1082. 

21. Wei, X.-J. ; Yang, D.-T.; Wang, L. ; Song, T. ; Wu, L.-Z. ; Liu, Q. , Org. Lett. 2013, 15 (23), 6054-

6057. 

22. Duan, K. ; Yan, X. ; Liu, Y. ; Li, Z. , Advan. Synth. Cata!. 2018, 360 (15), 2781-2795. 

148 



23. Liwosz, T. W. ; Chemler, S. R. , Org. Lett. 2013, 15, 3034-3037. 

24. Molander, G. A. ; Sandrock, D. L. , Curr. Opin. Drug Discov. Devel. 2009, 12, 811-823. 

25. Um, C. ; Chemler, S. R. , Org. Lett. 2016, 18 (10), 2515-2518. 

26. Cazorla, C. ; Metay, E. ; Lemaire, M. , Tetrahedron 2011, 67 (45), 8615-8621. 

27. Yasu, Y. ; Koike, T. ; Akita, M. , Adv. Synth. Cata!. 2012, 354 (18), 3414-3420. 

28. Suzuki, J. ; Tanigawa, M. ; Inagi, S. ; Fuchigami, T. , ChemElectroChem 2016, 3 (12), 2078-2083. 

29. Schluter, J. ; Blazejak, M. ; Hintermann, L. , ChemCatChem 2013, 5 (11), 3309-3315. 

30. Zhang, L. ; Zuo, Z. ; Wan, X. ; Huang, Z. , J Am. Chem. Soc. 2014, 136 (44), 15501-15504. 

31. (a) Kinghorn, A. D. , J Nat. Prod. 1987, 50 (6), 1009-1024; (b) Kock, I. ; Draeger, S. ; Schulz, B. ; 

Elsasser, B.; Kurtan, T. ; Kenez, A.;Antus, S. ; Pescitelli, G. ; Salvadori, P. ; Speakman, J.B. ; Rheinheimer, 

J. ; Krohn, K. , Eur. J Org. Chem. 2009, 2009 (9), 1427-1434. 

32. Nairn, M. J. ; Alam, O.; Alam, M. J. ; Alam, P. ; Shrivastava, N. , Int. J Pharmacol. Pharm. Sci 

2015, 3 (1 ), 40-51. 

33. Pal'chikov, V. A. , Russ. J Org. Chem. 2013, 49 (6), 787-814. 

34. Dyson, P. J. ; Jessop, P. G. , Cata!. Sci. Tech. 2016, 6 (10), 3302-3316. 

35. Desimoni, G. ; Faita, G. ; J0rgensen, K. A. , Chem. Rev. 2011, 111 (11), PR284-PR437. 

36. Liu, Z.-C.; Zhao, Q.-Q.; Chen, J. ; Tang, Q.; Chen, J.-R. ; Xiao, W.-J. , Advanced Synthesis & 

Catalysis 2018, 360 (11), 2087-2092. 

37. Chen, Z.-y. ; Wu, L.-y. ; Fang, H.-s. ; Zhang, T. ; Mao, Z.-f. ; Zou, Y. ; Zhang, X.-j. ; Yan, M. , Adv. 

Synth. Cata!. 2017, 359 (22), 3894-3899. 

38. Chow, S. Y. ; Stevens, M. Y.; Odell, L. R. , J Org. Chem. 2016, 81 (7), 2681-2691. 

39. Zhou, Y.-B.; Wang, Y.-Q.; Ning, L.-C.; Ding, Z.-C. ; Wang, W.-L. ; Ding, C.-K. ; Li, R.-H. ; Chen, 

J.-J. ; Lu, X. ; Ding, Y.-J. ; Zhan, Z.-P. , J Am. Chem. Soc. 2017, 139 (11), 3966-3969. 

149 



40. Lin, J.-S. ; Dong, X.-Y. ; Li, T.-T. ; Jiang, N.-C. ; Tan, B. ; Liu, X.-Y. , J Am. Chem. Soc. 2016, 138 

(30), 9357-9360. 

41. Fidan, i. ; Salmas, R. E. ; Arslan, M. ; Sentiirk, M. ; Durdagi, S. ; Ekinci, D. ; Sentiirk, E. ; Co~gun, S. ; 

Supuran, C. T. , Biorg. Med. Chem. 2015, 23 (23), 7353-7358. 

42. The data were obtained from these websites: 

(a) https ://depts. washington.edu/eooptic/linkfiles/dielectric chart%5B 1 %5D.pdf 

(b) https ://monumentchemical.com/uploads/files/TDS/MTBE%20-%20TDS.pdf 

150 

https://monumentchemical.com/uploads/files/TDS/MTBE%20-%20TDS
https://washington.edu/eooptic/linkfiles/dielectric
https://depts


Chapter III. Synthesis of Spirocyclic Ethers via Enantioselective Copper-Catalyzed 
Carboetherification of Alkenols 

Abstract 

Spirocyclic ethers are commonly found in many bioactive compounds. Those motifs are oftentimes a 

challenge to achieve in a single step, and with high enantioselectivity. This chapter describes a procedure 

to apply copper-catalyzed enantioselective alkene carboetherification to achieve such motifs. This method 

allows access to a wide variety of spirocyclic ethers including those bearing different heteroatoms such as 

oxygen, nitrogen, and sulfur in moderate to high yields with moderate to high enantioselectivities. 

Introduction 

Bioactive spirocyclic compounds 

Spirocycles are commonly found in many natural and synthetic bioactive compounds. Structurally, 

the molecules have two rings fused together at a quaternary center, which is usually a challenge for organic 

chemists to achieve in one single step. It is even more challenging to construct this fully substituted carbon 

center with great stereoselectivity. 1 Another interesting property of spirocycles that makes them attractive 

to medical chemists is that the quaternary center of the spirocycles allows a concise placement of 

functional groups in 3-D space.2 Spirocycles can exist in different forms depending on their rings' size 

and the heteroatoms on those fused rings. Spirocyclic ethers can be defined as a group ofmolecules, where 

at least one of the fused rings is a cyclic ether. Spirocyclic ethers possessing bioactivities are shown in 

Scheme III-1. Dactyloxene B is a marine natural product, a sesquiterpene ether derived from the sea hares, 

Aplysia dactylomela.3 (-)-Grindelic acid is a plant-derived natural product.4 Cyclopamine is one of the 

naturally occurring compounds classified into the family of steroidal alkaloid. This compound has a 

significant effect on fetal brain development. 5 NK-1 receptor antagonist is a molecule that expresses 
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unique antidepressant, anxiolytic, and antiemetic properties. 6 These compounds are just a few examples 

of many spirocycles with bioactivities. 

Racemic and diastereoselective synthesis of spirocyclic ethers 

Inspired by these motifs, chemists have been working diligently to develop methods to access 

those core structures. A common method to access the spirocyclic ether motif is to cyclize a pendent 

alcohol functional group onto an existing cyclic structure to achieve a fused ring by using different 

transition metals. In the following section, a summary of how those transformations were achieved will 

be discussed. 

Scheme 111-1. Spirocycles with biological activities 

,,,a=-~L HO 

,, . 0# ] 

,0 

Dactyloxene B (-)-Grindelic acid Cy dopamine 
H 

HO 

HN 

OCF3 
NK-1 Receptor Antagonist PreHispalone 

Potential Herbicide Platelet Activating Factor 
Receptor Antagonist 

The Backvall group, in 1998, published a diastereoselective palladium-catalyzed cyclization of an 

alcohol moiety onto a diene to give [5 ,6]-fused ring spirocycles. 7 In the presence of a catalytic amount (5 

mol %) of Pd(OAc)2, methanesulfonic acid and benzoquinone in MeOH, dienol, 3-(cyclohexa-1 ,3-

dienyl )propan-1-ol, was converted into the spirocycle, ( 5 S, 8R)-8-methoxy-1-oxaspiro [ 4. 5]dec-6-ene, with 
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a yield of 73% and a diastereoselectivity greater than 97% (Scheme 111-2). The authors claimed that there 

was a trans-alkoxypalladation of the dienol in the presence of palladium catalysis, which led to the 

formation of the n-allyl intermediate followed by an external trans-attack by the alcohol solvent to give 

the cis-product (Scheme 111-2). 

Scheme 111-2. Diastereoselective palladium catalyzed synthesis of spirocyle 

cat. Pd(OAch 
~ cat. MeSO3H _;=\_,.:-7 
\.._/ ~ Benzoquinone MeO-Vo...J 

OH MeOH 9701 •
?3% > 10 CIS 

~b<~_J 
Pd 

In 2013 , the Alaniz group published a procedure to synthesize spirocyclic ethers via intramolecular 

Piancatelli rearrangement using Lewis acids. 8 Their paper described a process where dihydroxyfurans 

were treated with a Lewis acid, dysprosium(III) trifluoromethanesulfonate, Dy(OTf)3, to yield a family of 

spirocyclic ethers with low to high yields with great diastereoselectivities via Piancatelli rearrangement 

(Scheme 111-3). A closer look at the substrate scope revealed that when R1 is aliphatic, the reactivity was 

lower compared to the case when R1 is an aryl group. In some cases, when R1 is aliphatic and R is a 

hydrogen, the reactivity was shut down completely. When this method was used to synthesize a [5 ,6]

spirocycle, only 20% of the desired product was obtained. The scope of the products obtained from this 

method is limited to a ,~-unsaturated ketone spirocyclic ethers. An additional step is required to achieve 

saturated spirocyclic ethers. 
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Scheme 111-3. Diastereoselective synthesis of spirocyclic ethers via Piancatelli rearrangement 
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Recently, in 2016, the Akita group disclosed a photoredox-catalyzed synthesis of CF3- and CHF2-

substituted spirocyclic ethers from aryl-fused cycloalkenols using [Ru(bpy3)](PF6)2 complex and visible 

light from LEDs (11,= 470 nm).9 In this report, [Ru(bpy3)](PF6)2 was used as the photosensitizer. Upon the 

irradiation with LEDs (11,=470 nm), the excited ruthenium complex is proposed to convert the Umemoto 

or Hu reagent into trifluoromethyl or difluoromethyl radicals, respectively. The radicals then couple with 

the aryl-fused cycloalkenols to generate new benzylic radicals . The benzylic radicals are then proposed to 

undergo oxidation to their respective carbocations via a SET process. This leads to the cyclization of the 

alcohol group onto the carbocation to give a spirocyclic ether. This intramolecular attack was expected to 

occur in anti-fashion as shown in the scheme below to yield anti-fluoromethylated spirocyclic ethers . 
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Scheme 111-4. Synthesis of fluoromethylated spirocyclic ethers via photoredox catalyst 

Umemoto reagent (1.1 equiv) ~ [Ru(bpy)3)(PF6h (0.5 mol%) s 
I 

CF3 
CH2Cl2 , -78 ° C, 3 h 

2,6-lutidine (1.1 equiv) Umemoto reagent: 
470 nm LEDs 

5 mol¾ fac-[lr(ppy)J] 
CH2Cl2, -78 °C, 24 h 

+ 2,6-lutidine (1.1 equiv) 
425 nm LEDs 

Hu reagent R 
R= H, 54% yield , 94:5 dr 
R= Cl, 38%, 92:8 dr 
R= OMe, 56%, 93:7 dr 

The proposed mechanism: 

hv 

Umemoto 
or Hu reagent M' _/ 

photoredox ~ 
SET process M 

Ar1 _J-
7 -1e· 

L 
To our best knowledge, despite many reported procedures to synthesize racemic or diastereoselective 

spirocyclic ethers, only a few enantioselective transformations have been reported. Those procedures will 

be discussed in the following section. 
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Enantioselective syntheses of spirocyclic ethers 

In 1998, the Overman group reported an enantioselective synthesis of spirocyclic ethers via a 

palladium-catalyzed Heck-type cyclization protocol on aryl iodides. 10 In the presence of Pd(OAc)2/(R)

( + )-BINAP complex, Ag3PQ4, NMP, and N-methyl pyrrolidinone at 80 °C, the compound, 8-((2-

iodophenoxy )methyl )-1 , 4-dioxaspiro [ 4.5]dee-7-ene, was converted into the spirocyclic ether in 91 % yield 

and 49 - 55% ee (Scheme 111-5). A drawback of this method is that only one example of spirocyclic ether 

was illustrated and the best ee achieved was only 55%. 

Scheme 111-5. The enantioselective palladium-catalyzed synthesis of a spirocyclic ether 

Pd2(dbab (5 mol%) 
(R)-(+)-BINAP (10 mol%) 
Ag3PO4 (2 equiv), NMP(5 equiv) 

N-Methyl-pyrrolidinone, 80 °c 

91 % yield, 49-55% ee 

Another enantioselective synthesis of spirocyclic ethers was reported by the Hoveyda group in 

2002. 11 This technique relies on enantioselective olefin ring-closing metathesis by using various 

molybdenum complexes, made from chiral ligands, to achieve the transformation with moderate to high 

yields and moderate to good enantioselectivities. A range of 5,6-, 6,6- and 6,7- spirocycles were 

synthesized using this method (Scheme 111-6). 

In 2008, the Shibata group reported the enantioselective syntheses of various chiral multicyclic 

compounds with a quaternary carbon stereocenter via a catalytic intramolecular cycloaddition. 12 In this 

report, rhodium complexes were used to convert 1,4-dienynes to various cycloadducts with an 

enantioenriched quaternary carbon. When treated Rh(COD)BF4/(S)-tolBINAP in DCE at room 

temperature the substrate was supposed to produce the tricyclic product. However, they also observed a 
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side-product, which was confirmed to be the spirocyclic ether with excellent enantioselectivity (Scheme 

III-7). 

Scheme 111-6. The enantioselective synthesis of spirocyclic ethers via RCM 

5 or 9 mol% Rr _t/~
?5 

chiral Mo catalyst 

C6H6, 22 °C, 24 h 

(') (')
(')
Q 9 Q R= i-Pr, R1 = Ph 

R= Cl, R1 = Me 
R= Me, R1 = Ph 

Me Me SiMe3 
Me 

45% yield 80% yield 70% yield 90% yield Mo catalysts : 
88%ee 83%ee 85%ee 62%ee 

Scheme 111-7. Synthesis of spirocyclic ethers via rhodium-catalyszed method 

Ph
Ph - Ph Rh(COD)BF4+( S)-tolBINAP / 

(10 mol%) 
O~Me + rbMe

0~ 
0DCE, rt, 4 h 

Me R= 1-napthyl 51 % yield , 98% ee 
30% yield, >99% ee 

They proposed that the reaction was initiated by a metal-catalyzed cyclization ofthe alkene onto the alkyne 

to form a bicyclic metal complex. There were two possible insertions that could occur at the metal center. 

If the olefin, intramolecularly inserted itself into the bond (a), the bond between the metal center and the 

sp2 carbon, then a tricyclic intermediate could be formed leading to the tricyclic product. However, if the 

olefin intramolecularly inserted itself into the bond (b ), the bond between metal center and the sp3 carbon, 

then a different tricyclic intermediate could be formed. The latter intermediate could then undergo a /3-

hydride elimination followed by a reductive elimination to give the spirocyclic ether (Scheme III-8) . The 

authors hypothesized that the steric hindrance on the alkyne-terminal could disfavor the insertion of the 
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olefin into the bond (a), thus, they installed a methyl group on the ortho- position of phenyl ring (R1
) , in 

order to exclusively achieve the spirocyclic ethers (Scheme 111-9). The attempts were successful and 

spirocyclic ethers were exclusively formed when the size of the substitution increased. This indicated that 

in order to achieve the spirocyclic ethers, manipulations of the starting materials are required. This would 

limit the scope of the compatible starting materials to some degree. 

Scheme 111-8. The proposed mechanism of rhodium-catalyzed synthesis of spirocyclic ether 
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Ph }Me Ph 
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0H 

Scheme 111-9. The scope of optimized structure to exclusively form spirocyclic ethers 

Rh(COD)BF4+( S)-tolBINAP 
(10 mol¾) 

DCE, rt, 4 h 

R1= 1-napthyl, R2= Me, 82% yield 97% ee 
R1= 2-PhC6H4, R2= Me, 80% yield , 96% ee 
R1= 9-phenanthryl, R2= Me, 72% yield, 99% ee 
R1= 1-naphthyl, R2= Ph, 78% yield, 93% ee 

In 2009, the Tu group reported an enantioselective synthesis of spirocyclic ethers by using 

Bronsted acid-catalyzed semi-pinacol rearrangements. 13 This method can be used to convert 2-oxo allylic 

alcohols to spirocyclic ethers with high yields and good to excellent enantioselectivities in the presence 

of chiral phosphoric acids (Scheme 111-10). 
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Scheme 111-10. The enantioselective synthesis using chiral phosphoric acid 

chiral phosphoric acid 
catalyst ( 1 O mo I%) 

► 
CCl4, rt or O °C 

cR ~ 
with cat. A- 96% yield, 94% ee 81% yield , 87% ee 89% yield, 95% ee 85% yield , 90% ee 
with cat. 8- 90% yield , 98% ee 

chiral phosphoric acid catalysts: 

cat. A- R= 2,4,6-(iPr)3C6H2; X= H 
cat. 8- R= 2,4,6-(iPr)sC6H2; X= Ag 

The authors proposed that in the presence of chiral phosphoric acid, there is an H-bonding between the 

alcohol and catalyst, which could lead to the formation of the compound, III-A. After the acidic proton 

transfer to the enol motif, asymmetric 1,2-migration of the carbon atom via chiral pair transition state 111-

B occurred and chiral spirocyclic ethers were obtained (Scheme 111-11). Similar to the previously reported 

methods, this technique also creates spirocyclic ethers from a pre-existing cyclic ether ring and can only 

allow access to the spirocyclic ethers with a carbonyl group on the backbone. 
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Scheme 111-11. The proposed mechanism of the chiral phosphoric-catalyzed process 

chiral 
phosphoric 
acid (cat.),.. 

Direct and selective functionalization of sp3 C-H bonds has emerged as one of the most ubiquitous 

methods in fundamental organic chemistry. Inspired by that, the Tu group developed a method in 2012 to 

perform C-H functionalization using silver and organocatalyst to synthesize chiral spirocyclic ethers from 

cyclic ethers bearing a ,~-unsaturated aldehyde group (Scheme III-12) .14 The a ,~-unsaturated aldehyde 

group is required for the tethering of the substrate to the organocatalyst in order to form a chiral iminium 

ion. A 1,5-hydride shift of the iminium ion intermediate creates an enamine intermediate, which then 

reacts with the oxocarbenium moiety formed in-situ to give the chiral spirocyclic ether (Scheme III-13). 

The silver salt was added to create the active catalyst by exchanging the proton with the organocatalyst. 

The bulky t-Bu group on the catalyst introduced steric hindrance, resulting in the preferential formation 

of the E enamine, leading to the formation of two possible conformers 111-C and 111-D. Due to the 

repulsion of dipoles between the cyclicoxocarbenium ion and enamine motifs, the conformer, 111-C is 

formed more readily than the conformer 111-D, leading to the formation of the major enantiomer via a 

Wittig transformation. It is important to note that two electron-withdrawing groups were always present 

on the backbone of the starting materials. The role of those group were not fully discussed. 
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Scheme 111-12. Synthesis of chiral spirocyclic ethers via C-H functionalization 

1) cat. (30 mol%) 
AgSbF6 (30 mol%)R"":?::JE"o E 

2) Ph3P=CHCO2Et 
o- n"' 1, 2 

R1=trans-CHCO2Et catalyst 

~ CO2Et

Q'oO-co2Et 
R1 

81% yield 78% yield 83% yield 62% yield 
dr"' 5:1 dr"' 3.9:1 dr"'8.1:1 dr"' 5.7:1 
91% ee/4% ee 93% ee/23% ee 95%ee 87% ee/nd 

Scheme 111-13. The proposed mechanism 

1) cat.c:>cJE 
07 2) Ph3P=CHC02Et 

E= C02Et. E'= CH 

i) Prins-type addition 
ii) Wittig reaction 

:j: 

0~ / 

Ph,,,..(N'.:\.. ,,,(' -
[1. SJ-hydride shift \ - -

SbF5 
E H E 

111-D 
disfavored 

{dipole repulsion) favored 

In 2008, the Gais group developed an asymmetric synthesis ofhighly substituted spirocyclic ethers 

and spiroketals using a stereoselective spirocycloannulation of 2-hydroxy dihydropyrans. 15 This method 

can convert sulfoximine-substituted a ,a-dienyl dihydropyrans into the spirocyclic ethers via a ring-closing 
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metathesis or a Prins cyclization. They found that the RCM reaction was not noticeably affected by the 

Lewis basic sulfoximine group (Scheme III-14). 

Scheme 111-14. Synthesis of spirocyclic ethers via RCM 

q, ,,NMe 

iPr 

~ S-ph 

·•''"'= 
Ru catalyst 

~ 
MesNT~NMes 

87% Cl........_ 
Ru~ 

Cl/ I Ph 
PCy3 

q, ,,NMe 
~ S-ph Ru catalyst Ru catalyst: 

·•''"'= 
92% 

In the presence of TiCl4 in dichloromethane at -78 °C, a-hydroxy dihydropyrans, via Prins cyclization, 

were converted to chloro-substituted spirocyclic ethers with excellent yields and high 

diastereoselectivities and enantioselectivities (Scheme III-15). 

Scheme 111-15. Conversion of a-hydroxy dihydropyrans to spirocyclic ethers via Prins cyclization 

q,,,NMe 
'-::: S-ph 

.,,OH 
iPr -78 °C 

70%, de >98% 

q, ,,NMe 
'-::: S-ph 

.,,OH 

-78 °C 

68%, de >98% 5%, de >98% 
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Enantioselective carboetherification reactions by the Chemler group 

The Chemler group specializes in the development of methods for the diastereoselective and 

enantioselective synthesis of heterocycles including cyclic ethers. We have published many reports on 

how to achieve those transformations using copper(II)-complexes as the catalyst. Thus, we were also 

excited to develop a novel copper-catalyzed carboetherification to achieve enantioenriched spirocyclic 

ether motifs . In 2012 and 2014, we published two procedures to synthesize fused and bridged-ring 

tetrahydrofurans by using copper(II)-catalyzed carboetherification, These reports were previously 

discussed in Chapter II , and are summarized again in Scheme 111-16.16 

Scheme 111-16. The doubly intramolecular copper-catalyzed carboetherification reaction 

Cu(OTfh (20 mol%) 
Achiral Box (25 mol%) 

K2CO3 (1 equiv) 
MnO2 (3 equiv) 

PhCF3. 100 °C, 24 h Achiral Box 

Cu(OTf)z (20 mol%) 
(S,S)-tBu-Box (25 mol%) ~ 

Cl 
Cl 

ci----G--_~,,,.Cl MnO2 (3 equiv) , K2CO3 (1 equiv) 

PhCF3, 4 A mol. sieves. 
Ph100 °C, 24 h 

95 % yield, >95% ee 

Cu(OTf)z (20 mol%) 
(S,S)-t-Bu-Box (25 mol¾) 
Diphenylethylene (3 equiv) 

MnO2 (3 equiv) , K2CO3 (1 equiv) /\ ~PhPh~ 
PhJ'n~ ~~ 

Ph OH Pti O Ph 
PhCF3, 4 A mol. sieves. 

90% yield, >95% ee100 °C, 16 h 

A more in-depth analysis ofDFT studies is described as followed.16
b We concluded that the alkene 

addition to copper catalyst was the enantioselectivity-determining step, which was further probed for more 
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mechanistic insight. The pro-S and pro-R cis-oxycupration transition states were modeled for the 

calculations. The result showed that the major pro-S transition state, 111-TS-E, is lower in Gibbs free 

energy than the minor pro-R transition state, 111-TS-F, by 1.59 kcal/mole. This translates to a theoretical 

ee value of 79.1 %, which is close to the experimental value of 82%. This difference arises due to the 

presence of two steric interactions present in the minor state, one between a substrate terminal alkene H 

and a ligand backbone H, and another between a substrate a-carbon H and a ligand backbone H (Figure 

111-1). 

Figure 111-1. Comparison of transition states via DFT studies. 

Minor Transition State 111-TS-E Minor Transition State TS 111-TS-F 

The vision for copper (11)-catalyzed synthesis of spirocyclic ethers 

Inspired by the interesting bioactivity profiles of the spirocyclic ethers, Dr. Karyakarte decided to 

develop a copper-catalyzed carboetherification that can construct various ring-fused, [5 ,6] and [5 ,5] 

spirocyclic ethers. This goal was inspired by many spirocyclic ethers ' unique physical, chemical and 

medicinal properties. In addition, this goal also coincides with one of the Chemler group ' s goals to develop 

and utilize copper catalysts to achieve diastereoselective and enantioselective carboetherifications. This 

method would add a tool to overcome one of the challenges in the field of organic chemistry- constructing a 

quaternary center with a high enantioselectivity in a single step. Dr. Karyakarte, a former Chemler group 

member, envisaged to develop an enantioselective synthesis of enantioenriched spirocyclic ethers via a 
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copper (11)-catalyzed difunctionalization of alkenes. The initial thought was to introduce a n system, which 

can accept the primary carbon radical- formed after the homolysis of the cis-oxycuppration complex. The 

intermediate would then rearomatize to form spirocyclic ethers with a quaternary center (Scheme 111-17). 

This novel method is also envisioned to allow access to diverse enantioenriched spirocyclic ethers, which 

will be beneficial for the related fields such as medicinal chemistry. The envisioned mechanism is shown in 

(Scheme 111-17). 

Scheme 111-17. The envisioned formation of spirocyclic ethers via doubly intramolecular 
carboetherification of 1,1-disubstituted alkenes 

------------------► 
n= Oor 1 

1, 1-disubstituted alkene spirocycle 

I 
I 
I 

I 
I 
I 

! 

I 

..........• [ ~ l 
Due to time-constraint, Dr. Karyakarte could not complete the project for publication. Thus, I 

continued to work on this project and made some contributions to expand the utility and the scope of this 

method so that the results can be published in an appropriate journal. A part of contribution I made was 

to ensure a high quality of spectral data (1 H, 13C, HPLC/GC traces, IR and HRMS) of the intermediates 

and products accomplished by Dr. Karyakarte. I also synthesized new substrates in order to expand the 

scope of enantioenriched spirocyclic ethers. The expanded scope included more enantioenriched 

spirocyclic ethers with nitrogens having various protecting groups. Additionally, spirocyclic ethers 

containing sulfur and halogen were also achieved. In order to expand the scope of the n system that can 
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accept the primary carbon radical, I synthesized several additional styrene substituted alkenols, which will 

be discussed in the following sections. 

Results and discussion 

Initial discovery substrate syntheses and optimization 

Inspired by the reasons mentioned in the sections above, Dr. Karyakarte developed a synthesis 

route to achieve his substrates for his study (Scheme 111-18). He started with aldehydes having an aryl ring 

tethered to the chain. These aldehydes were either purchased or synthesized via Swem oxidation. The 

aldehydes were then converted to a ,~-unsaturated aldehydes by using Mannich reaction. 17 After the 

NaBH4 reduction in an aqueous alcohol solution, those a ,~-unsaturated aldehydes were converted to 

allylic alcohols, which can be converted to alkenes bearing a terminal ester group by using a Johnson

Claisen rearrangement, with triethyl orthoacetate and a catalytic amount of propionic2 acid. The esters 

were then converted to their corresponding alcohols by using either RMgX or LAH (Scheme 111-18). In 

order to achieve substrates containing heteroatoms, the commercially available 3-chloro-(2-

chloromethyl)prop-1-ene was subjected to tosylaniline to form allylic chloride18 followed by hydrolysis 

to form the allylic alcohol. 19 These allylic alcohols can under the same Johnson-Claisen rearrangement 

followed by the treatment of the Grignard reagent to give the desired alcohol substrates (Scheme 111-18). 

Scheme 111-18. Summary of substrate syntheses 

oxalyl chloride, ~o )H • R NaBH, 
DMSO, Et3N ~ (CH20)n ~ EtOH :H2O1 :1 ~ 

-78 °C, then rt 
4h 

R1 DCE, 70 °C, 
16 h 

R1~ ~CHO 0 °C-rt, 4 h R1~ ~OH 

RI = H. OMe. CF3 
lll-la - lf 
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R1-0XH 
1) NaH, DMF Hoyx~ 

2) NaOAc, DMF ~R1 
3) K2C03 , MeOH, 

H20 R 1 = H, OMe, 

X = NTs, 0 
Ill-lg and 111-lh 

x triethyl orthoacetate 
~ propionicacid ~XDEtO0·1 RMgX, Et20 

R1~ ~OH------~ 
140 °C, 16 h R1 or LAH 

111-2a - 2h 111-3a - 3hX = CH2, NTs, 0 X = CH2, NTs, 0 
R = H, Me, Et, Ph 
R1 = H, OCH3, CF3, 

Ph l(::oH~ ~v ~v ~0 0 ~ UCF3 

(OH~ ~OH~ Ph'rOH~ 

lll-3a lll-3b lll-3c Ill-3d I lll-3e 

lll-3f lll-3g lll-3h Hl-3i Hl-3j 

Dr. Karyakate began to study the cyclization conditions with the optimization. The Table III-I 

summarizes those attempts. The substrate III-3a was chosen for his initial screening. He examined various 

ligands and reaction conditions such as catalyst loading, reaction temperature, solvent, and reaction time. 

