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Objectives 

This thesis is divided into two different parts. 

The first one deals with the preparation of two types of heterocycles, oxazoles and 

ismaz~lec, tiom Y-acetoacetyl derivatives. The overall objective of this project was to 

develop a general method allowing the formation of these hvo heterocycles in a rapid and 

simple way by using readily accessible derivatives of oxazolidinones. The possibility of 

controlling the formation of each heterocycle by reacting an identical precursor under two 

different sets of reaction conditions was studied. 

The first objective was to study the reactivity of iV-acetoacetyl substrates bearing 

the chiral oxazolidinone derived from (1  R,2S)-(-)-norephedrine under the two sets of 

conditions. To this end, substrates with various substituents on the N-acetoacetyl 

skeleton were prepared and tested. The stenc and electronic effects caused by the nature 

of the substituents were investigated. 

? 

The second objective was to extend the methodology to substrates with various 

oxazo lidinone awciliarles. 

The second part of this thesis deals with the aqueous rhodium-c atalyz ed Heck- 

type coupling reaction between olefins and boronic acids. The overall objective was to 

investigate the general scope of this coupling reaction as well as the mechanism. 



The fint objective was to conduct studies on the aqueous rhodium catalyzed 

Heck-type coupling reaction between styrene and various boronic acids. Initial 

investigations focused on establishing good reaction conditions that would allow the 

coupling reaction between styrene and various boronic acids. Mechanistic hypotheses 

were also investigated. 

The second objective was to extend this methodology to various olefins. 

The third objective was to investigate the new rractivity showed by a class of 

olefins, 2- and Cvinylpyridines. 



Abstract 

The preparation of two types of heterocycles, oxazoles and isoxazoles, was 

achieved in good yields in a rapid and simple way by using N-acetoacetyl denvatives of 

oxazolidinones. Steric and electronic effects caused by the nature of the substituents at 

C 1, C2 and C3 were studied. It was s hown that, in most cases, the controlled synthesis of 

oxazoles or isoxazoles from the same precursor was achieved by reacting it under 

specific reaction conditions. The best results were obtained with a chiral oxazolidinone 

moiety on C 1 derived From (1 R,2S)-(-)-norephedrine. 

The aqueous rhodium catalyzed Heck-type coupling reaction between olefins and 

boronic acids was studied. It was showvn that the reaction works only when water is the 

only solvent and that the presence of an organic solvent in the reaction mixture inhibits 

the coupling. The coupling products between styrene and various boronic acids were 

formed in 50-95% yield. A novel mechanism was proposed to rationalize the observed 

reactivity. 2- and 4-Vinyipyridine, in presence of rhodium, showed a new reactivity 

giving access to 1,2-diaryl- and 1,1,2-tnaryl-ethylderivatives. 
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1 Synthetic Studies of the Formation of Oxazoles and 

lsoxazoles from N-Acetoacetyl Derivatives: Scope and 

Limitations 

II. 7 General lntroduction 

Oxazoles and isoxazoies are important constituents in biologically active natural 

products as well as synthetic drugs. Naturally occurring oxazoles have been isolated 

h m  plants,' nudibranch egg masses2 and mi~roor~anisrns.~ These oxazoles as well as 

many derivatives show a variety of biological activities: including anti-cancer and anti- 

H W A I D S  activity. For example, phorboxazoles 1 are manne natural products 

containing bvo oxazole rings. They exhibit in vitro antifungal activity against Candida 

albicans and extraordinary cytostatic activity.' Amamistatins 11 contain one oxazole 

nucleus and both are novel growth inhibitors of human tumor ce11 lines isolated From an 

actinomycete! Also, bengazole A and epibengazole A III, isolated from marine sponges 

of the genus Jaspis, are representative memben of a small family of bis-oxazole natural 

products.7 Like phorboxazoles A and B, bengazole A and epibengazole A exhibit potent 

in vitro antifungal activity against Candida albic~ns.~ 

1: phorboxazoles A and 8 II: Amamistatins A and 6 



OH 

(10s) bengazole A 
O (1 OR) epibengazole A 

Amino-isoxazoles IV and their N-substituted derivatives are also interesting 

heterocyclic compounds with useful biological properties. Indeed, isoxaben v9 is one of 

the most used herbicides for winter cereais. Likewise, epibatidine VI, isolated in 1992," 

was found to be a member of an entirely new class of alkaloids exhibiting powerful 

analgesic properties and potent anti-nociceptive activity via activation of central nicotinic 

receptors. However, due to its high toxicity, epibatidines's therapeutic development has 

become a major challenge. 

VI: Epibatidine 

Epiboxidine VI1 was then designed,I1 combining the structural features of 

epibatidine VI  (7-aza-bicyclo[2,2,I]heptane framework) but containing the isoxazole 

pharmacophore. Epiboxidine VI1 was s h o w  to be a potent nicotinic receptor agonist 

with 20-fold less toxicity than epibatidine.I1 In 1999, an efficient synthesis of VI1 was 

reported, I 2  utilizing N-protected-2-exo-(carboxy)-7-azabicyc 102 2 1 h e p t e  VI11 as a 

key precursor (Scheme 1). 



VII: Epiboxidine Vlll 

Scheme 1 

7.2 Literature Precedenfs about the Syn fhesis of Substituted 

Oxazoles and lsoxazoles 

The high activity of the oxazole and isoxazole pharmacophores in therapeutic 

agents has stimulated substantial interest in developing elegant and effective methods to 

synthesize these heterocycles and use them as starting materials for the synthesis of more 

cornplex molecules." A large number of methods have been published detailing the 

synthesis of substituted oxaroles and isoxazoles including approaches based on 

intermolecular ~~cloadditions,'" condensations,15 and intramolecular cyclization of amino 

acidst6 

Alexandrou and CO-workers reported that thermal decomposition of silver salts of 

aryldinitromethanes 1 in the presence of several alkynes provides 4,5-disubstituted 

3-phenyl-isoxazoles 3 (Scheme 2).17 It is believed that upon heating of the silver salt, 

AgN03 is 10% giving rise to arylnitrocarbene 2. This species subsequently reacts with an 

aikyne in a 1,3-dipolar cycloaddition manner. The yields though are low, ranging fiom 5 

to 15%. 



1 L J 

2 (1,3-dipolar cycloaddition) 3 

Scheme 2 

El Kaïm and CO-workers published a method to synthesize amino-isoxazoles 7 

from isocyanides 6 (Scheme 3).'lb The mechanisrn of this addition relies on a base 

induced hydrochloric elimination of a-chloro or a-brornoketone oxime 4 to form a 

reactive nitrosoalkene 5 rapidly attacked by the nucleophile, in this case isocyanide 6, in 

a [4+1] cycloaddition fashion. The success of this method is highly dependent on the 

nature of the substituents on both the oxime and the isocyanide, the yields ranging fiom O 

to 93%. In order to be successful, the substituent on the oxime has to be strongly electron 

withdrawing (CF3, C02Et) and the one on the isocyanide has to be bulky ([-Bu, CR;). 

6 

((4+l j cycloaddition) 
R ' 

S 7 

Scheme 3 

Freeman and CO-workers reported a versatile rnethod for the synthesis of 

substituted 1,3-oxazoles from aminomalononitnle tosylate (AMNT) and carboxylic acids 

(Scheme 4).15 The carboxyl activating reagent, 1,3-dicyclohexyylcarbodiirnide (DCC), 

has been used in the presence of pyridine to synthesize 2-substinited 5-amino-4-cyano- 

1,3-oxazoles. The R groups that were tested are branched akyl chahs. 



CN U DCC 
H+NH~OTS + d ?;y NH2 

R OH pyridine N CN CN 
8 9 2242% 10 

Scheme 4 

In 1978, a Russian group reported the synthesis of arnino-oxazoles 13 from 

u-acylated amino acids 11 and secondary amines in the presence of a dehydrating 

reagent, ~ 2 0 5 . ' ~  The condensation was camed out in the presence of an excess of P2O5 in 

boiling chloro form (Scheme 5). Although the dehydration was spontaneous, in many 

cases 12 was recovered with the 5-R2N-oxazoles 13 afier isolation of the reaction 

mixture. They attributed this result to the incompleteness of the reaction and/or the 

hydrolysis of the oxazole ring upon the neutralization of the acidic mixture. Varying the 

reaction time, the relative amounts of the reactants, the concentration of the base and the 

neutralization temperature did not signi ficantly improve the yields of oxazoles 13. 

P ~ N H R ~  
(R~=cH, Ph) 

p205 
CHCI3, reflux 

Scheme 5 

As another example, Smith and CO-workers published a two-step synthesis of a 

substituted oxazole ring in the course of the total synthesis of (+)-calyculin A and (-)- 

calyculin B (Scheme 6).18 The highly fùnctionalyzed p-hydroxyamide 14 was reacted 



with the Burgess reagent,Ig as introduced by Wipf et a1." to first f o m  the oxazoline. 

Subçequent oxidation under the Barrish-Singh CuBrr oxidation" fumished the 

disubstituted oxazole 15 in 67% yield for the hvo steps. 

O 1 o. 
!Ac0 ?f-:-NE!; 

@ O  CUBQ. HMTA, DBU, 
("Burgess reagent') CH2& Meo2L 

THF, 55% 3 67Oh for 2 steps- 

N3 

oxazoline 15 

Scheme 6 

Despite the significant number of papers that have been published to date about 

the synthesis of substituted oxazoles and isoxluoles, some of the methods described in 

the literature suffer in their versatility, convenience, and yield. First having in mind the 

synthesis of amino acids, we became interested in the study of the synthesis of this class 

of heterocycles. 

7.3 Synthesis of Non Natural Amino Acids from Chiral PKetoesters 

and PKetoimides 

This project began with the goal of prepanng novel enantiomerically pure fully 

protected a-monosubstituted arnino acids 19 from chiral fl-ketoimides 16. Subsequent 

transformations of 16 followed by a Beckmann remangement (18-19) would fumish 

the protected amino acids. (Scheme 7). 



Scheme 7 

The Beckmann rearrangement is an acid-catalyzed transformation of a ketoxime 

to an amide."' Acid converts the oxime to a good leaving group and promotes the 

remangement of an adjacent aryl or alkyl group. A base-catalyzed version of this 

rearrangement is also feasible with the already protected oxime, often with a tosylate or 

mesylate group. The group anti to hydroxy migrates with its bonding electron pair; when 

that group is chiral, the Beckmann rearrangement occurs with retention of 

configuration. 22b, 23 

RIO. 
N O Beckmann 

Y O M e  
rearrangement - 

O 

By using the strategy described in Scheme 7, we wanted to take advantage of the 

fact that B-ketoimide 16 is less prone to enolization than normal P-diketones because of 

the developing allylic 1,3 strain in the enolate (Scheme 8)? Indeed, in order to 

epimerize, al1 the marked atoms would have to be in the same plane resulting in 



significant allylic 1,3 strain. Since this process requires important amount of energy, it is 

not favorable and therefore does not occur under mildly basic or acidic conditions. 

Scheme 8 

Our strategy toward chiral u-monosubstituted arnino acids was based on two 

reports. Frutos and CO-workers reported the synthesis of protected, chiral 

a,a-disubstituted a-amino acids via a Beckmann rearrangement (eq. l)." The synthesis 

of the protected a,a-disubstituted a-amino acids through the Beckmann rearrangement is 

illustrated by the preparation of (RI-N-acetyl-u-methylphenylalanine rnethyl ester 25 

(Scherne 9). P-Ketoesters like 22 were prepared as single enantiomers according to the 

procedure described by ~ o ~ a . ' ~  This procedure consists in diastereoselective alkylation 

of lithio enarnines a-alkylated p-ketoesters utilizing readily L-valine tert-butyl ester as 

the chiral auxiliary. Under these conditions, a substantial arnount of the undesired 

isoxazolone 26 is produced, which arises from the displacement of the tosyl group by the 

carbonyl oxygen. Different solvents such as ethanol, methanol, butanol, acetic acid, 

pyridine and THF were used to minimize the formation of 26, as weil as the amount of 

water in the mixture, but no improvement on the yield was noticed. It was observed that 

mesylates gave a slightly inferior yield compare to the corresponding tosylates. It was 

detemined that compounds 25 were obtained with 95-99% ee's, which confirms that the 

Beckmann rearrangement occurs with retention of configuration at the migrating carbon. 



- HoyoMe pTsaN 
NH20HdCI p-TsCI, DMAP (ca!) 

NaOAc, MeOH dichloroethane/Py * +JoMe 
R R 

22 23 24 

CPrOH 80% in H20 H O R =  Ph - 4-BiPh 
EbN, reflux 3-CtPh . 2-naphthyl 

vinyl 

Scheme 9 

Georg and CO-workers reported the second paper on which Our initial plan was 

based." They used the Schmidt rearrangernent of a,a-bisalkylated B-ketoesters to 

synthesize a-alkylated a-amino acids. This strategy has been previously used by 

Schmidt to access this class of protected amino-acids in high yields.2s In the case of the 

Schmidt rearrangement, an azide is the rearrangement precursor. Several studies have 

revealed that the Schmidt rearrangement takes place with retention of ~onfi~urat ion. '~  

Georg and CO-workers prepared optically active p-ketoesters of high enantiomeric purity 

also using the procedure described by ~ o ~ a . ' ~ ?  j0 The chiral P-ketoesters were then 

subjected to the Schmidt rearrangement and the corresponding N-acyl amino acids were 

obtained in excellent yields (Table 1). The ee's, determined by NMR experiments 

ut ilizing the chiral shift reagent tris [3-(heptafluoropropylhydroxymethylene)-d- 

camphorato] europium(m), revealed that no detectable racemization had occurred during 

the Schmidt rearrangement. 



Table 1: Schmidt Reactions of a,u-disubstituted fi-ketoesters 

entrY R1 R~ R' yield (%) ee (%) 

1.4 Preliminary Results 

With these literature precedents, we set out to apply these strategies to synthesize 

a-monosubstituted amino acids fiom chiral a-monosubstituted B-ketoimides. Starting 

material 29a was first prepared according to the rnethodology developed by Evans and 

CO-workers (Scheme 1 O)? ' Commercially available ( IR,2S)-(-)-norephec!rine was 

reacted neat with diethyl carbonate in the presence of &Co3 to fùmish oxazolidinone 27, 

which could be purified by recrystallization. 27 was acylated a first time under standard 

conditions and the intermediate 28 was used crude in the second acylation step yielding 

the oxazolidinone derivative 29a in a non-optimized yield of 75%. Chelation between 

the two carbonyl oxygens fixes the conformation of the auxiliary and acylation then 

occurs from the least hindered face, away form the rnethyl and phenyl groups. The 

enolate geometry is always &(O), as shown, because of the LJ-allylic strain which 

develops in the E-(O)-enolate. Only the diastereomer shown was detected ('H NMR). 



H2NwoH . . * 

M$ -ph 

(1 R12S)-(-)- 
norephedrine 

LDA 
C 

THF, -78% 

K m 3  
reflux 

(distilling off EtOH) 
88% 

after recrystallization 

Scheme 10 

When 29a was reacted with hydroxylamine hydrochloride (NH20HeHCI), the 

only compound obtained in 80% yield was the isoxazole 30a (a white solid), instead of 

the expected conespondhg oxime 31 (Scheme I l ) .  Structure 30a was proved by X-ray 

crystallography. Extensive nOe, HSQC and HMBC NMR experiments did not allow 

defenitive structure determination of Ma. 



.colorless oil 
CH3S03H 

. . eC4 :l3l ppm in '% NMR 
CHC13, reflux .. = 

'ph 

NH20H.HCI 

NaOAc 
MeOH, reflux 

80% 

In an effort to synthesize the amino acid, the same starting material 29a was 

reacted with NaN3 under the Schmidt rearrangement reaction conditions. However, the 

only product observed was the oxazole 32a, a colorless oil, which was obtained in 60% 

yield. Although 30a and 32a have similar spectroscopie data, they can be differentiated 

by the chemical shift of carbon C4. Indeed, carbon C4 of the isoxazole resonates at 

higher field (106 ppm compare to 13 1 ppm for carbon C4 of the oxazole). 

.white solid 

.structure proved 

by X-ray crystallography 

.C4:106ppmin13~NMR 
30a 

7.5 Literature Precedents about the Reactivity of PiCetoimides 

O 0 0  Hu 1 
N O 

NaOAc 
Mi "Ph MeOH, reflux 

i u. 
'ph 

lntrigued by these results, we looked in the literature to see if there were 

precedents relating to the reactivity of p-ketoimides under these conditions. Moreno- 



Mafias and CO-workers reported in 1986 that when sterically hindered P-diketone 33 was 

treated with NaN3, 4-(1-adamantyl)2,5-dimethyloxazole 35 was isolated in 87% yield 

instead of the amidoketone 34, which cyclizes under the action of the acid (Scheme 

1 2)*3'"*b However, with groups other than 1-adamantyl between the two carbonyl 

moieties (e.g. R= CHi, PhCH2CH2, PhCH=CHCH2 and Ph2CH) the reaction stops at the 

amid~ketone.~'~ The conversion of amidoketones into oxazoles by strong acids (34+35) 

is the Robinson-Gabriel rea~tion.'~ 

34 

Scheme 12 

In 1996 the same authors reported a few results with chiral N-acetoacetyl 

derivatives 36, featuring (49-4-benzyloxazolidin-2-one as chiral moiety (Table z).''~ 

When 36 was treated in dimethoxyethane with sodium azide and methanesulfonic acid, 

the nature of the product (protected amino acid 37 or oxazole 38) as well as the yield 

varies a lot depending on the nature of R' and R'. At this stage, they did not provide 

extensive explanations for their results. They only stipulated that steric hindrance is most 

probably the driving force for cyclization when severely hindered compounds such as 34 

and 37 are the primary products of the Schmidt remangement. 



Table 2: Schmidt Reactions of N-Acetoacetyl Derivatives of Oxazolidinone 

entrY R1 RL yield 37 (%) yield 38 (%) R 

7 H, CH3 as a mixture of diast. 14 
3 PhCH? H O 
4 PhCH2, H as a mixture of diast. 54 O 
5 H H O 45 H 

The same authors published a second paper in 1996 in which they reported that 

the N-acetoacetyl oxazolidinone with the three bulky groups Ph2CH, fluorenyl and 

adamantyl, gave the protected 

1 3).3'C 

amino acid in 85%, 33% and 23% respectively (Scheme 

O O 
K 2 a 3  e 

xc [ c o c ~ ] ~ - ~ [ P ~ c H $ J M ~ ] *  H @R DME. -30 C to rt O H *R 
R-B r 

Scheme 7 



7.6 Objectives 

In the three papers described in the last two pages, the scope of the reaction of 

p-ketoimides with sodium azide in riie presence of a suong acid was not wzli cjtublisherl. 

There was a lack of data, in particular about s t e k  and electronic effects at C l  and C3. 

[ndeed their study was done exclusively with (4S)4-benzyloxazolidin-2-one at C I and a 

methyl group at C3. This lack of data prompted our studies. Also, we wanted to 

investigare the possibility of favoring the formation of the oxazole or the protected amino 

acid by changing the substituent at C3 and the auxiliary at C 1. What happens when there 

is no substituent at C2? Another point was intriguing: could the formation of the 

isoxazole and oxazole be controlled h m  the same starting material by using the right 

reaction conditions (NH?OH.HCI or NaN3)? Finally, could the oxazoles and isoxazoles 

thus synthesized be used as building blocks for more cornplex molecules? Chapter 1 of 

this thesis reports the results conceming these questions. 

7.7 Synthetic Studies about the Synthesis of Oxazoles and 

lsoxazoles from &Ketoimides 

7.77 Preparation of Chiral f3-Ketoimides 

The effect of the nature of the substituent at C3 was first examined. (1 R,2S)-(-1- 

Norephedrine-derived oxazolidinone p-ketoimides containing different aliphatic and 



aromatic R groups were prepared according to the methodology developed by Evans and 

CO-workers (Table 3)." Intermediates 27 and 28 (Scheme 10) could be prepared in rnulti- 

gram quantity (15 g) without complications. In the case of the aromatic substituents 

HMPA was added pnor to the addition of the acyl chloride, othenvise the yields are 

diminished. In the cases of 29b-29f, the presence of the minor diastereorner could be 

detected in the crude 'H NMR ( S I S % ) ,  but it was never isolated. The amount of the 

minor diastereomer increases when R=Ar. In al1 cases the two diastereomers, when the 

second was present, could easily be separated by column chromatography on silica gel, 

and only the pure fractions containing the desired diastereomer were isolated. t t  was 

noticed that 29f was unstable on silica gel, even when pre-treated with Et3N. 

Table 3: Synthesis of the Oxazolidinone Derivatives 

after recrystallization 

entry compound R yield (%) 

HMPA was used 
product decomposed on silica gel 



1 J.2 Synthesis of Isoxazoles: Effects of the Substituent at C3 

Compounds 29a-29g were then reacted with NH20H.HCl in the presence of 

NaOAc in refluxing MeOH. Several reaction conditions were surveyed, especially 

varying the arnount of NaOAc and the reaction temperature. Indeed, several conditions 

are reported in the literature for the formation of an oxime From the corresponàing 

ketone. NH20H.HCl is a commonly used reagent to achieve this transformation. 

However the base used as well as the solvent Vary depending on the method: aqueous 

NaOH in EtOH at OOC,~"  an excess of NaOAc in MeOH (relative to NH20H.HCl) at 

room temperature,'5J5 and one equivalent of Na2C03 relative to NH20HaHCI in H20 or 

HrOIMeOH at OOC? However, none of these methods proved to be successfùl with 

substrates 29. Starting matenal as well as a substantial amount of the chiral auxiliary was 

recovered under these conditions. Other polar solvents were also surveyed (THF, 

DMSO), without success. The pH of the reaction mixture seemed to be very important 

for the success of the reaction. M e n  the base was in excess, total cleavage of the chiral 

auxiliary was observed. in an effort to obtain only one reaction product and to minimize 

the amount of cleavage of the chiral auxiliary, different conditions were tried, varying the 

relative stoichiometry of NaOAc and NH?OHeHCl, as well as the temperature of the 

reaction (O°C, r.t. reflux). It was finaliy found that the best conditions were the ones 

descnbed below (eq. 2), Le. using a catalytic amount of NaOAc in refluxing MeOH. 

Under these optimized conditions, a minimum amount of auxiliary was formed (-5%) 

and only the isoxazole was produced in 80%. 



O 0 0  NH20H.HCI (1.5 eq.) 

NaOAc (5 mot%) (eq- 2) 
MeOH (0.2 M), reflux 

80% 
29a 30a 

Substrates 29b-29f were then reacted under the optimized conditions. The results 

are surnrnarized in Table 4. 

Table 4: Synthesis of Isoxazoles 
(Chiral Auriliary Derived From (1 R,2S)-(-)-norep hedrine) 

O 0 0  NH20H*HCI ( 1.5 eq.) 

NaOAc (5 mol%) 
MeOH (0.2 M), reflux Rt Ph 

29 30 

7 (29g) Me H 82 (30g) 
" Epimerisation at C2 

Upon treatment with NH20HaHCl, the corresponding isoxazoles were isolated in 

good yields when aliphatic R groups are present (entries 1-3). Substrates with aromatic 

substituents proved to be substantially less reactive (entries 4-6). The yields were lower, 

starting matenal was recovered, and in one case, epimerization at C2 was observed (entry 



6) .  Two factors may be responsible for this outcome. The carbonyl group undergoing 

reaction (C3) may be less electrophiIic due to conjugation with the aromatic ring. 

Second, the aromatic ring may disfavor the tram oxime 41, which is necessary for the 

ring closure to occur (Scheme 12). 

1.7.2.1 Proposed Mechanism 

As depicted in Scheme IZ, it seems that in Our case, the participation of the 

nitrogen's lone pair to rliminate a molecule of Hz0 is faster than the bond migration, 

which would give the Beckmann rearrangement product. It is also possible that the 

equilibration between the cis oxime, which is more stable because of hydrogen bonding, 

and the tram oxime, which is the reactive species, is very slow. And as soon as the tram 

oxime is formed, water is eliminated to tùrnish the isoxazole, instead of the migration of 

the bond. 



