
UNIVERSITÉ DU QUÉ BEC À MONT RÉA L 

DEVELOPMENT OF COPPE R-CATALYZED ARYLATION REACTIONS 

USING TRIARYLB JSMUTH REAG EN TS 

THES IS 

SUBMITTED 

IN PARTIA L FULFJLM ENT OF TH E 

REQUIREM ENTS FOR THE DEGREE OF MASTER IN C HEM ISTRY 

BY 

TAB IN DA AHMAD, TABINDA AHMAD 

OCTOBER 2016 



UNIVERSITÉ DU QUÉBEC À MONTRÉAL 
Service des bibliothèques 

Avertissement 

La diffusion de ce mémoire se fait dans le respect des droits de son auteur, qui a signé 
le formulaire Autorisation de reproduire et de diffuser un travail de recherche de cycles 
supérieurs (SDU-522 - Rév.0?-2011 ). Cette autorisation stipule que «conformément à 
l'article 11 du Règlement no 8 des études de cycles supérieurs, [l 'auteur] concède à 
l'Université du Québec à Montréal une licence non exclusive d'utilisation et de 
publication de la totalité ou d'une partie importante de [son] travail de recherche pour 
des fins pédagogiques et non commerciales. Plus précisément, [l 'auteur] autorise 
l'Université du Québec à Montréal à reproduire , diffuser, prêter, distribuer ou vendre des 
copies de [son] travail de recherche à des fins non commerciales sur quelque support 
que ce soit, y compris l'Internet. Cette licence et cette autorisation n'entraînent pas une 
renonciation de [la] part [de l'auteur] à [ses] droits moraux ni à [ses] droits de propriété 
intellectuelle . Sauf entente contraire, [l 'auteur] conserve la liberté de diffuser et de 
commercialiser ou non ce travail dont [il] possède un exemplaire. " 



UN IV ERSITÉ DU QUÉBEC À MONTRÉAL 

DÉVELOPPEMENT DE RÉACTIONS D'ARYLATION CATALYSÉES PAR LE 
CUIVRE UTILISANT LES TRIARYLBISMUTHS COMM E RÉACTIF 

MÉMO IRE 

PRÉSENTÉ 

COMME EXJG ENCE PARTI ELLE 

DE LA MAÎTRI SE EN CHIMIE 

PAR 

TABINDA AHMAD, TABINDA AHMAD 

OCTOBRE 20 16 



ACKNOWLEDGEMENT 

1 would like to express deep gratitude to my supervisor, Prof. Alexandre Gagnon, for 
providing me the chance of doing my master degree in his group. I thank him for his 
assistance, guidance and support throughout my Master; without him 1 would not 
have been able to complete my thesis. 

Also, my acknowledgments go to the members of the Gagnon group: Pauline, Martin, 
Julien, Max, Adrien and Emeline for their excellent assistance and spiritual support 
for me during my studies. In particular, I would like to thank Rabi , Rahul and Nazir, 
for their advice and their friendly assistance with various problems ali the time and 
their help outside the lab. 

I would like to acknowledge my friends and family who supported me during my 
time here. 1 would like to thank my close friend , Yasmina, who, as a good friend , was 
always willing to help and give her support. 1 would also like to thank my beloved 
parents and my sister Tabeer. They were always supporting me and encouraging me 
with their best wishes. I must express my gratitude to my aunt for standing beside me 
through my studies. 

Finally, I would like to acknowledge Paraza Pharma for financial support. I would 
like to thank Chantal for ber training, guidance and for being a wonderful friend. 
Last, I would like to thank Dr. Arshad Siddiqui and Dr. Farzana Masood for being 
such a nice uncle and aunt and for their generous support during my studies. 



DEDICATION 

I would like to 
dedicate this thesis 
to my grandparents , 

Masood Alarn and Anwar 
Jahan Zaidi 



TABLE OF CONTENT 

LI ST OF ABBREVIATIONS ........... .... .... .... .. ..... ....... .... .... ... ....... .. ... .... .. .. ..... ....... ....... .. ......... ...... VIII 

RÉSUMÉ .................... ................. ... ..... .................... ......... ....... ... ........ ... ............ .. ..................... .. Xl 

CHAPTER 1 

1.0 INTRODUCTION ..................... ............. .. ...................... ............ ..... .... ........ ........................ 1 

1.1 Preparation of Different Types of Triarylbismuth Compound s .... ... .... ........................... 2 

1.1.1 Preparation of Triarylbismuth Reagents .. .. ...................... ......... .................. .... 3 

1.1.2 Preparation of Mixed Organobismuth Reagents ...................... .. .................... 4 

1.1.3 Preparation of Tria rylbismuth Reagents Having Acidic Substituents .............. 4 

1.1.4 Preparation ofTriarylbismuth Reagents Having Deactivating Groups ........... 5 

1.1.5 Preparation of Highly Functionalized Tri ary lbismuth Reagents by Functional 

Group Manipulation .............. ........................... .. .................. ......... ..... ...... .. .... . 6 

1.1.6 Preparation ofTriarylbismuth Reagents Having Formyl groups ..................... 6 

1.1.7 Preparation ofThiolatobismuth Reagents .. .................... .... .......... .... .............. 7 

1.1.8 Preparation of Ortho Functionalized Triarylbismuth Reagents Having 

Electron Withdrawing Groups ............ ............... .. ......... ...... ......... .. .................. 7 

1.1.9 Preparation ofTris-(p-nitrophenyl)bismuth Reagents .... .... ............ ................ 8 

1.1.10 Preparation ofTris- (heteroa ryl)bi smuth Reagents ...... .. ................................. 9 

1.1 .11 Preparation of Cyclopropylbismuth Reagents .................. .. .. ........... ............. 10 

1.2 Objectives of the Project ................ .. ....................... .. ................................................... 11 

1.3 Results and Discussion ..... ..... .............................................................................. .......... 11 

1.4 Structural Characterization of Selected Triarylbismuth Reagents ............................... 17 

CHAPTER Il 
2.1 INTRODUCTION .... .... ... .. ............ .. ..... .. .......................... .. .......... .... .. .................. ..... ....... . 21 

2.1.1 N-Arylation Reaction of Aliphatic and Aromatic Amines using Triarylbismuth 

Reagents ....................................... ........... .. .... ...................... ..... ...... .. ............. 21 

2.1.2 N-H Bond Formation using Triarylbismuth Reagents ........ ............................ 22 

2.1.3 N-Arylation of Diversely Subst ituted Hydrazines Using Triarylbismuth 

Reagents ........................................ ... ......................... ................. ......... .......... 22 

2.1.4 N-Arylation of Azo compounds using Triarylbismuth Reagents .... .. ............. 23 



,------------ --------------------- -·- ------ --------

VI 

2.1.5 Res in-Bound Bismuthanes as N- and 0 -Arylating Reagents .. ................ .. ....... 24 

2.1.6 0-Arylation of Aliphatic Alcohols using Triarylbismuth Reagents .................. 26 

2.1.7 lnsitu Oxidation of Arylbismuth (Ill) to Arylbismuth (V) .......... .. .... .. .. ........ ..... 26 

2.1.8 0-Arylation of Tertiary Alcohols Under Anhydrous Conditions .. ...... .... ......... 26 

2.1.9 Conversion ofTriarylbismuth Reagents into Symmetrical Biaryl Products .... 27 

2.1.10 Cross-Coupling Reactions of Triarylbismuth Re agents with Aryl Hal ides and 
Aryl Triflates ............................. ............................ ............ ........... ........ ......... . 28 

2.1.11 Cross-Coupling Reactions of Allylic Bromides with Triarylbismuth Reagents .. 
........... .... ... .... .. .. .. .. ....... ...... ........... ......... ..... ... ... ...... ...... ... ..... ......................... 30 

2.1.12 Arylation of Allylic Acetals with Triarylbismuth Reagents .. .... ................ .. .... 30 

2.1.13 Arylation of Allylic Carbonates with Triarylbismuth Reagents ................ ...... 31 

2.1.14 Coupling of Baylis-Hillman Adducts with Triarylbismuth Reagents .. .... ........ 31 

2.1.15 Arylation of Vinyl Epoxides with Triarylbismuth Reagents .................... .. .. ... 32 

2.1.16 Reaction of Carbon Monoxide with Triarylbismuth Reagents .. .................... 32 

2.2 Objective of the Project ... ................... .... .. ............................ ...... ........... ... .... .. .. ................. ... .33 

2.3 Results and Discussion ... ...................................... ... ..... .. ... ............ .............. ... ... .. .... ..... . 34 

2.4 Synthesis of Highly Functionalized Diaryl Ethers by Copper Mediated 0-Arylation of 
Phenols Using Trivalent Arylbismuth Re agents ...... .... .. .. .. .... .......... .. .. .... .. .. .. .. .............. 34 

2.5 Copper-Catalyzed 0 -Arylation of N-Protected 1,2-Amino Alcohols Using 
Functionalized Trivalent Organobismuth Reagents ............................ ......................... 40 

2.6 Formation of C-0 bond via Copper-Catalyzed 0 -Arylation of Phenols .. .................. .. . 46 

CHAPTER Ill 
3.1 INTRODUCTION ...... ..................... .... ..... ..... ...... .... ........... .... .... ... ................ ........ ......... ... 48 

3.1.1Preparation of 3-0-Aryl Chloramphenicol Derivatives via Chemoselective Copper­
Catalyzed 0-Arylation of (1R,2R)-(-)-N-BOC-2-Amino-1-(4-nitrophenyl)-1,3-
propanediol Using Triarylbismuthines ........ .... ... ... .. .. ... .. ... ....................... ..... ................ 47 

3.2 Objective of the project.. ............................................... .. ...... ...... ............................ ............ 53 

3.3 Challenges of the project ... ....................... ........... ... ... .......................... .... .. ......... .. .... .. . 54 

3.4 Contribution of authors .............................................................................................. ...... ... 54 

3.5 Supplementary information ...... ....... ..................... .. .......... ...... .......... ................... · ........ SS 



VIl 

CHAPTER IV 

Conclusion ..... .. .. ......... .. ..... .. ................. .... ...... .. .... ........... ... ............ .... .. ............... ... .............. .55 

CHAPTERV 
EXPERIMENTAL PART .................................... ... ... ............................. ......... ... ............ .58 

CHAPTERVI 
4.1 CHARACTERIZATION OF COMPOUNDS ......... ...... .. .................. ......................... 77 
REFERENCES .... .... ... ... .... .. .. .... ............................ .......... ....... .... .. ....... .... ...... ........ ........ 133 

PUBLICATION ...... ....... .. ............. ......... .. ........ .. ....... ...... .............. .... ..... ............ ... ........ . 134 



LIST OF ABBREVIATIONS 

Â Angstrom 

a Alpha 

Abs Absorbance 

Ac Acetyl 

a rom. Aromatic 

~ Be ta 

B Base 

Bz Benzoyl 

c Concentration 

c Carbon 

oc Degree Celcius 

cm Centimeter 

COSY COrrelation SpectroscopY 

d Doublet 

dd Doublet of doublets 

DCM Dichloromethane 

DIC Diisopropylcarbodiimide 

DIPEA N, N-diisopropylethylamine 

DMF N, N-Dimethylformamide 

DMSO Dimethyl sulfoxide 

e Electron 



eq . 

ESI 

g 

H 

h 

He x 

HMBC 

Hz 

IR 

M 

m 

Me 

MHz 

min 

ml 

mmol 

mm 

m/z 

NOE 

NOESY 

ppm 

Pyr 

Equivalent 

Electrospray ionization 

Gram 

Hydrogen 

Hour 

Hexanes 

Heteronuclear Multiple Bond Correlation 

Hertz 

Infra red 

Coupling constant 

Mol ar, concentration 

Multiplet 

Methyl 

MegaHertz 

Minute 

Milliliter 

Millimole 

Millimeter 

Mass/charge ratio 

Nuclear overhauser effect 

Nuclear Overhauser Effect Spectroscopy 

Parts per million 

Pyridine 

IX 



x 

Rf Retention factor 

NMR Nuclear MagneticResonance 

s Singlet 

TBAB Tetrabutylammonium bromide 

THF Tet ra hyd rofu ra n 

TLC Thin layer chromatography 

TMS Tetramethylsilane 

Il Micro 

Ill Micro liter 

11M Micromolar 



RÉSUMÉ 

Le bismuth est w1 élément présent en faible quantité dans la nature. Cependant le 

processus de raffinage des métaux nous permet de nous en procurer de manière plus 
faci le. Le bismuth dispose aussi de caractéristiques uruques telles que la non-toxicité 
et une bonne stabilité, chose qui le rend utile dans l' industrie de la chimie ve11e. 
Parmi les composés organobismuth qui sont co1mus, on trouve les composés 
alkylbismuth et arylbismuth. Dans ce travail , l'accent sera mis sur l'utilisation de 
composés de type triarylbismuth. Il est à noter que les composés organobismuths sont 
présents sous deux formes: les triarylbismuths(III) et les triarylbismuths(V). Dans le 
passé et dmant plusiems années, les composés organobismuth ont été utilisés dans de 
nombreuses réactions organiques synthétiques importantes. 

Le but de ce travail est d'appliquer les triarylbismuths(III) conm1e réactifs dans les 
réactions d'arylation catalysées par le cuivre. Ainsi, la première partie de mon travail 
consiste à synthétiser les différents composés de bismuth triaryl(lll) qui portent des 
groupes fonctionnels. Les réactifs de type triarylbismuth peuvent être facilement 
obtenus par l'addition d'un réactif de Grignard sur le chlorure de bismuth et cela afin 
d' obtenir des réactifs organobismuth fonctionnalisés avec des rendements allant de 
modérés à bon. Les triarylbismuthanes sont stables dans l'air et peuvent être purifiés 
par une simple chromatographie sm gel de silice. En outre, les organobismuthanes 
montrent une remarquable tolérance aux groupes fonctionnels ce qui fait d'eux des 
candidats idéaux pour le développement de méthodologies orientées vers des 
applications de chimie médicinale. 

La deuxième partie de mon projet consiste à appliquer le triarylbismuth(III) en tant 
que réactif dans les réactions d'arylation catalysées par le cuivre. Des protocoles 
efficaces pour la 0-arylation catalysée utilisant des phénols, des 1,2 -arrunoalcools N­

protégés ou du chloramphenicol par du cuivre en utilisant des réactifs de 
triarylbismuth fonctimmalisés ont été développés. Une quantité catalytique d'acétate 
de cuivre a favorisé une réaction de couplage croisé C-0 dans des conditions douces. 
Cette réaction tolère une grande diversité de groupes fonctionnels donnant accès à 
une ganm1e de B-aryloxyamines ou aryl éthers qui sont importants pom la synthèse de 
composés pertinents médicalement ainsi que des motifs structuraux très importants de 



Xli 

nombreux produits et polymères naturels biologiquement acti fs dans l' industrie de la 

science des matériaux 



SUMMARY 

Bismuth is present in small amount in nature, but can easily be accessed by the 
refining process of metals. Bismuth bas sorne unique features, such as a low toxicity 
and high stability. This makes bismuth useful in green chemistry. 

Different classes of organobismuth compounds are known such as alkylbismuth and 
arylbismuth compounds. In this work, the focus lays on the use of triarylbismuth 
compounds. Organobismuth compounds are present in two forms: triarylbismuth(III) 
and triarylbismuth(V) compounds. For the past severa) years, organobismuth 
compounds have been used in many important synthetic organic reactions. 

The aim of this work was to synthesize triarylbismuth(III) compounds and to apply 
them as reagents in various copper catalyzed arylation reactions. 

The first part was to synthesize different triarylbismuth(III) compounds bearing 
functional groups. Triarylbismuth reagents can be easily accessed via the addition of 
Grignard reagents onto bismuth chloride to afford functionalized organobismuth 
reagents in moderate to good yields. Triarylbismuthanes are air and moisture stable 
and can be purified by simple silica gel chromatography. In addition, 
organobismuthanes show remarkable functional group tolerance, making them ideal 
candidates for the development of methodologies oriented towards medicinal 
chemistry applications. 

The second part of the project was to apply triarylbismuth(III) as reagents in copper­
catalyzed arylation reactions. fficient protocols for the copper-catalyzed 0-arylation 
of phenols, N-protected 1 ,2-aminoalcohols and chloramphenicol using functionalized 
triarylbismuth reagents were developed. Catalytic amount of copper acetate promoted 
a C-0 cross-coupling reaction under mild conditions. These reactions tolerate a wide 
diversity of functional groups giving access to a range of ~-aryloxyamines or aryl 
ethers which are important for the synthesis of medicinally relevant compounds and 
very important structural motifs of nun1erous biologically active natural products and 
polymers in the material science industries. 



CHAPTERI 

TRIARYLBISMUTH REAGENTS: SYNTHESIS, PROPERTIES AND USE IN 

SYNTHESIS 

1. INTRODUCTION 

The element bismuth, the 64111 most abundant compow1d in the Eat1h' s crust [1], is a 

rme element and therefore not very commonly used. Bismuth bas many interesting 

properties [2]: it is the most diamagnetic of ali metals, it has the lowest thermal 

conductivity (in exception of mercury), it has a high electrical resistance, it is the 

heaviest stable element, it is not toxic or carcinogen (in contradiction to the other 

heavy metals like msenic and lead) and it is not radioactive. Bismuth comes as a side 

product in the process of refining lead, copper, tin, si! ver and gold ores which is a low 

cost process. Due to low toxicity of bismuth, it can be use for green chemistry as 

weil. In this century, the development of reactions that follow the principles of green 

chemistry is a must, because of the environmental principles that the field of resemch 

and industry me dealing with. 

In bismuth compoW1ds, bismuth is most! y present in the oxidation states + 3 and +5. 

Bismuth(III) compounds can be easily transformed into bismuth(V) compoW1ds using 

a vm·iety of oxidizing agents such as peroxides, peracids and hypervalent iodine 

reagents. A few cases of bismuth(!) and bismuth(II) compounds have been reported, 

but those oxidation states are rare [3 , 4]. Compounds where the bismuth center hasan 

oxidation state of + 3 have some Lewis ac id properties due to the Lanthanide 

contraction. The electron configuration of bismuth is [Xe]4} 45i 06i 6p3
, so the 4f 

electrons are weakly shielded. 

The concept of organobismuth chemistry (compounds containing a C- Bi bond) 

started in 1850 with the synthesis of triethylbismuthine by Lowig and Schweizer [5]. 

The above compound is spontaneously flanm1able in air. On the contrm·y, 
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triphenylbismuthine, first synthesized by Michaelis and Polis in 1887 [6] , is mr­

stable. A large number of derivatives of triphenylbismuthine have since been 

prepared. The first tetraaryl and pentaarylbismuth compounds were only synthesized 

in 1952 by Wittig and Clauss [7]. 

Triarylbismuth compounds are organometallic reagents where the bismuth is at the 

oxidation state of+ 3 and exist in the fonn of BiAr3 or Ar3-nBiX11 (n = 0 to 3) [8-11]. 

The bismuth-carbon bond is one of the weakest among element-carbon bonds: the 

mean bond dissociation energy of triphenylbismuthine (Ph3Bi) is 193 .9 ± 10.8 kJ/mol 

compared to 321 ± 21 kJ/mol for triphenylphosphine (Ph3P) and 373.7 ± 4.2 kJ/mol 

for triphenylamine (Ph3N) [12]. A unique reactivity was bence expected and 

demonstrated by the arylation reactions of a great array of substrates. The organic 

derivatives of bismuth compounds were first used for medicinal preparations. In the 

1980s, Barton and Finet reported a series of arylation reactions using 

triphenylbismuth and triphenylbismuth diacetate as the arylating agents [9, 13 , 14]. 

Oganobismuth compounds have come out as an important class of organometallic 

reagents with many applications in different areas in past severa! years [15 , 16] , as 

organobismuth chemistry bas undergone growth rapidly and some novel 

organobismuth compounds have been reported [17-19]. Many types of 

orgm1obismuth compounds have proved to be efficient reagents in C-, N- and 0-

arylation reactions [20] , benzoylation reactions [21], cross-coupling reactions [22] , 

etc. However, the organometallic chemistry of bismuth has developed relatively 

slowly compared to that of other main group metals [23 , 24]. 

1.1 Preparation of Different Types of Triarylbismuth Compounds 

In the past severa! years, many organobismuth compounds have been discovered 

along with the development of the chemistry of organobismuth species. This class of 

compounds can be prepared by severa! methods including metathesis, oxidative 
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addition, reduction, transmetallation, thermolysis, disproportionation, electrochemical 

coupling and others. 

1.1.1 Preparation of Triarylbismuth Rea gents 

The organometallic route, i.e. the addition of an organometallic reagent on bismuth 

chloride, is the most trivial and frequently used method for the synthesis of 

triarylbismuthines. A wide variety of symmetrical tertiary bismuthines possessing 

groups such as alkyl, fluorine, methoxy and chlorine at different positions on the aryl 

moiety can be prepared using Grignard reagents and organolithium reagents as shown 

in Scheme 1. Ar3Bi can also be prepared on large scale using this route [25, 26]. 

Scheme 1 

1. Mg, Et20 or THF 

2. BiCI3 

1. Buli , THF, -78°C 
2. BiCI3, -78oC to RT 

X: Cl , Br X : Br 

This approach consists of two-step procedure: an organomagnesium reagent is first 

formed by the reaction of an aryl bromide with magnesium turnings in 

tetrahydrofuran or diethyl ether as the solvent under inert atmosphere and the thus 

formed organomagnesium species is then added cautiously over bismuth chloride or 

bismuth bromide as a bismuth source under controlled temperature. Aryl chlorides 

can also be used [27]. Triarylbismuth compounds can also be prepared from 

organolithium reagents obtained via the halogenlmetal exchange method as 

mentioned in scheme 1. 
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1.1.2 Preparation of Hindered Organobismuth Reagents 

The above method can also be used for the preparation of hindered 

organobismuthines and diarylbismuth halides as shawn in Scheme 2. 