When Cu(OTf)2/Box (30 mol¾:35 mol¾) complex was used, the compound III-3a was converted to III-

4a in 46% yield after 24 hours of stirring (Table III-I , entry 1 ). Changing the achiral ligand to the chiral 

(S,S)-iPr-Box improved the yield to 60% under the same condition (Table III-I , entry 2). However, the 

enantioselectivity was not observed using this ligand. Therefore, he switched to another chiral ligand, 

(S,S)-t-BuBox. Under the same condition, Cu(OTf)2/(S,S)-t-BuBox complex gave a similar yield but a 

higher enantioselectivity of 67% (Table III-I , entry 3). The desired product, III-4a , was isolated in 74%% 
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yield after 48 hours of stirring when the catalyst loading was lowered to (20 mol¾:25 mol¾). The chiral 

GC analysis of this product revealed its ee to be 73% (Table III-1 , entry 4) . Lowering the copper and 

ligand loading further decreases the yield to 46% while the enantioselectivity was not affected (Table III-

1, entry 5). Changing the ligand to (S)-t-Bu-Pyrox did not affect the yield of the isolated product. However, 

the ee of the product was observed to be less than 5% after the chiral GC analysis. It is important to note 

that the chiral GC analysis was conducted using the CP-Chirasil-Dex CB column. To conclude the 

optimization, he decided that the optimal condition was Cu(OTf)2/(S,S)-t-BuBox (20 mol¾:25 mol¾), 

K2CO3 (1 eq), MnO2 (2 .6 eq), and 4 A mol. sieve in PhCF3, at 120 °C stirred for 48 hours. 

Table 111-1. Optimization of doubly intramolecular carboetherification reaction 

Cu(OTfh, Ligand 
K2CO3 (1 equiv) 

MnO2 (2.6 equiv), PhCF3~HO'] 

~ ~ 
120 °C, 48 h ~ 

III-3a III-4a 

d)-5(-0-J -r-X-1 ~-X-i A: 
Bisoxazoline 

(Box) (S,S)-t-Bu Box (S,S)-iPr Box ( S)-t-Bu-Pyrox 

Entry Catalyst Loading Time Ligand Yielda eeb 

(mol %) (h) (mol %) 

1 30 24 Box (35) 46% 

2 30 24 S,S_iPr-Box (35) 60% <5% 

3 30 24 S,S-t-Bu-Box (35) 60% 67% 

4 20 48 S,S-t-Bu-Box (25) 74% 73% 
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5 15 48 S,S-t-Bu-Box (18) 46% 76% 

6 20 48 S-t-Bu-Pyrox (25) 79% <5% 

aYields are isolated after chromatography on silica gel; 6 obtained by GC analysis using CP-Chirasil-Dex CB 

column 

After establishing the optimal reaction conditions, Dr. Karyakarte continued to apply the reaction 

conditions on the substrates to achieve various spirocyclic ethers (III-4a-4h) in good yields and moderate 

to high enantioselectivities (Scheme III-19). 

Scheme 111-19. Synthesis of the spirocyclic ethers III-4a - 4h 

XO 
Cu(OTfh (20 mol%) 

(S,S)-t-Bu-Box (25 mol%) 

OH K2C03, Mn02, 4 Amol. sieves 

R1- IC( :::::-... R2 PhCF3, 120 °C, 24 h 

X = CH2, NTs, 0 
R1 = H, Me, Et 
R2 = H, OMe, CF3 

. o~tfl1 O~CDPhx:_J··,,~ Ph>(J··,,~ 

lll-4a lll-4b Ill-4c 83%. 
74%, 84%. 77%. regioselecti vity = 7: I 

ee= 73% ee=97% ee=90% ee> 99% 

>({)? 
F 

lll-4e lll-4gIll-4f lll-4h 
83%, 81 %.86%, 60%, 

rcgiosclcctivity = 8: 1 ee= 96% regioselect ivity = 7: I: I regioselecti vily = I 0: I 
ee = 98% ee = 97% ee=78% 

Based on this observation, the reactivity and enantioselectivity of the product III-4a, derived from 

the primary alcohol III-3a, was slightly less compared to that of the tertiary alcohols. The presence of the 

substitutions on the backbone of the substrate could also introduce additional steric demand, which led to 
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a larger difference in energy of the transition states. As a result, one enantiomer can form faster than the 

other (Figure 111-2). This aspect will be discussed further in the proposed mechanism section. 

Figure 111-2. The proposed transition state of copper-complex and substrate 

The 2 hydrogens causes the increase in the energy 

~~o 
OTf 

on 8 

~~:~ 
Ph ~O 

cis-oxycupration TS 

vs. I' 
cis-oxycupration TS 

vs. 

(distorted tetrahedral) (distorted tetrahedral) 
Major Minor 

Second, whenever there is a substitution at the para-position of the aryl ring, two regioisomers 

were obtained due to the possibilities of the formation of an ipso-isomer intermediate (Scheme 111-20). 

Basically, the regioisomers arose from the addition of the primary radical to the aryl ring via an ipso

addition pathway, which could undergo one of the two rearrangement pathway (Scheme 111-20). These 

regioisomers, meta- and para- substituted products could be separated by using preparatory HPLC, using 

a silica gel-packed column. The determinations of the structure of the regioisomers were achieved by 

using nOe experiments (Figure 111-3). 

Scheme 111-20. Examples of the formation of ipso-regioisomer 

meta- para-
Cu(OTfh (20 molo/o) 
(S,S)-tBu-Box (25 molo/o) 
K2C03, Mn02 (2.6 equiv) ~HO~ 

0 
PhCF3, 120 °C, 48 h 

0NN" I 
I 
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Determination of the structures of III-2d and III-2d' using nOe experiment 

This nOe was obtained from the clean meta- substituted product of III-4d. According to its coupling 

pattern (singlet) and coupling constant (1 Hz), the peak at - 6.7 ppm is assigned as the proton (Hb). For 

signal at - 2.8 ppm, the splitting pattern the signal must have arisen from a proton without any neighboring 

proton. Thus, the signal is assigned to Ha. In order to confirm the structure of this isomer as above, nOe 

experiment was done. The nOe signal between Ha (- 2.9 ppm) and Hb (- 6.7 ppm) confirms that Ha is 

close the meta- position (Hb ). This refutes the other possible structure (minor), where Ha is close to proton 

in the ortho position (one of the doublet in the aromatic area) . 

Figure 111-3. Determination of major regioisomers by nOe effect 

___,...... cou--,...... __ _~0.-1-1.. 

...... .,._,-.,YID

""·• - i.- ..,......... 

-, ... 
nOe Hb 

if" 

nOe nOe 

m~or (observed) minor (not observed) 

Determination of the absolute configuration of the stereocenter 

The compound III-4g, which has a tosyl protected nitrogen on the backbone, was obtained in 81 % 

yield. The chiral HPLC analysis showed that this product has a high enantioselectivity, 96%. This product 

was also crystalline and contains sulfur, which allowed us to determine the absolute configuration of the 

stereocenter at the quaternary carbon using X-ray crystallography. This absolute configuration of the 
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stereocenter (C22) was determined to be the S-configuration. The X-ray crystal structure (CCDC 

1572209) was obtained by Dr. Jason Benedict and Mr. Eric Sylvester in the Chemistry department at 

University at Buffalo. This assignment was used as the reference configuration for the other products 

obtained under these reaction conditions. The X-ray structure can be found in the Figure 111-4. 

Figure 111-4. X-ray crystal structure for assignment of absolute configuration of III-4g 

0 1 

C13 
ClO 

Cll 

Additionally, Dr. Karyakarte also applied the conditions to synthesize spirophthalanes (Scheme 

111-21). He observed that while the yields were comparable, the enantioselectivities of the spirophthalanes 

was lowered compared to the aliphatic spirocyclic ethers. Attempts using different ligands did not improve 

the ee of the spirophthalanes. It is important to note that MnO2 was observed to oxidize the benzylic 

alcohol substrate, thus, silver carbonate, was used as the oxidant instead for this substrate. The presence 

of the phenyl ring on the backbone might cause variation in the transition state leading to lower ee 

observed. 
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Scheme 111-21. Synthesis of spirophthalanes 

Cu(OTfh (20 mol%) 
Ligand (25 mol%) 
K2C03 (1 equiv) 

Ag2C03 (2 equiv) 

PhCF3, 120 °C, 48 h 
4A mol. sieves. III-4i 

90%, 
ee=24% 

~n~ ~n~ 
Ph Ph NJ

0 

Bn Bn 

(S,S)-t-Bu Box (R,R)-Ph Box (R, R)-Bn Box (S)-iPr-Quinox J--
90% yield, 24% ee 63% yield, <5% ee 59% yield, <5% ee 86% yield, <5% ee 

Cu(OTfh (20 mol%) 
(S,S)-t-Bu-Box (25 mol%) 

K2CO3, MnO2, 4 A mol. sieves 

PhCF3, 120 °C, 24 h 

III-3j III-4j 
77%, 

ee = 63% 

Enantioselectivity determination aided by oxidation 

While most of the spirocyclic ethers' enantiomers could be separated by chiral GC or HPLC methods, the 

enantiomers of the compounds III-4c and III-4j were not separable. We hypothesized that if we could 

increase the polarity of the spirocyclic ethers, the two enantiomers might become more separable. Thus, 

oxidation of the benzylic carbons to ketone groups seem viable. Dr. Karyakarte followed a literature 

procedure21 employing Co(acac)2 as the catalyst and TBHP as the oxidizing agent (Scheme III-22). He 

successfully oxidized the two benzylic carbons to give a diketone product, whose enantiomers were separated 

using chiral HPLC, ADRH-chiral pack. Although this transformation, albeit, gave low yield but it was 

sufficient for the chiral HPLC analysis. 
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Scheme 111-22. Derivatization of III-4c and III-4j for ee determination 

Co(acac)2 (10 mol%) 
TBHP (6 equiv) 

PhOCb<Ph 
0 

rt, 24 hPh Ph 

lll-4c lll-4c' 
27%, 

ee = 90% 

0 
Co(acac)z (10 mol%) 
TBHP (6 equiv) 

rt, 24 h 

lll-4jlll-4j 
12%, 

ee= 63% 

In order to achieve a [5 ,5] spirocyclic ethers, Dr. Karyakarte synthesized the substrate III-Sa, 

which contains an alkyne group to serve as the radical acceptor. The substrate can be made using the 

established route shown in the Scheme III-18 and a known compound, 6-phenylhex-5-ynal20 as the starting 

material. Under the established condition, when the achiral box ligand was used in the presence of 1,4-

cyclohexadiene (1.5 eq), the substrate III-Sa was completely converted to the spirocyclic ether III-6a 

based on the crude 1H NMR (Scheme III-21). However, when the chiral ligand (S,S)-t-Bu-Box was used 

the yield dropped to 55% under the same reaction condition. The products were isolated as an EIZ mixture 

with a ratio of 1.3:1. The chiral GC analysis showed that the ee of the product E and Z were 98%, and 

99%, respectively. When switching the chiral ligand to (S,S)-iPr-Box, the isolated yield increased to 67%. 

The ratio of the EIZ products and the enantioselectivity ofboth products were not affected by this change. 

The structural difference, steric hindrance, between of the two ligands might be responsible for the 

difference in the observed yield. The (S,S)-iPr-Box has lower steric hindrance, at the two stereocenters of 
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the ligand, compared to the (S,S)-t-Bu-Box. This assumption is also supported by the higher conversion 

when the achiral Box, which has the least steric hindrance, was used. 

Scheme 111-23. Synthesis of the [5,5] spirocyclic ether 

Cu(OTfh (20 mol%) 
Ligand (25 mo I%) 
K2CO3 (1 equiv) 
MnO2 (2.6 equiv) 

cyclohexadiene (1.5 equiv) 

PhCF3, 120 °C, 48 h 
4A mol. sieves. 

(S,S)-iPr Box achiral Box (S,S)-t-Bu Box 

67% yield, 98% ee/>99% ee100% conversion, 55% yield, 98% ee/ >99% ee 

Expansion of the scope 

Thanks to Dr. Karyakarte ' s contribution the foundation of this method has been established. 

However, there are still room for the improvement regarding the scope of the spirocyclic ethers that can 

be achieved using this method. In the following section, those expansions will be discussed in-depth. 

First of all, we were interested in achieving spirocyclic ethers having halogen as the substituent. 

The halogen group can provide insight regarding the effect of electron-withdrawing group on this 

transformation, in addition to , what we have observed in the case ofp-trifluoromethyl as the substituent, 

III-4e, which is a milder electron-withdrawing group. Moreover, the halogen group is useful in many 

transformations such as cross-coupling reactions. Thus, a method that can tolerate such a functional group 

would allow access to spirocyclic ether motifs that can undergo various derivatizations. Using the 

synthesis routes established by Dr. Karyakarte (Scheme 111-18), the starting material, III-4k, was 

synthesized from a known compound, 4-( 4-bromophenyl)butanal22 using the Mannich reaction condition 
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as described above to give the intermediate ester in 60% yield (Scheme 111-24). When treated with 

MeMgCl (3.05 Min THF), the alcohol lll-3k was obtained in 97% yield (Scheme 111-24). 

Scheme 111-24. The synthesis of the compound lll-3k 

1) NMe2H2CI 
(CH2O)n 

DCE, 70 °C 
2) NaBH4, EtOH, 

MeMgCI
H2O, 0 °C 

3) triethylBr Br
orthoacetate 

cat. C2H5CO2H TTT-2j TTl-3k 
140 °C 60% 97% 

over 2 steps 

The compound lll-3k was then examined under the established conditions. Satisfyingly, the substrate lll-

3k was successfully converted to the spirocyclic ether, lll-4k, in 76% yield under the standard reaction 

condition (Scheme 111-25). The ratio of the desired product and para- substituted regioisomer was 

determined to be (7:1) based on the 1H NMR of the purified products after flash chromatography. After 

the preparatory HPLC, the major product (meta- substituted) was isolated and analyzed for the 

enantioselectivity using chiral GC. Unfortunately, the enantiomers of the compound, lll-4k, were not 

separable. Thus, I decided to transform the compound into the compound, lll-4b, using a palladium

catalyzed debromination. 23 

Scheme 111-25. The synthesis of lll-4k and its derivative 

meta- substituted para- substituted 
Cu(OTfh (20 mol%) 

(S,S)--tBu-Box (25 mol%) 
K2C03 (1 eq) 
MnO2 (2.6 eq) 

~Br 

. O-('ri---yBr
>(_]··,,~ 

lll-3k PhCF3, 120 °C, 48 h 
4A mol. sieves. lll-4k lll-4k' 

76%. 
regioselectivity: 7: I 
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Pd(OAch (20 molo/o) 
H2 (1 atm), IPA, RT 

►
~Br overnight 

III-4k III-4b 
90% 

ee> 99% 

After treating with Pd(OAc)2 under H2 (1 atm) atmosphere in IPA at room temperature, the spirocyclic 

ether III-4k was converted to the compound III-4b in 90% yield (Scheme III-25). The spectral data of the 

isolated product were compared to that of the compound III-4b, available thanks to the contribution of 

Dr. Karyakarte. The chiral GC analysis revealed the ee of the compound III-4k to be greater than 99%. It 

is also worth to note that after the debromination, a single product, III-4b, was obtained. This is also 

another evidence to support that the two products were regioisomers, obtained via ipso- addition pathway. 

In order to show that this reaction is scalable, the reaction to convert the alcohol III-3d to the 

spirocyclic ether III-4d was repeated at a 10-fold scale. Gladly, this attempt yielded the product III-4d at 

68% yield under the established conditions (Scheme III-26). Interestingly, the ratio of the mixture of 

product was 14:1, much higher compared to the smaller scale, 7:1. The enantioselectivity of the major 

product, obtained at this scale, was greater than 99% after the chiral GC analysis. Earlier, Dr. Karyakarte 

also attempted to separate the two isomers in order to define the structures of the two regioisomers, using 

preparatory HPLC. 

Scheme 111-26. Scaled up synthesis of III-4d 

meta- substituted para- substituted 
Cu(OTfh (20 molo/o) 

(S,S)--tBu-Box (25 molo/o) ~ 
K2CO3 (1 eq) o I ---::: 

OMe ___M_n_O_2 _(2_.6_e_q_)------,► ·,,, 0 OMe : 

PhCF3, 120 °C, 48 h III-4d 
III-3d 4A mol. sieves. 

normal scale: 70%, 
regioselectivity: 7:1, ee > 99% 

10-fold scale: 68%, 
regioselectivity: 14: 1, ee > 99% 
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However, the scale of the copper reactions, he ran, was smaller, making the separation of the two very 

challenging. Therefore, I decided to use this opportunity to separate the two isomers, hoping to 

characterize the two structures. Unfortunately, several attempts to separate the two isomers at this scale 

using preparatory HPLC were not productive. Although the major product could be obtained as a pure 

fraction, several other fractions of the major product would always contain the other isomer. After other 

several attempts to separate these latter fractions, the mass became too small that no further separation 

was possible. Since the ratio of the last separation contained more of the para- substituted regioisomers, 

its 1H NMR can be analyzed easier. According to the splitting pattern of the signals in the aromatic area 

combined with data from nOe, we could conclude that the major product is the meta- substituted product 

while the minor product is the para- substituted product (Figure 111-3). 

Evaluation of effect of substitution on primary alcohol substrates 

Due to the moderate observed ee of the spirocyclic ether III-4a, we wanted to investigate further 

and determine if substitutions on the backbone of the substrate would improve the ee. Thus, the alcohol 

111-31 was synthesized from the allylic alcohol, 2-methylene-4-phenylbutan-1-ol III-la (Scheme 111-27). 

The allylic alcohol III-la was first mesylated using MsCl and triethylamine in DCM at O °C. The 

mesylated alcohol was then treated with an enolate, prepared from methyl isobutyrate and freshly prepared 

LDA in anhydrous THF, to give an ester, which underwent a LAH reduction to yield the compound 111-

31 (Scheme 111-27). Under the reaction conditions, the compound 111-41 was successfully synthesized in 

83% yield from the compound 111-31. Likewise, the enantiomers did not separate from each other. Thus, 

a derivatization was conducted in order to determine the ee. 
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Scheme 111-27. The synthesis of germ- dimethyl substituted spirocyclic ether 

HO Cu(OTf)i (20 mol%) 
1) MsCI , Et3N (S,S)-t-Bu-Box (25 mol%) 

DCM, 0 °C K2CO3 (1 eq) 
2) methyl isobutyrate Mn02 (2.6 eq) 

LDA, THF 
PhCF3, 120 °C, 48 h ~ 3) LAH, THF 4.8. mol. sieves. 

111-41111-31 
44% 83%. 

over 3 steps 

Thus, I decided to transform the compound, 111-41 into its ketone derivative. The oxidation using the 

procedures described by Dr. Karyakarte, using cobalt and peroxide, was not fruitful , even after a prolonged 

reaction time. Therefore, I decided to use MnO2 and t-butyl hydroperoxide (THBP) in DCM at reflux 

condition.24 Gratifyingly, a mono oxidized product, 111-41' was obtained in 42% yield and 40% of the 

starting material was recovered (Scheme III-28). 

Scheme 111-28. Oxidation of the compound 111-41 

Co(acac)z (10 mol%) Mn02 (4 eq.) 
THBP (6 eq.) THBP (6 eq.) 
DCM rt, 24 h DCM (0 °C to reflux) 

no reaction ---------------
Recovered 40% of 

111-41 starting material 111-41' 
42%, 

ee = 87% 

It is worth to note that this oxidation condition is more selective compared to the one used by Dr. 

Karyakarte to oxidize lll-4c, and lll-4j . Under the oxidation condition using cobalt as the catalyst gave a 

diketone product as a result of the double oxidation of the benzylic carbons of the spirocyclic ethers. The 

chiral HPLC analysis of the derived product 111-41' revealed the ee to be 87%. There is a 14% increase in 

the ee compared to the ee of the compound lll-4a, which was also derived from a primary alcohol 

substrate. The presence of the dimethyl group on the backbone could introduce some steric hindrance in 
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the transition state. This difference in sterics could lead to a larger difference in energy of the competing 

transition state. 

Expansion of the scope of the spirocyclic ethers containing multiple heteroatoms 

Thanks to the contribution made by Dr. Karyakarte, two examples of spirocyclic ethers containing 

nitrogen and oxygen were synthesized. Inspired by their potential to possess interesting bioactivities, 25 we 

decided to expand the scope of the spirocyclic ethers to include the spirocyclic ethers, containing multiple 

heteroatoms such as nitrogen, sulfur or oxygen. For the reviews about the importance of the spirocyclic 

ethers containing multiple heteroatoms see these references. 25 With that goal set, we decided to synthesize 

the alkenols lll-3m - 3p (Table 111-2). These substrates' syntheses started with coupling of a heteroatom

substituted arene with the 3-chloro-2-( chloromethyl)prop-1-ene to give an allylic chloride. The allylic 

chloride was then displaced by acetate using NaOAc. The hydrolysis of the acetate group gave an allylic 

alcohol, which can be converted into an ester via the Johnson-Claisen rearrangement condition, described 

above. After the treatment with MeMgCl, these esters were then converted to the corresponding alkenols, 

lll-3m - 3p. The alcohol lll-3m and lll-3n were synthesized using MeMgCl (3.5 Min THF) at O °C in 

anhydrous THF because the protecting groups, Bz and Cbz, are sensitive to the Grignard reagent (Table 

111-2, entry 1 and 2). The reaction times were also shortened to two hours to minimize the decomposition 

of the products. The starting materials were also recovered after flash chromatography. The alkenols 111-

30 and lll-3p were synthesized using the standard conditions. The compounds 111-30 and lll-3p were 

obtained in 86%, and 56%, respectively. 
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Table III 2. Synthesis of heteroatom-substituted alkenols 

0-XH 
1) NaH, DMF 
2) NaOAc, DMF 
3) K2C03, MeOH, 
H20 MeMgCI 

4) triethyl 
orthoacetate , 
cat. C2HsC02H 
140 °C TTT-2f - 2h III-3m - 3p 

X = NBz, NCbz,NPh , S 

III-Im 111-1 n 111-10 IIT-lp 

Temperature, Recovered 
Compound X Yield 

Time Starting material 

111-lm NBz O °C, 2 h 24% 42% 

111-ln NCbz O °C, 2 h 44% 51% 

III-lo NPh 0 °C to rt, 4 h 86% -

111-lp s 0 °C to rt, 4 h 56 -

We were excited to discover that under the standard reaction conditions, substrates III-3m - 3p were 

successfully converted into their corresponding spirocyclic ethers III-4m - 4p in moderate to good yields 

with good to high enantioselectivities (Scheme III-29). The spirocyclic ether III-4m, containing a nitrogen 

having a benzoyl protecting group, was obtained in 64% yield with the enantioselectivity of 90%. The 

compound III-4n, containing a carbamate group, was obtained in 76% yield with the enantioselectivity of 

95%. Interestingly, the compound 111-40, having N-phenyl as a protecting group on the nitrogen, was 

successfully synthesized in 60% with the enantioselectivity of 78%. The reaction temperature was increased 
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to 130 °C to achieve this optimal yield for the compound 111-40. These three entries demonstrate the ability 

of these reaction conditions to tolerate a wide range ofnitrogen with different protections groups, not limited 

to the N-tosyl group. Additionally, the compound III-4p, having thiophenol group on the backbone, was 

obtained in 92% yield. The enantioselectivity was determined to be 76%. The slightly more basic amine, N

phenyl, sulfur and oxygen could possibly coordinate to the copper complex, which can lead to changes in the 

transition state of the enantioselectivity determination step. This changes might be responsible for the 

observed lower enantioselectivities of the compounds III-4h, 111-40 and III-4p . The enantioselectivities of 

the compounds III-4m - 4p were obtained using a chiral HPLC using Chiralpak AD-RH column. 

Scheme 111-29. Syntheses of the spirocyclic ethers containing multiple heteroatoms 

Cu(OTf)2 (20 mol¾) OH 
(S,S)-t-Bu-Box (25 mol%) 

K2C03, Mn02, 4 A mol. sievest('O 
PhCF3, 120 °C, 48 h 

X = NTs, NBz, NCbz, Ph, S 

Bz Cbz Ph 

>(})) >(})) >(})) >(})) 
lll-4m lll-4n 111-40 lll-4p
64%, 76%, 60%, 92%,

ee = 90% ee = 95% ee = 78% ee = 76%at 130 °C 

Evaluation of different 1t-systems as radical acceptors 

Inspired by the success to achieve a [5 ,5] spirocyclic ethers III-6a from III-Sa in the presence of 1,4-

cyclohexadiene under this reaction condition, I continued to the expand the scope to access more structurally 

diverse [5 ,5] spirocyclic ethers. The 1,4 cyclohexadiene served as the hydrogen atom source (Scheme 111-

23). Without using 1,4-cyclohexadiene, a lower yield oflll-6a was isolated. Thus, we were curious to see if 

the styrene group could do the same. That led to the synthesis of the substrates III-Sb - Sd. The substrates 
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III-Sb - Sd were synthesized according to the procedures used to make III-3a and III-3b by starting from 

a known compound, ( E/Z)-2-meth ylene-6-phenylhex-5-en-1-ol26 or (EIZ)-6-( 4-methoxyphenyl )-2-

methylenehex-5-en-1-0127 (Scheme III-32). The allylic alcohols were converted into the corresponding esters 

via Johnson-Claisen rearrangement (Scheme III-32). The esters 111-21 and III-2m had to be synthesized with 

a precise addition of a catalytic amount ofpropanoic acid and shorter reaction time. Exactly 1 mol¾, relative 

to the substrate, of propanoic acid was required for the transformation to occur. The reaction time was 

shortened to 2 hours to achieve the optimal yield. Longer reaction time and higher acid loading led to the 

formation ofunidentified side-products based on the 1H NMR of the reaction. The compound 111-21 and III-

2m was obtained in 89%, and 66%, respectively. These esters were then treated with EtMgBr (3.05 M in 

THF) to give the tertiary alcohols III-Sb and III-Sc in 79%, and 79%, respectively (Scheme III-32). In order 

to obtain the primary alcohol substrate III-4d, the allylic alcohol, (E/Z)-2-methylene-6-phenylhex-5-en-1-ol, 

was converted the allylic bromide, which was then coupled with an enolate form of methyl isobutyrate, 

freshly prepared from LDA and methyl isobutyrate. Due to the presence of the methyl isobutyrate in the 

purified ester, the exact isolated yield could not be calculated. This ester was then reduced using LAH to 

give the compound III-4d in 35% over 3 steps. The primary alcohol substrate III-4d would allow us to 

evaluate the effect of the substitutions on the yields and enantioselectivities in addition to the substrate III-

3a and 111-31 (Scheme III-32). 

Scheme 111-30. The syntheses of styrene substituted substrates 

0 

triethyl 
orthoacetate 

cat. C2H5CO2H EtMgBr, 
140 °C THF 

R R 

111-21: R = H (89%) 111-51>: R = H (79%) 
TTT-2m:,R = OMc (66%) TTT-5c:,R = OMc (79'½,) 
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1) PPh3, NBS 
DCM, 0 °C 

2) LDA, methyl isobutyrate, 
THF 

2)LAH,THF 

Meo 
Meo 

IIl-5d 
35% 

over 3 steps 

Under the reaction conditions, the compounds III-Sb - Sd, having a tethered styrene group as the 

n-system to accept the primary radical acceptor, were investigated. Pleasurably, the spirocyclic ethers III-

6a - 6c were obtained in moderate to good yields from their corresponding starting materials (Scheme 111-

33). The compound III-6a was obtained from an EIZ mixture of III-Sb in 68% yield, as a (1 :1) EIZ 

mixture. Unlike the alkyne substituted substrate, the substrate III-Sb gave the product III-6a in a similar 

yield with or without using 1, 4-cyclohexadiene. The E and Z isomers were separated on preparatory HPLC 

using a silica gel packed column. The E and Z isomers had high enantioselectivities, 93%, and 89%, 

respectively. Based on this observation, the radical intermediate did not undergo hydrogen atom transfer 

(HAT) from 1,4-cyclohexadiene. The rate of the elimination via carbocation intermediate must have been 

greater than the rate of the HAT. The substrate III-Sc, having a methoxy group on the para-position of 

the styrene, gave the product III-6b in 7 6% yield, as a (2 :1) E/Z mixture, without the need of 1, 4-

cyclohexadiene. This is not surprising because the presence of electron-rich substituent on the para

position of the aryl ring could stabilized the carbocation at the benzylic position, allowing the elimination 

to occur more readily. The E and Z isomers were separated on preparatory HPLC using silica gel packed 

column. The E and Z isomers were then analyzed by chiral GC, using a CP-Chirasil-Dex CB column. The 

E and Z isomers had high enantioselectivities, 99%, and 96%, respectively. The primary alcohol substrate 

III-Sd, having two methyl groups on the backbone, was also successfully converted into [5 ,5] spirocyclic 
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ether III-6c under the standard condition with (S,S)-iPr-Box as the chiral ligand instead of (S,S)-t-Bu-Box 

(Scheme 111-33). The compound III-6c was isolated in 62% yield, as a (1 :1) mixture of E and Z isomers. 

After the separation, on preparatory HPLC, the two isomers were then analyzed by chiral HPLC, using a 

Chiralpak AD-RH column. The E and Z had high enantioselectivity, 85% and 86%, respectively (Scheme 

111-31). 

Scheme 111-31. Expansion of ,r-scope 

Cu(OTf)2 (20 mol%) 
(S,S)_tBu-Box (25 mol%) Ph 

K2CO3, MnO2, 4 Amol. sieves 

PhCF3, 120 °C, 48 h 

Ill-Sb Ill-6a 
68%, 

d.r. = 1:1, 
ee = 93 %, 89% 

Cu(0Tf)2 (20 mol%) 
(S, S)-rBu-Box (25 moI%) 

K2C03, Mn02 , 4 Amol. sieves 

PhCF3, 120 °C, 48 h0 
I lll-6b 

76%. 111-Sc 
d.r. = 2:1, 

cc = 99%. 96% 

Cu(OTf)2 (20 mol%) 
(S,S)_iPr-Box (25 mol%) 

K2CO3, MnO2, 4 Amol. sieves 

PhCF3 , 120 °C, 48 h 
111-6c 
62% , TTl-5d 

d.r. = I : I, 
ee = 85%, 86% 

There were few substrates with similar backbone that did not give give desired [5 ,5] or [5 ,6] 

spirocyclic ethers under the established conditions suing either (S,S)-iPr-Box or (S,S)-t-Bu-Box ligands 

(Scheme 111-32). In those cases, based on the analysis of the crude 1H NMR obtained from the reaction 
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mixtures, the alkenes peaks belonging to the starting materials disappeared but the peaks corresponding to 

the desired products were not observed. These reaction required more vigorous investigations. It was very 

surprising that the primary alcohol III-Se did not react to give the desired spirocyclic ether. The cinnamyl 

tosylamine III-Sf, under the standard condition, using achiral Box, gave a mixture of unidentified products 

and the starting materials. While the reaction with (S,S)-t-Bu-Box ligand showed decomposition of the 

starting material. Under the established reaction conditions, using achiral Box ligand and (S,S)-t-Bu-Box 

ligand, the substrate 111-Sg gave unidentified product, which had methylene peak and an internal alkene 

peaks. 