Scheme 12 

Another mechanism could be envisaged to rationalize Our results involving 

nucleophilic anack of the oxime oxygen on carbonyl C2 (Scheme 13). Indeed, the 

resulting heterocycle would be exactly the same. It might be possible to veri@ the 

18 validity of this hypothesis by utilizing labeled oxygen (e.g. O), either on the 

NHrOHeHCl or on the oxygen carbonyl C2. The charactenzation of the product by mass 

spectrometry would indicate if one labeled o q g e n  is present. 



44 

Scheme 13 

1.7.3 Synthesis of Oxazoles: Effect of the Substituent at C3 

In an effort to fom the a-amino acids, the same substrates 29a-29g were reacted 

with sodium azide in the presence of methanesulfonic acid in refluning chlorofom 

according to the procedure published by Georg and CO-worken." Consistent with the 

observations of Moreno-Mafias and CO-~orken,"~ oxazoles were obtained under these 

conditions (Table 5). Again, the same trend was observed, Le. substrates with aliphatic 

groups furnished the desired oxazoles, this tirne in moderate yields, whereas substrates 

with aromatic groups seem less reactive and more prone to epimerization at C2. 



Table 5: Synthesis of Oxazoles Using the Schmidt Rearrangement 
(Chiral Auxiliary Derived From (1R,2S)-(-)-norephedrine) 

O 0 NaN3 (3.0 eq.) 
C 

CH3S03H (9.4 eq.) 
R ' . .  CHCI3 (0.2 M). O°C to reflux . .  

~ è '  'ph ~è 'ph 

entry R R' yield 32 (%) 

6 (299 Me degradation 
Me0 

7 (29g) Me H 50 (32g) 
" Epimetisation at C2 

1.7.3.1 Proposed Mechanism 

Oxazoles are formed upon loss of Nz to form 47, which is trapped by the carbonyl 

oxygen faster than an extemal nucleophile (Scheme 14). Subsequent loss of the a-proton 

provides the oxazole. In our case, it is doubtful that the mechanism involves the 

cyclization of 50 to give oxazole 32a, as was previously proposed by Moreno-Maiias and 

co-~orkers.~'' First, 50 has never been detected as a intermediate in the course of the 

reaction either by TLC or 'H NMR, even when the reaction was done at lower 

temperature or stopped very quickly, long before completion. Also, the presence of the 

awtiliary influences the conformation of intermediate 47, making the trapping of the 



carbocation by the carbonyl oxygen more likely to occur (in Moreno-Maiias's case, they 

deal with P-ketoesters). 

O bserved 

expected 

Scheme 14 

1.7.4 Effect of the Substituent at C l  

Investigations were then focused on the steric and electronic effects of the nature 

of the auxiliary at C 1 .  Since neither product retained the stereochemical information at 

C2, it seemed obvious to continue the investigation in the absence of the chiral 

oxazolidinone. Also, since there seemed to be a nucleophilic partcipation of the 



nitrogen's lone pair during the ring closure step in both cases (oxazole and isoxazole), we 

could envisage that a more nucleophilic nitrogen at C l  would increase the rate of the 

reaction and hopefully increase the yield as well. 

Table 6: Synthesis of Isoxazoles (Achiral Auxiliaries) 

Qx 
NH;IOHaHC1(1.5 eq.) N-O 

R 3 :  
t 

- NaOAc (5 mol%) R y X  
R ' MeOH (0.2 M), reflux R' 

5 1 52 

enW R R' X Yield 52 (%) 

debgradation 
degradation 

60 (52c) 

95 (52d) 

72 (52e) 
53 (520 

85 (5%) 

no reaction 

92 (52i) 

awriliary 
recovered 

degradation 

' The racemates were used. 

When acyclic amides were examined, decomposition or no reaction was observed 

(Table 6, entries I and 2, and Table 7, entries 1-3). In contrast, the desired isoxazole was 

obtained in 60% yield when the N,N-diisopropylamide derivative was reacted with 



NH20HaHCl (Table 6, entry 3), but when the same substrate was reacted with NaN3, the 

isoxazole was also isolated (Table 7, entry 4). This result may arise because the nitrogen 

of the amide is sufficiently nucleophilic that the displacement of N2 occurs before the 

migration can take place (Scheme 14). Thus, an electronic effect of the oxazolidinone 

seemed necessary to obtain the desired heterocycles. The simplest unsubstituted 

oxazolidone was then prepared and furnished the expected compounds in decent to 

excellent yields depending on the nature of R (Table 6, entnes 4-6 and Table 7, entry 5). 

However, substrates with larger substituents at C3 reacted with NaN3 to fumish complex 

mixtures containing amino acids, oxazoles and additional products (Table 7, entnes 6 and 

7). A number of different conditions (solvent, temperature, a i d e  source, Lewis acid) 

were tried to favor the formation of one product over the others but without success. 

Although this problem of obtaining complex mixtures was not observed with 

NH20HeHCl, it seemed that sreric hindrance on the auxiliary was important. The 

4,4-dimethyloxazolidinone derivative was synthesized and tested (Table 6, entry 7 and 

Table 7, entry 8). The desired isoxazole was obtained in 85% yield with NH?OH@HCI 

and to our surprise the isoxazole was also forrned in 80% yield with NaN3. In this case, 

the presence of three methyl groups seemed to inhibit the formation of the oxazole. If the 

methyl group between the two carbonyls C l  and C3 is removed, the reactions with 

NHtOH@HCI and N d s  proceeded quickly to give the isoxazole and oxazole in 92% and 

25% yield respectively. 

We next studied the effect of the nature of the auxiliary carbonyl on the reactivity 

of the starting matenals. The oxazolidinethione derivative gave the retro Claisen product 



in 45% yield when reacted with NaN3 (Table 7, enûy 10) and the auxiliary was recovered 

when the substrate was reacted with NH20H*HCI (Table 6, entry 10). The 2,2,4,4- 

tetramethyloxazolidine derivative which lacks the carbonyl group was not stable to the 

reaction conditions. In one case degndation was observed (Table 6, entry 1 1) and in the 

other the hydroxyketoarnide corresponding to the starting material was recovered in 60% 

yield (Table 7, entry 1 1). 

Table 7: Synthesis of Oxazoles (Achiral Auxiliaries) 

NaN3 (3.0 eq.) 

- CH3S03H (9.4 eq.) 
R ' CH3CI (0.2 M). O°C to reflux 
53 54 

entry R R' X Yietd 55 (%) 

no reaction 
degradation 
degradation 

70 (isoxazole 52c) 

cornplex mixture 

80 (isoxazole 52g) 

The racemates were used. 



7.8 Attempts to Use Oxazoles as Chiral Templates 

We then tried to extend the methodology and use the oxazoles formed as a chiral 

template to syntesize more complex moIecules. An attractive strategy for the formation 

of a carbon-carbon bond at the 4 position of the oxazole, outlined in Scheme 15, would 

be the selective generation of a 4-litho-2-methyi-5-Iv-oxazoie 55 anci i ~ s  reaction with an 

electrophile. We hoped that the presence of the chiral auxiliary would induce a facial 

diastereoselectivity in the reaction product. 

strong base 

. . 
M$ 'ph 

55 
fixed conformation 

RCHO 

Scheme 15 

1.8.1 Literature Precedents 

To the best of our knowledge, the selective generation of an anionic lithium 

species at the 4 position is unprecedented. However, it has been reported that 1-phenyl-,37 

4-1neth~l-5-~hen~l-," 5-methyl-4-phenyl-,37 and 4,5-diphenyloxazo1e3 could be 

metallated by n-butyllithiurn at the 2 position. The resulting 2-lithiated derivatives were 

trapped only with deutenum oxide. In 1975, Schroder et 0 1 . ~ ~  showed that 

4,5-diphenyloxazol-2-yI1ithiurn 57 exists in equilibrium with the ring-opened Iithium 

enolate 58 and that the choice of trapping agent detemined the product 59-61 (Scheme 



16). n-Butyllithium, lithium diisopropylarnide (LDA), and lithium 2,2,5,5- 

tetramethylpiperidine (LiTMP) have been used to metallate oxazoles at the 2 position, 

without affecting the result or the ratio of the reaction? 

THF, -60°C 
% 

- 

Scheme 16 

Evans and CO-workers recently reported a method which allows the selective 

formation of 2-(lithiomethy1)oxazole over the 5-lithiooxazole (Table 8).'" Diethylamine 

(From lithium diethylamide) has been found to be a kinetically competent proton source 

that will mediate the equilibration of the kinetically formed 5-lithioxazole to its more 

stable 2-(lithiomethyl)oxazole counterpart. However, the ratio was inverted if n-BuLi or 

LDA were used. 



Table 8: Base Survey for the Selective 
of 2-(Lithiomethy1)orazole 

Formation 

cr;trjr Sasc Ratio 53 : 64 

1.8.2 Prelirninary Results 

Table 8 indicates that, in order to get a selective lithiation at the 4 position of the 

oxazole in Our system, we had to avoid the use of LiNEt2, othewise it might react on the 

methyl at the 2 position. n-BuLi was also not a good base of choice because of its 

nucleophilicity (possible attack on the carbonyl of the oxazolidinone). Other bases were 

first surveyed and DtO as used as the electrophile. The results are summarized in 

Table 9. 



Table 9: Deprotonation Attempts 

- .  . * 

MG 'Ph 

1. base, TH F,-78*C 

- - 

entry base results 

1 t-BuOK then n-BuLi decomposition 

2 pre- forrned t-BuOKln-BuLi S.M. recovered 

3 t-BuLi decomposi tion 

4 t-BuOK S.M. recovered 

5 n-BuLi addition on the 
oxazolidinone carbonyl 

Substrate 32g seemed rather unreactive towards bases, except with n-BuLi which 

resulted in the addition of Bu on the carbonyl of the oxazolidinone, as it might have been 

expected. We then considered converting 32g into the corresponding bromide 65 using 

NBS,'" and performing a metal-halogen exchange or a palladium catalyzed coupling. 

Several solvents and temperatures were tried to prepare the bromide (THF, CHC13, 

CH2C12, O°C and r.t.). The best yields were obtained using 1.2 equivalents of NBS in 

CH2C12 at room temperature (Table 10). 



Table 10: Reaction with Bromide 65 

conditions product 

r.t. 

62% - .  
M& Ph 

1 1. t-BuLi. THF, -78°C S.M. recovered 

2. butyraldehyde 

2 ethynyltributyltin, THF, decomposition 

Pd(PPh3)j, 50°C, 72 h 

3 styrene, Pd(OAc)?, PPh3, S.M. recovered 

KzC03, CH3CN, reflux, 48 h 

The 3 position on the oxazole seems quite hindered since no reaction occurred 

under the reaction conditions either with the unsubstituted 4 position or with the 

corresponding bromide. The reactivity of this substrate was not hrther investigated. 

1.9 Conclusions 

Several conclusions can be fomulated at this stage of the study. First, the 

synthesis of two heterocycles, the oxazole and the isoxazole, can be achieved selectively, 

in most cases, in good yield from the same starting matenal under specific conditions. 

The best resuIts to make isoxazoles and oxazoles are obtained with the chiral 

oxazolidinone derived from (1 R,2S)-(-)-norephednne. Second, oxazoles and isoxazoles 

are differentiable by % NMR. A trend was indeed observed (with no exception): 



isoxazoles show the peak corresponding to C4 at around 100 ppm whereas it is further 

down field for the isoxazoles (-120-130 ppm). 

-100 ppm 

Another trend was observed: oxazoles are colorless oils whereas isoxazoles are 

white solids. Finally, it was s h o w  that stenc and electronic effects caused by the nature 

of the au~iliary have a significant influence on the reactivity of the substrate. 

Samples of several synthesized chiral oxazoles and isoxazoles are now into the 

general screens throughout the Merck Company and are tested in many assays over an 

extended time. So far, there have been no hi& fiorn the compounds. 

As far as the utilization of the oxazoles as chiral templates is concemed, not 

enough data have been coilected to formulate reasonable conclusions. More experiments 

will have to be done to determine if deprotonation or another strategy can be successful. 



7. f O  Experimental 

1 .c10.1 General Experimental 

The following genrral experimental details apply to al1 following reactions. 

Al1 flasks were flame-dried under a Stream of nitrogen or argon and cooled before 

use. Solvents and solutions were transferred with syringes and cannulas using standard 

inert atmosphere techniques. 

'H NMR spectra were recorded 400 MHz using a Varian XL400 spectrometer 

with CDC13 with 0.5 % TMS as reference standard (6 0.0 pprn) or some other suitable 

solvent. Spectral features are tabulated in the following order: chernical shifl(6, ppm); 

number of protons; multiplicity (s-singlet, d-doublet, t-triplet, q-quartet, m-complex 

multiplet, br-broad); coupling constants (J, Hz). NMR spectra were recorded at 100 

MHz with CDC13 as reference standard (6 77.0 ppm) or some other suitable solvent. 

iR spectra were obtained using a Nicolet DX FT-SR spectrometer as neat film or 

in solution in CHCI3, both between NaCl plates. High resolution mass spectra were 

obtained From a VG 70-250s (double focusing) mass spectrometer at 70 eV. 

Analytical TLC was performed using EM Separations precoated silica gel 0.2 mm 

layer U V  254 fluorescent sheets. Column chromatography was performed as "Flash 

Chrornatography" as reported by s tillJ3 using (200-400 mesh) Merck grade silica gel. 



Diethyl ether, THF, benzene and toluene were distilled from sodium 

benzophenone ketyl immediately pnor to use. CH2Clr was distilled from calcium 

hydride. DME was distilled from sodium benzophenone ketyl and stored. DMF and 

CHCI, were dried and stored over activated molecular sieves. Spectro grade MeOH was 

purchased fiom Fisher and used as such. Al1 other reagents were obtained from Aldrich 

and used as received unless otherwise stated. 



1 .10.2 Spectral data 

A mixture of (iR,2S)-(-)-norephedrine (7.62 g, 50.4 mmol), diethyl carbonate (1 3.5 mL, 

1 1 1 mmol) and K2C03 (696 mg, 5.04 mmol) was heated at -80°C (until EtOH distill off 

from the reaction mixture) and the reaction mixture was stirred for 2.5 hours, allowing 

the distillation of EtOH. The heating was stopped and when the reaction mixture reached 

r.t. 20 mL of CH2C12 were added as well as 100 mL of EtOAc. The organic layer was 

washed with a saturated aqueous solution of NHlCl and brine, dried over MgSO4, filtered 

and evaporated to dryness. The cmde yellow solid was purified by recrystallization (hot 

EtOAc) and afier filtration the mother liquors were puri fied by flash chromatography 

(Et20). The combined methods afforded 7.7 g of a white solid (88%). Rr = 0.57 (10% 

EtOH in EtOAc); 'H NMR (JO0 MHz, CDC13, TMS) 6 7.42-7.26 (SH, m), 6.25 (lH, br), 

5.72 (1 H, d, J = 8.1 Hz), 4.25-4.18 (1 H, m), 0.82 (3H, d, J = 6.5 Hz); Mass calculated for 

CioHi [NO?: 177.204; Mass found: 177.200. The rest of the spectral data correspond to 

those reported in the literanire? 



To a cooled and colorless solution of 27 (7.57 g, 42.7 mmol) in dry THF (140 mL, 0.3 M) 

at -78°C was added dropwise n-BuLi (2.5 Mhexanes, 18.8 mL, 47.0 mmol). The clear 

solution tumed dark orange at the end of the addition and the reaction mixture was stirred 

at -78OC for 45 minutes. Propionyl chloride (4.5 mL, 5 1.2 mmol) was then added and the 

solution became colorless. The reaction mixture was stirred at -78°C for I hour and then 

allowed to warm to r.t. before being quenched with saturated NKCl. EtOAc was added 

(250 mL) and the two layers were separated. The organic layer was subsequently washed 

with sanirated NaHC03 and brine, dried over MgSOr, tiltered and evaporated to dryness. 

10.0 g of pale yellow oil (100%) was isolated and used as such for the next step. Rf = 

0.29 (20% EtOAc in hexanes); 'H NMR (400 MHz, CDCI,, TMS), 6 7.44-7.26 (5H, m), 

5.67 (IH, d, J = 7.3 Hz), 4.77 (IH, apparent quintet, J = 6.8 Hz), 3.04-2.90 (2H, m), 1.19 

(3H, t, J = 7.3 Hz), 0.90 (3H, d, J = 6.6 HZ); Mass calculated for Ci3HijN03: 233.269; 

Mass found: 233.263. The rest of the spectral data correspond to those reported in the 

~iterature? 

. . 
~ è '  'Ph 
29a 

Freshly distilled diisopropylamine (236 PL, 1.80 mmol) was dissolved in dry THF (1.5 

mL, 1.2 M) and the solution was cooled to 0°C pnor to the addition of n-BuLi (2.5 

Mlhexanes, 722 PL, 1.80 mmol). The pale yellow solution was stirred at 0°C for 20 



minutes and then cooled to -78°C. The Freshly prepared LDA solution was cannulated 

into a cooled solution of 28 (38 1 mg, 1.64 mmol) in dry THF (1.5 mL, 1.1 M) at -78°C. 

The yellow reaction mixture was stirred at -78°C for 1 hour and then cannulated into a 

cooled solution of acetyl chloride (141 PL, 1.98 mmol) in dry THF (2.65 mL, 0.75 M) at 

-78OC. The reaction mixture was immediately quenched with a saturated aqueous 

solution of NH4Cl. The desired product was isolated by dilution of the quenched reaction 

with H20 followed by CH2C12 extraction. The organic extract was washed successively 

with saturated NaHC03 and brine, then dned over MgS04, filtered and evaporated to 

dryness. The crude product was purified by flash chromatography (20% EtOAc in 

hexanes) and 336 mg (75%) of a white solid was isolated. Rr = 0.22 (20% EtOAc in 

hexanes); 'H NMR (400 MHz, CDC13, TMS), 6 7.44-7.3 7 (3 H, m), 7.30-7.26 (2H, rn), 

5.68 (IH, d, J =  7.3 Hz), 4.79 (IH, apparent quintet, J =  6.6 Hz), 4.55 (IH, q, J =  7.3 Hz), 

2.34 (3H, s), 1.41 (3H, d, J = 7.1 Hz), 0.95 (3H, d, J = 6.6 Hz); Mass calculated for 

Ci5Hi7N04: 275.306; Mass found: 275.300. The rest of the spectral data correspond to 

those reported in the literat~re."~ 

(4S,5R)-4-Methyl-3-[(2R)-2-rnethyl-3-oxopen anoy-5-p h n  1 $-oxazolidin-2-one 

(29 b): 

- - . . 
M& 'Ph 
29b 

Freshly distilled diisopropylamine (2.16 mL, 15.43 mmol) was dissolved in dry THF (40 

mL, 0.4 M) and the solution was cooled to O°C prior to the addition of n-BuLi (2.5 



Mhexanes, 6.2 rnL, 15.43 mmol). The pale yellow solution was stirred at 0°C for 20 

minutes and then cooled to -78OC. The fieshly prepared LDA solution was cannulated 

into a cooled solution of 28 (3.0 g, 12.86 mmol) in dry THF (10 mL, 1.3 M) at -78OC. 

The yellow reaction mixture was stirred at -78OC for 2 hours and then cannulated into a 

cooled solution of propionyl chloride (1.7 mL, 19.29 mmol) in dry THF (20 mL, 1 .O M) 

at -78OC. The reaction mixture was stirred at -78°C for 10 minutes and then quenched 

with a saturated aqueous solution of NH4CI. The desired product was isolated by dilution 

of the quenched reaction with H20 followed by CH2C12 extraction. The organic extract 

was washed successively with saturated NaHC03 and brine, then dned over MgS04, 

filtered and evaporated to dryness. The crude product was purified by flash 

chromatography (33% Et10 in hexanes + 50% E t 2 0  in hrxanes + 75% E t 2 0  in 

hexanes) and 3.03 g (81%) of a pale yellow solid was isolated (71% de). Subsequent 

recrystallization (hot EtzO and hot EtOAc) afforded the pure major diastereomer as a 

white solid (2.56 g, 69%). R f =  0.16 (33% Et20 in hexanes); 'H NMR (400 MHz, CDC13, 

TMS) 6 7.44-7.26 (5H, m), 5.67 (1 H, d, J = 7.3 Hz), 4.79 ( 1 H, apparent quinte4 J = 6.8 

Hz), 4.53 (lH, q, J =  7.3 Hz), 2.79-2.60 (2H, m), 1.40 (3H, d, J =  7.2 Hz), 1.1 1 (3H, t, J =  

7.2 Hz), 0.96 (3H, d, J = 6.6 Hz); I3c NMR (1 00 MHz, CDCI,) 6 200.8, 169.7, 153.1, 

133.0, 128.6, 128.5, 125.5, 79.2, 54.7, 52.3, 33.7, 13.8, 12.6, 7.4; Mass calculated for 

Cr6HisN04: 289.333; Mass found: 289.326. 



Freshly distilled diisopropylamine ( 1.44 mL, 10.29 mmol) was dissolved in dry THF ( 10 

mL, 0.1 M) and the solution was cooled to O°C prior to the addition of n-BuLi (2.5 

Mhexanes, 4.1 mL, 10.29 mmol). The pale yellow solution was stirred at O°C for 20 

minutes and then cooled to -78°C. The freshly prepared LDA solution was cannulated 

into a cooled solution of 28 (2.0 g, 8.57 mmol) in dry THF (9 mL, 0.95 M) at -78°C. The 

yellow reaction mixture was stirred at -78OC for 2.5 hours and then cannulated into a 

cooled solution of hydrocinnamoyl chloide (2.29 mL, 15.43 mmol) in dry THF ( 15 mL, 

1.0 M) at -78OC. The reaction mixture was stirred at -78OC for 10 minutes and then 

quenched with a saturated aqueous solution of NH4Cl. The desired product was isolated 

by dilution of the quenched reaction with Hz0 followed by CH2C12 extraction. The 

organic extract was washed successively with saturated NaHC03 and brine, then dried 

over MgS04, filtered and evaporated to dryness. The crude product was purified by flash 

chromatography (33% Et20 in hexanes -+ 50% Et20 in hexanes) and 1.88 g (60%) of a 

white solid was isolated (the 2 diastereomers could easily be separated and the minor 

diastereomer was not isolated). Rr = 0.20 (50% EtzO in hexanes); 'H NMR (400 MHz, 

CDC13, TMS) 8 7.44-7.1 8 (1 OH, m), 5.68 (1 H, d, J = 7.3 Hz), 4.80 (1 H, apparent quintet, 

J=6.8 Hz),4.52 (IH, q, J=7 .3  Hz), 2.96-2.90 (4H, m), 1.33 (3H, d, J =  7.3 Hz), 0.96 

(3H, 2, J =  76.6 Hz); 13c NMR (100 MHz, CDCb) 6 206.3, 169.7, 153.3, 141.0, 133.0, 



128.9, 128.7, 128.6, 128.52, 128.47, 128.4, 126.5, 126.1, 126.0, 135.7, 79.4, 55.0, 52.7, 

42.5,29.4, 14.0, 12.4; Mass calculated for Cc2HBNOJ: 365.43 1; Mass found: 365.422. 

Freshly distilled diisopropylamine (841 PL, 6.0 mmol) was dissolved in dry THF (IO mL, 

0.6 M) and the solution was coolrd to 0°C prior to the addition of n-BuLi (2.3 

Mhexanes, 2.6 mL, 6.0 mmol). The pale yellow solution was stirred at 0°C for 20 

minutes and then cooled to -78°C. The freshly prepared LDA solution was cannulated 

into a cooled solution of 28 ( 1 .O g, 4.29 mmol) in dry THF (6 mL, 0.72 M) at -78°C. The 

yellow reaction mixture was stirred at -78OC for 2.5 hours pnor to the addition of fieshly 

distilled HMPA (4.2 mL, 24.2 mmol). A white precipitate appeared and the reaction 

mixture was stirred for 20 minutes at -78OC. By this tirne, the solution had m e d  orange. 

Benzoyl chloride (797 PL, 6.86 mmol) was added dropwise and the reaction mixture was 

stirred at -78OC for 50 minutes. It was subsequently warmed to O°C over 40 minutes and 

then quenched with a saturated aqueous solution of NHrCl. The desired product was 

isolated by dilution of the quenched reaction with H20 followed by CHzClz extraction. 