Scheme 2 

Bi-Cl 
1. Mg , in THF 

Bi 

2. BiCI3, 6 
+ 

1 2 
2 3 

R: Me, Et, iPr 

Suzuki and co-workers reported the synthesis of crowded triarylbismuthines where 

bulky aryl groups were transferred from an organomagnesiurn or organolithiurn to 

bismuth chloride [28]. Compound 2, where R Me [tris-(2 ,4,6-

trimethylphenyl)bismuthine] and R = Et [tris-(2,4,6-triethylphenyl)bismuthine] , can 

be synthesized by heating the reaction mixture at reflux with phenylmagnesium 

halide at 0°C. When sorne bulky groups like isopropyl R = i-Pr are present, only two 

aryl groups are transferred to BiCh at room temperature, giving chloro-bis-(2,4,6-

triisopropylphenyl)bismuth (Ar2BiCI) as an isolated product. 

1.1.3 Preparation of Triarylbismuth Reagents Having Acidic Substituents 

For the synthesis of triarylbismuth compounds bearing acidic groups, a protecting 

group is generally required. The selected protecting group should be stable during the 

formation of the Grignard reagent (which is later added over Bi Ch) and the Bi-C 

bond should not be cleaved during the deprotection step. For example, the synthesis 

of tris-(3-hydroxyphenyl)bismuthine was accomplished by the reaction of Grignard 
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reagent with BiCh fo llowed by oxidative chlorination to give the arylbismuth(V) 

dichloride on which the MOM protecting group was then removed, affording 

triarylbismuth bearing a free phenol. The Bi- C bonds in arylbismuth(V) are known to 

be more stable toward acidic conditions compared to the corresponding bonds in 

arylbismuths(III). Deprotection was performed using aqueous HCl in DCM. 

Reduction of the Bi(V) center to Bi(III) by reaction with hydrazine gave phenolic 

hydroxyl group on triarylbismuth as shown in Scheme 3 [17]. 

Scheme 3 

; O ; O ; O 

0 \ 0 \ 0 \ 

0-Br 
1. Mg, THF, RT 

( OJ.Bi S02CI2 ( OJ.BiCI2 2. 1/3 BiCI3 

CH2CI2, -35oC 
3 3 

HCI (aq) 
CH2CI2 

HO 
HO ( q BiCI, (~Bi 

NH2NH2 

EtOH , RT 3 

1.1.4 Preparation of Triarylbismuth Reagents Having Deactivating Groups 

Triarylbismuth compow1ds having electron-withdrawing groups can also be prepared 

by the traditional Grignard method as proposed by Murafugi and Sugihara [29, 30]. 

The required functionalized Grignard reagents were prepared using the Knochel 

method [31, 32] via iodine magnesium exchange in tetrahydrofuran at -40°C or -20°C 

using aryl iodide and isopropylmagnesium bromide to generate the aryl Grignard 

reagent followed by dropwise addition over BiCI3 at -40°C as shown in Scheme 4. 



Scheme 4 

GF-o-1 
iPrMgBr 

GF--o-MgBr 
THF, -40°C 

6 

BiCI3 ( -Dt 
------"-------- G F ~ ;) 

3

s i 
-40°C toRT 

FG:CN 
FG: C02Et 

1.1.5 Preparation of Highly Functionalized Organobismuthanes Reagents by 

Functional Group Manipulation 

Due to robustness of the Bi-C bond, alteration of functional groups can be done 

directly on selected organobismuthanes. As reported by om group, triarylbismuths 

canying an alcohol functional group can be synthesised by refluxing the ester 

derivative of triarylbismuth with 6 equivalents of methylmagnesium bromide in THF 

for an hour as shawn in Scheme 5 [33]. 

Scheme 5 

MeMgBr 
(6.0 equiv) 

THF, reflux 
1 h ' rrBiiiJ r 

H~ ~H 
1.1.6 Preparation of Organobismuth Reagents Having Formyl Groups 

The synthesis of tris-( 4-formylphenyl)bismuthine was done by iodine-exchange 

method at 25°C [31 , 32]. Protection of the fom1yl group as an imine was required as 

shawn in Scheme 6. 



Scheme 6 

Hr-0---~ '! 1 
N -
' iPr 

1. iPrMgBr, THF, 2s•c 
2. BiCI3, -4o•c to RT 

1.1.7 Preparation ofThiolatobismuth Reagents 

7 

Si02 

Thiolatobismuth reagent [Bi(SAr)3] can be obtained as an intermediate in the process 

of formation of Ar3Bi as shown in Scheme 7. lt can be synthesized either by reaction 

of bismuth(III) oxide with 2,6-dimethoxybenzenethiol (ArSH) in (CH3) 2CO in the 

presence of catalytic amount of HN03 (Scheme 7; Eq 1) or by reaction of bismuth 

chloride with ArSH in MeOH (Scheme 7; Eq 2) , affording Bi(SAr)3 as reported by 

Wada and co-workers [34] , which on further reaction with an organolithium reagent 

gives Ar3Bi (Scheme 7; Eq 3). 

Scheme 7 

(±) 

0.5 Bi20 3 H cat 

OCH3 1 CH3COCH 3, RT \ (cf:},"' Q-sH eq . 1 3 Ar-Li 
3 Ar3Bi 

\ 1 hexane/Et20 
OCH 3 BiCI3 , Et3N 3 equiv. OCH 3 eq . 3 

MeOH, RT 

eq . 2 

1.1.8 Preparation of Ortho Functionalized Triarylbismuth Reagents Having 

Electron-Withdrawing Groups 

This class of reagents can be prepared by the "bali mill" technique [35] which is a 

one-pot solvent free technique where an aryl iodide is mixed with metallic bismuth, 
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copper, copper iodide and calcium carbonate at room temperature for about 12 hours 

in a bail mill apparatus as shown in Scheme 8. This procedure bas some limitations 

due to the interaction between the ortho functional group (cyano, nitro) and reactive 

metal intermediates. A combination of Bi and Cu or Cui is essential for the present 

reaction and the combined use of Cu powder and Cui gave better results than the 

separate use of either one of these. Without copper, no triarylbismuthanes were 

formed . Commercial bismuth powder proved to be Jess satisfactory for the present 

purpose. This observation demonstrates a crucial role of the nascent bismuth smface 

in the formation of organobismuth compounds. Thus, with an idea to modulate the 

milling rate of bismuth shots, about 0.5- 0. 7 molar equivalents of calcite grains were 

added to the reaction mixture, since both bismuth and calcite are located at grade 3 on 

the Mohs hardness scale. 

Scheme 8 

Bi , Cul , Cu, CaC03 

bali mill, RT, 12h 

R1: H, F, Cl, Br, CF3, N=CHC6H5, OMe, C02Et 
R2 : H, F, CF3 

1.1.9 Preparation of Tris-(p-nitrophenyl)bismuth Reagents 

Various methods that have already been illustrated above can be used to prepare 

triarylbismuth compounds bearing a nitro group. For exan1ple, the iodine-lithiwn 

exchange starting from 4-iodonitrobenzene and phenyllithium to generate the 

coiTesponding lithium reagent and its subsequent addition over BiCh in THF was 
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utilized to afford tris-(p-nitrophenyl)bismuth, as shown m Scheme 9 [29]. 

Scheme 9 

1. Phli , THF, -100°C 

02N-o--l 

2. BiCI3 , -1 oooc to RT 

1.1.10 Preparation of Tris-(heteroaryl)bismuth Reagents 

These reagents can be prepared via addition of Grignard or organo-lithium reagents 

over bismuth salts. For example, tris-(3 -methyl-2-thienyl)bismuthine was prepared 

from the corresponding organomagnesium reagent [36) whereas tris-(N-methyl-5-

indolyl)bismuthine [37] and tris-(1 -methyl-2-pyrrolyl)bismuthine [38] were 

synthesized by lithium-halogen exchange fo llowed by addition of bismuth chloride. 

A more recent method involving the formation of an organozinc reagent was 

developed by Condon et al. for the synthesis of tris-(heteroaryl)bismuth reagent [39] 

as shown in Scheme 1 O. In this approach, heteroarylzinc reagents were prepared by 

cobalt-catalyzed bromine/zinc exchange by reduction of aryl halide with zinc dust 

[ 40]. In the next step, the in situ forrned organozinc reagent was added over bismuth 

chloride. 

Scheme 10 

xrJ-Br 

CoBr2 (7%) 
allyl chloride (0.17 equiv.) 
Zn (3.5 equiv.) 

20°C, 18h 

X : S,O 

Another protocol, where heteroarylzinc reagents [39) are obtained by bromine­

lithium exchange in THF fo llowed by two subsequent transmetallation steps, one 



10 

with ZnCb and a second transmetallation with BiC,h, was developed to afford tris­

(heteroaryl)bismuth reagents as shawn in Scheme 11. 

Scheme 11 

1. n-Buli , -78°C, 30 min 

2. ZnCI2, -78°C to 20°C, 1 h 
(ArHet)Br (ArHet)JBi 

1.1.11 Preparation of Tricyclopropylbismuth 

Tricyclobismuth can be prepared by the addition of cyclopropylmagnesium bromide 

over BiCh as shawn 111 Scheme 12 by our group. lt was found that 

tricyclopropylbismuth is not pyrophoric [41]. Therefore, a simple work-up and 

trituration in hexanes provided the desired compound as a white solid [ 42]. 

Scheme 12 

'if 
Mg Br 

4 

1. BiCI3 
THF 

2. work-up 
5 
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1.2 Objectives of the Project 

The objective of this project was to synthesize organobismuthines whkh are an 

attractive class of organometallic reagents that can be accessed from inexpensive and 

non-taxie bismuth salts. Triarylbismuthines are particularly interesting due to their air 

and moisture stability and high functional group tolerance. The strategy that we 

explored consists of introducing the incompatible functional group by performing a 

functional group transformation directly on the organobismuth species. In the course 

of our studies, we found that the C- Bi bond of organobismuthines is resistant to 

acidic, reductive, and even oxidative conditions, thus enabling the transformation of 

the functional group into a more elaborated functional group. We report herein a 

detailed study on the preparation of highly functionalized triarylbismuth reagents by 

functional group manipulation. To fm1her gain insight into the structure of 

triarylbismuthines, we crystallized and analyzed by X-ray diffraction severa! 

derivatives of triarylbismuth reagents bearing different functional groups at different 

positions; we published these results in JOC 2016 p5401. 

1.3 RESULTS AND DISCUSSION 

The synthesis of organobimuth reagents was performed in two steps as shown in 

Scheme 13. First, reagent 7 was obtained by reaction of magnesium with organic 

hal ide 6 as shawn in equation 1 of scheme 13. The usual route for the synthesis of 

Grignard reagents is the oxidative addition of magnesium metal to organic halides in 

a polar and aprotic solvent such as THF. However, since organomagnesium reagents 

are highly sensitive to moisture, an inert atmosphere was maintained to avoid the 

hydrolysis of the Grignard reagent. In the second step, the organomagnesium reagent 

was slowly added dropwise to the solution of bismuth chloride in THF at a controlled 

temperature of -1 ooc to afford the corresponding triarylbismuth reagent 8 as shawn 

in equation 2 of scheme 13. 
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Scheme 13 

GF-Q c - FG 
FGO 

Mg(O) FG-Q BiCI3 
1 ~ ~ 1 

Bi 
1~ THF ~ MgX x THF 

reflux 6-FG 1 

6 7 eq . 2 

FG = functional group 
eq . 1 

8 

Q ~ y Q 
O Biû Ct x:: v Bi v ~Biü 

l h- l h- lh- l h-

9 (70%) 10 (85%) 11 (87%) 12 (70%) 

F 

YCF3 Q 
OMe 

.Q Çs Q 
F3CÙBioCF3 

Ù Biù (Jrs i\i) 
1 .Q 1 .Q I.Q 1 /; Ù Bi ù 

F F MeO l .Q OMe 
13 (95%) 14 (80%) 15 (62%) 16 (78%) 

OEI ·~Q"' Y OMe ~ çfo" l"' .& 
OEI OEI q·)C) .& 

MeOÙ Biù OMe EtO~Bi~OEl 1 .& 1 .& 1.& 
yOBiÛy MeO 1 .& OMe 

OMe OMe 
17 (65%) 18 (86%) 19 (84%) 20 (76%) 

Figure 1: Functionalized O rganobismuth Reagents 

Using this protocol, we were able to synthesize a broad range of tri arylbismuth 

reagents containing alkyl, methoxy, fluorine, acetal and heteroaryl groups at different 

positions of the aryl moiety in moderate to good yields as shown in Figure l.Here, the 
1H-NMR spectra of compound 12, 14, 15, 16 and 20 are analyzed and discussed. 
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The 1H-NMR spectrum of compound 12 shows characteristic signais for the p -methyl 

group at 2.3 ppm (Figure 2), which confirms the obtention of the desired product. 

Two doublets are also indicative of a para-disubstituted phenyl ring. 

J r 1 

j ..___l 
.,. -

·~ , .. \.1. ~.. l~ . .. li u 4}...,.,...., 

Figure 2: 1H-NMR Spectrum of Compound 12 

Compound 14 was characterized by 1H-NMR. The spectra shows the formation of the 

desired product as shown in Figure 3. 



14 

• • 1 

' 'IV 

r 
1 1 
J 1 

Figure 3: 1H-NMR Spectrum of Compound 14 

The 1H-NMR spectrum of isolated compound 15 shows the characteristic signais for 

the thiophene protons, confim1ing the fonnation ofthe desired compound without any 

presence of starting material as shown in Figure 4. 
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"• 

Figure 4: 1H-NMR Spectrum of Compound 15 

The 1H-NMR spectrum of compound 16 shows the presence of a methoxy group on 

the aromatic ring which is activating because the oxygen atom of the methoxy group 

donates its lone pair into the aromatic ring via resonance, making it more electron 

rich. As a consequence, an upfield shift is observed for the aromatic protons 

compared to the para-tolyl derivative 12. The resonace of the OMe in phenyl ring 

affects the 8 of H on the phenyl ring, not the H of the OMe. Since it is a Csp3 - H, the 

OMe cornes out at the lower ppm as shown in Figure 5. 
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J J 

1 l 

1.s to.o 9.~ ~.o a.s 11.0 -G 

Figure 5: 1H-NMR Spectrum of Compound 16 

The 1H-NMR spectrum of isolated compound 20 shows the characteristic signais for 

the acetal group as a 3H triplet at 1 ppm, 2H quartet at 3.56 ppm and lH singlet at 5.5 

ppm. Aromatic protons at around 7 ppm are also observed in the fom1 of two 

doublets, confirming the presence of a para-substitued phenyl ring as shown in 

Figure 6. 
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Figure 6: 1H-NMR Spectrum of Compound 20 

1.4 Structural Characterization of Selected Triarylbismuthines 
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To understand more deeply the structure of the triarylbismuthines, compound 21, 22, 

23, 24, 25, 26 and 27 in figure 7 were crystallized and analyzed by X-ray diffraction. 

The results show that the organobismuthines have a distorded pyramidal structure and 

that the C- Bi bond lengths vary from 2.24À to 2.27 À whereas the C-Bi-C bond 

angles vary between 91 ° and 98°. Interestingly, the nature and position of the 

substituent appears to have little impact on the structure of the organobismuthine. It 

should be noted that the small bond angle is due to the relativistic effect of the !one 

pair of 6s orbital of bismuth which leads to formation of C- Bi bonds with the Px, py, 

and Pz orbitais of the bismuth. 



21 

24 

18 

~· 'Y ' 
'Y"'Y' Bio 

1_..-:; 
MeO OMe 

F F 
22 23 

26 

Figure 7: Crystallized Organobismuth Reagents 
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Table 1: X-Ray Structures of Sorne Organobismuth Reagents 

C-Bi bond length C-Bi-C bond angle 

FG Ortep diagram c,- Bi C,-Bi C,-Bi C,- Bi--C1 C1-Bi--C, C,- Bi--C, 

(Â) (Â) (Â) 

21 
2.254 2.256 2.253 95.73 94.94 92.47 

3-c-Pr 

22 
2.264 2.263 2.255 92.93 93.09 96.20 

3 ,5-d iF2 

23 93.78 93.81 

2.250 2.251 2.25 1 93.80 

4-MeO 
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24 
2.273 2.263 2.269 93.07 98.04 91.77 

3-CN 

25 
2.262 2.260 2.255 93.33 94.8 1 92. 11 

4-C02Me 

26 
2.266 2.266 2.266 92.02 92.02 92.02 

3-CHO 

27 
2.254 2.264 2.254 1 91.50 94.58 95.6 1 

3-(CH20 H) 



CHAPTERII 

TRIARYLBISMUTH COMPOUNDS AS ARYLA TING REA GENTS IN 

ORGANIC SYNTHESIS 

2.1 INTRODUCTION 

Organobismuth reagents, like other organometallic reagents, have been weil studied 

and frequently used as a reagents in organic synthesis [43 , 44]. Due to environmental 

factors , the use of non-toxic reagents represents the ideal approach in organic 

synthesis. Thus, this class of reagent is ideal for arylation reactions [20, 45 , 46]. 

Organobismuth reagents undergo different major types of arylation reactions: (a) C­

and 0 -arylation; (b) 0 -arylation; (c) 0- and N-arylation (d) C-S arylation [20, 46]. 

2.1.1 N-Arylation Reactions of Aliphatic and Aromatic Amines Using 

Triarylbismuth Reagents 

N-Arylation of aliphatic and aromatic ammes with Ar3Bi(0Ach under neutral 

conditions catalyzed by copper powder was reported by Barton and co-workers [ 4 7]. 

In a subsequent study, they reported a Cu(0Ac)2 mediated N-arylation of aliphatic 

and aromatic amines with Ar3Bi under mild conditions as shown in Scheme 14. These 

reactions are sensitive to steric hindrance on the an1ine and dependent on its basicity 

[48]. 

Scheme 14 

FG-o-NH2 + Ph3Bi + Cu(OAch 

1.2 equiv. 0.5 equiv. 

FG: H, Me, OMe, N02 
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2.1.2 N-H Bond Formation Using Triarylbismuth Reagents 

Later, Barton' s work was modified by Chan where a tertiary amine was introduced as 

a promoter [ 49]. By addition of triethylan1ine or pyridine, the scope of the arylation 

reaction of N- H compounds was extended to other substrates su ch as an1ides, imides, 

ureas, carbamates and sulfo namides with the yield ranging from 6 to 82% as shown 

in Scheme 15. 

Scheme 15 

02N-oNH2 + Ph3Bi + Cu(OAe)2 

1.2 equiv. 0.5 equiv. 

Ph3Bi + Cu(OAe)2 

1.2 equiv. 0.5 equiv. 

Et3N 0.1 equiv. 

Pyridine 1 equiv. 

2.1.3 N-Arylation of Diversely Substituted Hydrazines Using Triarylbismuth 

Rea gents 

The arylation of substituted hydrazines such as Boc2N- NHBoc and Cbz(Boc)N ­

NHBoc was reported by Maeorg and Ragnarsson et al (Scheme 16) [50-52]. 

Scheme 16 

Boe Boe 
\ ' 
N- N 
' ' H Boe 

1-2 equiv. Ar3Bi , 1.5 equiv. Cu(OAeh 
1.5 equiv. Et3N, CH2CI2 , RT 

Ar: Ph, 4-MeC6H4 , 4-MeOC6H4 

Boe Boe 
\ ' 
N-N 

1 ' 
Ar Boe 
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2.1.4 N-Arylation of Azo Compounds Using Triarylbismuth Reagents 

The copper-catalyzed arylation of azo compounds using triarylbismuth reagents is a 

reaction which is conducted in methanol. In this transformation, the methanol serves 

as a source of proton rather than a solvent. The reaction is performed in acetonitrile 

and was found to be regioselective, delivering the aryl group on the nitrogen which is 

connected to the aryl group already in place rather than on the nitrogen which is 

connected to the BOC protecting group (Scheme 17) [53]. 

Scheme 17 

1.2 equiv. Ar2
3Bi , 

Ar1- N=N-Boc 
0.1 equiv. Cu(OAch, 5 equiv. MeOH 

CH 3CN , 55-75°C 

Ar1: Ph, o-Tol, 2,4-(N02hC6H3, 4-N02C6H4 

Ar2: Ph, 1-Np, o-Toi 

These types of reactions can be performed under mild conditions by using different 

solvents such as acetonitrile, methanol, N-Methyl-2-Pynolidone (NMP) and different 

copper salts such as copper(II) chloride, copper(II) chloride hydrate or copper(II) 

acetate. The presence of slightly electron donating groups (for example methyl) or 

electron withdrawing groups (for example nitro) on the aryl moiety of the azo 

compound does not have any significant impact on the efficiency of the reaction. The 

proposed mechanism is illustrated in Scheme 18. 



Scheme 18 

Ar1 "- ,Boe 
N- N 

Ar
2

/ 1 " H 

protolysis 

Ar1 "- , Boe 
N-N 

/ ' B·A 2 
2 1 r 2 

Ar 

P'2Bi0Ac 

A\ 
~ Boe N- N 

A~ ' cuOAe 

2.1.5 Resin-Bound Bismuthanes as N- and 0-Arylating Reagents 
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Resin-bound bismuthanes were used in N- and 0 - arylation reactions [54] and in 

Suzuk.i cross-coupling reactions in solid-phase organic synthesis [55]. These reagents 

can be prepared from commercially available chloromethyl polystyrene,p -iodophenol 

as linker precursor and diarylbismuth triflate HMP A complex. These arylating 

reagents are designed in a way that there is a sufficient distance between two types of 

aryl groups, which is important to protect the carbon-bismuth bond and to allow the 

selective split of two aryl transfer groups during the chemical process. Accordingly, 

the phenoxy group has been selected as a spacer since most electron poor aryl groups 

are known to be selectively transferred in arylation reactions (Scheme 19) [56]. 
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Scheme 19 

res in : 

- 0 n o-o-Bi 
cr q 

R: H, 4-F, 4-Me 
R 

25 

R 

In Scheme 20, p -chlorobenzanilide and oxazolidin-2-one were arylated using resin­

bound bismuth as the arylating reagent in the presence of copper(II) acetate, pyridine 

as a base in methylene dichloride as the solvent, providing mild conditions for this 

reaction. This method is less attractive than Chan's method due to its low 

productivity which could be due to possible indigent diffusion of poorly soluble 

copper(II) acetate into the resin [ 49]. 