Scheme 111-32. Unsuccessful attempts to synthesize [5,5] or [5,6] spirocyclic ethers 

H OH 
0 
I III-Se 

Cu(OTfb (20 mol%)/Ligand, 
K2C03, Mn02, 4 Amol. sieves,~CY>~H no reaction 

III-Sf PhCF3, 120 °C, 48 h 

~O~H 

III-Sg 

The proposed catalytic cycle 

The summary of the catalytic cycle is shown in Figure III-5. Based on the previous reports 16
b and the 

transition state modeling studies published by our group, we proposed that there is a coordination between 

the hard alcohol with the active copper complex in the presence of a base, along with a concomitant loss of 

a proton. A cis-alkoxycupration of the oxycuprate intermediate, 111-G, generates the chiral stereocenter via 
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Figure 111-5. The proposed catalytic cycle 

v:¢ 
R R 

on 

KHC03 OTf 

~~T~~ 
)·T)-?:a 

III-G 

~ovR 
v'(L)<:

(Cu(II)]•- L_/"R 
III-I

III-J 

cis-oxycupration TS 
(distorted tetrahedral) 

TS III-H 
(O] 

III-K 

a chair-like transition state, TS 111-H, leading to the formation of an unstable alkyl copper (II) intermediate, 

111-1. The size of the R groups could also affect to the energy level of the transition states. Less bulky group 

such as hydrogen could allow easier transition between the favored and the disfavored transition state. A 

homolysis of the C-Cu(II) bond generates the primary carbon radical, 111-J, and Cu(I) species, which get 

oxidized to Cu(II) in presence of the Mn02 oxidant to reenter the catalytic cycle. Meanwhile, the carbon 
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radical adds onto the tethered aryl ring or a n-system to give the intermediate 111-K, which undergoes a 

subsequent oxidation to form a carbocation, either by Mn(IV) or Cu(II) followed by a rearomatization of the 

aryl ring to form the spirocyclic ether product (Figure 111-5). 

Conclusion 

In conclusion, a novel copper(ll)-catalyzed doubly intramolecular carboetherification to synthesize 

enantioenriched spirocyclic ethers in a single step has been developed. Structurally diverse spirocyclic ethers, 

[5 ,5]- and [5 ,6]-, were successfully synthesized using the established condition with moderate to high yields 

and enantioselectivities. 

Future work 

Further investigation to determine whether this method can incorporate into a copper-catalyzed 

carboamination to achieve nitrogen-containing heterocycles with an enantioenriched quaternary center or 

nitrogen-containing spirocycles. The variations of the n-systems as the radical acceptors would also help 

transform this method into a more powerful technique. The indole family and other aromatic heterocycles 

such as pyrroles, thiophenes, or quinolones have not been demonstrated as the alkyl radical acceptor under 

this reaction condition yet (Scheme 111-35). Thus, those substrates are also worth investigating because they 

will open routes to more interesting bioactive motifs. It is important to note that some of these heterocycles 

might have different electronic from the aryl or vinyl system, however, it could be adjusted by incorporate 

Minisci reaction condition into this reaction if the cyclization does not occur readily. The application of this 

method to build a library of bioactive compounds would be a great way to demonstrate how beneficial this 

method is. Potentially, different ring size spirocyclic ethers could be synthesized using this methods. By 

varying the chain length of on each side chain, this goal could be achieved. 
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Scheme 111-33. The envisaged expansion of substrates 

standard 
reaction 

Ph~X- 1 ~,,,, condition--...,, --...,, 'f,oH 
X = NTs, 0 

X = NTs, 0 

standard 
reaction 

condition 

standard 
reaction 

condition 

standard 
reaction 

condition 

X = NR, S, 0 

This chapter is a version ofthe paper published in Angew. Chem. Int. Ed. from the following reference. 28 
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Experimental 

General Information 

All reactions were performed under an argon atmosphere with stirring, unless otherwise noted. 

Bis( oxazoline) ligand, 5-dihydro-2-(2-( 4,5-dihydrooxazol-2-yl)propan-2-yl)oxazole, (achiral box), used 

to generate racemic samples for HPLC and GC analysis, was synthesized using our previously reported 

procedure.29 The MnO2 used was obtained from Aldrich as an activated, <5 µm powder of85% purity and 

was used out of the bottle as supplied. All other reagents were purchased from Aldrich, Acros or Strem. 

Solvents were purified using a solvent filtration system purchased from Contour Glass Co (Irvine, 

California). PhCF3 was purchased from Acros and distilled from CaH2 prior to use . 1H NMR spectra were 

recorded at 300, 400 or 500 MHz using Varian instruments. 13C NMR data were recorded at 75 MHz or 

101 MHz. Coupling constants (J) are in Hertz. Abbreviations used ares= singlet, d = doublet, t = triplet, 

m = multiplet, ABq = AB quartet, AX = AX quartet and br = broad. IR spectra were taken neat using a 

Nicolet-Impact 420 FTIR. Wave numbers in cm-1 are reported for characteristic peaks. High-resolution 

mass spectra were obtained at SUNY, Buffalo ' s mass spec. the facility on a ThermoFinnigan MAT XL 

spectrometer. Melting points were obtained on an electrothermal melting point apparatus and are reported 

uncorrected. X-ray structure was obtained at the University of Buffalo by Prof Jason Benedict and Jordan 

Cox. Optical rotations were obtained using a Rudolph Autopol I Polarimeter fitted with a microcell with 

a 1 dm path length. Enantiomeric excess was determined by high-performance liquid chromatography 

(HPLC) using Chiralpak AD-RH or Regis (S , S)-Whelk chiral analytical column (UV detection at 254nm) 

or by gas chromatography (GC), CP-Chirasil-Dex CB column. 
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List of known or commercially available starting materials: 

3-( 4-Bromophenyl)propanoic acid, hex-5-yn-1-ol, but-3-en-1-ol, 2-fluoro-4-iodopyridine, 4-methyl-N

phenylbenzenesulfonamide, 3-chloro-2-( chloromethyl)prop-1-ene, 4-methoxyphenol, butane-1 ,4-diol, 1-

iodo-4-(trifluoromethyl)benzene, 4-phenylbutan-1-ol, 5-bromopentan-1-ol, but-3-ynylbenzene, 2-

(methoxycarbonyl)phenylboronic acid were purchased from vendors and used without purification. 4-( 4-

(Trifluoromethyl)phenyl)butanal30, 4-( 4-methoxyphenyl)butanal30 , 3-( 4-bromophenyl)propanal31 were 

synthesized as previously reported. (5-Hydroxypentyl)triphenylphosphonium bromide32 , (E)/(Z)-2-

methylene-6-phenylhex-5-en-1-ol32, 6-phenylhex-5-ynal20 , (3-bromo but-3-enyl )benzene33 , (E)/( Z)-6-( 4-

methoxyphenyl)hex-5-enal11 were synthesized as previously reported. 

Synthesis of substrates 

Synthesis of allylic alcohols 

4-Phenylbutanol was converted to allylic alcohol III-la by Swem oxidation followed by Mannich reaction 

with paraformaldehyde17 followed by reduction with NaBH4. 

'NH· HCIoxalyl chloride, 
I NaBH4 

DMSO, Et3N 
paraformaldehyde EtOH:H20 1 OH 

V ~ CHO 0 °C-rt , 4h V ~ 
,.. ~ ~ : 1► ri;1v\ -78 °C, then rt V L...CHO DCE, 70 "C, 16 h 

4 h, Quant 60% Ill-la80%OH 

2-Methylene-4-phenylbutan-1-ol (III-la)17 

To a solution of oxalyl chloride (1.90 g, 14.9 mmol, 1.12 eq.) in CH2Ch (45 mL), a solution ofDMSO 

(2.30 g, 29.2 mmol, 2.20 eq.) in CH2Ch (10 mL) was added at -78 °C. The reaction was allowed to run for 

10 minutes before the solution of 4-phenylbutan-1-ol (2.00 g, 13 .3 mmol) in CH2Ch was added. The 

reaction was stirred for another 90 minutes before Et3N (6.70 g, 66.5 mmol, 5.00 eq.) was added. The 

reaction was allowed to warm to room temperature. After 5 hours the reaction was cooled to O °C and 1 
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M aq. HCl (30 mL) was added to quench the reaction. After phase separation, the aqueous phase was 

extracted with CH2Ch (30 mL) twice. The combined organic phase was washed with saturated aq. sodium 

carbonate and then brine, dried over Na2SO4 and concentrated to give the crude aldehyde (2.40 g) that was 

used in the next step without further purification. 

Following the literature procedure,17 a solution of 4-phenylbutanal (2.00 g, 13.5 mmol) and 

paraformaldehyde (4.10 g, 135 mmol, 10.0 eq.) in CH2Ch (30 mL) was treated with dimethylammonium 

chloride (5.40 g, 67.0 mmol, 5.00 eq.). The mixture was stirred at 70 °C for 24 hours. The reaction mixture 

was then cooled, filtered and the residue was washed with CH2Ch. The filtrate was concentrated to yield 

crude 2-methylene-4-phenylbutanal (2.00 g), which was carried to the next step without further 

purification. 

To a O °C solution of 2-methylene-4-phenylbutanal (2.00 g, 12.5 mmol) in EtOH (8 mL), a solution of 

NaBH4 (2.40 g, 62.5 mmol, 5.00 eq.) in cold H2O (8 mL) was added at O °C dropwise. The reaction was 

maintained with vigorous stirring at O °C for 4 hours, where the progress of reaction was monitored by 

TLC. A sat. aq. NH4Cl soln. (20 mL) was used to quench the reaction at O°C and the mixture was stirred 

for an additional 10 to 15 minutes. The aqueous phase was extracted twice with EtOAc (2 x 20 mL). The 

organic extracts were combined, dried with Na2SO4 and concentrated in vacuo. The crude alcohol was 

purified by flash column chromatography ( silica gel, 0: 100-60 :40 EtO Ac:hexanes) to afford the pure 

alcohol III-la (730 mg, 34% yield over two steps) as a colorless oil. The 1H NMR data matched reported 

literature. 17 Rf= 0.4; 1H NMR (400 MHz, CDCh) 8 7.38-7.35 (m, 2H), 7.29-7.25 (m, 3H), 5.16 (s, lH), 

5.00 (s, lH), 4.13 (s, 2H), 3.11 (brs, lH), 2.87 (t, J = 8.0 Hz, 2H), 2.45 (t, J = 8.0 Hz, 2H). 

6):] . 
~OH 
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4-(4-Methoxyphenyl)-2-methylenebutan-1-ol (III-lb) 

4-( 4-Methoxyphenyl )-2-methylenebutan-1-ol 111-1b was synthesized using similar the procedure to make 

III-la by starting with 4-(4-methoxyphenyl)butanal17 (1.00 g, 5.60 mmol). The crude alcohol was purified 

by flash column chromatography (silica gel, 0: 100-60:40 EtOAc:hexanes) to afford the pure alcohol (658 

mg, 61 %, over 2 steps) as a colorless oil. Rf= 0.4; 1H NMR (400 MHz, CDCh) 8 7.11 (d, J = 8.6 Hz, 2 

H), 6.83 (d, J = 8.6 Hz, 2 H), 5.06 (d, J = 0.8 Hz, 1 H), 4.91 (d, J = 1.2 Hz, 1 H), 4.09 (s, 2 H), 3.79 (s, 3 

H), 2.73 (t, J = 8.6 Hz, 2 H), 2.35 (t, J = 8.6 Hz, 2 H), 1.60 (brs, lH). 13C NMR (75 MHz, CDCh) 6 148.5, 

133 .8, 129.2, 113.8, 109.8, 66.0, 55 .2, 34.9, 33.4. IR (neat, thin film) u 3346, 2929, 2856, 2323. 2162, 

11610, 1583, 1511 , 1245, 1035, 748 cm- . HRMS (ESI) calcd for C12H16Na1O2 [M+Nat 215 .1043, found 

215 .1049. 

2-Methylene-4-( 4-(trifluoromethyl)phenyl)butan-1-ol (III-le) 

2-Methylene-4-( 4-( trifluoromethyl)phenyl)butan-1-ol III-le was synthesized using the procedure to make 

III-la but starting with 4-(4-(trifluoromethyl)phenyl)butanal17 (360 mg, 1.60 mmol). The crude alcohol 

was purified by flash column chromatography (silica gel, 0:100-60:40 EtOAc:hexanes) to afford the pure 

allylic alcohol (200 mg, 55%, over 2 steps) as a colorless oil. Rf= 0.4; 1H NMR (400MHz, CDCh) 6 7.54 

(d, J = 7.8 Hz, 2 H), 7.30 (d, J = 7.8 Hz, 2 H), 5.08 (s, 1 H), 4.91 (s, 1 H), 4.10 (s, 2 H), 2.90 - 2.79 (m, 2 

H), 2.40 (t, J = 7.8 Hz, 2 H), 1.5 (brs, OH). 13C NMR (101 MHz, CDCh) 6 147.7, 145.9, 128.6, 127.8, 

125 .3 (q, J = 3.8 Hz), 110.3, 65.8, 34.1 , 33.9. 19F NMR (282 MHz, CDCh) 8 -62.3. IR (neat, thin film) u 

3314, 2931 , 2866, 1323, 755 cm-1; HRMS (EI) calcd for C12H13O1F3[Mt 230.0913 , found 230.0924. 
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4-(2-Fluoropyridin-4-yl)-2-methylenebutan-l-ol (III-ld) 

4-(2-Fluoropyridin-4-yl)-2-methylenebutan-1-ol III-ld was synthesized using similar procedure to make 

III-la by starting with 4-(2-fluoropyridin-4-yl)-2-methylenebutanal (102 mg, 0.60 mmol) . The crude 

alcohol was purified by flash column chromatography (silica gel, 0: 100-60:40 EtOAc:hexanes) to afford 

the pure alcohol (57.0 mg, 56%, over 2 steps) as a colorless oil. Rf= 0.3 ; 1H NMR (400 MHz, eDeh) 8 

8.11 (d, J = 4.7 Hz, 1 H), 7.02 (br. s., 1 H), 6.78 (s, 1 H), 5.10 (s, 1 H), 4.90 (s, 1 H), 4.11 (s, 2 H), 2.91 -

2.77 (m, 2 H), 2.42 (t, J = 7.8 Hz, 2 H). Be NMR (101 MHz, eDeb) 8 165.2, 162.8, 156.7, 147.4, 147.2, 

145.2, 121.5, 110.6, 109.2, 108.8, 66.0, 33 .1, 32.9. IR (neat, thin film) u 3314, 2932, 2869, 1325, 757 cm-

1. HRMS (ESI) calcd for e10HBO1N1F1 [M+Ht 182.0976, found 182.0984. 

2-Methylene-6-phenylhex-5-yn-l-ol (III-le) 

2-Methylene-6-phenylhex-5-yn-1-ol III-le was synthesized using similar the procedure to make III-la 

by starting with 6-phenylhex-5-ynal20 (1 .50 g, 8.50 mmol). The crude alcohol was purified by flash 

column chromatography (silica gel, 0:100-60:40 EtOAc:hexanes) to afford the pure alcohol (680 mg, 

43%, over 2 steps) as a yellow oil. Rf= 0.4; 1H NMR (400MHz, eDeh) 6 7.48 - 7.19 (m, 4 H), 5.13 (s, 1 

H), 5.01 (s, 1 H), 4.16 (s, 2 H), 2.64 - 2.50 (m, 2 H), 2.40 (t, J = 7.0 Hz, 2 H), 1.60 (br s, lH). Be NMR 

(101 MHz, eDeb) 6 147.2, 131.5, 128.2, 127.6, 123.7, 110.9, 89.4, 81.2, 65 .8, 32.0, 18.4. IR (neat, thin 

film) u 3352, 2917, 755 , 691 cm-1; HRMS (EI) calcd for eBH14O1 [Mt 186.1039, found 186.1039. 
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Synthesis of ester III-2a via Johnson-Claisen reaction 

triethyl orthoacetate 
~ propionic acid ~EtO'fO 
~~OH ► 

140 °C, 16 h ~~ 
90% 

111-1 a lll-2a 

Ethyl 4-methylene-6-phenylhexanoate (III-2a) 

Propionic acid (0.2 mL, catalytic) was added to a solution of2-methylene-4-phenylbutan-1-ol III-la (730 

mg, 4.50 mmol) in excess triethyl orthoacetate (15 mL) and the reaction was heated to 140 °C and stirred 

for 14 hours under reflux. After cooling the reaction mixture to rt, it was further cooled to 0 °C and 

quenched with 1 M HCl (10 mL). The aqueous layer was extracted by diethyl ether (3x10 mL). The 

organic extracts were then combined, washed with sat. NaHCQ3 solution (10 mL), then brine solution (10 

mL), dried with MgSQ4, filtered and concentrated in vacuo. The crude ester III-2a was purified by flash 

column chromatography (silica gel, 0: 100-60-40 diethyl ether/hexanes) to afford the pure ester III-2a (880 

mg, 84% yield) as a colorless oil. Rf= 0.8; 1H NMR (400 MHz, CDCh) 8 7.34-7.30 (m, 2H), 7.26-7.20 

(m, 3H), 4.86 (s, lH), 4.83 (s, lH), 4.18 (q, J = 7.2 Hz, 2H), 2.81 (t, J = 7.2 Hz, 2H), 2.54-2.50 (m, 2H), 

2.46-2.37 (m, 4H), 1.30 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCh) 8 173.2, 147.4, 141.9, 128.3, 

125.8, 109.7, 60.3 , 38.0, 34.2, 32.6, 30.9, 14.2. IR (neat, thin film) u 2929, 1732, 1646, 1370, 1030, 698 

1cm- . HRMS (EI) calcd. for C1 sH2oO2[Mt 232.1458, found 232.1460. 

,......o 

OEt 

Ethyl 6-( 4-methoxyphenyl)-4-methylenehexanoate (III-2b) 

The compound ethyl 6-( 4-methoxyphenyl)-4-methylenehexanoate III-2b was synthesized using similar 

the procedure to make III-2a by starting with 4-(4-methoxyphenyl)-2-methylenebutan-1-ol III-lb (320 
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mg, 1.70 mmol). The crude oil was purified by flash column chromatography (silica gel, 0:100-60:40 

EtOAc:hexanes) to afford the pure ester (390 mg, 89%) as a colorless oil. Rf= 0.8; 1H NMR (400MHz, 

CDCh) 6 7.10 (d, J= 8.6 Hz, 2 H), 6.82 (d, J= 8.6 Hz, 2 H), 4.79 (s, 1 H), 4.76 (s, 1 H), 4.14 (q, J= 7.3 

Hz, 2 H), 3.79 (s, 3 H), 2.75 - 2.65 (m, 2 H), 2.50 - 2.34 (m, 4 H), 2.33 - 2.26 (m, 2 H), 1.26 (t, J = 7.0 Hz, 

3 H). 13 C NMR (101 MHz, CDCh) 6 173.2, 157.7, 147.5, 134.0, 129.1, 113.7, 109.7, 60.3, 55 .2, 38.3, 

33 .3, 32.7, 31.0, 14.2; IR (neat, thin film) u 2981 , 2909, 1732, 757, 692 cm-1
. HRMS (ESI) calcd for 

Ethyl 4-methylene-6-(4-(trifluoromethyl)phenyl)hexanoate (III-2c) 

The compound ethyl 4-methylene-6-( 4-(trifluoromethyl)phenyl)hexanoate III-2c was synthesized using 

similar procedure to make III-2a by starting with 2-methylene-4-( 4-( trifluoromethyl)-phenyl)butan-1-ol 

III-le (232 mg, 1.00 mmol). The crude oil was purified by flash column chromatography (silica gel, 

0:100-60:40 EtOAc:hexanes) to afford the pure ester III-2c (233 mg, 77%) as a colorless oil. Rf= 0.8; 1H 

NMR (400 MHz, CDCh) 6 7.53 (d, J= 7.8 Hz, 2 H), 7.29 (d, J= 7.8 Hz, 2 H), 4.78 (s, 2 H), 4.18 - 4.09 

(m, 2 H), 2.82 (t, J = 8.0 Hz, 2 H), 2.50 - 2.44 (m, 2 H), 2.42 - 2.31 (m, 4 H), 1.25 (t, J = 7.2 Hz, 3 H). 13C 

NMR (101 MHz, CDCh) 6 173.1, 146.8, 146.0, 128.6, 125 .2 (q, J = 3.8 Hz), 110.1, 60.4, 37.6, 34.0, 32.6, 

30.9, 14.2. 19F NMR (282 MHz, CDCh) 6 -62.4. IR (neat, thin film) u 2937, 2982, 1733, 826 cm-1
. HRMS 
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Synthesis of oxygen and nitrogen containing allylic alcohols 

0rNHTs 

V 
1) NaH , DMF Ts triethylorthoacetate 
rt, 48 h, 31% 

o~OH (140 ' C, 18 h) ►
►2) NaOAc, DMF, 

80 °C, 2 d 
3) MeOH :HCI lll-2d 

rt, 1 d 
78% Ethyl 

4-( ( 4-methyl-N-phenylphenylsulfonamido )methyl)pent-4-enoate (III-2d) 

Tosylaniline (297 mg, 1.20 mmol) was dissolved in anhydrous DMF ( 5 mL) and was added to a suspension 

ofNaH in anhydrous DMF (5 mL) at O°C. The reaction was allowed to warm to rt for 1 hour. Then, the 

reaction was cooled to O °C again and 3-chloro-2-(chloromethyl)prop-1-ene (300 mg, 2.40 mmol, 2.00 

equiv) was added dropwise. The reaction was allowed to warm to rt and was stirred for 24-30 hours. The 

progress of the reaction was monitored by TLC. After completion, the solvent was evaporated, water (15 

mL) was added and this aqueous phase was extracted with CH2Ch. The combined organic phase was dried 

over Na2SO4 and concentrated to give a crude oil (250 mg). The oil was then dissolved in anhydrous DMF 

(4 mL) and NaOAc (246 mg, 3.00 mmol, 4.00 equiv) was added. The reaction was then heated at 80 °C 

for 48 hours. After 48 hours, DMF was evaporated followed by addition ofEtOAc (10 mL) and water (10 

mL). The two layers were separated and the aqueous phase was extracted twice with EtOAc. The residue 

was dissolved in a solution of MeOH:HCl (8:3) (v/v) (6 mL). The solution was stirred at rt for 24 hours. 

Then MeOH was evaporated in vacuo and the aqueous phase was extracted with EtOAc and dried over 

Na2SO4. The crude was then filtered through a pad of silica gel to get rid of excess base and other 

particulate matter. The resulting oil was then dissolved again in excess triethylorthoacetate (10 equiv) and 

catalytic amount ofpropanoic acid (10 mol %). The reaction was heated at 140 °C and stirred for 16 hours. 

After the indicated time, the reaction was cooled to O °C and 1 M HCl was added slowly and stirred for 
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10 min. to remove excess triethylorthoacetate. The aqueous phase was then extracted with EtOAc twice. 

The organic phase was then washed with sat. aq. NaHCQ3 then brine then dried over Na2SQ4_ The crude 

oil was then purified by flash chromatography (silica gel, 10:90, EtOAc:hexane) to give pure ester (179 

mg, 38% over 3 steps) as a colorless oil. Rf= 0.6; 1HNMR (400MHz, CDCh) 8 7.43 (d, J= 8.2 Hz, 2 H), 

7.30 - 7.16 (m, 5 H), 7.00 (dd, J= 2.0, 7.4 Hz, 2 H), 4.76 (br.s. , 1 H), 4.75 (br.s. , 1 H), 4.13 - 4.04 (m, 4 

H), 2.49 - 2.35 (m, 7 H), 1.16 (t, J = 7.2 Hz, 3 H). 13C NMR (101 MHz, CDCh) 8 172.8, 143.4, 142.0, 

138.6, 134.8, 129.3, 128.7, 128.4, 127.6, 115.0, 60.3 , 55.2, 32.1 , 28.2, 21.5 , 14.1. IR (neat, thin film) u 

3408, 3064, 2968, 2926, 1648, 1595, 1491 , 1343 , 1163, 657 cm-1; HRMS (ESI) calcd for C21H26NQ4S 

[M+Ht 388.1577, found388.1584. 

Ethyl 4-((4-methoxyphenoxy)methyl)pent-4-enoate (III-2e) 

Ethyl 4-(( 4-methoxyphenoxy)methyl)pent-4-enoate III-2e was synthesized according to the procedure to 

make ethyl 4-((4-methyl-N-phenylphenylsulfonamido)methyl)pent-4-enoate III-2d by starting with 4-

methoxyphenol (500 mg, 4.03 mmol). Subsequent Johnson orthoester Claisen gave the title ester (150 

mg, 15% over 3 steps). Rf= 0.6; 1H NMR (400MHz, CDCh) 8 6.90 - 6.78 (m, 4 H), 5.16 (s, 1 H), 5.00 

(s, 1 H), 4.43 (s, 2 H), 4.13 (q, J = 7.0 Hz, 2 H), 3.77 (s, 4 H), 2.60 - 2.42 (m, 4 H), 1.26 (t, J = 7.0 Hz, 6 

H). 1H NMR (400MHz, CDCh) 8 6.90 - 6.78 (m, 4 H), 5.16 (s, 1 H), 5.00 (s, 1 H), 4.43 (s, 2 H), 4.13 (q, 

J = 7.0 Hz, 2 H), 3.77 (s, 4 H), 2.60 - 2.42 (m, 4 H), 1.25 (t, J = 7.0 Hz, 6 H). 13C NMR (101 MHz, CDCh) 

8 172.9, 153.8, 152.7, 143.6, 115.6, 115.6, 114.5, 112.5, 71.4, 60.3 , 55.6, 32.4, 28.0, 14.1. IR (neat, thin 

1film) u 2980, 2920, 1735 , 1507, 952, 673 cm- . HRMS (ESI) calcd. for C1sH2oO4Na [M+Nat: 287.1254; 

found 287.1261. 
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Ethyl 4-((N-phenylbenzamido )methyl)pent-4-enoate (III-2f) 

The compound ethyl 4-((N-phenylbenzamido)methyl)pent-4-enoate III-2f was synthesized using the 

same procedure to make III-2d by starting with N-phenylbenzamide (250 mg, 1.27 mmol) instead of 

NH2Ts to give III-2f (157.7 mg, 37% over 4 steps) as yellow oil. Rf= 0.4; 1H NMR (400 MHz, CDCh) 

8 7.34 - 7.28 (m, 2 H), 7.24 - 7.07 (m, 6 H), 7.02 (d, J = 7.8 Hz, 2 H), 4.98 (s, 1 H), 4.92 (s, 1 H), 4.54 (s, 

2 H), 4.13 (q, J= 7.0 Hz, 2 H), 2.61 - 2.37 (m, 4 H), 1.25 (t, J= 7.0 Hz, 3 H). 13C NMR (101 MHz, CDCh) 

8 173.9, 170.3, 143.6, 143.4, 135.9, 129.6, 128.8, 128.6, 127.6, 127.0, 126.4, 112.2, 60.3 , 54.4, 32.4, 28.7, 

14.2. IR (neat, thin film) 2970, 2926, 2854, 1738, 1646, 1492, 1460, 731. HRMS (ES) calcd. for 

C20H23NNaO2 [M+Nat 332.1621 ; found 332.1626. 

Ethyl 4-( ( (benzyloxycarbonyl)(phenyl)amino )methyl)pent-4-enoate (III-2g) 

The compound ethyl 4-((N-phenylbenzamido)methyl)pent-4-enoate III-2g was synthesized using the 

same procedure to make III-2d by starting with benzyl phenylcarbamate (900 mg, 2.20 mmol) instead of 

NH2Ts to give III-2g (276 mg, 34% over 4 steps) as yellow oil. Rf= 0.4; 1H NMR (500 MHz, CDCh) 8 

7.36 - 7.27 (m, 6 H), 7.25 - 7.17 (m, 4 H), 5.17 (s, 2 H), 4.87 (d, J= 4.4 Hz, 2 H), 4.86 (s, 1 H), 4.87 (s, 

lH), 4.11 (q, J = 7.2 Hz, 2 H), 2.50 - 2.42 (m, 2 H), 2.39 - 2.31 (m, 2 H), 1.24 (t, J= 7.1 Hz, 3 H). 13 C NMR 
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(126 MHz, CDCh) 8 172.7, 155.3, 143.4, 136.4, 128.6, 128.2, 127.7, 127.5, 126.2, 111.7, 109.8, 67.2, 

60.2, 54.9, 32.2, 28.4, 14.1. IR (neat, thin film) 2971 , 2951 , 1710, 1365, 1230, 764, 697. HRMS (ESI) 

calcd. for C22H2sNNaQ4 [M+Nat 390.1676; found 390.1675. 