The organic extract was washed successively with saturated NaHC03 and bx-ine, then 

dned over MgS04, filtered and evaporated to dryness. The crude product was purified by 

flash chromatography (33% Et20 in hexanes) and 820 mg (57%) of a white solid was 



isolated. The 2 diastereomers could easily be separated and the minor diastereomer was 

not isolated. Rf = 0.14 (33% EtzO in hexanes); 'H NMR (400 MHz, CDC13, TMS) 6 

7.99 (2H, d , J =  7.3 HZ), 7.59 (lH, t, J =  7.7 HZ), 7.50 (2H, t, J =  7.7 Hz), 7.42-7.36 (3H, 

m), 7.28 (2H, m) 5.70 (IH, d, J =  7.5 Hz), 5.40 (IH, q, J =  7.3 Hz), 4.85 (1H, apparent 

quintet, J =  6.6 Hz), 1.48 (3H, d, J =  7.3 Hz), 0.98 (3H, d, J =  6.6 Hz); 13c NMR (100 

MHz, CDC13) 6 197.7, 170.2, 153.2, 135.1, 133.2, 133.1, 128.7, 128.9, 128.62, 128.60, 

125.6, 79.3, 54.8,48.5, 14.0, 13.5; Mass calculated for CioHisN04: 337.377; Mass found: 

337.369. 

(4S,5R)-3-[(2R)-3-(4-Fluorop henyl)-2-methyl-3-oxopropanoyl~-4-methyI-5-phenyL 

lJ-oxazolidin-2-one (29e): 

" " K  
F / e~~~ ~ è '  . . 4 h  

29e 

Freshly distilled diisopropylamine (782 PL, 5.58 mrnol) was dissolved in dry THF (10 

mL, 0.6 M) and the solution was cooled to O°C p io r  to the addition of n-BuLi (2.3 

Mhexanes, 2.4 mL, 5.58 mmol). The pale yellow solution was stined at 0°C for 20 

minutes and then cooled to -78OC. The freshly prepared LDA solution was cannulated 

into a cooled solution of 28 (1.0 g, 4.29 mmol) in dry THF (6 mL, 0.72 M) at -78°C. The 

yellow reaction mixture was stirred at -78OC for 2 hours prior to the addition of a mixture 

of freshly distilled HMFA (1.2 mL, 6.86 mmol) and 4-fluorobenzoyl chloride (760 PL, 

6.86 mmol) in dry THF (7 mL. 1 M). The reaction mixture was stirred for 20 minutes at 

-78OC and then warmed to r.t. The clear solution was quenched with a saturated aqueous 



dilution of the quenched reaction 

extract was washed successively 

solution of m C 1 .  The desired product was isolated by 

with HzO followed by CH2C12 extraction. The organic 

with saturated NaHC03 and brine, then drkd over MgSO4, filtered and evaporated to 

dryness. The crude product was purified by flash chromatography (33% EtrO in hexanes 

+ 50% Et20  in hexanes) and 860 mg (57%) of a white solid was isolated. The 2 

diastereomers could easily be separated and the minor diastereomer was not isolated. Rf 

= 0.14 (33% EtzO in hexanes); 'H NMR (JO0 MHz, CDC13, TMS) S 8.05-8.00 (2H, m), 

7.42-7.33 (3H, m), 7.28-7.26 (2H, m), 7.19-7.14 (2H, m), 5.69 (1H. d, J =  7.3 Hz), 5.33 

(lH, q, J =  7.3 Hz), 4.84 (IH, apparent quintet, J =  6.6 Hz), 1.46 (3H, d, J =  7.3 Hz), 0.97 

(3H, d, J =  6.6 Hz); I3c NMR (100 MHz, CDC13) 8 196.2, 169.9, 167.0, 164.5, 153.3, 

133.0, 131.3, 131.2, 128.8, 128.6, 125.6, 115.9, 115.7, 79.3, 54.8, 48.4, 14.0, 13.5, Mass 

calculated for C20HisFN04: 355.368; Mass found: 355.360. 

29f 

Freshly distilled diisopropylamine (691 PL, 4.93 mmol) was dissolved in dry TKF (10 

mL, 0.5 M) and the solution was cooled to O°C pnor to the addition of n-BuLi (1.75 

Mlhexanes, 2.81 mL, 4.93 mmol). The pale yellow solution was stirred at 0°C for 20 

minutes and then cooled to -78OC. The freshly prepared LDA solution was cannulated 

into a cooled solution of 28 (1.0 g, 4.29 mmol) in dry THF (6 mL, 0.72 M) at (-78OC). 



The yellow reaction mixture was stirred at -78°C for 2.5 hours pnor to the addition of a 

mixture of freshly distilled HMPA (1.05 mL, 6.0 mmol) and 4-anisoyl chloride (1.02 g, 

6.0 mmol) in dry THF (7 mL, 1.0 M). The reaction mixture was stirred for 1 hour at 

-78OC and then warmed to r.t. The clear solution was quenched with a saturated aqueous 

solution of W C l .  The desired product was isolated by dilution of the quenched reaction 

with HzO followed by CH2C12 extraction. The organic extract was washed successivel y 

with saturated NaHC03 and brine, then dried over MgSO4, filtered and evaporated to 

dryness. The crude product was puri fied by flash chromatography with neutralized silica 

gel with 1% Et3N (33% Et20 in hexanes + 50% Et20 in hexanes) and 758 mg (48%) of a 

white solid was isolated. Rr = 0.18 (50% EtzO in hexanes); 'H NMR (400 MHz, CDCl,, 

TMS) S 7.97 (ZH, d, J = 8.9 HZ), 7.40-7.25 (SH, m), 6.96 (2H, d, J = 8.8 Hz), 5.66 (lH, 

d, J = 7.3 Hz), 5.34 ( lH,  q, J = 7.3 Hz), 4.83 ( lH,  m), 3.85 (3H, s), 1.46 (3HT d, J = 7.3 

Hz), 0.96 (3H, d, J =  6.6 Hz); "C NMR(100 MHz, CDC13) 6 196.2, 170.3, 163.5, 153.1, 

133.1, 130.9, 130.8,. 128.6, 128.5, 128.0, 125.6, 113.8, 79.1, 55.3, 54.7,48.1, 13.9, 13.7; 

Mass calculated for C2 H2iNOs: 367.404; Mass found: 367.395. 

28a 

To a cooled and colorless solution of 27 (1 .O g, 5.64 mmol) in dry THF (19 mL, 0.3 M) at 

-78OC was added dropwise n-BuLi (1.75 Wexanes, 3.55 rnL, 6.2 1 mmol). The reaction 

mixture was stirred at -78OC for 45 minutes pnor to the addition of acetyl chlonde (521 



PL, 7.33 mmol). The pale yellow solution was then allowed to warm to r.t. The reaction 

was quenched with saturated W C I .  EtOAc was added (50 mL) and the two layen were 

separated. The organic layer was subsequently washed with saturated NaHC03 and 

brine, dried over MgSO4, filtered and evaporated to dryness. The desired product was 

purified by flash chromatography (50% Et20 in hexanes) and 902 mg (73%) of a pale 

yellow oil was isolated and used as such for the next step. Rr = 0.73 (100% EtOAc); 'H 

NMR (400 MHz, CDClj, TMS) 8 7.44-7.26 (SH, m), 5.67 (1  H, d, J = 7.3 Hz), 4.76 (1 H, 

apparent quintet, J = 6.8 Hz), 2.57 (3H, s), 0.9 1 (3H, d, J = 6.6 Hz); 13c NMR ( 1  00 MHz, 

CDCI,) 6 170.0, 153.2, 133.2, 128.7, 128.6, 125.6, 78.9, 54.6, 23.8, 14.5; Mass calculated 

for C 12H13N03: 2 19.242; Mass found: 2 19.23 7. 

Freshly distilled diisopropylamine (65 1 PL, 4.65 mmol) was dissolved in dry THF (10 

mL, 0.17 M) and the solution was cooled to O°C pnor to the addition of n-BuLi (1.75 

M/hexanes, 2.66 mL, 4.65 mmol). The pale yellow solution was stirred at 0°C for 20 

minutes and then cooled to -78°C. The fieshly prepared LDA solution was cannulated 

into a cooled solution of 28a (8 15 mg, 3.72 mmol) in dry THF (6 mL, 0.6 M) at -78OC. 

The yellow reaction mixture was s h e d  at -78OC for 2 hours. Acetyl chlonde (423 yL, 

5.95 mmol) was added dropwise to the reaction mixture and the solution was allowed to 

warm to r.t. It was subsequently quenched with a saturated aqueous solution of N&Cl. 



The desired product was isolated by dilution of the quenched reaction with H20 followed 

by CH2C12 extraction. The organic extract was washed successive1 y with saturated 

NaHCO, and brine, then dried over MgSO4, filtered and evaporated to dryness. The 

cmde product was purified by flash chromatography (20% Et20 in hexanes -t 33% EtzO 

in hexanes + 50% EtzO in hexanes) and 220 mg (23%) of a white solid was isolated as 

well as 5 10 mg (62%) of recovered starting material. Rf = 0.20 (40% EtzO in hexanes); 

'H NMR (400 MHz, CDC13, TMS) 5 7.44-7.29 (SH, m) 5.71 (1H, d J = 7.5 Hz), 4.80 

(IH, apparent quintet, J = 6.6 Hz, 4.06 (ZH, s), 2.29 (3H, s), 0.93 (3H, d, J = 6.6 Hz); I3c 

NMR (100 MHz, CDCI,) 8 200.9, 166.7, 153.1, 133.0, 128.7, 128.6, 125.6, 79.1, 54.5, 

5 1.3, 30.0, 14.3; Mass calculated for Ci,HisNO~: 26 1 . B O ;  Mass found: 26 I.273. 

51 a 

Freshly distilled diisopropylamine (5.7 mL, 43.45 mmol) was dissolved in dry THF (40 

rnL, 1.1 M) and the solution was cooled to O°C pnor to the addition of n-BuLi (2.5 

Whexanes, 7.26 mL, 18.16 mmol). The pale yellow solution was stirred at O°C for 20 

minutes and then cooled to -78OC. The Freshly prepared LDA solution was cannulated 

into a cooled solution of N,N-dimethylpropionamide (Aldrich, 4.0 g, 39.5 mmol) in dry 

THF (40 mL, 1.0 M) at -78OC. The yellow reaction mixture was stirred at -78OC for 1 

hour and then cannulated into a cooled solution of acetyl chloride (3.37 mL, 47.5 rnmol) 

in dry THF (40 mL, 1.2 M) at -78OC. The reaction mixture was stirred at -78OC for 5 



minutes, warmed to r.t., and then quenched with a saturated aqueous solution of NH.&l. 

The desired product was isolated by dilution of the quenched reaction with H20 followed 

by CH2C12 extraction. The organic extract was washed successively with saturated 

NaHC03 and brine, then dried over MgSOd, filtered and evaporated to dryness. The 

crude product was punfied by flash chromatography using neutralized silica gel with 1% 

EtlN (66% EtOAc in hexanes) and 3.52 g (62%) of a colorless oil was isolated. Rr = 0.3 1 

(66% EtOAc in hexanes); 'H NMR (400 MHz, CDCI,, TMS) 6 3.67 (1 £3, q, J =  7.0 Hz), 

3.05 (3 H, s), 2.99 (3 H, s), 2.17 (3H, s), 1.37 (3 H, d, J = 7.0 Hz); Mass calculated for 

C,Hi3N02: 143.187; Mass Found: 143.184. The rest of the spectral data correspond to 

those reported in the literature?' 

N,N-Diethyi-2-methyl-3-oxobutanamide (51 b): 

Freshly distilled diisopropylamine (2.03 mL, 17.05 mmol) was dissolved in dry THF (16 

mL, 1.05 M) and the solution was cooled to O°C prior to the addition of n-BuLi (2.15 

Mhexanes, 7.9 mL, 17.05 mmol). The pale yellow solution was stirred at 0°C For 20 

minutes and then cooled to -78OC. The Freshly prepared LDA solution was cannulated 

into a cooled solution of N,N-diethylpropionamide (2.0 g, 15.5 mmol) in dry THF (16 

mL, 1.0 M) at -78OC. The yellow reaction mixture was stirred at -40°C for 2 hours, 

cooled to -78°C and then cannulated into a cooled solution of acetyl chloride (2.16 mL, 

12.9 mmol) in dry THF (16 mL, 0.8 M) at -7892. The reaction mixture was stirred at 



-78OC for 5 minutes, warmed to r.t., and then quenched with a saturated aqueous solution 

of W C I .  The desired product was isolated by dilution of the quenched reaction with 

H20  followed by CH2Cl2 extraction. n ie  organic extract was washed successively with 

saturated NaHC03 and brine, then dned over MgSO4, filtered and evaporated to dryness. 

The crude product was purified by flash chromatography using neutralized silica gel with 

1% Et3N (75% EtzO in EtOAc) and 760 mg (29%) of a coIorless oil was isolated. Rf = 

0.3 1 (75% Et20 in EtOAc); 'H NMR (400 MHz CDCI,, TMS) 6 3.62-3.56 (IH,  m), 

3.52-3.26 (4H, m), 2.19 (3H, s), 1.37 (3 H, m), 1 .BI- 1.1 1 (6H, m); Mass calculated for 

CgHi7NOz: 17 1 .NO; Mass found: 17 1.237. The rest of the spectral data correspond to 

those reported in the ~iterature.'~ 

To a cooled solution of freshly distilled diisopropylamine (4.0 g, 39.5 mmol) in dry 

CH2C12 (90 mL, 0.2 M) at 0°C was added propionyl chloride (1.56 mL, 17.95 mmol) 

followed with DMAP (439 mg, 3.59 mmol). The reaction mixture was warmed to r.t and 

stirred for 3 hours. The organic extract was successively washed with saturated N&Cl 

and brine, dried over MgS04, filtered, and evaporated to dryness. The desired product 

was purified by flash chromatography (100% Et@) and 2.82 g (100%) of a colorless oil 

was isolated. Rf = 0.19 (33% EtzO in hexanes); 'H NMR (400 MHz, CDCb, TMS) 8 

3.97 (lH, m), 3.49 (lH, br), 2.30 (2H, q, J =  7.3 Hz), 1.38 (6H, d, J =  6.6 Hz), 1.19 (6H, 



d, J =  6.8 Hz), 1.12 (3H, d, J =  7.3 Hz); ' 3 ~  NMR (LOO MHz, CDC13) 8 172.2,47.8,45.1, 

28.0,20.6,20.4, 9.3; Mass calculated for C9Hi9NO: 157.256; Mass found: 157.253, 

Freshly distilled diisopropylamine (1.47 mL, 10.49 mmol) was dissolved in dry THF (20 

mL, 0.5 M) and the solution was cooled to O°C pnot to the addition of n-BuLi (2.34 

Mhexanes, 4.48 mL, 10.49 mmol). The pale yellow solution was stirred at 0°C for 20 

minutes and then cooled to -78°C. The Freshly prepared LDA solution was cannulated 

into a cooled solution of N,N-diisopropylpropionamide 190 (1.5 g, 9.54 mmol) in dry 

THF (15 mL, 0.6 M) at -78°C. The yellow reaction mixture was stirred at -78OC for 2 

hours and acetyl chlonde (88 1 pL, 12.4 mmol) was added to it dropwise. The reaction 

mixture was stirred at -78OC for 5 minutes, warmed to r.t., and then quenched with a 

saturated aqueous solution of m C 1 .  The desired product was isolated by dilution of the 

quenched reaction with HzO followed by CH2C12 extraction. The organic extract was 

washed successively with saturated NaHC03 and brine, then dried over MgS04, filtered 

and evaporated to dryness. The crude product was purified by flash chromatography 

using neutralized silica gel with 1% Et3N (50% Eh0 in hexanes) and 1.39 g (77%) of a 

coloriess oil was isolated. Rr = 0.23 (50% Et20 in hexanes); 'H NMR (400 MHz, CDC13, 

TMS) S 4.0 (lH, apparent heptuplet, J = 9.0 Hz) 3.57 (lH, q, J =  9.2 Hz), 3.49-3.40 (lH, 

br), 2.16 (3H, s), 1.40 (6H, dd, JI  = 9.0 Hz, Jz = 9.0 Hz), 1.34 (3H, d, J =  9.3 Hz), 1.19 



(6H, m); 13c NMR (LOO MHz, CDC13) 8 205.6, 138.9, 53.4, 46.0, 26.7, 20.9, 20.6, 20.5, 

20.1, 13.6; Mass calculated for CI ,HZIN02: 199.294; Mass found: 199.290. 

To a cooled and colorless solution of 2-oxazolidinone (Aldrich, 15 g, 172 mmol) in dry 

THF (500 mL, 0.35 M) at -78OC was added dropwise n-BuLi (2.5 M/hexanes, 75.7 mL, 

189 mmol). The reaction mixture was s h e d  at 0°C for 2.5 hours pnor to the addition of 

propionyl chloride (19.4 mL, 224 mmol). The pale yellow solution was stirred at 0°C for 

30 minutes and then warmed to r.t. The reaction was quenched with sanirated NH4Cl. 

EtOAc was added (500 mL) and the two layers were separated. The organic layer was 

subsequently washed wiîh saturated NaHC03 and brine, dned over MgS04, filtered and 

evaporated to dryness. The desired product was purified by recrystallization (hot 

EtOAchot Et20) and 16.94 g (69%) of a white solid was isolated. Rf = 0.6 (1 00% 

EtOAc); 'H NMR (400 MHz, CDC13, TMS) 6 4.41 (2H, t, J = 7.9 Hz), 4.03 (2H, t, J = 

7.9 Hz), 2.94 (2H, q, J =  7.3 Hz), 1.18 (3H, t ,J= 7.3 Hz); I3c NMR(100 MHz CDCl3) G 

174.0, 153.5, 62.0, 42.4, 28.5, 8.1; Mass calculated for CbH9N03: 143.144; Mass found: 



Freshly distilled diisopropylamine (1 .O9 mL, 7.76 mmol) was dissolved in dry THF (20 

mL, 0.59 ILI) and the sciiution was soolêd io 8°C pnsr to the additiûn of ii-BüLi (2.5 

Mhexanes. 3.1 mL, 7.76 mmol). The pale yellow solution was stirred at 0°C for 20 

minutes and then cooled to -78OC. The freshly prepared LDA solution was cannulated 

into a cooled solution of 31 (1.01 g, 7.06 mmol) in dry THF (5 mL, 1.4 M) at -78OC. The 

yellow reaction mixture was stirred at -78OC for 2.5 hours and then cannulated into a 

cooled solution of acetyl chloride (753 PL, 10.58 mmol) in dry THF ( I O  mL, 1.0 M) at 

-78°C. The reaction mixture was stirred at -78°C for 15 minutes, warmed to r.t., and then 

quenched with a satunted aqueous solution ofNH4CI. The desired product was isolated 

by dilution of the quenched reaction with H20 followed by CH2C12 extraction. The 

organic extract was washed successively with saîurated NaHCO, and brine, then drkd 

over MgSQ, filtered and evaporated to dryness. The crude product was punfied by flash 

chromatography (30% EtOAc in hexanes + 100% EtOAc) and 800 mg (62%) of a white 

solid was isolated. Rr= 0.58 (100% EtOAc); 'H NMR (400 MHz, CDCI,, TMS) 6 4.57 

(IH, q, J =  7.3 Hz), 4.48-4.39 (2H, m), 4.14-4.00 (2H, m), 2.31 (3H, s), 1.41 (3H, d, J =  

7.3 Hz); I3c NMR (100 MHz, CDC13) 8 205.1, 169.7, 153.7, 62.2, 52.7,42.2,28.0, 12.2; 

Mass calculated for CsHi ,NO4 1 85.1 82; Mass found: 1 85.1 77. 



Freshly distilled diisopropylamine (2.55 rnL, 18.16 mmol) was dissolved in dry THF (40 

mL, 0.45 M) and the ~du t ion  was cmled to OaC prior to the addition of n-BuLi (2.5 

Mhexanes, 7.26 mL, 18.16 mmol). The pale yellow solution was stirred at O°C for 20 

minutes and then cooled to -78OC. The freshly prepared LDA solution was cannulated 

into a cooled solution of 31 (2.0 g, 13.97 mmol) in dry THF (10 mL, 1.4 M) at -78T. 

The yellow reaction mixture was stirred at - 7 8 O C  for 2 hours and then cannulated into a 

cooled solution of propionyl chloride (2.18 mL, 25.15 mmol) in dry THF (20 mL, 1.25 

M) at -78'C. The reaction mixture was stirred at -78'C for 5 minutes, wamed to r.t., and 

then quenched with a saturated aqueous solution of NH4Cl. The desired product was 

isolated by dilution of the quenched reaction with HzO Followed by CH2CI2 extraction. 

The organic extract t a s  washed successively with saturated NaHC03 and brine, then 

dried over MgS04, filtered and evaporated to dryness. The crude product was purified by 

flash chromatography (75% Et20 in hexanes + 85% Et20 in hexanes -t 100% EtzO) and 

2.45 g (85%) of a white solid was isolated. Rr = 0.55 (100% EtOAc); 'H NMR (400 

MHz, CDC13, TMS) 8 4.56 (IH, q, J = 7.3 Hz), 4.45-4.40 (2H, m), 4.14-4.00 (2H, m), 

2.79-2.58 (2H, m), 1.40 (3H, d, J = 7.2 Hz), 1.08 (3H, t, J = 7.3 Hz); ' 3 ~  NMR (100 

MHz, CDC13) 6 208.3, 170.4, 154.1, 62.6, 52.5, 42.7, 34.1, 13.0, 7.72; Mass calculated 

for C9H 3NOI: 199.209; Mass found: 199.204. 



Freshly distilled diisopropylamine (2.55 mL, 18.16 mmol) \vas dissolved in dry THF (40 

mL, 0.45 M) and the solution W ~ S  cooled to 0°C p h r  to the sddition of n-BuLi (2.5 

Whexanes, 7.26 mL, 18.16 mmol). The pale yellow solution was stirred at O°C for 20 

minutes and then cooled to -78°C. The Freshly prepared LDA solution was cannulated 

into a cooled solution of 3 1 (2.0 g, 13.97 mmol) in dry THF (1 0 mL, 1.4 M) at -78OC. 

The yellow reaction mixture was stirred at -78OC for 2.5 hours and then camuiated into a 

cooled solution of hydrocinnamoyl chloride (3.74 mL, 25.15 mrnol) in dry THF (20 rnL, 

1.25 M) at -78OC. The reaction mixture was stirred at -7g0C for 15 minutes, warmed to 

r. t., and then quenched with a satunted aqueous solution of N b C I .  The desired product 

was isolated by dilution of the quenched reaction with Hz0 followed by CH2C12 

extraction. The organic extract was washed successively with sanirated NaHCOi and 

brine, then dried over MgSO4, filtered and evaporated to dryness. The crude product was 

purified by flash chrornatography (100% EtzO) and 3.04 g (79%) of a white solid was 

isolated. RF = 0.36 (1 00% EtzO); 'H NMR (400 MHz, CDC13, TMS) 6 7.30-7.19 (5H, 

m), 4.55 (lH, q, J =  7.3 Hz), 4.46-4.39 (2H, m), 4.13-4.00 (2H, m), 3.06-2.83 (4H, m), 

1-33 (3H, d, J =  7.2 Hz); "C NMR(lOOMHz, CDC13)6 206.3, 169.8, 153.8, 140.8, 

128.3, 128.2, 126.0, 62.3, 52.4, 42.4, 42.3, 29.3, 12.4; Mass calculated for Cl5Hi7NO4: 

275.306; Mass found: 275.300. 