Scheme 20 

1 equiv. resin 
1.5 equiv. Cu(OAch 

2 equiv. 

R: H, F, Me 

1 equiv. resin 
1.5 equiv. Cu(OAch 

2 equiv. 
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2.1.6 0-Arylation of Aliphatic Alcohols Using Triarylbismuth Reagents 

The use of arylbismuth(III) as 0-phenylating reagents is less common relative to 

arylbismuth(V). Dononov and co-workers reported the 0-arylation of aliphatic 

phenols under mild conditions using copper(II) acetate as the catalyst (Scheme 21) 

[57]. 

Scheme 21 

p-Toi 3Bi + ROH + 2 Cu(OAch p-Toi-OR 

R: Bu, Me 

2.1.7 In-situ Oxidation of Arylbismuth(III) to Arylbismuth(V) 

Pentavalent arylbismuth reagents can be obtained via oxidation of trivalent 

arylbismuths using iodobenzene-diacetate [58], benzoyl peroxide [59] or potassiwn 

peroxymonosulfate (OXONE®) [60]. In the presence of copper(II) pivalate and 

potassiwn peroxymonosulfate, bismuth(V) species were formed during aryl transfer 

reactions as reported by Sheppard (Scheme 22) [61]. 

Scheme 22 

Ph3Bi 

(1 equiv.) 

OXONE™ (0.5 equiv.) 

Cu(OPivh (1 . equiv.) 

acetone, sooc 

2.1.8 0-Arylation of Tertiary Alcohols Under Anhydrous Conditions 

The one-pot arylation reaction of a-hydroxy benzyl propionates in the presence of 

stoichiometric amount of copper(II) acetate under anhydrous conditions and using 

trivalent arylbismuthines was reported by Sato and co-workers (Scheme 23) [60]. The 
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oxidation of electron-rich triarylbi smuthines was assured by (diacetoxyiodo)benzene 

in the presence of N-methyldicyclohexylamine under 0 2 atmosphere. The steric 

hindrance at the ortho-position on the aryl moiety was found to be sensitive during 

the aryl transfer. 

Scheme 23 

(.:tq_B; 
R4 

1.5 equiv. 

+ 

Cu(OACh 5% 
Cy2NMe (2 equiv.) 
Phi(OAch (1 .9- 2.4 equiv.) 

2.1.9 Conversion of Triarylbismuth Reagents into Symmetrical Biaryl Products 

The first conversion of Ar3Bi into symmetrical biaryls and Bi(O) mediated by Pd(O) 

generated in situ from a sto ichiometric amount of Pd(OAc )2 and triethylamine as base 

in either THF, MeCN or HMPA as so lvent was reported by Bmton et al. in 1988 [62]. 

Later, Uemura and co-workers reported the synthesis of biaryl compounds mediated 

by Pd(0Ac)2 in methanol under oxidative conditions as shown in Scheme 24 [63]. 

Scheme 24 

Pd(OAch 1% 
Ar-Ar 

MeOH, 25°C, Air (1 atm.) 
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2.1.10 Cross-Coupling Reaction of Triarylbismuth Reagents with Aryl Halides 

and Aryl Triflates 

Shimada and co-workers demonstrated that the cross-coupling reaction of 

triarylbismuth reagents with organic electrophiles such as aryl bromides, iodides and 

triflates is possible via catalysis using palladium(O) complexes. Organobismuth 

compounds can be efficiently coupled with electron deficient, electron neutra) and 

even electron rich aryl bromides in the presence of comrnercially available Pd(PPh3)4 

at 1 00°C in NMP or 1 ,2 dimethoxyetbane. Additives such as K2C03, Cs2C03 and CsF 

considerably improved the efficiency of the reaction [64]. The reaction can also be 

performed on 2-iodopyridine and 2-pyridinyltrifluoromethanesulfonate as shown in 

Scheme 25. 

Scheme 25 

x: 1. on 

Pd(PPh3)4 5% 
K2C03 (3-4 equiv.) 

NMP, 100°C 
3o-o 

28% (X: 1) 
65% (X: OTf) 

Later studies were done to evaluate the solvent and catalyst effect [65, 66] and it was 

found that Pd(OAc)2/PPh3 at 90°C in DMF provides better yields than Pd(PPh3) 4 as 

shown in Scheme 26. 



Scheme 26 

X: Br, 1, Tf 

Pd(OAch 10%, PPh3 40% 
K3P04 (6 equiv.) 

R1: COMe, Cl, N02, F, CN, CF3, C02Et, COPh, Me 

R2: H, OMe, Me, F, Cl 
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Another set of conditions consisting of PdCb/PPh3 in DMA along with Cs2C03 

provided good yields of the desired cross-coupling products as shown in Scheme 27 

[ 43]. The addition of TBAB or TBAI in the cross-coupling reaction of aryl triflates 

was found to be beneficiai (Scheme 27). 

Scheme 27 

3 o-lj ~ OTt+ 
R1-

PdCI2 6%, PPh3 12% 
Cs2C03 (4 equiv.) 
TBAB (1.1 equiv.) 

Later, Rao and co-workers developed a protocol for the synthesis of structural motifs 

which can be used in photochemistry, as illustrated in Scheme 28. 

Scheme 28 

~-c»,N + Cot:; 
1.5 equiv. 

Pd(OAch (Cy2NH)z 9% 
KOAc (3 equiv.) 

R: 3-Me, 4-Me, 3-CF3, 4-CF3, 4-0Et, 3-0Me 
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2.1.11 Cross-Coupling Reaction of Allylic Bromides with Triarylbismuth 

Rea gents 

Palladium mediated cross-coupling of all ylic bromides with Ar3Bi at reflux of THF 

was reported by Wada and Ohki (Scheme 29) [67]. Two different regioisomers were 

obtained. 

Scheme 29 

~Br + (-QtBi 
3 THF, reflux 

~ ~+~ 
(3:1) 

Arylallenes can also be synthesized from propargyl bromide via palladium-catalyzed 

cross-coupling reaction using triarylbismuthines using the above protocol as 

exemplified in Scheme 30 [68]. 

Scheme 30 

~ "'---Br + 

Ar: Ph, p-Tol, 4-CIPh 

THF, reflux 
3 = C\ 

Ar 

2.1.12 Arylation of Allylic Acetates with Triarylbismuth Reagents 

The regioselective arylation of allylic acetates with Ar3Bi was reported by Rao and 

co-workers (Scheme 31) [ 69]. The reaction tolerates a wide diversity of functional 

groups on the ally! acetate and provides the desired products in good to excellent 

yields with high regioselectivity. The key factors for efficient coupling are the 

addition of KI, which probably promotes the stability of 7]3-Pd intermediates via an 

acetate/iodide exchange and the addition of a small excess of all yli c acetate to 

counteract the w1wanted partial hydrolysis of the allylic acetate. 
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Scheme 31 

3~Ar 
x 

X: H, 3-0Me, 4-Me, 2-CI , 3-CI, 4-CI , 3-Br, 4-Br 
Ar: Ph , p-Tol , p-An , m-An, 4-FC6H4 , 4-CIC6H4 , 2-thienyl 

2.1.13 Arylation of Allylic Carbonates with Triarylbismuth Reagents 

1 ,3-Disubstitued propenes can be synthesized as a major product via arylation of 

allylic carbonates with triarylbismuth reagents. Due to decomposition of Ar3Bi , some 

branched isomers were formed as a minor product, as illustrated in Scheme 32 [70]. 

Scheme 32 

X: Br, Cl , OMe, Me 
Ar: Ph , 4-MeC6H4 , 4-MeOC6H4 , 3-MeOC6H4 , 

4-FC6H4 , 4-CIC6H4 , 2-thienyl 

PdCI2(PPh3h 9% 
Et3N (1 equiv.) 

NMP, 90°C 

~ 
U;__) 
X minor 

2.1.14 Coupling of Baylis-Hillman Adducts with Triarylbismuth Reagents 

Bromo and chloro derivatives of Baylis-Hillman adducts react with Ar3Bi in the 

presence of Pd2(dba)2 as a catalyst along with Cs2C03 in DMA at 90°C as shown in 

Scheme 33 [71]. 



Scheme 33 

Pd2(dbah 9% 
Cs2C03 (1-3 equiv.) 

Ar 1: Ph, 4-N02C6H4 , 4-CIC6H4, 2-furanyl 

R:nBu 

Ar2: Ph, p-Tol, -An, F-C6H4, CI-CsH4 

X: Cl, Br Z: C02Me, CN 

2.1.15 Arylation of Vinyl Epoxides with Triarylbismuth Reagents 
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(E)-Allylic alcohols can be synthesized via ring opening and arylation of vinyl 

epoxides in the presence of Pd0 at room temperature as shown in Scheme 34 [72, 73]. 

Scheme 34 

~ 
R 

1 equiv. 1 equiv. 

R: H, Me 
Ar: Ph , o-An, p-Tol 

DMF/H20 (5/1) 

RT 

[Pd]: PdCI2, PdCI2(dppf), PdCI2(dbah.CHCI3 

R 
HO~ 

Ar 

68-91% 

2.1.16 Reaction of Carbon Monoxide with Triarylbismuth Reagents 

Carbonylated aryl compounds can be prepared by reacting Ar3Bi with carbon 

monoxide (Scheme 35). The reaction conditions involve Pd(II) acetate as the catalyst, 

CO (1 atm) and K2C03 in MeOH to afford methylbenzoates as the major products 

and biaryl compow1ds as a minor product. Such reactions can also performed in 

MeOH using rhodium catalyst such as (RhCh.3H20 , [RhCl(C0)2h, [RhCJ(COD)]z) 

to afford a mixture of diaryl ketones and methylbenzoate [74]. 
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Scheme 35 

Pd(OAc), CO (1atm) 

K2C03, MeOH 

2.2 Objective of the Project 

33 

ArCOAr + ArC02Me + Ar-Ar 

One imp011ant aspect of triarylbismuth reagents is their ability to deliver three aryl 

groups per equivalent of organometallic reagent in cross-coupling reactions, making 

them more atom-economical than other conventional Ar- M reagents. However, in 

most cases, a limited array of functional groups was present on the organobismuth 

partner. We recently reported a copper-catalyzed reaction to cross-couple 

triarylbismuthines with phenols and aminoalcohols. Therefore, with our 

functionalized organobismuthines in band, we next explored their reactivity in 

copper-catalyzed cross-coupling reactions with diversely substituted phenols and 

alcohols in order to probe the breadth and functional group tolerance of this 

transformation. A few reports on 0-arylation of alcohols and phenols using 

organobismuth reagents have been disclosed in various literatures. However, most of 

these methods rely on pentavalent organobismuth compounds, which must be 

prepared from their corresponding trivalent analogues. Therefore, the development of 

0 -arylation reactions directly from trivalent organobismuthines is of high interest as 

it can reduce the number of steps required to obtain the desired 0-arylated product. 

We recently reported an efficient and general method to prepare diarylethers and P­
aryloxyamine skeleton via a copper-catalyzed 0-arylation of phenols and 

aminoalcohols using highly functionalized triarylbismuthines, which we published in 

CEJ 2014 p2755 and OBC 2015 p1322 where I am the co-author. Using the protocol 

where phenols and aminoalcohols were cou pied in presence of stoichiometric an1ow1t 

of copper-acetate, pyridine or triethylamine in DCM at 50°C under oxygen for 

ovemight, we seeked to evaluate the applicability of the highly functionalized 

organobismuthines in the 0-arylation of diversely substituted phenols, methyl 3-



34 

hydroxybenzoate and 1 ,2-aminoalcohols. Two sets of conditions were tested: in 

Method A, the reaction was run at 50 °C for 3 h under air using 1.0 equivalent of 

triarylbismuthine, pyridine or triethylamine as the base and a stoichiometric amount 

of copper acetate; in Method B, the catalyst loading was lowered to 0.3 equivalents 

by perfom1ing the reaction under oxygen for 16 homs. 

2.3 RESULTS AND DISCUSSION 

2.4 Synthesis of Highly Functionalized Diaryl Ethers by Copper-Mediated 0-

Arylation of Phenols using Trivalent Arylbismuth Reagents 

Diaryl ethers are a class of compounds that are important in medicinal chemistry [75] 

and natmal products [76]. The macrocyclic diaryl ethers in the antibiotic vancomycin 

[77] are an important structmal motif of heptapeptide backbone. The first method for 

the synthesis of diaryl ethers was reported by Ullmann and consisted in the coupling 

of phenols with aryl halides in presence of copper as a catalyst [78]. Ullmann ether 

synthesis requires high temperatures (> 1 ÜÜ 0 C) and the presence of a base and affords 

inconsistent results for functionalized products. Later, Chan and co-workers reported 

the coupling of arylboronic acids with phenols to give access to the corresponding 

diaryl ethers [79-81]. Even though this protocol constitues a mild method for the 

construction of diaryl ethers, it often requires a large quantity of the boronic acid to 

afford good yields. 

The Ullmann ether synthesis reaction was later modified by Buchwald by usmg 

catalytic amounts of copper(I) salts with a ligand [82, 83]. Olofsson also reported the 

0-arylation of phenols using aryliodonium reagents in presence of a strong base [84, 

85]. 0-Arylation of phenols to afford functionalized diaryl ethers can be done using 

boronic acids [79, 81]. It can also be performed using potassium trifluoroborates [86] , 

organolead [87] and organotin [88] reagents. 0-Arylation of phenols can also be 

achieved using triphenylbismuth diacetate reagents as reported by Barton [89]. After 
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further studies, it was found that it can also be achieved via pentavalent and trivalent 

organobismuth reagents. Extensive reports on the use of trivalent organobismuth 

reagents was disclosed using hydroxyl benzyl acetates which require Phi(OAc)2 in 

catalytic amount as a co-oxidant [ 60]. 

Triarylbismuth reagent B represents a useful class of reagents in organic synthesis 

because of its low toxicity and unique reactivity [90]. These reagents can easi ly be 

accessed via addition of Grignard reagent A onto bismuth chloride under ine11 

atmosphere, which on fut1her derivatization leads to highly fw1ctionalized 

organobismuth reagent Cas illustrated in Scheme 36. 

Scheme 36 
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The goal ofthis project is to develop a copper-catalyzed 0-arylation of phenols using 

highly functionalized organobismuth reagents that would allow the use of 

substoichiometric amount of catalyst and would tolerate a wide range of functional 

groups on both coupling partners. Keeping these objectives in mind, the 0-arylation 

of phenols was performed. The reaction was performed directly with trivalent 

organobismuth reagents (1 equiv.) in the presence of stoichiometric amow1t of copper 

(II) acetate (1 equiv.) in anhydrous dichloromethane along with triethylamine (3 

equiv.) as a base, un der argon atmosphere at 50°C for 16 hours, as shown in Scheme 

37. 



Scheme 37 

R~OH+(~Bi 
~ \dT,_ 3 

Ph3Bi (1 .0 equiv) 
Cu(OAch (1 .0 equiv) 

Et3N (3.0 equiv) 
dry CH2C12, 50 °C, 16 h, argon 

"standard conditions" 

36 

Using the above standard reaction conditions, we studied the 0-phenylation of 

diversely substituted phenols with various trivalent organobismuth reagents. To 

observe better results, the reactions was done with two different methods which are 

illustrated here: Method A: Ph3Bi (1.0 equiv.), Cu(0Ac)2 (1.0 equiv.), Et3N (3.0 

equiv.), DCM, 50°C, air, 3h; Method B: Ph3Bi (1.0 equiv.), Cu(OAc)2 (0.3 equiv.), 

Et3N (3.0 equiv.), DCM, 50°C, 0 2, 16h. These studies are part of a publication from 

our group where I was a coauthor [91] . 

The synthesis of compound 30 was done using Method A by treating commercially 

available 4-methoxyphenol 28 with triphenylbismuth reagent 29 to afford the desired 

product 30 (Scheme 38). Due to the presence of the electron donating group on the 

phenol, the protocolleads to a modest reduction in the yield of reaction. 

Scheme 38 

~~ 
~Bi~ Cu(OAc)2 

+ 6 
28 29 Method A: 62% 

Compound 32 was obtained by using Method A: triphenylbismuth reagent 29 

reacted with 4-fluorophenol 31 to give access to the final product 32. High yield was 
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obtained for the 0-arylation of phenols possessing e lectron withdrawing group as in 

Scheme 39. 

Scheme 39 
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The synthesis of compound 34was done using Method B. Triarylbismuth reagent 

29reacted with commercial ly avai lab le 3-acetylphenol 33 to afford the desired 

product 34. Theresult showed that the presence of ketones on phenols is weil 

tolerated and provides good to excellent yie ld of the desired biphenyl ether as shown 

in Scheme 40. 

Scheme 40 
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Compound 36 was prepared using Method A and B. Phenol 35was treated w ith 

Organobismuth reagent 29having an a, ~-unsaturated estersat the ortho position as a 

functiona l group, affording the final product 36in good yie ld. lt was found that 

similar yields were general ly obtained using the method involving stoichiometric or 

substoichiometric amounts of copper acetate, as in Scheme 41. 
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Diaryl ether 39was conveniently prepared m excellent yie ld from 3-(l­

hydroxyethyl)phenol37 by reacting it w ith meta tol yl bismuth reagent 

38usingMethod B as in Scheme 42. 

Scheme 42 
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Proposed Mechanism for the 0-Arylation of Phenols, Indoles and Amino 

Alcohols Using Trivalent Organobismuthines 
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The mechanism for the copper-catalyzed 0-arylation of phenols, indoles and amino 

alcohol s (summarized by Nu- H) using triarylbismuthines involves the formation of 

an organocopper(lii) species A where the deprotonated nucleophile, the aryl group, 

and one acetate are simultaneously ligated to the metal. This species would be formed 

by the reaction oftriarylbismuthine Ar3Bi and copper acetate, concomitantly with the 

deprotonation of the nucleophile Nu- H by the base (either triethylamine or pyridine), 

leading to copper(lll) intermediate copper(I) acetate, and diarylbismuth acetate 

(Ar2Bi(0Ac)) . Reductive elimination from species A wou ld then provide the arylated 

nucleophile Nu-Ar. 



2.5 Copper-Catalyzed 0-Arylation of N-Protected 1,2-aminoalcohols Using 

Functionalized Trivalent Organobismuth Reagents 

40 

~-Aryloxyamines are the backbone of many natural products and medicinal 

compounds. These compounds can be prepared through various methods as shawn in 

Scheme44such as SNAr reaction between 1,2 aminoalcohols and electron deficient 

aryl halides [92]. They can also be accessed from the same precursor by addition of 

phenols via Mitsunobu conditions[93] or by using SN2 approaches on the 

corresponding mesylates or tosylates [94]. These methods are widely used in the 

pharma industry but they have sorne limitations such as the need for an electron 

withdrawing group on the ary l moiety (for SNAr reaction) and the requirement for 

derivatization of the alcohol into an activated form such as a mesylate or 

tosylate(SN2reaction),the formation of unwanted side products that can jeopardize the 

isolation of desired product (for the Mitsunobu reaction, i.e. generation of 

triphenylphosphine oxide) . 

Buchwald [95] reported a highly productive approach for the synthesis of ~­

aryloxyamines via copper-catalyzed 0-arylation of 1,2 aminoalcohols using aryl 

hal ides. 



Scheme 44: Access to 13-Aryloxyamines 
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Studies on the 0 -arylation of 1,2 aminoalcohols using functionalized organobismuth 

reagents are repo1ted here. These studies are part of a publication from our group 

where 1 was a coauthor [96].The 0 -arylat ion reaction of (-)-N-BOC-o-a­

phenylglycino140was done by usmg standard reaction conditions 1.e. 

Phenylbismuth 1.0 eqiv. , Pyridine 3.0 equiv. , copper acetate 1.0 equiv. , in DCM at 
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50°C for 16 hours under oxygen to afford 0 -phenyl product 41 (73% yie ld) shown in 

Scheme 45. 

Scheme 45 

40 

Ph3Bi (1.0 equiv) 
Pyridine (3 .0 equiv) 

Cu(OAch (1 .0 equiv) 
CH2CI2, 50°C, 02, 16h 
"standard conditions" 

Table 2: Optimization of Scheme 45 

Entry Change from "standa rd conditions" 

1 No change 

2 Ambient air instead of oxygen 

3 0.7 equiv Ph3Bi instead of 1.0 

4 Et3N instead of pyridine 

5 K2C03 in stead of pyridine 

6 1.2 equiv pyridine instead of3.0 

7 Toluene instead of CH2Cb 

gx 0.3 equiv Cu(OAc)2 instead of 1.0 

9x 0.3 equiv Cu(0Ac)2 and 6h instead of o.n. 

1 ox 0.3 equ iv Cu(OAch in toluene at 80oC 

x: 1.2 equivalents of pyridine 

41 

Yield (%) 

73 

49 

51 

73 

31 

67 

76 

62 

58 

71 
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The first step consisted in optimizing the reaction conditions, as shawn in Table 2. 

Performing the reaction under air had a negative impact on the yield of the 

reaction ,suggesting that the presence of oxygen is important for the process of 0-

arylation reaction (Entry 2). Reducing the number of equivalents of triarylbismuth 

reagent from 1.0 to 0.7 gave a considerable drop in the yield of compound 41 , 

confirming the transfer of only one aryl group from the triarylbismuth reagent (Entry 

3). 

Entry 4 and 5 show the screening of bases by replacingpyridine with triethylamine 

and potassium carbonate. By using potassium carbonate, the yield of the reaction 

dropped to 31%, showing that an organic base is essential for the process. This was 

confirmed with triethylamine in which case the yield remained essentially the same 

(Entry 4). 

Further studies showed that the reduction in the number of equivalents of pyridine 

from 3.0 to 1.2 as in Entry 6 had not much overall impact on the yield of the 

reaction . The effect of sol vent (Entry 7) showed that toluene provides a similar yield 

of the desired product as DCM (76% for toluene compared to 73% in DCM). 