Ethyl 4-( (diphenylamino )methyl)pent-4-enoate (III-2h) 

The compound ethyl 4-((diphenylamino)methyl)pent-4-enoate III-2h was synthesized using the same 

procedure to make III-2d by starting with diphenylamine (677 mg, 4 mmol) instead ofTsNH2 to give III-

2h (220 mg, 18% over4 steps) as dark yellow oil. Rf= 0.6; 1HNMR (400MHz, CDCh) 8 7.23 (d, J= 7.4 

Hz, 5 H), 7.13 - 6.98 (m, 6 H), 6.97 - 6.89 (m, 3 H), 5.10 (s, 1 H), 4.90 (s, 1 H), 4.30 (s, 2 H), 4.13 (q, J= 

7.2 Hz, 2 H), 2.56 - 2.46 (m, 2 H), 2.42 - 2.33 (m, 2 H), 1.28 - 1.21 (m, 4 H). 13 C NMR (101MHz, CDCh) 

8172.9, 147.9, 143.6, 129.2, 129.1 , 121.2, 120.8, 120.4, 117.7, 117.3, 110.4, 60.4, 57.4, 32.5 , 28.5 , 14.1. 

IR (neat, thin film) 3060, 3056, 2980, 2926, 1732, 1589, 748, 693 cm-1
. HRMS (ES) calcd. for 

C20H23NNaO2 [M+Nat 332.1621 ; found 332.1626. 

Synthesis of spiro-isobenzofuran intermediates 

The bromoboration of 4-phenyl-1-butyne was carried out according to a reported procedure23 . 

Pd(PPh3)4,~ B(OHh 

BBr3, CH2Cl2 ~ cooMe 
r=rCOOMe

_-_78_
0

_C_t_o_rt_,3_h_Br~Ph K3P04,dioxane:THF 

then AcOH , 1 h II 80 °c, 12 h IIPh 

70% 85% 
III-2i 

Methyl 2-(4-phenylbut-1-en-2-yl)benzoate (III-2i) 
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Following a literature procedure,33 in a 50 mL round-bottomed flask (oven dried and cooled under Argon), 

2-methoxycarbonyl phenyl boronic acid ( 432 mg, 2.40 mmol, 1.50 equiv) was added to a THF:dioxane 

(1 :1, 16 mL) solution of the vinyl bromide (336 mg, 1.60 mmol, 1.00 equiv), followed by Pd(PPh3)4 (92.0 

mg, 0.08 mmol, 5 mol¾) and K3PQ4 (1.40 g , 6.40 mmol, 4.00 equiv). The mixture was sealed with a 

yellow cap and heated for 12 hat 85 °C. After cooling to rt, the mixture was filtered through a Celite pad 

and the solvent was evaporated. The residue was purified using silica gel chromatography (pet. 

ether/EtOAc 20:1) to yield the coupling product as a clear oil (364 mg, 85% yield). Rf= 0.7; 1H NMR 

(400 MHz, CDCh) 8 7.86 (dd, J = 7.6, 1.2 Hz, lH), 7.47 (td, J = 7.6, 1.6 Hz, lH), 7.34 (td, J = 7.6, 1.2 

Hz, lH), 7.31-7.24 (m, 3H), 7.21-7.18 (m, 3H), 5.20 (d, J = 1.6 Hz, lH), 4.97 (s, lH), 3.87 (s, 3H), 2.81-

2.73 (m, 4H). 13C NMR (101 MHz, CDCh) 8 168.2, 150.2, 144.3, 141.9, 131.4, 129.9, 129.8, 129.5, 128.3, 

1128.2, 127.0, 125.7, 112.9, 51.9, 39.2, 34.5. IR (neat, thin film) u 2948, 1724, 1495, 1288, 1041 cm- . 

HRMS (ESI) calcd. for C1 sH19O2 [M+Ht 267.1380, found 267.1371. 
Br 

OEt 

Ethyl 6-( 4-bromophenyl)-4-methylenehexanoate (III-2j) 

Ethyl 6-(4-bromophenyl)-4-methylenehexanoate III-2j was synthesized according to a similar procedure 

to make III-la from 4-(4-bromophenyl)butanal (500 mg, 2.21 mmol) to give 4-(4-methoxyphenyl)-2-

methylenebutan-1-ol (320 mg, 60% over 2 steps). This compound was then used to synthesize ethyl 6-

( 4-bromophenyl)-4-methylenehexanoate III-2j using the same condition to make III-2a by starting with 

4-(4-bromophenyl)-2-methylenebutan-1-ol (320 mg, 1.30 mmol). The crude oil was purified by flash 

column chromatography (silica gel, 0:100-60:40 EtOAc:hexanes) to afford the pure ester III-2j (143 mg, 

35%) as a colorless oil. Rf= 0.8; 1H NMR (400MHz, CDCh) 6 7.39 (d, J = 8.2 Hz, 2 H), 7.06 (d, J = 8.2 

201 

https://7.21-7.18
https://7.31-7.24


Hz, 2 H), 4.77 (br. s. , 2 H), 4.14 (q, J= 7.3 Hz, 2 H), 2.71 (t, J= 8.2 Hz, 2 H), 2.50 - 2.41 (m, 2 H), 2.40 

- 2.34 (m, 2 H), 2.30 (t, J= 8.2 Hz, 2 H), 1.26 (t, J= 7.0 Hz, 3 H). 13C NMR (101 MHz, CDCh) 6 173.2, 

147.0, 140.8, 131.3, 130.1 , 119.6, 110.0, 60.4, 37.8, 33.6, 32.7, 30.9, 14.2. IR (neat, thin film) u 2981 , 

12910, 1730, 757 cm- . HRMS (ESI) calcd for C1sH19BrO2Na [M+Nat 333.0462, found 333.0461. 

Ethyl 4-methylene-8-phenyloct-7-ynoate (III-2k) 

The compound ethyl 4-methylene-8-phenyloct-7-ynoate III-2k was synthesized using similar the 

procedure to make III-2a by starting with 2-methylene-6-phenylhex-5-yn-1-ol III-le (460 mg, 2.47 

mmol). The crude oil was purified by flash column chromatography ( silica gel, 0: 100-60 :40 

EtOAc:hexanes) to afford the pure ester (500 mg, 79%) as a colorless oil. Rf= 0.8; 1H NMR (400MHz, 

CDCh) 6: 7.38 - 7.37 (m, 2 H), 7.27 - 7.26 (m, 3 H), 4.88 (s, 1 H), 4.83 (s, 1 H), 4.13 (q, J= 7.2 Hz, 2H), 

2.57-2.35 (m, 8 H), 1.25 (t , J= 7.2 Hz, 3 H); 13 CNMR (101 MHz, CDCh) 6 173.0, 146.2, 131.4, 128.0, 

127.4, 123.7, 110.3, 89.4, 80.9, 60.3 , 35.1 , 32.6, 30.7, 18.2, 14.1 ; IR (neat, thin film) u: 2981 , 2910, 1731 , 

756, 692 cm-1; HRMS (ESI) calcd for C17H20Na1O2 [M+Nat 279.1356, found 279.1369. 

(E)/(Z)-Ethyl 4-methylene-8-phenyloct-7-enoate (111-21) 

(E)/(Z)-Ethyl 4-methylene-8-phenyloct-7-enoate 111-21 was synthesized using similar the procedure to 

make III-2a by starting with (E)/(Z)-2-methylene-6-phenylhex-5-en-1-ol32 (100 mg, 0.53 mmol). The 
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crude oil was purified by flash column chromatography (silica gel, 0: 100-10:90 EtOAc:hexanes) to afford 

a mixture of (E)/(Z) ester (135 mg, 89%, E:Z ratio= 5.4: 1.0) as a colorless oil. Rf= 0.8 ; 1H NMR (400 

MHz, CDCh) 6 7.38 - 7.28 (m, 5.6 H, E+Z) , 7.25 - 7.13 (m, 1.5 H, E+Z), 6.48 - 6.32 (m, 1.3 H, E+Z) , 

6.28 - 6.13 (m, 1 H, E alkene), 5.71 - 5.58 (m, 0.3 H, Z alkene), 4.87 -4.69 (m, 2.62 H, E+Z) , 4.14 (q, J 

= 7.2 Hz, 2.5 H, E+Z) , 2.54 - 2.29 (m, 8 H, E+Z), 2.25 - 2.14 (m, 3 H, E+Z), 1.30 - 1.20 (m, 4.5 H, E+Z). 

13C NMR (75 MHz, CDCh) 8 (mixture ofE and Z) 173.3, 147.3, 147.2, 137.7, 137.6, 132.0, 130.1 , 130.1 , 

129.2, 128.7, 128.5, 128.2, 127.0, 126.9, 126.6, 126.0, 109.8, 60.3, 36.2, 35.9, 32.7, 31.2, 30.9, 30.9, 26.7, 

114.2. IR (neat, thin film) u 2950, 2927, 1717, 1638, 1040, 796 cm- . HRMS (ESI) calcd for C17H22Na1O2 

[M+Nat 281.1512, found 281.1520. 

o..........,.... 

'o H 0 

(E)/(Z)-Ethyl 8-(4-methoxyphenyl)-4-methyleneoct-7-enoate (III-2m) 

(E)/(Z)-Ethyl 8-(4-methoxyphenyl)-4-methyleneoct-7-enoate III-2m was synthesized using similar the 

procedure to make III-2a by starting with (E)/(Z)-6-(4-methoxyphenyl)-2-methylenehex-5-en-1-ol (129 

mg, 0.59 mmol). The crude oil was purified by flash column chromatography (silica gel, 0:100-10:90 

EtOAc:hexanes) to afford a mixture of (E)/(Z) ester (124 mg, 66%, E:Z ratio= 5.4: 1.0) as a colorless oil. 

Rf= 0.8; 1H NMR (400MHz, CDCh) 8 7.22 (d, J= 8.6 Hz, 3 H), 6.94 - 6.79 (m, 3 H), 6.39 - 6.30 (m, J 

= 1.0 Hz, 1.09 H (E+Z)), 6.13 - 6.01 (m, 0.56 H (only E)), 5.61 - 5.49 (m, 0.4 H (only E)), 4.85 - 4.71 (m, 

3 H (E+Z)), 4.18 - 4.07 (m, 3 H), 3.81 (s, 3 H), 3.80 (s, 5 H), 2.53 - 2.25 (m, 8 H), 2.23 - 2.10 (m, 4 H), 

1.31-1.20 (m, 7 H). 13C NMR (101MHz, CDCh) 8 (mixture of E and Z) 8 173.2, 158.6, 158.2, 147.3, 

147.2, 130.5, 130.3, 130.2, 129.8, 129.4, 128.6, 127.8, 127.0, 113.8, 113 .5, 109.7, 109.7, 60.3, 55.2, 55.1 , 
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36.2, 36.0, 32.7, 31.5 , 31.2, 30.9, 30.8, 26.7, 22.6, 14.2, 14.1. IR (neat, thin film) u 2950, 2927, 1725, 

11640, 796 cm- . HRMS (ESI) calcd for C1sH24Na1O3 [M+Nat 311.1618 found 311.1616. 

~HOl 

~~ 

4-Methylene-6-phenylhexan-1-ol (III-3a) 

To a solution of ethyl 4-methylene-6-phenylhexanoate III-2a (400 mg, 1.70 mmol) in THF at -23 °C a 

1.0 M solution of DIBAL-H in hexanes (8.5 mL, 5.0 equiv) was added dropwise. The reaction was 

maintained at the temperature for 1.5 hours, after which Rochelle salt solution (10 mL) and MTBE (10 

mL) was added and the mixture was vigorously stirred for 2 hours while letting it warm to rt. After 

separating the layers, the aqueous phase was extracted further with diethyl ether (3 x 10 mL). The 

combined organic extracts were dried with MgSQ4 and concentrated in vacuo. The crude residue was 

purified by flash column chromatography (silica gel, 10:90-80:20 diethyl ether/hexanes) to afford the pure 

alcohol substrate as a colorless oil III-3a (265 mg, 81 % yield). Rf= 0.4; 1H NMR (400 MHz, CDCh) 8 

7.33-7.29 (m, 2H), 7.23-7.19 (m, 3H), 4.82 (s, 2H), 3.67 (t, J = 6.8 Hz, 2H), 2.79 (t, J = 8.4 Hz, 2H), 2.37 

(t, J = 8.0 Hz, 2H), 2.17 (t, J = 7.6 Hz, 2H), 1.87 (br s, lH), 1.79-1.72 (m, 2H). 13C NMR (101 MHz, 

CDCh) 8 148.6, 142.0, 128.2, 128.2, 125.7, 109.5, 62.5 , 37.7, 34.3, 32.4, 30.6. IR (neat, thin film) u 3329, 

12937, 1644, 1602, 1453, 1259, 888, 697 cm- . HRMS (EI) calcd. for C13H1 sO [Mt 190.1352, found 

190.1359. 

Synthesis of tertiary alcohol via Grignard reaction 

RMgX, Et20~Etoyo 

reflux , 4 h ~~ 
lll-2a lll-3b (R =Me) 
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2-Methyl-5-methylene-7-phenylheptan-2-ol (III-3b) 

A round-bottom flask ( oven dried and cooled under Argon) was charged with magnesium turnings (78.0 

mg, 3.23 mmol, 5.00 equiv) and anhydrous EtiO (5 mL) was added. With a reflux condenser attached to 

the flask, Mel ( 458 mg, 3.23 mmol, 0.2 mL, 5.00 equiv) was added dropwise to the mixture. The solution 

underwent an auto-reflux after which, a solution of ethyl 4-methylene-6-phenylhexanoate III-2a (150 mg, 

0.65 mmol, 1.00 eq.) in EtiO (5 mL) was added slowly and the reaction mixture was refluxed for 4 hours . 

The mixture was then cooled to room temperature and poured into an ice-cooled solution of sat. aq. NH4Cl 

(15 mL). The mixture was extracted with EtiO (3 x 15 mL) and the organic extracts combined, dried over 

Na2SO4 and concentrated in vacuo. The crude alcohol was purified by flash column chromatography 

(silica gel, 0:100 to 40 :60 diethyl ether/hexanes) to yield the alcohol substrate III-3b as a colorless oil 

(140 mg, 98%). Rf= 0.4; 1H NMR (400 MHz, CDCh) 8 7.32-7.28 (m, 2H), 7.22-7.18 (m, 3H), 4.80 (d, 

2H), 2.78 (t, J = 8.0 Hz, 2H), 2.37 (t, 8.0 Hz 2H), 2.15 (t, J = 8.0 Hz 2H), 1.66-1.62 (m, 2H), 1.40 (bs, 

lH), 1.25 (s, 3H). 13 C NMR (101 MHz, CDCh) 8 149.4, 142.1, 128.3, 125 .8, 109.1, 70.8, 41.8, 38.0, 34.3, 

30.9, 29.2. IR (neat, thin film) u 3360, 3027, 2928 , 1644, 1603, 1495, 1454, 1376, 1123, 1076, 1030 cm-

1; HRMS (EI) calcd. for [M-H2Ot [C1sH20t 200.1560, found 200.1569. 

HO Ph 

0):)-Ph 

4-Methylene-1, 1, 6-triphenylhexan-1-ol (III-3c) 

Alcohol 4-methylene-1 , 1, 6-triphenylhexan-1-ol III-3c was synthesized according to procedure to make 

III-3b from the ethyl 4-methylene-6-phenylhexanoate (400 mg, 1.70 mmol), and phenylmagnesium 

bromide (1.0 M in THF, 8.50 mmol, 8.5 mL, 5.0 eq.). The crude alcohol was purified twice by flash 

column chromatography (silica gel, 0: 100 to 40:60 diethyl ether/hexanes) to yield the alcohol substrate 
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(282 mg, 48%). Rf= 0.4; 1H NMR (400 MHz, CDCh) 8 7.45-7.42 (d, J = 7.6 Hz, 4H), 7.33 (t, J = 7.6 

Hz, 4H), 7.26 (t, J = 7.2 Hz, 4H), 7.20-7.15 (m, 3H), 4.80 (s, 2H), 2.70 (t, J = 8.0 Hz, 2H), 2.47-2.44 (m, 

2H), 2.34 (t, J = 8.0 Hz, 2H), 2.20 (bs, lH), 2.07 (t, J = 8.0 Hz, 2H). 13C NMR (101 MHz, CDCh) 8 

149.3,146.8, 1421 , 128.3, 128.2, 128.1 , 126.9, 126.0, 125.8, 109.5, 78.2, 40.1 , 38.0, 34.3 , 30.5. IR (neat, 

1thin film) u 3494, 3029, 1637, 1492, 1447, 1364, 1297, 1057, 904 cm- . HRMS (ESI) calcd for C2sH26ONa 

[M+Na] + 365.1876, found 365.1883. 

I 
0 

3-Ethyl-8-(4-methoxyphenyl)-6-methyleneoctan-3-ol (III-3d) 

3-Ethyl-8-( 4-methoxyphenyl)-6-methyleneoctan-3-ol III-3d was synthesized usmg a procedure 

analogous to the synthesis of III-3b by starting with ethyl 6-( 4-methoxyphenyl)-4-methylenehex-anoate 

(200 mg, 0.76 mmol), iodoethane (0.30 mL, 3.80 mmol, 5.00 equiv) and magnesium (100 mg, 3.80 mmol, 

5.00 equiv). The crude oil was purified by flash column chromatography (silica gel, 0:100-60:40 

EtOAc:hexanes) to afford the pure alcohol III-3d (49.5 mg, 81 %) as a colorless oil. Rf= 0.4; 1H NMR 

(400MHz, CDCh) 8 7.11 (d, J = 8.6 Hz, 2 H), 6.83 (d, J = 8.2 Hz, 2 H), 4.79 (s, 1 H), 4.76 (s, 1 H), 3.79 

(s, 3 H), 2.71 (t, J= 8.2 Hz, 2 H), 2.32 (t, J= 8.0 Hz, 2 H), 2.11 -2.00 (m, 2 H), 1.60 - 1.43 (m, 4 H), 0.87 

(t, J = 7.4 Hz, 6 H). 13C NMR (101 MHz, CDCh) 8 157.7, 149.7, 134.2, 129.2, 113.7, 109.1 , 74.5 , 55.2, 

138.3 , 36.4, 33.5 , 30.9, 30.1 , 7.8. IR (neat, thin film) u 3409, 2967, 2881 , 1067 cm- . HRMS (EI) calcd for 

C1sH2sO2 [Mt 276.2084, found 276.2078. 

3-Ethyl-6-methylene-8-( 4-( triflu oromethyl)phenyl)octan-3-ol (III-3e) 
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3-Ethyl-6-methylene-8-( 4-(trifluoromethyl)phenyl)octan-3-ol III-3e was synthesized using a similar 

procedure to the synthesis of III-3b by starting with ethyl 4-methylene-6-(4-(trifluoromethyl)

phenyl)hexanoate III-2c (233 mg, 0.78 mmol), ethyl iodide (0.31 mL, 3.90 mmol, 5.00 equiv) and 

magnesium turnings (95.0 mg, 3.90 mmol, 5.00 equiv). The crude oil was purified by flash column 

chromatography (silica gel, 5:100-60:40 EtOAc:hexanes) to afford the pure alcohol (170 mg, 69%) as a 

colorless oil. Rf= 0.4; 1H NMR (400MHz, CDCh) 6 7.53 (d, J= 7.8 Hz, 2 H), 7.30 (d, J= 7.8 Hz, 2 H), 

4.81 (s, 1 H), 4.75 (s, 1 H), 2.86- 2.77 (m, 2 H), 2.35 (t, J= 8.0 Hz, 2 H), 2.10 -2.00 (m, 2 H), 1.60 - 1.42 

(m, 6 H), 0.87 (t, J = 7.6 Hz, 6 H). 13C NMR (101 MHz, CDCh) 6 149.0, 146.2, 128.6, 128.3, 128.0, 125.2 

(q, J = 3.8 Hz), 123.0, 109.5, 74.5 , 37.6, 36.3 , 34.2, 30.9, 30.0, 7.7. IR (neat, thin film) u 3406, 2968, 

12939, 1323, 1121 , 1067 cm- . HRMS (EI): calcd for C16H19O2F3 [MJ+ 314.1852, found 314.1847. 

F 

OH 

7-(2-Fluoropyridin-4-yl)-2-methyl-5-methyleneheptan-2-ol (III-3f) 

7-(2-Fluoropyridin-4-yl)-2-methyl-5-methyleneheptan-2-ol III-3f was synthesized using a procedure 

similar to the synthesis of III-3b by starting with 4-(2-fluoropyridin-4-yl)-2-methylenebutan-1-ol (75.0 

mg, 0.41 mmol) and Mel (2.01 mmol, 0.02 mL) and Mg (2.05 mmol, 9.84 mg). The crude oil was purified 

by flash column chromatography (silica gel, 5:100-60:40 EtOAc:hexanes) to afford the pure alcohol III-

3f (54.4 mg, 56% over two steps) as a yellow oil. Rf= 0.4; 1H NMR (400 MHz, CDCh) 8 8.10 (d, J = 4.7 

Hz, 1 H), 7.01 (br. s. , 1 H), 6.75 (br. s. , 1 H), 4.82 (s, 1 H), 4.74 (s, 1 H), 2.80 (t, J= 7.8 Hz, 2 H), 2.37 (t, 

J= 7.8 Hz, 2 H), 2.20 - 2.05 (m, 2 H), 1.86 (br. s. , 1 H), 1.71 - 1.51 (m, 2 H), 1.25 (s, 6 H). 13C NMR (75 

MHz, CDCh) 8 148.0, 147.3, 147.1 , 121.6, 121.6, 110.0, 109.3, 108.8, 70.8, 41.7, 36.3 , 33.3 , 33.3 , 30.7, 

129.3. IR (neat, thin film) u 3382, 2930, 2969, 1645, 1613, 1410, 1147, 833 cm- . HRMS (ESI) calcd for 

C14H32O1N1F1 [M+Ht 238.1602, found 238.1604. 

207 

https://2.86-2.77


Mel, Mg, Et2O; Ts 
reflux, 4 -6 h (}):)< 

lll-lg 

N-(5-hydroxy-5-methyl-2-methylenehexyl)-4-methyl-N-phenylbenzenesulfonamide (III-3g) 

Alcohol III-3g was synthesized using the same procedure as III-3b from the ethyl 4-(((4-methyl-N

phenylphenyl)sulfonamido)methyl)pent-4-enoate (500 mg, 1.30 mmol, 1.00 eq.). Purification ofresidue 

by flash column chromatography (silica gel, 0:100-80:20 EtiO/hexanes) afforded the substrate as a pale 

yellow solid (350 mg, 72% yield). Rf= 0.3 ; 1H NMR (400 MHz, CDCh) 8 7.46 (d, J = 8.4 Hz, 2H), 7.28-

7.24 (m, 5H), 7.04 (dd, J = 7.8, 2.0 Hz, 2H), 4.79 (s, lH), 4.75 (s, lH), 4.15 (s, 2H), 2.42 (s, 3H), 2.16 (t, 

J = 8.4 Hz, 2H), 1.75 (brs, lH), 1.62 (t, J = 8.4 Hz, 2H), 1.21 (s, 6H); 13C NMR (101 MHz, CDCh) 8: 

143 .8, 143.4, 138.7, 135 .0, 129.3, 128.6, 128.5, 127.6, 127.6, 114.3, 70.7, 55 .3, 41.3 , 29.1, 27.8, 21.5 ; IR 

(neat, thin film) u : 3542, 2972, 1649, 1596, 1454, 1332, 1156 cm-1; HRMS (ESI) calcd. for 

C21H21O3N1NaS [M+Nat 396.1609, found 396.1602. 

Etl, Mg, Et20; ~ 
__re_fl_ux_,_4_-6_h___►► (YO HO 

80% ~ 
0 
I

lll-2h lll-3h 

3-Ethyl-6-((4-methoxyphenoxy)methyl)hept-6-en-3-ol (III-3h) 

3-Ethyl-6-((4-methoxyphenoxy)methyl)hept-6-en-3-ol III-3h was synthesized using the same procedure 

to make III-3b by starting with ethyl 4-((4-methoxyphenoxy)methyl)pent-4-enoate (150 mg, 0.57 mmol) 

to give crude oil which purified by flash chromatography (silica gel, 20:80, EtOAc:hexane) to give clean 

alcohol (127 mg, 80%). Rf= 0.4; 1H NMR (400 MHz, CDCh) 8 6.89 - 6.80 (m, 4 H), 5.12 (s, 1 H), 5.01 

(s, 1 H), 4.44 (s, 2 H), 3.77 (s, 3 H), 2.21 -2.11 (m, 2 H), 1.67 - 1.59 (m, 2 H), 1.50 (q, J= 7.4 Hz, 4 H), 
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1.14 (s, 1 H), 0.87 (t, J= 7.4 Hz, 6 H). 13C NMR (101 MHz, CDCh) 8 153.9, 152.9, 145.6, 115.7, 114.6, 

111.8, 74.5 , 71.7, 55.7, 36.1 , 30.9, 27.0, 7.8. IR (neat, thin film) u 3445, 2933 , 2963 , 1507, 1455, 1228, 

11039, 902, 793 cm- . HMRS (ESI) calcd for C17H26O3Na [M+Nat 301.1774, found 301.1771. 

DIBAL-H, THF 
-23 °C, 1.5 h 

• 
/ 78% 

(YCO~Me 

~Ph 

MeMgCl, THF 

IIT-2i O °C- rt, 4 h 

33% 

(2-( 4-Phenylbut-1-en-2-yl)phenyl)methanol (III-3i) 

To a cooled solution of DIBAL-H (IM in hexanes) (3.8 mL, 3.8 mmol, 5.0 eq.) at -20 °C, a solution of 

methyl 2-(4-phenylbut-1-en-2-yl)benzoate III-2i (200 mg, 0.75 mmol) in anhydrous THF was added 

slowly. The mixture was allowed to stir at this temperature for 2 hours. After completion, the reaction was 

quenched by Rochelle salt solution and stirred for another 2 hours. The aqueous phase was then extracted 

with EtiO twice. The combined organic phase was washed with 1 M aq. HCl, brined then dried and 

concentrated to give crude oil which was purified by flash chromatography (silica gel, 0:100 to 40:60 

diethyl ether/hexanes) to give clean alcohol III-3i (140 mg, 78%). Rf= 0.4; 1H NMR (400 MHz, CDCh) 

8 7.47 (d, J= 6.6 Hz, 1 H), 7.36 - 7.22 (m, 6 H), 7.20 - 7.12 (m, 3 H), 5.28 (s, 1 H), 4.96 (s, 1 H), 4.65 (d, 

J = 5.9 Hz, 2 H), 2.72 (br. s. , 4 H), 1.63 (m, 1 H). 13 C NMR (75 MHz, CDCh) 8 148.2, 141.9, 141.5, 

137.7, 128.4, 128.3, 128.2, 127.3, 127.3, 125.9, 115.0, 63.0, 39.7, 34.1. IR (neat, thin film) u 3321 , 2923 , 

2853 , 2324, 2284, 1495, 902, 762, 698 cm-1. HRMS (ESI) calcd for C17H1sONa [M+Nat 261.1250, found 

261.1258. 
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(2-( 4-Phenylbut-1-en-2-yl)phenyl)methanol (III-3j) 

To an oven dried 50 mL round-bottomed flask (and cooled under Argon), a 22 wt% solution ofMeMgCl 

in THF (3 .0 mL, 6.8 mmol, 6.0 equiv) was added, followed by dropwise addition of the methyl 2-(4-

phenylbut-1-en-2-yl)benzoate III-2i (300 mg, 1.1 mmol, 1.0 eq.) as a solution in THF (5 mL). The reaction 

was vigorously stirred for 18 hours at rt. The mixture was then poured into an ice-cooled solution of sat. 

NH4Cl (15 mL). The mixture was extracted with EtiO (3 x 15 mL) and the organic extracts combined, 

dried with Na2SO4 and concentrated in vacuo. The crude alcohol was purified by flash column 

chromatography (silica gel, 0:100 to 40:60 diethyl ether/hexanes) to yield the alcohol substrate as a 

colorless oil (100 mg, 33% yield) . Rf= 0.4; 1H NMR (400 MHz, CDCh) 8 7.38 (dd, J = 8.0, 1.2 Hz, lH), 

7.31-7.18 (m, 7H), 7.02 (dd, J = 7.2, 1.6 Hz, lH), 5.29 (d, J = 1.2 Hz, lH), 5.02 (d, J = 1.2 Hz, lH), 2.90 

(s, lH), 2.88-2.86 (m, 2H), 2.81-2 .77 (m, 2 H), 1.64 (s, 6 H). 13 C NMR (75 MHz, CDCh) 8 154.3, 145.7, 

141.7, 140.1, 130.4, 128.3, 126.9, 126.5, 125 .9, 125.8, 112.8, 74.7, 41.0, 33.9. IR (neat, thin film) u 3490, 

2973 , 1175 cm-1; HRMS (EI) calcd. for C19H22O1 [Mt 266.1665, found 266.1668. 

Br 
~-v 

OH 

7-(4-Bromophenyl)-2-methyl-5-methyleneheptan-2-ol (III-3k) 

7-(4-Bromophenyl)-2-methyl-5-methyleneheptan-2-ol III-3k was synthesized using a procedure similar 

the synthesis of III-3b by starting from ethyl 6-( 4-bromophenyl)-4-methylenehexa-noate III-2j (110 mg, 
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0.354 mmol) and methyl magnesium chloride (3.05 M in THF) (0.58 mL, 1.74 mmol). The crude was 

purified by flash column chromatography (silica gel, 20:80 EtOAc:hexanes) to give pure alcohol III-3k 

(102 mg, 97%) as yellow oil. Rf= 0.4; 1H NMR (400 MHz, CDCh) 8 7.39 (d, J = 8.2 Hz, 2 H), 7.07 (d, 

J = 8.2 Hz, 2 H), 4.79 (s, 1 H), 4.75 (s, 1 H), 2.72 (t, J = 8.2 Hz, 2 H), 2.32 (t, J = 8.6 Hz, 1 H), 2.16 - 2.08 

(m, 2 H), 1.66 - 1.58 (m, 2 H), 1.24 (s, 6 H). 13C NMR (101 MHz, CDCh) 8 149.0, 141.0, 131.3, 130.1 , 

119.5, 109.5, 70.9, 41.8, 37.8, 33.7, 30.9, 29.3. IR (neat, thin film) u 3365, 2968, 2927, 1644, 1487, 1011 , 

1709 cm- . HRMS (ESI) calcd for C1sH210NaBr [M+Nat 319.0668, found 319.0672. 