148 

A mixture of 2-amino-2-methylpropanol (Aldrich, 5.0 g, 56.1 mmol), diethyl carbonate 

( 1  5.0 mL, 123.4 mmol) and K2C03 (1.55 g, 1 1.22 mmol) was heated at -80°C (until 

EtOH distill off fiom the reaction mixture) and the reaction mixture was stirred for 30 

minutes, allowing the distillation of EtOH. The heating was stopped and the reaction 

mixture was allowed to cool to r.t. The reaction mixture was diluted in EtOAc and 

successively washed with a saturated aqueous solution of NHdCI and brine, dried over 

MgSQ, filtered and evaporated to dryness. 1.92 g (76%) of colorless oil was obtained 

and use as such for the next step. Rr=  0.37 (5% EtOH in EtOAc); 'H NMR (400 MHz, 

CDCIj, TMS) 6 5.57 (IH, br), 4.09 (2H, s), 1.37 (6H, s); Mass calculated for CsH9N02: 

1 1 5.1 3 3 ; Mass found: 1 1 5.1 3 1. The rest of the spectral data correspond to those reported 

in the literat~re."~ 

To a cooled and coloriess solution of 148 (2.0 g, 17.4 mmol) in dry THF (50 mL, 0.35 M) 

at (78OC was added dropwise n-BuLi (1.75 Mhexanes, 10.9 mL, 19.1 mmol). The clear 

solution turned yellow at the end of the addition and the reaction mixture was stirred at 



-78°C for 1 hour. Propionyl chloride (2.66 mL, 20.9 mrnol) was then added dropwise at 

-78°C and the reaction mixture was allowed to warm to r.t. The reaction was then 

quenched with saturated NH4Cl. EtOAc was added (100 mL) and the two layers were 

separated. The organic layer was subsequently washed with saturated NaHCOl and 

brine, drkd over MgSOr, filtered and evaporated to dryness. The desired product was 

purified by flash chromatography (25% E t 2 0  in hexanes + 33% EtzO in hexanes) and 

2.38 g (80%) of a colorless oil was isolated. Rf = 0.7 (100% EtzO); 'H NMR (400 MHz, 

CDC13, TMS) 8 4.01 (ZH, s), 2.90 (2H, q, J =  7.3 Hz), 1.58 (6H, s), 1.14 (3H, t, J = 7.3 

Hz); NMR (100 MHz, CDC13) S 175.0, 154.1, 75.1, 60.2, 30.4, 24.8, 8.2; Mass 

calculated for CeHi3N03: 17 1.198; Mass found: 17 1.194. 

Freshly distilled diisopropylamine (835 PL, 5.96 rnmol) was dissolved in dry THF (10 

mL, 0.6 M) and the solution was cooled to O°C prior to the addition of n-BuLi (2.27 

Mlhexanes, 2.63 mL, 5.96 mmol). The pale yellow solution was stirred at O°C for 20 

minutes and then cooled to -78OC. The Freshly prepared LDA solution was cannulated 

into a cooled solution of 150 (850 mg, 4.96 mmol) in dry THF (6 rnL, 0.8 M) at -78OC. 

The yellow reaction mixture was stirred at -78°C for 2 hours and acetyl chloride (565 pL, 

7.94 mmol) was added to it dropwise. The reaction mixture was stirred at -78OC for 5 

minutes, warmed to r.t., and then quenched with a saturated aqueous solution of W C l .  



The desired product was 

by CHzClz extraction. 

isolated by dilution of the quenched reaction with H20 followed 

The organic extract was washed successively with saturated 

NaHC03 and brine, then dried over MgSO4, filtered and evaporated to dryness. The 

crude product was purified by flash chromatography (50% Et20 in hexanes) and 340 mg 

(32%) of a white solid was isolated. Rr = 0.20 (50% EtzO in hexanes); 'H NMR (400 

MHz, CDCb, TMS) 6 4.55 (IH, q, J=7.3  Hz), 4.05400 (2H, m), 2.29 (3H, s), 1.62 (3H. 

s), 1.60 (3H, s), 1.36 (3H, d, J =  7.2 Hz); "C NMR(100 MHz, CDCI,) 6 205.5, 170.8, 

154.4, 75.3, 60.5, 54.0, 28.3, 25.2, 24.6, 12.4; Mass calculated for CiaHisN04: 213.236; 

Mass found: 2 13 Z O .  

4,4-DimethyC3-(2-methy1-3-0xopentanoyl)-IJ-oxazolidin-2-one (51 h): 

Freshly distilled diisopropylamine (942 PL, 6.72 mmol) was dissolved in dry THF (10 

mL, 0.67 M) and the solution was cooled to 0°C pnor to the addition of n-BuLi (1.75 

Mlhexanes, 3.8 mL, 6.72 mmoi). The pale yellow solution was stirred at O°C for 20 

minutes and then cooled to -78OC. The freshly prepared LDA solution was cannulated 

into a cooled solution of 150 (1.0 g, 5.84 mrnol) in dry THF (6 mL, 1 .O M) at -7g°C. The 

yellow reaction mixture was stirred at -78OC for 2 hours and propionyl chlofide (970 PL, 

7.59 mmol) was added to it dropwise. The reaction mixture was stirred at -78°C for 5 

minutes, warmed to r.t., and then quenched with a saturated aqueous solution of MIJCI. 

The desired product was isolated by dilution of the quenched reaction with HzO followed 



by CH2Cll extraction. The organic extract was washed successively with saturated 

NaHCO3 and brine, then dned over MgSO4, filtered and evaporated to dryness. The 

crude product was purified by flash chromatography (33% EtzO in hexanes -t 50% Et20  

in hexanes) and 1.09 g (82%) of a pale yellow oil was isolated. Rr = O. 1 1 (50% Et20 in 

hexanes); 'H NMR (400 MHz, CDC13, TMS) 8 5.39 (1 H, q, J = 7.0 Hz), 4.03 (2H, s), 

2.46 (2H, q, J =  7.5 Hz), 1.62 (3H, d, J =  7.0 Hz), 1.35 (6H, s), 1.22 (3H, d, J =  7.5 Hz); 

'-'c NMR (100 MHz, CDCl,) G 170.7, 155.9, 134.9, 1 16.4, 75.4, 59.5, 27.3, 25.4, 11.7, 

8.9; Mass calculated for Cl lHi7NO~: 227.262; Mass found: 227.257. 

167 

To a cooled and colorless solution of 148 (2.5 g, 2 1.7 mmol) in dry THF (50 mL, 0.43 M) 

at -78OC was added dropwise n-BuLi (2.03 Mhexanes, 11.8 mL, 23.9 mmol). The clear 

solution became a white suspension at the end OF the addition and the reaction mixture 

was stirred at -78°C for 45 minutes. Acetyl chloride (2.0 mL, 28.2 mmol) was then 

added dropwise at -78OC and the reaction mixture tumed successively orange, brown, and 

yellow before it was allowed to warm to r.t. The reaction was then quenched with 

saturated NHJ3. EtOAc was added (100 mL) and the two layen were separated. The 

organic Iayer was subsequently washed with saturated N a C o 3  and brine, dried over 

MgS04, filtered and evaporated to dryness. The desired product was purified by flash 

chromatography (50% Et20 in hexanes + 100% Et20) and 2.82 g (83%) of a yellow oil 



was isolated. Rr= 0.56 (100% EtzO); 'H NMR (400 MHz, CDCI3, TMS) 8 4.01 (2H, s), 

2.49 (3H, s), 1.58 (6H, s); 13c NMR (100 MHz, CDC13) 6 171.0, 154.1, 75.0, 60.0, 25.3, 

24.6; Mass calculated for C7Hi 'NO3: 157.17 1 ; Mass found: 157.167. 

Freshly distilled diisopropylamine (2.35 mL, 16.8 mmol) was dissolved in dry THF (20 

mL, 0.84 M) and the solution was cooled to O°C pnor to the addition of n-BuLi (2.03 

Mhexanes, 8.3 rnL, 16.8 mmol). The pale yellow solution was stirred at 0°C for 20 

minutes and then cooled to -78OC. The freshly prepared LDA solution was cannulated 

into a cooled solution of 167 (1.2 g, 7.64 mmol) in dry THF (12 mL, 0.64 M) at -78OC. 

The yellow reaction mixture was stirred at -78OC for 2 houn and propionyl chtonde (1.1 

mL, 8.4 mmol) was added to it dropwise. The reaction mixture was stirred at -7g0C for 5 

minutes, w m e d  to r.t., and then quenched with a saturated aqueous solution of NH4Cl. 

The desired product \vas isolated by dilution of the quenched reaction with H20 followed 

by CH2CI2 extraction. The organic extract was washed successively with saturated 

NaHCO, and brine, then dried over MgSO,, filtered and evaporated to dryness. The 

crude product was purified by flash chrornatography (50% Et20 in hexanes) and 720 mg 

(44%) of a pale yellow solid was isolated. Rf = 0.2 1 (50% EtzO in hexanes); 'H NMR 

(400 MHz, CDCI,) 6 4.05 (2H, s), 3.97 (2H, s), 2.56 (2H, q, J = 7.3 Hz), 1.62 (6H, s), 



1.08 (3H, t, J =  7.3 Hz); I3c NMR (100 MHz, CDC13) 6 204.0, 167.5, 154.2, 75.2, 60.2, 

5 1.5, 35.9,24.7,7.3; Mass calculated for C ~ O H I ~ N O ~ :  2 13.236; Mass found: 2 13.230. 

172 

To a mixture of (1R,2S)-(-)-norephedrine (1.0 g, 6.61 mmol), Na2C03 (1.4 g, 13.22 

mmol), and Hz0  (14 mL, 0.47 M) was added CS2 (600 yL, 9.92 mmol) at r.t. The 

solution was heated at 1 1 O°C for 1 hour. Afier cooling to r.t., the reaction mixture was 

extracted 3 times with CH2C12 and the organic extract was dned over MgS04, filtered and 

evaporated to dryness. The residue was diluted in EtOAC. The combined methods 

afforded 1.45 g of a white solid (> 100%). Rr = 0.66 (1 0% EtOH in EtOAc); ' H NMR 

(400 MHz, CDCI3, TMS) 6 7.44-7.38 (3H, m), 7.32-7.27 (2H, m), 7.15 (1 H, br), 5.97 

(IH, d, J = 8.1 Hz), 4.40 (IH, m), 0.87 (3H. d, J = 6.6 Hz); Mass calculated for 

CioHi !NOS: 193.264; Mass found: 193.266. The rest of the spectral data correspond to 

those reported in the literat~re.~' 



To a cooled suspension of NaH 95% (3 18 mg, 13 mmol) in dry THF (5 mL) at O°C was 

added a cooled solution of 172 (1.28 g, 6.62 mmol) in dry THF (5 mL) at O°C via 

cannula. 10 mL of dry THF (final concentration = 0.33 M) was added and the reaction 

mixture was stirred at 0°C for 10 minutes prior to the addition of propionyl chloide (1.1 

mL, 8.61 mL). The reaction was warmed to r.t. and then quenched with &O. EtOAc 

was added, the two layers were separated, and the aqueous phase was extracted twice 

with EtOAc. The organic extract was dried over MgSOr, filtered and rvaporated to 

dryness. The desired compound was purified by flash chromatography (33% Et?O in 

hexanes) and 1.55 g (94%) of a pale yellow oil was isolated. Rf = 0.58 (50% EtzO in 

nexanes); 'H NMR (JO0 MHz, CDCls, TMS) 6 7.45-7.34 (SH, m), 5.76 (IH, d, J = 7.3 

Hz), 5-01 (IH, apparent quintet, J =  6.7 Hz), 3.47-3.37 (IH, m), 3.30-3.20 ( l H ,  m), 1.22 

(3H, t, J =  7.3 Hz), 0.95 (3H, d, J = 6.6 Hz); Mass calculated for Ci3Hi5N02S: 249.335; 

Mass found: 249.330. The rest of the spectral data correspond to those reported in the 

~iterature.~ ' 

Freshly distilled diisopropylamine (585 PL, 4.17 mmol) was dissolved in dry THF (10 

mL, 0.4 M) and the solution was cooled to O°C pnor to the addition of n-BuLi (2.34 

Mhexanes, 1.8 mL, 4.17 mmol). The pale yellow solution was stirred at 0°C for 20 



minutes and then cooled to -78OC. The freshly prepared LDA solution was cannulated 

into a cooled solution of 174 (800 mg, 3.2 mmol) in dry THF (6 mL, 0.5 M) at -78°C. 

The yellow reaction mixture was stirred at -78°C for 2 hours and propionyl chlonde (653 

PL, 5.12 mmol) was added to it dropwise. The reaction mixture was stirred at -78OC for 

5 minutes, warmed to r.t., and then quenched with a saturated aqueous solution of NI&Cl. 

The desired product was isolated by dilution of the quenched reaction with H20 followed 

by CHzCl? extraction. The organic extract was washed successively with saturated 

NaHCO, and bnne, then dned over MgSOJ, filtered and evaporated to dryness. The 

crude product was purified by flash chrornatography (33% Et20 in hexanes) and 6 15 mg 

(62%) of a pale yellow oil was isolated. Rr = 0.23 (33% EtzO in hexanes); 'H NMR (100 

MHz, CDC13, TMS) 6 7.4-7.24 (5H, m), 5.81 (lH, d, J = 7.3 Hz), 5.50 (IH, q. J = 7.3 

Hz), 4.50, ( IH,  m), 2.57 (2H, q, J =  7.2 Hz), 2.70 (3H, d, J =  7.2 Hz), 1.16 (3H, t, J =  7.2 

Hz), 0.91 (3H, d, J = 6 . 6  Hz); I3c NMR(100 MHz, CDCl,) 8 187.8, 172.0, 136.2, 133.7, 

128.8, 128.5, 126.1, 84.2, 60.1, 45.3, 26.9, 14.7, 1 1.2, 9.4; Mass calculated for 

CraHIsNO3S: 305.399; Mass found: 305.396. 

A mixture of 2-merhyl-2-arninopropanol(25.0 g, 280 mmol), p-TsOH (5.33 g, 17 rnmol), 

Na2S04 (39.8 g, 280 mmol) in acetone (200 mL) was refluxed ovemight. The solution 

was then filtered to remove Na2S04 and the solvent was evaporated in vactro. The 



residue was diluted in Et20 and the organic layer was successively washed with saturated 

NaHC03 and brine, dried over MgSO4, filtered and evaporated to m e s s .  The crude oil 

was distilled under atmospheric pressure to afford 8.58 g (24%) of a colorless oil. Rr = 

0.35 (10% EtOH in EtOAC); 'H NMR (400 MHz, CDC13, TMS) 6 3.60 (2H. s), 1.75 (lH, 

br), 1.40 (6H, s), 1.26 (6H, s); I3c NMR (100 MHz, CDC13) 6 95.1, 76.9, 59.3, 28.5, 

28.0; Mass calculated for C7Hr jNO: 129.203; Mass found: 129.200. 

4-0x04-(2,2,4,4-tetramethyl-1 Jsxazolidin-3-yl) bu tan-2-one (51 k): 

A solution of 2,2,4,4-tetrarnethylo.vazo1idinone 183 (1.0 g, 7.74 mmol) in dry THF (10 

mL) was transferred via cannula into a suspension of NaH (39 1 mg, 15.5 mmol) in 

dry THF (30 mL, final concentration = 0.2 M). The reaction mixture was stirred at r.t. for 

1 hour pnor to the dropwise addition of diketene (657 PL, 8.5 1 mmol). Freshly distilled 

Et3N (1 .O8 mL 7.74 mmol) and DMAP (1 89 mg, 4.55 mmoi) were subsequently added 

and the reaction mixture was stirred at r.t. for 10 minutes. TLC analysis revealed the 

completion of the reaction and the solution was then quenched with a saturated aqueous 

solution of m4Ci. The desired product was extracted several times with Et10  and the 

organic exnact was successively washed with saturated NaHC03 and brine, then dned 

over MgS04, filtered and concentrated. The crude product was purified by flash 

chromatography (50% Et20 in hexanes) and 1.23 g (75%) of a colorless oil was isolated. 

Rf: 0.24 (50% EtzO in hexanes); IR (NaCl, CHC13, cm*') 2979 (s), 2937 (s), 2866 (s), 

1722 (s), 1634 @r), 1581 (s), 1472 (s), 1342 (s), 1198 (s), 1068 (s); 'H NMR (400 MHz, 



DMSO-da, 80°C) 8 3.75 (2H, s), 3.51 (IH, s), 3.10 (lH, s), 2.16 (ISH, s), 1.92 (l . jH, s), 

1.56 (3H, s), 1.52 (3H, s), 1.42 (3H, s), 1.38 (3H, s); Mass calculated for CiiHi9N03: 

2 13.278; Mass found: 2 13.274. 

Typical procedure for the synthesis of isoxazoles: 

To a solution of compound 29a (153 mg, 0.554 mmol) in MeOH (2.7 mL, 0.2 M) at 0°C 

was added NH20H.HCI (58 mg, 0.83 1 mrnol) and NaOAc (2.3 mg, 0.028 mmol). The 

reaction mixture was heated at reflitu for 20 hours. The solvent was removed in vaczro 

and the residue was diluted in EtOAc (15 mL). The organic Iayer was washed with bnne 

(10 mL) and the aqueous layer was re-extracted with EtOAc (3 x 15 mL). The combined 

organic layers were washed with brine and dned over MgSO4, filtered and concentrated 

in vaciio. The residue was then purified by chromatography on silica gel with 

CHzC12/hexanes/EtOAc 60130110 as eluent to afford 120 mg (80%) of 30a as a white 

solid. 

(4S,5R)-3-(3,4-Dimethyl-isoxazo1-5-yl)~5-phenyl-l$-oxazolidin-2-one 

(30a): 

30a 

Rr = 0.37 (61311 CH2Clz/hexanesEtOAc); iR (NaCl, CHC13, cm-') 3027 (s), 301 1 (s), 

1772 (s), 166 1 (s), 12 18 (s); 'H NMR (400 MHz, CDCl,, TMS) 6 7.42-7.30 (SH, m), 5.82 

(lH, d, J =  7.5 Hz), 4.69-4.62 (IH, apparent quintet, J =  6.6 Hz), 2.21 (3H, s), 1.95 (3H, 

s), 0.84 (3H, d, J =  6.6 Hz); I3c NMR (100 MHz, CDC13) S 162.1, 155.0, 153.4, 133.9, 



129.0, 128.7, 126.0, 106.2, 79.8, 57.2, 15.4, 10.7, 7.0; Mass calculated for CISH16&03: 

272.299; Mass found: 272.1 M. 

(4S,SR)-3-(3-E thyl-4-methyl- isoxazol-5-y  5-pheny-1,3-oxazolidin-2-one 

(30 b): 

Rr = 0.67 (100% EtzO); 'H NMR (400 MHz, CDC13, TMS) 6 7.46-7.37 (3H, m), 7.33 

(2H, m), 5.84 (lH, d, J =  8.1 Hz), 4.68 (IH, apparent quintet, J = 6.8 Hz), 2.63 (2H, q, J 

= 7.5 Hz), 1.98 (3H, s), 1.30 (3H, t, J = 7.5 Hz), 0.84 (3H, d, J =  6.6 Hz); I3c NMR (100 

15.2, 1 1.2,6.6; Mass calculated for C iaH isN203: 286.326; Mass found: 286.13 1 .  

Rr = 0.63 (100% EttO); 'H NMR (400 MHz, CDC13, TMS) 6 7.45-7.36 (3H, m), 7.33- 

7.25 (4H, m), 7.22-7.19 (3H, m), 5.82 (lH, d, J =  8.0 Hz), 4.66 (lH, apparent quintet, J =  

6.6Hz),3.04-2.99 (2H,rn),2.91-2.87 (2H,m), 1.87(3H7s),0.84(3H,d,J=6.6 Hz); 13c 



126.2, 125.9, 106.0, 79.7, 57.1, 33.4, 27.6, 15.3, 6.7; Mass calculated for C22H22NZ03: 

362.422; Mass found: 362.164. 

(4S,5 R)-4-Methy1-3-(4-methyM-p henylisoxazol-5-y1)-5-p heny 1- 15-oxazolidin-2-one 

(3 Od): 

N-O J, 

flLO ~è 'ph 

Rf = 0.42 (30% EtOAc in hexanes); 'H NMR (400 MHz, CDC13, TMS) 6 7.68-7.65 (2H. 

m), 7.5 1-7.35 (8H, m), 5.89 (IH, d, J = 8.1 Hz), 4.75 (IH, apparent quintet, J = 6.6 Hz), 

2.14 (3H, s), 0.92 (3H, d, J =  6.6 Hz); I3c NMR (100 MHz, CDCI,) 6 164.2, 156.3, 

57.4, 15 S, 8.3; Mass calculated for C20HisN203: 334.376; Mass found: 334.369. 

N-O j, 

F &;!do 'ph 

Rr = 0.39 (30% EtOAc in hexanes); 'H NMR (400 MHz, CDC13, TMS) 6 7.68-7.65 (2H, 

m), 7.47-7.41 (3H, m), 7.37-7.35 (2H, m), 7.21-7.16 (2H, m), 5.89 (IH, d, J = 8.1 Hz), 

4.75 (LH, apparent quintet, J =  6.6 Hz), 2.13 (3H, s), 0.92 (3H, d, J =  6.6 Hz); 13c NMR 

(100 MHz, CDC13) S 164.9, 163.4, 162.4, 156.4, 153.3, 133.8, 130.0, 129.9, 129.0, 128.8, 



126.0, 116.1, 1 15.9, 105.9, 80.0, 57.4, 15.5, 8.3; Mass calculated for C20H17FN203: 

352.359; Mass found: 352.124. 

N-O J, 

M e O  *yuo 'ph 

Rf = 0.22 (50% Et20 in hexanes); 'H NMR (400 MHz, CDC13, TMS) 8 7.62 (2H. d, J = 

9.0 Hz), 7.48-7.35 (5H, m), 7.01 (2H, d, J =  9.0 Hz), 5.88 (IH, d, J =  7.9 Hz), 4.74 ( lH,  

apparent quintet, J = 6.6 Hz), 3.87 (3H, s), 2.13 (3 H, s), 0.92 (3H, d, J = 6.6 Hz); I3c 

NMR (100 MHz, CDC13) 6 163.8, 160.8, 156.0, 153.4, 133.9, 129.3, 129.0, 128.8, 126.0, 

12 1.6, 114.3, 105.9, 79.9, 57.4, 55.3, 15.5, 8.5; Mass calculated for C2iH20N$O~: 364.403; 

Mass found: 364.3 95. 

309 

Rr = 0.68 (100% Et20); 'H NMR (400 MHz, CDCIi, TMS) 6 7.47-7.34 (SH, m), 6.21 

(lH, s), 5.84 (lH, d, J =  7.7 Hz), 4.83 (IH, apparent quintet, J =  6.6 Hz), 2.29 (3H, s), 

0.99 (3H, d, J = 6.6 Hz); "C NMR (100 MHz, CDC13) 8 161.7, 159.6, 152.0, 133.1, 



128.9, 128.7, 125.7, 89.0, 79.6, 56.0, 15.1, 11.7; Mass calculated for Ci4H14N203: 

258.273; Mass found: 258.101. 

Rr = 0.75 (100% EtzO); 'H NMR (400 MHz, CDCl;, TMS) 6 3.53 (2H, apparent 

hepniplet, J =  6.6 Hz), 2.16 (3H, s), 1.82 (3H, s), 1.12 (3H, d, J =  6.6 Hz); 13c NMR (IO0 

MHz, CDC13) 6 166.9, 160.9, 101.6, 49.6. 21.9, 11.0. 7.7; Mass calculated for 

C HloN20: 196.193; Mass found: 196.289. 

52d 

Rr = 0.45 (100% EtOAc); IR (NaCl, CHU3, cm-') 300 10 (s), 2993 (s), 1775 (s), 1662 (s), 

1434 (s), 1211 (s); 'H NMR (400 MHz, CDC13, TMS) 8 4.57 (2H, dd, Ji = 9.4 Hz, J2 = 

8.1 Hz), 4.12 (2H, dd, J ,  = 8.2 Kz, J2 = 9.4 HZ), 2.22 (3H, s), 1.98 (3H, s); ')c NMR (100 

MHz, CDCI3) 6 162.6, 155.8, 153.9, 103.3, 63.4, 45.2, 10.8, 7.2; Mass calculated for 

CaHioN203: 182.18 1 : Mass found: 182.177. 