Next, the catalyst loading was reduced to substoichiometric amounts and 1.2 

equivalent of pyridine were used , affording the arylated product in 62%(Entry 8). ln 

addition , instead of doing the reaction overnight, the reaction time was reduced to 6 

hours (Entry 9). ln this case, a 4% drop in the yield was observed for the arylation 

process . Performing the reaction with 0.3 equivalents of copper acetate in toluene at 

80°C had a remarkable effect on the yield of reaction as shawn in Entry 10. 
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Impact of Protecting Group on the Arylation of N-Protected Phenylglycinoi:The 

effect of the am ine protecting group on the 0 -arylation reaction is shown in Scheme 

46 

Arylation of unprotected phenylglycinol gave theN, O-diary l product 43a which 

means that the amino group must essentia ll y be protected to avoid unwanted N­

arylation reaction. Compound 43b was synthes ized by protecting the amine group of 

phenylglycinol 42b by acetyl as a protecting group which has slightly good effect on 

the yie ld ofthe reaction. PG = Protecting Group 

Scheme 46 
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43a (62%) 
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43b (71%) 

Impact of the Conformational Effects on 0-Arylation of N-BOC-1-amino-2-

indanol: Geometrical and functiona l modifications were done to assess the role of the 

amino group in theO-arylation process. We first hypothesizedthat the NHBOC group 

was acce leratingthe 0 -ary lation react ion via complexation of copper species through 

the carbonyl group present on the carbamate. To evaluate this hypothesis, a 
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comparative study of reactivities of compound cis-44 and compound trans-45 was 

done by using standard reaction conditions as illustrated in Scheme 47. To our 

surprise,the trans isomer of indanol gave a better overall yie ld of the 0-arylation 

product than itscisstereoisomer, suggesting that the accelerating effect provided by 

the ami no group is not a resu lt of a comp lexation by the carbon yi group. 

Scheme 47 
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0-Arylation of Benzyl Alcohol 46a, Phenylethyl Alcohol 46b and 3-Phenyl-1-

propanol 46c: Further studies were done to assess the relevance of the amino group 

by performing the arylation reaction on phenylethyl a lcohol 46b. This simple alcoho l 

with no amine group showed a drop in the yield of reaction to 30% compared to 

phenylglycinol 40as illustrated in Scheme 48. These results indicate that the presence 

of the ~-amino group has a significant effect on the 0-ary lation process and the 

difference in reactivity between 1 ,2-arninoalcoho ls (pKa=15.8) and simp le alcohols 

(pKa= 17.3) could derive from an inductive effect generated by the ~-amino group, 

effective ly lowering the pKa of the alcohol moiety . 
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2.6Formation of C-0 Bonds via Copper-Catalyzed 0-Arylation of Phenols 
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O-Arylationof3-hydroxymethylbenzoate 48 Using Highly Functionalized 

Organobismuth Reagents: ln Scheme 49, the 0-arylation of 3-

hydroxymethylbenzoate 48is reported to afford the desired diaryl ether product. 

TheO-arylation can be achieved successfully by using two sets of 

conditions:Condition A: Ar3Bi (1.0 equiv.), Cu(0Ac)2 (1.0 equ iv.), Et3N (3.0 

equiv.), CH2Cb, 50°C, air, 3h ; Condition B: Ar3Bi (1.0 equiv.), Cu(0Ac)2 (0.3 

equiv.), Et3N (3.0 equiv.), CH2Cb, 50°C, 0 2, 16h. The above protocols to form diaryl 

ether allow the transfer of aryl groups carrying an array of functional groups such as 

an acetal 49a ,49b and ana-~ unsaturated ester 49c. 
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CHAPTERIII 

Preparation of 3-0-Aryl Chloramphenicol Derivatives via Chemoselective 

Copper-Catalyzed 0-Arylation of (1R,2R)-(-)-N-BOC-2-Amino-1-(4-

nitrophenyl)-1,3-propanediol Using Triarylbismuthines 

3.1INTRODUCTION 

Chloramphenicol (CAM) was the first of the c lini cally useful antibiotics to be 

synthesized and the on ly one which is marketed in synthetic form today. Jt was first 

isolated from Streptomyces venezuelae in 1947. Because of its relatively simple 

structure, a large number of modifications of this antibiotic have been prepared and 

tested. A number of chemists, biochemists and physiologists have viewed its simple 

structure and have been encouraged to work on it, possibly with the feeling that what 

looks simple must have a simple mode of action. This view has proved to be 

erroneous, but has led to a large number of interesting studies. CAM is the first 

example of an antibiotic discovered through screening of soil microorganisms and is 

also the only example of this class of therapeutical compound which 

wascommercialized. The structure of CAM consists of two chiral centers and on ly 

theR,R is active.Furthermore, there must be a group on the aromatic ring that can 

resonates with the ring. The propanediol chain is essential for the activity of CAM 

molecule, but the dichloroacetamide group can be replaced by any other 

electronegative group . Chloramphenicol binds to the 50S subunit of ribosomes. lt 

inhibits the movement of ribosomes along mRNA. lt has both bacteriostatic and 

bactericidal effect; in the usual therapeutic concentrations it is bacteriostatic. 

Ch loramphenicol is used for the treatment of serious gram -negative, gram-positive, 
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and anaerob ie infections. It is especiall y useful in the treatment of meningitis, typhoid 

fever , and cystic fibrosis. 

Human Toxicity: Ch loramphen ico l can be toxic and even fatal at acute overdose. 

Symptoms of poisoning have been associated with nausea and vom iting (especia lly 

with ora l exposure), metabolic acidosis (an early sign, more common with chronic 

toxicity) , hypotension , hypothermia, abdominal distention, heart failure , 

cardiovascular coll apse, and coma. Signs of tox icity may be delayed 5 to 12 h after 

overdose. 

In neonates and toddlers, who develop excess ive serum concentrations of the drug, 

chloramphenicol can cause "gray baby syndrome" consisting of progressive cyanosis, 

metabolic acidosis, vasomotor co ll apse, respiratory difficulties, and death. 

Both oral and intravenous therapeutic doses of ch loramphenico l range from 25 to 1 00 

mg/kg/day in an adu lt. Doses shou ld be adjusted to result in serum leve ls of 10 to 30 

mg/L (31 to 93 )lM) to avoid toxicity, especia ll y in newborns, premature infants, and 

patients with hepatic disease. 

Dose-related effects indicating toxicity of chloramphenicol are generall y observed 

with plasma/serum levels greater than 25 to 30 mg/L. Critical values causing serious 

toxicity exceed 60 mg/L. The minimum lethal serum concentration, based on the data 

was 70 mg/ L. The mean lethal concentration, based on two acute poisoning cases, 

was 190 mg/L. 

Metabolism and Excretion: Ch loramphenico l is extensive ly metabolized in the 

li ver, primarily by the glucuronide conjugation and to a lesser extent, by hydrolysis of 

the amide linkage. Main metabolites found in the urine 8 hours after a single 500 mg 

oral dose were 48% as chloramphenicol glucuronide and 4.3% as p -nitropheny l-2-

amino-1 ,3-propanediol. Another mmor metabolite, p -nitrophenyl -2-

hydroxyacetamido-1 ,3-propanedio l, was found in the urine of newborns in an 
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unstated amount. A total of 93% of a dose is excreted in the 24 h urine, largely as 

inactive metabolites. 5 to 10 percent is excreted in the parentform. About 3% of 

chloramphenicol and 5% of its glucuronide metabolite are excreted in the bile. 

Pharmacological Mechanisms: Only the 0-stereoisomer of chloramphenicol is 

biologically active. Chloramphenicol interferes with bacterial mitochondrial protein 

synthesis by binding to the 50S subunit of bacterial ribosomes. It blocks protein 

synthesis in bacteria and in mitochondria by interfering with the peptidyl transferase 

function (peptidyl transferase is a function of the 50S or 60S subunit; synthesis of the 

peptide bond is catalyzed by a peptidyl transferase activity). Also other mitochondrial 

enzymes, such as cytochrome oxidase and A TPase are inhibited. Consequently, 

oxidative phosphorylation is inhibited and cellular energy is depleted. 

Toxicological Mechanisms: Some of the known effects of chloramphenicol include 

interference of attachment of messenger RNA to the ribosomes, which leads to 

inhibition of protein synthesis. 

Chloramphenicol binds to mitochondrial ribosomes and inhibits enzyme synthesis, 

for example, enzymes necessary for oxidative phosphorylation. Among the enzymes 

that are affected by chloramphenicol are cytochrome oxidase and A TPase, mentioned 

above, as weil as an enzyme ferrochelatase which is also localized in the 

mitochondria and is a final enzyme in heme biosynthesis (catalyzing the 

incorporation of iron in hemoglobin). 

Chloramphenicol has weak negative inotropic effect. Inotropic effects are ones that 

change the strength of contraction of the heart muscle. High serum concentrations (> 

25 mg/1) of chloramphenicol at chronic exposure are associated with a reversible 

bone marrow suppression expressed as a reticulocytopenia, anemia, leucopenia, 

thrombocytopenia, or any combination of these abnormalities. Most serious 
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hematological toxicity, which is irreversible complication and often fatal , is 

associated with ap lastic anemia (failure ofbone marrow to produce blood cells). 

SAR of Chloramphenicol: The replacement of the nitro group by other e lectron 

withdrawing groups gives active compounds; examples include CH3S02-

(Thiamphenico l) andCH3C(=O)-(Cetophenico l). Replacement of p-nitrophenylby 

other aryl structures gives active compounds but can lead to reduced activity . For 

instance,shiftingthen itro group from para position to other positions reduces the 

activity. Replacement of phenyl group by alicyc li c (saturated rings) also reduces the 

activity . 
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The dichloroacetamide group is important for the activity of Chloramphenicol. Other 

dihaloderivatives of the side chain are slightly less active whereas trihaloderivatives 

(e.g. NHCOCF3) are slightly more active. The ch lorine atoms in the dichloracetamide 

group can be rep laced with other e lectronegative groups like fluorine with no 

appreciab le loss of activity cal led as Fluoramphenicol. 
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The 1 ,3-propaned iol side chain is also needed for the activity. The primary alcoho l at 

C 1 is important for activity whereas conversion of C 1-0H to C=O causes loss of 

activ ity. 
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A large number of structural analogues of chloramphenicol has been prepared on the 

basis of the fol lowing themes: 

1. Removal of the ch lorine atom, transference of chl orine atom to the aromatic 

nucleus; 

2. Transference of the nitro moiety to the orthoor meta-position ; 

3. Esterification ofthe hydroxyl funct ional group; 
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4. Replacement ofthe phenyl ring with furyl, naphthyland xenyl rings respectively; 

5. Addi tion of a l ky i or alkoxysubstituents to the aryl rin g; 

6. Replacement of the inherent nitro group by a ha logen atom. 

However, none of these provide ana logues of act iv ity even s imilar to 

chloramphenicol towards Shigella paradysenteriae. 

3.2 Objective of the reaserch project:To explore the impact of arylat ion of the 3-

0H group of CAM for the generat ion of new antibiotics. Prev iously we repotted a 

protoco l fo r the 0 -arylat ion of 1 ,2-aminoalcohol using tri arlybi smuth reagent in 

presence of stechi ometri c amount of copper acetate, pyridine in DCM at 50°C under 

oxygen which we published in OBC 2014 p 1322. Using the same protoco l we tr ied 

chemoselective 0 -arylat ion of primary alcohol of chloramphenico l fo r the generati on 

of new lead compounds, which we publi shed in Tetrahedron Letters, 20 16. 

Scheme 50 
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3.3 Challenges of the project: First, we tried the direct copper-catalyzed 0-arylation 

of the primary alcoho l of chloramphenicol drug using tolyl-bismuth reagent Toi3Bi in 

presence of copper-acetate, pyridine in DCM at 50°C under oxygen for overnight 

with 24% isolated yield . The low yield shows thatthe biggest challenge of this project 

was to improve the isolated yie ld of the product by finding a more efficientroute 

which would give access to different 3-0-aryl derivatives of chloramphenicol. To 

overcome th is prob lem we tried different methods such as palladium and copper­

catalyzed arylation reactions using ary li od ides or arylboron ic acids to directly arylate 

ch loramphenico l but these methods did nowork for such type of reagents. We 

thensuspected that the dichloroacetamide group was responsib le for the low yield in 

the arylation of chloramphenicol. Consequently,we decided toexp lored the BOC 

derivatives of ch loramphenicol. 

Scheme 51 

Toi 3Bi (1 .1 equiv) 

Cu(OAch (1 .0 equiv) 

Pyridine (3.0 equiv) 

02, CH2CI2 
50°C, o.n . 

24% 

3.4 Contributions of a uthors:The manu script of this paper was written by Professor 

Alexandre Gagnon. Entry 4 in Tab le 1 was done by Julien Dansereau whoalso did a 

few entries in Scheme 2. Martin Hébe11 also comp leted a few entries in Scheme 2. 

NOTE: Th is work has been published in Tetrahedron Lett. 57, 4284-4287, 2016 and 

is attached at the end of the thesis. 
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CONCLUSION 

In summary, we demonstrated that highly functionalized triarylbismuthines can be 

prepared by triple functional group manipulation using acidic, nucleophilic, and 

reducing conditions or involving organometallic reagents or ylides. Using this 

approach , triarylbismuthines bearing different substitution at different positions like 

methyl , methoxy, aldehydes, a,~-unsaturated esters, viny! groups were prepared. 

These triarylbismuthines represent a class of highly functionalized and versatile 

organometallic reagents that are in high demand. We then developed a copper­

catalyzed process to successfully 0-arylatediversely substituted phenols. Preliminary 

mechanistic studies demonstrate that copper acetate is essential for the reaction to 

proceed and that the order of reactivity between the trivalent and pentavalent species 

depends on the nature of the substrate. Our copper-catalyzed arylation reactions are 

simple to operate and show high functional group tolerance. The 0-arylation 

procedures developed in this work constitute an efficient and general portfolio of 

methods for the preparation of medicinally relevant scaffolds. We have also 

developed a copper-catalyzed 0-arylation reaction of 1 ,2-aminoalcohols using 

functionalized triarylbismuthanes. The reaction is promoted by catalytic amounts of 

copper acetate and tolera tes a variety of substituents on the organobism uthane, giving 

access to functionalized ~-aryloxyamines. Finally, we demonstrated that the presence 

of an amino group in ~ relative to the alcohol provides an increase in reactivity, 

probably through inductive effect. The application of this protocol to the arylation of 

other hydroxy-containing substrates is in progress in our group and results will be 

rep01ted in due course. Finally we developed a chemoselective coppercatalyzed 0-

arylation reaction of (1 R,2R)-( -)-N-BOC-2-amino-1-( 4-nitrophenyl)-1 ,3-propanediol 
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using triarylbismuthines. The method allows the transfer of ortho-, meta-, and para­

substituted aryl groups, shows good functiona l group tolerance and leads to ary lation 

of the primary alcohol. The arylated products were expeditively transformed into the 

corresponding 3-0arylch loramphenicol derivatives in two simple steps. The activity 

and metabolic stabi lity ofthe prepared chloramphenicol derivatives against a panel of 

gram-negative and gram-positive bacteria will be investigated and the resu lts w ill be 

reported in due course. 
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CHAPTER V 

EXPERIMENTAL PART 

General Information 

Ali reactions were run under argon atmosphere in non flame dried glassware. Unless 

otherwise stated, commercial reagents were used without further purification. 

Grignard reagents were purchased from Aldrich or prepared using conventional 

methods with metallic magnesium or via Knochel ' s procedure and were titrated prior 

use. Triphenylbismuth and anhydrous bismuth chloride 99.999% were purchased 

from Strem Chemicals. Anhydrous solvents were obtained using a MBRAUN (model 

MB-SPS 800) encapsulated solvent purification system. The evolution of reactions 

was monitored by analytical thin layer chromatography using silica gel 60 F254 

precoated plates. Flash chromatography was performed employing 230-400 mesh 

silica (Silicycle) using the indicated solvent system according to standard techniques. 

Microwave irradiation was conducted using a Biotage lnitiator microwave system. 

Melting points were taken on an Electrothermal Mei-TEMP and are uncorrected. 

Nuclear magnetic resonance spectra ( 1 H, 13C) were recorded on a Bru ker Avance-lJI 

300MHz spectrometer. Chemical shifts for 1H-NMR spectra are recorded in parts per 

millon from tetramethylsilane with the solvent resonance as the internai standard 

(chloroform , 8 7.27 ppm , DMSO 8 2.54 ppm). Data are reported as follows: chemical 

shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, rn = multiplet) , 

coupling constant J in Hz and integration. Chemical shifts for 13C spectra are 

recorded in parts per million from tetramethylsilane usmg the central peak of 

deuterochloroform (77 .00 ppm) as the internai standard . Ali 13C spectra were 

obtained with complete proton decoupling. IR spectra were recorded on a Thermo 

Scientific Nicolet 6700 PT-IR from thin films and are reported in reciprocal 
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centimeters (cm- 1
). HRMS were performed at Université du Québec à Montréal on 

Agi lent Technologies, LC 1200 Series 1 6210 TOF LCMS analyzer using the 

e lectrospray (ESI) mode. 

General Procedure for the Preparation of Triarylbismuthanes 

Bismuth chloride (x mg, y mmol) was dissolved in anhydrous THF (x mL) and was 

cooled to -1 0°C (ice-acetone bath). The organomagnesium reagent (x mmol) was 

slowly added drop wise under argon (Organomagnesium reagents were prepared via 

standard Grignard reaction). The reaction mixture was stirred at room temperature 

(r.t.) for one hour and heated at 65 °C for 30 minutes. After cooling to r.t. , the solution 

was diluted with sat. aq. sodium bicarbonate (1 00 mL) and extracted with ethyl 

acetate (2 x 100 mL). The combined organic phases were washed with sat. aq. sodium 

bicarbonate (2 x 100 mL), brine (2 x 100 mL), dried over sodium su lphate, filtered 

and concentrated under reduced pressure. The crude product was purified by co lumn 

chromatography using the indicated so lvent system to afford the desired 

triarylbismuth . 

Triphenylbismuth (9) 

The general procedure was followed by 5.6g ( 17 .8 mmol) of BiCI 3 was dissolved in 

40 mL of THF . Phenylmagnesium bromide 69.4 mmol was s lowly added dropwise. 

The crude material was purified on silica gel (5% EtOAc/hexanes) to afford 9 as a 

white sol id (5.21 g, 70%);m .p.76°C. Spectra l data: 1 H NMR (300 MHz, CDCI 3)87.83-

7.81 (t, 6H), 7.48-7.44 (t, 6H), 7.40-7.36 (d, 3H); 13C NMR (300 MHz, 

CD2Cb)l37.52, 130.48, 127.75; IR u3056, 3044, 3034, 3015, 2976, 1980, 1645 , 
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1876, 181 2, 1759, 1692, 1659, 163 1, 1581 ,1566, 1502, 1472, 1424, 1326, 1299, 

1259, 1182, 1153, 1055, 1013, 995, 965 , 900, 851 ,72 1, 69 1, 644, 615, 448, 435. 

Tris(2-methylphenyl)bismuthine (10) 

The genera l procedure was followed by 2 10 mg ( 1.45 mmol) of BiCb was di sso lved 

in 23mL of THF. o-tolylmagnesium bromide 4.8 mmol was s lowly added dropwise. 

The crude material was purified on silica gel (5% EtOAc/hexanes) to afford 10 as a 

white so l id (500 mg, 85%); m.p. 130-1 3 1 °C. Spectra l data : 1 H-NMR (300 MHz, 

CDCI3) 7.59 (dd, J = 7.3, 1.0 Hz, IH), 7.39-7.28 (rn , 2H), 7.10 (t, J = 7.3 Hz, IH), 

2.47 (s, 3H). 

Tris(3-methylphenyl)bismuthine (11) 

The general procedure was foll owed on a 2 .4 mmol scale startin g from bismuth 

chloride and 3-tolylmagnes ium bromide. The crude materia l was purifi ed on silica gel 

(5% EtOAc/hexanes) to affo rd tri s(3 -methylphenyl)bi smuthine ( Il ) as a white so l id 

( 1.0 g, 87%); m.p. 64-66°C. Spectra l data: 1H-N MR (300 MH z, CDCI3) 8 7.6 1 (s, 

IH), 7.55 (d, J = 7.5 Hz, IH), 7.31-7.29 (rn , IH), 7. 13 (d, J = 7.4 Hz, IH), 2.3 1 (s, 

3H). 
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Tris(4-methylphenyl)bismuthine (12) 

The general procedure was fo llowed by 788 mg (2.54 mmol) of BiC I3 was disso lved 

in 25 mL of THF. p -to ly lmagnes ium bromide 8.4 mmol was slow! y added dropwise. 

The crude materia l was purified on sili ca gel (5% EtOAc/hexanes) to affo rd 12as a 

white so lid (2 .37g, 70%); m.p. 11 9-1 20°C. Spectral data: 1H-NMR (300 MHz, 

CDCb) 8 7.64 (d, J = 7.8 Hz, 2H), 7.20 (d, J = 7.4 Hz, 2H), 2 .32 (s, 3H). 

Tris(3-trifluoromethylphenyl)bismuthine (13) 

The general procedure was fo ll owed on a 4.4 mmol sca le startin g from bismuth 

chl oride and 3-tr ifluoromethylphenylmagnesium bromide. T he crude material was 

purifi ed on silica ge l ( 15% EtOAc/hexanes) to afford tri s(3 -

trifluoromethylphenyl)bi smuthine ( 13) as a ye ll ow o il (2 .7 g, 95%): Rf 0.56 (20% 

EtOAc/hexanes); Spectra l data: 1 H-NMR (3 00 MH z, CDC13) 8 8.02 (s, 1 H), 7.90 (d, J 

= 7.3 Hz, IH), 7.63 (d, J = 7.9 Hz, 1H), 7 .58-7.53 (m, 1H); 13C-N MR (75 MHz, 

CDCI3) 8 156.2, 140.8 (d, J= 1.2 Hz), 133.9 (q, J = 3.8 Hz), 132.8 (q, J = 3 1.8 Hz), 
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13 1.2, 125.3 (q , J = 3.8 Hz), 122 .5; IR (neat) 305 1, 2959, 1592, 1319, 1308, Il 14, 

1070; HRMS (ESI) calcd fo r C21H1 2BiF9: 644.0599, found 689.0592 (M+HC02). 