1) MsCI (1.1 eq.) 
Et3N (1 .1 eq.) LAH (1 .2 eq .) 
DCM (0 °C) ~ 

III-la OH 2) methyl isobutyrate, 111-31 OH 
LDA, THF OEt 

2,2-Dimethyl-4-methylene-6-phenylhexan-1-ol (111-31) 

To the solution of III-la (210 mg, 1.30 mmol) in anhydrous CH2Ch (5 mL), EtJN (145 mg, 1.50 mmol, 

1.1 equiv) and MsCl (172 mg, 1.50 mmol, 1.1 equiv) were added dropwise consecutively. After stirring 

for 3 hours at O °C the starting material had disappeared (TLC analysis) and the reaction was quenched 

with brine and extracted with CH2Ch. The combined organic phase was dried over Na2S04 and 

concentrated in vacuo to give a crude oil. The oil was then dried in vacuo then was taken up in 5 mL of 

anhydrous THF. The crude solution was used for the next step without purification. 

In a separate round-bottomed flask, diisopropylamine (289 mg, 2.9 mmol, 2.2 eq.) was dissolved in 

anhydrous THF (5 mL) and cooled to -78 °C followed by addition ofnBuLi (1.6 Min THF) (1.8 mL, 2.9 

mmol) dropwise. The reaction mixture was stirred at that temperature for 30 minutes under Ar before it 

was allowed to warm to -5 °C and stirred another 30 minutes. After the noted time, the solution was cooled 

to -78 °C again and methyl isobutyrate (292.0 mg, 2.86 mmol) was added to the reaction dropwise. After 
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stirring at that temperature for another 30 minutes, the solution of 2-methylene-4-phenylbutyl 

methanesulfonate in anhydrous THF was added to the LDA reaction above at -78 °C. The reaction was 

allowed to warm to room temperature and let stir overnight. Upon completion, the mixture was cooled to 

0 °C followed by addition of sat. aq. NH4Cl and extraction with EtiO . The crude oil was filtered through 

a pad of silica gel. The silica pad was washed with Et2O twice to give a crude ester, which was clean 

enough to proceed to the next step. 

The crude ester was dissolved in anhydrous EtiO (10 mL) and cooled to O°C and solid LiAlH4 (59.3 mg, 

1.56 mmol) was added slowly. After the gas evolution ended, the reaction was removed from the ice bath 

and was allowed to warm to room temperature. After the reaction went to completion, (monitored by 

TLC), saturated aq. NH4Cl was added at O°C and was stirred for 10 minutes before it was extracted with 

EtiO . The combined organic phase was dried over Na2SO4 then concentrated in vacuo to give a crude oil. 

The crude oil was then purified by flash chromatography (silica gel, 20 - 30:80-70, EtOAc:hexane) to 

give clean 111-31 (125 mg, 44% over 3 steps) as clear oil. Rf= 0.4; 1H NMR (400 MHz, CDCh) 8 7.32 -

7.27 (m, 3 H), 7.19 (d, J= 7.0 Hz, 3 H), 4.93 (s, 1 H), 4.80 (s, 1 H), 3.35 (d, J= 5.9 Hz, 2 H), 2.76 (t, J= 

8.2 Hz, 2 H), 2.37 (t, J = 8.6 Hz, 2 H), 2.05 (s, 2 H), 1.39 (t, J = 5.9 Hz, 1 H), 0.92 (s, 6 H). 13 C NMR (75 

MHz, CDCh) 8 146.9, 142.1 , 128.3, 128.2, 125 .7, 113.4, 71.8, 44.7, 39.9, 36.2, 34.9, 24.5 . IR (neat, thin 

1film) u 3360, 2928, 1603, 1495, 1454, 1376, 1076, 1030 cm- . HRMS (ESI) calcd for C1sH26O2Na 

[M+Nat 297.1825, found 297.1822. 

N-(5-hydroxy-5-methyl-2-methylenehexyl)-N-phenylbenzamide (III-3m) 
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The substrate N-(5-hydroxy-5-methyl-2-methylenehexyl)-N-phenylbenzamide III-3m was synthesized 

using similar the procedure to make III-3b by starting from ethyl 4-((N-phenylbenzamido)methyl)pent-

4-enoate III-2f (239.6 mg, 0.71 mmol) and methylmagnesium chloride (3.05 Min THF) (1.18 mL, 3.55 

mmol) at O°C for 3 hours. The crude was purified by flash column chromatography (silica gel, 20:80 to 

50:50 EtOAc:hexanes) to give pure alcohol (56 mg, 24%) as yellow oil, and recovered 42% of starting 

material. Rf= 0.3 ; 1H NMR (400MHz, CDCh) 8 7.31 (s, 1 H), 7.26 - 7.06 (m, 7 H), 7.02 (d, J = 7.4 Hz, 

2 H), 4.91 (d, J = 6.6 Hz, 2 H), 4.57 (s, 2 H), 2.25 - 2.13 (m, 2 H), 1.79 - 1.69 (m, 2 H), 1.65 (br. s. , 1 H), 

1.24 (s, 6 H). 13C NMR (101 MHz, CDCb) 8 170.6, 145.2, 143 .6, 135.9, 129.7, 128.9, 128.7, 127.7, 127.2, 

126.5, 70.5, 54.1, 41.7, 29.3, 28.4. IR (neat, thin film) u 3365, 2968, 2927, 1644, 1487, 1011 , 709 cm-1
. 

HRMS (ESI) calcd for C21H2sO2NNa [M+Nat: 346.1778, found 346.1784. 

Benzyl 5-hydroxy-5-methyl-2-methylenehexyl(phenyl)carbamate (III-3n) 

The substrate benzyl 5-hydroxy-5-methyl-2-methylenehexyl(phenyl)carbamate III-3n was synthesized 

using similar the procedure to make III-3b by starting from ethyl 4-(((benzyloxycarbonyl)(phenyl)

amino )methyl)pent-4-enoate III-2g (170 mg, 0.46 mmol) and methylmagnesium chloride (3 .05 M in 

THF) (0.75 mL, 2.3 mmol, 5 equiv) at O °C for 3 hours. The crude was purified by flash column 

chromatography (silica gel, 20:80 to 50:50 EtOAc:hexanes) to give pure alcohol III-3n (71.7 mg, 44%) 

as yellow oil, and recovered 51 % of starting material. Rf= 0.3; 1H NMR (400 MHz, CDCh) 8 7.38 - 7.27 

(m, 6 H), 7.25 - 7.16 (m, 4 H), 5.16 (s, 2 H), 4.87 (s, 1 H), 4.82 (s, 1 H), 4.28 (s, 2 H), 2.20 - 2.04 (m, 2 

H), 1.68 - 1.54 (m, 2 H), 1.27 (br. s., 1 H), 1.19 (s, 6 H). 13C NMR (126 MHz, CDCh) 8 155.6, 145.2, 

136.5, 133 .3, 128.7, 128.4, 127.9, 127.6, 126.6, 126.5, 126.3, 70.5, 67.4, 55 .0, 41.6, 28 .2, 28.2. IR (neat, 
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thin film) 3530, 2972, 1649, 1454, 1332, 1156, 780, 687 cm-1
. HRMS (ESI) calcd for C22H2sO3NNa 

[M+Nat 354.2064, found 354.2063. 

5-(( diphenylamino )methyl)-2-methylhex-5-en-2-ol (111-30) 

The substrate 5-(( diphenylamino )methyl)-2-methylhex-5-en-2-ol 111-30 was synthesized using similar the 

procedure to make III-3b by starting from ethyl 4-( ( diphenylamino )methyl )pent-4-enoate III-2h (130 mg, 

0.42 mmol) and methylmagnesium chloride (3 .05 Min THF) (0.69 mL, 2.1 mmol, 5 equiv) at O°C to RT 

overnight. The crude was purified by flash column chromatography (silica gel, 20:80 to 50:50 

EtOAc:hexanes) to give pure alcohol III-lo (106 mg, 86%) as dark yellow oil. Rf= 0.3; 1H NMR (400 

MHz, CDCh) 8 7.26 - 7.20 (m, 4 H), 7.04 (d, J= 8.6 Hz, 4 H), 6.98 - 6.88 (m, 2 H), 5.07 (s, 1 H), 4.92 (s, 

1 H), 4.31 (s, 2 H), 2.20 - 2.07 (m, 2 H), 1.71 - 1.61 (m, 2 H), 1.23 (s, 6 H), 1.19 (s, 1 H). 13C NMR (101 

MHz, CDCh) 8 172.9, 147.9, 143.6, 133 .5, 129.2, 129.0, 121.2, 120.8, 120.4, 117.7, 117.4, 110.4, 108.3, 

60.3, 57.3 , 32.4, 28 .5, 14.1. IR (neat) 3433, 2948, 1795, 1495, 1288, 1041 cm-1
. HRMS (ESI) calcd for 

C20H2sONNa [M+Nat 318.1827, found 318.1827. 

2-Methyl-5-(phenylthiomethyl)hex-5-en-2-ol (III-3p) 

2-Methyl-5-(phenylthiomethyl)hex-5-en-2-ol III-3p was synthesized using similar the procedure to make 

III-2a and III-3b by starting with 2-(phenylthiomethyl)prop-2-en-1-ol (100 mg, 0.56 mmol) . The crude 
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oil was purified by flash column chromatography (silica gel, 5:100-60:40 EtOAc:hexanes) to afford the 

pure alcohol (72.4 mg, 56% over two steps) as a yellow oil. Rf= 0.3; 1H NMR ( 400 MHz, CDCh) 8 7.42 

- 7.27 (m, 4 H), 7.22 - 7.14 (m, 1 H), 4.89 (s, 1 H), 4.86 (s, 1 H), 3.57 (s, 2 H), 2.33 - 2.19 (m, 2 H), 1.68 

- 1.58 (m, 2 H), 1.24 (s, 6 H) - 1.2 (brs, 1 H). 13C NMR (101 MHz, CDCh) 8 144.7, 136.3, 129.9, 128.7, 

126.1 , 112.9, 109.9, 70.7, 41.6, 40.5 , 29.1 , 29.1. IR (neat, thin film)u 3421 , 2963 , 1495, 1377, 1258, 1211 , 

11071 , 1043 cm- . HRMS (ESI) calcd for C14H2oONaS [M+Nat: 259.1127 found 259.11304. 

3-Ethyl-6-methylene-1 0-phenyldec-9-yn-3-ol (III-Sa) 

3-Ethyl-6-methylene-10-phenyldec-9-yn-3-ol III-Sa was synthesized using a procedure similar to the 

synthesis ofIII-3b by starting with ethyl 4-methylene-8-phenyloct-7-ynoate III-2k (400 mg, 1.56 mmol), 

ethyl iodide (0.62 mL, 7.80 mmol, 5.00 equiv) and magnesium (190 mg, 7.80 mmol, 5.00 equiv). The 

crude oil was purified by flash column chromatography (silica gel, 5: 100-60 :40 EtOAc:hexanes) to afford 

the pure III-Sa (250 mg, 59%) as a colorless oil. Rf= 0.4; 1H NMR (400 MHz, CDCh) 8 7.38 (dd, J = 

6.5 , 3.1 Hz, 1 H), 7.33 -7.23 (m, 4 H), 4.84 (dd, J= 6.1 , 1.6 Hz, 2 H), 4.84 (s, 2H), 2.55 (t, J= 7.5 Hz, 

2H), 2.36 (t, J = 7.4 Hz, 2H), 2.09 (dd, J = 10.3, 6.5 Hz, 2H), 1.67 - 1.42 (m, 7H), 0.87 (t, J = 7.5 Hz, 

6H). 13C NMR (101 MHz, CDCh) 8 148.5, 131.5, 128.1 , 127.5, 123.9, 109.7, 89.7, 80.9, 74.5 , 36.4, 35.3 , 

130.9, 29.8, 18.4, 7.8. IR (neat, thin film) u 3348, 2938, 1490, 1442, 890, 755 , 691 cm- . HRMS (EI) calcd 

forC19H26O1 [Mt 270.1978, found270.1985. 

(E)/(Z)-3-ethyl-6-methylene-10-phenyldec-9-en-3-ol (III-Sb) 
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The compound (E)/(Z)-3-ethyl-6-methylene-10-phenyldec-9-en-3-ol III-Sb was synthesized using similar 

the procedure to make III-3b by starting with (E)/(Z)-ethyl 4-methylene-8-phenyloct-7-enoate 111-21 (250 

mg, 1.00 mmol, 1.00 equiv) and ethylmagnesium bromide (3.05 Min THF) (1.7 mL, 5.0 mmol, 5.0 equiv). 

The crude oil was purified by flash column chromatography (silica gel, 5:100-60:40 EtOAc:hexanes) to 

afford the pure alcohol III-Sb (210 mg, 79%, ratio EIZ = 5.4:1.0) as a colorless oil. Rf= 0.3 ; 1H NMR 

(400 MHz, CDCh) 8 (E+Z mixture): 7.38 - 7.26 (m, 5 H), 7.23 - 7.14 (m, 1.5 H, E+Z) 6.48 - 6.36 (m, 

1.25 H, E+Z) , 6.32 - 6.06 (m, 1 H, E), 5.73 - 5.55 (m, 0.3 H, Z), 4.86 - 4.67 (m, 2.85 H, E+Z) , 2.56 - 2.42 

(m, lH), 2.40 - 2.30 (m, 2H), 2.16 - 2.14 (m, 3 H), 2.11 - 1.91 (m, 3H) 1.69 - 1.31 (m, 8.4 H, E+Z), 0.977 -

0.63 (m, 8.4 H,). 13C NMR (75 MHz, CDCh) 8 (mixture of E and Z) 149.4, 149.2, 137.7, 137.6, 132.1 , 

130.2, 130.0, 129.1 , 128.7, 128.4, 128.1 , 126.8, 126.5, 125.9, 109.2, 109.1 , 74.4, 74.4, 36.3, 36.3 , 36.2, 

35.9, 31.3 , 30.1 , 30.1 , 29.9, 29.7, 26.7. IR (neat, thin film) u 3422, 2964, 2931 , 1598, 1448, 741 , 692 cm-

1. HRMS (ESI): calcd for C19H2sNaO [M+Nat 295.2032, found 295.2037. 

(E)/(Z)-3-ethyl-10-( 4-methoxyphenyl)-6-methylenedec-9-en-3-ol (III-Sc) 

The compound (E)/ (Z)-3-ethyl-10-( 4-methoxyphenyl )-6-methylenedec-9-en-3-ol III-Sc was synthesized 

using similar the procedure to make III-3b by starting with (E)/(Z)-ethyl 8-( 4-methoxyphenyl)-4-

methyleneoct-7-enoate III-2m (100 mg, 0.35 mmol, 1.00 equiv) and ethylmagnesium bromide (3.05 M 

in THF) (0.6 mL, 1.7 mmol, 5.0 equiv). The crude oil was purified by flash column chromatography (silica 

gel, 5:100-60:40 EtOAc:hexanes) to afford the pure alcohol III-Sc (87 mg, 79%, ratio EIZ = 1.3:1.0) as a 

colorless oil. Rf= 0.3; 1H NMR (300MHz, CDCh) 8 (E+Z mixture) 7.31 - 7.18 (m, 3.27 H), 6.85 (dd, J 

= 14.5, 8.7 Hz, 3.27 H), 6.46- 6.24 (m, 1.46 H), 6.15 - 5.98 (m, 0.78 H), 5.65 - 5.45 (m, 0.57 H), 4.89 -
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4.70 (m, 3.39 H), 3.81 (s, 2.22 H), 3.80 (s, 3.00 H), 2.54-2.44 (m, 1.56 H), 2.38 -2.28 (m, 2.06 H), 2.27 

-2.15 (m, 3.55 H), 2.12-1.91 (m, 3.57 H), 1.71 - 1.37 (m, 14.26 H), 0.95 -0.76 (m, 10.69 H) .. 13C NMR 

(75MHz, CDCh) 8 (E+Z mixture) 158.6, 158.2, 149.5, 149.4, 130.6, 130.3, 129.9, 129.3, 128.5, 128.1 , 

127.0, 113 .9, 113.5, 109.2, 109.1, 74.5, 74.5 , 55.2 , 36.4, 36.1 , 31.4, 30.9, 30.9, 29.9, 29.8, 26.8, 7.8, 7.8. 

IR (neat, thin film) u 3444, 2960, 2927, 2877, 2855 , 1608, 1512, 1034, 829 cm-1
. HRMS (ESI) calcd for 

C20H30NaO2 [M+Nat 325 .2138, found 325 .2134. 

H 
1) PPh3 (1.0 eq.) 

NBS (1.1 eq.) 
DCM (0 °C) 

30 mins LAH (1.3 eq) 

2) methyl isobutyrate 
OH LDA, 

0 0 
I I 

(E)/(Z)-8-( 4-methoxyphenyl)-2,2-dimethyl-4-methyleneoct-7-en-1-ol (111-Sd) 

Step1: (E)/(Z)-1-(5-(bromomethyl)hexa-1,5-dienyl)-4-methoxybenzene 

The compound (E)/(Z)-6-(4-methoxyphenyl)-2-methylenehex-5-en-1-ol (327 mg, 1.50 mmol) was 

dissolved in anhydrous DCM (15 m, 1 M) and cooled to O°C followed by addition of PPh3 (393 mg, 1.00 

equiv) in one portion. After stirring at the same temperature for 5 minutes, solid NBS (294 mg, 1.65 mmol, 

1. 10 equiv) was added to the solution at the same temperature. The reaction was allowed to stir at this 

temperature for another 1 hour. After TLC showed full conversion, the reaction solvent was removed to 

approximately 1-2 mL and was filtered through a pad of silica which then washed with 50 mL of 1 % 

EtOAc in hexane. The resultant solution was concentrated, dried under high vacuum and carried forward 

to the next step without purification. 

Step 2: (E)/(Z)-methyl 8-( 4-methoxyphenyl)-2,2-dimethyl-4-methyleneoct-7-enoate 
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To an oven-dried 50 mL round bottom flask, 5 mL of anhydrous THF and di-isopropyl amine (0.64 mL, 

4.50 mmol, 3 equiv) was added. The solution was cooled to -78 °C, followed by addition of nBuLi (2.5 

M in hexane) (1.8 mL, 4.50 mmol, 3.0 eq.) dropwise. After the addition of nBuLi was completed, the 

reaction was brought up to O°C and allowed to stir for 30 min. After cooling back down to -78 °C, methyl 

isobutyrate (0.52 mL, 4.5 mmol, 3.0 equiv) was added dropwise slowly. After stirring 15 min at -78 °C, 

the dry ice bath was replaced with ice bath and the reaction was allowed to stir at O°C for another 60 min. 

The reaction was then cooled to -78 °C followed by addition of solution of (E)/(Z)-1-(5-

(bromomethyl)hexa-1 ,5-dienyl)-4-methoxybenzene, from the previous step, dropwise. The reaction was 

kept at -78 °C for another 30 min. then was allowed to warm up to room temperature slowly. Upon 

consumption of starting material (TLC analysis), the reaction was cooled to O°C and quenched carefully 

with saturated aq. NH4Cl and extracted with ethyl acetate thrice. After drying over Na2SO4, the crude was 

re-dissolved in anhydrous THF and was cooled to O°C before solid LiAlH4 (171 mg, 1.3 equiv) was added 

in one portion. After letting it warm up to room temperature and stir for 3 hours, the reaction progress was 

checked by TLC. If there was starting material left behind, another equivalent of LiAlH4 was added and 

the reaction was stirred for another hour to ensure full conversion. After completion, the reaction was 

cooled to O°C and saturated aq. Rochelle salt was added carefully and extracted with EtOAc thrice. The 

combine organic phase was dried over Na2SO4 and evaporated to give a crude oil which was purified on 

ShO to give pure compound 111-Sd (143.85 mg, 35% over 3 steps) as a mixture of E and Z (1.29:1.00, 

E:Z). Rf= 0.4; 1H NMR (400MHz, CDCh) 8 (E+Z mixture) 7.27 (br. s. , 2 H, covered by CDCh), 6.95 -

6.72 (m, 2.8 H (E+Z)), 6.34 (d, J = 16.4 Hz, 1.2 H (E+Z)), 6.16 - 5.98 (m, 1 H (only E)), 5.61 - 5.51 (m, 

0.2 H (only Z)), 4.96 - 4.87 (m, 1.3 H ), 4.82 -4.75 (m, 1.3 H (E+Z)),, 3.84 (s, 1.2H), 3.78 (s, 3 H), 3.42 

-3.24 (m, 3H), 2.53 -2.43 (m, 0.5 H), 2.41 -2.29 (m, 2 H), 2.26 - 2.15 (m, 3 H), 2.04 (s, 2.0 H), 2.00 (s, 

0.7 H), 0.92 (s, 6 H), 0.91 (s, 2 H). 13 C NMR (101MHz, CDCh) 8 (E/Zmixture) 158.6, 158.1 , 146.8, 
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146.7, 130.6, 130.6, 130.3, 129.9, 129.4, 129.3, 129.1 , 128.9, 128.4, 128.1 , 127.7, 127.0, 126.9, 113.9, 

113.5, 113.5, 113.4, 71.8, 71.8, 55.2, 55.2, 44.6, 44.5, 38.5 , 38.0, 37.8, 36.2, 33.0, 31.8, 30.4, 29.7, 27.3 , 

24.6, 24.5 , 23.8, 23.4. IR (neat, thin film) u 3454, 2921 , 2853 , 1608, 1510, 1247, 1040, 749 cm-1
; HRMS 

(ESI) calcd for C20H30NaO2 [M+Nat 297.1825 , found 297.1822. 

Representative procedure for copper-catalyzed doubly intramolecular enantioselective 

carboetherification 

Cu(OTf)2 (20 mol%) 
(S,S)-tBu-box (25 mol%) 

K2CO3, MnO2, 4 A mol. sieves(OH~

~0 PhCF3, 120 °C, 48 h 

lll-311 lll-411 

(S)-3', 4, 4', 5-tetrahydro-1 'H,3H-spiro[furan-2,2'-naphthalene] (III-4a) 

*Excess moisture can adversely affect the yield and enantioselectivity of these reactions. Care should be 

taken to maintain anhydrous conditions. Cu(OTf)2 should either be obtained from a glove box or lightly 

flame-dried under vacuum before use. Cu(OTf)2 (15.2 mg, 0.042 mmol, 20 mol %) and (S,S)-t-Bu-Box 

ligand (15.4 mg, 0.053 mmol, 25 mol %) were placed in a 10 mL glass pressure tube with a stir bar and 

PhCF3 (1.2 mL). The tube was then flushed with argon, capped and stirred at 60 °C for 2 h. The reaction 

mixture was allowed to cool to room temperature before K2CO3 (29.0 mg, 0.21 mmol, 1 equiv) and MnO2 

(54.8 mg, 0.6 mmol, 2.6 equiv) were added. 4-methylene-6-phenylhexan-1-ol III-3a (40.0 mg, 0.21 

mmol) dissolved in PhCF3 (0.9 mL) was then added to the mixture followed by addition of4A mol. sieves 

(- 42 mg), which was freshly dried and activated over flame for 5 minutes. The tube was then flushed with 

argon again, capped and stirred at 120 °C for 24 h. The reaction was then allowed to cool to room 

temperature before being diluted with EtOAc (3 mL) and filtered through a pad of silica gel (- 5 g). The 

silica gel was then rinsed with EtOAc (3 x 30 mL) and the combined filtrate was concentrated in vacuo. 

The residue was purified by flash chromatography (silica gel, 100: 0 - 60: 40 gradient hexanes/EtiO) to 
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3afford (29.0 mg, 74%) of III-4a as a pale colorless oil. [a]o22· = +12.1 (c = 0.39, CHCh); ee = 73%, 

determined by GC analysis [CP-Chirasil-Dex CB column; Tini = 200 °C, T<let= 220 °C, flow= 2 °C/min, 

ti= 115 °C, tf= 117 °C, rate= 0.1 °C/min, hold time of30 mins, then ti= 117 °C, tf= 130 °C, rate= 0.2 

°C/min, retention times by using He as the carrier gas : tmaj = 82.06 min, tmin = 83.41 min]; Rf= 0.9; 1H 

NMR (400 MHz, CDCh) 8 7.11-7.10 (m, 3H), 7.05-7.04 (m, lH), 3.96-3.86 (m, 2H), 3.07 - 2.91 (m, 1 

H), 2.85 - 2.77 (m, 3 H), 2.04-1.98 (m, 3H), 1.83-1.76 (m, 3H); 13C NMR (75 MHz, CDCh) 8 135.7, 

135 .3, 129.4, 128.6, 125 .8, 125.6, 80.9, 67.0, 41.0, 35 .9, 33.4, 27.4, 25 .6; IR (neat, thin film) u: 2924, 

1494, 1453, 1260, 1066, 1040, 969 cm-1; HRMS (EI) calcd. for C13H16O [Mt 188.1196, found 188.1201. 

~ 
(S)-5,5-dimethyl-3 ', 4, 4 ', 5-tetrahydro-1 'H, 3H-spiro[ furan-2,2 '-naphthalene] (III-4b) 

Following the representative procedure to make III-4a, alcohol III-3b (50.0 mg, 0.20 mmol) was 

converted to spirocyclic ether III-4b, which was purified by flash chromatography (silica gel, 100:0-80-

20 gradient hexanes/EtiO) to give a clear oil (42.0 mg, 84% yield). [a]o223 = + 13.4 (c = 0.97, CHCh), ee 

= 97%, determined by GC analysis [CP-Chirasil-Dex CB column; Tinj = 200 °C, Tdet = 220 °C, flow= 2 

°C/min, ti= 120 °C, tf= 156 °C, rate= 0.9 °C/min, retention times by using He as the carrier gas: tmaj = 

29.03 min, tmin= 29.73 min]. Rf= 0.9; 1H NMR (400 MHz, CDCh) 8 7.09-7.08 (m, 3H), 7.03-7.02 (m, 

lH), 2.99 (dt, J = 16.8, 6.0 Hz, lH), 2.86 (d, J = 4.4 Hz, 2H), 2.91-2.77 (m, lH), 2.01-1.94 (m, lH), 1.89 

(s, 2H), 1.80-1.74 (m, lH), 1.32 (s, 3H), 1.29 (s, 3H). 13C NMR (101 MHz, CDCh) 8 135.8, 135 .7, 129.4, 

128.6, 125 .7, 125 .6, 81.7, 80.9, 42 .8, 38.1, 35 .6, 35.4, 29.9, 29.7, 27.8. IR (neat, thin film) u 2966, 2927, 

1494, 1453, 1377, 1363, 1309, 1261 , 1081 cm-1; HRMS (EI), calcd. for C1sH2oO [Mt: 216.1509, found 

216.1504. 
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Ph O-C0
Ph-0·-,,~ 

(S)-5,5-diphenyl-3 ',4,4' ,5-tetrahydro-1 'H,3H-spiro[ furan-2,2'-naphthalene] (III-4c) 

Following the representative procedure III-4a , 4-methylene-1 ,1,6-triphenylhexan-1-ol III-3c (60 mg, 

0.18 mmol) was converted to spirocyclic ether III-4c, which was purified by prep TLC (silica gel, 95 :5 

3hexanes/EtiO then just hexanes as the second elution) to give a waxy solid (46 mg, 77% yield). [a]o22· = 

+17.6 (c = 0.52, CHCh). Rf= 0.9; 1H NMR (400 MHz, CDCh) 8 7.42 (d, J = 7.6 Hz, 2H), 7.37 (d, J = 

6.8 Hz, 2H), 7.22-7.17 (m, 4H), 7.13-7.08 (m, 2H), 7.04-7.02 (m, 3H), 6.95-6.94 (m, lH), 3.02 (dt, J = 

14.4, 6.4 Hz, lH), 2.96 (ABq, JAB= 16.4 Hz, llvAB= 68 .1 Hz, 2H), 2.75-2.61 (m, 3H), 2.03-1.96 (m, lH), 

1.81 (t, J = 6.8 Hz, 2H), 1.76-1.70 (m, lH). 13 C NMR (101 MHz, CDCh) 8 147.7, 147.6, 147.6 135.9, 

135 .7, 129.4, 128.5, 128.0, 126.5, 125 .9, 125 .8, 125.7, 125.6, 88.1 , 82.7, 42.2, 38.6, 35 .8, 34.8, 27.7. IR 

(neat, thin film) u 2988, 1447, 1043, 745 , 699 cm-1
. HRMS (EI) calcd. for C2sH24O [Mt 340.1822, found 

340.1826. ee = 97% determined by HPLC trace of the compound obtained by the benzylic oxidation via 

the route described below. 