Rr= 0.53 (100% EtOAc); 'H NMR (400 MHz, CDC13, TMS) 6 4.57 (2H, dd, JI  = 7.7 HZ, 

- - P r  Jr = 8.3 Hzj, 4.i i ( X i ,  ad, Jl = 7.7 Hz, J2 = 8.5 Hd, 2.62 (2H, q, J =  1 . 1  riz), i.98 (3H, 

s), 1.28 (3H. t, .l = 7.5 Hz); ')c NMR (100 MHz, CDCli) 6 166.7, 155.6, 153.6, 102.5, 

63.0, 45.0, 19.0, 11.4, 6.9; Mass calculated for C9HI+l2O3: 196.208; Mass found: 

196.203. 

Rr = 0.74 (100% EtOAc); 'H NMR (400 MHz, CDC13, TMS) 6 7.33-7.22 (jH, m), 4.57 

(ZH, dd, JI = 7.4 Hz,J2=8.8 HZ), 4.12 (ZH, dd, J14.1 HZ, J 2 = 8 . 8  Hz), 3.03-2.99 (2H, 

m), 2.90-2.86 (2H, m), 1.92 (3H, s); 13c NMR (100 MHz, CDC13) S 165.0, 155.8, 153.5, 

140.7, 128.5, 128.3. 126.3, 102.8, 63.1, 45.0, 33.4, 77.6, 6.9; Mass calculated for 

C 15H1&1203: 272.299; Mass fowid: 272.1 15. 



RF= 0.40 (100% EtzO); 'H NMR (400 MHz, CDC13, TMS) 8 4.23 (2H, s), 2.25 (3H, s), 

1.90 (3H, s), 1.98 (3H, s), 1.46 (6H, s); "C NMR (100 MHz, CDCI3) 6 161.7, 154.9, 

14 1.2, 108.5, 76.0, 6 1 .O, 25.7, 10.7, 6.8; Mass calculated for C IOHIJN103: 2 10.235; Mass 

found: 2 10.230. 

Rf = 0.59 (1 00% Et20); 'H NMR (400 MHz, CDCl3, TMS) 8 6.2 1 (1H. s), 4.18 (2H, s), 

2.67 (2H, d, J = 7.7 Hz), 1.64 (6H, s), 1.28 (3H, t, J = 7.7 Hz); I3c NMR (100 MHz, 

CDC13) 8 166.4, 160.1, 152.8, 89.7, 75.6, 6 1 .O, 25.5, 19.8, 12.1 ; Mass calculated for 

C 10HI~NÎ03:  2 10.230; Mass found: 2 10.102. 

Typical procedure for the synthesis of oxazoles: 

To a cooled solution of compound 29a (1 O6 mg, 0.385 mmol) in CHC13 (2.0 mL) at O°C 

was added NaN3 (75 mg, 1.16 mmol) followed by CH3S03H (235 PL, 3.62 mrnol). The 

cooling bath was removed and the reaction mixture was heated at reflux for 12 hours. 

The mixture was then poured into water (10 mL) and extracted with EtOAc. The organic 

layer was neutralized with sat. NaHCOi and the aqueous layer was extracted with EtOAc 

(3 x 20 mL) and the combined organic layen were washed with brine, dried over MgSO,, 

filtered and concentrated in vacuo. The residue was then purified by flash 

chromatography on silica gel with CH2C12/hexanes/EtOAc 60/30/10 as eluent to afford 

63 mg (60%) of 32a as a colorless oii. 



Rr = 0.32 (50% Et20 in CHzCI& IR (NaCl, CHC13, cm-') 2984 (s), 2929 (s), 1768 (s), 

(IH, d, J =  8.0 Hz), 4.43 (lH, apparent quintet,J=6.6 Hz), 2.40 (3H, s), 2.10 (3H, s) 

0.81 (3H, d, J = 6.8 Hz); "C NMR (100 MHz, CDCI3) 6 160.0, 155.2, 134.3, 13 1.8, 

128.9, 128.7, 126.0, 79.5, 57.9, 15.3, 14.3, 11.1;  Mass calculated for Ci5HiaN203:  

272.305; Mass found: 272.1 16. 

(4S,5R)-3-(2-Ethyl-J-rnethyI-l J-oxazol-5-yl)4-methyl-5-phenyl-lJ-oxmolidin-2-one 

(32 b): 

32b 

Rr = 0.3 1 (50% EtOAc in hexanes); 'H NMR (400 MHz, CDC13, TMS) 8 7.46-7.3 1 (5H, 

m), 5.81 (lH, d, J =  8.1 Hz), 4.42 (IH, apparent quintet, J =  6.6 Hz), 2.1 1 (3H, s), 1.32 

(3H, t, J = 7.5 Hz) 0.8 1 (3H, d, J = 6.6 Hz); NMR (IO0 MHz, CDC13) 6 163.5, 155.2, 

136.1, 134.2, 13 1.4, 128.8, 128.7, 128.5, 125.9, 79.5, 57.8, 2i.9, L5.2, 11.0, 10.7; Mass 

calculated for C laH &i203: 286.332; Mass found: 286.326. 



32c 

Rr = 0.60 (50% EtOAc in hexanes); 'H NMR (400 MHz, CDCI,, TMS) 8 7.45-7.40 (3H, 

m), 7.39-7.26 (4% m), 7.22-7.18 (3H, m), 5.79 (IH, d, J = 8.1 Hz), 4.38 (IH, apparent 

quintet, J = 6.6 Hz), 3.08-2.98 (4H, m), 2.1 1 (3H. s), 0.76 (3H, d, J =  6.6 Hz); I3c NMR 

(100 MHz, CDCI3) 6 161.7, 155.1, L40.1, 136.2, 134.2, 131.6, 128.9, 128.7. 123.5, 128.2, 

126.4, 126.0, 79.5, 57.8,32.9, 30.3, 15.2. 1 1.1; Mass calculated for C?2HzN?03: 362.430; 

Mass found: 362.422. 

(4S,5R)-4-Methyl-3-(2-methy~-1~-0~azo1-5-1)-5- h e n y  13-oxazolidind-one (32g): 

RF = 0.20 (100% EtzO); 'H NMR (400 MHz, CD& TMS) 6 7.46-7.37 (3H, m), 7.34- 

7.28 (2H, m), 6.90 (IH, s), 5.82 (IH, d, J = 7.7 Hz), 4.52 (lH, apparent quintet, J = 6.6 

Hz), 2.44 (3H, s), 0.87 (3H, d, J =  6.6 Hz); I3c NMR (100 MHz, CDCI3) 6 158.2, 133.8, 

128.9, 128.7, 125.9, 118.0, 79.5, 57.5, 15.2, 14.1; Mass calculated for 

C I&Ii4NZ03:258.273; Mass found: 258.100. 



54e 

Rf= 0.25 (100% EtOAc); 'H NMR (400 MHz, CDCb, TMS) 6 4.54 (2H, dd, Jl  = 7.9 HZ, 

J2 = 8.0 Hz), 3.93 (ZH, dd, JI  = 8.1 Hz,& = 7.9 Hz), 2.39 (jH, s), 2.10 (3H, s); "C NMR 

(100 MHz, CDC13) 6 158.4, 155.5, 137.2, 129.5, 62.7, 46.4, 14.1, 10.9; Mass calculated 

for CsHioN203: 182.18 1 ; Mass found: 182.177. 

549 

RF= 0.58 (100% EtOAc); 'H NMR (400 MHz, CDC13, TMS) 8 7.32-7.19 (5H, m), 4.53 

(2H, m), 3.93 (2H, m), 3.09-2.96 (4H, m), 2.12 (3H, s); ')c NMR (100 MHz, CDC13) G 

161.0, 155.5, 140.2, 137.2, 129.5, 128.5, 128.3, 126.4,62.7,46.4, 32.9,30.3, 11.1; Mass 

calculated for CisHi6Nz03: 272.305; Mass found: 272.299. 

Rf=  0.15 (100% Et20); I H  NMR (400 MHz, CDC13, TMS) S 6.89 (LH, s), 4.22 (2H, s), 

2.78 (2H, q, J = 7.5 Hz), 1.39 (6H, s), 1.34 (3H, t, J = 7.5 Hz); "C NMR (100 MHz, 



CDC13) 6 164.2, 140.1, 122.3, 75.6, 60.1, 25.6, 21.9, 10.6; Mass calculated for 

CioHiJN2O3: 2 10.230; Mass found: 2 10.10 1. 

(4S,5R)-3-(4-Bromo-2-methyl-1,3-oxazol-5-yl)-4-methyl-5-phenyl-1,3-oxazolidin-2- 

one (65): 

R r =  0.70 (100% EtOAc); 'H NMR (400 MHz, CDCI3, TMS) 6 7.46-7.40 (3H, m), 7.35- 

7.33 (2H, m), 5.82 (1H. d, J=8 .1  Hz), 4.51 (lH,apparent quintet, J=6 .6  HZ), 2.46 (3H. 

s), 1.55 (3H, s); I3c NMR (100 MHz, CDCI,) 8 160.7, 154.7, 142.0, 133.9, 129.1, 128.8, 

126.1, 112.8, 79.9, 57.7, 15.4, 11.7; Mass calculated for ClaHi3BrN2O3: 337.175; Mass 

found: 337.169. 



7 7 7 References 

1. (a) Axelrod, B.; Belzile, J. R. J. Org. Chem. 1958,23,919. @) Dreyer, D. L. J. Org. 

Chem. 1968, 33,3658. (c )  Philip, S.; Burke, B. A.; Jacobs, H. Heterocycles 1984,22, 

9 .  (d) Dominguez, A.; de la Fuente, G.; Gonzalez, A. G.; Reina, M.; Timon, 1. 

Heferocycies 1988,27,3 5 .  

2. 2(a) Roesener, J. A.; Scheuer, P. J. J. Am. Chem. Soc. 1986, 108, 846. (b) Matsunaga, 

S.; Fusetani, N.; Hashimoto, K.; Koseki, K.; Noma, M. J. Am. Chem. Soc. 1986, 108, 

847. 

3 .  (a) Kingston, D. G. 1.; Kolpak, M. X. J. Am. Chem. Soc. 1980, 102, 5964. (b) 

Koyarna, Y.; Yokose, K.; Dolby, L. J. Agric. Biol. Chem. 1981,45, 1285. 

4. (a) Ogura, M.; Nakayama, H.; Furihata, K.; Shimani, A.; Seto, H.; Otake, N. Agric. 

Bioi. Chem. 1995,49, IY09. (b) lansen R.; Kunze, B.; Richenbach, H.; Jurkiewicz, 

E.; Hunsmann, G.; Holfe, G. Liebigs Ann. Chem. 1992,357.  (c) Tanaka, Y.; Kanaya, 

T.; Takahashi, Y.; Shinose, M. Tanaka, H.; Omura, S. J. Anriobior. 1993,46, 1208. 

5. Searle, P. A.; Molinski, T. F. J. Am. Chem. Soc. 1995, IZ7,8 126. 

6 ,  Suenaga, K.; Kokubo, S.; Shinohara, C.; Tsuji, T.; Uemura, D. Tetmhedron Letr. 

1999,40, 1945. 

7. Mulder, R. J.; Shafer, C. M.; Molinski, T. F. J. Org. Chem. 1999,64,4995. 

8. Searle, P. A.; Richter, R. K.; Molinski, T. F. J. Org. C h .  1996, 61,4073. 

9. Rouchaud, J.; Gustin, F.; Moulard, C. Bull. Soc. Chim. Belg. 1993, 102/8,543. 

10. Spande, T. F.; Garraffo, H. M.; Edwards, M. W.; Yeh, H. J. C.; Pannell, L.; Daly, J. 

W. J. Am. Chem. Soc. 1992,114,3475. 



11.Badi0, B.; Garraffo, H. M.; Plummer, C. V.; Padgett, W. L.; Daly, J. W. Eur. J. 

Pharmacol. 1997,321, 189. 

12. Pandey, G.; Sahoo, A. K.; Gadre, S. R.; Bagul, T. D.; Phalgune, U. D. J. Org. Chem. 

1999,64,4990. 

13. (a) Pattenden, G. J. Heterocyclic Chem. 1992,2, 607. (b)  Michael, J. P.; Pattenden, 

G. Angew. Chem. Int. Ed. Engl. 1993,32, 1. (c) Wipf, P. Chem. Rev. 1995, 95, 21 15. 

(d) Lewis, J. R. Nat. Prod. R. 1995, 12, 135. (e) Vedejs, E.; Monahan, S. D. J. Org. 

Chem. 1996,61,5 192. 

14. (a) Lee, J. C.; Hong, T. Tetrahedron Lett. 1997,38, 8959. (b )  Buron, C.; El Kaïm, L.; 

Usiu, A. Tetruhedron Lett. 1997,38,8027. 

15. Freeman, F.; Chen, T.; van der Linden, J. B. Synrhesis 1997, 86 1. 

16. Kontrat'eva, G. T.; Aitzhanova, M. A.; Bogdanov, V. S.; Ivanova, 2. N. Bull. Acad. 

Sci. USSR Div. Chern. Sci. 1978,27,773. 

17. Coutouli-Argyropoulou, E.; Alexandrou, N. E. J. Org. Chem. 1980, 45,4 158. 

18. Smith A. B.; Friestad, G. K.; Barbosa, J.; Bertounesque, E.; Duan, J. LW. ;  Hull, K. 

G.; Iwashima, M.; Qiu, Y.; Spoors, P. G.; Salvatore, B. A. J. Am. Chem. Soc. 1999, 

121, 10478. 

19.(a) Burgess E. M.; Penton, H. R., Jr.; Taylor, E. A.; Williams, W. M. Organic 

Syntheses; Wiley & Sons: New York, 1988; Collect. Vol. VI, p. 788. (b) Burgess, E. 

M.; Penton, H. R., Ir.; Taylor, E. A. J. Org. Chem. 1973,38,26. 

20. Wipf, P.; Miller, C. P. Tetrahedron Lett. 1992,33,907. 

21. Barrish, J. C.; Singh, J.; Spergel, S. K.; Han, W.-C.; Kissick, T. P.; Kronenthal, D. R.; 

Mueller, R. H. J. Org. Chem. 1993,58,4494. 



22. (a) Pine, S. K., Organic Chemise 5' Edition, McGraw-Hill Inc.: New York, 1987, 

p. 987. (b) Donamura, G.; Heldt, W. 2. Org. Reactions 1960, 11,l. 

23. Gawley, R. E. Org. Reactions 1988,35,1. 

24. Evans, D. A.; Ennis, M. D.; Le, T.; Mandel, N.; Mandel, G. J. Am. Chem. Soc. 1984, 

106, 1154. 

25. Frutos, R. P.; Spero, D. M. Tetrahedron Lett. 1998, 39,2475. 

26. Tomioka, K.; Ando, K.; Takemasa, Y.; Koga, K. J. Am. Chern. Soc. 1984,106, 27 18. 

27. Georg, G. 1.; Guan, X.; Kant, J. Tetrahedron Lett. 1988, 29,403. 

28. (a) Schmidt, K. F. Chem. Ber. 1924,57, 704. (b) Schmidt, K. F. Forschritte in der 

Teerfarben und Venvandten Industrie, 193 1, 2 6, 2862. (c) For review: Wolff. H. 

Organic Reactions, Wiley: New York, 1946, Vol. 3, p. 307. 

29. (a) v. Braun, J. Fnehmeit, Chem. Ber. 1933, 66,684. (b) Campbell, A.; Kenyon, I. J. 

Chern Soc. 1946, 149,25. Schrecker, A. W. J. Org. Chem. 1957,72,33. 

3 0. (a) Tomioka, K.; Ando, K.; Takemasa, Y .; Koga, K. Tetrahedron Lett. l984,tS. 

5677. (b) Tomioka, K.; Ando, K.; Yasuda, K.; Koga, K. Tetrahedron Lett. 1986,27. 

715. 

31. Evans, D. A.; Ennis, M. D.; Le, T.J. Am. Chem. Soc. 1984,106, 1154. 

32. (a) Gonzilez, A.; Marquet, L; Moreno-Mafias, M. Tetrahedron 1986, 42,1253. (b) 

Galvez, N.; Moreno-Maiias, M.; Sebastih, R. M.; Vallribera, A. Tetrahedron 1996, 

52, 1609. (c) Galvez, N.; Moreno-Manas, M.; Vallribera, A.; Molins, E.; Cabrero, A. 

Terrahedron Lett. 1996,52,6 197. 

33.  Turchi, 1. J. Oxazoles; in The Chemistry of Heterocycles Compounds; Weissberger, 

A.; Taylor, E. C. Ed; John Wiley & Sons, 1986. 



Organic Syntheses; Wiley & Sons: New York, 1989; Collect. Vol. VII, p. 149. 

Paquette, L. A.; Varadarajau, A.; Bay, E. J. Am. Chem. Soc. 1984,106,6702. 

3 6. Université de Sherbrooke, Cahier de laboratoire de chimie organique, COR 508, 

1997. 

37. Bowie, J. H.; Donaghue, P. F.; Rodda, H. J.; Cooks, R. G.; Williams, D. H. Org. 

Mass Spectrorn. 1968, 1, 13. 

38. Bowie, J. H.; Donaghue, P. F.; Rodda, K. J.; Simons, B. K. Tetrohedron 1968, 24, 

3965. 

39. Schroder, R.; Schollkop~ U.; Blume, E.; Hoppe, 1. Liebigs Ann. Chem. 1975, 533. 

40. Iddon, B. Heterocycies 1994,3 7, 132 1. 

I I .  Evans, D. A; Cee, V. J.; Smith, T. E.; Santiago, K. J Org. Lefters 1999, 1, 87. 

42. Roth, 2.; Nudelman, Z.; Herzig, J. Jlrsnis Liebigs Ann. Chem. 1959, 90, 83. 

43. Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1989,54, 5667. 

44. Davies, S. G.; Doisneau, G. L M .  Tetrahedron Asymmetry 1993,4,25 13. 

45. Toyota, M.; Hirota, M.; Nishikawa, Y.; Kukumoto, K.; Ihara, M. J. Org. C'hem. 1998, 

63,5895. 

46. Evans, D. A.; Ennis, M .D.; Le, T. J. Am. Chem. Soc. 1984, 106, ! 154. 

47. Taniguchi, M.; Fujii, H.; Oshima, K.; Utimoto, K. Tefrahedron 1993,49, 1 1169. 

48. Ficini, J. Bull. Soc. Chim. Fr. 1973,3367. 

49. Katchalski, 1. J. Org. Chem. 1950, 15, 1067. 

50. Li, G.; Ohtani, T. Heterocycles 1997, 45,247 1 .  

5 I . Nagao, Y .; Kumagai, T.; Yamada, S .; Fuj ita, E.; houe, Y. J. Chem. Soc. Perkin 

Tram 1 1985,236 1. 



PPH 
7,4425 - 
7.4374 
7.4329 
7.4205 
7.4163 
7.4BSkl 
7.4021 
7.3957 
7.391 1 
7.3870 
7.3886 
7.3737- 
7.3008.. 
'7.2962 
7. E793 
7,268b 
5.61183. 
5.6699- 
4.B240. 
4.8875 
4.7m5 
4.7731 

4 v 7 ! i 6 1 -  
4 . m  
4.6576 
4.5393 
4.!%34 
2.3488 
2,0464 
1,5659 
1.4ets 
1.4868. 
1 .ES87 
1.e518 
1.- 
1,2887 
0.961e 
0.9447. 























rrn 
7.52Z0 
7.4488 
7.4358 
7.4317 
7.4183 
7,4147 
7.4085 
7.3931 
7.3886 
7.3849 
7.3788 
7.3716 
7.3628 
7.3565 
7.3%?8 
7.3212 
7.3178 
7.3818 
7. i!Wl 
7 .  i?488 
S. 8338 
5.8136 
4.6938 
4.676s 
4.6688 
4.6568 
4.6483 
4 .€ïaa 
4 . m 9  
4.1837 
41178a 
E.El21 
E.0241 
1 . B N l  
1.5688 
1.3861 
1.2833 
1 .Z889 
1.2534 
1 . a 5 5  
1.2286 
1 .El76 
8.9136 



















INDEX 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
16 

PPM 
7 , 2 6 6  
7 . 2 6 0  
7 .263  
6 s 208 
1 .l7S 
2.697 
2.678 
2.659 
2.639 
1.642 
1.587 
1.301 
1.282 
1.263 
O.  O08 
O. 002 
-0.000 
-o. O02 

N-O O 

4 N K O  



















LOS' S S f  

f L6'OOT --- 











2. Aqueous Rhodium-Catalyzed Heck-Type Coupling Reactions 

Between Boronic Acids and Olefins 

2.1 Generai Introduction 

Transition metal catalyzed reactions are often perceived to require scmpulously 

anhydrous reaction conditions. However ovrr the past few years, many reports have 

show that some metal catalyzed reactions cm be carried out equally or more effectively 

by using water as solvent.' The application of water in organic transition-metal catalysis 

has undegone a considerable amount of progress in the last two decades. It is usual to 

justify research on the use of water in catalytic processes by environmental reasons. 

Certainly, the trend to reduce the need for organic solvents is quite common for modem 

chemical technology. This means a decrease in the amount of uncontrolled release of 

toxic organic wastes into environment and a dramatic reduction of the hazards for both 

industrial personnel and consumers. 

2.1.1 lnteresting Characteristics of Water 

The application of water in catalysis punues several practical goals. Water may 

be a reagent, being the cheapest source of either oxygen for the formation of oxygen- 

containing products2 (alcohols, acids, ketones, aldehydes, etc.) or hydrogen, as in some 

reduction processes.) 

Water is a unique solvent, having a rare combination of properties which are not 

reproduced in full scope by any other liquid known, though any one of its properties 



taken separately (polarity, polarizability, specific solvation due to hydrogen bonding, or 

basicity, etc.) is easily outperformed. 

Water is a solvent that can be used to perform reactions cornbining the advantages 

of homogeneous and heterogeneous catalysis by distnbuting the reagents, products and 

catalysts between different phases or interphase. Usually reactions in neat water are 

feasible if the major reagents are soluble in water. Nevertheless, reactions in which at 

least one of the reacting compounds is insoluble in water can be either homogenized by 

the addition of a suitable water-miscible CO-solvent, or camed out in heterogeneous 

systems, using phase-trans fer, phase-separation, or solubilization techniques. Phase 

transfer requires the use of phase-trader agents to furnish contact between the reagents, 

normally occupying different phases. In general, phase transfer is applied to ionic 

reagents, and thus transferred From the aqueous phase to the organic phase. However, 

there are cases in which a highly hydrophilic phase-transfer agent transfers hydrophobic 

compounds to the aqueous phase, fonning a host-guest cornplex. The operation of water- 

soluble catalysts in heterogeneous systems ofien implies that phase transfer can occur 

within the catalytic cycle, when hydrophilic and hydrophobic species combined to fom 

an amphibic intermediate. 

2.1.2 Aqueous Palladium-Catalyzed Cross-Coupling Reactions 

Among the large panel of transition metals frequently used in catalysis, palladium 

has a predominant role. One of the major contributions of palladium(0) catalysts in 



organic synthesis is the formation of carbon-carbon bonds through many coupling 

reactions (Scheme 17). 

Heck Reaction 

RX 
Pd1 

C 

Z = CU2f11, CQM, COR' 

Suzu ki, Stille Couplings 

Sonogos hira Coupling 

Tsuji-Trost Reaction 

Scheme 17 

The use of water as a reaction medium for organic synthesis is very attractive for 

both economical and safety reasons. However until recently, palladium-promoted 

reactions in aqueous media, with water-soluble catalysts were still unexplored! The 

excellent compatibility of water-soluble palladium catalysts offers new opportunities 

(mild conditions, new selectivity). The development of water-soluble catalysts offers 

several advantages as well for industrial production: easy separation of the product from 

the catalyst, high reactivity, recycling of catalyst. 



2.1.2.1 WaterSofuble Ligands 

Since classical catalysts (e.g. PdC12(PPH3)2 and Wilkinson complex R i~c l (PPh~)~ )  

are strongly hydrophobie, the idea to study similar complexes with hydrophilic 

phosphines for catalytic processes in water-based media is quite natural. Phosphines can 

Se converted into water-so!ub!e derivatives hy introduction of polar groups. including 

carboxylate, sulfonate, and ammonium (Scheme 18). The metal, complexed to the water- 

soluble ligands, goes into aqueous phase and catalytic reaction praceeds therefore in 

water. The hunt for new hydrophilic phosphines during about two decades led to dozens 

of examples of such ligands.5 The popularity and performance of the sulfonated 

triphenylphosphine ligands, the so-called TPPMS (sodium salt of m-monosulfonated 

triphenylphosphine) and TPPTS (trisodium salt of m-trisul fonated tripheny lp hosp hine), 

have earned them a pnvileged place among the hydrophilic ligands and made them the 

best-studied group of phosphines. 