Tris(4-fluorophenyl)bismuthine (14) 

FUOF 
1 ~ ~ 1 

Bi 

9 F 
The general procedure was fo ll owed by 500 mg ( 1.6 mmol) of BiCI 3 was di ssolved in 

23 mL of THF. 4-fluorophenylmagnesium bromide 5.28 mmol was slowly added 

dropwise. The crude material was purified on silica gel ( 15% EtOAc/hexanes) to 

afford 14 as a white so lid (6 15 mg, 80%); m.p. 93-94°C. Spectral data : 1H-NMR (300 

MHz, CDCI3) 8 7.64 (dd, J= 8.4, 2.0 Hz, 2H), 7.08 (t, J = 9.2 Hz, 2H). 

Tris(2-thienyl)bismuthine (15) 

The general procedure was followed by 508mg (6. 1 mmol) of BiCI 3 was dissolved in 

30 mL of THF. 2-thienylmagnesium bromide 6.1 mmol was slowly added dropwise. 

The crude mate ria l was purified on silica gel (20% EtOAc/hexanes) to affo rd 15 as a 

ye ll ow so lid (56 1 mg, 62%). Spectral data: 1H-NMR (300 MHz, CDC13) 8 7.69 (dd, 

J = 4.8, 0.7Hz, lH), 7.45(dd, J = 3.3, 0.8Hz, lH), 7.19(dd, J = 4.8, !.4Hz, lH). 

Tris(4-methoxyphenyl)bismuthine (16) 



63 

MeOU Ù OMe 
1 .& ~ 1 

Bi 

9 OMe 
The general procedure was followed on a 4.4 mmol scale stm1ing from bismuth 

chloride and 4-methoxyphenylmagnesium bromide. The crude materi al was purified 

on sili ca ge l (1 0% EtOAc/hexanes) to afford tris(4-methoxyphenyl)bismuthine (16) 

as a w hite so lid (1.8 g,78%): m.p. 70-74°C. Spectral data : 1H-NMR (300 MHz, 

CDC13) 8 7.62 (d, J= 8.5 Hz, 2H), 6.92 (d, J= 8.5 Hz, 2H), 3.79 (s , 3H). 

Tris(3-methoxyphenyl)bismuthine (17) 

r0!~ 
MeO~~~OMe 

U OMe 
The general procedure was followed by 1.1 g (3.49 mmol) BiCI3 was di ssolved in 40 

mL of THF. 3-methoxyphenylmagnes ium bromide 11.52 mmol was slowly add ed 

dropwise. T he crude material was purified on si li ca ge l (20% EtOAc/hexanes) to 

affo rd 17 as a yell ow solid ( 1.0 g, 65%); m.p. 95 -100°C. Spectra l data: 1H-NMR (300 

MHz, CDCI3) 8 7.37-7.3 1 (m, 3H), 6.85-6.82 (m, IH), 3.72 (s, 3H). 

Tris(3-(diethoxymethyl)phenyl)bismuthine (18) 



EtO OEt 

Etoy0
8
;2) 

OEt A 
~OEt 

OEt 

The general procedure was followed by 200 mg (1.4 mmol) ofBiCI 3 was dissolved in 

23 mL of THF. 3-(benzaldehyde diethylacetal) magnesium bromide 4.8 mmol was 

slowly added dropwise. The crude material was purified on si lica gel (5% 

EtOAc/hexanes) to afford 18 as a yellow oïl (800 mg, 76%); R./).69 (20% 

EtOAc/hexanes); Spectral data: 1H-NMR (300 MHz, CDCI3) 8 7.86 (s, 1H), 7.66 (d, J 

=7. 1 Hz, 1H), 7.44-7.33(m, 2H), 5.44(s, IH), 3.62-3.43(m, 4H), 1.18 (t, J=7.1 Hz, 

6H); 13C-NMR (75 MHz, CDCI3) 8 155.2, 140.5, 137.5, 135.7, 130.3 , 126.1 , 101.7, 

61.0, 15.2; IR 5 (neat) 3647, 2983,2874, 1699, 1433, 1108, 1045 ; HRMS (ESI) calcd 

for C33H458i06: 746.3020, found (M+Na)+ 769.2912. 

Tris(2,6-dimethylphenyl)bismuthine (19) 

The general procedure was fo llowed on a 2 .5 mmol sca le starting from bismuth 

ch loride and 2,6-dimethylphenylmagnesium bromide. The crude material was 

purified on silica ge l (5% EtOAc/hexanes) to afford tris(2,6-

dimethylphenyl)bismuthine ( 19) as a white sol id (1.1 g, 84%): m.p. 128-130°C; Rf 

0.80 (20% EtOAc/hexanes) ; Spectral data: 1 H-NMR (300 MHz, CDCI3) 8 7. 14-7. 10 

(m, 3H), 2.34 (s, 6H) . 
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The general procedure was fo llowed on a 3.2 mmo l scale starti ng from bismuth 

chloride and 4-(dimethoxymethy l)phenylmagnesium bromide. The crude material 

was purified on sili ca ge l (20% EtOAc/hexanes) to affo rd tris(4-

(dimethoxymethyl)pheny l)-bismuthine (20) as a ye ll ow oil (2. 1 g, 70%) : R.f0.32 (20% 

EtOAc/hexanes) ; Spectral data: 1H-NMR (300 M Hz, CDCb) ù 7.73 (d, J = 8.0 Hz, 

2H), 7.44 (d, J = 7.8 Hz, 2H), 5.35 (s , 1 H), 3 .34 (s , 6H). 

General Procedures for the 0 -Arylation of Phenols Using Organobismuthanes 

Were Prepared According to the Following Procedures: 

Method A : ln a sealed tube, the pheno l (0.28 mmol) was d isso lved in non-anh ydrous 

so lvent grade dichloromethane (3 mL) . The organobismuthane ( 1.0 equiv) was added 

fo ll owed by copper (Il) acetate (1.0 equi v) and tri ethylamine (3 .0 eq uiv) . The tube 

was sealed and heated at 50°C unt il completion as indicated by tic ana lysis. The 

reaction mixture was coo led to r. t. and silica gel was added. The mixture was 

concentrated under reduced pressure and the crude product was purified by flash 

co lumn chromatography using the indicated solvent system. T he pure fract ions were 

concentrated under reduced pressure to afford the desired pu re product. 

Method B: In a sealed tube, the phenol (0 .28 mmol) was d isso lved in non-anh ydrous 

so lvent grade dichloromethane (3 mL). The organobismuthane (1.0 equ iv) was added 
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fo ll owed by copper (II) acetate (0.3 equiv) and triethylamine (3.0 equiv). The reaction 

tube was purged with 99.6% extra dry oxygen for 1 minute, sealed and heated at 

50°C until completion as indicated by tic analysis . The reaction mixture was cooled 

to r.t. and si lica gel was added. The mixture was concentrated under reduced pressure 

and the crude product was purified by flash column chromatography using the 

indicated solvent system. The pure fractions were concentrated under reduced 

pressure to afford the desired pure product. 

1-Methoxy-4-phenoxybenzene (30) 

Method A was followed on a 0.24 mmol scale starting from 4-methoxyphenol. The 

crude material was purified on si lica gel (5% EtOAc/hexanes) to afford 30 as ye llow 

oil (28 mg, 62%): Rj-0.50 (1 0% EtOAc/hexanes). Spectral data: 1H-NMR (300 MHz, 

COCU 8 7.23-7.17 (rn, 2H), 6.98-6 .78 (rn , 7H), 3.72 (s, 3H). 

1-Fiuoro-4-phenoxybenzene (32) 

Method A was fo llowed on a 0.27 mmol scale starting from 4-fluorophenol. The 

crude material was purified on silica gel (0.5% EtOAc/hexanes) followed by 

preparative thin layer chromatography to affo rd 32as a ye llow oil in 90% purity (41 

mg, 81 %): R1 0.57 (1 00% hexanes). Spectra l data: 1H-NMR (300 MHz, CDCI 3) 8 

7.38-7.31 (rn , 2H), 7.13-6.98 (rn , 7H) . 
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1-(3-Phenoxyphenyl)ethanone (34) 

Method Bwas followed on a 0.36 mmol scale starting from 3'-hydroxyacetophenone. 

The crude material was purified on silica gel (5% EtOAc/hexanes) to afford 34as 

yellow oil (67 mg, 86%): R1 0.40 (10% EtOAc/hexanes). Spectral data: 1H-NMR (300 

MHz, CDC1 3) 8 7.69 (d, J= 7.8 Hz, 1H), 7.60-7.58 (m, lH), 7.47-7.32 (m, 3H), 7.22 

(dd , J = 8.1 , 2.5, 1 H), 7.15 (t, J = 7.4 Hz, 1 H), 7.06-6.99 (m, 2H), 2.59 (s, 3H). 

(E)-3-(2-Phenoxyphenyl)propenoic acid ethyl ester (36) 

Method A was followed on a O. 16 mmol scale starting from eth yi trans-2-

hydroxycinnamate. The crude material was purified on silica gel (1% 

EtOAc/hexanes) to afford 36as a yellow oil (39 mg, 90%): R1 0.40 (10% 

EtOAc/hexanes). Spectral data: 1H-NMR (300 MHz, CDCb) 8 7.94 (d, J = 16.2 Hz, 

1 H), 7.55 (dd , J = 7.8 , 1.6 Hz, 1 H), 7.29-7.18 (m , 3H), 7.07-7.01 (m, 2H), 6.92 (dd, J 

= 8.8, 1.1 Hz, 2H), 6.78 (dd , J = 8.3, 0.9 Hz, 1 H), 6.47 (d , J = 16.2 Hz, 1 H), 4.16 (q , J 

= 7.1 Hz, 2H), 1.23 (t, J= 7.1 Hz, 3H). This compound was also prepared following 

method B on a 0.26 mmol scale starting from ethyl trans-2-hydroxycinnamate to 

afford 36 as yellow oil (64 mg, 92%). 
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a-Methyl-3-(3-methylphenoxy)benzene methanol (39) 

Method B was fo llowed on a 0.29 mmol scale starting fro m 3-hydroxy-a ­

methylbenzene methanol 37. The crude material was puri fied on si lica gel ( 10% 

EtOAc/hexanes) to afford 39as a yellow o il (63 mg, 94%): Rf 0.40 (30% 

EtOAc/hexanes) ; Spectral data: 1H-NMR (300 MHz, CDCI3) 8 7.26-7.11 (rn , 2H), 

7.02 (d, J = 7.7 Hz, IH), 6.97-6.95 (rn , 1H), 6.88-6.78 (rn , 2H), 6.76-6.72 (rn , 2H), 

4.79 (q, J = 6.5 Hz, 1 H), 2.25 (s, 3H), 1.40 (d, J = 6.5 Hz, 3H); 13C-NMR (75 MHz, 

cocu 8 157.6, 157.1, 148.0, 140.0, 129.8, 129.5 , 124.2, 120.0, 11 9.7, 117.7, 11 6.0, 

11 5.8, 70.2, 25.2, 2 1.4; IR (neat) 333 1, 2969, 1468, 1379, 1367, 1306, 11 60, 11 28, 

951 ; HRM S (ES !) ca led for C 15H 160 2: 228.11 50, fo u nd (M+H)+ 229. 1240. 

General procedures for the 0-arylation of aminoalcohols 

NHPG 
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Table 1: Reaction Conditions: Method A and B 

Method Ami no Ar38i Cu(OAc)2 Pyridine Sol vent Temperature 

a lcohol 
(A) (x eq) (y eq) 

(n eq) 
(rn eq) 

A 1.0 1.0 0.3 1.2 Toluene 80 c 

B 1.0 1.0 1.0 3.0 DCM 50 c 

Method A: In a sealed tube, triarylbismuthine A (1.0 equiv) was added, followed by 

copper (li) acetate (0.3 equiv) and the aminoalcohol (1.0 equiv). The reagents were 

dissolved in anhydrous toluene (4 mL) and pyridine (1.2 equiv) was added to the 

mixture. The reaction tube was purged with dry oxygen for 30 seconds, sealed and 

heated at 80°C overnight. The reaction mixture was cooled to r.t. , transferred and 

rinsed with EtOAc in a round bottom tlask. Silica gel was added and the mixture was 

concentrated under reduced pressure. The crude product was purifïed by flash column 

chromatography on silica gel using the indicated eluent system to give the 

corresponding product. 

Method B: Idem as method A except for copper (II) acetate (1.0 equiv instead of 0.3 

equiv), pyridine (3.0 equiv instead of 1.2 equiv), in dichloromethane at 50 °C. 
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(R)-tert-Butyl-(2-phenoxy-1-phenylethyl)carbamate (41) 

Method B was followed on a 0.21 mmol scale starting from (R)-tert-butyl (2-

hydroxy-l-phenylethyl)carbamate40 and9 . The crude product was purified on silica 

gel (1 0% EtOAc/hexanes) to afford 41 as a ye ll ow so l id (48 mg, 73%): m.p. 82°C. 

Spectral data: 1H-NMR (300 MHz, CDC I3) 8 7.34-7.26 (m , 4H), 7.23-7.18 (m, 3H), 

6.89 (t, J= 7.3 Hz, IH), 6.82 (d , J= 8.1 Hz, 2H), 5.26 (s(br), 1H), 4.99 (s(br), 1H), 

4.19-4.08 (m, 2H), 1.36 (s, 9H). 

(R)-N-(2-Phenoxy-1-phenylethyl)aniline ( 43a) 

Method B was followed on a 0.36 mmol scale starting from (R) -2-pheny l-2-

(phenylamino)ethanol42a and9. The crude product was purified on silica gel (5% 

EtOAc/hexanes) to afford 43a as a white so lid (65 mg, 62%): m.p. 124°C; R1 0.66 

(20% EtOAc/hexanes); Spectral data: 1H-NMR (300 MHz, CDCI 3) 8 7.52-7.49 (m, 

2H), 7.41-7.27 (m, 5H), 7.15-7.09 (m, 2H), 7.05-6.96 (m , 1H), 6.94-6.91 (m , 2H), 

6.71 (t, J = 7.4 Hz, lH), 6.60-6.57 (rn , 2H), 4.74 (dd , J = 8.3 , 3.8 Hz, 1 H), 4.65 (s(br), 

1 H), 4.24 (dd , J = 9.6, 3.9 Hz, 1 H), 4.08 (dd , J = 9.6, 8.5 Hz, 1 H) ; 13C-NMR (75 

MHz, CDC1 3) 8 158.4, 147.5, 140.2, 129.6, 129.2, 128.9, 127.8, 127.0, 121.4, 118.0, 

1 14.8, 114.1 , 72.0, 58 .2; IR (neat) 3405 , 3056, 3026, 2922, 2850, 1598, 1496, 1453, 
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1234, 1173, 748, 690; HRMS (EST) calcd for C2oH 19NO: 289.1467, found 290. 1548 

(M+H). 

(R)-N-(2-Phenoxy-1-phenylethyl)acetamide (43b) 

Method B was fo llowed on a 0.28 mmol scale starting from (R) -N-(2-h ydroxy-l­

phenylethyl)acetamide42band 9. The crude product was purified on silica gel (15% 

EtOAc/hexanes) to afford 43b as a ye llow ai l (5 1 mg, 71%): Rj 0.10 (20% 

EtOAc/hexanes); Spectral data: 1H-NMR (300 MHz, CDC13) 8 7.48-7.41 (rn , 3H), 

7.39-7.31 (m, 4H), 7.03 (t, J= 7.4 Hz, lH), 6.97-6.94 (rn , 2H), 6.45 (d, J= 7.6 Hz, 

1 H), 5.49-5.43 (rn , 1 H), 4.35-4.26 (rn , 2H), 2. 10 (s, 3H); 13C-NMR (75 MHz, CDCI3) 

8 169.7, 158.4, 139.3, 129.6, 128 .7, 127.8, 127.1, 12 1.4, 114.7, 69.9, 52.5, 23.4; IR 

(neat) 3438, 3285, 306 1, 3028, 2920, 2859, 1650, 1599, 1494, 1453, 1238, 751 , 690; 

HRMS (ESI) calcd for C 16H 17N02: 255 .1 259, found 256. 13 10 (M+H). The 

connectiv ity was further confirmed by COSY -NMR analysis, demonstrating that the 

0-phenyl isomer has been fo rmed. 

tert-Butyl ((JR,2S)-2-phenoxy-2,3-dihydro-1H-inden-1-yl)carbamate (cis-45) 

NHBOC 

cO-ob lj ~ 
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Method B was followed on a 0.20 mmol scale start ing from tert-butyl ((1 R,2S)-2-

hydroxy-2,3-dihydro-l H-inden-1-yl)carbamate cis-44 and9. The crude material was 

puri fied on silica gel (1 0% EtOAc/hexanes) to afford cis-45 as a yellow sol id (44 mg, 

68%): m.p. 1 06°C; R1 0.57 (20% EtOAc/hexanes) ; Spectral data: 1H-NMR (300 MHz, 

CDCI3) 8 7.30-7.12 (m, 6H), 6.9 1-6.8 1 (m, 3H), 5.40-5.35 (m, 1H), 5.28-5.25 (m, 

1 H), 5.07 (s(br), 1 H), 3.08 (d , J = 2.5 Hz, 2H), 1.40 (s, 9H); 13C-NMR (75 MHz, 

CDCb)8 157.6, 156.2, 141.7, 139.4, 129.6, 128.0, 127.2 , 125.1 , 124.1 , 121.3 , 115 .8, 

79.7, 78.8 , 58.0, 36.9, 28.4; IR (neat) 3471 , 3359, 3098, 306 1, 298 1, 2929, 1695, 

1598, 1495, 1243 , 1171 , 1061; HRMS (ESI) calcd for C20H23N03: 325. 1678, found 

348 .1578 (M+Na). 

tert-Butyl ((JR,2R)-2-phenoxy-2,3-dihydro-1H-inden-1-yl)carbamate (trans-45) 

NHBOC 

CÜ·•O 
~ b 

Method B was fo llowed on a 0.20 mmol scale start ing from tert-butyl ((1 R,2R)-2-

hydroxy-2,3-dihydro-l H-inden-1-yl)carbamate trans-44and 9. The crude material 

was puri fied on si lica gel ( 10% EtOAc/hexanes) to afford trans-45 as a white sol id 

( 45 mg, 75%): m.p. li 5°C; Rf 0.46 (20% EtOAc/hexanes) ; Spectral data : 1 H-NMR 

(300 MHz, CDCI3) 8 7.39-7.24 (m, 6H), 7.06-6.98 (m , 3H), 5.32 (s(br), IH), 4.96-

4.91 (m, 1 H), 4.84 (s(br), 1 H), 3.51 (dd , J = 16.4, 6.5 Hz, 1 H), 3.04 (dd, J = 16.4, 4.8 

Hz, 1 H), 1.50 (s, 9H); 13C-NMR (75 MHz, CDCb) 8 158.0, 155.4, 140.6, 139.9, 

129.5, 128.6, 127.4, 125. 1, 124.6, 121.1 , 115.8, 83.8, 79.8 , 61.4, 36.9, 28.4; IR (neat) 

3338, 3089, 3050, 2974, 2875, 1689, 1519, 1493, 1235, 1166, 1055, 746; HRMS 

(ESI) calcd for C2oH23N03: 325 .1678, found 348.1562 (M+Na). 
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Benzyloxybenzene (47a) 

Method B was followed on a 0.46 mmol scale starting from phenylmethanol 46a and 

9. The crude material was purified on silica gel (heptane) to afford 47a as a yellow oil 

(29 mg, 34%): R1 0.73 (20% EtOAc/hexanes) ; Spectral data: 1H-NMR (300 MHz, 

CDCl3) 8 7.48-7.26 (m, 7H), 7.02-6.96 (m, 3H), 5.09 (s, 2H); 13C-NMR (75 MHz, 

CDCl3) 8 158.8, 137.1 , 129.5 , 128.6, 128.0, 127.5 , 121.0, 114.9, 70.0; IR (neat) 3064, 

3032, 2918, 1598, 1495, 1454, 1240, 1029, 752; HRMS (ESl) calcd for C 13 H,20: 

184.0888, found 185.0967 (M+H). 

Phenethoxybenzene (47b) 

Method B was followed on a 0.41 mmol scale starting from 2-phenylethanol 46b and 

9. The crude material was purified on silica gel (10% EtOAc/hexanes) to afford 47b 

as a colorless oil (35 mg, 43%): R1 0.75 (20% EtOAc/hexanes) ; 1H-NMR (300 MHz, 

CDCI3) 8 7.39-7.27 (m, 7H), 7.01-6.93 (m, 3H), 4.22 (t, J= 7.1 Hz, 2H), 3.15 (t, J= 

7.1 Hz, 2H); 13C-NMR (75 MHz, CDCI3) 8 158.8, 138.3, 129.5 , 129.0, 128.5, 126.5 , 

120.8, 114.6, 68.6, 35.8 ; IR (neat) 3063,3028, 2927, 2870, 1597, 1586, 1497, 1472, 

1243, 1037, 752; HRMS (ESI) cal cd for C14H140: 198.1045, found 199.1111 (M+H). 



74 

3-Phenoxypropylbenzene (47c) 

Method B was followed on a 0.37 mmol scale starting from 3-phenylpropan-1-ol 46c 

and 9. The crude material was purified on silica gel (15% EtOAc/hexanes) to 

afford47c as a yellow oi t (34 mg, 43%): R1 0.79 (20% EtOAc/hexanes); Spectral 

data: 1H-NMR (300 MHz, CDCI 3) 8 7.38-7.23 (m, 7H) , 7.03-6.95 (m, 3H), 4.03 (t, J= 

6.3 Hz, 2H), 2.88 (t, J= 7.3 Hz, 2H), 2.22-2.13 (m, 2H); 13C-NMR (75 MHz, CDCh) 

8 159.1 , 141.6, 129.5, 128.6, 128.5, 126.0, 120.6, 114.6, 66.8 , 32.2, 30.9; IR (neat) 

3062, 3027, 2927, 2869, 1600, 1586, 1497, 1469, 1245, 1039, 751 , 691; HRMS (ES!) 

calcd for C 15H 160 : 212.1201 , found 213.1277 (M+H). 