0 

Ph O-("ll)
Ph-0··,,~ 

Co(acac)2 (10 mol¾) 
TBHP (6 equiv) 

rt, 24 h 
Ph 

Ph 

lll-4c lll-4c' 

(R)-5,5-diphenyl-4,5-dihydro-1 'H,3H-spiro[furan-2,2'-naphthalene]-1' ,4 '(3'H)-dione (III-4c ') 

Following a literature procedure24, Co(acac)2 (3.1 mg, 0.01 mmol, 10 mol %) was added to a solution of 

spirocyclic ether III-4c (40 mg, 0.12 mmol) in acetone (0.4 mL), followed by dropwise addition of 70% 
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by wt. solution ofTBHP (0.09 mL, 65 .0 mg, 6.00 equiv). The reaction mixture was stirred vigorously for 

24 hat rt. After quenching the mixture with brine, the mixture was extracted with EtiO (2 x 10 mL). The 

combined extracts were dried with anhydrous MgSO4, filtered and condensed in vacuo. Purification of the 

residue by flash chromatography (silica gel, 90:10-40:60 hexanes/EtOAc) provided the oxidized product 

0III-4c' as a white waxy solid (12 mg, 27% yield). [a]o2
1. = +12.3 (c = 0.33 , CHCh); ee = 90%, determined 

by HPLC analysis [Chiralpak AD-RH, 75 :25 MeCN/H2O, 0.400 mL/min, A= 254 nm, tmajor = 8.504 

min, tminor = 9.416 min]; Rf= 0.5; 1H NMR (400 MHz, CDCh) 8 8.10-8.05 (m, 2H), 7.76 (dd, J = 5.6, 

3.6 Hz, 2H), 7.44 (d, J = 7.6 Hz, 2H, 7.34-7.29 (m, 4H), 7.24-7.14 (m, 4H), 3.22 (ABq, JAB= 16.0, llvAB= 

84.9 Hz, 2H), 2.88-2 .82 (m, lH), 2.73-2.62 (m, 2H), 1.91-1.83 (m, lH). 13C NMR (101 MHz, CDCh) 8 

194.8, 194.0, 145.5, 135 .3, 134.7, 134.4, 134.0, 128.3, 128.0, 127.7, 127.1 , 126.9, 126.6, 125.9, 125.8, 

90.7, 86.7, 77.2, 51.2, 38.8, 33.2. IR (neat, thin film) u 1698, 1595, 1447, 1289 cm-1
. HRMS (EI) calcd. 

for C2sH20O3 [Mt 368.1407, found 368.1409. 

o, 

major:minor 

(S)-5,5-diethyl-7'-methoxy-3' ,4,4' ,5-tetrahydro-1 'H,3H-spiro[furan-2,2'-naphthalene] (III-4d) 

Following the representative procedure III-4a , 3-ethyl-8-( 4-methoxyphenyl)-6-methyleneoctan-3-ol III-

3d (40 mg, 0.15 mmol) was converted to spirocyclic ether III-4d, which was purified by flash 

chromatography (silica gel, 100:0-80-20 gradient hexanes/EtiO) to give III-4d as a 7:1 mixture of meta

substituted (major) and para-substituted (minor) regioisomers (33 mg, 83% overall yield). The 

0regioisomers were separated by prep HPLC. The major isomer was obtained as waxy white solid [a]o 22· 

= +15 .6 (c = 0.13 , CHCh); ee > 99%, determined by GC analysis [CP-Chirasil-Dex CB column; Tini = 
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200 cc, Tdet = 220 cc, flow= 2mL/min, ti= 110 cc, tf= 180 cc, rate= 0.25 cc/min, retention times by 

using He as the carrier gas: tmaj = 206.31 min, tmin= 207.61 min. Rf= 0.9; 1H NMR (400 MHz, CDCb) 

8 6.99 (d, J = 8.4 Hz, lH), 6.68 (dd, J = 8.6, 2.4 Hz, lH), 6.57 (d, J = 2.0 Hz, lH), 3.76 (s, 3H), 2.97-

2.90 (m, lH) 2.83 (ABq, JAB= 16.6 Hz, llvAB= 34.0 Hz, 2H), 2.77-2.70 (m, lH), 2.00-1.93 (m, lH), 1.88-

1.72 (m, 5H), 1.64-1.46 (m, 4H), 0.89 (td, J = 7.4, 1.6 Hz, 6H). 13C NMR (101 MHz, CDCb) 8 157.6, 

137.1 , 129.4, 127.9, 113.9, 112.1 , 86.2, 81.3 , 55.2, 43.0, 35.6, 35.2, 33.5 , 31.7, 31.7, 27.1 , 8.9, 8.7. IR 

(neat, thin film) u 2961 , 2927, 1609, 1502, 1462, 1260, 1124, 1039 cm-1. HRMS (EI) calcd for C1sH26O2 

[Mt 274.1927, found 274.1926. 

The reaction was scaled up using the same condition above starting with 3-ethyl-8-( 4-methoxyphenyl)-6-

methyleneoctan-3-ol (500 mg, 1.81 mmol) to give III-4d (342.7 mg, 69%) as a mixture of meta

substituted (major) and para-substituted (minor), after 72 hours reactions time, with the ratio of (14: 1) 

(major:minor). The structure of the major regioisomer was determined by nOe experiment. The nOe 

interaction between proton at around 6.7 ppm and protons at 2.9 ppm supported the structure assignment 

of the major product. 

major:minor 

(S)-5,5-diethyl-7'-(trifluoromethyl)-3' ,4,4' ,5-tetrahydro-1 'H,3H-spiro[furan-2,2'-naphthalene] (III-

4e) 

Following the representative procedure, 3-ethyl-6-methylene-8-( 4-(trifluoromethyl)phenyl)octan-3-ol 

III-4a (45 mg, 0.14 mmol) was converted to spirocyclic ether III-4e, which was purified by flash 

chromatography (silica gel, 100:0-80-20 gradient hexanes/EtiO) to give a 7:1 mixture ofregioisomers as 
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a waxy solid (36 mg, 80% overall yield). Purification on prep HPLC yielded a 8:1 mixture of meta

substituted (major) and para-substituted (minor) which was subsequently characterized. [ a ]o 21.s = + 7 .2 ( c 

= 0.81 , CHCh); Major isomer: ee > 99% and Minor isomer: ee = 98%, determined by GC analysis [CP

Chirasil-Dex CB column; Tinj = 200 cc, Tdet = 220 cc, flow= 2 mL/min, ti= 100 cc, tf= 170 cc, rate= 2 

cc/min, retention times by using He as the carrier gas: isomer 1: tmaj = 80.39 min, tmin= 81.07 min; 

isomer 2: tmaj = 81.57 min, tmin= 82.29 min]. Rf= 0.9; 1H NMR (400 MHz, CDCh) 8 7.33 (d, J = 8.4 

Hz, lH), 7.29 (s, lH), 7.18 (d, J = 8.4 Hz, lH), 3.06 (dt, J = 17.2, 6.4 Hz, lH), 2.94-2 .79 (m, 3H), 2.02-

1.95 (m, lH), 1.84-1.74 (m, 5H), 1.63-1.48 (m, 4H), 1.26-0.87 (m, 6H). 13C NMR (75 MHz, CDCh) 8 

140.1, 136.6, 129.7, 128.9, 128.1, 127.7, 126.2, 126.1, 126.1, 122.6, 122.4, 122.4, 122.3, 122.2, 86.5, 80.7, 

42.6, 42.6, 35.8, 34.9, 33.4, 31.8, 31.6, 27.7, 27.7, 8.8, 8.7. IR (neat, thin film) u 2962, 1331 , 1258, 1162, 

1073, 1013 cm-1
. HRMS (EI) calcd for C21H22OF3[Mt 312.1696, found 312.1685. The structure ofmajor 

product was determined by using nOe experiment and the structure ofthe minor regioisomer is determined 

by analogy to the III-4d. 

x°W
F 

(S)-1 '-fluoro-5,5-dimethyl-4,5,5' ,8'-tetrahydro-3H,6'H-spiro[furan-2, 7'-isoquinoline] (III-4f) 

Following the representative procedure, 7-(2-fluoropyridin-4-yl)-2-methyl-5-methyleneheptan-2-ol III-3f 

( 40 mg, 0.17 mmol) was converted to spirocyclic ether III-4f, which was purified by flash chromatography 

( silica gel, 100 :0-40-60 gradient hexanes/EtO Ac) to give a waxy solid (3 5 mg, 86% yield) as a 7: 1: 1 

regiosiomeric mixture, which was further purified by prep-HPLC to give a 7. 7: 1.0 regioisomeric mixture. 

[a]o 22
·
6 = +7.33 (c = 0.45 , CHCh). ee = 97%, determined by GC analysis [CP-Chirasil-Dex CB column; 

Tinj = 200 cc, Tdet = 220 cc, flow= 2mL/min, ti= 110 cc, tf= 180 cc, rate= 2 cc/min, retention times by 
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using He as the carrier gas: trnaj = 36.56 min, trnin = 38.38 min]. Rf= 0.7; 1H NMR (400 MHz, CDCh) 

8 7.87 (d, J = 5.0 Hz, lH), 6.90 (d, J = 5.0 Hz, 1 H), 3.10-3.01 (m, lH), 2.81-2.73 (m, 3H), 1.99-1.91 (m, 

5H), 1.73-1.66 (m, lH), 1.28 (s, 6H). 13 C NMR (101 MHz, CDCh) 8 163.3, 161.0, 150.8, 150.7, 143.4, 

143.3, 121.6, 121.5, 118.3, 117.9, 81.7, 80.0, 38.9, 38.0, 37.9, 36.8, 36.4, 35.2, 34.0, 33.8, 29.8, 29.7, 29.7, 

129.6, 26.7, 26.7. IR (neat, thin film) u 2927, 1609, 1415, 1250, 1090, 1000 cm- . HRMS (EI) calcd for 

C14H1sONF [Mt 235.1493 , found 235.1494. 

(S)-5,5-dimethyl-1 '-tosyl-1 ',4,4',5-tetrahydro-2'H, 3H-spiro[furan-2,3'-quinoline] (III-4g) 

Fallowing the representative procedure, alcohol III-3g ( 54 mg, 0 .15 mmol) was converted to spirocyclic 

ether III-4g, which was purified by flash chromatography (silica gel, 100:0-80-20 gradient hexanes/EtiO) 

0to give a crystalline white solid (43 mg, 81% yield). Mp= 78-80 °C; [a]o 21. = +23.4 (c = 0.51 , CHCh). 

ee = 96%, determined by HPLC analysis [Chiralpak AD-RH, 50:50 MeCN/H2O, 1.00 mL/min, "- = 254 

nm, trnaj = 26.51 min, trnin = 31.36 min]. Rf= 0.7; 1H NMR (400 MHz, CDCh) 8 7.67 (d, J = 8.4 Hz, 

2H), 7.59 (d, J = 8.4 Hz, 2H), 7.22 (d, J = 8.0 Hz, 2H), 7.11 (m, lH), 6.99 (m, 2H), 3.88 (dd, J = 12.0, 

1.6 Hz, lH), 3.61 (d, J = 12.4 Hz, lH), 2.61 (ABq, JAB= 15.4, L'wAB= 27.36 Hz, 2H), 2.38 (s, 3H), 2.06-

2.02 (m, lH), 1.95-1.74 (m, 3H), 1.32 (s, 3H), 1.26 (s, 3H). 13C NMR (101 MHz, CDCh) 8 143.5, 136.8, 

136.2, 129.6, 129.6, 127.8, 127.1 , 126.8, 124.0, 121.4, 82.3 , 80.3 , 55.4, 41.7, 37.8, 35.3 , 29.3 , 29.3 , 21.5. 

1IR (neat, thin film) u: 2962, 1455, 1291 , 1163, 1089, 1034, 940 cm- . HRMS (ESI) calcd for 

C21H2s O3NNaS [M+Nat 394.1447, found 394.1448. 
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The X-ray crystal structure (CCDC 1572209) was used to establish S-configuration at the chiral quaternary 

center (C22 below). The structure was obtained by Dr. Jason Benedict and Mr. Eric Sylvester in the 

Chemistry department at University at Buffalo . 

(S)-5',5'-diethyl-6-methoxy-4',5'-dihydro-3'H-spiro[chromane-3,2'-furan] (III-4h) 

Following the representative procedure with the exception that (S,S)-iPr-box was used as instead of S, S

t-Bu-box as the ligand, alcohol III-3h (40 mg, 0.14 mmol) was converted to spirocyclic ether III-4h, 

which was purified by flash chromatography (silica gel, 100:0-80:20 gradient hexanes/EtiO) to give a 

waxy solid (24 mg, 60% yield) that was further purified by HPLC to give a 10:1 regiosiomeric mixture; 

[a]o 2
1.

5 = +31.7 (c = 0.51 , CHCh). ee = 78%, determined by GC analysis [CP-Chirasil-Dex CB column; 
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Tinj = 200 cc, T<let= 220 cc, flow= 2 mL/min, ti= 150 cc, tf= 190 cc, rate = 2 cc/min, retention times by 

using He as the carrier gas: tmaj = 38.97 min, tmin = 39.51 min. Rf= 0.7; 1H NMR (400 MHz, CDCh) 8 

6.75 (d, J = 8.8 Hz, lH), 6.67 (dd, J = 8.8, 2.8 Hz, lH), 6.56 (d, J = 2.8 Hz, lH), 3.82 (s, 2H), 3.77 (s, 

3H), 2.86 (AXq, JAX= 15.6, /',,.vAX= 118.7 Hz, 2H), 2.08-2 .02 (m, lH), 1.88-1.84 (m, 2H), 1.81-1.75 (m, 

lH), 1.65-1.47 (m, 4H), 0.92 (dd. J = 15.8, 8.0 Hz, 6H). 13C NMR (101 MHz, CDCh) 8 153 .6, 147.7, 

121.9, 116.9, 114.5, 113.4, 87.2, 72.4, 55.7, 39.8, 33 .8, 33 .5, 31.4, 31.3 , 8.7, 8.7. IR (neat, thin film) u 

2963 , 1495, 1377, 1258, 1211 , 1071 , 1043 cm-1; HRMS (EI) calcd for C17H24O3 [Mt 276.1720, found 

276.1715 . 

3' ,4 '-dihydro-1 'H,3H-spiro[isobenzofuran-1,2'-naphthalene] (III-4i) 

Fallowing the representative procedure, alcohol III-3i (40 mg, 0 .17 mmol) was converted to spirocyclic 

ether III-4i, which was purified by flash chromatography (silica gel, 100:0-80-20 gradient hexanes/Et2O) 

0to give a waxy solid (35.4 mg, 90% yield). [a]o25· = -8 .5 (c = 0.5 , CHCh). ee = 24% determined by HPLC 

analysis [ChiralpakAD-RH, 55:45 MeCN/H2O, 0.40 mL/min, 11, = 254 nm, t(minor) = 37.49 min, t(major) 

= 44.49 min]. Rf= 0.8; 1H NMR (400 MHz, CDCh) 8 7.35 - 6.99 (m, 9 H), 5.13 (s, 2 H), 3.29 - 3.03 (m, 

3 H), 2.93 (td, J = 5.4, 17.0 Hz, 1 H), 2.09 (dd, J = 5.7, 8.0 Hz, 2 H). 13C NMR (75 MHz, CDCh) 8 148.2, 

141.9, 141.6, 137.8, 128.3, 128.3, 128.2, 127.3, 127.3, 125 .9, 115.0, 63 .0, 39.7, 34.1. IR (neat, thin film) 

1u 2924, 2851 , 1582, 1038, 728 cm- . HRMS (ESI) calcd for C17H16ONa [M+Nat 259.1093, found 

259.1101. 
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(R)-3,3-dimethyl-3 ',4 '-dihydro-1 'H,3H-spiro [isobenzofuran-1,2 '-naphthalene] (III-4j) 

Following the representative procedure, alcohol III-3j (60 mg, 0.23 mmol) was converted to 

spirophthalane III-4j , which was purified by flash chromatography (silica gel, 100:0-80-20 gradient 

hexanes/Et2O) to give a clear oil (46 mg, 73% yield). [a]o 21.o= -11.6 (c =1 , CHCh). Rf= 0.8; 1H NMR 

(400 MHz, CDCh) 8 7.31 (td, J = 7.6, 0.8 Hz, lH), 7.24 (dd, J = 7.2, 1.2 Hz, lH), 7.20-7.12 (m, 3H), 

7.07-7.05 (m, lH), 6.97 (d, J = 7.6 Hz, lH), 3.28-3.22 (m, lH), 3.13 (ABq, JAB= 16.4, llvAB= 34.8 Hz, 

2H), 2.95 (dt, J = 17.2, 5.6 Hz, lH), 2.07 (dd, J = 7.6, 5.2 Hz, 2H), 1.55 (s, 6H). 13C NMR (101 MHz, 

CDCh) 8 146.9, 144.8, 135 .9, 134.9, 129.4, 128.7, 127.8, 127.5, 125 .9, 121.2, 120.8, 84.3, 84.2, 43.3 , 

36.1, 31.0, 30.9, 26.7. IR (neat, thin film) u 2922, 1494, 1453, 1375, 1359, 1294, 1259, 1182, 1158, 1064, 

11018, 802, 753 cm- . HRMS (EI) calcd. for C19H20O [Mt 264.1509, found 264.1510. ee = 63% 

determined by HPLC trace of the compound III-4j' obtained as a waxy solid (6 mg, 12% after two 

purifications) by the benzylic oxidation of III-4j (45 mg, 0.17 mmol) via a route followed according to 

literature24 (see below). 

Co(acac)2 (10 mol%) 
TBHP (6 equiv) 
rt, 24 h 

12% after 2 purifications 

lll-4j lll-4j' 

(R)-3,3-dimethyl-1 'H,3H-spiro[isobenzofuran-1,2 '-naphthalene ]-1 ',4' (3 'H)-dione (III-4j ') 
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Following the representative procedure for conversion of III-4c to 111-8, spirophthalane III-4j (45 mg, 

0.17 mmol) was converted to III-4j' which was purified first by flash column chromatography (silica gel, 

100:0-40:60 gradient hexanes/EtOAc) and then by prep TLC (silica gel, 1:2:4 EtOAc:CHCh:PhCH3) to 

8yield III-4j' as a waxy off-white solid (6 mg, 12% yield). [a]o 22· = -25.2 (c = 0.16, CHCh). ee = 64%, 

determined by HPLC analysis [Chiralpak AD-RH, 98:2 hexanes/iPrOH, 1.00 mL/min, ).._ = 254 nm, 

t(minor) = 13.65 min, t(major) = 16.99 min]. Rf= 0.4; 1H NMR (400 MHz, CDCh) 8 8.18 (dd, J = 7.6, 

1.6 Hz, lH), 8.13 (dd, J = 6.8, 1.2 Hz, lH), 7.84-7.77 (m, 2H), 7.34 (td, J = 8.0, 1.2 Hz, lH), 7.18 (t, J = 

7.6 Hz, 2H), 6.78 (dd, J = 6.4, 1.6 Hz, lH), 3.42 (ABq, JAB= 16.0, L'lvAB = 52.4 Hz, 2H), 1.61 (d, J = 11.2 

Hz, 6H). BC NMR (101 MHz, CDCh) 8 194.1 , 193.7, 147.2, 137.3, 135.9, 134.8, 134.6, 134.4, 129.3, 

128.2, 127.9, 126.6, 121.8, 121.4, 89.7, 87.7, 52.5 , 30.6, 29.7. IR (neat) u 2964, 1702, 1596, 1259, 1010, 

798 (cm-1). HRMS (EI) calcd for C19H16O3 [Mt 292.1094, found 292.1103. 

major:minor 

7'-Bromo-5,5-dimethyl-3' ,4,4' ,5-tetrahydro-1 'H,3H-spiro[furan-2,2'-naphthalene] (III-4k) 

Following the representative procedure, 8-( 4-bromophenyl)-3-ethyl-6-methyleneoctan-3-ol III-3k (29 

mg, 0.098 mmol) was converted to spirocyclic ether III-4k, which was purified by flash chromatography 

(silica gel, 100:0-10 gradient hexanes/EtOAc) to give a 7: 1 mixture of meta- substituted (major) and para

substituted (minor) regioisomers (21.8 mg, 76%). The regioisomers were separated by prep HPLC. [a]o 

23·7 = +9.4 (c = 0.143 , CHCh). Rf= 0.9; 1H NMR (400 MHz, CDCh) 8 7.23 - 7.15 (m, 2 H), 6.95 (d, J= 

7.8 Hz, 1 H), 2.95 (td, J = 6.4, 16.8 Hz, 1 H), 2.82 (s, 2 H), 2.79 - 2.66 (m, 1 H), 2.00 - 1.88 (m, 5 H), 1.73 

(td, J = 6.3 , 12.8 Hz, 1 H), 1.29 (s, 3 H), 1.27 (s, 3 H). BC NMR (101 MHz, CDCh) 8 138.1 , 134.8, 132.0, 

229 

https://7.84-7.77


130.3, 128.7, 119.2, 81.2, 81.1 , 42.5 , 38.1 , 35.9, 35.0, 29.8, 29.7, 27.1. IR (neat, thin film) u 2964, 1590, 

11363, 799 cm- . HRMS (ESI) calcd. for C1sH19BrNaO [M+Nat 317.0515, found 317.0511. The 

enantiomeric excess oflll-4k was determined to be >99% by conversion to III-4b and chiral GC analysis 

oflll-4b (see below). 

Pd(OAc)z (20 mol%) 
H2 (1 atm), IPA, RT 

. O~~ 
► x:_J·,,,~

~Br overnight 

To a 20 mL vial the mixture of both minor and major III-4k (12.0 mg, 0.041 mmol) was dissolved in 

isopropanol (2 mL). The solution was degassed then filled with Ar for 10 minutes before Pd(OAc)2 (2.73 

mg, 0.012 mmol, 30 mol¾) was added. Hydrogen gas (1 atm, balloon) was introduced to the vial. The 

reaction was allowed to stir at RT overnight and the progress of the reaction was monitored by TLC. After 

reaction was done, the mixture was filtered through a pad of silica gel and Celite on top. The pad was 

rinsed with 5 mL ofEtOAc twice. The combined organic phase was evaporated in vacuo to give crude oil 

that was purified on silica gel (100:0-80-20 gradient hexanes/EtiO) to give clean debrominated product (8 

3mg, 0.037 mmol, 90%) whose characterization matches that of compound III-4b. [a]o 22· = + 13.4 (c = 

0.97, CHCh) The ee ofthis product was determined using chiral GC: ee > 99%, determined by GC analysis 

[CP-Chirasil-Dex CB column; Tini = 200 °C, T<let = 220 °C, flow= 2 °C/min, ti= 120 °C, tf= 156 °C, rate 

= 0.9 °C/min, retention times by using He as the carrier gas: tmaj = 29.03 min, tmin = below detection limit 

(- 29.73 min)]. Note: This result also confirms that the mixture of the products is a mixture of two 

regionisomers (major and minor), not a different product because the debromination of the mixture of III-

4k gives a single product that is identical to III-4b. 
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4,4-Dimethyl-3' ,4,4' ,5-tetrahydro-1 'H,3H-spiro[furan-2,2'-naphthalene] (111-41) 

Following the representative procedure, 2,2-dimethyl-4-methylene-6-phenylhexan-1-ol 111-31 (26.4 mg, 

90.12 mmol) was converted to spirocyclic ether 111-41 (21.7 mg, 83% overall yield). [a]o 27· = +18.46 (c = 

0.97, CHCh); Rf= 0.8; 1H NMR (400 MHz, CDCh) 8 7.15 - 6.99 (m, 4 H), 3.64 - 3.49 (ABq, JAB= 8.4 

Hz, L'lVAB= 10.8 Hz, 2H, 2 H), 3.12 - 2.70 (m, 4 H), 1.98 (td, J = 6.2, 12.5 Hz, 1 H), 1.87 - 1.76 (m, 1 H), 

1.72 - 1.57 (ABq, JAB= 13 .0 Hz, L'lVAB= 19.5 Hz, 2H, 2 H), 1. 15 (s, 3 H), 1.14 (s, 3 H). 13 C NMR (101 

MHz, CDCh) 8 135 .7, 135 .2, 129.4, 128.5, 125 .8, 125 .6, 81.7, 78 .6, 51.3 , 42 .1, 40.2, 34.3 , 27.6, 27.5, 

127.2. IR (neat, thin film) u 2951 , 2926, 2840, 2866, 1452, 1058, 742 cm- . HRMS (EI) calcd. for 

C1sH2oONa [M+Nat 239.1406, found 239.1406. 

Oxidation of 2j for chiral HPLC analysis 

MnO2 (4 eq.) 
THBP (6 eq.) 

DCM (0 °C to reflux) 
► 

111-41 111-41' 

(R)-4,4-dimethyl-4,5-dihydro-1 'H,3H-spiro[furan-2,2'-naphthalen]-4'(3'H)-one (111-41') 

The spirocycle 111-41 (43.3 mg, 0.198 mmol) was dissolved in CH2Ch (5 mL) and cooled to O°C. To this 

solution was added MnO2 (68.3 mg, 0.37 mmol, 4. equiv) and TBHP (70% in water) (214.5 mg, 1.19 

mmol, 6.0 equiv). After 5 minutes, when the bubbling ceased, the ice-bath was removed and the reaction 

was heated to reflux and was stirred overnight. The progress of the reaction was monitored by TLC. After 

completion, the black solid was filtered and rinsed with CH2Ch. The combined organic phase was 

concentrated to give a crude oil that purified by flash chromatography (silica gel, 5 - 10: 90 

EtOAc/hexane) to give 111-41' (19 mg, 42% ). Unreacted substrate 111-41 (17 mg, 40%) was also recovered. 
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[a]o 27·9= +21.3 (c = 0.043 , CHCh). ee = 87%, determined by HPLC analysis [Chiralpak AD-RH, 80:20 

MeCN/H2O, 0.800 mL/min, "A = 254 nm, tmajor= 19.31 min, tminor= 31.1 min]; Rf= 0.8; 1HNMR (400 

MHz, CDCh) 8 8.01 (d, J = 7.8 Hz, 1 H), 7.54 - 7.45 (m, 1 H), 7.39 - 7.29 (m, 1 H), 7.27 (d, J = 7.2 Hz, 

lH), 3.57 (s, 2H), 3.18 (ABq, JAB= 16.3 Hz, llvAB= 2 Hz, 2H, 2 H), 2.93 (dd, J= 16.3, 1.4 Hz, 2 H), 2.81 

(d, J= 16 Hz 2 H), 1.70 (d, J= 1.2 Hz, 2 H), 1.16 - 1.14 (m, 3 H), 1.13 (s, 3 H). 13C NMR (101 MHz, 

CDCh) 8 196.9, 141.3, 133 .8, 132.0, 129.4, 126.9, 126.9, 83.4, 79.0, 51.5 , 51.3 , 42 .5, 40.4, 27.4, 27.1. IR 

1(neat, thin film) u 1698, 1447, 1289, 699 cm- . HRMS (ESI) calcd. for C1sH19O2 [M+Ht 231.1380,found 

231.1387. The structure was confirmed by 2D- COSY 1H NMR. 

(S)-(5,5-dimethyl-2' ,4,4' ,5-tetrahydro-1 'H,3H-spiro[furan-2,3'-quinoline]-1 '-yl)(phenyl)methanone 

(III-4m) 

Following the representative procedure, alcohol III-3m (28 mg, 0.14 mmol) was converted to 

spirocyclic ether III-4m, which was purified by flash chromatography (silica gel, 100:0-80-20 gradient 

5hexanes/EtiO) to give a waxy solid (19.8 mg, 64% yield). [a]o 21. = +19.1 (c = 0.7, CHCh). ee = 90%, 

determined by HPLC analysis [Chiralpak AD-RH, 75 :25 MeCN/H2O, 0.8 mL/min, "A = 254 nm, tmaj = 

3.58 min, tmin = 4.86 min.]. Rf= 0.8; 1H NMR (400 MHz, CDCh) 6 7.44 (d, J= 7.0 Hz, 1 H), 7.38 -

7.27 (m, 2 H), 7.11 (d, J= 7.4 Hz, 1 H), 6.97 (t, J= 7.4 Hz, 1 H), 6.84 (t, J= 7.6 Hz, 1 H), 6.68 (br. s., 1 

H), 4.03 (d, J= 12.5 Hz, 1 H), 3.70 (d, J= 12.1 Hz, 1 H), 3.02 (ABq, JAX = 16.4 Hz, llvAX= 12.8 Hz, 2 

H), 2.05 - 1.80 (m, 4 H), 1.27 (s, 3 H), 1.20 (s, 3 H). 13C NMR (101 MHz, CDCh) 8 170.9, 138.6, 136.4, 

130.1, 129.4, 128.8, 128.3, 128.1 , 125 .5, 125 .0, 124.4, 82.1 , 80.6, 53.9, 41.7, 37.9, 36.3, 35 .8, 29.5, 29.3. 
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IR (neat, thin film) u 2963 , 162000, 1495, 1377, 1258, 1211 , 1071 , 1043 cm-1
; HRMS (ESI) calcd for 

C21H21O3 [M+Ht322.1802, found 322.1798. 

Cbz 

xj-:0 
(S)-benzyl 5,5-dimethyl-2',4,4',5-tetrahydro-l'H,3H-spiro[furan-2,3'-quinoline]-1'-carboxylate 

(III-4n) 

Following the representative procedure, alcohol III-3n (35.3 mg, 0.1 mmol) was converted to spirocyclic 

ether III-4n, which was purified by flash chromatography (silica gel, 100:0-80:20 gradient hexanes/EtiO) 

5to give a yellow oil (26.8 mg, 76% yield). [a]o 21. = +21.2 (c = 0.6, CHCh). ee = 95%, determined by 

HPLC analysis. [Chiralpak AD-RH, 77:23 MeCN/H2O, 0.6 mL/min, "A= 254 nm, tmaj = 7.295 min, tmin 

= 7.928 min]. Rf= 0.5; 1H NMR (400 MHz, CDCh) 8 7.69 (br. s. , 1 H), 7.46 - 7.29 (m, 5 H), 7.21 - 6.93 

(m, 3 H), 5.30 (ABq, JAX= 12.5, /',,.vAx= 33.3 Hz, 2 H), 3.76 (ABq, JAX= 12.9, /',,.vAX= 40.8 Hz, 2 H), 2.95 

(ABq, JAX= 16.4, /',,.yAX= 35.4 Hz, 2 H), 1.95 - 1.76 (m, 4 H), 1.26 (s, 3 H), 1.24 (s, 3 H). 13C NMR (101 

MHz, CDCh) 8 154.9, 137.3, 136.3, 129.3, 128.5 , 128.1 , 128.1 , 127.7, 126.0, 123.9, 123.7, 82.1 , 79.5 , 

67.6, 53.3 , 41.8, 37.9, 34.9, 29.3 , 29.2. IR (neat, thin film) u 3064, 3031 , 2969, 2928, 2871 , 1706, 1648, 

1492, 1366, 756, 697 cm-1
. HRMS (ESI) calcd for C22H2sO3NNa [M+Ht 374.1727, found 374.1727. 