L J 

TPPTS TPPMS 

Scheme 18 



2.1.2.2 Literature Precedents 

A pioneer chemist in the field of organic synthesis in aqueous media, Beletskaya, 

has shown that the coupling of acrylic acid and acrylonitrile with arylhalides was 

successfbl in neat water or in DMF-H20 or HMPA-H20 at 70-100°C with good yields 

(eq. 116. The Heck coupling reaction may be perfonned under milder conditions upon 

addition of potassium acetate. 

P ~ ( O A C ) ~  (1 moloh) 
Arl + PR * R (es. 1) Ar+ 

K2C03 / CH3COOK 
R = COOH, CN 

Hfl. 50-60 OC 

Heck reactions were also conducted in homogeneous aqueous medium 

(acetonitrile-water) in the presence of preformed Pd(TPPMS)3 catalyst7 or with 

Pd(TPPTS)3 catalyst8 produced in situ from 2.5 mol-% Pd(0Ac) with 5 mol-% of m- 

sulfonated tiphenylphospine (TPPTS) (Scheme 19). 



Pd(0Ac) 2/TP PTS 

MeCN/H20, EbN 
40°c, 8h 

Scheme 19 

The palladium-catalyzed cross-coupling reaction of organometallic reagents with 

aryl halides was an important synthetic method for regio- and stereoselective bond 

formation between unsaninted carbon atoms. This coupling of alkenyl and aryl boranes 

or boronic acids (the S h i  reaction) was catalyzed in organic solvents by Pd(PPh3)4 in 

the presence of an inorganic base. 

P c I ( P P ~ ~ ) ~  cat. 
\ BY 

R- * + ArX NaOH (2 eq.) 
Y2 = catechol X = 1, Br C d 6 ,  reflux 

As organoboron compounds are often stable to protolytic decomposition by water, 

it seems attractive to perforrn the Suzuki reaction in water. An extensive study of this 

reaction under anhydrous and aqueous conditions was carried out, little difference could 

be noticed between these  condition^.^ On the other hand, in the case of the hindered 



boronic acids such as mesityl boronic acid, the reaction proceeded with aqueous thallium 

hydroxide, under very mild conditions giving biphenyl derivatives in 92% yield (eq. 3). 

The cross-coupling reaction of phenylboronic acid with p-iodoanisole has shown 

that in acetonitrile-water (3/1) with a catalytic amount of hydrosoluble catalyst 

(PdITPPTS 2.5 mol-%), inorganic bases such as &CO3. Ba(OH)? or Cs2CO1 were 

inefficient, while triethylamine and diisopropylamine led to the biphenyl product in good 

yield (Scheme 20).1° A better yield was observed with diisopropylamine compared to 

triethylarnine. 

OTBDMS f 

as above 

95% 

as above 

Scheme 20 



Cross-coupling reactions with organostannanes is also possible in aqueous media. 

RSnX:, c m  be used in aqueous medium and reacted with aryl iodides or bromides in the 

presence of palladium catalysts (eq. 4). ' 

This reaction was camed out using p-trichIorostannyipropionic acid and O- 

iodoanilinr for the preparation of heterocycles (eq. 5). 

2.2 Previous Work 

2.2.1 in the group 

This project began with the work of Keith Fagnou, a graduate student in the 

group. He discovered that the rhodium-catalyzed addition reaction of activated arornatic 

organoboranes to oxabenzonorbonadiene 65 proceeded smoothly in dimethoxyethane 

(DME), fumishing dihydronaphthalene 67 in 62% yield (eq. 6). 



dppf (1 0 mol%) 
66 DME, 80°C 

62% 

using phenylbomnic acid 

and the water-soluble ligand TPPDS (eq. 7). The reaction was performed in neat water in 

the presence of sodium carbonate. The yield was comparable to that obtained in an 

organic solvent. 

The reaction was then tried with a iess activated oxabicycle [3.2.1] 68 under the 

aqueous reaction conditions (eq. 8). 

[Rh(COD)C1I2 (2.5 mol%) 
+ PhB(OH)2 

p% (eq. 8)  P R ~ S ~ K )  (10 mol%) 
OMe 2 OMe 

68 N a 2 a 3  69 
H g ,  80°C 

55% 

The pmduct o f  the reaction, obtained in 55% yield, was definitely intriguing 

because the mechanism for the rhodium-catalyzed reaction was different than the one for 



equations 6 and 7. Indeed, the addition of the phenyl group actually occurred but without 

the ring-opening step, which took place in the other cases (eq. 6 and 7). The reaction still 

needed only a catalytic arnount of rhodium and seemed to have a mechanism more 

similar to a Heck reaction but with no B-hydride elimination step (no synperiplanar 

hydride). The reaction was then tried with styrene, an even less activated olefin, under 

the sarne reaction conditions and stilbene was isolated in 77% yield (eq. 9). 

[Rh(COD)C1I2 (2 mol%) 
+ PhB(OH)2 (eq. 9) 

(1 .O eq.) (2.5 eq.) 
Na2C03 (2.1 eq.) 

H g ,  80°C, 15 h 

nO/o 

This result was exciting and opened the door to a new type of coupling with a new 

class of substrates. Also, the coupling reaction was occumng between and an alkene and 

a boronic acid, which are both considered as nucleophilic partners in the classical 

palladium-catalyzed Heck and Susuki cross-coupling reactions. 

2.2.2 In the Literature 

We could only find two examples in the literature reporting the coupling reaction 

between boronic acid and alkenes. Hallberg and CO-workers reported in 1988 the 

coupling reaction between (0- 1 -(2-pheny1)vinylboronic acid and (E)- L -hexenylboronic 

acid with vinyl tetrarnethylsilane in the presence of a stoichiometric amount of 

palladium in DMSO (eq. 10). '~ The regioselectivity of the addition is also an issue. 



b B ( O H ) 2  + TMÇ stoichio. P ~ ( O A C ) ~  -TMS (eq. 10) 
R 

DMSO, 50°C 
(R = Ph, Bu) 

stoichio. LiPdC13 + 4- C R 
A&,++ R' 

Et3N, MeCN 
!RI = C w e .  Bu, Ph 4840% 

CONHCMe3) 

A Korean group reported the second example. They camed out the coupling 

reaction between the same boronic acids and several alkenes, also in the presence of a 

stoichiometric amount of lithium palladium trichloride in aceionitrile (eq. 1 l) .13 The 

yields range from 48% to 80%. The could perform the coupling reactions in the presence 

of a catalytic amount of palladium (LiPdCl, or Pd(OAc)?) but a stoichiometric arnount of 

CuClz or Hg(OAc)? was necessary to oxidize and thus recycle the palladium. 

An example of cross-coupling reaction between vinylarenes and boronic esters 

was also found. Masuda and CO-workers reported a rhodium-catalyzed dehydrogenative 

coupling reaction of vinylarenes i with pinacolborane ii which led to the formation of 

vinylboronates (Scheme 2 1 ).14 



#O* 

[Rh(COD)C1]2 (0.5 mol%) 
p f i  + H-Bb i 

toluene, r.t., 4 h 
i (2.0 eq.) ii (1.0 eq.) iii 94% 

Scheme 21 

Dehydrogenative borylation by pinacolborane iii in the presence of phosphine- 

free rhodium catalyst proceeded predominantly over hyrobontion (iv and v). However it 

has been reported that other borane reagents usual for catalytic hydroboration, such as 

catecholborane or rV-methyl oxazaborolidine, were not suitable for selective 

dehydrogenative borylation." Concurrently, ethylbenzenr vi was generated in 46% yield 

based on i, indicating that styrene i acted as a hydrogen acceptor. 

2.3 Objectives 

To the best of our knowledge, no example of rhodium-catalyzed Heck-type 

coupling reaction between boronic acids and olefins carried out in water has been 

reported to date. Therefore we began this project with the goals of developing a broadly 

applicable coupling methodology and also we wanted to investigate the mechanism of the 

reaction, which was clearly different from the classical palladium-catalyzed coupling 

reactions (Heck, Suzuki, Stille, etc.). We also wanted to investigate the role of the water 

in the reaction: was it simply a polar solvent or was water playing a major role in one or 

several steps of the reaction. 



2.4 Opflmization Work: Phase 1 

2.4.1 Ligand, Base, Temperature, Time 

Fint we Iooked at the effect ofthe ligand, the base, the temperature, as well as the 

time of the reaction in order to optimize of the reaction conditions. The reaction was 

caiicd out üsing commercially avniloble TPPTS rs the water-soluble ligand. However 

one-third of the starting material remained after 15 hours at 80°C. The main differences 

between the two ligands are (1) the position of the suifonate substituent on the aryl ring 

(mera vs para), (2) the number of substituted aryl rings (3 vs 2), and (3) the nature of the 

counterion. The electronic and stenc effects caused by the substitution pattern noticeably 

affects the reaction. Another factor that could explain the lower conversion with TPPTS 

is the diminished quality of the purchased TPPTS ligand, which was contaminated with 

10- 15% of the oxide. 

Several bases were surveyed in the course of the optimization work: K2C03, 

Cs2C03, Et3N, and NaOAc. No significant improvernent or change in the yield was 

observed, so Na2C03 remained the base of choice. 

The reaction was tried at temperatures lower than 80°C (set temperature of the 

heating bath). However no reaction occurred at 30°C or 50°C and the starting matenal 

was fully recovered. 

When the reaction was stopped after 2 hours, a 6/1 ratio (product/starting 

material) was observed and even afier 8 hours, the reaction remained incomplete (191 



productfstarting material). Consequently, the reactions were stirred ovemight for more 

convenience. 

With the optimized conditions in hand, we wanted to explore the scope and the 

versatility of the reaction by trying the reaction with different akenes and boronic acids. 

The rhodium-catalyzed coupling reaction was successful between p-methoxystyrene, an 

electron-rich oiefin, and phenylboronic acid (eq. 12), fumishing 70 in 76% yield. 

2.4.2 Cornpetitive Reaction: Hydrolytic Deboronation 

However, when the coupling reaction was cam-ed out with substituted boronic 

acids, the yields were dramatically lower. Starting matenal was recovered as well as 

large quantities of the product arising from the deboronation of the boronic acids 

(Scheme 22). 
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Several papers reported a competitive side-reaction, the so-called "hydrolytic 

deboronation".16 The authors reported that the problem was "solved" by using a large 

excess of boronic acid (5 eq.) or by using the boronic ester and canying out the reaction 

in an organic solvent. The rate for the cleavage of XC6H4B(OH)r in water has been 

reported to be as follows (relative to phenylboronic acid): 2.6-dimethoq (125), 2-F (77), 

2-Cl (59), 2-Me0 (1 l), 4-Me0 (4.2), 2-Me (2.5), 3-F (2.3), 3-Me (2), 4-F (1.7).17 Stenc 

hindrance (e.g. 2,6-dimethyl) significantly decreases the competitive hydrolytic 

deboronation. 



2.4.3 D20 Experiment 

In order to identify at which step of the mechanism the hydrolytic deboronation 

occurred, two reactions were perfonned in DzO (Scheme 23). The product corresponding 

to the deboronated boronic acid showed ONLY a deuterium. There was no trace of H-Ar 

by 'H NMR 400 MHz. This recult suggests that the solvent actually plays a role in the 

deboronation step. This result also demonstrates that the boronic acid does not play the 

role of hydrogen accepter, othenvise H-Ar would be observed. 

+ fl "OH" '"(COD)"" (2 "d") 
> 

P~P-(#-s@K)~(~ mol0/.) O 
O O 26% 

Na2C03 (2.1 eq.) O 

as above - 

Scheme 23 

In order to determine if the hydrolytic deboronation was actually rhodium- 

catalyzed, a control expenment was canied out. In one flask, 4-acetylboronic acid was 

mixed with a catalytic amount of [Rh(COD)C1l2 and TPPDS in D20 in the presence of 

Na2C03 at 80°C. In another flask, the same boronic acid was mixed in D20 in the 



93 

presence of Na2C03 but with no rhodium catalyst (Scheme 24). In the flask containing 

rhodium, the ketone arising from the deboronation step was completely formed after one 

hour, whereas in the flask without rhodium, the boronic acid remained unchanged even 

after fifieen hours, except the more acidic a-positions which were deuterated. 

B(oH)2 [Rh(COD)C1I2 I TPPDS 

Scheme 24 

2.5 Proposed Mechanism 

Al1 these results provided some insights about the mechanisrn of the coupling 

reaction (Scheme 25). 



Ar - ~ h '  

transrnetailation migratory insertion 
ArB(OH)2 

Scheme 25 

As described in the catalytic cycle, the rhodium(1)-chloride species first 

transmetalates with a molecule of arylboronic acid, forming an aryIrhodium(1) 

intennediate. The subsequent step is the migratory insertion of arylrhodium(1) species on 

styrene. The insertion occurs in a syn manner and the oxidation state of rhodium is still 

Rh(1). Subsequent P-hydride elimination furnishes stilbene as well as rhodium(1) 

hydride. We speculate that the oxygen of water coordinates with rhodium, making the 

protons on water more acidic. It is then believed that a molecule of hydrogen is released, 

as well as the rhodium(1) hydroxide species, which then transmetalates with another 

molecule of arylboronic acid and the catalytic cycle can continue. We never observed 

hydrogen release when the coupling reactions were r u ~ i n g .  The coupling reactions 

proceed slowly (-15 hours) and they were typically done on a small scale (0.45 mmol), 



making the possibility of visually observing hydrogen bubbling difficult. However, the 

transmetalation of hydroxyrhodium species with arylboronic acid has already been 

documented. l 8  

This mechanism suggests that a second equivalent of boronic acid is NOT 

necessary to recycle the rhodium(1) hydride species in arylrhodium(1) via a 

transmetalation. This hypothesis is also supported by the fact that only Ar-D is observed 

as side product (no Ar-H detected). The proposed mechanism also suggests that the 

arylrhodium(I) species is quenched by the solvent (water), and that this protonation is a 

cornpetitive reaction with the migratory insertion with styrene. 

2.6 Optirniration Work: Phase 2 

The way one could envisage to limit the amount of arylrhodium(1) being 

quenched by water is by rnaximizing the presence of the starting material, styrene, in 

water, especially since the reaction mixture was heterogeneous. Indeed, styrene micelles 

floating on the top of water could be observed. We considered increasing the presence of 

styrene in water by several different means. First, an excess of styrene in the reaction 

mixture could be added, instead of an excess of boronic acid. That way, the presence of 

the substrate around the rhodium catalyst should be increased. Second, one could make 

rhodium more nucleophilic and therefore more reactive by changing the ligands on the 

catalyst. Third, adding a water-miscible CO-solvent to the aqueous reaction mixture could 

help the desired coupling reaction to proceed faster. Finally, the addition of a phase- 

transfer agent could homogenize the reaction mixture and thus increase the yield. 



2.6.1 Catalyst Study 

Performing the coupling reaction with an excess of styrene and one equivalent of 

boronic acid did not increase the amount of coupling compound produced. The styrene 

and rhodium catalyst did not seem to react better together. A short catalyst survey was 

done (Scheme 76). Rh(CO)z!acac) and [Rh(CO]CI]? were tried but no improvement on 

the yield was noticed. 

(1 .O eq.) (3.0 eq.) Na2C03 (2.1 eq.) ( + 1O0/0 of coupling product) 

H20 

80%, 15 h 

(1 .O eq.) 

+ 

B(OH)2 [R~ I (CO~CI ]~  (2.5 mol%) - 
02N ph* SQK):~ O mol%) 

(3.0 eq.) Na&& (2.1 eq.) ( + 10% of coupling product) 

H20 

80°C, 15 h 

Scheme 26 

2.6.2 CoSolvent Study 

The coupling reaction was then carried out using several CO-solvents. The results 

are surnmarized in Table 1 I .  Not only the yields were a little bit lower when a CO-solvent 

was used (either water-miscible or not), but there was no reaction when the reaction was 

done in MeOH only (entry 6). 



Table 11: Co-Solvent Study 

(1 .O eq.) (3.0 eq.) Na2C03 (2.1 eq.) 

H20 / CO-soive nt 

80°C, 15 h 

entry conditions conversion (%) 

1 HzO : toluene 6.5 : 1 4 0  

7 - H1O : toluene 1 : 1 -15 

3 HzO : DME f : l  4 0  

4 Hz0 : THF 1:l - 15 
5 H20 : EtOH 1 : 1 -15 

6 Hz0 : MeOH O : 1 no reaction 

7 H20 : dioxane 1 O : 1 no reaction 

A completely "organic version" of the reaction was tned. Phenylborate 66 was 

reacted with styrene, in the presence of a catalytic arnount of [Rh(COD)C1I2 and 

triphenylphosphine in toluene in the presence of anhydrous sodium carbonate at 100°C. 

No reaction took place. 

2.6.3 Phase-Transfer Study 

in an effort to improve the yield of the reaction, we examined different phase- 

transfer agents (Table 12). Quatemary ammonium salts like tetrabutylammonium 

chloride, Aliquat 336@ (CH3N[(CH2)7CH3I3C1), and tetrabutylammonium chloride were 

not beneficial for the coupling reaction (entries 1-3). However, when two equivalents of 



sodium dodecylsulfate (SDS) were used, not only did the yield of the reaction irnproved 

to 43%, but the amount of the deboronated boronic acid could be restricted to 5% (entry 

5). 

Table 12: Phase-Transfer Agent Study 

O Na2C03 (2.1 eq.) 
O 

O 
(3.0 0%) (1 .O eq.) A B 

H@ / ?TA 

en'w phase-transfer agent (eq.) yield A (B) 

1 n-BUNI (3.0) 31 (37) 

2 ~ l i ~ u a t '  336 (3.0) O 

3 n-BuNCl(3 .O) 15 

4 SDS (3.0) 24 ( 5 5 )  

5 SDS (2.0) 43 ( 5 )  

2.6.4 Water-Soluble Substrate 

Finally, we camed out the coupling reaction using p-carboxystyrene 71, a water- 

soluble substrate, which was synthesized from commercially available p-chlorostyrene 

using standard conditions (Scheme 27). 

1) Mg, refluxing THF, 2 h - 
HO 

C 2) solid CO2 
O 

3) conc. H2S04 
75% 

Scheme 27 



The use of this substrate was designed to determine if the problem with the 

coupling reaction came From the low solubility of styrene in water. Of course, the 

versatility of the coupling reaction would be considerably diminished in only water- 

soluble substrates worked, but we would get a better understanding of the reaction itself. 

Acid 71 was submitted to the reaction conditions, using several arylboronic acids. 

Unfortunately, al1 the reactions failed, even when the pre-formed carboxylate of 71 was 

added in the reaction mixture (Scheme 28). 

p + 4B(oHi2 [Rh(C0D)Cl]2 (2 

HO 
P ~ ~ S Q K )  (8 mol%) 

2 O O O recovered 
Na2C03(2.1 eq.) 1 D g  O 

(1 .O eq.) (1 .O eq.) 
80%. 15 h (no coupling product detected 

by 'H NMR) 

I V  'f 
as above 

L 

Me0 
" o p  + a" 

A Me0 
(1 .O eq.) (1 .O eq.) 

u 
recovered 

(no coupling product detected 
by 'H NMR) 

II + fJWoH" as above - 
(1 .O eq.) (1 .O eq.) 

HOP recoverd 

O 
(no coupling product detected by ' H NMFI ) 

(1 .O eq.) (1 .O eq.) 
(no coupling product detected 

by 'H NMR) 

Scheme 28 



2.6.5 Summary of Preliminary Screening Experiments 

From the data collected, the following key points emerge. First, the coupling 

reaction worked well only when phenylboronic acid was used. As soon as the 

aryiboronic acid was substituted, the reaction failed. Second, the use of an organic co- 

sotvent proved to be h m h l  for the reaction. Iliird, several rubstrate/hornnic acid ratios 

had been examined, with and without SDS, without significant success (Table 12). 

Table 13: Summary 

entry eq. of72 eq. of 73 eq. of SDS yield 74 (%) 

1 1 1 2 53 

The results in Table 13 indicate that the presence of SDS in the reaction mixture 

has a significant beneficial impact on the yield of the reaction (entries 1, 3). By carrying 

out the reaction using an excess of 4-acetylboronic acid with one equivalent of styrene in 

the presence of two equivalents of SDS, the desired coupling product was obtained in 

69% yield (eq. 13). The most encouraging observation was that the reaction was 100% 



complete: no styrene was detected in the crude 'H NMR. Sodium dodecyl sulfate is 

known to be a good phase-transfer agent in the case of aqueous rhodium-catalyzed 

enantioselective hydrogenation of enamides and itaconic acidi9 as well as being the 

surfactant of choice for organic reactions in water using colloidal dispersions as reaction 

media.'' 

+ \ I P 8 ( O H ) 2  [Rh(COD)CI]2(Z~d0h) 

I ph- SQK) (8 moloh) (W. 13) 
O 2 

(1 .O eq.) (3.0 eq.) Na2C03 (2.1 eq.)/H& 
69% 

BO%, 15 h 
SOS (20 eq.) 

This result described in equation 13 suggests that the water-soluble rhodium 

catalyst cornplex, which undergoes transmetalation with the boronic acid in water, first 

enters the styrene micelles where the coupling reaction takes place. Rhodium hydride is 

released and this species subsequently goes in the water phase to form rhodium 

hydroxide, which then re-enters within the styrene micelles to continue the catalytic 

cycle. The role of the phase-transfer agent is to shuttle the compounds between the two 

non-miscible phases. 

The reaction was subsequently attempted with n-BUNI as the phase-transfer 

agent. Even though the reaction went to completion, the isolated yield was only 15%. 

Indeed, most of the product remained snick at the interphase. The amount of SDS could 

eventually be reduced to 0.5 equivalents without altering the conversion. In fact, the 



yield was slightly better (73%) and the work-up was greatly facilitated (no emulsion 

anymore). 

2.7 Aqueous Heck-Type Coupling Reaction with Styrene 

With the optimized conditiom in hmd, the aquecws rhodium-catalyzed Heck-type 

coupling reaction was carried out between styrene and different boronic acids. The 

results are summarized in Table 12. 

Table 12: Examples of Heck-Type Coupling Reactions 
Using the Optimued Conditions 

[Rh(COD)CI12 (2 mol%) 0" + RB(OH), 
P ~ P ~ S O ~ K )  (8 mol%) 

2 
Na2C03 (2.1 eq.) 

Hfl 1 SDS (0.5 eq.) 

80°C, 15 h 

entrY R yield (%) 

--- -- 

* Acid boronics prepared according to literature procedures 



Boronic acids that were not commercially available were readily prepared From 

the corresponding bromides according to usual procedures (Scheme 29). In general, the 

isolated yields range from 75% to 85%. 

Br 1. n-Buli, THF, -78'~ 

2. ji-Pr0)3B 

Scheme 29 

The yields of the Heck-type coupling reaction range from 40% to 95%. The 

coupling reaction is successhl with electron-donating goups on the boronic acid (entries 

2 and 3), electron-withdrawing groups (entries 3-6), and sterically hindered boronic acids 

(entries 7 and 8). In the cases of 1-naphthyl- and 2-naphthylboronic acids, the yields are 

slightly lower (entries 8 and 9). Indeed, both the reaction product and naphthalene, 

which anses from the hydrolytic deboronation, are very non-polar and the separation of 

the two compounds is more dificult. Also, with the two naphthylboronic acids, a small 

quantity (5%) of the product corresponding to the reduction of the alkene was observed. 

The formation of such compounds might be attributed to the release of Hz gas in the 

course of the coupling reaction and rhodium-catalyzed hydrogenation. In the case of 2- 

thiophenylboronic acid, the yield is rather poor and it could be due to the low quality of 

the boronic acid. 