General Procedure for the 0-Arylation of Phenols. 

Compounds 49a-cwas prepared according to the following procedures: 

Method A: ln a sealed tube, the phenol (1.0 equiv) was dissolved in non-anhydrous 

so lvent grade dichloromethane (3 mL). The organobismuthane (1.0 equiv) was added 

followed by copper (li) acetate (1.0 equiv) and Et3N (3 .0 equiv.). The tube was sealed 

and heated at 50°C during 3h. The reaction mixture was cooled to r.t. and si lica gel 

was added. The mi xture was concentrated under reduced pressure and the crude 

product was purified by flash column chromatography using the indicated so lvent 

system. The pure fractions were concentrated under reduced pressure to afford the 

desired pure product. 

Method B: Idem as method A except for Cu(0Ac)2 (0.3 equiv) under 0 2 during 16h. 
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Methyl3-(3-(diethoxymethyl)phenoxy)benzoate (49a) 

0 OEt 

Me0~0~0Et 

Method B was followed on a 0.16 mmol scale start ing fro m methyl 3-

hydroxybenzoate 48 . The crude materi al was purified on silica gel (15% 

EtOAc/hexanes) to afford 49a as a co lorless oil (32 mg, 60%): Rf 0.62 (20% 

EtOAc/hexanes); Spectral data: 1H-NMR (300 MHz, CDCI3) 8 7.77 (dt, J = 7.7 , 1.3 

Hz, 1 H), 7.65 (dd , J = 2.6, 1.5 Hz, 1 H), 7.42-7.31 (m, 2H), 7.27-7.24 (m, 2H), 7.20 

(ddd , J=8.2, 2.6, 1.1 Hz, 1H), 7.16(t, J=2.1 Hz, 1H), 6.97(ddd , J=7.95 , 2.6, 1.2 

Hz, IH), 5.48 (s, 1H), 3.88 (s, 3H), 3.67-3.48 (m, 4H), 1.22 (t, J = 7.0 Hz, 6H); 13C­

NMR (75 MHz, CDCI3) 8 166.6, 157.5, 156.8, 141.6, 132.0, 129.9, 129.8, 124.4, 

123.4, 122.2 , 11 9.6, 11 9.0, 117.6, 101.1 , 6 1.2, 52.4, 15.3; IR (neat) 3068, 2973 , 2920, 

2878, 1726, 1684, 1582, 1483, 144 1, 1357, 1270, 1049, 90 1, 794, 753 , 696; HRMS 

(ESI) calcd for [C1 9H22Üs + Nat: 353 .1 359, found 353. 1369. 

Methyl 3-(2-(diethoxymethy l)phenoxy)benzoate (49b) 

Method B was followed on a 0.16 mmol sca le starting from methyl 3-

hydroxybenzoate 48. The crude material was purified on sili ca gel ( 15% 

EtOAc/hexanes) to afford 409b as a co l01·less oi l (39 mg, 74%): Rf 0.73 (20% 

EtOAc/hexanes) ; 1H-NMR (300 MHz, CDC13) 8 7.78-7.73 (m, IH), 7.70 (dd , J = 7.6, 

1.8 Hz, 1H), 7.64 (dd, J = 2.6, 1.5 Hz, 1H), 7.37 (t , J = 7.9 Hz, 1H), 7.28 (dt, J = 7.4, 

1.8 Hz, 1 H), 7.20 (td, J = 7.5 , 1.3 Hz, 1 H), 7.14 (ddd, J =. 8.3 , 2.6, 1.1 Hz, 1 H), 6.88 
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(dd , J = 8.2, 1. 5 Hz, 1 H), 5.73 (s, 1 H), 3.89 (s, 3H), 3.70-3.60 (rn , 2H), 3.56-3.49 (rn , 

2H), 1.16 (t, J = 7.1 Hz, 6H); 13C-NMR (75 MHz, CDCI3) 8 166.6, 158.2, 153 .8, 

131.9, 13 1.2, 129.9, 129.7, 128.0, 124.4, 124.0, 122.6, 11 9.7, 11 9.0, 97.6, 62.4, 52.3, 

15.2; IR (neat) 3066, 2975, 2877, 1724, 1580, 1482, 1444, 1271 , 1230, 1202, 1052, 

994, 905, 754; HRM S (ESI) calcd for [C19H220 5 + Nat: 353. 1359, fo und 353 .1 363 . 

(E)-Methyl 3-(3-(3-ethoxy-3-oxoprop-1-en-1-yl)phenoxy)benzoate ( 49c) 

0 0 

Me0~0~0EI 

Method A was fo ll owed on a 0.25 mmol scale starting from methyl 3-

hydroxybenzoate 48. The cru de material was puri fied on si 1 ica gel ( 15% 

EtOAc/hexanes) to afford 49c as a ye llow a il (43 mg, 53%): R;- 0.6 1 (20% 

EtOAc/hexanes) ; 1H-NMR (300 MHz, CDCI3) 8 7.81 (td, J = 7.8, 1.3 Hz, 1 H), 7.67-

7.66 (rn , 1H), 7.62 (d, J= 16.0 Hz, IH), 7.46-7.40 (rn , 1H), 7.39-7.34 (rn , 1H), 7.30-

7.27 (rn , 1 H), 7.22 (ddd, J= 8.2, 2.6, 1.1 Hz, 1 H), 7.14 (t, J = 2. 1 Hz, 1 H), 7.02 (ddd, 

J = 8.0, 1.9, 1.2 Hz, 1 H), 6.37 (d, J = 16.0 Hz, 1 H), 4.25 (q, J = 7.1 Hz, 2H), 3.90 (s, 

3H), 1.32 (t, J = 7.1 Hz, 3H); 13C-NMR (75 MHz, CDCI3) 8 166.9, 166.5, 157.5, 

157.0, 143. 8, 136.6, 132.2, 130.5, 130.1, 124.9, 123.7, 123 .6, 120.7, 120.0, 11 9.3, 

118.0, 60.7, 52.4, 14.4; IR (neat) 3065 , 2980, 2953 , 290 1, 1709, 1639, 1575, 1484, 

1442, 1269, 1230, 11 77, 1097, 1036, 983 , 756; HRMS (ES I) ca lcd for [C1 9H1 &0 s + 

Ht: 327.1227, fo und 327.1224. 
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Keywords: 

A copper-cata lyzed protocol fo r the chemoselective ary lation of (1 R,2R)-(- )-N-BOC-2-amino-1-( 4-nitro­
phenyl)-1.3-propanediol using triary lb ismuth reagents is reported. The reaction operates under s imple 
a nd mild conditi o ns, s hows good funct iona l g roup to le rance and a llows the insta llation of ortho-, 
meta-, a nd para-substituted aryl groups in moderate to good y ields. These arylated products a re then 
transformed in two steps into their corres ponding N-dichloroacetamide derivat ives. Thi s sequ ence pro­
vides an exped ient access to 3-0 -ary l chloramphenicol derivatives. 
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Chemose lective 0-arylation 
Copper catalys is 
Chloramphenicol 
c-o bond formation 

Introduction 

Bismuth is the heaviest stable element of group 15 of the peri­
odic table. also called the pnictogens. Despite its heavy atomic 
weight, elementa l bismuth and its derived inorga nic compounds 
show ve1y low toxicity. 1 Organobismuthines (a lso called 
organobismuthanes) are a class of organometallic reagents that 
conta in a C -Bi bond. The se re agents are class ified into two main 
groups: trivalent and pentavalent reagents where the bi smuth cen­
te r is at the + 3 and +5 oxidation state respective ly. Organobis­
muthines have gained popularity in the past years due to their 
ease of synthesis, air and moi sture-stability, low toxicity, and high 
functional group tolerance.] ln the 1980s, Barton and Finet 
reported a series of arylation reactions based on organobi smuth 
compounds.3 More recently, Rao grea tly contributed to expa nding 
the use of organobismuth compounds in palladium-catalyzed 
cross-coupling reactions.4 Organobismuthines have al so been used 
in total synthesis,5 in methodology development,'; in medicinal 
chemistry,7 as ligands in metal-transition complexes,8 and in poly­
m erization reactionsY 

* Corresponding author. Tel.: +1 514 987 3000x6856. 
E-mail address: g,Jgnon.,llexandr.:@uqarn.ca (A. Gagnon). 
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Our group has reported over the past years a portfolio of copper 
and palladium-catalyzed reactions for the construction of C -c,10 

C-N 11
, and c-o bonds 12 based on trialkyl and triarylbis­

muthines. 13 These methods opera te under mild conditions, show 
very high functional group tolerance, and allow the installation 
of a lkyl and aryl groups on medicinally relevant scaffolds. 

We recently developed a copper-catalyzed method for the 
chemoselective 0-arylation of 1,2-a minoalcohol s 1 using highly 
functionalized triarylbi smuthines 2 (Scheme 1 A). 12

'' As a 
continuation to these studies, we were interes ted in transposing 
this method to the arylation of 2-amino-1,3-diols. As an entry 
into this class of substrates, we focused our attention to the 
arylation of ch loramphenicol derivatives (Scherne 1 B). 

Chloramphenicol is a natural antibiotic with wide spectrum 
antimicrobial activity.14·1:; lt inhibits protein synthesis in bacteria 
by binding to the SOS ribosomal subunit. 16 Many studi es on the 
derivatization of chloramphenicol have been di sclosed, including 
the es terification 17 and ace talization 18 of the 1- and 3-hydroxyl 
groups, the alkylation and benzylation of the 3-hydroxyl group,19 

the formation of the 3-carboxylic acid derivatives .~0 the removal 
of the 1-hydroxyl,21 and the replacement of the dichloroacetyl 
group by other amides and sulfonamid es.22 To our knowledge, 
the re are no reports on the 0-arylation of the 3-hydroxyl function 
of chloramphenicol. ln the context of a broader program aimed at 
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A: Our previous work 

rn 
~OH 

Ar3Bi (2) 
Cu(OAc), 

Pyridine 
CH2CI2 

o., so ·c 

OyOc-FG 

NHPG 

Ar3Bi (2) 
Cu(0Ac)2 

Pyridine 
CH,CI, 

o., so ·c 

NHPG 

3 

~0_()-FG 
O,NN ~HBOC 

5 
• Chemoselectlve 3-0 -arylatlon 

• 12 examples 
• FG =Me, OMe, F, CN, 

OTHP, OTBDMS, CH(OMe), 

Scheme 1. (A) Copper-catalyzed 0 -a ryl ation of 1.2-aminoalcohols 1 using triaryl ­
bismuthines 2 and (B) application to the chemose lective 3-0-aryl ati on of the N-BOC 
derivative 4 of chloramphenicol. 

developing new antibiotics, we were interested in exploring the 
impact of arylation of the 3-0H group of chloramphenicol. 

We report herein a copper-catalyzed protocol to chemose lec­
tively 0-arylate the N-BOC derivative of chloramphenicol using tri­
arylbismuthines. The 0 -aryl derivatives are then transformed in 
two easy steps into their corresponding N-dichloroacetamide 
derivatives. This sequence provides a rapid access to 3-0-aryl chlo­
ramphenicol derivatives. 

Results a nd discussion 

We began by preparing a set of triarylbismuthines bearing a 
variety of functional groups at the ortho, meta. and para position 
by adding organomagnesium reagents B (obtained from the corre­
sponding aryl halides A using metallic magnesium or Knochel' s 
procedure) over bismuth chloride (Fig. 1 ).23 We described previ­
ously the synthesis and complete characterization of the se triaryl­
bismuthines, 1' except for 2k which is unprecedented and which 

Mg' FG FG-o "' FG-o ~ -K:>) - Bi 

3 
' A X 

Knochel 's 
.& MgX 

X:CI , Sr, 1 conditions e 2a-l 
A -----------·-------- ··· ·· ··························· 

Mo 

Q Q'Mo Çl A 

__cr"' v MeV BIVMe 6"x3 l A 1 A 1 A lA 
Me Me Mo 

"" lb 2< 

OMo 

Q Q Y OMo 
A 

O"'û j)"'ü MeOVBIVOMe 
l A 

MeC J 4 OMe 
1 A 1 A 

2d 2< zr 
F 

Q YF YCN 
A A 

-V"' v Fv "'vF NCVBIVCN F A F 1 A 1 A 1 A 1 A 

2g lb 21 

OTBOMS MoOQMo Oll<P 

Q Q l "' 
A 

0"''0 j)"'ü P"''Oy THPO l 6 OTHP TBOMSO l & OTBOMS 
MeO 1 & OMe 

OMo OMo 
2J 2k 21 

Figure 1. Organobismuthines 2a- 1 used in this srudy. 

we now report for the first ti me. This organobismuth reagent pos­
sesses a masked phenol group which is protected in the form of a . 
silyl ether and which will be useful in our preliminary exploration 
of the SAR a round the 3-0-aryl moiety. Triarylbismuthine 2k was 
crystallized and analyzed by X-ray diffraction and shows a dis­
torted pyramidal geometry in accordance with other 
triarylbismuthi nes.23 

We th en evaluated the feasibility of preparing 3-0-tolyl chloram­
phenicol 7a by the direct tolylation of chloramphenicol 6 using 
conditions t hat we previously developed for the a1ylation of 1,2-
aminoalcohols (Eq. 1 )na Th us, when 6 was treated with 
tritolylbismuthine 2a in the presence of stoichiometric amount of 
copper acetate and excess pyridine at 50 oc ovemight in 
dichloromethane und er oxygen, on ly 24% of the corresponding 3-0-
tolyl derivative 7a was obtained. While this result was 
encouraging, we felt that a more efficient route was needed to 
access a variety of 3-0-aiyl chloramphenicol derivatives. Other 
palladium or copper-catalyzed arylation reactions using aryliodides 
or arylboronic acids to directly arylate chloramphenicol 6 were also 
briefly tested with no success, motivating us to revise our strategy. 

OH OH Toi3Bi (2a) (1 . 1 equiv) 
Cl Cu(OAc)2 (1 .0 equiv) 

O,N 0cl Pyridine (3.0 equiv) 
O o., CH 2CI 2 

50 ·c, o.n. 

oM· 
O,NaytCI 

0 

7a (24%) 

(1) 

Suspecting that the dichloroacetyl group was responsible for 
the low yield in the a1ylation of chloramphenicol 6, we next opti­
mized the reaction on the N-BOC derivative 4. Using 1.1 equiv of 
trito lylbismuth 2a, 1.0 equiv of copper acetate, 3.0 equiv of pyri­
dine in dichloromethane overnight at 50 oc under oxygen. product 
Sa from 0-arylation of the prima1y alcohol was obtained in 42% 
yield along with 10% of product from arylation of the secondary 
alcohol and 29% unreacted recovered starting material 4 (Table 1, 
ent1y 1 ). A drastic drop in the yield of the reaction was observed 
upon performing the reaction under air, showing that oxygen is 
essential (entry 2 ). Lower yie lds of Sa were also observed upon 
performing the reaction in THF and acetonitrile at 50 oc (en tries 
3 and 4) or DMF and dioxane at 80 oc (entries 5 and 6). Product 

Table 1 
Optimization of the reaction conditions for the copper-catalyzed 0 -a ryl ation of 
{1 R,2R)-(- )-N-BOC-2-amino-1 -(4-nitrophenyl)-1 ,3-propanediol 4 using tri toly lbis­
muthine 2a 

OH OH Toi,Si (2a) (1 . 1 equiv) 
~3 Cu(OAc), (1 .0equiv) 

0 
.,N ' ~HBOC Base (3.0 equiv) 

2'" 
4 

Atm, solvant, T, o.n. 

Entry Base Solve nt 

1'' Pyridine CH, CI2 

2 Pyridine CH, CI, 
3 Pyridine THF 
4 Pyridine CH, CN 
5 Pyridine DMF 
6 Pyridine Dioxane 
7 K,co, CH, CJ, 
8 NMM' CH2CI, 
9 Et3N CH, CJ, 
10 DBU CH, CI2 

' Yield s of isolated pure compound. 

(""';(Me 

~:v 
O,NN ~HBOC 

3-0-arylation 
58 

Atm T (' C) 

o, 50 
Air 50 
o, 50 
o, 50 
o, 80 
0 2 80 
0 2 50 
o, 50 
o, 50 
o, 50 

Sa'' (%) 

42 
14 
17 
19 
26 
26 

0 
40 
26 
14 

" The product of arylation of the secondary a kohol was isolated in 10% along with 
29% of unreacted starting material 4. 

' NMM ~ N-methylmorpholine. 
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Sa was not formed when pyridine was replaced by an inorganic 
base such as potassium carbonate (entry 7). Among other organic 
bases that were tested, N-methylmorpholine was found to give 
the highest yield of Sa ( entry 8 ) while triethylamine and DBU were 
found to give low yield s of the desired product (entries 9 and 10). 
Arylation of 4 using tolylboronic acid and copper acetate was 
briefly attempted but failed to deliver the desired product Sa. 
Therefore, the initial conditions, as we reported previously for 
the arylation of 1.2-aminoalcohols, were selected for the study of 
the triarylbi smuthine scope. 

Having optimized the reaction conditions for the tolylation of 
the N-BOC derivative 4, we th en varied the nature of the triarylbis­
muthine 2 in order to establish the ability of the method to transfer 
a1yl groups possessing various functional groups (Scheme 2 ). We 
first investigated the impact of the substitution pattern of the aryl 
group (i.e., ortho, meta, and para) on the arylation reaction. Un sur­
prisingly, the res ults show that tri(p-tolyl)bismuthine 2a and tri 
(m-tolyl )bismuthine 2b give similar yields of the arylation prod­
ucts Sa and Sb . The arylation using tri(o-tolyl )bismuthine 2c 
afforded the corresponding product Sc in slightly reduced yield, 
showing that the transfer of ortho-substituted aryl groups is chal­
lenging but yet possible. To calibrate the effect of substitution of 
the aryl group, both on the electronic and steric factors . we con­
ducted the arylation reaction using the unsubstituted bismuth 
reagent 2d and obtained the corresponding arylated product Sd 
in 48% yield . showing that introduction of a methyl group at the 
meta and para position has no consequence on the efficiency of 
the reaction. The impact of the electronic nature of the ary l 
substituent was next investigated. Aryl groups possessing a para­
methoxy ( electron-donating) and a meta-methoxy ( electron-with­
drawing) substituent were transferred in 46% and 57% yields 
respectively (Se.f). Moreover, the transfer of aryl groups possessing 
a fluorine atom (Sg,h) or functionalities such as a nitrile (Si ), an 
0-protected phenol (5j ,k) and an acetal (51 ) was accomplished 
using this method. 

We next converted the N-BOC-0-aiyl derivatives 5 into the cor­
responding 3-0-aryl chloramphenicol derivatives 7 by first remov­
ing the BOC protecting group using trifluoroacetic acid and then 
installing the dich loroacetamide function by treatment with 
methyl dichloroacetate in the presence of dii sopropylethyl amine 
(Scheme 3). 

Using this simple two-step sequence, compounds 7a - j were 
pre pa red in 40-83% yield. Treatment of compounds Sj and 51 un der 
these conditions led to decomposition, possibly due to the pres­
ence of the acid-sensitive OTHP and acetal groups. ln the case of 
derivative Sk, the tert-butyldimethylsilyl group was removed 
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~.).J 
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Sc herne 2. Triary lbismuth scope in t he 3-0 -arylation of ( 1 R.2R)-( - )-N-BOC-2-
amino-1-(4-ni t rophenyl)-1,3-propaned iol 4 . Numbers in brackets indicate the 
orga nobis muth reage nt thar was used. Yields are for isolated pure compounds."' 
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... oM· ... OM. 
7a [Sa) 7b [Sb) 

40% 75% 

0 ··· OMe ... OF 
71[51] 7g [Sg) 
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1) TFA, CH2CI2 
o ·c tor.t., 1 h 

2) CI2CHCO,Me 
(3.0 equiv) 
~Pr,NEt 

(3.0 equlv) MeOH, 60 'C, 1 h 

... Q Me 
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... OF 
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~-FG' 

~~ 
o,NN H~yc1 

7 0 

. .. 0 ... 
OOMe 

7d [Sdl 7e [Se) 
75% 43% 

... ocN ... 
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Scheme 3. Preparation of 3-0 -ary l chl o rampheni col deriva tives 7 from 5. Number 
in bracke ts indica te the sta rting N-BOC derivative thar was used in the reaction. 
Yie lds are for isola red pure compounds over two steps."·2" 

during the treatment with trifluoroacetic acid, leading to the 
phenol derivative 7j in 72% overall yield. The results show that 
the 3-0-arylation/BOC-deprotection/dichloro acetamidation 
sequence allows the preparation of 3-0 -aryl chloramphenicol 
derivatives possessing substituents at ali aromatic positions. 

Conclusio n 

ln summary, we have developed a chemoselective copper­
catalyzed 0-arylation reaction of ( 1 R,2R )-(- )-N-BOC-2-amino-1-
( 4-nitrophenyl )-1 ,3-propanediol using triarylbi smuthines. The 
method allows the transfer of ortho-. meta- , and para-substituted 
aryl groups, shows good functional group tolerance, and leads to 
arylation of the prima1y alcohol. The arylated products were expe­
ditively transformed into the corresponding 3-0-arylchloram­
phenicol derivatives in two simple steps. The activity and 
metabolic stability of the prepared chloramphenicol derivatives 
again st a panel of gram-negative and gram-positive bacteria will 
be investigated and results will be reported in due course. 

Acknowledgments 

This work was supported by the Natural Sciences and 
Engineering Research Council of Canada ( NSERC) through an 
Engage and Engage plus grant and by Mitacs through an accelerate 
grant. The authors thank the Centre in Green Chemistry and 
Catalysis for financial support. M.H. thanks NSERC and FRQNT for 
graduate scholarships. j.O. thanks UQAM for a FARE scholarship. 
We thank Pr. Xavier Ottenwaelder from Concordia University for 
the X-ray analysis of compound 2k and Dr. Alexandre Arnold for 
assistance with advanced NMR studies on compounds 5 and 7. 