Ph 
I 

xj-:0 
(S)-5,5-dimethyl-1 '-phenyl-2' ,4,4' ,5-tetrahydro-1 'H,3H-spiro[furan-2,3'-quinoline] (111-40) 
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2 

Following the representative procedure except the reaction was run at 130 °C, alcohol 111-30 (29.5 mg, 

0.1 mmol) was converted to spirocyclic ether 111-40. Spirocyclic ether 111-40 was purified by flash 

chromatography (silica gel, 100:0-80:20 gradient hexanes/EtiO) to give a yellow oil (17.6 mg, 60%). [a]o 

u =+14.1 (c = 0.6, CHCh). ee = 78%, determined by HPLC analysis [Chiralpak AD-RH, 77:23 

MeCN/H2O, 0.4 mL/min, 11, = 254 nm, tmaj = 17.09 min, tmin = 18.23 min]. Rf= 0.6; 1HNMR (400MHz, 

CDCh) 8 7.39 - 7.31 (m, 2 H), 7.25 - 7.20 (m, 3 H), 7.11 (t, J= 7.4 Hz, 2 H), 7.04 (d, J= 7.8 Hz, 1 H), 

6.97 - 6.89 (m, 2 H), 6.75 - 6.66 (m, 2 H), 3.59 (d, J = 10.9 Hz, 1 H), 3.39 (dd, J = 2.1 , 11.1 Hz, 1 H), 3.07 

(ABq, JAX= 16.0, LlvAX= 97.6 Hz, 2 H), 2.13 - 1.71 (m, 4 H), 1.32 (s, 3 H), 1.23 (s, 3 H). 13C NMR (101 

MHz, CDCh) 8 147.8, 130.1 , 129.5, 129.3, 126.5, 124.9, 123.9, 122.5, 121.0, 118.3, 117.8, 114.7, 81.7, 

79.1 , 60.0, 42.0, 38.1 , 34.8, 29.6, 29.4. IR (neat, thin film) u 3065, 2969, 2926, 2854, 1592, 1496, 1497, 

747, 697 cm-1
. HRMS (ESI) calcd for C20H23NNaQ3 [M+Ht 316.1672, found 316.1667. 

(S)-5,5-dimethyl-4,5-dihydro-3H-spiro[ furan-2,3 '-thiochroman] (11l-4p) 

Following the representative procedure, alcohol lll-3p (20.5 mg, 0.09 mmol) was converted to spirocyclic 

ether lll-4p, which was purified by flash chromatography (silica gel, 100:0-80:20 gradient hexanes/EtiO) 

5to give a yellow oil (19.2 mg, 92% yield); [a]o 21. = +28.6 (c = 0.8, CHCh). ee = 75%, determined by 

HPLC analysis [Chiralpak AD-RH, 75:25 MeCN/H2O, 1.00 mL/min, 11, = 254 nm, tmaj = 3.135 min, tmin 

= 3.400 min]. Rf= 0.8; 1H NMR (400 MHz, CDCh) 8 7.23 (br. s. , 1 H), 7.18 - 6.92 (m, 3 H), 3.15 (d, J = 

12.1 Hz, 1 H), 3.05 - 2.95 (m, 1 H), 2.83 - 2.66 (m, 2 H), 2.28 - 2.13 (m, 1 H), 1.95 - 1.84 (m, 3 H), 1.33 

(s, 3 H), 1.31 (s, 3 H). 13C NMR (101 MHz, CDCh) 8 133.5, 131.8, 130.7, 126.5, 125.7, 124.0, 82.1 , 80.0, 
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43 .0, 38.1 , 37.3, 34.8, 29.6, 29.5. IR (neat, thin film) u 2963 , 1495, 1377, 1258, 1211 , 1071 , 1043 cm-1; 

HRMS (EI) calcd for C14H1sONaS [M+Nat 257.0971 , found 257.0974. 

Synthesis of [5,5] spirocyclic ethers 

Cu(OTfb (20 mol%), 
(S,S)_;Pr-box (25 mol%), 

Ph1,4-cyclohexadiene (1 .5 eq.), 
K2CO3, MnO2, 4 Amol. sieves; 

PhCF3, 120 °C, 24 h 

Ill-Sa 111-6a 

(S, EIZ)-7-benzylidene-2,2-diethyl-1-oxaspiro[ 4.4] nonane (III-6a) 

Following the representative procedure with the exception that S, S-iPr-box was used as instead of S, S-t

Bu-box as the ligand and 1,4-cyclohexadiene (1.5 equiv) was added as a hydrogen atom source, 3-ethyl-

6-methylene-10-phenyldec-9-yn-3-ol III-Sa (60 mg, 0.22 mmol) was converted to E/Z-spirocyclic ethers 

III-6a . Purification by flash chromatography (silica gel, 100:0-60:40 gradient hexanes/EtiO) gave a 

colorless oil ( 40 mg, 67% yield) as a 1: 1.2 E :Z mixture that were further separated by prep-HPLC. Both 

isomers were characterized. 

8£-isomer: [a]o2
1. = +14.2 (c = 0.4, CHCh). ee > 99%, determined by GC analysis [CP-Chirasil-Dex CB 

column; Tinj = 200 °C, Tdet = 220 °C, flow= 2mL/min, ti= 110 °C, tf= 190 °C, rate= 0.4 °C/min, retention 

times by using He as the carrier gas: tmaj = 151 .59 min, tmin = 152.20 min]. 1H NMR (400 MHz, CDCh) 

8 7.32-7.29 (m, 4H), 7.17-7.14 (m, lH), 6.30 (s, lH), 2.80-2 .72 (m, 2H), 2.58-2.48 (m, 2H), 2.07-1.99 (m, 

lH), 1.92-1.84 (m, lH), 1.82-1.73 (m, 3H); 1.59-1.46 (m, 4 H), 0.89-0.60 (m, 6 H). 13C NMR (101 MHz, 

CDCh) 8 144.0, 138.5, 128.2, 128.0, 125 .7, 122.0, 88 .3, 86.0, 48 .8, 39.4, 35.9, 34.2, 31.5 , 31.4, 29.5, 8.8, 

18.7. IR (neat) u 2961 , 1460, 1260, 1072, 992, 796, 693, 743 cm- . HRMS (EI) calcd for C19H26O1 [Mt 

270.1978, found 270.1972. 
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5Z-isomer: [a]o22· = -19.7 (c = 0.34, CHCh); ee > 99%, determined by GC analysis [CP-Chirasil-Dex CB 

column; Lni = 200 cc, T <let= 220 cc, flow= 2mL/min, ti= 140 cc, tf= 190 cc, rate= 0.5 cc/min, retention 

times by using He as the carrier gas: tmaj = 59.20 min, tmin= 60.00 min]. 1H NMR (400 MHz, CDCh) 8 

7.32-7.28 (m, 2H), 7.26-7.24 (m, 2H), 7.17-7.13 (m, lH), 6.29 (s, lH), 2.68 (ABq, JAB= 17.2, L'lVAB= 55.8 

Hz, 2H), 2.72 -2.66 (m, lH), 2.49-2.41 (m, lH), 1.95-1.84 (m, 3H), 1.78-1.74 (m, 2H), 1.69-1.63 (m, lH), 

1.59-1.43 (m, 4H), 0.88-0.83 (m, 6H). 13C NMR (101 MHz, CDCh) 8 144.0, 138.5, 128.2, 128.0, 125.7, 

122.0, 88.3 , 86.0, 48.8, 39.4, 35.9, 34.2, 31.5 , 31.4, 29.5 , 8.8, 8.7. IR (neat, thin film) u 2961 , 1460, 1073, 

11030, 693 , 750 cm- . HRMS (EI) calcd for C19H26O1 [Mt 270.1978, found 270.1970. 

Cu(OTf)2 (20 mol%) 
(S,S)_tBu-box (25 mol%) Ph 
K2C03, Mn02, 4 Amol. sieves 

PhCF3, 120 °C, 24 h 
Ill-Sb lll-6a 

(S,E/Z)-7-benzylidene-2,2-diethyl-1-oxaspiro[4.4]nonane (III-6a) 

The same compounds, EIZ- III-6a, were obtained when starting with (E)/(Z)-3-ethyl-6-methylene-10-

phenyldec-9-en-3-ol III-Sb (27.4 mg, 0.10 mmol) with or without cyclohexadiene. The combined yield 

of the (E)- and (Z)-spirocyclic ethers III-6a was 68% (18.2 mg, 1:1 ratio). 

£-isomer: [a]o 23·6= +11.2 (c = 0.10, CHCh) ee% = 93% determined by GC analysis [CP-Chirasil-Dex 

CB column; Tinj = 200 cc, Tdet = 220 cc, flow= 2mL/min, ti= 140 cc, tf= 190 cc, rate= 0.5 cc/min, 

retention times by using He as the carrier gas: tma j = 145.5 3 min, tmin= 146 .1 7 min]; 

Z: [a]o 23·6= -6.8 (c = 0.10, CHCh) ee = 89%, determined by GC analysis [CP-Chirasil-Dex CB column; 

Tinj = 200 cc, Tdet = 220 cc, flow= 2mL/min, ti= 140 cc, tf= 190 cc, rate= 0.5 cc/min, retention times 

by using He as the carrier gas: [tmaj = 59.24 min, tmin = 60.00 min]. 
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0--
Cu(OTfh (20 mol%) 
(S,S)_tBu-box (25 mol%) 

K2C03, Mn02, 4 Amol. sieves 

PhCF3, 120 °C, 24 h'o 
IIT-5c ill-6b 

(S, E/Z)-2,2-diethyl-7-(4-methoxybenzylidene)-1-oxaspiro[4.4]nonane (III-6b) 

The compounds E/ZIII-6b, were obtained when starting with (E)/(Z)-5c (31.5 mg, 0.10 mmol) without 

cyclohexadiene. The combined yield of the (E)/(Z)-spirocyclic ethers III-6b was (23.8 mg, 76%, 2:1 

ratio). 

o-

lll-6b (E) 

5£-isomer: [a]o 21. = + 12.9 (c = 0.5 , CHCh) ee = 99% determined by HPLC analysis [Chiralpak AD-RH, 

85 :15 MeCN/H2O, 0.60 mL/min, 11, = 254 nm, tmin = 4.941 min, tmax = 5.234 min.]. 1HNMR (400 MHz, 

CDCh) 8 7.19 (d, J = 8.6 Hz, 2 H), 6.86 (d, J = 8.6 Hz, 2 H), 6.24 (br. s. , 1 H), 3.80 (s, 3 H), 2.82 - 2.52 

(m, 2H) , 2.53 -2.45 (m, 2 H), 2.02 - 1.72 (m, 7 H), 1.53 - 1.40 (m, 3 H), 0.92 - 0.81 (m, 6 H). 13C NMR 

(101 MHz, CDCh) 8 157.6, 143.8, 129.1 , 122.7, 121.4, 113.6, 86.0, 77.3, 55.3 , 48.7, 39.4, 36.0, 34.2, 

131.5 , 29.4, 8.8. IR (neat, thin film) u 2961 , 2936, 2877, 2836, 1607, 1510, 1247 872, 665 cm- . HRMS 

(ESI) calcd for C20H2sNa1O2 [M+Nat 323.1982, found 323.1979. 
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5Z-isomer: [a]D 2 
1. = -7.4 (c = 0.3 , CHCb) ee = 96% determined by HPLC analysis [Chiralpak AD-RH, 

95 :5 MeCN/H20 , 0.60 mL/min, "A= 254 nm, tmin = 6.54 min, tmax = 7.57 min.]. 1H NMR (400 MHz, 

CDCh) 8 7.23 (d, J = 8.6 Hz, 2 H), 6.85 (d, J = 8.6 Hz, 2 H), 6.24 (br. s., 1 H), 3.80 (s, 3 H), 2.72 (d, J = 

16.0 Hz, 2 H), 2.57 - 2.40 (m, 2 H), 2.08 - 1.95 (m, 1 H), 1.94 - 1.68 (m, 5 H), 1.52 - 1.42 (m, 4 H), 0.87 

(t, J = 7.4 Hz, 6 H). 13C NMR (101 MHz, CDCh) 8 153 .6, 143.8, 129.1, 122.1, 121.4, 113 .6, 86.0, 77.3, 

55 .2, 48 .7, 39.4, 36.0, 34.2, 31.5 , 29.4, 8.8, 8.7. IR (neat, thin film) u 2938, 2964, 2871 , 2832, 1599, 1511 , 

11248, 872 cm- . HRMS (ESI) calcd for C20H2sNa102 [M+Nat 323 .1982, found 323.1979. 

Cu(OTf)2 (20 mol%) 
(S,S)_;Pr-box (25 mol%) 
K2CO3, MnO2, 4 Amol. sieves 

PhCF3 , 120 °C, 48 h 'o 
111-Sd lll-6c 

(R,E/Z)-7-(4-methoxybenzylidene)-3,3-dimethyl-1-oxaspiro[4.4]nonane (III-6c) 

The compound, EIZ- III-6c, were obtained when starting with (E)/(Z)- 111-Sd (27.4 mg, 0.10 mmol) and 

(S,S)-iPr-Box as ligand. The combined yield of the (E)/(Z)-spirocyclic ethers III-6c was 62% (16.8 mg, 

1: 1 ratio). 
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0 

n1-6c (E) 
5£-isomer: [a]o 21. = + 19.2 (c = 0.6, CHCb) ee = 89% determined by HPLC analysis [Chiralpak AD-RH, 

77:23 MeCN/H2O, 0.80 mL/min, ).._ = 254 nm, tmin = 3.41 min, tmax = 3.79 min.]. 1H NMR (400MHz, 

CDCb) 8 7.20 (d, J = 8.6 Hz, 2 H), 6.85 (d, J = 8.6 Hz, 2 H), 6.29 (br. s., 1 H), 3.80 (s, 3 H), 3.49 (s, 2 

H), 2.85 (d, J = 16.4 Hz, 1 H), 2.71 - 2.69 (m, 1 H), 2.59-2.5 (m, 2H), 2.00- 1.96 (m, 1 H), 1.82-1.65 (m, 

3 H), 1.73 - 1.63 (m, 1 H), 1.11 (s, 3 H), 1.11 (s, 3 H). 13C NMR (101 MHz, CDCb) 8141.8, 131.4, 129.2, 

121.5, 113 .6, 110.0, 89.2, 79.2, 55 .2, 49.9, 48 .6, 39.9, 38.3 , 33 .6, 29.7, 27.0. IR (neat, thin film) u 2961 , 

1460, 1073, 1030, 693 , 750 cm-1. HRMS (ESI) calcd for C1sH24O2Na [M+Nat 295 .1669, found 295 .1666. 

0 

O-

Z-isomer: [a]o 21.5 = -6.5 (c = 0.6, CHCb) ee = 87% determined by HPLC analysis [Chiralpak AD-RH, 

69 :31 MeCN/H2O, 0.60 mL/min, ).._ = 254 nm, tmin = 5.73 min, tmax = 7.58 min.]. 1H NMR (400 MHz, 

CDCb) 8 7.20 (d, J= 8.6 Hz, 2 H), 6.86 (d, J= 8.6 Hz, 2 H), 6.29 (br. s., 1 H), 3.80 (s, 3 H), 3.51 (s, 2 

H), 2.82 - 2.46 (m, 4 H), 1.99-1.96 (m, 1 H), 1.82 - 1.64 (m, 3 H), 1.11 (s, 3 H), 1.10 (s, 3 H), 1.12 (s, 3 

H). 13 C NMR (101 MHz, CDCb) 8 152.4, 141.5, 129.1, 121.6, 113 .6, 110.0, 92.6, 79.2, 55.2, 50.8, 45.0, 

139.9, 38.3 , 33.627.1. IR (neat, thin film) u 2961 , 1460, 1073, 1030, 693 , 750 cm- . HRMS (ESI) calcd for 

C1sH24O2Na [M+Nat 295 .1669, found 295 .1666. 

References 

239 

https://1.99-1.96
https://1.82-1.65
https://2.00-1.96


1. (a) Franz, A. K. ; Hanhan, N. V. ; Ball-Jones, N. R. , ACS Catalysis 2013, 3 (4), 540-553; (b) 

Quasdorf, K. W.; Overman, L. E. , Nature 2014, 516 (7530), 181-91 ; (c) Quasdorf, K. W.; Overman, L. 

E. , Nature 2014, 516, 181. 

2. Lee, J. H. ; Kim, I., J Org. Chem. 2013, 78 (3), 1283-1288. 

3. Schmitz, F. J. ; McDonald, F. J. , Tetrahedron Lett. 1974, 15 (29), 2541-2544. 

4. Panizzi, L. ; Mangoni, L. ; Belardini, M. , Tetrahedron Lett. 1961, 2 (11), 376-381. 

5. Heretsch, P. ; Tzagkaroulaki, L. ; Giannis, A. , Angew. Chem. Int. Ed. 2010, 49 (20), 3418-3427. 

6. (a) Varty, G. B.; Cohen-Williams, M. E. ; Morgan, C. A. ; Pylak, U. ; Duffy, R. A. ; Lachowicz, J. 

E. ; Carey, G. J. ; Coffin, V. L. , Neuropsychopharmacology 2002, 27, 371 ; (b) Kramer, M. S. ; Cutler, N. ; 

Feighner, J. ; Shrivastava, R. ; Carman, J. ; Sramek, J. J. ; Reines, S. A. ; Liu, G. ; Snavely, D.; Wyatt

Knowles, E. ; Hale, J. J. ; Mills, S. G. ; MacCoss, M. ; Swain, C. J. ; Harrison, T. ; Hill, R. G. ; Hefti, F. ; 

Scolnick, E. M. ; Cascieri , M.A.; Chicchi, G. G. ; Sadowski, S.; Williams, A. R. ; Hewson, L. ; Smith, D.; 

Carlson, E. J. ; Hargreaves, R. J. ; Rupniak, N. M. J. , Science 1998, 281 (5383), 1640-1645. 

7. Itami, K. ; Palmgren, A. ; Backvall, J.E. , Tetrahedron Lett 1998, 39 (10), 1223-1226. 

8. Palmer, L. I.; Read de Alaniz, J. , Org. Lett. 2013, 15 (3), 476-479. 

9. Noto, N. ; Koike, T. ; Akita, M. , J Org. Chem. 2016, 81 (16), 7064-7071. 

10. Ashimori, A. ; Bachand, B. ; Overman, L. E. ; Poon, D. J. , J Am. Chem. Soc. 1998, 120 (26), 6477-

6487. 

11. Teng, X. ; Cefalo, D.R. ; Schrock, R.R. ; Hoveyda, A.H. , J Am Chem Soc 2002, 124 (36), 10779-

10784. 

12. Shibata, T. ; Tahara, Y.-k. ; Tamura, K. ; Endo, K. , J Am. Chem. Soc. 2008, 130 (11), 3451-3457. 

13. Zhang, Q. W. ; Fan, C. A. ; Zhang, H.J. ; Tu, Y. Q. ; Zhao, Y. M. ; Gu, P. ; Chen, Z. M. , Angew Chem 

Int Edit 2009, 48 (45), 8572-8574. 

240 



14. Jiao, Z.-W. ; Zhang, S.-Y. ; He, C.; Tu, Y.-Q.; Wang, S.-H.; Zhang, F.-M. ; Zhang, Y.-Q.; Li, H. , 

Angew. Chem. Int. Ed. 2012, 51 (35), 8811-8815. 

15. Leikowski, M.; Banerjee, P. ; Runsink, J. ; Gais, H.J. , Org Lett 2008, JO (13), 2713-2716. 

16. (a) Bovino, M. T. ; Liwosz, T. W. ; Kendel, N. E. ; Miller, Y. ; Tyminska, N. ; Zurek, E. ; Chemler, 

S. R. , Angewandte Chemie-International Edition 2014, 53 (25), 6383-6387; (b) Miller, Y. ; Miao, L. ; 

Hosseini, A. S.; Chemler, S. R. , J Am. Chem. Soc. 2012, 134 (29), 12149-12156. 

17. Basu, K. ; Richards, J. ; Paquette, L.A. , Synthesis 2004, 2004 (17), 2841-2844. 

18. Grigg, R.; MacLachlan, W. S.; MacPherson, D. T.; Sridharan, V.; Suganthan, S. , Tetrahedron 

2001, 57 (52), 10335-10345. 

19. Casaschi, A. ; Grigg, R. ; Sansano, J.M.; Wilson, D.; Redpath, J. , Tetrahedron 2000, 56 (38), 7541-

7551. 

20. Borjesson, M.; Moragas, T. ; Martin, R. , J Am. Chem. Soc. 2016, 138 (24), 7504-7507. 

21. Han, X. Q.; Zhou, Z. Y. ; Wan, C. ; Xiao, Y. M.; Qin, Z. H. , Synthesis-Stuttgart 2013, 45 (5), 615-

620. 

22. Shimogaki, M.; Fujita, M.; Sugimura, T. , Angew. Chem. Int. Ed. 2016, 55 (51), 15797-15801. 

23. Pelisson, C. H.; Denicourt-Nowicki, A.; Meriadec, C.; Greneche, J. M. ; Roucoux, A. , 

ChemCatChem 2015, 7 (2), 309-315. 

24. Han, X. Q.; Zhou, Z. Y. ; Wan, C.; Xiao, Y. M. ; Qin, Z. H. , Synthesis 2013, 45 (5), 615-620. 

25. (a) Gober, C. M. ; Carroll, P. J. ; Joullie, M. M. , Mini-reviews in organic chemistry 2016, 13 (2), 

126-142; (b) Zheng, Y.; Tice, C. M.; Singh, S. B. , Bioorg. Med. Chem. Lett. 2014, 24 (16), 3673-3682. 

26. Kaldre, D.; Gleason, J. L. , Angew. Chem. Int. Ed. 2016, 55 (38), 11557-11561. 

27. Rose, P.; Emge, S.; Yoshida, J.-i.; Hilt, G. , Beilstein Journal ofOrganic Chemistry 2015, 11 , 174-

183. 

241 



28. Chemler, S. R.; Karyakarte, S.; Um, C. ; Berhane, I. , Angew. Chem. Int. Ed. 2018. 

29. Miao, L. ; Haque, I.; Manzoni, M. R. ; Tham, W. S.; Chemler, S. R. , Org. Lett. 2010, 12 (21), 4739-

4741. 

30. Sooriyaarachchi, S. ; Chofor, R. ; Risseeuw, M. D. P. ; Bergfors, T. ; Pouyez, J. ; Dowd, C. S. ; Maes, 

L. ; Wouters, J. ; Jones, T. A. ; Van Calenbergh, S. ; Mowbray, S. L. , ChemMedChem 2016, 11 (18), 2024-

2036. 

31. Shimogaki, M. ; Fujita, M. ; Sugimura, T. , Angewandte Chemie International Edition 2016, 55 (51), 

15797-15801. 

32. Mikhaylov, A. A. ; Dilman, A. D.; Novikov, R. A. ; Khoroshutina, Y. A. ; Struchkova, M. I. ; 

Arkhipov, D. E. ; Nelyubina, Y. V. ; Tabolin, A. A. ; Ioffe, S. L. , Tetrahedron Letters 2016, 57 (1), 11-14. 

33. Ganie, A. ; Pfaltz, A. , Chemistry-A European Journal 2012, 18 (22), 6724-6728. 

242 



-

GC/HPLC traces 

-
~-~--"' . 

i -

' 

ff l 
! ' A 0 

j I \ 
' 

i 

! 

i 

# 
1 
2 

Time [min] 
82.80 
83.85 

Area[%] 
47.8 
52 .2 

-

7' 

I 
71 n 

I 
11 1' IO 

I 
11 

I 
12 - U M 

I 
J> N 

I 
n 

I 
IO " 

6XJ
2a III-4a 

.... 

\j\ 

# 
1 
2 

Time [min] 
82.06 
83.41 

Area[%] 
87.6 
12.4 
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_,..~ _,__ --f--~:-... 

11 . I I I 
i l' # Time [min] Area[%] 

1 29.01 50% 
2 29.64 50% 

r I I 

±
I I 

I 
f- -

. 0-~>c.J··,,~ 
III-4b 

# Time [min] Area[%] 
1 29.03 98.3 
2 29.73 1.7 

\ 
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mAU 

80 -

60 -

'l:,"J 
~ 

It) ~

ti 

'Ill -

20 -

0-

2 4 8 10 
.-, 

min 

•
1 
2 

Time 
8.477 
9.336 

Area 
2093 

2016.5 

Height 
95.4 
57. 8 

Width 
0.3655 
0.581 

Area% 
50.930 
49.070 

Ph 

Ph 

0 

III-4c' 

mAU : 

120 --

100 -

It 

,tl 
/f 

80 -

60 -

40 -

20 -

0-

4 10 min 

II Time Area Height \llidlh Area% 
8.504 2731 128.4 0. 3545 95182 

2 9.416 138.3 5.5 0.4207 4.818 
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-Slllt_llS1l' t::::::= ·-· -1•~=- <lfl '""' 

i •,
~ .

• 
(\A 

I \ 
\ \ 
\ I \I 

I 1 

# 
1 
2 

Time [min] 
206.42 
207.61 

Area[%] 
49.7 
50.3 

III-4d 

# 
1 
2 

Time [min] 
206.31 
207.61 

Area[%] 
>99% 
<1% 

I 

\ 
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:}~~= ::::::::L 
m.,. Major 

# Time [min] . 
~ 1 80.43 

~ •• 2 80.97 
~- -A 

• I, ~ 

• 
I 

' I i\ 
I I I 4' I+' \ \ I I 2f 

I
! Major 
i # Time [min] 

1 80.39 
2 81 .07 

-SDK_l!653-n <:emie-j stloree 

18IDI ~ =:i=-•-~ --l--------1-----1--------l------l--------l-------l--------l------l----- Minor 
A,ea ~ 

8 # Time [min] 
1 81.57/\ 
2 82.29 

i •= l---+----4--+-I---I+--+----.<!f---+--f---+--+---+--

\ • J I\ 
Minor 
# Time [min] 
1 81 .59 
2 82 .20 

Area[%] 
50% 
50% 

CF3 

III-4e 

Area[%] 
99.1% 
0.9% 

Area[%] 
50% 
50% 

Area[%] 
>99% 
<1% 
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- ~ K- ~ 1..-acemie-; I 
Beteo~~-racemie-;dat I I I 
Area- I I I I I I 

I 

~ 
~ 
a 

A 

I\ 

~ 
~ 
a 

A 

\ I I 

·-~-
# 
1 
2 

Time [min] 
36.55 
38.24 

Area[%] 
50.30 
49.70 

- •. 

FID I 
- SDK_F573-eh iral 

A.a 
Name 

= 
! 
- - - - = Mm~ = - -

! 
- = - efX?

F 

III-4f 

# 
1 
2 

Time [min] 
36.56 
38.38 

Area[%] 
98 .32 
1.68 

\ 

- = = = = - = =-~ = = - - = - = 
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170, mAU ISUK R687 racemc-41 .DA IAI 
160~ 

150) 

140= 

130( 

120' 

110i 
100' 

go, 
80) 

70' 

60( 

50' 

40i 
30' 

20i 

~[nin] 

6 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 

# Time [min] Area[%] 
1 26.65 50.04 
2 30.90 49.96 

III-4g 

c Ira- :-11 -~-n 1 t-'.... ru ermn . = ~ 
340: 

320: 

300, 

280: 

260i 

240: 

220, 

2ooi 

180: 

160: 

140i 

12oi 

100: 

80: 

60, 

40i 

20: . I ~ _1J 
o,1-----------------------------s.a'-------==>!!l~-----¥, --=---=--e--~RT [m..,...,j~ ·n] 

I 1111111111111111 IIII II 111111111111111 11111111111111 111111111111111 11111111111111 111111111111111 1111111111111111 IIII II 111111111111111 

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 

# Time [min] Area[%] 
1 26.51 98.07 
2 31.36 1.93 
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.

,_ ""'·b:.~?- ;:.~·+---+----+---+----+-+---+---+----+---+------,---+ 

# Time [min] Area[%] 
1 39.06 50 
2 39.60 50 

(\ (\ 
I I I 

, ----t---+----+-----+----+--+-·-r----·1t---1---t-t-- 1-+-----t----+---+ 

, ----t---1---+----+---+---+-----1-1--- 1----t----t--1-+--+---+---+ 

I I 
I \ I 

-SOK _ 132 ·••I 
S OK _ 13> ·•l .d • t 

I\ 

# Time [min] Area[%] 
1 38.97 88.9 
2 39.51 11.1 

l--t-----+--+----1--- --r +---+----+-+----+--+--

! 

' \) I 
-

\ 
/ _/ '--

I 
,.. 40 .2-..... 
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      - -

- - ------

--
--

.. . _ .. .. ... - ,_..Il l _ ....... ·- •· I -.. ..- I 1 ■ 1~ I .._, - .,_ ._. 1 ,._. , _ .,_,.,. t ■ ■ • , .,,_. ._,-..-..... , ._.,_._. •■ ,. ___.._..,_,,,_, ,■■ _. ._,. ._., , ._., I , .- ,_,._ I _,._,._. I .M ...-~L.■ I o.J 

12[]' 

11~1 
oal 
90 
B□ 

1a 
~ 60 

i\50 I 
40 I 

\ 
\I I\J'_ ,,--, I\ '\! 