2.8 Aqueous Heck- Type Coupling Reaction: Various Substrates 

The coupling reaction was then carried out with several substrates in the presence 

of phenylboronic acid (Table 14). The expected coupling compound was obtained in 

good yield with an electron-rich olefin (entry 1) as well as an electron-poor alkene (entry 

3). When dihydronaphthalene (entry 3) was submitted to the reaction conditions. only 

polymerization residues were isolated. This result supports the proposed mechanism 

since if the addition on styrene is actuaily done in a syn manner, the P-hydride 

elimination becomes impossible because there is no synnpripIanar hydrogen (Scheme 30) 

and the rhodium intermediate may add to another molecule of alkene and polymerize. 

no synperiplanar H 

intermediate might polymerize 

Scheme 30 

a-Methylstyrene and trans-stilbene did not react under the reaction conditions 

(entries 4 and 5). When allylbenzene was submitted to the reaction conditions, the only 

product observed was the one corresponding to the isomerization of the double bond 

(entry 6). Finally, the reaction was carried out with a non-arornatic alkene, 

vinylcyclohexane (entry 7). The desired coupling product was isolated but only in low 

yield (-1520% depending on the m). However, the starting matenal was al1 consumed 

so degradation or polymerization probably accounts for the rest of the mass balance. 



Table 14: Examples with Other Olefins 

[Rh(COD)Cll2 (2 mol%) 
SU bstrate + PhB(OH) product 

P ~ P ~ S O ~ K )  (8 moloh) 
2 

Na2C03 (2.1 eq.) 

substrate product yield (%) 

no reaction 
(starting matenal O 

recovered) 

no reaction 
(starting matenal O 

recovered) 

no reaction 
(starting material 

V recovered) 



2.9 Reactivity of 2-VinyIpyridine 

2.9.1 Various Boronic Acids 

In the course of examining various substrates, the Heck-type coupling reaction 

was carx-ied out with 2-vinylpyridine and phenylboronic acid in the presence of the water- 

soiuble rhodium îoiiiple~. "rcduced" couplcd cornpound w s  obt3ined in geod yield 

(Table 15, entry 1). At first, H2 was believed to be responsible for the reduction of the 

alkene. However, since this product had not been observed before, at least not 

significantly, the hypothesis of the reduction by H2 gas was unlikely. It is worth noting 

that the coupling reaction with 2-vinylpyridine is more rapid that the one with styrene and 

works well with stencally hindered boronic acids (Table 15, entnes 24) .  Although the 

yield of the reaction with 2-bromophenylboronic acid is lower (entry 4), the coupling 

product thus formed is interesting and useful because further metal-catalyzed cross- 

coupling reactions can be envisaged. The reaction was also successful with electron-rich 

4-methoxyphenylboronic acid (entry 5 ) ,  but was less clean with 3-methoxyphenylboronic 

acid (entry 6). The reaction is significantly less successful with electron-withdrawing 

boronic acids (entries 7 and 8). For example, no reaction occurred with 3- 

nitrophenylboronic acid. When the reaction was carried out with (E)-142- 

pheny1)vinyboronic acid, the yield was only 30% because of the competitive reaction 

occurring between styrene (arising from the hydrolytic deboronation of the boronic acid) 

and the boronic acid. The reaction was then tried with a larger excess of boronic acid to 

get the desired reaction to completion. However, the yield did not improve and the 

arnount of the side product Ph(CH)zh increased. With n-hexen-1-ylboronic acid, we 

hoped that the side reaction would be less favored (alkyl olefms are less reactive than aryl 



olefins). However, the yield was still moderate and a mixture of isomers coming fiom 

the isomerization of the double bond was obtained. 

Table 15: Unexpected Reactivity of 2-Vinylpyridine 

Na&% (2.1 eq.) 

H g  1 SDS (0.5 eq.) 

80°C, 1.5 - 6 h 

e n q  Ar yield (%) 
- . - - - - - - - 

I Ph 84 

2 2-MeC6H4* 87 

3 1-naphthyl* 88 

4 2-BrC6Hj 60 

5 ~ M ~ O C ~ H J *  77 

6 3-MeOCsH4 35 

7 3-NO2c6& 0 

8 4-AcCsh 23 

9 PhCH=CH* 3 1 

10 n-BuCH=CHS 4 1 
(mixture of isomen) 

*Acid boronic prepared according to literature procedues 

2.9.2 Mechanistic Investigation 

We did verim that the reactions were rhodium-catalyzed and not acid- or base- 

catalyzed. Both the reactions with styrene and 2-vinylpyridine were carried out without 



rhodium and no reaction took place after 24 hours. The reactions do occur with non 

water-soluble ligands such as triphenylphoshine (PPh3) or in absence of any phosphine 

ligand. However, the reactions are much slower and thus remain incomplete because the 

boronic acid in the reaction mixture is consumed before the end of the reaction. Slow 

addition of boronic acid with a syringe pump was envisaged but the low solubility of the 

boronic acids in water made it difficult to execute. Therefore, the use of a water-soluble 

ligand is essential for the success of the coupling reaction. 

Several rnechanisms can be proposed to explain the special reactivity of 2- 

vinylpyridine. First it was envisaged that an equilibrium existed between intermediates i, 

ii, and iii, ultimately favoring the more stable species iii  and giving rise to a five- 

membered ring where the nitrogen and rhodium are coordinated (Scheme 3 1). The fact 

that rhodium coordinates to heteroatoms to form five-membered rings is well 

documented, especially in the case of' C-H activation." Since the reaction is done is 

water, the solvent could then coordinate to the rhodium, making the hydrogens of water 

more acidic, and thus cleaving the carbon-rhodium bond. 

Scherne 31 



A D20 experiment was carried out to ven@ the hypothesis. If the hypothesis was 

correct, the deuterium would appear on the methylene labeled 2 (Scheme 3 1, v). 

However, after the reaction, the deuterium was exclusively on the methylene next to the 

pyridine ring, as shown in equation 14. 

B ( O b  [Rh(COD)CIJ2 (2 mol%) 
(eq. 14) 

Me 
2 

Na2C03 (2.1 eq.) 

020 / SDS (0.5 eq.) 92% 

80 OC, 5 h 

The structure was proved by 'H and I3c NMR as well as COSY, HSQC and 

HMBC. This result suggests that a four-membered ring, instead o h  five-membered ring, 

could be formed with the rhodium coordinating with the nitrogen (Scheme 32). 

However, to the best of Our knowledge, no case of coordination between nitrogen and 

rhodium giving rise to a four-membered ring have ever been reported, unlike the five- 

membered rings. Another possibility is that the mechanisrn is different from a Heck-type 

reaction and would be similar to the 1,4-addition of the rhodium(1)-aryl species on the 

"enaminate" (Scheme 32). 



4-mernbered ring 

Scheme 32 

Indeed, Miyaura and CO-workers recently reported the rhodium-catalyzed 1,4- 

conjugate addition reactions of' aryl-and l-alkenyl-boronic acids to enones, enals, and 

a$-unsaturated esters in an aqueous mixture of solvents. This reaction mechanism is 

believed to proceed through a sequence of boron-rhodium transmetalation, yirlding an 

organorhodium(1) species followed by its addition to the unsaturated systern." Hayashi 

and CO-worken subsequently demonstrated asymmetric variants by using a rhodium(1)- 

chiral phosphine complex (eq. 1 5)? 

Rh (acac) ( C 2 h ) ~  

6 (3 mol% Rh) 
+ ArS(OH)2 (a-binap (1 eq. to Rh) 

dioxane/H fl 
1 oo0c 70-99% 

91-99% ee 



In order to determine which of the two hypotheses is correct, the reaction was 

carried out with Cvinylpyridine. If the reaction gave the 1,2-diarylethyl derivative 

("reduced" alkene), the hypothesis of the 1,4-addition would seem more reasonable than 

the four-membered ring, the latter being impossible with the Cvinylpy~idine. Initial 

attempts with Cvinylpyridine and 2-metyhlphenylboronic acid under the usual reaction 

conditions were unsuccessful and the starting material was recovered. However, when 

the temperature of the reaction was increased to 105OC (set temperature of the heat bath), 

4-5 equivalents of boronic acid were added to the reaction mixture and it was stirred for 

15 hours, the 1,2-diarylethyl derivative was isolated in 95% yield (before purification). 

However, a significant quantity of coupling product was lost during the purification step 

with silica gel and the yield after purification dropped to 66%. Other arylboronic acids 

were then tned under the optimized reaction conditions. The results are summarized in 

Table 16. The coupling reaction works well with a variety of boronic acids (entries l-4) 

but fails with electron-withdnwing 3-nitrophenylboronic acid. 



Table 16: Coupling Reactions with 4-Vinylpyridine 

Na2C0, (2.1 eq.) 

H20 / SDS (0.5 eq.) 

105OC, 15 h 

entrY Ar yield (%) 

We found that Cvinylpyridine is less reactive than 2-vinylpyridine. Indeed, the 

reactions with Cvinylpyridine are longer (15-20 houn instead of 6 hours) and hence a 

greater arnount of boronic acid has to be used due to the hydrolytic deboronation 

(competitive reaction). Unfortunately the boronic acid is consumed before the coupling 

reaction is actually complete. But since the product obtained with 4-vinylpyridine is the 

1,2-diarylethyl derivative (reduced compound), it suggests that the mechanism is similar 

to a nucleophilic attack of the rhodium(1)-aryl species because the formation of the four- 

membered ring can not occur with 4-vinylpyridine, Rhodium may be coordinated to the 

nitrogen, thus activating the x system and making it more electrophilic (Scheme 33). 

Scheme 33 



In the case of the 2-vinylpyridine, it is possible that the proximiw of the nitrogen 

with the olefin helps to increase the rate of the reaction by actually allowing the four- 

membered ring as well. When the reaction was camed out with 3-vinylpyridine, only 

degradation was observed. The conjugation of the n system of the 3-vinylpyridine does 

not allow the same mechanism than for the 2- and 4-vinylpyridine. 

However, the normal Heck-type coupling product could have been expected, but 

was never observed. 3-Vinylpyridine, which proved to be very volatile, was prepareci 

from commercially available 3-pyridinecarboxaldehyde via a Wittig reaction (Scheme 

34)? The coupling reaction also failed between 2-ethynylpyridine and various 

arylboronic acids. 

Ph3P+CH#r*. n-Buti 
aMe -r " W W 2  

N THF N 
[Rh(COO)C1]2 (2 mol%) 40% 

(volatile!) 
p h ~ e  SQK) (8 mol%/.) 

2 
Na2C03 1 H f l  / SOS 

Scherne 34 



2.9.3 Attempts with Lewis Acids 

Since the mechanisrn seemed to involve the coordination of the nitrogen atom by 

rhodium, the coupling reaction with 2-vinylpyridine was carried out in the presence of 

Lewis acid catalysts stable in water.?' Indeed, Kobayashi and CO-workers have reponed 

water-stable Lewis acids like lanthanides. scandium. and yttrium tri fiates, which can be 

used in several carbon-carbon bond forming reactions in aqueous media? However. the 

coupling reaction failed in the presence of SC(OT~)~ ,  LiCIO4, p-toluenesulfonic acid @- 

TsOH), p-pyridium sulfonate (ppts), d- 10-camphor sulfonic acid monohydrate 

(CSA.H20), CU(OT~)~ ,  or Sm(OTf)?. Unreacted staning material and boronic acid were 

recovered. Thus, it appears that the rhodium catalyst is essential in the reaction mixture 

and that it has a more important role than simply acting as a Lewis acid. 

2.10 Synthesis of Triaryl-Efhyl Derivatives 

2.10.1 Literature Precedents 

The synthesis of triaryl-ethyl derivatives containing one or more heteroatomic 

components has received considerable attention in Merck Research Laboratones due to 

the fact that these components have shown considerable phosphodiesterase N (PDE IV) 

inhibitory activityZ7 The latter has been shown to have significant clinical benefit in the 

effective treatment of asthma. In the course of their studies towards the synthesis of these 

triaryl-ethyl compounds of general formula 76, they became interested in the nucleophilic 

"conjugate" addition of carbanions to vinylpyridine. Construction of the triaryl-ethyl 



derivatives could be accomplished by the Ni-catalyzed addition of Grignard and zincate 

reagents to the B-substituted 4-vinylpyridine 77 (Scheme 35).18 Without the presence of 

nickel, the yields for the nucleophilic addition are <IO%. With a catalytic amount of 

nickel, they range from 70% to 95%. 

R' . R~ = alkyl. vinyl. aryl 

Scheme 35 

The same authors also reported the use of chiral sulfoxide intermediates in order 

to synthesize non-ncemic tnaryl-ethylderivatives (Scherne 26).19 Again, the best results 

were achieved by the use of organozincate reagents (Ph3ZnLi and Ph3ZnMgBr) via Ni 

cata~~sts..'~ The yields are greater than 90% and the ee's range from 82% to 92%. 

tol. ,O 
S 

82 83 

Scheme 36 



2.1 0.2 Preliminary Results 

We planed to use Our rhodium-catalyzed cross-coupling methodology to 

synthesize the same kind of triaryl-ethyl derivatives, using readily available 2- 

bromopyridine as the starting material (Scheme 37).3' The number of steps would be 

substantially shortened and the method more convenient (readily available starting 

materials and reagents, mild reaction conditions). 

When 1-phenyl- L(2-pyridy1)ethylene 86 was reacted with 2-methylphenylboronic 

acid in the presence of a catalytic amoiint of a water-soluble rhodium catalyst, the desired 

coupling product 87 was isolated in 73% yield. The presence of the pyridine ring 

tremendously enhances the reactivity of the starting material because the analogous 1,1- 

diphenylethylene did not react under the same reaction conditions (Table 14, entry 5). 

Current investigations in the group are aimed towards the development this methodology 

for the synthesis of triaryl-ethyl derivatives fiom of L,1-diaryl-ethyl precursors. 



1. n-8uLi, THF 

\ ' 2  

Na2C03 I H20 / SDS 

Scherne 37 

Conclusions 

We have developed the first methodology allowing the aqueous rhodium- 

catalyzed Heck-type cross-coupling reaction between olefins and boronic acids. The 

water-soluble ligand p-disulfonated triphenylphosphine TPPDS was used to Form a 

water-soluble rhodium complex. A mechanism was proposed For this transformation, 

involving the conversion of rhodium([)-hydride into rhodium(1)-hydroxide by water. 

Studies were fint conducted on the cross-coupling reaction between styrene and various 

boronic acids. The optimized conditions were subsequently applied to extend the 

methodology to various olefins, although with modest success. The role of the water- 

soluble rhodium catalyst was demonstrated as being crucial for the success of the 

reaction. The new reactivity showed by 2- and 4-vinylpyridine was used to develop a 

novel methodology giving access to 1,Z-diaryl- and 1,1,2-triaryl-ethyl derivatives. 



O 71 
Mg turnings (1.45 g, 5 1 mmol) were dned in the oven ovemight in a round-bottom flask. 

AAer cooling to r.t. under an argon atmosphere, dry THF (50 mL, 0.58 M) was added 

followed by 4-chlorostyrene (Aldrich, 4.02 g, 29 mmol) which was added dropwise ovet 

20 minutes. The reaction mixture was heated with a heat gun until it refluxed and the 

temperature was maintained at 90°C for 2.5 hours. The colorless solution tumed yellow 

and finally dark green. The reaction mixture was cooled to 40°C and poured into solid 

COz. The resulting dough was stirred with a rod and acidified with H2S04 ( 5  M, 20 mL). 

The reaction mixture was extracted with Et20 (3 .u 50 mL), and the combined organic 

layers were dned over Na2SO~, tiltered and concentnted. The recrystallization of the 

crude solid with EttO and pentane afforded 3.02 g (75%) of a white solid. Rr = O. 18 

(50% EtzO in hexanes); 'H NMR (400 MHz, CDCI3, TMS) 6 12.4-1 1.0 (lH, br), 8.07 

(2H, d, J = 8.4 Hz), 7.50 (2H, d, J = 8.4 HZ), 6.78 (IH, dd, J& = 11.2 Hz, J,,, = 17.6 

HZ), 5-90 (lH, d , J A m  = 17.6 HZ), 5.42 (1H, d, Jck= 11.2 HZ); 13c NMR 6 172.0, 142.8, 

135.9, 130.5, 128.4, 126.2, 1 17.0; Mass calculated for C9H8O2: 148.162; Mass found: 

148.063. The rest of the spectral data correspond to those reported in the literatut-e.3z 

Typical procedure for the synthesis of arylboronic acids: 

To a cooled mixture of 2-bromotoluene (Aldrich, 7.1 g, 41.6 mmol) in dry THF (140 mL, 

0.3 M) at -78°C was added n-BuLi (1.9 1 Mfhexanes, 28.3 mL, 54.1 mmol). At this point, 



a precipitate usually crashed out of solution. The reaction mixture was stirred at - 7 8 O C  

for 30 minutes pnor to the addition of triisopropyl borate (16.3 mL, 70.7 mmol). After 

the clear solution reached r-t., Hz0 was added and the reaction mixture was stirred at r.t 

for 15 minutes. Concentrated HCI (5-7 mL) was added until the p W 4 .  The reaction 

mixture was extracted with E t20  (3 x 200 mL), and the combined organic layers were 

washed with brine, dried over NazS04 (stirred for 30 minutes), filtered and concentrated. 

The cmde solid was triturated ovemight in Et20, and afler filtration 3.15 g (56%) of a 

white solid was isolated. 

2-Methylphenylboronic acid: 

Rr=  0.12 (50% Et20 in hexanes); 'H NMR (400 MHz, CDCI,, TMS) 8 8.22 (1 H, d, J = 

7.6 Hz), 7.35 (lH, t, J = 7.6 Hz), 7.33-7.25 (2H, m), 2.82 (3H, s); Mass calculated for 

C7H9B02: 135.956. The rest of the spectral data correspond to those reported in the 

~iterature.'~ 

1-Naphthylboronic acid: 

Rr = 0.15 (80% Et20 in hexanes); 'H NMR (400 MHz, DMSO-d6) 6 8.38 (2H, s), 7.91- 

7.86 (2H, m), 7.72 (lH, m), 7.5 1-7.42 (3H, m); Mass calculated for CioH9B02: 171.988. 

The rest of the spectral data correspond to those reported in the literature." 



2-Naphthylboronic acid: 

Rf = 0.13 (50% EtzO in hexanes); 'H NMR (400 MHz, DMSO-d6) 6 8.3 7 ( 1 H, s), 8.18 

(2H, s), 7.92-7.83 (3H, m), 7.55-7.48 (2H, m); Mass calculated for CioHgBOz: 171.988. 

The rest of the spectral ciara corresponà ro those reponed in iiie iiteratura." 

4-Methoxyphenylboronic acid: 

Rr = 0.20 (Et2O); 'H NMR (400 MHz, DMSO-d6) 6 7.79 (2H, d, J =  1 1.6 HZ), 6.92 (ZH, 

d, J = 11.6 Hz), 3.77 (3H, s); Mass calculated for C7HpB02: 135.959. The rest of the 

spectral data correspond to those reported in the ~iterature.~~ 

1-[(E)-(2-Phenylethenyl)]boronic acid: 

Neat phenylacetylene (5.0 g, 49.0 mmol) was cooled to O°C prior to the addition of 

catecholborane (1 .O M / W ,  49 mL). The yellow solution was stirred at 70°C for 3 hours 

and at 80°C for i hour. AAer cooling to r.t. H20 (20 mL) was added and the reaction 

mixture was heated at 90°C for 3 hours. After cooling to r.t. the reaction mixture was 

acidified with concenhated HC1 and extracted with Et20 (150 mL). The aqueous phase 

was re-extracted with Et20 (2 x 100 mL), and the combined organic layers were washed 

with brine, dried over Na2S& (stirred for 1 hour), filtered and evaporated. HzO was 



added and a pale yellow solid crashed out of solution. The solid was rinsed with hexanes 

and the yellow color disappeared. The white solid was dned under high vacuum and 3.6 1 

g (50%) was isolated. Rf = 0.20 (EtzO); 'H NMR (400 MHz, DMSO-da) 8 7.47 (2H, d, J 

= 7.2 Hz), 7.37 (ZH, t, J = 7.2 Hz), 7.27 (lH, dd, J I  = 7.2 Hz, J2 = 18.8 Hz), 6.73-6.58 

(IH, ddd, J1 = 4.0 Hz, JI = 6.0 Hz, J j  = 50.0 Hz), 6.12 (IH, d, J,., = 18.4 Hz); Mass 

calculated for CsH9BOz: 147.967. The rest of the spectral data correspond to those 

reported in the 1 iterature." 

1-[(Il?)-Hexen-1-y11 boronic acid: 

WH), 

To 1-hexyne (6.0 g, 73 mmol) in dry CH2C12 (80 mL, 0.92 M) under N2 at 5 O C  WPS added 

HBBr2.SMe2(1.0 M/CH2C12, 76.7 mL, 76.7 mmol) via syringe. AAer stimng the pale 

yellow reaction mixture at r.t. for 22 hours, CHzCIz was removed in vaczro, and the 

remainder of the material dissolved in E t 2 0  (100 mL). The resulting solution was cooled 

to -60°C and aqueous NaOH (2.0 M, 77 mL, 154 mmol) was added dropwise while 

maintaining a vigorous stimng. The mixture was warmed to r.t. and stirred for 3 houn. 

The two layers were separated, the aqueous phase was extracted with E t 2 0  (3 x 120 mL), 

and the combined organic layers were dned over Na2S04, filtered and concentrated. The 

crude solid was tnturated in hexanes for 2 hours and afier filtration 4.94 g (53%) of a 

flufQ white solid was isolated. Rr = 0.10 (1 5% Et20 in hexanes); 'H NMR (400 MHz, 

DMSO-d6)6 7.00-6.93 (1H, m), 5.53 ( l H ,  d,J,,,= 18.0 Hz), 4.19 (2H, s), 2.25-2.15 

(2H, m), 1.48-1 -29 (4H, m), 0.91 (3H, t, J = 7.2 Hz); Mass calculated for C6Hi3%Ot: 

127.977. The rest of the spectral data correspond to those reported in the literature? 



Typical procedure for the synthesis of arylethenylbenzene: 

To a mixture of w(COD)C1l2 (4.3 mg, 2 mol%), TPPDS (17.5 mg, 8 mol%) in H20 (2.2 

mL, 0.2 M) at r.t. was successively added phenylboronic acid (133 mg, 1 .O9 mmol), 

Na2C03 (97 mg, 0.916 mmol), SDS (63 mg, 0.228 mmol), and styrene (50 PL, 0.136 

mmol). The reaction mixture was heated at 80°C for 15 hours. Afier cooling to r.t. the 

colored solution \vas poured into Et20 (25 mL) and the reaction flask was carefully rinsed 

with EtzO. The heterogeneous mixture was vigorously stirred at r.t. Cor 3 hours. The hvo 

phases were separated, the aqueous phase was extracted with Et20 (3 x 30 mL) and the 

combined organic layers were dned over MgS04, filtered and evaporated to dryness. The 

cnide residue was purified by flash chromatography (1% Et20 in hexanes) and 60 mg 

(76%) of a white solid was isolated. 

[(Q-2-Phenylethenyl] benzene: 

Rf = 0.30 (100% hexanes); 'H NMR (400 MHz, CDCls, TMS) 8 7.53 (4H, d, J = 9.6 Hz), 

7.37 (4H, t, J = 9.2 Hz), 7.29-7.24 (2H, m), 7.12 (2H, s); Mass calculated for Ci4Hi2: 

180.249; Mass found: 180.245. The rest of the spectral data correspond to those reported 

in the l i t e r a t~ r e .~~  

1-Methoxy-4-[(fi)-2-phenylethenyll benzene: 



Rr = 0.33 (5% Et20 in hexanes); 'H NMR (400 MHz, CDC13, TMS) 6 7.49 (2H, d, J = 

7.6 Hz), 7.46 (2H, d, J =  8.8 Hz), 7.34 (2H, t, J =  7.6 Hz), 7.23 (IH, t, J =  7.2 Hz), 7.09- 

6.95 (2H, dd, J I  = 16.4 HZ, Jz  = 38.4 Hz), 6.90 (2H, d, J = 8.8 Hz), 3.83 (3H, s); ''c 

NMR (100 MHz, CDC13) 8 159.3, 137.6, 130.1, 128.6, 128.2, 127.7, 127.2, 126.6, 126.2, 

1 14.1, 55.3; Mass calculated for C t 5 H i ~ O :  2 10.37 1; Mass found: 2 10.105. 