Supplementary data 

Supplementary data associated with thi s article can be found, in 
the online version, at lmp ://dx.doi.org/1 0.1 0 16/j.terle t.20 16.08 . 
02 1. 

References and notes 

1 . For a study on the toxicit·y of bismuth sr1lts .:md its eliminat:ion from hurnan 
n~lls by conj ugc1tion with glutdthione, see: Hong, Y.; Lai. Y. -T.: Chan. G. C.-F.: 
Sun, H. Proc. Noti.Acari.Sci. U.S.A. 2015.112.3211-32 16. 

2. For revi,'ws on organobismuth reagl'nts. Sl'e : (a ) Condon. S.: Pichon. C.: Davi. M. 
Org_ Pnw Procerl. /tJt. 2014. 46. 89--131 : (b) Elliott. G. 1.: Konopelski. J. P. 
H•rmliellron 2001 , 57. 5683-5705 ; (r) Suwki. H.; lkeg,Jmi, T.: M,n ,mo. Y. 
Synrlfesis 1997. 249-267: (cl 1 Postel. M.; DUJiach, E. Com·(/. Clll'm. Rt•v. 1996. 155. 



T. Ahmad er al. j Terra lledron Lerrers 57 (20 16) 4284-4287 4287 

127-144; (e) Finet.J.-P. Chem. Rev. '1989, 89. 1481-1501 ; tn Barton, D. H. R.; 
FinN, j.-P. l'urP Appl. Cllem. 1987. S9. <J'J7-946; (g) Fi"<'edman, l.. D.: Doak. C. O. 
Cllem. Rev. 1982,82, 15-57; (h) Gihn;m. H.; Y al.:, H. L. Cllm11. Ri:v. 1942, 30, 281 ... 
320. 

3. For selected Letters from Barton ;md Finet. see: (a) Combes, S.; Finèt, j.-P. 
1<!traheclron 1999, 5S, 3377-3385; (bl Fedorov, t\. Y.: Find. ).-P. Terralledron 
l.ert. 1999. 40. 2747-2748 ; (c) Combes, S.; Fi net. J.-P. Termlledron 1998, 54, 
4313-4318; (d) Mn,HIId. T.: Banon. D. H. R.; Dorb, E. Tetrahedron 1997. S:!. 
4137--4144: (e) Abr.1movitrh. R. A.: B.ulon. D. H. R.: Finet. J ... P. Terrnlledron 
1988,44.3039-3071 ; (f) Bart on. D. H. R.; Finet.).-P.; I<h,lmsi.J. TeiTnlicdrou Let'!. 
1988, 29. 1115-1118: (g) Barton. D. H. R.; Finet, ).-P.; Khamsi. J. Tetrahedron 
Letr. 1987, 28. 887-890: (11) B,;rton. D. H. R.; Fi net. J.-1'.: l<h,;msi. j.: Pirhon. c. 
Terrnlledron /.ert. 1986, 27,3619-3622 : (il Barton. D. H. R.: Finet.j.-P.: Khamsi,J. 
nnmhedron '-<'If. 1986.17, 3615 .. ·3618. 

4. For ;elected publications frorn Rilo, see: (a) Rao, M. LN.; Dh.lllorkilr. R . .J. RSC 
Adl'. 2016,6. 1012-1017: tb) Rao. M. LN.: Dhanorkar. R.j. [ur.). Org. C/Jem. 
2014. 5214-5228; (c) Rao. M. L. N.: Dhanorkar. R. J. R5C Adv. 2014,4. 13134-
13144; tdJ Rao, M. L. N.; Dhanorkar, R.J. rerraherlron 2014. 70. 8067-8078 ; (~) 
Rao. M. LN.; Jadhav. D. N.: Dasgupt.l, P. Eur . .J. Org. Cllern. 2013, 781--788: (f) 
Rao, M. l.. N.; Banerjee. D.; Giri. 5 . ./. ÛI).:W/Olllet. CIICIII. 2010, 695, 1518-1525: 
(g) Rao. M. L. N.; .f,1dhav. D. N.: Dasgupra, P. Org. Letr. 2010, 12. 2048-2051 ; (hl 
!lao, M. L. N.: Venkatesh. V.: D,;sgupta, P. Ten·ahedroiii.ert. 2010,51.4975-4980. 

S. For examples of application of organobismuth re,;genrs in tot,11 synthesis, see: 
(aj Niwl,lou, K. C.: Sarlah. D.; Wu. T. R.: Zllan, W. Angew. Cllem .. lm. Ed. 2009, ~8. 
6870-6874 : (b) Krawczuk. P. J. : Schône. N.; BMan. P. S. 01}:. LNr. 2009, 11, 
4774-4776. 

6. For selcned cxamples of application of organobismurh reagents in 
mNhodology development. sec: (.1) Kobiki, Y.: Kaw.1guchi. S.-1.; Ogaw,1, A 
OI)i.l.err. 201.5. 77, 3490 .. ·3493 : (b) VVung, T.: Sang. 5.: Liu, 1...: Qiao. H.: Gao, Y.: 
Zhao. Y.j. 01)!. Chem. 2014. 79, 608-61 ï ; (c) Sueda. T.; Oshima, A.: Teno, N. Org. 
Lctt. 201 1. 13, 3996-3999; (d) Yasuike, 5.; Nishioi<d, M.: KakusJwa, N.: Kurit<~,J. 
Terro/J"dron Lert. 2011, .'i2. 6403-6406: (e) Satu, 1.: Toyora, Y.: Asakura. N. Eur.j. 
01g. Chem. 2007, 2608-2()10; (f) lkeg,;i.I<.; Fukomoto. K.: Muk.1iyam.1. T. Cllem. 
Letr. 2006. :!5. 612-61'3; (g) Mukaiyama, T.: Sakurai, N.: lkeg.1i. K. Cllem. /.ert. 
2006, .3.5. 1140-1141 ; (h) Koech. P. K.; Krh<:he. M . J. Te.trallednm 2006, 62, 
10594-10602: (i) Koech. P. K.: Krische, M.J../. Am. Cllem. Soc. 2004, 126.5350-
5351 : (j) Ooi. T.: Goto, R.: Maruoka. K.}. Am. Chem. Soc. 2003, 125. 10494-
10495; (k) l.ermonrov. S. t\.; R.1kov. 1. M.; Z.:firov. N. S.; St.mg, P.J. T~rralledron 
l.ert. 1996. 37.4051-405-1 : (1) Cho. C. S.; Yo<himori. Y.: Uemur.1. S. /Juil. Chem. 
Soc. jpn. 1995. 68. 950-957. 

7. For reviews on the application oï or!;anobismuth cornpounds in medicinal 
rhemi,try, see: (aJ Yang. Y.: Ouyang. R.: Xu. L.; Guo, N.; Li , W.; Feng, K.; Ouyang. 
l..; Y,mg, 2.: Zhou, S.: Miao. Y.}. Coorrl. Chem. 20'15, 68, 379-397 : ( b ) Briand, G. 
G.: Hurford, N. Clte111. Rev. 1999, 99, 260 1-2(;57 . 

8. For reviev.·s on organobismurh <:ornpounds as lig;md~ in tr.ll1"'it·ion met~ll 

complexes. see: (il) Benjamin, S. L.; Reid. G. Coord. CIIem. Rev. 2015, 297-298, 
168-180; tbJ Braunschweig, H.; Cogswcll. P.; Schwab, K. Coord. Cllem. Rev. 
2011 . 25.S. 101-117. 

9. For a rev1ew on organobismuth reJgents 111 polymerizJtion rearnons. set~: 

Yan1<1go. S. Chem. Rev. 2009. 109. 5051-5068. 
10. (a) Pètiot, P.: Ga)mon. A. 1-leterocyc/es 2014, 88. 1615-1624; (b) Petiot, P.: 

Gagnon. t\. Eur . ./. Org. Chern. 2013, 5282-5289; (l') Gagnon, A.: Albert. V.; 
Duplessis. M. Synlerr 2010, 2935-~940 : (d) Gagnon, 1\.: Duplessis, M.: Fader. L. 
Org. J'rep. Procerl. lnr. 2010.42. 1-69: (e) c;,,gnon. A.: Duplessis. M.: Alsabeh. P.: 
Barabé, F.j. Org. CIIem. 2008, 73, 3fj04--3G07. 

11. (,1) Petiot, P.; Dansere.m, ].: Gagnon, A. RSC Adv. 2014, { 22255-2?.259; (bJ 
Gagnon, A.; Sr-Onge. M.: Lirtle. K.: Duplessis, M.: Barabé, F.}. Am. CIIem. Soc. 
2007, !29, 44-45. 

12. (") p,~tiot, P.; Dan<ereau,j.: Hébert, M.: Khene.l.; Ahmad, T.: S.1maali. 5.: Leroy, 
M.: Pirl>unneault, F.; l.egault, C. Y.: Gagnon, A. Org. Biomol. Cltem. 2015, 13, 

132L-1327: tb) Crifar, C.: Petiot, P.; Ahmad. T.; Gagnon. A. CIIem. [ur. j. 2014. 
10, 2ï55-2760. 

13. Hébert. M.: Petiot. P.; Benoit. E.: Dansere.11.1 . .J.; Allrn,Jd, T.; Le Roch, A.: 
Oltenwaelder, X.; Gagnon. A.}. Org. CIIem. 2016,81.5401-5416. 

14. For reviews on chlorun~henicol. see: (a) Eliakirn-Raz. N.: Lador. A.: Leiboviri­
Wcissman, Y.; Elbaz. M.: Paul. M.: Leibovici, L.j. llnrimicrob. CIIemotlter. 2015, 
70. 979-996: (b) Brock, T.D. Barreriol. Rev. 1961. 25. 32-48. 

15. For revi<'WS on antibiorics. see: (a) Goulcl. K.j. Anrimicro/J. Cltemot.her. 2016.71, 
572 ... 575; (b) Cz,1plewslci, 1..: B~x. R.: Clokie, M.: D,;wson, M.: F;lirhe.lll. H.: 
Fischetti. V. i\.: Foster. S.: Gilmore. B. F.: Hancork. R. E. W.: Harper, 0.; 
Hendcrson, 1. R.; Hilpert. K.; Jones. B. V.: Kadioglu. A: Knowles. D.; 61afsd6ttir. 
S.: Payne, D.; Proj~n. S.: Shaunak, S.; Silverman. j.; Thomas, C. M. T.; Trust. T. ).: 
VVarn. P.; Rex.j. H. Lancer Infect. Dis. 2016. 16. 23~1-251. 

16. (ii) Wissenl<ln, C. L,Jr.; Srn,Hiei.J. E.: Halm, F. E.; Hopps, H. E.j. Bac.reriol. 1954, 
67, 662-673 ; (bJ jdrderzky, O . .f. Biol. C!Iem. 1963,238.2498-2508: (l') Dunkle,J. 
A.: Xiong. L: Mankin, A .. S.: Cate, ). H. D. Proc. Na ri. Awd. Sei. U.S.A. 2010, 707, 
17152-17157: (d) Bulkley, D.: lnnis. A: Blaha. C.; Stcitz. T. t\ . Proc. Narl. 1\cad. 
Sei. U.S.A. 2010, 107. 17158-17163. 

17. For esterific,ltion ar the 1 .. 0H. see: (a) Edgerton. W. H.: Maciciox, V. H.; 
Controulis, J. }. A111. CIIe111. Soc. 1955, 77, 27-29; (b) Almirame. L.: Tosolini. G.}. 
Org. Chem. 1961 , 2(;, 1 77-180; For esterification at the 3-01-·1. see: (c) Daugs, E. 
D. Org. Process. Res. Del'. 2000, '1, 301-304; (cl) Ottolina, G.; Carrea. G.: Riva. 5 . ./. 
01g. Che m. 1990. 5.5. 2366-2369. 

18. jun, L.:Jun.l..: Sh,1Urong, Y.; Hua, L.: Qu,;nyuan, H.: H<ln~heng. X.; Xianming. H. 
}. 1-lererotycl. C1Ie111. 2001,515-518. 

19. Kalutharage, N.: Yi, C S. Org. Lerr. 2015, 17, 1 ïï8-178 1. 
20. Huebner. C. F.: Scholz, C. R . ./.Am. Che m. Soc. 1951. 73. 2089-2094. 
21 . (a) Ram,;iah, P.: Rao. A S. Org. Prep. l'roced. lnt. 1987, 19, 173-180: (b) 

l<,lhJtiMr,lge, N.: Yi, C. S.}. Am. CITe m. Soc. 2015, 137, 11105 - 1 1114. 
22. Bhura. P.: Chung. H. L.: Hw,1ng,J, .. s.: Zemlirka,J.J. Merl. Chern. 1980.23. 1299--

1305. 
23. See reference Supporting iniormation for details. 
24. General procedure for the 0--arylarion of ( 1 R,2R)-( - )-N-BOC--2-amino-1--( 4-

nitTophenyl)- 1,3-propanediol (4 ): ln a sealed tube. the N-BOC ch loramphenicol 
derivative (4) (0.160 mmol ) was dissolved in dichloromethane (2 mL). 
Triarylbismuthine reagent (2) (1.1 equiv) was added followed by copper ( Il ) 
acetate (1.0 equiv) and pyridine (3.0 equiv). The tube was sparged with oxygen 
for 30 s, sea led, and heated at 50 •c for 16 h. The react ion mixture was cooled 
to rt, transferred in a nask. and the reaction tube was washed with 
dichloromethane. Si lica gel was added and the reaction mixture was 
concentrated under reduced pressure. The eructe product was purified by 
nash column chromatography using the indicated sol vent system to afford the 
desired product (5). 

25. General procedure for the conversion of the N-BOC derivarives (5) into 
diciiioroaceramide derivarives (7): Step 1-Remova l of the BOC protecting 
group: the N-BOC derivative 5 (0.06 mmol ) was dissolved in dich loromethane 
(1 mL) and cooled to 0 •c. Trinuoroacetic acid (5.0 equ iv) was added dropwise 
and the reaction mixture was warmed up to rt. The mixture was concentrated 
under reduced pressure and ta ken directly in the next step. Step 2-lnsta llation 
of the dich loroaceramide: in a sealed tube, the TFA amine salt (0.06 mmol ) was 
dissolved in MeOH ( 1 ml). Methy l dich loroaceta te (3.0 equ iv) was added 
followed by DIPEA (3 .0 equ iv). The resul ti ng reaction mixture was stirred at 
60 •c for 1 h. The mixture was cooled to rt and concentrated under reduced 
pressure to give the crude dichloroacetamide adduct. The crude product was 
puri fied by nash column chromatography on si lica gel using the indicated 
elue nt system to afford the desired product (7). 

26. For another route ro transform N-BOC chlorarnphenirol derivdtives into 
chloramphenicol. see: Mateus, C. R.: Coelho. F. J. Braz. CIIcm. Soc. 2005, 16, 
386-396. 
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1. General information 

Unless otherwise indicated, ali reactions were run under argon in non-flame dried 

glassware. For reactions performed under oxygen, 99.6% extra dry oxygen was used. 

Unless otherwise stated, commercial reagents were used without further purification. 

Triarylbismuthines 2a, 2c, 2f, 2g, 2i and 2j were prepared according to Petiot, P.; Gagnon, 

A. Eur.]. Org. Chem. 2013, 5282-5289. Triarylbismuthines 2b, 2e, 2h and 21 were prepared 

according to Petiot, P.; Dansereau, J.; Gagnon, A. RSC Adv. 2014, 4, 22255-22259. 

Triarylbismuthine 2d was prepared according to Hébert, M.; Petiot, P.; Benoit, E.; 

Dansereau, J.; Ahmad, T.; Le Roch, A.; Ottenwaelder, X.; Gagnon, A.]. Org. Chem. 2016, 81, 

5401-5416. The synthesis of triarylbismuthine 2k is described below. Anhydrous solvents 

were obtained using an encapsulated solvent purification system and were further dried 

over 4 Â molecular sieves. The evolution of reactions was monitored by analytical thin-layer 

chromatography using silica gel 60 F254 precoated plates. Flash chromatography was 

performed employing 230-400 mesh silica using the indicated solvent system according to 

standard techniques. Melting points are uncorrected. Nuclear magnetic resonance spectra 

(lH, 13C) were recorded on a 300MHz or 600MHz spectrometer. Chemical shifts for 1H-NMR 

spectra are recorded in parts per million from tetramethylsilane with the solvent resonance 

as the internai standard (chloroform, o 7.26 ppm; methanol, o 3.31 ppm). Datais reported 

as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, qt = 

quintuplet, dd =doublet of doublet, dt= doublet of triplet, rn= multiplet), coupling constant 

j in Hz and integration. Chemical shifts for 13C spectra are recorded in parts per million 

from tetramethylsilane using the central peak of deuterochloroform (o 77.16 ppm) or the 

central peak of tetradeuteromethanol (o 49.00 ppm) or the central peak of acetone (o 

205.86 and 30.92 ppm) as the internai standard. IR spectra were recorded on a FT-IR from 

thin films and are reported in reciprocal centimeters (cm-1). HRMS were performed on a 

TOF LCMS analyzer using the electrospray (ES!) mode. The X-ray crystal structure of 

compound 2k has been deposited at the Cambridge Crystallographic Data Centre and has 

been assigned the number CCDC 1487426. 
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2a. Synthesis of tris( 4-((tert-butyldimethylsilyl)oxy)phenyl)bismuthine (Zk) 

c>DMS 

~Bi~ 

TBDMSO~ ~OTBDMS 
2k 

In a flask equipped with a magnetic stir bar and a condenser, bismuth chloride (500 mg, 1.6 

mmol) was dissolved in anhydrous THF (23 mL) under argon and was cooled to -10°( 

(icejacetone bath). ( 4-((Tert-butyldimethylsilyl)oxy)phenyl)magnesium bromide (5.23 

mmol) was slowly added dropwise under argon. The reaction mixture was stirred at room 

temperature for one hour and heated at 65°C for 30 minutes. After cooling to r.t., the 

solution was diluted with sat. aq. NaHC03 (100 mL) and extracted with EtOAc (2 x 100 mL). 

The combined organic phases were washed with sat. aq. NaHC03 (2 x 100 mL), sat. aq. NaCl 

(2 x 100 mL), dried over NazS04, filtered and concentrated under reduced pressure. The 

crude material was purified on silica gel (5% EtOAcjhexanes) to afford tris(4-((tert­

butyldimethylsilyl)oxy)phenyl)bismuthine 2k as a white solid (418 mg, 31%): mp: 127-

1280(; Rt 0.28 (2% EtOAcjhexanes); 1H-NMR (300 MHz, CDCh) 8 7.56-7.51 (rn, 2H), 6.86-

6.82 (rn, 2H), 0.98 (s, 9H), 0.19 (s, 6H); 13C-NMR (150 MHz, CDCb) 8 155.5, 146.1, 138.8, 

122.5, 25.8, 18.3, -4.2; IR (neat) 3048, 2954, 2925, 2889, 2852, 1573, 1487, 1254, 1168, 

907, 837, 825, 776; HRMS (ES!) calcd for C36 Hs7Bi03Sb: 830.3419, found 869.3075 [M+K]+. 
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2b. X-Ray structure of tris( 4-((tert-butyldimethylsilyl)oxy)phenyl)bismuthine (2k) 

Figure Sl. ORTEP view of 2k at 50% ellipsoid probability. Hydrogen a toms are omitted for 

clarity. Selected bond lengths Cl-Bi: 2.256 Â; C25- Bi: 2.238 Â; C13-Bi: 2.249 Â. Selected 

bond angles: C1-Bi-C13: 93.13 o; C13-Bi-C25: 95.35 °; C1-Bi-C25: 93.69 °. 

Compounds 2k was crystallized by the solvent diffusion technique according to the 

following procedure: 10 mg of 2k was dissolved in a minimal amount of dichloromethane in 

an open vial. The vial was then placed in a bigger vial filled with hexanes with a loosely 

tightened cap. The vials were kept at room temperature until crystals were obtained. A 

colorless plate-like specimen of C36Hs7 Bi03Si3, approximate dimensions 0.204 mm x 0.225 

mm x 0.599 mm, was used for the X-ray crystallographic analysis. The X-ray intensity data 

frames were integrated with the Bruker SAINT software package using a narrow-frame 

algorith m. The integration of the data using a monoclinic unit cel! yielded a total of 23710 

reflections to a maximum 8 angle of 27.68° (0 .77 Â resolution) , of which 9188 were 

independent (average redundancy 2.58, completeness = 99.5%, Rint = 4.72%, Rsig = 5.51 %) 

and 8799 (95.77%) were greater than 2cr(F2). The final cel! constants of g = 13.2335(11) Â, 

l2 = 11.6830(1) Â, _ç = 13.5135(12) Â, ~ = 107.9740(10) 0
, volume= 1987.3(3) Â3, are based 

upon the refinement of the XYZ-centroids of 9877 reflections above 20 cr(I). Data were 

corrected for absorption effects using the multi-scan method (SADABS). The ratio of 

minimum to maximum apparent transmission was 0.607. The calculated minimum and 

maximum transmission coefficients (based on crystal size) are 0.4524 and 0.7456. The 

structure was solved and refined using the Bruker SHELXTL Software Package, using the 

space group P 1 21 1, with Z = 4 for the formula unit, C36Hs7 Bi03Si3. The final anisotropie 
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Tert-butyl ((1R,2R)-3-( 4-fluorophenoxy)-1-hydroxy-1-( 4-nitrophenyl)propan-2-

yl)carbamate (5g) 

5g 

The general procedure was followed on a 0.160 rn mole scale starting from (1R,2R)-(-)-N­

BOC-2-amino-1-( 4-nitrophenyl)-1,3-propanediol ( 4) and organobismuthine 2g. The cru de 

product was purified on silica gel (50% EtOAc/Hex) to afford 5g as a white solid (33 mg, 

51%): m.p. 130-135°(; Rr 0.50 (35% EtOAcjHex); 1H-NM R (300 MHz, CDCh) o 8.18 (d, j = 
8.7 Hz, 2H), 7.56 (d,j = 8.7 Hz, 2H), 7.02-6.96 (rn, 2H), 6.86-6.81 (rn, 2H), 5.21 (d,j = 3.0 Hz, 

2H), 4.10-3.98 (rn, 3H), 3.59 (s(br), lH), 1.35 (s, 9H); 13C-NMR (75 MHz, CDCh) o 156.2, 

154.0, 148.6, 147.5, 127.1, 123.6, 116.3, 116.0, 115.6, 115.5, 80.6, 73.1, 68.5, 55.2, 28.2; 

HRMS (ESI) calcd for Czo Hz3FNz0 6: 406.1540, found 429.1422 [M+Na] +, 307.1090 [M­

BOC+H] +. 