10 15 20 25 3{) 35 40 5 50 5 -60 
Min 

# Time [min] Area[%] 
1 35 .03 56.9 
2 40.80 43.1 

- ~---ro .,._ I ~U I 

I~ 
ao (, 

Cl I 
0 

I 
I 

I j~ 
0 5 10 - 0 45 5Cl --r,

Ml 
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'

220 mA.U ISOK R/43-racemc-TlnaiB.DA IA! 
210 

200 
190 

180 
170: 
160 
150 
140 
130 

120 
11 0 
100 
90: 
80 
70 
60 
50 
40 

30 
20: \_
10 
0 

_) ~~ ..J J_ 

i: • ",' '" "' 
4 10 11 12 13 14 15 16 17 18 19 20 21 22 

# Time [min] Area[%] 
1 13.49 49.2 
2 17.06 50.8 

440) mA.U I SOK R/51-chlral-38.DA IA! 
420, 
400, 
330, 

360) 
340j 
320, 
300, 

280) 
260j 
240j III-4j'
220, 

200) 

ITT [rrin] 

10 12 14 16 18 20 22 

# Time [min] Area[%] 
1 13 .65 18.0 
2 16.99 82.0 
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Pd(OAch (20 mol%) 
H2 (1 atm), IPA, RT 

►>tf»s, >tf=X)overnight 

III-4k III-4b 

::D =<>O - =.,..m~:;_.,-;-~---- . --+'-----+--+--+--1--
"= ::.:. -r - -+---+---+----+---+----+-----+----+---+-

I
20IIIIO ------- -·· -·· - --------- -- - ·- - - +----+----+----+------t 

! 
# Time [min] Area[%] 

' 1 29.01 50% 
2 29.64 50% 

I
f---+-1---+-----+---+--~f-l~ ~ \ ~- --+---+---I - - -+-----+-----! >tf=X) 

III-4b 
I 

# Time [min] Area[%] 
1 29.03 >99 
2 29.73 <1 
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urn-b5-r-214-achiral-JE-oxt-try22.DATA 

ITT [mn] 

· io · · is · · io · ' 25 ' 35 40 45 ' 50 ' ' 60 ' 65 

# Time [min] Area[%] 
1 18.98 50.9 
2 30.59 49.1 

9 111-41' 

25; m'IU I am•b5-t -213-ctilral-JE-0Xl-2 .t.A IAj 
24, 
23, 
22( 
21, 
2~ 
19s 
18; 
11, 
16j
1s, 
14, 
13' 
12) 
11, 

-2)
-3, 
-4( 

:~lh-r.,...,-i~rr+~-rl-~-rl,~,+,.~rh-rn-h-~+-,--,~h-,-.,...,-i~,--,--+rn-rl-~T"h~rh-rn-h-~+-,--,~h-r.,..,--<~,--rl~RT~[m..,.,·n] 
0 10 12 14 16 18 20 22 24 26 28 30 32 34 36 36 40 

# Time [min] Area[%] 
1 19.31 93.4 
2 31.1 6.5 
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mAU 

700 -

600-

500 -

-
400 -

300 -

200 -

-
100 -

o-1---------.../'------

4 min 

Peak Time Area % 
1 3.364 8883.15 49.8 
2 4.459 8972.25 50.2 

mAU 

20 

17 ..5 -

15 -

12.!I 

10 -

III-4m 

2,5 

\. 

2 4 8 10 12 

Peak Time Area % 
1 3.584 253.878 95.15 
2 4.863 12.9327 4.85 
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mAu --: 

250 -

200 - Cbz 
I 

JIYI 10 I\ :,J U l:,1,-'JO f tu rr 

"{;-
~ _I-. 

,!f "-'" 
t>S>' c\ · 

;:: ~+ 
':!:0,g,-

150 -

100 -
A~ 

50 -

0 

III-4n 
) 

\{ 
2 4 6 8 10 min 

fl 
1 
2 

hne 
7.098 
7.674 

Acea 
4181.9 
4047.8 

Height 
283.3 
189.2 

W idth 
0.246 
0.3566 

A,ea-l 
50.814 
49.186 

Symmel 
11 837 
0 708 

mAU --: 

700 

".::,
",t<; 

IIOO 

~ 

40CI 

300 

200 

100 

~" 
~ _.eft 
':-~ -

0 
r-----i-~-~ 
1 2 3 4 

r-
e e 7 

~~~~r 

8 mlft 

fl 
1 
2 

Time 
7.295 
7.928 

Area 
12151.6 
339.3 

Height 
764.7 

20 

Width 
0.2648 
0.283 

Area% 
97.284 
2.716 
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Ph 

- .oJN~x_J··,,~ 

111-40 
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mAU -

400 -

300 -

200 -

100 -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

File lnformati 1 1.5 2 2.5 3 3.5 4 4.5 min 
~---~--- Ir 

I Time Area Height Width Area% 
3.131 2285.6 443.9 0.0858 49.933 

2 3.395 2291.7 408.7 0.0934 50.067 

mAU 

140 

120 

100 

0:080 

60 

40 

111-40 
20 

0 

~~r-r-~r,-r--,~~~~~~~~~-~~~~~-~~~r-r-·~~~~-

0.5 15 2 25 3 35 4 45 min 

I Time Area Height Width Area% 
3.135 812.3 158.2 0.0856 87..949 

2 3. 4 111 .3 20 0.0928 12.051 
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=

lll-5a 

- ==--+a~:::::::±::::::: 
-ID\Tune 

;;;; 

~ 
~ 

(' 
I \ 

I 
;( 
1/ v 

I 
I 

I I 

,. 
.... on fd,;...-a...113-1 

=-' __,_ =={ --

~ 

A 

I\ 
I \ 
I \ 

I 

Cu(OTfh (20 molo/o), 
(S,S)_iPr-box (25 molo/o), 
1,4-cyclohexadiene (1 .5 eq .), Ph 

K2C03, Mn02, 4 Amol. sieves; 

PhCF3, 120 °C, 24 h 

III-4a 

I 
I 

# Time [min] Area[%] 
1 151.52 50.2 

• 2 152.28 49.8• 
(\ 
~ 

-\ I 
\... 

Ph 

III-6a (E) 

# Time [min] Area[%] 
1 151.59 >99% 
2 152.20 <1% 

' 
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S D K _R1 11-< • • • ·•-11 -bo lo,o -R J 3-1 .0 -190 -•1-- _5 ' p ,. _dot 

# Time [min] Area[%] 
1 59.63 50.2 
2 60.47 49.8 

1 '""' I' 

I \ 
J \ I \ 

III-6a (Z) 

_ ' '" j ,,._,.,,. ,.. o, 
Retenbo n~ im e -c h· •••~ • ·p, e o x.d o t 

# Time [min] Area[%] 
1 59.24 >99% 
2 60.00 <1% 

I - --+---+-------+-----+---+A---i--------+----+--1DDD 

/ I, 
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-

Cu(OTfb (20 mol%) 
(S,S)_tBu-box (25 mol%) Ph 
K2C03, Mn02, 4 Amol. sieves 

PhCF3, 120 °C, 24 h 

III-Sb III-6a 

# Time [min] Area[%] 
1 146.84 50.6 
2 147.41 49.4 

Ph 

III-6a (E) 

Trme: 153.99 1 Mnute:s • Anplitude : 71 u\,t,lts 

F)O , , , , 
- b~-R-199-.ilk'iil('le-prd-2-mett'lod-pt4dpmj110-to-190 ! 

b~-R-199-:ailke(le-prd-2-met:t,od-pt4dpm:110-to-190 .~ , , 
gooo - • .Retemi~A -nme... ~ ... --- . ~ - --- •.•. -:-- __ .•..• :•••....• _; . __ •• _•. ..; •. 

Area : : ~ : 
Name : : ..,. 

~ 
800D - - -- • --n - -

~ 
' ' 

' ' 1 I7000 - --- --- ... - - --- -- • • - - • --- - - - -- • - - • - _,_ - -- - - - • ---- -- - • · - · - - - - • - - --- • # Time [min] Area[%] 
' ' ' 1 145 .53 96.6%, I 'I I 

6000 - - - - - - - - ~ - - - -- • - - ~ - • - - - - • - - - - - - • - - -:- - - - - - • - -:- - - - - - - - ·; - - - - - - - - -:- -

' 
' ' ' 2 146.17 3.4%
' ' ' . 
' ' 

!5000 ···•···•'-········'··•···• ··'·········L---

4000 · ••• ----.-- ••••••• ,. •• ---- • ······•-:---····••:-••······t··· · ····-:-. 
' ' ' ' ' ' 

3000 --·--·•·( · ·--·- -~- --- - -- ; -- ---- •-i-• -- -- ---r---- -·-t--- ---- -~- -
' ' ' ' ' . 

' ' ' ' 2000 -------- ~ --------~------- ~ ------:----- ---~-------- : --- - ---- ..:- -
' ' co ' 

' i)l 

: i:0 
100D ------- ------- -

:.... ~·-D . L 

144 148 1'4"' '" "' Mnutes 
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·

-------------

,,... --e:~~~...........~~ ••-• · 

# Time [min] Area[%] 
1 59.63 50.2 
2 60.47 49.8 

i ...., 
I 

II f---+----+-------+-------+-------+-------+------+-J 
I-f----4\ 

o.._Fk 
f------1---+-------,---+---t--+--t---+---t---+---~----i-- J'•,/ 'PhI I I l I i 

III-6a (Z) 

.,.,.,____,, ' D 
m4>!0•1 

e-pr-1-pt5d m-140-190-t ~ 4.dat.~~=::: 
Relent on T ime 
Area 
Name - --

i ----+ 
~ 
~ 

# Time [min] Area[%]\ 1 59.24 94.5% 

i I \ 2 60.00 5.4% 
6001 \

I 
I \ 

I I II 
~ - ; ' 

I l/ '-.. I I 
I I 
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Isomer 1: 
mAU 

250 -

200 -

150 -

100 -

ao -

o--1-----------------------------------
.-.---,----.----.---.--
2 3 4 

B Time Area Height W idth Area% 
4.966 1861.3 269.3 0. 1152 49.808 ' 

2 5.268 1875.7 239.5 0. 1305 50.192 I 

o-

2000 -

1500 -

1000 -

500-

o-~-----------------~,...____,........,...~-~~ r........,.---- ~-~------
--~r---r-r---r-----r-r---i--~ 

3 5 6 7 min j . __.. ,~~I~ !~~r~a~[ r- I 

I Time Height 'width Area% 
14.941 147 29.9 0.082 0.574 

2 5.234 25475.8 2675.9 0.1 587 99.426 
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mAU -

500 -

'IOO -

300 -

200 -

100 -

0-1-----------------~ 
,---,---,---,---,-.--,-,-,-r-,-.-.-,-r-r-r-r-...--r-r-r-r-r-r-r-r-r-r--r-~r--..-,-~,---.-,-,-r-.-r-r-r-

File lnforma1J 2 3 4 5 6 7 8 min 

a Time A,ea Height Width 
6.499 9287.6 547.7 0.2558 49.602 

2 7.549 9436.7 537.9 02887 50.398 

mAU 

~<fl' 
700 .;-· 
eoo 

'IOO 

3 00 0 
I 

200 
,f 

100 ~ _,I 
~.r,-

2 3 4 5 6 7 8 min 

II Time Area Height Width Area% 
6.536 254.6 12.6 0.3362 1.351 

2 7.566 12792.8 749.7 0.2844 98..049 
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Isomer 1: 

mAIJ 

so -

l'IO -

4J -

20 

0 \ ,J \ 

-L,__...-----,-,---~.-----,--r------r-...--,----,_r--,_.--.-,_r--.....----.--,--,--.-.......,~-~-·,-i--,--r--,r-
□ .5 1 115 2 2.5 3 3.5 4 4.5 min 

It Time Area Height 'Width Alea.I' 
3.379 440.1 91 0. □806 49.887 

2 3.751 442.1 78.8 0. □935 50. 11 3 

mAU 

o-
350 

300 

250 

200 

150 

100 III-6c (E) 
50 

.---,--,--.--r-,---,--,--,--r-.--.--.---,-----~.--.--.---.--r-.--.-----,-----.---r--,-----,--.------,--r--,--r-r-.------r-.----r--r-.--r--r-r--.----r-r-.------,----,---.---
0 .5 1 1.:5 2 2 .:5 3 3 .5 4 4.:5 min 

II Time Area Height Width 
3.428 196.3 36.6 0.0894 7.429 

2 1819 2445.7 402.7 0.1012 92.57l 
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Isomer 2 

mAU -

100 

80-

00 -

4)-

20 -

D 
~~,--~~~~~-r~~-~ .---,---r---r--

1 2 3 4 5 6 8 mi n 

II Time Area \rliilh 
5.702 420.9 34.2 0.2053 49.944 
7-551 421 .9 31 0.2272 50,056 

mAU 

160 

140 

120 

100 

80 

60 

III-6c (Z) 
40 

20 

0 

-~~-~~~-~--~~-r-r-.--.-.--r-.-.----.---.--r-~~~~--~~~~~~---
2 3 4 5 6 7 8 min 

I Ti111e Are.!! Hei ht Width 
5.836 199.1 16.4 0.2024 6.933 

2 7.734 26721 179 0.2488 93.067 
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X-ray Crystallography Data 

X-ray crystal structure data of compound (III-4g) 

Table 1 Crystal data and structure refinement for SDK-R697. 
Identification code 
Empirical formula 
Formula weight 
Temperature/K 
Crystal system 
Space group 
a/A 
b/A 
c/A 
a/0 

0 
~ / 

y/0 

Volume/A3 

Z 

Pcskg/Cm3 

µ/mm-1 

F(000) 
Crystal size/mm3 

Radiation 
28 range for data collection/0 

Index ranges 
Reflections collected 
Independent reflections 
Data/restraints/parameters 
Goodness-of-fit on F2 

Final R indexes [I>=2cr (I)] 
Final R indexes [all data] 

SDK-R697 
C,iH,,NO3S 
371.48 
90 
triclinic 
P 1 
7.6881(4) 
7.8079(4) 
8.4648(4) 
102.2156(14) 
100.9176(14) 
100.2739(14) 
474.83(4) 
1 
1.299 
0.191 
198.0 
0.12 x 0.08 x 0.02 
MoKa (11, = 0.71073) 
5.068 to 66.548 
-11 :Sh :S 11 , -12 :S k :S 12, -13 :S 1:S 13 
28256 
7260 [R." = 0.0163 , R ,,m, = 0.0149] 
7260/3/23 8 
1.094 
R, = 0.0254, wR, = 0.0686 
R, = 0.0258, wR, = 0.0690 

Largest diff. peak/hole / e A-3 0.43/-0.17 
Flack parameter -0.050(14) 
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Table 2 Fractional Atomic Coordinates (x 1 0•) and Equivalent Isotropic Displacement Parameters 
(A2 xl03 for SDK-R697. U s is defined as 1/3 of of the trace of the orthogonalised Uu tensor.) 

Atom X y z U(eq) 
Sl 7643 .0(3) 6688.5(3) 4442 .2(3) 10.86(6) 
01 4455 .6(12) 8784.0(12) 246.4(11) 12.83(15) 
02 6467.2(14) 7373.2(14) 5424.9(12) 17.22(18) 
03 8586.5(13) 5378.4(13) 4909.6(12) 15 .34(17) 
Nl 6379.6(13) 5797.7(14) 2529.3(12) 10.73(16) 
Cl 7193 .2(15) 4829.2(15) 1336.7(14) 10.02(18) 
C2 7678 .8(16) 3232.6(15) 1528.7(15) 13 .06(19) 
C3 8549.3(18) 2369.8(17) 407.7(16) 15 .7(2) 
C4 8848.8(17) 3038.1(17) -941.4(16) 16.1(2) 
C5 8275 .9(17) 4584.3(17) -1172 .6(15) 13 .8(2) 
C6 7479.7(15) 5517.1(15) -16 .6(14) 10.55(18) 
C7 6874.3(15) 7215.0(16) -162 .6(14) 11.25(18) 
C8 4980.8(15) 7099.7(15) 201.5(14) 10.23(18) 
C9 5075 .8(17) 6862.3(18) 1972.2(15) 14.8(2) 
Cl0 3495 .8(16) 5725.5(16) -1175 .3(16) 14.5(2) 
Cll 3007.6(16) 6827.5(16) -2421.4(15) 13 .9(2) 
C12 3206.0(15) 8716.8(16) -1306.6(14) 11.47(18) 
C13 1421.9(18) 9004(2) -886.3(17) 19.0(2) 
C14 4037(2) 10214.7(19) -2018 .0(17) 20.7(2) 
C15 9266.9(16) 8524.4(16) 4318 .6(14) 11.34(18) 
C16 9030.3(17) 10268.4(17) 4833 .0(15) 14.5(2) 
C17 10283.8(18) 11707.1(17) 4661.3(16) 16.7(2) 
C18 11742.1(18) 11416.6(17) 3960.1(16) 16.0(2) 
C19 11942.0(17) 9654.1(17) 3441.9(16) 15.4(2) 
C20 10730.1(16) 8204.0(16) 3630.0(15) 13 .5(2) 
C21 13088(2) 12970(2) 3765(2) 28 .9(3) 

Table 3 Anisotropic Displacement Parameters (A2 x l03
) for SDK-R697. The Anisotropic displacement 

factor exponent takes the form: -21r2[h2a*2U 1+2hka*b*U,+ . . . ]. 
Atom Uu u,, u33 U,3 u13 U12 

Sl 13.11(11) 12.92(11) 8.95(10) 4.91(8) 4.22(8) 4.84(8) 
01 14.9(4) 12.1(4) 11.1(3) 3.2(3) -1.5(3) 6.3(3) 
02 19.0(4) 23 .3(5) 13.6(4) 5.8(3) 10.0(3) 7.8(4) 
03 18.8(4) 15 .6(4) 13.4(4) 7.5(3) 1.5(3) 6.1(3) 
Nl 11.0(4) 13 .3(4) 10.3(4) 5.0(3) 3.5(3) 5.4(3) 
Cl 9.6(4) 10.9(4) 10.2(4) 3.2(3) 2.7(3) 2.8(3) 
C2 14.8(5) 11.0(4) 14.4(5) 4.8( 4) 3.5(4) 3.7(4) 
C3 16.7(5) 11.8(5) 18.6(5) 2.6(4) 3.7(4) 5.3(4) 

268 



C4 16.0(5) 15 .9(5) 16.2(5) 0.8( 4) 5.5(4) 5.6(4) 
C5 14.0(5) 16.3(5) 12.1(5) 3.3(4) 4.8(4) 4.4(4) 
C6 9.3(4) 12.3(4) 10.9(4) 4.1(3) 3.0(3) 2.7(3) 
C7 10.7(4) 12.9(5) 12.0(4) 6.4(4) 2.8(3) 3.5(3) 
cs 9.6(4) 11.5( 4) 10.9(4) 4.5(3) 2.1(3) 4.2(3) 
C9 14.6(5) 22 .0(6) 14.2(5) 9.5(4) 6.6( 4) 11.3( 4) 
Cl0 11.2(5) 12.1(5) 18.8(5) 3.3(4) 1.0(4) 2.4(4) 
Cll 11.9(5) 16.0(5) 12.2(5) 1.8( 4) 0.0(4) 4.3(4) 
C12 10.8(4) 13 .6(5) 9.8(4) 3.8(4) -0.1(3) 4.1(4) 
C13 13.9(5) 25 .8(6) 17.7(5) 3.0(5) 2.5(4) 10.2( 4) 
C14 24.2(6) 19.0(6) 17.2(5) 9.5(4) -0.4(5) 0.6(5) 
C15 12.5(4) 11.7(4) 10.4(4) 2.9(3) 2.9(4) 3.9(4) 
C16 16.6(5) 14.2(5) 13 .9(5) 2.5(4) 4.1(4) 7.4(4) 
C17 20.6(5) 12.2(5) 17.4(5) 3.4(4) 2.3(4) 6.5(4) 
C18 18.1(5) 13 .7(5) 15 .6(5) 4.9(4) 2.5(4) 2.1(4) 
C19 14.6(5) 15 .5(5) 16.5(5) 3.8(4) 5.1(4) 3.3(4) 
C20 14.3(5) 13 .0(5) 14.5(5) 3.0(4) 5.1(4) 5.6(4) 
C21 31.1(8) 18.9(6) 35 .9(8) 8.9(6) 11.7(6) -2 .9(5) 

Table 4 Bond Lengths for SDK-R697. 
AtomAtom Length/A AtomAtom Length/A 
Sl 02 1.4366(9) C7 CS 1.5354(16) 
Sl 03 1.4340(9) CS C9 1.5385(16) 
Sl Nl 1.6541(10) CS Cl0 1.5306(17) 
Sl C15 1.7604(12) Cl0 Cll 1.5307(17) 
01 CS 1.4380(14) Cll C12 1.5382(17) 
01 C12 1.4589(14) C12 C13 1.5228(17) 
Nl Cl 1.4377(14) C12 C14 1.5217(18) 
Nl C9 1.4839(15) C15 C16 1.3945(16) 
Cl C2 1.3959(15) C15 C20 1.3982(16) 
Cl C6 1.4010(15) C16 C17 1.3956(18) 
C2 C3 1.3903(17) Cl 7 C18 1.3952(18) 
C3 C4 1.3923(19) C18 C19 1.3983(18) 
C4 C5 1.3952(17) C18 C21 1.5072(19) 
C5 C6 1.3954(16) C19 C20 1.3898(17) 
C6 C7 1.5024(15) 

Table 5 Bond Angles for SDK-R697. 
AtomAtomAtom Angle/° AtomAtomAtom Angle/° 
02 Sl Nl 106.60(5) 01 CS Cl0 104.52(9) 
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02 Sl C15 108.26(6) C7 C8 C9 109.15(9) 
03 Sl 02 119.64(6) Cl0 C8 C7 112.40(9) 
03 Sl Nl 107.62(5) Cl0 C8 C9 115 .67(10) 
03 Sl C15 108.04(6) Nl C9 C8 115 .12(9) 
Nl Sl C15 105 .90(5) C8 Cl0 Cll 102.32(9) 
C8 01 C12 111 .33(9) Cl0 Cll C12 103.43(9) 
Cl Nl Sl 117.50(8) 01 C12 Cll 104.97(9) 
Cl Nl C9 119.21(9) 01 C12 C13 107.10(9) 
C9 Nl Sl 114.04(8) 01 C12 C14 108.13(10) 
C2 Cl Nl 120.33(10) C13 C12 Cll 112.35(10) 
C2 Cl C6 120.98(10) C14 C12 Cll 112.94(10) 
C6 Cl Nl 118.69(10) C14 C12 C13 110.92(11) 
C3 C2 Cl 119.26(11) C16 C15 Sl 119.64(9) 
C2 C3 C4 120.40(11) C16 C15 C20 120.94(11) 
C3 C4 C5 119.96(11) C20 C15 Sl 119.35(9) 
C4 C5 C6 120.41(11) C15 C16 C17 119.13(11) 
Cl C6 C7 117.85(10) C18 C17 C16 120.89(11) 
C5 C6 Cl 118.84(10) Cl 7 C18 C19 118.90(11) 
C5 C6 C7 123 .30(10) Cl 7 C18 C21 120.85(12) 
C6 C7 C8 109.27(9) C19 C18 C21 120.25(12) 
01 C8 C7 110.28(9) C20 C19 C18 121.20(11) 
01 C8 C9 104.35(9) C19 C20 C15 118.93(11) 

Table 6 Torsion Angles for SDK-R697. 
A B C D Angle/° A B C D Angle/° 
Sl Nl Cl C2 65 .77(12) C6 Cl C2 C3 3.54(17) 
Sl Nl Cl C6 -114.45(10) C6 C7 C8 01 173.79(9) 
Sl Nl C9 C8 135 .34(9) C6 C7 C8 C9 59.72(12) 
Sl C15C16C17-177.21(9) C6 C7 C8 Cl0-70.02(12) 
Sl C15 C20 C19176.01(9) C7 C8 C9 Nl -33 .70(14) 
01 C8 C9 Nl -151.57(10) C7 C8 Cl0 Cll -85.27(11) 
01 C8 Cl0Cll 34.33(11) C8 01 C12 Cll-2.06(12) 
O2Sl Nl Cl -172 .99(8) C8 01 C12C13117.55(10) 
02 Sl Nl C9 40.44(9) C8 01 C12 C14-122 .87(11) 
02 Sl C15 C16-12 .19(12) C8 Cl0Cll C12-35.20(11) 
02 Sl C15C20170.89(9) C9 Nl Cl C2 -149.42(11) 
03 Sl Nl Cl -43.48(9) C9 Nl Cl C6 30.36(15) 
03 Sl Nl C9 169.94(8) C9 C8 Cl0 Cll 148.44(10) 
03 Sl C15 C16-143 .12(10) Cl0 C8 C9 Nl 94.22(13) 
03 Sl C15 C20 39.96(11) Cl0 Cll C12 01 23 .64(11) 
Nl S 1 C15 C16101.81(10) Cl0 Cll C12 C13-92.41(11) 

270 



Nl Sl C15C20-75 .11(10) Cl0 Cl 1 C12 C14141.21(10) 
NICI C2 C3 -176.68(11) C12 01 C8 C7 100.56(10) 
NICI C6 C5 179.74(10) C12O1 C8 C9 -142 .34(10) 
NICI C6 C7 -1.42(15) C12O1 C8 Cl0-20.46(12) 
Cl Nl C9 C8 -10.62(16) C15 Sl Nl Cl 71.87(9) 
Cl C2 C3 C4 -3 .33(18) C15 Sl Nl C9 -74.70(9) 
Cl C6 C7 C8 -43 .79(14) C15 C16Cl 7 C18 1.08(19) 
C2Cl C6 C5 -0.48(17) C16 C15 C20 C19-0.87(18) 
C2Cl C6 C7 178.36(10) C16Cl 7 C18 C19-0.58(19) 
C2C3 C4 C5 0.1(2) C16C17C18C21179.58(13) 
C3C4 C5 C6 3.04(19) Cl 7 C18 C19 C20-0.7(2) 
C4C5 C6 Cl -2 .82(17) C18C19C20C151.38(19) 
C4C5 C6 C7 178.41(11) C20C15 C16 Cl 7-0.34(18) 
C5C6 C7 C8 134.99(11) C21C18C19C20179.17(13) 

Table 7 Hydrogen Atom Coordinates (Ax l04
) and Isotropic Displacement Parameters (A2 x10,) for SDK-

R697. 
Atom X y z U(eq) 

H2 7423 2751 2397 16 
H3 8934 1340 560 19 
H4 9430 2454 -1688 19 
H5 8426 4996 -2103 17 
H7A 6831 7370 -1275 13 
H7B 7733 8243 622 13 
H9A 5406 8044 2743 18 
H9B 3872 6282 2031 18 
Hl0A 2455 5291 -758 17 
Hl0B 3953 4711 -1670 17 
HllA 1773 6343 -3087 17 
HllB 3836 6850 -3155 17 
H13A 916 8038 -452 28 
H13B 582 9027 -1873 28 
H13C 1642 10126 -69 28 
H14A 4276 11349 -1213 31 
H14B 3205 10237 -3010 31 
H14C 5155 10003 -2279 31 
H16 8050 10470 5285 17 
H17 10145 12875 5019 20 
H19 12903 9449 2963 18 
H20 10890 7039 3303 16 
H21A 14144 13291 4671 43 
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H21B 12539 13983 3764 43 
H21C 13437 12626 2733 43 

Experimental 

Single crystals of CiH,,NO,S [SDK-R697] were grown by [ ]. A suitable crystal was selected and 
mounted in oil on a glass fiber on a 'Bruker APEX-II CCD' diffractometer. The crystal was kept at 90 K 
during data collection. Using Olex2 [1] , the structure was solved with the olex2.solve [2] structure 
solution program using Charge Flipping and refined with the XL [3] refinement package using Least 
Squares minimisation. 

1. Dolomanov, O.V. , Bourhis, L.J. , Gildea, R.J, Howard, J.A.K. & Puschmann, H. (2009), J. Appl. 
Cryst. 42, 339-341. 

2. Bourhis, L.J. , Dolomanov, O.V. , Gildea, R.J. , Howard, J.A.K. , Puschmann, H. (2015). Acta 
Cryst. A71 , 59-75. 

3. Sheldrick, G.M. (2008). Acta Cryst. A64, 112-122. 

Crystal structure determination of [SDK-R697] 

Crystal Data for C 1H,,NO,S (M=371.48 g/mol): triclinic, space group Pl (no. 1), a= 7.6881(4) A, b = 
7.8079( 4) A, e = 8.4648( 4) A, a= 102.2156(14)0 

, p= 100.9176(14)0 
, y = 100.2739(14)0 

, V = 
474.83(4) A,, Z= 1, T= 90 K, µ(MoKa) = 0.191 mm-1, Deale= 1.299 g/cm3, 28256 reflections measured 
(5.068° :S 28 :S 66.548°), 7260 unique (R,"' = 0.0163 , R,'"~ = 0.0149) which were used in all calculations. 
The final R1 was 0.0254 (I > 2cr(I)) and wR, was 0.0690 (all data). 

Refinement model description 

Number of restraints - 3, number of constraints - unknown. 

Details: 

1. Fixed Ui so 
At 1. 2 times of: 

All C (H) gr oups , All C (H,H) groups 
At 1. 5 times o f: 

All C (H,H,H) groups 
2 . a Seconda r y CH2 r e fin e d with ri d ing coo r d ina t es : 

C7 (H7A ,H7B) , C9 (H 9A ,H 9B), Cl O(Hl OA,Hl OB), Cll(HllA,HllB ) 
2 . b Ar oma tic/amide H r e fined with ri d ing coo r d ina t es : 

C2 (H2) , C3( H3 ), C4 (H4), C5( H5 ), C1 6 (H1 6 ), C1 7 (H1 7 ), C1 9( H1 9) , C20 (H20 ) 
2 . c I deali sed Me r e fined as r o t a ting group : 

C1 3 (H1 3A ,H1 3B,H1 3C) , C14(H14A,H14B,H14 C) , C2 1(H2 1A,H2 1B,H2 1C) 

This report has been created with Olex2, compiled on 201 6.02.1 9 svn.r3266 for OlexSys. Please let us know if there are any errors or if you would like to have 
additional features 
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