1-Methoxy-3-[(a-2-p henylethenyu benzene: 

Rr = 0.40 (10% EtzO in hexanes); 'H NMR (400 MHz, CDC13, TMS) 6 7.5 1 (2H, d, J = 

8.0 Hz), 7.36 (2H, t, J =  7.2 Hz), 7.28 (ZH, m), 7.13-7.05 (4H, m), 6.84-6.81 (IH, dd,J, = 

2.8 Hz, J2 = 8.4 Hz), 3.85 (3H, s); "C NMR (100 MHz, CDC13) 6 159.9, 138.8, 137.2, 

129.6, 129.0, 128.7, 128.6, 127.7, 126.5, 119.2, 113.3, 11 1.7, 55.3; Mass calculated for 

Cr sH 140: 2 10.27 I ; Mass found: 2 10.098. 

1-Nitro-3-[(E)-2-p hen ylethenyll benzene: 

Rr = O. 17 (5% EtzO in hexanes); 'H NMR (400 MHz, CDC13, TMS) 6 8.5 1 (2H, m), 8.32- 

8.29 (2H, m), 7.99-7.96 (2H, m), 7.7 1 (3H, m), 7.42-7.36 (2H, m); I3c NMR (100 MHz, 

CDCb) 8 156.4, 148.9, 144.8, 140.3, 133.0, 130.3, 128.1, 124.4, 123.3, 122.1, 115.8, 

1 10.5; Mass caIcuIated for C l a i  INOZ: 225.248; Mass found: 225.17 1. 



Rr = 0.25 (15% EtzO in hexanes); 'H NMR (400 MHz, CDC13, TMS) 6 7.95 (2H, d, J = 

8.4 Hz), 7.59 (2H, d, J =  8.0 Hz), 7.54 (2H, d, J =  7.2 Hz), 7.38 (2H, t, J = 7.2 Hz), 7.32- 

7.28 ( IH, m), 7.25-7.1 1 (2H, dd, JI  = 16.8 Hz, J2 = 40.8 HZ), 2.6 1 (3H, s); 13c NMR ( 100 

MHz, CDCI,) 6 197.5, 142.0, 136.7, 135.9, 131.4, 128.9, 125.8, 128.3, 177.4, 126.8, 

l26.5,26.6; Mass calculared for C IoH 1 JO: 222.282; Mass found: 222.263. 

1-Iodo-3-[(E)-2-p hen ylethen y11 benzene: 

R f =  0.56 (1% EtzO in hexanes); 'H NMR (400 MHz, CDC13, TMS) 6 7.98 (lH, br), 7.93- 

7.85 (2H, m), 7.79 (IH, br), 7.70-7.30 (5H, m), 7.19-7.05 (2H, m); Mass calculated for 

C14Hi 1: 306.145; Mass found: 306.082. 

1 -Methyl-2-[(E)-2-phenylethenyl) benzene: 

Rr= 0.26 bentane); 'H NMR (400 MHz, CDC13, TMS) 6 7.60 (lH, d, J =  6.3 Hz), 7.53 

(2H, d, I = 7.1 HZ), 7.40-7.14 (7H, m), 7.00 (lH, d, J = 16.2 Hz), 2.44 (3H, s); Mass 



calculated for Ci5Hid: 194.276; Mass found: 194.272. The rest of the specîral data 

correspond to those reported in the ~iterature.~ 

1-[(E)-2-Phenylethenyl] nap hthatene: 

Rr = 0.16 (pentane); 'H NMR (400 MHz, CDC13, TMS) 6 8.22 ( 1 H, d, J = 8.4 Hz), 7.9 1 - 

7.86 (2H, m), 7.80 (IH, d, J =  8.0 Hz), 7.75 (IH, d, I = 7.2 Hz), 7.61 (2H, d, J =  7.6 Hz), 

7.57-7.46 (2H, m), 7.40 (2H, t, J =  8.0 Hz), 7.32-7.28 (lH, m), 7.23-7.08 (2H, dd, J I  = 

21.6 Hz, Jr = 37.6 Hz); 13c NMR (100 MHz, CDCli) 6 137.6, 135.0, 133.7, 131.8, 131.4, 

128.7, 128.6, 128.4, 128.0, 127.8, 126.7, 126.1, 125.8, 125.7, 123.8, 123.6; Mass 

calculated for Cr 8H r ~ :  230.304; Mass found: 230.259. 

2-[(E)-2-Phen ylethenyll nap hthalene: 

Rr = 0.30 (pentane); 'H NMR (400 MHz, CDC13, TMS) 8 7.97-7.74 (7H, m), 7.61-7.37 

(7H, m); Mass calculated for CisHi4: 230.304; Mass found: 230.258. The rest of the 

spectral data correspond to those reported in the literature.'" 



1-FIuoro-4-[(E)-2-phenylethenyll benzene: 

Rf = 0.17 (100% hexanes); 'H NMR (400 MHz, CDC13, TMS) 6 7.60 (lH, m), 7.60-7.44 

(33, ni), 7.36 (ZH, t, 1 = 1 i.6 Hz), 7-27 (IH, t, J = 8.0 Hz), 7.13-7.01, (4H, ni); Mûss 

calculated for C i ~ H i  1 F: 198.239; Mass found: 198.236. The rest of the spectral data 

correspond to those reported in the literature." 

Rf = 0.49 (pentane); 'H NMR (400 MHz, CDC13, TMS) 8 7.34-7.27 (4H, m), 7.19 (1H, 

apparent triplet, J = 7.2 Hz), 6.41 (lH, d, J = 15.6 Hz), 6.24 (IH, dq, J, = 6.4 Hz, Jd = 

16.0 Hz), 1.89 (3H, dd, J ,  = 1.6 Hz,Jz = 6.4 HZ); "C NMR (IO0 MHz, CDCl3) 8 131.0, 

128.5, 126.7, 125.8, 125.7, 1 18.0, 18.5; Mass caIculated for C9Hio: 1 18.176. The rest of 

the spectral data correspond to those reported in the literanire." 

l -Methyl-2-[(E)-2-cyclohexylethenyl~ benzene: 

Rf = 0.78 @entane); 'H NMR (400 MHz, CDC13, TMS) 6 7.4 1 (IH, d, J = 6.8 Hz), 7.16- 

7.10 (3H, m), 6.53 (lH, d, J =  15.6 Hz), 6.04 (lH, dd, J, = 6.8 Hz, J2 = 15.6 Hz), 2.33 

(3H, s), 2.18-2.10 (IH, m), 1.85-1.64 (4H, m), 1.34-1.15 (6H, m); Mass calculated for 



Ci5HZa: 200.323; Mass found: 200.298. The rest of the spectral data correspond to those 

reported in the literature? 

Typical procedure for the synthesis of 2-(2-arylethy1)pyridine: 

To a mixture of [Rh(COD)ClI2 (4.6 mg, 2 mol%), TPPDS (18.6 mg, 8 mol%) in H?O (2.3 

mL, 0.2 M) at r.t. was successively added phenylboronic acid (141 mg, 1.16 mmol), 

NazC03 (103 mg, 0.974 mmol), SDS (67 mg, 0.232 mmol), and 2-vinylpyridine (50 PL, 

0.464 mmol). The reaction mixture was heated at 80°C for 6 hours. After cooling to r.t. 

the colored so1u:ion was poured into EtzO (25 mL) and the reaction flask was carefully 

rinsed with Et20. The heterogeneous mixture was vigorously stirred at r.t. for 2 hours. 

The two phases were separated, the aqueous phase was extracted with Et20 (3 x 30 mL) 

and the combined organic layers were dried over MgS04, filtered and evaporated to 

dryness. The cmde residue was purified by flash chromatography (60% Et20  in hexanes 

-t 80% Et20 in hexanes) and 7 1 mg (84%) of a colorless oil was isoiated. 

Rr = 0.33 (1 00% EtzO); IR (neat, NaCI, cm-') 306 1.7, 3026.4, 2925.3, 2856.0, 1590.9, 

1569.0, 1495.0, 1474.4, 1454.0, 1435.2; 'H NMR (400 MHz, CDC13, TMS) 6 8.57 (lH, 

m), 7.56 (IH, dt, JI  = 2.0 HZ? J2 = 7.6 Hz), 7.29-7.07 (7H, m), 3.13-3.03 (4H, m); I3c 

NMR (100 MHz, CDC13) 8 161.2, 149.3, 141.6, 136.3, 128.5, 128.3, 125.9, 123.0, 121.1, 

40.2,36.0; Mass calculated for Ci3Hi3N: 183.249; Mass found: 184.108. 



Rf = 0.16 (50% EtzO in hexanes); IR (neat, NaCl, cm") 34 1 1 .5, 3063.4, 30 12.4, 2928.7, 

2868.2, 159 1.0, 1568.5, 1192.1, W1.1, 1159.1, 1431.7, 1050.9; 'H NMR (400 MHz, 

CDCli, TMS) 6 8.57 (lH, m), 7.57 (1 H, apparent triplet, Ji = 8 Hzj, 7.17-7.07 (6H, m), 

3.04 (4H, s), 2.32 (;FI, s); I3c NMR (100 MHz, CDC13) 6 161.3. 149.3, 139.6, 136.2, 

135.9, 130.1, 128.5, 126.0, 125.9, 122.8, 121.1, 38.9, 33.3, 19.2; Mass calculated for 

ClsHi5N: 197.276; Mass found: 197.1 19. 

Rr = 0.24 (50% Eh0 in hexanes); IR (neat, NaCI, cm-') 3419.5, 3009.1, 2956.5, 2926.2, 

2871.6, 2855.7, 1591.2, 1569.7, 1473.7, 1434.4, 969.8, 749.7; 'H NMR (400 MHz, 

CDCIi, TMS) 6 8.56 (IH, m), 7.57 (lH, dt, J1 = 2 Hz, J2 = 7.6 Hz), 7.14-7.05 (6H, m), 

3.02 (3H, s), 2.31 (3H, s); 'Ic NMR (100 MHz, CDC13) 8 161.3. 149.3, 139.6, 136.2, 

135.9, 130.1, 128.8, 126.0, 125.9, 122.8, 121.1, 38.5 (t, J = 19 Hz), 33.3, 19.2; Mass 

calcuIated for CrSIiJ)N: 198.276; Mass found: 198.125. 



R r =  0.27 (80% Eh0 in hexanes); IR (neat, NaCl, cm") 3060.5, 3026.4, 2947.2, 2875.0, 

!559.5, 1562.8, 1493.2, 1474.8, 145 1.9, 1429.8; 'H NMR (400 MHz, CDCI?, TMS) 8 

8.61 (1H, m), 8.14 (IH, d, J =  8.0 Hz), 7.86 (1H, d, J =  8.0 Hz), 7.72 (1H, d, J =  8.0 Hz), 

7.57-7.46 (3H, m), 7.37 (lH, t, J =  8.0 Hz), 7.31 (lH, m), 7.13 (IH, m), 7.07 (lH, d, J =  

7.6 Hz), 3.52 (2H, m), 3.22 (2H. m); 13c NMR (100 MHz, CDCI;) 8 161.3, 149.3, 137.6, 

136.2, 133.8, 131.7, 128.7, 126.7, 126.0, 125.8, 125.5, 125.4, 123.7, 122.9, 121.1, 39.4, 

33.1; Mass calculated for C t7Hi5N: 233.3 13; Mass found: 223.308. 

Rr = 0.32 (50% EtzO in hexanes); IR (neat, NaCI, cm-') 3063 -4, 3009.5, 293 1.1, 2863.1, 

1590.6, 1568.0, 1473.0, 1453.9, 1435.9, 1024.9; *H NMR (400 MHz, CDC13, TMS) 6 

8.56 (1  H, m), 7.58-7.53 (2H, m), 7.20-7.03 (5H, m), 3.19-3.07 (4H, m); I3c NMR (100 

MHz, CDC13) G 161.3, 158.5, 149.3, 136.3, 133.5, 130.2, 128.7, 126.3, 126.0, 122.5, 

12 1.5,39.5,3 5.2; Mass calculated for Ci3H&rN: 262.149; Mass found: 262.145. 



Rr = 0.27 (80% Et20  in hexanes); IR (neat, NaCI, cm-') 306 1.4.30 12.8, 2939.5, 1594.3, 

8.55 (IH, m), 7.55 (IH, dt, JI = 2.0 Hz, J2 = 7.6 Hz), 7.10 (2H, d, J =  8.8 Hz), 7.06 (2H, 

m), 6.8 1 (ZH, d, J = 8.8 Hz), 3.77 (3H, s), 3.08-2.97 (4H, m); ')c NMR (100 MHz, 

CDCI3) 6 161.3, 157.8, 149.2, 136.2, 133.6, 129.3, 123.0, 121.1, 113.7, 55.2, 40.1, 35.1; 

Mass calculated for C ,jH sNO: 2 13.275; Mass found: 2 13.1 1 S. 

2-If-(3-Methoryp henyl)ethyl] pyridine: 

OMe 

Rr = 0.22 (80% EtzO in hexanes); IR (neût, NaCI, cm") 3063.4, 30 1 1.8, 2945.8, 1590.1, 

1574.5, 1478.8, 1450.6, 1433.1, 1274.9, 1072.3; 'H NMR (400 MHz, CDCI,, TMS) 6 

8.56 (IH, m), 7.56 (lH, dt, JI  = 2.0 Hz, JI = 7.6 Hz), 7.19 (IH, dt, Ji = 0.8 HZ J2 = 7.2 

Hz), 7.13-7.08 (2H, m), 6.80 (lH, m), 6.73 (ZH, rn), 3.77 (3H, s), 3.1 1-3.01 (4H, in); 13c 

NMR (100 MHz, CDCls) 8 161.2, 159.6, 149.3, 143.2, 136.3, 129.3, 123.0, 121.2, 120.8, 

114.1, I l  1.4, 55.1, 40.1, 36.1; Mass caIcu1ated for ClsH15NO: 213.280; Mass found: 

2 13.375. 



Rr = 0.12 (50% Et20 in hexanes); IR (neat, NaC 1, cm") 3444.2, 3047.4, 30 12.6, 2954.6, 

2855.5, 1672.9, 1605.5, 1588.0, 1568.2, 1438.0, 1412.1, 1361.5, 1270.0. 822.2; 'H NMR 

(400 MHz, CDC13, TMS) 6 8.57 (lH, m), 7.87 (2H, d, Ji = 11.2 Hz), 7.57 (lH, dt, JI  = 

0.8 Hz,J2 = 7.6 Hz), 7.27 (2H, d, J =  8.0 Hz), 7.15-7.1 1 ( lH,  m), 7.06 (IH, m), 3.12 (IH, 

s), 2.58 (3H, m); I3c NMR (100 MHz, CDCl,) 8 197.8, 160.5, 149.4, 147.3, 136.4, 135.1, 

128.7, 128.5, 123.0, 12 1.3, 39.6, 35.8, 26.5; Mass calculated for Ci5H15NO: 225.286; 

Mass found: 225.1 1 5. 

Rf = 0.1 8 (33% EtzO in hexanes); IR (neat, NaCl, cm*') 3428.9, 30 16.1,2922.9, 1493.0, 

1445.0, 1073.9, 981.9, 912.0, 825.6; 'H NMR (400 MHz, CDC13, TMS) 8 8.55 (IH, m), 

7.60 (lH, dt, J I  = 1.6 Hz, J2 = 7.6 HZ), 7.33-7.26 (4H, m), 7.21-7.16 (2H, rn), 7.13-7.10 

(lH, m), 6.42 (lH, m), 6.30-6.23 (lH, m), 2.97 (2H, apparent triplet), 2.66 (2H, dd, JI = 

8.0 Hz, J .  = 15.2 Hz); "C NMR (100 MHz, CDCI3) 6 160.2, 149.6, 138.9, 136.3, 135.7, 

131.2, 128.6, 128.7, 126.0, 125.8, 122.5, 121.6,40.9, 36.2; Mass calculated for Ci5Hi5N: 

209.29 1 ; Mass found: 209.286. 



Typical procedure for the synthesis of 4-(2-arylethy1)pyridine: 

To a mixture of w(COD)C1]2 (4.6 mg, 2 mol%), TPPDS (18.6 mg, 8 mol%) in HzO (2.3 

mL, 0.2 M) at r.t. was successively added phenylboronic acid (283 mg, 2.32 mmol), 

Na2C03 (103 mg, 0.974 mmol), SDS (67 mg, 0.232 mmol), and 4-vinylpyridine (50 PL, 

0.464 mmol). The reaction mixture was heated at 105OC for 15 hours. After cooling to 

r.t. the colored solution was poured into Et20 (25 mL) and the reaction Rask was 

carefully rinsed with EttO. The heterogeneous mixture was vigorously stirred at r.t. for 2 

houn. The nvo phases were separated, the aqueous phase was extracted with Et2O (3 x 

30 mL) and the cornbined oganic layers were dned over MgSOr, filtered and evaporated 

to dryness. The crude residue was purified by flash chromatography (80% Et2O in 

hexanes) yielding 68 mg (80%) of a white solid. 

4-(2-Phenylethy1)pyridine: 

Rr = 0.27 (80% Et20 in hexanes); IR (neat, NaCl, cm") 306 1.7, 3026.4, 2925.3, 2856.0, 

1590.9, 1569.0, 1495.0, 1474.4, 1454.0, 1435.2; 'H NMR (400 MHz, CDCI,, TMS) 6 

8.48 (2H, d, J = 4.8 Hz), 7.30-7.06 (7H, m), 2.92 (4H, br); 13c NMR 6 150.4, 149.7, 

140.6, 128.4, 128.3, 126.2, 123.9, 37.0, 36.5; Mass calculated for Ci3Hi3N: 183.249; 

Mass found: 183.104. 



Rr = 0.45 (80% EtzO in hexanes); IR (neat, NaCl, cm'') 3068.8, 3022.8, 2947.3, 2246.8, 

2216.6, 1602.0, 1560.2, 1492.5, 1461.7, !416.?, 1120.2, 1220.3, 909.5, 732.7; 'H NMR 

(400 MHz, CDC13, TMS) 8 8.49 (2H, d, J = 6.0 Hz), 7.15-7.00 (6H, m), 2.93-2.83 (JH, 

13 rn), 2.29 (3H, s); C NMR 6 150.8, 149.5, 138.8, 135.7, 130.9, 130.3, 128.7, 126.4, 

126.0, 123.9, 1 14.8,35.8, 33.9, 19.2; Mass calculated for Ci4Hl5N: 197.276: Mass found: 

197.120. 

4-[2-(2-Nap hthyl)ethyll pyridine: 

Rr = 0.73 (80% EttO in hexanes); IR (neat, NaCI, cm*') 3060.8, 3013.5, 2945.9, 1599.2, 

1558.8, 149 1.4, 146 1.1, 1417.4, 905.4, 733.7; 'H NMR (400 MHz, CDCli, TMS) 6 8.48 

(2H, m), 7.84-7.74 (3H, m), 7.57 ( lH,  s), 7.49-7.40 (2H, m), 7.29 (IH, dd, J I  = 8.4 Hz, J2 

= 1.6 Hz), 7.09 (2H, m), 3.10-2.98 (4H, m); 'k NMR 6 150.4, 149.7, 138.1, 133.5, 

132.1, 128.0, 127.6, 127.4, 127.0, 126.5, 126.0, 125.4, 123.9,36.9, 36.7; Mass calculated 

for Ci7Hi5N: 233.308; Mass found: 233.121. 



OMe 

Rr = 0.37 (80% Et20 in hexanes); IR (neat, NaCl, cm") 3063.4, 3009.5, 2931.1, 2863.1, 

i590.6, 1568.0, 1473.0, 1453.9, i435.9, 1024.9; 'H NMR (400 MHz, CDCI3, TSIS) 6 

8.48 (2H, d, J = 6.0 Hz), 7.07-7.04 (4H, m), 6.82 (2H, d, J = 8.8 Hz), 3 -79 (3H. s), 2.58 

(4H, s); "C NMR 6 157.9, 150.5, 149.5, 132.6, 129.2, 123.9, 113.7, 55.1, 37.2, 35.6; 

Mass calculated for C 14Hi5NO: 2 13.275; Mass tound: 2 13.1 16. 

To a cooled suspension of Ph3P'CH3Br- (4.60 g, 12.9 mmol) in dry THF (40 mL) at 

-78°C under an argon atmosphere was added dropwise n-BuLi (2.0 Mhexanes, 5.84 mL, 

1 1.68 mmol). The yellow mixture was stirred for 30 minutes at -78°C and 45 minutes at 

0°C. The resulting yellow solution was cooled to -78°C and 3-pyridine carboxaldehyde 

(Aldrich, 1 .O g, 9.34 mmol) in dry THF (10 mL, final concentration = 0.19 M) was added 

dropwise over a 10-minute period. The reaction mixture was stirred under argon, 

allowing the temperature to reach 2S°C at which point it was stirred for another 15 

minutes. TLC analysis showed the completion of the reaction and the reaction mixture 

was quenched with saturated NH&I, the 2 layers were separated and the aqueous phase 

was extracted with Et20 (3 x 50 mL). The organic extract was washed with brine, dned 

over MgS04, filtered and concentrated. The crude product was purified by flash 



chromatography (80% Et20 in hexanes) and 390 mg (40%) of a volatile colorless oil was 

isolated. Rr = 0.50 (80% Et10 in hexanes); 'H NMR (400 MHz, CDCl,, TMS) G 8.62 

(lH, s), 8.49 (lH, d, J =  4.8 Hz), 7.73 (IH, d, J =  7.6 Hz), 7.27-7.24 (LH, rn), 6.71 (IH, 

d d  Jch = 10.8 Hz, J,,, = 17.6 Hz), 5.83 (IH, d, JPam = 17.6 HZ), 5.39 (IH, d, J, = 11.2 

Hz); Mass calculated for C7HN 105.139; Mass found: 105.137. The rest of the spectral 

data correspond to those reported in the literature? 

2-12-(2-Methylpheny1)-1-p henylethyll pyridine (87): 

87 

To a mixture of [Rh(COD)C1I2 (2.7 mg, 2 mol%), TPPDS (1 1.1 mg, 8 mol%) in HrO (1.4 

mL, 0.2 M) at r.t. was successively added 2-methylphenylboronic acid (94 mg, 0.69 

mmol), Na2C03 (61 mg, 0.580 mmol), SDS (40 mg, 0.138 mmol), and 1-phenyl-L(2- 

pyridy1)ethylene 86 (50 mg, 0.276 mmol). The reaction mixture was heated at 80°C for 

24 hours. After cooling to r.t. the colored solution was poured into Et10 (25 mL) and the 

reaction flask was carefully rinsed with EttO. The heterogeneous mixture was vigorously 

stirred at r.t. for 2 hours. The two phases were separated, the aqueous phase was 

extracted with Et20 (3 x 30 mL) and the combined organic Iayen were dried over 

MgS04, filtered and evaporated to dryness. The crude residue was purified by flash 

chromatography (20% EtzO in hexanes + 33% EtrO in hexanes) and 55 mg (73%) of a 

colorless oil was isolated. Rr = 0.42 (33% EtzO in hexanes); IR (neat, NaCl, cms') 



3061.7, 3024.2, 2924.8, 1589.2, 1568.8, 1493.5, 1471.8, 1432.7, 909.6; 'H NMR (400 

MHz, CDC13, TMS) 6 8.58 (lH, d, J =  4.4 Hz), 7.51 (IH, dt, Ji = 2.0 Hz, J2 = 8.0 HZ), 

7.30-7.00 (9H, m), 6.93 (IH, t, J = 7.6 Hz), 6.85 (IH, d, J 7.2 Hz), 4.34 (IH, t, J = 7.2 

Hz), 3.63 (IH, dd, Ji = 8.0 HZ, J2 = 14.0 Hz), 3.34 (IH, dd, JI = 7.2 HZ, J2 = 14.0 HZ); 

I3c NMR 6 163.1, 149.2, 143.5, 138.4, 136.3, 130.0, 129.6, 128.3, 128.1, 126.4, 125.9, 

125.5, 123.3, 12 1.4, 54.1,38.5, 19.5; Mass calculated for C2&IisN: 273.372; Mass found: 

273.150. 
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