Tert-butyi((1R,2R) -3-(3-fluorophenoxy) -1-hydroxy-1-( 4-nitrophenyl) propan-2-

yl)carbamate (5h) 

5h 

The general procedure was followed on a 0.160 rn mole scale starting from (1R,2R)-(-)-N­

BOC-2-amino-1-( 4-nitrophenyl)-1,3-propanediol ( 4) and organobismuthine 2h. The cru de 

product was purified on silica gel (50% EtOAc/Hex) to afford 5h as a colorless ail (22 mg, 

34%) : Rr 0.59 (35% EtOAcjHex); 1H- NMR (300 MHz, CDCh) o 8.19 (d, j = 8.7 Hz, 2H), 7.56 

(d, j = 8.6 Hz, 2H), 7.28-7.20 (rn, lH), 6.74-6.59 (rn, 3H), 5.24-5.17 (rn, 2H), 4.12-4.00 (rn, 

3H), 3.54 (s(br), lH), 1.35 (s, 9H); 13(-NMR (75 MHz, CDCh) o 165.3, 162.0, 159.3, 159.2, 
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156.2, 148.5, 147.5, 130.6, 130.5, 127.1, 123.6, 110.1, 108.7, 108.4, 102.6, 102.3, 80.6, 72.7, 

67.9, 55.5, 28.2; HRMS (ESI) calcd for CzoHz3 FNz0 6: 406.1540, found 407.1647 [M+H]+. 

Tert-butyl((1R,2R) -3-(3-cyanophenoxy) -1-hydroxy-1-( 4-nitrophenyl)propan-2-

yl)carbamate (Si) 

Si 

The general procedure was followed on a 0.160 mmole scale starting from (1R,2R)-(-)-N­

BOC-2-amino-1-( 4-n itrophenyl)-1,3-propanediol ( 4) and organobismuthine 2i. The cru de 

product was purified on silica gel (50% EtOAc/Hex) to afford Si as a colorless oil (16 mg, 

24%): Rt 0.51 (35% EtOAcjHex); 1H-NMR (300 MHz, CDCb) 8 8.20 (d,j= 8.3 Hz, 2H), 7.59-

7.54 (rn, 2H), 7.42-7.13 (rn, 4H), 5.22-4.94 (rn, 2H), 4.19-4.05 (rn, 3H), 3.55 (s(br), 1H), 1.34 

(s, 9H); 13C-NMR (75 MHz, CDCb) 8 158.2, 156.0, 148.5, 147.6, 130.6, 127.0, 125.3, 123.6, 

119.5, 118.4, 117.7, 113.4, 80.6, 72.2, 67.6, 55.3, 28.2; HRMS (ES!) calcd for Cz1Hz3 N3Ü6: 

413.1587, found 436.1475 [M+Na] +. 

Tert-butyl((1R,2R) -1-hydroxy-1-( 4-nitrophenyl)-3-( 4-((tetrahydro-2H-pyran-2-

yl) oxy) phenoxy) pro pan-2 -yi) car barna te ( S j) 

Sj 

The general procedure was followed on a 0.160 mmole scale starting from (1R,2R) -(- )-N­

BOC-2-amino-1-( 4-nitrophenyl)-1,3 -propanediol ( 4) and organobismuthine 2j. The crude 

product was purified on silica gel (50% EtOAcjHex) to afford Sj as a white solid (33 mg, 

42 %): m.p. 125-129°C; Rt 0.50 (35% EtOAc/Hex); 1H-NMR (300 MHz, CDCb) 8 8.18 (d, j = 

8.7 Hz, 2H), 7.56 (d,j = 8.6 Hz, 2H), 7.01-6.98 (rn, 2H), 6.82-6.79 (rn, 2H), 5.31-5.19 (rn, 3H), 
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4.10-3.91 (rn, 4H), 3.68 (s(br), 1H), 3.63-3.55 (rn, 1H), 1.86-1.82 (rn, 2H), 1.70-1.59 (rn, 4H), 

1.35 (s, 9H); 13C-NMR (75 MHz, CDCh) 8 156.1, 152.8, 151.9, 148.7, 147.5, 127.1, 123.5, 

117.9, 115.4, 97.3, 80.4, 73.3, 68.7, 62.2, 55.5, 30.4, 28.2, 25.3, 18.9; HRMS (ES!) calcd for 

Czs H32 NzOs: 488.2159, 511 .2035 [M+Na]+. 

Tert-butyl((1R,2R)-3-( 4-(( tert-butyldimethysilyl)oxy)phenoxy) -1-hydroxy-1-( 4-

nitrophenyl)propan-2-yl)carbamate (5k) 

Sk 

The general procedure was followed on a 0.160 mmole scale starting from (1R,2R)-(-)-N­

BOC-2-amino-1-(4-nitrophenyl)-1,3-propanediol (4) and organobismuthine 2k. The crude 

product was purified on silica gel (50% EtOAc/Hex) to afford 5k as a yellow oil (35 mg, 

42%): Rt 0.55 (35% EtOAcjHex); 1H-NMR (300 MHz, CDCh) 8 8.19 (d,j = 8.7 Hz, 2H), 7.57 

(d, j = 8.6 Hz, 2H), 6.76 (s, 4H), 5.27-5.21 (rn, 2H), 4.09-4.00 (rn, 3H), 3.62 (s(br), 1H), 1.35 

(s, 9H), 0.97 (s, 9H), 0.17 (s, 6H); 13(-NMR (75 MHz, CDCh) 8 156.1, 152.4, 150.3, 148.7, 

147.5, 127.1, 123.5, 120.9, 115.4, 80.4, 73.5, 68.8, 55.5, 28.2, 25.7, 18.2, -4.5; HRMS (ES!) 

calcd for Cz6H3sNz07Si: 518.2448, found 541.2355 [M+Na] +, 419.2014 [M-BOC+H]+. 

Tert-butyl((1R,2R)-3-( 4-( dimethoxymethyl)phenoxy)-1-hydroxy-1-( 4-

nitrophenyl)propan-2-yl)carbamate (51) 

51 

The general procedure was followed on a 0.160 mmole scale starting from (1R2R)-(-)-N­

BOC-2-amino-1-(4-nitrophenyl) -1,3 -propanediol (4) and organobismuthine 21. The crude . 

product was purified on silica gel (50% EtOAc/Hex) to afford 51 as a colorless oil (28 mg, 
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38%): Rr 0.51 (35 % EtOAc/Hex); 1H-NMR (300 MHz, CDCh ) 8 8.19 (d,j = 8.7 Hz, 2H), 7.57 

(d,j = 8.6 Hz, 2H), 7.38 (d,j = 8.6 Hz, 2H), 6.89 (d,j = 8.7 Hz, 2H), 5.35 (s, 1H), 5.27-5.18 (rn, 

2H), 4.14-4.03 (rn, 3H), 3.56 (s(br), 1H), 3.31 (s, 6H), 1.35 (s, 9H); 13C-NMR (75 MHz, CDCh) 

8 157.9, 156.0, 148.5, 147.4, 131.5, 128.1, 127.0, 123.5, 114.0, 102.8, 80.5, 67.9, 55.7, 52.6, 

28.1; HRMS (ESI) calcd for C23H3oN20 a: 462.2002, found 507.1949 [M+HCOO] -. 

4. General procedure for the conversion of the N-BOC derivatives (5) into 

dichloroacetamide derivatives (7) 

Step 1 - Removal of the BOC protecting group: The N-BOC derivative (5) (0.06 mmol) 

was dissolved in dichloromethane (1 mL) and cooled to OOC. Trifluoroacetic acid (5.0 equiv) 

was added dropwise and the reaction mixture was warmed up to r.t. The mixture was 

concentrated under reduced pressure and taken directly in the next step. 

Step 2 - Installation of the dichloroacetamide: In a sealed tube, the TFA amine salt (0.06 

mmol) was dissolved in MeOH (1 mL). Methyl dichloroacetate (3.0 equiv) was added 

followed by DIPEA (3 .0 equiv). The resulting reaction mixture was stirred at 60 oc for 1 

hour. The mixture was cooled to r.t. and concentrated under reduced pressure to give the 

crude dichloroacetamide adduct. The crude product was purified by flash column 

chromatography on silica gel using the indicated eluent system to afford the desired 

product (7) . 

2,2-Dichloro-N-((1R,2R)-1-hydroxy-1-( 4-nitrophenyl)-3-(p-tolyloxy)propan-2-

yl)acetamide (7a) 

7a 

The general procedure was followed on a 0.060 mmole scale starting from Sa. The crude 

product was purified on silica gel (2% MeOH/DCM) to afford 7a as a white solid (10 mg, 

40 %): m.p. 184°C; Rr 0.51 (10% MeOH/DCM); 1H-NMR (300 MHz, MeOD-d4/CH 2Cb) 8 8.19 

(d,j = 8.5 Hz, 2H), 7.66 (d, j = 8.5 Hz, 2H), 7.09 (d,j = 8.1 Hz, 2H), 6.85 (d,j = 8.3 Hz, 2H), 
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6.24 (s, 1H), 5.23 (d,j =2.3 Hz, 1H), 4.58 (s(br), 1H), 4.50-4.40 (rn, 1H), 4.25 (dd, j = 9.5, 6.6 

Hz, 1H), 4.00 (dd, j = 9.5, 6.3 Hz, 1H), 2.27 (s, 3H); 13 (-NMR (75 MHz, Me0D-d4) o 165.3, 

156.4, 149.8, 147.3, 130.2, 129.5, 127.1, 122.8, 114.3, 70.1, 66.5, 65.9, 55.0, 19.1; HRMS 

(ESI) calcd for C18H1sClzNzOs: 412.0593, found 413.0647 [M+H]+. 

2,2-Dichloro-N-((1R,2R)-1-hydroxy-1-( 4-nitrophenyl)-3-( m-tolyloxy)propan-2-

yl)acetamide (7b) 

7b 

The general procedure was followed on a 0.071 mmole scale starting from Sb. The crude 

product was purified on si li ca gel (1% MeOH/DCM) to afford 7b as a white sol id (22 mg, 

75%): m.p. 150°C; Rt 0.52 (10% MeOH/DCM); 1H-NMR (300 MHz, CDCb) o 8.26-8.22 (rn, 

2H), 7.60 (t,j = 8.5 Hz, 2H), 7.28-7.16 (rn, 2H), 6.89-6.74 (rn, 3H), 5.84 (s, 1H), 5.40 (d,j = 2.8 

Hz, 1H), 4.51-4.44 (rn, 1H), 4.27-4.17 (rn, 2H), 3.23 (s(br), 1H), 2.37 (s, 3H); 13C-NMR (75 

MHz, CDCb) o 164.5, 157.7, 147.7, 147.5, 140.0, 129.6, 126.9, 123.8, 122.9, 115.5, 111.5, 

72.1, 67.5, 66.1, 54.6, 21.5; HRMS (ESI) calcd for C1sH1sClzNzOs: 412 .0593, found 413.0685 

[M+H] +. 

2,2-Dichloro-N-((1R,2R)-1-hydroxy-1-( 4-nitrophenyl)-3-( o-tolyloxy)propan~2-

yl)acetamide (7c) 

7c 

The general procedure was followed on a 0.0716 mmole scale starting from Sc. The crude 

product was purified on silica gel (1% MeOH/DCM) to afford 7c as a white solid (20 mg, 

68%): m.p. l19°C; Rt 0.51 (10% MeOH/DCM); 1H-NMR (300 MHz, CDCb) o 8.27 (d,j = 8.7 
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Hz, 2H), 7.64 (d,j = 8.6 Hz, 2H), 7.30-7.22 (rn, 3H), 6.99 (t,j = 7.0 Hz, 1H), 6.88 (d,j = 8.3 Hz, 

1H), 5.87 (s, 1H), 5.45 (d, j = 2.7 Hz, 1H), 4.56-4.52 (rn, 1H), 4.28 (d, j = 4.6 Hz, 2H), 3.27 

(s(br), 1H), 2.31 (s, 3H); 13C-NMR (75 MHz, CDCh) 8 164.8, 155.8, 147.8, 147.4, 131.2, 127.2, 

126.8, 126.46, 126.43, 123.8, 121.9, 111.3, 72.5, 67.7, 66.1, 54.6, 16.4; HRMS (ESI) calcd for 

ClsH1sCizNzOs: 412.0593, found 413.0654 [M+H]+. 

2,2-Dichloro-N-((1R,2R)-1-hydroxy-1-( 4-nitrophenyl)-3-phenoxypropan-2-

yl)acetamide (7d) 

7d 

The general procedure was followed on a 0.060 mmole scale starting from 5d. The crude 

product was purified on silica gel (2% MeOH/DCM) to afford 7d as a white solid (18 mg, 

75%): m.p. 200°C; Rt0.50 (10% MeOH/DCM); 1H- NMR (300 MHz, (CD3)zCO) 8 8.19-8.15 (rn, 

2H), 7.73-7.71 (rn 3H), 7.30-7.24 (rn, 2H), 6.97-6.91 (rn, 3H), 6.35 (s, 1H), 5.46-5.34 (rn, 1H), 

5.39-5 .37 (rn, 1H), 4.56-4.47 (rn, 1H), 4.30 (dd,j = 9.6, 7.0 Hz, 1H), 4.08 (dd,j = 9.6, 5.9 Hz, 

1H); 13(-NMR (75 MHz, (CD3)zCO) 8 163.8, 158.6, 149.9, 147.3, 129.5, 127.4, 124.9, 123.0, 

121.0, 114.7, 70.2, 66.5, 66.4, 54.9; HRMS (ESI) calcd for C17H16CizNzOs: 398.0436, found 

399.0521 [M+H]+. 
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2,2 -Dichloro-N-((1R,2R) -1-hydroxy-3- ( 4-methoxyphenoxy)-1-( 4-

nitrophenyl)propan-2-yl)acetamide (7 e) 

7e 

The ·general procedure was followed on a 0.0704 mmole scale starting from Se. The crude 

product was purified on silica gel (1% MeOH/DCM) to afford 7e as a white solid (13 mg, 

43%) : m.p. 150-152°C; Rt 0.50 (10% MeOH/DCM); 1H-NMR (300 MHz, CDCb) 8 8.23-8.18 

(rn, 2H), 7.58 (d, j = 8.5 Hz, 2H), 7.17 (d, j = 8.8 Hz, 1H), 6.90-6.83 (rn, 4H), 5.82 (s, 1H), 5.37 

(d, j = 2.8 Hz, 1H), 4.45-4.41 (rn, 1H), 4.21-4.10 (rn, 2H), 3.78 (s, 3H); 13C-NMR (150 MHz, 

CDCb) 8 164.4, 154.8, 151.8, 147.7, 147.5, 126.8, 123.7, 115.8, 115.7, 114.9, 72.1, 68.5, 66.1, 

55.7, 54.6; HRMS (ES!) calcd for C1aH1aClzNz0 6: 428.0542, found 429.0592 [M+H] +. 

2,2-Dichloro-N-((1R,2R)-1-hydroxy-3-(3-methoxyphenoxy)-1-( 4-

nitrophenyl)propan-2-yl)acetamide (7t) 

The general procedure was followed on a 0.071 mmole scale starting from Sf. The crude 

product was purified on silica gel (1% MeOH/DCM) to afford 7f as a white solid (21 mg, 

69%) : m.p. 119°(; Rr 0.51 (10% MeOH/DCM); 1H-NMR (300 MHz, CDCb) 8 8.20-8.17 (rn, 

2H), 7.56 (d,j = 8.5 Hz, 2H), 7.23-7.10 (rn, 2H), 6.58-6.46 (rn, 3H), 5.80 (s, 1H), 5.35 (d,j = 

2.8 Hz, 1H), 4.46-4.41 (rn, 1H), 4.19-4.14 (rn, 2H), 3.78 (s, 3H); 13C-NMR (75 MHz, CDCb) 8 

164.5, 161.0, 158.9, 147.7, 147.5, 130.3, 126.8, 123.7, 107.4, 106.7, 101.3, 71.9, 67.3, 66.0, 

55 .4, 54.5; HRMS (ES!) calcd for C1aH1aClzNz0 6: 428.0542, found 429.0614 [M+H] +. 
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2,2-Dichloro-N-((1R,2R) -3-( 4-fluorophenoxy)-1-hydroxy-1-( 4-nitrophenyl)propan-2-

yl)acetamide (7g) 

7g 

The general procedure was followed on a 0.057 mmole scale starting from Sg. The crude 

product was purified on silica gel (2% MeOH/DCM) to afford 7g as a white solid (10 mg, 

42%): m.p. 196°C; Rt O.SO (10% MeOH/DCM); 1H-NMR (600 MHz, (CD3)zCO) 8 8.23-8.19 (rn, 

2H), 7.82 (d, j = 8.6 Hz, 1H), 7.75 (d, j = 8.7 Hz, 2H), 7.08-6.99 (rn, 4H), 6.38 (s, 1H), 5.55 

(s(br), 1H), 5.39 (d,j = 1.8 Hz, 1H), 4.54-4.52 (rn, 1H), 4.31 (dd,j = 9.6, 6.9 Hz, 1H), 4.10 (dd, 

j = 9.5, 6.1 Hz, 1H), 3.31 (d, j = 4.3 Hz, 1H); 13C-NMR (150 MHz, (CD3)zCO) 8 163.8, 158.2, 

156.6, 154.9, 149.9, 147.3, 127.4, 123.0, 116.1, 116.0, 115.8, 115.6, 70.2, 67.3, 66.5, 54.9; 

HRMS (ESI) calcd for C17H1sC!zFN zOs: 416.0342, found 417.0416 [M+H] +. 

2,2-Dichloro-N-((1R,2R) -3-(3-fluorophenoxy) -1-hydroxy-1-( 4-nitrophenyl)propan-2-

yl)acetamide (7h) 

7h 

The general procedure was followed on a 0.055 mmole scale starting from Sh. The crude 

product was purified on silica gel (2% MeOH/DCM) to afford 7h as a white solid (13 mg, 

57%): m.p. 17rC; RJ 0.53 (10% MeOH/DCM); 1H-NMR (600 MHz, (CD3)zCO) 8 8.22-8.19 (rn, 

2H), 7.78-7.73 (rn, 3H), 7.33-7.29 (rn, 1H), 7.06-6.99 (rn, 1H), 6.83-6.73 (rn, 2H), 6.37 (s, 1H), 

5.48-5.40 (rn, 1H), 5.39 (s(br), 1H), 4.57-4.52 (rn, 1H), 4.37-4.29 (rn, 1H), 4.21-4.08 (rn, 1H); 

13C-NMR (150 MHz, (CD3)zCO) 8 164.4, 163.8, 162.8, 160.1, 149.8, 147.3, 130.6, 127.5, 

124.9, 123.1, 116.0, 110.8, 107.6, 70.1, 67.0, 65.5, 54.7; HRMS (ESI) calcd for 

C17H1sClzFNzOs: 416.0342, found 417.0413 [M+H] +. 
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2,2-Dichloro-N-((1R,2R)-3-(3-cyanophenoxy) -1-hydroxy-1-( 4-nitrophenyl)propan-2-

yl)acetamide (7i) 

7i 

The general procedure was followed on a 0.0510 mmole scale starting from Si. The crude 

product was purified on silica gel (1% MeOH/DCM) to afford 7i as a white solid (18 mg, 

83%) : m.p. 190-195°C; Rt 0.54 (10% MeOH/DCM); 1H-NMR (300 MHz, (CD3)zCO) 8 8.25-

8.19 (rn, 2H), 7.84-7.74 (rn, 3H), 7.53 (t,j = 7.9 Hz, 1H), 7.41-7.33 (rn, 2H), 6.38 (s, 1H), 5.52-

5.50 (rn, 1H), 5.44-5.42 (rn, 1H), 4.64-4.56 (rn, 1H), 4.46 (dd, j = 9.5, 6.5 Hz, 1H), 4.25 (dd,j = 

9.7, 6.3 Hz, 1H); 13C-NMR (75 MHz, (CD3)zCO) 8 163.8, 158.8, 149.7, 147.4, 130.8, 127.4, 

124.8, 123.1, 120.2, 118.2, 117.6, 113.2, 70.2, 67.1, 66.5, 54.7; HRMS (ES!) calcd for 

CtaHtsClzN30s: 423.0389, found 424.0454 [M+H] +. 

2,2-Dichloro-N-((1R,2R)-1-hydroxy-3-( 4-hydroxyphenoxy) -1-( 4-nitrophenyl)propan-

2-yl)acetamide (7j) 

OOH 

o~d:?rfc, 
0 

7j 

The general procedure was followed on a 0.067 mmole scale starting from 5k. The crude 

product was purified on silica gel (1% MeOH/DCM) to afford 7j as a white solid (20 mg, 

72 %): m.p. 163.5°C; Rt 0.53 (10% MeOH/DCM); 1H-NMR (300 MHz, (C03)zCO) 8 8.23-8.19 

(rn, 2H), 7.99 (s(br), 1H), 7.76-7.73 (rn, 3H), 6.86-6.76 (rn, 4H), 6.39 (s, 1H), 5.45 (s(br), 1H), 

5.38 (s(br), 1H), 4.54-4.46 (rn, 1H), 4.23 (dd, j = 9.6, 7.1 Hz, 1H), 4.03 (dd, j = 9.6, 5.9 Hz, 

1H); 13(-NMR (75 MHz, (C03)zCO) 8 163.7, 151.84, 151.81, 150.0, 147.3, 127.4, 123.0, 115.9, 

115.8, 70.2, 67.3, 66.5, 55.0; HRMS (ES!) calcd for C17Ht6Cl zNz0 6: 414.0385, found 415.0477 

[M+H] +. 
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S. lH-NMR and 13C-NMR Spectra 
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